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Y11eHbIH ceKpeTapi, 

JJ.HCceprn11HOHHOrO COBeTa 

KaH.UH,UaT $H3HKO-MaTeMaTH'IeC 

06~a.R xapaKTepHCTHKa pa60Tbl 

AKmya.t1&Hocm& me.M&t ucC11eiJoeaHu.11 

11ccne.uoaaHHe CBOHCTB MaTepmUIOB npH o6nyqeHHH 6bICTpblMH 

nDKeJibIMH HOHaMH (ETl1, (dE/dx) -10-50 K3BIHM, r.ue dE/dx - JIHHelim,1e 

TIOTepH 3HeprnH HOHa (JII13)) npe,UCTaBJI.S!eT 3Ha'IHTeJihHbIH HHTepec ,UJI.S! 

H3Y1IeHHH pa.uHaI.J;HOHHOH CTOHKOCTH MaTepHaJIOB H,UepHOH 3HepreTHKH H 

KOCMH<JecKoH 3JieKrpOHHKH. ETl1 6onhmy10 <JaCTh caoeH: 3HepmH npH 

npoXO)l(,UeHHH 'Iepe3 BeII.J;eCTBO Tep.llIOT Ha B036y~eHHe 3JieKTpOHHOH 

no.uc»cTeMhI KpHCTaJIJia. ITocne.uy10r.u;aH penaKcau;flj{ 3Toro ao36y)l(.ueHH.11 H 

nepe.ua<Ja H36hITO'IHOH 3HepmH B peIIIeTKY MaTepnana MO)l(eT npHBO,UHTb K 

<t>opMHpoaamuo HaHOpa3MepHbIX crpyKTYPHO-<i>a30BbIX H3MeHeHHH B 

oKpecrnocTH TpaeKTOpHH HO Ha (- 10 HM, TpeK ET11) [ 1]. ITo.uo6Hbie H3MeHeHHH 

crpyKryphr MaTepnana MOryT cyr.u;ecrneHHO BJiflj{Tb Ha <P»3H<JecKHe, 

XHMH'IeCKHe H MexaHH'IeCKHe CBOHCTBa o6Jiy<JaeMblX MaTepHaJIOB, B TOM 'IHCJie 

Ha HX pa.unaI.J,HOHHYIO CTOHKOCTb. 

MaTepHaJihI o6ono<JeK TOTIJIHBHbIX 3JieMeHTOB H.UepHoro peaKTopa a 

npo11ecce 3KCTIJiyaTaI.J;HH KOHTaKTHPYIOT c H,UepHbIM TOTIJIHBOM, H HX 

noaepXHOCTHbIH CJIOH (-15 MKM) TIOCTO.llHHO no.usepraeTCH o6nyqeHHIO 

ocKOJIKaMH .ueneHHj{ (M-50-100 a.e.M, E-100 M3B) . Bo3HHKaIOLI.J;He npn 3TOM 

p~HaI.J;HOHHhie noape)l(,UeHHH MOryT yxy,UIIIHTb MexaHHqecKHe CBOHCTBa H 

p~HaI.J;HOHHYIO CTOHKOCTb HHTep<t>eHCHOro CJI011 MaTepHaJI-TOTIJIHBO, qTo 

MO)l(eT CKa3aThCH Ha 6e3onaCHOCTH peaKTOpa H Tpe6yeT BCeCTOpOHHero 

nccne.uosaHH11 B03,UeHCTBflj{ ETl1 Ha 3TH MaTepHaJihI c npHMeHeHHeM KaK 

3KCnepHMeHTaJihHbIX, TaK H TeopeTH'IeCKHX MeTO.UHK. 

y CKOpeHHbie TI)"IKH TH)l(eJiblX HOHOB BbICOKHX 3HepmH cJiy)l(aT 

HHCTPYMeHTOM Mo.uennpoaaHH11 H Hccne.uosaHH11 3<l><l>eKToa B03,UeH:crnHH Ha 

MaTepHaJihl OCKOJIKOB .ueneHHj{ H BbICOK03HepreTH'IeCKHX 'IaCTHI.J; B COCTaBe 

KOCMH'IeCKOro H3JI)"IeHflj{. 

TaK)l(e o6nyqeHHe 6bICTPhIMH TH)l(eJihlMH HOHaMH MO)l(eT HCTIOJib30BaTbCH 

B Ka<Jecrne 3<P<t>eKTHBHOro cpe.ucrna HaHOpa3MepHOH MO.UH<l:iHKaI.J,HH 

MaTepnanoa. MeTO.UHKH, ocHoBaHHbie Ha 11cnoJib30BaHHH ETl1-o6nyqeHHj{, y)l(e 

3<t><t>eKTHBHO npHMeffj{IOTC11 B TeXHOJIOrH11X nonyqeHHj{ rpeKOBbIX MeM6paH, 

npoBO,U11LI.J;HX KaHaJIOB, HaHOCTPYKTYPHPOBaHHj{ noaepXHOCTH, MO.UH<l:iHKaI.J;HH 

HaHOCTPYKTYP· 

3/lJK.vJ1 .,;o. 1-{ rfG 

...... 



ITptt ttccne,noBaHHH csoH:crn MaTepttanos, o6nyqaeMhIX ETH, o6hPrno 

Bhl,neJI.HIOT .nsa xapaKTepHhIX pe)!(HMa: HH,nHBH,nyanhHhIX H nepeKphIBaIOIIJ;HXC.SI 

TpeKOB. HH,nHBH,nyanhHhie TpeKH <PopMttpy10Tc.H npH MaJihix ,no3ax o6nyqeHH.H 

( cp<l 010 
- 10 11 

CM-
2
), Kor,na IlOBpe)i(,neHHhie B pe3yJihTaTe nponern HOHa o6naCTH 

He nepeKphIBaIOTC.H. TaKoH: pe)!(HM no3BOJI.HeT H3yqaTh 3<P<l>eKThI o6pa3oBaHH.H 

TpeKOB B MaTepttanax. 3TOT pe)!(HM TaK)!(e npe,ncTaBJI.HeT HHTepec ,nJI.H 

HCCJie,noBaHH.SI HaHOMO,nH<i>HKaQHH MaTepHaJIOB H B03,neHCTBH.SI KOCMHqecKHX 

nyqei1: Ha 3JieKTPOHHKy. 

Pe)!(HMhI o6nyqeHH.H c 6onhIIIHMH <Pn10eHcaMH ( q> > 1012 
cM-2) 

o6ecneqHBaIOT nepeKphITHe TPeKOBhIX o6nacTeH OT pa3HhIX HOHOB H HX 

B3aHMO,nei1:CTBHe Me)!(.ny co6oi1:. 3TOT pe)!(HM HMeeT npHHQHilHaJihHYIO 

Ba)!(HOCTh ,nJI.H HCCJie,noBaHH.SI CBOHCTB MaTepHaJIOB .H,nepHOH 3HepreTHKH, 

KOHTaKTHPYIOIIJ;HX c .H,nepHhIM TOilJIHBOM, TaK KaK OHH MOryT o6nyqaThC.SI 

OCKOJIKaMH .neneHH.SI .no oqeHh BhICOKHX <Pn10eHCOB (- 1016 
CM-

2
). 

B HacTo.Hmee BpeM.H ttccne,noBaHHIO 3<P<PeKTOB ETH a pa3JIHqHhIX 

MaTepttanax IlOCB.HIIJ;eHO 60JihIIIOe qHCJIO KaK 3KcnepHMeHTaJihHhIX, TaK H 

TeopeTHqecKHX pa6oT. 0,nHaKO, HeCMOTP.SI Ha see MHOroo6pa3He JIHTeparypHhIX 

,naHHhIX, ttcnoJih3yeMhie B HacTo.Hmee speM.H Mo,ne1111 so36y)!(,neHH.H TPeKosoH: 

o6nacTH H CTPYKTYPHhIX H3MeHeHHH a Hew He yq11ThIBaIOT scex oco6eHHOCTei1: 

npoQeCCOB, npoTeKaJOIIJ;HX npH B036y)!(,neHHH MaTepttana 6hICTphIM T.Si)!(eJihIM 

HOHOM, OITHChIBM TOJlhKO OT,neJihHhie nanhI <PopMHpOBaHH.SI TpeKOB. ,ll;o CHX 

nop He cymecrnyeT Mo,neJIH, KOTOpM 6hI OilHChIBaJia KHHeTHKY B036y)!(,neHH.SI H 

penaKcaQHH a TPeKax ETH 6e3 ttcnoJih30BaHH.H no,nroHoqHhIX napaMeTPOB H 

KaJIH6posoqHhIX 3KCnepHMeHTOB. 

