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1. BBEAEHUE

IIpenmaraemast craThst OXBATHIBAET OOJIEE TEM IT0JTY-
BEKOBOI I1€PUO/1, IKCIIEPUMEHTAJIBHOTO U TEOPETUIECKO-
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'O U3y4deHusd Cl)OprlI/IpOBaHI/IH HEYIIpYI'uXxX IIOTePb HEP-
' IIpU CTOJIKHOBEHUAX aTOMOB KSBD-SHepFI/IfI7 T. €. Ipu
CPpaBHHUTEJILHO HUSKUX CKOPOCTAX OTHOCUTEJ/JILHOI'O JIBU-
KEeHHs YaCTUull, MEHBIITNX CKOpOCTeﬁ aTOMHBIX 3JICK-
TPOHOB. §7CT8JHOBJ'IGHO7 YTO KapTUHa U BEJIMYNHBI ce4de-
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HUI HEYIPYTUX IPOIECCOB OIPEIeIsIOTCs CBOiCTBaMU
KBa3UMOJIEKYJ/IbI, KOTOpast 00pa3yeTcs pu COMMKEeHNN
JIByX ATOMHBIX YaCTHUI[ U PACIIaAeTCs IIPU UX pasJie-
te. Co3/laHne KOJIMYECTBEHHON MOJIeI KBa3UMOJIEKY-
JIBI IBUJIOCH BAXKHOM 3a1a9eil (DU3MKN aTOMHBIX CTOJIK-
HOBEHMUII, a TaKyKe HAILIO TpUMeHeHne B (pu3nKe IIa3-
MBI  JIJIsI PA3BUTHUsI METOJIOB aHAJIN3a BEIECTBA.

PasBurue npecraBiiennii 0 MpoOXOXKJIEHUU YaCTUIL B
BEIECTBE ABJISCTCA MPEIMETOM HEOCTabEeBAIOIIEro MH-
Tepeca B CBSI3M C BO3PACTAIOIIMM YUCJOM IIPUJIOXKE-
HUI (MCHOJIB30BAHME WMOHHBIX IMYYKOB JJIsl CO3JAHUS
HOBBIX MATEpPHUAJIOB U UX ANATHOCTUKM, PEIIeHUe MIpOo-
6J1eM TIEpBOIT CTEHKH B TOKAMaKe-PeakKTope, B acTpO-
dusuxe). BesycnosHo, cpean crenmanmnceTos, paboraro-
mux B 00JIaCTH B3aUMOJIEHCTBIST HOHOB K3B-3Hepruii ¢
TBEPIBIM TEJIOM, €CTh O0Ilee MOHUMAHNE, ITO B OCHO-
Be B3aMMOJIEHCTBUs HAJIETAIONIET0 UOHA C aHcaMOJieM
ATOMOB TBEPJIOTO TeJjia JIeXKAT TOCIeI0BaATe/bHbIE Tap-
HbIE CTOJIKHOBEHHUSI MOHA C ATOMAMK MUIIeHU. TeMm He
MeHee, TTPOJIOKAIOT UCIOIBb30BATHCS MOIXObI, UTHO-
puUpyIoIne JO0CTUKEHNsT (PU3NKH ATOMHBIX CTOJTKHOBE-
HUiT B Ta30BOil dase.

OpHoit 13 3a1a4 0030pa cTaJIo 00ODIEHNE HAKOTII-
JIEHHBIX dKCIIEPUMEHTAIbHBIX JaHHBIX. K auncity Hegas-
HUX JIOCTUXKEHUII MOXKHO OTHECTH pa3pabOoTaHHbIE aB-
TOpaMU CKEWJIMHTU JJIsi pacdeTa CeYeHuil obpazoBa-
HUS BaKAHCHI BO BHYTPEHHHUX 3JEKTPOHHBIX 00OJIOYU-
KaX CTaJKUBAIOIIMXCs aToMOB (pa3z. 2—4). [Ipeoxe-
Ha MOJIeJib, YCTAHABJIMBAOIIAS CBSI3b IIPOIECCOB MOHU-
3alUU C BEJIMYUHOM Heylpyroil norepu sHeprun (pas.
2.3). DU jaHHBIE AKTYAJbHbI KaK JJId PA3BUTHs Me-
TOJIOB aHaJM3a COCTABA BEIIECTBA C UCIOJIB30BAHUEM
[IyYKOB MOHOB WJI ATOMOB, TaK U JIjisi PA3BUTHUsI [IPE/I-
CTABJICHUIT O TOPMOYKEHUN YACTHUIL B BEIIECTBE.

B o0630pe mokazamo, 9T0 BO3OYKICHNE ABTOMOHN-
3aIlMOHHBIX COCTOSIHUI B KBA3UMOJIEKYJIe JIOJI2KHO 00si-
3aTe/IbHO YIUTBIBATHLCS IIPU PAcIeTe TOPMOKEHUS Tac-
TuI K3B-3nepruit B BemecTBe. YCTAHOBIIEH BKJIAT 9TOTO
MeXaHU3Ma B TOPMO3HBIE CIIOCOOHOCTH, a TaKKe MPe/l-
CKa3aHa [MOPOroBasi 3aBUCUMOCTDb CEUEHUsI TOPMO3HBIX
OTEeph OT dHEPrUu OOMOAPAUPYIONINX MOHOB, UTO HE
MOXKeT OObSICHUTH HU OJHA U3 CYIIECTBYIOIIUX Teope-
THUecKuxX Mojeneil (pasm. 7).

YcranosjaeHa BaykKHas POJIL MeEXaHN3Ma, BbIIBUYKE-
HUsl 9JIEKTPOHOB HAPYXKHBIX 000J109€K B (POPMUPOBa-
HUM HEYNPYTUX II0TEPh (10 AHAJOIUA ¢ BbLIBUKEHUEM
9JIEKTPOHOB BHY TPEHHUX 00O0JIOUEK ), UTO JIOJITOE BPEMSI
0CTaBaJIOCh HEMTOHATHIM. B mTore (hopMuUpyIroTcst BBICO-
KOBO30Y2KJIEHHbIE aBTOMOHU3AIINOHHBIE COCTOSIHUS U3
CJIADOCBSI3aHHBIX 9JIEKTPOHOB. DTH COCTOSIHUSI MOL'YT
pacmagaThcs KaK MyTeM aBTOMOHUBAINN, TaK W IIyTeM
MIEPEX0JIOB JIEKTPOHA B KOHTUHYYM BCJIEICTBUE JTUHA-

MUKHU coypapenus (B HameMm o630pe Mbl OyjeM Ha3bl-
BaTb 9TOT IIPOLIECC JUHAMUYECKON HOHHS&HHﬁ).

Cremyer OTMETUTD, YTO JAUHAMUAYIECKAS MOHU3AIINS
CBsI3aHA C IPOSBJIEHUEM IIPUHIUIIA HEOIPEIEIEHHOCTH
Teiizenbepra, KOTOPBIt TOBOPUT, UTO B CJIydae 3aBUCH-
MOCTHU SHEPIUU KBA3UMOJIEKY/ISIPHOIO T€PMa OT MEXK'b-
SITIEPHOTO PACCTOSIHUS JIEKTPOH MOXKET MMETh JIIOOYTI0
SHEPI'WIO M B TOM YHCJIE OKa3aThCd B KOHTHHYyMe. B
9TOM OTJINYME JUHAMUYECKON MOHU3AIUU OT IMPIMOit
MOHU3AINN, 00YCIOBJIEHHOHN KYJIOHOBCKUM B3anMOJIEl-
CTBUEM HAJIETAIOIIEH YaCTUIbI Ha JIEKTPOHHYIO MI0JICU-
cremy. B paz. 5 06cyKIaioTes oxKe-Tiepexoibl B KBa-
sumoJiekysie. [lokazana IpUMEHUMOCTD CYIIECTBYIOIIAX
KBAHTOBO-MEXaHUIECKUX MOJEJIell OMMCAHUS ITOrO SIB-
JIEHUsI, YIUTHIBAIONIUX IIPOSIBJIECHUE JIMHAMUKN COYIa-
perusi. B pazm. 6 MbI NPpUBOIUM PE3yJIBTATHI IKCITE-
PUMEHTAJILHOI'O UCCJIeIOBAHUS TIPOSIBJICHUS] JTUHAMITIE-
CKOl MOHM3AIMH U COIIOCTABJIEHNUS BKJIAJI0B ABTONOHM-
3anun ¥ AuHaAMUYecKoil nonnsarun. JlocTurayro Kosn-
YeCTBEHHOE OIMCAHKE CIIEKTPOB JIEKTPOHOB U CEUEHMI
noHu3aImu. BelsicHeHa TPUPO/Ia HEIIPEPHIBHOM COCTaB-
JIATONIEl B CIIEKTPAaX JIEKTPOHOB, SMUTHPYEMBIX IIPHU
COYJIAPEHUSIX.

KBasumostekysgpHas MoesIb oIy 9ujia MHOTO yoe-
JUTEIbHBIX IOITBEPKIACHUI B IOCJIEIYIOMNX IKCIIe-
PUMEHTAJIbHBIX UCCJIeOBAHUSIX, & TaKxKe JaJibHeiilnee
pasBuTHe B Teopermueckux paborax. K coxkajieHuto,
U3 MHOTOYUCJICHHBIX ITyOJIMKAIUI [IepHoa CTAHOBJIE-
HUs KBa3UMOJIEKYJISIPDHOH Mozenn (cM. o630pel [1-4])
He cJieJ1aH 0000IIAOIINIT BBIBOJL, BEIHECEHHBIN B 321010~
BOK JIAHHOI CTATbU, O MEXaHW3Me HEYIPYyTHuX HOTeDb.
Kak npaBuiio, ncciie/loBaHus COCPEIOTOUEHBI Ha aHa-
JIn3e KaKOro-TO OJIHOI'O U3 IMPOSIBJIEHUI BO30YKIEHUsI
ABTOMOHU3AIMOHHBIX COCTOSHUI, HATTPUMED, (DOPMHIPO-
BaHUs 3aPIOBBIX COCTOSIHUN CTAJKWBAIONINXCS YaC-
THI], BBIX0J[a PEHTTEHOBCKOI'O M3JIyIEHUs] WJIA SMUCCHE
9JIEKTPOHOB. B nannoit pabore mpeicraBiieH BBIBOI, O
BO30OY2K/IEHNN U PACIA/I€ ABTOMOHU3AIMOHHBIX COCTOs-
HUII KaK OCHOBHOM MeXaHH3Me HeyIPYIUX IOTePh IPHU
CTOJIKHOBEHUH aTOMOB B K3B-inamnasone sHepruii.

2. OBPABOBAHUE BAKAHCUI B
L-OBOJIOYKAX CTAJIKNBAIOIIINXCA
ATOMOB

2.1. CkeiisiuHru Jjisi ceYeHuii oopa3oBaHus
L-Bakaucwmii

dBreHns BO BHYTPEHHUX IJIEKTPOHHBIX 000JIOUKAX
CTAJKUBAIOIINXCA ATOMOB — OOBbEKT MHTEHCUBHBIX HC-
CJIEJIOBAHUI, HAYUNHAS C 3aPOXKICHUS (DU3NKHN aTOMHBIX
crosnkHoBeHnii. IlepseiM (Ha pyGexke 60-x TO0B 1IPO-
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IIJIOTO CTOJIeTHsT) OBIIIO JOCTUTHYTO IOHUMAHUE MeXa-
HU3MOB HOHU3AIMH BHYTPEHHUX 060J0YEK GeccTpyk-
TYPHBIMHU YACTUIIAMU: TPOTOHAMHU U aJIb(ha-dIaCTUIIAMHE.
Wonuzanusi B 3TOM cjrydae 06yC/IOBJIEHa TPSIMBIM Ky-
JIOHOBCKUM B3aUMOJICHICTBHEM HAJIeTAIONell JacTUIlbI
¢ asrekTponom aroma. Ha pybexe 70-x romos wmccire-
JIOBaHUsI HEYTIIPYTUX IIPOIECCOB MOJIYUNUIH CyTECTBEH-
HBI UMITYJIbC JIJIsI CBOETO Pa3BUTHS W C(HOPMUPOBa-
JINCh B OJIHO U3 HamboJjiee 3HAYUMBIX HAIPABJICHUNA B
dusnke aTOMHBIX CTOJKHOBeHUN. OCHOBHAsT IPUYNHA
— oOHapy KeHne B 9KCIEePUMEHTAJIBHBIX padorax [5-10]
HEOOBIMHO OOJIBIIIX CeUeHUT HOHU3AINN y2Ke IPH KIB-
SHEPrusX COYJAPEHHsl [0 CPABHEHUIO C HOHU3AIUEH
dororamu, sjekTpoHaMu Uiu nporoHamu. OCHOBOIO-
JIAPQIONIUH TIar B TMOHUMAHUU OOHADYKEHHOIO sIBJie-
HUs ObLT clesan B pabore [11], mae K TakuMm CTONK-
HOBEHUSIM TPUMEHUIH TPUOIMZKEHNE KBA3UMOJIEKYJIbI
— KOPOTKOXKUBYTIEH CUCTEMBI U3 IBYX CTAJTKNBAIOTIIX-~
¢Sl ATOMOB, YHEPreTHIeCKNe YPOBHU KOTOPOW MEHSIIOT-
Csl TIPU U3MEHEHUN MEeXKbsIJIEPHOTO paccTostams. Pano
u Jluxren [11] mpemIOXKUIN UCIOIL30BATE IPHOTIHIKeE-
Hue MoJieKyspubix opburaseit (MO), coryacuo KoTo-
POMY 3JIEKTPOHBI PACCMATPUBAIOTCS KAK HE3ABUCHUMBIE
YACTHIIBI, JBUKYIIUECS B 9KPAHUPOBAHHOM TIOJIE siiep
(cm. puc. 1).

B CTOJIKHOBEHUAX ATOMOB CpeJHUX Macc (B Kade-
cTBE IpuUMepa paccMmarpuBaJics ciaydaii Ar—Ar) npu
COJIMYKEHNN YaCTHIl JIO0 MEXKbsJIEPHBIX PACCTOSTHUIA,
CPaBHUMBIX C pajmycaMu L-000J0UeK, MOJIeKYIsTpHAST
opburass 4 fo, popMupylonascs u3 2p-ypoBHeil cTaJi-
KUBAIOIINXCsST ATOMOB AT, PEe3KO BBIJBUTAETCS U TI€pe-
CEKaeT HECKOJbKO BEPXHUX BAKAHTHBIX yposHeii. [lpn
epexojiax JEKTPOHOB € paccMaTpuBaeMoil opburam
Ha, CBOOOHDBIE YPOBHU MPU pPa3jere YaCTUIl MOKET 00-
pa3oBaThCsl OJHA WJIM JIBe BAKAHCUU BO BHYTPEHHeH
L-060s10vKe 1 BO3HUKAET aBTOMOHU3AIIMOHHOE COCTOSI-
nre. BosbIinme cevwenns HEYIPYTUX MOTEPH OBLIH 00b-
SICHEHBI 00pa30BaHUEM BHYTPEHHUX BaKAHCHUU BCJIEI-
CTBUE JIEKTPOHHBIX MIEPEXOJIOB MPHU TIEPECEIEHNH TN
COTIMKEHNN yPOBHEH KBA3UMOJIEKYIIBI U UX ITOCTEIYTIO-
UM PACIaJIOM BCJIEJCTBUE OXKe- WA PaIUAIIOHHBIX
epexoJIoB. B urore, Heynpyrue norepu SHEPIUU B OT-
JIGJIBHOM aKTe COYIapEeHUsl CKJIQJIBIBAIOTCS U3 3aTPAT
KUHETHIECKON SHEPIMU CTOJIKHOBEHUsI Ha MOHU3AINIO
ATOMOB-TIAPTHEPOB U SHEPTUI0 SMUTUPOBAHHBIX JJIEK-
TPOHOB WJIM KBAHTOB.

Pesynbrarst pabor [5-7| GblIn HOATBEPKICHBL IKC-
nepumentamu [10-13]. B wacTHOCTH, B COOTBETCTBHU
¢ mupenckazannem wmojiesin Pamo—JIuxrena, wro mpn
CTOJIKHOBEHUSIX Da3HbIX mapTHepoB 4 fo-opburasb
dopmuupyercs 3 2p-000J0UKH TAPTHEPA COYIAPEHUS
C MEHBIIUM ATOMHBIM HOMEPOM, 3IKCIHEPUMEHT MO/
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Puc. 1. KoppensiunonHass gmarpamma gns cucrembsl Ar—Ar
[11]. CTpenka geMOHCTPUPYET N3MeEHEHNE MEXBSIAEPHOrO pac-
CTOAHUA I'IpVI C6J'IVI)KeHVIVI n pa3neTe HacTuy,

TBEPJMJI, 9TO BaKaHCUU OOPa3yloTCs B NapTHEpEe ¢
MEHBIITIM aTOMHBIM HOMEPOM.

B nocsepyromux paborax [14] 6buio cymiecrsen-
HO TMOBBIIIEHO SHEPIeTUIECKOe Pa3peIeHne IPU U3Me-
PEHUU CIEKTPOB I[OTEPh SHEPIWH IIyTEM ITPUMEHEHS
METOJIUKHU COBITQJIeHNI, KOI/[a HAIPSIMYI U3MEPSLINChH
9Hepruu 00OUX ATOMOB — TAPTHEPOB CTOJKHOBEHUS.
DTO0 MO3BOJIMJIO ONPEIETUTh IPUPOJIHYIO IIUPUHY JIU-
HUi, KoTopasi okasajach 65+ 15 3B st cayuass Ar—Ar
[14]. Bouio nokazaHo, 4To OxKe-pacuaj, BAKAHCUH [PU-
BOJWUT K MOHU3AIMK YACTHUI, DU ITOM B CPEJIHEM yja-
snsercs 1.4+ 0.2 sjekTpona Ipu 3ar0THEHNN OJTHOM Ba-
KAHCHH.

