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PannanmonHast husuka XXI B., KoMOMHMPYIO111ast 0coOble hU3nYecKre CBOMCTBAa MaTepUaioB U 0O BEKTOB
(HaHOOOBEKTOB, (DPAKTATIOB U APYTMX) C CUJIbHOI HEPABHOBECHOCTHIO, IEMOHCTPUPYET MHOXECTBO He-
OOBIYHBIX HEJIMHEWHBIX 3(h(HEKTOB U UX TPAKTOBKY. DTO OCOOCHHO MPOSIBISIETCSI B CIy4yae BBICOKOMHTEH-
CUBHOTIO OOJTYYEHUS pa3IMYHON MPUPOIBI U IIIMPOKOTO 9HEPreTUUYECKOTO CIIeKTpa. YUeT MATU Pa3IudHbIX
KaHaJIOB Nepelauy SHEPTUHU OT paiMallMU K BellecTBY (YIIpyroe paccesiHie, MOHU3alusl, TETUIOBbIICICHUE,
YIIpyTYe Y yIapHble BOJIHBI) AeJaeT TPYAHOOOO03PUMbBIM YUCIO HOBBIX HEOOBIUHBIX KOMOMHALIMI pagualu-
OHHOTO OTKJIMKAa, U3y4eHNEe KOTOPOTrO Ha COBPEMEHHOM 3Talle, MO-BUIANMOMY, OKa3bIBA€TCS BO3MOXKHBIM
C IIOMOIIBIO KOHLEIIINHY “CIIOKHOCTL” . Cpean pa3IMYHbIX XapaKTePUCTUK 00TydaeMbIX 00BEKTOB OCOOYIO
POJIb UTPAET UEPAPXUIHOCTD X CTPYKTYPbI, KOTOpast MPUHIIUITUATBHO BayKHa JJ1s1 00bEKTOB KaK HEXKUBOIA,
TaK U XXUBOU Ipupoabl. OCOOEHHOCTh BKIIOYEHHUS B aHAJIN3 paguallMOHHBIX 3P(EeKTOB 00BEKTOB Hepap-
XUYECKOM CTPYKTYPHI IPUBOIUT K HOBOI CUTyalluM — BOBJICUCHMIO UlIeii KUOEPHETUKU B paIuallMOHHYIO
¢u3uKy. 3nech BOZHUKAIOT BOIIPOCHl HOBOTO TUIIA, KaCAIOLIKUECs: B3aMMOCBS3U pagrualii U uHoOpMaluu,
B YaCTHOCTH, BJIMSIHUSI BCETO MHOTOOOpa3usl ITapaMeTpoOB paaualiu (3HepTur, UHTEHCUBHOCTH, 103b1) Ha
nepegavyy MH¢popMaluuu ¢ HUXKHeH naaT¢opMbl MepapXuuecKux CTPYKTYp Ha 0oJjiee BBICOKUE U CXXaTue ee
npu 3ToM. PellieHne aTux rpodiieM TpedyeT UCIOJb30BaHUS KaK HOBBIX TEOPETUYECKUX TTOAX0A0B, TaK U
MoIM(UKALIMY TPAAULIMOHHBIX CXEM 110 OTHOIIEHUIO K 3JIEMEHTapHBIM aKTaM aTOMHBIX [TePECTPOEK, TUTIA
KMHETUKU U TIOAXOMOB K BBISBJIEHUIO MEXaHU3MOB paauallMOHHBIX 3(hGheKTOB. DTOT CIEKTP BOIMPOCOB
chopMyIUpPOBaH, U TOJYYEHO ONPEAEIEHHOE pellleHUe TPUMEHUTEILHO K 00beKTaM HEXUBOU 1 XKUBOM

MPUPOBI.

KiroueBble cioBa: “clioXXHOCTH”, pagvallMOHHbIe 3(DdEKTh, nepapXuieckrue CTPyKTYpbl, HAHOOOBEKTHI,
dpakTanbl, Tpodurueckue Lernu Ae¢eKTOB, MyTalluy, paaualiOHHasI TpsICKa.
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BBEAEHHWE

C nauana XXI Beka, Haclieqyst oOlve TeHASHLIUN
pa3BUTUS €CTECTBEHHBIX HAyK, pagdalloOHHAas (pu-
31Ka TBEPIOro TeJia IPeBpaTUIach B paIualluOHHYIO
GU3NKYy KOHAEHCUPOBAHHOTO cocTosiHUSA [1—3]. OTO
MpeBpalleHne, MPOsIBUBIIEECS IO-pa3HOMY B pas-
JIMIHBIX 00JACTIX paguallMOHHOW (PU3NKU, TeM He
MeHee uMeJio ob1Iue cBoiictBa. OObeKTaMU HCClie-
JOBAHUSI CTAHOBUIMCH BCe 60Jiee CIIOXKHbBIE CUCTEMBI
U MaTepuajibl, IJIsI KOTOPBLIX CBOMCTBA CTPYKTYPHI
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oKazaJIrch 6oyiee BaXKHBIMU, HEXXETU X (DU3UKO-X1-
mus. Hanbonee yacto Takue pophIBHBIE PE3YIbTaThI,
KakK “BTOp:KeHMe” B HOBbIE 00JIaCTH, ObLIN CBSI3aHBI
C TIOSIBJIEHMEM OO0JIyJalONINX YCTAHOBOK HOBOTO TH-
ma. PematommmMm okazanmch HeOOBIIHBIE 3(DMEKTHI,
KOTOpBIE TMPOSIBJISUIUCH B CUTYallUSIX CHJILHOTO OT-
KJIOHEHUS OT paBHOBECHUSI Y pavallii MOBBIIIIEHHOM
WHTEHCUBHOCTH. Ha 3Toif OCHOBEe cHavaa ClIOXU-
JIaCh WUJEOJIOTUSI PaaUAlIMOHHONH CUHEPreTUKM, KO-
TOpasi BITOCTENCTBUM PACITAPIIIACH 32 CUYET CMBIKA-
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“CIOXHOCTD”

Puc. 1. Cxema koHuenuu “CioXHOCTb”.

HUS ¢ UaesIMU “cilioxXHocTu” [4—7] u3 apyrux oobia-
CTell eCTeCTBEHHBIX M MaTeMaTHIECKIX HayK.

Crnenyrolmuii BaxXHbIi mar owi1 caeian I1. ba-
KoM [8], KOTOpHhIii, aHAIU3UPYS SIBASHUS U3 CaMbIX
pa3HBIX 00jacTeii, BbICKa3aJl TMIOTE3y, YTO abco-
JIIOTHO BCE€ “CJIOKHBIE” pe3yIbTaThl MOTYT OBITh CH-
CTeMaTU3MPOBAHEI 110 TPEM ITapagurMaM: CaMmoopra-
HU3aLMsI, JMHAMWYECKUI XaoC, CaMOOpPraHu30BaH-
Hasi KPUTUYHOCTb. CyMMUpysT pe3yiabTaThl 3TOrO
THIA, HO IIPUMEHUTENILHO K paguauum [9—21], 1mo-
BUIMMOMY, MOXKHO TIPEJIOXKUTH 0000IIAI0IIYIO CXe-
My IS “pagraliMOHHO ciaoxHocTH” (puc. 1).

Kak u3BecTHO, INIaBHBIII METOHN pagulallMOHHONI
¢GU3NKN KOHIOEHCHUPOBAHHOIO COCTOSIHMS — “‘3a-
Opoc” BellecTBa B TEPMHUYECKU HEIOCTUKUMEIEC
COCTOSIHUSI, TapaHTUPYIOIINE HOBbIE CBOMCTBA MaTe-
puanoB. Kak mokaspIBaeT aHa/IM3 Ha OCHOBE “CJIOX-
HocTtu” [7—9], 0COOEHHO MHOIO HOBBIX CHUTYyallUi
MPOSIBJISIETCS B CJIEAYIOIINX YCIOBUSIX: TPU OOJbILION
IJIOTHOCTU 3HEPrOBBIIEICHUSI NaXe B OTHOM 3JIe-
MEHTapHOM aKTe aTOMHBIX IIepPECTPOeK BCEX TUIIOB
JIOKQJILHO U €eIMHOBPEMEHHO pean3yeTcsi KOMOMHa-
LUST Pa3IMYHBIX KAHAJIOB Tlepeaauyld SHepTUU Bellle-
cTBY (YIpyroe paccestHue, MOHU3aLusl, TeIJI0, yIpy-
r've BOJIHBI U yIapHasi BOJIHA); HEJIMHEMHOCTDb UX B3a-
UMOJENCTBUSI OCOOEHHO peibe(PHO TOCTUTAETCS B
00beKTaX, B KOTOPBIX JIOKAJIBHO TPOSIBJISETCS Cpasy
HECKOJIbKO CJIOKHBIX CBOICTB Cpellbl; KOrJa codeTa-
FOTCS U CJTIOXKHOCTB Cpeibl, U MHOTO(DAKTOPHOCTh pa-
JIUALIMOHHOTO BO3JCICTBUSI.

B sTOM KOHTEKCTE, 0Opallasich K JIEBOM KOJTOHKE
MepeyHst 0OBEKTOB C OCOOEHHOCTSIMU CTPYKTYPHI Ha
puc. 1, HeoOXOOMMO CKa3aTb, YTO IIEPBHLIC YETHIpE

“HaHO”, “dpakTaibl”’, “KOMOMHUpPOBAHHAS MaJias
pPa3sMepHOCTh”, “XUPaTbHOCTD”’) y2Ke ObLJIU B Opeae-
JIECHHOM CTeIIeH! U3y4YeHbI C ITO3UINHN “paaualiioH-
Ho¥i cioxHocT” [10—21]. B ropa3mo MeHbIIIEeH cTe-
MEeHU ¢ MO3ULUMU “pagiualiMOHHON CIIOKHOCTU” U3Yy-
yeHa poJib MepapXyuy B MaTepuaiax U Ipruoopax Ha Ux
OCHOBE, UTO B MPUHIIUIE YIUBUTEIbHO, IIOCKOJIBKY
eire ¢ 20-X romoB TPOILIOrO BeKa paccMaTpUBaIU
pagdalOHHbBIE IIPOLIECCHI B CIOXHEIX Mepapxude-
CKMX CTPYKTYpax, HO OMOJIOTUYECKOI Mprpokn! [22, 23].

MOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCJIEIOBAHUS

OnmHako aHaIW3 pagualMOHHO-OMOJOTMYECKUX pa-
OOT CTOJIETHEM JAaBHOCTHU OBLI YMCTO (DEHOMEHOJIO-
TMYECKUM U 0a3MpoBaJICS HA KOHLENIMU “onaaa-
Husa u muinenun” (bmay, AnsrenOyprep, Kpayrep,
JIu, Hummep, Tumodees-PecoBckuit). Takum obpa-
30M, MUKPOCKOIIMYECKHUE MPEACTABICHUS B 3TOIM 00-
JIaCTU IO CHX IIOp BeChbMa aKTyaJbHBI. BMecTe ¢ TeM
JUIST OBICTPEMIIIEro ycrexa pa3BUTHS IIpeACcTaBICHUN
0 pagMallMOHHBIX 3¢deKTaxX B UepapXUIeCKUX CTPYK-
Typax HEOOXOIUM ONTUMAaJIbHBINA ITOI00p TUIIOB pa-
JIValIAU U eTo XapakKTepucTuk. KayecTBeHHbIE CO00-
pakeHWsI HAaBOAST Ha MbICJIb, YTO 3/I€Ch OIISITh TOJDKHBI
OBITh CUHEPTETUYECKME YCIOBUS (CUIbHAS HETUHE -
HOCTb + HEPaBHOBECHOCTbH), peaju3yeMble Ipu Ta-
KOM OOJIy4eHUH, KOILJa MHOXECTBEHHOCTh ILIAT-
¢dopM mepapxmuecKmx CcucTeM (X WHIWBUIYaIb-
HOCTb) MPOSIBUTCSI 0cOOeHHO peibedHo. ITomaraem,
4YTO IMOoA00OHAasI pagualus yKe eCTh, 1 OHa XapaKTe-
pu3yeTcs BBICOKOW MHTEHCUBHOCTBIO M IIMHMPOKUM
DHEPreTUYECKUM CIIEKTPOM.

