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OBLLAA XAPAKTEPUCTUKA PABOTDI

AKTyanbHoCTb TeMbl. MHdopmamus 00 aTOMHBIX CIEKTPax, JJIEKTPOHHBIX H
paauanMoOHHBIX, IIUPOKO MUCIIOJIB3YETCs I U3yYEeHHs] BHYTPEHHEW CTPYKTYpPBI BEIIECTB U
UX (QU3MKO-XUMHUYECKUX CBOMCTB. COBEpIIEHCTBOBAHUE HWHCTPYMEHTAIbHON Oa3pl U
METOJIMK CHEKTPOCKONMUYECKUX HSKCIEPUMEHTOB HE TOJBKO CYIIECTBEHHO IOBBICUIIO
TOYHOCTh W JOCTOBEPHOCTHb MOJYyYae€MbIX pE€3yJbTaTOB, HO M IO3BOJUJIO MPOBOJIUTH
HaOJII0/IEeHNE KaUeCTBEHHO HOBBIX 3P PeKToB. K TaAKOBBIM MOXKHO OTHECTH SKCIIEPUMEHTHI,
B KOTOpBIX HPOAYKTBl PEAKLIUM - HOHBI, HU3Iy4aeMble OJJIEKTPOHBI WM (POTOHBI -
PErUCTPUPYIOTCS OJAHOBpEMEHHO. CHHXPOHHOE M3JyY€HHE aTOMOM HECKOJIbKHUX YaCTHII
ABJISIETCS, KaK IPaBUJIO, CIEICTBHEM MHOIO3JEKTPOHHBIX MPOLECCOB, B KOTOPBIX JABAa U
0ojiee aTOMHBIX AJIEKTPOHA OJAHOBPEMEHHO MEHSIOT CBOU COCTOsSIHUS. OOHapyX eHbl U
MHOTOAJIEKTPOHHBIE IIPOLECCHI, NPUBOJAIIME K H3JIYYCHHUIO JIMIIb OJHOM YacTUIIbI
(anmexTpona, ¢oroHa). BeposSTHOCTh Te€X M JPYrux MpPOIECCOB OOBIYHO Maja, MOITOMY
TpeOyIOTCSI ~ MCTOYHMKM  MHTEHCUBHBIX  IYYKOB  BO30YXJAKOIUX  YacTUL H
JOJICOBPEMEHHbIE HAOJMIOJEHUS I [OJYYEHHs JOCTOBEPHBIX 3SKCIEPUMEHTAIBHBIX
pe3ynbraToB. HoBble SKCIIEpUMEHTANIBHBIE JAHHBIE 3aCTABISIOT CMOTPETh Ha (U3NYECKUE
IIPOLIECCH] B aTOMax, KAK HAa KOJUIEKTUBHBIE, MHOI'OJJIEKTPOHHBIE SIBJIEHUS, YTO IrOpas3ao
mupe pamMok OObr4HbIX 10 60-70 TOJ0B OJHORJIEKTPOHHBIX MPEACTABICHHN. ITO
yTBEpXkKACHUE elle OoJiee CIpaBeyIMBO OTHOCUTEIBHO MOJIEKYJ, KJIacTEPOB, TBEP/IbIX TEJl.
[ToaToMy wu3ydyeHHE MHOIO3JEKTPOHHBIX B3aWMOJECHCTBUN B AaToMax SBISETCA, B
OIpEICIEHHOM CMBbICII€, OCHOBOM MOHUMAHMS U PACKPBITUS HOBBIX (PU3UYECKUX CBOMICTB
MHOT'0AaTOMHBIX 00pa30BaHUM.

WuTepnperanysi COBpEMEHHbBIX IKCIIEPUMEHTOB BBICOKOTO pa3pelieHus], CIOCOOHBIX
PErUCTPUPOBATh NPOSBICHHE KOJUIEKTUBHBIX SIBIIEHUN B MHOTO3JIEKTPOHHBIX CHCTEMAX,
TpeOyeT BBIXOJA 3a paMKU OJHOYACTUYHBIX NPUOIMKEHUH, TaKMX Kak HpHOJIMKEHUE
Xaprpu-®oka (X®D). Hanpumep, nperu3noHHbIC U3MEPEHUsT OOHAPYKUIA TPUCYTCTBUE
BBIPDAKEHHBIX ~ PE30HAHCHBIX CTPYKTYp KOPPESIIMOHHOW MPUPOABI B  CEUYECHHSIX
(oTOMOHM3AMK CYOBaJEHTHBIX O00OJOYEK AaTOMOB; OOHApyXE€Hbl HOBBIE JIMHUM B
AJIEKTPOHHBIX U paJMallMOHHBIX CIIEKTPax, HHTEPIPETalUsl KOTOPBIX BO3MOYHA JIUIIb [PU
ydeTe MHOTOJIEKTPOHHBIX 3 (eKToB; U np. B psnge ciayuyaeB Oosiee TOUHBIE W3MEPEHUS
NOCIIEAHUX  JIET  BBISIBWJIM  JIOBOJIBHO  3HAYUTENbHBIE  PACXOXKIEHUS  MEXKIY
AKCIIEPUMEHTAJIbHBIMU JIAHHBIMA W TEOPETUYECKUMH pe3yjbTaTaMH, Hampumep, s
CeUYeHU JTBOMHON (POTOMOHM3AIMY BHEITHUX 000JI0YEK aTOMOB.

Takum oOpa3om, 3asaya pa3BUTUS TEOPUM aTOMa Uil ONUCAHMSI HOBBIX KJIaCCOB
Ha0MI01aeMBIX 3PPEKTOB MHOTO3JIEKTPOHHON MPUPOABI ¥ MPOLIECCOB KPATHOW MOHU3ALUU
SIBIISIETCS AKTYAJIbHOM.

Llenb pa6oTbl. OCHOBHOI LIE/IbI0 HACTOSIIIEH PAOOTHI SIBJISIETCS Pa3BUTHE TEOPUH
MHOT'03JICKTPOHHBIX A(P¢dEeKTOB B aTomax, €€ MNPUMEHEHHE K pacuery (Qu3nuecKux
XapaKTEPUCTHK KOHKPETHBIX MHOTO3JIEKTPOHHBIX MEPEXOJ0B B aTOMAaX U BBISIBICHHUIO UX
OCHOBHBIX MeXaHu3MOB. /[l jocTwkeHus Obuid  CHOPMYJIUPOBAHBI  CICAYIOIINE
OCHOBHBIE 33J1a4H:



— pa3paboTKa €IMHOI0 MOJAX0/a K MOCTPOEHUIO TEOPUHU CIIOKHBIX aTOMHBIX IPOLECCOB
no Teopun Bo3myineHuit (TB) B ¢hopmain3mMe BTOpUIHOTO KBAHTOBAHUS 1 KBAHTOBOM
TEOPUU YIJIOBOIO MOMEHTA M €ro NPUMEHEHUE K Pacyery SHEpPrui, BEPOSITHOCTEM,
CEYEHHMI MepexoJloB Ha OCHOBE MMEIOUIErocs MW BHOBb  pa3pabOTaHHOTO
POrpaMMHOr0 00ecTieYeHusI;

— TPOBEACHUE NOMCKOBBIX UCCIENOBAHNM, HAIIPABICHHBIX HA BBISBIICHUE KaUYECTBEHHO
HOBBIX MHOTO3JIEKTPOHHBIX 3P(EKTOB, U TOCTPOCHHUE UX TEOPUHU;

— TMPOBEJIEHUE PACUETOB (PUBNYECKUX XAPAKTEPUCTUK MHOTOAJIEKTPOHHBIX MPOLECCOB B
aToMax i OOOCHOBaHUSI HJACHTU(PUKAIMKA HAOIIOMaeMbIX JUHUNW U CTPYKTYp B
3JIEKTPOHHBIX U PaJUAllMOHHBIX CIIEKTpax;

— aHaJgu3 MNPUMEHSAEMBIX IMOJXO0JIOB K pacyeTy CeYeHUW JBOMHOM (HOTOMOHU3ALMU
aTOMOB C LI€JIbI0 pa3palOTKKU METOJIa, YCTPAHSIOIIEr0 MMEIOIIMECS PACXOKICHUS C
SKCIIEPUMEHTAIBHBIMUA JIAHHBIMU 33 CYET aJICKBaTHOIO Y4deTa KOPPEISLMOHHBIX
B3aMMOJICUCTBUI BhICIIUX TOpsAkoB TB; pa3paboTka mporpaMMHOro obecredeHus
ATOr0 METoJla YW MPOBEJEHUE pacyeTa CEYEeHUH NBOWHON (POTOMOHM3ALMMU BHELIHUX
0001109€K aTOMOB 0JIArOPOIHBIX [A30B.

NpeameToM mMccnenoBaHUS SBISIOTCS NPOIECCH KPATHOTO BO3OYXKACHUS U
MOHM3ALMY MHOTORJIEKTPOHHBIX aTOMOB U NOCeAyoast Tpanchopmalns B30y KIEHHBIX
COCTOSIHMM. OTH MpOLEcChl HE MOTYT ObITh TOYHO ONMCAHbl B paMKaxX CYyIIECTBYIOLIEH
TEOPUU U MOITOMY MOJICTUPYIOTCS MOCIEA0BATEIHLHOCTHIO 00JIee MPOCTHIX U TPAKTYEMBIX
Ha OJIHODJIEKTPOHHOM SI3BIKE “AJIEMEHTApHBIX AaKTOB. B CBOIO ouepensp, “anemeHTapHbIE”
aKThl CaMHM MOTIYT HMETh CYIIECTBEHHO MHOIO3JEKTPOHHYIO HPUPOLY M SIBISTHCS
OpeaIMETOM OTAETBHOTO0 HM3yueHHWs. B auccepTaniv pacCMOTPEHBI: MpexdieKmpOHHbLI
Oxe- wu  osounou  Oxe-3ddextol; camennumusvie  OxXe-NEPEXOJbl,  0BOUHAs
aemouoHUu3ayus PE30HAHCHO BO30YKIEHHBIX COCTOSIHUN, aBTOMOHM3AIMS O08VKPAMHO
8030VHCOEHHBIX COCTOSIHUN; OB8YX2eKmMpOHHble W MpexdNeKmpoHHble PaTAalMOHHbIE
nepexojpl. Ha ocHOBe M3yueHMs M pe3yJbTaTOB pacueTa (PU3NYECKUX XapaKTEPUCTHK
ATUX TPOIECCOB HCCIEAOBAHbI TaKWE€ CIOXKHBIX SIBICHUW KaK O60UHAs W MPOUHAs
¢domouonuzayus aToma, a TaKKEe JACTCH uoeHmuguxayus psga HOBBIX CTPYKTYD,
HaOJI0JaeMbIX B paJUAllMOHHBIX U 3JEKTPOHHBIX CIEKTPAX.

Hay4yHass HoBu3HaA. Ha ocHoBe pa3paboTaHHOTO MOAX0/a BIEPBBIE MOCTPOCHA
TEOpUsI TEPEUMCIEHHBIX BBIIIE KOPPEISIIIUMOHHBIX MPOLIECCOB, BBIPAXKEHHAsT B BHJE
crporux (B paMKax HH3IIETO Heucde3awmero mnopsaka TB) u npubnmxeHHbIX GopMy
JUIS aMIUTMTYJ U BEPOSITHOCTEH MEPEX010B U POPMYIMPYEMBIX IIPaBUIl 0TOOpA.

BnepBble mnpeackazaHbl M TEOPETUYECKH OIMCAHBI TPEXAJNEeKTpoHHblE Oxe-
nepexoabl ¢ “yriayOneHueM” U “BCTPEUYHBIM JIBUKEHHUEM ™ BaKaHCUMW, JBYX3JEKTPOHHbBIE
JIAMOJIBHBIE ITEPEeX0Ibl BUAa MP Nl—mMs mMp™ 1 Tpex3IeKTPOHHbIE THIOIbHbIE MEPEXO0/Ibl
Brga ms” nl— kp? n'l’.

BrniepBbie mosiydeHbl 3Hau€HUS (PU3NYECKUX XAPAKTEPUCTUK — KBAHTOBBIE UMCIIA
COCTOSIHU, DHEpPruu, BEpPOSTHOCTH, CEYEHUsI — i1 TEPEUMCICHHBIX  BBIIIE
KOppEIAIMOHHBIX mporeccoB B aromax Ne, Ar m Kr (WM CymecTBEHHO YTOYHEHBI
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UMeIoIecss B JUTeparype). BbIABIeHBI Ha KAa4eCTBEHHOM M ONHUCAHBl Ha
KOJIMYECTBEHHOM YpPOBHE MOJIeJibHbIE (U3MYecKhe MEXaHU3Mbl OTUX IMPOIIECCOB.
O06ocHOBaHa pacyeToM (U3UYECKUX XapAaKTEPUCTUK BO3MOXKHOCTH AKCIIEPUMEHTATHLHOTO
HAOJTIOICHUS TIPEICKa3aHHBIX MTePEX0/I0B.

BnepBble J1aHO TEOPETUYECKOE OMHCAHUE HSKCIEPUMEHTANIbHO HAOII01aeMOro
ahdexra 3aceleHHs U TOCIEAYIONmero (QIyopecleHTHOro pacmajga BoO30YKJICHHBIX
COCTOSIHUM JIBYKpaTHBIX MOHOB IMpU OOJy4eHUU aroMOB (HOTOHAMH C DHEprueu
ABTOMOHM3UPYIOIIMX PE30HAHCOB HEUTPATBLHOTO aTroMma, MOATBEPKICHHOE YHCICHHBIMU
pacueTaMH cedyeHuM 3acesieHus W pacnaga coctostHuii tuma Krlll 4p°nl Py XOPOULIEM
COrJJaCMM PACCYMTAHHBIX BEIUYMH U OKCIEPUMEHTAJIbHBIX JaHHBIX. Y CTaHOBJIEHA
uepapxusi (pU3MYECKUX MPOIIECCOB, OTBETCTBEHHBIX 3a JIBYKpaTHYIO HoHU3aiuio Kr c
BO30Y)KJICHUEM TPEThEro dJIEKTpOHA Ha JUCKPETHBI YpOBEHb TMpPU DSHEPrUsx
B030yxeHus B auanazone 90-100 7B.

BnepBrie  MOCTPOEHBI  KOMIIOHEHTHBIC, KaHaJIbHBIE M  TOJHBIE CEUCHUS
(muddepennmanbaple W aOCoMOTHBIE) ABOMHONW (orononmzamuu (JIPM) BHemHUX
obosiouek Ne ¢ ydeToM HIMpPOKOro crekTpa (OTOIIEKTPOHHBIX KOMIIOHEHT (e1,ep) MpH
HUCIOJIb30BaHUU XD MOTEHIMAJIOB VD N2, Omnpenenensl 00JaCTU AHEPruM, Tlie
norermmans: VY 1 VIV pagor YJAOBIETBOPUTEIILHOE COTJIAaCHE PACCUUTAHHBIX CEUCHUM C
IKCIIEPUMEHTAJILHBIMU JIaHHBIMUA. B pe3ynbTaTe aHajan3a OTHOCHTEIBHOTO IMOJIOKEHUs
VN VN2 ceqennit 1 dKcepuMeHTANBHBIX JAaHHBIX COPMYIMPOBAHA HIES HOBOTO
MeToza rnocrpoeHus ceuenuii J1OU.