DKCIEpUMEHTAIBHO yCcTaHOBJIeHHbIE [5—7,10,13,14]
3aKOHOMEPHOCTH oOpa3oBanus L-BakaHcuit HATOJIKHY-
JIH HA MBICJb O BO3MOYKHOCTHU OIPEJIECJICHUS CEUCHUI
nonn3anun L-000/09Kn /T Pa3IUIHBIX KOMOWHAITMIH
APTHEPOB CTOJKHOBEHUST PACIETHBIM mryTeM. Jljist aTo-
ro paccMoTpuM 0OoJjiee TOAPOOHO BEPOATHOCTHL 0bOpa-
30BaHMs L-BakaHCHil BCjencTBue BblnBuKenus: 4fo-
opbuTasu. Bbuio mokasamno, UTO BEpOSATHOCTH 0Opa-
sopanus onuoit Wi(Ro) u msyx Ws(Ry) Bakancwuii
3AaBUCAT B OCHOBHOM OT PACCTOSHUS HAUOOJIBIIErO
cOmmkenusi dactull Ry u cjiabo 3aBHCIT OT CKOPO-
CcTH coyiapeHusi. BBeseM BerioMoraTeibHYO (DY HKITHIO
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Puc. 2. 3aeuncumocts BeposiTHoCcTU obpasosaHusi L 3-
BakaHCUW OT AOCTWUFHYTOrO paccTosHusa Hanbonbliero cbam-
xerusi Ro [15,16]

W(Ry) = Wa(Ro)+0.5W1(Rp). Ha puc. 2 npescrasie-
HA 3aBUCHMOCTH BEPOSITHOCTH O00PA30BAHUS BAKAHCHUH
JJIst OOJIBIIIOTO YUCJIA MCCJIEOBAHHBIX CIIy9IaeB OT J0-
CTUTHYTOIO PACCTOSTHUST HAMOOJIBINEro cOMmKeHust Ry.

Kak wm3BecTHO, 9acTHIBI MPOXOMAT OOJIACTD KBa-
3UTepecedeHnsT MOJIEKY/ISIPHBIX YPOBHEH JIBAYKIbI, TIPH
cOmmKennn u pazsere dacTur]. Ecin BepoSTHOCTD Ire-
pexosia P, TO BEpOSITHOCTH Mepexo/ia IPU JIBYKPATHOM
npoxoxkaeann W = 2P(1— P). ITpu 00bIX 3HAUCHASAX
P 3navenne W me mpesbimaer 0.5, 9T0 TPOTUBOPETUT
9KcIepuMeHTy, rne nabionaerca W = 0.95. annoe
nporusopedne 6b110 06bsicHeHO B pabore [17] Bo3MOXK-
HOCTBIO TIEPEMEIUBAHIS BHICOKOBO30Y XK JIEHHBIX COCTO-
SIHUIT IPU JIBUYKEHUU YaCTHUIL OT PacCcTostHust R, 10 TOY-
K1 11oBopoTta Ry u obparHO.

VcranoBiieHHAs HAMUA JJ1si OOJIBIIIOTO YUCTIA CJIyda-
€B 3aBUCUMOCTH BEPOATHOCTH OOPA30BAHUS BAKAHCHUN
OT JIOCTUTHYTOTI'O PACCTOSHUS HAMOOJBITEro COJMKe-
nusi Ry mo3BoJimiia mpejioyKuTh MPOIELy Py OIpeiesie-
HUsl CeUeHns] MOHW3AIuu L-000JI09KN I PA3INIHBIX
HeN3yYeHHBIX KOMOMHAIINN IAPTHEPOB CTOJIKHOBEHUSI C
HOMOIIBIO0 Macirabuposanust [16].

Bepogarnocts obpasoBanmnsa L-BakaHcunm Ha MeKb-
SIIEPHOM paccTosiHuu Ry MOXKeT ObITh OIMCAHA B 9TOM
cJIydae BbIpayKeHneM

1
5+exp['y(§—‘;—1)}’

W (Ro) = (1)

rae § = 1.02, v = 22.8, a mapamerp R} oupenensercs
u3 ycaosud W (Rp) = 0.5 u G6iM30K K MEKbsIePHOMY
paccrostuio R, Ha KOTOpoM 4 f o-opOuTaJb mepecekaer
He3all0JIHeHHbIe BepXHUE YPOBHM.
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Puc. 3. 3aBucnmocTs napameTpos Ry, (nycTble cumBosibl) u Re
(3akpalueHHble CUMBOJIBI) OT CyMMBbI 3apsifloB Si4ep CTaKMBa-
rowuxcst Hactuy, Z1 + Zs npu Bo3byxgenun L- n M-obonodex.
LLTpnxn — pe3ynbTaTbl pacHeTOB MOJIOKEHUSI TOYKU Mepe-
CeyeHUsi MOJeKysisipHax opbuTaneil ANsi pas/inyHbIX CUCTEM

[18-20]

Ha puc 3. npusenena 3aBucuMocTs napamMerpoB R
u Ry JJis Pa3iIMaHbIX KOMOMHAIUI CTAJTKIBAIOIIIX-
Csl JacTHUIl. IJTa 3aBUCUMOCTb it R, ObLIa I0JIy4e-
Ha B [15] myrem 06paboTKU CyINECTBYIONMX IKCIEPU-
MEHTAJIbHBIX JAHHBIX O I[OpOrax Bo30yzkiaeHud Lo 3-
000JIOUKU TPpU CTOJIKHOBEHHSIX ATOMHBIX YaCTHUIL KaK
B ra30BOii, Tak u B TBepmoit dazax. [losyuennas 3a-
BUCHMOCTH XOPOIIO COIJIACYEeTCs € PacdeTaMu I10JI0-
JKEHUsT TOYKHU TIePECeIeHIs] MOJIEKYIISPHBIX OpOUTAJIEit
JUIst pasauaHbIx cucreM [18-20] m npumeHmma TpH
71+ Zo > 20. 3aBucuMocTh Ui Kanajaa 3do moIydIeHa
B HACTOsIIIel pabore (cM. HUXKE).

Ceuenne HWOHU3AIMK, CBSI3aHHOE C BO30YZKJICHH-
eM Lj 3-000/109KH, MOXKET OBITH IOJIyYEHO CJIeLyIO-
muM 00pa3oM: CHaJaJia OIpeiesdercs napamerp Ry
10 JIAHHBIM, IOKA3aHHBIM HA PHUC. 3, a 3aTeM cede-
HU€ MOHU3AIUU PACCUNTHIBACTCH IIyTeM WHTEPHPOBAa-
uust W[Ro(b)] mo Bcem mapamerpam yuapa:

o (Ey) = 22N / W [Ro (b)] bdb, 2)

e N — 00pa3yoIIUXCs  [IpU
maibix Ry. CBazp mapamerpa yzapa b u paccro-

sAHUsT HambOJIbIIero coOmmkenns Ry onpenensercs

YUCJIO BaKaHCUi,

u3 ypasuenus b = Ro(1 — U(Ry)/Eems)'/?, rie
Eems = My/(My + M2)Ey — sueprus coyaapeHus
B cucreme meHTpa macc, My m My — maccel cras-

KHUBAIOIUXCA YaCTHUIL. 3aBUCUMOCTD RQ or b MoxKer
ObITH paccduTaHa C HUCIIOJIb3OBaHHEM IIOTeHIIuaJIa
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Puc. 4. VHuepcanbHasi KpuBasi 41t CeHeHUst BO3DYXaeHNs
L2,3-06onoukn [16]. Toukn — sKcneprMeHTasbHble faHHble N3
pabot [23-27]

B3auMogieficTeust, Hanpumep, [21, 22|. Tloayuennas
3aBUCUMOCTD INPUBEJICHA HA PHUC. 4 B YHUBEPCAJIbLHBIX
KOOpJIMHATAX — cedeHme HopMuposano na mNRZ, a
HEPrusl COyJapeHus B CUCTEMe IEHTPa MacC OTHECEHA

K 3HAYEHUIO noTeHnmaa npu R = R..

Kak Buano na puc. 4, ynusepcaJjbHast Kpubas X0po-
110 OIIMCBIBACT KaK cJiydail obpasosanud Lo 3-Bakancuii
npu cronakHoBeHusix Ar-Ar [23, 24|, Tak u ciyuait
MOHU3AINN HApPYKHBIX L-000/04uek B cucreme Ne-Ne
[25-27]. C moMOMIBI0 MIPEIOXKEHHOIO CKEFIMHTa MOYK-
HO OIEHUTH CeUEeHNE MOHM3ANY [-000JI0YUKN JIJIsT HEUC-
CJIEJIOBAHHBIX CJTYIA€B.

[Tpu pe3Ko HECUMMETPUIHBIX CTOJTKHOBEHUSIX NOHU-
zamus L-o0os0uku Ar BesencTBue BbLABHyKeHUs 3do-
u 3dm-opburaseil HabmOnAIACH BIIEpBbIe B padore [28]
npu croskHoBernsx N—Ar u Ne-Ar. U3 momyuen-
HBIX 3aBUCHUMOCTEl BEPOSITHOCTU 0Opa30BaHUsI BaKaH-
cuif 0T MEXKDbAJEPHOTO PACCTOSTHUSI MOYKHO OIIpe/ie-
JINTHh XapaKTepHbIe PAcCTOsHUsT Ry, J1Isl BBIIBUKEHUS
3do-opburaJin s 3TUX cUcTeM. AHAJOIMYHBIE OIEHKN
Rp MOXKHO TIOJIyYHUTH TakKe s ciaydaeB Ar—Ar, N—
Ar, O—Ar, ucnosnssys naunsie pabor [3,28-30]. 3asu-
CUMOCTDb XapaKTEPHOI'O PACCTOSIHUS JIJIsI BbIIBUZKEHUSI
3do- u 3dm-opburasneii OT CyMMBI 3apsiIOB MAPTHEPOB
COyJIapeHusT TaKKe MPUBEJIEHA Ha PUC. 3, YTO MO3BO-
JISIET TOCTPOUTH CKEHJIUHT JIJIsi ONPEJIEIEHUsT CeUEHUST
MOHU3AIUU, OOYCIOBJIEHHOIO STUM KaHAJIOM.
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Puc. 5. DHepreTnyeckne cnekTpbl 31EKTPOHOB MPU CTOJKHO-
serusx CIT, Arf—Ar npu sneprun 50 k3B [33], ST—Ar npu
sneprum 40 k3B [35]

2.2. DMuccusi XapaKTE€PUCTUYIECKOTO U3JIy YeHUsI
" 02Ke-3JIEKTPOHOB IIpU pacnajie L-BakaHcUt

Pacna g obpasyromuxcst BHyTpEeHHIX BaKAHCHHA TPH-
BOJIUT K SMUCCHH OYKe-3JIEKTPOHOB [3,24,31-33| u xa-
pakrepucrudeckoro usiaydenus [34]. Ha puc. 5 npuse-
ZIeHbI CIIeKTPHI 3J1eKTponos ms cucrem ST, CIT, Art—
Ar.

B cmekrpe 3eKTpoHOB HAOJIIOMAIOTCH JIBE OCHOB-
Hble KOMIIOHEHTBI: IIPU HU3KUX SHEPIUSIX JIEKTPOHOB
UMeeTCsl BKJIAJ OT PAaclajia aBTOMOHU3AIMOHHBIX CO-
CTOSTHU{, CBSI3AHHBIX C BO30YKIEHUEM HAPYKHBIX 000-
Jiouek, a mpu sHepruax okosio 200 3B wabmiomaeTcs
rpylia XapaKTePUCTUIECKUX OXKe-3JIEKTPOHOB BCJIE]I-
cTBUE pacraja 2p-Bakancuili 8 Ar. Boicokasi 4yBCTBU-
TeJIbHOCTD, IOCTUTHYTasd B HAIIIUX dKCIIEpUMEHTaX, 1103~
BOJIMJIA ODHAPYKUTH OKe-IIEPEXO/bl HOBOTO THIIA —
TPEeX3JIeKTPOHHbIE 0xKe-1iepexonobl (muku upu 300-400
5B ma puc. 5), KOrja JBe BAKAHCUU 3AlOJHAIOTCI C
UCILyCKAHIEM OJIHOTO OXK€-3JIEKTPOHA, YHOCHAIIETO BCIO
SHepruto 0b6oux mepexonos. [Tockoapky B ciayaae Cl-Ar
obe BakaHCHU 0OPA3yIOTCA B JIETKOM IIAPTHEDPE COya-
perust — Cl, BEpOSITHOCTH TPEX3JIEKTPOHHOT'O TIEPEXO/TA
OKa3bIBAETCsl BBIMIE, YeM B CJIydae CTOJKHOBEHUH Ar—
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Puc. 6. 3aBUCMMOCTb CeHYeHN SMNCCUN XapaKTePNCTNHECKOTO
M3/1yHeHUs NPU CTOJIKHOBEHNM Pa3finyHbIX NoHOB ¢ Ar. Jlunun
€ To4ykamuy — Hawm ganuble. CnaowHble anHun — AaHsle [34]

Ar, Korja BaKaHCUU MOT'YT OBITH PACIPEEIEHbI MEK LY
maprHepamu coymapenns. OOHapysKeHne 3TOrO sABJIe-
HUSI BBI3BAJIO BCILIECK MHTEPECa K IJIEKTPOHHBIM KOP-
peasinnoHHbIM 3(ddeKTaM B aTOMHONU (U3NKe U pas-
BUTHE TeOpeTHIecKux mccaemoBanuit. [lonpobmoe pac-
CMOTpEHNE KOPPEJINPOBAHHBIX IIEPEXOJI0B MOYKHO Haii-
T B [35-37].

Ha puc. 6 upejcraBjieHbl 3aBHUCUMOCTU CEYEeHUI
OMUCCUN XapaKTepHCTI/I‘IeCKOFO I/ISJ’[y“IeHI/ISI7 I/I3MepeH—
uple B paborax [34], u namwu maunnbie nig cucrem N,
Ne, Ar-Ar. Kak BugHO Ha puc. 6, cedyeHusl SMUCCUU
XapaKTePUCTUIECKOIO U3JIyUYeHUs B CJlydae o0pa3oBa-
HUsI BHYTPEHHUX BAKAHCUN W3-3a BBIJIBUKEHUS OpOUTa-
Jieil Ha MHOT'O TIOPSIJIKOB IIPEBBIIIAI0T TAKUE YKe CeUEHUST
pu 6oMOGaPINPOBKE TIPOTOHAMU U aJIb(da-TacTUIIAMA.
Usmepennblie cedenusi o0pasoBanus Bakaucuii [14, 28]
COBIIAIAIOT C CEYCHUSIMA SMUCCHU XapPaKTEPUCTUIE-
CKUX 0yKe-3JIEKTPOHOB M Ha HECKOJIBKO IOPSIJKOB IIpe-
BBIIIAIOT CEUYCHMUS SMUCCUU XaPAKTEPUCTUIECCKOTO U3-
JIy9I€HUsI, TOCKOJIbKY BBIXOT (DJIF0OPECIIeHInT MaJjI. B To
JKe BpeMsl [I0POru 00pa30BaHUs BAKAHCUI, SMUCCUN Xa-
PaKTEPUCTUIECKUX OYKE-3JIEKTPOHOB U M3JIyYEHUs COB-
nagaior. Hampumep, BBIXOI (DIIOOPECHEHIINA TIPU 3a-
nonaernu Lg 3-Bakancun Jis ciaydas Ar—Ar B6smsn
opora obpaszoBaHmsT BakaHcuil cocrasisier 3 - 1074 u
CYIIECTBEHHO YBEJININBAETCS ¢ POCTOM 3HEPIUU COya-
perust 0 2 - 1073 npu Ey = 50 x3B. Cornacno [38],
BBIXOJ (DJIIOOPECIICHITNN TIPU 3AIIOJHEHUN 2p-BaKAHCHI
3aBUCAT OT 3apsiga MOHa. J[jis HaIIero pacCMOTPEHUs
BaskKHO, YTO Ha IIOpOore oOpa30BaHUs BAKAHCUU BBIXOI
JirroopeciieHInn OJIM30K K 3HAYEHUTO JIJIT HeRTpabHO-
ro aToMa, T. €. IIPOM3OIIIe]I IIEPEX0]T HJIEKTPOHA Ha BbI-

COKO PAaCIOJIO’KEHHBIA KBA3UMOJIEKYJISPHBINA YPOBECHb.
IIpu pocre sneprum coyiapenust UMeeT MeCTO HOHU3a-
sl HAPY2KHON 00O0JIOYKHU M BBIXO/[ (DJIFOOPECIIEHIINN B
paccMaTpuBaeMOM CJIyvae 3aMeTHO BO3PacTaer.

2.3. BsauMmocBs3b MOHU3AAU YACTUIL U
HEYIPYTHUX MIOTEePh SHEPTUM IIPU COYJAPEHUIX
aTOMOB CPEIHUX Macc

Bosiee BHUMATEILHOIO U JeTAJILHOTO OOCY¥KJICHUS
3aC/Iy>KUBAeT B3aUMOCBA3b HMOHU3AIUM YACTHUIL IPU
CTONMKHOBEHNAX U HaOIIOJaeMBIX HeyIpYyrux HOTephb
SHEpruy. BeJm4uHy Heynpyroil HOTepH SHEPIUU MOK-
HO OICHHUTDb U3 CJeAyIomeil MoJeau: s 00pa30oBaHust
OUepeIHOr0 aBTOHOHN3AIINOHHOTO COCTOSHUA TpebyeT-
sl TIepeBeCTH B BO3OYKIEHHOE COCTOSTHUE JBA, 9JIEKTPO-
Ha, JJIs 9ero NnoTpebyercs 3aTpaTa SHEPrUH, paBHAsI
CyMMe JIByX TOTEHIHAJOB BO30y»KieHus. lloTenrmasn
BO30y XK eHust Ee, (1) JJIs MIOHOB PA3JIMIHON 3apsiHO-
CTH 1 JIETKO OICHUTL CJIe/LyIONUM 00pa3oM:

Eew. (i) =1, — 136 <ZTﬁ>2 (3)

rae I; — IOTeHnras HOHU3AIUN ATOMHO JaCTHUIIBI C 33~
PATOM %, Zefr — 9PPEKTUBHEBIN 3apA], 0CTOBA aTOMA,
n — IJIABHOE KBAHTOBOE YUCJIO BO30YKIEHHOI'O YPOB-
usi. [pu BO30y K eHIN OTHOTO JIEKTPOHA MBI [TOJIAraJIN
Zepy = 1, Ipu JampHEHIIIEM BO30YKICHNT Zoff yBEIH-
ausaercs Ha 0.65(N — 1), tne N — qucio Bo3OyxKaeH-
HBIX 3JIeKTPOHOB. [lompaBka Ha dKpaHUPOBAHWE yUIU-
reiBaercd 1o npasuity Cierepa [39).

