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Pa6oTa BbinOJlHeHa B Jia6opaTOp11H H.UepHbIX peaKUHH 11MeHH r .H.<l>nepoBa 

06be,lll1HeHHOro 11HCTl1TyTa 5I,llepHbIX HCCJle.UOBaHHH, r. )J,y6tta. 

HayqHhIH pyKOBOJll1Tenb: 

Ocf>HUMaJlbHbie onnotte11Tb1 : 

Be.uyll1M opraHH3aul15I: 

CicypaTOB Bnam1M11p A;1c1ccccn11•1, 
.llOKTOp cjHl111KO-MHTeMa'l ll'll.!CKllX 11ayK, 

11a1laJlbllllK CCKTOpa Jl51P 011m1 

E>opo;:um Bna.n11M11p AneicceeBH'·1, 
JlOKTOp ~)11311KO-MaTeMaT11 11eCKHX HayK, 

BeJlyll(11H ttay4HbIH COTPYJlHHK HHU. 

« Kyp4aTOBCKHH HHCTHTyrn, r. MocKsa 

CTapHKOB Cepreii BanepbCBH'I, 
K(!H)lH)laT cf>11311KO-MaTeMaTtt4eCKHX HayK, 

CTapIII11if ttay4HbIH COTPYJlHHK, 

<1>n;y HayKH 06be.UHHeHHblH 11HCTHTYT 

BbJCOKHX TeMnepaTyp P AH 

<1>1EY «11HCTHTYT TeopeTH4eCKOH 11 

3KCnepHMeHTaJlbHOH cf>H3HKl1 

11MeH11 A.H. AnHXattosa Hau110Hanhttoro 

11CCJle.UOBaTeJlbCKOro ueHTpa «Kyp4aTOBCKHH 

11HCTHTYT» 

3all111Ta COCTOHTC5I (( u )) r~~j?tX ZU! f -:? B ;f.uo YaCOB Ha 

3ace.uaH1111 .u11ccepTau110HHoro coaern )J,720.001.06 np11 Jia6opaTOp1111 

5I,llepHbIX peaKU11H 11MeHH l .H.<l>nepoBa 11 Jla6opaTOp11H HeHTpOHHOH cf>11311KI1 

11MeHl1 11.M.<l>paHKa 06be,llHHeHHOro 11HCTHTYTa 51.UepHbIX l1CCJle)lOBam1i1, 

r. )J,y6tta MocKOBCKOH o6nacrn . 

C .u11ccepTau11eif MO)!{HO 0311aKOMHTbCi1 B 6116n110TeKe OH51.H 11 Ha CTpatt11ue 

http://wwwinfo.jinr.ru/announce disser.htrn . 
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Y4eHbIH ceKpeTapb 

.UHCcepTaUMOHHOro COBeTa ~ 
KaH.UH.UaT cp113HKO-MaTeMaTH4eCKt~f -

06m;a.H xapaKTepHCTUKa pa60Tbl 

AKmya.11bHOCmb meMbt ucC.11eiJoeaHu.1l 

11ccne.uoBamre CBOBCTB MaTep1rnnoB np11 06nyqeH1111 6hICTpb1M11 

DDKeJibIMH HOHaMH (ET11, (dE/dx) - 10-50 K3B/HM, r.ue dE/dx - Jll1HeHHbie 

noTepH 3Heprn11 110Ha (JIIT3)) npe,llCTaBmreT 3Haq11TeJlbHbIH 11HTCpec .umr 

113yqeHH5I pa.u11au110HHOH CTOHKOCTH MaTep11aJIOB 51,llepHOH :meprCT11Kl1 11 

KOCM11qecKOH 3JieKTpOHHKl1. ETl1 6oJihllIYI-O qacTh CBoeu 3Heprn11 np11 

npOXO)!{,llemm qepe3 BemecTBO Tep51I-OT Ha B036y)!{.uemi:e 3JleKTpOHHOH 

no.ucMcTeMhI KpttcTanna. ITocne.uyr-0mM penaKcauM». 3Toro Bo36y)!{.ueH11». 11 

nepe.uaqa H36bITOqHOH 3HeprMH B peUieTKY MaTep11ana MQ)KeT npMBO,llHTb K 

qiopM11poBaHMI-O HaHOpa3MepHbJX CTPYKTypHo-cl>a3oBhIX M3MeHCHl1H B 

oKpecrnocTH TpaeKTop11M 110Ha ( - 10 HM, TpeK ETl1) [ 1]. ITo.uo6Hhie 113MeHeHM». 

cTpyKTyphI MaTep11ana MoryT cymecrneHHO BJIH».Th Ha cp11311qecK11e, 

XMM11qecK11e 11 MexaH11qecK11e CBOHCTBa o6nyqaeMhIX MaTep11anoB, B TOM q11cne 

Ha 11X pa.u11au110HHYI-O CTOHKOCTb. 

MaTep11anh1 o6onoqeK TOTIJ111BHh!X 3neMeHTOB 5I.UepHoro pea KTopa B 

npouecce 3KCnnyaTall,11H KOHTaKTMpyIOT c 5I,llepHblM TOTIJ111BOM , 11 11X 

noBepXHOCTHhIH CJIOH ( - 15 MKM) flOCT05IHHO fl0,llBepraeTC5I 06J1yqeH11I-O 

ocKOJIKaM11 .ueneH115I (M-50-100 a.e.M, E - 100 M3B). Bo3HMKar-0m11e 11pM 3TOM 

pa.u11au110HHbJe noBpe)!{,lleHl15I MoryT yxy.UUil1Tb MeXaH11qecK11e CBOHCTBa 11 

pa.u11au110HHYI-O CTOHKOCTh 11HTepqieucHoro CJI05l MaTep11an-Tonm1 BO, qTo 

MO)!{eT CKa3aThC51 Ha 6e3onaCHOCTl1 peaKTOpa 11 Tpe6yeT BCeCTOpOHHero 

11ccne.uoBaH115I B03.UeBCTBl15I ETl1 Ha 3Tl1 MaTep11anhr c np11MeHeH11eM KaK 

3KCnep11MeHTaJihHbIX, TaK 11 TeopeT11qeCKl1X MeTO,lll1K. 

y CKOpeHHble nyqK11 T51)!{eJih!X 110HOB BbICOKl1X 3Heprni1 cny)!{aT 

11HCTpyMeHTOM MO,llen11poBaHl15I 11 11ccne.uosaH115I 3cj:>cj:>eKTOB B03,lleHt.:TBl15I Ha 

MaTep11aJibl OCKOJIKOB .ueneHl15I 11 BbICOK03HepreTH4eCK11X YaCTHU B COCTaBe 

KOCM11qecKoro 113nyqemrn. 

TaK)!{e 06nyqeH11e 6hICTpbIMl1 rn)!{eJlhIMl1 110HaM11 MO)!{eT 11cnonb30BaTbC». 

B Kaqecrne 3cpcl>eKTl1BHoro cpe.ucrna HaHopa3MepHoil Mo.ump11Kau1111 

MaTep11anoB. MeTO.lll1Kl1, ocHOBaHHhie Ha 11cnOJlb30BaH1111 ETl1-06nyqeH115I, y)!{e 

34>4>eKTl1BHO np11MeH5II-OTC5I B TeXHOJIOrH51X nonyqeHl151 TpeKOBblX MeM6paH, 

npoBO.U5ImMx KaHaJIOB, HaHOCTPYKTyp11poBaHl15I nosepXHOCTl1, MO,ll11cpMKall,1111 

HaHOCTpyKryp. 
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Ilp11 11ccne,n:oBaHHH csoi1crn MaTep 11ano s, o6nyqaeMbIX ETH, o6wrno 

BbI,[(emnoT ,[(Ba xapaKTepHblX pe)!(HMa: 11H,[(HBH,[(YaJJbHbIX H nepeKpb1BUIOllJ.11XC51 

TpeKOB. HH,[(11BH,[(YaJJbHb!e TpeKH cpop MHPYIOTC51 npH MaJJbIX ,[(03ax o6nytfeHH51 

( <p<l 010 
- 10 11 

CM-
2
), KOr,na CTOBpe)!(,[(eHHhie B p e3yJJhTaTe npoJJeTa HOHa 06JJaCTH 

He nepeKpbrnaJOTC51. TaKoi1 pe)!(HM no3BOJJ5leT 113yqaTb 3cpcpeKThI o6pa3oBaHH51 

TpeKOB B MaTep11anax. 3TOT pe)!(HM TaK)!(e npe,nCTaBJ15leT 11HTepec ,[(J151 

11CCJ1e,[(OBaHH51 HaHOM0,[(11<l>HKaJ.~HH MaTep11aJJOB H B03,[(eHCTBH51 KOCJ\111'-leCKHX 

nyqei1 Ha 3J1eKTpOHHKY. 