Pa3paboTan HOBBII oHONIapamMeTpuuecKuil MeToa noctpoenus cedenuit JJOU. Jlns
ompe/ieeHs 3HaYeHUH apaMeTpa, OTBETCTBEHHOTO 3a CTENEeHb SKPAaHUPOBKH TOJIsI HOHA-
octatka (oTo3JIeKTpoHaMu, cHOpMyIUpoBaH (U3HMUEeCKM 00OCHOBAHHBIN BapUallMOHHBIN
KpUTEpPUIl MUHHMMyMa pa3HOCTH QopMm ceueHuid. B pamkax HOBOro Meroaa MOCTPOEHBI
ceuenust [J®OU BHemHux o6osiouek N€ U BIEpBbIE JOCTUTHYTO PABEHCTBO (HDOPM UIMHBI
CKOpOCTH, YKa3biBatomee Ha J((PEKTUBHBIA yUYET KOPPENAIHMA BBICIIMX TOPSIKOB,
MOI00HBIX YUYUTHIBAEMBIM B IPUOJIMKEHUH CIIyYaHBIX (a3 ¢ 0OMEHOM.

[ OCTOBEPHOCTb TONYYCHHBIX pPE3ylbTaTOB OOYCIOBIEHAa (U3NUECKOW W
MaTeMaTUYECKONl KOPPEKTHOCTHIO IOCTABJICHHBIX 3a7a4, KOPPEKTHHIM MPUMEHEHUEM
OOUIENPUHATBIX METOJIOB AHAJIUTUYECKUX M UUCIEHHBIX pacyeroB, (U3HUYECKOM
000CHOBAHHOCTBIO CJIEaHHBIX AOMYIIeHUuH. B OCHOBE NpeaCTaBIEHHBIX TEOPETHUYECKUX
pe3yibTaTOB JIekKAaT W3BECTHBIE METOJIbl - HecTallMoHapHas MHorodactuyHas TB B
dopmanu3mMe BTOPUYHOTO KBAHTOBAHUS, KBAaHTOBAas TEOPHUS YIJIOBOTO MOMEHTa - H
npubmkenus - Xaptpu-doka, ciydailHeix (a3 ¢ ooMeHoM, LS-cBs3u, “3aMOpOKEHHOr0
octoBa” (aTOMHOTO WM MOHHOTrO). Pacder (u3MUecKux XapaKTEpUCTHK BHIIIOJHEH Ha
OCHOBE Mpu3HaHHOro B Mupe nakera nporpaMm ATOM u Bomieamux B HEr0 aBTOPCKHUX
oporpaMM MpW TIIATEIBHOM MOAOOpE MapaMeTPOB BBIYUCIEHUH, COOTBETCTBYIOIIEM
crienuQpuKe pelaeMpiX 3aaad.

JIOCTOBEpHOCTh 3alIMIAEMBbIX HAyYHBIX TMOJOXKEHUH OOIIETeOPEeTUYECKOro Hu
BBIYHUCIIUTEIHHOTO XapakTepa 000CHOBBIBAETCS ux HEMPOTHUBOPEUUBOCTHIO



(I)YHI[aMeHTaJ'H)HBIM 3aKOHaM (I)I/IBI/IKI/I U MOATBCPIKAACTCA COITOCTABIICHUCM PACCHUTAHHBIX
XAPaKTCPUCTHUK U SKCIICPUMCHTAJIBHBIX JaHHBIX.

HayyHasa v npaktuyeckasi LeHHOCTb. [lonydeHHas B paboTe COBOKYITHOCTB
pe3yJbTaTOB M WX AaHajiu3 T[O3BOJWI BBISIBUTH HOBBIE (DOPMBI  IPOSIBJICHUMN
KOPPEJSIIUOHHBIX B3aMMOJICHCTBUIM B aTOMaxX U HEOOXOJIUMOCTh UX y4eTa P OMUCAHUU
IPOLIECCOB MHOKECTBEHHOTO BO30YXKJEHUST U HOHU3AIMU MHOTO3JIEKTPOHHBIX aTOMOB.
[IposiBiieHME TakKux B3aUMOJCHMCTBUM BIIOJHE BO3MOXKHO MOJIEKYyJax, KJjacrepax,
KPUCTANIMYECKUX CTPYKTYpax M B APYrMX MHOTOAaTOMHBIX oOpa3zoBaHusix. Ha ocHoBe
pacCUMTAHHBIX  3HAYCHUH  (PU3MYECKUX  XApPAKTEPUCTUK  O€3bI3NydaTeIbHbIX U
paJuaIlMOHHBIX MEPEXO0/I0B MPOBEJAeHA MACHTU(PUKALIMS HOBBIX HAOJI0/aeMbIX JIMHUNA B
cnektpax. Pa3paboranHoe mporpammHoe oOecreyeHue BOILIO B OOLIENPU3HAHHBIN U
noctynHeli  maker  nporpamm  ATOM.  Merononorus  NOCTPOEHUST  TEOPUHU
MHOT'03JIEKTPOHHBIX MPOLIECCOB B aTOMAaX MOXKET ObITh BKJIIOUYEHA, KAK CaMOCTOSITEIbHbIN
Kypc, B oOpa3oBaTejbHbIE€ MPOrpaMMbl MarucTepCKOW MOJTOTOBKHM IO HAaINpaBICHUSM
TeopeTuyeckod ¢u3uku. Pe3ynbrarbl paboThl MCHOJB30BaHBl MPHU  BBINOJHEHUU
rocOrIKETHBIX U X0310roBOopHbIX HMP B TOMCKOM NOJUTEXHUYECKOM YHHUBEPCHUTETE,
BBIIIOJIHECHUM MEXKIAYHAPOJHBIX IMPOEKTOB B KOONEpPAUUM C YHUBEPCUTETAMM IT.
Kaitzepcnayrepn u I'mccen, @purn-Xadep uncrurytoM, bepaun, OPI'. Uccnenoanus
nojjepxkanbl rpaHtamMu  YHuBepcutetel Poccuu, PODU, JIAAJ, Hemenkoro
UCCJIeI0BATENbCKOIO 00IIECTBA.

Haquble noNnoXxeHudA, BbIHOCUMbIE Ha 3alliuTy.

1. Pazpaboran METO/I0JIOTHUYECKUI [MOJIXOI K MIOCTPOCHUIO TEOpUU
MHOTOJJIEKTPOHHBIX TEPEXOJ0B B aTOMAax MEXAY COCTOSHUSIMHU CIIOXKHBIX
AJIEKTPOHHBIX KOHPUTYpaIuii, BKIIOYAIOIIUNA:

— METOJIMKY TOCTPOCHHUS  AHAJIUTUYECKHUX  BBIPAXKECHUH  JUISI  AMIUIUTY/,
BEPOSITHOCTE WM DHEPrUM  NEPEXOJOB €  YYETOM  KOPPEISLUHUOHHBIX
B3aMMOJICHCTBHI 1Mo Teopun BosMmyinenuii (TB) B dopmanusme BTOPUUHOIO
KBAaHTOBAHMS U KBAHTOBOM T€OPUHU YIJIOBOI'O MOMEHTA,

— METOJUKY MOJy4eHUs MPUOIMKEHHBIX (OpMYN JUIsl KOJIMYECTBEHHOW OIIEHKU
BEPOATHOCTH MPOLIECCOB,;

— KOMIUIEKC OpOorpamMm Uil  AQHAIMTUYECKMX W YUCICHHBIX  pPacueToB
XapaKTEPUCTHK IEPEXO0I0B YKa3aHHBIX BUOB.

2. PaszBura  Teopuss = MHOTORJIEKTPOHHBIX  KOPPENSLMOHHBIX  MPOIECCOB -
TPEXDJIEKTPOHHOTO U JBoMHOr0 Oxe-3pdekToB, caTeUTHBIX Oke-NepexoI0B,
JIBOMHOM aBTOMOHM3AIIMU BO30YKJIEHHBIX COCTOSHUN, aBTOMOHHU3AIMU JBYKPATHO
BO30YKJIEHHBIX COCTOSIHUHM, IBOWHON U TPOMHON (HOTOMOHHU3AIINH, & TAKXKE BIEPBbIE
MpeICKa3aHHbIX TPEXANEKTPOHHBIX OKe-1epexo 0B ¢ “yriay0aeHueM” U “BCTPEYHBIM
JIBW)KEHUEM ™  BAaKaHCHUM, JUIOJBHBIX JIBYXJJIEKTPOHHBIX mp'3nl—>ms'1mp'2 u
TpexdIeKTpoHHBIX MS2 Nl— kp? N’ mepexooB, - BEIpaskeHHAs B BHAE CTPOTUX (B
pamMKax HU3IIEro Hewcdesaromiero mopsaka TB) W nmpuOIMKeHHBIX (OpMYIT JUIs
aMIUTUTY]] M BEPOATHOCTEN NIEPEX0A0B U (POPMYIIUPYEMBIX TIPABUII OTOOPA.
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3. Ilosmydensl 3HaueHUs (U3MUECKUX XAPAKTEPUCTUK — KBAHTOBBIE YHCIA COCTOSHHIA,
DHEPTUH, BEPOSTHOCTH, CEUYEHHUS — JUIsl MEPEUYUCICHHBIX B 1.2 KOPPENSIMOHHBIX
nporeccoB B aromMax Ne, Ar u Kr. BpisiBieHbl Ha KaueCTBEHHOM M OMNHUCAHbI Ha
KOJIMYECTBEHHOM YPOBHE MOJIEJbHbIE (PU3NYECKHE MEXAaHU3Mbl 3THUX MPOLECCOB.
ObocHOBaHa pacueToM (bu3HYECcKUX XapaKTEPUCTHK BO3MOXHOCTb
HKCIIEPUMEHTAILHOTO HAOJII0IeHUS MTPEJICKa3aHHBIX IEPEXO0B I1.2.

4. Pa3zBuTa TeEOpUsl HKCIEPUMEHTAIbHO HaOmogaemMoro »sdd@exra 3aceieHus u
nocJIeyoero (hayopecueHTHOro pacnaia Bo30YyXKIAEHHBIX COCTOSHHUM JIBYKPaTHBIX
MOHOB IMpU OOJy4EeHUHM aTOMOB (POTOHAMHU C DSHEPrHel aBTOMOHU3HUPYIOUIUX
PE30HAHCOB HEWTPAJIBHOIO aTOMa, IOATBEPXKICHHAsI YMCIEHHBIMU pacdyeTaMu
cedeHuil 3aceneHus U pacnana cocrosiauii tuma Krlll 4p~nl mpu xopomem cormacuu
pacCUMTAaHHBIX BEIIMYMH M SKCIEPUMEHTAIbHBIX JTaHHBIX. YCTAaHOBJIEHA HEpPAPXUs
(BpeMeHHasT ¥  BEpPOSTHOCTHAs) KOPPEJSALUOHHBIX (U3UYECKUX  IPOIECCOB,
OTBETCTBEHHBIX 3a TAKOro BHJAA JBYKpAaTHYIO HOHM3auuio Kr c Bo30yxIeHueM
TPETBETO JJIEKTPOHA HA JMCKPETHBIA YPOBEHb B 3aBHUCHUMOCTH OT DSHEPIUH
($hoTOBO3OYKICHUS.

5. IlocTtpoeHbl KOMIOHEHTHbIE, KaHalbHbIC, MOJHBIE AUPepeHuraIbHble U
aOCONIIOTHBIE CeYeHHs JBoMHOW Qorononuszanuu (D) B dopmax mIuHB H
CKOPOCTH Ul BHeIHHX obomouex Ne ¢ ucromssoanmem X® norenmmanos VOV i
VN2 yeranosien XapaKkTep NOJI0KEHUS VN VIV cegenmit JOU B dopme
JUIMHBlL U CKOPOCTH OTHOCUTEJIBHO APYr JApyra M 3KCIEPUMEHTAIbHBIX JAHHBIX B
3aBUCUMOCTH OT DJHEPrud HMOHHU3UPYIOIIMX (OTOHOB, HA OCHOBAaHHUU YETO
onpeneneHsl 00JacTU JHEPrui, e NPUMEHEHUE YIOMSHYTBHIX MOTEHIMAJIOB
MPUBOJUT K YJOBJIETBOPUTEILHOMY COTJIACHIO C DKCIIEPUMEHTAIbHBIMU JAHHBIMU.

6. Pa3paGoran ojHomapaMeTpuyecKud  MeToJ  mocTpoeHuss  ceuenuit  JIDU.
CdopmynupoBaH BapuallMOHHBIA KPUTEPH (B MHTETpaIbHOM U UG PEpEeHITUATEHOM
BUJI€) MUHUMYMa pPa3HOCTH Ce4eHUil (OpMbI JIMHBI U (OPMBI CKOPOCTH IS
OTIpeJICIICHHs] 3HAUYCHUN mapaMeTpa. BbIsBlIeH (U3MUECKHil CMBIC] mapaMmerpa ( B
X® norenumane VIV xak BennumHbl, peryiupyromeii SKpaHHPOBKY OIS HOHA-
ocrarka (ortodnekrpoHamu. [lokasaHa BBITOJIHUMOCTE  CHOPMYIUPOBAHHOIO
KpUTEpUss U HAWACHBl peEUIeHUS O=Cmin BapUallMOHHON 3aJa4yd MOCPEACTBOM
YUCJIEHHOTO0 UTEPAMOHHOIO PELIEHUSI BAPUALIMOHHOIO YPAaBHEHHUS.

7. Merogom 1.6 moctpoenbl ceueHus JI®UM BHemHux obonouek Ne. YcraHOBJIEHO
CYILIECTBEHHOE COMMKEeHne (PopM ceUeHU I NpU HAIOKEHUH KPUTEPUs UHTETPAIbHOTO
BUJIAa U UX COBMAJECHUE - JUJIsl KpuTepus AU depeHunansHoro Buaa, Ha OCHOBAHHUH
Yero YyKaszaHo, 4YTO pa3paboTaHHBIA MapaMeTpuyecKuil MeToa APPEKTUBHO
YUUTBHIBAET KJIACC KOPPEISUUH BBICHIMX MOPSAKOB, NOJOOHBI YyUYUTHIBAEMOMY B
npuOIKeHun ciydailHeix ¢da3 ¢ oOMeHoM. OTKIOHEHHE TMOCTPOEHHBIX VNa.
CEYEHUIN OT U3MEPEHHBIX HE MPEBOCXOAUT NOTPEIIHOCTH IKCIIEPUMEHTA.

COBOKYITHOCTh IMOJYYEHHBIX PE3YyJbTAaTOB U MOJOKEHHH, BBIHOCUMbBIX Ha 3alIUTY,

MOKHO KBaJIM(QUIMPOBATh KaK pelieHHe BAaKHbIX HAYYHBIX 3aJa4 B 00J1acTU TEOPUU



MHOT03JIEKTPOHHBIX 3()PEKTOB B MPUMEHEHUH K MpoleccaM KpaTHOU (OTOMOHU3AIMUU U
ABTOMOHHU3ALUHA AaTOMOB.

JlnuHbin BKNapg aBTOpa. Bce OCHOBHBIE TEOPETHUECKUE PE3yJIbTaThI,
[PEICTABIIEHHBIE B JUCCEPTALMH, ITOTYYEHBI ABTOPOM JIMYHO. ABTOPOM C(HOPMYIUPOBAHBI
LeJb U 3aJa4d MCCleO0BaHus; pa3paboTaHa KOHUENIUSI METOI0JIOIMUECKOTO MoAX0/1a K
MOCTPOECHUIO TEOPUHU MHOTORJEKTPOHHBIX IPOIECCOB B aTOMax; MOCTPOEHA TEOpUs M
BBIITOJTHEH pacuer (bu3HYEeCcKUX XapaKTEPUCTUK NEPEYUCIECHHBIX BBIIIIE
MHOT'0O3JIEKTPOHHBIX IIE€PEXO0JIOB; MPEICKa3aHbl MHOTOAJIEKTPOHHBIE NEPEXOJbl HOBBIX
TUTIOB; copmyiupoBaHa ujesi W pa3paboTaH HOBBI MeToaa pacyera ceuenuit JJOU
aTOMOB; TEOPETUYECKU OOOCHOBaHA WJEHTU(UKAIMS HOBBIX HAOJIOJAEMbIX JIMHUM,
pazpaboTaH  psifi aNrOPUTMOB M  MporpamMM i aBTOMAaru3allid  pacyeToB
MHOTO3JIEKTPOHHBIX MEPEXO0/I0B; MPOaHATU3UPOBaHbl M OOOOIIEHBI MpPEICTABICHHBIE B
JUCCEPTALMM  MaTepuanbl. OKCIIEPUMEHTAIbHASA 4YacTh HWCCICAOBAHUM LIUTUPYEMBIX
aBTOPCKUX pabOT BBINOJIHEHA HEMELKUMHU KOJUIeraMd I[Py Y4acTUHM aBTopa B
IUIAHUPOBAHUU U OOCYXKACHUU PE3yJIbTaTOB IKCIIEPUMEHTOB.

