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1. BBEAEHUME

B nHavaine 1990-x rogoB B 1uTepatype ObLIN OITyO-
JIMKOBaHbI ABE OO030pHBIE PaOOTHI, ITOCBSIIIEHHBIE
aHaIM3y IMHAMUKU IIPOLIECCOB 0Opa3oBaHMsI MOJie-
KYJISIDHBIX MOHOB IIPY MEIJICHHBIX CTOJKHOBEHMSIX
nByx punoeprosckux atoMoB (PA) [1, 2]. Onu saBis-
IOTCSI BEChMa NEePCIIEKTUBHBIM OOBEKTOM MCCISI0BA-
HUSI, TaK KaK 0o0JIafaloT OOJBIIUMU AUITOJIbHBIMU
MOMEHTaMH, KOTOphle 3G@GEKTUBHO B3aUMOIEIi-
CTBYIOT APYT C IPYI'OM U JIETKO MOAAAI0TCS yIIpaBie-
HUIO BHEITHUMMU MojsiMu [3]. bosiee Toro, BBICOKO-
BO30yXXneHHble PA TIIpeacTaBiasiOT 3HAYUTEIbHBIN
WHTEPEC, IMTOCKOJIBKY CTOJKHOBEHMS C UX y9aCTHUEM
MPOTEKaIOT, KaK MpaBwWio, Yepe3 CTaanio oOpa3oBa-
HUSI IPOMEXYTOUHOTO PUIOEProBCKOro KOMILIEKCA
U CTUMYJIMPYIOT Mpollecchl xeMonoHu3anuu. Cxema
BBICOKOBO30Y>XICHHOI'O KOMIUIEKCa B CUCTEME KOOP-
IWHAT, CBSI3aHHOM C KBa3sWUMOJIEKYJIOM A** 4+ A**
npencrasieHa Ha puc. 1. [loBeneHne Kaxmoro cia-
OOCBSI3aHHOTO pUAOEProBCKOro 3jekTpoHa (P3D) c
y4eTOM OOMEHHOTO B3aMMOMCKMCTBUS 30eCh MOXHO
MPEeACTaBUTh KaK IBMXKEHUE B IBYXLIEHTPOBOM KYJI0-

HOBCKOM ITOTEHIIHMAJIC, KOTOPOC HApyIIacTCsd 3a CYET
+
pacCedaHuA Ha Ka>2kKIOM MOHHOM OCTOBE AL

BriepBbpie IpoBeaeHME TTOTOOHBIX MCCIIENOBAHWIA
ObUTO uMHULIMMpoBaHO wi.-kopp. AH CCCP
C.D. ©Opumiem [4]. [Iponecchl XeMUMOHU3AIUN pac-
CMaTpUBAIMCh B paMKaxX MOJIEJU JUIOJIbHON pe3o-
HAHCHOW MOHM3allM1, UHAYLIMPOBAHHOKW HaJIUYUEM
MePEMEHHOTO TUMOJIBLHOTO MOMEHTa UOHHOTO KOM-

+
Iiekca A — A, BeJIMYMHA KOTOPOro paBHa [5]

D = Rcos j AR(D))dr | /2, (1)

rae R — MexatoMHoe pacctosiHue. CylliecTBOBaHUE
JIUTIOIBHOTO MOMEHTA IIPUBOIUT K BOSHUKHOBEHMIO
MUKPOBOJHOBOTO IT0JISI C YaCTOTOM (0, paBHOM BEIMU-
YyruHe OOMEHHOTO paclIerJieHUusT A MexXay TepMaMu

DI} Z: MOJIEKYJISIpHOTO MoHa. MloHM3a1ust Impoucxo-
JIUT B 001aCTU MEXKATOMHBIX PACCTOSIHUIA, TAE BEIUYN-
Ha ® = A(R) NpeBBILIACT SHEPTUIO CBSI3U JIEKTPOHA
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Puc. 1. Cxema BBICOKOBO30YKJIEHHOTO PUI0EPTOBCKOTO
KoMIUIeKca A** + A** B cucTeMe KOOpIMHAT, CBI3aHHOM
¢ kBasumouiekysoi. Lindppamu I/ u 20603Ha4eHBI OPOUTHI
JIBUXKEHUSI DJIEKTPOHOB.
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Ha4YMHAasI C TOPOTrOBOM TOUKM KBAa3UIIEPECEUCHMUS TT0-
TEHLIMAJIbHBIX KPUBBIX R, (CM. puc. 2). BennuuuHsl #,

u £, Bxonsinue B (2), MPeACTaBISIOT CO60# COOTBET-
CTBEHHO IJIaBHOE KBAHTOBOE YKCJIO U OPOUTAIbHbBIN
MoMeHT PO niepBoro atoma. OTMETUM, YTO 31€Ch U B
JNaJibHEeHIlIeM HCIIOJb3yeTcsl aTOMHasl CUCTeMa elU-

HUll: i =m, =e =1, tne h — nocrosHHas [lnanka,
m, M e — Macca U 3apsif 3JIEKTPOHa.

IIpu aBTOMOHU3ALIMOHHOM pachajae KBa3uMmoJe-
KyJIIpHOTO TepMa BBITIOTHeHMe pruHIINITa PpaHka—
KoHmoHa uintiocTpupyeTcs coXxpaHeHUeM pPa3HOCTH
opauHat Touek 1 u 2, 3 u 4 (cMm. puc. 2), T.e.

v)-U@)=U0@)-UM). (3)
Ecnu Touka 3 pacrioyiokeHa BBIIIE peaesia IUCCoIra-

1M MoJieKy/spHoro noHa XY, To KaHal MOHU3ALIUK
TICHHWHTOBCKOTO THIIAa C 00pa3oBaHMEM aTOMapHOTO
MOHA 1 3JIEKTPOHA CTAHOBUTCS TIPEAITOYTUTENTLHBIM. B
TMPOTUBHOM CiTydae 0OpasyeTcsl MOJIEKYJISIPHBIN VOH B
CTaOMJIBHOM KOJIe0aTeTbHO-BO30YKIEHHOM COCTOSI-

Huu. [lpu sHeprum E < U(R,) BEPOSITHOCTb aKTa
WOHM3alMU, ompeaensieMass NMPOHULIAEMOCTbIO MO-
TEeHIMAJILHOTO 0apbepa, HeBeanKa [S].

HanpHelilee pa3BuTHe TEOPUM MMOTPedOBAJIO yye-
Ta LIEJI0M COBOKYIHOCTH KBa3UIlepeCeYeHUI ITOTEH-
[UaTBHBIX KPUBBIX pUIOEPTrOBCKOI0 KOMILIEKCa Ha OC-
HOBe TpEICTaBJIeHUil 0 JUHAMUYECKOM Xaoce [6, 7].
Xaoc BO3HUKAeT MNPHU PACCMOTPEHUM TpEX TUIIOB
nBrkeHuii. K iepBoMy THUITYy OTHOCUTCS TTOBEIEHUE
PA BO BHelIIHEM 3JIEKTPOMarHMTHOM Tojie. BTopoit
THUI BKJIIOYAET CTOJIKHOBUTEJIbHBIE IIPOLIECCHl B HU3-
KoTeMIiepaTypHoit rra3Mme. TpeTnii TUT CBsI3aH ¢ Ha-
JIM4MEM CUJIbHOW HeaauabaTUYeCKOM CBSI3U DJICK-
TPOHHOTO M SIIEPHOIO IBVXXCHUI B PUIOEPrOBCKOM
KOMILIEKCE B YCIOBUSIX YIBTPAXOJIOMHOM MJIa3MBbl.

XY+

XY* k

\/

Puc. 2. INoTteHManbHBIe KPUBBIE PUAOEPTOBCKOTO KOM-
wrekca XY** 1 MoseKyssipHOro moHa XY wis ciydast,
KOTIla CyMMapHasi Heprusi MapTHEpOB MEHbILIE MOTeH-
AAJIOB MOHU3AIIN1 aTOMOB. ToukM 1—4 0TBE4aloT COOT-
HomeHuto (3).

BBeneHue cTaTuCTUYECKOTO OTTMCAHUSI ABUXKEHUS
PD B noJie KBa3MMOHOXPOMATUYECKOI dJIeKTpoMar-
HUTHOI BOJIHBI BO3MOXHO, KOTa JyTMHA BOJTHBI ME/T-
JIEHHOTO 3JIEKTPOHA MEHbIIIe aMITJIUTYIbI IPOCTPaH-
CTBEHHBIX OCHWJUISLIMIA TPAEKTOPUU €TO TBUKEHUS,
BbI3BaHHBIX BHelIHUM mosieM [8]. ITockoabky mist
¢dbopMUpOBaHUS CTOXaCTUUYHOCTU TpeOyeTcsl JAoCTa-
TOYHO OOJIBIIIOE BpeMsI, IMHAMMYECKUI Xa0C MPOsIB-
JIsieTcsl KaK JJisd CyOTerIoBbIX, TaK M JIJISI XOJOIHbBIX
pPEXMMOB CTOJIKHOBEHUI BO30YKIEHHBIX YACTHUIL.