I1o3TOMY KpaH:He Ba)!(HhIM npe,ncTaBJI.HeTC.SI IlOCTpOeHHe KOJIHqecTBeHHhIX 

MO,neneH:, KOTOphie, OCHOBhIBMCh Ha Hatt6onee o6mttx <i>yH,naMeHTaJihHhIX 

no.nxo.nax H HCITOJih3Y.H COBpeMeHHhie qHCJieHHhie MeTO,nhI, o6ecneqHBaJIH 6hr 

KOJIHqecTBeHHYIO peanH3aQHIO npHMeH.HeMhIX <l>ytt,naMeHTaJihHhIX MeTo,noB. 

I1o.no6Hhie MO,neJIH IT03BOJI.SIT B e,nHHOM no.nxo.ne MO,nenttpoBaTh KHHeTHKY 

B036y)!(,neHH.H MaTepttana (311eKTpOHHoi1: H HOHHOH no.ncttcTeMhr) a TpeKe ETH, 

nocne.nYIOmYIO penaKcaQHIO 3Toro B036y)!(,neHH.H H KHHeTHKY cTpyKTYPHhIX 

H3MeHeHHH, CTHMYJIHpOBaHHhIX 3TOH penaKCaQHeH. 
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I.Ce.t1u u 3aiJa11u pa6om&1 

U:eJIH H 3a,naq11 HaCTO.HIIJ;eH pa6oThI MO)!(HO c<POPMYJIHpoBaTh cne.nYIOmHM 

o6pa30M: 

1. ITocTpoeHHe MHKpOCKonttqecKOH Ko1111qecrneHHOH MoHTe-Kapno (MK) 

MO,neJIH B036y)l{,neHH.SI 3JieKTpOHHOH H HOHHOH no,ncHCTeM ,nH3JieKTpHKOB B 

HaHopa3MepHhix TPeKax ETH. 

2. ITpttMeHeHHe pa3pa6ornHHOH Mo,nenH ,nn.H onpe.neneHH.H 

npocTpaHCTBeHHO-BpeMeHHhIX napaMeTpOB B036y)l{,neHH.SI 3JieKTpOHHOH H 

HOHHOH no,nCHCTeM KpHCTaJIJia OKCH,na aJIIOMHHH.SI, o6nyqaeMoro 

pa3JIHqHhlMH HOHaMH. 

3. Mo.nenttposaHHe B03HHKHOBeHH.H CTPYKTypHo-<Pa3oBhIX H3MeHeHHH B 

Al20 3 oKctt.ne anIOMHHH.H B pe3yJihTaTe penaKcaQHH B036y)l{,neHH.H 

perneTKH B TpeKe ETH H conocrnsneHHe 3THX pe3yJihTaTOB c 

pe3yJihTaTaMH HCCJie,noBaHHH o6nyqeHHhIX o6pa3QOB MeTO,naMH 

npocseqttsa10mei1: 3JieKTpOHHOH MHKpOCKOilHH. 

Pe3yA&mam&t pa6om&1, BblHOCUMbte na 3arqumy 

1. Mo.nenh, onttchrna10mM s036y)!(,neH11e H penaKcaQHIO 3JieKTPOHHOH 

no,ncttcTeMhI B TPeKe ETH H yqttThrna10mM KonneKTHBHYIO peaKQHIO 3THX 

no,nCHCTeM Ha BHOCHMOe B036y)l{,neHHe B paMKax <PopMaJIH3Ma 

,nttHaMHqecKoro CTPYKTypttoro <PaKTopa H KOMnneKcttoH: ,nH3JieKTpttqecKoi1: 

<l>YHKQHH (,ll;C<I> - K,ll;<I>). 

2. Pe3ynhTaThI pacqeTOB npocTpattcTBeHHo-speMeHHhIX napaMeTpos, 

xapaKTepH3YIOIIJ;HX B036y)l{,neHHe 3JieKTPOHHOH H HOHHOH no,nCHCTeM 

Ali03 a TpeKe ETH: pa,nHaJihHhie H speMeHHhie 3aBHCHMOCTH nnoTHOCTH 

3JieKTpOHOB H BaJieHTHhIX ,nhipOK H HX 3HeprHH, a TaK)l{e IlJIOTHOCTH 

3HeprnH B perneTKe MaTepttana. 

3. Pe3yJihTaThI MO,nenttpoBaHH.H MeTo,naMH MOJieKyn.HpttoH: ,nHHaMHKH 

KHHeTHKH CTPYKTYPHhIX H3MeHeHHH B TPeKe ETH. OcHOBHhie napaMeTPhI, 

xapaKTepH3YIQmHe noBpe)l{,neHHyIO o6nacTh: pa,nHaJihHhie pacnpe.neneHH.H 

cMern;eHHH aTOMOB, nnoTHOCTh semecTBa nocne penaKcaQHH TPeKa, 

ocrnrnq1-1hre Hanp.H)l{eHH.H. Pe3y11hTaThI Mo,nenttposaHH.H 3<P<l>eKTOB, 

B03HHKaIOrn;Hx npH nepeKphITHH TPeKOBhIX o6nacTei1:. 
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Hay•ma.R HOBU3Ha pa6ombl 

B xo.rre BhmonHemu1 .rr11ccepTau110HHOH pa6oThI 6brnH snepsb1e 

paccMOTpeHbI H perneHbI cne.rrymw,11e 3a,na1m: 

1. Pa3pa6ornHa KOJlH'!ecrneHHaH, octtoBaHHaH Ha cpopManH3Me K)l,<l>-,Zl,C<l> 

MoHTe-Kapno MO,lleJlb, OIIHCbIBalQW,aH KHHeTHKy B036y)!(.D,eHHH H 

penaKcauHH :rneKTpOHHOH IIO.D,CHCTeMbl MaTepHanOB c y'leTOM 3cpcpeKTOB 

npOCTpaHCTBeHHO-BpeMeHHbIX KoppenHQHH B CHCTeMe pacceHBaTeneH 

(3neKTpOHOB MHllleHH). 

2. On11catta KHHeTHKa B036y)!(.D,eHHH 3JleKTpOHHOH IIO.D,CHCTeMbl 

.D,H3J1eKTpHKOB B TpeKe TH)!(eJloro HOHa H IIOJlyYeHbl KOJlH'!eCTBeHHhJe 

npocrpaHcTBeHHO-BpeMeHHbie napaMerpbI :noro B036y)!(.n,eHHH. 

3. flpH onHcaHHH KHHeTHKH B036y)!(.n,eHHoro MaTepHana B rpeKe ETH 6hmo 

yYTeHo npocrpattCTBeHHoe nepepacnpe.rreneHHe saneHTHhIX .D,bipoK, a 

TaK)!(e HX B3aHMO.D,eHCTBHe c HOHHOH H 3JleKTpOHHOH IIO.D,CHCTeMaMH 

MHilleHH. 

4. flpose.rreHo Mo.rren11poBaH11e H3MeHeHHe CTPYKTYPhI OKCH.n,a anl-OMHHHH B 

TpeKax BhICOK03HepreTH'lecKHX TH)!(eJlbIX HOHOB. BnepBbie 

npo.rreM0Hcrp11posaH 3cpcpeKT soccrnHoBneHHH cTpyKTYPhI .rrecpeKTHhIX 

o6nacTeH npH nepeKpbITHH rpeKOB ETH B Al20 3• Ha ocHoBe 3TOro 

3cpcpeKTa 6h!J10 o6bHCHeHO HaCbIW,eHHe IIJlOTHOCUI TpeKOB c yBeJlH'IeHHeM 

.n,o3hI o6nyqeHHH, Ha6nm.rraeMoe Ha 3KcnepHMeHTe. 