Pe)!(HMhI o6nytfeHH51 c 6oJJhIUHMH cpmoeHcaMH ( <p > 10 12 
cM-

2
) 

o6ecne'-!HBaJOT nepeKpblTHe TpeKOBbIX o6nacTei1 OT pa3Hb!X HOHOB Ji! 11X 

B3al1MO,[(eHCTBHe Me)!(,ny co6oi1. 3TOT pe)!(HM HMeeT npHHUHCTHaJlbHYIO 

Ba)!(HOCTb ,[(J151 HCCJJe,[(OBaHH51 CBOHCTB MaTepHaJJOB 51,nepHOH 3HepreTHKH, 

KOHTaKTl1PYIOW.HX c 51,[(epHbIM TOCTJIHBOM, TaK KaK OHH MoryT o6nytfaTbC51 

OCKOJJKaMH ,neJJeHH51 ,[(O OtfeHb Bb!COKHX cl>nJOeHCOB (~ 10 16 
CM-

2
). 

B HaCT051W.ee speM51 HCCJJe,nosaHHJO 3cp<l>eKTOB ETH B paJJJH'-!HhIX 

MaTep11anax noCB51W.eHO 60J1bIUOe '-111CJ10 KaK 3KCnepHMeHTaJlbHbIX, TaK H 

TeopeTl1'IeCKHX pa6oT. 0,nHaKo, HeCMOTp51 Ha see MHOroo6pa3He Jll1TepaTypHbIX 

,naHHbIX, HCTI0Jlh3yeMbie B 11acT05IW.ee BpeM51 MO,[(eJJH B036y)!(,[(eHl151 TpeKOBOH 

o6nacTH 11 cTpyKTYPHhIX 113MeHeH11i1 B Hett He Y'-111TbIBaJOT scex oco6cHHOCTei1 

npoueccoB, npoTeKaJOW.11X npH B036y)!(,[(eHl1H MaTepHana 6bICTpbIM T51)!(eJ1bIM 

HOHOM, OCTl1CbIBa51 TOJlbKO OT,[(eJJbHbJe 3TaCTbl cpopM11pOBaHl151 TpeKOB. LI,o CHX 

nop He cyw.ecTByeT MO,[(eJlH, KOTOpa51 6bJ OITHCbIBana Kl1HeTHKY B036y)K,[(eHl151 11 

penaKcaumr B TpeKax ETVI 6e3 11cnonhJOBaHH5! rro,nroHOYHhix rrapaMeTpoB H 

Kan116p oBOlfHblX 3KC n epHMeHTOB. 

Ilo3TOMY KpattHe Ba)!(Hb!M rrpe,nCTaBJ15leTC51 TlOCTpOeH11e KOJ111YecrneHHbIX 

MO,[(eJJeH, KOTOpbi e, OCIIOBbIBa51Cb Ha HaH6onee 06w.11x cpyH,naMeHTaJJbHblX 

n o,n:xo .nax 11 HCT10J1b3Y51 COBpeMeHHbie Yl1CJJeHHbie MeTO,[(bl , o6ecneYY1BaJJl1 6b1 

KOJ1 11YeCTBeHHYIO peaJJH'3aUH IO npHMeH5leMb!X cpytt,naMeHTaJ1bHbIX MeTO,[(OB. 

ITo.no6Hhie Mo,neJJH rro'3BOJJ51T B e,n11HoM rro.nxo.ne Mo,neJ111posaTb K11HeT11Ky 

s o 36y)!(,neHH5! MaTep11 aJJa (3JJeKTpo11 11oi1 11 HOHHOH rro.nc11cTeMbI ) B TpcKe ETH, 

nocne,n:yJOW.YIO p eJJaKCaU11!0 3TOro B036y)l<,[(elll151 11 Kl1 HeTl1KY CTpy 1nyp11b!X 

H3MeHeH11i1, cT11M yJ111p oBaHHh1x 3Toi1 peJJaKca L~H ett. 
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L{e.11u u 3aiJa11u pa6om&1 

IJ;emi: 11 3a,naq11 ttacT051W.ei1 pa6oThI MO)!(HO ccpopMyn11poBaTb cne,nyJOW.HM 

o6pa30M: 

1. IlocTpoeHHe MHKpocKOTIHtfecKott KOJJHtfecrneHHOH MottTe-Kap110 (MK) 

MO,[(eJJH B036y)!(.l(eHH51 3J1eKTpOHHOH H HOHHOH TIO,[(Cl1CTeM ,[(H3J1eKrpHKOB B 

ttaHopaJMepHhIX TpeKax ETH. 

2. Ilp11MeHeH11e pa3pa6oTaHHOH Mo,n:en11 .l(J151 onpe.nenettw 

npocrpaHcTBeHHO-BpeMeHHbIX napaMeTµOB B036y)!(.l(eHH51 3J1eKTpOHHOH H 

HOHHOH nO,D.CHCTeM KpHCTaJJJJa OKCH,D.a aJ1!0MHHH51, o6J1Y'IaeMOro 

pa3l1HlfHblMH HOHaMl1 . 

3. Mo.nen11posa1111e B03HHKHOBeHH51 cTpyKTyptto-cpaJOBhIX H3Me1-ie1111i1 B 

A!i03 0Kc11.ne anJOMHHH51 B pe3ynhrnTe penaKcau1111 B036y)!(,neHHH 

peIUeTKH B TpeKe ETH 11 conocrnsnett11e 3THX pe3ynhTaTOB c 

pe3Yl1bTaTaMH HCCJJe,[(OBaHHH o6nyqeHHbIX o6pa3UOB MeTO,[(aMH 

npocBelfHBaJOw.ei1 3J1eKTpOHHOH M11KpOCKOCTHH. 

Pe3y.11&mam&1 pa6om&1, BblHOCUM&te Ha 3aUJumy 

1. Mo.n.enh, orr11cbrnaJOW.aH so36y)!(,D.eH11e 11 penaKcau11JO 3JJeKTpOHHOH 

no,nc11cTeMbI B TpeKe ETH 11 YlfHTbIBaJOw.aH KonneKTHBHYJO peaKl(HJO 3THX 

TIO,ll.CHCTeM Ha BHOCHMOe B036y)!(,[(eHHe B paMKaX cpopMaJJH3Ma 

,[(HHaMiflieCKOrO CTpyKTypHoro cpaKTOpa H KOMTIJJeKCHOH ,[(H3J1eKTPHlfeCKOH 

tPYHKUHH (LJ,C<l> - KLl,<l>). 

2. Pe3yJJhTaThI paclfeTOB npocTpaHCTBeHHo-speMeHHhIX napaMeTpos, 

xapaKTepH3YIOIUHX B036y)!(,[(eHHe 3J1eKTpOHHOH H HOHHOH TIO,[(CHCTeM 

Ah03 B TpeKe ETH: pa,nHanhHhie 11 speMeHHbie 3aBHCHMOCTH m10THOCTH 

3J1eKTpOHOB H BaJJeHTHbIX ,[(blpOK H 11X 3HeprHH, a TaK)!(e nJIOTHOCTH 

3HeprHtt B peIUeTKe MaTep11ana . 

3. Pe3yJJhTaThI Mo,nen11posaHHH MeTo,D.aMH MoneKyAApHOH ,[(HHaMHKH 

KttHeTHKH cTpyKTYPHhIX H3MeHeHHH B TpeKe ETH. OcttoBHhie napaMerphI, 

xapaKTep1nyJOw.11e nospe)!(,D.eHHYIO o6nacTh: pa.n.HanbHbie pacnpe.n.eneHHH 

CMew.eHHH aTOMOB, TIJJOTHOCTb sew.ecTBa nocne penaKcauHH TpeKa, 

ocTaTotfHhie ttanp51)!(eHHH . Pe3yJJhTaThI Mo.n.enwposaHw 3cpcpeKTOB, 

B03HHKaIOW.HX npH nepeKpbITHH TpeKOBblX o6nacTeH. 

