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LPPM3 . XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
- IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

PROGRAM



PROGRAM LPpM3.

Saturday, May 26
11.00-20.00 Registration, Check-in at Hotel
Sunday, May 27
10.00-17.00 Registration, Check-in at Hotel
19.00 WELCOME PARTY
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PROGRAM LPpM3.

Monday, May 28

915_1000

Opening ceremony
Prof. Dr. sc. Nat. V.I. Mazhukin, Chairman
XVII Seminar. The goals and objectives of the Seminar
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Photo for memory

1 000_ 1 030

Invite Presentation
A.A. Samokhin', V.I. Mazhukin®*’, M.M. Demin’, A.V. Shapranov**, A.E. Zubko'.
Density fluctuations in nanosecond laser ablation of liquid al film

"4 M. Prokhorov General Physics Institute of RAS, Moscow, Russia
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’National Research Nuclear University “MEPhI”, Moscow, Russia

1030_1 100

Invite Presentation

A. Semerokl, C. Jabbourl, J. Simonnetl, S.V. Fomichev*’ , J.-L. Lacourl,
M. Tabarantl, F. Chartier*

Near-field laser heating of solid samples for nano ablation:
modeling and experimental study

! DEN-Service d’Etudes Analytiques et de Réactivité des Surfaces, CEA,
Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
? National Research Center “Kurchatov Institute”, 123182 Moscow, Russia
I Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Moscow region, Russia
4 DEN-Département de Physico-Chimie, CEA,
Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

1100_1130

Coffee break

1 130_1200

Invite Presentation

G.K. Borovin, A.V. Grushevskii, M.V. Zakhvatkin, G.S. Zaslavsky, V.A. Stepanyantz,
A.G. Tuchin, D.A. Tuchin, V.S. Yaroshevsky.

Space research in the Keldysh Institute of Applied Mathematics of RAS: past, present,
future
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

11




PROGRAM LPpM3.

1200_1230

Invite Presentation
V.P. Varin, Yu.A. Kriksin, P.A. Kuchugov, M.E. Ladonkina,
O.A. Necliudova, V.F. Tishkin.

Construction of exact solutions of some hyperbolic type equations containing
discontinuities spread over an uniform background

Keldysh Institute of Applied Mathematics of RAS, Russia, Moscow

1230_1300

Invite Presentation
V.L Mazhukinl’z, M.M. Deminl, AV. Shapranovl’z, A.V. Mazhukin'?

Dynamics of expansion of a laser-plasma torch during nanosecond ablation of an Al
target in an ambient gas

'Keldysh Institute of Applied Mathematics of RAS, Russia, Moscow
’National Research Nuclear University “MEPhI”, Moscow, Russia

13%0-14%

Lunch time

14%-14"

Oral Presentation
Khomkin A.L., Shumikhin A.S.

Equation of state and electrical conductivity of supercritical fluid
of refractory metal vapors

Joint Institute for high temperatures of RAS, Moscow, Russia

14"°-14%°

Oral Presentation
V.L Mazhukinl’z, M.M. Deminl, A.A. Aleksashkina'
Atomistic modeling of thermophysical properties of copper in a wide temperature range

'Keldysh Institute of Applied Mathematics of RAS, Russia, Moscow
’National Research Nuclear University “MEPhI”, Moscow, Russia

14%-14%

Oral Presentation
LA. Korotkinl, S.A. Karabasovl, D.A. Nerukh?
Hybrid molecular dynamics — between atomistic and hydrodynamic scales

'Queen Mary University of London, School of Engineering and Materials Science, Mile End,
London, E1 4NS, UK
2 Aston University, Systems Analytics Research Institute, Birmingham, B4 7ET, UK

1445_ 1 500

Oral Presentation
O.N. Koroleva, A.V. Mazhukin
Modeling of the silicon thermophysical properties in the region of melting

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
National Research Nuclear University “MEPhI”, Moscow, Russia

12




PROGRAM LPpM3.

1500_1530

Coffee break

1530_1545

Oral Presentation

V.0. Podryga'*?, S.V. Polyakov'*

Direct molecular-dynamic modeling of nickel nanoclaster motion in nitrogen flow
'Keldysh Institute of Applied Mathematics of RAS, 125047, Russia, Moscow, Miusskaya sq., 4
’NRC "Kurchatov Institute”, 123182, Russia, Moscow, Akademika Kurchatova sq., 1
SMADI, 125319, Russia, Moscow, Leningradsky pr., 64
‘NRNU MEPhI, 115409, Russia, Moscow, Kashirskoe shosse, 31

1 545_ 1 600

Oral Presentation
B.P. Rybakin
Mathematical modeling of the supersonic collision of molecular clouds

Scientific Research Institute for System Analysis of RAS, Moscow, Russia
Lomonosov Moscow State University, Moscow, Russia

1600_1615

Oral Presentation
R.V. Uskov, M.V. Alekseev, M.E. Zhukovskiy

The optimization of the computational load of CPU and GPU in the supercomputing
the photon-electron cascade in matter

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

1615_1645

Coffee break

1 645_ 1 700

Oral Presentation
B.I. Denkerl, B.L Galaganl, S.E. Sverchkovl, V.V. Velmiskin®
Rare-earth ions doped calcium aluminate glasses

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

1700_1715

Oral Presentation
L.I. Ivleva, M.E. Doroshenko, I.S. Voronina, E.E. Dunaeva

Synthesis, spectroscopic and laser properties of Ca3(VO4),:Tm”/Ho®" single crystals

Prokhorov General Physics Institute of RAS, Moscow, Russia

1715_1800

POSTER SECTION
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PROGRAM LPpM3.

Tuesday, May 29

RUSSIAN SPACE

Invite Presentation
M.V. Mikhaylyuk, P.Yu. Timokhin, D.V. Omelchenko

00 1030
107-10 Visualizer of processes of unstable oil displacement from porous media
Scientific Research Institute for System Analysis of RAS, Moscow, Russia
Oral Presentation
M.N. Kravchenko', B.P. Rybakin®, N.N. Smirnov*
Mathematical modeling of formation opening-out and stimulation of inflow with the
10°°-10% use of explosives
'Gubkin Russian State University of Oil and Gas, National Research University
Moscow, Russia
’Lomonosov Moscow State University
Oral Presentation
G.K. Borovin, L.LE. Molotov, V.A. Stepanyants, A.G. Tuchin,
10%5-11% G.S. Zaslavsky, M.V. Zakhvatkin
Contribution of angular optical observations to the navigation of Spectr-R spacecraft
Keldysh Institute for Applied Mathematics of RAS Moscow, Russia
Oral Presentation
G.K. Borovin', V.V. Lapshin®
119.11%3 Motion control of a space robot
'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia
15 1145
117°-11 Coffee break
Oral Presentation
S. Rykunov, M. Ustinin
11%-12% Reconstruction of the functional structure of complex systems by the massive solution

of the inverse problems

Keldysh Institute of Applied Mathematics of RAS,
Pushchino, Russia, Moscow Region
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PROGRAM LPpM3.

1200_1215

Oral Presentation
0O.D. Toropina, M.M. Romanovaz, R.V.E. Lovelace2

Modelling the bow shock Pulsar Wind Nebulae propagating through a non-uniform
ISM

!Space Research Institute, Profsoyuznaya 84/32, Moscow 117997, Russia
? Department of Astronomy, Cornell University, Ithaca, USA

Oral Presentation
S.G. Moiseenko', N.V. Ardelyan’, G.S.Bisnovatyi-Kogan'~

Conservative grid functions remapping for completely conservative Lagrangian
operator-difference scheme for astrophysical MHD problems

ISpace Research Institute of RAS, Moscow, Russia
’Department of Computational Mathematics and Cybernetics, Moscow State University
’National Research Nuclear University MEPhI, Moscow, Russia

1 230_ 1 245

Oral Presentation
| Molotovl’z, M.V. Zachvatkinl, AL Streltcovl, L.V. Eleninl, M.A. Sibichenkova®

Prototype of new ISON telescope to improve the completeness and accuracy of the
catalog of space objects

"Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
2Small innovation enterprise «KIAM Ballistics-Servicey, Moscow, Russia

1245_1300

Oral Presentation
S.V. Podolyako, I.A. Tarakanov
Mathematical model of the interaction between protons and matter
'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

13%°-14%

Lunch time

14%-14"

Oral Presentation
Z. Paviéevié
New proof of the theorems picard for analytical and meromorphic function of the
complex plane

Faculty of Natural Sciences and Mathematics, University of Montenegro, Podgorica,
Montenegro;
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Moscow, Russia

15




PROGRAM LPpM3.

14°-14%°

Oral Presentation
Sanja Jancic Rasovic', Irina Cristea
On a class of d-division hypernear-rings

"University of Montenegro, Montenegro
?Centre for Systems and Information Technologies, University of Nova Gorica, Slovenia

1470-14%

Oral Presentation
Jacimovic Vladimir
Collective motion of interacting particles on compact Lie groups

University of Montenegro, Montenegro

1445_ 1 500

Oral Presentation
Vujadinovi¢ Djordjije
Two-sided norm estimate for the Bergman projection on the harmonic Besov space

University of Montenegro, Montenegro

15%-15"

Oral Presentation
Yu.A. Volkov, K.K. Inozemtceva, Sh.A. Kazymov, M.B. Markov, [.A. Tarakanov
Modeling of radiation-induced termomechanical effects
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Coffee break

1 545_ 1 700

THEMATIC HEADING "EDUCATION: RESEARCH AND
DEVELOPMENT"
ROUND-TABLE DISCUSSION

V.I. Mazhukin', Z. Paviéevi¢’
'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

?University of Montenegro, Montenegro

1 700_ 1 800

POSTER SECTION
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Wednesday, May 30

g00_9 ()00

SOCIAL PROGRAM
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PROGRAM LPpM3.

Thursday, May 31

10%-10"

Oral Presentation
M.E. Ladonkina1’2, O.A. Neklyudoval, V.V. Ostapenko 23 , V.F. Tishkin'?

Research of the accuracy of discontinuous Galerkin method for problems with shock
waves

'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’Lavrentyev Institute of Hydrodynamics of SB RAS, Novosibirsk

Oral Presentation
Yu.A. Poveshchenkol’z, V.A. Gasilovl’z, M.E. Ladonkinal, V.O. Podrygal’3 4

Difference schemes of support operator method for equations of elasticity theory in
cylindrical geometry

'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’National Research Nuclear University MEPhI, Moscow, Russia
SNRC "Kurchatov Institute " Moscow, Russia,

*MADI, Moscow, Russia

Oral Presentation
V.T. Zhukov, O.B. Feodoritova, N.D. Novikova
Numerical simulation of combustion process in test scramjet engines

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Oral Presentation
V.I. Mazhukin, E.N. Bykovskaya

Comparison of the efficiency of 2- and 3-layer difference schemes for nonstationary
singularly perturbed differential equations

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Oral Presentation
0.B. Feodoritova, V.T. Zhukov, M.M. Krasnov
Self-adaptive Chebysheyv iterative method
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

18




PROGRAM LPpM3.

1115_1 130

Oral Presentation
Romeo Mestrovi¢', Zarko Pavicevié®?
On Privalov spaces on the unit disk as the Hardy-Orlicz classes

"Maritime FacultyKotor, University of Montenegro, Kotor, Montenegro
Faculty of Natural Sciences and Mathematics, University of Montenegro,
Podgorica, Montenegro
’National Research Nuclear University MEPhI,

Moscow, Russia

1 130_1200

Coffee break

1200_1215

Oral Presentation
Dakic¢ Jelena, Kankaras Milica
Swarms on the 3-sphere

Faculty of Natural Science, Department of Mathematics, University of Montenegro,
Podgorica, Montenegro

Oral Presentation
Kankara$ Milica, Daki¢ Jelena
Distributed consensus in multi-agent systems on lie groups S3 and SO(3)

Faculty of Natural Science, Department of Mathematics, University of Montenegro,
Podgorica, Montenegro

1230_ 1 245

Oral Presentation
B. Zekovichl, V.A. Artamonov’
Pierce decomposition of semisimple n -ary bialgebras

"Faculty of Natural Science, Department of Mathematics, University of Montenegro,
Podgorica, Montenegro

’Department of Algebra, Faculty of Mechanics and Mathematics, Moscow State University,

Moscow, Russia

1245_1300

Oral Presentation
DusSan Jokanovié¢, Marina Milicevic¢
A note on preserving quasi-armendariz property under various ring extensions

University of East Sarajevo, Production and Management Faculty
Trebinje, Bosnia and Herzegovina

13%0-14%

Lunch time
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PROGRAM LPpM3.

14%-14"

Oral Presentation
Marijan Markovié¢

Estimates of harmonic functions

University of Montenegro, Podgorica, Montenegro

14-14%°

Oral Presentation
L.V. Popov

Construction of a different scheme of high order of approximation with artificial
viscosity for solving the convection-diffusion equation

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
National Research Nuclear University MEPhI, Moscow, Russia

147°-16%

THEMATIC HEADING "SCIENCE LIFE"
ROUND-TABLE DISCUSSION

Invite Presentation
A.A. Samokhin
Five years after RAS transformation
A.M. Prokhorov General Physics Institute of RAS, Moscow, Russia

Invite Presentation
M.M. Gorbunov-Posadov
Digital Science in the Academy
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Invite Presentation
V.1. Mazhukin
Basic directions in mathematical modeling and information technologies

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

1515_1545

Coffee break

1 700_ 1 800

POSTER SECTION
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Oral Presentation
V.A. Egorova, E.B. Savenkov, M.E. Zhukovskiy

10%°_10'5 On the modeling of secondary radiation-induced effects in the objects of the complex
geometric structure

Keldysh Institute for Applied Mathematics of RAS; Moscow, Russia

Oral Presentation
A.S. Rodin'?, M.P. Galanin'?, V.V. Lukin'?, P.V. Gliznutcina'

Investigation of Shvartz method convergence for problems solution of elastic bodies
10"-10°° contact interaction

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

Oral Presentation
F.N. Voronin, V.A. Egorova, E.B. Savenkov, M.V. Alekseev

301 45
107-10 Simulation of radiation-induced thermodynamic effects in porous materials

Keldysh Institute for Applied Mathematics of RAS; Moscow, Russia

Oral Presentation
L.V. Klochkova, Yu.N. Orlov, V.F. Tishkin

10%°-11% Mathematical simulation of nonstationary stochastic processes using the kinetic
equations Fokker-Planck

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

Oral Presentation
P.V. Stognii'*, A.V. Favorskaya'*"

The study of seismic resitance by full-wave numerical modelling
11%0.11'5

'Non-state Educational Institution “Educational Scientific and Experimental Center of
Moscow Institute of Physics and Technology”, Dolgoprudnyi, Russia
’Moscow Institute of Physics and Technology (State University), Dolgoprudnyi, Russia
IScientific Research Institute for System Analysis RAS, Moscow, Russia
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Oral Presentation
Goran Popivoda, Zana Kovijani¢ Vuki¢evié, Vladimir Bozovi¢
On some molecular descriptors

University of Montenegro, Podgorica, Montenegro

1130_1 145

Oral Presentation
P.V. Sasorov, N.A. Bobrova, O.G. Olkhovskaya, G.A. Bagdasarov, A.S. Boldareyv,

V.A. Gasilov
Simulations of plasma channel formation by Knife-like nanosecond laser beam

Keldysh Institute of Applied Mathematics RAS, Moscow, Russia

1 145_1200

Oral Presentation
Jela Susi¢', Andrej Novak?
Black matter model equation and its solution

"Faculty of Natural Science and Mathematics, University of Montenegro
Faculty of Physics, University of Zagreb, Zagreb, Croatia

Oral Presentation
A.V. Maltsev, I.N. Mironenko

Using high-performance calculations on GPU for collision detection of particle
systems
Scientific Research Institute for System Analysis of RAS, Moscow, Russia

Oral Presentation
M.A. Torgashev, E.V. Strashnov
Dynamic simulation and visualization of ropes in training complexes

Scientific Research Institute for System Analysis of RAS, Moscow, Russia

SUMMING. CLOSING of the XVI INTERNATIONAL SEMINAR

13.00-14.00

Lunch time

BANQUET, CLOSING SPEECH
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DENSITY FLUCTUATIONS IN NANOSECOND
LASER ABLATION OF LIQUID AL FILM

A.A. Samokhin', V.I. Mazhukin®*, M.M. Demin’, A.V. Shapranov2’3, A.E. Zubko'

'Prokhorov General Physics Institute of the Russian Academy of Science, Moscow, Russia
’Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
3National Research Nuclear University "MEPhI", Moscow, Russia
e-mail: asam40@mail.ru

As compared with femtosecond laser ablation [1] nanosecond regime remains less
investigated. In recent papers (see e.g. [2] and references therein) the nanosecond laser
ablation of liquid Al film was investigated with the help of molecular dynamics simulation.
Using the same approach we describe here density fluctuations behavior during nanosecond
laser ablation of the film for different constant values of laser irradiation intensity which is
turned on at # = 0 when initial film temperature is 7(0) = 6400 K.
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Fig.1. a: Density (1), pressure (2), temperature (3) and density fluctuations (4) distributions across the film at # =
650 ps and 7 = 110 MW/cm?; b: Maximum values evolution of pressure (5), temperature (6) and density
fluctuations (7). Density fluctuations in curves (4,7) are increased by factor 35 compared with the given density
scale. Abrupt increase of density fluctuations on the left part of curves (4,7) is due to sharp interphase boundary
effect in the calculation procedure used.

Fig. la shows density fluctuation distribution (curve 4) at = 650 ps when the system
pressure (2) and temperature (3) reach critical point (Pc = 1400 bar, T = 7600 K). At this
moment (denoted with arrow in fig. 1b) maximum density fluctuations is located near critical
density value (pc = 0.5 g/em’) (fig. 1a). At later times the maximum diminishes while at
earlier times density fluctuations evolution is affected with (underdeveloped) processes of
explosive boiling and spinodal decomposition.

References:

1. A.A. Ionin, S.I. Kudryashov, A.A. Samokhin, “Material surface ablation produced by ultrashort
laser pulses”, Phys. Usp., 60(2), 159-172 (2017).

2. A.A. Samokhin, V.I. Mazhukin, M.M. Demin, A.V. Shapranov, A.E. Zubko, “Molecular dynamics
simulation of Al explosive boiling and transcritical regimes in nanosecond laser ablation”,
Mathematica Montisnigri, 41, 55-72 (2018).

24



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

OJIYKTYAIIUU IVIOTHOCTHU ITPU HAHOCEKY!—II[HOFI JA3EPHOM
ABJIAIHNUA )KNJAKOU AIIOMUHUEBOMU IIVIEHKHA

A.A. Camoxun', B.J. Ma)KyKI/IHZ’3, M.M. Jlemun’, A.B. U_[anpaHOBZ’3, A.E. 3y6ko'

"Hnemumym o6weit pusuxu um. A.M. Ilpoxoposa Poccuiickoii akademuu nayk, Mockea
? Unemumym npuxnadnoii mamemamuku um. M.B. Kenoviwa PAH, Mockea
 Hayuonansmuiii uccredosamenvcruii soepnuiii ynusepcumem "MUDH", Mockea
e-mail: asam40@mail.ru

[To cpaBHeHHIO C (QeMTOCEKyHAHOU a3zepHOM almsiued [1] HAHOCEKYHIHBIH PEXKUM
OCTaeTcsi MeHee uccieloBaHHbIM. B mocneannx pabotax (cM. Hampumep, [2] U pUBEACHHbBIE
TaM CCbUIKM) HAHOCEKyHAHasl Ja3epHas aOsamust JKUAKOW alOMMHHMEBOM IJICHKU
UCCJIEIOBAJIACh C TIOMOIIBIO MOJEKYJISIPHO TUHAMHYECKOTOo MojaenupoBaHus. Mcmomb3ys
NOJOOHBIN IMOIXOJ, MBI OMHUCHIBAEM 3JIECh MOBEACHHE (IIYKTyallMil TUIOTHOCTH BO BpEMs
HAHOCEKYHJHOU JIa3epHOM a0y TaKOW MJIEHKU IJIA PAa3IMYHBIX MOCTOSIHHBIX 3HAYEHUN
MHTEHCUBHOCTEH J1a3epHOro OOJIydeHMs, KOTOpoe BKIodaerca npu ¢ = 0 U HavdaJbHOU
temneparype wienku 7(0) = 6400 K.
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Puc.1. a: Pacnipenenenus miotHocTH (1), masmeHus (2), temmeparypsl (3) u QIIyKTyanuii TUIOTHOCTH (4) M0
TOJMIIMHE TUICHKH 1ipH ¢ = 650 mc u 1 = 110 MBT/CMz; b: DBoronMs MaKCUMAJTBHBIX 3HaYeHUH aaBieHus (5),
temrnepatypbl (6) u ¢aykryauuit miotHoctu (7). dayKTyauuu IUIOTHOCTH Ha KpHUBBIX (4,7) yBENHUYEHBI C
k03¢ ¢unuerToM 35 NO CpPaBHEHHIO CO yKa3aHHOW MIKaNoW IwioTHocTH. Kpyroe Bo3pactanue (uiyKTyaiuii
IUIOTHOCTH Ha JIEBBIX YacTsAX KpUBBIX (4,7) OOYCIIOBJICHO NPOSBICHHEM pe3Kol Mex(a3HOH TI'paHUIbI B
UCIIOJIb3yEMOH IPOolIeAype BHIUUCICHUS (DIyKTyalmi.

Puc. la mokasbiBaer pacripenenenue QpuyKTyaluid mioTHocTH (KpuBasi 4) npu ¢ = 650 1c
Korjaa naBieHue (2) u temrepatypa (3) CUCTeMBI JOCTHTaeT KpuTuieckoi Touku (Pc = 1400
6ap, Tc = 7600 K). B 3ToT MOMEHT BpeMeHH (OTMEUEHHBII CTpeNnKoi Ha puc. 1b) Makcumym
GIyKTyaruil TUIOTHOCTH JIOKQJIM30BaH BOIM3M 3HAYCHHS KPUTHYECKOHN TIoTHOCTH (pc = 0.5
r/em’) (puc. la). B nampHeifmeM 5TOT MAKCHMyM yMEHBIIAETCS, B TO BPeMsi Kak IPH
MEHBIIUX BpPEMEHAX OHBOJIONHA (IYKTyanuid TUIOTHOCTH CBsi3aHa C (HEZOPAa3BUBIIUMCS)
IpoleccaMy B3PHIBHOTO BCKUIIAHUS U CIIMHOAAILHOTO pachajia.

Jlurepartypa:

1. A.A. Nonun, C.U. Kynpsmos, A.A. CamoxuH, “AGISIIHIS TOBEPXHOCTH MaTEPHAIIOB 0T
JIefiCTBUEM YIBTPAaKOPOTKUX Ja3epHbIX UMIyiabscoB”, YOH, 60(2), 159-172 (2017).

2. A.A. CamoxwuH, B.1. Maxyknu, M.M. Jllemun, A.B. lllanpanos, A.E. 3yoko, “Molecular dynamics
simulation of Al explosive boiling and transcritical regimes in nanosecond laser ablation”,
Mathematica Montisnigri, 41, 55-72 (2018).
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NEAR-FIELD LASER HEATING OF SOLID SAMPLES FOR NANO ABLATION:
MODELING AND EXPERIMENTAL STUDY

A. Semerok®, C. Jabbour!, J. Simonnet®, S.V. Fomichev??, J.-L. Lacour*, M. Tabarant, F. Chartier’

! DEN-Service d’Etudes Analytiques et de Réactivité des Surfaces, CEA, Université Paris-Saclay,
F-91191 Gif-sur-Yvette, France
2 National Research Center “Kurchatov Institute”, 123182 Moscow, Russia
¥ Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Moscow region, Russia
4 DEN-Département de Physico-Chimie, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
alexandre.semerok@cea.fr

In surface microanalysis with sampling by laser ablation (LIBS, LA-ICP-OES or LA-
ICP-MS methods), spatial resolution is determined by laser beam diffraction limits (of the
order of a laser wavelength) and thermal diffusion of a deposited heating energy during laser
pulse duration (proportional to the square root of the pulse duration and matter diffusivity).
Being limited by these features of a laser beam and heating energy, the best LIBS spatial
resolution (the crater diameter) of 1 um was obtained by ablation with the laser pulses of 266
nm wavelength and 4 ns duration [1-2].

One of the ways to improve spatial resolution of microanalysis may be suggested as the
use of laser pulses of a lower wavelength (< 266 nm) and shorter pulse durations (ps and fs).
Other ways to improve spatial resolution of surface analysis is laser ablation with a highly
localized electromagnetic field produced by a tip near-field enhancement. In our studies, a tip
of an atomic force microscope (AFM) was illuminated by the laser pulses of 266 nm
wavelength and 4 ns duration, thus producing the craters of 100 nm diameters and of some
nanometers of depth with Si-, Au- and Ta-samples [3].

The experiments were followed by extensive multi-parametric theoretical studies to
analyze the effect of both matter properties (absorption, thermal conductivity and capacity)
and electromagnetic field parameters (spatial distribution and pulse duration) on the resulted
temperature field distribution T(r, t). The simulations were made with a home-developed
“3D+t” heating model [4]. The simulation results [5] with particular features of solid sample
heating by highly spatially localized laser field (10-100 nm) will be presented and discussed.

References:

1. D. Menut, P. Fichet, J.-L. Lacour, A. Rivoallan, P. Mauchien, “Micro-laser-induced breakdown
spectroscopy technique: a powerful method for performing quantitative surface mapping on
conductive and nonconductive samples”, Applied Optics., Vol. 42, 6063-6071 (2003).

2. P. Mauchien, J.-L. Lacour, N. Caron, “LIBS for microanalysis and chemical Imaging”, oral
presentation on EMSLIBS 2011 conference, Izmir, Turkey, (2011).

3. C. Jabbour, J.-L. Lacour, M. Tabarant, A. Semerok, F. Chartier, “Development of a tip enhanced
near-field laser ablation system for the sub-micrometric analysis of solid samples” J. Anal. At.
Spectrom., Vol.31, 1534-1541 (2016).

4. A. Semerok, S. V. Fomichev, J.M. Weulersse, F. Brygo, P.Y. Thro and C. Grisolia, “Heating and
ablation of tokamak graphite by pulsed nanosecond Nd-YAG lasers”, Journal of Applied Physics, Vol.
101, 084916 — 1-10 (2007).

5. A. Semerok, S. V. Fomichev, C. Jabbour, J.-L. Lacour, M. Tabarant, F. Chartier, "Multi-parametric
modeling of solid sample heating by nanosecond laser pulses in application for nano-ablation”,
Spectrochimica Acta Part B, VVol.136, 51-55 (2017).

26



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

SPACE RESEARCH IN THE KELDYSH INSTITUTE of APPLIED MATHEMATICS
of RAS: PAST, PRESENT, FUTURE

Borovin G.K., Grushevskii A.V., Zakhvatkin M.V., Zaslavsky G.S.,
Stepanyantz V.A., Tuchin A.G., Tuchin D.A., Yaroshevsky V.S.

Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
e-mail: borovin@keldysh.ru

The 60th anniversary of the Baikonur Cosmodrome launch of the Soviet R 7 rocket which
brought on the orbit world's first Earth artificial satellite (EAS), “Sputnik”, was held on October
4, 2017. Many Soviet engineers and scientists intensively worked on the creation of this
spacecraft, among which S.P. Korolev, M.V. Keldysh and M.K. Tikhonravov can be singled as
the outstandings of the best. From this moment the era of space exploration was opening.

By the decree of the USSR Council of Ministers in 1953, the Department of Applied
Mathematics was established at the Steklov Mathematical Institute (Since 1966 the Institute of
Applied Mathematics of the USSR Academy of Sciences), from this time was leading by the
Director Academician M.V. Keldysh. Since the foundation of this outstanding organization under
the leadership of Mstislav Vsevolodovich, work has begun on rocket dynamics and applied
celestial mechanics.

In the period of research that preceded the launch of the first EAS in 1957, the main efforts at
the creating an intercontinental ballistic missile and cruise missiles were aimed. The variational
problem of determining the optimal characteristics of a package of composite missile was solved
in the KIAM by Dmitry E. Okhotsimsky (later - Academician) in 1953. This influenced to the
final selection of the R-7 composite missile scheme by Sergei Pavlovich Korolev.

From the initial flights of spacecrafts (SC), the Institute created a Ballistic Center (BC KIAM)
to perform control and navigation calculations for both manned vehicles and automatic
interplanetary stations (AIS). BC KIAM was created on the initiative of S.P. Korolev and M. V.
Keldysh, in close cooperation with the organizations-SC's developers - RSC Energia, S.A.
Lavochkin, TSNIIMASH and others. It was successfully carried out the ballistic-navigational
support (BNS, “bBHO” on Russian) of flight control of all the “Lunas”, “Veneras”, and “Marses”
automatic stations for the Solar system, for the Vega project for the Halley comet study, for many
manned Soyuz vehicles, for Saliyut and Mir orbital stations, for Progress cargo ships, for the
Energia-Buran aerospace system, also for Astron, Granat, and Interball automated research
stations.

The orbital research complex "Mir" is the pride of Russian cosmonautics. BC KIAM
successfully started and proceeded the work on the BNS for Mir during fifteen years of
impeccable service in the orbit since the launch of Mir station in 1986. This include flights to the
station and docking with it of 5 scientific modules (Quantum, Quantum-2, Kristall, Spectrum and
Nature), 31 manned vehicles Soyuz and 64 Progress cargo SCs. BC KIAM processed trajectory
measurements, determined orbits, predicted movement and calculated the parameters of the
maneuvers of each of these SC operatively and regularly. According to on-board measurements, a
selective analysis of the dynamics of the orbital complex rotational motion was carried out.
Ballistic Center of KIAM participated in the creation of the scheme of the complex's descent from
orbit, analysis and preparation for possible supernumerary situations, in the BNS implementation
of the selected scheme. These final operations achieved as unique discoveries was have an
extremely responsible role. Work on the BNS for controlling the flight of the Mir orbital complex
was carried out jointly with TSNIIMASH and RSC Energia.
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From July 18, 2011, the SC "Spectr-R" realized in the space the international orbital
astrophysical observatory of the "Radioastron" project. A large-size radio telescope has been
installed onboard the Spektr-R SC in order to carry out fundamental astronomical studies jointly
with terrestrial radio telescopes. The orbit of the Spectrum-R SC was chosen to ensure the
operation of the Earth-Cosmos interferometer with base format which much larger than the Earth's
diameter. BNS of the flight "Spectrum-R" also is carried out by the Ballistic Center of KIAM.

Currently KIAM is actively involved in Russian and international space exploration projects.
The "ExoMars-2020" is an international project that envisages the development by the Russian
side of the descent module with a landing platform, the European part is the interplanetary module
and the rover. The objective is to study the surface and the subsurface layer in the close proximity
to the landing site, to conduct geological sampling and to detect traces of the possible existence of
life on the planet, both in the present and in the past. The planned launch date of the "ExoMars-
2020" is April-May 2020.

Participation in the mission design of Moon projects. The Luna Glob project is aimed at
studying the Moon's surface in the circumpolar region (South Pole), as well as testing the
technology of soft landing. The project "Moon-Resource-PA" should continue to explore the
surface of the Moon. The project "Luna-Resurs-OA" includes the delivery of an automatic SC to
the near-moon polar orbit for remote studies of the lunar surface.

A project for the flight of SC to the Jovian system is being developed - the “Laplace P” project.
The "Laplace-P" SC is directed to the study of the Jovian planetary system by contact and remote
methods. The “Laplace-P” SC includes an orbital module for remote investigation of the Jupiter
planetary system.

The flight of SC "Spectrum-RG" is planned. Spectrum-RG is an international Russian-German
project aimed at creating an orbital astrophysical observatory designed to study the universe in the
X-ray wavelength range. The project envisages the creation of a national observatory for high-
energy astrophysics that continues the sequence of astronomical satellites Astron and Granat by
S.A. Lavochkin. The device is built on a modular basis, it has good orientation and stabilization
characteristics, allows one to observe practically the entire celestial sphere during the year. The
"Spectrum-RG" SC will be introduced to the neighborhood of the collinear Lagrange point L2 of
the Sun-Earth system. Astrophysical research is planned for 7.5 years, of which 4 years - in the
scanning mode of the star sky, and 3.5 years — in the in the mode of point observation of objects in
the universe at the request of the world scientific community.

Another project - Venus-D. This is a Russian automatic interplanetary station for the study of
Venus, which is scheduled to be launched after 2024. A qualitative difference between the modern
landing design and the previous Venusian research programs is the provision of knowledge of the
geology of the surface based on the results of the radar studies of the “Venera 15.16” SCs and the
Magellan SC. The landing module will not land blindly, as before, but into the locality area with a
well-known geological context.

From the initial beginning of the study of outer space KIAM actively participates in many
space projects. The institute's contribution to ballistic-navigational support of SC flights often is
decisive. We are cherishing to the name of Mstislav Vsevolodovich Keldysh, whose name is
associated with an entire epoch in the formation and development of cosmonautics. We have
major achievements, traditions, a wonderful team. There is the potential and the desire to continue
to pursue tasks of importance for our Fatherland and for over mankind.
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KOCMMYECKHUE UCCJIEAOBAHUS 8 UTIM um. M.B. KEJIJIBIIIA PAH:
MPOLILJIOE, HACTOSIIIEE, BY IVIIEE

boposun I' K., I'pymesckuii A.B., 3axsatkun M.B., 3acnasckuii I'.C.,
Cremanpstan B.A., Tyuwnna A.I'., Tyann 1.A., Spomesckuii B.C.

HIIM um. M.B.Kenoviua PAH, 2.Mockea, Poccus
e-mail:borovin@keldysh.ru

4-oro okts0ps 2017 roma ucmomHminock 60 et kak ¢ KocMmozpoma baiikoHyp, Obuta
3aIyIeHa OTeUeCTBeHHAs pakeTa-HOCUTeNb P-7, KOTopas BbIBella Ha 3eMHYI0 OpOUTY MEpPBbIii
B Mupe uckycctBeHnbiii cnyTHUK (MC3). Hax cozmanuem MC3 pabotanu MHOTHE COBETCKHE
MH)XEHEPBI U yU€Hble, cpear KOTOpbIX MOKHO BbaenuTh C. I1. Koponésa, M. B. Kengpsima u
M. K. TuxonpaBoBa. C 53TOro MOMEHTa HadajJach 3pa MCCIEAOBAHUS KOCMHUYECKOTO
IIPOCTPAHCTBA.

Pacnopsixenuem Coeta MunuctpoB CCCP B 1953 rony Owumo obpazoBano B MUAH
CCCP OrtneneHue NPUKIAAHOM MaTeMaTHKH, JIUPEKTOPOM KOTOPOro ObT Ha3HAYeH
akanemuk M.B. Kengermr (¢ 1966 roma UuctutyT npuknannoit matematuku AH CCCP, B
HacTosAlee BpeMa WMHcTtuTyT npuxinagHod Marematuku umM. M.B. Kengsima Poccuiickoit
akamemun Hayk). C MomeHTa co3maHus MHCTHTYTa MO pPYyKOBOJACTBOM McCTHCTaBa
BceBostoioBrua HayaThl paboTHI 10 paKeTOJMHAMUKE U MPHUKIATHON HEOECHON MEeXaHUKe.

B nepuon wuccnenoBaHuid, NPEANIECTBOBABIIMKI 3allyCKy TEPBOIO0 HMCKYCCTBEHHOIO
cnytHuka 3emiu B 1957 romy, OCHOBHBIE yCHJIMS OBUIM HampaBieHbl Ha CO3JaHHE
MEXKOHTUHEHTAJIbHON OaUTMCTHYECKOW pakeThl M KpbulaThix pakeTr. B MHctutyTe, B 1953
rony JAmurtpuii EBrenbeBuy OXOUMMCKUHN (BIOCIEACTBUM aKAIEMHK) PEUINJ BApUALIUOHHYIO
3aJady IO OIpPEACICHUI0 ONTHMAJIbHBIX XAPAKTEPUCTHK IIaKe€Ta COCTABHBIX PAaKET, 4TO
MOBJIMSUIO HA OKOHYATENbHBIA BBIOOp cxembl cocTaBHOU pakeTsl P-7 Cepreem IlaBnoBuuem
KoponeBbiM.

C nepBbIX k€ MOJETOB KOCMHYECKHUX amnmapaToB B MHcTuTyTe co3naH bamnmuctuueckuii
neHtp (bL]) 1y BBINOSHEHMS pAcyeTOB YNPABJIEHUS W HABUrallUM KakK MHUIOTHPYEMbIX
KOCMUYECKHX annaparoB, TaK aBTOMAaTHYECKMX MEXKIUIAHETHbIX cTaHUui. CO3MaHHBIM IO
nnunuatue C.I1. Koponesa u M.B. Kengpima bammuctuueckuit Llentp UIIM B TecHom
B3aMMOJICHCTBUU € OpraHM3alUsMU-pazpaboTuynkamMu kocMuueckux amnmaparoB (KA) - PKK
«Oueprusi», HITIO um. C.A. JlaBoukuna, [[HUMmam u ap. ycremHo BBITOIHUT pabOThI 1O
OauIMCTHKO-HaBUraloHHoMy  obecnieuenuto  (BHO)  ympaBnenuss mosetoM  Bcex
aBTOMaTnyeckux ammaparoB «JIyHa», «BeHepa», «Mapc», npenHa3sHAYEHHBIX UL
uccienoBanys JIyHsl U IutaHer, anmapatoB «Bera», MpoBOAMBLIMX HCCIIENIOBAaHUE KOMETHI
lamnes, munorupyeMbix kopabieit «Coro3», opOuTabHBIX craHmi «Camor»y U «Mupy,
rpy3oBbix  kopaOneir  «IIporpecc»,  kocMumueckoil — cucrembl  «OHeprus-bypany,
aBTOMAaTUYECKUX allapaToB HAy4YHOTo Ha3HaueHus «Actpon», «I'panary, «HTepo0m».

b1 UIIM ycneurHo BeimosnHua padotsl no BHO nsatHagnatunerHeit 0e3ynpednoif ciayxObl
Ha OpOUTE TOPJIOCTH POCCUNCKON KOCMOHABTUKU — HAy4YHO-HCCIIEA0BATENbCKOr0 KOMILIEKCA
«Mup». Hauunas c 3amycka cranuuu «Mup» B 1986 rony u ee paboTsl Ha opOuTe, BKIOYast
MOJIEThl K CTAaHIMM U CTBIKOBKM ¢ HelW 5 HayuHbix Moxayieil («Ksanrt», Ksanrt-2»,
«Kpucramny, «Cnextp» u «IIpuponar), 31 nunotupyemoro kopadis «Coro3» u 64 rpy30BbIX
kopabieit «IIporpeccy, Bl onepatnBHO U peryisipHO 00pabaThIBal TPACKTOPHBIC H3MEPEHUS,
onpenensyi OpOUTHI, MPOTHO3UPOBAN JBM)KEHHE M PACCUMUTHIBAJ IapaMeTpbl MaHEBPOB
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KaXKIO0r0 U3 3TUX KOCMHUYECKUX ammapaToB. [Io JaHHBIM OOPTOBBIX M3MEpPEHUI MPOBOAUIICS
BbIOOPOYHBIN aHAIU3 AMHAMUKH JBUKEHUS OPOMTAILHOTO KOMILJIEKCA OKOJIO IIEHTpa Macc.
BIl UTIM y4acTBOBaja B BEIOOpE CXEMBI CXO/a KOMILJIEKCA C OPOUTHI, aHaJIN3€ U TOJATOTOBKE K
BO3MOXHBIM HEHMTAaTHBIM cutyanmsaM, B BHO peammsamum BbIOpaHHOH cxXeMbl. OTH
3aBeplIalolfe Omepanuu ObUIM YHUKAIbHBI MO CBOEH CYTH M HOCHIM HCKIIOYUTEIHHO
OTBETCTBEHHBIN Xapakrep. Pabots mo BHO ynpasienus monérom opOUTaIBFHOTO KOMILIEKCA
«Mup» nposogminck coBmecTHO ¢ [IHMMmam u PKK «Oneprus».

C 18 urona 2011 rona BemnonuseT nonét KA «Cnektp-P» — mexnyHaponHas opOuTanbHas
actpodusuueckas oOcepBatopusi mpoekTa «Pamgmoactpon». Ha Gopty KA «Cnektp-P»
YCTAHOBJICH paJMOTEIECKON OOJIBIIOr0 JauamMeTrpa C LENbI0 MPOBEACHUS COBMECTHO C
Ha3eMHBIMH pajguoTesecKonamMu (GyHIaMEHTAIbHBIX AaCTPOHOMHUYECKHX HCCIEIOBaHUM.
Op6ura KA «Cnextp-P» BeiOpana Tak, 4ToObl o0ecieynTh paboTy uHTEpdhepomeTpa 3emiisi—
Kocmoc ¢ pasmepamm 06a3pl, HamMHOro mnpeBocxonsamumu auamerp 3emiau. BHO monéra
«Cnexktp-P» ocymectsiser b1 UTTM.

B nacrosimee Bpems UIIM um. M.B. Kenasimna PAH aktuBHO ydacTByeT B Poccuiickux u
MEXIYHAPOAHBIX MPOEKTaX HCCIAedoBaHUs KocMoca. I1o  «I9k30Mapc-2020» -
MEXIYHAPOAHBIA TIPOEKT, MPEAyCMAaTPUBAIOIIMK pa3padOTKy POCCHMCKOW CTOPOHOM
JICCAaHTHOTO MOJAYJIS C TOCAJ0YHOM MIAaTPOPMOH, eBPOMEHCKON CTOPOHOW — MEpesIeTHOro
Moayiass M Mapcoxonma. llemeBas 3amada  3TO  HCCIEOBAaHUE IOBEPXHOCTH U
MOJTIOBEPXHOCTHOTO CJI0Sl B HEMOCPEACTBEHHOM OJIM30CTH K MECTy MOCAAKH, MPOBEICHHE
reoJIOTHYECKMX Mpo0 M OOHApyKEHHE CIIEJOB BO3MOXKHOTO CYIIECTBOBAHUS JKU3HU Ha
IUTAHETE, KaK B HACTOALIEM, TaK U B IIpoLLIOM BpeMeHH. [Inanupyemas nara 3amycka anpeib-
maii 2020 r.

VYyacrtue B OanmnuctuyeckoMm npoekrupoanuu nonéros KA k Jlyne: IIpoekt «Jlyna-I'mo6»
HalleJICH Ha MCCleIoBaHne MoBepxHOoCTH JIyHBI B oKosonomsipHoit oomactu (FKOkHBIN mToroC),
a TaKkKe OTpabOTKy TeXHOJOTMM MsArkod mocanku. IIpoekr «JlyHa-Pecypc-ITIA» nomxen
NpOAOIKUTh uccienoBanue noBepxHocTH Jlynsl. Ilpoekt «Jlyna-Pecypc-OA» BkitodaeT B
ce0s JOCTaBKy aBTOMATHMYECKOIO0 KOCMHUYECKOIO armapara Ha OKOJIONIYHHYIO TOJIAPHYIO
OpOUTY AJI IPOBEACHUS TUCTAaHIIMOHHBIX UCCIIEJOBAaHUM MOBEPXHOCTU JIyHBI.

PazpaOatsiBactcst mpoekt monéra KA k mmanere HOmurtep — mpoekt «Jlammacy. KA
«Jlammmac-IT» paspabarbiBaeTcs s WCCAEAOBaHUS IUIAHETHOW cucTeMbl Omurepa
KOHTaKTHBIMH M JUCTAHLMOHHBIMU METOAAMH. BXopsgmmii B KOCMHUYECKMH KOMILIEKC
«Jlammmac-IT» kocmuaeckuit anmapar «Jlammac-IT1» (OA «Jlamnacy) BKiIFO9aeT B CBOM COCTaB
OpOUTANBHBIA MOYJTb JUIsl TUCTAHIIMOHHOTO UCCIIEI0BaHMSI TUTAHETHON cucteMbl FOnurepa.

[Tnanupyercs nonér KA «Cnektp-PI». «Cnektp-PI'» - mexayHapoaHblii pPOCCUHCKO-
TepMaHCKHM TPOEKT, HaleJICHHbI Ha CO3JaHUE OpOUTAJIBHOH  acTpOPU3UUECKOit
obcepBaTopuu, MpeIHA3HAYCHHOW A M3y4eHHs BCeleHHOW B pPEHTTEHOBCKOM JIHAra3zoHe
JUIMH BOJH. [IpoekT mpearnonaraeT co3gaHue HAIMOHAIBHOM 00CepBAaTOPHH acTPO(PU3MKH
BBICOKMX OJHEpruil, MpOJOJIKAIOMIEH MOCIe0BATEIbHOCTh ACTPO(U3NYECKUX CITyTHUKOB
«Actpon» u «I'panat», Taxke paspadoranHsix B HIIO um. C.A. JlaBoukuHa. Amnmapar
CTPOUTCS MO0 MOAYJIBHOMY MPHUHIIMITY, 00J1aaeT XOPOUIUMH XapaKTepUCTUKAMU OpPUEHTAIlUU
U CTa0MIIN3aIiH, [TO3BOJISIET B T€UCHHE TOa HAOII0IaTh MPAKTUYECKH BCIO HEOECHYIO cdepy.
KA «Cnektp-PI'» Oyzner BeiBeZieH B OKpecTHOCTh Touku Jlarpamxka L2 cuctembl CosHile-
3emiist. [IpoBenenue acTpoU3MUECKUX UCCICNOBAHUN 3aIJIaHUPOBAHO B TeUCHHE 7,5 JIeT, u3
KOTOpBIX 4 TOoga — B pEeXUME CKaHUPOBAHMS 3BE3MHOTO Heba, a 3,5 roga — B pexXUMeE
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TOUYEYHOTO HaOmIoeHus O0OBEeKTOB BO BceneHHOW MO 3asiBKaM MHPOBOTO HAYYHOTO
coo011ecTBa.

Emé omun mpoekr - Benepa-/I. D10 — poccuiickas aBTOMaTH4ecKash MEXIUIAHETHas
CTaHIUA Uil W3ydeHHs BeHepwl, KOTOpas MIaHUpyeTCs K 3amycky He paHee 2024 rona.
KauecTBeHHBIM OTIMYMEM COBPEMEHHOI'O MOCAJOYHOrO amnmapara OT MPeIIECTBYIOIINX
IIporpamMM  HCCIIEIOBaHUs BeHepbl sBIAETCS OCHAIIEHHOCTh 3HAHMSAMU O T'EOJIOTHMH
MOBEPXHOCTU M0 pe3yibTaTaM panapHbix uccinegoBanuii KA «Benepa 15,16» u KA
«Marennan». [locamounbrii anmapar OyAeT CaauTbCs HE BCICMYH0, Kak paHbIIe, a B
MECTHOCTb C U3BECTHBIM I€0JIOTHYECKUM KOHTEKCTOM.

C camoro Hauvana uccieqoBaHus kocmuueckoro npocrpancrsa MIIM um. M.B.Kenasima
Poccuiickoil akaieMruu HayK aKTUBHO YYaCTBYET BO MHOTHMX KOCMHYECKHX MpoekTax. Hacto
BKJIQJl WMHCTUTYyTa B OaJNIMCTUKO-HAaBUTAlIMOHHOE obOecreuenne mnoiéroB KA sBusercs
onpeaensomuM. Mbl 1opoxkum uMeHeM MctucnaBa BceeBononosuua Kenapia, uMeHeM
KOTOpPOTO CBs3aHa liejasl d110Xa B CTAHOBJIEHMHM W Pa3BUTHUM KOCMOHAaBTUKH. Y HAc €CTh
KpyIIHBIE TOCTHKEHUS, TPAJAHULINH, IPEKPACHBIN KOJUIEKTUB. ECTh MOTEHIHAN U CTPEMIIEHUE U
BIIPE/Ib 3aHUMATHCA 3a/lad4aMH Ba)KHBIMM JUIsl Hamero OTeuecTna.
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MNOCTPOEHME TOUYHBIX PEHIEHUI HEKOTOPBIX YPABHEHUI
I'MIEPBO/IMYECKOI'O THIIA, COAEPKAILIIUX PA3PbBIB,
PACITPOCTPAHSIOUIAKNCS 11O HEOJHOPOJHOMY ®OHY

B.IL. Bapumn, FO.A. Kpukcun, I1.A. Kyuyros, M.E. JlanonkuHa,
O.A. Hekmonona, B.®. Tumkux

Unemumym npuxnaonoi mamemamuxu um. M.B. Kenovuua PAH, Mocksea, Muycckas na., 4
e-mail: pkuchugov@gmail.com , ladonkina@imamod.ru , nek_olga@mail.ru , v.f.tishkin@mail.ru

VYpaBHEHMSI U CHUCTEMBl YPAaBHEHUH TUIIA 3aKOHOB COXPaHEHUs [1] BO3ZHMKAIOT BO MHOTHX
NPAKTUYECKUX NPUIIOKEHUSAX, B CBSI3M C YEM HX UHCJICHHOE pELICHUE TMpEeACTaBIseT
3HauuTeNbHbIM uHTEepec. C 3TOH 1enplo pa3pabaTbIBalOTCS BCE 0ojiee COBEPILICHHBIE
YHUCJIEHHbIE METOJbl U aJrOpUTMbI. Ba)XHON cocTaBisOIIEN 3TOro mpolecca sBIseTcs 3Tall
BepU(DUKALUU BBIYMCIUTEIBHOTO aJNrOpUTMa, HPU 3TOM OCOOBI HMHTEpEC NpeACTaBiseT
NIOBEJICHUE YHMCIICHHBIX PEIICHU B 00JacTAX COAEpIKALIMX CHIBHBIE M CJa0ble pa3phIBHL
MHoro paboT HOCBSALIEHbI MOCTPOECHUIO AHAJUTUYECKOIO pPELIeHUs JIs CIIOKHBIX 3ajad,
UMEIOIIUX MNpPUKIaJAHOEe 3HadeHue. OJHAKO B JaHHBIX paboOTax paccMaTpUBAIOTCA JIMOO
KyCOUYHO-TIOCTOSIHHBIE HayallbHbIe JaHHbIC [2], THOO peleHus, HCKIIIOYaIOIUe pa3phiBbI [3].

B 1o ke Bpems, HaubOoiee BaXKHBIM SIBISETCA HCCIIEIOBAaHHME TOYHOCTH PAaCUETHBIX
METOAMK Ha MOJEJNbHBIX 3ajJadaX, B KOTOPbIX pa3pblBbl PACHpPOCTPAHIIOTCA IO
HEOJTHOPOAHOMY (poHy. OHAKO CYIIECTBYET HEMHOIO 3a/iad, UMEIOIIUX TOYHbBIE PELICHUS
TaKoro poja.

B naHHOl paboTe aBTOpPBHI NPOBOASAT TMOCTPOEHUE PA3PHIBHBIX PEIICHUN IS
KBAa3WJIMHEHHOTO ypaBHEHMs IMEPEHOCAa U CHUCTEMbl YPABHEHUH MEIKOW BOJbI, UCIONb3Ys
XapaKTepuCTHUECKUil moaxon [4].

baaronapuocTu: PaGoTta BhIOMHEHA NpHU YacTUYHON (rHaHCOBOW moaaepxke POOU
rpanThl Ne 17-01-00361 A u Nel6-01-00333.
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CONSTRUCTION OF EXACT SOLUTIONS OF SOME HYPERBOLIC TYPE
EQUATIONS CONTAINING DISCONTINUITIES SPREAD OVER AN UNIFORM
BACKGROUND

V.P. Varin, Y.A. Kriksin, P.A. Kuchugov, M.E. Ladonkina, O.A. Nekliudova, V.F. Tishkin

Keldysh Institute of Applied Mathematics of RAS, Russia, Moscow, Miusskaya Sq., 4

e-mail: varin@keldysh.ru, pkuchugov@gmail.com , ladonkina@imamod.ru, nek_olga@mail.ru ,
v.f-tishkin@mail.ru

Equations and systems of equations such as conservation laws [1] appear in many practical
applications, and therefore their numerical solution is of considerable interest. For this
purpose, more and more advanced numerical methods and algorithms are being developed.
An important component of this process is the verification stage of the computational
algorithm, and the behavior of numerical solutions in regions containing strong and weak
discontinuities is of particular interest. Many works are devoted to constructing an analytical
solution for complex problems of applied importance. However, these papers consider either
piecewise constant initial data [2] or solutions that eliminate discontinuities [3].

At the same time, the most important is to investigate the accuracy of computational
techniques on model problems in which discontinuities propagate along a non-uniform
background. However, there are few problems that have exact solutions of this kind.

In this paper, the authors construct discontinuous solutions for the quasilinear transport
equation and the system of shallow water equations, using the characteristic approach [4].

