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OBII(A51 XAP AKTEPHCTHKA P ABOThl 

AKTYaJihHOCTh TeMhI. 

B Te'!eHIIe MHOrIIX .necHTIIJieTIIH O.UHIIM II3 rJiaBHbIX IICTO'IHIIKOB IIH

<popMaUIIII O K0JIJieKTIIBHhIX B036y)K.nemrnx B KOHe'IHhIX -<l>epMII-CIICTeMax 

(K¢C) HBJIHJIIICh aTOMHbie H.npa. lIMeHHO B aTOMHOM H.D.pe Ha6mo.naeTCH 

6oJibllIOe pa3HOo6pa3IIe <popM KOJIJieKTIIBHOro .UBII)KeHIIH, II HMeHHO 3.UeCb 

TeopIIH II 3KcnepIIMeHT npo.UBIIHYJIMCb HaII6onee .narreKO. 

B cepe.UMHe BOCbMM.UeCHTbIX ro.noB B03HMKJia npMHUIITIMaJibHO HOBaH 

CMTyaUMH, Kor.na Ha 6a3e HOBhIX TeXHOJIOrMH 6h!JIO nonyqeuo uenoe ce

MeHCTBO HOBhIX K¢C. 8To, B nepByIO o'Iepe.nh, aTOMHhle KJiacTepbI -

CBH3aHHbie CMCTeMbI, COCTOHmIIe M3 O.UMHaKOBhIX aTOMOB, 'IMCJIO KOTO

pbIX MO)KeT BapbMpOBaTbCH OT O.UHOro .no MHOrMX TbICH'I. TaK)Ke IlOHBM

JIIICb .UByMepHhle K<l>C - KBaHTOBhle ToqKM. KaK OKa3arrocb, orrpe,neJieH

Hbie TMIIbI aTOMHbIX KJiaCTepoB (MeTaJIJIM'leCKMe KJiaCTepbI, KJiacTepbI 

yr Jiepo.na ( <pynnepeHbI)' reJIMeBhle KJiaCTepbI)' a TaK)Ke KBaHTOBhle TO'IKM 

o6Jia,naIOT TeM )Ke CBOHCTBOM, 'ITO aTOMhl M aTOMHbie H.D.pa - cpe.UHMM 

IIOJieM M KBaHTOBhlMM o6oJIO'IKaMM. Oco6bl:ii MHTepec BhI3bIBaIOT MeTarr

JIII'IeCKIIe KJiacTephl (MK), rrocTpoeHHhie M3 aTOMOB menotJHhIX MeTaJI

JIOB. Ilo MHOrIIM CBOMM CBOHCTBaM OHM .neMOHCTPMPYIOT Y.UMBMTeJibH0e 

CXO.UCTBO C aTOMHbIMM H.UpaMM: KBaHTOBbie o60JIO'IKM C aHarrOrM'IHbIMM 

MarM'IeCKMMM 'IMCJiaMM, KBa,npyrroJibHaH .necpopMaUMH B _cJiy'Iae He3aIIOJI

HeHHhlX o6oJioqeK, KOJIJieKTMBHbie 0CUMJIJIHUMM BaJieHTHhlX 3JieKTpOHOB, 

CO0TBeTCTBYIOmIIe rMraHTCKMM pe3oHaHCaM (I'P) B aTOMHhlX H,npax M .up. 

I'naBHo:ii rrpMqMHOH cxo,ncTBa MK M aTOMHhlX H.D.ep HBJI-HeTCH To, ~To 

BaJieHTHbie 3JieKTpOHhI B meJIO'IHhlX MeTarrJiax CJia6o CBH3aHhl C MOHHOH 

TIO.UCMCTeMo:ii; KaK M .UJIH HYKJIOB B H,npe, cpe.UHHH .UJIMHa MX CB06o.nuoro 

npo6era cpaBHMMa C pa3MepoM CMCTeMhl, 'ITO C03.UaeT ycJIOBMH .UJIH o6pa-

30BaHIIH cpe.nuero IIOJIH. BarreHTHbie 3JieKTpOHbI HBJIHIOTCH auarro_roM • Hy

KJIOHOB B H,npe M MMeHHO OHM orrpe,neJIHIOT KBaHTOBhle CBOHCTBa MK. Mou

HaH IIO.UCMCTeMa B menoqHbIX MK C xoporne:ii TOqHOCTbIO MO)KeT paccMa

TpMBa TbC_H B rrpM6JIM)KeHMM )KeJie, T.e. KaK O.UHOpO.UHM, IlOJIO)KMTeJibHO 
' . 

3apH)KeHHaH cpe.na. 

0TKphITMe HOBhlX K¢C Kap,nMHaJihHO pacrnMpMno uarnM B03MO)KHO

CTM no M3ytJeHMIO KaK 06mMx CBOHCTB K¢C, TaK M MX oco6euuocTe:ii. 8To 

OTHOCMTCH M K KOJIJieKTMBHOMY .UBM)KeHMIO. l13yqeuMe oco6eHHOCTe:ii KOJI

JieKTMBHhlX B036y)K.neHMH B MK M H.Upax M MX cpaBHeHMe HBJIHeTcH 6e3-

ycnoBHO aKTYaJihHO:ii 3a,naqe:ii. 
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Cxo.n;cTBO MK c aTOMHhIMII H,n;paMII no3BOJIHeT IICITOJih30BaTh .IJ;JIH II3Y

qeHIIH MK 6oraTeIIIIIIIII noTeHU:IIaJI TeopeTIIqecKOII 51,n;epHoH q>II3IIKII, MHO

rIIe MO.IJ;CJIII II ITO,IJ;XO,IJ;hl KOTOpoft IIMCIOT .n;ocTaToqHO o6rn:nft xapaKTep n 

MoryT 6bITh Mo.n;nq>IIU:HpoBaHw .IJ;JIH MK. IlJIH n3yqeHIIH KOJIJICK'.I'HBHhIX 

CTeneHeH CB060.IJ;hl 6oJibIIIOH IIHTepec npe.n;cTaBJIHIOT MHKpOCKOJIIIqecKHe 

MO,IJ;CJIH, HCITOJih3YIOIIl;HC cenapa6e.1tb'llOe IlpII6JIH)KCHHC ,IJ;JIH .IJ;ByxqacTHq

HOro OCTaToqHoro B3aIIMO.IJ;CllCTBH5I. Mo.n;eJIH .n;aHHOro TIIIIa, coxpaHHH 

OCHOBHhie npeIIMyrn:ecTBa MIIKpOCKOITIIqecKOH TeOpHII (B qaCTHOCTII, CIIO

co6HOCTh OITHChlBaTh q>parMCHTaU:HIO KOJIJICKTHBHOll CHJibI no B036y)K.IJ;eH

HhIM COCTOHHHHM), Kap.n;HHaJibHO ynporn:aIOT BhlqIIcJieHHH. 8To HMeeT 

rrpIIHU:HITIIaJihHoe 3HaqeHIIe .IJ;JIH .n;eq>opMnpoBaHHhIX K <PC ( a rro.n;aBJIHIO

rn:ee .6oJihIIIIIHCTBO H.n;ep II. MK .n;eq>opMnpoBaHbI), r.n;e II3-3a 6oJihrnoro 

KOHq>IIrypaU:HOHHoro npocTpaHCTBa IICITOJib30BaHHe .n;pyrIIX MIIKpOCKOITH

qecKHX MCTO,IJ;OB Tpe6yeT BCCbMa rpOM03,IJ;KIIX BbJqIIcJieHIIll y)Ke B rap

MOHIIqecKOM rrpII6JIII)KCHHH, a IICCJIC.IJ;OBaHHe aHrapMOHHqecKIIX 3q>q>CKTOB 

CTaHOBHTC5I q>aKTIIqecKH HCIIOCIIJlhHOH 3a,n;aqeft. Ilpo6JieMa ern:e 6oJiee 

ycyry6JIHCTCH ,n;JIH MK, r.n;e qIIcJio qacTHU: .n;ocTIIraeT coTeH II ThlC5Jq II, 

COOTBCTCTBCHHO, pe3KO yBeJIHqIIBaeTC5I pa3Mep KOHq>HrypaU:HOHHoro rrpo

CTpaHCTBa. B 6oJihIIIHX MK cephe3Hhie Tpy,n;HOCTH B03HHKaIOT ,n;a)Ke npII 

cq>epnqecKOll CIIMMCTpHH . 

Mo,n;eJIH C cenapa6eJibHhlM npII6JIII)KCHIIeM aKTHBHO IICIIOJib3YIOTC5I B 

TeopHII H.n;pa (HanpIIMep, KBa3IIqacTIIqHo-q>oHOHHaH Mo.n;eJih (K<PM), xo

porno noKa3aBIIIaH ce6H .IJ;JIH rnnpoKoro KJiacca 51,n;ep, B qacTHOCTH, npII 

II3yqeHHH aHrapMOHHqecKHX 3q>q>eKTOB, H MO,IJ;eJib BII6pnpyIOrn:ero ITOTeH

U:.HaJia (MBII), HBJI5IIOIIl;aHC5I caMocorJiacoBaHHOH H TaKIIM o6pa3oM He Tpe-

6yIOrn:aH KaKIIX-JIH6o no.n;roHoqHhlX napaMeTpoB), HO He npIIMeHHJIIICh .n;o 

nocJie.n;Hero BpeMeHII B q>II3HKe MK. Ifa-3a ,n;aJihHo.n;encTByIOrn:ero xapaK

Tepa KYJIOHOBCKHX CIIJI npaBOMCpHOCTh IICITOJih30BaHH5I cenapa6eJibHOrO 

npII6JIII)KeHII5I Bhl3hIBaJia B03pa)KCHIIH, XOT5I IIMeIOrn:aHCH B MK 3KpaHH

pOBKa cyrn:ecTBeHHO IIcnpaBJI5IJia CHTyaU:HIO. B 3TOH CB5!3H 60JihIIIOll HHTe

pec npe.n;cTaBJIHeT pa3pa6oTKa n anpo6au:nH caMocorJiacoBaHHhIX Mo.n;eJI~H 

.n;aHHoro Tnna .IJ;JIH MK. 

B H.n;epHon q>H3HKe B CBH3H c coBeprneHCTBOBaHHeM yCKopHTCJihHOH 

TeXHHKH H MCTO,IJ;OB ,n;eTCK'.I'HpoBaHHH n, COOTBeTCTBCHHo, ITOHBJieHHeM Ka

qecTBCHHO HOBOll 3KCnepHMeHTaJihHOll HHq>OpMau:nn BhI.IJ;BHraeTCH 3a,n;aqa 

HHTepnpeTaU:III:I ,IJ;OCT1l.TOqHO TOHKHX 3q>q>eKTOB, o6yCJIOBJieHHhlX IIrpoi\: pa3-

Jiil:qHbIX O,IJ;HoqacTI1qHbIX II KOJIJICKTIIBHhIX CTerreHei\: CB060.n;hI, a TaK)KC 

Han6orree ITOJIHOro II HenpoTHBOpeqHBOI'O OIIIICaHHH HaKOIIJieHHhIX 3KCIIe-
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pHMeHTaJihHhIX .n;aHHbIX. 8Ta 3a,n;aqa OCTpo CTOHT .IJ;JIH HH3K03HepreTH

qecrrnx ( E < 2 - 4 M3B) COCTOHHHH B qeTHhIX, HeqeTHhIX H HeqeTHO

HeqeTHhIX .n;eq>OpMupoBaHHhIX H.n;pax. Heo6xo.n;HMO pa3BHTHe rro.n;xo.n;a, 

KOTOpblll Ha o6rn:ei\: MHKpOCKOIIHqecKOH OCHOBe BKJIIQqaJI 6bI B ce65I TaKHe 

3JieMeHTbI KaK CJIO)KHbie KOMIIOHCHThl BOJIHOBOI1 q>yHKU:HH C COOTBCTCTByIO

IIl;HM yqeTOM IIpHHU:HIIa IlayJIH, CB5!3h C MHOroq>OHOHHhIMH KOHq>HrypaU:H-
<":l 

.HMH, B3aHMO,IJ;ClICTBHe HeqeTHhIX HYKJIOHOB .H,n;pa C BH6paU:H.HMH qeTHoro 

OCTOBa, Bparn:aTeJibHhIC B036y)K.IJ;eHH.H H HX CB.H3h C O.IJ;HoqacTHqHhIMH H 

BH6pau:uoHHhIMH CTerreH.HMH CB060.IJ;hl. B KaqecTBe 6a30BOH MO.IJ;eJIH .IJ;JI.H 

pa3BHTH.H TaKoro po.n;a rro.n;xo.n;a Hau6oJiee rrepcrreKTHBH011 BH.IJ;HTC.H K<t>M . 

