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®opma 1. CBepeHus o npoekre

1.1. HazBaHue npoekTa
Ha pyCcCKOM 5i3biKe
Mdu3nKa nazepHOro BO34ENCTBMS HAa MaTepuasbl: TEOPUS, MOLENMPOBAHME U NPUNOXKEHUS

Ha GHeNULICKOM 5i3biKe
The physics of laser action on materials: theory, simulations and applications

1.2. MproputeTHOE HanpaBneHWe pasBUTUS HayKu, TEXHONOIUI U TeXHUKK B Poccuitckoit depepaumm, Kputnueckas
TexHonorus

YKkasbiBaeTcsa cornacHo nepeyHio (Ykas lMpesuaenta Poceuitckoit Depepauum ot 7 niona 2011 ropa N2899) B ciyyae, ecnm TemaTuka NpoekTa MOXeT GbiTb
OTHECeHa K 04 HOMY W3 MPMOPUTETHbIX HanMpaB/IeHWH, a TaK)Ke MOXXeT BHECTU BKJIaA, B pasBUTUE KpUTMUECKMX TexHonoruii Poccuiickoit Depepaumu.

2. MHayCTpus HaHOCUCTEM.

7. KoMnbloTepHoe MoaenMpoBaHWe HaHOMaTe puanoB, HAHOYCTPOWCTB U HAHOTEXHONOTUA.

HanpaeneHnue u3 Ctparerum Hay4yHo-TeXHonorm4eckoro passutus Poccuitckoin @epepaummn (npu Hanuvuu)

YrBepxaeHa Ykasom Mpesunaenta Poccuiickoint Pepepaumm ot 1 aekabps 2016 r. N2 642 «O Ctparermm Hay4Ho-TexHonormyeckoro passutus Poccuiickoin Mepepaummy».
H1 I'Iepexo,u, K nepenoBbiM LI,Md)pOBbIM, MHTENNEKTYa/IbHbIM NPOU3BOACTBEHHbBIM TEXHOJIOTUAM, pOﬁOTMSMpOBaHHbIM CUCTEMAM,
HOBbIM MaTtepunanam u crnocobam KOHCTPYMpPOBaHU4, CO34aHNe CUCTEM 06pa6OTKVI 60/1bWMX 06bEMOB AadHHbIX, MalLMHHOIO
06yLIEHMﬂ N MCKYCCTBEHHOTO MHTENNEKTA

1.3. KnioueBble cnosa (npusodumcs He 6onee 15 mepMuHos)

Ha pYccKoM si3bike
C03[3aH1e HAHOCTPYKTYpP U MeTanoBepPXHOCTEN, la3ep M MIA3MOHUKA, abnaums B XXMAKOCTb, GparMeHTauums Kanenb,
KOMMbloTepHas hU3nka, NoaynpoBOAHUKN

Ha aH2UliCKOM 53biKe
creation of nanostructures and meta-surfaces, laser and plasmonics, ablation into liquid, droplet fragmentation, computer
physics, semiconductors

1.4. AHHOTauma npoekTa (06bemMoM He Gosee 2 cmp.; 8 MOM YUCTe KPAMKO — AKMYAIbHOCMb peuleHUs yKa3aHHoil ebiuie
HayyHoil npo6eMbl U HAYYHAS HOBU3HA)
JMaHHas uHgopmaLmua MoXeT 6biTb ony6nmkoBaHa Ha caitte MoHAa B MH(OPMALMOHHO-TEIEKOMMYHUKaLLMOHHOM ceTu «UHTepHeT».

Ha pyCcCKOM 5i3biKe
C nyykaMu 4acTuL, U CBeTa CBS3aHbl HOBAaTOPCKME TeXHONOrnM 06paboTku. [oTOK 31eKTPOHOB, CPOKYCUPOBAHHDIA MOHHBIN
nyyok (FIB) u nasepHoe Bo3aeiCTBME - BOT HOBble MHCTPYMEHTbI, HA MHOMO NOPSAKOB MOBbILAKLWME NPeLU3UOHHOCTb
M3rOTOB/IEHMS MO CPABHEHMIO, CKAXXEM, CO CBEPJIOM, TPAAMULMOHHO MPUMEHAEMOM B MALIMHOCTPOEeHuKU. C Apyroi CTOPOHbI,
Nazepbl HENPEePbIBHOrO AeWCTBUS M MOPOLUKOBbIe MULLEHM NpW 3[1-neyaTi No3BONST Nerko 0601t Npobnembl
TOMONIOrMYECKOro NAaHa, KOTOpble Hen3bexHbl NPK 0BbIYHbIX NYTAX CO34AHUS CNIOXKHBIX TPEXMEPHbIX 06BEKTOB, HAaNPUMED,
peLeTyaTbixX U3LENMIA UAU U3LEUI C 3anyTaHHOW BHYTPEHHEeN reomMeTpuen. B HacTosweM npoekTe paccMaTpuUBatoTCs
dyHAaMeHTanbHble NpobneMmbl, KOTOpble BO3HUKAKT UMEHHO B /1a3ePHbIX NPUNOXKEHUSX, MOCKO/bKY NazepHOe MUKPO-
CTPYKTYPMPOBaHUE CyLLUECTBEHHO 3KOHOMUYHEe, YeM abnsaumns C NOMOLLBIO 31eKTPOHOB unm FIB.

lMpu 3TOM 3neKTPOHHbI M1Kpockon 1 FIB Toxke NpuMeHSIOTCS B NPOEKTe, HO B Ka4eCTBe AMAarHOCTMYeCKoro 06opynoBaHus,
npu COBMeCTHOWM paboTe ¢ 3KCnepuMeHTaTopamu, CM., Hanpumep, [1-3].

MepcrneKTUBHbIE U YXKE UCMOMb3YEMble TEXHOMOMMU, KOTOPbIE U3Y4aKOTCS B AAaHHOM 3asBKe, OCHOBAHbI HA TOHKOM ynpaBneHuu
NpOCTPaHCTBEHHO-BPEMEHHbIMU pacnpeeneHUsMM BNOXEHHOM Na3epHOM SHepruun. YnpaeneHue oCcyLLeCcTBASETCS ABYMS
cnocobamu. Bo-nepBbix, nyteM BO36yXAeHMS NOBEPXHOCTHbLIX NIa3MoH-nonaputoHHbix (MMM) Mo [4]. U, Bo-BTOpPBIX, NyTEM
NPUMEHEHMS CNIOXHbIX NYYKOB [2,5] — 34eCb roBopUTCS 0 GOPMUPYIOLLMX NYHOK Ha30BbIX NAACTUHKAX U BOPTEKCHOM
BO34eNCTBMM B onTuKe [5] nnmn B peHTreHe [2].

Peub noet 06 3roToBnEHUKN roNorpamMm, MeTanoBe pxXHOCTEW, METaMaTe pMasoB, T.e. MaTePMANoB CO CBOMCTBAMM, KOTOPbIE He
BCTPEYAKTCS Cpean ecTecTBeHHbIX BellecTs [1]. MNosBneHne HeobblYHbIX XapaKTepUCTUK 06YCI0BAEHO TOUHBIM
ynopsia04MBaHUEM, CTPYKTYPUPOBAHMEM HA MUKPO- U HA HAHOYPOBHE A1 UCMONb30BaHWUS UHTepdepPeHUMOHHBIX IhdeKToB
Mexay ceeToM u [N anekTpomarHuTHbIMK (3 M) nonamu [1]. iMeHHO Ang aToro TpebyeTcs NpeLUmM3noHHOCTb.

[pyrMMu BaXKHbIMK, HO HE UCCNeA0BaHHbIMU UM HEJOCTATOYHO MCCNIe0BaHHbIMU HaMpPaBNeHMAMU B HALLEM NpoeKTe
SABNAIOTCS abnaumusa MeTanoB U NOAYNPOBOAHUKOB B XXMUAKOCTb [6], NnazepHas dparMeHTauums Xuakux kanenb [7], abnaums
TYronnaaBKnx MeTaNoB U CNeKaHWe/nnaBneHne NopoLKOBbIX MuLIeHel [8].
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HakonneHHbI B KONEKTMBE OMbIT NO3BOMSET B HACTOSLLEN 3asBKe B3ATbCS 3@ 3TU CJIOXKHbIE, HYXKHbIE AN NPUNOXKEHUI
npobnemsl.

06cyanM akTyanbHOCTb M HOBU3HY. Bo3byxaeHue MMM Mog, aneKTpoMarHUTHbIM (IM) usnyyeHmem naszepa obcyxaaercs
AaBHO [9]. B aTx paboTax MLEeTCs pe3oHaHC Mexay npuxoadtieit nnockoi M BonHol 1 cooTteeTcTByHOWe i MMM Mopoii ¢
paBHOM YacToTow, npeactasneHHyto B cnektpe MMM moa. Cnektp MMM Moa CBA3aH CO Cly4aHOM HAYabHOM LLEPOXOBATOCTbHO
oTpaxatoler noeepxHocTn. MHTepdepeHums IM BosHbl nasepa u MlM-nonaputoHoB 6eCCnopHO BAMSET HA POPMUMpPOBaHME
noBepxXHOCTHbIX nepuoanyecknx cTpykTyp LIPSS (laser induced periodic surface structures). nsg co3ganums LIPSS ncnonb3sytor
LUMPOKMIM NY4OK (MHOMO AMH BOJSIH YKNALbIBAETCS B NFTHE HA NOBEPXHOCTH) M MHOrOKpaTHoe obnyyeHue. LIPSS BbipacTaeT
NOCTENEHHO «M3 H1Yero». MpocTpaHCcTBEHHbIM Nepuog LIPSS koHTponupyeTcs nnoxo.

B npepnaraeMom Hamu noaxoge cpasy cosgaetcs MMM Moaa ¢ YacToTol No BpeMeHu, TpebyeMoi N1 nHTepdepeHumm C
nasepom. B npenbigyliert Hawew paboTte Ang 3Toro ucnosb3osanack KoHdurypauus Kpetumanxa [4]. B HoBom npoekTe
nctouHukoM MMM nons 9BnSeTCS NOKaNM30BaHHOE NPOCTPAHCTBEHHOE BO3MYLUEHME Ha MOBEPXHOCTU B BUAe 6yropka-Kynona.
Mpoueccbl GopMMpoBaHMS Takoro 6yropka 0AMHOYHbIM BbICTPENOM U3yYeHbl B HAWMX Npeablaywmx pabotax [10]. 9M BonHa
BTOPOrO BbICTPEa B Ty XXe TOUKY MAK PLOM C Helt, BO-MepBbiX, reHepupyeT 6eryuyto MMM Moay € Hy)XHOM 4acToToM U, BO-
BTOPbIX, MHTEphepupyeT ¢ 3Tow MMM Moaow, co3aaBas CTOSYYHO BOHY. B pesynbTarte AeCTBMS CTOSiM el BONHbI BMECTO
6yropka BO3HMKAET C/I0XKHAs KapTMHA BNeYaTaHHOM B MaTepuan NpoCTPaHCTBEHHOM UHTepdepeHLmM, HabnoaasLwancs
Hawwmmm konneramu [11]. Mol cozpaamm dusmyeckyto Moaenb U 00bSCHUM, Kak MPOUCXOAMT BeYaTbiBaHWE CTOSHEN BOJHbI,
KaK ynpaBnsTb KAPTUHOM, KaKOBbl ONTUMabHble YC0BUS (POKYCUPOBKA, AIMTENbHOCTb, MHTEHCMBHOCTB) - B 3TOM 3aK/04aeTcs
HOBW3HA NO CpaBHeHMIo ¢ paboTamu [4] n [11]. AkTyanbHOCTb 334341 CBS3aHa C NpobiemMammn Co34aHNsA MeTaMaTe puanos.

MckntoumntenbHo BocTpeboBaHHbIMU ABNSKOTCS paboTbl Mo GU3MYECKUM MOLENSM U MOAEMPOBaHUIO abnaumm MeTannos B
XMOKOCTb C GOPMUPOBAHMEM HAHOYACTUL,. AKTYaNnbHOCTb COOTBETCTBYHOLLMX NPUIOXKEHUI B INEKTPOHUKE, KaTanuse,
HaHOTeXHOoJoruaX, BromMeAMUMHe feTanbHO OCBeLLeHa B HeaaBHMX 0630pax [12]. Ha cerogHs oTCcyTCTBYET OnMcaHue Toro, Kak
006pa3yoTcs HaHOYaCTULbI, M KakuM 06pa3oM OHM NOMNAAAI0T B XMAKOCTb. ONMcaHa TONbKO HayanbHas CTaama npouecca [6] 1
KOHEe4YHas cTaams ¢ ny3blpbkoM [13]. M3yueHHbIN yuacToK Ha4anbHOM cTaamm [6] ele oveHb fanek ot 06pasoBaHmMs Ny3blpbKa.
Torpa Kak KoHeYHas CTagus ONUpPaeTcs Ha AOBOIbHO NPOCTOM NOAXOA, C ypaBHeHueM Peneg-lNnecceTa B chepuyeckon
reomeTpuu [13]. Tako NoAX04 HMKAK He CBA3aH C abnsiumei Ha HaYvanbHOW CTaAMK, KOTOpas NpoTeKaeT B OAHOMEPHOM
reoMeTpuu — gMaMeTp NATHA HarpeBsa Nopsaka Aonen MUIIMMETPa, a TONWMHA cnost nporpesa nopsaka 100 HM. B Hawe
paboTe no NpoekTy 6yayT CO3aHbl TEOPUS M BbIYMCAMTENbHbINM annapart BCeX CTaAui npoLecca OT NOrNoLeHNs a3epHoi
3Heprum oo GopMMpPOBaHKS Ny3bipbKa U Nepexoa HaHOUYaCTUL, B MApPO-XMAKOCTHYH CMeCb Ha NpuMepe BoAbl. [Moaxon 6ynet
ONMpPaTbCs Ha YpaBHEHMS COCTOSHWUS M MEXATOMHbIe MOTEHLMaNbl B3aMMOAEWCTBUS META/IIOB U BOAbI. YPABHEHUS COCTOSIHUS
MCNO/b3YHTCS B r’MAPOAMHAMUY €CKMX pacyeTax, a NoTeHLManbl B3aUMOAENCTBUS — NPU MONEKYNSPHO-AMHAMUY €CKOM
MOAENUPOBAHUM.

CnoxHenW1MK SBASIOTCS 334a4M C la3epHbIM ApobneHneM kanenb. JlasepHoe Bo34eNCTBUE MOPOXAAET Pe3Ko
HeCTaLMOHapHOe TpeXMepHOe MHOroMacluTabHoe TeyeHue, B KOTOPOM BaXKEH y4eT Bcex hakTopoB OT ropsiyeit naas3mbl 40
3bdeKToB NPOYHOCTH/Pa3pyLIEHMS U KaNnMANAPHOro pasbpbi3rueanug [7,14]. Ham yaanock co3aath KOA, ONUCHIBAIOLLMIA
dparMeHTauMI0 MUKPOKanM 01083, CM. [7] 1 knHo B daine «SV.mp4», (BOCTYMHbI Ha caiTe
http://laser.itp.ac.ru/RNF2019/index.html, cM. koMMeHTapuu B ccbinike [7]). Dusnueckas Momenb, pazpaboTaHHas HaMu,
BkntovaeT B ceba EAM (embedded atom method) noTteHuMan B3anMoaeMCTBMS aTOMOB XXMAKOro 0n10Ba. MparMeHTaums
OJIOBSIHHOM Kanau — 3TO BaXKHbl pa3fen KOMMIEKCHOM NPporpaMMmbl, OTHOCSLLECS K CO3AaHUI0 IMTOrpaduyeckux MaluH
6yayulero. B Takux MalmMHax pe3ko yMeHbLUeHa AJIMHA, CBA3aHHas C AU PaKLUMOHHBIM NpeLenioM, MOCKObKY UCMONb3yeTCs
BaKYYMHbII ynbTpaduoneT ¢ 3Heprueit dotoHa 90 3B 1 AnmMHoM BonHbl DM usnyuenus 13.5 HM. 3agaya paspabarbiBanach
COBMECTHO C COTPYAHUKaMM MHCTUTYTa cnekTpockonum PAH n OMBT PAH.

B HoBOM npoekTe ByaeT pelueHa 3a83a4a 0 BO3AEMCTBUM NA3€PHOTO Ty4a XXeCTKoro peHTreHa (GoToH 8 k3B, onuTenbHOCTb
umnynbca 30 ¢c) Ha Mukpokano Boabl. CooTBeTCTBYOWME ONbIThl [14] 6b1M BbINONHEHbI HeAABHO Ha Npubope Coherent X-
ray Imaging (CXI) Ha nmHeriHoM yckopuTene B CTaHdopae (Linac Coherent Light Source - LCLS). B pacueTtax 6ynet
MCMONb30BaHa ABYXTEMMEPATYpHas r’MAPOAUMHAMMUKA M HOBAs MoAMbMKaLMs Halwero MHoronpoueccopHoro SPH (Smoothed
Particle Hydrodynamics) koga [15] BMecTe ¢ feTanbHbIMM CBEAEHUAMM O XapaKTepPUCTUKAX BOAbI.

Bynet peweHa 3anava 06 abngaummn pyTeHUS. 3TO BRXHbIA MaNoUCCNeL0BaHHbIN TYronaaBkuii MeTans, KOTOpbI NpUMeHseTcs
B PEHTrEHOBCKOWM onTuke. byaeT co3naH MeXaToMHbIM NOTEHLMAN PyTeHUs, YTO HE MPOCTO M3-3a HEOOXOAMMOCTU ero
NMOATOHKM K 6OMbLIOMY MOBEPXHOCTHOMY HaTSXXEHMIO U BbICOKOW TeMMepaType NiaeneHus Nioc AONONHUTESNbHbIE CIOXHOCTU
KpucTannorpaduyeckoro naaHa (rekcaroHanbHas N10THOYNaKOBaHHag peLleTKa 33aeTcs AByMs napameTpamu). bynet
CO3[,3aHO YpaBHEHMWE COCTOSHMS C y4eTOM ABYXTeMMepaTypHbix 3ddekToB. Ha 3Toi ocHoBe 6yayT npoBeaeHbl
LBYXTeMMNepaTypHble r’MAPOANHAMUY ECKME U MONEKYNIIPHO-AUHAMUY eckme pacyeTsl. PaboTta 6yaeT BeCTUCh COBMECTHO C
IKCnepuMeHTOM. byayT pacCMOTpeHbI ybTPakopOTKME BO3AEMCTBUS NIa3€POB C Pa3HOM AJIMHOM BOJHbI OT ONTUYECKOr0 [0
XeCTKoro ynbTpaduoneTta 1 40 XeCTKOro peHTreHa nof pasHbiMKU yriaMu nNageHus.
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ByayT npoBeAeHbl UCCNef0BaHMS MO MIABAEHUIO MOPOLIKOB MUKPOYACTUL, SIa3€PHBIM UMMYNbCOM. ITO BaXKHas HOBast
TeMaTunKa, KOTopas Masio U3yyeHa B OTHOLIEHUM CO34aHUsa PU3MYECKMX MOLeNeN U KOAOB A1 aHaNM3a NPOMCXOAALLMX
NpoLIeCCOoB.

byneT npopomkeHo coBeplueHCTBOBaHMe SPH koda B HanpaeneHUK BKIKOYeHUs Pa30BbiX MepexonoB. 70
BbICOKOMPOW3BOAMUTENBHbIA MHOTONPOLLECCOPHbIM KOA, KOTOPbI UCMOb3YeTCs B MpoekTe B 334a4ax 06 abnauuu B BoAy,
ApobneHnn kanenb U TEpMO-rMAPOAMHAMUKM MOPOLIKOB. O4eHb BXKHO, YTO KOA HE MMeeT MPOCTPAHCTBEHHO-BPEMEHHbBIX
OrpaHUYEeHUi B OT/IMYME OT MONIEKYNSIPHOM AMHAMUKM, OFpaHUyY eHHOM MaclwTabamm NopsaKa MUKPOHa U BpeMeHaMu Nopsaka
[eCcaTKOB HaHOCeKyHA. Pa3paboTaHHbIii B HaweMm konnektnee SPH ko VMD 3 (Voronoi Material Dynamic Domain
Decomposition) [15] addekTnBeH Npu onmcaHum paspylueHus u dparMeHTauum B MHOrOMEPHOI reoMeTpuu.
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Ha GHeNULICKOM $513bIKe
Beams of particles and light generate innovative processing technologies. Electron flux, focused ion beam (FIB) and laser
irradiation are new tools that increase manufacturing precision by many orders of magnitude compared to, say, the drill
traditionally used in mechanical engineering. On the other hand, continuous lasers and powder targets for 3D printing make it
easy to get around topological problems that are inevitable with conventional ways of creating complex three-dimensional
objects, for example, lattice products or products with intricate internal geometry. This project addresses the fundamental
problems that arise precisely in laser applications, since laser micro-structuring is much more economical than ablation by
means of electrons or FIB.

In this case, the electron microscope and FIB are also used in the project, but as diagnostic equipment, when working with
experimenters, see, for example, [1-3].

The promising and already used technologies, which are studied in this application, are based on the subtle control of the
space-time distributions of the radiated laser energy. This operation is carried out in two ways. First, by exciting surface
plasmon-polariton (SPP) modes [4]. And, secondly, through the use of complex beams [2,5] - here we speak of beam-
forming phase plates and vortex effects in optics [5] or in x-rays [2].

We are talking about making holograms, meta-surfaces, metamaterials, i.e. materials with properties that are not found
among natural substances [1]. The appearance of unusual characteristics is due to precise ordering, structuring at the micro-
and at the nanolevel for the use of interference effects between light and SPP by electromagnetic (EM) fields [1]. Just for this
precision is required.

Other important directions in our project. not yet investigated or insufficiently studied, are the ablation of metals and
semiconductors into a liquid [6], laser fragmentation of liquid drops [7], ablation of refractory metals, and sintering/melting of
powder targets [8].

The experience accumulated in the team allows in this application to take up these complex, necessary in practics
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problems.

We will discuss the relevance and novelty. The excitation of the SPP mode by electromagnetic (EM) laser radiation has
been discussed for a long time [9]. In these works, a resonance is sought between the incoming flat EM wave and the
corresponding SPP mode with equal frequency, represented in the spectrum of the SPP mode. The SPP mode spectrum is
associated with a random initial roughness of the reflecting surface. Interference of the EM waves of a laser and PP polaritons
undoubtedly influences the formation of laser induced periodic surface structures (LIPSS). To create LIPSS, a wide beam is
used (many wavelengths fit in a spot on the surface) and multiple exposures. LIPSS grows gradually “out of nothing”. The
spatial period of LIPSS is poorly controlled.

In our proposed approach, an SPP mode is immediately created with a frequency required for interference with the laser. In
our previous work, the Kretchmann configuration [4] was used for this. In the new project, the source of the SPP field is a
localized spatial perturbation on the surface in the form of a protuberance-dome. The processes of formation of such a
hillock by a single shot were studied in our previous works [10]. The EM wave of the second shot at or near the same point,
firstly, generates a running SPP mode with the desired frequency and, secondly, interferes with this SPP mode, creating a
standing wave. As a result of the action of a standing wave, instead of a protuberance, a complex pattern arises of the spatial
interference imprinted in the material, which was observed by our colleagues [11]. We will create a physical model and
explain how a standing wave is impressed, how to control the picture, what are the optimal conditions (focus, duration,
intensity) - this is new compared to [4] and [11]. The urgency of the problem is connected with the problems of creating
metamaterials.

Works on physical models and modeling of metal ablation into a liquid with the formation of nanoparticles are extremely in
demand. The relevance of appropriate applications in electronics, catalysis, nanotechnology, biomedicine is described in
detail in recent reviews [12]. Today there is no description of how nanoparticles are formed, and how they get into the liquid.
Only the initial stage of the process [6] and the final stage with a bubble [13] are described. The part of the initial stage
studied [6] is still very far from the formation of a bubble. Whereas the final stage relies on a rather simple approach with the
Rayleigh-Plesset equation in spherical geometry [13]. This approach is in no way connected with ablation at the initial stage,
which proceeds in a one-dimensional geometry — the diameter of the heating spot is of the order of fractions of a millimeter,
and the thickness of the heating layer is of the order of 100 nm. In our project work, a theory and a computational methods
will be created for all stages of the process, from the absorption of laser energy to the formation of a bubble and the
transition of nanoparticles into a vapor-liquid mixture using water as an example. The approach will be based on the
equations of state and interatomic potentials of the interaction of metals and water. The equations of state are used in
hydrodynamic calculations, and the interaction potentials are used in molecular dynamics simulations.

Very difficult tasks are laser crushing of droplets. The laser action generates a highly unsteady three-dimensional multiscale
flow in which it is important to take into account all factors from hot plasma to strength/destruction effects and capillary
spattering [7,14]. We has created a code describing the fragmentation of the tin microdroplets, see [7] and the movie in the
“SV.mp4” on site http://laser.itp.ac.ru/RNF2019/index.html (comments in reference [7]). The physical model developed by
us includes the EAM (embedded atom method) potential for the interaction of atoms of liquid tin. Tin drop fragmentation is
an important part of a comprehensive program related to the creation of the lithographic machines of the future. In such
machines, the length associated with the diffraction limit is sharply reduced, since vacuum ultraviolet with a photon energy
of 90 eV and a wavelength of EM radiation of 13.5 nm is used. The task was developed jointly with the staff of the Institute of
Spectroscopy RAS and JIHT RAS.

In the new project, the problem of the action of a hard X-ray laser beam ( 8 keV photon, pulse duration 30 fs) on a water
drop will be solved. The corresponding experiments [14] were performed recently on a Coherent X-ray Imaging (CXl) device
at a Stanford linac (Linac Coherent Light Source - LCLS). The calculations will use two-temperature hydrodynamics and a new
modification of our multiprocessor SPH (Smoothed Particle Hydrodynamics) code [15], along with detailed information on
the characteristics of water.

The problem of ablation of ruthenium will be solved. This is an important little-studied refractory metal, which is used in X-
ray optics. The interatomic potential of ruthenium will be created, which is not just because of the need to fit it to a large
surface tension and high melting point plus additional complexities of the crystallographic plan (hexagonal close-packed
lattice is characterized by two parameters). The equation of state will be created taking into account the two-temperature
effects. On this basis, two-temperature hydrodynamic and molecular dynamics calculations will be carried out. Work will be
conducted in conjunction with the experiment. Action of ultrashort laser pulses with different wavelengths from optical to
hard ultraviolet and hard x-rays at different angles of incidence will be considered.

Studies will be conducted on melting of powders of microparticles by a laser pulse. This is an important new topic that has
been little studied in relation to the creation of physical models and codes for analyzing ongoing processes.

The improvement of the SPH code in the direction of the inclusion of phase transitions will be continued. This is a high-
performance multiprocessor code that is used in the project in the problems of ablation into water, crushing of droplets, and
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thermo-hydrodynamics of powders. It is very important that the code has no space-time limitations, in contrast to molecular
dynamics, limited by the space scale of the order of a micron and by times of the order of tens of nanoseconds. The SPH code
named YMD?3 (Voronoi Material Dynamic Domain Decomposition) developed in our team [15] is effective in describing
fracture and fragmentation in multidimensional geometry.
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1.5. Okupaemble pe3ynbTatbl M UX 3HAUUMOCTD (YKa3bIearomcs oxcudaembie pe3yabmamel U UX HAy4yHas u obujecmeeHHas
3HayumMocme (oueHKa coomeemcmaus 3anJAHUPOBAHHbIX pe3y/lbmamos MUpPOBOMY YPOBHIO UCCIed08aH UL, 803MOXHOCMb
NnpaKmu4ecko20 Ucno/b308aHUs 3aNJIAHUPOBAHHbIX PE3ybmanos NPoeKma 8 SKOHOMUKe U coyuasabHoli cipepe))
[aHHas uHdopMaLus MOXeT 6bITb ony6nMKoBaHa Ha caife MoHAA B MH(OPMALLMOHHO-TENEKOMMYHMKALLMOHHOM ceTh «MHTepHeT».
Ha pyCcCKOM 5i3biKe

A) MNMpoCTpaHCTBEHHO pacnpenesieHHbIV HarpeB 3a C4eT KOMOMHALLMKM NNA3MOHHbIX M NazepHbiX IM nonein.
LLInpokre BO3MOXKHOCTM CO34aHMS CIIOXKHbBIX MPOCTPAHCTBEHHbIX CTPYKTYP Ha MOBEPXHOCTU CBA3aHbI C MHTepdepeHumnen
NAa3MOHHOrO U NasepHoro M nonen (MOTUBALMS: U3rOTOBNEHWE FONOrPaMM, MeTarnoBepxHocTel). [NnasMoHHas BoHA
C0343eTCs TeM Xe NazepHbIM MMNYIbCOM Ha NPOCTPAHCTBEHHOM HEOAHOPOAHOCTU NIOCKOW NOBEPXHOCTU MULLEHM.
Bcnepcteme nHtepdepeHumnm popmmpyeTcsa ctosuas BosiHa. B cTtosuer BoiHE MakCMMyMbl HarpeBa HaXxoaaTCs B MyYHOCTAX
(ropsume rpebHK). Mexxay rpebHAMM pacnonarakoTcs y3bl, B KOTOPbIX HarpeBa HeT. Hac MHTepecyoT aMnanMTyaa BO34e MCTBUI,
KOTOPas AOCTAaTOYHA 415 MOJHOMO MM YacTUYHOIMO NAABAEHUS NAEHKW. [1AMTeNbHOCTb MMMYAbCA MEHbLLE BPEMEHMU
MeXaHW4eCKOro 0TCKOKA TOHKOM NAEHKX OT NOACTUNAIOLLE N AMINEKTPUY €CKOW NOAJIOXKKM U MEHbLUE BpEMEHM NepeToka Tenna
M3 NMYYHOCTEN B Yy3/bl.

byneT npoMoaennpoBaHo GOpMMPOBaHMeE Kynosa nepBbiM BbiCTpesnoM. [ng 3Toro 6yaet MCNofb30BaH paHee
pa3paboTaHHbIf NoAxof, M. ccbinku [10] k nyHkTy 1.4 3as9BkuM 1 KMHO B BUAe dannos "Au-220.gif", "Au-225.gif" n "Au-226.avi"
Ha caiTe http://laser.itp.ac.ru/RNF2019/index.html. ByaeT paccunTtaHo MeTOAaMU YMCIEHHOM 3NEKTPOAMHAMUKM BnKHee DM
CTOSMEeN BOJSHbI, CBA3AHHOM C KynonoM. byaeT paccumnTaH HarpeB NieHKM B CTOSIMEM Mosie 3a cYeT nornoweHuns M nons
CTOSYEl BOSIHbI B CKMH-CJIO€ M/eHKW. byneT npomMoaenMpoBaHo MeToAaMu MONEKYNSPHOM AnHAaMMKK U SPH Kak ABuxeHue
NAEHKM, TaK U TENNOBbIE NPOLLECCHI B ABMXYLLEMCS NAEHKe. B pe3ynbTate 6yayT NosyYyeHbl AaHHbIE OTHOCUTENIbHO NMOPOroB
(OpMMPOBaHUA U O XapaKTEPUCTUKAX NPOCTPAHCTBEHHOM CTPYKTYPbI, COCTOSLLEN M3 KYNOona U 0TneYvaTka CTosuei BONHbI B
nneHke M NoAJioxKe. PesynbTatel 6yayT CONOCTaBNEHbI C IKCMEPUMEHTOM U3 CCbiNKM [11] K NyHKTY 1.4 U HOBbIMM OMbITaMK
BnapomBoCcTOKCKOM rpynnbl.

ByneT noHATO, 4TO NPOMCXOAMT BCEACTBUE OCBELLEHWNS YKa3aHHOM Bbllle CTPYKTYpbl TpeTbMM BbicTpenoM. [1ns aToro 6yaeT
BbIMO/IHEHO AOMOJIHUTENIbHOE 31EKTPOAMHAMUY €CKOe MOAEeNMPOBaHME.

Ha ceroaHs B MMPOBOM IMTEpaType HET HW ONUCAHMS, HU peLieHMs Takon npobneMbl. 3T0 06yCN0BAEHO TPYAHOCTAMM
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€03AaHUs GU3NYECKOW MOLENM U YNCIIEHHOM CXEMbI, KOTOPas COMpsraeT 3NeKTPOAMHAMUY eCKUIA pacyeT C Tenao-rmapo-
dun3nyeckum MogenmpoBaHueM. OT pa3paboTku NpobieMbl eCTb CyLLECTBEHHAS NO/b33a, CBA3aHHAs C TEXHOMOMMAMU CO3aHUS
MeTanoBepXHOCTEN U rOIOrpamm.

byneT obbsicHeHO popMMpoBaHMe pasmanbHOM ropMpPOBKM HA Kymosax, CM. NpUMep, NMOKasaHHbIM Ha puc. 1 (3aeckb n ganee

- PUCYHOK B NpunoxeHHoM n.4.13 davine 1).

b) [leicTBue BOpTEKC NYYKOB.

OTHOCUTE/IbHO HEZLABHO ayAMTOpUS, paboTatowwas B 06/1aCT NaszepHbIX NpUMeHeHWH, bbina B 4OCTaTOYHOM Mepe LOKMPOBaHa
pabotamu [5] (cM. nutepatypy K n. 1.4; Heckonbko cTaten B Nature) No BOPTEKCHLIM Ny4KaM C OCTPOi HOKYCUPOBKOM (T.e. C
pasMepoM NATHA Ha 06/1y4ae Mo MULEHW NOPSAKA AMHbI BOJHbI). TUNUYHbIE 06pa3oBaHus B BUAE 3aKPyYEHHbIX
CcnupaneBMAHbIX OCTPUI NOKa3aHbl Ha puc. 2. ABTopbl paboT 13 rpynnel npod. T. OMaTuy yBa3bIBalOT GOpMMPOBaHME
XUPanbHbIX CTPYKTYP C YrNOBbIM MOMEHTOM, MPUHOCUMbBIM (POTOHAMM BOPTEKCHOTO ny4kKa. [NpryeM npu co3gaHnm noao6HbIX
3aKpy4eHHbIX OCTPUI aBTOPbI UCMONB3YHOT Na3epbl C Pa3HOM AIUTENBHOCTBIO UMMYNbCA M Pa3Hble MULLEeHWU. Ho HUKaKux
KOJIMYECTBEHHbIX PacyeToB, KOTOPble 6bl 0OBACHANM NPOUCXOXKAEHWNE CTPYKTYP, Ha CErOAHS He uMeeTcs. B npoekTe 6yneT
C034aHa Teopus, HalaeHo obbsicCHEHWE hEeHOMEHY, pelleHa 3Ta 3aA4a4a M NPOoBeAEHbl YMUCIEHHbIe pacyeTbl. PesynbTatel 6yoyT
COMOCTaBNEHbI C ONblTaMu, KoTopble BeayTcs B OUAHe B otaeneHuun npod. A.A. MoHuHa.

Pabota npeacrasnseTcs npaktMyeckun sHaunumon. OHa NnpeacTaBnseT COH60M HOBbI BAapUaHT PyHAAMeEHTaNbHOM Npobnemsl,
OTHOCSLLENMCS K B3aMMOAEMCTBMIO Ia3EPHOro M3Ny4yeHUs C BeLLeCTBOM. Takas BOpTeKCHas 06paboTka OTKpbIBaeT LMPOKUE
[OMOJNHUTE IbHbIE TEXHONIOrMY eCKne BO3MOXHOCTU: GUbTPaLLMS MONieKyn Ha B6ase Ux Xx1MpanbHOCTHU, HOPMUPOBaHME
XUPabHbIX NIa3MOHHbIX YCTPOMCTB (OCBELLUEHME CTPYKTYpbl BO3BPALLAET B OTPAXXEHHOM CBETE BOPTEKCHYIO BOSIHY), CO3AaHMe
BblCOKOYYBCTBUTE/IbHBIX CEHCOPOB U Ap. cM. [5] B n. 1.4
B) O6pasoBaHune HaHOYACTUL, NPy abAALMM B XKMOKOCTb.

Bynet pelweHa BecbMa TpyLHas npobnema 06 abnaumm MeTanna B XXMAKOCTb. ITa NpobsieMa akTyanbHa B CUy ee
BOCTPe6HOBAaHHOCTM BO MHOTUX NPUIOXEHUSX, CM. 0630pbl [12] B cnncke nuTepatypsbl K NyHKTY 1.4; no npobneme npoBoasTcs
MeXAyHapoAaHble KoHdepeHumn, cM. canT koHdepeHuun ANGEL atoro ropa: http:;//angel-conference.org/en. B HacTosiwee
BPeMs UMEeHTCS TOJIbKO CaMble NepBble MOMbITKM peLleHns AaHHOM NpobaeMmbl, BaXKHOM AN ONTMMMU3ALMM OYEHb 3aTpaTHbIX (B
CMbIC/ie CTOMMOCTH) TexHonorui [12] nasepHoi dabpukaumm HaHOHaCTUL,. T NOMNbITKM NOKPbIBAKOT TOMLKO UM HAYaNbHYHO
(cMm. [6] B nyHKTe 1.4), unn KoHeuHyto (cm. [13] B n.1.4) cTagmnmn MMeOLLMX MECTO MPOLLECCOB.

B pabote no npoekTy ByaeT nofy4eHo McHepnbiBalolee CKBO3HOE peLleHMe, KOTOPOe 0XBaTblBAET HAYa/bHYHO CTaAMI0,
cnenyeT 3a pa3BUTUEM SBEHWIA HA HECKObKMX MPOMEXYTOUYHbIX CTaAUSX U HEMPEPbIBHO NEPEXOAUT Ha CTAAMUIO
napoobpazoBaHus B ropsideM NPUKOHTAKTHOM C/10€ XXMAKOCTU C BOSHMKHOBEHWEM MapOBOro My3bIpbKa, ero pacluMpeHuem,
OCTaHOBKOW W Ha4yanoM BO3BPATHOIO ABMXKEHMS, MPUBOASALIETO K CKaTUIO My3blpbKa. Ycnex Tako paboTbl CUbHO NoMor 6Gbl
rpynnam, 3aHuMarwmmca dabpukaumen HaHoYacTu, PacyeTbl cHavana ByayT BbIMONHEHbI Ang Cayyas Bodbl. byayt
MCNo/b30BaHa feTanbHas MHhOpMaLMS, MMeIoLAsCs B IMTepaType Mo CBOMCTBAaM BOAbI.

IN JlazepHas pparmMeHTaLMS XUOKNX Kanenb U CTPYH.

OuyeHb CNOXHbIMM ABAAKOTCS 334a4M O hparMeHTaLMU XUAKUX MUKPOKaneb NyTeM 1a3epHOro BO34encTaums. TpyaHOCTH
CBs13aHbl € 6oratoi du3mKom (0T B3aUMOLENCTBUS U3NTyHEHMS U CO3AaHUS IKCTPEMANIBbHBIX YCI0BUI NO TeMMepaType u
DABNEHUIO 10 KANUANSPHbIX SBNEHUI) U pe3KO HeCTaLMOHapHbIM TPEXMEPHbIM XapakTepoM TeyeHui. [Npuyem cTpykTypa
TeYeHUs nepapxmyeckas, NoKpbiBaeT HECKOJIbKO NOPAAKOB BO BPEMEHM M B MPOCTPAHCTBE: OT ObICTPbIX A0 MEANEHHbIX
NpoLLeCCOB M MO NPOCTPAHCTBEHHOM LUKaNe OT MopsAKa pa3Mepa Kanam Lo Menbyanwmx GparMeHToB apobneHus. Y Hac ecTb
MONOXMUTENbHbIY OMbIT peLeHns Npobnemsl, CM. ccbinky [7] B n. 1.4

B npoekTe ByaeT pelweHa 3aga4ya 0 BO3AEMCTBUM TOHKMM LIUIMHAPUYECKUM NMYYKOM XECTKOrO PEHTreHa Ha MUKPOKaNIo
BOZbI MM HA XXMAKYIO CTPYH. [lameTp nyyka 1 MKM, pasmep Kanau U AuameTp CTPYM — HECKOJbKO AeCATKOB MKM. [ocTaHOBKa
3a4a4m NokasaHa Ha puc. 3 B daiine 1 npunoxxeHHoM 4.13,

TuUnu4Hble faHHbIe OMbITOB, NPoBeAeHHbIX Ha CTaHpopackoM yckopuTene (SLAC) Ha peHTreHOBCKOM flasepe Ha CBOBOAHbIX
anekTpoHax Linac Coherent Light Source (LCLS), nokasaHbl Ha puc. 4. Micnonb3zosaH npnbop Coherent X-ray Imaging (CXI).
PucyHok B34t 13 cTatbu Stan et al., J. Phys. Chem. Lett. V. 7(11), 2055-2062 (2016).

Puc. 4 unnoctpupyeT kapTUHY pasfeTa u GparMeHTaumMm XXnAKOM Kanam BoAbl nocne ynabTpakopoTtkoro (30 dc) Bo3aencTans
nyyKa XXecTkoro peHtreHa (8 kaB).

[na peweHuns 3ol npobnembl ByaeT MOAMDULMPOBAH KOMMIEKC NPOrpaMMm v fobaBneHbl HOBbIe MOAXOAbI, Kak B hU3uMKe, TaK
W B UCMONb3yeMbIx anroputMmax. o dusmke peyb uaet 06 onucaHnu B3aMMoAEeNCTBUS PEHTIEHOBCKOMO MyYKa U B ONUCAHWUK
ABYXTEMNEPATYypPHbIX ABNEHWIA. BONbLIOM ONbIT UCCNeA0BaHMS PEHTTEHOBCKMX BO34ENCTBUIA B KonnekTuee nmeetcs [1]. Toxe
OTHOCHTCS K ABYXTeMNepaTypHbIM Mofensm [2]. B anroputm SPH ByayT BCTpoeHbl NoanporpaMmbl C peHTreHOBCKOM hU3nKow
W ABYXTeMMepaTypHbiMK 3D eKTaMK, a TakKe feTalbHble CBeAeHUs 06 ypaBHEHUU COCTOSHMS BOAbI.

Kpome npobnembl € KeCTKUM UMMYNbCHBIM PEHTIEHOM U Kannel Boapl, 6yayT NpoA0/KEeHbl MCCEeA0BAHNS MO Kanse 0J10Ba.
MpeAacTouT 3aMeHUTb YypaBHEHUEe COCTOsSIHUS Mu-T'ploHaiiseHa, npuMeHsBlweecs B paboTe [7] (cM. iuTepatypy K n. 1.4), Ha
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TabnmMyHOEe ypaBHEHWE COCTOSHMSI.

1) Abngums TyronnaBkmx MeTannos.

MepBbIM B 3a5BKe B pa3fiefie No TYronjiaBkuUM BeLLeCTBaM SBASETCS MPUMEP C pyTEHUEM. ITO BXKHbIA KOHCTPYKLMOHHBIN
Matepuan, KOTOpbIf NPUMEHSETCS B PeHTreHOBCKOM onTuke. [1o3ToMy HeobX0aMMO UCCNefoBaTb ero NoBefeHue B PasNyHbIX
pexunMax obnyyeHus.

Bynet co3paH noTeHLMan MexXaToMHOro B3aMMoaencTeug pyteHuns. byaeTt pa3paboTaHo ypaBHEHUE COCTOSHMS pyTEHMS C
y4yeToM AByxTeMnepatypHbix 3ddekToB. [1n19 pa3paboTku NoTeHUMana v Lns CO34aHUS YpaBHEHUS COCTOSHMS ByayT
nposeneHbl DFT(density functional theory) pacueTbl. OHu 6yayT BbINOAHEHBI C MOMOLLBIO NAKETOB KBAHTOBO-MEXaHWNY eCKUX
BbluncneHui (VASP, ELk u gp.). B Takux pacyeTax onpenenseTcs XononHas kpusas pyteHus. OHa Heobxoaunma ans
NOCTPOEHMSA NOTEHLMANA MEXATOMHOIO B3aMMOEeNCTBUS METOLOM COrNlacoBaHMs No cTpeccy (stress-matching). B DFT
BblUMCNEHUSX ByayT onpeaeneHsl AByXTeMnepatypHble 3ddekTbl. [1ng 3Toro 6yaeT BbiNONHEHA Cepus pacyeToB No
3NeKTPOHHOM TeMnepaType, B KoTopbix B [T1Y kpucTtanne pyteHus Bo36yxaaeTcs 3/1eKTPOHHas NoACMCTEMA [0 334aHHOM
Temnepartypebl. B pe3ynbTate onpeaensoTcs SNeKTPOHHbIe BKIAAb! B AABNEHWE U BHYTPEHHIOK 3HEPrui0, U HAXOAMTCA
3NEKTPOHHAs TEMI0EMKOCTb. DTU BEIMYUHDBI ABNSIOTCS HETPUBUANBHBIMU DYHKLUMAMM NIOTHOCTU M TeMnepaTypbl. VX Henb3s
annpoKCUMMUPOBaTb QYHKLMAMU, KOTOPble COOTBETCTBYIOT CBOBOAHOMY DepMu-rasy.

[anee 6yayT BbINONHEHbI ABYXTEMNEPATYPHbIE TMAPOAMHAMUYECKME U MONIEKYNSPHO-ANHAMMUYeCKMe pacyeTol. PaboTa
HyneT BeCTUCb COBMECTHO C 3KCMepuMeHTOM. byayT pacCMOTpeHb! yIbTPakopoTKMe BO3AEWCTBUS Na3epoB C Pa3HOM AJIMHOM
BOJIHbI OT ONTUYECKOr0 A0 XeCTKOro ynbTpaduoneta u 40 XeCTKOro peHTreHa nod pasHbiMM yriamMu nageHus. Hawmm
KONNEKTMBOM HayaTbl NpeABapuTeNibHble paboTbl N0 AAHHOMY HaNpaBAeHUIO CM. [3].

E) JlTasepHoe nnaBneHMe NOPOLUKOB.

BaxxHoM 1 cnoxHow gengeTcsa npobnema nnasneHMs NOPOLLKOB C MOMOLLBIO a3 PHOr0 Nyyka. BaxHocTb npobnemsbl cBi3aHa ¢
COBPEMEHHbIMW TEXHOJIOTUSIMU TPEXMEPHOM NeYaTn usgenmit. MNpu TakomM Noaxoae HEKOTOPpble TPYLHbIE BONPOCHI,
OTHOCSLLMECS K U3rOTOBNEHMIO U3AE/MI COXHOM GOpMbI, CHUMaKOTCS, CM. N. 1.4. 13roToBneHue n3aenuin nyteM naaBneHus
NMOPOLUKOB OKa3blBaeTCS AelleBne U TEXHUYECKM NPOLLE, YEM TPAAMLMOHHbIE METOAMKM, CBSI3aHHbIE € 0TamBKamu. C apyron
CTOPOHbI UCCIeA0BAHNS B 3TOM 06/1aCTU HA CEroHs HAXOAATCS B HA4aNbHOM COCTOSHUW. AHaNM3UPYeTCS MEXAHMKA CbIMyynX
cpen (soft matter) [4,5] B cBS3M C BOMPOCOM Hano/IHEHMS KaMepbl MOPOLIKOM A0 NaasneHus. A BOT npobnema nnaeneHus
(aKTU4EeCKM 0CTAeTCA HepeLUeHHOM.

lNoka nccneposartesM paccMaTpuBalOT 334a4M 0 03epLe pacnnaea (melting pool), roBOpSAT NPoO TepMOKaNUANSAPHYIO
KOHBEKLMIO, BbI3BAHHYO 3aBUCUMOCTbLHO KOIDdMLUMEHTA NOBEPXHOCTHOMO HATSXXEHMA OT TeMnepaTtypbl (3P deKT MapaHroHm).
Mpu 3TOM BONPOC 0 NnaBneHnM COHCTBEHHO NOPOLLIKA OCTAETCS HEUCC/IeO0BAHHbIM. 30eCh Heslb3s MPUMEHSTb MOCTAaHOBKY B
ayxe 3agayun CredaHa, NOCKOMbKY Cpefa He SBNseTcs O4HOPOAHOM.

B HaweM konnekTuBe eCTb OMbIT pelleHns 33434 MeTaHMS NOPOLLKOB YAAPHOM BOIHOM M OMbIT aHaIW3a yAapHOM KOMMNpeccum
nopucTbix cpel. Ho 3amava o nnaBneHun cTout 0COOHSKOM. [laBneHus OTHOCUTENBbHO HebonbluMe, yaapHAs KOMMIAKTUhMKaLMS
MecTa He uMeeT. Heo6x04MMO COCpeAOTOUUTCS Ha TEPMOAMHAMUKE U KUHETUKE NNaBneHus, Ha Tennosbix 3ddekTax, a 3ateM
Ha BOMpocax pe-KpucTanamsaumu pacnnasa. [No npobneme 3aTeepaeBaHMs XUAKONM (asbl B HALLEN rpynne BbiMOJHEHO
[0CTaTO4HO MHOTO paborT.

B npoekte ByaeT pelweHa 3aga4a 0 NIaBAEHUM NOPOLLKA META//IMY €CKUX MUKPOYACTUL, la3EPHBIM UMMYNIbCOM.

X) BoruncnurenbHas dusnka, KpynHomacwrabHoe BblCOKONPOU3BOAUTEIbHOE YMCIEHHOE MOAEIMPOBaHME.

BaxxHeLyto ponb B UCNONHEHUM NpoeKTa ByAyT UrpaTb BblYUCAUTENbHBIE METOAMKM. B HaleM pacnopskeHWn MoLLHbIe
3ddeKTUBHbIE TMAPOAUHAMUYECKME U MONIEKYIIPHO-ANHAMUY eCKMe Koapl. B paboTe no npoekTy 311 koabl 6yayT
COBEPLLEHCTBOBATLCS M HANONHATLCS HOBOM PU3MKON. PazBnTHe kKOA0B caMo No cebe ABnSeTCS NPaKTUYeCKU BXXHON 3aaa4en.
ByayT pa3suTbl M NpUMEHEHDI:

(1) onHOMepHas AByxTeMMepaTypHas rMAPOAMHAMUY eCKas NPOorpamMMa B narpaHXXeBblX KOOPAMHATAX C MOMHOM GU3MKOWA
(nornoweHue, TENNONPOBOAHOCTb, 31€KTPOH-MOHHbIN 0OMEH) U TabAMYHBIM YypaBHEHUEM COCTOSIHUS, MPUMEPbI MPUMEHEHUS
CM. B [6] B cnucke nuTepartypsl K n. 1.4; nporpamMa 6yaeT MCNoNb30BaTbC NPUMEHUTENBHO K 33aa4amM A, b, B, T, [1;

(2) MHOTrONpOLECCOpHas BblCOKOMPOMU3BOAMTENbHAS MPOrpaMMa MONEKYISPHO-AMHAMUY €CKOrO MOAEMPOBAHUS C IyOOKUM
pacnapannenusaHveMm. B HacToswee Bpems paspaboTaHa BaxHas MoanduMKaLmMs NporpamMmMbl, KOTopasi BKoYaeT B cebs 6510k
MoHTe-Kapno. 3To no3BonseT MOAEMPOBATb 334a4M MIABNEHUS U PEKPUCTANIN3aLMKN MeTannoB. Kak M3BeCTHO, B MeTanax
3N1EeKTPOHHas TEMI0NPOBOLHOCTb HAMHOMO MPEBOCXOAUT TEMIONPOBOLHOCTb, CBA3aHHYHO C TEMJIOBbIM ABUXKEHNEM UOHOB.

PaspaboTaHa MeToamMKa MacluTabmMpoBaHKUS pacyeTa no KanuaispHoMy 1 TennosoMy 6e3pasMepHbiM napameTpam.
MacwrabupoBaHue No pasMepam 1M BpeMeHu ONMpaeTCs Ha NoNHY cBo6oAY B 334aHNM KO3 ULIMEHTA SNEKTPOHHOW
TenIonpoBoAHOCTH K B 6ioke MoHTe-Kapno, a Takke Ha HekoTopyto cBoboay B Bapuaumum Ko3hdULMEHTa NOBEPXHOCTHOIO
HaTsKeHus 0. M3MeHeHne Ko3dduLUMeHTa K HUKAK He CKa3blBAeTCs HA XapaKTepUCTUKAxX BellecTsa, MOAeMPyeMoro ¢
nomoupto EAM (embedded atom method) mexxatomHoro noteHumana. K 3Tmm xapakte pucTMkaM OTHOCSTCS: CKMMAeMOCTb,
KO3 dULMEHT TeNNOBOro pacluMpeHus, sHeprus obpasosaHus aedekToB, TeMnepatypa NaaBeHUs, U ap.; Ang NOCTPOEHHOro
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EAM 3T1 3HaYeHMs C XOpoLen TOYHOCTbIO COOTBETCTBYHOT TabAMYHBIM 3HAYE€HMSM 419 AAaHHOTO BeLleCTBa.

3TO M NOHATHO, N.4. 610K MoHTe-Kapno 9BnseTcs BHELWHWM NO OTHOLLUEHMIO K COBCTBEHHO MONEKYNSPHO-ANHAMWUY ECKOM
nporpamme.

lNoBepXHOCTHOE HaTSXKEHME TaKKe peryimpyeTcs B HanpaBAeHUM YMEHbLUEHWS MO CPAaBHEHUIO C PeasibHbIM 3HaYeHneM
npuMepHo B ABa pa3a. B.B. XXaxoBckmM pazpaboTaHbl Bepcmn EAM ans ogHOro BewwecTsa ¢ pas3HbiMM 3HaYeHuamu a. [Npu aToM
nepeyncneHHble Bbllle XapaKTepUCTUKM (CKMMAEMOCTb U T.A4.) OCTAKOTCS COOTBETCTBYIOLLMMM TabAMUHbBIM BeMYnHaM. [pu
3TOM [AaB/MeHMe HACbILLEHHOr0 Napa M MNONOXEHME KPUTUYECKOM TOUKM HECKONIbKO MEHSIOTCS.

TexHuKka MacWTabrpoBaHMs NO3BONSET HaM CYLLUECTBEHHO PACLUMPUTL NPOCTPAHCTBEHHO-BPEMEHHbIE Mpefebl NPUMEHEHUS
MonekynspHoi guHamukm (M). O6bluHO BEpXHUM Npeaenom ans M, aBnstoTcs pasmepbl NOpsAKa MMKPOHA M BpeMeHa
nopsaka aecaTkos HaHocekyHa. ML kop ¢ MoHTe-Kapno paclumpernem nnm 6e3 Hero 6yaet NnpUMeHeH Npu pelleHun Bcex
nepeyncneHHbIx Bolwe npobnem A-E.

(3) bypeT pa3paboTaHbl YCOBEpLUEHCTBOBAHHbIE MOAENM MATEPMANoB Ans npumeHeHust B SPH (Smoothed Particle
Hydrodynamics) koge. 3ToT Ko, 6yaeT MCnonb30BaTbCs NpU peLieHnn npobnemsl B B cnucke Boiwe; B — abnaums B KMAKOCTb.
C nomowbto SPH koAa Mbl CHUMEM OrpaHUYEHMS MO IMHEMHBIM pa3MepaMm 1 Mo AUTENbHOCTU MOAENMPYEMOTO Nepuoaa
BPEMEHMU; TakKne OrpaHunyeHus NpUcyLLIy MONEKYASPHO-AMHAMUY €CKOMY KOAY.

Hosble dusnyeckue mozenm ong SPH pacueTos BkntouaroT B cebs TabnuHble ypaBHEHMS COCTOSIHWUS MaTe pranos C
(a30BbIMU NPEBPALLEHMSMU M MOLEIM MPOYHOCTM BELLECTBA HA Pa3pblB B TBEPAOM M XKMAKOM COCTOSHUSX B LUMPOKOM
[AManasoHe TemMnepaTyp 1 ckopocTen aedopmaumn. byaeT BoinonHeHa 6onbliasg TpyaHas pabota no yyety B SPH koge
KanunnsapHbix 3 heKTos.

Kon SPH 6yneT npucnocobneH ans peweHus npobnemsl [-apobneHne Kanm uam CTpyu Bofbl Y3KUM MYYKOM XXeCTKOro
peHTreHa u3 amepukaHckoro XFEL/LCLS (x-ray free electron laser/ Linac Coherent Light Source) nasepa Ha niMHeHOM
yckoputene SLAC B CraHdopae.

C nomoubto Moandumkauum koga SPH 6yaeT BbINoONHEHO MOAENMPOBaHME 334a4M O Na3ePHOM CUABHOM HarpeBse U NaaBneHum
Me30CKOoNUYecknx 06beKTOB — MOPOLLKOB MUKpoYacTuL, (3apava E B cnimcke Boilwe).

(4) byneT pa3paboTaH HOBbI MOTEHLMAN MEXATOMHOIO B3aMMOAEWCTBUS PYTEHMS C MOMOLLBIO NOAX0A3, KOMOUHMPYOLLETro
METOZ KaTALerocs MHOroyrosbHuka (cumnnekc) ¢ Monte-Kapno cnyyaiHbiMm 6nyxaaHuamu. MapameTpbl noTeHumana
MOArOHAKTCA MOCPeACTBOM CPAaBHEHMS MO HANPsHXKeHUAM (stress-matching). 3aBUCMMOCTM HaNPsHKeHUI OT NAOTHOCTU U
OpMEHTALMM KpUCTaa Nnpyu HU3KOM Temnepartype (X0no4Hble KpuBblie) Haxoaatcs ¢ nomolpto DFT (density functional theory)
BbIYMCNEHUI — CM. CNeAYIOLWMI NYHKT. XonoAHble KpuBble TpebytoTcsa ang stress-matching.

(5) MpumeHeHWe NakeToB KBaHTOBO-MexaHuveckmux DFT (density functional theory) Boiumcnenuin VASP, Elk u gp. npu
KOHCTPYMPOBAHMUM MEXXATOMHOIO NOTEeHLMana B3auMoAe NCTBUS PYTEHUS.

(6) MpumeHeHune naketoB COMSOL Multiphysics© u LS-DYNA ons peweHus npobnem B 3agavax A, b.

(7) B kauecTBe BaxkHeWLIEro MHCTPYMEHTA B HALWEM KOIIEKTUBE NPUMEHSIOTCS KOMOMHALMM MPOrpaMM U OCHOBAHHbIE HA 3TOM
rmbpuaHbie NOAX0Abl. ITO NO3BONISIET B NPUEMAEMbIE CPOKM ONUCATb 334a4U, KOTOPbIE KKYTCS HEpPeLLaeMbIMU Ha NepBbIi
B3rnaf.

MmeHHo Tak bbin1a pelleHa 3aaaya o ApobaeHnm Kanam 010Ba la3epHbIM yAapoM No OCBeliaeMo nonycdepe WapoBUaHONI
Kannu, cM. paboTy [7] B cnucke nutepatypsl K n. 1.4. [leno B ToM, 4To Koa SPH, npuMeHeHHbIN B 3TOM 3apaye, He MoXeT
OXBaTWUTb 1 30HY NOMNOLWEHMS NIA3ePHOro u3nydeHus nopsaaka 100 HM, u Becb paamyc kanim 50 MkM. OTHOLWeHMe pa3mMepoB
500, ecn nonoxuTb gaxke 10 SPH yacTvL, Ha 30HY NOrNOWEHMS, TO YUCIO0 YACTUL, MPeBbiWaeT AeCATKM MUIIMAPA0B.

JTO HenoAbeMHbI 06beM faxe Ang Hawero SPH koaa, Npon3BoAUTENBHOCTL KOTOPOrO YBEAMYEHA HA MHOMO NOPSAKOB MO
CpaBHEHMIO C 06bIYHbIMM (80 105 YacT1L) 0AHOMNPOLECCOPHBIMU BEPCUSMM 3@ CHET NMPUMEHEHMUS aITOPUTMA C TNyBOKUM
pacnapannenMBaHueM v aBTo6anaHCMPOBKON MeXAY BblUMCUTENBbHBIMU Y3/1aMK1, CM. ONMUcaHue B paboTe [15] B cnucke
nutepatypsl K M. 1.4. O6blyHag 3arpy3ka Ans Hale i MHOronpoLeCCOpPHOM BEPCMM COCTaBASIET e CATKU MUIMOHOB YacTuL,.

Mo3ToMy Bbin NpUMEHEH rMBpUIOHbIM NOAXOA, NPY KOTOPOM abcopbuus B 30He NornioLeHUs, GOpMUPOBaHME BOJHbI CKaTUS
W pacnpocTpaHeHue ee B TOJILLY Kan/M pacCUMTbIBaNoCh OTAE/bHO. A 3aTeM NojlyYeHHoe nose ruapoanHaMUY ecKnx
nepeMeHHbIX nepeHocunock B SPH koz.

N pyrov npumep acddekTMBHOro rubpuaHoro noaxoaa onucaH B pabotax [10] B cnmcke nutepatypbl K n. 1.4. beina cozpaHa
du3nyeckas Moaenb, KOTOpasi NO3BOMIUIA HAM UCMO/b30BaTb KOMOMHALMIO U3 NarpaHXeBoM AByXTeMepaTypHOW
rmapoauHamMuyeckoi nporpammsl (1) u MA-MK (MonekynsipHas ovHamuka u MoHTe-Kapno) nporpammel (2) ons peLueHus
npobneMbl NazepHOro 61MCTepUHra TOHKOMNIEHOYHbIX MOKPbLITUIA. B pe3ynbTaTe 6bina pelleHa NpakTyecku BeCbMa 3HaYMMas
3ajaya o nasepHom GopmMMpoBaHuM MeTanoBepxHocTel (cM. [1] B n. 1.4) 3a cyeT co34aHMS MaCCUBOB MUKPO- HAHOKYMOJIOB.

AHanornyHele npuembl 6yayT NpUMeHeHbl NPU peLieHUM 3asBeHHbIX Bblille npobnem A-E.

JNutepatypakn. 1.5
[1] Npeabloywme paboTbl KOMNEKTMBA MO PEHTTEHOBCKUM UCTOYHUKAM
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A) Spatially distributed heating due to a combination of plasmon and laser EM fields.

The wide possibilities for creating complex spatial structures on the surface are associated with the interference of the
plasmon and laser EM fields (motivation: making holograms and meta-surfaces). The plasmon wave is created by the same
laser pulse on the spatial inhomogeneity of the flat surface of the target. Due to interference, a standing wave is formed. In
the standing wave, the heating maximums are in the antinodes (hot ridges). There are nodes between the ridges, there is no
heating in nodes. We are interested in the amplitude of the laser action, which is sufficient to fully or partially melt the film.
The pulse duration is less than the time of mechanical rebound of a thin film from the underlying dielectric substrate and Lless
than the time of heat transfer from the antinodes into the nodes.

The formation of the dome by the first shot will be simulated. For this, the previously developed approach will be used, see
references [10] to section 1.4 of the application and the movies "Au-220.gif", "Au-225.gif" and "Au-226.avi" on the site
http://laser.itp.ac.ru/RNF2019/index.html. Near EM field of a standing wave associated with a laser, surface and dome will be
calculated by numerical methods of electrodynamics. The heating of the film in the standing wave due to the absorption of
the EM field of the standing wave in the skin layer of the film will be calculated. Both film movement and thermal processes
in a moving film will be modeled by using molecular dynamics and SPH method. As a result, data will be obtained on the
formation thresholds and on the characteristics of the spatial structure consisting of the dome and the standing wave imprint
in the film and substrate. The results obtained will be compared with the results of experiments from reference [11] to
section 1.4 and the new experiments of the Vladivostok group.

It will be understood what happens as a result of lighting the above structure with the third shot. For this, additional
electrodynamic modeling will be performed.

Today in the world literature there is neither a description nor a solution to such a problem. This is due to the difficulties of
creating a physical model and a numerical scheme that matches the electrodynamic calculation with thermal-hydro-physical
modeling. From the decision of the problem there are significant benefits associated with the creation of technologies for
meta-surfaces and holograms.

The formation of radial goffering on the domes will be explained, see the example shown in fig. 1 (Hereinafter - figure in
the attached to the application p. 4.13 file 1).

B) Action of vortex beams.

Relatively recently, the audience working in the field of laser applications was quite shocked by the work [5] (see literature to
section 1.4; several Nature articles) on vortex beams with acute focusing (i.e., spot size on an irradiated target about the
wavelength). Typical formations in the form of twisted spiral tips are shown in fig. 2 in file attached to the application. The
authors of works from the group of prof. T. Omattsu associate the formation of chiral structures with the angular momentum
brought by the photons of the vortex beam. Moreover, when creating such twisted tips, the authors use lasers with different
pulse durations and different targets. But no quantitative calculations that would explain the origin of the structures are not
available today. The project will create a theory, find an explanation for the phenomenon, solve this problem and carry out
numerical calculations. The results will be compared with the experiments that are conducted in the FIAN in the department
of prof. AA. lonin.

The work is practically significant. It represents a new variant of the fundamental problem related to the interaction of laser
radiation with matter. Such a vortex treatment opens wide additional technological possibilities: filtering of molecules based
on their chirality, the formation of chiral plasmon devices (illumination of the structure returns a vortex wave in reflected
light), the creation of highly sensitive sensors, etc., see [5] in section 1.4.

() The formation of nanoparticles during ablation into a liquid.

A very difficult problem on the ablation of a metal into a liquid will be solved. This problem is relevant due to its importance
in many applications, see the reviews [12] in the list of references to section 1.4; International conferences are held on the
problem; see this year's ANGEL conference website: http;//angel-conference.org/en. Currently, there are only the very first
attempts to solve this problem, which is important for optimizing the very costly (in the financial term) technologies [12] of
laser fabrication of nanoparticles. These attempts cover only either the initial (see [6] in section 1.4) or the final (see [13] in
1.4) stages of the processes taking place.

In the project, an exhaustive end-to-end solution will be obtained that covers the initial stage, follows the development of
phenomena at several intermediate stages and continuously moves to the vaporization stage in the hot contact layer of the
liquid with the appearance of the vapor bubble, its expansion, stop of expansion and the begining of the return movement
leading to the compression of the bubble. The success of such work would greatly help the groups involved in the fabrication
of nanoparticles. Calculations will first be performed for the case of water. Detailed information available in the literature on
water properties will be used.

In addition to problems with a hard impulse X-ray and a drop of water, research on a drop of tin will be continued. It is
necessary to replace the equation of state of Mi-Griineisen, used in [7] (see the literature for § 1.4), with a tabular equation of
state.
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D) Laser fragmentation of liquid droplets and jets.

The problems of fragmentation of liquid microdroplets by laser action are very complex. Difficulties are associated with rich
physics (from the interaction of radiation with the target matter and the creation of extreme conditions in temperature and
pressure to capillary phenomena) and the sharply unsteady three-dimensional nature of flows. Moreover, the flow structure
is hierarchical, covers several orders of magnitude in time and space: from fast to slow processes and on a spatial scale from
the order of the size of a drop to the smallest fragments of fragmentation. We have a positive experience in solving the
problem, see reference [7] in section 1.4.

The project will solve the problem of the impact of a thin cylindrical beam of hard X-rays on a microdroplet of water or a
liquid jet. The beam diameter is 1 um, the size of the droplet and the diameter of the jet are several tens of ym. Task setting
is shown in fig. 3. Typical data of the experiments conducted by the Stanford accelerator Linac Coherent Light Source are
shown in fig. 4. Coherent X-ray Imaging (CXIl) instrument was used.

To solve the problem presented in Fig. 3 and 4, the complex of programs will be modified and new approaches will be
added, both in physics and in the algorithms used. In physics, we are talking about the description of the interaction of the X-
ray beam and in the description of two-temperature phenomena. There is extensive experience in the study of X-ray effects
in ateam [1]. Also applies to two-temperature models [2]. Subroutines with X-ray physics and two-temperature effects, as
well as detailed information about the equation of state of water, will be inserted into the SPH algorithm.

E) Ablation of refractory metals.
The first in the application in the section on refractory substances is the example of ruthenium. This is an important structural
material used in X-ray optics. Therefore, it is necessary to investigate its behavior in different modes of irradiation.

A potential of interatomic interaction of ruthenium will be created. An equation of state for ruthenium will be developed
taking into account two-temperature effects. DFT (density functional theory) calculations will be carried out to develop the
potential and to create the equation of state. They will be performed using quantum-mechanical computation packages
(VASP, ELk, etc.). In such calculations, the cold ruthenium curve is determined. It is necessary for building the interatomic
interaction potential using the stress matching algorithm. In DFT calculations, two-temperature effects will be defined. For
this, a series of calculations will be performed on the electron temperature, in which the electron subsystem is excited to a
given temperature in the hcp ruthenium crystal. As a result, electronic contributions to pressure and internal energy are
determined, and the electronic heat capacity is found. These values are non-trivial functions of density and temperature.
They cannot be approximated by functions that correspond to the free Fermi gas.

Next, two-temperature hydrodynamic and molecular-dynamic calculations will be performed. Work will be conducted in
conjunction with the experiment. Ultrashort action of lasers with different wavelengths from optical to hard ultraviolet and
hard x-rays at different angles of incidence will be considered. Our team has begun preliminary work in this area [3].

F) Laser melting of powders.

