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nPE.QMCnOBME 

KHIIra, rrpe,Il,JiaraeMaH '-IHTaTemo, HaIIHCaHa Ha OCHOBaHHH 

Tpex HCTO'-IHHKOB. 3TO, BO-rrepBbIX, OIIbIT 6oJiee '-IeM 20-JieTHero rrperro

Jl,aBaHHH cPH3HKH H3Jiyq:aTeJibHhIX rrpoueccoB B MocKOBCKOM cPH3HKO

TexHH'-IeCKOM HHCTH'ryre KaK Ha cpaKj'JibTeTe cpH3H'-IeCKOM H KBaHTOBOM 

3JieKTpOHHKH, TaK, qaCTH'-IHO, Ha <PaKyJibTeTe MOJieKj'JIHpHOM H XHMH

qecKOM cPH3HKH. BTOpb!M HCTO'-IHHKOM HBJIHeTCH Hayq:HaH pa6orn aBTO

pa no H:CCJie,Il,OBaHHIO IIIHPOKOfO Kpyra HBJieHJi:M, TaK HJIH: HHa'-Ie CBH3aH

HbIX c B3aHMOJl,ettcTBHeM 3JieKTpOMarHHTHOfO rromr H BeruecTBa: OT IIO

JI5IpH3aUHOHHOfO TOpM03HOfO H3Jiy'-IeHH5I Ha aTOMe H cPOTOHHOfO 3Xa Ha 

HaHOKpHCTaJIJiax Jl,0 pacceHHH:H CBeTa Ha HaHo'-IaCTHUaX H cpa30BbIX 3cP

cpeKTOB rrpH B036y)l()J,eHHH aToMOB H HaHoo6beKTOB YJibTpaKopoTKHMH 

Jia3epHbIMH HMITYJihcaMH. HaKotteu, TpeTbHM 11cTo'-IHHKOM HBJIHeTCH OITbIT 

rrpHKJia,Il,HOfO HCITOJib30BaHHH TeopHH 3JieMeHTapHbIX 3JieKTPOH- H <Po

TOH-aTOMHbIX B3aHMOJl,eMCTBHH rrpH BbIITOJIHeHHH PHJJ.a HayKoeMKHX KOM

Mep'-IeCKHX rrpoeKTOB. OocJie,Il,Hee OTHOCHTCH B rrepByIO O'-Iepe,Il,b K MaTe

PHaJIY rn. 12, B KOTOpOM paccMaTpHBaIOTCH HOHH3aUHH H B036y)!(Jl.eHHe 

aTOMOB 3JieKTpOHHbIM ynapOM. 

JlornKa OT6opa MaTepttaJia B 3Ha'-IHTeJihHott Mepe orrpeneJIHJiacb xa

paKTepoM BbIIIIerrepe'-IHCJieHHbIX HCTO'-IHHKOB. 3necb B rrepByIO O'Iepe,Il,b 

HrpaJia pOJib 3Ha'IHMOCTb paCCMaTpHBaeMbIX rrpouecCOB MH C03Jl,aHHH y 

06y'Ia10meroc5I He06XOJl,HMOfO cpyH,Il,aMeHTa Jl,J15I KaqecrneHHOfO IIOHM

MaHH5I cpH3HKH H3Jiy'IaTeJibHbIX rrpoueccoB H crroco6oB HX KOJIH'IecrneH

HOfO OITHCaHHH. ,Ll.pyrnM orrpe,Il,eJI5IIOIUHM KPHTeptteM 6bIJI JIH'IHbIM OITbIT 

aBTOpa B HCcJieJJ.oBaHHH HJy'IaeMbIX HBJieHHH. HaKoHeu eme OJJ.HO Ba)J(

Hoe o6CT05ITeJibCTBO, BJIHHBIIIee Ha OT6op MaTepHaJia, - 3TO CTerreHb 

aKTYaJibHOCTH paccMaTpHBaeMbIX rrpoueccOB c TO'IKH 3peHM5I HX COBpe

MeHHbIX TeXHOJIOfH'IeCKHX rrpHMeHeHHM B 'IaCTHOCTH B HaHOcpOTOHMKe 

H HaHOITJia3MOHHKe, a TaK)J(e B cpH3HKe CBepx6bICTPblX rrpoueccOB H CBepx

CHJibHbIX IIOJietl:. 



8 ~ flpeauCAoeue 

Cnrnh 113JIO:>Kemrn: onpe.uemrnc51 cneump11Koi1 paccMaTpirnaeMbIX 

BOilpOCOB. TaK, Hanp11Mep, npoueccaM, 11CCJie,UOBaH11e KOTOpblX nocny

)1(11JIO TOJiqKoM K C03,UaH11IO COBpeMeHHOM cp11311K11 3JieKTpOMarH11THOfO 

noJI51 (TennoBoe mnyqeH11e, cporn3cpcpeKT, 3cpcpeKT KoMnTOHa), .uaHo B 

nepBbIX maBax op11r11HaJibHoe, 11cTop11qecK11 nepBoe on11caH11e, a B noc

ne.uy10II.1;i1x pa3.uenax npe.ucrnBJieHa 11x coBpeMeHHa51 TpaKTOBKa B paM

Kax IlOCJie,UOBaTeJibHOM Teop1111. 3Haq11TeJibHOe BH11MaH11e B KH11re y.ue

JieHO cneKTpOCKon11qecKOMY np11Hu11ny COOTBeTCTB1151, Il03BOJI51IOUl,eMy 

npoBeCT11 urnpoKyIO aHaJIOrHIO Me)l(,Uy KJiacc11qecKOM 11 KBaHTOBOM cp11-

311KOM, IlOJiyq11Tb B pH,Ue cnyqaeB Bbipa:>KeH1151 ,UJI51 KJIIOqeBbIX cp11311qec

K11X BeJI11q11H (K03cpcp11u11eHTOB 3ttHilITei1Ha, C11JI OCU11JIJI51TOPOB 11 T. ,U.) 

c 11CilOJib30BaH11eM apceHaJia Il0H51Tl1M KJiacc11qecKOM cp11311Kl1. 

B KH11re coqeTaeTc51 113JIO:>KeH11e npocTbIX, HO Ba:>KHhIX .UJI51 noH11Ma

H1151 BCero MaTep11ana BOilpOCOB, 11 ,UOBOJibHO CJIO:>KHOfO cpopMaJI113Ma 

coBpeMeHHOM KBaHTOBdtt cp11311K11. TaK, B nepBotl: maBe .uaeTC51 3JieMeH

rnpHa51 Teop1151 KJiacc11qecKoro (n11Hei1Horo 11 HeJI11HettHoro) 3ap51:>KeH

Horo OCU11JIJI51TOpa B 3JieKTpOMafHl1THOM none, KOTOpa51 CJIY:>K11T qepe3 

BbIIlleynoM51HYTbIM np11HU11Il COOTBeTCTB1151 OCHOBOM ,UJI51 ,UaJibHettlllero 

113JIO:>KeH1151. Ilp11 3TOM BnepBbie, HaCKOJibKO 3TO 113BeCTHO aBTOpy, pac

CMaTp11BaIOTC51 oco6eHHOCT11 CB060,UHbIX KOJie6aH11H KJiacc11qecKoro oc

U11JIJI51TOpa Mop3e, 51BJI51IOI.Uerorn Ba:>KHOM MO,UeJibIO B Teop1111 .UByxa

TOMHhIX MOJieKyJI. Bo BTopoi1 maBe npe.ucTaBJieHa KBaHTOBa51 Teop1151 

OCUHJIJI51TOpa 11 3JieKTpOMarH11THOfO IlOJI51, BKJI10qa51 cpopMaJil13M KOre

peHTHbIX COCTOHH11M, 11rpa10m11x cymecrneHHYIO pOJib B KBaHTOBOM on

T11Ke 11 KBaHTOBOH 11HcpOpMaT11Ke. 

XapaKTepHaH oco6eHHOCTb HaCTOHI.Uero yqe6H11Ka COCT011T B TOM, 

qTo B HeM, HapH,UY c 113JIO:>KeH11eM CTporott KBaHTOBOM Teop1111 3JieKTpO

MarH11THbIX npoueccoB, 3aMeTHOe BH11MaH11e y.ueneHO p51.UY KaqecTBeH

HbIX MO,UeJieM, Il03BOJIHIOI.U11X nonyqaTb a,UeKBaTHOe on11catt11e, aneJIJI11-

PY51 B 6oJiblllett cTeneH11 K coo6pa:>Kett115IM cp11311qecKoi1 11ttTy11u1111, tte

:>KeJI11 K MaTeMaT11qecK0My cpopMaJI113My. Orn11q11TeJihHOM oco6eHHOCThIO 

113JiaraeMbIX IlO,UXO,UOB 51BJIHeTCH IlI11pOKOe 11CilOJib30BaH11e KaqecTBeH

HbIX attanor11i1, Il03BOJIHIOUl,ee nepeHOC11Tb np11eMbl 11 MeTO,UbI, pa3B11-

Tble .UJIH pacqeTa o.uH11x npoueccoB, Ha 11ccne.u0Batt11e .upyr11x, qacTo 

CJia60113yqeHHbIX HBJieH11M. Ilp11MepOM TaKOro po.ua MO,UeJietl: HBJIHeTCH 

np116JI11:>KeH11e JIOKaJibHOM nJia3MeHHOM qacTOTbl, 11CilOJih3yeMoe B pac

qeTax ceqeH1151 cpoTonornomeH1151 Ha MHOf03JieKTpOHHbIX C11CTeMax 11 

.u11ttaM11qecKoi1 non51p113yeMocT11 aTOMOB. B 3TOM pH.UY CT011T rnK:>Ke 

MO,UeJib Eoptta-KoMnTOHa B Teop1111 11ott113au1111 aToMa 3JieKTpOHHhIM 
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ynapoM, KOTopa51 6bma npeL(Jlo)KeHa aBTopoM Ha ocHoBamur amuronur 

Me)KL(y ynapHOM 110HH3au11eii 11 KOMTITOHOBCKHM pacce51HMeM peHTfeHO

BCKMX nyqeii. Ba)KHOe MeCTO yneneHO <t>opMaJIM3MY OTITMqecKOfO BeKTO

pa Enoxa, KOTOpbIM naeT HafJI51LJ.HYIO reoMeTp11qecKyIO MHTepnpeTaUMIO 

KorepeHTHbIX panttaUMOHHhIX npouecCOB, TI03BOn5151 npeLl,CTaBMTb Bpe

MeHHYIO 3BOnIOUMIO KBaHTOBOM CMCTeMbI TIO):( L(eMCTBHeM 113nyqeHM51 KaK 

Bparuemre TpexMepHoro BeKTopa, M306pa)Ka10ruero cocT051HMe cMcTeMhI. 

TaKMM o6pa30M, KaqecTBeHHOe noHMMaHMe 3neKTpoMarHMTHhrx B3a

MMOLJ.eiicTBMM L(OCTMraeTC51 KaK c TIOMOIUbIO MCTIOnh30BaHH51 MHTYMTMB

HhIX MOL(eneii, TaK M Ha OCHOBaHMM npMMeHeHM51 HafJI51L(HOfO MaTeMa

TlfqecKOfO <t>opMaJIM3Ma . 

.LJ.pyra51 oco6eHHOCTb L(aHHOM KHMfM, OTJIMqa10rua51 ee OT CTaHLl,apT

HhIX yqe6HHKOB no TeOpMM M3nyqaTenhHb!X npoueccoB, CB513aHa c coqe

TaHtteM 113nO)KeHM51 xoporno M3BeCTHh!X TIOL(XOL(OB M HOBbIX MeTOL(OB 

OTIMCaHM51, HeKOTOpbre M3 KOTOpbIX 6binM pa3pa6oTaHbI aBTOpOM B CB513M 

c COBpeMeHHh!MM B03MO)KHOCT51MM 3KCnepMMeHTa. 3necb B nepByIO oqe

peL(b tty)KHO ynOM51ttyTb npOCTOe aHaJIMTMqecKoe Bbipa)KeHMe L(JI5I nonHOM 

Bepo51THOCTM <t>oTonpouecca B none ynhTpaKopoTKoro 3neKTpoMarttMTHO

ro MMnynhca, KOTOpoe TI03BOn51eT OTIHCb!BaTb 51BJieHMe B TOM CHTyaUMM, 

KOfL(a CTaHLl,apTHbIM TIOL(XOL(, OCHOBaHHhIM Ha TIOH5ITHM HHTeHCMBHOCTM 

M3nyqeHM51 M Bep051THOCTM npouecca B eL(MHMUY BpeMeHM, CTaHOBHTC51 

HeaL(eKBaTHh!M. IlonyqeHHOe Bbrpa)KeHMe MO)KHO Ha3BaTb aHaJIOfOM 30-

noTOfO npaBMna <l>epMM B <l>M3MKe CBepx6bICTPhIX 3neKTpOMafHMTHbIX 

51BneHMM. 

HapHLJ.Y c Tpanm.i;MOHHhIMM BonpocaMM <l>M3MKM 3neKTpoMarHMT

HhIX B3aMMOL(eMCTBHM, B KHttre paccMaTpMBaeTC51 p51LI, <t>oTonpoueccOB, 

OTBeqaJOIUMX COBpeMeHHOMY 3Tany pa3BMTM51 HayKM M TeXHMKM, nepc

neKTMBHhIX c TOqKlf 3peHM51 11CTIOnh30BaHM51 B HOBettllIMX TeXHOnOfM51X. 

K 3THM 51BJieHM51M OTHOC51TC51: <t>oTOHHoe 3XO Ha HaHoKpMcTannax, pac

ce51Htte M3nyqeHH51 Ha MeTannMqecKMX c<t>epax B o6nacTH nna3MOHHOfO 

pe30HaHca, non51ptt3aUHOHHOe TOpM03HOe M3nyqeHMe Ha KJiaCTepax, pe-

30HaHCHbIM non51pM3aUMOHHhIM TOpM03HOM 3<P<t>eKT, <t>a30Bb!M KOHTpOnh 

<t>oTOMHLJ.YUMpoBaHHhrx npoueccoB B none ynhTpaKopoTKMX ttMnynhCOB 

M B 6MxpoMaTMqecKOM none, <t>oTOMOHM3aUH51 aTOMOB B CBepxcMnhHb!X 

TIOn51X. 

IlOMMMO Heo6XOL(MMOfO TeopeTMqecKOfO MaTep11ana, B KHMre np11-

BOL(HTC5I OTIMCaHMe 3KCnepMMeHTOB no KOrepeHTHOMY <Pa30BOMY KOHT

ponIO B036y)KL(eHM51 Beruecrna B 6MxpoMaT11qecKOM na3epHOM none, BKJIIO

qa51 LJ.BYXKaHaJibHOe B036y)KL(eHMe KBaHTOBb!X 51M B nonynpoBOL(HMKOBbIX 
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cTpyKTypax. Op1rne.n_ettttbre 3KcnepttMeHTbI .n_eMOHCTpttpymT nepcneKTttB

HOCTh <Pa30BOro MeTO,Ua ynpaBJieHmI BepOHTHOCTblO l13JIY'-IaTeJibHb!X HB

Jiemiii:. 0,UHO l13 Ba)l(Hb!X npenMyruecrn <Pa30B0f0 KOHTPOJIH CBeTOMH,Uy

unpoBaHHb!X rrpoueccoB no cpaBHeHHlO c Tpa,UHUHOHHb!M MeTO,UOM, oc

HOBaHHblM Ha l13MeHeHHM MHTeHCHBHOCTH l13JIY'feHHH, CBH3aHO c TeM, 

'ITO ynpaBJIHIOll(ee B03,UettCTBHe, l13MeHHIOll(ee OTHOCMTeJibHYlO <Pa3y, He 

Tpe6yeT 3Ha'IMTeJihHhIX 3aTpaT 3HeprMM. KpoMe Toro, K HaCTOHIUeMy 

BpeMeHM pa3BMTbl Bb!COKOTO'IHh!e MeTO)lbl l13MeHeHMH l1 CTa6MJIM3aUMM 

<Pa3bI Jia3epHoro l13JIY'feHMH, 'ITO cyruecrneHHO nptt rrpaKTM'IecKoii: pea

JIM3aUMM KorepeHTHOro KOHTPOJIH B 6ttxpoMaTM'IeCKOM IlOJie l1 B rroJie 

yJihTpaKopoTKMX 3JieKTpoMarHMTHbIX MMnyJihCOB. 

lfaJIO)l(eHHh!e B KHttre CBe,UeHMH HOCHT, c O)lHOM CTOpOHbl, Y'fe6HO

MeTO,UM'IeCKMM, a c ,n_pyroii: - rrpnKJia,UHOM xapaKTep, CO'IeTaH MHTyH

TMBHb!e coo6pa)l(eHMH, IIOCJie,UOBaTeJibHYIO TeOpMIO l1 rrpOCTbie pac'IeT

Hb!e cPOPMYJibl. B 3TOM CBH3M MO)l(HO Ha,UeHTbCH, 'ITO npe.n_naraeMaH KHMra 

6y.n_eT rroJie3HOtt KaK ,UJIH 6oJiee rny6oKoro yCBoeHMH cPM3M'IeCKOM CyTM 

paccMaTp1rnaeMbIX npoueccoB, TaK H ,UJI5! npaKTH'-leCKoro ucnoJih30Ba

HMH rrpMBe)leHHb!X cPOPMYJI B KOHKpeTHb!X pacqernx. 

Kttttra rrpe,ntta3Ha'IeHa MH wttpoKoro Kpyra 'IMTaTeJieii:, BKJIIO'IaIO

w.ero B ce6H cry.n_eHTOB COOTBeTCTBYIDW.MX cneUMaJibHOCTeii:, acrrttpaHTOB 

l1 HaY'fHb!X COTpy)lHMKOB, nperro)laBaTeJieii: Bb!CWeii: WKOJibl l1 rrpOCTO JIMU, 

MHTepecy10w.11xcH cPH3MKoii: 3JieKTpOMamttTHhIX B3attMo,neii:crnttii:. ABrnp 

IlOJiaraeT, 'ITO rrpe)lCTaBttTeJIM Ka)l()lOH l13 Bb!Wenepe'IMCJieHHbIX rpyrrn 

Hatt)lyT )lJIH ce6H IlOJie3HblM MaTepttaJI, OTBe'IalOll(MM MX 3arrpocaM, Ha

Y'IHb!M MJIM rre)larortt'IeCKMM MHTepecaM l1 KBaJil1cPHKaun11. 



rnABA OCL,\Hnns.TOP 

1 B 3nEKTPOMAfHHTHOM nonE 

Mo,JJ,eJih rapMOHtttiecKoro ocu1rnmnopa urnpoKo 11crroJih-

1yeTc.H B CaMhIX pa3JI.J1qHhlX o6Jiacrnx cp.113HKH. 3TO CB.H3aHO B rrepByIO 

oqepe,D,b c TeM, qTo rrp.11 MaJiblX OTKJIOHeHH.HX OT ITOJIO)Kemrn paBHO

BeC.115! Xo ITOTettu11aJibHa.H 3Heprn.H CHCTeMbl u (x) rrp116Jitt)KeHHO 011.11-

CbIBaeTC.H KBa,D,paTJ1qHOH 3aBHCHMOCTblO OT KOOp,D,ttHaTbl x. KBa,D,pa

TJ1qHa5! 3aBHCHMOCTb rroTettu.11aJibHOH 3Hepr1111 5!BJI5leTC5! xapaKTe

p11cT11qeCKOH qepTOH rapMOH11qecKoro OCUHJIJI5!TOpa. ,LJ,ettCTBHTeJibHO, 

B ITOJIO)KeHHH paBHOBeC.115! CHJia f, ,JJ,eHCTBYIOll!a.H Ha qacTHUY' paBHa 

HYJIIO. TaK KaK c11na orrpe,D,eJI.HeTc.H rrepBOH rrpo.111BO,JJ,HOH noTettu.11-

aJihHOH 3HeprnH no KOOp,D,11HaTe (f = -U;), JIHHettHhlH qJieH B pa3-

JIO)l(eHHH IlOTeHUJfaJibHOH 3HeprHH no OTKJIOHeHJflO OT JlOJIO)l(eHH.H 

paBHOBeCH.H (x - Xo) TO)Ke paBeH HYJIIO, H OCTaeTC.H KBa,D,paT11qHa.H 

3aBHCJfMOCTb: 

I d 2U 2 
U (x"' x0 ) = U (x0 ) + --2 (x - x0 ) . 

2 dx 
(1.l) 

B CMJIY rrpOH3BOJihHOCTJf BbI6opa HaqaJia OTCqeTa ITOTeHUJfaJibHOH 

3Hepr1111 MO)l(HO TIOJIO)KJ1Th, qTo ITOTeHUHaJibHa5! 3Hepnrn CJ1CTeMhl B 

TO'IKe paBHOBec1rn paBHa Hyn10: U(x0) = 0. KaK 111BeCTHO, noJIHa.H 3Hep

rtt.H rapMOHJfqeCKOro 0CUl1JIJI.HTOpa, paBHa.H cyMMe KJfHeT11qeCKOH 11 rro

TeHUHaJihHOH 3Heprtti1, JfMeeT BH)J, (,JJ,JI.H npOCTOTbl paccMaTpHBaeM O)J,

HOMepttbIH CJiyqaif): 

mx2 mwJ (x - xo)2 
E = -- + ----'-----'-

2 2 
(1.2) 

r,JJ,e x - CKOpOCTh; m - Macca; Wo - co6cTBeHHa.H qaCTOTa OCU11JIJI5!TO

pa. CpaBHMBa.H rroTeHI.(JfaJihHYIO 3ttepru10 rapMoH11qecKoro ocu11JIJIHTO-



12 ~ I'Aa8a 1. OcijUAARmop 8 3AeKmpoMamumHoM noAe 

pa [BTopoe cnaraeMoe B npasoti qacni: pasettcTBa (1.2)] c rrpasoti qac

ThlO pa3JIO)!(eHirn (I.I), npHXO)l}IM K COOTHOWeHHIO: 

(1.3) 

r.ue .UBYM}I WTPHXaMH o6o3Ha'!eHa BTOpaa npoH3BO,IJ,Haa IIOTeHUHaJibHOM 

3HeprHH rro KOOP.UHHaTe. IIpe.urronaraeTca, '-ITO 

TaKHM o6pa30M, Ka)!()J,OM cpH3H'IeCKOM CHCTeMe rrpH MaJibIX OTKJIO

HeHHHX OT IIOJIO)!(eHHH paBHOBeCmI MO)!(HO IIOCTaBHTb B COOTBeTCTBtte 

rapMOHH'IeCKHM OCUHJIJI}ITOp, co6CTBeHHaH 'IaCTOTa KOToporo B O.UHO

MepHOM cnyqae orrpe.uenaeTca paBeHCTBOM (1.3). 
Mo.ueJib rapMOHH'!eCKOro OCUHJIJIHTOpa wttpOKO HCIIOJ1b3yeTCH B 

cpH3ttKe Kone6aTeJibHhIX npoueccos. Otta MO)!(eT 6bITb npHMetteHa TaK

)!(e MH orrttcamrn KBaHTOBbIX rrepexo,IJ,OB 3JieKTPOHOB rro.u .uetiCTBHeM 

3JieKTpoMarHHTHOro IlOJI}I Me)!()J,y CTaUHOHapHbIMM COCTOHHHHMH B pa3-

JIH'-IHbIX cptt3H'-leCKMX CMCTeMax, ecntt BOCilOJlb30BaTbCH cneKTpOCKOilM

'!eCKMM rrpttHUMilOM COOTBeTCTBHH (CM. fJI. 4). 

1.1. rAPMOHH4ECKHH OCU.HnnHTOP 
B MOHOXPOMATH4ECKOM nonE 

PaccMoTpttM cttaqana rrpocTetiwttti cnyqati B3attMo.uetl:cTBHH 

3apa)!(eHHOro rapMOHH'IeCKOro OCUMJIJIHTOpa c 3JieKTpll'IeCKHM noneM 

MOHoxpoMaTH'!ecKotl: 3JieKTpoMarnttTHOH BOJIHhI. B ,nanbttetiweM 6y

.ueM npe.unonaraTb, '-ITO .umrna BOJIHhI A. MHoro 6onbwe pa3Mepos oc

UHJIJIHTopa a: 

A.» a. (1.4) 

HepaBeHCTBO (1.4) HBJIHeTC}I ycnomi:eM npHMeHHMOCTM aunollbH020 

npu611u:>1eeHUR, ttrpa10mero Ba)!(HYlO pOJib B cptt3MKe 3JieKTpOMarHMTHbIX 

rrpoueccoB. JlerKO y6e.uHTbCH, 'ITO COOTHOWeHtte (1.4) cnpaBe)J,JlttBO B 

WMPOKOM .nttarra30He MMH BOJIH, eCJIM pe'Ib M.UeT 0 B3aMMO,IJ,eHCTBMM 

M3Jiy'IeHHH c aTOMHbIMM '!aCTHUaMM, xapaKTepHbIM pa3Mep KOTOpbIX 

onpe.uenHeTcH 6opoBCKMM pa.uttycoM: a "" a8 = 0,53 A (ttanoMHMM, •uo 
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1 A = io-8 cM). Pa.un:yc fiopa B paMKax KJiaccn:qecKoti KapTHHhI orr

pe.uemrnT pa1Mep 6JimKatirneti K H.Upy op6HThr :rneKTpotta B aToMe so

.uopo.ua. 

Dpn: BhIIIOJIHeHHH ycJIOBHH (1.4) MO)f(HO npette6peqh 1asn:cn:Moc

ThIO 3JieKTpOMafHHTHOfO IIOJIH OT KOOP.UHHaTbI H B MOHOXpOMaTH'lec

KOM CJiyqae HCIIOJlb30BaTb .UJIH HaIIpH)f(eHHOCTH 3JieKTpn:qecKoro IIOJIH 

Bh1pa)f(eH11:e: 

E ( t) = Ea cos ( m t + qJa ) , (1.5) 

r.ue Ea, m, qJa - aMrrJIHTY.Ua, qacToTa H HaqaJihHaH cpa1a 3JieKTpn:qecKoro 

noJIH. MoHoxpoMaTn:qecKoe rroJie xapaKTep11:1yeTcH TeM, qTo ero aMIIJIH

Ty.ua H HaqaJibHaH cpa3a HBJIHIOTCH IIOCTOHHHhIMH BeJin:qn:HaMH. AMIIJIH

Ty)J,a 3JieKTpn:qeCKOfO IIOJIH orrpe)J,CJIHeT cpe)J,Hee 3a rrepHO)J, 

T = 21' 
(1) 

3Haqettn:e HHTeHCHBHOCTH H3JiyqeHHH B BaKYYMe cornacHO paseHCTBy: 

E1 
I =c-a 

81'' 
(1.6) 

r.ue c - CKOpOCTh CBeTa B BaKyyMe. HarrOMHHM, qTo HHTCHCHBHOCTh 

rrpe.ucrnBJIHeT co6oti KOJin:qecTBO 3Hepr11:11 H3JiyqeHttH, rrpoxo.um.ueti qe

pe1 e.nttHHUY IIJIOIUa.u11 B C)J,HHHUY speMCHH, H o6biqHO 113MepHeTC51 B 

Barrax Ha KBa.upaTHhIH caHTHMeTp. 

B aTOMHOH cpH3HKe MH KOJI11qecrneHHOH xapaKTepn:cTHKH 3JieKTPH

qecKoro IIOJIH B KaqecTBe 3TaJIOHHOH BeJIJ1qJ1Hhl 11CI10Jlh3yeTCH aTOMHaH 

HarrpH)f(eHHOCTh Ea, paBHaH HanpH)f(eHHOCTH Ha rrepsoti 6opoBCKOH op

fone aToMa so.uopo.ua: 

(1.7) 

r.ue me - Macca 3JieKTpoHa. B coorneTCTBHH c cpopMyJioti (1.6) aTOMHOH 

HarrpH)f(eHHOCTH 3JieKTpn:qecKOfO IIOJIH (I. 7) orneqaeT aTOMHaH HHTeH

CHBHOCTb 113JiyqeHH51: 

(1.8) 
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Optt6moKeHtte rapM0Hw1ecKoro ocuttmrn:Topa rrptt orrttcaHMH B3att

MO,!J,ettcTBHJI H3JIY'fCHHJ! c aTOMHbIMH '!aCTMUaMH cnpaBe.llJIHBO ,ll,JIJ! JlOC

TaTO'!HO MaJibIX aMITJIHTY.ll 3JICKTPli'!CCKOro ITOJIJ! H liHTCHCMBHOCTeiI 

113JIY'fCHMH: 

(l.9) 

Optt BhIITOJIHCHMM HepaBeHCTB (1.9) BJIHJIHHe H3JIY'fCHMJI Ha aTOM

Hbre 3JICKTPOHhI MO)!(HO C'!MTaTb CJia6bIM B03MYIUCHHCM. 

B LlHITOJibHOM rrptt6JimKeHHli (1.4) ypaBHCHHe, OITMCbIBaIOruee KO

Jie6aHHJ! 3apmKeHHOro OCUMJIJIHTOpa ITOLl aeiICTBMeM 3JICKTPli'!CCKOro 

ITOJIH E(t), HMCCT BHLl 

x + 2c50 x + mJ x = !....e(t), 
m 

(1.10) 

r,ll,e x - OTKJIOHCHHe KOOp,ll,HHaTbI OCUMJinJ!TOpa OT ITOJIO)l(CHHH paBHO

BeCHH; e, m, mo, c5o - 3apJI,ll,, Macca, co6CTBeHHaH '!aCTOTa H KOHCTaHTa 

3aTyxaHHJ! OCUMJIJIHTOpa, TO'!KH o6o3Ha'!aIOT ,ll,HcpcpepeHUHpOBaHHe no 

BpeMeHH. KoHCTaHTa o0 onpe):(eJIJieT BpeMJI 3aTyxaHHJ! cBo6o):(HhIX KoJie-

6amn1 ocmmmITopa: 

BpeMJ! T2 Ha3hrnaeTc5l speMetteM cpa3oBoiI MJIM nonepe'!HOH peJiaK

cautttt. Otto ttrpaeT Ba)l(HYIO poJih B cp113ttKe 3JieKTpoMarHHTttoro B3aH

MO.lleH:cTBHJI, onpe):(eJIJ!J!, B qaCTHOCTH, llIHPHHY crreKTpa TIOfJIOll(CHMJI 

H3JIY'fCHli51 attcaM6JieM OCUHJIJIJ!TOPOM c 0.llMHaKOBOH co6crneHHOH qac

TOTOH (cM. pa3Jl. 4.5). 
YpaBHCHHe ( 1.10) HeCJIO)l(HO peurnTh, nepett):(JI OT BeJIHY.MH, 3aBHCJI

IUHX OT BpeMeHH, K MX <f>ypbe-o6pa3aM, T. e. BCJili'!HHaM, 3aBHCJ!IUMM OT 

'!aCTOThI. <f>ypbe-o6pa3 rrpOH3BOJibHOH cpyHKUHH BpeMeHM /(/) onpe):(e

JIJ!CTCJ! paBCHCTBOM: 

= 

f (m) = f f (t) exp (imt) dt. (l.11) 

Y,!J,o6crno ttcrroJib30BaHH51 <f>yphe-o6pa3oB 3aKJI10Y.aeTCJ1 B TOM, Y.To 

m1.cp¢epeHUHPOBaHHe no BpeMeHH ITOCJie rrpeo6pa30BaHMJ! ( 1.11) CBO

):(HTCJ! K YMHO)l(CHHIO Ha cpaKTOp -im, a HHTerpttpOBaHMe - K JlCJICHHIO 
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Ha Hero. B pe3yJihTaTe iJ,HcpcpepeHuHanhHoe ypaBHeHHe ( 1.10) CTaHOBHT

c>1 anre6pawrecKHM, 11 AJI>I <l>yphe-o6pa3a KOOpL111HaThI nonyqaeM 

x(w)= e E(w) 
m w5 - o/ - 2iwi50 

(1.12) 

06paTHOe npeo6pa30BaHHe <l>ypbe OT npaBOH lfaCTH paBeHCTBa (l .12) 

f(t) = f /(w)exp(-iwt) dw 
-= 2n 

( 1.13) 

L(aeT BpeMeHHYIO 3aBHCHMOCTb KOJie6aHHH OCUHJIJI>ITOpa: 

( )
- e f= E(w')exp(-iw't)dw' 

x t -- . 
m w2 -w'2 

- 2iw'd 2n -= 0 0 

(1.14) 

Pe3yJibTaT BhllfHCJieHH5I HHTerpana B Bhrpa)J(eHJm ( 1.14) 3aBHCHT, 

ecTeCTBeHHO, OT >IBHOro BML(a cpyHKUHH E(w'). ,[l.JI>I MOHOXpoMaTHlfeC

KOro IlOJI5I <l>ypbe-o6pa3 OT HanpmKeHHOCTH (1.5) L(aeTC5I <PopMynotl: 

E((v') == nE0 [exp(i<f'o)S(w' -w)+ exp(-iip0 )J(w' + w)J, (1.15) 

r.[(e J(w) - )J,eJibTa-cpyHKUH5I ,[l.HpaKa. KaK BHLIHO 113 Bhipa)J(emrn (l.15), 
B cnyqae MOHOXpOMaTHlfeCKOrO IlOJI>I <l>ypbe-06pa3 HanpmKeHHOCTM co

,ll,ep)J(HT )],Be qacTOThI w' = ±w. Mo)J(HO noKa3aTh, 'ITO noJIO)J(MTeJihHa>I 

qacToTa OTBeqaeT npoueccaM nornomeHmI 113nyqettm1, a OTpwuaTeJib

tta>1 lfaCTOTa OTBeTCTBeHHa 3a M3JiyqeHHe 3JieKTpoMarHHTHbIX BOJIH. 

Oo,ll,crnttosKa ( 1.15) B ( 1.14) nocne 3JieMeHrnpHhIX anre6pawqecK11x 

npeo6pa30BaHMH npHBOL(MT K CJie.[ly10meMy Bbipa)J(eHMIO L(JI>I BhIH~eH

HhIX KOJie6aHMH rapMOHM'leCKOro OCUHJIJI51TOpa TIO.[( L(eHCTBMeM MOHO

xpoMaTM'leCKOfO IlOJI5I: 

x (t) == s (w) cos (wt+ <p0 ) + q (w) sin (wt+ <p0 ), 

<PYHKUMM s ( w) H q ( w) onpe)J,eJieHbl Bbipa)l(emrnMH: 

(1.16) 

(l.17) 

( 1.18) 
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r.ue Xo - aMnJIHTy.[l,a KOJie6aHHH CB060.D,HOfO 3ap51.D,a B MOHOXpoMaTwqec

KOM noJie aMnJIHTYLlhI E0 H qacTOThI w 0 , 

eE0 
Xo =--. mmg 

Ilptt6JimI<:eHHbie paBeHCTBa B cpopMyJiax (1.17) H ( 1.18) 3anwcaHbI 

.[l,JUl. cnyqa5l Mano:H: OTCTPOKKH qacTOThl H3.JiyqeHH5l OT co6CTBeHHOH qac

TOTbl OCl(HJIJUITOpa, KOf.D,a 

(1.19) 

3TO COOTHOllleHHe 51BJUieTC51 ycJIOBHeM pe30HaHca 3JleKTpwqeCKHM no

JieM H rapMOHHqecKHM 0Cl(HJIJl51TOpOM, CMJibHOe HepaBeHCTBO 3.D,eCb OT

BeqaeT 0Cll;HJIJI51TOPY c MaJibIM 3aTyxattweM. 

l13 cpopMyJibl ( 1.16) CJie.D,yeT, qTQ BhJHJ)!()l,eHHbie KOJie6amrn 0Cl(HJl

Jl51TOpa co.i:i:ep)l(aT cumpa3HYIO 3JleKTpwqecKOMY noJIIO COCTaBJI.fIIOil(yIO c 

aMnJIHTY.D,OH (1.17), H K8aOpamypHy10 qacTb c aMnJIMTY.D,OH (1.18), C.D,BH

HYTYIO Ha 90' no OTHOllleHHIO K cpa3e noJI51 (1.5). BH.[l,HO, qrn CHHcpa3Ha51 

aMnJIHry.D,a Ha pe30HaHCHOH qaCTOTe (J) = (J) 0 paBHa HYJIIO, a KBa.D,paTyp

HaH aMnJIHry.D,a npHHHMaeT MaKCHMaJibHOe 3Haqettne, nponopUHOHaJib

HOe OTHOllleHHIO (J) ol <5 o· 
TaKHM o6pa30M, B rnqttoM pe3oHattce (npM HaJIHqHH 3aTyxaHHH) 

BhIHJ)!()l.eHHbie KOJie6aHH51 rapMOHMqecKOfO 0Cl(MJIJI51TOpa C.[l,BHHYTbl no 

<Pa3e Ha 90' no OTHorueHHIO K <Pa3e B036J)!()l.a10mero MOHoxpoMaTwqec

Koro noJI51. AMnJIMTy.D,a Kone6attw:H: np:w 3TOM o6paTHO nponopuwoHaJih

Ha KOHCTaHTe 3aTyxaHM51 OCl(JIJIJl}ITOpa M He 3aBMCMT OT HaqaJibHOH cpa3bl 

nOJIH (/) 0 . 

B cnyqae BhIH~eHHhIX Kone6attw:H: coo600Ho20 3ap51.i:i:a, KOr.D,a co6-

cTBeHHaH qacrnrn panHa HYJIIO, M3 <t>opMyJI (1.17), (1.18) B npette6pe)[(e

Hl1H 3aTyxaHMeM CJie.D,yeT, qTo s = eEo/mw 2 l1 q = 0. l1TaK, CB060.D,HhIH 

3ap5I.[1, (6e3 3aTyxaHMH) KOJie6JieTC51 B npomuoorjla3e c Bhl3bIBaIOil(MM KO

ne6aHMH IlOJieM. 3THM, B qacTHOCTH, o6bHCH5IeTCH OTpa)l(eHMe 3JleKTpo

MafHHTHhIX BOJIH OT ITOBepxHOCTH npOBO.[l,HHKa, ecJIH MX qacTOTa MeHb

rue ITJia3MeHHOH qaCTOTbl, xapaKTepH3YIOme:H: KOJIJieKTMBHbie CBOHCTBa 

3JieKTpOHHOH nnoTHOCTH. YqeT 3aTyxamrn B cnyqae cBo6o.i:i:ttoro 3apH.i:i:a 

npMBO.D,HT K I1051BJieHHIO KBa.D,paTypHOH COCTaBJI51IOil(eH, nponopuHOHaJib

HOH OTHOllleHHIO 0 ol (J). 

Ba)l(HO no.D,qepKHYTh, qTo KBa.D,paTypHaH aMnJIHTy.D,a KOJie6aHHH orr

pe.i:i:enHeT cpe.D,HIOIO no nepwo.i:i:y 3JieKTpoMarnttTHOH BOJIHhI ( T = 2n/ w) 
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MOI.IJ,HOCTh (P)r o6MeHa :mepm:ew Me)!(,[(y noneM M ocu1rnmnopoM, Ko

Topa51 no onpe,neneHMIO paBHa 

I T 
(P)r = rf ex(t)E(t)dt. 

0 

Ilo,nCTaBJIJIH (1.16) B (l.19), c yqeTOM TOfO, 'ITO 

(cos
2 (wt+ rp0 ))r = 3, 

HaXO)],MM 

(l.20) 

(1.21) 

T. e. neiicTBMTeJibHO MOI.IJ,HOCTb 06MeHa 3Heprwei1 Me)!(,[(y IlOJieM M oc

U:MJIJIHTOpOM onpeJ],eJIHeTCH KBa)],parypHOH COCTaBJIHIOI.IJ,ett BhIHy)!(,[(eH

HbIX KOJie6aHMH ( 1.18). BKJia)]. CMH¢a3HOH aMilJIMTYJJ.hl B MOI.IJ,HOCTb MC

l.J:e3aeT IIOCJie ycpe.n;HeHMH no nepwo,ny KOJie6aHMH 3JieKTPM'leCKOfO IIOJIH, 

IlOCKOJibKY: 

( cos(wt + rp0)sin (wt+ rp0 ))T = 0. 

B paccMaTpMBaeMOM cnyqae MOI.IJ,HOCTh 3JieKTpoMarHMTHoro B3aM

MOJJ.ei1cTBMH IlOJIO)l(MTeJibHa (P)r > 0, T. e. 3Hepm:H M3JIY'feHMH noVIOU'1G
emcR OCU:MJIJIHTOPOM M pacxo,nyeTCH Ha noTepw, CB513aHHhie c 3aryxaHM

eM ero KOJie6aHMH. 

C11H¢a3HaH aMnJIMTy,na BhIHy)!(,[(eHHhIX Kone6attwif He yl.facrnyeT B 

o6MeHe 3Hepm:e:tf c M3Jiyl.J:eHMeM, HO TaK)l(e MrpaeT Ba)l(HyIO pOJih, no

CKOJihKY onpeJ],eJI51eT BeJIM'IMHY IlOKa3aTeJI51 rrpeJIOMJieHM51 BemeCTBa. 

B OTCYTCTBMH 3aTyxaHHH (So = 0), KOf)],a KBaJ],paTypHa51 aMIIJIHTy)],a paB

Ha HYJIIO, Bbipa)KeHMe .u.rrn BbIHy)!(,[(eHHbIX KOJie6aHMH rapMOHM'ICCKOro 

OCU:MJIJIHTOpa B MOHOXpOMaTM'ICCKOM none ynpomaeTCH K BHJ],y: 

(1.22) 

0TCIO,Ua cne,n:yeT, 'ITO B HM3KOl.J:aCTOTHOM ,n:11ana30He (1) < (1) 0 oc

U:HJIJIHTOp KOJie6JieTCH B ¢a3e c IlOJieM 3JieKTPOMarHHTHOH BOJIHbl (1.5). 
n PH rrepexo.ne 'lepe3 pe3oHaHC Ha l.J:aCTOTaX {1) > (1) 0 OCU:MJIJIHTOp Ha-
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q1rnaeT KOJie6aThC5I B nponrnocpa3e c BtteurnMM 3JieKTplI'IeCKMM no

JieM. c 3THM cpaKTOM CB5I3atto n05IBJieHMe OTpHll,aTeJibHbIX 3HaqeHMM 

)J,lI3JieKTpHqecKOM lI MafHHTHOM npOHH11,aeMOCTei1 BemeCTBa, qTo HC

nOJih3yeTC5I )J,JI5I C03)J,aHM5I MeTaMaTep1rnJIOB c OTpHll,aTeJihHbIM npe

JIOMJieHHeM. 

fpacpHKH CHHcpa3HOM H KBaJJ,paTypHOM aMnJIHTY)J, KOJie6attHM rapMO

HHqecKOfO OCUHJIJI5ITOpa B MOHOXpoMaTHqecKOM noJie npeJJ,CTaBJieHbI Ha 

pHC. 1.1. 

6 

4 
:;; 
g 
:s: 2 
2 
l: 

<( 0 

-2 

0,0 

i\ 
I \ 

/ \ 

00/<110 =0,1; x0 = 1 

-- C11HQ:>aJHaR 
- - Kea.QparypHafl 

_.,.,.. ' ---- ....._ __ _ 
0,5 1,0 

r=w/w0 

1,5 2,0 

Puc. 1.1. C1rn<J:>a3HaH YI KBaJJ.paTypttaH aMIIJillTYJlbI BbIH)')!(JleHHbIX Kone6attlli1 

rapMOHJfqeCKOfO OCU:llJJJJHTOpa B MOHOxpoMaTJfqecKOM none KaK <J:>yttK

U:llll OTHOllleHllH qacTOT r = w/w 0 JJ.JJH '5o/w 0 = 0,1 ll x0 = I 

BH)J,HO, 'ITO KBaJJ,paTyptta5I aMnmnyna BCIO)J,Y noJimKHTeJibHa5I, a CHH

cpa3Ha5I - MeHHeT 3HaK nptt nepexone qepe3 pe3ottattc. C yMeHbUieHH

eM KOHCTaHTbl 3aTyxaHH5I MaKCHMaJihHhie 3HaqeHH5I aMnJIHTY)J, B03pac

TaIOT, a UIHPHHa MaKCHMYMOB npH 3TOM yMeHbUiaeTcH. KaK cJie)J,yeT H3 

cpopMyJihl (1.18), cneKTpaJibHa5I llIHPHHa KBa)J,paTypHOM aMilJIHTYJJ,bl 

paBHa JO' 3TO 03HaqaeT, qTO 3cpcpeKTHBHOe B036~eHHe rapMOHH'IeC

KOfO OCll,HJIJI5ITOpa MOHOXpOMaT11qeCKHM noJieM npOHCXO)J,HT B cneKT

paJibHOM )J,Hana30He ((I) 0 - J 0' (I) 0 + J 0). 

8b1pa)l(emi:e ( 1.14) MO)l(HO npeo6pa3oBaTh B HHTerpaJI no BpeMeHH, 

ecJIH noMeH5ITb nop5I)J,OK HHTerpttpoBaHM5I no qacTOTe lI no BpeMemi: B 

onpe)J,eJieHMH <l>yphe-o6pa3a noJIH. B pe3yJihraTe npttxoJJ,MM K cJieJJ,yIO

UieMy paBeHCTBY 

x(t) = ~ f dt'G(t - t')E(t'), 
m -oo 

( 1.23) 
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r.n.e G(t) - cpyHKI.J,IHI OTKJIHKa rapMOH11qecKoro OCI.J,HJIJrn:Topa Ha B03-

.11.eJ:i:cTBHe 3JieKTpHqecKoro nom1, KOT0pa5I TaIOKe Ha3bIBaeTC5I cpyHKI.J,HeM 

fpHHa, 

G ( r) = 5~ exp (-im'r) dm'. 
m2 - m'2 - 2i m' 0. 2n -~ 0 0 

(1.24) 

)],JI5I Hee MO)l(HO noJiyqHTb 5IBHOe Bbipa)l(eHtte, eCJIH BbiqJiCJIHTb c noMO

IUbIO TeopeMbl 0 Bb1qernx HHTerpan B npaBOM qaCTH paBeHCTBa (1.24). 
Oco6eHHOcTH n0.11.bIHTerpaJibHoro Bb1pa)l(eHH5I Jie)!(aT B HH)l(HeJ:i: no

JiynJIOCKOCTH KOMnJieKCHOM qacTOTbl m'. Ilo3TOMy HHTerpan paBeH 

ttymo .11.JIH r < 0, T. e . .11.JIH t < t'. B 3TOM Bbipa)l(aeTcH npHHI.J,Hn np11-

'-IHHHOCTH: nptt'-IHHa - 3JieKTp11qecKoe noJie, He MO)l(eT 6bITb paHbUie 

cJie.11.CTBHH - KOJie6attH5I Koop.11.11HaTbI ocI.J,HJIJIHTopa. BbI'-IHCJieHHe 

HHTerpana ( 1.24) .11.aeT: 

G( ) - e(r)exp(-Jor) . [~ 2 - J:2 J 
r - ~ sm m0 u 0 r , 

(()2 - ;:-2 
0 Uo 

(1.25) 

rne 6( r) - T:na-cpyHKUHH X::iBHcail)l,a ( e)l,HHH'rnaH «CTYneHbKa»), KOTo

paH pastta HYJIIO np11 r < 0 H e.11.HHHI.J,e npH r ~ 0. 
B OTCYTCTBHH 3aTyxaHHH cpyHKI.J,HH fp11Ha (1.25) np1106perneT co

sceM npOCTOM BH.11.: 

( ) ( ) 
sin (mo r) 

Gr=er . 
Wo 

flO.ll.CTaBJI515I npaByIO qaCTb paBeHCTBa (1.25) B Bbipa)l(eHHe (l.23), 
noJiyqaeM 

x (t) = ~ f exp(-J0r) sin (w0r)E (t - r)dr, 
mmo o 

(1.26) 

r.11.e &0 = ~mg - J5 - «nepettopMHpoBaHHaH» co6crneHHaH qacTorn, yq11-

Tbrna10maH 3aTyxaHHe OCI.J,HJIJIHTOpa. <l>H3HqeCKH nOH5ITHO, qTQ HaJIHqne 

3aTyxaHH5I .11.0JI)l(HO npHBeCTH K yMeHbUieHHIO co6CTBeHHOM qacTOTbl 

OCI.J,HJIJIHTOpa. Ilptt 3anHCH npaBOM qaCTH paBeHCTBa (1.26) Mbl nepeUIJIH 

OT HHTerpHpOBaHHH no BpeMeHH t, K HHTerpHpOBaHHIO no pa3HOCTH 

speMeH r= t - t'. 
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IlonqepKHeM, qTo npH BhIBO,Il;e Bbipa)l(eHH51 (l.26) He 11CnOJih30BaJIC51 

51BHhIH BH,Il; HanpJI)l(eHHOCTH 3JieKTpnqecKOfO nOJIR, no3TOMY cpopMyJia 

(1.26) HOCl1T YHl1BepCaJihHbIH xapaKTep: on11Cb1BaeT OTKJil1K rapMOHl1-

qecKoro OCU11JIJl51TOpa Ha np0113BOJlbHhle B03MymeHl151. 

1.2. rAPMOHHl.IECKHH OCUHnnHTOP 
B nonE JnEKTPOMArHHTHOro HMnYnbCA 

8b1HY>KAeHHble Kone6aHHSI 

PaccM0Tp11M Bo3neH:cTB11e Ha ocu11JIJI5ITOp 11Mnynhca rayc

coBOH cpopMhI, Korna Hanp51)1(eHHOCTh 3JieKTpnqecKoro noJIH B 113nyqe

H1111 113MeHReTC51 no 3aKOHy: 

E(t) = E0 exp(- ~;2 )cos[ wt+ <I>(t)J, ( 1.27) 

me E0 - aMnJI11Tyna HanpH)l(eHHOCT11 3JieKTp11qecKoro nonH; M - nn11-

TeJihHOCTh 11MnyJihca; w - HecymaH qacTOrn; <l>(t) - cpa3a Hecymeli: no 

OTHOUieHmo K orn6a10meli: 11MnyJihCa, KOTOpa51 B naHHOM cnyqae paBHa: 

Eenv (t) =Ea exp(- ~;2 } 
3aMeTl1M, 'ITO noCT051HHaH cpa3a <I> B aHrJI0513bl'IHOH Jil1Tepazype Ha3bl

BaeTCR carrier-envelope phase (CE-cpa3a). CnyqaH: MOHoxpoMaTM'!eCKoro noAA 

OTBe'!aeT 6eCKOHe'!HOH M11TeJihHOCTl1 HMnyJibCa (M ~ 00) 11 <I> = const. 

.Ll,JI51 onpeneJieHl151 KOOp,I1;11HaTbl BhIH~eHHhlX KOJie6aHl1H MO)l(HO 

BOCnOJih30BaThC51 paBeHCTBOM (l.26), B KOTOpOM yno6Ho BBeCTl1 HOBYIO 

nepeMeHHYJO t' = t - r. Toma, np11MeHR5I cpopMyny ,Il;JI51 c11Hyca pa3HO

CTl1, HaXO,I1;11M: 

x (t) =-==--{sin (aV)C (t)- cos (aiof )S (t)}, 
mw0 

(1.28) 

rne KOCl1ttyC 11 Cl1ttyC - o6pa3bl Hanp5J)l(eHHOCTl1 3JieKTp11'!eCKOfO noAA, 

t 

C(t) = e-0
0

1 J e001
' cos(aJol')E(t')dt'; (1.29) 

f 

S (t) = e-001 J e001
' sin (w0 t') E (t') dt'. ( 1.30) 



1.2. I'apMOHU'leCKUii OCU,U!IAHmOp 8 noAe 3AeKmpoMamumHOi!O UMnyAbCa ~ 21 

DocKOJibKY no npeJ],nOJIO)l(emuo E(t~ -=) ~ 0, TO pernemrn (1.28)-(1.30) 
onHChIBaIOT OCUHJIJI51TOp, He B036y)l()l,eHHhIH )l,0 Haqana )l,eHCTBH51 HM

nyJibCa n01rn: x(t ~ -=) ~ 0. 
ECJIH KOHCTaHTa 3aTyxaHmI 60Jihllie o6paTHOH Jl,JIHTeJibHOCTH HM

nyJibCa, TO nocne OKOHqaHH51 ero )l,eHCTBH51 t > M aMnJIHTYJl.a KOJie6aHHH 

OCUHJIJI51TOpa o6pamaeTCH B HOJib. Mbl 6y)l,eM B Jl,aJibHelirneM MHTepeco

BaTbCH npOTHBOnOJIO)l(HbIM cnyqaeM, KOr)l,a 3aryxaHHe MaJIO 

1 
b"o « -

M 

M cymecTByeT TaKOH npoMe~OK BpeMeHM 

1 
l!J.t « t « -, 

b"o 

Ha KOTOpOM HMnyJihC ~e 3aKoHqHJICH, a 3aTyxaHMe OCUHJIJIHTOpa eme 

tte npo51BHJIOCh. Ha TaKHX speMeHax B cpopMynax (1.28)-(1.30) MO)l(HO 

npeHe6peqh napaMeTpOM b" 0 , a MHTerpnpoBaHMe pacnpocTpaHHTh Jl.O 6ec

KoHeqHoCTH. Tor)l,a BeJIHqHHhI C(=) H S(=) Bbipa)!<:aeTCH qepe3 <Dyphe

o6pa3 HanpH)l(eHHOCTH 3JieKTpMqecKoro ITOJIH cornaCHO paBeHCTBaM: 

C(=) = Re{E(w' =mo)}; 

S(oo) = Im{E(w' =mo)}. 
(1.31) 

c yqeroM 3THX COOTHOllieHMH B MHTepsane BpeMeHH M « t « 1/b"0 cpop

MyJia (1.28) nepenwrueTcH B BHJ],e: 

x(t) = _e_/E (mo)/sin (mot - arg[ E (mo)]), 
mw0 

(1.32) 

rne no onpenenem110 \E(w0)\ - MOJl.YJih <l>ypbe-o6pa3a HanpmKeHHOCTH 

3JieKTpwqeCKOfO nOJIH Ha co6cTBeHHOH qaCTOTe KOJie6aHHH rapMOHH

qeCKOfO OCUMJIJIHTOpa, 

arg [E(w0)] - aprYMeHT 3Toro <l>ypbe-o6pa3a, 

!Im[ E(mo)J] 
arg[ E(mo)] = arctg Re[ E(mo)] . 
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TaKHM o6pa30M, cpopMyJia (l.32) J:(aeT KOMIIaKTHoe npeJ:(cTaBJieHne 

KOJie6aHHH rapMOHH'IeCKOro OCUHJIJI51TOpa nocAe OICOH'IGHUR iJeucmeuR 
e036yJ1CiJa10w,eco uMny11bca 3JieKTptt'!ecKoro nomi: Ha BpeMeHax, Koma 

3aTyxaHtteM Kone6aHHH MO)!(HO npeHe6pe'!b. TaKHe KOJie6aHH51 MhI J:(JI51 

KpaTKOCTH 6yJ:(eM Ha3bIBaTb acuMnmomu'teCKUMU. IlocKOJihKy HMTIYJihC 

TIOJI51 ~e 3aKOH'IHJIC51, TO ecTeCTBeHHO, 'ITO OCUHJIJI51UHH (l .32) nponc

XOJ:(51T Ha co6cTBeHHOH '!aCTOTe Wo· I-fa Bbipa)[(eHH51 (l.32), B '!aCTHOCTH, 

CJieJ:(yeT, 'ITO HMTIYJibC 3JieKTptt'IeCKOfO TIOJI51 onpeJ:(em1eT He TOJibKO 

aMnJittTyJ:(y, HO n £Pa3y acttMTITOTH'!eCKttx KOJie6aHtttt. KaK 3TO 6yJ:(eT 

BHJ:(HO H3 J:(aJibHeHwero, nptt onpeJ:(eJieHHbIX ycJIOBH51X 3Ta cpa3a He co

BTiaJ:(aeT c Ha'!aJibHOM <l>a30H 3JieKTpOMarHHTHOro HMTIYJihCa, HO MO)[(eT 

3aMeTHO OTJIH'-IaTbC51 OT Hee. 

8036y>t<AeHHe OC4HllllSITOpa HMny11bCaMH 

c MOAYllHpoeaHHOH <f>a30H 

PaccMoTpttM ):(Ba KOHKpeTHhIX npuMepa rayccoBoro ttMTIYJibCa (1.27), 
npeJ:(CTaBJI51.lOII.1,HX HHTepec c TO'IKH 3peHH5! npttJIO)!(eHHM COBpeMeHHOH 

Jia3epHOH cptt3IIKH H XHMHH (pttc. 1.2). 

E 

1,0 - a=O,<p,=O 
-- a=O,<p0 =1'/2 
•.•....... a= 1,<p0 =0 

0,5 

0,0 

-0,5 

10 20 30 t 

Puc. 1.2. 11MnyJihChI 3JieKTpw-1ecKoro nom1 c pa3JI11'1HOtt CE-cpa3ott 11 'l11pnoM 

B nepBOM CJIYlJae noJiaraeM, 'ITO cpa3a Hecymei1 no OTHoweHmo K 

om6a101uei1 (CE-<l>a3a) 51BJI51eTC51 IlOCT05IHHOH: <l>(t) = qJO = const, HO OT 

HMTIYJibCa K HMilYJibCa ee BeJIH'IIIHY MO)!(HO II3MeH51Tb Tpe6yeMbIM o6pa-

30M. YnpaBJiettne cporncTttMyJinpoBaHHhIMH npoueccaMH 3a C'!eT H3Me

HeHtt51 CE-<l>a3bI Ha3bIBaeTc51 rjJa3oeb1M Konmpo11eM. <l>a30BhIH KOHTpOJih 

MO)[(eT 6b!Tb peaJIII30BaH Ha npaKTHKe, IlOCKOJibKY B HaCT05III.1,ee BpeM5!: 

pa3BHThI 3<l>cpeKTHBHbie cnoco6b1 ynpaBJieHtt51 CE-4>a3o:H: c BeCbMa Bbl-
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COKOH TOqHOCTbIO. ilpH 3TOM ,Il,JU1TeJibHOCTh HMIIyJihCOB MO)l(eT 6bITh 

oqetth ManoH., rropsi:,ll;Ka rrepHO,ll;a Kone6attHH tta ttecymeH. qacrnTe: 

(l.33) 

r,ll;e nP - 'IHCJIO rropsi:,ll;Ka e,ll;HHHUhI. HMrrynbchr, Y.Il:OBJieTBopSIIOUJ.He ,ll;att

HOMY ycJIOBMIO, tta3hIBaIOTCSI yAbmpmcopomKUMU. Ecmr nP = 1, HMIIYJihC 

Ha3bIBaeTCSI O,[(HOUMKJIOBhIM, B cnyqae np < 1 roBOp51T 0 cy6UHKJIOBhIX 

MMTIYJibcax. 

0,ll;HOUMKJIOBhie HMIIYJihCbI c pa11rnqHoH. CE-cpa10H. npe,ll;cTaBJieHbI 

Ha pttc. 1.2 ,[(JISI <fJo = 0 (KOCMHYC-HMTIYJibC) M <fJo = lr/2 (CHHYC-MM

nyJibC), Btt.Il:HO, 'ITO M3Mettetttte CE-cpa3bI BJIMSieT Ha cpopMy MMTIYJibCa. 

Bo BTOpOM MHTepecyiorueM ttac CJiyqae MMeeT MeCTO paBeHCTBO 

<l>(t) = Kf2. TaKoH MMIIYJibC tta3bIBaeTCSI 1tupnupo6aHHbtM, a rrapaMeTp K 

rrpe!l.CTaBJISieT co6oll TaK Ha3hrnaeMhIH 6peMeHHoii 1tupn. B paccMaTpttBa

eMoM 3,ll;eCb qttpmt poBaHHOM MMITYJibce ttecyruasi: qacToTa JIMHettHbIM 

o6pa30M 3aBMCMT OT BpeMemI m c = m + Kt. qMpnHpoBaHHble MMIIYJibCbl 

HaXO.Il:SIT nrnpoKoe rrpttMeHetttte B Jia1epHoll TeXHMKe, pa6orn10rueH. B 

cpeMTO- If arroceKYH.Il:HOM BpeMeHHbIX ,[(Mana30Hax. 

0,[(HOUMKJIOBbIH MMITYJibC c BpeMeHHbIM qMpITOM K = D,,r2 ITOKa3aH 

Ha pttc. l.2. 
KaK cJie,ll;yeT M3 cpopMyJihI (1.31), MSI orrpe,ll;enemrn acMMIITOTttqec

KMX KOJie6aHMH rapMOHHqecKoro OCUMJIJI5ITOpa TIOCJie B03,[(eHCTBM5I B03-

6~aiow.ero HMTIYJibca Heo6xo,ll;MMO 1ttaTb <l>yphe-06pa1 Hanpsi:)l(eHHO

cTM 3JieKTpttqecKoro rroJisi: B 3TOM MMTIYJibce. B rrepBOM M3 paccMaTpM

BaeMhIX cJiyqaeB (<l>(t) = <p0 = const) MJI <l>ypbe-06pa1a rrOJIJI MMeeM: 

E(m') = ( 1.34) 

E ./ff { [ . (w - m')
2 

M
2

] [. (w + w')
2 

M
2 

]} = 0 TM exp -1<p0 -
4 

+exp 1<p0 -
4 

. 

a BO BTOpOM, KOr,[(a <l>(t) = Kt 2: 

E ( ')_./ff E0M { w
2 

+ w'
2 

+ 2iamm'} 
m {() - 4r;---;) exp - 2 x 

\!I+a2 D,,w 

{ 
1 a (w2 + m'2 

)- 2imm'} 
xcos -arctg(a)- 2 , 

2 D,,m 

(l.35) 
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r)J,e a= KM 2 - 6e3pa3MepHbIH q11pn; 6.w - ump11Ha cneKTpa q11pn11po

BaHttoro HMIIYJibca, 

6.w = 2~. 
M 

PaBeHcrna (1.34) 11 (1.35) nonyqaIOTC5I npH IIO)J,CTaHOBKe Bb1pa)l(e

HH5I (1. 27) B cPOPMYJIY )J,Jl5I <l>ypbe-o6pa3a ( 1.11), ecJIH 3aTeM BOCIIOJib30-

BaTbCH Ta6JI11qHbIMH 3HaqeHHHMH COOTBeTCTBYIOillHX HHTerpaJIOB [4]. 
CTo)J,CTaBJIHH <l>ypbe-06pa3 3JieKTp11qecKoro noJIH (1.34) B <PopMyny 

(l.32), )J,JIH KOOp)J,HHaTbI rapMOHHqecKOro OCUHJIJI5ITOpa IIOCJie OKOHqa

HH5I )J,eHCTBHH KOpOTKOfO (M « JQ"1
) HMIIYJibCa 3JieKTpoMarHHTHOfO 113-

JiyqeHHH nonyqaeM cne)J,y10mee Bh1pa)l(ett11e: 

me G(w0 , w, M) - cneKTpaJibHaH JIHHHH B036~eHHH rapMOH11qecKo

ro OCUHJIJIHTOpa, 

K(w 0 , w, M) - K03cPcPHUHeHT cpa30BOH MO)J,YJIHUHH aMIIJIHTy)J,hI Ko-

11e6att11it, 

(1.38) 

lf/(Wo, w, M) - HaqaJibHaH cpa3a KOJie6aHHH OCUHJIJl5ITOpa IIOCJie OKOH

qaHHH )J,eHCTBHH HMIIYJihCa, 

(1.39) 

Ko3<Pcp11u11eHT cpa30BOH MO)J,YJIHUHH (1.38) OIIHCbIBaeT H3MeHeHHe 

aMIIJIHTY)J,hI Kone6aHHH OCUHJIJIHTopa B 3aBHCHMOCTH OT CE-cpa3hI (tp 0) 

3JieKTpOMarHHTHOfO HMIIYJibCa. )l,JIH He CJIHIIIKOM KOpOTKHX HMIIYJibCOB 

(nP ~ I) BhIIIOJIHHeTCH ycJIOBHe w0wM 2 » I, KOr)J,a K(w0, w, M) ::: 0, n 

cpa30BaH MO)J,YJIHUHH OTCYTCTByeT. 3aBHCHMOCTH K03cpcp11u11eHTa cpa30-
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Boti Mo.n:ymn..1;iu1 OT 6e3pa3MepHoti ;:vnneJibHOCTH HMIIYJihca 1J = w0M 
.UJUI pa3JIHqHblX OTHOllieHHM Hecymeti qacTOTbl K co6crneHHOM qaCTOTe 

OCUMJIJIHTOpa r = w/wo rrpe.UCTaBJieHbl Ha pMC. 1.3. 

K -- r=0,5 
1,00 

.. \ \ -- r= 1 ......... r=2 

0,75 \ \ 
\ \ 

0,50 \ \ 
\ \ 

0,25 \ \ 
... \ ·. 

·•·•· .... ' 0,000 
2 3 4 

T/ = Woflt 

Puc. 1.3. 3aBHCHMOCTb KO'.l<j:><j:>HUHeHTa MO)J.YJHJ.Ulflf KOJie6aHHH rapMOHH'IeCKOro 

OCUlfJlJlHTOpa OT 6e3pa3Mepttoro napaMeTpa T/ = wof1t )J.JlH pa3JllfqHbIX 

3HaqeHHH OTHOJIIeHHH r = w/wo npw B036y)l()J.eHHlf lfMfiYJlbCOM c yn

paBJIHeMOH CE-<j:>aJoii 

lb pMC. 1.3 cne.uyeT, qTQ K03¢clmuHeHT ¢a30BOM MO.UYJIHUMM HMeeT 

3aMeTHYIO BeJIHqHHY TOJibKO .UJIH cy6uHKJIOBbIX HMIIYJibCOB, HaqHHaH c 

rronyUHKJIOBoro, Kor.n:a 17 < 3, rrpttqeM BeJIMqMHa K(w0, w, M) pacTeT c 

)'MeHbllleHMeM Hecyw;eif qacTOTbI. 

fpa¢HK crreKTpaJibHOM JIHHMM B036YJK.lleHH5I rapMOHMqecKOfO oc

UMJIJIHTOpa, paccqMTaHHbIH no ¢opMyJie ( 1.37), rrpe.ucTaBJieH Ha pHC. 1.4 
.UJIH pa3JIMqHhIX .UJIHTeJibHOCTett 3JieKTpOMarHMTttoro HMIIYJibca. ¥13 rrpw

Be,neHHhIX 3aBMCMMOCTeM BbITeKaeT, qTO c )'MeHbIIIeHMeM .UJIMTeJibHOCTM 

HMIIYJibCa JIHHHH B036YJK.lleHHSI yrnHpSieTCSI, CTaHOBHCb aCMMMeTpHqHOM, 

li B rrpe.n:ene 6ecKOHeqHo KOPOTKMX HMIIYJibCOB TpaHc¢opMHpyeTCSI B 

MOHOTOHHO y6bIBaIOll.l,yIO Kp1rny10. ,Ll,JIH .UJIMHHblX HMIIYJibCOB CIIeKTPaJib

HaSI JIMHMSI B036YJK.lleHMSI MMeeT o6brqHblM Bli.U rayccoBOH KOJIOKOJI006-

pa3HOM KPMBOM c MaKCMM)'MOM Ha co6cTBeHHOH qacTOTe OCUMJIJIHTOpa. 

0TMeTMM, qTo IIIMpMHa crreKTpaJibHOH JIMHMH B036)'lK.lleHMSI rapMO

Hn:qecKoro OCUHJIJISITopa B CJiyqae KOpOTKHX MYJihTHUHKJIOBblX HMIIYJib

COB c yrrpaBJISieMott CE-¢a3ott rrpn: BhIIIOJIHeHHH ycJIOBHSI J
0 

= l/M 
orrpe.n:ensieTcSI MHTeJibHOCThIO HMIIYJihCa 11 paBtta fl.w = 2/ M. HarroM

HHM, qTO B MOHOXpOMaTifqecKOM CJiyqae attaJIOfHqHa5I BemrqHHa orrpe

.uensieTCH KOHCTaHTOM 3azyxaHHSI OCUHJIJISITOpa Jo· 
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G 

1,5 

········· ~= 1 
-- ~=2 

1,0 ·············;···--~~-·-, - ,, = 10 

I \ ·········· ... 
0,5 // \, ·· ............. .. 

' ·· ..... 
........ 0

•
0o 0,5 1,0 1,5 2,0 2,5 3,0 

r=w0w0 

Puc. 1.4. CneICTpaJJbHal! <PYHKll.Mll B036)')1()1.emrn rapMOHM'JecKoro OCUMJJJll!TOpa 

MMITYJlbCOM c yrrpaBJl»eMOH CE-cpa3oM: JlJlll pa3JlWIHbIX 6e3pa3MepHbIX 

MMTeJlbHOCTeH MMITYJJbCa 

Ilpn B036)')K,ll;eHJJ.Jl. rapMOHJJ.qeCKOfO OCll,Jl.JIJIHTOpa qttprmpoBaHHbIM 
Jl.MIIYJibCOM cpopMyJia .UJIH aCJJ.MIITOTJJ.qecKMX KOJie6aHJJ.M Jl.MeeT rroxo
)!()'10 Ha (l.36) cTpyKTypy, TOJihKO BMecTo CE-cpa3hI B KaqecTBe rrapa
MeTpa yrrpaBJieHJJ.H 6y.ueT cpnrypnpoBaTh 6e3pa3MepHhIM qnprr a= KM 2• 

CooTBeTCTBYIOIUJJ.e Bhrpa)l(eHJJ.H JJ.MeIOT BJl..ll:: 

x (t) =.[Ji eEQ ~{; (1 + k cos/ (a)) sin (Wot+ v/); 
2mw 4 1 + a 2 

0 

G = exp {- ( w - wo)2 } + exp {- ( w + wo)2 } ; 
t.w2 t.w2 

K = sech --0 
; - {4ww } 

t.w2 

2a ( w2 + w2) 
/(a)= 0 

2 - arctg(a); 
t.w 

lji = arctg 

( 1.40) 

(1.41) 

(1.42) 

(1.43) 
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r.ue /'J.(J) - rrrnpHHa cneKTpa qwpnHpOBaHHOfO HMilYJibCa, 

!'J.w= 2~. 
!'J.t 

KaK BHJJ;HO H3 cpopMyJihI (1.40), rrrnp1rna cneKTpa HMilYJihca 6y,IJ,eT 

onpe,IJ,emITb H ll!HPHHY cneKTpaJibHOH JIHHHH B036y)l()J,eHHH rapMOHH

qecKoro OCUHJIJIHTOpa. flOCKOJihKY 3Ta ll!HpHHa B03pacTaeT C pOCTOM 

napaMeTpa a = KM 2 , TO K03cpcpHUHeHT i< 6y,IJ,eT HeCKOJlhKO 60Jibllle 

cBoero CE-atta11ora (1.38) MH Tex )[(e MHTeJihHOCTeii HMnYJihca. KpoMe 

TOfO, 3aBHCHMOCTh OT qwpna, XOTH H BeCbMa c11a6aH, CO,IJ,ep)[(HTCH B npe,IJ,

KOpeHHOM MHO)[(HTeJie cpopMyJihl (1.40). 
B npe,IJ,e11e )].JIHHHoro B036~ai01uero ttMnynhca, Koma !'J.w « w H 

COOTBeTCTBeHHO 

th [ 2m /'J.~ 2 ] = I, 

cpopMy11a (1.44) ynpomaeTcH K BH,IJ,y: 

a(m2 -w 2
) I 

if/ = 0 

2 
- - arctg a, 

!'J.OJ 2 
( 1.45) 

TaK qTo TOf,IJ,a B pe30Hattce HMeeM npocToe COOTHOllleHHe )].JIH C)].BHra 

cpa3bl rapMOHHqeCKOro OCUHJIJIHTOpa 

- I 
If/ = - 2' arctga. 

,LJ,1151 MaJibJX qttpnoB (lal < I), OTCIO,IJ,a CJie,IJ,yeT, qTQ Cll.BHf cpa3 B 

pe3yJihTaTe B03)].eHCTBirn Ha rapMOHHqecKHH OCUHJIJIHTOp qwpnttpOBaH

HOfO HMny11bca nponopu1rnttanett 6e3pa3MepttoMy qttpny 

Cll.BHr cpa3 acttMnTOTHqecKHX Ko11e6aHHM KaK cpyttKUHH Be11ttqHHhI 

qwpna npe,IJ,CTaBJieH tta puc. 1.5. 
lfa pHC. 1.5 CJie,IJ,yeT, qTQ OTJIHqHe C)J,BHra cpa3 (1.44) OT npOCTOM 

3aBHCHMOCTH VJ "' - a/2 CYllJeCTBeHHO TOJibKO MH cy6uttKJI0BblX HMilYJih

COB H 6oJihllIHX no MOll.YJIIO 3HaqeHHM qttpna. 
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1/J, pa,11 
0,0 

-- 0,qH04HKJl0BblH HMOYllbC 

- - no11y4HKJ10Bb1H HMnym1C 

········· -a/2 
-0,2 

-0,4 

-0,6 

0,0 0,5 1,0 
a =K/':i.t

2 
1,5 2,0 

Puc. 1.5. 3asHCHMOCTb C.llBHra <t>aJ acHMnTOTHqecKHx Kone6attHM rapMOHHqec

Koro OCUHJIJIHTOpa OT BeJIHqHHbl qHpna .llJIH pa3JIHqHblX .llJIHTeJibHOCTeM 

soJ6y)K)la10mero HMnynhca 

l1'3nyL1eHHe rapMOHHLleCKoro oc4Hnnsnopa 

Ha BpeMeHHOM HHTepBane M « t « 1/ c50 , Kor.ua BOJ6)')K)l.a10rn:11lt 

HMIIYJibC }')Ke 3aKOHqJ1JIC51, a JaTyxaHHe OCUMJIJIHUMH ern:e He IIPOHBH

JIOCb, 3apmKeHHblH rapMOHJ1qecKHH OCUMJIJIHTOp 6y.ueT 113JiyqaTb :meKT

poMarHMTHbie BOJIHbl B COOTBeTCTB1111 c 3aKOHaMJ1 3JieKTPO.UJ1HaMJ1KJ1. 

KaK HJBeCTHO, MrHoBeHHaH MOW:HOCTh .UHIIOJibHOro MJJiyqeHMH orr

pe.ueJIHeTCH ycKopeH11eM JapH)l(eHHOH qacTMUbI: 

2e2.x2 
Q=32, (1.46) 

r.ue .X - ycKopett11e JapH.ua. )J,aHHaH <PopMyJia crrpaBe.UJI11Ba B .u11rroJib

HOM rrp116JI11)1(eH1111, Kor.ua BbIIIOJIH51eTC51 HepaBeHCTBO (1.4), II03TOMY 

BeJI11q11Ha (1.46) Ha3bIBaeTC51 MOW:HOCTblO l(J1IIOJibHOfO 113JiyqeHH51. 

)J,JIH rrpaKT11qecK11x ueJielt rrpe.ucrnBJIHeT MHTepec cpel(HHH Ja rrep11-

o.u KOJie6att11H MOW:HOCTh MJJiyqeHMH (Q)r = (Q). B paccMaTp11BaeMoM 

CJiyqae rapMOH11qecKoro OCUMJIJIHTOpa 3TY MOW:HOCTb MO)l(HO Bbipa3J1Tb 

qepe3 IIOJIHYIO 3Hepm10 OCUMJIJIHTOpa E, eCJIJ1 BOCIIOJib30BaTbC51 ypaBHe-

HMeM l(BJ1)1(eHJ151, comacHO KOTOpOMY 

.. 2 
X = -CV0 X. 

0TCIOJ(a HaXOJ(ttM: 



1.2. FapM0Hu11ecKuii ocu,UJ1ARmop e noAe 3AeKmpoMazHumHozo UMnyAbCa ~ 29 

c ):(pyrou CTOPOHbl, 

2 2 2U 
W0 X =-, 

m 

me u - ITOTeHUHaTlbHa51 3Hepm51 rapMOHHqecKoro OCUHJIJI5ITOpa, TaK qTO 

.. 2 2w5U 
x =--; 

m 

YcpeJJ:H5151 nocJieJJ:Hee paBettcrno no nepHOJJ:Y H yqHTbIBa51, 'ITO 2(U)r= E, 
IIOJiyqaeM HCKOMOe npe):(CTaBJieHHe: 

(1.47) 

r,[(e A - Ko3¢cl>HUHeHT paJMepttocTH o6paTttoro BpeMeHH, KOTOphIH sp 
OIIHCbIBaeT Bep05ITHOCTb CIIOHTaHHOfO H3JiyqeHHH, T. e. H3JiyqeHHH, B03-

HHKa10Iuero B rrpouecce CB060):(HbIX KOJie6attHH 3apH)l(eHHOH qacTHUhI, 

2e2w5 
Asp= --3-· 

3mc 
(1.48) 

l'bnyqem\e 3JleKTpOMarHHTHblX BOJIH npHBO)].HT K noTepe 3Hep

fHH rapMOHH'leCKHM OCUHJIJIHTOpoM H K 3aTyxattHIO ero KOJie6aHHH. 

TaKHM o6pa3oM, Ko3¢¢HUHeHT (1.48), ecJIH HeT JJ:pyrnx HCTO'IHHKOB 

IIOTepb, paBeH KOHCTaHTe 3aTyxaHHH Oa, cl>HrypHpy10meu B ypaBHeHHH 

,11,BH)l(eHHH (1.10). B ,11,aTibHettweM 6y.n,eT noKa3atto, qrn rrapaMeTp Asp c 

TOqHOCTbIO ):(0 MHO)l(HTeJIH COBIIa,[(aeT c K03¢cl>HUHeHTOM 3ttHllITettHa 

,11,JIH CIIOHTaHHOfO H3JiyqeHHH. B OITTHqecKOM .n,wana30He qacTOT, KOf,[(a 

Wa"' 1015-1016 c-1, H3 paBeHCTBa (1.48) CJie.n,yeT qlfcJieHHOe 3HaqeHHe MH 

Ko3¢¢HUHettTa Asp' paBttoe 108 c-1. 3rn BeJIHqHHa npeJJ:CTaBJIHeT co6ou 

xapaKTepttyIO BepOHTHOCTb B e,11,HHHUY BpeMeHH CIIOHTaHHOfO H3JiyqeHHH 

rrpH rrepeXO):(e aTOMHOro 3JieKTpOHa c 0,11,HOH op6HTbl Ha ):(pyryIO. 

0THOllieHHe K03cl>¢HUHeHTa CIIOHTaHHOfO H3JiyqeHHH ( 1.48) K co6-

CTBeHHOH qacTOTe MO)l(eT 6bITb npe,11,cTaBJieHO B BH,11,e: 

Asp re 

%"' Aci' 
me r. - KJiaccHqecKHH pa,11,Hyc 3JieKTpotta, 

e2 -13 
re = --2 "' 2, 8 · 10 CM; 

m.c 
(1.49) 
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A.0 - ,umrna BOJIHhI Ha co6cTBeHHOH qacToTe ocu11JIJI5ITOpa, 

1 _ 21rc 
/1.0 -

Wo 

TaK11M o6pa30M, B cJiyqae paBeHcrna Asp= t50 ycJioB11e cJia6oro 3aTy

xaH115I KOJie6aHl1H rapMOH11qecKoro OCUl1JIJI51TOpa 

cnpaBe,uJil1BO BTIJIOTh ,uo oqeHb KOPOTK11X ,UJil1H BOJIH, COOTBeTCTBYIOIUl1X 

raMMa-,u11ana30HY 3Hepr11i1 CBeTOBhIX KBaHTOB. 

