
OT3bIB

rfieHa ar.icceprarlr4oHHOfO COBeTa conuxoBa AaBraTa KyBaToBrzqa Ha
AIlCCepraur{rc

3anaprnenoii Ma4unu 3axaprrennu
Ha TeMy <llpocrpancrneHHo_BpeMeHHtur .4UHaMHIta HOHT43aIIZOHHbtX rlpoueccoB B
Har{oceKyHAHLrX pa3prAax B r_rHepTHbrx ra3ax c flpoTrxen"u_ .ron"r, naToAOM)),

rrpeAcraBJreHHyro Ha coxcKaHr.ie yveuoii creneuu xan4zgara <f z:zKo-MareMarr.rqecKu x HavK rro
cnerlr4 aJrbHocrr4 1.3.9. <@u:uxa nlra3Mbr).

I4ccre4oeauua $zsuuecxvx npoueccoB B Br,rcoKoBoJrrTHbrx r.rMrrynbcHbrx
3neKTpr4 rrecKr4x pa3psaax c nonbrM KaroAoM OTHOCrrcr K r{ucny syu4auenra.nlu'x 3aAaq
{usuxra, r4HTepecH6rx ant fipaKruqecKux rpu:roNeuuil. Bo unorzx coBpeMeHHbrx rex'oJrorurx[onyr{eHru HaHopa3MepHbrx nonylpoBoaHr.rKoBbrx orpyKryp rxr]poKo nprrMeHrrorc,
lra3MeHg6re peaKTopr,r Ha ocHoBe pa3p.xaoB c nonbrM KaroaoM. Xor" *nu"cn"""nua .*ouurapa3ptAbl c [o-]rbrM Karo.4oM Hccne.qyrorcs B TeqeHrze anr-irenlHoro BpeMeHr,, ypoBeH'noHI'IMaHat KI'iH.rHKII 14 oHI'I3aIII4 oHH'IX npoqeccoB B Br,Ico*oBo.rrbrHbIX HaHocexyHAHbIXpa3pt'4ax c tro']rblM Karo'4oM BecI'Ma AareK or coBeplrleHcrB a. flpu umuuuu Bbrco6qx 3Ha.leHr-rirsrerrpa'recrux no:refi 3nexrpoHHtur KoMnoHeHTa n,rra3Mbr npuo6peraer a'u3..lporrHbrecBoicrBa, qro no3BoJrrer KoHcrpyr4poBar6 nJra3MeHHbre peaKTopEr, [pr4roAHbre .qJuTexHoror'qecKr.rx npmroNeur.rii, HanpnMep, B Mr.rKpo3ne^TpoHr.iKe, npu uo4usuraqzunoBepxHocrz MarepI'IaJIoB' art noJIyqeHl4t rxr'IpoI(oaneprypn"r* ,nantpo"nbrx u rioHHr,rxIIoToKoB.

Oco6rrfi aHTepec npeAcraBlrlor 14ccre.qoBaHr4.g naHaMHKr.r pa3Bu"tr4fl, npocrpaHcrBeHHoficrpyKTypH pa3praa npa pa3nrzr{Hr,rx npoSa:r.rx rroBepxHocrur Karora, nocKolrbxy raKr.refa3opa3praHLre clicTeMr,r ..arcT BO3MOXHOCTL ynpaBntrru nupurarp*, nn*rri noAKOHKperH're TexHo,rofr4qecKrze rpe60naaux. flosrolry a*TyaJ,rbHocrr, nu6paunoiiM.3.3ar<aprreeofi rel*r ar{cceprarlrioHHoii pa6orsr He Br,r3ErBaer coMHeHr4r.r.
.{accepraqzounar pa6ora M.3.3unup""a"oz rtocBr IeHa uccreAoBaHn]o

IIPOCTPAHCTBCHHO-BPEMEHHA'I AI4HAMUKA 14 OHI]3AIIIiOHHbIX NPOUECCOB B HAHOCCKYHAHbIXpa3pslax B r.rHeprHbrx ra3ax c nporrxeHHbrM noJ,rbrM KaroAoM c pa3nriqHbrM npoQllneunoBepxHocrr4 xaroaa r4urepec K raKr4M pa3pflAaM CBq3aH C npr.rMeHeHr.reM ro406ulrxronctpyxqrzfi pa3p.gAoB B npequ3xoHHbrx aarvrriBHr,rx rexHo;rofxrx aroMHo-cJroeBofoTpaBneHut noBepxHocTI4 MaTepzarloB MXKpO_ n HaHo3JIeKTpOHHKI,I.