The problem of melting powders using a laser beam is an important and complex. The importance of the problem is
connected with modern technologies of three-dimensional printing of objects. With this approach, some difficult problems
related to the manufacture of objectss of complex shape are removed, see section 1.4. Manufacturing of objects by melting
powders is cheaper and technically easier than traditional methods associated with castings. On the other hand, research in
this area is currently in its initial state. The mechanics of flowing media (soft matter) [4,5] is analyzed in connection with the
process of filling the chamber with powder before melting. But the problem of melting actually remains unresolved.

While researchers are considering problems on the melting pool, they speak about thermocapillary convection caused by
the temperature dependence of the surface tension coefficient (the Marangoni effect). In this case, the question of melting
the powder itself remains unexplored. Here it is impossible to apply the statement as in the Stefan problem, since the
medium is not homogeneous.

Our team has experience in solving problems of throwing powders with a shock wave and experience in analyzing of shock
compression of porous media. But the melting problem stands alone. The pressure is relatively small, the shock
compactification has no place. It needs to focus on thermodynamics and melting kinetics, on thermal effects, and then on the
problem of melt recrystallization. A Lot of work has been done on the problem of solidification of the liquid phase in our
group.

The project will solve the problem of melting of a powder of metal microparticles with a laser pulse.

G) Computational physics, large-scale high-performance numerical simulation.

Computational techniques play the most important role in the execution of the project. We have powerful effective
hydrodynamic and molecular dynamics codes. In the project, these codes will be improved and filled with new physics. The
development of codes in itself is a practically important task. Next methods will be developed and applied:

(1) one-dimensional two-temperature hydrodynamic program in Lagrangian coordinates with complete physics (absorption,
thermal conductivity, electron-ion exchange) and a tabular equation of state; for examples of application, see [6] in the list of
references to § 1.4; the program will be used in relation to tasks A, B, C, D, E;
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(2) multiprocessor high-performance program for molecular dynamics simulation with deep parallelization. At present, an
important modification of the program has been developed, which includes the Monte Carlo block. This allows us to simulate
the problem of melting and recrystallization of metals. As is known, in metals the electron thermal conductivity is much
higher than the thermal conductivity associated with the thermal motion of ions.

A method has been developed for scaling calculation by capillary and thermal dimensionless parameters. Scaling in size
and time relies on complete freedom in setting the coefficient of electron thermal conductivity k in the Monte Carlo block, as
well as on some freedom in varying the surface tension coefficient . A change in the coefficient k has no effect on the
characteristics of the substance modeled by the EAM (embedded atom method) of the interatomic potential. These
characteristics include: compressibility, coefficient of thermal expansion, energy of formation of defects, melting point, and
others; for the constructed EAM, these values with good accuracy correspond to the table values for this substance.

This is understandable, since the Monte Carlo block is external to the molecular dynamics program itself.

The surface tension is also adjustable in the direction of decreasing compared to the actual value approximately two times.
V.V. Zhakhovsky developed EAM versions for one substance with different o values. At the same time, the characteristics listed
above (compressibility, etc.) remain in accordance with the table values. The pressure of saturated steam and the position of
the critical point vary somewhat.

The scaling technique allows us to significantly expand the spatial-temporal limits of the application of molecular
dynamics (MD). Usually, the upper limit for MD is sizes of the order of microns and times of the order of tens of nanoseconds.
The MD code with a Monte-Carlo extension or without it will be applied when solving all the problems listed above, A - F.

(3) Improved material models will be developed for use in the SPH (Smoothed Particle Hydrodynamics) code.

This code will be used to solve problem Cin the list above; C - ablation into fluid. Using the SPH code, we will remove
restrictions on linear sizes and on the duration of the simulated time period; such limitations are inherent in molecular
dynamics code.

New physical models for SPH calculations include tabular equations of state of materials with phase transformations and
models of substance tensile strength in solid and liquid states in a wide range of temperatures and strain rates. A lot of hard
work will be done to account for capillary effects in the SPH code.

The SPH code will be adapted to solve problem D; D is a splitting of a drop or jet of water by a narrow beam of hard x-rays
from the American XFEL / LCLS (X-ray free electron laser / Linac Coherent Light Source) SLAC laser at Stanford.

By modifying the SPH code, the problem of laser heating and melting of mesoscopic objects — powders of microparticles
(problem E in the list above) will be modeled.

(4) Use of packages of quantum-mechanical programs of the density functional theory and the simplex method for
constructing the interatomic potential in ruthenium.

A new potential of the interatomic interaction of ruthenium will be developed using an approach combining the rolling
polygon method (simplex method) with Monte Carlo with random walks. The parameters of the potential are determined
from comparison with stresses (stress-matching), calculated in dependence on the density and orientation of the crystal at
low temperature (cold curves) using the packages of quantum-mechanical programs of the density functional theory VASP,
Elk, Abinit.

(5) Use of COMSOL Multiphysics © and LS-DYNA packages for calculating plasmon and laser electromagnetic fields and
vortex electromagnetic beams in the problems A, B.

(6) As a major tool in our team, combinations of programs and hybrid approaches based on them are used. This allows in a
reasonable time to describe the tasks that seem unsolvable at first glance.

This is how the problem of crushing a drop of tin by a laser stroke at the illuminated hemisphere of a spherical drop was
solved; see [7] in the list of references to section 1.4. The fact is that the SPH code used in this problem cannot cover the
laser absorption zone of the order of 100 nm and the entire radius of a drop of 50 um. The size ratio is 500; if we even put 10
SPH particles per absorption zone, then the number of particles exceeds tens of billions.

This is an unaffordable number even for our SPH code, whose performance has been increased by many orders of
magnitude compared to the usual (up to 105 particles) single-processor versions due to the use of an algorithm with deep
parallelization and auto-balancing between compute nodes, see the description in [15] in the Llist of references to section 1.4.
Normal loading for our multiprocessor version is tens of millions of particles.

Therefore, a hybrid approach was applied in which the absorption in the absorption zone, the formation of a compression
wave and its propagation into the drop interior were calculated separately. And then the resulting field of hydrodynamic
variables was transferred to the SPH code.

Another example of an effective hybrid approach is described in [10] in the list of references to section 1.4. A physical
model was created that allowed us to use a combination of the Lagrangian two-temperature hydrodynamic program (1) and
the MD-MC (molecular dynamics and Monte Carlo) program (2) to solve the problem of laser blistering of thin-film coatings.
As a result, the practically very significant problem of laser formation of meta-surfaces (see [1] in section 1.4) was solved by
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creating arrays of micro-nano-caps.
Similar techniques will be applied when solving the above problems A-F.
H) Characteristics of silicon irradiated by laser
See form 4
[) New approaches to the calculation of the coefficient of electron-ion interaction in metals
See form 4
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X-Ray Sources: Development and Applications XI, 958904 (September 22, 2015);

Masahiko Ishino, Nail A. Inogamov, Satoshi Tamotsu, Vasily V. Zhakhovsky, Noboru Hasegawa, Igor Yu. Skobelev, Anatoly Ya.
Faenov, Tatiana A. Pikuz, Katsuhiro Mikami, Tetsuya Kawachi, Masaharu Nishikino, Study of damage structure formation on
aluminum film targets by picosecond soft X-ray laser ablation around threshold region, Applied Physics A 124:649 (8 pages)
(2018);

N.A. Inogamov, V.A. Khokhlov, V.V. Zhakhovsky and Yu.V. Petrov, Energy redistribution between layers in multi-layered target
heated by x-ray pulse, Journal of Physics: Conf. Series V. 946, 012009 (2018);

[2] Previous work of the team on the physics of two-temperature phenomena (several selected publications in recent years)
N.A. Inogamov, Yu.V. Petrov, V.V. Zhakhovsky, V.A. Khokhlov, B.J. Demaske, S.I. Ashitkov, K.V. Khishchenko, K.P. Migdal, M.B.
Agranat, S.l. Anisimov, V.E. Fortov, LI. Oleynik, Two-temperature thermodynamic and kinetic properties of transition metals
irradiated by femtosecond lasers, Intern. Symp. High Power Laser Ablation 2012; AIP Conf. Proc. Vol. 1464, 593-608 (2012);

Yu.V. Petrov, N.A. Inogamov, K.P. Migdal, Thermal Conductivity and the Electron-Ilon Heat Transfer Coefficient in Condensed
Media with a Strongly Excited Electron Subsystem, JETP Lett., V. 97, 20-27 (2013);

Yu.V. Petrov, N.A. Inogamoyv, Elimination of the Mott Interband s—d Enhancement of the Electrical Resistance of Nickel and
Platinum Owing to the Excitation of Electrons by Femtosecond Laser Pulses, JETP Letters, V. 98, 278-284 (2013);

K.P. Migdal, Yu.V. Petrov, and N.A. Inogamoyv, Kinetic coefficients for d-band metals in two-temperature states created by
femtosecond laser irradiation, Fundamentals of Laser-Assisted Micro- and Nanotechnologies 2013, edited by Vadim P. Veiko,
Tigran A. Vartanyan, Proc. of SPIE V. 9065, 906503 (2013);

D.K. Ilnitsky, V.A. Khokhlov, N.A. Inogamoyv, V.V. Zhakhovsky, Yu.V. Petrov, K.V. Khishchenko, K.P. Migdal, and S.I. Anisimov,
Two-temperature hydrodynamics of laser-generated ultrashort shock waves in elasto-plastic solids, J. Phys.: Conf. Ser. V. 500,
032021 (2014);

Yu.V. Petrov, K.P. Migdal, N.A. Inogamov, V.V. Zhakhovsky, Two-temperature equation of state for aluminum and gold with
electrons excited by an ultrashort laser pulse, Appl. Phys. BV. 119, 401--411 (2015);

Yu.V. Petrov, N.A. Inogamov, and K.P. Migdal, Two-temperature Heat Conductivity of Gold, PIERS Proceed. (ISSN 1559-
9450), Prague, Czech Republic, July 6-9, 2015, pp. 2431-2435 (2015);

K.P. Migdal, D.K. IU'nitsky, Yu.V. Petrov, and N.A. Inogamov, Equations of state, energy transport and two-temperature
hydrodynamic simulations for femtosecond laser irradiated copper and gold, J. Phys.: Conf. Series V. 653, 012086 (2015);

Yu. V. Petrov, N. A. Inogamoy, S. I. Anisimov, K. P. Migdal, V. A. Khokhlov, and K. V. Khishchenko, Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem, J. Phys.: Conf. Series V. 653, 012087 (2015);

K.P. Migdal, Yu.V. Petrov, D.K. IL'nitsky, V.V. Zhakhovsky, N.A. Inogamov, K.V. Khishchenko, D.V. Knyazev, P.R. Levashov, Heat
conductivity of copper in two-temperature state, Appl. Phys. AV. 122, 408 (5 pages) (2016);

Yu. V. Petrov, K.P. Migdal, N.A. Inogamoy, S.I. Anisimov, Transport Processes in a Metal with Hot Electrons Excited by a Laser
Pulse, JETP Lett., V. 104, 431-439 (2016);

Petrov Y.V., Mokshin A.V., Galimzyanov B.N., Inogamov N.A. Electrical resistivity and thermal conductivity of liquid aluminum
in the two-temperature state IOP Conf. Series: Journal of Physics: Conf. Series V. 946, 012096 (2018);

[3] https://www.usasymposium.com/hpla/agenda.php Simulations of Damage of Ru Thin Films Induced by Single-Shot fs
EUV FEL Pulses, Mr. Igor Milov, MESA+ Institute for Nanotechnology, University of Twente;

V.A. Khokhlov, I. Milov, .A. Makhotkin, V.V. Zhakhovsky, D.K. ILnitsky, K.P. Migdal, V.V. Shepelev, Y.V. Petrov, and N.A.
Inogamov, Dynamics of ruthenium mirror under action of soft x-ray or optical ultrashort laser pulse, Journal of Physics: Conf.
Series, accepted
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[4] H. Mindt, M. Megahed, N. Lavery, M. Holmes, S. Brown, Powder Bed Layer Characteristics: The Overseen First-Order
Process Input, Metallurgical & Materials Transactions. Part A, V. 47, Issue 8, 3811-3822 (2016)

[5] Christoph Meier, Reimar Weissbach, Johannes Weinberg, Wolfgang A. Wall, A. John Hart, Modeling and Characterization of
Cohesion in Fine Metal Powders with a Focus on Additive Manufacturing Process Simulations, arXiv:1804.06816v3 [cs.CE] 25
May 2018

1.6. B cocTaB Hay4yHOro KoNIeKTMBa 6yAyT BXOAUTD:
HecootBeTcrBue coctaBa Hay4HOro KOIEKTHBA (B TOM YMCIe OTCYTCTBUE MH(BOPMaLLUM B COOTBETCTBYIOLMX Nonsx (opmbl) Tpe6oBaHMAM MyHKTa 12 KOHKYpPCHOM
AOKYMEHTaLL MM ABNIAIETCS OCHOBAHMEM HEA,OMYCKa 3afBKMU K KOHKYpCY.
10 ncnonHuTenei npoekra (BKIHOYAS PyKOBOAMUTENS),
B coorBeTcTBMM C TpeboBaHUAIMM MyHKTa 12 KOHKYpCHOM foKyMeHTaumuun oT 4 no 10 yenoBek. BHe 3aBMCMMOCTM OT TOrO, B TPYA,0BbIX UM FPaKA,aHCKO-MPaBOBbIX
OTHOLUEHUSIX UCMONHUTENM COCTOST C OpraHuU3aLmeN.
B TOM 4yuncne

5 ucnonHutener B Bospacte 40 39 neT BKAOUUTENBHO,

N3 HUX:

2 OYHbIX ACNMMPaHTOB, aAbHOHKTOB, MHTEPHOB, OPAMUHATOPOB, CTYAEHTOB.

1.7. MnaHupyeMblii COCTaB Hay4HOro KOINEKTUBA C YKa3aHueM daMunuii, UMeH, oT4ecTB (MPU HAUTMYUU) WIEHOB KONNEKTUBA,
MX BO3pacTa Ha MOMEHT NOAAYM 3asIBKM, YYEHbIX CTeNEHEN, JONKHOCTEN M OCHOBHbIX MECT paboTbl, HOPMbl OTHOLLEHUH C
opraHusauumei (TpyA0BOi AOroBOp, FPaXKAAHCKO-NPaBOBOi A4OrOBOP) B NepUOA, peanmsaLmmn NpoeKTa

1. Anucumos Cepreit ViBaHoBUY, 83 roaa, LOKTOP GU3.-MaT. HAyK, YneH-kopp. PAH, r.H.c. UT® um. J1.1. Nlanpay PAH, Tpyaoson
[0roBOp, PyKOBOAMUTESNb NPOEKT3;

2. WMHoramos Hannb AnnmoBsuy, 67 neT, okTop dum3.-mart. Hayk, B.H.C. UT® um. J1.[1. Nangay PAH, TpypnoBoi goroeop;

3. MNetpos KOpuit Bacunbesny, 69 neT, AOKTOp PU3.-MaT. HayK, C.H.c. UT® um. J1.[1. lanpay PAH, TpynoBovi Lorosop;

4. Xoxnos Buktop AnekcaHapoBud, 65 neT, kaHanaat dus.-mat. Hayk, H.c. UT® um. J1.[0. Nanpay PAH, TpynoBoi forosop;

5. XaxoBsckuii Bacunuit Buktoposuy, 55 neT, kaHamaat oums.-mat. Hayk, B.H.C., LLeHTp dyHAaMeHTanbHbIX U MPUKNALHbIX
uccneposanuii (LLAOMK) Oryn "BHAUA", Tpyaosoi 4orosop;

0o 39 ner:

6. Murgan Knpunn MNetposuy, 30 neT, kaHAMAAT GM3-MaT. Hayk, C.H.C., LleHTp pyHAaMeHTanbHbIX U NPUKNAAHbIX
nccnenosaHuii(LLONK) Oryn "BHUWA", TpynoBoi forosop;

7. Tpuropbes Cepreii FOpbesuy, 28 neT, M.H.C., KaHanaat dus.-Mat. Hayk, OIYT "BHUMA", TpynoBoi gorosop;

8. Obsukos Cepreit AnekcaHapoBuy, 27 neT, C.H.C., LleHTp pyHAaMeHTanbHbIX U NPUKAAAHBIX UCCeA0BaHUIA

(LN dryn BHAMA, TpynoBsoii forosop;

9. Eroposa Mapus CepreesHa, 27 neT, LleHTp dpyHLaMeEHTanbHbIX M NPUKNaAHbIX uccneaosanuii (LLAOMK) Oryn "BHAKA",
acnupaHT, TPYA0BOM J0r0BOp;

10. Myp3oB CemeH AnekcaHapoBuy, 26 net, MOCKOBCKUIA PU3NKO-TEXHUYECKUI UHCTUTYT (FOCYAAPCTBEHHbIN YHUBEPCUTET),
aCnuUpaHT, TPYA0BOM AOroBOp

CooTBeTcTBME NPOdECCUOHAIBHOIO YPOBHS WIEHOB HAyYHOrO KOJI/IEKTUBA 334a4aM NpoeKTa

MHoramoB Hannb AnMMoBKY. ViMeeT 60bLLIONM OMbIT MOCTPOEHUS HU3UYECKMX MOAENEN A5 33434 B3aMMOAENCTBUS Ia3epHOTO
u3nyyeHus ¢ BewlectsoM. Ero pabotbl no uccnenosaHuio abnsumm noa AeWCTBUEM YbTPaKOPOTKMX Na3e PHbIX UMMNYbCOB, ee
MEXaHW3MOB M Pe3yNbTaToB NOJYY UM MUPOBOE NpU3HaHMe. K UMy TakMX LWMPOKO M3BECTHbIX, YacTO UMTUPYEMbIX paboT
OTHOCATCS

Inogamov, N. A.; Zhakhovsky, V. V.; Khokhlov, V. A,; Petrov, Y. V. & Migdal, K. P. Solitary Nanostructures Produced by Ultrashort
Laser Pulse. Nanoscale Research Letters, 2016, 11, 177[1-13]

Inogamov, N. A,, Zhakhovsky, V. V., Ashitkov, S. I., Emirov, Yu. N, Faenov, A. Ya., Petrov, Yu. V., Khokhlov, V. A, Ishino, M.,
Demaske, B. J., Tanaka, M., Hasegawa, N., Nishikino, M., Tamotsu, S., Pikuz, T. A., Skobelev, I. Ya., Ohba, T., Kaihori, T., Ochi, Y.,
Imazono, T., Fukuda, Y., Kando, M., Kato, Y., Kawachi, T., Anisimov, S. |., Agranat, M. B, Oleynik, I. . & Fortov, V. E. Surface
Nanodeformations Caused by Ultrashort Laser Pulse, Engineering Failure Analysis, 47, 328-337 (2015)

N.A. Inogamov, Yu.V. Petrov, S.I. Anisimov, A.M. Oparin, N.V. Shaposhnikov, D. von der Linde, J. Meyer-ter-Vehn, Expansion of
matter heated by an ultrashort laser pulse, JETP Lett., 69 (4), 310-316 (1999)

MeTpos KOpuit Bacunbesny. MNpoBen BaxkHble MCCNeA0BAHUS TEPMOAMHAMUYECKUX U KUHETUYECKMX CBOWCTB METANNOB U
LM3NEKTPUKOB B COCTOSIHMSX, BOSHUKAKOLLMX MO AEACTBUEM JIA3EPHOMO M3MTy4YEeHMS, A TAKXKE MX ONTUYECKMUX XaAPAKTE PUCTUK.
[lns ocywecTeneHUs NnpoekTa NpeAcTaBnsoT MHTEPEC Takie paboTbl, Kak

MeTpos, 0. B.; Murgan, K. I.; MHoramos, H. A. & Anncumos, C. W. MNpoueccol nepeHoca B MeTae C ropsyMmMm 31eKTPOHAMM,
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BO36YXXAeHHbIMMY NIa3ePpHbIM UMMYNbcoM MucbMa B XKITD, 2016, 104, 446-454

Yu. V. Petroy, N. A. Inogamov, S. I. Anisimov, K. P. Migdal, V. A. Khokhlov, K. V. Khishchenko. Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem Journal of Physics: Conference Series, 2015, v. 653,
012087

t0.B. MNeTpos, H.A. Horamos, K.I. Murgan. TennonpoBogHOCTb M KO3IPDULMEHT 31eKTPOH-UOHHOIO Ten1006MeHa B
KOHA,EHCMPOBAHHbIX Cpefax C CUMbHO BO3OYXXAEHHOW 3NeKTPOHHOM noacucteMon, Mncema B XKITM, 97(1), 24-31 (2013)

Xoxnos Buktop Anekcanaposuy. Co3pan narpaHxesble ruapoanHaMmnyeckme Koapl, uMerolme 60bLioe 3HaYeHue ans
peLieHns 3a4a4 No NPoeKTY, Kak B CAMOCTOSTENIbHOM NPUMEHEHMU, TaK U B COYETaHUU C MONIEKYNSPHO-ANHAMUY €CKUM
MOoJeNMpoBaHUEM. ITU KOAbl, COLEPXaLLe ABYXTEMIEPATYPHYH TEPMOAMHAMUKY B LUIMPOKOM [IManNa3oHe 3NeKTPOHHbIX U
MOHHBIX TEMMePaTyp U NIOTHOCTU U AByXTeMnepaTypHble Ko3hdULMEHTbI NepeHOCca, onpoboBaHbI NPU BbINONHEHUM TaKMUX
3HauyuTeNbHbIX paboT, KakK

MHoramos H. A., XKaxosckuit B. B., Xoxnos B. A., lnHamumka abnaumu 3onota B Bogy XIT®D, 154, N2 1(7), 92-123 (2018)
MHoramos, H. A.; Xoxnos, B. A., XKaxoBckuii, B. B. ®opMupoBaHue yegMHEHHOM MUKPOCTPYKTYPbl U abnsums B Npo3payHbii
AM3NeKTPUK Npu cybHaHOCeKYHAHOM fla3epHOM Bo3gencTaum MNincoema, 108(7), 470-477 (2018)

MHoramos H. A., XKaxosckuii B. B., Xoxnos B. A., CtpyeobpazoBaHue npu 0TpbiBE METANNIMYECKOM NAEHKM OT NOAJIOXKKM B
pe3ynbTate BO34eMCTBUS PeMTOCEKYHAHOrO nazepHoro umnynbca X3TO, T. 147, B. 1, C. 20-26 (2015)

Xaxosckuit Bacunuin Buktoposuy. Ha BbICOKOM MMPOBOM YPOBHE, 3a4acTyto Onepeas ero, BbINoaHseT paboTbl No
MONEKYNSPHO-AMHAMUY €CKOMY U TMAPOAMHAMUY €CKOMY MOLEIMPOBAHMIO 33434 NazepHoi abnaumu. MNpumeHeHue
napannenbHbIX BblYUCAEHMNA, BOMbLIOE, LOXOASLWEE A0 COTEH MUIMOHOB YMCIO YaCcTUL, AAEKBATHbIE NOTEHLMANbI UX
B3aMMOLEeMCTBUI CO34a0T OCHOBY HafieXXHbIX MONEKYNAPHO-AMHAMMUYECKUX Pacy eTOB. XOPOLLO M3BECTHbI TaKMe U3 HUX, KaK
B.J. Demaske, V.V. Zhakhovsky, N.A. Inogamov, L.I. Oleynik, Ultrashort shock waves in nickel induced by femtosecond laser
pulses, Phys. Rev. B, 87(5), 054109 (2013) [9 pages]

V.V. Zhakhovsky, M.M. Budzevich, N.A. Inogamoyv, LI. Oleynik, C.T. White, Two-Zone Elastic-Plastic Single Shock Waves in
Solids, Phys. Rev. Lett. 107, 135502 (2011) [4 pages]

B.J. Demaske, V.V. Zhakhovsky, N.A. Inogamoy, L. Oleynik, Ablation and spallation of gold films irradiated by ultrashort laser
pulses, Phys. Rev. B 82, 064113 (2010) [5 pages]

Murgan Kupunn MNetposuy. MMeeT BaxkHbIM AN 33434 NPOEKTa ONbIT paboTbl C UCMOIb30BaHUEM Teopumu PYHKLMOHANA
nnotHoctn. C npuMeHeHMeM nakeTos nporpamm Ha ee ocHoBe (VASP, ELk, Abinit) nonyyeHbl 3n1eKTpOHHbIe 3HepreTuyeckue
30Hbl MHOTUX MET/IOB, UX TEPMOAUHAMUY ECKME PYHKLMU (BHYTPEHHSS SHEPrug, TENIOEMKOCTb, AaBNEHUE), MPOBOAUMOCTb,
KO3(PPULMEHT 3NEKTPOHHOM TENONPOBOAHOCTM B TOM YMC/IE B ABYXTEMMEPATYPHOM COCTOSHWUMU. ITOT LLEHHbIN NS
OCYLLECTBNEHWS NPOEKTA OMNbIT U3NIOXEH B YAaCTHOCTU, B paboTax

Migdal, K. P.; Petrov, Y. V.; Il'nitsky, D. K.; Zhakhovsky, V. V.; Inogamov, N. A; Khishchenko, K. V.; Knyazev, D. V. & Levashov, P.
R. Heat conductivity of copper in two-temperature state. Appl. Phys. A, 122, 408[1-5] (2016)

Migdal K.P., Il'nitsky D.K., Petrov Yu.V., Inogamov N.A., Equations of state, energy transport and two-temperature
hydrodynamic simulations for femtosecond laser irradiated copper and gold. Journal of Physics: Conference Series, v. 653,
012086 (2015)

Petrov, Y. V.; Migdal, K. P.; Knyazev, D. V.; Inogamov, N. A. & Levashov, P. R. Transport properties of copper with excited
electron subsystem. J. Phys.: Conf. Ser., V. 774, No. 1, 012103[1-17] (2016)

lpuropbes Cepreii OpbeBuy. ABngeTcs NpU3HaHHbLIM CNELMANUCTOM B 061aCTU YMCIEHHOTO TMAPOAUHAMUYECKOTO
MoAenmpoBaHus. HyxxHbI ang npoekTa cneumanuct. OcobeHHOCTM BaKeH ero onbIT B 06/1acT npuMeHeHus koaa SPH
(Smoothed Particle Hydrodynamics) 1 npu MCnonb30BaHUKM MONEKYNSPHOM AMHaMUKKU. O ero BbICOKOM HayYHOM ypoBHe
CBMAETENbCTBYHOT Takue paboThl, Kak

Dyachkov S. A., Parshikov A. N., Egorova M. S., Grigoryev, S. Y., Zhakhovsky V. V., Medin S. S., Explicit failure model for boron
carbide ceramics under shock loading, J. Appl. Phys., 124(8), 085902 (2018)

Grigoryev, S. Y.; Dyachkoy, S. A.; Khokhlov, V. A.; Zhakhovsky, V. V.; Parshikov, A. N. & Inogamov, N. A. Liquid tin droplet
fragmentation by ultra-short laser pulse, J. Phys.: Conf. Ser., (2018), accepted

Hbsukos Cepreit AnekcaHapoBuy. [MoAroToBuA K 3alumMTe, HazHa4YeHHOM Ha aekabpb 2018 r., auccepTaumio Ha COUCKaHMeE
YYEHOI CTeneHu KaHamaaTta pu3nMKo-mMaTeMaTMyeckmx Hayk «KBasuknaccmuyeckas MofesNb TEpMOAMHAMUY ECKMX CBOICTB
3N1EKTPOHOB C Y4ETOM COCTOSIHUI AUCKPETHOrO CNeKTpa M 061acTb ee NPUMEHUMOCTU». PaboTa, BbIMONHEHHAs B AuCCepTaLmu,
MHTEpeCHa A1 UCCef0BaHMS TEpMOAMHAMUYECKMX CBOMCTB MaTepuanoB B XO4E OCYLLECTBIEHNS npoekTa. [1ns 3anauy
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npoekTa BaXHbl paboTbl C.A. [1bsukoBa No MONeKynspHO-AMHAMUY € CKOMY MOLEMPOBAHMIO U UCMOb30BaAHUIO YUCSIEHHOO
meTtona SPH:

S. A Dyachkov, A. N. Parshikov, V. V. Zhakhovsky, SPH simulation of boron carbide under shock compression with different
failure models, J. Phys.: Conf. Ser., 815(1),012012 (2017)

Dyachkov S. A, Egorova M. S., Murzov S. A, Parshikov A. N. and Zhakhovsky V. V., Auto-balancing algorithm for parallel SPH
simulation of materials in extremes, Lobachevskii J. Math. 38, 893-897 (2017)

Eroposa Mapus CepreesHa. Bo Bpems yuebbl B acnMpaHType XOpoLlo 0Blafiena YMCNeHHbIMU METOAAMU TMAPOANHAMUKN. B
4acTHOCTH, ee yMeHne paboTaTb C MHOFOMePHbIM r’MAPOAMHAMUY eCKMM KOA0M SPH aBUTCS CyLleCTBeHHbIM BKNaAoM B
BbINONHeHWe 338a4 npoekTa. O BbICOKOM YpOBHE NOATOTOBKM K 3TUM 33[1a4aM MOXHO CyAuTb No paboTam

M. S. Egorova, S. A. Dyachkov, A. N. Parshikov, V. V. Zhakhovsky, A. A. Serezhkin, I. S. Menshov, D. B. Rogozkin, S. E. Kuratov,
Shock-induced ejecta from a layer of spherical particles. Part I: SPH meso-scale simulation, J. Phys.: Conf. Ser., 815(1), 012012
(2017)

Dyachkov S. A, Egorova M. S., Murzov S. A, Parshikov A. N. and Zhakhovsky V. V., Auto-balancing algorithm for parallel SPH
simulation of materials in extremes, Lobachevskii J. Math. 38, 893-897 (2017)

Takke cM. paboTy Eroposoit 1 ap. [15] B cnucke autepatypsl K n. 1.4 (aHHOTaums).

Myp3oB CemeH AnekcaHLpOBUY. YUUTCS B aCMMPaHTYpe, 3a BpeMS yuebbl NOy4 M XOpOLLY NOATOTOBKY MO YMCIEHHbBIM
MeToAaM rMapOAMHAMUKK, MoneKynapHoi anHammku (ML) n SPH koay, 4to 6yneT nCnonb30BaHO NpU BbiMOJHEHUM paboT no
npoekTy. BupTyo3Ho Bnageet naketom AtomEye, no3sonstowmm ctpouts rpadmyeckne M3o0bpaxkeHns aToMOB B TPEXMEPHOM
NPOCTPAHCTBE, YTO BAXKHO AJ1S1 UKOCTPALMM M MOHUMAHWS pe3yNbTaToB, KoTopble nonyyatotcs B M cumynauusax. Bot
HEeCKONbKO ero pabot

S. A. Murzov, V. V. Zhakhovsky, Extinction and growth of cylindrical hotspots in AB model explosive: molecular dynamics
studies, J. Phys.: Conf. Ser., 815(1), 012034 (2017)

Dyachkov S. A, Egorova M. S., Murzov S. A, Parshikov A. N. and Zhakhovsky V. V., Auto-balancing algorithm for parallel SPH
simulation of materials in extremes, Lobachevskii J. Math. 38, 893-897 (2017)

C.M.Anncumos, B.B.XKaxosckuii, H. A MHoramos, C.A.Myp308, B.A.XoxnoB, O ¢popMUPOBaHWUM 1 KPUCTANAMU3ALMU XKULKON CTPYH,
BO3HMKaIOLLEM NpM BO34EMCTBMM HA MNEHKY OCTPOC(OKYCUMPOBAHHbLIM Na3epHbIM My4KoM, KBaHTOBas 31eKTPOHUMKa, T. 47, N2 6,
509-521(2017)

1.8. MnaHupyembliii 06beM puHaHCHMpoBaHua DOHAOM NpoeKTa No roaam (yKasblBaeTcs B ThiC. pybnei):

HecoorBeTtctBne nnaHupyemoro o6beMa ¢mMHaHCMpPOBaHUA NpoekTa (B TOM YMCIe OTCYTCTBME MHGOpMaLLMM B COOTBETCTBYIOLLMX nonsax ¢opMbl) Tpe6oBaHUAM NYHKTA
10 KOHKprHOﬁ AOKYyMeHTaL U1 ABNseTca OCHOBaHUEM HepaonyCKa 3asdBKU K KOHKYpCY.

2019 r. - 6000 TbIC. pYbRen,

2020 . - 6000 TbiC. pybnei,

2021 r. - 6000 TbIC. pYbRen.

1.9. HayuHbli1 KONNEKTUB NO pe3y/ibTaTtaM NPOEKTa B XOAE ero peannsauuu npeanonaraet ony61MKoBaTb B peLeH3upyeMbIX
POCCUIACKMX U 3apy6eXXHbIX Hay4HbIX U3AAHMSIX HE MEHee
15 ny6auvkaumi,
U3 HUX

12 B u3paHusx, nHaekcmpyemblx B 6azax gaHHbix «CeTb Haykm» (Web of Science Core Collection) nmm «Ckonyc» (Scopus).
anBO,ﬂ.ﬂTCFI AaHHbIE 3a BECb NEPUOA BbINOTHEHUA MPOEKTA. YMeHblLUeHWE KonnyecTa I'Iy6ﬂI/IKaLI,VII7I (B TOM 4ucie OTCyTCTBUE I/IHd)OpMaLI,I/Il/I B COOTBETCTBYHLMX NONAX

(OpMbi) MO CPABHEHUIO C NOPOrOM, YCTAHOBNEHHBIM B M. 16.2 KOHKYPCHOM [LOKYMEHTaLMM SBNSIETC OCHOBAHWUEM HEJ 0MyCcKa 3asIBKM K KOHKYPCY.

MHdopMauma o HayuHbIX U3AAHUAX, B KOTOPbLIX NpeanonaraeTcs ony6iMKkoBaTbh pe3ynbTaTbl NPOEKTa, B TOM YMcne cnepyet
YKa3aTb B KaKux 6a3ax MHAEKCUPYIOTCA AaHHble u3gaHus - «CeTb Hayku» (Web of Science Core Collection), «Ckonyc»
(Scopus)», PUHLL, uHble 6a3bl, a TakKe yKaszaTb TMN Ny6AMKaLMK - CTaTbsl, 0630p, Te3UChI, MOHOTpadus, UHOI TMN

Cratbm B xypHanax Physical Review Applied (WoS, Scopus, PUHL, - Q1), Plasma Physics (WoS, Scopus, PVHLL), Physical
Review B (WoS, Scopus, PUHLL), Journal of Applied Physics (WoS, Scopus, PUHLL), AIP Conference Proceedings (WoS,
Scopus, PVHLL), Journal of Physics: Conference Series (WoS, Scopus, PUHL), X3T® (WoS, Scopus, PUHL), Mucbma B XXKITO
(WoS, Scopus, PUHLL), YOH (WoS, Scopus, PUHLL)

1.10. Yncno nybnukaumii Wi1eHOB HAy4HOTO KOJJIEKTUBA, ONYG/IMKOBaHHbIX B nepuoga, ¢ 1 aueaps 2014 ropa ao aartbl noaaum
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3a9BKM,
72, 3 HUX
58 - onybankoBaHbl B u3naHusx, niaekcupyemoix B Web of Science Core Collection nnmn B Scopus.

1.11. NMnaHupyeMoe y4yacTMe Hay4HOro KONNEKTUBA B MEXAYHapOAHbIX Konnabopauusax (npoektax) (Npu Hanuumm)

PykoBoauTenb npoekTa NoATBE PXKAAET, UTO

e BCE YJIeHbl HAYYHOrO KOJNEKTUBA (B TOM YMCe PYKOBOAMUTENb MPOEKTA) YAOBNETBOPSIOT NyHKTaM 6, 7, 13 KOHKYpCHOM
LOKyMeHTaLmu;

® HaBeCb Nepuoa peanunsaummn NnpoekTa oH OyaeT COCTOSTb B TPYAO0BbIX OTHOLIEHMSX C OpraHu3aumen;

e npu 06HapOJOBaHMM Pe3yNbTaTOB MO0V HAy4HOW paboTbl, BbINMOMHEHHOM B paMKax nogaep>KaHHoro MoHaom
NpOEeKTa, OH M €ro Hay4YHbl KONNEKTUB BYAYT yKa3blBaTb Ha NonyyeHune GUHAHCOBOW noanepxxku ot PoHpa u
OpraHu3auuio, a TakxKe CornacHbl ¢ onybamMkoBaHveM MOHAOM aHHOTALMU U OXMAAEMbIX PE3YNbTAaTOB MNOAAE PXXAHHOIO
NpoeKTa, COOTBETCTBYHLLMX OTHETOB O BbIMONHEHWUM NPOEKTA, B TOM YUC/IE B UHDOPMALLMOHHO-
TeNeKOMMYHUKALMOHHOM ceTu «MHTepHeT;

e nomumo rpaHTa MoHaa NpoekT He byaeT MMeTb APYrMX UCTOYHMKOB PUHAHCUMPOBAHMS B TEYEHWE BCEro nepmoaa
NpaKTUYeCKOM peannsaLmm NpoekTa C UCNoAb30BaHMeM rpaHTa PoHAga;

® MPOEKT He ABNSETCS aHAJIOMMYHbIM MO COAEPXKAHUIO MPOEKTY, OAHOBPEMEHHO NOAAHHOMY Ha KOHKYPCbI HAy4YHbIX
(OHA0B M UHBIX OPraHU3aLMIA;

® pOEKT HE COAEPXMUT CBEAEHUI, COCTABNAIOWMX FOCYAaPCTBEHHYIO TalHY UM OTHOCMMbIX K OXpaHSIeMoi B
COOTBETCTBUM C 3aKOHOAaTeNbCTBOM Poccuiickor Mepepaumnm MHo MHGOpMaLMK OrpaHUYEHHOTo AOCTYNa;

® [10/19 YIeHOB HAY4YHOr O KONNIEKTVBA B BO3pacTe 10 39 neT BKIOUUTENbHO B 0OLLE I YMCIEHHOCTU YNIEHOB HAaY4YHOrO
KonnekTMBa byaeT cocTaBnaTb He MeHee 50 NpPOLEHTOB B TEYEHME BCErO Nepmnoaa NpakTUyeckol peanmsaumm NpoeKTa;

® B YCTaHOBNEHHbIE CPOKM BYAYT NpeacTaBnaTbcs B DOHA eXXeroHble OT4YETbI O BbIMOJHEHWUM NPOEKTa U O LeNeBOM
MCMONb30BaHUM CPeACTB rpaHTa.

Moanucb pykoBoauTens npoekra /C.A. AHucumos/
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®opma 2. CBepeHUs 0 pyKOBOAMTENE M OCHOBHbIX MCMOMHUTENSAX NPOEKTa

COﬁMDa}OTCﬂ aABTOMArn4yecku (qachqu) Ha OCHOBE aHKETHbIX AaHHbIX pyKoBOAMUTENA U UCronHuTenen, noaTBeEPAUBLUMX CBOE y4acTue. Cnucok ucnonHurenen

cdopmupyetca B "Qopme T"

(Popma 2. CBepeHus o pykoBogutene

2.1. ®amunusa, MM, OT4ECTBO (NPU HATMUUHK)
Ha pYccKoM si3bike
Anucumos Ceprei MBaHoBuY

Ha aH2UTICKOM 53bIKe Gamuius u UHUYUAnsl
Anisimov S.1.

WoS ResearcherlID (npu Hanuyuu)
MOXHO nony4uTb, 3aperucTpupoBasLUMC No anpecy www.ResearcherlD.com.

Scopus AuthorID (npu Hanuquu)
Scopus AuthorlD dopmupyeTcs B 6a3e faHHbIX SCOpUS aBTOMarU4ecku npu NosiBNeHUM y aBTopa XoTs Bbl OAHOM CTatbu B AaHHOM 6ase. AuthorlD ykasaH B aBTOpCKOM

npodune, KOTOPbI CTAHOBUTCA [,OCTYMNEH, €M NpK Noucke aBTopa B 6ase AaHHbIX Scopus (Author Search) B pe3ynbrarax noucka HaxaTb Ha GamMunuio aBTopa.

7006395343

2.2. lata poXaeHusa (ykassleaemcs Yu@pamu — 4uaio, Mecsu, 200)
11.12.1934

2.3. TpaXaaHCTBO
pPOCCH4

2.4. YyeHaq cteneHb, rof NpUCYXAEHUSA
B aiyyae Hamnuua HeCKOIbKUX Yy4YeHbIX creneueﬁ, YKa3blBaeTCA Ta U3 HUX, KOTopas Haubonee COOTBETCTBYET TEMAaTUKE NpPOEKTa.

[lokTop m3mMKo-MaTeMaTuyeckux Hayk, 1970

2.5. Harpaabl M npeMuuM 3a HayuHYI0 AeATeIbHOCTb, WIEHCTBO B BeAyLMX HAyUHbIX cOobLIecTBaxX (MPU HaAUuMK), yuactme B
peaxonnerusx BeAylMX peLeH3MpyeMbIX HayuHbIX M3AaHMI (MPY HATMYMK), YYacTUE B OPrKOMMUTETAX UM NPOrPaMMHbIX
KOMMTETaX U3BECTHbIX MEXAYHAPOAHbIX KOH(EpPeHLUMit, MHO ONbIT OPraHU3aLMM MEXAYHAPOAHbIX MePONpPUATHIA

loc. npemna CCCP, 1986; opaeH "3Hak noveTa’, 1975; npemus nm.CroneTosa, 2011; npemusa um. Jlanpay n Cnutuepa; yneH
Pepnkonnerun mexxayHapoaHoro MHxeHepHo-du3nyeckoro xypHana; International High Power Laser Ablation & Directed
Energy Symposium - uneH nporpammHoro komuteta HPLA; noyeTHbiv npodeccop YHusepcuteTa r. Ocaka (noHus)

2.6. OcHOBHOE MeCTO paboTbl HA MOMEHT NOAAYU 3aSBKU — AO/MKHOCTb, MOJIHOE HAUMEHOBaHUEe OpraHU3aLuK (COKpaLleHHoe
HaMMeHOBaHMe opraHusauum)

PyKOBOAMTenb npoeKkTa MOXXeT Ha MOMEHT NoAaYvu 3a8BKU He ABNATLCA paﬁOTHMKOM opraHusauuu, HO, B Tly4yae HOGeAbI B KOHKYypce, A0/MKEH 3aK/MH4YUTb C HeW
TPYyAOBOI AoroBop. B cnyuae, e pykoBoauTenb NpoeKkTa He ABNSETCS rpaxaaHuHoM Poccuiickoi Depepaumumn, opraHmsauuein A0mKHbI 6biTb BbINOMHEHbI BCe
npoueaypbl, NpeaycMoTpeHHbIe 3aKOHOAaTeNLCTBOM Poccuiickoit Pepepauum npu TPYAOYCTPOACTBE MHOCTPAHHBIX FpaXKAaH.

rNaBHbIA HaYYHbIV COTPYAHMK, DeaepanbHoe rocynapCcTBEHHOEe BIoMKeTHOE yupexaeHue Hayku VIHCTUTYT TeopeTuyeckoi
du3nkun um. J1.A. Nanpay Poccuitckon akapemum Hayk (UT® um. J1.4. Nanpay PAH, MockoBckas o6n)

2.7. 0O6nacTb Hay4HbIX MHTEPECOB — KJIIOYEBbIE CNI0Ba (NpuBodUMcs He bonee 15 kmoyesbix c0s)

HQ pYCCKOM 5i3bIKe
3KCTpeMasnbHble COCTOSIHMS BELLECTBA, B3AMMOAENCTBUE TA3EPHOIO U3NyYeHMS C BELLECTBOM, HEJIMHEMHAs AMHAaMKMKa,
(hazoBble NpeBpaLleHNs, TMAPOAMHAMUYECKME HEYCTOMYMBOCTY

Ha aHeNUUCKOM f3biKe
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extreme states of matter, the interaction of laser radiation with matter, nonlinear dynamics, phase transitions, hydrodynamic
instabilities

2.8. O6nacTb Hay4HbIX UHTEPECOB — KOAbI N0 Knaccudukaropy PoHaa
02-402 02-501 02-302 02-502

2.9. MNepeyeHb ny6anKaumi pykoBoauTensl NpoeKTa, ony6anMkoBaHHbIX B nepuoa, ¢ 1 aHBapa 2014 roaa Ao Aatbl noaaum
3a9BKM, NOATBEPXKAAIOLLMIA BbINOJIHEHME YC/I0BUSI MYHKTA 9 KOHKYPCHOM AOKYMEHTaLMK
JlocTaTo4HO NPUBECTU CCbIIKM HA My6AMKaL MM B KONMUECTBE, paBHOM YCTaHOB/IEHHOMY B KOHKYPCHOM A,0KyMeHTauuu nopory. B chiyyae npepcraBnenus ny6amkaumm
B U3AaHUAX, MHAEKCMpyeMbiX B 6a3e aaHHbIXx «CeTb Hayku» (Web of Science Core Collection) unu «Ckonyc» (Scopus), Bxoaswmx B nepsblit kBaptunb (Q1) no
umnakT-gaktopy JCR Science Edition nnm JCR Social Sciences Edition, no Scopus SJR (npuHapnexHocTb u3panua kK Q1 onpepenserca no 6ase AaHHbIX
http://www.scimagojr.com/), AaHHas cTaTbsl B HAaCTOSILLLEM MYHKTE YKa3biBAeTcsl Kak OAHA Ny6nuKauus, HO yYuTbiBaeTcs Kak ABe nybnukauun. Mpu aTom
HeobX 0AMMO YKa3aTb Ha NPUHAANEKHOCTb u3AaHua K Q1 u Ha roa, npuHapnexxHoctn uspanua K Q1. HecootBetcrBue KonnyecTBa ny6aukaumii (B Tom uncie
oTcyTcTBME MH(OpMaLLMM B COOTBETCTBYIOLMX Nonax ¢opMbl Win oTcyTcTBUE MHGBOPMALIMM O NMPUHAANEXHOCTU u3faHusa K Q1), npusoaumMoe B nepeuHe u/wnm
YUC/IEHHO B CTPOKE HWXe, Tpeﬁosaumm MYHKTa 9 KOHKprHOﬁ AO0KyMeHTaL U ABNseTca OCHOBaHUEM HeponycCKa 3asiBKU K KOHKYpPCY B COOTBETCTBMM C NOANYHKTOM
«e» MyHKTa 21 KOHKYPCHOM A,0KYyMEHTaL UK.

HQa aHe/IULCKOM Si3biKe
1.Abarzhi, S. 1, Ityin, D. V., Goddard, I. W. A, Anisimov, S. I. Interface dynamics: Mechanisms of stabilization and destabilization
and structure of flow fields, Proceedings of the National Academy of Sciences (PNAS), 2018,
www.pnas.org/cgi/doi/10.1073/pnas.1714500115
MmnakT-dakTop 9.38 (Q1)
2. V.V. Zhakhovsky, A.P. Kryukov, V.Yu. Levashoy, |.N. Shishkova, S.I. Anisimov, Mass and heat transfer between evaporation and
condensation surfaces: Atomistic simulation and solution of Boltzmann kinetic equation, Proceedings of the National
Academy of Sciences (PNAS), 2018, www.pnas.org/cgi/doi/10.1073/pnas.1714503115 [9 pages].
MmnakT-daktop 9.38 (Q1)
3. B. Rethfeld, D. Ivanov, M. Garcia, S. Anisimov, Modelling ultrafast laser ablation, J. Phys. D: Appl. Phys. 50, 193001 (2017),
Wo0S:000399252000001, Scopus: 2-s2.0-85018404681.
MmnakT-dakTop 2.373 (Q1)
4. C.W. Anucmmos, B.B. Xaxosckuit, H.A. MHoramos, C.A. Myp30B, B.A. XoxnoB, O ¢GopMMPOBaHUM U KPUCTANIN3ALLUM XKMOKOM
CTPYM, BO3HUKAIOLLEM NPU BO34EMACTBMM HA NAEHKY OCTPOC(OKYCMPOBAHHbLIM Na3epHbIM Ny4KoM, KBaHTOBas 31eKTPOHMKA,
47(6), 509-521 (2017), WoS: 000404958300003, Scopus: 2-52.0-85021829753.
MmnakTt-daktop 1.151
5. V.V. Zhakhovsky, K.P. Migdal, N.A. Inogamov, S.I. Anisimov, MD simulation of steady shock-wave fronts with phase transition
in single-crystal iron, AIP Conf. Proc, 1793, 070003 (2017), WoS: 000404282600135, Scopus: 2-52.0-85017037315.
6. H0.B. NeTtpos, K.IN. Murgan, H.A. Mhoramos, C.1. Auncumos, Mpoueccbl nepeHoca B MeTanie C ropsiiMMM 31eKTPOHaMM,
BO36YXXAEHHbIMU NIA3ePHbIM UMMYNbCOM, [ucbma B XKITD, 104 (6), 446-454 (2016), WoS: 000390022200013, Scopus: 2-
52.0-85002763645.
MmnakT-dakTop 1.363
7.V.A. Khokhlov, V.V. Zhakhovsky, K.V. Khishchenko, N.A. Inogamov, S.I. Anisimov, Metal film on a substrate: Dynamics under
the action of ultrashort laser pulse, J. Phys.: Conf. Ser. 774, 012100 (2016) [Proc. XXXI International Conference on Equations
of State for Matter (ELBRUS 2016), 1-6 March 2016, Elbrus, Russia], Wos: 000403483200101, Scopus: 2-s2.0-85007124204.
8. Petrov, Y. V., Khokhlov, V. A, Inogamov, N. A, Khishchenko, K. V., Anisimoyv, S. I., Reflectance of thin silver film on the glass
substrate at the interaction with femtosecond laser pulses, J. Phys.: Conf. Ser., 774, 012099 (2016) [Proc. XXXI International
Conference on Equations of State for Matter (ELBRUS 2016), 1-6 March 2016, Elbrus, Russia], Wos: 000403483200100
9. N.A. Inogamov, V.V. Zhakhovsky, S.I. Ashitkov, Yu.N. Emirov, A.Ya. Faenov, Yu.V. Petrov, V.A. Khokhlov, M. Ishino, B.J.
Demaske, M. Tanaka, N. Hasegawa, M. Nishikino, S. Tamotsu, T.A. Pikuz, I.Y. Skobelev, T. Ohba, T. Kaihori, Y. Ochi, T. Imazono,
Y. Fukuda, M. Kando, Y. Kato, T. Kawachi, S.I. Anisimov, M.B. Agranat, .I. Oleynik, V.E. Fortov, Surface nanodeformations
caused by ultrashort laser pulse, Engineering Failure Analysis, 47(Pt.B), 328-337 (2015), WoS: 000347757600009.
MmnakT-dakTop 2.157 (Q1)
10. M.B. Arpanart, C./. AwunTkos, A.B. OBunHHukos, [.C. CutHmkos, A.A. KOpkesuy, O.B. YedoHos, J1.T. MNepenbmaH, C.U.
AHncumos, B.E. ®opToB, Tennosoe u3nyyeHune ropsymnx aneKTpoHoB MeTanna, MNucobma B XKIT®, 101 (9), 671-676 (2015), WoS:
000358576200003, Scopus: 2-52.0-84938094729.
MmnakT-dakTop 1.363
11. Yu.V. Petrov, N.A. Inogamov, S.1. Anisimoyv, K.P. Migdal, V.A. Khokhlov, K.V. Khishchenko, Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem, J. Phys.: Conf. Ser. 653, 012087 (2015), WoS:
000368507600087, Scopus: 2-52.0-84958970206.
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12. M.1. Tribelsky, S.I. Anisimov, Tuned Mullins-Sekerka instability: Exact results, Phys. Rev. E 90, 042403 (2014), WoS:
000344241700003, Scopus: 2-52.0-84908431443.

MmnakT-dakTop 2.284 (Q1)

13. H.A. Mnoramos, B. B. XXaxosckuii, H0.B. MNeTpos, B.A. Xoxnos, C.WU. Awwntkos, K.IN. Murgan, . K. UnbHuukui, FO.H. SMupos,
MN.C. Komapos, M.b. Arpanar, C.U. Auncumos, B.E. ®opTos, [leicTBMe ynbTpakopoTKOro 1a3epHOro MMNyAbLCa Ha MeTansbl:
LBYXTEMMNepaTypHas peflakcaums, BCNeHWBaHUE pacniaBa U 3aMOpaXkMBaHWe paspyLUaoLecs HaHoneHbl, OnTuyeckuii
xypHan, 81(5), 5-26 (2014), WoS: 000338929900002, Scopus: 2-52.0-84902137675.

Mmnakr-daktop 0,615

14. D.K. Ilnitsky, V.A. Khokhlov, N.A. Inogamov, V.V. Zhakhovsky, Yu.V. Petrov, K.V. Khishchenko, K.P. Migdal, S.l. Anisimov,
Two-temperature hydrodynamics of laser-generated ultrashort shock waves in elasto-plastic solids, J. Phys. Conf. Ser., 500,
032021 (2014), WoS: 000337722900033, Scopus: 2-52.0-84902313295.

15. N.A. Inogamov, V.V. Zhakhovsky, V.A. Khokhlov, S.I. Ashitkov, Yu.N. Emirov, K.V. Khichshenko, A.Ya. Faenov, T.A. Pikuz, M.
Ishino, M. Kando, N. Hasegawa, M. Nishikino, P.S. Komarov, B.J. Demaske, M.B. Agranat, S.I. Anisimov, T. Kawachi, LI. Oleynik,
Ultrafast lasers and solids in highly excited states: results of hydrodynamics and molecular dynamics simulations, J. Phys. Conf.
Ser., 510, 012041 (2014), WoS: 000350296800041.

Ons PYCCKOA3bIMHbIX Ha3BaHUI cBEO EeHUs npuBOOATCA Ha PYyCCKOM 43blKe U B NepeBoAe Ha QHTTIMIACKUI 93bIK. ['Ipw 3TOM [,0/KHO ObITb MOHATHO, YTO peyb uoet 06

OfLHOM W TOM Xe A,0KyMeHTe (HanpuMmep, 1,00aBNsiTe C10BO «NEPEBOA»).
MepeueHb copepxut 19 ny6nukaumii B uspaHuax, unpekcupyemoix B Web of Science Core Collection, Scopus.

MepeyeHb coaepXUT 5 ny6aukaumii B U3AAHMAX, BXOASALMX B nepBbii KBaptuab (Q1) no umnakT-gakropy JCR Science Edition
mnm JCR Social Sciences Edition, no Scopus SJR.

MpuHapnexHocTb U3aaHusa k Q1 onpepensietcs no 6ase AaHHbIX httpy//www.scimagojr.com/.

2.10. OcHOBHble Hay4Hble pe3ynbTaTbl pyKOBOAMTENS NpoeKTa 3a nepuog ¢ 1 aueaps 2014 ropa (pe3yemamel 00MHHbI
nodmeepxadamscs ceedeHusMU U3 3asi8KU, HaNpuUMep - nyonukayusmu)
Ha pYCCKOM 5i3blKe

YneH-kopp. PAH Cepreit MiBaHOBMY AHUCMMOB SIBNSIETCS aBTOPOM OCHOBOMOJIAralWmMx paboT B 061acT B3aMMoaencTBumS
Na3epHOro U3Ny4yeHus C BeLleCTBOM, HAYMHas C LUMPOKO M3BECTHbIX BblCOKOLMTUPYEMbIX cTaTei u 0630poB. [1-3],
MoHorpadwmm [4], A0 BblleAWMX HEAABHO B MPECTUXKHbIX HAay4YHbIX XXYpHanax ctaren [5-7].

Bce paboTbl, ykasaHHble B N. 4.7 339BKu, CAENAHbI MPU €0 eC/IM U He HENOCPeACTBEHHOM Y4acTuu, TO AeTaNlbHOM
obCcyKaeHUM.

OcHoBHble pe3ynbTaThl, NonyvyeHHble B paboTtax C.U. AHucumoBa, HaumHas ¢ 2014 roga (ccbliku 5-16 B cnncke imMtepatypebl K
3TOMY MYHKTY).

B 0630pHoii cTaTbe [5] paccMOTpeHbl OCHOBHbIE acneKTbl abisLMK KOHAEHCUPOBAHHbIX CPeA Noa AeNCTBUEM
YNbTPaKOPOTKMX NA3ePHbIX UMNYNbCOB OT MOTNOWEHNS UMMNYIbCOB YNbTPAKOPOTKOM AIMTENILHOCTH, CO34aHUS
LBYXTEMMNEPATYPHOro COCTOSHMUSA, TMAPOAMHAMYECKOro pasfieTa 40 HaHoLehopmauum 061y4aeMoi MoBEPXHOCTY.

PaccmoTpeHbl dyHaaMeHTabHble BOMPOChI NOBEEHMS XXMAKOCTEN Ha MOBEPXHOCTH pasaena, CTabunmnsaumm noBepxHOCTH,
nepemeLuMBaHus Xuakocten. NpoeefeHo MOneKynsIpHO-AMHAMUY eCKOe MOAEIMPOBaHUE MAacCOOOMEHa Ha MOBEPXHOCTH
pasgena XuaKon u naposor das [6-7].

NokaszaHa BO3MOXHOCTb CYLLECTBOBAHMS BbI3BAHHOM KOPOTKOMMMYNbCHbIM /1a3€ PHbIM BO34EMCTBMEM YAAPHOM BOSHBI,
OCTaloLLEMCs yNpyrom, HeCMOTPS Ha TO, YTO AAB/IEHUE B HEM 3HAYUTENILHO MPEBOCXOAUT KNACCUYECKUIM Npeaen ynpyroctu
(cBepxynpyras yaapHas BOJIHA) 1 CNOXHOM YAAPHOM BOMHbI, COCTOSALEN U3 CUHXPOHHO ABMXYLLMXCS CBEPXYNPYroM 1
nNacTM4eCcKoMn yaapHbIX BOsH [8].

Pa3paboTaH MexaHu3M 06pa3oBaHMs HAHOCTPYKTYP HA MOBEPXHOCTM MULLIEHU NOA AEMACTBUEM NIA3EPHOMO U3NyYEHMS KaK
OMTUYECKOro, Tak M peHTTeHOBCKOro AMana3oHa B pe3ybTaTe BCNeHWBAHWUS NOA NOBEPXHOCTHLIM FOPSY UM XKUAKOM CI0EM C
nocnenyowmm 3aMmep3aHMeM BO3HUKILKMX CTPYKTyp [9-11].

MccnepoBaHbl 0cobeHHOCTV 06pa3oBaHMs MOBEPXHOCTHBIX HAHOCTPYKTYP NMPU BO3AEWCTBMM TIA3€PHOMO U3/TyYeHuUs Ha
MeTaMyeckue NNeHKuM, nexallpe Ha AMINeKTpuY eckom noanoxke. NokasaH MexaHn3M BO3SHUKHOBEHWUS BYropKoB, CTpyH B
BepLUMHAX Byropkos M OTOpBaBLUMXCS Kanenb [12,13].

M3ydeHbl 04eHb BaXKHble A1 NPOBOAUMbIX pacyeTOB CBOMCTBA BELECTB B ABYXTEMMNEPATYPHOM COCTOSIHUM, BO3HMKAIOLLEM
npuv BO34ENCTBUM YNbTPAKOPOTKMX Nla3epHbIX MMMynbcos [14,15].

PaccMoTpeHbl onTMYecKkne CBOMCTBA META/NIOB B ABYXTEMMEPATYPHbIX COCTOAHMSX NPW BO3AEMCTBUM DEMTOCEKYHHbIX
MMNYNbCOB Na3epHOro nsnyyeHusax [16].
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Jlutepatypakn. 2.10

1. CW. AHncumos, B.J1. Kanenvoswuuy, T.J1. MepenbMaH, dneKTpOHHas 3MUMCCUS C MOBEPXHOCTU METANIOB NOA AENCTBUEM
YNbTPAKOPOTKMX Nla3epHbIX MMNYNbCOoB, XKITD, 66 (2), 776-779 (1974)].

2. CW. AHncumos, A M. Mpoxopos, B. E. ®opTos, lNpuMeHeHUe MOLLHbIX Na3epoB ANs UCCeL0BaHNS BELLECTBA NpU
CBEPXBbICOKMX AaBneHusx, YOH, 142, 395-434 (1984)

3. C.W. Auncumos, b.C. JlykbsiHuyk, M36paHHble 3aaa4m Teopum naszepHon abnaumm, YOH, 172, 301-333 (2002)

4. S.1. Anisimov, V.A. Khokhlov, Instabilities in Laser-Matter Interaction,

CRC Press, Published March 23, 1995, 160 Pages. ISBN 9780849386602 - CAT# 8660

5. B. Rethfeld, D. Ivanov, M. Garcia, S. Anisimov, Modelling ultrafast laser ablation, J. Phys. D: Appl. Phys. 50, 193001 (2017)
6. S.I. Abarzhi, D.V. Ilyin, W.A. Goddard lll, S.I. Anisimoyv, Interface dynamics: Mechanisms of stabilization and destabilization
and structure of flow fields, Proc. Nat. Acad. Sci. USA (2018), https://doi.org/10.1073/pnas.1714500115

7. V.V. Zhakhovsky, A.P. Kryukov, V.Yu. Levashoy, I.N. Shishkova, S.I. Anisimov, Mass and heat transfer between evaporation and
condensation surfaces: Atomistic simulation and solution of Boltzmann kinetic equation, Proc. Nat. Acad. Sci. USA (2018),
https://doi.org/10.1073/pnas.1714503115

8. D.K. Ilnitsky, V.A. Khokhlov, N.A. Inogamov, V.V. Zhakhovsky, Yu.V. Petrov, K.V. Khishchenko, K.P. Migdal, S.I. Anisimov, Two-
temperature hydrodynamics of laser-generated ultrashort shock waves in elasto-plastic solids, J. Phys.: Conf. Ser., 500,
032021 (2014)

9. H.A. iHoramos, B.B. XXaxosckui, t0.B. MeTpos, B.A. Xoxnos, C.W. Awmntkos, K.IN. Murgan, [.K. MnbHuukumia, K0.H. Smmpos, M.C.
Komapos, M.B. ArpaHart, C.1. AHucumos, B.E. ®opToB, [leicTBre yNbTPaKoOpOTKOro N1a3epHOro MMMybca Ha MeTabl:
ABYyXTeMMNepaTypHas penakcaums, BCNeHnBaHWe pacniasa M 3aMopaxXMBaHWE paspyLuatoeiics HaHoneHbl, ONTuYeckui
XypHan, 81, 5-26 (2014)

10. N.A. Inogamov, V.V. Zhakhovsky, V.A. Khokhloy, S.I. Ashitkov, Y.N. Emirov, K.V. Khichshenko, A.Y. Faenov, T.A. Pikuz, M.
Ishino, M. Kando, N. Hasegawa, M. Nishikino, P.S. Komarov, B.J. Demaske, M.B. Agranat, S.l. Anisimov, T. Kawachi, L.I. Oleynik,
Ultrafast lasers and solids in highly excited states: results of hydrodynamics and molecular dynamics simulations, J. Phys.:
Conf. Ser., 510(1), 012041 (2014)

11.N.A. Inogamov, V.V. Zhakhovsky, S.I. Ashitkov, Yu.N. Emirov, A.Ya. Faenov, Yu.V. Petrov, V.A Khokhlov, M. Ishino, , B.J.
Demaske, M. Tanaka, N. Hasegawa, M. Nishikino, S. Tamotsu, T.A.Pikuz, l.Ya. Skobelev, T. Ohba, T. Kaihori, Y. Ochi, T. Imazono,
Y. Fukuda, M. Kando, Y. Kato, T. Kawachi, S.l. Anisimov, M.B. Agranat, L.I. Oleynik, V.E. Fortov, Surface nanodeformations
caused by ultrashort laser pulse, Engineering Failure Analysis, 47, 328-337 (2015)

12. CW. Aucumos, B.B. XXaxosckuii, H.A. MHoramos, C.A. Myp3os, B.A. Xoxnog, O ¢popM1poBaHMM U KpUCTANIM3ALUMN XKUOKOWM
CTPYM, BO3HMKaIOLEV NpK BO34EMCTBUM Ha MNEHKY OCTPOCHOKYCMPOBAHHbLIM Jla3epHbIM NMy4YKkoM, KBaHTOBas 31eKTPOHMKa,
47(6), 509-5219 (2017)

13. Khokhlov, V. A.; Zhakhovsky, V. V.; Khishchenko, K. V.; Inogamoy, N. A. & Anisimov, S. . Metal film on substrate: dynamics
under action of ultra-short laser pulse. J. Phys.: Conf. Ser., 774, No. 1, 012100[1-10] (2016)

14. Yu.V. Petrov, N.A. Inogamoyv, S.I. Anisimov, K.P. Migdal, V.A. Khokhlov, K.V. Khishchenko, Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem, J. Phys. Conf. Ser., 653, 012087 (2015)

15. 10.B. MeTpos, K.I. Murgan, H.A. MHoramos, C.W. AHncmumog, lMNpoueccol NnepeHoca B MeTanne C ropsynuMm 3/1eKTPOHAMMU,
BO36YXXA€HHbIMU NIa3ePHbIM UMMYNbCOM, Mncbma B XKITD, 104, 446-454 (2016)

16. Yu.V. Petrov, V.A. Khokhlov, N.A. Inogamov, K.V. Khishchenko, S.I. Anisimov, Reflectance of thin silver film on the glass
substrate at the interaction with femtosecond laser pulses, J. Phys.: Conf. Ser., 774, 012099 (2016)

Ha GHeNULICKOM $i3biKe
Corresponding Member of RAS Sergei Ivanovich Anisimov is the author of the fundamental work in the field of interaction of
laser radiation with matter, starting with well-known highly cited articles and reviews [1-3], monograph [4], to articles that
have appeared recently in prestigious scientific journals [5-7].

All the works specified in section 4.7 of the application were made with his, if not directly participating, then detailed
discussion.

The main results obtained in the works of S.I. Anisimov, starting in 2014 (references 5-16 in the list of references to this
section).

In a review article [5], the main aspects of the ablation of condensed media under the action of ultrashort laser pulses from
the absorption of ultrashort pulses, the creation of a two-temperature state, hydrodynamic expansion to the nano-
deformation of the irradiated surface are considered.

The fundamental questions of the behavior of liquids at the interface, stabilization of the surface, mixing of liquids are
considered. Molecular dynamics modeling of mass transfer at the interface of the liquid and vapor phases was carried out [6-
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7].

The possibility of the existence of a shock wave caused by a short-pulse laser action remaining elastic, despite the fact that
the pressure in it significantly exceeds the classical elastic limit (superelastic shock wave) and a complex shock wave
consisting of synchronously moving superelastic and plastic shock waves was shown [8].

A mechanism has been developed for the formation of nanostructures on the target surface under the action of laser
radiation of both the optical and X-ray ranges as a result of foaming under the surface hot liquid layer with subsequent
freezing of the structures that have appeared [9-11].

The features of the formation of surface nanostructures under the action of laser radiation on metal films lying on a
dielectric substrate are investigated. The mechanism of the occurrence of hillocks, jets at the tops of the hillocks and
detached drops is shown [12,13].

The very important for the ablation modeling properties of substances in the two-temperature state, which arise under the
action of ultrashort Llaser pulses, are studied [14,15]

The optical properties of metals in two-temperature states under the action of femtosecond pulses of laser radiation are
considered [16].

Literature to section 2.10

1. S.1. Anisimoy, B.L. Kapeliovich, T.L. Perelman, Electron emission from metal surfaces exposed to ultrashort laser pulses,
Sov. Phys. JETP 39(2), 375-377 (1974).