IlaHHw11 rro.n;xo.n; B curry csoero o6rn:ero xapaKTepa Mor 6hr TaK)Ke rrocJiy

)KHTh B ,n;aJihHei\:rneM rrnK OCH0Ba .IJ;JI.H IICCJie.n;oBaHirn aHrapMOHHqecrrn:x II 

Hea.n;ua6an1qecrrnx 3q>q>eKTOB B MK. 

UeJih .n;nccepTauuw coGTOHT B rrocTpoemrn Teopenrqecrrnx rro.n;xo.n;oB 

.IJ;JI.H HCCJie.IJ;OBaHHH Ha e,IJ;HHOH MHKpocKom1qecKOI1 OCH0Be pa3JII1qHhIX BH

.IJ;OB I{OJIJieKTHBHOro .IJ;BIDKCHH.H B aTOMHhIX 51.IJ;pax H MK, a TaK)KC B IIIH-

• pOKOM rrpaKTnqecKOM rrpHJIO)KeHHH 3THX IIO.IJ;X0,IJ;OB .IJ;JI.H H3yqemrn HH3J{0-

3HepreTnqecKHX COCT05IHHI1 H rnraHTCKH)i: pe30HaHC0B B aTOMHhIX a.n;pax H 

MK, B cpaBHHTeJihH0M aHamne nx cBOHCTB. AKn:eHT .n;eJiaeTca Ha .n;eq>op

MHpoBaHHhIX CHCTeMax, n3yqeHHe KOT0pbIX rrpe.n;cTaBJI.HCT HaH60JihllIYIO 

CJIO)KH0CTh. 

Hayqna.H HOBH3Ha II rrpaI,THqecKa.H lICHHOCTb. 

HoBbIM .IJ;OCTH)KCHHCM .HBJI.HeTC.H pa3BHTHe CaMocorJiacoBaHHOH I\UII(pO

CKOIIWieCKOll MO.IJ;CJIH ( o6o6rn:eHHa.H MO.IJ;eJib BH6pnpyIOrn:ero IIOTeHIIHaJia 

- OMBII) .IJ;JI.H nccJie,n;osamrn K0JIJieKTHBHhIX Bo36y,K,n;em111 B aTOMHhIX 

a.n;pax H MK npou3B0.1tb1wii cpopMhr. Ba3upyacb Ha cerrapa6eJihHOM rrpu-

6JIIDKeHHH .riJI.H OCTaToqHoro B3aHMO,IJ;ellCTBH.H, .n;aHHa.H MO.IJ;eJib Kap.n;HHaJib

HO yrrporn:aeT BbJqHcJieHHH, qTo HMeeT IIpHHU:HIIHaJihHoe 3HaqeHne .IJ;JI.H .n;e

q>OpMHpoBaHHhIX H 6oJihIIIHX cq>epnqec1rnx K<PC. OMBII II03B0JIHeT nc

cJie.n;oBaTh CB513h Bn6pau:noHHhIX B036y,K.n;eHni\: pa3noro nma. oJiaro.n;apa 

CaMocorJiaCOBaHHIO, OHa He co.n;ep)KHT CB060.n;HbIX rrapaMeTpoB H, C0OT

BeTCTBeHHO, HMeeT BhrcoKyro rrpe.n;cKa3aTeJihHYIO cnJiy. OMBII Ha,n;e:irrno 

arrpo6nposana Ha BhiqncJieHnax rP B aTOMHhIX H,n;pax u MK pa3JIIfqHoi\: 

q>opMbI. 

B paMKax OMBII B rn11poKoM MaccoBOM .n;narra3oHe nccJie.n;oBaHhI CBOII

cTBa .IJ;HIIOJihHOro IIJia3MOHa (rnraHTCKOro .IJ;HIIOJibHOro pe3oHanca) B Hel!

TpaJibHhIX H 3ap.H)KCHHhIX HaTpHCBhIX KJiacTepax. PaccMOTpeHbI IrnK cq>e-
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pIIqecKIIe, TaK II .uecpopMIIpoBaHHhie MK. TionyqeHo xopornee onIIcaHIIe 

scex OCHOBHhIX xapaKTepIICTIIK ,UHnOJihHOro nJia3MOHa. TeM caMhIM snep

Bhie ,llOKa3aHa npaBOMepHOCTh IICnOJih30BaHHH cenapa6eJihHOrO npII6JIH)Ke

HIIH npH II3yqeHIIH KOJIJieKTIIBHhIX B036y)K.ueHIIH B MK H co3.UaHa ocHOBa 

,UJIH npIIMeHeHHH B <pII3HKe MK HOBOro KJiacca BhICOK03<p<peKTIIBHhfX MO

.ueneft . .. 
I1ccne.uosaHo pacnpe.uenemrn E2 II E3 KOJIJieKTIIBHOH CIIJihI II cpopMII-

posaHHe COOTBeTCTBYIOW:IIX r p B ccpepIIqecKHX II .uecpopMHpoBaHHhIX MK. 

TipencKa3aHo, qTo E2 n E3 fP xoporno CKOHU:eHTpnposaHhI, qTo .uenaeT 

nepcneKTHBHhIM H aKTYaJihHhIM IIX 3KCnepnMeHTaJibHOe o6Hapy,KeHHe. . 

Ha peaJihHhIX pacqeTaX noKa3aHa B03M0)KHOCTh II nepcneKTHBHOCTh 

qacTnqHo caMocorJiacoBaHHOro HCCJie,UOBaHIIH r p B MK Ha 6a3e cpeHOMe

HOJIOrHqecKIIX o.uHoqacTuqHhIX noTeHU:HaJIOB (Tuna By.uca-CaKCOHa), He

CMOTpH Ha 3HaqnTeJihHOe OTJinqne nocJie,UHIIX OT caMOCOrJiacoBaHHhIX no-

TeHU:HaJIOB KoHa-IlleMa B nosepxHOCTHOH o6JiaCTH. t::, 

Ha 6a3e K<PM npe.UJIO)KeH MIIKpocKonuqecKIIH no.uxo.u, no3BOJIHIOW:HH 

Ha e,UIIHOH OCHOBe IICCJie,llOBaTh Hea.una6aTnqecKHe (3a cqeT CBH3II Bparn:e-
~~ 

HHH H,Upa C HepoTaU:IIOHHhIMII CTeIIeHHMII CB06o.uhr) II aHrapMOHUqecKHe 

( CJIO)KHbie KOMnoHeHThl BOJIHOBOH cpyHKU:IIII C yqeTOM npHHU:Hna Tiaynn) 

3<p<peKThl B qeTHhIX, HeqeTHhIX II HeqeTHO-HeqeTHhIX ,lle<pOpMHpOBaHHhIX 

H,llpax. IlpoBe,UeHHhie pacqeThI noKa3aJIII, qTO ,llaHHhIH nO.UXO.ll ,UaeT O,llHO

BpeMeHHOe n HenpoTHBopeqnsoe onncaHne rnnpoKoro Kpyra 3KcnepnMeH

TaJihHhIX .uaHHhIX ( 3HepreTIIqecKne cneKTphl HepoTaU:HOHHhIX COCTOHHIIH 

II Bparn:aTeJihHhIX nonoc, sepOHTHOCTII E>. nepexo.uos, .uaHHhie peaKU:IIH He

ynpyroro pacceHHIIH :rr peaKU:HH nepe.uaqn, j3-pacna.u, Hea.una6aTnqecKne 

3<p<peKThI), a TaK)Ke ofrhHCHeHHe pH.ua TOHKHX 3<p<pe~TOB, o6ycJIOBJieHHhIX 

B3aHMHhIM BJIIIHHIIeM pa3JIIIqHhIX KOJIJieKTHBHhIX H O,llHoqacTHqHhIX CTe

neHeH cso6o.uhr ( aHOMaJihHO cna6h!e El-nepexo.uhr B He'!eTHhIX H.Upax H 

.up.). 
BrrepBhie rrposeneHo cHcTeMaTII'!ecKoe nccnenosaHne reKcaneKanoJih-

HhIX HH3K03HepreTnqecKIIX COCTOHHIIH II npOHBJieHIIH reKca.ueKanOJihHOro 

OCTaToqHoro B3aIIMO,UeHCTBIIH B qeTHhIX .uecpopMHpoBaHHhIX H,llpax. O6b

HCHeHO 60JihllIOe KOJinqecTBO 3KCnepHMeHTaJihHhIX .uaHHhIX. TioKa3aHhl 

rrpenMyW:eCTBeHHO O.UHO<pOHOHHhIH xapaKTep paccMoTpeHHhIX COCTOHHHH 
II Ba)KHM pOJih reKca.ueKanOJihHhIX CHJI • 

Ba)KHhIM BKJia,UOM HBJIHeTCH nocrre.uoBaTeJihHOe MHKpOCKOnH'leCKOe MC

. CJie,UOBaHIIe HH3KOJie)KaW:IIX COCTOHHHH B HeqeTHO-HeqeTHhlX .uecpopMMpO

BaHHhIX H.Upax - nO)KaJIYH, HaII6onee CJIO)KHOM .llJIH H3y'leHIIH TIIne H,Uep. 
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B3aHMO,lleHCTBHe He'leTHhIX HYKJIOHOB C Bn6pau:nHMH '!eTHOro OCTOBa II 

caMII 0,llHO<pOHOHHhie BH6pau:nn pacCMOTpeHhl Ha e,UHHOH MIIKpOCKonnqe

CKOH OCHOBe. I1ccne.uoBaHhl BH6pau:noHHhie npnMeCII BOJIHOBhIX cpyHKU:HH 

II HOBhIH MexaHH3M CMernnBaHHH HeHTpOH-npOTOHHhIX KOH<pnrypau:IIH 3a 

C'leT KBa3II'!aCTH'IHO-<pOHOHHOro B3aHMO,lleHCTBHH. 

B u:eJIOM pe3yJihTaThl pa60Thl pa3BHBaIOT HOBOe HanpaBJieHne: HCCJie

.llOBaHne B paMKax MHKpocKonn-qecKHX no.uxo.uos o6rn:nx CBOHCTB II cne

u:ncpnqecKnx oco6eHHOCTeH KOJIJieKTHBHoro .llBH)KeHHH B ccpepn'IeCKHX n 

.uecpopMnpoBaHHhIX K<PC (B .uaHHOM cny-qae - B aTOMHhIX H.Upax n MK). 

TioJiy'leHHhie B .unccepTau:nn pe3yJihTaThl ncnOJih3YIOTCH npn aHaJIH3e 3:KC

rrepnMeHTaJihHhIX ,llaHHhIX B 3apy6e)KHhIX lI OTe'!eCTBeHHhIX HayqHhIX u:eH

Tpax. 