BnarogapHOCTWU. ABTOp cUWTaeT CBOUM MPHUSTHBIM JIOJITOM BBIPA3HUTh IITyOOKYIO
OsaronapHocth npod. Auycve M.A., npod. Apegoesy K.II., npod. Jlu HU.C. u npod.
3enuuenxko B.M. 3a BCeCTOpOHHHE OOCYXKJEHUSI PE3YIbTAaTOB MCCIIEIOBAHUM, a TaKKe
Prof.Dr. H. Schmoranzer, Prof.Dr. H-K. Schartner, Prof.Dr. U. Becker u ux corpyaHukam
3a MOJIE3HbIE HAYYHbIE IUCKYCCHUHU M COABTOPCTBO B OOJIBIIMHCTBE pa0dOT MOCIEAHUX JIET, a
TaK>Ke 32 BCECTOPOHHIOIO MOMOIIh BO BpeMsl pabOUrX BU3HUTOB.

AnpobGauua pabotbl. OcHOBHbIE pe3ylbTaThl M  IOJOXKCHHS PaOOTHI
JOKJIaIBIBATTUCH M OOCYKJAIMCh Ha HAIIMOHAJIBHBIX M MEKIyHAPOIHBIX KOH(MEPEHIUAX U
ceMuHapax:

Bcecoros3Hplii ceMuHap 1O aBTOMOHHM3AIIMOHHBIM SIBJICHWSIM B atomax (Mockea,
1986), Bcecoro3Hasi mIKoJia-CeMUHAp O PEHTICHOBCKMM W 3JICKTPOHHBIM CIIEKTpPaM |
xumuueckoi cBszu (Odecca, 1986), Bcecoro3Hass koOH(EpeHIUs MO METojJaM pacuera
CTPYKTYpHI U (pU3HUECKHUX CBOMCTB KpucTtaioB (Kues, 1987), Bcecoro3nas koHbepeHIHs
110 TCOPUU aTOMOB M aToMHOH crmekrpockonuu (Munck, 1983; Puea, 1984; Vorceopoo,
1985; Tounucu, 1988; Tomck, 1989; Cyzdanw, 1991), MexayHapoaHas KOHGOEPSHIIMS 11O
BakyyMHOMY yibTpaduonery, |C VUV (llapuxc, ®panums, 1992), Espomneiickas
KOH(EpeHIUs 1Mo aroMHOW W MojekyisapHoir (usuke, ECAMP (Puea, JlatBus, 1992;
Cuena, Wramus, 1998), D'epmanckas KoH(]epeHIMS 10 aTOMHOW (HU3MKE, Macc-
CHEKTPOMETPHUH, MOJICKYJISIpPHOH (hr3uKe U KBaHTOBOU onrtuke (bepaun, I'epmanus, 1993),
Bcepoccuiickuii ¢cbe3n mo cnekrpockonuu (Mockea, 1995), MexayHapoaHas IIKOJa-
CEMHUHAp I10 aBTOMOHU3AIMOHHBIM sIBIICHUSIM B aromax (/[y6na, 1995), MexayHapogHas
KOH(EPEHIIUS 10 JIEKTPOHHBIM U aTOMHBIM CTOJIKHOBeHHSIM (Bena, ABctpus, 1997), XVI
MexayHnapoanas koHpepenius “PyHaamentanbHas AtomHas Crekrpockonus” (Mocksa,
1998), Il MexnayHaponnas koHdpepenius KORUS no ¢yHIaMeHTaIbHBIM HayKaM |
texHonorussM  (Tomck, 1998), MexayHapoaHas KoH(epeHIUs IO  aTOMHOM



cnekrpockonuu, EGAS (Vnncana, lBeuus, 1990; Kaen, ®pannus, 1993; bapcenoua,
Wcnanwus, 1994; I pay, Asctpus, 1996; Mapcens, ®panius, 1999).

My6nukauuu. Io teme auccepraiuu onyoJIMKOBaHO 34 CTAaThU B MEPUOIUUYCCKUX
U3JIaHUSAX W COOpHUWKAax, MpeacTaBieHO 33 Te3uca JIOKIAJ0B Ha HAIMOHAIBHBIX U
MEXKTYHApPOIHBIX HAYYHBIX KOH(EPEHITUSX.

CTpyKTypa AuccepTtauum orpejieicHa B COOTBETCTBHE C IEIbI0 M 3ajadaMu
HCCIENOBAHUS U COCTOUT U3 BBEIEHUS, D ri1aB u 3akiroueHust. Pabora uznoxkena Ha 258
CTpaHHUIIaX MAIIMHOIMKMCHOTO TEeKCTa, BKItovas 83 pucyHka, 33 TaOauIel U Oudiarorpaduo
13 264 HauMEeHOBaHUM.

COAOEPXAHWE OUCCEPTALIUN.

Bo BBegeHuM 00OCHOBBIBAETCSI aKTYyaJIbHOCTh TE€Mbl, (POPMYJIUPYIOTCS OCHOBHAsI
uenab, 3aJadd U [PEeIMET HCCIEIOBAHUS, XapaKTEepU3yeTcsl HaydHasi HOBU3HA,
NpaKkTHU4eCcKas [EHHOCTh W JOCTOBEPHOCTh MOJYYEHHBIX PE3yJbTaTOB, MPEACTaBICHbI
MOJIO’KEHHUSI, BBIHOCUMbBIE Ha 3alIUTy, OTMEYEH JIMYHBIA BKJAJ aBTOPA U IEPEUUCICHBI
KOH(EpeHIIMH, T/ie MpoBeaeHa anpolalus pador.

B nepBoii riaBe kparko NpeCTaBlI€Hbl METO/Abl U MPUOIMKEHUS] COBPEMEHHOM
TEOPETUYECKON aTOMHOU (pu3uku. M3 MHOKECTBA CYIIECTBYIOIIMX MOJIX010B BEIOpaHbI TE,
HA OCHOBE KOTOPBIX MOJYYEHbI PEICTABIICHHBIE B IUCCEPTAILMN MAaTEpUAIbI.

B nmepByro ouepeapb, 310 npubamxenue Xaprtpu-Doka — HawiIydllee U3
CYLIECTBYIOIIUX OJHOYACTUYHBIX NpUOIMKEeHH. OHO MO3BOJSET MOJIYYUTh XOpOLIEE
HayaJIbHOE MPHUOIMKCHUE K SHEPTUU M BEPOSTHOCTH Pa3IMYHBIX MEPEX0JI0B B aToMax (u
HE TOJBKO B aToMax), a Takxke Oasuc BONHOBBIX GyHkimid (BP) B ToM win nHOM
npuOIMKeHUU (PENIITUBUCTCKOM, 3aMOPO’KCHHOTO aTOMHOTO WJIM HWOHHOT'O OCTOBa, W
T.JI.), UCIIOJIb3YEMBIi B pacuerax 3a paMkamu Mpuoamkenus X 0.

el S
D e |i> e——o i i

Puc. 1. I'paduueckue cumBonbl TB. a) — anekTpoH; 0) — AbIpKa; B) — GOTOH;
I) KyJOHOBCKOE B3aMMOJICHCTBHE V =

1) m\——ﬁ)ﬁ{ , 60 (ME(t)rli); e) (MM (@)|i); x) (M (o)K);
3) (mj|ulik) = (mj Mik)—(mj|vki); u) (mkuij) = (mk Vi ij) - (mk|v] ji)



Jlanee KpaTko M3I0KEH METOJ HeCTalMOHAapHOW MHoroyactuyHou TB B
(¢opManu3smMe BTOPUYHOTO KBAHTOBAHUS, HCHOJB3YIOLUIMI TEH30pHBI  Xapakrep
OIIEPATOPOB POXKICHUS/YHUITOKEHUSI U KBAHTOBYIO TEOPHUIO YIIIOBOI'O MOMEHTA, a TAKXKE
IUarpaMMHYy0 TexHUKYy Deitnmana. [loctrouncrBamu TB SBISIOTCS UCKIIOUEHHUE B IBHOM
e BO Bcell MHOTODJIEKTPOHHOU CUCTEMBI U3 pacyeTa aMILIUTYI U DHEPIUM NEPEX010B
U OJHO3HayHOe rpadudeckoe (AMarpaMMHOE) NPEJCTABICHHE CIOXKHBIX aTOMHBIX
IIPOLIECCOB B BHJIE MOCIEAOBATEIBHOCTU JJEMEHTAPHBIX aKTOB. OJIEMEHThI JUarpaMm
HarJsJHO TPAKTYIOTCA KAk IIOCIENOBATEIbHOCTh  IPOTEKAIOUIUX BO  BPEMEHU
3JIEeMEHTAPHBIX (PU3NYECKHUX IpoLeccoB, puc 1.

BeposiTHOCTB 6e3biznyuamensvHoeo nepexoaa MEXIy HadajdbHbIM @, U KOHEYHBIM

®, COCTOSIHMEM C 3HeprusiMu E, u E, B nepBoMm mnopsike TB 1mo MexsaeKTpoHHOMY

o ~ 1
B3aMMOJICHCTBHIO V = EZrij’l onpeaensercs BeipaxkenueM (h=m=e=1):
]

S(E-E,), (1)

HpI/I B3aUMOICUCTBUU aToMa C BHCIIHHUM QJICKTPOMAarduTHBIM IIOJIEM

L :2ﬂ’Mif‘Za(Ei_Ef)ZZﬂ‘<q)f’\7‘q)i>

A=) ¢&(c, e +c € ) wManoii MHTEHCUBHOCTH aTOM HCIyCKaeT MU

K,
norjouiaer OAMHOYHBIN QoroH. [loatomy st paduayuonmeix mnepexonoB B N-
SJICKTPOHHOM a4TOMC BO3MYHICHHUCM CIIYKHUT OIICPATOP

~ o N 1N - A
Hint (rl’rZ""'rN ’t):__ZA< (rn ’t) P, (2)
Ch

B3aUMOJEHCTBHS C IONEPEYHBIM DJIEKTPOMArHUTHBIM mojeM, (€,k)=0, Tak 4T0 B

JJINHHOBOJIHOBOM HpI/I6J'II/I)K€HI/II/I CCUYCHHUC IICPEX0oaa UMECT BU L

2S(E, -E —a)ds, . 3)

2
o (@)= M7
@C '

3nece M, =(®,
dbopme “mIMHBI’, S XapaKTEPU3YeT COCTOSHUE MHOTOAJICKTPOHHON CHCTEMBI. DOpMBI
CEUYEHUH PaBHO3HAYHBI, €CJIM B pacyeTe MCIOJIB3YI0TCI TouHble BD. I npubimKkeHHBIX
B® paBenctBo (opM Hapymaercs, a HUX Pa3HOCTh MOXET CIYXKUTbh KpUTEpUEM
CIIPaBEIJIMBOCTH MCIOJIB3YEMBIX MNPUOIMKEHUH. DTO HCMOJB3YETCS MPU IMOCTPOCHUU
HOBOI'O METO/Ia pacyeTa CeYeHU TBOMHON (POTOMOHU3AIMH B ri1aBe 4 quccepTalui.
Meroauka MNOCTPOEHUS TEOPUUM MHOTO3JEKTPOHHBIX MPOLIECCOB IOKa3aHa Ha
npuMepe MoApoOHO paccMaTpyMBaeMOro B TjlaBe 2 JuccepTalu Oe3bI3ydaTebHOTO
TpexdnexTponnoro Oxe-nepexoga (TDOO-mepexonma) Buma ij,—f f,f,.+e  mexny

(& P)| @, )ects ammmnTyna B Gopme “ckopoctu”, a M/, =(d|(&F)®,) - B

HaYaJbHBIM COCTOSHUEM @, C JBYyMs BAKAHCUAMHM i1 U iz M KOHEUHBIM @ C Tpems

BakaHcuaMmi fy, fp, f3 u snexTponoOM € B HenpeprIBHOM cHeKTpe.
B mpeacraBieHMM —BTOPUYHOTO KBAHTOBAHHMS — ONEPATOP  BO3MYINEHHS H
HeBo3MylieHHbIe BD O u O umeror Bux

10



\7='4—H”F:—2<k'\U\nm>akaaman, ©”=N33,®, ©F=N.aa.aa®, (4

kI mn

rre N - HOPMHpPOBOYHBIE MHOXHUTENHM, & W a' - ONepaTopbl POXKACHUS IBIPOK H

3JIEKTPOHOB, COOTBETCTBEHHO, a @, - BakyymHas B®, B kauecTBe KOTOpOHl yHOOHO

BbIOpaTh BA 0CHOBHOrO cocTostHus atoma B npubmmkennn X, H' @ )=E,|®,).
Hecranuonapuas TB wucnons3yeT IpeAcTaBieHUe B3auMojehcTeusa, V=€"'®,

V(t)= €"'Ve ™" rme BBogMTCA 0nepaTop 3BOIIOLUM

U(tt,)= 1+ilj(n)(t ), UO(te)=C ') jdt jdtnl jdtT{v V(L) V. @)}, (5)

n=1

-alt|

NepeBOSIIMNA MPU auadaTUYEeCKOM BKJIOYEHUU BO3MYIICHUS (Va (t)=V(t)e
©)

, a—+0)
HeBO3MYyIeHHYI0 BO ®© =W¥(t,) HEKOTOPOro CTAlMOHAPHOI'O COCTOSHHS B TOUHYIO BdD

Y(t) TOro ke CTalMOHAPHOTO COCTOSIHUSI K MOMEHTY BpEMEHH t ‘P(t):lim U(t,t )]‘P(t )>.
Torga ammmryga M :Iirg<Lj (L) PR (t, )MU (t,t,)DO(t, )>\t , mepexoma ii,— f f,f.q B

HU3LIeM HeucyesaroleM nopsiake TB npuobOperaer Buj

MP=ZIN N S S (K fumn,)

KImnkqlymyny

[(,T{a;a; a; 8,8 (e 03,0, (03 a7a,8,a,8_ [[®,) dt. (6)
U IpcacraBuMa B BUAC CYMMBbI 9'TI/I mapovaJbHbIX CJIaraCMbIX BHUd
i — — fi
M1(1>:Zk:<kq\u| f, £ \u\ fKE, kqf = e % - £

k: <
q
géﬁ

rae Ey,.=¢,+6-¢6,—¢,, € - onHosnexrponnsie X® sueprun, (K[amn)= (K|, mn) -

(K|rz'lnm) ecTh pasHOCTH HPAMOrO M OOMEHHOTO KyJOHOBCKMX HMHTEIrPAioB.

Cymmuposanue B MY nposoautcs mo BceM apipouHbiM (K<F) u wactuuneiv (k>F)
COCTOSIHUSAM, [TO/Ipa3yMeBasi HHTErPUPOBAHUE 110 HEMTPEPHIBHOMY CIIEKTPY.