2.S.1. Anisimov, A M. Prokhorov, V.E. Fortov, Application of high-power lasers to study matter at ultrahigh pressures, Soviet
Physics Uspekhi, 27, 181-205 (1984)

3. S.I. Anisimoyv, B.S. Luk’yanchuk, Selected problems of laser ablation theory, Soviet Physics Uspekhi, 45, 293-324 (2002)

4. S.I. Anisimoyv, V.A. Khokhlov, Instabilities in Laser-Matter Interaction,

CRC Press, Published March 23, 1995, 160 Pages. ISBN 9780849386602 - CAT# 8660

5. B. Rethfeld, D. Ivanov, M. Garcia, S. Anisimov, Modelling ultrafast laser ablation, J. Phys. D: Appl. Phys. 50, 193001 (2017)
6. S.1. Abarzhi, D.V. Ilyin, W.A. Goddard lll, S.1. Anisimov, Interface dynamics: Mechanisms of stabilization and destabilization
and structure of flow fields, Proc. Nat. Acad. Sci. USA (2018), https://doi.org/10.1073/pnas.1714500115

7. V.V. Zhakhovsky, A.P. Kryukov, V.Yu. Levashov, I.N. Shishkova, S.I. Anisimov, Mass and heat transfer between evaporation and
condensation surfaces: Atomistic simulation and solution of Boltzmann kinetic equation, Proc. Nat. Acad. Sci. USA (2018),
https://doi.org/10.1073/pnas.1714503115

8. D.K. Ilnitsky, V.A. Khokhlov, N.A. Inogamov, V.V. Zhakhovsky, Yu.V. Petrov, K.V. Khishchenko, K.P. Migdal, S.I. Anisimov, Two-
temperature hydrodynamics of laser-generated ultrashort shock waves in elasto-plastic solids, J. Phys.: Conf. Ser., 500,
032021 (2014)

9.N. A. Inogamoyv, Yu. V. Petrov, V. A. Khokhlov, S. I. Anisimov, V. V. Zhakhovskii, S. I. Ashitkov, P. S. Komarov, M. B. Agranat, V.
E. Fortov, K. P. Migdal, D. K. IU'nitskii, and Yu. N. Emirov The effect of an ultrashort laser pulse on metals: Two-temperature
relaxation, foaming of the melt, and freezing of the disintegrating nanofoam Journal of Optical Technology, Vol. 81, Issue 5,
pp. 233-249 (2014)

10. N.A. Inogamov, V.V. Zhakhovsky, V.A. Khokhlov, S.I. Ashitkov, Y.N. Emirov, K.V. Khichshenko, AY. Faenov, T.A. Pikuz, M.
Ishino, M. Kando, N. Hasegawa, M. Nishikino, P.S. Komarov, B.J. Demaske, M.B. Agranat, S.l. Anisimov, T. Kawachi, LI. Oleynik,
Ultrafast Lasers and solids in highly excited states: results of hydrodynamics and molecular dynamics simulations, J. Phys.:
Conf. Ser., 510(1), 012041 (2014)

11.N.A. Inogamov, V.V. Zhakhovsky, S.I. Ashitkov, Yu.N. Emirov, A.Ya. Faenov, Yu.V. Petrov, V.A Khokhlov, M. Ishino, , B.J.
Demaske, M. Tanaka, N. Hasegawa, M. Nishikino, S. Tamotsu, T.A.Pikuz, .Ya. Skobelev, T. Ohba, T. Kaihori, Y. Ochi, T. Imazono,
Y. Fukuda, M. Kando, Y. Kato, T. Kawachi, S.I. Anisimov, M.B. Agranat, .I. Oleynik, V.E. Fortov, Surface nanodeformations
caused by ultrashort laser pulse, Engineering Failure Analysis, 47, 328-337 (2015)

12.S. 1. Anisimov, V. V. Zhakhovskii, N. A. Inogamov, S. A. Murzov, V. A. Khokhlov Formation and crystallisation of a liquid jet
arising under irradiation of a film by a tightly focused laser beam, Quantum electronics, 47 (6), 509-521 (2017)

13. Khokhlov, V. A.; Zhakhovsky, V. V.; Khishchenko, K. V.; Inogamov, N. A. & Anisimov, S. I. Metal film on substrate: dynamics
under action of ultra-short laser pulse, J. Phys.: Conf. Ser., 774, No. 1, 012100[1-10] (2016)

14. Yu.V. Petrov, N.A. Inogamov, S.1. Anisimoy, K.P. Migdal, V.A. Khokhlov, K.V. Khishchenko, Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem, J. Phys. Conf. Ser., 653, 012087 (2015)

15. Yu.V. Petrov, K.P. Migdal, N.A. Inogamov, S.I. Anisimov, Transfer processes in a metal with hot electrons excited by a laser
pulse, JETP Lett., 104(6), 431-439 (2016)

16. Yu.V. Petrov, V.A. Khokhlov, N.A. Inogamov, K.V. Khishchenko, S.I. Anisimov, Reflectance of thin silver film on the glass
substrate at the interaction with femtosecond laser pulses, J. Phys.: Conf. Ser., 774, 012099 (2016)
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2.11. O6wee yMcno ny6aunkaumii 3a nepuoa, ¢ 1 ausapa 2014 roaa, 18, U3 Hux:
14 - ony6n1koBaHoO B M3AaHUAX, MHAeKcupyeMbix B Web of Science Core Collection nnu Scopus.

2.12. lonoNHUTENbHbIN CIMCOK Ny61MKaLMii pyKOBOAUTENA MPOEKTa 3a NocneAHue 5 net (MoHozpaguu, pesynbmamsi
UHMennekmyansHol desmenbHOCMU, UMEWUE NPasgosyto 0Xpady, nyonukauuu 8 8e0yuiux peyeH3upyembix HayqHbix U30aHUSIX,
nybnukauyuu 8 u30aHusx, UHoekcupyembix 8 cucmemax yumuposadusi Web of Science Core Collection, Scopus, npugodumcs He
6onee 10 nybaukayull, npu HaAUYUU nyoaukauuu 8 UHPoPMayUOHHO-MEeNEKOMMYHUKAUUOHHOU cemu «MHmepHem» ykasbieaemcs
CCbIIKA HA Hee (0653amenibHO 07151 Nyonukauuii 8 UHAeKkcupyembix U30aHusx), ykaseleaemcs, npu Haauyuu, uMnakm-gpakmop
Hay4Ho20 u3daHus (no JCR Science Edition unu JCR Social Sciences Edition))

Ha aH2NULICKOM S13bIKe

nyHKT He aBNgeTcs 0053areNbHbIM K 3aMOTHEHUIO. MOFyT npuBOaUTLCA I'Iy6]'IMKaLLMl4, cBuaeTenbCTeyrowne o Hay‘-iHOFi KBaJ'IMdJMKaLIMM U L OCTKEHUAX pyKOoBOAMUTENA

NpOoeKTa, 3a UCKNtoYeHWeM NyBanKaLmi, ykasaHHbIX B M. 2.9 HacTos el (popMbl.

2.13. OnbIT pyKOBOACTBA M BbIMOJIHEHUA HAYUHbIX NPOEKTOB (YKa3b/8a0MCa HaUMeHO08aHUs oHA08 (opaaHu3ayuli), Homepa,
HA38AHUS NPOEKMO8 U CPOKU 8bINOHEHUS 30 nociedHue 5 em)

MNporpamma dyHaaMeHTanbHbIX MccnenosaHmi Mpesnamnyma PAH

«KoH.eHCMpOBaHHOE BeLeCTBO U NAa3Ma NpM BbICOKMX MIOTHOCTAX 3Heprumnx» (2018)

n/n "®u3snyeckune npoLecchl B HAHOPa3MepPHbIX MOBEPXHOCTHbIX CTPYKTYpaX, MHULMUMPOBAHHbIE BO3AEWCTBUEM ONTUYECKUX
WM pEeHTTeHOBCKUX NIa3epPOoB”, pyKOBOAUTENb

MporpamMma GyHAaMeHTaNbHbIX MCCnepoBanuii MNpesunanyma PAH

«Tennodun3nka BbICOKMX NAOTHOCTEN 3Heprumn» (2015-2017)

n/n "®opMMpoBaHKMe yaapHbIX BOSH B Cpefax C MOIMMOPdHbLIMM MpeBPALLEHUSIMU U KUHETUKA HYKNIeaALMK Noj, AeCTBUEM
(eMTOCEeKYHOHOrO fasepa’, pykoBoamTe b

MporpamMma GpyHAaMeHTanbHbIX MccnenoBanuii MNpesunanyma PAH

"JHepreTrKa U MexaHuKa HbICTPONPOTEKAOLLMX MPOLLECCOB M CAMOOPraHM3aLMst B M1Ia3MEHHbIX, Fa30BbIX U
KOHAEHCMPOBaHHbIX cpepax” (2013-2014)

n/n "MiccnepoBaHus 6b1CTPONPOTEKAKLWMX MPOLECCOB, MHULIMUPOBAHHBIX YbTPAKOPOTKUM

ONTUYECKUM UM PEHTTEHOBCKMM Ia3ePHbIM BO3LENCTBMEM: ABYXTEMMEPATYpPHas

Tennodu13nKa 1 TPAHCNOPTHbIE CBOMCTBA, YNPYro-niacTMyeckne yaapHble BOJHbI, U

CaMoOpraHM3aums HAHOCTPYKTYp Nog AeicTeueM obayyeHuns”, pykoBoguTesb

IpaHT PH® 14-19-01599 «@eMTOCEKYHAHOE Na3zepHOE NiaBneHUe, KaBUTaLMs U abnsums B TpeXMepPHOW reoMeTpumny», 2014-
2016-2018, pykoBoguTenb;

IpaHT POD®IK-16-02-00864 "TepMoanHaMmKa U KMHETUKA NPU la3epPHOM BO3ENCTBUM: MPUMEHEHWE KMHETUYECKUX
YpaBHEHMI 1 KBAHTOBO-MeXaHUYeCKOro MoAEeNMPOBaHMA", pyKOBOAUTE b

B ToM unucne npoekTtoB, druHaHcupyeMbix PHD (npu Hanuunm):
SAsnancsa pykosoamtenem npoekta N2 14-19-01599, 2014-2016 rr.
SAsnatock pykoBogutenem npoekrta N2 14-19-01599 (npoanexue), 2017-2018 rr.

2.14. MnaHupyeMoe y4acTe B Hay4yHbIX NpoekTax (B nto6om kavectse) B 2019 roay

O6Liee KONMYECTBO — 2, U3 HUX:

PYKOBOACTBO — 2, yyacTue B kayecTtse ucrnonuutens - 0,

a UMEHHO:

loc. 3apanne UT® PAH, nporpamma dyHaaMeHTanbHbIX uccnegosaHui MNpesunamyma PAH, npoekt B UT® PAH - pykoBoauTens
nopaHa 3asska PO®OU-19-02-00678-a - pykoBoauTeNb

(YKa3bIBIOTCS B TOM YMC/IE TPAHTOLAATENM WM 33KaBYMKM MPOEKTOB M UCTOYHUK GUHAHCMPOBaHUSI, HaNpUMep — rocyAapCTBEHHOE 3anaHue yupeauTens, rpaHtel POOU,
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http://rscf.ru/prjcard?rid=14-19-01599
http://rscf.ru/prjcard?rid=17-19-00060

@MU, PHO, MHbIX HOHA OB MAM MHBIX OPraHU3aLMiA, FOCYA,aPCTBEHHbIA KOHTPAKT (3aKas4MK, NpOrpamMma), MHOW XO3SMCTBEHHbINA [,0r0BOP, MHbIE PaHTbl U Cybcnaum).

2.15. llonsa pabouero BpeMeHH, KOTOPYIO MIaHUPYeTCS BblAENUTb HAa PYKOBOACTBO AAHHbIM NMPOEKTOM B Cay4yae nobeabl B
KoHKypce DoHpa -

75 npoueHToB.

MMeeTcs B BULY — OT MOJHOW 3aHATOCTM B paMKax TPYAOBbIX WM IPaKAaHCKO-NPaBOBbIX NMPAaBOOTHOLLEHUA, T.€. 3aHATOCTb B CBOBOAHOE OT OCHOBHOM paboTbl BpeMs

TaKXe [,0/1KHA YYUTbIBATLCA.

2.16. NMpepnonaraemasn ¢opma TPyAOBbIX OTHOLLEHHWIA C OpraHU3aumnei, Yepes KOTopyto 6yaeT ocylecTBAATLCS
¢puHaHCcHpoBaHKe:

OpeaHu3sayus 6ydem 58/19MbCs OCHOBHbIM MECMOM pabomel (Xapakmep pabomsi — He QUCMAHUUOHHbIL): Ba;
Tpydosoli dozogop no coemecmumenscmay (xapakmep pabomel — He OUCMAHUUOHH®bIL): HET;
Tpydosoli dozo8op 0 ducmaHyuoHHoU pabome: HeT.

2.17. OnbIT 06pa3oBaTeNibHOM AeATEIbHOCTU 3a NocNeAHue 5 neT (ykassisaemcs UHpopMayus o pykogodcmee acnupaHmamu,
a0blOHKMAaMU, UHMepHamu, opoUHamopamu, paspabomke U YmeHUU HoBbIX 06pA308aMebHbIX KypCco8 8 pocculickux u
3apybexHblx 8y3aX)

2.18. MNouToBbIiit appec
107207 r. Mockea, yn. barikanbckas, 4. 38, kopn. 3, k8. 10

2.19. KoHTaKTHbI1 TenedoH
+79032130112

2.20. dneKTpoHHbI appec (E-mail)
s.i.anisimov@mail.ru

2.21. Yyactne B npoekTe:
PykoBoauTenb npoekra

2.22. ®aiinbl ¢ AONOHUTENBHOM MHBOPMauMeid (pe3tome, Opyaasi 00NOJIHUMENbHAS UHGOPpMAuUs, KOmopas, N0 MHEHUO
pyKogodumens npoekma, Moxem ObiMe NONE3HA 0711 NPUHAMUS pelleHus 0 UenecoobpazHocmu GUHAHCUPO8AHUS OGHHO020
npoekma)
B ¢dopmarte pdf, o 3 M6.

Ha pYccKoM si3bike
®daiin, ckayatb

Ha aHenulickom s3bike
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/file/user/file/0F_LG00JoXl_3i8Xjc2cLb00/Curriculum_Vitae_RU.pdf

C ycnoeusaMM KOHKypca D oHAa (B TOM uncie, C NYHKTaMM 6 - 8 KOHKYPCHOI AOKYMEeHTaLMK1) 03HaKOM/IEH U COFNaceH.
MoaTeepikAalo CBOE yyacTMe B NPOEKTe.

®damunus, uma u otuectso  |Anucumos Cepreit ViBaHOBUY

[aHHble AOKYMeHTa,
YAOCTOBEPSIOLLEr0 IMYHOCTb
(cepus, Homep, caedeHUSs O

dame u opeaHe 8blda‘-lu) BHuMaHWe! [laHHoe rnone 3anonHAeTcs BpyUHYO B MEYATHOM 3K3eMnnspe 3asBKUW. 3anonHeHue obs3arensHo!

Appec npoxuBaHus 107207 r. Mockaa, yn. bavikanbckas, 4. 38, kopn. 3, k. 10

Onepatop nepcoHaNbHbIX

Poccuitcknin HayuHbIA GOHA,
AAHHbIX

41 Bblpaxato cornacue™™ Ha 06paboTKy yKa3aHHbIM BblLUe ONepPaToOpOM NePCOHANbHbIX AaHHbIX, BHECEHHbIX B HACTOALLYHO

(G OpMy MHOIO IMYHO.

0O6paboTka PoccuiickuM Hay4yHbIM GOHAOM (agpec: r. Mocksa, yn. ConsiHka, 4. 12 - 14, ctpoeHue 3) yKasaHHbIX Bbllle
nepCcoHabHbIX JAaHHbIX MOXET OCYLLECTBNSTHCS NOCPEACTBOM MX COOpPa, CUCTeMATU3aLMM, HAKOMNEHUS, XPaHEHUS,
YTOYHEHMUS, UCMO0JIb30BaHUs, BNIOKMPOBAHMS, PacNpOCTpaHeHNUs Ha OdULIMANBHOM caiiTe Poccuidickoro HayyHoro GoHaa,
nepeaayun U yHUUTOXEHUS € LleNblo NPOBEAEHUS IKCNEPTU3bl 3asBOK Ha KOHKYPCbI, MPOBOAMMbIE POCCUIMCKUM Hay4YHbIM
($OHAOM, 3KCMEepPTU3bl NPOEKTOB M NporpamM, bUHaHCMpyeMbiX POCCUIACKMM HayuHbIM POHAOM, NOArOTOBKM aHAIUTUY € CKMX
MaTepuanoB No KOHKypcaMm, 4ONrOBPEMEHHOIO COXPaHEHUS LOKYMEHTUPOBAHHOM MHBOPMaLMK 06 y4aCTHUKAX NPOrpamm,
nony4mBLLMX GpUHAHCHpPOBaHMeE Poccuitckoro HayyHoro GoHAaa, 06Lwen0CTyNHOro packpbiTMS MHPOPMaLIMK O PYKOBOAUTENSX
NporpamMM 1 NpoeKToB, PUHAHCUPYEMBIX POCCUIICKUM Hay4YHbIM HOHAOM. YKa3aHHas 06paboTka MOMX AaHHbIX MOXET
OCYLLECTBAATLCS B Te4eHue 75 neT co AHA 3anoNHeHus HacToawen Gopmbl B neyatHon popme. XpaHeHue HacToswwen hopmbl
MoXeT 6biTb nopydeHo 000 «PAMCBOJId» (107150, Mocksa, yn. BoiiLosas, 4. 22), okasblBatoLeMy PoccuiickoMy Hay4HOMY
hOoHAY yCNyr1 apXMBHOIO XpaHeHWUs LOKYMeHTOB. HacToslee cornacue MoxeT 6blTb 0TO3BaHO NOCPEACTBOM HanpaBieHUs Ha
yKa3aHHbIV Bbllle aapec onepatopa nepcoHanbHbIX AaHHbIX 3asBNeHUs ¢ TpeboBaHWEM 0 NpeKpaLleHUn 06paboTKu
NepCcoHaNbHbIX AAHHbIX. 3asBAeHNe LOMKHO COAEPXKaTb HOMepP AOKYMEHT], YA0CTOBEPSIOLWEro IMYHOCTb CybbekTa
NepCcoHaNbHbIX AAHHbIX; CBEAEHMS O AaTe BblAAYM YKA3aHHOr0 AOKYMEHTA M BbIAABLUEM €0 OpraHe, a Takke
COBCTBEHHOPYYHYI NOANUCH CYObEKTa MePCOHANbHbIX AaHHbIX.

** 3anonHeHue SBNSIETCS 0BA3aTENbHBIM B COOTBETCTBMM C Tpe6oBaHUsIMU (e, epanbHOro 3akoHa ot 27 uonst 2006 1. N2152-13 «O nepcoHanbHbIX AaHHbIX?.

Moanucb pykoBoauTens npoekra /CWN. AHucumos/

Jata noanucaHus « » 2018 .
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@opma 2. CBepeHns 06 OCHOBHOM UCMONHUTENE NPOEKTa

2.1. ®amununsa, MM, 0TYECTBO (NPU HATMUUHK)
Ha pYCCKOM 5i3blKe
XaxoBckuit Bacunuit Buktopomy

Ha GH2NULICKOM $13bIKe QaMuus U UHULUGTbI
Zhakhovsky V.

WoS ResearcherlID (npu Hanuyuu)
MOXHO nonyuuTb, 3apermucTpypoBaBLUMCh Mo anpecy www.ResearcherlD.com.

G-9560-2011

Scopus AuthorlD (hpu Hanuyuu)
Scopus AuthorlD dopmupyeTcs B 6a3e faHHbIX SCOpUs aBTOMarn4ecku npu NosiBNEHUM y aBTopa XoTs Bbl OAHOM CTaTbu B AaHHOM 6ase. AuthorlD ykasaH B aBTOpckoM

npocdune, KOTOpbIM CTAHOBUTCS [LOCTYNEH, €M NpK noucke aBTopa B 6ase AaHHbIX Scopus (Author Search) B pe3ynbrarax noucka HakaTb Ha GamMunuio aBTopa.

2.2. lata poxaeHus (ykassleaemcsa yu@pamu — 4ucio, Mecsuy, 200)
14.01.1963

2.3. [paXaaHCTBO
POCCH4

2.4. YyeHasq cTeneHb, rof NpUCYXAeHUS
B aiyyae HanMuua HeCKONIbKUX YUYeHbIX creneueﬁ, YKa3blBaeTcs Ta U3 HUX, KoTopas Haubonee COOTBETCTBYET TEMAaTUKe NpoeKTa.

Kananpat pusmko-maremMatnyeckmx Hayk, 1997

2.5. Harpaabl M npeMuu 3a HayuHYI0 AeATeIbHOCTb, WIEHCTBO B BeAyLMX HAyUYHbIX cOobLiecTBax (MPU HaAUUMK), yuactme B
peakonnerusax BeAylMX peLeH3MpyeMbIX HayuHbIX U3AaHUIA (MPY HATUUMM)

cTMneHams noctaoka ot AnoHckoro Obwectea Copenctana Hayku, Osaka University, fellow ID No. P98042 (1998-2000);
Harpaga 3a akagemuueckue ycnexu Osaka University (2000-2001);

cTMneHamsa uccneposarens ot AnoHckoro O6wectea Copenctamsa Hayku, Osaka University, fellow ID No. L03541 (2003-2004);
yneH American Physical Society, ID number 61069853;

peueH3eHT XypHanos Physical Review B, Journal of Applied Physics, Applied Physics Letters, Journal of Physical Chemistry

2.6. OcHoBHOe MecTO paboTbl HA MOMEHT NOAAYM 3aBKU — A0/MKHOCTb, MOJIHOE HAUMEHOBaHMUe OpraHM3auuK (COKpalLLeHHoe
HaMMEeHOBaHWE OpraH13aLum)

BeLYLUMIA HAYYHbIV COTPYAHMK, heaepanbHOe rocyaapCTBEHHOE YHUTapHoe npeanpustre "Bcepoccuinckuin HaydHo-
uccnenoBaTenbCkuiA MHCTUTYT aBToMatuku M. H.J1. lyxosa” (PIYIM "BHUMA", r MockBsa)

2.7. 06nacTb Hay4HbIX UHTEPECOB — KNOYeBble CNOBa (npusodumcs He bonee 15 knwyvessix c/108)

Ha pyCcCKOM 5i3biKe
yAapHble BOJHbI M AeTOHALMS, Na3epHas abnsums 1 0TKON, MeXATOMHbIe MOTEHLMANbI, MONEKYASPHO-ANHAMUY ECKOE
MoJeNnnpoBaHue

Ha aHeUlickoM 5i3biKe
shock wave, detonation, ablation, spallation, femtosecond laser, interatomic potential, molecular dynamics simulation

2.8. 0O6nacTb Hay4HbIX MHTEPECOB — KOAbl N0 Knaccudukaropy MoHpa
09-202 02-201 02-204 02-206
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2.9. O6wee u1cno nydnukaumii 3a nepuopa, ¢ 1 aueapa 2014 ropa, 59, us Hux:
59 - ony6nunkoBaHo B M3aaHuAX, MHAeKcupyeMbix B Web of Science Core Collection nnu Scopus.

2.10. Cnucok ny6aukKaumii 0CHOBHOrO MCMOTHUTENA NPOEKTa 3a nocneaHue 5 net (MoHozpaguu, pesynbmamsi
UHMennekmyansHol desmenbHOCMU, UMEWUE NPasgosyto 0Xpady, nyonukauuu 8 8e0yuiux peyeH3upyembix HayqHbix U30aHUSIX,
nybnukauyuu 8 u30aHusx, UHoekcupyembix 8 cucmemax yumuposadusi Web of Science Core Collection, Scopus, npugodumcs He
6onee 10 nybaukayull, npu HaAUYUU nyoaukauuu 8 UHPoPMayUOHHO-MEeNEKOMMYHUKAUUOHHOU cemu «MHmepHem» ykasbieaemcs
CCbIIKA HA Hee (0653amenibHO 07151 Nyonukauuii 8 UHAeKkcupyembix U30aHusx), ykaseleaemcs, npu Haauyuu, uMnakm-gpakmop
Hay4Ho20 u3daHus (no JCR Science Edition unu JCR Social Sciences Edition))

Ha aH2NULICKOM S13bIKe

Egorova M.S., Dyachkov S.A,, Parshikov AN., Zhakhovsky V.V., “Parallel SPH modeling using dynamic domain decomposition
and load balancing displacement of Voronoi subdomains”, Computer Physics Communications, 234, 112-125 (2019)

Ishino M., Inogamov N.A., Tamotsu S., Zhakhovsky V.V., Hasegawa N., Skobelev L.Y., Faenov A.Y., Pikuz T.A., Mikami K., Kawachi
T., Nishikino M., “Study of damage structure formation on aluminum film targets by picosecond soft X-ray laser ablation
around threshold region”, Applied Physics A: Materials Science and Processing, 124, 649 (2018)

Dyachkov S.A., Parshikov A.N., Egorova M.S., Grigoryev S.Yu., Zhakhovsky V.V., Medin S.A., “Explicit failure model for boron
carbide ceramics under shock loading”, Journal of Applied Physics, 124, 085902 (2018)

V.V. Zhakhovsky, A.P. Kryukov, V.Yu. Levashov, I.N. Shishkova, S.I. Anisimov, "Mass and heat transfer between evaporation and
condensation surfaces: Atomistic simulation and solution of Boltzmann kinetic equation”, Proceedings of the National
Academy of Sciences, doi:10.1073/pnas.1714503115 (2018)

Inogamov N.A,, Zhakhovskii V.V., Khokhlov V.A., “Dynamics of Gold Ablation into Water”, JETP, 127, 79-106 (2018) [nepeBoa]
Kohmura Y., Zhakhovsky V., Takei D., Suzuki Y., Takeuchi A, Inoue I., Inubushi Y., Inogamov N., Ishikawa T., Yabashi M., “Nano-
structuring of multi-layer material by single x-ray vortex pulse with femtosecond duration”, Applied Physics Letters, 112,

123103 (2018)

B. Albertazzi, N. Ozaki, V. Zhakhovsky, A. Faenov, H. Habara, M. Harmand, N. Hartley, et al, “Dynamic fracture of tantalum under
extreme tensile stress”, Science Advances, 3, e1602705 (2017)

N. A. Inogamoyv, V. V. Zhakhovsky, V. A. Khokhlov, Y. V. Petrov, K. P. Migdal, “Solitary Nanostructures Produced by Ultrashort
Laser Pulse”, Nanoscale Research Letters, 11, 177 (2016)

N. A. Inogamoyv, V. V. Zhakhovsky, K. P. Migdal, “Laser-induced spalling of thin metal film from silica substrate followed by
inflation of microbump”, Applied Physics A, 122, 432 (2016)

N. A. Inogamoyv, V. V. Zhakhovsky, and V. A. Khokhlov, “Jet Formation in Spallation of a Metal Film from a Substrate under the
Action of a Femtosecond Laser Pulse”, JETP, 120, 15 - 48 (2015) [nepeBoa]

V. V. Zhakhovsky, M. M. Budzevich, A. C. Landerville, I. . Oleynik, and C. T. White, “Laminar, cellular, transverse, and multi-
headed pulsating detonations in condensed phase energetic materials from molecular dynamics simulations”, Phys. Rev. B,

90, 033312 (2014)

B. J. Demaske, V. V. Zhakhovsky, N. A. Inogamov, I. I. Oleynik, “Ultrashort shock waves in nickel induced by femtosecond laser
pulses”, Phys. Rev. B 87,054109 (2013)

[N pycckos3blMHbIX HAa3BaHWIA CBEL,EHUSI MPUBOASTCS HA PyCCKOM s3bIKe U B MEpPeBOA,E Ha aHMIUIACKMIA s13biIK. MK 3TOM A0/XKHO BbiTb MOHATHO, YTO pevb U eT 06

OfLHOM U TOM e [,0KyMeHTe (Hanpumep, [,06aBNSIATE CJIOBO KMEPEBOA»).
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2.11. OnbIT pyKOBOACTBA HAaYy4HbIMM NPOEKTaMU U YHACTUS B HUX (YKA3bI8AOMCA HAUMEHO08AHUS (oHA08 (opeaHu3ayuli), Homepa,
HA38AHUS NPOEKMO8 U CPOKU 8bINOHEHUS 30 nociedHue 5 em)

rpaHT oT Office of Naval Research & Naval Research Laboratory “Atomic-scale mechanisms of hypervelocity chemistry and
detonation”, 01.09.2009-31.08.2012

rpaHT NSF 1008676 “Atomic-scale Materials World Network: Formation of nanostructures at materials surfaces exposed to
femtosecond laser pulses: experiment and theory” 01.06.2010-31.05.2013

PO®U 14-08-00980 "BrisiBneHne npeaesnbHbIX PeXXMMOB TEMIOMacconepeHoca B AByX(da3HbIX CUCTEMaX HA OCHOBE yyeTa
HepaBHOBECHOCTM B6IM3M MeX(da3HbIX NOBEPXHOCTEN XMAKOCTb - nap” 2014-2016

PO®K 13-08-01095 "MemMToCeKyHAHbIE Na3epbl, yAapHbIe BOJHbI U UCCNeA0BaHMS YNPYro-NiacTUyeCckux SBneHu,
nonMMopdHbIX NpeBPaLLEHNUI 1 pa3pyLUeHWs Ha NpeaesibHO KOPOTKMX BpeMeHax HarpyxeHnus”, 2013-2015

PH® 14-19-01599 "®emToCeKyHAHOE Na3epHOe NNaBAeHNe, KaBuTauua U abnaums B pexmepHor reometpun” 2014-2016

2.12. MnaHupyeMoe y4acTve B Hay4HbIX NpoekTax (B nto6om kavectse) B 2019 roay

Ob6lLee KONMUYecTBo — 2, U3 HUX:

pykoBoacTBo — 0, yyacTue B Ka4ecTBe UCNONAHUTENS — 2,

a UMEHHO:

1 rpaHT PHO, 1 rpanT POOU

(YKa3blBalOTCS B TOM YWCIE PaHTOAITENM MM 3aKa34YMKM NPOEKTOB M UCTOYHWK GUHAHCMPOBAHWSI, HaNpUMep — rocynapCTBEHHOE 3anaHue yupeauTens, rpaHtsl POOU,

OMU, PHD, nHbIX HOHA,0B MM UHBIX OpraHWU3aLMiA, roCy A, apCTBEHHbIM KOHTPAKT (3aKa3umK, NporpamMMma), MHOM XO38MCTBEHHbIM A4,0roBOp, MHbIE MPaHTbl U Cybcuamnm).

2.13. flonsa pa6ouero BpeMeHu, KOTOPYIO MIaHMPYETCA BbiAEIUTb HA yYacTUe B JAHHOM NpoeKTe B ciayyae nobenbl B
KOHKypce DoHpaa -

60 npoueHTOoB.

MMeeTcs B BULY — OT MOJHOW 3aHATOCTM B paMKax TPYAOBbIX WM IPaXKAaHCKO-NPaBOBbIX NMPABOOTHOLLEHMA, T.€. 3aHATOCTb B CBOBOAHOE OT OCHOBHOM paboTbl BpeMs

TaK>XXe [,0/1KHA YUYUTbIBATLCA.

2.14. Yuactne B 06pa3oBatenibHOM AEATENbHOCTH (YKa3bi8aemcsa UHPOPpMayus o pykosodcmaee acnupaHmamu, adbloHKmMamu,
UHMepHamu, opOUHAMopamu, paspadomee u YmeHuUU HoBbIX 06pa308aMeNbHbIX KYpCo8 8 poCcCulickux U 3apybexHbix 8y3ax)

NeTHUIA KypC 1St BbIMYCKHUKOB M nccneposarenei Osaka University “Direct Particle Methods in Computational Physics”, 2003

PYKOBOAWTENb AMMNAOMHOM paboTsl cTyaeHTa 5 kypca MOTU CemeHa Myp3oBa

2.15.B 2017 unu B 2018 ropax y4acTsoBan B Ka4yeCTBe pyKOBOAUTENSA NpoeKTa, pMHaHCupyemoro MoHOOM (pyKoBoauTens
Hanpas/ieHUs KOMMNIEKCHOIM Hay4HOI NpOorpaMMbl OpraHuM3aLmm) U UCNONHUTENS NpoekKTa, puHaHCMpyemoro MPoHaoM
(KOMNIEKCHOM Hay4yHOM NPOrpaMMbl OpraHM3aLmm) B CneAyoLWux NpoeKTax (npu Haauquu):

Asnanca ucnonHutenem npoekta N2 14-19-01599, 2014-2016 rr.
SAsnatocb ncnonHutenem npoekta N2 14-19-01599 (npopnexue), 2017-2018 rr.

2.16. KoHTaKTHbI TenedoH, 3NeKTpOHHbIN aapec (E-mail)
+79647998254, 6asilz@gmail.com

2.17. Yuactne B npoekTe:
OCHOBHOWM UCMONHWUTENb NPOEKTA
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http://rscf.ru/prjcard?rid=14-19-01599
http://rscf.ru/prjcard?rid=17-19-00060

C ycnoeuaMM KoHKypca D oHAA (B TOM uncne, C NYHKTaMU 7 U 8 KOHKYPCHOM AOKYMEHTALMM) 03HAKOMJIEH U COrNIaceH.
MoaTeepikAalo CBOE yyacTMe B NPOEKTe.

®damunug, uma u otuectso  |XKaxosckuii Bacunuii Buktoposuy

[aHHble AOKYMeHTa,
YAOCTOBEPSIOLLEr0 IMYHOCTb
(cepus, Homep, caedeHUSs O

dame u opeaHe 8blda‘-lu) BHuMaHWe! [laHHoe rnone 3anonHAeTcs BpyUHYO B MEYATHOM 3K3eMnnspe 3asBKUW. 3anonHeHue obs3arensHo!

Appec npoxuBaHus 105037, Mockga, 2as Mapkosag, 11, 19

Onepatop nepcoHaNbHbIX

Poccuitcknin HayuHbIA GOHA,
AAHHbIX

41 Bblpaxato cornacue™™ Ha 06paboTKy yKa3aHHbIM BblLUe ONepPaToOpOM NePCOHANbHbIX AaHHbIX, BHECEHHbIX B HACTOALLYHO

(G OpMy MHOIO IMYHO.

0O6paboTka PoccuiickuM Hay4yHbIM GOHAOM (agpec: r. Mocksa, yn. ConsiHka, 4. 12 - 14, ctpoeHue 3) yKasaHHbIX Bbllle
nepCcoHabHbIX JAaHHbIX MOXET OCYLLECTBNSTHCS NOCPEACTBOM MX COOpPa, CUCTeMATU3aLMM, HAKOMNEHUS, XPaHEHUS,
YTOYHEHMUS, UCMO0JIb30BaHUs, BNIOKMPOBAHMS, PacNpOCTpaHeHNUs Ha OdULIMANBHOM caiiTe Poccuidickoro HayyHoro GoHaa,
nepeaayun U yHUUTOXEHUS € LleNblo NPOBEAEHUS IKCNEPTU3bl 3asBOK Ha KOHKYPCbI, MPOBOAMMbIE POCCUIMCKUM Hay4YHbIM
($OHAOM, 3KCMEepPTU3bl NPOEKTOB M NporpamM, bUHaHCMpyeMbiX POCCUIACKMM HayuHbIM POHAOM, NOArOTOBKM aHAIUTUY € CKMX
MaTepuanoB No KOHKypcaMm, 4ONrOBPEMEHHOIO COXPaHEHUS LOKYMEHTUPOBAHHOM MHBOPMaLMK 06 y4aCTHUKAX NPOrpamm,
nony4mBLLMX GpUHAHCHpPOBaHMeE Poccuitckoro HayyHoro GoHAaa, 06Lwen0CTyNHOro packpbiTMS MHPOPMaLIMK O PYKOBOAUTENSX
NporpamMM 1 NpoeKToB, PUHAHCUPYEMBIX POCCUIICKUM Hay4YHbIM HOHAOM. YKa3aHHas 06paboTka MOMX AaHHbIX MOXET
OCYLLECTBAATLCS B Te4eHue 75 neT co AHA 3anoNHeHus HacToawen Gopmbl B neyatHon popme. XpaHeHue HacToswwen hopmbl
MoXeT 6biTb nopydeHo 000 «PAMCBOJId» (107150, Mocksa, yn. BoiiLosas, 4. 22), okasblBatoLeMy PoccuiickoMy Hay4HOMY
hOoHAY yCNyr1 apXMBHOIO XpaHeHWUs LOKYMeHTOB. HacToslee cornacue MoxeT 6blTb 0TO3BaHO NOCPEACTBOM HanpaBieHUs Ha
yKa3aHHbIV Bbllle aapec onepatopa nepcoHanbHbIX AaHHbIX 3asBNeHUs ¢ TpeboBaHWEM 0 NpeKpaLleHUn 06paboTKu
NepCcoHaNbHbIX AAHHbIX. 3asBAeHNe LOMKHO COAEPXKaTb HOMepP AOKYMEHT], YA0CTOBEPSIOLWEro IMYHOCTb CybbekTa
NepCcoHaNbHbIX AAHHbIX; CBEAEHMS O AaTe BblAAYM YKA3aHHOr0 AOKYMEHTA M BbIAABLUEM €0 OpraHe, a Takke
COBCTBEHHOPYYHYI NOANUCH CYObEKTa MePCOHANbHbIX AaHHbIX.

** 3anonHeHue SBNSIETCS 0BA3aTENbHBIM B COOTBETCTBMM C Tpe6oBaHUsIMU (e, epanbHOro 3akoHa ot 27 uonst 2006 1. N2152-13 «O nepcoHanbHbIX AaHHbIX?.

Moanucb ucnonHUuTENs NpoeKTa /B.B. YXaxoBckuit/

Jata noanucaHus « » 2018 .

3asBka Ne 19-19-00670 Ctpanvua 32 n3 99



@opma 2. CBepeHns 06 OCHOBHOM UCMONHUTENE NPOEKTa

2.1. ®amununsa, MM, 0TYECTBO (NPU HATMUUHK)
Ha pYCCKOM 5i3blKe
MHoramos Hamnb Anmosny

HA aH2/UliCKOM 53bIKe pamunust u UHUYUaIb!
Inogamov N.

WoS ResearcherlID (npu Hanuyuu)
MOXHO nonyuuTb, 3apermucTpypoBaBLUMCh Mo anpecy www.ResearcherlD.com.

0-8112-2016

Scopus AuthorlD (hpu Hanuyuu)
Scopus AuthorlD dopmupyeTcs B 6a3e faHHbIX SCOpUs aBTOMarn4ecku npu NosiBNEHUM y aBTopa XoTs Bbl OAHOM CTaTbu B AaHHOM 6ase. AuthorlD ykasaH B aBTOpckoM
npocdune, KOTOpbIM CTAHOBUTCS [LOCTYNEH, €M NpK noucke aBTopa B 6ase AaHHbIX Scopus (Author Search) B pe3ynbrarax noucka HakaTb Ha GamMunuio aBTopa.

7004135519

2.2. flata poxxpeHusa (ykassieaemcs uugdpamu — 4ucio, Mecsau, 200)
28.01.1951

2.3. [paXaaHCTBO
pPOCCHA

2.4. YyeHas cTeneHb, roA, NPUCYKAEHUA
B cnyyae Hanmuma HeCKONbKMX YYeHbIX CTeneHei, YKasblBaeTcs Ta U3 HUX, KoTopasi Haubonee COOTBETCTBYeT TeMaTUKe NpoeKTa.

[okTop dun3nko-mMareMatmyeckmx Hayk, 1990

2.5. Harpapbl 1 npeMuu 3a Hay4HYI0 AeATENbHOCTb, WIEHCTBO B BeAyLMX Hay4HbIX cO06LLecTBaX (MpU HannMuMK), ydactue B
peakonnerusax seAyLWMX peLeH3MpyeMbiX HayUHbIX U3aaHui (MpU HaTUuMM)

YneH YyeHbix cosetoB UT® um. NlaHaay PAH (c 1993-), MOTU (c 2009-), KU PAH (c 2012-).

MNMoyeTHas rpamoTa MNpe3unanyMa POCCMIMCKOM akageMmm HayK 38 MHOTOJIETHIOK NIOAO0TBOPHYI HayYHYIO AesTenbHOoCTb. Visiting
scientist of MPI fuer Quantenoptik, Garching, Germany (1985; 1988, 1989); and of MPI fuer Astrophysik, Garching, Germany
(1995-2000; 2002-2006; 2008-2015); and of TU Kaiserslautern, Fachbereich Physik, Kaiserslautern, Germany (2006); and of
Ecole Normale Superieure (ENS), Paris, France (1996); and of Commissariat a l'Energie Atomique (CEA), Paris, France (2000-
2002); Visiting associate professor of Institute for Scientific Interchange (ISI), Torino, ltaly (1991); Visiting Professor of Institute
for Laser Engineering, Osaka University, Osaka, Japan

(2007).

2.6. OcHOBHOE MeCTO paboTbl HA MOMEHT NOJAAYU 3aSBKU — AO/MKHOCTb, NOJIHOE HAUMEHOBaHUEe OpraHU3aLuK (COKpaLleHHoe
HaMMEeHOBaHWE OpraH13aLum)

BeLYLUMI HAYYHbIV COTpyaHMK, PepepansHoe rocyfapcTBeHHOe BoaXeTHOE yupexaeHne Hayku MHCTUTYT TeopeTuyeckon
dusnkun um. J1.0. Nanpay Poccuitckon akagemum Hayk (UT® um. J1.0. Nlanpay PAH, MockoBckas o6n)

2.7. 06nacTb Hay4HbIX UHTEPECOB — KNOYeBble CNOBa (npusodumcs He bonee 15 knwyvessix c/108)
Ha pyCcCKOM 5i3biKe

B3aMMOAEeNCTBme NIa3€pHOro nasiy4yeHuda C BeweCTBoOM, yaapHblie BOJIHbI, rTMapoanHaMmnyeckmne HeyCTOﬁ‘-l MBOCTU

Ha aH2/1UliCKOM A3bIKe
laser-matter interaction, shocks, hydrodynamic instabilities

2.8. O6nacTb Hay4HbIX MHTEPECOB — KOAbI N0 Knaccudukaropy MoHpa
01-205 09-202 02-210 02-501 01-305 02-204 02-303 02-206
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2.9. O6wee uncno nydnukaumii 3a nepuops, ¢ 1 aueapa 2014 ropa, 72, us Hux:
62 - ony6n1MKoBaHO B u3aaHuaAX, uiaekcupyeMbix B Web of Science Core Collection unu Scopus.

2.10. Cnucok ny6aMKaumii OCHOBHOrO MCMOJIHMTENS NPOeKTa 3a nocneaHue 5 net (MoHozpaguu, pesynsmamel
UHMmMennekmyansHol desmensHOCMU, UMeoWUE NPagosyto oXpady, nyonukauuu 8 8e0yuiux peyeH3upyembix Hay4Hbix U30aHUSIX,
nybnukauuu 8 u30aHusx, uHoekcupyembix 8 cucmemax yumuposaHusi Web of Science Core Collection, Scopus, npugodumcs He
6onee 10 nybnaukayull, npu HanUYUU nyoaukauuu 8 UHPoPMAayUOHHO-MENEKOMMYHUKAUUOHHOU cemu «MHmepHem» ykasbieaemcs
CCbUIKA HA Hee (00513amenbHO 07151 nYenuKayull 8 UHOeKCUpyeMblX U30AHUSX), YKA3bIBaemcs, npu HaAUYyuU, uMnakm-pakmop
Hay4Ho20 u3daHus (no JCR Science Edition unu JCR Social Sciences Edition))

Ha GHeNULICKOM 5i3biKe

1. M. Ishino, N.A. Inogamov, S. Tamotsu, V.V. Zhakhovsky, N. Hasegawa, L.Yu. Skobelev, A.Ya. Faenov, T.A. Pikuz, K. Mikami, T.
Kawachi, M. Nishikino, Study of damage structure formation on aluminum film targets by picosecond soft X-ray laser ablation
around threshold region, Appl. Phys. A 124, 649 (2018).

Impact Factor 1.604

2.Y. Kohmura, V. Zhakhovsky, D. Takei, Y. Suzuki, A. Takeuchi, I. Inoue, Y. Inubushi, N. Inogamov, T. Ishikawa, M. Yabashi,
Nano-structuring of multi-layer material by single x-ray vortex pulse with femtosecond duration, Appl. Phys. Lett. 112,
123103 (2018), WoS: 000428458100028, Scopus: 2-s2.0-85044311645.

Impact Factor 3.495

3. XW. Wang, A.A. Kuchmizhak, X. Li, S. Juodkazis, O.B. Vitrik, Yu.N. Kulchin, V.V. Zhakhovsky, P.A. Danilov, A.A. lonin, S.1.
Kudryashov, A.A. Rudenko, N.A. Inogamov, Laser-Induced Translative Hydrodynamic Mass Snapshots: Noninvasive
Characterization and Predictive Modeling via Mapping at Nanoscale, Phys. Rev. Applied 8, 044016 (2017); arXiv:1703.06758,
WoS:000413732900004, Scopus: 2-52.0-85032255765.

Impact Factor 4.782 (Q1)

4. B. Albertazzi, N. Ozaki, V. Zhakhovsky, A. Faenov, H. Habara, M. Harmand, N. Hartley, D. Ilnitsky, N. Inogamov, Y. Inubushi, T.
Ishikawa, T. Katayama, T. Koyama, M. Koenig, A. Krygier, T. Matsuoka, S. Matsuyama, E. McBride, K.P. Migdal, G. Morard, H.
Ohashi, T. Okuchi, T. Pikuz, N. Purevjav, O. Sakata, Y. Sano, T. Sato, T. Sekine, Y. Seto, K. Takahashi, K. Tanaka, Y. Tange, T.
Togashi, K. Tono, Y. Umeda, T. Vinci, M. Yabashi, T. Yabuuchi, K. Yamauchi, H. Yumoto, R. Kodama, Dynamic fracture of
tantalum under extreme tensile stress, Science Advances, 3(6), e1602705 (2017), WoS: 000406370700022, Scopus: 2-52.0-
85033801127.(0Q1)
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inflation of microbump, Appl. Phys. A122(4), 432 (2016), WoS: 000375444000014, Scopus: 2-s2.0-84961564529.

Impact Factor 1.604
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during pump-probe experiments, J. Appl. Phys. 120, 035901 (2016), WoS: 000381382500041, Scopus: 2-52.0-84979298684.
Impact Factor 2.176

7. N.A. Inogamoyv, V.V. Zhakhovsky, V.A. Khokhlov, Yu.V. Petrov, K.P. Migdal, Solitary Nanostructures Produced by Ultrashort
Laser Pulse, Nanoscale Res. Lett., 11(1), 177 (2016), WoS: 000373635900001, Scopus: 2-52.0-84962783595.

Impact Factor 3.125 (Q1)

8. A. Kuchmizhak, O. Vitrik, Yu. Kulchin, D. Storozhenko, A. Mayor, A. Mirochnik, S. Makarov, V. Milichko, S. Kudryashov, V.
Zhakhovsky, N. Inogamov, Laser printing of resonant plasmonic nanovoids, Nanoscale, 8(24), 12352-12361 (2016), WoS:
000378244900031, Scopus: 2-s2.0-84975502561.

Impact Factor 7.233 (Q1)

9. Yu.V. Petrov, K.P. Migdal, N.A. Inogamoyv, S.I. Anisimov, Transfer processes in a metal with hot electrons excited by a laser
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Impact Factor 1.363
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Impact Factor 1.363

11. Yu.V. Petrov, K.P. Migdal, N.A. Inogamov, V.V. Zhakhovsky, Two-temperature equation of state for aluminum and gold with
electrons excited by an ultrashort laser pulse, Appl. Phys. B 119(3), 401-411 (2015), WoS: 000354618000002, Scopus: 2-
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Impact Factor 1.881
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Impact Factor 1.881
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Impact Factor 2.157 (Q1)
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Impact Factor 2.176

Ons PYCCKOA3bIMHBIX Ha3BaHUI cBEA EeHUs npMBOOATCA Ha PYCCKOM A3blKE U B NEPEBOAE Ha QHTIMACKUIA 913bIK. an 3TOM [,0/KHO ObITb MOHATHO, YTO peyb uoet 06

OfLHOM U TOM Xe A, 0KYMeHTe (HanpuMmep, 1,00aBNsiTe CI0BO «NEPEBOA»).

2.11. OnbIT pyKOBOACTBA HAYYHbIMU MPOEKTAMMU U YHACTUSA B HUX (YKA3bIBAIOMCS HAUMEHO08AHUS (OHO08 (0p2aHu3ayuli), Homepa,
HA38AHUS NPOEKMO8 U CPOKU BbINOMHEHUS 3a nociedHue 5 em)

MNporpamma dyHaaMeHTanbHbIX MccnenosaHmi Mpesnamnyma PAH
«KoHaeHCMpoBaHHOE BelleCTBO M Nia3Ma Npu BbICOKMX MAOTHOCTAX 3Heprumn» (2018), ncnonHurtens

Mporpamma dyHAaMeHTanbHbIX MccnenoBaHmi Mpesnamnyma PAH
«Tennodunsnka BbICOKMX NNOTHOCTEN 3Heprm» (2015-2017), ucnonnutens

Mporpamma dyHaaMeHTanbHbIX MccnenoBaHmii Mpesnamnyma PAH
"JHepreTvka U MexaHuKa bblCTPONPOTEKAIOLMX NPOLLECCOB M CAMOOPraHM3aLIMs B NIa3MeHHbIX, Fa30BbIX U
KOHAEeHCMpoBaHHbIX cpenax” (2013-2014), ucnonHutens

IpaHT PH® 14-19-01599 «@eMTOCEKYHAHOE NazepHOE NiaBneHue, KaBUTaLMs U abnsums B TpEXMEpPHOW reoMeTpumy», 2014-
2016-2018, ncnonHutenb

IpaHT POOU-16-02-00864 "TepMoaMHaMMKa U KUHETUKA NPW Ta3€ PHOM BO3AENCTBUM: MPUMEHEHME KUHETUYECKUX
YPaBHEHMUIH U KBAaHTOBO-MEXAHWUYEeCKOro MOAENMPOBaHUS", UCNONHUTENb

IpaHT POOK-16-08-01181 "®opMupoBaHMe HaHOYACTUL, U reHepaLms YAAPHbIX BOMH Jla3epHbIM BO3AENCTBUEM:!
MHOrodasHble U noAMMopdHble CTPYKTYPHblE NpeBpaLleHus”, pyKoBOAUTE b

2.12. MnaHupyeMoe y4acTHe B Hay4yHbIX NpoekTax (B nto6om kavectse) B 2019 roay

Ob6lLLee KONMYecTBo — 3, U3 HUX:

PYKOBOACTBO — 1, y4acTMe B KAQYeCTBE UCNONHUTENS — 2,
a UMEHHO:

loc. 3apaHne UT® PAH - ncnonxurens,

nogaHa 3asska PO®U-19-02-00678-a - MCNONHUTEND
nofaHa 3asska PO®N-19-08-00817-a - pykoBoguTeNb
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(YKa3blBatOTCS B TOM YWCIE FPaHTOAITENU MAM 3aKa34YMKM NPOEKTOB M UCTOYHWK PUHAHCMPOBAHWS, HanpuMep — rocyfapCTBEHHOE 3anaHue yupeauTens, rpaHtsl POOU,

OMNU, PHD, nHbIX HOHA,0B UNM UHBIX OpraHWU3aLMit, roCyA,apCTBEHHbIM KOHTPAKT (3aKazumk, NporpamMMma), MHOM XO38MACTBEHHbIM A,0roBOp, MHbIE MPaHTbl U Cybcuamnm).

2.13. flonsa pa6ouero BpeMeHu, KOTOPYHO MIAaHMPYETCS BbiAENUTb HA y4acTUe B JAaHHOM NpoeKTe B ciy4ae nobeabl B
KoHKypce DoHpa -

70 npoueHToB.

MMeeTcs B BULY — OT MOJHOW 3aHATOCTM B paMKax TPYAOBbIX WM IPaKAaHCKO-NPaBOBbIX NMPAaBOOTHOLLEHWUA, T.€. 3aHATOCTb B CBOBOAHOE OT OCHOBHOM paboTbl BpeMs

TaKXe [,0/KHA YYMUTbIBATbCA.

2.14. Yyactne B 06pasoBatesibHOM AEATENbHOCTH (YKa3bi8aemcsa UHPOPpMayus o pykosodcmee acnupaHmamu, adbloHKmMamu,
UHMepHamu, opoOuHamopamu, paspabomke U YmeHuu HoBbIX 06pa308amesIbHbIX KypCos 8 pOoCCUliCKUX U 3apybexHbiX 8y3ax)

1. Kypc "B3anMopencTame u3nyyeHuns C BelecTBoM". MOCKOBCKUIA HU3NKO-TeXHMYECKUI MHCTUTYT, DOMD, kadeapa Gusnku u
TEXHOJIOrMM HAHOCTPYKTYp

2. Kypc "lazepHag ¢un3mnka". MoCKOBCKMIA PU3UKO-TEXHUY eCKUIA MHCTUTYT, DDK3, kadeapa GOTOHMKM

MoproTtoBun K 3awmTe acnupanTa Knpunna MNetposuya Murgana. 3awmra guccepraumm Ha COMCKaHMe y4eHOoM cTeneHn KOMH
cocTosnack oceHbto 2017 r., cm. cant OMBT https://www.jiht.ru/science/dissert-council/diss_texts/ ¢ TeKCTamu 3aLUMLLEHHbIX
anccepraumi

MoaroToBun K 3awwmTe conckarens [lenmca KoHcTaHTMHOBMYA MnbHMLKOTO. 3aliMTa HaMeveHa Ha Hayano 2019 r. Ha mexmare
My

2.15. B 2017 unu B 2018 ropax yyacTBOBan B KauecTBe pyKoBoauTeNns npoekra, puHaHcupyemoro ®oHAOM (pykoBoauTens
HanpaB/ieHUs KOMMNIEKCHOM Hay4HOM NpOorpaMMbl OpraHu3aLmm) Unn UCNONHUTENS NpoekTa, puHaHCcupyemoro MoHaoM
(KoMNIEeKCHOM HAay4YHOM NPOrpaMMbl OpraHM3aLmm) B CneAyloWwux NpoeKTax (npu Haauquu):

Asnanca ucnonuutenem npoekta N2 14-19-01599, 2014-2016 rr.
Asnatock ncnonHuteneM npoekrta N2 14-19-01599 (npoanexue), 2017-2018 rr.

2.16. KoHTaKTHbI TenedoH, 3NeKTpOHHbIN aapec (E-mail)
+74954258767, nailinogamov@gmail.com

2.17. Yuactne B npoekre:
OCHOBHOWM UCMONHWUTENb NPOEKTA
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http://rscf.ru/prjcard?rid=14-19-01599
http://rscf.ru/prjcard?rid=17-19-00060

C ycnoeuaMM KoHKypca D oHAA (B TOM uncne, C NYHKTaMU 7 U 8 KOHKYPCHOM AOKYMEHTALMM) 03HAKOMJIEH U COrNIaceH.
MoaTeepikAalo CBOE yyacTMe B NPOEKTe.

damunuga, umMa u otuectBo | VIHoramoB Haunb AnMoBuy

[aHHble AOKYMeHTa,
YAOCTOBEPSIOLLEr0 IMYHOCTb
(cepus, Homep, caedeHUSs O

dame u opeaHe 8blda‘-lu) BHuMaHWe! [laHHoe rnone 3anonHAeTcs BpyUHYO B MEYATHOM 3K3eMnnspe 3asBKUW. 3anonHeHue obs3arensHo!

Appec npoxuBaHus 117588 Mocksa, yn. Tapycckas, 4. 4 k. 230

Onepatop nepcoHaNbHbIX

Poccuitcknin HayuHbIA GOHA,
AAHHbIX

41 Bblpaxato cornacue™™ Ha 06paboTKy yKa3aHHbIM BblLUe ONepPaToOpOM NePCOHANbHbIX AaHHbIX, BHECEHHbIX B HACTOALLYHO

(G OpMy MHOIO IMYHO.

0O6paboTka PoccuiickuM Hay4yHbIM GOHAOM (agpec: r. Mocksa, yn. ConsiHka, 4. 12 - 14, ctpoeHue 3) yKasaHHbIX Bbllle
nepCcoHabHbIX JAaHHbIX MOXET OCYLLECTBNSTHCS NOCPEACTBOM MX COOpPa, CUCTeMATU3aLMM, HAKOMNEHUS, XPaHEHUS,
YTOYHEHMUS, UCMO0JIb30BaHUs, BNIOKMPOBAHMS, PacNpOCTpaHeHNUs Ha OdULIMANBHOM caiiTe Poccuidickoro HayyHoro GoHaa,
nepeaayun U yHUUTOXEHUS € LleNblo NPOBEAEHUS IKCNEPTU3bl 3asBOK Ha KOHKYPCbI, MPOBOAMMbIE POCCUIMCKUM Hay4YHbIM
($OHAOM, 3KCMEepPTU3bl NPOEKTOB M NporpamM, bUHaHCMpyeMbiX POCCUIACKMM HayuHbIM POHAOM, NOArOTOBKM aHAIUTUY € CKMX
MaTepuanoB No KOHKypcaMm, 4ONrOBPEMEHHOIO COXPaHEHUS LOKYMEHTUPOBAHHOM MHBOPMaLMK 06 y4aCTHUKAX NPOrpamm,
nony4mBLLMX GpUHAHCHpPOBaHMeE Poccuitckoro HayyHoro GoHAaa, 06Lwen0CTyNHOro packpbiTMS MHPOPMaLIMK O PYKOBOAUTENSX
NporpamMM 1 NpoeKToB, PUHAHCUPYEMBIX POCCUIICKUM Hay4YHbIM HOHAOM. YKa3aHHas 06paboTka MOMX AaHHbIX MOXET
OCYLLECTBAATLCS B Te4eHue 75 neT co AHA 3anoNHeHus HacToawen Gopmbl B neyatHon popme. XpaHeHue HacToswwen hopmbl
MoXeT 6biTb nopydeHo 000 «PAMCBOJId» (107150, Mocksa, yn. BoiiLosas, 4. 22), okasblBatoLeMy PoccuiickoMy Hay4HOMY
hOoHAY yCNyr1 apXMBHOIO XpaHeHWUs LOKYMeHTOB. HacToslee cornacue MoxeT 6blTb 0TO3BaHO NOCPEACTBOM HanpaBieHUs Ha
yKa3aHHbIV Bbllle aapec onepatopa nepcoHanbHbIX AaHHbIX 3asBNeHUs ¢ TpeboBaHWEM 0 NpeKpaLleHUn 06paboTKu
NepCcoHaNbHbIX AAHHbIX. 3asBAeHNe LOMKHO COAEPXKaTb HOMepP AOKYMEHT], YA0CTOBEPSIOLWEro IMYHOCTb CybbekTa
NepCcoHaNbHbIX AAHHbIX; CBEAEHMS O AaTe BblAAYM YKA3aHHOr0 AOKYMEHTA M BbIAABLUEM €0 OpraHe, a Takke
COBCTBEHHOPYYHYI NOANUCH CYObEKTa MePCOHANbHbIX AaHHbIX.

** 3anonHeHue SBNSIETCS 0BA3aTENbHBIM B COOTBETCTBMM C Tpe6oBaHUsIMU (e, epanbHOro 3akoHa ot 27 uonst 2006 1. N2152-13 «O nepcoHanbHbIX AaHHbIX?.

Moanucb ucnonHUuTENs NpoeKTa /H.A. UHoramos/

Jata noanucaHus « » 2018 .
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@opma 2. CBepeHns 06 OCHOBHOM UCMONHUTENE NPOEKTa

2.1. ®amununsa, MM, 0TYECTBO (NPU HATMUUHK)
Ha pYCCKOM 5i3blKe
MeTpos KOpuit Bacunbesuy

Ha aH2UCKOM 3bIKe GaMuus u UHUYUAnbI
Petrov Y.

WoS ResearcherlID (npu Hanuyuu)

MOXHO nonyuuTb, 3apermucTpypoBaBLUMCh Mo anpecy www.ResearcherlD.com.

Scopus AuthorID (npu Hanuvuu)
Scopus AuthorlD dopmupyeTcs B 6a3e faHHbIX SCOpUS aBTOMarn4ecku npu NosiBNeHUM y aBTopa XoTs Bbl O HOM CTaTbu B AaHHOM 6ase. AuthorlD ykasaH B aBTOpCKOM

npodune, KOTOPbIN CTAHOBUTCA [,OCTYMNEH, €M NpK Noucke aBTopa B 6ase AaHHbIX Scopus (Author Search) B pesynbrarax noucka HaxaTb Ha GamMunuio aBTopa.

7101780264

2.2. lata poxaeHus (ykassleaemcsa yu@pamu — 4ucio, Mecsuy, 200)
18.08.1949

2.3. [paXaaHCTBO
POCCH4

2.4. YyeHasq cTeneHb, rof NpUCYXAeHUS
B aiyyae HanMuua HeCKONIbKUX YUYeHbIX creneueﬁ, YKa3blBaeTcs Ta U3 HUX, KoTopas Haubonee COOTBETCTBYET TEMAaTUKe NpoeKTa.

[lokTop dm3MKo-MaTeMaTuyeckux Hayk, 2007

2.5. Harpaabl M npeMuu 3a HayuHYI0 AeATeIbHOCTb, WIEHCTBO B BeAyLMX HAyUYHbIX cOobLiecTBax (MPU HaAUUMK), yuactme B
peakonnerusax BeAylMX peLeH3MpyeMbIX HayuHbIX U3AaHUIA (MPY HATUUMM)

MNMoyeTHas rpamMoTa I'Ipeavm,MyMa Poccuiickon akapemmm HayK 3a MHOTOJIETHIOK NNI0AO0OTBOPHYH HAay4YHYIO AEATENIbHOCTb

2.6. OcHOBHOE MeCTO paboTbl HAa MOMEHT NOJAAYU 3aSBKU — AO/MKHOCTb, NOJIHOE HAUMEHOBaHUe OpraHU3aLuK (COKpaLleHHoe
HaMMEeHOBaHWE OpraH13aLum)

CTapLUMI Hay4HbIM COTPYAHUK, PenepanbHoe rocyfapcTBeHHOE BIOMXETHOE yupexaeHue Haykn MHCTUTYT TeopeTuyeCckon
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2.7. 06nacTb Hay4HbIX UHTEPECOB — KNOYeBble CNOBa (npusodumcs He bonee 15 knwyvessix c/108)

Ha pyCcCKOM 5i3biKe
B3aMMOJeNCTBME NIAa3EPHOr0 U3yYEHUS C BELLECTBOM, YIbTPAaKOPOTKME la3epHble MMMNYJbChl, TEOPUS KOHAEHCUMPOBAHHOIO
COCTOSIHUS, SIKCTPEMa/bHble COCTOSHWS BELLeCTBa

Ha aHeULickoM 5i3biKe
interaction of laser radiation with matter, ultrashort laser pulses, condensed state theory, extreme states of matter

2.8. 0O6nacTb Hay4HbIX MHTEPECOB — KOAbl No Knaccudukaropy MPoHpa
09-202 02-201 02-204

2.9. O6wee uncno nydnukaumii 3a nepuops, ¢ 1 aueaps 2014 ropa, 24, s Hux:
15 - ony6nunkoBaHo B u3paHuaAX, MHAeKkcupyembix B Web of Science Core Collection nnu Scopus.

2.10. Cnucok ny6amKaumii OCHOBHOrO MCMOJIHMTENS NPOEKTa 3a nocneaHue 5 net (MoHozpaguu, pesynsmamel
UHMmMennekmyansHol desmensHOCMU, UMeWUE NPasgosyto oXpady, nyonukauuu 8 8e0yuiux peyeH3upyembix Hay4Hbix U30aHUSIX,
nybnukauyuu 8 u30aHusx, UHoekcupyembix 8 cucmemax yumuposadusi Web of Science Core Collection, Scopus, npugodumcs He
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Hay4Ho20 u3daHus (no JCR Science Edition unu JCR Social Sciences Edition))
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(ELBRUS 2016), 1-6 March 2016, Elbrus, Russia], Scopus: 2-s2.0-85007109748.

10. Yu.V. Petrov, K.P. Migdal, N.A. Inogamov, V.V. Zhakhovsky, Two-temperature equation of state for aluminum and gold with
electrons excited by an ultrashort laser pulse, Appl. Phys. B 119(3), 401-411 (2015), WoS: 000354618000002, Scopus: 2-
52.0-84923240976.

Impact Factor 1.881

11. N.A. Inogamov, V.V. Zhakhovsky, S.I. Ashitkov, Yu.N. Emirov, A.Ya. Faenov, Yu.V. Petrov, V.A. Khokhlov, M. Ishino, B.J.
Demaske, M. Tanaka, N. Hasegawa, M. Nishikino, S. Tamotsu, T.A. Pikuz, I.Y. Skobelev, T. Ohba, T. Kaihori, Y. Ochi, T. Imazono,
Y. Fukuda, M. Kando, Y. Kato, T. Kawachi, S.l. Anisimov, M.B. Agranat, L.I. Oleynik, V.E. Fortov, Surface nanodeformations
caused by ultrashort laser pulse, Engineering Failure Analysis, 47(Pt.B), 328-337 (2015), WoS: 000347757600009.

Impact Factor 2.157 (Q1)

12. K.P. Migdal, D.K. IU'nitsky, Yu.V. Petrov, N.A. Inogamoyv, Equations of state, energy transport and two-temperature
hydrodynamic simulations for femtosecond laser irradiated copper and gold, J. Phys.: Conf. Ser. 653, 012086 (2015), WoS:
000368507600086, Scopus: 2-52.0-84959017471.

13. Yu.V. Petrov, N.A. Inogamov, S.1. Anisimoyv, K.P. Migdal, V.A. Khokhlov, K.V. Khishchenko, Thermal conductivity of
condensed gold in states with the strongly excited electron subsystem, J. Phys.: Conf. Ser. 653, 012087 (2015), WoS:
000368507600087, Scopus: 2-52.0-84958970206.

14. Yu.V. Petrov, N.A. Inogamov, K.P. Migdal, Effective frequencies of electronic s-s and s-d collisions in nickel at high
electron temperatures caused by femtosecond laser pulses, Izvestiya Kabardino-Balkar State University, 4 (3), 15-20 (2014).
15. N.A. Inogamov, Yu.V. Petrov, V.A. Khokhlov, S.I. Anisimov, V.V. Zhakhovskil, S.I. Ashitkov, P.S. Komarov, M.B. Agranat, V.E.
Fortov, K.P. Migdal, D.K. IU'nitskil, Yu.N. Emirov, The effect of an ultrashort laser pulse on metals: Two-temperature relaxation,
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foaming of the melt, and freezing of the disintegrating nanofoam, J. Opt. Technol., 81(5), 233-249 (2014), WoS:
000338929900002, Scopus: 2-s2.0-84902137675.
Impact Factor 0,615

Ons PYCCKOA3bIMHbIX Ha3BaHUI cBEA EHUS npnBOOATCA Ha PYCCKOM A3blKE U B NEPEBOAE Ha QHTIUACKUIA 913bIK. an 3TOM [,0/KHO ObITb MOHATHO, YTO peyb uoet 06

OfLHOM U TOM Xe A O0KYMeHTe (HanpuMmep, 1,00aBNsiTe CI0BO «NEPEBOA»).

2.11. OnbIT pyKOBOACTBA HAYYHbIMU MPOEKTAMMU M YHACTUSA B HUX (YKA3bIBAIOMCS HAUMEHO08AHUS (OHO08 (0p2aHu3ayuli), Homepa,
HA38AHUS NPOEKMO8 U CPOKU BbINOHEHUS 3a nociedHue 5 em)

MNporpamma dyHaaMeHTanbHbIX MccnenosaHmi Mpesnamnyma PAH
«KoHaeHCMpoBaHHOE BelleCTBO M Nia3Ma Npu BbICOKMX MAOTHOCTAX 3Heprumn» (2018), ncnonHurtens

Mporpamma dyHAaMeHTanbHbIX MccnenosaHmi Mpesnamnyma PAH
«Tennodunsnka BbICOKMX NNOTHOCTEN 3Heprum» (2015-2017), ucnonnutens

Mporpamma dyHaaMeHTanbHbIX MccnenoBaHmii Mpesnanyma PAH
"JHepreTvka 1 MexaHuKa bblCTPONPOTEKAIOLLMX NPOLLECCOB M CAMOOPraHM3aLIMs B NIa3MeHHbIX, Fa30BbIX U
KOHAEeHCMpoBaHHbIX cpenax” (2013-2014), ucnonHutens

IpaHT PH® 14-19-01599 «@eMTOCEKYHAHOE NazepHOE NaBneHue, KaBUTaLMS U abnsums B TpEXMEpPHOW reoMeTpumny», 2014-
2016-2018, ncnonHutenb

IpaHT POOU-16-02-00864 "TepMoaMHaMMKa U KUHETUKA NPW Ta3€ PHOM BO3AENCTBUM: MPUMEHEHME KUHETUYECKUX
YPaBHEHUI U KBAHTOBO-MEXAHWUYECKOro MOAENMPOBaAHUS", UCNONHUTENb

IpaHT POOIK-16-08-01181 "®opMupoBaHMe HaHOYACTULL U reHepaLums YAAPHbIX BOMH Jla3epHbIM BO3AENCTBUEM:!
MHOrodasHble U NoAMMopdHbIe CTPYKTYPHbIE NpeBPaLLEHUS", UCMIONHUTENb

2.12. MnaHupyeMoe y4acTe B Hay4yHbIX NpoekTax (B nto6om kavectse) B 2019 roay

Ob6lLLee KONMYecTBO — 3, U3 HUX:

pykoBogacTteo — 0, yuacTve B kayecTBe UCNONHUTENS — 3,

a MUMEHHO:

loc. 3apaHne UT® PAH - ncnonxuren,

nogaHa 3asska PO®U-19-02-00678-a - MCNONHUTEND

nogaHa 3asska PO®K-19-08-00817-a - ucnonHuTenb

(YKa3blBatOTCS B TOM YWCIE FPaHTOAITENU UAM 3aKa34YMKM NPOEKTOB M UCTOYHUK PUHAHCMPOBAHWS, HanpuMep — rocyfapCTBEHHOE 3anaHue yupeauTens, rpaHtsl POOU,

OMNU, PHD, nHbIX HOHA,0B UNM UHBIX OpraHWU3aLMit, roCyA,apCTBEHHbIM KOHTPAKT (3aKazumk, NporpamMma), MHOM XO38MACTBEHHbIM A,0roBOp, MHbIE MPaHTbl U Cybcuamnm).