AocmoeepHocmb 

flpHMeHHMOCTb pa3pa6oTaHHOH MO.D,eJlH .D,J1H OIIHCaHHH B036y)!(.D,eHHH 

3JleKTpOHHOH H HOHHOH IIO.ll:CHCTeM B TpeKax BbICOK03HepreTH'leCKHX TH)!(eJlbIX 

HOHOB 060CHOBb1BaeTCH TeM, '!TO: 

l. Mo.rrenh octtoBaHa Ha 06w,11x cpyH.n,aMeHTanbHhIX npHHuHnax, He 

11cnonb3yeT cso6o.n,Hbie no.rrrottO'IHbie napaMeTphI, a TaK)!(e 6a3HpyeTCH Ha 

MHHHManbHOM KOJlH'!eCTBe ynpow,al-OW,HX npH6JlH)!(eHHH. 

2. Hcnonh3yeMbie ceLieHHH B3aHMo.rrelicTBHH 3JleKTpOHOB c 3JleKTpOHHOH 

IIO.D,CHCTeMOH MaTepHana xoporno cornacyl-OTCH c .rraHHblMH .rrpyr11x 

asrnpos, co6paHHbJMH B 6a3e .rrattHhlX NIST [2], a paccLIHTaHHhie n0Tep11 

3HeprHH HOHOB Ha 3J1eKTpOHHOe TOpMO)!(eHHe xoporno cornacyl-OTCH c 

npHHHThIMH B coo6w,ecrne nporpaMMaMH SRIM [3] 11 CasP [4]. 
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3. flonyqeHHbie B pe3yJ1hTaTe Mo.rren11poBaHHH napaMeTpbl IIOBpe)!(.ll:eHHOH 

TpeKOBOH o6naCTH (pa3Mepbl, IIJlOTHOCTb MaTep11ana, OTHOCHTeJlbHM 

.rrecpopMauHH perneTKH) HaXOMTCH B xoporneM cornaCHH c 

3KCnepHMeHTaJ1bHbIMH .rraHHbIMH [5]. 

Teopemu11ecKa.R u npaKmu11ecKa.R 3Ha11u.111ocmb pa6ombl 

l. Pa3pa6oTaHa MO.D,eJlb, OIIHCbIBal-OW,aH 3KCrpeMaJ1bHOe B036y)!(,neHHe 

3neKTpOHHOH H HOHHOH no.n,cHcTeM MaTep11ana 11 Y'IHTbIBaJOW,M 11x 

KOJlJleKTHBHYl-0 peaKQHl-0 Ha BHernHee B03Myw,eHHe Ha YJibTpaKOpOTKHX 

npocrpaHCTBeHHbIX H BpeMeHHbIX MaCrnTa6ax. flapaMerpbI 

B036y)!(,neHHOro COCTOHHHH 3JieKTpOHHOH H HOHHOH IIO.D,CHCTeM 

MaTep11ana, nonyqaeMbie B pe3yJibTaTe npHMeHeHHH .rraHHOH MO,neJIH, 

MOryT 6b!Tb HCIIOJib30BaHbl .D,JIH nocrpoeHHH HOBbIX MO.D,eJieH, 

on11chrnamw,11x HaHopa3MepHbie CTPYKTYPHO-cpa30Bhie npespar.ueHHH B 

TpeKax ETH. 

2. Pa3pa6oTaHHM Mo.n,enb 11 nonyqeHHbie B .rr11cceprnu1111 pe3yJihTaThI MoryT 

HCIIOJib30BaTbCH npH perneHHH 3a.n,aq, CBH3aHHbIX c MO,nenHpOBaHHeM 

pa.rrHaUHOHHblX 3cpcpeKTOB, Bbl3bJBaeMblX npoXO)!(.D,eHHeM TOpM03HW,HXCH B 

pe)!(HMe 3JieKTpOHHbIX IIOTepb 3HeprHH OCKOJIKOB .rreneHHH H KOCMH'!eCKHX 

nyqeH B .D,H3JleKrpH'!eCKHX MaTepHanax H.n,epHOH 3HepreTHKH H 

KOCMH'!eCKOH orpaCJIH, a TaK)!(e npH pa3pa60TKe TeXHOJIOrHH 

HaHopa3MepHoH Mo,n11cp11Kau1111 MaTep11anoB nyYKaMH ETH. 

MemoiJoAozu.R u .MemoiJb1 ucCAeiJoeaHu.R 

B ,nHccepTaUHOHHOH pa6oTe 6b!JlH HCIIOJib30BaHbI COBpeMeHHbie 

aHaJIHTH'!eCKHe 

pa.n,HauHOHHOH 

.rrecpeKTOB, a 

HOHH3aQHOHHOH 

sew,ecTBOM. 

MeTO.D,bl CTaTHCTH'!eCKOH H KBaHTOBOH MexaHHKH, 

cpH3HKH, TeOpHH KOH.D,eHCHpOBaHHOro COCTOHHHH H TeOpHH 

TaK)!(e no.rrxo.n,h1, pa3pa60TaHHh1e .rrnH perneHHH 3a,naq 

KHHeTHKH H B3aHMO.D,eHCTBHH Jla3ep1-wro H3JlyYemrn c 

06w,HM MOMeHTOM npHMeHeHHH 3THX MeTO.D,OB HBJIHeTCH HX Heo6xo.rrHMM 

MO.D,HcpHKauHH, CBH3aHHaH c KpaHHe ManbJMH BpeMeHHblMH H 

npocrpattcrneHHblMH Macrnrn6aMH npoueccos, npoTeKamw,11x B TpeKax ETH. 

flo.rro6HaH MO.D,HcpHKauHH cpH3HL!eCKHX MeTO.D,OB HOCHT IIHOHepCKHH xapaKTep H 

npe.n,cTaBnHeT 3Ha'!HTeJibHbIH HHTepec .D,JIH OIIHCaHHH KHHeTHKH 
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6b1crponpoTeKaIOlll,HX (nHKOCeKyH,n:bI) npou.eccoB peJiaKcau.m:1 HepaBHOBeCHbIX 

COCTOSIHHH Belll,eCTBa B npocrpaHCTBeHHO-orpaHH':IeHHOH (HaHOMeTpbl) 

o6JiaCTH. 

B pac'IeTax npHMeHSIIOTCSI cospeMeHHbie 'IHCJieHHbie anropHTMhI (MoHTe­

Kapno, aCHMnTOTH'IeCKHX TpaeKTOpHH), KOTOpbie umpoKO HCnOJib3YIOTCSI B 

pa,n:Hal.(HOHHOH <Ptt3HKe rnep.n:oro TeJia. 

Anpo6aqu.R pa6omb1 

MaTepHaJihI, npe,n:cTaBJieHHbre B ,n:Hcceprnu.HH, 6brnH .n:ono)l(eHbI Ha 

cne,n:yIOI.1J.HX KOH<i>epeHU.HSIX: 

1. 17-.sr Me)l(,n:yHapo,n:Ha.sr KoH<PepeHU.HSI no Pa,n:HaU.HOHHhIM 3ipipeKTaM B 

,llH3JleKrpHKax (REI-17), (XenhCHHKH, <l>HHJISIH,llHSI, 30 HIOHSI - 5 HIOJISI 

2013 r.); 

2. Me)l(,n:yHapo,n:Ha.sr KOH<i>epeHU.HSI Mono,n:hIX y'IeHbIX H cneu.HaJIHCTOB 

OMYC-2014, (,Uy6Ha, PoccHSI, 24 - 28 ipespaJISI 2014 r.); 

3. KoH<PepeHU.HSI esponei1cKoro o6lll,ecrna no Hccne.n:osaHHIO MaTepHaJIOB 

(E-MRS Spring Meeting 2014), (JIHnJih, <l>paHU.HSI, 26-30 MaSI 2014 r.); 

4. Me)l(,n:yHapo,n:Ha.sr KoH<PepeHU.HSI no pa.n:0au.00HHh1e 3ipipeKTaM B 

,llH3JleKrpHKaX H HeMeTaJIJIH'IeCKHX MaTepHanax (REINM-2015), (AcTaHa, 

Ka3aXCTaH, 2 - 5 HIOHSI 2014 r.); 