IIporno3upoBaHue BIUSHUS Ha 0ochepy 3eMiin
MUKPOBOJIHOBOTO M3JIyYeHUs] HUXKHEN MOHOCHhEPHI,
WHIYLIMPOBAHHOTO T€OMAarHUTHBIMU BO3MYILIEHMUSI-
MU, HEBO3MOXHO ITPOBOAUTH O€3 yueTa IMpOIeCCOB,
MpPOTEKAIONIMX C yYacTUEM PUAOEPrOBCKUX COCTOSI-
Huii [9—14]. B aTtux ycinoBusix 3¢HeKTUBHO 3aceisi-
OTCSI OPOUTAILHO “BBIPOXKIEHHBIE” COCTOSIHMSI, B
KOTOPBIX CHEKTpaJIbHbIE Pa3iuuus pUAOEProBCKUX
aTOMOB U MOJIeKYJI (0e3 yyeTa ux BUOPOHHOI CBSI3N)
HuBeaupyorcd [15]. OcobeHHOCTH cIIeKTpa u3jyde-
HUS 3eMHOI aTMOc(depbl MOTYT OBITh OOYCJIOBJICHBI
TakKe TeM, YTO BBICOKOBO3OYXIEHHBIE COCTOSIHUSI B
MOHOC(hEPHOI MJ1a3Me U BEpXHEM CJI0€ aTMOChEpPHI He-
o0paTuMO BO3MYIIAIOTCS (TIepeMENINBAIOTCs) Heu-
TpaIbHBIMU KOMIIOHEHTaMU cpefbl [16]. Onruueckue
TMepeXoabl B 3TOM CIydae MPOUCXOIAT MEXITY COCTOSI-
HUsIMU ¢ An > 0, rIe # — IIaBHOE KBAaHTOBOE YUCJIO.
OnHako MPeUuMyIIEeCTBEHHO U3JTydeHue HaOtonaeT-
csa B crektpe MK-uzmydeHUs1 sl IepexolioB C
An =1,1me 10 < n < 30, YTO COOTBETCTBYET AMANa30-
HY CyIIIECTBOBaHMS pUAOEProBCKOM KBa3UMOJIEKYJIbI.
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Ycnexu B pa3BUTUM CTOXaCTUYECKOW AMHAMUKU
ra3oBbIX Cped ObLIM AOCTUTHYTHI IS TEILUIOBOTO U
CyOTEMIOBOTO NWAIa30HOB 3HEPTUU 4dactull [5—7].
CeroniHs B CBSI3U C T€M, YTO XOJIOJHBIE CPEIbl HAUM -
HalOT HaXOIUTh MIPUMEHEHNE B HOBBIX TEXHOJIOTHUSIX,
BO3HMKJA MpobieMa Xaoca, Halmpumep ISl yJbTpa-
XOJIOAHOM T1J1a3Mbl B MATHUTOONITUYECKUX CUCTEMAX.
AnxcaMO61p xonomHbIX PA mpencraBiasieT 3HaYUTEIb-
HbIIi MHTEpEC B CBSI3U C (PyHIAMEHTAIbLHBIMU MPO-
071eMaMu KBaHTOBOM (hPU3UKM XOJTOIHOM MJIa3Mbl U C
MEePCNEKTUBOUN UCIOJIb30BAHUS TTOJOOHBIX CUCTEM B
MPUKJIaJHbIX 3a1a4aXx, TpeBpallast yJbTPaxoJoaHbIi
ra3 B uaeaabHblii 0ObEKT KBAHTOBBIX MaHUITYJISALIAN
MpU peajiu3allii Ha MNPaKTUKE JOTMYECKUX CXEM
KBaHTOBOI MH(popmaTuku [17]. ICTOUHUKOM HecTa-
OWJILHOCTH PUIOEPTOBCKOIO ra3a CIyXkaT IMpOLecChl
NepeMelnBaHus puaOEproBCKUX COCTOSIHUM, MpU-
BOMSIIIME K CTOXaCTUUECKON MUTpaAllMU BO30YXKIe-
HUYS B KOHTMHYYM 3HEepruu. B cBs3u ¢ 3TUM cTaHO-
BSITCSI aKTyaJIbHBIMU MCCJIENOBAHUS CITyYaiHbIX TPO-
LIECCOB, BJIMSIIOIIMX Ha pa3BUTHE CTOXaCTUUYECKOTO
pexuMa (Harmpumep, c0oii (pazbl) B AMHAMUKE BHICO-
KOBO30YX/IEHHBIX aTOMHBIX CUCTEM.

CronkHoBeHue PA, oOnagamommx OOJAbIIMMU
3HAYEHUSIMU TJIABHBIX KBAHTOBBLIX YUCEN, OTBEYaeT
CJTy4alo TUIIOJIb-IUIIOJBHOTO B3aUMOISCTBUS MEXK-
oy Humu. I1pu Hanuuum pedoHaHca Mécrepa (PD),
KOrAa ypoBHU €-cepuu ¢ OpOUTATIbHBIM MOMEHTOM {
PaCIOJIOKEHBI MEXILY COCETHUMMU ypoBHAMHU (£ — 1)-
win (€ + 1)-cepuii, B “351eMeHTapHOM” aKTe ITPOLIEC-
ca BO3MOXHO IPOSIBJICHUE IeTePMUHUPOBAHHOTO
JIUHAMMWYECKOro Xaoca. 3aMeTHM, 4YTO BBeAcHHAs
®depMmu B paborte [8] cTpyKTypa BO30YyKIeHHON KBa-
3MMOJIEKYJIBI ¢ YCTIIEXOM MCMOJIb30Bajlach paHee IJisl
OINMMCAHUs TPOLIECCOB YIIUPEHUSI W CABUra CIEK-
TpabHBIX AuHM [10, 11].

Llens maHHOrO WcCCIIemOBaHUS 3aKJoYalach B
YCTaHOBJIECHUM OCOOEHHOCTE PEe30HAHCHOM U aHO-
MaJIbHOM CTPYKTYP CIIEKTPOB aCCOLIMATUBHON NOHU -
3auuu (AW) B paMmKax CTOXaCTMYECKOIO MOAX0Aa IS
cliydasi UIIOJIbHO-IUTIOJIBHOTO B3aumoaeicTeus PA
¢ 06pa3oBaHUEM ITOJIOKUTEIBLHO 3apSKEHHBIX MOJIe-
KYJIIPHBIX UOHOB.

CraTbsl BKJIIOYaeT ceMb paznesioB. B pazn. 2 u 3
JIaHO OIIMCaHHUE IMUIIOJIBLHOIO PE30HAHCHOIO MeXa-
HU3Ma 00pa30BaHMsI MOJIEKYJISIPHOIO MOHA M pac-
CMOTpEHAa MOHM3alMOHHAasT HEYCTOMYMBOCTb DPUJI-
OeproBCKOTO KJjacTepa IIpU HaJIWYMU OUITOJIBHOTO
B3aMMOJICMCTBUS, a TAKKe 00CYyKIEeHBI OCOOCHHOCTH
noBeaeHUs PA B IpuOIMKeHUM CTOXaCTUUECKOM AU -
Hamuku. Pasnen 4 IOoCBsIEH ONMMCAHWIO 3BOJIIOLIMN
OpONTATEHOTO MOMEHTA BBICOKOBO30YKIECHHOTO PHUJI-
0GEeproBCKOro BOAOPOAONOI00HOTO aTOMa B MUKPOBOJI-
HOBOM 3JIEKTPAYECKOM MoJie. AHOMaIuu cneKTpoB PA
B ciydae aByx¢oToHHOro pesoHaHca Illtapka pac-
CMOTpPEHBI B pa3f. 5. JIMIoiIb-aUITOIbHEIE TPOLECCHI
Ha cTaguy oOpa3oBaHUs XOJOTHOM IJIa3MBI OOCYK-
nmatorcs B pasa. 6. [Ipoliecchbl MCKaXXeHUs I BpeMeH-
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HOI 3alepXKN pachpOCTpaHEeHUs] HAaBUTALIMOHHBIX
CITYTHUKOBBIX PaJIMOCUTHAJIOB 3a CUYET MHOTOKpaT-
HOT'O pacCesHUSI Ha puI0eProBCKUX KBa3UMOJIEKYJIax
B HU3KOTeMIIepaTypHOIl MOHOCGhEPHOI 1a3Me pac-
CMOTpPEHBI B 3aKJIIOYUTEJIBHOM pasi. 7.

2. JUIIOJIbHBIN PE3OHAHCHBIN
MEXAHW3M OBPA3OBAHUA
MOJIEKYJIIPHBIX NOHOB

CornnacHo pabore Pepmu [8], pumbdbeprorckast
KBa3uMoOJieKyJia BoIopojia COCTOUT u3 PO, BajneHT-
HOTO 3JIEKTPOHA aToOMa-NapTHEpa U IBYX KYJIOHOB-
CKHX IIEHTPOB, PAaCMOJIOXKEHHBIX Ha PACCTOSHUSIX,
MEHBIINX pa3mepoB opoutel PO (cM. puc. 1). O06-
MEHHO€ B3aUMOJEUCTBUE ABYX KYJIOHOBCKMX IlI€H-
TPOB MPUBOAUT K BOSHUKHOBEHUIO IEPEMEHHOTO M -
MOJILHOTO MOMEHTA, OCLIUJIJIUPYIOIIErO C YaCTOTOM,
COOTBETCTBYIOIIEH paclIECIEHNIO TEPMOB BOAOPO-
norogobHoro atoma. B cBolo odepenb, AUITOJIbHBI
MOMEHT UHAYLMPYET BOSBHUKHOBEHNE MUKPOBOJIHO-
BOTO MOJISI C YaCTOTOM, 3aBUCSILEN OT MEXbIAESPHOTO
paccrosgHus R. I1pu TennoBbIX CTOJKHOBeHUSIX PA ¢
aToMaMu, HaXOASIIIUMUCS B OCHOBHOM COCTOSTHUU,
npoiiecc 00pa3oBaHUs MOJIEKYJIIPHOTO MOHA ITPOUC-
XOIUT B 00JIaCTU KBA3UTIEPECEUCHUST MOJIEKYJISIPHO-
r0 U MOHHOTO TepMOB. 3aMETHUM, UYTO B TETJIOBOM
IMana3oHe HEPTUU SKCIEPUMEHTAIbHbIE 3HAYEHUS
KOHCTaHT ckopocT AU ¢ yuactuem PA B Makcumy-

- -8 _
M€ NOCTUTAIOT BEJIUMYMH Topsaka 10 ’107 em® - ¢l
BenmuuuHoi TOTO Ke TTopsiAKa MOTYT OKa3aThCsI KOH-
CTaHTbhl HECUMMETPUYHBIX IIpolieccoB [ 18].