2.13. flonsa pa6ouero BpeMeHu, KOTOPYHO MIAHMPYETCS BbiAENUTb HA y4acTUe B JAaHHOM NpoeKTe B ciyyae nobeabl B
KoHKypce DoHpa -

70 npoueHToB.

MMeeTcs B BULY — OT MOJHOW 3aHATOCTM B paMKax TPYAOBbIX WM IPaKAaHCKO-NPaBOBbIX NMPAaBOOTHOLLEHWU, T.€. 3aHATOCTb B CBOBOAHOE OT OCHOBHOM paboTbl BpeMs

TaKXe [,0/1KHA Y4YUTbIBATbCA.

2.14. Yyactne B 06pa3oBatesibHOM AEATENbHOCTH (YKa3bi8aeMCa UHPOPMAayUs o pykosodcmee acnupaHmamu, adbloHKmMamu,
UHMepHamu, opouHamopamu, paspabomke U YmeHuu HoBbIX 06pa308amesIbHbIX KypCos 8 pOoCCUliCKUX U 3apybexHbIX 8y3ax)

1. HayuyHblih KOHCYNbTaHT acnupaHTa Menvesa A.B., 3aWwmTuBLIErO AMCCEPTALMIO HA COMCKAHWE YYEeHOM CTeMEHM KaHamuaaTa
($u3nKo-MaTemMaTuyecknx Hayk B 2013 r.

2. Pa3paboTka 1 YTeHne ceMeCcTpoBOro Kypca nekumi "KsaHtosas Mukpodumsmka" B MOCKOBCKOM PU3UKO-TEXHUYECKOM
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UHCTUTYTE.

3. Pa3zpaboTka 1 YTeHMe ceMeCcTpoBOro Kypca nekumin "OCHOBbI COBpEMEHHOM PU3NKM" B MOCKOBCKOM (DM3MKO-TEXHUYECKOM
MHCTUTYTE.

2.15. B 2017 unu B 2018 ropax yyacTBoBan B KauecTBe pyKoBoAUTeNs npoekTa, puHaHcupyemoro MoHAOM (pykoBoauTens
HanpaBneHUsl KOMNNEKCHOM Hay4YHOM NPOrpamMMbl OpraHM3aLuu) UM UCNONHUTENS NPoeKTa, huHaHcupyemoro PoHaom
(KoMNNEeKCHOM Hay4YHOM NPOrpaMMbl OpraHM3aLMm) B CneayloLWwux NpoeKTax (npu Haauquu):

Asnanca ucnonuutenem npoekta N2 14-19-01599, 2014-2016 rr.
Asnatock ncnonHutenem npoekta N2 14-19-01599 (npoanexue), 2017-2018 rr.

2.16. KoHTaKTHbI TenedoH, 3NeKTpOHHbIN aapec (E-mail)
+79268534996, uvp49@ mail.ru

2.17. Yuactne B npoekre:
OCHOBHOWM UCMONHWUTENb NPOEKTA
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http://rscf.ru/prjcard?rid=14-19-01599
http://rscf.ru/prjcard?rid=17-19-00060

C ycnoeuaMM KoHKypca D oHAA (B TOM uncne, C NYHKTaMU 7 U 8 KOHKYPCHOM AOKYMEHTALMM) 03HAKOMJIEH U COrNIaceH.
MoaTeepikAalo CBOE yyacTMe B NPOEKTe.

®damunug, uma u otuecto |letpos Opuit Bacunbesny

[aHHble AOKYMeHTa,
YAOCTOBEPSIOLLEr0 IMYHOCTb
(cepus, Homep, caedeHUSs O

dame u opeaHe 8blda‘-lu) BHuMaHWe! [laHHoe rnone 3anonHAeTcs BpyUHYO B MEYATHOM 3K3eMnnspe 3asBKUW. 3anonHeHue obs3arensHo!

Appec npoxuBaHus 142432 MockoBckas 061acTb, . YepHoronoska, yn. LleHtpanbHas 18, ks. 230

Onepatop nepcoHaNbHbIX

Poccuitcknin HayuHbIA GOHA,
AAHHbIX

41 Bblpaxato cornacue™™ Ha 06paboTKy yKa3aHHbIM BblLUe ONepPaToOpOM NePCOHANbHbIX AaHHbIX, BHECEHHbIX B HACTOALLYHO

(G OpMy MHOIO IMYHO.

0O6paboTka PoccuiickuM Hay4yHbIM GOHAOM (agpec: r. Mocksa, yn. ConsiHka, 4. 12 - 14, ctpoeHue 3) yKasaHHbIX Bbllle
nepCcoHabHbIX JAaHHbIX MOXET OCYLLECTBNSTHCS NOCPEACTBOM MX COOpPa, CUCTeMATU3aLMM, HAKOMNEHUS, XPaHEHUS,
YTOYHEHMUS, UCMO0JIb30BaHUs, BNIOKMPOBAHMS, PacNpOCTpaHeHNUs Ha OdULIMANBHOM caiiTe Poccuidickoro HayyHoro GoHaa,
nepeaayun U yHUUTOXEHUS € LleNblo NPOBEAEHUS IKCNEPTU3bl 3asBOK Ha KOHKYPCbI, MPOBOAMMbIE POCCUIMCKUM Hay4YHbIM
($OHAOM, 3KCMEepPTU3bl NPOEKTOB M NporpamM, bUHaHCMpyeMbiX POCCUIACKMM HayuHbIM POHAOM, NOArOTOBKM aHAIUTUY € CKMX
MaTepuanoB No KOHKypcaMm, 4ONrOBPEMEHHOIO COXPaHEHUS LOKYMEHTUPOBAHHOM MHBOPMaLMK 06 y4aCTHUKAX NPOrpamm,
nony4mBLLMX GpUHAHCHpPOBaHMeE Poccuitckoro HayyHoro GoHAaa, 06Lwen0CTyNHOro packpbiTMS MHPOPMaLIMK O PYKOBOAUTENSX
NporpamMM 1 NpoeKToB, PUHAHCUPYEMBIX POCCUIICKUM Hay4YHbIM HOHAOM. YKa3aHHas 06paboTka MOMX AaHHbIX MOXET
OCYLLECTBAATLCS B Te4eHue 75 neT co AHA 3anoNHeHus HacToawen Gopmbl B neyatHon popme. XpaHeHue HacToswwen hopmbl
MoXeT 6biTb nopydeHo 000 «PAMCBOJId» (107150, Mocksa, yn. BoiiLosas, 4. 22), okasblBatoLeMy PoccuiickoMy Hay4HOMY
hOoHAY yCNyr1 apXMBHOIO XpaHeHWUs LOKYMeHTOB. HacToslee cornacue MoxeT 6blTb 0TO3BaHO NOCPEACTBOM HanpaBieHUs Ha
yKa3aHHbIV Bbllle aapec onepatopa nepcoHanbHbIX AaHHbIX 3asBNeHUs ¢ TpeboBaHWEM 0 NpeKpaLleHUn 06paboTKu
NepCcoHaNbHbIX AAHHbIX. 3asBAeHNe LOMKHO COAEPXKaTb HOMepP AOKYMEHT], YA0CTOBEPSIOLWEro IMYHOCTb CybbekTa
NepCcoHaNbHbIX AAHHbIX; CBEAEHMS O AaTe BblAAYM YKA3aHHOr0 AOKYMEHTA M BbIAABLUEM €0 OpraHe, a Takke
COBCTBEHHOPYYHYI NOANUCH CYObEKTa MePCOHANbHbIX AaHHbIX.

** 3anonHeHue SBNSIETCS 0BA3aTENbHBIM B COOTBETCTBMM C Tpe6oBaHUsIMU (e, epanbHOro 3akoHa ot 27 uonst 2006 1. N2152-13 «O nepcoHanbHbIX AaHHbIX?.

Moanucb ucnonHUTENnsa NpoekKTa /10.B. NMeTtpos/

Jata noanucaHus « » 2018 .
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@opma 3. CBepeHuns 06 opraHn3aumm

coBMpaoTCS aBTOMATUYECKM Ha OCHOBE PErMUCTPALIMOHHBIX AaHHbBIX OpraHM3aLmMu, Yepes KoTopyto ByaeT ocylwecTBasTeea GruHaHcupoBaHue ("®opma T)

3.1. MonHoe HanMeHOBaHMe (NpuUBOOUMCS 8 COOMBEMCMBUU C pe2ucmpauuoHHbIMU G0KYMEHMAamu)
(depepanbHoe rocyaapcTBeHHOE BI0aKeTHOe yypexaeHue Hayku VHCTUTYT TeopeTudeckon usmku um. J1.4. NlaHpay
Poccuitckoit akapeMum Hayk

3.2. CokpaweHHOe HaMMeHOBaHHUe
UT® um. J1.4. NTangay PAH

3.3. HaumeHoBaHMe Ha aHINUIACKOM fi3bIKe
L.D. Landau Institute for Theoretical Physics of Russian Academy of Sciences

3.4. OpraH13auMoHHO-npaBoBas ¢opma (ykassisaemcs no OKOMN®)
@epepanbHble rocyaapcTBeHHble BI04XKeTHbIE Y4 pexaeHNs

3.5. ®opma cobcTBeHHOCTH (ykasbisaemcs no OK®O()
QepepanbHas COBCTBEHHOCTb

3.6. BepoMcTBEHHAsa NpUHap/IeXXHOCTb
MWHUCTEPCTBO HAayKM U BbiClero o6pasoBaHus PO

3.7. HH, KM, OrPH, OKTMO
5031002141, 503101001, 1035006108895, 46781000

3.8. Anpec
142432, MockoBckast 06:., HornHckuit p-H, r. YepHoronoska, npocnekT Akagemuka CeMeHOBa, 4.1a

3.9. dakTMyeckuit appec
142432, MockoBckast 06:1., HormHckuit p-H, r. YepHoronoska, npocnekT AkageMuka CeMeHOBa, 4.1a

3.10. Cy6nekT Poccuiickor Pepepaumnm
MockoBckasi 06n

3.11. NomkHOCTb, hammunus, UMs, 0TYECTBO (NPU HUTUUMK) PYKOBOAUTENS OpraHU3aLmm
BpU1O aupekTopa, Konokonos Uropb BaneHTuHosny

3.12. KoHTakTHbIi TenedoH
4957029317

3.13. dneKTpoHHbIi agpec (E-mail)
office@itp.ac.ru

PYKOBOAMTGH b OpraHuMsauuu NOATBEPXKAaeT, YTo:

® 03HaKOMJEH C YCnoBMAMM KOHKypca DoHAa 1 cornaceH Ha GUHAHCMPOBaHUE NPOEKTa, B C/Ty4ae ero NoAAEPXKKU, Yepes
OpraHu3aumio;
e cornaceH ¢ nyHktamu 8, 14, 33, 36 KOHKYPCHOM AOKYMEHTALMMU, UHIMU YCIIOBUSIMU KOHKYPCa;
® NOATBEPXAAET CBEAEHMS O PyKOBOAMTENE NMPOEKTA, U3NIOXKEHHbIE B AAHHOW 3asBKe;
® OpraHu3aumMs UCNonHAEeT 0653aTeNbCTBA NO yniaTe HaNoroB B 6104KeTbl BCEX YPOBHE N M 06s3aTeNbHbIX NiaTexen B
rocyaapcTBeHHble BHeOopKeTHble BOHbI, NnaTexxecnocobHa, He HaXoAWTCS B NpoLecce MMKBUAALMK, HE MPU3HaHA
HecocTosTesIbHOM (6aHKPOTOM), Ha ee UMYLLECTBO HE HANOXEH apecT U ee IKOHOMMYEeCKas AesTeNbHOCTb He
NPUOCTaHOBNEHA;
e B Cny4yae Npu3HaHMs 3a8BKU NobeanTenem opraHunsauug bepet Ha ceba cnenylowme obs3atensCTBa:
©  3aK/IIYUTb C YNIEHAMM HAYHHOTO KOJINEKTUBA FPaXAaHCKO-MNPaBOBble UK TPYAOBbIE (CPOYHbIE TPYAOBbIE)
[0roBOpbI;
Ecnu TakoBble He 3akNto4eHbl paHee. B ciyyae, ecin uneH HayYHOro KOMeKTUBA He SBNSETCA rpaxaaHMHOM Poccuiickoi Menepaumu, opraHmsaumeit
[LOMKHBbI BbITb BbINOMHEHBI BCE MPOLIEAYPbl, NPeayCcMOTPeHHbIe 3aKOHOAaTeNbcTBOM Poccuiickoi MDepepaumm npu Tpy A 0y CTPONCTBE MHOCTPaHHbIX
rpaa,aH.
0 10 NOpYYEHMUI0 PYKOBOAMTENS NPOEKTA BbINIAYMBATh YNEHAM HAY4YHOIO KONNEKTMBA BO3HArpaXaeHue 3a
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/site/user/org-edit?rid=0005031002141-503101001-

BbINOJIHEHME paboT No NpoeKTy;
0 @XeroAHo B YCTAaHOBNEHHble CPOKU NPELCTaBNSTb OTYET O Lie1eBOM MCMOb30BaHMM rpaHTa Poccuiickoro
Hay4yHoro ¢oHAa.

PykoBoauTeNb OpraHW3aLmMM rapaHTUpyeT, YTo:

e BO3HarpaxAeHue 3a BbINONHEHWE PabOT MO peannsalmm NpoeKkTa ByaeT eXerofHo Noy4Yarb Kaxabli YNEH HayYHOro
KONNEKTUBa;

e 06Kt pa3zMep eXerofHOro BO3HarpaxaeHU s YieHa Hay4HOro KONeKT1Ba He ByneT npeBbiwatb 30 NPOLEHTOB OT
CYMMbI €XEFO4HOr0 BO3HArpaXKaeHUs BCEM YJIeHaM Hay4yHOro KONEKTUBA;
Bkntouas YCTaHOB/1€HHbIE 3aKOHOL,aTe/IbCTBOM Poccuiickoi CDE,D,EPBU,MM FapaHTuUM, OTYNCIEHMA NO CTPaxXOBbIM B3HOCaM Ha 0693aTe/IbHoe NEHCMOHHOE
CTpaxoBaHWe, Ha obazarenbHoe MeaUUMHCKOE CTpaxoBaHue, Ha obazarenbHoe COUManbHOE CTpaxoBaHUE Ha cnyqaﬁ BpeMeHHOﬁ Hepr,ﬂ,OCnOCOﬁHOCTVI U B CBA3N
C MarepuHCTBOM, Ha obazarenbHoe coumManbHOE CTpaxoBaHWEe OT HeCYaCTHbIX CJ1y4YaeB Ha NpoM3BOACTBE U I'IpOdJeCCMOHaJ'IbeIX 3a601eBaHUIA.

e 00OWWMiI1 pasMep eXXEroHOro BO3HArpaXAeHMS YEHOB HAay4YHOTO KOJIEKTUBA B BO3PACTe 40 39 NeT BKIOYMTENbHO He
6yaeT MeHblUe 35 NPOLEHTOB OT CYMMbl XXEroAHOr0 BO3HArpaXaeHUs BCEX YNEHOB HayYHOro KONNEKTMUBA,;

e 00LLlee YMC/I0 YIEHOB HAyYHOMO KONNEKTMBA (BMECTe C pyKOBOAMTENIEM Hay4HOT0 KONEeKTMBa) He ByaeT npesbiwaTb 10
yenoBek;

¢ Hay4yHOMY KoNnekTUBy ByaeT NpefoCTaBNeHO NOMeLLEHME 1 0BecneyeH AOCTYN K UMEIOLLEACS IKCNEePUMEHTAbHOM
6ase 4N OCYLWECTBIEHMS HAYYHOTO UCCIeA0BaHMS.

Moanuco pyKkoBoauTena opraHmsauuu (yI'IOJ]HOMOLIEHHOI'O npencraBuTenNs, ,El,eVICTBy}OLLI.ero Ha OCHOBaHWM 0OBEPEHHOCTUN NN
pacnopaanTenbHOro LI,OKyMEHTa), nevyartb (I'IpM ee Hanny VIM) opraHusauum
B cnyyae nognmcaHus GopMbl yNosIHOMOYEHHbBIM NpeA CTaBUTeNEM OpraHM3aLmMm (B T.4. — pyKoBoauTeneM Guamnana) K neYarHoMy 3K3emMnnapy 3asBKM NpunaraeTca

Konua pacnopaauTenbHOro 4,0KyMeHTa Uin 0,0BEPEHHOCTH, 3aBEPEHHAA NEeYdTbi0 OpraHu3aumnn.

M.M.
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(®opma 4. CopgepxaHme npoekTa

4.1. HayuHas npobnema, Ha pelleHUe KOTOPOK HanpaBneH NpoeKT

Ha pyCcCKOM 5i3biKe
C nazepHbIMU TEXHOJIOTMSIMM CBSI3aHbI TPOMaZiHble NepcrnekT1Bbl. Ho npu 3TOM MO MHOMMM HanpaBneHMAM NOUCK BeAeTCs
BCJIENYH0, YUCTO IKCNEPUMEHTaNbHLIM NepebopoM. PasyMeeTcs, M3 Takoi cUTyauumn Hano BbixoauTs. Co3paHue Teopuu,
dusnyecknx Moaenen, YMCNeHHbIX NOAX0A0B K 0OBbACHEHMAM U pELLEHMSIM — BOT COBPEMEHHbIN CTW/b, COEANHSOLMIA
®n3nKy M Npon3BOACTBO. B TakoM cTune yaaetcs 6bICTPO ABUFATLCS OT HEMOHATHOMO SBNEHMS UM CaMOM HEBEPOSTHOM MAeu K
ee NpakTM4eCcKoMy BOMIOLLEHMIO.

MNpvBeaeM HeCKObKO NPUMEpPOB.

Mpumep 1. Ewe HepasHO hopMUpoBaHMe BYropkoB Ha TOHKMX MAEHKAX MpY OCTPOM la3epHOM BO34EeMCTBUM C (OKYCUPOBKOWM
Ha AMdPaAKLMOHHOM Npefenie He UMENO HW BHATHbIX 0OBACHEHWI, HU DU3NYECKOM MOAENU, HU pacyeTHbIX MeToaMK. Mexay
TeM, SIBleHNe U3BECTHO M3 3KCMEePUMEHTOB YXKe A0CTaToqHO AaBHo, ¢ 2003-2004 rr. [1]. CozpaHue Teopuwu,
COMpPOBOXAALEN AAHHbIM MPOLLEeCC, NO3BOAWIO NOHATL TEMI0DMU3INKY U MEXAHUKY SBNEHUI, MPOMCXOAALWMX B CBEPXMAbIX
obbeMax 3a GeMTO-NMKO-HAHO-CeKyHAHbIe (hC-NC-HC) BpeMeHa C MepapXmyeCKMM KackaloM pa3HOBPEMEHHbIX NPOLEeCcCcoB
[2]. B pe3ynbTaTe Tenepb eCTb BO3MOXHOCTV YNPaBIEHUS BblpalLMBaHMEM «OyropKoB-KynoaoB-KOHYCOB» (6aMcTepuHr
TOHKOMAEHOYHbIX MOKPbITUIA) 33AaHHbIX pa3mMepoB 1 HOPMbl (CKaKEM, C OCTPUMEM Ha BEPLUMHE).

3TO BaXKHO ANS HACTPOMKM HAHOAHTEHH, B Ka4eCTBE KOTOPbIX MCNOMb3yoTCs «6yropku» [3]. COOTBETCTBEHHO MOXHO 334aBaThb
TpebyeMyH OKpacky NOBEPXHOCTH (M 3TO Be3 KpacuTenei) nNpu ee oceelLeHU 6esbiM CBETOM UM ONTUMU3MUPOBATb PaboTy
MeTanoBepXHOCTU M3 MaccMBa BYropkoB B KauecTe ceHcopa [3].

[lpyroe BaXHOE HanpaBneHue CBA3aHO C MpUMeHeHMeM BYropKoB B Ka4eCTBe reHepaTopoB Kanesb, NeTAWMX TOYHO B
33[,aHHOM HanpaeneHUn, B yCTporcTBax fasepHow nevatm LIFT/LIBT (laser induced forward/backward transfer). MNonHas
Teopus co3paHa [2]. C noMOoLLbIO TaKOM NeyaTv Tenepb CO3AAK0T MO3aUKKM ANS LieNielt MUKPO3NeKTPOHUKKM (GopMupoBaHmue
4YMNOB) U MeAULMHBI (MCKYCCTBEHHbIE TKAaHW OPraHM3Ma), a TakXKe CNOXHbIe TPeXMepHble MUKPOKOHCTPYKLIMK, CM. paboTbl
uspaunbckon rpynnel u3 Additive Manufacturing Lab, Orbotech Ltd. n the Hebrew University of Jerusalem [4] v rpynnbl n3
yHusepcuteTa TeeHTe (University of Twente), lonnanaums [5].

Mpumep 2. [lpyroi BaxHbI NpuMep CBA3aH C 06BICHEHUEM NPOUCXOXKAEHUS MHTEPDEPEHLMOHHbIX Konew, HbloToHa K ToMy
e C pacTyLwyM no BpeMeHu ynciom koney, [6] (Ha cerogHa umeetcs ot 300 go 600 cCbiNoK Ha 3Ty CTaTblO B pa3HbIX CUCTEMAX
LMTUPOBAHMUS; iBNEHWE 0OHApYXXeHO GakTUYeCcKn cnydyanHo B onbiTax rpynnel npod. Dietrich von der Linde, University of
Duisburg-Essen). bnarogaps co3naHuio Teopun [7], u COOTBETCTBEHHO YETKOIO MOHMMAHMS, TEMEPb 3TW KOJbLLA NPUMEHSIOTCS
B KayeCTBe BaKHOro AMarHocTMyeckoro npuema [8] ans HabnopeHWs 3a NPOMCXOASALIMM B NATHE 06/1y4eHns Ha Nc-HC
BpeMeHax. bonee Toro, npueM ¢ konbLamMn HetoToOHa MCNOMb3yeTcs Ang cnexeHus [9] ¢ NOMOoLLbIo lazepa Ha MATKOM peHTreHe
(A=13.9 HM) 3a oMHaMWKOW HaAYBaHWS Ny3bIps pacniasa 30/10Ta nocae GeMTOCEKYHAHOro ONTUYEeCKOro BO3AENCTBUS (Takoe
BO34EMCTBME UMEET XapaKTep pe3Koro yaapa). Hano nv rosoputb, 4TO NpUMeHeHKe CTOb KOPOTKUX BONH [9] ans
UHTepdepeHLMM OTKPbIBAET HOBbIE BO3MOXHOCTU B TEXHMKE pump-probe 30HAMpPOBaHMS.

Mpumep 3. bnaropaps pabote Haa npoektoM PH® 14-19-01599 BmecTe ¢ co3naHMeM Teopumn GOpMMUPOBaHMS Kynonos [2,3]
6bl11a co3AaHa Teopus U NpoBedeHo MoaenMpoBaHue 3]l dparmMeHTauMmn Kanenb 01083, CM. paboTy [7] B CIMCKe CChINOK K M.
1.4. M onatb pa3paboTtka onupanacb Ha rMbpuaHyo Moaesb C pasfiefleHneM NMoBePXHOCTHOM 30HbI MEPBUYHOIO HarpeBsa
Na3epoM v JanbHENLLYHO KYMYASLMIO BOMHbI CKaTWs MO HANPaBAeHuMIo K LeHTpyY Kanau. MNpuyem c cylecTBeHHbIMU
OTKJIOHEHMSMM OT ChepUYecKor CUMMETPUM, HaNpuUMep, MaKCMMYM AaBNeHWs LOCTUIaeTCs Ha HEKOTOPOM PacCTOSHMM 3a
LLeHTPOM MO OTHOLEHMIO K 06ay4eHHOM nonycdepe.

AHanornyHbIM BNAETCS NONOXKEHME C NYHKTOM B) pasgena 1.5 (abnaums B KMAKOCTb). PaboTbl 6b1M HauaTbl C NOAAEPXKKOM
oT rpaHTa PH® 14-19-01599. Tenepb Mx HEO6X0AMMO MPOLOMIKUTL C YNIOPOM YPaBHEHUE COCTOSIHUSA U TEMIONPOBOAHOCTb
BO/bl; 3TO He06X0AMMO, YTOObI AOMTU OT HaYaNbHbLIX CTaaMM A0 06pa3oBaHMs Ny3bipbka. ONgaTb e paboTbl BeayTcs
rMbpuaHbIM CNOCOBOM, C COYEeTaHMEM MONIEKYNSPHO-AMHaMUYecknx, SPH kogoB 1 NnporpamMmbl ABYXTEMMepPaTypHOM
rMapOAMHAMUKK. ECTb yBEpEHHOCTD, YTO AaHHas dyHAaMeHTanbHas M 04eHb BaXHAs ANs MPUIoXKeHU paboTa B paMkax
HoBoro npoekta PH® 6yaeT BoinonHeHa. A UMeHHO, 6yaeT BbisSiBNEHA M MPOAEMOHCTPUPOBAHA 3KCNEPUMEHTATOPAM CKBO3HAs
Lenb NPOLLEeCCOB OT HaYasbHbIX CTaAMi C NMOT/OWEHUEM U3NyYeHNs L0 PUHANbHBIX CTaAMi C IBOIOLMEN NY3bIPbKa B
Xunakoctu. Takoro poaa nccnenosaHms NO3BOAST HAMHOIO YNPOCTUTb U yAeLleBUTb MPOM3BOACTBO HAHOYACTUL, Ia3EPHBIM
MeToAoM. [NaBHOE, NOABUTCS BO3MOXHOCTb OCMbIC/IEHHO YNPaBATb NPOLECCOM U T.0. CO34aBaTb HAHOYACTULBI C TPebyemon
CTPYKTYpOM, Hanpumep, obonouyeyHsie (core-shell particles).
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MNepeiipeM Kk onucaHmio npobnem 3 u A

3) Ponb npoueccoB 3neKTPOHHOM M POHOHHOM TENIONPOBOAHOCTU B 3BOOLMM NOBEPXHOCTU TBEPAOTENIbHOM KPEMHUEBOM
MULLEHM NOCNE YNbTPAKOPOTKOrO IA3ePHOr0 BO3AEMCTBUS YMEPEHHOM MHTEHCMBHOCTU. KpeMHMIA — OMH U3 TeX MaTepUanos,
AJ19 KOTOPbIX MMEIOT OFPOMHYH aKTyalbHOCTb MCCNIeA,0BaHMS MO BO3MOXHOCTM 06paboTKM ero NoBEpXHOCTH Ha HaHOMacLTabe
M NoAy4YeHUs NOBEPXHOCTHLIX HAHOCTPYKTYP 3aAaHHOW GOPMbI B pe3y/bTarte NpoTeKaowmx nocse obay4eHMs npoLeccos.
Mpu 06nayyeHMm, Kak NpaBuIo, NEPBUYHO MOBEPXHOCTb HAXOAMTCS B TBEPAOM (ase. [ToCKoNbKy TBEPAbI KpEMHUI SBNSeTCs
noaynpoBOAHMKOM, NpU TeMMNepaTypax OKOM0 KOMHAaTHOM 4OMUHUPYIOLLMIA BKIAA B TENIONPOBOAHOCTL ONpeaenseTcs
(HOHOHAMM U OKa3bIBAETCS OLHOrO YPOBHS C TUMMYHbIMU 3HaYeHuaMmu ang metannos (150 B1/m/K). C noBbiweHnem
TeMnepaTypbl ynopsa04eHHOCTb PELLETKM KpEMHUS NAJAET, Kak U BPEMS XXMU3HU GOHOHA, BCIeACTBUE Yero TenIonpoBOAHOCTb
KpeMHus npu Temneparypax Bbiwe 1000 K, Ho HMXKe TeMnepaTypbl NIaBNEHUS UMEET 3HaYeHKe, Ha NOPSAAOK MeHbLUee, Yem
npu KOMHATHOW TemMnepaType. JNeKTPOHHbIM BKN3Z, B TEMI0NPOBOAHOCTb CTAHOBUTCS 3aMETHbIM TO/IbKO NOC/E NAaBNEHUS
peLLETKN KpeMHUS, KOTAA 3NeKTPOHHbIA CNEKTP CTaHOBUTCS HENPePbIBHbIM B 0611acTH 3Heprun Mepmu.

OnucaHHas 34eCb KapTMHA OTPaXaeT KayeCTBEHHO NOBeAeHME TeNA0NPOBOAHOCTM KPEMHUS C POCTOM TeMMepaTypbl, KAKOM
MOXeT HabioAaTbLCS NPU YIbTPAKOPOTKOM NIa3ePHOM BO3AEMCTBUM. [Py ONMCaHMM TaKOro BO3AEMCTBUS C MOMOLLbIO MeToAa
ABYyXTeMMNepaTypHON rMAPOANHAMUKM NOTPEeOYEeTCS HE TONLKO KOMMYeCTBEHHOE ONMCcaHWe NOIHOM TeNoNpOBOAHOCTHU B
33aBMCMMOCTM OT TEMNEPATYPbI U MAOTHOCTU KPEMHUS, HO U pa3aeneHue eé Ha BKIaAbl, COOTBETCTBYHOLLME MEPEHOCY
3NeKTPOHaMM U peLwéTKOM/MoHaMK. JTa 3afa4a OyaeT pelaTbCs C MOMOLLBI0 COBPEMEHHbIX NOAXOAOB MO pacyéTam
KOPpensTopoB «MOTOK-MOTOK» B paMKax KBaHTOBOM M KIACCMYeCKOM MONeKynapHoOM guHamMmku (Metoael Kybo-I'puHyaa m
IpnHa-Ky60). B nepsom cnyvae peyb MAET 06 onpeneneHmmn BKIaAa 3NeKTPOHOB B TEMIONPOBOAHOCTb, a BO BTOPOM —
peLWweéTKM UM MOHOB, eCNM peyb MAET O pacniaBNeHHOM COCTOSHUM.

M) MepBonpuHUMMHbIE pacyéTbl KOHCTAHTbI 31eKTPOH-(OOHOHHOrO B3aMMOAENCTBUA B ABYXTEMNEPATYPHbIX METANNaxX B
CpaBHEHWM C AaHHBIMU CUMYIALMM 3NEKTPOH-(POHOHHOM penakcauum MeToaoM 3(pheKTMBHOIO CUI0BOMO NOJIS B PaMKax
MONEKYNSPHOM AUHAMMKKM. B cOBpeMEHHbIX pacyETax MoaMdMKaLMM NOBEPXHOCTEN META/IOB C MOMOLLBIO YIbTPAKOPOTKOro
NnazepHOro 06J1y4eHUs OLHUM K13 K4 EBbIX MAPaMeTPOB ABASETCS TEMM 3/IEKTPOH-POHOHHOTO TeNI00bMeHa, KOTOPbIi
onpegenseT XxapakTepHoe BpeMs 31eKTPOH-MOHHOM penlakcaumm, a Takke npoduam pacnpeneneHus TeMnepartyp 31eKTpOHOB
M MOHOB, 1 UX AABNEHMS B 061y4E€HHOM MPUNOBEPXHOCTHOM cioe. CyLlecTByeT HECKO/IbKO METOLO0B ANS pacyéTa AaHHOM
BEJIMYMHbI, CPeAM KOTOPbIX MOXHO 0TMeTUTb MeToA KaraHosa-/Indwmua-TaHatapoBa, aaanTMpOBaHHbIM aBTOpaMu A4S
ABYX30HHbIX MeTannos (Metpos, MHoramos, Murgan, . XX3T®, 97, 24, 2013), meton Annena (P. B. Allen, Phys.Rev.Lett, 1987)
LN OQHO30HHbIX META/NIOB, pacLUMPEHHBIN Ha NPOM3BOJbHbIN cnydai X. Wang et al (Phys. Rev. B 50, 8016, 1994). B ocHose
BTOPOro NoAX04a Ha BCEM NPOTHKEHUM C MOMeEHTa HOPMYMPOBKM 0006LLEHMS MCMONb3YETCS NPearnonoXeHne o cnabom
M3MeHEHUN HDOHOHHBIX XapaKTePUCTUK C POCTOM 3/IEKTPOHHOM TeMnepaTypbl. [LlaHHOe NpesnonoXKeHne Uaeonorndecku
61M3KO K MONYNSAPHOM rMnoTese 0 TOM, YTO peLETOUYHbIE XapaKTEPUCTUKM NPU INEKTPOHHOM HarpeBe He MEeHSIKOTCS, YTO
NIeXXMT B OCHOBE MOAE/M ABYXTeMMNepaTypHOro coctosHus. OfHako, ¢ pa3BUTMEM METOLOB NePBONPUHLIMMHbIX BblYMCIEHWM
6b1710 NOKA3aHO, YTO MJIOTHOCTb POHOHHbIX COCTOSHUI ByaeT MEHATLCS C HAarpeBOM B TaKMX MeTaax, Kak 301070 Ui Meab (V.
Recoules et al, Phys. Rev. Lett, 96, 055503, 2006; D. V. Minakov, P. R. Levashov, Phys. Rev. B, 224102, 2015).

B pamkax MeToga AnneHa-[layHepa cywecTsyeT HEO6X0AMMOCTb B MCNOJb30BaHMM 3KCMEPUMEHTAIbHO ONnpeaeneHHON
KOHCTaHTbI 31€KTPOH-(MOHOHHOIO B3aMMOAEMNCTBUS, KOTOpas ONpeaenseTcs Npu HU3KMUX TeMnepaTypax, COOTBETCTBYHOLIMX
CBepXMNpOBOASLLEMY COCTOSHUIO MeTanna. He npoBepsanoch, HACKObKO MCMOb30BaHUE TaKOro YUCIEHHOMO 3Ha4YeHUs B
MeTannax, 06,1aaarWmMX BblCOKMMM 31EKTPOHHBIMU U MOHHBIMU TEMMNEPATyPaMM, MOXKET OKa3aTb BMSHWE Ha pe3ynbTaT Ans
TeMna 3N1eKTPOH-POHOHHOr0 B3aMMOAEMCTBUSA. Takue MeToAbl NEePBONPUHLUMIMHBIX Pacy ETOB, KaK METOL 3aMOPOXEHHbIX
(OHOHOB 1 TeopMs BO3MYLLEHMS DYHKLMOHANA NIOTHOCTM NMO3BOSKOT pacCYMTaTb CUIOBbIE MOCTOSIHHbIE A5 METANNOB Kak B
pPaBHOBECMMU, TaK U B LIBYXTEMMEPATYPHOM COCTOSHUM, YTO NO3BONSET ONPEAENUTb KOHCTAHTY 3NEKTPOH-(DOHOHHOTO
B3aMMOLENCTBUSA U ANs 3TOro Cy4as. Takum 06pa3oM, NNaHUMPyeTCst NPOBEPUTL CNPaBEAIMBOCTb UCMOIb3YEMOrO B IMTEpPATYpe
MeTOoZa pacyé€Ta 3N1eKTPOH-POHOHHOI0 TennoobMeHa.

Kpome Toro, npepnaraeTcs npoBeCcT HeNOCpeACTBEHHOE MOAENMPOBAHME 3NEeKTPOH-POHOHHOrO (31€KTPO-NUOHHOr0)
TennoobMeHa B ynpoleHHon mogenu electron force field, rae ncnonbsyeTcs NOAyKAACCMYeCKOe ONMCaHWe BaNeHTHbIX
3/1eKTPOHOB C MOMOLLUBH JIOKANIM30BaHHbIX rayCCOBbIX NakeToB. B 3TOM ciyyae nosBnseTcs BO3MOXHOCTb MpOCieanTb
XapaKTepHble MacLLTabbl 31€KTPOHHOM U GOHOHHOM TepManu3aLmuu, T.e. BpeMs Ha4yana ABYXTEMMEPaTypHO CTaMK, a TakxKe
OLEHWTb HEMOCPeACTBEHHO U3 NOBEAEHMUS SNEKTPOHHOM U MOHHOW TeMMepaTyp B Te4eHne MOAEMPOBAHMS TEMN 3NEKTPOH-
($hOHOHHOro TennoobmeHa.

MopBoas nTorm gaHHoro nyHkTa 4.1, MOXHO Cka3aTb, UMEETCS LMPOKMUIA CNEKTP 3a4a4, BaXKHOE HAay4YHOe HanpasieHue,
CBA3aHHOEe C PyHAAMEeHTa/lbHbIMM NPo6eMaMmM Na3epHOro BO3AeMCTBUA HA BELLECTBO. 3asiBNSieMbli NPOEKT NOKpbIBaeT Habop
BaXHbIX 33434 B 3TOM HanpaeneHuu. BoinonHeHne npoekTa NOMOXET 3KCNEePUMEHTY U YCKOPUT Nepexos, K KOHKPETHbIM
TEXHONIOTUSIM.
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Ha aHenulickoM g3biKe
Great prospects are associated with laser technology. But the prospecting works are mostly performed on the off-chance with
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using the trial-and-error procedure in experiments. We have to get out of this situation by creating the theoretical
approaches, physical models, numerical methods aimed to provide explanations and solutions. This is the modern style that
combines physics and development of new technology. In this style, it is possible to move quickly from an incomprehensible
phenomenon or the most incredible idea to its practical implementation.

Let's give some examples.

Example 1. Yet recently, the formation of bumps on thin films during a tightly focused laser exposure with focusing on the
diffraction limit did not have any clear explanations, no physical model, or computational techniques. But the phenomenon
has been known from experiments for quite some time, from 2003-2004 [1]. The creation of a theory describing this process
made it possible to understand the thermophysics and mechanics of the phenomena occurring in ultralow volumes during
femto-pico-nano-second (fs-ps-ns) times with a hierarchical cascade of different-time processes [2]. As a result, there are
now possibilities to control the cultivation of “bumps-domes-cones” (blistering thin-film coatings) of given sizes and shapes
(say, with a tip on top).

This is important for tuning the nanoantennas, which can be considered as “bumps” [3]. Accordingly, it is possible to set the
desired color of the surface (without the usage of any dyes) illuminated with white light, or to optimize the meta-surface of
bump array working as a sensor [3].

Another important direction involves the use of bumps as generators of droplets flying exactly in a given direction in
LIFT/LIBT laser printing devices (Laser induced forward / backward transfer). The complete theory is created in [2]. Using such
printing, complex mosaics are now created for microelectronics (chip formation) and medicine (artificial tissues of the body),
as well as complex three-dimensional microstructures, see the works of the Israeli group from the Additive Manufacturing
Lab, Orbotech Ltd. and the Hebrew University of Jerusalem [4] and groups from the University of Twente, Holland [5].

Example 2. Another important example is related to the explanation of Newton's interference rings with the growing
number of rings [6] (today there are 300 to 600 references to this article in different citation systems; the phenomenon was
discovered virtually by chance in the experiments by the group of Prof. Dietrich von der Linde from University of Duisburg-
Essen). Thanks to the developed theory [7], now this phenomenon is well understood and it is used in an important
diagnostic technique [8] to observe what is happening in the irradiation spot at ps-ns times. Moreover, with using a soft X-ray
laser (A = 13.9 nm) such Newton's rings are used for tracking [9] the dynamics of inflating bubble in molten gold after a
femtosecond optical pump (such irradiation has the character of a shock). Needless to say, the use of such short waves [9] for
interference opens up new opportunities for improvement of the pump-probe technique.

Example 3. Thanks to the work on the project RSF 14-19-01599, in addition to the creation of the theory of dome formation
[2,3] a theory of 3D fragmentation of tin droplets was developed and corresponding simulation was performed, see [7] in the
List of references to p. 1.4. And again, the development was based on a hybrid model with the separation of the surface layer
of primary heating by a laser pulse and further cumulation of the compression wave towards the center of the droplet. It
occurs with significant deviations from spherical symmetry - for example, the pressure maximum is reached at some distance
beyond the center with respect to the irradiated hemisphere.

Similar situation happens with paragraph B) of section 1.5 (ablation into a liquid). The work was started with support from
the grant of the RSF 14-19-01599. Now they need to be continued with an emphasis on the equation of state and thermal
conductivity of water; it is necessary to go from the initial stages to the formation of a bubble. Again, work is being done in a
hybrid way, with a combination of molecular dynamics, SPH code, and two-temperature hydrodynamics programs. There is
confidence that this fundamental and very important work for applications in the framework of the new RSF project will be
completed. Namely, an end-to-end chain of processes from the initial stages with radiation absorption to the final stages with
the evolution of a bubble in a liquid will be revealed and demonstrated to experimenters. This kind of research will greatly
simplify and cheapen the manufacturing of nanoparticles by the laser method. The point is to get an opportunity for
meaningful control of the processes, which opens doors to create nanoparticles with the required structure, for example,
shell-core (core-shell particles).

We turn to the description of the problems of Hand I.
H) The role of electron and phonon heat conduction processes in the evolution of the surface of a solid-state silicon target
after ultrashort laser irradiation of moderate intensity.

Silicon is one of those materials for which the research on the possibility of treating its surface at the nanoscale and
obtaining surface nanostructures of a given shape as a result of processes occurring after irradiation is of great relevance.
When irradiated, as a rule, the primary surface is in the solid phase. Since solid silicon is a semiconductor, at temperatures
about room temperature, the dominant contribution to thermal conductivity is determined by phonons and turns out to be at
the same Llevel with typical values for metals (150 W/ m / K). With an increase in temperature, the orderliness of the silicon
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lattice decreases, as does the phonon lifetime, as a result of which the thermal conductivity of silicon at temperatures above
1000 K, but below the melting point, is of an order of magnitude less than at room temperature. The electronic contribution
to thermal conductivity becomes noticeable only after the melting of the silicon lattice, when the electronic spectrum
becomes continuous in the region of the Fermi energy.

The picture described here reflects the qualitative behavior of the thermal conductivity of silicon with increasing
temperature, which can be observed with ultrashort laser irradiation. When describing such an effect using the two-
temperature hydrodynamics method, we will need not only a quantitative description of the total thermal conductivity
depending on the temperature and density of silicon, but also its separation into contributions corresponding to electron and
lattice/ion transfer. This task will be solved with the help of modern approaches to the calculations of flow-to-flow
correlators within the framework of quantum and classical molecular dynamics (Kubo-Greenwood and Green-Kubo
methods). In the first case, we are talking about determining the contribution of electrons to thermal conductivity, and in the
second case, the lattice orions, if we are talking about the molten state.

) First-principle calculations of the electron-phonon interaction constant in two-temperature metals in comparison with the
simulation data of electron-phonon relaxation by the method of an effective force field within the framework of molecular
dynamics.

In conclusion of this section 4.1, we can say that there are a wide range of tasks and an important scientific direction related
to the fundamental problems of laser exposure of materials. The claimed project covers a set of important tasks in this
direction. Implementation of the project goals will help the experiment and accelerate the transition to required
technologies.

In modern calculations of metal surface modification using ultrashort laser irradiation, one of the key parameters is the rate
of electron-phonon heat transfer, which determines the characteristic time of electron-ion relaxation, as well as temperature
profiles of electrons and ions, and their pressure in the irradiated surface layer. There are several methods for calculating this
value, among which we can mention the Kaganov-Lifshits-Tanatarov method, adapted by the authors for two-zone metals
(Petrov, Inogamov, Migdal, P. ZhETF, 97, 24, 2013), the Allen method (PB Allen, Phys. Rev.Lett, 1987) for single-band metals,
extended to the arbitrary case by X. Wang et al (Phys. Rev. B 50, 8016, 1994). The second approach is based on the entire
length from the moment of the formulation of the generalization, on the assumption of a weak change in the phonon
characteristics with increasing electron temperature. This assumption is ideologically close to the popular hypothesis that the
lattice characteristics during electronic heating do not change, which underlies the model of a two-temperature state.
However, with the development of first-principle calculations, it has been shown that the density of phonon states will
change with heating in metals such as gold or copper (V. Recoules et al, Phys. Rev. Lett, 96, 055503, 2006; DV Minakov, PR
Levashov, Phys. Rev. B, 224102, 2015).

In the framework of the Allen-Downer method, there is a need to use an experimentally determined electron-phonon
interaction constant, which is determined at low temperatures, corresponding to the superconducting state of the metal. It
has not been tested to what extent the use of such a numerical value in metals with high electron and ion temperatures can
affect the result for the electron-phonon interaction rate. Such methods of first-principle calculations, like the frozen phonon
method and the density functional perturbation theory, allow us to calculate the force constants for metals both in
equilibrium and in the two-temperature state, which allows us to determine the electron-phonon interaction constant for this
case aswell. Thus, it is planned to check the validity of the method of calculation of electron-phonon heat transfer used in
the literature.

In addition, it is proposed to conduct a direct simulation of the electron-phonon (electron-ion) heat exchange in a
simplified model of the electron force field, which uses a semiclassical description of the valence electrons using localized
Gaussian packets. In this case, it is possible to trace the characteristic scales of electron and phonon thermalization, i.e. the
start time of the two-temperature stage, and also to estimate directly from the behavior of the electron and ion temperatures
during the simulation, the rate of electron-phonon heat exchange.
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4.2. HayuHasa 3HAQUMMOCTb M aKTya/IbHOCTb peLueHus 0603HaueHHOMU Npo6aeMbl
Ha pyCcCKOM 5i3biKe
Bonpocbl 3HAaYMMOCTU U CBOEBPEMEHHOCTU UCCNEA0BAHUIM NO NepeymncieHHbIM B M. 1.5 npobnemam obcyxaanmce B
npeablaywmx NyHkTax. Bkpartue cymmnpyem ckasaHHoe. [MepeyeHb npobnem (M3 n. 1.5), nognexxawmx peweHuio, cneayrowmin:
A) MpocTpaHCTBEHHO pacnpeeneHHbI Harpes 3a cYeT KOMOMHALLMKM NNA3MOHHbIX U NaszepHbix IM nonen
b) [leicTBne BopTEKC NY4KOB
B) O6pazoBaHuMe HaHOYaCTUL, Npy absaumm B XXMAKOCTb
I JlazepHasg dparMeHTaums XUAKMX Kanenb U CTpyH
) Abngums TyronnaBknMx MeTannos
E) /lasepHoe nnaBneHne NopoLiKos
X) BoruncnurensHas dusnka, KpynHomacwrabHoe BblCOKONPOU3BOAUTEIbHOE YMCIEHHOE MOAEIMPOBaHMeE.
OnuweMm 3HaYMMOCTb M aKTYaNbHOCTb KOHKPETHO, N0 NYHKTaM.
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3) XapaKkTepuUCTUKM KpeMHUS, 061y4eHHOro Nazepom
M) Hoeble noaxopnbl K pacyeTam KO3 PUUMEHTA 3NEKTPOH-MOHHOIO B3aUMOAENCTBUS B MeTaslax

OnuweM 3Ha4YMMOCTb U adKTya/lbHOCTb KOHKPETHO, MO MYHKTaM.

A) MpocTpaHCTBEHHO pacnpenesieHHbIV HarpeB 3a C4eT KOMOMHALLMM NNA3MOHHbIX U Na3zepHbix IM noneit

3apava npencTaenseT 60MbLWOM MHTEPEC A1 SNEKTPOHWUKU, MIAa3MOHUKM, [N CO34aHMS rO0rpaMMm, NS U3roTOBNEHUS
MeTanoBepxHOCTew, M. paboTsl [1] 1 [4] B cnucke nuTepatypbl K N. 1.4. [No nnasMoHUKe exXerogHo npoBOAMTCS HECKObKO
MeXAyHapoAHbIX koHdepeHumin. HepasHo B 1. Coum npowwna oaHa u3 Takux koHdepeHumit: METANANO 2018:
https://metanano.ifmo.ru/ cobpasLuas 0ko0 NOAYTbICAYM YHACTHUKOB U elle BonbLiee KOAMYeCTBO Npe3eHTaumin (pabota [4]
u3 n. 1.4 6bina npeacrasneHa Ha METANANO-2018). C nporpamMMHbIM A0OKA3A0M BbiCTynun AHapeii lelim, HobeneBckuii
naypear 2010 .

Mpeanaraemas Hamu NnpobaeMa NpeACcTaBnsSeT 4OCTaTOYHO HOBOE, MePCNEKTUBHOE HanpaBneHue B Nia3MoHuKe. Peub naet o
COMpPSXKeHUM 33434 NIA3MOHWUKK, KOTOPble UMEIOT XapaKTep NPUKIALHOM 3NEKTPOAMHAMUKM, C BO3SMOXXHOCTSIMU COBPEMEHHOA
®U3MKM B3aMMOLENCTBUS UHTEHCMBHOTO 3/1EKTPOMArHWTHOIO M3y4YeHUs C BellecTBoM. B 3ToM ciyyae cTaHoBSTCS
CYLLEeCTBEHHbIMW PO/ HArpeBa/KpUCTaNAM3aUmMm 1 MexaHuyecknx 3ddeKToBs, NpuBoasLLMe K TpAaHCHOPMaLMM MULLEHM. ITa
TpaHcdopmauums byneTt Mcnonb3oBaHa Ans GOpMMPOBaHMS MeTarnoBe pXHOCTEN.

[MyTb KOMOMHALMM NA3EPHOTO U3NYYEHUS U MOBEPXHOCTHBIX NAA3MOH-MNOASPUTOHBIX MOZ ANl GOPMUPOBAHUS FONOrPaMM,
MeTanoBepPXHOCTEN ABNSETCS HAMHOIO 60/1ee 3KOHOMUYHBIM, YEM «Bblpe3aHue» pesbeda MeTanoBepxXHOCTH
H60MBOapAMPOBKOI 3NEKTPOHAMM 3NEKTPOHHOTO Nlyya B BaKyyMe.

b) [leicTBune BopTeKC NY4KOB
CkazaHHOe BblLle NO NOBOAY NPUMEHEHMIA KOMBUHUPOBAHHOTO Jla3€PHO-MNA3MOHHOI0 AEMCTBUS OTHOCUTCS U K pasaeny o
NPUNOXEHUSAX BOPTEKCHBIX MNYYKOB; 3TO HOPMMPOBAHME MeTanoBepxHOCTeW. KpoMe Toro, UMeeTcs psg, NPUoXKeHu,
KOTOpbl€ CBA3aHbl MMEHHO C XMPa/IbHOCTbHO 3aKPYTOK BEPLUMH. MacCMBbl BOPTEKCHbIX YeAUHEHHbIX BEPLUMH (BOPTEKCHASs
MeTanoBepXHOCTb) Npej/iaraeTcs UCNo/b30BaTh A4S CO3AaHWUS CBEPXYYBCTBUTESNbHbIX CEHCOPOB, QUNLTPALMM MONEKY B
33aBMCMMOCTM OT UX XMPANBHOCTU (HanpUMep, OYMCTKA NIeKapPCTB), 419 GOPMMPOBAHUS XMPaANbHbIX NAA3MOHHbIX YCTPOWCTB, B
KOTOpPbIX OCBELUEHME CTPYKTYPbl BO3BPALLAET B OTPAXEHHOM CBETE BOPTEKCHYIO BOJHY (KOTOPblE 3aMeHST (ha3oBble
NNacTuHKM), cMm. [5] B n. 1.4

T.0. BO3HMKAET HOBbIM BapuaHT QyHAAMEHTaNbHOM NPOo6ieMbl, OTHOCALLECA K PU3MKe B3aMMOLENCTBUS Ta3ePHOro
U3Ny4YEHMS C BELLECTBOM.

B) O6pa3oBaHmne HaHOYACTUL, NpU aBAALMU B XKMAKOCTb
NazepHoe hopMUpoBaHME HAHOYACTUL, UMEET Psf, NPEUMYLLECTB N0 CPaBHEHMIO € bonee felleBbiMU, HO Bonee
MHOMOCTYMEHYaTbIMU U KIPSA3HBIMUY CPEACTBAMU XMMUYECKOrO CMHTe3a. K TOMy )Xe K HEKOTOPbIM U3 CTPYKTYPUPOBAHHbIX
HaHOYaCcTWL, He yaaeTCs NOACTYNUTbCS XMMUKaM. [MoapobHas MHGopMaLuus nMeeTcs B rof, Ha3ag, onybamMkoBaHHbIX 0630pax no
nasepHon pabpukaLmMn HaHOHACTUL, B XKMAKOCTAX (MPUrOTOBNEHME KOMMOMAHBIX PACTBOPOB HaHo4vacTuy), cm. [12] kn. 1.4. Ha
puc. 5 B npunoxeHHoM n.4.14 paine 2 nokasaHa cxema NpunoXeHun 1azepHoOro CMHTE3a KOOMA0B.

CornacHo cTatuctuke, cobpaHHoM B cTaTbe Xiao et al., Progress in Materials Science V. 87, 140-220 (2017), cm. [12] B n. 1.4,
yuncno nybamnkauuii No abnaumm B XKMAKOCTU SKCMOHEHUMANbHO pacTeT NoCNeAHNe HeCKObKO et 1 npesbicuno 300 cTateit B
rof, a ymcno uutnposanuit goctmurno 7000 B rof. 3To CBMAETENLCTBYET O BOCTPEBOBAHHOCTU U aKTYaNbHOCTU TEMATUKM.

I JlazepHasg dparMeHTaums XUAKMX Kanenb U CTpyH
B cnyyae ¢ 0710BSHHBIMU KanasMu NPUAOXKEHUS CBA3aHbI C MPOEKTaMU CO34aHMUS NNa3MEHHbIX MCTOYHMKOB KOPOTKOBOIHOBOMO
M3yYEHUS: MAFKOr0 pEHTIeHa — BaKyyMHOro ynbTpadroneTa, KOTopble COCTABNAKT OCHOBY hoToNMTOrpacdmyeckMx MawmH
cneaytowwero nokoneHus. Takve MalmHbl 6yayT MMeTb ropasfo 60/bLuyio pa3peLualoLyto CnocobHOCTb, MOCKOMbKY pe3ko
yMeHbLWNTCH AMbpaKLUMOHHbBIV Npeaen, NPonopLMOHanbHbIM AMHE BOMHbI. [IPOEKTOM 3aHMMAeTCs TakoM MUraHT, iaep B
Npou3BOACTBE MaWWH Ang GoTtonmtorpadum, kak ASML, NonnaHams. 3To Tak cKasaTb NPOU3BOACTBO CPeACTB NPOUM3BOACTBA,
MOCKO/bKY Janee MalwuHbl MPUMEHSIOTCS B MUKPO3/IEKTPOHHOM NMPOMbILLIEHHOCTU AJ1S1 U3rOTOBEHUS MHTEMPaNbHbIX
MUKPOCXEM, YCTPOMUCTB MNaMSITU U MUKPOMPOLLECCOPOB.

B cnyyae ¢ BOAHbIMM KanisiMK U CTPYSIMK U UX 0By4EHMEM YIbTPAKOPOTKMM UMMY/IbCOM XXECTKOr0 peHTreHa oT
amepwukaHckoro XFEL naszepa Ha SLAC, nHTepec npeacrasnseT puU3nka B3aMMOLENCTBUS PEHTTEHA C XXMAKOM Cpefon, CM.
KOMMeHTapum B cTatbax [14] k n. 1.4 npoekTa.

) Abnsums TyronnaBknx MeTannos
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®ur3nka abngaummn MeTaNIoB NpeacTaBseT CaMOCTOATENbHbIM MHTepeC. Ha cerofHs XopoLuo n3y4yeHbl B 3TOM OTHOLLEHUM
3051070, cepebpo, antoMUHKUIA. MIMeeTca psag nybavkaumii No 3STUM MeTaiaM, B TOM Yucsie MHOrO paboT Hallero Konnektuea. M3
TYroniaBKMX MeTaIoB B HALWMX TeOpeTUYeCcKnx paboTtax n pabotax COBMECTHO C IKCMEePUMEHTATOPaMM U3 OTAENA Nla3e pHOM
nnasmbl M.b. ArpaHata B OMBT PAH 6b11 npoaHanM3npoBaH TaHTan.

PyTeHui, petanbHoe usyyeHue KoToporo 6yaeT BbINOAHEHO B NPOEKTE, 3TO Manom3y4eHHbIM MeTan. [LJoCTaTouHO CKa3aTb,
YTO B NIMTEPATYpPE MMEETCS TONbKO ABE LOBOJBHO CTapble nybavkaumm no EAM noteHumany pytenus (M. Igarashi, M. Khantha, V.
Vitek, "N-body interatomic potential for hexagonal close-packed metals”, Phil. Mag. B, 63, 603-627 (1991), S. Chen, J. Xu, H.
Zhang, "A new scheme of many-body potentials for hcp metals”, Computational Materials Science, 29, 428-436 (2004) ).
OHM ONMCbIBAKOT PYTEHMI B MaNlOM OKPECTHOCTU PaBHOBECHOM NAOTHOCTU M KOMHATHbIX TeMnepatyp. Mexay TeM, A1 Halmx
uenei Heo6xoaMM NOTEHLUMAN, NPUrOAHbIMA MPU 3HAYUTENbHBIX PACTIXKEHUAX M 3aMETHbIX CKATUSAX U NPU CUAbHBIX HarpeBsax,
YTO COOTBETCTBYET YC/IOBUSIM JIA3EPHOr0 061y4eHUS ONTUYECKUMU U PEHTTEHOBCKUMM Na3epamu.

LleHHOCTb MCCNef0BaHMS B TOM, YTO PYTEHWUIA — 3TO BaXKHbIM MaTepuan peHTreHOBCKOW ONTUKM, a TakKe Matepuan 3almTHbIX
NAEHOK, B TOM Yucne 1 B GoTonmtorpadmyeckmx MalmHax, 06Cy>aaBLUMXCS BblLLe.

E) JlasepHoe nnaBneHne NOPOLLKOB

TexHonoruu 3] NPUHTUHIA, Ha3bIBaEMble TaKXKe afAMTUBHbIMU TEXHONOMUSIMU, BeCbMa nonynsapHel B8 CMU. FoBopuTtcs o
BCEMOryLUeCTBe Takoro poja Npou3BoACTBa. Ha caMoM fene Ha CeroAHs € 3TMMM NpoLeCccaMm CBSI3aHO MHOTO
(dyHLaMeHTanbHbIX NpobneM. Hanbonee cyLiecTBEHHbIE U3 HUX, OTHOCSALLMECS UMEHHO K Na3epy, OyayT pacCMOTPeHb! B HaleM
npoekte. bes peweHus 3Tux NpobnemM HEBO3MOXHO YCMeLHOe NPOABUXKEHME HA AAaHHOM HanpaBneHUu.

X) BoluncamtensHas Gusmka, KpynHoMacwrabHoe BblCOKOMPOU3BOAUTENbHOE YUCTIEHHOE MOAeIMPOBaHKe

ANTTOpPUTMBI, YCKOPEHWE BblYUCIEHWIA, MCMOb30BaHNE MHOTOMNPOLLECCOPHbIX KOAOB, PAClLMPeHne NPOCTPAHCTBEHHO-
BpeMeHHbIX MaclLTaboB (B Cy4yae C MONEKYNSIPHOM AMHAMUKOM) — BOT aKTyasbHble BbI3OBbI, KOTOPblE CTOST Nepes
BblUMCIUTENbHOM PU3MKON. B HaweM npoekTe ByaeT BbINONHEHO CYLLECTBEHHOE NPOABMXEHME MO COBEPLUEHCTBOBAHMIO
NpOrpamMMHbIX KOMMIEKCOB, MO HAChILLEHMIO UX peanbHON GU3UKOWN.

Takas du3mnka BKIovaeT B cebe MHOXECTBO COCTABASIOWMX — OT ONMCAHMSA NOFNOLLEHUS TIA3ePHOM 3HEPruM A0 NPOLLEeCCOB
nepeHoca Tenna, AMddy3nun, MOAENMPOBAHUS CNOXHbIX, 3a4aCTYH TPEXMEPHbIX ABUXEHUI pacniaBoB 1 gedopmMmpyemMoro
TBEPAOro Tena C NakeToM ynpyro-nnacTMyeckmx seneHuin natoc GasoBblie nepexoabl NaasneHne/Kpuctanamsaums,
WMHTEHCUBHOE UCMApeHUe, OXNTaXAEHME U KoHAeHcaums. Mpuyem, kak MpaBuo, NpoLeCcChl NPOTeKakoT BbICTPO M 3a4acTyio
faneku oT TepMOAMHAMUYECKOro PaBHOBECHS.

70T paszen paboTbl UMEET UCKNIOUYMUTENIBHO SICHOE NPaKTUYecKoe 3Ha4YeHue.

3) XapaKkTepuUCTUKM KpeMHUS, 061y4eHHOro nazepom

Mpu onuMcaHuM TeNNONPOBOAHOCTU BO36YXXAEHHOW YNbTPAKOPOTKUM Nla3e pOM 31eKTPOHHOW NMOACUCTEMbI KDEMHUS A0 CUX MOP
MCMONb3YITCS NOAYYEHHbIE U3 CMPABOYHUKOB 3HAYEHMS, HE YUUTbIBAKOLLME SBOIIOLMIO JAHHOM BEIMYUHBI, KPOMe Hanbonee
pe3Koro eé u3MeHeHus B TOUKe NnaBneHus. B To xxe Bpems npoBeeHHble paHee aBTopaMu UCCIeA0BaHUS MOKa3anmn BaXKHOCTb
aAeKBaTHOro onpeneneHus 3aBUCUMOCTH KO3 dULMEHTA TENIONPOBOAHOCTU OT 3NEKTPOHHOM U MOHHOM TeMnepaTyp u
nnoTHocT. CaMa aKkTyasbHOCTb UCCe0BaHUS 06paboTKM MOBEPXHOCTU KPEMHUEBBIX MIEHOK YNbTPAKOPOTKUM JlIa3epoM U
pelieHne CBA3AHHbIX C 3TUM 33434 He Bbi3bIBAET COMHEHMM, TaK KakK MOXET pacCMaTpMBaTbCA KakK OAMH U3 NepCcrnekTUBHbIX
MeToA0B 06paboTkM NOBEPXHOCTM C pa3peLueHMEM HECKOBKO AeCATKOB HAHOMETPOB.

M) HoBble noaxoapl K pacyetam Ko3dPUUMEHTA INEKTPOH-UOHHOIO B3aUMOAENCTBUS B METa//AX

Kak 6b1n0 ynomsHyTO Bbile, B pasgene 4.1, ans pewweHns 3a4a4m o Temne 31eKTpoH-GOHOHHOr0 Ten1006MeHa UCNONb3YHTCS
BCEro ABa pacnpocTpaHeHHbIX cnocoba (MoanduumnpoBaHHbi MeTog KaraHoBa-JIndwuua-TaHatapoBa n meTod AnneHa-
[NlayHepa), Mexay KOTOpbIMU He CYLLeCTBYET OJHO3HAYHOM TEOpeTUYEeCKOM CBA3M, YTO NO3BOAMNO Obl YCTAHOBUTL MPAHULLbI UX
B3aMMHOM COBMECTUMOCTU. Hy>KHO OTMETUTb, YTO AaHHbIe, NOyYEeHHbIE BTOPbIM NyTeM, HaMbonee pacnpoCTpaHeHb! B
CTOPOHHWUX UCTOYHMKAX, B KOTOPbIX 3aBUCMMOCTU 3NEKTPOH-POHOHHOIO Tennoo6bMeHa OT 3NeKTPOHHOW TeMnepaTypbl
MCMONMb30BaHbI ANS peLleHNs PasMYHbIX 33434 Ha YCNOBWS MPOTEKAHUA INEKTPOH-MOHHOM penakcauuu. [pu 3ToM oueHka
y4€Ta BIUSAHUS 3N1EKTPOHHOI0 HarpeBsa Ha GOHOHHBIM CNEKTP U Ha pe3ynbTaTbl MeToAa AnneHa-[layHepa npeacTaBnseTcs
O[LHOW M3 BaXHbIX 33fa4. [Ins pacyeTa aneKTPOH-MOHHOM penakcaumum byaeT UCNoNb30BaH COBPEMEHHbIW NOAX0L
3NeKTpOoHHOro cunosoro nong (electron force field), npUMeHUMBIN Ang ONMCaHMS TaKOM penakcaumm B pasHbix Gasax
HarpeToro BeLlecTsa.

Ha aHenulickoM g3biKe
Relevance and timeliness of research on the problems listed in section 1.5 were discussed in the previous sections. Briefly
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summarize what has been said. The list of problems (from section 1.5) to be solved is as follows:
A) Spatially distributed heating due to a combination of plasmon and laser EM fields

B) Action of vortex beams

() The formation of nanoparticles during ablation into a liquid

D) Laser fragmentation of liquid droplets and jets

E) Ablation of refractory metals

F) Laser melting of powders

G) Computational physics, large-scale high-performance numerical simulation

& — —

We describe the importance and relevance specifically, by points.

A) Spatially distributed heating due to a combination of plasmon and laser EM fields

The task is of great interest for electronics, plasmonics, for the creation of holograms, for the manufacture of meta-surfaces,
see [1] and [4] in the references to 1.4. In plasmonics, several international conferences are held annually. Recently in Sochi
one of the following conferences took place: METANANO 2018: https://metanano.ifmo.ru/ which gathered about half a
thousand participants and even more presentations (the work [4] from section 1.4 was presented at METANANO-2018). A
keynote address was made by Andrei Geim, Nobel Prize winner in 2010.

The problem proposed by us is a fairly new, promising direction in plasmonics. We are talking about the conjugation of
plasmonic problems, which have the character of applied electrodynamics, with the possibilities of modern physics of the
interaction of intense electromagnetic radiation with matter. In this case, the role of heating/crystallization and mechanical
effects, leading to the transformation of the target, become essential. This transformation will be used to form meta-surfaces.

The path of the combination of laser radiation and surface plasmon-polariton modes for the formation of holograms, meta-
surfaces is much more economical than “cutting out” the relief of the meta-surface by the electron beam bombardmentin a
vacuum.

B) Action of vortex beams
What has been said above regarding applications of the combined laser-plasmon action also applies to the section on
applications of vortex beams - this is the formation of meta-surfaces. In addition, there are a number of applications that are
associated precisely with the chirality of the twists of the vertices. It is proposed to use arrays of solitary vortex vertices (vortex
meta-surface) to create supersensitive sensors, filter molecules depending on their chirality (for example, purification of
medicaments), to form chiral plasmon devices in which the illumination of the structure returns vortex wave in reflected
light (which will replace phase plates), see [5] in section 1.4.

So a new variant of the fundamental problem arises, relating to the physics of the interaction of laser radiation with matter.

() The formation of nanoparticles during ablation into a liquid

Laser formation of nanoparticles has several advantages compared with cheaper, but more multistage and “dirty” means of
chemical synthesis. In addition, chemists have not been able to approach some of the structured nanoparticles. Detailed
information is available in reviews, published a year ago, concerning the laser fabrication of nanoparticles in liquids
(preparation of colloidal solutions of nanoparticles), see [12] to section 1.4. In fig. 5 in the attached to the application p. 4.14
file 2 a diagram of applications of laser synthesis of colloids is shown.

According to statistics collected in an article by Xiao et al., Progress in Materials Science 87, 140-220 (2017), see [12] in
section 1.4, the number of publications on ablation in a fluid has increased exponentially over the past few years and
exceeded 300 articles per year, and the number of citations reached 7,000 per year. This indicates the relevance and
necessity of the subject.

D) Laser fragmentation of liquid droplets and jets
In the case of tin drops, applications are associated with projects for creating plasma sources of short-wave radiation: soft X-
rays — vacuum ultraviolet, which form the basis of the next-generation photolithographic machines. Such machines will
have a much higher resolution, since the diffraction limit, proportional to the wavelength, will sharply decrease. The project
is engaged in such a giant, a leader in the production of machines for photolithography, as ASML, Holland. This is, so to speak,
the production of means of production, as further these machines are used in the microelectronic industry for the
manufacture of integrated circuits, memory devices and microprocessors.

In the case of water droplets and jets and their irradiation with an ultrashort hard X-ray pulse from an American XFEL laser on
an SLAG, the physics of x-ray interaction with a liquid medium is of interest, see comments in [14] to section 1.4 of the
project.
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E) Ablation of refractory metals

The physics of metal ablation is of independent interest. Today, gold, silver, aluminum are well studied in this respect. There
are a number of publications on these metals, including many of the work of our team. Of refractory metals tantalum was
analyzed in our theoretical work and in collaboration with experimenters from the laser plasma department under the
guidance of M.B. Agranat at JIHT RAS.

Ruthenium, a detailed study of which will be performed in the project, is a little-studied metal. Suffice it to say that in the
literature there are only two rather old publications on the EAM potential of ruthenium (M. Igarashi, M. Khantha, V. Vitek, "N-
body interatomic potential for hexagonal close-packed metals”, Phil. Mag. B, 63, 603-627 (1991), S. Chen, J. Xu, H. Zhang, "A
new scheme of many-body potentials for hcp metals’, Computational Materials Science, 29, 428-436 (2004)). They describe
ruthenium in a small neighborhood of the equilibrium density and room temperatures. Meanwhile, for our purposes, a
potential is needed that is suitable for significant stretching and noticeable compression and for strong heating, which
corresponds to the conditions of laser irradiation with optical and X-ray lasers.