5. KoH<PepeHU.HSI esponei1cKoro o6mecrna no Hccne.n:osaHHIO MaTepHaJIOB 

(E-MRS Spring Meeting 2015), (JlttnJih, <l>paHU.HSI, 11-15 MaSI 2015 r.); 

6. Me)l(,n:yHapo,n:Ha.sr KoH<PepeHU.HSI no 6hICTpbIM rn)l(enhIM HOHaM B 

MaTepHaJiaX (SHJM-2015), (.ZJ,apMil!Ta,llT, repMaHHSI, 18-21MaSI2015 r.); 

7. IV e)l(ero,n:HaSI KoH<PepeHU.HSI MOJIO.LlhIX y'IeHbIX H cneu.HaJIHCTOB 

«Anyllirn-2015», (AnylliTa, PocCHSI, 6-13 HIOHSI 2015 r.); 

8. 4-hIH CHMn03HYM corpy,n:HH'!ecrna 01151l1 H IO)l(Ho-A<PpHKaHCKOH 

pecny6nHKH (4th JINR-South Africa symposium), (,Uy6Ha, PoccHSI, 21-25 

ceHrn6p.sr 2015 r.); 

9. XI Me)l(,n:yHapo,n:Ha.sr KoH<PepeHU.HSI B3aHMo,n:ei1cTBHe H3JIYlfeHHSI c 

rnep,n:bIM TenoM (BMTT-2015), (MHHCK, Eenapych, 23-25 ceHrn6p.sr 

2015r.) 

Pe1ynhTaThI ,n:Hcceprnu.HH TaK)l(e o6cy)l(,n:aJIHCh Ha HaYlfHhIX ceMHHapax 

CeKTopa N!!8 H U:eHrpa npHKna,n:HoH <PH3HKH Jia6opaTOpHH .sr.n:epHbIX peaKU.HH 

HMeHH r.H. <l>nepoBa. 
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Jlul/.HblU aKAaiJ aamopa 

1. ITocTpoeHa MoHTe-Kapno Mo,n:enh, KOJIH'IeCTBeHHO onHchrna10ma.sr 

KHHeTHKY B036y)l(,n:eHHH H penaKCaU.HH 3neKTpOHHOH no,n:cHCTeMbl 

MaTepHaJIOB. Ha ocHoBaHHH ipopMaJIH3Ma K.ZJ,<l>-.ZJ,C<l> Mo,n:enb Y'IHTbrnaeT 

npocTpaHCTBeHHO-BpeMeHHbie KoppeJISIU.HH BO B3aHMO,n:eHCTBYIOlileH 

CHCTeMe pacceHBaTenei1. Mo,n:enb npoTeCTHpoBaHa no pe1yJihTaTaM 

3KcnepHMeHTOB no o6ny'IeHHIO pa3nH'IHhIX MaTepHaJIOB ny'IKaMH ETl1. 

2. c HCnOJib30BaHHeM 3TOH MO,n:eJIH onHCaHO B016y)l(.nem1e 3JleKTpOHHOH H 

HOHHOH no,n:cHcTeM oKcH,n:a anIOMHHirn B TpeKax ETl1 H nonyi-1eHbI 

KOJIH'IeCTBeHHbie napaMeTpbl 3TOro B036y)l(,n:emrn:. 

3. ITpose,n:eHo Mo,n:en0posam:1e KHHeTHKH CTPYKTYPHhIX H3MeHeHHH Al20 3 B 

TpeKax ETl1 MeTo,n:aMH MoneKynSipHOH ,n:HHaMHKH. ITonyi-1eHbI pa1Mepb1 

TpeKOB, npOCTpaHCTBeHHbie pacnpe.n:eneHHSI OCTaTO'IHbIX HanpSI)l(eHHH H 

nJIOTHOCTH MaTepttana B TpeKosoii o6nacrn. ITpo,n:eMOHCTp11poBaH 3ipipeKT 

BOCCTaHOBJieHHSI HCXO,llHOH CTpyKTYPbl B cylll,eCTByIOIUHX .n:eQieKTHb!X 

TpeKOBhIX o6nacTSIX B pe1yJihTaTe 6JIH3Koro nponern ETH. 

Bee pe1yJihTaThI pa6oThI, npe,n:cTaBJieHHbie B rnasax 2 H 3, nony'IeHbI 

aBTOpOM JIH'IHO HJIH npH ero Henocpe,n:cTBeHHOM y'IaCTHH. 

lly6AuKaquuaamopa 

.ZJ,11ccepTaU.HOHHaSI pa6oTa BKJIIOYaeT B ce6SI HCCJie,n:oBaHHSI, 

Bb!IlOJIHeHHb!e B nep110.n: c 2012 no 2016 ro,n:hI B Jia6opaTOpHH SI,n:epHbIX 

peaKU.HH HMeHH r.H. <l>nepoaa OI151.11. Pe1ynhTaTbl .n:11cceprnu.1111 H3JIO)l(eHbI B 

12 ny6nHKaQHSIX, OTHOCSIIUHXCSI K KaTerop1111 CTaTeH B Hay'IHbIX )l(ypHaJiax H 

,n:oKna,n:OB B c6opHHKax MaTepHaJIOB KOH<i>epeHQHH, 11 113 KOTOpb!X BHeceHhI B 

cnHCOK peu.eH3HpyeMbIX )l(ypHaJIOB, HH,n:eKCHpyeMbIX B CHCTeMaX Web of 

Science H SCOPUS, 11 peKoMeH,n:oaaHHhIX BAK MttHo6pHayKH P<l>. Cn11coK 

ny6nHKaQHH aarnpa npHBO,llHTCSI B KOHQe aBTOpeQieparn. 

CmpyKmypa u o6oeM pa6omb1 

Pa6oTa COCTOHT H3 BBe,n:eHHSI, Tpex rnaB, 3aKJIIO'IeHHSI H cnHCKa 

QHTHpyeMoii JIHTepaTyphI. Pa6orn conep)l(11T 109 cTpaHHU., BKJIIOYaeT 33 

p0cyHKa, 2 rn6nHQhI. CnHCOK U.HTHpoaaHHoii JIHTepaTyphI conep)l(HT 163 

HaHMeHOBaHHSI. 
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OCHOBHOe COJJ,ep>Ka H He pa60Tbl 

B o BBe,neuuu np1rne,neH nepBHqHhIH aHaJIH3 COBpeMeHHOro COCT05IHH5l 

Hccn e.no samrii B o6nacTH 3cpcpeKTOB o6nyqeHH5l MaTepHaJIOB ETH, o6ocHoBaHa 

aKTYaJihHOCTh H cq)QpMynHposaHa uenh ,nHcceprnu110HHOH pa6oThI. YKa3aHa 

npaKTHqecKa5l H cpyH)laMeHTaJibHas! BmKHOCTh nonyqeHHhlX pe3yJibTaTOB, a 

TaK)l{e HX HayqHa.si HOBH3Ha. 

B n ep sou rJiase (Co6peMeHHb1e Awoenu, onucbt6a10utue 63aUMooeucmeue 

6b1cmpbtX mJlJ/Ce11b1x uoHoe c eeutecmeoM) npHBe,neH ofoop 11 aHaJil13 

qYfcJieHHhlX 11 aHaJil1THqecKl1X MO)leJieH, HCnOJih3YIOl1.(11XC5l B HaCT05lll(ee BpeM5l 

)lJI5l 113yqeHH.sI B03)leHCTBl15l T5I)!(eJihIX 3ap5I)l{eHHhIX qaCTl1U Bh!COKOH 3Hepr11H Ha 

csoiicTBa MaTep11aJIOB. PaccMoTpeHhI npe11MymecTsa 11 He,nocTaTKl1 3THX 

MO)leJieH 11 npoBe)leH aHaJil13 np11MeHl1MOCTl1 np116Jil1)!(eHl1H, 11CilOJih3YeMbIX B 

onHCaHHhIX no.nxo.nax. IlOKa3aHa aKTYaJihHOCTh cpyH)laMeHTaJlhHhIX H 

3Kcnep11MeHTaJihHhIX HCCJie)lOBaH11i1, HanpaBJieHHhlX Ha 113yqeHHe npoueccoB 11 

MexaHH3MOB, Jie)!(am11x B ocHoBe cpopM11posaH11.si TPeKoB ETH. Ha ocH0BaH1111 

3TOro aHaJil13a C)leJiaHhl CJie,ny10m11e BhlBO)lhI: 

1. HcnOJih30BaH11e MaKpOCKOn11qecKl1X nO)lXO)lOB MO)l{eT np11BeCTl1 K 

HeBepHbIM pe3yJihTaTaM np11 onHCaHl111 HaHOpa3MepHOH H 

cy6nHKOCeKyH)lHOH Kl1HeTl1KH npoueccoB, npOHCXO)l5ll1.(11X np11 

B036y)K)leHHH MaTepHaJia 6hICTpbIMl1 T5J:)l{eJibJMH HOHaM11. 