OCHOBBIBAsICh Ha TCH30PHBIX CBOMCTBAX OMEPATOPOB POXKACHUS U YHUUITOKEHUS
crpostcsa B onpenenieHHOro tepma

¥, =NU (t o) @ai* | *|o,), (7)

Ni3

L's
‘Pfq:quLj(t,-Foo)l:[[a;fflll/Z @aTl]ffzzl/Z ® f31/2] ®(a ) f3]/2j| ‘CDO>, (8)

51 COOTBGTCTBYIOH_[I/Ie HapHI/IaJ]BHBIe aMHJII/ITy,[[BI BHU A
Ml(l):[Ll][Lz]zz(_l)L+Ll+lil+lf3+I2 - lfl Ik |L |L1 |2 IL |L1 :2 5|_L'5|v| M, X
N izl |1 |i2 Iil 3 g AU HrE
M [+ OB, ewip, (o avi, + Bw, ) B (9)
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rae paauanbabie uHTErpaisl V u W u yriioBele MHOXKUTENU (PaKTOPU30BaHBI. Y CIIOBUS,
IPU KOTOPBIX TOCJICHNE OTIUYHBI OT HYJISl, 3aJIAI0T MTPaBUiIa 0TOOPA.

M310keHa METOJMKa TOJNYy4YeHUs NPUOIKEHHBIX (OPMYJT Ui CPaBHUTEIBHO
HECJIOKHOW OICHKH aMILTUTY]] U BEPOSTHOCTEH MHOT'O3JIEKTPOHHBIX MEPEX00B B aTOMax
Ha ocHoBe ctporux /Tuma (10)/ Beipaskenuii. PaccMoTpeHs! mpuOmmKeHus

(df.)

u f,, HaliICHHBIX B TIOJIC aTOMa C BAKAHCUSIMU i1, i U Ty, fo, COOTBETCTBEHHO;

2

—  8CMpACKA:. F;2ﬂ‘<ili2‘u‘ flf2> 2, rae <q\ f;> €CTh UHTErpai nepekpeiBanus BO

. . 2 :
— pesonanc 6 nenpepvignom cnekmpe. I =Lz (i,oul flko>‘ , Tne '} - BepoaTHOCTL OxKe-

nepexoxa i, —> f,f,+kg,

| il £,

: , Ae - nebekr pesonanca, I* -
MAg+iT, /2 (exr p A

— pe3oHaHc 8 OouckpemHom cnekmpe. I'=T

INMPUHA TPOMEKYTOUIHOTO cOCTOsiHUA K oTHOCcHTenbHO Oxe-pacmana k— f,f,+q.
~~\ |2
(it

i,—>f,f,+e, <i1’f1> - uHTerpan nepekpeiBanus B® i u f, paccuMTaHHbIX B I0JI€

—  HeopmozoHanvhelx opbumaneti. T'=I}

, Tme T2 - BeposiTHOCTH OsKe-miepexoa

aToMa C BakaHcuel I, u Bakancusmu f, u f3, coorBeTcTBEHHO;

LeSh
Ln+18n+l

9 |n N_n
— KpamHoUu uoHuzayuu  eHewHux obonouex, I :TG ', 119 OlLCHKH

S|-2 |-n-1

-2 -
BEPOATHOCTH BHJa mepexoaa S1"— B [IPUCYTCTBUU JOMOJTHUTENIBHBIX N IBIPOK

BO BHEIIHEH 110106004Ke o BepostHocTH I mepexona - — 821

[IpuBeneHa mMeTOAMKA pacyeTa SHEPruu IEPEXO0/I0B, OCHOBAHHAS HA BBIYMCICHHUU
nonpaBok TB K »Hepruum COCTOSHHMI CIOXHBIX KOH(UTYypaluuili WM Ha METOJE
“repecTpoku’”.

OOcyxnaercss MeToauKa 3(PPEKTUBHOrO yuyeTa KOPPENALMNA BBICHIMX IOPSIKOB,
ocHoBaHHas Ha goctwxkeHusx [ICDOO npu pacyere ceyeHUM (POTOMOHMU3ALMU. YKa3aHoO,
BBIOOPOM TOJII, B KOTOPOM BbIUUCIAIOTCS Oa3zucHble X® B®, MOXKHO yudecTb 4acTh

auarpamm [ICDO, popmansHo ocTaBasick B paMkax Husiiero nopsiaka TB, puc.2.
k,

Puc.2. I'paduueckoe npeacrapneHue cucteMol ypapHeHui [1COO
17151 3¢ (HEKTUBHOTO B3aMMOICHCTBUS .
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CTpyKTYpHO-(hYHKLMOHaNbLHaA cxema
TEOpPEeTUYECKOro ONUCaHUA MHOIO3NEeKTPOHHbLIX NPOLEeCCOB

BbiGop npouecca N BbiGop o6bekTa
nay4veHus 7 ncecnenoBaHuA

MocTpoerre BO HavanbHOro 1
KOHEYHOro COCTOsAHUI B dopmanunsme
BTOPWYHOIO KBAHTOBaHUSA

v

MocTtpoeHne dheMHMaHOBCKNX

(HyneBoe npubnimkeHune)

nOCTpOGHMe napuvanbHbIX amnnnuTyq

anarpamm napumnanbHbIX aMmninTyg

eNHMaHOBCKMM auarpaMmMmam

BoccraHoBneHue napuuvanbHbIX aMmnnnTyn
B aHanuTu4eckon ¢popme no NOCTPOEHHLIM

B aHanuTM4eckon opMe B pamkax

BblGpaHHoOro nopsaaka TB B
npeacTaBneHnu B3aMMmoaencTBus

MNocTpoeHne benHMaHOBCKNX

| AHanus amMnnnTyn n nocTpoeHne

AanarpamMmm napunanbHblX amnnnuTyn )

> Bbl60p CXeMbl CNNOXXEeHUA MOMEHTOB )

BO3MOXHbIX MOZENeN npolecca

I'IOCTpoeHwe YrnoBbIX MHOXMWTENEN

A

Y.

amMnnuTys B aHanuTudeckon dopme

A4

YcTaHoeneHue npaeun otoopa

MocTpoeHwe BONMHOBLIX PyHKLMUIA
QrnpefeneHHoro TepMa ¢ UCNons30BaHUEM
TEH30PHOIo Xapakrepa oneparopos
POXOEHNSA/YHUYTOXKEHUS N KBaHTOBOWM
Teopux YrmoBOro MOMeHTa

AHanua Bo3mMoxHocTen acheKkTUBHOIO

no yrnoBbIM MOMeHTaM U YeTHOCTU

Pacuet nonpasok TB k 3Heprun coctoaHun
W aHan13 sKcnepuMeHTarnbHbIX 3Heprum

*| yueTa KOPPENALMOHHBLIX B3aMMOAESACTBUN |¢-—-

BbICLLUMX NOPAAKOB BbIGOpOM nons
Ans pacyeta B 1 aHeprumn coctosiHMiA

A 4

Pacuet B® 1 aHeprui coctosHui B
npubnmkeHun Xo® (Hynesoe npubnmxeHve)

|
A4 |

AHanuns sHepreTM4eCcKUX yposHen

Pacuet 6a31CcHbIX OAHOANEKTPOHHbIX BO

COCTOSIHWIA U I'Ipl/I6J'II/I>KeHHaF| OueHKa
hU3MUECKNX XapaKTepUCTUK NpoLiecca

A

A

(BO36YEHHBIX COCTOAHUSI AUCKPETHOIO
W HEMPEPBLIBHOIO CNEKTPA)

]
A 4 1

AHanua pe3ynbraTtoB pacyeTa
(CpaBHeHVIe C I'Ipl/l6]'IM)KeHHbIMVI OLieHKaMu,
BblABNeHne JOMUHUPYHOLLUX OU3NYECKNX
MEXaHU3MOB, CONOCTaBlEHNE C
JKCNepMeHTanbHbIMKU JaHHLIMU

A

A 4

PacueT r3nYeckmx XxapaKTepuUcTUK
npouecca B paMKax CTpOororo nogxogna

C ncnonb3oBaHMEM KOMMNeKca nporpamMmm
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Ha ocHoBe mepeducieHHbIX U APYruX METOJ0B U NPpUOIMKEHUN cHOpMyIUpOBaH
METOJO0JIOTUYECKUM TMOAXO0J K MOCTPOEHUIO TEOPUU MHOTOA3JIEKTPOHHBIX MPOLECCOB B
aTOMax C YYE€TOM KOPPESLMOHHBIX B3aMMOJICMCTBUI BBICIIMX NOPSAKOB. [IpruMmeHeHune
MOJX0/1a ¢ UCIOJBb30BAHUEM METOJIOB - IOCTPOECHHUS CTPOTUX AHATUTUYECKUX BBIPAXKECHUIN
JUIS. aMIUTMTYJl TEPEXOJI0B M MOIMPABOK K JHEPrMU MNEPEXOJOB MEKIY COCTOSIHUSMU
CJIOXHBIX DJIEKTPOHHBIX KOHQUTyparuii; 3H(PEeKTUBHOrO yueTa KOPPENSIHiA BBICIIUX
HOPSJIKOB BBIOOpOM Toyig g pacueta OaszucHbix B®d wu sHepruii; mnoctpoeHus
NpUOIMXKEHHBIX (OPMYJT JIJIi KOJIMYECTBEHHOW OLIEHKH BEPOSITHOCTEH MEPEXO0/J0B U UX
KQueCTBEHHOI'0 OMUCAHUS - MO3BOJISIET €IMHBIM O0pa30M pellaTh MUPOKUM Kilacc 3ajiad
COBPEMEHHOM TeopeTuyeckod aToMHOW ¢u3uku. Peanmuzanus noaxoma obecreueHa
pa3pabOTaHHBIM OPUTMHAIIBHBIM ~ KOMIUIEKCOM TpOrpaMM JUisl aHAJIUTHYECKUX U
YUCJIEHHBIX PACYETOB XapaKTEPUCTUK MHOTOAJIEKTPOHHBIX MEPEXO0B.

B nocnenyrommx riaaBax mnojJ TEPMUHOM “TIOCTPOEHA TEOpHUs’ MOHUMAKOTCS
pe3yabTaThl, MOJYYEHHbIE B paMKaX METOJO0JIOTMYECKOr0 Mmojaxoaa riaBel 1 wu
BBIPQXKECHHbIE B BHUJE CTPOTMX, B pamMKax HU3IIEro Heucuesarwlero nopsaaka TB, u
OpUOIMAKEHHBIX (DOPMYJT Uil aMIUIUTYJ U BEPOATHOCTH, CHOPMYIMPOBAHHBIX MPABUII
oTOOpa W aHanu3a (PU3MYECKUX MEXaHU3MOB H3ydyaemMoro mpoiiecca. Pacuer
OJIHODJIEKTPOHHBIX SHeprui, B u puznueckux XapakTepUCTUK MEPEXOJ0B BBHIMOJHEH C
UCIIOJIb30BaHueM Makera nporpaMm ATOM u aBTOPCKUX IPOrpaMM.

Bo BTOpoOii r1aBe NpeACTaBIEHBI PE3YyJIbTaThl TEOPETHUYECKOIO HUCCIEIOBAHUS
KOPPESILUOHHBIX 0€3bI3/Ty4aTe/bHbIX MPOIECCOB, COMPOBOXKIAEMbIX BO30YKJIEHUEM Ha
JIUCKPETHBIC YPOBHU WUJIM BHIOPACBIBAHUEM DJIEKTPOHOB B HEMPEPHIBHBIN CIEKTP.

Al AT AT A

—_—— et = — — . pl -_ = =— = nl —_—— =l
—_——_———t—_——— g’ - —=—T=—nr —_———— - = nl
fi .
o—

Puc. 3. TpexanekTpoHHbIH 1 1BOMHON Oxe-2PPeKT 1 caTeUTHBIN OXxe-nepexo.

Paccmotpensl mpexanekmponnsiii 1 08otinou Oxe-3hdeKThl u camennrumusie Oxe-
nepexoibl. JTU MPOLECChl MPEJCTaBISIOT MHTEPEC caMu Mo cede, a TaKKe 3a4acTylo
BXOJAT KaK BTOPOU WJIM J1ayK€ TPETUN-YETBEPTHIN “IJIEMEHTAPHBINA™ 3Tall MHOKECTBEHHOU
MOHM3AIMM aTOMa WJIM HMOHM3AIMM B BO30YXKIEHHOE COCTOSHME HMOHAa TEM WJIM HHBIM
BO30YKJIaIOIIUM TIOJIEM, €CITU CIIpaBeIIMBa KacKaHasi MOAEIb HOHU3AIMHU/BO30YKACHUSI.

Tpexanexmponnstii Oxce-3¢gppexm (TDO-3¢pdekt). B 60-¢ roapl ObLIM 0OHAPYKESHEI
HOBBIE TUTIBI O’Ke-TIepexo/I0B, B KOTOPHIX MPUHUMAIOT ydacThe 0oyiee JBYX 3JEKTPOHOB
atoma. Ha6monanocs, 4ro npu croikrosennn nonos N, N*, Ar* u CI* ¢ aromamu Ar ¢
BBICOKOI BEPOSTHOCTHIO 00pa3yrorcs 1Be Loz (2p)- BakaHcuu B Ar IIpH JIOTIOJIHUTEIBHOM
MOHM3alMM BHEHIHUX 00ojouek. C MopaBismoolIell BEPOSTHOCTBIO 3TH JBE BAaKaHCUU
3alOJIHAIOTCSL B pe3ysbTare JABYX OOBIYHBIX mepexoaoB L - MM, KOTOpbIM OTBEYarOT
riaBHble TMHUM B oOnacTu 3Heprun ~180 »B. Hapsiny ¢ Humu, Oblin 0OHapyKeHbl TUKU
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c1aboil MHTEHCUBHOCTH Mpu 3Hepruu ~445 5B, uro npuMepHO paBHO YJIBOCHHON SHEPTUU
BakaHcuu L. EauHCTBEHHass BO3MOXHOCTb OOBSICHUTH TOSIBJEHHE OJTHX JUHUU B
BBICOKOPHEPIeTUYECKON 4YacTW CHEKTpa - MPEANOJIOKUTh, YTO OHU 00ychoBieHsl TOO-
nepexogamu Bujga LL-MMM. Usmepennbie otHomienus cedenuii o(LL - MMM)/o(LL)
JIeXKaT B MHTEpBaje 103-10* uro maer OIIEHKY upuHbl TOO-1epexo10B ~103-10° 5B.

JIisi MHOTOAJIEKTPOHHBIX AaTOMOB HaMH BHepBble TNocTpoeHa Teopus TIO-
NEPEXOJ0B U BBHIMIOJIHEHbl PAacyeThl BCEX BO3MOXKHBIX KaHanoB TOO-pacnaga aByx 1s-
Bakancuil B Ne u 2s Bakancuii B Ar. [Ipu suepruu nepexoznoB ¢~130 Ry nmosnas mupuHa
cocrosiams 152 B Ne otrocutensro TDO-pacmaga cocrasmsier I, =1.684x10™ 5B (~0.07 %
nosuoit mmpunst 0.23 5B oxuHouHO# 1S BakaHcun), a 25° B Ar - ~5.5x10™ 5B mpu £~45
Ry, 4rOo BHONHE YJOBIETBOPUTENBHO COIJACYETCsl C OLEHKAaMH, ITOJYYEHHbIMH B
JKCIIEPUMEHTAaX M OLEHKax Jpyrux aBTopoB. B Ar paccMOTpeH Takke Nepexoj
2p'g—3s%3p™ Op (e=34.246 Ry, '4=0,371x10™ 5B). IIpsIMOro CpaBHEHHs TEOPHH U
AKCIEPUMEHTA CJIeJIaTh HEJb3sl 10 OTMEYEHHBIM BBIIIE YCIOBUSIM HKCIEPUMEHTA.