Arrpo6au:nH pa60TbI; MaTep:rrarrhI ,IJ;HCCepTau:nn HeOJJ;HOKpaTHO ,llOKJia

.llhlBaJIHCh Ha ceMHHapax Jia6opaTopnn reopeTH'leCKOH <pH3HKH OI15II1 n 

JI5ITI OI15II1, a TaK)Ke B MocKOBCKOM HH)KeHepHo-cpn3H'!ecKoM HHCTHTYTe, 

HI1I1 H,UepHOH <plI3HKH MrY, <PH3HK0-3HepreTH'leCKOM HHCTHTJTe ( r. O6-

HHHCK), P a.unesoM HHCTHTJTe ( r. Caii:KT-IleTep6ypr), Tierep6yprcKoM 

HHCTHTyTe H,UepHOH <plI3HKH (r. faT'!HHa), KapJIOBOM YHMBepCHTeTe B 

Tipare (YexnH), YHnBepcnTeTe r.Bpou:naB (Tionhrna), I1ncTHTJTe H,11;ep

Hh1x IIccnenoBaHHH n H.Uepnoft 3HepreTHKH BAH (CocpnH, Bonrap1rn), I1H

cTnTyTe H.UepHoH n a.upoHHOH <pH3HKH (I1ccne.uoBaTeJihCKHH u:eTp PocceH

.uopcp, fepMaHnH), TexHn'!eCKOM JHHBepcnTeTe r. MIDHXeH (fepMaHnH), 

YHnBepcnTeTe r. Perenc6ypr (fepMaHnH), YHnBepcnTeTe r. 8pnaHreH 

(fepMamrn), Jla6opaTopnn Teo.uopa Csn,11;6epra (r. Ynncana, llIBeu;nH), 

YHnBepcnTeTe r. JlyH.U (IIIseu:nH), YHnBepcnTeTe "<Pe.uepnKo II" (He

arrorrh, I1TannH), cso6o.uHoM YnnBepcnTeTe r. AMcTep,11;aM (fonJiaHmrn) 

n I1HcTnTyTe H.UepHhlx nccne.uosannft (fpomrnreH, fonJiaHmrn). TaK)Ke 

MaTepaJihl .unccepTaU:HII 6hIJIII npe.ucTaBJieHhl II .ll:OKJia,llhIBaJIIICh. Ha 34-

44 CoBemaHIIHX no HJJ;epHoH cneKTpocKOIIIIII II cTpJKType H,Zlpa, CeMIIHa

pax "KonJieKTIIBHaH H,ZlepHaH .UIIHaMIIKa" (O.uecca-1985,1987, HaMaHraH-

1986, CapaToB-1988, HoBopoccIIHCK-1989), 6-oft Me)K,llJHapo.uHoH KOH<pe

peHU:IIII no II36paHHhIM BonpocaM cTpJKTJPhl H.upa (Ily6Ha, 1994), Me)K

.uyHapo.uHoM CIIMn03IIJMe ." 5I.uepHM cneKTpOCKOnIIH B ny'IKe" B Ile6pe

u:eHe (BeHrp1rn, 1984), 3-eM II 4-oM Me)K,llJHaponHhIX BeceHHIIX ceMIIHapax 

no H.UepHOH <pII3IIKe B I1cKhH (I1TaJIIIH, 1990) II AMaJI<pII (I1TaJIIIH, 1992), 

Me)K,UJHapo,UHhIX KOH<pepeHU:IIHX "<I>opMhl H,Zlep II H,UepHaH CTpyKTypa npII 

HII3KIIX 3HeprIIHX B036J)K,UeHIIH" B Kap)Ke3e (<I>paHU:IIH, 1991) II AHTII6e 
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(<I>pami;mr, 1994), Me:iK.[(JHapo.[(HOH KOH<pepemi;irn: "AToMHhie II H.[(epHbie 

KJiacTepw" B CaHTOpIIHII (I'peUIIH, 1993), Me:iK.[(yHapo.[(HOM cIIMno3IIJMe 

"HoBhle HBJieHIIH B H.[(epHOH CTPYKType B 0KpecTH0CTII 3aMKHJThIX 060-

JioqeK" B CTOKI'OJihMe (IIIBeuIIH, 1994), Pa6oqeM coBemaHIIII ''51.[(epHaH 

cTpyKTypa B 3KCTpeMaJihHhIX yrnoBIIHx" B CII3TTJie (CIIIA, 1995), 8-oM 

Me:iK.[(JHapo.[(HOM CIIMno3IIJMe "Manb1e qacTIIUhI II HeopraHIIqecKIIe KJia

cTepw" B KoneHrareHe (IlaHIIH; 1996). MaTepIIaJihI .[(IIccepTaUIIII 6bIJIII 

npe.[(CTaBJieHbl B npoqIITaHHbIX aBT0p0M JieKUIIHX Ha 3IIMHeii IIIK0Jibl no 

H.[(epHoH <pII3IIKe I1HCTIITyTa aTOMHOH 3HeprIIII IIM. KypqaToBa (1993), B 

YHIIBepcIITeTe "<l>e.[(epIIKO II" B Heanone (I1TaJIIIH, 1993), Me:iK.[(JHapo.[(

HOH JieTHeH IIIKoJie .[(JIH cTy.[(eHT0B "IlocTII:iKeHIIH B TeopIIII H.[(pa II <pII3IIKe 

qaCTIIU" (Ily6Ha, 1995) H 29-o:ii: 3HMHeii IIIK0JibI no 51.[(epHOH <pH3IIKe H <pH-

3HKe 3JieMeHTapHbIX qacTHU IleTep6yprcKoro HHCTHTJTa 51.[(epHOH <pH3HKH 

(3eJieHoropcK, 1995). 

Ha 3amH'l'Y B!>J.[(B_!1TaIOTC5I CJie.[(yIOmne pe3J.l!_bTa:I'bl. 

1. IIocTpOeHa o6o6meHHM M0,[(eJih BH6prrpyromero noTeHUHaJia 

(OMBII), no3B0JIHIOmaH rrccJie,[(oBaTh BH6paunoHHhle Bo36J:iK.[(eHHH B aT0M

HhIX 51,[(pax H MeTaJIJIHqecKHX KJiacTepax pa3JIHqHQH cpopMbl B paMKax 

nprr6mr:iKeHHH xaoTrrqecKHX <pa3 (IIX<I>) c caMocornacoBaHHhIMH cenapa-

6eJibHhIMH CHJiaMH. Mo,[(eJib ,[(aeT B03M0:iKH0CTb 0.[(H0BpeMeHH0 yqHTbl

BaTb B3aHMO,[(eHCTBH5I pa3miqHoro THna. Pa3pa6oTaHbI K0HKpeTHbie cxeMbl 

npnMeHeHHH OMBII K ccpeprrqecKHM H .[(e<popMnpoBaHHhIM crrcTeMaM. 

2. IloKa3aHo, qTo OMBII npaBHJihH0 onHcbrnaeT H30CKaJIHpHwe E2 H 

E3 rrrraHTCKHe pe3oHaHchI B .[(e<popMHpoBaHHhIX H.[(pax. C.[(eJiaHw oprreH

THpoBoqHhie npe.[(CKa3aHHH .[(JIH pacnpe.[(eJieHHH E2 H E3 CHJihI B cynep.[(e

cpopMHpOBaHHhIX H.[(pax. 

3. IlpoBe,[(eHbI noJIH0CTblO caMocorJiacoBaHHhle pacqeTbI ,[(Jl5I .[(Hn0Jib

HbIX Bo36J:iK.[(eHHH (El rnraHTcKoro pe30HaHca) BaJieHTHhIX :meKTp0H0B 

B HeHTpaJibHbIX H 3apH:iKeHHbIX KJiaCTepax. yqTeHa CB5I3b noBepXH0CT

HbIX rr o6'heMHbIX MO,[(. PacCMOTpeHbI KaK ccpeprrqecKHe, TaK rr .[(e<p'op

MHpoBaHHbie KJiacTephI. IIonyqeHo xopoIIIee cornacrre c 3KcnepnMeHTOM 

no BCeM 0CH0BHhIM xapaKTepHCTHKaM .[(Hn0JihHbIX B036J:iK,[(eHHH ( 3HeprH5I 

pe3oHaHca, ero_<pparMeHTaUHH, .[(e<popMaUHOHHoe pacmenJieHHe cTaTrrqe-
- ' 

CKM ,[(Hn0JibHM n0JI5IpH3JeM0CTh, 0CH0BHhie TeH.[(eHUHH c p0CT0M qncJia 

aT0M0B H .[(p. ). 8TOT pe3JJihTaT .[(0Ka3bIBaeT npHMeHHM0CTb cenapa6eJib

Horo npn6JIH:iKemrn npH onrrcaHHH .[(Hn0JibHbIX B036J:iK,[(eHHH B MeTaJIJIH

qeCKHX KJiacTepax co CJia6o:ii: CB5I3bl0 H0H0B C BaJieHTHbIMH 3JleKTpoHaMH. 
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B HacTo5Imee BpeMH OMBII HBJI5IeTc5I emrncTBeHHoii M0.[(eJihIO, no3B0JI5I

romeii HCCJie,[(0BaTb cpparMeHTaumo rIIraHTCKHX pe3oHaHC0B B ,[(e<popMH

poBaHHblX KJiacTepax B nmpoK0M ,[(Hana3oHe no MaCC0B0MY qncJiy . 

4. B paMKax OMBII npe.[(cKa3aHhI rnoiicTBa E2 H E3 r.nraHTCKHX pe3o

HaHC0B B HaTpHeBbIX KJiaCTepax. Ilm-;:a3aHO, qTQ 3TH pe30HaHCbl xop0III0 

CK0HUeHTpHpoBaHbl II TeM caMh!M HMeIOT Bb!COKHH IIIaHC 6bITb o6Hapy

)KeHHhIMH B 6y.[(ymnx 3KcnepHMeHTax. 

5. II01<a3aHo, qTo O.[(HoqacTIIqHhill rroTeHUHaJI By.[(ca-CaKCOHa, HecMo

TpH Ha ero 0TJIHq.ne OT caM0C0rJiaC0BaHHbIX noTeHUHaJI0B B noBepXH0CT

HO}I o6JiaCTH, Bn0JIHe npHMeHHM B 3a,[(a'IaX no onHCaHIUO .[(Hn0JibHh!X B03-

6y)K.[(eHHfI J(al{ B HefITpaJibHb!X TaK II 3ap5I)KeHHh!X HaTpHeBbIX KJiacTepax. 

Ilpe.[(JIO)KeHbl Ha6opbl onTHMaJihHblX rrapaMeTp0B .[(JI5I :noro noTeHIJ;lJaJ'Ia. 

6. B paMKax KBa3H'!aCTHqHo-cpoHoHOII M0.[(eJm (K<I>M) nony'leHhI ypaB

Hemrn, no3B0JI5IIOWHe npoB0JJ:HTh rwppeKTHhIH yqeT npnmurna Ilaym-r B 

BH6paUHOHHhIX KOMnOHeiITaX B0JIH0BbIX qJJHKUHH He'leTHblX H He'!eTHO

He'!eTHb!X ,[(e<popMHpOBaHHh!X 51.[(ep. Ha 'IHCJieHHb!X pacqeTax npo.[(eM0H

CTpnpoBaHa Ba)l(HQCTb yqeTa 3Toro 3<pcperna, C,[(eJiaHbl cpaBHHTeJibHh!e 

oueHKH j)0JIH npHHUHIIa IlayJIH H MHorocpoHOHHh!X KOH<pHrypaunii. 

7. B paMKax e,[(HHOH MHKpoc1wm1qe·n:oii cxeMbI, J'IHTb!BaIOmeii CB5I3b 

He'!eTHOrO HJKJI0Ha C O,[(HO<pOHOHHh!MH B036J)K,[(eHH5IMH '!eTHOrO 0CT0Ba 

( qepe3 KBa3uqacTH'IHO-<pOHOHHOe B3aHMO,[(eHCTBHe) H CB5I3b poTaUH0HHb!X 

n BH6pauuoHHhIX cTeneHeii cBo60.[(hl ( qepe3 B3aHMO.[(e:ikTBHe Kopnonnca), 

HCCJie,[(oBaHbI HH3K0Jie)Kamne C0CT05IHH5I B He'!eTHbIX 51.[(pax pe.[(K03eMeJib

HOH o6JiaCTH. Ilpo.[(eMOHCTpnpoBaHo, 'ITO ,[(Jl5I K0ppeKTHoro 0IIHCaHirn HX 

CBOHCTB, B oco6eHHOCTH aH0MaJihH0ro noBe.[(eHH5I El-nepeXO.[(OB, Heo6xo

.[(HM0 J'IHTbIBaTb o6a 3TH B3aHMO,[(eIICTBH5I. 

8. I1ccJie.[(OBaHbI HH3K0Jie)KaIIJ;He C0CT05IHH5I B He'!eTHO-HeqeTHb!X H30-

TOnaX 160-l6S HO. IloKa3aHO, 'ITO CB5I3h He'!eTHhIX HJKJI0H0B C O.[(HO<pO

H0HHhIMH B036J:iK,[(eHH5IMH 0CT0Ba cymecTBeHH0 BJIH5IeT Ha xapaKTepH

CTHKH HH3K03Hepreni:qecKoro cneKTpa, npHB0.[(51, B qacTH0CTH, K n0HBJie

HHIO 3Ha'!HTeJihHbIX BH6pan;HOHHhIX npHMece:ii: H CMeIIIHBaHHIO pa3JIHqHhIX 

HeHTpOH-:npoTOHHhIX KOH<pHrypaunii. 8To B CB0IO oqepe.[(b ,[(0JI)KH0 CHJihH0 

CKa3bIBaTbC5I Ha onucaHHH npnBe.[(eHHhIX Bep05ITHOCTelI 3JieKTp0MarHJ-IT

Hh!X nepexo.[(0B n BeJIH'IHH log ft. 
9. MccJie,[(OBaHa po.Tib reKca,[(eKan0JihH0ro B3aHMO,[(eMCTBH5I .[(JI5I HI-13-

K0Jie)l<alll;HX COCT05IHHM pe.[(K03eMeJihHb!X 51.[(ep. Ha rrpHMepe pacqeTOB B 

IIIHpoKoM .[(Hana3oHe H.[(ep OT Gd .[(0 Os noKa3aHo, qTo HMeHH0 reKca.[(e1rn

noJihHhie CHJihl MJJibTIIII0JibH0CTH >.µ = 43 n 44 B 0CH0BH0M onpe.[(eJI5IIOT 
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CBOHCTBa COCTOHHIIH c J{1r = 3+ II 4+. B CBOIO O'-Iepe.Uh reKCa,UeKaIIOJibHbie 

ClIJibl c >-.µ = 42 rrpoHBJIHIOTCH rrpn onncaHHlI reKca.ueKaIIOJlhHhIX nepexo

.UOB Ha COCTOHHlIH 4+2,,. B paMKaX MeTo,ua CBH3aHHhlX KaHaJIOB noKa3aHO, 

'-ITO 3KcTpeMaJihHO 6oJihIIIHe 3Ha'-lemrn BeJIH'-llIH B(/ S4, gr ➔ 4+2...,), nony

'-leHHhie B peaKUlIHX (p, p') II ( a, a'), M0)KHO o6bHCHlITb TOJlhKO npn O,UHO

BpeMeHHOM y'-leTe 3THX CHJI lI BKJia,UoB HenpHMbIX KaHaJIOB B036y)KJJ:eHHH. 