2. HcnOJih3yeMbie B HaCT05lll(ee BpeM5l MO)leJIH B036y)l{)leHH5l TpeKOBOH 

06nacn1 11 CTPYKTYPHhIX 113MeHeHHH B HeH He yqHThIBaIOT scex 

oco6eHHoCTeii npoueccos, npoTeKammHx np11 B036y)l{)leHHl1 MaTep11aJia 

ETH, on11chma.si TOJihKO OT)leJihHhie 3TanhI cpopM11poBaH115l TPeKOB. 

3. Dp11H11Ma5l BO BHHMaHHe He)lOCTaTKl1 cymecTBy1om11x MO)leJieH 

o6pa30BaH115l TpeKoB, c.nenaH Bhrno.n, qTo Ha116onee uenecoo6pa3HhIM 

IlO)lXO)lOM npe)lCTaBJI5leTC5l on11caH11e B036y)l{)leHH5l MaTep11aJia B TpeKe 

ETH np11 n0Mom11 cpyH)laMeHTaJihHO o6ocHoBaHHOH H npoBepeHHOH s 
3KCnepHMeHT3X KOJIHqecTBeHHOH MHKpOCKon11qecKOH MO)leJIH. 

B rnase onp e.neneHhI ocHOBHhJe npo6neMhI, a TaK)l{e o6ocHoBaHa 

MOTl1BaUl15l BbI6opa MeTO)lOB HCCJie)lOBaHl15l, ueneH H 3a)laq )ll1CCeprnu1111~ B 

KOHue rnaBhl Ha OCHOBaHHH npoBe)leHHOro aHaJIH3a cpopMyJI11pyeTC5l 

IlOCTaHOBKa 3a,naq, p ewaeMbl X B pa6oTe. 

Bo BTopou rJia se (MoHme-Kapno MooenupoeaHue 3fleKmpoHHOU 

KUHemuKu e mpeKe ETH 6 A/20 3) n p HBO)lHTC5l on11catt11e pa3p a6o TaHHOH 

IO 

MoHTe-Kapno (MK) Mo.nen11 TREK.IS [6] B036y)l{)leHH5I 3JieICTpOHHOH 

IlO)lCHCTeMbl MaTep11aJia, a TaK)l{e pe3yJihTaThl MO)leJIHpOB3HHH 3JieKTPOHHOH 

KHHeTHKH B HaH0MeTP11qecKoi1 OKpeCTHOCTH TpaeKTop11H ETH B A}i03. 

B paMKax nepBoro 6opHOBCKoro npH6JIH)!(eHH5I [7] (nepBhIH nopH)lOK 

TeOpHH B03MymeHHH) ceqeHHe (J pacce5IHH5l qacTHUhl Ha CHCTeMe CB5l33HHhIX 

qaCTHU cpaKTOpH3yeTC5l B BH)le npOH3Be)leHH5l c eqeHH5l B33HMO)leHCTBH5I co 

cso60)lHhIM pacce11saTeJieM H )lHHaMHqecKoro CTPYKTYPHOro cpaKTopa ()l;C<I>), 

yqHTbIBaIOmero npOCTP3HCTBeHHO-BpeMeHHbie KOppeJI5IUHH B CHCTeMe 

pacceHBaTeJieH (3neKTPOHHOH no)lCHCTeMbl MHIUeHH) [8]. )l;n5I 3JieKTPOHHOH 

nO)lCHCTeMbI MaTepHaJia )l;C<I> CB5l3bIBaeTC5l c KOMnJieKCHOH )lH3JieICTpHqecKOH 

cpyHKuHeH e(q,w) MaTepHaJia (K)l;<I>) npH noMOll(H cpnyKTy auHOHHO­

)lHCCHnaTHBHOH TeopeMhI. B 3TOM cny qae ,nHcpcpepeHuHaJihHoe ceqeHHe 

pacce5IHH5l 33pH)l{eHHOH qaCTl1Uhl Ha CHCTeMe CB5l3aHHhIX pacceHBaTeneii HMeeT 

cne,nyIOll(HH BH)l: 

d
2
ey _ 2[Z.(v,q)e]2 1 1m[ -1 ] 

d(rzm)d(rzq) - 7rfz2
V

2 rzq e(m,q) (1) 

r,ne nw - nepe,naHHa5l HaJieTaIOll(eH qacrnueif 3Heprn5I, Z.(v,q) - 3cpcpeKTHBHhIH 

3ap5I)l HO Ha B cpe.ne KaK cpyHKUHH ero CKOpOCTH v H nepe,naHHOro HMnynhca q. 

PaBHOBeCHhIH 3cpcpeKTHBHhIH 3ap5I)l T5I)l{enoro HOHa B cpe.ne B paMKax 

pa3pa6oTaHHOH Mo,nen11 onpe.nenHncH no cpopMy ne EapKaca [9] . 

<l>yHKUHIO Im [ e( ;,lm)] Ha3hIBaIOT cpyHKuHeii 3HepreT11qecKHX noTepb 

(<1>3D, B 3HrJI05l3hlqHoH JIHTepaType - loss function). 3Ta cpyHKUHH MO:lKeT 

aBTOMaTHqecKH co.nep)l{aTb B ce6e oco6eHHOCTH, npHCYIUHe TBep,noMy Teny, 

HanpHMep, KOJIJieKTHBHbie MO)lhl B aHCaM6Jie 3JieKTpOHOB ( o6pa30BaHHe 

IlJia3MOHOB) H B peIUeTKe (cpoHOHbl). 

B HacToHmeii pa6oTe )lJI5l onpe.neneHH5l <1>3D 6hm Hcnonh30BaH MeTO)l, 

OCHOBaHHhIH Ha ee BOCCTaHOBJieHHH H3 3KCnepHMeHTa..lhHhIX )laHHhIX no 

cpornnornomeHHIO B BH)le cyMMhl OCUHJIJI5ITOpHbIX cpyHKUHH. )l;n5l npoBepKH 

nocTpOeHHOH )lH3JieKTPHqecKOH cpyHKUHH paccqHTaHHbie c HCnOJih30BaHHeM 

cpopMynhI ( 1) )lJIHHhI npo6eros 3JieKTPOHOB A. (A = II , n - nnoTHOCTh / ney 

pacce11saTeneii) cpaBHHBaJIHCh c [2]. CpasHeHHe noKa3aJIO xopoIUee cornacue 

pe3yJihTaTOB HCilOJih3YeMoro no.nxo.na c 3THMH )laHHhIMH. 
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Ha P11c. 1 npe.IJ,CTaBneHbI paccq11TaHHb1e 110H113aQ110HHbie n0Tep11 110Ha Xe 

(Z=54) B 3aBHCHMOCTl1 OT 3Hepm11 Hanerniomew qacT11IJ.b1. Ha rpaqmKe 

np11BO.ZJY!TCH cpaBHemrn c KO.IJ,OM SRIM [3] 11 CasP [4], 113 KOToporo Bl1.IJ,HO, qrn 

Bce Tp11 Mo.1J,en11 .IJ,OCTaTOqHo xopowo cornacy10TCH Me)K.IJ,y co6ow (pa3n11q11e B 

npe.1J,CKa3aHHbIX BbICOTaX 6perroBCKOro IIHKa MeHee 10%). 