Hapsimy ¢ wuccnenoBanHpiMu TDO-TiepexogaMy  BBICOKOW SHEpPrud (TUIUYHAS
LIMpHUHA ~10™ aB), TeopeTmuecku npedckazanvl W U3y4deHBl crenupuaHsie TOO-
nepexonel ¢ (a) “yrmyOsenuem” u (0) “BCTpeuHBIM JBIKEHUEM BAKaHCUH, DHEPTHS
KOTOPBIX CPABHUTEJILHO MaJja, a UPUHA ~10?5B CpaBHUMA C MUPUHOK OxKe-NIepexo0B.

*q

(6)

Puc. 4. TDO-nepexons! ¢ “yriuyonenuem” (a) u “BCTpedHbIM JBKeHUEM (0) BaKaHCH.

IIpencTaBieHsl pe3yabraThl m3ydenmst TIO-mepexomo 2p°['S 'D]—>3s7'Y
25'[°S + Gsq B Ar ¢ “yray6iaeHnemM” BaKaHCHH, YHEPIUS U LIHPUHA KOTOPBIX COCTABIISIOT
9.626 Ry u 0.45x107 5B mms ['S| u 8.959 Ry 0.22x10™ 5B ms ['D]. Vcranosieno, 4to
OoJplIas LIMPHUHA IEPBOIO M3 HUX OOYCIIOBJIEHA MEXaHU3MOM “BCTPSCKH’, MHpPHYEM
HauOosee BeposATHO OKe-3JIEKTPOH “‘CTpsAXHBaeTCs” M3 BHEIIHEH 3S-00omouku. [llupuna
nepexona u3 coctosHus 2P ['D] Mana m3-3a B3aUMHON KOMIeHcauun (HHTEp(EPEHITHI)
napyaIbHbIX AMIUIATY/ - JOMUHHUPYIOLIET0 MEXaHU3Ma YKa3aTh HEJb3s.

MexaHu3M “BCTPEYHOro JBHKEHHS BAaKaHCUM M3y4eH Ha npumepe 4-xX MepexoioB
3s'4p’ [*°P]— 4s7'Y 3d'[*D] qp’f[l’3P] B KT ¢ sreprusimu €=7.801 Ry u £=7.764 Ry s
CUHIJIETA U TPUILIETA, COOTBETCTBEHHO, KOTOPHIE XOPOLIO OTAEIEHBI OT OCHOBHBIX JIMHUN
Oxxe-pacnaga 3S-BakaHcuu. OCHOBHbBIE pe3yJbTaThl pacuera MpuBeAeHbl B TaOm. 1, u3
KOTOPBIX BUJHO “pE30HAHC B KOHTUHYYME’ SIBJSIETCS JOBOJBHO XOPOILIUM MPUOJIMKEHUEM
ISl OLICHKU BEPOSITHOCTH niepexoioB (a), () u (2).
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Tabnuua 1. [TapiuanbHabie Ma(l), II0JIHAs aMIUIUTY1a Mtot(l), BEPOATHOCTH [, 3HEpIrUs €
TD0-nepexonos B Kr. | - opoutanbhbiii MOMeHT Oske-31€KTPOHA.

a) 0) 6) 2)
M, =1 =1 1,=3 ;=3

(10° Ry™?) e =7801Ry  &=7.764Ry  &M=7.801Ry  ¢"=7.764 Ry

M 0.656 -3.956 -2.209 0.575

MY 0.711 -4.014 -2.350 0.601

MY -0.237 -0.082 -0.030 0.041

MY -3.416-i5912  -1.718-i3.100  1.838+i6.155 -0.252+i3.251

MY -3555-i6.153  -1.852-i3.278  1.902+i6.060 -0.336+i3.221

M 0.075-i0.121 0.312 - i0.008 0.843-i0.236 -0.222+i0.069

MY 0.796 1.127 -0.831 0.140

Mg 0.845 1.168 -0.849 0.162

Mo -1.720 -3.337 -5.663 0.584

Miot™? -5.845-i12.186 -12.321-i6.386  -7.348+i11.979  1.293+i6.541
I's (10%5B) 1.562 1.646 1.694 0.380

Paccmotpennbie mpumepsl TOO-nepexonoB ¢ “yriayOneHueM” U “BCTPEYHBIM
JIBUYKEHUEM BaKaHCUW TMOKa3bIBAIOT, YTO pachajl BO30YXKJICHHBIX COCTOSHHI HOHOB
MOXET MPOUCXOAUTH MO HETPUBHUAIBHBIM TPAEKTOPUAM. Y CTAHOBJIIEHO pacyeTaMu, 4TO
BEPOSITHOCTh MCIYCKaHUS HU3KOZHEPreTUYECKUX IIIEKTpoHOB B TOO-mepexomax c¢
“yriyOsieHneM” W “BCTPEUHBIM JBHKCHHEM' BaKaHCHH JOBOJIBHO BeHKa (Ha MOPSIOK-
nBa Oompmie, yeM B TDO-mepexomax co “BCIUIbIBAHWEM’ BaKaHCHW) W CpaBHUMa C
BEPOSITHOCTSIMU OOBIYHBIX Oxe-nepexo1ioB. BeposaTtHOCTb TO0O-nepexonos
YBEJIMYMBAECTCS C YMEHbBIICHHEM OHHEPruy Mepexojia, Kak 3TO HMEET MEeCTO U MpHu
oObruHbIX Oske-pacnagax. IIpoaHanu3upoBaHbl BKJIaAbl MOJEIBHBIX NPHOIMKEHUH -
pe30HaHCa B HENPEPBIBHOM M JUCKPETHOM CIEKTPE, HEOPTOrOHAIBHBIX OpOWTajei,
BCTPSCKM, Ha OCHOBAHUM YETO IMOKA3aHO, YTO JJII HEKOTOPBIX TOO-mepexoq0B MOKHO
yKa3aTb JOMUHUPYIOIIMNA (Quznyeckuii mexaHuszM. OJHAKO MOJENbHBIE MPUOJIMKEHUS
JIAI0T, B JIy4YlIEM Clly4ae, JUllb NPaBUIIbHBIA NOPSAIOK IIMPUHBI IEPEXOAA.

Heouinoti  Oxce-aghpexm  (J1O-3¢ddekr). Ilpomecc, B KOTOpOM TpU pacmaje
BHYTPEHHEH 00uHOUYHOU 6axaHcuu | UCIYCKAIOTCS COBMECTHO 08a dnekmpona (i U Op,
nosyuns1 HazBanue J1O-addekra. Takum obGpazom, Oxe-pacnan

OJIHOM BHYTPEHHEH BAKaHCHUU MOKET MPUBECTU K 0OPA30BaAHUIO P «— fi
TpexkpaTHoro noHa. Ouenka mupunsl JJO-nepexona B Moaenu 7
“BCTpSACKM”  JaeT  JIMIb  KAYeCTBEHHOE  COrjacue ¢ k £
SKCIIEPUMEHTOM  (3aHM)KEHHOE  KOJIW4ecTBeHHO). Cremxyer %

oTMeTuTh, 4To J1O-3ddext He sBiseTCs, BOOOIIE TOBOPA,
KackagoM OOBIYHBIX O’Ke-TepexoJ0B, B TMPoIecce KOTOPHIX
BHYTPECHHSIS BAaKaHCUs Pa3MHOXKAETCS M MOCJIEI0BATEIHHO
“BCILIBIBACT” B HAPYKHBIE 000JIOUKH.

B nuccepranmuu mpeacraBiieHa mocTpoeHHas Teopus JlO-mepexoloB U U3YUYEHBI

koHKpeTHble mnepexonbl B Ne u Kr. CymecrBeHHoil ocoOeHHOCThI0 J1O-mepexonos
16
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SIBJISIETCSL TIPOM3BOJIBHOE paclpejienienne dHeprunm mepexoma E,. =E-E, (B u E -

DHEPruM HaYaJbHOTO M KOHEYHOT'O MOHOB) MEX/Y JBYMS BBUICTAIOMIMMU dJIEKTPOHAMH ()
1 . [TosTomy mupuna J10-niepexona i—fi1fo+(0,02) ecTh HHTErpalibHAs XapaKTePUCTUKA

ECIIQZ
I'= .[) }/(g%)dg% = -E 7/(ECI1C|2 B 5‘12 )dng, (10)
IJIe IJIOTHOCTh BEPOSTHOCTH ¥ (&) ((DyHKIHMS pacrpeae/ieHus) paBHa
2 A 2
7e)=2r YIM, [ 6(E ~E™) =27 Y (Wi V| ¥, 6(E ~EX), (1)
IQl'QZ IQLIQZ

opu ToM, 4TO O’Ke-3JEKTPOHBI, COIMVIACHO YCTAHOBJEHHBIM IpaBujiaM OTOOpa, MOIYT
MMETb IPOU3BOJIBHO OOJIBIINE 3HAaU€HUsI OPOUTAILHOIO MOMEHTa lq1 1 | .
[IpencraBiieHbl pe3ynbTaThl pacyeTa M OLEHKUA JHEPTETHYECKOIO CIEKTpa y(&)

311eKTpoHOB 1 BeposTHOcTH JIO-mepexonoB 1S [°F—2s7 2p [*P]+(chap), (I,.1,,)=0,1+1),
=0,1,2,..., E.o =50512 Ry B Ne. B® Oxe-371eKTpOHOB HaWJeHbl B TOJE

“3aMOPOKEHHOr0” aTOMHOro0 octoBa 2S° 2p[°P]. KackamHblii MEXaHH3M B 3TOM
Nepexo/ie HEBO3MOXEH, MO03TOMY y(&) HUMEIOT xapakTtepHbli U-00pa3Hbiii  BuUJ,
CBUJIETENBCTBYIOUIUH, UYTO HAan0OJIee BEPOSTHBIM SIBJISIETCSl TAKOE paclpeiesieHue SHEPTUn
nepexoga Mexay JByMs OjKe-3J€KTpoHamMHu, OPU KOTOPOM OAMH U3 HHUX MOJydaer
OOJIBLIYIO YaCTh HEPrUH, a APYTrOi OKa3bIBAETCS MEJIEHHBIM. Y CTAHOBJIIEHO, YTO B 3TOM
clly4ae XOPOLIMM MPUOIMKEHUEM SIBJISIETCS MOJIENb “BCTPSICKU™, IPUYEM “‘CTpsSXUBaHUE”
MEJUIEHHOT'O DJIEKTPOHA (s HauboJee BEPOSTHO U3 2S-0001104KH, a (p - U3 Zp. CymmapHas
myprHa ykazaHHbIX JIO-mepexos0B coCTaBiseT 0,342><10'2 7B, wim ~1.5% ot nosHOI
mmpunabl 1S-Bakancuu (0.23 53B). Mogenp “Berpsicku” naert, Kak U s TOO-nepexo1os,
BEChMa 3aHMKEHHOe (B ~3 pa3a) 3HAYCHHE IUIOTHOCTU BEPOSITHOCTH IO CPABHEHHUIO CO
cTporuM pacuetroMm. Ecnu mpumepHo ¢ Toii ke BepositHOocThio JIO-pacnan 1s-Bakancuu
MPUBOIUT K KOH(HUTYyparmsM 25 2p° u 2p°, monHas mupuHa 1S-Bakancuu B Ne
otHocutenbHo JJO-pacnazna cocrasisier 1,8x107% 9B (~7% mOMHOI WHPHHBL), 9TO XOPOLIO
coriacyercs ¢ dKCIepuMEHTalbHBIM 3HaueHreM ~8-10%.

WccnenoBanue nBoitHoro Ouke-pacnagaa 3d-Bakancun B Kr  MOTHBHPOBaHO
HaOJI0IeHNEM HOBBIX (DITyOPECIEHTHBIX JUHUHN €1a00il MHTEHCUBHOCTU NpU OO0JTy4eHUU
Kr doronamu c¢ sueprueit 90-100 5B (o61acts Bo30yxkaeHus: pesonarncos Krl 3d™ np.
[IpeanonoxKuUTENbHO, JIMHUM CBSI3aHBI C MEPEXOJAaMHU BHUJA 4s 4p4—>4S2 4p3 B HMOHE Kr3+,
HaYyaJIbHbIE COCTOSIHUSI KOTOPBIX MOTYT 3aCelsIThCSl MO JIBYXCTYNEHYATON TpaeKTOpUu
TpOitHON (oToroHM3amMu Yepe3 nonusanuio 3d-odomouku. M3ydensl nsate kaHamos J1O-
pacmazna 3d-Bakancuu B Kt B cocrosrnst: (1) 4524p°[°D], (11) 4524p°[°P], (111) 45°4p[*S],
(1V) 4s'4p'[°D], (V) 4s'4p[*P] ¢ noBONBHO MambIMH SHEprusiMU mepexonos: F;=16.81
B, E»,=15.06 »B, E3=19.11 »B, E,;=0.89 »B u Es=4.03 »B. HaubGonee BeposSTHHIMU
Haiimens! kaHantsl | u |V, B koTopsix TepM [°D] HAYalbHOTO M KOHEYHOTO HOHOB
coBnagatroT, Tabn. 2. Jlanee uner || kaHan, B KOTOpOM OpOUTAIbHBIA MOMEHT HOHA-
OCTaTKa M3MEHSETCS Ha €IMHUILYy, & CIMHOBBI MOMEHT coxpaHsiercsi MeHee BEepOSITHBI
kaHanel |1l u V, npuBoasiipe K KBapTETHbIM TE€pMaM KOHEYHOIO HOHA 4p3[4S] u
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4s'4p*[*P] ¢ u3MeHeHMEM MOMEHTOB MOHA-OCTATKA, M3-3a UETO MCITYCKAIOTCS TONBKO
TpuIuieTHbIe Tapbl Oke-37mekTpoHoB. CyMMapHasi TUIOTHOCTh BeposTHOCTH Y(g), puc. 6,
IpUHEMAeT HanGoblIee 3HaueHre ~13x10™ B HH3KOPHEpreTHUeCKO YacTH CIEKTpa, Te
CYMMHPYIOTCSI ~ cuMMeTpudHble  U-oOpa3Hble  IJIOTHOCTH ~ BEPOSTHOCTH  BCEX
PacCMOTPEHHBIX KaHAJIOB.

Tabauua 2. Dueprus E u mmpuna IS

20 J1O-nepexonioB B Kr.
5 Koneunbitivon | E(3B) 1% (hB) 77
f 80f [ 45°4p°(°D) 16,81 4,93-.10° 80
ol IV 4s'4p*(°D) 089 734.10° 12
% 45°4p°FP] I 4 4p3(2P) 15,06 4,02 107 7
T Il agap(s) | 1901 41510° <1
£ o,li;z;aps} V  4s4pi(‘P) 403 44510° <1

TR Y —— 15,06 16,1 15,01 I'= Z [ heSe 6,15-10° 100

LcSe

Puc. 6. Kr: CymmapHas mjioTHOCTb
BEPOSATHOCTH (€) M €€ COCTaBJISAIOIIHE.