Acknowledgements: The work was partially supported by RFBR under research projects
No.17-01-00361_A and 16-01-00333.
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JAAHAMHUKA PACIHUPEHMUSI JIABEPHO-IIJTASMEHHOI'O ®AKEJIA ITPH
HAHOCEKYHJHOU ABJIAIIMU AL MUIIIEHU B OKPYXAIOIIEM I'A3E

B.U.Maskykun, A.B.Illanpanos, M.M./Iémun, A.B. Maxykun

Hnemumym npuxnaouoti mamemamuru um.M.B. Kenoviua PAH,
e-mail:vim@modhef.ru

JlazepHoe oOnyueHHE METAUIMYECKUX TOBEPXHOCTEH KOPOTKUMHU HAHOCEKYHIHBIMU
HUMITYJIbCAMU WHULUHUPYET CIOXKHYIO TMOCJIEI0BATEILHOCTh COOBITHH, KOTOPHIE MPOUCXOISIT
BO BpEMsI U IOCJI€ OKOHYAHMS Ja3epHOro mmiynibca. [loaToMy B3auMopeiicTBUE Ja3epHO-
TUTA3MEHHOTO (hakesa ¢ OKPYKAIONIUM Tra3oM, MO CPAaBHCHHIO C PACIIUPCHHEM B BaKyyM,
SBIISIETCSL TOpa3o OoJee CIOXKHBIM ra30JAMHAMUYECKUM MpoiieccoM. B naHHOM coobiieHun
paccMaTpUBAIOTCSl PEKUMBI BO3JACHCTBUSI C MHTEHCHUBHOCTHIO JIA3EPHOTO M3IIYYEHHS OT 5 X
108 o 5 x 10° Wcm'z, JUIUTEIIBHOCTBIO UMITYJIbCa 5x107° o 107 cex. n nnHoi BoaHEI 1.06
pk. B pamkax 1D - PT'JI momenu conpspKeHHOH ¢ MHOTO(QPOHTOBOW MOZENBIO (pa30BBIX
npespamieHnii B Al mumenu [1] MomenupyroTcs pa3iuuHble MEXaHW3Mbl NS a0NALNH,
BO3HMKHOBEHHUS U SBOJIOIMU JA3€PHOM TIa3Mbl B MCIAPEHHOM BEILECTBE U OKPYKAIOIIEM
raze. Pe3ynbrarel MoIenuMpoBaHUSl CBUIETEIBCTBYIOT O KIFOUEBOW POJIM B3aUMOJECHCTBUS
JA3epHOM IUIa3Mbl C MHIIEHBbIO. BBICOKOE daBieHHME B IIIa3ME€ CIIOCOOCTBYET CMEHE
MEXaHu3Ma Ja3epHOr0 HCMIAPEHUs MEXaHM3MOM IOBEPXHOCTHOM KOHJICHCALIMM paHee
WCTIAPEHHOTO BEIECTBA. B TMa3e BO3HUKAIOT yJapHBIC BOJHBI, B3aMMOJICHCTBYIOIINE C
MOBEPXHOCTHI0O MHUILIEHU U YJAapHOW BOJHON Oerymeil mo xonoaHomy rasy, Puc.l.
PanmuanioHHBIN BBIHOC 3HEPTUU W3 OOJACTH TOpsSYEH IIa3Mbl, MPOJOJDKAIOIIMICS TOCIIe
OKOHYAHUS JIA3€PHOTO HUMIYJbCA, MPUBOJUT K HEMNPUBBIYHO OOJBIIUM IIUTEIBHOCTSIM
(BIUIOTH /10 MHUKPOCEKYHIHOTO JHAaINa3OHa) TMPOIECCOB IMOBEPXHOCTHOTO MCHAPEHUS W
ruiaBnieHus. [lomoOHbIe sBIEHUST HEe HAOMI0AAI0TCS IPU BO3IEUCTBUN Ooiee KOPOTKUX fS, ps -
JIa3€pHBIX UMITYJILCOB [2].

1004
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Puc. 1. JIBe ynapHbIe BOIHBI mocie 06pasoBanms miasmsl, J = 70 J/em?, T = 20 ns.
BaarogapaocTu: Pabota nonnep:xana Poccuiickum Hayunsim ®@onnom, rpant 18 - 11-00318
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DYNAMICS OF EXPANSION OF A LASER-PLASMA TORCH DURING
NANOSECOND ABLATION OF AN AL TARGET IN AN AMBIENT GAS

V.I. Mazhukin, A.V. Shapranov, M.M. Demin, A.V. Mazhukin

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

Laser irradiation of metal surfaces with short nanosecond pulses initiates a complex
sequence of events that occur during and after the end of the laser pulse. Therefore, the
interaction of the laser-plasma torch with the surrounding gas, in comparison with the
expansion into vacuum, is a much more complicated gas-dynamic process. In this report,
exposure modes with an intensity of laser radiation from 5x10% to 5x10° Wem™, pulse
duration from 5x10” to 107 seconds and a wavelength of 1.06 pk are considered. Within the
framework of the 1D-RGD model conjugated to the multifront model of the phase transitions
in the Al target [1], various mechanisms of ns ablation, appearance and evolution of the laser
plasma in the vaporized matter and the surrounding gas are modeled. The results of the
simulation testify to the key role of the interaction of the laser plasma with the target. The
high pressure in the plasma contributes to the change in the mechanism of laser evaporation
by the mechanism of surface condensation of a previously evaporated substance. In the
plasma, there are shock waves interacting with the target surface and a shock wave traveling
along the cold gas, Fig.1. Radiation removal of energy from the hot plasma region, which
continues after the end of the laser pulse, leads to unusually long durations (up to the
microsecond range) of the processes of surface evaporation and melting. Similar phenomena
are not observed when shorter fs, ps laser pulses are applied [2].
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Figure 1. Two shock waves after the formation of plasma, J = 70 Jem?, =20 ns.
Acknowledgements: This work was supported by RSF (project Ne 18-11-00318).
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BHU3YAJIN3ATOP INPOIIECCOB HEYCTOMYUBOI'O BLITECHEHUSA HE®THU
N3 IMOPUCTBIX CPEJ

M.B. Muxaintok, [1.FO. Tumoxun, [I.B. OmenbueHko

QI'Y « ®HL] Hayuno-ucciedo8amensckuil UHCIMUmym cUCeMHbIX UCCIe008aAHUL
Poccuiickoti akademuu nayx», Mockea, Poccus
E-mail: mix@niisi.ras.ru

OnHUM W3 BaXHBIX HAIMPABICHUH COBPEMEHHOTO HE(PTEra3oBOro HHXHHHUPHHTA SBIISETCS
NOBbIIEHHEe He(TeoTnaun He(TEHOCHBIX IUIACTOB 3a CYET MPEAOTBpAILEHHS SBICHUN
HEYCTOMUYMBOTO (HEMOJIHOI0) BBITECHEHHUS HE(PTHU: MPOPHIBOB OTIEIbHBIX S3BIKOB («IaJIbIEBY)
BBITECHSAIONIEH KUAKOCTU (BOJAbI WJIM TOJMMEPHBIX PACTBOPOB), 3ajJHUMaHUA 00bEMOB HedTH
BHYTpU I1acTa u Jap. I(P(HEKTUBHBIM MOAXO0JIOM SIBIISETCS ONpeAeSiCHUEe ONTUMAIbHBIX 3HAYCHHM
MapaMeTpPOB BBITECHEHHS HAa OCHOBE KOMIIBIOTEPHOTO MOJEIHUPOBAHUS Ha JETaIU3UPOBAHHBIX
pacueTHBIX ceTkax (1o 10° sdeek) MPOIECCcOB HEYCTONYMBOTO BHITECHEHHS HE(TH M3 MOPHCTBIX
cpen. [lna anammsa pe3yibTaTOB MOJAEIMPOBAHUS HEOOXOJMMa BHM3yaln3alus B MacmiTade
pEATIBHOTO BpPEMEHW MOBEPXHOCTH pa3lefla BBITECHAIONIEH W BBITECHAEMON JKHIKOCTEH
(M30TTOBEPXHOCTH).

B nannoii pabote mpeiaraercst dGQGEKTHBHAS TEXHOJOTHS M MPOTPaMMHBIC PEIICHUs] ITON
3a1a4yn Ha rpaduyeckux npoueccopax (GPU), ocHoBaHHbIE HA UCIOIB30BAaHUM PACIIPEIEICHHBIX
BBIUMCICHUM U paclnapajjieIiBaHuU TpaHUuecKuX pacuyeToB C IOMOULIbI0 COBPEMEHHBIX
mieiepubx TexHonoruil. Ilpennaraemas TexHonorusi BkItoyaeT B ceOs moctpoeHne Ha GPU
MOJIMTOHAIBHOW MOJENN H30MOBEPXHOCTH, €€ IPOU3BOJIIBHOIO IUIOCKOIO CEUEHHs, a TaKKe
BU3yaJIM3aII0 MOJIENIN N30MIOBEPXHOCTH B MOHO- U CTEPEOPEKUME.

Mozens H30HOBEPXHOCTH CO3/aeTCd Ha OCHOBE pa3OMeHHs o0beMa MOJEIUPOBAHUS
paBHOMEpHOW CETKOW Ha sYelku (KyObl) W TIPUCBOSHHS KaKIOW s4eiike OJHOTO W3
MpEeIOTPeICIEHHBIX ~ HA0OpPOB  TPEYrOoJbHUKOB  (Bcero 256  BapWaHTOB),  3a/alOIIUX
MOJINTOHABHBINA YYaCTOK M30TIOBEPXHOCTH B ATOH siueiike. Kakmprii Takoit Habop co3maeTcs B
otanensHoM GPU-motoke ¢ momomipio reomerpuueckoro mehaepa. GPU-motoku co3zmaroTcs
rpynmnamMu 1mo 65x65 MOTOKOB M3 KBaApaTHBIX rpa)UuecKuX MPUMHUTUBOB (MATUYEH) ¢ IOMOIIBIO
TECCEJIALMOHHBIX MIEHEepOB (OAMH MaTy - OJHA TPYIIa) U PAaBHOMEPHO PaCIpEACISIOTCS MEKIY
BceMu siapamu GPU.

[TocTpoeHne ceueHus: BBIMOJIHSETCS B IPOLECCE CO3MaHUs MOJENHM H3omoBepxHocTH. [lpum
3TOM CO3JIAI0TCS M BBINOJHAIOTCA TOJMbKO Te GPU-mOTOKM, KOTOpbIE MPOU3BOIAT (PparMeHThHI
n300paxeHuss BUAUMOM yactu cedenus. Ot6op takux GPU-nOTOKOB BBHINONIHAETCS MO siYeHKaM
MOJICIIUPYEMOT0 00bEeMa, TPEYTOJIbHUKAM MOJIETTH H30MIOBEPXHOCTH M ()parMeHTaM N300parkeHUH
9THX TPEYTOJIBHUKOB C IIOMOIIBIO TECCEISIHUOHHBIX, TE€OMETPUYECKOT0 M (HparMeHTHOTrO
IIEUIEPOB.

Cragus Bu3yanusauuu BKiIodaeT pacyer Ha GPU ocBemeHHOCTH MO N30MOBEPXHOCTH U
€e CeUeHUs], BU3yallu3alHio Ky0a, OrpaHIYMBAIONIET0 00BEM MOJCITUPOBAHHUS, & TAKKE CHCTEMBI
koopauHat. Kpome MOHO pexruMa peaiM30BaH TaKXKEe pPEXUM CTEpPEOBH3yaIH3allun
(anarnmuduueckuit ¥ MONSIPU3ALUOHHBIN METO/BI).

Ha ocHoBe mnpeanokeHHBIX TEXHOJOTUM W TMPOrPaMMHBIX pelleHud Obul pa3paboTaH U
YCHEIHO anpoOHpOBaH MPOTOTUIl CHCTEMbl BU3YaIH3allMH PE3yJbTAaTOB MOJICITMPOBAHUS
MPOIIECCOB HEYCTONYHMBOTO BHITECHEHUSI HEPTH U3 MOPUCTHIX CPEI.

baaronapuoctu: VccnenoBanue BBIOTHEHO Tpu mozaepkke PODU (mpoekt Ne 16-29-
15099-0hu_ ™).
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VISUALIZER OF PROCESSES OF UNSTABLE OIL DISPLACEMENT FROM
POROUS MEDIA

M.V. Mikhaylyuk, P.Yu. Timokhin, D.V. Omelchenko

Scientific Research Institute for System Analysis of RAS, Moscow, Russia
E-mail: mix@niisi.ras.ru

One of the important trends of modern oil-gas engineering is enhancing oil recovery of oil-
bearing strata by means of preventing phenomena of unstable (incomplete) oil displacement:
breakthroughs of separate tongues ("fingers") of the displacing liquid (water or polymeric
solvents), sticking of oil volumes inside strata, etc. An effective approach is to determine
optimal values of displacement parameters by means of computer simulation of processes of
unstable oil displacement from porous media, carrying out on detailed calculation grids (up to
10° cells). To analyze simulation results, a real-time visualization of the surface splitting
displacing and displaced liquids (isosurface) is necessary.

In this paper an efficient technology and program solutions of this task on graphics
processors (GPU), based on using of distributed computing and parallelization of graphic
calculations by means of modern shader technologies, are proposed. The proposed technology
includes GPU-based building a polygonal isosurface model and its arbitrary plane section, as
well as visualization of the isosurface model in mono and stereo mode.

The isosurface model is created by partitioning simulation volume by a uniform grid into
cells (cubes) and assigning each cell one of the predefined sets of triangles (a total of 256
variants), specifying a polygonal part of the isosurface in this cell. Each of those sets is
created in a separate GPU-thread using a geometric shader. GPU-threads are created in groups
of 65x65 threads from square graphic primitives (patches) using tessellation shaders (one
patch - one group) and uniformly distributed among all GPU cores.

Section building is performed during the creation of isosurface model. Herewith, only
those GPU-threads are created and executed, which produce image fragments of visible part
of the section. The selection of such GPU-threads is performed based on cells of the simulated
volume, triangles of isosurface model and image fragments of these triangles by means of
tessellation, geometric and fragment shaders.

The visualization stage includes calculation on the GPU the lighting of isosurface model
and its plane section, visualization of the cube bounding simulation volume, and the
coordinate system. In addition to mono mode, a stereovisualization mode (anaglyph and
polarization methods) is also realized.

Based on the proposed technology and program solutions, a prototype of a system for
visualization of data obtained in simulation of processes of unstable oil displacement from
porous media was developed and successfully tested.

Acknowledgments: This research was supported by the Russian Foundation for Basic
Research (project No. 16-29-15099).
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Some aspects of scientific community and its structures behavior after RAS transformation
in 2013 are discussed.
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EQUATION OF STATE AND ELECTRICAL CONDUCTIVITY OF
SUPERCRITICAL FLUID OF REFRACTORY METAL VAPORS

Khomkin A.L., Shumikhin A.S.

Joint Institute for high temperatures of RAS, Moscow, Russia
shum_ac@mail.ru

A matter at temperatures and densities higher than the critical one is called supercritical
fluid (SCF) or warm dense matter (WDM). Such states in the laboratory can be achieved, for
example, by laser heating or electric explosion of wires. For some metals (for example, Al,
Cu, Fe, Ni) a large number of conductivity measurements on isotherms have been performed
in this region [1]. A continuous transition from gas-plasma to metal conductivity (with
passing through the minimum) was observed with density increase. But for some refractory
metals (e.g. Be, W, Ta) there are practically no experimental data above the melting point. At
the same time, the properties of these metals in the plasma fluid regime are of particular
importance because of their technological application, for example, in thermonuclear
energetic.

In this work, we propose a generalized model to describe the of vapor-liquid (dielectric-
metal) phase transition, based on the “3+” model of plasma fluid proposed by us in [2, 3],
concerning to refractory metals. The Helmholtz free energy of dense atomic metal vapors
describe the mixture of free non-ideal electrons and ions and atoms immersed in jellium.
Given the presence of jellium, we named this model the “3+” model. Jellium is constituted by
tails of wave functions of bound electrons. Jellium provides the appearance of collective
quantum energy — cohesion. We put forward the hypothesis, that jellium exists at any density.
The jellium concentration is determined in various ways. The concentration of thermal
electrons is determined by the Saha formula, taking into account all types of correlation. The
interaction between free charges is described in nearest neighbor approximation (NNA). The
equation of state and electrical conductivity were calculated in supercritical regime for
refractory metals (Be, W, Ta) in wide range of densities and temperatures. The obtained
results are compared with data of numerical experiments [4]. Calculations in the framework
of the “3+” model show a good agreement with available in literature data and describes the
continuous transition from gas-plasma to metallic conductivity.

Acknowledgments: This study was financially supported by the Russian Science
Foundation (grant No. 14-12-01235).
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ATOMHACTHYECKOE MOJIEJTUPOBAHUE TEILIO®U3NYECKNX CBOVICTB
MEJH B HIMPOKOM TEMIIEPATYPHOM /IUAITA3OHE
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Meton MONEKyIspHOW MAWHAMUKH UCHOJB3YEeTCsl Ui pacueTa TEePMOJUHAMHUYECKHX
cBoiictB mMeau [1]. Ompenensitorcs 3aBUCUMOCTH OT JABJEHUS TEMIEpPATypbl M TEIJIOTHI
TUTABJICHUS M 3aBUCHUMOCTH OT TEMIIEpaTyphl TEIUIOEMKOCTH, KO3(PUIMEHTa JIHUHEHHOTO
pacmMpeHuss M IUIOTHOCTU. Takke OmpelnersitoTcss napaMerpbl KPUTHUECKONW TOUYKH
(Temmepatypa, IIIOTHOCTh U JaBJieHue). [[poBoauTcs cpaBHEHHE MOTYUYEHHBIX 3aBUCUMOCTEMN
C JKcmepuMeHTOM [2] u apyrumu pacdyetamu [3]. HalimeHHble 3aBUCHUMOCTH MOTYT OBITh
Janee WCIOJb30BaHbl KaK BXOAHBIE JaHHbIE KOHTHHYaJTbHOM MOJAENTU HMITYJIHCHOTO
JIa3epHOTO HArpeBa BemiecTna [4].

5- 16-
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Puc. 1.I1n10THOCTB XUAKOCTH U Mapa Puc.2. KonnuecTBo aTOMOB B KJlacTepe

BaaroagapuocTu: Pabota Beimonnena npu noanepxke PH®, npoext Ne 18-11-00318.
Jlurepartypa:

1. V.I. Mazhukin, M.M. Demin, A.A. Aleksashkina, “Atomistic modeling of thermophysical
properties of copper in the region of the melting point”, Matematica Montisnigri, 41, 99-111
(2018)

2. J.A. Cahill, A.D. Kirshenbaum, “The density of liquid copper from its melting point (1356K)
to 2500K and an estimate of its critical constants”, J. Phys. Chem., 66 (6) 1080—1082 (1962)

3. V.I. Mazhukin, A.A.Samokhin, A.V. Shapranov, M.M.Demin, “Modeling of thin film
explosive boiling-surface evaporation and electron thermal conductivity effect”, Mater. Res.
Express, 2, 016402 (2015)

4. V.I. Mazhukin, A.A. Samokhin, M.M. Demin, A.V. Shapranov, “Explosive boiling of metals
upon irradiation by a nanosecond laser pulse”, Quantum Electronics, 44 (4) 283 — 285, (2014).

40



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

ATOMISTIC MODELING OF THERMOPHYSICAL PROPERTIES OF COPPER IN
WIDE TEMPERATURE RANGE

V.1. Mazhukin, M.M. Demin, A.A. Aleksashkina
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The molecular dynamics method is used to calculate the thermodynamic properties of
copper [1]. The pressure dependences of temperature and heat of melting and the temperature
dependence of specific heat, coefficient of linear expansion and density are calculated. The
parameters of the critical point (temperature, density and pressure) are also determined. The
obtained dependences are compared with experiment [2] and other calculations [3]. The
dependences found can be further used as inputs to the continuum model of pulsed laser
heating of matter [4].
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Fig. 1.The density of liquid and vapor Fig.2. The number of atoms in a cluster
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HYBRID MOLECULAR DYNAMICS - BETWEEN ATOMISTIC AND
HYDRODYNAMIC SCALES
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Our novel methodology for modelling liquid molecular systems at very different space and
time scales simultaneously with consistent transition between the scales is described. Regions
of atomistic representation of the liquid of arbitrary shape and time evolution coexist with
fluctuating hydrodynamics environment which in turn is coupled to macroscopic
hydrodynamics at larger scales. In the model, the hydrodynamics description is used as an
effective boundary condition to close the molecular dynamics solution without resorting to
standard periodic boundary conditions. A nominally two-phase liquid model is considered as
a representation of the same chemical substance. The ‘phases’ are immersed into each other as
‘fine grains’, the surface tension effects are irrelevant, and both ‘phases’ simultaneously
occupy the same control volume. The partial concentrations of the MD ‘phase’ and the
hydrodynamics ‘phase’ are equal to s and 1-s, respectively, where s is a parameter of the
model 0 <s<1. s is a user-defined function of space and time which controls how much
atomistic information is required in a particular region of the simulation domain.

The approach was implemented in a popular Molecular Dynamics package GROMACS. It
has been shown that the hybrid model can preserve important properties of the molecular part
of the system (fluctuations of density and velocity, radial distribution and velocity
autocorrelation functions) [1]. As an example, a small peptide and the protein shell of PCV2
virus are modelled at all-atom resolution, surrounded by a layer of atomistic water (any model
of water such as TIP3P, SPC, etc can be used) that gradually changes to hydrodynamic
continuum away from the peptide or virus. For the problem of peptide diffusion in water, the
method has allowed obtaining the value of diffusion coefficient which is very close to that one
of the reference all atom simulation [2]. For the virus in water problem, the method has
preserved the structure of the virus capsid despite a relatively thin layer of molecular water
around the proteins constituting the capsid [3].
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MOJIEJUPOBAHUE TEILIO®U3UYECKAX CBOVCTB KPEMHUSA B OBJIACTH
IIJTABJIEHU A
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[TosrydeHbl paBHOBECHBIE CBOWCTBA KPHUCTAUIMYECKOTO W PACIUIABIEHHOTO KPEMHHS B
TEMIIEPATypHOW OOJIAaCTH, CBSI3aHHOW C IUIABJIEHUEM W KPHUCTAUTM3alMed C TOMOIIBIO
MOJIEKYJIIpHO-IMHaMudeckoro mMoaenupoBanus (MIM). Onpenenensr 6apuyeckie 3aBUCIMOCTH
yACNbHOW TETUIOThl TulaBieHus L,(P) W paBHOBeCHOW Temmeparypbl IutaBienust 1,,(P),
SIBJISIFOIICHCS] TpaHHIel paBHOBeCHs ABYX (a3 KpeMHHUS — TBEpAOW M kuakoi. OrpenerneHsl
TaK)Ke TeMIIEpaTypHble 3aBHCUMOCTH IUIOTHOCTH p(7), nuHeitHoro pasmepa obOpasua L(7),
koadunmenTa auHeHoro pacumpenus o(7), sutansnuu H(T), tennoeMkoct pemetku Ci (7).
MJIM npoBogmwiock ¢ noreHiuanamu Cruwumamkepa—Bebdepa (SW) u KIHS. Pesynbratsr
MOJICTUPOBaHUs IIOKa3aaM, 4TO Ha (pa3oBOM mepexosae IulaBieHue—kpucrammsanus (7=7,,)
CBOMCTBa KPEMHHS M3MEHSIIOTCS CKaukoM. B okpecTHocTH TOoukd (Da3oBOro mepexona Bce
CBOMCTBA KPUCTAJUINYECKOTO KPEMHHMSI IIPETEPIIEBAIOT KAUECTBEHHBIE U3MEHEHMSI U CYILIECTBEHHO
OTIMYAIOTCA OT AHAJIOTMYHBIX XapaKTEPUCTUK MeTauioB. Ilpomecc miaBieHUss KpeMHUs, B
OTIIMYHE OT METAJUIOB, NMPHUBOIUT K CYNIECTBEHHOMY YBEIHUYEHUIO TUIOTHOCTH p(71) (puc.la),
Kod(uIMeHTa tuHerHoro pacumpenus o(7) (puc.1b), ymeHbIeHnto TuHEeHHOTO pasmepa L(7T).
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Puc. 1. TemneparypHbie 3aBHCUMOCTH IO pe3yibTaraM MJIM 1 naHHbBIE 3KCIIEpUMEHTA ()
I0THOCTH KpeMHUS p(7T), (b) kodddurmenTa muneitnoro pacmmpenns o(7).

B TBepmoit u xkumkoit (aszax ¢ yBemUueHHEM TEMIIepaTypbl IPOUCXOAUT POCcT dHTANbNUU H(T). B
OTIIMYME OT METaUIOB, TEIUIOEMKOCTh pemeTku kKpemuus Cp(7) B TBepmoh (aze ¢ pocTtom
TEeMIEepaTyphl yBeIMUuBacTCs, Ha (azoBom mnepexojae (7=7,,) CKaYKOM YMEHBIIIAETCs, MOCC Yero B
*kuako  (ase cHoOBa  yBenuuumBaercs. [lodydyeHHBIE ~ 3aBUCMMOCTH  CBOWCTB  KPEMHUS
anmpOKCUMHUPOBAHBI MOJMHOMAaMH HEBBICOKUX cTereHeil. CpaBHEHUE PacCUMTAHHBIX XapaKTEPHCTHK
C IaHHBIMHU DKCIIEPUMEHTOB TOKA3aJI0 MPUEMIIEMOE KAUECTBEHHOE M KOJIMYECTBEHHOE COBIA/ICHUE.
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MODELING OF THE SILICON THERMOPHYSICAL PROPERTIES IN THE
REGION OF MELTING

O.N. Koroleva, A.V. Mazhukin

Keldysh Institute of Applied Mathematics of RAS, Russia, Moscow
National Research Nuclear University MEPhI, Russia, Moscow

Equilibrium properties of crystalline and molten silicon in the temperature region of melting
and crystallization by molecular dynamics modeling (MDM) are obtained. The pressure
dependences of the specific heat of melting L,,(P) and the equilibrium melting point 7,,(P), which
is the equilibrium boundary between two phases of silicon, solid and liquid, are determined. The
temperature dependences of the density p(7), the linear dimension of the sample L(7), the linear
expansion coefficient a(7), the enthalpy H(7T), and the heat capacity of the lattice C,(7) are also
determined. MDM was carried out with the potentials of Stillinger-Weber (SW) and KIHS. The
simulation results showed that the silicon properties change by jump at the melting-crystallization
phase transition (7=T7,). In the vicinity of the phase transition point, all the properties of
crystalline silicon has qualitative changes and differ significantly from those of metals. The
melting process of silicon, unlike metals, leads to a significant increase in the density p(7) (Fig.
la), the linear expansion coefficient a(7) (Fig. 1b), and the linear dimension L(7).
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Figure 1. Temperature dependences of the MDM results and the experimental data of the (a) silicon
density p(7), (b) coefficient of linear expansion o(7).