B sT10i1 cBS3M 1LeNbIO HACTOSIIEH padOThI OBLI
aHayM3 0a30BbIX MEXaHM3MOB BO3ICHCTBUS paava-
M pa3IUYHBbIX TUIIOB Ha OOBEKTHI C Mepapxuye-
CKUM CTPOCHMEM, MOIM(PUKALIMSI OOIICITPUHSITHIX B
pagualoOHHOI (pU3MKe TBEpPJAOro Tejia IOAXOI0B K
aHa/IM3y, a TaKKe IeMOHCTPaus ASMCTBUS Ipeaa-
raeéMoii TeOpETUYECKOI CXEMbl Ha psie MPOLIECCOB
pagualoOHHOI (PU3MKM, UMEIOIIMX 3HAYeHE KaK B
¢dyHIaMeHTaJbHOI, TaK U B IIPUKJIATHOMN 00IaCTSIX.

OBBEKTbI U METOAbI U3YYEHUA

O6pamasiceh K puc. 1, onuiireM KpaTKo CBOICTBa
O00BEKTOB C XapaKTepUCTUKAMU, MEPEeUYUCTISHHbIMU
BhIlIE (“HaHO”, “¢paKTaIbHOCTL”, “Majasi pa3Mep-
HOCTB”, “XUpPaJbHOCTh” U “UepPapXUYHOCTH”’), yle-
JIUB BHUMaHUE OCHOBHBIM OCOOEHHOCTSIM UX peak-
LIMU Ha aKTyaJbHbIEe pagiuallMOHHbIC BO3ACHCTBUSI.

Hano. ba3oBbIM CBOMICTBOM HAaHOYACTUII SIBJISIET-
Csl CPABHUMOE YMCJIO COCTOSTHUI Ha UX TIOBEPXHOCTU
U B 00beMe. 11T HaHOJACTUI ¢ (ppaKTaIbHOIT TTOBEPX-
HOCTBIO KpUTUYECKUIT pa3Mep 4acTULIbI, C KOTOPOTO
HaYMHaeTCs “HaHO”, Bo3pacraet: R* = 3Ay(D,), rnue
A — IIMpUHA MIPUTMTOBEPXHOCTHOI 00J1acTH (ero “kKo-
xkypa”), D, — dpakTanbHas pa3MepHOCTb TOBEPXHO-

cru. Ilpu BbipaxeHHO# dpakranbHOCTH V(D) > 1,
TorAa KakK [JIST OOBIYHOM IJIagKOW IMOBEPXHOCTU
YD) — 1[15].

Bropoe cBoiicTBO, XapakTepHoe JIJ1s1 HAHOYAaCTHI1I, —
3TO KOWH(MAaWHMEHT UX 3JeMEHTapHBLIX BO30YXKIe-
Huii. B cnydae (hpakTaabHOCTU OHO MPUBOIUT K OCO-
00i1 BaXKHOCTM I'PaHUYHBIX YCIOBUI, a TaAKXKe K MO-
IuduKalMU TUIOTHOCTU 4YHMCjia COCTOSHUI Kak Ha
MOBEPXHOCTH, TaK U B o0beMe [15].

@DpakTaJbHOCTh. DTO TOHSATHE MPEACTABISIET CO-
00if CBOMCTBA CKPBITOTO TTOPSIIKA B KaXKyIIIEMCST TIOJI-
HOM Oecropsiike 00beKTa. DTO CBOMCTBO MPOSIBIISIIOT

Nel 2023
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Ta6mma 1. JloMmuHUpYIOIIMe KaHAJbI IIepeIadyy SHEPTUU U3IyYeHUs MaTepuraaaM

Pamuanus

dakTopsl

BO3JICUCTBUS

CBET pEeHTIreH

Y-U3ITydeHUEe

IMy4OK
3JICKTPOHOB

OHEPIUYHbBIC
MOHBI

OCKOJIKH

HEUTPOH
NeJIeHUsI

VYrpyroe cMelieHue
Honmnzanmsa X X
BricBOOOXIEHME TeTlIa
Vrpyrue BoJIHBI X
VYnapHble BOJHbBI

X

HooxR X ) K
Hoox X X

CJIOUCTBIC MaTepuasibl, MaTepUaIbl C TIOpaMU, BIUIOTb
JI0 JTaBUHHBIX MPOLIECCOB OCOOBIX TUIIOB, MpUpPOAA
KOTOPBIX CBSI3aHA C CAaMOOPTaHM30BAaHHOM KPUTHUY-
HocTbio [8]. KpoMme Toro, ¢ppakTaqbHOCTh SIBJISICTCSI
JIABHOM MPUYMHOM BOBHUKHOBEHMS HOBBIX CBOCTB
Ha rpaHMliax pasjaeja, B YaCTHOCTH, KpUBM3HA I'pa-
HUII TIPUBOIUT K CMEIIEHUIO JOKAIbHBIX 3JIEKTPOH-
HBIX cocTossHUM. Ocobyio poJib GPaKTaTbHOCTh M-
paeT B 00bEKTaX KMBOM MPUPOIHI, SBOJIIOLIUST KOTO-
PBIX HACYWUTBHIBACT MWUIMOHBI JIET, U MUMEETCS PSII
YIAQYHBIX ITOITBITOK NUCIOIb30BAHMS ATUX aHAJIOTUI B
COBpEMEHHBIX TexHomornsx [15].

OO0bekTbl Majoii pasmMepHoctH. OcoOyio 3HAYM-
MOCTb B COBPEMEHHOM MaTepuajOBEAEHUU UMEIOT
KBa3WOJHOMEPHBIE LIENU U BOJIOKHA, a TAKXKe COBEP-
IIEHHO HOBBIE OOBEKThI, COCTABJIEHHbIE 13 YaCTEM C
pa3INYHOI TOMOJIOTMYECKOMN pa3sMepHOCTEIO [8, 16].
HMx ynuBuTENbHBIE CBOMCTBA MPOSIBISIOTCS TIpU
OJIM3KMX COOTHOIIEHUSIX YKCENT COCTOSIHUI B pas-
JIMYHBIX YACTSIX 3TOTO KOMOMHUPOBAHHOTO OOBEKTA,
B KOTOPOM COYETAIOTCS LIEJIOCTHOCTD C JIOKATbHBIMU
daykryanuamu |8, 9].

XMpaJabHOCTb. DTO OCOOBII TUI 36pPKATbHON CUM-
METPUU, XapaKTSPHBII IJISI 0ObEKTOB HEXUBOI TP~
pOIbI, HO C OTASIBHBIMHU DJIEMEHTAMU XXUBOM ITPUPO-
IIbI, B YaCTHOCTH, Ha TpaHULIaX JOMEHOB [24—27].

HNepapxudHocTb. DTO OCOOBIN TUIT HEKPUCTAJLIN-
YECKUX CHUCTEM, Y KOTOPBIX IIPOSIBISIETCS KacKal
MaciiTabupoBaHusl ajeMeHToB. Ocobo ciienyeTr oT-
METUTh YK€ peajn3yeMble B HACTOSIIEe BpeMsl CIy-
yay, KOrja IMepeyrcIeHHbIC BBIIIE TISITb CTPYKTYp-
HBIX XapaKTepUCTUK KOMOWHMPYIOTCS, OTKpPbIBas
TaKue HOBBIE CBOMCTBA, KAK HAHOMpaKTaIbl, HAHO-
XUPaJbHOCTh, MEPapXUIecKre CTPYKTYPHI ¢ (bpak-
TaJIbHBIMU IJIaTpopMaMu U apyrue [26].

B cityuae ke mpoTeKaHMS B 3TUX OOBEKTaX CHIIBHO
HEPaBHOBECHBIX IPOLIECCOB TPOSIBISIETCSI PSiO CO-
BEPIIIEHHO OCOOBIX COCTOSTHUM, OOBEIMHEHHBIX I10-
HITHEM “CHMHepreTMKa”, M IUIT TaKUX OOBEKTOB
CBOICTBA UX CTPYKTYpPhl O3HAYAIOT OOJbIIE, YeM KX
¢usuko-xumus [19—-21, 25-27].

MOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCITEAOBAHUSA  Ne 1

Obuwas memooonoeus paduayuoHHoU pusuxu

Xopolllo pa3BUTas K HACTOSIIIIEMY BPEMEHU TeO-
peTudecKast yacTb M3ydeHUS paguallMOHHBIX 3P deK-
TOB COCTOMT U3 Cleaylolux pasaeiaon [1—3]: kpocc-
BOpIHAs CeTh — BUIbl paaualuu/KaHall nepenadyu
SHepruu; 6a30Bble JIEMEHTApPHbIE MPOILIECCHl aTOM-
HBIX TIEPECTPOEK B KOHAEHCUPOBAHHBIX cpedax Mpu
panualMoOHHOM BO3AEMCTBUU; KMHETUUYECKUI aHa-
JIU3 TPEXCTAAUMHOTO PaagUuallMOHHOTO OTKJIMKa Be-
IIECTBA; BBISIBJICHUE MeXaHU3Ma pagualluOHHOTO
a(pdekTa 1 KOPpPEKTHOCTHU TEOPUU (CXeMa TyTu DITH-
mreiiHa—ConoBuHa). Bce 3TM 4deThipe MO3MLIMM B
u3ydyaeMoil mpobieMaThKe IOJKHBI IpeTepreThb
orpeaeseHHbIe U3BMEHEHUS TSl ee aleKBaTHOTO aHa-
Jiu3a.

KpoccBopanasi ceTb: BUABI paguaiiy/KaHAJbI 1e-
peaaum 3Hepruu. M3 tadj. 1 BUAHO, YTO MHOTHME TUITHI
pamuaIm CIIocOOHEI ITepeaaBaTh Cpeae SHePTUIO He-
CKOJILKUMU TIyTSIMU (C COOTBETCTBYIOIIMMHU ITapIiv-
aJIbHBIMUA BEPOSITHOCTSMM). DTO OTHOCUTCSI KaK K
2JIEKTPOMArHUTHOMY OOIy4YeHUIO (CBET), TaK 1 3JIeK-
TPOHHOMY.

bBa3oBble 2/1eMeHTapHbIE POIIECCHI ATOMHBIX TIepe-
CTPOEK B KOHJIEHCHPOBAHHBIX CPeaX NMpH PaIMalOHHOM
Bo3neiicTtBun. Eciiv roBopuTh 06 OCHOBHOM MpeaMe-
T€ HAIIIero MHTEpeca — BO3IEeHCTBUMU KOHIIEHTPUPO-
BaHHOTO U3JyYEeHMUSI IIIMPOKOTO CIEKTpa, HEOOXOA-
MO BBIJIEIMTh NOHM3AIINIO U BHICBOOOXICHME TEIljIa
KaK OCHOBHBIX KaHAJIOB Iepenayu 3Hepruu (Tadi. 2).
Hpyroe BaxkHOe 3aKJIIOUeHNE: U MOHU3ALMS, U TeM-
JIOBBIIEJICHUE TIpU OOJIy4YeHUM KOHIIEHTPUPOBAH-
HBIM CBETOM M MHTEHCUBHOI 3JIEKTPOHHBIM MOTOKOM
MOTYT OKa3aTbCsl 2PPEKTUBHBIMU 151 (PaKTUIECKU
BCEX TUIIOB aTOMHBIX IIEPECTPOEK, UYTO paCIIMpSIET
JIara3oH BO3MOXHBIX paguallMOHHbBIX 3P (eKTOB.

Kunernyeckmii aHaM3 TPEXCTAAUIHOTO PaavanH-
OHHOIO OTKJMKA cpenbl. OObIYHAsA METONOJIOTUS pa-
IUALIMOHHON (PU3MKU KOHIEHCUPOBAHHOIO COCTOSI-
HUS CJIEYIOIIAs.