Ily6nttKaIJHH. Ilo MaTepttanaM .n:ttccepTaUHH orry6JIHKoBaHa 31 pa6oTa. 

. CTpyKTypa H o6beM .unccepTaUHH. llttccepTauna: cocTOHT H3 BBe,ue

HHH, 4 rJiaB, 3aKJIIO'-leHHH, 4 npHJIO)KeHHH H CIIlICKa JIHTepaTyphI. OHa 

co.uep)KHT 218 CTpaHHU MaIIIHHOnlICHOro TeKCTa, 30 Ta6JIHU n 30 pttcyH

KOB. CnIIcoK JIHTepaTyphI BKJIIO'-laeT 286 HaHMeHoBaHHii. 

CO.UEPMAHME P ABOThl 
Bo BBe,ueHHlI CTaBHTCH 3a,ua'-la no HCCJie,UOBaHHIO KOJIJieKTlIBHhIX B03-

6yM,ueHifH B aTOMHhIX a:.upax n KJiacTepax B pal\1Kax MlIKpOCKOnlI'-leCKOH 

TeopHH, o6ocHOBbIBaeTCH ee aKTYaJibHOCTb. O6pHCOBbJBaeTCH COBpeMeH

Haa: CHTyauIIH B .uaHHOH o6JiaCTlI tt KOHKpeTHbie rrpo6neMbl. HaMe'-la

IOTCH nyTH peIIIeHHH nocTaBJieHHOH 3a,ua'-1H .Ha. OCHOBe pa3BIITHH lI no

cne.uy10mero npHMeHeHIIH MHKpOCKOnH'-leCKHX Mo,ueneii, OCHOBaHHbIX Iia 

cenapa6eJibHOM npH6JIII)KeHHH. KpaTKO o6cy)K,UaIOTCH <pH3II'-leCKIIe npH

'-IHHhI, rrpnBo.ua:mne K TecHo:rr aHanornH Me)K,uy aTOMHhIMH a:.upaMH II MK, 

a TaKMe cneuH<pIIKa 3a,Ua'-I no H3y'-leHHIO KOJIJieKTHBHbIX B036y)K.UeHHH B 

3TlIX CHCTeMax. KopOTKO H3JiaraeTCH co.uep)KaHne .UIICCepTaUHII. 

B nepBoii rnaBe .uaeTCH KpaTKnii ofoop <pH3HKH MeTaJIJIH'-leCKHX KJia

cTepoB, BBO.UHTCH OCHOBHble noHHTHH B .uaHHOH o6JiaCTH, rrpOBOJ(lITCH cpaB

HeHne MK c aTOMHhIMlI a:.upaMH, o6pncOBb1BaIOTCH Han6onee nepcrreKTHB

Hbie HanpaBJieHHH HCJie,UoBaHnii. Hatt60JihUiee BHHMaHne y.uena:eTCH TeM 

xapaKTepncTHKaM MK, KOTOpble 3aTparttBaIOTCH n H3y'-laIOTCH B .un:ccep

TaUHH: cpe.n:Hee none (§1.1), .ue<popMaUHH (§1.2), rn:raHTCKHe pe3oHaHChl 

(§1.3). Ilo xo.uy H3JIOMeHHH npoBO.UHTCH cpaBHeHne 3THX xapaKTepHCTMK 

B MK.H aTOMHbIX a:.upax, .ueMOHCTpHpyIOTCH npHJIO)KeHHH MO,UeJieii, B TOH 

HJIH lIHOH CTeIIeHH npHIIIe,UIIIHX 113 TeoplIH a:.upa, ,UJIH orrn:caHHH CBOHCTB 

MK. 
Bo BTopoii rnaBe npe,ucTaBJieH <popMaJIH3M K<l>M Hero o6o6meHne .una: 

HCCJie,UOBaHHH KOJIJieKTHBHhIX B036y)K,UeHHH B .ue<popMHpoBaHHhIX a:.upax. 

B §2.1 npHB0.UHTCH ypaBHeHHH IIX<P .urra: onncaHHH H30CKana:pHhIX n 

lI30BeKTOpHbIX OJ(HO<pOHOHHhIX B036y,K.UeHHH B '-leTHO-'-leTHbIX ,ue<popMH-
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poBaHHbIX a:.upax. I'aMHJlhTOHHaH BKJIIO'-laeT cpe,n:Hee none, MOHOnOJih

Hoe cnapHBaHne n 0CTaTO'-IHhle CHJlhl cerrapa6eJibHOro BH,Ua. O,n:HO<pOHOH

Hbie C0CTOHHHH, rrony'-leHHbie C 3TlIM raMHJihT0HHaH0M, HBJIHIOTCH 6a3o

Bb1MlI npH ,uaJihHeiiIIIeM pa3BlITHlI M0,UeJIH. Ilpe.unaraeTCH MO.UH<pHKaUHH 

IIX<P, no3B0JIHIOIUaH HCII0Jib30BaTb .uaHH0e rrpn6JIH)KeHHe B crry'-lae CHJib

HblX KoppeJIHUlIH B OCHOBH0M C0CTOHHHH, H rrpHB0J(HTCH C00TBeTCTBYIO

mne '-llICJieHHbie oueHKlI. Hccrre,uyIO!CH nepexo,UHhle nJI0TH0CTH O,UHO<pO

HOHHhIX COCTOHHHH. 

B §2.2 paccMaTpnBaIOTCH BapnaHThI K<PM .urra: HepoTaunoHHhIX B03-

6y)K.ueHnii B '-leTHO-'-leTHbIX, He'-leTHhIX H He'-leTHO-He'-leTHbIX H.D;pax. Bee 

TpH THna a:.uep TpaKTYIOTCH Ha e,unHoii MHKpocKonn'-lecKoii ocHoBe. Borr

H0Bhie <pYHKUlilI Hapa:.uy C rrpocTeiiUIHMH K0MIIOHeHTaMH BKJIIO'-laIOT .n:Byx

<pOHOHHhle KOMIIOHeHThI ,UJIH '-leTHO-'-leTHhIX a:,n:ep, KOMil0HeHThI KBa3H'-la

CTHUa+<pOHOH ,UJIH. He'-leTHhIX a:.uep H K0MnoHeHThI HeiiTpOH + rrpOTOH +<l>o

H0H ,UJIH He'-leTHO-He'-leTHhIX a:,uep. CMeIIInBaHne KOMII0HeHT ocymecTBJIH

eTCH 3a C'-leT · KBa3H'-laCTII'-IHO-<pOHOI{HOro B3aHMO,ueiiCTBHH, ecTeCTBeHHhIM 

o6pa30M BhITeKaIOmero H3 noJIHoro OCTaT0'-IHOro B3aHMO,UeHCTBHH nocrre 

peIIIeHHH 3a,uaqn IIX<I> H rrpe,ucTaBJieHHH•nocrre.n:Hero qepe3 orrepaTophI <po

H0HOB H KBi13H'-laCTHU. Crre.uyeT 0TMeTHTh, '-ITO KBa3H'-laCTH'-IHO-<pOHOHHOe 

B3alIMO,UeHCTBHe He co.uep)KlIT KaKHX-JIH6o H0BhIX rrapaMeTp0B. 

Ilpe.urraraeTca: Ba)KHM KoppeKUHH K<l>M, 3aKJIIO'-la~maa:ca: B y'-leTe 

rrpnHunrra IIayJIH B CJIO)KHbIX KOMIIOHeHTax B0JIH0BbIX <pyHKUlIH. 8To .uo

CTHraeTCH rryTeM yqeTa CTpyKTyphI <pOHOHa KaK. cynepII03HUHH qacTH'-IHO

.Uhlp0'-IHhIX B036y)K,UeHHH H ncn0Jib30BaHHH npn BhIB0,Ue ypaBHeHHH M0-

,ueJIH <pepMHOHHhIX K0MMyTaUHOHHhIX COOTHOIIIeHHH. IIorryqeHhI ypaBHe

HHH K<l>M c y'-leTOM yKa3aHHOii KoppeKunn .umr Bcex Tpex nepe'-IncrreHhIX 

BhIIIIe TnrroB .ue<popMnpoBaHHhlx a:.uep. llrra: 6oJihIIIoii rpynrrhl He'-leT

HhIX a:.uep pe,UK03eMeJibHOH o6JiaCTH H aKTHHH,D:OB c,ueJiaHbI '-IHCJieHHhle 

oueHKH, ,ueM0HCTpnpy10i:gne BJIHHHHe rrorry'-leHHhIX rronpaBOK. IloKa3aHo, 

'-ITO CJIO)KHbie KOMnOHeHThI B0JIH0BhIX <pyHKUHii, B KOT0pbIX HMeeT MeCT0 

IIOJIHoe HJIH qacTH'-IHOe HapyIIIeHHe rrpHHUHna Ilayrrn, B CO0TBeTCTBY~ 

meii CTeneHH no,uaBJIHIOTCH, a ueHTpOHJ(hI 3THX KOMII0HeHT CJ(BHraIOTCH 

BBepx no ::rneprnn Bo36y)K,UeHnH. BhIHBJieHhI crryqan, Kor.ua 3TH rrorrpaBKH 

Kap.UHHaJihH0 MeHHIOT CTPYKTYPY HH3K03HepreTH'-leCKHX cocToHHnii. lla

rree, npe,uJIO)KeHa rrpocTaH MO,UeJih, II03BOJIHIOIUM Ka'-leCTBeHHO oueHHTh 

BJIHHHHe MHOro<pOHOHHhIX KOH<pnrypaunii Ha HH3K03HepreTH'-leCKHe C0CT0-

HHHH. OUeHKH, C,UeJiaHHhle ,UJIH qeTHO-'-leTHhIX a:,n:ep, ,UeMOHCTpHpyIOT 

Ba)KHOCTh y'-leTa 3Toro 3<p<peKTa. B3aHMo.ue:iicTBHe C MHOrO<pOHOHHhIMH 
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KOH<trn:rypaumrMH IIpHBO.llHT K IIOHH)KeHHIO 3HeprH:ii HH3K03Hepren,:qecKHX 

COCTOSIHHH, TeM caMblM qacTHqHo KOMileHCHpysr 6oJihIIIHe 3HepreTHqecKHe 

C.llBHrH, B03HHKaIOIIIHe H3-3a HapymeHHSI rrpHHUIIIIa IIayJIH. 

Ilpe.n:cTaBJieHHhlH Bblille qiopMaJIH3M HOCHT o6mH:ii xapaKTep .. H IIOCJie 

He6oJihillHX MO.llHqJHKaUHH (HCKJIIOqeHHSI CilHH-op6HTaJihHOro B3aHMO.[(e:ii

CTBHSI H cnapHBaHHsr) BilOJIHe MO)KeT 6bITh HCilOJih30BaH KaK 6a30BaSI cxeMa 

.[(JISI HCCJie.[(OBaHHSI aHrapMOHHqeCKHX 3qiqieKTOB B .n:eqiopMHpOBaHHbIX MK. 

B §2.3 npe.llJI02KeH qiopMaJIH3M .[(JISI HCCJie.[(OBamisr KOpHOJIHCOBOH CBSI3H 

HepoTaUHOHHhlX ( 0.[(HoqacTHqHhlX H BH6paunoHHhIX). B036y)K.[(eHH:ii, pac

cqHTbIBaeMbIX B paMKax K<l>M, H BpamaTeJihHhlX CTeneHe:ii CB060.[(bI. 