Camennumnoie Oxce-nepexodsl cxoxu ¢ J10-nepexogamu, 0JTHaKO B HENPEPHIBHbIN
CHEKTp M3JIY4aeTcsl JUIIb OAWH JJIEKTPOH (, a BTOpOH BO30YXKJIAeTCs HA JUCKPETHBIN
ypoBenb Nl 1ByKkpaTHOro uMoHa. [TOCKOJIBKY YacTh PHEPrHU MEpexojia 3aTpadyuBacTcs Ha
BO30YKJIeHHE OJJIGKTpOHA Ha ypoBeHb Nl, kuHeTmyeckass dHeprus Oxe-3JeKTpOHA
YMEHBITIAETCST HAa COOTBETCTBYIONIYIO BEIWYMHY, YTO TMPUBOAUT K TMOSBICHUIO
CaTCJUIMTHBIX JTUHUN B OXe-CHEeKTpe. 31eCh TaKkKe BO3MOXKHO BO30YKICHUES/UCITyCKAaHUE
3JEKTPOHOB C HEOTPAHUUEHHO OOJIBIINMU 3HAUCHUSIMU OPOUTAIBHBIX MOMEHTOB | 1 |

M3ydensr mepexomsl  1s'—2s%2p'nl+q (nl=3s, 3p; ¢52 Ry) B Ne mu
3d* > 4s*4p?nl+q u 3d* - 4p~°nl+q (n=1,2,...,9; 1=0,1,2,3; e~2-355B) B Kr.

VY CTaHOBIIEHO, YTO BEPOSITHOCTH mepexooB B Ne umeer mopsigok 10°-10° 5B (kax
y TOO-pacnanos aByx 1s-Baxancuii) u ObicTpo yObIBaeT ¢ poctoM | 1 lg. JloMuHMpYyIOIIM
MEXaHH3MOM SIBJISIETCS. “PE3OHAHC B HEMPEpHIBHOM CIeKTpe” depe3 Oxe-pacman 1S '—
2s? ko (2s* 2p'ky) m mocmemyromee Heympyroe paccesHHE MPOMEXYTOYHOro Odxe-
JIeKTpoHa Ky Ha BHEImHEW 000J704YKe C BO30YXKISCHHEM BTOPOTO OJJIEKTPOHA Ha
JTUCKpeTHBIN ypoBeHb Nl. IlpeoOnamaHme 3TOro MexaHW3Ma YMEHBIIAETCS C POCTOM
IJIAaBHOT'O KBAaHTOBOT'O 4YHMCJja N, TaK YTO MPU N— oo JTOMUHHUPYIONIEH CTAHOBUTCSA, KaK U B
JO-nepexonax, “Bcrpsacka’.

DHeprusi yKa3aHHBIX CaTEJUIMTHBIX MepexonoB B Kr ompejeneHa Ha OCHOBE
SKCIIEPUMEHTANBHEIX JaHHBIX, &,=ES?-ES®Y, nim oueHena cuemyroumm o06pa3oM:

3d! ic,nl 7

g,=ESP—(EL+A), rne EU) - nomnas X® 5Heprus KOHEYHOTO COCTOSHMS, HONpPABKa

3d L ic,nl ic,nl

A=18P_|"  ecthb pa3HOCTH 3KCHEPUMEHTATBHOr0O W X®@ MOTEHIMATIOB TPONHOM

vorm3anuu umd A=E!") ~E®®  nng cepum caremnuroB ¢ oauHakoseM |. YeranosneHo,

ic,ngloy ic,nglo
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- | qTo, cpenu MHOJKECTBA paccUuTaHHLIX,
1200§ ] Haunooee BCPOATHBIMHA ABJIAIOTCA IICPCXOAbI B

cocrosiust 45 4p D] 4d['S (462.430 Mx3B),
4p°°D] 4f['P] (785.580), 4p [°P] 4f['D]
(131.121) u 4p*[°D] 4f[°P] (268.525).

Ha ocHoBe pacuera mupunel [y u
sHepruu ~450 caTeIMTHBIX MEPEXOJ0B U
obcyxaaemoro Beimre J1O-pacnana 3d-BakaHcuu
B Kr nmocrpoeHa mMozenp HU3KO3HEPreTUYECKOM

1400

1000 |

800

600 [

400

200

25 30 35 40

Puc. 7. HanoxxeHue AUCKPETHOTO JacTu DJICKTPOHHOI'O CIIEKTpa C
CIEKTpa CaTe/IUTHBIX OXe-Nepexof0B  ycronb30BaHMEM  pacnpeseneHus  JlopeHua
(puc. 3) u HenpepwiBHOTO cniekTpa [1O-

2
o -1 )=
nepexonos (- -) npu pacnaze Kr 11 3d*.  7,(¢) 7 He-¢,)t0

I, o

=, puc. 7. Ilapamerp o

MO>KET BApbUPOBATHCS B COOTBETCTBUU C PA3PEIIAIOIICH CIOCOOHOCTHIO 3KCIIEPUMEHTA.

B Tperbed riaBe INOCTPOECHA TEOpUS JABOWHOM aABTOMOHM3ALMM PE30HAHCHO
BO30YKJIEHHBIX COCTOsSIHUI (puc. 8) W aBTOMOHM3AIMM JIBYKPaTHO BO30YKICHHBIX
cocrosiauit (puc. 9). ABTOMOHHM3AIIMOHHBIE TPOIECCH BO3MOXKHBI TIPU BO30YKIEHHUS
JUCKPETHBIX PE30HAHCHBIX COCTOSHUM, JIEXKAILMX BbILIE [TOPOra OJHOKPATHON MOHU3ALMUHY,
a JUIs JIBOMHOWM aBTOMOHHM3aLMU Tpelyercs BO30YXKIAEHHE PE3OHAHCOB BBILIE MOpOra
JIBOMHON MOHU3aLMKU. DTU MPOLECCHl MPECTaBISIOT MHTEpPEC caMu Mo cede, a Takke
3a9acTyl0 BXOJAT KaK BTOPOM WM AK€ TPETUH-YETBEPTHIA ‘“DIEMEHTAPHBIA~ JTal
MHO>KECTBEHHOM MOHU3AIMU aTOMa UM MOHU3aUUU B BO30YK/I€HHOE COCTOSIHHE HOHA.

n q: h—e « f
. . k
1 ﬁ 7]
k
q n:
ﬁ nm > > q
Puc. 8. JIBoitHas aBTOMOHU3AIMS. Puc. 9. ABTOMOHU3a1Ms ABYKPATHO

BO30Y>KJIEHHOTO COCTOSIHUS

Heotinas asmouoHuzayusi Pe3OHAHCHO B030YIHCOCHHLIX COCMOSIHULU TIO CYTH
nogo6Ha J1O-mepexoam - UCIYCKAIOTCS JIBa AJIEKTPOHA, B MPHUHIIUIE, ¢ HEOTPAHUIEHHO
0OJIBIIMMHU 3HAYCHHUSIMH OpOUTATEHBIX MOMEHTOB (l1,l5), sHEprUs mepexona Mpou3BOILHO
pacrpenesisieTcss MEXKIy BBUICTAIOIIMMHU DJIEKTPOHAMH, a TaKKe HWMEET 4YepTHl,
XapaKTepHble JUIS “BCTPEYHOro JBWXKCHMs  BakaHcud B TDO-mepexomax, eciu
YHUYTOXXCHHUE JICKTPOHA HA JIMCKPETHOM YPOBHE YCIIOBHO CUUTATH POXKICHUEM JIBIPKH.

[lpencraBneHsl  pe3ylnbTaThl  WM3YYEHHUS  CIEAYIONIMX  KAaHAJIOB  JBOWHOMU
asrononmsauuu B Kr: (1) 3d'5p['P]—4s7'S +(chw), (2) 3d'5p[*P]—4s 4p ['P]+(chy)
u (3) 3d'5p['P]—4s"4p [*P]+(0:qp). TTokasaro, uro mepexon (1) MoXkeT GBITH TONBKO
IPSIMBIM U TIOOTOMY MMEET MCKIIOUUTEIHHO KOppesIroHHyo mpupoay. Kanaer (2) u (3)
UMEIOT, HapsAay C NpsSIMOH, JBYXCTYNEHUYATYIO TPAEKTOPUIO 4Yepe3 MPOMEKYTOUYHOE
cocrosiane 4S°5p. BBIMONTHEH CTPOrMil pacdeT MIMPHHBI [EPEUMCICHHBIX KAHATOB M
HOCTPOCHBI KaHAJIbHBIC ¥ CYMMAapHBIH 3JICKTPOHHBIC CLIEKTPHI, puc. 10.
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Puc. 10. DHepreTrueckuii CreKTp 3JAEKTPOHOB MPHU IBOMHOM aBTOMOHU3ALIUN
pesonanca 3d ' 5p['P] B Kr.
[Ipoananu3upoBaHbl BKJIAJbl PA3IUYHBIX MOJEIBHBIX MEXaHU3MOB IMEPEXOJIOB.
VY CTaHOBIIEHO, UTO Jlak€ MPU CYIIECTBOBAHMM KACKaJHOW TPACKTOPHM, BKJIaJ IPSIMOIO
MEXaHH3Ma SBISIETCS CYHWIECTBEHHBIM. OH HE TOJBKO 3aMETHO YBEJIMYMBAET LIUPUHY
KaHalla, HO U MeHsieT (GOopMy JIMHUI B 3JIEKTPOHHOM CHEKTpe Osarojaaps MHTepdepeHunu
aMIUTATYJ pa3HbIX TpaekTopuid. [lokazaHa npuHIMNIUAIBHAS BO3MOXKHOCTh U JOCTATOYHO
GOJIBIIAS. BEPOSITHOCTD 3aceiteHns coctosuuit 4s2['S, 4s'4p'[7*P] nBykpartHOro nona Kr
nocie $horoBo30yxkaeHus pesonanca Krl 3d'5p['P]. PesyapraTs! BoIduCIeHH HAXOMITCS
B KQUECTBEHHOM M KOJIMYECTBEHHOM COIJIACUM C SKCIIEPUMEHTAIbHBIMU JAHHBIMU.
Asmouonuzayus ogykpamuo 6030yxicoennvix cocmosinuii (JIBC) Moxetr npuBoauTh
K NOSIBIICHUIO CTPYKTYpP B CEUEHHSIX OJHOKPATHOM moHum3auuu. JHepruu /IBC Bnonne
JOCTaTOYHO JJI MOHU3ALMKU CyOBaJIEGHTHOM OOOJIOYKH, YTO
Opyd  PE30HAHCHOM  2HEepruu  (POoTOHA  OTKPHIBAET
JOTIOJTHUTEIbHBIN (K  TPaJMIIMOHHO pPacCMaTPUBACMOMY
A+w—>A"+e) nByxcTyneHyarslii kKaHan A+ — A** — 4" +
e ee OU wu npUBOAUT K TOSBICHUIO CTPYKTYp B
npunoporoBoit oonactu ceuennit ®U, puc 11. Beisasiena
OPUHLMNHAAIBHAS ~ BO3MOXHOCTh  3aCE€l€HUs  TaKHX
COCTOSIHUWA MpHU SHEPruu (POTOBO30OYKIEHUS HECKOJIBKO
Puc. 11. Tuarpamma BBILIIE I0POTa MOHU3ALMHU CyOBaJIEHTHOM 000JI0UKH, TAK YTO
asrononusauun JIBC. aproronu3anus JIBC MOXeT paccMaTpuBaThCs Kak BTOpPast
Y UCKJIFOYUTENIBHO KoppensinuonHas crynens @Y. Bnepsbie
OTMEYEHO, 4YTO TMpU aBTOMOHM3ALMOHHBIX pacnanax JIBC peanusyercs MexaHuU3M
NPEeJICKa3aHHOT0 HAMU paHee “yriayOJieHHs BaKaHCHH, €CJIM TepeXoj] dJEKTPOHOB Nil; u
Nyl ¢ TUCKPETHBIX YPOBHEW YCIOBHO paccMaTpHUBAaTh KaK POXICHHE COOTBETCTBYIOIIUX
JBIPOK BO “BHEIIHUX’ 000JIOUKAX.
[IpencraBiieHbl pe3yJbTaTbl TEOPETUYECKOTO M3YYEHHS aBTOMOHU3ALMOHHBIX
nepexogoB  3p~[LSInl[LS]Inl,[L,S,]—>3s'+q B arome Ar. DHEpPrud IMepexojoB

paccYMTaHbl WK OIEHEHBI C MPUBJICYCHHEM dKCIIEPUMEHTAIBHBIX JTaHHBIX U COCTABIISIOT
y -2
~0.5-9.0 »B. Iloka3aHo, 4TO B KaXkI0il Cepuu nepexojoB Haubosee BeposTHbIME (~10
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9B) sBisroTcs nepexosl u3 JABC ¢ MEHBIIMMU 3HAYCHHUSIMH TJIaBHBIX KBAaHTOBBIX YHCET
N1 U N U 4TO BEPOSITHOCTh ABTOMOHHU3ALMOHHOTO pacnaja TPHUILIETHBIX JABYKPATHO
BO30YXK/JIEHHBIX COCTOSIHUN 3HAYUTEJIbHO MEHBIIIE, YEM CUHTJICTHBIX.

B udeTBepToOii rJ1aBe pa3BuUTa TEOPUs IBOWHON M TPOHONU (HOTOMOHM3AIMU aTOMA.
MHoXecTBEeHHasi ~MOHM3alUsl aroMa OJHUM  (OTOHOM  SIBJISIETCS  CJIEJCTBUEM
MEXAJIEKTPOHHBIX B3auMojeicTBuil. B ciywasx, korga (QoTroH crnocoOeH HMOHU30BaTh
CyOBaJICHTHYIO WJIM BHYTPEHHIOIO OOOJOYKY aTOMa, MHOXKECTBEHHYIO (POTOMOHM3ALIUIO
MO’KHO YCHEIIHO MOJEIUPOBATh MHOTOCTYIIEHYATHIM MpoIieccoM, puc. 12a.

Heotinas pomouonuzayus (JJ®U). BrepBoie MOCTpOEHBI ¢ MCMONb30BaHHeM X
morermmanos VVY  u V™2 kommonentHble, KaHanbHBIE M IIONHBIE CEUYCHHS

(muddepennmanpaple ¥ aOCONTIOTHEIC)

O 1A A W e A A . npsimoit IO  BHemHHX 000J09eK
—=—dE= :: e aroma Ne ¢ yd4eroM 00OCHOBAHHO
ol oo O f MIUPOKOTO Habopa (HOTOAIEKTPOHHBIX
2 oo fi X °’ nap, pwuc.13. yN(f"lF)aHOBJIeP:I_Z xapaKTeIV)

é{ monoxxernst VOV VN2_ceuennit

O | NAO®U B ¢opme mmubl (o) wu
(a) ) ckopocTd (o)) OTHOCHUTEIBHO JApYT

Puc. 12. JIpyxctynenuatas (a) u npsmas (6) JDU. JPYTa U JKCHePHMEHTANbHBIX JAHHBIX

B 3aBUCHMOCTH OT JHEPruM HMOHU3MUpyroumx ¢GoToHoB. OmnpeneneHbl 00JaCTH dHEPTUU
(GoTOHa, r/ie MOTEHIMANbI JA0T yI0BIETBOPUTEILHOE COrJIacUe C SKCIEPUMEHTOM.

Ha ocHoBe ananu3a mnodaydeHHBIX pPE3YJAbTATOB IPEAIOI0KEHO CYLIECTBOBAHUE
TAKOTO 3HayeHWs mnapamerpa (, 1<Q<2, 4YTO BBHIUKUCICHHBIE C HUCHOJIb30BAHUEM
moauduiupoBanHoro X® moreHnuana VND_ceqenns OyIyT Jydile COOTBETCTBOBATh
DKCIEPUMEHTAIBHBIM JAHHBIM.

Pa3paboTan HeSMOMpPHUUECKUI OJJHONAPAMETPUUYECKU METOJ MOCTPOCHUS CEUECHUM
J®U, npuBoasui K NPAKTHYECKOMY PABEHCTBY (POPM JJIMHBI U CKOPOCTH HE3aBHCHUMO
OT DHEPrMM HOHU3HUPYIOUIETO H3IY4YEHUS! MPU YAOBIETBOPEHUH CHOPMYIMPOBAHHOMY
du3HUecKr 060CHOBAHHOMY BapHALHOHHOMY (1o mapamerpy g B X® morenmuane VW 9)
KpUTEpUI0 MHUHUMyMa pa3HocTH (opM cedeHuil. IlocTpoeHuem VN ceuennii DO
BHEIIHUX 00Ooj0uek Ne moka3zaHa BBINOJHUMOCTH C(HOPMYJIUPOBAHHOIO KpPUTEPHUSl U
HaUJEHbI peIIEeHUsS =Cmin BAPUALMOHHOW 314U JJIs KaKJI0M KOMIIOHEHTBI CEYEHMUSI.