The value of the study is that ruthenium is an important material of X-ray optics, as well as the material of protective films,
including in photolithographic machines, discussed above.

F) Laser melting of powders

3D printing technologies, also called additive technologies, are very popular in the media. Sometimes they talk about the
omnipotence of this kind of production. In fact, today many fundamental problems are connected with these processes. The
most significant of them, referring specifically to the laser, will be considered in our project. Without solving these problems,
it is impossible to successfully advance in this direction.

G) Computational physics, large-scale high-performance numerical simulation

Algorithms, acceleration of computations, the use of multiprocessor codes, the expansion of space-time scales (in the case of
molecular dynamics) - these are the actual challenges facing computational physics. In our project, significant progress will
be made to improve the software systems, to saturate them with real physics.

Such physics includes many components - from describing the absorption of laser energy to the processes of heat transfer,
diffusion, modeling of complex, often three-dimensional movements of melts and a deformable solid with a package of
elastic-plastic phenomena plus melting/crystallization phase transitions, intensive evaporation, cooling and condensation .
Moreover, as a rule, the processes proceed quickly and often far from thermodynamic equilibrium.

This section of work has extremely clear practical value.

H) Characteristics of silicon irradiated by laser

In describing the thermal conductivity of the electron subsystem of silicon excited by an ultrashort laser, the values obtained
from the reference books are still used and do not take into account the evolution of this quantity, except for its most
dramatic change at the melting point. At the same time, previous

studies by the authors show ed the importance of adequately determining the dependence of the thermal conductivity on
the electron and ion temperature and density. The very relevance of studying the surface treatment of silicon films with an
ultrashort laser and solving related probl

ems is beyond doubt, since it can be considered as one of the most promising surface treatment methods with a resolution of
several tens of nanometers.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals

As mentioned above, in Section 4.1, to solve the electron-phonon heat exchange rate problem, only two common methods
are used (the modified Kaganov-Lifshitz-Tanatarov method and the Allen-Downer method), between which there is no
unambiguous theoretical connection that would allow boundaries of their mutual compatibility. It should be noted that the
data obtained in the second way are most common in third-party sources, in which the dependences of electron-phonon
heat transfer on electron temperature are used to solve various problems on the conditions of electron-ion relaxation. At the
same time, the assessment of the effect of electron heating on the phonon spectrum and on the results of the Allen-Downer
method is an important task. To calculate the electron-ion relaxation, the modern approach of the electron force field
(electron force field) will be used, which is applicable to describe such relaxation in different phases of the heated
substance.

4.3. KoHkpeTHas 3aga4a (3aaauum) B paMmKax npo6ieMbl, Ha pelleH1e KOTOPO HanpaB/ieH NPOEeKT, ee Maclurab u
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KOMNIEKCHOCTb

HQ pyCCKOM 5i3biKe
Mepeyncnum KOHKpeTHble NpobneMsl, KOTOpble ByAyT peLleHbl.
A) MNpocTpaHCTBEHHO pacnpeneneHHbl HarpeB 3a C4eT KOMOMHALMKM NNA3MOHHbIX U NazepHbiX IM nonen.
ByneT npoMogenmpoBaHo hopMUpoBaHUe Kyrnona nepebiM BelCTpenoM. [1ns atoro 6yaeT UCnonb3oBaH paHee pa3paboTaHHbIN
noaxoq, cM. ccbinku [10] k nyHkTy 1.4 3a9Bku 1 KnHO B BUAe dannos «Au-220, 225, 226» Ha caiiTe
http://laser.itp.ac.ru/RNF2019/index.html conpoBoxaatowem npoekT. byaeT paccymTaHo cpeacTBaMu YMCIEHHOM
3NeKTPOANHAMUKM BavKHee DM cTosyei BO/HbI, CBA3aHHOM C SIa3epoM, MOBEPXHOCTBLIO M KynonoM. byaeT paccyutaH Harpes
NAEHKU B CTOSYEM NOJIE 33 CYET nornoweHns DM nons CTosuel BOMHbI B CKMH-CNI0e naeHku. byneT npomoaenMpoBaHo
MeTo4aMMU MONEKYNAPHOM AMHAMMKKM U SPH Kak ABMXEHWE NNeHKM, TaK U TEM/OBbIE NPOLECChI B ABUXKYLLECS nieHke. B
pesynbTate 6yayT NosyvyeHbl AaHHbIe OTHOCUTENbHO MOPOroB GOPMUPOBAHUS U O XapaKTEPUCTUKAX MPOCTPAHCTBEHHOM
CTPYKTYpbl, COCTOSALLEN U3 KYNONa M OTNeYaTka CTOSYel BOJHbI B NEHKe M NoAnoXKKe. Pe3ynbTatel 6yayT CONOCTaBNEHbI C
3KCNepUMEHTOM 13 cCbinku [11] K nyHKTY 1.4 1 HOBbIMM ONbITaMu BnagMBOCTOKCKOWM rpynnbl.

Bynet noHsaTO, 4TO NPOMCXOAMT BCEACTBUE OCBELLEHNS YKA3aHHOM Bbllle CTPYKTYpbl TpeTbMM BbicTpenoM. [1ns atoro 6yaeT
BbINOJIHEHO AOMNOHUTENBHOE 3NEKTPOANHAMUYECKOE MOLENNPOBAHME.

Ha ceroaHs B MMpOBOM nuTEepaType HeT HW OMUCAHMS, HU peLIeHUSs Takon NpobneMbl. 3To 06yCI0BAEHO TPYAHOCTAMM
€038aHna HU3NYECKOW MOLENM U YUCSIEHHOW CXEMbI, KOTOpas COMpsraeT 3NeKTPOANHAMUYECKUI pacyeT C Tenno-ruapo-
dun3nyeckum MogenmposaHmeM. OT pa3paboTku NpobneMbl eCTb CyLLeCTBEHHAS NO/b33a, CBA3aHHAsH C TEXHOMOMMSMU CO3AaHMUS
MeTanoBepXHOCTEN U rOIOrpaMM.

OTCyTCTBME peLUeHUI AaHHOM 33a4M B MUPOBOW IMTepaTtype, Npu ee BaXHOCTU, CBUAETEbCTBYET O HETPUBUANIBHOCTH
Bornpoca.

byneT 06bsicHeHO popMUMpOBaHME PaaManbHON rOPPUPOBKM HA Kynonax, CM. NpuMep, NoKasaHHbIW Ha puc. 1 B
npunoxeHHoM 4.13 daine 1. Xotsa HabnogeHUs 3adpMKCMPOBanM faHHble CTPYKTYPbl AOCTAaTOYHO AABHO (C paboTtel Wortmann
etal., ). Laser Appl. V. 24, 042017 (2012) npowno 6 neT), HUKaKUX 0OBACHEHMI O CUX NOP He NpeaCTaBNeHo.

B) [leicTBrne BOpTEKC NYy4YKOB

B npoekre byneT cozpaHa Teopus, HalMaeHo o0bbscHeHne GeHOoMeHy, MOKa3aHHOMY Ha puC. 2, pelleHa 3Ta 3agaya 1
npoBeAeHbl YMCeHHble pacyeTbl. Pe3ynbTaThl 6yayT CONOCTaBNEHbI C ONbITaMu, KOTopble BeayTcs B MMAHe B oTaeneHuu
npod. A.A. MoHWHa. HMKaKMX KONMYECTBEHHbIX PacyeToB, KOTOPble Hbl 0OBACHAIM NPOUCXOXAEHNE CTPYKTYP Ha pUC. 2, Ha
CerofHs He umeeTcs.

To, uTo, HECMOTPA Ha NybaMKaumKu pe3ynbTatos rpynnbl Npod. T. OMaTuy B NPeCTMXHbIX U3aaHUAX, cM. [5] B n. 1.4, HUKaKMX

KOJIMYEeCTBEHHbIX PE3Y/bTAaTOB A0 CUX MOP HET, YKa3biBAET HA C/IOXKHOCTb, KOMMIEKCHOCTb MpobaeMbl U ee MacwTab.

B) O6pazoBaHMe HaHOYaCTUL, NpW abnaLMK B XXMAKOCTb.

Bynert pelweHa BecbMa TpyLHas npobnema 06 abnaumm MeTanna B XXMAKOCTb. B HacToswee BpeMs MMEIOTCS TONbKO CaMble
nepBble MOMbITKM peLIeHUs AaHHOW Mpo6eMbl. ITW NONbITKU MOKPbIBAKT TOMLKO MM HauanbHyo (CM. [6] B nyHkTe 1.4), unm
KOHeuHyto (cM. [13] B n.1.4) cTagum MMetoWMX MeCTo NPOLLEeCCOB.

B paboTe no npoekTy 6yneT nofy4eHo ucHeprbiBatollee CKBO3HOE pelleHue, KOTOPOe 0XBaTblBAaET Ha4YaNbHYH CTaaMIo,
cnepyet 3a pa3BUTUEM SBNEHMI HA HECKOMbKMX MPOMEXYTOUHbIX CTaAUSX U HEMPEPbLIBHO NepPeXoAnT Ha CTaauUIo
napoobpa3oBaHu1s B ropsiueM NPUKOHTAKTHOM C/I0€ XXMAKOCTU C BO3HUMKHOBEHMEM NAapPOBOro Ny3blPbKa, €ro pacluMpeHueM,
OCTaHOBKOW M HAa4as0M BO3BPAaTHOI 0 ABMXEHWS, NMPUBOASLLETO K OKATUIO My3blpbKa.

IN lazepHas pparmMeHTaLMS XUOKNX Kanenb U CTPYHN.

OuyeHb CNOXHbIMMU SABAAKOTCS 33f4a4M O hparMeHTaLMM XUAKUX MUKPOKaneb NyTeM 1a3epHOro BO34enCTBums. TpyaHOCTH
CBsi3aHbl C 60ratoi GU3NKoM (0T B3aMMOLENCTBUS U3JTy4 E€HUS M CO34AHUS IKCTPEMAJIbHbIX YCI0BUIA MO TeMnepaTtype u
[ABNEHMIO [0 KANUANSPHbIX SBNEHUI) U pe3KO HeCTaLMOHAPHbBIM TPEXMEPHbIM XapakTepoM TeueHuid. [puyem cTpykTypa
TeYeHUs nepapxmyeckas, MoKpbIBAeT HECKOJIbKO NOPAAKOB BO BpEMEHU U B MPOCTPAHCTBE: OT ObICTPbIX [0 MeANEeHHbIX
NpOLLeCCOB M MO NPOCTPAHCTBEHHOM LUKaNe OT MopsAKa pa3Mepa Kanam 4o Menbyanwmnx dparMeHToB apobneHus. Y Hac ecTb
MOMOXMTENbHbIY OMbIT peLweHns Npobaemsl, CM. ccbinky [7] B n. 1.4

B npoekte ByneT pelweHa 3ana4a 0 BO34E€MCTBUM TOHKUM LIUIMHAPUYECKUM NMYYKOM XECTKOr0 PEHTreHa Ha MUKPOKaNIo
BOZbl MM HA XXMAKYH CTpyto. nameTp nyyka 1 MKM, pasmep Kanau U guameTp CTpyM — HeCKONbKO AeCsaTKOB MKM. [TocTaHOBKa
3a4a4u NoKasaHa Ha puc. 3 B npunoxeHHom n.4.13 daine 1.

TunuyHble faHHbIe OnbiTOB, NpoBeAeHHbIX CTaHdopackoM yckopuTene Linac Coherent Light Source, nokasaHbl Ha puc. 4.
MUcnonb3osaH npubop Coherent X-ray Imaging (CXI).

[lna peweHuns npobnemsl, npeiCTaBNEHHON Ha pUC. 3, 4 pucyHKax, byaeT MoandULMPOBAH KOMMIEKC NPOrpamM u
n006aBneHbl HOBble NOAXOAbI, KaK B GU3MKe, Tak U B UCMONb3YeMbIX anroputMax. o dusnke peyb noet 06 onucaHum
B3aMMOLENCTBUS PEHTTEHOBCKOr0 MyYyKa U B ONUCAHMKM ABYXTeMMepaTypHbIX SBNeHUI. BOMbLION ONbIT UCCNefoBaHUS
PEHTreHOBCKMX BO3EWCTBUI B KONIEKTUBE MMEEeTCS, CM. CMIUCOK Hawmx paboT B ccbinke [1] k n. 1.5. Toxe oTHOCKTCS K HawmMm
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MccnenoBaHuUsM No ABYXTeMNepPaTypHbIM MoLeNsM, CM. cCbinky [2] B . 1.5. B anroputm SPH 6yayT BCTpoeHbl noanporpammel ¢
PEeHTreHOBCKOM (BM3UKOM U ABYXTeMMepaTypHbiMu 3P dPeKTamMu, a TakxKe LeTanbHble CBeLeHUs 06 YypaBHEHUM COCTOSHUS BOLb.
Kpome npobnembl € KeCTKMM UMMYNbCHBIM PEHTIEHOM U Kannel BoAbl, 6yayT NpoAo/KeHbl MCCEeA0BaHNUS NO Kanse 0J10Ba.

MpeAacTouT 3aMeHUTb YypaBHEHUEe COCTOsSIHMS Mu-T'ploHaiiseHa, npuMeHsBlweecs B paboTe [7] (cM. iuTepatypy K n. 1.4), Ha
TabnMyYHoe ypaBHEHUE COCTOSHUS.

) Abnaums TyronnaBkMx MeTasnos.

ByneT co3paH noTeHUMan MeEXXaTOMHOr0O B3aMMOAEeNCTBUS pyTeHus. byneT pa3paboTaHo ypaBHEHUE COCTOSHWUS pYTEHUS C
y4eToM AByxTeMneparypHbix 3ddekToB. [1n19 pa3paboTku noTeHumana 1 Ans Co3AaHUS ypaBHEHMUS COCTOSHMS ByayT
nposeneHbl DFT(density functional theory) pacueTbl. OHu B6yayT BbINOAHEHbI C MOMOLLBIO NAKETOB KBAHTOBO-MEXaHWNY e CKUX
BblumcneHun (VASP, Elk n op.). B Taknx pacyeTax onpegensertca xonoaHas kpueas pyteHus. OHa Heobxoamma gns
NOCTPOEHMS NOTEHLMANA MEXATOMHOIO B3aMMOe MCTBMUS METOLOM COrNIAacoBaHMs Mo cTpeccy (stress-matching). B DFT
BblUMCNIEHUAX ByoyT onpefeneHsl AByxTeMNepaTypHble 3ddekTbl. [ns 3Toro 6yaeT BoINOAHEHA CEpUs pacyeToB No
3NeKTPOHHOM TeMnepatype, B KoTopbix B [T1Y KpucTtanne pyteHus Bo36yxAaeTcs 31eKTPOHHas NOACMCTEMA [0 334aHHOM
Temnepartypsbl. B pe3ynbTate onpenensioTcs 3NeKTPOHHbIE BKIAAb! B AABNEHUE U BHYTPEHHIOK SHEPIUI0, U HAXOAMUTCS
3NEeKTPOHHAs TENN0EMKOCTb. DTU BE/IMYMHbI SBNSKOTCS HETPUBMANBbHBIMU QYHKLMSMM NIOTHOCTU U TeMnepaTtypbl. X Henb3s
annNpoKCMMUPOBaTb QYHKLMSIMU, KOTOPblE COOTBETCTBYIOT CBO6OAHOMY (DepMu-rasy.

[anee 6yayT BbINOMHEHbI ABYXTEMNEPATYPHbIE TMAPOAMHAMUYECKME U MONIEKYNSPHO-ANHAMUYeCKMe pacyeTbl. PaboTa
6yneT BECTUCb COBMECTHO C 3KCNepuMeHTOM. byayT pacCMOTpeHbl ybTPaKopOTKME BO3eWCTBUS Na3epoB C Pa3HOM JJIMHOM
BOJIHbI OT ONTUYECKOr0 0 XEeCTKOro ynbTpaduoneTa U f0 XeCTKOro peHTreHa nof pasHbiMM yriiamMu nageHus. Hawmm
KONNEKTUBOM HayaTbl NpeABapuTeNibHble paboTbl N0 AaHHOMY HanpaBneHuto [3] — cCbinka B CNucke nntepatypsbl K n. 1.5.

E) /lasepHoe nnaBneHne NOpOLLKOB.

B npoekTe ByneT pelweHa 3ana4a 0 NiaBAeHUM NOPOLLKA META//IMY € CKUX MUKPOYACTUL, JTa3ePHbIM UMMYNIbCOM.

X) BoruncnurenbHas dusnka, KpynHomacwrabHoe BblCOKONPOU3BOAUTE/IbHOE YMCIEHHOE MOAENIMPOBaHUeE.

ByayT BbInoNHeHbI paboTbl MO COBEPLUEHCTBOBAHMIO HALLETO YMCeHHOro apceHana. Ctoaa BxoasT paboTbl MO pa3BUTUIO KOLOB
M MO BKIIOYEHUIO B HUX PU3MKU, TpeDyeMOoW Ang pelleHUs nepeymceHHbIX Bblle 334au.

3) XapakTepuCTUKM KpeMHMS, 061y4eHHOro lasepoM

B cnyyae ¢ kpeMHMEM OCHOBHOW 33fia4eli ABNSETC aKKypaTHOe ONMCaHKWe npoLecca HaHoMoaMDUKaLLMM €ro NOBEPXHOCTU
npu 067y4eHUU OJHUM UM HECKONBbKMMM Nla3e pHbIMU MMNyabcamu anmntenbHocTbo 10-100 ¢ 1 ¢ BnoxxeHuem sHeprum 10-
100 mIxx/cM2, uTo onpepenseT anana3oH B6am3m nopora abngumu. nsg peweHns 3701 334341 NJIAHMPYETCA UCNOJb30BaTh
MeToA ABYXTEMMEePaTypHOM r’MAPOAMHAMUKM, Fe KPOME AAHHbIX MO TEMIONPOBOAHOCTU KPDEMHUS B Pa3IMUHbIX (a3ax, TakkKe
noTpebytoTcs AaHHble 06 3NeKTPOH-POHOHHOM Ten006MeHe 1 TepMOAMHAMUY eCKMX NOTEHLMANAX 3NEKTPOHHOM U MOHHON
noacucteM. [lns peweHns AByX NocnegHMX 33aa4 NAaHMpyeTCs UCNOAb30BaTb COYeTaHUe psiaa METOA0B:
mMoamduuMpoBaHHbI MeToa KaraHosa-/Indwmua-TaHatapoBsa, MeTog, AnneHa-[layHepa ¢ caMocTosTeNlbHO onpeaenéHHOoM
KOHCTaHTOW 31eKTPOH-()OHOHHOIO B3aMMOe MCTBUS, MONEKYISPHO-AMHAMMUY eCKoe MOAEeNMPOBaHUE B MOAXO/E 3NEKTPOHHOIO
CUJIOBOTO NOAS, a TaKXKe TEOPUI0 PYHKLLMOHANA NJIOTHOCTU C 3aBUCUMOCTbIO OT TeMnepatypbl. OCHOBHOM NO BbIYUCUTENBHON
€MKOCTM 34eCb byaeT ABNSTbCS 33[1a4a 0 pacyéTe 3NeKTPOHHOM TeNIONPOBOAHOCTH cornacHo dopmyne Kybo-I'puHsyaa,
NMOCKONbKO Takas 33f1a4a, Kak bb1o nokasaHo astopamu (Migdal, J. Phys.: Conf. Ser. 774, 012103, 2016) noTtpebyeT KBaHTOBO-
MeXaHW4eCKOro pacCMOTPEHUS CUCTEMbI HE MEHEE COTHM aTOMOB B paMKax MeToa PYHKLMOHANA NIOTHOCTH.

M) HoBble noaxoApl K pacyetam Ko3dGUUMEHTA INEKTPOH-UOHHOIO B3aUMOAENCTBUS B MeTa//ax

Npu paccMoTpeHun Metoa AnneHa-[layHepa B AByXTEMNEPaTypHOM C/ly4ae OCHOBHOM akLEeHT ByaeT caenaH Ha Tex MeTannax,
noTeHuMan NpUMeHeHUs KOTOPbIX B TaKMX HaNpaBneHUsX, Kak HaHOMIa3MOHMKA M HaHodoToHKKa (A. Kuchmizhak et al,
Nanoscale, 8, 12352, 2016; D. G. Baranov et al, Optica, 4(7), 814, 2017) aBngeTcq HECOMHEHHbIM, 3, C APYroi CTOPOHbI,
CYLLECTBYIOT lIaHHbIEe, CBUAETENLCTBYIOLLME O BIMSHWUMU 3MIEKTPOHHOr0 HarpeBa Ha X (OHOHHbIE CBOWCTBA (30/10TO M Mefb).
Kpome Toro, kak cnefyeT u3 npeablaylero ab3aua, aHanormyHoe uccnefoBaHue OyaeT caenaHo u ansg kpeMHus, roe paHee (V.
Recoules et al, Phys. Rev. Lett, 96, 055503, 2006) 66110 06HapyXeHO nosBneHue "MIrkon Moabl" B GOHOHHOM CNeKTpe €
POCTOM 3/IEKTPOHHOM TeMMepaTypbl.

B pamkax meToaa dyHKLUMOHana nioTHOCTM 6yaeT NpoBeA&H pacyET SHepruii OCHOBHOIO COCTOSIHUS AN CUCTEM C
UHOUHUTE3UMANBHBIMU CMELLEHUSIMU aTOMOB B PeLLETKM, COOTBETCTBYIOLUMMM OCHOBHbIM HaNpaeneHusM eé aedopMaumsamu.
3TO NO3BOSIUT NMOCTPOUTL MATPULLY CMIOBbLIX MOCTOSIHHBIX, C MOMOLLBI KOTOPbIX YAACTCS BOCCTAHOBUTb GOHOHHBIM CNEKTp,
BblYMC/IMTb 3aBUCMMOCTb PYHKLUMM Dnmawwbepra oT 4acToTbl BO36YxAaeMoro GoHoHa. [pu 3ToM 6yaeT y4mnTbiBaThCA U
M3MEHeHWe 3NeKTPOHHOrOo CNeKTpa C TEMMNepPaTypoi, Hef,aBHO OBHapyXXeHHOe C NMOMOLLbIO MePBONPUHLMIHLIX pacHéToB (V.
Recoules et al, Phys. Rev. Lett, 96, 055503, 2006; Petrov, App. Phys. B. 2015). CornacHo nony4eHHoMn dyHKUMM dnmawbepra,
COOTBETCTBYIOLLEHM COCTOSIHUIO BELLECTBA C rOpAYMMM 3N1IeKTPOHaMK, ByaeT paccyuTaHa No CBOEMy onpefieNleHUK KOHCTaHTa
3NeKTPOoH-HOHOHHOro B3aumMoaeincTeuns. [laHHas 3ana4a no CBOeM BblYUCAUTENbHOM CIOXHOCTHU CONOCTaBUMa C pacyéTaMu
3NeKTPOHHOM TeNIoNpoBoLHOCTM MeToAoM Kybo-T'prHBYAa B pamMKax KBaHTOBOWM MONEKYNSPHOW AMHAMMKK, MOCKONbKY
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notpebyeT MHOXECTBA pPa3/IMYHbIX AedOpPMaLUI UCXOAHOM S4eiKM, COOTBETCTBYIOLLE M pacCMaTpUBaeMOMY KPUCTaY,
coflepxalleit HeCKObKO 1eCSITKOB aTOMOB M NOrPY>KEHHOM B MePUOAMYECKME TPAHUY HbIE YCIIOBUS.

Ha aH2/IUTCKOM A3biKe
We list the specific problems that will be solved.
A) Spatially distributed heating due to a combination of plasmon and laser EM fields.
The formation of the dome by the first shot will be simulated. For this, the previously developed approach will be used, see
references [10] to section 1.4 of the application and the movie as a files «Au-220, 225, 226» on website
http://laser.itp.ac.ru/RNF2019/index.html accompanying project. The near EM of a standing wave associated with a laser, a
surface and a dome will be calculated by means of numerical methods of electrodynamics. The heating of the film in the
standing wave due to the absorption of the EM field of the standing wave in the skin layer of the film will be calculated. Both
film movement and thermal processes in a moving film will be modeled using molecular dynamics and SPH method. As a
result, data will be obtained on the formation thresholds and on the characteristics of the spatial structure consisting of the
dome and the standing wave imprint in the film and substrate. The results will be compared with the results of experiments
from reference [11] to section 1.4 and the new experiments of the Vladivostok group.

It will be understood what happens as a result of lighting the above structure with the third shot. For this, additional
electrodynamic modeling will be performed.

Today in the world literature there is neither a description nor a solution to such a problem. This is due to the difficulties of
creating a physical model and a numerical scheme that matches the electrodynamic calculation with thermal-hydro-physical
modeling. From the decision of the problem there are significant benefits associated with the creation of technologies for
meta-surfaces and holograms.

The lack of solutions to this problem in the world literature, with its importance, indicates the non-triviality of the problem.

The formation of radial corrugation on the domes will be explained, see the example shown in fig. 1. Although the
observations recorded these structures for a long time (6 years have passed since Wortmann et al., J. Laser Appl. V. 24, 042017
(2012)), no explanation has yet been provided.

B) Action of vortex beams

Atheory will be created in the project, and an explanation will be found for the phenomenon shown in fig. 2 in file attached
to the application, this problem will be solved and numerical calculations will be performed. The results will be compared
with the results of experiments that are conducted in the FIAN in the department of prof. AA. lonin. No quantitative
calculations that would explain the origin of the structures in this figure, today is not available.

That, despite the publication of the results of the group of prof. T. Omattsu in prestigious editions, see [5] in section 1.4,
there are still no quantitative results, indicates the intricacy, complexity of the problem and its value.

() The formation of nanoparticles during ablation into a liquid.

A very difficult problem about the ablation of a metal into a liquid will be solved. Currently, there are only the very first
attempts to solve this problem. These attempts cover only either the initial (see [6] in section 1.4) or the final (see [13] in 1.4)
stages of the processes taking place.

In the project, an exhaustive end-to-end solution will be obtained that covers the initial stage, follows the development of
phenomena at several intermediate stages and continuously moves to the vaporization stage in the hot contact layer of the
liquid with the appearance of the vapor bubble, its expansion, stop of expansion and the begining of the return movement
leading to compression of the bubble.

D) Laser fragmentation of liquid droplets and jets.

The problems of fragmentation of liquid microdroplets by laser action are very complex. Difficulties are associated with rich
physics (from the interaction of radiation with a target mater and the creation of extreme conditions in temperature and
pressure to capillary phenomena) and the sharply unsteady three-dimensional nature of flows. Moreover, the flow structure
is hierarchical, covers several orders of magnitude in time and space: from fast to slow processes and on a spatial scale from
the order of the size of a drop to the smallest fragments of fragmentation. We have a positive experience in solving the
problem, see reference [7] in section 1.4.

The project will solve the problem of the action of a thin cylindrical beam of hard X-rays on a microdroplet of water or a
liquid jet. The beam diameter is 1 um, the size of the droplet and the diameter of the jet are several tens of ym. Task setting
is shown in fig. 3.

Typical data of the experiments conducted by the Stanford accelerator Linac Coherent Light Source are shown in fig. 4 .
Coherent X-ray Imaging (CXI) instrument was used.

To solve the problem presented in Fig. 3 and 4, the program complex will be modified and new approaches will be added,
both in physics and in the algorithms used. In physics, we are talking about the description of the interaction of the X-ray
beam with a target matter and about the description of two-temperature phenomena. There is a great experience in the
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study of X-ray influences in a team, see the list of our works in reference [1] to section 1.5. The same applies to our research
on two-temperature models, see reference [2] in section 1.5. Subroutines with X-ray physics and two-temperature effects, as
well as detailed information about the equation of state of water, will be inserted into the SPH algorithm.

In addition to problems with a hard impulse X-ray and a drop of water, research on a drop of tin will be continued. It is
necessary to replace the equation of state of Mi-Gruineisen, used in [7] (see the literature for § 1.4), with a tabular equation of
state.

E) Ablation of refractory metals.

A potential of interatomic interaction of ruthenium will be created. An equation of state for ruthenium will be developed
taking into account two-temperature effects. DFT (density functional theory) calculations will be carried out to develop the
potential and to create the equation of state. They will be performed using quantum-mechanical computation packages
(VASP, ELk, etc.). In such calculations, the cold ruthenium curve is determined. It is necessary for building the interatomic
interaction potential using the stress matching algorithm. In DFT calculations, two-temperature effects will be defined. For
this, a series of calculations will be performed on the electron temperature, in which the electron subsystem is excited to a
given temperature in the hcp ruthenium crystal. As a result, electronic contributions to pressure and internal energy are
determined, and the electronic heat capacity is found. These values are non-trivial functions of density and temperature.
They cannot be approximated by functions that correspond to the free Fermi gas.

Next, two-temperature hydrodynamic and molecular dynamics calculations will be performed. Work will be conducted in
conjunction with the experiment. Ultrashort action of lasers with different wavelengths from optical to hard ultraviolet and
hard x-rays at different angles of incidence will be considered. Our team has begun preliminary work in this area [3] - a
reference in the list of references to section 1.5.

F) Laser melting of powders.

The project will solve the problem of melting metal microparticles with a laser pulse.

G) Computational physics, large-scale high-performance numerical simulation.

Work will be carried out to improve our numerical arsenal. This includes work on the development of codes and on the
inclusion of the physics required for solving the problems listed above.

H) Characteristics of silicon irradiated by laser.

In the case of silicon, the main task is to accurately describe the process of nano-modification of its surface when irradiated
with one or several laser pulses with a duration of 10-100 fs and with an energy input of 10-100 mJ/ cm2, which determines
the range near the ablation threshold. To solve this problem, it is planned to use the method of two-temperature
hydrodynamics, where in addition to the data on the thermal conductivity of silicon in different phases, data on electron-
phonon heat transfer and the thermodynamic potentials of the electron and ion subsystems are also required. To solve the
last two problems, it is planned to use a combination of a number of methods: the modified Kaganov-Lifshits-Tanatarov
method, the Allen-Downer method with an independently determined electron-phonon interaction constant, molecular-
dynamic modeling in the electron force field approach, and the density functional theory. The main computational capacity
here will be the problem of calculating the electron thermal conductivity according to the Kubo-Greenwood formula, since
such a task, as was shown by the authors (Migdal, J. Phys .: Conf. Ser. 774, 012103, 2016), will require a quantum-mechanical
analysis of the system at least a hundred atoms in the framework of the density functional method.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals.

When considering the Allen-Downer method in the two-temperature case, the main focus will be on those metals whose
potential application in such areas as nanoplasmonics and nanophotonics (A. Kuchmizhak et al, Nanoscale, 8, 12352, 2016;
DG Baranov et al, Optica, 4 (7), 814, 2017) is undoubted, and, on the other hand, there is evidence of the effect of electronic
heating on their phonon properties (gold and copper). In addition, as follows from the previous paragraph, a similar study will
be made for silicon, where earlier (V. Recoules et al. Phys. Rev. Lett, 96, 055503, 2006) the appearance of a “soft mode” in the
phonon spectrum with increasing electronic temperature was found.

In the framework of the density functional method, the ground state energies will be calculated for systems with
infinitesimal displacements of atoms into lattices corresponding to the main directions of its deformations. This will allow us
to construct a matrix of force constants, with the help of which it will be possible to reconstruct the phonon spectrum, to
calculate the dependence of the Eliashberg function on the frequency of the excited phonon. This will take into account the
change in the electronic spectrum with temperature, recently discovered using ab initio calculations (V. Recoules et al, Phys.
Rev. Lett, 96, 055503, 2006; Petrov, App. Phys. B. 2015). According to the obtained Eliashberg function corresponding to the
state of matter with hot electrons, the electron-phonon interaction constant will be calculated by its definition. By its
computational complexity, this problem is comparable to the calculations of electronic thermal conductivity by the Kubo-
Greenwood method within the framework of quantum molecular dynamics, since it will require many different deformations
of the original cell corresponding to the crystal under consideration, containing several tens of atoms and immersed in
periodic boundary conditions.
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4.4. HayyHas HoBM3Ha UCCNEeA0BaHUIA, 060CHOBaHUE AOCTMXKUMOCTH pelleHUsl NOCTaBNEeHHOM 3aAaun (3aaay) U BO3MOXKHOCTU
nony4YeHus 3an1aHMPOBaHHbIX pe3y/bTaToB
Ha pYccKoM si3bike

A) MpocTpaHCTBEHHO pacnpeneneHHbI HarpeB 3a CYeT KOMOMHALLMKM NNA3MOHHbIX U NaszepHbix IM nonein

Ha cerogHs B MMpOBOI MTEpaType HeT HU OMUCAHUS, HU peLleHUs 33la4M O COYeTaHMUM NNa3MOHHbIX NOMeN U Na3epHoro
3NEeKTPOMArHUTHOro (3M) Nons B pexmnMax UHTEHCUBHOIO BO3AEMCTBUS. B Takux pexxMMax BNOXEeHHas B CKUH-C/I0M 3Heprus
pe3ynbTupyoLei IM BoMHbI OCTAaTOYHA AN CUIbHOrO HarpeBa, MPUBOAALLETO K NIABAEHUIO MeTanna. 3TO OTHOCUTCA K
HOBU3HeE.

PeweHwne npepbloyLien 3apavmn co cxemomn KpetuMaHa 060CHOBbIBAET Hallly YBEPEHHOCTb B TOM, YTO Y HAaC MMeeTCs Habop
CpeLCTB ANs pelueHns 3asB1eHHOM Npobnembl.

Cka3aHHOe OTHOCUTCS TaKKe K 3apade 0 hOPMUPOBaHWMM PaManbHOM rOPPUPOBKMU Ha KyNosax, CM. NpUMep, NOKa3aHHbIN Ha
puc. 1 B npunoxeHHoM n.4.13 daiine 1.
b) [leictane BopTeKC NY4KOB.
MockonbKy B IMTEPATYpe HET HUKAKUX KOJIMYECTBEHHbIX PAacYeTOB TOro, Kak (OPMUPYIOTCS XMUParbHble CTPYKTYpbl Npu
BOPTEKCHOM BO3€MCTBUM (CM. pUC. 2), Mbl HE COMHEBAEMCS B HOBU3HE HALUMX UCCNEA0BaHUI. YBEPEHHOCTb B TOM, YTO AAHHOE
uccnenoBaHue 6yneT OKOHYEHO B CPOK, OMMPAETCS Ha HaLl OMNbIT peLieHus NpeablAyLWmMX 33834 CO C/I0XHOM reoMeTpue.
B) O6pazoBaHune HaHOYACTUL, NPy aBNALMM B XKMOKOCTb.
Kak rosopunock B nn. 1.5 1 4.1, 2 Bbiwe, UMEOTCA NOMbITKM peLueHUs 3a8a4u 06 abngaumnm B Xxnakoctb. Ho oHM He JatoT HaM
TpebyeMyto LeNOCTHYH KAapTUHY OT HauyanbHbIX CTaAMI A0 3aBeplueHMs npoLecca ¢ 06pa3oBaHMEM My3blpbKa, T.€. C
McrnapeHMeM NpUNoBEPXHOCTHOIO C10S XXMAKOCTH, NPUHUMAtOLLE N abnaumto. B npoekTe 6yaeT nonyvyeHa noiHas KapTuHa. 310
HOBbII 3Tan pa3BUTMS NpeLCcTaBneHnit 06 abnaumm B XXMAKOCTb. [lepes HaYanoM NpoekTa Mbl BOOPYXXeHbl HE06X0ANMbIM
WHCTPYMEHTapUeM, UMeeM COOTBETCTBYHOLLMI OMbIT, HET COMHEHMUIA, YTO 33Aa4uM 6YAYT peLleHbl B CPOK.
IN NazepHas pparmMeHTaLMS XUOKUX Kanenb U CTPYH.
B npoekTe 6yneT npoaomkeHo pelueHne 3aaadmn o ApobneHnn Kanam pacnnasa ofoBa. B otamume ot npeabiayllero 3tana,
3admKcupoBaHHOro B nybaunkaumm [7] B n. 1.4, BMeCTO ypaBHeHUs cOCTOsHUS Mu-TprloHaliseHa, npuMeHsBleecs B pabote [7],
ByneT cnonb3oBaHO TabnMyHOe ypaBHEHUE COCTOSHMS. B 3TOM 3ak/touaeTcs CcylwecTBeHHas HOBU3Ha. B AByxTeMnepatypHoi
r'MapOAMHAMUYeCKOM NpOorpaMMe HaMu NMPUMEHSNUCH U ypaBHeHWe Mu-I'ploHaii3eHa, u TabnanMyHoe, N03TOMy ecTb
YBEPEHHOCTb B BbINOJHUMOCTU JAHHOIO BXXHOMO YCOBE PLUEHCTBOBAHMSI.

B npoekTe ByaeT pelweHa TpyLHas HOBas 334a4a O BO34eMCTBUM TOHKUM LIUIMHAPUY €CKUM MYYKOM XKECTKOr0 peHTreHa Ha
MUKPOKAMNIo BOLbI UM Ha XXUIKYH CTPYHO.

Ha Hawmx npeablaywmx nccnefoBaHmsax no dparMeHTaumm kanam 6asmpyeTcs 3akioyeHne 0 ToM, 4To 3adada byaeT
pelueHa.
[) Abnaums TyronnaBkMx MeTanos.
Bynet peweHa 3anava 06 abngaummn pyTeHUS NazepHbIMU UMNYAbCAMKU C PA3HOM AJIMHOM BOSIHbI OT OMTUKM M 10 XKECTKOro
peHTreHa. B nutepatype HeT Takoro pelueHus, ctano 6biTb 3a4a4a HoBas. PelueHune 3aaayumn 4OCTUXKMMO B YCTAaHOBNEHHbIE
CPOKM, NOCKOJbKY Y HAaC €CTb U HEOBXOAMUMBIN OMbIT, U UHCTPYMEHTSI.
E) JlTasepHoe nnaBneHne NOPOLIKOB.
ByneT peweHa 3aaa4a 0 NNaBAEHUM HACbINOK NOPOLWKOB. ByayT HallfeHbl ONTUManbHbIE peXMUMbl BO3AEWCTBUS. 334a4a HOBas,
Heunsy4yeHHas B MTepatype. Y Hac eCTb OnbIT paboT C NOPUCTbIMM CpeaamMu, CO CIOUCTBIMU MULLEHAMM (CM., HaNpUMep, CCbIIKY
[2] B . 1.4). MNo3TOMY KONNEKTMB YBEPEH B yCnexe Ha AaHHOM HanpaBneHUN.
X) BoluncnamtensHas Gpusmka, KpynHoMacwrabHoe BblCOKOMPOU3BOAUTENbHOE YUC/IEHHOE MOAEMPOBaHKe. Haw KonnekTms
MOCTOSIHHO BeJeT COBePLIEHCTBOBAHME YMUCIEHHOIO MHCTPYMEHTapUS, CM., Hanpumep, ccbinky [15] B cnnucke kn. 1.4. B
[AaHHOM NpPOEKTe K 3TOMY NOATaNKMBAET HEOBXOAMMOCTb peLIeHUS MepevnCIeHHbIX Bblle DU3MYeCKUX 3a4a4.
3) XapakTepuCTUKM KpeMHUS, 061y4eHHOro nazepom
MpuMeHUTeNbHO K 33Ja4e pacyéTa 3NeKTPOHHOM TEMONPOBOAHOCTM B paMKaX MepBONPUHLMMHBIX METOAOB U GopMybl
Ky6o-I'puHByaa cnenyeT 0TMETUTb, YTO MOMHOCTBIO PELLEHHOM OHA SBNSIETCS TOMBKO B C/ly4ae Takoro NpocToro MeTana, Kak
antomMuumnit (D. Knyazev, Phys. Plasmas, 21 (073302), 2014). B HacTosiwee BpeMs cywwecTByeT psa paboT No pacnpoCTpaHEHUHO
DAHHOT0 NOAX0Aa Ha ApYyrue MeTabl, BKIKOYas NepexofHble 1 61aropofHblie, YTO UMEKT MHOXECTBO BaJlEHTHbIX
3NeKTPOHOB, TpebyWwMX HeNOCpeACTBEHHOrO ONMCaHMS B KBAHTOBOMEXaHUY eCKMX pacyéTtax. B Hawem cnyyae peyb MAET O
KPEMHWU, SNEKTPOHHAs CTPYKTYpa KOTOPOTrO He CTOJIb CU/bHO OTIMYAETCS MO YMUCY BaNEHTHbIX N1€KTPOHOB OT aJIIOMUHMS.
EauHcTBeHHas npobnema, BO3HMKAKOWAS NPY ONWUCaHWUK NOYNPOBOLHUKOB B 3TOM C/ly4ae, COCTOUT B HApYLLEHUM
OLHOPOAHOCTM 3NEKTPOHHOIO rasa 3a CYET HAIMUYMS HaNPABNEHHbIX CBA3EM MeXAy MOHaMKU KpeMHMs. OLHaKO psSaoM aBTOPOM
(Duffy, Shokeen) 6b110 NOKazaHo, 4TO XOpoLlee ONMCaHUe 3NEKTPOHHOM CTPYKTYPbl KpEMHMS B TBEPAOM COCTOSHUM MOXET
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OblTb LOCTUIHYTO C UCMOb30BAHUEM TMOPUAHBIX QYHKLMOHANOB B paMKaxX TEOPUM DYHKLMOHANA NAOTHOCTY.

TaknM 06pa3om, aBTOpbl yBepeHbl B BOSMOXHOCTU NPUMEHEHMS 3asBNEHHOIO NOAX0A4a NO OTHOLIEHMIO K KpEMHMIO. PacyéThl
TENNOMNPOBOAHOCTM Pa3IMYHbIMM MOAX0AAMM B paMKaxX MeTOAA K/TaCCMYeCKOM MONEKYNIAPHOM AMHAMUKM, TaKMe Kak NoAXoL,
lpnHa-Ky6a, HepaBHOBECHAs MONEKYNSIPHAs AMHAMMKA, HEOLAHOKPATHO NPOBOAMUCH A1 KPEMHUS, HO NIULLb A1 HEKOTOPbIX
€ro COCTOSIHMI, B OCHOBHOM 15 aMopdHbIX a3, nexxawmx mexay 1300 1 1700 K. B HacToswew paboTe uenb COCTOUT B TOM,
4TOObI U3Y4UTb COCTOSIHUE XMAKOW (Pa3bl KPEMHUS BNIOTb A0 TEMMNepaTyp, COOTBETCTBYHOLWMX 06pa30BaHUI0
CBepXKpUTUYeCKoro Gpomaa, 3KCnepnuMeHTanbHOe UCC/ieJOBaHME KOTOPbIX A0 HACTOALWEro MOMEHTa 3aTpyAHEHO.

M) HoBble moaxoapl K pacyetam Ko3dPULUMEHTA INEKTPOH-UOHHOIO B3aUMOAENCTBUS B MET//IAX

Pacuétbl anekTpoH-hOHOHHOro TennoobMeHa B pamMkax noaxona AnneHa-[ayHepa, Kak yxxe 6b1710 YNOMSHYTO BblLUe,
NPOBOASATCS C MCNOJIb30BAHMEM KOHCTAHTbI 31€KTPOH-GOHOHHOI0 B3aMMOAENCTBUS, OnpeaeNeHHON B paBHOBECHOM CJly4ae U
npu CBEPXHM3KMX TeMMNepaTtypax. TakumM 06pa3oM, K HOBU3HE NpeasiaraeMblX TaKUX pacyETOB CnefyeT OTHECTU NpoBeaeHNe
pacyéTa B TeX YC/I0BUSX, KOTOPbIe HEMOCpeACTBEHHO HAbNOAAOTCS NPK YNbTPAKOPOTKOM Jla3e pHOM BO3EMCTBUM: BbICOKME
371eKTPOHHbIE TEMMNEPATYPbl, NPEBOCXOAALME TEMNEPATYPY PeLIETKM/MOHOB. BO3MOXXHOCTbL TakKMX pacyETOB NMPOMCXOAUT U3
npeasioXXeHUs UCNO/b30BaTh MeTOA MYHKLMOHANA NAOTHOCTH, AOMYCKAOLWEro 3aaaHue 31eKTPOHHOM TeMnepaTypbl
He3aBMCMMO OT COCTOSHMS peWwETKK. g npaBuabHOro onpeaeneHns OHOHHOIO CrekTpa NoTpebyeTcs HECKOMbKO AECATKOB
aTOMOB B PacY€THOM g4enKe, ONUCbIBAEMOM B NEPUOAUNYECKUX FPAHUYHbBIX YC/IOBUSX, YTO BMOJIHE COrNACyeTCs C AOCTUIHYTOM
B HACTOsLLEE BpeMs MPOU3BOAMUTE/ILHOCTBIO MHOXECTBA AeMCTBYOWMX B Poccum cynepkoMnboTepoB.

Ha aH2NULICKOM S13bIKe

A) Spatially distributed heating due to a combination of plasmon and laser EM fields

Today, there is neither a description in the world literature, nor a solution to the problem of a combination of plasmon fields
and a laser electromagnetic (EM) field in intensive exposure modes. In such modes, the energy of the resulting EM wave,
embedded in the skin layer, is sufficient for strong heating, which leads to the melting of the metal. This refers to the novelty.

The solution of the previous problem with the Kretchman scheme justifies our belief that we have a set of tools to solve the
stated problem.

This also applies to the problem of the formation of radial goffering on the domes, see the example shown in Fig. one.
B) Action of vortex beams.
Since there are no quantitative calculations in the literature of how chiral structures are formed during vortex exposure (see
Fig. 2), we do not doubt the novelty of our research. The confidence that this study will be completed on time is based on
our experience in solving previous problems with complex geometry.
() The formation of nanoparticles during ablation into a liquid.
As stated in sections 1.5 and 4.1, 4.2 above, there are attempts to solve the problem of ablation into a liquid. But they do not
give us the required complete picture from the initial stages to the completion of the process with the formation of a bubble,
i.e. with evaporation of the near-surface layer of ablation fluid. The project will receive a complete picture. This is a new
stage in the development of ideas about liquid ablation. Before the start of the project, we are armed with the necessary
tools, we have relevant experience, there is no doubt that the tasks will be solved on time.
D) Laser fragmentation of liquid droplets and jets.
The project will continue to solve the problem of crushing a drop of molten tin. In contrast to the previous stage, fixed in the
publication [7] in section 1.4, instead of the equation of state of Mie-Gruneisen used in [7], a tabular equation of state will be
used. This is a significant novelty. In the two-temperature hydrodynamic program, we used both the Mie-Griineisen equation
and the tabular one, so there is confidence in the feasibility of this important improvement.

The project will solve a new difficult problem of the action of a thin cylindrical beam of hard X-rays on a microdroplet of
water or a liquid jet.

The conclusion that the problem will be solved is based on our previous research on the fragmentation of a drop.
E) Ablation of refractory metals.
The problem of ablation of ruthenium with laser pulses of different wavelengths from optics to hard X-rays will be solved.
There is no such solution in the literature, so the task is new. The solution of the problem is achievable in a timely manner,
since we have the necessary experience and tools.
F) Laser melting of powders.
The problem of melting of powders will be solved. Optimal exposure regimes will be found. The task is new, unexplored in
the literature. We have experience in working with porous media, with layered targets (see, for example, reference [2] in
section 1.4). Therefore, the team is confident of success in this area.
G) Computational physics, large-scale high-performance numerical simulation.
Our team permanently leads the improvement of numerical tools, see, for example, reference [15] in the Llist to section 1.4.
In this project, this improvement is due to the need to solve the above physical problems.
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H) Characteristics of silicon irradiated by laser.

With regard to the problem of calculating the electronic thermal conductivity in the framework of first-principle methods and
the Kubo-Greenwood formula, it should be noted that it is completely solved only in the case of such a simple metal as
aluminum (D. Knyazev, Phys. Plasmas, 21 (073302), 2014). Currently, there are a number of works on the distribution of this
approach to other metals, including transition and noble ones, that have many valence electrons that require direct
description in quantum mechanical calculations. In our case, we are talking about silicon, whose electronic structure is not so
different in the number of valence electrons from aluminum. The only problem arising in the description of semiconductors
in this case is the violation of the homogeneity of the electron gas due to the presence of directional bonds between the
silicon ions. However, a number of authors (Duffy, Shokeen) showed that a good description of the electronic structure of
silicon in the solid state can be achieved using hybrid functionals within the framework of the density functional theory.
Thus, the authors are confident in the applicability of the claimed approach with respect to silicon. Calculations of thermal
conductivity by various approaches within the framework of the classical molecular dynamics method, such as the Green -
Cuba approach, nonequilibrium molecular dynamics, were repeatedly performed for silicon, but only for some of its states,
mainly for amorphous phases lying between 1300 and 1700 K. In this work the goal is to study the state of the liquid phase of
silicon up to temperatures corresponding to the formation of supercritical fluid, the experimental study of which is still
difficult.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals

The calculations of the electron-phonon heat transfer in the framework of the Allen-Downer approach, as already mentioned
above, are carried out using the electron-phonon interaction constant defined in the equilibrium case and at ultralow
temperatures. Thus, the novelty of the proposed such calculations should include carrying out the calculation in those
conditions that are directly observed with ultrashort laser exposure: high electron temperatures exceeding the lattice / ion
temperature. The possibility of such calculations comes from the proposal to use the density functional method, which
allows the electron temperature to be set independently of the lattice state. To correctly determine the phonon spectrum,
several dozens of atoms are required in the calculation cell, which is described in periodic boundary conditions, which is
quite consistent with the performance of a great number of supercomputers operating in Russia.

4.5. CoBpeMeHHOe COCTOSIHME UCCNeA0BaHUI NO AaHHOK Npob6aeMe, 0CHOBHbIE HaNpaBNEHUS UCCNIeA0BaHUI1 B MUPOBOM
HayKe U Hay4Hbleé KOHKYPEHTbI

Ha pyCcCKOM 5i3biKe
A) MpoCTpaHCTBEHHO pacnpenesieHHbIV HarpeB 3a C4eT KOMOMHALLMM NNA3MOHHbIX M Na3zepHbiX IM noneit
Mna3MoHUKa — 3TO BaXKHbIl pa3fieNl COBPEMEHHOMN DU3UKU, UMEIOLLMIA CYLLECTBEHHbIE MPUIOXKEHUS CEFOAHS U MHOTO
nepcrneKTUBHbIX NPUoXKeHui ansa byaywero. MHTepec 60nbLLIOK, rpynn MHOro (CM. npuMep B N. 4.2 ¢ KOHpepeHumen
METANANO).

[lpyroe KpynHoe HanpaeneHue CBA3aHO C Na3epPHbIMU TEXHONOTMSAMU, B KOTOPbIX MCMO/b3YIOTCS lIa3€PHbII Harpes,
nnaeneHune n TepMmoMexaHuyeckue apdextol. Bce nepeuncneHHbie 3apaum A-)K 0THOCATCS K 3TOMY HanpasneHuio. Boobuwe
roBop$, N1a3MOHMKa M la3epHas TepMOMeXaHUKa Pa3BUBAKOTCS HE3aBUCUMMO, MOCKOJIbKY TeOpeTUYEeCKUIA annapaT oTaMyaeTcs
NPUHUMNUANBHO.

Hawa paboTa no 3agaye A HaueneHa Ha Co34aHue MOCTa MexXAy 3TUMMU ABYMS HAYy4YHbIMU HaNpaBleHUSIMM.

HayuHble KoHKypeHTbI. [ocneaHve rofibl NOSBUAMCE NepBble paboTbl Takoro poaa. Ho oHM 0THOCATCS K NAaBneHuUIo
HaHOYacTuL, B KO/IOMAAX, YTO JANeKO OT Hallew 3a1aum.

Bamxke k HaM paboTbl rpynnbl npod. Jean-Philippe Colombier 13 University Jean Monnet Saint-Etienne, Laboratoire Hubert
Curien n Dr. R. Stoian - 3aBegytowero rpynnoi Laser-matter interaction B TOM ke yHuBepcuteTe. B HUX paccMaTpmBatoTcs
TennoBble U rMapoanHaMmnyeckune 3pdekTbl BMECTE C NIa3MOHHbIMU NOASMU, HO B IU3NEKTPUKAX. DTU UCCNEA0BaHUS B
OCHOBHOM OpPMEHTUPOBAHbI Ha aHanM3 nepuoamnyeckmx cTpykTyp tuna LIPSS (laser induced periodic surface structures) B
06beMe 1 Ha NOBEPXHOCTU AN3NEKTPUYECKMX MaTePUANOB.

b) [leicTene BopTeKC Ny4KOB
HanpasneHne BO3HUKIO CpaBHWUTENBHO HeAABHO C paboT [5] B cnucke nntepatypsl K n. 1.4. B HacToswee Bpems pa3bunoch Ha
A,Ba NogHanpasneHus. Ha nepBoMm 13 HUX AMaMeTp NyyYka Ha MULIEHM NOPSAKA AJIMHbI BONHbI. 34eChb MHTEPEeCyHoTCS
LLeHTpanbHOM 0CODEHHOCTBIO CTPYKTYPbl B BUAE CMUPANbHOIO BO3BbILLEHMS, CM. pUC. 2. DTOMY NOAHANPABNEHUIO NPUHAANIEXUT
Hawa 3agaya b.

Ha BTOpOM nogHanpaeneHM AuamMeTp BOPTEKCHOIO NMy4Ka Ha MULIEHM BENIMK — HA AMaMeTpe YKaAblBaeTCs MHOFO AJIMH
BOJIH. MIHTe peCyoTCsl MHOTOKpaTHbIMU BO3A4ENCTBUAMU M HOPMUPOBAHWEM CnipaneBUaHbIX CTPyKTyp Tmna LIPSS (laser
induced periodic surface structures) Ha noBepxHOCTU. OBbIYHbIN (HE BOPTEKCHbIM) My40K HO/bLIOro AMamMeTpa NPOU3BOAMUT
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CMCTEMY Nepuoanyeckmx rpebHen (Hanozobre 3aMOpoXKEHHOM MOPCKOM BOJHbI). HanpasneHue Bob rpebHel
neprneHauKyNSPHO BEKTOPY NOASPU3aALLIMM Ta3e PHOWM 3N1eKTPOMArHWTHOM BOJHbI. B cnyyae Wnpokoro BOPTEKCHOMO Nyyka
HarnpasneHue Nongpu3aLnmn MeHAETCS BHYTPU NATHA OT TOUKM K TouKe. COOTBETCTBEHHO NPUYYAAMBO NOBOPAYMBaloT rpebHu. B
TakMX UCCNIef0BaHMsX Havbonee NPoOABMHYTOM Ha ceroaHs sBnseTcs rpynna npod. Salvatore Amoruso M3 HeanoMTaHCKOro
yHuBepcuteTa University of Naples Federico Il. Ho 3To nogHanpasneHune ganeko ot Hawew 3agaym b.

B) O6pazoBaHMe HaHOYACTUL, NpW abnaLMK B XXMOKOCTb.

Mo paHHOMY HanpaBneHUIO BeAETCS aKTMBHAs HayvHas paboTa. HanpasneHue cumMTaeTcs NnepCcneKkTUBHLIM C BO3MOXHOCTSAMM
CyLLeCTBEHHOM KOMMe pLManM3aummu. B oCHOBHOM, Kak MOXHO BUAETb M3 HeaBHMX 0630poB [12] k n. 1.4, paboTatoT
nazeplumkm u xumnkn. OHM nepebupatoT NapamMeTpbl la3epPHOro BO3e MCTBUS, MULLEHM (YMCTbIE BELLECTBA, CM/aBbl, TAMUHATbI)
U NpYHUMAKOLLME aBNALMIO XKMAKOCTU (HEOPraHU4eCcKme U opraHMdeckue, pacTeopbl coneld). [Mpu 3ToM PyHaaMeHTanbHble
BOMPOCHI J,0 CAMOr0 HelaBHero BpeMeHu 0CTaBaMCb HepeLleHHbIMU. Takoe nonoXeHue 06yCNoBNEHO CIOXHOCTbIO
NpoLLeCCOB.

(MuHanbHas CTagua Npouecca, Koraa XopoLwo BUAEH Ny3blpek, NoApO6HO MCCeioBaHa U B OMNbITax U TEOPeTUYECKM.
MocnepHew 13 Takoro pofa pabort asnsetcs pabota [13], npounTMpoBaHHas B cnucke iuTepatypsl K M. 1.4. 3To paboTa rpynnbl
[asuaa AMaHca u3 Jinoxa: Dr. David Amans 13 Claude Bernard University Lyon 1. Teopus onupaeTcs Ha MHTErpMpoBaHue
ypaBHeHus Penes-TNnecceTa. HabntoaeHWs 3a ny3bipbKOM B 3TOM paboTe CTapTYHOT C HECKOIbKUX MUKPOCEKYHA, TOrAa Kak
LJIUTENIbHOCTU NPUMEHSIEMbIX NIa3€PHbIX UMMY/IbCOB BapbMPYHOT B Pa3HbIX OMblTax OT CyBNMKOCEKYHA, A0 HAHOCEKYHA.
OcTaeTcs «<HeBMAMMAs 3pa» HAa BpeMeHax KOpoue MUKPOCEKYHAbI.

Oxkono natv net Hasag, [1] nosBunnck nepeble paboTsl [1-5], nponuBatoLme CBET Ha HavanbHble cTaguu. Hanbonee
CylLeCTBeHHbIM Bknag BHocaT rpynnbl M.E. MNMoBapHuupbiHa 3 OMBT PAH [1] n T.E. UtuHoi [1] u3 Laboratoire Hubert Curien,
Université de Lyon, Université Jean Monnet n npod. J1.B. XXurnnes [2,4] n3 University of Virginia. Ha cerogHs sbinosHeHbl
nccnefoBaHNs TOMbKO Na3ePHbIM UMMYNbCaM YAbTPaKOPOTKOM AIMTENIbHOCTM (MOpsaKa MMKOCeKyHAbl U MeHee). MpocnexeHa
3BOJIOLMS B TEYEHUE HECKObKMX NePBbIX HAHOCEKYHN Noce Bo3aeincTaus. B Hawew pabote [3,5] npouecc noseneH oo
pekopaHbix 0.2 MUKPOCEKYHA, KOTOpble, NPaBAa, BCE eLLle AaNeKU OT CTaguu C Ny3blPbKOM.

CywecTBeHHbIM BOCTMXKEeHUEM paboT [2-5] sBnseTcs paspaboTka BONpoca 0 rmMapoaMHaMUYeCckom YCTOMYMBOCTH
NPUKOHTAKTHOM 30HbI MEXAY META/IOM U NPUHUMAIOLLE A XXMAKOCTbH. [T0Ka3aHo, YTO B yCNOBUSX YAbTPAKOPOTKUX UMMNYNbCOB
13-33 TOPMOXEHUS XXMAKOCTbIO THKENIOro MeTana pa3BUBAETCS HEYCTOMYMBOCTL Penes-Telnopa. 3To NnpuBOAUT K
NPOHUKAHUIO B XMAKOCTb AOBOJIbHO KPYMHbIX HAHOYACTUL, pa3MepamMu NOpsLKa AeCATKa HAHOMETPOB.

Kak roBopunoch B npenblayLlmx nyHKTax, B pabote npoekTy 6yaeT npocnexeHa NoiHas 3BOMOLMS TEYEHUS OT HaYalbHOW
CTagmu 1 0o GOpMUMPOBaAHUS U AMHAMMKU MUKPONY3bipbKa. byaeTt usyyeHo BMsHWE AAMTENBHOCTU MMMNYbCa BO BCEM
AManasoHe NpUMMeHseMbIX BO34ENCTBUIA. Takasa paboTa TpebyeT AeTanbHbIX CBEAEHUI O XXMAKOCTU. DTO ByAeT cAenaHo Ha
npvmepe BoAbl. byayT ncnonb3oBaHbl CNPaBoYHbIE AaHHbIE O TEMIONPOBOAHOCTM BOAI M YPaBHEHME COCTOSIHUSA, KOTOPOE
MOKPbIBAET BECb AMAMA30H CXKATUI M pacluMpeHmUi BOAbl OT aamabatbl MoroHno u go asyxdasHor obnactm. OtTMeTUM, 4TO B
npeaplayLwMx UccnefoBaHUSaX MCNOAb30BAIMCh YPOLLEHHbIE ONUCAHMS BOAbI.

N JlazepHas pparMeHTaLMS KUAKNX Kanenb U CTpyH

K nazepHoMy apobneHuto Kanesb 0J10Ba UM CMeCH 0/10Ba C UpUAMEM BO3HUK BOMbLLOK MHTEpEeC B CBS3M C MPOrpaMMon
co3paHung dotonutorpadmyeckmx MawmH, paboTarowmx Ha BaKyyMHOM ynbTpaduonete — MArkoM peHTreHe (Mo aHrMMNCKu:
EUV - extreme ultraviolet). 3akazuumkamu aengtotca komnanus ASML (Tonnanams, https://www.asml.com/asml/),
yHuBepcuteT TeeHTe (Fonnanams) u MHCTUTyT cnektpockonuun PAH B 1. Tpowmuk. Ha caite ASML nuweTcs, 4To KOMMNaHUS Hadana
npofaxu EUV cuctem. MawmHa HasbiaeTcs NXE:3400B system. EUV cucTeMbl MCMOMb3YHOT KOPOTKOBOJIHOBOE M3ydeHue 13.5
HM. COOTBETCTBEHHO YMEHbLIAETCS ANPPAKLMOHHBIM Npeaen U NOBbILLAETCS NIOTHOCTb YNAKOBKM 3/1eMeHTOB Ha uune. lNpasaa,
paboTaTb HEO6X0AMMO B BaKyyMe, a He B XXMAKOCTH, Kak B cnydyae DUV (rnybokoro ynbTpaduoneTa), M UCNOb30BaTh
peHTreHOBCKME MHOMOCN0MHbIE 3epKana B Ka4ecTBe ONTUKKU; 0630p paboT N0 MHOrOCNOMHLIM NOKPbITUSM AaH B [6].

Npyras 3anaya o 9BNEHUAX NPU BO34EMCTBUM PEHTT@HOBCKOrO 1Ia3epa Ha KanJio BoAbl BO3HWUKAET B CBA3M € paboTamu [14]
npod. Claudiu Stan, uMTMpoBaHHbIMM B M. 1.4. VX rpynna npesocTaBuT AaHHbIE OMbITOB, C KOTOPbIMMY OyAET CONOCTaBNEHO
Hawe YyncneHHoe MogenuposaHue. MNpod. Claudiu Stan NpoBOAMT 3KCNEPUMEHTBI Ha Nazepax Ha CBOBOAHbIX 3NEKTPOHAX
(Linac Coherent Light Source, SACLA, FEL FLASH Ha DESY). Peub nget o dyHAaMeHTanbHbIX MCCIeA0BAHUAX HA4aNbHbIX
CTaami Pas3oBbIX NepPeX00B, CBA3aHHbIX C HYK/Ieaumen 3apoablweit HoBor dasbl. [puueM ang uccnefoBaHMM NPUBNEKAOTCS
pPEHTreHOBCKME Nasepbl C yNbTPAKOPOTKUM UMMYNbCOM. Takon MMNYALC (pump) NPUBOAMT B ABUXKEHUE BELLECTBO B MULLEHM,
TOrAa Kak nocnenylowme aMarHoctuyeckme (probe) MMMybCbl 30HAUPYIOT BOIOLMIO BELLECTBA HA MUKPOYPOBHE. 3TO B TOM
yucne AMdbpakuUMOHHbIE U3MEPEHUS HA YacToTe B e AMHMLbI MI L, NOBTOPEHMI MMNYNbCOB PEHTrEHOBCKOro nasepa.
JKCnepuMeHTa/lbHble BO3MOXHOCTH CaMble MepefoBble.
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) Abnauys TyronnaBkmMx MeTannoB

SlBneHune nasepHou abnsumm U3BeCTHO AABHO. VIMeloTCs ABe perynsapHble MexayHapoaHble KoHbepeHLUun, NOCBSLLEHHbIe
abnaumu: HPLA (high power laser ablation, https://www.usasymposium.com/hpla) n COLA (conference on laser ablation,
https://cola2017.sciencesconf.org/, https://cola2019.org/). Bnpouem, TemMa 3aTparMBaeTcs Takxke Ha ApYrnx MexayHapO4HbIX
KOH(pepeHumsax: HanpuMep, ICPEPA nan FLAMN. JTazepHow abnaumm npocTbiX MeTaIOB NOCBALWEHO MHOMO paboT. Ha ceroaHs
XOPOLLO 0CO3HaHa cneunduKa, CBI3aHHas C YIbTPAKOPOTKUMM UMMY/IbCAMK, KOTAQ BKHYIO POJib UTPAtOT TEpMOMEXaHUY eCKUe
adpdexTbl.

Ho ectb 1 ocnoxxHeHus. OHM OTHOCATCSA K TaK CKa3aTb «HECTAHAAPTHbIM» MeTaniaM, pEHTTEHOBCKMM flazepam U 061yyeHuto
NoA, CKOMb3WMMK yrnamu. Takoe obaydyeHne MCMoNb3yeTcst B PeHTTeHOBCKMX 3epKasax B CTyYae XXeCTKOro peHTreHa. 3To
HeobXx0aMMO 419 NOoBbIWeHMs Ko3dduumeHTa oTpaxkeHus. VIMeHHo Takas 3agava byaeT pelueHa B npoekTe. Haww
«HEeCTaHAAPTHbIWY» MaTepuan — 3T0 pyTeHUI. AHANU3MPYIOTCSA CUTYaLMK, KOTAA Na3epbl FeHepUpPYIOT GeMTOCEKYHAHbIN
uMnynbC. PaccMaTpusaeTcst AMana3oH 3NEKTPOMArHUTHbLIX BOJIH: ONTUKA — MATKUIA PEHTTEH — XXEeCTKUI PEHTTeH.

EcTb rpynnebl, KOTOpble CUCTEMATUYECKM MPUMEHSIIOT XXECTKUIM PEHTTeH AN19 Lenen Harpesa (Hanpumep, [14], auteparypa K n.
1.4) wnmn amarHoctukm ([14] B n. 1.4, [7]) nm AMarHoCTMpyIoT XeCTKoe u3flyyeHue, nayliee ot ObiCTPO CUIbHO HarpeTbix
muweHel [8]. B paborte [9] (nuTepatypa k n. 4.1) Ang 30HAMPOBaHUS UCNONb3YHOT MArkuiA peHTreH. B pabote [9] naH 0630p
MCCne0BaHWUiA, BbIMONHEHHbIN HblHE MOKOMHbIM AHaTtonneM Slkoenesnyem MaeHOBbLIM, MO abNSLMM METANNOB U LU3NEKTPUKOB
MSFKUM PEHTTEHOM.,

MNpuknagHoi acnekT nsyyaemon npobnemol onucad B [10]. MpumeHeHne kopga MoHTe-Kapno/XCASCADE(3D),
OMMCbIBAKOLLETO KMHETUKY (HOTO MOHM3ALMM, COBMECTHO C ABYXTEMMNEPATYPHOIM MOAENbIO (HO 6e3 ABMXKEHMS BeLLEeCTBA)
npegncrasneHo B [11]. ByxTemneparypHas Mogenb (63 ruapoamMHaMmnku pyTeHus) aHanmsupyeTcs B [12]. B Hawem npoekTe
6yneT peleHa NoAHas 334a4a, T.e. C Y4eTOM KaK YMCTO TENIOBbIX, TaK U rnApoAnHaMmyeckux 3 eKToB. ITO MO3BOAUT C
Hay4HbIX NO3ULMIA peLaTb BOMPOC 0 NOporax abisaumMm u CpaBHEHUM C OMbITaMK.

E) JTasepHoe nnaeneHune NopoLIKOB

B npoekTe ByaeT M3yyeHo BaXHelwee 3BeHO CaMOM COBPEMEHHOM TEXHONOMMU, Ha3biBaeMoi 31 npuHTUHIOM. B HacTosiwee
BPeMS$ 3T0 NONy/NSpHOEe HanpasneHue H6blICTPO pacluMpseTcs, CO34aHO0 YXKe HECKObKO MOKONEHUIM aBTOMAaTU3MPOBAHHbIX
CTaHKoB. [pouecc CoCTOUT U3 HECKObKUX 3BeHbeB. Bo-nepBbix, B CUCTEME aBTOMATU3MPOBaHHOrO npoekTnposaHus (CAMP)
(CAD - Computer-Aided Design) cospaeTcs npoekT 6yaywero usaenus. B atoli xe cucteme 3[1 nspenme paccekaercs Ha
TOHKMe ceveHnuns 50-200 MKM ToNWMHON. BO-BTOpbIX, B rOPM30HTaNbHOM BaHHE (GOPMUPYETCS NNOCKAs rOPU30HTa/IbHAs
HacbInKa NopoLuKa. HakoHew, B-TpeTbuX, 1a3epHbIN Nlyy, peryaMpyeMmbliii 3e pkanamu, NIaBuT 4acTuLbl MMKponopoLka. KoHTyp
nNaBneHus, N0 KOTOPOMY ABMXKETCS NIa3ePHbIN Nyd, 33A3eTCS KOMMbIOTEPOM COrMIACHO CeYEHUSM, 334aHHbIM B NporpamMe
CAD.