3. PUABEPTOBCKU1 ATOM
B IPUBJIVKEHUU
CTOXACTUYECKON JTMHAMUKHA

Mopenb OUITOJIBHOIO PEe30HAHCHOIO MeXaHu3Ma
(IPM) crirpaia O0OIbIIyIO pOJIb B pa3BUTHUM HCCIIE-
noBaHuit mpoueccoB AU ¢ yuactuem PA. OnHako 6e3
00CYKIeHMsI OCTaBaJICS BOIIPOC O COXpPAaHEHUM Tep-
BUYHOM CeJIeKTUBHOCTH BO30YKneHNs PA B mIpucyT-
CTBMU MUKPOBOJIHOBOTO noJjisd. Ha 310 ob6¢cTosiTenb-
CTBO B CBO€ BpeMsI ObLIO 0OpalllegHO BHUMAaHME B pa-
oorax [10, 11].

B mipucyTcTBUM MUKPOBOJHOBOTO MOJSI MOXHO
OXUIaTh MUTpannun PD 1m0 ypoBHSIM 3Heprum PA,
4TO CJIeAyeT U3 COBPEMEHHBIX MPENCTaBICHUI O Je-
TEPMUHM3ME UM Xa0C€ B aTOMHBIX CTpyKTypax [12].
ITpuMepoM Takoro poja MOXKET CIYyKUTh aHCaMOJIb
BO30Y>KI€HHBIX aTOMOB, SHEPI'1sl KOTOPhIX OJIM3Ka K
OOHOMY U3 “pE30HAHCHBIX 3HAYCHUI, TPUBOASIINX
K Pa3BUTUIO WOHMU3ALIMOHHON HEYCTOMYMBOCTU B
MUKPOBOJHOBOM TIOJIE.

OO0cy:kIeHne MpoILecCOB CTOXaCTMYECKOTO TUIIA
onyxxgaHusi PO 1o ypoBHSIM BEICOKOBO30Y:KIEHHOTO
aToMa BOIOpPOIa B MUKPOBOJIHOBOM 3JIEKTPUYECKOM
noJie TpoBeaeHo B padorax [17, 18]. MccenoBanmeM,
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Puc. 3. Pe3ynbraThl YMCICHHOIO aHaIM3a cToxXacTuyeckoro ypaBHeHuss Mokkepa—Ilinanka—KoiMmoroposa ¢ nepeMeHHBIMU
TPAaHUYHBIMU YCIOBUAMMU 111 1Uddy3un PO ¢ HauanbHBIM CEJIEKTUBHBIM BO30YXIEHMEM COCTOSIHUA 1y = 10 Bogoponomno-
no6Horo atoMa. CIUIOLIHBIE JIMHUU COOTBETCTBYIOT 3HaYeHUsIM QYHKUUHU In p(n, ), PACTIOIOXEHHBIM Y COOTBETCTBYIOLLIMX

KPVBBIX.

pe3yJbTaThl KOTOPOIO HE MOTepSIId CBOETO 3HAYEHUSI
BIUTOTh IO HACTOSIIIETO BpeMeHH, cTaja pabota [19],
e 6bUTa 000CHOBaHA IIPUMEHUMOCTD KBa3UKIacCHIe-
CKOTO OITMCaHUS MOBEACHUSI ONTUYECKOTO 3JIEKTPO-
Ha BBICOKOBO30YXIIEHHOTO aTOMa B MUKPOBOJTHOBOM
aJIeKTpuYecKoM moje. Kpome toro, ObUIO HaiimeHO
KpPUTUYECKOE 3HAYeHME MOJIs WIS mepexoma PO B
CTOXaCTUYECKUIN pPEXUM ABUKEHMSI MPU MEPEKPbI-
TUM HeIUHEHHBIX pe3oHaHcoB. [Ipu aToM B Teopun
MPEoJarajioch BHIIOJIHEHME YCIOBUS COXpaHEHUS
op6uranbHoro momeHTta £ y PD. TlosnHee B paMKax
YHCIEHHOTO 3KcrepumenTa [20] ObLI MpoBeeH aHa-
JIU3 croxacTudyeckoro ypaBHeHMsi Pokepa—IlnaH-
ka—KonMoropoBa ¢ mnepeMeHHBIMU TI'paHUYHBIMU
YCIIOBUSIMHU Ha TipuMepe nuddy3uu PO mpu nepBuy-
HOM CeJICKTUBHOM BO30yX1eHUU 10n-coCcTosSTHUS BO-
nopopononooHoro aroma. IlokazaHo, 4yTo B guarna-
30HE IMopsaKa BpeMeH B3aumoneicteusa PA + A cy-
IIECTBYET HIDKHSS TPaHMIIA XaOTUIECKOTO Ipo1ecca
Y1 BEpXHUII MOHM3ALMOHHBIN npeaes (CM. puc. 3).

IlepeyncinM OCHOBHBIE TIOJOXEHUSI MOJEIU
I Py3MOHHOI MOHM3AINMU C 00pa30BaHUEM MOJIC-
KyJIIpHOTO WOHA TIpM TEIUIOBBIX CTOJKHOBEHUSIX
pUIOEPTOBCKUX BOJOPOIOIIONOOHBIX aTOMOB. K HUM
OTHOCSITCS:

1) dbopMynMpoBKa CTOJIKHOBUTEJILHOM AUHAMUKHA
mpollecca B3aUMOIEUCTBHS, KOTOpas ONpeneseT
€0 3aBUCUMOCTH OT BPEMEHU;

2) ToHsTHE cpeaHero 3(M(eKTUBHOroO BpEeMEHU
muddy3un, 3a Kotopoe PO, HaumHast ¢ HAYaILHOTO
YPOBHSI 1 j, MOXET IOCTUYb CBOETO MOHU3ALIMOHHOTO
npenena, T.e.

0)4/3 "
To(y) = ———ny| 1 == “)
YT

((DL — Ha4dYaJbHOC€ pacCHICIIJICHUC, F— HaITps2KEH-

HOCTb “BHYTPEHHEro” MUKPOBOJHOBOTO MO, 1, —
KpUTHUYECKOE 3HAUEHUE 1, COOTBETCTBYIOIIEE NeTep-
MUHHMPOBAHHOCTU TPAeKTOPHOIO IBIKeHUS PO mis
ciyvasi n < n,), 4TO IIO3BOJISIET IPOBOAUTH CPABHEHME C
9KCMEPUMEHTOM U YIIPOCTUTH pacueTsl [17];

3) Bo3MyllleHUEe ABUXEeHUs1 PO “BHyTpeHHUM”
MUKPOBOJIHOBBIM MOJIEM JOJXKHO MPEBBILIATH CBOIO
KPUTHUYECKYIO BETWIMHY, KOTOPYIO CJEmyeT Olle-
HUTb, UCTIOJIB3YSI KPUTEPUI TTePEKPHITUSI PE30HAH-
coB “no Yupuxkosy” [21];

4) HayTMYKre BEPXHETo Mpeesia BO30YKIeHHBIX CO-
CTOSTHUI, KOTOPHII CBSI3aH C BOBMOXHOCTBIO TOCTH-
XeHns PO moHM3animoHHOTO KOHTUHYYMA 110 KaHay
¢$OoTOMOHU3ALINH;

5) niepekphIThEe 00JIACTU CTOXaCTU3AlIMM HAa HUXK-
HEM TIpEacJic 3HaUYeHUU nef BCJICACTBUE YBCIIMYCHUA
pPacCTOSIHUSI MEXIY COCETHUMU YPOBHSIMU DHEPTUU
PA (cMm. puc. 3, roe nIpuBeneHbI pe3yabTaThl pacueTa
9BOJIIOLIMKM BO BpeMeHHU (YHKILMM pacOpeaesIeHUs

XUMHNYECKAA ®U3UKA Ne 10
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Puc. 4. 3HaueHUs1 KOHCTAHT ckopocTeit k£ (10 cM / C) peakuuu accouraTuBHO noHuzauuu PA HaTpus: a — B nS-cocTosi-
HUSIX; 6 — B nD-cocTosinusix. CUMBOJIaMK 0003HAaYEHbBI PE3Y/IbTaThl U3MEPEHUST TSI IBYX TepeceKaroluxcs moa yriaom 90°
IYYKOB, CIUTOLIIHAsI KpMBasi — pacyeT B npuoiamkenuu Baiickomnda [23].

In p(n,f) CBSI3aHHBIX COCTOSIHUI 2JIEKTPOHA I10 MJIAB-
HOMY KBaHTOBOMY YUCJY # JJIs HA4aJIbHOTO COCTOSI-
Hud ny =10 [22]);

6) addekTuBHOE BpeMsl pa3BUTUS TU(HGHY3NOH-
HOM MOHM3ALIMU TOJIXKHO OBITh MEHbIIIE XapaKTEepHO-
o BpeMEHU HEYIPYTUX CTOJIKHOBEHU’IA;

7) pacuetbl 3¢h@(EKTUBHOCTH CTOXAaCTUYECKUX
MPOLIECCOB MOHM3ALMU PUAOEPTOBCKUX COCTOSTHUIA
MPOBOAMIICI B paMKaXx ITPEII0KEHHOI BhIIIE MOACIU
APM.