Cxema Craponyonesa—Ilnartiumana [28]: ¢usu-
yeckasl CTaausl — reHepalys U pejakcalus IepBrud-
HBIX BO3OY:KIEHUI; XUMUYeCKas cTaaus — auddy-
31l TIEPBUYHBLIX BO30OYXICHUIA C MOCIECAYIOLIUMU

2023
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Ta6muna 2. OCHOBHBIC QJIEMECHTAPHbLIC ITPOLIECCHI aTOMHBIX peKOHCprKLII/Iﬁ B KOHOICHCHUPOBAHHLIX CpE€aax

bazoBrie

Kananbl nepenauym sHepruu

ATOMHBIC ITPOUECCChI yIIpYIUe CMELEHUS

MOHMU3aLA

TETUIOBBIJIEJICHUE | YIPYrUe BOJHBI | yIapHbIE BOJIHBI

OP[1
PCA
KXPCHU
ATPCHU

PCP X

HooX XX

X

LT T
[T T B

OP]I — o6pa3zoBaHue paaualMoHHbIX nedekToB; PC/ — pamuanmoHHo-cumyanpoBaHHas nudgysus; KXPCH — kBazuxumudeckue
peakuuu, cTuMyarpoBaHHbIe u3ydeHuem; JII'PCHU — nBrkeHne rpaHull pa3aena, CTUMYJIMpoBaHHoe n3nydenueM; PCP — paguanm-

OHHO-CTUMYJIMPOBAHHOC pasynopsaa04Y€HUC.

KBa3sUXUMUYECKUMU PEAKIUSIMU; CTOKU — MaKpO-
3¢ PEeKTHI.

Kunernyeckuii ananus (tumna JuHca—Jlamac-
Ka) [29]:
% =\ + K;N,N; —4nR DN . (1)
B 5TOM BhIpaxeHuu N; — KOHUEHTpaUus 1eHEKTOB
i-ro Tumna, N; — KOHUEHTpalus ne(eKToB j-To THTIA,
A; — CKOPOCTb TeHepalny paguaiueit 1eekToB i-ro
Timna, K; — KOHCTaHTa KBa3UXMMHUYECKON peakimu
Mexny AedeKTaMu i-ro U j-To TUNOB, N, — KOHIIEH-
Tpauusi CTOKOB, R; — paguyc 3axBaTa CTOKOM i-TO Je-
dexra, D; — koabhbunueHT nuddy3uu i-ro KOMIo-
HEeHTa, IBIKYIIIEeToCs K CTOKY [3].

DTOT BUJA KMHETUYECKOIO ypaBHEHUS (pakTUye-
CKM MaKCUMAaJILHO TIPOCT, HO TeéM He MeHee Ype3Bbl-
yaitHo mosiezeH. Eciu ke ecTb HeoOXOIMMOCTb
y4ecTh (PIYKTyallMM KOHIIEHTpanuu Ae(PeKTOB, TO
TaKOW BBIXOH U3 “TIPUOJIMKEHUS B CPETHEM ™ BO3MO-
KEeH ¢ MOMOIIbI0 MacTep-ypaBHeHus [4], mpuyeM
371eCh OCOOYIO pOIb MOTYT UTPATh MeXIUIaT(POpMeH-
HbI€ B3auMOAEUCTBUS (MyTeM Ouddy3um ynpyrux u
yAapHBIX BOJIH).

Buisienenue mexanusma paduauyuoHnoeo 3¢pgpexma

Brigpiaenme Mexanusma pagralinoHHOTO 3P deK-
Ta — 5TO BaXXHEWIINIA acleKT Bcero aHanuza. B 3ama-
yaxX pamgualMoOHHOM (PU3MKM KOHIAEHCHUPOBAHHOIO
COCTOSIHUSI PEIIeHUE 3TOM ITPOOJIeMBl OKa3bhIBAETCS
MHOTOBapUaHTHBIM, U 3a4acTylO0 3KCIIEpUMEHTATO-
pBI 3TUM IIPeHEOpEeraloT, COBepIlias HeoIIpaBIaHHBIM
“Iorn4ecKmii IPbDKOK” OT BKCIEpMMEHTa K MeXa-
HU3MY, MUHYSI MOCTpO€HME Moaeau. Mexiay Tem
KpPYIIHEUIIIE MUPOBEIE aBTOPUTETHL TPEOYIOT lie-
JJocTHOTO Togxona. B wactHocTH, Hambosee ornpan-
JIaBIIUM ce0s1 TTOAXOA0M SIBJISIETCSI TaK Ha3bIiBacMasi
“myra DiHITeiiHa—ConoBuHa” [30], comtacHO Ko-
TOPOMY MEXaHU3M SIBJICHUS MOXET OBITh JIUIIb IIPO-
IYKTOM TEOpUH, YIOBJETBOPSIOLICH TMpPUHLIMIIAM
“BHYTPEHHETO COBEPIICHCTBA” U “BHEIIHETO OIIPaB-
nmaHus”. Bes aTa cxeMa oKasajaach Ype3BbIYAHO MO-
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JIE3HOII UMEHHO B COBPEMEHHOM paanuallnoOHHON 1~
31Ke, 60raToil BHIDOPOM TUITOTETUYECKUX MEXaHU3-
MOB, W 3TOT BBIBOJ YCWJIMBAETCI B HW3Y4YaeMBbIX
YCIIOXKHEHHBIX cuTyauusx [30].

Ocobble ycaodicHeHUst 0151 NPUMEHeHUs.
Memo0on02u4ecKoi cxembvl padUAUUOHHOU QuU3UKU
KOHOEeHCUPOBAHHO20 COCMOSIHUS
K HOBbIM MURAM 006eKMOo6

B cxaToit (popMe B HACTOSIIIIMIT MOMEHT BpeMeHU
MOXHO 00O03HAYMTh BBIXOA METOMOJOTUM “‘CIIOKHO-
CTU” 3a NIPUBBIYHBIE, CTAHAAPTHbBIE I'PAHUIIBI: HAHO-
CUCTEMBI — KOMOMHATOpHAsI KMHETUKA (YyYUTHIBACT
XUMHUYECKUE (PIyKTyallun); CMHEpPreTuka — “aBTO-
KarajuTuka”, “HeauHeliHas peakiuys + nuddysus”,
OTKPBITEIE “TIPOTOYHEIC” CHCTEMBbI; UepapXUUECKUE
CTPYKTYpBI; (DpaKTaTLHOCTL — BCe MapaMeTpsl A, K,
R;, D; — “xaoTnueckuii” HabOp, conepxaliuii onpe-
JeJICHHBIM MOPSNI0K; XUpaJbHbIE CUCTEMBl — U3 CO-
craBa Kj; €CTh 3aHYJISIONIMECH BETUYMHbBI, HEPAPXUY-
HOCTb CHCTEMBI — YCJIOXHEHHE TPagulMOHHON’
KWUHETUKU, CcToXacTuyeckme auddepeHInaIbHbIC
ypaBHeHUs. OTMETUM, UTO UEPAPXUUYHOCTb CUCTEMBI
IMOKa HAaMMeHee MCCIeI0BaHa.

OUSNYECKHME OCOBEHHOCTH JNENCTBUA
MHTEHCHUBHOW PAAVUALIN IITNMPOKOI'O
OHEPTETUYECKOTO CITEKTPA

B sToM pasznene OyayT pacCMOTpPEeHbI HEKOTOPhIE
0COOEHHOCTU PaJMALIMOHHOIO BO3IEHCTBUS, XapaK-
TepHbIE IS WHTEHCUBHOI pagualiiu IIMPOKOTrO
SHEPTeTUYECKOrO CIIEKTpa, TEHEPUPYEMOM TaKUMU
anraparamu, Kak CMHXPOTPOH, OOJibIllasi COJTHEUHast
MeYb U CUJIbHOTOYHBIA 3JIEKTPOHHBIA UMITYJIbCHBIN
YCKOPUTEJIb.

Cunxpompon

CunxpotpoHHoe usnyyeHue (CH) nipencrapisier
c0060if TOPMO3HOE 3JIEKTPOMArHUTHOE W3IIyUYeHUE,
TeHepUpyeMoe PEISTUBUCTKUMU BJIEKTPOHAMHU, KO-
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IIa ITOCTOSHHOE MAarHWTHOE II0JIe€ 3acTaBiIsIeT MX
IBUTAThbCS 110 Kpyry. OHO XapaKTepus3yeTcsl psaoM
BaxkHelmmx rnokasareneit [31]. CU ynbrpapensitu-
BUCTCKUX 3JIEKTPOHOB COCPENOTOUEHO B IMJIOCKOCTU
CBOEI OpOUTHI BpallleHUsI U XapaKTepUu3yeTcs “TiIaH-
KOTOJOOHBIM” 3HEPTeTUYECKUM CIIEKTPOM U3JTyJae-
MBIX (DOTOHOB B IIMPOKOM auariazoHe — oT MK mo
XKeCTKOro peHTreHa. MakTuyecku Bce XapaKTepH-
cruku CH 3aBucsar or dakropa JlopeHua (y =
= E/myc?), ¥ MakCHMaJibHasl 4acToTa 3JIEKTpOMar-
HUTHOTO CMIeKTpa BbIpaxkaeTcs Yepe3 paauyc Bpalle-
HUS 3JIEKTPOHA B MAarHUTHOM Tiosie ®, = (C/2nR)Y,
YTO COOTBETCTBYET KPUTUYECKOM MJIMHE BOJHBI U3-

JydeHust A, = 0.4TER/ 3f . JIpyrue xapakTepHbIE Be-
JIMYUHBI: OCBEIIEHHOCTb — MOTOK U3Jy4YeHMUSsI, TIPU-
XOJSIIIMIACS Ha €eNUHUILY TJI0IAAN; MOLIIHOCTb ITy4YKa
(MHTerpaJ Mo BCeEMy CIEKTPY U BEPTUKAIbLHOMY YY),

u3rydyaemMasi B TOpu3OHTaIbHBIN yroi (W = 14F i / R,
rae £ — sHeprus u3iaydaloulero 3JeKTpoHa, [ — 31eK-
TPOHHBIN TOK); MOJHBIN MOTOK (POTOHOB BCEIrO Ara-
na3oHa SHEPryuu, M3JIydaeMblii B TOPU3OHTAJbHbINA

yroin (N = 1.3x10" Ei [dboToH/Cc - Mpan]); yrioBas
pacxonuMocTh (it Kputudeckoi BoiHbl) W(A,) =
= 0.82/F; nonsipusalluoHHble XapakTepuctuku CHU,
BbIpakawlluecs: yepe3 BepTUKaJIbHbIE U TOPU30H-
TaJlbHble UHTEHCUBHOCTU (R,,,;); BPEMEHHEIE MOKa-
3arenu CH, oOyclIOBJAEHHbIE TUIIOM YCTPOMCTBa
(o6nraHO 50 I11); OHOYyIATOPpHOE M3JIyYSHUE, ITOBBI-
LIalolllee BCE DHEPreTMYeckue IokaszaTead Ha He-
CKOJBKO TIopsinkoB. Bece xapakrepuctuku CH upes-
BbIUAiiHO yIOOHBI IJISI CIIEKTPaIbHBIX UCCAEA0BAHUIA
KOHJICHCUPOBAaHHBIX cpen Jo0oii mpuponbl. Ilpu
U3y4eHUU paaualiioHHbIX 3¢ dekToB CU oTBOAUTCS
COBEPIIIEHHO ocobasi poJib. Bo-nepBhIX, reHepaius
9JIEKTPOHHBIX BO30YXXIEeHUI ONpeaeIeHHOTO TUIla,
SHEPTUS KOTOPBIX, “BIPBICKMBAasICh” B aTOMHYIO
MOJICUCTEMY, PEATU3YeT Pa3JIMYHbIE TUIIbI aTOMHBIX
nepectpoek. OOBIYHO IJIST 3TOM LIeJIM CIlelMaIbHO
OT(WILTPOBBIBAIOT MOHO3HEPreTUYECKMid ITyUJOoK,
YTO MO3BOJISIET C OOJIBIION TOYHOCTHIO aHAIU3UPO-
BaTh (PaKTUUYECKU BCE CTaAUU PaAWallMOHHOTO MPO-
ecca. EctecTBeHHO, YTO [JIs1 JOCTUKEHUS ITOH 11e-
JI HET CTIeIMaIbHO HEOOXOAMMOCTHU B OU€Hb BbICO-
KO WMHTEHCUBHOCTU paauvalliu, TMOCKOJbKY 3l1eCh
0oJiee BaXHBIM SIBJISIETCS UIMTENBHOCTb UMITYJIbCa
CH. Hanuuwue ke BOJH IIMPOKOTO CIIEKTPa OTKPbI-
BaeT COBEPILIEHHO HOBbIE BO3MOXHOCTHU. JleicTBU-
TeJIbHO, B YCI0BUSIX UHTeHcuBHOro CHM MOXHO T110-
CTaBUTH 33Jauy O peajiu3allii Takou (ayKTyaluu
KOHIIeHTpaluu (hOTOHOB, KOIJa JABa U3 HUX MOIJIO-
IIAI0TCS B OYeHb MaJloil JlokajibHOUM obsactu. Ilpu
5TOM MOXHO M3YYUTb ABYXYACTUYHbBIE TPOILIECCHI
MOHU3ALMU — KaK OMHAKOBBIX (DOTOHOB (M3 OTHOM
1 TOM K€ 00J1aCTU CIieKTpa), TaK U U3 pa3IMIHbIX 00-
Jacteii criektpa. [TociaenHee cocTossHUe KpaiiHe UH-
TePECHO U CUCTEMATUUECKU He 00CYKIanoch (MMEeH-
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HO OHO 4Ype3BbIYailHO BaXXHO [JISI MepapXUYEeCKUX
CTPYKTYD).