Hayuuaa HoBn3Ha u Hall6olree cyrqecrBeHHr,te pe3yJrr,Tarbr:

B 4uccepraqzu BnepBr,re c HaHoce(ylrrH_brM BpeMeHHbrM pa3perrreHueM3KCIEPIIMEHTAJI'HO }ICCIEAOBAHA NPOCTPAHCTBEHHO-BPEMEHHfu{ II4HAMI4KA PU3BUTI4frI]OHU3AIIU OHHLIX NPO'ECCOB B HAHOCEKYHAH'IX PA3P'AAX C NPOT'XEHH'IM NON'IM KATOAOM [P}Ipa3nr4qHrix nposu'rx rroBepxHocrr'r KaroAa: B Br.rAe nprMoyrolr'ofi qeru 14 B B'AenonyKpynroft rroJrocrr.r.
IrIs sxcnepnueuralrbur,tx pe3yJrbraroB Ha pa3rr4,.rHbrx craalisx pa3Burufr pa3pflaaolpeAeneHlr ocHoBHr,re ero xapaKrepucrrn" , npouap""o co6,rroAeHue coorHorxeHru no.qo6x.{g o6racrri AocruxeHa.s MaKct
Bneprue r*.'.0;;;T#x;'Jffi :#ffi1fl0#uuu,"onorHeprerrrrHbrx ener{rpoHoBrfeHeplipoBaHHbrx B HaHOCeKyHAHOM pa3prle c npoTrxeHHblM rIonbIM KaTOAOM 3a cel.qarblMaHoAoM noryrreHa rrJra3MeHHarr xorslrrypaqlra B BuIe (nJra3MeHHofo jrr.r cra), floKa-:aHaBO3MOXHOCTT' uac'rra6tponaul4r (nJra3MeHHOfO nricra) An, ,,o,.yqe'L' pa3nl.q'blx eroreoMeTprzqecKax pa3MepoB.
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Bnepnue AJr.f, [na3MeHHoro cror6a HaHogeKyHAHol o pa3praa c nporrxeHHbrM rroJ]brM
KaroAoM nocrpoeHa u peanu3oBaHa caMocofJracoBaHHarr qucJreHHtur MOAenL pacqera @p33 s
.qByxqJIeHHoM npll6:rzNeuuu B ycnoBlttx c:ra60fi aHlzsorponlru Ha ocHoBe coBMecrHofo
LlcnoJrb3oBaHrzr [aKeroB nporpaMM Comsol Multiphysics a LisbOn Klnetics Boltzmann u
qIiCJIEHHO I.ICCJIEAOBAHA .4HHAMI4KA I{OHI'3AIIIIOHHbIX QPOHTON KAK MEXAY 3JIEKTPOAAMI4, TAK I4
BHyTpr.i rroJrocTx KaToIa.

2.

3.

I.

B pa6ore nonyqeHbr cneAyroqr4e uau6olee cyqecrBeHHr,re pe3ylrbrarbr:

3xcnepulreura,u'Ho c HaHoceKyHAHbrM BpeMeHHbrM pa3peueHrreM lrccJreaoBaHa ar.ruaMr4Ka
tfopuaponariax npocrpaHcrBeHHofi crpyKrypbl r,MryJrbcHoro pa}p'.aa c [porrxeHHbrM
nojrr,rM KaroAoM u Ha pa3nsr{Hl,rx ararr4trx rfoplrupoaaunn v pasB4-tr4t pa3pqaa onpeaeneHbr
ocHoBHbre efo xapaKTepr.rcrr.iKr.r. SxcuepuveuranrHo rrpoBepeHo co6lro.qenue
coorHorxeurzr no4o6ux s o6,racru AocruxeHltr MaKcHMyMa r4Mnynbca roKa pa3psna.
3r<cnepuuenrarbHo noryqeHa nna3MeHHa.s xourfurypaqur B Br4Ae (nna3MeHHoro Jrr4cra) c
reoMerpuqecKHMr4 pa3MepaMr.r 50x20 l,Il\,r c HcrrojtL3oBaHr.teM BbrcoKo3Hepferr.iqHLx
9JIeKTpoHoB' reHeprlpoBal{Hblx B HaHoceKyHAHoM pa3ptae c npor.gxeHHr,IM lrlereBbrM
Karo.4oM. floxasaHa Bo3MoxHOCTb r.rcrroJr630BaHr.ir raxofi uaguennoff rou{urypauuu n
KaqecTBe IIIIpOKOanepTypHofo xcToqHuKa HA3KO3HepreTIIqHbIX I_toHOB.