• 
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Hay•ma.11 HOBU3Ha pa6om&1 

B xo.n:e BbrnOJIHemrn: .n;HccepTaQHOHHOH pa6oTbI 6bIJIH BnepBbie 

paccMoTpeHbI H perneHbI cne.n:y10IQHe 3a.n;a•m: 

1. Pa3pa6ornHa KOJIHqecrneHHaH, ocHOBaHHaH Ha <PopMaJIH3Me K)~<l>-,lJ;C<l> 

MoHTe-Kapno MO.D;eJib, OITHCbIBaIOJ.QaH KHHeTHKy B036y)!(.n:eHHH H 

penaKcaIJ,HH ::meKTpOHHOH ITO.D;CHCTeMbl MaTepHaJIOB c yqeTOM 3<P<PeKTOB 

llpOCTpaHCTBeHHO-BpeMeHHbIX KoppenHIJ,HH B CHCTeMe pacceHBaTenei1 

(3JieKTpOHOB MHllieHH). 

2. OnHcaHa KHHeTHKa B036y)!(.n:emrn 3JieKTpOHHOH llO.ll,CHCTeMbI 

.D;H3JieKTpHKOB B TpeKe TH)!(enoro 110Ha 11 nony1-IeHbI KOJI11qecTBeHHbie 

npocTpaHCTBeHHO-BpeMeHHbie rrapaMeTpbI 3TOro B036y)!(.n:eHl1H. 

3. flpH onHcaHHH KHHeTHKl1 B036y)!(.n:eHHoro MaTepHana B TPeKe ETH 6nrno 

yqTeHO npocTpaHCTBeHHOe nepepacnpe.n:eneHHe BaJieHTHbIX .D;blpOK, a 

TaK)!(e HX B3aHMo.n;ei1CTBHe c HOHHOH H 3JieKTpOHHOH llO.D;Cl1CTeMaMH 

MHllieHH. 

4. flpoBe.n;eHo Mo.n;en11poBaHHe 113MeHeH11e CTPYKTYPI>I oKcH.n:a aJIIOMHHl1H B 

TpeKaX BblCOK03HepreTHqecKl1X TH)!(eJiblX HOHOB. BnepBbie 

npo.n;eMOHCTpHpoBaH 3<P<PeKT BOCCTaHOBneHHH cTpyKTYPbI .n:e<PeKTHbIX 

o6nacTeii npH nepeKpbITHH TpeKoB ETH B Al203. Ha ocHOBe 3Toro 

3<P<PeKTa 6bIJIO o6nHCHeHO HaCbIJ.QeHHe llJIOTHOCTH TpeKOB c ysen11qeHHeM 

.n;o3bl o6nyqeHHH, Ha6mo.n:aeMoe Ha 3Kcnep11MeHTe. 

,4ocmoaepHocmb 

flpHMeHHMOCTb pa3pa6oTaHHOH Mo.n;en11 .D;JIH OllHCaHHH B036y)!(.ZJ;eHHH 

3JieKTpOHHOH H HOHHOH llO.D;Cl1CTeM B TpeKaX BbICOK03HepreTHqecKHX 'fH)!(eJiblX 

HOHOB o6ocHOBbIBaeTCH TeM, qTo: 

1. Mo.n:enb OCHOBaHa Ha 061.Q11x <l>yH.n;aMeHTaJibHbIX np11HIJ,11nax, He 

11CllOJib3YeT CB060,nHbie llO,D;roHOqHbie napaMeTPbI, a TaK)!(e 6a311pyeTCH Ha 

MHHl1MaJibHOM KOJIHqecTBe ynpoJ.QaIOJ.Q11X np116JI11)!(eHl1H. 

2. Hcnonn3yeMbie ceqeH11H B3a11Mo,neiicTB11H 3JieKTpOHOB c 3JieKTpOHHoi1 

llO,D;CHCTeMOH MaTep11ana xoporno cornacyIOTCH c ,naHHbIMl1 .n;pyrnx 

aBTopoB, co6paHHbIMH B 6a3e ,naHHbIX NIST [2], a paccq11TaHHb1c n0Tep11 

3HeprHl1 HOHOB Ha 3JieKTpOHHOe TOpMO)!(eHHe xoporno cornacyIOTCH c 

npHHHTbIMl1 B coo6J.Qecrne nporpaMMaM11 SRIM [3] 11 CasP [4]. 
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3. flonyqeHHbie B pe3ynbTaTe Mo,nenHposaHmI napaMeTpbI noBpe)!(,neHHOH 

TpeKOBOH o6nacTH (pa3Mepbl , llJIOTHOCTb MaTepHaJia, OTHOCr!TeJibHaH 

.ne<PopMaIJ,11H perneTK11) HaXO,D;HTCH B xoporneM cornac1111 c 

3KCnepHMeHTaJibHblMH ,naHHb!M11 [5]. 

Teopemul.fecKa.R u npaKmul.fecKa.R 3Hal.fu.Mocm& pa6om&1 

1. Pa3pa6ornHa Mo.n;enb, onHCbIBaIOJ.QruI 3KCTPeManI>Hoe B036y)!(JJ:eH11e 

3JieKTpOHHOH 11 HOHHOH llO,D;Cl1CTeM MaTepHana H yq11Tb1BaJOJ.QaH HX 

KonneKT11BHYIO peaKu,1110 Ha BHernHee B03MyI.QeH11e Ha ynbTpaKopoTKHX 

npocTpaHCTBeHHbIX 11 BpeMeHHblX Macrnrn6ax. flapaMeTpbl 

B036y)!(.n:eHHOrO COCTOHHl1H 3JieKTpOHHOH H HOHHOH llO.!lCl1CTeM 

MaTepHana, nonyqaeMbie B pe3yJibTaTe np11MeHeH11H ,naHHOH Mo.n:en11, 

MOryT 6bITb HCllOJib30BaHbl JJ:ITH 110CTpoeHl1H HOBblX Mo.n:eneH:, 

Olll1CbIBaIOJ.QHX HaHopa3MepHbie CTpyKTYPHO-<Pa30Bble npespai_u,eHl1H B 

TpeKax ETH. 

2. Pa3pa6oTaHHM Mo.n:enb H nonyqeHHbie B .n:11ccepTaQH11 pe3ynnTaTbI MoryT 

HCllOJib30BaTbCH llpH perneHl111 3a.uaq, CBH3aHHblX c Mo.n:enHpoBaHHeM 

pa.u11aIJ,HOHHblX 3<P<PeKTOB, Bbl3bJBaeMbIX npoXO)!(.!leHHeM TOpM0351J.QHXCH B 

pe)!(l1Me ::meKTpOHHbIX llOTepb 3HeprHl1 OCKOJIKOB .n;eneHl1H 11 KOCM11qecKHX 

nyqeii B JJ:H3JieKTpHqecKHX MaTepHanax H.n:epHOH 3HepreTHKl1 H 

KOCM11qecKoii OTPacn11, a TaK)!(e np11 pa3pa6oTKe TexHonor11ii 

HaHopa3MepHoii Mo.n:11<PHKaIJ,11H MaTep11anoB nyqKaM11 ETH. 

MemoiJo.1102u.11 u MemoiJ&1 ucC.11eiJoaaHuJ1 

B .n;11ccepTaI . .\l10HHOH pa6oTe 6brn11 11cnonb30BaHbI cospcMeHHbJe 

aHaJIHTl1'-!eCKl1e 

pa.u11aIJ,l10HHOH 

.n:e<PeKTOB, a 

MeTO.!lbl CTaTl1CTl1'-!eCKOH H KBaHTOBOH MCXaH11Kl1, 

<P11311KH, TeOpHH KOH,D;eHCHpOBaHHOro COCT051Hl151 11 Teop11H 

TaK)!(e no.n;xo,nbI, pa3pa60TaHHb1e ,nnH peweH115! 3a.n:aq 

110Hl13aJJ,110HHOH Kl1HeT11Kl1 H B3al1MOJJ:eHCTBl151 na3epHoro 113JIY'IeHH51 c 

BeJ.QeCTBOM. 

06J.Ql1M MOMeHTOM np11MeHeHl15! 3Tl1X MeTO,D;OB 51BJI51eTC51 11X Heo6xo.n:11Ma5! 

Mo.n:11<P11KaIJ,H5!, CB513aHHaH c KpattHe MaJiblMl1 BpeMeHHhIM11 H 

npocTPaHCTBeHHbIMH Macrnrn6aM11 npoIJ,eccos, npoTeKaIOIIJ,HX B TpeKax ETH. 

flo.uo6Ha51 MO.U11<P11KaIJ,H5! <P113H'-!eCKl1X MeTOJJ:OB HOCHT n110HepCKl1H xapaKTep H 

npe.n:crnsnHeT 3HaqHTeJibHblH HHTepec .!lJIH OllHCaHHH nrneTHKH 
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6bICTIJOnpoTeKaIOm:Hx ( nHKOCeKyH.[(bl) npoQeCCOB peJiaKCaQHH HepaBHOBeCHbIX 

COCTOHHHH BeIQeCTBa B npOC'rpaHCTBeHHO-orpaHH'leHHOH (HaHOMeTpbI) 

o6JiaCTH. 