bonvwas conneunas neus

bonbliiiasg conHedyHasi Tieuyb T€HEPUPYET COJIHEU-
HYIO paauanuio, KoTopasi IpeacTaBiIsieT COOOM 31eK-
TPOMAarHMTHOE U3JIy4yeHUe B IIUPOKOI 00JIaCTH IJTUH
BOJIH — OT UH(MpaKpacHOro auana3oHa Jio 1ajJieKoro
yiabTpaduosera (CoHeuHbI cnekTp). CoBeplIeHHO
0Cco0y10 pOJIb UTPAIOT OOJIbIIIASI UHTEHCUBHOCTD 3TOM
paguanunm U ee HeKorepeHTHOCTh. O0I1as TenaoBas
MOIITHOCTb COJIHEUHO TTeuu B POKaTbHOM IISITHE 10~
cturaetT 10 1000 kBT r1pu moToKe COTHEYHOM pamua-
uuu 950 Br/cm?, oTpaxeHue 3epKall GOJBIIONH COJ-
HEYHOM eI TOJDKHO OBITh He MeHee 70%. [1pn atnx
YCJIOBUSIX MTpee/ibHAasI INIOTHOCTD MOTOKA COJTHEUHO -
ro U3Jy4yeHus B LeHTpe (OKaIbHOIO TsSITHA OyneT
nopsaaka 1000 Br/cm?, a pabouasi TIIOTHOCTL SHEP-
ruu cocrasiseT ot 300 1o 700 Br/cM? B 3aBUCUMOCTI
OT METEOIaHHBIX U COCTOSTHUS 3epKaj. Bce aTn 00-
CTOSITENICTBA JIaI0T BO3MOXHOCTb BBECTU OOJIBIIYIO
TUIOTHOCTb SHEPTUU B 00BEKThI 00JyUYEeHUSI, UTO pea-
JI3yeTCs B UTOTE€ B MOHU3ALUU XMMUYECKUX CBA3EN
(BUAUMBI cBeT M Y®), BO3OYyXKIeHUU KOJieOaTeIb-
HbIXx Mmon MK-nunamnazoHa B pelieTke, U 4TO MO Mpo-
IIECTBUU XapaKTEPHOTO BpEeMEHU Mepepacnpenesie-
HUS (POHOHOB IIpeBpalaeTcs B Terio. M30bITOUHbII
MOTOK TeIlJla MOXET U He ObITh OMHOPOIHBIM, a CO-
31aBaTh I'pagveHT TemnepaTypsl [32]. B atoMm ciryuae
OYEHb MHTEPECEH BOIPOC O MEPEKPECTHBIX U OIHO-
BPEMEHHBIX BO3ACHCTBUSAX B JIOKAILHOI 00JacTH —
(GOTOHOB M3 pa3HbIX Ouana3oHoOB 3Hepruu. Jlis
OLIEHKU 3TOM BO3MOXHOCTH, a TOYHEE €€ BEPOSITHO-
CTH, MOXHO HCITOJIb30BaTh BIIOJIHE PETYJISIPHBIN arl-
rnmapar TeopeTu4eckoii GU3nKu — MeToJ KOppeJsiTo-
poB [33], HO MOXXHO MTOCTYIHUTH IIPOIIE U UCITOIb30-
BaTh ITIPEICTABJICHUE O BEPOSITHOCTM OJIMXKaMIIero
cocena, MoaudUIUPYs ee JOKHBIM oOpa3zom. Pac-
CUUTAEM 3TO JJIs 1BYX (PAKTOPOB 2J€KTPOMAarHUTHO-
ro Bo3aeiicTtBusl — u3 MK-nuanaszoHa (Bo30yxaeHMue
KojiebaHUll aTOMOB) M BUAMMOIO auara3oHa (BO3-
OyXJeHre 3JIEKTPOHHOI TMOACUCTEMBI — WOHM3a-
uusi). O003HAYMM CTAallMOHAPHYIO KOHIEHTPALIUIO
MEPBBIX U BTOpbIX uepe3 M, u M,. Ilycte M, > M,, uto
00yCJIOBJIEHO Pa3jInuMEM B BEPOSITHOCTSIX UX FeHepa-
uuu. [TycTh B Hayaje KOOpAMHAT TeHEpUpYyeTCs BO3-
OyxxneHue tuna M, (T.e. 3aech nomiomaercss GpoToH
0oJIblIION SHeprun). BeposTHOCTH TOTO, YTO HA pac-
CTOSIHUM a 00s13aTeIbHO OyIeT TeHeprupOoBaThCs BO3-
OyxneHue Tumna M|, OLleHUBaeTCs KakK:

0~1- exp[—(“?“) 3M1] Q)

DTa cUTyalus aHaJIOrMYHA TOMY, YTO IIPOUCXOIMUT B
OOJIBILION COJIHEYHOM IeYH.

IMpenmonoxum, 4To HaxXOASIIEecs] B Havalle Koop-
JIMHAT BO30YXXICHME KMBET JIOJBIIE, YeM BO30YKIIe-
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0
HYe APYroro Tuma. 3anuuiem 31o Kak M, = M, o1t
rae ) — ceyeHre o0pa3oBaHUsl BO3OYXKIECHUMA TUIIA

M,, T, — BpeMsi XK1U3HU BO30YXIeHUs1, M, 10 — KOHIIEH-
Tpauusl BCeX UCXOIHBIX 2JIEMEHTOB Tuna M, I, — no-
JISI UTHTEHCUBHOCTHU Tafalolleil pagrauuu, KoTopas
poxnaetr Bo30OyxaeHus tuna M;. U3 dopmynnl (2)
BUJIHO, YTO C yBEJIMIEHUEM NIPOU3BeIeHNs a’l| BEpo-
SITHOCTb 0 TEepeKpecTHOTO BO3OYKICHUS OBICTPO
MPUOIMKAETCS K SIMHUIIE.

Jpyrum BaxkKHBIM OOCTOSITEJILCTBOM SIBJISICTCSI KO-
aKcuallbHasi CHMMETPUSI TIOTOKA TeIjIa OTHOCUTEb-
HO LIEHTpa €ro BbIACJICHUS. DTO IMIPUBOIUT K KPYTO-
BBIM MOsicaM, TAe KpUCTAJUIM3allvsl, a TAaKKe BCE Tep-
MUYECKHUE, XMUMMYECKHUE IIPOLECCHl pPealu3yloTCs
Kpyramu 1 ro-pa3HoMy, 4ToO SIBJISIETCS TIPOSIBJICHEM
caMmoopranuzanuu. MIMeroTcsl BIOIHE KOHKPETHEIC
SKCITEPUMEHTBI, KOTOpPbIE AEMOHCTPUPYIOT 06a pac-
CMOTpeHHBIX Bhilie 3¢dekra [32, 34]. HekoToprie
aHaJIOTMM B OTHOILLIEHUM 3TUX 3(pPeKTOB HAbII0aa-
IOTCSI ¥ TIPYU OOBIYHOM UWHTEHCUBHOM JIa3€PHOM BO3-
nevicrBum [35].

CunvHomouHble I/N1EeKMpPOHHblE
UMNY/AbCHbIE YCKOpUmMenu

ArnmapaTbl TUIIA CWJIBHOTOYHOIO 3JEKTPOHHOIO
UMIYyJIbCHOTO ycKopuTtens [9], paboTamliue Ha oc-
HoBe 3((HEKTOB B3PLIBHOW 3MUCCUU IJIESKTPOHOB B
JIVOJe, TIO3BOJISIIOT MOJy4aTh MOTOKHU 3JICKTPOHOB C
MoHocTb 10 108 Bt, 1 y 3TOro cnocob6a co3naHust
KOPIYCKYJISIDPHOM pagvaliii UMEeTCsI PSIT OCOOEH-
HOCTEl, MHTePECHBIX IJIS paguallMOHHON (PU3NKMH.
DHeprus 3JIeKTPOHOB B ITy4YKe MOXET ObITh OTHECEHA
K objractu mogmnoporoBoii paguanmu (300—500 k3B).
JIMTEeTbHOCTh UMITYJIbCA TIPU B3PBIBHOM 3MUCCHU
10~7 ¢, 9TO mocTaTO4HO IS Mepedbpoca dHEPTUHU
BO30YXXIEHHOM BJEKTPOHHO-ABIPOYHOI IIa3Mbl B
aTOMHYIO MOACUCTEMY. BbICOKME MOIIIHOCTH B IMy4YKe
MIPUBOAST K aTOMHBIM Makpo3ad@deKTaM, BILUIOTh IO
XpYIIKOro paspylleHusi. boiee Toro, KoMILIeKc
CBOWCTB, BBI3bIBAIOIINX HEOOBIYHbBIE PaIUALIIOHHEIE
3¢ deKThI, OBII AeTaJbHO MCCIIEIOBaH YUCHBIMU W3
Tomcka [9]. B yacTHOCTU, MOXHO BBIAEIUTH TaKue
SIBJICHUSI, KaK (pyHIaMeHTaJbHasl ITUIa3MEHHasl JIIo-
MUWHECIEHIIMS, BBICOKODHEepPTreTU4ecKasi MpPOBOMU-
MOCTb O0JIy4EHHOTO KpUCTaJlIa, XpYIIKOe pa3pyllIeHue
MOHHBIX KpucTauioB. CieayeT OTMETUTh IMONBITKU
MHTEPIIPETUPOBATh OOHApY:KeHHBIC 2(PPEKTHI Ha OC-
HOBE YHU(ULIMPOBAHHOIO MOAX0a K BO30YKICHHOI
3JIEKTPOHHO-IBIPOYHOM IIJIa3Me pa3IUIHOMN IJIOTHO-
CTHU, BKIIIOYAS PsIA UAeil 0 IMCCUIIATUBHBIX CTPYK-
Typax [9], mwist obiaydaTtesieid TUIlIa CUJILHOTOYHOIO
3JIEKTPOHHOTO UMITYJIbCHOI'O YCKOPUTEJISI U BCcex Oa-
30BBIX (DAKTOPOB BO3ACUCTBUSI.

M3 Bcex 6a30BbIX (haKTOPOB BO3AECTBUSI HANOO-
JIee OOIINM STBJISIETCS MOHM3aIns (M1, KaK TOBOPST,
reHepalus 3KCUTOHOB). AHAJIU3 TUITOB paardaliioOH-
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HOTO BO3JEMCTBUS B 3TUX CIIy4asiX yI0OHO BECTH KakK
B KOHTEKCTe (DEHOMEHOJIOTMHM, TaK M B KOHTEKCTE
MUKpOcKonuu. @eHOMEHOIOT U JaeT BO3MOXHOCTh
00111ero IIPOorHo3a “cyapobl” MaTepualia IIpu POXKIe-
HUU B HEM BJIEKTPOHHO-IBIPOYHOI T1J1a3Mbl HEKOTO-
pOii MJIOTHOCTHA — B 3aBUCHUMOCTH OT KOHLIECHTpalluK
SKCUTOHOB. MOXHO MOJIYYUTb YHUBEPCAJIbHYIO
LIKAJTY TNIOTHOCTH BO30YXXIESHUS I JAHHOTO MaTe-
puaia, ecjii KOHIEHTpaLIO 9KCUTOHOB U3MEPSThH B
eIUMHMIAX Kyba ero ooparHoro paguyca [9]. Torma B
murarazoHe oT 107% mo BeaIWYWH GONbINE TUHUIIBI
ia3Ma U3MeHsIeTCsl OT UIOeallbHOM 10 CUJIBHO CXKa-
TOI1, TaK YTO IJIsI Pa3HbIX YYACTKOB ILIKaJIbl CJIEAYET
OXUJATh COBEPIICHHO pa3INYHbIX 3¢(hHEKTOB Mepe-
Opoca SHEPIUU BIIEKTPOHHO-IABIPOYHOI TLIa3MbI B
pEILIETKY.