Kak Bumno wa puc. 7, TpeJIOKEHHAs MOJIEIb
YCIIEIITHO OIUCHIBAECT HADJIIOIaeMble 3HATEHUS] HEYIIPY-
MUX I0TE€Pb SHEPruu. BaskKHO OTMETHTH, YTO BKJIA]L
MOHU3AIMOHHBIX OTeph cocTasisier 40—60% ot momHoi
[IOTE€PU SHEPIUU. DTO CBA3AHO C TeM (HaKTOM, ITO JJIst
00pa30BaHns aABTOMOHW3AIMOHHOTO COCTOSIHUS HYZKHO
BO30OY2K/IEHNE JIBYX JIEKTPOHOB, T. €. 3aTpaTa JABYX I10-
TEHINAJIOB BO30YKIEHUs, & [JIsi IEPEXOJ0B B BBICO-
KOBO30Y2KJICHHBIE COCTOSTHUS TIOTEHINAJ BO30Y XK IeHUsT
OJIM30K K TOTEHITHAJY HMOHU3AIWH. B IpeiozKeHHO
MOJIeJI He Yy4YTeHa BO3MOXKHOCTH MHOT'O3JIEKTPOHHBIX
02Ke-TIEPEXOJIOB, KOTOPBIE MOTYT MOBJIUATH HA PACCMAT-
puBaemoe orHomenne. B wactHOoCcTH, Tipu pactaje L-
BakaHCHi B crucreme ArT—Ar mabimosasoch yiaaseHue
1.4 £ 0.2 s1exkTpoHa Ipn 3aII0JTHEHIHN OTHON BaKAHCHIA,
9TO CBS3aHO C ABJICHHEM BCTPSICKU ATOMA IIPU 3ATI0JI-
Hennn L-sakancun [14].

PacemorpuM noHM3anuo acTUIl Mpu COyIapeHus x
NetNe. Ha puc. 8 a npejcrapiiena 3aBICEMOCTD YHCIIA
V/IaJeHHBIX 3JIEKTPOHOB OT JOCTUIHYTOIO PaCCTOSTHUSI

9*
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Puc. 7. CpaBHeHue 3HayeHuWii cpefHeli Heynpyroii notepu
3HEPrun B 3aBUCHMOCTH OT YNCIA YAaIeHHbIX 3JIEKTPOHOB Npu
ctonkHosenusix NeT—Ne. Kpyxkn — paHHble paboTsl [12],
TpeyronbHuk — [40], 3Ha4eHMs NOAyHeHbI YCPeAHEHNEM MO Ha-
6nt04aeMbIM 3apsiAOBLIM COCTOSIHUAM. KBaApaTnky — faHHble
n3 pabotsl [41] ans komkpeTHoro npouecca 10 mn. Cnnow-
Has MHUA — npeanoxeHHas mogens. LLTpuxosas kpusas —
BKJ1aJ, OHU3ALMOHHBIX NOTEPb

HanbOJIbIIEro coOnKeHus. PaccMaTpuBaeTcs cxema m3-
MEHEHUs 3aPsJIOBBIX COCTOSIHUN YACTHI[ B PE3y/IbTATe
cronknoserus: NeT + Ne — Ne™t + Ne™*. Ilpu us-
MepeHHsIX MeToIoM coBnaennii [12] duxcupyrores 3a-
psLIbl 00OUX HMAPTHEPOB COVJIAPEHUS] M W N, U TUCJIO
YJIAJIEHHBIX 3JIEKTPOHOB d = m +n — 1. B arcnepumen-
rax [42,43] dukrcupopasicst TOIBKO 3apsizl HaJeTaoIelt
YACTHIIBI, BEJUINHA 0 BBIUUACISIIACH KaK 0 = 2m — 1,
T. €. IPEJIIoJarajaoch paBeHcTBo m = n. [lpu sHeprusx
MeHee 25 K3B Ha n3Mepenus m u n BJIHUSAET IIPOIECC IIe-
pesapsiaku. Ha puc. 8a jyts 3aBucmMocTeit n3 paboThI
[43] T KOEOAHUS YCPE/HEHBI.

IIpu R = 0.7 A mabmonaercs IIOpOr' B 9HEPreTuye-
cKoif 3aBucuMocTn cevdennst nonmsarun [25]. Ha puc.
8a CILUIONTHOM YepHO#l JInHUell MpuBe/leHa N3MepeHHAs
B pabore [40] 3aBECHMOCTb BEPOSTHOCTH BO30Y XK ICHUS
aBTOMOHU3AIMOHHOTO cocTosiHMsT OT Ry. BugHo, 9To Be-
JuvuHa 0 Bo3pacTaeT BOJU3M [Topora Ha 1, a 3aTeM IpH
YMEHBIIIEHUN PACCTOSTHUS PACTET U TIPpK SHepruu 25 k9B
jocruraer 2. Ha Harm B3IVIsT 3TO 0O3HAYAET, UTO C POC-
TOM HEPIUN COYJAPEHHsT IPOUCKOUT CPBIB 3JIEKTPO-
HA B KOHTHUHYYM U Pa3pyIlleHne aBTOMOHU3AIIMOHHOTO
cocrostnusi. Kak nokasasu Hamm oneHkn [44], Beposit-
HOCTB II€PEX0/IA JBYX JIEKTPOHOB B KOHTUHYYM BEChMa
BoIcoka. [lopor mpum R = 0.7 A cBsizan ¢ BbLIBHZKEHH-
em 4 fo-opburanu (B ciyuae Ne 2p-060/109Ka ABJIsIeTCs
HapyxHOM). ITpu R = 0.2 A nabmonaercs pocT crene-
HU MOHU3AIUH YACTHIL BCJIEJICTBUE BbIIBUXKeHUs 3d0- 1
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Puc. 8. 3aBucumocTb cpegHero Hucia yaaneHHbIX 31EKTPOHOB
d =m+n—1 (a) n Heynpyroii noTepu sHeprum (6) oT Ao-
CTUTFHYTOrO PaccosiHns Hambonbluero cOnXeHns npu CTONK-
HoseHusix NeT-Ne. CTpenkamu ykasaHbl Mopori BblABIKeEHNs
4fo- n 3do-opbuTaneii. Ha puc. 8a undpsl y kpusbix 060o3Ha-
YaloT dHeprum coypapeHust B k3B; 3Besgoukm — usmepenuns
MeToAoM coBnageHuii [12]; nuHWUM € 3aNONHEHHBIMU 1 OTKpbI-
TbIMU KPY>XXKaMu — AaHHble 13 pabot [42,43] cooTBETCTBEHHO;
CMOWHAs IMHUS — 3aBUCUMOCTb BEPOSITHOCTU 0bpasoBaHus
aBTOMOHN3ALMOHHOrO CoCTosiHUA TV OT JOCTUTHYTOrOo MeXb-
apepHoro paccrosiius [40]. Ha puc. 86 oTkpbiTble KpyXKn —
sKkcnepuMeHT [12], 3anonHeHHble Kpy>xkn — skcnepumeHT [40].
MKunpHas cniowHas AvHWS — Hawa MogeNb

3dm-opburaseii, mepexombl ¢ KOTOPBIX, 00yCIOBJIEHHBIE
BpaIlaTeIbHOM CBSA3BIO ¢ 3dJ-COCTOSIHUEM, MOTYT IIPU-
BOJUTH K BO30YKIEHUIO JI0 6 9JIEKTPOHOB, M BeJIMYMHA,
0 B OUepeHoll pa3 BO3pacTaeT.

Ha puc. 86 mupejcraBieHa cBoOJKa JaHHBIX O
HEYIPYIUX IMOTEPSAX DHEPrUM JIsi  CTOJKHOBEHUI
NeT-Ne, nojyuennbix pazauaabivMu asropamu [12,40].
OTmMmeueHbl TOPOru 00Pa30BAHUsT ABTONOHI3AIINOHHBIX
cocTosiHUil  BejiejicrBue BhiaBukeHuss 4fo- u  3do-
opburaseit coorsercrsenno. Cornacno pabore [40],
BeJIMYMHA HEYIPYTOil moTepum BOJM3U IIOPOTa COCTa-
BsseT 55 3B. 2Kwupnoit crtomntHo# JuHMel TOKa3aHbBI
3HAYEHUs] HEYIPYTroil IOTepU 3SHEPIuu, pacCUUTaH-
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Hble TI0 MPEJJIOKEHHON MOMJeIn, I Pa3JIMIHbIX
sHepruil coymapenusi. BujHo Hemoxoe coryacue ¢
9KCIIEPUMEHTOM.

Ha puc. 9 npejcraBieHbl pe3yJbraThl U3MEPEHUH
METOJIOM COBIAJIEHUI, Korja (HUKCUPYIOTCS 3apsijibl
oboux napruepos coynapenus [10]. B sxcrnepumenrax
[42] dukcupoBasicst TOIBKO 3apsiz HaJeTAoIell YacTr-
Ibl, BEJIMYNHA 0 BBIYUCIAIACH Kak § = 2m — 1, T.e.
[IPEJIoJIarajgoch paBeHCTBO m = n. [lopor BuIIBUKe-
uug 5fo oupenesen no gannpiM pabor [40,47]. Pes-
KO€ yBeJUIeHNe TNC/Ia, YIAJEHHBIX JIEKTPOHOB IIPOUC-
XOUT mpu poctmkernun Ry = 0.28 /O&, 910 00yCI0BIIE-
HO BbIIBIKeHUEM 4 f o-opburtaim nu 00pa3oBaHUeM JIBYX
Bakancuii B Lo 3-obosouke. Kak suano na puc. 9, or-
YETJIUBO MPOSIBJISIIOTCSA TIOPOTH, CBA3AHHBIE C BHIJIBUYKE-
HUEM Pa3JInIHbIX opbuTaseir. MOKHO KOHCTATUPOBATD,
YTO MOJIE/D JIBYKPATHOIO BO3OY 2K ICHUSI ¢ JT00ABJICHUTEM
MIONIPABOK Ha SHepruu oopaszoBanus L-BakaHcuii ycmer-
HO OIUCHIBAET JIAHHBIE IKCIIEPUMEHTA. DHEPruu odbpa-
30BaHUs BaKaHCHUH B MOHAX aproHa PasjudHON 3apsii-
HocTH ObLIM paccanTanbl B [48]. Beuto nokasano, uto
SHEPrusl Mepexojia Ha 2p-BAKAHCHIO MPAKTUICCKU He
MEHSIETCsl C U3MEHEHUEM 3aPsiTHOCTH MOHA W XOPOIIIO
cormacyercs ¢ usmepenusivu 10, 14]. TIpu paccrostaun
menee 0.1 A IIPOUCXOJIUT JAJIbHEHINNI POCT HEYIIPYToi
norepu sueprun. Kak mokasaj aHajus, MPOBEIEHHBIH
B pabore [1], GosbIne HEYIIPYTHE TIOTEPU SHEPTUU [IPU
JOCTH2KEHNU paccTossHuil, meHbmux (.1 A MoxIO 06D
SICHUTB TOJIBKO 0Opa30BaHUEM KaK MUHUMYM 4—6 BHYT-
PEHHHMX BaKaHCHI, YTO COIJIACYETCS C HAIIMMU TP
CTABJICHUSIMU O BBIJIBUKEHUN [PU ITUX PACCTOSTHUIX
3do- u 3dm-opburaJieii.

B paMkax BBIIIEONUCAHHON MOJIE/IH YIaeTcsi 00bsiC-
HUTDH TaKKe HAOJI0IaeMble TPUPOHBIE TIHPUHBI JTHHUAN
B CIEKTpe IOTepb Ipu obpasoBaHun Lo 3-Bakamcuii.
Kaxk coiemyer u3z sxcuepumenta [14], pacupeneenue no
3apsijly OMUCHIBAETCsI KPUBOU ¢ moJtyupunoit An & 1.
CoOOTBETCTBEHHO W INUPUHA JUHUKA [PUMEPHO pPaBHA
pa3HOCTH HEPruil BO30YKIACHUS JJIsI ITUX COCTOSHIUIA.

3. OBPABOBAHUE K-BAKAHCHUN

3.1. ViccnepoBanusi oOpa3oBaHUS U paclaia
K-Bakancuii

ObpazoBanne Bakaucuit B K-060109kax mpu aTom-
HBIX CTOJIKHOBEHHSIX OBLJIO OOHAPY?KEHO IPHU UCCJIeI0-
BaHUU CIIEKTPOB HEYLPYTUX HOoTephb suepruu [12,49,50].
Pacmag obpazoBaBmmxcs BakaHCHil TPUBOAAT K IIO-
SIBJIEHUIO XapPaKTEePUCTHIECKOTO OXKe-IIMKa B CIIEKTPax
9JIEKTPOHOB U XapaKTEPUCTUIECKOTO U3JIyUEHHUsI. DTH
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Puc. 9. Yncno yaaneHHbix 371eKTPOHOB § 1 Heynpyroit notepu
sHeprun ans cuctembl Art—Ar B 3aBUCUMOCTM OT [OCTUIHY-
TOro paccrosiHusi Hanbonbliero cbnvxerns. Ctpenkamun yka-
3aHbl MOPOrY BbIABUKEHNS Pa3nnyHbix opbutaneid. Ha puc. 9a
3BE3404KN — M3MepeHnsi meTogom conagennii [10]. Kpusbie
C Toykamum — paHHble pabotsl [42]. Ha puc. 96 npusegeHsi
JaHHble 3 pabot [10, 40, 45, 46]. KupHasi cnnowHas JauHNs
— Hawa mogenb

POIECCH U3y YaICh B paborax [34,51] u B Hamux pa-
6orax. Ha puc. 10 mpescraB/ieHbl JaHHBIE O CEUCHUSIX
SMUCCUU XaPAKTEPUCTUIECKUX OYKE-3JIEKTPOHOB M W3-
JIy9eHusl.

[Tosrygyenmbie HAME JAHHBIE XOPOIIIO COTJIACYIOTCH C
JIAHHBIME dKcriepuMenToB [24,51,52]. st caygas N—
N5 mpuBejieHBI TaK»Ke JAHHBIE O CEYEHHAX 00pa3oBa-
nus K-BakaHcuil, oy aeHHbIEe HAME IIyTeM 00pabOTKN
JAHHBIX [49] 3aBUCHMOCTH BEPOSITHOCTH 0Opa30BAHMUSI
K-pakaucuit P(b) or mapamerpa yzapa b ¢ IOMOLIBIO
dopmyaer (2). Kak Bugno ma puc. 10, ceuenus obpa-
3oBannsd K-BakaHCHil COBIAJAIOT C M3MEDPEHUSIMU Ce-
YeHUIl BBIXOJIa XapPaKTEePUCTUIECKUX OYKEe-3JIEKTPOHOB.
Kax n B cnyqae 3anmonenus L-Bakancuii, ozke-iepexos,
SIBJISIETCsI OCHOBHBIM KaHAJIOM pacuaja K-BakaHcuii.
B paccmaTpuBaeMbIx CTOJKHOBEHUSIX BBIXO, (DJIIOOpEC-
HEHIIUN MaJI, COCTaBJIsIeT 10723—=10~2 u MoKeT 3aBUCETD
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Puc. 10. CedeHunsi amuccum oxe-anekTpoHos (a) m xapakTte-
puctnueckoro usnyvenus (6) npu 3anonHenun K-sakaHcuii.
MpuBeaeHbl AaHHbIE HALIMX U3MEPEHUTA, a TaKXe JaHHbIE pa-
6ot [24,51,52] pns NeT—Ne. Ha puc. 10a nokasaHbl ceqeHus
obpasoeatns K-sakaHcuii npu ctonkHosenusx NT-No (oT-
KpbITble Kpy>xku). Vicnonb3sosaHbl fanHbie n3 pabotsi [49]

or sHepruu coyuapenus (cM. puc. 11).

Kak Bugno Ha puc. 11, BbIx0OJ (bJroopeciieHnuu B
cirygae NeT—Ne Mensgercs He3HAIHTEILHO U COOTBET-
CTBYeT TeopeTHIecKHM IIpeJcKasanusaM. B ciyaae NT—
N5 oH pe3Ko majaer Mpu yMEeHbIIEHUH CKOPOCTH COYIa-
penus. Ha Hanm B3rJIsij1, 970 03HAYAET, YTO TPU MAJIBIX
SHEPrUsiX MPOUCXOJUT 0OpPA30BAHUE BBICTPOEHHBIX IO
CIIUHY COCTOSIHU{, IIPX 3TOM CIIMH BAKAHCHUH IIPOTUBO-
[TOJIOYKEeH CIIMHY HapyKHBIX 3JIeKTPOHOB. Kak m3Bect-
HO, COTJIACHO MPABIITY XYHJIA COCTOSTHIE ¢ MAKCUMAJTh-
HBIM IIOJIHBIM CIIMHOM HMEEeT HAWMEHBIIYI SHEPIHIO.
MMenno takoe cOCTOsiIHHE W BO3HUKAET BOJIM3U ITOPO-
ra obpa3oBaHUs BaKaHcuil. Paquanmonnbiii pacia Ba-
KAHCUH B 9TOM cJiydae 3amperied. C pocToM cKopocTH
COYJIAPEHUST POUCXO/IAT MIEPEMEIIMBAHNE COCTOSTHUAN C
PA3JIMYHBIMUA 3HAYEHUSIMU CIUHA W BBIXOJ (JII0Opec-
HEHIUH CTPEMUTCS K TEOPETUIECKOlt orienke. B pabore
[56] aTa 3aBHCHMOCTD GbLIA 00BICHEHA KOJINIECTBEHHO.
Wnrepec k nzydenuio obpasosanns K-pakamcuit coxpa-
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Puc. 11. 3asucumocTb Bbixoga htoopecueHnn oT CKOpo-

cTu coynapenns vactuy, ansi cronkroseHnii NT—No n Net—Ne

[63]. KopoTkumu nnHusiMm npusefeHbl TEOPETUHECKME 3HaYe-

HUS BbIxoAa hJIFOOPECLEHLNN B UOHAX Pa3/INYHON 3apsAHOCTM

[54,55]. CnnowHas IMHUS — y4eT nepemMeLLMBaHns COCTOSTHNIA
C pas/nYHBLIMU CIMHAMK cornacHo [56]

HsleTCsl 10 cUX 1op. B HemasHux paborax [57-62| oc-
HOBHOE BHMMAHUE YIeJISeTCsl KOPPEJIUPOBAHHBIM IIepe-
XOJIaM ¥ KacKajiaM npu pacnajie K-BakaHcwmii, a Takzxke
obpasoBannio K-BakaHcuil B PeJIATUBUCTCKOM CJIydae.