3000 

~ 2000 
~ 
x 
~ 
w 
-0 1000 

Xe 

- •SRIM 
••••• CasP 
--HacTOsm.iaH pa6oTa 

O+-~~~~~~~~~~~~~~....--.-. 

101 102 103 104 

3HeprnR (M38) 

Puc. 1 IToTepH 3Hepnrn Ha 110H113aQHIO HOHOB Xe B Ali03 B 

cpaBHeH1111 c pe3ynhTaTaMH pacqernB nporpaMM SRIM [3] 11 CasP [4] 

ITocTpoeHHM 11 npoBepeHHaH .1J,113neKTpwiecKaH cpyHKQ11H OKCH.IJ,a 

anlOMHHl1H HCIIOJJb30Banacb .IJ,JJH pacqern ,l],HcpcpepeHQHanbHbIX ceqeHHH 

B3aHMO,l],eHCTBHH 3apH)KeHHOH qaCTl1Qbl c 3JJeKTpOHHOH IIO,l],Cl1CTeMOH 3TOro 

MaTep11ana [7] cornacHo Bb1pa)KeH1110 ( 1 ). ITonyqeHHbie ceqeHHH 6brnH 3aTeM 

HCllOJJb30BaHbI B MoHTe-Kapno MO.IJ,enH TREKIS [6] .IJ,JJH on11caHH5! K11HeT11K11 

3JJeKTPOHHOH IIO,l],Cl1CTeMbl B TpeKe 6blCTporo TH)KeJJoro HOHa. '.:ha 

opHrHHanbHaH MoHTe-Kapno MO,l],eJJb OCHOBaHa Ha MeTO,l],e aCHMIITOTHqecKl1X 

TPaeKTOpHH H onHcbrnaeT: (a) rrepBHqHbJii nponeT ETH 11 110HH3aQHIO aTOMOB 

M11rneH11; (6) nocne.1J,y10m11ii pa3neT nepB11qHbIX 3JJeKTpOHOB, 11x ynpyroe 11 

Heynpyroe B3aHMO,l],eHCTBl1e c aTOMaMl1 cpe,l],bl, a TaK )Ke Kl1HeT11Ky Bcex 

BTOp11qHblX llOKOJJeHHH 3JieKTPOHOB, 06pa3y10m11xcH B TpeKe; (B) penaKCaQ1110 

.1J,b1poK rny6oKHX aTOMHbIX o6onoqeK, C03.IJ,aHHbIX HOHH3aQHeii ETH 111111 

3neKTpoHaMH, BKmoqaH Me)KaTOMHbie O)Ke-11p0Qeccb1 11 pa.1J,HaQl10HHb1e 

pacna.1J,b1; (r) npocTpaHcrneHHoe nepepacnpe.1J,eneH11e BaneHTHbix .1J,b1poK 11 11x 

ynpyroe 11 Heynpyroe B3a11Mo.1J,eJ:icrn11e co cpe.1J,0J:i. 
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Ha P11c. 2 llOKa3aHbl rronyqeHHbJe B pe3ynhTaTe np11MeHeHHH M0.1J,en11 

pa.1J,HanbHbJe pacnpe.1J,eneHHH 3neKTpOHOB H 11x 3Hepr1111 B TPeKe 110HoB KCeHoHa 

B Alz03 B pa3n11qHbie MOMeHTbI BpeMeH11. Ha rpacpHKax, npe.1J,cTaBnH10m11x 

pa.1J,11anbHb1e pacnpe.1J,eneH11H 3Heprn11 (P11c. 26), Bl1.IJ,HO pacnpocTpaHeH11e .IJ,Byx 

cppoHTOB. ITepBbIH cppoHT - 3TO 6ann11CTl1'IeCKoe pacnpocTpaHeH11e 

B036y)K.IJ,eHHbIX 3neKTpoHOB no HeB03MymeHHOMY MaTep11any. Bo3Hl1KHOBeHHe 

BTOporo cppoHTa o6ycnoBneHO IIOHBJJeHHeM 6onbWOro KOJJHqeCTBa 3JJeKTpOHOB 

BbI,l],eneHHOH 3Hepr1111 npH B036y)K.IJ,eHHl1 H pacna,l],e 11Jla3MOHOB B BaneHTHOH 

30He (MaKCl1MYM ceqeHHH B3al1MO,l],eHCTBHH np11XO,l],11TCH Ha 11epe.1J,aHHYIO 

3Heprn10 ~20 3B). Ha 6onbrn11x BpeMeHax 3TOT cppoHT pa3MbIBaeTCH 3a cqeT 

B3aHMO)J,eHCTBHH co cpe,l],OH. 

Xe 167 M3B B A1p3 
~ 

M 

~ 1025 103 ~ 
"'::!! 24 a) -om <Pc 6) 102 '.R ~ 10 --·0,1¢c 
~ 1023 - • - 1 <Pc 101 ID 

0 
~ 22 %"'~ ._.l.._, - - •10¢c 10° 

J: 
0 

:i:: 10 "' - - \ ...... 100 ¢c Cl. 
0 •••••• ···~·······' ........ , 10·1 ~ Cl. ~ ~~ • 
~ 10 \ • '· - - -'- ' 

Q) ' ' ,., . -- 10-2 li5 
Q) 1020 • • '"· ... "" c:; \ \ • •• •• I t 10·3 ~ <'> ' • • ............. \ ..a 1019 , \ ', I .. • 1 \-

1 o"" 5. I- • \ \•, • '·. g 1018 I • \',
0 

' , \'.. 

Q) 

J: I \ \', I \ \•, 10·5 il5 
b 10

17 
I • '"· t • \"'. 10-43 ~ 

c:; I ' \ • I \. 0 
C 1016 • • I ', 10·7 ~ 

10° 101 102 103 10° 101 102 
103 I-

0 
c:; 

Pa.Q~yc (A) c 

Puc. 2 (a) Pa.IJ,HanbHaH 3aBHCl1MOCTh IIJIOTHOCTl1 3neKTpOHOB 11 (6) 11x 

3Heprn11 B TPeKe 110Ha KceHoHa c 3Hepmeii 167 M3B B OKCH.IJ,e 

anIOMl1HHH. 

B rnaBe .IJ,eMOHCTJmpyeTCH Ba)KHOCTb npocTpaHCTBeHHOro 

nepepacnpe.1J,eJJeHl1H BaneHTHblX ,l],blpOK 11 11X B3al1MO.IJ,eHCTBl1H c 110HHOH 

no.1J,c11cTeMoii MaTep11ana .IJ,JJH on11caH11H B036y)K.IJ,eHHH MaTep11ana ETH. .ll:onH 

3HeprnH, BHOCHMaH ,l],blpKaM11 B HOHHYIO IIO,l],Cl1CTeMy MaTepHana, cpaBHl1Ma c 

,l],OJieH 3Hepr11H, BHOCHMOH ,l],eJJOKanl130BaHHblMl1 3JJeKTpOHaMH, np11qeM 

o6naCTb Ha1160JJbWero BJ11151HHH B3al1MO)J,eikTBHH ,l],blpOK c peweTKOH 

cocpe,l],OTOqeHa Ha paCCTOHHl1HX .IJ,0 10 HM OT QeHTpa TpeKa. 
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B KaqecTBe Ba:>Irnoro pe3yJihTaTa, npe.n.cTaBJieHHoro B rnase, MO)l(HO 

yKa3aTh onpe.n.eJieHHe speMeHHhIX Macuna6os KHHeTHKH 3JieKrpOHHOH 

no.n.cHcTeMhI MaTepHana B TpeKe ETH. IloKa3aHo, qTo HOHH3aQHOHHhie KacKa.D.hI 

3aKaHqHBaIOTC5! npHMepHo Ha speMeHax -50 <Pc nocJie npoJieTa HOHa, nepe.n.aqa 

3HeprHH B perneTKY MaTepHaJia 3JieKrpOHaMH H ,Il.hlpKaMH 3aKaHqHsaeTC5! Ha 

BpeMeHax -200 <!Jc, npHqeM B3aHMO,Il.eHCTBHe .Il.hlpOK c perneTKOH ,Il.JIHTCH JIHllih 

.n.o 80-100 <!Jc. 