Kpurepuii UHTErpaIbHOIO BU/IA

o, F(iceeq)=0, Tfaf (w,iceeq)-o, (w,ic,eeq)’dw=0 (12)

lic"
IpUBEN K 3HAYUTENBHOMY CONIMKEHUIO o, U o,", a 1uppepeHimaibHOro Buaa
s lo (wiceeq(w))-o, (wiceeq(w))]’=0 (13)

K IPAKTUYECKOMY PABEHCTBY o, =0, IPU HAWIY4YLIEM U3 IIPEACTABICHHBIX B JINTEPATYPE

N- .
COIVIACUU PACCUYMTAHHBIX VND_ceqennii ¢ AKCHEPUMEHTAIBHBIMUA JaHHBIMHU, puUC 14.
BoisiBnen ¢puznueckuii cMbIc napameTpa Qmin KaK BEJIUYMHBI, PETyJIMPYIONICH B pacueTe
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Tpoiinas gpomouonuzayus (TOU). Henocpencreennas, niau npsimas TOU atoma
OJIHUM (POTOHOM SIBJIIETCS JOBOJIBHO CJIOKHBIM KOPPENISILIMOHHBIM IIpoLeccoM, puc. 15.

£ ey
J - ®
Y £

(a) (6)
Puc. 15. [pumep dhelinmanoBckux nuarpamum (a) nepsoro u (6), (B) BTOporo HeMcue3aromero
nopsaakos TB, onuceiBarommux TOU.

DHeprust &,,=w—1* TOU-nepexoma pacupeaenseTcs HEIPEPHIBHO MEXIY TPEMs

BBUIETAIOIIUMU AJEKTPOHAMHU (1, O U (3, KOTOPbIE MOTYT UMETh MPOU3BOJBLHO OOJIbIINE
opOuTanbHbie MOMEHTHI. AGcomoTHOE ceueHne TOU ecTh TpoitHOM UHTETpal BUA:

2
ol (a)):4i ' > ‘M (T,a),gl,gz,gs)‘zé(a)—l ¥ —g,,,)de,de,de, (14)
@C

Boluucienue BkJ1aoB BceX IMarpaMm BUJia puc. 15 sBisieTcsl JOCTATOYHO TPYAHOU
Y HE PELICHHOM 10 CUX MOp 3ajayei. B nucceprauuu npeacTtaBieHO U3YUYEHUE YACTHOTO
ciayudas TOU, xorpa mpoiiecc MOXKET paccMaTpUBaThCs, HA OCHOBE METOJUKHU 1. 1, Kak
NByXcTyrneH4aTsiid. Takas cutyaius BO3MOXHa, HaripuMmep B Kr, ripu sHepruu (GOTOHOB B
obmactu mopora wuonuzanuu 3d-odonouku (90-100 5B). MmenHo B 3TOM ciydyae
HAOMOAAIMCh  (JIYOPECHEHTHbIE  JIMHUM, MPEINOJOXKUTENbHO  COOTBETCTBYIOIINE
mepexozaM Mexay Kouguryparmsmu 4s'4p? u 4p° B Kr®. Ipu cnpasemmBocth
JIBYXCTYNEHYaTOH MOJEIM OAMH U3 TpeX (OTOAIEKTPOHOB HMEET (PUKCUPOBAHHYIO

SHEPIUIo & =w—l;, @ OCTABLIASCH SHEPrus &y=ly—I1,,.=4.032 5B pacnpenensercs

MKy APYTHMH ABYMs MPOHM3BOIBHEIM oOpasom B JIO-mepexone 3d'—4s 4p2+(0n,0p).
Jlnst Takoro ciydas Ha ocHoBe (14) u Meronuku 1. 1 moydeHa OLEHKa aOCOIOTHOTO

ceueHusa TOU B Bunue:
(£10)

. (w)=c" (a))rsli , (15)

45t 4p” 3d?
3d

rae o, .(w) ecrs ceuenne ®U 3d-oGomouxn, a Iy - mmpuna JO-nmepexoxa 3d'>
454D +(0n, )

3+
Tabmuua 4. Ouenka o, , ap? (w) npu pa3IMYHBIX SHEPTHUIX BO30YXkIAIOMIET0 (OTOHA.

Ceuenne TOU (10°) M6

[epexon A (HM) ®»=90 3B =94 3B ®»=1005B
45" 4p-4p° OKCII. TEOP.  OKCIL. TEOP.  OKCIL. TEOP.
P 'Sy, 84.204  0.038 - 0.24 0.018 0.33 0.025
Py?Sy, 81.682 0.0 0.0 0.16 0.012 0.23 0.017
Py, 80.572 - 0.0 - 0.006 - 0.008
’Dy7—°Day 77678 0.0 - 0.10 - 0.27 -
°S),r>Py» 69.974 0.0 - 0.0 - 0.0 -
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ITokazauo, uto ceuenne TOU-nepexoma B cocrosaue KrlV 4s'4p? [*P], onenennoe
B paMKax yKa3aHHOW Mojenu, Tala. 4, HEeJ0CTaTOYHO BEJIMKO, 4YTOObI OOBSCHUTH
HaOmronaemple MeTogoM DPUDPC HHTEHCUBHOCTH HOBBEIX JMHUK. DTO HE O3HAYaeT,
onHAKoO, d9TO 3acermenne cocrosauit KrlV 4s'4p? [*P] He MoXkeT mpOMCXOIUTH
nocpeactsoM TOU, Bkiatoyas U paccMOTpPEHHBIM KaHain. HampotuBs, 3TOT (akt ckopee
CBUJETENLCTBYET O HEOOXOAMMOCTH OoJiee MOJHO, YEM B MPEACTABIEHHOM MOjENH,
YUYUTBIBATh  KOPPEJSIMMOHHBIE  B3aUMOJECUCTBHUSL B  CJIIOKHBIX ~ MHOI'OJJIEKTPOHHBIX
npoiieccax, MOCKOJIbKY POJib KOPPEISIUOHHBIX B3aUMOJACHCTBUM @vicuiux nopsoxkose TB
IIPM  MHOXECTBEHHOW WOHH3AlMM aroMa SIBJSICTCS  3HAYUTEIIBHOM, €ClIh  He
OMpeEsIoNeH, Jaxke B MPUCYTCTBUM MPOMEKYTOUHBIX COCTOSIHHMM, 00€CIeYnBarOIINX
KaCKaJIHbI MEXaHU3M IIpoliecca.

B nsATON rJjaBe MpeACTaBICHO TeOpeTUYecKoe OOOCHOBaHME WJIEHTU(UKALUN
HOBBIX JIMHMI, HaAOM0JaeMbIX BO (DIYOPECLEHTHBIX CIEKTpax IMocie OOIydYeHHUs
HefiTpaIbHOro atomMa (OTOHAMHU ¢ dHeprueil Bo3oyxmeHus pesonancos Krl 3d™* np (90-
100 »B). AHaiM3 WHTEHCUBHOCTH W DHEPreTHYECKOTO TMOJIOKEHHS JIMHUN TPHUBEN K
MPE/MOTOKEHAI0 O COOTBETCTBUM STHX JHHHII mepexogam 4p° 5d/6s—4p? B Kr*,
OpnHako U3BeCTHO, yTo ceueHue npsamoi JJOU aroma ¢ Bo30yxkaeHreM 3-T0 3JIEKTPOHA Ha
JUCKPETHBIN ypoBeHb Nl KpaitHe MaJio.

Hamu Obliu BBISIBJIEHBI HETPUBHAJIBHBIE MHOIOCTYNEHYAThle KaHAJbl 3aceleHUs
cocrosiuuit Krlll 4p® nl tuma Krl +o —Krl 3d™ np—Krlll 4p® np—Krlll 4p° n'g/d,
BKJIIOYAIOIINE paJuallMOHHbIE U O€3bI3ydaTebHbIe Iepexoinl, puc. 16.

) is —< <1
h .
E 9 2
3d°n
i M=
n
i
45°4,
(ds74p 4s"'4p*n’l’ np
I —er+—~—<«fi
%] o~
2 —e < —
J’k
— n n
dp*nis/n’d
(6)
Kr Krll Kr il Puc. 17. JIsyxanekTpoHHsbie (a)

Y TPEXDJICKTPOHHBIE ()

Puc. 16. Kanansl 3aceenus cocrosamii Krlll 4p~ nl. PA/IMAIMOHHBIE TIEPEXOJIbl

[Ipu ux TeOpETUUECKOM UCCIEIOBAHUM BIIEPBBIC MpedCKa3aHbl 08YXINeKmMpPOoHHble U
mpexanekmponnvle (puc. 17a,0) paauanMoHHBIC MEPEXOJbl MEXKIY BO30YKICHHBIMU
WOHHBIMH  COCTOSIHMSIMH, IIOCTpO€HA HX TEOpUsS M paccuuTaHbl  (HU3UYECKHUE
XapaKTEPUCTUKHU UJIM CCIaHa UX OLICHKA.
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Heyxanexmponusie paduayuonnvie nepexoosi. I1okazaHo, 4To Mpu pacyere MOJTHOU
paaiuanMoOHHON MmMpUHBI cocTtosiHui Tuma Krlll 4p'3 Nl 10/OKHBI OBITH HPHUHSATHI BO
BHHMaHue, Hapsiay ¢ nepexomamu Krlll 4p° nl—>Krlll 4pn'l' u Krlll 4p™ nl—>Krlll 4p7,
HETpUBHATBHBIE KOppessiimonnsie epexonst trma Krlll 4p°nl—Krlll 4s'4p™, B kotopsix
peanm3yeTcs mpeCKa3aHHbIi HAMU paHee MeXaHu3M “‘yriyOsieHus” Bakancuid. [loctpoena
TEOpHsl KOPPEIIAIMOHHBIX MEPEX0JI0OB U PacCUUTaHbl YKa3aHHbIe niepexoanl ¢ Nl=5p, 6p u
n'l' =5s, 6s, 4d, 5d Mexay COCTOSHHSIMHM BCEX BO3MOMKHBIX TEPMOB. Y CTAHOBJICHO, YTO
(i) orHocuTenbHas wmMpHHA Koppemsuponnoro mepexoma Krlll 4p np—Krlll 4s'4p™
MOJKET, B OTJAEIBHBIX clydasx, gocturatb ~50% OT MOJTHOW paguariiOHHOW IIUPUHBEI
HAYAIBHOTO COCTOSHUS, (i) IMpHHA KOPPELMOHHBIX MepexonoB 4p° 6p—4s’dp™?
GoJIblITe IIMPHUHEI IEPEX0I0B 3 4P 5p, B OCHOBHOM, H3-3a GOJIBIINX SHEpruii GOTOHA.

Tpexsnekmponnvie  paduayuonnvie (TDOP)  nepexoowr. Iloctpoena Teopus
Koppemsinronnbix TOP-nepexonos Buna Ms-nl—Kkp? n'l’, B KOTOPBIX HEMOCPEICTBEHHOE
ydacTue BO30YXKICHHOTO JJIEKTpOHA pas3perniaer OJu3Khe IO JHEPrHH 3ampelieHHbIC
nepexomsl Buaa Ms> nl—kp? nl mim ms*—kp™?. TIockoIbKy TMOTHBINA PacdeT aMIUTATY/IbI
Takoro nporecca (puc. 140, ojHa U3 qUarpaMM) NpeACTaBIsIeT 3HAYUTEIbHBIE TPYIHOCTH,
BBIIIOJIHEHA TOJIBKO OLIEHKA BEPOSTHOCTH NEPEXOJO0B TaKOro THUma, a MMEHHO, TOP-
nepexonos 4s°np—4p°n’l’ B Kr (1'= n's, n'd, Brirouast cinydaii n=n’), Tab:1. 5, Ha ocHOBe
npuOIKeHuH 1. 1 [uccepTanuu.

Ta6nuua 5. Dueprus o (9B) n mupuna TAP-nepexonos 4s* np—4p°n’sd B Kr,

4p9L;S] n'I’[LS] 4s%5p 4s? 6p
o (5B) ['rop (10_7 5B) w (3B) ['rop (10_7 3B)
'Y 5s [°9 30.07 0.57 37.72 0.07
6s [°Y 27.76 0.07 31.41 0.09
4d [“D] 26.82 0.49 30.48 0.06
5d [°D] 23.05 0.12 26.50 0.04
['D] 5s [°D] 32.32 3.45 35.96 0.51
6s [°D] 26.22 0.37 30.65 0.71
4d [° 29.30 0.58 32.95 0.08
4d [°P] 29.30 0.91 32.95 0.10
4d [°D] 29.30 1.17 33.21 0.13
5d [°9 26.15 0.21 29.85 0.07
5d [*P] 26.15 0.24 29.85 0.13
5d [°D] 26.15 0.33 29.85 0.09

VYcraHoBieHO, 4TO HauboJiee BEPOSTHBIMU NEPEXOJAMU SIBISIFOTCS T€, B KOTOPBIX
BO30YKJECHHBIN 3JIEKTPOH HE MEHSET CBOErO IJJaBHOTO KBAHTOBOI'O YMCIIA, HO YMEHbBIIAET
CBOM OpOMTANbHBIA MOMEHT; WM B KOTOPBIX I'JIaBHOE KBAHTOBOE YMCIIO YMEHbIIAETCH, a
OpOuTaNbHBIA MOMEHT YBEJIMYUBAETCS. BEpOATHOCTh NEPEXOAOB B KOHEUHBIE COCTOSHUS
Tepma [°D] Gosbime Gmarojaps MX GOJbIIEMYy CTATHCTHYECKOMY BecCy. BeposTHOCTH
ePEeX0I0B U3 cOCTOsHHS 4S° 6P MPUMEpHO HA MOPSIOK MEHbIe, deM u3 4S2 5p, xoTs
HaubosIee BEPOSTHBIC U3 HHUX BIOJTHE KOHKYPHPYIOT C HEKOTOPBIMH M3 Tpyrmbl 42 5p.
[[upuna TOP-nepexonoB TOro e Mmopsijka BEIUYMHBI, YTO M y MCCIENOBAHHBIX HAMU
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paHee u HaOIIOaeMbIX PAJAUAIMOHHBIX CATEJUIUTHBIX MEPEXOJ0B U OJHOGOTOHHBIX
pacmanoB JIBYXIBIPOYHBIX COCTOSHUU. [lodTOMYy HMX SKCIEpHMEHTaIbHOE HaOJI0/ICHUE
TOP-nepexo/10B BIIOJIHE BO3MOKHO.

Obochosanue udeHmugukayuu HOBbIX JUHUL BBIIOJHEHO HAa OCHOBE OOIIEro
aHanM3a BO3MOXKHBIX KaHAJIOB 3acelieHus (hIIyOpPECIEHTHBIX COCTOSHUN KOH(MUTYyparuu
Krlll 4p°n?1’ mocie Bo36yxaenns Krl +y—Krl 3d™np pesonancos u pacuera ux MIHPHHEL.
Y CcTaHOBJICHO, YTO 3aceICHUE IPOXOIUT IO ABYM BHJaM MHOTOCTYIIEHYATHIX TPACKTOPHUI:
(1) mocpencTBOM IOCIIEOBATEIBLHOCTH O€3bI3IyYaTeIbHBIX TepexoaoB u (2) 1o
JIBYXCTYIICHYATBIM TPACKTOPHUSAM, OOBEIUHSIONIUM O€3bI3TydaTe/IbHbIC U paJHalliOHHbIC
nepexoipl, puc 13, onucannue KOTOPBIX MPEJICTaBICHO B raBax 2, 3 U 5 AuccepTaiuu.