CIUIOIIHBIMU JIMHUSIMU Ha pUC. 3 MOKa3aHa KapTa
YPOBHEN M yKa3aHbl 3HaueHud In(p(n,f)), KOTOpbIE
HaHEeCEeHbI PSIIOM C COOTBETCTBYIOIIMMMU KPUBBIMU.
IMTonoxeHrve MUHUMYMOB TPAaHUYHBIX KPUBBIX OIpE-
JeJIsieTCcsl TOYKOM TOBOPOTa ¢ MUHUMAJIbHBIM COJIU-
XeHueM sinep. BunHo, 4yTo moka HavyalbHOE 3HaYe-

Hue n, = 10 Haxonutcd HUXe 7, (R(f)) (BpeMeHHAs
o06sacTh JieBee TOUKU A), T.e. ny = 10 JIeXUT B pery-
JIIpHOI obnacTu, nuddy3un BOOJIb OCU # HE TIPOUC-

XOOUT. OHa HauyMHaeT Ppa3BUBATLCA ITOCJIE€ MOMCHTA

(Touka A) BXoa HaYaJIbHOTO 3HaueHus 1, = 10 B 00-
JIaCTb CTOXaCTUYHOCTH, JieXalleill Bblllle KPUBOK

n,,(R(?)). B pesynpraTte ctoxactuieckoit nuddysnmn
P3O nMeeT KOHEUHYIO BEPOSITHOCTh IOCTUYb IPaHUIIbI
MOHU3ALUY U MEPEXOIUT B KOHTUHYYM 3HEPruii 1o
KaHajgy woHM3auuu. B 3ToM ciiygae woHM3aus
orpenessieTcs] Kak BEPOSITHOCTh BBIXOJA DJIEKTPOHA
U3 00JIaCTU CBSI3aHHBIX COCTOSTHUM.

Ha pwuc. 4 mpuBemeHbl KOHCTAaHTBI CKOPOCTEH
npoleccoB AV B CTOJIKHOBEHUSIX ABYX MepeceKkaro-
muxcs mox yrioM 90° mydykoB aTOMOB HaTpusl, U3Me-
peHHBIe B pabote [23] u paccuuMTaHHBIE B paMKax
I EPY3MOHHOTO MeXxaHN3Ma MOHU3ALUMU C VICIIONb-
30BaHMEM NOpubamkeHus Baiickonda B Teopuu
VIIUPEHUS U CABUTA CIEKTPaTbHBIX JIMHUM [24].

XUMUYECKAS ®PUIUKA Ne 10

TOM 42 2023

B Teopuu neTepMMHUPOBAHHOTO Xaoca IIUPUHBI
JIMHAMUWYECKUX PE30HAHCOB HEMOCPEACTBEHHO CBSI-
3aHbl CO 3HAYEHUSIMU ollepaTopa BO3MYILIEHUSI. DTO
MO3BOJISIET BBIPA3UTh Ko3dduiueHT quddy3umn PO
BO BHEIIIHEM MUKPOBOJIHOBOM M0JI€ Yepe3 ero 1uHa-
MUYECKUE XapaKTepPUCTUKU.

KonuuecTBeHHbI aHaIM3 MIPOLIECCOB C CUJILHOM
CTOXaCTU3alMEe TpaeKTOpUii YyacTUll Npeanojaraet
MCMOJIb30BaHUE YCTOMYMBON “CHUMILIEKTUYECKOM”
CXeMbl UMCJIEHHOTO pacueTa napaMeTpoB Ipoliecca B
paMkax TexHuku Diroke [25, 26] 1 MeTOIa reOMETPH -
YeCcKOro MHTerpupoBaHus [27].

4. DBOJIIOLIUA OPBUTAJIBHOTI'O
MOMEHTA PUJABEPTOBCKOI'O
BOJOPOAOIIOAOBHOI'O ATOMA
B MUKPOBOJIHOBOM
DJIIEKTPUYECKOM II0JIE

ITonsatne opOUTATBPHOIO MOMEHTA 3JIESKTPOHA
pUAGEPTOBCKOTO BOAOPOIONOA00HOTO aTtoMa SIBJIsI-
eTCS OMHUM U3 KJIIOUEBBIX B TEOPUM aTOM-aTOMHBIX
CTOJKHOBEHMI. B KBasmkiaccrmyeckoM NpuOJIMKe-
HUM OpOUTANBHBIA MOMeHT paBeH L = £ + 0.5, tne
BesmumnHa 0.5 — 310 momnpaska Jlanrepa [28]. 3ame-
TUM, 4TO B padote [19], aBTOpHI KOTOPOIf BO MHOTOM
TMOJIOKWIM HAa4vaJlo COBPEMEHHBIM MpPeACTaBICHUSIM
0 KBaHTOBLIX MapaMeTpax 3JIeKTPOHAa B MUKPOBOJI-
HOBOM IIOJI€, 3TOT BOIIPOC HE pacCMaTpUBAJIC.

B HacTosiee BpeMs mpolecchl ¢ ydactuem PA
IIIMPOKO HCIIOJb3YIOTCS B KBAaHTOBBIX BapuUaHTax
MPUKJIaIHBIX UccaeaoBaHuii. [Ipu 3TOM BO3HUKAIOT
BOIPOCHI COXpaHEHUs HayajbHBIX MapaMeTpoB PO
BO BHEIITHEM MUKPOBOJIHOBOM 3JIEKTPUYECKOM TT0JIE.
B paborax [25, 29] Takasi 3agada paccMarpruBajiach Ha
npumepe opbutaabHoro momeHTa PO B npencrapie-
HUU I100aJIbHOTO Xaoca.
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t, 10%a.e.

Puc. 5. BpemeHHAs1 3aBUCMMOCTB YTIJIOBOTO MOMeHTa PD 1ipu mapasienbHO# B3auMHOM opueHTannu Bekropa Pynre—Jlenma—

Jlarutaca A () 1 BekTopa nossipusanuu nosst E.

Ha puc. 5 npuBegeH npumep 3BOJTIOLAN OpOU-
TaJIbHOTO MOMEHTa PO B MUKPOBOJIHOBOM 3J1EKTPU-
yeckoM nosie. Ha BpeMeHax nopsinika BpeMeHU pas3-
BUTUS IU(DPHY3MOHHON MOHU3ALMK OHa TpaKTHU4e-
CKM HE M3MEHSIIAaCh IPU KOH(GUTYpaIIM ITapaMeTPOB
E||A,. 3necs E — BekTOp HANPSIKEHHOCTH MUKPOBOJI-
HOBOTO MoJis, Ay — BekTop Pynre—Jlennia—Jlamnnaca,
perlaMeHTUPYIOLLIUIA TapaMeTphl KeTJIEPOBCKOM Op-
ouTtn [28, 30].

Ha puc. 6 mipeacraBieHa 3aBUCUMOCTD YIJIOBOTO
MoMeHTa L PO oT BpeMeHU pa3BUTHUS MIOOATBHOTO
xaoca B 2D-aToMe Bomopozda, oTBevaroliasi Hadyallb-
HOIi KOH(UTYpalIMK C PACTIOJIOXKEHUEM BEKTOpA HaMpsi-
JKEHHOCTH MOJISI B INIOCKOCTU OPOUTHI 2/IEKTpoHa [25].
s Bcex oCTalbHBIX BO3MOXHBIX KOH(MUTYpalmii
OpOUTAILHBIIA MOMEHT PD B MUKPOBOJIHOBOM II0JIE,
KaK TTOKa3aHO Ha puc. 6, MOXET U3MEHSThCST Gosee
cymiectBeHHO. OmHaKO cileIyeT yKa3aTh 110 KpaliHei
Mepe Ha IB€ BO3MOXHOCTU OCJIa0IeHUsI BIUSHUS Op-
OUTaTLHOTO MOMEHTA YacTULIbl Ha mpoliecc Auddy-
3MOHHOI MOHM3AIIUH1, KOLIA BEIIIOIHSIOTCS CIEIyIO-
11I1€ YCJIOBUSI:

1) 3HaueHHe OpOUTAILHOrO MOMEHTa B 3¢ deK-
TUBHOM NpOIlecce MOHMU3AUM He JOCTUTACT CBOETO
KPUTHUIECKOTO 3HAaYeHUs L., KOTOpOE OTpaHNINBAET
CBepXy 00J1aCTh Pa3BUTHUS INIOOATBHOTO Xaoca;

2) BCIEOCTBUE CIa00M 3aBUCMMOCTU KPUTHYSCKUX
3HAYEHU HAIIPSKEHHOCTH MUKPOBOJIHOBOTO ITOJISI
oT L m cooTBeTCTBYIONIEro KoadduimeHTa mudPy3nmn
B ypaBHeHUsIx ThTa ®okkepa—Ilnanka mpu L < L, xa-
pakTepHOe BpeMs Iud@Py3MOHHOI (CTOXaCTUYECKOit)
MOHM3AllM OKa3bIBaeTCSI MEHBIIIE BpPEeMEHHU Cyllle-
CTBEHHOTO U3MEHEeHU L B paMKax MOJIEeJIU IJI00aIb-
HOTO Xaoca.