IloJIHa51 3Hepm51 OCU11JIJl51TOpa CB513aHa c aMTIJil1TY,UOH ero CBo6o,u

HhIX KOJie6aHl1H Xamp COfJlaCHO paBeHCTBy: 

2 2 
E = _mm_o_x_._mp_ 

2 

KOTopoe noJiyqaeTC51 nocJie ycpe,uHeH115I no nep110,uy KBa,uparn Koop,u11-

HaThI. Ilp11Hl1Ma51 BO BHl1MaH11e 3TO COOTHOIIJeH11e, HaXO,U11M M51 cpe,u

HeH 3a nep110,u MOIUHOCTl1 113JiyqeHl151: 

2e2m4 
(Q) = __ J_o x;mp· 

3c 
(I .50) 

Onpe,ueJI5151 aMilJI11TY.UY aCl1MilTOT11qeCKl1X KOJie6aH11H xamp 113 paBeH

crna ( 1.36), c TIOMOIUhIO (1.50) noJiyqaeM cpe,UHIOIO MOIUHOCTb I13JI)'1Ie

Hl151 rapMOH11qeCKOfO OCU11JIJI51TOpa TIOCJie ero B036y)l()]:eHl151 11MTIYJibCOM 

rayccoBoil <iJopMhI c ynpaBJI51eMoi1 CE-<iJa3oi1: 

4 

(Q) = n
6 
~(motit)2 E~G[l + K cos(2'Po)], 
me 

(1.51) 

r,ue cneKTpaJibHa51 Jil1Hl151 B036y)l()]:eH115I ocu11JIJI5ITopa G 11 Ko3<l>qmu11eHT 

<Pa3oBoi1 Mo,uyJIHU1111 K onpe,ueJieHhI <PopMyJiaM11 (1.37) 11 (1.38). 
Bh1pa)!(eH11e (1.51) roBop11T o TOM, qTo, 113MeH5151 CE-cpa3y, MO)!(HO 

ynpaBJI51Tb MOIUHOCThIO Jf3JiyqeHl151 3ap51)!(eHHOf0 OCU11JIJI51TOpa nocJie 

OKOHqaHl151 ,uei1crn1rn 11MTIYJibCa, eCJil1 TOJihKO K03cPQl11Ul1eHT K 11MeeT 

3aMeTHYIO BeJI11q11Hy. B paccMaTp11BaeMOM cJiyqae 3TO B03MO)!(HO TOJih

KO M51 cy6u11KJIOBbIX B036y)l()]:aIOIUl1X 11MilYJibCOB B COOTBeTCTBl111 c cpop

MYJIOH (1.38) 11 rpacp11KaM11 Ha p11c. 1.3. 
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IlpM B036~emn1 rapMOHHqecKoro OCUMJIJUITOpa qttprrnpoBaHHbIM 

MMnyJibCOM .um1 MOIUHOCTH ero H3JiyqeHM.SI BMeCTO (1.51) HMeeT MeCTO 

noXO)[(a}I cl>opMyJia 

(6) = !!_6 e
4

3 ~ EgG(a){I + k(a)cos[f(a)J}, 
me 1 + a2 

(1.52) 

r;:1,e a = KM 2 - 6e3pa3MepHbIH qf!pn qacTOThI; cPYHKUHH G, K 11 f 
onpe.ueneHbI paBeHCTBaMtt (1.41)-(1.43). B .uaHHOM cnyqae cl>moBbIH napa-

MeTP (qMpn) BXOLJ:MT (qepe3 IIJMPHHY cneKTPa HMnyJibCa 6..w = 2~ /M) 
B onpe.ueneHtte cneKTpaJibHOH JIHHJflf B036~eHJf}I OCUHJIJI51TOpa (1.41 ), 

K03cPcPHUHeHT k(a) H B 06IUHH MHO)[(HTeJib B Bb!pa)[(eHHH LJ:;)l}I MOIUHO

CTH (1.52). Il03TOMY ynpaBJieHHe MOIIl,HOCTblO H3JiyqeHH51 OCUHJIJI51TOpa, 

B036~eHHoro qf!pnttpoBaHHbIM ttMnyJihCOM, B03MO)[(HO H nptt MYJib

THUMKJIOBbIX HMnyJibcax, xorn H c tte60JibIIIOH 3cl>cl>eKTHBHOCTbIO. 

1.3. rAPMOHH4ECKHH OCL.tHnn.ffTOP 
e nonE TEnnoeoro H3nY4EHH.ff 

B TennoBOM H3nyqeHMH aMnJIHTY.UhI, <Pa3bI M nom1ptt3aUHH 

Hanp51)[(eHHOCTeH 3JieKTpOMarHHTHOf0 nOJI}I c TeqeHHeM BpeMeHH Jf3Me

H51IOTC51 cnyqaM:HbIM o6pa3oM. B TO )[(e BpeM51 cpe.uHtte xapaKTepMCTHKH 

H3JiyqeHH51, TaKtte KaK npocTpaHCTBeHHa51 nJIOTHOCTb 3HeprHH u, nOCT0-

51HHbl BO BpeMeHJf H He H3MeH51IOTC51 B npocTpaHCTBe. MO)[(HO CKa3aTb, 

qTo TenJIOBOe H3JiyqeHHe OTHOCMTC51 K KJiaccy cnyqaHHb!X CTaUHOHap

HbIX H o.uHopo.uHhIX B npocTpaHcrne noneM:. CneKTpaJibHa51 nJIOTHOCTb 

3Heprnu crnuttoHapHoro cnyqaJ1:Horo non51 B e.uttHHUe o6beMa paBHa: 

1 = 

p(w)=--2 J exp(iwr)(E(t)E(t+r))dr. 
(2;r) -= 

(1.53) 

3.uecb (E(t)E(t + r)) - aBTOKOppeJI51TOp Hanp51)[(eHHOCTH 3JieKTpHqecKO

ro nOJI51, KOTOpbIH no npe.unoJIO)[(eHHIO 0 cTaUHOHapHOCTH He 3aBHCHT 

OT MOMeHTa BpeMeHH t, yrJIOBbie CK06KH o603Haqa10T ycpe.uHeHtte no 

COCT051HHIO nOJI}I, <l>opMyJia (1.53) MO)[(eT 6b!Tb nonyqeHa Jf3 Bbipa)[(e-

HH51 npOCTpaHCTBeHHOH nJIOTHOCTH 3HeprMH nOJI51 
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B 3JieK"fPOMarHHTHOH BOJIHe B BaK)'YMe c IIOMOil.l,blO pa3JIO)l(eHHH B HH

Terpan <l>ypbe H cpaBHeHHH c paBeHCTBOM (CM. npHJIO)l(eHHe 1) 
~ 

u = f p(w)dw. 
0 

BbIBe)].eM IIOJie3HOe COOTHOIIIeHHe, CBH3bIBaIOil.l,ee cpe)].Hee OT IIpOH3Be

LJ.eHH51 <l>ypbe-o6pa30B HaIIp51)1(eHHOCTeH 3JieK-rpWieCKOfO IIOJI51 co cneKT

paJibHOH IIJIOTHOCTbIO 3HeprnH H3JIY'leHH51. 3TO COOTHOIIIeHHe HMeeT BHLJ. [1] 

( E ( w) E ( -w ')) = ( 2n-}3 p ( w) 8 ( w - w ') . (1.54) 

Arrn LJ.OKa3aTeJibCTBa IIOLJ.CTaBHM B JieByIO qacTb LJ.aHHOro paBeHCTBa 

Bbipa)l(eHHH Ll.JIH <l>ypbe-o6pa30B HanpH)l(eHHOCTeH (l.11): 

(I exp (frnl)E (1) di j_ exp (-frn'I') E (1') di') ~ 

= f f exp (iwt - iw't') ( E (t) E (t')) dt dt'. 

BBeLJ.eM HOBYIO nepeMeHHYIO HHTerpHpOBaHHH r = t - t' H yqTeM, 

qTO H3-3a ycJIOBHH CTaUHOHapHOCTH 

(E(t)E(t')) = (E(t' + r)E(t')) = (E(r)E(O)). 

TorLJ.a HMeeM 

f f exp(iwt-iw't')(E(t)E(t'))dtdt' = 

= f f exp(iw(t' +r)-iw't')(E(r)E(O))drdt' = (l.55) 

= 2no(w-w') f exp(iwr)(E(r)E(O))dr = (2n)
3 
o(w-w')p(w). 

IlpH nepexo)].e K IIOCJie)].HeMy paBeHCTBY 6bIJIO HCIIOJib30BaHO onpe

)].eJieHHe cneKTpaJibHOH IIJIOTHOCTH ::rneprHH 3JieKTpOMarHHTHOf0 IIOJIH 

(1.53) H HHTerpaJibHOe npe)].CTaBJieHHe )].eJibTa-¢YHKIJ,HH: 

I ~ 

o(a) = - f exp(iat)dt. 
2n -~ 

TaKHM o6pa3oM, paBeHCTBO (l.54) LJ.OKa3aHo. 

(1.56) 
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c IIOMOlll.blO COOTHOllleHHH (l.54) MO)!(HO IIOJI)"IHTb Ba)!(HyIO CBH3b 

Me)!(JJ;y MOUJ.HOCTbIO, nornomaeMOH rapMOHHqeCKHM OC!IHJIJIHTOPOM npH 

B03,11.eHCTBHH Ha Hero 3JieKTpOMarHHTHOro H3JlyqeHHH, H cneKTPaJibHOH 

IlJIOTHOCTblO 3HeprnH H3JiyqeHHH (l.53). ,ll.JIH 3TOfO BOCIIOJib3YeMCH BbI

pa)f(eHtteM ,11.JIH MfHOBeHHOH MOUJ.HOCTH B3aHM0,11.eHCTBHR Me)!(JJ;y 3JieKT

pttqeCKHM IIOJieM E(t) H 3apH,11.0M e, ,11.BH~UJ.HMCH B,11.0Jib OCH x, HMeH B 

BH,11.Y 0,11.HOMepHbIH OC!IHJIJIHTOp: 

P(t) = ex(t)Ex(t). (1.57) 

B c11yqae rapMOHHqecKoro OC!IHJIJIRTopa Koop,11.HHarn BbIHy)!(JJ;eHHbIX 

KOJie6aHHH x(t) ,11.aeTCH cJ.:>opMyJIOH (1.14), c IIOMOIUbIO KOTOpOH JierKO 

HaHTH CKOpOCTb x(t): 

x(t) = -i!!_ J~ m'Ex(m')exp(-im't) dm'. 
m m2 

- m'2 - 2im't5. 21i -~ 0 0 

(l.58) 

Tio,11.crnBJIHH Bbrpa)!(etttte (1.58) H npe,11.crnBJieHHe 11011R E/t) qe

pe3 <l>ypbe-o6pa3 ( 1.13) B paBeHCTBO ( 1.57), npOH3B0,11.H ycpe,11.HeHHe 

no COCTOHHHRM IIOJIH c IIOMOIUbIO cJ.:>opMyJibI (l.54) H nepexo,11.H K HH

TerpHpOBaHHIO 110 IIOJIO)!(HTeJibHbIM qacTOTaM, ttaX0,11.HM MR cpe,11.tteif 

MOIUHOCTH: 

(1.59) 

r,11.e G(h)(m') - 0,11.HOp0,11.HaH cpopMa JIHHHH, 

(1.60) 

IlpH BbIB0,11.e (1.59) 6bIJIO TaK)!(e yqTeHO, qTQ B CJiyqattHOM 3JieKTPO

MarHHTHOM 11011e Bee IIOJIHpH3aI.J,HH paBHOBepOHTHbI, TaK qTo 

(E2) = (£2) 
x 3 . 



34 ...J\v. I'Aa«a l. Ocu,UJlJlRmop « 3/leKmpoMaZHumttoM no!le 

CTpn6muKeHHoe paBeHcTBO B <PopMyJie (1.59) orneqaeT rrpeJ:J.rrono

)((eHn10 o cna6oM 3aTyxaHHH rapMOHHqecKoro ocunnmnopa J 0 « w 0• 

B rrpe)l.eJie HyneBoro 1aTyxaHH5I J 0 ~ 0 <t>opMa JIHHHH (1.60) am1poKCH

MMpyeTC5I )l.eJibTa-<PyHKUHett: 

(1.61) 

Bb1pa)((eHne (l.59) orrnchrnaeT ::mepm10, K0Topa51 rrornomaeTcH rap

MOHnqecKMM OCUHJ1J151TOpOM B e)l.HHHUY BpeMeHH, rrpn B03)l.ettCTBHH Ha 

Hero M3nyqeHH51 co crreKTpanhHOH IIJIOTHOCThIO p(w'). B cnyqae 3JieKT

poMarHHTHoro TIOJ151 c nrnpOKHM cneKTpOM, HaMHOfO npeBOCXOMIUHM 

nrnpHHY JIHHHH rapMOHHqecKOfO OCUHJIJI.SITOpa !lw » Jo, B rrpaBOH qac

TH paBeHcrna (1.59) MO)((HO rrpon1BeCTH 3aMeHy (l.61). B pe3yJihTaTe 

rronyqaeM 

(1.62) 

COOTHOIIIeHne (1.62) OITHCbIBaeT, B qacTHOCTH, B3aHMO)l.ettCTBHe Ten

JIOBOfO H3JiyqeHH51 c rapMOH.HqecK.HM OCUHJIJI51TOpOM, KOf)l.a BbIIIOJIH51-

eTCSI ycnoBne 6.m » 80- BHAHO, qTo nornomaeMaSI MOlll,HOCTh onpe.uem1-

eTCH cneKTPaJihHOH IIJIOTHOCThlO 3Hepnrn H3Jiyqemrn Ha co6cTBeHHOH 

qaCTOTe OCUHJIJl51TOpa. 

B cocTOHHHH Jl.HHaMnqecKoro paBH0Bec1rn Me)((Jl.y TeIIJIOBhIM H3JIY

qeHtteM H OCUHJIJ151TOpOM 3Hepm51 (1.62), nornomaeMa51 B e)l.HHHUY Bpe

MeHH OCUHJIJlSITOpOM, )l.0Jl)((Ha KOMileHCHpOBaTbC51 3Heprneil, KOTOpa51 B 

e)l.HHHUY BpeMeHH pacxo.nyeTC51 Ha H3JiyqeHH51 (l.47): 

(1.63) 

11CIIOJib3Y51 Bblpa)((eHH51 (1.48) H ( 1.62), nonyqaeM OTCIOJl.a CB513b Me)((Jl.y 

cneKTpaJibHOH ITJIOTHOCThlO 3Hepmn TeITJioBoro H3JiyqeHH51 Pr(w) H 3Hep

rne:i1 OCUHJIJ151TOpa E, HaXOJJ,51IUerocSI B COCTOSIHHH TepMOJl.MHaMHqecKO

ro paBHOBeCH51 c 3THM H3JiyqeHtteM: 

(1.64) 

PaBeHCTBO (1.64) 6bIJIO rronyqetto M. IlnaHKOM B KOHUe XIX B. Otto 

HCIIOJlb30BaJIOCb rrpn BbIBOJJ,e cPOPMYJihI Jl.JISI Pr(w), KOTOpbIH 03HaMeHO

BaJI co6ott Haqano HOBOH KBaHTOBOH cPH3HKH. 
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1.4. OC~Hnn~TOP MOP3E 
B 3nEKTPOMArHHTHOM nonE 

OnpeAeneHHe H ocHOBHble xapaKTepHCTHKH 

Mo):(eJih rapMOHHqecKoro ocuttnmnopa orrttchrnaeT peanh

HhJe cpH3HqeCKHe CHCTeMhl B rrpe):(eJie Manora OTKJIOHeHH51 OT IIOJIO)l(e

HH51 paBHOBeCH51. c pOCTOM 3TOrO OTKJIOHeHH51 HaqHHaeT see CHJlhHeH 

CKa3bmaThC51 aHrapMOHH3M. MaTeMaTttqecKoe rrpOHBJiemi.e aHrapMOHH3Ma 

3aKJI10qaeTC5I B TOM, qTo IIOTeHUHaJihHa51 3HeprH51 }')Ke He OIIHChIBaeTC51 

KBa):(pan1qHOH 3aBHCHMOCThlO OT KOOp):(HHaThJ ( 1.1 ). <l>H3HqecKH aHa

rapMOHH3M o6Hap}')l(HBaeTcH, rrpe)l():(e scero, B HeJIHHeHHhIX rrpoueccax, 

KOTOphie OTCYTCTBYIOT ):(Jl51 rapMOHJiqeCKHX CHCTeM. 

Ba%HOH MO):(eJihIO aHrapMOHHqecKoro OCUHJIJIHTopa HBJIHeTCH MO

):(eJih Mop3e, B KOTOpOH IIOTeHUHaJihHa51 3HeprH51 ):(aeTC51 Bhipa)l(eHHeM: 

u(Moi>e)(x) = D{exp(-2kx)-2exp(-kx)}, (1.65) 

r.ne D - 3HeprnH CB513tt; k - rrapaMeTp rrOTeHuttana; x - cMemeHtte 

KOOp):(ttHaThI ocuttJIJIHTopa tt3 rroJio)l(eHttH paBHOBecttH. Mo):(eJih Mop3e 

xoporno OilliChIBaeT KOJie6aHtt51 aTOMOB B ):(ByXaTOMHhIX MOJieKyJiax, B 

3TOM CJiyqae X = r - re, r):(e r, re - TeKYIUee H paBHOBeCHOe paCCT051HH51 

Me)l():(y H):(paMtt [He nyrnTh c KJiaccttqecKHM pa):(ttycoM 3JieKTpoHa (1.49)]. 
B rrpeJJ.eJie MaJih!X OTKJIOHeHtttt OT noJIO)l(eHHH paBHOBeCHH x < I/k 

noTeHuttaJI Mop3e rrepexOJJ.HT B rrapa6onttqecKYIO 3aBttCHMOCTh rroTeH

UHaJihHOH 3HeprnH OT CMemeHH51 KoopmrnaThI, xapaKTepHyIO JJ.JI51 rap

MOHHqecKoro OCUHJIJl51TOpa: 

CpaBHHBaH 3Ty arrnpoKCHMautt10 c rroTeHUHaJihHOH 3Heprtteif rap

MOHHqecKoro OCUHJIJIHTOpa 

2 2 
U(harm)(x) = mw~x _ D, 

HaXOJJ.HM cne):(y10mee Bh1pa)l(eHtte JJ.JIH napaMeTpa rroTeHuttana Mop3e 

qepe3 xapaKTepHCTHKH rapMOHHqecKoro OCUHJIJIHTOpa 
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Ha pnc. 1.6 npnBe.neHhI rpacpMK noTeHumura Mop3e, nocTpoeHHhIH 

)J,JI5I napaMeTpOB MOJieicyJibI MOHOOKCH)J,a yrnepo.na (CO), H COOTBeTCTBY

IOll..l,a5I napa6oJinqecKa5I annpoKCHMaUH5I. 

U(x),3B 

4 

\ 
OH.,,__+-~~~~~-+-~~~~ 

-4 

-8 

Puc. 1.6. fioTeHI.\H<l.11 Mop3e, nocTpoeHHbIH MH napaMeTpOB MOJieKYJibI CO 
(cnAOUIHQJI Kpu6aJ1), If COOTBeTCTBYJOIUaH rapMOH!flieCKaH annpOKCII

Maum1 (wmpuxnyHKmup) 

.Ll,Jrn MOJiercyJihI CO HMeeM: D = 11, 1 3B, liaJo = 0,27 3B, m = 1,2 · l04me 

(me - Macca 3JieKTpoHa), k = l,19a81 (aa = 0,53 · 10-8 CM - pa.nnyc 

Eopa), '· = 1,128. 10-8 CM. 

KaqecTBeHHhIM ornuqneM noTeHunana Mop3e OT rapMoHnqecKoro 

IlOTeHuHaJia 5IBJI5ICTC5I ero acHMMeTpnqHbIH BM)], c ropH30HTaJihHOH aCHM

IlTOTOH u = 0 B o6JiaCTH x » 1/ k. 3Ta aCHMilTOTa .neJIHT 3HepreTHqCCKHH 

cneKTp OCUHJIJI5ITOpa Ha )],Be qacTH: IlOJIO:lKHTeJibHYIO ( u > 0) H OTpnua

TCJihHYIO ( u < 0). 0TpHuaTeJibHa5I qacTb CilCKTpa COOTBeTcTByeT cpn

HHTHOMy )J,Bll)KCHHIO, KOr.na KOOp.ll,HHaTa 0CUHJIJI5ITOpa H3MeH5IeTC5I 

B KOHeqHhIX npe.neJiax. HanpoTHB, noJio:lKHTeJibHa5I qacTh cneKTpa OT

BeqaeT HHcpHHHTHOMY .lJ,BH:lKeHHIO, npH KOTOpOM KOOp.ll,MHaTa OCUHJIJI5I

TOpa Heorpam1qeHHO B03pacTaeT ( OCUHJIJI5IUHH npeBparuaIOTC5I B pa3JICT). 

B cJiyqae, Kor.na noTeHuHaJI Mop3e onwcbrnaeT .nByxaTOMHyIO MoJiercyJiy, 

B o6JiaCTH OTpnuaTeJibHbIX 3HeprHH aTOMhI, COCTaBJI5IIOIUHe MOJieKyJiy, 

c0Beprua10T KOJie6amrn B orpattuqeHHOH o6JiacTH npocTpaHcTBa. IloJio

:lKHTeJihHaH qaCTb cneKTpa .lJ,ByxaTOMHOH MOJICKYJihI COOTBCTCTByeT .lJ,HC

COUHHPOBaHHOMY COCT05IHHIO, npn KOTOpOM Me:lKaTOMHOe paCCT05IHHe 

cTpeMHTC5I K 6ecKOHeqHoCTH. B paMKax TaKOH KapTMHhI 3Hepm5I CB5I3H 

D HMeer CMhICJI 3Heprnn .nnccou11au1111 MOJieKyJihI. IlOTeHUHaJI Mop3e, 
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TaKMM o6pa30M, OITMCbIBaeT He TOJibKO KOJie6aTeJibHOe J'.(BlDKeHMe, HOH 

pa3JieT aTOMOB. 

B paMKax KBaHTOBo-MexaHwqecKoro Q:>opMaJIH3Ma o6nacTh oTpH

uaTeJihHhIX 3Heprnt! OTBeqaeT J'.(HCKpeTHOMY crreKTpy, Kor,z:i:a 3Heprm1 

cttcTeMhI H3Memi:eTc.si: cKaqKoM (KBaHTOBhIM o6pa3oM). Oonm1rnTeJih

Hhre 3HeprnH COOTBeTCTBYIOT HenpephIBHOMy cneKTpy, B KOTOpOM 3Hep

fH.sI CHCTeMbI MO)l(eT H3MeH.sITbC.sI Ha CKOJib yro,n:HO MaJIYIO BenJiqJIHy. 

fapMOHJiqecKHH OCUHJIJI.sITOp B KBaHTOBOH KapTHHe HMeeT TOJibKO J'.(HC

KpeTHhIH cneKTp, YPOBHH 3HeprHH B KOTOpOM pacnOJIO)l(eHbI 3KBHJ'.(H

CTaHTHO (Ha paBHOM paCCTO.sIHHH Me)l(J'.(y 6ntt)l(aif.urnMH ypoBH.sIMH). 

Ocu11nn.si:Top Mop3e 11MeeT KaK JJ:MCKpeTHhitt, TaK 11 HenpephIBHhrtt 

cneKTP 3Hepr11M, np11qeM ypoBHH 3Hepr1111 B ,z:i:11cKpeTHOM cneKTpe 

pacnoJIO)l(eHbI He3KBHJ'.(HCTaHTHO: paccTO.sIHHe Me)l(,z:i:y HHMH yMeHb

waeTC.sI no Mepe np116Jim1<eH11.si: K rpattm.i:e ttenpepbIBHOro cneKTpa. 

Ha KJiacc11qecKOM .sI3hIKe He3KBHJ'.(HCTaHTHOCTh ypoBttet! OTBeqaeT aH

rapMOHH3MY Kone6aHHH oc11.11nn.si:Topa. AttrapMOHH3M KOJie6aHHH xa

paKTep113yeTc.si: 6e3pa3MepHbIM napaMeTpOM x., KOTOpbIH B CJiyqae 

MOJieKyJihI CO paBeH 0,00612. OapaMeTp aHrapMOHH3Ma cJiy)l(HT Me

pott OTCTynnemrn J'.(HCKpeTHOro crreKTpa peaJibHOfO OCI.1.HJIJI.sITOpa OT 

3KBl1Jl:HCTaHTHoro nptt6JIH)l(eHH.sI. B Mo,z:i:en11 Mop3e napaMeTp aHa

rapMOHl13Ma OJ'.(H03HaqHo CB.sI3aH c ,z:i:pyrHMlf xapaKTepHCTHKaMH no

TeHUHaJia comacHo Q:>opMyne 

lim0 
Xe= 4D 

0Tc10,z:i:a ,z:i:n.si: MOJieKYJihI CO nonyqaeM TeopeTJiqecKoe 3Haqett11e ,z:i:n.si: 

napaMeTpa attrapMOHH3Ma x, = 0,00608. CpaBHHBa.si: 3TO 3Haqettwe c 

BhlUJeITpHBe,z:i:eHHhIM 3KcnepHMeHTaJihHhIM, npHXOJ'.(HM K BhIBO,z:i:y, qTO B 

,z:i:aHHOM CJiyqae MOJ'.(eJib Mop3e J'.(aeT OTHOCHTeJibHYIO norpernHOCTh BCe

ro 0,65 %. TaKHM o6pa30M, noTeH11.11an Mop3e J'.(ettcTBttTeJihHO .si:BJI.si:eTc.si: 

xopornHM np116Jiml<eHHeM K peaJihHOMY ITOTeHUHaJIY B cnyqae J'.(Byxa

TOMHhIX MOJieKYJI· 

Ceo6oAHble Kone6aHHSI oc4Hnnsiropa Mop3e 

He3KBHJ'.(MCTaHTHOCTh ,z:i:ttcKpeTHoro 3HeprernqecKoro cneKTPa B paM

Kax KJiaccwqecKOH KapTHHhI COOTBeTCTByeT TOMY Q:>aKTy' 'ITO nepwo,z:i: KOJie-

6aHHH OCI.1.HJIJI.sITOpa Mop3e 3aBHCHT OT ero 3HepmH B OTJ1Jiq11e OT ITOCT0-

5IHHOfO neptto)'.(a Kone6aHHH rapMOHJiqecKoro OCI.1.HJIJI.sITOpa T = 21£/ %· 
,ll.n5I onpeJ'.(eJiemrn 3TOH 3aBHCHMOCTH H ,z:i:pymx oco6eHHOCTeH J'.(BH)l(e-
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mm paCCMOTpHM CB060)l,Hbie KOJie6aHH5I OCIJ,HJIJI5ITOpa Mop3e CHa'-laJia B 

OTpw11,aTeJibHOH qacTH crreKTpa, KOr,ll,a £ < D ( £ - 3Heprn5I oc11,HJIJI5ITOpa, 

H3MepeHHa5I OT ,ll,Ha rroTeHIJ,HaJihHOH 5IMbI) (cM. pwc. 1.6). Y,ll,o6HO BBec

TH 6e3pa3MepHoe CMeIIJ,eHHe KOOp,ll,HHaTbI OT IlOJIO)l(eHH5I paBHOBeCH5I 

p = kx H 6e3pa3MepHoe BpeM5I T = Wot, TOr,ll,a ypaBHeHwe ,ll,BH)l(eHirn 

oc11,HJIJI5ITopa Mop3e MO)l(HO 3am1caTb B BH,ll,e 

p 2 = exp(-2p)- exp(-p). 
r 

( 1.66) 

0TMeTHM, '-ITO o6e3pa3MepeHHOe ypaBHeHHe (1.66) He CO,ll,ep)l(HT 

3Heprww CB5I3H DH rrapaMeTpa rroTeH11,wana k, T. e. OHO 5IBJIHeTcH ymr

BepcanbHhIM )l,JI5I 3a)l,aHHOfO BM)l,a IlOTeHIJ,MaJibHOH 3HeprMM . 

.lJ,JI5I orrpe,ll,eJieHM5I 3aBMCMMOCTH p( T) rrpome He pewaTb ypaBHeHMe 

)l,BM)l(eHH5I (1.66) «B JI06», a BOCilOJib30BaTbCH 3aKOHOM coxpaHeHM5I 3Hep

fHM, KOTOpbIH B 6e3pa3MepHbIX rrepeMeHHbIX MO)l(eT 6bITb 3arrwcaH CJie

,ll,YIOIIJ,MM o6pa30M: 

P. 
2 + e-2P - 2e-P = i - 1 
r ' 

(l.67) 

r,ll,e ii = Ej D - 6e3pa3MepHa5I 3Heprn5I. )l,JI5I qmHMTHoro ,ll,BM)l(eHM5I (Ko

ne6aTeJibHhIH pe)l(MM) 1 > ii > 0. I-fa paBeHCTBa ( 1.67) nerKO IlOJIYl.fMTb: 

p dy 
T-To=f_ ' 

Po .Jc -1+2e-y - e-2 Y 

(1.68) 

r)l,e To - IlOCT05IHHa5I MHTerpwpoBaHMSI. <PopMyJia (1.68) )l,aeT 3aBHCH

MOCTb p ( T) B He5IBHOM BM)l,e. )J,JI5I IlOJIYl.feHH5I 5IBH0f0 BH)l,a cpyttKIJ,MM p ( T) 

H~HO BbI'-IMCJIMTb HHTerpan B rrpaBOH qacTM (1.68) M Bbipa3HTb p qepe3 

6e3pa3MepHoe BpeM5I T. B pe3yJihTaTe HaXO,ll,MM 

{1-.J"i sin[ ../1 - fr+ z(i, Po)J} 
p(r) =ln _ , 

1-£ 
(1.69) 

me x (ii, p 0 ) - Ha'-laJibHa5I cpa3a Kone6aHMH, orrpe,ll,eJI5IeMa5I Ha'-laJihHhIM 

ycJIOBMeM p0 = p( T = 0). CToJIYl.feHHOe Bhrpa)l(eHwe «pa6ornen> B MHTep

BaJie 6e3pa3MepHOH 3HeprnH 1 > i > 0, T. e. B OTpMIJ,aTeJibHOH '-laCTM 

crreKTpa. 

fapMOHM'-leCKOe rrpM6JIM)l(eHMe crrpaBe)l,JIMBO )l,JI5I MaJibIX 3Heprnii 

B036~eHM5I oc11,MJIJI5ITOpa Mop3e, T. e. )l,JI5I i « 1 (£ « D). Toma pa

BeHcrno (1.69) rrepeXO)l,MT B xopowo M3BeCTHOe Bbipa)l(eHMe )l,JI5I CB060)l,-
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HhIX KOJie6ami.iI rapMOHH'IeCKOfO OCUHJIJI5ITOpa (B 6e3pa3MepHhIX rrepe

MeHHhIX): 

p ( r, E « I) = - v'i sin ( r + x) . (1.70) 

KaK H cJie.uonano m1m.uaTh, aMIIJIHTYJJ.a KoJie6aHHM rrporropUHOHaJihHa 

KOPHIO KBa,UpaTHOMY H3 3HeprHH, a caMH KOJie6aHH5I npoHCXO,U5IT no 

rapMOHHqecKOMy 3aKoHy. 

I-fa <PopMyJihI (1.69) BbITeKaeT, 'ITO nepHO,U KOJie6aHHM OCUHJIJI5ITOpa 

Mop3e JaBHCHT OT 3HeprnH H paneH: 

(1.71) 

0TCIO,Ua BH,UHO, qTo c B03paCTaHHeM 3HeprHH rrepHO,U pacTeT H npH 

TCMorse) ~ =. TaKHM o6pa30M, nptt ,UOCTH)l(eHHH rpaHHUhI OTpttua

TeJihHOM qacTH cneKTpa (£ = I) neptto,Utt<.JecKoe ,UBH)l(eHtte OCUHJIJIH

Topa Mop3e TpaHc<PopMttpyeTCH B arrep110.u11qecKoe. 3aKoH JJ.BH)l(e

HHH ,UJIH rpaHHqHoiI 3Heprntt & = D B 6e3pa3MepHhrx nepeMeHHhIX 

HMeeT BH,U: 

p ( r) = In { ~ [ 1 + ( r - ~2 exp (Po) - 1 t J} , (l.72) 

r.ue Po = p(O) - 3HaqeHtte 6e3pa3MepHOM KOOp,UHHaTbI B HaqaJihHhIM 

MOMeHT npeMeHH, np11qeM ,UOJI)l(HO 6bITh Po 2: -In 2 ,UJI5I IIOJIO)l(HTeJibHO

CTH no.uKopeHHoro Bhrpa)l(eHHH B rrpanoli qacTH paneHcrna (1.72). B rrpe

.ueJie 60JibllIHX BpeMeH T ~ 00 6e3pa3MepHa5I KOOp,UHHaTa OCUHJIJI5ITOpa 

Mop3e Ha rpaHHUe crreKTpa B03pacTaeT Jioraptt<PMttqecKtt: p = In r. flptt 

3TOM, oqeBH,UHO, 6e3pa3MepHa5I CKOpOCTh 

. 1 
Pr~-, 

T 

T. e. YMeHbIIIaeTCH .uo HYJIH Ha 6ecKoHeqHOCTH. 

)].JI5l 3HeprHM IIOJIO)l(HTeJibHOM qacTH cneKTpa e > I Bhl'lHCJieHHe 

HHTerpana (1.68) IIPHBO,UHT K CJie.uy10rueMy 3aKOHY ,UBH)l(eHH5I 

( ) l v2 + [A ( v, Po) exp (-vr) - 1 ]
2

) 
pr=ln , 

2v2A(v, p 0 )exp(-vr) 
(l.73) 
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r,ue A ( v, p0 ) - nocTOJIHHaJI, onpe,ue1rneMaJI tta'laJihHhIMM ycnoBMJIMH, 

A (v, Po)= ii 2 exp(p0 ) +I+ 

+ii exp (p0 ) ~ii 2 + 2 exp (-p0 )- exp (-2p0 ); 

(1.74) 

v =.Jg - I - 6e3pa3Meptta5I CKOpOCTh. I-fa <l:>opMynhI (1.73) cne,uyeT, 'ITO 

}JJ[JI 6onhIIIHX BpeMeH 1" » ii-I KOOp,UHHaTa ocuttnnHTOpa p oc VT, T. e. 

npw nonmKMTenhHOM nonttoiI 3ttepmw ocuwnnHrnpa Mop3e ( i > I) npo
wcxo,uwT pa3neT no nwtteiittoMy 3aKotty. 

BpeMeHHhie 3aBHCHMOCTH CB06o,uttoro ,uBmKeHHH ocuwnnJITOpa Mop-
3e B Tpex BhIIIIepaccMOTpeHHhIX pe)[(HMaX npe,uCTaBJieHbI Ha pttc. 1.7 }JJ[Jl 
ttyneBOM Ha'laJihHOM KOOp,UHHaTbI (Po= 0). 

p(r) 
8 

6 

4 

2 

0 

0 

-- f/D=0,3 
-- t/D=1 
......... t/D= 1,5 

.. 
............ 

.. ·· .. ·· 
3 

.. ··· ..... ·· ---2 
............. -... ....... 

,// 
.// 

// 
.~ 

4 8 12 16 T 

Puc. 1.7. Tptt pe)l(HMa JJ.BillKeHttfl cao6oJJ.HOro ocu;ttJIJIHTopa MopJe: 

I - KOJJe6aTeJJhHhIH pe)l(HM i = 0, 3; 2 - paJJJeT a pe)l(ttMe HyJJeaow nOJJHOH 

3Hepmw; 3 - paJJJeT a pe)l(HMe noJJO)l(HTeJJbHOH 3HepmH i = 1, 5 

8HJJ;HO, 'ITO c pOCTOM nonHOM 3HepmH OCUHJIJ15IUHH (KPHBaJI I) CMeHJI
IOTCJI pa311eTOM no norapMcPMH'leCKOMY 3aKOtty (KpHBaJI 2) )];J15I ttyneBOH non
HOM 3HeprnH, ,ua.rree cnenyeT .riwtteMHhIM pa311eT (Bo BpeMeHHOM HHTepBane 
T» l) JJ;J15I nonO)[(HTenhHOH 3ttepnrn (KpHBM J). Kone6attAA ocuHJ1Jlfilopa 
Mop3e B OTJIH'IMe OT rapMOHM'leCKOro 0CUHJIJ15ITOpa HOCJIT aCHMMeTPH'IHhIM 
xapaKTep, 'ITO CBH3aHo c acttMMeTPtteiI nOTettuwana Mop3e (cM. pwc. 1.6). 

OnwcaHHhre TpH pe)[(ttMa o,uHoMepttoro Jl.BH)[(eHHH ocuwnnHTopa 
Mop3e HMeIOT atta.rromro B Jl.ByxMepttoM cnyqae. ,ll,Btt)[(eHMe B KynottoB
CKOM none npMTJI)[(eHHJI HnM rpaBMTauHOHHOM none MO)[(eT npoHCXO
)l.HTh no 3nnwncy (oTpwuaTenhttaH 3HepmH), napa6one (HyneBaJI 3Hep
mH) wnw mnep6one (nonO)[(MTenhHaJI 3HepmJI). 
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Oc4Hnmnop Mop3e 
B none 3neKrpoMarHHTHoro H3nyLteHHR 

OycTh tta 3ap5DKeHttbIH ocuttJIJIHTOP Mop3e .n;ell:crnyeT HMIIYJibC 3JieK

TpwqecKoro rroJIH rayccoBott ¢opMbI (1.27). YpaBttetttte ,n:Btt)[{eHHH oc

UHJIJIHTopa B 6e3pa3MepttblX rrepeMeHHbIX MO)[{HO rrpe,n:CTaBHTb B BH.n;e 

Pr2 = exp(-2p)- exp(-p)+ yE(r), (1.75) 

r.n:e y- 6e3pa3MepttblH rrapaMeTp, xapaKTeptt3YIOIUHH CHJIY CBH3H Me)[{

.n;y 3JieKTpwqecKHM rroJieM H ocUHJIJIHTopoM Mop3e, 

kqE0 r=--mw€ 

(q - 3¢¢eKTHBHbIH 3apH.n; OCUHJIJIHTOpa); E(r, 'Po) - 6e3pa3MepttaH 

ttarrpH)[{eHHOCTb 3JieKTpwqeCKOfO IIOJIH KaK ¢YHKUHH 6e3pa3Mepttoro 

BpeMeHH T = Wot, 

-( ) E(r/Wo) 
E T, 'Po = E . 

0 

3¢¢eKTHBHblH 3ap51,n: OCUHJIJIHTOpa B CJiyqae .n;ByxaTOMHOH MOJieKY

JlbI MO)[{eT 6hITb orrpe,n:eJiett rro ¢opMyJie 

aµ(r) 
q =a;:-' 

r.n:e µ(r) - 3aBHCMMOCTb )l;MIIOJlbHOfO MOMeHTa .n;ByxaTOMHOH MOJieKyJibl 

OT paCCTOHHMH Me)[{)l;y H,n:paMM (He IIYTaTb c IIOCTOHHHbIM )l;HIIOJibHbIM 

MOMeHTOM MOJieKyJihI, eCJIM TaKOBOH MMeeTCH). 3¢¢eKTMBHblH 3apH)l; 

OCUMJIJIHTOpa, OIIMCbIBaIOmero MOJieKYJIY co, BbP.lMCJieHHbIH c IIOMO

IUblO KBaHTOBO-XMMM'IeCKOH nporpaMMbI «Gaussian» paBeH: q = 0,78e 
(3,n:ecb e - 3JieMeHTapHbIH 3apH.n;). B cJiyqae B3aMMo,n:ell:cTBMH 3JieKTpM

qecKoro IIOJIH H MOJieKyJibl MOHOOKCH)l;a yrnepo.n;a c IIOMOIUblO BbIUie

rrpttBe.n;eHHbIX qttcJieHHbIX 3HaqeHHH MH xapaKTepttCTHK noTeHUHaJia 

Mop3e MO)[{HO noJiyqttTb cJie.n;yiomee Bh1pa)[{etttte MH rrapaMeTpa cttJibI 

CBH3H, KaK ¢YHKUHH aMIIJIHTY.ll:hl HarrpH)[{eHHOCTH 3JieKTptt'IeCKOfO IIOJIH 

H aTOMHOH HanpH)[{eHHOCTH: 

Eo y = 0,65-, 
Ea 
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r.ue Ea = 5 . 109 B/cM. TaKHM o6pa30M, rrapaMeTp r 6JIH30K K eL(HHHUe 

L(JI.sI BeCbMa BbICOKHX 3HaqeHHM Harrp.sI)!(eHHOCTH 3JieKTpuqecKoro IIOJI.sI 

(rrop.si:L(Ka aTOMHOM Hanp.si:)!(eHHOCTH). 

l.JttcJieHHbIM attaJIJ13 IIOKa3bIBaeT, 'ITO pernetttte ypaBHeHH.sI (1.75) 
OTJIH'!aeTCSI OT CBOero rapMOH.J1qecKOfO aHaJIOra L(JIJI y > y* = 0,05. 
Kp11T11qecKoe 3Ha'!eHtte r· CJia6o 3aBHCHT OT Hecyrueit '!aCTOTbI, Ha

qaJibHOM ct>a3bl H L(JIHTeJibHOCTH HMITYJibCa B pe)!(ttMe cBepxKOpOTKHX 

HMIIYJibCOB 1J < 10. 
TaKHM o6pa30M, B o6JiaCTH CJia6oit CHJibI CB.sI3H r < 0,05 ct>a3oBa.sI 

3aBHCHMOCTb B036~eHHSI aHrapMOHHqecKoro OCUHJIJISITOpa B MOL(eJIH 

Mop3e orr.11cbrnaeTc.si: TeMtt )J{e ct>opMyJiaMtt, qTo 11 L(JI.si: cJiyqa.si: rapMo

Htt'!ecKoro OCUHJIJIJITOpa. Y!CIIOJib3Y.sI rrpttBeL(eHHOe HepaBeHCTBO L(JI.sI 

L(JIHTeJihHOCTH HMIIYJibca M < 30 ct>c, rronyqaeM cJie,Uy10ruee orpaH11-

qeH11e Ha IIJIOTHOCTb IIOTOKa 3HeprHH B B036y)!(L(aIOrueM HMITYJibCe 

dE/dS < 10 ,Ll.)!(/CM2, npH BbIITOJIHeHHH KOTOporo «pa6orneT» rapMOHH

qecKoe rrp116m1)1(em1e M.sI MOJieKyJihI CO. 

flepBOHa'!aJihHO ITOKOHBillHMCJI OCUHJIJI.sITOp Mop3e IIOL( L(eMCTBH

eM 3JieKTptt'!eCKOfO ITOJI.sI 6yL(eT Ha611paTb 3Hepnno B COOTBeTCTBHM c 

cPOPMYJIOM 

= 

E = 2yD f p(i-)E(r)dr, (l .76) 

KOTOpa.si: CJie,UyeT M3 CTaHL(apTHOfO Bbipa)!(eHH.sI L(JI.sI MOIUHOCTH ( 1.57). 
3L(eCb, KaK M paHee, 3Heprtt.si: OTCqHTbrnaeTC.sI OT L(Ha IIOTeHuttaJib

HOM JIMhI (cM. pttc. 1.6). PacqeTHhie JaBHCMMOCTM 3ttepr1111 ocuwn

JI.sITopa Mop3e OT rrapaMeTpa r IIOCJie B03L(eitCTBH.sI OL(HOUMKJIOBOfO 

MMIIYJibCa 3JieKTPH'!eCKOro ITOJI.sI rayccoBOM cpopMbI ( 1.27) c IIOCTO

.sIHHOM CE-ct>a3oit rrpe,UcTaBJieHbI Ha pttc. 1.8 L(JISI pa3JIHqHhIX 3Haqe

Httit CE-ct>aJbI. 

BttL(HO, qTo JaBHCMMOCTh 3HeprHH ocUHJIJI.sITopa Mop3e OT cttJihI 

IIOJI.sI L(Jl.sI CBepXKOPOTKOro HMIIYJibCa cyruecTBeHHO 3aBHCMT OT Ha

qaJibHOM (CE) ct>a3bl. Op:tt H3MeHemrn cpa3bI OT -Tl/2 L(O Tl/2 ,UaHHa.sI 

3aBMCHMOCTb Mett.si:eT CBOM xapaKTep c MOHOTOHHO B03pacTa101ueit L(O 

KpMBOM c MHHHMYMOM np.11 y= 0,52. 0TCJOL(a, B qacTHOCTH, CJie,UyeT, 

'ITO B L(aHHOM CJiyqae L(HCCOUHaUM.sI L(ByXaTOMHOM MOJieKyJihI (T. e. 

L(OCTH)l(eHHe 3HaqeHHJI f = 1), nerqe ocyruecrnn.si:eTc.si: ,nn.si: CE-ct>aJbI 

rp0 = -Tl/2. EcJIH )!(e rp0 = Tl/2, ,nHccouwauH.si: MMIIYJihCOM 1J = 4 
B03MO)l(Ha TOJibKO L(JI.sI y > l. 



e/O 
3,0 

2,5 

2,0 

1,5 

1,0 

0,5 

0
•
0o,oo 

1.4. Ocu,w111J1mop Mop3e 6 3AeKmpoMawumHoM no11e -Ar 43 

~=6; r= 1 
--q>,=O 
--q>0 =-n/2 
......... q>0 =n/2 

/ 
/ 

/ 
/ 

I 
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/ 

I 

··;;;</ .. ································ 
/ "·· ........... · 

0,25 0,50 0,75 1,00 y 

Puc. 1.8. HopMttpoaattttaH :mepnrn OCl..IHJJJJHTOpa Mop3e nocJJe aoJnei1crnttH on

HOl..IMKJioaoro '.lJleKTpttqeCKOro MMOYJJbCa (T/ = WoM) KaK <l>YHKl..IMH CMJlbl 

CBH3M tiJJH pa3JJMqHhIX 3Haqetttti1 CE-<l>a3bI 

"bny~eHHe oc4Hnmnopa Mop3e 

B coorneTCTBHH c o6mttMH 3aKottaMtt 3JieKTpo;:i:ttttaMttKH B036yx<

.ueHHhrtl: 3ap5DKeHHhIH ocuttJIJI5ITOp Mop3e 6y;:i:eT tt3JIY'IaTh 3JieKTpoMar

HHTHhre BOJIHbI. TaK )Ke KaK I1 B CJiyqae rapMOHttqeCKOro OCUI1JIJI5ITOpa, 

MOIUHOCTh H3JiyqeHH5I ocuttJIJI5ITOpa Mop3e Ha speMettax t > M MO)((eT 

6bITb Bbipa)((eHa qepe3 3Heprmo OCUI1JIJI5ITOpa £ (CM. npttJIO)!(eHtte 2): 

Q(Morse) = 2q2W~ £~l _ £ . 

3mc3 D 
(1.77) 

CpaBHttBaH Bhrpa)((eHtte ( 1. 77) c <t>opMyJiaMM ( 1.47) 11 (1.48), onttchr

BaIOIUMMtt rapMOHttqeCKMH OCUI1JIJI5ITOp, TIPMXOJJ:MM K BbIBOJJ:Y, qTo MOIU

HOCTb JJ:MTIOJibHOfO M3JiyqeHM5I OCUMJIJI5ITOpa Mop3e KaK <l>YHKUM5I 3Hep-

rMl1 £ OTJrnqaeTC5I MHO)((MTeJieM .jl - £/ D OT csoero rapMOHMqecKoro 

attanora. TaKMM o6pa30M, npM B036y)((JJ:eHMM 3ap51)!(ettttoro OCUMJIJI5ITO

pa Mop3e B MHTepsan 3Haqetttttl: 3HepmM B6JIH3M 3ttepmH ;:i:ttccoutta

UHH £ "' D MOlll,HOCTh M3JiyqeHM5I CTpeMMTC5I K HYJIIO, qTo CB5I3atto c 

YMeHbllletttteM qacTOThI KOJie6atttttl: nptt yseJittqeHMM 3HepmM OCUHJIJIH

rnpa. Ifa pasettcrna (1.77) cJie;:i:yeT, qTo MaKCHMaJihHaH MOIUHOCTh ,[l,M

noJibHoro M3JIYtfeHH5I OCUMJIJI5ITopa Mop3e ;:i:ocTttraeTC5I nptt 3tteprMM 

£ = 2D/3. JlMHeHHbIM pe)((MM B036y)((JJ:eHM5I M3JiyqeHl15I HMeeT MeCTO JJ:JI5I 
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Ma.JihIX 3Heprnti: t:« D. 3aMeTHOe OTKJI0Hett11e OT mrneti:HOCTM (6onee 10 %) 
B03HttKaeT nptt c > D/5. 

Pe3yJihTaThI pac'!eTa MOl.l.(HOCTM .ll,MITOJibHoro H3JIY'!eHttJI ocuunnJI

TOpa Mop3e KaK <PYHKUMM CE-<Pa3b1 nocne B03.ll,eti:cTBmI cy6u:ttKIIoBoro 

MMrrynhca 3JieKTpwqecKoro nonJI rrpe,ll;cTaBneHhI Ha puc. l.9 LUIJI pa3nMq

HhIX 3HaqeHMH rrapaMeTpa CMJibl ITOJI51 YM {J) = % (r = I). 

Q, OTH. e,Q. 

0,40 

0,35 

0,30 

0,25 

0,20 

0,15 

2 

q=4; r= 1 

-- r=0,3 
- - y=0,2 
......... y=0,15 

3 4 5 6 'Po• Pa.A 

Puc. 1.9. <l>a30Ball 3aBHCHMOCTb MOIUHOCTH JlHITOJibHOro H3JI}"leHHll 3apIDKeHHO

ro ocu:HJIJinTopa Mop3e nocJie B03JleHCTBHll cy6u:wK.11oaoro HMITYJibca 

:>JieICTptt'lecKoro noJIH rayccoaow qiopMbl (l.27) MH pa3JIH'lHhIX napa

MeTpoa CHJibl CBH3H H OJ = OJO 

l-'fa pttc. 1.9 cneJJ,yeT, '-ITO 'lYBCTBMTeJihHOCTh MOl.l.(HOCTM 1nnyqe

HHJI ocuttnJIJITopa Mop3e K CE-<Pa3e rrocne B036y)KJJ,eHM51 O,ll;HOUMK

JIOBhIM MMITyJihCOM Ha6JIIO.ll,aeTCJI TOJibKO B HemrnettHOM pe)KttMe 

r > 0, I. B npoTMBHOM CJiyqae y< 0,1, KOf.ll,a «pa6oTaeT» rapMOHttqec

KOe rrptt6nmI<eHMe, <Pa3oBaJI 3aBHCMMOCTb wcqe3aeT. )J.eHCTBHTeJibHO, 

B cnyqae rapMOHMqeCKOfO OCUMJimnopa crrpaBe.ll,JIMBO Bbipa)l(eHtte 

(1.38) .ll,JI51 K03<P<P:ttu:tteHTa <Pa30BOH MO)lYJIJIUMM MOIUHOCTM M3Jiyqe

HM51, ITO.ll,CTaBJI5151 B KOTOpoe qucneHHbie 3HaqeHM51 rrapaMeTpOB, Haxo

.ll,MM K(r= 1, T/= 4) = 2· 10-1• 

TaKttM o6pa3oM, .ll,JIJI O.ll,HOUMKJIOBOro H 6onee .ll,JittrenhHhIX B036~

.ll,aIOl.l.(HX MMITYJThCOB c ynpaBJIJieMoti: CE-<Pa3oi1 <Pa3oBaJI 3aBttCHMOCTb 

MOIUHOCTM M3JIY'!eHMJI OCUMJIJIJITOpa Mop3e npOHBJIJieTCJI TOJibKO B He

JIMHeHHOM pe)KttMe B036~eHttJI. Tor)la xapaKTep <Pa30Boi1 MO.ll.YJIJIUMM 

OTJIM'!aeTCJI OT rapMOHM'leCKOro 3aKOHa (1.51) M CHJibHO 3aBMCHT OT Be

JIMqMHbl napaMeTpa CB513M Me)!()ly noneM M OCUHJimnopOM y. 3aMeTHaJI 
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cpa3oBa51 'IyBcrn1neJibHOCTb B036y)l(,ll,emrn ocu;irnJIHTopa Mop3e B mrne:i1-

HOM pe)l(HMe B03HHKaeT TOJibKO ,llJI51 cy6UHKJIOBbIX HMilYJibCOB IlOJI51 npH 

1J = 2 (M < 3), Kor.ua «pa6oTaeT» cpopMyJia (1.38). 

Oc4Mnnsnop Mop3e B none 'tMpnMpoaaHHoro MMnynbca 

KaK H B cnyqae rapMottw1ecKoro OCUHJIJIHTopa, B036}')1(,lJ,eHHe oc

UJUIJI51Topa Mop3e 'IHpnnpoBaHHbIM HMilYJibCOM 06ttapy)l(1rnaeT 6oJiee 

CHJibHYIO 3aBHCHMOCTb OT ¢a30BOro napaMeTpa (OT 'IHpna '1.aCTOTbl). 

KoJie6aHH51 ocuHJIJIHTopa Mop3e, pacc'l.HTaHHhie nyTeM 'l.Hcnettttoro 

pewemrn ypaBHeHH51 (1.75) M51 pa3JIH'IHOH BeJIH'IHHbl 6e3pa3MepHOfO 

q11pna (a= KM 2), npwBe.uettbI Ha pwc. I.IO. 

p(r) 

4 

3 

2 

0 

y =0,3; r= 1 

--a=O 
- - a=0,68 
......... a=0,77 

0 10 20 30 40 50 r 

Puc. 1.10. KoJie6amrn ocuJtMJITopa MopJe, aoJ6y)[()l.eHHOro .!\ByxI.lHKJIOBhIMH 

HMIIYJihCaMH (TT= 12) c paJJIHqHOH aeJIHqHHOH qwprra qacTOThI rrpw 

KOHCTaHTe BJaHMO,!\eHCTBHJl y= 0,3: 

cnJ10U1Ha11 Kpu6aR - a= O; Utmpuxo6aR - a= 0,68; nYJtKmupHaR - a= 0, 77 

Bw.utto, 'ITO B L(aHHOM cJiyqae aMilJIHTy.ua KOJie6attwi1: cymecrnetttto 

MeH51eTC51 npH nepexoL(e OT O,llHOfO 3Ha'l.eHH5l napaMeTpa a= KM 2 K 

npyroMy. 3Ha'IeHHIO a= 0,68, B 'IaCTHOCTH, orneqaeT MHHHMYM aM

IIJIHTYJJ,bI. 

J;[3 cpopMyJibl (1.69) CJieL(yeT, 'ITO aMilJIHTy,lla KOJie6aHHH OCUHJIJI5l

TOpa l\.1op3e onpe.ueJI51eTC51 3Hepr11ei1: OCUHJIJI5ITOpa B COOTBeTCTBHH c 

Bbipa)l(eHHeM 

(1.78) 
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fl03TOMY 51CHO, 'ITO 'IeM Bbillle 3Hepnrn B036y)[()J,eHH51, TeM 60Jibllle aMn

JIHTYLJ.a KOJie6aHHH . 

.ll.JI51 o6b51CHeHH51 3aBHCHMOCTeli pttc. 1.10 Ha pttc. 1.11 npencTaBJie

Ha 6e3pa3MepHa51 3Heprtt51 OCUHJIJI51Topa Mop3e KaK cpyHKUH51 'IHpna 

LJ.JI51 OLJ.HO- H LJ.ByxUHKJIOBoro B036y)[()J,aroruttx HMnyJihCOB. Pac'!eT t' (a) 
npoBe)J.eH no cpopMyJie (l.76) c noMOIUhIO 'IHCJieHHoro pellleHH51 ypaB

HeHH51 (l.75). 

e/D 
1,4 

1,2 

1,0 

y = 0,3; r= 1 

--11=6 
--11=12 

1 I 
11 I 
I 1 t 

::: ···············;--<71. .... \~i~\··················1 t ..... 
I \ I 

../ ", I 
'\ I 

0,4 

0,2 

0 ,0 .____.__..____._~___._......__.___._\J..;;_..____. 
-0,8 -0,4 -0,0 0,4 0,8 

a =Kt!i.t2 

Puc. 1.11. 6e3pa3MepttaH 3Hepnrn oc1.111JJJJHTopa Mop3e KaK <i>YHKI.IHH 'mpna !\.Ill! 

O,llHO- 11 ,llByx1.111KJJOBoro ao36y)l(,lla10m11x HMnyJJbCOB (y = 0,3, r = I). 
IlpHMOtt Jll1HHei1 noKa3aHO OnTHMaJJbHOe 3Haqett11e 3Hepr11H, np11 

KOTOpOM ycpe,llHCHHMI no nepHO,lly MOll.IHOCTb 113JJyqeHl1ll OCI.111JlJlll

TOpa nocJJe OKOHqaHHll ,llCHCTBHll 3JJeKTpOMarHHTHOfO 11MflYJJbCa MaK

CHMaJJbHa 

BHLJ.HO, 'ITO c pOCTOM LJ.JIHTeJihHOCTH HMnyJibca 3aBHCHMOCTh 3Hep

rHH B036y)[()J,eHH51 OT BeJIH'IHHhI 'IHpna CTaHOBHTC51 6oJiee CHJibHOH, npH-

'IeM B03pacrneT acttMMeTpH51 cpyHKUHH t' (a) no OTHOllleHHIO K H3MeHe

HHIO 3HaKa '!Hpna . .ll.JI51 )J.ByxUHKJIOBOfO HMnyJibCa npH 3a)J.aHHbIX 3Ha'!e

HH51X napaMeTpOB 3Heprn51 B036y)!():leHH51 HMeeT rny6oKHH MHHHMYM )J.JI51 

a= 0,68, 'ITO OTpa)J(eHO Ha COOTBeTCTByroruew BpeMeHHOH 3aBHCHMOCTH 

pHC. 1.10 MaJIOH BeJIH'IHHOH aMnJIHTYLl.hI aCHMnTOTH'IeCKHX KOJie6aHHH. 

HanpoTHB, LJ.JI51 a= 0, 77, KaK cJienyeT H3 pttc. 1.11, 3Heprn51 B036y)!():le

HH51 OCUHJIJI51TOpa Mop3e HMeeT JIOKaJibHblll MaKCHMYM, TaK 'ITO KOJie-

6aHH51, OTBe'!arorutte naHHOMY 3Ha'!eHHIO 'IHpna B COOTBeTCTBHH c cpop

MYJIOH (l.78), HMeIOT 6oJihlllYIO aMnJIHTyny. Ha 3TOM )J(e pttcyHKe np51-
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MOM JIHHHetl: noKa3aHo 3Hat.IeHHe 3Heprnn B036y)l()J,eHH5I i'0P1 = 2/3, npn 

KOTOpOM MOill,HOCTh H3JIYt.IeHH5I OCUHJIJI5ITOpa Mop3e TIOCJie OKOH'IaHH5I 

LI.etl:cTBHH HMTIYJihCa MaKCHMaJihHa. 

TaKHM o6pa30M, HCTIOJih30Battne noTeHUHaJia Mop3e TI03BOJI5IeT B 

paMKax KJiaCCHt.IeCKOro TIOLJ.XOLI.a npoBeCTH MOLI.eJIHpOBaHHe B3aHMOLI.etl:

CTBH5I 3JieKTPOMarHHTHOro H3JIYt.IeHH5I c MOJieKyJIHpHhIMH CHCTeMaMH c 

Yt.IeTOM HX B036y)l()J,eHH5I H LJ.HCCOU.HaUHH. 

1.5. B036Y>KAEHHE rAPMOHH4ECKOro 
OCU.Hnn.ffTOPA nPH CTOnKHOBEHHH 
C 3AP.ff >KEHHOH 4ACTHU.EH 

Bhrwe aHaJIH3ttpoBanoch B3aHMOLI.etl:cTBHe ceo6oaH020 3JieK

TpoMarHHTHoro TIOJI5I c KJiaCCHt.IeCKHM OCUHJIJI5ITOpOM. flpeLJ.CTaBJI5IeT 

11HTepec TaIOKe paCCMOTpeTh B036y)l()J,eH11e OCUI1JIJI5ITOpa B pe3yJihTaTe 

CTOJIKHOBeHH5I c 3ap5DKeHHhIMH t.IaCTHU.aMH, KOrLI.a B3aHMOLI.eMCTBHe o6yc

JIOBJieHO KYJIOHOBCKHM noJieM 3ap5ILJ.a t.IaCTHU. TaKHM o6pa3oM MO)[(HO 

MOLJ.eJI11poBaTh npoueCChI CTOJIKHOBHTeJihHOfO B036y)l()J,eHH5I aTOMOB 11 

MOJieKyJI B LJ.HCKpeTHOM cneKTpe H p5ILI. LJ.pyrnx Heynpyrnx CTOJIKHOBH

TeJihHhIX 5IBJieHI1M. 

BocnoJih3yeMC5I ypaBHeHHeM ( 1.10) LI.JIH 

BhIHy)[(LJ.eHHhIX KOJie6aHHM rapMOHHt.IeCKO

ro OCUI1JIJI5ITOpa, TOJihKO Teneph TIOLI. 3JieK

Tpw1eCKI1M noJieM E(t, p) 6yLI.eM noHHMaTh 

flOJie 3ap5ILJ.a, npoJieTaIOill,ero MHMO OCUI1JI

JI5ITOpa no HeKOTOpotl: KJiaCCHt.IeCKOM Tpa

eKTOpHI1 c 3aLI.aHHhIM npnueJihHhIM napa

MeTpOM p (p11c. 1.12). 
TorLI.a LI.JIH 3Heprn11, nepeLI.aHHotl: OT 3a

PHLI.a OCUI1JIJI5ITOPY 3a Bee BpeM5I B3aHMOLJ.etl:-

CTBH5I, HMeeM: 

£.L 
;-·-·-·-·-~-[! ·-·-·-·- £, " 

I a 

Puc. 1.12. CxeMa CTOJIKHOBe-

HIUI paBHOMepHO H npHMOJlH

HettHO ):\BHra101nell:cH '13CTHUbl 

C OCUHJlJlHTOpOM 

~ 2 ~ 

E(p) = f exEx(t, p)dt = _e f a{hl(w)IEx(w, P)l2 
dw, 

-~ 2m 0 

(1.79) 

rLI.e G<hl(w) - oLI.HopoLI.HaH ¢opMa JIHHHH, Kornpa51 onpeLI.eJietta Bhrpa

)[(ett11eM (1.60); E/w, p) - <l>yphe-06pa3 npoeKU.HH ttanpH)[(eHHOCTH 

3JieKTpHt.IeCKOro TIOJI5I Ha OCh OCUHJIJI5ITOpa. HanOMHHM, 'ITO <l>yphe-
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06pa3 npoM3BOJibHOti: <l>YHKIJJm /(t) onpe)lemi:eTC51 MHTerpaJIOM (I. I I). 
ilpH nepexo)le KO BTOpOMY paBeHCTBy B (1.79) 6bIJIO HCnOJib30BaHO npe)l

nOJIO)!{eHHe 0 MaJIOM 3aTyxaHMM rapMOHHqecKoro OCUHJIJI51TOpa <50 « %, 
KaK H npM BhIBO)le Q>opMyJihl (1.59). 

Hatt6onee npocT cJiyqati:, KOr)la 3apmKeHHaJ1 qacTHUa, B036~a10-

ma51 OCUHJIJ151TOp, )lBMraeTC51 paBHOMepHO H np51MOJIHHeRHO co CKOpoc

TblO v, o6pa3y10meti: yroJI a c och10 ocuttJIJIHTOpa (cM. pnc. l. I2). Toma 

):(JUI <l>yphe-06pa3a HanpmKeHHOCTH 3JieKTpHqecKoro IIOJI51, C03)laBaeMO

ro HepeJIJITHBHCTCKMM 3apJ!)lOM e B MeCTe pacnoJIO)l(eHM51 OCUHJIJIJ!TOpa, 

MO)l(HO IIOJiyqHTb 

(1.80) 

r)le en T - HOpMaJibHblR H TaHreHUHaJihHhIH (no OTHOIIIeHMIO K BeKTOpy 

cKopocTH v = canst) e)lHHHqHh1e BeKTOpb1, <l>YHKUHH F( v) onpe.uenHeTCH 

paBeHCTBOM 

F(v) = J~ cos(vx) dx, 
o(I+x2t2 

(1.81) 

(IIITpHX o603HaqaeT )lHQ>Q>epeHUHPOBaHtte no apryMeHTy). oe3pa3Mep

HaJI qacrnTa v = wp/v paBHa napaMempy Meccu, KOTOphiti: onpe.ueJIJieT 

BepoHTHOCTh Heynpymx npoueccoB, T. e. npoueccoB, conp0Bo)l()la10-

IUHXC5I H3MeHeHHeM BHyTpeHHero COCTOJ!HHJ! MHIIIeHH. B )laHHOM CJIY

qae HeynpyrnM npoueccoM JIBJIJieTCH B036~eHtte ocuwJIJIHTopa noc

Jie B3aHMo.uelicTBH51 c 3apJI)l(eHHOti: qacrn:ueti:. Ecntt napaMeTp Meccw 

MaJI, TO Bep051THOCTb Heynpyroro npouecca BeJIHKa, B npOTHBOilOJIO)f(

HOM CJiyqae CTOJIKHOBeHtte HOCHT ynpyrttti: xapaKTep: B036y)l()leHHe 

OTCYTCTByeT. 

CneKTp HOpMaJibHOR H TaHreHUHaJibHOR COCTaBJ15110IUHX, a TaK)l(e 

MO)lyJIJI HanpH)l(eHHOCTH 3JieKTpwqecKoro IIOJI51 paBHOMepHO )lBHra10me

rocJ1 3ap51,Ua npe)lCTaBJieH Ha pttc. 1.13. I-fa 3TOrO pttcyHKa BH)lHO, 'ITO Ha 

BCex ':laCTOTaX )lOMHHHpyeT BKJia)l HOpMaJibHOti: K HanpaBJieHHIO CKOpOCTH 

3ap51,Ua COCTaBJI5110IUeH HaIIp51)1(eHHOCTH. MaKCHMaJibHa51 OTHOCHTeJibHa51 

BeJiwqwHa 3Toro BKJia,n:a paBHa e)lHHttue Ha HyJieBoli qacTOTe. TaHreHUH

aJibHaH COCTaBJ15IIOIUaJI Hanp51)1(eHHOCTH 3JieKTpHqecKoro noJI51 )lOCTHraeT 

MaKCHMYMa, paBHoro 0,467, B TOqKe v~': g) = 0, 56. CoorneTcrny10mtte 

3HaqeHHJ! )lJ151 MO)lYAA HanpH)!{eHHOCTH paBHbI: I ,02 H v~~~ = 0, 16. 
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2 3 
v=wp/v 

4 5 6 

Puc. 1.13. CrreKTp 3JieKTp11qecKoro rrom1 pasttoMeptto ~s11ra10meilc.11 3apm1<eH

HOii qaCTl1!.1,hl KaK <l>YHKUMK 6e3pa3Mepttoii: qactOTbI: 

cnAOUIHOJI KpU60JI - HOPMaJJhHOH COCTaBJUllOl11ell ITOJUI; uimpUX060JI - TaHreH

UHaJlhHOH COCTaBJUllOl11ell ITOJUI; ny11Kmup11aJ1 - MOAYJJll ttanpl{)KeHHOCTH 3JJeK

TPH'IeCKOro noJJll 

lllttpHHa crreKTpa HanpmKeHHOCTH 3JieKTPM1-IeCKOfO rrom1 (l.80) rro

PH.UKa OTHOIUeHH51 

v -z--, 
P Meff 

r.ne Meff - 3Q>Q>eKTHBHOe Bpewi: CTOJIKHOBeHH51 3apIDK.eHHOH qaCTHll,bI c oc

UHJIJIHTOpOM. B rrpaKTH'!eCKH Brut<.HhIX c.rryq:asi:x BhIITOJIH5IeTC51 ttepaBeHcTBo: 

1 T2 
~t.rr « - == -, 

<50 2 

T. e. 3Q>Q>eKTHBHOe BpeM51 CTOJIKHOBeHHH MHOfO MeHbIIIe BpeMeHH Q>a30-

BOH penaKCall,HH HJIH BpeMeHH 3aTyxaHH51 CB060)J;HbIX KOJie6aHHH oc

UHJIJIHTOpa. Tor.na Q>opMy JIHHHH BO BTOPOM paBettcTBe (l.79) MO)!(HO 

3aMeHHTb Ha )J;eJibTa-Q>yHKll,HIO B COOTBeTCTBHH c rrpe)J;eJibHbIM rrepexo

.LlOM (l.61). B pe3yJihrnTe rronyqaeTCH rrpocrnH Q>opMyna 

(1.82) 

OITHCbIBaIOIUaJI 3Heprnro B036y)!()J,eHH51 0Cll,HJIJI5ITOpa B pe3yJihTaTe CTOJI

KHOBeHHH c 3ap5DKeHHOH 'laCTHU,ett, .IlBHTaIOIUeHC51 no TpaeKTOPHH c 

npttll,eJibHbIM napaMeTpOM p. 
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Ecmi: 3ap5DKeHHa5I qacnu.1,a co cKopocThlO nop5ILJ,Ka cKopocnr 3JieKT

poHa Ha nepBOH 6opOBCKOH op6MTe aTOMa BOLJ,Opona (va = 2,18. 108 CM/c) 

npoJieTaeT MMMO OCUMJIJI5ITOpa c npnueJihHhIM rrapaMeTpOM, paBHhIM 

6opoBCKOMY pannycy (ag = 0,53 . 10-8 CM), TO 3cpcpeKTMBHOe BpeM5I 

CTOJIKHoBeHM5I cocrnBmi:eT 10-16 c. XapaKTepHoe BpeM5I ¢a30BOH pe

JiaKcaunn B CJiyqae, Korna 3aTyxaHMe OCUMJIJI5ITOpa o6yCJIOBJieHO CIIOH

TaHHhIM H3Jiyqem1eM, paBHO 10-8 ceKyHLJ,hI. TaKMM o6pa30M, B pac

CMOTpeHHOM TMIIM'IHOM rrpMMepe T2/ M.rr"' 108 M rrpeneJihHhIH nepexon 

( 1. 61) BhIIlOJIH5IeTC5I' II03TOMY B LJ,aJihHeH:UieM 6yneM IIOJih30BaTbC5I 

¢opMyJIOH ( 1.82). 
KaK OTMe'laJIOCh BhIUie, M5I 3¢¢eKTHBHoro B036yx<LJ,eHH5l ¢113M'lec

KOH cttcTeMhI Heo6xonMMO, '!T06hr rrapaMeTp Meccn v = wp/ v 6bm MeHh

Uie e,nMHMUbI. B ycJIOBH5IX rrpMMeHMMOCTM ¢opMyJihI (1.82) 3TO 03Haqa

eT, 'lTO 3¢¢eKTMBHOe BpeMH CTOJIKHOBeHMH )J,OJI)!(HO 6bITb MHOfO MeHb

rne rrepnona KOJie6aHMH rapMOHM'leCKOfO OCUMJIJI5ITOpa: 

21l 
!!i.t.rr « T =-. 

Wo 

B IIPOTHBHOM cnyqae, KaK 6bI HM 6bIJIO BeJIMKO 3JieKTptt'leCKOe none, 

OCUMJIJIHTOp He B036y,UMTCH. 

)l,1rn ¢mypMpy10rnero B paBeHcrne (l.82) KBanpaTa MOLl.YJI5I <l>ypbe-

06pa3a rrpOeKUMM 3JieKTpH'leCKOfO IIOJI5I c yqeTOM (1.80) HMeeM: 

IEx(mo, p, <P)i2 = 

= (~: J {F2 (P~o )sin2 acos2 <P + F'2 (P:o )cos
2 a}, 

( l.83) 

f)J,e a - yroJI Me)l(Lf,y BeKTOpOM CKOpOCTM V M e,UHHM'IHhlM BeKTOpOM ex B 

HarrpaBJieHMM OCH OCUMJIJI5ITOpa. B ¢opMyJie (l.83) BBeLJ,eH G3UMymaJlb

HblU YWJI lp, paBHhIH yrny Me)l(Lf,y BeKTOpOM en M IIJIOCKOCThlO v x ex. OH 

orrpeneJIHeT IIJIOCKOCTb TpaeKTOPMM )J,BlI)!(eHH5I 3ap5I)KeHHOH qacTMUbI. 

TaKMM o6pa3oM, 3HeprnH B036yx<LJ,eHHH ocuHJIJIRTopa B xo,ne cTonKHO

BeHMR c 3apmKeHHOH 11acTMUeH OKa3bIBaeTCH cpyHKUHett LJ,Byx TpaeKTOp

HbIX napaMeTpoa: E(p, tp). 
no aHaJIOflIM c lI3JiyqaTeJibHbIMH rrpoueccaMH M5I xapaKTepncTHKH 

3¢¢eKTHBHOCTM B036yx<LJ,eHM5I OCUMJIJI5ITOpa OLJ,HOpOLl,HbIM nyqKOM 3a

p5I)!(eHHbIX qacrn:u c O,UMHaKOBOH CKOpOCTblO MO)KHO orrpeLJ,eJIMTb Be-
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JIJ1lUfHy, Ha3brnaeMyIO 3qxpeKmU6HblM 6036yJK:aeHUeM, B COOTBeTCTBMH c 

cpopMynoi1:: 

~2n 

Kexc =ff E(p, <fJ)pdpd<p. (l.84) 
0 0 

3cpcpeKTMBHOe B036)')K)J,eHtte MMeeT pa3MepHOCTb rrpOH3Be)J,eHHH :mep

nm tta rrnoma.n.h. Otto rrocne yMHO)KettttH Ha ITJIOTHOCTh rroTOKa 3apH)J,OB 

.n.aeT MOIUHOCTb B036)')K)J,eHMH OCUHJIJIHTOpa. flo.n.cTaBJIHH Bbipa)KeHlrn 

(1.82) H (l.83) B cpopMyJiy (1.84) H 3aMeHHH HM)KHHM rrpe.n.eJI HHTerpHpO

BaHHH ITO npHueJihHOMY napaMeTpy, ITOCJie HHTerpHpOBaHHH no a3HMY

TaJibHOMY yrny ITOJIY'laeM 

21re
4 J~ {F2 ( pm0 ) sin 

2 
a F'2 (PUJo ) 2 } d P Kexc = -- -- --- + -- COS a -. 

mv2 v 2 v p a 

(1.85) 

3.n.ecb BBe)J,eH HH)KHHM npe.n.en HHTerpttpOBaHHH Pmin = a, paBHbIH pa3-

Mepy OCUHJIJIHTOpa. 3TO «o6pe3aHHe» HHTerpana (1.84) OTpa)l(aeT TOT 

cpaKT, 'HO IlpH MaJibIX rrp11ueJihHbIX napaMeTpax p < a HapyrnaeTCH KOfe

peHTHOCTb B3aHMo.n.eikTBHH 3apH)KeHHOH qaCT11Ubl c OCUHJIJIHTOpOM, qTo 

np11BO)J,HT K yMeHbllleH11IO CBH311 Me)K)J,y 3JieKTpnqecKHM IlOJieM 11 oc

U11JIJIHTOPOM. l1HbIM11 CJIOBaMH, 6JI113K11e rrponeTbI 3ap51)KeHHOH qacTH

Ubl p < Pmin = a ,II,aIOT npette6pe)KttMO MaJibIH BKJia)J, B B036y)K)J,ett11e 

OCU11JIJIHTOpa. 

KaK cne.n.yeT 113 rpacp11KOB puc. 1.12 .n.aneKHe npoJieTbI p > Pmax = v/ m0 

TO)Ke He n,aIOT BKJia.n.a B B036y)K)J,eH11e, IlOCKOJibKY )J,JIH HHX Mana ttanpH

)l(eHHOCTb 3JieKTpJiqecKOfO ITOJI}l 3apHn,a B MeCTe pacnOJIO)KeHttH OCU:HJI

JUITOpa. 

AHanu3 Bbipa)l(eHttH (1.84) noKa3brnaeT, 'ITO MaKCHMYM 3cpcpeKT11B

HOCT11 B036y)l(LJ:eHHH OCUHJIJIHTOpa )J,OCTHraeTCH rrpH Vmax = GUJo = v0, r;::i:e 

Vo - xapaKTepttoe )],JI}! n,aHHOfO OCU11JIJIHTOpa 3Ha'leHHe CKOPOCTH. 3a

BHC11MOCTb Kexc OT yrna OptteHTaUHH OCH OCIJ;HJIJIHTOpa a BeCbMa cna6aH, 

oco6eHHO B6JIH3H MaKC11MyMa CKOpOCTHOH 3aBHCHMOCTH 3cpcpeKTHBHO

CTH B036y)K)J,eH1151. 

B CJIY'lae paBHOBepOHTHOH opHeHTau1rn B npocTpaHCTBe OCH OCUHJI

JI5ITOpa ycpen,ttem1.e npaBoti qacTH pasettcrna (1.84) no yrny a n,aeT: 

Kexc = 21re: J {p2 ( POJo) + F'2 ( pmo )} d P. 
3mv a v v p 

(1.86) 
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Optt BhIBO)J,e (l.86) 6bIJIH HCilOJib30BaHbI cooTHOllleHHH 

1113 IlOJiy'leHHOfO Bbipa)[(eHHH CJie)J,yeT' 'ITO 3<P<l>eKTHBHOe B036y)[(

,UeHHe OCUHJIJIHTOpa onpe)J,eJIHeTCH 3HeprtteM: 3ap5I)[(eHHOH qaCTHUbl lf 

KBa)J,paTOM MO)J,YJIH <l>ypbe-o6pa3a HanpH)[(eHHOCTH ee 3JieKTPH'leCKO

ro TIOJIH. 

B TeopHH Heynpyrttx CTOJIKHOBeHHM qacTo HCilOJih3yeTCH npu6Au:JK:e

Hue EopHa-Eeme, KOTopoMy B paccMaTPHBaeMOM cJiyqae oTBe'laeT 3a

MeHa Bbipa)[(eHHH B cPHfYpHblX CK06Kax (1.86) Ha 8(1 - v), f)J,e B( v) -
<l>YHKUHH X3BHcaH.ua, paBHaH e)J,HHHUe npH noJIO)[(HTeJibHOM 3Ha'leHHH 

apryMeHTa H Hymo B npoTHBOilOJIO)[(HOM cJiyqae. B nptt6Jitt)[(eHHH Eop

Ha-EeTe <PopMyJia (l.86) ynpomaeTcH K BH)J,y: 

(B-B) (-) _ ;re
4 In ( €) 

Kexc £ - -3- --- ' 
Eo £ 

- £ £=-; 
Eo 

Eo - xapaKTepHaH 3HeprHH OCUHJIJIHTOpa, 

mv2 
e - o. 

0 --2-, 

£ - 3HeprnH 3ap5I)[(eHHOM qaCTHUhI, 

mv2 

£=-2-· 

( 1.87) 

MaKCHMYM 3<P<l>eKTHBHoro B036~eHHH KaK <l>YHKUHH 6e3pa3Mep

HOM 3HeprHH i )J,OCTHraeTCH npH £max = e = 2, 87. 3aMeTHM, 'ITO MH 

CJiyqaH B036~eHHH aTOMOB 3JieKTPOHaMH 3KCnepHMeHTaJibHbie )J,aH

Hbie )J,aIOT CJie)J,yIOIUHH mrnna30H 3HeprHH B MaKCHMyMe 2, 9 < Emax < 3, 5, 
'ITO HaXO)J,HTCH B pa3yMHOM COOTBeTCTBHH c npe)J,CKa3aHHeM BblllleH3-

JIO)f(eHHOf0 IlO)J,XO,Ua, OCHOBaHHOfO Ha MO)J,eJIH rapMOHH'leCKOfO oc

UHJIJIHTOpa. 

3<P<PeKTHBHOe B036~eHHe OCUHJIJIHTOpa (l.86) MO)[(HO Bbipa3HTb 

qepe3 '-111CJIO <PoTOHOB 3JieKTpH'leCKOfO IlOJI51 HaJieTaIOIUero 3ap51)],a, KO-
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Topoe 3a BCe BpeMH CTOJIKHOBeHHH rrpOXO.UHT qepe3 e,UHHHUY ITJIOIUa.UH B 

e,UHHHqHbIH qaCTOTHbIH HHTepBaJI: 

c IE(w, P)l
2 

( 2 nf hw 
( 1.88) 

r.ue Ii - nocTOHHHaH flJiattKa. Tor.ua BMeCTO ¢opMyJihI (1.86) HMeeM 

(l.89) 

Cf>OTOHbI, COCTaBJIHIOIUHe KYJIOHOBCKOe ITOJie 3apH.ua, Ha3bIBaIOT

CH 3KBUBa/leHmHbtMU. MeTO.U 3KBHBaJieHTHbIX ¢oTOHOB HCITOJib30BaJI

CH 3. <f>epMH B 1924 r. (.uo C03,UaHHH KBaHTOBOH MexaHHKH) .UJIH pacqern 

B036)')K,!l,eHHH aTOMOB H MOJieKYJI 3apm1<eHHbIMH qacTHUaMH. 

floJiyqeHHbie B .uaHHOH rnaBe Bbipa)J(eHHH 6y.uYT npHMetteHbI B noc

Jie.UyIOIUeM H3JIO)J(eHHH rrpH aHaJIH3e 3JieKTPOMarHHTHbIX B3aHMO,UeHCTBHH 

c yqaCTHeM aTOMOB, MOJieKYJI H HaHoqacTHU. 