Ha ocHoBe metoauku ri1. 1 muccepraiiuu moxy4eHsl NpuOImKeHHbIe GOPMYIIBI s
OILICHKH [TUPHHBI BBISIBICHHBIX KaHAJIOB:

(B1)
ro+p)=rol— (16)
Dot
(82) 1" _r‘(ﬁl)
C(b+3,)=r" e orola , (17)
l—‘tot 1—‘tot
(72)
Mcry,) =T, (18)

tot
e I'® 1O ur® napuuaiabHas mmpuHa nepexoioB (b), (C) u (B), coorBeTcTBeHHO, [Nt
€CTh NOJIHAS [IMPUHA POMEKYTOUYHOTO COCTOSTHUS.

Pacuetamu ycTaHOBIEHO, YTO IMUPHWHA HEMPSMBIX O€3bI3Ty4aTebHBIX KaHAJIOB
IPUMEPHO OJIHOTO TOPSKa BEJIMYUHBL. B 3aBHCHMOCTH OT KBaHTOBBIX yucer NP u N'I’, a
Takke oT LS TepMa KOHEUHOTO COCTOSHUS, IITMPHHA MEPEXO00B COCTABIISIET OT 10 5B 1o
10°® 5B. JIONOIHUTEIBHO YCTAHOBICHO, YTO IIPH 3aCEIeHNN (IIyOPECHEHTHBIX COCTOSHUIA
Krlll 4p° nl” w3 Krl 3d'np pesoHaHCOB MO [BYXCTYHNEHUYATHIM ‘“TPacKTOpUsM”
OPOUCXOJUT HU3JydeHHe (POTOHOB B BUAMMOM JUANa3oHE JJIMH BOJH U HUCIyCKaHUE
HU3KOPHEPIeTUYECKUX  DJICKTPOHOB, BO3MOXKHOE OKCICPUMEHTAbHOE HaOI0IeHNe
KOTOPBIX 000CHOBAHO PAcue€TOM IIMPUHBI COOTBETCTBYIOIIUX TEPEXOI0B.

Ha ocHOBaHMM mNpOBEJEHHOTO TEOPETHUYECKOTO HCCIAEOBaHUS, a TakKkKe
UMEIOIIMXCSl JIUTEPATYPHBIX JAHHBIX IO CEYEHHUSIM BO30YXKIEHUS, IOJHOW UIMpPUHE
OPOMEKYTOUHBIX COCTOSSHUM U 3HeprusiMm  ypoBHeil B Krlll  HoOBble nMHUHU
uneHTHGUIMpoBaHbl ¢ mepexoxamu Buga Krill 4p°6s/5d—Krlll 4p? npu xopourem
COTJIaCUM PACCUMTAHHBIX XapAKTEPUCTUK U IKCIIEPUMEHTATBHBIX JAHHBIX, Ta0J. 5.

B 3akiroueHun chopmyaupoBaHbl OCHOBHBIE PE3YJIHTATHI U BHIBOJIBI.
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OCHOBHBIE PE3YJIbTATbI 1 BbIBO[ bl

1. PazpaboraH METO/I0JIOTMYECKUNA MOAXO0/ K MOCTPOCHUIO TEOPUH MHOTO3JIEKTPOHHBIX
MEPEXO0JIOB B aTOMaxX MEXKJY COCTOSHUSIMU CIIOKHBIX JIEKTPOHHBIX KOH(UTYpAIUii,
BKJIFOYAIOIIHUHI .

—  METOAMKY TOCTPOCHHUS  AHAIMTUYECKUX BBIPAKCHUH I  aAMIUIMTY/,
BEPOSITHOCTEM M  DHEPrUid MEPEXOJOB € YYETOM  KOPPEISLUMOHHBIX
B3aMMOJICHCTBUI 1O TEOpUU BO3MYIICHHH B QopMaanu3Me BTOPUYHOIO
KBaHTOBaHMS U KBAHTOBOM TEOPHUM YTJIOBOTO MOMEHTA;

—  METOJUKY A(DPEKTUBHOIO ydyeTa KOPPEISLMOHHBIX B3aUMOJEHCTBUI BBICHIMX
MOPSJIKOB,;

—  METOJUKY MOJIyYeHUs MPUOIMKEHHBIX (GOPMYJI Ji KOJIUYECTBEHHOU OLIEHKU
BEPOSITHOCTH  IMPOLIECCOB,  CHOCOOCTBYIOIIMX  BBISBICHHIO  (PU3HYECKHUX
MEXaHU3MOB MHOTO3JIEKTPOHHBIX NIEPEXO0B;

—  pa3pa0OTaHHBIM OPUTHMHANBHBIA KOMIUIEKC MPOTpaMM JJisl aHAJTIMTUYECKUX U
YUCJIEHHBIX PACYETOB XapaKTEPUCTHK MEPEXO/I0B YKa3aHHBIX BUJIOB.

B noaxone nmpuMEHSIIOTCS M3BECTHBIE TEOPETUUYECKUE METOABl U MPUOJIMKEHMUS,

HAa0Op W ONTUMAaJIbHOE B3aWMMHOE COIJIACOBAHHUE KOTOPBIX OOYCJIOBJIEHBI

cnenu@UKON U KJIaccoM pelllaeMblX 3aj1ay.

2. B pamkax pa3paO0oTaHHOrO METOJO0JIOTMYECKOr0 IMOJX0Ja MOCTPOCHA TEeOopHsl

CIEAYIOUIUX MHOTO3JIEKTPOHHBIX KOPPEISALMOHHBIX ITPOIECCOB:

—  TpexaneKTpoHHoro Oxe-3¢¢ekra;

—  nBoiHoro Oxe-3ddekra,

—  careuuTHBIX OXe-Iepexo/ioB;

—  JIBOMHOM aBTOMOHM3AIIMM BO30YKJICHHBIX COCTOSHUIA;

—  aBTOMOHHU3AIIMU JIBYKPAaTHO BO30YKICHHBIX COCTOSHUI;

—  JIBYXDJIEKTPOHHBIX PaJUallMOHHBIX IEPEXOI0B;

—  TPEXDBJIEKTPOHHBIX PaAUallMOHHBIX EPEXOI0B,;

—  JBOHHOMN (DOTOMOHHU3AIUY;

—  TpOUHOU (OTOMOHU3ALINH,

BBIpQXKCHHAsI B BUJIE CTPOrUX (B paMKax HU3IIETO Hewcuesaromero nopsaka TB) u

OpuOJMKEHHBIX (QOpMyJ Ui  aMIUIMTYJ, M BEPOSTHOCTEH NEpexojoB U

dbopmyIUpyeMbIX IpaBuji oTOOpa.

3. IlpenckazaHbl U TEOPETUYECKHU ONUCAHBI:

—  TpexdJeKTpOHHbIE OKe-nepexobl, B KOTOPBIX PEaAU3yIOTCS HETPUBUAIbHBIE
MeXaHU3Mbl “yriayOneHusi” u “BCTpeUHOro JBKeHUs BakaHcuii. [lokazano,
YTO DHEpPrusi TAaKUX I[E€PEXOJ0B CYIIECTBEHHO MEHbBIIE, a BEPOSITHOCTh -
CYIIECTBEHHO  OOJIbllIE  COOTBETCTBYIOUIUMX  MApaMETPOB  TPAJULIMOHHO
paccMaTpUBaEMBbIX MEPEXOJ0B CO “BCIUIbIBAHMEM BakaHcHil”. CyllleCTBOBaHUE
nepexofoB ¢ “‘yrayOrmeHueM” u  “BCTPEUHBIM JIBIDKEHHEM  BaKaHCHA
MOATBEPAKIAEHO SKCIEPUMEHTAIBHO,
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—  JIBYXDJIEKTPOHHBIE JUIIOJIBHBIE MIEPEXObI BUIA mp°nl—ms'mp?, B KOTOPBIX
peanu3yercsi  KOPPEISIMOHHBI  MeXaHu3M  “yriayOjieHus”  BaKaHCHH
(cooTBEeTCTBYIOIIME JIMHUU HAOJIIOAIOTCS SKCIIEPUMEHTAIILHO),

—  TPeXdJIeKTPOHHBIE JUIOJBbHBIE TIepexoasl Buaa Ms> nl— kp? n'l’, B koTopsix
HEMOCPEJICTBEHHOE Yy4YacTHe BO30YXKJAEHHOTO 3JIEKTPOHA pa3pelaeT OJIu3Kue
10 HEPTUH 3aNPEIICHHBIE TIEPEXOAbl BUJIA ms? n|—>kp'2 Nl wm ms'2—>kp'2.

4. Ha ocHOBE MOCTPOEHHON TEOPHUH MOJIYUYEHBI 3HAYEHUST PU3HMUECKUX XAPAKTEPUCTUK
— KBaHTOBBIE 4YHMCJIAa COCTOSHHUW, D3HEPrUH, BEPOSTHOCTH, CEYEHHS — JUIs
NEePEUYUCIICHHBIX B 1.2 KOPPEISIMOHHBIX IporeccoB B aromax Ne, Ar u Kr.
BbIsiBIIeHBI HA KAYECTBEHHOM M ONMCAHbl Ha KOJIMYECTBEHHOM YPOBHE MO/JIEIbHbBIE
(u3nuecKue MeXaHH3Mbl 3TUX MpoueccoB. OOOCHOBaHA pacyeToOM (PU3NYECKHUX
XapaKTePUCTUK BO3MOYKHOCTb JKCIEPUMEHTAIBLHOTO HAOMIOEHUS IPEICKa3aHHbIX
nepexonoB 1.3. [loka3aHa 3HaAYUMOCThH ydeTa KOPPEJSIMOHHBIX B3aUMOJEHCTBUIA
JUIS KOPPEKTHOTO Ka4€CTBEHHOT'O U KOJIMYECTBEHHOTO ONUCaAHUS
MHOTO3JIEKTPOHHBIX MPOIECCOB B aTOMAX.

5. JlaHO TeopeTHYecKoe ONHMCAaHWE OHKCIEPUMEHTaIbHO HabmogaaeMoro s¢dekra
3aceleHusT M MOCJIEIyHHIero  (UIyOpecleHTHOrO pachajia BO30YKICHHbIX
COCTOSIHUI JIBYKpAaTHBIX HOHOB IpU OOJy4eHHHM aTOMOB (POTOHAMU C PHEprueiu
ABTOMOHM3UPYIONIMX  PE30HAHCOB  HEUTPAIIbHOIO  aTOMa, MOJTBEPXKIACHHOE
YUCJIEHHBIMU pacyeTaMU CEYEHM 3acesieHus U pacnaga coctostHui tumna Krlll 4p
*nl mpu XopormeM COracUM PACCUUTAHHBIX BEIHYMH M HKCICPUMEHTAIBHBIX
JIAHHBIX. Y CTaHOBJICHA Mepapxusl (BpeMeHHasl U BEPOSTHOCTHASL) KOPPEISIIIMOHHBIX
(u3HYECKUX MPOIIECCOB, OTBETCTBEHHBIX 33 TAKOI'0 BUJA JIBYKPAaTHYIO HMOHU3ALMIO
Kr ¢ B030yX/IeHHEM TPETHErO FIEKTPOHA HA JUCKPETHBIM YPOBEHb IPH IHEPTHUSAX
dboToBo30yxkaeHUA B tuana3zone 90 - 100 »B.

6. BepBele MOCTPOEHBI KOMIIOHEHTHBIE, KAHAJIbHBIE W  MOJHBIE  CEUYCHUS
(muddepennmanpHpie 1 a0OCOMIOTHBIE) NBOWHON (GoTononm3anuu (JJDPU) BHEITHHX
o0onouek Ne ¢ yderom OOOCHOBaHHO IMIUPOKOrO CIEKTpa (HOTOIIEKTPOHHBIX
KOMITOHEHT (e1,e,) ¢ uCcHojb30BaHueM XD MOTEHIIMAIOB VD 1 VN2 yeranosnen
XapaKkTep IMOJIOKEHHUS VN VN2 ceuenmuit JA®U B dopme MJIMHBI U CKOPOCTHU
OTHOCUTENBHO JPYr Jpyra U SKCHEPUMEHTAJIBHBIX JAHHBIX B 3aBUCUMOCTH OT
SHEpPrUH HOHM3HUPYIOMKX (poToHOB. A umenHo - VIV D-ceuenns npakrudecku Basoe
oompme VN?-ceyennit B o6nacti ux MaKCUMYMOB; C€4Ye€HHsI B (OpME CKOpPOCTH
pacrojokeHbl MEXAYy CEUEHUSIMU B (OpME JJIMHBI, BCE BBIUYMCIICHHBIE CEUEHMSI
JUIIb KaYE€CTBEHHO COOTBETCTBYIOT AKCHEPUMEHTAIBHBIMUA JAaHHBIM. OIpeneneHsl
00J1aCTH YJIOBJIETBOPUTEIHHON NPUMEHUMOCTH YIOMSIHYTBIX MOTEHIIAAJIOB.

7. PazpaGoTaH HEAMIUPHUYECKUI OJTHONAPAMETPUYECKHI METO] OCTPOEHUS] CEUEHHI
JA®U, paBHbix B QopmMe IIMHBI U CKOPOCTH HE3aBHUCHUMO OT JHEPruu
uoHusupytouiero  usnydenus. ChopmynupoBaH  (usnuecku 0OOCHOBaHHBIN
BapHalnMoHHbIN (Mo mapameTpy ( B X® moTeHIMane V(N'Q)) KPUTEpUH MUHHUMyMa
pazHocTu (popM cedeHud B MHTErpajibHOM U JuddepeHinranibHOM Bujie. BoisBieH
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10.

dbusnueckuii CMBICT TapaMmeTpa (| KaK BEJIMYMHBI, PEryJUPYIONICH SKPaHUPOBKY
M0JI KIOHA-0CTaTKa (POTOIIEKTPOHAMH.

. ITepalluOHHBIM TOCTPOEHUEM VN ceqennit JIOM BHemHux oGomzodex Ne

MOKa3aHa BBIMTOJTHUMOCTE C(HOPMYJIMPOBAHHOTO KPUTEpPUS W HAUJEHBI pelICHUs
0=Qmin BapUallMOHHOMN 3a1a4yu I KaXXJIOW KOMIIOHEHTBbI CE€YEHMs. Y CTAHOBJICHO
CYIlIECTBEHHOE  cOmmkeHnue (GopM CceYeHWil Npu  HAJOKEHUM  KpUTEpus
MHTETPAJbHOTO BHUJA M MX  IPAKTHUYECKOE PABEHCTBO I  KPUTEPUSA
nuddepennpanbHoro  Bujga. Ha  OCHOBaHMM ~ JOCTUTHYTOI'O  paBEHCTBA
OPEANOJIOKEHO, HO HE I[O0Ka3aHO CTPOro, 4YTO B pa3pabOTaHHOM METOJE
3 (PEKTUBHO YUYMTHIBACTCS KJIACC KOPPENSIUN BBICIIUX IOPSIAKOB, IOJ00HBIM
YYUTHIBAEMOMY B MPUOJIMIKEHUH COy4aHbIX a3 ¢ 0OMEHOM MpU pacdeTe CeUYSHU

) N- o
OJIHOKPATHOM OU. OTtkioHeHue MOCTPOEHHBIX VNO_ceyenuii oT
AKCHEPUMEHTANbHBIX HE TpeBocxoauT 20% B 001aCTH HAUXY/IIIETO COTJIaCHs.
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