PaccmarpuBasi ¢ eqMHOM TOYKU 3pESHUS paaualiy-
oHHEIE 3(deKTHI, cozmaBaeMmble CH, 6OIBIION COJI-
HEYHOI MeYblO0 U CUJIbHOTOYHbBIM 3JIEKTPOHHBIM UM~
MYJIbCHBIM YCKOPUTEIEM, MOXHO TIPUNTHU K BBIBOAY,
YTO TMPU BO3AECUCTBMU TAaKOW paaualiv Ha pasiuy-
HBbIE TBEPABIE TeJIa ITPOSIBASIOTCS 3(pPEKTHI, KOTOPhIS
MOXHO ObLIIO Obl OTHECTH K SIBJICHUSIM peJiakcalluu
3JIEKTPOHHBIX BO30YXIEHU M, TPUBOASIIMX K MaKPO-
CKOMMWYECKHMM aTOMHBIM NEepecTpoiikaM, T.e. sIBJie-
HUSIM, KOTOpPbIE MHTEPECHO OBLIO OBl OOCYXIaTh C
MO3UILIMU UePaAPXUIYECKUX CTPYKTYD.

OCOBEHHOCTHU PAINALIMOHHbIX
DOPEKTOB B UEPAPXUYECKUX
CTPYKTYPAX

INepexonst K OCHOBHOI1 TeMe, 0COOEHHO UHTepeC-
HO OOCYINTh paguanmoHHbIe 3PdEKTHI B cpeaax, o-
JIYYUBIIUX Ha3BaHUe “uepapxudeckux”’. M, kak Oy-
JIeT TIoKa3aHo, UMEHHO paauanus, coznaBaemas CH,
OOJIBIIION COTHEYHOM ITeYbIO M CHJIBHOTOYHBIM 3JI€K-
TPOHHBIM WMITYJIbCHBIM YCKOPUTEJIEM, [IOJIKHA
MPOSIBJISITh OTIUYUTEILHBIE CBOMCTBA B ITOJTOOHBIX
nepapxuyeckux oowekTax. CTpyKTypa mepapxude-
CK1X 00beKTOB (TU1aTopM) MpeacTaBieHa Ha puc. 2.

B oTHolIeHUM KaxXaoi nepapxuieckKoil CTPyKTy-
pBl COCTAaBJISIIOT aJrOPUTM, OCHOBHBIE ITPUHIIUIIBLI
KOTOPOTO clieaymolue [5]: cxema MOOeIupyeT CUCTe-
MYy KaK Lejloe; KaxXIblii uepapXxmu4ecKuii ypoBeHb
XapakKTepu3yeTcsl CTPYKTYPOM M CIIOKHOCTBIO, MO
KOTOPOi MOHUMAETCS CTEIIEHb KOOIEPaTUBHOCTU
(GYHKIMOHAJIbHBIX 3JIEMEHTOB; KaXXAblii nepapxuye-
CKUi1 ypOBEHb B3aMMOACHCTBYET C COCEAHUMMU YPOB-
HSIMU (BEPXHUM M HIDKHMM), a TAKKE C OKPYKaloIei
cpenoii. Ha kaxkmoM ypoBHE UMEEeT MeCTO IMHaAMU4Ye-
CKOE€ 1 CTOXaCTUYECKOEe B3aMMOACHCTBIE; OCHOBHOM
MPUHIIMII — MOCenoBaTeaAbHas epenaya nHpopma-
LMY CHU3Y-BBEPX, COMPOBOXIAIOLIASICS €€ YIIOTHE-
HueM. IlociienHee ocyliecTBisIeTCsI 0O0pa3oBaHUEM
HOBOTO 3JIEMEHTAa Ha BEpXHEM YPOBHE MMyTeM Iiepea-
YU C HUKHETO ITOCJIe JOCTUXKEHUS TaM KoomnepaTruB-
HOIO0 CBOMCTBA; 3BOJIIOLMS BCEH HMEpapXUyeCKOu
CUCTEMBI OIpeNeisieTCsl] XapakKTepoM HAaKOIUIEHUS
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nHGOpPMALIMKA Ha 3UKKypaTe, MOIEIUPYIOIIEM CTPYK-
Typy.

Takum o0Opa3zoMm, mepapxmdecKue CHUCTEMBI, T10-
CTPOEHHBIE MO 3aKOHAM CUHEPIreTUKU U KUOEepHEeTH-
KU1, MOJCJUPYIOT LIMPOKUIA KTacC pealbHbIX CUTYa-
LW KaK B >KMBOI, TaK M HEXKUBOI IpUpoae. A KaK Ke
pOXmaeTcss U 3BOJIOLMOHUPYET (ITOOABIISICTCS WU
YCUJIMBAETCS ) MOTOK YIJIOTHSIOIIEHCS MH(OopManu
(mpu IBMKEHWU CHU3Y BBEPX) IPU BO3ACUCTBUU pa-
nuanum?

Pooicoerue Ho6020 yposHst 6 uepapxueckoil cmpykmype
npu 6o3deiicmeuu paduayuu

Ha sToT Bomnipoc (Hanbosiee BaxXHBIN IS uepap-
XUYECKUX CTPYKTYP) MOXHO IIOJy9UTh OTBET HeE-
CKOJILKMMMU ITyTsIMU — ntogxogoM Mto—CrparaHOBU-
ya [36] unm 6osee npocThiM MeTonoM Hukoiuca [5].
OO011ee BeIpakeHUe UII IMHAMMKHW KaXXIoi Iiepe-
MEHHOM HUXXHETO YPOBHSI 3aMUIIETCS B BUJIE:

dx; aly , , .
E—ﬁ(x,-,t)+mi(t)+;.([xj(t)m[j(t+t)dt. (3)

3nech W(f) — bayKTyauuu, MHAYLMPOBAHHBIE OKPY-
Xarollei cpenoii, a TpeTUi 4WieH B MpaBOM 4YacTU
ONUCHIBAET BIIMSIHUE OIlepaTopa KpOCC-KOPPeIIun
CTOXaCTUYECKOTO B3aMMOIEHCTBUS BCEX BJIEMEHTOB
MEXIy cobOoit Ha mepapxmiyeckoMm ypoBHe X, K —
YMCJIO 3JIEMEHTOB Ha paccMaTpUBaeMOM Hepapxuye-
ckoM ypoBHe. [lepBblii WieH B MpaBoii yacTu hopMy-
JIbI (3) onUChIBaeT OOBIYHYIO TMHAMUKY MEXIY BCEMU
K-KOMITOHEHTaMHU pacCMaTpUBaeMOTO Hepapxude-
CKOT'O YPOBHSI.

I[IpyuMeHUTEIbHO K POXASHUIO HOBOTO YPOBHS C
OoJiee KpaTKMM 00O3HAYEeHWEM Ha HEM CKaTOW MH-
dopmalu NpoOBOAUTCS KOMOMHUpOBaHUE K INTYK
BJIEMEHTOB JIO TE€X MOp, IToKa X (pa3bl HE CJIOXKATCS
KOTePEHTHO, UYTO U OyJIeT 03Ha4YaTh pOXIEHHUE HOBO-
I'0 COCTOSIHUS Ha 60Jjiee BLICOKOM ypoBHe. Pammarm-
OHHagl ke (pM3MKa 3[1eCh BHICTYIIAeT KaK Ype3BbIuaii-
HO JeMCTBEHHBIN pakTop (Yepe3 (payKTyalluu cpembl
1 UBMEHEHUST B KpOCC-KOppesauu U yucia K, 4to
O3HayaeT JIMOO reHepaluio, IM00 OTXKUT 2JIEMEHTOB X).
I[To-BunuMoMy, MMEHHO TaK 3TO peaJr3yeTcs Ha
CUHXPOTPOHE, B OOJIbILIOI COTHEYHOM ITeYN U CUIb-
HOTOYHOM 3JIEKTPOHHOM HMMITYJIbCHOM YCKOPUTEIE,
BBIIAIOIIMX KBa3WHe3aBUCUMbIE (haKTOPhl BO3Ieii-
cTBU (Taba. 1, 2), Korma Kaxkaast 4acTh 2JeKTpoMar-
HUTHOTO M 3JIEKTPOHHOIO CIIEKTpa IIpeaHa3HaueHa
IUIST BBITIOJTHEHUSI CBOEI 3aa4yy Ha OmpeleIcHHOM
nepapxmieckoM ypoBHe. CyMMHpOBaHHBIE paaua-
HOUOHHBIE OTKJIMKM Ha KaXIOM MEpapXuueCKOM
ypoBHe (ru1atdopme) GopMUPYIOT OOIIMKI pagram-
OHHBIN 2 PEKT MJ1s1 Bcero o0beKTa.

MOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCITEAOBAHUSA  Ne 1

3
%1 )ﬁ‘e/ /@\®l/
z g

2
2T @/g«»ﬁ/ﬂ@\d.% l/
Y Vi 17
! T @ﬂ@\gf@/@\@/ﬁo /

X

Puc. 2. ITocnenosareiabHbie ypoBHU X, Y, Z camoopraHu-
3YIOLLEICS UEPAPXUYECKOM CUCTEMBI CO CTEINEHSIMU CBO-
6onsr {x;}, {yj}, {z} coorBeTcTBeHHO; /, 2, 3 — mepenava
uHdopmaru; / ,5,3 — obparHasi cBsi3b (yrpasieHue) [5].

IMPUMEPBI PAIMALIMOHHDBIX 5OPEKTOB
B MEPAPXUYECKHUX CTPYKTYPAX
HEXXKMBOUM 1 XKNBOU ITPUPO/IbI

IMpoGaema poxkaeHUS paguamnueii u3 xaoca HOBBIX
KOTEPEHTHBIX COCTOSIHUI (T.€. MepapXUUeCKOro ypoB-
Hsl), KOHEYHO, He MpOoCTa U TpedyeT pa3pabOTKHU CIie-
LIMaJIbHOro MeTofa aHaiau3a. OmTHAaKO CyIIeCTBYET
HEMaJIo IPYrux, MeHee (pyHAaMeHTaIbHBIX TPOOJIEM,
KOTOpbIC BaxKHBI I aHAJIM3a KOHKPETHBIX 3 PeK-
TOB. Bo3HMKaeT BOMPOC: MOXHO JIU MOAUGMULIMPO-
BaTh YCTOSIBIIMECSI allpOOMpPOBAHHBIC METOMABI, IO-
CTaTOYHBIE ISl aIeKBAaTHOTO MCITOJIb30BAHUS B COOT-
BETCTBYIOIIUX pasfeiiax pagualuoOHHON (GU3UKHU
nepapxmyeckux cTpykryp? Takoit BO3MOXHBIN MO -
XOJI U3JIOXKEH HIXE Ha IIpUMepax MPpOsIBJICHUS MeXa-
HU3Ma “pagualiiOHHOI TpsSICKU ™.