B TpeThe:ii rJiaBe pa3BHThl:ii Bhime no.n:xo.n: ncnoJih3YeTcsr .llJISI nccJie.llo

BaHHsr HH3K03HepreTnqecKHX COCTOSIHHH B qeTHhIX, HeqeTHblX H HeqeTHO

HeqeTHhIX .n:eqiopMnpoBaHHhIX sr.n:pax. AKUeHT .[(eJiaeTCSI Ha MaKCHMaJibHO 

IlOJIHOM OIIHCaHHH Bce:ii COBOKYITHOCTH 3KcnepHMeHTaJihHhIX .[(aHbIX ( 3Hep

rHH B036y)K.lleHnsr, CTPYKTypa cocToSIHH:ii, BeposrTHOCTH E>.. - nepexo.n:oB, 

BeJIHqHHhl log Jt, ceqeHHSI peaKun:ii n .n:p. ), a TaK)Ke Ha TOHKHX 3qiqieK

Tax, BhI3bIBaeMbIX MaJihIMH KOMilOHeHTaMH BOJIHOBbIX 4JYHKUHH H B3aHM

HOH nrpo:ii KBa3HqacTnqHo-qioHOHHoro H KOpHOJIHCOBa B3aHMO.[(eHCTBHH . 

l'.lMeHHO B 3THX .llBYX HanpaBJieHHSIX .[(aHHhlH IlO.llXO.ll HMeeT HaH60JihillHe 

npeHMyIIIeCTBa. 

B §3.1 HCCJie.n:yeTCSI pOJib reKca.n:eKanOJibHhlX CHJI c >..µ = 43, 44 H 42 B 

qJOpMHpOBaHHH HH3KOJie)KallJHX COCTOSIHHH C K1r = 3+, 4+ H 2+ B qeTHblX 

sr.n:pax pe.[(K03eMeJihHOH o6JiaCTH. 

B no.n:pa3.[(eJie 3.1.1 .n:aeTcsr cHcTeMaTnqecKoe onncaHne 6oJihmo:ii co-

' BOKYITHOCTH 3KCilepHMeHTaJibHhIX .[(aHHhIX, CBSI3aHHbIX . C HH3KOJie)KallJHMH 

(E < 2 M3B) cocTOSIHHSIMH c K1r = 3+ n 4+. Heo6xo.llHMO OTMeTHTh, qTo 

.[(JISI Bcex pe.[(K03eMeJibHhlX sr.n:ep HCilOJib30BaJIHCh 0.[(HH H Te )Ke 3HaqeHHSI 

KOHCTaHT reKca.[(eKanOJibHOro B3aHMO.[(eHCTBHSI C >..µ. = 43 H 44, T.e. OT

cy'TCTBOBaJia IlO.[(roHKa napaMeTpOB OCTaTOqHoro B3aHMO.[(eHCTBHSI .[(JISI Ka

)K.[(Oro SI.[(pa. TeM He MeHee B mnpoKoM .n:nana3oHe sr.n:ep (H30TOilbl Gd, Dy, 

Er, Yb, Hf, W n Os) noJiyqeHo y.n:oBJieTBopHTeJihHoe onncaHHe 3Heprn:ii H 

cTpyKTYPhl K1r = 3+ H 4+ -cocTosrHn:ii, BKJiroqasr nx rJiaBHhle .llBYXKBa3H

qacTHqHhie KOMilOHeHTbI. IlpaBHJihHO BOCilpOH3Be.[(eHbI o6JiaCTH Han60Jib

me:ii KOJIJieKTHBHOCTH reKCa.[(eKltilOJibHblX COCTOSIHHH, a TaK)Ke OCHOBHble 

TeH_.lleHUHH H3MeHeHnsr KOJIJieKTHBHOCTH, H3BeCTHble H3 peaKUH:ii ( d, d') n 

( o:, o:'): cocpe.n:oToqeHHe Han6oJiee KOJIJieKTHBHbIX COCTOSIHHH c K'lr = 3+ B 

H3oTOnax Er, Yb H Hf, HaJinqne cpaBHHTeJihHo cJia6o KOJIJieKTHBH3HpoBaH

HhlX cocTOSIHH:ii c K1r = 4+ B Gd n Dy, rrpaKTHqecKn noJIHoe oTcyTcTBHe 
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HH31mJie)lrn1unx cocTOJIHHH 3Toro Tuna B H3oTorrax Yb H nx noJIBJiem1e 

BHOBh B Er, pocT KOJIJieKTHBHOCTH 4+ _ COCTOJIHHH B TJI)KeJiblX H30TOnax 

Hf H W c .n:ocTH)KeHHeM MaKCHMaJihHoii KOJIJieKTHBHOCTH B sr.n:pax Os. IIo

Ka3aHo, qTo 3a HCKJIJ0qem1eM 164 Dy n 168
•
170 Er, a TaK)Ke, B03M02KHO, rno

TOIIOB Os, COCTOJIHHJI 3f n 4f JIBJIJIJOTCJI rrpaKTHqecKH O.llHO<pOHOHHblMH. 

PacqeTbl BhJJIBHJIH rrpeHMymecTBeHHO reKca.n:e1rnnoJibHhIII xapaKTep 3THX 

COCTOSIHHH H TeM caMbIM - Ba)J(HYJO poJib reKca.[(eKaIIOJlhHhIX OCTaToqHbIX 

CHJI C ).µ = 43 H 44. 

B rro.upa3.lleJie 3.1.2 nccJie.n:yeTCJI reKca.n:e1rnnoJihHOe B3anMo.n:e1kTBHe 

C >..µ = 42. II01rn3hIB~~TCJI, qTo, HeCMOTpSI Ha KOHKypeHUHJO C Irna.upy

IIOJibHhlM B3aHMO.[(eHCTBHeM C >.µ = 22, OHO B orrpe.ueJieHHhIX cJiyqaJix 

MO)KeT nrpaTh cymecTBeHHyro poJih. B KaqecTBe xapa1..:repHorn rrpnMepa 

paCCMOTpeHbl H30CKaJJJipHbie reKca.ueKa.IIOJihHbie rrepeXO.llhl 113 OCHOBHoro 

COCTOJIHHJI JI.llpa Ha 4+2-ypoBeHh 7-BH6pau110HHOH IIOJIOCbI. I1MeHHO .llJIJI 

3THX rrepexo.[(OB B peaKUHSI; (p, p') H ( a, a') .llJIJI 60JihllIOH rpyrrrrhI pe.[(K03e

MeJibHhIX JI.[(ep 6bIJIH IIOJiyqeHbl aHOMaJihHO 6oJibIIIHe 3HalfeHIIJI rrpirne.ueH

HhIX BepOJITHOCTe:ii B3KCil(l S4, o+ogr ➔ 4+2..,,). 061,JicHeHHe 3KCIIepHMeHTa 

y1rnpaJIOCh B rrpo6JieMy O.llHOBpeMeHHoro H Herrponrnope,urnoro omrcamrn 

B(IS4) n B(/S2)-BemFrnH, 'ITO He y.n:aBaJIOCh c.n:eJiaTh B paMKax CTaH

.uapTHhIX BapnaHTOB IIX<I>. 

IlJIJI HCCJie.[(oBaHHSI .[(aHHOro Borrpoca B .UHCcepTaUIIH HCIIOJih3yeTCSI MO

.llHqJHUHpOBaHHhIH BapnaHT IIX<I>, O.llHOBpeMeHHO BKJIJO~aromnn KBa.n:py

IIOJihHOe H reKCa.[(eKaIIOJihHOe B3aHMO.[(eHCTBHSI C >..µ = 22 H 42. B paMKax 

MeTo.[(a CBSI3aHHhlX KaHaJIOB pacC'lHTbIBaIOTCSI aHaJIH3npyromne crroco6Ho

CTH n celfeHnsr B036y)l<.lleHHSI .llJIJI peaKUHH (p,p') (cM. Pm:. 1). Ilpn 3TOM 

HCIIOJih3YIOTCSI MHKpOCKOIIH'lec1rne qiopM<paKTOphI, BbllfHCJieHHbie B paM-

1rnx <pOJI.[(I1Hr-Mo.[(eJIH C rrepeXO.llHhlMH IIJIOTHOCTSIMH, IIOJiylfeHHhlMH B paM

I<aX Mo.unqrnunpoBaHHoro IIX<P. 3Halfem1e 1mHcTaHThI reKca.n:errnrroJibHoro 

B3aHMO.[(ellCTBHSI r.~
42

) Bbl6npaeTCJI H3 ycJIOBHSI HaHJIY'lIIIero orrncamrn 3KC

rrepnMeHTaJihHhIX .[(aHHhIX. IloKa3aHO, 'ITO BKJia.[( HerrpsrMbIX KaHaJIOB B03-

6y2K.n:emrn, KOTopb1:ii paHee He ylfHThIBaJICJI B IIX<P_pacqeTax, cocTaBJIJieT 

.[(O 10% B B(IS2,o+ogr ➔ 2+2,,) n .[(O 60% B B(!S4,o+ogr ➔ 4+2,,) . 

TaKHM o6pa3oM, 3KCTpeMaJihHO 60Jihm11e 3Haqemrn B(IS4) 3 Kc o6ycJio

BJieHhI B rrepByJO oqepe.llb BKJia.[(OM nenpsrMbIX KaHaJIOB. C rreTOM .n:annoro 

qia1<Topa y.n:aeTCJI 0.[(HOBpeMeHHO orrncaTh BCIO COBOKYIIHOCTh 3KCIIepHMeH

TaJihHhlX .[(aHHhIX. l'.l3 pacqeTOB TaK2Ke CJie.n:yeT, 'ITO reKca.n:e1rnrrOJibHOe 

B3aHMO.[(eHCTBHe >..µ = 42 Boo6me roBopJI He MaJIO H M02KeT cymecTBeHHO 

rrpOJIBJISIThCSI rrpn OIIHcamrn reKCa.[(eKaTIOJihHhIX xapa1nepHCTI-IK HH3KOJie-
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PIIc. 1: 3KcITepIIMeHTaJibHbie II pac'IIITaHHbie B paMKaX MeTo.ua CB513aH

HhlX KaHaJIOB ceqeHIIH B036J)K,UeHII51 ( CJieBa) II aHaJIII3IIpyrorn:IIe CITOco6-

HOCTII (cITpaBa) .UJIH ypoBHe:ii 2+2.,, II 4+2.,,. Pe3JJibTaTbI pacqeToB .uaHbI 

.UJIH x:~
42

) = 0 ( CIIJIOIIIHaH KpIIBaH), x:~
42

) = 0.006 <PM2 /M3B (ITyHKTIIpHM 
(42) ' 

KpIIBaH) II X:o = 0.012 <PM2 /M3B (IIITpIIX·ITYHKTIIpHM KpIIBM). 

)KaII.J:IIX COCTOHHIIH C [{tr = 2+. 

§3.2 ITOCBHII.J:eH II3J'IeHIIIO HII3KO3HepreTII'IeCKIIX COCTOHHIIH B He'IeT

HbIX 51,Upax. I1MeHHO .UJIH 3TOro TIIITa 51,Uep pa3BIITbIH BO 'BTopo:ii rnaBe 

ITO.UXO.U HaIIIeJI HaII6onee ITOJIHOe II IIIIIpOKOe ITpIIMeHeHIIe. 

B ITO.upa3,n:ene 3.2.1 IIccne.uoBaHo H.Upo 177 Hf, .UJIH KOToporo B Te<Je
HIIe .uonroro BpeMeHII cyrn:ecTBOBaJia ITp06JieMa OITIICaHIIH pH.ua aHOMaJibHO 

cna6bIX El-ITepexo.uoB. HaIIIII BbI'IIICJieHIIH ITOKa3bIBaIOT, 'ITO 3TII ITepe

XO.llbI BITOJIHe MO)KHO o6'b5ICHIITb, ecJIII O.UHOBpeMeHHO yqecTb BJIIIHHIIe Ma

JibIX OKTJITOJibHbIX BII6paUIIOHHbIX ITpIIMece:ii II KOpIIOJIIICOBa CMeIIIIIBaHIIH 

( CM. Ta6JI. 1 ). Bo3HIIKarorn:aH ITpII 3TOM 3Ha'IIITeJibHaH KOMITeHCaUIIH 

rnaBHbIX cocTaBJIHIOII.J:IIX ITOJIHoro MaTpII'IHoro 3JieMeHTa M(El) II .uaeT 
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Ta6JIIIUa 1: <PaKTOphl 3a,n:ep)KKII (ycKopeHIIH) F = B(EI)Teop/ B(EI),mrr 
.UJIH ITepexo.uoB ItJ[624] ➔ I 1H514] B 177Hf. Pac'IeTw BwnonHeHhl B 

paMKax Mo.uenII He3aBIICIIMhlX KBa3II'IaCTIIU (MHK) II K<PM 6e3 yqeTa (I) 
II C J'IeTOM (11) II3OBeKTOpHbIX .UIIITOJibHbIX CIIJI. 