3.2. CkeiliuHTu AJid pacdyeTra cevueHuit
obpaszoBanus K-BakamHcwuii

Paspaborka ckeitunra 1y pacdera cedenunii obpa-
zoBannsa K-BakaHcuii, Tak ke, KAK U B CJiydae o0Opa-
30BaHMs L-BaKaHCUIi, IPeICTaB/IsSIeT HHTEPEC JJjIs aHa-
JIN3a COCTaBA BEIECTBa IPU HOHHOM OOJIYICHUN W JIJIs
PACYETOB TOPMOYKEHUsI YaCTUIl B BerlecTse. VMerorcs
JIBa TPHUHIUIHUAJIBHO PA3HbIX ciaydas. [lpn Hagmaum
BakKamHcuii Ha 2pm-opbuTranu odbpasoBanne K-akancuit
6bLI0 00bsicHEHO B pabore [63] BpamaresbHBIMU T1e-
pexosiaMu ¢ 2pm- Ha 2po-opburasnb (cuM. puc. 1). Ipu
OOJTBINIAX MEXKbAJIEPHBIX PACCTOSHUAX 2PT-OpOUTAID
dopmupyeTcs u3 2p-000J109KH OOJIee TIKEJIOTO IapT-
Hepa croJjikHOBeHus. Ha 3Toit opburaiu mMoxkeT OBITH
HEKOTOPOE KOJUIECTBO BaKAHCUI, KOTOPOE YI0OHO Xa-
pakTepu30BaTh (haKTOPOM [, pABHBIM OTHOIIEHUIO YUC-
Jla BAKAHTHBIX MECT K IIOJIHOMY H9HCJIy 3JIEKTPOHOB
2p-obosouku. BceiencTBue BpalaTeIbHBIX T€PEX0JI0B
B mpeaene 0O0beINHEHHOIO aTOMa IIPU TECHOM COJII-
JKEHUU YaCTUIl 3T BAKAHCUU MOLYT I€peiiTu Ha 2po-
opouTa b, & TPU pasjeTe JacTHIl OKa3bIBaloTcsad B K-
0060/109Ke DoJiee JIETKOTO MapTHEPa COYAAPEHUSI.

Ceuenre TPOMOPIMOHAIBHO  dakTopy  f,
pPaXKaIoNEeMy BEPOSITHOCTh HAJUYIAS BAKAHCHHM HA

oT-
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2pm-opbuTtasu, KoTopas (opMUPYETCs U3 2P-000JI0UKN
mapTHepa coymaperus ¢ 66abmuM Z. B crarmaeckom
ciyuae dakrop fs; paBeH 2/3 umncia BakaHcuii Ha
2p-ypoBHE mapTHEPA ¢ OOJIBINUM 7, & JJIs CJIydast OTu-
HAKOBBIX aTOMOB 1/3 OT cyMMbl 4ducia 2p-BakaHCHUii
B MapTHEpaxX COYJIAPEHUs. 3aBUCHMOCTH BEPOSTHOCTH
obpasoBanust K-pakancunm or ¢dakropa [ ObLaa Ipo-
Bepena skcrepumenTanbuo [50]. IIpu crosknoBenusx
Ne-Ne 2pr-opburtajb MOJHOCTHIO 3aIOJTHEHA, & IIPHU
cronkuosernsx Net-Ne u Nej Ne ma opburanu
UMeeTCsl COOTBETCTBEHHO OJIHA U JiBe BakaHcuu. Kak
ObLIO IIOKA3aHO SKCIEpUMEHTAJIbHO [49], BepogaTHOCTD
obpasoBanusi K-BakaHCUU NIPU OJIMHAKOBBIX YCJIOBHSAX
coyrapenusi coorHocurcst kak 0.06 : 1 : 2. 910 o3Ha-
9aeT, YTO OMUMO CTATHIECKON BEPOATHOCTH fg UMETDH
BAaKaHCUIO Ha 2pm-OpOUTAIM MOXKET IIPOUCXOJUTH
JIOIIOJIHUTEIbHOE 00pa3oBaHWe BaKAHCHUI BCJIEICTBUE
CBA3U 2pm-OpOUTAM ¢ BEPXHUME HE3AMOJTHEHHBIMU
VPOBHSAMH, OMHUCHIBaeMoe (paxTopoMm fq. Taxkum obpa-
30M, 3HaueHue ¢akropa f = fs + fq CKiagpIBaeTCst
U3 CTATUYECKOW BEPOATHOCTUH WMETh BAKAHCHIO HA
2pm-opburann f, W JIAHAMHUYECKON TONpPaBKU fqg,
KoTOpast onuckBaercs dopmyioii fq = Aexp(—c/v).
SHaueHUsT MapamMeTpoB A u ¢ JUIsi HUCCIeI0BaHHBIX
cJlydaeB NpUBEJEHBI B Halel pabore [64].

Ha ocHose Mozesn [63] MOKHO NPEIOKUTD CKeif-
JIUHT JIjIs1 cedenus oOpasoBanust K-BakaHCHii:

Ecms

Ovac Ecms - 7TR2 Fl——F7——
( ) f 2p (Zl + Z2 B 5)2

@)

rme Eens — JHEPrus coyJapeHusl B CHCTEME IEHTPa
Mace, Ro, — pajuyc 2p-000109KH 00beUHEHHOTO aTO-
Ma, Rop ~ (Z1 + Z5 — 0)~t, Zy m Zy — zapammr axep
CTAJKUBAIOIIMXCS aTOMOB, 0 = 4 — IOIpaBKa Ha dKpa-
HUPOBKY 2p-000JI0UKHU 3JIEKTPOHAME 15- 1 25-0607109KU
obbemHeHHOr0 aroma. Jlorapudm dyukiun F raercs

Bpra}KeHHeM
X
lo(F) = —15.767 — 4.493 (——)—
&(F) FPLT0.069
X X
112 (f—) —8.522 (f—)
8exp =151/ ~ 8922 P\ ~ g6
rie
EC'H’LS
rT= .
(Z1 1 Za — 0)2

Kak Bugnao Ha puc. 12a, npeioKeHHbIN CKeHIIMHT
IIO3BOJISIET OINUCATH MMEIONINECs SKCIIEPUMEHTAILHBIE
JaHHBIE €JINHOM YHUBEPCAJIHHON KPUBOil. DTO MIO3BOJIUT
OIEHNBATDH CEUCHUsT MOHU3ANIH K-000/71019€eK 7IsT Henc-
CJIEJIOBAHHBIX 9KCIIEPUMEHTATHLHO KOMOUHAITUI CTATKHU-
BAIOIIUXCST ATOMOB.
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Puc. 12. a) Ckelinunr ans cedexnii obpasosanusi K-sakaHculii
npu coypapeHuy nerkux atomos ¢ Z < 10 npu Hanu4un
BakaHcuu Ha 2prm-opbutanu. Toukamu Ha pUCyHKe MOKasa-
Hbl SKCMEpPUMEHTasIbHbIE AaHHble n3 pabot [23,51,72]. XKup-
Hast JIMHUSI — MPEeAJIOKEHHAst HaMW YHWBEPCaJibHasi KpMBasi.
6) CkelinuHr ans cedeHnii obpasosarus K-sakaHcuii npu co-
yaapeHun atomos ¢ Z > 10, korga 2p-060s04Kka NOAHOCTbIO
3anosHeHa n obpa3oBaHmMe BakaHCUV ODYC/IOBIEHO UOHM3ALM-
eii 2po BcneacTene auHaMukn coyaapeHus. [pusefeHbl skc-
nepuMeHTasbHbIE AaHHbIE 4151 PA3/INYHbIX KOMOVHaUWA cTan-
KUBaOLLMXCsi aTOMOB 13 paboTbl [66], a TakxKe 4151 CTONKHOBE-
Huii p-H n3 [72]. N3-3a pa3nuuus B Ha4anbHONM 3aceneHHOCTM
2po-ypoBHsi ceveHne noHusaumm B ciyyae p-H ymHoxeHo Ha
4. ToHKkoii cniowWHOi NuHNeld NnpnBeaeHa Kpusas ANs cay4vasi
a(0) = 0.67. XupHoii cnnowHoOR AnHWel NnpuBeaeHa Kpusas
ans «(0) = 0.75, koTopasi HaunyHwnm obpasom onucbiBaeT
skcnepumeHT. Ha BcTaBke K pucyHKy nMpuBefieH Bknaj pac-
CMaTpMBaAEMbIX MeXaHW3MOB B obpa3soBaHue K-BakaHcuii npn
ctonkHosenusix NeT—Ne. Kak BuaHo, cymmapHas kpueasi xo-
POLLO cornacyercsi ¢ skcnepumenTom [51]

Ciremyer Tak»ke UMETh B Buy, 4TO K-BakaHcwusi,
00pa30BaBIIasiCs B JIETKOM IIaPTHEPE COYIapPEHUs, MO-
xxer nepeiitu Ha K-000/109Ky 0ojiee TsI¥KeJI0ro mapT-
Hepa BCJIEJICTBUE JIMHAMUYECKON cBA3W 2po- m 1so-
COCTOSTHUIT, TaK HA3bIBAEMbBIII MeEXaHU3M pacipejesne-
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Hug BakaHcuii (vacancy sharing mechanism). Beposit-
HOCTH 9TOTO MPOIECCa MOXKET OBITH OIeHeHa 10 (hop-
MyJlaM, TIpeJIIIO’KEeHHBIM B pabote [65].

IIpu cronkHOBEHHSX aTOMOB M MOHOB ¢ Z > 10
2pm-opOuTaab 3aloJHEHA U [IEPEXONbl C 2po- Ha 2pT-
opbuTasb HeBO3MOXKHBIL. Jle1anch HeOIHOKPATHBIE TI0-
OBITKA [66—68] npeyiosKuTh SMINPUIECKUe CKEHIMHTT
nst obpasosanusa K-sakamcnii mys aroro caydasa. O-
HAKO CAMU ABTOPBI YKA3BIBAJIN HA OTCYTCTBUE TEOPETH-
9eCcKOro 00'bsICHEHNS JIAHHOIO siBJIeHus. Pemenne ObLIo
HafijieHo B Hameit pabore [69].

B paGore [70] nccsienoBaioch MOBeJIeHHE TEPMOB
KBa3UMOJIEKYJIbl B KOMILJIEKCHON TIJIOCKOCTH MEXK'b-
SJIEPHBIX paccTosgHnit. Bblo 00HApY2KEHO CyIecTBOBA-
HU€ TOYEK BETBJICHUS, CBA3BIBAIONINX PA3JIMIHBIE TED-
Mbl. B paMKax 3TOif Teopum BEPOSATHOCTDH II€PEXOA
9JIEKTPOHA B KOHTHHYYM DPACCUUTHIBAETCH KaK HHTe-
rpaJji mo o0XO/y TOYEeK BeTBJEeHUs. B pamMkax JaHHOTO
noaxoa B Hateil pabore [64] 66110 M0y YeHo BhIpazke-

).

31ecb P — 4uciio 371eKTpOHOB Ha yposHe 2po, Uy —

Hue JIJIsd CeYeHUA NOHU3AIlN
v

a(Zeg)Uo F <

@ (Zegr

o (Zegr)

=rP (5)

g;

3HAYEHUE SHEPIUH 2p-YPOBHH B IIpezese 00beInHeHHO-
ro aroma. s cucrembl p-H Hy»KHO yunTBIBATH, 9TO
opbuTtasb 2po zanosHeHa ¢ BepoaTHocThio P = 50%. B
CJIy4ae CTOJIKHOBEHHUI CI0XKHBIX &TOMOB Ha OpOuTa/Iu
2po HaxonATCs JiBa dyeKTpoHa (P = 2). Bennunna

a(Zeyy) = a(0)(200)™.

ITapameTp
Oé(O) = 2/3Uv0[’ITLR07

rie Im Ry — mojioxKeHune TOYKU BETBJICHUS JIJTsl CHCTEMbI
p-H. IosioxkeHne TOYKU KBa3ullepeceveHust TepMa 2po
C KOHTHUHYYMOM JIjIsl CECTeMbI p-H ObIJI0 BBIUKC/IEHO B
pabore [71], upu sarom ImRy = 1.01 u Uy = 0.5. Takum
obpazom, s cucrembl p—H o ~ 0.67. i cpaBHeHmsS
C 9KCIIEPUMEHTOM YJI00HO BBECTH IIEPEMEHHYIO T

me F
T = T (6)

M Uy
rje me/M — OTHOIIEHME MACCBHI SJEKTPOHA K Macce
HaJietTaioneil yactunpl, £ — sHeprus coyaapeHus, u

i [em®] Up [k9B] = K v p < a(())) , (N
rie koucranra K = 1.196 - 10718,

bopMyiTy JUIs CedeHus epenncaTh B BUe
VA v
a(0) NZS
Ha puc. 126 nokasana 3aBHCHMOCTDH HPHUBEIEHHO-
IO CeveHUs1 OT NPUBE/IEHHON SHEPIUM YISl PA3JIMIHbBIX
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9KCIIEPUMEHTAJIHLHO UCCIIEIOBAHHBIX KOMOMHAINI CTaJI-
KHABAIONIUXCS YACTHUI]. BUIHO, 9TO B 9TUX KOODIMHATAX
9KCIIepUMEHTaJIbHbIE TOUYKH JIJIsi OOJIBITMHCTBA, CJIyda-
eB JIoyKaTCsd Ha o0ILyio KpuByio. Ha sTom ke pucyH-
Ke M300paykeHo cedeHne NOHM3AIIH JIJI CTOJIKHOBEHUI
p-H, ymmoxennoe wa 4. Bummo, 9T0 T8 3aBHCHMOCTD
TaKzKe O4YeHb XOPOIIIO COIJIacyeTCsd ¢ IIePBO#l I'pyNIIoi
IKCIIEPUMEHTAJIBHBIX JaHHBIX 1 bopmysioii (7). Bug-
HO TaK>Ke, 9TO 00/IaCTb TPUMEHUMOCTH IPEIJIOYKEHHOMN
dopmysbl orpanndena jguanazonoM r < 1. Besmunna
20-% ecThb OTHOIIEHNE CKOPOCTH COYaPeHNs K CKOPOCTH
9JIEKTPOHOB HA 2p-yPOBHE O0'bEINHEHHOTO ATOMA.

WaTepecHo comocTaBuTh B BO3MOXKHBIX MEXAHN3-
Ma obpasoBanusi K-pakancuii. Kax BHJIHO Ha BCTaBKe
K puc. 126, pacuer ceuenust ooOpaszopanust K-Bakancuit
B cucreme Net—Ne, BoinosiHeHHbI B pabore [63], npu
sueprusx csoinie 200 k3B naer 3nadenus: cedennii Hu-
ke sKcnepuMenTa [51]. Yuer nonpaBku Ha MOHH3AIIUIO
2po-opOuTaan BCJIEACTBHAE MEPEXOJI0B B KOHTUHYYM C
ucnosb3oBaaueM Gbopmysibl (7) NPUBOAUT K IPAKTHU-
YeCKM TIOJTHOMY COBIIQJIEHUIO C 9KcrepuMeHTOM. Ta-
KM 00pa3oM, Tpu OIeHKe cedenus obpazoBanus K-
BaKaHCHAN HEOOXOINMO YUIUTHIBATH 00a MEXaHU3MA.

ITpu HEeOOMBIUX HEPrUsX COymapeHus B 00pa3o-
Bannn K-BakaHcnii JOMUHADYET MEXaHU3M, CBA3aHHBII
C IlepexojaMy MeXK/ly OopOuTassgMu, ¢ POCTOM 3SHEpP-
TUU BO3PACTAET POJIb OOPA30BaHUs BAKAHCHIL BCJIEI-
CTBUE JWHAMUYECKON MOHW3AIUU 2p0o-YPOBHs, U TPHU
OOJIBINIIX FHEPTUAX HEOOXOINMO YIUTHIBATHL 0062 Mexa-
mn3ma. Cjreflyer NpUHUMATH BO BHUMAHUE CHEIdU-
Ky CTOJIKHOBEHUII aTOMOB B Ta30BOil W TBepmoil da-
3ax. Ilpu croskHOBEHUAX B TBepJON (a3e mMeeT Me-
CTO KacKaJ[ COYIapPEHUil 1 MOXKET IPOUCXOIUTH JIOTOJI-
HUTEIbHOE 00pa30BaHMe BaKAHCHII BO BHENTHUX 000-
JIOYKaX, KOTOPbIe MOTYT JIOXKHUTbH JI0 CJIE/LYIOIIErO CO-
yAapeHns: U MPUBECTH K OOJIBINNM CeIeHUsIM 00pa3oBa-
nust K-BakaHcuil BCiecTBrE pa3peneHHo BO3MOKHO-
CTU 2po—2pT-TIEPEXOIO0B.

4. BO3BY2KJIEHUE M-OBOJIOYEK

IIpu BO3Oyx)ennu M-000/109€K CTATKUBAIONIAX-
Csl aTOMOB B CIEKTPaxX IOTEPb SHEPIUU IOSBJISIOTCS
JUCKPETHBIE JIMHUNA C PA3HBIMHU IIOPOTAMH BO30YKJIe-
Hud. B cioydae Bo3by:kienns M-06071049€K BbIIBUTAIOT-
sl HeCKOJIbKo opbutadnedi (5fo, bgo, 6ho u 1. 1.), 9ro
IPUBOJNT K 0OPA30BAHUIO ABTOMOHU3AIINOHHBIX COCTO-
AHAN.

Kak Bummo ma puc. 13, mpu JOCTUKEHUM MEXK'b-
dayepHoro paccrosHus 0.6 A, COOTBETCTBYIOIIEr0 BO3-
Oyx)J1eHnT0 3d-000I0UKHU, TTPOUCXOIUT PE3KOe M3MEHe-
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Puc. 13. 3aBucrmMocTb BepoSTHOCTM BbljeTa HacTULbl B pas-
JINYHOM 3apsilOBOM COCTOSIHUM OT yrna paccesiiusi [41]

HUeE 3apsiIOBBIX COCTOSIHUIT HaJIeTAOMIEell YaCTUIIbI, CBs-
3aHHOE ¢ 00PA30BAHUEM U PACIIAJIOM IBYX 3d-BaKaHCHUIA.
IIpu Gosiee TecHOM COUMKEHUU YACTHUIL TPOUCKOTIUT
JlasbHelinee Bo30yKIeHNe TaCcTHll, CBA3AHHOE C Tepe-
CTPOMKON MOJIEKYISAPHBIX 000s109€eK. BepogTHocTh 00-
pa30BaHUsl BaKAHCUIl B 3aBUCUMOCTU OT JOCTUI'HYTO-
N0 MeXK'bsIJIEPHOIO PACCTOSIHUSI BejieT cebsi aHaJIornd-
HO CJIy9ai0 BO30YXKJIEHUs JIBYX 2p-BAKAHCHAU U MOYKET
ObiTh onmcana Gopmysioit (1) ¢ u3MeHenueMm mapamer-
poB Ry u 7.

Kak nokasano B paore [73]|, B cleKTpax 3Jek-
TpoHOB Tipu crojkHoBeHusax Kr—Kr wnabromgarorcs
JTUCKPETHDBIE ¢ obpazoBaHmeM
3d-BakaHcuii n ux pacuagoM B aromax Kr mocie
crojikHOBeHUsI. CedeHusl SMUCCUU STHUX 3IJIEKTPOHOB

JIMHUW, CBA3aHHbIC

COTJIACYIOTCS C CEUCHUAME 00pa30BaHus 3d-BaKaHCHUIA,
ONPENEJIEHHBIX 110 JAaHHBIM O HEYIPYTUX IIOTePsIx
suepruu [74]. Tluku npu sHEPrusix 3J1€KTPOHOB OT 60
Jio 80 3B cBszanbl ¢ obpasoBanneM 3p-pakancuii [73].