Tpouueckue yenu degpexmos 8 yca08usnx
paduayuoHHoU mpsacKu

B paznuuHble rofpl ObLIO BBIITOJHEHO HECKOJIBKO
aKcriepuMeHTOB [37—39], B KOTOpbIX ObUIM OOHaApy-
JKE€Hbl OCHWJUISILIMA Pa3JINYHbIX U3MEPSIEMBbIX BEJIU-
YUH — HE B MPOCTPAHCTBE, HE BO BPEMEHU, U HE B
MPOCTPpaHCTBE—BpPEMEHHM (CTaHAAPTHBIE MIJISI CUHEp-
retuku [4]), a Apyroro TUIiia — Ipyu MOHOTOHHOM M3-
MEHEHUU HEKOEro MapaMeTpa, OTpakarolllero BBee-
HUe dHepruu (Kak paavallMOHHBIM, TaK U TeMIlepa-
TypHbIM TiyTeMm [38, 39]). IIpu moucke pelmieHUs
MPUYUH 3TUX YIUBUTEIbHBIX OCUWJUISILIUI ObLIIO 00-
palieHO BHMMaHUE Ha TpoduyecKue Lenu XKUBBIX
OpPraHU3MOB, BJIMSHUE Ha KOTOPbIE€ PA3JIMUYHBIX KOH-
LIEHTPALIM XMMUKATOB MPUBOAMIIO K OCUMUISILIUSM
ypoxas (Korma XMMHKaThl ObuIu ynoopernuem). Ilo-
JIOOHBIE TIPOLIECCHI, XapaKTepHBIE IJIsI TPOPUISCKUX
JKUBBIX Lieneid, ObLIM aHAJOTUYHBI MOBEICHUIO KPU-
CTaJUIOB C OOJBIINM KOJIMYeCcTBOM aedekToB [38] u
HaKOIUJIEHUIO YMCJia 3apoJibllIeid a1aTOMOB MPU BO3-
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JIeJACTBMM MOHHOTIO OOJIy4YeHMsI Ha HEKOTOPBIC BUIbI
IIEI0YHO-TaTOUIHBIX KpucTaioB [39]. IlepBas ma-
TeMaTudeckass MOJedb, Ha3BaHHOW “Tpodmdeckoit
Henbio nedekToB”, OblIa moctpoeHa B [38]. Jdanb-
Helilllee pa3BUTUE 3TOM UAEHU TIEPEKOYEBAIO B paau-
allMOHHYIO (PU3UKY TTOBEPXHOCTU TOpasno IMO3/-
Hee [40]. B kauecTBe HanboJiee IITyOOKOIro 3KCIepur-
MEHTaJIbHOTO UCCJIEIOBAHUS B 9TOI 00JIaCTH CAeayeT
Ha3Bathb [39], Tae ObLIM OOHapyXeHbl OCUWJLISIIAN
Yyucjaa OCTPOBKOB, 00pa3yeMbIx aTOMaMHu 30J10Ta Ha
noBepxHoctn Kpuctayura NaCl mpu yBeIUndeHUU
[JIOTHOCTU II0TOKAa MOHOB Ar* ¢ sHeprueit 500—
1750 3B, o0Jyyaromux MoBepXHOCTh TBEPIOTO TeJa.
IIpeamnonaraau, 4Tto TMPU BO3ACUCTBUM pagualiuu
poxnaroTcs (Mo “ynpyromy” W 3J€KTPOHHOMY Mexa-
HuU3MaM) F-LIeHTpbl U peau3yeTcsl CTpsXuBalollee
JIeJICTBUE, OKa3bIBa€MOE Ha aTOMBI YIIPYTOil BOJTHOIMA,
KOTOpasi TeHepPUPYETCS BIOJIb IIOBEPXHOCTUA TBEPIO-
ro TeJia py BxoxaeHuu tyna noHa Art. Cyres addek-
TOB COCTOUT UMEHHO B MOSIBJICHUY HE OMHOTO, a He-
CKOJIBKMX OTYETJIMBBIX MHUKOB. [ToaToMy umest Tpo-
duyeckoii 1eru a1e(PeKTOB oKa3auaach eCTECTBEHHOM
0a30ii IJ11 TEOPETUIECKOTO aHaJIn3a 3Toro addexra.
bynem ucxomuth M3 ciaemyomieil KapTuHbl. I1ycThb
SHEPrUYHbIC UOHBI, BJeTasi B TBEPAOE TEJIO, TeHepH-
PYIOT B €r0 00beMe 3JIeKTPOHBI 1 IBIPKU. IBIpKY Ipu
aBTOJIOKaIn3auu oopasyiot F-1ieHTpEL. B cBOIO OUe-
penb, F-1IeHTpBI, 3aXBaThIBas OBIPKU, OOpPa3yioT
M-uentpel. OHU, TaKKe 3aXBaThIBasl IBIPKU, CO3/Ia-
oT R-uieHTpHl. Kaxnprii 13 1eeKToB 3TUX TUIIOB
(F-, M-, R-1ieHTpBI) MOXKET 3aXBaThIBaThb aTOMBbI, Ha-
YUHasi TEM caMbIM MPOLIECC 3apOAbIIIeO0pa30BaHUSI
OCTPOBKOB 30Ji0Ta. OTHAKO B caMblii HAYaJIbLHBII MO-
MEHT aTOMBbI, JIOKaJu30BaHHbIe Ha F-, M-, R-1ieH-
Tpax, MOTYT ObITb COPOIIIEHBI paguallMOHHON TpsIC-
KOl ¢ MOBEPXHOCTH ympyroii BosHbl [40—42], reHe-
pUPOBaHHOI TeMU Xe “Topssunmu’” noHamu [37, 41].

ITockonbKy cTeleHb CBSI3aHHOCTU TEPBUYHBIX
atoMoB ¢ F-, M- u R-uileHTpaMu pa3inuvHa, Hapsimy
BpeMeHHOI nepapxueii 00pa3oBaHUs 3TUX LIEHTPOB
(cHauasa ob6pa3syroTcs F-1IeHTpHl, U3 HUX M-1IIeHTpHhI,
a U3 HUX yXe R-LIeHTPbl) UMEeTCs U Mepapxus Mopo-
TOB CTPSIXMBaHUSI aTOMOB C 3TUX LIEHTPOB (JIeTue Bce-
TO aTOMbI CTPSIXMBAIOTCAd C F-1IEHTPOB, OOJBLIINM
SHEPreTUYeCKUM MOPOroM CTPSIXMBaHUS 00JanaroT
aToMbl Ha M-1ieHTpax, elle OOJBIINM 3HEepreTude-
CKUM TOPOTOM CTPSIXMBaHUSI aTOMOB XapaKTepusy-
I0TCsl R-1IeHTPHBI). DTa ABOMHAs MepapXUsl IIPOLIECCOB
POXIEHUS U TUOEIU LIEHTPOB U SIBJISIETCS OCHOBOM
Tpodurdeckoii 1ienu AeeKTOB, YTO OTPAXKEHO B KU-
HETUYECKUX YPABHEHMSIX, OMUCHIBAIOIINX U3JTOKEH-
HYIO MIOCJIeIOBATETbHOCTh MPOIIECCOB:

%:(K01h+7\')N0_K12hN1_KINI’ (4)

dN,

dr = K\;hN, — Ky3h N, — K, N, (3)

MOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCJIEIOBAHUS

N,
dt

3mech A — 3G PEKTUBHOCTD BBEIEHUs F-IIEHTPOB 3a
CUeT YIPYrux CMEIIeHUI TPpY pacCesTHUM UOHOB; N,
N,, N; — KoHueHTpauuu F-, M- u R-1leHTpOB COOT-
BETCTBEHHO: K|, K,, K3 — KOHCTaHThl peakLUu, Co-
IJIACHO KOTOpPBIM F-, M- 1 R-1IEHTPHI “yXOISAT U3
UTPHI” 3a CYST CO3MaHUS Ha HUX 3apOoabIlIeii 30J10Ta,
h — KOHLIEHTpalus ObIPOK, Ny — KOHLIEHTpaLUs aTo-
MOB rajiou/ia Ha OBEPXHOCTH, Kj; — KOHCTaHTbI TPO-
durUecKNX peakluii B3aMMOJEHUCTBUS IBIPOK C Jie-
dexTamMu.

OOpamiaer Ha ce0s1 BHMMaHHE CTPYKTypa 3THUX
ypaBHEHMI, TAe B IPaBOi YacTu UTYPUPYIOT U3Me-
HSIOIIMEeCs KOHIEHTPAaUU JIUIIb COCEIHNX KOMIIO-
HEHTOB B o0cyxXmaeMoii 1iernu aegekToB (F-, M- u
R-ueHTpoB). BmecTe ¢ TeM MHTEpeceH U IpuUMEp
B3auMopdeiicTBusl F- u R- LEeHTpOB, MUHYSI M-LIeH-
Tpel. Takoit cirydaif oTpas3micd Obl m1OOaBJIICHWEM B
MEPBOE U TPEThE ypaBHEHUE YI€HOB TUMa K;; N, N;.
3T10 Oosee cnoxHasa Tpoudeckas Lerb 1edeKToB, U
€€ JIETKO MOXHO ObLIO OBbI IIPOaHAIM3UPOBATh, €CIIU

MOHayajly CYMTaTh B3aumoneiicteue N, u N, peHe-
6pexumo ManbsIM. OTHAKO, KaK BBEISICHUTCS HUXKE,
MOSIBJIEHUE UCKOMBIX OCLIMJUISILII 3apOAbIIIEiH 30-
JIOTa MOXXHO MOJIYIUTh U B 60JIee IPOCTON MOIEIIH,
npeHebOperast B ypaBHeHUusix (4) u (6) 4ieHaMu

K\;N|N,. Utak, B CTalMOHAapHBIX ycIoBUAX (N, =

= N, = N; =0) 1 IpM CylIeCTBEHHOI HEpaBHOBEC-
HOCTH JJI1 KOHLIEHTPALIMU 3apOAbIIIEH MOTYyUYnM:

= K,3shN, — Kyuh N5 — KN, (6)

3
Ny =D KWiN,. )
i=1

3nech W; — BEpOSITHOCTb TOTO, UTO, HECMOTPS Ha Cy-
IIECTBOBaHME paduallMOHHONI TPSICKU, INEePBUYHEIC
aJaToOMBI He OyayT COPOIIEHEI C i-TO eHTpA.

IMpouecc paguallMOHHON TPSICKM MOXHO MCCIIe-
JIOBATh IBOSIKO — HAa OCHOBE MpeACTaBIeHUIA, 4TO 006-
JIydeHHe BO30y:KIaeT 1ies10e nojie (OHOHOB (IpruIeM
JIJTST KaXKI0TO 30JIOTOTO 3apOAbIlla UMEeTCsI CBOM Mo-
pOT BO30OYXIEHUSI, C KOTOPOTrO HAUMHAETCS CTPSIXU-
BaHUE), U MUKPOCKONMUYECKU — IyTeM MOACIbHBIX
MpeaCTaBICHUI O CTPSIXMBAHMM aTOMA 30JI0Ta C LICH-
Tpa IPU UCHOIL30BAHUU TIPEACTABICHUHN O IIPOXOXK-
JeHWU yIApHOU (YIIpYToii) BOJHBI Uepe3 BEIeCTBO.

B IIEPBOM BapMaHTC CUHUTACM IIPOLECCC IToIIagaHus
MOHOB B ITOIIAAKY O ITYaCCOHOBCKUM U ITOJIYYUM:

W, =1- Z exp(-y)v" /a;! (8)

J=a;

IMpoananmu3upyeM Ternepb IMOJYYeHHYIO 3aBUCHU-
MOCTb

N (D)= S KW, (D) N, (1), o

i=1
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uMesl B BUAy, 4To O, < O, < O (Mepapxus 1mopo-
roB). OrpaHUYMBasICh B CyMME I10 j ITpU BbruuciaeHuu W
JIMLB TIEPBBIM YIEHOM (4TO BO3MOXHO, TakK Kak Y < 1),
MOJIy4IUM:

W, = 1 —exp(—otl) (ot /a,! (10)

VyTeM, YTO KOHILIEHTPALIUA TEHEPUPYEMBIX PaIUaL-
el IBIPOK MTPONOPLMOHAIEHA MHTEHCUBHOCTH O0JIy-
yenusi: # = BI (B cuMGaTHO SHEPrUU MOHOB, HATIPH-

Mep, ripu 3 ~ JE [6]). Terrepsb JieTKO YBUOETH, KAKO-
Ba cTpyKTypa 3aBucumocteit N(I), W) (I=1, 2, 3)

" Zf:le (I)N,(I) (puc. 3).

Kak BumHO u3 puc. 3B, T, TIOTy4eHHBIE OCIIMIIIISI-
WU BETUYUH N, (1) HETITIOXO COIIACYIOTCS C KCIIE-
pUMEHTOM. BaxkHO OTMETUTH, YTO B YCJIOBUSIX IIpeBa-
JIMPOBaHUS TIOAIIOPOTOBOII TeHepaluuu F-LIEHTPOB
(Kyth > A) n 3bhEKTUBHO MPOTEKAOIINX PEAKIIMIA
“Tpodpuyeckoit casu” (Kyh > K;) 3Ha4eHUs] MaKCH-
MYMOB B GYHKLIMHU N,,,(/) c1a060 3aBUCAT OT SHEPTUM
obJyyamoix MoHOB (dopmyisl (2), (4), (3)), uTo
TakKxKe coryacyeTcs ¢ akcnepuMeHToM [39]. B uccie-
JoBaHUAX [38] Obla OoCcylleCTBIEHA MTOMBITKA Ha OC-
HOBE MOJICIbHBIX ITPEACTAaBIICHUN MOHATh “MUKPO-
CKOMUKY” CpbIBa aflaToMa Mpu paauallMOHHOMN Tpsic-
ke. He ocranaBnuBasich Ha netaisx [41—43], nemaem
BBIBOJI, UTO TAKUM 00Opa3oM yHaeTcsl J1axKe MOJyYUTh
COOTHOILIEHUE MEXIY MaKCUMyMOM U MUHUMYMOM
KPUBOII MHTEHCUBHOCTU B HYXKHOM ITOpSAKE, COOT-
BETCTBYIOIEM KcIepuMeHTy (puc. 3r) [39].