It ➔ Fj E.,, B(EI)3KCII F 
K3B 10-7 e2 6 MHK K<PM (I) K<PM (II) 

21;2+ ➔ 19/2- 283.4 9.32(29) 0.73 2.42 0.89 

19/2+ ➔ 17 ;2- 292.5 7.46(27) 0.74 2.59 0.91 

17 ;2+ ➔ 15/2- 291.4 6.06(9) 0.68 2.56 0.86 

15/2+ ➔ 13/2- 299.0 .3.93(25) 0.66 2.77 0.92 

13/2+ ➔ 11;2- 305.5 1.79(3) 0.65 3.48 1.12 

11;2+ ➔ 9/2- 313.7 0.495(66) 0.27 3.78 1.16 

9/2+ ➔ 112- 321.3 0.0393(39) 10.3 1.40 0.88 

IICKOMbIH 3q)q)eKT. Ba)KHOe 3Ha'IeHIIe IIMeeT yqeT II3OBeKTOpHbIX ,UIInOJib

HbIX CIIJI, KOTopbre, C.UBIIraH El rIIraHTCKIIH pe3oHaHc BBepx ITO 3HeprIIII, 

ocna6JIHIOT TeM caMbIM BJIIIHHIIe ero XBOCTa Ha HII3KOJie)Karn:IIe COCTOHHIIH, 

'ITO ITpIIBO.UIIT K cyrn:ecTBeHHOMY ynyqIIIeHIIIO onIIcaHIIH El nepexo.uoB KaK 

B 'IeTHOM OCTOBe, TaK II B He'IeTHOM 51,Upe. PactJeTbI ITOKa3bIBaJOT, 'ITO 

.ua)Ke MaJibie BII6paUIIOHHhle npIIMeCII ( ITOpH,n:Ka O,UHoro npoueHTa OT HOp

MIIpOBKII BOJIHOBOH <PYHKUIIII) MoryT IIrpaTb .UOMIIHIIpy10rn:y10 pOJib npII 

OITIICaHIIII 3JieKTpII'IeCKIIX ITepexo.uoB, TaK KaK IIX BKJia.U nponopUIIOHaJieH 

6onbIIIIIM MaTpII'IHhlM 3JieMeHTaM E).-nepexo.uoB B qeTHOM ocToBe. Ha

cToHrn:IIe p·acqeThl .uaroT xopoIIIee onncaHIIe He TOJibKO El-nepexo.uoB, HO 

II 3HepreTII'IeCKoro CITeKTpa: HepoTaUIIOHbIX ypoBHe:ii C 3HeprIIeH . .uo 1.5 

M3B II qeTbipHa.uuaTII 6a3oBwx poTaunoHHhlX nonoc. 

B ITo,n:pa3,n:ene 3.2.2 IIccne.uyeTCH "MHrKoe" no.ue¢opMaUIIII 51,n:po 159Tm, 
r.ue IIMeeTCH 3Ha'IIITeJibHOe KOJIII'IeCTBO ypoBHe:ii C .ue<PopMaUIIHMII, OTJIII'I

HhlMII OT paBHOBeCHOrO 3Ha'IeHII51 ,UJIH OCHOBHOrO COCTOHHIIH. Ilpe,UJIO)KeHa 

MeTO.UIIKa no KoppeKTIIpOBKe O,UHO'IaCTII'IHbIX 3HeprII:ii 3TIIX ypoBHe:ii. B 

3TOM cnyqae y.uaeTCH nony'IIITb Y.UOBJieTBOpIITeJibHOe OITIICaHIIe BHyTpeH

HIIX II poTaUIIOHHhlX B036J2K,UeHIIH 3TOro 51.llpa (HepoTaUIIOHHbIX ypoBHeH 

c 3HeprIIe:ii .uo 1.2 M3B II 12 poTaUIIOHHhlX nonoc), a TaK2Ke IIHTepnpe

TIIpoBaTb 3KCITepIIMeHTaJibHhle .uaHHhle ITO j3+-pacna.uy .sr.upa 159Yb, no-
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JiyqeHHhie He,n:aBHO B JI5III OM5IM. Ilpe,n:JIO)KeHhl HOBhle poTaIIHOHHhie 

IIOJIOChl. 

Ilo,n:pa3,n:eJI 3.2.3 rrocmnrreH u3yqeHHIO :rneprm1 u cTpyKTyphr HH3KoJie

)Kamnx HepoTarruoHHhlx cocT05IHH:ii B rrerroqKe H30TorroB 
159

-
165 Ho. MccJie

,n:oBaHhI TeH.n;eHIIHH H3MeHeHH5I pa3JIHqHbIX xapaKTepHCTHK C poCTOM Mac

COBoro qncJia. XapaKTepHo:ii oco6eHHOCThIO ,n:aHHo:ii rpyrrrrhr 51,n:ep 5IBJI5I

eTc5I 3HaquTeJibHOe H3MeHeHHe paBHOBeCHhlX 3HaqeHHH KBa.n:pyrroJibHOH H 

reKca,n:eKarroJibHo:ii .n:eq>opMarruu, qro 6bIJIO yqTeHo B pacqeTax. IlJI5I 6oJih

IIIHHCTBa COCT05IHHH IIOJiyqeHO xopoIIIee corJiacue C 3KCIIepHMeHTOM, c.n:e

JiaHhl rrpe,n:cKa3aHH5I. 

B §3.2 B paMKax K<I>M u3yqaIOTC5I HepoTaIIHOHHhle cocT05IHH5I B ue

rroqKe HeqeTHO-HeqeTHhlX H30TOIIOB 160- 168 H 0. MuKpOCKOIIHqecKHe pac

qeThl B ,n:eq>opMHpOBaHHbIX HeqeTHO-HeqeTHbIX 5!,n:paX 5IBJI5IIOTC5I 0.D:HHMH 

H3 Han6oJiee CJIO)KH:bIX. IlaHHM pa6oTa rrpe,n:cTaBJI5IeT co6o:ii rrepBoe rro

cJie,n:oBaTeJibHoe MHKpOCKOIIHqecKoe HCCJie,n:oBaHHe HH3KOJie)Kamux COCT05I

HHH B ,n:eq>OpMHpoBaHHbIX HeqeTHO-HeqeTHhlX 5!,n:pax, KOr,n:a H CB5I3b HeqeT

HhlX HYKJIOHOB C BH6paIIH5IMH qeTHoro OCTOBa ( qepe3 KBa3uqacTnqHo -

q>OHOHHOe B3aHMo.n:e:iiCTBHe)' H caMH BH6parruu ( BhrqucJI5IeMbie B paMKaX 

IIX<I>) paccqH,ThlBaIOTC5I Ha e,n:uHo:ii MHKpocKorruqecKo:ii ocHoBe. Ilpu 3TOM 

yquThrnaeTC5I pacmerrJieHHe fanJiaxepa-MoIIIKOBCKoro u c,n:Bur HhI06a5I. 

IlJI5I Bce:ii rrerroqKH H30TOIIOB ,n:eTaJihHO HCCJie.n;oBaHhl BH6paIIHOHHbie rrpH

MeCH cocT05IHH:ii. IloKa3aHo, qTo HH3KoJie)Kamue cocTo5IHH5I ( E < 0.5 
M3B) 3a p5I.D:OM HCKJIIOqeHu:ii o6Jia,n:aIOT cpaBHHTeJihHO MaJihIMH BH6pa

uuoHHhIMH rrpuMeC5IMH. BhrIIIe 3TOH 3Hepruu BKJia,n: ,n:aHHbIX IIpHMece:ii 

y)Ke 3HaquTeJieH. B rreJIOM B HeqeTHO-HeqeTHbIX H30TOIIax roJibMH5I CHTy

aUH5I C BH6parruoHHhlMH rrpHMeC5IMH rrpu6JIH3HTeJibHO TaKM )Ke, KaK B ero 

HeqeTHhlX H30TOIIaX, H3 qero MO)KHO 3aKJIIQqHTh, qTo B HeqeTHO-HeqeTHhlX 

5!,n:pax BH6paIIHOHhie IIpHMeCH (BKJIIQqa5J: MaJihle) TaK)Ke .D:OJI)KHbI HrpaTh 

Ba)KHYIO poJih B E>. rrepexo.n:ax. BrrepBbie uccJie,n:oBaH 3q>q>eKT cMeIIIH

BaHH5I He:iiTpOH-IIpOTOHHhlX KOHq>Hrypauu:ii 3a cqeT KBa3H'IaCTHqHo - q>O

HOHHOr.o B3aHMo.n:eftcTBH5I H ero BJIH5IHHe Ha OIIHCaHHe BeJIHqHH log ft. 
Pe3yJibTaThl pacqeTOB HaXO.D:5ITC5I B xopoIIIeM corJiaCHH C HMeIOIIIHMHC5I 

3KcrrepHMeHTaJibHbIMH ,n:aHHhlMH H ,n:eMOHCTpnpyIOT IIIHpOKHe B03MO)KH0-

CTH rrpe.n:JiaraeMoro MHKpocKorruqecKoro rro.n:xo,n:a. 

B rreJIOM rrpoBe.n;eHHhle HCCJie,n:oBaHH5I IIOKa3hIBaIOT' qTo Ha OIIHCaHHe 

Hll3K03HepreTuqeCKHX COCT05IHHH B .n:eq>opMHpoBaHHhIX 5!.D:pax, OTBeqaIO

mee COBpeMeHHOMY ypoBHIO 3KCIIepHMeHTa, peaJibHO MO)KeT rrpeTeH,n:OBaTh 

TOJibKO MHKpOCKOIIHqecKa5I TeopH5I. Ilpe.n:cTaBJieHHhlH BbIIIIe rro.n:xo.n: 5IBJI5I-
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eTC5I Ba)KHbIM IIIaroM B 3TOM HarrpaBJieHHH. P5I.D: 3q>q>eKTOB, orrncaHHhIX 

B TpeTbeH rJiaBe (HarrpHMep, 60JibIIIa5I pOJib Bn6paUHOHHbIX rrpHMeceii B 

HeqeTHhIX cncTeMax), cJie.n:yeT O)KH.D:aTh B MK. 

B t.J:eTBepTon rJiaBe pa3BHBaeTc5I o6o6meHHa5I Mo,n:eJih BH6pupyIOmero 

noTeHUHaJia ( OMBII). 3Ta Mo.n;eJih, npe.n:cTaBJI5IIOIIIa5I co6o:ii ca.«oco2.11.a

cooauuoe IIX<I> c cenapa6eJihHhIM ocTaTOt.J:HhIM B3aHMo.n:encTBHeM, II03BO

JI5IeT Ha e.n:HHOH MHKpocrmnnqecrmfI OCHOBe HCCJie.n;oBaTb E>. r p B aTOM

HbIX 51,n:pax H MK. OcHOBHhIM rrpeHMymecTBOM OMBII 5IBJI5IeTrn To, 

'ITO OHa, .n:aBa5I .n:ocTaTO'lHO IIOJIHOe MHKpOCKOIIHqecrme onncam1e KOJIJieK

THBHbIX B036y)K,n:eHHH, BKJIIO'la5I OIIHCaHHe q>parMeHTaUHH KOJIJieKTHBHOH 

CHJihI, He Tpe6yeT TeM He MeHee 6oJihIIIHX 'lHCJieHHbIX pacqeTOB. 3To oco-

6eHHO Ba)lrnO npH H3yqeHHH E).. f p B aeifjop.«Up06ll1l1lblX CHCTeMaX, r,n:e 

H3-3a 6oJihIIIOro KOHq>HrypaUHOHHoro rrpocTpaHCTBa HCCJie.n;oBaHIIe r p B 

paMKax Hecenapa6eJibHoro IIX<I> qpe3Bb1qaiiHo 3aTpy.n:HeHo. Mo.n:eJih Hc

IIOJih3YeTC5I .D:JI5I n3yqeHHH H30CKaJI5IpHbIX E2 H E3 r p B .n:eq>opMHpOBaH

HbIX H cynep.n:eq>opMHpOBaHHhIX 51,n:pax, a TaK)Ke El' E2 H E3 r p B Cq>e

puqecKHX H .n:eq>OpMHpOBaHHhIX HaTpHeBbIX KJiacTepax. 