In the solid and liquid phases, the enthalpy H(7) increases with increasing temperature. Unlike
metals, the heat capacity of the silicon lattice Cj,(7) in the solid phase increases with increasing
temperature, it decreases by jump at the phase transition (7' = 7,,), after which it again increases in
the liquid phase. The obtained dependences of the properties of silicon are approximated by
polynomials of low degrees. Comparison of the calculated characteristics with the experimental
data showed an acceptable qualitative and quantitative coincidence.
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B nacrosiiiee BpeMsi HHTEHCHBHO Pa3BUBAIOIIMMCS HAYYHBIM HAIMPABICHUEM SBIISIETCS
M3YyYEHHE CBOMCTB MOBEPXHOCTEH PAa3IMYHBIX MATEpUAIOB HA MUKpO- U HaHOMaciuTabax. B
paMKax 3TOro HamlpaBlieHUS aKTyaJbHBIMM 3a/a4aMM SIBIISIFOTCSI MCCIEAOBAHUE U PA3BUTHE
pa3IMYHBIX CHOCOOOB CO3JaHHUSI TMOBEPXHOCTEH C 3aJaHHBIMH CBOWCTBAMU C TOMOIIBIO
TEXHOJIOTUH Ta3oanHamMuueckoro HambuieHus [1, 2]. OnHOW U3 NPUYMH BHUMAHUS K dTOMY
MIPOU3BOJCTBEHHOMY IPOLIECCY SIBISETCS €r0 OTHOCUTENIbHAsI TEXHOJIOTMYECKasi MpoCToTa U
IIMPOKOE TI0JIE KOHKPETHBIX TMPOMBIIUICHHBIX TpwioxkeHud. Ha gaHHBIT MOMEHT
MPaKTUYECKH TMPOMIEH JTal CO3JaHUs METOJAaMHU HaIbUIEHUS CIUIOLIHBIX MHUKpPO- U
HAHOTIOKPBITUH B IENIAX YINPOYHEHHS] KOHCTPYKIIMOHHBIX MaTepHalloB, M crana Oojee
WHTEpEeCHa TEXHOJOTusl (JOPMHUPOBAHUS Ha MOAJIOKKE ONPEAETICHHOTO0 PUCYHKA WIIM MAacKH,
COCTOSIIIEH W3 HECKOJBKHMX JECSITKOB HAHOYACTUL. TouedyHass TEXHOJOTWs HallblUICHUsS
TpeOyeT OT COOTBETCTBYIOIIMX YCTAHOBOK BBICOKOW YMPAaBISIEMOCTH MPOIIECCOM U BBICOKOM
TOYHOCTH (POPMHpPOBAHUS MacoK. 3ajada MOJEJIHMPOBAHMSI pa3roOHa METAIIMYECKUX
HAaHOYACTHI] CBEPX3BYKOBBIM IMOTOKOM Ta3a HMEET IEJIbI0 OINpPEACNIUTh YIPaBIAIOIINE
(dakTopbl 1aHHOTO Mpoliecca. PasroHHas cTanus B HATYPHOM SKCIIEPUMEHTE HCIOJB3YETCS
JUTSL COOOIIIEHUSI HAHOYACTHUIAM 33/IaHHOM TOCTOSIHHON CKOPOCTH MPHU OTCYTCTBHH BpallleHUN
BOKpYI UX ILEHTpoB wuHepuuu. (OOecrneueHrne WMEHHO TaKUX YCIOBHM YBEIHMYUBACT
BEPOSITHOCTh MPUITUTIAHUS HAHOYACTHI] K ONIPEICTICHHBIM MECTaM TOPSYEH MOJIJIOKKH.

Jlannast paboTa MoCBsIIEHa MOJAECTUPOBAHUIO ABMKCHUSI METAITUYECKOW HAHOYACTHIIHI B
MOTOKE Tra3a. B kadecTBe MeTo/la HMCCIIEOBaHMS MCIOJIb30BAIOCH NMPSMOE MOJIEKYJISPHO-
TUHAMHUYECKOe MojenupoBaHue [3], 9YTO TMO3BOJWIO TMOJYYUTH HHPOPMAIUIO O
MOJIEJIMPYEMOM Tpoliecce Ha aTOMapHOM YpOBHE JeTanu3anuu. B kadecTBe MojienbHON
3a/1a4 OBLT PacCMOTPEH MPOIIECC Pa3rOHa HHUKEJIEBOrO HaHOKIJIAcTepa KyOuueckoil (opmbl
CBEpX3BYKOBBIM IOTOKOM a3oTa. Ilpouecc wucciaenoBancs HpU HU3KUX U KOMHATHBIX
temneparypax (100-350 K). Llenp MogenupoBaHusi COCTOSIa B BOCIIPOU3BEIEHUU PEATBHOTO
Ipolecca pa3roHa ¢ y4eTOM BHYTPEHHEI0 COCTOSIHUSI HAaHOKJIacTepa.

Baarogapuoctu: PaGora BhIoNHEHA MpH YacTUYHOW mojjaepxkke Poccuiickoro donma
byHIaMeHTANBHBIX HccenoBaHni, mpoekTbl NeNe 16-29-15095-o¢u M, 17-01-00973-a,
16-07-00206-a.
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At present, the intensively developing scientific direction is the study of the properties of
various materials surfaces on the micro- and nanoscales. Within the framework of this trend,
the relevant tasks are the investigation and development of different ways for creating the
surfaces with given properties using a gas-dynamic spraying technology [1, 2]. One of the
reasons for the attention to this production process is its relative technological simplicity and
another one is a wide field of specific industrial applications. At the moment, the stage of
creating the continuous micro- and nanocoatings for the purpose of hardening structural
materials has been practically completed, and the technology of forming on a substrate a
certain pattern or mask consisting of several dozen nanoparticles became more interesting.
Spot technology of sputtering requires from the appropriate installations a high process
controllability and high accuracy of forming masks. The problem of modeling the acceleration
of metal nanoparticles by a supersonic gas flow is to determine the control factors of this
process. The accelerating stage in the full-scale experiment is used to obtain a given constant
velocity by nanoparticles in the absence of rotations around their centers of inertia. Providing
just such conditions increases the probability of nanoparticles sticking to certain places of the
hot substrate.

This work is devoted to modeling the motion of a metallic nanoparticle in a gas flow.
Direct molecular dynamics simulation [3] was used as the research method, which made it
possible to obtain information about the modeled process at the atomic level of detail. The
process of accelerating the nickel nanocluster of a cubic shape by the supersonic nitrogen
flow was considered as a model problem. The process was studied at low and room
temperatures (100-350 K). The purpose of the modeling was to reproduce the real
acceleration process taking into account the internal state of the nanocluster.

Acknowledgements: The work was supported by Russian Foundation for Basic Research,
projects no. 16-29-15095-ofi_m, 17-01-00973-a, 16-07-00206-a.
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MATEMATHYECKOE MOJAEJIUPOBAHUE ITPOLHECCA CBEPX3BYKOBOI'O
CTOJIKHOBEHMUS MOJIEKYJISIPHBIX OBJIAKOB

Puibaxun BT

! OHI] OI'Y HUUCHU PAH, MI'Y um. M.B.Jlomonocosa, Poccutickas @edepayus, Mocksa
rybakin@vip.niisi.ru

B pabote noctpoena mareMaTHuecKasi MOJIIb U MapajliesibHas TpeXMepHas porpaMmma st
MOJIEJIMPOBAHUS IPOLIEcCa CBEPX3BYKOBOI'O CTOJIKHOBEHMSI MOJEKYIsApHBIX 00jakoB (MO).
CronknoBenust MO SBIISIIOTCS OOIHHUMHU U3 OCHOBHBIX MCXAaHHM3MOB, KOTOPBIC 3aITyCKAIOT IIPO-
1ecchl 00pa30BaHusl HOBBIX 3BE3]] M 3BE3/IHBIX CKOIUICHU. MoIeIMpoBaHUE OCYILIECTBISIIOCH
10 TpeM pa3HbIM cleHapusM. M3yuyanuchk 3¢ ¢ekTsl BOSHUKHOBEHUS! CBEPXIUIOTHBIX MPOTO-
A51ep, pOCT U U3MEHEHHSI UX Macc MPU LEHTPAJIbHOM U HeleHTpanbHOM yaape. Kpome Toro,
u3ydanach MOP(HOIOTHsI U3MEHEHUS IJIOTHOCTH M 00Pa30BaHUS OCHUJUISAIINN, TPOUCXOISIINX
Ha TPaHUIE MEXKIY B3aUMOJICHCTBYIOIIMMHU OOJIaKaMU C Pa3IMYHBIMHU 3aKOHAMH M3MEHEHUS
IJIOTHOCTH 110 Panycy.

O0pa3oBaHre CBEPXIUIOTHBIX CTYCTKOB, BOSHUKAIOIIUX B PE3yJIbTaTe CTOJKHOBEHUS MOJIe-
KYJISIPHBIX 00JIaKOB SIBJISETCS HHTCPCCHBIM MCXaHNU3MOM, KOTOpLIﬁ MO3BOISIET O0OBICHUTEL BO3-
HUKHOBEHHUE HOBBIX 3BE€3/l. DTU IJIOTHBIE CTYCTKH SIBJSIOTCS TPABUTALMOHHO HEYCTONYMBBIMU
10 I[)KI/IHCy U ABJIAIOTCA NPCAIICCTBCHHUKAMUN HOBBIX 3BE€3 U 3BC3IHBIX CKOTIJICHHH. TepMI/I-
yeckoro JapiaeHus B MO, HeocTaTOYHO JUIsl IPEAOTBpAallleHUsl TPaBUTALMOHHOIO KOJLIarca.

Pe3ynbrarhl pacueToB Moka3aiu, 4YTo B3aUMHOE cTosikHOBeHrne MO npuBoauT K 06pazo-
BaHHWIO Ha MTOBEPXHOCTH COYJAPCHUS CBEPXILIOTHOW 00JaCTH, B KOTOPOM MOCTOSHHO (OPMU-
pyeTcsi Bce OoJiee TUIOTHBIE CryCTKHU ra3a. Ha o6omoukax 06oux MO nosBisiroTcsi HeOobIme
HEpEryJISIPHBIE NMYJIbCUPYIOIIME CTPYKTYPbI, BOZHUKAIOIIUE HU3-3a HEYCTOMYMBOCTH TUIA P3-
nesi-Teiinopa. CunbHbIE yapHbIE BOJHBI MOSBISIOTCS HA TPAaHUIE MEXIy oOlakamMu, 00pazys
TOHKHM IIJIOTHBIN JUCK U3 CKATOIO ra3a. BHyTpH 3TOro 1ucKa CTpyKTypa IyJIbCAlMi B TOHKHX
MOBEPXHOCTHBIX 000JI0YKAX YCUIIMBAETCS M3-32 HEYCTOWYMBOCTH TOHKON 000JIOYKH, TIPU 3TOM
TOHKasi 000JI0UKa OrpaHrueHa ¢ 00€UX CTOPOH MPOIOJIKAIOLIUMCS CKATHEM U YCKOPSIETCS He-
NPEPHIBHBIM JBIOKeHHEM 0071akoB [1]. TIMOTHOCTH 3THX CTYCTKOB MPEBOCXOIUT HAYAIBHYIO
IJIOTHOCTh Ha HCCKOJIBKO MOPAAKOB, YTO IPHUBOJUT K q)OpMI/IpOBaHI/IIO rpaBUTallMOHHO HE-
YCTOHYMBBIX O0IacTei.

Jlns npoBenieHust pacueToB ObLT pa3padoTaH NapauleIbHbIA aIrOPUTMBbI PEIICHUS 3a/1a4
HEeCTalMOHapHOH TazoquHamMuky [ 1]. J{ns yckopeHwus pacueToB OblIa HCIIOIb30BaHa TEXHOJIO-
russ OpenMP mns CPU. B pacuerax ucmonb3yercs aBTOpCKas MapajuliesibHas MporpaMma.
HacTtpoiika nmpou3BoAUTENBHOCTH apauIeTLHOTO KO/Ia BHITONHSATIACH ¢ ToMolttbio Intel VTune
Amplifier XE

BaaronapuocTu. ABTophl Onarogapsr 3a noaaepxky [Iporpammy Ilpesuanyma Ne26,
MIPOEKT 7.
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THE OPTIMIZATION OF THE COMPUTATIONAL LOAD OF CPU AND GPU IN
THE SUPERCOMPUTING THE PHOTON-ELECTRON CASCADE IN MATTER

Roman V. Uskov, Mikhail V. Alekseev, Mikhail E. Zhukovskiy
Keldysh Institute for Applied Mathematics of RAS; Moscow, Russia
roman.uskov@gmail.com

The Monte Carlo computing the photon-electron cascade is based on building the random
trajectories of the cascade particles [1]. Simulating the trajectory of different particles requires
very different amount of computing resources. The basic principle of the computational load
distribution between CPU and GPU is to carry out computing needing high calculation load on
GPU and low one on CPU. The modeling of photons trajectories can be conditionally split into
two parts — geometrical part and physical one. The analysis of computational load shows the
geometrical component of the algorithm (tracing the object and determination of the
intersection points between trajectory and homogeneous parts of the object) requires huge of
arithmetical calculations and therefore it is performed using GPU. Vice versa physical
calculations (simulating the interaction acts between photon and atom) is made on CPU.
Construction of all parts of electron trajectories except for exchange operations is carried out
on GPU because of huge amount of collisions between electron and matter.

The software of the simulating the interaction between cascade particles and matter of the
complex technical object by use of the hybrid calculating cluster (HCC) is developed. HCC
involves a number of nodes. Every node includes CPU and GPU. Distribution of computing
between nodes is carried out by application of MPI. Data exchange does only happen between
node at the beginning and at the end of simulation. Therefore, MPI parallelization is scaled up
almost infinitely. The GPU utilization and the calculation distribution between CPU and GPU
within a single node are performed by means of CUDA. An approach to GPU utilization is not
obvious. Every kernel is written by the author of the software as no GPU solutions are exist in
the problem in question. The developed parallel software is installed on the prototype of the
exascale system HCC K-100 (http://www.kiam.ru/MV S/resourses/k100.html).

Acknowledgments: This work is partially supported by Russian Fund for Basic Researches,
grants N 17-01-00301 and N 18-01-00582.
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RARE-EARTH IONS DOPED CALCIUM ALUMINATE GLASSES
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'A.M.Prokhorov General Physics Institute of RAS, Moscow, Russia
2Fiber Optics Research Center of RAS, Moscow, Russia
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I.Introduction. Glasses based on CaO-Al203 system (calcium aluminate glasses, CAGs)
are relatively new materials that have already found their place in optical industry. Their
attractive features are high infrared transmittance (up to 5.6 um) combined with excellent
mechanical properties and thermal conductivity (exceeding those of fused silica) and excellent
moisture resistance. In contrast to silica, these glasses can easily include up to 3.5% mole of
lanthanide oxides. Here we demonstrate the luminescent and laser properties of activated
CAGs in the spectral range where these glasses seem the most competitive - 2.2.5 um. Two
lanthanide ions — Tm3+ and Ho3+ have optical transitions in this range.

11.Glass samples fabrication. The developed laboratory procedure of CAG synthesis
differed from the methods used elsewhere. The main feature of this procedure is the use of
inductively heated vitreous carbon crucibles. Dry rarefied nitrogen atmosphere has made it
possible to obtain glass samples with OH-groups absorption at ~3 um less than 0.005 cm-1.

I11.Spectral peculiarities of Tm3+ and Ho3+ in CAG. The emission spectra presented in

Fig.1 were measured using laser diode excitation at 800 nm (for Tm) and 668 nm (for Ho). In
comparison to other oxide or fluoride glasses, the presented spectra look rather unusual due to
enhanced width and red shift, especially for Tm3+ 3F5-3H6 transition, that extends up to ~2.4
pm and overlaps with ~2.3 um 3H4 — 3HS5 transition. Thus, the total tuning range of Tm-
doped CAG laser can extend from ~1.9 to ~2.4 um that is hardly possible in any other type of
glass.
The measurements of
1.0 luminescent lifetimes of
metastable manifolds 3H4
(220ps), *F5(2500ps) Tm3+
and °I;(10000ps) Ho3+ in
Tm CAG have showed that they
05 are an order of magnitude
longer in CAG then in
silica, enabling to create
low-threshold lasers.

IV.Bulk CAG lasing
demonstration and CAG

Emission, a.u.

0.0 : - - . core fiber fabrication. A
1600 1800 B EDF’D ) 2200 R 30 mm long flat-parallel

' o . polished CAG  sample
Fig.1 Emission spectra of Tm3+ ang Ho3+ in CAG doped with 1020 cm-3

1 ms+ was pumped by a puised rupy laser (inciaent pump pulse energy up to 0.7 J). In case of
~0.5% out coupling cascade lasing at 2300 and 2100 nm was observed.

The investigation was supported by RFBR grant 17-02-00369.
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CHMHTE3, CHEKTPOCKOIIMYECKUE M JIABEPHBIE XAPAKTEPUCTUKHA
MOHOKPHUCTAJJIOB Ca3(VOy),:Tm’ /Ho*

JLU. Wsnesa, M.E. Jlopomenko, 11.C. Boponuna, E.E. Jlynaesa

Hucmumym obwet ¢husuxu um. A.M. Ilpoxoposa PAH, Mocksa, 119991, yn. Basunosa, 38
e-mail: ivleva@]lst.gpi.ru

WuTepec K TBEpAOTENbHBIM JlazepaM 2 MKM JMala3oHa CBSi3aH C  IIMPOKUMU
BO3MOXXHOCTSIMH WX TPUMEHEHUS B MEIUIMHE, OMOJOTHMH, MOHUTOPHHIE OKpPY>Karolei
cpenpl. B Hacrosimelr pabore wuccienoBaHa HOBas aKTUBHAs cpela Juisl  JIa3epoB
JTBYXMUKPOHHOTO JHana3oHa, a UMeHHO MOHOKpucTaiibsl Caz(VOs),, TerupoBaHHbIE HOHAMU
Tm®". OproBaHajgaT Kamblys SBISETCS BBHICOKOTEMIIEPATYPHBIM CETHETOMIEKTPHKOM |
OTHOCHUTCSI K cpellaM C pa3ymnopsAodeHHON cTpykrypoi. Kpucrtamn obnamaer BBICOKUMHU
HEJIMHEWHO-ONTHYECKMMHU CBOMCTBAMHU M MOXET OBITh HCIIOJIb30BAH Kak ISl T'€HEepaluu
BTOPOIl TapMOHUKH, TaK U AN MpeoOpa3oBaHUs JIA3epHOTO W3NMyudeHHUs 3a cueT 3ddexra
BBIHYKJICHHOIO KOMOWHAIIMOHHOIO pacCesHus, 4To INpH JjerupoBanuu P3 unonamum naer
BO3MOXXHOCTh CO3/IaHUS B JAHHOM MaTepualie Ja3epHO-HETUHEHHON CPeIbl.

HoMuHanbHO 4YMCTBIE W JIETHPOBAaHHBIE Tynuem/ronbMueM kpuctaiisl Caz(VOs): ObuH
MOJTy4yeHbl MeTo0M YoXpalbCKOro M3 IUNIAaTUHOBBIX TUTJEH Ha Bozayxe. [Ipu BblpammBaHuu
KPHUCTAJJIOB C&3(VO4)21T1’1’13+ KoHueHTpanus Tm,0; B pacrmuiaBe BappupoBaiachk ot 0.1 mo 2
Bec.%. Kpucramn Caz(VOy4),:Tm’'/Ho " 6b11 monyden u3 pacmmasa, cogepixamero 2 Bec.%
TmyO; u 0.7 Bec.% Ho,0s3. OnrtumanbHast 00beMHasi CKOPOCTh KPUCTAJUTH3AINH CHIKANIACh
or 1.2 eM/a mo 0.5 em’/u ¢ YBEJIIMYEHUEM KOHIICHTpalMu akTuBartopa. llomydeHHbie
kpuctaiibl (d=20mm, L= 50MM) ObLIH ONITHYECKH OTHOPOJHBIMU (An =5x10"). HOMHHAIBHO
YUCThIE KPUCTAUIBI UMEIM OKPACKy OT CIa0o-TUMOHHOM 10 spko-xentou. MccrmemoBanue
XMMHUYECKOTO COCTaBa OKPAILICHHBIX OOpa3lOB IOKAa3al0, YTO COOTHOLICHHWE OCHOBHBIX
3JIEMEHTOB B 00pasliax COOTBETCTBYET CTEXHOMETPUYECKOMY COCTaBy. Bapuanuu okpacku
CBSI3aHBI C MPUCYTCTBUEM B KPUCTAJNIaX KUCIOPOIHBIX BAKAHCUN U HAJTMYMEM MOHOB BaHaMs
C MOHIKEHHON BaleHTHOCTBI0 V. OmKHr KpHCTAJUIOB Ha Bo3ayxe npu temmeparype 800-
850°C mo3BOJsSET CHU3UTh MHTEHCUBHOCTB JKEIATOW OKpacku. IIpucyTcTBHE MOHOB Tynus B
MaTpulle TPUBOJUT K TIOSBIICHUIO 3€JICHON OKpPAaCKH, BBEIACHHE JIOMOJHUTEIHLHO HOHOB
TOJbMHUS YCUJIIMBAET >KEITOBATBI OTTEHOK. DPQPEKTHBHBIN KOA((PUIMEHT pacnpeeneHHs
TyJUs B JAHHOW MaTPHIIE COTVIACHO YHEPTO-IUCIIEPCHOHHOMY MUKpOaHanu3y coctasisieT 0.8.
IIpn BBeaeHMM B MaTpully OJHOBPEMEHHO [BYX JOIAHTOB Tm*'u Ho™ 3P PeKTUBHBII
koa(duimeHT pacnpeneneHus nepporo cHmwkaetcs a0 0.7, Broporo coctasiset 0.9,

CrekTppl ONTHYECKOTO MOIVIOIIEHUS  KPUCTAIUIOB  XapaKTEpU3YIOTCS  HAJIUYMEM
crenupUUecKUX JUisi HOHOB TYJIUS/TOIBMHUS TIOJIOC TMOTJIONIEHUSl, HHTEHCUBHOCTh KOTOPBIX
JUHEHHO BO3PACTaCT C POCTOM KOHLEHTpaluu akTuBaropa. Hemonspu3oBaHHBIA CHEKTP
JIIOMHHECIICHIINH MOHOB TYIHsi Ha mepexomae ~F4~Hg MMeeT MakCHMyM Ha JUIHHE BOJHBI
ok0s01850 HM mpu mMpuUHE cleKTpa Ha moiyBbelcoTe mnopsanka 150 HM. Ilpu Hakauke
Cag(VO4)2:Tm3+(2%) CTAaHJAPTHBIM JIa3€PHBIM JTHUOJOM C JJWHON BOJHBI 795 HM Oblia
II0JTy4€Ha Jla3epHasi TeHepanus Ha JUIMHE BoJIHbI 1972 HM. B kpucramie, coakTHUBUPOBAaHHOM
noHamu Tynus (2%) u roasmust (0.7%) npu Hakauke B MOJIO0CY MOTJIOIIEHUSI HOHOB Tynus 795
HM ObllIa TIOJTy4YeHa TeHepalusi HOHOB roibMus Ha JuinHe BoJaHBI 2070 HM. 171 BBIXOJHOTO
3epkana ¢ npomyckanueM 0.3% nuddepennmansubiii KIIJ[ renepamuu cocraBun okono 3 %.
['enepanust HOHOB TYJIUS B 3TOM Cllydae He HabJro1aach.
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Solid-state lasers of 2-um range is interesting due to their possibility of wide application in
medicine, biology, environment monitoring. Large number of materials was investigated as
effective laser host media, e.g. thulium ions generation was obtained in YAIOs, GSGG, Y03,
SrMoQy crystals. This work is concerned with new active medium for 2-um range lasers,
Ca3(VOy), single crystals doped with Tm®*" and Tm**+Ho*". Calcium orthovanadate is a high-
temperature ferroelectric and refers to disordered structure media. Ca3(VOy), can be effective
medium for diode-pumped lasers. This crystal possesses high nonlinear-optical properties and
can be used as for second harmonic generation as for Raman shifting of laser radiation. RE
doping makes this material laser and nonlinear medium simultaneously.

Nominally pure and doped with holmium/thulium crystals were grown by Czochralski
method from Pt crucibles in the air. For Cag(VO4)2:Tm3 " crystal growth Tm,O3 concentration
in the melt was varied from 0.5 to 2wt.%/. Ca3(VO4)>:Tm’" /Ho™" crystal was obtained from
the melt of 2wt.% Tm,0Os3 and 0.7wt.%. Ho,Os. The bulk crystallization rate was lowered
from 1.2 to 0.5 cm’/h during increase of dopant concentration in the melt. The Ca3(VOy),
crystals obtained (d=20mm, L= 50mm) had a color from slightly lemon to bright yellow and
were optically homogeneous (An =5x10cm™). Chemical composition of as-grown crystals
was investigated by X-ray microanalysis. It was shown that V/Ca ratio in the samples
corresponds to stoichiometric composition (within the measurement error). Color variations in
the crystals are associated with the lack of oxygen and the presence of vanadium ions with
lowered valence V*". Annealing of the crystals in the air at 800-850°C allows to reduce the
coloration intensity. Presence Tm’" ion in the Ca3(VO,), matrix leads to green coloration of
the crystal, Ho’" ions adding increases yellow color. According to energy dispersive
microanalysis the effective segregation coefficient of Tm®" is 0.8. In the case of Tm®  /Ho®"
co-doping effective segregation coefficient for Tm**is 07, for Ho** -0.9.

Absorption spectra of the doped materials are characterized by the presence of specific
absorption lines their intensity increases with increasing of dopant concentration. Unpolarized
fluorescence spectrum of thulium ions for 3F4-3H6 transition has maximum at 1850nm and
150 nm FWHM. Laser generation at wavelength of 1972 nm was observed for
Ca3(VO4)2:Tm’"(2%) under standard laser diode pumping at 795 nm. For Ca3(VOy4):Tm*"
(2%)/Ho>"(0.7%) crystal laser generation of Ho'* ions was obtained at wavelength of 2070
under pumping by laser diode at 795 nm (absorption band of Tm®* ions). Slope efficiency was
3% for the transmittance of the output mirror of 0.3%. In this case laser generation of thulium
ions wasn’t observed.
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CONTRIBUTION OF ANGULAR OPTICAL OBSERVATIONS TO THE NAVIGATION
OF SPECTR-R SPACECRAFT
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Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
borovin@keldysh.ru

Space observatory “Spectr-R” being the main part of the international astrophysical project
“Radioastron” has been launched in 2011 from Baikonur spaceport by means of “Zenit-3F”
rocket and “Fregat-SB” upper stage. The spacecraft has been launched into highly perturbed
eccentric orbit with an apogee height comparable with the Earth-Moon distance. Up for now
the spacecraft performs its main scientific task — the observation of galactic and extra-galactic
radio sources in conjunction with the greatest Earth-based radio telescopes.

Observations processing of the ground-space interferometer demands highly accurate
knowledge of the parameters of the baseline, which connects the spacecraft with an Earth-
based radio telescope, thereby requiring accurate navigation of the spacecraft. Ballistic and
navigation support of the “Spectr-R” spacecraft is being successfully conducted by Keldysh
Institute of Applied Mathematics RAS for 7 years by now. During this time the spacecraft
performed two trajectory correction maneuvers aimed to prolong orbital lifetime and to
improve shadowing conditions. Numerous successfully processed experiments with
“Radioastron” quantitively confirmed high accuracy of the spacecraft navigation.