[Ipu OGosBIMUX SHEPrUsX 3JIEKTPOHOB B CIIEKTPAX
HaOJIIOJIAETCs MIUPOKAsT TI0JI0CA, KOTOpast CBI3aHa C 3a-
IIOJIHEHEM BaKaHCHUT BO BpeMsd CTOJIKHOBEHU . 9TO AB-
JieHne OyieT 00CYKIAThCsT HIKE.

JI71s1 ONeHKN CceveHnst HOHU3AIMH B CJIydae BO30y K-
Jerns M-000J101€K MOKET OBITH MCIIOJIH30BAH TTOIXO,
AHAJIOTUYHBIN PACCMOTPEHHOMY paHee JIJIsi BbIIBUKE-
uus 4 fo-opourasu. Cevdennsi HOHU3AINU B JJAHHOM CJTy-
Jae M3BECTHBI TOJILKO JUIS CTOJKHOBeHmii Art—Ar u
Kr™Kr. Jna cronkaosennit ArT—Ar nabmonaamuch as-
TOMOHU3AIMOHHBIE COCTOSIHUS ¢ Hepruamu 14, 28 u
50 3B [40].

Hns  cromknoennit KT—Ar coorsercrsytomme
SHEPIrUM COCTOsIHMIT cocTaBysgior 26, 28.5 u 30.5 3B
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[75]. Dmeprusi cocrostHus B ciyuae o00pasOBaHUs
Baxancuii B 3d-060s04Ke mpn cronkHopenmax KrT—Kr
cocrasisier 130 5B [74]. IsBecrHbl Takke LOpOru
B036y K 1eHust M-06os0ukn (IIpuBejieHbI Ha puC. 3).
Tockosbky xapakrep 3aBucumoctu W (Rgp) B ciyuae
obpazoBanus 3d-BaKaHCUl AHAJOTMYEH PACCMOTPEH-
HOMY BBIIIC CIy4alo o0pa3oBaHUs Lo 3-BaKkaHCHii,
dopmysbr (1), (2) MOryT OBITH HCIIOJIB3OBAHBL JIJIst
OIIEHKN CEYeHMs] MOHMU3AIMK U B CJIydae BO30YIKIeHUST
M-o6om0uknu ¢ Koppekiueii 3Hadennit R, u 7.

Baksouas pas3es, MOXKHO KOHCTATHPOBATDH, YTO
dopMupOBaHUEe HEYUPYIUX IOTEPh B CTOJTKHOBEHMSX
MHOTO3JIEKTPOHHBIX aTOMOB K3B-smepruit Bciemcrsue
obpazoBanus BHyTpennnx K-, L- m M-sakamncnit yoean-
TEJILHO TIO/ITBEPIK/IACTCS BCEH COBOKYITHOCTHIO DKCITE-
PUMEHTAJIbHBIX 1 TeOpeTI/I“IeCKHﬁ JIaHHBIX, a JOMWHHU-
DPYIOIIIM MEXaHU3MOM IIOTEPb sIBJISETCs 00pa30BaHME
ABTOMOHM3AIIMOHHBIX COCTOSTHUIT BCJICJCTBUE BbIJIBUYKE-
ausgt MO. CtouT cTajJKuBAIONUMCS aTOMaM COJU3UTh-
Csl 710 PACCTOSTHUI, OTBEYAIONINX IEPEKPBITHIO UX JIEK-
TPOHHBIX 000JI0UEK, KAK C BBICOKOI BEPOSITHOCTBIO (17151
L- u M-o6os01ex — 6m3Koii K 1) mpouncxour Bo30y k-
JICHUE aBTOMOHUBAIMOHHBIX COCTOSHUIA.

5. O2KE-IIEPEXO/IbI B KBASNMOJIEKVJIE

KBazumosiekynsipHast MoJesib 00bsICHUIIA BBICOKHE
BEPOSITHOCTH 00Pa30BaHUs BHYTPEHHUX BAKAHCHII 3a
CYET BBIJIBUTAIONIUXCS 3aTI0JTHEHHbIX opouTaseit. OHa-
KO, €CJIU IPYIIA 3al0/JHEHHBIX 3JIEKTPOHAMU BHYTPEH-
HUX opOuTaseil BbIIBUTAETCS BBEPX, K I'PAHUIE Hellpe-
PBIBHOTO CIEKTPa, TO JApyras IPYIa BaKaHTHBIX Op-
ouraseii, GoOpMUPYIOMIUXCS U3 HE3AMOJHEHHBIX HAPY K-
HBIX 3JICKTPOHHBIX O60.HO“I€K aTOMOB, CHUZKaETCd IIpn
conmkennn gactuil. HecMoTpst Ha KOPOTKOE BpeMsi aK-
Ta COy/IapEeHUsl U COOTBETCTBEHHO BPEMsI «YKU3HU» KBa-
sumostexyabr (1071510716 ¢), Bosmowken pacras Ba-
KAHCUI HA CHUKAOIIUXCST YPOBHSIX.

B 1972 r. [76] 6bl1a obHApyZKEHA MIUPOKAs IIOJIO-
ca B CIIEKTPE PEHTTeHOBCKOTO mamydenns F, =0.5—
1.5 k3B, Bo3OyxkIAEMOTO TTpU GOMOAPAMPOBKE MOHAMUI
Ar tBepabix mumeneit usz C, Al Si, Fe, koropast e mor-
J1a OBITH OObsICHEHA XapaKTEPUCTUICCKUMU [I€PEX0ia-
MHI B aTOMax, y9acTBOBABIINX B CTOJKHOBeHuu. [loso-
ca Obljla WHTEPIPETUPOBaHa KaK PE3yJIbTAT PaIuali-
OHHBIX IIEPEX0J0B B KBazuMmosieKysre. Obpa3oBaBiinecs
B HOHE AT B IIEPBOM CTOJIKHOBEHUN 2P-BAKAHCUU BO BTO-
POM CTOJIKHOBEHUH TIEPEXOJISAT Ha KBAZUMOJIEKYJISPHY IO
2pm-opbuTasb U PaCHaaloTCs B MIPOIECCE CTOJTKHOBE-
HUS.



A. H. 3unosses, [1. FO. baberko, A. T. LLleprux

MITP, Tom 163, BbII. 5, 2023

AmnajioruvHbie MOJIOCHI BCKOPE ObLIN O0HAPY ZKEHBI
Pa3JIMYHBIMU MCCJIEI0BATEbLCKUME Tpynamu [77-83].
Ilocie obHApY KEHIST KBA3UMOJIEKYISPHOIO U3JTy Y€HUSI
IIPAKTUYECKN CPa3y OBbLIN BBICKA3AHBI ITPE/IJIOKEHUS
UCITOJIb30BATH PE3YJIbTATHI U3MEPEHUi CIEKTPOB I
OTIPE/IeJIEHUsT SHEPIUil YPOBHEH KBa3WMOJIEKybl. V-
Tepec K TaKUM HCCJIEIOBAHUSM OCOOEHHO II0/I0TPeBaJI-
Cs TEPCIEKTUBOU M3y4YaThb 3JIEKTPOHHYIO CTPYKTYPY
CBEPXTSIYKEJIBIX aTOMOB.

Ozke-T1iepexoibl B KBA3UMOJIEKYJie ObLIn 00HapY ZKe-
Hbl B Hareit pabore 1976 1. mpu M3yUEHUH CTOJKHO-
pernit Kr-Kr [84]. Ha BcraBke kK puc. 14 mokasaHbl
SHEPIreTUYECKHEe CIIEKTPHI JIEKTPOHOB, 00Pa3yIONNXCs
B cronknosennax Kr™—Kr. [Ilupokas 1mojioca B CIIEKTpe
9JIEKTPOHOB, IIPOCTUPAIOIIAsCA 10 coTeH 3B, cBa3ana
C pacrajioM BaKaHCHUI B KBA3WMOJIEKYJIE, T. €. BO Bpe-
M3l coyapenust. K€ mponcxoxjenne 00ycJIoBICHO OXKe-
[IepexolaMi Ha BAKAHTHYIO OPOUTAIb, (POPMUPYIOILY-
10CS U3 HAPYZXKHOTO 4p-ypOBHS MOHA KPUIITOHA U CHU-
JKAIONIYIOCS TIPU YMEHBIIEHUN MEXK'bsiJIEPHOTO PACCTO-
staust. Heemorpst Ha " momuanpytonmit” (B morapudyn-
YECKOM MacIITabe) BKJIAJ KBA3UMOJICKYJ/IAPHBIX JIEK-
TPOHOB B (POPMUPOBAHNE IJIEKTPOHHOI'O CIIEKTPA, pe-
AJIBHBII BKJIAJ B CEYEHNE HMOHU3AINUA COCTABJISET OKO-
g0 10%. Ormermm, uro cam daxT oOHApPYXKEHUS W
HCCJIEOBAHNS TAKUX JIEKTPOHOB SIBUJICS CJIEJICTBHEM
HPUMEHEHUdA PEKOPJHON 110 CBOEl 4yBCTBUTEJILHOCTU
Meroauku u3Mepenuii. B mociemyrormux paborax Obl-
JIN UCCJIEJIOBAHBI pAa3Hble KOMOMHAIMH CTAJIKNBAIOIINX-
Cd YACTHI] IPU HECKOJIbKHUX HAYaJbHBIX dHeprudax. B
[I0JIb3Y KBAa3UMOJIEKYJISIPHON IPUPOBI OOHADYKEHHBIX
9JIEKTPOHOB CBUJIETE/ILCTBOBAJIN:

1) HempepbIBHBIN XapakTep CIIEKTPa B IMIHPOKOM
(cornu 5B) nuanasone snepruil 3J€KTPOHOB,

2)
HOJIOCKI
HOB C YMEHBINEHWEM JOCTUXKUMOTO PACCTOdHUs (¢

CMEIEHNE  BBICOKOIHEPIeTUYECKOIO  CKJIOHA
B CTOPOHY OOJIBIINX HEPrUil  SJIEKTPO-

yBesmderneM Ey),

3) CMeIenue ToJI0Chl B CTOPOHY MEHBIIHX SHEPrHil
E. ¢ yMeHbIlleHHeM CyMMapHOTo 3aps/ia sijiep CTaJKH-
Baronuxcs yactull (B crojkHosennsx nonos Krt, Art,
N+ ¢ aromamu Kr).

CaMbIM yO€eIUTeIbHBIM J0KA3aTeIbCTBOM KBa3UMO-
JIEKYJISIDHOI'O ITPOUCXOKJEHUs IMIUPOKOH II0J0CHI SIBU-
JIICh TIOCJIEAOBABIINE BCKOPE 3KCIEPUMEHTHI IIO0 COB-
MAJeHUSAM ,3JIEKTPOH — PACCESTHHBIN NOH", B KOTOPBIX
KCIIEPUMEHTAJIBHO (PUKCUPOBAIUCH SHEPTUST UCITYIICH-
HOTO 3JIEKTPOHA U YTOJI BBLJIETA PACCESTHHOTO HOHA. 3a-
JaHWe yIJia BbLJIeTa MOHA IIO3BOJIATIO U3 BCErO MHOKE-
CTBa aKTOB 9MUCCUU BBLJCJUTH CTOJIKHOBEHUA C 3a/aH-
HBIM [IAPAMETPOM yiapa (¢ 3aJaHHON TpaekTopueit) u
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Puc. 14. CnekTpbl 31€KTPOHOB, M3MEPEHHbIE METOLOM COBMa-

OEeHNI C paccesiHHOW 4YacTuueli Npy pasiMyHbIX NapameTpax

yaapa ans cuctembl Kr™-Kr [85]. Ha BcTaBke B BepxHem yrny

npuBefeHbl CNEKTPbl, n3MepeHHble be3 npumeHeHns meTopa

cosnageruii [84]. Lindbpbl y kpnebix — sHepruu coynaperusi B
kaB

COOTBETCTBEHHO ¢ (DUKCUPOBAHHBIM PACCTOSTHUEM HAH-
0OJTBITIEr0 COTUKEHUSI.

Brljesienne TpaeKTOPUE CTOJKHOBEHH TO3BOJIIIO
IPUMEHUTH KBAHTOBO-MEXaHUIECKYIO MOJIE/b SMHUCCHN
u3 KBas3uMosiekysbl [86]. B sroit momenn upu napa-
0OIMYIECKOl 3aBUCUMOCTH SHEPTUU TepMa OT BpeMe-
HU B OKPECTHOCTH TOYKH IMOBOPOTa Ry CIEKTP OXKe-
9JIEKTPOHOB BbIpazkaercs depes (yukuuio diipu A, (x):

d20' 2
——— = A7*b Ana” 3
dE. db bl gna™ 3 X
x A? {of% [Ee — E. (Rp) + %FA:| } , (8)
rie
1 dE d*R R
o= — — =
2 dR di?’ o
n — 4uciao BakaHcuit Ha opburasnu. llpubmmxenue

(8) moJryImIIO HA3BAHKE IIPOCTOrO IPUOJIKeHNsT DApH.
CorutacHo (8), mpu SHEPrUsiX JEKTPOHOB, OTBEYAIOIINX
repexosaM B TOUYKe R, B CIEKTPE JOJIXKEH CyIIeCTBO-
BaTh IVIABHBIA MakcuMmyM. Apryment GpyHKIun Difpu
obpamaercs B Hyab 1npu E, = FE.(Rg), TOCKOIBKY
BKJIaI0M MHUMOI 9acTH, KaK IIPaBUJIO, MOXKHO IIPEHe-
6peun. [Ipu suepruax E, > E.(Ry) cuekrp 3KCIOHEH-
nuaJibHo yoniBaer. Hajutine 3/1eKTPOHOB B KJlaccutie-
CKU 3AIIPEIEHHON 00JIACTH SHEPIUil CBS3aHO C IPUHITU-
[IOM HEOIIPEIEJIEHHOCTHU U IIOJIyYrjI0 HaszBaHue "CToJIK-
HOBUTEJIbHOTO yinupenus". B paspemrennoit obsiactu
E. < E.(Ry) MOIyT HPOSIBJISTHCS OCIMJUISIAN U3-34
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UHTePMEPEHITME aAMILIUTY/L IEPEX0JIOB Ha JIBYX BETBAX
TPAEKTOPUU — MPU COJUKEHUN U TIPYU Pa3JjieTe YaCTHII.

B skcnepumMenTax ¢ mpuMeHEeHneM MeTOJIa COBIIAIe-
Huit (cM. puc. 14), B OTJIMYUHE OT IMUPOKOM TOJIOCHL, B
crerTpe HabJIIOMAJICS TIIABHBI MAKCUMYM DHpH, KOTO-
pBIil CMeraJicss Tpu U3MEHEHUH YIJia PACCesiHUs MOHA
(mapamerpa yzapa) [85].

O6HapyKeHe 0XKe-TIEPEX0/I0B B KBA3UMOJIEKYJIE OT-
KPBLJIO BO3MOYKHOCTH OIPEJICJICHNsT TIOBEJICHIST MOJIe-
KysspHbIx ypoBaeil E(R) B 3aBUCUMOCTH OT MEXKb-
SJIEPHOTO PACCTOSTHIS R U3 9KCIEePUMEHTAJIBHBIX CIIEK-
TPOB JIEKTPOHOB. MakcuMabHast SHEPTUsT SJIEKTPOHOB
B moJjioce Tipu (bUKCUPOBAHHOM HavYa bHOI sueprun Eg
OTBeYaeT IepexojlaM IIPU MUHUMAJIbHBIX MEXK'bsiIep-
HBIX PACCTOSHUSAX, JIOCTUXKUMBIX B TAKHX CTOJKHOBE-
uusx. [To Takoii mportie rype 6bLIH BOCCTAHOBJIEHBI ABTO-
MOHU3AIMOHHBIE YPOBHU KBAa3MMOJIEKYJI, 00Pa3yeMbIX B
cronknosennsax Krt-Kr u ArtKr.

CyIecTBeHHOE MOBBIIIEHIE TOYHOCTH OTPE/ICICHUST
SHEPruil KBAa3UMOJIEKYJIAPHBIX YPOBHEH OBLIO JOCTUT-
HyTO GJ1arojapst IPUMEHEHUIO YIIOMSIHYTOI'O BBIIIE Me-
TOJIa PETUCTPAIIIU JIEKTPOHOB 110 COBIIAJIEHUSM C Pac-
CeHHBIMU HWOHAMU. XOJ 9KCIHEPUMEHTAJIbHON opoOu-
TajJd B 3aBUCUMOCTH OT MEXKbsJIEPHOIO PaCCTOSIHUSI
E(R) BoccraHaBiuBaJjCs IO IOJOXKEHUIO MaKCHMYyMa
B CIIEKTPaX 0Ke-3JIeKTPOHOB d20 /dE.db, m3MepeHnbx
[IPU PA3JIMIHBIX PACCTOAHUSIX HAMOOJIBIIETO COJIKE-
nust Ry. Boemmonnen psyg pacaero MO st cucTeMbl
Kr—Kr [18,87,88]). DkcrepumMenTaibHble ypOBHU G113~
ku K pacuerabim MO [88], mepexossium B 4p-ypoBeHnb
obbequaerHoro aroma Hf. OupesesieHHbIE U3 CIIEKTPOB
d*0/dE.db n d*c/dE. yposun kBasmMoexyms Kr-Kr
VIOBJIETBOPUTEIBLHO COTJIACYIOTCH MeXkIy coboit. Cire-
JIyET YUUTBIBATH, YTO IIPU OILIPEJIeJIeHUN YPOBHS KBA3W-
MOJIEKYJIbI O€3 IIPUMEHEHUsI MeTO/Ia COBITa eHNI BKJIa-
JIBl TIEPEXOJIOB Ha Pa3/IndHble BaKAHTHBIE OpOUTAIN
CYMMUDYIOTCsI (B PACCMATPUBAEMOM CJIydae CyMMUDPY-
FOTCs TePeXO/Ibl IIPHU 3all0JIHEHNN BaKaHCHUil Ha 4pm- U
4dd-opburassx).