Bomnpoc coxpaHeHUsi opOUTaIbHOrO MoMeHTa {
pUAOEProBCKOro aromMa MpuoOpeTaeT HOBbI CMBICIT
B noHocpepe 3emnu (cMm., Harpumep, [3, 5]). B atom
cliyqae Bzaumosenictue PA ¢ HeTpaIbHBIMU MOJie-
KyJlaMU TPUBOAUT K Mpolleccy /-nepemMelmBaHus
NpyU COXpaAaHEHWM 3HAYEHUI TIAaBHOIO KBaHTOBOIO

YucJia B KBa3UMOJIEKYJIE, TEPMbI KOTOPOM pacIleInie-
HBI Ha OTACIbHBIE MYJIbTUILIETHL. [lepexonbl Mexmy
HUMU HUIUUpyoT CBY-n3nyyeHue 1eimMeTpoBO-
ro guana3oHa. [Ipu OOJBIIMX 3HAYECHUSIX HOJIHOIO
YIJIOBOIO MOMEHTA KBa3MMOJIEKYJIbI, KOIJa KBAaHTO-
BbI€ PA3IUYMS MEXIY BBIPOKIECHHBIMU COCTOSIHUSI-
MU KBa3MMOJIEKYJIbl HUBEIUPYIOTCS, CIIEKTP U3JTyde-
HMSI OKa3bIBaeTCsd HE3aBUCHUMBIM OT XMMMNYECKOIO
cocraBa KoMmIiuiekca (PA + HelTpanpHas dacTuiia
cpedbl) U pagyalliOHHbIE IIEPEX0Ibl IPOUCXOIST Oe3
M3MEHEHUsI IJIABHOTO KBaHTOBoOro umcia (An =0).
Ciyyaio HeOOJIBIINX U3MEHEHWI 3HAUEHUS IJIaBHO-
o KBAaHTOBOTO 4rciia An <€ n COOTBETCTBYIOT IIEPEX0-
Il MUKPOBOJIHOBOTO U3JIydeHUs [3].

5. AHOMAJINU CITEKTPAJIBHBIX
XAPAKTEPUCTUK PUJIBEPIOBCKHUX
ATOMOB B YCJIOBUAX IBYX®OTOHHOTO
PE3OHAHCA IIITAPKA

Bonbie 3HaYeHUsT BEPOSITHOCTEH OUTIONBHBIX
MEePEeXo0B B BOAOPOAOIIOAO0OHBIX aTOMax CTUMYJIU-
PYIOT VX MCTIOJIb30BaHNE B KBAHTOBBIX MMPUKIATHBIX
HcClIenoBaHusAX. B TMOTHOM Mepe 3TO OTHOCHUTCS K
ciydyalo nByxdoTroHHoro pesoHaHca Illtapka (uam
P®) [31] g cTpyKTypHI S-, P- 1 D-TepMOB ILIEJIOU-
HBIX aTOMOB, Koraa €-TepM pacrioyioKeH IOCEPENHE
MexXIy IByMs1 coceqHuMu Tepmamu — (€ — 1) u (€ + 1).
Ha puc. 7 npencraBieHo cxeMaTUYeCcKoe U300pakeHe
CTPYKTYPBI 9HEPTEeTUIECKUX YPOBHEM IJIST IIIETTOUHBIX
aTOMOB, COOTBETCTBYIOIINX peanm3anuu PO.

B reokocMHUUeCcKMX YCIOBHUSIX TaKOMY YCJIOBUIO
YIOBJIETBOPSIET €CTECTBEHHAsI TpeXMepHasi CTPYKTY-
pa aroMa Na, OJy9MBINasI B JUTEpaType Ha3BaHUeE
“TpexMepHOro KBaHTOBOTo ocuuistopa” [32], B
KOTOpPOM “TIOfaB/IeHbl” JJIMHHOBOJIHOBBIE MEPEXOIbI.
Ilo muTepaTypHBIM TaHHBIM yciIoBUe pe3oHaHca DEp-
cTepa JOCTUTAETCS IS aTOMOB IIEJIOYHBIX METAIOB B
C1a0bIX MEKTPUUYECKUX TTONISIX — Topsiaka 2 B/cwm.

Beriie 6611 pacCMOTPEHBI PE30HAHCHEIE TIPOIIEC-
Chl 00pa30BaHUST MOJIEKYJISIDHBIX MOHOB B TETUIOBOM

XUMHNYECKAS ®U3NKA tom 42 Ne 10 2023
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Puc. 6. Tpaektopuu PD u aBouttoius ero yriioBoro MoMeHTa L m1st 10p-coctosiHUst aToMa Bogopoja: a — ciay4vait 2D-nsuxe-
Hus PO B wiockoctu {X1}; 6 — aBomonus npoekuuu L, ero yrjioBoro MOMEHTa Ha OCb Z, OPTOTOHAIIbHYIO IUIOCKOCTH JIBUKE-
Hust {XY}; 6 — ciyyvaii 3D-gBrxkeHust PO; e — spomonust |L| KpuTtnueckoe 3HaueHHne opouTaabHOro MomeHra L, = 10.

XUMUNYECKAA ®U3NUKA Ttom42 Ne 10 2023
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Puc. 7. CTpyKTypa 3HEPreTU4eCKUX YPOBHEM IIJIsI IIeI0U-
HbIX aTOMOB, COOTBETCTBYIOLLIUX Peav3allui PE3OHaHCa
®décTepa MexIy KBaHToBbIMU coctosiHusiMu (€ + 1) u £
ATOMHBIX CEPUIA.

JIUana3oHe 3HEePrud B MUKPOBOJIHOBOM 3JIEKTpHUYe-
ckoM T1os1e. Hioke TIpyBeneHbI pe3yabTaThl CeJICKTUB-
HOT0 BO30Y>KIEHMSI aTOMOB B CJIAOOM MUKPOBOJIHOBOM
ToJjie, MpeACTaBIsIIoIIe UHTEpEC ISl KBAHTOBBIX Me-
TOIOB YITPaBJICHMS IBVKEHUEM OTIEIBHBIX aTOMOB B
paMKaxX CTPYKTYpbl TPEXKBAaHTOBOTO OCLIMJIISTOPA.
Takue 3amayn ymoOHO peliaTh B paMKaxX CTPOEHUS
BO30YXKIeHHOTro atoMa 1o 3omMepdenpay [33], oT-
JIMYAIOIIETOoCs] OT YMCTO KYJIOHOBCKOTO HaJIUYMEM
cJlaraéMoro LeHTPOOEXKHOTO THMA:

Uyr) =14 9% 5)

o 2
r 2r

Ananm3, mpoBeAeHHbBII B padote [34], TToKa3ai, 910 B
5TOM cilydae peajausalus yciaoBuii PO porcxoaut 1ist
JIBYX 3HAUeHUI1 mapameTpa o o = 2.82 (1151 p—s-nepe-
XOJIOB) U O, = 11.8 (1151 d—p-1niepexonos).

Ha puc. 8 npuBeneHbI pe3yIbTaThl pacdeToB MOJI-
HOIl BEpOSITHOCTU A, CIOHTAHHBIX MEPEXOAOB U3
BO30YXKIEHHBIX S- U P-COCTOSIHUIT B MOJIEJTbHOM aTO-
Me 3omMMepdenbpaa IIpU BapbMpPOBAaHWM 3HAYCHUMN
rnmapameTpa 0., riae BeJaudnHa o, = ) oTBeyaeT ciaydaro
aToMa Bojopona. Pe3ylbTaThl pacueTa ITO3BOJISIIOT
OLIeHUTH pojib P®D B nmopaBiieHNU 3HAYEHU M TUTTOb-
HBIX MaTPUYHBIX MEPEXOHOB, T.€. MOJIYYUTh IIpE-
CTaBJIEHUE O BIIMSTHUY BHEITHUX 3JIEKTPUUECKUX MO~
JIei Ha AMHAMUKY IpoieccoB TMPdy3MOHHON NOHM-
3alru.

B kxBasukiaccuuyeckoM IPUOIMKEHUUM yIOOHOIA
XapaKTepUCTUKOW BPEMEHU MOHU3AIIUU MOXET CITy-

An€
]
L
10°BF .7
P
T
0HE ]
L, s I I I I I
0 5 10 15 20 25
L 0
.
10—11 L .'...
10-12 [
10713 ; '-......“..."M.-."..---ﬂ'
10-14 L
E 1 1 1
0 2 4 6 (0

Puc. 8. 3aBucumoCTb MOJHOI BepoATHOCTH A,¢ (a.e.)
CIIOHTAHHBIX NEPEXONOB U3 PUAOEPrOBCKUX COCTOSHUI
OT mapaMeTpa O. atoMa 3omMepdenbaa: a — S-Cepus
(¢l =0),n=30;6—p-cepust (£ =1), n = 25.

KUTh YUCIIO 000POTOB N puaOGEProBCKOro 3JIeKTpOHA
BOKPYT aTOMHOTO 1ICHTpa MO KeIJEPOBCKOM OpouTe
JIO €ro yX0Ja B MOHU3aLMOHHbIIA KOHTUHYYM. PocT NV
TOBOPUT O 3aTATUBAHUM BPEMEHU, T.€. O YACTUUHOM
OJIOKMPOBKE INIOOAJIbLHOI CTOXacTU3alluU, B TO Bpe-
MsI KaK ero yMeHbIIEHUE — O POCTE €€ MHTEHCUBHO-
ctu. Ha puc. 9 npuBeneHa 3aBUCUMOCTbD N OT 3HAYCHUIA
napamMeTrpa o.. BugHo, yro BOM3M 3HaYeHuid oL = 2.81
YHCJIO 0OOPOTOB YBEJIMYMBACTCSI, YTO CBSI3aHO C I10-
IaBiaeHueM 3(PGEeKTUBHOCTU TUIIOJIBHBIX TIEPEXOI0B
B OKpeCTHOCTU PD.