Hanbonee cnoxxHbiM 1 cnabo n3yyeHHbIM 0CTaeTCs 3BeHO, CBSI3aHHOE C GU3MKOI NIa3epHOro NaBNEHUS HACIMKMU U
pekpuctanamsaumun. UMeeTcs 3HaumnTeIbHOE YMco paboT B 3ToM ob6nactn. B ocHOBHOM 3T0 akcnepuMeHTbl [13,14]. B
YMCNEHHBIX MOAX0AAX UCCNEf0BaTENIM MPUMEHSIIOT Pa3HOCTHbIE METOAbI MM METOA KOHEYHbIX 3neMeHToB [15]. Haw npoekr
OCHOBAH Ha GM3MYeCcKoi MOAeNM 1 pazpaboTaHHbIX B KOMNEKTUBE NPOrpaMMax C narpaHXeBor rMapoaMHAMUKOMN,
MONEeKyNSpHOM AUHAMMKON C 3/IEKTPOHHOM TeNI0NPOBOAHOCTLI0 No MoHTe-Kapno MeToay, n Ha SPH rugpokogae, KoTopbli
cneumanbHo npucnocobneH ang onmcanms 3D cuTyaumin co CIoXKHOM reomeTpuert (MOpPOLWKKU, MOPUCTbIE UK CIIOUCTbIE
cpegnpl).

X) BoruncnurenbHas dusnka, KpynHomacwrabHoe BblCOKONPOU3BOAMTEIbHOE YNC/IEHHOE MOAEIMPOBaHUe
Haw konnekTB NOCTOSHHO BeAeT COBEPLUEHCTBOBAaHWE YMCIEHHOTO MHCTPYMEHTapHs, CM., HarnpuMep, ccbiky [15] B cnncke Kk
n. 1.4. B naHHOM NpoekTe K 3TOMY NOATaNKMBAET HEOOXOAMMOCTb peLleHNs NepeynC/ieHHbIX Bbile GU3NMYeCKUX 334a4.

(noanyHkT XK-1: [IByxTeMnepatypHas ruapoaMHaMuKa)
MapoaMHaMUY eCKuii KOA, B TarpaHXKeBblX MepPeMeHHbIX CO34aH B HaweM konnektnee 15 net Hazad. OH OCHOBaH Ha U3BECTHOM
cxeme Camapckoro v lNonoga [48]. Cxema 6bina KapanHanbHO MOAUOULMPOBAHA A1 COOTBETCTBMSA 334a4aM Ja3epHOro
BO34eNCTBUS C HeMTOCEKYHAHOM ANMTENbHOCTBIO UMMYbCa. [py TakoM BO3AEWCTBUM HEOOXOAMMO YUUTLIBATL CUNIbHOE
BO36YXXA€eHMe 31eKTPOHHOM NoAcMcTeMbI. [pyU HaWMX aMNIMTYaaX BO3AEMCTBUS (NPY NOTNOWEHHOM 3Heprm 6osblue, yeMm 1
MIK/CM” 2) 3neKTPOH-31eKTPOHHAs penakcaLums 3akaHYMBaETCS 3a BpEMSI MeHbLUEe, YeM AIMTEIbHOCTb UMNYAbCA.

[o3TOMY 31eKTPOHHY0 NOACUCTEMY MOXKHO OMUCHIBATb KaK TEPMOAMHAMMUY €CKM KBA3WU-PABHOBECHYH CUCTEMY C
3¢ deKTMBHOM 31eKTPOHHOM TemMnepatypow Te. KoHuenums BHYTPEHHEro pasaefieHns Ha 371eKTPOHHYIO U MOHHYIO
noacucteMsl 6bina co3gaHa B CBOE BPeMS B MMOHepCKoM paboTe [49]. 3Ta paboTa noMorna 0Co3HaTb NpUHUMNUAIBHOE
pasnuune Mexay Bo3AeNCTBMEM UMMYbCAaMU HAHOCEKYHAHOW (HC) U heMTo- NMKoCceKyHAHOM (bc-nc) anmMTenbHocTu. B He
UMMYNbCax NPOMCXOLMUT UCTIApPeHUe BeLLeCTBA MULLEHM UM, NPy 6onee BbICOKMX 3HEPruax, dopMUpyeTCs NnasMeHHas
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KopoHa. Toraa kak npu ¢C-nc BO34eWCTBUM NPeBaMPYIOT TepMoMeXxaHuyeckne 3ddekTbl B KOHAeHCMpoBaHHON dase. T.e.
dur3nKa feCTBMA Ha MaTepUanbl KaYeCTBEHHO MeHseTCs.

Mocne co3paHmnsa cnocoba GopMUPOBaHMS YABTPAKOPOTKMX MMMYNbCOB KOMMpPECCOpoM u cTpeTyepom (PKepap Mypy u [loHHa
CrpukneHa, 1985) Hayanock 3pa akKTUBHEMLLMX NPUMEHEHMI 3TUX UMMY/IbCOB B CaMblX Pa3HbIX NPUNOXeHusax (Hobenesckas
npemus no gusmke 3a 2018-1i r. - cospaHne UHCTPYMEHTOB U3 cBeTa). MccnenoBatenu, KOTOpble MCNOAL30BANM
YNbTPaKOPOTKME MMMYAbCI, MbITA/IMCb CHAYaa OOBACHWUTL pe3yNbTaTbl BO3AEMACTBUS C MOMOLLBI NMPUBbIYHbBIX TOrAA
npeAcTaBneHUA, NPUHATLIX 415 HC BO3AENCTBUIA. HMYero He nonyvanock. TonbKo nocne UCnonb30BaHUs MAEN U NOAX0AA
pabotbl [49] (onybnmkosaHHoW 3a 11 neT go pabotsl Mypy u CrpukneHa, 1985) ctano 1cHo, YTO NPOUCXOAMT.

Wrak, k cxeme [48] Bbina nobasneHa du3nka AByXTEMMNEPATYPHBIX COCTOSHMIA. banaHc aHeprum 6bin paciienneH Ha ABa
6anaHca - ypaBHeHWs SHepruu ansg 3NeKTPOHHOM U MOHHOM MOACUCTEM, 3anNuCaHHbIe NO OTAEbHOCTU. [lanee Havyanuch
paboTbl MO MOMCKY U NOCTPOEHMUI YPABHEHUI COCTOSIHUSA B ABYXTEMMEPATYPHbIX YCNOBUAX, BblYUCNEHMIO KOIDPULMEHTA
TENJIONPOBOAHOCTM B ABYXTEMMEPATYPHbIX YCIOBUAX M onpeaeneHuto koadduumueHTa, perynmpyiowero teMn obmeHa
3Hepruen Mexay 3neKTPOHHOM 1 MOHHOM NOACUCTEMAMU B KOHAEHCUPOBAHHOW cpefe. B HacToswee BpeMs AOCTaTOYHO
6nm3Kkmit no oyxy kog umeetcs B OMBT PAH, B rpynne MoeapHuubiHa M.E. [1].

K coxxaneHuto, yHuBepcanbHOro peuenta Ans Noay4yeHus ykasaHHbIX CBeAeHUl HeT. [Ing kaxaoro MeTanna Heobxoanmo
He3aBuCKHMoe uccnenoBaHue. MNpuueM ko3 OULMEHTbI PA3HATCS CUNIbHO OT OLHOW rpynnbl MeTannoB (6naropofHble) K Apyron
(HanpuMep, Xeneso, HMUKeNb, NaThHA), cM. [50] u cceinku B 31OV paboTe. B Haw ruapokos AobaBneHa BO3MOXHOCTb
No/b30BaTbCs TabAMYHBIMM YPaBHEHUSIMM OAHOTEMNEPATYPHbIX COCTOSHUIA, KOTOpble roToBsAT Konnern s OMBT PAH [51-55].
Co3paHne ypaBHEHWUI COCTOSAHWS SBNSIETCS OYEHb BaXKHOM paboTol.

[lByxTeMnepaTypHbIii TMAPOKOA HE0OX0AMMO COBEPLIEHCTBOBATL MO/ KaXA0€e KOHKpeTHoe npuMeHeHue. Moandukaums
Kofa Ans pacyeTa cybHaHOCeKyHAHbIX BO3AENCTBUIA 3aKOHYEHa B 3TOM rofy, CM. BTOPYHO CTaTbio B cCbifike [6] kn. 1.4. B
npoekTe 6yaeT BbINONHEHA paboTa Mo pacnpoCTpaHEHUIO PacyeTOB HAa HAHOCEKYHAHbIE MMMY/bChbl U PEKOPLHO Aanekue
BpeMeHa (80 MKc). B runpokon npeactomt f,o6aBuTb NONHOE ypaBHEHME COCTOSIHUE BOAbI, KOTOPOE, Kak FOBOPUTCS B TEKCTE
npoekTa, byaeT 0XBaTblBaTh LUMPOKMI AMANA30H COCTOSHMIA BOAbI OT ABYKPATHOr0 C)KaTus Ha agmabare NoroHuo u no
paspexxeHuit [0 COoTbiX fonie atMocdepbl AByX(a3HbiX cMecei. B npeapiaywen Hawei paboTte 415 BOAbI MCMOMb30BaNACh
apgunabara MoroHuo, cM. [6] k n. 1.4. B npoekTe 6ynet nobaeneH 6710k Ang pacyeTta pyTeHuUs.

(MoanyHkT XK-2: MonekynspHas AMHaMMKa)

B nocnepnHee pecatuneTve ObICTpblid POCT LOCTYMHbIX BbIYUCAUTE bHBIX PECYPCOB CAEMNaN BO3MOXHbIM aTOMUCTUY eCKoe
MOAEeNMPOBaHME BOMbLUMX CUCTEM, UMEIOLLMX Pa3Mepbl HECKOIbKUX MUKPOMETPOB, YTO NpUBAnXKaeTcs K MacLTaby
3KCMEePUMEHTOB C BO3eiCTBMEM heMTOCEeKYHAHBIX NIa3ePOB Ha NIEHKU MUKPOMETPOBOM TONWMHbI. TakuM 06pa3omM, cTano
BO3MOXHO NpsiMOe MONeKynspHo-auHammuyeckoe (M, MD) moaennpoBaHme pasHO0Opa3HbIX 1a3epHO-UHAYLMPOBAHHbIX
SIBNEHWMI, BK/IKOYAs YAAPHO-BOJIHOBbLIE SIBNIEHMS, YNPYro-naacTuyeckme TpaHcPopMaummu 1 Ga3oBbie nepexonbl B MaTepuanax
noj, AeicTBUEM BbICOKOCKOPOCTHbIX aedopmaumii [16-27]. B HacTosiwee Bpems M[I nccnenosaHms NoA06HbIX SBAEHMM Ha
[LOCTYMHOM HaM K/1acce MHOronpoLeCCOPHbIX KOMMbIOTEPOB 33 NpUeMneMoe BpeMs MOryT BbiTb NpoBeAeHbl Ha 06pasuax
MMKPOMETPOBOr0 pa3Mepa B TeYeHUM HECKObKUX HaHOCEKYH pU3MYeCcKoro BpeMeHu NpoTekaHus npouecca B obpasue.

MbI Mcnonb3yeM Hally cOBCTBEHHYH MHOTOMNPOLLECCOPHYHO BbICOKOMPOW3BOLUTEBbHYHO NMPOrPaMMy KlacCM4Y€eCcKoro
MONEKYNSPHO-AMHAMUY €CKOT0 MOAENMPOBaHUSA C 3P PEKTUBHLIM pacnapannenveaHueM. Bnepsbie cxema bbina npeacTaBneHa
B paboTe [45]. MeToa Ha3BaH: material particle - dynamical domain decomposition (cokpaweHo MPD 3) method. OTmMeTuM,
YTO NO 6AN3KMM NPUHLMNAM YAANOCH NOCTPOUTL IPDEKTUBHYHO BbICOKOMPOM3BOAUTENbHYIO cxeMy ans SPH (Smoothed
Particle Hydrodynamics, cM. cneaytoLmin NOANYHKT 3TOM CNPaBKu) MOAEIMPOBaHMS, CM. onucaHue B cTatbe [15] B cnmcke
nutepatypbl K n. 1.4. B HacTosiwee BpeMsi COOTBETCTBYOWMI Ko Ha3biBaeTcsa CSPH-VD3 (Voronoi dynamical domain
decomposition), NOCKOMbKY, Takxke kKak M1 MPD 3, 0CHOBaH Ha TpeXMepHOM pa3bueHun cpeapl Ha MOABUXKHbIE SUENKU
BopoHoro, cM. aeTanbHoOe onucaHue HUxXe.

OTHOCHTeNbHO HepasHo Hawa M/, (MD) nporpamma gononHeHa MoAyneM pacyeTta 31eKTPOHHOM TeNoNpPOBOAHOCTU MO
MeTony MonTe-Kapno (MC). Kak u3BecTHO, B METanNax 31eKTPOHHAs TeMIONPOBOAHOCTb HAMHOIO NPEBOCXOAUT
TENNONPOBOAHOCTb, CBS3aHHYIO C TEM/IOBbLIM ABUXEHUEM MOHOB. B HaweM koMbuHuposaHHoM MC-MD kope Kax bl MOH
HeceT KBa3u-3NeKTPOH, C KOTOPbIM OH 0B6MeHMBaeTCs MMNYAbCOM [46]. CnyyaiHbie 0B6MeHbl 3NEKTPOHAMMU MEXAY COCeAHUMM
MOHAMM C 334aHHbIM TEMMOM COXPaHSIOT 3NEKTPOHEATPaNbHOCTb Cpefibl M MO3BONMSKOT SNEKTPOHHOM IHEprm
IMODYHAMPOBATL NO CeTKE MOHOB. [poBanbl MAOTHOCTM M NYCTOTbl Cpe/ibl €CTECTBEHHbIM 00Pa30M MOHMXKAKT KOIPDULMEHT
3NEeKTPOHHOM TeNIONpoBOAHOCTH. Takmm 06pazom, MC Mozy/ib NO3BONSET KOPPEKTHO MOAENMPOBATb PAaCNPOCTPaHEHUe Tena
B MeTaNNax U Me30CKOMUYeCKMX CTPYKTYpax TUMa MeTa/yIMyeCKUX MeH, U B YaCTHOCTU NpoaBuKeHne GpOHTOB NIaBIeHNS U
pe-KpUCTaNM3aLmm B TaKUX CNOXKHbIX Cpefax, YTO 04€eHb 3aTPyAHUTENbHO AOCTUY b NONYNSpHOM KoMBUHauuet M,
CeTOYHbIM METOAOM /151 33434M TENIONPOBOAHOCTH [2,4,16].
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(MoanyHkT X-3: SPH)

MapannenbHoe MoaeNMpOBaHUe HECTALMOHAPHBIX 33434 MEXAHMKW CMIOWHBIX Cpef, B SKCTPEMaTbHbIX COCTOSHUSX,

XapaKTe pU3yLWUXCS 3HAYUTE IbHBIMKU FPAAMEHTAMU AABNEHUS U CKOPOCTU, HAMYMEM CBOBOHbIX MOBEPXHOCTEN U
KOHTaKTHbIX Pa3pblBOB MJIOTHOCTH, BCTpeYaeTcs ¢ npobnemMoit 3hdeKTMBHOro MCNONb30BaHUS BblYMUCIUTENBHBIX PECYPCOB B
CUY OTCYTCTBUS BblCOKOMPOW3BOAMUTENBHOMO NapanielbHOro anropuTMa C aaanTMBHOW BanaHCMPOBKOM 3arpy3Ku
npoLeCcCcopoB Npu BblCTPbIX U3MEHEHUSAX NPOCTPAHCTBEHHOIO pacnpeaeneHuns BeLlecTsa. B 3Tux ycnoeumsax nogxopabl
MCMNONb30BaHMEM CTATUYECKOW NPOCTPaHCTBEHHOM AEKOMNO3UUMM pacyeTHOM obnacTu (Hanpumep, LAMMPS: Large-scale
Atomic/Molecular Massively Parallel Simulator) He MoryT o6ecneyuTtb NpuemneMyto napannenbHyo 3hOeKTUBHOCTb pacyeTa,
TakK Kak pacrnpeneneHve nose3How Harpysku, onpeaensieMoi Bbl4UCIUTEIbHBIMU 3aTPaTaMM Ha pacyeT ABMXKEHUS BELLECTBa,
He NPUBA3AHO K 3TOMY ABUXKEHMIO.

Ham yaanocb paspabotatb 3G eKTvBHbIM anroput™ 6anaHCMpPOBKM HArpy3Ku 1 CO34aTb NapanienbHy NporpaMMy Ans
60/bLUMX BbIYUCAUTENBHBIX KNACTEPOB, CNOCOOHYI0 paBHOMEPHO M MAaKCUManbHO 3arpy3uTb AOCTYMHbIE MPOLLECCOPbI
nonesHou paboToi, U TeM CaMbiM 06eCneynTb BbICOKYH NapaniesnbHyo 3hdeKTUBHOCTb pacyeToB rMAPOAMHAMUY € CKUX
3a[a4, XapakTepu3yeMbiX BbICOKOCKOPOCTHbIM ABMKEHMEM BELLUECTBA M €ro ObICTpbIM Nepepacnpeaenernunem [15] k n. 1.4.

K'3apauam Takoro poaa 0THOCMTCS MOAeIMPOBaHKe 33434 AaHHOTO NPOEKTa, B YaCTHOCTU la3epHoe BO34EeNCTBME Ha
reTeporeHHble cpefbl M pacyeT NPoXoXAeHUs GPOHTA NNABNEHUS MO ME3OCTPYKTYPE rPaHYIMPOBaHHOM Ccpebl (MOPOLLKA),
CM. TEKCT NpoekTa. Takke BOCTpebOoBaHHbIM siBnseTcs 3pPeKTMBHOE NapasnenbHoe MOAeNMPOBaHMe 3a8a4u GparMeHTauum
Kanesb 1 CTpyM nocne ob6ay4yeHns UMNYNbCOM CBeTa (CM. TEKCT NPOEKTA), yAAPHOro pa3pyLeHus Xpynkux Matepuanos [47] u
BbICOKOCKOPOCTHOMO COYAapeHUs Ten.

Mcnonb3oBaHue becceToyHoro MeToaa SPH [40], ynyyweHHoro peweHuem 3anavm PuMaHa ans Bzaumogencteyrowpmx SPH
yacTuy, [41], oang MoLenMpoBaHWUs NepPeYUCIEHHbIX Bbllle NPOLECCOB NpeAnoYTUTeNlbHEE MPUMEHEHUS CETOUHBIX METOLL0B,
KOTOpble BCTpeYatoT 60/bLIMe TPYAHOCTM MPU TOUHOM pa3peLleHNM KOHTAKTHbIX M CBOBOAHBIX rpaHuL, (4ns 3inepoBa
dbopmManm3ma), a TakKe B NOCTPOEHMU NMOABMKHbBIX afanTUPYIOLIMXCS CETOK NPW NarpaHXeBoM OMUCaHUK Cpefpbl.

PelweHune npobnemMbl paBHOMEPHOrO pacnpeneneHuns Bbl4UCUTENbHOM paboTbl MEXAY HUTSIMU, MPOLLeCCaMu UK SAPaMU
npoLeCcCcopoB KOMMbIOTEPHOTO KacTepa SBSeTCS KYOM K MOCTPOEeHUI0 3D PEeKTUBHOW NapannesibHow nporpammel. s
YKa3aHHbIX 3334 rMapoAvHaMUKKM 3Ta Npobnema CBOAMTCS K ONTUMANbHOMY pa3feneHuto, T.e. K AeKOMMNOo3ULLMK cpefibl Mexay
npoueccamu. [py 3TOM paBHOME pHas AEKOMMO3ULUS SBASETCS HEO6XO0AUMBIM, HO HE LOCTAaTOYHbIM YC/IOBUEM
ONTUMaNbHOCTH, TaK Kak 06MeH MHbopMaLmelt Mexay NpoLeccaMm onpeaenseTcs KoAM4eCcTBOM B3aMMOAENCTBYIOLWMX HaCTUL,
0Ka3aBLUMXCSA B pa3HbIX NpoLeccax. ITM YacTuLbl pacnpeneneHbl B 06beMe NpUrpaHUYHOM NONOChl MEX/AY NpoLeccamu B
Cly4yae NpOCTPaAHCTBEHHOM AEKOMMNO3ULMK Cpebl M 06eCcneyYnBatoT B3aMMOAENCTBME MEXAY COCEeAHUMM 061acTaMu cpefbl,
npuHaaneXxalume pasHbiM NpoLeccam.

YacTo ncnonb3yembiM METOA0M NPOCTPAHCTBEHHOM AEKOMMO3ULIMUN ABNSIETCS METOA AeNeHUs Ha napannenenunenHole
nopo6bnactu [42,43]. B ycnosusix NpoCcTpaHCTBEHHOM HEOAHOPOAHOCTU MIOTHOCTM YacTUL, TaKoe Ae/eHUe MOXKET UCMOJHATLCS
peKypCUBHO, METOOM OPTOrOHaNLHOM peKypcuBHOM Bucekumm [44]. Mines meTona npocTa: NpsAMoyronbHas o6nactb
PEKYPCUBHO AENWUTCS HA iBE YaCTU NO AMHHOM CTOPOHE TaK, YTO B KON 0Ka3blBAaeTCS paBHOE KO/IMYECTBO YacTULL,
paHMLAMK Mexay NpAMOYrofibHbIMKU MOA06NACTAMM SABASIOTCS MIOCKOCTH, MapannenbHble ocsaM KoopauHat. banaHcuposka
OCYLLeCTBNSETCS Yepe3 NOABUXKHOCTb 3TUX NAOCKOCTENW, pasaensolumx nogobnactu. Ho npu nepebanaHcnpoBke MoxeT
CYLLEeCTBEHHO MEHATLCS CBA3HOCTb MEXAY NpoueccaMu. Tak kak noaobiacti 061aaakoT pasHbIM YMCIOM COCeaen, TO
nepecTpoiika AekoMnosuumm TpebyeT NnpoBeAeHUS MHOXeCTBa 0OMeHOB YacTULaMK. Takoi MeToq, AeKOMNO3ULMU He
NPUHUMAET TaKKe BO BHUMaHWE nepemelumBaHme Yactul, Bcé 31o, BMecTe B3aTOE, yBENIMUMBAET BPEMS pacyeTa 3a cyeT
3HayYMTENIbHbIX 0BMEHOB YaCTULLAMM, HAXOAALUMMUCS B MPUrPAHMYHBIX NMOM0CaX MEXAY NpoLeccamu.

[ns 6onee apdekTMBHON AMHAMMYeCKOM BanaHCMPOBKM HAarpy3Ku Mbl pa3paboTanu 1 UCnonb3yem MeTo AMHAMUYeCKOoM
H[EKOMNO3MLMM CpeAbl (2 He NPOCTPaHCTBA pacyeTHOM 061acTh) Ha NoaBuxHbIe nogobnactn Bopororo [15] k n. 1.4.
Nekomno3unumns no BopoHoMy 0AHO3HaYHO 3383aeTcs HAOOPOM ToUEeK-reHepaTopoB AuarpamMmel BopoHoro, roe kaxaas Touka
JMarpamMMbl COOTBETCTBYET OHOMY BblYUCAUTENBHOMY NpoLieccy. YacTuubl, bamkaime K Touke-reHeparopy nofobnactu
BopoHoro, cogepxarcs B NamMaTi U 06HOBASKOTCS COOTBETCTBYHOLWMM s 3TOM nofo6nacti npoueccoMm. MoABUKHOCTb
AuarpamMmbl BopoHoro ocyuiecTensieTcs Yepes noABMXHOCTb TOYEK-FeHepaTopoB, Tak Kak MX NOOXKEHUE CBA3aHO C
nepemeLleHMEM OTHOCALLMXCA K HUM YacTuL, Harpyska B OTAE/bHbIX S4Yeikax MOXKET MEHSATLCS BO BPEMEHU, NMPUYUHON YeMY
cnyxart cnegytowme daktopbl. Bo-nepBsbix, B sueiike BOpoHOro MoxeT MeHSATLCS YMCI0 YaCcTUL, KakK NO aArOpUTMUY eCKUM
NpUYMHaM (opobneHue 1 CUSHWE YacTuUL, KOPPEKTUPOBKA FPaHMLbl AMarpaMmbl U3-3a CMeLLEHUS LLEeHTPa AMarpamMMbl), Tak U
no dM3nYeCcKnM NpUYMHaAM: COrNACHO U3IMEHEHUIO pacnpeaeneHuns NIOTHOCTU U/UK HAPYLWEHMIO CM/IOLLHOCTU Cpeapl,
OKpY>KaloLLen ToUKy-reHepatop. Bo-BTopbIX, M 3TO 04eHb BaXHO, hU3nyeckue NpoLecchl B KXA0M U3 YacTuL, SBASIOTCS
NIOKaNbHbIMM, @ 3HAYMT, MOTYT BbITb PACCUMUTAHbI N0 COBCTBEHHBIM aNrOpUTMaM pasIMyHOM BpeEMSA3ATPATHOCTU.

MepeuuncneHHble GakTopbl MPUBOAAT K TOMY, UTO Habopbl SPH-yacTuu B kKaxaov nopobnact BopoHoro o6pabatbiBatotcs 3a
pa3Hoe BpeMsl, 4TO 03HaYaeT HepaBHOMEPHYH Harpy3Ky npoueccos. [103ToMy No3uLMK ToUeK-reHepaTopoB A0NOHUTENIbHO
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CABWTaloTCs NOA AeMCcTBMEM 6anaHCMPOBOYHOIO CMelLeHus [45], nepepacnpeaensisi NorpaHUyHble YacTuLbl U3 OAHON 0bnacTy
B APYryt0, YTO BblPaBHMBAET Harpy3Ky. Takoi anropmMT™ aBTOOaNaHCUPYHOLLEN MO Harpyske AeKomMnosuuum no BopoHomy
BnepBble NpuMeHsieTcs B nape ¢ SPH-MeToA0M MOAENMPOBAHMS 33434 LMHAMMKM CMJIOLWHOM Cpeabl.

AnropvTt™ aBTOHaNaHCUpyoLWe AekomMno3nuum no BopoHoMy no3BonseT ecTecTBEHHbIM 06pa3oM yuecTb
nepepacnpeneneHu1o Macc B BblYUCUTENIbHOM 061aCTU BO BPEMSI MOLENMPOBaHMS. AMFOpUTM cnocobeH NoaCcTpanBaTbCs Nog,
NPOU3BOJIbHbIE TEYEHUS C MUHMMA/bHbIM 0OMEHOM YacTULIAMU MeXAY S4eiKaMu, He Tpebys CoOXpaHeHUs CBA3HOCTU MeXay
reHepatopamu auarpammbl. OBMeH AaHHbIMM MEXAY SYEMKaMM AMarpaMMbl OKANEH; NPY 3TOM NOBEPXHOCTH, HEpE3 KOTOpbIE
ocyllecTenseTcs 06MeH, 06bI4HO MeHbLUe, YeM B MeToaax ¢ 67104HON (Mo napannenorpaMmam) aekoMnosumumein obnacTu.
BbanaHc1poBka AEKOMMO3ULIMKM NOMHOCTBIO aAaNTUBHA U A1 MaKCMMMU3aumm 3P eKTMBHOCTM pacyeTa He TpebyeTcs ee
nepecTpoeHus "c Hyna".

Hexkomno3unuma no BopoHoMy ¢ 6anaHCMpOBKOM Harpy3ku He 06/1a8aeT He[OCTAaTKAMM, XapaKTEPHbIMU A8 METOA,0B
CTaTUYECKOM AEKOMMO3ULMM UK AUHAMUYECKUX C BUCEKLMAMU, OTMEY EHHbIMM Bbiwwe. OMbIT HALWMX pacyeToB NOKa3blBaeT,
YTO reoMeTpus A4eeK CTPEMUTCS K COTOBOM CTPYKTYPE, UMEIOLE M MUHMMANbHbI 06bEM NPUrPaHUYHOM NONOCI.
MakcMMMU3aLMsa Harpy3ku YMeHbLUIAET YMCI0 YacTuL, noanexawmx obmeny. MNogobnact BopoHOro Takxke cTpeMsaTcs K
paBHOMY YMCAy nofobnacteit-cocenei, NpUyYeM CBI3HOCTb Nof006MacTeN He HUKCUPOBAHA U MOXET U3MEHSTLCS, Cleays
B3aMMHOMY NepeMelLeHMI0 BeLLeCTBa. M3MeHeHMe CBA3HOCTM B 3TOM C/Ty4ae eCTb JIOKaNbHbIM Npouecc, He Tpebyowmit
MaCCMBHbIX KOMMYHUMKaLMI Mexay npoueccamu. Bce KOMMyHUKaLMKM Mex Ly NoA06acTAMM OCYLLE CTBSIOTCS TOMbKO BHYTPU
Kpyra ux 6amxaiiero coceacTsa. TakuM 06pa3oM, HECMOTPS Ha TO, YTO AEKOMMO3MLMIO N0 BopoHOMy croxHee
nporpamMMMpOBaTb, YHEM BblLLEOMNUCAHHbIE METObI, OHA 06/1a8aeT HEOCMOPUMbBIMU OCTOMHCTBAMM B peLUeHUN 33434
MeXaHWKM CMIOLWHbIX CPes, B SKCTPEMasbHbIX COCTOSHMUSX.

(MoanyHkTbl XK-4, 5: Cumnnekc n DFT)

MoTeHUManbHbie BO3MOXHOCTM NPUCYLLME aTOMUCTUYECKOMY MOAEMPOBAHUIO HACTONbKO BEIMKM, YTO COCOBHBI NPUBECTU K
6onee rnybokoMy NOHUMAHUIO pa3HOOOPa3HbIX PU3NYECKUX SBNEHMI Bbi3BaHHbIX BbICOKOCKOPOCTHOWM AedopMaLmei,
KOTOpasi MOXeT BblTb BbI3BaHa CBEPXObICTPLIM BblAENEHUEM UM NEPEHOCOM SHEPIMM B METaNax Nof AeiCTBMEM Jla3epHOro
MMMY/bCa, 3NeKTPUYECKOro paspaaa uam Bo ¢poHTe yaapHoi BonHbl (YB). Bce nogobHble Bo3aencTBuS Ha MaTepuansl
CO3[3K0T IKCTPeManbHble rpagueHTbl aasneHus (~1 Ma/um) u Temnepatypsbl (~100 K/HM), KOTOpble NPUBOAAT K COXHbIM
CUNIbHO-HEPABHOBECHbIM TEYEHUAM BeLLeCTBa C BO3MOXHbIMM ha30BbIMU NEpexoamMu 1 HapyLLeHUeM CNIOLWHOCTHU B BUAE
ny3sbipen u TpelpmH. CToMT OTMETUTb, 4TO B 0TIMUMe oT M]] noaxoabl, OCHOBaHHbIE HA MEXAHMKE CMOLIHOM Cpebl U
YPaBHEHWUM COCTOSIHMS, KOTOPbIE LUMPOKO UCMOJb3YIOTCS B MOAENMPOBAHUM, BHYTPEHHE He CMOCOBHbI onucatb GU3NKY BCEX
pa3HO06pPa3HbIX BbICOKOCKOPOCTHbIX HEPABHOBECHbIX MPOLLECCOB, TAKMX Kak KaBUTaLMS, TpeLmHOO6pa3oBaHUe v OTKON,
BO3HMKHOBEHME AMCNOKALMIA U YNPYro-naacTuyeCckux TpaHCOOpPMaLLMM, a TakKe KUHETUKY HEPABHOBECHbIX (a30BbIX
nepexopnos. B Hawm gHW ML, MeToA CTAaHOBUTCS CePbe3HbIM KOHKYPEHTOM r'MAPOANHAMUY ECKMM METOAAM MpU
MOAENMPOBaAHUU SBNEHUN, FAe BO3HMKAKOT B0/blUMe rpagneHTbl GU3NYeCcKUX BeIMYUH, MpUBoOAALWME K BbICTPbIM
fedopmaumaM 1 npeBpaLLeHUSIM BeLLeCTBa.

[locToBEpHOCTb MEXXATOMHOI0 MOTEHLMANA MUCMOb3YEMOrO B TaKUX IKCTPEMANbHbIX YCIIOBUAX SBNSETCS KPUTUYECKUM
ycnoBneM HeobXxoaMMbIM ANs NpefckasatensHon cunbl ML MmogennposaHms. OauH U3 caMblX yCnewHbIX noaxonos ans M
MOAENMPOBaHUS META/IIOB SBISIETCS MOAEJb MOrpy>KeHHOro atoma (EAM), KOTOpbIi SBNSETCS MHOTOYACTUYHbBIM MOTEHLMANOM,
4TO He0b6X0AMMO AN MOAENMPOBaHMA MeTanMyeckoi cea3u [28-32]. MNepeoe nokoneHnme EAM noTeHLManoB 0CHOBbIBANOCh
Ha NPOCTbIX aHAUTUYECKMX PYHKLMAX 3apSA0BOM NIOTHOCTU U SHEPIUM, UMetoLMX HU3MYEeCKMEe OCHOBAHUS B TEOpUM
dyHKUMOHana n1oTHOCTH [33]. YkasaHHble Bbile paboTbl AAOT NOTeHLMabl ONTUMU3UPOBAHHbIE TOMBKO Ha 06LIMe CBOMCTBA
MeTa/NoB, TaKMe KaK paBHOBECHAS MIOTHOCTb, SHEPIUS KOre3umu U ynpyrme KOHCTaHTbI NPU HOPManbHbIX YCI0BUSX BOIU3K
HYNeBOro AABNEHWUS U KOMHATHOM TeMnepaTypbl.

BONbLIMHCTBO MHTEHCMBHO MCMONb3YeMbIX COBpeMeHHbIX EAM noTeHumanos 6b1im pa3paboTaHbl 6e3 cBs3m ¢
TeopeTuyeCcknuMu NpeacTaBNeHUSIMU O MEXXATOMHbIX CMMIaX B TBEPAOM Tenie paau Toro 4ytobbl Nony4uTh 6onbLie cBoboabl Npu
NOArOHKE K 3KCMepPUMEHTA/IbHBIM AaHHbIM M MePBO-NPUHLMMHBIM KBAHTOBOME XaHWY €CKMM pacyeTaMm. [103ToMy 3Tu
noTeHLUManbl BTOPOro NokoneHus, uMetowme Gopmy Tabaumu, unm Habopa cniaiHoB, ABNSKOTCS 6onee TOYHbIMU B CBOel 061acTu
onpeneneHus, Yem paHee NpeaioXeHHble NOTeHUMANbI NepBOro nokoneHus. OgHako BHe 06nacTM NnapameTpos, rae
NpOBOAMNACH MOAFOHKA, NOTEHLMA bl BTOPOrO NOKOJIEHWS YacTo He CNOCO6HbI KOPPEKTHO ONUCATb CBOMCTBA BellecTBa.
Hanpumep, lWMpoko ncnonb3yemole noTeHumansl MuwmMHa Ansg anloMMHKUS 1 HUKens [34] 4OBOABHO XOPOLIO ONTUMU3UPOBAHbI
AN Manbix aeopMaLmii U pacTskeHui B6IM3M KOMHATHOM TeMnepaTypbl, HO NPUBOAST K HEBEPHOMY NOBEAEHMI0 CKOPOCTH
3ByKa CO OKaTUEM U BO3HUKHOBEHME YAAPHbIX BOJH Pa3rpy3ku B aNlOMUHUU U HUKeNe, YTO QyHAAMEHTaNbHO NPOTUBOPEYUT
3KCNEepPUMEHTaNbHbIM AaHHbIM. AHaNOrMYHbIe OrpaHUYeHUs No 061acTU NPUMEHEHUS XapaKTepHbl Ans 6onbwnHcTBa EAM
NOTEHLMANO0B BTOPOrO NOKOJIEHMS, BK/KOYAs NOTEHLMANbI 415 TYFOMIaBKUX META/O0B, HanpuMep Ans pyteHus [35,36].

MNockonbky MHTEpecyiowme Hac Gusmyeckme NpoLecchl NPOUCXOANAT B pe3yNbTaTe IKCTPEMaNbHbIX YC/I0BUIA, BbI3BaHHbIX
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CBepPXObICTPLIM IOKANM30BaHHbIM BblAeIEHUEM 3HEPTUM, TO AJ19 3aC/yKMBatoLWero Aosepus ML, MoaeMpoBaHUS 3TUX
npoueccoB He0bX0AMMbI NOTEHLUMANbI, pa3paboTaHHble CNeLuansHo 41 NPUMEHEHMS B LUMPOKOM AMana3oHe AaBAeHUI 1
TemMneparyp.

M3BecTHbI ABa 06LWMX METOAA NOATOHKM MeXaToMHbIX EAM noTeHLuanoB no nepBo-npuUHUMIHbIM 6a3aM JaHHbIX: MOArOHKa
3Hepruu [37] v noaroxka cun [38] (force-matching). MNpu noaroHke aHeprum paccuutsiBaeTcs Habop ab initio aHeprum ans
Pa3/IMYHbIX aTOMHbIX KOHPUIYpaLmii U COCTOSHUIA KpUCTanna. TOT Habop 06bIYHO Ha3bIBaT NOArOHOYHOM 63301 AaHHbIX.
3aTeM uMLLyTCS/NoAroHaTCs napameTpbl/ko3dduumneHTsl EAM noTeHumana Takmm 06pasoM 4To6bl MaKCMMabHO TOYHO
BOCMPOM3BECTU IHEPrum U3 6asbl AaHHbIX. AHANOTMYHAS CXEMA UCNOb3YeTCs NPY MOATOHKE NO CMMaM, TOSIbKO BMECTO
3Heprui paccymuTbiBaloTCa ab initio cunbl Mexay atoMaMu. YacTo Takke UCNob3yeTcs KOMOMHAUMS 3TUX ABYX METOAOB.

OCHOBHOM HEAOCTATOK TaKMX METOA0B NOAFOHKM COCTOMT B TOM, YTO aTOMHble KOHDUIypaLmuu, 3aHeCeHHble B 6a3y AaHHbIX,
He CBSI3aHbl C APYr APYroM KaknM-nMbo HenpepbiBHbIM HU3MYECKMM NPOLLECCOM, KaK HanpuUMep U30TepPMUYECKUM OKATUEM
WM U30XOPUYECKMUM HarpeBoM. TakuM 06pa3oM, BbibGpaHHbIe aTOMHble KOHOUIypaummn GU3ndeCcku Mano CBS3aHbl U CUIbHO
pa3bpocaHbl B MHOrOMe pHOM KOHGUIypauMOHHOM NPOCTPAHCTBE aTOMHbIX KOOPAMHAT, U HET HUKAKOM rapaHTuK, 4To AaxXe
naeanbHO NMOAOrHAHHbIM MEXaTOMHbIM NoTeHuman byaeT AaBaTb akKKypaTHbIE 3HEPrMn/Cunbl NPy aTOMHbIX KOHOUIypaumsax
3aMeTHO OT/IMYAKLLMXCS OT NOATOHOYHbIX. [1pM 3TOM Habop aTOMHbIX KOH(UIypaLuii 06bIYHO OrpaHUYEH HECKObKUMU
TbICSYAMK CUJ/IHEPIUIA, YTO SBHO HE ALOCTATOYHO AJ1 AOCTAaTOYHO MOTHOrO 3aMoHEeHUS BblGpaHHOM 061acTu
KOH®WIypaLMOHHOIo NPOCTPaHCTBA. B TakoM cnyyae, MOXeT BNOJIHE 0Ka3aTbCs, TaK YTO AaXKe uaeanbHO NOAOTHAHHbIV
noTeHuman npu Ml MogenMpoBaHMK BELLECTBA, CKAKEM NPU HernpepbIBHOM CKaTtuu, byaeT 4O0BO/BHO YacTo Nonagatb B
061aCcTV COCTOSAHMSA BELLECTBa, rAe UMEEeTCs HeA0CTaTOK MOATOHOYHbIX aTOMHbIX KOH(Urypauuii. B 3Tux cnyyvasx TOUHOCTb
noteHumana byneT pe3ko nNapathb, M AaXe He UCKIIYEHO NPosBieHMe Hedusndecknux/HeBepHbIX CBOMCTB BeLLeCTBa, Kak
Hanpumep yMeHbLUEHME XKECTKOCTU aMFOMUHUA U HUKENS CO C)KaTUEM, KaK YKa3aHOo Bbllle B C/ly4ae € noTeHumanamm MuwumHa
(npwm 3TMX CKaTMaX BbINO MCNONB30BAHO BCEr0 HECKO/bKO NOAFOHOYHbIX TOYEK C MaNbiMK BeCamu).

Mbl pa3zpaboTanu HOBbIM MeTOA NOArOHKM MO MEXaHWYeCKUM HaNpsSXKeHUsAM B XON0OAHOM Kpuctanne [23] (stress-matching).
JTOT MeToA, UMeET Liefbio KOHCTpyMpoBaHue EAM noTeHUManoB cneuyanbHO HaCTPOEHHbIX HA LOCTOBEPHOE
BOCMpOM3BeAEeHUE NOBEAEHUS MaTepUanoB B LUIMPOKOM AMana3oHe AaBneHuii u Temneparyp. B ocHoBe nocTpoeHus
NoAroHOYHOM 6a3bl AAHHbIX NEXMUT BbIBOP aTOMHbIX KOHbUIypaLmMi COOTBETCTBYIOLMX COCTOSIHUAM BELLECTBA, BO3HMKAIOLLMX
npu HenpepbIBHOM XONIOAHOM CKaTuu. TakuM 06pa3om, B 0CHOBe 6a3bl AaHHbIX NeXMT ab initio ypaBHEHWE COCTOSAHMS
BelLecTBa Npy abCONOTHOM HyNie TeMMepaTypbl, 3 UMEHHO KPUBasi XONOAHOro AaeneHus P(V) npu oagHOpoaHOM
CKATUM/PACTSIXKEHMM U KOMNOHEHTbI TEH30pa HaNpPsHXKeHUI (TEH30pa AaBNEHMI) NPU OAHOOCHBIX AedopMaLMaxX KpucTanna
BAOJ/Ib OCHOBHbIX KpucTannorpaduyeckmux ocei. Takoi BbI6op KOHOUIypaumii Ans NoAroHOYHOM 6a3bl 4aHHbIX rapaHTUpYeT,
4TO MOCTPOEHHbIM NoTEHUMaN 6yaeT NPaBUAbHO ONMUCbIBAaTb MEXaHWYECKUI OTK/IMK TBEPLAOrO TeNa Ha pa3/iMyHble
fedopmauum npu 6onbLMX CKaTUIX/pacTskeHusx. bonee Toro, rnagKoCTb NOTEHLMANBHON QYHKLMM U MOCTPOEHHbIX Ha HEM
XONOAHBIX KPUBbIX TEH30PA AABNEHUI FrapaHTUPYET XOPOLLEE COracue He TOJbKO C TOYKaMM U3 MOATOHOYHOM 6a3bl aHHbIX,
HO M MeX Ay HUMM BLOMb BCeX rnagkon 6asosow kpueor P(V). C yueToM TOro 4to TensioBas sHeprus 1 TenaoBoe AaBneHue
Masbl MO CPABHEHUIO C MOTEHLUMANBbHOM SHEPrMei B3aMMOoAeNCTBUS aTOMOB M XONOA4HbIM AaBNEHMEM B MIOTHOM
KOHAEHCMPOBaHHOM daze, TO MOXHO 0XKMAATb YTO NOTEHLMAN AACT TAKKe pa3yMHOe TepMOAMHAMUY ecKoe noBedeHne
BeLUeCTBa BM/OTb 40 TeMnepaTyp 6aM3KMX K KpUTUYECKON. 3aecCb HE06X0AMMO CKa3aTb, YTO UTHOPMPOBaHMeE HU3NYECKOro
yCI0BUS MOHOTOHHOCTM P(V) Nnpy 04HOPOAHOM MM OAHOOCHOM CXXaTUM XapakTepHo Ansg 60nbluMHCTBa paboT no paspaboTtke
MEXXaTOMHbIX NMOTEHLMANO0B.

TakuMm 0bpasom, BKIKOYEHME X0N0AHOr0 TeH30pa AasneHui P(V), BbiuncneHHoro DFT MeTonoMm, B nogroHouHyto 6asy
[aHHbIX SBNSeTCS HeobX0AMMBIM AN1s pa3paboTKM MOTEHLMANOB MEXATOMHOIO B3aMMOLE MCTBUS, UCMOMb30BaHUE KOTOPOro
MOXeT obecneyunTs NpeackasarensHom cunoi M, MoaenMpoBaHue CUABHO CKaTbiX/PacTAHYTbIX COCTOSHUI
KOHOEHCMPOBAHHOM Cpeapbl.

MWHUMU3aLMS OTKNIOHEHUS HAaNPSHKEHUI OT 6a3bl AaHHbIX OCYLLECTBASETCS KOMOMHMPOBAHHBIM METOA,0M, BK/IHOYAOLIMM B
cebd MeToA KaTawerocs MHororpaHHuka (downhill simplex algorithm) [39] u MeToa cnyyariHoro 6ayxaaHus.

HanaeHHbIM ToKanbHbIA MUHUMYM BO3MYLLAETCS BEKTOPOM C/ly4aitHOro CMEeLLEHUS, C KOTOPOro BHOBb HA4MHAETCA NMOUCK
HOBOTrO JIOKa/IbHOr0 MMHMMYMa. DTOT NpoLLeCC MOBTOPAETCS A0 TEX NOP, NMOKa NOMCK HAXOAMT Bce 6onee rnybokme NokanbHble
MWHUMYMbI 33 0TBeAeHHOe Bpemsl. [locne Toro, Kak rnybruHa BHOBb 0BHapYXXMBAEeMbIX JIOK/IbHbIX MUHUMYMOB He pacTeT B
TeyeHune NpUMEePHO Yaca, MOMCK OCTaHABIMBAETCS. 3aTeM NpoLeaypa NOBTOPSETCS C HOBbIMU HaYaNbHbIMK KO3 PULMEHTaMU
Npou3BO/IbHOrO Henatanornyeckoro EAM noteHumana. MNocne HeCKOMbKMX TaKMX NOMbITOK lyYLWniA Cpeam BCEX MOTEHLMAnN
CYMUTAETCS HAMAEHHbIM U NOUCK NpekpalaeTcs. ONUCaHHbIN Bbille NOCeA0BaTENbHbIM aNrOPUTM B AEWCTBUTENBHOCTH
peann30BaH B Halllel napannesbHoM NporpaMme NoUCKa, B KOTOPOM Kax bl MPOLECCop HE3aBUCUMO ULLET CBOM Nlyy LLIMIA
MMHUMYM, 3 MacTeP-NpPOLLECCOP CPABHUBAET UX M COXPaHSeT onTuManbHbIi. Micnonb3dya cotHu CPU, nporpamMma cnocobHa
ropasno noapobHee NpoCKaHMPOBaTb MHOTOMEPHOE NMPOCTPAHCTBO M HAUTU BapMaHT y4lue, YeM NocaeaoBaTeibHas
nporpamMma 3a oTBefeHHoe Bpems. Ho, gaxe Mcnonb3oBaHMe napannenbHoro NoMCKa He rapaHTUpyeT HaXoXaeHMs
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rno6anbHOro MMHUMMYMa, 33fa4a No NMOMCKY KOTOPOro KONIoCcanbHo TpyAHa. K cyacTblo, peleHune 3agaym rnobanbHoro nomncka
He 9BNSeTCs Hallen Lenblo.

Mpumepbl EAM noteHLManos, pa3paboTaHHbIX METOA0M NOATOHKM MO XONOAHbIM HaMNpPsKeHUSM, NpeAcTaBneHbl Ha Halle
CcTpaHuuke https://www.researchgate.net/project/Development-of-interatomic-EAM-potentials .

B naHHOM npoekTe Mbl cobupaemcs paspaboTaTb HOBbIM NOTEHLMAN MEXATOMHOI0 B3aMMOAENCTBUS PYTEHMSA C MOMOLLBIO
OMMCaAHHOr0 NOAXO0AA.
[ns noaroHouHoM 6a3bl HANPSHKEHUIM pyTeHUs 6yayT MCNOMb30BaHbl MakeTbl KBAHTOBO-MexaHunyeckux DFT (density
functional theory) Bbiuncnenuii VASP, Abinit, ELk v gp.

3) XapakTepuCTUKM KpeMHUS, 061y4eHHOro lasepoM
B 06nacti usyyeHus CBOMCTB KPEMHMUS NPU YIbTPAKOPOTKOM SIa3epHOM 06/1y4eHUN YyMEPEHHOM MHTEHCUBHOCTU O HOWM 13
0bcyaaeMbIX B HACTosILLEEe BpeMs 3343y SIBSIeTCS BO3MOXHOCTb MOCTPOEHUS ABYXTeMNepaTypHOro noTeHuMana
MEe>XaTOMHOr0 B3aMMO/EMCTBUS Ha OCHOBE NMOAX0A3a MOrPYXXEHHOr0 aToMa, YTo N03BONUAO0 Bbl NPOBOAUTL CTAaHAAPTHOE
MOAEeNMpOBaHME METOAO0M KIACCUYeCKOM MONEKYNSPHOM AUHAMUKM. ITOMY HanpaBNEHUIO UCCEA0BaHMI MOCBALWEH psa paboT
(A. Tamm, Phys. Rev. B, 94, 024305, 2016; C. Lian, Phys. Rev. B, 94, 184310, 2016; R. Darkins et al, Phys. Rev. B. 98, 024304,
2018). ®yHpaMeHTanbHoM NpobaeMoi, BCTaloWwe i Ha NyTM pa3paboTyMKOB, B 3TOM C/ly4ae CTaHOBUTCS HEOOX0AMMOCTb
BBEAEHMS LOMNOIHUTENIBHOMO YC/IOBUS COXPAHEHMUS NOIHOM SHEPTUM B TeYEHME MOLENMPOBAHMS, MOCKOJIbKY PacCMOTpeHMe
3NEeKTPOHHOM TeMMNepaTypbl B pacyéte Kak cBOOOAHOro napaMeTpa 6yaeT NPUBOAUTbL K HAPYLLIEHWIO TaKOT0 3aKOHa
COXpaHEHMUS.
Cpepnm ycnelwHbix paboT Ha 3TOM MyTW CTOWT Ha3BaTb HeJaBHO onybamMkoBaHHy paboTy R. Darkins, roe 66110 npeanoxeHo Ha
KaX[LOM Luare MonekynspHo-AMHaMUYEeCKOro pacyéTa A/l HOBOro pacnooXeHUs MOHOB NepeonpefensTb UOHHYHO
TenJ0NpPOBOAHOCTb, OTKA3aBLUMCh OT 3apaHee 334aHHOr0 ero 3Ha4YeHUs, YTO NO3BOIUT COXPaHUTb MOJIHYO SHEPIUI0, HECMOTPS
Ha TO, YTO SHEPrua INeKTPOHHOM 3HEPruKn ByaeT MEHATLCS B COOTBETCTBUM C 33,aHHOM 3aBUCMMOCTbIO TEMMA 3N1EKTPOH-
¢doHoHHOro TennoobmeHa. MNocneagHee 06CTOATENLCTBO ABASETCS C1AObIM MECTOM TaKOro NOAXO0A3, MOCKO/bKY 3apaHee
BblBEAEHHAas QYHKLMS COOTBETCTBYET TOMY noaxony (AnneH-LayHep), KOTOpbIi, N0 MHEHWUIO aBTOPOB, W TpebyeT NPOBEPKM.

B 06nacti npuMeHeHMs MeToia 3NEeKTPOHHOIO CMI0BOrO NOAS B 33Aa4axX A8 KpEMHUS MOXHO OTMETUTb HeaBHIOK paboTy
(P. L Theofanis et al, Phys. Rev. Lett., 045501, 2012), roe B pamMkax HOBOro noaxoaa bbiia paccCMOTpeHa 3agaya o npeaene
MeXaHWYeCKOW yCTOMYMBOCTU KPEMHMS, @ Takke Oblna paccyMTaHa ero TenIonpoBOAHOCTb.

M) Hosble noaxodbl K pacyeTtam Ko3dhdUUMeHTa SNeKTPOH-MOHHOr0 B3aUMOAENCTBUS B MeTanax

CoBpeMeHHble pacyéTbl 31eKTpOH-(hOHOHHOTO B3aMMOAENCTBUS, Takmne Kak npoBeAéHHble V. Recoules ang 30n10Ta, noyymnm
3KcnepumeHTansHoe obocHosaHue (R. Ernstorfer et al, Science, 323, 1033, 2009), nOCKONbKY aHaNM3 UHTEHCUBHOCTYH
OTPaXEHHOrO PEHTTEHOBCKOMO U3/ly4YeHMs CO BpEMEHEM HE A0MYCKAET TaKOW MHTepnpeTaLmm, Npu KOTOPO GOHOHHbI
CMNeKTp KpUcTania 3010Ta 6b1/1 6bl HE U3MEHEH U, HANPOTUB, XOPOLLO OMNUCHIBAETCS, €C/IU NMPUHATL BO BHUMAaHWE pe3ynbTaThl
pacuéTos (V. Recoules et al, Phys. Rev. Lett, 96, 055503, 2006). Bnocnenctamu 3707 3pPeKT B pacy€Tax 6bin 06HapyxeH
Takke gnga meam (D. V. Minakoy, P. R. Levashov, Phys. Rev. B. 92, 224102, 2015). B nnaHe ncnonb3oBaHus Noay4YeHHOM Ans
(OHOHHOrO cnekTpa MHhOpMaLmm CTOMT OTMETUTL paboTy flHa Popbeprepa (J. Vorberger et al, Phys. Rev. X, 6, 021003, 2016),
r4e Ha npuMMmepe anloMUHKUSA BnepBble Bbln NpoBeAeH pacy €T 3aBMcsALen oT AByX Temnepatyp GyHKumm dnnawbepra.

K coxxaneHuto, aBTopbl UCNOMb30BaNM NS UHTEPrIpeTaLMM AaHHbIX 3KCNEPUMEHTA HELOCTAaTOUHO TOYHYIO MOAEb
LBYXTEMMNePATypPHOM rMAPOANHAMMKM, KOTOpas Bblna HeobxoamMa 4Nns BOCCTAHOBAEHUS INEKTPOHHONM TeMneparypbl,
COOTBETCTBYHOLLENM KaxA0M Touke. [ToaToMy oTinume nonyyeHHbix asTopamu (J. Vorberger et al, Phys. Rev. X, 6, 021003, 2016)
pe3ynbTaToB OT UHbIX M3BECTHbIX MCTOYHMKOB (Z. Lin, L. Zhigilei, V. Celli, Phys. Rev. B., 77, 075133, 2008; Yu. V. Petrov, N. A.
Inogamov, K. P. Migdal, JETP Letters, 97, 27, 2013) He MoxeT 6bITb OLLHO3HAYHO UCTONKOBAHO KaK MNPeVMYLLECTBO HOBOMO
noaxona.

M3yuyeHune BAMSHMA INEKTPOHHOM TeMnepaTypbl Ha 3NEKTPOHHbIN cnekTp 6b1a10 npoBeaeHo B paboTtax rpynnsl A. Ng (Z. Chen
etal, Phys. Rev. Lett. 110, 135001, 2013; B. Holst et al, Phys. Rev. B. 90, 035121, 2014). /3BecTHas Mmoens AnneHa-[layHepa B
npeLnoXeHHbIX aBTOPaMu YNOMSIHYTbIX 34eCb paboT Hblia LONONMHEHA 3aBUCMMOCTbIO 3IEKTPOHHOTO CNeKTpa 30/10Ta OT
TeMnepartypsbl. BenMumnHa KOHCTaHTbl 31EKTPOH-POHOHHOr0 TenNI006MeHa Takke onpeaensanacb NepBonpUHLMMIHBIM NYTEM -
MeTOA0M 3aMOPOXEHHbIX POHOHOB. OHAKO B 3TOM CJ/ly4ae y4yeTa 3NeKTPOHHOI0 HarpeBea He MPOBOAMOCH, YTO MaBHbIM
006pa3oM OTMuaeT yKasaHHble 3aecb paboTbl OT NpeaniaraeMbix aBTopamu. MonyyeHHas 419 30/10Ta 3aBUCUMOCTb 3EKTPOH-
¢doHoHHOro TennoobmeHa B pabote (B. Holst et al, Phys. Rev. B. 90, 035121, 2014) okasanocb 6a13K0¥ K NOAy4YeHHOM paHee
(Z. Linetal, Phys. Rev. B. 77,075133, 2008), 4TO roBOp/T O TOM, 4TO NpPsSIMOE BINSIHWE NWLLIb U3MEHEHUS SNEKTPOHHOIO
CMNeKTpa Ha 3NeKTPOH-(HOHOHHbI TENN006MEH HEeBEMKO, HO MPU 3TOM HUKAK HE M3yYeH BOMPOC O ONOCPEL0BAHHOM BAUSHUM
3N1EeKTPOHHOM NOACKCTEMBI Yepe3 U3IMEHEHME YKe POHOHHOIO CNEKTPA C HAarpeBOM 3/71EKTPOHOB.
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Ha aH2nUlicKoM S13bIKe
A) Spatially distributed heating due to a combination of plasmon and laser EM fields
Plasmonics is an important branch of modern physics, which has significant applications today and many promising
applications for the future. It generates great interest among many groups (see the example in section 4.2 with the
METANANO conference).

Another major direction is connected with laser technologies that use the laser heating, melting and thermomechanical
effects. All listed tasks from Ato G refer to this scientific direction. Generally speaking, plasmonics and laser
thermomechanics develop independently, since the used theoretical methods differ fundamentally.

Ourwork on task A is aimed at creating a bridge between these two scientific fields.

Scientific competitors. The first works approaching this direction were performed in recent years. But they refer to the
melting of nanoparticles in colloids, which is far from our task.

The closer to us work is performed by the group headed by Prof. Jean-Philippe Colombier from University Jean Monnet
Saint-Etienne, Laboratoire Hubert Curien and Dr. R. Stoian - head of the Laser-matter interaction group at the same university.
They consider thermal and hydrodynamic effects along with plasmon fields, but in dielectrics. These studies are mainly
focused on the analysis of periodic structures like laser induced periodic surface structures (LIPSS) in the bulk and on the
surface of dielectric materials.

B) Effect of vortex beams

This direction appeared relatively recently from the works [5] in the list of references to p. 1.4. It is currently divided into two
sub-directions. In the first one, the beam diameter on the target is of the order of the wavelength. Here they are interested in
the central feature of the structure in the form of a spiral elevation, see fig. 2 in the attached p. 4.13 file 1. This sub-direction
belongs to our task B.

On the second sub-direction, the diameter of the vortex beam on the target is large — many wavelengths fit on the
diameter. They are interested in the usage of multiple pulses and the formation of spiral structures like LIPSS (laser induced
periodic surface structures) on the surface. A conventional (non-vortex) large-diameter beam produces a system of periodic
crests (like frozen sea wave). The direction along the ridges is perpendicular to the polarization vector of the laser
electromagnetic wave. For a wide vortex beam, the direction of polarization changes inside the spot from point to point.

Accordingly, the ridges are fancifully turned. In such studies, the most advanced group is one headed by Prof. Salvatore
Amoruso from Neapolitan University of Naples Federico Il University . But this filed is far from our task B.

() The formation of nanoparticles during ablation into a liquid.

The active scientific work is observed in this direction. It is considered promising with the possibilities of substantial
commercialization. Basically, as it can be seen from recent reviews [12] to Section 1.4, the lasers physicists and chemists are
involved to such work. They enumerate the parameters of laser exposure, targets (pure substances, alloys, laminates) and
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ablation-receiving fluids (inorganic and organic, salt solutions). At the same time, fundamental issues remained unresolved
yet due to the complexity of the processes.

The final stage of the process, when the bubble is clearly visible, has been studied in detail both in experiments and
theoretically. The last work of this kind is [13] cited in the Llist of references to Section 1.4. This is the work of David Amans
from Claude Bernard University Lyon 1. The theory relies on integrating the Rayleigh-Plesset equation. Bubble observations
in [13] start from several microseconds, while the duration of the applied laser pulses varies in different experiments from
subpicoseconds to nanoseconds. The “invisible era” in the experiments remains at times shorter than a microsecond.

About five years ago [1], the first works [1-5] appeared that shed light on the initial stages. The most significant contributions
are made by the Povarnitsyn’s group from JIHT RAS [1], and T.E. Itina [1] from Laboratoire Hubert Curien, Université de Lyon,
Université Jean Monnet, and Prof. LV. Zhigilei [2,4] from the University of Virginia. At present, studies have only been
performed with ultrashort laser pulses (on the order of picoseconds or less). Evolution is tracked over the first few
nanoseconds after exposure. In our work [3,5], the process is brought to a record of 0.2 microseconds, which, however, is still
far from the bubble stage.

Assignificant achievement of the works [2-5] is the study of hydrodynamic stability at the contact zone between the metal
and the receiving liquid. It is shown that under conditions of ultrashort pulses, the Rayleigh-Taylor instability develops due to
the braking of a heavy metal by a liquid. This leads to the penetration into the liquid of rather large nanoparticles with
dimensions of the order of a dozen nanometers.

As mentioned in the preceding paragraphs, the project will follow the complete evolution of the flow from the initial stage
to the formation and dynamics of the micro-bubble. The effect of the pulse duration over the entire range of applied
fluences will be studied. Such work requires detailed information about the fluid. This will be done with the example of
water. Reference data on the thermal conductivity of water and the equation of state that covers the entire range of
compressions and expansions of water from the Hugoniot adiabat to the two-phase region will be used. Note that in previous
studies, the simplified descriptions of water were utilized.

D) Laser fragmentation of liquid droplets and jets

The great interest arose to laser-induced fragmentation of tin drops or a mixture of tin with iridium in connection with the
program for creating photolithographic machines operating with extreme ultraviolet light (EUV) or a soft X-ray. The
customers are ASML (Holland, https://www.asml.com/asml/), the University of Twente (Holland) and the Institute of
Spectroscopy of the Russian Academy of Sciences in Troitsk. The site ASML says that the company began selling EUV systems
recently. The machine is called NXE: 3400B system. EUV systems use 13.5 nm shortwave light. Accordingly, the diffraction
Llimit decreases and the packing density of elements on the chip increases. However, it is necessary to work in vacuum, and
not in a liquid, as in the case of DUV (deep ultraviolet), and to use X-ray multilayer mirrors as optics; review of works on
multilayer coatings is given in [6].

Another problem of phenomena, induced by the X-ray laser pulses to expose a droplet of water, arises in connection with
the work [14] of Prof. Claudiu Stan, cited in Section 1.4. Their group will provide experimental data with which our numerical
simulation will be compared. Prof. Claudiu Stan’s group conducts experiments on free electron lasers (Linac Coherent Light
Source, SACLA, FEL FLASH to DESY). This is a fundamental study of the initial stages of phase transitions associated with the
generation of nuclei of a new phase. Moreover, X-ray lasers with an ultrashort pulse are involved into research. Such a pump
pulse drives the substance motion in the target, while a subsequent diagnostic (probe) pulses probe the evolution of a
substance at the micrometer-sized scale. The research includes diffraction measurements at a frequency in units of MHz of
the X-ray laser pulse repetitions. Experimental capabilities are the most advanced in his group.

E) Ablation of refractory metals

The phenomenon of laser ablation has long been known. There are two regular international ablation conferences: HPLA
(high power laser ablation, https://www.usasymposium.com/hpla) and COLA (conference on laser ablation,
https://cola2017.sciencesconf.org/, https: / /cola2019.0rg/). However, this topic is also presented at other international
conferences: for example, ICPEPA or FLAMN. Laser ablation of simple metals has been the subject of many papers. Today, the
specificity associated with ultrashort pulses, when thermomechanical effects play an important role, is well recognized.

But there are complications. They belong to the so-called "non-standard” metals, X-ray lasers and irradiation at small sliding
angles. Such irradiation is used in X-ray mirrors in the case of a hard X-ray. This is necessary to increase the reflection
coefficient. Such a task will be solved in the project. Our "non-standard” material is ruthenium. The situations formed by a
femtosecond pulse generated by lasers will be analyzed. The range of electromagnetic wavelengths is considered: optics -
soft X-rays - hard X-rays.

There are groups that systematically apply hard X-rays for heating purposes (for example, [14], in Section 1.4) or diagnostics
(same [14], and [7] here) or check the hard radiation coming from rapidly hot targets [8]. The soft x-rays are used for sensing
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in work [9] (in references to Sec. 4.1). Ref. [9] gives a review of the research done by late Anatoly Yakovlevich Faenov on the
ablation of metals and dielectrics with soft X-rays.

The applied aspect of the problem under study is described in [10]. The application of the Monte-Carlo/XCASCADE (3D)
code describing the kinetics of photo-ionization, in conjunction with the two-temperature model (but without the movement
of material), is presented in [11]. The two-temperature model of ruthenium (without hydrodynamics) is analyzed in [12]. In
our project the complete task will be solved, i.e. taking into account both purely thermal and hydrodynamic effects. This will
allow us to solve the issue of ablation thresholds and with comparison with experiments.

F) Laser melting of powders

The project will explore the most important part of the modern cutting-edge technology called as 3D printing. At present,
this popular technology is expanding rapidly; several generations of automated machine tools have been created. The
printing consists of several linked steps. First, a project of the future product is created in the computer-aided design (CAD)
system. Then the product is dissected into thin sections 50-200 pym thick in the same 3D system. Secondly, a flat horizontal
layer of micro-powder is formed in a horizontal bath. Finally, thirdly, the laser beam, adjustable by mirrors, melts the powder
particles. The melting contour, along which the laser beam moves, is specified by a computer according to the sections
specified in the CAD program.

The most complex and poorly studied link is associated with the physics of laser melting and recrystallization of micro-
powder. A significant study is required in this field. This is mainly an experiment [13,14]. In numerical approaches, researchers
use finite-difference methods or the finite element method [15]. Our project is based on a physical model and collectively
developed programs with Lagrangian hydrodynamics, molecular dynamics with Monte Carlo method for electron thermal
conductivity, and SPH code, which is specially adapted to describe 3D situations with complex geometry (powders, porous or
layered media).

G) Computational physics, large-scale high-performance numerical simulation
Our team constantly leads the improvement of numerical tools, see, for example Ref. [15] in Sec. 1.4. In this project, because
it is necessary to improve those tools for solving the above physical problems.

(Subsection G-1: Two-temperature hydrodynamics)

The hydrodynamic code in Lagrangian variables was created in our team 15 years ago. It is based on the well-known scheme
suggested by Samarskii and Popov [48]. The scheme was drastically modified to match the laser effects with femtosecond
pulse durations. With such an impact, it is necessary to take into account the strong excitation of the electronic subsystem.
With our laser intensities (with an absorbed energy greater than 1 mJ/cm?2), the electron-electron relaxation ends in a time
shorter than the pulse duration.

Therefore, the electron subsystem can be described as a thermodynamically quasi-equilibrium system with an effective
electron temperature Te. The concept of internal separation into the electronic and ion subsystems was created at one time
in the pioneering work [49]. This work helped to realize the fundamental difference between the effects of nanosecond (ns)
and femto-picosecond (fs-ps) pulses. In ns pulses, the target substance evaporates or, at higher energies, a plasma corona is
formed. Whereas at the fs-ps range, the thermomechanical effects in the condensed phase prevail. Thus, the physics of laser
effects on materials changes qualitatively.

After creating a way to form ultrashort pulses with a compressor and stretcher (Gerard Moore and Donna Strickland, 1985),
the era of the most active applications of these pulses in various applications (the Nobel Prize in Physics for 2018, the creation
of tools from light) began. The researchers, who used ultrashort pulses, tried to first explain the effects of exposure using the
then usual ideas applicable for ns pulses. Nothing worked. Only after using the ideas and approach of [49] (published 11 years
before the work of Moore and Strickland, 1985) it became clear what was happened.

So, the physics of two-temperature states was added to the scheme [48]. The energy balance was split into two balances —
the energy equations for the electron and ion subsystems, written separately. Then, the work began on establishing and
building state equations in two-temperature conditions, calculating the thermal conductivity coefficient in two-temperature
conditions, and determining the coefficient controlling the rate of energy exchange between the electron and ion
subsystems in a condensed-phase material. Currently, our hydrocode is quite close in spirit to that developed in the JIHT RAS,
in the Povarnitsyn’s group [1].

Unfortunately, there is no universal recipe for this information. Each metal requires independent research. Moreover, the
coefficients differ strongly from one group of metals (noble) to another (for example, iron, nickel, platinum), see [50] and
references in this work. The ability to use the tabular equations of single-temperature states prepared by colleagues from
JIHT RAS [51-55] has been added to our hydrocode. Creating equations of state is a very important work.