Ha PHc. 3 noKa3aHo pa.n.HaJihHoe pacnpe.n.eJieHHe H36hlrnqHoii 3HeprnH, 

nepe.n.aHHOH CB060,Il.HhIMH 3JieKrpOHaMH H .Il.hlpKaMH B HOHHYIO IlO,Il.CHCTeMy 

Alz03 Ha speMeHax 100 <Pc nocJie npoJieTa Ho Ha, Kor.n.a 6oJihllIM qacTh 3HeprnH 

y)l(e nepe.n.aHa B perneTKy. 
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c ... ---

0 
0 2 4 6 8 10 

PaA111yc (HM) 

Puc. 3 Pa.n.HaJihHM 3aBHCHMOCTh H36hITOqHoii 3HeprHH HOHHOH 

IlO,Il.CHCTeMhl OKCH,Il.a aJIIOMHHH5! nocJie npoJieTa HOHOB Xe c 3HeprHeH 

167 M3B H Bi c 3Heprneii 700 M3B. 

B TpeTbeii rJlaBe (Mooe!lUp06QHUe pe!laKCQt{UU UOHHOU noocucmeMbZ 6 

mpeKe ETH MemooaMu MO!leKyllRpHou ouHaMUKu) Ha ocHoBe pe3yJihTaToB, 

noJiyqeHHhIX c noMOmhIO MoHTe-KapJio Mo.n.eJIH, HCCJie.n.yeTCH peJiaKcaQHH 

so36y)l(.n.eHHH HOHHOH no.n.cHcTeMhI MaTepHana B rpeKe ETH MeTo.n.aMH 

KJiaccHqecKoii MOJieKyJIHpHoii .D.HHaMHKH. Pe3yJihTaThI npHMeHeHHH 3Toro 

no.n.xo.n.a 3aTeM 6hIJIH npoaHaJIH3HpOBaHhl H COilOCTaBJieHhl c 

3KCnepHMeHTaJihHhIMH .n.aHHhIMH npocseqHBaIOmeii 3JieKTpOHHOH 

MHKpOCKOilHH o6JiyqeHHhIX o6pa3QOB Alz03 [5]. 
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Ha P11c. 4a,6 noKa3aH pe3yJihTaT Mo.n.eJI11poBaH115! cTpyKTYPHhIX 

H3MeHeHHH B.Il.OJ!h TpaeKrnp1111 HOHa Xe c 3Heprneii 167 M3B B OKc11.n.e 

aJIIOMHHH51 B paMKax on11caHHoro no.n.xo.n.a. IlpoXO)l(,Il.eHH51 110Ha qepe3 

MaTepHaJI BhI3hIBaeT <!JopM11poBaH11e npephIBHCTOH QHJIHH,ll,pH'leCKOH 

nospe)l(,Il.eHHOH o6JiaCTH, KOTOpa51 He 51BJI51eTC51 IlOJIHOCThlO aMop<lJH30BaHHOH. 

nonepeqHh!H pa3Mep CTPYKTYPHO-H3MeHeHHOH o6nacTH -1,8-2 HM, 'ITO 

xopowo cornacyeTc51 c 3Kcnep11MeHTaJihHhIMH .n.aHHhIMH 113 [5] (P11c. 4s,r). 

CornacHo CHHMKaM npocseq11sa10mei1: 3JieKTpOHHOH MHKpocKonHH (I13M), 

nospe)l(.n.eHHa51 0611aCTh npe.n.crns115!eT co6oii MaTepHaJI c HCKa)l(eHHOH 

perneTKOH, O,ll,HaKO He 51BJI51eTC51 aMop<lJHOH (CM . .n.mppaKQHOHHhie KOHrpaCThl Ha 

P11C. 4a). 

Puc. 4 (a) Pe3ynhTaT Mo.n.en11posamrn nponern 110Ha KCeHOHa 167 

M3B B Al203: npoeKQ1151 B.Il.OJih oc11 Z, (6) npoeKQH51 s.n.onh oc11 Y. 

Pa3Mep KpHCTaJIJIHTa 9,4x9,8x7,7 HM3. (s) Il3M H306pa)l(eH11e 
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BhICOKOro pa3perneHH.Sl B,llOJih OCH c, (r) CHHMOK D3M B rrorrepe'IHOM 

HarrpasneHHH (10] (r). 

Ha CHHMKe D3M rrorrepe'IHOro ce'leHH.Sl 06pa3I1a (PHc. 4r) BH,llHhI 

KOH'rpaCThl OKpyrnoH cpopMhl, KOTOphie MO)l(HO OilHCaTh KaK rroporro,no6Hhle 

o6nacTH c rroHH)l(eHHOH rrnoTHOCThIO [ 1 O]. PaJMephI 3THX cpopMHposaHHH 

COCTaBJI.SllOT 1, 1-1,3 HM. Ilorrepe'IHhIH pa3Mep TpeKOBOH o6naCTH COCTaBJI.SleT 

1,7-1,9 HM (5). 

Mo,nenHposaHHe H3MeHeHH.Sl rrnoTHOCTH Ali03 (PHc. Sa) TaK)l(e 

CBH,neTeJihCTByeT, 'ITO I1eHTPanhHa.Sl HaH6onee rrospe)l(,neHHa.Sl o6naCTh 

,nHaMeTPOM -1,8 HM HMeeT rroHH)l(eHHyIO rrnornocTh (-7% ). 3rn o6nacTh TPeKa 

OKpy)l(eHa o6oJIO'lKOH c IlOBhIIIIeHHOH IlJIOTHOCThlO MaTepHana (-1 % ) H 

,nHaMeTPOM -4 HM. Ha PHc. 56 .nn.si: cpasHeHH.Sl rroKaJaHhI OTHOCHTenhHhie 

,necpopMaI1HH BOKpyr TpaeKTOpHH HOHa, rrony'leHHhie c IlOMOIQhlO cpa30BOro 

aHanH3a H3o6pa)l(eHHH D3M [5]. Mo)l(HO Ha6n10,naTh, 'ITO xapaKTepHhie 

pa3Meph1 H MarnHTy,na CTPYKTyph1 .si:,npo-o6ono'lKa xoporno cornacyIOTC.Sl ,nn.si: 

TeopeTH'leCKHX H 3KCrrepHMeHTanhHhIX ,naHHhIX. 
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:c .... 
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Puc. 5 (a) Pacc'lHTaHHa.si: pa,nHanhHa.si: 3asHCHMOCTh rrnoTHOCTH Al20 3 

soKpyr TPaeKTopHH HOHa. (6) OTHoCHTenhHa.Sl ,necpopMaI1H.S1, 

orrpe,neneHHa.si: c IlOMOIQhIO aHanH3a CHHMKOB D3M [5]. 
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B rnase ,neMoHCTPHpyeTc.sJ pe3ynhTaT pacqern rropora cpopMHposaHH.Sl 

TpeKa dEldx11i 110 HOHH3aIIHOHHhIM IlOTep5IM HaneTaIOIQero HOHa. ,L(.rr.sJ 

orrpe,neneHH.sJ 3TOH senH'lHHhI 6hlna rrpose,neHa cepHH Mo,nenHposaHHH rrponeTa 

HOHOB c pa3JIH'lHhIMH dE!dx, nocne qero rrony'leHHa.Sl KpHBa.sJ 6hIJia 

3KCTparronHposaHa B o6nacTh Hynesoro 3Ha'leHH.Sl pa,nHyca TpeKa, 'ITO 

COOTBeTCTByeT dEldx1h - 7 K3BIHM. 3TOT pe3yJibTaT ,llOCTaTO'lHO xopowo 

cornacyeTC.sJ c BeJIHY.HHOH, rrony'leHHOH 3KCrrepHMeHTfillhHhIM rryTeM (- 10 

K3B/HM) (10) . 