B §4.1 npe,n:cTaBJieH q>opMaJIH3M OMBII. B no.n:pa3,n:eJie 4.1.1 .n:aeTc5I 

Bhrno.n: ocHOBHhIX ypaBHeHu:ii OMBII. B KaqecTBe cTapTOBOH TO'IKH nc

IIOJih3YeTC5I 3aBHC5IIIIHH OT IIJIOTHOCTH 3HepreTnqecKH:ii q>yHKUHOHaJI KoHa

IlleMa .D:JI5I cncTeMhl Ne BaJieHTHhIX 3JieI(TpOHOB 

E{n(r, t), T(r)} = 1/2 j T(r, t)dr + j v(n(r, t))dr 

1/ 2
/ / 

(n(r, t) - ni(r))(n(r1, t) - ni(r1))d_d_ + 
1

_ _ 1 r r1, 
r - r 1 

(1) 

BKJIIO'laIOIIIHH COOTBeTCTBeHHO KHHeTHqecKyIO 3HeprHIO, o6MeHHO - Kop

peJI5IUHOHHbIH qJieH B npH6JIH)KeHHH JIOKaJibHOH IIJIOTHOCTH H IIp5IMOe KY

JIOHOBCKoe B3aHMO.D:eHCTBHe (3,n:ecb n(r, t) = LI lef>1(r, t)j 2 
- IIJIOTHOCTb Ba

JieHTHbIX 3JieKTpOHOB, T(r, t) = LI I 'v ¢>1(r, t)l 2 
- IIJIOTHOCTb KHHeTHt.J:e

CKOH 3HeprHH BaJieHTHblX 3JieKTpOHOB, '1>1(r, t) - O.ll:HO'lcl.CTHqHbie BOJIHO

Bhle q>yHKIIHH, n;(r) - IIJIOTHOCTb HOHOB B npHOJIH)KeHHH ")KeJie"). Ecmr B 

( 1) OT6p6CHTb IIOCJie,n:HHH qJieH, COOTBeTCTBYIOIIIHI1 KYJIOHOBCKOMY B3aH

Mo,n:eiiCTBHIO, H paCCMaTpHBaTb v(n(r, t)) KaK IIJIOTHOCTb IIOTeHUHaJibHOH 

3Hepruu .D:JI5I 3aBHC5IIIIHX OT IIJIOTHOCTH HYKJIOHHhlX CHJI, TO (1) TpaHcq>op

MnpyeTC5I B q>yHKUHOHaJI .D:OCTaTOt.J:HO o6mero BH,n:a .D:JI5I aTOMHOro 5!.D:pa c 

N HYKJIOHaMH. CaMocorJiacoBaHHhie o,n:Hot.J:aCTHqHhIH noTeHUHaJI H ocTa

ToqHoe B3aHMo,n:e:iicTBHe noJiyqaeM, cJie,n:y51 B ueJIOM TOH )Ke cxeMe BhI

Bo,n:a, qTo H B 3aBHC5IIIIeM OT BpeMeHH MeTo,n:e XapTpn-<I>orrn. B npe,n:eJie 
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K0JIJieKTIIBH0ro .UBIDKemrn MaJIOl1 aMIIJIIITY.UbI IIMeeM n(r, t) = no(r) + 
On( r, t ). l\1aJiaH BapIIaUIIH IIJI0TH0CTII on( r, t) orrpe.ueJIHeTCH qepe3 0606-

IUeHHOe CKeHJIIIHr-rrpeo6pa30BaHHe BOJIHOBOH cpyHKUHH CHCTeMbI KaK 

K :-'· 

Onj(r, t) = L aLk(t)(vno(r) 'v J>.µk(r) + no(r)Lf:,.µk(r)). (2) 
k=l 

CKeHJIHHr-rrpeo6pa3oBaHne 3a.uaeT cerrapa6eJibHbIH xapar<Tep B3aHMo.ue:rr

CTBHH I1 orrpe.uem!eT qepe3 3aTpaB0'!Hbie 0.UH0'laCTH'!Hbie orrepaT0pbI 

f:,.µk ( r) = Rk ( r )( t\µ ( f2) + }'}µ ( f2)) pa3JIH'!Hbie TH II bl K0JIJieKTHBH0ro .UBH

;KeHHH (HarrpIIMep, II0BepXH0CTHbie 11 o6beMHbie), .uaIOIUIIe BKJia.u B rap

M0HII'leCKHe KOJie6aHHH .uaHHOH MYJibTHII0JibH0CTH. B 3T0M rmaHe OMBII 

0IIHCbIBaeT caMocornacoBaHHYIO CHCTeMy !{ CBH3aHHbIX Me)K.uy co6on K0JI

JieKTIIBHbIX M0.U, Ka)K,UaH II3 K0T0pbIX B CB0IO oqepe,Ub 0IIHCbIBaeTCH B paM-
. ·o 

Kax IIX¢. AMIIJIHTY.UbI aiµk(t) = aLkcos(wt), BbI'lHCJIHeMbre B OMBII, 

perynnpyIOT 0THO.CHTeJibHbie BKJia,Ubl 3THX M0.U B o6mee K0JIJieKTIIBH0e 

.UBH:-KeHHe. 

B K0I-Ie'!H0M c'!eTe OMBII rrpHB0.UHT K 3aMKHyTon cIIcTeMe ypasHeHHH 
·o 

.UJIH aMIIJIHTY .ll aiµk I1 3HeprHH B036y)KJJ:8HIIH ClICTeMhl w >.µj: 

I1 

r.ue 

K 

L S'>.µkk'(w)a{~k' = 0 
k'=I 

det I S>.µkk'(w) I= 0, 

S'>.µkk'(w) = L < PIQ>.µklh :< Pl~>.µk 1 lh > lph __ 1 , 
ph f.ph - W:,.µj 2K>.µkk' 

Q>.µk(r) = (::~)n=no(Vno(r) 'v f:,.µk(r) + no(r)Lf>.:k(r)) 

+ I (\}no(rd \f' f:,.µk(ri) + no(r1)Lf:,.µk(ri)) d-

i- _ 1 r1, r - r 1 

K-;ikk' = - I Q>.µk(r)(vno(r). v' f:,.µk 1(r) + no(r)Lf:,.µk'(r))dr. 

(3) 

(4) 

(5) 

(6) 

(7) 

B TpHBHaJibH0M crryqae ( I< = 1) .uncrrepcH0HH0e ypaBHeHHe ( 4) .HMeeT TOT 

iKe BH.U, 'ITO 11 B crryqae CTaH.uapTHoro raMIIJibT0HHaHa c cerrapa6eJibHhlM 

B3aHMo.ueii:cTBHeM: H:,.µ = H0 - lj2K:,.µQLQ>.w JlerKo BH.UeTb, 'ITO BbI

pa:-KeHHH (6) I1 (7) orrpe.uemIIOT orrepaTop 0CTaT0'lH0ro B3aHMO,UeHCTBHH I1 
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o6paTHOe 3Ha'!eHHe ero CIIJIOBOH K0HCTaHThl. Ecm1 B ypaBHeHirnx (3)-(7) 

oT6pocHTb KYJI0H0BCKHe 'IJieHw, TO rrony'IIIM BapnaHT OMBII .umr aT0M

HbIX H.Uep. By.uyqn caMocorrracoBaHHoii: Mo,neJibIO, OMBII He Tpe6yeT 

HHKaKIIX no.uroH0'IHblX napaMeTp0B. OHa BKJIIO'!aeT B cefor KaK qacT

Hbie crryqan pa3JIII'IHbie BapIIaHThl MBII, IICTI0Jib3yeMwe B TeopIIII :SI.Upa, 

a TaK)Ke M0.UeJIII TIIna JI0KaJibH0ro IIX<l>, IICTI0Jib3JeMwe B <pII3IIKe MK. 

B no.upa3,nene 4.1.2 ypaBHeHII:SI OMBII K0HKpeTII3IIpy10Tc:SI .UJIH ccpepII

qecKIIX II .uecpopMIIpoBaHHhlX CIICTeM •. B TI0CJie,UHeM crryqae IICTI0Jib3yeTC:SI 

MYJibTIITI0JibH0e pa3JI0)KeHIIe TIJI0TH0CTII no(r) (a TaK)Ke 0,UH0'laCTII'IH0ro 

noTeHUIIaJia, ecm1 OH He BbI'IIICJI:SieTc:SI caMocorrracoBaHhlM o6pa3oM, a 3a

.uaeTCH cpeHoMeHonorII'!ecKII). IloKa3brnaeTc:SI, 'ITO ypaBHeHII:SI OMBII Ho

CHT yHIIBepcaJibHhltt xapaKTep II MoryT 6hlTb IICTI0Jib3oBaHhl .UJI:SI K<l>C c 

n106oii: .necpopMauIIen, BKJIIO'laH HeaKcIIaJibHy10. 1Ia10Tc:SI npocTwe aHaJIII

TH'leCKIIe oueHKII .UJIH 3HeprIIii: B036J)K,UeHH:SI r p B MK II aT0MHhlX :SI.Upax, 

np0B0.UIITC:SI cpaBHeHIIe C .upyrIIMII M0,UeJI:SIMII. 

B §4.2 B paMKax OMBII IICCJie,nyIOTC:SI II30CKaJI:SipHble E2 II E3 r p B 

.uecpopMwpoBaHHhlX II cynep.uecpopMIIpoBaHHbIX :SI,Upax. Ilrr:SI ynpom:eHII:SI 

pacqeTOB IICII0Jib3yeTC:SI MeT0.U CIIJIOBOH cpyHKUIIII, II03BOJI:SIIOID:IIH rrorry

qaTb B paMKax OMBII ycpe.uHeHHhle xapaKTepIICTIIKII r p' He pernaH rrpII 

3T0M ypaBHeHHH M0,UeJIII ,UJI:SI ~aJ/Caozo O,UHOqJOHOHHOrO C0CT0:SIHII:SI. Pac

'!eTbl rrpoB0.UIIJIIICb c 0,UH0'laCTII'IHhlM TI0TeHIIIIaJI0M By.uca-CaKCOHa. OHII 

.ueM0HCTPIIPYIOT Ba)KH0CTb yqeTa caMocorrracoBaHII:SI, Kor.ua 0CTaTOt.{Hbie 

CIIJibI 3aBIIC:SIT OT BII,Ua 0.UH0'laCTII'IH0ro II0TeHIIIIaJia II OTpa)KaIOT· Bee ero 

oco6eHHOCTII, BKJIIO'laH .uecpopMaIIIIIO. KaK BII.UH0 II3 PIIc. 2, cocTaBJI:SI-

10m:IIe onepaTopa 0CTaT0'IH0ro B3aIIMO,UeMCTBII:SI, o6ycJIOBJieHHbie caM0C0-

r JiaC0BaHHbIM yqeTOM .uecpopMaIIIIII :SI,Upa, cpaBHIIMhl no rrop:SI.UKY BeJIII

'lllHbl co ccpepII'leCKOH COCTaBJI:SIIOm:e:ii:. 3m IIMeeT MeCT0 rrpII H0pMaJib

HOH .uecpopMaIIIIII II TeM 6orree rrpw cyrrep.uecpopMaIIIIII. PacqeThl B paMKax 

OMBII xoporno BocrrpoII3B0.U:SIT 3KcrrepIIMeHTaJibHbie .uaHHhle 06 3:EteprIIII 

f p B :SI,Upax C HOpMaJibHOH ,UecpopMaIIIIeH II YKa3blBaIOT.Ha B03M0)KH0CTb 

cymecTBeHHoro pa3MhlTII:SI E3 r P B cynep.uecpopMIIp0BaHHhlX :SI,Upax. 