!:rr ua:lreuuoro crol6a HaHoceKyHAHoro puap"au c nporrxeHHbrM lonbrM KaroaoM
no9TpoeHa 14 peaJrr43oBaHa caMocor.rracoBaHHar qHcreHHtur MoAenb pacqera @p33 s
AByXqneHHOM npu6:ruNeuuu B ycnoBr.irx cra60i;i aHnrorp orrr4u Ha ocHoBe coBMecrHofo
r{cnoJrb3oBaHr4r [aKeroB nporpaMM comsol Multiphysics u LisbOn Klnetics Boltzmann.
florasauo, qro roHr,3arlv o'nsrfr $poHr soplr,r.rpyercr s6tuzu auopa lr pacnpocrpaHrercr B
cropoHy KaroAa co cKopocrblo nplrMepHo 107cn/c. lera,rsHo npoaHarr.r3r.ipoBaH MexaHrz3M
TIPOHI,IKHOBEHI'I' NJIA3MbI BHYTPb IIO.]IOCTI4 XArOgA. IIOXA:AHO, qTO IOCJIE IOCTI.IXCHT,I9
xaro4a Qpour aoHu3aqrzr.r HaqrrHaer r4rparb ponb BupryalrbHoro aHoaa rr .[a,lee o6laorr,
]jOHU3aI\UI4 fiepeMeqaeTc.s BHyTpli noJrocTI4 KaTOIa AO ee ooHoBaHIir.
florasano, qro B pa3prAe, orpaHr.iqeHHoM Ar.r3"[eKTpr.rqecKrzMr.r creH^aMr.t, nprr aMnnriryAax
r.rMnyJrbcoB HarpsxeHzr ono,ro 1 r<B enyrpu npruoyro:rl,uoil noJrocrr4 xaro4a $pour
BoJrHbI I4ogri3arluu pa3aeJrtercr Ha ABe qacrr.r, pacnpocrpaHrrotquxc, BIoJrb 6oKosrrx
rouepxriocrefi noJrocrt4. floc:re gocrrzNeurar Qpourov ocHoBaHr.rr ro.rrocrrz B Karoae, or
AHa rroJrocrr.r @oplrupyerc.a o6parnar BoJrHa r-roHr.r3ar]Hn, Koroparr 3aro.[Hser [oJrocr6
[na3Moi, qro fipr{Boar'rr x $opulrponanan rna3MeHHOfO CrOI6a e norocrr4 r{ B pa3prAHoM
npoMexyrKe.
BHnorHeHH cpaBHr4TerbHble r4ccneAoBaHaq aHHaMr4KLr rloHr3arl\4 oHHEIx rr'oueccoB ts
3aBr-rcr.rMocrr4 or $opr,rlr npo$zlrr noJrocrr.r B KaroAe. lloxasauo, uro nuroa 

"nprMoyronr'Hoii rroJlocrbro rr03BoJrrer rronyqHTb o4HOpO4nrrfi nrocxr1ii n:rasveHgr,rfi cror6
ilo rIeHTpy npoMexyrKa c 6o:ree strcoKoii ronqeurpaqvei :apxNeunrx qacrrzrl B To BpeM,
KaK B pa3prae c noryr<pyuofi rroJrocrbro sopuupyrorcr aBe r.ro'r.r3aur4.ss'e o6,ric .r,
npr-rMbrKaroque K fpaHr4r{aM fioryKpyrnofi nonocrH B KaroAe.

5.

HecMorpr Ha orMeqeHHbre AocroHHcrBa ariccepraur.ioHHofi pa60ru, ecrb HecKoJrbKo
laueqauuii.

1. flpa alru:ruryaax uMrrynbcoB HanprxeHr4r Ha oneKrpoAax 0.7 rB ua:a4ueu spourer.iMfiyn'ca roKa BeJrvr{r.rHa roKa pa3prAa MoHoroHHo c''xaerc, (puc.3.7), B To BpeM,
KaK npu aMnnr4ryAax HalprNeurafi Ha 3neKrponax errrue 1.5 r<B Ha6lronaerc, BTopo,
MaKcnMyM r.rMny.lrbca roKa (puc.3 1 0). C qeM ceq:aH eropofi naarcuuyM rrMnynbca roKa,
c Kore6aHasraz B r43MepareJrr,Ho it \etu utru c Szsl.rueoralru npoqeccaMr.r n pa:prge?2 B pa6ore BbrlonHeHbr 3*crepaMeHra!'rbH're riccneAoBaHrd r.rMlyJrbcoB ToKa pa3prAa r.jHalplxeuufi Ha nportxeHHbrx 3neKTpoAax B HaHoceKyHAHoM AvaIIa3oHe BpeMeH.

4.



OAI{AKO HC YKA3AHO' KAK KrrN}I6POB'rNIrCb I]TYHT6I I] ACJII4TEJII,I HAIP'XCHI,1S, ,I KAK
npoBeprncr lrx oTKJTHK Ha nepenaA roKa r.{ HanpsxeHr.rr.