Particularly interesting the participation of angular observations of right ascension and
declination of the spacecraft in navigation for both routing operations and scientific
experiments. During the mission “Spectr-R” spacecraft has been observed by more than 50
telescopes resulting in 45000 pairs of right ascension and declination, the observations were
coordinated by KIAM RAS. Intensive observational campaign allowed to significantly
improve routine navigation of the spacecraft and increase the accuracy of orbit reconstruction
for scientific experiments. This paper describes in details the result of optical observations,
the assessments of their accuracy and how use of additional angular data improves orbit
determination accuracy for both routine operations and interferometric experiments.
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BKJIAJI OITHYECKUX ACTPOMETPHUYECKHUX HABJIIOJIEHUN B
HABUTAIIMOHHOE OBECHEYEHUE MOJIETA KA « CHEKTP-P»

I''K.bopoBun, U.E.Monotos, B.A.Crenanbsui, A.I'. Tyuun, I'.C.3acnaBckuii, M.B.3axBaTkun
HIIM um. M.B.Kenovuua PAH, 2.Mockea, Poccus
borovin@keldysh.ru

Kocmuueckas oOcepBatopus «Cnektp-P», cocraBisitomas OCHOBY  MEXIyHapOAHOTO
actpousudeckoro mnpoekra «Pammoactpon», Obina 3amymena B 2011 romy c¢ kocmoapoma
baiikonyp npu mnomouu pakersl Hocutess «3eHUT -3®» u pasronHoro Oioka «®perat-Chy.
Kocmuueckuii anmmapat (KA) ObL1 BBIBEJEH CHIJIBHO 3BOJIIOIHOHUPYIOIIYIO 3JUIMOTHYECKYIO
OpOWTY C BBICOTOM arores, COMocTaBUMoO ¢ paccrossaueM 1o Jlynsl. [To Hacrosmee Bpems KA
BBIMIOJIHSAET CBOIO OCHOBHYIO HaydHyH0 (YHKIHIO — HAOJIOJEHHE TaJaKTHUYeCKHX U
BHETAJIAKTUYECKUX  pPaJM0  HCTOYHMKOB  COBMECTHO €  KPYyHHEWIIMMH  Ha3eMHBIMU
panuoTeneckonaMu B pexxuMe uaTepdepomerpa.

OO6paboTka HaOMIOJEHUH HA3eMHO-KOCMHYECKOTO0 HHTEp(hepoMeTpa NPEenbsIBISICT BHICOKHE
TpeOOBaHUS K TOYHOCTH 3HAHUs MapaMeTpoB 0a30BOM JMHUU, coequHsAomed KA ¢ HazeMHbIM
paguOTEeNIECKONIOM, UYTO SKBUBAJIEHTHO TaKXe TPEOOBaHMSAM K HABUIALIUOHHOMY OOECIIEUEHHUIO
KA. 3amauya Oamnmuctuko-HaBuraionHoro ob6ecrnedenuss (BHO) mnomera KA  «Cnextp-P»
ycnemHo BbinonHsercs MucturytoM npukinaaHod marematuku uMm. M.B. Kenpeima PAH nHa
OpOTsDKEHUH 7 JeT. 3a 3To BpeMs ObUIO YCHEIIHO IPOBENEHO [BE KOPPEKIHH OpOUTHI,
HalleJICHHbIE Ha MPOJyIeHNe OaJUTMCTHYECKOro cymiecTBoBaHuA KA u ymydmieHus CBETOTEHEBOMH
oOcTtaHOBKM Ha  OopTy. MHoroumncieHHsle  00paOOTaHHBIE  Hay4YHBIE  HAOJIOICHUS
«PannoacTpoHa» KOJIMYECTBEHHO MMOATBEPAMIIN BBICOKYIO TOYHOCTh HaBurauu KA.

OTaenpHOr0 BHHMMAHHUS 3aCIY’KMBAeT IPUBJICUEHUE ONTHYECKHMX H3MEPEHHs MPSIMOTO
BOCXOXKJICHUSI U CKJIOHEHMs ammapaTa JJis HaBUTallMOHHOTO OOEeCHeueHHUs IM0JIETa U Hay4HbIX
JKCIIepUMEHTOB. 3a BpeMs nosiera npu koopaunanuu UM KA «Crnekrp-P» nabmonancs 6onee,
yeMm Ha 50 pa3ianuHBIX TeJecKomax, Mpu 3ToM ObuIo mosryueHo 6onee 45000 usmepeHuit mpsiMoro
BOCXOX/ICHUS U CKJIOHEHHUs. MIHTeHCHBHAs HaO0AaTeNbHas KaMIIaHUs M103BOJIMIIA 3HAUYUTEIBHO
yIy4YIIUTh TOYHOCTh OIEPAaTHBHOTO ONpeAeieHHUs OpOUTHl ammapara, a TakkKe BHECTH
MIOJIOKUTEBHBIN BKJIAJ B HABUTALIMOHHOE 00ecreueHe HayuHbIX KCIIEpUMEHTOB. B HacTosmen
paboTe OmMCHIBAIOTCS TOJyYEHHBIE PE3yJIbTaThl HAOIIONEHHH, OIICHWBAETCA HMX TOYHOCTH, a
Takke OOIM BKJIa B OBBIIICHHE TOYHOCTH HaBUranuu KA, ucrmons3yeMoi Kak B OepaTHBHBIX
paboTax, Tak ¥ Mpu 00pabOTKe N3MEPEHUI Ha3eMHO-KOCMHYECKOTO HHTEpepoMeTpa.
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MOAEJIMPOBAHUE TUHAMUWKHU U BU3YAJIM3ALUA TPOCA
B MUMHUTAIIMOHHO-TPEHAKEPHBIX KOMIIVIEKCAX

M.A. Toprames, E.B. Ctpamraos

QI'y OHI] HUHUCH PAH, Mockea, Poccus
E-mail: mix@niisi.ras.ru

MogenupoBaHHe 0JJHOMEPHBIX THOKHX Tl (TPOChI, KaOelln, KaHAThI, BEPEBKH U T.1., JlAJiee
JUIsL KPaTKOCTU OyJeM Ha3bIBaTh 3TH OOBEKTHI TPOCAMH) SIBIISICTCS BAYKHOM 3a1a4ell B UMHTA-
[IUOHHO-TPEHAXKEPHBIX KOMIUIEKCAX, MPEAHA3HAYCHHBIX Ul MOACIHPOBAHUS U YIPABJICHUS
POOOTOTEXHUUYECKUMH CPEICTBAMH. TpOChl HCHOIB3YIOTCA [UId IEPEMELICHUs TIpPy30B
(mampumep, B nudTax), B MOOWIBHBIX poOoTax-KaOeleyKiIaTuukax, B MepeJaToOuyHbIX MeXa-
HU3Max U T.1. B nanHoi paboTe paccMaTpuBarOTCs OAHOPOAHbIE HEPACTKUMBIE TPOCHI, TOJ-
BepKEHHbIE AedopMarisimM u3ruda u KpydeHus. 3ajiaqa COCTOUT B TOM, YTOOBI B peXKHUME pe-
QJIBHOTO BPEMEHHU CMOJEIMPOBATh JUHAMUKY TPOCA C TOYHOCTBIO, O3BOJISIOIIEH 00eCTIeUuTh
($u3uUeCcKyIo NpaBao0NoJ00HOCTh €r0 OBEICHHUS.

B nanHoOll paboTe Tpoc anmpoKCUMHUPYETCsi HAOOpPOM TOYEK, ONPENEIISIOIUX €ro MOoI0oXKe-
HHE, 1 SJIEMEHTOB MEXIY TOUKaMH, 330X OPUEHTALHIO TPOCA C IIOMOIIBIO KBATEPHUOHOB.
PaccmarpuBaercs MaremaTrndeckasl MOJENb AUHAMHUKH Tpoca, KOTopasi 0a3upyercsl Ha TeOpUU
ynpyroctu Koccepara [1], uzyqatorueit aeopmariyio ynpyrux 0JHOMEPHBIX JIEMEHTOB.

Jlnist peamzanuu HEPACTSHKUMOCTH TPOca MPEATIOKEH MOIX0] Ha OCHOBE METOJIa MHOXKH-
Tesielt Jlarpan»ka, BBEIEHHBIX AJIs1 00€CIIeUeHHs OrpaHUUYEHH COXPAaHEHUsI PACCTOSHUSA MEX-
Ny COCETHHMMM TOYKaMu Tpoca. llpeanmaraemoe pemieHHe MPUBOIUT K CHUCTEME JHHEHHBIX
YPaBHEHMH C MaTpULEH TpexIMaroHaJbHOIO BHJA OTHOCUTEIbHO HEU3BECTHBIX 3HAUYEHUI
MHOXkHUTENEH Jlarpanka. Pemenue 3Toil cUCTEMBI OCYIIECTBISAECTCA METOLOM IIPOrOHKH.

MogenupoBanue u3ruba U KpydeHUs TpPOca OCHOBBIBAETCS Ha NMPUMEHEHHHM METOoAa KO-
HEYHBIX 3JIEMEHTOB ISl allPOKCHMAIMK MMOTEHIIMAIBHOW SHepruu aedopmanun Tpoca [2],
c(hOpMUPOBAHHOM OTHOCHUTEIIBHO COCEAHHX DJJEMEHTOB OpUEHTanuH. PaccmaTpuBaemblil
NOJXO0/ MPUBOJIUT K BOCCTAHABIMBAIOIIMM MOMEHTaM, KOTOPBIE CTPEMSTCS IPUBECTH TPOC B
Hele(hOpMUPOBAHHOE COCTOSIHUE.

[IpuMeHeHNE BBIICH3I0KEHHBIX METOJOB HAa KaKIOM Iare MOJCIUPOBAHHS MEHSET
HalpaBJIEHUE KacaTeJIbHOro BeKTOpa K Tpocy. [[nd ero BoccTaHOBIIEHUS (OPMYIHPYIOTCS
CrelMalIbHbIE COOTHOLICHHS, BBIMOJIHEHUE KOTOPBIX OCYILIECTBIISIETCS C MOMOIIBI0 METOoJa
II0CJIEI0BATENBHBIX UMITYJIbCOB.

Busyanuzanus Tpoca peanu3yercsi ¢ MPUMEHEHHEM Ul €ro TeOMEeTpHH Mojaupukaropa
skin («kosxa») 1 0OBEKTOB KOCTEH, Ul KOTOPBIX 3a/IaCTCsI CTEIICHb WX BIIMSHHS HAa BEPLINHBI
reoMeTpuu Tpoca. B aTom ciydae nedopmanus reOMeTpUn Tpoca BU3yaTH3UPYETCsl HA OCHO-
BE U3MEHEHUS MOJIOKEHUN U OPUEHTAIIUN €r0 KOCTEH.

[IpennoxeHHble METOMBI M TOAXOIBI ISl MOJEIMPOBAHUS TUHAMUKHA M BU3YalIU3alluU
Tpoca ObUIM peanu30BaHbl U alpOOMPOBAaHbl B MMUTAIL[MOHHO-TPEHAKEPHOM KOMILIEKCE JUIS
MOJICIIMPOBAHUS BUPTYAJIbHBIX pOOOTOB B CIIOKHON MHOTOOOBEKTHOI cpefie.

Baarogapuoctu: Pabota BeimonneHa npu nmoagaepxkke POOU (rpant Ne 16-07-01104).

Jluteparypa:
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2. J. Spillman, M. Teshner, CoRdE: Cosserat Rod Elements for the Dynamic Simulation of One-
dimensional Elastic Objects, 2007.

54


mailto:mix@niisi.ras.ru

XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

DYNAMIC SIMULATION AND VISUALIZATION OF ROPES
IN TRAINING COMPLEXES

M.A. Torgashev, E.V. Strashnov
Scientific Research Institute for System Analysis of RAS, Moscow, Russia

E-mail: mix@niisi.ras.ru

Simulation of one-dimensional elastic bodies (ropes, cables, threads, strings, etc., further,
for the sake of brevity, we will call these objects as ropes) is an important task in training
complexes designed for simulation and control of robotic means. Ropes are used for cargo
transfer (for example, in elevators), in cable-laying mobile robots, in transmission
mechanisms, etc. In this work we consider homogeneous inextensible ropes that may be
deformed by bending and twisting. The challenge is to simulate real-time rope dynamics with
an accuracy sufficient for physical plausibility of its behavior.

In this work, the rope is approximated by a set of points that define its position, and elements
between points that determine its orientation with the help of quaternions. We consider a
mathematical model of rope dynamics based on the Cosserat theory of elasticity [1] that studies
the deformation of elastic one-dimensional elements.

To realize the rope inextensibility, we propose an approach based on the method of
Lagrange multipliers introduced to ensure constant distance between adjacent points of the
rope. The proposed solution leads to tridiagonal system of equations with respect to the
unknown values of Lagrange multipliers. The solution of this system is realized by the
tridiagonal matrix algorithm.

The simulation of rope bending and twisting is based on the application of the finite
element method to approximate the potential strain energy of the rope [2] formed with respect
to adjacent orientation elements. This approach leads to restitution moments, which tend to
lead the rope into the undeformed state.

At each simulation step, the application of the above methods changes the direction of rope
tangent vector. To restore it, special constraints are formulated, the implementation of which
is performed using the sequential impulses method.

The visualization of the rope is realized by using the skin modifier for its geometry and
bone objects for which the degrees of their influence on the rope geometry vertexes are
specified. In this case, the rope geometry deformation is visualized on the basis of changes in
the positions and orientations of its bones.

Proposed methods and approaches for dynamics simulation and visualization of the rope
were implemented and tested in training complex designed for virtual robot simulation in a
complex multi-body environment.

Acknowledgements: This work was supported by the Russian Foundation for Basic
Research (grant No. 16-07-01104).
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RECONSTRUCTION OF THE FUNCTIONAL STRUCTURE OF COMPLEX
SYSTEMS BY THE MASSIVE SOLUTION OF THE INVERSE PROBLEMS

Stanislav Rykunov', Ustinin Mikhail*

'Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences, Vitkevich Str, 1,
Pushchino, Russia, Moscow Region 142290
stanislavrykunov@gmail.com

Investigation of various complex systems is based on multichannel measurements. We
propose new approach to the multichannel data analysis, making it possible to reconstruct the
structure and dynamics of complex systems. The approach is based on the extended
registration of the time series and their Fourier transform for the whole time, leading to the
detailed spectra with many frequency components. Further independent components analysis
results in total decomposition of the signal into the set of coherent elementary oscillations,
each of them having invariant field pattern. Due to the long time of measurement and detailed
Fourier analysis, all patterns are rather simple and each of them can be explained by the
solitary source. Parameters of such solitary source are estimated by the exhaustive search on
the set of trial sources, distributed in space with desired resolution.

The proposed method of functional tomography was used to study human body by
multichannel magnetic measurements, including brain, heart and muscles. Time of
experiments was equal to 1-7 hundred of seconds, providing tens of thousands of frequencies.
Two models of the field sources were used: current dipole and magnetic dipole. Spatial
resolution was 1-3 mm, number of trial source directions was 8-72. Results were confirmed,
when functional structure of the body parts was compared with the anatomical structure, such
as magnetic resonance images. The method was also effective for the localization of magnetic
nanoparticles without pre-magnetization or displacement of the sample. All theoretical
conclusions are correct for any multichannel signal, meaning the applicability of the method
for electric measurements.

Acknowledgements: The work was supported by Russian Science Foundation (project
Ne18-11-00178)ar.
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MOTION CONTROL OF A SPACE ROBOT
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A planar problem of motion control of a space robot consisting of a body and a telescopic
manipulator arm (MA) is considered. To control its movement, only the actuators installed in
the MA degrees of freedom are used. Thus, the movement of the robot is affected only by
internal forces applied in the MA degrees of freedom. The problem is investigated on the
basis of the conservation laws of robot's momentum and angular moment relative to the
center of mass. It is assumed that they are equal to zero.

In contrast to [1-3], there are limitations both on the limits of the change in the length of
the MA and the angle of its rotation relative to the body.

The algorithm of control of the MA during its motion from the initial position to the final
one located in the working area consists of the sequence of the following alternating actions:
shortening the MA length to the minimum value, turning the MA relative to the robot body,
extending the MA length to the maximum value, then again turning the hand relative to the
robot body etc. It is shown that due to these cyclic motions of the MA relative to the body, the
robot body can be rotated to an arbitrary angle. As a result, the working space of a passively
flying space robot is significantly larger than the working space of a robot with a fixed body.
The working space of the robot in absolute space is a ring bounded by two circles centered at
the center of mass of the robot and radii equal to the minimum and maximum distance from
the center of mass of the robot to the grasp. Moreover, when constructing the program
motion, it is possible to provide not only the output of the robot grasp to a given final
position, but also the required (more advantageous for the work) value of the angle between
the body and the MA in the final position.

Acknowledgments: This work was supported by the RFBR grant No. 16-01-00521.
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PaccmaTtpuBaercs Tmuiockas 3aqada yIpaBieHHs] JBHIKCHHEM KOCMHYECKOro poboTa,
COCTOSIIIET0 U3 KOpIyca M TeJIeCKONU4YecKol pyku manumynsropa (PM). lng ynpaBineHus
€ro JBW)KCHHEM HCIIONIb3YIOTCA TOJIBKO JIBUTATENH, YCTAaHOBIEHHBIE B  CTEMEHSX
noaBuwxHOocTH PM. Tem cambiM, Ha JBM)XKEHHE pOOOTa BIUAIOT TOJHKO BHYTPEHHHE CHIIBI,
MPUJIOKEHHBIE B CTENEHsIX noaBuxHocTH PM. VMccnenoBanue 3a1aun MpOBOAUTCS HA OCHOBE
3aKOHOB COXPAaHEHUsSI KOJIMYECTBA JBI)KCHHS W KHHETHYECKOTO MOMEHTa OTHOCHTEIIBHO
neHTpa macc. [Ipu 3Tom npeanonaraercs, YTo OHU PaBHBI HYIIO.

B otnnune ot [1-3] uMeroTCs orpaHHYCHUS KaK Ha MPeaeibl U3MEHEeHUs [UTHHBI PM Tak u
yria ee MoBOpOTa OTHOCUTENIBHO KOpITyca.

Anroput™m ynpasineHuss PM npu nepeBoje €€ M3 Ha4yaJbHOIO MOJOXKEHUS B KOHEYHOE,
pacrnojoxkeHHoe B pabouell 30HE, COCTOMT U3 TMOCIEIOBATENBLHOCTA  CIEIYIOIIUX
YepenyIoIUXCcsl ACHCTBUN: YKOpPOYEHUE PYKH 0 MHUHUMAJIBHOTO 3Ha4deHHs, moBopoT PM
OTHOCHUTENILHO Kopmyca pobota, yiunHenne PM 10 MakcuManbHOTO 3HaY€HHS, 3aTEM CHOBA
MOBOPOT PYKH OTHOCHUTEIBHO Kopmyca pobotra u T.4. IlokasaHo, 4TO 3a CYeT 3TUX
UKINYECKUX JBMKEeHUH PM OTHOCHUTENBHO KOpITyca MOXKHO Pa3BEpHYTh KOpIyC poOoTa Ha
MPOU3BOJIBHBIN yroi. B pe3ynbrare pabouas 30Ha NaCCUBHO JIETSIIET0 KOCMUYECKOT0 poOoTa
OKa3bIBAETCsl CYIIECTBEHHO Ooubie pabodeil 30HBI poOOTa C 3aKPEMJICHHBIM KOPITYCOM.
PaGoueit 30HOI poOOTa B aOCONIOTHOM TMPOCTPAHCTBE SIBISETCS KOJBIIO, OTPAHUYEHHOE
IBYMsI OKPYXXHOCTSMH C IIEHTPOM B I[EHTpe Macc po0oTa U paauycamH, pPaBHBIMHU
MUHUMaJIBHOMY U MaKCHUMaJbHOMY PAacCTOSHUIO OT LIEHTpa Macc pobora 1o cxpara. boiee
TOTO, MPHU MOCTPOSHUH MPOTPAMMHOTO ABM)KEHHUS MOXXKHO OOECHEeUUTh HE TOJBKO BBIXOJ
cxBaTa po0OOTa B 3a/laHHOE KOHEYHOE IOJIOKEHHE, HO U TpedyeMoe (Oojiee BBIFOAHOE IS
MPOBEJICHNUS padoT) 3HAUCHUE yIiIa MeXay KopiycoM U PM B KOHEUHOM IMOJIOKESHHH.
BaaroxapuocTu: paboTa BBITOJIHEHA IPH MO AIepkke rpanTta PODU Ne 16-01-00521.
Jluteparypa:
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Many pulsars propagate through the interstellar medium (ISM) with supersonic velocities, and
their pulsar winds interact with the interstellar medium (ISM), forming bow shocks and
magnetotails (PWN). We model the propagation of pulsars through the inhomogeneous ISM
using non-relativistic axisymmetric magneto-hydrodynamic (MHD) simulations. We take into
account the wind from the star, and the azimuthal and poloidal components of the magnetic
field and investigate the PWN at different levels of magnetization (the ratio of magnetic to
matter energy-densities) in the wind. We consider the interaction of PWN with small-scale
and large-scale inhomogeneities in the ISM at different values of magnetization. We conclude
that the inhomogeneities in the ISM can change the shapes of the bow shocks and
magnetotails at different values of the magnetization. We compare the results of our
simulations with the images of the Guitar Nebula and other PWN that show irregularities in
the shapes of their bow shocks and magnetotails. We conclude that these irregularities may be
caused by the interaction of PWN with the inhomogeneities in the ISM.

Fig.1. Interaction of the bow shock with small-scale clouds. The background represents the logarithm of density.
The solid lines are magnetic field lines.
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CONSERVATIVE GRID FUNCTIONS REMAPPING FOR COMPLETELY
CONSERVATIVE LAGRANGIAN OPERATOR-DIFFERENCE SCHEME FOR
ASTROPHYSICAL MHD PROBLEMS
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We represent results of the development of conservative procedure of grid functions
remapping for completely conservative Lagrangian operator-difference scheme on a triangular
grid of variable structure. The grid functions remapping procedure based on the conditional
minimization of specially constructed functionals is developed. The described procedure is
applied to the simulation of MHD astrophysical problems.

Acknowledgements: This work was partially supported by RFBR grants 17-02-00760

60



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

HNOACUCTEMA CETH HCOU A®H IJIs1 BBINIOJTHEHUSA 3AKA30B
N.E. Monoros'?, M.B. 3axsarkun', A.1. CTpeJ'IBI_IOBl, JI.B. Enennn', M.A. Cubunuenkosa’

THTIM um. M.B. Keadvuua PAH,
*MHIT «HTIM Bannucmuxa-Cepsucy
e-mail: im62@mail.ru

HCOU A®H - OTKpBITBII HayuHBIH HPOEKT CETH ONTHYECKUX OOCEpBATOPH, IENbIO
KOTOpOTo sIBJsieTCsl oOecredyeHue HE3aBUCUMOrO0 HCTOYHHMKA JaHHBIX 10 O0bEeKTam
UCKYCCTBEHHOI'O M €CTECTBEHHOT'O NPOMCXOXKJIEHUS U1 HAay4HbIX M NPUKIAIAHBIX 3aady.
[Tockombky HCOU A®H He wumeeT 1eneBoro OMOMKETHOTO (UHAHCHPOBAHUS, TO
NOJJIEPKAaHUE U Pa3BUTUE IPOEKTA BBIINOJIHSIETCS 32 CUET JOTOBOPOB C 3aMHTEPECOBAHHBIMU
BeqoMcTBamMu. (DuHaHCHMpOBaHWE HAOMIOACHUN BIEpPBBIE 3a UIUTENbHBIA TMEPUOJ HAYyalo
YMEHBIIATHCS, B CBSI3U C YeM IIEJIbIN P MYHKTOB ObUI BBIHYKICHHO OCTAaHOBJIEH. B cBsizu ¢
stum, UIIM um. M.B. Kengeima PAH yepe3 cBorwo godepnioro opranuzanuio MUIT «ATIM
BammcTtuka-CepBuc» Hayal IOMCK BO3MOXHBIX 3apyOCKHBIX 3aKa3uMKOB, OJHUM U3
KOTOpBIX cTana ucnanckas pupma GMV. Ilo 3akazy GMV B 2016 - 20177 rr. 6611 IpoBEAcH
PAIl TECTOBBIX SKCHEPUMEHTOB ISl IeMOHCTpanuu Bo3MoxkHocte cetn HCOU A®H. Jlnsa
stroro B UIIM wum. M.B. Kenmeimma PAH Obl1 cO3MaH HOBBIH KOMILIEKC MPOTPaMM,
OCYILECTBIISIONINN TUIAHUPOBaHUE HAOMIONEHUH MO IleNieyKa3aHusM, oOpabOTKy M aHalu3
MOJlyYaeMbIX M3MEPEHUH 10 CIyTHHUKaM U O0bEKTaM KOCMHYECKOro Mycopa. A B
obcepBatopusix HCOU A®H mnHauato ¢dopMupoBaHHE OTIACIBHOW MOJACUCTEMBI IS
BBITIOJTHEHHSI BBICOKOTOYHBIX HA0IOIEHUH 10 3asiBKaM 3aKa34HKOB.

Haubonee clio)kHON W MacCOBOM SIBJISIIACh HAOJIOIATEbHAS KaMIIaHUS MO0 HAOIIOCHUIO
3a yBogoMm KA Merteocat-7 Ha opOuTy 3axopoHeHus. HaOmroaeHus TpOBOIMIKCH TI0 3asBKE
EBponeiickol  opraHmMsanuy I OKCIUIyaTallud  METE€OPOJIOTMYECKHX  CIIyTHHKOB
(EUMETSAT), B CBsSI3M CO 3HAQUUTEIBbHBIMH CIIOKHOCTSIMH  BBITIOJTHEHUS TOYHBIX
OpOUTANIBHBIX MaHEBPOB C BPAILAIOIIMMCS CIIyTHUKOM. MaHEBpHI BBINOJHSIIUCH JIBAX/IbI B
CYTKH - BEYEPOM U YTPOM, IIPU 3TOM INPOBEJECHUE BTOPOTO MaHEBpa OBbLJIO HEBO3MOXKHO 0€3
OTIEpATUBHOTO MOJIYYCHUS JaHHBIX O XOJ€ OTPaOOTKH MMEPOBOT0 U MOJTYUYHUBIIEHCS OpOuUTe.

Execyrounas o0paboTka W3MEpeHHWil, MOCTPOEHUE YTOYHEHHOW OpPOUTHI TO IaHHBIM
ONTUYECKUX U TEJIEeMETPUUYECKUX H3MEPEeHMI, W BBIJa4a IelieyKa3aHuid B 00cepBaTOpUU
IIPOBOJMJIACE C HCIIOJIB30BAHMEM HOBOrO IporpammHoro kommiekca HWIIM wum. M.B.
Kenppimma PAH. B kamnanuu npunsiiu ydactue 17 teneckonos 12 o6cepBaropuii. Beero mo
KA Mereocat-7 6bu10 nonydeno 6osnee 11000 usmepenuit. B gokmnane nmpuBoautcs aHanu3
MOJyYEHHBIX JaHHBIX, TOYHOCTEH BBIYMCIEHHBIX OPOUT U OlLIEHKAa MPOBEICHHBIX MAaHEBPOB
KA Mereocar-7.
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HOBOE JJOKA3ATEJIbCTBO TEOPEM ITUKAPA JJIS1 AHAJIJUTUYECKHUX U
MEPOMOP®HBIX ®YHKIIU KOMILJIEKCHOM INIOCKOCTH

7. Paviéevié
Faculty of Natural Sciences and Mathematics, University of Montenegro, Podgorica,
Montenegro;
National Research Nuclear University MEPhl (Moscow Engineering Physics Institute), Moscow,
Russia
zarkop@ac.me

B knaccuueckoit Teopun GyHKIHUN KOMIUIEKCHOTO IIEPEMEHHOT0 0c000€ MECTO 3aHUMAIOT
Teopembl [Inkapa o 3HAYCHHUSAX aHATUTHYECKUX U MEPOMOP(HBIX (DYyHKIMI Ha KOMILIEKCHOM
IJIOCKOCTH.