6. TUII10JIb-AUITIOJIBHBIE ITPOILIECCHI
HA CTAIUN ©OPMHUPOBAHUA
XOJOJAHOU IIVIA3MbI

B du3mke aTOMHBIX CTOTKHOBEHMM ITPUHSTO pPa3-
JINYaTh TPOLECCHl MO BEIWYMHE DHEPrUu aTOMOB-
NapTHEPOB Ha TeIUIoBbIe U cyoTeruioBbie (1073 < £ <
< 107! 3B), xononHbie (10°< E< 1073 3B) u ynbrpa-
xononHele (107° < EF < 107° 5B). B cayyasax, kKorma
BpeMsI CTOJKHOBEHUSI U BpeMsl MHIYLIMPOBAHHOTO
UM Mpoliecca OKa3bIBAIOTCSI BEIMYMHAMU OJHOTO IO~
psiiKa, OHM HOCSIT Ha3BaHHUE (DOTOACCOLMUPOBAHHO-

XUMHNYECKAA ®U3UKA Ne 10
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ro mponecca. g caygas “XoJIOMHBIX” aTOMOB B CBe-
TOBOM I10JIe MacCIITa0bl JJIMHBI, BDeMEHU U IITUPUHbI
CIIEKTPAJIbHBIX JIMHUI OTJIMYAIOTCSI OT CBOMX KJlac-
CUYECKUX BapUAHTOB.

UccnengoBanus, HagaTthle B KoHIE 1980-x, moka-
3aJId, YTO CBET MOXKET OBITh MCIIOJIb30BaH IS 3@-
(GEeKTUBHOTO OXJIAXKIEHUSI aTOMOB. B cBOIO ouepelb,
9TO HNPUBEIO K HOBBIM ITIOHSITUSIM B aTOMHOM (hr31-
Ke: aTOMHasi UHTepGhEePOMETPHSI, ONITUYECKUE PEIISTKU
JIJTs1 YIIpaBJICHUS IBVDKEHIIEM aTOMOB U IP. DTU ITOHSI-
THSI BXOIST B cOAep>KaHNe HOBOH “onTndeckoii” (pm3m-
KM, B KOTOPOI OOHY M3 LEHTPAJbHbIX pPOJeii UTpaloT
XOJIONMHBIE aTOMHbBIE B3auMMoIeicTBUsl. TemrepaTyp-
HBI MHTEepBaT ctonkHoBeHMt 1 MKK — 1 MK moxer
OBITh peajnM30BaH METOAAMU BHYTPUIOMNILIEPOBCKOM
crekTpockonuu. boyee HU3KME TeMIepaTyphl, ITO-
JIydaeMble B MAarHUTHBIX ONTHMYECKUX JOBYIIKAX,
MpUBEIN K pealu3aluyd uaeu 003e-3HHINTEHHOB-
ckoro koHaeHcarta. IIpu aToM Maciirab MexXaToM-
HBIX B3aMMOIEMCTBUII CTAHOBUTCS CPaBHUMBIM C
JUTMHOM BOJIHBI Ie- Bpoiiis yacTull, 4TO MO3BOJISIET, B
YaCTHOCTU, HaOMogaTh 3(p@PEeKThl BOJTHOBBLIX B3au-
MOIIEMCTBUM THTIA MHTEephEPEHIINH.

PaccMoTpeHHbIe Bblillle MPOLEeCcChl MOHU3AlUN C
ydyacTUeM puAOEProBCKMX YACTUIl B TEIJIOBOM Jva-
Ma30He MOTYT UrpaTh 3aMETHYIO POJIb B HU3KOTEMITE-
parypHoii 1a3me. B To xke BpeMsi ux BKj1aJl CTAHOBUTCS
OIPEAEJISIONINM B XOJI0AHOM TIa3Me, HallpuMep B Ka-
YeCTBE KBAHTOBOTO BEHTWJISI JTMOO YITPABJICHUST IBVKE -
HHEM OTAEJIbHBIX aTOMOB. BpeMsi x13HM aHcamOJIst XO-
JIOAHBIX YaCTULl, HEOOXOAUMOTO IS Pa3BUTUS YJib-
TPaxoJIOMHOM TUTa3MBbl, TI0 CYIIECTBYIOIIUM TaHHBIM
cocrasiisieT BeanuuHy nopsaaka 10? ue [35]. Ha takux
BpeMeHax JaJlbHOAEHCTBYOIIEE TUIOIb-IUIOIbHOE
B3aUMOJIEMCTBUE XOJOAHBIX PUAOEPTOBCKUX aTOMOB
Hapsay ¢ BaH-JI€p-BaalbCOBCKMM B3aMOJIEAICTBUEM
U HaJIMuMeM Ipoliecca (OTOMOHU3ALMU obecrneyn-
BaeT HaYaJIbHYIO CTAIUI0 CAMOOPTaHU3ALIMU YIbTpa-
XOJIOMHBIX PUAOEPTOBCKUX YACTHI[ B YJIHLTPAXOJIOMd-
HYIO TIJIa3My.

B pa6orax [36, 37] npoBeaeH aHaJIN3 BKJIaaa po-
1eccoB IeHHUHroBckoi nonusauuu (ITM) u ¢oto-
noHuzanuu (PH) B coznaHue MepBUYHBIX 3aPSIKEH-
HbIX YaCTUIl B XOJIOAHBIX PUIOEPTOBCKUX Cpemax.
ITockonbKy B yJIbTPaXoJOAHBIX YCIOBUSIX Ha Xapak-
TEPHBIX BpeMeHax HaOJIIOJeHUs MEXaTOMHOE pac-
CTOsIHME R He ycrieBaeT CyIIeCTBEHHO U3MEHMTbHCS
(“3aMOpOXEHHBIN” Ta3), KOHCTAHTHBI CKOPOCTEi
ITN onpenensitorcsi aBTOMOHU3AIIMOHHBIMU IIIUPU-

Hamu 'y =T / R® U151 KBa3MMOJIEKYJI, COCTABIICH-
HbIX W3 TIap pUIOEProBCKUX aToMOB, T.€.
'y ={n,L,,nt}. ABropsl pa6or [36, 37] B pamKax
MonupuurpoBaHHoit mMoxenu CmupHoBa—PuUpco-
Ba—Kartiyypsl [38, 39] u KBa3uKiIacCUUeCKOTo Mpu-
ommxenus [40] paspadorann 3pPHEKTUBHYIO CXEMY
pacueTa mpuBeneHHbIX UpUH [T Kak pesynbTar
oXe-TIpoliecca ¢ y9acTheM aToMOB Bomopomna [36] u
pUIOEPrOBCKMX aTOMOB IIEJTOYHBIX MeTaioB [37, 41]

XUMHWYECKAST ®U3UKA Ne 10

TOM 42 2023

(V)

Puc. 9. 3aBUCHMOCTb CPEIHETO YKcIIa epruoaoB N ot na-
pamMeTpa O B ciiyyae pa3BuTus A1uddy3MoHHOIT nOHU3a-
LIMM MOJIEJIbHOTO atroMa 3oMMepdebla B MUKPOBOJIHO-
BOM noJjie. BennunHa N HopMUpoBaHa Ha €AVHMUILY IS

aroma Bonopoza (o = 0), o, = 2.81.

TSI CUMMETPUYHBIX U HECHMMETPUYHBIX CIIy4aeB
(cm. puc. 10). B pesynbpraTre AUIOIB-IUIOIBHOTO

. ®3% ok
B3aMMOJENCTBUSL aTOM A, IIlepelaer atomy A,
SHEPTruUIo /i®,, NEPEBOAS €r0 B KOHTUHYYM MPU YCIIO-
BUM o, = €,. B cilyyae HECUMMETPUYHBIX TIIap
SHEPIUU CBA3HU €y ) PUIOEPIOBCKUX JJIEKTPOHOB B
aToMax pa3InyvaroTcsl.

B CJlygya€ aToMa BOJOpOJa aBTOMOHHN3AaIIMOHHYIO

MMPpUHY fN yaa€Tcda onucaTtb B ABHOM aHaJIUTHUYC-
CKOM BHIE:

__ 9 [(2Prem)|(_ 1
68(nnn,)’ 37 2 2n;

-17/3 (6)

rme R — MeXXaToOMHOE pacCTOSTHHUE B3aUMOIECTBYIO-
LIUX PUAOEPrOBCKUX aTOMOB, 7, — IJIJABHOE KBAHTO-
BO€ YMCIIO PEaIbHOTO YPOBHSI, PAaCIIOJIOXKEHHOIO
6smxe K ypoBHIo ¢ #n,. Ha puc. 11 s cinyyas aToMOB
BOIOpOa N300paXkeHa OCHWIISILIMOHHAS CTPYKTypa

MPUBEACHHBIX IIUPUH fN MpyU U3MEHEHUHU n,, 00Yy-
ciioBieHHas [40] HenMMHEeHOIT 3aBUCUMOCTBIO TTapa-
METPOB OIITUYECKUX MEPEXOA0B, N300paKeHHBIX Ha
puc. 10, oT KBaHTOBBIX YMCEJI AaTOMHBIX T1ap. 3aMe-
THM, YTO IIPU KOMIIBIOTEPHOM MOJICJIMPOBAHUM aBTO-
MOHM3ALIMOHHAS IIMPMHA MPaKTUYECKU COBIIAIAeT C
pEe3yIbTaTOM aHAJIMTUYECKOIO pelleHUs, B KOTOPOM
BO3MOXHO IIPOSIBJICHME OIITUYECKUX IIepeXOI0B, 3a-
NpelIeHHbIX B KJIacCMYeCKOM BapuaHTe. O0palliaet Ha
ce0s1 BHUMaHMe 3HaYUTeJIbHOE (Ha MOPSII0K BTN~

Hbl) yBEJMUYECHUE 3HAuYeHUil [y mpu cxJionbIBaHUU
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1
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*
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e s o * k3k
Puc. 10. CxemaTnueckoe n300paxxeHue Pe30HAHCHOTO B3aUMOECTBUS pUaOEpProBCKOii aTOMapHOil mapbl A;  —A,; C KOH-
TUHYYMOM ITOCPEACTBOM OXKe-TPOLECCa; Hy, — TEOPETUYECKU PAaCCYMTAHHOE 3HAYEHUE.