MaTepHaJJhI .si:,nepHhIX peaKTopos, Hcrronh30BaHHe KOTOphrx rrpe,nrronaraeT 

TeCHhIH KOHTaKT c 51,nepHhIM TOilJIHBOM, 110,nsepraIOTC.sJ o6ny'leHHIO OCKOJIKaMH 

,neneHH.sJ .no OY.eHh BhICOKHX cpnIOeHCOB (-10 16 CM-2). 3To rrpHBO,llHT K 

MHOroKpaTHOMY rrepeKphITHIO TPeKOBhrx o6nacTeii, H rro3TOMY Hccne,nosaHHe 

KHHeTHKH rrpOI1eCCOB, rrpOHCXO,ll.sJIQHX rrpH B3aHMO,neiiCTBHH TpeKOB HOHOB 

Me)l(_ny co6oif, HMeeT IIpHHIIHIIHfillbHOe 3Ha'leHHe ,llJI.sJ H3y'lemrn pa,n11aI1HOHHOH 

CTOHKOCTH MaTepttanOB. 

3KcrrepHMeHTanhHOe HCCJie,noBaHHe 3aBHCHMOCTH 'lHCJla TpeKOB OT 

cpnIOeHca HOHOB Xe c 3Heprneif 167 M3B BhrnBHno, 'ITO KOJIHY.ecrno TpeKOB Ha 

e,nHHHIIY IIJIOIQa.n;H 06pa3I1a ,llOCTHraeT HaCbIIQeHH.Sl rrpH ,D;03ax OKOJIO 1,1 x 1012 

CM-
2

. TaKHM o6pa30M, Ha O,llHH TpeK, C03,nasaeMbIH HOHOM KCeHOHa, 

rrpHxo,nttTC.sJ rrnoIQa,nh OKono 90 HM
2

• Dpe,nrronara.si:, Y.TO 3TOT TPeK HMeeT 

IIHJIHH,npH'leCKYIO cpopMy, MO)l(HO orrpe,neJIHTh 3cpcpeKTHBHbIH pa,nwyc TpeKOBOH 

o6JiaCTH - 5,4 HM. 

,L(.rr.sJ HCCJie,nosaHH.sJ MexaHH3MOB, np11BO,D;5IIQI1X K HaChIIQeHHIO lfHCJia 

TpeKOB B 3aBHCHMOCTI1 OT ,ll03bl, 6hIJIO IIpose,neHO MO,nenHpOBaHHe 

rrocne,nosaTeJihHOro rrponeTa ,nsyx HOHOB KCeHOHa Ha HeKOTOpOM paCCTO.SlHHH 

,npyr OT ,npyra. Pe3ynhTaT 3Toro Mo,nenHposaHH.sJ ,neMOHCTPttpyeTc.sJ Ha PHc. 6. 

KaK rrepBhIH, TaK H BTOpoii TpeK HMeIOT pa3Mephl H CTpyKrypy, 6ml.3KYIO K TeM, 

'ITO rroKaJaHhI Ha PHc. 6a. Xopowo BH,nHo, 'ITO rrponeT BToporo HOHa Ha 

paCCTO.SlHHH 2,8 HM OT nepsoro rrpHBO,llHT npaKTHlfeCKH K IIOJIHOMY 

BOCCTaHOBJieHHIO HCXO,llHOH CTPYKTyphI B cyIQeCTByIOIQeii TpeKOBOH o6naCTH. 
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Puc. 6 Pe3y11hTaT Mo.n.enHpoBamrn: nponeTa .D.BYX HOHOB Xe. 

TpaeKTOpHH HOHOB napanneJibHbl H HanpaBJieHbl B,[J.OJib OCH z. 
Cnnourna.si: BepTHKaJibHa.si: JIHHH.si: YKaJbIBaeT Ha rpaeKTopmo nepBoro 

HOHa, IIITpHXOBaHHa.si: - BTOporo HOHa: (a) npoeKQml .si:11ei1KH B,[J.OJib 

ocH Z H (6) npoeKQH.si: B,D.OJih OCH Y nocne nponern nepBoro HOHa; (B) 

npoeKQtt.si: B,D.OJib OCH Z H (r) npoeKQH.si: B,D.OJib OCH Y nocne nponern 

BTOporo HOHa Ha pacCTO.llHHH -2,8 HM OT nepBoro. Pa3Mep 

KpHCTaJIJIHTa 18,8xl2,2x5,25 HM
3

. 

Tio.n.o6Hoe BOCCTaHOBJieHHe CTPYKTYPhI npH nepeKpbITHH TpeKOBhIX 

0611acTei1 MO:>I<:eT CJIY:>I<:HTb 060.si:cHeHHeM Ha6mo.n.aeMoro 3KCnepHMeHTaJibHO 

HaCbIIQeHH.si: KOJIH11ecrna TpeKOB npH yBeJIH'leHHH <J:>moeHca 0611Y'leHtt.si:. B 

,D.aHHOH pa6oTe 6bIJI onpe.n.eneH MaKCHMaJibHblH 3<J:><j:>eKTHBHbIH pa.n.Hyc 

TpeKOBOH 0611acTH, B KOTOpoii MO:>I<:eT Ha6mo,D.aTbC.ll BOCCTaHOBJieHHe HCXO,[J.HOH 

CTPYKTYPbI MaTepHana, 11 ero 3Ha11eH11e cocTaBHJIO -6,5 HM. 

B JaKJUO'lenuu H3JIO:>I<:eHbI OCHOBHbie pe3yJihTaTbI 11 BhIBO,D.bI pa6oTbI: 

1. Pa3pa6oTaHa MHKpocKonH11ecKa.si:, ocHoBaHHa.si: Ha <J:>opMaJIH3Me 

,D.HHaMH11ecKoro CTPYKTypHoro <j:>aKrnpa H KOMnneKcHoii ,D.H3JieKTp1111ecKoi1 

<J:>yHKQHH, KOJIH'leCTBeHHa.si: MoHTe-Kapno MO,D.eJib, onHChIBaioma.si: 

so36y:>I<:.n.eHHe H pe11aKcau1110 3JieKTpOHHoi1 no.n.cHcTeMbI B TpeKe ETH. 

2. Hccne.n.oBaHa npocTpaHCTBeHHo-speMeHHa.si: KHHeTHKa B036y:>I<:.n.eHH.si: 

311eKrpOHHoi1 u HOHHoii no.n.cucTeM oKcu.n.a aJIIOMHHH.si: ETH u oueHeHbI 
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xapaKTepHbie BpeMeHa H npocTpaHCTBeHHbie MaCIIITa6bI pa31IH'IHbIX 

npoueccos, npoTeKaIOIQHx B pe11aKcupy10meM TpeKe ETH. 

3. Pe3yJibTaTbI MoHTe-Kapno pact.JeTOB 6bIJIH ucnoJib30BaHbI B Mo.n.enu 

MOJieKyn.si:pHOH ,[J.HHaMHKH ,[J.JI.ll OilHCaHHH KHHeTHKH penaKCaQHH HOHHOH 

no.n.cucTeMbI Al203 H cTpyKTYPHhIX H3MeHeHHi1 B TpeKe HOHa KCeHoHa. 

4. Hccne.n.oBaHue B3aHMO,D.ei1cTBHH TpeKOBbIX 0611acTei1 OT pa3HbIX HOHOB 

Me:>I<:.n.y co6oi1 Bb!HBHJIO BOCCTaHOBJieHHe HCXO,D.HOH CTpyKTYPbI B TpeKax 

ETH B oKcu.n.e aJIIOMHHHH. Han1111ue 3Toro 3<J:><j:>eKTa no3BOJI.si:eT 

Kat.JeCTBeHHO 060.si:CHHTb Ha61110.n.aeMoe 3KCnep11MeHTaJibHO HaCbIIQeHHe 

KOJIHt.JeCTBa TpeKOB (l,1x10 12 
CM-

2
) B 3aBHCHMOCTH OT <j:>JIIOeHca HOHOB. B 

pa6oTe 6bIJIO onpe.n.eneHo 3<iJ<iJeKTHBHOe paCCTOHHHe Me:>I<:,D.y OCHMH 

TpeKOB, np11 KOTOpOM Ha61110.n.aeTCH BOCCTaHOBJieHJfe CTpyKTypbl B 

nospe)l(,D.eHHOH 0611aCTH. 3To paCCTOHHHe paBHO - 6,5 HM, 'ITO 

COOTBeTcrnyeT cp1110eHcy - 8,8x10 11 
CM-2. 
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