OonyqHM COOTHOUieHHe (1.53), YCTaHaBnHBaIOrn:ee CB513b 

Me)l(,Tl,y cneKTpanbHOM ITJlOTHOCTbIO ::rneprnH cnyqaMHOfO CTaUHOHapttoro 

ITOJ151 H aBTOKoppeMUHOHHOM cpyHKUHeM HanpIDKeHHOCTH 3JleKTpHqec

KOfO ITOM. no onpe;:i:eneHHIO npocTpaHCTBeHHa51 ITJlOTHOCTb 3HeprnH E 
0)],HOpO)],HOro 3JleKTpOMarHHTHOf0 ITOJ151, 3aHHMaIOmero o6beM v, paBHa: 

u = E =I E2 + H2) = (E2 (t}). 
V \ 8n 4n 

(01.1) 

YrnoBhre cKo6KH 060JHaqa10T ycpe;:i:Hem1e no cocTOHHHIO 3JJeKTpo

MarHHTHoro non51, T. e. no aMnJlHTy)],aM, cpa3aM H nom1pH3aUH51M ero 

MOHOXpOMaTHqecKHX KOMnoHeHT. B TpeTbeM paBeHCTBe (CT 1.1) yqTeHo, 

qrn B 3JieKTPOMarHHTHOM BOJIHe B BaKYYMe Hanp51)1(eHHOCTH 3J1eKTpH

qecKoro H MarHHTHoro nonH c0Bna;:i:a10T. KoppeJJHTOP 3neKTpttqecKoM: 

Hanp.fDKeHHOCTH CTaUHOHapHoro nOJ151 no onpe;:i:eneHHIO paBeH: 

ct>ypbe-06pa3 KoppeJIHTOpa KE;k(w) Ha3bIBaeTc51 meH3opoM cneKmpa!lb

Hou nJiomHocmu noJJH. 

c IlOMOW:bIO Bbrpa)l(eHH51 (01.2) paBeHCTBO (CT 1.1) MO)l(HO nepenH

caTb B BH)],e 

u = (E2(1)) =KE;; (r = 0) =_I_? f KE;;(w)dw. 
4JZ" 4JZ" (21Z" t 0 

(CT 1.3) 

3aecb no IlOBTOpHIOW:HMC51 HH)J.eKCaM noapa3yMeBaeTC51 cyMMHpOBaHHe. 

Optt rrepexoae K HHTerpnpoBaHHIO no noJIO.)JmTeJibHbIM qacTOTaM 6brno 
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yqTeHo, qTo ¢YHKUM51 KE;;(w) - qeTHa51, qTo nerKo noKa3aTb M3 ee 

onpe~eJieHM51 M ~ettCTBMTeJibHOCTM Hanp51)1(eHHOCTM 3JieKTpMqecKoro 

IlOJI51 E;(t). 
CpaBHMM Teneph paBeHCTBO (fll.3) c onpe~enettMeM cneKTpanbtton 

IlJIOTHOCTM Il0Jl51 

= 

u = J p(w)dw, (I11.4) 
0 

H3 KOToporo BhITeKaeT, qTo 

1 
p (w) = --2 KEii (w); (fl 1.5) 

(2n) 

= = 
KE;; (w) = f KE;; ( r)eim dr = f eiwr (E (t)E (t + 'r)) dr. (fl 1.6) 

lb cpopMyJI (fl 1.4) M (fl 1.5) cne~yeT paBeHCTBO (1.53). 



npMno>t<eHMe 2 

Bhrne)J,eM <l:>opMyny (l.77), onttcbrna10my10 MOllJ.HOCTb ,ll,M

noJibHOro M3Jiyqettm1 3apm1<:eHHOro ocu:nnmnopa Mop3e, ycpe,ll,HeHHYIO 

no nepwo,ll,y Kone6attm1:, nocne oKottqaHtt51 B036}')1(,Ua10mero ttMrrynhca 

3JieKTPOMarHHTHOf0 IIOJIH (t » M), KOr)J,a KOJie6aHM51 MO)!(HO cqttTaTb 

CB060)J,HbIMM. I1cXO)J,HM H3 Bbipa:>KeHHH )J,JIH MfHOBeHHOM MOlll,HOCTH 

L(HIIOJlbHOro M3JiyqeHM51 OL(HOMepHbIX KOJie6aHHM OCU:MJIJI51TOpa c 3Hep

rtteM: E 

_ 2jd(t, Et 
Q(t, E) - 3 , 

3c 
(CT2. l) 

me d(t, E) = qx(t, E) - L(MIIOJibHbIM MOMeHT OCU:MJIJl51TOpa (k = OJo Jm/2D -
napaMeTp noTettu:nana Mop3e; D- 3Heprtt51 CB513tt; m - Macca ocu:vrn

JI51Topa). CTepenwweM <PopMyny (CT2.1) B 6e3pa3MepHbIX nepeMeHHhIX 

p = kx M T = mot M ycpe,ll,HMM no 6e3pa3MepHOMy nepMOLlY KOJie6aHttM 

T
-(Morse) _ T(Morse)(JJ _ ___l!!__ 

- 0 - .J1 - i' 
([12.2) 

r)J,e & = E/ D - HopMttpoBatttta51 3Heprn51. B pe3yJihTaTe nonyqMTCH BbI

pa)l(eHwe 

(Q( t c)) = 4q
2
mJD( .. 2 )- • 

' r 3mc3 P,2 r 
([12.3) 
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TaKHM o6pa30M, tteo6xo)J.HMO BhrqncJittTb cpe)J.ttee OT KBa)J.paTa 6e3-

pa3Mepttoii: BTOpOM rrpott3BO)J.HOtt: (ii;z )t. 3TO cpe)J.ttee MO)l(HO rrpe)J.

CTaBHTb B BH)J.e 

( 
.. 2 ) - 2 Pzf(t) P2 d - 2 J1 - £I (-) -p' - --= - p - --- Me -

r T T PJ(i) jJ 2Jr 

J1 _ £ Pz(i) [ exp(-2p)- exp (-p)J2 
=2-- f dp, 

2n PJ(e) ~£ -1+2exp(-p)- exp(-2) 

(Il2.4) 

r)J.e P1 = - In (1 + Ji) H P2 = - In (1 - Ji) - TQqKlf IIOBOpOTa, B KOTOpbIX 

CKOpOCTb OCIJ,HJIJI51TOpa o6pamaeTC51 B HOJib. OHM COOTBeTCTBYlOT HYJI51M 
IIO)J.KOpeHHOro Bbipa)l(eHH51 B 3HaMeHaTeJie rrpaBOM qacTH paBeHCTBa 
(Il2.4). Ilptt 3aIIHCH (Il2.4) 6bIJIO yqTeHo, qTQ 3JieKTpOMarHHTHbIM HM
IIYJibC 3aKottqttJIC51, H LI.ttttaMttKa ocu,ttJIJI51Topa Mop3e orrpeLI.eJI51eTc51 TOJib
KO ero IIOTeHIJ,HaJibHOM 3Heprtteii:, TaK qTo crrpaBe)J.JIHBO Bbrpa)l(eHH51 )J.JI51 
YCKOpeHH51 CB060)J.HOro OCIJ,HJIJI51TOpa (1. 75) H ero CKOpOCTH, CJie)J.ylO
mee H3 (1.67). 

11ttTerpaJI B rrpaBoii: qacTtt (Il2.4) IM{£) ttecJIO)J(HO BbrqncJittTh, ecJitt 

HCIIOJib30BaTb 3aMeHy rrepeMeHHOtt: 

p = -ln(l + ~y). 

Tor)J.a rrocJie 3JieMettTapttbIX rrpeo6pa3oBattttii: ttaxOLI.ttM: 

(Il2.5) 

IlO)J.CTaBJI5151 rrpasy10 qacTb (Il2.5) B (Il2.4) H IIOJiyqeHHOe Bbipa)l(e

HHe B paBettcrno (Il2.3), rrpttXOLI.HM K <PopMyJie (1.77) (£ = t:/ D): 

(Il2.6) 
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rnABA 

2 

2.1. 

TEOPHJI TEnnoeoro HJnYLIEHHff 
H KBAHTOBAHHE 
3nEKTPOMArHHTHOro nonff 

KBAHTOBAHJ.1E 3HEPrJ.1J.1 BE[UECTBA 
J.1 TEOPJ.1.fl TEnnosoro J.13nY4EHJ.1.fl 
M.nnAHKA 

)],o Ha<Jarm XX B. 3JieKTpoMarHHTHoe noJie paccMaTpirna

JIOCh KaK KJiaCCH<JeCKHH o6beKT. 3TO 03Ha'laeT, 'ITO Bee ero xapaKTepH

CTHKH MOryT 6bITb OilHCaHbI c IlOMOW:bIO HenpepbIBHbIX <l>YHKUHH npo

CTpaHCTBeHHO-BpeMeHHOH TO<JKH. TaKOH no.11.xo.11. a.11.eKBaTHO onttcbrnarr 

6oJihllIHHCTBO H3BecTHhIX K KOHUY XIX B. 3KcnepttMeHTarihHhIX <PaKTOB, 

3a HCKJIIO<JeHHeM 0.11.HOro: B paMKax cyw:ecTBOBaBllIHX IlOH51THH He y.11.a

BaJIOCb o6b51CHHTh cneKTp TenJioBoro H3JiyqeHH51. HanoMHHM, 'ITO no.11. 

TeilJIOBbIM H3JlyqeHHeM IlOHHMaeTC51 H3Jiy<JeHHe, Haxo.11.mueec51 B COCT0-

51HHH TenJioBoro paBHOBeCH51 c BemecTBOM. CBottcTBa TaKoro H3JiyqeHH51 

He 3aBHC51T OT xapaKTepHCTHK OKpy)[(aIOw:eii cpe)J,bI, a onpe)J,eJI51IOTC51 

HCKJIIO'IHTeJlbHO CBOHCTBaMH CaMoro 3JieKTpOMarHHTHOrO Il0Jl51. flo-

3TOMy HCCJie)J,OBaHHe TenJIOBoro H3Jiy'IeHH5I KpaiiHe Ba)[(HO .11.JISI ycTa

HOBJleHH51 <l>YH.11.aMeHTaribHbIX 3aKOHOMepHOCTeii, npHCYIUHX 3JieKTpO

MarHHTHOMY IlOJIIO. KriacCH'IeCKa5I <l>H311Ka OKa3aJiaCb Hecnoco6HOH 

ttattTH y.11.osJieTsop11TeJibHOe TeopeTH'IecKoe o6b51CHeHHe cneKTpa Ten

noBoro H3JiyqeHH51 Pr(m). EoJiee rnro, nocJie.11.osaTeJibHhIH KJiacctt<Jec

KHtt no.11.xo.11. K 3TOtt npo6JieMe npe.11.cKa3hIBarr HeorpaHJI<JeHHhitt pocT 

<PYHKUHH Pr(m) c yBeJIH'IeHJieM qacTOThI m, TaK 'ITO npocTpaHcrneHHa51 

IlJIOTHOCTb 3HeprHJI TeilJIOBOro H3Jiyqemrn Ur OKa3hIBarracb 6eCKOHe'IHO 

60JibllIOH. 3TOT pe3yJlhTaT, CB513aHHbIH c HCilOJib30BaHHeM KJiaCCH<JeC

KOrO no.11.xo.11.a B TeopHH Tennosoro 113nyqeHH5I, noJiyqHJI ttaJBatt11e yJ1bm
parjJuoJ1emo6oii KamacmporjJbt. KaK noKa3arro .11.anbHettrnee pa3BHTHe Ha

YKH, YJibTpa<P110JieT0Ba5I KaTaCTpo<Pa 5IBJI5IeTc5I cne.11.crnHeM npHHUHilH

arrhHOtt HeB03MO)[(HOCTH KJiaCCH'IeCKOM <Ptt3JIKH .11.aTh OilHCaHHe 3aKOHOB 
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MJIKPOMJipa, IIOCKOJibKY Otta He )"IJITbIBaeT Ba)l(Hettrnero CBOHCTBa MaTe

PJIJI: KoprrycJ<YIDiptto-BOJIHOBoil: .uyanJI3M. Tpe6oBaJIC.H rrpJIHUJIIIJiaJibtthril: 

rrepeCMOTp KJiaCCJiqecKJIX IIOH.HTJIH. flepBbIH war B 3TOM ttarrpaBJieHJIJI 

6bIJI c.uenaH M. nnaHKOM B ero TeopJIJI TeIIJIOBOfO JI3JiyqeHJI.H B CTaTbe 

1900 r. )l.atttthril: Bonpoc B 6oJiblllJIHCTBe yqe6ttbIX rroco6Jiil: JI3JiaraeTC.H tta 

OCHOBe KBaHTOBaHJI.H 3HepmJI pa.uJiauJIOHHOfO (JIJIJI IIOJieBoro) OCUJIJIJI.H

TOpa, qTQ OTHIO.Ub He rrpe.urronaraJIOCb M. nnattKOM. MbI IIPJIBe.ueM 3.uecb 

BbIBO.U, .uaHHbIH CaMJIM flJiaHKOM, KOTOpbIH paccMaTpJIBaJI .UJIHaMJiqec

KOe paBHOBeCJie Me)[()ly 3JieKTpOMarHJITHbIM IlOJieM JI attcaM6JieM rapMO

HttqecKJIX ocuttJIJUITopoB, rrpe.ucrnBJI.HIOlllHX MoJieJ<YJihI Bemecrna [ l]. )l.n.H 

rronyqetttt.H cpyHKUHH Pr(w) flJiaHK HCIIOJib30BaJI CB.H3b Me)[()ly crreKTpaJib

HOH IIJIOTHOCThIO 3tteprJIJI TerrnoBoro JI3JiyqettJI.H JI cpe.utteil: 3tteprJieil: 

OCUJIJIJI.HTOpa cpe)lbI, 06na.ua10mero TOH )Ke qacTOTOH (J): 

(1)2 

Pr(w) = ---r-J(E(w))T. 
Jr c 

(2.1) 

<l>opMyna (2.1) MO:lKeT 6bITh Bhrne.uetta B paMKax KJiaccttqecKoro pac

CMOTpetttt.H, qTo H 6bIJIO c.uenatto B pa3)l. 1.3 HaCTO.Hmeil: KHttm [CM. 

<l>opMyny (l.64)]. 113 ttee cne.uyeT, qrn .UJI.H ttaxo)[()letttt.H crreKTpaJibHOil: 

IIJIOTHOCTJI Pr(w) .uocTaTOqtto rronyqJITh .HBttoe Bhrpa:lKettJie cpe.utteil: 3ttep

rJIJI OCUHJIJI.HTOpa Bemecrna Ha 3a)laHHOH qacTOTe (E(w))T B COCTO.HHHH 

TepMO.UHHaMH'IeCKOfO paBHOBeCtt.H. flJiaHK HCXO.UHJI H3 TepMO.UJIHaMJI

qeCKOfO COOTHOllleHtt.H 

dS 
dE = T' 

(2.2) 

r.ue S - 3HTPOIIJI.H; E - 3ttepm.H; T - TeMrrepaTYpa. )l.atttta.H <l>opMyna 

HBJI.HeTCH orrpe.uenettJieM a6coJIIOTHOH TeMrrepaTypbI, rrptt 3TOM TeMIIe

paTypa rrpe.urronaraeTc.H tt3Mepettttoil: B 3ttepreTJiqecKJIX e.uJIHJiuax (no

CTO.HHttaH DOJlbUMaHa kB = 1 ), a 3HTpomrn OKa3bIBaeTC.H 6e3pa3Mepttoil: 

BeJIJiqJIHOH. 

qT06bI BOCIIOJib30BaTbC51 paBeHCTBOM (2.2), HY:lKHO ttail:TJI 3HTpOilHIO 

cttcTeMbI KaK <l>YHKUHIO ee 3ttepmJI. flycTu Bemecrno, ttaxo.umueecH B Tep

MO.UttHaMmecKOM paBHOBeCHH c HJJiyqetttteM, COCTOHT H3 N OCUlIJIJIHTOpOB 

c co6crnettttoil: qacrnrnil: w. Tor.ua ttMeIOT Mecrn oqeBtt.uHhre paBettcrna: 

r.ue s - 3HTPOIIJIH, rrpttXO.U.HmaHC.H Ha O.UHH OCUJIJIJI.HTOP cpe.ubr. )l.JIH 

ttaxo)[()letttt.H <l>YHKUHH S(E) flnattK rrpJIMettJIJI <l>opMyny EonhuMatta, 
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orrpe,!1,eJUUOID;YIO 3HTpOIIHIO KaK JIOrapH<pM eTaTHeTl.PieeKOro Beea f MaK

poeKOIIHqeeKOfO eoeTOHHlUI etteTeMbI e 3a,!l,aHHOH 3HeprneH E: 

S(E)= lnf(E). (2.3) 

HarroMHMM, qTO eTaTMeTwqeeKMH Bee MaKpOeKOIIMqeeKoro eOCTOH

mrn paBeH qweny MMKpOeKOIIMqecKMX peaJIM3aUMH ,!l,aHHOfO coeTOHHMH. 

11rnK, 1a,!l,aqa cBenaeh K orrpe,!1,eneHttIO ernTtteTwqecKoro Beea f(E) 
MaKpocKorrwqeeKoro cocTOHHMH BemecTBa e 3a,!l,aHHOH 3Heprneii E. B 3TOM 

IIYHKTe flnaHK C,!l,eJiaJI eBoe peBOJIIOUMOHHOe npe,!1,IlOJIO)!(.eHMe 0 TOM, 

qTO 3HeprMH CMCTeMbI oeuHJIJIHTOpOB Bern;eCTBa M3MemieTe51 ,!l,MCKpeT

HhIM o6pa30M: 

E = Pnw, (2.4) 

r,!l,e p - HaTypaJibHOe qtteno; nOJ - 3JieMeHTapHhIH KBaHT 3Heprntt; 

Ii = l ,0546 · } Q-273pr · e - IIOeTOHHHaH flJiaHKa. PaBeHeTBO (2.4) IIOTpe-

6oBaJIOeb )l,JIH Toro, qTo6bI IIOJiyqMTh HBHOe Bhrpa)!(.eHMe ,!l,JIH 3HTPOIIMH. 

c yqeTOM rrpe,!1,IlOJIO)!(.eHMH (2.4) eTaTMeTwqeeKMH Bee 3a,!l,aHHOro eoeTo

HHMH ettcTeMbI OeUMJIJIHTOpOB, onttebrna10mttx BemeeTBO, paBeH qneJiy 

pa1Mern;eHMH P rrpe,!1,MeTOB no N 51qeiiKaM. 3TY BenwqwHy MO)!(.HO rroJiy

qJ1Th e IlOMOll.l;hIO KOM6ttHaTOpMKM: 

f = R = ...;_( N~+_P_-_1-'--) ! 
P!(N -1)! 

(2.5) 

C rroMOID;hIO <l>opMynhr CTttpnwttra 

paaetteTBa 

p = __§__ 
tzw 

11 <l>opMyJI (2.3), (2.5) HaXO,!l,HM ,!l,JIH 3HTpOIIHM, npMXO,!l,HID;eHCH Ha 0,!l,MH 

OeUHJIJIHTOp: 

s(e) = (1 + ~)1n(1 + ~)- ~ln(~), 
tzw tzw tzw tzw 

(2.6) 

r.ue t:=(E(w)>r· flptt BhIBO,!l,e (2.6) MCilOJib30BaJIOeb COOTHOWeHtte: N» 1. 
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113 onpe,IJ,eJiemrn (2.2) 11 aM11T11BHOCT11 3Hepm11 11 3HTpOTI1111 CJie,IJ,y

eT, 1.J:TO 

ds 

de T 

IlO,IJ,CTaBJI5HI B TIOCJie,IJ,ttee paBeHCTBO Bbrpa)Kett11e (2.6), nonyqaeM 

M51 cpe,IJ,HeM 3Hepr1111 OCU11JIJI51TOpa BemecTBa B COCT051H1111 TeTIJIOBOfO 

paBHOBec1151: 

(2.7) 

B npe,IJ,eJie OTHOC11TeJibHO MaJIOfO KBaHTa nm« T cpopMyJia (2. 7) ,IJ,aeT 

KJiacc11qecK11M pe3yJihTaT M51 cpe,IJ,tteli 3ttepm11 ocu11JIJI5ITOpa: (E(m))r= T 
(BbIIlaJia TIOCT051HHa51 IlJiaHKa ti!). B npOT11BOTIOJIO)KHOM npe,IJ,eJie nm» T, 
KOr,IJ,a ,ll,11CKpeTHOCTb 113MetteHl151 3Hepr1111 CTaHOB11TC51 cymecTBeHHOM, 

nonyqaeM 

B 3TOM cnyqae cpe,IJ,AA51 3ttepr1151 BKJIIOl.J:aeT B ce651 3Kcnottettu11anhtto 

MaJibIM cpaKTOp. 

11cnOJib3Y51 paBeHCTBa (2. l) 11 (2.7), np11XO,ll,11M K cpopMyJie IlnaHKa 

M51 cneKTpa TeTIJIOBOfO 113Jiyqett115I: 

(P) nm3 1 
Pr ( m) == ( • 

n 2 c 3 exp nm /T) - I 
(2.8) 

KaK cne,IJ,yeT 113 np11Be,IJ,ettttoro BhIBO,IJ,a, IlnaHK <<npOKBaHTOBaJI» 3ttep

m10 Cl1CTeMbl OCU11JIJI51TOpOB Bemecrna (2.4), He ,IJ,eJia51 H11KaK11X KBaH

TOBbIX npe,ll,TIOJIO)KeHl1M OTHOCl1TeJibHO CBOMCTB 3JieKTPOMarHl1THOfO 113-

JiyqeHl151. Mo)KHO cKa3aTb, 1.J:TO KBaHTOBhre CBOMCTBa Bemecrna oTo6pa-

311JI11Ch Ha KBaHTOBbre CBOMCTBa 113JiyqeH1151 6naro,IJ,ap51 COOTHOIUeHl1IO 

(2.1), KOTOpOe 51BJI51eTC51 CJie,IJ,CTBl1eM TepMO,IJ,11HaMl1'IeCKOfO paBHOBeCl151. 

B Hl13K01.J:aCTOTHOM npe,IJ,eJie nm « T, KOr,IJ,a ,ll,11CKpeTHOCTb 113MeHe

H1151 3Hepm11 CTaHOBl1TC51 ttecymecrnettHhIM, Bhrpa)Kett11e (2.8) nepexo

,IJ,11T B cpopMyJiy P3Jie51-)],)!(11ttca: 

(2.9) 
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a B BhICOKoqacTOTHOM rrpe.n:ene 1iw « T - B <PopMyny B1rna: 

(W) 1i W
3 

( 1iW) Pr (w) =~exp -- . 
n c T 

(2.10) 

06panrM BHHMaHtte Ha TO, qTo B KJiaccwqecKOM npe.n:ene P3JieH

)J.)((ttHca H3 Bb!pa)((eHHH ,!l;JIH crreKTpaJibHOH TIJIOTHOCTH 3HeprHH TeIIJIO

BOfO H3JiyqeHHH (2.9) BbIIIaJia TIOCTOHHHaH 0JiaHKa, T. e. B CJiyqae MaJihIX 

qacTOT ,!l;HCKpeTHOCTh H3MeHeHHH 3HeprHH TIOJieBoro OCIJ,HJIJIHTOpa CTa

HOBHTCH HecymecTBeHHOH, H MO)((HO TIOJih30BaTbCH <PopMaJIH3MOM KJiaC

CHt.IeCKOH <Ptt3HKH. 

Ecnw wcrrOJih30BaTh KJiaccttqecKoe Bhrpa)((eHtte P3JieH-)J.)((ttHca (2.9) 

,!l;JIH Bhll.!HCJieHHH rrpocTpaHCTBeHHOH IIJIOTHOCTH 3Heprtttt, TO nonyqaeT

C5! pacxo.n:mn:ttttcR ttHTerpan 

u~) = J p~)(w)dw = w3 ~ oo, 
0 

T. e. 3HeprmI TeIIJIOBOfO H3JiyqeHMR B e)l;ttHttn:e o6beMa OKa3hIBaeTCR 

6eCKOHet.IHOH. )J.aHHOe npOTHBOpet.Itte IlOJiyqttJIO Ha3bIBaHtte «yJihTpa

<PttoJieTOBOH KaTaCTPO<i>hI», IlOCKOJihKY pacxo.n:ttMOCTh MHTerpana B03-

HHKaeT tt3-3a aHOMaJihHO 6oJibllloro BKJia.n:a BhICOKHX qacTOT. YnhTpa

<PttoJieToBaH KaTaCTpo<Pa TIOCJI~HJia Ba)!(HbIM CTHMYJIOM ,!l;JIH nepecMOT

pa KJiaccttt.IeCKMX rrpe.n:cTaBJieHHH 0 CTpoeHHH MaTepttH H C03,!l;aHMR 

KBaHTOBOH TeopttH H3JiyqeHMH. 

<l>opMyny (2.9) y.n:o6Ho neperrwcaTh qepe3 6e3pa3MepHyIO <PYHKIJ,HIO 

0JiaHKa: 

x3 
F. (x)--~-

P - exp(x)-1 
(2.11) 

B BH,!l;e 

Pr (w) = n2::1i2 Fp ( 1i;} (2.12) 

fpa<PttK <PYHKIJ,HM nnaHKa Fp(x) BMeCTe c rrpe.n:eJibHhIMM cnyqaHMH 

rrpe,!l;CTaBJieH Ha PHC. 2.1. 

<l>yHKIJ,MR IlJiaHKa ,!l;OCTHraeT MaKCHMyMa rrptt 3Hat.IeHHH apryMeHTa 

Xmax = 1iw;ax = 2,821. 
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0TCIO,!l,a CJie,!l,yeT, 'ITO qacTOTa MaKCHMyMa cneKTPaJibHOH IlJIOTHOCTH 

3HeprHH TenJIOBOfO H3JIYlfeHHH JIHHeHHO pacTeT c TeMnepaTypoM: (3aKOH 

CMelll,eHHH BHHa) B COOTBeTCTBHH c paBeHCTBOM 

2,82T 
Wmax = --n-, (2.13) 

me TeMnepazypa H3Mepetta B 3HepreTHlfeCKHX e,!l,HHHUax. 

Fp(X) 

1,5 
-- ¢>yHK~M.A n11aHKa 

- - npe,11M P>ne•-A>t<oHCa 
••••••••• npe,D.e/l BMHa 

1,2 

0,9 

0,6 

0,3 

0,00 2 4 6 8 10 12 x 

Puc. 2.1. <l>yHKUHll IlJlattKa Fp(x) H ee npeAeJlbHbie cJly'IaH 

flpocTpaHcTBeHHaH IlJIOTHOCTb 3HeprnM TenJIOBOfO H3JiyqeHH51 paBHa 

= T 4 = 4 4 
Ur = f Pr(w)dw == 23"3" f Fp(x)dx =-a (T[K]) , 

o JrCn 0 C 
(2.14) 

me a - nocTOHHHaH CTe¢atta-fioJibUMatta, 

Jr2k4 
a= --8- = 5 67 .10-5 

r/c
3 

· rpa,!1,4 . 
60c21i3 

' 
(2.15) 

flpH BblB0,!1,e npaBOH qaCTH paBeHcTBa (2.14) 6bIJI HCilOJib30BaH Ta6-

JIMlfHbIH MHTerpan 

= 4 f Fp(x)dx = ~. 
0 15 

TaKMM o6pa3oM, KaK 3To BM,!1,HO m ¢opMyJihI (2.14), noJittaH 3ttep

rMH TeilJIOBOfO H3JiyqeHM51, rrpOCYMMMpoBaHHaH no BCeMy cneKTPaJibHO-
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MY .u1-rnna30Hy, pacTeT KaK qernepTaH CTerreHb TeMrreparypbI, OCTaBaHCb 

rrpH 3TOM KOHeqHOH se;mq11HOH. 

CrreKTP H3JiyqeHHH Co11Hua B BH.UHMOH 11 HHcl:>paKpacHOH 0611acTH 

XOpOllIO OTIHCbIBaeTCH cl:>opMyJIOH 0JiaHKa MH TeITJIOBOrO H3JiyqeHHH 

(2.12) MH TeMrrepaTypbI T = 5800 °K (pHc. 2.2). OcHOBHOH rrpouecc B 

cl:>oTOccl:>epe COJIHUa, KOTOpbIM rrpHB0,[1,HT K cl:>opMHpOBaHHIO crreKTpa 

H3JiyqeHHH B 3TOM .u11arra3oHe, HBJISieTCH pa,[!,HaQHOHHbIM 3axsaT 3JleKT

poHa aTOMOM so.uopo.ua: e + H H H- + liw. 3HeprnH CBH3H 3JieKTpoHa B 

OTPHUaTeJlbHOM HOHe so.uopo.ua COCTaBJIHeT 0, 75 3B, qTQ COOTBeTCTByeT 

.UJIHHe BOJlHbl cpOTOHa 1,65 MKM. l·faJiyqeHHe 6011ee KOpOTKHX .UJIHH BOJIH 

COJIHeqHoro cneKTpa B BH.UHMOM H HH<l>paKpaCHOM .UHana30He npO.HCXO

.UHT np.H 3axBaTe 3JieKTpOHOB c HepaBHOH HYJIIO KHHeT.HqecKOM 3Heprn

eit B CBSl3aHHOe COCTOHHHe HOHa H-. 
)].ITH 3cl:>cl:>eKTHBHOH reMrrepa'fYPbI cOJrneqHoH nosepXHOCTH T = 5800 °K 

B COOTBeTCTBHH c 3aKOHOM CMeUJ,eHHSI BHHa (2.13) MO)l(HO TIOJiyqHTb 

3HaqeHHe 3Heprn11 cpoToHa, Ha KOTopy10 rrp.HXO.UMTCH MaKCHMYM B crreKT

pe H3JiyqeHHH CoJIHua: liwmax "" 1,49 3B. 3aMeTHM, qTQ cl:>YHKUHH pacrrpe

.ueJieHHH 3HeprHH TeITJIOBOrO H3JiyqeHHH no MHHaM BOJIH HMeeT BH.U, 

OTJIHqHblM OT (2.11) H (2.12) ( c yqeTOM 3aMeHbl (1) = 27tc/ A), TIOCKOJibKY 

B Hee 6y.ueT BXO.UHTb .UOilOJlHHTeJibHbIM MHO)l(HTeJib, nporropuHOHaJib

HbIM A,-2. B pe3yJibTaTe MaKCHMYM crreKTpa coJIHeqHoro H311yqeHm1 rrpH

XO.UHTCH Ha .UJI.HHY BOJIHbl 0,488 MKM, a He Ha 0,83 MKM, KaK CJie.UOBaJIO 

6b1 H3 BbIUierrpirne.ueHHOH BeJIHq.HHbI liwmax 
3aKOH CMeUJ,eHHH B.HHa B TepMHHax MHHbl BOJIHbl TeTIJIOBOfO H3JIY

qeHHH HMeeT BH.u: 

Amax T == b, (2.13a) 

r.ue b = 0,2898 CM· K - nocTOHHHaH Birna, OTKY.Ua H cJie.uyeT 3HaqeHHe 

MH MHHhl BOJIHbl B MaKCHMyMe COJIHeqHoro crreKTpa. 

MoUJ,HOCTb Terr110Boro .H3JiyqeHHH c e.uHHHUbI rrosepxttocTH Tena 

pasHa ST= cuT/4, OTKY.Ua c yqeToM (2.14) rronyqaeM 3aKoH CTecl:>aHa

EoJibUMaHa ST= aT4• Op11MeHHM 3TY cl:>opMyny K H3JiyqeHHIO Co11Hua. 

Tor.ua c yqeTOM 3HaqeHMH coJIHeqHoro pa.u11yca (Re= 6,96 · 106 KM) Ha

XO.UHM MH MOlll,HOCTH H3JiyqeHHSI COJIHUa B MO,[l,eJIH TeITJIOBOro H3Jiyqe-

HHH Qfl = 3, 925 · 1026 BT, qTO scero Ha 1,8 % 6oJibUie TOqHoro 3Haqe

HHH. flonyqeHHyIO BeJIHqHHY MO)l(HO HCTIOJib30BaTb ,[l,JlH OUeHKH HH

TeHCHBHOCTH co11HeqHoro H3JiyqeHHH Ha op611Te 3eMJIH. OpocToH pacqeT 

.uaeT I c = 0, 14 BT/CM2. )].JIH cpaBHeHHSI 3aMeTHM, qTo xapaKTepHoe 3Ha

'leHHe HHTeHCHBHOCTH H3JiyqeHHH Jia3epa, pa6oTaJOUJ,ero B pe)l(HMe MO-
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.uymn.1,MM .uo6pOTHOCTM, cocrnBJrneT IQ-swit = 108 BT/cM2. Ec;rn npttMe

HMTb 3aKoH CTecpatta-EonhUMatta K tt3nyqettu10 3eMJIM, To MO)l(HO 

nonyqttTh cne.uy10mee 3cpcpeKTMBttoe 3Haqettue TeMnepaTyphI ee noBepx

HOCTM T3 "' 249 K. 

2.2. BblBOA <l>OPMYnbl 
Allff cnEKTPA TEn110Boro H311Y4EHHSI 
HA OCHOBAHHH KBAHTOBAHHSI 
3HEPrHH 3nEKTPOMArHHTHOro nonff 

KBaHTOBbie CBOMCTBa u3nyqemu1 B 51BHOM BJ.me 6bIJIM no

CTynupoBaHbI A. 3MHIIITCMHOM npM o6b51CHeHMM 3aKOHOB cPOT03cpcpeK

Ta Bero 3HaMeHJITOM CTaTbe «06 O,UHOM 3BpMCTII'-IeCKOM TOqKe 3peHM51, 

KacaIOIIIeMOI B03HMKHOBeHM51 II npeBpameHM51 CBeTa», BbIIIIe,UIIIeM B 

1905 r. [2]. 3i1HIIITeMH 11CXO,U11JI 113 Bbipa)l(eHl151 M51 3HTpOill111 113Jiyqe

Hl151 B npe.uene BbICOKl1X qaCTOT, paCCMaTpl1Ba51 ee KaK cpyHKUMIO o6be

Ma. 11M 6bIJIO noKa3aHO, qTo 3Ta cpyHKUM51 COBTia,UaeT c aHanornqHOM 

3aBl1Cl1MOCTbIO M51 11.ueanbHOro ra3a, eCJil1 npe.unoJIO)l(l1Tb, qTO M3Jiyqe

HMe COCTOl1T 113 ,Ul1CKpeTHhIX KBaHTOB 3HeprMM lim. 3TM KBaHTbI, no Mb!CJil1 

3ttHIIITei1Ha, JIOKaJil130BaHbl B npocTpaHCTBe Hano.uo611e MOJieKYJI M,Ue

aJibHOro ra3a II MOryT nornomaTbC51 11Jil1 M3JiyqaTbC51 MOJieKyJiaMl1 cpe,Ubl 

TOJibKO KaK uenoe. 

TepM11H «cpOTOH» (oT .upeBHerpeq. - cBeT) M51 o6o3Ha'leH115I KBaHrn 

3JieKTpOMarHl1THOro TIOJI51 6bIJIO BBe,UeHO aMepttKaHCKl1M cpl1311KOM 11 

XMMl1KOM f. JlhIOMCOM B 1926 r. )].o 3TOf0 MOMeHTa, Ha'lttHa51 C U11TMpO

BaHHOM BbIIIIe pa60Tbl A. 3MHIIITCMHa 1905 r., 6bIJI B XO.UY TCpM11H «KBaHT 

3Hepr1111 3JICKTpoMarHl1THOro M3JiyqeHl151». 

EcJIM BCJie,U 3a 3ttHIIITCMHOM 11CXO,U11Tb M3 KBaHTOBaHl151 3Hepr1111 

3JICKTpOMarHl1THOfO 113JIY'!CHl151, TO MO)l(HO TIOJIY'll1Tb cpopMyny (2.8) ,UJIJI 

cneKTpaJibHOM TIJIOTHOCTl1 3Hepr1111, He np116era51 K Bbl'll1CJICHMIO 3HTpo

Illlll aHCaM6Jrn OCUMJIJI51TOPOB BemecTBa, TIOJib3Y51Cb MCKJIIOqllTCJibHO 

CBOMCTBaMM 3JieKTpoMarHMTHoro noJI51 [3]. TaKMM o6pa30M, 6a3oBoe 

npe.unoJIO)l(CHMe 3aKJIIO'laeTC51 B TOM, qTO 3Heprtt51 E MOHOXpOMaTM'leC

KOM COCTaBJI51IOIUCM ll3JIY'!CHl151 Ha 'laCTOTe (J) paBHa: 

E(m) = Ntzm =EN, (2.16) 

r.ue N - HaTypaJibHOe 'lMCJIO, BKJilO'la51 HOJib, T. e. 3Hepnrn TIOJI51 CKJia

,UbJBaeTC51 ll3 ,UMCKpCTHbIX IlOpUMM (KBaHTOB) 0,Ul1HaKOBOM BeJIM'lllHbl nm. 
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IlO)J,lJ:epKHeM, 'ITO 3)],eCb B OTJIHlJ:He OT ct>opMyJibl (2.4) pe'Ib 11)],eT 06 

3HeprnH 3JieI<TpoMarHHTHoro nom1, a He 06 3HeprnH Bern;ecrna. CooTHO

rneHHe (2.16) OTPa)!(aeT <PaI<T KBaHTOBaHHH 3HeprHH H3JiyqeHHH, HHKOHM 

o6pa30M He BbITeKaIOill;HH H3 KJiaCCHlJ:eCKOH KapTHHbl MHpa. IloCKOJibKY 

npOH3BOJlbHOe 3JieI<TpoMafHHTHOe TIOJie c TIOMOill;bIO npeo6pa30BaHHH 

<l>ypbe MO)!(HO pa3JIO)((HTb Ha MOHOXpOMaTHlJ:eCKHe COCTaBJIJIIOID;He (pa

)J,HaUHOHHbie HJIH IlOJieBbie OCUHJIJIHTOpbl), TO 3aKOH KBaHTOBaHHH (2.16) 
HMeeT YHHBepcaJibHOe 3Ha1IeHHe. 

B cnyqae TeTIJIOBOfO H3JiyqeHHH, HaXo)J,Hrn;erocH B COCTOHHHH Tep

MO)J,HHaMHlJ:eCKOfO paBHOBeCHH, BepOHTHOCTb IlOJieBOfO OCUHJIJIHTOpa 

HMeTb 3Heprn10 EN onpe)J,eJIHeTcH <PopMynoli £oJibIJ;Matta 

exp(-EN/T) 

WN = L,exp(-EN./T)' 

N' 

(2.17) 

r)J,e T - TeMnepaTypa B 3HepreT11qecKHx e)J,HHHuax. 3ttaMeHaTeJih B npa

BOH qacTH paBeHCTBa (2.17) OTpa)!(aeT HOpMHpOBKy BepOHTHOCTH. l1c

TIOJib3YH cPOPMYJIY (2.17), )J,JIJI cpe)J,HeH 3HeprnH TIOJieBoro OCUHJIJIHTOpa 

3a)J,aHHOH lJ:aCTOTbl w c yqeTOM KBaHTOBaHHH 3HeprnH (2.16) HaXO)J,HM 

(2.18) 

f)J,e (N(w))T - cpe)J,Hee 'IHCJIO KBaHTOB 3HeprnH OCUHJIJIHTOpa )J,JIH Ja

)J,aHHOH qaCTOTbl H TeMnepaTypbI, 

1 
(N (w ))T = exp (tiw/T)- 1 · (2.19) 

IlpH Bb!BO)J,e (2.18) 6bIJIH HCTIOJlb30BaHbl ct>opMyJia )J,JIH cyMMbl y6b1-

Ba10meli reoMeTpH'IecKOH nporpecc1111: 

~ 1 
L, exp(-Nx) = ( ) 

N=o 1- exp -x 
(2.20) 

H Bb1pa)((ett11e )J,JIH pH)J,a: 

~ N ( N ) exp(-x) £..J exp - x = ---'---'--
N =o [1- exp(-x)J2' 

(2.21) 
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KOTOpoe MO)l(eT 6bITb IIOJIY'IeHO H3 cpopMyJibI (2.20) tJ,HcpcpepeHIJ;HpO

BaHHeM o6ettx tracTeH :noro cpyHKUHOHaJibHOro paseHCTBa no rrepe

MeHHOH x. 
TipoaHaJIH3HpyeM Bbipa)l(eHHe (2.18) B pa3JIH'IHbIX traCTOTHbIX tJ,Ha

rra30Hax. EcJIH traCTOTa pati.ttauttottttoro OCUHJIJI51Topa Mana, TaK trTo 

BhIITOJIH5leTc51 ttepaBeHCTBO tuo « T, TO Bbipa)l(eHHe (2.18) .uaeT 

(2.22) 

cf>opMyJia (2.22) Offl1CbIBaeT H3BeCTHbIH cpaKT KJiaCCH'IeCKOH <PmH

KH: B COCT05IHHH TeIIJIOBOfO paBHOBeCmI Ha O.UHY OCUHJIJI.HTOpHyro CTe

rrettb cso6o.uhr rrpHXO.UHTC5l :mepnrn, paBHaJI TeMrrepazype. 

3aMeTHM, 'ITO paBeHCTBO (2.22) MO)l(eT 6bITb IIOJiytreHO Herrocpe.u

CTBeHHO H3 orrpe.ueJieHH51 cpe.ll,HeH 3HeprHH B rrpe.urroJIO)l(eHHH Henpe

pbl8H020 H3MeHeHH51 3HeprHH OCUHJIJI.HTOpa. ,Ll.eHCTBHTeJibHO, c IIOM0-

111,blO pacrrpenenemrn. fioJibUMatta HMeeM 

~ ~ ( E/T) 
(E)r = J dEwr (E)E = J dE exp - E= T. 

o o T 
(2.23) 

Bbrpa)l(eHH51 ,UJ151 cpe.utteH 3HeprnH OCUHJIJI.HTOpa (2.22) H (2.23) HC

ITOJib30BaJIH P3Jieit H ,Ll.)l(HHC rrpH rronyqeHHH KJiacctttreCKOH cpopMyJihI 

crreKTpaJibHOH ITJIOTHOCTH 3HeprnH TeIIJIOBOfO H3JiytreHH51 (2.9), rrpHBO

nmueH K «YJibTpacpHOJieTOBOH KaTacTpocpe». 0TMeTHM, 'ITO IIOCJie;J,Hee 

o6cT051TeJibCTBO 5IBJI5leTC51 CJie;J,CTBHeM He3aBHCHMOCTH KJiaCCHtreCKOH 

cpe.utteH 3HeprnM OCUHJIJI.HTOpa (2.23) OT ero qaCTOTbI. 

B rrpOTHBOIIOJIO)l(HOM rrpe.n.eJibHOM cnyqae BhICOKHX traCTOT, Kor.n.a 

BeJIH'IHHa KBaHTa 3HeprHH liw MHOro 60Jihllle TeMrrepazypbI, rrpaBa.H traCTb 

paBettcrna (2.18) naeT 

(2.24) 

HantttrHe cpaKTOpa exp (-liw/ T) «06pe3aeT» BKJia.n. 6oJibllIHX traCTOT 

B 3Heprmo TerrJIOBOfO H3JiytreHH51, TaK 'ITO «YJibTpacpMOJieTOBa.H KaTaCT

pocpa» JIHKBH;J.HpyeTC51. 11crroJib30BaHHe Bbipa)l(eHH51 (2.24) rrpMBO.ll,HT K 

cpopMyne Btttta (2. 10) M.H crreKTpanbHOH IIJIOTHOCTH 3HeprnH TerrJioBo

ro H3JiytreHH.H. 
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06lll,ee Bbipa)l(eHJ1e )l.JUI npocTpaHCTBeHHO-cneKTpaJibHOH IlJIOTHOC

TH 3HeprnH 3JieKTpOMarHHTHOfO nomr MO)l(HO npe,nCTaBHTh B BH,ll,e 

du dN(w) 
p(w) = dw = (E(w)) Vdw ' (2.25) 

r.ue u - rrpOCTpaHCTBeHHmI ITJIOTHOCTh 3Hepnrn H3Jiyqemui:; (E(w)), 
dN(w)/dw - cpe.umrn: 3Hepnrn: H cneKTpaJibHa5I ITJIOTHOCTb COCT05IHHH 

pa.uHaUHOHHbIX OCUHJIJI5ITOpOB B 3a.UaHHOM o6beMe v. 
B .UaJibHeHUieM 6y.n:eM npe.unoJiaraTh, qTo noJieBoif (HJIH pa.uttaUH

OHHhIH) OCUHJIJI5ITOp npe.ucrnBJIHeT co6oif 6erylll,yIO ITJIOCKYIO BOJIHy. 

Pa3JIO)l(CHHe 3JICKTpoMarHHTHoro noJI5I no TaKHM OCUHJIJI5ITOpaM HJIH 

MOLJ:aM MaTeMaTHqecKH COOTBCTCTBYCT pa3JJO)l(CHHIO ero BeKTopa-noTeH

UHaJia B npocTpaHCTBCHHhIM PH.U <l>ypbe: 

A(r, t) = L,[ Aak(t)eikr + A~k(t)e-ikr], 
ak 

(2.26) 

r.ue a - HH.UeKC ITOJIHpH3aUHH 3JJCKTPOMafHHTHOro ITOJJH; k - BOJIHO

BOH BeKTOp 6erylll,ett IlJIOCKOH BOJJHhI. ,Ll.JJ5I npoCTOThl 6y.ueM rrpe.unoJJa

raTb, qTo o6beM, 3aHHMaeMblll noneM, BhI6paH B BHLJ:e np5IMOYfOJJbHOfO 

napannenermne.ua co cTopottaMH Lx, y, z· Tor.ua BOJIHOBOH BeKTOp no1rn: k 
npHHHMaeT CJIC.UYJOIUHe .UHCKpeTHblC 3HaqeHH5I: 

k = [21mx 2nny 2nnz l 
L ' L ' L ' x y z 

(2.27) 

r.ue nx, y, z - UCJJbie qHCJia, paCCMaTpHBaeMbIH 06beM, oqeBHLJ:HO, paBeH 

V= LXLYLZ. 
c ITOMOIUhIO cPOPMYJihl (2.27) MO)l(HO IlOJiy<IHTb Bblpa)l(eHHe )l.JI5I ITJIOT

HOCTH COCT05IHHH 3JieKTpOMarHHTHOfO ITOJI5I B npocTpaHCTBe BOJIHOBbIX 

BeKTOpOB (k-npocTpaHCTBe): 

(2.28) 

r,ue ~ - o6beM 3JieMeHTapHOH 51.qeifKH B k-npocTpaHCTBe, 
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B .nattHOM pa3.nene paccMaTpirnaeTcJI C60600Hoe 3JieKTPOMarHHTHOe 

IIOJie (3JieKTpwi:ecKHe 3ap5I)J,bI H TOKH OTcyrcrnyroT). B 3TOM cnyqae y)J,06-

HO BbI6paTb CJie)J,yromyro KaJIH6pOBKY BeKTopa-noTeHI.1,Hana: 

<p = O; div A = 0, (2.29) 

r.ne (/J - CKaJI5IpHbIM TIOTeHI.J;HaJI. 

CBJI3h ttarrpJI)l(ettttocTeil: 3JieKTpttqecKoro EH MarttHTttoro H noneil: 

c BeKTOpHbIM rroTeHUHaJIOM B KaJIH6pOBKe (2.29) )J,aeTC5I paBeHCTBaMH: 

E = - ..!_ aA · H = rot A, 
c at ' (2.30) 

me c - CKOpOCTb CBeTa. lrfa BTOporo ypaBHemrn B <l>opMyJie (2.29) BbITe

KaeT rronepe'-lHblM xapaKTep CB060)J,HOro 3JieKTpOMafHHTHOro ITOJIJI B 

BaKYYMe: 

eakk = 0, (2.31) 

f)J,e eak - e)J,HHHqHbIH BeKTOp ITOJI5IpH3aUHH ITOJIJI. 

lb ypaBHeHHM MaKcBenna c yqeTOM KaJIH6poBKH (2.29) cTaH.ll,apT

HhIM o6pa3oM rronyqaeTC5I BOJIHOBoe ypaBttemre MH BeKTopttoro rroTeH

UHaJia A(r, t). OoncrnBJIJIH B BOJIHOBoe ypaBHeHHe pa3JIO)l(eHHe (2.26), 
rronyqaeM 

a2 Aak I 12 2 
--2-+ k c Aak = 0. 

iJt 
(2.32) 

PaBeHCTBO (2.32) rrpe)J,CTaBJIJieT co6oil: ypaBHeHHe )J,JIJI rapMOHHqec

Koro OCIJ,HJIJIJITOpa c co6cTBeHHOM qacTOTOM 

(2.33) 

qeM H orrpaB)J,bIBaeTcJI Ha3BaHHe no;zeeoii ocU,Ullflflmop. TaKHM o6pa30M, 

IIOJieBOM (HJIH paouau,uoHHbtii) OCIJ,HJIJIHTOp 3JieKTpoMarHHTHOro H3Jiyqe

mrn IIOJIHOCTbIO orrpe,neJIHeTCJI BOJIHOBbIM BeKTOpOM k H BeKTopoM rro

JHIPH3au1m eak' IIpH'-leM B CHJIY nonepe'-IHOCTH CB060)J,HOro 3JieKTpo

MafHHTHOro ITOJI5I Ha Ka)l(AblM BOJIHOBOM BeKTOP rrpHXO)J,HTCJI )],Ba IIOJI5I

ptt3aUHOHHblX COCT05IHH5I, T. e. )],Ba ITOJieBbIX OCUHJIJI5ITOpa. 

lfro6br Hail:TH Bbrpa)l(eHHe )J,JI5I crreKTpaJibHOM IIJIOTHOCTH COCT05IHHM 

pamrnUHOHHbIX OCUHJIJI5ITOpoB dN( (I})/ d(I}, 3aMeTHM' qrn H3 QlOPMYJibl 
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(2.33) BhITeKaeT cne.nyIOmee Bhrpa)l(emre .nmr TpexMepHoro mi:cpcpepeH

u;ttana dk: 

OJ2 
dk = - 3 dm dQk, 

c 
(2.34) 

r.ne dQk - 3JieMeHT TenecHoro yrna B k-npocTpaHCTBe. C noMOIUhIO 

(2.34) cpopMyny (2.28) MO)l(HO nepenttcaTh B Btt.ne 

df = V m
2
dm dQk 

(2n'}3 c3 
(2.35) 

0TCIO,ll.a ,ll.JIH cneKTpaJihHOH IlJIOTHOCTH COCTOHHHH pa.nttaU:HOHHhIX oc

U:HJIJI5ITOpOB dN( m)/ dm HaXO,ll.HM: 

dN(m) _ 2f df _ Vw 2 

dW - dw - !t2c3 • 
Q 

(2.36) 

B cpopMyJie (2.36) 6bIJIO npoH3Be.neHo HHTerpttpoaaHtte n0 TenecHo

MY yrny BOJIHOBOro BeKTopa B CHJIY IlOJIHOH H30TPOilHH TenJIOBOfO H3JIY

'l.eHH5I. <l>aKTOp 2 nepe.n 3HaKOM HHTerpana Y'J.HThIBaeT ,ll.Be B03MO)l(Hbie 

IlOJI5IpH3au;1m nonepe'l.HOfO 3JieKTpoMarHHTHOf0 Il0JI5I. IlO,ll.CTaBJI5I5I BhI

pa)l(eHHH (2.18) H (2.36) B paaeHCTBO ,ll.JIH cneKTpaJihHOH 3HeprnH IlOJIH 

(2.25), IlOJIY'faeM cpopMyJiy IlnaHKa (2.8). 
0TMeTHM, 'ITO cneKTpaJibHaH IlJIOTHOCTh COCTOHHHH (2.36) IlOJIY'fe

Ha ,ll.JIH 3JieKTpOMafHHTHOfO IlOJIH B BaKY)'Me. IlpH HaJIH'l.HH cpe,ll.hl BhI

pa)KeHHe (2.36) ,ll.OJI)KHO 6bITh H3MeHeHO c Y'feTOM 3JieKTpOMarHHTHhIX 

caoi1:cTB semecTBa. TaK, ecJIH noKa3aTeJih npeJIOMJieHHH cpe.nhI H3MeHH -

eTCH B npocTpaHCTBe nepHO,ll.H'l.eCKHM o6pa30M c nepHO.U.OM nop5I,ll.Ka 

,ll.JIHHhI BOJIHhI Ha paccMaTpHBaeMOH qacTOTe (cpOTOHHhIH KPHCTaJIJI), TO 

B cneKTPaJihHOH IlJIOTHOCTH OCU:HJIJI5ITOpOB Il05IBJI5IIOTC5I cpOTOHHhie 3an

peru;eHHhie 30HhI, T. e. o6JiaCTH, B KOTOphIX IlJIOTHOCTh COCT05IHHH 3JieK

TpOMarHHTHOf0 noJIH paBHa HYJIIO. B cpoTOHHhIX Janperu;eHHhIX 10Hax 

HeB03MO)l(HO cymeCTBOBaHHe 3JieKTpOMarHHTHOH BOJIHhI, TaK )Ke KaK B 

3JieKTpOHHhIX 3anpeI1.1,eHHhIX 30Hax HeB03MO)l(H0 cymeCTBOBaHHe HOCH

TeJIH 3apH.na. 

TaKMM o6pa3oM, H3 Bhrpa)l(eHJrn (2.36) cJie.nyeT, 'ITO MHO)l(HTeJih ne

pe.n cpe.nHei1: 3Heprnei1: ocu;ttJIJIHTOpa B cpopMyJie (2.1) npe.ncrnBJIHeT co-

6oi1: He 'ITO HHOe, KaK cneKTpaJihHYIO IlJIOTHOCTh COCTOHHHH 3JieKTpo

MarttMTHOfO IlOJIH B e,ll.HHHU:e 06beMa. 
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lfraK, Bhrpa)l(emre )],JUI cneKTpa TemroBoro H3Jiyqem·rn:, cornacy10-

I..UeecH c 3KcnepHMeHTaJibHbIM )J,aHHbIMH BO BCeM qacTOTHOM )J,Hana3o

He, 6bIJIO nonyqeHo M. flJiaHKOM B npe,lJ,nOJIO)l(eHHH KBaHTOBaHHH 3Hep

mH OCUHJIJIHTOpa Bemecrna Ha py6e)!(e XIX H xx BB. <l>opMyJia nnaHKa 

MO)J(eT 6bITb TaK)J(e BhIBe)J,eHa Ha OCHOBaHHH npe)J,TIOJIOXCeHHH 0 KBaH

TOBaHHH 3HeprHH 3JieKTpOMarHHTHOfO IlOJI.H, KOTopoe 6bIJIO BbICKa3a

HO A. 3MHIIITeMHOM B 1905 r. CTpora.H MaTeMaTHtfecKaH TeOpHH KBaH

TOBaHHoro noJIH 6brna co3,lJ,aHa cymecrneHHO TI03)J(e. Otta 6a3HpyeTc.H 

Ha 3aMeHe tfHCJIOBbIX cpyHKUHM, OTIHCbIBaIOLUHX 3JieKTpOMarHHTHbIM no
\ 

TeHUHaJI B KJiaCCHtfeCKOM cpH3HKe, Ha orrepaTOpHbie .BeJIHtfHHbI. 3rn 

npoue,lJ,ypa Ha3hIBaeTCH KBanmoBanueM noAR. TaKHM o6pa30M, yqHThI

BaeTcH HaJIHtIHe y 3JieKTPOMarHHTHOro H3JiyqeHHH KopnycKyJI.HpHhIX 

CBOMCTB. KBaHTOBaHMIO 3JieKTPOMafHHTHoro IIOJIH MhI npe,lJ,noIIIJieM 

KBaHTOBaHHe rapMOHHqecKoro OCUHJIJIHTopa - MO)J,eJibHOfO o6'beKTa, 

llIHPOKO IIPHMewnomeroc.H B pa3JIHtfHblX o6nacrnx cpu3HKH, B TOM t{HCJie 

B TeopHH 3JieKTpoMarHHTHoro M3JiyqeHH.H. B3aHMO,lJ,ettcTBHe KJiaccHtiec

Koro OCUHJIJI.HTOpa c 3JieKTpOMafHHTHbIM IIOJieM IlO)J,p06Ho paccMaTpH

BaJIOCb B rJI. 1. 

2.3. KBAHTOBAHHE 
r APMOHM4ECKoro OCU.Mnn.ffTOPA 

Bbrpa)l(eHHe MH IIOJIHOM 3HepmH KJiaccHtiecKoro ocuHJI

JIHTopa ,l],aeTCH H3BecTHOH cpopMynoif (1.2). KaK ~e ynoMHHaJIOCh, npH 

nepexo,l],e OT KJiaCCHtfeCKOH MexaHHKM K KBaHTOBOH Ka)l()],OH Ha6JIIO)J,ae

MOM Ha 3KCnepHMeHTe cpH3HtfeCKOH BeJIHtfMHe CTaBHTC.H B COOTBeTCTBHe 

onepaTop. TaK, 3Heprm-1 B KBaHTOBOH MexaHHKe OTBeqaeT raMHJibTOHH-

aH (HJIH orrepaTOp faMHJihTOHa) H, a HMIIYJihcy H Koop,lJ,MHaTe - orrepa

TOpbI jJ H x. HanoMHHM, 'ITO IlIJIHUKOH Ha,n cMMBOJIOM <l>M3HtiecKoif 

BeJIHtfHHhI npHHHTO o6o3HatiaTb orrepaTop. TaKHM o6pa3oM, raMHJihTO

mrnH rapMOHHtfeCKOro OCUHJIJIHTOpa paBeH 

, jJ2 mw~ _x2 
H =-+--"--

2m 2 
(2.37) 

IlepBoe cJiaraeMoe B npaBOH qacTH paBettcTBa (2.37) orneqaeT onepaTO

PY KHHeTHtfeCKOH 3HeprHH, a BTOpoe CJiaraeMoe OilHCbIBaeT orrepaTop 

IlOTeHUHaJibHOH 3HeprHH. 
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B 1<1rnccwqec1<oii atta.JIHTHqec1<oii MexattwKe npHHHTO paccMaTpHBaTh 

<l>YHKU:HIO faMHJlhTOHa (KJiaccwqecKHH atta.rror raMHJihTOHHatta) KaK 

<l>YHKU:HIO o6o6ll.(eHHhIX KOOp,[J,HHaT H HMnyJihCOB. (3aMeTHM, qrn 0606-

iu:ettttaH KOOp,[J,HHaTa H HMnyJihC He BCer,[J,a paBHHIOTC51 06b1qHOH Mexa

HHqecKOH KOOp,[J,HHaTe H HMnyJihCy.) ,Ll.1151 o603HaqeHH51 o6o6iu:ettHOH 

KOOp,[J,HHaTbI 06b1qtto HCnOJih3yeTC51 6y1<Ba q, a M51 0606in:ettttoro HM

nyJihCa - Ta )J(e 6y1<Ba p. 06o6in:eHHbie KOOp,l1,HHaTa H HMnyJihC Ha3bIBa

IOTC51 IWHOHU'feCKUMU nepeMeHHblMU. B TeopeTHqecKOH MexaHHKe noKa-

3bIBaeTC51, qTo cnpaBe)J,JIHBhI ypaBHeHH51, CB513bIBaIOll.(He npOH3BO)J,Hhie 

no BpeMeHH OT o6o6in:ettHOH KOOp,l1,HHaTbl H MMnyJihCa C ¢>yHKU:HeH fa

MHJihTOHa: 

(2.38) 

3)1,eCh rnq1<oi1 o603HaqeHa npOH3BO)J,tta51 no BpeMeHH. CTpH 3anHCH (2.38) 
no,l1,pa3YMeBaeTC51 Ha.JIHqHe y CHCTeMbI, B006ll.(e rDBOp51, HeCKOJlhKHX CTe

netteH CB060)J,hI, KOTOpbIM OTBeqaJOT i-e npoeKUHH o6o6in:eHHOH KOOp

)1,HHaThl H HMITYJibCa. 3aMern.M, qrn BTOpoe ypaBHettHe B (2.38) COOTBeT

CTByeT BTopoMy 3a1<0Hy HhIOTOtta, a nepBoe ypaBHem1e - atta.rror onpe

,lJ,eJieHHH CKOpOCTH. 

YpaBttettHH (2.38) Ha3bIBaIOTC51 ypaBHeHHHMH faMHJihTOHa. Ilpw ne

pexo,lJ,e K KBaHTOBOH MexaHHKe OHH )J,OJl)l(Hbl 6bITh 3aMeHeHhl orrepa

TOpHhIMH ypaBHeHH51MH, B KOTOphIX BMeCTO <l>YHKU:HH faMHJihTOHa <l>H

rypwpyeT raMHJihTOHHaH, onpe,l1,eJI51eMhIH B c11yqae rapMoHHqec1<oro 

ocn:HmrnTopa paBeHcTBOM (2.37). Tor,lJ,a M3 rrepBoro ypaBHeHM51 (2.38) 
c11e,lJ,yeT onepaTopttoe paBettcTBo 

0 jJ 
q=-, 

m 

nO)J,CTaBJI5151 KOTOpoe B orrepaTOpHhIH atta.rror BTOporo paBettcTBa (2.38), 
HaXO)J,HM 

q + wJq = 0, (2.39) 

r)J,e fj - oneparnp o6o6in:ettttoro yc1<opettHH. PaBeHcTBo (2.39) 51BJI51eT

c51 onepaToptthIM atta.rroroM KJ1acc:Hqec1<oro ypaBtteHH51 rapMOHHqec1<oro 

ocn:MJIJI51TOpa B TepMMHax o6o6in:eHHOH 1<oop,l1,HHaThr. Otto 6bIJIO perne

tto B 1925 r. B. feii3ett6eproM eme )J,O OTKphITHH ypaBHeHM51 Illpe,l1,Httre

pa c noMOIIJ:hIO MampU'fHow MemoiJa. CYTb MaTpMqttoro MeTo,lJ,a 3aKJIIO-
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qaeTCH B 3aMeHe orrepaTopOB <P11311qeCKHX BeJrnqHH HX MaTpllqHhIMll 

3JieMeHTaMH. MaTpllqHhIH 3JieMeHT amn OTBeqaeT nape 3Hepren1qeCKHX 

cocTOHHliH m 11 n, xapaKTep113yeMhIX 3HeprliHM11 En 11 Em. Ecn11 11H,LJ,eKChI 

m 11 n rrpo6eraIOT )J,liCKpeTHhIH pH.11, 3HaqeH11H, TO IIO)J,pa3yMeBaeTC51 Ha

JI11q11e y CliCTeMhI )J,liCKpeTHOro 3HepreT11qecKoro crreKTpa. 0TMeT11M, 

qTo OIIhITHbie )J,aHHbie 0 HaJilfq1111 y peaJibHhIX MliKp006beKTOB )J,liCKpeT

Horo 3HepreT11qecKoro crreKTpa IIOCJI)')KliJili 3Kcrrep11MeHTaJihHhIM oc

HOBaHMeM )J,JI5I C03)1,aHM51 KBaHTOBOH <Ptt311KM. flepexo)J,y Me)J{)l.y )J,BYMH 

ypoBHHMli 3Hepr11tt OTBeqaeT co6cTBeHHaH qacToTa rrepexo)J,a 

(2.40) 

flpH 1apo)J{)l.eHliH KBaHTOBOH MeXaHMKli B MaTpWIHOH <PopMe qaCTOTa 

rrepexo)J,a (2.40) 6hma 3KcrrepttMeHTaJihHhIM rrapaMeTpoM, orrpe.11,eJIHBIIIliM 

JIOrHKY ITOCTpOeHHH MaTp11qHoro KBaHTOBO-MeXaH11qecKoro <PopMaJI113Ma 

MH c11cTeM c )J,MCKpeTHhIM 3HepreT11qecK11M crreKTPOM. B paMKax 3Toro 

<PopMaJill3Ma liMeIOT MeCTO CJie)J,yroru11e COOTHOIIIeH1151 Me)J{)l.y MaTp11q

HhIMli 3JieMeHTaM11 o6o6meHHOH KOOp.11,11HaThI, o6o6rueHHOH CKOpOCTH 

H o6o6mettttoro ycKopett115I: 

( "") • (.) 2 q mn = IUJmn q mn = -U)mn qmn · (2.41) 

CooTHOIIIeHMH (2 .41) CJie.11,yIOT 113 BpeMeHtthIX ypaBHettttif MH MaT

p11qtthIX 3JieMeHTOB, KOTOphre MhI 3)1,eCb He BhIITliCbIBaeM. flo)J,CTaBJI5151 

(2.41) B (2.39), HaXO)J,liM [4]: 

(2.42) 

Vfa ITOJiyqeHHOfO ypaBHeHHH BhITeKaeT paBeHCTBO HyJIIO BCeX MaT

pttqHhIX 3JieMeHTOB qmn 3a liCKJIIOqeH11eM Tex, y KOTOphIX UJmn = ±UJo. 
Ecnw rrpottyMepoBaTh ypoBHH 3Heprn11 rapMott11qecKoro ocu11JIJIHTOpa 

TaKMM 06pa10M, qTo 6nmKaHIII11M ypoBHHM orneqaeT qacTOTa rrepexo)J,a 

±UJo, TO OTJillqHhIMM OT HYJIH MaTpllqHhIMll 3JieMeHTaMll o6o6meHHOH 

KOOp.11,liHaTbI 6y)J,YT UJn, n ± I· 

flo <Ptt3llqecKOMY CMhICJIY o6o6metttta51 KOOp)J,HHaTa 51BJI51eTC51 Be

ruecTBeHHOH BeJI11qllHOH, qTo rrpliBO)J,MT K CllMMeTpMqHOCTll MaTpM

I..l,hI qmn: qmn = qnm" 

Terrepb Heo6xO)J,11MO BOCITOJih30BaTbC51 KOMMYTaUHOHHhIM COOTHO

IIIeHHeM Me)J{)l.y orrepaTopoM KOOp.11,HHaThr ll orrepaTOpOM CKOpOCTli, Bbl-
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TeKalOlll;IfM H3 KOMMYTauHOHHOro COOTHOUieHMH Me)l()J,y o6o6meHHOH 

KOOp)l,HHaTOH H o6o6meHHbIM HMIIYJibCOM: 

[fa, q] = pq - @ = -in, (2.43) 

f)l,e n = h/21' =:; 1,054 · 10-27 3pr · C - «IIepeqepKHYTaH» IIOCTOHHHaH 

flJiaHKa. ffa paBeHCTBa (2.43) CJie)l,yeT, qTO KOMMYTaTOp KOOp)l,HHaTbl H 

HMIIynbca, xoTH H Man, HO He paBeH Hynro. HepaBeHCTBO Hynro OIIepaTo

poB )l,BYX ¢11311qecKHX BeJIMqMH 03HaqaeT, qTo OHM He MOryT 6bITb H3Me

peHbl OL(HOBpeMeHHO. TaKHM o6pa3oM, o6o6meHHaH Koopmrnarn H HM

IIYJII>c OL(HOBpeMeHHO He H3MepHMhI. Ecnw B IIpaBoti: qacTH paBeHcTBa 

(2.43) IIOCTOHHHYIO IlnaHKa IIOJIOX<HTb paBHOH HYJIIO, TO MbI HMeeM KJiac

cwqecKHH IIpe)l,eJI, B KOTOPOM KBaHTOBbie CBOHCTBa ¢H3HqecKHX BeJIH

qHH OKa3bIBalOTCH HecymeCTBeHHbIMH, a COOTBeTCTByromwe OIIepaTOpbl 

KOMMYTHPYIOT. 

lfa ¢opMyJibr (2.43) cne)l,yeT, qrn 

[ ~ , J ~ , , ~ -in 
q, q = qq - qq =-;;;-. 

PaBeHcTBo (2.44) B MaTpHqHoti: ¢opMe IIptto6perneT BHL( 

( ~') ('~) -iii qq - qq =-Jmn' 
mn mn m 

(2.44) 

(2.45) 

r)l,e Jmn - CHMBOJI KpotttteKepa, paBHbie e)l,HHHue, ecJIH HHL(eKCbI co- • 

BIIa)l,alOT H ttynro - B IIpOTHBHOM cnyqae. Ecm1 TeIIepb BOCIIOJib30BaTb

CH IIpaBHJIOM YMHOX<eHHH MaTpHu, COOTHOUieHHHMH (2.41), CHMMeTpttq

HOCTblO MaTpHUbl o6o6meHHOH KOOp)l,HHaTa, TO )l,JIH m = n M3 (2.45) 
MOX<HO IIOJiyqHTb 

(z;{mnk qnk qkn - qnk mkn qkn) == 2i L mnk q;k = -i .!!.._ · 
k k m 

(2.46) 

3)1,eCb B cyMMe TIO k OTJIHqHbl OT HYJIH CJiaraeMbie c k = n ± 1, KaK 3TO 

CJie)l,yeT H3 ypaBHeHHH (2.42). yqHTbIBaH 3TO, IlpHXO)l,HM K paBeHCTBY 

2 2 n 
qn+I, n - qn, n-1 = lmmo · (2.47) 

0TCIO)l,a CJie)l,yeT, qrn KBa)l,paTbl MaTpHqHbIX 3JieMeHTOB KOOp)l,HHaTbI rap

MOHHqecKoro OCUHJIJIHTOpa o6pa3ylOT reoMeTp11qecKyro nporpeCCHIO. 

IlocKOJibKY qneHbl 3TOM nporpeCCHH )l,OJIX<Hbl 6bITb HeOTPMUaTeJibHbIMH 
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qucJiaMH, TO cymecTByeT nepBhIH ee qJieH q1, 0, a Bee MaTpttqHhie 3Jie

MeHThI KOOP.ll.HHaThl c MeHhlllHMH HH)l,eKCaMH H)')KHO nOJIO)l(HTb paBHbl

MH Hymo, HaqttHa51 c qnetta % _1. Toma H3 paBeHcrna (2.47) MH HeHy

neBbIX MaTPHqHbIX 3JieMeHTOB rapMOHHqecKoro OCUHJIJI51TOpa nonyqaeT

C51 cne)J,y10mee Bbrpa)l(etttte 

qn, n-1 = qn-1, n = J 2;:
0 

' 

BblqHCJIHM Tenepb c IIOMOIUbIO (2.41), (2.48) H COOTHOllleHH51 

~ jJ 
q=

m 

(2.48) 

MaTpttqHbie 3JieMeHThI raMHJibTOHHaHa (2.37). Pe3yJihTaT BbrqucneHHH 

.uaeTC51 paBCHCTBaMH 

lfa IIOJiyqeHHOfO Bbrpa)l(CHH51 cne.uyeT, qTo 3HepreTnqecKHH cneKTP 

rapMOHHqecKoro OCUHJIJI51TOpa 51BJI51CTC51 3KBH,UHCTaHTHbIM, T. e. ypoB

HH 3HeprHH pa3,UCJICHbl 0.ll.HHM H TCM )Ke HHTCPBaJIOM 1iwo, KOTOpbIH 

COOTBCTCTByeT KBaHTY 3HeprHH KOJie6attH51 Ha co6CTBeHHOH qaCTOTe. 

q11cno n B paBettcrnax (2.49) npo6eraeT ttaTypanbHbIH P51.U 3Haqettttll:, 

BKJIIoqa51 HOJib. Otto COOTBeTCTByeT qffCJIY KBaHTOB 3HeprHH B .ll.aHHOM 

COCT051HHH. COCT051HHe c n = 0 Ha3bIBaeTC51 OCHOBHbIM, HJIH 8aKyyM

HbtM, IIOCKOJibKY B HCM OTCyTcTByeT B036~eHHe OCUHJIJI51TOpa. Xa

paKTeptto, O,UHaKO, qTo B BaKyyMHOM COCT051HHH 3Heprtt51 OCUHJIJl51TO

pa He paBHa ttyn10: 

KaK H3BeCTHO, HaPMY c MaTpHqHoH cpopMymipOBKOH B KBaHTOBOH 

MexaHMKe HMeeTC51 BOJIHOBa51 <i>OPMYJIHPOBKa, B KOTOpOH $H3HqecKa51 

CHCTCMa OIIHCbIBaeTC51 BOJIHOBOH <i>YHKUMeH If!, 51BJl5110IUeHC51 pellleHMeM 

ypaBHeHH51 llipe.unttrepa. BoJIHOBOH no.uxo.n. nonyq11n 6oJiblllee pacnpo

CTPaHettne H3-3a CBoeli nyqweli npttcnoco6neHHOCTH L(Jl5I pellleHH51 npaK

TMqecKHX 3a.ll.aq. Crnunottapttoe (He 3aBMCHIUee OT BpeMeHtt) ypaBHeHHe 
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Illpe)lMHrepa 51BJHieTC51 MaTeMaTIP-recKoif 3a)laqeif Ha co6cTBeHHbie qMc

na M co6cTBeHHhJe cPYHKll,MM. B o6meM cnyqae OHO MMeeT BM)l 

(2.50) 

Pewett11e (2.50) 3aKJI10qaeTC5I B orrpe)leJieHMM co6crneHHhrx 3Haqe

HMH :rnepnm En (co6crneHHhIX q11cen) M coorneTCTBy10m11x MM co6-

crneHHhIX BOJIHOBhIX <f>yHKll,MH lf/n· B cnyqae rapMon11qecKoro oc11,MJIJI5I

TOpa c raMMJlhTOHMaHOM (2.37) ypaBHeHMe (2.50) rreperrnweTC51 B BM)le: 

d
2
1f/ = 2m (mw~q2 _ E)lf/· 

dq 2 n2 2 
(2.51) 

flpH 3aIIMCM (2.51) 6bIJIO MCIIOJlb30BaHO Bbipa)l(eHIJe L(JI51 orrepaTOpa 

HMTIYJibca 

' .,. d p = -1,,-
dq 

B Koop)lHHaTHOM npe.n;cTaBJieHHM. B )laJibHettweM paccMoTpeHHH 3a)la

q11 0 KBaHTOBOM OCUHJIJI51TOpe y,D,o6tto BBeCTM 6e3pa3Mepnyro o6o6meH

HY10 Koop)lMHaTy 

(2.52) 

r)le ~n/2mw0 - o6o6meHHa51 Koopmrnam BaKYYMHbIX KOJie6att11:H:. B Tep

MHHax 6e3pa3MepHOH KOOp)lMHaTbI ypaBHeHMe (2.51) IIPMHMMaeT BM)l 

11 (-2 2£) l/f = q --.. - If/, 
rtW0 

(2.53) 

r)le )lBa llITpMxa 03Haqa10T BTOpyro rrpOM3BO)lHYIO no 6e3pa3MepHOM KO

Op)lMHaTe ij. )l,JI51 peweHM51 ypaBHeHM51 (2.53) )leJiaeTC51 IIO)lCTaHOBKa 

M BBO)lMTC51 o603Haqenwe 

Vt= exp(-~ )Q? (q) 

2E 
--1=2n. 
nwo 

(2.54) 
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B pe3yJihTaTe rrpuxo,1u1M K ypasttemno 

rp" - 2ijrp' + 2nrp = 0. (2.55) 

Ami: rnro 'IT06hI (B cooTBeTCTBMM c ¢u3uqecKMM CMhICJIOM) QJYHK

UM5I f/IY6bIBa.Jia Ha 6eCKOHe'l.HOCTM, Heo6XO,!lHMO, 'IT06bl pemeHMe ypaB

HeHM5I (2.55) o6paIUaJIOCh B 6ecKoHe'IHOCTh rrpH ij ~ 00 He 6bICTpee 

KOHe'IHOM CTerreHH ij . MO)f(HQ ITOKa3aTb, 'ITO ,!lJI5I BhITIOJIHeHH5I 3TOfO 

ycJIOBH5I rrapaMeTp n ,!lOJI)l(HO 6bITh ueJiblM IIOJIO)l(HTeJibHhIM 'l.HCJIOM, 

BKJIIO'Ia5I HOJih. 

B pe3yJihTaTe rrp11xo.u11M K Bhrno.uy, 'ITO co6cTBeHHhie 3Ha'IeHMJI ypas

HeHH5I Illpe,!lHHrepa (2.51), COOTBeTCTBYIOIUIIe 3Hepm5IM rapMOHII'IeC

KOfO OCUIIJIJI5ITOpa En, ,UaIOTC5I QJOPMYJIOH (2.49), ITOJiyqeHHOM B paMKax 

MaTplI'IHOfO MeTO,Ua. 

PemeHIIe ypastteHII5I (2.55) .uaeTC5I rroJIHHOMaMII 3pMIITa 

(2.56) 

TaKIIM o6pa30M, ,UJIJI BOJIHOBhIX QJYHKUHM rapMOHH'IeCKoro ocuIIn

nJITOpa rronyqaeTC5I Bhipa)!(ettHe 

( ) _ 1 4{1ti% ex {- mw0 2} H ( {fti%J 
I/In q - ~~2nn! VT p 2'Pt q "lqVT . (2.57) 

flpII BhIBO,Ue (2.57) 6bIJIO lICI10Jlb30BaHO ycnOBIIe HOpMIIpOBKM 

(2.58) 

11crroJib3Y5I ITOJiyqeHHhie BOJIHOBbre tPYHKUIIII II orrpe.ueneHMe MaT

plI'l.HOro 3JieMeHTa KOOp,!lMHaTbI B BII,Ue lIHTerpana 

~ 

qm, n = I I/Im (q)ql/ln (q)dq, (2.59) 

MO)l(HO rrony'IIITh Te )Ke Bbipa)l(eHII5I (2.48) ,UJI5I MaTpH'IHhlX 3JieMeHTOB 

qm, n' OTJIH'IHhie OT HyJIJI TOJibKO ,!lJIJI m = n ± l. 3TO paBeHCTBO, CB5I3bI

BaIOIUee rrapy COCT05IHMH, ,UJIJI KOTOpblX MaTplI'IHhlM 3JieMeHT o6o6meH

HOM KOOP.UIIHaThI OTJIII'IeH OT HYJIJI, Ha3bIBaeTC5I npaeU/IOM om6opa ,UJIJI 

rapMOHII'l.ecKoro OCUIIJIJIJITOpa. 
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fpaqmKH BOJIHOBbIX <l>YHKI.l,HH KBaHTOBaHHOfO rapMOHH'IeCKOfO oc

l.J,HJIJI5ITOpa (2.57) npttBe.neHbl Ha pMC. 2.3 M5I Tpex 3Ha'leHHH I.J,eJIO'IMC

JieHHOfO rrapaMeTpa n, OIIHCbIBalOlllero 'IHCJIO KBaHTOB 3HeprMH OCUMJI

mnopa cornacHo <J>opMyJie (2.49). A6cI.J,ttcca .naHHoro pttcyHKa oTBe'!aeT 

6e3pa3MepHOH o6o6meHHOH Koop.n1rnaTe (2.52). 

l/J 
0,8 

0,4 

0,0 

-0,4 

,... .. ····•·• .. \ 

................... 

....... 
'\ 

\ 

--n=O 

............ -- n=1 
/\\\ ......... n=2 

! \ \ .. . I '<::···· ... 
! 
I 

• •• h •• l 

-0,_84'----'..____.~__._~_._~_._~...__~..____, 

-2 0 2 4 y 

Puc. 2.3. BoJIHOBbie <l>YHKUHH KBaHTOBaHHoro rapMOHJfqecKoro OCl\HJIJil!Topa 

}fa pttc. 2.3 BM)J:HO, 'ITO 'IHCJIO KBaHTOB 3Hepnrn paBHO KOJIM'lecTBy 

HyJieH BOJIHOBOH <l>YHKI.l,HH rapMOHM'leCKOfO OCI.J,RJIJIHTOpa, rrptt'leM oc

HOBHOe COCT05IHMe (n = 0) He MMeeT HyJieH. c pOCTOM 'IHCJia KBaHTOB 

BOJIHOBaH <J>yHKI.1,HSI Ha'IMHaeT CMJibHee OCUHJIJIHpOBaTb, rrp:tt 3TOM MaK

CMMaJibHOe H MHHHMaJibHOe 3Ha'leHMH o6o6meHHOH KOOP.Ii:MHaTbl yBe

JIH'IJ1BaIOTCH. 

2.4. KAHOHHLfECKOE KBAHTOBAHHE 
3nEKTPOMAfHHTHOf0 nonsw 

KBaHTOBaHtte 3JieKTpoMarHMTHoro ITOJISI o3HaqaeT TaKoe 

ero OilMCaHMe, rrpH KOTOpOM Ha MaTeMaTM'leCKOM YPOBHe rrpoHBJIHIOT

CH KBaHTOBb1e CBOHCTBa, o6Hapy)l(eHHhie 3KcnepttMeHTaJihHO. OcHoB

Hoe KBaHTOBOe CBOHCTBO ll3JI)"leHlUI .naeTC5l paBeHCTBOM (2.16)' 03Ha

'laIOlllHM, 'ITO 3Heprmi: rroJIH E Ha 'lacToTe w npe.ncrnBJIHeT co6oi1 I.J,e

Jioe noJIO)l(MTeJibHoe 'IMCJIO N 3JieMeHrnpHbIX KBaHTOB 3Hepmtt, Ka)l()],bIH 

H3 KOTOpbIX paBeH nw. KaK ~e fOBOPHJIOCb, Bbipa)l(eHtte )l,JIH 3HeprMH 

OCI.J,HJIJIHTopa Bemecrna (2.4) 6bJJIO BBe.n;eHo B <J>H3HKY M. IlJiaHKOM. 
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Ha CJIY'-IaH 3JieKTpOMarn11THOfO IIOJIH OHO 6bIJIO o6o6IlleHO A. 3itmn

TeHHOM. Ha caMoM ,ueJie, KaK MbI YB11.[(11M B ,n:aJibHeitrneM, paBeHcTBO 

(2.16) .nomKHO 6bITb YTOtfHeHo. TeM He Mettee OHO rrepe,uaeT rnaBHYIO 

KBaHTOBYIO 3aKOHOMepHOCTb: 3Hepr11H 3JieKTpOMafH11THOfO IIOJIH Ha 

3a.naHHOH qacToTe 113MeHsreTcsr .n11cKpeTHbIM o6pa30M. KBaHT 3Hepr1111 

3JieKTpoMarH11THoro rroJisr IIOJIYtf11JI tta3Batt11e rf>omona. TaK11M o6pa-

30M, 3JieKTpOMarH11THOe IIOJie MO)[(eT 6bITb rrpeL(CTaBJieHO B B11L(e co

BOKYIIHOCT11 cpOTOHOB, IIOL(06HO TOMy, KaK 11.neaJibHblH ra3 HBJIHeTCH 

COBOKYIIHOCTblO MOJieKyJI. 