~ . Kk Kk
Puc. 11. IIpuBeneHHas aBTouoHU3aLMOHHad MpuHa [y HecuMMeTpu4HOil kBasumonekyisl (H,  + H; ") npu dukcupo-
BaHHOM MeXaTOMHOM paccTostHuu R. CIUIoNIHasi CMHSISI KpUBasi MoJIydeHa B pe3yJibTaTe YMCJISHHOrO pacuera, IITPUXoBast

KpacHasl KpuBasi — Ha OCHOBE aHAJIUTUYECKOi1 (hopMyJibl (6).

2
pasmMepoB (~n;) HEeBO30YyXIamwIlerocss d-atomMa IO

CPaBHEHMIO C CMMMETPUYHBIM CIy4aeMm, T.e. n; = #;
IUTS pa3IMIHBIX OPONTATEHBIX KOH(UTYPAIIIIA TTap aTo-
MOB. B cityyae Kaxkmoro BiIa aToMa IIeJI09HOTO MeTajl-

t
J1a CyIIeCTBYeT ONTUMATbHOE 3HaueHue 1\ (n,), 1Uist
KOTOPOrO BO3HUKAeT MAaKCHUMAJIbHBIA (ONTHUMAasib-

. =(opt .
HBII/I) IINK F(]sp ) BCJIMYMHBI ITIPUBECACHHOMW aBTOMOHM -

3aLIMOHHOM 1IMPUHBI B3aUMOICHCTBYIONIEH Maphl.

I1pu 3TOM AUTIONB-AUTIOJBHBIE B3aUMOIECHCTBUS
BO30YXXIEHHBIX aTOMOB B paMKaX KBa3uKJlacCHU4e-
CKUX TPEACTABJICHUI MPONOPLUOHAIBHBL A2, 4TO
CTUMYJIUPYET Pa3BUTUE UOHU3ALIMOHHBIX IIPOLIECCOB
B aHcaMmOJie BO30YXIEHHBIX aTOMOB M NPUBOIMUT K
Pa3BUTHUIO YILTPAXOJIOAHON TuTa3Mbl. Ha BpemeHax

nopsinka 10? He 5Ta TIa3Ma 06pa3yeTcsl ¢ SHEpPIruei
nopsiaka 1072 53B. B nrepBy1o ouepens pedsb 31eCh UIET
0 TIpoliecce IEHHUHTOBCKO MOHU3AallUU U €€ POJIU
Ha HavyaJbHOI CTaIuM caMOOpPraHU3ald HU3KOTEM-
neparypHoii 1miaa3mbl. [TomuMo oxe-rpoliecca uc-
TOYHUKOM TI€pBUYHON MOHU3ALIMU aHCAMOJsl pUJI-
OeproBCKMX aTOMOB MOTYT CIIY>KUTh TEILUIOBOE U3JTy-
yeHue U B3aumogeiictsue Ban-nep-Baanbca [37].

HavanpHbIil 3Tall pa3BUTUS XOJOMTHON ILIA3MBI
obcyxnaicsa B paborax [38, 39], rme ObUIM pacCMOT-
PEHBI OXE-IIPOLIECCHl C Yy4YacTHEM pPHAOSPTrOBCKUX
ILIEJIOYHBIX aTOMOB M aTOMa BOIOPOIA IJISI CUMMET-
PUYHBIX U HECUMMETPUUYHBIX ciIydaeB. Pe3ynbTarhl
CO CTONPOLIEHTHOI BEPOSITHOCTBIO CBUIETEILCTBYIOT
0 TIOJABJISIONIEM MPEeuMYIecTBe (Ha HECKOJILKO IT0-
PSOKOB BEJIMYMHBI) HECUMMETPUYHBIX TTPOLIECCOB, B
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KOTOPBIX OCOOBINI MHTEpPEC MPEACTaBIISIET KaHall 00-
pa3oBaHMs XOJOMHBIX yacTull [40, 41].

BTOpbIM HETpUBHAIIBHBIM PE3YJILTATOM, OTME-
JaBIIMMCSI B paHHEeH paboTe [42], aBasgeTcs onpene-
JIeHWEe CTPYKTYPHl TOBEPXHOCTEl MOTEHLMATBbHBIX
sHepruii (I1113) KBa3uMoJieKy, T.e. MapTHEPOB IO
B3aMOMEMCTBUIO. B MTOre CTAaHOBUTCS BO3MOXHBIM
SKCIIEpUMEHTAJIbHOEe  HAOIIOACHUE  3JIEKTPOHHBIX
CIIEKTPOB, OTCYTCTBYIOIIMX B IEPBOM MTPUOIVKEHUM.

7. PUABEPTOBCKHE COCOAHUSA ATOMOB
N MOJIEKYJI B TOHOC®EPE 3EMJIN

B nepuonbl MOBBILLIEHUST COTHEUHOM aKTUBHOCTU
1 GOpMUPOBAHUS T€OMAarHUTHBIX BO3MYIIEHUU B
roHocdepe 3eMiI MPOUCXOAST HEKOHTPOJIUPYyEMbIe
cropaguyeckue HapyllleHUsl CIYTHUKOBBIX CHUTHa-
JIOB TJ1I00aJIbHBIX HABUTALIMOHHBIX CITyTHUKOBBIX CU-
cteMm (THCC), yto o0ycnoBiaeHO (pa30BBIMU COOSIMU
U TPYINOBON 3aJepXKKOil MpU pacrpocTpaHEeHUU
anekrpomarautHoro CBY-u3nydeHus depe3 pe3o-
HAHCHYIO KBaHTOBYIO cpeny. ITouck myreit, obecne-
yyBapIuXx ycroiunBocth pabotel THCC, saBiasercs
dyHIAMEHTATbHOI HAayYHO-TEXHWYECKOM IIpo0JIe-
Moii. B atu mepuonbl Ha BbicoTax E- u D-cnoes
noHocdepbl 3eMin (QOpMUPYETCST CBEpX(OHOBOE
HeKorepeHTHoe BrIcoKodacToTHoe CBY-u3myuenue
¢ INIMHAMU BOJIH B IMAaria3oHe OT JACLIMMETPOBBIX 10
MUWJIJITUMETPOBBIX 3HAUYEHUI. DTO u3IydeHue o0y-
CJIOBJIEHO OTNITUYECKMMM MEPEXOaMU MEXIy opOu-
TaJIbHO BBIPOXIACHHBIMU PUAOEPTOBCKUMU COCTOSI-
HUSIMU aTOMOB U MOJIEKYJl aTMOC(EPHBIX ra3oB, KO-
TOpPBIE BO30Y:KIAIOTCS JIEKTPOHAMM B MOHOC(HEepHOIt
TJ1a3Me U HaXOMSITCSl B OKPYKEHUU HENTpabHBIX Ya-
ctul cpensl [3, 43, 44].

3aMeTUM, 4TO JOCTOBEpHast MHGMOPMAIINS O MOIII -
HocTu notoka CBY-u3nydyeHus B yka3aHHOM AMalia-
30HE JIMH BOJH B HACTOSIIEEe BpeMsI OTCYTCTBYET.
OTBeT Ha 3TOT BOIIPOC LIEJIMKOM 3aBUCUT OT 3HAHUSI
JUHAMUKU YIAPHOTO M paguallMOHHOIO TYIICHUS
pUAOEPTOBCKIX COCTOSTHUI ¥ KWHETUKU MX 3aCEICHUST
B HIDKHEH MOHOC(depe, T.e. OT Pe30HAHCHBIX ONTHYE-
CKMX KBAaHTOBBIX CBOMCTB BO3MYILIEHHOI1 cpensbl [43].

AHanmM3 CyIIEeCTBYIOIIMX 3KCIIePUMEHTaIbHBIX
ITaHHBIX ToKa3an, uto CBY-usnmydyenue ¢popmMupyer-
cs1 B aTMOC(EPHOM CJIOe, PACIIOJIOKEHHOM Ha BBICO-
tax 80—110 xm [45]. IIpu IpOXOXKAEHUU 3TOTO CIOS
du3nYeCcKrii MeXaHU3M 3aIdepKKU CITyTHUKOBOTO
CUTHaja B ASLIMMETPOBOM Juaria3oHe OOYCJIOBJICH
KacKaJoM Pe30HAHCHOIO paccesHUsI (pOTOHOB CUT-
Haa THCC Ha COBOKYITHOCTH PUIOSCPTOBCKHUX CO-
crossHuii. HauboJiee mepCcrneKTUBHBIM IMOAXOAOM K
HCCJIETOBAHUIO €T0 ONTUYECKUX CBOMCTB MOXKET CITy-
XKUTb ONHOBPEMEHHBIII aHaIu3 O00pa3yroIIerocs
CcBepx(OHOBOTIO IiIlyMa 1 BpEMEHMU 3aCP>KKU pacpo-
crpanenus curdana THCC, onpenensioniero ommo-
Ky MO3ULIMOHUpPOBaHUs [46].
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Hcronb3oBaHue cTaHOAPTHBIX METOIOB U3Mepe-
HUS IIIyMa He MO3BOJISIET 0OHAPYXUTh psill PU3UKO-
XMMHWYECKUX IIPOLIECCOB, OTBETCTBEHHBIX 32 (DOPMU-
pOBaHUE U BIUSIONINX Ha OIINOKY MO3UIIMOHUPOBA-
Hus. [11s peleHus 3a1a491 ypoBeHb (POHOBOTO IITyMa
ynoOHO npuBsi3aTh K usmepsieMomy curiainy F'HCC,
3aIepKKK pacIpoCTpaHEHUSI KOTOPOro O0YyCIIOBIIE-
HBbI IPOSIBJICHUEM OJHOIO0 U3 BaxKHEUIIIMX aTMocdep-
HBIX CTOJIKHOBUTEIBHBIX IIPOLIECCOB — OPOUTATBHO-
IO BBIPOXKIIEHUSI BEICOKOBO30YXKIEHHBIX COCTOSHUIA.
C 37011 LIeNBIO 1IeJIeCO00pa3HO MEepeiTH K ImapaMeTpy
CUTHAJI/IIIyM, II¢ IIOA CUTHAJIOM CJIeIyeT IIOHWMATh
YPOBEHB BBIIIEJIEHHOTo nmprueMHnKoM curHana THCC,
a IoJI IIIyMOM — BEJIMYMHY €ro IyKTyaluu.