§4.3 IIOCB:SIID:eH IICCJie,U0BaHIIIO B paMKax OMBII El r P (.UIIIIOJibHOro 

IIJia3MOHa) B ccpepII'leCKIIX HaTpIIeBhlX KJiaCTepax. KaK y)Ke roB0pIIJI0Cb 

Bhlrne, paHee M0,UeJIII C cenapa6eJibHhlM B3aIIMO,UeMCTBIIeM .UJI:SI OTIIICaHII:SI 

f p B MK He npIIMeH:SIJIIICb, II caMa B03M0)KH0CTb IICII0Jib30BaHII:SI cenapa-

6eJibHoro rrpII6JIII)KeHII:SI B MK 6wrra no.u BorrpocoM. IIpoBe.ueHHhle B paM

Kax OMBII Bhl'lIICJieHII:SI 6hlJIII rroJIH0CTbIO caMocorrracoBaHHhlMII, T.e. II 

O,UHO'laCTII'IHhlH TI0TeHIIIIaJI, II 0CTaT0'IH0e B3aIIMO,UeMCTBIIe 6blJIII rrorry-
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PHc. 2: Pa.n:HaJihHa5I 3aBHCMMOCTh orrepaTopa Q>.µk(r) .UJI5I >.µ = 20 H 30 B 
1548m rrpH 061,rqHOH .n:eqiopMaUHH H cyrrep.n:eqiopMaUHH. IlpHBe.n:eHhI cqie

pHqecKa5I KOMIIOHeHTa orrepaTopa ( CIIJIOIIIHa5I KpHBa5I) H .ueqiopMaUHOHHhie 

KOMIIOHeHThI, o6ycJIOBJieHHhie caMocornacoBaHHeM (rnTpHX-IIJHKTHpHhie H 

IIJHKTHpHbie KpHBhie). 

qeHhI H3 q>JHKUHoHana KoHa-IIleMa. PaccMaTpHBaJIHCh HerrTpaJihHhie H 

3ap5!2KeHHhie HaTpHeBhie KJiaCTepbI B IIIHpOKOM ,UHaIIa3oHe IIO MaCCOBOMY 

qHcJiy (8 ~ Ne ~ 952). PacqeThI IIOKa3aJIH, qTo OMBIT .uaer xopo

rnee OIIHCaHHe Bcex OCHOBHhIX xapaKTepHCTHK .UHIIOJihHhIX B036J2K,UeHHlI 

( :rneprH5I El I'P, ero qiparMeHTaUH5I, cTaTHqecKa5I .UHIIOJihHa5I rron5IpH3ye

MOCTh, OCHOBHhie TeH,UeHUHH C poCTOM Ne)' qTQ rrpo.n:eMOHCTpHpOBaHO Ha 

PHc.3 H B Ta6rr.2. Ilo KaqecTBY orrHcaHH5I OMBIT HHCKOJihKO He ycTy

rraeT Mo.n:eJI5IM rrorrHoro ITX<l>, He HCIIOJih3JIOIUHM cerrapa6eJihHoe rrpH6JIH

:iKeHHe, XOT5I B OTJIHqHe OT IIOCJie,UHHX He Tpe6yeT rpoM03.UKHX BI,IqHcrr,e

HHH. Xopornee corJiaCHe C 3KCIIepHMeHTaJihHhIMH .n:aHHhIMH, norryqeHHOe B 

HaCT05IIUHX pacqeTaX, O.UH03HaqHo CBH,UeTeJihCTByeT O rrpHMeHHMOCTH ce
napa6eJtb'/-lblX caMocorrracoBaHHhIX CHJI .UJI5I orrHcaHH5I El I'P B HaTpHeBhIX 

KJiacTepax. IlaHHhIH pe3JJihTaT 5IBJI5IeTc5I O.UHHM H3 Ba:lKHeii:ruHx B .UHC

cepTaUHH, IIOCKOJihKY o6ocHOBhIBaeT rrpaBOMepHOCTh HCITOJih30BaHH5I ,UJI}I 

MK HOBoro .UJI5I 3TOH o6rracTH H BechMa ::1qiqieKTHBHoro Krracca Mo.n:errerr. 
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Pnc. 3: El cnJioBa5I q>JHKUH5I .UJI5I 6oJiblIIHX Jap5DKeHHbIX KJiacTepoB, BhI

qHcJieHHa5I B paMKax OMBI1. 

Ilanee, pactJeThI npo.n:eMoHcTpHpoBaJIH Ba2KHOCTh yqeTa CB5!3H rroBepx

HocTHhIX H 061,eMHhIX .UHIIOJihHhIX MO.D:. C.n:BHfa}I BHH3 no 3HeprHH BhICO

K03HepreTHqecKHe .UHITOJihHhie IIHKH, .n:aHHM CB5!3h cyru:ecTBeHHO ynyq

rnaeT orrH.caHHe .UHITOJihHhIX Bo36y2K.UeHHH B uenoM. Iln5I KJiacTepoB c 

Ne = 40, 58, 92 H 138 npe.n:Cl(a3aHa 3Haq1ITeJihHa5I qiparMeHTau1rn El rP. 

lb pacqeTOB cne.n:yeT, qTo BKJia.n: qiparMeHTauirn El rP B ero IIOJIHJIO 

IIIHpHHY cocTaBJI5IeT B cqiepHqecKHX KJiacTepax 10- 20% .UJI5I Ne = 8- 40 

H .uo 50% B 6onee T5I:lKeJihIX KJiacTepax. 

IloKa3aHo, qTo o.n:HoqacTHqHhIH rroTeHUHaJI By.uca-CaKcoHa, HecMoTp5I 

Ha ero OTJIHqHe OT caMocornacoBaHHhIX IIOTeHUHaJIOB B IIOBepXHOCTHOH 

o6nacTH, BITOJIHe IIpHMeHHM B 3a.uaqax no OITHCaHHIO .UHIIOJihHhIX B036y-

2K.D:eHHII KaK B Heii:TpaJihHhIX, TaK H B 3ap5!2KeHHhIX HaTpHeBbIX KJiacTepax. 

l1pe.un021<eHhl Han6orree OIITHMaJihHble Ha6ophl napaMeTpOB 3T0f0 IIOTeH

UHaJia .UJI5I HeIITpaJihHhIX H 3ap5!2KeHHhIX MK. 

C.uenaHhI nepBhie IIX<P-pacqeThI .UJI5I E2 H E3 KOJIJieKTHBHbIX ao36y-
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Ta6m1ua 2: 8Kcnep11MeHTaJihHb1e H paccqnTaHHhie B paMKax OMBII 

:mepnrn El f p (w) H CTanrqecKHe ,llHIIOJibHhie nomrp113yeMOCTH (SDP, 

B e.urrttrruax R3 ). ·-

w, 3B SDP, R3 

KJiacTep 8Kcn. OMBII 8KCII. OMBII 

Nas 2.59 2.66 1.77(3) 1.78 
Na20 2.67 2.80 1.68(10) 1.57 
Na40 2.72 2.68 1.61(3) 1.64 
Na5s - 2.83 - 1.41 
Na92 - 2.8.5 - 1.41 
Na13s - 2.91 - 1.37 
Nat - 2.71 2.66 - -·· 

- 1.44 

Nati 2.68 2.61 - 1.51 
NaJ1 2.60 2.75 - 1.51 
Nal9 2.70 2.85 - 1.39 
Nat3 2.75 2.88 - 1.36 
Nat39 - 2.94 - 1.34 

Nat91 - 3.09 - 1.27 
N+ a441 - 3.18 - 1.16 

Nats3 - 3.28 - 1.18 

iK)leHHH, I1oKa3aHo, qTo 3TH pe30HaHChI, paCIIOJIO)KeHHbie CO0TBeTCTBeHHO 

IIpH 3HeprHH 2.5-3 .. 5 H 3-4 3B, qeTKO BbI,UeJieHhI H HaxomrTC5I HH)Ke nopora 

HOHH3aUHH, qTo roBOpHT O xoponrnx nepcrreKTHBax HX 3KCIIepHMeHTaJib

Horo o6ttapy,rrnHH5I. 

B §4.3 B paMKax OMBII nccJie,uoBaHhI .UHTIOJihHhie B036yJK.O:eHH.sI B Ha

TpneBhIX KJiaCTepax C aKCHaJibHOH KBaJ.lpyrroJibHOH H reKca,ueKaIIOJibHOH 

.ueq>opMamrnii:. PaccMoTpeHhI MC KaK crrJIIOcttyToii:, TaK H BhIT.sIHyToii: 

qiopMbI. O.uttoqacTH'IHa5I cxeMa paccqHTbIBaJiaCb C .ueqiopMHpOBaHHbIM 

noTeHUHaJIOM By.nca-CaKcoHa, ocHOBHhie rrapaMeTpbI KOToporo (rJiy6nHa, 

pa.z:i:nyc H )lHq>q>y3HOCTb) 6bIJIH B3.sITbI TaKHMH )Ke KaK ,UJI.sI cqiepnqecKHX 

MK. B ocTaJihHOM pacqeThI npoBO.UHJIHCh caMocorJiacoBaHHhlM o6pa30M. 

Y qHThIBaJIOCb B3aHMO,UettCTBHe IIOBepXHOCTHbIX H 06'beMHbIX KOJIJieKTHB

HbIX M0.U, a TaK)Ke CB.sI3b ,UHIIOJibHbIX H OKTYIIOJihHbIX B036yJK.UeHHH, HMe-
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Puc. 4: 8KcrrepHMeHTaJibHOe ceqemie q>OTOB036yJK,UeHH.sI ( TpeyroJihHHKH) 

11 crrrroBaH q>yHKUHH El rrepexo,n:oB, BhrqncrreHHM B paMKax OMBII c 

ycpe,n:HeHHeM .6. = 0.05 3B (rryHKTHpHa5I KpHBM) .6. = 0.25 3B ( CIIJIOIIIHM 

KpHBM) ,UJI.sI .ueqiopMHpoBaHHbIX 3ap5!2KeHHhlX KJiaCTepoB. 

IOIUa5I MeCTO B .ueqiopMHpOBaHHbIX CHCTeMax. IloKa3aHo, qTo eCJIH rrepBbili 

3q>q>eKT BeCbMa BaJKeH (KaK H B cqieprrqecKIIX MK), TO BJIII.sIHIIe B;oporo 

3q>q>eKTa Ha CBOliCTBa ,UIIIIOJibHbIX B036yJK,n:eHIIli He3HaqIITeJihHO ,n:aJKe ,UJI.sI 

KJiacTepoB c 6oJibIIIoft .ueq>opMauIIeii:. Bo Bcex MK Ha6JI10,n:aeTc.si xapaK

TepHoe ,ueqiopMaUIIC?HHHOe pacmermeHIIe El r P. Mo,n:errh xopomo orrrrchl

BaeT IIOJIO)KeHIIe ,UIIIIOJihHOro pe3oHaHca, a TaKJKe BeJIIIqIIHY ero .ueq>op

MaUIIOHHOro pacmerrrreHII.sI (~ rrapaMeTpaMII .ueq>opMaUIIII, IIOJiyqeHHhlMII 

no MeTO,UIIKe JlIIrrrrapIIHII). KaK BII.IIHO II3 PIIc. 4, y.IIaeTC.sI BOCIIpOII3Be

CTII .IIaJKe .IIeTaJIII 3KCIIepIIMeHTaJihHOli KapTIIHhI: BbICOK03HepreTIIqecKoe 

rrrreqo rrpaBoro IIIIKa B N at5 - N a;5, KOHUeHTpaUIIIO El CIIJihI rrpaKTIIqecKII 
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B o,n;HoM mIKe B N at5 H .n;p .. 
.IIaHHhle pacqeThI ,n;eM0HcTpIIpy10T xoponme B03M0)KH0CTII OMBII .n;mr 

IICCJie,n;oBaHIIJf CBOMCTB El f p B ,n;ecpopMIIpoBaHHhIX HaTpIIeBbIX KJiaCTe
pax. IIocKOJihKY rro.n;aBJIJfIOmee 6oJihIIIIIHCTBO MK 5fBJI5fIOTC5f .n;ecpopMIIpo
BaHHhIMH, TO OMBII HMeeT IIIHpoKIIe rrepcrreKTHBhI ,n;JIJf cBoero rrpIIMeHe
HHJf. 

B_3il,KJIIOqemi:H: rrepeqHCJIJfIOTCJf 0CH0BHbie pe3yJihTaTbI, Bbl.IJ;BHraeMble 
.IJ;JIJ[ 3amHThI. 

B rrpHJI0)KeHHH 1 rrpe.n;cTaBJieHhI Bbipa)KeHHJf .IJ;JIJ[ rrorrpaB0K, B03HHKa-
10mIIx B ypaBHeHHJfX K<PM B CB5f3II C yqeTOM rrpHHIIHrra IIayJIII B CJI0)KHhIX 
K0MII0HeHTax B0JIH0BbIX <PYHKIIIIM. 

B rrpHJI0)KeHIIII 2 rrpHBe.n;eHhI Bhipa)KeHHJf, IICII0Jih3yeMhle B OMBII rrpH 
orrIIcaHHH .n;ecpopMIIpoBaHHhIX K<PC . 

B IIplIJI0)KeHHH 3 paCCM0TpeHhI CHJI0Bbie <PYHKIIHH, HCII0Jih3YeMble ,IJ;JIJ[ 
HCCJie,IJ;oBaHHJf rp B aTOMHbIX 5l.D;pax H MK. 

B rrpHJI0)KeHHH 4 II3JI0)KeHa MeT0.IJ;HKa BbiqHcJieHIIJf rrapaMeTpa KBa
.n;pyrrOJibHOM .n;ecpopMaIIHH no pacmerrneHHIO El r P B .n;ecpopMIIpoBaHHhIX 
MK. 
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