B smrepatype 53TH TEOpPEMBI OKA3bIBAIOTCS C HUCIOJIB30BAHUEM  KJIACCUYECKUX
pEe3yJIbTaTOB TEOPUM AHATUTHUYECKUX (YHKLUMH: MHTErpanbHON (Gopmyssl Kommu, pazButus
aHanmuTH4Yeckoi QpyHKUIUM B psan Teilopa v CBONCTB AIUTMNTUYECKON MOIYISPHON (QyHKIMU
u reopema Jluysuis ([6], [8], [10]).

B sTOM uH3noxkeHUM MOKaxkeMm, 4To TeopeM IIukapa MOXKHO IOIY4YUTh Kak IpsMOE
CIIEICTBUE TEOPEMbl O HOPMAJIBLHOCTH CEMEHCTBA aHAIUTUYECKUX U MEpPOMOPQHBIX
(byHKIMIA.

BaaropapHocTs: Ot uccienoBanus noaaep;xusaercs IIporpaMMoit moaiep:KKu HayKy B
VYuusepcurere YepHoropuu u Konkypentocnocodnoctsio I[Iporpammsr NRNU MEPhAI.
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A NEW PROOF OF PICARD’S THEOREM FOR ANALYTIC AND
MEROMORPHIC FUNCTIONS ON THE COMPLEX PLANE

Zarko Pavicevi¢

Faculty of Natural Sciences and Mathematics, University of Montenegro, Podgorica,
Montenegro;
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia
zarkop@ac.me

In the classical theory of functions of a complex variable, Picard's theorems on the values
of analytic and meromorphic functions on the complex plane occupy a special place.

In the literature, these theorems are proved using the classical results of the theory of
analytic functions: the Cauchy’s integral formula, the Taylor series expansion of an analytic
function, the properties of elliptic modular function, and Liouville’s theorem ([6], [8], [10]).
This presentation will show that Picard's theorem can be obtained as a direct consequence of
theorem on the normality of families of analytic and meromorphic functions.
Acknowledgements: This paper is supported by the Science Support Program at the
University of Montenegro and the Program Competitiveness of NRNU MEPhI.
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ON A CLASS OF D-DIVISION HYPERNEAR-RINGS

Sanja Jancic Rasovi?, Irina Cristea?,
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The authors have recently started [9] the study of hypernear-rings R with a defect of
distributivity D, where D is the normal subhypergroup of the additive structure (R,+)
generated by the elements d €-(x-s+y-s)+(x+y)'s, with x,y € R, while s € S, where (S,") is a
multiplicative subsemigroup of the semigroup (S,-) whose elements generate (R,+). In the
present paper we continue in the same direction, introducing the class of D-division
hypernear-rings as a subclass of hypernear-rings with a defect D, and that one of division
hypernear-rings. Another aim of the paper is to state a necessary and su cient condition
under which a hypernear-ring with a defect of distributivity D is a D-division hypernear-ring.
A similar condition holds for near-rings, known as the Ligh’s theorem for near-rings [10], and
it can be also obtained as a consequence of our general result on hypernear-rings, as we show
in the last result of this paper.
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COLLECTIVE MOTION OF COUPLED PARTICLES ON
COMPACT LIE GROUPS: PHYSICS AND APPLICATIONS

Vladimir Jaéimovié

Synchronization of large ensembles of coupled oscillators is a universal phenom-
ena with a great variety of manifestations in Physics and Life Sciences. Paradig-
matic model of this kind was introduced by Kuramoto in 1975. An ensemble of
Kuramoto oscillators can be described by the system of complex-valued Riccati
ODE’s on the unit circle S':

(1) i =i(fz) +wzj+f), j=1,...,N.

Here, z; € S! represents the state of the oscillator j, w € R is a natural frequency
of the oscillator j and f = f(¢,21,...,2n) is a complex-valued global coupling
function.

I discuss some relations of the model (1) with Hyperbolic Geometry and Potential
Theory in the complex plane.

It turns out that the model (1) is pretty universal and appears in different settings
in various theories in Physics.

Furthermore, (1) has fine algebraic and geometric properties and can be extended
to some compact Lie groups of higher dimension. For instance, collective motion
of coupled particles on the 3-sphere can be described by the system of quaternion-
valued Riccati ODE’s:

(2) 4 = qjfgj +wiqj +qu; — f, j=1,...,N,
where g; is a unit quaternion, w; and u; are ”pure” quaternions and f = f(¢,q1,...,qn)
is a quaternionic coupling function.

I briefly point out some physical interpretations and technological applications
of models (1) and (2).
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TWO-SIDED NORM ESTIMATE FOR THE BERGMAN PROJECTION ON THE
HARMONIC BESOV SPACE

Pordije Vujadinovi¢
University of Montenegro, Faculty of Mathematics,

Dzordza Vashingtona bb, 81000 Podgorica, Montenegro,
e-mail: djordjijevuj@t-com.me

By B we denote the open unit ball in R™ for a fixed positive integer n > 2. For a > 0, the
weighted measure dv, on B is defined by dv,(x) = c (1 — |x|?) *71, where dv(x) is the
Lebesgue volume measure on B. The constant c,, is chosen such that dv, (x) has a total mass 1,
and it is given by

_ 2[(a+n/2)
@ = B (n/2) (@)
Here |B| denotes the volume of B. Also, dt(x) = (1 — |x|?) ™dv(x). The space of all

harmonic functions f on the unit ball B is denoted by H(B) and we use the following notation for
the partial derivatives

ok £ (x)

mF@I = ) 10FF @, 950 =

|k|=m
Here k = (kq,k,,.., k,) is multi-index and ),/-; k; = m. The spaces under consideration
through this paper are so-called the Besov spaces of harmonic functions in the unit ball which we
denote by B?,1 < p < . The Besov space-norm is defined in following manner (integration
over B) :

1/p
O Il = Y 1051+ ([ - ePyionf@Pa@)  1<p <
la|<m

We will use the same notation of the norm (0.1) for the derived semi-norm:

1/p
02 Il = ([ (= Pyl @Pdeeo) 1 <p <
The weighted harmonic Bergman projection P, is realized as an integral operator
P @) = [ FOIRG NI 0), [ € 1P(Bdu),x € B

Here is the main result.
Theorem 0.1. Given a > 0, there are constants By" and D" such that

m+n-—1
(0.3) B" < ||Pallscg,“( . )D;,",

the constants By*, D" and C* are explicitly calculated. Moreover, we find the "exact" norm in
case of harmonic Dirichlet-Besov space.
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INOCTPOEHUE PASHOCTHOM CXEMbI BBICOKOTI'O ITOPSITIKA
AIIMMIPOKCUMAIIMU C HCKYCCTBEHHOMU BA3KOCTbBIO /UUIA PEHIEHUA
YPABHEHUA KOHBEKIIUU-INPDY3IUN
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Muycckas na., 0. 4.
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Kawupcroe w., 0. 31.

B sr10il paGore mpeanaraercst oMH U3 CHOCOOOB MOJYYEHMs SIBHOW Pa3HOCTHOM CXEMBI
MOBBILIEHHOTO TMOpsIIKa AanMpOKCMMAlMUd Ha KOMIIAKTHOM I1a0JOHE [UIsl Pa3pbIBHBIX
pewieHuid. [lyis mpocTOTHI HMCCIEIOBaHMsS CBOWCTB pa3HOCTHAs CXe€Ma paccMaTpUBAECTCS
IPUMEHUTEIBHO K YypaBHEHHIO IiepeHoca. lloBbllleHHE MopsiiKa pPa3sHOCTHOM CXEMBbI
JOCTUTaeTcss HE  paclldpeHueM  II1alJioHa, a  ONpeleNieHHMEeM  JIOTIOJIHUTEIbHBIX
POMEXYTOUYHBIX 3HAYEHUH HMCKOMBIX (YHKIHMHA B TONYHENbIX Yy3nax. IIpomexyTodHsie
3HaYeHUs QYHKIMHM HAXOAATCS U3 UHTETPAIbHOTO YPAaBHEHUS, KOTOPOE SBISETCS CIEICTBUEM
ucxonHoro audQepeHnnatbHOTO ypaBHEHHS.

[Tonyyenne 3HaueHUH HMCKOMOW (YHKIMM B HOJYLENbIX Yy3/1aX HEO0OXOAMMO JUIs
NOBBILICHUS] ANNPOKCHMAllMM Ha TIpaHULE fA4YeeK, KaK JUIsi OJHOMEpHBIX, TaK W JUIs
MHOT'OMEPHBIX 3a/1a4.

B nannoil paboTe ompeaensioTcs mpeneibl MPUMEHHMMOCTH MPEUIOKEHHONH Pa3sHOCTHOM
CXEMBbl, @ MMEHHO OIpEJeNEeHbl YCIOBHS MOHOTOHHOCTH M YycroWuuBocTH. IIpuBopsrcs
IIPUMEPBI YUCIIEHHOT'O pacyeTa.

Baarogapuocru Pa6ora BeimosiHeHa nipu uHancoBor nmoaaep:kke PODU (mpoextsr NeNe
16-07-00519-a, 18-07-00841-a, 16-29-15095-0¢pu-m)
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CONSTRUCTION OF A DIFFERENT SCHEME OF HIGH ORDER OF
APPROXIMATION WITH ARTIFICIAL VISCOSITY FOR SOLVING THE
CONVECTION-DIFFUSION EQUATION

LV. Popov *
! Keldysh Institute of Applied Mathematics of RAS, 4 Miusskaya square, 125047, Moscow, Russia

? National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 31,
Kashirskoe shosse, 115409, Moscow, Russia

In this paper, we propose one of the methods for obtaining an explicit finite-difference
scheme of higher order of approximation on a compact template for discontinuous solutions.
To simplify the study of properties, the difference scheme is considered in relation to the
transport equation. An increase in the order of the difference scheme is achieved not by
expanding the template, but by determining the additional intermediate values of the unknown
functions at half-integer nodes. Intermediate values of the function are found from the integral
equation, which is a consequence of the original differential equation.

Obtaining the values of the required function at half-integer nodes is necessary to increase
the approximation at the cell boundary, both for one-dimensional and multidimensional
problems.

In this paper we determine the limits of applicability of the proposed difference scheme,
namely, the conditions for monotonicity and stability. Examples of numerical calculation are
given.

Acknowledgements: This work was supported by the Russian Foundation for Basic
Research (projects Nos. 16-07-00519-a, 18-07-00841-a, 16-29-15095-0fi-m)
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B pabote st 3a1a4 TCOPHH YIPYroCTH € Y4ETOM DHEpPreTudeckoro Oamanca cpensl [1]
MIOCTPOCHBI CEMEWCTBA UHTETPAIBHO COTIACOBAHHBIX ANIPOKCHMAIIUI ONEpaluii BEKTOPHOTO
aHaJau3a C Y4YETOM KPHUBHM3HBI IPOCTPAHCTBA, BBI3BAHHOIO LIWJIMHJIPUYECKOM TIE€OMETpHUEH
cucteMbl. [locTpoeHHOE CEMEHCTBO ANMpPOKCHMALMN  SBJSICTCS  JAOCTATOYHBIM LIS
JUCKPETHOTO MOJISITMPOBAHMSI dTUX TporeccoB. CKalIpHOE MPOU3BEICHUE B TIPOCTPAHCTBE
TEH30PHBIX CETOYHBIX (YHKIIUH BBIOMPAETCS COTJIACOBAHHO C DHEPTUeH eOPMHUPOBAHHOTO
tena [2]. Ha HeperynsipHbIX ceTKax B IIJIMHIPUYECKOW IeOMETpUHu ¢ TudQepeHInaIbHbIM
BpAIICHUEM 0 a3MMYTAJIbHOW KOOPJAMHATE IMOCTPOCHBI U MCCIICAOBAHBI PA3HOCTHBIE CXEMBI
METO/JAa ONOPHBIX ONEPATOPOB JUI YPAaBHEHHM TEOPHHM YIPYIOCTH B CMELICHUSX.
Paccmotpennsie anmpoKCUMaIuu COXPaHSIOT CBOIiCTBa JTUBEPTreHTHOCTH,
CaMOCOTIPSDKEHHOCTH M 3HAKOOIPEIEICHHOCTH TU((EepeHIIMATBHBIX ONEPaTOPOB, a TaKKe
MPUMEHUMBI ISl PEIIeHUs HECTAllMOHAPHBIX 3a/lad THAPOJWHAMUKHU C YUETOM YIPYTUX
nporieccos [3].

BaaromapHocru: Pabora BeimonHeHa mpu nopaiepikke Poccuiickoro HaydHoro (osza
(mpoekTt Ne 16-11-00100).
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In the paper, families of integrally consistent approximations of vector analysis operations
with allowance for the curvature of the space caused by the cylindrical geometry of the
system are constructed for the problems of the theory of elasticity with allowance for the
energy balance of the medium [1]. The family of approximations constructed is sufficient for
discrete modeling of these processes. The scalar product in the space of tensor grid functions
is chosen in accordance with the energy of the deformed body [2]. Difference schemes of the
method of support operators for the equations of the theory of elasticity in displacements are
constructed and investigated on irregular grids in cylindrical geometry with differential
rotation in the azimuthal coordinate. The approximations considered preserve the properties
of divergence, self-adjointness and sign-definiteness of differential operators, and also are
applicable to the solution of non-stationary problems of hydrodynamics with allowance for
elastic processes [3].

Acknowledgements: This work was supported by Russian Science Foundation (project
no. 16-11-00100).
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Scramjet engine is a promising propulsion system for atmospheric flight in the hypersonic
regime. This system is an air breathing engine working on supersonic combustion.
Considerable fundamental research has been conducted in design of scramjet combustion
chambers. However, there are many challenges associated with such system and accurate
computational simulation of the combustion process requires for concept studies.

Our goal is to study supersonic flow and combustion in test chambers and to provide
validation of the code OpenFoam for reacting flow problems. Simulation conditions
correspond to the experiments of the TSAGI and the DLR. For the TSAGI combustor (see ref.
in [1]) we consider a problem of hydrocarbon fuel combustion stabilization. Parametric
studies are carried out to investigate the effect of the hydrocarbon fuel consumption.
Simulation results are systematically analyzed and given in [1].

A schematic test model of the DLR combustor [2] is given in Fig. 1. Preheated air is
expanded through a nozzle and enters the combustor at Ma=2. A strut injector is placed
downstream of the nozzle. Hydrogen is injected at Ma =1 in the strut base.
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Fig.1. Schematic of the combustion chamber

The results show that the numerical methodology is suitable to simulate the flow field of
scramjet combustors.
Acknowledgements: The present investigation was supported by Presidium RAS, program
Ne 27 «Fundamental aspects of supercomputing for simulating complex practical problems»
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Consider a large sparse system of linear equations Au= f, where u, f eRR" are vectors
and AeR™" is a self-adjoint positive definite matrix with eigenvalues Ae[A . ; Aol
0<A,;, <A, are the unknown bounds. Such systems usually arise from discretization of
elliptic partial differential equations. The Chebyshev iterative method [1] can be expressed as

Uy =U +Ta(f—Au), k=01, p-1, (1)

where u, is an initial guess, p is a number of iterations, t,, k=1,...,p is the optimal set of
the parameters. The error propagation operator Fp(A) of the method (1) is defined by the
optimal Chebyshev polynomial F, (i) for the interval [A;,; X,..]- To achieve the specified
accuracy ¢ we need to do the known number p = p(&A;, /A ) iterations. In case of the
unknown bound A .. we propose a self-adaptive algorithm which is capable of evaluating
A ., whenever the algorithm has not achieved optimal convergence rate. Suppose for exact
<A <A <A hold. Value

min — “¥min —

bounds and their estimates A~

min?

A IS Obtained by the Gershgorin circle theorem, and we take A, =(Av,v)/(v,v) =4, as

max

A, the conditions 0 <X

the initial guess for the low bound. We will find a new value 2. to set much lower tolerance
A
and initial residuals. If 6>¢,, then the value & is attained on the hyperbolic branch of
F, () and we update the low bound 2, =0.5%,, (1+n—(1-1)X"), see [3], where
A 1+\n 1+p%° . >
= Zmin_ =—L =0 ——, X :ch(ln + -1]/ )
n=" P =1 y 2,7 [y +\y*-11/p

If desired accuracy ¢ has not reached, the new adaptation cycle runs with A, =2~ and

* *

g, <e. With given A g, applying (1) we obtain 5=r,/r; for norms r_, r, of final

min? “¥max?

Moo € - The numerical examples [2] show that the self-adaptive algorithm is effective. Note
that the algorithm [3] is based on other approach.
Acknowledgements: This work was supported by the Russian Foundation for Basic
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B xmaccuueckoit padore [1], mupoKo U3BECTHON B CBSI3M CO CXEMOMW pacmaja pa3pbiBa, ObLIO
BBEJICHO IOHATHE MOHOTOHHOCTH JBYXCJIOMHOW IO BPEMEHHM CXEMBl M II0Ka3aHO, YTO Cpeau
JMHEUHBIX Pa3HOCTHBIX CXEM HET MOHOTOHHBIX CXEM IMOBBILIEHHOI'O MOPSJIKA allpOKCUMAIIIH.
Pa3BuTHe TeOpuM YMCIEHHBIX METOIOB CKBO3HOT'O CUETa JJIsi TUIEPOOTUUYECKUX CHCTEM 3aKOHOB
COXpAaHEHHUs B 3HAYUTEIBHOW CTENEHM ObUIO HAMpaBiIeHO Ha MPEOJOJEHHE AITOro ‘‘3ampera
l'onynoBa”, O6buM pa3paboTaHbl pa3iaMyYHbIe KJIacChl KaK pa3HOCTHBIX, TaK M MPOEKLIMOHHBIX
CXeM, B KOTOpPBHIX TMOBBIIIECHHBIA MOPSAJOK AaNMpOKCUMAIMM Ha TJIAJKUX PELUIeHUsIX U
MOHOTOHHOCTH (MIPH aNMpPOKCUMAIMH JIMHEHHOW CHCTEMBbI M CKaJSIPHOTO 3aKOHA COXPAHEHMUS)
JIOCTUTAJIUCh 33 CUET HEJIMHENHOW KOPPEKLIUH MOTOKOB, MPUBOISAIIEH K HETUHEHHOCTH 3TUX CXEM
Jlake TIPU armpoKCUMAIlMU JTUHEWHOTO ypaBHEHUs nepeHoca. OCHOBHOE IOCTOMHCTBO 3THUX CXEM
3aKJIFOYAETCS B TOM, YTO OHU C BBICOKOM TOYHOCTBIO JIOKAIM3YIOT YJApHBIE BOJIHBI IIPH
OTCYTCTBHUH CYIIECTBEHHBIX HEPUINUECKUX OCHMIIISIINN.

B macTosmiee Bpemsi, Uil pelIeHus] MIMPOKOTro Kiacca MPUKIAAHBIX 33]a4 MaTeMaTHYECKOU
¢u3uKH 4YacTo McHojb3yercss MeToi ['anepkuHa ¢ paspbIBHBIMM 0a3UCHBIMU (pyHKIMAMHU[2].
Jannabii MeTon ob6iamgaeT psAAOM JTOCTOMHCTB, MPUCYIIUX KaK KOHEYHO-IJIEMEHTHBIM, TaK H
KOHEYHO-Pa3HOCTHBIM amIpoKcUManusM. B dacTHOCTH, OH oOecrieuynBaeT 3aJaHHBINA MOPSAIOK
TOYHOCTH Ha TIJIAJKUX PELIEHUSIX M MOXKET MCIOIb30BAThCA JUISI CETOK IPOU3BOJIBHOM
CTPYKTYpHI[3]. DTO OCOOCHHO aKTyaJIbHO /IS PEIICHUS C MOBBIMIEHHONW TOYHOCTBIO CIIO’KHBIX
pasHoMacITaOHBIX (HU3MUECKUX 3aqad. B maHHOW paboTe HMcCieayercsi TOYHOCTh Pa3phIBHOTO
MeTtona lalepkMHa TpU pacueTe pPa3phIBHBIX PpEIICHUH KBAa3WJIMHEHHOW THUIEpOOIMYecKOn
CUCTEMbI 3aKOHOB COXPAHEHMs C YAAPHBIMU BOJIHAMH, PACIHPOCTPAHSIOIIMMUCS C MEPEMEHHON
ckopocThio[4]. B kauecTBe KOHKPETHOrO MNpUMEpa PacCMOTpPEHa aNIpOKCUMAIUSl CHUCTEMBI
3aKOHOB COXpaHEHHUS TEOpHUH MeNKoW Boabl. Ha mnpumepe 3Toil CUCTeMBbl MOKa3aHO, YTO
pa3pbiBHBIN MeToa ["aiepkuHa, HE CMOTPSL HA BBICOKOK TOYHOCTh Ha TJIAJKUX PEIICHUSX U MpH
JIOKAJIM3allMK YIAApHBIX BOJH, CHIJKAe€T CBOM MOPSIOK CXOJMMOCTH JI0 TEPBOro MOpsAKa B
00JacTAX BIUSAHUS yIAPHBIX BOJH.
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In the classical paper [1], well known for its disintegration scheme of the discontinuity, the
concept of monotonicity of a two-layered time-scale scheme was introduced and it was shown that
there are no monotone schemes of higher order of approximation among the linear difference
schemes. The development of the theory of numerical methods of end-to-end counting for
hyperbolic systems of conservation laws was largely directed at overcoming this "Godunov
prohibition", various classes of difference and projection schemes were developed. In these
schemes the higher order of approximation on smooth solutions and the monotonicity (in the
approximation of a linear system and scalar conservation law) were achieved due to the nonlinear
correction of the fluxes that leads to the nonlinearity of these schemes even when the linear
transport equation is approximated . The main advantage of these schemes is that they localize
shock waves with high accuracy in the absence of significant non-physical oscillations.

At the moment, to solve a wide class of applied problems of mathematical physics, the
Galerkin method with discontinuous basis functions is often used [2]. This method has a number
of advantages inherent in both finite-element and finite-difference approximations. In particular, it
provides a given order of accuracy on smooth solutions and can be used for grids of arbitrary
structure [3]. This is especially relevant for solving of complex, multiscale physical problems with
increased accuracy. In this paper we study the accuracy of the Galerkin discontinuous method in
calculating discontinuous solutions of a quasilinear hyperbolic system of conservation laws with
shock waves propagating with variable velocity [4]. As an example, the approximation of the
system of conservation laws of shallow water theory is considered. Using the example of this
system, it is shown that the Galerkin discontinuous method, despite its high accuracy on smooth
solutions and in the localization of shock waves, reduces its order of convergence to first order in
the regions of impact of shock waves.
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O} PexTUBHOCTh MPUTOKA K CKBKHMHE B NIEPBYIO OUYEPEb ONMPELIIeTCS KaYeCTBOM yCTa-
HOBJIEHHOH CBSI3U C IMPOAYKTUBHBIM IUIACTOM 3a CUET CO3JaHMs KaHAJIOB IIyTeM Neppopupo-
BaHUs 00CaIHOM KOJOHHBI, IEMEHTHOTO KaMHsI M MaTpUIlbl cKenera riacta. Haubonee 3¢-
(DEKTUBHBIMHU CYUTAFOTCS METOJIbI TIep(OpaIK C HCIIOIH30BAaHHUEM YHEPTUH B3PHIBYATHIX Be-
niectB (BB). [locnenyromas 3akauka Ha Oosiee MO3IHUX ATanax pazpabOTKU MECTOPOKICHUS
COCTaBOB Ha OCHOBE BB 1mo3BoIsieT MPOBECTH CTUMYIIALIUIO IPUTOKA HEPTH.

O} PeKTUBHOCTh MEPBUYHOTO M BTOPUYHOTO BCKPBITHS CYIIECTBEHHO 3aBUCUT OT (DHIIb-
TPALlMOHHO-€MKOCTHBIX CBOMCTB IIACTA, TAKUX KaK YIPYroCTh U MPOYHOCTh KOJUIEKTOPA, OT
COCTaBa MUHEPAJIHLHOM MaTpPHUIIbI CKelleTa, 0OCOOEHHOCTEN CTPOCHHS U BBIPAKEHHOCTH aHMU30-
TPOINIMH, HAJTMYMUS U HAIIPABJICHUS €CTECTBEHHBIX TPEIIMH, & TAKKE OT CaMOM TEXHOJOTHYe-
CKOH cXeMbl, yuyuThIBaroIen Gpopmy 000I0UYKH CHApsIa, KOMIIOHOBKY HECKOJIBKHUX CHApSJIOB,
tuna BB [1].

Jlns aHanu3a 1a00paTOPHBIX U MPOMBICIOBBIX AKCIIEPUMEHTOB CO3/IaHBI HECKOIBKO TH-
OB MaremMaTu4deckux mojenei. [lepas 1aeT BO3MOKHOCTh pacCUUTaTh MHULIMMPOBAHUE KY-
MYJSTUBHOTO 3apsiia (¢ mociuenyromed aedopmamueil u paspylieHHeM Kopiryca 3apsna),
BO3HUKHOBEHHEM KYMYJISTUBHOW CTPYH, MPOHUKAIOIIEH Yepe3 ciioil Meramia (IpeacraBis-
IOIIETO COOOM AJIEeMEHT MOBEPXHOCTU Kopiryca mnepdoparopa U 00CaaHONW KOJIOHHBI CKBAKU-
HBI) ¢ 00pa3oBaHUEM JalbHEUIEro NepPopaluoHHOTO KaHajda B OETOHHOM KOJIBIIE BOKPYT
CKB&)XHHBI U TIOPUCTOM CKEJIeTe, a TAKXKe CETKY TPEIIMH B MaTpHIE IiacTa-Kojuiekropa [2].
Bropast punbTparionsas Mozienb aanTupoBaHa JUisl pacdyera Oojiee MO3AHEro 3Tama - CTH-
MYJIMPOBaHUs MPHUTOKA C HCMOJb30BaHueM sHepruu BB [3]. Uucnennoe mojenupoBaHue
MO3BOJIUT ONTUMU3UPOBATh KOHCTPYKIHUIO ITeppopaTopa ¢ y4€TOM IT'€OMETPUN PACTIOTOKEHUS
3aps0B, OLECHUTH BIIUSHUE TUHAMUYECKOU JENPECCUU C LEJbI0 MOBBIIICHUS KA4yeCcTBa IPO-
necca nephOpUpPOBaHUS M YIYUIIEHUS TUIPOJIWHAMUUYECKOU CBSI3M MEXIY MPOIYKTHBHBIM
IJJACTOM U CKBOXXMHOM. MoaenupoBaHue 3aKauky BOJHBIX pacTBOpoB BB naeT BO3MOXKHOCTB
ONTUMU3UPOBATH MPOIECC JOOBIUU U MOBBICUTH KOA((OUIIMEHT U3BIeUEeHUS HEDTH.
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We introduce the model of the swarm evolving on the 3-sphere 3 governed by
the following system of quaternionic Riccati ODE's:

4, =qifq+wq;+uq;—f, i=1,..,N

Here, g;(t) are unit quaternions, describing the positions of agents on S3, w and u are "pure"
quaternions (meaning thatRe w = Reu = 0) and f = f(qq, ..., qy) IS @ quaternion-valued
coupling function. The notion f stands for quaternionic conjugate of £.