W3 abCcoMOTHBIX BEIUIWH CEUEHUH OBLIN OIEHEHBI
IMUPUHBI ABTOMOHU3AIMOHHBIX ypoBHeil ['4. Ceuenus
oxKe-moHu3anuu B KaszumoJiekyinax Kr—Kr u Ar—Kr jre-
xkar B muanasone 10716 — 10717 em?. Ilepexon o u3-
MepsieMbIX CeYeHMit d20/dEedQe K ceuerusiM do/dE,
OCYIIECTBJISJICST B IIPEJIIIOJIOKEHUN 0O U30TPOIHOM B
cUCTEeMe MEHTPa MACC YIJIOBOM PACIIPEJICTICHUN KBAa3U-
MOJIEKYJISPHBIX 371eKTPOHOB. OKa3aj0ch, 9TO BEJINYIU-
uel I'4 gocturator nopsaxa 1016 ¢! B cayuae Krt—
Kr u mopgaka 10'% ¢! B crygae Art-Kr, T.e. Bpems
JKU3HM BAKAHCUN OKA3BIBAETCS CDABHUMBIM C BpDEMEHEM
CTOJIKHOBEHWUSI, U, KaK CJIeJICTBYUE, BAKAHCUU C 3aMETHOI
BEPOSITHOCTBIO YCIIEBAIOT PACIACTHCSI B KBA3UMOJIEKY-
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sie. IIpuanaamMu ¢ToJb OOJIBIION ITUPUHBI ABTOMOHU3A~
NUOHHBIX YPOBHEH MOTYT OBITH BO3pacTaHMe B KBa3W-
MOJIEKYJIe YHC/Ia IJEKTPOHOB HA BEPXHUX YPOBHAX 38
CUYeT BBIJIBUKEHUS 3aIOJHEHHBIX OpOuTaseil, crocob-
HBIX YYIaCTBOBATDL B OXKe-TIEPEXOJaX, a TaKKe YBEJI-
qeHre TePeKPBIBAHNSA BOJTHOBBIX (PYHKIAI COCTOSHMIA,
MezKJly KOTODBIMHU OCYIIECTBIISIeTCsl repexo (aHaJio-
ruano nepexogam Kocrepa—Kponura). Dddexr ysenn-
qennusa [ 4 B KBa3UMOJIEKysIe OBLT TPOAEMOHCTPIPOBAH
Ha MOJIeJbHBIX pacuerax [89,90]. Coveranne BBICOKOIL
BEPOSITHOCTH OOpa30BaHUsI BAKAHCUI W OOJIBIION IITH-
PUHBI aBTOMOHU3AIMOHHOTO YPOBHS MPUBOJUT K 3HA-
IUTEJIbHBIM CEYEHHUSIM SMUCCHHU JIEKTPOHOB U3 KBa3U-
MOJIEKYJTBI. BeposTHOCTL 0O6pa30oBaHusi aBTOMOHU3AIIN-
OHHBIX COCTOSIHIM B KBA3UMOJIEKYJIE OKa3bIBAETCST O3~
KO K CJIMHUIIE KaK BCJIe/ICTBUE CHUZKCHHNS BaKaHTHDBIX
MO, Tak u 3a cUeT BBLABUKEHUs 3anoaHeHHbx MO
IO/ TPAHUILY HEIPEPBIBHOTO CIEKTPa, ITO MPUBOIUT K
MOSIBJICHUIO HAJl BAKAHTHBIMU YPOBHSIMHU YPOBHEIt, 3a-
CEJIEHHBIX IJIEKTPOHAMU.

Jna ksasumosiekyiabl Kr—Kr u Ar-Kr 6buto wuc-
CJIEJIOBAHO CTOJIKHOBUTEJILHOE YITHPEHNE KBa3UMOJIE-
KYJSIPHBIX OXKe-CIIEKTPOB B 3aBUCUMOCTUA OT CKODPO-
CTU CTOJKHOBEHUSI B JIHAIIA30HE HAYAJBHBIX IHEPIHIl
Ey = 10—500 k3B. CroKHOBUTEIBHOE YIIIMPEHNE TTPHU-
HSITO XapaKTepu30BaTh BeuInHoi [y, paBHOIL SHEpTE-
TUYECKOMY MHTEPBaJIy, Ha KOTOPOM CeYeHMe yMeHbIIa-
ercd B 2 pasa 10 CPaBHEHWIO CO 3HAYEHUEM B TOYKE
E.(Rp). CroskHOBUTEIbLHOE yIIUPEHUE ObLIO BIEPBbIE
UCCJIE0BAHO JIjIsl PAJIMAIMOHHBIX [I€PEX0JI0B B KBa3U-
mostekyse. OMHAKO SKCIEPUMEHTHI HE CMOLJIH OTYeT-

o 1/2
JINBO BBILACJIUTL OJHY H3 3aBUCHUMOCTEH Fcb ~ ’UO/ 5

2/3 1

vy ” WM vy, IPEJICKa3bIBACMbIX PA3IMIHBIMUA MOJIEIIs-

MH. DTOT BOIPOC VIAAJIOCH BBISICHUTH B CIydae O¥Ke-

svuccnn [91], 6bLUIO TOKA3aHO, UTO FKCIIEPUMEHTAIbHAST
2/3

I'cp momumnsiercs coormomenuio 1oy ~ ”0/ , KOTOpOoe

cJlejlyeT M3 MOJIeJIH, TIPEJJIOYKEHHON B pabore [86].

CyIIecTBEeHHBIM —IITAarOM  BIEpeS ABUIACh OXKe-
CITEKTPOCKOINS JIETKUX KBA3UMOJIEKYJT, 00Pa3yIOMIIXCsT
B crosknoserusax NeT-Ne nu Ot-Oy npu smepruax
Ey 5-50k3B B jwmamazone mapaMeTpoB yjaapa
b = 0.2-1.4a.e. Hajmmame TOYHBIX PACIETOB MOJIEKY-
JISPHBIX opOuTaJjeil jjisi HeOOJIBIIOrO YHCIa JIEIKUX

KBa3UMOJIEKYJI IIPEJOCTAaBJISIIO BO3MOXKHOCTH HEIIO-
CPEJCTBEHHOTO CPaBHEHUS pe3yJIbTaTOB TEOpUH U
9KCIICPUMEHTA.

Ha puc. 15 npeictaBiaeHbl CHEKTPHI 3JIEKTPOHOB, U3~
mepennbie s ciaydas Ne-Ne. Kak 6put0 mokazano B
nareii padore [44], 4acTb creKTpa IKCIOHEHIUATIHHON
dopmbl cBsI3aHa ¢ 00pa30BAHUEM ABTOMOHU3AIMOHHOTO
COCTOSTHUU TIpU BbLABMKeHUU 4 fo-opburaau u mociie-
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Puc. 15. CnekTpbl 31ekTpoHoB npu cTonkHoseHusix Ne™—Ne
[44] LUTpuxoBble MNHUM — BKIad SKCNOHEHLMANLHON COCTaB-
NSOLLEld, TOHKasl CMIOWHAsh KPrBasi — pacyeT BK/Iaja OXe-
NepPexofoB B KBa3MMOJEKYE C UCMOsIb30BaHneM copmyrbl (8)

JIYIOIIAM TI€PEXOJIOM BBICOKOBO30YKJICHHBIX 3JICKTPO-
HOB B KOHTHHYYM BCJIEJICTBHE JUHAMUKHU COY/IAPEHUSsT
(em. caenyromumii pazgen). Hlupokas nosoca upu 60/1b-
MINX SHEPTUAX 3JEKTPOHOB CBA3AHA C O¥Ke-TIePEeXOIaMI
B KBa3UMOJIEKYJIE Ha CHUKAIONLYIOCH IPU COMUZKEHUN
qacTHIL 2PT-0pOUTAIID.

Kak Bummo ma puc. 15, 370T KaHAJ JOMUHUDPYET
[IPU SHEPIUAX JEKTPOHOB CBBINIE 2 a.e. Kak nokasza-
HO B paborax [44, 84, 85|, anamus GbopmbI CleKTpa 1
ee U3MEHEHHs ¢ POCTOM SHEPTUH COYIAPEHH MO3BOJIsA-
€T M3 IKCIIEPpUMEHTa IIOJIYyYUTH 3aBUCHUMOCTDH 9HEPI'UNn
OZKEe-TIEPEX0JIa OT JOCTUTHYTOI'O MEXKbSJIEPHOIO Pac-
croguug. dannbie pabor [44, 85] maxongarcs B Xopo-
[IEM COIVIACHU C JAHHBIMU PACUYETOB SHEPIHUH MOJIEKY-
nspHBIX opburadeii [18] (em. puc. 16). Xopormo corua-
CYIOTCsI TaK»Ke SKCIHEepUMEHTAJbHAS U pacdeTHas 2pm-
opburasu B ciaydae KBazumosekyiant O—-O [85].

Ha opGuranu 2pm umeercst BakaHcusi. OpOuraJib
250 3alojiHeHa, TaK KaK (OpPMUPYeTCsi U3 3aIlOJIHEH-
HBIX 2S-YPOBHEl CTAJIKUBAIOIINXCS ATOMOB.

B paGore [18| 6butn paccunranbl guarpamvbl MO
JUTst PA3JIUYHbIX 3aPA/I0BBIX COCTOsHME cucTembl NedT—
Ne (¢ = 0, 2, 4). 3anonHeHne 2pT-BAKAHCUH MO-
JKET TIPOMCXOJUTH ¢ opbutaseil 3po (Ha opburanau 2
951eKTpoHa), 3do (2 smekrpona), 3dmw (4 37eKTpoHA).
Mber mipejimosiaraeM, 9to opourtaaun 3so, 3pm u 3d0 He
COJIepKaT IJIEKTPOHOB, TaK KakK (OPMHUDPYIOTCS IIPH
GOJIBIITIX MEK'bAJEPHBIX PACCTOSTHUIX U3 HE3AMOJTHEH-
HbIX ypoBHei. Opburans 4fc omycromieHa mepexoia-
MU JIEKTPOHOB B KOHTHHYyM. Takum o0OpasoMm, nmme-
10TCs 6 BapMaHTOB HAYAJIBLHBIX COCTOSHUN JIJIS OXKe-
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Puc. 16. Monoxerue scbcbekTnBHOrO Tepma (To4km), nony-
4eHHOro u3 akcnepumenTa [85], u gnarpamma MO ans cucre-
mbl Ne®T—Ne [18]. BugHo, 4To 3KCnepuMeHTabHbIE YPOBHM
COrNacyloTCsi C NOBEAEHNEM B OLHOM Ciy4ae 2pm-, a B Apy-
rom — 3pm- u 3so-opbuTaneii. DKCnepUMeHTaNbHblE SHEPTUN
Espr nokasaHbl BEPTUKAAbHLIMU AUHASIMU, BbICOTa KOTOPbIX
COOTBETCTBYET HEOMPELENEHHOCTI SHEPTUI CBA3N HapyKHbIX
3/IEKTPOHOB, YHaCTBYIOLWMX B oxe-nepexoge. OTKpbITble TOUKN
— JaHHble paboTbl [44] ans kaHana 3dr? — 2pme, BHOCSLLErO
OCHOBHOIi BKN1ag B cedeHne. PucyHok B3sT u3s pabotbl [44]

nepexosios: 3po? — 2pre (MO 3HAYKOM € TIOHUMAET-
cs yleTaomuii 31ekTpon), 3do? — 2pme, 3dn? — 2pme,
3po3do — 2pme, 3poddn — 2pme u 3do3dw — 2pmwe. B
JaJbHEHIeM Mbl OyieM 0003HAYATH TOJIHBKO HAYAIHHOE
COCTOSIHUE. DHEPIUHU OXKe-TIEePEX0/I0B PACCINTHIBAIICH
KaK Pa3HOCTh SHEPIUil COOTBETCTBYIONNUX OpOUTAIeit
Ei(R) = E1(R) — E2(R) — E3(R).

BeposgTHocTh Oxe-mrepexona B eIMHWILY BPEMEHU
MOYKET OBITH ITOJTyYeHa KaK

27T * *
W= //Xf‘pf

Thae Xi, ¢; — OIHOIJIEKTPOHHBIE BOJHOBBIE (DYHKITHH
JBYX SJIEKTPOHOB B aTOME, HAXOISAIIMXCH HA BO30YK-
JIEHHBIX YPOBHSIX, X f — BOJIHOBast (PYHKIIHS SJIEKTPO-
Ha Ha 2pm-0pOWTANN, @y — BOJHOBasd (DYHKIHUA OXKe-

2 2

e
—Xi(pidTldTQ s
71,2

(9)

9JIEKTPOHA, T. €. CBODOIHOTO JIEKTPOHA, TTOKUIAIOIIETO
arom. Onepartop €2 /71 > OnMCHIBAET KYJIOHOBCKOE B3au-
MOJIEHICTBIE JIBYX JIEKTPOHOB. [Ij1s1 IBYX 9/IEKTPOHOB C
OJMHAKOBBIM HAIIPABJIEHUEM CIIMHA YIUTHIBAJIACDH MPSI-
Mas 1 o0paTHas AMILUIUTY/IbI IIEPEX0/I0B U UX mHTepde-
penrus. /lamee TpoBOIUIOCH CYMMUPOBAHUE BEPOSITHO-
cTell mmepexosia U3 COCTOAHUI ¢ Pa3/IMYHBIM CIIMHOM 1
[IPOEKIIell MOMeHTa. B KadecTBe BOJHOBBIX (DYHKITHI
CTaIMOHAPHBIX COCTOSHUI JIEKTPOHA MCIIOJIb30BAJINCH
BO/IOPOJIOTION00HDBIE BOJTHOBBIE (DYHKITUN, TIPU STOM -
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eKTUBHBIN 3apsiy] Z; MEHSLJICS IIPU U3MEHEHUN MeXK'b-
SIIEPHOTO PACCTOSHUA B COOTBETCTBHUH C U3MEHEHHEM
sHeprun opouTau. Beioop BOIOPOIONIOI00HBIX BOJHO-
BbIX (DYHKIMII OIpPaBJaH TE€M, YTO pacCMaTpUBAEMble
[I€PEXO/IBI TPOUCXOIAT BOJIN3M MIPe/Iesia 00beIMHEHHOTO
aTOMa, U JIEKTPOHBI HAXOJATCS B I10JI€ 3HAYUTETbHO-
ro 10 Besuunne 3hHEeKTUBHOrO 3apsiaa 00beIMHEHHOTO
aToMma.

CedeHne 3MHUCCUU 3JIEKTPOHOB ¢ HEprueil F, MOXK-
HO pacCUYNTaTh WHTErPUPOBAHUEM BbIparkeHusi (8) 1o
BCEM I1apaMerpaM yiapa.

Kak nokasano B pa6ore [69,92|, npu sHeprusix 3
k3B wmmeercss xoporiee coryiacme pacdera W IKCIIEPU-
MEHTa, JJIfg CEUCHUIl IMUCCUU OYKe-3JIEKTPOHA IIPU WC-
[TOJIb30BAHUN BEPOSITHOCTEN OXKe-TIEPEX0JIOB M SHEPIHil
07Ke-3/IeKTPOHOB, PACCYMTAHHBIX s cucTeMmbl Net—
Ne. ITpu sueprunm 6.25 k3B my1s1 9,1eKTPOHOB € SHEPrUs-
Mu 3—4 a. e. TaKKe UMeeTCsi COIJIache IIPU MCIIOIb30Ba-
Hun napaMeTpos cucreMsl Ne?t—Ne, a 1151 371€KTPOHOB
¢ sHeprusgmu 56 a.e. coryiacme JTOCTUTAETCH B OOJIb-
el CTereHu Py UCIOJIb30BAaHUU BEPOSTHOCTEl OXKe-
nepexonos B cucreme Ne*t—Ne. Ilpu smeprusx 12.5—
50 k3B corsacue ¢ 9KCIEePUMEHTOM JIOCTUTAETCS TOJIBKO
[IPY TOBBIMIEHUN CTEIEHN MOHU3AINN KBA3UMOJIEKYJIIBI
g0 m = 6. IIpu 9T0OM 1101 BEJIMYMHOI 1M TOHUMAETCS
CyMMapHOE YHUCJIO YAAJIEHHBIX 9JIEKTPOHOB U3 CUCTEMBI.

Takum 00pasoM, COIOCTABJIEHUE KCIEPUMEHTa C
pacdeToM MO3BOJISIET CJIEJIATH BBIBOJ, UTO pacuajl 2pm-
BaKAHCUU [IPOUCXOJUT B CHJILHO BO30YKICHHON (HMOHY-
3OBaHHOfI) cucreme, npudeM mMeeT MeCTO 3HavYrUTe/Ib-
HBINA POCT MOHU3aIIUU JaCTHUI[ C YBEJIMYECHUEM IHEPIruunu
COyIapeHus.

OCHOBHO#T BKJIQJI IIPH MAaJIbIX SHEPIHUAX COyAape-
Hus naer nepexon 3dn2-2pme. C POCTOM SHEpPIHU CO-
yIapeHus MOAKJI09aeTcsd KaHat 3dm3do u IPOUCXOIUT
CJIBUT CIIEKTPA 3JIEKTPOHOB B CTOPOHY OOJIBIIUX SHED-
ruit. OiHaKO BKJIAL KaHasa 3dr2 JOMUHIPYET IIPU BCEX
U3yYEHHBIX dHeprusx — BILUIOTH 1m0 50 k3B. Brurazg
sToro Kamaja npesbimaer 80%. DTo mo3BoJgET Ope-
JIEJINTh BEPOSITHOCTH YKA3aHHOIO OXKe-11epexoia Hero-
CPEeJICTBEHHO U3 dKciepumenta (cum. puc. 17).

Ciiejiyer OTMETHUTD, 9TO C POCTOM MOHUBAIMH TIapPT-
HEPOB COYJIAPEHUs] IIPOUCXOIUT COJIMYKEHNE TI0 IITKAJIe
SHEPIHUil MOJIOXKEHUsT BO30YXKICHHBIX ypoBHEH 3po, 3do
u 3dm ¢ ypoBueMm 2pm. Kak moka3biBaeT pacuer, CBsi-
3aHHOE C TUM YyBEJIMYEHUE WHTErpajioB IEePeKpPbITHS
BOJIHOBBIX (DYHKITUI TPUBOAUT K 3HAYUTETHHOMY PO-
CTY BEPOATHOCTEN IIepexoa.

VYcraHoB/IEHHAST 3AKOHOMEPHOCTD — CHJIBHBII POCT
CTEIEeHN NOHU3AIMY CUCTEMBI IIPU YBEJIMICHUN SHEPT I
COyJapeHus U COOTBETCTBEHHO YMEHBIIEHNN JOCTHUrae-
MBIX MEXK'bsJIEPHBIX PACCTOSAHUIL, TO/KHA YIUTHIBATH-
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Puc. 17. ConocraBneHune pacHeTHbIX 3HAYeHWi BEPOSITHOCTU
oxe-rnepexofa 4151 LOMUHNPYIOLLEro KaHana 3dr? — 2pTe npn
PaA3/INHHbIX CTENEHAX NOHU3AUNN CUCTEMbI 1 CO 3HAYEHNAMMN,
NONYHEHHbIMN N3 SKCNEPUMEHTA NPU PA3JINHHBIX SHEPTNAX CO-
yaapetusi. Vicnonb3osanbl gaHHble pabot [69,92]

Csd IIPpU MOACJIUPOBAHHUMN TOPMOZKCHUA YaCTUIL B BeEIle-
CTBE, IIpU aHaJIN3€ NOHU3aIllUN 9aCTHUIL IPU COYIAapeHn-
AX, SMUCCUU OZKe-3JIEKTPOHOB U XapPaKTEPUCTUYICCKOT'O
U3JIyIeHUd U APYTUX CTOJIKHOBUTEJIbHBIX IIPOIECCOB.