B pac'!eTax npHMeHHIOTCH cospeMeHHbie 'IHCJieHHbJe anropHTMbI (MoHTe­

Kapno, aCHMnTOTH'leCKHX TpaeKTOpHH:), KOTOpbie llIHpOKO HCnOJib3yIOTCH B 

pa.n:HaQHOHHOH <i>H3HKe rnep.n:oro Tena. 

Anpo6aqW1 pa6ombt 

MaTepHaJibI, npe.n:cTaBJieHHbie B .n:ttccepTaQHH, 6brnH ,n:oJio)l(eHbI Ha 

CJie.[(yIOIQHX KOH<i>epeHQHHX: 

1. 17-x Me)l(,n:yHapo,n:HM KoH<PepeHQHH no Pa,n:HaQHOHHbIM 3<P<PeKTaM B 

.[(H3JieK'rpHKax (REI-17), (XeJibCHHKH, <l>HHJIHH.[(HH, 30 HIOHH - 5 HIOJIH 

2013 r .); 

2. Me)K,n:yHapo.n:Hax KoH<PepeHQHH MOJIO.[(blX y'leHbIX H cneQttaJIHCTOB 

OMYC-2014, ()fy6Ha, PoccHH, 24 - 28 <PeapanH 2014 r.); 

3. KoH<PepeHQHH esponelicKoro o6IQecrna no Hccne.n:osaHHJO MaTepHanos 

(E-MRS Spring Meeting 2014), (JlHJIJib, <l>paHQHH, 26-30 MM 2014 r.); 

4. Me)K,n:yHapo,n:HM KOH<i>epeHQHH no pa.n:ttaQHOHHbie 3<P<PeKTaM B 

.D:H3JieKTIJHKax H HeMeTaJIJIH'leCKHX MaTepHanax (REINM-2015), ( AcTaHa, 

Ka3aXCTaH, 2 - 5 HIOHH 2014 r.); 

5. KoH<i>epeHQHH esponelicKoro o6IQecrna no Hccne.n:oaaHHJO MaTepHanoa 

(E-MRS Spring Meeting 2015), (JlHJIJib, <l>paHQHH, 11-15 MM 2015 r.); 

6. Me)K.n:yHapo.n:HaH KOH<i>epeHQHH no 6bICTpbIM TH)KeJiblM HOHaM B 

MaTepHanax (SHIM-2015), (.lJ:apMIIITa.[(T, fepMaHHH, 18-21 MaH 2015 r.); 

7. IV e)Kero,n:HM KOH<i>epeHQHH MOJIO.[(bIX y'leHbIX H cneQttaJIHCTOB 

«AJiyIIITa-2015», (AnyIIITa, PocCHH, 6-13 HIOHH 2015 r .); 

8. 4-bIH CHMn03HYM COTPY.D:HH'lecrna OI1fil1 H IO)KHo-A<PpttKaHcKoii 

pecny6JIHKH (4th JINR-South Africa symposium), ()fy6Ha, Poccttx, 21-25 

ceHrn6px 2015 r.); 

9. XI Me)K,n:yHapo,n:HM KoH<i>epeHQHH B3aHMo.n:eiicrntte H3Jiy11eHHH c 

TBep,n:bIM TeJIOM (BHTT-2015), (MHHCK, Eenapycb, 23-25 ceHTx6pH 

2015r.) 

Pe3yJibTaTbI ,n:HccepTaQHH TaK)Ke 06cy)K,n:aJIHCb Ha Hay'IHbIX ceMHHapax 

~eKTopa N!!8 H UeHTPa npHKJia.[(HOH <i>H3HKH Jia6oparnpHH H,n:epHbIX peaKQHH 

MeHH f.H. <l>nepoBa. 
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Jlu11.HbtU BKAaiJ aamopa 

1. IToc'rpoeHa MoHTe-Kapno Mo.n:enh, KOJIIfqecTBeHHO onHCbIBaJOIQM 

KMHeTHKY B036y)K.n:eHHH H penaKCaQHH 3JieK'rpOHHOH nOJJ,CHCTeMbl 

MaTepttanoa. Ha ocHoBaHMH <PopMaJIH3Ma K.ll:<!>-.ll:C<l> Mo.n:enb Y'IHTbIBaeT 

npOC'rpaHCTBeHHO-BpeMeHHbie KoppenHQHH BO B3aHMO.[(eHCTBYJOIQeH 

CHCTeMe pacceMBaTeneii. Mo.n:enb npoTeCTHpoaaHa no pe3ynbTaTaM 

3KCnepMMeHTOB no o6nyqeHHJO pa3JIH'IHblX MaTepttanoa nyqKaMM ETH. 

2. c MCnOJib30BaHHeM 3TOH MO.[(eJIH onHCaHO B036y)K.n:eHHe 3JieKTpOHHOH If 

HOHHOH no.n:cHcTeM OKCM.D:a aJIJOMHHHH B TpeKax ETH M nonyqeHbI 

KOJIH'leCTBeHHbJe napaMeTpbI 3TOro B036y)K.neHHH. 

3. ITpose.neHo Mo.nenMpoBaHMe KHHeTMKM CTPYKTYPHbIX M3MeHeHHi1 Ali03 B 

TpeKax ETH MeTo,n:aMH MOJieKynxpHoii .D:HHaMMKM. ITony'leHbI pa3Mepbr 

TpeKOB, npocTpaHCTBeHHbJe pacnpe.neneHHH OCTaTO'IHblX HanpHlKeHMH H 

nnoTHOCTM MaTepMana B TpeKoaoii o6nacTH. ITpo.neMOHCTpHpoaaH 3<P<PeKT 

aoccTaHoaneHHH Mcxo,n:Hoii cTpyKTYPbI B cym:ecrnyIOIQHX .ne<PeKTHbIX 

TpeKOBbIX o6nacrnx B pe3yJibTaTe 6JIM3Koro nponeTa ETH. 

Bee pe3yJibTaTbI pa6oTbI, npe.ncTaaneHHbie B rnasax 2 If 3, nonyqeHbI 

aBTOpOM Jllf'IHO HJIH rrpM ero Herrocpe.n:cTBeHHOM yqacTHH . 

lly6AUKUIJUUUBmopa 

.ll:MccepTaQHOHHM pa6oTa BKJllO'laeT B ce6H HCCJie.[\OBaHMH, 

BbIIIOJIHeHHbie B nepHO.[\ c 2012 no 2016 rD.[\bI B Jia6opaTOpHH H.D:epHbIX 

peaKQHH MMeHH r.H. <l>nepoBa 01151l1. Pe3yJibTaTbl .[\lfCCepTaQHH H3JIO)KeHbl B 

12 ny6nHKaQHHX, OTHOCHIQHXCH K KaTeropHH CTaTeH B Hay'IHblX )KypHanax If 

.[\OKJia.[\OB B c6opHHKax MaTepHaJIOB KOH<i>epeHQHH, 11 H3 KOTOpbIX BHeCeHbl B 

cnHCOK peQeH3HpyeMblX )KYPHaJIOB, HH.[\eKCMpyeMbIX B CHCTeMax Web of 

Science H SCOPUS, H peKoMeH.noaaHHbIX BAK MHHo6pHayKH P<l>. Cmi:coK 

ny6mi:KaQHH aBTOpa npHBO.[(HTCH B KOHQe aBTOpe<PepaTa. 

CmpyKmypa u o6'beM pa6ombt 

Pa6oTa COCTOHT H3 BBe.[\eHHH, Tpex mas, 3aKJIIO'leHHH H cnHCKa 

QHTHpyeMOH nHTepaTypbI. Pa6oTa co.nep)KHT 109 cTpaHHQ, BKJIJOqaeT 33 

pHcyHKa, 2 Ta6nHQbI. CnHCOK QHTttpoaaHHOH nHTepaTypbI co.nep)KHT 163 

HaHMeHOBaHHH. 

• 
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)CHOBHOe co.u.ep)l{aHHe pa60Tbl 

Bo BBe.i.eunn np1rne.D,eH nepsHqHbJH attanH3 cospeMettttoro cocT051HH51 

1ccrre,!l,0BaHHii s o6nacTH 3<}l<}leKTOB o6rryqeHH51 MaTepHanos ETl1, o6ocHosatta 

lKTyanhHOCTh H c<}lopMynHposatta u.errh .D.Hcceprnu.HoHHoii pa60Th1. YKa3aHa 

ripaKTHqecKa51 H tPYH.D,aMeHTMbHa51 Ba)!(HOCTb norryqeHHbIX pe3yJihTaTOB, a 

raK)!(e HX Hayqtta51 HOBH3Ha. 