We study various communications rules, i.e. various choices of coupling function f. The most
common choice reads:

f(q1, - qn) = 2N . 1ql
1=

This choice provides consensus protocol (algorithm) for K > 0 or anti-consensus protocol if
K < 0. Anti-consensus protocol lead to various balanced con_gurations on S3.

Some other communication rules present significant interest in applications to coordinated
motion in 3D space and formation flying in space navigation. In particular, we discuss the
rules that include mixed quaternionic coupling or phase shifted coupling. Such protocols lead
to formation keeping of agents on S3.

Finally, we study the stable configurations in the particular case when agents communicate
through the ring topology.
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Recently developed discipline, named Geometric consensus theory deals with consensus
problems on certain non-Euclidean manifolds, [1,2]. The most immediate example is the one
on the unit circle S*. This problem can be stated as optimization problem of the function on
N-torus TN =S x..xS . Consider the system of N agents that move on S and

communicate through the connected graph G = {aij}. Here, a;; = 0 if agents i and j do not
communicate directly, and a;; = 1 if there exists a communication link between i and j.
Introduce the disagreement cost function:

N N
1 — Q)
) ACI A SE 522 gsin? 2 g, € [0, 27]
=1 j=1
Obviously, consensus configuration where ¢ = (pz = ... = ¢, provides a global minimum of

V,,. The gradient system for minimization of V,, yields a famous Kuramoto model of coupled
oscnlators [3]:

(2) @;(t) = —a—i = aNZaU sin(g; — ¢;), i=1,..,N
The system (2) provides a distributed protocol for achlevmg consensus on S . However, for
the generic connected graph G, the potential function V,, has many local minima and the
method (2) not necessarily converge to consensus.

The problem can be extended to some higher-dimensional manifolds, such as spheres or
matrix Lie groups. In this talk we focus on consensus problems on Lie groups on S3 and
S0(3). These two examples of special interest due to numerous applications in multi-agent
space navigation, cooperative control of satellites, etc.

The dissagreement cost function can be formed for matrices which are belonging to SU(2) =
$3 and SO(3) .We discuss a particularly interesting case when agents communicate through
the ring topology.
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In this paper, we establish Pierce components in the form of multiplication in bialgebra
H™ (Proposition 1.1.). It is found Pierce decomposition of semisimple of n-ary bialgebra.
Besides, it is proved that Pierce components are (1, n) -ideals in H. At the end, it is defined
comultiplication in these terms, and the action A — > on these components.

The present paper continues an investigations of n -ary bialgebras, under assumptions that
the algebra H™" has only irreducible nonone-dimensional representation which were begun
in[1] and [2].

In the paper [1] we used decompositions for investigations of the comultiplication in n -ary
bialgebra H. We described one-dimensional modules occurring in direct sums of tensor n -ary
degree of irreducible module. The paper [2] contains described of actions ﬂ,—i) on n -ary

bialgebra with one irreducible nonone- dimensional module. It is shown that i—i) are

rings endomorphisms of H™™" which can be extended to ring endomorphisms of H. They form
n — semigroup related to Pierce decomposition of algebras H™" and H. In that paper is given
criterion, under which they form n -group.
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In this paper we consider quasi-Armendariz rings introduced in [1], which are
generalization of Armendariz rings first studied in [2]. A ring R is called Armendariz
wheneverf (x)g(x) = 0 impliesa;b; = 0, for all polynomialsf (x) = ¥i-; a;x" and g(x) =

fi b;x’ from R[x].If instead of ringR[x], we study a ringR[x; a] for some endomorphism
a of aringR, we can introduce a class of so called qua&rmaendariz rings.

A ringR is called quask-Armendariz iff (x)R[x; a]g(x) = 0 impliesa;R(b;) = 0 for
all f(x) =X7,axt, g(x) = XLy bjx! from R[x, a] and for each ;.

Genealizations of Armendariz rings are also considered in [3], [4], [5], [6] and [7].

Our main result is concerned with preserving of quasi-Armendariz property from ring to its
skew extensions.

Acknowledgements. This research was partially supported by the Grant 19/6-020/961-
120/14 of the Ministry for Science and Technology of the Republic of Srpska.
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For any fixed p >1, the class NP, introduced by ILI. 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(z)|)” has a harmonic majorant on D. Since the function w(t) =log”(1+t)
(0 <t < +o0) is the Orlicz function, it follows that N * is the Hardy-Orlicz class. We consider some
linear topological and functional properties of spaces N P considered as the Hardy-Orlicz classes.
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We present some new results on the estimates of bounded harmonic function in the unit
ball. The results belong to the author, D. Kalaj, V. Mazya, G. Kresin, and others. The problem
consists in finding the constant C such that [D(U(x))| <C||U||, where U is harmonic function in
the unit ball, x is a fixed point in the unit ball, D is the differential operator and ||U|| is the
essential norm of the function U.
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The modeling of the secondary effects in the objects being under radiation requires detail
mathematical simulation of the processes of the interaction between radiation and matter and
simulation of the accompanying thermal, mechanical, electrodynamic and other effects. An
important issue in solving the problems is to determine the method of joint application of software
tools to estimating the influence of various interrelated physical processes on the functional
properties of objects. The computational experiment for investigation of complex effect of
radiation includes modeling of some interdependent physical phenomena:

» occurrence and evolution of the photon-electron cascade generated by incident radiation;

* generation of thermodynamic effects due to energy deposit of radiation;

» generation of self-consistent electromagnetic field arising inside and near the irradiated
object because of radiative electron emission.

Mathematical modeling of the effects in question is carried out by application of different
numerical methods using the different discrete geometrical description of the object and the
region of calculation. One of the main problem here is to use the solution of one problem being
the required data for other's solving. An approach to solve the problem by use of approximation
based on the neural network technology is considered in [1, 2]. Modern heterogeneous materials
have complex inner structure (porous matter, micro fine medium) significantly complicating the
type choice and the implementation method of the approximation. Some types of approximation
and their implementations depending on geometrical and micro structural properties of the object
being under radiation are considered in the work:

*  Global approximation for quasi-homogeneous medium. This type is implemented by use
of the neural network technique (NNT) applied to whole objet;

* Local approximation implying the splitting the object into parts of homogeneous
properties. The NNT is used in every part;

» Local approximation by target set is applied to strongly heterogeneous materials with
complex microstructure. Implementation of this approximation type is based on the nonlinear
regression model.

Application of the developed methods is illustrated by examples.

Acknowledgments: This work is partially supported by Russian Fund for Basic Researches,
grants N 17-01-00301 and N 18-01-00582.
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VY4er KOHTAKTHOTO B3aMMOJECHCTBHS SIBISETCS BaXKHBIM ATAllOM OIIEHKU HaIpPSKEHHO-
nedopmupoBanHoro coctostaus (HJIC) pa3nuyHBIX KOHCTPYKIUU, BKIIOYAIOMIMX B ceOs
colnpukacaromuecs: aetaii. B OoNbIIMHCTBE MPAKTUUYECKH BAKHBIX CUTyallui Ui OIEHKU
HAC npumeHstoT uMcIeHHOE MoJenupoBaHue. [ nauckpermszanuu 3a1add  OOBIYHO
WCIIOJIB3YIOT METOJI KOHEYHBIX »dJeMeHToB. Haumbonee momynspHbIMH — METOJAMH,
MO3BOJISIFOIIMMHU yUYECTh YCIIOBUSI HA KOHTAKTHOW TMOBEPXHOCTH, SIBISIOTCS METOJ] MTpadHBIX
GyHKIMHA, MeTo] MHOXHUTeNel Jlarpanka, a Takke WX paznuuHble KomOwHarmu. Ho s
pelieHus psaa 3agad (B TOM 4HCIE 3aa4 KOHTAKTHOI'O B3aUMOJEHCTBUS OOJIBIIOrO
KOJIMYeCTBA TeJ) IMpPeACTaBIsieTCs] MEPCIEeKTUBHBIM HCIOJIb30BaHUE aJBTEPHUPYIOUIETO
Metosa [lIBapiia (01HOTO U3 BapHaHTOB METO/IA IEKOMIIO3UIIUN ).

CyTb METOJIa COCTOUT B U€pEIOBAaHNN KNHEMAaTUYECKUX U CHJIOBBIX YCIIOBHUH, 3a1aBa€MbIX
Ha KOHTaKTHBIX TIOBEpPXHOCTSX Tel. Ha KuHeMarhueckod wuTepaliu MPOUCXOJUT
KOPPEKTUPOBKA TEPEMEMICHAN JUISI COBMEIIEHUS MOBEPXHOCTEW ABYX TEIl, & Ha CHIIOBOU
WTepalui — KOPPEKTUPOBKA KOHTAKTHBIX JiaBlieHUW. MTepalluoHHBIN Tpoliece BBIMOTHSIETCS
JI0 TOCTHIKEHHUSI CXOJAMMOCTH, KOIJIa U KMHEMaTH4eCKHe U CUJIOBBIE YCIIOBHSI Ha KOHTAaKTe
BBIIIOJIHEHBI C 3aJaHHOW TOYHOCTHIO. OJHUM U3 TJIABHBIX NpeumylnecTB Merona I[IIBapua
SIBIISIETCS] CBEJICHUE PELIeHUs 00IIel 3ajaul KOHTAKTHOTO B3aUMOJIEHCTBUSI HECKOJIBKHUX Tell
K IIOCIIEZI0BATEIbHOCTU PEIICHUH CTAaHJAPTHBIX 337ad MEXAaHUKH IS KaXJIOro Tena II0
oTJIeNbHOCTH. HO KOHKYpEHTHOCTh JaHHOTO METOJa BO MHOTOM OIIPEIEISeTCs CKOPOCThIO
CXOZMMOCTH PACCMOTPEHHOI0 UTEPALIMIOHHOTO IIPOLIEcca.

[IpuBeneHsl pe3ynbTaThl pelleHus: psja IIOCKUX 3aJlad KOHTAKTHOTO B3aUMOJICHCTBUS
nByx ynpyrux ten [1]. IIpoBeneHo mcciiejoBaHME CKOPOCTH CXOAMMOCTH HTEPALMOHHOIO
mpolecca B 3aBHUCHUMOCTH OT BbIOpaHHBIX 3HAYEHUH WTEPAllMOHHBIX [apaMeTpoB U
HAa4yaJIbHOTO NpUONMKEHUS. BBINONHEHO CpaBHEHHWE IIOJNYYEHHBIX pPE3yJIbTaToOB ¢
pe3yJibTaTaMi pacueToB C HCIOJIb30BAHMEM OJHOTO M3 BApUAHTOB METOJA MHOXXUTEJeH
Jlarpan>ka (c He3aBUCUMON KOHTaKTHOW ITOBEPXHOCTHIO).

[IpoBeneno uuciaennoe monenupoBanrie HJIC ydacTka TEIUIOBBIACISIONIETO AJIEMEHTa C
YUETOM KOHTAaKTa TOIIMBHBIX TaOJETOK JPYr ¢ APYroM M ¢ 000JI0YKOi. 3ajaya pelieHa B
ocecMMMeTpHYHOM moctaHoBKe. IlpencraBieHbl pe3ynbTaThl pacyeToB, B KOTOPBIX
KOJIMYECTBO TabJeToK BappupoBaock oT 1 g0 100.

Bbaaromapuocrn: PalGota BRINOJIHEHA TpH YacTUYHON (UHAHCOBOW MOJIICPIKKE
Poccwuiickoro ¢onna pynmameHTansHbIX uccienopannii (mpoekt Ne 18-01-00252).
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Currently an increasing demands are placed on functional materials with prescribed
properties. Their development requires detailed accounting for all of major physical processes
occurring at different time scales and depending on a number of factors such as geometrical
structure, chemical and structural composition etc. This necessarily leads to the need for the
development if the integrated simulation techniques which allows for the predictive simulation of
the material response under target operational conditions.

Modern high-tech construction materials are designed to withstand loads of various nature
under conditions of the complex physical effects, for instance, radiation and heat fluxes,
mechanical tension etc. The problem is the development the materials resistant to full range of
external loadings of various nature. The protective coating of satellite being under space
radiation is an example of the material in question. One of the promising ways to solve this
problem is the use of composite materials, in particular gas-filled porous composites. The
complex geometric structure of the material in conjunction with the selected chemical
composition of the matrix ensures the preservation of its properties in a multi-factor impact.

The presented work describes an integrated approach for numerical simulation of behaviour
of porous materials under action of radiation loads and secondary thermomecahnical effects.

We present an algorithm for modelling a geometrical structure of the medium with a direct
mesh resolution of its structure (geometry, matrix and voids) at the micro level. The approach
includes the algorithm of the construction of radiation detector system for statistical estimation of
the radiation energy deposit in an irradiated object. The detection system is adaptive to the
complex structure of the medium and is constructed as a set of non-intersecting spherical
detectors that also do not intersect with the pores. The simulated energy deposition distribution
are passed to the hydrodynamic simulation software for further simulation of secondary
thermodynamic effects.

The applications of the developed simulation tool are presented in terms of results obtained
with use of the hybrid computing cluster K-100 at KIAM RAS, Moscow, Russia.

Acknowledgments: The work was financial supported by the Russian Scientific
Foundation (project No. 17-71-30014).
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JUis MareMaTHYecKoro MPOTHO3MPOBAHUS CTOXACTHMUYECKUX IPOLIECCOB B HEIMHEHHBIX
cpemax CTPOMTCS METOJA OMNpENeCHHUs BBHIOOPOYHOTO KOIPPUIIMEHTA KOPPEISAIUU IS
HECTAIMOHAPHBIX BPEMEHHBIX psifoB. OTIMYME OT CTAllMOHAPHOIO CiIydass COCTOUT B TOM,
YTO OJHOBPEMEHHO C BEIMYMHOM KOd((UIIMEHTa KOPpENSIUH CTPOATCA SMIUPHUUYECKUE
CTaTUCTHKH ONTHUMAIBHOW JJIMHBI BHIOOPKM M JOBEPHUTEIBHOTO WHTEpBAa, COAEPIKAIIEro
KOA(DPUITMEHT KOppeNsIuu B HAMOOJBIIIEM YHCIIEC CIydaeB. BMecTo W3ydeHUss OAHOU W3
BO3MOXHBIX ~pealu3aluid BPEMEHHOTO psAa NpeasiaraeTcsi paccMOTpeTh aHcaMOJb
CIIy4alHBIX TPAEKTOPHH, MOPOKIAEMBIX SMITMPUUIECKON (DyHKIMEH pacnpenencHus. Mojensb
npejylaraeTcsi JUis ONUCaHWs W3MEHEHHs BO BpEMEHH (DYHKIIMOHAJIOB, 3aJaHHBIX Ha
CIIy4alHBIX TPACKTOPHUSAX U UMEIOIINX MPAaKTHYECKOEe 3HAUYCHUE. JTO, HApUMeEp, UHIUKATOP
YPOBHSI 3arpsi3HCHHSI METarojica B BUJE CpEIHEH KOHIIEHTPALMM BPEIHBIX BELIECTB 3a
OTIpe/ieNIeHHBIH epuoj BpEMEHH, aHAJIOTUYHBIN UHAUKATOP WU3MEHEHUs
AMUAEMHOIOTUYECKON OOCTaHOBKM B pErMoHe, (yHKUMOHAN 3((EKTUBHOCTH YHpPaBICHHUS
3arpsi3HEHUEM B BUJI€ CHUIKEHHS YPOBHS 3arpsi3HEHUS B Pe3yJIbTaTe OINpe/IeJICHHbIX IeHCTBUI
u 1.1. C 3TON 1enplo paccmaTpuBaeTcs KuHeTuueckoe ypaBHeHue Dokkepa-Ilnanka nms
BBIOOPOYHOM MJIOTHOCTH (YHKIMU paclpe/esieHusl ClydyalHbIX BEJMYHMH, HAOII0JaeMbIX Ha
NPaKTUKE B BU/I€ BPEMEHHBIX PS/I0B.

MATHEMATICAL SIMULATION OF NONSTATIONARY STOCHASTIC
PROCESSES USING THE KINETIC EQUATIONS FOKKER-PLANCK

Liudmila Klochkova, Yuriy Orlov, Vladimir Tishkin

KIAM of RAS , Moscow, Russia,
e-mail:klud2015@mail.ru

For mathematical prediction of stochastic processes in non-linear media the method of
determination of sample correlation coefficient for non-stationary time series is constructed.
The difference from the stationary case is that simultaneously with the value of the correlation
coefficient, empirical statistics of the optimal sample length and the confidence interval
containing the correlation coefficient in the largest number of cases are constructed. Instead of
studying one of the possible realizations of the time series, it is proposed to consider an
ensemble of random trajectories generated by the empirical distribution function. The model
is offered for the description of change in time of the functionals given on random trajectories
and having practical value. This is, for example, an indicator of the level of pollution of the
metropolis in the form of an average concentration of harmful substances for a certain period
of time, a similar indicator of changes in the epidemiological situation in the region, the
functional of efficiency of pollution control in the form of time series.
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HUCCJEIOBAHUE CEUCMOCTOMKOCTH IIYTEM IMOJTHOBOJHOBOI'O
YUCJIEHHOI'O MOAEJIMPOBAHUSA

Crornnii I1.B."?, ®daBopckas A.B."*

"Hezocyoapcmeennoe — o6pazosamenshoe  yupescoenue — «VueBHO-HAYUHO-NPOUZBOOCBEHHbLIL
komniekc — Mockosckoeo — ¢pusuxo-mexunuueckoeo — uncmumymay, — Mucmumymckuii - nep.9,
Honeonpyonuwiii, 141700, Mocroeckas obracme, Poccus
’Mockosckuil Qusuro-Texnuyeckuii Hnemumym (I'ocyoapcmeennoiii Yuusepcumem),
Uncmumymcexuii nep.9, Joreonpyonsiii, 141700, Mockogckas obracmo, Poccus
3Haytm0-ucwzeaoeameﬂbcmﬁ uHCmumym cucmemusix uccieoosanuti Poccuiickoti Axaoemuu Hayx,
omoern gvlyucaumenvuol mamemamuxy, Haxumosckuii npocnexm 36x1, Mockea, 117218, Poccus
stognii@phystech.edu

B nanHoii paboTe mpencTaBieHbl pe3yIbTaThl YUCIEHHOTO MOACTUPOBAHUS Pa3pyLICHUS
CJIOKHBIX KOHCTPYKIMU [1] (KHJIBIX JOMOB pPa3IMYHOTO THUMA, (PYHAAMEHTOB PA3IHYHOTO
THUIIA, TOJ3EMHBIX COOPY)KEHHI) B PE3yJIbTaTE MHTECHCUBHBIX CEHCMMUYECKHUX BO3JECHCTBHIA.
HccnenoBaHo BIIMSHHE pa3iMYHBIX THUIIOB BOJIH, PAaclpOCTPAHSIOLUIUXCA OT TMIIOLEHTpa
3eMmJieTpsceHusa. Bo  Bcex  BBIYUMCIEHUSX  MCIOJIB30Bajach CUCTEMA  BIIOJKEHHBIX
nepapxuueckux ceTok. ITokazaHa BO3MOXHOCTh MCCIEN0BAaTh CEHCMOCTOMKOCTh Pa3iIMYHBIX
KOHCTPYKTOpCKUX pemieHuil. [Ipumep paspymieHus 0e3 3J1IaCTOMEPHOM 3amuThl MOCie
BO3JIEHCTBUS CEICMUUYECKOIN S-BOJIHBI MOKHO YBUIETH Ha pUC. 1.

® 5
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Puc.1. [Ipumep pazpylieHus 6e3 31acTOMEPHOM 3aIUTHI TOCIIE BO3AEHCTBUS CeCMUUECKOM S-BOTHBI

Bo Bcex BBIYMCIEHHMSX MCHOJIB30BAICA C €TOYHO-XapakTepucTuueckui meron [2]. On
MIO3BOJIIET OCYILIECTBIISITH IIOJHOBOJIHOBOE MOJEIUPOBAHUE B JIAHHOW IOCTAaHOBKE U
paccuuTaTh JIMHAMHYECKUE  pa3pylIEHUs pacCMaTPUBAEMBIX  KOHCTPYKIUMH  IyTeM
MIPUMEHEHHUS KPUTEPUS 10 TJIABHBIM KOMIIOHEHTaM TE€H30pa HaNpsHKEHUH.

HccnenoBanne BhIMONHEHO B HerocymapcTBEHHOM 00pa3oBaTeIbHOM — YUPEXKICHUH
“Y4e0HO-HAyYHO-TIPOU3BOJICTBEHHBI  KOMIUIEKC ~MOCKOBCKOTO  (DM3HKO-TEXHHUYECKOTO
MHCTUTYTA” 3a cu€T rpanTa Poccuiickoro HayuHoro ¢onaa (mpoekt Ne 17-71-20088).

1. J.Sanchez, A.Masroor, G.Mosqueda, K.Ryan, “Static and dynamic stability of elastomeric
bearings for seismic protection of structures”, Journal of structural engineering, Vol.139, No. 7,
p.1149-1159 (2012).

2. B.M.T'ony6es, U.B.IlerpoB, H.U.XoxmoB, “UncieHHOE MOIECIHPOBAHUE CEHCMHYECKOU
AKTUBHOCTU CETOYHO-XapaKTepUCTHUECKUM MeToaom”, JKypHan BBIYMCIUTEIBHON MaTeMaTHKU H
MareMatudeckoit ¢pusuku, T. 53, Nel0, p.1709 — 1720 (2013).

86



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

THE STUDY OF SEISMIC RESISTANCE BY FULL-WAVE NUMERICAL
MODELLING
Stognii P.V."?, Favorskaya A.V.

1,2,3

'Non-state Educational Institution “Educational Scientific and Experimental Center of Moscow
Institute of Physics and Technology”, Institutskii per.9, Dolgoprudnyi, 141700, Moscow region,
Russia
’Moscow Institute of Physics and Technology (State University), Institutskii per.9, Dolgoprudnyi,
141700, Moscow region, Russia
IScientific Research Institute for System Analysis of the Russian Academy of Sciences, Nakhimovskii
prospekt 36kl, Moscow, 117218, Russia

stognii@phystech.edu

The results of numerical modeling of the destruction of complex structures [1] (residential
buildings of various types, foundations of various types, underground structures) as a result of
intensive seismic influences are described in this work. The influence of various types of
waves propagating from the hypocenter of an earthquake is investigated. The system of nested
hierarchical grids was used in all the computations. The possibility to investigate the seismic
resistance of various design solutions is shown. The example of destruction without
elastomeric defendence after the influence of seismic S-wave can be seen in Fig.1.
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Fig.1. The example of destruction without elastomeric defendence after the influence of seismic S-wave

The grid-characteristic method [2] was used in all the computations. It provides the
possibility to carry out full-wave modeling in this complex formulation and to calculate the
dynamic damages of the structures under consideration by applying the criterion of the
principle components of the stress tensor.

This work has been performed at Non-state Educational Institution “Educational Scientific
and Experimental Center of Moscow Institute of Physics and Technology” and supported by
the Russian Science Foundation, grant no. 17-71-20088.

1. J.Sanchez, A.Masroor, G.Mosqueda, K.Ryan, “Static and dynamic stability of elastomeric
bearings for seismic protection of structures”, Journal of structural engineering, Vol.139, No. 7,
p.1149-1159 (2012).

2. V.I.Golubev, 1.B.Petrov, N.I.Khokhlov, “Numerical simulation of seismic activity by the
grid-characteristic method”, Computational Mathematics and Mathematical Physics, Vol. 53, No. 10,
p-1523 — 1533 (2013).
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ON SOME MOLECULAR DESCRIPTORS

Goran Popivoda, Zana Kovijani¢ Vukicevi¢, Vladimir Bozovié

Faculty of Natural Sciences and Mathematics, University of Montenegro
e-mail: goranp@ac.me, zanak@ac.me, vladobozovic@gmail.com

Molecular graph is connected simple graph in one-to-one correspondence to structural
formula of a chemical compound so that vertices of the graph correspond to atoms of the
molecule and edges of the graph correspond to the bonds between these atoms. A molecular
structure descriptor is a numerical value associated with a chemical constitution for
correlation of chemical structure with various physical properties, chemical reactivity or
biological activity.

In this paper we characterize some molecular graphs with extremal values of the following
molecular descriptors: multiplicative Zagreb indices, first multiplicative Zagreb coindex,
multiplicative sum Zagreb index, multiplicative Zagreb coindices and F—index.

References:
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Appl. Math., 158, 1571-1578, (2010).

2. A.R. Ashrafi, T. Dosli¢, A.Hamzeh, ,,Extremal graphs with respect to the Zagreb coindices”,
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MOJAEJHNPOBAHUE OBPA30BAHMUS IIJIASMEHHOI'O KAHAJIA
HO’KEBBIM HAHOCEKYH/IHbIM JIASEPHBIM JIYYOM

Cacopos I1. B., booposa H. A., Onb xoBckas O. I'., barnacapos I'. A., boinmapes A. C.,
TI'acunos B. A.