KBaHT0Batt11e 3JieKTpoMarn11Tttoro IIOJIH, 6a311py10meecH tta ero orr11-

catt11tt B TepM11Hax o6o6IlleHHblX KOopmrnaT 11 o6o6IlleHHbIX 11MIIYJib

COB, Ha3bIBaeTCH KGHOHU'teCKUM. 3To Ha3BaH11e rrpo11CTeKaeT 113 TOfO 

cpaKTa, 'ITO B TeopeT11tfeCKOH MexaH11Ke o6o6meHHbie KOOp.[(11HaTbl 11 

11MIIYJibCbl 5IBJIHIOTC5I KaHOH11tfeCK11M11 rrepeMeHHblM11, IIOL(tf11HHIOIII11M11CH 

ypaBHemrnM faM11JlbTOHa (2.38). ,Ll,JIH peaJimau1111 KaHOH11tfeCKOfO KBaH

TOBaH115I BOCIIOJib3YeMC5I Bb1pa)[(eH11eM MH BeKTOPHOfO IIOTeHu;11aJia CB0-

60.[(HOfO 3JieKTPOMarH11THOf0 TIOJIH (IIOJIH 113JiytfeH115I) B BHL(e <llypbe

pa3JIO)[(eH115I no IIJIOCK11M BOJIHaM (2.26). Kattott11tfecK11e rrepeMettHhie 

IIOJIH orrpe.neJIHIOTCH qepe3 K03cpcp11u;11eHTbI <llypbe-pa3JIO)[(eH11H Aak co

rnactto paBeHcTBaM [5] 

qak =)
4

;C2 (Aak +A:k); 

Pak =-iw~4;c2 (Aak -A:k), 

(2.60) 

(2.61) 

me V - o6beM, 3aHHMaeMbIH 3JieKTpoMarHHTHbIM rroneM. KaK BHLIHO 113 

3THX cpopMyJI, o6o6meHHhie KOOpL(HHaTbl H HMIIYJibCbl JfBJI5IIOTCJI Beme

CTBeHHbIMH BeJI11tf11HaMH, KOTOPbie He COBIIa,llaIOT c MeXaH11tfeCK11M HM

rryJibCOM H rrpocTpattcTBeHHOH KOOPLIHHaToil:. Mo)[(HO rroKa3aTb, 'ITO 

o6o6meHHhIH ttMIIYJibC (2.61) Bbipa)[(aeTcH qepe3 HarrpH)[(eHHOCTh 3JieK

TpttqecKoro IIOJIH B CTOHtfeH BOJIHe, a o6o6meHHa5I KOOp,UHHaTa (2.60) -
qepe3 Hanp5I)[(eHHOCTb MarmITHOfO IIOJIH. B rayccOBOH CHCTeMe e.[(HH11U 

KaHOHHtfeCKHe rrepeMeHHbie 11MeIOT pa3MepHOCTb 

He COBrra,ua10my10, ecTecrneHHO, c pa3MepHOCTblO rrpocTpaHCTBeHHOH 

KOOpL(JfHaTbI H MeXaHHtfeCKOfO HMIIYJibCa. 



82 -Av- FAaea 2. TeopWI me11Aoeoco U311)!1feHWI u Keanmoeanue 3AeKmpoMaznumnoco noflfl 

Bb1pa)l(a5I H3 cPOPMYJI (2.60) H (2.61) KOMilJieKCHhIH BeKTOpHhIH no

TeHIJ;HaJI Aak H IlO,ll,CTaBJIHH pe3yJihTaT B (2.26), Haxo,IJ,HM: 

~ [ l . ] A= VY-~ qak cos(kr)- w Pak sm(kr). (2.62) 

JtlTaK, Mhl IlOJIY'fHJIH HCKOMOe npe,ll,CTaBJieHHe BeKTOpHOfO IlOTeH

UHaJia B KaHOHHqecKHX nepeMeHHhIX. HanpmKeHHOCTh 3JieKTpttqecKoro 

H MarHHTHOro IlOJieti Bhipa)l(aeTC51 qepe3 BeKTOPHhIH IlOTeHuHaJI cornac

HO <PopMyJiaM: 

E = _.!_ oA. 
c at ' (2.63) 

H =rot A. (2.64) 

IlpH 3anHCH (2.63) 6bIJia HCilOJih30BaHa KaJIH6pOBKa 3JieKTpoMar

HHTHOro ITOJIH, B KOTOpoti rp = 0 (rp - CKaJI51pHhIH IlOTeHUHaJI). <l>yHK

UH51 faMHJihTOHa IlOJI51 onpe,IJ,eJIHeTC51 MHTerpaJIOM 

(2.65) 

Ilo,IJ,CTaBJI5151 B (2.65) Bhipa)l(eHM51 ,ll,JI51 HanpH)l(eHHOCTeH 3JieKTpnqec

KOro M MafHMTHOfO IlOJieti qepe3 BeKTopHhIH IlOTeHuMaJI (2.62), HaXO,ll,MM: 

(2.66) 

B KJiaccnqecKoti MexaHttKe cPYHKUMH faMMJihTOHa (MJIH 3Hepnrn) 

rapM0Hw1ecKoro ocuttJIJIHTopa ,IJ,aeTcH Bhipa)l(eHtteM (1.2). CpaBHttBaH 

cPOPMYJihl (1.2) M (2.66), npMXO,ll,MM K BhIBO,IJ,Y 0 TOM, qrn IlOJie B KaHO

H11qecKHX nepeMeHHhIX npe,ll,CTaBJI51eTC51 B BM,IJ,e Ha6opa rapMOHMqecKMX 

OCUMJIAATOpOB C co6cTBeHHhIMM qaCTOTaMM Wk M MGCCaMU, pa6HblMU eauHU

l{e. Ka)l()],b!H TaKOH OCUMJIJIHTOp OTBeqaeT IlJIOCKOH BOJIHe c 3a,IJ,aHHOH 

IlOJI51pM3auneti M BOJIHOBhIM BeKTopOM, KOTOpaH Ha3bIBaeTC51 Moaou IlOJIH. 

TaKMM o6pa3oM, <PopMyJia (2.66) ,IJ,aeT pa3JIO)l(eHne cBo6o,IJ,Horo 3JieKTpo

MarttMTHoro Il0JI51 Ha T.H. pa,IJ,11au110HHhie (MJIH IlOJieBhie) OCUHJIAATOphI. 

Pa,IJ,ttauMOHHhIH OCUMJIJIHTOp B KJiaccnqecKOH Teop1111 51BJI51eTC51 npo

o6pa30M cPOTOHa npM KBaHTOBOM OilMCaHHH Il0JI51. 3,IJ,eCh CJie,IJ,yeT OTMe

TMTh, qTo )J,aHHa51 aHaJIOfH51 He 51BJI51eTC51 IlOJIHOH: KaK M3BeCTHO, Macca 

cPOTOHa paBHa Hymo, B TO BpeMH KaK Macca 3KBMBaJieHTHOfO OCUMJIJI51-

TOpa paBH5IeTC51 e,IJ,HHMue. 
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KaHoHwrecKoe KBaHTOBaH11e 3JieKTpoMarHl1THoro noJI51 6a311pyeTc5I 

Ha 11CTIOJih30BaHl111 KOMMYTaU110HHOfO COOTHOII1eHl151 Me)l()J,y o6o6meH

HOH Koop;:nrnaTOH 11 o6o6meHHhIM 11MTIYJihCOM rapMOHl.PiecKoro ocu,11JI

JI5ITopa, KOTopoe c yqeTOM 3aBl1C11MOCTl1 pa1wau110HHOfO OCIJ,11JIJI51TOpa 

OT BOJIHOBOfO BeKTOpa 11 no;rnp1nau1111 MO)J(eT 6bITh nepen11caHO B Bl1.lle: 

(2.67) 

0TCIO.lla, B qacTHOCT11, cJie.llyeT, qTo KOMMYTaTop He paBeH HYJIIO .llJI51 

0.lll1HaKOBOH TIOJI5lp113au,1111 11 0.lll1HaKOBhIX BOJIHOBhIX BeKTopoB paL(11a

Ul10HHhIX OCIJ,11JIJI51TOPOB. 11cnoJih30BaH11e Cl1MBOJia KpOHHeKepa .llJl51 

BOJIHOBOfO BeKTOpa Il0.llpa3yMeBaeT ero .lll1CKpeTHOe 113MeHeH11e np11 

KBaHTOBaHl111 TIOJI51 B npocTpaHCTBe orpaH11qeHHOfO o6oeMa. 

00.llCTaBJI5151 onepaTOphI KaHOH11qeCKl1X nepeMeHHhIX B Bhipa)J(eH11e 

M51 BeKTOpHoro TIOTeHIJ,11aJia 3JieKTpoMafHl1THOfO TIOJI51 (2.62), noJiyqa

eM KBaHTOBaHHhIH BeKTOpHhIH IlOTeHIJ,11aJI, KOTOphIH no <t>opMyJiaM (2.63), 
(2.64) onpeL(eJI51eT KBaHTOBaHHYIO Hanp51)J(eHHOCTh 3JieKTp11qecKoro 11 

MarHl1THOro noJieH:. Op11JiaraTeJihHOe «KBaHTOBaHHhIH» B .llaHHOM cJiy

qae 03HaqaeT' qTO COOTBeTCTBYIOIIJ,11e <i>YHKU1111 113 06hrqHhIX q11cJIOBhIX 

<i>YHKU11H npeBpama10TC5I B onepaTOpHhie. B pe3yJihTaTe TaKOH 3aMeHhI 

KJiacc11qecKa5I <i>YHKIJ,1151 faM11JihTOHa (2.65) npeBpamaeTc51 B raM11JihTO

H11aH KBaHTOBaHHOfO 3JieKTPOMarHl1THOfO TIOJI51: 

H = f £2 + fJ2 dV 
87r ' 

(2.68) 

KOTOphIH B KaHOH11qecKl1X nepeMeHHhIX 11MeeT Bl1.ll: 

(2.69) 

faMl1JihTOHl1aH 3JieKTpoMarHl1THoro noJI51 (2.69) 51BJI51eTC51 CYMMOH 

raMl1JlbTOHl1aHOB H ak He3aBl1Cl1MbIX paL(RaUROHHhIX OCURJIJI51TOPOB, co

BTiaL(aIOIURX c TOqHOCTblO .llO 3aMeHhI MaCChI m --+ 1 R co6crneHHOH qa

CTOTbl % --+ (Oak c raMRJibTOHRaHOM rapMOH11qecKoro OCURJIJl51TOpa (2.37). 

0TCIO.lla cne.llyeT, qTo co6cTBeHHhre 3HaqeHR51 onepaTopoB Hak c0Bna

.ua10T c co6crneHHbIMR 3HaqeHH51MR (2.69) c yqeTOM 3aBRCRMOCTR OT 

BOJIHOBOfO BeKTopa R TIOJI51ptt3au,m1: 

(2.70) 
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r)J,e Nak - qttcJio <PoTOHOB B MO)J,e 3JieKTpoMarttHTHOro rromr c 3a)J,att

HhIM BOJIHOBbIM BeKTOPOM H rrom1ptt3aU,tteit '.~ho qJ1CJIO 5lBJI5leTC5l atta

JIOroM qJ1cJia KBaHTOB B036y)f()l,ettmI rapMOHHqecKoro 0Cll,HJIJI5lTOpa n. 
TaKHM o6pa30M, Bhrpmr<etttte )J,JI5l co6cTBettttoro 3ttaqeHH5I 3tteprttH 

KBaHTOBaHHOro 3JieKTpoMarHHTHOro IIOJI5I (2.70) B 5IBHOM BH)J,e CBH)J,e

TeJibCTByeT o ero <PornHHOH CTPYKType. 

11ccJie)J,OBaHHe IIOBe)J,eHH5l KBaHTOBaHHOro 3JieKTpOMarHHTHOro IIOJI5l 

H ero B3aHMO)J,eHCTBH5I c 3apmKeHHbIMH qaCTHU,aMH COCTaBJIJieT rrpeLl,MeT 

IC6QHm060U 3Jle1CmpoiJu1taMUICU. 

IlpHHll,HIIHaJibHOe OTJIHqHe Bbipa)l(eHH5l (2.70) OT <iJopMyJihl 0JiaH

Ka-3ttHIIlTettHa (2.4) 3aKJ110qaeTC5I B HaJIHqHH CJiaraeMoro 1/2 B Kpyr

JibIX CK06Kax. 3TO CJiaraeMoe Ha3bIBaeTC5I BaKyyMHbIM, IIOCKOJibKY OHO 

ocTaeTCJI )J,a)l(e Toma, Koma Bee qttcJia <PoTOHOB Nak paBHhI HYJIIO (BaKY

YMHOe COCTOHHHe IIOJIH). BaKYYMHOe cnaraeMoe COOTBeTCTByeT Hyne

BbIM KOJie6aHH5IM, OTBeqaIOll\HM <PJIYKTyaU,H5IM HaIIp5I)l(eHHOCTH 3JieKT

poMarHHTHOro IIOJI5I, KOTOpbie cymecTByIOT )J,a)l(e B BaKYYMe. IlocKOJibKY 

qttcno paLl,ttall,HOHHblX 0Cll,HJIJI5ITOPOB IIOJI5I, 3aHHMaIOll\ero rrpocTpaH

CTBO 6eCKOHeqttoro o6beMa, 6ecKOHeqtto BeJIHKO, TO 3HeprH5I BaKyyM

HOro COCT05lHH5I OKa3bIBaeTC5I TaK)l(e 6eCKOHeqHOH. oeCKOHeqHOCTb 3Hep

rHH BaKYYMHOro COCT05IHH5I 3JieKTpOMarHHTHOro IIOJI5I 5lBJI5IeTC5l O)J,HOH 

H3 TpyLl,HOCTett KBaHTOBOH 3JieKTpOL1,HHaMHKH. EcnH HHTepecoBaTbC5l 

TOJibKO co6CTBeHHbIMH 3HaqeHH5IMH 3HeprHH IIOJI5I, TO 3TY TpyLl,HOCTb 

MO)l(HO o60HTH rrpOCTO BbJqepKHBaHHeM BaKYYMHOro cnaraeMoro B 3Hep

rHH, IIOCJie qero MbI rrpHXO)J,HM K HCXO)J,HOH <iJopMyJie 0JiaHKa-3H:H

UlTettHa (2.4), IIOJiyqeHHOH 3BpHCTHqecKHM rryTeM. 

IlOMHMO 3HeprHH 3JieKTpOMarHHTHOro IIOJI5l KBattTYeTC5l TaK)l(e ero 

HMIIYJihC, orrpeLl,eJIJieMbIH B KJiaccttqecKOM CJiyqae Bbipa)l(eHHeM 

P = -
1-f [EH]dV, 

47Z"C 
(2.71) 

me KBaLl,paTHbie CK06KH 03HaqaIOT BeKTOpttoe rrpOH3Be)J,eHHe. Ilo)J,CTaB

JI5I5I CIO)J,a KBaHTOBaHHbie Bbipa)l(eHH5l )J,JI5I HaIIp5I)l(eHHOCTett 3JieKTpH

qecKoro H MarHHTHOro IIOJieH, HaXO)J,HM co6CTBeHHbie 3HaqeHH5I orrepa-

Topa HMIIYJihCa 3JieKTpoMarHHTttoro rrom1: 

P = L.(Nak +.!.)nk. 
ak 2 

(2.72) 

3)],eCb, TaK )l(e KaK H B Bbipa)l(eHHH )J,JI5I co6CTBeHHOro 3HaqeHH5I 3Hep

rHH IIOJI5I (2.70), rrpHCYTCTByeT BaKYYMHOe cnaraeMoe, KOTOpoe MO)l(eT 
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6b!Tb orrymetto B paMKax HaCTOHll.(ero paCCMOTpemrn, XOTH, CTpOro ro

BOpH, OHO CBM.11.eTeJibCTByeT 06 OTCYTCTBMM JIOflfqecKOH 3aMKHYTOCTM 

KBaHTOBOH 3JieKTP0.1l.MHaMMKM. 

KaK CJie.1l.yeT M3 cpopMyJihI (2.72), MMrryJihC cporntta orrpe.1l.eJIHeTCH 

paBeHCTBOM 

Pph = nk, (2.73) 

a 3HeprnH cpOTOHa .1l.aeTCH M3BeCTHOH cpopMyJIOH 

(2.74) 

KOTopaH BbITeKaeT M3 Bb!pa)((eHMH (2.70) .1l.JIH co6cTBeHHOf0 3HaqeHMH 

3HeprnM KBaHTOBaHHOro 3JieKTpOMarHMTHOro ITOJIH. c yqeTOM (2.73) M 

(2.74) JierKO ITOJiyqMTb COOTHOilleHMe: 

(2.75) 

IIOCKOJibKY wk = Jkic MH CB060.1l.HOro 3JieKTpoMarHMTHOro M3JiyqeHMH B 

BaKYYMe. c .1l.PYfOH CTOpOHbI, peJIHTHBMCTCKaH cpopMyJia MH 3HeprnH 

mac MT 

CpaBHMBaH ee c paBettcTBaMM (2.75), rrpMXO.ll,HM K BhIBO.ll,y, qTo Macca 

¢omoHa paeHa HY!llO. 

Do attanortttt c MaTpttqHhIMM 3JieMeHTaMM orrepaTopa KOOP.1l.MHaTbI 

rapMOH11qecKoro OCllMJIJIHTOpa (2.52) MO)((HO HaHTM MaTpHqHbie 3Jie

MeHTbl orrepaTopoB o6o6meHHblX KOOP.1l.MHaT 3JieKTpOMarHMTHOro ITOJIH. 

CooTBeTCTBYIOll.(Me cpopMyJihI ttMeIOT BM.ll,: 

(2.76) 

3.ll,eCh eak - e.1l.MHHqHbIH BeKTOp IlOJIHp113allMl1 3JieKTpOMarHHTHOro ITOJIH. 

MaTpMqHhJe 3JieMeHThI .1l.JIH rrepexo.1l.OB Me)((.1l.y pa3JIHqHhIMl1 3ttaqettttH

M11 BOJIHOBoro BeKTopa 11 ITOJIHp113a1IHH cpoTOHOB paBHhI ttyJIIO. Dp11 3a

rr11cH (2. 76) 6bIJIM 11CI10Jlb30BaHbl o603HaqeHMH .ll,JIH KeT- (J ... ) ) 11 6pa

(( ... J) BeKTOpOB ,Ll,ttpaKa, KOTOpbie HBJIHIOTCH 6oJiee KOMITaKTHOH cpopMOH 

3aIIHCM BOJIHOBbIX cpyHKllHH, OITMCbIBaIOIIIMX COCTOHHHH cptt3MqecKOH 

CHCTeMbl. 
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B cocTo.simrnx 3JieKTPOMarHHTHoro 11011.si c <PttKcttpoBaHHhIM qnc

JIOM <PoTOHOB INak> 3Hepnrn 11011.si ttMeeT onpe)l,eneHHoe 3HaqeHHe, no-

3TOMY TaKHe COCTO.sJHH.sJ Ha3bIBaIOTC.sJ 3Hep2emu'leCKUMU. )],JI.si 3HepreTH

qecKHX COCTO.sJHHH cnpaBe)l,JlHBO CTall,HOHapttoe ypaBHeHtte Illpe)l,HHrepa 

HI Nak) = Eak I Nak) = (Nak + ~}·iwk I Nak) · (2.77) 

3ttepreTHqecKoe COCTO.sJHHe IIOJl.sJ .sJBJI.sJeTC.sJ )l,aJieKO He e)l,HHCTBeH

HbIM H )l,a:lKe BeCbMa 3K30THqHbIM c TOqKH 3peHH.sJ ero 3KCIIepttMeHTaJlb

HOfO npttroTOBJiettw.si. Otto ecTecTBeHHhIM o6pa3oM B03HHKaeT B npo-

11,ecce KBaHTOBaHH.sJ H HMeeT HarmI)l.HYIO cpw3wqecKYIO HHTepnpeTaI.J,HIO, 

qeM H o6b.sJCH.sJeTC.sJ urnpoKoe HCIIOJlb30BaHHe 3THX COCTO.sJHHH IIPH H3-

JlO)((eHHH KBaHTOBOH MeXaHHKH <PoToHa. 

l13MeHeHHe BO BpeMeHH 3HepreTnqecKoro COCTO.sJHH.sJ OIIHCbIBaeTC.sJ 

BpeMeHHbIM ypaBHeHHeM Illpe)l,HHrepa 

(2.78) 

PeIIIetttte )l,aHHOro ypaBtteHH.sJ )l,Jl.sJ raMHJlbTOHHatta, He 3aBwc.simero OT 

BpeMeHH, MO)((HO npe)l,CTaBHTb B BH)l,e: 

( 
iHt) A JNak' t)=exp --ti- JNak' f=O)=S(t)JNak' t=O), (2.79) 

f)l,e s (t) - oneparnp 3BOJllOI.1,HH KBaHTOBOH CHCTeMbI, 

A ( iHt) S(t) =exp --ti- . (2.80) 

B o6meM cnyqae oneparnp 3BOJIIOI.l,HH ttMeeT BH)l, 

(2.80a) 

r)l,e raMHJibTOHHaH H, Boo6me roBop.si, 3aBHCHT OT BpeMettw. 

)J,11.si 3HepreTwqecKOfO COCTOHHHH 3JleKTpOMarHHTHOro IIOJl.sJ BpeMeH

Ha.sJ 3aBHCHMOCTb onpe)l,eJI.sJeTC.sJ paBeHCTBOM 

JNak' t) = exp{-i(Nak +~)wkt}INak' t = 0). (2.81) 

CTp11 BbIBO)l,e cpopMyJlbl (2.81) 113 (2.79) 6bIJIO yqTeHO COOTHOUiettHe (2.77). 
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8b1pa)f(emi:e (2.81) fOBOpMT 0 TOM, qTo B xo.ne speMeHHOH 3BOJIIO

UMM 3HepreT11qecKoe COCTOHHMe YMHO)f(aeTCH Ha cpa30BbIH MHO)f(MTeJib, 

MO.UYJib KOTOporo paseH e.11,MHMUe. XapaKTep COCTOHHMH 3JieKrpoMar

Hl1THOro IlOJIH, onpe;::i;e;rneMbIH paBeHCTBOM (2.77), np11 '.HOM He MeHH

eTCH. l1HbIMl1 CJIOBaMM, 3HepreT11qecKOe COCTOHHl1e B npouecce spe

MeHHOH 3BOJIIOU1111 npo.nOJI)f(aeT OCTaBaTbCH 3HepreT11qeCKMM (T. e. co

CTOHH11eM c onpe.neJieHHOH 3Hepmeli.). 

51BHblH Bl1)1; KeT-BeKTopa ,LJ,upaKa 1 ... ), Oill1ChIBaIOruero COCTOHHMe 

3JieKTpoMarHl1THOro noJrn, 3aBMCl1T OT Toro, KaKaH nepeMeHHaH Bbr6pa

Ha B KaqecTBe apryMeHTa, 11JI11, KaK rosopHT, OT npeocmae11eHuR seKTOpa 

COCTOHHHH. EcJI11 B Kaqecrne apryMeHTa BbI6paHO q11cJIO cpOTOHOB B MO)J;e 

nonH N (MJIH, 'ITO TO )f(e caMoe, q11cno KBaHTOB B036)')1()],eHMH B pa.nua

U110HHOM OCU11JIJIHTOpe c 3a)];aHHbIM BOJIHOBblM BeKTOpOM 11 IlOJIHpM3a

UHett), TO rosopHT o npeocmae11eHuu '1Uce11 3ano11HeHuR. B cJiyqae, Kor.na 

apryMeHTOM CJI~HT o6o6rn:eHHaH Koop.n11HaTa, npe.ncTaBJieHHe Ha3bIBa

eTCH KoopouHamHbtM. Cyruecrny10T 11 .npyme npe.ncrnsneH11H BeKrnpoB 

COCTOHHMH. 51BHbIH BM)]; 3HepreT11qecKOro COCTOHHMH Ha116onee npoCT B 

npe.ncrnsneHM11 queen 3anonHeH11H: 

(2.82) 

r.ne c5(m, n) - Cl1MBOJI KpoHeKepa. Bo3MO)f(HOe q11cno cpOTOHOB N B 

.naHHOM cnyqae 11rpaeT pOJib apryMeHTa, a '!11CJIO cpOTOHOB B Mo.ne ITOJIH 

Nak HBJrneTcH 3a;::i;aHHhIM napaMeTpOM. CMbICJI pasettcrna (2.82) oqeHb 

npocT: BeKTOp 3Hepreni:qecKoro COCTOHHl1H 3JieKTpOMarHMTHoro ITOJIH 

paseH e.n11H11ue, ecn11 nepeMeHHoe q11cno cpoTOHOB N (apryMeHT) paBeH 

3a!l,aHHOMY q11cny cpoTOHOB B Mo.11,e Nak' 11 Hyn10 - B npoT11BHOM cnyqae. 

B KOOp;::i;11HaTHOM npe.ncrnBJieHHM 5IBHbIH Bl1)1; BeKTopa 3HepreTM'!eCKOro 

COCTOHHIDI 3JieKTpOMarmrrnoro IlOJIH .naeTCH co6crneHHOH <PYHKIJ:Mett KBaH

TOBaHHOro rapMOHM'!eCKOfO OCUHJIJI5ITOpa (2.57), B KOTOpoli. qucno n paBHH

eTCH 3a)];aHHOMY q11cny cpoTOHOB Nak 11 co6crnettHaH qacTorn % = wk. 

<l>OPMYJibl (2.77)-(2.82) orneqa10T O,UHOMO)J;OBOMY COCTOHHMIO 3JieKTpO

MarHl1THOfO ITOJIH. B cnyY.ae MHOfOMO,UOBOro COCTOHHMH IlOJieBOH KeT-BeK

TOp ,LJ,11paKa .naeTC5I npOM3Be;::i;eHMeM O)J;HOMO)J;OBbIX BeKTOpOB COCTOHHIDI 

j{Nak}) = TIINak)• (2.83) 
ak 

<l>11rypHbie CK06K11 B JieBOH '!aCTl1 paBeHCTBa (2.83) o603Ha'!aIOT Ha6op 

411CeJI 3aITOJIHeHHH MO)], c pa3Jil1'!HblMM BOJIHOBbIMl1 BeKTopaMM M IlOJI5I

Pl13aUMHMM. 
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B rrpe11,craBJieHHH qnceJI 3arroJIHeHHH (2.82) CKaJIHpttoe rrpoH3Be11,e

HHe 011,HOfO BeKTOpa COCTOHHHH Ha 11,pyroH: BeKTop COCTOHHHH D,aeTCH 

CYMMOH: 

(Nak I N~k) = ~>5(Nak• N)8(N~k' N) = 8(Nak> N~k ). (2.84) 
N=O 

0TCJOD,a, B qacTHOCTH, CJieD,yeT, qTO COBOKYIIHOCTb BeKTOpOB COCTO

HHHH {Nak} o6pa3yJOT opTOHOpMttpoBaHHbIH Ha6op: eCJIH Nak = N~k' TO 

CKaJIHpHoe rrpOH3BeD,eHHe (2.84) paBH.ReTCH eD,HHHUe, B rrpOTHBHOM CJIY

qae OHO paBHO HYJIIO. 3TOT Ha6op TaIOKe HBJIHeTCH IIOJIHbIM, T. e. c era 

IIOMOIUblO MO)!(HO pa3JIO)l(HTb JIJ06oe COCTOHHHe 3JieKTpOMarHHTHOro IIOJIH 

1 ... ) B pHD, cornaCHO paBeHCTBY (3D,eCb Mb! orrycKaeM HHD,eKCbl y qHcJia 

¢oTOHOB B MOD,e) 

1 ... ) = L(Nl···)IN), (2.85) 
N 

rD,e (NI ... ) - CKaJIHpHoe rrpOH3BeD,eHHe 3HepreTHqecKoro COCTOHHHH 3JieK

TpOMarHHTHOfO IIOJIH Ha npOH3BOJibHOe COCTOHHHe 1 ... ). KimD,paT MOD,YJIH 

3TOf0 CKaJIHpHoro npoH3BeD,eHHH B COOTBeTCTBHH c 06IUHMH KBaHTOBO

MexaHHqecKHMH rrpHHUHnaMH 11,aeT BepOHTHOCTb HaHTH N ¢oToHoB B 

COCTOHHHH 1 ... ). 

B COOTBeTCTBHH c paseHCTBOM (2.85) JIJ06oe COCTOHHHe 3JieKTpo

MarHHTHOfO ITOJIH MO)KeT 6b!Tb pa3JIO)KeHO no 3HepreTHqeCKHM COCTOH

HHHM. 3THM H o6ycJioBJieHO umpoKoe npHMeHeHHe cpoTOHHOH KapTHHbl 

H3JIY1J:eHHH. 

OepexoD, OT KJiaccttqecKoro BeKTopttoro rroTeHUHaJia 3JieKTpoMar

HHTttoro IlOJIH (2.26) K KBaHTOBOMY attaJiory MO)KHO ocymecTBHTb B Tep

MHHax onepaTOpOB YHHqTO)KeHirn Oak H po)Kll,eHHH ii;k cpOTOHOB. 3TH 

oneparnpb1 onpeD,eJIHJOTCH paBeHcTBaMH 

(2.86) 

MH onepaTopa yHHqTo)l(eHHH ¢oTotta H 

(2.87) 

D,JIH onepaTopa po)Kll,eHHH ¢oTOHa. 3D,eCb Mb! HCilOJib30BaJIH D,JIH KpaT

KOCTH OIJ,H06yKBeHHh!H HHD,eKC MOil,hl A= {ak}. 113 onpeD,eJieHHH (2.86) 
H (2.87) cJieD,yeT, qrn oneparnp ytt11qTO)Kett11.si: yMetthwaeT qttcno ¢orn

HOB B MOD,e Ha eD,HHHUY, a onepaTop po)Kll,eHHH 3TO qHCJIO yBeJIHqHBaeT 
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Ha e,ll,MHMUy. c IlOMOIUbIO paBeHCTB (2.86) M (2.87) JierKO IlOJI}"IMTb KOM

MYTaUMOHHble COOTHOIIIeHMJI Me)l()l;y onepaTOpaMM: 

(2.88) 

r,ll,e [B, c] =BC - CB - KOMMYTaTOp onepaTOpOB fJ M C. ,Ll,JI5I OLJ,HOH 

MOLi.bl 3JieKTpoMamttTHoro noJI5I A.= A.' nepBa5I 113 <PopMyJI (2.20) nepe

nttIIIeTC5I B BH,ll,e 

(2.89) 

3,ll,eCb HHLJ,eKC MOLi.bl onymeH. 0TMeTHM, '!TO eLJ,HHMI.l,a B npasoil: '!aCTH 

paBeHCTBa (2.89) o6o3Ha'!aeT e,ll,HHH'IHblH onepaTOp, LJ,eHCTBHe KOTOporo 

Ha BeKTOp COCT05IHH5I IlOJI5I He MeH5IeT IlOCJieLJ,Hero (CBO,ll,HTC5I K YMHO

)l(eHHIO Ha e,ll,HHHUy). 

c IlOMOIUhIO BBe,ll,eHHblX onepaTopos po)l()l;emrn H YHH'ITO)l(eHM5I 

QlOTOHOB 3aMeHa KJ1accw1ecKoro BeKTOpHoro IlOTeHUHaJia Ha KBaHTO

BbIH HMeeT BHLI. 

A(r, t)-t A(r, t) = :L,[A~h)(r, t)iiak + A~h)•(r, t)a;k ], 
ak 

(2.90) 

me A~h) - BOJIHoBa5I <PYHKUH5I <PoTotta, ttopMttpoBatttta5I Ha emrnuuy B 

o6beMe KBaHTOBaHH5I v, 

(2.91) 

3aMeTMM, '!TO BOJIHOBa5I QlYHKUH5I QlOTOHa (2.91) MO)l(eT 6bITh nepe

IlHCaHa qepe3 KopnycKyJI5IpHble xapaKTepMCTHKH 3JieKTpOMarHHTHOf0 

IlOJI5I - 3Heprttl0 €,i H MMilYJibC P,i QlOTOHa - CJieLJ,yIOIUMM o6pa30M: 

(2.92) 

Dptt nepexo)J.e OT Bb1pa)l(emrn (2.91) K paBettcrny (2.92) 6bIJIM 11c

noJ1b30BaHbI QlOPMYJibl ,ll,Jl5I 3HeprttH (2.73) M HMilYJibCa (2.74) QlOTOHa 

qepe3 'laCTOTY M BOJIHOBOH BeKTOp. 

TaKMM o6pa3oM, Kottuenutt5I KBaHToBaHttoro IlOJI5I ,ll,eil:cTBMTeJibHO 

OTpa)l(aeT KOPilYCKYJJ5IpHO-BOJIHOBOH Ll.YaJIM3M MaTepHM Ha MaTeMaTH

'!eCKOM ypoBHe: c 0,ll,HOH CTOpOHbl, Bh1pa)l(eH11e ,ll,JI5I BeKTOpHoro IlOTeH-
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umura (2.90) conep)l(HT BOJIHOBbie cpyHKUHH cpOTOHOB (2.91), onpenemi:

lOIUHe BOJIHOBbie CBOMCTBa JIOJHI, c npyrott CTOPOHhI, B HeM npHCYTCTBY

lOT orrepaTophr yHH'ITO)l(eHHH H po)l():(eHHH cpoTOHOB, cmnaHHhie c Kop

rrycKyIIHpHhIMH (KBaHTOBhIMH) cBottcrnaMH nonH. 

qepe3 onepaTOpbl YHHqTO)l(eHH51 H po)l(,[(eHH51 cPOTOHOB Bbipa)l(aeTC51 

oneparnp qttcna cpoTOHOB no cpopMyne 

(2.93) 

C noMOIUhIO orrpeneneHHM (2.86) H (2.87) nerKo npOBepMTh cnpa

BenmrnocTh paBettcrna: 

(2.94) 

0Tc10na HCHO, no'IeMY oneparnp (2.93) tta1hrnaeTCH onepaTopoM qlfcJia 

cpOTOHOB: era nettCTBHe Ha BeKTOp COCT051HH51 3JieKTPOMafHHTHOfO ITOJI51 

c 3a,[(aHHhIM qlfCJIOM cpOTOHOB CBO,[(HTCH K YMHO)l(eHHIO Ha 3TO 'lHCJlO. 

qepe1 orreparnp qHcJia cpoTOHOB yno6tto Bhipa3HTh raMHJihTOHttaH 3JleK

TpoMarHHTHOro ITOJIH. Dpome Bcero 3TO cnenaTh, 3aMeHHB B Q.>opMyne 

(2.70) B JieBOM qaCTH paBeHCTBa 3Heprttl0 Ha raMHJihTOHHaH, a rrpaBOM 

'laCTH qHCJIO cpoTOHOB Ha oneparnp 'lHCJla cpOTOHOB: 

(2.95) 

Bhrpa)l(eHHe (2.95) ttapHilY c cpopMyJiott (2.69) HBJIHeTrn Hatt6oJiee 

qacTO ynoTpe6JI5leMbIM rrpe,[(CTaBJieHHe raMHJihTOHHaHa 3JieKTpOMafHHT

HOfO IlOJIH. 

KaK H3BeCTHO, qacTHUhI Bemecrna (3JieKTPOH, npoTOH H np.) o6Jia

.uaroT, BOo6me fOBOp5!, op6ttTaJlhHhlM l H CilHHOBhIM s MOMeHTOM KOJIH

'leCTBa ,[(BmKeHmI. DepBbIM H3 HHX OTBeqaeT rrpocTpattcTBeHHOM 3aBH

CHMOCTH BOJIHOBOM cpyHKUHH, a BTOpOM onpeneJI5leT 3aKOH rrpeo6pa30-

BaHH5! KOMJIOHeHT BOJIHOBOM cpyHKUHH rrpH rrepexo.ue 113 O,[(HOM CHCTeMbI 

OTC'leTa B JJ,pyryro. 

Hanwque OTJIHqHoro OT Hym1 crrutta, cJie,noBaTeJihHO, rrpe.urroJiaraeT 

MHOfOKOMJIOHeHTHOCTh BOJIHOBOM ¢YHKUHH. EcnH KOMITOHeHThl )],Be (KaK 

y 3JieKTpotta), TO roBopHT o crruHe, paaHOM 1/2. Dpu 3TOM BOJIHoBaH 

cpyHKUHH srnmi:eTcH crrttttopoM nepBoro pattra. ECJIH ttMeeTcH TPH KOM

rrotteHThI, TO BOJIHOBa51 cpyHKUH51 5!BJI5leTC5! TpexMepHbIM BeKTOpOM, xo

porno H3BeCTHhIM 113 KYPCa 3JieMeHTapttoi1 MaTeMaTHKH. Crruttop rrep

Boro paHra 5!BJI5leTC5! rrpocTeMllIHM 06beKTOM, c IlOMOIUhIO KOToporo 
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KOHCTpywpyIOTCH CIIHHOpbl BbIClllHX paHroB, TaK )Ke KaK H3 KOMTIOHeHT 

BeKTopa (TeH30pa nepBoro paHra) COCTaBJIHIOTCH KOMTIOHeHThl TeH30pOB 

6onee BhICOKHX paHroB. Mo)KHO noKa3aTh, qTo TpexMepHhIH BeKTop no 

CBOHM TpattccpopMaIJ,HOHHhIM CBOHCTBaM 3KBHBaJieHTeH CHMMeTpHqHO

MY CTIHHOpy BTOporo pattra. 

CTOCKOJihKY CITHHOBble H op6HTaJihHbie CTeneHH CB060JJ,hl MOryT 6bITh 

CBH3aHHhIMH JJ,pyr c JJ,pyroM (HanpttMep, nocpeJJ,CTBOM CITHH-op6HTaJih

HOfO B3aHMO)J,eHCTBIUI), TO B 3TOM CJiyqae coxpaHHIOIIJ,eHCH BO BpeMeHH 

BeJIHquHolt HBmreTcH noJIHhIH MoMeHT j = I + s. 
8oJIHOBa5I cpyttKIJ,HH cpOTOHa (2.91) HOCHT BeKTOpHbIH xapaKTep, o6yc

JIOBJieHHhIH BeKTopoM ITOJI5Iptt3aIJ,HH 113JiyqeHH5I eak' CT03TOMY cpOTOHY 

MO)KHO 6bIJIO 6b! npwn11caTb CITHH, paBHhIH e)J,HHl1IJ,e, ecJil1 6bI BeKTOp 

ITOJI5Ipl13aIJ,11H He 6hIJI 6bI CB5I3aH c BOJIHOBhIM BeKTOpOM, ycJIOBl1eM no

nepeqHOCTl1 keak = 0. B pe3yJihTaTe HeB03MO)KHO pa3JJ,eJil1Th CITHH 11 

op6HTaJihHhIH MOMeHT KaK JJ,Be He3aBl1Cl1Mbie Bem1q11Hhl 11 MO)KHO fOBO

PHTh Jil1lllh o noJIHOM MOMeHTe cpoToHa j = I + s. TeM He Mettee qacTo 

BBOJJ,HTCH cmrn 11 op6HTaJihHhIH MOMeHT cpOTOHa KaK BCITOMOraTeJibHbie 

ITOHHTH5I. 

YcJIOBHe nonepeqttocT11 cBo6oJJ,HOro ::ineKTpOMarHl1THoro noJIH npH

BOJJ,11T K TOMy, qTo )J,JI5I 3aJJ,aHH5I npOH3BOJihHOrO BeKTOpa ITOJIHpH3aIJ,11H 

cpOTOHa e )J,OCTaToqHo JJ,Byx qwceJI el H e2: 

(2.96) 

rJJ,e eOl H e(2) - JJ,Ba B3aHMHO opToroHaJibHhIX JJ,eHCTBl1TeJibHhIX BeKTO

pa eJJ,HHHqHQH )J,JIHHhI, Jie)KaIIJ,11e B ITJIOCKOCTH, OpToroHaJibHOH BOJI

HOBOMY BeKTopy k. ql1CJia el 11 e2, B006lll,e roBOp5I, KOMITJieKCHbie, 

KBaJJ,paThl HX MOJJ,yJieH onpeJJ,eJI5IIOT BepOHTHOCTh cpoToHa 11MeTb TY 

HJIH 11HYIO Jil1HeHHYIO ITOJIHpH3aIJ,HIO, 3aJJ,aBaeMyIO 6a311CHhIMH BeKTO

paMH eOl H e<2l. 

BMeCTO JJ,eHCTBl1TeJibHhIX BeKTOpOB, OTBeqaIOIIJ,HX JIHHeHHOH ITOJI5I

pH3aIJ,Hl1, MO)((HO BBeCTH KOMITJieKCHbie 6a3HCHhie BeKTOpbI e(+) H e<-l, 

KOTOpbie Bbipa)((aIOTCH qepe3 JJ,eHCTBHTeJihHhIH nomipH3aIJ,HOHHhIH 6a-

3HC no cpopMyJiaM: 

e<+J = - - 1
-· (em + ie<2l) · e<-) = ~2 (e(I) - ie<2l). 

J2 , vL. 
(2.97) 

Ea311CHhre BeKTOphr (2.97) orneqa10T npaBott 11 neBott U.HPKYJIHpttoii 

ITOJI5Ip113au,11H cpOTOHa. 
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B CJiyqae 3JIJIHI1TlfqecKOM rrom1p113aUMM KOMITJieKCHbIM BeKTOp rro

m1p113au1111 H3JiyqeHmI MO)f(eT 6bITb rrpe.11,cTaBJieH B BH.11,e 

e + iy[ke] 
e - -====--=--~, (2.98) 

r.11,e r - napaMeTp 3JIJIHITTHqHoCTH; e - e.11,MHHqHbIM BeKTOp, ttarrpaB

JieHHbIM B.11,0Jih rnaBHOM oc11 rrom1p113aUHOHHOro 3JIJIMnca. BeKTOp (2.98) 
y.11,oBJiernopReT ycJIOBHIO ttopM11pOBKH ee* = 1. EcJI11 napaMeTp 3JIJIHn

THqHocT11 y= ± l, peaJIM3yeTC51 CJiyqaii UHPKYJI5IpHOM rroJI5Ip113au1111, ecJIH 

y = 0 - H3JiyqeHHe JIMHeMHO TIOJI5IpM30BaHO. 

CTpoeKUH51 MOMeHTa ¢>oToHa Ha HanpaBJieH11e ero .11,BH)!(eHH5! Ha3bIBa

eTc51 cnupa!lbHocmb10. DocKOJihKY MMeeT MeCTO ycJIOBMe norrepeqHoCTH 

keak = 0, TO CTIHpaJibHOCTb ¢>oTOHa MO)!(eT npHHMMaTb )],Ba 3HaqeHH51 + l 
(.11,JI5! npaBOM KpyroBOM nomipH3aUHM) H -1 (.11,JI51 JieBOM KpyroBOM ITOJI5!

p113au1rn). HyJieBa51 crr11paJibHOCTh HeB03MO)!(Ha, nocKOJihKY BeKTop no

JI5Ip113au1111 ¢>ornHa Bcer.11,a rrepneH.11,ttKYAAPeH ero BOJIHOBOMY BeKTopy. 

TaKHM o6pa30M, cocT05IHH51 ¢>oToHa c 3a.11,aHHbIM HMITYJibCOM 11 3Hep

r11eH: BCef.11,a 5IBJI5IIOTC51 .11,Ba)!()],bI BblpO)!()],eHHhIMH no ero ITOJI5IpH3aUHH 

(HJIH crrttpaJibHOCTH). 0TCyTCTBtte TpoeKpaTHOfO Bb!pO)!()],eHH51, xapaK

Tepttoro )],JI51 BeKTOpHbIX qaCTHU c HeHyJieBOM Maccoii, CB513aHO c TeM, 

'ITO y ¢>oToHa HyJieBaH Macca 11 .11,JIH Hero tte cymecrnyeT c11cTeMbI rro

Ko51: B JII06oH: ClfCTeMe OTClJeTa ¢>oTOH )],BH)!(eTC51 co CKOpOCTbIO cBeTa. 

TaKHM o6pa30M, JII06oe COCT05IHHe 3JieKTpOMafHHTHOf0 TIOJI51 MO)!(HO 

rrpe.11,cTaBMTb KaK COBOKYilHOCTb e)],HHbIX He.11,eJIHMbIX KBaHTOB - cpOTO

HOB - 3Hepm51, HMTiyJihC lf 3aKOH .11,11cnepc1111 KOTOpb!X .11,aIOTC5! ¢>opMy

JiaMH (2.72)-(2.75), a 3Hepm51 H HMTIYJibC nomi: OilHCbIBaIOTC51 Bb!pa)!(e

Hlf51MH (2. 70), (2. 72). BoJIHOBa51 ¢>YHKUM51 ¢>om Ha (2.91) 5IBJI5leTc51 seK

TOpHoM BeJI111111ttoii, y.11,oBJiernop51roru:ei% ycJioBttIO rronepeqttoCTH. 

<l>oTOHHOe COCT051Hlfe c 3a)],aHHbIM BOJIHOBbIM BeKTopOM )],Ba)i(.11,bl BbI

po)!()],eHO no TIOJI5IPH3aUHH. 

2.5. KOrEPEHTHblE COCTO.flHH.fl 
3nEKTPOMArHHTHOrO non.fl 

B KJiacc1111ecKoi% 3JieKTpo.11,11ttaMttKe 3JieKTpoMarHHTHOe 113-

Jiyqetttte OTIHChJBaeTC51 c TIOMOW:bIO Hanp51)!(eHHOCTeli 3JieKTp11qecKoro lf 

MarHHTHOfO ITOJieH. IloCKOJibKY cpe;::i:ttee 3HaqeHHe Hanp51)f(eHHOCTH TIOJI51 

B KBaHTOBOM Teopttlf rrporropu110HaJibHO cpe.11,HeMy 3HaqeHHIO orreparn-
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poB ymr<ITO:lKemrn: l1 po)l()l_eHI15I <PoTOHOB [CM. (2.90)], TO ecTeCTBeHHO 

npe.unoJIO)!(l1Tb, 'ITO COCT05IHHe, Ha1160Jiee 6JII13KOe K KJiacc11qecK0My, 

)J,OJI)!(HO 5IBJI5ITbC5I co6CTBeHHbIM )J,JIH 3THX onepaTopOB. l1HbIMI1 CJIOBa

MH, OHO .uom1rno Y.LlOBJieTBOp5ITb paBeHCTBaM [6]: 

alz)=zlz); 

a+ lz) = z* lz), 

(2.99) 

(2.100) 

me z = z' + iz" = lzl exp (i arg z) - KOMnJieKcttoe 1IHCJio. CocTOHHI15I 

3JieKTpoMarttHTttoro rroJIH, y.uoBJiernopH10w:11e ypaBttemrnM (2.99) H 

(2.100), Ha3bIBaJOTC5I K02epeHmHblMU, a 1Il1CJIO z 5IBJI5IeTC5I napaMempoM 

K02epeHmHOW cocmoHHUH. 

c ITOMOill;bJO orrpe.ueJieHH5I (2.99) l1 (2.100) l1 paBeHCTB (2.63), (2.90) 
MO)!(HO noJiyqHTb cpe.uttee 3Ha•IeHI1e Harrp5I)!(eHHOCTI1 3JieKTpl11IeCKOf0 

IlOJI5I B KorepeHTHOM COCT05IHHI1: 

(zlE(r, t)iz) = 

_ )2nti ~ C-[ i(kr - 011) _ • -i(kr - 011) • J 
- / V L.J ...;Wk eak e Zak eak e Zak · 

ak 

(2.101) 

OycTb .UJIH npocTOThI 3JieKTpoMarttHTttoe noJie HBJIHeTCH JIHtteM:tto 

IlOJI5IpH30BaHHbIM, TOf)J,a eak = e:k, l1 $OpMyJiy (2.101) MO:lKHO nepenH

CaTb B BH.Ue: 

(.E)z = (zlE(r, t)lz) = 

= 2)2~ti ?t .jW; eak Izak I sin (wt - kr - arg Zak) . 

(2.102) 

.D,attttoe paBeHCTBO IT03BOJI5IeT .uaTb $l13l11IeCKy10 l1HTepnpeTaI.J,l110 

napaMeTpa KorepettTHOro cocTOHHI15I z. Mo.uyJih 3TOfO rrapaMeTpa CBH-

3att c aMITJIHTY.LlOM Harrp5I)!(eHHOCTH 3JieKTPH1IeCKOf0 ITOJI5I B COOTBeT

crny10rn;eM: Mone: 

(2.103) 

a aprYMeHT onpe)J,eJI5IeT C.LlBI1f <Pa3 B 3JieKTPOMafHHTHOM BOJIHe 

!l.<p = arg Zak . (2.104) 
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113 cPOPMYJI (2.101)-(2.104) cne;::i:yeT BmKHhIH BhIBOLJ: 0 TOM, '!TO B 

KOrepeHTHOM COCT051HMM OdH06peMeHHO onpe;::i:eJieHbI aMnmny;::i:a M <Pa3a 

::meKTpOMarHMTHOro IlOJI51. 

KorepeHTHbie COCT051HM51 06na;::i:a10T HenpephIBHhIM KOMnJieKCHhIM 

cneKTpOM, MX co6cTBeHHbie BeKTOpbI lz> o6pa3yIOT nOJIHhIH Ha6op, HO 

He opToroHaJihHhI ;::i:pyr K ;::i:pyry. Mm1rno noKa3aTh, '!TO MOLJ:YJih 11x CKa

JI51pHoro npo113se;::i:eH115I (z11 z2) paseH 

(2.105) 

3TMM KOrepeHTHbie COCT051HM51 cymecTBeHHO OTJIM'!aIOTC51 OT 3Hep

reTM'!eCKMX, KOTOpbre 11MeIOT LJ:l1CKpeTHhIH cneKTp 11 B3aMMHO opToro

HaJihHbI. 

no;::i:eM:crnyeM onepaTOpOM '!MCJia cPOTOHOB N = ii+ ii Ha KOrepeHTHOe 

COCT051Hl1e lz>. Pe3yJihTaT nerKO noJiyqMTh c ITOMOUJ,hlO onpe;::i:eJieHMH 

(2.99) 11 (2.100): 

Nlz) = lzl2 lz). (2.106) 

Tor;::i:a LJ:JIH cpe;::i:Hero '!MCJia <PoTOHOB B KorepeHTHOM cocT05IH1111 11MeeM 

(2.107) 

PaseHcrno (2.107) yKa3hrnaeT Ha eme o;::i:Hy cPM3M'!eCKYIO 11HTepnpe

Tau:1110 napaMeTpa KOrepeHTHOfO COCT051HM51: KBa;::i:paT era MOLJ:YJI51 paBeH 

cpe;::i:HeMy '!11CJIY cPOTOHOB B KOrepettTHOM COCT051HMl1. 

¥13 ypasHeHMH (2.106) BhITeKaeT, '!TO KorepeHTHoe cocToHH11e I z) 

51BJIHeTC51 co6crneHHhIM LJ:JIH onepaTopa '!Mena <PoTOHOB N c co6crneH

HhIM 3Ha'!ett11eM lzl2, KOTOpoe, Boo6me fOBOp51, He 51BJI51eTC51 u:eJibIM 

'!MCJIOM. Y)l(e 113 3Toro BMLJ:HO, '!TO '!MCJIO <PoTOHOB, 51BJI51IOUJ,eec51 Ha

TypaJibHOH BeJIM'!MHOH, B KOrepeHTHOM COCT051HMl1 He MMeeT onpe;::i:e

JieHHOfO 3Ha'!eHM51: T. e. npOM3BOLJ:51 M3MepeHM51, Mhl 6y;::i:eM c tteKOTO

poM: HeHyJieBOH Bepo51THOCThlO noJiy'!aTb pa3JIM'!Hbie '!MCJia cPOTOHOB 

B 3a;::i:aHHOM KOrepeHTHOM COCT051HMl1. qT06bI onpe;::i:eJIMTh 3TY Bepo-

51THOCTh, pa3JI0)1(11M KOrepeHTHOe COCT051HMe no 3HepreTM'!eCKMM co

CT051HM5IM'. 

lz) = }2(Nlz)IN). (2.108) 
N 
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B COOTBeTCTBHH c OCHOBHblMH nocTyJiaTaMH KBaHTOBOH MexaHHKH 
Bepo5ITHOCTh o6ttap)')Kemrn N cPOTOHOB B cocTOHHHH iz) paBHa 

PN (z) = l(N I z)l
2

• (2.109) 

TaKHM o6pa30M, 3a.uaqa COCTOHT B onpe.ueJieHHH K03cPcPHIJ,HeHTOB 
pa3JIO)f<eHH5l (Nlz), cPHfYPHPYIOlUHX B paBeHCTBe (2.108) . .Qrr51 3TOro Bbl
pa3HM BeKTOp COCT05IHHJI c N <PoTOHaMH (\N)) qepe3 BaKYYMHOe COCTO
JIHHe 3JieKTpOMarHHTHOfO TIOJI5l \0). c IlOMOlUhIO onpe.ueJieHHJI onepaTO
pa pmK.ll,eHH5l <PoTOHa (2.87) MO)!(HO TIOJIYlfHTb 

(2.110) 

CooTHOllleHtte (2.110) CB5l3bIBaeT KeT-BeKTophI (yrnoBa5l cKo6Ka Bnpa
Bo). )J,JI5l BbllfHCJieHH5l K03<l><l>Hll,HeHTa (Nlz> y.uo6Ho nepeti:TH B (2.110) K 
6pa-BeKTopaM (yrJIOBa5l CK06Ka BJieBo). MaTeMaTttlfeCKH 3TOT nepexo.u 
COOTBeTCTByeT 3aMeHe onepaTOpOB [i+ 0 ii. B pe3yJihTaTe .ll,JI5l K03<i><Ptt
IJ,HeHTOB pa3JIO)f(eHHJI (2.108) HaXO.ll,HM 

(Nlz)=(Ol(%'.lz)= ~(Ojz). 
vN! vN! 

(2.111) 

B noJiyqeHHOM Bhipa)!(eHttH ocTaeTc5l tteonpe.ueJieHHbIM K03<P<PttIJ,tteHT 
(Olz), MO.UYJib KOTOporo MO)!(eT 6b!Tb onpe.ueJieH H3 YCJIOBHJI HOpMHPOBKH: 

L,l(Nlz)l
2

=L,PN(z)=1, (2.112) 
N N 

KOTopoe 03HalfaeT, lfTO IlOJIHa5l BepOHTHOCTb Hati:TH J1106oe lfHCJIO <PoHOB 
B KorepeHTHOM COCTOJIHHH paBHJieTCJI e.ll,HHHIJ,e. 

00.ll,CTaBJI5l5l (2.111) B cPOPMYJIY (2.112), HaXO.ll,HM M5I HCKOMOH Be-
JIHlfHHbl Bb!pa)f(eHHe 

(OJz) = exp(J~
2

). (2.113) 

ilptt JanttcH npaBoti: '-!acrn. paBettcTBa (2.113) onymeH ttecymecTBeH
Hhiti: .ll,JI5l Hall!ero H3JIO)!(eHH5l <Pa30Bb!H MHO)f(HTeJib. 

HrnK, pa3JIO)f(eHHe (2.108) HMeeT cne.uy10m11H: BH.U: 

Jz) = L ~exp(-kL)JN). 
N vN! 2 

(2.114) 



96 -1\r I'Aaea 2. TeopUR me11Aoeow U1J1~eHUR u KeaHmoeaHue 3AeKmpoMawumHow noAfl 

0TCIO)la, B qaCTHOCTH, cne.uyeT Bhipa)!(eHHe )lJIH BepOHTHOCTH p N(z): 

(2.115) 

TaKHM o6pa3oM, BepoHTHOCTh o6ttapy)!(eHHH 3a.nattttoro qttcna <Po
TOHOB B KOrepeHTHOM COCTOHHHH .uaeTCH pacrrpe.neneHIIeM IlyaccoHa 
(2.115) (pttc. 2.4). Otto MO)!(eT 6hITh rrepenttcatto qepe3 cpe.nttee qttcno 
<PoTOHOB, 3a)laBaeMoe <PopMyJIOH (2.107)' B mi:.ne 

(2.116) 

KaK H3BeCTHO, .nttcnepcttH cnyqatl:ttoil: BeJIHqHHhI, onttchrnaeMoil: 

pacrrpe.nenemrnM IlyaccoHa, paBHHeTcH cpe.ntteMy 3HaqeHHIO 3TOH BeJIH

qHHhI, TaK qrn B ttaweM cnyqae DNz = (N)Z = /z/ 2• 

0,4 

0,3 

0,2 

0, 1 

--P(N,1) 
......... P(N,3) 
- - P(N,6) 

................................. - ........ 

//···..... ........, 
······... ', 

····················· ........ oi....:c..:__.._ __ ......:::::....~...i...~~~...,_~_, 
2 4 6 8 10 N 

Puc. 2.4. Pacnpe,!1.eJiemi:e IlyaccoHa M» pa3m1qttb1x cpe,!1.HHX qwcen ct>oTOHOB (N) ,: 

CMOUIHtlJI KpUfJaJI - (N), = I; nyHKmup11aR - (N), = 3; wmpuxoflaR - (N), = 6 

Vfa pHC. 2.4 BH)lHO, qTo MaKCHMyM pacrrpe.nenemrn fiyacCOHa IlpH
XO)lHTCH Ha Bem-1qnHy, paBHYIO cpe.a:HeMy qncny <PoTOHOB B KorepeHT
HOM COCTOHHHH, npnqeM WHpHHa pacrrpe.a:eneHHH B03pacTaeT c poc

TOM (N)z. 
PaccMoTpHM Teneph BpeMeHHYIO :JBOJIIOU:HIO KorepeHTttoro cocrnH

mrn CBo6o.a:ttoro 3JieKTpoMarHHTHoro nonH. Bocrronh3yeMcH .UJIH 3Toro 
paBeHCTBOM (2.79), IlO)lCTaBHB Bero npaByIO qacTh IlOJiyqeHHOe pa3JIO-
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)l(em1e KOrepeHTHOro COCTOHHHH no 3HepreTnqecKHM COCTOHHHHM (2.114). 
Tor.na c ytJeTOM paBeHcTBa (2.77) Haxo.nnM 

( ·At) lz, t) =exp -:,;- lz) = 

ZN e-iN011 ( \z\2) 
= L JN!. exp -- \N)=\ze;01')=lz(t)). 

N N! 2 

(2.117) 

Opn 3anncn (2.117) B nocJie.n:HeM paBeHcrne 6bIJI OT6porneH <I:>a3o

BbIH MHO)l(HTeJib exp {-imt/2}, KOTOpbIH He H3MeHHeT 3HalJeHH51 tta6mo

.naeMbIX BeJIHlJHH. 

TaKHM o6pa30M, CBo6o.n:HaH 3BOJIIOUHH 3JieKTpoMarHHTHoro noJIH 

BO BpeMeHH He H3MeHHeT xapaKTepa KOrepeHTHoro COCTOHHHH, a npHBO

)J.HT JIHllib K BpeMeHHOH 3aBHCHMOCTH ero napaMeTpa z(t) = zei&. 3TO 

3HalJHT, 'ITO c TeqeHHeM BpeMeHH npO)J.OJI)l(aIOT BhlilOJIHHTbCH paBeHCTBa 

(2.99) H (2.100) c 3aMeHOH z ~ z(t). 

,ll,m1 TOfO lJT06br onpe)J.eJIHTb HBHhIH BH)J. KorepeHTHbIX COCTOHHHH 

B KOOp)J.HHaTHOM npe)J.CTaBJieHRH, T. e. Kor.na apryMeHTOM BOJIHOBOH 

<l:>YHKUHH 51BJI51eTC51 o6o6meHHa51 KOOp)J.HHaTa, BblilHllieM COOTHOrne

HHH, CB513bIBaIOll.(He onepaTOpbI YHHlJTO)l(eHHH H po)l()J.eHHH <l:>oTOHOB 11 

orrepaTOpbI KaHOHHqeCKHX nepeMeHHbIX ( o6o6w:eHHbIX KOOp)J.HHaT H 

HMilYJibCOB): 

A q + ip a=---· 
Jl. ' 

(2.118) 

(2.119) 

3.necb BBe.neHhI 6e3pa3MepHhie KaHOHHlJeCKHe rrepeMeHHhre cornacHo 

paBeHCTBaM 

(2.120) 

(2.121) 

B Koop.nnttaTHOM rrpe.ncrnBJieHnn .n.eM.crnne oneparnpa o6o6meH

HOH KOOp)J.HHaTbI Ha BeKTOp COCTOHHHH CBO)J.HTCH K YMHO)l(eHHIO Ha Hee, 
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a .uetlcrnwe orrepaTopa o6o6mettttoro MMITYJihca .uaeTc51 .nmp<flepettuwpo

BattMeM ITO o6o6meHHOH KOOp,UMHaTe: 

A A , a 
q=q; p=-1/i-. 

dq 
(2.122) 

3aMeTMM, qTQ M3 orrpe,[(eJieHMH (2.122) CJie.nyeT 3aKOH KOMMYTaUMM orre

paTOpOB o6o6meHHOH KOOp.[(MHaTbI M o6o6iuetttt0ro MMrryJibCa [ q' p] = iii' 
qTo JierKo rrpoBepMTh tterrocpe.ucrnetttto. 

c yqeTOM (2.118) M (2.122) rronyqaeM 51BHhlH BM,[( orrepaTOpa YH1fq

TO)l(eHM51 cPOTOHOB B KOOp.ll,MHaTHOM rrpe.[(CTaBJieHMM 

A 1 (- d) 
a = .J2 q + dij . (2.123) 

I1crroJib3Y51 paBeHCTBO (2.123), ypaBHeHMe (2.99), 51BJI51IOIUeec51 orr

pe.[(eJieHMeM KOrepeHTHOfO COCT051HM51, MO)l(HO rreperrwcaTb B KOOp.ll,M

HaTHOM npe,UCTaBJiemrn 

(ij+ ~)(qjz)=v'iz(qjz). (2.124) 

3arrwcb ( ij I z) 03HaqaeT, qTo aprYMeHTOM BeKTopa KorepettTHoro cocTo-

51HM51 51BJI51eTC51 o6o6iuettHa51 KOOp,UMHaTa. 

Pernettwe ypaBttettM51 (2. I 24) .uaeTC51 <I:>opMyJiotl 

(2.125) 

r.ue ICiz)I = 1 M (q)z - cpe.nttee 3ttaqettwe 6e3pa3Mepttotl o6o6iuettttotl 

KOOp.[(MHaTbI B KorepeHTHOM COCT051HMM (z' = Re z), 

(2.126) 

)],.rm Bep051THOCTM HaHTM 3HaqeHMe o6o6iuettHOH KOOp.UMHaTbl, paB

ttoe ij' B KorepeHTHOM COCT051HMM lz> M3 (2.125) noJiyqaeM 

Pq(z) = l(qj z)j2 = lr exp[-(q -(q)z}2]. (2.127) 
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AttaJior111rno wu1 pacnpe,ll,eJiemu1 o6o6mettttoro MMTIYJibca B Kore

peHTHOM COCTOHHMM MO)!(HO TIOJiytJHTb 

(2.128) 

me (fJ)z - cpe,ll,ttee 3Haqettue o6o6mettttoro HMnyJibca B KorepeHTHOM 

COCTOHHMH (z" = Im Z), 

(fJ)z =(zJpJz)=v'2z". (2.129) 

<l>opMyJia (2.128) noJiyqaeTCH c TIOMOll(blO peIIJeHHH ypaBHeHMH (2.99), 
B KOTOpOM onepaTop YHifqTQ)!(eHMH cpOTOHOB Bbipa)!(eH qepe3 onepaTO

pbl KaHOHlfqecKMX nepeMeHHblX (2. l 18), ,ll,JIH KOTOpbIX MCTIOJib30BaHo 

HMTIYJihCHoe npe,ll,CTaBJiettue. B HMTIYJihCHOM npe,ll,CTaBJieHMH BMecTo 

(2.122) MMeeM CJie,ll,YIQll(HH HBHbJH BM,ll, KaHOHMqecKMX oneparnpon: 

, .,. a 
q =In-; 

dp 
p= p. (2.130) 

B pe3yJibTaTe noJiyqaeTcH ypantteHMe, conna,ll,a10mee c (2.124) c Toq

HOCThIO ,ll,O JaMeHhI q -7 p. TaKMM o6pa30M, pacnpe,ll,eJieHMe o6o6mett

HOH KOOp,ll,MHaTbl H o6o6meHHOro MMTiyJibCa B KorepeHTHOM COCTOHHMM 

,ll,aeTCH paBeHcrnaMM (2.127) H (2.128). CpaBHMM 3TH pacnpe,ll,eJieHMH c 

pacnpe,ll,eJieHHeM faycca: 

(2.131) 

me (x) - MaTeMaTuqecKoe o)!(lf,ll,aHHe (cpe,ll,ttee 3Haqettue) nepeMeHHOH x; 
D'fc - ,ll,HcnepcHH cJiyqaH:ttoH: BeJIHqHHhI, xapaKTepu3y10maH ee pa36poc 

OKOJIO cpe,ll,ttero 3HaqeHMH, 

n; = (x2)-(x)2. 
CpaBHMBaH (2.127) M (2.128) c cpopMyJioH: (2.131), npMXO,ll,HM K BhI

BO,ll,Y' qTO B KOrepeHTHOM COCTOHHMM 3JieKTpOMarHMTHOf0 TIOJIH BepOHT

HOCTb o6ttap~MTb 3a,ll,aHHOe 3HaqeHMe o6o6meHHOH KOOp,ll,MHaTbI If 

M.MTIYJibCa onMcbrnaeTCH pacnpe,ll,eJiettMeM faycca. IlpMqeM 3TO pacnpe

,ll,eJieHMe ,ll,JIH 6e3pa3MepHbIX BeJIHqHH o6Jia,ll,aeT ,ll,HcnepcueH: 1/2, T. e. 
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0TCIO,n:a CJie.n;yeT, qTo rrpOH3Be.n;em1e KBaHTOBO-MeXaHH'IeCKHX Heo

npe,n:eJieHHOCTeH o6o6lll,eHHOH KOOPLJ:HHaTbI H o6o6lll,eHHOfO HMIIYJibCa 

B KOrepeHTHOM COCTOSIHHH IIOJISI \z) paBHO 

(2.132) 

CooTHOlllettue tteorrpe,n:eJieHHOCTe:H: fe:H:3ett6epra Ll:JISI 0606lll,etttto:H: 

Koop,n:HHaTbl H o6o6lll,eHHOro HMIIyJibCa B o6lll,eM CJiyqae HMeeT BH,n:: 

(2.133) 

Otto roBopHT o TOM, qTo KaHOHHqecKHe nepeMeHHbie tte MOryT 6bITh 

onpe,n:eJieHbl OLJ:HOBpeMeHHO CKOJlb yro.n;HO Toqtto: qeM Toqttee H3Mepsi:

eTCSI o,n:Ha H3 HHX, TeM 60Jibllle pa36poc B ,n:pyro:H:. Mepa B3aHMHOH 

tteonpe,n:eJieHHOCTH .n:aeTcH nocTOHHHOH IlJiattKa. B KJiaccHqecKoM rrpe

,n:eJie, KOr,n:a IIOCTOSIHHaSI IlJiaHKa paBHa HYJIIO, orpattuqeHHe (2.133) 
CHHMaeTCSI. 

Jfa cpaBHeHHH (2.132) H (2.133) CJie.n;yeT, qTQ B KOrepeHTHOM COCT0-

51.HHH 3JieKTPOMafHHTHOfO IIOJISI COOTHOllleHue Heonpe,n:eJieHHOCTeH fe:H:-

3ett6epra ,n:oCTHraeT cBoe:H: nauMeHbU1eii BeJIHqHHhI. 3To u ecTb xapaKTe

PHCTHqecKoe CBOHCTBO KorepeHTHOfO COCT05IHH51. Jfa Hero, B qaCTHO

CTH, CJie,n:yeT, qTo KorepeHTHOe COCT05IHHe IIOJ151 HaH60Jiee 6JIH3KO K 

KJiaccuqecKOMY 3JieKTpOMarHHTHOMY IIOJIIO, Ll:J151 KOToporo BCe KBaHTO

BO-MexattuqecKHe tteonpe,n:eJieHHOCTH TIO onpe,n:eJieHHIO paBHbI HYJIIO. 

0TMeTHM, qTo Jia3epttoe 3JieKTPOMarHHTHOe IIOJie Jiyqllle Bcero arrrrpoK

CHMHpyeTCSI KOrepeHTHbIM COCT05IHHeM. 

PaccMoTpHM BpeMettttyro 3BOJIIOUHIO pacrrpe.n;eJieHHH 0606lll,ettttoli 

KOOpLJ:HHaTbI H o6o6lll,eHHOfO HMIIYJihCa B KOrepeHTHOM COCT05IHHH. 

llcxo.n;HM H3 COOTHOllleHHH (2.117), KOTOpoe fOBOpHT 0 TOM, qTQ Bpe

Metttta51 3aBHCHMOCTb KOrepeHTHOro COCT05IHH5I onpe,n:eJI5IeTC51 BpeMeH

HOH 3aBHCHMOCTbIO ero napaMeTpa z(t) = zeiOJI. Peanbtta51 qacrh 3roro 

napaMeTpa z(t) orrpe.n;eJisi:eT cornactto (2.126) cpe.n:ttee 3Haqettue 0606-

ruettttoli Koop.n;HttaThI, a MHHMaH - cpe.l(ttee 3Haqettue o6o6ruettttoro 

HMIIYJibCa (2.129). Pa36poc KaHOHHqecKHX rrepeMeHHbIX OKOJIO CBOMX 

cpe.n;HMX 3HaqeHHH OT BpeMeHH He 3aBHCHT H paBeH 1/ ,J2. 
Orrpe,n:eJIHM renepb 3HepreTuqecKMe COCT05IHHSI IIOJISI B KOOpmrnaT

HOM npe,n:cTaBJieHHH, T. e. SIBHbIH BHLJ: BeKTOpOB ('11 N). ,Ll,.rrn 3TOro y,n:o6-

HO Haqarb c orrpe,n:eJieHHSI co6CTBeHHOf0 BeKTOpa BaKyyMHOfO COCTOSI-
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HMH 3JieKTpoMarttttTttoro rrom1 (t/IO). BocnoJih3yeMCH ypaBttetttteM 

llipe,n;ttttrepa MH 3JieKTpOMarHMTHOrO IlOJIH, KOTOpoe B CJiyqae O,ll;HOH 

MO,ll;bl IlOJIH MMeeT BM,[]; 

(2.134) 

r,n;e H (q) - raMttJihTOttttatt nom1 B Koop,n;ttttaTHOM npe,n;cTaBJietttttt, HB

Hhltt BM,[]; KOTOporo CJie,n;yeT M3 <PopMyJI (2.120)-(2.122), 

(2.135) 

113 paBeHCTB (2.134) M (2.135) BblTeKaeT ypaBHetttte Ha co6cTBeH

HhIM BeKTOP 3HepreTwqecKoro COCTOHHMH IlOJIH (ill N): 

( il 2 
- 2N -1- :;2 }ill N) = 0. (2.136) 

JlerKo npoBepttTh, qrn ,ll;JIH N = 0 ypaBttetttte (2.136) ttMeeT cJie,n;y10-

IIIee pernetttte: 

1 ( -2) ( il J 0) = if,i" exp l - q2 . (2.137) 

3TO M eCTb BaKYYMHOe COCT05IHtte 3JieKTpOMarttttTHOro IIOJI5I B KOOp,n;tt

HaTHOM npe,n;cTaBJieHttM. 

Mtto)((ttTeJih nepe,n; 3KcnottettTotl B npaBOH qacTtt (2.137) orrpe,n;eJIH

eTCH M3 YCJIOBMH HOpMHpOBKH co6cTBeHHOro BeKTopa. 06paTHM BHHMa

HHe Ha TO, qTo BaKYYMHOe 3HepreTttqeCKOe COCT05IHHe (2.137) COBna,n;a

eT c KOrepettTHbIM COCT05IHHeM IlOJIH (2.125), eCJIM rrapaMeTp KOrepeHT

HOro cocTOHHHH pasett ttymo: z = 0 . .LJ.eltcTBttTeJihHO, Tor,n;a cpe,n;ttee 

3Haqetttte o6o6rn;eHHOH KOOp,ll;HHaTbI TO)((e paBHO Hymo: 

H npaBa5I qacTb paBeHCTBa (2.125) COBITa,[l;aeT c npaBOH qacThIO (2.137), 
ecJIH noJIO)l{HTh CqCz) = I. 

3tta5I BaKYYMHhIH BeKTOp (2.137), MO)((HO IIOJIY'JMTh Bee OCTaJihHbie 

BeKTOpbI 3HepreTHqecKHX COCT05IHMH IlOJIH, eCJIM BOCilOJib30BaThC5I pa-
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BeHCTBOM (2.110) JI Bhrpa)l(emreM .n1rn onepaTOpa po)l(.ll,emrn: <})oTOHa B 

KoopmrnaTHOM npe.ncrnrurnmrn: 

'+ q - d/dq 
a =----

.Ji 
B pe3yJihTaTe HMeeM .D,JIH ::mepreTJiqecKoro COCT05IHH5I TIOJI5I B KOOp

)J,HHaTHOM npe.D,CTaBJieHJIH paBeHCTBO 

( - \ N) 1 (- d )N -iP /2 q = r;:;v;;-; q - - e , 
ifffv2N N ! dq 

(2.138) 

r.ne CHMBOJI (q - d/dqt o603HaqaeT onepaTOp (if - d/dq), npttMeHeHHhIH 

N pa3 K CTOHW:ei\: cnpaBa OT Hero cpyHKUHH. Mo)l(HO noKa3aTh, qTo cpyH

KUHOHaJibHaH 3aBHCHMOCTh 3HepreTwqecKJIX COCTOHHHH TIOJIH B KOOp.D,H

HaTHOM npe.D,CTaBJieHJIH (2.138) COBTiaLJ,aeT c TaKOBOH LJ,JIH BOJIHOBbIX 

cpyHKUHH rapMOHHqeCKOro OCUHJIJIHTOpa (2.57), eCJIH B TIOCJie.D,HeH Mac

ey TIOJIO)J(HTh paBHOH e.D,HHHUe. 

YlttTepeCHO npe.ncTaBHTh KBaHTOBbie COCTOHHHH 3JieKTpOMarHHTHO

ro noJIH Ha cpa30BOH nJIOCKOCTH (if, fi). Ha 3TOH TIJIOCKOCTH 3HepreTtt

qecKHM COCT05IHH5IM 6y.nYT COOTBeTCTBOBaTb OKPY)l(HOCTH c ueHTpOM B 

HaqaJie KOOp.D,HHaT H paLJ,HyCOM, paBHhIM .J2N + 1. B COOTBeTCTBHH c 

cpopMyJiaMH (2.127) H (2.128) KorepettTHhie COCT05IHH5I TIOJIH npe.D,CTaB-

JI5IlOTC5l. KpyraMH c pa.nwycoM 1/ .Ji. UettTphr 3THX KpyroB pacnoJiaraIOT

CH Ha OKp~HOCTH c ueHTpOM B ttaqane KOOp)J,HHaT Ji pa.nwycoM, paB-

HhIM ~2\z\2 
+ 1. 

Cyw:ecTBYIOT ew:e rjJa306bte COCT05IHH5I 3JieKTPOMarHHTHOro TIOJIH, B 

KOTOpb!X cpMKCHpOBaHa cpa3a TIOJIH Ji TIOJIHOCThlO He onpe.neJieHa ero 

3HeprHH. 3TH COCT05IHH5I H306pa35ITC5I JiyqaMH, HCXO)J,HW:HMH H3 Haqana 

KOOp)J,HHaT. 3aMeTHM, qTO B 3HepreTJiqeCKHX COCT05IHH5IX TIOJI5I, Hao6o

poT, cpHKCHPOBaHa 3Hepm5I H TIOJIHOCThlO He onpe.neJieHa cpa3a. 3TO 

5IBJI5l.eTC5I OTpa)l(eHJieM Toro cpaKTa, qTo cpa3a Ji 3Hepm5I TIOJIH (TaK )l(e 

KaK KOOp)J,HHaTa Ji HMTIYJihC) 5IBJI5l.IOTC5I conp51)1(eHHhIMH napaMeTpaMJI, 

CB513aHHhJMH COOTHOIIIeHHeM tteonpe)J,eJieHHOCTH THna (2.133). HaKo

HeU, BaKYYMHOe COCTOHHHe TIOJIH 6y.neT npe)J,CTaBJieHO Ha cpa30BOH TIJIOC-

KOCTH KpyroM pa.D,HYCOM l/.Ji c uettTPOM B Haqane KOOp.D,HHaT. KaK 

OTMeqanoch BbIIIIe, 3TO TIOCJie.D,ttee COCT05IHJie O)J,HOBpeMeHHO 5IBJI5IeTc5I 

3HepreTJiqecKHM c qJicJioM cpoTOHOB, paBHhIM HYJIIO, JI KorepeHTHhIM c 

HyJieBbIM napaMeTpOM z, 
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B nocJie.nttee BpeMH o6c)')K)l,aeTcH B03MO)[(HOCTh peamnauHM TaK 

Ha3bIBaeMbIX CJKambtX COCTOHHMM IlOJIH. B TaKMX COCTOHHMHX KBaHTOBbie 

Q)JiyKTyauMM o6o6rueHHOM KOOp)l,MHaTbI HJIM o6o6rueHHOfO MMilYJihCa 

MOryT 6bITh MeHhllle CBOHX BaKYYMHbIX 3Ha'lem1M. (paBHhIX 1/ ..J2 MH 

6e3pa3MepHhix BeJitt'lMH ij M p ). PaccMoTpeHMe 3Tttx BonpocoB, o.ntta

Ko, BhIXO)l,MT 3a paMKH HaCTOHrueii KHMfM. 

TaKHM o6pa30M, KOrepeHTHbie COCTOHHHH, MH KOTOpbIX MHHMMM-

311pyeTCH COOTHOUJemi:e Heonpe.neJieHHOCTeii feii3eH6epra (2.132) 11 

(2.133), HBJIHIOTCH KBaHTOBhIM npoo6pa30M COCTOHHl1M KJiaCCl1'leCKOro 

3JieKTPOMafHl1THOf0 IlOJIH. Ycpe.ntteH11e no KorepeHTHhIM COCTOHHHHM 

onepaTopHhIX ypaBtteH11ii MaKcBeJIJia B nepBoM npH6JI11)[(eH1111 rrpHBo

.UHT K ypaBHeHl1HM, B KOTOpbIX qmrypttpyIOT KJiaCCM'leCKHe HarrpmKeH

HOCTl1 3JieKTPl1'leCKOfO 11 MafHl1THOfO IlOJieii. 

1. fl;iaHK M. 0 3aKotte pacnpeneJieHHH 3Hepnrn B ttopMaJihHOM cneKTpe. 

1'fa6patttthie TPYnhI. M.: HayKa, 1975, c. 258-269. 
2. 3iiHwmeiiH A. 06 onttott 3BpttcTw1ecKott TO'IKe 3peHHH, Kaca10mettcH B03-

HHKHOBeHHH M npespameHHH cBeTa. Co6patttte ttayqtthIX TpynoB. T. 3. 
M.: HayKa, 1966, c. 92-108. 

3. CuByxuH jl,.B. OmttKa. M.: <l>tt3MaTJIMT, 2005. 792 c. 

4. JiaHoay JI.JI.., Jiu</Jwuu, E.M. KsattTOBaH MexattMKa. M.: HaYKa, 1974. 752 c. 

5. Eepecmeu,Kuii B.E., JiurjJwuu, E.M., flumaeBcKuii JI.fl. KBaHTOBaH 3JieKT

ponttttaMttKa. M.: <l>tt3MaTJIMT, 2001. 720 c. 