B nepBoii rJiaBe (CoepeMeHHbze Mooenu, onucbzea10Ufue e3aUMooeucmeue 

6bzcmpbzx mRJ1cenbzx uoHoe c eeU{ecmeoM) npHBe.D,eH ofoop H aHaJIH3 

lJHCJieHHhlX H attanHTHqecKHX MO.D,erreii, HCTIOJib3YIOll.l.HXC51 B HaCT05IIU.ee BpeM51 

JJ:JI51 H3yqeHH51 B03,!l,eHCTBH51 T51)!(eJiblX 3ap51)!(eHHbIX qacTHU. BbICOKOH 3HeprnH Ha 

csoiicTBa MaTepHanos. PaccM0Tpett1>1 npeHMyll.l.eCTBa H He.D.OCTaTKH 3THX 

MO,!l,erreii H npose)J.eH attanH3 npHMeHHMOCTH npH6JIH)!(eHHH, HCTIOJih3yeMbIX B 

OTIHCaHHbIX nO.D,XO,!l,aX. floKa3aHa aKTYMbHOCTb cpytt,!l,aMeHTMhHhIX H 

3KCnepHMeHTanhHbIX HCCJie.D,oBaHHH, HanpasrreHHhIX Ha H3yqeHHe npou.eccOB H 

MexaHH3MOB, Jie)!(all.l.HX B octtose <}lopMHposaHH51 TpeKOB ETl1. Ha ocHoBaHHH 

3TOro aHanH3a C.D,eJiaHbl crre,!l,yIOll.l.He Bb!BO,!l,hl: 

1. 11cnOJib30BaHHe MaKpOCKOTIHLJeCKHX TIO,!l,X0,!1,0B MO)!(eT npHBecn1 K 

HeBepHblM pe3yJibTaTaM npH OTIHCaHHH HaHOpa3Mep11oii H 

cy6nHKOCeKyH,!l,HOH KHHeTHKH npoueccoB, npOHCXO.D,51ll.l.HX npH 

B036y)!(.D,eHHH MaTepHana 6bICTpbIMH T5I)i(eJihlMH 110HaM11. 

2. ¥Icnorrh3yeM&Ie B HaCT051ll.l.ee BpeM51 MO.D,eJIH B036y)!(,!l,eHH51 TpeKOBOH 

06rracT11 11 cTpyKTYPHhIX H3MeHeHHH B Heii He YLJHThIBaIOT scex 

oco6eHHOCTei1 npoueccos, npoTeKaIOll.l.HX np11 B036y)!(,!l,eH11H M<nepHana 

ETI1, on11c&rna51 TOJihKO OT,!1,eJI&Hhie 3Tanb1 cpopMHposaHH51 TpeKoB. 

3. flpHHl1Ma51 BO BHHMaHHe He,!l,OCTaTKH cyll.l.eCTBYIOll.l.HX MO.D,erreii 

o6pa30BaHH51 TpeKOB, C,!1,eJiaH Bb!BO.D,, lJTO HaH6orree u.errecoo6pa3HhIM 

no,!1,XO,!l,OM npe,!1,cTaBrr51eTc51 onHcam1e so36y)!(,!l,emrn MaTepHana B TpeKe 

GTI1 np11 noMOll.1.11 cpyH.D,aMeHTaJJhHO 06oc11osaHHOH H nposepeHHOii B 

JKCnepHMeHTaX KOJJHLfeCTBeHHOH MHKpOCKOTIJillJeCKOH MO.D,em1. 

8 rrrase onpe.D,erretthI ocHOBHhie npo6rreM&I, a TaK)!(e o6octtosaHa 

MOTl1Bal(l151 BbJ6opa MeT0,!1,0B HCCJie.D,OBaHH51, ueneii H 3a.D,alJ .D,HCCepTal(HH~ B 

KOHL(e rrraBhl Ha OCHOBaHHH npoBe,!l,eHHOro aHanH3a <}lopMyJ111pyeTC5l 

TIOCTaHOBKa 3a.D,aq, pewaeMbIX B pa6oTe. 

Bo BTopou rJiaBe (MoHme-KapJZo Mooenupoem1ue 3!leKmpoHHOU 

KUHemuKu e mpeKe ETH e A/20 3) np11BO.D,HTC5I onHcaH11e pa3paGoTaHHoii 
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MoHTe-Kapno (MK) MO.D,enH TREKIS [6] B036y)!(.D,eHH51 3JieKTpOHHoii 

IlO,!l,CHCTeMhI MaTepHana, a TaJOKe pe3yJJbTaTbl MO.D,eJIHpoBaHIDI 3JieKTpOHHOH 

KHHeTHKH B ttaHoMeTpHqecKoii OKpecTHOCTH TpaeKTOpHH ETl1 B Ali03. 

B paMKax nepsoro 6opttoscKoro npH6JIH)!(eHIDI [7] (nepBhiii nop51.D,OK 

TeopHH B03Myll.l.eHHii) ceqeHHe (J pacce51HH51 qacTHU.bI Ha CHCTeMe CB513aHHbIX 

qacTHL( <jlaKTOpH3yeTC51 B BH.D,e npOH3Be.D,eHIDI ceqeHH51 B3aHMO.D,eHCTBH51 co 

CB060.D,HbIM pacceHBaTeJieM H .D,HHaMHqecKoro CTpyKTypttoro <jlaKTOpa (.[(C<l> ), 

yqHTbIBaIOll(ero npocTpaHCTBeHHO-BpeMeHHbie KOppeJI51l(HH B CHCTeMe 

pacceHBaTeneii (3JieKTpOHHOH nO.D,CHCTeMbl MHIIIeHH) [8]. .[(n51 3JieKTpOHHOH 

no.D,CHCTeMbl MaTepHaJia .[(C<l> CB513bIBaeTC51 c KOMTIJieKCHOH .D,H3JieKTJmqecKoii 

cpyHKL(Heii i:(q,cv) MaTepHaJia (K.[(<l>) npH IlOMOll.l.H <}lnyKTyal(HOHHO­

.D,HCCHTiaTHBHOH TeopeMbI. B 3TOM crryqae .D,H<jl<jlepeHUHMhHoe ceqeHHe 

pacce51Hl151 3ap51)!(eHHOH qacTHL(bI Ha CHCTeMe CB513aHHbIX pacceHBaTeJJeii HMeeT 

CJie.D,yIOll.l.HH BH.D,: 

d
2
u 2[Z.(v,q)e]2 1 [ -1 ] 

d(n(i))d(tzq) = ;rh2v 2 tzq Im c((i),q) (1) 

r,!l,e ncv - nepe.D,aHHM HaneTaIOll(eH qacmu.eii 3Hepnrn, Ze(v,q) - 3<}lcpeKTHBHhIH 

3ap51.D, HO Ha B cpe.D,e KaK tPYHKU.H51 ero CKOpOCTH v H nepe.D,aHHOro HMIJYJihCa q. 
PasttosecHhiii 3<}l<}leKTHBHhiii 3ap51,!1, T5I)!(eJioro Motta B cpe.D,e B paMKax 

pa3pa6ornttttoii M0,!1,eJIH onpe.D,eJI51JIC51 no <}lopMyne EapKaca [9]. 

<l>yttKU.HIO Im [ &( ~,l(i))] Ha3hIBaIOT cpyttKU.Heii 3HepreTHqecKHx noTepb 

(<l>3IT, B attrn0513hJqttoii JIHTepaType - loss function). 3rn <PYHKL(H51 MO)!(eT 

aBTOMaTHqecKH CO.D,ep)!(aTb B ce6e oco6eHHOCTH, npHCYll.l.He TBep.D,OMY Terry, 

HanpMMep, KOJIJieKTHBHhie MO.D,bl B attcaM6Jie 3JieKTpOHOB ( o6pa30BaHMe 

nJia3MOHOB) H B perneTKe (<jloHOHbI). 