The two-temperature hydrocode needs to be improved for each specific application. The code modification for the
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calculation of subnanosecond actions was completed this year; see the second article in reference [6] to Sec. 1.4. The project
will carry out the works on expanding calculations for nanosecond pulses and record-breaking times (up to ps). Acomplete
equation of the state of water will be added to the hydrocode, which, as stated in this proposal, will cover a wide range of
water states from double compression on the Hugoniot curve to rarefaction up to hundredths of the atmosphere of two-
phase mixtures. In our previous work with water, the Griineisen adiabat was used, see [6] to Sec. 1.4. A block for calculation
of ruthenium will be also added in this project.

(Subsection G-2: Molecular dynamics)

In the last decade, the rapid growth of available computing resources made it possible the atomistic modeling of large
systems having dimensions of several micrometers, which is approaching the scale of experiments with the influence of
femtosecond lasers on films of micrometer thickness. Thus, straightforward molecular dynamic (MD) simulation of a variety
of laser-induced phenomena, including shock-wave phenomena, elastic-plastic transformations and phase transitions in
materials under the action of high-speed deformations, has become possible [16-27]. At present, MD studies of such
phenomena on a class of multiprocessor computers (available to us) can be performed on micrometer-sized samples within a
few nanoseconds of the physical time of the process in a sample for a reasonable wall-clock time.

We use our own multiprocessor high-performance classical molecular dynamic simulation program with efficient
parallelization. The scheme was first introduced in [45]. The method is named: material particle - dynamical domain
decomposition (abbreviated MPD 3) method. Note that, following similar principles, we developed an effective high-
performance algorithm for SPH (Smoothed Particle Hydrodynamics, see the next subsection for reference) simulation, see
the description in [15] in the Llist of references to Sec. 1.4. At present, the corresponding code is called CSPH-VD3 (Voronoi
dynamical domain decomposition), since, like MPD3, it is based on three-dimensional decomposition of material samlpes
into moving Voronoi subdomains, see detailed description below in the next subsection G-3.

Relatively recently, the MD program has been combined with a Monte-Carlo (MC) module for the calculation of electronic
thermal conductivity. As it is known, in metals the electron thermal conductivity is much higher than the thermal conductivity
associated with the thermal motion of ions. In our combined MC-MD code, each ion carries a quasi-electron with which it
exchanges their momenta [46]. Random exchanges of electrons between neighboring ions at a given rate preserve the
electro-neutrality of the material and allow the electron energy to diffuse through the grid of ions. Dips of density and
discontinuities in material naturally reduce the coefficient of electronic thermal conductivity. Thus, the MC module allows
you to correctly simulate the distribution of heat in metals and mesoscopic structures such as metal foams, and in particular
the propagation of the melting and recrystallization fronts in such complex environments, that it is very difficult to achieve by
the popular combination of MD with a mesh method for the problem of heat conduction [2, 4, 16].

(Subsection G-3: SPH)

Parallel modeling of non-stationary problems of continuum mechanics in extreme states characterized by significant
pressure and velocity gradients, free surfaces and contact density discontinuities is faced with the problem of efficient use of
computational resources due to the lack of a high-performance parallel processor with rapid changes in the spatial
distribution of matter. Under these conditions, approaches using a static spatial decomposition of the computational domain
(for example, LAMMPS: Large-scale Atomic/Molecular Massively Parallel Simulator) cannot provide an acceptable parallel
calculation efficiency, since the distribution of the payload determined by the computational cost of calculating the motion
of a substance is not tied to this movement.

We successfully develop an efficient load balancing algorithm and create a parallel program for large computational
clusters that can evenly and maximally load available processors with useful work, and thereby ensure a high parallel
efficiency of computation of hydrodynamic problems characterized by high-speed motion of matter and its fast redistribution
[15] to Section 1.4.

Such tasks include modeling the proposed tasks of this project, in particular the laser effect on heterogeneous media and
the calculation of the passage of the melting front along the mesostructure of the granular medium (powder), see the project
text. Also in demand is effective parallel modeling of the problem of fragmentation of droplets and jets after irradiation with
a light pulse (see project text), impact destruction of fragile materials [47], and high-speed collision of bodies.

Using the meshless SPH method [40], improved by solving the Riemann problem for interacting SPH particles [41], is
preferable to use the mesh methods for modeling the processes listed above, which are very difficult to accurately resolve
contact and free boundaries (for the Eulerian formalism) building mobile adaptable grids with Lagrangian medium
description.

Solving the problem of uniform distribution of computational work between threads, processes or processor cores of a
computer cluster is the key to building an effective parallel program. For the above problems of hydrodynamics, this task
reduces to an optimal distribution of computational work between processors, i.e. to the decomposition of the simulated
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material samples between processes. In this case, even decomposition is a necessary, but not sufficient condition for
optimality, since the exchange of information between processes is determined by the number of interacting particles that
are in different processes. These particles are distributed in the volume of the border strip between the processes in the case
of spatial decomposition of the medium and provide interaction between adjacent areas of the medium belonging to
different processes.

A frequently used method of spatial decomposition is the method of division into parallelepiped subregions [42,43]. Under
conditions of spatial inhomogeneity of the particle density, such a division can be performed recursively, by the method of
orthogonal recursive bisection [44]. The idea of the method is simple: a rectangular area is recursively divided into two parts
along the long side, so that each has an equal number of particles. Borders between rectangular subregions are planes
parallel to the axes of coordinates. Balancing is carried out through the mobility of these planes separating the subregions.
But with rebalancing, connectivity between processes can change significantly. Since the subdomains have a different
number of neighbors, the reorganization of the decomposition requires multiple particle exchanges. This method of
decomposition does not take into account the mixing of particles. All this, taken together, increases the calculation time due
to significant exchanges of particles located in the frontier bands between the processes.

For a more efficient dynamic load balancing, we developed and use the method of dynamic decomposition of the material
samples (not the space of the computational domain) into moving Voronoi subdomains [15] to Sec. 1.4. Voronoi
decomposition is uniquely defined by a set of generator points of the Voronoi diagram, where each point of the diagram
corresponds to one computational process. The particles closest to the point-generator of the Voronoi subdomain are
contained in the memory and updated with the corresponding process responsible for this subdomain. The mobility of the
Voronoi diagram is carried out through the mobility of generator points, since their position is associated with the movement
of the particles belonging to them. Loads of individual subdomains may vary in time, and the reason for which are the
following factors. First, in the Voronoi subdomain, the number of particles can vary both for algorithmic reasons
(fragmentation and merging of particles, adjusting the chart boundary due to a shift in the center of the diagram), and for
physical reasons: according to changes in the density distribution and/or discontinuity of the environment surrounding point
generator. Secondly, and this is very important, the physical processes inside each of the particles are local, which means that
they can be calculated by their specific algorithms of different time consuming.

These factors lead to the fact that the sets of SPH particles in each Voronoi subdomain are processed at different times,
which means that the processes are unevenly loaded. Therefore, the positions of the generator points are additionally shifted
by the balancing displacement [45], redistributing the boundary particles from one region to another, which equalizes the
computational load. Such an algorithm for load-balancing Voronoi decomposition is used together with the SPH-method for
modeling problems of continuum dynamics for the first time.

The Voronoi auto-balancing decomposition algorithm allows one to naturally take into account the mass redistribution in
the computational domain during the simulation. The algorithm is able to adapt to arbitrary flows with a minimal exchange of
particles between cells, without requiring the preservation of connectivity between the Voronoi diagram generators. Data
exchange between the subdomains of the diagram is localized pair-wise communication; at the same time, the surfaces
through which the exchange takes place are usually smaller than in the methods with block (by parallelogram)
decomposition of the region. Balancing decomposition is fully adaptive and to maximize the efficiency of the calculation
does not require its rebuilding from scratch.

Decomposition according to Voronoi method with load balancing does not have the drawbacks characteristic of static
decomposition or dynamic with bisection methods noted above. The experience of our calculations shows that the geometry
of the sundomains tends to a cellular structure that has a minimum volume of border zones. Maximizing the load reduces the
number of particles to be exchanged. The Voronoi subdomains also tend to an equal number of subdomains-neighbors, and
the connectivity of the subdomains is not fixed and may change, following the mutual movement of the substance. Changing
connectivity in this case is a local process that does not require massive communication between all processes. All
communications between subdomains are carried out only within the circle of their nearest neighborhoods. Thus, despite the
fact that the Voronoi decomposition is more difficult to program than the methods described above, it has indisputable
advantages in solving problems of continuum mechanics in extreme states.

(Subsections G-4, 5: Development of potentials using cold stresses from DFT calculations)

The potentialities inherent in atomistic modeling are so great that they can lead to a deeper understanding of various physical
phenomena caused by high-speed deformation, which can be caused by ultrafast release or energy transfer in metals under
the action of a laser pulse, electrical discharge or shock wave front. All such effects on materials create extreme pressure
gradients (~ 1 GPa/nm) and temperatures (~ 100 K/nm), which lead to complex highly non-equilibrium flows of matter with
possible phase transitions and discontinuities in the form of bubbles and cracks. It is worth noting that, in contrast to MD,
approaches based on continuum mechanics and the equation of state, which are widely used in modeling, are internally
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unable to describe the physics of all various high-speed nonequilibrium processes, such as cavitation, cracking and spalling,
dislocations, and elastic-plastic transformations, as well as the kinetics of nonequilibrium phase transitions. Nowadays, the MD
method is becoming a serious competitor to hydrodynamic methods in modeling phenomena, where large gradients of
physical quantities arise, leading to rapid deformations and transformations of matter.

The reliability of the interatomic potential used in such extreme conditions is a critical requirement necessary for the
predictive power of MD simulation. One of the most successful approaches for MD modeling of metals is the embedded
atom model (EAM), which is a multi-body potential that is necessary for modeling a metallic bond [28-32]. The first
generation of EAM potentials was based on simple analytical functions of charge density and energy, which have physical
bases in the density functional theory [33].

The above works gave potentials that are optimized only for the general properties of metals, such as equilibrium density,
cohesive energy, and elastic constants under normal conditions near zero pressure and room temperature.

Most of the intensively used modern EAM potentials were developed without regard to theoretical ideas about interatomic
forces in a solid body in order to gain more freedom for fitting to experimental data and first-principle quantum mechanical
calculations. Therefore, these second-generation potentials, having the form of tables or a set of splines, are more accurate in
their ranges of definition than the previously proposed first-generation potentials. However, outside the range of parameters
where fittinf was carried out, the potentials of the second generation are often not able to correctly describe the properties of
a substance. For example, the widely used Mishin potentials for aluminum and nickel [34] are fairly well optimized for small
strains and strains near room temperature, but lead to incorrect behavior of the metal with strong compressions of tens of GPa
and higher. In particular, there is a decrease in the sound speed with compression and the appearance of rarefaction shock
waves in aluminum and nickel, which fundamentally contradicts the experimental data. Similar restrictions on the field of
application are typical for most EAM potentials of the second generation, including potentials for refractory metals, for
example, for ruthenium [35,36].

Since the physical processes of interest to us occur as a result of extreme conditions caused by ultrafast localized energy
release, then for credible MD simulation of these processes, potentials are needed that have been developed specifically for
use in a wide range of pressures and temperatures.

There are two common methods for fitting interatomic EAM potentials based on first-principle databases: energy matching
[37] and force matching [38]. When the energy is adjusted, the set of ab initio energies is calculated for various atomic
configurations and crystal states. This set is commonly referred to as a fitting database. Then, parameters/coefficients of the
EAM potential are searched/adjusted to reproduce the energy from the database as accurately as possible. A similar scheme is
used for fitting by forces, for which ab initio forces between atoms are calculated. A combination of these two methods is
often used also.

The main disadvantage of such fitting methods is that the atomic configurations entered into the database are not related to
each other by any continuous physical process, such as isothermal compression or isochoric heating. Thus, the selected
atomic configurations are physically poorly connected and strongly scattered in the multidimensional configuration space of
atomic coordinates, and there is no guarantee that even a perfectly fitted interatomic potential will give accurate
energies/forces in atomic configurations that are noticeably different from the fitted ones.

At the same time, the set of atomic configurations is usually limited to several thousand forces/energies, which is clearly not
enough for sufficiently dense filling of the selected region of the configuration space. In such a case, it may well turn out, so
even ideally fitted potential in MD simulation of a substance, say, with continuous compression, will quite often fall into the
state regions of a substance where there is a shortage of adjustable atomic configurations. In these cases, the accuracy of the
potential will fall sharply, and even non-physical/incorrect properties of the substance, such as a decrease in the rigidity of
aluminum and nickel with compression, are not excluded, as indicated above in the case of Mishin potentials (with these
compressions only a few adjustable points with small weights).

We have developed a new stress matching method [23]. This method aims to design EAM potentials specifically tuned for
reliable reproduction of the behavior of materials in a wide range of pressures and temperatures. The basis for constructing a
fitting database is the choice of atomic configurations of substances corresponding to the states that arise during continuous
cold compression. Thus, the database is based on the ab initio equation of state of matter at absolute zero temperature,
namely the cold pressure curve P (V) under uniform compression/tension and components of the stress tensor (pressure
tensor) under uniaxial crystal deformations along the main crystallographic axes. Such a choice of configurations for a fitting
database ensures that the potential will correctly describe the mechanical response of a solid to various strains with large
compressions/strains. Moreover, the smoothness of the potential function and the cold pressure tensor curves constructed on
it ensures good agreement not only with points from the fitting database, but also between them along the entire smooth
cold curve P(V). Taking into account the fact that thermal energy and thermal pressure are small compared with the potential
energy of the interaction of atoms and cold pressure in the dense condensed phase, it can be expected that the potential will
also give a reasonable thermodynamic behavior of the substance up to temperatures close to critical. It must be said here that
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ignoring the physical monotonicity condition for P(V) under uniform or uniaxial compression is characteristic of most of the
works on the development of interatomic potentials.

Thus, the inclusion of the cold pressure tensor P(V) calculated by the DFT method in the fitting database is necessary for the
development of interatomic interaction potentials, the use of which can provide the predictive power of MD modeling of
highly compressed/stretched states of a condensed material.

The minimization of the stress deviation from the database is carried out by the combined search method, which includes
the rolling polyhedron method (downhill simplex algorithm) [39] and the random walk method.

The found local minimum is disturbed by the vector of random displacement, from which the search for a new local
minimum begins again. This process is repeated until the search finds deeper local minima in the allotted time. If the depth
of the newly detected local minima does not increase for about an hour, the search stops. Then the procedure is repeated
with new initial coefficients of an arbitrary non-pathological EAM potential. After several such attempts, the best potential
among all is considered to be found and the search is completed. The sequential algorithm described above is actually
implemented in our parallel search program, in which each processor independently searches for its best minimum, and the
master processor compares them and keeps the best one. Using hundreds of CPUs, the program can scan multidimensional
atom coordinate space in much more detail and find a better option than a sequential program in the allotted time. But even
the use of parallel search does not guarantee finding a global minimum, the task of finding which is tremendously difficult.
Fortunately, solving the global search problem is not our goal.

Examples of EAM potentials developed by the cold stress fitting method are presented on our page
https://www.researchgate.net/project/Development-of-interatomic-EAM-potentials.

In this project we are going to develop a new potential for interatomic interaction of ruthenium using the described
approach.

For the fitting base of cold stresses in ruthenium, the packages of quantum mechanical DFT (density functional theory)
calculations of VASP, Abinit, ELk, etc. will be used.

H) Characteristics of laser irradiated silicon

Considering the calculation of electron heat conductivity in the framework of the first-principles methods with the Kubo-
Greenwood formula, it should be noted that it is completely solved only in the case of such a simple metal as aluminum (D.
V. Knyazeyv, Phys. Plasmas, 21 (073302), 2014). To this date, there are some works on the extension of this approach to other
metals, including transition and noble, which have a lot of valence electrons that require a direct description in quantum
mechanical calculations. In our case, we are talking about silicon, the electronic structure of which is not so much
complicated in the sense of a number of valence electrons. The only problem that arises when describing semiconductors, in
this case, is the strong deviation from the homogeneity of the electron gas due to the presence of directional bonds between
silicon ions. However, a number of authors (R. Darkins et al, Phys. Rev. B. 98, 024304, 2018) have shown that a good
description of the electron structure of silicon in the solid state can be achieved using hybrid functionals within the density
functional theory.

Thus, the authors rely on the applicability of the discussed approach with respect to silicon. Calculations of heat conductivity
by various approaches within the framework of the classical molecular dynamics method, such as the Green-Kubo approach,
nonequilibrium molecular dynamics, were repeatedly performed for silicon, but only for some of its states, mainly for
amorphous phases lying between 1300 and 1700 K. In this work the goal is to study the state of the liquid phase of silicon up
to temperatures corresponding to the formation of a fluid, which experimental study is still difficult.

[) New approaches to calculations of the constant of electron-ion interaction in metals

Calculations of electron-phonon heat transfer in the Allen-Downer approach, as mentioned above, are carried out using the
electron-phonon interaction constant defined in the equilibrium case and at ultra-low temperatures. Thus, the originality of
the proposed calculations should be attributed to the conditions that are directly observed in the ultrashort laser irradiation:
high electronic temperatures exceeding the temperature of the lattice / ions. The possibility of such calculations comes from
the suggestion to use the density functional theory, which allows setting the electron temperature regardless of the lattice
state. The correct determination of the phonon spectrum will require several tens of atoms in the computational cell
described in periodic boundary conditions, which is quite consistent with the current performance of the existing
supercomputers which has been constructed in Russia.
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4.6. NpepnaraeMble MeTOAbI M NOAXOABI, 061WMIA NNaH paboTbl HA BECb CPOK BbIMOJIHEHUS MPOEKTA U OXKMAAEMbIE pe3y/bTaTbl
(0bbeMoM He MeHee 2 cmp.; 8 MOM YUC/IE YKA3b6I8AOMCS OXHUOAEMbIE KOHKPEMmHble pe3ynbmamsl no 200am,; obwud naaH daemcs ¢
pazbuskoli no 200am)
Ha pyCcCKoM si3biKe

A) MpocTpaHCTBEHHO pacnpeeneHHblii HarpeB 3a c4eT KOMOMHALMM NNAa3MOHHBIX W lasepHbiX DM nonen
Bynet cospaHa pusmyeckas Moaenb, NpoBeAeHbl QHANMMTUYECKME U YUCTIEHHbIE pacyeTbl 3NEKTPOMArHUTHbIX Nosen
C0343BaeMbIX /Ia3€pOM U NOBEPXHOCTHbIMM MAA3MOH-NonsapuToHHbIMK (MTM1M) Mogamu. ByaeT noacuuTaHa COOTBETCTBYHOLWAS
HeoLLHOpOZiHas BAO/b MOBEPXHOCTU Anccunaums B ckuH-cnoe. MMM Moapsl BO36YXAAOTCA TEM e Na3epHbIM UMNYNbCOM Ha
3apaHee CO3[aHHOM HEOLHOPOAHOCTU NOBEPXHOCTU METANIMYECKON NneHKU. ByayT npoMoaenvMpoBaHbl TENIOBbIE SBAEHUS
(pacnonsaHue Tenna 3a cyeT TeNA0NpPOBOAHOCTH), NNABNEHUE, TMAPOAMHAMUY €CKOE ABMXKEHME C YUETOM KanuasipHbIX CUn
(BECBMa CYLLECTBEHHbIX, KaK MOKa3blBAOT OLEHKM) U PEKPUCTANIN3ALMS B TOBEPXHOCTHbIE CTPYKTYPbl. OUHaNbHbIE
3aCTbIBLIME NOBEPXHOCTHbIE CTPYKTYPbl OyAyT CONOCTaBNEHbI C TeMU, KOTOpble HabnAaNMCh B onbiTax B pabote [11], cm.
CMUCOK NnTepaTypbl K N. 1.4 aHHOTaLMs NpoekTa.
PaboTta 6yneT BbinonHeHa 3a 2019 1 2020 roab!.
B 2019 r. 6yneT 06bsICHEHO HOPMUPOBAHWE paguanbHOM rOPPUPOBKM Ha Kyroniax, CM. puc. 1 B npunoxxeHHoM n. 4.13 daine
1.
B) [leicTBne BOpTEKC MYy4YKOB
[na peweHuns npobnembl ByaeT MCNOb30BaH BeCb apceHan npueMoB, kpoMe SPH MoaenmpoBsaHus. [MoTpebytotca 1
narpaHxeBa r'mapoanHaMUKa, M MONEKYNpHas IMHaMuKa ¢ MoHTe-Kapnio annapaTtoM 3n1eKTpOHHOM TeNI0NPOBOLHOCTH, U
MOAUPULMPOBAHHAS NOYaHANUTUY eCKas MOLEb AMHAMMUKM TOHKOW MAEHKM C Y4ETOM NOBEPXHOCTHOrO HATSXKEHUS U
DaBNEeHWs UCMApPEHHOTO BeLecTBa (Npo 3Ty Mogenb cM. [10] B n. 1.4, XK3T®d, 2015).
PaboTa cnoxHas, 6yaeT BbINoAHATbCA No3TanHo 3a 2019-2021 roabl.
B) O6pa3oBaHmne HaHOYACTUL, NPU abBNALMU B XKMAKOCTb
Ha 3Tom HanpaeneHuu byaeT nposenaHa orpoMHas paboTa.

Bo-nepBbix, NpeacToUT MHKOPNOPMPOBATL B pacyeTHble MPOrpaMMmbl AeTalbHble COBPEMEHHbIE aHHbIe, OTHOCSLLIMECS K
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BOAE; Ha CNleaytoWwmx 3Tanax 6yayT pacCMOTpeHbl 0COBEeHHOCTH, CBS3aHHbIE C APYTMMM XMAKOCTIMU. [laHHbIe no noeoae
6yayT 0XBaTbiBaTb LWUMPOKMI AMANA30H COCTOSAHUM XMUAKOW (MHOrOYMCNEHHble TBepable $a3bl BOAbI MCKIKOYEHbI) BOAbI OT
CKaTui BAOAb yaapHou aamabatel fo aasneHuii 20 Ma (bonee BbICOKMX CO34aTb He yA3eTCs U3-3a HU3KOIo aKyCTUYeCckKoro
MMMeAaHca BoApl) [0 pa3pexkeHui [0 KpUTMYeCcKoro AaeneHus Boapl 220 6ap u HuKe A0 BONbLUIMX pacluMpeHuid U NafeHus
[aBNeHus 00 CoTbiX foner bapa (M3-3a nepepacwmpeHns ny3bipbka). byaeT co3gaHo nogpobHoe onucaHue NpoucxoaaLero
BHYTPU ABYX(Pa3HOM 061acTv BOAbI.

Bo-BTOpbIX, BYAYT BbINOIHEHDI B3AMMOAOMO/HAOWME APYT ApYra pacyeTbl MporpaMMamu: (a) AByXTeMnepaTypHast
rMapoAvHaMMyeckas nporpamma, (b) MonekynspHo-aMHaMuyeckas nporpamMmMa C y4eToMm 371eKTPOHHOM TENONPOBOAHOCTH
MeTanna 1 MoneKynspHOW TennonpoBoAHOCTU BoAbl M (¢) SPH nporpamma. [peacTouT CoCTaBuTb SCHYH 06LLYH0 KapTUHY
NpoUCXOAALEro Ha 6a3e NoNyYeHHbIX pacyeTHbIX AaHHbIX. byayT nonyyeHbl NpeacTaBneHMs 0 TENI0BOM U AMHAMUYECKOM
B3aMMOLENCTBUM UCNIAPEHHOIO €109 META/INA, B KOTOPOM MAET KOHAEHCALMS, C OKPYXXaIoLLEe M XXUAKOCTbH, KOTOpas B CBOO
ouyepenpb NepexoauT U3 CBeEPXKPUTUYECKOrO COCTOSIHUS C HU3KOM CKMMAEMOCTbIO B JOKPUTUYECKOE COCTOsSIHUE C B0bLLOM
CKMMAEMOCTbIO U HaumMHaeT GOpMMPOBATb Ny3bipek. byayT yuTeHbl TOHKME feTanu, KOTopble CefyoT U3 MOeKYNsIpHOWM
AVMHAMUKM — 3TO KMHETUKA MCMNAPEHUS U KOHAEHCALLMK, BapuaLLMs MOBEPXHOCTHOMO HATSXKEHUS B YCIIOBUSAX 3343a4M, U
Anddy3noHHble npouecchbl. C NOMOLLBI MONEKYNSpHO-AUMHaMM4eckoro U SPH MmogenvMpoBaHus 6yaeT NnoHsTa posib
HeycTonumBocTH Penes-Telnopa B pasHbix yCI0BUSIX (BapuaLms BNOXEHHOM B MULLEHb SHEPTUU U ASIUTENIBHOCTb UMMNYAbLCA).

B-TpeTbux, NpeacTouT NPOSICHUTL BONPOC O Nepexoae OT OAHOMEPHOI0 MAOCKOro pacluMpeHUs K TPeXMePHOMY
chepuyeckoMy pacmpeHuo — GopMMpoBaHUe, pa3BUTUE U TOPMOXEHMUE My3blpbKa.

[MyHKTbI «BO-NEPBbIX» U «BO-BTOPbIX» OYAYT BbINOMHEHBI 33 NEPBbIE ABA rofa UCNOAHEHWUS NpoeKTa. [ng ucnonHeHus
nocaeaHero NyHKTa, BUAMMO, noHanobutcs 2021-v rog.

N JlazepHas pparmMeHTaLMs KUAKNX Kanenb U CTpyH
ByayT nponomKeHbl MCCnefoBaHMs NO Kane o0Ba. MNpefcTouT 3aMeHUTb ypaBHEHME COCTOSIHMS Mu-TproHai3eHa,
npumeHsBlweecs B pabote [7] (cM. iuTepatypy K n. 1.4), Ha TabnmuHoe ypaBHeHue cocTosHus — 2019 u 2020 rr.

Bo B3aumopgetvicteuum c rpynnoin npod. C.A. Stan (Rutgers univ.), pabotatowero Ha XFEL (x-ray free electron laser) LCLS (LINAC
coherent laser source) 1 Ha apyrux XFEL (FLASH DESY, SACLA RIKEN/HARIMA, npedekTypa Hyogo), 6yneT co3aaHa
du3nyeckas Moaenb M BbIMONHEHO YNCIEHHOE MOAENIMPOBaHME 334a4M O B3aMMOAEWCTBMM TOHKOIO LIMAMHAPUYECKOro NyyKa
YKECTKOro peHTreHa C MUKPOKannemn uam MMKpocTpyei Boabl. MNotpebyeTtcs Mogudukaums Hawmx nporpamm. byayt
MCMOMb30BaHbI BCE MPOrpaMMmbil.

[lByxTemMnepaTypHas narpaHxeBa ruapoMHaMu1Ka notTpebyeTcs ANg ONUCaHMA HaYabHbIX CTaamMii pa3sBUTUS NpoLecca
BOKPYI UMIMHAPUYECKOM CTpyU. MonekynapHo-AMHaMMyeckoe MogenuposaHue u SPH kop 6yayT npuMeHeHbl A1 onucaHus
cpefHew 1 No3gHUX CTaguin. Ha cpeHei ctagmmn yaapHas BOHA MAeT OT TOHKOMO LMAMHAPA HarpeBsa no cpeAHei 4acTu Kanam
unm cTpyu. Ha 3aknoumTenbHbIX CTaAMSAX KapTUHA CTAHOBUTCS OYEHb C/IOXHOM — KOCble YAapHble BOJMIHbI BbIXOAST Ha
CBO6OJHYIO NOBEPXHOCTb M OTPAKAKOTCA OT HEE. ITO MPUBOAMUT K MOSABNEHUIO C/IOXKHbIX TPEXMEPHbIX BOH pa3pexeHus,
NpOCTENLUMM aHANOrOM KOTOpbIX sBAsieTcs BoaHa lMNpaHatnsa-Maviepa.

Ha paboty notpebytorcsa 2019-2021 rr. B pe3ynbTare nccnefoBaHui 6yaeT nonydeHa NoHas KapTMHA CIOXKHeNLWwero
npouecca, CXxeMa KOTOpOro M NepBble 3KCMepuMeHTabHble HabNAEHUS NpUBEAEHbI HA PUCYHKAX 3 U 4 B NPUIOXKEHHOM M.
4.13 davine 1 coOOTBETCTBEHHO.

) Abnaums TyronnaBkMx MeTannos

Katawmics MHOrorpaHHMK B MHOFOMEpPHOM MPOCTPaHCTBe (3TO CMMMEKC MeTo4) B KOMOUHaumm ¢ MoHTe-Kapro,
NpOU3BOAALLMM AOCTAaTOUHO rpy6bIl LWyM, N03BONSET 060MTU MHOrOMEepPHOE NPOCTPAHCTBO NapaMeTpOB, KOTOPbIe 3a4atoT
NoTeHUMaN MHOrO4YacTMYHOTO B3aMMOAENCTBUS, U HAWTU COTHU-TbICSYM IOKATIbHBIX MMHUMYMOB. M3 3TUX MMHUMMYMOB
oTbupaeTca Hambonee rnybokuit. Tak cTpomTcsa noTeHuman. KombrHauma ¢ MoHTe-Kapno HeobxoamMa, MHave cumniekc
3aKatuTCsa B GMKanLWKIA, HO, KaK MPaBuio, Hernybokui MuHMMYM. [laHHas MeToamka 6yaeT npumeHeHa B 2019 r. ans
NOCTPOEHMA NOTEHLMANA MEXATOMHOIO B3aUMOENCTBUSA pyTeHUs. MeToanka paboTaeT BMeCTe C KBaHTOBO-MeXaHUYeCK1MMU
cpencTteamu (nakeTbl nporpamm VASP, Abinit, ELk 1 ap.) nocTpoeHums X0NoaHbIX KpUBbIX C y4€TOM aHM30TPONMM KpUCTania
(0BbIYHO MO rNABHBIM OCAM KPUCTANIMYECKOM S4elikuK) 1 C y4eToM ¢/a napameTpa [Ty (rekcaroHanbHOM NNOTHOYNAKOBAHHOM)
peLeTKH, K KOTOPOM OTHOCUTCS KpUCTaNA pyTeHUs.

[anee mMexXaToMHbIl NOTEHLMaN 6yneT NpUMEHeH Ans pacyeTa MPOYHOCTU KPUCTANA M pacniaBa pyTeHUs B HalEM
[AMana3oHe TemMnepaTyp 1 TeMnoB fedopmauum MeTOLAMU MONEKYNSIPHOM AMHAMUKK. [laHHble 0 MPOYHOCTH, BMECTe C
[AaHHbIMM MO TENONPOBOAHOCTU U KO3 DULMEHTY INEKTPOH-MOHHOIO B3aMMOAENCTBUS U YPAaBHEHUEM COCTOSHMS, ByayT
MCMONb30BaHbI MPU ABYXTEMMEPATYPHOM rMAPOAMHAMUY €CKOM MOLEMPOBAHUM abnauum pyTeHUs noa, AeMCTBUEM Na3e PHbIX
MMMY/bCOB (BCE YNIbTPAKOPOTKME) C pa3HoM 3Hepruent potoHa ~1 3B, 90 3B, 7-12 k3B.

Kpome TOro, MexatoMHbIi NnoTeHuman pyteHus byaeT MCNOMb30BaH NpyU MONEKYASIPHO-AMHAMUY €CKOM MOAEIMPOBaHUK
abnaumm € NOMHbIM Y4eTOM HEOAHOMEPHOW reOMETPUM - BCMEHMBAHWE PacniaBa pyTeHUs NOCAe HyKneauum 3apoabllleit
napoBo asbl B pacnase.
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Pe3ynbTaTbl rMapoaMHaMUY eCKUX U MONEKYNSIPHO-AMHAMUY eCKMX pacyeToB byayT nonyyveHsl B 2019 r. 310 no3somT

MOHATb, YTO MPOUCXOAUT NPU NA3EPHOM BO3AENCTBUM HA PYTEHUM.
E) JTasepHoe nnaeneHne NopoLIKOB
ByayT npuMeHeHbl T’MAPOKOA B NarpaHXeBbIX NepeMeHHbIX, MONIeKYISpHas AMHaMMKa CO ckannposaHueM u SPH koga.

OpHoOMepHbI rMApOKoA HEOBX0AMM ANS ONUCAHUS HAYaNbHbIX U CPeAHWUX CTaAMIA NOT/OWEHNS Na3epHOro U3y4eHUa 1
pacnpoCcTpaHeHMs NOrNOLWEHHOrO TEM/A B TOJILLY MMKPOYACTMLbI MOPOLLKA. [JnMTeNbHOCTb HAarpeBa onpesenseTcs AMaMeTpoMm
Na3epHOro NATHa Ha NOBEpPXHOCTH (06bIYHO NOPAAKA [ONEW MM - MM) U CKOPOCTbIO CKaHMPOBaHUS Jly4a BAO/Ib MOBEPXHOCTH
(06b14HO 10-100 cM/c). KoapduumeHT nornoleHus BolyncngeTcs no Gopmynam OpeHens ¢ yueToMm yrna nageHums. Takke ¢
NMOMOLLBIO TMAPOAMHAMUY €CKOTO MOAENMPOBaHUA ByAeT NoslydeHa OLeHKa AMHAMUYeCKOM POSIv AABNEHUS HAChILWEHHOMo napa
HarpeBaeMoW MeTanInyeckom MUKPOYacTULLbl.

BaxHy'0 posb CbirpaeT MONEKYNSPHO-AMHAMUYECKOE MOLEIMPOBaHME C y4eTOM (3aAeicTBOBaH annapar MoHTe-Kapno)
BbICOKOW 3/1eKTPOHHOM TeNnonpoBOAHOCTY B 06beMe MeTana U C NpUMeHeHUeM annapara MacluTabrupoBaHums. BaxxHOCTb 3ToM
PO/ B TOM, UTO BYLYT M3y4Y€eHbl CBOMCTBA MEXYACTUYHbIX KOHTAKTOB, «TOY€EK» CONPUKOCHOBEHUS. Ha caMoM aene 370 He
TOYKM, @ HeBONbLIME NNOLLBAKM KOHTAKTA. VX Nnowwaab MeHSETCS NPU YacTUYHOM KOMMNAKTUDUKALLMK NPK CAABMBAHUU, MPU
Harpese M Npu NnaeneHuun. PasmMep NnoLaaoK UCKIYUTENbHO BaXKEH A1 pacyeTa nepeToka Tenaa U3 0AHOM MUKpoYacTULbl B
Apyryto.

C noMOLUbIO MONEKYNSPHO-AMHAMUY €CKOrO MOoAeMPOBaHUe ByaeT M3ydeH NpoLecc NiaBneHUs MMKPOYacTULLbl, KOTOPbIN
CTapTyeT OT OCBELLUEHHOrO Y4acTKa MOBEPXHOCTU. BaXHO NpaBuibHO onucaTh pa3BuTMUeE NpoLecca NnaBneHns no YacTmue ¢
Yy4€TOM ME30CKOMUYECKOr0 OKPYXXEHMUS U3 COCEHUX YaCTuUL,

ByneT npumeHeH SPH kopn ans pacyeTa TenioBbiX U AMHaAMUY eCcknx 3 deKToB B ME30CKONUYECKOM aHCaMbie MUKPOYacTULL.

Pabota Bennka no 06veMy 1 cnoxHas. 3a Tpu roga byaeT co3faHa KapTMHA N1a3epHOro BO3AeMCTBUS HA NopoLwKu. puyem
BaXHellWme 0bwme npeactasneHuns 6yayt nonyyeHsl 8 2019 .

X) BoluncamtensHas dusmka, KpynHoMacwrabHoe BblCOKONPOU3BOAUTENbHOE YUC/IEHHOE MOAeIMpOBaHue

(1) Mo xomy BCex NpeACTOAWMX UCCNeA0BaHUIA ByaeT MoLie pHU3UMPOBATLCA TMAPOAMHAMUY ECKUI KO, MOLE PHU3MPOBATLCS
noj, COOTBETCTBYHOLLYIO KOHKPETHY 33aa4y. Mo3ToMy paboTbl No kofy OyAyT BbIMOMHATHCSA B TEYEHME BCEro CpoKa NpoekTa.
(2) MonekynsipHas AMHaMMKa — BaXKHbIM MHCTPYMEHT Mpu pelueHmn 3aaa4 A-E, nepeuncneHHblx Boliwe. Kaxapblii pa3 oHa byaeT
noacTpoeHa nof npobnemy. C nomMoLpto pusmyeckon mogenu ByayT HACTPOEHbI MapaMeTpbl MACLUTABUPOBaHMS B CITyYasix,
Korpa 37o TpebyeTcs. bynet npUMeHsTbCS B TeYeHMe BCero Cpoka UCMOAHEHMUS NMPOEKTa.

(3) B 2019-2020 rr. B SPH (Smoothed Particle Hydrodynamics) kon 6yaet nobaBneHa u npoTecTMpoBaHa YacTb, OTHOCALLAACS K
TabMYHOMY YPaBHEHMIO COCTOSHMS. SICHO, YTO 3TO HAMHOMO NOBbICUT 0XBAT PU3nyeckmx 3agad SPH kogoMm. B HacToswee
BpeMs 3TOT KOZ, UCMOb3YeTCs C ypaBHEHMEM COCTOSHUS B dopMe Mu-IproHarizeHa. SPH - 310 BecbMa 3P eKTUBHbIN KOA, Mpu
peLleHUN reOMeTPUYECKM CNOXKHbIX 33,34 C UCMNO/b30BAaHUEM MHOTOMWZIMOHHOMO YMC/A YaCcTUL,

Kon no3sonsieT pa3obpartbCs CO CNOXKHENLLMMU NpobnemMamu, Hanpumep, apobneHue yactuy, (cMm. [7] k . 1.4 u kuHo,
NPpUNOXEeHHOEe K AaHHOM nybamKaumm) unm Bo3aencTeue Ha nopowkn. Hepoctatkom SPH Kona 9BnseTcs 0TCYyTCTBME ONUCAHMS
nnasnexus. O6bI4HO nnasneHune B SPH koge MUMMKpUpPYeETCS NOACHETOM TEMNEPATYPHOrO NOAS, MPY 3TOM pacniaBoM
CYMTaeTCs Ta YacTb MaTepuana, B KOTOPOM TeMnepaTypa npeBbicuia Temnepartypy nnaesneHus. C TabamyHbIM ypaBHEHUEM
COCTOSIHMA 3TOT HeAO0CTaToK ByAeT ycTpaHeH — TemMnepaTypa niasneHns 6yaeT 3aBMCeTb OT AABNEHUS, MOSBUTCS NepexoaHas
30Ha CO CMeCbio TBepAOM M XKAKoM (a3 n byaeT aBTOMaTUHECKM yYTeHa CKPbITas TeNaoTa naaBneHus. Takon sBnseTcs
CUTyaumsi Npy MOAEAMPOBAHUM NlarPaHXKeBbIM FMAPOKOAOM.

K 2021 rony 6ynet okoH4YeHa paboTa Hag NporpamMMoii, KOTopas MO3BOAMT BKIUYMTL B SPH NoBepXHOCTHOE HaTsKeHUe. ITo
6e3yC/1I0BHO NMOAbIMET HAa HOBbIV YPOBEHb BO3MOXHOCTU NPOrpaMMbl.

(4, 5) Koz cumnnekc natoc MoHTe-Kapno ncnonbsosancs Hamu paHee. B 2019 r. stot kog BmMecte DFT nporpammamu
BblYMCNEHUI ByaeT MCNOMb30BaH AN CO34aHUS, BO-MePBbIX, MEXXaTOMHOMO NOTeHLMana B3auMOAENCTBUS B PYTEHUM U, BO-
BTOPbIX, A/19 NOCTPOEHUS ABYXTEMMNEPATYPHOrO COCTOSIHUS PYTEHUS.

(6) Koapl n3 rotosbix naketos COMSOL Multiphysics© n LS-DYNA 6yayT npucnocobneHsl ang peleHus 3agay A, b.
PesynbTathl 6yayT nonyyeHsl B 2019 1.

(7) Bo Bcex 3apgavax, nepeymncneHHbiX Bblwe, 6yaeT MCNOAb30BaTbCsl KOMOMHUMPOBAHHbIM NOAX0A,. Kak roBopuiocCs, 3ToT
NOAXOL 3aK/KYAETCS B MPUMEHEHUM ABYX UK Bonee KOAOB Ang pelleHus ofHoM NnpobneMsl. 3To Aenaetca MMbo ans
NpOBEPKM U YTOUHEHUI. JIBO 33aa4a CIOXHas, OHa pa3buBaeTCs HA y4acTKU BO BpEMEHM (HadanbHas v nocnesyowme
CTaguu) u/mnm NpoCTpaHCTBe (NPMNOBEPXHOCTHAs 30HA M 06bEM), HA KOTOPbLIX Ha OAHOM Y4aCTKe MPUMEHSEeTCS OAMH KOA, a Ha
ApYyrom — apyroi. MNpu 3ToM pe3ynbTatbl paboTbl OAHOMO KOAA MHKOPNOPUPYIOTCS B APYrov Kog, (rnbpufbl).

3) XapakTepuCTUKK KpeMHMS, 061y4eHHOro lasepoM

[lna uccneposaHuns kpeMHus ByaeT 3aaeiCTBOBaH BeCb HABOP COBpeMEHHbIX METOA0B pacyéTa TeMI0NPOBOAHOCTH B paMKax
KBaHTOBOW M KNAacCUYeCKOW MoneKynspHon AnHamuku: opmyna Kybo-IpuHsyaa (TpuHa-Kybo B knaccMyeckom cnyvae) Kak
3N1EMEHT TeOopUK, CBA3bIBAIOLLEN KMHETUYeckne Ko dUUMeHTb pacCMaTpUBaeMOM CUCTEMbI C KOPPENATOpaMu CKOpOCTel u
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MOTOKOB. B cyuae KBaHTOBOM MONEKYNSIPHOM ANMHAMUKM BA3NC 3NEKTPOHHBIX BOMHOBbIX GYHKLMIA ByaeT paccMaTpuBaTbCs C
NMOMOLLbI0 METOAA CPOELMPOBAHHBIX NPUCOeaMHEHHbIX BOAH (PAW), ans onncaHuna nexxawmx Huxe no aHeprum
3NEKTPOHHbIX COCTOSHWUIA, YEM BaneHTHble ByayT MCNONb30BaHbl XOPOLLUO anpobupoBaHHbIe B MTepaType 6UbAMoTeKkM
nceBAOMOTEHLMANOB, BXOASLWME B COCTAB BblYMCAUTEbHOMO nakeTa VASP.

M) HoBble noaxoapl K pacyetam Ko3dPUUMEHTA INEKTPOH-UOHHOIO B3aUMOLENCTBUS B MET//IAX

PaccmoTpeHmne anekTpoH-GOHOHHOro TennoobmeHa ByaeT MPOBOAUTLCS C MOMOLLBIO KBAHTOBbIX PAacyéTOB METOL0M
dyHKLMOHaNa NAOTHOCTU C NPUMEHEHUEM YNIOMAHYTbIX BbllUe MOAXOA0B C NOMOLLBIO BblYMCAMTENbHBIX NakeTa VASP, a Takxe
ABINIT u ELk. B nocnegHem cnyyae 6yaeT npoBefeH pacyéT 3NEKTPOHHOMO CNEKTPA U TEH30PaA CUOBbIX NOCTOSIHHbIX B
MONHO3NEKTPOHHOM Basunce AN Tex Clyyaes, KOraa Nepexom OT BafleHTHbIX 3/IeKTPOHOB K B60/iee HU3KO NIeXALLMM MO 3Heprum
SIBNSIETCS Pa3MbITbiM B CUY HaZIMYMUS MONYBANEHTHbIX COCTOSIHWM, KaK 3TO MPOUCXOAUT B psafe nepexomHblix MeTannos. Takxke
6yneT ucnonb3oBaH Noaxon 3PdeKTMBHOrO CMIOBOrO NOAS, MO3BONSIOLLMI B paMKaX KNAacCUYeCKOM MONEKYNSPHOW AUMHAMUKK
OMMcaTb B3aMMOAEeNCTBME NONYKNIACCUY eCKMX 3NEKTPOHOB U MOHOB, He Npuberas K MoAeNsiM 31EKTPOHHOT 0 XeJle, TakuM, Kak ,
B YaCTHOCTM, METOS, NOrPy>XKeHHOro atoma.

MonBeneM UTOrM CKa3aHHOro.

A) MNpocTpaHCTBEHHO pacnpeeneHHbI HarpeBs 3a cYeT KOMOMHALMKM NNA3MOHHbIX U NaszepHbix IM nonen

PaboTa no coyeTaHuto NIa3MOHMKKU U TEPMO-TUAPOANHAMMKM ByaeT BbinonHeHa 3a 2019 1 2020 rogbl. B 2019 1. 6yget
06bsACHEHO HOpMMpPOBAHUE pagManbHOM rOPPUPOBKM Ha Kynosax, CM. puc. 1 B npunoxeHHoM n. 4.13 darne 1.

B) [leiicTBrne BOpTEKC NMYy4YKOB

PaboTa cnoxHas, 6yaeT BbINOAHATLCS No3TanHo 33 2019-2021 roapl. BaxkHble pe3ynbTatbl 6yayT nony4veHsl yxe B 2019 .
B) O6pazoBaHue HaHOYaCTUL, NpU ABNALMM B XKMOKOCTb

OcHoBHble pe3ynbTaTbl 6yAyT NoAyYeHbl 3a NepBble ABa roAa UCMOHeHUS NpoekTa. YTobbl NoNy4YMTh ONncaHue cepursaumm
TeYyeHUs pacluMpeHus NoHafobaTcs Bce Tpu roaa paboTbl Hag, NPOEKTOM.

I JlazepHasg dhparMeHTaums XUAKMX Kanenb U CTpyM

MNepeson SPH Ha TabnnuHoe ypaBHeHue coctosHms — 2019 1 2020 rr. MNonHoe onucaHue 3a4aqum C BO3AENCTBUEM XKECTKOro
peHTreHoBckoro nyyka LCLS Ha MUKpoKana/cTpyto 3aMMeT Bce Tpu rofa paboTbl Hag NpoeKkToM.

[) Abnaums TyronnaBkux MeTannos

lMnaHMpyeTcs OKOHYUTb M MPeACTaBUTb NPaKTUYECKMEe peKoMeHAaLMK No peHTreHOBCKMM 3epkanam 3a 2019 r. 3a 3ToT xe
nepuoz NOAroTOBWUTb CTaTby.

E) JlasepHoe nnasneHune nopoLKos

PaboTa Benvka no o6bveMy 1 cnoxHas. 3a Tpu roga OyaeT co3faHa KapTMHA 1a3epHOro BO3AeWCTBUS Ha NOPOLKK. [puyem
BaXKHeMlWme obwme npeactaBneHuns 6yayt nonyyveHsl 8 2019 r.

X) BbluncamtenoHas Gusmka, KpynHoMaclwrTabHoe BblCOKOMPOM3BOAUTENbHOE YUCIEHHOE MOAE/IMPOBAHNE

Bce ropbl paboTbl Hag NpoekToM ByAyT CONPOBOXAATHCSA MOAE PHU3ALMEN BbIYUCAUTENBHBIX aNrOPUTMOB.

3, W) 3™ npobnembl 6yayT peweHbl 32 2019 1 2020 rr.

Ha GHeNULICKOM $i3biKe
A) Spatially distributed heating due to a combination of plasmon and laser EM fields.
A physical model will be created, analytical and numerical calculations of the electromagnetic fields produced by the laser
and surface plasmon-polariton (SPP) modes will be carried out. The corresponding inhomogeneous dissipation along the
surface in the skin layer will be calculated. The SPP modes are excited by the same laser pulse on a previously created
inhomogeneity of the surface of the metal film. Thermal phenomena (heat spreading due to thermal conductivity), melting,
hydrodynamic motion taking into account capillary forces (which are quite significant, as estimates show) and recrystallization
into surface structures will be simulated. The final frozen surface structures will be compared with those that were observed
in the experiments in [11], see the references to section 1.4 of the abstract of the project.
Work will be performed for 2019 and 2020.
In 2019, the formation of radial corrugation on the domes will be explained, see fig. 1 in the attached file 4.13 file 1.
B) Action of vortex beams
To solve the problem, the whole arsenal of techniques will be used, except for SPH modeling. Lagrangian hydrodynamics,
molecular dynamics with a Monte-Carlo electronic thermal conductivity technics, and a modified semi-analytical model of
thin film dynamics taking into account the surface tension and pressure of the evaporated substance will be required (for this
model, see [10] in section 1.4, JETP, 2015).
The work is complex, it will be carried out in stages for 2019-2021.
() The formation of nanoparticles during ablation into a liquid.
A lot of work will be done in this direction.
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Firstly, it is necessary to incorporate detailed up-to-date data related to water into the computational programs; in the
following steps, features related to other liquids will be considered. Water data will cover a wide range of liquid states
(numerous solid water phases are excluded) of water from compressions along the shock adiabat to pressures of 20 GPa
(higher Llevels cannot be created due to low acoustic impedance of water) to negative pressures upto a critical water pressure
of 220 bar and below to large expansions and pressure drops to hundredths of a bar (due to over-expansion of the bubble). A
detailed description will be created of what is happening inside the two-phase water region.

Secondly, mutually complementary calculations by the next programs will be performed: (a) a two-temperature
hydrodynamic program, (b) a molecular dynamics program taking into account the electronic thermal conductivity of the
metal and the molecular thermal conductivity of water and (c) an SPH program. It is necessary to draw up a clear general
picture of what is happening on the basis of the obtained calculated data. The picture of the thermal and dynamic interaction
of the evaporated metal layer, in which condensation takes place, with the surrounding liquid, which in turn changes from a
supercritical state with low compressibility to a subcritical state with high compressibility and begins to form a bubble. Subtle
details that follow from molecular dynamics will be taken into account - this is the kinetics of evaporation and condensation,
variation of surface tension under the conditions of the problem, and diffusion processes. With the help of molecular
dynamics and SPH modeling, the role of the Rayleigh - Taylor instability under different conditions (variation of the energy
deposited on the target and the pulse duration) will be understood.

Thirdly, it is necessary to clarify the question of the transition from one-dimensional flat expansion to three-dimensional
spherical expansion - the formation, development and inhibition of a bubble.

Sections “firstly” and “secondly” will be completed in the first two years of the project. For the execution of the last section
("thirdly") apparently, it will take the 2021st year.

D) Laser fragmentation of liquid droplets and jets
Research will be continued on a drop of tin. It is necessary to replace the equation of state of Mie-Griineisen used in [7] (see
the literature for section 1.4) with the tabular equation of state - 2019 and 2020.

In collaboration with the group of prof. C.A. Stan (Rutgers univ.), working on XFEL (x-ray free electron laser) LCLS (LINAC
coherent laser source) and other XFEL (FLASH DESY, SACLA RIKEN / HARIMA, Hyogo prefecture, Japan), a physical model will
be created and numerical simulation of a problem of the interaction of a thin cylindrical hard X-ray beam with a microdrop or
microjet of water will be carried out. Modification of our programs is required. All programs will be used.

Two-temperature Lagrangian hydrodynamics will be required to describe the initial stages of the development of a process
around a cylindrical jet. Molecular dynamics modeling and SPH code will be applied to describe the middle and late stages.
At the middle stage, the shock wave comes from a thin heating cylinder in the middle part of a drop or jet. At the final stages,
the picture becomes very complex - oblique shock waves reach the free surface and are reflected from it. This leads to the
appearance of complex three-dimensional rarefaction waves, the simplest analogue of which is the Prandtl-Meyer wave.

The work will require 2019-2021 years. As a result of the research, a complete picture of the most complex process will be
obtained, the scheme of which and the first experimental observations are shown in Figures 3 and 4 in the attached file 4.13
file 1, respectively.

E) Ablation of refractory metals.

Arolling polyhedron in multidimensional space (this is a simplex method) in combination with Monte Carlo, which produces
fairly coarse noise, allows us to bypass the multidimensional parameter space that defines the potential of multiparticle
interaction and find hundreds or thousands of local minima. From these minima is selected the most profound. So potential is
built. The combination with Monte-Carlo is necessary, otherwise the simplex will roll into the nearest, but, as a rule, shallow
minimum. This technique will be applied in 2019 to build the potential of interatomic interaction of ruthenium. The
technique works together with quantum-mechanical means (VASP, Abinit, ELk, etc. software packages) for constructing cold
curves taking into account the anisotropy of the crystal (usually along the main axes of the crystal cell) and taking into
account the c/a parameter of the hcp (hexagonal close-packed) lattice, which includes ruthenium crystal.

Further, the interatomic potential will be applied to calculate the strength of the crystal and the ruthenium melt in our
temperature and strain rate range using molecular dynamics methods. The strength data, together with the data on thermal
conductivity and the coefficient of electron-ion interaction and the equation of state, will be used in two-temperature
hydrodynamic modeling of ruthenium ablation under the action of laser pulses (all ultrashort) with different photon energies
of~1eV,90eV, 7-12 keV.

In addition, the interatomic potential of ruthenium will be used in molecular-dynamic modeling of ablation with full
consideration of non-one-dimensional geometry — foaming of the ruthenium melt after nucleation of the nuclei of the vapor
phase in the melt.

The results of hydrodynamic and molecular dynamics calculations will be obtained in 2019. This will make it possible to
understand what happens during laser irradiation of ruthenium.

F) Laser melting of powders
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A hydrodynamical code in Lagrangian variables, molecular dynamics with scaling, and an SPH code will be applied.

A one-dimensional hydrodynamical code is needed to describe the initial and middle stages of absorption of laser radiation
and the propagation of absorbed heat in the thickness of the powder microparticle. The duration of heating is determined by
the diameter of the laser spot on the surface (usually of the order of fractions of mm - mm) and the speed of scanning the
beam along the surface (usually 10-100 cm / s). The absorption coefficient is calculated using the Fresnel formulas, taking
into account the angle of incidence. Also, using hydrodynamic modeling, an estimate of the dynamic role of the saturated
vapor pressure of the heated metal microparticle will be obtained.

An important role will be played by molecular dynamics simulation taking into account (the Monte-Carlo technics is
involved) high electronic thermal conductivity in the bulk of the metal and using a scaling technics. The importance of this
role is that the properties of interparticle contacts, “points” of contact, will be studied. In fact, these are not points, but small
contact areas. Their area changes at partial compactification upon compression, upon heating, and upon melting. The size of
the plots is extremely important for calculating the transfer of heat from one microparticle to another.

With the help of molecular dynamics simulation, the process of melting the microparticle, which starts from the illuminated
surface area, will be studied. It is important to correctly describe the development of the melting process on the particle,
taking into account the mesoscopic environment of neighboring particles.

The SPH code will be applied to calculate the thermal and dynamic effects in the mesoscopic ensemble of microparticles.

The work is great in scope and complex. For three years, a pattern of laser action on powders will be created. And the most
important general pattern will be received in 2019.

G) Computational physics, large-scale high-performance numerical simulation.

(1) In the course of all forthcoming studies, the hydrodynamic code will be modernized for the corresponding specific task.
Therefore, work on the code will be carried out throughout the whole time of the project.

(2) Molecular dynamics is an important tool in solving problems A - F listed above. Each time it will be adjusted to the
problem. Using the physical model, the scaling parameters will be configured when required. Molecular dynamics will apply
for the duration of the project.

(3) In the years 2019-2020 the part relating to the tabular equation of state will be added in SPH code (Smoothed Particle
Hydrodynamics) and will be tested. It is clear that this will greatly increase the coverage of physical tasks with SPH code. This
code is currently used with the equation of state in the form of Mie-Grlineisen. SPH is a very effective code when solving
geometrically complex problems using a multimillion number of particles.

The code allows one to deal with the most complicated problems, for example, particle crushing (see [7] to section1.4 and
the move attached to this publication) or the effect on powders. The disadvantage of an SPH code is the lack of a melting
description. Usually, melting in the SPH code is mimicked by calculating the temperature field, while the melt is the part of
the material in which the temperature has exceeded the melting point. With a tabular equation of state, this disadvantage
will be eliminated - the melting point will depend on pressure, a transition zone with a mixture of solid and liquid phases
will appear and the latent heat of melting will be automatically taken into account. Such is the situation when simulatiion is
made by a Lagrangian hydrocode.

By 2021, work will be completed on a program that will allow surface tension to be included in SPH. This will certainly
raise the capabilities of the program to a new level.

(4, 5) The simplex plus Monte Carlo code was used by us earlier. In 2019, this code together with the DFT computation
programs will be used to create, firstly, the interatomic interaction potential in ruthenium and, secondly, to construct a two-
temperature state of ruthenium.

(6) Codes from ready-made COMSOL Multiphysics © and LS-DYNA packages will be adapted for solving problems A, B.
Results will be obtained in 2019.

(7) In all the tasks listed above, a combined approach will be used. As mentioned, this approach is to use two or more codes
to solve one problem. This is done either for verification and clarification. Either the task is complicated, it is divided into
sections in time (initial and subsequent stages) and/or space (near-surface zone and volume), in which one code is used in
one area and in another area - another code. At the same time, the results of the work of one code are incorporated into
another code (hybrids).

H) Characteristics of silicon irradiated by laser.

For the study of silicon, the whole set of modern methods for calculating thermal conductivity in the framework of quantum
and classical molecular dynamics will be used: the Kubo-Greenwood formula (Green-Kubo in the classical case) as an
element of the theory that relates the kinetic coefficients of the system under consideration with the correlators of speeds
and fluxes. In the case of quantum molecular dynamics, the basis of the electronic wave functions will be considered using
the projected augmented wave method (PAW); to describe the lower electron states, than the valence, the pseudopotentials
libraries that are included in the VASP computation package will be used.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals
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Consideration of electron-phonon heat transfer will be carried out using quantum calculations using the density functional
method using the approaches mentioned above using the computational package VASP, as well as ABINIT and ELk. In the
latter case, the electron spectrum and the force constant tensor will be calculated in the full electron basis for cases where
the transition from valence electrons to lower ones in energy is blurred due to the presence of semi-valent states, as happens
in some transition metals. An effective force field approach will also be used, which allows, within the framework of classical
molecular dynamics, to describe the interaction of semiclassical electrons and ions, without resorting to e-jelly models, such
as, in particular, the embedded atom method.

Let's sum up what was said.

A) Spatially distributed heating due to a combination of plasmon and laser EM fields.

Work on the combination of plasmonics and thermo-hydrodynamics will be performed for 2019 and 2020. In 2019, the
formation of radial corrugation on the domes will be explained, see fig. one.

B) Action of vortex beams.

The work is complex, it will be carried out in stages for 2019-2021. Important results will be obtained as early as 2019.

() The formation of nanoparticles during ablation into a liquid.

The main results will be obtained in the first two years of the project. To obtain a description of the spherization of the
expansion flow, all three years of work on the project will be needed.

D) Laser fragmentation of liquid droplets and jets.

Translation of SPH to the tabular equation of state - 2019 and 2020 A full description of the problem with the action of the
hard LCLS X-ray beam on the micro-droplet/ jet will take all three years of work on the project.

E) Ablation of refractory metals.

It is planned to complete and present practical recommendations on X-ray mirrors for 2019. For the same period, to prepare
articles.

F) Laser melting of powders.

The work is great in scope and complex. For three years, a pattern of laser effects on powders will be created. And the most
important general pattern will be received in 2019.

G) Computational physics, large-scale high-performance numerical simulation.

All the years of work on the project will be accompanied by the modernization of computational algorithms.

H, I) These problems will be solved in 2019 and 2020.

4.7. MeloLumiica y HAy4YHOTO KONEKTUBA HAayuHbIi 3aAeN N0 NPOEKTY (YKa3biearomcs Noy4eHHble paHee pesynbmamsi,
pa3pabomarHsie Npo2pammsl U Memoosi)

Hay4HbI KonnekTuB, CO34aHHbIN AN paboT No NpoeKTy, UMeeT BObLIONM OMbIT UCC/IeA0BaHMI B3aUMOAE MCTBUS 1a3epPHOro
M3/Ty4eHuns C BeLLeCTBOM. YXKe B LUMPOKO LMTUpyeMol paboTe [1] 6bi1a 3an0KeHa 0CHOBa HU3MKM B3aMMOLENCTBMUS
YNbTPaKOPOTKMX NA3ePHbIX UMNYNbCOB C BELLECTBOM B KOHAEHCUMPOBAaHHOM COCTOS\HMM. BaxkHeNwme yepTbl Takoro
B3aMMOLENCTBUS LIMPOKO OCBeLLEHbl B MacWTabHbix 063opax [2,3]. IMana3oH uccnefoBaHUiA HAyYHOro KONeKT1Ba
0XBaTbIBAET Na3epPHOE M3NyYEHUE WMPOKOrO CMEKTPA YacToT - OT MHdpakpacHoro n ontuyeckoro [4-8] no ynetpaduoneta u
XeCTKOro peHtreHa [9-11], a Takke pasnnyHble MULWEHW KOHAEHCMPOBAHHOMO BellecTsa - MeTannbl [12], amanexTpukm [13],
TBEpAblEe Tena, XXMAKOCTU [14] n pasnnuHbie AAMTENbHOCTU UMMYNbCA, CM., HAaNpUMep, HeAaBHIOK paboTy [6], 2-9 cCblika B
cnucke nutepatypbl K n. 1.4,

C nomoubto Hawwmx pabort [7] (imTepatypa K n. 4.1) 06bACHeHbI NepBOHAYaNbHO Ka3aBWMeCs 3aragoyHbiMU HabnaeHUs
KoneL, HbloToHa € nepeMeHHbIM BO BpEMEHM YMCIIOM Konel, [6] (nuTepaTtypa k n. 4.1).

B HaweMm Hay4yHOM KonnekTMBe pa3paboTaHbl TeOpeTUyeCcke Moaenm B3auMOAEACTBUS YIbTPAKOPOTKMX Jla3e PHbIX
MMNYNbCOB C MeTannamu, abnsumnm Kak 06beMHbIX MuleHel [15], Tak u ToHKMX nneHok MeTannos [16] noa AeicTBMEM TaKMX
MMMY/bCOB: CM. CCbINKK B N. 1.4 nof HoMepoM [1]. K 3TuM cTaTbsiM MpUnoXeHbl 4OMONHUTE bHbIE MAMIOCTPALMKY B BUAE
dunbmoB Au-220, Au-225, Au-226 Ha caite http://laser.itp.ac.ru/RNF2019/index.html. B 3Tux ¢unbmax nokasaHo, kak
HETPMBMANILHO NPOTEKAET IBOIIOLMS NIEHOK NOCAE OCTPOCHOKYCMPOBAHHOIO YALTPAKOPOTKOrO BO3AENCTBUS (MaBneHme —
OTCKOK OT NMOAI0XKM — TOPMOXKEHME 33 CHET NOBEPXHOCTHONO HATSHXKEHMUS - HAYANIO peKpUcTanM3aumMm — GopMMpoBaHue
CTPyM — NPOAO/KEHUE 3aTBEPAEBAHUS).

Bepnetca pabota no aHanu3y feicTeusg bonee aanTenbHbiX CybHaHOCEKYHAHBIX [17] M HAHOCEKYHAHbIX lA3€PHbIX UMMYNbCOB
Ha CNIOXHbIE MULIEHW (MNEHKK, TaMUHATBI, MOPOLLKM). M3yyaeTcs BO3AENCTBME HA XXMAKME MUKPOKaNK, CM. duabM SV.mp4 Ha
canTe http://laser.itp.ac.ru/RNF2019/index.html. 310 dmbM Npo GpparMeHTaLMIO MUKPOKAMNIM 0/10Ba B UCTOUYHUKE
KOPOTKOBOMHOBOIO M3/ly4eHus ansg GoTtonutorpadmyecknx MawmH 6yaywero. ®uabM 0oTHOCKTCS (MANKOCTPUPYET) K cTaTtbe [7],
CM. CMIMCOK CCbINoK K N. 1.4.
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B paboTtax no nsyveHuto abngaumm 06beMHbIX MULIEHEN MO AEACTBUEM YNbTPAKOPOTKMX SIA3€PHbIX MMMY/bCOB BbINOHEHO
MONIEKYNSIPHO-AMHAMUY €CKOe MOLEIMPOBaHKNE NpoLeCcca pasneTa HarpeToro azepHbIM UMMYbCOM aIlOMUHUA C
MEXXaTOMHbIM MOTEHLMANOM B3aMMOAEWCTBMS, Y4 UTbIBAKOLLMM MHOrO4acTUYHble 3ddekTbl. [NonydyeHa kaptmHa abnaumm ¢
06pa3oBaHMEM OTKOMbHOM XMUAKOM Y4acTu MULLEHW, 3aN0SHEHHOM ABYXda3HOW NeHoW 13 XXMAKOCTU 1 napa [18-20].

B pabotax, npoBeaeHHbIX Hay4HbIM KO/IEKTUBOM, PAaCCMOTPEHO B3auMoaeicTame heMTOCeKYHAHbIX Na3epHbIX UMMY/bCOB C
TOHKMMM (ToNwmHOM 0T 60-100 HM A0 HECKONIBKMX MUKPOH) MIOCKUMM METAIMY €CKMMU NEHKaMM (MCMOJIb30BaAOCh 30/10TO)
Ha AM3NeKTp1YeCcKom noanoxke (nnaeneHblit keapuy), cM. [1,10] - nautepatypa k n. 1.4. M3yyeHa abnaums Takux MULLEHEN B
pe3ynbTate AeNCTBUA Na3ePHbIX MMNYNbCOB € AnnTenbHoCcTbio 30-300 dc. Tennosblie M MEXaHMYECKME CBOMCTBA 3TUX
MULLEHEW Ka4yeCTBEHHO OT/IMHAIOTCS OT NOBeAEHMS 06BEMHBIX MULLEHEW M OT CBOBOAHO BUCSLUMX NEHOK, 34€Chb NOAMOXKKA
paboTaeT Kak TeMNOM30NMPYIOLLAs CTEHKA, 3aMe 15 OXNTaXeHMe MeTaa 3a CYeT TENIONPOBOAHOCTU B CPAaBHEHUM C
cuTyaumen o6beMHONM MULLEeHU. B TO e BpeMs ruapoMexaHuyeckoe B3aMMOAENCTBME NNEHKU C KBAPLEM MEHSET CUTYaLMUIO
MO CPaBHEHMUIO CO C/Ty4aeM CBOOOAHO BUCALLEN NNEHKM.

MpuMeHeH KOMBUHUPOBAHHbIV NOAX0[, 06be AMHSAIOLLMI ABYXTEMMEPATYPHYIO FTMAPOAUHAMUKY U MONEKYNSPHO-

JAMHaMUY eckoe MoaenMpoBaHue. Bnepeble npeacTaBneHbl ONMCaHMs BO3MOXHbIX PEXMMOB AMHAMUKU CUCTEMBI
MeTannmyeckas nneHka/keapL. OcylwecTBieHUE TEX UM UHbIX PEXMMOB 3aBUCUT OT BEIMYMHbBI MOBEPXHOCTHOM MIOTHOCTH
NOr/oLWeHHOM 3Hepruu (nornoweHHoro dneHca), cm. [1,10] - nautepartypa k n. 1.4. HaligneHo ABa nopora no nornoLeHHoMy
BNOEHCY M TPU peXxXMMa ABMXKEHUS MO CPAaBHEHMIO C 0AHMM Y CBOBOAHO BUCALel nneHKku. CywecTByeT KonebaTtebHbIi
pEeXMUM, NPpU KOTOPOM NEeHKa OCLMANMPYET, OCTaBasiCb HA NOJJIOXKKE NPU 3HAYEHUAX MOTOLEHHOro GMIeHCa, He
npeBblLLALWMX MeHbluero nopora. MNpu ¢noeHce B MHTEPBane Mexay ABYMS NOPOroBbIMM 3HAYEHUAMU METaNINY eCKast
nneHKa OTPbIBAETCS OT MOA0XKM, MOTOMY YTO OTPULATENIbHOE AaBNeHWe NPeooIeBaeT CUITY CLeNIeHMs KOHTaKTa NniaeHKa-
noanoxka. [1ng 3HaueHuax hoeHCa, NpeBblLLALWMX 60bLUIMI U3 MOPOroB, MPOUCXOAMT Pa3pbiB BHYTPU MAEHKU U abnsaums
MULLUEHM B BUAE OTKO/A KOHAEHCUPOBAHHOMO hparMeHTa MULLEHM [0 OTPbIBA MeTaNa OT AM3NEKTPUYECKOM NoANoXKM [21,22].