6. KflbtUJKo JJ,.H. <l>tt:3M11ecKMe octtOBhI KBattTOBOtt 3JieKTPOHMKM. M.: HaYKa, 

1986. 294 c. 



rnABA <l>OT03<1><1>EKT 

3 M 3<1><1>EKT KOMnTOHA 

3.1. <l>OT03<1><1>EKT 

<l>orn3<P<PeKT rrpencrnrurneT co6oft ucrrycKami:e 3JieKTpottoB 

semecTBOM non nettCTBHeM 3JieKTpOMarHHTHOfO H3JIY1IeHIUI. 3rn 51BJie

HHe nptt ocsemeHHH UHHKOBOH MHUieHH YJibTpa<PttoJieTOBbIM H3JIY1IeHH- • 

eM BnepBbie Ha6JI10naJIOCb r. fepueM B 1887 r. Pattee, B 1839 r. A. oeKKe

peJib, HCCJienosaBUIHH 3JieKTPttqecKtte 51BJieHH51 rrptt ocsern:eHHH TeJI, 06-

Hapy?KHJI cPOT03cPcPeKT B 3JieKTPOJIHTe, a B 1873 r. B. CMHT 3aperttcTpttpOBaJI 

cPOTOilpOBonttMOCTb ceJietta. 

)l,aHHOe BbIUie orrpeneJieHtte OTHOCHTC51 K 8HetuHeMy rjJOm03rjxjJeKmy, 
KOTOpbIH H OTKpbIJI f. fepu. llcrrycKaeMhie nosepXHOCTblO TeJI non neft

CTBHeM CBeTa 3JieKTPOHbl tta3bIBalOTC51 cPOT03JieKTPOHaMH. CTOMHMO BHeIII

ttero cyrn:ecrnyeT TaIOKe enympennuii rjJomo:JrjJrjJeKm, rrpo51BJI5110W:HHC51 B 

yBeJI11qeHHH 3JieKTp11qecKOH rrposonttMOCTH semecrna rrptt ocsern:eHHH. 

11MeHHO 3TO 51BJietttte tta6JI10nanocb B. CMttTOM. K <Porn3<P<PeKTY OTHO

C5IT TaIOKe rjJom080Abmau'teCKUU 3rjJrjJeKm, np051BJI51IOW:HHC51 B B03HHKHO

BeHHH 3JieKTponstt)((yrn:eft cttJihI non neftcTBtteM tt3JIY'leHtt51. HaKotteu 

cPOTOHOHH3aUH51 aTOMOB Ha3bIBaeTC51 amoMHblM rjJomo3rjJrjJeKmoM. 

••••••• 

CxeMaTttqecKoe npencTaBJietttte 

BHernttero <Porn3<P<PeKTa rroKa3atto 

Ha pttc. 3.1. 

Puc. 3.1. BtteIIIHtttt <t>oTo3<t><t>eKT 
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3aKOHbI BHenrnero ct>orn3<l><l>eKTa .neTaJibHO M3yqa.JIHCb pOCCHMCKHM 

cl>H3MKOM A. Crn.rreTOBhIM B 1888-1890 rr. cpa3y )((e nocne OTKPhITHSI 

3T0f0 SIBJieHMSI f. fep:U,eM. flpMH:QHilMa.JibHaSI CXeMa yCTaHOBKM, C IlO

MOillblO KOTOpoit MO)((HO MCCJie.!J,OBaTb BHellIHHM cl>oT03cl><l>eKT, npMBe.ne

Ha Ha pwc. 3.2. 

Puc. 3.2. CxeMa ycTaHOBKH no tta6mo)lemno attenrnero <t>oTo3<P<l>eKTa (aaTOp 
pHCYHKll Stefan-Xp) 

3aKOHbI BHenrnero ct>oT03cl><l>eKTa MO)((HO cct>opMyJIHpOBaTb cne.ny10-

llIHM o6pa30M: 

I. Cuna cl>oTOTOKa nponop:u,110Ha.JibHa HHTeHCMBHOCTM M3nyqeHHSI, 

BbI3bIBaIOnrero ct>oT03cl><l>eKT. 

2. 3HepmSI ct>oT03JieKTPOHOB onpe.nenSieTCSI qacTOTOM CBeTa M He 

3aBHCMT OT HHTeHCMBHOCTM M3JiyqeHHSI. 

3. ,/:lJISI Ka)((.!J,oro BenrecTBa cynrecrnyeT CBOSI MaKCMMa.JibHaSI MMHa 

BOJIHbl H3JI}"leHMSI (KpacHaSI rpaHM:Qa), Bbillle KOTopoit <t>orn3ct>cl>eKT He 

tta6n10aaeTCSI. 

Ba)((HO no.nqepKHYTh, qTo BTOpoit 11 TpeTMM 3aKOHhI ct>oTo3cl>cl>eKTa 

HeB03MO)((H0 06bSICHHTb, HaXO.!J,SICb Ha Il03M:QHSIX KJiaccwqecKOM <l>H3H

KM. ,[leitCTBHTeJibHO, B COOTBeTCTBHH c 3JieKTpOHHOM Teopweit Jlopett:u,a 

3JieKTPOHbI BemecTBa no.n .neitCTBMeM 3JieKTpwqecKoro IlOJISI CBeTOBOM 

BOJIHbl OC:QHJIJIHpyIOT c aMITJIHTY.UOM lI CKOpOCThIO, nponopUHOHaJibHOM 

aMITJIMTy.ne ttanpSI)((ettHOCTH 3JieKTpHqecKoro noJISI. TaKHM o6pa30M, 

:3Heprm1 cl>OT03JieKTpOHOB .!J,OJI)((Ha 6hITb nponopu110Ha.JibHa HHTeHCHB

HOCTH H3JiyqeHHSI, qTQ npoTHBOpeqHT BTOpOMY 3aKOHY ct>oTo3cl><l>eKTa. 
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ilOCKOJlbKY (B paMKax KJiaCClf'IeCKOro paCCMOTpemrn:) 3Hepnrn, coo6-

rn.aeMaH 3JieKTpOHaM H3Jiyqemi:eM, rrponopuirnHaJibHa HHTeHCHBHOCTH, 

TO AJUI mo6otl: L(JIHHbI BOJIHbI H3JiyqeHmI ttatl:neTCH HHTeHCHBHOCTb, no

CTaTO'IHaH MH npeononeHHSI 3JieKTPOHaMH Bern.eCTBa pa60TbI BbIXO,IJ.a, 

'ITO npoT11Bopeq11T TpeTbeMy 3aKOHy ¢oTo3cp¢eKTa. HanoMHHM, 'ITO 

pa6oTa BbIXOL(a paBHHeTCH MHHHMaJibHOH 3HeprHH, KOTopy10 Heo6xo,11.11-

MO 3aTpaTHTb MH ynaneHHH 3JleKTPOHa H3 Bemecrna B BaKYYM (B COCTO

HHHe c paBHOH HYJIIO KHHeTH'IeCKOH 3Hepmeii). 

3tta'IeHHH pa60Tbl BbIXOL(a B 3JieKTpOH-BOJibTaX (l 38 = 1,6. 10-19 )],)(() 

,Il.J15I p5I,11.a MeTaJIJIOB npHBe,[(eHhl B Ta6n. 3.1. 

Ta611u14a 3. 1. Pa6ora BblXOAa HeKoropblX Merannos 

Mernnn Al Pt Fe Cu Zn Ag Cs Na w 
Pa6orn 

4,25 5,32 4,31 4,4 4,24 4,3 1,89 2,3 4,54 
BhIXOL(a, 38 

I-fa Ta6JI. 3.1, B qacTHOCTH, cnenyeT, 'ITO MHHHMaJibHOH pa60TOM 

BhIXOL(a 06na,11.a10T IUeJTO'IHbie MeTaJIJlhI, a MaKCHMaJihHOM - MeTaJIJlhI 

no,11.rpynrrhI nnanrnhl. 

)],JUI npeo,11.oneHHH rrpoTHBOpe'IHH Me)l{,L(y 3KCJiepHMeHTaJihHhIMH naH

HbIMH no <)>oT03cpcl>eKTY H KJiaCCH'IeCKOH TeOpHett tteo6xo):(HMO nepett

TH K HOBOH KapTHHe 3JieKTpOMarHHTHOro TIOJIH, 'ITO H 6hIJIO c,11.enaHO 

A. 3HHlllTeHHOM B ero pa6oTe «06 OL(HOH 3BpHCTH'IeCKOH TOtiKe 3pe

HHH, Kaca10metl:c51 B03HHKHOBeHHH H rrpeBparn.eHH5I CBeTa», Bhillle,[(llleH 

B CBeT B 1905 r. [I]. B 3TOH pa6oTe 3i1HUITeHH Ha OCHOBaHHH KBaHTO

BbIX rrpencrnBJiettutl:, BBenetttthrx B <)>H3HKY M. ilnaHKOM, H3JIO)l(HJI tto

BhIH MHPOB033peH'!eCKHH IIOL(X0,11. K OJIHCaHHIO 3JleKTpOMarHHTHOro rromI, 

KOTOpbIM II03BOJIHJI, B qaCTHOCTH, TeopeTH'IeCKH o6bHCHHTh 3aKOHhI 

BHeurnero <)>oT03cpcl>eKTa, c¢opMyJIHPOBaHHbie BhIUie. 5fapoM HOBOro MH

pOB033peHHSI Ha rrpHpony H3JiyqeHHSI HBJISieTCH npencTaBJieHHe 06 3JieK

TpOMarHHTHOM none KaK 06 H,IJ.eaJibHOM ra3e qacTHU - KBaHTOB H3Jiyqe

HHH, KOTOpbre II03,D:Hee, B 1926 r., aMepHKaHCKHM <)>H3HKOM H XHMHKOM 

f.H. JlblOHCOM 6bIJIH Ha3BaHbI cpoTOHaMH. 

TaKHM o6pa3oM, KBamonattHe 3HeprnH Bemecrna, nneneHHOe M. ilnaH

KOM nmr o6bHCHeHH5I 3aKOHOB TeJIJIOBOro H3JTyqeHHH, 6bIJIO L(OIIOJIHeHO 

3i1HlllTeHHOM KBaHTOBaHHeM 3JieKTpOMarHHTHOro IIOJIH. 3TO KBaHTOBa

HHe HOCHJIO KaqecTBeHHhIH xapaKTep H OTIHpaJIOCb Ha cPOPMYJIY BHHa 
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(2.10) .UJHI crreKTpa TeITJIOBOfO li3JIY'!emrn: p, KOTOpaH B COBpeMeHHbIX 

o6o3Haqemrnx ttMeeT Bli.U: 

(W) h W
3 

( hW ) 
Pr (w) = ,.2c3 exp --y ' (3.1) 

r.ue w - KpyroBaH qacTorn; c - cKopoCTb CBern; T - TeMrrepaTYpa. 

3.uech 11 .uanee TeMrrepaTypa Bbrpa)((etta B 3HepreTtt•recKHX e.uttHttl(ax, 

T. e. KOHcrnHrn EoJibUMatta rroJio)((eHa paBHOH e.uMtt11ue. KaK yrroMttHa

nocb BO rn. 2, cpopMyJia B11tta HBJIHeTcH BbICOKO'!aCTOTHbIM rrpe.uenoM 

cpopMyJibI DnaHKa, Kor.ua 3HeprttH cpoToHa BeJI11Ka, 11 BbIIlOJIHHeTcH He

paBeHCTBo hw » T. )1,attttoe HepaBeHCTBO roBOPliT o TOM, '-ITO B rrpe.uene 

B11tta nJIOTHOCTb 3Heprmt TennoBoro 113.JlY'-!eHMH Mana [nocKOJlbKY OT

ttowettlie -hw/T BXO.UHT B noKa3aTeJih 3KCrrotteHTbI (3.1 )] . B 3TOM 

npe.uene KBaHTOBbie CBOHCTBa 113JIY'-!eH1151 .UOJI)((Hbl npoHBJIHTbCH Ha1160-

Jiee C11JibHO, TI03TOMY He CJiy'laHHO, '-ITO 3HHWTet'rn BOCI10Jib30BaJIC51 

11MeHHO Bbipa)((eH11eM (3.1 ). Ott npe.uBap11TeJibHO noKa3an, '!TO TepMo

.u11ttaM11qecKaH cpopMyJia, CB513bIBaIOil(a51 3HTPOI1lil0 s, TeMnepaTypy 11 

3Heprmo E (dS = dE/T), B CJIY'-!ae TerrnoBoro 113JIY'-!eH11H MO)((eT 6bITh 

nepen11catta B B11.Ue 

(3.2) 

r.ue c}JYHKUMH <p onpe.uenHeTCH paBeHCTBOM 

~ 

S=Vfip(p, w)dw, (3.3) 
0 

T. e. HBJrn:eTCH npocTpa1·lCTBe1mo-crreKTpaJibHOtt IlJIOTHOCTbIO 3HTpOnHH 

TCnJIOBOro H3JIY'ICHHH, KOTOpoe, KaK M3BeCTHO, o.u11opo,UHO. lfa cpopMyJI 

(3.1) H (3.2) Bb!TeKaeT COOTHOIIIeHHe: 

aip = __ l_ln(Jr2c3p), 
ap hw hw3 

(3.4) 

MHTerp11py51 KOTOpoe MO)((HO ITOJIY'lHTb 

p { (Jr2c3 pJ } <p=-- ln -- -1. 
hw nw3 

(3.5) 
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3tteprmi TennoBoro l13nyqemrn:, qacTOTbI KOToporo Jie)((aT B l1HTep

Bane OT OJ .no m + i:5m, HaXoMmerocsi: B o6oeMe V, paBHa i:5E = Vp8w. 
3HTponmI 3TOro mnyqemrn B COOTBeTCTBl1l1 c onpe.neneHl1eM (3.3) paB

Ha JS= Vipt5m. Ilo.ncrnBnsi:si: B nocne.nmo10 <PopMyny Bb1pa)((ett11e (3.5), 
HaXO.Ul1M: 

(3.6) 

3.necb BbI)lenetta 3aBl1Cl1MOCTh 3HTponm1 OT o6oeMa. HttTepecysi:ch Bcne.n 

3a 3iIHIJITeHHOM TOJlhKO 3TOH 3aBl1Cl1MOCThIO, 113 paBeHCTBa (3.6) OKOH

'IaTeJlbHO nonyqaeM 

i5E { V} i:5S(V)-i:5S(V0 ) = nw ln Vo . (3.7) 

3.necb np11Be.neH Opl1rMHaJihHhIM BhIBO.U 3HHIJITeMHOM QlOPMYJihI, OilH

ChlBaJOill_eH 3aBl1Cl1MOCTh 3HTpOIIHl1 TenJIOBOro l13J1yqeHMH OT 3aHMMae

MOro o6oeMa. BhmMIIIeM Terreph Bhrpa)((ett11e .nnsi: 3HTporr11w N aToMoB 

H,neaJibHOfO ra3a KaK QlYHKUl1H o6oeMa: 

S (V)- S (V0 ) == N ln { ~}. (3.8) 

CpaBHMBmr <JlopMyJihI (3.8) l1 (3.7), rrp11xo.n11M K Bhmo.ny, 'ITO, no 

KpaM:tteiI Mepe, B CMhICJie 3aBMCl1MOCTH 3HTPOIIl1H OT o6oeMa TeIIJIOBOe 

H3JiyqeHHe Be.neT ce6si: KaK tt.neanhHhlH ra3 KBaHTOB H3J1y<IeHHH ( QlOTO

HOB). 113 )l.attttoro cpaBHeHHH TaK)((e cne.nyeT, 'ITO 3Hepnrn o.nttoro <Po

TOHa paBtta: 

t: =nm. (3.9) 

He rryTaTh ypaBHettwe (3.9) .nnsi: 3Hepmw <PoTotta c attanorwrnhIM 

paBettcTBOM, BnepBbie ttcnoJih30BaHHhIM M. IlnaHKOM .nnsi: KBaHTOBattttsi: 

3Hepnrn OCU,U!l!lHmopa eew,ecmea. 0TMeTHM, 'ITO B CBOeiI TeOpl!.M TeilJIO

BOro l13nyqett11si: IlnaHK rrpe.nrronaran 3neKTpoMarHHTttoe none cyry6o 

KJlaCCH'IeCKl1M o6oeKTOM 6e3 BCHKOfO KBaHTOBaHIUI ero 3HeprHH. 

BhrIIIerrpwBe.nettttasi: attanormr c 11.UeanhHhIM ra3oM roBopttT TaK)((e o 

TOM, 'ITO QlOTOHhI, COCTaBJIHIOIUHe CBeT, He B3aHMo.neM:cTBY10T .npyr c 

.npyroM. 3TOT <PaKT orneqaeT JIHHeM:ttocTH ypaBHett11M: MaKCBemrn w BhI

TeKa10meMy H3 Hee IIPHHUHilY cyneprr03MIJHH 3J1eKTPOMarHHTHOro IlOJIH. 
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CTporo ronopH, oTcyrcTBHe B3aHMo.ue:ti:cTBH5I Me)!(Jl.y cPOTOHaMH He HB

;rneTCH TOqHbIM yrnep)!(Jl.ettHeM . .D,eno B TOM, qTo cornactto KBaHTOBO:ti: 

3JieKTpo.u1rnaMHKe B3aHMO,lJ.e:ti:cTBHe Me)!(Jl.y cPOTOHaMH nee )Ke B03M0)1(-

HO. Otto B03HHKaeT B pe3yJihTaTe 3c}>c}>eKTa rromipH3aI.J,HH BaKYYMa, KOr-

.ua O,lJ.HH H3 CTaJIKHBaJOI.l.(HXC5I cPOTOHOB rropo)l(,[(aeT 3JieKTpOH-II03HTpOH

HYIO rrapy, a .upyro:ti: c}>oTOH Ha tte:ti: pacceirnaeTrn. Benwqwtta 3TOro 3cP

<PeKTa Kpa:ti:tte Mana, TaK qTO c xoporne:ti: ToqHOCThIO cPOTOH-cPOTOHHhIM 

B3aHMO,Ue:ti:CTBHeM MO)l(HO npette6peqb, 

B U:HTttpyeMoH: pa6oTe 3H:HrnTe:ti:H 3a,n:aeT cne.uy10mH:ti: nonpoc: ecmi: 

3JieKTpOMarHHTHoe H3JiyqeHHe Be,lJ.eT ce65I B npocTpaHCTBe KaK COBO

KYIIHOCTh e,lJ.HHhIX He,lJ.eJIHMhIX qacTHI.1, c 3HeprHe:ti: (3.9), TO He 6y.ueT JIH 

npo5IBJI5IThC5I 3TO CBOHCTBO npH B3aHMO,Ue:ti:CTBHH H3Jiyqemrn c neme

CTBOM? IlpH IlOJIO)!(HTeJihHOM OTBeTe Ha 3TOT norrpoc, KOTOphIH H 6bIJI 

.uatt 3:ti:HllITe:ti:HOM, cPOT03cPcPeKT MO)!(HO OilHCaTb KaK IIOrJIOIIJeHHe <Po

TOHOB 3JieKTpOHaMH B pexmMe: 0,lJ.HH 3JieKTpOH IlOrJIOIIJaeT 0,lJ.HH cPOTOH. 

EcnH rrocne rrornomeHHH <PoToHa y 3JieKTpotta oKa3hIBaeTcH n.ocTaToqtto 

3HeprHH ,lJ.JI5I npeO,lJ.OJieH.HH pa60Thl BhIXO,lJ.a, OH IIOKH)laeT nemecTBO, H 

B03HHKaeT <t>oTOTOK. 3aKOH coxpaHeHH5I 3HeprnH B 3TOM npou:ecce MO

)!(eT 6hITh 3am1catt B BH)le cne.uy10mero ypanHeHHH: 

mv2 

hw =A+~ 2 , (3.10) 

r.ue A - pa6oTa BhIXO,lJ.a H3 )laHHOfO semecTna; m, vmax - Macca H 

MaKcHMaJihHaH CKopoCTh <Porn3neKTpotta. Panettcrno (3.10) H ecTb ypas

Hettwe 3H:ttrnTe:ti:Ha ,lJ.JIH <t>oTo3<P<PeKTa, c noMOllJbIO KoToporo nerKo 

o6b5ICHHTh BTopo:ti: H TpeTHH 3aKOHhl <t>oTo3<Pcl>eKTa, IIPHBe,lJ.eHHhie Bhillie. 

,l],eikTBHTeJihHO, H3 (3.10) ttenocpe.ucrneHHO cne.uyeT, qTo KHHeTwqec

KaH 3Heprm1 cPOT03JieKTpOHa JIHHeHHO B03pacTaeT c pocTOM qaCTOTbl 

H3JiyqeHH5I. 0TMeTHM, qTQ B rrpaso:ti: qacTH paneHCTBa (3.10) <t>wrypH

pyeT MaKCHMaJibHa5I CKOpOCTh, IlOCKOJihKY 3JieKTp0Hhl MOryr BhiphI

BaThC5I c 6onee rny6oKHX ypostte:ti: 3HeprHH B semecrne, qeM Te, ,lJ.JIH 

KOTOpbIX onpe.ueneHa pa6oTa BhIXO,lJ.a. 3TH 3JieKTpOHhl, ecTeCTBeHHO, 

6y,n:yT HMeTh MeHhllIYIO KHHeTHqecKyIO 3Heprmo H MeHhllIYIO (no MO

JlYJIIO) CKOpOCTh. 

lfa ypaBHeHHH cPOT03cP<l>eKTa (3.10) BbITeKaeT, qTO, eCJIH qacTOTa 

H3JiyqeHHH ,lJ.OCTaTOqHo MaJia 

A 
(J) < (J)min = h' 
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TO MaKCMMaJ!btta5I KMHeT11qecKa5I 3tteprM5I rrpMHMMaeT OTpm.1.aTeJibHOe 

3ttaqetttte, T. e. <PoTOTOK OTCYfCTByeT. 3TOH MMHMMaJ!bHOH qacTOTe co

OTBeTCTByeT MaKCMMaJ!bHO B03MO)l(Ha5I AJIMHa BOJIHbI M3JiyqettM5I 

rrp11 KOTopoii <PoTo3<P<PeKT .11.JIH .11.attttoro Beru:ecrna eme B03MO)l(ett (Kpac

tta5I rpatt11ua <Porn3<P<PeKTa) . .D,.rrtttta BOJitthr Kpacttoii rpattMUhI paBtta 

he 
Amax= A 

IlocKOJibKY pa6oTa BbIXO)],a o6blqtto M3Mep5IeTC5I B 3JieKTPOH-BOJib

TaX, AJI5I ouettKM MaKCMMaJ!bHOH MMHbI BOJIHbI <PoTo3<P<PeKTa y.11.06tto 

MCITOJib30BaTb CJie.11.y10w:y10 <PopMyJiy: 

1 [ ] I, 24 
Amax µm = [ ] · A 3B 

(3.11) 

0TCIO)],a M 113 .11.attHbIX Ta6JI. 3.1 CJie.11.yeT, qTo MMHa BOJIHbI KpacHOH 

rpaHMUbI M5I ue3M5I paBH5IeTC5I 656 HM, a M5I IlJiaTMHbI - 233 HM, T. e. 

B rrepBOM CJiyqae )],OCTaToqtto Kpacttoro M3JiyqettM5I )l,JI5I B036~eHM5I 

<PoTOTOKa, a BO BTOPOM CJiyqae tteo6xo)],MMO YJibTpa<PttoJieTOBOe M3Jiyqe

HMe. PaBeHCTBO (3.11) 5IBJI5IeTC5I qacTHbIM CJiyqaeM 6oJiee o6ru:ero COOT

HOIUeHM5I, KOTOpoe CB5I3bIBaeT )],JIMHY BOJIHbI 3JieKTpOMarttMTHOfO M3Jiy

qettM5I B MMKpOttax c 3tteprtteii COOTBeTCTBYIOIIJ.ero <PoTotta B 3JieKTpOH

BOJibTax. 

IlepBbIH 3aKOH <PoTo3<P<PeKTa TaK)l(e rrpoCTO o6b5ICH5IeTC5I B paMKax 

<PoTOHHOH KapTMHbI 3JieKTPOMarHMTHOfO ITOJI5I: qeM 60JibIUe MHTeHCMB

HOCTb M3JiyqeHM5I, TeM 60JibIUe <PoTOHOB M, COOTBeTCTBeHHO, 60JibIUe 

aKTOB rrornomettM5I <PoTOHOB 3JieKTpottaMM, a 3ttaq11T BbIIUe <PoTOTOK. 

3aKOH coxpatteHM5I 3HeprMM rrpM B3aMMO)],ettCTBMM M3JiyqeHM5I c Be

mecTBOM B BM)],e ypaBtteHM5I (3.10) MO)l(eT 6bITb MCITOJib30BaH M AJI5I OITM

caHM5I po.11.crnettttbIX <Porn3<P<PeKTY CBeTOMH.11.YUMPOBaHHbIX npoueccoB, 

TaKMX, KaK, ttarrpttMep, KaTO)l,Ha5I JIIOMMttecuettUM5I, MJIM Kamoao/llOMU

Hecu,eHU,U.R. KaTo.11.ttaH JIIOMJ·rnecuettU115I rrpe.11.cTaBJIHeT co6oii cBeqetttte 

Bemecrna rrptt ero 06Jiyqett1111 3JieKTpottaMM 11 5IBJI5IeTc5I rrpoueccoM 06-

paTHhIM BHeIUHeMy <PoT03<P<PeKTy. 3TO 5IBJiem1e IIIMPOKO MCITOJib3yeTC5I 

B pa3JIJ1qHbIX ::meKTpOHHbIX rrp116opax: 3JieKTpOHHO-JiyqeBbIX Tpy6Kax, 

3JieKTpOtttto-orrT11qecK11x npeo6pa10BaTeJI5IX, <PoT03JieKTpotttthIX YMHO-
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)((HTemrx 11 .up., a TaIOKe rrp11 11CCJieL(OBaHl111 JIIOMl1HecueHTHblX CBOHCTB 

Bew,ecrna. )].JUI IIOCJieL(HeH UeJil1 B HaCT051IUee BpeM51 BCe 'laIUe B Ka'le

CTBe HCTO'IHl1Ka 3JieKTpOHOB 11CIIOJib3YeTC51 CKaH11py10w,11ti: 3JieKTPOH

HblH M11KpOCKOII, KOTOpbIH II03BOJI51eT 113Y'faTb JIOKaJibHbie CBOHCTBa 

MmlleH11, TO'IHO II0311U110Hl1PY51 3JieKTpOHHbIH IIY'JOK MaJIOro L(l1aMeTpa 

B H~HOH TO'IKe. 

B CJIY'fae KaTOL(OJIIOM11ttecuettu1111 ypaBttett11e (3.10) L(JI51 3aL(attttoti: 

Kl1HeT11'1eCKOH 3Hepr1111 B036~aIOIU11X 3JieKTpOHOB 6y.ueT orrpe.ueJI51Tb 

MaKCHMaJibHO B03MO)((HyIO 'laCTOTY JIIOMl1HecueHU1111 (11Jil1 Ml1Hl1MaJibHO 

B03MO)((HYIO L(Jll1HY BOJIHbl), KaK 3TO OTMe'laJIOCb B U11T11pyeMOH pa6oTe 

3ti:ttnneti:tta. Me)((L(y 06cy)((L(aeMbIM11 rrpoueccaM11 11 11x orr11catt11eM c 

IIOMOIUbIO ypaBHeHl151 (3.10) 11MeeTC51 11 cyw,ecTBeHHOe pa3JII1'Il1e. ,Ll.eJIO 

B TOM, 'ITO B CJIY'fae cpOT03cpcpeKTa IIOL( .ueti:CTB11eM HeJia3epHbIX HCTO'l

HHKOB, Kor.ua 11HTeHCl1BHOCTb 113JIY'feHl151 HeBeJI11Ka, 3JieKTpOH cpeL(bl, 

KaK rrpaB11Jio, rrornow,aeT oauH cpoToH. B rrpoTHBHOM CJIY'fae roBop51T o 

HeJI11HeHHOM cpOT03cpcpeKTe, L(Jl51 KOTOporo BMeCTO (3.10) H~HO rr11caTb 

mv2 

ntz{J) =A+~ 
2 ' 

(3.12) 

me n - '111CJIO rrornoIUaeMbIX cpoTOHOB o.utt11M cpoT03JieKTpottoM. B cJiy

'lae KaTOL(HOH JIIOMHHecuettu1111, Bbl3bJBaeMOH 3JieKTpOHaMH L(OCTaTO'l

HO BbICOKOH 3HeprHl1, OL(l1H 3JieKTpOH MO)((eT 113JIY'fl1Tb 11 HeCKOJibKO 

cpoTOHOB B rrpouecce cBoero pacce51HH51 B BeIUecrne. XapaKTeptta51 3Hep

rH51 3JieKTpOHOB B CKaHttpy10w,eM 3JieKTpOHHOM MHKpOCKOrre, Harrp11-

Mep, COCTaBJI51eT HeCKOJlbKO .ueC51TKOB Kl1JI03JieKTPOHBOJibT. 003TOMY 

cpopMyJia (3.10) rrp11 OIIHCaHl1H KaTOL(OJIIOMl1HecueHUHH L(OJl)((Ha 6bITb 

nepenttcatta B s11.ue HecTpororo ttepaBeHCTBa: 

tzw-::;, A+ T, 

me T - Kl1HeTtt'leCKa51 3Heprtt51 3JieKTpotta. 

Op11 B03L(eti:crn1111 Ha rnep.uoe TeJio Jia3epttoro 113JIY'feHl151 BhICOKoti: 

HHTeHCl1BHOCTH OKa3bJBaeTC51 B03MO)((HbIM IIOfJIOIUett11e BbI611BaeMbIM 

3JieKTpOHOM BeIUeCTBa HeCKOJibKl1X cpOTOHOB OL(HOBpeMeHHO 11Jil1, KaK 

rosop51T, B xo.ue e.u11ttoro 3JieMeHTapttoro aKTa. B 3TOM CJIY'fae '111CJIO n B 

JieBOH 'laCTl1 paBeHCTBa (3.12) 60Jibllle eL(l1HHUbl, a cpOTOTOK rrporroputt

OHaJieH HHTeHCHBHOCTH 113JIY'feHl151 B n-ti: CTerrett11: iph = T//n (T/n -
Hep051THOCTb n-KBaHTOBOro cpOT03cpcpeKTa), T. e. 51BJI51eTC51 HeJIHHeHHOH 

cpyHKUtteti: HHTeHCHBHOCTl1 113JIY'leHl151. )].aHHbIH npouecc Ha3bJBaeTC51 
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HeJIUIJeUHblM cpOT03cpcpeKTOM. 3aBJICHMOCTb CH.Jlbl cpoTOTOKa OT lIHTeHCMB

HOCTM H3Jiyqemrn, Bbl3h1Ba10mero JIMHeHHblH lI HeJIMHeHHblH cpoT03cp

<PeKT, B CJiyqae BbIIIOJIHemrn ycJIOBH51 nm > A npe,n;CTaBJieHa Ha PHC. 3.3. 

iph, OTH. e,q. 

1,0 

0,8 

0,6 

0,4 

0,2 

2 4 6 8 

-- llHHeHHblH ¢ioroa¢u:peKT 
(O.qHOQlOTOHHblH) 

- - HenHHeHHblH ct:>oroa¢>QleKT 
{Ariyx¢icroHHb1M) 

••••••••• He.n1-1tteHHb1H ¢>oro3C1>¢leKT 
(rpexcpOTOHHblH) 

10 i, OTH. e,q. 

Puc. 3.3. 3asHCHMOCTh cl>oTOToKa OT HHTeHCHBHOCTH HJJiyqeHHH s c11yqae mrnei1-

Horo H HeJIHHettHOfO cl>oT03cl><l>eKTa 

Bw,n;Ho, qTo B o6nacTM MaJihIX HHTeHCHBHOCTell: H3JiyqeHH51 ,n;oMMHH

pyeT JIHHeHHbIH <PoTo3<f>cpeKT, B o6JiaCTH 60JibllIMX HHTeHCHBHOCTeH -

HeJIHHeHHhIH. Ecn11 3Hepm11 o,n;Horo <f>oToHa He,n;ocrnToqHo ,n;m.1 npe

o,n;oneHH.H pa6oTbI Bh1xoua, ouHocpoTOHHhIH <f>oTo3<f><f>eKT 6yueT OTCYT

crnoBaTh 11 OCTaHeTC.H TOJlbKO HeJmHeHHbIH npouecc c q11cJIOM cpOTO

HOB, y,n;OBJieTBOp.HJOIUMX HepaBeHCTBY 

3,n;ecb KBa,n,paTHhie CK06K11 060JHaqa10T ueny10 qacTb q11cna. 

B cnyqae YMepeHHhIX HHTeHCHBHOCTeH H3JiyqeHH.H 

BepO.HTHOCTb (n + 1)-KBaHTOBOfO <f>oT03cp<f>eKTa MeHhllie, qeM Bepmn

HOCTb n-KBaHTOBOro, TaK qTo TpexcpoTOHHa.H KpHBa.H Ha PHC. 3.3 B o6na

CTH MaJibIX lIHTeHCMBHOCTeH npOXO,ll,HT HH)!{e ,ll,Byx<f>oTOHHOH KpHBOH. 

Aim MHTeHCHBHOCTei1 Jia3epHoro H3JiyqeHH.H, npeBocxo,n;.HIUMX aTOMHYJO 

lIHTeHCHBHOCTb (1.8), CHTyauH.H MO)KeT 6bITb npOTMBOilOJIO)KHOH, TOr,n;a 

MMeeT MeCTO .HBJieHHe Haanopoweoii UOHU3QU,UU. 
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IlpH OilHCaHHH aTOMHOfO cpoT03cpcpeKTa B ypasttemfe (3.10) BMeCTO 

pa60ThI Bbrxo.ua HY)f<HO no.ucrnBHTh noTemi;mu:r HOHH3aU:HH aToMa Ir 
IloTeHU:HaJI HOHH3aU:HH onpe.uemi:eTC5I KaK MHHHMaJibHaH 3HeprH5I, He

o6xo,nHMa5I .UJI5I y.uaJieHH5I O,UHOfO aTOMHOfO 3JieKTpotta B COCT05IHHe c 

HyJieBOH KHHeTH'-IeCKOH 3Heprnel1:. IloTeHU:HaJI HOHH3aU:HH aTOMa BO.UO

po.ua paBWieTCH O,UHOMY ptt.u6epry, HJIH 13,6 38. ,ll.JIH MHOf03JieKTPOH

HhIX aTOMOB BBO,UHTCH noHHTHe noTeHU:HaJia HOHH3aU:HH 3JieKTPOHHOH 

no.uo6oJioqKH, xapaKTepH3yeMOH rnaBHblM H op6HTaJihHbIM KBaHTOBbI

MH qHCJiaMH In1. qeM MeHhUie pa,uHyc 3JieKTPOHHOH no.uo6oJioqKH, TeM 

BhrUie noTeHU:HaJI ee HOHH3aU:HH. EcJIH aToM HMeeT ttecKOJihKO 3JieKT

potttthIX no.uo6oJioqeK, TO no.u IlOTeHU:HaJIOM HOHH3aU:HH aTOMa IlOHH

MaeTCH noTeHU:HaJI HOHH3aU:HH ero BHeUIHeH 3JieKTPOHHOH o60JIOqKH. 

IloTeHU:HaJihI HOHH3aU:HH HeHTpaJihHbIX aTOMOB H3MeH51IOTCH B npe.ue

Jiax OT 3,89 38 (.UJIH n:e3HH) .uo 24,59 38 (.UJIH reJIHH). 

IlOMHMO paccMOTpeHHOfO BhIUie BHeurnero cpOT03cpcpeKTa B03MO

)l(eH BHympeHHuii rjJomo3rjJrjJeKm, Kor.ua 3JieKTpott semecrna B pe3yJihTaTe 

nornomeHHSI cpOTOHa nepexo,UHT H3 BaJieHTHOH 30HhI, r.ue ero .UBH)l(eHHe 

orpattttqeHo aTOMHhIM pa3MepoM, B 30HY nposo.UHMOCTH, B KOTOpoH: OH 

MO)l(eT pacnpocTpaHHThCH no KpHCTaJIJiy. Tor.ua B ypastteHHH (3.10) pa6o

Ta Bhrxo.ua .UOJI)l(Ha 6hITh 3aMettetta Ha urnptttty 3anpemettttol1: 30HhI Eg. 
3Ta BeJIHqHHa MH TaKOro Ba)l(HOfO noJiynpOBO,UHHKa KaK apceHH,U raJI

JIH5I, KOTOpbIH HCilOJih3YeTC5I MH C03,UaHH5I pa3JIHqHhIX THnOB ,UHO.UOB H 

6bICTpo.ueH:cTBYJOlll;HX HHTerpaJibHhIX cxeM, npH KOMHaTHOH TeMneparype 

COCTaRJrneT 1,43 38. c nOMOll(hlO cpopMyJibI (3.11) JierKO onpe,neJIHTb, qTO 

MHHa BOJIHbI KpaCHOH rpaHHU:hI (O.UHOcpOTOHHOro) BttyTPeHHero cpoT0-

3cpcpeKTa B apcettH,Ue faJIJIH5I COCTaBJIHeT 870 HM, T. e. Jie)l(HT B 6JIH)l(HeM 

rrncppaKpaCHOM ,UHana3oHe, npHMhIKa10meM K BH,UHMOMY cneKTpy. 

3.2. 3<P<PEKT KOMnTOHA 

B cooTBeTCTBHH c KJiaccttqecKoH: TeoptteH: )],)!(. ToMcotta 

pacce5IHHe 3JieKTpOMarHHTHOH BOJIHhI B semecrne npoHCXO.UHT BCJie,U

CTBHe BhIH~eHHhIX KOJie6aHHH 3JieKrpOHOB cpe,Ubl no.u .ueHCTBHeM 3JieK

TpHqecKoro nOJI5I BOJIHhI. CJie.ucrntteM 3THX KoJie6attHH 5IBJIHeTC5I B03-

HHKHOBeHHe OCU:HJIJIHpy10mero .UHilOJihHOfO MOMeHTa, KOTOpbIH no H3-

BeCTHhIM 3aKOHaM KJiaccttqecKOH 3JieKrpO.UHHaMHKH H3JlyqaeT BTOpHqHbie 

3JieKTpOMarHHTHbie BOJIHbI, qTo Ha 3KCIIepHMeHTe cpHKCHpyeTCH KaK 

paccesrnttaH BOJIHa. IloCKOJihKY BhJH~eHHhie KOJie6aHHSI 3JieKTpOHOB 
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BeruecTBa rrpOiiCXOLVIT Ha qaCTOTe 3JieKTPOMarHHTHOH BOJIHbI, TO KOJie-

6amu1 L(HIIOJibHOfO MOMeHTa H, COOTBeTCTBeHHO, H3JiyqeHMe BTOpHqHbIX 

BOJIH 6y1:i,eT rrpoucxo;:i:HTh Ha Toil )Ke qacToTe. 

TaKHM o6pa3oM, rrpocTetirnee KJiaccHqecKoe paccMoTpeHMe roBopHT 

0 TOM, qTo pacce5IHHe 3JieKTpOMarHHTHhIX BOJIH B cpe;:i:e ,UOJI)!(HO rrpoHC

XO,UHTb 6e3 H3MeHeHH5I qacTOThI, H3MeH5IeTC51 TOJihKO HarrpaBJieHHe pac

rrpoCTpaHeHH5I H3JiyqeHM5I . .Ll.pyroti xapaKTepHoti qepToti KJiaccuqecKOro 

pacce5IHH5I 5IBJI5IeTC51 TO o6cT05l.TeJibCTBO, qTo pacceHBaIOIUa5IC5I 3JieKT

poMarmnHa5I BOJIHa B3aHMO,UeHCTByeT co BCeMH 3JieKTpOHaMH cpeL(hI, 

HaXO,U5IIUHMHC5I B o6beMe Jiyqa. 

YKa3aHHhie xapaKTepHCTHqecKHe qepThI KJiaccHqecKoro pacce5IHH5I 

HaXO,U5ITC5I B pe3KOM rrponrnopeqHH c pe3yJihTaTOM, IIOJiyqeHHbIM L(JI.sl 

pacce5IHH5I peHTreHoBcKoro H3JiyqeHH5I, H3BeCTHhIM KaK 3¢¢eKT KoMrr

TOHa. 3TOT 3¢¢eKT, Hap5I,ny c H3MepeHMeM crreKTpa TeIIJIOBOfO H3Jiyqe

HH5I H ¢oTo3¢¢eKTOM, 5IBHJIC5I OL(HHM H3 3KCIIepttMeHTaJihHbIX OCHOBa

HHH KBaHTOBOH ¢H3HKM. OH, B qacTHOCTH, rrpo,neMoHcTpMpOBaJI HaJIH

qne y ¢oTOHa He TOJibKO 3HeprHH, HO H HMIIYJibCa. 

3KcnepHMeHTA.KoMnTOHa 

AMepHKaHCKHH ¢H3HK A. KoMIITOH B Haqane 20-x rr. rrpournoro 

BeKa rrpOBOL(HJI HCCJie,noBaHH5I ITO pacce5IHHIO )!(eCTKOfO peHTfeHOBCKOfO 

H3JiyqeHH5I Ha MHIIIeHSlX JierKHX 3JieMeHTOB c IIOMOIUhIO peHTfeHOBCKO

ro crreKTpoMeTpa Y.f. fip3rra . .Ll.aHHhIH crreKTpoMeTp coCTOHT M3 peHT

reHOBCKOti Tpy6KH, ¢ttJihTpOB, KOJIJIMMaTopoB, Bpammorueroc51 KpHC

TaJIJia, OT KOTOporo IIOL( yrnoM fip3rra rrpOHCXOL(HJIO OTpa)!(eHHe H3Jiyqe

HM5I, TaK qTo yroJI IIaL(eHM5I 3a,naeT 3Haqemi:e MHHhl BOJIHbI, H L(eTeKTopa. 

flpHHUHIIHaJihHaH cxeMa ycTaHOBKM KoMIITOHa H3o6pa)!(eHa Ha pHc. 3.4. 
KoMIITOHOM 6hrn H3MepeH cneKTp pacce5IHHoro Ha rpa¢11TOBOM MH

rneHH IIO.ll. ymoM 90° H3JiyqeHH5I K,,-JIHHHM MOJIH6,neHa. Pe3yJibTaTbr M3-

MepeHHM rrpHBe,neHbI Ha pttc. 3.5, B35ITOM H3 opumHaJibHoii cTaTbH KoM

TITOHa [2]. MaKCHMYM cneKTpa nepBwrnoro 1nJiyqemrn (no pacce5IHH5I B 

rpa¢HTe) rrpHXOL(HJIC5I Ha MMHY BOJIHhI A. 0 = 0,708 A (IIITpHXOBa5I JIM

HH5I Ha pHC. 3.5), qTQ COOTBeTcrnyeT 3HeprHH ¢oTOHa 17,5 K3B. MaKCH

MYM crreKTpa pacce5IHHoro H3Jiyqemrn (crrnornHaH KPHBa5I Ha pHc. 3.5) 
rrpHXOL(HJIC5I Ha L(JIHHY BOJIHhI A.11 = 0, 730 A, T.e oKa3aJIC5I CL(BHHYT B 

MHHHOBOJIHOBYIO crnpoHy Ha M = 0,022 A OTHOCHTeJibHO rrepBoHa

qaJihHoro rroJio)!(emrn. KaK BHL(HO H3 .ll.BYX rpa¢HKOB pHc. 3.5, crreKTP 

pacce5IHHOfO M3JiytleHH5I KaK QeJioe CL(BHHYJIC5I Ha BbIIIIerrpHBeL(eHHOe 

3HaqeHHe tiA.. 



3.2. 3rjJrjJeKm KoMnmoHa -Jv. 115 

KpHcTann 

Puc. 3.4. OpHHUHnHaJihHaH cxeMa ycTaHOBKH A. KoMnTotta 

0 2 3 4 5 6 7 8 

- - CneKTP nepBHYHoro peHrreHoacKoro 
H3.n}'4eHH.R MO.nH6.QeHa 

- Cnet<Tp nepBH4Horo peHrre11oacKoro 
H311y4eHH.R Mo.m16p,eHa, pacce11HHOro 
a rpaQn11e noA yrnoM 90° 

AmtHa B0/1Hbl Ku-JlHHHH: 

nepBH4Ha• -J.0 = 0,708 A 
pacce.HHa• - A,= 0, 730 A 

.I, - .10 = 0,022 A (>KcnepHMeHT) 

.I, -.10 = h/mc = 0,024 A (reopH•) 

9 10 11 12 13 14 15° 
Yron CKOllb>KeHHR B KaJlbl.IHTe -

Puc. 3.5. fpacl>HK H3 opHri1HllJlbHOH CTaTbH A. KoMmotta (Phys. Rev. V. 21, .N.l 5, 
p. 483, 1923) 

C yMeHbIIIem1eM yrna pacceHHHH yBeJrnqeHHe MHHhI BOJIHhI pacce

Httttoro H3JiyqeHH51 OKa3aJIOCb MeHblllHM. 3KcnepHMeHTbl, npoBe,UeHHbie 

Ha LlPYfHX MHIIIeHHX, IlOKa3aJIH, qTQ C.UBMr cneKTpa pacceHHHOro H3JIY-
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qeHH51 He 3aBHCHT OT npHpO.[(bI pacceHBaTeJrn, a c yBe;rnqeHHeM aTOMHO

ro HOMepa MaTepmurn MHIIIeHH HHTeHCHBHOCTb pacceHHHOfO H3JiyqeHH51 

YMeHbIIIanacb. 

,l1.mI o6bHCHeHHH nonyqeHHhIX 3KcnepttMemanhHbIX .naHHhIX KoMnTOH 

HCilOJib30BaJI KBaHTOBOe npe.[(CTaBJieHHe 0 peHTfeHOBCKOM H3JiyqeHMH 

KaK 0 TIOTOKe <l>OTOHOB, KOTOpbie 06Jia.[(aIOT He TOJibKO 3Heprnett e = n{l) B 

COOTBeTCTBHH c fHilOTe30H 3ttHIIITeHHa, HOH MMilYJibCOM, paBHbIM 

w 
Pph = nk = n-n, 

c 
(3.13) 

r.ne k - BOJIHOBOH BeKTOp H3JiyqeHHH; n - e.[(MHHqHbIH BeKTOp B Ha

npaBJieHHH pacnpocTpaHeHHH <PornHa. B paMKax TaKOH KapTHHbI pacce

HHHe peHTfeHOBCKOro Jiyqa B cpe.ne MO:lKHO HHTepnpeTHPOBaTb KaK pac

ceHHHe <PornHa Ha 3JieKTPOHe Bern,ecrna MmneHH B pe3yJihTaTe napHoro 

CTOJIKHOBeHH51 3THX .[(BYX qacTHU. floCKOJibKY 3Heprn51 peHTfeHOBCKOfO 

<l>oTOHa COCTaBJIHeT OT e.[(MHHU .[(0 .necHTKOB KHJI03JieKTpOH-BOJibT, TO B 

nepBOM npH6JIH:lKeHMM 3JieKTpOHbI cpe.[(bl MO)l(HO cqMTaTb IlOKOHBllIH

MHC51 .[(O CTOJIKHOBeHH51 c <PoTOHOM. B npouecce CTOJIKHOBeHM51 B 3aBH

CHMOCTH OT yrna pacce51HM51 <PoTOHa 3JieKTpOH nonyqaeT OT Hero HM -

nynhc M 3ttepnuo. B pe3yJihTaTe 3tteprMH <l>oTotta YMeHbIIIaeTcH, a MHHa 

BOJIHbI H3JiyqeHH51 yBeJIHqMBaeTCH, KaK 3TO cne.nyeT H3 <PopMyJibI (3.13), 
ecnH yqecTb, qTo w = 2:rcc/).. TaKHM o6pa3oM, yBeJIHqeHHe .[(JIMHbI BOJI

HhI pacceHHHOfO pettTreHOBCKOfO M3JiyqeHH51 eCTb CJie.[(CTBHe 3<P<f>eKTa 

OT.[(aqH, B03HHKa10ruei1 B xo.ne <t>oTOH-3JieKTpOHHOfO B3aHMO.[(eHCTBH51. 

OpHrHHallbHoe TeopeTHLtecKoe paccMoTpeHHe 3<f><l>eKTa 

.Ll,JIH KOJIHqecrneHHOro onncaHMH 3<f><f>eKTa KoMnToH HCilOJib30BaJI 

cne.ny10rn,He .nBa ypaBtteHHH, Bbipa:lKa10rn,He JaKOH coxpattettttH 3HeprHH -

HMnynhca B xo.ne pacceHHHH <f>oTotta Ha 3JieKTpotte: 

- -- + -- + ----case 
( 

mf3c J2 
_ (nmo )

2 
(n{l)0 )

2 

2 n{l)o n{l)o . 
~1 - /32 c c c c ' 

(3.14) 

nmo - nwo = mc
2 

( n- 1 J' (3.15) 

r.ne m - Mace a 3JieKTpotta; f3 = v/ c ( v - cKopocTb 3JieKTpoHa nocne 

CTOJIKHOBeHH51 c <f>oTOHOM); 8 - yroJI pacce51HH51 <f>oTOtta; HH.[(eKC «0» 
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o60JHa'!aeT COOTBeTCTBYJOIUYJO BeJIH'IHHY J],O pacce51mrn:; HHJJ,eKC «B» -
rrocne pacce51HM51. IlpM JaITMCM 3TMX ypaBHeHHH MCITOJibJOBaJIMCb peJI51-

TMBMCTCKMe cpopMyJihl J],JI51 MMITYJibCa H 3HepmM 3JieKTpOHa. IlpaBaH qacTb 

paBeHCTBa (3.15) npeJJ,CTaBJI51eT co6oi1 KMHeTM'leCKYJO 3Hepm10 3JieKT

poHa cpeJJ,bI rrocne pacceHHMH, a neBaH qacTb paBeHcrna (3.14) paBHa 

HMITYIIbCY 3JieKTpoHa, rronyqeHHOMY B peJyJihTaTe OTJJ,aqn. CncTeMa ypaB

HeHMH (3.14) M (3.15) COJJ,epxmT )],Be HeMJBeCTHbie BeJIMqHHbI: /JM m,r Ee 

perneHMe JJ,JIH qacTOTbl pacceHHHOro HJJiyqeHHH (1)() HMeeT BHJJ,: 

(3.16) 

0TCJOJJ,a MH JJ,JIHHbl BOJIHbl pacceHHHOro HJJiyqeHHH HaXOJJ,HM 

2h . 2(0) A0 = Ao + - sm - . 
me 2 

(3.17) 

Bentt'IMHa Ac= h/mc = 2,43 · 10-10 CM, cpnrypnpy10maH B 3TOM pa

BeHCTBe, HaJbIBaeTCH KOMITTOHOBCKOH JJ,JIHHOH BOJIHbl 3JieKTPOHa. 

¥13 paBeHCTBa (3.17) CJieJJ,yeT, '!TO yBeJIH'leHne )],JIHHbl BOJIHbl MJJIY

qeHHH npn pacceHHHH B pemreHOBCKOM JJ,ManaJOHe COCTaBAAeT eJJ,HHM

Ubl rrpoueHTOB, a B raMMa JJ,HarraJoHe JJ,OCTHraeT 200 % n 6onee. <l>opMy

na (3.17) fOBOPHT TaIOKe 0 TOM, '!TO MJMeHeHHe JJ,JIHHbl BOJIHbI He JaBM

CMT OT CaMOH J],JIMHbI BOJIHbI M MaTepttana MMIIIeHM (B rrpM6JimKeHMM 

IIOKOMBlllerocH 3JieKTPOHa cpeJJ,bl), '!TOM Ha6JIJOJJ,aJIOCb Ha 3KCIIepHMeH

Te. JifJMeHeHHe J],JIMHbI BOJIHbI MJJiyqeHMH rrpH pacce51HMH Ha 90° cornac

HO (3.17) paBHO KOMIITOHOBCKOH JJ,JIHHe BOJIHhI 3JieKTpoHa (0,0243 A), 
'!TO Ha 10,5 % 6oJibIIIe 3KcrrepnMeHTaJibHoro JHa'!eHH51 (0,022 A). )l,aH

Hoe o6CTOHTeJibCTBO MO)l(HO C'IHTaTb HeCOMHeHHbIM IIOJJ,TBep)l(J],eHMeM 

KBaHTOBOH rMIIOTeJbl, HCIIOJibJOBaBllleHCH rrpn Bb!BOJ],e paBeHCTBa (3.17). 
HarroMHHM, '!TO 3Ta cpopMyna 6bma rronyqeHa B rrpeJJ,rroJIO)l(eHMH rro

KOHBlllerocH 3JieKTpOHa cpeJJ,bl H B rrpeHe6pe)l(eHHH ero CBH3b10 c HJ],

poM a To Ma Bemecrna. C yqeTOM 3THX yrrpomeHMH MO)l(HO C'IHTaTh 10 % 
TO'IHOCTb COOTBeTCTBHH TeopHM M 3KcrrepnMeHTa BITOJIHe YJJ,OBJieTBO

pMTeJihHOH. 

)l,JI51 OTHOIIIeHH51 fJ = v/c CHCTeMa ypaBHeHHH (3.14) H (3.15) JJ,aeT 
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1'13 IlOJTyt-!eHHOfO Bb!pa)!(eHJH! CJTeAyeT, qTo CKOpOCTb 3JTeKTpotta 

OTAaqH H3Mem1eTC5! OT HYJTH (AJTH HyJTesoro yrna pacceHHHH cpoTotta) 
AO 0,8c npw pacceHHHH raMMa-HJJiyqettHH Ha 6oJTbllIHe yrnhr. 3asttcH

MOCTh (3.18) npeACTaBJTetta Ha pMC. 3.6 AJTH Tpex HaqaJibHhIX 3Heprnil: 

cpoTOHa. 

3 

2 

3 (}, PCl,!I 

Puc. 3.6. 3aBHCHMOCTb rrapaMe-rpa /3 = v/ c OT yrna pacceimmr <t>oToHa ,ll,Jlll pa3-

JmqHbIX BeJmqHH OTHOIIIeHHJI a= tuo,jmc2: 

1- a= 0,1; 2- a= 0,3; 3- a= I 

Kpwsoii 1 tta puc. 3.6 coorneTcTsyeT 3tteprHH cpoTotta AO pacceHHHH 
51,1 K3B, KpMBOH 2 - 153,3 K3B H KpHBOH 3 - 511 K3B. 

A. KoMnTOH B u;ttTMpyeMoil: opttmHaJThHOH crnTbe 1923 r. C,ll,eJiaJT 

mo6onhITttoe JaMeqam1e. Ott cpaBHHJT paBettcrno (3.16) M5I •-rncToThI 
pacceHHHOro cpoTotta c npeACKa3attHeM KJTaccwqecKoro 3cpcpeKrn .[(on

JTepa, npMMetteHHOfO K pacce5IHHIO H3JTyqeHMH Ha 3JieKTpotte, ABH)!(Y-

111,eec51 co CKopoCThIO fJ 'c B ttanpaBJTeHHH pacnpocTpatteHH5I HJJTyqettHH 
AO pacceHHH5I. Bh1pa)!(etttte AJIH pacce5IHHOH qacTOThI, cJTeAy10111,ee H3 

npeo6pa3oBattttil: Jlopem.1,a, MO)!(eT 6b!Th npeACTaBJTetto B cJTeAyiomeil: 

<Pop Me 

(3.19) 
me = 1 + 2fJ' sin2 (!!.J. 

1- fJ' 2 
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Btt.UHO, qrn npasaH qacTh (3.19) cosna.ueT c npasoti qacTbIO paBeH

crna (3.16), eCJIH TIOJIO)!(HTb 

/3' = _!!__ 
1 +a' 

r.ue MH KpaTKOCTH BBe,UeHO o603HaqeHHe 

nW0 a=-
mc2 · 

TaKHM o6pa30M, ecJIH paccMaTpHBaTb TOJihKO 3cPcPeKT H3MeHeHHH 

qacTOTbl B xo.ue pacceHHH51 cPOTOHa Ha 3JieKTPOHax MHilleHH, TO peaJib

HbIH 3JieKTpOH, HCTiblTbIBaIOlll,HH OTL{aqy, MO)!(HO 3aMeHHTb Ha «KJiaCCH

qecKHH» 3JieKTPOH, .UBHfaIOlll,HHC51 co CKOpOCTbIO /3' = a/(1 + a), KOTO

PYIO KOMTITOH Ha3BaJI 3<P<PeKTHBHOH CKOpOCTbIO pacceHBaIOlll,ero 3JieK

TpOHa. Tor.ua cPOPMYJihl, OTIHCbIBaIOlll,He H3MeHeHHe qaCTOTbl (3.16) H 

(3.19), COBna.uYT. l1cKyCCTBeHHOCTb ,UaHHOH 3aMeHbl, OL{HaKO, BHL{Ha ~e 
H3 TOfO, qTo 3cPcPeKTHBHa51 CKOpOCTb 3JieKTpOHa /3 'c OKa3bIBaeTC51 3aBH

C5Illl,eH OT qacTOThI paccewsaeMoro H3JIY'ICHHH. KpoMe Toro, HY)!(HO cqw

TaTh, YTO pacceHBaIOlll,Me 3JieKTpOHbl cpe,Ubl .UBHraIOTC51 BL{OJib HanpaB

JieHH51 pacnpocTpaHeHM51 MCXOL{HOro JiyYa, qTo npoTHBOpeqlfT peaJibHOH 

CHTyaUHH. Il03TOMY e,UHHCTBeHHhIM cPH3IflieCKH Y.UOBJieTBOpHTeJibHbIM 

o6bHCHeHHeM 3cPcPeKTa KoMTITOHa HBJIHeTCH cPOTOHHaH KapTHHa 3JieKT

poMarHHTHoro H3JiyYeHH51 H BbITeKaIOlll,aH H3 Hee CHCTeMa ypaBHeHHH 

(3.14) M (3.15). 
Vfa cPOPMYJibl L{JI51 H3MeHeHH51 L{JIHHbl BOJIHbI M3JiyYeHH51 B pe3yJihTa

Te KOMilTOHOBCKOfO pacce51HH51 (3 .17) CJie.uyeT' qTo OTHOCHTeJibHa51 Be

JIIfqHHa 3TOfO H3MeHeHH51 nopH,UKa Ac/AO' IlocKOJlhKY KOMTITOHOBCKaH 

MHHa BOJIHhI 3JieKTpOHa Ac= 0,024 A, TO oTcro.ua HCHO, noqeMy 3cPcPCKT 

KoMnToHa tta6JI10.uaeTCH MH pettTrettoBcKoro M 6oJiee KopoTKOBOJIHOBo

ro ,UHaIIa30Ha, a He B o6JiaCTH OTITHqecKHx HJIM YJibTpa<PttoJieTOBbIX qac

TOT. )leticTBMTeJibHO, B nocne.uHeM CJiyYae L{JIHHa BOJIHbl H3JlyYCHH51 co

CTaBJIHeT TbIC5J:qH H .uecHTKH TbICHq aHfCTpeM, TaK qTO ee OTHOCHTeJibHOe 

H3MeHeHHe B pe3yJibTaTe pacce51HH51 Ha 3JieKTpOHax cpe,Ubl He npeBbIIlla

eT 10-4 %. IlpM TaKOM MaJIOM OTHOCHTeJibHOM M3MeHeHHH L{JIHHbl BOJIHbl 

HCTIOJib30BaBillHeC51 npH Bb!BOL{e paBeHCTBa (3.17), ynpolll,aIOlll,He npe.u

TIOJIO)!(eHHH, CTaHOB51TC51 CJIHillKOM rpy6bIMH. 3To KacaeTC51 B nepByIO 

oqepe,Ub npe.unoJIO)!(eHH51 0 110K051lll,CMC51 CB060L{HOM 3JieKTpOHe. 3Hep

fH51 cPOTOHa B BML{HMOM H yJibTpa<PttoJieTOBOM yYaCTKax cneKTpa nopH.U

Ka HeCKOJibKHX 3JieKTPOH-BOJibT, 'I.TO no 110P51.UKY BeJIHqHHbl COBna.uaeT 
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c 3Hepmei1 3JieKTpOHOB BHeUlHHX o6oJioqeK aTOMOB, He fOBOPH }')Ke 0 

BHYTPeHHHX 3JieKTpoHax. B CJiyqae, Kor.na 3HeprnH CBH3H 3JieKTpoHa 

6oJihllle 3HeprnH <l>oTOHa, <t>oTOH-3JieKTpOHHOe pacceHHHe corrpOBO)l(

.uaeTCH rrepe.uaqeft HMITYJihca oT.naqw rn)l(eJioMy MPY arnMa. <l>oToH }')Ke 

«He BH)l,HT» OT)l,eJibHblX 3JieKTpOHOB, a «BOCITPHHHMaeT» aTOM KaK e)l,H

HOe 11,enoe. B pe3yJibTaTe 3Heprmc oT.uaqw, a c Heft H H3MeHettHe 3Hep

rnH/.UJIHHhI BOJIHhI <t>oToHa CTaHOBHTCH rrpeHe6pe)l(HMO MaJihIMH. Tor.ua 

HMeeT MeCTO p3JieeBCKOe pacceHHHe H3JiyqeHH51 Ha aTOMe 6e3 H3MeHe

HH51 qacTOThI H3JiyqeHHH. HarrpoTHB, rrpH pacceHHHH <t>ornHoB c 3Hep

rnei1 B .uecHTKH K3B H 6oJiee HMIIYJihC omaqw rrepe.uaeTCH OT,UeJihHblM 

aTOMHbIM 3JieKTpOHaM, KOTOpbie BbI6HBaIOTC51 H3 aTOMa, rrpwo6peTa51 

3HaqHTeJibHYIO KHHeTHqeCKYIO 3Heprmo. 3TY 3HepmIO rrpH6JIH)l(eHHO 

MO)[(HO 011,eHHTh no <l>opMyJie 

f'uoo 2 
Ekin = liw0 --2 cos rp, 

me 
(3.20) 

r.ue (/) - yroJI Me)[(,Uy HanpaBJieHHeM CKOpOCTH 3JieKTpOHa OT,UaqH H BOJI

HOBbIM BeKTOPOM <l>oTOHa .uo pacceHHHH. )l,aHHblH yroJI CB513aH c yrnoM 

pacce51HH51 <t>ornHa (} CJie)l,yIOIIJ,HM rrp116JIH)l(eHHblM COOTHOllleHHeM 

ctg(%) = tg rp. 

TaKHM o6pa30M, KaK 11 B cJiyqae TenJioBoro H3JiyqeHHH, B 3<l><l>eKTe 

KoMrrToHa KBaHTOBbie CBOHCTBa 3JieKTpoMarHHTHoro rroJIH Haw6oJiee 

oTqeTJIHBO rrpoHBJIHIOTCH Ha BbICOKHX 'lacToTax. B HH3KO'laCTOTHOM .un

anaJoHe OCTaeTCH a)l,eKBaTHOH BOJIHOBaH KapTHHa H3JiyqeHH51. 

3neKTpOHbl OT)l,aqn c 3Heprnti:, OITHCbIBaeMOH paBeHCTBOM (3.20), 11 

yrnoM BhIJieTa 

Ha6JIIO)l.aJIHCb B onbITax BttJihCOHa H EoTe, rrocne.uoBaBllIHX Henocpe.u

crneHHO 3a 11,HTHpyeMOH pa6oTOH KoMITTOHa B 1923 r. B 3THX 3KcrrepH

MeHrnx c IIOMOIIJ,bIO KaMepbl BHJibCOHa 6bIJIH 3aperMCTpttpoBaHbl TpeKH 

pacceHHHoro <l>oToHa H BbI6ttToro HM 3JieKTpoHa omaqn. TaKMM o6pa-

30M, 6bIJIO rroJiyqeHo npHMOe CBH)l.eTeJibCTBO npoHBJieHHH KoprryCKYJIHp

HhIX CBOHCTB 3JieKTpoMarHHTHOfO H3JiyqeHH51. 
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<l>opMyna (3.16) ycrnHaBmrnaeT o.n;H03HaqHyIO CBSI3h Me)!()l.y yrnoM 

pacceSIHHSI H qacTOTOM pacceSIHHoro <t>oToHa. Ecnu, HarrpHMep, crreKTp 

rra.n;a10mero H3JiyqeHHSI OIIHChrnaeTCSI .n;eJibTa-<t>yHKl.l,l1.eM (SIBJISieTCSI 6ec

KOHeqHo Y3KHM), TO H crreKTp pacceSIHHOro H3JiyqeHHSI rrpe,n;CTaBJISieT 

co6olt .n;enhrn-<t>yHKIJ;HlO co c.n;BHHYTOM ueHTpaJihHOM qacTOTOM. Ha ca

MOM .n;ene .ll:BH)[(eHHe aTOMHhIX 3JieKTpOHOB, He yqHThIBa10meecSI B BhI

rneH3JIO)[(eHHOM rro.n;xo.n;e, Bcne.n;crnue 3<l><l>eKTa ,LJ.ormepa rrpHBO.ll:HT K 

YlllHpeHHlO crreKTpa pacceSIHHhIX TIO KOMTITOHOBCKOMY MexaHH3My <t>o

TOHOB. TaK qTo 6ecKoHeqHo Y3KHM crreKTp Tia.n;a10mero H3JiyqeHHH 6y.n;eT 

Tipeo6pa30BhIBaTbC51 B CTieKTp pacceHHHOfO H3JiyqeHHSI KOHeqHOM lllH

pHHhl. ,LJ.aHHaSI lllHPHHa B coorneTCTBHH c <t>opMyJiaMH 3<l><l>eKTa ,LJ.oTIJie

pa OTipe.n;eJIHeTCH TIPOH3Be)leHHeM xapaKTepHOM CKOPOCTH aTOMHOfO 3JieK

Tpotta Ha MO.ll:YJih BOJIHOBOfO BeKTopa <t>oTOHa. 

OpnBe.n;eHHoe yTipomettttoe orrucaHHe 3<P<l>eKTa He II03BOJIHeT pac

cqttTaTh yrnOBOe pacTipe.n;eJieHHe pacceHHHhIX <t>oTOHOB. 3TO MO)[(HO c.n;e

JiaTh B paMKax Tiocne.n;oBaTeJihttoro rro.nxo.11,a, OTIHpa10merocSI Ha KBaHTO

BYlO 3JieKTpo.n;HHaMHKY. TeopeTttqecKoe paccMoTpeHtte H 3KcrrepnMeH

TaJihHhre .nattHhie rOBOpHT 0 TOM, qTo 6oJiblllaSI qacTh <t>oTOHOB B 3<P<l>eKTe 

KoMIITOHa pacceirnaeTCSI BIIepe.n, TIO HarrpaBJieHHIO .ll:BH)[(eHHH HCXO.UHO

ro TiyqKa. c pOCTOM 3Hepmtt <t>oTOHa yrnoBaH acHMMeTpHH pacceSIHHH 

yBeJrnqHBaeTCSI, a HHTerpaJihHaSI no yrny HHTeHCHBHOCTh pacceSIHHOfO 

1nnyqemrn y6hrnaeT. 

I-fa BhlllleIIpttBe.neHHOfO paCCMOTpeHHSI cne.nyeT, qTo B 3a.UaHHOM 

HarrpaBJieHHH, Boo6me fOBOpH, pacceHBalOTCSI )lBe KOMIIOHeHThI H3Jiyqe

HHSI: co CMemeHHOM .llJIHHOM BOJIHhI (KOMTITOHOBCKaH COCTaBJIHIOIUaSI) H 

c HeCMemeHHOM )l,JIHHOM BOJIHhI (p3JieeBCKaSI HJIH TOMCOHOBCKaSI co

CTaBJISilOIUaH ). c pOCTOM 3ap51.na 51.n;pa aTOMa B03pacrneT 3Hepm51 CB513H 

era 3JieKTpOHOB, II03TOMY <t>oTOHY CTaHOBHTCH Bee Tpy.n;Hee BhI6HTh aTOM

HhlM 3JieKTpOH, H pacceHHHe H.UeT IIO p3JieeBCKOMY KaHaJiy. CT03TOMY c 

pOCTOM aTOMHOfO HOMepa BemeCTBa MHllleHH BKJia,n; p3JieeBCKOM KOM

IIOHeHThI B pacceSIHHOe H3JiyqeHtte yBeJIHqttBaeTCH, a KOMIITOHOBCKOM 

yMeHhrnaeTCH. 3To o6cTOHTeJihCTBO TaK)[(e 6blJIO BTiepBhre ycrnHoBJieHo 

KoMIITOHOM B IJ;HTttpyeMolt CTaThe. 

KoMTITOH-3<P<PeKT B03MO)[(eH TIPH pacceSIHIU1. <t>ornHoB Ha TipOTOHax 

11.npymx 3apSI)[(eHHhIX qacTHIJ;ax. B 3TOM cnyqae B <t>opMyJihI (3.16), (3.17) 
.UOJI)[(Ha BXO)lHTh Macca TOM qacTHIJ;hl, Ha KOTOpOM rrpOHCXO.UHT pacceSI

HHe H3JiyqeHH51. CTOCKOJihKY 3TH MaCChl KaK MHHHMyM Ha Tptt nopSI.11,Ka 

BeJIH'-IHHhl 60Jihil.Je MaCChl 3JieKTpOHa, TO H3MeHeHtte qacTOThI <t>oTOHa 

6y.neT 3aMeTHhIM TOJihKO .UJISI BhICOK03HepreTHqHhIX raMMa KBaHTOB. 
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Bcne.ucrntte ::icpcpeKrn KoMIITOHa '-laCTOTa paccettBa10merocH cpoToHa 

yMeHblllaeTCH, IIOCKOJibKY 3HeprHH OT.Ua'-IH YHOCHTCH 3JieKTPOHOM Be

mecTBa. 8o3MO)[{eH, o.uHaKo, H o6paTHhIH rrpouecc, KOr.1la pacceHHHe Ha 

BhICOK03HepreTH'-IHOM ::ineKTpoHe rrpttB0.1lMT K yBeJitt'-leHHIO 3Heprtttt 

QlOTOHa If .1lJlMHa BOJIHhl lf3JIY'-leHHH yMeHbwaeTCH. 3TOT rrpouecc Ha3bl

BaeTCH 06pam11btM 3ptjJeJCmoM K0Mnmo11a. B acTpocptt3HKe OH rrpttBJieKa

eTCH .llJIH o6bHCHemrn H3MeHemrn crreKTpaJibHOfO COCTaBa peJIHKTOBOfO 

H3Jiyqemrn B H.1lpax ranaKTHK H KBa3apax. HarroMHHM, '-ITO peJIHKTOBoe 

lf3JiyqeHtte npe)J,CTaBJIHeT co6oJ.i H30TpOIIHOe KOCMH'-leCKOe lf3JIY'-leHHe, 

B03HHKlllee cornacHo coBpeMeHHhIM npe.1lCTaBJieHHHM B pe3yJihTaTe Eonh

woro B3pbIBa, OHO TaK)[{e Ha3bIBaeTCH cpOHOBbIM raJiaKTH'-leCKHM lf3JIY

'-leHHeM. CneKTp penttKTOBoro H3JiyqeHHH MO)[{eT 6bITh onttcaH cpopMy

noJ.i nnaHKa c 3cpcpeKTHBHOH TeMnepaTypoJ.i 2, 7 K, '-ITO COOTBeTCTByeT 

pa.1lM0.1lttana3oHy qacTOT. Pa.1lHOKBaHThI penttKTOBoro H3JiyqettHH, pacceH

BaHCh Ha peJIHTHBHCTCKHX 3JleKTpoHax, BCJie)J,CTBHe o6paTHOfO 3cpcpeKTa 

KoMnTotta MOryT yBeJIH'-IHTh CBOIO ::itteprMIO .uo 3Ha'-leHHH nopH.UKa tte

CKOJJhKHX KHJJ03JieKTpott-BOJJhT. TeM caMhIM o6bHCHHeTCH noHBJietttte pett

uettoBCKOH KOMIIOHeHTbl QlOHOBOfO ranaKTH'-leCKOfO lf3JJY'-leHHH. B nJJa3-

Me 3a C'-leT o6paTHOfO 3cpcpeKTa KOMIITOHa MO)[{eT npOMCX0.1llfTb nepe

Ka'-!Ka 3HeprHH KOJie6aHHH npO.JlOJlbHOfO 3JJeKTpM'-leCKOfO IIOJIH B 

3JJeKTpoMarHHTttoe H3JIY'-letttte. B TeXHHKe o6paTHhIH 3cpcpeKT KoMnTo

tta HCIIOJlb3yeTCH KaK MexaHH3M nonyqeHHH KOpOTKOBOJIHOBOfO H3JIY'-!e

HHH c IIOMOIUbIO H3Jly'-leHHH MeHbllleH '-laCTOTbl. 

nHTepaTypa 
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4.1. 

B3AMMOAE~CTBMEM3nY4EHH~ 
C BEll.\ECTBOM: 
onMCAHHE B PAMKAX 
nPMHUHnA COOTBETCTBH~ 

ABYXYPOBHEBAfl CHCTEMA 
e nonE TEnnoeoro HJnY4EHHfl 

PacCMOTpHM npoCTetiurnti KBaHTOBhIH o6beKT - nsyxypos

ttesy10 CHCTeMy, HaXO)],HUIYIOCSI B none TenJIOBOfO H3Jiy'leHHSI B COCTOSl

HHH TepMO)].HHaMH'lecKoro pasttosecm1 c HHM. TaKoe paccMOTpettwe 6bmo 

snepshre nposenetto A. 3titturTetittoM B 1916 r. [l]. 
J'ITaK, no npennoJIO)J(eHHIO KBaHTOBaSI CHCTeMa COCTOHT H3 HH)J(Hero 

ypoBHH c 3Heprneti Em H sepxttero ypoBHSI c 3Heprneti En > Em. Tenno

soe H3Jly'leHHe BhI3bIBaeT nepeXO)],hI Me)J()],y 3THMH ypOBHSIMH, npH'leM 

TaKl1M o6pa30M, 'ITO ycTaHaBJIHBaeTCSI pe)J(HM )],HHaMH'leCKOfO paBHOBe

CHSI. B 3TOM cnyqae 'IHCJIO nepeXO)],OB B )].ByxypoBHeBOH CHCTeMe B e)],H-

HHUY speMeHH H B e)],HHHUe o6beMa BBepx Ni pastto 'IHCJIY attanornq

HhIX nepexonos BHH3 NJ..: 

(4.1) 

flepexonhr ssepx BhI3hIBa!OTCH nornourettweM Terrnosoro H3JiyqettHH, 

TaK 'ITO MH wx 'IHcna Ni MO)J(HO 3anwcaTh pasettcTBO 

(4.2) 

f)],e Bmn - K03cpqmuweHT 3ttHUITetitta )],JlSI nornoureHHH; wmn - BepOSIT

HOCTh B e)],HHHUY BpeMeHH nepexona Jm) ~in), BhI3BaHHOfO nornoureHH

eM H3Jly'leHHSI, 

(4.3) 

B pasettcrne (4.2) TaK)J(e cpwrypwpyeT BeJIH'IHHa Nm - KOHUeHTpa

UHH )].ByxypOBHeBhIX CHCTeM, HaXO)],SIUIHXCSI Ha m-M 3HepreTH'leCKOM ypostte 
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(HaCeJieHHOCTb m-ro ypOBHH). flOCKOJihK)' CHCTeMa HaXO.UHTCH B COCTOH

HHH TepMO.UHHaMHqecKoro paBHOBeCHH, KOH1.1,empa1.1,HH Nm paBtta 

(4.4) 

r.ue gm - CTaTHCTHqecKHH Bee .uattttoro :mepreTHqecKoro ypOBHH; N0 -

HOpMHpOBOqHbIH MHO)!(HTeJib c pa3MepHOCTbIO KOHI.J,eHTpal.l,HH; T- TeM

rreparypa B 3ttepreTHqecKHX e,n:HHH1.1,ax. ,LI,.rrn ttacenettHOCTH Bepxttero 

ypOBHH B IIOJIHOH aHaJIOfHH c <f>opMyJIOH (4.4) HMeeM 

(4.5) 

flepeXO,UbI ,UByxypOBHeBOH CHCTeMbI C Bepxttero ypOBHH Ha HH)!(HHH 

ypoBetth BhI3hrnaroTcH .UBYMH rrpHqHttaMH. Bo-rrepBhIX, HMeeT MecTo ca

MorrpoH3BOJihHhIH rrepexo.u c HCIIYCKaHHeM <f>orntta - CIIOHTaHHOe H3JIY

qeHHe. 3TOT rrpo1.1,ecc c TOqKH 3peHHH KJiaccHqecKOH 3JieKTPO.UHHaMHKH 

rrpottcxo,n:HT 6e3 Btteurnero Bhrn~arow,ero .ueH:cTBHH. Ott orneTcrnett 3a 

JIIOMHHeCI.J,eHl.l,HIO, TaK qrn 6bIJI H3BeCTeH B <f>H3HKe .uo o6c~aeMOH 

pa60ThI 3H:ttwTeH:tta 1916 r. BepoHTHOCTh B e,n:HHHI.J,Y BpeMeHH crrottrnH

ttoro H3JiyqeHHH orrpe.uenHeTCH K03<f><f>HI.J,HeHTOM 3H:ttwTeHHa .UJIH CIIOH

TaHHOfO H3JiyqeHHH Anm: 

(4.6) 

Bo-BTOpbIX, rrepeXO.Ubl B .UByxypoBHeBOH CHCTeMe CBepxy BHH3 MOfYT 

rrpOHCXO,UHTb BhIH~eHHbIM o6pa30M - rro.u .ueH:CTBHeM BHewttero 3JieK

TpOMarHHTHOfO IIOJIH H corrpoBO)l(,UaTbCH H3JiyqeHHeM <PoTOHa. 3TO TaK 

Ha3bIBaeMoe HH,UYl.l,HpOBaHHOe (HJIH BhIH~eHHOe) H3JiyqeHHe, BBe)l,eH

HOe B KBaHTOByro TeopHIO A. 3H:ttwTeH:ttoM. BepoHTHOCTh 3Toro rrpo-

1.1,ecca B e,UHHHl.l,Y BpeMeHH paBHa 

inct B ( ) wnm = nmP w ' (4.7) 

r.ue Bnm - K03<f><f>tt1.1,HeHT 3H:ttwTeH:tta .UJIH HH.UYl.l,HpOBattttoro H3Jiyqe

HHH. c yqeTOM CKa3aHHOfO .UJIH qHcJia rrepexo,UOB KBaHTOBOH CHCTeMbl 

BHH3 HMeeM 

(4.8) 
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00)l;CTaBJUUI cpopMyJibl (4.2) H (4.8) B paBeHCTBO (4.1), HaXO)l;HM M51 

crreKTpaJibHOH IIJIOTHOCTH 3HeprHH CJie)l;yIOmee Bblpa:JKeH11e: 

CornacHo C)l;eJiaHHOMY rrpe)l;IIOJIO)l(eHHIO )l;aHHoe paBeHCTBO )l;OJI)l(HO 

BbIIIOJIH51TbC51 M51 CIIeKTPaJibHOH IIJIOTHOCTH TeIIJIOBOfO H3JlyqeHH51 p':P (w ), 
KOTOpa51 )l;aeTCH cpopMyJioH: OJiaHKa (2.8). CpaBHHBaH rrpaBbie qacTH pa

BeHcTB (2.8) H (4.9), HaXO)l;HM ycJIOBHe Ha qacTOTY H3JiyqeHH51: 

nw =En -Em, (4.10) 

a TaK)l(e COOTHOIIIeHHH Me)l()];y K03cpcpm.1,HeHTaMH 3ttHIIITeH:Ha: 

(4.11) 

H 

(4.12) 

3aMeTHM, 'ITO eCJIH K03cpcpMUHeHT 3ttHIIITettHa MH HH)];YUHPOBaHHOro 

H3JlyqeHHH IIOJIO)l(HTb paBHbIM ttyJIIO (Bnm = 0), TO, KaK 3TO CJie)l;yeT H3 (4.9), 
BMeCTo cpopMyJihI OJiaHKa MH TerrJIOBoro H3JlyqeHH51 rroJiyqaeTCH cpopMy

Jia B11Ha. TaKHM o6pa30M, BBe)l;eHHe rrpouecca HH)];YIJ.HPOBaHHoro H3JIY

'!eHHH Heo6XO)l;HMO c TO'IKH 3peHH51 rrpaBHJibHOro OIIHCaHHH 3JieKTpOMar

HHTHOfO IIOJI51. y CJIOBHe ( 4.10) Ha '!aCTOTY CB513aHO c TeM o6CT051TeJib

CTBOM, 'ITO IIIHpHHa crreKTpa TeIIJIOBOfO H3JiyqeHH51 (CM. PHC. 2.1) HaMHOfO 

rrpeBocxo)l;HT IIIHPHHY crreKTPaJihHhIX JIHHHH, H3JlyqaeMbIX aTOMaMH. 

4.2. nonYKnACCM4ECKA.ff TEOPM.ff 60PA 

HccJie)l;oBaHHe B3aHMO)l;eH:crn1151 3JieKTpoMarHHTHoro H3JIY

'!eHHH c aTOMaMH Ha'laJIOCb c per11cTpau1111 crreKTPOB aTOMa BO)l;OpO)l;a. 