B HaCT051ll.l.eii pa6oTe .D,JI51 onpe.D,erreHIDI <l>3IT 6bm HCTIOJih30BaH MeTo.D,, 

OCHOBaHHhIH Ha ee BOCCTaHOBJieHHH H3 3KCnepHMeHTaJibHbIX .D,al!HbIX no 

<Pornnornoll.l.eHMIO B BM.D,e cyMMbI OCL(HJIJ15ITOpHbIX cpyHKU.HH . .[(n51 nposepKH 

nocTpOeHHOH ,!l,H3JieKTpMqecKOH tPYHKU.HH paccq11TaHHbie c HCTIOJib30BaHMeM 

<}lopMyJihI (1) .D.JIHHhI npo6eros 3JieKTpOHOB A. ( ,t = II , n - m1ornocTh 
/nu 

pacce11saTenei1) cpaBHHBanHch c [2]. CpastteHHe noKa3ano xopowee cornacHe 

pe3yJihTaTOB HCnOJih3yeMoro nO.D,X0,!1,a c 3THMH .D,aHHbIMH. 
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Ha PHc. 1 npe)l,CTaBJieHbI paccqinaHHbre HOHH3aU,HOHHbre noTepH HOHa Xe 

:Z=54) B 3aBHCHMOCTH OT :mepmH HaJieTa10I.Qeii qacTHlJ,bI. Ha rpaqrnKe 

1pHBO)l,HTCH cpaBHeHHe c Ko,n:oM SRIM [3] H CasP [4], H3 KOToporo Bl1)l,HO, qTQ 

3Ce TPH MO)l,eJIH )l,OCTaToqtto xopoUio cornacy10TCH Me)!()l,y co6oii (pa:inHqHe B 

1pe)l,CKa3aHHbIX BbICOTaX 6perroBCKOrO IlHKa Mettee 10% ). 

3000 

~ 2000 
~ 
x 
~ 
UJ 
'U 1000 

Xe 

- ·SRIM 
••••• CasP 
--HacTOHLl.laH pa6orn 

0-t-~~~,..,..,.,...~~~~~~~~......-~ ............... 
101 102 103 104 

3HeprnH (MaB) 

Puc. 1 IloTepH :mepmH Ha HOHH3aU,HIO HOHOB Xe B Alz03 B 

cpaBHemrn c pe3ynbTaTaMH pacqeTOB nporpaMM SRIM [3] H CasP [4] 

IlocTpoeHHaH H npoBepeHHaH )l,H3JieKTPHqecKaH ~YHKlJ,HH OKCH)l,a 

UIIOMHHHH HCilOJib30BaJiaCb )l,JIH pacqern )l,H~~epeHU,HaJibHbIX ceYeHl1H 

naHMO)l,eHCTBH51 3ap51)!(eHHOH qacTHlJ,bI c 3JieKTpOHHOH IlO)l,CHCTeMOH 3TOro 

v1aTepHana [7] cornactto Bbrpa)!(eHHIO (1). IlonyqeHHbre ceqeHHH 6b!Jrn 3aTeM 

fCITOJib30BaHbI B MoHTe-Kapno Mo,n:enH TREK.IS [6] )l,JIH onHcaHHH K11tternK11 

IJieKTPOHHOH IlO)l,CHCTeMbI B TpeKe 6bICTPOro TH)!(eJioro 110Ha. 3Ta 

)pHrHHaJibHaH MottTe-Kapno MO)l,eJib octtoBaHa Ha MeTO)l,e acHMnToT11YecK11x 

rpaeKTOpHii H onHchrnaeT: (a) nepBHqHbIH nponeT ETH 11 HOHH3alJ,HIO aTOMOB 

vfHUieHH; (6) IlOCJie)l,yIOl..lJ,11H proneT nepB11qHbIX 3JieKTpOHOB, 11X ynpyroe 11 

-1eynpyroe B3aHMO,n:eHCTBHe c aTOMaMH cpe)l,bI, a TaK )!(e KHHeTl1KY Bcex 

3TOpHqHbIX IlOKOJieHHH 3JieKTPOHOB, 06proy10I.QHXCH B TpeKe; (B) penaKcaU,HIO 

'.(bipoK rny6oKHX aTOMHbIX o6oJioqeK, C03)l,aHHbIX HOHH3au,Heii ETH HJIH 

weKTpottaMH, BKJIIOqaH Me)!(aTOMHbre O)!(e-npou,ecchr H pa)l,Ha1.t:HOHHbre 

)acna)l,hr; (r) npocTpaHCTBeHHoe nepepacnpe)l,eJieHHe BaJieHTHbIX )l,brpoK H HX 

rnpyroe H tteynpyroe B3aHMO)l,eHCTBHe co cpe)l,OH. 
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Ha PHc. 2 noKa3aHhI nonyqeHHhie B pe3yJihTaTe npHMeHeHHH MO)l,enH 

pa)l,HaJibHbie pacnpe)l,eJieHHH 3JieKTPOHOB H HX 3HeprHH B TPeKe HOHOB KCeHOHa 

B Ali03 B pronHqHbie MOMeHTbI speMeHH. Ha rpa~HKax, npe,n:cTaBJIHIOI.QHX 

pa)l,HaJibHbie pacnpe)l,eneHHH 3Hepmw (PHc. 26), BH)l,HO pacnpocTPatte1rne )l,Byx 

~pOHTOB. IlepBbIH ~pOHT - 3TO 6aJIJIHCTHqecKoe pacnpOCTpaHeHHe 

B036y)!()l,eHHbIX 3JieKTpOHOB no HeB03MyI.QeHHOMY MaTepwany. Bo3HHKHOBeHHe 

BToporo ~pOHTa o6ycnOBJieHO IlOHBJieHHeM 6oJibUIOro KOJIHqeCTBa 3JieKTpOHOB 

BbI)l,eJieHHOH 3HeprHH npw B036y)!()l,eHHH H pacna)l,e IlJia3MOHOB B BaneHTHOH 

30He (MaKCHMYM ceqeHHH B3aHMO)l,eHCTBHH npHXO)l,HTCH Ha nepe)l,aHHYIO 

3Hepm10 ~20 3B). Ha 6oJihUIHX BpeMettax 3TOT ~poHT pa3MbrnaeTC51 3a cqeT 

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

Xe 167 M3B e Al20 3 ~ 

:....._ 10
25 

a -O,Q1 cpc 
3.:;--

6)j10 ~ 
M~ 1024 ) --•0,1cpc 
;::: 23 -·-1cpc 
-;;;- 10 _,,. -~·-· --·10cpc 
o 1022 ' - - "' - - \ •••••• 100 cpc • - • _,. • ' 
6 ······ ···~·······~-- ... ... ... - -'- ·, 
o.. 10

21 
\ '. '·<· I - .. ......_ ~ ' ' ·. ' Q) 20 • \ •• •••• ' • 

c; 10 ' \ \ •• •• ·······,··········),\ 
<'> I • \ •• \ \' •• ..c 1019 I \ \ •• I \ •• 
I- \ • I • • g 1018 I ·, \ ~ I I \ · .. 
:i: I • • \ • 
I- 17 I • \ •• I I \ ·. 
0 10 I \ ·. I •• c; I • • c 1016 

102 ~ 
101 ~ 
10° 6 

0.. 

10·1 ~ 

10·2 ~ <'> 
10·3 ~ 

10"" Ci Q) 

10-s i; 
10"° ..D ti 
10-7 ~ 

10° I-
0 101 102 103 10° 101 102 103 

c; 
Pa.Ql1YC (A) c 

Puc. 2 (a) Pa)l,HaJibHaH 3aBHCHMOCTb nnoTHOCTH 3JieKTPOHOB H (6) HX 

3Hepnrn B TpeKe HOHa KCeHoHa c 3Hepmeii 167 M3B B OKCH)l,e 

aJIIOMHHHH. 

B rnase )l,eMOHCTPHpyeTCH Ba)!(HOCTb npocTpaHCTBeHHOro 

nepepacnpe)l,eJieHHH BaJieHTHbIX )l,bipOK H HX B3aHMO)l,eHCTBHH c HOHHOH 

no)l,CHCTeMoii MaTepHana )l,JIH onHcaHHH B036y)!()l,eHHH MaTepHana ETH. .IJ:onH 

3HeprHH, BHOCHMaH )l,bipKaMH B HOHHYIO IlO)l,CHCTeMy MaTepHana, cpaBHHMa c 

)l,OJieii 3HeprHH, BHOCHMOH )l,eJIOKaJil130BaHHbIMH 3JieKTpOHaMH, npHqeM 

o6naCTb HaH60JibUiero BJIHHHHH B3aHMO)l,eHCTBHH )l,bipOK c peUieTKOH 

cocpe)l,oToqetta Ha paccTOHHHHX )l,O 10 HM OT u,eHTPa TPeKa. 
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B KaqecTBe Ba)l(Horo pe3yJII>TaTa, rrpe,[(cTaBJieHHoro B rnaBe, MO)KHO 

YKa3aTb orrpe.D:enem1e BpeMeHHhIX MacrnTa6oB KMHen1KM 3JieKTpOHHOH 

IIOJJ:CMCTeMbI MaTepMana B TpeKe ETH. TioKa3atto, qTo MOHM3aIJ,MOHHbie KaCKaJJ:hI 

3aKaHqMBaIOTC51 rrpMMeptto Ha BpeMeHax ~50 cpc rrocne rrponeTa MOHa, nepe.D:aqa 

3HeprMM B perneTKY MaTepMana 3JieKTpOHaMM M JJ:bipKaMM 3aKaHqMBaeTC51 Ha 

BpeMeHax ~200 cpc, rrpMqeM B3aMMOJJ:eHCTBMe JJ:bipOK c pernfaKOH JJ:JIMTC51 JIMIIIb 

JJ:O 80-100 cpc. 