3. flpu vncreu'oM Mo.qenr4poBaHr4r{ Kr{HeruqecKrx npoqeccoB B pa3psAe He yqr,rrbrBarorc,
npoqeccbl c yqacrl4eM MOJreKyntpHbIX r4ol{oB u 3xcr.iMepH6rx MoJreKyn r4'epr'brx ra3oB,
Koropble o6pa:yrorcr B pe3ynlTare KoHBepcliu aroMapHbrx t4oHoB B More6yr.sDHbre 14 Blpoqeccax rpexqacraqHbrx cro:rxsoneHrai ro:6yN4euurrx aroMoB c nairpu,""n"-,qacrl,qaMr{. flporoAu:rca nu u'anu3 poJII.i M.ne^y'rpHr,rx qacrlrrl B t4 0Hrr3aIrr40HH6X
npoqeccax B r.rccleAoBaHubrx y clonunx?

4. B pa6ore Her ralrglrx o quc:reHnoM MoAenupoBaHufi Kr.iuerzqecxr.rx flpoueccoB B([Jra3MeHHoM :rzcre>, uau6olee nepc[eKTr.rBHoM c rorrKr.r 3peHvfl npaKTr4rrec(oro
rrprrMeHeHr{r. llpunrenralra ru paspa60raunarr aBTopoM caMocofracoBaHHa' quoneHHa.f,
MOAENL IN' MOAENI,IPOBAHUq KI,IHETI4qECKIZX NPOqECCOB B (IIJIA3MEHHOM IUC'C>?

vra':asnsre 3aMeqaHrr He cHr'rxaror o6'ivfi srrcox[i uayvnufi ypoBeHB pa6oru lr ue
BJIH'IOT HA OCHOBHEIE PE3YNITATTT PA6OTIT It TIOJIOXEHI.i,r, BbIHOCIiMrIC HA 3AUIIITY.

.{ocrooepnocrr 3rcrrepr4MeHT&.rbHbIX raHHbrx o6ecneqagaetcq ,"nonuaoo*"",coBpeMeH'brx aaroMarr3zpoBaHH'rx qz$ponlrx cpeacrB r{ MeroAr4K [poBeAeHr.r,uccne40raurEil' MOgerraporaHue a pacrrerbr ocHoBHbrx xapaKTepncrr.r^ pa:pxguoi nra-:rrruBbInoJrHeHbI Ha ocHoBe [pI'I3HaHHbIX UO4e:rei c 14 crIoJrb3.BaHI4eM COnpeueunoft
BbIqr4c'rrI4TeJrbHOi 'rexnurs. o60cuogaHuocr6 cneraH'brx B'IB.AOB O6eCneqr.reaetcg
BEyrpeHHei corJracoBaHHocrr,to pa:pa6orauuofi aaropona uo4enu $opullp oBaH , u p*rr*
TIJIa3MeHHbIX CTpyKTyp B HaHOCeKyHIHbrx pa3prAax c rroJrf,rM KaroAoM, a raKxe cornactreM
B6rBoAoB c .qaHu6rMr.i co6crseHHrIx 3rcnepr.rMeHToB.

lrzccepraqvx 3ar<aprrenoft Ma4r.rnrr 3araprrernrr <rlpocrpancrrer{Ho-BpeMe'Htur
IUII'IMIIKA IIOHU3AUI,IOHH'IX 

''POqCCCOB 
B HAHOCCKYHIH'IX PI,.P'AAX B I4HEPTHbIX IA3AX ClporsxeHHhrM troJI'IM KarOroM) COOTBercrByer ocI{oBHbIM 'rpe60rauarv, y"r*o"o"r"u-llpuxasou or 19'11.202r }rb r1l8r/r <o nopr4xe npucylr(aeHrz, yqeHbrx cre[eHefi e ca'Kr-flerep6yprcrolr rocyAapcrBeHHoM yHr.rBepcurere)), cor4cKareJr' 3anaprRera Maauua3axapraenna 3acnyxvBaer nplrcyxAeHlr.r yueuofi crelenr4 KaHArzAara Qusuxo_MareMaruqecKr.rx HayK no cnerlualrbHocu 1.3.9. <(Dugitra [Jra3Mbr)). llyur<rsr 6 u 11yKa3aHr{oro llopxgxa guccepraxroM He HapyflreHbr.

9neu 4zccepraqlroHHofo cotscra,
goxrop tfuraro - MareMarrlqeqKux HayK,
npoSeccop ra$egpu reoperv vecxofi $rl:uru
Qlr:uvecr<oro Sarylr,'rera
Ta4Nuxcxoro HaJlrioHaJrbuoro yHaBepcr4Tera

Ilo4nucr npoSeccopa !.K. Ctr.rrzxog u
Hava-nluur YnpaBJreHr.rr KaIpots rr cleqqacra

!.K. Conzxon

3.IIl. TanKr4 es

/-f . es. d3