Hncmumym Ipuxnaonou Mamemamuxu um. M. B. Kenoviwa PAH, Mockea, Poccus
boldar @imamod.ru

[IpuBonsitcst pe3ynbTaThl BeinogHeHHOTO B UIIM uMm. M. B. Kenasima PAH monenupoBanust
(dbopMUPOBaHUS KAaHATIOB B Ta30BBIX MHIIEHSIX C MCTOJIH30BAHUEM HAHOCEKYHIHOTO Jia3epa B
CICMYIONINX pEXUMax. BIIOKCHHAsh SHEPTHUsl — COTHU JDKOYJCH, Ja3epHBIM HWMITYJIbC
JUTUTEITHHOCTHIO OT 2 10 10 He, MOIIHOCTh OCHOBHOTO Ja3epHoro umiyibea oT 1 qo 10 [1BT.
Takue sKCIIEpUMEHTHI TUIAHUPYIOTCS B €BpoIeiickoM JtazepHoM 1ientpe ELI-Beamline.Ouu
HalleJIeHbl Ha pPa3BUTHE METOJOB JAa3epHOTO YCKOPEHUS PEIATUBUCKUX SJIEKTPOHOB,
uccienoBanabix paHee B NLBL. Marnuroruapoanaamudeckue koasl NPINCH u MARPLE
UCTIONB3YIOTCS JUISl OJHOMEPHOTO M IBYMEPHOT'O MOJECIMPOBAHUS 00pa30BaHUS IIA3MEHHOTO
KaHaJla B 00JIaCTH BBITSHYTOTO (hOKyca HOKEBOTO HAHOCEKYHJIHOTO JIA3€pPHOTO Jiyda TP
JOKPUTUYECKOW TUIOTHOCTU rasza. TakoW TIIa3MEHHBINH KaHall MOXET OBITh NMPUMEHEH IS
TPAHCIIOPTUPOBKH BBICOKOMOITHBIX (PEMTOCEKYH/IHBIX JIa3€pHBIX Jydeld Ha OoJbIIne
paccrosinusa. 2D-MonenupoBaHue IPOBOAUTCS I UCCIICIOBAHMS MPOIIECCa CUMMETPU3AIIIH
KaHaJla TP aCKMMETPUYHOM SHEPTOBKIIa/ie, 0OYCIOBIEHOM ITPOCTPAHCTBEHHOU CTPYKTYPOM
TUIOCKOTO (poKyca Jia3epHOro nyda. MoJAenupoBaHUE IMOKA3bIBAET, KaK JOCTUYH PEKHUMOB
dbopMHpPOBaHUSI CUMMETPUYHOTO TUTA3MEHHOTO KaHama. [Ipu ogHOMEpHOM MOJETHpPOBAHUH
MOJTyYeHBbl TapaMeTPhl IIA3MEHHBIX KaHAJIOB [UIsl PA3IMYHBIX CIy4aeB IPH YCIOBUU
CUMMETPHU3AINHU KaHAJIOB.
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SIMULATIONS OF PLASMA CHANNEL FORMATION BY KNIFE-LIKE
NANOSECOND LASER BEAM

Sasorov P. V., Bobrova N. A., Olkhovskaya O. G., Bagdasarov G. A., Boldarev A. S.,
Gasilov V. A.

Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
boldar @imamod.ru

The results of the simulations performed in KIAM are presented. Formation of channels in
gas targets using a ns-laser is considered in relevant regimes: output energy — hundreds of
Joules, nanosecond duration laser pulse, from 1 to 10 petawatt main laser pulse power. Such a
kind of experiments are planned in the European laser center ELI-Beamline. They will
develop a laser induced method of relativistic electrons acceleration, based on ideas
investigated previously in NLBL. The magnetohydrodynamic codes NPINCH and MARPLE
are used for 1D and 2D simulations of plasma channel formation in the region of elongated
focus of knife-like nanosecond laser beam in under-critical gas density. Such plasma channel
can be applied for transportation of high power femtosecond laser beams over large distances.
The 2D simulations are performed to investigate the process of symmetrization of the
channel, when the asymmetry of initial channel is caused by asymmetric deposition of the
laser energy due to spatial structure of a plane focus of the laser beam. The simulations show
how to reach the regimes of symmetric plasma channel formation. With 1D simulations the
parameters of plasma channels for various cases under the condition of channel
symmetrization are obtained.
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BLACK MATTER MODEL EQUATION AND ITS SOLUTION
Jela Sugi¢', Andrej Novak®
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We consider the equation with o-distribution as a coefficient representing an infinite
attractor and thus modelling the black hole phenomenon. We prove the existence of a solution
to the corresponding Cauchy problem.
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CPABHEHUE DY®PEKTUBHOCTH 2- 1 3-CJTOMHBIX PABHOCTHBIX CXEM
A1 HECTAHMOHAPHBIX CHHI'YJIAAPHO BO3MYIIEHHBIX
JANOPEPEHIIMAJIBHBIX YPABHEHUU

E.H. boikoBckas, B.11. Maxxykun

HIIM um. M.B. Kenovuuua PAH, Mockea, Poccus
e-mail: vim@modhef.ru

B 3amayax koHBeKIMH - TU(PQY3UH, COCTABISIOIMIMX OCHOBY psa MaTeMaTHYECKUX
MoJiesiell MEXaHUKM JKMIKOCTH W Tras3a, JOMHUHHUPYIOIIMMHU MpoIecCaMd MOTYT OBbITh Kak
muQy3rnOHHbBIE, TaK ¥ KOHBEKTUBHBIE TPOILIECCHL. B ciyuae mpeobiaganusi KOHBEKTHBHOTO
MEXaHM3Ma [EepeHOca MOIy4yaloT KJIAacC CHHIYJSIPHO BO3MYIIEHHBIX  HEJIMHEHHBIX
Qg depeHIMaIbHbIX YPABHEHUH C MajbIM NapaMeTpoM L =Re”’ (Re - uncno Peitnonsca)

npu crapuieil npousBoAHON. HecrtanumoHapHble CHHTYNISPHO BO3MYIIEHHBIE MOJAETHU
JIOTTyCKatoT BO3HHUKHOBEHHE obacreit CHJIBHOTO WU3MEHEHUS pelieHus,
pacTlpOCTPAHSIONIMXCA B BHUAE pa3NUYHBIX (PPOHTOB U MepexoAHbIX cnoéB. KauecTBo
pemieHus B NOJOOHBIX 3ajadax CHUJIBHO 3aBUCUT OT cHoco0a amnmpoKCUMAIMU YJIEHOB,
OTHCHIBAIOIIUX KOHBEKTHUBHBIA MepeHoc. BBuay OonbIION MpakTUUYECKOW 3HAYUMOCTH,
npobiieMa KapJUHAJIBHOTO YJyYIIEHUS JUCIEPCUOHHBIX M JUCCUNATHUBHBIX CBOMCTB
Pa3HOCTHBIX CXEM JIJIsl ypaBHEHHI KOHBEKTHBHOTO MIEPEHOCA SIBISIETCS 0CO00 aKTyalbHOM.

Ha mpumepe 4uCIIEHHOrO pElIeHUsl ¢ UCIOJIb30BAHUEM JIMHAMUYECKOW aJanTallii CETKH
[1,2] HenmHelHOro ypaBHeHUsi broprepca uccrienyercs BIUSHHE Ha KayeCTBO PEICHUS
OOBIYHOM JBYXCJIOMHOW PA3HOCTHOM CXEMBI M 3-CIOWHOM cxembl [3] ¢ yIydlIeHHBIMHU
TUCTICPCUOHHBIMU W JTUCCHIIATUBHBIMU CBOICTBaMH. B KauecTBe HA4albHOTO YCIOBHS B
ypaBHeHUH broprepca 3amaBanicsi IPOCTPAHCTBEHHBIM NpPOPMIb  OCECUMMETPUUYHON
CHHYCOMJIBI ¢ TapamerpoM x=10"-10"° (puc. 1,2)
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Puc. 1. [IpoctpancTBeHHBIE TIPOGOUITH QYHKITAH Puc. 2. IlpocTpancTBeHHbBIE TIPOGUIIH IIara
U(x) B pa3nu4Hble MOMEHTHI BpEMEHHU uHTerpupoBanus ¥(X) B pa3TuuHbIe MOMEHTHI
BpEMEHH

HccnenoBanus mokasaiu, YTO B MOJYYEHUU YHUCICHHOTO PEUICHHSI ¢ BBICOKOM TOYHOCTHIO
ONPENIETSIONIYI0 POJIb B CIIy4yae HCIOJIb30BAHUU CETOK C YIPaBJISEMbIM paclpeeiCHHEM
y3JI0B UTpaeT B IEPBYIO0 OdYepelb TECHas B3aUMOCBS3b MEXAY JAWHAMUKOW pelIeHHs U
MOJIOKEHUSI y3JI0OB CETKH, JOCTUraemMasi C TIOMOINBIO COOTBETCTBYIOMIEH (yHKIIUU
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npeoOpa3oBanusi koopauHat. [IpenMyinecTBa 3-CIIOMHOM CXEMBbI, JOCTHTAacMbIe Ha CETKaX ¢
(UKCUPOBAHHBIMHU y3JIaMH, TEPAIOTCA TMpPH Mepexofe K NOABWKHBIM ceTkaM. Illar
UHTETPUPOBAHUS TIPU ATOM OKa3bIBACTCSI CYIIECTBEHHO MEHBIIE IlIara HHTETPUPOBAHUS IS
2-cnoitHOM cxeMbl, (puc. 3).
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Puc.3. BpemenHast 3aBUCHMOCTb Il1ara HHTETPUPOBAHUS IS 2-CIIOWHOM cxeMbl (CUHUIT 11BeT); 3-
CJIOITHOM cXeMbI (KPaCHBIH LBET).

Baaroagapuoctu: Pabota BeimonneHa npu noaaepxke POOU, npoext Ne 16-07-00263.
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COMPARISON OF THE EFFICIENCY OF 2- AND 3-LAYER DIFFERENCE
SCHEMES FOR NONSTATIONARY SINGULARLY PERTURBED DIFFERENTIAL
EQUATIONS

E.N. Bykovskaya, V.I. Mazhukin

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
e-mail: vim@modhef.ru

In the problems of convection-diffusion, which form the basis of a number of mathematical
models of fluid and gas mechanics, the dominant processes can be both diffusion and
convective processes. In the case of predominance of the convective transport mechanism, a
class of singularly perturbed nonlinear differential equations with a small parameter u =Re”!

(Re is the Reynolds number) with the highest derivative is obtained. Nonstationary singularly
perturbed models allow the appearance of areas of strong change in the solution propagating
in the form of different fronts and transition layers. The quality of the solution in such
problems depends strongly on the method of approximation of the terms describing the
convective transfer. In view of the great practical importance, the problem of cardinal
improvement of the dispersion and dissipative properties of difference schemes for convective
transfer equations is especially urgent.

Using the example of a numerical solution of the nonlinear Burgers equation with the
dynamic adaptation of the grid [1, 2], the influence on the quality of the solution of the
conventional two-layer difference scheme and the 3-layer scheme [3] with improved
dispersion and dissipative properties is investigated. As an initial condition in the Burgers
equation, a spatial profile of an axisymmetric sinusoid with a parameter £ =10"-10" is

given, Fig. 1,2.
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Fig. 1. The spatial profiles of the function U(x) at  Fig. 2. The spatial profiles of the integration step
different instants of time Y(x) at different instants of time

The studies have shown that in the obtaining of a numerical solution with high accuracy,
the determining role in the case of the use of grids with a controlled distribution of nodes is
played primarily by the close relationship between the dynamics of the solution and the
position of the grid nodes obtained by means of the corresponding coordinate transformation
function. The advantages of the 3-layer scheme, achieved on grids with fixed nodes, are lost

94



XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

when switching to the moving grids. The integration step here turns out to be substantially
smaller than the integration step for the 2-layer scheme, Fig. 3.

1x107
1x10° 3—_—1
1x10™ 4
1x10° 3
1x10° 4
1x107 4
1x10° 4 | i
1x10‘9 é ] I '|'| || 1 i
1x107™° 4 H—

10" 4

T B A N A A
0,0 0,2 0,4 0,6 0,8 1,0

AX

Fig.3. Time dependence of the integration step for: 2-layer scheme (blue color); 3-ply scheme (red
color).
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MATHEMATICAL MODEL OF THE INTERACTION BETWEEN
PROTONS AND MATTER

Sergey V. Podolyako, llya A. Tarakanov
Keldysh Institute for Applied Mathematics of RAS; Moscow, Russia
psv66@mail.ru

The model of the interaction between protons and matter is developed. The processes of the
proton slowdown by the electron subsystem of an atom, the elastic and inelastic scattering and
the nuclear reactions are considered. The basic features of the ionization scattering energy losses
and elastic ones are revealed. The comparative analysis of the yields of different nuclear reactions
due to proton-atom collision are carried out. The model is intended for computing the radiative,
heat and electromagnetic fields in the object being under proton radiation.

Heterogeneous supercomputer software package for statistical modeling of proton transport in
multicomponent objects of complex geometry is worked out. It gives possibility of evaluating the
energy deposit and the density of secondary gamma radiation sources and flows of light ions
generated by proton flux. Algorithms based on Monte Carlo solving the integral transport
equation are implemented in developed software. Corresponding codes of the software are
directed for parallel calculations by use of MPI and NVidia® CUDA technologies.

Acknowledgments: This work is partially supported by Russian Fund for Basic Researches, grants
N 17-01-00301.
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MOJAEJIMPOBAHUE PAIMAIIMOHHO-UHAYIIMPOBAHHBIX
TEPMOMEXAHUYECKHUX 9PPEKTOB

10.A. Bonkos, K.K. Mrozemrera, Kazeimon I11.A., M.b. Mapkos, .A. Tapakanos

HUIIM um. M.B. Kenovuuua PAH, Poccus, 125047, Mockea, Muycckas na., 0. 4
inozem.kO@gmail.com

BozneicTBue umMnyinbca MOHU3UPYIOLIETO M3Iy4EHUS Ha IOJYIPOBOJHUKOBBIN KPUCTAILI
COIIPOBOXKIAETCS O0pa3oBaHMEM B 30HE TPOBOAMMOCTH W30BITOYHBIX JJIEKTPOHOB H,
COOTBETCTBEHHO, JBIPOK BaJCHTHOW 30HBI. DHEprusi M30BITOUHBIX HOCHTENEH 3apsna
HEPeXOANUT B ONTUYECKHE U aKycTUYeCKHUe KojeOaHus pemeTkd. OLeHKH NoTepb SHEpruu B
KPEeMHHU TIOKa3alld, YTO JOMUHHPYIOUMM 3()(eKToM SBISETCS H3IydeHHE ONTHYECKUX
(GoHOHOB. 3a Bpems JACHUCTBUS HUMIIYJIbCA HOCHUTENM 3apsAa IepelaloT ONTHYECKUM
KoJIe0aHUsIM pemeTKH IpuMepHO 70 TIPOIIEHTOB CBOCH SHEPTHUH.

XapakTepHble pa3Mepbl M3AEIMH  MHUKPOAJIEKTPOHMKH  JTUKTYIOT HEOOXOJUMOCTb
YYUTBIBaTh KOHEYHOCTh CKOPOCTH PAaCIpPOCTPAaHEHHs Tella B OObEKTe y)Ke€ Ha BpEMEHax,
COINOCTaBUMBIX C JUIMTEJIBHOCTBIO MMITYJIbCA BO3JIEHCTBYIOIIEro u3iaydeHuss. Kpome Toro, B
COCTaB M3JIENMM BXOJAT MaTe€pUalbl, KOTOPbIE CUJIBHO IOIJIONIAIOT SHEPTUI0 U3IYy4YEHUS, B
YACTHOCTH, TSDKENbIE METaJIbl. OJTO CO34A€T [ONOJIHWUTEIbHBIE HMCTOYHUKHM HarpeBa Ha
IpaHuLaX KPUCTAJJIA, COCTABIISIFOIIETO aKTUBHYIO 30HY U3/1€THS.

B nannoit pabote peann3zoBaHa MaTeMaTH4ecKas MOJAEIb TEPMOMEXAaHUYECKHX MPOLECCOB
paAMallMOHHOTO  MNPOUCXOXKJAEHHUS B KpUCTAJIaX,  y4YUTHIBAIOIIAasg  KOHEYHOCTb
pacrpoCcTpaHEHHUs TEIUla. YPAaBHEHUS MOJEIU BBITEKAIOT M3 AHAJIN3a CBSI3aHHOW CHCTEMBI
KBAaHTOBbIX KHHETHYECKUX YypaBHEHUH MJisi 3JeKTpoHOB U (oHOHOB. HHTerpupoBanue
KUHETHMYECKUX YPAaBHEHUH 10 KBa3MMMITYJIbCY JUISI CHMMETPUYHOW YacTH (QYHKIHUHU
pacnpeneneHus (OHOHOB ONPEENAeT 3aKOH COXPAaHEHMsI HPHEPruM C Y4eTOM OOBEMHBIX
UCTOYHUKOB. [l aHTUCUMMETpUYHOW 4yacTh (YHKIMHM pacrpenesieHus (OHOHOB
MHTETPUPOBaHUE NMPUBOANUT K ypaBHeHuio Tuna Karraneo [1] g motoka sHepruu. 910
yYpaBHEHHE COAEPXKUT B KadecTBe IapameTrpa cpeaHee BpeMs (POHOH-()OHOHHOTO
B3aumMozieiicTBusi. COOTBETCTBEHHO, CpEAHsSl TEpMHUYECKass CKOpPOCTb paclpOCTpaHEHUS
SHEPIUU OKa3bIBaeTCsl OJM3KON K IPYNIIOBONH CKOPOCTH aKyCTHYECKUX (DOHOHOB — OCHOBHBIX
NEPEeHOCUUKOB TelJla B KpUCTale. YPaBHEHMsI TEpeHOCca DSHEPruu JOMOIHSIOTCS
yYpaBHEHUSMH ISl CMEIICHHH B KpHcTaJUIaXx ¢ Kyomdecko pemrerkoid [3]. [lomHas cucrema
YpaBHEHUU OIpeAensieT TeMIepaTypHble IOJig, TOTOKM DSHEpruu, naedhopmanuu U
HaIpsDKeHUs, BO3HUKAIOIUE B 00bekTe. Takol MoIXo Mo3BOJIseT eIMHO00Opa3HO OMHUCHIBATH
IIPOLIECCHI IEPEHOCA BO BCEX MaTepHaliax U3Aeusl.

BaarogapHocTu: paGoTa BBIIOJHEHA NpPU YaCTHYHOW NOJEp)KKe IpaHTOB PODU,
nipoekThl Ne 18-01-00582, Ne 17-01-00301.
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HCIIOJIb30BAHUE BBICOKOIIPOU3BOJUTEJJIBHBIX BBIUNCJIEHUA
HA GPU JIUIs1 HOUCKA KOJUIM3UU CUCTEM YACTHILL
C OBBEKTAMU BUPTYAJBHOM CPEJIBI

A.B. Manbues, U.H. Muponenko

DOI'Y « DHI] Hayuno-ucciedosamenbCkuti UHCHUMYym CUCIMEeMHBIX UCCe008aAHULL
Poccutickoti akademuu nayky, Mocksa, Poccus
E-mail: avmaltcev@mail.ru

OnHOl U3 BKHBIX 33139 IPHU UCTIONB30BaHMH crcTeM dacTul] (CY) B BUPTYAITBHOM cpefie SIBISeTCs
peam3aiys MX B3aMMOJICHCTBHS ¢ OOBEKTaMHM 3TOM cpembl. KimroueBasi COCTaBISIIOIIAS PEIICHUS
JTAHHOM 3a/ia4yi 3aKITIOYacTCs B HAXOXICHUM CTOJIKHOBCHHH (KOJUTM3HIA) YacTHI] C MOBEPXHOCTSIMHU
BUPTYaTHHBIX 00BEKTOB. [T0CKOIBbKY KOIMYECTBO AJIEMEHTOB B Kakinor CH MOKeT JocTUraTh mopsiKa
10°, To BBIIONHEHHE TOHMCKA KOWIM3MK W3BeCTHhIMM MeTomamu Ha CPU He mpencraBisiercs
BO3MOKHBIM B PaMKaxX pPeaTbHOr0 Maciraba BpPEeMEHH, HEOOXOIMMOTO I MPaBHIIHHON PaOOTHI
CHCTEM BHUPTYATLHOTO OKPYXXCHHS M MMHUTALOHHO-TPEHAKEPHBIX KOMIUIEKCOB. B naHHOI pabote
NpEIaraloTcsl 7[Ba OPUTHHAIBHBIX pPAacHpeelieHHbIX METOa pEIleHHs IOCTaBICHHOM 3ajaud B
peaTbHOM BpeMEHH, OCHOBaHHBIX Ha UCMOb30BaHuK coBpeMeHHbIX GPU ¢ mognepskkoit CUDA.

[lepBerii MeTon paspaboran st CY, aeMEHTBI KOTOPBIX TMEPEMEINAOTCS MPSIMOJIMHEHHO M
MPAKTUYECKH MapaJuiebHO, HAMPUMEp, KaK KAl JIMBHEBOTO J0XkA. OH COCTOMT B pa3MeIlCHUH
(UKTUBHON BUPTYaTbHOM Kamepbl B meHTp smuTrepa CU Tak, 4toOBI BEKTOp €e B3IJsima ObUT
NEPHEHIMKYIISIPEH TJIOCKOCTU SMUTTEPA U COBIMAJAN C HampariieHueM D nBrokenust yactun. s
Kamephbl 3a1aeTcs oprorpaduueckoe MpoelUpOBaHUE ¢ 00JACThIO BUIMMOCTH, OXBATHIBAIOIICH 110
JUTFHE ¥ IIIMPUHE SMUTTEP, a 10 NITyOUHE — MAKCUMATBHYIO JATRHOCTh pacipocTpaHeHus yactuil. Ha
grane (OPMHUPOBAHUS KKIONO Kajpa BBIIOMHACTCS PEHAEPHUHI BUPTYaIbHOM CHEHBI U3 3TOM
Kamepbl. Kaxmplii THKCeN TMONYYeHHOro MpH Takod Bu3yanm3aimy Oydepa TiyOMHBI XpaHUT
paccTosHUE OT COOTBETCTBYIOIIEH €My TOUKM AMHUTTepa 10 Omkaifiiero oObekTa Mo Jydy,
napauienbHoMy D. Jlannbie Oydepa coxpanstoress B TekcTypy U nepepatorcs B CUDA-smpo,
paccunthiBaromiee Tekymiee coctosaue CY. Kaknplii BBIUMCIUTENBHBIA TMOTOK ONpEaessieT
TIOJIOYKEHUE OIHOM M3 YaCTUI] B MUPOBOM CUCTEME KOOpAMHAT. ECIM py 3TOM pacCTOsSHHUE OT HEE 10
SMHTTEpa OOJIbIIe 3HAYCHUS TTyOMHBI (CUMTBHIBACTCS W3 TIEPENIAHHONW TEKCTYPHI) CIIEHBI IO JIydy,
MPOXOJIAIIEMY Yepe3 YaCTHUITy U TTapaiuieibHoMy D, To CyIecTByeT KOJUTH3US YacTHIIBI U 00BEKTa.

Bropoli w3 mpemiaraeMbIx MeETOJOB 00nanaeT OONbIel BBIYMCIUTEIHLHOM CIOKHOCTBIO, HO
SIBIISIETCsL O0JIee yHUBEPCATIBHBIM, TTOCKOIIBKY MpuMeHuM 11t CY ¢ MpOU3BOIBHBIMU TPACKTOPHUSMU
JBYDKEHUsI 271eMeHTOB. OH OCHOBAaH Ha pa3OMEHUH IMPOCTPAHCTBA CLEHBI C MOMOIIBIO PErySSpHOI
ceTku. B mporiecce mocrpoenust kaxaoro kaapa Ha GPU cozmaercst Tabnmia repeceueHui sIeeK CeTKH
U TIOJIMTOHOB 00BEKTOB, KoTopas repernaercss B CUDA-smpo pacuera CY. Ha ocHOBE npebIayero u
TEKYIIIEro TOJIOKEHMI YacTHIThI TIOTOK ()OPMUPYET OTPE3OK U ONPEICIISET MepeceKaeMble UM STICHKI
ceTku. Jlanee MIIyTCs TOUKH MIepeceyeHns OTpe3Ka O BCEMU MOJMTOHAMU, BXOSIIMMU B 3TU STYEHKH.
Ecimm Takue nMeroTcst, To BEIOUpAeTCs TOUKa, OJVKaiIIas K MpeIbIIyIeMy IMOTOKEHHUIO YaCTHIThL. JTa
TOYKA SIBJISIETCS TOUKOM KOJUTH3UH YaCTHLIBI M OOBEKTA CLICHBL.

Ha ocHOoBe mnpeIoKEeHHBIX pEIIEHU CO3[aHbl MPOrPpaMMHBIE MOIYJIM Ui CHUCTEMBI
BU3YaJIM3alMK, KOTOpbIE MPOUUIM YCIEIIHYI0 anmpoOalMio M IMOKa3aid CBOIO MPUMEHHMOCTh B
UMUTAIIMOHHO-TPEHAKEPHBIX KOMITIEKCAX M CUCTEMaX BUPTYAILHOTO OKPY/KEHUSI.

Baarogapuoctu: Vccenenoanue BoinosHeHo mpu noaaepxkke PODU (mpoekt Ne 16-07-00796).

98


mailto:avmaltcev@mail.ru

XVII INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING
IN LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

USING HIGH-PERFORMANCE CALCULATIONS ON GPU
FOR COLLISION DETECTION OF PARTICLE SYSTEMS
WITH VIRTUAL ENVIRONMENT'S OBJECTS

A.V. Maltsev, I.N. Mironenko

Scientific Research Institute for System Analysis of RAS, Moscow, Russia
E-mail: avmaltcev@mail.ru

One of the important problem that arise at use of particle systems in a virtual environment
is a realization of their interaction with objects of this environment. The key component of the
problem solution is to find collisions of particles with virtual objects’ surfaces. Since element
number in each particle system can reach about 10° real-time collision detection by known
methods on the CPU is not possible. But real-time simulation and visualization is necessary
for correct work of virtual environment systems and training complexes. At this research two
original distributed methods are proposed to solve this problem in real-time by means of
modern GPUs with CUDA support.

The first method is developed for particle systems which elements move rectilinearly and
practically parallel as downpour drops. It consists in placing a fictitious virtual camera at
emitter center so that its view vector is perpendicular to emitter plane and coincides with
particle motion direction D. The camera is set to orthographic projection with visibility area
covering the emitter length and width, as well as maximum distance of particle flight. At the
stage of each frame creation, virtual scene is rendered from this camera. Each pixel of depth
buffer obtained by such rendering stores a distance from corresponding emitter point to the
nearest object along a ray parallel to D. The buffer data is stored in a texture and transferred to
CUDA kernel, which computes current state of the particle system. Every thread calculates
one particle's position in the world coordinate system. If a distance between it and the emitter
is greater than scene depth (read from transmitted texture) along a ray passing through the
particle and parallel to D, then there is a collision of this particle and some object.

The second of proposed methods has more computational complexity, but it is applicable
for particle systems with arbitrary element motion trajectories and therefore is more universal.
The method is based on virtual scene space separation by means of regular grid. In a process
of each frame creation, a table stored intersections between grid cells and triangle polygons of
objects is formed on GPU. This table is transferred to CUDA kernel that calculates particle
system state. Based on previous and current positions of a particle, every thread creates a
segment and calculates numbers of regular grid's cells intersected by it. Next, thread finds
intersection points of the segment and polygons included in these cells. If such points are
found, the closest of them to the previous particle position is selected as point of particle
collision with scene object.

Based on proposed solutions, software modules for visualization system have been created.
They have been successfully tested and demonstrated their applicability in training complexes
and virtual environment systems.

Acknowledgments: This research was supported by the Russian Foundation for Basic
Research (project No. 16-07-00796).
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