Ha PMc. 3 rroKa3aHo pa.D:MaJihHOe pacrrpe,[(eJieHMe M36I>noqHoii :meprMM, 

rrepe.D:aHHOH CB060JJ:HbIMM 3JieKTpOHaMM M JJ:bipKaMM B MOHHYIO IIO)~CMCTeMy 

Ali03 Ha BpeMettax 100 cpc rrocne rrponern Motta, KOr.D:a 6oJibIIIa51 qacTb 3Heprn:M 

y)Ke rrepe.D:aHa B perneTKy. 
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Puc. 3 Pa.D:HaJII>Ha51 3aBHCMMOCTh m6I>IToqHoi1 3HeprnH MOHHOH 

IIO,[(CHCTeMbI OKCH,[(a aJIIOMHHM51 IIOCJie rrponeTa MOHOB Xe c 3Heprnei1 

167 M3B H Bi c 3tteprnei1 700 M3B. 

B TpeTbCH r.Tiaue (MooeJ1upoeaHue pellaKCQt{UU UOHHOU noocucmeMbl 8 

mpeKe ETH MemooaMu MOJ1eKyJ1RpHou ouHaMuKu) Ha octtoBe pe3yJII>TaTOB, 

nonyqeHHbIX c IIOMOI.IJ,blO MottTe-Kapno MO,[(eJIM, HCCJie,[(yeTC51 peJiaKCaIJ,M51 

so36y)KJJ:eHH5I HOHHOH IIOJJ:CMCTeMbI MaTepHana B TpeKe ETH MeTOJJ:aMM 

KJiaccHqecKoif MOJieKynHpHoif .D:HHaMHKH. Pe3yJII>TaThI rrpHMeHeHHH 3TOro 

IIO,[(XO,[(a 3aTeM 6bIJIH rrpoaHaJIH3HpOBaHbI H COIIOCTaBJieHbI c 

}KCrrepHMeHTaJibHbIMH ,[(aHHbIMH rrpOCBeqHBaIOI.IJ,eif 3JieKTpOHHOH 

MHKpocKOIIHH o6nyqeHHbIX o6pa3U,OB Ali03 [5]. 
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Ha PHc. 4a,6 IIOKa3aH pe3yJII>TaT MO,[(eJIMpoBaHM51 CTPYKTYPHbIX 

H3MeHeHHH B.D:OJih TPaeKTOpim Motta Xe c 3tteprneii 167 M3B B OKCH.D:e 

aJIJOMHHM51 B paMKaX OIIHCaHHOfO IIOJJ:XOJJ:a. TipoXO)KJJ:eHH51 HOHa qepe3 

MaTepMaJI BbI3bIBaeT cpopMHpOBaHMe rrpepbIBMCTOH IJ,HJIMHJJ:PM'feCKOH 

IlOBpe)K,[(eHHOH o6JiaCTH, KOTOpa51 He 5IBJI5IeTC51 IlOJIHOCTblO aMopcpH30BaHHOH. 

TiorrepeqHbIH pa3Mep CTpyKTYPHO-H3MeHeHHOH o6naCTH ~ 1,8-2 HM, 'fTO 

xoporno cornacyeTC51 c 3KCnepHMeHTaJibHbIMM ,[(aHHbIMH H3 [5] (PHC. 4B,r). 

Cornactto CHHMKaM npocBeqMBaIOI.IJ,ei1 3JieKTpottttoi1 MHKpocKon11M (TI3M), 

IlOBpe)K,[(eHHa51 o6JiaCTb npe,[(CTaBJI5IeT co6oi1 MaTep11an c HCK3)!(eHHOH 

perneTKOH, O,[(HaKO He 5IBJI5IeTC51 aMopcpttOH (CM. JJ:McppaKIJ,HOHHbie KOHTpaCTbI Ha 

PMc. 4B). 

Puc. 4 (a) Pe3yJII>TaT MO,[(en11p0Bamrn rrponern 110Ha KCeHoHa 167 

M3B B Ali03: npoeKu,1151 BJJ:OJih ocH Z, (6) npoeKIJ,M5I BJJ:OJih oc11 Y. 

Pa3Mep KpHCTaJIJIHTa 9,4x9,8x7,7 HM
3
. (B) TI3M H3o6pa)KettMe 
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BhICOKOro pa.3peIIIeHml B,!J;OJih OCH c, (r) CHHMOK IT3M B rrorrepeIJHOM 

HarrpaBJieHHH [10] (r). 

Ha CHHMKe IT3M rrorrepeIJHoro ceIJeHmi: o6pa.3Qa (PHc. 4r) BHJJ;Hhl 

OHTpaCThI OKpyrnoii <j:>opMhI, KOTOphie MO)l(HO OIIHCaTh KaK rroporro.n.o6Hbie 

5nacTH c IIOHH)l(eHHoii IIJIOTHOCThIO [10]. Pa.3MephI 3THX <j:>opM11poBaHHii 

)CTaBJIHIOT 1, 1-1,3 HM. ITorrepeIJHhIM pa3Mep TpeKoBoii o6nacTH cocrnBJIHeT 

,7-1,9 HM (5). 

Mo.n.enHpoBaHHe H3MeHeHHH IIJIOTHOCTH Ali03 (PHc. Sa) TaK)l(e 

m.n.eTeJihCTByeT, IJTO QeHTPaJihHaH HaH60Jiee IIOBpe)l()J;eHHaH o6JiaCTh 

fiaMeTpoM -1,8 HM HMeeT rroHH)l(eHHYJO IIJIOTHOCTh (-7%). 3Ta o6naCTh TPeKa 

(py)l(eHa o6oJIOIJKOM c IIOBhIIIIeHHOM IIJIOTHOCThlO Ma Tep Hana (-1 % ) H 

rnMeTpoM -4 HM. Ha PHc. 56 JJ;JIH cpaBHeHHH rroKa.3aHhI OTHOCHTeJihHhie 

!<j:>OpMaQHH BOKpyr TpaeKTOpHH HOHa, IIOJiyIJeHHhie c IIOMOI.QhlO <j:>a.3oBoro 

IaJIH3a H3o6pa)l(eHHii IT3M (5]. Mo)l(HO Ha6n10.n.aTh, IJTO xapaKTepHbie 

l3MephI H MarHHTy.n.a CTPYKTYPhI HJJ;po-06onoIJKa xopoIIIo cornacyIOTCH JJ;JIH 

:opeTHIJeCKHX H 3KCIIepHMeHTaJihHhIX .n.aHHhIX. 
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::c .... 
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Puc. 5 (a) PaccIJHTaHHaH paJJ;HaJihHaH 3aBHCHMOCTh IIJIOTHOCTH A1i03 

BOKpyr TPaeKTOpHH HOHa. (6) OTHOCHTeJihHaH .n.e<j:>opMaQHH, 

orrpe.n.eneHHaH c IIOMOIQhlO aHaJIH3a CHHMKOB IT3M [5]. 
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B rnaBe .n.eMOHCTpHpyeTcH pe3yJihTaT pacqern rropora <j:>opMHpoBaHHH 

TPeKa dE!dx,h ITO HOHH3aQHOHHhIM IIOTepHM HaJieTaIOIQero HOJ-Ia. .lJ:JIH 

orrpe.n.eJieHHH 3TOM BeJIHIJHHhI 6brna rrpoBe)J;eHa cepHH MO,!J;eJIHpOBaHHM rrpoJieTa 

HOHOB c pa3JIHIJHhIMH dE/dx, IIOCJie qero rroJiyIJeHHaH KpHBaH 6brna 

3KCTparroJIHpoBaHa B o6JiaCTh HyJieBoro 3HaIJeHHH pa.n.Hyca TpeKa, IJTO 

COOTBeTcTByeT dE!dx,h - 7 K3BIHM. 3TOT pe3yJihTaT ,!J;OCTaTOIJHO xoporno 

cornacyeTCH c BeJIHIJHHOM, IIOJiyIJeHHOH 3KCrrepHMCHTaJihHhIM rryTe M (- 10 

K3B/HM) (10]. 