I1ytn nampHeiinero pa3BuTUs COBPEMEHHOM T€O-
pMU CBSI3aHbI C pa3pabOTKOIi 6oyiee CTPOTUX METOIOB
ONMCAaHUS BO3AEICTBUS HENTPATbHBIX YACTUILL CPEIbI
Ha TMHAMUKY yIapPHOTO 1 PaIuallMOHHOIO TYIIEHUS.
ITpuuem B repByrO odyepenpb 31eCh ClIenyeT OPUEHTU -
poBaThCsl Ha 3JIEMEHTAapHBIE MPOLECCHl C YYaCTUEM
MOJIEKYJ a30Ta U Kucaopoaa. I[lokazaHo, 4To 1151 KO-
JIMYECTBEHHBIX OLICHOK BJIMSIHUS BO30YXKIEHHBIX Ya-
CTHUIl Ha CIeKTp HekorepeHTHoro CBY-usmydyeHus
aTMocdepsl HEOOXOOWMBI NPOBEICHWE IIpeIBapH-
TEJIbHBIX PacyeToB IMHAMUKM HeaanabaTU4eCKMX
nepexonoB mexay 11D puabeproBcKMX KOMILIEK-
coB [47], ToCTpOoeHME COOTBETCTBYIOIINX 3JIEKTPOH-
HBIX BOJIHOBBIX (DYHKIIMIf, BKJIIOYasi pacyeTbl -
MMOJIBHBIX MOMEHTOB pa3pellleHHBbIX IIePeXOnoB, U
onpenenenne Gopmbl TUHNN naiydeHus [48]. Tlomy-
YECHHBIC PE3YyJIbTaThbl JOJKHBI OBITb BKJIIOYEHBI B O6LLly}O
KMHETUYECKYIO CXeMY, KOTopasl yCTaHABIMBaeT 3aBUCH -
MocTb CBY-m3imydeHnsT OT TNIOTHOCTU U TEMIIEPaTyphI
HWXKHeil noHochepbl. Torna maHHbBIE CITYyTHUKOBOIO
MOHUTOPUHTA MH(PPaKPaCHOTO U3TYIEHUSI, COITPOBOXK-
nmaromiero CBY-uzimydeHue, MOTYT OBITh HEIOCPEII-
CTBCHHO HMCITIOJIb30OBAaHBbI OJIsd ACTCKTUPOBAHUA PUI-
OEepProBCKUX COCTOSTHUI U TMAaTHOCTUKY MapaMeTPOB
noHochepHOo T1a3Mbl [49—51].

CrenyouM BaXHbIM OOBEKTOM HCCIEIOBAHUS
aBJsieTcs 9PPEKT “BpeMeHHOMN 3aIePKKN~ CITYTHHU-
KOBBIX cUTHaJIOB. MoHOC(hepHbIe 3a1ep>KK1 CUTHAJIOB
CITyTHUKOBOI HaBUTAllUM U CBSI3aHHBIE C HUMU OLLIMO-
KW TIO3ULIMOHMPOBAHUS OIPEIENSIOTCS pachpeese-
HUEM BJIEKTPOHHOI KOHLIEHTpallMM Ha Tpacce CITyT-
HUK—NpUeMHUK [52, 53]. JlnuTenbHble UCCIIeI0BaHUS
BEPTUKAJIBHOU CTPYKTYpbl MOHOCGhEDPHI C MPUMEHE-
HHEeM MOHO30HIOB ITO3BOJIMJM HAKOIMUTb OOIIWp-
HbIIl 9KCNEPUMEHTAJIbHBIN MaTepua Io pacnpene-
JIEHUIO 2JIEKTPOHHOW KOHLEHTPALMY HUXE MaKCH-
myMma F,-ciost uoHochepnt (Huxe 400 kM oOT
nmoBepxHocTy 3emiu). PacnpeneneHue 3/JeKTPOHOB
BBIIIIE 3TOTO MaKCUMyMa MOHOC(epbl U3BECTHO 3HA-
YUTENbHO XyXe. OTHelbHble MaHHBIE O CTPYKTYpe
noHocdepsl Boie 400 KM ObUIH ITOJIYYEHEI B 9KCITE-
PUMEHTAaX 10 30HIAMPOBAHUIO UOHOCKHEPHI CO CITYT-
HUKOB. OFHAKO 3TUX JAHHBIX BCJIEICTBUE OTCYT-
CTBUSI PEryJsIpHbIX HaOJIIOIEHUII 0Ka3aJloCh HEI0-
CTaTOYHO IS 3MIIMPUYECKOTO MOJEIUPOBAHUS
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XUMUYecKo (pm3nkm BepxHeit moHocdepsl [54]. B
HacTosIlIee BpeMsl aKTUBHO IIPOBOASTCS HaOJIone-
HUSI, TI03BOJISIOIINE BOCCTAHOBUTh CTPYKTYPY BEpX-
Heit morocdeps! o curHasiaM GPS, mpuHUMaeMBIX
KaK Ha CITyTHMKAaX, HAXOOSIIUXCS Ha OKOJIO3€MHBIX
opbuTax, Tak 1 Ha Ha3eMHbBIX CTaHIUIX. Tak, HaIIpu-
Mep, B padote [55] Obl1a paccMoTpeHa 3amada 0 BOC-
CTaHOBJICHUM TPOGUIS 3JIEKTPOHHOI KOHILIEHTpa-
U1 B "oHOCc(epe 1Mo HabmoaeHussM curHajioB GPS,
KOTOpas pelrajiach METOgaM1 TOMOTpadumn.

8. BAK/IIOYEHUE

B Hacrosgmieii paboTte pacCMOTpPEHBI MPOILIECCHI
MOHM3AIMU C yYacTueM puadeproBCKUX aTOMOB BO-
JIopojia U BOAOPOIONOA0OHBIX aTOMOB. B ToM uuciie
paccMOTPEH KaHaJl MOHU3AaLMU ¢ 00pa3oBaHUEM MO-
JIEKYJISIPHBIX MIOHOB, KOTOPBIN peaau3yeTcst Mpy B3a-
UMOJEUCTBUM aTOMOB IIEJOYHBIX METAJIOB C yya-
CTHEM aTOMOB B HIDKHUX (P€30HAHCHBIX) COCTOSIHU-
SIX U TIPUBOIUT K 3PPeKTUBHOMY (HOPMUPOBAHUIO
$OTOMOHU3ALIMOHHON TIa3Mbl [56], a Takxke TIpu
“KoorepaTUBHOM JIIOMMHECHEHIMHN’, KOTOA CyM-
MapHasi 9HepTUsI MPU MapHbIX CTOJKHOBEHUSIX Mepe-
JlaeTcsl OMHOMY U3 aTOMOB-TIapTHEPOB.

Hapsny ¢ kjaccuuyeckKMMM MeETOIaMU TEOpUU
MIPUBJICUYEHBl CPABHUTEILHO HOBBIE TTOIXO/IbI, OCHO-
BaHHbIE Ha KOHLEMLIMU AUHAMUYECKOTO Xaoca Tpu
CTOJIKHOBEHUM YaCTHUIl C Y4aCTHEM BBICOKOBO30YX-
JIEHHBIX (pUAOEPTrOBCKUX) aTOMHBIX Y MOJIEKYJISIPHBIX
coctosiHuii. OnMcaHbl KBa3WKIaCCUYECKUE MOMIE
0o0pa3oBaHMsI U pacnajia CUCTEMbl CTOJTKHOBUTETLHOTO
Ka3UMOJIEKYJIIPHOTO KOMITJIEKCA U MPOAEMOHCTPHUPO-
BaHa aICKBAaTHOCTb MCTIOJIb30BAHMS IETEPMUHUPOBAH-
HOTO M CTOXaCTUYECKOTO MOIXOIOB K ONTMCAHUIO TUHA-
MUK Pa3BUTUSI MOHU3ALIMOHHBIX MPOLIECCOB B (DU~
3UKE aTOMHBIX CTOJIKHOBeHUil. [IpoaHanu3upoBaH
psia peakluii, MpoTeKalolMX B HUXKHEN noHochepe
3eMJIM U BIUSIIOIINX HA YCTOMYMBOCTh (DYHKITMOHU-
pOBaHUSI TIOOATBHBIX HABUTAILIMOHHBIX CITyTHUKO-
BBIX CUCTEM.

Pa6ora BrITTOTHEHA B paMKax roc3agaHnnst MuHu-
CcTepCcTBa HayKu M BhICIIeTo obpa3oBaHusi Poccuii-
ckoit denepanmu (Tema Ne 122040500060—4).
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