B pe3yJihTaTe o6o6meHH51 3KcrrepwMeHTaJihHhIX )l;aHHhIX B 1885 r. 6bIJIO 

IIOJiyqeHO rrpocToe COOTHOIIIeHHe, c BbICOKOH CTerreHbIO TO'IHOCTH OIIH

CbIBa10mee H3MepeHHbie K TOMY BpeMeHH 3Ha'!eHHH MHH BOJIH Amn aTO

Ma BO)l;opo)l;a (cpopMyJia oaJibMepa): 

_l = R(-1 _ _!_) 
A.mn m2 n2 ' 

( 4.13) 
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r.ue m H n - ueJihle qJfcJia (m < n); R = 109 739 CM-1 - ITOCTOHHHaH 

Ptt.u6epra. 

B 3aBHCHMOCTH OT BeJI11qHHbI ueJioro qHcJia m Bo.uopO.UHhIH crrercrp 

pa1.ueJIHeTCH Ha HeCKOJihKO crreKTpaJibHhIX cepHH. TaK, 3HaqeHHIO m = 1 
coorneTcTByeT cep11H JlaH.MaHa (0601HaqeHHe cepHH Ln, n:?: 2), .UJIHHhI 

BOJIH KOTOpoH. Jie.lKaT B yJihTpa<t>ttoJieTOBOH 06JiacT11. EcJIH m = 2, TO 

fOBOpHT 0 cepHH DaJibMepa (Hn, n:?: 3), OTHOCHlll,eHCH K BH.UHMOMY H3JIY

qeHHIO. HaKOHeU, eCJIH m = 3, TO <t>opMyJia ( 4.13) orrHcbrnaeT cepHIO 

flallleHa, Jie.lKalll,yIO B HH<i>paKpaCHOM ,IJ,Harra30He, B KOTOpOM Jie.lKaT TaK

.lKe cepm1 op3KeTa (m = 4) H cepHH O<t>yH.IIa (m = 5). CrreKTpaJibHbie 

.UHarra10HhI cep11H. JlaH.MaHa H oaJibMepa He rrepeceKaIOTCH c .upyrnMH, 

crreKTpaJibHbie .u11arra30Hbl cepHH naweHa, op3KeTa H O<t>yH.IIa HMeIOT 

rrepeceqeH11e. 

<l>opMyJia oaJibMepa (4.13) CTaJia Ba.lKHhIM 3KcrrepttMeHTaJibHhIM oc

HOBaH11eM ,11,JIH ITOCTpOeHHH TeOpHH aTOMa BO.UOpo.ua 11 ycTaHOBJieHHH 

OCHOBHbJX 3aKOHOMepHOCTeH. B3aHMO)l.eHCTBHH 3JieKTpOMarHHTHOfO H3-

JIY'IeHHH c aTOMaMH. 

Co3,11,aHHe COOTBeTCTBYIOlUeH TeOpHH, 0,11,HaKO, HaTOJIKHYJIOCb Ha 

Henpeo.uoJIHMbJe B paMKax KJiaccHqecKOH <l>H3HKH TPY.UHOCTH. nocJie 

rrpoBe.ueHHH Pe1ep<t>op)J.OM CBOHX 3HaMeHHTbIX OilbITOB ITO pacceHHHIO 

aJib<t>a-qaCTHU (1911 r.) B TeopHH a TO Ma rocn0,11,CTBOBaJia ITJiaHeTapHaH 

MO.UeJib. CornaCHO 3TOH M0,11,eJIH aTOM COCTOHT H3 TH.lKeJioro ITOJIO.lKH

TeJibHO 3apH.lKeHHOrO H.Upa, pacrroJIO.lKeHHOfO B ueHTpe, H OTpHll,aTeJibHO 

3apH.lKeHHblX 3JieKTpOHOB, Bpalll,aIOlll,HXCH BOKpyr H,11,pa. KriaccHqecKaH 

3JieKTpO.UHHaMHKa rrpe.ucKa3bIBaJia, qTO B TaKOM CJiyqae ycKopeHHO .UBH

ra10mHeCH 3JieKTPOHbl .UOJI.lKHbl H3JiyqaTb 3JieKTpOMarHHTHbie BOJIHbl, 

TepHTb 3Hepr1110 H B KOHeqHoM cqeTe yrraCTb Ha H.UpO. TaKHM o6pa30M, 

KJiaCCHqecKaH <l>H3HKa He TOJibKO 6bJJia He B COCTOHHHH o6bHCHHTb 3KC

rrepHMeHTaJihHYIO <t>opMyJiy ( 4.13)' HO H caMO cymecTBOBaHHe crn6HJib

HbIX aTOMOB c ee TO'lKH 3peHHH OKa3blBaJIOCb HeB03MO.lKHbJM. 
1fro6b1 rrpeo,11,oJieTb yKa3aHHbie TPY.UHOCTH, H. Eop B 1913 r. rrocTpo

HJI CBOIO TeOpHIO aTOMa Bo.uopo.ua (aTOM Eopa), OCHOBhIBaHCb Ha Tpex 

c<t>opMyJIHPOBaHHblX HM rrocTyJiarnx. 

1. 3JieKTPOHbl B aTOMax HaXO.UHTCH B oco6bJX, CTaUHOHapHbIX COCTO

HHHHX In), coorneTcrny10iuttx KpyroBhIM op6HrnM, rrapaMeTpbI KoTOpbIX 

orrpe,11,eJIHIOTCH ycJIOBHeM KBaHTOBaHHH MOMeHTa KOJIH'leCTBa ,11,BH.lKeHHH: 

(4.14) 

2. B cTall,HOHapHbIX COCTOHHHHX aTOMHbre 3JieKTpOHbl He H3JiyqaIOT. 
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3. H3nyqemrn H rrorno.u.i:ett11e 3JieKTpoMarHHTHhIX BOJIH rrpo11cxo,IJ,HT 

B pe3yJibTaTe rrepexo,IJ,a aTOMHOfO 3JieKTpoHa H3 O)J,HOfO CTalJ,HOHapttoro 

COCTOHHIUI (c 3Heprneit En) B ,IJ,pyroe CTaU,HOHapttoe COCTOHHHe (c 3Hep

rneit Em). KpyrosaH 'IaCTOTa mnyqeHHH (B CJIY'Jae En > Em) paBHa 

( 4.15) 

CJie,IJ,yeT OTMeTHTb, 'ITO B ycJIOBHe KBaHTOBaHHH MOMeHTa KOJIH'Ie

CTBa ,IJ,BmKeHHH ( 4.14) BOIIIJia IIOCTOHHHaH flJiaHKa, HCIIOJib30BaBIIIa5IC5I 

BnepBbie )J,JIH KBaHTOBaHHH 3Heprmt: pa,IJ,HaU,HOHHOfO OCU,HJIJI5ITOpa. 

nocTyJiaTbl Eopa TaK )[(e, KaK H KBaHTOBaHHe 3HeprHH OCU,HJIJIHTOpa 

B TeOpHH TeIIJIOBOfO H3JIY'JeHH5I, 5IBJI5IJIHCb 'I~epO,IJ,HOH BCTaBKOH, npo

THBopeT.Jameil MHpOB033peHT.JCCKHM OCHOBaM KJiaCCHT.JeCKOil cptt3HKH. TeM 

He Mettee, TaK )[(e KaK 11 B cnyqae TeIIJIOBOfO H3JiyqeHH5I, IIOJIO)[(CHHH, 

BBe,IJ,eHHhie B Teopmo HCKJllOlJHTeJibHO )J,JIH cornacoBaHHH c OIIblTOM, He 

TOJibKO II03BOJIHJIH o6b5ICHHTb HMe10m11ec5I K TOMY BpeMeHH 3KCnep11-

MeHTaJihHbie ,IJ,aHHbie, HO H CTaJIH CBOero po,IJ,a «3apO,IJ,bIIIIeM» HOBOH, 

KBaHTOBOH cpH3HKH. 

)l,JIH onpe,IJ,eJieHHH 3HepmH 3JieKTpotta B arnMe Eopa, noMHMO ycno

BHH KBaHTOBaHHH MOMeHTa KOJIHT.Jecrna ,IJ,BH)[(eHHH (4.14), HCIIOJlb3yeTC5I 

BTopo:il 3aKoH HhIOTOHa MH ,IJ,Btt)[(eHHH 3Jiercrpotta no Kpyroso:il op611Te 

no,IJ, ,IJ,e:ilcrn11eM KYJIOHOBCKo:il CHJihI npttrn)[(eHHH K H,IJ,py. B pe3yJihTaTe 

nonyqaeTCH CJie,IJ,yIOID,a51 CHCTCMa anre6paHT.JCCKHX ypaBHeHH:il: 

( 4.16) 

( 4.17) 

r,IJ,e Vn H rn - IIO)J,Jle)[(aID,He OIIpe,IJ,eJieHHIO CKOpOCTb 3JieKTPOHa Ha n-M op6H

Te H pa,IJ,HYC n-:il op6HThI; m. - Macca 3JieKTPOHa. ilpH 3aIIHCH ypaBHe

HHH ( 4.17) 6bIJIO HCIIOJib30BaHO Bbrpa)[(eHHe )J,JIH u,eHTpOCTpeMHTeJibHOfO 

ycKopeHHH, a TaK)[(e rrpe,IJ,IIOJIO)[(etto, T.JTO 3ap5I,IJ, H,IJ,pa paseH Zle I. TaKHM 

o6pa30M, ( 4.16)-( 4.17) OIIHCbIBaIOT ooaopoaonoao6HblU UOH, T. e. aTOM C 

npoH3BOJihHhIM 3ap5I,IJ,OM H,IJ,pa H O,IJ,HHM 3JiercrpottoM. AToMy BO,IJ,opo,IJ,a, 

OlJCBH)J,HO, COOTBCTCTByeT 3Ha'IeHHe z = 1. KpoMe TOro, 3,IJ,eCh H ,IJ,aJiee 

npette6peraeM pa3JIHT.JHeM Me)[()J,y npttBe,IJ,eHHO:il Macco:il arnMa H Macco:il 

3JieKTPOHa. 

CttcTeMa ypaBHeHH:il ( 4.16)-( 4.17) oTpa)[(aeT 3KJieKTH'IHOCTh Teo

p1111 aToMa Eopa: ypaBHeHHe ( 4.16) HBJIHeTCH KBaHTOBhIM ycnoBHeM H 
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co,n,ep)KHT IlOCTOflHHYIO flJiaHKa Ii, B TO BpeMfl KaK ypaBHeHHe (4.17), 
npe,n,craBm110mee co6o:H: BTOpo:H: 3aKOH HhIOTOHa, HMeeT 'IHCTO KJiaccw

qecKoe npmi:cxo)K,ll,emrn. 

PewettHe CHCTeMbl (4.16)-(4.17) HMeeT BH,ll, 

Ze2 Z 
v =--=-v 

n nli n a' 

n11i2 n2 
r =---=-a 
n '7 2 z B> L-m.e 

v0 == ac = 2, 188 · 108 
CM/c; 

aB == ~ := 0, 529. lQ-8 CM. 
m.e 

( 4.18) 

( 4.19) 

B cpopMyJie ( 4.18) M51 cKopoCTH 3JieKTpotta Ha n-:H: op6HTe BBe.netta 

nocmoRHHaR moHKoii cmpyKmypbt a - cpytt,n,aMeHTaJibHaH 6e3pa3MepttaH 

KOHCTaHTa, xapaKTepH3YIOIUafl BeJIH'IHHY 3JieKTpOMafHHTHoro B3aMMO

,n,e:H:CTBH51, 

e2 1 
a=-=-· 

lie 137 

lfa paBeHCTB ( 4.18)' B qacTHOCTH, CJie,n,yeT, 'ITO ,ll,Jlfl yMepeHHhlX 3apH

,ll,OB H,ll,pa aTOMHblH 3JieKTPOH 51BJifleTCfl HepeJI51THBHCTCKOH qaCTHUeH, 

TaK 'ITO onpaB,n,aHO OTIHCaH.He ero ,ll,BH)KeHHfl B paMKax HhlOTOHOBCKOH 

MexaHHKH. 

BeJIH'-lHHhI v
0 

(cKopocTh 3JieKTpoHa Ha nepBo:H: 6opoacKo:H: op6HTe) 

H aB (6opoBCKHH pa,n,uyc) flBJifllOTCfl COOTBeTCTBeHHO e.nHHHUe:H: CKopoc

TH H ,ll,JIHHbl B aTOMHOH CHCTeMe e,n,HHHU (HJIH CHCTeMe e,n,MHHU XapT

ptt), onpe,n,eJifleMo:H: paBettcTBaM.11: 

e == m. == Ii == l. (4.20) 

C.11cTeMa e,n,HHHU XapTpH wupoKo HCTIOJih3yeTC51 B aTOMHhIX pac

qerax. Otta TI03BOJifleT cymecrnetttto ynpoCTHTh attaJIHTH'-lecKHe BhI

'l.HCJieHHfl, IlOCKOJihKY B 3TOH CHCTeMe He BhITIHChIBaIOTCfl KOHCTaHThl 

e, me H Ii B npoMe)KyrO'-lHhIX cpopMyJiax, a pe3yJihTaT nepeBO,ll,HTCfl B 

o6hI'-lHhie (pa3MepHhie) e,n,MHMUhl c MCilOJib30BaHMeM lf3BeCTHhIX pa3-

MepHhIX 3Ha'l.eHMH aTOMHhlX e,n,MHMU. flpHBe,n,eM 3)leCh eme aTOMHYIO 

e)llfHHUY BpeMetttt: 

a li3 
Ta = _!_ == --

4 
:= 2, 42 · 10-17 

C. 
Va m.e 

(4.21) 
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06paTHa51 K aTOMHOH e)J,HHHUe BpeMem1. BeJIH•nrna Va npe,l],CTaBJI5IeT 

co6oi1: aTOMHYIO e,11,HHHUY qacTOThl, qHCJieHHOe 3HaqeHHe KOTOpot\: paB

HO: Va;:: 4,13 · 1016 c-l. 

11CIIOJih3Y5I IIOJiyqeHHhie Bhipa)J(eHH51 ( 4.18) H ( 4.19), MO)J(HO ttat\:

TH KHHeTHqecKyIO, IIOTeHUHaJihHYIO H IIOJIHYIO 3HeprHH 3JieKTpOHa 

Ha n-t\: aTOMHOM op6HTe: 

(4.22) 

Ze2 Z 2 m e4 Z 2 

U = --- = ---• - = --a2m c 2
• 

n rn n2 /i2 n2 • ' 
(4.23) 

Z 2 m e4 Z 2 

En = Tn +Un= --2---"-2- = --2-a2m.c2. 
2n Ii 2n 

(4.24) 

CTpaBhie qacTH B <t>opMyJiax (4.22)-(4.24) npe,11,CTaBJIHIOT co6oi1: Bhipa

)J(eHHH ,l1,JI51 3HeprnH aTOMHOfO 3JieKTpOHa Ha n-H op6HTe qepe3 3Heprn:IO 

ITOK05I 3JieKTpOHa H ITOCT05IHHYIO TOHKOH CTpyKTYPhl. TaKaSI 3aIIHCh 5IBHO 

,11,eMOHCTpHpyeT MaJIOCTh 3HepmH 3JieKTpOMarHHTHoro B3aHMO,l],eHCTBH51, 

KOTopa51 onpe,11,eJIHeTC51 KBa,11,paTOM KOHCTaHTbl a « 1. 3HaK MHHYC B 

Bbipa)J(eHJrn ,l],JI51 IIOTeHUHaJihHOH 3HepmH (4.23) orpa)J(aeT TOT <t>aKT, 

'ITO pa3HOHMeHHhle 3ap51,11,hl 3JieKTpOHa H 51,11,pa o6yCJIOBJIHBaIOT CHJIY npH

n!)J(eHH51 H coorneTcTBeHHO OTpHUaTeJihHOCTh IIOTeHUHaJihHOH 3HeprnH. 

I-fa paBeHCTB (4.22) H (4.23) BhITeKaeT COOTHOWeHHe 

(4.25) 

npe,11,CTaBJIHIOruee co6oi1: H3BeCTHYIO H3 KJiaccwqecKoi1 MexaHHKH Teope

MY BHpHana ,l],JI51 CHCTeMhl c IIOTeHUHaJihHOH 3Hepmei1:, o6paTHO npo

ITOPUHOHaJihHOM paCCTOSIHHIO Me)J(,11,y qacTHUaMH. 

E,11,HHttua HJMepeHHH 3HeprHH B cwcTeMe aTOMHhIX e)J,HHHU paBHa 

m e4 

£
0 
=-·2-=a2mc2 :4,36·10-11 3pr=27,23B. 

n (4.26) 

3J].eCb BBeJ].eHa BHeCHCTeMHa51 eJ].HHHUa 3HeprHH - 3JieKTpOHBOJihT, 

BeJittqrrna KOTOpOH COOTBeTCTByeT aTOMHOMY MaCWTa6y 3Hepnti1:: 

1 3B = 1,6. 10-12 3pr. floMHMO aTOMHOM e,11,ttHHUhI 3Hepmw (4.26), B 
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aTOMHOH cPH3HKe nmpOKO HCIIOJib3yeTC5l npyra51 enwmu1,a 3HeprnM -

pttn6epr, orrpenenJieMa5l cornacHo paBeHcrny: 

Ry = ~ := 13, 6 3B. (4.27) 

B 3TMX enMHMuax Bbipa.1KeHtte M5I 3Hepnrn 3JieKTpoHa Ha n-H: op6ttTe 

aTOMa fiopa rrpHHMMaeT oco6eHHO rrpoCTOH BMJJ,: 

z2 
En= --2 Ry. 

n 
(4.28) 

0TMeTMM, 'ITO 11,enoe HeOTpMll,aTeJibHOe 'IMCJIO n, ¢>wrypwpy10mee B 

paBeHCTBe (4.28), OTBe'laeT rnaBHOMY KBaHTOBOMY 'IMCJIY 3JieKTpOHHOfO 

COCT05IHM5l B TIOCJie,IJ,OBaTeJibHOH KBaHTOBOll TeOpMM aTOMa BO.IIOpo.ua. 

<l>opMyJia (4.28) OTIMCbIBaeT aucKpemHblU CIIeKTp 3Heprni1: 3JieKTpOHa B 

BO,Il,Oponorro.uo6HOM aToMe. 0TpwuaTeJibHOCTb TIOJIHOH 3HeprMM B .IIMCK

peTHOM crreKTpe c TO'IKH 3peHM5l KJiaCCM'leCKOH MexaHMKM OTBeqaeT 

cPMHHTHOCTM .UBM.IKeHH5l 3JieKTpOHa, a Ha KBaHTOBO-MexaHH'leCKOM 513bl

Ke - CB.si:3aHHOCTH cocTO.sIHM.sI. Hap.si:.uy c nwcKpeTHhIM cneKTpoM aTOM

HhIH 3JieKTPOH o6na.uaeT Henpepbl6Hb/M cneKTpOM, KOTOpOMY COOTBeT

CTBYIOT rroJIO.IKMTeJibHbie 3Ha'leHM.si: 3HeprHM. B HerrpepbIBHOM crreKTpe 

.UBM.IKeHMe 3JieKTpOHa MHcPMHMTHO, COOTBeTCTBYIOlll,Me COCT05IHM5l Ha3bl

BaIOTC5l cBo6onHhIMM. HyneBoe 3Ha'leHwe 3HeprMM 3JieKTpoHa .sIBJI.sieTc.si: 

rpaHMIJ,eH )J,MCKpeTHOfO M HenpepbIBHOfO crreKTpa. 3Heprn.si: n-ro CB5l-

3aHHOfO COCT05IHM5l, B351Ta5l c o6paTHbIM 3HaKOM, npencTaBJI5IeT co6oH: 

IIOTeHUMaJI MOHH3aUMM naHHOfO COCT05IHM5l. iloTeHUHaJI MOHM3aUMM 

OCHOBHOfO COCT05IHM5l Ha3bIBaeTC5l TIOTeHUMaJIOM MOHM3aUMM aTOMa M 

o6o3Ha'laeTc.si: Ir 
lfa cPOPMYJI ( 4.15) M ( 4.28) HaXO.UMM )J,JI5l 'laCTOT M3Jiy'leHM5l BO,I1,0po

.uorrono6HOfO ttoHa cneny10mee Bb1pa.1KeHtte: 

_ Z
2 

Ry (-1 _ _!_) 
{J)mn - 2 2 · 

ti m n 
(4.29) 

CTeperrttcbrna.si: ( 4.29) qepe3 MHHhI BOJIH, rronyqaeM 

_1 __ Z
2 

Ry (-l _ _!_) 
Arnn - 2nhc m2 n2 · 

(4.30) 
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CpaBHHBaJI paBettcrno (4.30) )],JUI arnMa BO)],opo)],a (Z = 1) c <Pop

MynoH. oaJJhMepa (4.13), ttaxo)],HM, 'ITO )],aHHbie Bb1pa)l(ett11J1 coBna)],a

IOT, ecJJH 

R==~. 
21lnC 

(4.31) 

JlerKo npoBepttTb, HCTIOJib3YJI 'IHCJieHHbie 3Ha'!eHHJ! KOHCTaHT, '!TO pa

BeHCTBO ( 4.31) )],eHCTBHTeJibHO BbiTIOJIHJ!eTCJ!. 

n= oo 

n=7 
n=6 
n=5 
n=4 

n=3 

n=2 

n=1 

~ 

-CepH.R 
JlaHMaHa 

I I 

HH --CepH.R 
naweHa 

'\ 
::E ::E ::E ::E :i:: 
:::c: :c :c :::c: :c: 

,_""=tr--- M O't 
0 ...... "'i:::l"Mr-
o..-o..-N 
,_ .. 0 "'i:::I" .. ui r.D 
en..- M CO LI') 
<"I "'I° "'I°"" <O - -

CepH.R 
5anbMepa 

I I I I 

;1 .. 
IY •'YI I 

I I I I -CepH.R CepH.R 
5peKeTa ncj>yHAa 

-

£=0,038 
-0,28 38 
-0,38 38 
-0,5438 
-0,85 3B 

-1,5136 

-3,43B 

-13,6 3B 

PHc. 4.1. CTepexo,!l,bI Me)l(,!l,y ypoBH»MH 3Hepnrn B aToMe BOAOpo,!1,a, «t>opM11py10-
u.111e pa3Jll1'1Hhie cep1111 J111Heli•rnToro cneKTpa 

Oepexo)],bI Me)l()],y ypoBHJIMH ::rnepm11 aToMa Bo)],opo)],a, orneqa10-

w,11e B COOTBeTCTBHH c TIOCTyJiaTaMH Eopa H <PopMyJIOH (4.30) pa3JIH'l

HblM cepttJIM JIHHett'!aToro cneKTpa, npe)],CTaBJieHbI tta p11c. 4.1. 
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TaK11M o6pa3oM, Teopm1 aToMa fiopa Bocnpo113BOLl.11T 3Kcnep11MeH

Ta.JihHYJO <t>opMyny oa.JibMepa ( 4.13) )],JUI M11H BOJIH 113nyqett115I am Ma BO

L1,opoL1,a. 3To 5IB11JIOCb KPYTIHbIM ycnexoM )l,aHHOH Teop1111 11, qTo oco6ett

HO Ba)ICHO, TIO)l,TBep)l,11JIO Heo6XO)l,11MOCTb BBe)l,eH1151 KBaHTOBbIX npe)l,CTaB

JieH11H He TOJibKO B Teopmo 113JiyqeH1151, HO 11 B M11KpOTeop1110 Bew.ecrna. 

0TMeT11M, qTQ c <t>opMa.JibHOH TQqK11 3peH1151 BMeCTO ycJIOB1151 KBaHTO

BaH1151 MOMeHTa KOJI11qecrna )l,B11)1(eH1151 (4.14) npeL1,noqT11TeJibHee TIOJib30-

BaTbC51 paBeHCTBOM (4.16), KOTOpoe MO)l(eT 6bITb TIOJiyqeHO KaK ycJIOBlie 

Ha )l,e-6poiiJieBCKYlO )J)I11HY BOJIHbI aTOMHOfO 3JieKTpOHa Ha n-H op611Te: 

(4.32) 

JlerKO npoBep11Tb, qrn ( 4.32) CBO)l,11TC51 K ( 4.16), ecmf BOCTIOJib30-

BaTbC.SI onpeL1,eJieH11eM )l,e-6pOHJieBCKOH )J)I11Hbl BOJIHbl 3JieKTpotta: 

A(DB) = !!:_ = 21lli. 
p m.v 

(4.33) 

PaBeHCTBO (4.32) orneqaeT ycnoB1110 Ha M11HY BOJIHbI He3aTYXaIOme

ro KOJie6aH1151 Ha 0Kp~OCT11, COOTBeTCTBy10111eii n-H op611Te aTOMa fiopa . 

.Ueno B TOM, qTQ Ha CaMOM )l,eJie ypaBHeH11e (4.14) HliKOf)l,a He Bbl

TIOJIH.SieTC.SI ToqHo. B pea.JibHblX aTOMax BeJI11q11Ha MOMeHTa KOJIHqecTBa 

L1.Blf)l(ett11.SI YLl.OBJieTBOp.SieT HepaBeHCTBY 

OpaB11JihHbIH pe3yJihTaT MH 3Heprn11 (4.28) nonyq11nc51 BCJieL1,cTB11e 

KOMnettcau1111 yKa3aHHOH HeToqttocT11 11 Toro, qTo Mn 1'- pnrn, T. e. co6-

CTBeHttoe 3Ha'1ett11e MOMeHTa KOJI11qeCTBa )l,B11)1(eH11.SI He paBHO np0113Be

)l,eH11IO co6cTBeHHbIX 3HaqeH11H 11MTIYJibCa 11 KOOpL1,11HaTbl. 

Teop115I fiopa OKa3a.Jiacb Henp11MeH11MOH K aTOMaM, COL1,ep)l(a11111M 

6onee qeM O)l,HH 3JieKTpOH. KpoMe Toro, )l,a)l(e B cnyqae BOL1,opoL1,ono

L1.06ttoro 110Ha TeOp1151 fiopa npeL1,CKa3bIBaeT TOJibKO )l,Jl11Hbl BOJIH 113Jiy

'leH11.SI, HO He 11HTeHC11BHOCT11 11 non.Sip113auH11. Otta, O)l,HaKo, cbirpa.Jia 

Ba)l(HYIO pOJib B 11CTOp1111 KBaHTOBOH <t>11311K11, TIOCKOJibKY TIOCJly)l(HJla 

OTnpaBHOH ToqKOH )l,Jl51 pa3B11T1151 TIOCJie)l,OBaTeJibHOH KBaHTOBO-Mexa

Hli'leCKOH Teop1111. qT06bJ OTMeT11Tb )l,aHHYIO npeeMCTBeHHOCTb, TeOplflO 

arnMa fiopa Ha3bIBaIOT 11ttorL1,a crnpoii KBaHTOBOH Teop11eii. Teop1110 fiopa 

MO)l(HO TaK)l(e Ha3BaTb nonyKJiacc11qecKOH, TIOCKOJlbKY CliCTeMa ee oc

HOBHbIX ypaBHeH11H (4.16)-(4.17), KaK y)l(e OTMeqa.JIOCb BbIIIJe, COLl,ep

)l(lfT KaK KBaHTOBOe (4.16), TaK 11 KJiacc11qecKoe (4.17) ypaBHett11e. 
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4.3. cnEKTPOCKOnM4ECKMH nPMHU.Mn 
COOTBETCTBMSI M CMnA ocu.1o1nnHTOPA 

Bhrwett3JIO)l(eHHaH Teop1rn Eopa HBJIHeTcH He TOJihKO Teo

pwe:it aTOMa BOLl.OPOLJ.a, HO H Teopwe:it B3aMMO)l.eMCTBMH 3JieKTpOMarHHT

HOfO H3JI)"feHHH c aTOMOM, TaK KaK Ba)l(Hbre qepTbl 3TOf0 B3aMMO)l.e:it

CTBHH OIIHCbIBaIOTCH BTOpbIM H TpeTbMM IIOCTyJiaTaMH Eopa. )1.aJihHe:it

wee pa3BHTMe TeOpMM B3aMMO)l.e:itcTBMH H3JiyqeHMH c aTOMaMM MO)l(eT 

6b!Th ocyIIJ,eCTBJieHO, He rrpw6eraH K IIOCJie)l.OBaTeJihHOMY KBaHTOB0-3JieK

TPOL1.HHaMHqecKOMY cpopMaJIM3My, a MCIIOJib3YH TaK Ha3bIBaeMbIM npu11-
11un coomeemcmeuH B LJ.yxe rroJiyKJiaccnqecKoro IIOLJ.XOLJ.a Eopa. 0TrrpaB

HO:it TOqKo:it TaKOfO paCCMOTpeHMH HBJIHeTCH Bhrpa)l(eHMe Ll.JIH MOIIJ,HOCTH 

Ll.HIIOJihHOro H3JiyqeHHH, H3BeCTHOe H3 KJiaccwqeCKOM 3JieKTpO)l.HHaMM

KH. OHO MMeeT BHLI. [2] 

Q(t) = ~lti(t),2 ' 
3c 

(4.34) 

me d(t) - )l.HIIOJihHhIM MOMeHT qaCTHI..l;hl c 3apH)].OM e, IIOLI. KOTOpo:it B 

)l.aJibHe:itweM 6y)l.eM IIOHMMaTb 3JieKTpOH, 

d (t) = er (t). (4.35) 

)].Be TOqKH Ha)]. CHMBOJIOM Ll.MilOJihHOfO MOMeHTa B cpopMyJie (4.34) o6o-

3HaqaIOT BTopy10 rrpott3BOLJ.HYIO no BpeMemr. KpHTepw:it rrpwMeHMMOCTM 

)l.HIIOJihHOro rrptt6JIH)l(eHHH, B paMKax KOTOporo IIOJiyqeHa cpopMyJia (4.34), 
MO)l(eT 6b!Th ccpopMyJIHpOBaH B BH)l.e HepaBeHCTBa 

A. » a, (4.36) 

me a - pa3Mep o6JiacTM rrpocTpattcrna, orneTcTBeHHo:it 3a M3Jiyqemie; 

A. - LJ.JIMHa BOJIHhI H3JIY'feHMH. B cJiyqae aToMa, KOr)l.a a = 10-8 CM, 

ycJIOBl'Ie (4.36) OXBaTbIBaeT lllHPOKHM )l.Harra30H Ll.JIHH BOJIH BIIJIOTh Ll.0 

)l(eCTKOfO peHTreHOBCKOfO M3JiyqeHMH. 

BTopaH rrpott3BOLJ.HaH no BpeMeHM OT Ll.MIIOJihttoro MOMeHTa, cpwry

p11py10maH B rrpaBOM qacTM paBeHCTBa (4.34), 3JieMeHTapHO Bbipa)l(aeTCH 

1.£epe3 ycKopetttte 3JieKTpoHa w: d = ew. C yqernM 3Toro cpopMyJia (4.34) 
neperrwweTCH B BM,D,e 

(4.37) 
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TaKl1M o6pa30M, B paMKax KJiaccw-recKoti cp113MK11 ycKopeHHO LI.BM -

)(()'lll,a51C5l 3apmKeHHa5l qaCTMUa 6yL1,eT Tep51Th CBOIO 3HeprMIO Ha .!ll1ITOJih

HOe M3J1Ytfemi:e co CKOpOCThIO, OITpe.uen5leMOH cpopMyJIOH (4.37). 3aMe

THM, 'ITO ITOTep51 3HeprHl1 3ap51L1,0M, HaXOLl,5llll,MMC5l B KYJIOHOBCKOM ITOJie, 

ITPMBOLl,HT He K yMeHhllleHl1IO, a K yBeJI11tfeHHIO ero KMHeTHtfeCKOH 3Hep

rMM. 3TO Bl1.!lHO 11 H3 KBaHTOBhIX cpopMyJI (3. I0)-(3. l 2). YBeJlMtfetttte 

KHHeT11tfeCKOH 3HeprMM 3ap51L1,a conpOBO)[(,ll,aeTC5l B LI.Ba pa3a 60Jihllll1M 

yMeHhllleHHeM ero ITOTeHUMaJihHOH 3Heprntt [CM. cPOPMYJIY (3.13)], 'ITO 

CB513aHO c yMeHhllleHHeM paccT05lHM5l Ll,O ueHTpa KyJIOHOBCKOro ITOJI5l. 

B pe3yJihTaTe ITOJIHaH 3HeprnH 3JieKTpotta yMeHhlllaeTCH. 

B cnyqae ITep110L1,tttfecKoro L1.BIDKett115l 3ap51.ua c KpyroBoiI tfaCTOTOH w0 , 

KaK 3TO 11MeeT MeCTO c aTOMHhIM 3JieKTPOHOM, ITpeL1,CTaBJI5leT MHTepec 

MOlll,HOCTh M3JIYtfeHMH, ycpeL1,tteHHa5l ITO ITep110L1.y L1.Bm1<ett115l T = 2n/ wO' 
)l,JI51 TOro tfT06hI ITPOl13BeCTH 3TO ycpeLl,HeHHe B cpopMyJie (4.34), BOC

ITOJih3yeMC51 CJie.UYIOIUMM paBeHCTBOM' CITpaBe.UJIHBhIM .UJI51 .ueiICTBl1-

TeJihHOH ITepMOLl,MtfeCKOH cl>YHKU11M l(t): 

me In - n-51 rapMOHHKa pa3JIO)[(eHH5l B P51Ll. <l>yphe cpyHKUH11 l(t), 

} T/2 

In = - J l(t)exp(-nWot)dt. 
T -T/2 

(4.38) 

(4.39) 

CTp11 BhIBOLI.e cpopMyJihI ( 4.38) 6hrno ITpeLJ.ITOJIO)[(etto, 'ITO cpeLI.Hee ITO 

ITepHOLl.Y OT paccMaTp11BaeMOH cpyHKUHM paBHO HYJIIO, T. e. lo = 0. 3aMe

THM, 'ITO K03cpcpl1UMeHT 2 B ITpaBOH 'laCTH paBeHCTBa (4.38) CB513aH c 

yqeTOM BKJiaLI.a OTPHUaTeJihHhIX rapMOHMK pHLI.a <l>yphe (n < 0). 

CToJih3Y51Ch paBeHCTBOM (4.38), B KOTOpOM ITOJIO)[(eHO l(t) = d(t), 
Ll,JI5l ycpeLl,HeHHOH no ITepMOLJ.Y MOIUHOCTM Ll,MITOJlhHOro M3JIYtfeHMH ITO

JiyqaeM H3 (4.34) cneL1,y10mee Bhipa)[(etttte: 

(Q(t))T = L Qn, (4.40) 
n=I 

( 4.41) 
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c y'feTOM Toro, '!TO 

(4.42) 

H3 cpopMyJlhI ( 4.41) HaXO,ll,HM 

(4.43) 

<l>opMyJia ( 4.43) OIIHCbIBaeT MOIUHOCTh ,ll,HIIOJlhHOro H3Jlyqemrn Ha 

l.faCTOTe n-H rapMOHHKH (l)n = nwo. B l.faCTHOCTH, MOIUHOCTh H3JlY'feHH51 

Ha l.faCTOTe rrepttO,ll,Hl.feCKOro ,ll,BmKeHHH 3JleKTpoHa Wo (n = 1) paBHa: 

4wri 2 
Q (Wo) = -3 \d(Wo)\ . 

3c 
(4.44) 

3,ll,eCb MhI rrepeo6o3Hal.fHJlH rrepByro <l>ypbe-rapMOHHKY ,ll,HIIOJlhHOro MO

Mema: d1 = d(Wa). 
3aMeHHM Terrepb B cpopMyJie (4.44) <l>ypbe-rapMOHHKY ,ll,HIIOJlhHOfO 

MOMeHTa Ha ero MaTptt'IHhIM 3JleMeHT, BhllfliCJleHHhIM Me)(()],y COCTOHHH-

51Ml1 Im) l1 In) ['¥ m, n(r) - BOJlHOBbie <PYHKU,HH 3Tl1X COCT051Hl1H]: 

(4.45) 

a l.faCTOTY rrepttO,ll,ttl.feCKoro ,ll,Btt)[(eHHR w0 Ha l.facToTy rrepexo,ll,a In) -1 Im): 

En -Em 
Wo -1 Wmn = h (4.46) 

B pe1ynhrnTe BMecrn cpopMyJihI (4.44) rronyqttM 

Q 4w!n Id 
1
2 

mn =)2 mn • (4.47) 

BeJIH'firna (4.47) MO)[(:eT 6bITh Ha3Batta MOIUHOCThIO 3JleKTPOMarHttT

HOro 111nyqettttH rrpH rrepexo,ll,e aTOMHOro 3JieKTpotta H3 crnu.Hottapttoro 

cocTOHHttH in) B crnu.Hottapttoe cocTOHHMe Im). Otta orrwchrnaeT HHTeH

cttBHOCTh H3JlY'feHtt51 pa3JlHlfHhIX crreKTpaJibHhIX ceptttt aTOMa BO,ll,OpO,ll,a: 

JlattMatta (m = 1), baJihMepa (m = 2), Ilawetta (m = 3) H T. )],. Ha,ll,o, 

O,ll,HaKO, HMeTb B BH,ll,y, '!TO, B OTJIH'fHe OT KJiaCCH'feCKOM MOIUHOCTH 

l13JlY'!eHM51 (4.34), BeJlttlfHHY (4.47) H~HO IIOHttMaTb B CTaTHCTH'feCKOM 

CMhICJle, T. e. KaK pe3yJlhTaT ycpe,ll,HeHHH no attcaM6mo aTOMOB. 
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Ecmi: Teneph MOUJ;HOCTh H3Jiy'!emu1 (4.47) pa3)1,eJIHTh Ha 3Heprmo 

paCCMaTpHBaeMOfO nepexo)l,a !!.Emn = limmn' TO noJiyqHM BeJIH'IHHy, HMe

IOll.IYIO pa3MepHOCTh o6paTHOf0 BpeMeHH, KOTOpa51 COBila)l,aeT c K03cp

cpHUHeHTOM 3ttHllITei1Ha )l,J151 cnoHTaHHoro H3JiyqeHH51 Arnn: 

(4.48) 

B nocJie)l,HeM paBeHCTBe cpopMyJihI ( 4.48) BBe)l,eHo BpeM51 )[(H3HH Tmn 
COCT051HH51 in) no OTHOllleHHIO K ero CilOHTaHHOMy pacna)l,y c nepeXO)l,OM 

B HH)[(eJie)[(amee cocT051HHe jm). 3TO BpeM51 M51 nepexo.r:i:a j2) ~ j l) B 

aTOMe BO)l,Opo.r:i:a paBHO: T12 "' 1,6. 10-9 c. 

TaKHM o6pa3oM, HCilOJih30BaHHe cpopMyJihI KJiacctt'!ecKott 3JieKTpo

.!1:HHaMHKH (4.34) H 3aMeH (4.45) H (4.46) Il03BOJ1HJ1H noJiyqHTh KBaHTO

BhIH pe3yJihTaT )l,J151 MOUJ;HOCTH H3JiyqeHml cneKTpaJihHhlX JIHHHH (4.47) 
H Bep051THOCTH CilOHTaHHOfO H3JiyqeHml ( 4.48). 3TO o6CT051TeJibCTBO 

51BmleTC51 OTpa)[(eHHeM npum1,una coomeemcmeu.H Me)[()l,y KJiaccH'!eCKOH H 

KBaHTOBOH cpH3HKOH. )1,aHHhlH npHHUHil MO)[(eT 6b!Th ccpopMyJIHpoBaH 

cJie.r:i:yIOw;HM o6pa30M. KBaHTOBO-MexaHH'!eCKHe Bhipa)[(eHH51 noJiyqaIOTC51 

H3 KJiaCCH'!eCKHX, eCJIH B nocJie)l,HHX <l>yphe-KOMilOHeHThl cpH3H'!eCKHX 

BeJIH'IHH 3aMeHHTh Ha MaTpH'l.Hhie 3JieMeHThl 3THX BeJIH'l.HH. ilpH'l.eM 

'!aCTOTa KBaHTOBOfO nepexo.r:i:a )l,0Jl)[(Ha COBna.r:i:aTh c qaCTOTOH <l>yphe

KOMilOHeHThI [3]. 
J1I060nhITHO OTMeTHTh, 'ITO HaJIH'!He KOHe'!HOfO BpeMeHH )[(H3HH 

B036y)[()l,eHHOro COCT051HH51 jn) MO)[(eT 6bITh HHTepnpeTHpOBaHO B )l,yxe 

npHHUJma COOTBeTCTBH51, KaK «na)l,eHHe» 3JieKTPOHa Ha 51)1,pO 3a C'!eT 

H3JiyqeHH51 cpOTOHOB - TOT caMhIH npouecc, npOTHB KOTOporo «6opeT

C51» BTopoi1 nocTyJiaT Eopa. 3To «na)l,eHHe» npo)l.OJI)[(aeTC51 )l,O Tex nop, 

noKa 3JleKTpOH He )l,OCTHfHeT OCHOBHOfO COCT051HH51 m = l, o6Jia)l,aIO

mero HaHMeHbllleH B03MO)[(HOH c TO'!KH 3peHH51 KBaHTOBOH cpH3HKH 

3Heprnei1. 

lfro6b1 BhrnCHHTh cpH3H'!ecKoe o6ocHoBaHHe BToporo noczyJiarn Eopa, 

BBe)l,eM KJiaCCH'l.eCKHH nepHO)l, Bpaw;eHH51 3JieKTPOHa Ha n-op6HTe: 

(4.49) 

ilpH 3anHCH cpopMyJihl (4.49) 6bIJIH HCilOJ1h30BaHhl Bh!pa)[(eHH51 (3.6), 
(3.7) H (3.9). OueHHM Teneph OTHOllleHHe nepHO)l,a (4.49) KO BpeMeHH 

)[(H3HH Tmn· ilOJih3Y51Ch (4.48), (4.49) H noJiara51, 'I.TO rmn"' a8R(m, n), r)l,e 
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R(m, n)- HeKOTopm1 <l>YHKUIUI rrop.H;:i:Ka M MeHbIIIe e;:i:MHMUhI, rrpn6nM

)[(eHHO MMeeM 

(4.50) 

rl:J,e n3 R2(1, n) -t 1 IJ,JI.H 6oJibIIIMX HOMepoB n (CM. acnMIITOTMqecKYIO 

cpopMyny B rn6n. 4.1 ). Brnpoe rrpn6JIM)[(eHHOe paBeHCTBO B ( 4.50) oTpa

)[(aeT TOT cpaKT' qTO BpeM.H )[(ll3HM B036y)[(,UeHHOro COCTO.HHM.H aTOMa 

BOIJ,Opo.ua orrpe.ueJrneTC.H era rrepeXO,UOM B OCHOBHOe COCTO.HHMe. 

Ifa rronyqeHHOro cooTHOIIIeHM.H (4.50) cne1J,yeT, qrn rrepno.u o6pa

UJ,eHM.H 3JieKTpoHa no KJiaccnqecKoH op6nTe Ha HeCKOJibKO nop.H.UKOB 

BennqnHhI MeHbIIIe BpeMeHM )[(M3HM B IJ,attHOM cocTO.HHMH In). TaKMM 

o6pa30M, 3TM COCTO.HHM.H c xopoIIIei1 CTerreHbIO TOqHQCTM MO)l(HO cqM

TaTb CTaUMOHapHblMM B COOTBeTCTBMM c rrepBbIMM .UBYM.H IIOCTyJiaTaMM 

Eopa. 3Ta CTaUMOHapHOCTb eCTb CJie,UCTBMe MaJIOH BeJIMqMHbI IIOCTO.HH

HOH TOHKOH CTpyKTypbl a, orneTCTBeHHOH 3a 3JieKTPOMarHMTHOe B3aM

MO,UeHCTBMe. 

IlpMHUMII cooTBeTCTBM.H Me)l(,Uy KJiaccnqeCKOH M KBaHTOBOH cpM3M

KOH, KOHKpeTM3MPOBaHHbIH ,UJI.H cnyqa.H M3JiyqaTeJibHbIX rrepexo.uoB B 

aToMe, Ha3bIBaeTC.H cneKmpocKonu11ecKUM npuHu,unoM coomeemcmeuR. Ero 

MO)[(HO ccpopMyJIMPOBaTb cne.uy10ruMM o6pa30M: aTOM npM B3aMMO)J,eH

CTBMM c 3JieKTpoMarHMTHbIM TIOJieM Be,UeT ce6.H KaK Ha6op KJiaccnqec

KMX OCLI,MJIJI.HTOpOB, 06na.ua10runx co6CTBeHHbIMM qacTOTaMM, paBHbIMM 

qacTOTaM nepexo)J,OB Me)l(,Uy aTOMHbIMM ypoBH.HMM 3HeprnM. 3TO 3Ha

'111T, qTQ Ka)l(,UOMY nepexo)J,y Me)l(,Uy aTOMHbIMM COCTOSIHH.HMH li> M \n) 

CTaBHTC.H B COOTBeTCTBMe OCUMJIJI.HTOp c co6cTBeHHOH qaCTOTOH {l)nj' Ha-

30BeM 3TM ocu,nnJI.HTOpbI OCUMJIJI.HTopaMM nepexo.uoB. BKJia.u ocunnn.H

TopoB rrepexo,UOB B OTKJIMK aTOMa Ha 3JieKTPOMarHMTHOe B03,UeHCTBMe 

rrponopLI,MOHaJieH 6e3pa3MepHOH BeJIHqHHe, Ha3bIBaeMOH CUJIOU OCU,UJl

JIRmopa. qeM 60JibIIIe CMJia OCUMJIJI.HTOpa, reM CMJibHee COOTBeTCTByIO

ILI,HH nepexo)J,. Cnna OCUMJIJI.HTOpa ,UJI.H nepexo.ua Me)l(,Uy COCTO.HHM.HMM 

AHCKpernoro cneKTpa li> -t In) - J,,j (B KBaHTOBOH MexaHMKe Htt.ueKcbr 

COCTO.HHMH npMH.HTO TIMCaTb cnpaBa HaJieBo) onpe.uen.HeTC.H cpopMyJIOH 

2m.mnj I( n Id I J)l
2 

fnj = 3 2tz ' e gj 
(4.51) 

me gj - cTaTttcTnqecKMH Bee j-ro cocTO.HHM.H. H3 cpopMyJihI (4.51) cne

.uyeT paBeHCTBO g/nj = -gnl;n' TIOCKOJlbKY c1rna OCUMJIJISITOpa ,UJI.H rrepe-
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xo.ua c yMettbwem1eM 3Hepnrn oTpnuaTeJibHa. Cornactto CBoeMy cPH3H

'IeCKOMY CMbICJIY CHJia OCUHJimITOpa O.UH03JieKTpOHHOro aTOMa BCer.ua 

MeHbllie e)J,HHHUbI. 

<DopMyJIHPOBKa rrpHHUHIIa COOTBeTCTBHJI c CHJIOH OCUHJIJIJITOpa B 

<PopMe ( 4.51) OTBe'IaeT .UHIIOJibHOMY rrptt6JimKeHHIO, KPHTepHH KOTOpo

ro .uaeTCJI ttepaBeHCTBOM (4.36). B rrpOTHBHOM CJIY'Iae orrpe.ueJiettne (4.51) 
.UOJI)J(HO 6bITb o6o6ruetto, 'IT06bI BKJIIO'IHTb B ce6JI He.UHIIOJibHYIO 'IaCTb 

B3aHMO.UeHCTBH5I 3JieKTpOMarHHTHOro H3JIY'IeHH5I c aTOMHbIMH 3JieKTpO

HaMH. KpoMe Toro, He,11.nnoJibHOCTh B3attMo,11.eH:cTBHJI oKa3brnaeTcJI cyrue

crnettttoH:, eCJIH MaTPH'IHbIH 3JieMeHT ,11.HnOJibHOro MOMeHTa B <PopMyJie 

(4.51) paBeH HYJIIO. TaKne rrepexo,11.hr tta3bIBaIOTCJI iJuno!lbHo-Janpew,eHHbl
MU B npOTHBOnOJIO)J(HOCTb iJunoJlbHO-pa3peweHHblM rrepexo,11.aM, Kor.ua 

(nldli) * 0. PaBettcrno HJIH ttepaBeHCTBO HYJIIO .UHIIOJibHoro MOMeHTa 

rrepexo.ua MO)[(eT 6bITb rrpe.ucKa3aHO Ha OCHOBaHHH coo6pa)[(eHHH CHM

MeTpMH COCTOJIHHH, Me)[(,11.y KOTOpbIMH npOHCXO.UHT nepexo,11.. CooTHO

weHHJI Me)[(,11.y xapaKTepHCTHKaMJ1 aTOMHbIX COCTOJIHHH, II03BOJI5IIOIUHe 

rrpe.ucKa3aTb HettyJieBoe 3Ha'Iettne BeJIH'IHHbI (nldli), tta3bIBaIOTCJI npa-
6UJlaMu om6opa iJJ1J1 iJuno!lbHoco U3flY'teHUH. Ha1160Jiee rrpocTOH BH.U 3TH 

rrpamrna ttMeIOT Mfl Bo.uopo.uono,11.06ttoro notta. CttCTeMaTnKa ero 3JieK

TpOHHhIX COCTOJIHHM B rrpette6pe)[{eHHH CIIHH-op6ttTaJibHbIM B3aHMO.UeH

CTBHeM BeCbMa rrpocrn. 3ttepreTtt'IeCKHH ypoBeHb c rnaBHbIM 'IHCJIOM n 
[CM. cPOPMYJIY (3.16)] HMeeT 2n2-KpaTHOe Bblp0)[(,11.eHne, KOTOpoe B03HH

KaeT cJie.uy10runM o6pa30M. Bo-rrepBbIX, ttMeeTCJI crreumpn'IeCKoe .UJIJI 

B0,11.0po.uono.uo6ttoro HOHa Bbip0)[(,11.eHtte no KBaHTOBOMY 'IHCJiy op6n

TaJibHOf0 MOMeHTa /: 3Heprn10 En HMeIOT cocTOJIHHJI aTOMttoro 3JieKT

potta c I= 0, 1, ... , n - 1, o6o3Ha'IaeMbre KaK In, /). HarroMHHM, 'ITO 

'IHCJieHHbIM o6o3Ha'IeHHJIM I = 0, l, 2, 3, 4, 5, 6, ... cooTBeTCTBYIOT 

6yKBeHHbre: s, p, d, f, g, h, i, .... )J,anee, Ka)[(,11.oe cocTOflHHe In, /) 

Bblp0)[(,11.eHO no 3Ha'IeHHIO npoeKUHH op6ttTaJibHOro MOMeHTa 3JieKTpo

Ha Ha BbI)J,eJieHHYIO OCb. 3To Bbip0)[(,11.eHtte HOCHT o6runH: xapaKTep H 

CB5I3aHO co c<Pepn'IeCKOH CHMMeTpHeM aTOMHOfO IIOTeHUHaJia. KBaH

TOBOe 'IHCJIO rrpoeKUHH MOMeHTa KOJIH'IeCTBa .UBH)[(eHHJI m, rrpo6eraeT 

21 + I 3Ha'Iettne: m1 = -I, -I + I, ... , I + 1, I, 'le My coorneTCTBYIOT 

cocT05IHHJI In, I, m1). HaKotteu, 3JieKTPOHHbre cocTOJIHHJI In, 1., m) 
.UByKpaTHO Bblp0)[(,11.eHbl no rrpoeKUHH CIIHHa 3JieKTpOHa, 'ITO B pe-

3YJibTaTe .uaeT 2n2-KpaTHOe Bbip0)[(,11.eHHe 3HepreTH'leCKOro ypoBHJI BO

.uopo,11.ono.uo6Horo HOHa c rnaBHblM KBaHTOBblM 'IHCJIOM n. 0TMeTHM, 

'ITO .uaHHaJI KJiaCCHcPHKaUHJI crrpaBe.UJIHBa )J,Jl5I COCTOJIHHH ,11.HCKpeTHOro 

crreKTpa. B cJiy'Iae tterrpepbrnttoro cneKTpa nMeeTCJI ,11.onoJIHHTeJibHOe 
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BblpO)[(,UeHMe COCTOHHMH, CB513aHHOe c pa3JIWIHbIMM HanpaBJieHM5IMM 

MMITYJibca 3JieKTpoHa. 

B TepMMHax npMBe,ll.eHHOH KJiaccmpwKaUMM COCT05IHMH npaBMJia OT-

6opa ,ll.JI51 ,ll.MITOJibHOro M3JIY'IeHM51 BO,ll.Op0,ll.OIT0)].06Horo MOHa CBO,ll.51TC51 K 

cJie,ll.y10meMy. Pa3peweHHhIMM HBJIHIOTCH nepexo)].hr, ,ll.JIH KOTOphrx op-

6ttTaJibHoe KBaHTOBoe 'IMCJIO M3MeHHeTC51 Ha e,ll.MHMUy: l ~ l ± 1. Mar

HMTHoe KBaHTOBOe 'IMCJIO npw 3TOM M3MeH51eTC51 He 6oJiee '!eM Ha e,ll.M

HMUY m1 ~ m1, m1 ± I. B qacTHOCTM, ecJIM MarHMTHoe KBaHTOBoe 'IMCJIO 

He M3MeH51eTC51, TO M3JiyqaeTC51 (nornomaeTCH) JIMHettHO ITOJI51pM30BaH

HOe M3y'IeHMe, B OCTaBWMXC51 CJiyqaHx - UMPKYJI51pHO-ITOJI51pM30BaH

HOe. lfaCTHbIM CJiyqaeM npaBMJI OT6opa 51BJI51eTC51 TOT cpaKT, 'ITO cpe)].HMH 

)].11ITOJibHbIH MOMeHT aTOMa B OTCYTCTBMe BHelllHl1X noJiett paBeH HyJIIO: 

(d) = 0. 3TO o6cT051TeJibCTBO MO)[(eT paccMaTp11BaTbC51 TaK )[(e, KaK CJie,ll.

CTBl1e ccpepwqecKOH Cl1MMeTpl111 aTOMa. 

CTOMl1MO 3JieKTpOHHbIX nepeXO,ll.OB B )].MCKpeTHOM cneKTpe (CB513aH

HO-CB513aHHbie nepexO,ll.bl), 11MeIOT MeCTO TaK)[(e nepeXO,ll.bI 113 CB513aHHhIX 

COCT051Hl1H B COCT051Hl151 Henpepb!BHOro cneKTpa ( CB513aHHO-CB060)].Hbie 

nepeXO,ll.bl), )].J151 KOTOpb!X TO)[(e BBO,ll.MTC51 ITOH51Tl1e Cl1Jlbl OCU11JIJI51TOpa no 

cpopMyJie, aHaJIOfM'IHOH ( 4.51 ). <l>M311'!eCKM CB513aHHO-CB060)].HOMY ne

pexo,ll.y COOTBeTCTByeT MOHI13aUM51 aTOMa. B OTJil1'IMe OT CJiyqa51 CB513aH

HO-CB513aHHOro nepexo)].a, CMJia OCUMJIJIHTOpa ,ll.JI51 CB513aHHO-CB060)].HO

ro nepexo,ll.a B cocTOHHMe c 3Heprneif E - /£1 y)[(e He HBJIHeTCH 6e3pa3-

MepHoi1 BeJIM'IMHOtt. Pa3MepHOCTb/E
1 

paBHHeTCH o6paTHOtt 3Heprnw, 'ITO 

COOTBeTCTByeT HOPMMpOBKe BOJIHOBOH cpyHKI..1,1111 Henpepb!BHOfO cneKT

pa Ha ,ll.eJibra-cpyHKUMIO OT 3Heprnw. CTo::iToMy ,ll.JIH CBH3aHHO-cBo6o)].HO

ro nepexo,ll.a BMeCTO CMJibl OCUMJIJIHTOpa 11CITOJih3yeTC51 ITOH51Tl1e ITJIOT

HOCTl1 Cl1Jlbl OCUMJIJIHTOpa: 

df; 
!Ej ~ de• 

CttJibI OCUMJIJIHTOPOB CB513aHHO-CB513aHHhIX M CB513aHHO-CB060)].HblX 

nepeXO)].OB B aTOMe y)].OBJieTBOp5110T TaK Ha3bIBaeMOMY 30/lOmoMy npaBUJlY 

cyMM, KOTOpoe )].J151 nepeXO,ll.OB M3 OCHOBHOro COCT051Hl151 Bb!pa)[(aeTC51 

paBeHCTBOM 

(4.52) 

r,ll.e IP - noTeHU11aJI 110HM3au1111 aToMa; Ne - 'Il1CJIO 3JieKTpOHOB B aToMe. 
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CttJihI ocu;ttJIJIHTopoB .zvrn pH.ll.a 3JieICTpOHHhIX rrepexonoB B aToMe 

BO,ll.OpO,ll.a rrpHBe,ll.eHbl B Ta6JI. 4.1, 3aHMCTBOBaHHOH H3 KHHrH [4]. 

Ha'l.a.rtbHOe COCTOHHHe ls 2s 2p 3s 3p 

Kotte'IHOe COCTOHHHe np np ns nd np ns 

n = 1 0 - -0,139 - - 0,026 

n=2 0,4162 0 0 - 0, 141 0,145 

n=3 0,0791 0,4349 0,014 0,696 0 0 

n=4 0,0290 0, 1028 0,0031 0, 122 0,484 0,032 

n=5 0,0139 0,0419 0,0012 0,044 0, 121 0,007 

n=6 0,0078 0,0216 0,0006 0,022 0,052 0,003 

n=7 0,0048 0,0127 0,0003 0,012 0,027 0,002 

n=8 0,0032 0,0081 0,0002 0,008 0,016 0,001 

~ fno 0,0109 0,0268 0,0007 0,023 0,048 0,002 
n=9 

ActtMnTOTH'l.ecKaH 
1, 6n-3 3, 7 n-3 0, ln-3 3, 3n-3 6, 2n-3 0, 3n-3 

cpopMyna 

)1,ttCKPeTttbIR cneKTP 0,5650 0,6489 -0, 119 0,928 0,707 0, 121 

HenpepbIBHbIH: cnercrp 0,4350 0, 3511 0,008 0, 183 0,293 0,010 

IlOJIHaH cyMMa 1,000 1,000 -0, 111 1, 111 1,000 0,111 

113 3TOH rn6JIHUhI BhITeKaIOT cneny10mtte JaKOHOMepttocTtt. Bo-rrep

BhIX, ,ll.JI5I rrepeXO,ll.OB c yBem1qemteM 3Hepnni: c1rna OCUHJIJI5ITOpa 60Jib

we B cnyqae yBeJitt'l.eHH5I op6ttTaJibHOfO KBaHTOBOfO 'l.HCJia, T. e. rrepe

XO.ll. n, 1---t n', I+ 1 CHJihHee nepexona n, 1---t n', I - 1, ecntt n < n'. Bo

BTOPhIX, CYMMa CHJI OCUHJIJI5ITOpOB .ll.Jl5l nepeXO,ll.OB B HenpepbIBHbIH crreICTp 

yMeHblliaeTC5I c pOCTOM op6HTaJibHOfO KBaHTOBOfO 'l.HCJia Ha'l.aJibHOfO 

COCT05IHH5I, T. e. COCT05IHH5I c 60JibllIHM op6ttTaJibHbIM MOMeHTOM TPY.ll.

Hee HOHH3HpOBaTb. B-TpeTbHX, Hatt60JibllieH CHJIOH OCUHJIJI5ITOpa o6na

,ll.aIOT nepexO,ll.bI B COCT05IHHe c 6nmKaHWHM rnaBHbIM KBaHTOBbIM 'l.11C-
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JIOM. B-qernepThIX, CHJihI ocuHJimITopoB M51 nepexo.noB c HH)l(HHX ypoB

tteM: B cocT051HH51 c 6oJihIIIHMH KBaHTOBhIMH qHcJiaMH n ~ IO y6hrnaIOT 

KaK n-3. 3TH 3aKOHOMepHOCTH onpe.neJI51IOT Bep051THOCTH COOTBeTCTBy

IOIUHX H3JiyqaTeJihHhIX nepexOL(OB B aTOMe BOL(Opo.na. 

Ba)l(HhIM CBOHCTBOM CHJihl OCUHJIJI51Topa L(Jl5I BOL(Opo.nono.no6ttoro HOHa 

51BJI51eTC51 He3aBHCHMOCTh L(aHHOH BeJIHqHHhI OT 3ap5IL(a Mpa HOHa z. 3To 

JierKo yBHL(eTh H3 onpe.neJieHH.SI (4.51). B HeM qmrypHpyIOT L(Be BeJIHqH

HhI, 3aBHC5IIUHe OT 3ap5IL(a .SIL(pa: qacTOTa nepexo.na (J)jn H MaTpHqHhIH 

3JieMeHT L(HilOJihHOro MOMeHTa nepexo.na dnj' ECJIH yqeCTh, qTo (J)jn oc Z 2 

[CM. cl>opMyJiy (4.29)], a dnJ oc z-l [no aHaJIOfHH C (4.19)], TO Cpa3y 

noJiyqaeM Tpe6yeMoe yrnep)l(L(eHHe. 

iloyqHTeJihHO BhJqHCJIHTh CHJihl OCUHJIJI5ITOpa .[(JI.SI nepeXOL(OB Me)l(L(y 

ypoBH.SIMH 3HeprHH KBaHTOBOro rapMOHHqecKoro OCUHJIJI.SITOpa, cneKTp 

KOTOporo .naeTCH <l>opMyJIOH (2.49). B 3TOM CJiyqae <l>opMyJiy (4.51) MO)l(

HO nepenHCaTh B BHL(e: 

2mm0 \( N' I z I N)\
2 

IN'N = ' h 
(4.53) 

r.ne ( N' I z I N) - noMe)l(aIUHH onpe.neJieHHIO MaTpHqHhIH 3JieMeHT rap

MOHHqecKoro OCUHJIJIHTOpa c co6cTBeHHOH qacTOH (JJO H Maccoll: m. One

paTOP KOOpL(HHaThl OCUHJIJI.SITopa Bhipa)l(aeTC.SI qepe3 onepaTOphl YHHq

TO)l(eHH.SI a H po)l(L(eHHH a+ CJieL(yIOIUHM o6pa30M: 

' ~(' '+) z=--a+a. 
2mmo 

BocnoJih30BaBIIIHCh onpe.neJieHH.SIMH (2.86), (2.87) H cBOHCTBOM op

ToroHaJihHOCTH BeKTopoB cocTO.SIHHH IN), .[(JI.SI HCKoMoro MaTPHqHoro 

3JieMeHTa HMeeM: 

(N'lzjN)=~ h [.JN+l8(N',N+l)+ffe8(N',N-l)], (4.54) 
2mm0 

r.ne J(m, n) - CHMBOJI KpotteKepa. flo.ncrnBJI.srn paBettcrno (4.54) Bon

pe.neJieHtte (4.53), HaXOL(HM npocToe COOTHOilleHHe: 

fN'N =(N+l)o(N', N+l)-NtS(N', N-1). (4.55) 

0TCIOL(a, B qaCTHOCTH, CJie.nyeT, OTJIHqHhl OT Hym1 CHJihl OCUHJIJI.SITO

poB TOJihKO AA.SI nepexOL(OB B 6Jiml<aHIIIHe 3HepreTHqecKHe COCTO.SIHH.SI -
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rrpaBHJIO oT6opa ,11,JHI JIHtteH.ttoro rapMottw-1.ecKoro ocuHJIJIHTopa. KpoMe 

Toro, H3 cpopMyJihI (4.55) BH,l]HO, KaK BbIIIOJIH51eTC51 rrpaBHJIO cyMM (4.52) 
c Ne = I. HaKotteu, paccMOTpetttthIH CJIY'!aii HBJIHeTCH rrpHMepoM CHTY

auHH, KOr,lla CHJia 0CUHJIJI51TOpa MO)l(eT 6bITb CKOJib yrO,llHO 60JiblllOH 

BeJIHqHHOH. 

4.4. KnACCH4ECKHi:i BblBOA BblPA>KEHHi:i 
An~ KOJ<l><l>HU.HEHTOB Jl:iHWTEi:iHA 

Ko3cpcpHuHeHThI 3H.ttlllTeiitta 6bIJIH BBe,lleHbI cpettoMeHOJIO

rnqecKH ,l]JI51 OIIHCaHH51 Bep051THOCTH B e,l]HHHUY BpeMeHH Tpex cpyH,lla

MeHTaJibHbIX cpOTOIIpoueccoB: cpoTOIIOfJIOlll,eHH51, CIIOHTaHHOro H3JIY'!e

HH51 11 BbJHy)f()]eHHOfO H3JIY'!eHH51 rrpH B3aHMO,lleHCTBHl1 TeIIJIOBOfO 113-

JIY'!eHl151 C )]ByxypOBHeBOH Cl1CTeMOH (CM. pa3,ll. 4.1). flocJie,llOBaTeJibHbIH 

Bb!BO,l] Bbrpa)f(eHl1H ,l]JI51 3Tl1X K03cpqrnuHeHTOB B03MO)f(eH TOJibKO B paM

Kax KBaHTOBOH 3JieKTpO,llHHaMHKH, CJIO)l(HOH cpH3HqecKOH ,llHCUHIIJI11-

HbI, paccMaTp11Ba10rueH. H3Jiyqett11e H BeruecTBO Ha KBaHTOBOH OCHOBe. 

TeM He Mettee, eCJil1 BOCIIOJib30BaTbC51 rrpHHUHIIOB COOTBeTCTBl151 H rro

H51THeM CHJibl OCUl1JIJISITOpa, COOTBeTCTBYIOlll,He cpopMyJihI MO)f(HO IIOJiy

qHTb KJiaccwrecKHM nYTeM, qTo H 6yneT cneJiatto HH)l(e. 

ilpHHUHII cneKTpOCKOnHqecKoro COOTBeTCTBH51 II03BOJISieT npe,ll

CTaBHTb aTOM npH ero B3aHMO,l]eHCTBHH c H3JiyqeHHeM B BH,l]e tta6opa 

3apSI)f(eHHbIX rapMOHHqecKHX OCUHJIJISITOpOB, OTBeqa10ru11x nepeXO,llaM 

Me)f()]y 3HepreTHqecKHMH ypOBHHMH aToMa n ~ j (f1 > En). 3TH oc

UHJIJISITOpbI, OIIHCbIBaIOruHe OTKJIHK CHCTeMbI Ha 3JieKTpOMarHHTHOe B03-

Mylll,ettHe, Ha3bIBaIOTCSI OCUHJIJI51TOpaMH nepexo,lla. 11x KOOp,llHHaTa xnj 

y,llOBJieTBOpHeT ypaBHeHHIO (I. IO)' B npaByIO qacTb KOTOporo B BH,l]e K0-

3cpcpHuHeHTa IIO,l]CTaBJieHa CHJia OCUHJIJI51TOpa !Jn -cf. 0 (,1JHIIOJibHO-pa3pe

llleHHbIH rrepexon): 

(4.56) 

3necb mjn - qacToTa nepexona, 

t5nj - KOHCTaHTa 3aTyxaHH5I; e - 3ap51,ll OCUHJIJISITOpa, TOqKH Ha)] CHMBO

JIOM KOOp,llHHaTbl 03HaqaIOT ,llHcpcpepettuHpOBaHHe no BpeMeHH, ttanp51-
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)((eHHOCTh 3JieKTpwrecKoro rroJIH E(t) rrpe,nrronaraeTCH He JaBHCHlll,eit OT 

KOOpLJ:MHaTbl [LJ:HIIOJibHOe rrptt6Jitt)((eHHe ( 4.36)]. 
B OTCYTCTBHH IIOJIH H3JiyqeHHH OCUHJIJIHTOp rrepexo,na IIOKOHTCH: 

xjn = 0 H xjn = 0. BHernHee none HaquHaeT ero «pacKa'nrnaTb», coo6-

maH 3Hepnuo, - B03HHKalOT BbIHY)((LJ:eHHble KOJie6aHmI OCUHJIJIHTOpa 

rrepexo,na, BpeMeHHaH 3aBHCHMOCTb KOTOpblX - xjn(t) - MO)((eT 6b1Tb 

Hatt,neHa H3 ypaBHeHHH (4.56). 
B rronHott attanonrn c H3JIO)((eHJteM pa3,n. 1.1 MO)((HO BMecTo cpop

MYJihI (1.14) IIOJIY'fHTb cne,ny10mee Bb!pa)((eHHe LJ:JIH BbJHy)((LJ:eHHbIX KO

ne6aHHM OCUHJIJIHTopa rrepexo,na j ~ n: 

x. (t) = f. !_ s= E{m')exp(-im't) dm' 
Jn Jn m m 2 - m'2 - 2im'r5. 21', 

-= Jn Jn 

(4.57) 

r.ne E(m ') - <l>yphe-o6pa3 HarrpH)((eHHOCTtt 3JieKTpttqecKoro rroJIH E(t), 
orrpe,neJIHeMbIM paBeHCTBOM ( 1.13). 

Kone6n10mutt:cH 3apH)((eHHhIM ocuttJIJIHTOP ttJJiyqaeT 3JieKTpoMarnrrT

Hbie BOJIHbl B COOTBeTCTBHH c cpopMyJiott LJ:JIH MOIUHOCTH LJ:MIIOJlbHOro 

HJJiy'leHHH (4.37). B cnyqae Kone6aHtttt rro.n ,nett:crnrreM BHernHero rronH 

3TO ttJJiyIJ:eHtte HBJIHeTCH BhIHy)((LJ:eHHhIM. Ecnrr )Ke HMIIYJihC BHernHero 

IIOJIH 3aKOH'IHJICH, a 3apH)((eHHbIM OCUHJIJIHTOp eme KOJie611eTCH, TO co

OTBeTCTBy10mee tt3JiyqeHtte HBJIHeTCH CIIOHTaHHbIM. BepOHTHOCTb B e,ntt

HHUY BpeMeHH CIIOHTaHHOro tt3Jiyqemrn Ha rrepexo,ne Me)((LJ:y aTOMHbIMH 

ypoBHHMtt 3Heprntt j ~ n ,naeTcH K03cpcptturreHTOM 3ttHWTettHa Anj. 51B

Hhltt BHLJ: 3TOro K03cpcpHUHeHTa MO)((eT 6b!Tb rronyqeH Ha OCHOBaHHH 

KJiaccrrqecKoro paCCMOTpeHttH c IIOMOlll,blO crreKTpOCKOIIH'leCKOro rrpHH

urrrra COOTBeTCTBHH. ,Ll,JIH 3T0f0 HY)((HO rrpoBeCTif Te )Ke paccy)((LJ:eHHH, 

'ITO 6bIJil1 c,ne11aHbI rrptt BhIBOLJ:e cpopMyJI (l.46)-( 1.47) c TOM pa3Httueit, 

'ITO B rnyqae ocu1111JIHTOpa rrepexo,na KBa,npaT ero 3apH,na, cpttryprrpy10-

m11it B paBeHCTBaX (1.45), (4.37), LJ:OJI)((eH 6b!Tb YMHO)((eH Ha Cl1JIY OC

UHJIJIHTOpa. Tor,na BMecTO (1.47) no11yqaeM 

( 4.58) 

<l>opMyna ( 4. 58) ,naeT Bbipa)((eHrre LJ:JIH K03cpcpttutteHrn 3itttrnTeitHa 

MH CIIOHTaHHOfO H3JIY'leHHH qepe3 CHJIY OCUHJIJIHTOpa COOTBeTCTBYIO

mero rrepexo,na. 0TMeTHM, 'ITO CHJia OCUHJIJIHTOpa MO)((eT 6b!Tb paCC'IH

TaHa TeopeTH'leCKH JIH60 orrpe,neJieHa 3KCrreprrMeHTaJibHO. 
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Ec1m Terrepb B rrpaBy10 qacTb paBettcrna (4.58) rro,11,cTaBHTb Bbipa:;Ke

ttHe ,IJ,JUI CHJibI OCI.1,HJIJIHTOpa (4.51), TO npHXO,IJ,HM K CJie,11,y10meH: ¢opMy

Jie ,IJ,JIH K03¢¢HI.l,HCHTa 3ttHUITCHHa MH CilOHTaHHOro H3JiyqeHHH 

(4.59) 

r,11,e dnj - MaTpM'rnbIH 3JICMCHT 3JICKTpH'!CCKOro ,IJ,HIIOJibHOro MOMCHTa. 

qT06bI BbIBCCTH ¢opMyJiy MH K03¢¢HI.l,HettTa 3ttHUITeH:tta MH no

fJIOII.l,eHHH ~n' OCTaBaHCb B paMKax KJiaccttqecKOH cPH3HKH, HCXO,IJ,HM H3 

paBeHCTBa (4.57), H3 KOTOporo MO)!(HO IIOJiyqHTb Bbipa)!(CHHH ,IJ,JIH CKO

pOCTH OCI.1,HJIJIHTOpa rrepexo,11,a 

. ( ) _-if !!... f~ w' E (w')exp (-iw't) dw' 
X· t - I· • 

Jn Jn m w2 - w'2 - 2iw'o. 2n 
-oo 1n 1n 

(4.60) 

)l.anee, attanomqtto BbIBO,IJ,Y paBCHCTBa (1.61), ttaXO,IJ,HM MH ycpe,11,

HeHHOH rro nepno,11,y MOII.1,HOCTH, rrornomaeMOH Ha paccMaTpHBaeMOM 

rrepexo,11,e ITO,IJ, ,IJ,CHCTBHeM H3JiyqettHH co crreKTpaJibHOH IlJIOTHOCTblO 3Hep

fHH p(w): 

(4.61) 

HanOMHHM, qTo rrpH nonyqeHHH ,11,aHHOfO COOTHOUICHHH rrpe,11,rrona-. 

faJIOCb, qTo IIIHpHHa cneKTpa H3Jiy'!eHHJI MHOro 6oJibUie IIIMpHHbl cneK

Tpa rrepexo,11,a B aTOMe. qTO HMeeT MCCTO, HanpnMep, MH TCilJIOBOfO 

H3JiyqeHHH. 

flo OIIpe,11,eJieHHIO K03¢¢HI.l,HCHT 3ttHUITCHHa ,11,JJH IIOfJIOII.1,CHHH (rrpH 

rrepexo,11,e aTOMa H3 cocTOHHHH In) B cocTOHHHe I/)) paBeH 

win 
B1n =-(-)' p wjn 

(4.62) 

B COOTBCTCTBHH c ¢H3H'!eCKOH KapTHHOH npo11,ecca BepOHTHOCTb B 

e)J,HHHI.l,y BpeMeHH ¢0TOIIOfJJOII.1,CHHH wjn paBHa OTHOUieHHIO IIOfJJOII.1,ae

MOH MOII.l,HOCTH K 3Heprnn rrepexo,11,a: 

(4.63) 
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Co6HpaJI ¢opMyJihI (4.61)-(4.63), noJiyqaeM 

(4.64) 

c yqeTOM JIBHOfO BM.LI.a CMJibl OCUHJIJIJITOpa (4.51) HaXO,ll,HM OTCIO,ll,a 

Bbipa)J(eHHJI ,ll,JIJI K03tPtPHUHeHTa 3HHUITeH:tta qepe3 MaTpHqHbIH 3JieMeHT 

,ll,HnOJibHOfO MOMeHTa nepeXO,ll,a: 

(4.65) 

<l>opMyJia ,ll,JIJI K03<j}¢HUHeHTa 3HHUITeH:tta, onHCbIBaIOw:ero BbIHy)J(

,ll,eHHOe H3JI}"IeHHe, BbJTeKaeT H3 (4.65), ecJIH BOCnOJib30BaTbCJI paBeH

CTBOM (4.12): 

(4.66) 

3aMeTHM, qTo MaTpJiqHbIH 3JieMeHT ,ll,HnOJibHOfO MOMettTa MO)J(eT 

C'-IHTaTbC.sI CHMMeTpHqHbIM no CBOHM HH,ll,eKCaM: dnj = ~n· 
0TMeTHM, '-!TO H3JiaraeMbIH no,ll,XO,ll, cnpaBe,ll,JIHB, eCJIH BHeUIHee noJie 

He CJIHlllKOM CHJibHOe, Koma aMnJIHTYJJ:a KOJie6aHHH OCUHJIJI.sITopa ne

peXO,ll,a JIHHeH:tta no Hanp.si:)J(eHHOCTH 3JieKTpwqecKoro noJI.sI B 3JieKTpO

MarHHTHOH BOJIHe. B npOTHBHOM CJiyqae Hy)J(HO }"IHTbIBaTb HeJIHHeH

Hbie 3¢¢eKTbl H Tpe6yeTC.sI 6oJiee CJIO)J(HOe paccMOTpettHe. 

3aMeTHM, qTo K03tPtPHUHeHT 3HHUITeHHa M.sI cnOHTaHHOfO H3Jiyqe

HH.sI MO)J(HO npe,ll,CTaBHTb B BH,ll,e 

(4.67) 

me Pvac - BeJIJiqJIHa, KOTOPYIO MO)J(HO HHTepnpeTHPOBaTb KaK cneKT

paJibHYIO nJIOTHOCTb 3HeprnH BaKyyMHbIX <j)JiyKTyau;HH 3JieKTPOMarHHT

HOfO nOJI.sI, 

nw 3 

Pvac (w) = -2 -3 · 
1( c 

(4.68) 

3anHCb (4.67)-(4.68) COOTBeTCTByeT HHTepnpernuirn cnOHTaHHOfO 

H3JiyqeHH.sI KaK MH.ll.YUHPOBaHHOfO BaKyyMHbIMH KOJie6attH.sIMH. 
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4.5. cnEKTPAnbHA.fl Cl>OPMA 
nHHHH ATOMHOro nEPEXOAA 

CoornoUiemrn. (4.61)-(4.63) rroJiyqetthI TaKHM )l(e 06pa10M, 

KaK cpopMyJia (l.61) H3 rn. I B rrpe,ll,eJie H3JiyqeHHJI c wttpoKHM crreKT

poM. B o6rueM CJiyqae MCIIOJib3YJI TOT )l(e IIO)J,XO)J,, '!TO M IIPM BblBO)J,e 

(4.70), c IIOMOIUbIO (4.60) MO)l(HO HRHTM )J,JIJI rrornoruaeMOH Ha rrepexo)J,e 

n ~ j MOIUHOCTM CJie,ll,y10ruee Bbipa)l(eHMe: 

2 2 2 ~ 

P - ff e f J G(h) ( ') ( ') d ' . jn - -3- jn jn OJ P OJ OJ ' 
m o 

(4.69) 

me G)~l (OJ') - crreKTpaJibttaJI cpopMa (rrpocpttJih) JIHHHH paccMaTpttBaeMo

ro rrepexo,ll,a B cJiyqae o,ll,ttopo,ll,ttoro YllJHpettHJI (homogeneous broadening), 

(4.70) 

<l>yHKUHJI (4.70) Ha3bIBaeTCJI JIOpettueBCKOH cpyHKUHeH, HJIM JIOpeH

u11aHOM. 113 (4.69) 11 (4.70) CJie,ll,yeT, 'ITO c Hatt60JibUieH 3cpcpeKTMBHOC

TblO rrornoruaIOTCJI '!aCTOTbl BHewttero IIOJIJI B6JIH3M co6CTBeHHOH qac

TOTbI rrepeXO)J,a OJjn' rrptt'!eM xapaKTepHbIH qacTOTHbIH HHTepBaJI, B KOTO

poM B3aHMO)J,eHCTBHe Me)l()J,y M3JiyqeHMeM M aTOMHbIM rrepeXO,ll,OM 

tta1160Jiee HHTeHCMBHO, orrpe,ll,emreTCJI KOHCTaHTOH 3aTyxaHMJI: 

IOJjn - OJ'I::::; <5jn· 

0TCIO)J,a CJie,ll,yeT' '!TO UIHpttHa JIMHMM aTOMHOfO rrepexo)J,a ( c yqeTOM 

06011x 3HaKOB OTCTpOHKM) paBtta: 

(h) - 2s: 
!10Jjn - ujn· 

Ilo,ll,CTaBJIIDI 113 IIOCJie)J,ttero paBeHCTBa KOHCTaHTY 3aTYXaHMJI B COOTHO

UieHHe (4.70), rronyqaeM CTaH,ll,apTtty!O 3aIIMCb )J,JIJI cpopMbI JIMHMM O)J,HOpO,ll,

HO-YllJHpeHHOfO rrepexo)J,a B aTOMe MJIM JII06oi1: ,ll,pyroi1: KBaHTOBOH CMCTeMe. 