MaTepHaJihI HJJ;epHhIX peaKTopoB, 11crroJih30BaHHe KOTOphIX rrpe.n.rronaraeT 

TeCHhIM KOHTaKT c HJJ;epHhIM TOIIJIHBOM, rro.n.sepraIOTCH o6JiyIJeHHIO OCKOJIKaMH 

.n.eJieHHH .n.o OIJeHh BhICOKHX <j:>JIIOeHCOB (-10 16 
CM-

2
). 3To rrpHBO,!J;HT K 

MHOroKpaTHOMY rrepeKphITHIO TpeKOBhIX o6JiacTei1:, H II03TOMY HCCJIC,!J;OBaHHe 

KHHeTHKH rrpoQeCCOB, rrpOHCXO,!J;HIQHX rrpH B3aHMo.n.ei1:CTBHH TpeKOB HOHOB 

Me)l(.n.y co6oii, HMeeT rrpHHQHIIHaJihHOe 3HaIJeHHe ,!J;JIH H3yIJeHHH pa.n.HaQHOHHOH 

CTOHKOCTH MaTepHaJIOB. 

3KcrrepHMeHTaJihHOe HCCJie,!J;OBaHHe 3aBHCHMOCTH IJHCJia TpeKOB OT 

<j:>n10eHca HOHOB Xe c 3Heprneii 167 M3B BhIHBHJIO, IJTO KOJIHIJecrno TpeKOB Ha 

e.n.HHHQY IIJIOIQa,!J;H o6pa3Qa ,!J;OCTHraeT HaChIIQeHHH rrpH ,!J;03ax OKOJIO 1,1x10
12 

CM-
2

• TaKHM o6pa.30M, Ha O,!J;HH TpeK, C03,!J;aBaeMhIH HOHOM KCeHOHa, 

rrpHXO,!J;HTCH IIJIOIQa,!J;h OKOJIO 90 HM
2

. ITpe.n.noJiaraH, IJTO 3TOT TpeK HMeeT 

QHJIHHJJ;pHIJeCKYIO <j:>opMy, MO)l(HO orrpe.n.eJIHTh 3<l_:><j:>eKTHBHhIH pa.n.Hyc TpeKOBOH 

o6JiaCTH - 5,4 HM. 

.lJ:nH HCCJie,!J;OBaHHH MexaHH3MOB, npHBO,!J;HIQHX K HaChIIQeHHIO IJHCJia 

TpeKOB B 3aBHCHMOCTH OT ,!1;03hI, 6bIJIO rrpose.n.eHO Mo.n.emf poBaHHe 

IIOCJie)J,OBaTeJihHOro rrpoJieTa .n.syx HOHOB KCeHOHa Ha HeKOTOpOM paCCTOHHHH 

.n.pyr OT .n.pyra. Pe3yJihTaT 3Toro Mo.n.enHpoBaHHH .n.eMOHCTPHpyeTcH Ha PHc. 6. 

KaK rrepBhiii, TaK H BTopoii TpeK HMeIOT pa.3MephI H CTPYKTypy, 6JIH3KYIO K TeM, 

IJTO rroKa.3aHhI Ha PHc. 6a. Xoporno BHJJ;HO, IJTO rrponeT BToporo HOHa Ha 

paCCTOHHHH 2,8 HM OT rrepsoro npHBO,!J;HT npaKTHIJeCKJ1 K IIOJIHOMY 

soccTaHOBJieHHIO Hcxo.n.Hoi1: CTPYKTYPhI B cymecrny10meii TpeKosoii o6nacTH. 

• 
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Puc. 6 Pe3ynhTaT M0,1J,em1posamui: nponern )J,Byx HOHOB Xe. 

TpaeKTOpHH HOHOB napannenbHbI H HanpasneHbI B)J,Oflb OCH z. 
Cnnonrnrui: sepTHKanbHa5I nHHH5I YK33hrnaeT Ha TpaeKTopmo nepBoro 

HOHa, nnpHXOBaHHru!: - BTOporo HOHa: (a) npoeKL(H5I 51qeifKH Bt(Onh 

ocH Z H (6) npoeKQH5l B)J,Onh OCH Y nocne nponern nepsoro HOHa; (s) 

npoeKL(HH B)J,Oflb OCH z H (r) npoeKI.(1151 B)J,Oflb OCH y nocne np011eTa 

BTOporo HOHa Ha paCCTOHHHH -2,8 HM OT nepsoro. Pa3Mep 

KpHCTannHTa 18,8x12,2x5,25 HM
3

. 

Ilo,1J,06Hoe BOCCTaHOBneHHe CTpyKTYPhI npH nepeKpbITHH 1veKOBbIX 

o6nacTeH MO:>KeT cny:>KHTb o6oHCHeHHeM Ha6mo,1J,aeMoro 3KCnepHMCHTanbHO 

HaCbIIl1eHH5I KOnHqecTBa TpeKOB np11 ysenHqeHHH <PmoeHca 06ny<1eHH5I. B 

)J,aHHOH pa6oTe 6hrn onpe)J,eneH MaKCHManbHbIH 3<P<l>eKTHBHbIH pa)J,Hyc 

TpeKOBOH o6naCTH, B KOTOpoii MO:>KeT Ha6nJO)J,aTbCH BOCCTaHOBneHHe HCXO)J,HOH 

cTpyKTyphr MaTepHana, H ero 3HaqeHHe cocTaBHno -6,5 HM. 

B JaKJIIO'ICHHH H3flO:>KeHbI OCHOBHbie pe3ynhTaTbI H BhIBO)J,bI pa60TbI: 

1. Pa3pa6oTaHa MHKpOCKOnHqecKaH, OCHOBaHHa5I Ha <PopManH3Me 

)J,HHaMHqecKoro CTPYKTypHoro <PaKTopa H KOMnneKcHoii )J,H3neKTp11qecKoii 

<l>YHKL(HH, KOnHqecTBeHHM MoHTe-Kapno MO)J,enb, OTIHChIBaJOll(aH 

B036y:>K,1J,eHHe H penaKcaQHJO 3neKTpOHHOH no)J,CHCTeMhI B TpeKe ETH. 

2. Hccne)J,OBaHa npocTpaHcTBeHHo-speMeHHaH KHHeTHKa B036y:>K,IJ,eHH5I 

3neKTpOHHOH H HOHHOH no)J,CHCTeM OKCH)J,a anJOMHHHH ETH H OQeHeHbI 
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xapaKTepHbie speMeHa H npocTPaHCTBeHHhie Macnna6b1 

npoQeccos, npoTeKaJOll(Hx B penaKCHPYJOilleM TPeKe ETH. 

3. Pe3ynhTaThI MoHTe-Kapno pacqeToB 6brnH Hcnonh30BaHbI 

pa3nHqHbIX 

B MO)J,enH 

MoneKyn5IpHOH )J,HHaMHKH )J,nH OTIHCaHHH KHHeTHKH penaKcal.(HH HOHHOH 

no)J,CHCTeMbI AJi03 H cTpyKTYPHhIX mMeHeHHH B TPeKe HOHa KCeHoHa. 

4. Hccne)J,OBaHHe B3aHMO)J,eHCTBH5I TpeKOBb!X o6nacTeii OT pa3Hb!X HOHOB 

Me:>K,IJ,y co6oii BhIHBHno soccTaHosneHHe HCXO)J,HOH CTPYKTYPhI B TpeKax 

ETH B OKCH)J,e anJOMHHHH. HanHqHe 3TOro 3<l><l>eKTa no3sonHeT 

KaqecTBeHHO o6oHCHHTb Ha6nJO)J,aeMoe 3KCnepHMeHTanbHO HaCbill(eHHe 

KOnHqecTBa TpeKOB (1,1x10
12 

CM
02

) B 3aBHCHMOCTH OT <PnioeHca HOHOB. B 

pa6oTe 6brno onpe)J,eneHo 3<P<PeKTHBHOe paCCTOHHHe Me:>K)J,y OCHMH 

TpeKOB, npH KOTopoM Ha6nio,1J,aeTCH BoccTaHoBneHHe CTPYKTYPhI B 

nospe:>K)J,eHHOH o6naCTH. 3To paCCTOHHHe paBHO -6,5 HM, qTo 

COOTBeTCTByeT <PnioeHcy-8,8x 10 11 CM-2 
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