Teopermdeckue pacdeTnbl O2Ke-IMUPUH KBA3TMOJIEKY-
JspHBIX ypoBHeit ' 4 (R) HOMUMO PacCMOTPEHHOIO BbI-
e caydas Net—Ne BLINOIHEHD! JIMNIL 171 HeGO/ILIIO-
0 YHCJIa CAMBIX IIPOCTBIX KBa3mMoJieKkysr. s oxe-
HepexoIoB Ha 150-ypoBeHb B KpasuMmosiekyne He'™He
SKCIIepUMeHTaJIbHAs [UPUHA YIOBJETBOPUTEIBHO CO-
[JIACyeTcs ¢ paccuuTaHHON B padore [93] Kak 1o Besn-
quHe, TaK U 10 XapaKTePy 3aBUCHAMOCTHU OT MEXKbsiI€D-
HOT'O paccTostHus. [IJist TpOBEPKU MOJIEIN OYKe-IMUCCUI
U3MEPEHBI YHEPreTUIEeCKNE CIIEKTPBI JIEKTPOHOB U3
kBasumosiekynnl HeT—He ¢ mcmonnzoBammem MeTomm-
KU COBIIQJIEHUIT, KOTOPbIE IOpas3ji0 UyBCTBUTEIbHEE K
BBIBOJIAM MOJIEJIN, YeM CIIEKTPbI, IPOUHTEIPUPOBAHHBIE
10 BCeM BO3MOXKHBIM IIapaMeTpaM yzaapa. B srom ciry-
Jae CpaBHEHUE II0Ka3aJ10, YTO IJIABHbBI KBa3UMOJIEKY-
JISIDHBIIT MAKCHUMYM C XOPOIIeil TOYHOCTHIO OIMCHIBAET-
¢ BbIpazkeHueM (8): MUpPUHA MAKCUMYMa M 9KCIOHEH-
[MAJBHO YOBIBAIOIINIT BBICOKOYHEPTeTHIECKUN yIACTOK
CIIEKTpPa, BBI3BAHHBI CTOJIKHOBUTEJJIbHBIM yummpeHueM,
U3MEHSIOTCS C YBEJIUICHIEM CKOPOCTH CTOJIKHOBEHUS B
[TOJTHOM COOTBETCTBUU C TEOPHUEI.

Takum 06pa3oM, KBAHTOBO-MEXaHUYECKAsT MOJIE/b
SMUCCUN OXKe-3JIEKTPOHOB M3 KBAa3UMOJIEKYJIbI, OCHO-
BaHHAs HA NPUOJIMKEHUN DUPHU, XOPOIIO OMUCHIBAECT
ozKe-TIepexonl B KpasuMosekyaax Het—He, O—O u Ne-
Ne. Mojiesib HyKJIaeTCsl B JaJIbHEHIIeM Pa3BUTUN JIJIst

OIIMCaHUA OZKe-IIEePEeXO/I10B B TAXKEJIbIX KBa3UMOJIEKYJ/IaX
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¢ GOJILIITUM YHUCJIOM 3JIEKTPOHOB U CJIOXKHOM CTPYKTY-
poii yposreit. OHAKO Takoe pa3BUTHE MOXKET Oa3upo-
BaTbhCsl HA YCTAHOBJIEHHON MPUMEHUMOCTHU MOJIEJIN JIJIsI
MPOCTHIX U JIETKUX KBA3MMOJIEKYII.

MozkHO cJiesiaTh BBIBOJ, ITO U3yU€HIE aBTONOHU3a-
[[MOHHBIX IEPEXOJIOB (0Ke-TIEPEX0JI0B) B KBA3MMOJIEKY-
Jie [O3BOJIMJIO OIEHUTb UX BKJIAJ (XOTd M JOCTATOYHO
ckpomHBIi, MeHee 10%) B Heynpyrue morepm, a Tak-
2Ke 0Ka3aJIoCh YPEe3BbIYaiiHO IIJIOJOTBOPHBIM JJId pPa3-
BATHSA SKCIEPUMEHTAJIBHONI CIEKTPOCKOIINYN yPOBHEN 1
KBAHTOBO-MEXaHMIECKON MOJIEIN SMUCCUN U3 KBa3UMO-
JIEKYJIDBL.

6. PA3J/IEJIEHUE BKJIAJIOB
O2KE-MOHU3AIIUN Y JUHAMUYECKO
VMOHU3AIIN B YMUCCHUIO JIEKTPOHOB

B ciryuae oxke-pacnaga 2pm-BaKaHCHR B KBA3UMOJIE-
kyjgax Ne-Ne u O—O 6bL7I0 yCTAHOBJIEHO, UYTO MOJEIb,
npeJIozKeHHas B pabote [86], mocTaTouHO XOpOIo Boc-
IPOU3BOJIUT TIOBeeHNe crekTpa d2o/dE.db B 3aBucu-
Moctu oT E.. B TO ke BpeMsl CIEKTp KBa3UMOJIEKY-
gpl Kr—Kr 3aMeTHo yImmpeHn 1Mo CpaBHEHUIO CO CIIEK-
TPOM, IIPEJICKA3bIBAEMbIM MOJIEJIbI0. TakuM 00pasoM,
BOIIPOC O IPUMEHUMOCTH MOJEJIHU ITOTPEeOOBAJI OO IHU-
TeJbHBIX nccaenoBanuii. Kpome Toro, B 3KCIepuMeHnTe
Bypau u ap. [94] 6bu10 yCTAHOBJIEHO, UTO TIOJHOE Ce-
JeHUEe SMUCCUM 3JIEKTPOHOB C HEIPEPBIBHLIM PacIpe-
JleJIEHIEM HEeyKJIOHHO PAacTeT ¢ yBEJIUYEeHUEM CKOPOCTH
cToskHOBeHUs (BIIOTH 110 Fy = 800 k3B), uto HE CO-
IJIacyeTcsl ¢ BBIBOJAMM KBAa3MMOJIEKYJISIPHONW MOJIEJIN:
C POCTOM CKOPOCTH yMEHBIIAETCS BPEMsl CyIIeCTBOBa-
HUsI KBA3UMOJIEKYJIBI U, KAK CJIEJICTBUE, JI0JI?KEH yMEHb-
MATHCST BBIXOJI 0¥Ke-3JIEKTPOHOB.

CuekTpbl kBasumoJiekyabl Kr—Kr B crojikHOBEHU-
ax ¢ Fy 150,450 u 750 k3B ObLIN HCCIEI0BaHBI

upu bUKCUPOBaHHBIX IapaMerpax yaapa [95]. Dxcie-
PUMEHT I0Ka3aJl, YTO yBeJudeHne ¢ pocroM F cede-
HUsi 00pa30BaHUsI JIEKTPOHOB C HEIIPEPBIBHBIM JHEpre-
TUYECKUM PACIpEeIEHIEM CBA3aHO ¢ OBICTPO BO3pac-
TAIOMUM BKJIAJIOM MOHU3AIUN BCJIEJCTBUE MTPSIMBIX I1€-
PEXO0JI0B ATOMHBIX 3JIEKTPOHOB B HEIIPEPBIBHBIN CIIEKTP.

B obmem ciydae cooTHOIIeHUE aBTOMOHU3AINNA W
JIMHAMUAYECKON WMOHU3AIUKA 3aBUCHUT OT IIapaMeTpPOB
PACCMATPUBAEMBIX TEPMOB KBA3UMOJIEKYJIbI U CKOPO-
cTu coyJapenus. Pazienenne IByX MEXaHU3MOB MOHU-
3alii B KBAa3UMOJIEKYJle ObLIO OCHOBAHO HA TOM, YTO
CeYeHUsl OYKe-MOHU3AIMH U MPSIMON MOHU3AIUY JTOJIK-
HBI [O-PA3HOMY 3aBUCETh OT CKOPOCTH CTOJKHOBEHUS.
st mceeroBanus ObLIa BhIOpaHa MPOCTas KBA3UMO-
nekyiaa HeT-He, B KoTOPOii ¢ BBICOKOi BEPOATHOCTLIO
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Puc. 18. CeueHne amuccuu anekTpoHos ¢ aHeprusamm E. > 20

3B u3 keasumonekynbl He™—He B 3aBucumocTyn ot ckopoct

CTOJIKHOBeHMSA: 1 1 2 — pacHeT NpsiMOil U OXKe-NOHU3aALNN Co-
oTBeTCTBeHHO. Vlcnonb3osaHbl AaHHble paboTsl [96]

obpasyerca 1so-Bakancusi. CIEKTPBI 3JIEKTPOHOB ObI-
JIN U3MEPEHBI B IIMPOKOM JIMAla30HE SHEPTuii coyja-
perus Ey 0.3-403B [96]. Ha puc. 18 npusese-
Ha 9KCIIEPUMEHTATbHAST 3aBUCHMOCTD CEICHUsT IMUCCHI

KBa3UMOJIEKYJISPHBIX 3JIEKTPOHOB OT CKOPOCTH Uy BMe-
CTe C pacYeTHBIMU 3aBUCUMOCTSIMU JIJIsI TIPSIMOI U OXKe-
MOHUBANUU. BUIHO, 9TO 0OXKe-TepexXo/Ibl JOMUHUPYIOT
nmpu ckopoctsix vy < 0.25a.e., T.e. B obylacTu, rje
XOPOIIIO BBIMOJIHSIETCS YCIOBUE IPUMEHUMOCTU KBa3U-
MOJIEKYJISPHOrO mpubsmKenusi. [Ipn 6osbmux cKOpo-
CTeAX OBICTPO YBEJUIUBAETCS BKJIA/T IPSIMBIX IIEPEX0/I0B
3JIEKTPOHOB B KOHTUHYYM.

IIpupona HenpepbIBHOI KOMIOHEHTHI B CIEKTPaX
3JIEKTPOHOB JIO CUX TIOP SIBJISIETCS IIPUBJIEKATEIHHBIM
00'BEKTOM HCCJIEIOBAHMIT, TAK KaK OTKPBIBAET BO3MOXK-
HOCTU WM3yYeHUsI BJIUSHUS IUHAMHUKH COYAApEHUs Ha
nabJiojaeMble criekTpol. B paborax [71,97] paccaurni-
BaJjioch nosejienue Tepmos F;(R) misa cucrembr HT—H
B KOMILJIEKCHOI IIJIOCKOCTH MEXKbsI€PHOI0 PACCTOAHUS
R. Kak ye yIOMUHAJIOCH, PA3/JIUYHbIE T€PMbI SIBJIA-
forcst pasabivu Juctamu dbyaknnn E(R). Tlpu onpese-
JIEHHBIX TOYKaX R 3TW JINCTBI MOTYT II€peceKaThCsl, a
BEPOSITHOCTD IIEPEX0Ia MEXKY Pa3JIUIHBIMU TEPMAMUI
MOXKeT OBbITH OIleHeHa BBIYUCJIEHHEM WHTerpaJa 1o o0-
XOJIy 9THX TOYEK, KAK ITO CJIeJIAHO B U3BECTHOI MOJIe/IH
Jlannay—3unepa. Boiio obHapykeHO HajmIMe 0COOEH-
HOCTEI THIIa «IITOIOPa», KOTOPLIE CBA3LIBAIOT MHOXKE-
CTBO JIUCTOB M 00YyCJIABJIMBAIOT BO3MOXKHOCTD II€PEXO-
Jla JIEKTPOHA B KOHTHUHYYM. DTO OObICHUIO BBIJIBU-
JKeHUEe JUabaTHIecKOr0 TepMa B KOHTHHYYM, HECMOT-
psi Ha HajIMdue KyJOHOBCKOI'O CIYIIEHHsI TEPMOB. 3a
[IPOIIIE/IIIIee BPeMsl IIPOU3OIILIO 3HAYUTE/IbHOE pa3BU-
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THEe TEOpUU TaKUX I[ePeXOJ0B. DBLIO IOKA3aHO, YTO
OHM MOT'YT OBITH 00YCJIOBJIEHBI CKPBITHIMU TIEPECeTIeH-
sIMUA TE€PMOB B KOMILJIEKCHOH ILJIOCKOCTU MEXK'bs1JIEPHOTO
paccrostaus [71,97]. Tlogpo6HbIHi 0630p TEOPETUIECKUX
paboT 0 JAHHOM MEXaHW3Me MOHU3AINN ITaH B padoTe
[98]. Cpemnn apyrux ucciaeqoBaHuii CIEKTPOB JIEKTPO-
HOB, BBIIIOJIHEHHBIX HEJIABHO, CJIeJyeT YIOMSHYTb pa-
Gorer [99-104].

JleraqbHoe WCCIEIOBAHUE BKJAJA JTUHAMIIECKON
nonuzaruu npu crojuknosenuax Net—Ne Boinosmeno B
Hameit pabore [44]. Kak Bugno Ha puc. 15, npu sHep-
IUSIX 9JIEKTPOHOB MeHee 2 a. €. B CIeKTpax JIOMUHUDYET
HeIlpepPbIBHAST KOMIIOHEHTA SKCIIOHEHIUAJIBHON (POPMBI.
Mp&I cBsi3a 1 TIOSIBJIEHUE 9TON KOMIIOHEHTBI ¢ MOHU3AIU-
el AaBTOMOHUBAIMOHHOTO COCTOSTHIS, 0OPA3YIOIIEro Ipu
BBIJIBUKeHNH TepMa 4 fo?, Ha KOTOPOM HAXOJIATCS JBA
3JIEKTPOHA, B KOHTHHYYM.

B pa6ore [105] ay1st onucanus CrieKTpOB 3JIEKTPOHOB
OBLIO TPEJJIOZKEHO BBIPAYKEHIE

g (Ee) =A (Ee) eXp (@) ) (10)
E.
a(E.)=2 [ ImR(FE)dE, (11)
EP
47 |R(E.)|*Im R(E.)
A(EE) - Oé(Ee) . (12)

3aecs R(E.) — obparHas DyHKIUs J1Jis 3aBUCUMOCTH
SHEPruu PacCMaTPUBACMOIO COCTOAHUS OT MEXK'bsIep-
Horo paccrosiaust Ee(R), Im R(E,) — MHuMAasi 4acThb
910l ByHKIMU, ¥ — CKOPOCTH COyAapeHus (UCIOJIb3Y-
IOTCsl ATOMHbBIE €JIUMHULBI).

Curiesyst MeTojuKe, TpejyioXKeHHON B pabore [106],
T. €. B39B OTHOIICHIE M3MEPEHHBLIX CCYCHMN I IBYX
CKOPOCTEIl COyIapeHns, MOXKHO HCKJIIOYATDL BJIAAHIC
IIPeISKCIIOHEHINAIBHOTO (baKTOpa U U3 IKCIepUMeH-
TaJBHBIX JIAHHBIX TOJIyIuTh byHKmo o, ):

()|

31ech V1, V2 — CKOPOCTH COYIapeHUusl sl JIBYX pac-
CMATPUBAEMBIX CJIyYaeB.

Kax Busno #a puc. 19, rannbie st pa3IudHbIX Tap
CKOPOCTEI XOPOIIO YKJIQIBIBAIOTCA HA OJHY KPHUBYIO.

ag (Ee, El)
g (Ee, EQ)

1 1

U1 V2

]_1 (13)

3asucumoctu «(E,) 06pamaiorcs B HyJlb DU SHEPIUU
E, = 17.5+ 1.0 3B, 9T0 CBUIETEILCTBYET O TOM, ITO
MOHU3AIUS] IPOUCXOUT C aBTOMOHU3AIMOHHOIO YPOB-
Hsl, HAXOJAIIErocs B KOHTHHyyMe. SHadenue F), cia-
60 3aBUCHUT OT WCIOJIb30BAHHON mapbl cedenwnii. [losry-
JEeHHOe 3HaYeHNe COOTBETCTBYET aBTOMOHU3AIIMOHHOMY
COCTOSIHUIO, 00pPa3yIOIIEMYCsl BCJIEJICTBUE BbIJIBUKEHUSI
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Puc. 19. 3asncnmocts a(Ee), N3 OTHOLIEHNSI CEHEHNiA, n3me-

PEeHHbIX MpY pa3HbIxX 3Heprusix coypapeHusi. CTpeskoii ykasa-

HO 3HaveHue F, = 17.5 3B, korga Tepm BbIXOANT B CMJIOLLHOIA
cnekTp. PrncyHok B3sT u3 cTaTbn [44]

TepMa 4fo? IpH IOCTUYKEHNH MEXKbSAIEPHOIO PACCTO-
aaug R, = 1.3 a.e.

Bazsas npoussouyio or 3uadenus «(F,) 110 snepruu
9JIEKTPOHA, TIOJIy UM U3 IKCIIEPUMEHTa 3aBUCUMOCTD (B
aromubIx eguHnnax) 2Im R(E.) = 0.2301 + 0.0025F..
Taxum o6pasom, Im R(FE.) npakrudecku KOHCTAHTA U
csrabo 3aBUCUT OT F., ITO PACXOJIUTCSA C TEOpPeTHUte-
cKuMH TIpejckasanusiMu [70], corsiacHO KOTOPBIM 3Ha-
genne Im R(E,) JOJKHO yMEHBIIATHCA ¢ POCTOM Fe.
Daxr, uro Im R(E,) npakrudecku KOHCTAHTA LPUBO-
JIAT K 3KCIIOHEHIINAaJILHOI (popme crekTpa. Takasa dop-
Ma CIIEKTPA IIPEJITOJIATAET OTCYTCTBUE MHTEP(hEPEHITN
AMILTATY/I TIEPEX0/1a TIPA COJTMKEHAN W PA3JIETE TACTHIL.
A 3T0 MOXKEeT IPOUCXOUTh, €CJIU BePOATHOCTD MIePeX0-
Jla B KOHTHUHYYM BBICOKAa, UYTO UMEET MeCTO B M3ydae-
MOM CJTyvae.

Hamu [44] s npepkenoneHuaibsHoro akropa
ObLIO MOJIyYeHO BbIpasKeHue

A(E.) = 37 R? exp(—vE.), v = 0.776.
IlonobHast 3aBUCUMOCTD HE UMeEET IOKa TeOPETUIECKO-
0 OOBACHEHWS W BO3MOXKHO CBsI3aHA C BJUSHIEM KYy-
JIOHOBCKOTO TIOJIST sI/Iep Ha BOJTHOBYIO (DYHKITAIO SMUTH-
POBAHHOTO 3JIEKTPOHA.