BMecTo qacTOTHOH xapaKTepMCTMKM O,ll,ttopo,ll,ttoro yUI11pettttJI, Ta-

KOH KaK crreKTpaJibHaJI llIHPMHa !10J)~)' MO)l(HO BBeCTM BpeMeHHYIO xa

paKTepttCTMKY cornactto paBeHCTBY 

2 
Ti= --(h-) · 

!10Jjn 

(4.71) 
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napaMeTp T2 Ha3bIBaeTC51 BpeMeHeM nonepe'IHOH, HJUI ¢>a30BOH, pe

JiaKcau1111. OH CB5I3aH c KOHCTaHTOH 3aTyxamrn OCUHJIJI51TOpa nepexo.na: 

11 TI03TOMy, KaK 3TO CJie.nyeT H3 ypaBHeHl151 (4.56), onpe.neJI51eT BpeM51 

)1013HH OCUHJIJI51TOpa nepexo.na B pe:>KHMe CB060)J,HhIX KOJie6aHHH.: Bpe

M51 T2 no nptt'lHHaM, KOTOpbre cTaHyT RCHhI 113 ,ll,aJihHeliwero, Ha3hIBaeT

CH TaK:>Ke BpeMetteM Heo6pamuMoii ¢>a30Boli peJiaKcauttH. KaK RCHO H3 

CKa3aHHOro, BpeM51 nonepe'!HOH peJiaKcaumi: CB513aHO c 3aTyXaHHeM oc

U11JIJI51TOpa, COOTBeTCTBy10ruero nepexo.ny Me)l()],y YPOBH51MH 3HeprHH B 

KBaHTOBOH CHCTeMe. 

TaK11M o6pa30M, c TO'IKH 3peHH51 npHHUttna cneKTpoCKOTIH'lecKoro 

COOTBeTCTBl151 O)J,HOpO,ll,HOe ywttpem-i:e cneKTpaJihHOH Jil1HlUI onpe.nem1-

eTC5I 3aTyxaHHeM OCUHJIJI51TOpa nepexo.na, npOHCXO,ll,51lUl1M B pe:>KHMe CB0-

60,ll,HhIX KOJie6aHHH, Kor.na BHewttee noJie OTCYTCTByeT. 

Ba:>KHbIM qacTHhIM cJiyqaeM o.nttopo.nttoro ywttpeHH51 51BJI51eTC51 ec

mecmeeHHoe yutupeHue JIHHHl1, o6ycJIOBJieHHOe CTIOHTaHHbIM H3JIYlfeHH

eM, Kor.na 

B 3TOM cJiyqae 3aTyxatttte ocU11JIJI51TOpa nepexo.na BbI3BaHo B3al1MO

.nelicrntteM aTOMHOfO 3JieKTpOHa c BaKyyMHbIMH <l>IIYKTyaUH51MH 3Jiercrpo

MarHl1THOfO TIOAA. ECTeCTBeHHOe yw11peHHe )J,JI51 aTOMa B CB060,ll,HOM npo

CTpaHCTBe 51BJI51eTC51 MHHl1MaJihHO B03MO:>KHbIM, OHO onpe.neJI51eT npHH

UHTil1aJihHO ,ll,OCTl1)1(HMYIO CTeneHb MOHOXpOMaTl1'lHOCTH H3JIYlfeHH51. 

,LJ,pyrott THTI ywttpeHH51 B03HHKaeT np11 B3al1MO,ll,eHCTBl1H 113JIYlfeHH51 

c attcaM6JieM aTOMOB, Kor.na cyruecTBeHeH pa36poc co6CTBeHHbIX '!aCTOT 

nepexo.na ~w)~nh) B pa3JIH'lHbIX aTOMax. 3TOT pa36poc onpe.neJI51eT Heo

dHopoOHoe ytuupeHue JIHHHH (inhomogeneous broadening), cneKTpaJibHa51 

¢>opMa KOTOporo .naeTC51 rayccoBOH <l>YHKUHeli (rayccttaHOM): 

(4.72) 

r.ne w)~l - uettTpaJihHaR qacTorn nepexo.na B attcaM6Jie aTOMOB. 



148 -"' fAasa 4. B3aUMoiJeiicmsue u3AyrteHUH c BeU{ecmsoM 

CneKTPaJihHbie cpopMbI JUIHHH B cnyqae O.lJ.HOpO.lJ.HOro H HeO.l1.HOpO.l1.

Horo yurnpeHmI npe.l1,CTaBJieHbI Ha pMc. 4.2 M.H 

OcH KOOP.lJ.HHaT Ha rpacpHKe 3Toro pHcyHKa OTJIO)KeHhI B OTHOCHTeJib

HbIX e)],MHHI.J,ax. 

0,6 
-- 0AHopo.qHoe ywHpettHe 
- - HeOAHOPOAHOe ywHpeHHe 

0,3 

2 4 6 8 10 w 

Puc. 4.2. 0.D.HOPO.ll.HOe n tteO.D.HOPO.D.HOe yumpettne cneKTpMbHOH JillHllll 

BH.lJ.HO, qTo cneKTparrbHa.H cpopMa JIHHHH npH O.l1.HOPO.l1.HOM ywHpe

HHH o6Jia)].aeT 6onee WHPOKHMH «KpbIJib.HMH», qeM npH HeO.l1,HOpO.l1,

HOM ywHpeHHH. 06II.J,HM CBOHCTBOM <l>YHKI.l,MH ( 4. 70), ( 4. 72) .HBJI.HIOTC.H 

)].Ba cpaKrn: 

1) HOPMHpoBKa Ha e.l1,HHH1.1,y; 

2) o6e 3aBHCHMOCTH nepeXO.lJ..HT B )1.eJibTa-cpyHKI.J,HIO )l,HpaKa B npe

ti:eJie HyJieBo:ti: urnpHHbI. 

K Heoti:HOPO.l1.HOMY ywHpeHHIO cpopMhI JIHHHH MOfYT npHBO.lJ.HTb 

pa3JIHqHbie npMqHHbI B 3aBHCHMOCTH OT KOHKpeTHOH pearrH3aI.J,HH H3-

JiyqaTeJibHOfO rrepexo)],a. )l,JI.H aTOMOB B ra3e H HOHOB B TIJia3Me Ba)l(HhIM 

MexaHH3MOM HeOAHOPOAHOfO ywHpeHH.H .HBJI.HeTC.H 3cpcpeKT )l,onnepa. 

B coorneTCTBHH c 3THM 3cpcpeKTOM qacrnrn H3JiyqeHH.H npH nepexo)].e H3 

co6crneHHO:ti: CHCTeMbI OTCqern, CB.H3aHHOH c aTOMOM, B Jia6opaTOPHYIO 

CHCTeMy OTcqern H3MeH.HeTC.H no cpopMyJie 

(4.73) 
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f,[(e w0 - '!aCTOTa B CHCTeMe OTC'leTa H3Jiyqa10w;ero aTOMa; y- Q:>aKTOp 

Jlopettua, 

[ 
2Jl/2 

r= 1-(~) 
8 - yroJI Me)l(,[(y BeKTOpOM CKOpOCTH aToMa H BOJIHOBbIM BeKTOpOM cPO

TOHa (yroJI H3JIY'feHHH); vk - npoeKUHH CKOpOCTH aTOMa (HOHa) Ha Ha

npaBJieHHe H3JiyqeHHH Q:>oTotta. B ra3e H HH3KOTeMnepaTypttoll: nna3Me 

v «CH y: 1. flOCKOJibKY CKOpOCTb aTOMOB/HOHOB B COCTOHHHH TenJIO

BOfO paBHOBeCHH HMeeT pa36poc, IIIHpHHa KOTOporo onpeL(emieTCH Ten

JIOBOH CKOpOCTb10 

(M - Macca aToMa/HOHa), TO B COOTBeTCTBHH c Q:>opMyJIOH (4.73) 
'!aCTOTa H3Jiy'leHHH B Jia6opaTOPHOH CHCTeMe KOOp.[(HHaT TaIOKe 6y.[(eT 

HMeTh pa36poc . .ll,onJiepoBCKHH npoQ:>HJih MO)l(HO onpeL(eJIHTh qepe3 

HHTerpaJI 

(4.74) 

me /( vk) - <l:>YHKUHH pacnpeL(eJieHHH no npoeKUHH CKOpOCTH aTOMa 

(Hatta) Ha 3aL(aHHOe HanpaBJieHHe . .ll,eJihTa-Q:>yHKUHH B npaBOH '!aCTH 

paaeHCTBa (4.74) BbIL(eJIHeT Te 3Ha'!eHHH npoeKUHH CKOpOCTH, npH KO

TOpbIX comactto 3Q:>cl>eKTy .ll,onnepa (4.73) qacrnrn B na6oparnpttoll: CH

CTeMe OTC'leTa paaHa 3a,[(aHHOMY 3Ha'!eHH10 w. <DopMyJia (4.74) coorneT

crnyeT TpaKTOBKe HeOL(HOpO.[(HOfO yumpeHHH KaK lPYHKi.1,HH pacnpeL(e

JJeHHH aTOMOB no co6cTBeHHhIM qacToTaM. Mo)l(HO cKa3aTb, 'ITO 3Q:>Q:>eKT 

LJ.onnepa OTo6pa)l(aeT pacnpeL(eJieHHe aTOMOB no cKopocrnM Ha HX pac

npeL(eJieHHe no co6CTBeHHbIM qaCTOTaM. 3aMeTHM, 'ITO HCnOJib30BaHHe 

BTOporo paBeHCTBa B npaBOH qaCTH (4.73) cymecTBeHHO ynpomaeT Bbl

BO.[( Bbipa)l(eHJrn MH ,[(OnJiepOBCKOfO npoQ:>HmI. 

B cnyqae MaKcBeJIJIOBCKoro pacnpeL(eJieHHH no cKopocTHM, Kort:r.a 

(4.75) 
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BhPrncnemi:e MHTerpa.Tia (4.74) )l.aeT 

(4.76) 

(4.77) 

B npaByIO 'laCTb paBettcrna ( 4. 77) BXO)l.MT TeMnepaTypa, onpe)l.em110-

maR CKOpOCTb nocTynaTeJibHOfO )l,BJ1)1WHMH aTOMOB (HOHOB) TIJI33MbI, 

KOTOpaR Ha3bIBaeTCH MOHHOH TeMnepaTypoti:. KaK BM)l,HO M3 (4.77), M3Me

petttte )l,OOJiepoBCKOH llIMpMHbI JIMHMM M3Jiy'leHMH c 3a)l,aHHOH 11,eHTpa.Tib

HOH '13CTOTOH )l,aeT B03MO)l(HOCTb onpe)l,eJIMTb MOHHyIO TeMnepaTypy TIJia3-

Mbl, eCJIM M3BeCTHa Macca M3JI)"-laIOlll,ero aTOMa (Motta). )l.onnepOBCKaH 

umpntta JIHHHH cornactto <}lopMyJie (4.77) nponopuHOHaJihHa 11,eHTpaJih

ttoti: 'laCTOTe M3JI)"-leHHH, TI03TOMY pOJib ::i<P<PeKTa )l.onnepa B03pacrneT c 

yBeJIH'leHMeM 3HeprMM aTOMHOfO nepeXO)l,a. )l.mr OTITH'leCKOfO )l,Hana30-

Ha M KOMHaTHbIX TeMnepaTyp )l,OTIJiepOBCKOe ywnpetttte COCTaBJIHeT no 

nopH)l.KY BeJIM'IHHbI IO rru. 

)l.onnepOBCKHH npo<}lttJib BH)l,a ( 4. 76) TIOJIY'-IaeTCH B CJI)"-lae HeM3-

MeHHOH CKOPOCTH aTOMa B Te'leHMe npo11,ecca M3JI)"-leHMH. 3TO yCJIOBHe 

pea.Titt3yeTCH, eCJIM )l,JIHHa CB060)l.HOfO npo6era aTOMa/HOHa B ra3e HJIH 

nJia3Me 6onhrne )l.JIMHhI BOJIHhI M3JI)"-leHMH. Otto MO)l(eT 6bITh ttapyrnetto 

B )l,OCTaTO'IHO TIJIOTHOH M ropSI'leti: nJia3Me, TaKOH, KaK nJia3Ma, nopO)l(

)1,eHHaR na3eptthIM H3JI)"-letttteM. Tor)l.a npoc}JttJih JIHHMM oKa3bIBaeTcH 

JIOpeHIJ,eBCKMM [CM. ( 4. 70)], a He raycCOBbIM, c cyw,ecrneHHO MeHbilleti: 

IllMpMHOH Jll1Hl1M, o6paTHO nponopIJ,MOHaJibHOH 'laCTOTe aTOMHbIX CTOJI

KHOBeHHH. B pa3pe)l(ettttoti: HH3KOTeMnepaTypttoti: nJia3Me KOHTYP JIM

HHM OTIHChIBaeTCR <}lopMyJIOH (4.76). 
)l.pyroti: MexaHM3M HeO)l,HOpO)l.HOfO yw11peHHH JIHHMM, xapaKTepHbIH 

)l,JIR aTOMOB/HOHOB B TIJia3Me, CB513aH c ::i<P<PeKTOM lllTapKa [5]. 3cpc}JeKT 

lllTapKa npe)l.CTaBJIHeT co6oti: C)l.Bttr (tt, Boo6me roBopR, pacmennetttte) 

cneKTpa.TibHOH JIMHMH H3JI)"-leHMH aTOMa nptt B03)1,eti:cTBHH Ha Hero BHern

Hero 3JieKTPH'leCKOf0 TIOJIH. HeO)l,HOpO)l.HOe ywwpetttte TIO)], BJIHHHHeM 

::i<PcpeKTa lllrnpKa B03HMKaeT B CJI)"-lae CTaTM'leCKOfO (HJIM )l,OCTaTO'IHO 

Me)l.JleHHO M3MeHRIOlll,erocH BO BpeMetttt) ::ineKTptt'leCKoro noJIR. TaKtte 

TIOJIH C03)1,aIOTC51 MOHaMM TIJia3Mbl B CMJIY OTHOCHTeJibHO Ma.TIOH no cpaB-
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ttemuo c 3JieKTpottaMH CKOpOCTH HX .UBH)l(eHH51 (H3-3a 60JibllIOH MaCCbI 

HOHOB). Bbrpa)l(ettHe M51 JIHHelittoro no 3JieKTpHqecKOMY noJIIO ::i<P<PeK

Ta llhapKa HMeeT BH.U 

(4.78) 

r.ue F - MO.UYJih ttanpH)l(ettttocTH 3JieKTpHqecKoro nOJI51 B MeCTe pacno

JIO)l(ettH51 aTOMa (HOHa); Cik - IIITapKOBCKa51 nOCT051HHa51 M51 paCCMaT

pHBaeMOfO nepexo.ua B aToMe k ~ i. JlHtteiitthIH ::icl>cl>eKT lllTapKa xapaK

Tepett MH Bo.uopo.uono.uo6ttoro Motta, Kor.ua npHCYTCTByeT Bhrpo)l()leHHe 

no op6HTaJibHOMy KBaHTOBOMY qffcJiy. 

PaccMoTpHM BJIH51HHe ::icI>cl>eKTa lllTapKa tta cl>opMy cneKTpaJibHOM 

JIHHHH B cTaTHqecKOM cJiyqae, Kor.ua ::iJieKTpMqecKoe noJie, .ueiicrnyromee 

Ha H3JiyqaIOIUHM aTOM, C03)laeTC51 60JibllIHM KOJIHqecTBOM HOHOB rrna3MbI. 

Tor.ua MH HanpH)l(ettttoCTH cyMMapttoro ::iJieKTpHqecKoro noJIH HMeeM 

(4.79) 

r.ue cyMMHpOBattHe npOH3BO.UHTCH no BCeM MOHaM nna3MbI, qlfCJIO KOTO

pb!X npe.unonaraeTcH paBtthIM No- .ll.nH npocToThI B ( 4. 79) noJIO)l(HM Z = l. 
CooTttOIIIetttte (4.78) ycTattaBJIHBaeT O.UH03Haqttoe coorneTCTBHe Me)l()ly 

3JieKTpwqecKHM noneM H C.UBHfOM qacTOTbI. flo3TOMY ecnM M3BeCTHa cPYH

Kl(HH pacnpe.ueJieHMH MH ttanp51)1(ettttocTw ::iJieKTpwqecKoro nOJIH W(F), 
TO c IlOMOIUbIO cpopMyJibl (4.78) JierKO Halim cPYHKUHIO pacnpe.uenemrn 

no qacTOTaM, KOTOpaH M HBJI51eTCH npocl>HJieM JIHHHH npH tteo.uttopo.u

HOM yurnpeHHH. 3Ta cPYHKUHH HMeeT BH.U 

(4.80) 

MttO)l(HTeJib nepe.u <PYHKUHeli pacnpe.ueJieHHH HOHHOfO nOJIH B03-

HHK H3 COOTHOIIIeHH51 

KOTopoe nOHBJIHeTCH np11 nepexo.ue OT pacnpe.ueneHHH no non10 K pac

rrpe.ueJieHHIO no qacToTe. 

TaKHM o6pa30M, KJI10qeBbIM HBJIHeTcH Borrpoc orrpe.ueneHHH <f>YHK

u1111 pacrrpe.ueJieHH51 HOHttoro noJIH W(F). Haii.ueM ee, cJie.uyH Xonhu-
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MapKy, B npH6JUDKemrn: OTCYfCTBH51 KOppeJI51UHH Me)l()l;y HOHaMH IIJia3-

MhI. Tor.ua sepo51THOCTh HOHOB HMeTb pa;::i:wyc-BeKTOp B HHTepsane 3Ha

qeHHH (rj, rj + dr) nponopuwottaJihHa npow3se.uettHIO 

No 
v-No TI drj, 

j=I 

r.ue V - o6beM rrJia3MhI. Bepo51THOCTh W(F) nponopu11ottaJihtta To:H. 

qacTM N0-Mepttoro npocTpattCTBa B nepeMeHHhIX rP B KOTopo:H. BhmOJI

H51eTc51 paseHCTBO (4.79). B coorneTCTBHH c 3TMM .UJI51 cpyHKUHH pacnpe

.ueJieHH51 HOHHOfO IIOJI51 cnpaBe)J.JIHBa cpopMyJia 

W(F) = (o(F -2 e '{ l)· 
J=I rj 

(4.81) 

r.ue ycpe.uttett11e npoBO.UMTC51 no pacnpe.ueJieHHIO MOHHhIX pa;::i:wycos, o 

KOTOpOM fOBOpMJIOCh BhIIIIe . .HBHhIH BM.U cpyHKUMM W(F) MO)f(HO IIOJiy

qJ1Th, BOCIIOJib30BaBIIIHCh MHTerpaJibHhIM npe.ucTaBJieHMeM .ueJihTa-cpyH

KUHH H nepeXO)J.51 K npe.ueJiy No, v 4 00 npw IIOCT051HHOH KOHUeHTpau1111 

MOHOB N = Nof V. B pe3yJihTaTe rroJiyqaeTc51 cJie.uy10ruee Bhrpa)f(ettwe: 

W(F)dF = W(F)dF = H - -, (
F)dF 
F0 F0 

r.ue H(/3) - pacnpe.ueJiett11e XoJihUMapKa, 

2 ~ 

H(/3) = -/3 f xsin(f3x)exp(-x312 )dx; 
1t 0 

F 
/3 = F,; 

0 

( 4.82) 

(4.83) 

F0 = J.eN 213 - MaCIIITa6HhIH K03cpcpwu11ettT pa3MepHOCTH ttarrp51)f(eHHo

cTM 3JieKTp11qecKoro rrOJI51,). = 2tt(4/15213) = 2,603. l13 paseHCTB (4.82) 
CJie.uyeT, qTO pacnpe.ueJieHMe MOHHOfO IIOJI51 3aBMCMT TOJihKO OT MO.Uy

JI51 ttanp51)f(ettttocT11. fpacp11K cpyHKUMH XoJihUMapKa npe.ucrnsJieH tta 

p11c. 4.3. MaKCMMYMY 3TOH cpyHKUMH coorneTcrnyeT 3Haqett11e /3 = 1,607. 
<l>yHKUM51 XoJihUMapKa ttopMttposatta ycJIOBMeM 

~ 

f H (/3)d/3 =I. 
0 
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B6mntt Hym1 H(/3) B03pacrneT KaK {32, a nptt f3 » I yMeHblllaeTCH 
KaK {J-512• 

PHc. 4.3. <l>yHK111u1 XonbUMapKa 

Pacnpe,neJieHtte XoJibLJ,MapKa cyrn,ecrneHHO OTJittqaeTcH OT raycco

sa pacnpe,neJieHHH (4.72), KOTopoe onttcbrnaeT ylllttpeHtte cneKTpaJib

HOH JIHHHH H3-3a ::><P<PeKrn )l.onJiepa. 0Ho 6Jitt3KO K HeMy TOJibKO nptt 

MaJiblX /3 = 1, Kor.ua BKJia,U B noJie .uaeT 60JiblllOe KOJilfqecTBO HOHOB. 

KaK H3BecTHO, cTaTHCTttqecKtte JaKOHOMepHOCTH B aHcaM6JIHX qacTHU 

KaK pa3 tt onttcbrna10Tc5I pacnpe,neJieHtteM faycca. Optt CHJibHbIX no

JIHX pacnpe,neJieHtte XoJibLJ,MapKa cosna.uaeT c pacnpe,neJieHtteM noJIH 

OT O.UHOH 6Jim1<al1:lllel1: qacTHLJ,bI (6ttHapHoe nptt6JimKeHtte). TaKHM o6-

pa3oM, cPYHKLJ,HH XoJibLJ,MapKa onttcbrnaeT nepexo.u OT rayccosa pac

npe.ueJieHHH nptt CJia6bIX 110JI51X K 6IrnapHOMY pacnpe,neJieHHIO ClfJib

HbIX llOJiel1:. JI106011bITHO OTMeTHTb, qTo MaCllJTa6 XOJibLJ,MapKOBCKOfO 

pacnpe,neJieHHH F0 = 2,603eN213 MeHee qeM Ha O.UHH npoueHT ornwqaeT

c51 OT 110JI51 Ha cpe.uHeM Me)[(HOHHOM paCCT051Hlflf 

B nJia3Me c6ol1: <Pa3bI ocLJ,ttJIJIHTOpa nepexo.ua (::>KBHBaJieHTHoro oc

UHJIJIHTopa), npHBO,U51lll,lfH K O,UHOPO.UHOMY YlllttpeHHIO, MO)[(eT npottc

XO,UlfTb B pe3yJibTaTe CTOJIKHOBeHH51 aTOMa c 3ap51)[(eHHbIMlf qacTHLJ,aMH. 

PaccMoTpttM ::>TOT npouecc B cJiyqae B3attMo.uel1:crnttH ::>JieKTpottos c BO

.uopo.uono.uo6HbIM aTOMOM. Tor.ua MrHoBeHHoe H3MeHeHtte qacTOTbI oc-
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11:i-mmnopa K(t) no.n .neM:crnMeM 3JieKTpwi:ecKoro non51 F(t) nna3Metttto

ro 3JleKTpOtta MO)l(ttO npe,ncTaBMTh B BMJJ,e 

K(t) = C F(t), 
e 

(4.84) 

r.ne C - rnrnpKOBCKa51 noCT05Itttta51. C6oM: cpa3hI 3KBMBanettTttoro OCUMJI

Jl51TOpa 3a BCe BpeM51 nponern 3JieKTPOtta B6JIM3M aTOMa (Motta) paBett 

= = c c 
d(/J = I K(t)dt = I 2 2 2 dt =tr-, 

-= -= p + v t pv 
(4.85) 

r.ne p - npttUeJihtthIM napaMeTp; v - CKOpOCTh B03My:IIJ,a10meM: 'laCTMUbI, 

KOTOpa51 npe.nnonaraeTC51 JJ,BMra10meM:c51 paBttOMeptto II np51MOJlMtteM:tto. 

J13 cpopMyJihI ( 4.85) cne.nyeT, 'ITO c6oli cpa3hI !!.<p = tr .nocnffaeTc51 nptt 

c 
Pw =-. 

v 
(4.86) 

,Ll,atttta51 BeJitt'ltttta tta3hrnaeTC51 pa,nMycoM BaikKoncpa; otta onpe.nenHeT 

o6nacTb IlPMUeJihtthIX napaMeTpOB, COOTBeTCTBYIOIUMX cymecTBettttOMy 

c6010 cpa3hI 3KBMBaJiettTttoro OCUMJIJI51Topa. C pa,nttycoM Pw CB513aHhI 

ce'leHtte BalicKoncpa: 

II 'laCTOTa BaM:cKoncpa: 

c2 
aw = np'tv = n

v2 

v v2 

Q=-=-. 
Pw C 

(4.87) 

(4.88) 

OapaMeTp Pw onpe.nenHeT 3cpcpeKTMBHhIM o6beM B3aMMo,nefl:cTBH51 

aToMa c B03MyruaIOIUHMM 'lacTMUaMM. EcJIM B 3TOM o6beMe ttaxo,nMTC51 

o.ntta 'lacn1ua, TO MMeeT MecTo 6ttttapttoe B3attMo.neM:cTBHe. B npoTttB

ttOM CJiy'lae c aTOMOM OJJ,ttOBpeMettttO B3aHMO,neMCTBYIOT MHOro 'laCTHU 

(tte6ttttapHOCTb). 

lfacrnrn BaM:cKoncpa (4.88) pa3,neJI5IeT y.napHhIM II CTaTtt'leCKHM npe.nen 

B <l>YHKUHH cpopMhI cneKTpaJibttOM JIMttHH. OpocpMJih JIHHMH, yrnttpettttoM: 

CTOJlKHOBeHM51MH c 3JleKTpOHaMM, MO)l(eT 6b!Th npe.ncrnBJieH B Btt.ne 

( 4.89) 
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KOTOpblH COBila.JI 6b1 c JiopettueBCKHM KOHTYPOM (4.70), ecmI 6bI urnpH

Ha JIHHHH /1{1) B qwcJIHTeJie npaBOH qacTH paseHCTBa (4.89) 6bIJia 6bl 

TIOCTOHHHOH BeJIHqHHOH (KaK B 3HaMeHaTeJie). B .uewcTBHTeJibHOCTH, B 

'-lHCJIHTeJie urnpwtta JIHHHH JaBHCHT OT OTCTpoi1:Ktt qacTOThI. EcJIH 3Ta 

oTcTpowKa cymecrnetttto MeHbIIIe (no MOJJ:YJIIO) qacTOThI Bai1:cKoncpa 

(y.uapHbIH npe.ueJI), TO MO)l(HO cqHTaTb /1w(w - {1) ik) = !1w(w = {1) ik) H 

pea.JIMJyeTCH nopettuescKHtt npocpttnh JIHHMH (4.70). B y.uapHOM cJiyqae 

B3aHMO.UettCTBHe KBaHTOBOH CMCTeMbl c B03MYlllaIOIIIett qaCTHueil HOCHT 

MrHOBeHHhIH xapaKTep. B peJyJihTaTe cpa3a KoJie6attttH ocuttJIJIHTOpa 

nepexo.ua H3MettHeTcH «CKa'-lKOM». TwnnqttaH seJIH'-lHHa y.uapttoro yIIIM

peHHH B ra3e npH HOpMa.JibHOM .uaBJieHHH H KOMHaTHOH TeMneparype 

COCTaBJIHeT nopH.UKa 100 ffu, TaK '-ITO B OTITH'-leCKOM .uwana30He OHO 

HaMHOfO npeBOCXOJJ:HT ecTeCTBeHHOe yIIIttpetttte JIHHHH, xapaKTepttoe 

3Haqetttte KOToporo 100 Mfu. 

B npoTttBonoJIO)J(HOM cJiyqae jw - w;kl » Q (.ua.JieKoe KPhIJIO JIHHHH) 

B cpopMyne (4.89) He06XO,L\HMO yqHThIBaTb 3aBHCHMOCTb umpHHbI JIHHMH 

OT qacTOThI. Tor.ua pea.JIHJyeTCH CTaTttqecKoe yIIIttpettne, H npocpHJih 

JIHHHH (B 6ttttapHOM nptt6JIH)J(eHHH) HMeeT BM,[\ 

a(St)( )= 2nNC
3
1
2 

1k {1) 5/2 . 
lw - wik I 

(4.90) 

3aBHCHMOCTb OT qacTOTHOH OTCTPOHKM B npaBOH qaCTH paBeHCTBa (4.90) 
cosna.uaeT c pe3yJihTaTOM nptt6Jitt)l(eHHH XoJihUMapKa B npe.ueJie cttJihHhIX 

noJiett, Kor.ua H(/3 » 1) oc jJ-512• KaK ~e OTMe'-la.JIOCh, 3TO cosna.uetttte 

CBH3atto c TeM, qTO B npe.uene CHJibHblX IlOJieH CTaTH'leCKOe pacnpe.ueJieHHe 

XonhuMapKa conna.uaeT c pacnpe.ueJietttteM noJIH OT OLl,HOH 6JIH)l(ai1:IIIei1: K 

aTOMy qaCTHUhI, T. e. pea.JIH3yeTCH 6ttttapttoe nptt6JIH)l(eHMe. 

y CJIOBHe lw - {1) ik' » Q 03Ha'-laeT' '-ITO B CTaTwqecKOM npeLJ,eJie BpeMH 

B3aJIMO,L\ettCTBHH <Pwlv) )J,OJI)l(HO 6b!Tb cymecrneHHO 60JibIIIe BpeMeHH 

cpopMHpoBaHHH cneKTpa.JihHOH JIHHHM (='1/lw - wknl). B y.uapHOM npe

LJ,eJie, HanpOTHB, BpeMH cpopMttpoBaHHH JIHHMH BeJIHKO, H B03MYIIIeHHe 

MO)KHO cqHTaTb MfHOBeHHbIM. 

Bbrpa)Ketttte .UJIH cpopMhI JIHHMH B CTaTH'-lecKOM npe.r:i:eJie H 6ttttap

HOM nptt6JIH)KeHHH (4.90) TIOJiyqeHO )J,JIH 3apHLl,-,L\HOOJibHOfO yIIIHPHIO

IUero B3attMo.uewcrnttH. B o6meM cJiyqae, Kor.ua 3HeprnH B3aHMO.Ueil:

crnHH yIIIHPHIOIIIHX qacTHU c aTOMOM (HOHOM) HMeeT BM)], 

U(R) = ~: 
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(R - pacCT05IHHe Me)l()J,y qacTHUaMH), rrpo<t>HJib JIHHHH B CTaTHqecKOM 

rrpe.ue11e OIIHCbIBaeTCH Bbrpa)l(eHHeM 

(St)( ) _ 4nN (Cn/n)31n 
Gik OJ -

1 

l(n+3)/n ' 
n OJ - OJ;k 

( 4.91) 

Ilo11yqettttoe Bhrpa)l(ettn:e crrpaBe.UJIHBO B crreKTpaJibHOM .un:arraJotte 

!OJ - OJikl » Q. 113 <t>opMyJibI (4.91) c11e.uyeT, qTQ qacTOTHaH 3aBHCHMOCTb 

B CTaTn:qecKOM KPbIJie JIHHHH COBrra.uaeT c JiopeHueBCKOH (4.70) TOJibKO 

MH n = 3, T. e. MH .llHIIOJib-)lHIIOJibHOfO B3aHMO)leHCTBH5I. 

4.6. CE4EHHE PAAHAL.tHOHHOro nEPEXOAA 

)].JIH Bbrqn:cJieHHH BepOHTHOCTH B e)lHHHUY BpeMeHH ( CKO

pOCTH) <Pornnepexo.ua Me)l()J,y aTOMHbIMH ypoBHHMH 3Hepnu1 HapH.llY c 

Ko3<l><l>HuHeHTOM 3HHIIITeHHa MH BbIHy)l()J,eHHOfO npouecca ( 4.62) lllH

poKO HCIIOJib3yeTC5I ceqemie pa,Il,HauHOHHOro nepexo.ua, KOTOpoe B MO

HOXpOMaTHqecKOM IIOJie qacTOTbl OJ onpe.ue115IeTC5I paBeHCTBOM 

( ) 
Wjn 

crjn OJ= j(OJ)' 

r.ue j(OJ) - IIJIOTHOCTb IIOTOKa <t>oTOHOB Ha 3a)laHHOH qacTOTe: 

. ( ) cE5 J OJ = -8--, 
llnOJ 

(4.92) 

(4.93) 

Eo - aMnmny.ua HanpH)l(eHHOCTH 3JieKTpn:qeCKOf0 IIOJIH B MOHOXpOMa

THqecKOM H3JiyqeHHH. IloCKOJihKY pa3MepHOCTb Bep05ITHOCTH B e.uHHH

uy BpeMeHH - o6paTHa5I ceKyH)la, a IIJIOTHOCTH IIOTOKa <t>oTOHOB -

npOH3Be.uem1e o6paTHOf0 BpeMeHH Ha o6paTHYIO IIJIOilla,Il,h, H3 onpe)le

JieHHH (4.92) c11e.uyeT, qrn ceqeHHe HMeeT pa3MepHOCTh n11oma.un:. Ta

KHM o6pa30M, MO)!(HO CKa3aTh, 'ITO ceqeHHe OIIHChIBaeT HeKyIO 3<P<PeK

THBHYIO n11oma.uh BOKpyr aTOMa, norra.uaH B KOTOpy10 <PoTOH BbI3bIBaeT 

nepexo.u Me)l()J,y ypOBHHMH 3Heprn:n: aTOMa c e)lHHHqHQH Bep05ITHOCTblO. 

11crroJih3Y5I <t>opMyJibI (4.61), (4.63), H3 (4.92) H (4.93) HaXO)lHM ,ll,JIH 

ceqeHH5I rrepexo;:i:a n ~ j c11e;:i:y10mee Bbrpa)l(ettne: 

- 2,.2e2 (h) 
crjn (OJ)- --fjnGjn (OJ), 

me 
(4.94) 
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r.ue G)~l ((/)) - cneKTpaJibHa.SI ¢opMa JIHHHH o.uttopo.utto ynrnpettttoro ne

pexo.ua (4.70); J;n - CHna OCUHJIJl.SITOpa nepexo.ua (4.51); gn - CTaTHCTH

qecKHM Bee (¢mcrop BbipO)J()J,eHH.SI) n-ro 3HepreTwqecKoro ypoBH.SI aToMa. 

1-"b Bbipa)l(eHtt.SI (4.94), B qacTHOCTH, cne.uyeT, 'ITO ceqettwe nepexo.ua 

TeM 6oJihllle, 'IeM 60Jibllle COOTBeTCTBYJOilJa.SI CHJla OCUHJIJI.SITOpa. )].JI.SI 

.[(HnOJihH0-3anpemeHHhIX nepexo.uoB, Kor.ua J;n = 0, ceqemrn TO)l(e paBHO 

Hy JI JO. 

flO.UCTaBJI.Sl.SI Bb!pa)l(eHHe .[(JI.SI CHJibl OCUHJIJI.SITOpa (4.51) B paBeHCTBO 

(4.94), nonyqaeM Bhipa)l(eHtte .[(JI.SI ceqeHH.SI ¢oTOnepexo.[(a qepe3 MaT

ptt'IHbIM 3JieMeHT .UHilOJibHOfO MOMeHTa ~n: 

(4.95) 

MaKCHMaJibHoe 3Haqetttte ceqeHH.SI orneqaeT qacToTe w = wjn (pe3o

Hattcttoe ycnoBtte) H paBHo: 

(max)_ ( _ )- 8.1l" j( JdJ ")12 (t)jn ajn - ajn (0 - mjn - -3-- n J --, 
1icgn D,.(t)Jn 

(4.96) 

T. e. nponopUHOHaJlbHO OTHOllieHHJO co6CTBeHHOM qacTOTbl K cneKT

paJibHOM llIHpHHe JIHHHH aTOMHOfO nepexo.[(a. 3TO OTHOWeHtte aHaJIO

rH'IHO .[(06pOTHOCTH pe30HaTopa H paBHO qwcny CB060.UHbIX KOJie6aHHM 

OCUHJIJI.SITOpa .uo HX noJIHOfO 3aTyxaHH.SI. 0TMeTHM, 'ITO B paHHHX pa6o

TaX M. nnaHKa H A. 3ttHllJTei1Ha no KBaHTOBOM TeopHH 3JieKTpOMar

HHTHOfO B3aHMO.UeMCTBH.SI aTOMbl H MOJieKyJibl BemecTBa Ha3bIBaJIHCb 

pe3oHaTopaMH. 

B cJiyqae ecTeCTBeHHoro YlllttpeHH.SI, KOr.[(a D,.(t)jn = AnJ' paBeHCTBO 

(4.96) c yqeTOM Bbipa)l(eHH.SI .[(JI.SI K03¢¢m1weHTa 3MHllITei1Ha .[(JI.SI CTIOH

TaHHOro H3JiyqeHH.SI (4.59) npeo6pa3yeTC.SI K BM.Uy: 

(4.97) 

0Tc10.ua cJie.uyeT, 'ITO pe30Hattcttoe ce'Ietttte ¢ornnepexo.ua nptt ec

TecrneHHOM ywwpeHHH JIHHHH nponopUHOHaJibHO KBa.upaTy pe30HaHC

HOM .UJIHHbl BOJIHbI 

A. = 21l"C 
Jn OJ. 

Jn 
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T. e. B urnpoKOM crreKTpaJibHOM )J,lrnIIa30He Ha MHOfO rrop51)].KOB Bem1-

q11Hbl rrpeBOCXO)J.HT reoMeTpHqecKoe ceqeHHe aTOMa, paBHOe ero ITJIO

ll!a)J.H. 0TMeTHM, qTO B paccMaTpHBaeMOM CJiyqae H3 Bbipa:lKeHH51 )J.JI51 

MaKCHMaJibHOfO ceqeHH51 Hcqe3 MaTpHqHbIM 3JieMeHT )J.HIIOJibHOfO MO

MeHTa. 

flpH B03)].eMCTBHH Ha aTOM H3JiyqeHH51 c KOHeqHOH crreKTpaJibHOH 

llIHPHHOH !J.m :F 0 BepOHTHOCTb B e)J,HHHUY BpeMeHH B036}')1(,llemrn aTOM

HOfO nepexo)J.a n ~ j )J.aeTcH HHTerpaJioM: 

(4.98) 

EcJIH crreKTp H3JiyqeHHH cymecTBeHHO npeBocxo)J.HT cneKTpaJib

HYIO ll!HpHHY JIHHHH nepexo.ua !J.m » !J.m}n' KaK 3TO HMeeT MeCTO, 

HanpHMep, B CJiyqae TeITJIOBOro H3JiyqeHH51, TO cneKTpaJibHYIO cpopMy 

JIHHHH nepexo.ua B onpe,ueJieHHH ceqeHH51 MO:lKHO 3aMeHHTb Ha )J.eJib

Ta-cpyHKUHIO 

H HHTerpaJI ( 4.98) .uaeT: 

(4.99) 

ITOCKOJibKY 

J(m) = cp(m), 
nm 

p(m) - cneKTpaJibHaH IIJIOTHOCTh H3JiyqeHHH. Brnpoe paBeHcTBo B cpop

MyJie (4.99) COBITa)J,aeT c COOTHOllleHHeM (4.3), KOTOpoe HCIIOJib30BaJI 

A. 3ttHll!TeMH npH OIIHCaHHH B3aHMO)J.eHCTBlrn TeITJIOBOfO H3JiyqeHH51 c 

)J.ByxypOBHeBOH CHCTeMOM. 

B o6meM CJiyqae npOH3BOJibHOfO COOTHOll!eHH51 Me)l()],y ll!HplrnaMH 

cneKTpOB H3JiyqeHH51 H nepexo)J,a B aTOMe )J.JIH Bbf<J:HCJieHH51 CKOpOCTH 

cpoTOB036y:lK,lleHH51 Ha)J.O HCIIOJib30BaTb Bbipa:lKeHHe ( 4.98). 
3aMeTHM, qTo )].JIH pacqern BepOHTHOCTH B e)].HHHUY BpeMeHH cpOTO

nepexo.ua BMeCTO ceqeHHH HHOf)],a HCIIOJih3yeTC51 IIOHHTHe cneKTpaJibHO

ro K03cpcpm.1,HeHTa 3ttHll!TeHHa, KOTOpb!H no orrpe.ueJieHHIO paseH: 

(4.100) 
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<t>opMyJia (4.98) rreperuIChrnaeTCH qepe3 crreKTpaJihHhitt Ko3<Pqrnun

eHT 3ttHilJTettHa c 3aMeHOM JIJIOTHOCTH JIOTOKa <PoTOHOBj(w) Ha crreKT

PaJihHYIO JIJIOTHOCTh 3HeprnH H3JiyqeHHH p(w). 
Y)l.o6crno noH51THH ceqemrn rroMHMO rrpoqero CBH3aHo c ero pa3-

MepHOCThIO JIJIOill,a)l,H, JI03BOJIHIOme:tl: )l,aTb HarJIMHYIO reoMeTpH'leCKYIO 

HHTepnpernun10 rrpoueccy B3aHMO)l,ettcTBHH H3JiyqeHHH c aTOMOM. Pa3-

MepHOCTh crreKTpaJibHOro K03<P<PnuHeHTa 3ttHilJTettHa He CTOJih npo

CTa, JI03TOMY HarJIH)l,HaH HHTeprrpeTaUHH <PoTOH-aTOMHOro B3aHMO)l,eH

CTBHH OTCYTCTByeT. 

nepexo)l, B aTOMe n ~ j ITO)], )l,eHCTBHeM H3JiyqeHHH, KOr)l,a En < ~' 
OTBe'!aeT JIOrJIOill,eHHIO <PoTOHa. 06paTHhIH rrepexo)l,j ~ n COOTBeTCTBY

eT H3JiyqeHHIO <PoTOHa, KOTOpoe MO)!(eT 6bITh KaK BhIH~eHHhIM (ITO)], 

)l,eHCTBHeM BHerrrnero IlOJIH), TaK JI CJIOHTaHHblM (caMorrpOJI3BOJihHhIM). 

Ce'!eHHe BhIH~eHHoro H3JiyqeHHH an/w) Ha nepexo)l,ej ~ n onHchrna

eTCH <PopMyJiaMJI, aHaJIOrH'!HhIMH (4.94) JI (4.95). Ec11n yqecTh, 'ITO MaT

PJI'IHhIH 3JieMeHT )l,HJIOJihHOro MOMeHTa BhJ6opoM BOJIHOBhIX <l>YHKUHH 

MO)!(eT 6b!Th C)l,eJiaH CHMMeTpH'IHhIM 

TO pa3HHUa B BbJpa)!(eHJIHX )l,JIH Ce'!eHHH BbIH~eHHOro JI3JiyqeHJIH JI 

IlOrJIOill,eHJIH 6y)l,eT 3aKJIIO'!aTbCH TOJihKO B pa3JIH'!Hh!X CTaTHCTJI'leCKJIX 

Becax COCTOHHJIH. IfraK, MH Toro, 'IT06bI noJiyqJITh Bbipa)!(eHHe MH 

Ce'!eHHJI BhIHy)!()l,eHHOro JI3JiyqeHJIH an/w) Ha rrepeXO)l,e j ~ n, H~HO B 

<PopMyJie (4.95) npOH3BeCTH 3aMeHy: gn ~ gj' 
qepe3 ce'!eHJie rrornomeHttH 11erKo Bhipa3JITh K03<l><PJiuHeHT rrorno

meHJIH kjn' OJIHCbIBaIOill,JIH 3aTyxaHHe 3JieKTpOMarHJITHOH BOJIHhl rrpJI 

pacrrpocTpaHeHHH B cpe)l,e c pe30HaHCHhIMH aTOMaMH B pe3yJihTaTe rre

pexo)l,a aTOMa H3 COCTOHHJIH c MeHbllieH 3HeprJiett B COCTOHHHe c 60Jih

weii 3Heprnel1 n ~ j (En < ~): kjn = Nn~n' r)l,e Nn - KOHUeHTpauHH 

aTOMOB B n-M COCTOHHHH. O'!eBH)l,HO, 'ITO K03<P<PnuHeHT JIOrJIOill,eHHH 

11MeeT pa3MepttocTh o6paTHOH MJIHhI. AHMortt'IHO Ko3<P<PnuJieHTY rro

rnolll,eHJIH MO)!(HO BBeCTJI K03<P<PttuJieHT YCHJieHHH Ha o6paTHOM rrepexo

)l,e j ~ n, OTBeqa10Ill,eM JI3JiyqeHJIIO BhIH~eHHOro <PoTOHa JI yBeJIJI'le

HHIO HHTeHCHBHOCTJI JI3JiyqeHMH: knj = ~anj' CyMMapHbIH K03<l><PJiuHeHT 

ycttJieHJIH H3JiyqeHMH, yqHThIBaIOill,HH BhIH~eHHOe JI3JiyqeHtte H norno

metttte Ha paccMaTpHBaeMoM aTOMHOM rrepexo)l,e, paBeH (cM. pa3)],. 4.7): 

(4.101) 
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IlomITHO, 'ITO ecmi: k~;ot) > 0 - .L(OMHHHpyeT BbIHy)l(.L(eHHOe H3JIY

qemte - H3JiyqeHwe ycHJIHBaeTCR cpe.L(oH: pe3oHaHCHhIX aToMOB. B npo

THBonoJIO)l(HOM CJiyqae npOHCXO.L(HT OCJia6JieHHe H3JiyqeHHR, TaK KaK 

npeo6Jia.L(aeT nornorn:eHwe <PoTOHOB Ha.[( BhIHy)l(.L(eHHhIM H3JiyqeHHeM. 

IlocKOJibKY Ce'leHHe aTOMHOro nepexo.L(a BeJIH'IHHa IlOJIO)l(HTeJibHaR, TO, 

KaK CJie.L(yeT H3 <PopMyJihl (4.101), .L(JIH ycHJieHHH H3JiyqeHHH He06XO.L(H

MO BbITIOJIHeHHe HepaBeHCTBa: 

N. N 
-

1 
- _n > 0 npH En < Ej. 

gj gn 
(4.102) 

CooTHOUieHHe (4.102) Ha3bIBaeTCR ycJIOBHeM UHBepcuu Hace!leHHo

cmeu. OHO UIHpOKO HCilOJlh3yeTCH B KBaHTOBOH 3JieKTpOHHKe, Jia3ep

HOH <Ptt3HKe H CMe)l(HblX o6nacrnx npH HCCJie.L(OBaHHH B03MO)l(HOCTH 

yc11JieHHH H3Jiy'leHHH. B cocTORHHH TepMO.L(HHaMH'leCKoro paBHOBe

CHH, KOr.L(a pa6orneT <PopMyJia DOJlbl.l,MaHa .L(JIH HaCeJieHHOCTeH 3Hep

reTH'leCKHX ypOBHeH (4.4), BbIIlOJIHHeTCR HepaBeHCTBO, o6paTHOe 

(4.102). TaKHM o6pa3oM, .L(JIH co3.L(aHHH HHBepcww HaceneHHOCTeH: 

He06XO.L(HMO BbIBeCTH sern:eCTBO H3 COCTOHHHR TeilJIOBOfO paBHOBe

CHH, 'ITO .L(OCTHraeTCH BHeUIHHM B03.L(eHCTBHeM Ha cpe.L(y, Ha3bIBae-

MbIM HaKa'IKOH. 

IloHHTHe Ce'leHHH HCilOJih3yeTCH He TOJlbKO .L(JIH OilHCaHHH nomo

rn:eHHH H BbIHy)l(.L(eHHOfO H3JiyqeHHR, OHO xapaKTepH3yeT H .L(pyrne <Po

TOHH.L(YUHPOBaHHbie npouecCbl, TaKHe KaK pacceRHHe <PoTOHOB, $OTO

peKOM6HHaUHH, TOpM03HOe H3JiyqeHHe H T . .[(. KpoMe Toro, KOHUen

UHH Ce'leHHR HCilOJlh3yeTCR npH paC'leTax B3aHMO.L(eHCTBHH .L(pyrwx 

3JieMeHTapHbIX 'laCTHU c aTOMaMH H MOJieKyJiaMH: 3JieKTpOHOB, npOTO

HOB, HeH:TpOHOB. Bo scex nepe'IHCJieHHbIX cnyqaHx ce'leHwe onpe.L(eJIH

eTcR <PopMyJIOH, aHaJIOfH'IHOH (4.92), c 3aMeHOH IlJIOTHOCTH IlOTOKa 

<PoTOHOB Ha IlJIOTHOCTb IlOTOKa 'laCTHU, BbI3bIBaIOW:HX paccMaTpHBae

MbIH npouecc. 

B 3aKJIIO'leHHH 3Toro pa3.L(eJia OTMeTHM, 'ITO noHRTHe sepoHTHoc

TH <PoTOHH.L(YUHPOBaHHOfO npouecca B e.L(HHHUY BpeMeHH TepHeT <Pw-

3H'leCKHH CMbICJI B CJiy'lae csepXKOpOTKHX 3JieKTpOMarHHTHbIX HM

nyJihCOB, KOr.L(a .L(JIHTeJibHOCTb H3Jiy'leHHR nopH.L(Ka nepHO.L(a KOJie6a

HHH 3JieKTPH'lecKoro noJIH Ha Hecyrn:eH: qacTOTe. CsepxKopoTKHe 

HMilYJibCbl MoryT 6bITb noJiy'leHbI c IlOMOW:blO cneUHaJibHbIX MeTO.L(OB 

speMeHHoro C)l(aTHH Jia3epHoro H3Jiy'leHHH. B onTH'leCKOM .L(Hana30-

He CBepXKOPOTKHM HMilYJibCaM OTBe'laeT .L(JIHTeJibHOCTb B HeCKOJibKO 

<PeMTOCeKyH.L(. B HacToRrn:ee speMR B BH.L(HMOM .L(Hana3oHe .L(JIHH BOJIH 
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3KCrrepHMeHTaJibHO IIOJiyqeHbl Jia3epHbie HMIIYJibCbl xoporno KOHTpo

JIHpyeMOM Q>opMbl, MHTeJibHOCTb KOTOpbIX COCTaBmleT IIOJITOpa rre

pHO.LJ,a tta orrTHqecKoif qacToTe. B ynhTpaQ>ttoneTOBOM .nttarraJotte MH

HHMaJihHbie 3HaqeHH51 .LJ,JIHTeJibHOCTeif COCTaBJIHIOT HeCKOJibKO COTeH 

aTTOCeKyH.LJ,. 

IlpH paccMoTpettHH B3aHMo.neifcTBHH csepxKopoTKHX HMIIYJihCOB 

H3JiyqeHH51 c se111eCTBOM 6onee a.LJ,eKBaTHbIM CTaHOBHTC51 IIOHHTHe IIOJI

HOM sepoHTHOCTH rrpouecca Ja see speMH .neifcTBHH HMrrynhca, KornpaH 

MO)f(eT 6bITh Bbipa)f(etta y:epe3 ceqetttte paccMaTpttsaeMoro HBJieHHH. )l,att

HhIH sorrpoc rro.npo6tto paccMaTpttsaeTCH B .LJ,aJibtteifrneM. 

4.7. SAnAHCHblE YPABHEHJ.1.ff 
~ AHHAMHKA nA3EPHOH rEHEPA'-'J.1"1 

B ttaqane 3TOM rnaBbI paccMaTpttsanocb B3aHMo.neifcrntte 

TeITJIOBOfO H3JiyqeHH51 c .LJ,ByxypOBHeBOM CHCTeMOH ()l,C), KaK 3TO 6bIJIO 

srrepsbre c.nenatto A. 3ifttrnTeifttoM B 1916 r. [ 1]. Oco6ettttocTb rrpose

.neuuoro anantt3a JaKJIIOY:anacb B TOM, Y:To rrpe.nrronaranocb HaJIHY:He 

TepMO.LJ,HHUMHY:eCKOfO paBHOBeCH51 Me)f(.Ll,y seruecTBOM H H3JiyqeHHeM, 

KOTOpoe orrpe,D,eJIHJIO HaCeJieHHOCTb aTOMHbIX ypostteif H Q>opMy crreKT

pa H3JJyY:eHH51. )l,JIH rrpaKTHqecKHX rrpHJIO)f(eHHM, B Y:aCTHOCTH MH OIIH

CaHH51 rrpouecca na3epuoif rettepau;ttH, tteo6xo.nttMa .npyraH rrocrnttoBKa 

Ja.LJ,aY:H, B KOTopoif rrpe.nrroJIO)f(ettHe o pasttosecttH OTCYTCTByeT. Hatt6o

nee rrpOCTOH IIO.LJ,XO.LJ,, I103BOJI51IOIIIHH OITHCaTb xapaKTepHCTHqecKHe qep

Tbl B3aHMO.LJ,eMCTBH51 )l,C c H3JiyqettHeM, 6a3HpyeTC51 Ha HCIIOJib30BaHHH 

6anaHCHbIX (HJIH CKOpOCTHbIX) ypastteHHM. 

Bb!BOA 6anaHCHblX ypasHeHHH 

KaK cne.nyeT H3 (4.92), MH cKopocTH BhIHy)f(.Ll,ettttoro HJJiyY:aTeJib

ttoro rrepexo.na ITO.LI, .neifCTBHeM MOHOXpOMaTHY:eCKOfO H3JiyY:eHH51 Ha y:a

CTOTe w crrpaBeMHBO Bbipa)f(eHHe (B 3TOM pa3.LJ,eJie MH KpaTKOCTH orryc

KaeM HH.LJ,eKCbl COCTOHHHH) 

w = D' ( w) cnph , (4.103) 

r.ne D'(w) - pa,D,HaUHOHHOe ceqeHHe; nph - KOHI.J;ettTpau;HH Q>oTOHOB; 

c - CKOpOCTb csern. IlpH 3aIIHCH Q>opMyJihl ( 4.103) H3 COOTHOIIIeHH51 

(4.92) 6bIJIO HCIIOJib30BaHO paseHCTBOj(w) = cnph" 
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qHCJIO ll3JiyqaTeJibHhIX rrepeXO)J.OB B e)J.HHHUY speMem1 H B e)J.HHHue 

o6beMa c Hm1rnero yposm1 I .11.syxyposHesoli cttcTeMhI Ha sepxHHH ypo

setth 2 pastto: 

AHaJiorwmo, 'IHCJio rrepexo.11.os c sepxHero yposm1 Ha HH)((HHM yposeHh 

paBHO: 

0TCIO)J.a M51 CKOPOCTH H3MeHeHH51 HHBepcHH HaceJieHHOCTell B .11.syxy

pOBHeBOH cttcTeMe N = N2 - N1 HMeeM 

N = 2crcnph N. 

3.11.ech yqTeHo, 'ITO 0.11.HH nepexo.11. np11so.11.11T K Y.l1.BOeHHOMY H3MeHett1110 

HHBepcmi:. 3TO paseHCTBO noJiyqeHO 6e3 yqern B3aHMO)J.eHCTBH51 )J,C c 

OKp~eHHeM. ECJIH yqeCTh TaKOe B3aHMO)J.eHCTBHe, MO)((HO ITOJIY'!HTb 

nepBoe 6C1.11aHcHoe ypaBHeHue Ha HHBepc1110 HaceneHHOCTeit B )J,C: 

. N-N 
N + e = -2acnph N, 

1J 
(-1.104) 

r.11.e T1 - BpeM>I penaKcau1111 HHBepcmI HaceJieHHOCTtt; Ne - pasttosec

Hoe 3Haqemrn ttaceJieHHOCTH B OTCYTCTBHH 113JiyqeHH51. BpeM>I T1 Ha3hI

saeTc51 TaK)((e speMeHeM npoaoAbHoii peJiaKcaum1, otto onpe,1J,en>IeT spe

M>I )((ll3HH 3HepreTH'!eCKHX ypoBHeit. KaK npas11110, BpeM>I rrpo.11.oJihHOM 

penaKcaun11 MeHhwe speMeHH nonepe'IHOH penaKcaurr11. l1cKJI10qem1-

eM >IBJI>IeTc>I cJiyqait, Kor.11.a H Ta 11 .11.pyra>I penaKcauH>I o6ycJioBJieHa 

cnoHTaHHhIM H3JiyqemrnM, TOr)J.a T2 = 2T1. Yw11peH11e, BhI3BaHHoe crroH

TaHHhIM H3JiyqeHHeM, Ha3brnaeTC51 ecmecmBeHHblM. 
EcJIH B Kaqecrne .11.syxypoBHesoit cwcTeMhI paccMoTpeTh pa6oq11it 

nepexo.11. B Jia3epe Ha aJIIOMOHTTptteBOM rpaHaTe c HeO)J.HMOM (YAG:Nd3+), 
Ha KOTOpOM reHep11pyeTC5l H3JIY'feHHe c )J.Jll1HOH BOJIHhl 1064 HM, TO 

COOTBeTCTBy10mee BpeM51 npO,ll,OJibHOll pe1raKcau1111 paBHo: Tl = 250 MKC. 

B ,ll,aHHOM cJiyqae speM>I penaKcau11w HHBepc1111 ttaceJiettttocTeit cosna

)J.aeT c speMeHeM )((H3Hl1 sepxttero pa6oqero yposH51 2 (KOTOphrit HMeeT 

cneKTpocKon11qecKoe o6o3Ha'!eH11e 4 F312), nocKoJihKY HaceneHHOCTh 

HH)((Hero pa6o'!ero ypoBH51 1 rrpette6pe)((ttMO MaJia. (C sepxHero pa6o

qero ypOBH51 npOHCXO,ll,51T BhIH~eHHhie rrepeXO)J.hl, npl1BO)J.51lll,l1e K yc11-

JieHHIO H3Jly'IeHH51.) 3TO BeCbMa 60JibllIOe (no aTOMHhIM MepKaM) BpeM51 
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)l(M3HM, o6ycJIOBJieHHOe TeM o6cTOSITeJihCTBOM, qTo M3JiyqaTeJihHhie ne

peXO)lbI c )laHHOfO ypOBHSI Ha HM)l(eJie)l(arn:ue YPOBHM )lJlH CB060)lHOro 

MOHa HeO)lMMa 3anpern:eHbI )lMIIOJlbHbIMM npaBMJiaMM OT6opa. 3TOT 3aII

peT qaCTM'IHO CHMMaeTC51 npM IIOMemeHMM MOHa Nd3+ B KpMCTaJIJIJiqec

KyIO perneTKy aJIIOMOMTTpMeBOfO rpaHaTa, npe)lCTaBJIRIOmero co6oH: MOH

Hb!H KpMCTaJIJI Y3Al50 12. Ho nocKOJThKy BJIMHHtte KpMCTaJIJittqecKoro IIOJIR 

perneTKM Ha OIITMqecKM aKTMBHbie 4f::iJTeKTpOHbI HeO)lMMa MaJIO, TO 3aII

peT B 3HaquTeJTbHOH Mepe )leH:crnyeT' M BepoHTHOCTb M3JiyqaTeJibHOH pe

JTaKCaUMM Mana. BepoHTHOCTh 6e3bl3JiyqaTeJibHOH peJiaKcauMM TO)l(e Mana 

B cuny cneumpttKM pacnoJio)l(ettMH BepxHero pa6oqero ypoBHR 4F312 . BhI

rnenpMBe)leHHhIMM o6CT051TeJlbCTBaMM onpe)leJIReTCH aHOMaJibHO 60JTb

rnoe BpeMSI )l(M3HM COCTOHHMH 4 F3/2 MOHa HeO)lMMa B aJIIOMOMTTpMeBOM 

rpaHaTe. 

3ttepreTuqecKtte ypOBHM, 06Jia,L1,a10rn:ue aHOMaJibHO 6oJihllIMM Bpe

MeHeM )l(M3HM, Ha3bIBaIOTCR Memacma6u11bHbtMU ypoBHRMM. OHM urpaIOT 

Ba)l(HYIO poJTb B C03)laHMM MHBepCHOH HaCeJieHHOCTM, He06XO)lMMOH )lJl51 

YCMJieHMR M3JTyqeHM51. 

PaccMOTpMM cttaqana perneHtte ypaBHeHMR (4.104) B OTCYTCTBMe pe-

30HaHCHoro Jf3JiyqeHM51 (nph = 0). OTMeTMM, qTO IIOMMMO pe30HaHCHbIX 

cpoTOHOB BHernHero IIOJIH Ha )],C MoryT B03)leiicrnoBaTb cpoTOHbI HaKaq

KM (cM. HM)l(e). Tor)la 3aBMCMMOCTb MHBepcuu HaceneHHOCTeH: )lByxypoBHe

BOH CMCTeMbI OT BpeMeHM MMeeT BM)l 

N(t) =Ne+ [ N(O)- Ne]exp(- ~ l 
f)le N(O) - MHBepCMR B HaqaJibHhIH MOMeHT BpeMeHM. 0TCIO)la CJie)lyeT, 

qTo MHBepcMSI HaCeJieHHOCTeH B OTCYTCTBMe M3JTyqeHMH IIO)l BJTMRHMeM 

TepMoCTaTa peJiaKcMpyeT c xapaKTepHbIM BpeMeHeM T1 K CBOeMy paBHO

BecttoMy 3HaqeHMIO Ne. TaKMM o6pa30M, cTaHOBMTCH sicett cpu3uqeCKMH 

CMbICJl BToporo CJiaraeMoro B JieBOH qacTM paBeHCTBa (4.104). 
PaBHOBeCHOe 3HaqeHtte MHBepCMM HaceJTeHHOCTeH MO)l(CT 6b!Th )lByx 

TMIIOB: TepMO)lMHaMttqecKM paBHOBecttoe 3HaqeHtte NeT M paBHOBecHoe 

3HaqeHtte, yqMTbrna10mee ltaKG'lKY BepxHero pa6oqero ypoBHR. HaKaqKa 

npe)lcTaBJTHeT co6oH: Btternttee B03)leH:crnue Ha aKTMBHYIO cpe)ly Jia3epa, 

npMBO)lRW:ee K C03)laHMIO MHBepCMM HaceJieHHOCTeH Ha pa6oqeM nepe

XO)le. (AKTMBHaH cpe,na - cpe)la, B KOTOpoH: npOMCXO)lMT YCMJieHMe M3-

nyqeHM51.) )],mi rnep)lOTeJihHblX Jia3epOB 06b1qtto MCIIOJlh3yeTCH OIITJiqec

KaSI HaKaqKa, BKJIJOqasi HaKaqKy npM IIOMOW:M M3JiyqeHMH )lpyroro Jla3e-
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pa. B ra30BhIX na3epax ponh ttaKaqK1111rpa10T CTOJIKHOBettmr c 3ap5DKett

HhIMli 11 HeHTpaJibHhIMli qacTllI.J,aMli. CyruecTByJOT 11 .n:pyrne TliIIhI Ha

KaqKll, 3aB11CHII.J,11e OT crreump11K11 pa6oTbr na3epa. 

TepMo,n:11ttaM11'l:ecK11 paBHOBecttoe 3HaqeH11e 11HBepc1111 NeT Bcer.n:a 

OTpliI.1,aTeJibHO, IIOCKOJihKY OTHOIIIeHHe ttaceJieHHOCTeii B 3TOM cnyqae 

rro,n:q11HHeTcH <PopMyne oOJihUMaHa 

N2T = g2 exp[- E2 - E1 J 
NIT gi T 

H N2T < N,T, 

r.n:e T - TeMrreparypa B 3HepreT11qecK11x e.n:11tt111.1,ax. HaKaqKa rrp11Bo.n:11T 

K C03.ll:aHHIO IIOJIO)!(HTeJibHOH liHBepCHOH HaCeJieHHOCTH, Heo6xo.n:11MOH 

.ll:JIH yc1rnett11H 113nyqeH11H. B rrp11CYTCTB1111 HaKaqK11 paBHoBecHoe 3Haqe

H11e liHBepc1111 HaCeJieHHOCTeH MO)!(HO rrpe,n:CTaBliTh B BlI,n:e 

r.n:e WP - CKOpOCTh HaKaqKH Ha e,n:llHliUY o6beMa. 

ECJili pe3oHaHCHOe l13JiyqeHlle C03,n:aHO BHeIIIHliM HCTOqHHKOM 11 Ha 

Hero cna6o BJiliHeT B3a11Mo,n:eiicTB11e c paccMaTp11BaeMhIM rrepexo.n:oM 

(npu6JIUJICeHUe 3aOaHHOW nO!IR), TO .ll:JIH OIIHCaHHH 3BOJIIOI.J,lili )l,C .ll:OCTa

TOqHO rrepBoro 6anaHCHOro ypaBHeH115I (4.104). B CJiyqae IIOCTOHHHOH 

liHTeHCliBHOCTli pe3oHaHCHoro l13JiyqeHH5I, Kor.n:a nph = canst, 113 ypaB

HeHl15I ( 4.104) nerKO HaHTli cne.n:yIOII.J,ee CTal.l,liOHapttoe peIIIeH11e .ll:JIH 

HHBepCliH ttaceJieHHOCTe.H: 

N N. 
st - 1+2wTi , (4.105) 

r.n:e w = O'Cnph - CKOpOCTh BhIHy)!(.ll:eHHOro l13JiyqaTeJibHOro rrepexo.n:a. 

Bennq11Ha s = 2wT1 tta3bIBaeTcH rrapaMeTpoM ttachrruett11H. IlpH BhIBo.n:e 

paBeHCTBa (4.105) 113 ypaBHeHIUI (4.104) 6bIJIO yqTeHO ycJIOBHe CTal.1,110-

HapHOCTH N = 0. 113 rronyqeHHoro Bhrpa)!(ett11H cne.n:yeT, qrn c pocToM 

liHTeHCliBHOCTH l13JiyqeHl15I B rrpe.n:ene w » l/T, CTaUHOHapHoe 3Haqe

Hlle HHBepcn11 HaceneHHOCTe.H )l,C CTpeMHTC5I K Hyn10: JV,,
1 
~ 0. B 3TOM 

rrpo5IBJI5IeTC5I 3rjJrjJeKm HQCblUl,eHUR. 3<l><l>eKT HaCbIII.J,eHl15I B03HHKaeT' Kor.n:a 

CKOpOCTh BhIHy)!(.ll:eHHhIX rrepexo,n:OB no.a: .n:e.Hcrn11eM BHeIIIttero pe30HaH

CHOro ITOJI5I cyrueCTBeHHO rrpeBhIIIIaeT CKOpOCTh CIIOHTaHHhIX rrepexo.n:oB 

rro.n: .n:eHCTBlieM TepMOCTaTa, KOTOpa51 o6paTHO rrporrop1.1,110HaJibHa Bpe

MeHli npo,n:OJihHOH peJiaKca1.1,1111 W
8
P = 1/T1. 
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0.n:HHM H3 CJie.ll:CTBHH 3<P<PeKTa HaChilll,eHH51 51BJI51eTC51 HeB03MO)l(

HOCTb B CTaUHOHapHOM pe)l(HMe ITOJI)"IHTb ITOJIO)l(HTeJibHYIO HHBepCHIO 

HaceJieHHOCTeH B .ll:BYXYPOBHeBOH CHCTeMe. 11HTeHCHBHOCTb pe30HaHC

HOro H3JiyqeHH51, rrpH KoTopolf .nocTHraeTc51 paBeHcrno: w = 1/2 Tl' 
Ha3bIBaeTC51 UHmeHCU6HOCmblO HaCbtut,eHUR, .ll:Jl51 Hee MO)l(HO ITOJI)"IHTb 

Bhrpa)l(eHHe: 

I = limo 
sat 2a1] 

OueHHM 3TY BeJIHqHHY M51 Jia3epHoro rrepexo.na B aJIIOMOHTTpHeBOM 

rpaHaTe c Heo.n:HMOM (YAG:Nd3+), Ha KOTOpOM reHepHpyeTC51 H3Jiyqe

HHe c .ll:JIHHOH BOJIHhI 1064 HM. BepxHHM 3Hepren1qecKHM ypoBHeM pa-

6oqero nepexo.na 51BJI51eTC51 MeTaCTa6HJihHbIH ypoBeHb HOHa HeO.ll:HMa 

Nd3+, ttMeIOlll,Ht'I crreKTpocKorrHqecKoe o6o3HaqeHHe 4F312• HH)l(HHH pa-

6oqwH: ypoH\!Hh - o.n1rn H3 rro.nypomielf uITapKoBcKoro MYJihTmrnern, 

o6pa30BaHHOro H3 TepMa 4/JJ/2 CB06o.n:Horo HOHa HeO.ll:HMa no.n .neHCTBH

eM 3JieKTpwqecKoro nOJI51 KpHCTaJIJIHqecKOH peUieTKH. 3HeprH51 pe30-

HaHCHOro <t>oToHa, H3JiyqaeMoro/rrornomaeMoro Ha paccMaTpHBaeMoM 

rrepexo.ne, paBHa: lim0 = 1,17 38 (1,87 · 10-19 .[QI<), ceqeHHe rrepexo.na B 

MaKCHMYMe crreKTpaJibHOH 3aBHCHMOCTH paBHO a(mo) = 7. 10-19 CM2, Bpe

M51 npo.noJihHOH peJiaKcau1u1 T1 = 250 MKC. C rroMOlll,hIO 3THX 3HaqeHHH no 

BbJUienpHBe.neHHOH <t>opMyJie .ll:Jl5I HHTeHCHBHOCTl1 HaCbIUieHH51 paccMaT

PHBaeMoro Jia3epttoro rrepexo.na ttaxo.n:HM: /sa1( 4/ 1112 ~ 
41;1) = 530 BT/cM2. 

)J,Jl51 MeHblIIHX BpeMeH rrpo.noJibHOH peJiaKcau11H, xapaKTepHbIX M51 .ll:H

noJibHO-pa3peUieHHhIX nepexo.noB, HHTeHCHBHOCTh HaCbilll,eHH51 6y.neT' 

ecTeCTBeHHO, BbIUie. 

DoJiyqHM Tenepb BTOpoe 6aJiaHCHOe ypaBHeH11e, OITHChIBaIOUiee 113-

MeHeHHe BO BpeMeHH KOHU:eHTpau1111 <t>oTOHOB nph 3a cqeT B3aHMO.ll:eH

CTBl151 pe30HaHCHOro 113JiyqeHl151 c .ll:ByxypOBHeBOH CHCTeMOH. )J,ByxypoB

HeBa51 CHCTeMa B .naHHOM CJiyqae COOTBeTCTByeT pa6oqeMy rrepexo.ny Me)l(.ll:y 

YPOBH51Ml1 3HeprnH B aKTHBHhIX uettTpax (aTOMax, HOHax, MOJieKyJiax). 

PaccMOTpl1M 3JieKTpoMarHl1THoe none B omKpbtmoM pe3oHamope, T. e. 

pe30HaTope, o6pa30BaHHOM COBOKYITHOCTblO 3epKaJI, B KOTOpOM MOryT 

cyLUeCTBOBaTb cJia6o3aTyxaIOLU11e KOJie6aHH51 3JieKTpOMarHl1THOrO ITOJI51, 

KaK npaBl1JlO, OITTHqecKoro 11 6JIH3Jie)l(aLU11X .n11arra30HOB qaCTOT. 3Tl1 

Kone6amrn Ha3bIBaIOTC51 co6cTBeHHhIMH Mo.naMH pe3ottaTopa. O.ntto 113 

3epKaJI OTKpbITOro pe30HaTopa 06b1qHo 51BJI51eTC51 noJiyrrpo3paqHbIM, qe

pe3 Hero 113JiyqeH11e MO)l(eT BhIBO.ll:HTbC51 Hap~y, c qeM CB513aHbl TaK 

Ha3bIBaeMble noJie3Hhie rr0Tep11. B pe30HaTope 11Me10TC5I TaK)l(e H rrapa-
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3HTHhie IIOTeptt, KOTOpbre yMeHhlllaIOT KOHUeHTpaumo cpOTOHOB. Bee 3TO 

rrpHB0.!1.HT K KOHe'IHOMY BpeMeHH )l(H3HH cpOTOHa B pe30HaTope, KOTO

poe MhI 6yneM o6o3Ha'IaTh 6yKBoi1: ~ .. XapaKTepHoe 3Ha'IeHtte BpeMeHH 

)l(H3HH B Jia3epHbIX pe30HaTOpax COCTaBmieT 10-8 - 10-9 c B 3aBHCMMOC

TM OT TMIIa reHepauMH. B HerrpepbIBHOM pe)l(MMe reHepauHM BpeMH )l(M3-

HM cpoTOHa 60Jibllle, qeM B MMIIYJihCHhIM. IloMHMO IIOTepb B pe30HaTO

pe, KOHUeHTpauMH cPOTOHOB YMeHhlllaeTCH B pe3yJihTaTe rrepeX0.!1.0B CHM-

3Y BBepx (rro 3Heprm-r) Me)l(.!J.y 3HeprenrqecKMMM YPOBHHMM .Ll,C, T. e. 3a 

cqeT rrornomeHMH pe3oHaHcHoro M3JiyqeHMH Ha pa6o'IeM rrepexone. PocT 

KOHUeHTpauttH cpOTOHOB B03HHKaeT 3a C'IeT BhIHy)l(.!J.eHHOfO M3JiyqeHMH, 

o6yCJIOBJieHHOf0 M3JiyqaTeJibHhIMM rrepexonaMM CBepxy BHM3 B .ll.Byxy

pOBHeBOM cttcTeMe. YKa3aHHhie rrpoueccbI CYMMttpyIOTCH cne.ll.YIOIUHM 

ypaBl1eHMeM .ll.JlH KOHUeHTpauHH cPOTOHOB pe30HaHCHOfO IIOJIH [6]: 

(4.106) 

3To M eCTh 6mopoe 6aJ1aHCHOe ypa6HeHue, OIIHCbIBaIOmee l13MeHeHMe 

BO BpeMeHtt HHTeHCMBHOCTM H3nyqeHHH I= cnphnm. BTopoe cnaraeMoe B 

JieBOM qaCTM paBeHCTBa ( 4.106) OIIHCbIBaeT IIOTepM 3HeprnH 3JieKTpO

MafHMTHOfO IIOJIH B pe30HaTope, a rrpaBaH qaCTh 3TOf0 ypaBHeHHH OTBe

qaeT H3MetteHMIO KOHUeHTpauHH cPOTOHOB 3a C'IeT B3aHMO.ll.eMCTBl1H c 

.Ll,C, rrpencrnBJIHIOIUei1: pa6oq11i1: rrepexon. Ecntt HaceneHHOCTh HH)f(ttero 

ypoBHH .Ll,C 6oJibllle, 'IeM ttaceneHHOCTh BepxHero ypoBHH N1 > N2, TOf.ll.a 

HHBepcHH oTpwuaTeJibHa N < 0, H B3attMO.!J.ei1:crntte cpoTOHOB c pa6o'IHM 

rrepexonoM rrpHBO.ll.MT K YMeHhllleHHIO HX KOHUeHTpar.um. B 3TOM cny

qae rrpeo6nanaeT rrornometttte pe3oHaHCHhIX cPOTOHOB ttan HX BhIH~
neHHhIM H3JiyqeHMeM. Korna ttaceneHHOCTM 3HepreTw1ecK11x ypoBtte:H 

paBHhl Me)l(.!J.y co6oi1: H HHBepCl1H HyJieBaH, rrpaBaH qaCTh ypaBHeHHH 

( 4.106) TO)l(e paBHa HYJIIO. B 3TOM cnyqae HeT B3aHMO.ll.ei1:cTBHH Me)l(.!J.y 

pe30HaHCHblM H3JiyqeHMeM H .Ll,C l1 KOHUeHTpauHH cPOTOHOB yMeHbllia

eTCH 110 3KCIIOHeHUHaJihHOMY 3aKOHy C KOHCTaHTOM BpeMeHH re: 

HaKotteu, rrptt rroJIO)l(MTeJihHOH MHBepcttM N > 0 BhIHy)l(.!J.eHHoe M3-

nyqetttte cPOTOHOB .ll.OMHHHpyeT Ha.!J. rrornomeHHeM, H B03HMKaeT YCHJie

HHe H3Jiy'leHHH Ha pa6o'IeM rrepexone. TaKHM o6pa3oM, ycnoBHeM ycw

neHHH H3JiyqeHHH rrptt B3aHM0.!1.eHCTBHH c .ll.ByxypOBHeBOH CHCTeMOH HB-
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JUieTC51 IlOJIO)!(HTeJibHOCTb HHBepCHH HaceJieHHOCTeH. 3TOT KpHTepHH B 

o6lll,eM BH)],e ( c yqeTOM <J>aKTOpOB BblpO)!()],eHH51 3HepreTHqecKHX ypoB

Heii) 3aITHCbIBaeTC51 B BH)],e HepaBeHCTBa: 

N2 - NI > 0. (4.107) 
g2 gl 

CHCTeMa ypaBHeHHH ( 4.104) H ( 4.106) OITHCbrnaeT 3JieKTpOH-<l>OTOH

HOe B3aHMO)],ettCTBHe B paMKax npocTettrneii MO)],eJIH. 3TOH MO)],eJIH, 0)],

HaKo, )],OCTaTOqHo, qTo6bI Bbl51BHTb H KOJIHqeCTBeHHO OilHCaTb OCHOB

Hbie KaqecTBeHHbie MOMeHTbI Jia3epHOH rettepa11HH. 

Cra4HOHapHoe peweHHe: 
nopor reHepa4HH, K03<1><1>H4HeHT ycHneHHR 

IlpocTeiirnee perneHHe CHCTeMa 6anaHCHbIX ypaBHeHHH (4.104), 
( 4.106) HMeeT B CTallHOHapHOM pe)!(HMe pa60TbI Jia3epa, KOr)],a npOH3-

BO)],Hbie no BpeMeHH OT HHBepCHH HaCeJieHHOCTeii H KOHI1eHTpa11HH 

<J>oTOHOB MO)!(HO ITOJIO)!(HTb paBHbIMH Hymo. Tor)],a CHCTeMa Ll.H<l><J>epeH

llHaJibHbIX ypaBHeHHH npeBpamaeTC51 B CHCTeMy anre6paHqecKHX ypaB

HeHHH, perneHHe KOTOpoii HMeeT BH)],: 

(4.108) 

(4.109) 

KaK BHLl.HO H3 nocJie)],Hero paBeHCTBa, HMelOIUHe <l>H3HqecKHH CMhICJI 

IlOJIO)!(HTeJibHhie 3HaqeHH51 CTallHOHapHOH KOHI1eHTpa11HH <J>oTOHOB pea

JIH3YlOTC51 B CJiyqae 

I 
Ne> Nst =-

<J"CTc 

TaKHM o6pa30M, cTa11Hottapttoe 3HaqeHHe HHBepcHH HaceJieHHOC

Teii (4.108) OKa3bIBaeTc51 eme H noporoBbIM 3HaqeHHeM: 

3TO 03HaqaeT, qTO )],JI51 B03HHKHOBeHH51 Jia3epHOH rettepa11HH B CTa1IH

OHapHOM pe)!(HMe [(nph)st > O] Heo6xo)],HMO Ll,OCTH)!(eHHe paBHOBecttoro 
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3Ha'leHH5I HHBepCHH HaceJieHHOCTeif, TaKoro 'ITO Ne > Nth' BhmOJIHe

HHe rrocJie,IJ,Hero HepaBeHCTBa o6ecrre'!HBaeTC5I HaKa'IKOH, ITOCKOJibKY 

N. = NeT + wPT1 (wP - CKopocTb HaKa({Ktt). 0TcIO,IJ,a rroJiyqaeM Bhipa)f(e

HHe )J,Jl5I rroporoBoro 3Ha'leHH5I CKOPOCTH HaKa'IKH Ha e,IJ,HHHUY o6beMa: 

(4.110) 

flptt 3aITHCH 3TOH ¢opMyJihI yqTeHO, 'ITO HHBepcHH HaCeJieHHOCTeH B co

CT05IHHH TepMO)J,HHaMtt'lecKoro paBHOBeCHH OTpHUaTeJibHa: N.r = -\N,rl· 
yfa ITOJiyqeHHOfO Bbipa)J(eHH5I CJie,IJ,yeT, ({TO rroporoBaJI HaKa'!Ka, BOo6w.e 

fOBOp5I, pacxo,IJ,yeTC5I no ,IJ,BYM KaHaJiaM, COOTBeTCTBYIOill.HM )J,BYM CJiara

eMhIM B rrpaBoif qacn1 paBeHCTBa (4.110). flepBoe H3 HHX orneqaeT He

o6xo,IJ,HMOCTH IlOKpbITH5I ITOTepb 3HeprHH 3JieKTpOMarHHTHOfO IlOJl5I B 

pe30HaTope, BKJIIO({a5I ITOJie3Hhie IIOTeptt. BTopoe CJraraeMOe OITHChIBaeT 

rrpeo,IJ,oJieHtte T.H. TerrJioBoro 6apbepa. flpeo,IJ,oJieHtte TerrJioBoro 6apbe

pa no,IJ,pa3yMeBaeT npe,IJ,BapttTeJibHOe BbipaBHHBaHHe HaceJieHHOCTeH pa-

60'IHX ypoBHeif ,IJ,JIH Toro, 'IT06hr Ha pa6o'leM nepexo,IJ,e npottcxo,IJ,HJIO 

ycttJieHtte HJJiyqeHHH, a He ero rrornow.eHtte. B cJiyqae, KOr,IJ,a JiaJep pa6o

TaeT no qeTbipexypOBHeBOH cxeMe, repMomrnaMH'leCKH paBHOBeCHOH 

HHBepc11eti: HaceJieHHOCTeti: MO)f(HO npeHe6peqb, T. e. noJIO)((HTb N.r = 0. 
)l.aHHa5I cttryaUH5I HMeeT MeCTO, ecmi HH)f(HHH pa60'IHH ypoBeHb Jia-

3epHoro rrepexo,IJ,a orneqaeT B036~eHHOMY cocTOJIHHIO orrT11qecKoro 

3JieKTpoHa, np11qeM 3HeprnH ero B036~eHH5I 6oJibllle TeMnepaTyphI 

(B 3HepreT11qecK11x e,IJ,HH11uax). OnniqecKHMH Ha3bIBaIOTC5I 3JieKTpo

HhI, 3HeprH5I B036y)J()J,eHH5I KOTOpbIX 0THOCHTC5I K BH)J,HMOMy H 6JIH3Jie

)((aIUHM crreKTpaJibHhIM ,IJ,ttarra3oHaM. Optt KOMHaTHOH reMrrepaType HMe

eM: T = 0,025 3B, IT03TOMY MH peantt3au1111 qeThrpexypoBHeBOH cxeMbI 

Heo6xo,IJ,ttMo, '!T06hr 3HeprnH HH)((Hero pa6oqero ypoBHH, OTC'!HTaHHaJI 

OT OCHOBHOfO COCT05IHH5I aTOMa, 6bIJia cymecrneHHO 60Jibllle 0,025 3B. 