MccnepoBaHo 06pa3oBaHMe NOBEPXHOCTHbIX HAHOCTPYKTYP KaK pe3ynbTaT abnsumm [23-25] npu aeicTteum ynbTpakopoTKOro
Na3epHOro U3Ny4yeHus Ha MeTaIMy eckue nNaeHKK. MayyeHa AMHaMMKa TOHKOW NAEeHKM 30/10Ta HA CTEKNISAHHOM NOANOXKKE,
Bbl3BaHHAs BbICTPbIM HArpeBOM C UCNONb30BaHMEM CYBNUKOCEKYHAHbBIM 1Ia3€PHbIM UMMNYNIbCOM. BONHbI faBneHus,
reHepupyemble TakuM HarpeBoM, MOTYT NPUBECTU K OTC/TAMBAHUIO NIEHKM U ee OTNeTY OT NOAJIOXKKM. M3-3a HeoLHOPOAHOCTH
HarpeBa NOBEPXHOCTHU NIEHKU B paAManbHOM HanpaBneHUM NazepHOro NATHa pacrnpeneneHme CKOPOCTEN B BELLECTBE MNIEHKMU,
yneTaloLWwmit 0T NOAJIOKKM, UMEET MAaKCMMYM B LIeHTpe NSTHA, M OTAENAIOWAACS NAeHKa MMeeT KynonoobpasHyto dopmy,
pasayBakoLLYHCS CO BpeMeHeM (MHDNSUMOHHAs cTaams). ObbeM NONOCTU MEXAY NAEHKOW 1 MOAN0XKOM YBEMYMBAETCS BO
BPeMS UHPNIALMU, MPOLOIKAOLENCS OT HECKONIbKMUX 40 HECKOMbKUX [eCATKOB HAHOCEKYHA, TUNMYHbIE CKOPOCTM NoneTa
HaxogasTcs B AvanasoHe 30-200 M/ c. KanunnspHble cunbl, AeWCTBYOLWME BAOb NETALWEN MAEHKKW, 3aMe ANF10T MHDASUMIO
Kynona v NpuBOAAT K COCPEOTOY EHUIO BELLEeCTBA KYNona BLOMb €ro 0CU. ITO NPUBOAUT K B 06pa3oBaHMM 0CEBOM CTPYU U
Kan/u Ha ee KOHLLe, PEKPUCTaNIM3aLUMs KOTOPbIX NPUBOAUT K NOSIBNEHWIO XapaKTe PHbIX HAHOCTPYKTYP HA MOBEPXHOCTU.

MpoBefieH 60nbLLOIM KOMMNNEKC PaboT N0 U3YyYEHUI0 BOSHUKHOBEHUS U PacpOCTPAHEHUS CBEPXKOPOTKUX YNPYrUx u
NAaCTUYECKMX YAAPHbIX BOJH B Na3ePHbIX MULLEHAX NOA, AeMCTBUEM YNbTPAKOPOTKMX UMNYNbCOB n3nydeHus. O6HapyxeHo
CyLLECTBOBaHWE CBEPXKOPOTKMX YNPYrMX BOJH NPU AABNEHUAX, 3HAYUTENIbHO NPeBbILWAOWMX Npeaen ynpyroctu [26,27],
OTHOCALUMICS K BOSIHAM, Berywmm no obpazuam TonwmHom 100 Mkm - 1 mm.

OTKpbIT HOBbIV PEXMM PacnpOCTPaHEHUS YAAPHbIX BOJH, XapaKTe pU3YHOLLMIACS ABYX30HHOM YNpyro-naacTuyeckom
CTPYKTYPOM, COCTOSILLEN M3 yNnpyroro GpoHTa 1 cneayowero 3a HUM NnacTMyeckoro dpoHTa, ABUXKYLLMXCS C OAMHAKOBOWM
CcpefHew CKOpOCTbIO, U UMetoLLe GUKCUPOBAHHYIO 3D (EKTUBHYIO TOMLLUMHY, LOXOASLLYHO A0 MUKPOHHbIX MacwwTabos [28]. MNpu
3TOM BELLECTBO B YNPYron 30He HAaXOAMTCS B METACTabMIbHOM COCTOSIHUM NPU AABNEHUU, KOTOPOE MOXKET CYLLECTBEHHO
npeBblLaTh 06bIYHO NPUHUMAEMbIE 3HAYEHUS ANS AMHAMUY eCcKoro npeaena Tekydyectu [28,29].

PaboTa [26] v paboTa Hawmx konner akcnepumeHTatopos M3 OMBT PAH (AwnTkoB 1 Ap.) onepeannn aMmepuKaHCcKme CTaTby,
nocesweHHble ToMy xe 3dgdekTy: Whitley et al. Ha 4 Mecsua v Ha rog, ctatbio B PRL [IxxoHaTtaHa n Malika ¢ coaBTopamu:

V.H. Whitley et al., The elastic-plastic response of aluminum films to ultrafast laser-generated shocks, JOURNAL OF APPLIED
PHYSICS 109, 013505 (2011)

Jonathan Crowhurst, Michael R. Armstrong et al., Invariance of the Dissipative Action at Ultrahigh Strain Rates Above the Strong
Shock Threshold, PRL 107, 144302 (2011)

S. I. Ashitkov, M. B. Agranat, G. I. Kanel’, P. S. Komarov, and V. E. Fortov, Behavior of Aluminum near an Ultimate Theoretical
Strength in Experiments with Femtosecond Laser Pulses, JETP Letters, 2010, Vol. 92, No. 8, pp. 516-520.

BbinonHeHbl nccneaoBaHMs NoAMMOPGdHbIX NpeBpaLleHnin B MeTannax nog, 4encTeuem yaapHbix BoaH [30,31]. PaccMoTpeHsl
nonMmopdHble npespaleHns anbda-dasbl (06beMHO-LEHTPUPOBAHHAS KyOUYeckas CTPYKTypa) B 3NCUIOH-Pasy
(rekcaroHanbHas NNOTHOYMNAKOBaHHas CTPYKTYpPa) B XXene3e B YC/IOBUAX YbTPAaKOPOTKMX Harpy3ok. MonekynspHo-
AMHaMKUYeCcKoe MOLEe/IMPOBaHME MOKa3biBaET, YTO B OPMEHTUPOBaHHbIX B HanpasneHusax [110] n [111] nnenkax
KpUCTanIMyeckoro xenesa anbda-3ncunoH nonMmopdHoe npeBpalleH1e B pacCMaTPUBAEMbIX SKCNEPUMEHTANbHbIX YCI0BUSX
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MOXeT Npou30i1TH ToNbKO Ha nepebix 100-200 HM TONLWMHBI NNEHKM, TAe AaBNEHUE B yAapHOM BonHe npesbiwaeT 30 [Mla. A
MOHOKpUCTanAn4yeckoM xxenese c opueHtaumein [100] nonmmopdHbI nepexon Nerko ocylecTBASeTCS Noj, AeNCTBUEM
YNpYrux yaapHbIX BOJH C AaBneHUeM, npesbiwatowmm 23 [Tla. Mepexof He CBS3aH € AMHAMUKOM AMCIOKALMIA U SBNSeTCS
06paTMMbIM B pa3rpy304HOM 4acTW YAAPHOM BOJHbI, TAe OH HauMHaeTcs ¢ gasnenwi 23 IMa. Ong gpyrux opueHTaummn
KpucTania 0bpatHblii 3NCUNOH-anbda nepexos, HauMHaeTcs Npu AaeneHusx nopsaka 13 Ma B xBocTe pasrpysku.
MonekynapHO-AMHaMUYeCKME pacy eTbl BbINONHEHbI C MPUMEHEHMEM MEXATOMHOIO NOTEHLMANA Xene3a B MeToae
MOrpy>XeHHOro aToMa, Y4MTbIBAKOLLEr0 MHOFOYaCcTUYHble 3 hEeKTbl MEXaTOMHOr0 B3aMMOAENCTBUS B MeTaNax, B KOTOPOM
napameTpbl NOAOGMPaNUCh B KBAHTOBO-MEXaHWYECKMX pacyeTax Teopmmn GyHKUMOHana NIOTHOCTU C y4eToM cneumdumku
OAHOOCHOM aedopMaumu.

lMoMMMO TeopeTUUeCKUX MOoAeNei B KonnekTuee pa3paboTaHbl 3 deKTUBHbIE BbIYUCAUTENbHbIE METOAbI M CO3aHbI
BblICOKOMPOM3BOAUTENbHbIE MPOrPaMMbl A1 YUCSIEHHBIX PAacyeTOB U KOMIMbIOTEPHOr0 MOAEIMPOBaHMUS 331a4 B3aUMOLENCTBUS
Na3epHOro M3y4YeHus C BellecTBOM. Pa3zpaboTaH flarpaHXeBblii OLHOMEPHbIN (a TakxKe AN pafuanbHOro ABUXEHUS Npu
chepuryeckomn U UMAMHAPUYECKOWA CUMMETPUM) TMAPOAMHAMUYECKUIA KOA, ANS BELLeCTBa, NOABEPrHYTOr0 BO3LEMCTBUIO
Na3epHOro MMMy/bCa, C Y4EeTOM HEPABHOBECHOIO IBYXTEMMNEPATYPHOrO COCTOSIHMSA, OOMEHA 3HEPruen Mex Ly SNeKTPOHAMU U
MOHaMM, LUMPOKOAMANA30HHOIO ABYXTEMMEPATYPHOrO YPaBHEHMUS COCTOSIHUSA, U3MeHeHWs (a30BOro COCTOSIHMS BELLECTBa,
3NEeKTPOHHOM TENIONPOBOAHOCTU. TOT TMAPOAMHAMMUY €CKUI KOL MCNONb3YeTCS B TOM YMC/E U NS pacyeTa Haya/lbHbIX
YCJIOBUIA NSt NOCNeAyoLero MoNeKynsipHo-AnHaMMy eckoro moaenmpoBanus [4,8,10,11,13-15,17,21,22,24,25,27].

B konnektnBe co3aaHbl BbICOKOIDdEKTUBHbIE NPOrPaMMbl L1 MONEKYIAPHO-AMHAMMY €CKMX PacyeToB, OCHOBaHHbIE Ha
napannenbHbIX BblYUCNEHUSAX U NO3BONSIOLLME LOBOAUTL YMCIO HACTUL, YHACTBYIOLMX B MOAEIMPOBAHWUM, A0 HECKONIbKUX
COTEH MUMNMOHOB. NpUMeHeHWe pa3paboTaHHOW B KO/NIEKTUBE METOAMKMU CKEMNMHIA MO KanuISpHOMY U TEMIOBOMY
6e3pa3MepHbIM NapaMeTpaM NO3BOASET CYLIECTBEHHO PaCLUMPUTL NPOCTPAHCTBEHHbIE U BPEMEHHbIE Npeaesbl LS
MONIeKyNSpHO-ANHAMMY €CKOro MoaennpoBaHus [4,5,7,8,10-31].

B konnektnee MeeTCs 60MbLLIONM ONbIT NOAYYEHUS HA OCHOBE PacyeToB Mo Teopun GYHKLMOHANA NIOTHOCTU MEXATOMHBIX
NoTeHLMaNoB B3auMOAe MCTBUS KaK ANs METANIOB, TaK M HEMETa/IMYeCKUX BeLLECTB. B Moaenu «norpyxeHHoro atomay
nosy4yeHbl MHOrOYaCTUYHbIE NMOTEHLMANbl B3aMMOLENCTBUS B TaKMX METaNNax, Kak aftOMUHUIA, 30/10TO, OJIOBO, aAEKBATHO
OMMCbIBAOLLME MEXATOMHOE B3aMMOAENCTBME B 3TUX MeTanax B LUMPOKOM AManasoHe naoTHocTu [5,14-16,28,32]. Teopus
(dyHKUMOHana NIOTHOCTU U OCHOBAHHbIE HA HE NPOrpaMMbl pacyeTa 31eKTPOHHOI0 CNEKTPa, 3NE€KTPOHHbIX
TepMOAMHaMUYeCKUX QYHKLMI, KBAHTOBas MONeKYSIpHas AMHaMMKa ANs ABUXEHWUs aTOMOB CO UX B3aUMOAENCTBUEM MO
Teopuu hyHKLMOHANA NAOTHOCTM LUMPOKO UCMO/b30BAMCh B KOINEKTUBE Y4ACTHUKOB NPOEKTA.

B naketax nporpamm VASP, Abinit, ELk nofy4eHbl 31eKTPOHHbIE 3HepreTMyeckue 30Hbl Kak NPOCTbIX METANIOB (AIOMUHUS,
0/10Ba), TaK 1 MepexXoAHbIX (30/10Ta, MeAn, TaHTaNa, HUKeNs), pacCUYUTaHbl UX INEKTPOHHbIE TepMOAMHaMUYeCcKue QYHKLUK
[33,34]. MpMeHeHWeM KBaHTOBOM MONEKYNSIPHOM AMHAMUKKU PAacCUUTaH KOIPPULMEHT 3NEKTPOHHOM TeNIONPOBOAHOCTH
MeaM B XMOKOM COCTOSIHUM B LUMPOKMX Npeaenax no NA0THOCTU U 3N1eKTPOHHOM TeMnepatype [35]

Pa3paboTaHHble B KOMNEKTMBE METOAbI pacyeTa KUHeTUYeCKMX KO3 dULMEHTOB BELLECTBA B ABYXTEMINEPATYPHOM
COCTOSIHUM, TaKMX, KaK KO3DPULMEHT INEKTPOHHOM TEMNNONPOBOAHOCTU U KOIPDULMEHT 31EKTPOH-UOHHOIO TEMI00OMEH], U
CO3[aHHbIE A8 UX HAXOXAEHUS BblYNC/UTENbHbIE MPOrPaMMbl UMEIOT BXKHOE 3HaYEHMWE MpU YUCSIEHHOM
r'MAPOAMHAMUY €CKOM U MONEKYNSIPHO-AMHAMUY €CKOM MOLENMPOBAHMM abnaumm noa, AeACTBUEM NA3EPHOTO U3YYeHMUS.
KosdduumMeHT 3neKTpOHHO TeNI0NPOBOLHOCTU META/IOB, KaK MPOCTbIX, TaK U NEPEXOAHbIX, MOy4€eH B NpUbAMKeHUK
KMHeTUMYecKkoro ypaBHeHus [36-40]

PaccuutaH ko3 PULMEHT INEKTPOH-MOHHOIO TeNnoobMeHa Kak MeTannoB [38-40], Tak U MOHHbIX AN3NEKTPUY ECKMX
KpMCTannoB, Takmx, Kak LiF [11].

K uncny BaXXHbIX BblYMCAUTENBHBIX NPOrPaMM OTHOCATCS rmapoanHammyeckuin SPH-kog (Smoothed Particles
Hydrodynamics), no3Bonsiowwmii Npou3BOAUTL ABYX- U TPEXMEPHbIE TMAPOANHAMUYECKMe pacyeTbl [41], a Takke KoMnnekc
nporpamM ans NpoBefeHnst YNCIEHHbIX INeKTPOANHAMUYECKMX pacyeToB [42].

Y rpynnbl UMeeTCs 3HaUMTEbHbIN ONbIT B 06/1aCTU pacyETOB 3NEKTPOHHOM TENI0NPOBOAHOCTM METANNOB B
AByxTeMnepatrypHoM coctosHum (Yu. V. Petrov, N. A. Inogamov, K. P. Migdal, JETP Letters, 97, 27, 2013; Migdal K. P. et al, App.
Phys. A, 122(4), 408, 2016; Yu. V. Petrov et al, JETP Letters, 104, 431, 2016), rae npyMMEHANMNCb KaK aHaIMTUY €CKMIA NOAXOA, Ha
OCHOBE peLleHUs KUHETUYECKOro ypaBHeHUS bonbLMaHa B npubamkeHun penakcaumm ans ropsidmx 31eKTpoHOB C
npeasioXXeHHbIM aBTOPaMM AByxNapabonyecknM 3aKkoOHOM ancnepcuu, Tak u dopmyna Kybo-I'puHByaa B cOYETaHUM C
KBaHTOBbIM MONEKY/IAPHO-AMHAMMUY €CKMM OMUCaAHWEM pacnnaBa Meau. PesynbTaTbl ABYX NOAXOA0B 0KA3aMCh B KQYECTBEHHOM
cornacuun. CpaBHeHMe pasHbiX NepPBOMPUHLMMHBIX PACYETOB C aHAMTUY e CKUMM JaHHbIMM MO3BOMIO BblCKA3aTb UAEH O
OrpaHUYeHHOM TOYHOCTU OMUCAHUS 3NEKTPOH-3/1EKTPOHHOIO B3aUMOAECTBUS FOPSYUX 3NEKTPOHOB NPU UCMOb30BaHNUM
MeToAa dyHKumMoHana nnotHoctn (Migdal K. P. et al, App. Phys. A, 122(4), 408, 2016, Migdal K. P. et al, J. Phys.: Conf. Ser. 774,
012103, 2016). CpaBHEHME faHHbBIX MEHEE €MKOTO B BbIYUC/UTEIbHOM OTHOLIEHUM aHANUTUYECKOrO NOAX03, NPOBeAEHHOe
KaK Ans antoMUHKUS co CTOpOHHMMKM pabotamu (D. V. Knyazev, P. R. Levashov, Phys. Plasmas, 21, 073302, 2014, G. Norman et al,
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Contrib. Plasma Phys. 53(4-5), 300, 2013), Tak u 415 MeAm NoKasbiBaeT YA,0BNETBOPUTENbHOE COracue pe3ynbTaToB B 061aCTH
Temnepartyp Bbiwe 10 000 - 20 000 K.

MccnepoBaHme 3neKTpOH-POHOHHOIO TeNI006MeHa B MeTa/ax ABnsNoCk OAHOM 13 Hanbonee akTyanbHbIX 334a4 rpynnbl B
TeyeHue nocnegHux wectum net (Yu. V. Petroyv, N. A. Inogamov, K. P. Migdal, JETP Letters, 97, 27, 2013; K. P. Migdal, Yu. V.
Petrov, N. A. Inogamov, Proc. SPIE, 9065, 90653, 2013; N. A. Inogamov et al, Contrib. Plasma Phys. 53(10), 796, 2013, K. P.
Migdal et al, J. Phys.: Conf. Ser. 653, 012086, 2015; Migdal K. P. et al, App. Phys. A, 122(4), 408, 2016). HakonneHbl faHHblE,
NO3BO/SIOLLME ONUCATb PAL META/IOB, BKKOYAs NPOCTbie, NepexoiHble U 61aropoAHble B UHTEPBa/e 3NEKTPOHHbIX
Temneparyp go 50 000 K. Takke paccMoTpeH 3 deKT ruapoCcTaTUYeCcKOro CxKaTus/pacTskKeHuns, [OCTUTAIOWMIACS 3a CYET
LEVCTBUS CUJT INEKTPOHHOTO AaBNEHUS B hUHANE ABYXTEMMEPATypHOW cTagmnu. CpaBHEHUE C UHBIMKU MOLENSMU, CPeAN
KOTOPbIX YNOMSIHYTas MoAeNb AnneHa-[layHepa, NOKa3blBaeT B LLeJIOM XOpOoLUee Cornacue noay4YeHHbIX aBTOpaMu JaHHbIX s
TeX MEeTaNNOB, Fie UMEEeTC COBMECTHO pe3y/bTaTbl UCCIEA0BAHUMI, MONYYEHHbBIX HECKOIbKUMU METOAAMMU.

TeopeTuueckue UccnefoBaHUS U YUCIEHHOE MOAENMPOBaHUE NPOBOASATCS B TECHOM COTPYAHUYECTBE C U3BECTHBIMM
3KCNEepPUMEHTaNbHbIMU rpynnamu.

Takoe cotpyaHuyecTtso Begetca ¢ OMBT PAH (otaen nasepHow nnasmel nog pyk. 4. ¢.-M.H. M.b. ArpaHara):

npoBeAeHO UcCneaoBaHNe AMHAMUKM pacniaBa anloMUHKUS, 06pasytowwerocs nof Bo3aencTameM peMToceKyHAHbIX
NasepHbIX UMNYNbCOB
(Inogamov, N. A., Zhakhovsky, V. V., Ashitkov, S. I., Agranat, M. B., Komarov, P. S., Khokhlov, V. A. & Shepelev, V. V. Pump-
Probe Method for Measurement of Thickness of Molten Layer Produced by Ultrashort Laser Pulse AIP Conf. Proc. 1278, 590
(2010)) ;
M.B. Arpanart, C.U. Aucumos, C.W. AwmTkos, B.B. XXaxosckui, H.A. MHoramos, M.C. Komapos, A.B. OBunHHumkos, B.E. ®opTos,
B.A. Xoxnos, B.B. LUenenes, Mpo4yHOCTHbIE CBOACTBA Pacn/iaBa a/IlOMUHUS B YCIOBUAX IKCTPEMA/IbHO BblCOKMX TEMMOB
pacTsHXKeHUs Npu BO3AeNCTBUM DeMTOCEKYHAHbIX Nla3epHbIX MMMNYbCOB, MNMucbMa B XKITD, 91 (9), 517-523 (2010) [M. B.
Agranat, S.1. Anisimov, S.1. Ashitkov, V.V. Zhakhovskii, N.A. Inogamov, P.S. Komarov, A.V. Ovchinnikov, V.E. Fortov, V.A.
Khokhlov, V.V. Shepelev, Strength properties of an aluminum melt at extremely high tension rates under the action of
femtosecond laser pulses, JETP Lett. 91 (9), 471-477 (2010))),

n3y4yeHo 06pa3oBaHMe HAHOMONOCTEN BHYTPM aNtOMUHUEBOM MULLEHU NPU MHTEHCUBHOCTM NA3€PHOTO MU3JTy4Y eHUS, MEHbLLEN
nopora abnaunm
(C.W. Awwmtkos, H.A. MHoramos, B.B. XXaxosckuit, K0.H. SMupos, M.b. Arpanart, U.W1. OneitnHunk, C.U. AHucumos, B.E. DopTos,
O6pa3oBaHMe HAHOMOJIOCTENM B MOBEPXHOCTHOM CJI0€ a/IIOMUHWMEBOW MULLEHW NPU BO3AEMACTBUM (PEeMTOCEKYHAHbIX la3ePHbIX
nMMnynbcoB, MucbMa B XKITD, 95 (4), 192-197 (2012) [S.1. Ashitkov, N.A. Inogamov, V.V. Zhakhovskii, Yu.N. Emirov, M.B.
Agranat, L.I. Oleinik, S.l. Anisimov, V.E. Fortov, Formation of nanocavities in the surface layer of an aluminum target irradiated
by a femtosecond laser pulse, JETP Lett., 95(4), 176-181 (2012)]),

UccnenoBaHbl CBOMCTBA IBYXTEMNEPATYPHbIX COCTOSIHUIA METa/IOB
(N.A. Inogamoy, S.1. Ashitkov, V.V. Zhakhovsky, V.V. Shepelev, V.A. Khokhlov, P.S. Komarov, M.B. Agranat, S.I. Anisimov, V.E.
Fortov, Acoustic probing of two-temperature relaxation initiated by action of ultrashort laser pulse, Appl. Phys. A 101(1), 1-5
(2010);
N.A. Inogamov, Yu.V. Petrov, V.V. Zhakhovsky, V.A. Khokhlov, B.J. Demaske, S.I. Ashitkov, K.V. Khishchenko, K.P. Migdal, M.B.
Agranat, S.I. Anisimov, V.E. Fortov, I.I. Oleynik, Two-temperature thermodynamic and kinetic properties of transition metals
irradiated by femtosecond lasers, AIP Conf. Proc. 1464, 593-608 (2012)),

M3y4eHO pacnpoCcTpaHeHUe YNpyrux 1 NaacTM4eCKMX BOSIH B MeTa/Iax NOL AercTBneM GeMTOCEeKYHIAHbIX NIa3ePHbIX
UMMY/bCOB
(V.V. Zhakhovsky, B.J. Demaske, N.A. Inogamov, V.A. Khokhlov, S.I. Ashitkov, M.B. Agranat, L.I. Oleynik, Super-elastic response
of metals to laser-induced shock waves, AIP Conf. Proc. 1464, 102-112 (2012);
N. Inogamoy, V. Khokhlov, Yu. Petrov, S. Anisimov, V.V. Zhakhovsky, B.J. Demaske, L.I. Oleynik, S.I. Ashitkov, K.V. Khishchenko,
M. Agranat, V. Fortov, C.T. White, Ultrashort elastic and plastic shock waves in aluminum, AIP Conf. Proc. 1426, 909-912 (2012)
)s

nccnenoBaHo obpasoBaHWe NOBEPXHOCTHLIX HAHOCTPYKTYpP B MeTannax noj AencTemeM GemMroceKyHAHbIX UMNYNbCOB
Na3zepHOro uU3nyyeHus
(Inogamov, N. A., Zhakhovsky, V. V., Petroy, Y. V., Khokhlov, V. A,, Ashitkov, S. I., Migdal, K. P., ILnitsky, D. K., Emirov, Y. N,,
Khishchenko, K. V., Komarov, P. S., Shepelev, V. V., Agranat, M. B., Anisimov, S. I, Oleynik, I. I.,& Fortov, V. E. Ultrashort laser -
matter interaction at moderate intensities: two-temperature relaxation, foaming of stretched melt, and freezing of evolving
nanostructures. SPIE Proceedings 9065, 906502,1-14, (2013);
N.A. Inogamov , V.V. Zhakhovsky, Yu.V. Petrov, V.A. Khokhlov, S.1. Ashitkov, K.V. Khishchenko, K.P. Migdal, D.K. ILnitsky, Yu.N.
Emirov, P.S. Komarov, V.V. Shepelev, CW. Miller, I.I. Oleynik, M.B. Agranat, A.V. Andriyash, S.I. Anisimov, and V.E. Fortov
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Electron-lon Relaxation, Phase Transitions, and Surface Nano-Structuring Produced by Ultrashort Laser Pulses in Metals
Contributions to Plasma Physics, v. 53, p. 796-810 (2013);
Inogamov, N. A.; Zhakhovsky, V. V.; Khokhlov, V. A.; Ashitkoy, S. |.; Emirov, Y. N.; Khichshenko, K. V.; Faenov, A. Y.; Pikuz, T. A,;
Ishino, M.; Kando, M.; Hasegawa, N.; Nishikino, M.; Komarov, P. S.; Demaske, B. J.; Agranat, M. B.; Anisimov, S. I.; Kawachi, T. &
Oleynik, 1. I. Ultrafast Llasers and solids in highly excited states: results of hydrodynamics and molecular dynamics simulations
Journal of Physics: Conference Series, 2014, 510(1), 012041;
Inogamov, N. A.; Zhakhovsky, V. V.; Ashitkov, S. I.; Emirov, Y. N.; Faenov, A. Y.; Pikuz, T. A,; Ishino, M.; Kando, M.; Hasegawa, N.;
Nishikino, M.; Kawachi, T.; Agranat, M. B.; Andriash, A. V.; Kuratov, S. E. & Oleynik, I. I. Surface nano-structuring produced by
spallation of metal irradiated by an ultrashort laser pulse Journal of Physics: Conference Series, 2014, 500, 112070;
Ashitkov, S. ., Komarov, P. S., Ovchinnikov, A. V., Struleva, E. V., Zhakhovskii, V. V., Inogamov, N. A. & Agranat, M. B. Ablation
and nanostructuring of metals by femtosecond laser pulses Quantum Electronics, 2014, 44(6), 535;
C.M.AwmnTtkos, C.A.Pomawesckui, M.C.Komapos, A A.bypmuctpos, B.B.)Kaxosckuit, H A MHoramoBs, M.b.ArpaHat. O6pasoBaHue
HaAHOCTPYKTYp Npu eMToCeKyHAHOW NnazepHor abnaumm Metannos. KBaHToBas anekTpoHumka, 2015, T. 45, c. 547-550; [S.1.
Ashitkov, S.A. Romashevskii, P.S. Komarov, A A. Burmistrov, V.V. Zhakhovskii, N.A. Inogamov, M.B. Agranat Formation of
nanostructures under femtosecond laser ablation of metals. Quantum Electronics, 2015, v. 45, pp. 547-550];
Inogamov, N. A, Zhakhovsky, V. V., Ashitkov, S. ., Emirov, Yu. N, Faenov, A. Ya., Petrov, Yu. V., Khokhlov, V. A, Ishino, M.,
Demaske, B. J., Tanaka, M., Hasegawa, N., Nishikino, M., Tamotsu, S., Pikuz, T. A,, Skobelev, I. Ya., Ohba, T., Kaihori, T., Ochi, Y.,
Imazono, T., Fukuda, Y., Kando, M., Kato, Y., Kawachi, T., Anisimov, S. |, Agranat, M. B., Oleynik, I. I. & Fortov, V. E. Surface
Nanodeformations Caused by Ultrashort Laser Pulse, Engineering Failure Analysis, 2015, 47, 328-337),

paccMoTpeHa abnaums 3010Ta GeMToCeKYHAHbIMM Na3ePHbIMU UMMY/bCaMM
(Ashitkov, S. I.; Komarov, P. S.; Zhakhovsky, V. V.; Petrov, Y. V.; Khokhlov, V. A.; Yurkevich, A. A.; ILnitsky, D. K;; Inogamov, N. A,
Agranat, M. B. Ablation of gold irradiated by femtosecond laser pulse: experiment and modeling J. Phys.: Conf. Ser., 2016, V.
774, No. 1, 012097[1-60]),

n3y4eHbl noaMMopdHbie NpeBpaLLEeHUS B )Xene3e Noj Bo3AeNCTBUEM Na3ePHbIX UMNYNbCOB PeMTOCEKYHAHON AIMTENbHOCTH
(S.I. Ashitkov, V.V. Zhakhovsky, N.A. Inogamoyv, P.S. Komarov, M.B.Agranat and G.l.Kanel. The behavior of iron under ultrafast
shock loading driven by a femtosecond laser. AIP Conf. proc., 2017, 1793, 100035).

B coTpyaHuuecTse ¢ akcnepumMeHTatopamu u3 VMAMY BO PAH u IBDY, r. BnagueocTok, a Takke n3 OUNAH (otaeneHve noa
pyk. npo®d. A.A. loHMHA) paccMoTpeHbl Npo6aeMbl 1a3epHOM NevyaTi NAa3MOHHbIX HAHOMONOCTel B cepebpe v 3010Te
(Kuchmizhak, A.; Vitrik, O.; Kulchin, Y.; Storozhenko, D.; Mayor, A.; Mirochnik, A.; Makarov, S.; Milichko, V.; Kudryashov, S.;
Zhakhovsky, V. Inogamov, N. Laser printing of resonant plasmonic nanovoids Nanoscale, 2016, 8, 12352-12361),

M3y4eHO HAHOCTPYKTYPUpPOBaHME NOBEPXHOCTEN BNAaropoiHbIX METANN0B NOA AEACTBUMEM YIbTPAKOPOTKUX Na3ePHbIX
MMNYNbCOB
(Wang, X. W.; Kuchmizhak, A. A.; Li, X;; Juodkazis, S.; Vitrik, O. B.; Kulchin, Y. N.; Zhakhovsky, V. V.; Danilov, P. A; lonin, A. A;;
Kudryashov, S. I.; Rudenko, A. A. & Inogamov, N. A. Laser-induced Translative Hydrodynamic Mass Snapshots: non-invasive
characterization and predictive modeling via mapping at nanoscale Physical Review Applied, 2017, 8, 044016 - 1-17)

CoBMecTHas paboTa BefeTCs € 3KCNepuUMeHTaTopaMm U3 MHCTUTYTa cnekTpockonuu PAH, r. Tpouuk;

B cotpyaHuuecTse ¢ akcnepumeHTatopamu u3 University of Twente, Institute of nanotechnology, Netherlands paccMoTpeHa
abnauMOHHas AMHAMMKa TYronaBKoro MeTania pyTeHUs NoA AeACTBUEM YNbTPAKOPOTKMX NIa3ePHbIX UMMYIbCOB ONTUYECKOrO
WM pEHTTEHOBCKOrO Mana3oHa

(V. A. Khokhloy, 1. Milov, I. A. Makhotkin, V. V. Zhakhovsky, D. K. ILnitsky, K. P. Migdal, V. V. Shepeley, Y. V. Petrov and N. A.
Inogamov. Dynamics of ruthenium mirror under action of soft x-ray or optical ultrashort laser pulse, J. Phys. Conf. Ser.,
accepted (2018)).

bonblwas paboTa no nccneaoBaHWIO B3aMMOAe MCTBUS KOPOTKMX Nla3e pHbIX UMNYNbCOB ONTUYECKOro AMana3oHa U MArkoro
PEHTTEHOBCKOr0 M3Ny4YeHUs C MeTannamMm U AU3NeKTpUKaMu, abnaumm 3Tmx eellecTs, 06pa3oBaHMI0 MOBEPXHOCTHBIX
HaHaAOCTPYKTYp NPOBOAMTCS COBMECTHO C 3KCnepuMeHTatopamu u3 Kansai Photon Science Institute (KPSI), Quantum Beam
Science Research Directorate, QST, X-ray Laser Group, group leader prof. M. Nishikino, Japan. 3Ta 6onbLwas paboTa oTpaxeHa B
3HaYUTENIbHOM KOIMYECTBE COBMECTHbIX cTaTtel [1], cCbinku Ha KOTOpble NpuBeAeHbl B iMTepaTtype K nyHkTy 1.5.
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ANS BbINOJIHEHUS NPOEKTa (B8 MOM YU /e — 0NUCbIBaeMcs HE06X00UMOCMb UX UCNO0/b308aHUS 0715 peanu3auyuu npoekma)
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PARMA HoruHckoro HayyHoro ueHTpa PAH (YepHoronoska), M, MogenMpoBaHMe OCyLIeCTBASETCS HA HE CKOIbKMX
MHOrOMpOoLEeCCOPHbIX MalIMHaX, B TOM yucne Ha knactepe K-100 B8 UMM um. M.B. Kengbiwa (960 Bbiy.gaep),
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Mcnonb3yoTcs opuriHasbHble, pazpaboTaHHble y4acTHUKaMM NpoeKTa MporpaMma AByXTeMNepaTypHOM rMapOaMHAMUKK,
cxema M1 pacyeToB C OpUrMHanbHOM METOAMKOM pacnapannenmeanus, cxema SPH u opyrue.

MpumeHstoTcs BoluncanTensHole nakeTol COMSOL, LS-DYNA, LAMMPS, Abinit u VASP (MeTo KnaccM4eCkoi U KBaHTOBOM
MONEKYNSIPHOM AUMHAMUKM), NAKETbI CUMBOJIMY €CKUX BbIUUCNIEHWUIA U Ap.

Becb aToT annapar 6yaeT MCnob30BaTbCs NpU BbINONHEHMM NpoekTa. MogenvposaHme Metogamm MI-MK n SPH ocHoBaHo
Ha NPYMEHEHMU NePeYUCIEHHBIX BbllLe CYyrNepPKOMMbIOTEPOB.

lNpu BblYMCNEHMAX 3NEKTPOH-()OHOHHOW KOHCTaHTbl B3aMMOAENCTBMS HA OCHOBE noacyeTa QyHKUuM InmnawbeprabynyTt
NpUMeHeHb! KoAbl HAa 0CHOBe MeToaa GyHKuMoHana nnotHocTi ABINIT u ELk.
O6opynoBaHMeM rpynna obecneyeHa 4OCTAaTOUHO.

4.9. MnaH paboTbl Ha NepBbIi roA, BbINONHEHUS NPOEKTA (8 MOM YUC/IE YKA3bI8AOMCS 3aNJIGHUPOBAHHbIE KOMAHOUP0BKU
(3kcneduyuu) no npoekmy)

Ha pyCcCKOM 5i3biKe
A) MpoCTpaHCTBEHHO pacnpenesieHHbIV HarpeB 3a C4eT KOMOMHALLMM NNA3MOHHbIX M Na3zepHbiX IM noneit
PaboTa no coyeTaHWo pacyeToB 3NEKTPOMArHUTHOTO MOJISi MOBEPXHOCTHbBIX NNa3MOH-MONSIPUTOHOB U TEPMO-TUAPOANHAMUKM.
PaboTa no pacueTy paguanbHoli ro@puUpoBKM Ha Kynonax, cM. puc. 1 B npunoxeHHom n. 4.13 daiine 1.
b) [leicTene BopTeKC Ny4yKOB
PacueTt BO32eiCTBUS BOPTEKCHOMO My4Ka.
B) O6pa3oBaHmne HaHOYACTUL, NPU ABNALMMU B XKMOKOCTb
PaboTa no BKIKYEHMWIO NOIHOTO YpaBHEHMWS COCTOSIHUS BOAbI B TMAPOAMHAMUYECKUIA pacyeT abnsauum 3010Ta B BOAY.
MonekynapHo-AnHaMMUYeCKOe MOAENMPOBaHME NPOLLECCOB B3aMMONPOHUKHOBEHMS META/NA U BOAbI 33 cHeT anddysum.
KoHpeHcaums B knacTepbl 3010Ta NPU PacLUMPEHUM U OXNXAEHUM Napa 3010Ta B AMddY3MOHHOM CNoe € BOJOW 1 BHYTPU
yucToro napa 3onoTa. [NepBble pacueTbl abNsALMM MeTaNa B XXMAKOCTb C NpuMeHeHneM SPH kopa.
I JlazepHasg dhparMeHTaLms XUAKMX Kanenb U CTpyH
Mepesop kona SPH Ha TabnnMuHoe ypaBHeHMe cocTosHUs. Hauano paboT no npobneme B3aMmMoenCTBUS XKeCTKOro
peHTreHoBckoro nyyka LCLS ¢ MMKpokannei nam MMKpocTpyei Boapbl.
) Abnaums TyronnaBkmMx MeTannos
3aBepLMTb pacyeTHYH Y4acTb paboT No peHTreHOBCKMM 3epKaraM C NpUMeHeHWeM pyTeHus. [1oAroToBuTb M CAATb B NeyaTb
COOTBETCTBYHOLUME CTATbU.
E) JlasepHoe nnasneHue nopoLiKos
BynyT BbINONHEHBI TMAPOAMHAMUY €CKME pacyeTbl la3epHOro HarpeBa MMKpoYacTuL. byet onpeneneH nopor niasneHus
nepBoro cfos MMkpoyacTul,. byneT co3aaHa KapTMHa NnaBneHUs ABYX C/I0€B MUKPOYACcTUL, byayT HauaTbl MOneKynsgpHo-
AMHaMmueckune pacyeTsl. byaet nogrotoeneH SPH ko k pacyeTam HarpeBa NOPOLKOB MUKPOYaCTuL,
X) BoluncnautenbHas Gu3anka, KpynHoMacwTabHoe BblCOKONPOU3BOAUTEIbHOE YUC/IEHHOE MOLEIMpOBaHUe
ByayT BCTpoeHbl HE06X0AMMbIE YCOBEPLIEHCTBOBAHMS B KOAbI ANS BbINOAHEHMS pacyeTos B 2019 .
3) XapakTepuCTUKM KpeMHMS, 061y4eHHOro lasepoM
Bynet BbinoNHeHa OCHOBHas 4acTb 3aM1aHUMPOBAHHbIX Ha ABa roaa pabor
M) HoBble noaxoapl K pacyetam KO3 PUUMEHTA INEKTPOH-MOHHOIO B3aUMOLENCTBUS B METa//IAX
BynyT BbINONHEHbI pacyeTbl B3aMMOAE MCTBUS 3NEKTPOHHOM U MOHHOWM NOACUCTEM MeTanna C MOMOLLbI0 HOBOTO NOAX0Aa.

Ha aH2/IUTCKOM A3biKe
A) Spatially distributed heating due to a combination of plasmon and laser EM fields
Work on a combination of calculations of the electromagnetic field of surface plasmon-polaritons and thermo-
hydrodynamics. Work on the calculation of radial corrugation on the domes, see fig. 1 in the attached to the section 4.13 file
1.
B) Action of the vortex beams
Calculation of the action of the vortex beam of light.
() The formation of nanoparticles during ablation into a liquid
Work on the inclusion of the full equation of state of water in the hydrodynamic calculation of the ablation of gold into water.
Molecular dynamics simulation of metal and water interpenetration due to diffusion. Condensation into gold clusters during
expansion and cooling of gold vapor in a diffusion layer with water and inside pure gold vapor. The first calculations of metal
ablation into liquid using the SPH code.
D) Laser fragmentation of liquid droplets and jets
Transfer of SPH code to tabular equation of state. Beginning of work on the problem of the interaction of a hard X-ray LCLS
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beam with a microdroplet or microjet of water.

E) Ablation of refractory metals

Complete a computational part of the work on the X-ray mirrors with ruthenium. Prepare and submit relevant articles.

F) Laser melting powders

The hydrodynamic calculations of the laser heating of the microparticles will be performed. The melting threshold of the first
layer of microparticles will be determined. A picture of melting of two layers of the microparticles will be created. Molecular
dynamics calculations will be initiated. An SPH code will be prepared for calculating the heating of microparticle powders.

G) Computational physics, large-scale high-performance numerical simulation

The necessary improvements will be embedded in the codes for performing calculations in 2019.

H) Characteristics of silicon irradiated by laser. Most of the work planned for two years will be completed.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals. Calculations of the interaction
between the electron and ion subsystems of the metal will be performed using a new approach.

4.10. MnaHupyemoe Ha nepsbiii Foa COAEPXKAHME PabOTbl KaXKAOr0 OCHOBHOIO MCMOTHUTENA NPOEKTA (8K/K04AS pyKoB8oOUMens
npoekma)

1. AHncumos Cepreit MBaHoBWY, pykoBoanTeNb npoekTa. ObLiee pykoBOACTBO NPOEKTOM. [loMecsyHas/nokBapTanbHas
BHYTPEHHSS OTYETHOCTb KKA0r0 Y4aCTHWMKA KonnekTuea. MpuHsaTue pelueHuint. Gusnyeckue MoLenu npoLeccos. AHanus
pe3ynbTatoB. Koppektnposka paboT npu Heo6Xx0aMMOCTU.

2. MHoramos Hannb AnumoBun.

PaspaboTka Mogenu ans 3agayum A (rubpu NnazMoHUKU U TepMO-rapoaArHaMMKM). KOHTAKT C UCNONHUTENSMMU.

PacueTbl no 3apaye b (BopTeKkcHble cTPyKTypbl). Teopusi npouecca. MNoabop napaMeTpoB A1 MaclwTabmnposaHus 3aaayum b B
paMKax MOeKynspHoO-AMHAaMUYeCKoro MoaenMpoBaHus. Hanncanue cratbu.

3apava B (abnaums B XXMAKOCTD): aHaNM3 TePMOAMHAMUY €CKMX AaHHbIX BOAbI, CONOCTaBAEHWEe C TepPMOAMHAMMKONM 30/10Ta.
HauanbHble cTagmu, TennonpoBoaHOCTL U Anddy3us, nanekme CTagum Npouecca Npyu pacluMpeHnm Napos 3010Ta Ha ABa
nopsaka. Moarotoska Mate puanos K ny6ankauum.

3apava I (bparmeHTaumsa kanenb/cTpyi). CoBMeCTHas C YieHaMm KOJIIEKTMBA HACTPOMKa NapamMeTpOoB As pacyeToB HayanbHOM
AVMHAMUKM (NOFNOLLEHUNE XKECTKMX PEHTTEHOBCKUX (POTOHOB, peflakcauum 3NeKTPOHHOM NOACUCTEMBI, paclUMpeHUs
LUMAMHAPUY €CKOW YAAPHOM BOJHbI), Nepeaaya AaHHbIX HaYa/lbHOW AMHAMUKM Ha BXOJ, MONIEKYNSPHOM auHaMmnkn 1 SPH koza.
3apava [ (abnauus pyteHus). Gusmnyeckas Moaenb. AHanu3 pe3ynbTaToB rMAPOAMHAMUYECKOTr0 U MONEKYISPHO-
AMHAMUYeCcKOro pacyeTos.

3apaya E (nopowku). Pusnyeckas kapTuHa. MepevyeHb OCHOBHbIX TOUEK, TEM, KOTOpble TpebyeT pacyeToB AN MOHUMAHWS
NpOUCXOAALIErO.

3. MeTpos HOpuit Bacunbesnu.

MonHoe ypaBHEHME COCTOSIHMS XXMAKOM M Napoobpa3HoM BoAbl. PacueT yaapHoOM agmabarbl, pacyeT aByxdasHow obnactu,
pacuyeT agnabar, cBa3bIBalOWMX apnabaty MNoroHno 1 Npoxoaawmx BHyTpb AByxda3HOM 061acTv. YpaBHeHME COCTOSIHUS
pyTeHUs, ypaBHEHUE COCTOSIHUS MONMBAEHa B IByXTEMNEPATYPHbIX M OLHOTeMMNepaTypHbIX ycnoBusx. PacueT koadduumeHTa
TENI0NPOBOAHOCTH U KOIPDULMEHTA INEKTPOH-MOHHOTO B3aMMOAENCTBUSA N1 PYTEHMA U MOAMBAEHA B IBYXTEMNEPATYPHbIX
M 0AHOTEMNEPATYPHbIX YC/IOBUSIX.

4. Xoxnos Buktop AnekcaHaposuu.

mopoauHammyeckune pacueTsl o 3agadam A, b, B, I, [I, E. Aoantaums NoAHOro ypaBHEHUS COCTOSHUS BOAbI B XKMOKOM U
NMapoBOM COCTOSIHUSIX B CXEMY MMAPOAMHAMUYECKOro pacyeTa. AnanTaums CXeMmbl Koaa Ans pelleHus 3a8ay no pyTeHUIo U
MonnbaeHy.

5. XKaxoBckui Bacunuii Buktoposuy.

BaxHbl uneH konnektmea. CozpaeT pusmnyeckme Moaenu. AnantupyeT KoAbl K peanbHOM CUTyaumu, KoTopyto TpebyeTcs
onwucaTb. PazpabatbiBaeT MeXXaTOMHbIM NOTEHLUMAN B3aMMOAENCTBUA 419 pPYTEHMUS. BbINONHWUT paboTbl MO MONEKYNSPHO-
AMHaMUYeCcKoMy M rmapoauHammyeckomy SPH mogennposanuio 3agad A, b, B, I, [, E. PazpaboTtaeTt HoBble M MoauduumpyeT
CYLLECTBYIOLLME KOAbI B paMKax 3ada4n XK.

YneHbl konnekTmnea oo 39 ner:
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6. Murgan Kupunn Metposwnu.

ByneT ncnonb3oBaTh CBOM OMbIT NPUMEHEHUS NAKETOB KBAHTOBO-MEXaHWYeCKOro MOAEIMPOBaHUS [N HAXOXAEHUS
TpebyeMbiX B pacyeTax TepMOAMHAMUY eCKUX U TPAHCMOPTHBIX AAHHbIX NO PYTEHUIO U MOMBAEHY. BbinonHUT paboTy no
CBOICTBaM KpeMHUS Npu NlazepHoM 0baydeHun. YTOUHUT pacyeTsl Ko3dduumeHTa 31eKTPOH-MOHHOI0 B3auMoaeincTems. Bee
3TW paboTbl BaXKHbI ANs yCNexa NpoekKTa.

7. puropbes Cepreit OpbeBuy.

OuyeHb HyXHbI A8 NpoeKTa cneuuanuct. BeinonHut paboty no npumeHeHuto koga SPH (Smoothed Particle Hydrodynamics) u
MONEKYNSAPHOM AMHAMUKK NS peleHuns 3agad B nn. B, I, E. BbiNnoaHUT paboTbl N0 pa3BUTUIO arOpUTMUY eCKo Ha3bl
kosinektunaa (. X).

8. Obsukos Cepren AnekcaHapoBumu.

Hy>kHbIM Ang npoekTa cneuuanuct. BoinonHuT paboTty no npumMeHeHumto koga SPH (Smoothed Particle Hydrodynamics) u
MONEKYNSPHOM AMHAMUKK ANg peleHuns 3agad B nn. B, I, E. BbinoaHUT paboTbl N0 pa3BUTUIO arOpUTMUY eCKOM 6a3bl
konnektunaa (. X).

9. Eroposa Mapwus CepreeBHa.

Hy>XHbI g npoekTa cneumanmct. BeinonHut paboTty no npumeHeHuio koga SPH (Smoothed Particle Hydrodynamics) u
MONEKYNSPHOM AMHAMUKK Ang peleHuns 3agad B nn. B, I, E. BoinonHUT paboTbl N0 pa3BUTUIO a1rOpUTMUY eCKOM 6a3bl
konnektuaa (. X).

10. Myp3oB CeMeH AnekcaHapOBuY.

Hy>XHblI Ang npoekTa cneuuanmcT. BeinonHuT paboTty no npuMeHeHuto koga SPH (Smoothed Particle Hydrodynamics) u
MONEeKYNSIPHOM AMHAMUKK Ang peleHuns 3agad B nn. B, I, E. BoinoaHUT paboTbl N0 pa3BUTUIO 21rOPUTMUY eCKO 6asbl
konnektuaa (. X).

4.11. OkupaeMble B KOHLIE NEPBOro roAa KOHKpETHbIE Hay4Hble pe3ynbTaTbl (YopMa U310eHUs 00/MKHA 0amMb 803MOXHOCMb
nposecmu 3Kkcnepmusy pe3ybmarmos U OUeHUMb CMeneHsb 8bINOAHEHUS 3a58/1EHH020 8 NPOEKME NJaHa pabomei)

Ha pyCcCKOM 5i3biKe
A) MpoCTpaHCTBEHHO pacnpenesieHHbIV HarpeB 3a C4eT KOMOMHALLMM NNA3MOHHbIX M Na3zepHbiX IM noneit
ByLyT BbIMOMHEHbI pacyeTbl NJA3MOHHbIX NOJIEN, MHULMUPYEMbIE BHELUHENM NaJatoLleli Na3epHoM BoNHON. byaeT HaaeHo
CYMMapHoOe AeWCTBYyHoLLIee Nonie B CKUH-CNoe MeTanna. byaeT BblumncieHa COOTBETCTBYOLASA AMCCUMALMS.

MonyepkHeM, uyto pacyeTbl 2019 r. KauecTBeHHO OT/IMYAIOTCS OT Boslee NPOCTbIX PacyeToB, OMUCAHHbIX B CTaTbsIX [4], CM.
Cnucok ccolnok K n. 1.4 npoekra. B paboTax [4] reomeTpus Bbina OTHOCUTENBHO NPOCTOM, BONHbI OblAM ABYMEPHbIMY, T.€.
HaXOAMUCb B NIOCKOCTU BOJIHOBbIX BEKTOPOB /Ia3€PHbIX BOJIH, O4HOW, pacNpOCTPaHAIOLWENCS B KMHe KpeTyMaHHa, 1 Apyron,
nafatoLen Ha naeHKy U3 BakyyMa. B HaleM ciyvae BO/HbI TpeXMepHble, MOCKO/bKY BO36YXAaloTcs Ha 6yropke-kynone
nAeHKU 1 6eryT B pasHble CTOPOHbI OT Kynosa.

ByayT BbINOMHEH KOMMEKT pacyeToB T PMO-TUAPOANHAMUKM, KOTOPbIE OMULLYT OTK/IMK MULLEHWU HA AUCCUMMNALLMIO B TEMJIO B
CKMH-Cnoe. 3Ta AMccunaumsa HeoAHOPoaHaa nNo naeHke. OnucaHue OTKAMKA 03HAYaEeT, YTO Mbl BOCCO343aAUM KapTUHY
NNaBNeHMs, ABUXEHMUS U 3aMOPAKMBaAHMS B GUHANbHbIE CTPYKTYPbI, KOTOpble ByAyT CONOCTaBAEHbI C OMNbITaMu KOMET U3
BnapgmBocTtoka n ®VAHa.

ByayT paccunTaHbl ABMXKEHUS KYMOMOB, NOKa3aHHbIX Ha puc. 1. Mbl He Byaem nonb3oBaTbCs NpubamxkeHneM oceBoin
cumMeTpun. byaeT yctaHoBNeHa HeM3BECTHAsA CEroAHS M MHTPUTYIOLWAS YY€EHbIX MPUYMHA CUNbHOM PaauaibHOM rodpUpOBKU
Ha Kynonax.

B) [leiicTBrne BOpTEKC NYy4KOB

ByneT npogenaHa 6onblias paboTa No NOArOTOBKE K pacyeTaM M pacyeTaM BO34ENCTBMS BOPTEKCHOIO My4Ka, CM. puC. 2 B
npunoxeHHoMm 4.13 darine 1. Mbl npMMeHMM BCe MMetOWMECS Y HAaC CpeacTBa M OMULLEM MeXaHU3M (GOpPMUPOBAHUS
XUPanbHbIX 330CTPpeHUA. OTMETUM, YTO Ha CEFOAHS B IMTEPATYpe CTANKMBAKOTCS ABE NPOTUBONOJOXHbIE TOYKM 3pEHUS.
SINOHCKMe aBTOPbI U HEKOTOPbIE ApYrue YTBEPXKAAIOT, YTO MPUYUHOM XUPANbHOCTUN SBASIETCS YTNOBOM MOMEHT, MPUHOCUMBIN
BOPTEKCHbIM My4KOM OTOHOB, CM. NepBble ABe paboTbl B CNMCKe nnTepatypsbl K M. 1.4 noa HoMepoMm [5]. Torga kak konneru us
®WAHa 1 yHuBepcuTeTa B r. Camapa CYMTAloT, 4TO Ae/10 B HEOAHOPOAHOCTM OCBELLEHMS B NATHE HA MOBEPXHOCTU MULLEHMW.
TakuM 06pa3oMm, CUTyaLMs O4eHb MHTEPECHAs U CIIOXHAS.

B) O6pazoBaHmne HaHOYACTUL, NpU ABNALMM B XKMOKOCTb

ByneT 3akoH4YeHa paboTa No BK/IIOYEHMIO MOMHOFO YPAaBHEHUS COCTOSIHMS BOAbI B TMAPOAMHAMMY €CKMUIA pacyeT abnsaumm 3010Ta
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B BOAY. byneT BbINONHEHO MoNeKynsapHO-aMHaMuyeckoe (M) MogennpoBaHme NpoLeccoB B3aMMONPOHUKHOBEHUS MeTa//a U
BOAbl 33 cyeT anddy3un. byaeT npoMoaenMpoBaHa KOHAEHCALMS B KNacTePpbl 30/10Ta NPY pacLUMPEHUU U OXNAXKAEHUM Napa
30/10Ta B AP dY3MOHHOM C/l0€e C BOAOM M BHYTPU YMCTOrO napa 30/10Ta. byayT BbinoAHeHbI pacyeTbl abnsaummu MeTanna B
XUAKOCTb ¢ npuMeHeHnem SPH koga. Mpeactout cpasHute M, n SPH pe3ynbTtathl. byaeT BoinonHeHO rmapoguHaMmyeckoe
MOAENMPOBaHME C NOMOLLBIO KOAA B NepeMeHHbIX JlarpaHxa. byaeTt noHsTa, koraa 1 kakum o6pasom hopmupyoTcs
HaHo4YacTULbI.

N lazepHas pparmMeHTaLMS XUAKNX Kanenb U CTpyH

Kop SPH 6yneT nepeBefieH C aHanMTUUYECKOro Ha TabaMuHoe ypaBHeHWe COCTOSHMSA. byayT Hauatbl paboTbl no npobneme
B3aMMOLEMCTBUS XKECTKOro peHTreHOBCKoro nyyka LCLS ¢ Mmukpokannei uam MukpocTpyei Boabl. [peactout co3aatb 3anen
ANns fanbHenwen paboTbl U oNy6AMKOBaTb NepBble NOAyYeHHble AaHHbIe MO AMHAMMKE Kanau Wian CTpyU Noce CUibHeNLwWwero
KOHLEeHTPMPOBAHHOIO BA0/b TOHKOM HUTOUYKM PEHTTEHOBCKOIO BO3EMCTBYS.

) Abnsums TyronnaBknMx MeTannos

ByayT 3aBeplieHbl pacyeTbl N0 peHTreHOBCKMM 3epKanaM C MpUMeHeHUeM pyTeHus. byayT HanucaHbl U cAaHbl B NeYarb CTaTbu
no 370 pabore.

E) JlasepHoe nnaBneHne NOPOLLKOB

ByayT BbINONHEHbI r’MAPOAMHAMUYECKME pacyeThl Ia3epHOro Harpesa MMKpoyacTul,. byneT onpeneneH nopor nnaeneHus
nepBoro c/los MMKpoYacTuu,. byneT co3paHa KapTMHa NnaBneHUs ABYX-TpeX NepBbiX CI0EB MUKPOYacTUL,. byayT HauaTbl
MONeKynspHo-AMHaMMuyeckue pacyetsl. bynet noarotoeneH SPH koA K pacueTaM HarpeBa MeE30CKOMNMUYECKUX aHCambnen
MuKpoyacTuu, MonyyeHHble pe3ynbTatel 6yayT NOArOTOBAEHbI ANs Ny6AMKaLMu.

X) BoruncnurenbHas dusnka, KpynHomacwrabHoe BblCOKONPOU3BOAUTEIbHOE YNC/IEHHOE MOAEIMPOBaHNe

BynyT BCTpOEHbl HEO6X0AMMbIE YCOBEPLUEHCTBOBAHMS B KOAbI ANS BbIMOSHEHMUS pacyeToB B 2019 T.

3) XapaKkTepuCTUKM KpeMHUS, 061y4eHHOro nazepom

ByneT BoinonHeHa 0CHOBHAs YacTb 3anlaHMPOBaHHbIX Ha iBa rofa pabot

M) HoBble noaxoapl K pacyetam Ko3dPUUMEHTA INEKTPOH-MOHHOIO B3aUMOAENCTBUS B MET//IAX

ByayT BbINOMHEHbI pacyeTbl B3aMMOAEWCTBUS 3NEKTPOHHOM M MOHHOM NOACMCTEM MeTanna C MOMOLLBI HOBOMO NOAX04a.

Ha aH2NULICKOM S13bIKe
A) Spatially distributed heating due to a combination of plasmon and laser EM fields.
Calculations of plasmon fields initiated by an external incident laser wave will be performed. The total effective field in the
skin layer of the metal will be found. The corresponding dissipation will be calculated.

We emphasize that the calculations of 2019 are qualitatively different from the simpler calculations described in the
articles [4], see the list of references to section 1.4 of the project. In [4], the geometry was relatively simple, the waves were
two-dimensional, i.e. were in the plane of the wave vectors of the laser waves, one propagating in the Kretchmann wedge,
and the other falling on the film from a vacuum. In our case, the waves are three-dimensional, since they are excited on the
tubercle-dome of the film and run in different directions from the dome.

A set of thermo-hydrodynamic calculations will be performed that describe the target response to dissipation into heat in
the skin layer. This dissipation is not uniform over the film. Description of the response means that we will recreate the
picture of melting, movement and freezing into final structures, which will be compared with the results of experiments of
colleagues from Vladivostok and FIAN.

The movements of the domes shown in fig. 1 in the attached p. 4.13 file 1 will be calculated. We will not use the axial
symmetry approximation. An unknown and intriguing reason for the strong radial corrugation on the domes will be
established.

B) Action of vortex beams.

Much work will be done to prepare for the calculations and performing calculations of the action of the vortex beam, see fig.
2. We will apply all the means at our disposal and describe the mechanism for the formation of chiral points. Note that today
in the literature there are two opposing points of view. Japanese authors and some others argue that the cause of chirality is
the angular momentum brought by the vortex photon beam, see the first two papers in the list of references to section 1.4
under the number [5]. At the same time, colleagues from FIAN and the university in Samara believe that it is caused by the
heterogeneity of the illumination in the spot on the surface of the target. Thus, the situation is very interesting and complex.
() The formation of nanoparticles during ablation into a liquid.

The work on the inclusion of the complete equation of state of water in the hydrodynamic calculation of the ablation of gold
into water will be completed. Molecular dynamics (MD) modeling of the processes of metal and water interpenetration due
to diffusion will be performed. Condensation into clusters of gold will be simulated when the gold vapor expands and cools
in the diffusion layer with water and inside pure gold vapor. Calculations of metal ablation into liquid using the SPH code will
be performed. It is necessary to compare the MD and SPH results. Hydrodynamic modeling will be performed using a code in
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Lagrange variables. It will be understood when and how nanoparticles are formed.

D) Laser fragmentation of liquid droplets and jets.

The SPH code will be transferred from analytic to a tabular equation of state. Work will be started on the problem of the
interaction of a hard X-ray beam LCLS with a microdroplet or microjet of water. It is necessary to create a reserve for further
work and publish the first data obtained on the dynamics of a drop or jet after a strong concentrated X-ray exposure along a
thin thread.

E) Ablation of refractory metals.

Calculations on x-ray mirrors using ruthenium will be completed. Articles on this work will be written and put into print.

F) Laser melting of powders.

The hydrodynamic calculations of the laser heating of the microparticles will be performed. The melting threshold of the first
layer of microparticles will be determined. A melting pattern will be created for the two or three first layers of microparticles.
Molecular dynamics calculations will be initiated. An SPH code will be prepared for the heating of mesoscopic ensembles of
microparticles. The results will be prepared for publication.

G) Computational physics, large-scale high-performance numerical simulation.

The necessary improvements will be embedded in the codes for performing calculations in 2019.

H) Characteristics of silicon irradiated by laser.

Most of the work planned for two years will be completed.

[) New approaches to the calculation of the coefficient of electron-ion interaction in metals.

Calculations of the interaction between the electron and ion subsystems of the metal will be performed using a new
approach.

4.12. MNepeyeHb NNaHMPYEMbIX K NPUOBGPETEHUIO 3a CHET FpaHTa 060pyAOBaHUS, MaTe pUaNoB, UH(OPMALMOHHBIX U APYTUX
pecypcoB Ans BbINOJIHEHUA NPOEKTA (8 MOM HUC/IE — ONUCLIBAECMCS HE0OX00UMOCMb UX UCNO0/16308aHUS OIS peanu3ayuu
npoekma)

He nnanupyeTcs

4.13. ®aiin c pononHUTENbHON MHpOpMaume 1

C rpadmkamu, dotorpadmamm, pucyHkamm u MHOIM MHGopMaLmeit o coaepxalum npoekta. OauH gaitn B dopmare pdf, no 3 M6.

CKa4atb...

Tekct B aitnax ¢ J,0MONHUTENbHOM MHPOPMaLMEN [,0MKeH NPUBOAMUTLCS Ha PycckKoM si3bike. MepeBOA, Ha aHMUICKUIA f3blk TpebyeTcs B TOM Clyyae, eciu

PYKOBOAUTENb MPOEKTa OLEHNBAET AaHHYH MHDOPMALMIO CYLLECTBEHHOM 4NN IKCMepTa.
4.14. daiin c pononHUTENbLHOIM MHDOPMaumeit 2 (ectu uHgopmayuu, npusedeHHoli 8 ¢aiine 1 okaxemcs HedocmMamoyHo)

C rpadmkamu, doTtorpadmamm, pucyHKkamm U MHoi MHgopmaumein o copepxaHum npoekta. OauH ¢aiin B dopmare pdf, no 3 M6.
CKayarTb...

Moanuckb pykoBoautens npoekra /C.N. Anucumos/
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@opma 5. 3anpawmeaemoe puHaHcuposaHue Ha 2019 rog,

5.1. MnhaHupyembie pacxoabl N0 NPOEKTY

Ne Cymma pacxopnoB
HanpaeneHus pacxopoBaHus rpaHTa
n.n. (TbiC.py6.)
BCEro 6000
BosHarpaxaeHue 41eHOB Hay4HOro KOIeKTUBA (C y4eTOM CTPaxoBbiX B3HOCOB BO 5000
BHeOmKeTHble GoHAbI, 6e3 nnL, KaTeropmm «BCMOMOraTelbHbl MePCoHan»)
Bo3HarpaxaeHue nuu, KaTeropmMm «BCNOMOraTeibHbli4 NepcoHan» (C y4eToM CTPaxoBblX 0
B3HOCOB BO BHeOIOAKeTHbIE POHLbI)
1 |Wroro Bo3HarpaxaeHue (C y4eToM CTPaxoBblX B3HOCOB BO BHEOOAXKETHbIE HOHAbI) 5000
2 |Onnata Hay4HO-MCCNenoBaTeNbCKMX PaboT CTOPOHHMX OpraHM3aLmMi, HanpaBneHHbIX Ha 0
BbINOJIHEHWE HAYYHOrO NPOEKTa
(He Bonee 15 NpOLEHTOB OT CYMMbl PaHTa)
3 |Pacxoppl Ha npuobpeTteHne 060pya0BaHNUS U MHOTO UMYLLECTBA, HEO6X0AUMDIX ANns 0
npoBeLeHNs HAay4YHOro nccnefoBaHus (BkIoYas obydyeHne paboTHUKOB, MOHTaXHbI€e, MYCKO-
Hanafo4YHble U PeMOHTHbIe ™™ paboTbl)
*** He cBsi3aHHble C OCYLECTBNEHMEM TEKYLUEH 4 eATENbHOCTM OpraHM3aLm,
4 |Pacxoppl Ha npuobpeTeHMe MaTepuanoB U KOMMAEKTYIOWMX 418 NPOBEAEHUS HAYYHOMO 0
nccnenoBaHMUs
MHble pacxoabl 4ns uenen BbINOAHEHWUS NPOEKTA 400
6 |HaknagHble pacxonbl opraHusaumm 600
(He 6onee 10 NPOLEHTOB OT CyMMbl IPaHTA)

5.2. PacwmdpoBKa n1aHUupyeMbiX pacxoaoB

HanpaeneHus pacxofoBaHua rpaHTa, pacwmdpoBka

WToro Bo3HarpaxaeHue (C y4eToM CTPaxoBblX B3HOCOB BO BHeBOAXETHbIE HOHAbI)

(yKa3bIBaeTC5| CyMMa BO3Har paxxa eHus (BKJ'II'O"IaFI pyKoBoOAUTENA, OCHOBHbIX WCMONHUTENEN U UHBIX MCHOﬂHMTeﬂeIZ, NPUBNIEKAEMbIX K BbINOJIHEHUO pa60T no
npoeKTy), BK/1KO4adA YCTaHOB/IE€HHbIE 3aKOHOL,aTE/IbCTBOM Poccuiickon CDe,u.epauMM FapaHTUM, OTYNCIEHMA NO CTPaxXOBbIM B3HOCaM Ha obsizarensHoe
NEHCMOHHOE CTpaxoBaHWe, Ha obazarensHoe MeaUUMHCKOE CTpaXoBaHWe, Ha obszarensHoe coumanbHOE CTpaxoBaHUE Ha cnyqaﬁ BpeMeHHOﬁ
Hepr,ELOCI'IOCOﬁHOCI'M M B CBA3U C Mar€pUHCTBOM, Ha obs3zarenbHoe COUMaNbHOE CTpaxOBaHME OT HeCYaCTHbIX C1y4aeB Ha Npou3BOACTBE U I'IpOCbeCCMOHaﬂbeIX

3abonesaHuif)

5000

Onnata Hay4HO-UCCNef0BaTeIbCKMX PaboT CTOPOHHWX OpPraHn3aLmii, HaNPaBNEHHbIX HA BbIMOJHEHWE HAayYHOrO
npoekTa
(NpMBOAMTCA NepeyeHb NNaHMPYEMbIX [,0rOBOPOB (CHETOB) CO CTOPOHHWUMM OPraHM3aLMAMM C YKa3aHUEM MpesMeTa U CyMMbl KK,0ro [,0roBopa)

HeT

Pacxoppl Ha I'IpMOﬁpETEHME 060py,£l.OBaHM9| M UHOIO MMYLLIECTBa, HEeobXoANMbIX AN1S nposeneHuUsa Hay4yHoro
nccnenoBaHns

(NpeacTaBnseTcs nepeyeHb NIaHUPYEMbIX K 3aKynke 060pyA0BaHUS M MHOTO UMYLLECTBA, HEOOXOAMMBIX A NPOBEAEHUS HAYYHOro UCCIesoBaHMS (B
cootBeTcTBUM C M. 4.12 hopmbl 4))

HeT

Pacxopbl Ha npMobpeTeHne MaTepUanoB U KOMMNEKTYOLWMX ANS NPOBEAEHUS HAYYHOrO MCCIeA0BaHMUS
(npencraBnseTcs paciumdpoBKa 3an1aHUPOBaHHbIX MAaTEPUANOB 1 KOMMIEKTYIOWMX (B COOTBETCTBUM C M. 4.12 dopMbi 4))

HeT

MHble pacxonbl Ans Lener BbiNoHEHMS NpoeKTa

(I'IpMBO,D,ﬂTCﬂ WHblE 3aTparbl Ha LN BbINOMHEHMA NPOEKTa, B TOM YNUUI1€ Ha KOMaHAUPOBKU, ONNary yaiyr CBA3n, TPaHCNOPTHbLIX YC1YT, pacxoibl HE

QaCLLIMQQOBbIBaKJTCﬂ
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400

Moanucb pykoBoauTens npoekra /C.A. AHucumos/

Moanucb pykosBoauTens opraHusauum (YrosHOMOYEHHOIo NpeacTaBuTenNs, AeMCTBYIOLEero Ha OCHOBaHWW J,OBEPEHHOCTU UK
pacnopsauTenbHOro AOKYMEHTa), neyarb (Npy ee Hannuyumn) opraHusaumu.
B cnyyae nopnucaHus opMbl yNONHOMOYEHHBIM MpeLCTaBUTeNeM OpraHu3aumm (B T.4. — pyKOBOAUTENeM Gunuana) K neyarHoMy 3K3eMnispy 3asBKW npuiaraetcs

KOonua pacnopagutenibHoro A 0KyMeHTa 1K 0,0BePEHHOCTH, 3aBEPEHHasA Nevarbd OpraHu3aumn.

M.M.
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