Paduayuonnas mpsacka Kak 603MONCHbLI MEXAHUIM
nooasneHust npeomMymauuu

Cpenu pa3anyHbIX COBPEMEHHBIX HAHOTEXHOJIO-
Ml COBEPIIEHHO 0CO0asl poJib OTBOAMUTCS MOAXOAaM
pagualoOHHON (PpU3MKU. DTO OOYCIOBICHO HETPU-
BUQIbHBIMU OOCTOSITEIbCTBAMU: MMEHHO C IOMO-
IIbIO CBOMCTB paaualii BO3MOXKEH CeJIeKTUBHBIM
BbIOOD JIOKAJIbHOTO BO3IEMCTBUSI Ha M3ydyaeMblid
00BEKT, MpHUUEM TOJbKO paaualivs NO3BOJSIET JO3U-
POBaHHO BBIIEISITh SHEPTUIO HA Pa3IMYHBIX YPOBHSIX
HepapXruueckKoit CUCTEMbI. B MojiHOIT Mepe 3TO OTHO-
CUTCS K HAHOOMOMEIUIIMHE, B TOM YUCJE U K OYEHb
IMPOKOMY MEPEUYHIO 3a7a4, CBI3aHHbBIX C MyTalls-
MU [44—46].

OnHUM M3 TaKMX BaXXHBIX BOIPOCOB SIBJSIETCS
npobiaeMa paauallMOHHO-UHAYLUPOBAHHBIX MyTa-
nuii [46]. OcHOBBIBasICh Ha TOCTUKEHUSIX MOJIEKY-
JISIPHOI OMOJIOTUU, OOBIYHO 32 MCXOIHbIE MO3ULIMU
6epyT Mexanu3mebl JlepmuHa m Kpruka—Yorcona [23],
IpudeM B 000OMX ciTydasix TepBUIHOM CTagueit MyTa-
LIMOHHBIX TIEPECTPOECK SIBISIETCS CO3NaHUE TaK HA3bI-
BaeMbIX TPEAMYTALlMOHHBIX TayTOMEPHLIX (opM,
YTO B KOHEYHOM UTOTEe CBOAUTCS K Mepedpocke aTo-
MOB BOJIOPOJIa U3 PETYISIPHBIX MO3UIINI MEXITY HYyK-
JIEOTUIHBIMU OCHOBAHUSIMU B IpyTUe MO3UIIUU, KO-
TOpbI€ 10 PHEPTUU BBILIE, YEM UCXOAHBIE (PETysip-

MOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCITEAOBAHUSA  Ne 1

N N, N3
1 ] 1
I I 1
I, MKA/cM?
©)
W N, N3
1
I 5 I
I, MKA/cM?
I
I
I

1 3
I, MKA/cMm?
AN/N )
4
2
0 3 6 9 12
I, MKA/cM?

Puc. 3. 3aBUCHUMOCTb OT MHTEHCUBHOCTH MOHHOTO 00J1y-
yeHud /: KOHLEHTPALWUY pa3IuYHbIX edekToB N; (i = 1,
2, 3) (a); BeposiTHOCTel W; amatoma ocraTbcst Ha nedek-
Tax i-ro tTuna (i = 1, 2, 3) B yCIOBUSIX paauallMOHHOM
Tpsicku (0) U MOJHONW KOHIEHTPAlMU OCTPOBKOB-3apo-
1881111978 ZW,-N,— (B) [41]; M3OBITOUHOI KOHLEHTpPALUU
OCTPOBKOB 3apOJbIllIeii aTOMOB 30JI0Ta Ha NMTOBEPXHOCTU
kpuctauia NaCl B akcniepumenTe [39] ().

Hble). CyMMUpPYsI, MOXXHO CKa3aTh, YTO HOPMaJIbHBIC
(OpPMBI COOTBETCTBYIOT CTAOMIBHBIM COCTOSTHUSIM, a
TayTOMepHbIe — MeTacTaOMIbHBEIM. TakuMm oOpa3om,
reHeprUpoOBaHUE MYyTalUil pagvallMOHHBIM BO3ICii-
CTBMEM Ha MEPBOI UCXOMHOM CTaAMU O3HAYAET Mepe-
BoI (BO30YXIeHMe) aToMa BOAOPOJA U3 CTAOMJILHBIX
cocTtosTHUIT B MeTacTtabmiabHbie [23]. Ha aToM dpone
YyTh I HE €PeChiO 3ByUYMT BOIIPOC: MOXKET JIU paara-
ousi He BO30yXOaTh, a MOAABISITh MyTanuu? Omnu-
IIEM TaKyl0 BO3MOXHOCTb.

CrabuibHble U MeTACTAOUJIbHBIE COCTOSIHUS B OMO-
JIOTHYECKMX MaKpomoJieKyaax. ITocTaBieHHylO B 3a-
Jlagy OyaeM peliaTh Ha OCHOBE Me€XaHu3Ma OXe-Ae-
CTpyKnuu MoJjeKyn HaciaeactBeHHocTu (JIHK u
PHK), ucrnionb3yst yXe pa3BUTbIE HPEICTAaBICHUS O
KYJIOHOBCKOM B3pBIBE MOJIEKYJISIDHOII CTPYKTYPbI
JHK (PHK) [10]. Takoii KyTOHOBCKMWA B3pbIB MO-
KeT OBbITh BEChMa yIa4YHO OCYIIIECTBJICH ITyTeM UMEH-
HO OXe-KacKaja Ipy OOJydyeHMU PEHTT€HOBCKUMU

2023



46

10 g
NH, o)
(|: I 9 10
C C—H
O P 3
N
2
HCS, C! 3 _CH 2 L4
9 SN _C_ 3 _CH
N 70/ \N/
H H
AneHuH (A) Tumun (T)

OKCEHTEHJIEP u 1p.

10 (|)H 9 10
HN
N, C C—H;
é(% 11\]2]\{ Nfﬁ \5C/
/}\17——C\\C4 %\I//CH ; (|:2 4£H
8 - >z 3
HC\ 9/ O/ \N/
N H
A* i

Puc. 4. CtpykrypHbIe (hOpMyJIbl HEKOTOPBIX HYKJIEOTUIHBIX OCHOBaHMi1 B HOpMaIbHEIX (A, T) 1 TayromepHbix (A*, T*) dopmax [23].

aydyamu. Ob6pasoBaBmiasicss CTpykTypa ¢ K-IbIpKoii
(B K-o60yi0uke noHa ¢pochopa) HeyCcTOMIMBa, U My-
TeM OHOIIAroBeiX 3¢pdekToB OXe gocTUraeT Ba-
JICHTHOI O0OJIOUKM, IJIe M 0Opa3yeTcss MHOTOKpaT-
HBIIl MOJIOXUTENBHBIN JOKaJAbHBIN 3apsn Z. Kyio-
HOBCKO€ pacTaJIKMBaHME “B3phIBAacT’ JIOKAJbHYIO
o0yacTh, M COBEpIIAETCd AECTPYKLIUS B 00OJaCThU
MOJICKYJIbl HACJeACTBEHHOCTU. BeposTHOCTH 3TOTO
mnpoiiecca ornpeneisercs BeipaxenueM [10]:

o, = 00 (Z)exp(~1./T,(2))dZ = )

=~ 6,04exp(—T,/T,).

B sTOM BBIpaxkeHuM G, — cedyeHUE K-WOHU3AIINU,
O, — BEpPOSITHOCTb OOpa3oBaHUS MHOTIOKPAaTHOTO

oxe-3apsna, Y = exp (—T, / rg) — BEpPOSITHOCTh pacma-
Ia (pasyieTa) MOJOXUTETbHBIX NOHOB B KOHKYPEH-

LIMU C DJIEKTPOHHOW HeWTpaimu3auvein, T, — MUHU-
MaJIbHOE€ BpEMS pasjieTa ITI0JOXUTEIbHBIX MOHOB,

T, — BpEMA DJIEKTPOHHOTO 3aJIUBaHUA.

IIpu TpaHchopMalMy TTOCTeHOBATEIBHBIX OXe-
TIePEXOMIOB B OXKe-KacKal B pe3yJIbTaTe KaskIoTo 3Jie-
MEHTAapHOTO IlIara BBbUIETAET CBOM OXe-3JeKTPOH,
SHEePTUsl KOTOPOTO MOXET OBITh ONpelesicHa Kak
[46, 47]

E,=FE; . -k,

Jo

(12)

rne £, u E; — oHeprusi ypoBHe# j + 1 1 j cooTBeT-
CTBeHHO. Eciin olleHMBaTh KWHETUYECKYIO SHEPTUIO
9TUX OXKe-2JIEKTPOHOB, TO MOJTYINM BEJIMYNHEI, IMe-
JoIIre JOBOJILHO OOBIION pa3dopoc [47], HarpuMmep,
11 aToMa (pocdopa dKCIepUMEHTaIbHO TTOJIYyYEeHBI
cJienylolnye 3Ha4YeHUsI SHePTUU CBSI3U:

K (1s) = 2145.9 3B, L(2s) =189.0 3B,
Li(2py,) =136.0 9B, L;(2py,) =1350 9B.

DJEeKTPOHBI ¢ TaKOI dHeprueil, BO-TIePBBIX, TOPMO-
39TCSI B HEOONbIION cheprnuecKoil 00JacCT BOKPYT
“Kackaaupyloliero” atomMa c XxapakKTepHbIM aMa-
METPOM

R, = E,/[|dE/dR]], (13)
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M, BO-BTOPHKIX, B 3TOM 00J1aCTU OXe-3JIeKTPOHBI 3 -
(GEKTUBHO BO30Y:KIAIOT 3JIEKTPOHHBIC IIEPEXOIbl B
otnenbHbIX xumuuyeckux cpsa3sax JHK (PHK), urto
CITOCOOCTBYET OOpa30BaHUIO TayTOMEPHBIX (hopM
atroMoB Bogopoza (puc. 4) [23].

Bce ati TayTOMepHbIe (hOPMBI U SIBISIFOTCS TIPe/-
Teueid Oymymumx myramuii [23]. Takum obGpazoMm,
Hapsiiy C IecTpyKiiveil KyJTOHOBCKHUM B3PBIBOM JIO-
kanbHBIX obOnacteilt JJTHK (PHK) ¢ HeHyneBoii Be-
POSITHOCTBIO MOTYT F€HEpPUPOBAThCS TPEIIIEeCTBEH-
HUKW HOBBIX MyTauuii. BaxkHo, 4TO sHeprusi cBsi3u
aToMa BOIOpO/ia B 9TUX HOBBIX TAyTOMEPHBIX (hopMax
CYIIIECTBEHHO MEHbIIIE 9HEPTUH CBSI3U aTOMOB BOJO-

poaa B HOpMajibHOM coctosiHuu: E, < E, [23]. I1o-
cliemHee OOCTOSITeIbCTBO IIO3BOJISIET MCIOJb30BaTh
paguanMoOHHBIN OTXKUT ITyTeM TaK Ha3bIBaeMoOM “pa-
IralMoHHoOM Tpsicku” [3, 41, 42], KoTopasi BliepBhIe
MHOTO JIET Ha3a/ OblJ1a BBeIeHA IJIsl TPAKTOBKM OOHa-
PYXeHHBIX 3(h(hEKTOB YIyUIlIEeHUsI CBOMCTB 00yUyae-
MbIX HEYTTOPSIIOYEHHBIX MATEPUAJIOB MPU MaJIbIX J0-
3ax paguauuu [3].