Takum 06pazom, MOKA3aHO, UTO MOABIECHNIE IKCITO-
HEHIIAJIHHON KOMITOHEHTHI B CIIEKTPE JIEKTPOHOB CO-
IIACYeTCS C TPEACTABICHNEM O BBIIBUKEHUN ABTOUO-
HU3AIMOHHOIO TepMa B KOHTUHYYM. Bbicokast BeposT-
HOCTH CPBIBA JIEKTPOHA MPUBOAUT K OTCYTCTBUIO HH-
TepdepeHInn AMILIATY/I Iepexoa P COMMKEHNN 1
pazjere JacTUIl U, KaK CIeJCTBUAE, K IKCIOHEHITHAJb-
HOit opme criekTpa. Ompejie/leHbl apaMeTpbl aBTO-
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noHu3alnonHoro tepma: I, = 17.5 3B, coornomenue
ImR(E.) = 0.23 a.e. u R, = 1.3 a.e., noxrsepzxiaer
HaJIYHe KPyTO BbLIBUraoIerocs 4 fo?-repma.

ITosHoe cevenne MOHU3AIMHI [TOJIy IUM, IIPOUHTETrPHU-
posas o(F,) 10 3HEprum 3JeKTPOHA:

exp (—vE
T ST 1 exp (1) E
(i4)
Suauenus, paccuurannble 1o dopmyiie (14), naxomgarcs
B XOPOIIIEM COTVIACUH ¢ H3MEPEHHBIMI CEICHUSIMA NOHY-
samun [25,27].
CHekTpBl 37IeKTPOHOB, BO3HUKAIONIAE [IPU JIUHAMU-

g; = 37TR3{

9eCKOI MOHNUBAINN, U CTOJIKHOBUTE/ILHOE YIMTUPEHIE AB-
TOMOHW3AIMOHHON JIMHUN OINKCHIBAIOTCS BECHMa IOXO-
KUMU BbIPpazKE€HNAMHU, OTpazKaloIUMN JUHAMHUKY CO-
ymaperus. [[7s BbIBOZA O BKJIAJE aBTOMOHU3AINN WU
JUHAMAYIECKON HOHU3AINN TPeOyeTCs IPUBJIEYb OO
HUTEJIbHYIO NH(MOPMAIHUIO.

Kak Bujino Ha puc.8a, Ipu JOCTUKEHUN MEXKbsiIeP-
HOTO paccTosuus R., COOTBETCTBYIOMIErO BbIIBUKEHUIO
4 fo-opburasu, YUCIO yHAAJSIEMbIX 3JIEKTPOHOB § IIPU
sHeprusax coyiaapenus 3—6 k3B 6msko k 1, 9T0 COOT-
BETCTBYET PAaCHaly ABTOMOHU3AIMOHHOTO COCTOSIHUS.
IIpu sueprun 50 k3B 4uncsI0 SMUTUPYEMBIX 3JIEKTPOHOB
0 YBEJIMYMBAETCsI JIO 2. DTO O3HAYAET, UYTO C POCTOM
SHEPIUU COYJIAPEHUsT TMHAMAIECKAST MOHUBAINS yBEJIU-
qUBAET BEPOSTHOCTH IIEPEXOJIA IJEKTPOHA B KOHTHUHY-
yM, T. €. Mbl IM€eM KapTUHY, IIOXOZKYIO Ha CJIyvail MOHU-
3anun 11 6osiee pocroii cucrembl HeT—He.

Takum obpasom, (popMUpOBaHEe ABTOMOHU3AIHOH-
HOI'O TepMa, PEe3KO BBIJIBHUIAIOIIEroCs IpU COJIMXKe-
HUU YACTHI[, YTO [PUBOJUT K BO3MOXKHOCTU II€PEXO-
JIOB 3JIEKTPOHOB B KOHTHHYYM BCJIEJCTBUE JTUHAMUKI
COyIAPEHNs, sIBJISETCA OCHOBHBIM KAHAJIOM HOHI3AIIN
B paccMaTpuBacMOM ciydae crojknosenmii NeT-Ne.
Kak Buguo ma puc. 15, nuramMudeckas MOHU3AIUSA U
O2Ke-TIePEXOJIbl B KBA3UMOJIEKYJIe MO3BOJISIOT KOJIMIe-
CTBEHHO OIIUCATH CIIEKTPBI 3JIEKTPOHOB U CEYeHIEe HOHU-
3aly [IPU CTOJIKHOBEHUSIX ATOMOB CPEIHUX MacC.

7. BKJIAL OBPASOBAHUA
ABTOMOHM3AIIMOHHBIX COCTOSIHUI B
TOPMOS3HBIE IIOTEPU

B mammx HegaBHux pabortax [107-109] BeistBiIeHA
eme ojHa 006JiIaCTh ATOMHOIN (pU3MKHU, IJe y4eT aBTo-
MOHU3AIMOHHBIX IIPOIECCOB MOKET IIPUBECTU K Kap/IU-
HaAJLHOMY IIPOTPECCY B MIOHUMAHWUY SBJIEHUS, & UMEHHO,
TOPMOXKEHUS ATOMOB B TBEPJIOM TeJIe.

00630p COBPEMEHHOTO COCTOSIHUSI PAbOT 10 TEOPHUN
TopMokeHnst wacrur, gad B [110, 111]. Kax npasn-
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JIO, T€OPHsl YAOBJIETBOPUTEIHHO OIIMCHIBACT OTEPHU [IPU
GOJIbIINX YHEPIULAX YACTUILL U BOJIU3M MAKCUMYMa CeYue-
HUsI TOpMOKeHust. B pabore [112] 6p11 npeiiozkeH mo1-
XOJ1 JJIsI OTIUCAHUSI TOPMO3HBIX [IOTEPD TP M/ IEHHBIX
cronkHoBeHusx. OHAKO UMEIOTCS 3HAYUTEIbHDBIE PAC-
XOXKJIeHUs TeOpUH € dKcrepumentoM. Ha mamn B3rsa,
9TO CBSI3aHO C TE€M, UTO IPU MeJJIEHHBIX CTOJIKHOBEHU-
sIX UPHOPUPYETCsl MOHU3AIUS BCIEJCTBUAE 00Pa30BaAHU
U pacrajia aBTOMOHU3AITNOHHBIX COCTOSTHHUIA.
DJIeKTPOHHASI TOPMO3HAS CIIOCOOHOCTE U HEYIIPYTHE
MOTEepH SHEPIUU [PU CTOJKHOBEHUSAX CBA3AHBI KAK

d_E72’/T

— 1

[ @0+ @uiw o).
3aech Vy — 006beM OHOTO aToMa B TBEPAON MUIIEHH,
b — mapamerp yjapa, wieH (Qy 00ycJiOBjieH BO30OYK-
JIEHUeM IIJIA3MOHOB U JIPYTUMHU BO30YKICHUSMEU IPU
IIPOXOZK/IEHUN JACTUIIBI I€PE3 MUIIEHDb, & WIeH ()1 OT-
pazkaeT BKJaJ OT noHmsarnuu wacrtur, W(b) ssiser-
Csl BEPOSITHOCTBIO HEYIIPYIOro Iepexoja. Kak rmokasa-
Ho B Hameil pabore [107], bopMupoBanue aBronoHu3a-
[IMOHHBIX COCTOSIHUII BHOCHUT JIOMUHUPYIOMINN BKJIAJ B
TOPMO3HBIE CIIOCOOHOCTH ITpK OOMOAPIUPOBKE MOHAMU
TBEPIBIX TEJI.

SHaYeHNs JIEKTPOHHBIX TOPMO3HBIX CIIOCOOHOCTEIH
dFE /dx MOXKHO OIEHUTD, UCIIOJIB3Ys CBA3b MEXK/Ly cede-
HUeM BO30YKICHNS aBTOMOHU3AINOHHOTO COCTOSTHUS 1
ceuenneM noHuzanun. COOTHOIIEHNE MEXK Ty CeICHUEM
0bpa3oBaHusd ABTOMOHU3AIIMOHHOIO COCTOSIHUS 0 U Ce-
YeHMeM HMOHWM3AIUM 0; WMeeT Buji o, = 1/N o'" rhe
N — 9uc/I0 3JeKTPOHOB, 00PA3YIOMINXCs IIPU PACIIAIE
ABTOMOHMU3AIMOHHOTO COCTOsIHUsI. HaKoHell, ypaBHEHHe
(15) MOXKHO TlepenucaTb B BUJIE

won
E QI”UUan .

nly

dF 1 (16)
dz N Vo
IlosroMy misi OmeHKH BKJIAJA ABTOMOHU3AIIMOHHBIX
nporeccos B dE /dx neoGXonIMO 3HATD 3HATEHIS (Q1p7;
= on

1 ceveHuil noHU3auu 0,97

Ha puc. 20 nano cpaBHeHUE 3JIEKTPOHHBIX TOPMO3-
HBIX crniocobHoCTH dE/dr nas ciiydast CTOJIKHOBEHHMIT
noHOB Ar ¢ TBepibiM Ar, paccuMTaHHBIX 10 (hOpPMYyJIe
(16), ¢ sHaueHnsiMu u3 Gasbl ganHbx SRIM [113)].

g caydas  ArToAr-
CTOJIKHOBeHUIl B3aTbl u3 paborer [26, 27, 47]. B
ciaydae M-o6osmouku HaOJIIOIAIOCHE O0Opa30BaHME CO-
crostanii ¢ sHeprusivu 14, 28 u 55 3B [40]. Bruan

Ceuenus NOHU3aIIUHN

obpa3oBaHuA BaKaHCHI B Lo 3-000/104Ke Takzke ydu-
reiBasicad. Cedenue obpaszoBanus Lo s-Bakancuil ObLIO
[TOJIy9€HO W3 W3MEpPEHU cedeHusi 0Opa3OBaHUs OXKe-
9JIEKTPOHOB IIPU paciaje Bakancuu [23]. DHeprus
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ObpasoBaHue 1 pacnaj aBTOMOHU3ALMOHHbIX COCTOSIHUIA. . .

Ar-Ar

3
T

dE/dx, 5B/A

=)
L
T

BoIDYRAEHHE
M-obonouxm

Il L
0.01 0.1 1 10 100

Puc. 20. CpaBHeHue 371eKTPOHHbLIX TOPMO3HbIX MNOTEPb, Npea-
cTaBneHHbIX B 6asze gaHHbix SRIM, n Hawa oueHka, ocHo-
BaHHasi Ha cedveHun uoHm3dauuu ans caydas Ar—Ar. Ouen-
Ka BO30yxaeHusi M-060104kM NoslyHeHa Ha OCHOBe CedeHuid
VoHM3aumn, B3sATbIX M3 [26, 27, 47]. lNokasaH TakXe BKNagj
obpasoBaHust Lo s-Bakancuii [23]. LLTpuxnyHkTupHas anHus
— cymma Bo3byxgeHuli L- u M-obonoyek. PucyHok B3aT us
pabotbi [107]

obpazoBanust l-Bakancum Obljla IMPUHATA PaBHOM
340 »B [28]. IIrpuxuynkrupuas judus Ha puc. 20
npejcraB/sier cobOi CyMMy BKJIAJOB B SJIEKTPOHHYIO
TOPMO3HY0 crnocobrocTh dE /dx or Bo30yXKaeHust L-
u M-o6oouek. Kak BuHO, Bo30yK/1enne L-000109Ku
yBejquuuBaer 3uadenue dF/dx B nBa pasza. DTOT
PUCYHOK TaK:Ke JIEMOHCTPUPYET HOPOIrOBOE IOBEJIEHUE
9JIEKTPOHHOM TOpMO3HOHN crniocobHocTn dE/dr. Kaxk
U B JIDYIEX DPACCMOTPEHHBIX CJIydasx, IMpeJjiarae-
Magd MOJeJIb IIPpeICKa3bIBaeT ):LOI\H/IHI/IpyIOIIH/Iﬁ BKJIQ I
poreccoB  (hopMUpPOBAHUS ABTOMOHU3AIMOHHBIX CO-
CTOSTHUI ¥ TIOCJIEIYIONEel NOHU3AIMUA B JIEKTPOHHBIE
TopMmosHble crocobunocru dE/dr B paccmarpuBaemMom
Jinaria30He SHEPruil COyJApeHHs, a TaKKe IpeJCcKa-
3BIBAET IIOPOrOBYIO 3aBucuMoctb dE/dxr or sueprun
60MOApIUPYIOITINX NOHOB.

Iist cotygaeB, KOrjia OTCYTCTBYIOT JAHHBIE O Cede-
HUSIX MOHUBAINN, JIJIsT UX OIMEHKU MOYKHO HUCIIOTb30BATH
paspaborannble Hamu ckeimaru. C IIOMOIIBI0 9TOrO
MeToJia ObLIN CJIeJIAHbI OIEHKH BKJIAJ A MoHm3aruu L-
obostouex jyig cucrem O—Al u Ne-Si [109]. Bozbyxe-
ure L-000/109KH B JIErKOM TIApTHEPE COYIapEHNsT CBsI3a-
HO C BblaBH2KeHueM 4 fo-opburasiu, a B 60J1ee TIKeJIOM
nmapTHepe — ¢ BblIBUXKeHneM 3do-opburtaiu. Bemuan-
Ha HEYIPYroil MOTepU SHEPIUHU B KaHAJE, CBSI3aHHOM
¢ BeyBrKenneM 4 fo, cocrapisiiia Beaumauny 35 9B wu
45 9B jura cucrem O—Al u Ne-Si coorBercrenno. Be-
JjmanHa (Q s 3do-opOuTasm 3aBUCHT OT PACCMATPU-
BaeMOil SHEPTUN U OTEHNUBAJIACH HAMU U3 IKCIIEPUMEH-
TaJHHO M3MEPEHHOM 3aBUCUMOCTH () OT MEXKbsIJIEPHOTO

10 2KOT®, Bbim. 5

paccrostans [114].

B ciiyuae O-Al mam pacder BKjaJia OT BBIJIBUZKE-
nust 3do u 4 fo-opburageit XOpOIIoO CONIACYeTCs ¢ JaH-
HbIMu 9Kcrepumenta [115] n pacuerom [116] npu ne-
[OJIb30BAHUN OMHAPHONM TEOpUU TPHU ONUCAHUM B3au-
MogieiicTBust yactuil. Vcnosb3ys dhopMmyiry u3 paboTb
[117] mst morepu SHEPrUM UPU B3AUMOJECHCTBUU MOHA
¢ Ta30M CBOOOJHBIX JIEKTPOHOB B TBEPIOM TeJ€, MbI
OIEHU/IN BKJIAJ[ B TOTEPIO SHEPIMU IIPU TOPMOYKEHUH
nonoB Ne na BHemHeit obosouke Si. [Ipu £ = 10 k3B
9TO 3HAMEHHE COCTABHIIO Beero 13% or mosHoi Beman-
HbI C€YEHUs] TOPMO3HBIX IIOTEPD.

Taxmm obpaszom, mepecTpoiika ypoBHEHT KBA3UMOJIE-
KyJbl 1 (pOPMUPOBAHNE ABTOMOHM3AIMOHHBIX COCTOS-
HUI JIOJIZKHBI 00s13aT€/IbHO yYUTBIBATHCS [IPU pacdeTe
TOPMOXKEHUsI JacTul] KaB-sHepruit B Bemecree. [1pe-
JIO2KEHHBIH TI0/IXOJI IIPE/ICKA3BIBAET TOPOrOBYIO 3aBUCHU-
MOCTb C€YEHUsI TOPMO3HBIX IIOTEPh OT SHEPTUH OOMOAp-
JIUPYIONIUX MOHOB, YTO HEe MOXKET OObSICHUTH HU OJHA
73 CYIIECTBYIONNX TEOPETUIECKUX MOJIEJIEN.

8. SBAKJIFOYEHUNE

1. PaccMOTpeHbI NMEIOIIHecs: SKCIEePUMEHTAIbHBIE
U TEOPETHIECKUE JTAHHBIE O (DOPMUPOBAHUM HEYIIPY-
TUX MOTEPh SHEPTUH, O MPOIECCaX MOHM3AIINU, IMUC-
CHUU 9JIEKTPOHOB M KBAHTOB IIPH CTOJIKHOBEHUSIX ATOMOB
B K3B-manazone suepruit. [Ipemioxkena Mosens, omnu-
CBIBAIOIIAsT CBsI3b MPOIECCOB MOHM3AINN, 0OPA30BAHMUS
BaKaHCHI BO BHYTPEHHUX 0DOJOYKAX U HADJIIOAEMbIX
Heynpyrux norepb. Cjiesan BbIBOJ, 9TO BO30YXKI€HHUE
ABTOMOHM3AIIMOHHBIX COCTOSIHUI SIBJISIETCS JIOMUHUPY-
IOIUM MEXaHH3MOM HEYIPYTUX [OTePh IPU CTOJIKHO-
BEHUSIX aTOMOB K3B-smepruii.

2. IlpuBesienbl pe3yabTaThl HEJABHO OITYOIMKOBAH-
HBIX UCCJIeI0BaHU 10 TeMe 0030pa: O MEXaHW3Me CPbI-
Ba JIEKTPOHA B KOHTHHYYM C BBIJBUTAIONIETOCS aBTO-
MOHU3AIMOHHOI'O TepMa, O KaHaJax OyKe-paclaJja Ba-
KAHCHU B KBa3UMOJIEKYJIE, TO3BOJIUBIINHE TOOUTHCA KO-
JINYECTBEHHOI'O OIMCAHUS CeYeHUl MOHM3AINN U CIIEK-
TPOB 3JIEKTPOHOB, SMUTUPYEMBIX IPU CTOTKHOBEHHAX
aToMOB K3B-snepruii.

3. PaccmoTrpena BO3MOXKHOCTH OIPEIEJIEHHST cede-
Huit 00pa3oBaHmWs BaKAHCHI BO BHYTPEHHUX 00O0JIOYU-
Kax JIg Pa3IMIHbIX KOMOMHAIUI aTOMOB-IIAPTHEPOB
CTOJIKHOBEHUSI pacdeTHbIM IyTeM. PaspaboTaHbl CKeli-
JINHTH, TTO3BOJIAIONINE PACCIUTATD CEICHIsT HOHU3ATIN
K-, L- m M-obos01€eK /15T TpOU3BOILHBIX KOMOMHAITMIA
CTAJIKUBAIOIIIXCS ATOMOB.
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4. Tlokazano, 9TO TEOPETUYUECKUE MOJICJIN, OIIHU-

CBIBAIOIIE TOPMOXKEHHWE WOHOB K3B-smepruit B Be-
MeCcTBe, JIOKHBI 00sS3aTeJIbHO TPUHUMATH BO BHU-
MaHue BO30YKJIeHNE aBTOMOHUBAITMOHHBIX COCTOSTHHIA.

IIpenckazana moporoBast 3aBUCHMOCTb CEUEHHUI TOD-
MO3HBIX IIOTE€Ph OT SHEPI'UU COY/IAPEHUS.
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