MuKpoMexaHu3M JMKBUIALINM NpeAMYTAIMU yaap-
HOM BOJIHOI. PaccMoTpuM peanuzanuio rmpoiecca pa-
JIVALMOHHOM TPSICKM I paCCMaTPUBAEMbIX CUCTEM
nmetainbHee. Ha puc. 5a m3o0paxkeHBI OBe MO3ULINU
aToMa BOIOpOaa — HIDKHSIS CTAOMIbHAS 1 BEPXHSS
MmeTtacTadbmnbHas1. [IpencraBuM Terepb, YTO HA HEKO-
TOPOM PACCTOSITHUM OT METaCTAOMIILHOTO COCTOSTHUS
MPOUCXOMUT OBICTPOE DHEPTOBBIICICHUE, IIPUIEM
JIOKaJIbHOE pacIIupeHue BellecTBa (KYJIOHOBCKUI
B3PbIB) MPOUCXOAUT CO CKOPOCTHIO, MPEBbIIIAIOIIEH
CKOPOCTb 3ByKa B JaHHOM BelIeCTBE, — 3TO U €CTh
NpuUYMHA TeHepaluuyd yaapHbIX BojaH. Iloatomy
(GpPOHT ygapHOI BOJHBI BCIOAY HAIBUTACTCS OBICT-
pee, 9YeM CMeIaloTCsl HaXoAsIIuecs Iepen HUM aTo-
Mbl. TakuM oOpa3oM, goderast 10 CBI3U aTOMOB BO-
JIopoda B TayTOMEPHOIT ¢hopMe, 3TOT (DPOHT YPE3BHI-
YaifHO OBICTPO CXKMMAET CBSI3b C aTOMOM BOJOpPOIA,
KOTOPBIN HE yCIeBaeT peIaKCUPOBATh N OKa3bIBACT-
Cs1 Ha DHEPTeTUYECKOM TepMe CHJIBHOTO OTTaJIKMBa-
Husi. B pesynpTaTe aToM Bogopoda OTPHIBACTCS —
pas3pylliaeTcsi MeTacTaOMJIbHOE COCTOSTHUE, U MOCIe
peflakcallMy U30bITOYHOM HEPTUU OH CBSI3bIBACTCS
YK€ B HU3IIEM CTaOMIBHOM COCTOSTHUM (puC. 5).
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Puc. 5. Kondurypauuu aroma BoIopoaa: a — MeTacTa-
ounpHast (TayromepHasi ¢opma); 6 — TPOMEXYTOUHast
(“BBIIABIMBAHUS” aTOMa BOIOPOAA U3 METACTAOMIILHOTO
COCTOSIHMSI B CTaOWJIbHOE IOJ IeiiCTBUEM yIapHOil BOJI-
HbI, TECHEPUPOBAHHOI KYJIOHOBCKUM B3PBIBOM); B — OC-
HOBHOE COCTOSIHUE (CTaOMIbHASI KOH(MUTYpALINST).

ECTCCTBCHHO, 3TO 6y,£[€T IIPOUCXOOUTH TOJILKO B
TOM 00BEME mrapa, rac BbBIITOJIHAIOTCA YCJIOBUA:

I)f (R) SmetdO = Emet' (14)

ITockonbKy naBieHue Ha QpoHTe chepruuecKkon
yIoapHOii BOJIHBI YMeEHbIIaeTcsd ¢ R MO 3aKOHY

P:(R) = E,, / R [43], panmalinoHHAsI BCTpsSICKA JINK-

BUJIMPYET METAacTaOMJIBHOCTh B OOJIACTU IIapa pa3-
MepoM

1/3

R < R* = [(Ecul/Emet)SmetdO]/ s (15)

R* = dj| E., / Emet]l/ ’ Takum o0pa3oM, KaxXIplil Ky-

JIOHOBCKUIA B3PBIB BCJIEACTBUE OXe-KacKana JIMKBU-

IUpyeT (BCTPSIXUBAET) MpeaMyTallii B IIape paauy-

coM R* = 15 A, KOTOpBIii COU3MEPUM C PATUYCOM CO-

30aHUST TIPEIMYTALlMOHHBLIX COCTOSIHMIA 3a CYeT

BO36y}K,I[€HI/IH OXC-3JICKTpOHaAMM Ha KaXIOM IIare
OXe-Kackaaa.

B npuHLMne, ecThb Mpolecc, KOTOPbIii MOXET 00-
JIETYUTh OUUCTKY, €CJIU OOCYXKIaThb POXIEHUE OXKe-
Kackajaa BciencTBue He K-MoHu3aluu, a L-noHun3a-
muu [47]. OmHAaKO IIPU 3TOM YMEHbBIIIASTCS SHEPTUS,
BblIEJIsieMasi TIpU KYJIOHOBCKOM B3pbIBE, TaK UTO
YMEHbIIIAeTCsI paauyc O4YucTKU. BMecTe ¢ TeM moty-
YeHHbIe BbIlIEe (OPMYJIbI MO3BOJSIOT OOCYIUTH OIl-
TUMaJIbHBbIE PEXUMbBI, HAIpUMeEp, C KaKoil MoOHU3a-
1M1 HauuHaTh (K uaum L), 4TOObl OYMCTKa IMMPOU30-
11U1a py 6e30MacHbIX J03aX.

SAKITIOYEHHME U ITEPCITEKTUBbI

Cpenu pa3IMYHBIX 3a1a4 pagualluOHHON (PU3UKU
U pagvallMOHHOTO MartepuajoBemeHus B XXI Beke
MOSIBUIVICH TaK1e, KOTOPBIE MOXXHO OTHECTH K TTOHSI-
THIO CJIOKHBIX. DTOT HOBBII TUII 3a1a4 OOYCJIOBJIEH
KOMOVWHUPOBAaHUEM HEJIMHEMHOCTU U CUIILHOI He-
PaBHOBECHOCTH, KOTOpast 0COOEHHO peibeHO Mpo-

MOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCITEAOBAHUSA  Ne 1

SIBJISIETCS TIPY BO3IE€ICTBMM MHTEHCUBHOM paagualinyu
Ha OOBEKThI, KOIlla CBOMCTBA CTPYKTYphI (“HaHO”,
“(pakTalIbHOCTH”, “MaJjiasi pa3MepHOCTh”, “XUpaib-
HOCTH” 1 “UepapXUIHOCTL”) Mpeo0IamaloT Mo Bax-
HOCTH HaJl TIpUBBIYHOMN pusuko-xumuei. K odopy-
JIOBAaHWIO, HA KOTOPOM MOXHO IIOJYYUTh CHJIBHOE
KOMOMHUPOBAHHOE pagvalliOHHOE BO3ACHCTBUE,
MOXKHO OTHECTU CUJIbHOTOYHBIA 3JEKTPOHHBIM UM-
IMYJIbCHBIM YCKOPUTEIb, CHUHXPOTPOH U OOJBIIYIO
COJTHEYHYIO T1eYb. B padboTte BHMMaHMe OBIIO CHOKY-
CHUPOBAHO Ha UEPAPXUUYECKOM CTPOCHUU OOBEKTOB U
II0KAa3aHO, YTO IJISI IPOTEKAHUSI B HUX pagudalliOH-
HBIX TIPOIIECCOB THMMA “CIOXHOCTH’ M3JIydeHUE
JIOJDKHO 001a1aTh TpeMsI CBOMCTBAMU: TUII paiualluu
JIOJDKEH o0ecIieunBaTh MaKCUMAaJIbHOE YMCJIO KaHa-
JIOB Tiepeaur 9HepTruu BeliecTBy (Tadi. 1, 2); paau-
alus J0JKHA ObITh BBICOKOMHTEHCUBHOM, UTO 00ec-
IIEYMBACT 3aMETHYIO BEPOSITHOCTh IMHOBPEMEHHBIX
JIOKAJIBHBIX (PIyKTyalliii — aKTOB B3aMMOIEHCTBUS
pagualu ¢ BellecTBOM (¢dopMmyrna (2)); IIMPOKUIA
SHEPreTUYCCKUIl CIIEKTp pagvalii MOXET obecrie-
YMBaTh peaJM3allii0 OTHOBPEMEHHBIX (DIYKTyalmii
pOXIEeHUST BO30OYXKICHUN M3 pa3jIMYHBIX 4YacTei
CIIeKTpa, NpUYEM Ha pa3IUYHBbIX HepapXUIEeCKUX
nnatgopMax.

VYcrnemHplit  aHaaW3 CIOXHBIX paauallMOHHBIX
3(deKTOB B HEpapXMYSCKUX CTPYKTypax MOXKET
OBITH IPOBEACH METONAMH CTOXaCTUUECKUX T de-
PEHLIMAIBHBIX YPaBHEHUM, aleKBaTHO OIMChIBAIO-
LIUX MPOLIECCHI POXKICHUS U TIepe1adyn yIIJIOTHEHHO
vH(popMaIMy OpU OOJYyYeHMHU, a TaKKe B paMKax
MOAUMUIIMPOBAHHOIO ITIOAXOAa KJIAaCCUYECKOM pa-
JIVAIIMOHHOM (DU3MKM, KOTOpasi B COCTOSTHUM OITH-
caTb Makpoap@deKThl 0e3 ydacTusa muddy3noHHBIX
CTaauid.

Ha ocHoBe yka3aHHBIX BhIllIe (yHIaMEHTATbHBIX
pe3yAbTaTOB ObUIA U3yYeHbl KOHKPETHBIC pagualiy-
OHHBIE 3 (P eKThI KaK B HEXXMBBIX 00beKTaX (ITPOIIece
caMoOpraHu3allMid HOBOTO TUMA MPU POCTE 3apOJIbl-
IIeil 30J10Ta Ha MTOBEPXHOCTU IIEIOYHO-TaJTIOMIHBIX
KpUCTaII0B, 001y4aeMoii MOHAMU C dHepruei mo-
psaka k3B), Tak 1 B XKUBBIX 00beKTax (aHAJIU3 BO3-
MOXHOCTH IIpollecca ITOAaBJICHUS IIpeaMyTaluii
moJiekyn JIHK n PHK ymapHbiMu BomHaMu, reHepur-
pOBaHHBIMU B pe3yjbTare OXe-AeCTPYKLIUU OMOIIOo-
JIMMEPOB MPU PEHTTEHOBCKOM OOJIy4eHUN).

MoxHO mojiaraThb, YTO MMEHHO paaualliOHHbIE
3(deKTh B uepapXuueckKux CTPyKTypax (KOMOMHU-
pYIOILIUX U APYTUE CBOMCTBA CTPYKTYpHI (puc. 1))
JIeJIaloT BeChbMa WMHTPUTYIOIIMM IaJIbHEHIIee IIpo-
JNBUXXE€HUE MO3HAHUS €IUHCTBA XXKWBOW M HEXWUBOU
MPUPOJbl, U UMEHHO Ha 0a3e paauallMOHHOIO BO3-
JIEeHCTBUS, “KOTOpoe ObLIO Beerma”.

BJIIATOOJAPHOCTHA
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Radiation physics of the 21st century, which combines the special physical properties of materials and objects
(nanoobijects, fractals, and others) with strong non-equilibrium, demonstrates many unusual nonlinear ef-
fects and their interpretation. This is especially evident in the case of high-intensity irradiation of various na-
tures with a wide energy spectrum. Taking into account five different channels for the transfer of radiation
energy to matter (elastic scattering, ionization, heat release, elastic and shock waves) makes it difficult to see
the number of new unusual combinations of the radiation responses, the study of which at the present stage,
apparently, is possible using the concept of “complexity”. Among the various characteristics of irradiated ob-
jects, a special role is played by the hierarchy of their structure, which is fundamentally important for objects
of both inanimate and living nature. The peculiarity of including objects of a hierarchical structure in the
analysis of radiation effects leads to a new situation — the involvement of the ideas of cybernetics in radiation
physics. Questions of a new type arise concerning the relationship between radiation and information, in par-
ticular, the influence of the entire variety of radiation parameters (energy, intensity, and dose) on the transfer
of information from the lower platform of hierarchical structures to higher ones and its compression at the
same time. The solution of these problems requires the use of both new theoretical approaches and the mod-
ification of traditional schemes in relation to the elementary acts of atomic rearrangements, such as kinetics
and approaches to revealing the mechanisms of radiation effects. This range of questions has been formulat-
ed, and a certain solution has been obtained in relation to objects of inanimate and living nature.

Keywords: “complexity”, radiation effects, hierarchical structures, nanoobjects, fractals, trophic chains of

defects, mutations, radiation shaking.
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