)l.aHHaJl CMTyaumi KaK pa3 xapaKTepHa )J,JI5I Jia3epa Ha aJIIOMOHTTptteBOM 

rpaHaTe c Heo,IJ,HMOM, Koma E1 - E0 "' 0,25 3B » T. 
TaKHM o6pa3oM, ,IJ,JIJI Jia3epoB, pa6oraroruttx no '!eTbrpexypoBHeBoif 

cxeMe B Bbrpa)J(eHHH )J,Jl5I rroporOBOH CKOpOCTH HaKa'!KH ( 4.110), OCTaeT

C5I TOJihKO rrepBoe cJiaraeMoe B rrpaBOH qacTH paBeHCTBa, orBeqaromee 3a 

KOMnettcaumo noTepb 3Hepmtt M3JIY'feHM5I B pe3ottarnpe. 

CpaBHeHHe Bbrpa)((eHHH ( 4.109) H ( 4.110) roBopm o TOM, 'ITO poJib 

napaMeTpa T1 Heo,IJ,H03Ha'!Ha. C O)J,HOH cTopoHhI, c pocroM BpeMeHtt 

npo,IJ,OJibHOH peJiaKCaUHH yMeHblllaeTC5I noporoBOe 3Ha'!eHHe CKOpoc

TH HaKa'!KH, '!TO o6JierqaeT ocymecTBJieHtte pe)((HMa reHepauHH Jia3epa. 
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c .upyroif CTOpOHbl, 60JibUIOe BpeMH Tl COOTBeTcrnyeT MaJIOH KOHueHT

pauMH QJOTOHOB B CTauwottapHOM pe)l(HMe ( 4.109). l.JTO KacaeTCH BpeMe

HH )l(lf3HH QJOTOHa B pe30HaTOpe z;,, TO H3 QJOPMYJI ( 4.108)-( 4.110) CJie

.uyeT, '-ITO 6oJibUiee 3HalJ:ettwe 3Toro napaMeTpa YMeHbUiaeT noporoBbre 

BeJIHlJ:HHbl H yBeJIHlJ:HBaeT 3Heprmo TIOJIH B pe30HaTope. 0.uHaKO cne.uyeT 

HMeTb B BM.UY, '-ITO CJIHUIKOM 60JibUIMe 3HalJ:eHMH re YMeHblllalOT TIOJie3-

Hbie TIOTeptt, T. e. 3Hepml0 M3JiyqeHMH Ha BblXO.Ue H3 pe30HaTopa. TaKHM 

o6pa30M, cymecrnyeT OTITHMaJibHOe c TOlJ:KH 3peHMH MaKCHMaJibHOfO Bbl

xo.ua H3JiyqeHMH 3HalJ:em1e BpeMeHH )l(H3HH QJOTOHa B pe30HaTOpe. 

C.ueJiaeM lJ:HCJieHHhre oueHKM noporoBbIX BeJIHlJ:MH, Ja.uasaeMbIX <}lop

MyJiaMtt (4.108) H (4.110), MH napaMeTpOB Jia3epa Ha aJllOMOHTTpHeBOM 

rpaHaTe c HOHaMH HeO,UHMa. lfcnOJih3yeM BpeMH )l(lf3HH QJOTOHa B pe30-

HaTope re = 2,4 · 10-8 C, xapaKTepttoe MH HenpepbIBHOfO pe)l(MMa pa6o

TbI. ,ll.JIH noporosoro 3HalJ:eHHH HHBepc1m HaCeJieHHOCTeH c TIOMOlll,blO 

<}lopMyJihI (4.108) ttaxo.uwM ~h = 1,98 · 1015 cM-3. Molll,HOCTh HaKa'IKH 

Ha e,UHHMUY 06beMa CBH3aHa co CKOpOCTblO HaKalJ:KM nocpe,UCTBOM pa

BeHCTBa p = nmp WP' r.ue nmp - 3HepmH QJOTOHa HaKalJ:KH. B paccMaTpH

BaeMOM CJiyqae nmp z 1,5 3B (2,4 · 10-19 )J,)l(). C yqeTOM TOfO, '-ITO ,UJIH 

lJ:eThrpexypoBHesoif cxeMbI N.r = 0, HJ paBettcTBa ( 4.110) ttaxo.uttM 

( ) 
limp 

p th = T.ucr · 
I c 

DO.UCTaBJJHH B 3TO Bbipa)f(eHMe lJ:HCJieHHbie 3HalJ:eHHH napaMeTpOB, 

noJiyqaeM .UJIH noporoBoro 3HalJ:eHHH TIJIOTHOCTH MOlll,HOCTM HaKalJ:

KH (p)th = 1,9 BT/CM3. 

PaccMOTPHM Tenepb BJaHMO.Ueifcrnue HJJiyqeHHH c selll,ecrnoM B 

HeCKOJibKO .Upyroif TIOCTaHOBKe. DyCTb TIOTOK QJOTOHOB jph lJ:aCTOTbl m 
pacnpocTpam:reTCH B.UOJib OCH z qepe3 cpe.uy, c aKTHBHbIMH ueHTpaMH, 

JJMelOlll,HMH pe30HaHCHbIH lJ:aCTOTe H3Jiyqemrn .UHTIOJibHO-pa3peUieHHhIH 

nepexo.u. B cJiyqae, Kor.ua pe'-lh H.UeT o 11a3epax, TaKaH cpe.ua HaJbrnaeTCH 

aKTMBHOH cpe.uoif. Ha pe3oHaHCHOM nepexo.ue 6y.uyT npoucxo.uHTh no

rnorueHMH M BhIHy)l(,UeHHhie H3JIYlJ:eHHH QJOTOHOB. KpoMe Toro, npe.uno

JIO)f(HM B03MO)f(HOCTb .upyr11x MeXaHH3MOB OCJia6JieHHH QJOTOHHOfO nyq

Ka. YpaBHeHHe, onHchIBaIOlll,ee HHTeHCHBHOCTh H3JiyqeHMH I = limjph 
KaK QJYHKUHIO npoif.ueHHOfO paCCTOHHHH B.UOJih OCH Z, JiefKO TIOJIYlJ:MTb 

H3 BTOporo 6anaHCHOfO ypasHeHMH (4.106). )J,JIH 3TOro B HeM H~HO 

npOH3BeCTM 3aMeHhI: 

I 
nph ~ --; 

lime 
z 

t~-, 
c 
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BBeCTH K03<P<PttuHeHT 3KCTHHKUHH (ocna6neHmI) 

K03<P<PttuHeHT ycHJieHmI/IIOfJIOIUeHH51 H3JiyqeHH51 Ha pe30HaHCHOM ne

pexo;:i:e K = aN. Tor;:i:a BMeCTO (4.106) Haxo;:i:HM 

(4.111) 

.HcHO, qTO M51 ycHJieHH51 H3JiyqeHH51 Ha pe30HaHCHOM nepexo;:i:e Tpe-

6yeTC51 BblIIOJIHeHHe HepaBeHCTBa K > 0, OTKy;:i:a c yqeTOM IIOJIO)l(HTeJib

HOCTH ceqeHHH H3nyqaTeJibHOro nepexo;:i:a cne;:i:yeT Heo6xoauMoe ycnoBHe 

na3epHoM: reHepaUHH ( 4.107). B npocTeM:weM cnyqae, Kor;:i:a HHBepCHH 

HaceneHHOCTeM H K03<P<PttuHeHT 3KCTHHKUHH He 3aBHC51T OT KOOp)l;HHa

TbI z, peweHHe ( 4.11 I) HMeeT BM 

I ( z) = I ( 0) exp [ ( K - Kext) Z] 

(3aKoH Eyrepa-JlaM6eprn-Eepa). 0Tc10;:i:a cne;:i:yeT, qrn ;:i:ocTaTO'lHhIM 

ycJIOBHeM yCHJieHHeM H3JiyqeHH51 Ha yqaCTKe aKTHBHOM cpe;:i:bI 51BJI51eTc51 

BbIIIOJIHeHHe COOTHOllleHH51 K > Kext' 3TO HepaBeHCTBO MO)l(eT 6hITb IIe

peIIHCaHO B BH;:i:e 

HJIH 

qTO COBIIa;:i:aeT c onpe;:i:eneHHeM paHee BBe;:i:eHHOM noporOBOM HHBepCHH 

HaceneHHOCTeM: (4.108). TaKHM o6pa30M, ;:i:nH ycttneHHH cBeTa B yqacTKe 

aKTHBHOM cpe)l;bl )l;OJl)l(Ha 6bITb )l;OCTHrHyTa noporoBa51 HHBepCH51 Hace

neHHOCTeM. 

3<P<PeKT HaCbIIUeHH51 ( 4.105) MO)l(eT 6bITb 3a1rncaH qepe3 HHTeHCHB

HOCTH H3JiyqeHHH I= cnphnm: 

N(I) = N. 
1 + Jj /sat 

(4.112) 
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r)l,e [sat - 11HTeHCl1BHOCTb HaCbIIUeHl1H, rrp11 KOTOpOH 11HBepC11H Hace

JieHHOCTeH YMeHbIIIaeTCH B )],Ba pa3a no cpaBHeH11JO co CBOl1M 3Hal£eHl1-

eM B OTCYfCTBl1e 113JIYl.feHl1H, 

I = nUJo 
sat 2aT., 

l13 paBeHCTBa ( 4.112) CJie)l,yeT Bbipa)!(eH11e )l,JIH HaChill(eHHOro K03cp

cp11u11eHTa yc11JieH11H: 

(!) Ke 
K = 1 +I/I ' 

sat 

(4.113) 

r)l.e Ke = a N. - HeHaCbill(eHHhIH K03cpcp11u11eHT ycm1eH11H. l13 cpopMyJihI 

( 4.113) CJie)l,yeT' 'ITO c pOCTOM 11HTeHCl1BHOCTl1 H3JiyqeHl1H K03cpcp11u11-

eHT yc11JieH11H Ha pe30HaHCHOM rrepexo)l,e rra)l,aeT. 3TO rra)l,eH11e CBH3aHO 

c YMeHbllieHl1eM l1HBepc1111 HaCeJieHHOCTeH 3a Cl£eT yBeJI11l£eHl1H BKJia)l,a 

BbIH~eHHbIX rrepeXO)l,OB c BepxHero 3HepreTl1l£eCKOro ypoBHH Ha Hl1)!(

Hl1H ypoBeHb. Hach1IUeH11e K03cpcp11u11eHTa yc11JieH115l rrpHBO.ll.HT K TOMY, 

'ITO B03HHKaeT orpaHHl£eH11e Ha HHTeHCHBHOCTb Jia3epHoro H3JIYl.feHmI, 

KOTOPYJO MO)!(HO ITOJIYl.fl1Tb B pe)!(l1Me HerrpepbIBHOH reHepau1111: 

I< I = nUJo 
sat 2aT., 

0TMeTl1M' 'ITO ITOJiyl£eHHbie Bb!pa)!(eH11H ( 4.105) 11 ( 4.113)' OI111CbIBa

JOI1(11e 3cpcpeKT HacbIIUeH11H, crrpaBe)l,Jil1BhI )l,JIH O.ll.HOPO.ll.HO yIII11peHHOH 

Jil1Hl111 pe30HaHCHOro rrepeXO)l,a, KOr)l,a O)l,HOpO)l,HaH III11p11Ha !J.mo (4.34) 
MHOro 6oJibllle HeO)l,HOpO)l.HOM III11p11HhI !J.minh' HanoMHl1M, 'ITO rrapa

MeTp !J.minh orrpe)l,eJIHeT pa36poc co6crneHHhIX qacToT pe3oHaHcttoro ne

pexo)l,a ITO)], )l,eHCTB11eM BHelllHero OKp~eHl1H. 3Ta Cl1Tyau11H peaJI11-

3yeTCH B TBep)l,OTeJibHOM Jia3epe Ha aJIJOM011TTp11eBOM rpaHaTe c HeO)l,11-

MOM, )l,JIH KOTOporo !J.m0 = 1,2 · 1012 fu (rrp11 KOMHaTHOM TeMrrepaType), B 

TO BpeM51 KaK !J.minh He npeBbIIIIaeT 1010 ru. DOJiblllaH 0)],HOpO)l,HaH rn11p11-

Ha B )l,aHHOM CJIYl.fae BbI3BaHa B3al1MO)l,eHCTBl1eM OITTl1l£eCKl1X 3JieKTpo

HOB HeO)l,11Ma c cpOHOHaM11 (KOJie6aHl1HMl1 Kp11CTaJIJil1l£eCKOM perneTK11). 

3TO B3al1MO)l,eHCTBl1e yMeHbIIIaeTCH c yMeHbllleH11eM TeMrrepaTyphI, rro

CKOJibKY TOr)l,a KOJie6aHl1H peIIIeTKl1 CTaHOBHTCH Mettee 11HTeHCl1BHbI

Ml1, KaK fOBOPHT, «BbIMOpa)!(l1BaJOTCH» cpoHOHHbie CTerreHl1 CB060)l,bl. 

B pe3yJihTaTe O)l,HOpO)l.Ha51 III11p11Ha na)l,aeT, 11 rrp11 TeMrrepaTypax no

PH.ll.Ka -180 °C HeO)l,Hopo)l.HOe yIII11pett11e cpaBH11BaeTCH c O)l,Hopo)l.-
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HhIM. B ra30BhIX na3epax, HarrpoTHB, )J,OMHHHpyeT HeO)J,HOPOiJ.HOe ynm

peHHe JIHHHH, Bbl3BaHHOe TeITJIOBhlM pa36pocoM CKOpOCTeM H3Jiyqaro

ilIHX aTOMOB H 3cpcpeKTOM .LJ.orrnepa. 

Opw B03)J,eiicTBHH MOlllHOro MOHoxpoMaTwqecKoro H3JiyqeHHH (H3-

nyqeHHH HaKaqKH) c qacTOTOM {J) H HHTeHCHBHOCThIO, rrpeBbilllaIOnreii 

HHTeHCHBHOCTb HaChillleHHH /sat' Ha HeOdHopodHO yutupeHHblU aHCaM6Jib 

HeB036y)l()J,eHHhlX )J,ByxypOBHeBbIX CHCTeM BCJie)J,CTBHe 3cpcpeKTa HaCbl

nremrn npowcxo)J,HT BhrpaBHHBaHwe HaceneHHOCTeii N1 H N2 Tex .LJ.C, qhH 

co6CTBeHHhie qacTOThI coBrra)J,aroT c qacToToii H3JiyqeHHH. Ecnw Terrepb 

IlO)J,eiicTBOBaTb MaJIOMOlllHhIM (rrpo6HblM) nyqoM c rrepeMeHHOM qac

TOTOM m' Ha 3TOT aHCaM6Jih .LJ.C, TO OKa)l(eTCH, qTo rrornonreHHe rrpo6-

HOro H3Jiyqemrn 6y)J.eT OTCYTCTBOBaTb Ha qaCTOTe {J) I = {J), l1HhIMH CJIO

BaMH, H3JiyqeHHe HaKaqKJf «BbI)l(fJIO rrpoBaJI» B crreKTpe rrornonreHHH 

HeO)J,HOPOiJ.HO YllIHpeHHoro aHcaM6m1 qacTHU . .LJ.attttoe HBJieHHe HCITOJih-

3yeTcH B crreKTpOCKOITHH )J,JIH orrpe)J,eJieHHH O)J,HOpO)J,HOM llIHpHHhl crreK

TpaJibHOM JIHHHH, B cnyqae, eCJIH OHO 3aMaCKHpOBaHO HeO)J,HOpO)J,HhIM 

YllIHpeHHeM. 

,QHHaMHKa na3epHOH reHepa4HH: nHLIKOBblM pe>KHM 

MH HCCJie)J,oBamrn )J,HHaMHKH Jia3epHoii reHepauww 6anaHCHbre ypaB

HeHHH ( 4.104) H ( 4.106) YiJ.06Ho rreperrwcaTh qepe3 nepeMeHHhie, Hop

MHpoBaHHhie Ha CBOH CTaUHOHapHbie 3HaqeHH51: 

- N N=-
Nst 

nph 
iiph = ---

( nph )st 

Tor)J,a c rroMOlllhIO cpopMyJI ( 4.108) H ( 4.109) rronyqaeM cne)J,yronryro 

CHCTeMy 6anaHCHbIX ypaBHeHHM B 6e3pa3MepHbIX nepeMeHHhIX: 

.:. R - R. _ Nnph ( - ) . N + _ - ---- Ne -1 , 
7; 7; 

(4.114) 

nph =nph(R-1). (4.115) 
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ti - BpeMH npO)l,OJlbHOM peJiaKCaUHH: 

- Ti Ti=-, 
Tc 

BblpaJKeHHOe qepe3 BpeMH JKH3HH $01'0Ha B pe30Ha1'ope, l'OqKa o603Ha

qaeT )l,HcpcpepeHuHpOBaHHe no 6e3pa3MepHOMY BpeMeHH 

Jtfa CHCTeMbI ypaBHeHHM ( 4.114 )-( 4.115) cpa3y BH)l,HO, qTQ fl = 1 H 

iiph = 1 HBJlHlOTCH ee CTaUHOHapHhIMH pernemrnMH. ,Ll.eHCTBH.l'enhHO, npH 

no)l,CTaHOBKe 3THX 3HaqeHHM B ypaBHeHHH (4.114), (4.115) noJiyqaeM 

fl = iiph == 0, 

T. e. HHBepCHH HaceJieHHOCTeM H KOHUeHTpaum1 cpOTOHOB nepeCTaIOT 

3aBHCeTh OT BpeMeHH. KpoMe Toro, H3 ( 4.114) cJie)l,yeT, qTO )l,JIH: ycHJie

HHH cpOTOHHOro nOJIH B pe30HaTope He06XO)l,HMO BbIITOJIHeHHe HepaBeH

CTBa fl > l - npeBbIIUeHHe HHBepCHH HaceJieHHOCTeM Ha)], CBOHM nopo

fOBbIM 3HaqeHHeM. Toma nph > 0 H KOHUeHTpauHH cpoTOHOB B pe30Ha

Tope c TeqeHHeM BpeMeHH B03pacTaeT. 

CHcTeMa 6aJiaHCHbIX ypaBHeHMM (4.114)-(4.115) HBJIHeTCH HeJIMHeil:

HOM CHCTeMOM o6bIKHOBeHHbIX )l,HcpcpepeHUHaJihHhIX ypaBHeHHM. 0Ha 

CO)l,ep)l(HT qJieHhI, nponopuHOHaJihHhie npOH3Be)l,eHH10 HCKOMhlX cpyHK

UHM. BcJie)l,CTBHe 3Toro )l,aHHaH c11cTeMa He HMeeT peIUeHHH B aHaJIHTH

qecKOM BH)l,e. Ee, o)l,HaKo, HeCJIO)l(HO peIUHTh q11cJieHHO. BpeMeHHhle 3a

BHCHMOCTH HOpMMpOBaHHOM HHBepc1111 HaceJieHHOCTeil: H HOpMHPOBaH

HOM KOHUeHTpauHH cpOTOHOB, noJiyqeHHbie TaKHM o6pa30M, npHBe)l,eHbl 

Ha pHC. 4.4 )l,JIH cJie)l,yIOIUHX 3HaqeHHM napaMeTpOB: t; = 100, fl. = 10. 
Paccq11rnHHh1e cpyHKUHH npe)l,CTaBJIH:IOT co6otl. 3aryxa10m11e OCUHJIJIH

UHH, C)l,BHHYThie )l,pyr OTHOCHTeJibHO )l.pyra npMMepHO Ha noJinepMO)l,a. 

811)1,HO, qTo MaKCHMYMY cpOTOHHOM KOHUeHTpauHH no BpeMeHHOM 

IIIKaJie COOTBeTCTByeT 3Ha'IeHHe HHBepCHH HaCeJieHHOCTeM, 6JIH3KOe K 

MHHHMYMY· ,LJ.aHHOe o6cTOHTeJihCTBO CBH3aHo c TeM, 'ITO no Mepe yBeJI11-

'IeH11H 'IHCJia cpOTOHOB pacTeT KOJIM'IeCTBO HH)l,YUMPOBaHHhIX nepeXO)l,OB 

CMCTeMbI H3 BepxHero COCTOHHHH B HM)l(Hee, 'ITO H npMBO)l,HT K YMeHb

UieHMIO HHBepCMH HaceJieHHOCTeil:. 3TO TaK)l(e CJie)l,yeT H3 ypaBHeHMH 

(4.114), B KOTOpOM B npaBOM qacTM co 3HaKOM MMHYC (MH fl. > 1) 
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BXO,!JJIT KOHUeHTpaum1 cpOTOHOB, pOCT KOTOpotl: rrp1rnO,!:UiT K yBeJUPie

HHIO OTPHUaTeJibHOM rrpOH3BO)J,HOM no BpeMeHH )],JIH HHBepCHH Hace

JieHHOCTetl:. c yBeJitttJ.eHHeM BpeMeHH HOPMHPOBaHHaH HHBepCHH Hace

JieHHOCTH H HOpMMpOBaHHaH KOHUeHTpaUHH cpOTOHOB BhIXO)J,51T Ha Ha

ChIIUeHHe, rrptttl.eM COOTBeTCTBYIOIUMe rrpe)J,eJibHbie 3Ha'l.eHH51 3THX 

BeJIH'l.HH paBHhl e)J,HHMUe, KaK H )J,OJI)J(HO 6bITh )J,JI51 CTaUMOHapHbIX pe

rneHHM CHCTeMbl (4.114)-(4.115). 

6 

5 

4 

3 

2 

20 40 60 

--N(T) 
••••••••• n,.(•) 
--1 

80 100 T 

Puc. 4.4. BpeMeHHhie 3aa11c11MOCTH HOpM11poaaHHoi1 HHBepc1111 HaceJJeHHOCTeil 

(cn/IOWHOR KpueaR) H HOpMHpOBaHHOH KOHI.leHTpau:n11 <f>oTOHOB (nyHK
mupHaR), llBJJll!Oll(HeCl! pemeHHeM CHCTeMbl 6aJJaHCHbIX ypaBHeHHH 

- - t 
(4.114)-(4.115) np11T.,=100, N, = 10, T = -

''c 

C YMeHbWeHHeM rrapaMeTpa Ne, KOTOpb1tl: rro-rrpe)J(HeMy ocrneTCH 

60JiblIIe e)J,HHHUhI, yBeJIH'l.HBaeTCH aMIIJIHTy)J,a KOJie6aHHM HOpMHpOBaH

HOM cpOTOHHOM IIJIOTHOCTH, a BpeMH II051BJieHH51 ee rrepBoro MaKCHMyMa 

pacTeT. MaKCHMaJihHOe 3Ha'l.eHHe HOPMHpoBaHHOtl: HHBepcHH HaceJieH

HOCTH rrpH 3TOM H3MeHHeTC51 CJia6o. )],aHHbie 3aMe'l.aHH51 HJIJIIOCTpHpy

IOTCH 3aBHCHMOCT51MH pHC. 4.5, IIOCTpOeHHhIMH )J,JI51 rrpeBbilIIeHHH Ha

Ka'l.KH Ha)], rroporoM Ne = 4 (fi = 100). 
AHaJIOrH'l.Hhre H3MeHeHHH B cpyHKUHHX N ( r) H iiph ( r) rrpo11cxo

,1J,HT rrp11 yBeJIH'l.eHHH OTHorneHHH Tif tc, ':I.TO rroKa3aHo Ha rpacpHKax 

pHC. 4.6. 
0TMeTHM, ':I.TO eCJIH Ha'l.aJibHOe 3Ha'l.eHHe cpOTOHHOM KOHUeHTpaUHH 

paBHO HYJIIO, TO perneHHe CHCTeMbl 6anaHCHbIX ypaBHeHHM )J,JI51 iiph ( T) 

)J,aeT HYJih BO BCeM BpeMeHHOM HHTepBaJie, KaK JierKO y6e)J,HTbC51 Herroc

pe)J,CTBeHHO H3 BH)J,a ypaBHeHHM (4.114)-(4.115). HopMHpOBaHHaH HH-
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Bepcirn: HaceJieHHOCTeH rrptt '.HOM MOHOTOHHO B03pacTaeT BIIJIOTh .L(O 

paBHOBecttoro 3HaqeHHH fr,. Ifa BhIIIIecKa3aHHoro CJie.L(yeT, qTo .L(JIH B03-

HHKHOBettHH Jia3epHOH rettepauHH Heo6XO.L(HMhI «3aTpaBOqHbie» <PoTO

HhI, KOTOpbre B03HHKaIOT B pe3yJihTaTe CIIOHTaHHhIX rrepeXO.L(OB CHCTeMbI 

H3 Bepxttero pa6oqero COCTOHHHH B HmKttee COCTOHHHe. 

10 -- N(T) 
••••••••• n,.(•) 
--1 

5 

20 40 60 80 

Puc. 4.5. To )Ke, 'ITO tta pttc. 4.4 ,!lJlll Ne = 4, Ti = 100 

30 

20 

10 

100 200 300 

--N(<) 
••••••••• n,.(•) 
--1 

! 

•.. 
:~:., ~ f \ 

400 

- 3 -Puc. 4.6. To )Ke, 'ITO tta p11c. 4.4 ,!lJlll 7J = 10 , N, = 10 

100 T 

500 T 

TaKHM o6pa30M, CIIOHTaHHOe H3Jiyqetttte, XOTH tterrocpe.L(CTBeHHO H 

He BXO.L(HT B 6anaHCHOe ypaBHeHHe .L(JIH KOHueHTpauHH <f>oTOHOB, ttrpaeT 

npHHUHIIHaJihHYIO pOJih B MaTeMaTHqecKOM OIIHCaHHH Jia3epHOH rette

pau1rn, rrocKOJihKY 06ecrreq11BaeT ttettyJieBoe ttaqaJihttoe 3tta'Ietttte <Po

TOttttoM: KOHueHTpauHH iiph (t = 0) * 0. 
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KaK BMJ(HO H3 pwc. 4.4-4.6, Jia3epttoe H3Jiyqettwe rrpw crnuwottap

HhIX rrapaMeTpax 

rrpe,ll,CTaBm1eT co6oit IlOCJie,L(OBaTeJihHOCTb MaKCHM}'MOB H MHHHM}'MOB -

TaK tta3hrnaeMhiif «ITH'IKOBhIH» pe)lmM. CymecTBYIOT w ,ll,pyrwe pe)l(HMhI 

pa60ThI Jia3epoB, TaKHe, KaK pe)l(HM MoiJy11Ru,uu iJo6pomHocmu H cuHxpo
HU3au,uu MOO, B KOTOphIX rrapaMeTphI CHCTeMhI MeIDJIOTC51 crreuJrnJihHhIM 

o6pa30M, ,ll,JI51 rronyqeHH51 KOpOTKHX H CBepXKOpOTKHX Jia3epHhIX HM

rryJihCOB. 

BhIIIIeH3JIO)l(eHHoe orrwcattwe 3JieKTpott-<PoTottttoro B3aHMo,L(eitcTBH51 

B paMKax 6anaHCHhIX ypaBHeHHH OTJIH'J:aeTC51 rrpOCTOTOH H IT03BOJI51eT 

rroJiyqHTh p51,ll, Ba)l(HhIX BhIBO,ll,OB. B TO )Ke BpeMH OHO tte,ll,ocrnTOlfHO rrpw 

paCCMOTpeHHH 3<P<PeKTOB, B KOTOphIX cymecTBeHHYIO pOJih HrpaIOT <Pa-

30Bhle COOTHOIIIeHH51 Me)l(,L(y 3JieKTPOMafHHTHhIM IlOJieM H BeIUeCTBOM. 

Tor,ll,a Heo6XO,ll,HMO HCI10Jih30BaTh nocJie,ll,OBaTeJihHhIH 110,L(XO,ll,, OCHOBaH

HhIH Ha KBaHTOBOH MexaHHKe, lJ:eMy 110CB51IUeHhl CJie,ll,yIOIUHe rJiaBbI Ha

CT051IUeit KHHfH. 
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rnABA 

5 
.QH HAM H 4 ECKAff 
nonffPHJYEMOCTbATOMOB 
H HAH04ACTHU 

)l.HHaMl1'IeCKa51 no;rnpH3yeMOCTb 51BJUieTC51 Ba)lrneitrneit Be

JIJlqJlHOH, xapaKTepH3yIOrn,eit CBOHCTBa CHCTeMbl no OTHOlIJeHHIO K 

3JieKTpOMarHHTHOMY B03,UeHCTBHIO. c ee IlOMOIIJ,bIO MO)l(HO onpe.ne

JIHTb xapaKTepHCTHKH pH,na Jl3JiyqaTeJibHbIX npouecCOB. Il03TOMY Me

TO,Ubl paC'-leTa ,UHHaMwqecKOH nom1p1nyeMOCTH 51BJI51IOTCSI. cyrn,eCTBeH

HOH COCTaBHOH qacTbIO OilHCaHH51 B3aHMO,UeHCTBH51 <PoTOHOB c Beme

CTBOM Ha MHKpOCKOilJlqecKOM ypoBHe [1]. 

5.1. onPEAEnEHHE AHHAMH4ECKOH 
AHnonbHOHnon~PH3YEMOCTH 

)l.HHaMJlqecKaSI. (.UHilOJlbHa51) IlOJI51pH3yeMOCTb /J( w) npe.n

CTaBJISl.eT co6oit Ba)l(HYIO cneKTpOCKOilJlqecKYIO xapaKTepHCTHKY aTOMOB 

Jl HaH006beKTOB, OilHChIBaIOIIJ,YIO OTKJIHK Ha BHellIHee 3JieKTpoMarHHT

HOe B03MymeHHe B CJiyqae, eCJIH HanpSI)l(eHHOCTb B03Myma10mero IlOJl51 

MHOfO MeHbllie aTOMHOH ttanpH)l(eHHOCTH 

2 5 

E « E
0 

= m.: :: 5,14·109 B/cM, 
n 

a MHHa 3JieKTpOMarHHTHOH BOJIHbI MHOfO 60Jibllie pa3MepoB aTOMa. 

c MaTeMaTJlqecKOH ToqKJl 3peHH51 IlOJI51pH3yeMOCTb npe,ncTaBJIHeT 

co6oit B o6meM cnyqae Tett3op BToporo pattra fJ ij' CB513bIBaIOrn,wit tta.se

.netttthIH B 3JieKTpOHHOM OCTOBe qacTHUbI .UHilOJlbHbIH MOMeHT d Jl Ha

np51)1(eHHOCTb Bttelllttero 3JieKTpwqecKoro nonH E: 

d; (w) = 2, Pu (w) Ej (w ). 
j 

(5.1) 
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,A.JUI ccpepH'leCKH-CHMMeTpH'IHbIX CHCTeM nomrpH3yeMOCTb f3u CBO

)l;HTC51 K CKarrnpy: 

(5.2) 

r.z:i:e Oij - CHMBOJI KpoHeKepa, paBHbIM e)l;HHHUe, eCJIH HH)l;eKCbl HMeIOT 

O.ll:HHaKoBoe 3Ha'leHHe, H HYJIIO - B npoTHBHOM cnyqae. Toma paBeH

crno (5.1) npHHHMaeT npOCTOM BH)l;: 

d(w) = f3(w)E(w). (5.3) 

IlOJI51pH3yeMOCTb aTOMOB onpe.z:i:eJI51eT )l;H3JieKTPH'leCKYIO npOHHuae

MOCTb cpe)l;bl E(w) B COOTBeTCTBHH c cpopMyJIOM KJiay311yca-MocoTTH: 

(5.4) 

me Na - KOHUeHTpauHH aTOMOB Bemecrna. ,AJIH npocTOTbI B (5.4) npe.z:i:

noJIO)!(eHo, 'ITO cpe.z:i:a COCTOHT H3 aTOMOB O)l;HOro copTa. 

3aMeTHM, 'ITO B OCHOBe p51.z:i:a 3KCnepHMeHTa.TlbHblX MeTO)l;HK onpe.z:i:e

JieHH51 )l;HHaMH'leCKOM nOJI51pH3yeMOCTH /J(w) Jie)!(HT ee CB513b c noKa3a

TeJieM npenoMJieHHH Bemecrna [KOTOpbIM MH npo3pa'IHOM cpe.ll:bI onpe-

.z:i:enHeTCH paBeHCTBOM n(w) = ~e(w)], cne.z:i:y10ma51 H3 paBeHcrna (5.4) . 

..QHHaMH'leCKa51 nOJI51pH3yeMOCTb onpe.i:i:enHeT C)l;BHr 3HeprHH aTOM

HOro ypOBH51 tl.En BO BHenrneM 3JieKTpH'leCKOM none. Bo BTOpOM nop51)];

Ke TeOpHH B03MYIUeHHM )l;Jl51 Hepe30HaHCHOro BHenrnero noJI51 EH ccpe

PH'leCKH-CHMMeTpH'IHOro 3JieKTpOHHOro COCT051HH51 COOTBeTCTBYIOIUa51 

nonpaBKa K 3HeprHH HMeeT BH.ll: 

t:,.£(2) = _ ! /3 (w) £2 
n 2 n • 

(5.5) 

<I>opMyJia (5.5) onHCbIBaeT KBa.z:i:paTH'IHbIM 3cpcpeKT IllrnpKa. B CJiy

qae, Kor.z:i:a qacToTa BHenrnero noJIH coBna.z:i:aeT c co6crneHHOM qacTOTOM 

aTOMa, C)l;BHr 3Hepnrn OKa3bIBaeTC51 JIHHeMHbIM no Hanp51)!(eHHOCTH 3JieK

TpH'leCKOro noJI51 - JIHHeMHbIM 3cpcpeKT IlITapKa. JlHHeMHbIM 3cpcpeKT 

IllrnpKa pearr113yeTcH TaK)!(e B cnyqae Bb1po)!()l;eHttoro no BeJIH'IHHe op-

6HTa.TibHOro MOMeHTa aTOMHOro COCT051HH51, KaK 3TO HMeeT MeCTO )l;Jl51 

aTOMa BO)l;Opo.z:i:a H BO)l;Opo.z:i:ono.z:i:o6Hb!X HOHOB. 

CTaTH'lecKaH nonHpH3yeMOCTb, T. e. noJI51pH3yeMOCTb Ha HyJieBOM 

qacTOTe /3 (w = 0), onpe.z:i:enHeT C)l;BHr ypOBH51 B nOCT051HHOM 3JieKTpH-
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qecKOM none 11, KpOMe Toro, noTeHJ.J;11a.JI Me)!(aTOMHOro B3a11MO,IJ,ei1:cTB1151 

Ha 6onhlll11X paccTOHH11HX (noTeHU11a.JI B3a11MO,IJ,ettcTB1151 Batt-,IJ,ep-Ba

a.Jibca). flOCKOnhKy CTaT11'IeCKa51 non51p113yeMOCTb HBJIHeTCH non0)!(11Tenb

HOH BeJI11'I11HOH (CM. H11)!(e), TO 113 paBeHCTBa (5.5) cne,IJ,yeT, 'ITO 3Hepm51 

HeBblpO)!(,ll,eHHOro aTOMHOro COCT05IH1151 yMeHblllaeTC51 B np11CYTCTB1111 

nOCTOHHHOfO 3JieKTP11'IeCKOfO nOJI51. floTeHU11a.JI B3a11MO,IJ,eHCTB1151 HeH

Tpa.JibHOro aTOMa c Me,IJ,JieHHOM 3apsi:)!(eHHOH qacT11uen Ha 6onhlll11X pac

CTOHH11HX TaK)!(e onpe,IJ,eJI51eTC51 ero CTaT11'!eCKOM nonsi:p113yeMOCTblO 

2 p (0) 
vpol (r) = -eo -4-' 

2r 
(5.6) 

me eo - 3apH,ll, '!aCT11Uhl. c 11cnonb30BaH11eM (5.6) MO)!(HO nonyq11Th CJie

,IJ,YIOlllee Bb1pa)!(ett11e ,ll,JI51 ceqeH1151 ynpyroro CTOnKHOBeH1151 3apsi:)!(eHHOH 

'!aCT11Uhl c aTOMOM B cnyqae np11MeH11MOCT11 KJ1acc11qecKoro np116JIH)!(e

H11H ,IJ,nsi: on11caHH5I ,IJ,B11)!(ett11si: Ha.JieTaIOllleii qacT11UhI c 3ttepr11en E: 

(5.7) 

0TMeT11M, 'ITO paBeHCTBO (5.7) CJie,IJ,yeT (c TO'IHOCTblO ,ll,O K03cpqm

u11eHTa, paBHOro 2) 113 (5.6), eCJI11 onpe,IJ,eJI11Th 3cpcpeKT11BHbIH pa,IJ,11yc 

pacce51H11H r E c nOMOIUbIO ypaBHeH11H 

5.2. AHHAMH4ECKAJI nonJIPH3YEMOCTb 
ATOMA 

(5.8) 

Bhrpa)!(ett11e ,IJ,JIH ,IJ,11ttaM11'!eCKOH nonHp113yeMocT11 aToMa 

MO)!(eT nonyqetto 6e3 11cnOJib30BaH11H KBaHTOBOH Mexatt11K11 c noMOIUbIO 

cneKTpOCKon11qecKoro np11ttu11na COOTBeTCTBlIH, ll3JIO)!(eHHOfO B rn. 4. 
Bhl'I11Cn11M ,ll,11IlOnhHbIM MOMeHT a TO Ma dB MOHOXpOMaT11'IeCKOM none 

E (t) = 2 Re { Ew exp(-imt)}, 

KOTOpbIH no onpe,IJ,eJieHIIIO paBeH 

d (t) = 2 Re {,B (w) Ew exp (-iwt)}. (5.9) 
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<l>ypbe-KOMTIOHeHTa ,[J,HTIOnhHOfO MOMeHTa .a,aeTCH Bbipa:>KeHHeM 

(5.10) 

B <PopMynax (5.9) H (5.10) E(j) - KOMnneKCHhIH BeKTOp HanpH:>KeH

HOCTH 3JieKTplfqeCKOfO TIOJIH B MOHOXPOManrqecKOM H3nyqeHHH, HBJIH

JOIUHHC5I <l>ypbe-KoMnotteHTOH OT E(t). 
HanOMHHM, qTo ,[J,HTIOJibHhIH MOMeHT aToMa B OTC)'TCTBHe BHeUIHHX 

TIOJieH paBeH Hymo B CHJiy c<PepnqecKQH CHMMeTpHH, TI03TOMY BeJUfiH

Ha HaBe.a,eHHOfO ,[J,HTIOJibHOfO MOMeHTa .a,e:HCTBHTeJibHO MO:>KeT CJIY:>KHTb 

Mepon B03MymeHH5I aTOMa BHellIHHM B03,[J,eHCTBHeM. JlttHeHHaH 3aBHCH

MOCTb d(t) OT Hanp5I:>KeHHOCTH 3JieKTpttqecKoro TIOJIH (5.9) cnpaBe,[J,JIHBa 

B cnyqae MaJIOCTH BennqHHhI EB CMbICJie BbIIIOJIHemrn ttepaBeHcTB (I.9). 
TaKHM o6pa30M, MH ,[J,OCTaTO'IHO MaJihIX TIOJieH OTKJIHK aTOMa Ha 3JieK

TpOMarHHTHOe B03MyllJ,eHHe MO)l(eT 6bITb oxapaKTepH30BaH ero TIOJIHpH-

3yeMOCTblO /J(w). 
Cornactto cneKTpocKon11qecK0My npHHUHTIY cooTBeTcTBHH H3Mette

HHe COCT05IHH5I aTOMa CKJI<l,UbIBaeTC5I 113 H3MeHeHHH ,UBH)l(eHHH OCUHJI

JI5ITOpOB, COOTBeTCTBYlOUIHX nepexo.uaM Me)l(,[J,y aTOMHbIMH COCTOHHHH -

MH (ocuHJIJIJITopoB nepexo.a.oB). HepaBettcrna (l.9) 03Haqa10T MaJIOCTb 

B03MyIUeHHH COCT05IHH5I aTOMHOfO 3JieKTPOHa B pe3yJibTaTe )J,eHCTBHH 

3JieKTpoMarHHTHoro nonH. TaKHM o6pa3oM, MO)l(HO cqnTaTb OTKJIOHe

HHH OCUHJIJI5ITOpOB nepexo,n:OB OT TIOJIO)l(eHH5I paBHOBeCHH TIO)], B03)J,eH

CTBHeM TIOJI5I E(t) MaJibIMH, TI03TOMY M5I n-ro OCUHJIJIHTOpa cnpaBe)J,JIH

BO ypaBHeHHe )J,BH)l(eHJrn B rapMOHH'IeCKOM npH6JimI<:eHHH: 

(5.11) 

r.a.e 'n - pami:yc-BeKTOp, COOTBeTCTBYIOIUHH OTKJIOHeHHIO OCUHJIJIHTOpa 

nepexo.a.a OT TIOJIO)l(eHHH paBHOBec1rn; JOn' {J)On' Ion - KOHCTaHTa 3aTyxa

HH5I, co6crneHHa5I qacToTa H CHJia OCUHJIJUITOpa. ,l],JIH npoCTOTbl pac

CMaTpHBaeM O)J,H03JieKTpOHHbIH aTOM B OCHOBHOM COCTOHHHH, )J,HTIOJib

HbIH MOMeHT KOToporo paBeH d = er. (B cnyqae MHOf03JieKTPOHHOfO 

aTOMa ,[J,HTIOJibHbIH MOMeHT paBeH CYMMe LJ.HTIOJibHbIX MOMeHTOB aToM

HbIX 3JieKTpOHOB.) B CHJIY npHHUHTia COOTBeTCTBHH HaBe.a.eHHhIH LJ.H

TIOJibHbIH MOMeHT aTOMa CKJiaLJ.bIBaeTCH H3 HaBe.a.eHHbIX Ll.HTIOJibHbIX MO

MeHTOB OCUHJIJIHTOpOB nepeXO)J,OB B n-e COCT05IHHe dn: 

n n 
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CTepeXO.IUI B 3TOM paBeHCTBe K <f>ypbe-KOMilOHeHTaM, 11MeeM 

(5.12) 

r.r:i:e rnw - <f>ypbe-o6pa3 pa,11,11yca-BeKTopa OTKJIOHeHl1R OCI.J,11JIJIRTOpa ne

peXO,[la OT rrOJIO)l(eHHR paBttoaec11R. Bhrpa)l(ett11e MR 3TOH aeJil1'Il1HhI 

cnenyeT 113 ypaBHeHHR ,[lBH)l(eHl1R (5.11): 

(5. l 3) 

00,[lCTaBJISJR <i>OPMYJIY (5.13) B paaeHCTBO (5.12) 11 HCilOJib3YR on

pe,[1,eJieH11e IlOJIRp113yeMOCTl1 (5. l 0), HaXO,[lHM ,[l,JlH Hee CJie,[ly10mee Bhl

pa)l(ett11e: 

(5.14) 

0TCIO,[la BbITeKaeT' 'ITO )J,11HaM11l.JeCKaR ITOJIRpH3yeMOCTb aTOMa rrpen

CTaBJIReT co6oll:, aoo6me fOBOpR, KOMilJieKCHYIO BeJIH'IHHY c pa3MepHO

CTblO o6beMa. MHl1MaR l.JaCTh IlOJIRp113yeMOCTl1 nponopl.l,HOHaJibHa KOH

CTaHTaM JaTyxaH11H ocuHJIJIRTopoB nepexo)J,OB. CyMMa a npaaott l.JaCTl1 

paneHCTBa ( 5 .14) BKJIIO'IaeT B ce6sr KaK CyMMl1pOBaH11e no ,[lHCKpeTHOMY 

3HepreTH'IeCKOMy cneKTpy, TaK 11 l1HTerp11poBaH11e no HenpepbIBHOMY 

cneKTPY 3Hepr1111. MH11MaR l.JaCTh nom1p1nyeMocT11 orneTcTBeHHa Ja 

rrornomeH11e 11JJIYl.JeH11R, a nettcTBl1TeJibHaR l.JaCTh onpeneJIReT npeJioM

JieH11e 3JieKTpOMarHl1THOH BOJIHhl B cpene. Bb1pa)l(ett11e (5.14) OITl1CbIBa

eT He TOJihKO 0,[lH03JieKTpOHHhIH, HO 11 MHOf03JieKTPOHHhIH aTOM. MHo

f03JieKTpOHHOCTb aTOMa Yl.JHTbIBaeTCR TeM o6CTORTeJihCTBOM, 'ITO Bon

peneJieHl111 Cl1Jlhl OCI..l,HJIJIRTOpa (4.51) ,[lHITOJihHhIH MOMeHT aTOMa paBeH 

CYMMe .!111IlOJibHblX MOMeHTOB ero 3JieKTpOHOB. 

I-fa paneHCTBa (5.14) MO)l(HO ITOJiyt-rHTh HeCKOJihKO Ba)l(HbIX npeneJib

HhIX CJIYl.Jaes. TaK, ecn11 l.JacToTa BHeurnero rroJIH paBHa HYJIIO, TO <i>op

MyJia (5.14) .IIaeT Bhipa)l(eH11e MR CTaTHl.JeCKOH IlOJIHp113yeMOCTH aTOMa: 

(5.15) 

0TCIO.IIa B11.IIHO, 'ITO CTaTl1l.JeCKaR IlOJIHpl13yeMOCTb - )J,eiicTB11TeJibHaR 11 

ITOJI0)1(11TeJibHaR BeJIH'Il1Ha. 0Ha 11MeeT 60JibIIIOe l.Jl1CJieHHOe 3Hal.Jett11e, 
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ecmi: B crreKTpe arnMa ecTb rrepexo.UbI c 6oJibIIIOH cH.TioM: ocu1rnmnopa M 

MaJIOH co6cTBeHHOH qacTOTOH. 

B rrpoTttBOIIOJIO)l(HOM, BbICOKO'faCTOTHOM, rrpe.uene, Kor.ua fiw » Ip 
(Ip - IIOTeHUMaJI MOHM3aUMM aTOMa) M MO)l(HO rrpette6pe'Ib co6cTBeH

HbIMM '!aCTOTaMM B 3HaMeHaTemIX ( 5 .14)' M3 cpopMyJibl ( 5 .14) c y'IeTOM 

30JIOToro rrpamrna cyMM (4.52), rroJIYlJaeM 

e2N 
/3~ (w) = --; . 

mw 
(5.16) 

8blCOKO'!aCTOTHaH I10JIHpM3yeMOCTh aTOMa ( 5 .16) - .ueM:cTBMTeJibHaH 

M OTpwuaTeJihHaH BeJitt'Itttta. 

Ecntt qacToTa BHeIIIttero rroJIH 6JIM3Ka K o.uttoM: H3 co6CTBeHHhIX qac

TOT OCUMJIJIHTOPOB rrepexo.ua, TaK 'ITO BhUIOJIHHeTCH ycJIOBMe pe3ottattca 

(5.17) 

M MO)l(HO OCTaBMTh O,UHO pe30HaHCHOe cnaraeMOe B CYMMe (5.14), TO M3 

(5.14) cne.uyeT Bbipa)l(eHMe ,UJIH pe30HaHcHOH I10JIHptt3yeMOCTM: 

/Jres (w) = (-e-2 J fon / , 
2mmon Won - aJ - it5on 2 

(5.18) 

Ilptt BbIBO,Ue (5.18) M3 (5.14) B Hepe3oHaHCHhIX KOM6ttttaUMHX 6brno 

rrpette6pe)l(eHO OTJIH'IMeM qacTOTbl BHeIIIttero ITOJIH OT co6cTBeHHOM qa

CTOTbl rrepexo.ua. Pe30HaHCHaH ITOJIHptt3yeMOCTb HBJIHeTCH KOMITJieKCHOH 

BeJIM'IMHOH, .uetiCTBMTeJibHaH '!aCTh KOTopoM: MO)l(eT 6bITh KaK ITOJIO)l(M

TeJibHOH, TaK M OTPHUaTeJibHOH. 

PaBeHcTBo (5.10), orrpe.uenHIOIIIee .UttttaMtt'IeCKYIO rronHptt3yeMocTh, 

ITOCJie B3HTMH o6paTHOf0 <l>ypbe-rrpeo6pa30BaHMH MO)l(eT 6b!Tb rreperrtt

catto B Btt.Ue 

d(t)= f /J(r)E(t-r)dr, (5.19) 

r.ue /3( r) - .ueM:cTBMTeJibHaH cpyHKUMH BpeMeHM, <l>ypbe-o6pa3 KOTOpoM: 

paBeH .UMHaMH'IecKoM: rroJIHptt3yeMOCTM /J(w). Hatt6onee rrpocrne Bbipa

)l(ettwe MH /3( r) cne.uyeT H3 cpopMyJihI (5.18): 

(5.20) 
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rJJ,e e( r) - CTyITeH'laTa.sI cpyHKUH.sI X3BHCai1:JJ,a. BpeMeHHa.sI 3aBHCHMOCTb 

HaBe)J,eHHOro )J,HITOJibHOro MOMeHTa d(t) COBITaJJ,aeT c BpeMeHHOH 3aBH

CHMOCTblO ITpaBOH 'laCTH paBeHCTBa (5.20) )J,JI.sI )J,eJibTa-HMITYJibCa ITOJI.sI: 

E(t) = E0o(t), 

me o(t) - )J,eJibTa-cpyHKUH.sI .Ll.ttpaKa. B o6meM CJIY<Jae Bbipa)[(eHHe )J,JI.sI 

/3( r) MO)[(eT 6bITb ITOJIY<JeHO ITyTeM 3aMeHbl <JaCTOTbl 

H CYMMHpOBaHH.sI ITO BCeM OCUHJIJI.sITOpaM ITepeXO)J,OB. 3aMeTHM, 'ITO 

yMeHbllieHHe co6CTBeHHOM 'laCTOTbl KOJie6aHHH c Y<JeTOM 3aTyxaHH.sI, 

CJieJJ,y10w:ee H3 ITpHBe)J,eHHOH 3aMeHbl, BITOJIHe ecTeCTBeHHO, ITOCKOJibKY 

TpeHHe (aHaJIOr 3aTYXaHH.sI) yMeHhrnaeT CKOpOCTb )J,BH)[(eHH.sI. 

5.3. 061..1.V1E COOTHOWEHHH 
An.ff AHHAMH4ECKOH nonHPH3YEMOCTH 

lfa cpopMyJihI (5.20), B 'laCTHOCTH, cJieJJ,yeT paBettcrno HYJIIO cpyHK

UHH /3( r) )J,JI.sI BpeMeH T < 0, 'ITO .sIBJI.sieTC.sI OTpa)[(emteM ITPHHUHITa npu
lfUHHOcmu . .LJ.eticTBHTeJibHO, KaK 3TO BH)J,HO H3 (5.19), 'IT06br CJie)J,CTBHe 

ITO BpeMeHH 6bIJIO IT03)[(e ero ITpH'IHHbl, Heo6XO)J,HMO BbJIIOJIHeHHe yc

JIOBH.sI: /3( T < 0) = 0. IlpHHUHIT ITpH'IHHHOCTH HaJiaraeT OITpeJJ,eJieHHble 

orpaHH'leHH.sI Ha BH)J, cpyHKUHH /J(m), OTKyJJ,a BbJTeKaIOT COOTHOllieHH.sI 

KpaMepca-KpoHuca, CB.sI3bIBa10rn:ne JJ,eMCTBHTeJihHYIO H MHHMYIO 'laCTh 

)J,HHaMH'leCKOM ITOJI.sipH3yeMOCTH. 3TH cpopMyJihl HMeIOT BM)], 

Re{P(m)} = ;vp L ImJ~_(:')} dm'; 

Im{/J(m)} =!VP L Re~~~,')} dm', 

BBe)J,eH HHTerpan B CMblCJie rnaBHOro 3Ha'leHH.sI: 

VP+f= f(x) dx = lim jaf-d f(x) dx + +f= f(x) dx). 
x - a d .... o x - a x - a 

-oo -oo a+~ 

(5.21) 

(5.22) 

(5.23) 
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00Jib3Y.HCb paBeHCTBaMH (5.21) H (5.22), MO)!(HO no MHHMOM qaCTH 

IlOJI.HpH3yeMOCTH BOCCTaHOBHTb )1,eMCTBHTeJibHYIO qacTb H Hao6opoT. IlpH 

npaKTwqecKOM HCnOJib30BaHHH B <tiopMyJie (5.21) y,l1,06HO nepei1TH K 

HHTerpwpoBaHHIO no nOJIO)KHTeJibHbIM qacTOTaM H npe,l1,CTaBHTb maB

HOe 3HaqeHHe HHTerpana B BH)J,e HHTerpana c «BbIKOJIOTOM» TOqKoi1. Toma 

HMeeM: 

[ ( )]
- 2J~OJ'lm[.B(OJ')]-OJ1m[.B(OJ)] , 

Re .B OJ - - 2 2 dOJ . 
7l o OJ' - OJ 

(5.24) 

IlpH BbIBO)J,e (5.24) 6bIJIO yqTeHO, qrn MHHMa.H qacTb noJI.HpH3yeMO

CTH .HBJI.HeTC.H HeqeTHOM <liYHKIJ,Hei1 qacTOTbI. 

11MeeT MeCTO Ba)!(HOe COOTHOilleHHe, CB.H3bIBaIOmee MHHMYIO qaCTb 

)1,HHaMHqecKOM noJI.HpH3yeMOCTH H ceqettwe <tioTonomomeHH.H CTph(OJ) 
(CM. pa3)1,. 4.6). 3TO COOTHOilleHHe Ha3bIBaeTC.H onmu'leCJWU meopeMOU H 

HMeeT BH)J,: 

Im[.B(OJ)] = _
4

c CTph (OJ). 
J[OJ 

(5.25) 

c nOMOIIJ,blO onTHqecKOM TeopeMbI H3 <tiopMyJibI (5.24) MO)!(HO HaMTH: 

Re [/3 (OJ)] = _c_f~ CTph (OJ')- CTph (OJ) dOJ'. 
27l2 OJ'2 _ m2 

0 

(5.26) 

PaBettcTBO (5.26) )1,aeT Bbipa)!(ettwe ,lJ,eMCTBHTeJihHOM qacTH noJI.HpH-

3yeMOCTH qepe3 ceqettwe <tioTonomomeHH.H. B 'laCTHOCTH, )1,JI.H CTaTH

qecKoi1 nOJI.HPH3yeMOCTH HMeeM: 

(5.27) 

113 (5.26) MO)!(HO noJiyqHTb npaBHJIO CYMM )1,JI.H ceqeHH.H <tiornnomo

lIIeHH.H, eCJIH nepei1TH K npe,l1,eJiy {J)-'J 00 H BOCnOJib30BaTbC.H Bbipa)KeHH

eM (5.16) )1,JI.H BbICOKOqacTOTHOM noJI.HpH3yeMOCTH: 

~ J CTph (OJ)dOJ = N; 
27l 0 

2~ -f m Im {.B(OJ)}dOJ = N. 
7l 0 

(5.28) 

Brnpoe paBeHcTBo B (5.28) cJie,lJ,yeT H3 nepBoro c yqeToM onTwqecKoi1 

TeopeMbI (5.25). 
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KaK OTMeqaJiocb, Bhilllenp1rne.ueHHb1e ¢>opMyJihI ;::i:m1 nom1p1nyeMo

CTH cnpaBeLJ:JIHBbl .um1 c¢>epwqecKH-CHMMeTpHqHoro COCT051HH51 aTOMa. 

B 06ll!eM CJiyqae TeH30p fJ ij LJ:JI51 aTOMa, Haxo.umuerocSI B COCT051HHH 

lnlm), r;::i:e n, I, m - rnaBttoe, op6HTa.TihHOe H MarHHTHOe KBaHTOBbie 

qwcJia, MmKeT 6bITb npe;::i:CTaBJieH B BHLJ:e [2] 

P~1 - ~ PiP:1 ~ PiP:1 0 

fJii = -~ PiP:1 fJ~1 - i P2P:1 0 (5.29) 

0 0 P!1 + PiP~1 

3.uecb BBe;::i:eHbl /3,~/' /3:1, /3~1 - COOTBeTCTBeHHO CKa.TI51pHa51, aHTHCHM

MeTpHY.Ha51 H TeH30ptta51 KOMilOHeHTbI noJI51pH3yeMOCTH. <l>yHKll,HH Mar

HHTHOro H op6HTa.TibHOro KBaHTOBbIX Y.HCeJI P1, 2(m) MH I* 0 paBttbr: 

P.
1 

(m) = m
1 

; p (m) = 3m
2 

- I (I+ 1). 
2 I (21 - 1) 

(5.30) 

,Ll.JIH c¢>epwqecKH-CHMMeTpwqttoro cocTOHHHH, Kor.ua I = m = 0, 
P1 = P2 = 0 H H3 ¢>opMyJihl (5.29) cJie;::i:yeT, qTO nOJI51pH3yeMOCTh aTOMa 

CBOLJ:HTC51 K CKa.TIHpy (5.2). 
c HCilOJib30BaHHeM (5.29) MO)l(HO 3anwcaTb CLJ:BHf H pacmenJieHHe 

MarHHTHbIX no;::i:ypOBHett COCT051HH51 lnlm) B nepeMeHHOM 3JieKTpHY.ec

KOM noJie 

E(t) = ERe{eexp(-imt)} 

(e - B o6meM CJiyqae KOMnJieKCHbIH BeKTOp, npwqeM lei = 1) BLJ:a.TIH OT 

pe3ottattca B BH;::i:e: 

• LJ:JI51 JIHHeHHOH nOJI51pH3all,HH 3JieKTpwqecKoro IlOJI51 

(5.31) 

• LJ:JIH rrpaBoii (+) H JieBoii (-) UHPKYJIHpttbIX rroJI51pH3auwii e;::i:HHHq

ttoro BeKTopa e 
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KoMIIOHeHThI TeH3opa rrom1p1nyeMOCTH /3!1, /3:1, /3~1 paBHbI: 

/3!1 (m) = 3(2: +I) [l a1_1 (m) + (! + l)a1+ 1 (m)]; 

f3:1 (m) = 21 ~ 1 [ a1-_ 1 (m )- a1-+ 1]; 

t 1 [ 2/ -1 ] 
/3n1(m)=-3(2l+I) a1_,(m)+21+3a1+1(m)' 

a-; (m) = m ~ Inf 
I Li (2 2·s:) n' mn'n mn'n - m - laJun'n 

rrpe.IJ,CTaBJUIIOT co6ort COOTBeTCTBYIOIUHe crreKTpaJibHbie CYMMbl. 

(5.33) 

(5.34) 

(5.35) 

(5.36) 

(5.37) 

TaKttM o6pa3oM, <t>opMyJihI (5.29)-(5.37) 0606ma10T rromITtte 

)J,HHaMWieCKOH (.IJ,HIIOJibHOH) rromrptt3yeMOCTH aTOMa Ha o6rutti1 CJiy

lJaH COCTOHHHH lnlm) (I * 0)' KOr.IJ,a IIOJI51ptt3yeMOCTb 51BJI51eTC51 TeH-

30pOM. 

Bbiille pe'lb llIJia 0 )J,HIIOJibHOH rromrptt3yeMOCTH, KOTOpaH OIIHCbl

BaeT OTKJIHK aTOMa Ha npocTpaHCTBeHH0-0.Il,HOpO.Il,HOe 3JieKTpttqec

KOe none. B cny'lae, ecntt xapaKTepHhIH pa3Mep npocTpaHcTBeHHOH 

O)J,HOpO.Il,HOCTH IIOJIH MeHbllie pa3Mepa aTOMa, )J,HIIOJibHaH IIOJIHPH3ye

MOCTb )J,OJDKHa 6b!Tb 3aMeHeHa Ha o6o6rueHHYIO IIOJI51ptt3yeMOCTb aToMa 

/J(m, q), 3aBHCHIUYIO OT nepe.IJ,aHHOfO B pe3yJibTaTe B3aHMO.IJ,eHCTBH51 

HMIIYJihCa liq, c HCIIOJib30BaHtteM /3(m, q) <t>opMyJia (5.1) MO.IJ,H<i>H-

11,HpyeTCH K BH.IJ,Y 

D(m) = J /J(m, q)E(m, q) dq 
3

, 

(2n") 
(5.38) 

r.IJ,e E(m, q) - npocTpaHcTBeHHO-BpeMeHHOH <l>ypbe-o6pa3 3JieKTPH'lec

Koro nonH. )l,JIH rrpocTPaHcTBeHHO-O.IJ,Hopo.IJ,Horo noAA E(m, q) = E(m)J(q) 
paBeHCTBO (5.38) (B CJIYlJae c<t>eptt'IeCKH-CHMMeTpH'IHOfO aTOMHOfO co

CTOHHHH) nepexo.IJ,HT B (5.1) c YlJeTOM Toro, 'ITO /J(m) = /J(m, q = 0). 
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5.4. nonflPMJYEMOCTb 
BOAOPOAOnOA06HOro ATOMA 
(MOHA) 

)],JUI OCHOBHOro COCTOHHHH BO,UOpo.uorro.uo6ttoro aTOMa 06-

mee Bbrpa)f(em1e (5.14) ,UJUI ,UHIIOJibHOM IIOJIHpinyeMOCTH MO)J(eT 6bITb 

rrpe,UCTaBJieHO B 3aMKHYfOM attaJIJ1THqecKOH cpopMe: 

e2 
/JL,· (m) = --2 {I -T(E1s + lim)-T(E1s -lim)}; 

mm 

27175 [ T(E)= 8 2F; 2-17, 4, 3; 
(2-17)(1+17) 

-Z /RY 
17 - V-=2£' 

(5.39) 

r.ue Z - 3apH.u H,Upa; 2F1(a, b, c, z) - mrrepreoMeTp11qecKaH cpyHKUHH; 

E,s = -Z2 Ry - 3Hepm51 OCHOBHOro COCTOHHHH BO,Uopo.uorro.uo6ttoro 

Motta (Ry= 13,6 3B). 
HanoMHHM, qTo r11rrepreoMeTp11qecKaH cpyHKUHH 2F1(a, b, c, z), cp11-

ryp11py10maH B (5.39), orrpe.ue1rneTCH PH.UOM 

ab a(a+I)b(b+I)z2 

2 .t;(a,b,c,z)=l+-z+ ( ) + ... , 
c cc+I 2! 

(5.40) 

KOTOpbIH cxo.n:HTCH B o6JiaCTH I z I < I , qrn HMeeT MecTo .UJIH rroJIO)f(H -

TeJibHhIX 3HaqeHHH rrapaMeTpa 17. B rrpoTHBOIIOJIO)l(HOM cnyqae tteo6xo

.UHMO IIOJib30BaTbC51 cpopMyJiaMH aHaJIHTHqecKoro rrpo,UOJI)f(eHHH r11rrep

reoMeTp11qecKHX cpyHKUHH. )J,JIH 3HaqeHHH rrapaMeTpa 17 = 2, 3, ... cpyHK

UHH T(E,s + lim) HMeeT IlOJIIOCbl, qTo COOTBeTCTByeT pe30HaHcy Me)f()l.y 

l!aCTOTOH BHeurnero IIOJIH m H O,UHOH H3 co6CTBeHHbIX qacTOT aTOMa. 

)J,JIH 6oJibWHX qacTOT lim » £ 1" crrpaBe.UJIHBO pa3JIO)l(ettHe rrpaBort '!aCTH 

pasettcrna (5.39) [cp. c cpopMyJioil: (5.16)]: 

/Ji,(m)"" 

""~{--1 _ 4(2Ry/1i)
2 

+ 4.fi.l+i(2 Ry)
312 

+O(m-s)}. 
m m2 3m4 3 m9/2 Ii 

(5.41) 
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flom1p1nyeMOCTh OCHOBHOfO COCTOHHIUI BO,l1,0pO,l1,0ITO,lJ,06HOfO aTOMa 

MO)l(eT 6bITh TaIOKe rrpe,l1,CTaBJieHa B BH,l],e pH.[1,a 

(5.42) 

f)J,e Wn - C06CTBeHHbie qaCTOTbI: 

(5.43) 

/),.O)n - llIHPHHa JIHHHH rrepexo,l],a; !,, - CHJihI OCU:HJIJIHTOpOB MH rrepexo

)1,0B H3 OCHOBHOfO COCTOHHHH Is~ np: 

- ns 28 (n - Ii2n-4) 

fn - 3(n + l)(2n+4) ' 
(5.44) 

r,lJ,e n - rnaBHOe KBaHTOBOe qHCJIO B036y)!()J,eHHOfO COCTOSIHHSI, nepexo

)1,hl B COCTOHHHH c .llPYrHMH op6HTaJihHhIMH MOMeHTaMH (/ '* 1) 3anperu:e

HhI npaBHJiaMH OT6opa (CM. pa3)1,. 4.3). 3aBHCHMOCTh CHJihI OCU:HJIJIHTOpa 

OT rnaBHOfO KBaHTOBOfO qHCJia B036y)!()J,eHHOfO COCTOHHHH (5.44) rrpe.[1,

CTaBJieHa Ha pMC. 5.1 (cp. c Ta6JI. 4.1). 

Puc. 5.1. CttJibI OCl\MJIJillTOpos BO,ll.OpO,ll.OTIO,ll.06Horo aTOMa ,ll.Jlll nepexo,ll.OB 

Is~ np 

CymecrneHHO, '-ITO CHJihI ocu:HJIJIHTopoB BO,l1,opo,l1,orro)J,o6Horo aToMa 

B COOTBeTCTBHH c cPOPMYJIOH (5.44) He 3aBHCHT OT 3apH,l1,a 51.[1,pa. 
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B cJiy•rne ecTeCTBeHHoro ynrn:pemrn:, Kor,ua 3aTyxamrn ocuHJIJIHTopa 

nepexo)la o6ycJIOBJieHO TOJibKO CIIOHTaHHbIM H3JIY'leHHeM, nmpHHa JIH

mrn /'l.{.(}n B0.1lOP0.1lOIIO)l06Horo aTOMa paBHa 

4 
28 n(n - lpn- 2) Ry 

/'l.{.(} ==A == Z , 
n n 9(137)3(n+1)(2n+2) 1i 

(5.45) 

r,ue An - Ko::Hpq:rnuweHT 3ttHIIITeM:Ha )J,JIH cnoHrnHHOro nepexo)la. CpaB

HHBaH (5.43) H (5.45), BH)lHM, 'ITO IIIHpHHa JIHHHH nepexo)la MHOfO MeHb

IIIe co6CTBeHHOH 'faCTOTbl /',.{.(}n « {./)n' XOTH 6blCTpee yBeJIH'fHBaeTC51 c 

pOCTOM 3ap51)la 51)],pa: 

PeaJibHa51 'faCTb )lHHaMtt'feCKOH IIOJI51pH3yeMOCTH OCHOBHOfO COCT0-

51HH51 aTOMa B0.1lOP0.1la, paCC'fHTaHHa51 TIO ¢>opMyJiaM (5.42)-(5.45), npe)l

CTaBJieHa Ha pttc. 5.2 )J,JIH cneKTpaJibHOro )lttana3oHa, OTBe'fa10mero B03-

6)')K)leHHIO aTOMa B )lHCKpeTHOM cneKTpe. 

ar. e,1:1. 

103 

500 

0 

-500 

{3(w) 

Puc. 5.2. PeaJibHaH qaCTb ;:urnaMHlJeCKOH IlOJIHPHJyeMOCTH OCHOBHOfO COCTOH

HHH aTOMa BOt1opot1a KaK <l>YHKI.IHH lJaCTOTbl 

J.fa pttc. 5.2 BH)lHO, 'ITO peaJibHa51 'faCTb )lHHaMH'leCKOM IIOJI51pH3ye

MOCTH aTOMa BO)lOpO)la HMeeT OCTpbie 3KCTpeMyMhl Ha co6cTBeHHbIX 

'laCTOTax {.(}n. MHHMaH qacTb IIOJI51pH3yeMOCTh OTJIH'fHa OT HYJIH B y3KOM 

HHTepBane qacTOT B6JIH3H co6cTBeHHOH qacTOTbl nepexo)la. 
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06o6ll(eHHa51 )J.HHaMlf\IeCKa51 IIOJUipH3yeMOCTh /J(w, q) BO)J.OpO)J.OIIO)J.06-

HOro aToMa B OCHOBHOM H B B036y)l(,[(eHHhIX COCT051HIDlX TaIOKe MmKeT 6bITh 

rrpe)J.cTaBJietta B 3aMKHyTOM attaJIHTWiecKOM BH)J.e. CooTBeTCTByIOIIIHe Bhipa

)!(emrn, 0)1,HaKo, BeCbMa rpOM03)1.KH, H Mhl HX 3)1,eCb He rrpHBO)J.HM. 

5.5. CTAH14ECKA.ff non.ff PHJYEMOCTb 
ATOMOB H HOHOB 

CrnTH'IecKa51 rrOJrnpu3yeMocTh /J0 BO)J.opo)J.orro)J.o6ttoro uotta 

B OCHOBHOM ls-COCT051HHH paBHa: 

(5.46) 

me a8 - pa)J.uyc Eopa (4.19), T. e. 6hICTpo YMetthIIIaeTC51 c pocToM 3ap51-

)J.a 51)1.pa. BeJIH'mtta cTaTuqecKOH rroJI51pH3yeMOCTH pe3KO B03pacrneT c 

pOCTOM rnaBHOro KBaHTOBOro qucJia n. 3TH 3aKOHOMepHOCTM JierKO rro

H51Th Ha KaqecTBeHHOM ypOBHe, eCJIH yqecTh, qTo CTaTH'IecKa51 rr01rnpu-

3yeMOCTh rrpOIIOPIIHOHaJihHa 06beMy arnMa, KOTOph!H yMeHhIIIaeTC51 c 

pOCTOM z H yBeJiuquBaeTC51 c pOCTOM n. 
B cJiyqae MHOro3ap51)1.HhIX uottoB (N « Z, N - qucno 3JieKTpottoB B 

MOHHOM OCTOBe, z - 3ap51)1. 51)1.pa Motta) M51 CTaTuqecKOH IIOJI51pH3yeMO

CTH MO)!(eT 6bITh IIOJiyqeHO CJie)J.y10mee rrpu6JIH)!(eHHOe Bh!pa)!(ettHe: 

(5.47) 

3aBHCHMOCTh CTaTuqeCKOH IIOJI51pH3yeMOCTH MHOr03apMHOro MOHa 

OT 3ap51)1.a 51)1.pa Ta )!(e, qrn u )J.JI51 BO)J.Opo)J.orro)J.o6ttoro uotta (5.46). Otta 

CJie)J.yeT H3 KBaHTOBOro paCCMOTpeHM51 )J,JI51 HOHOB c 3aIIOJIHeHHhIMM 060-

JioqKaMM. B 3TOM cnyqae, ecnu Z» N, MHHMMaJihHa51 qacToTa BHPTYaJih

ttoro rrepexo)J,a rrporrop1IHOHaJihHa KBa)J.paTy 3ap51)1.a Mpa. Tor)J.a H3 06-

IIIero KBaHTOBO-Mexatt11qecKoro Bhlpa)!(eHH51 )J,JI51 IIOJI51pH3yeMOCTM (5 .14) 
CJie)J.yeT BhIIIIeyKa3atttta51 3aBHCMMOCTh OT z. 

)J,Jrn HOHOB c He3aIIOJIHeHHhIMH 3JieKTpOHHhlMH o6oJioqKaMM OCHOBHOH 

BKJia)J, B CTaTlflleCKyIO IIOJI51ptt3yeMOCTh )J,aeT BHpTyaJihHhIH rrepexo)J, 6e3 113-

MeHeHAA rJiaBHOro KBaHTOBOro qucJia !J.n = 0. B 3TOM cnyqae /Jo oc z-3• 

)l,JI51 HOHOB c 3aIIOJIHeHHOH BHeIIIHeH o60JIOqKoH Herrnoxoe COOTBeT

CTBHe c 3KCIIepuMeHTOM )J,aeT rrpoCTa51 3MIIHpttqecKa51 <t>opMyJia M51 CTa-
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nrqecKOM )lJHIOJibHOM rrom1p1nyeMOCTH BHenrnei1 06011oqKH c rnaBHbIM 

KBaHTOBbIM 'IHCJIOM n: 

n6 3 
/Jo = Nn -4 as, 

Zn 
(5.48) 

r)J,e Nn H Zn - qJ1CJIO 3JieKTpOHOB BO BHenrnei1 3JieKTpOHHOM 06011oqKe H 

3cpcpeKTHBHbIM 3apM Sl)J,pa COOTBeTCTBeHHO. IlocJie)J,IDHI BeJIH'IHHa MO

)[(eT 6bITh orrpe)J,eJietta KaK 

Zn= nfE-, 
me In - rroTeHI.J;HaJI HOHH3al]HH BHenrnei1 06011oqKH. Oco6eHHO xopo

nmi1 pe3yJihTaT cpopMyJia (5.48) )J,aeT )J,JIH HeOHOIIO)J,06HbIX HOHOB (n = 2, 
Nn = 8). 3TO MO)[(HO yBJI)J,eTb H3 Ta6JI. 5.1. 

Ta6mn-1a 5.1 

HoH Ca+IO Ti+12 Fe+16 co+i7 Ni+1s 

In, 3B 558,2 737,8 1168 1293 1419 

Zn 12,8 14,73 18,54 19,5 20,43 

{J~xper 1,74 (-2) 1,04 (-2) 4,44 (-3) 3,69 (-3) 3,08 (-3) 

f3o 1,89 (-2) 1,09 (-2) 4,33 (-3) 3,53 (-3) 2,94 (-3) 

n p 11Me"aH11 e. Bem1'l11Ha cTaTM'!ecKoil: nom1p113yeMocT11 np1rne.netta a aTOM
Hhrx e.n1rnm.1,ax. ATOMHaH e.n1rnmw no;rnp113yeMOCT11paatta0,149 A3 (1 A= IQ-8 CM). 

ql1CJIO B KPYf!lh!X CK06Kax o603Ha'laeT CTeneHb 10, Ha KOTOpy!O HYJKHO YMHO)IG[Tb 
npe.nhr.nymee 3Haqemi.e. 

5.6. MOAEnb nOKAnbHOM nnAJMEHHOM 
4ACTOTbl AnJI nonHPHJYEMOCTH 
MHOr03nEKTPOHHblX CHCTEM 

JloKaJibHaH IIJia3MeHHaH MO)J,eJih 6bma rrpe)J,JIO)[(eHa B cepe)J,H -

He rnecTH)J,ecsiTbIX ro)J,OB EpaH)J,TOM H Jlytt)l,KBHCTOM [3] MH orrttcamrn 

cpoTOIIOfJIOll(eHHH MHOf03JieKTpOHHbIMH aTOMaMH B crreKTpaJibHOM )J,Ha

IIaJOHe m - Z aT. e)J,. (3)],eCh I aT. e)J,. = 27,2 3B - aTOMHaH e)J,HHHl]a 3Hep

rntt). B 3TOM CJiyqae B OTJIH'!He OT )J,Harra30Ha 60JibllIHX (m - Z 2 aT. e)J,.) 
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II MaJihIX (w - 1 aT. e.u.) qacToT rrornomeHHe cpoToHa cornacHo BhIUieyrro

MHHYfbIM aBTOpaM B 60JibllleH CTerreHH orrpe.ueJIBeTC.sJ KOJIJieKTHBHbIMH 3cp

cpercraMH, a He o.uHoqacT~HhIM B3aHMo.uei1:CTBHeM. Ha ocHoBamrn 3THX 

KaqecTBeHHbIX coo6pa)l(eHHH 3JieKTPOHHbIH OCTOB aTOMa arrrrpoKCHMHpy

eTC.sJ HeO,!lHOPO.!lHbIM pacrrpe.ueneHHeM 3ap.sI,Ua, B3aHMO,!leHCTBHe KOTOpO

ro c 3JieKTpOMarHHTHbIM IIOJieM orrpe.uen.sJeTC.sJ ycJIOBHeM IIJia3MeHHoro 

pe30HaHca: 

41rn(r)e2 

m 
(5.49) 

r.ue n(r) - JIOKaJlbHa.sJ 3JieKTPOHHa.sJ IIJIOTHOCTb; w/r) - COOTBeTCTBy10-

ma.s1 ei1: JIOKaJibHa.sI rrna3MeHHa.sJ qacToTa. MmKHO rroKa3aTb, qTo ycno

BH10 (5.49) COOTBeTCTByeT cne.uy10ruee Bbrpa)l(eHHe .UJI.sJ .UHIIOJibHOH .UH

HaMHqecKOH rron.s1pH3yeMOCTH, y.uoBJieTBop.s110mee cooTHOUieHH.sJM Kpa

Mepca-KpoHHra (5.21) II (5.22) II rrpaBHJIY cyMM (5.28): 

BL( ) - RoJ w;(r)r2dr - J BL( ) /3 w - 2 ( ) 2 . - fJ r, w dr. 
O WP r -W -10 

(5.50) 

3.uecb BBe.ueHa BeJIHqHHa fJ 8L(r, w), KOTOpyio ecTeCTBeHHO Ha3BaTb rrpo

CTpaHCTBeHHOH rrnoTHOCTb10 rroJIBpH3yeMOCTH B rrpH6JIH)l(eHHH EpaM

Ta-JlyH,[IKBHCTa; Ro - pa3Mep aToMa (HoHa). B 3HaMeHaTene IIO.!lhIHTer

panbHOro Bbipa)l(eHH.sJ (5.50) BBe.ueHa 6eCKOHeqHO MaJia.sJ MHHMa.sJ .uo6aB

Ka, YKa3bIBa10IUa.sJ rrpaBHJIO o6xo.ua IIOJI10Ca rrpH BblqHCJieHHH HHTerpaJia. 

Bhrpa)l(eHHe (5.50) HMeeT rrpaBHJihHy10 BhIC0KoqacToTHy10 acHMrrTo

THKY (5.16), a B HH3KoqacTOTHOM rrpe.uene OHO .uaeT: 

(5.51) 

T. e. CTaTHqecKa.sJ IIOJI.sipH3yeMOCTb OKa3bIBaeTC.sJ rrporropu,HOHaJibHOH 

o6beMy aToMa. 

HecMoTp.sI Ha Ka)l(ymy10c.s1 rrpocTOTY, cl>opMyna (5.51) B p.s1.ue cnyqa

eB xopOllIO OIIHCbIBaeT HMe10illHeC.sJ 3KCrrepHMeHTaJlbHbie .uaHHbie. 3TO 

B rrepBy10 oqepe.ub OTHOCHTC.sJ K MHOf03JieKTpOHHbIM aTOMaM c 3aMKHy

TbIMH o6onoqKaMH, IIOCKOJibKY Tor.ua OCHOBHOH BKJia.u B IIOJI.sipH3ye

MOCTb .uaeT HerrpepbIBHbIH 3HepreTHqeCKHH crrercrp aTOMa, Ii rrpH6JIH

)l(eHHe JIOKaJibHOH IIJia3MeHHOH qaCTOTbl (5.50) HaH60Jiee a.ueKBaTHO. 

YKa3attttoe 06cTo.s1TeJibCTBO .ueMoHCTpHpyeTC.sJ rn6n. 5.2, B KOTopoi1: rrpH-
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BeneHbl 3Haqemui: (B aTOMHbIX enHHHuax) CTaTHqecKOH nom1pw3yeMOC

TH aTOMOB H HOHOB c 3aMKHYTbIMH 3JieKTpOHHbIMH o6oJioqKaMH, pac

cqwTaHHbJe B paMKax pa3JIHqHblX MOJJ:eJieif, a TaIOKe 3KcnepHMeHTaJib

HbJe 3HaqeHH5l. IlpH pacqernx CTaTHqeCKOH nomipH3yeMOCTH B MO,a:eJIH 

5paH,a:Ta-JlyH,a:KBHCTa HCIIOJib30BaJIC5I pa,a:wyc aTOMa (HOHa), BblqHCJieH

HbIH c yqeTOM Koppem1uwottttoif nonpaBKH B MOJJ:eJIH ToMaca-ct>ep

MH-.Ll,HpaKa. 

Ta6nH1..1a 5.2 

ATOM 
Krl Xel Kll Rbll Csll Srlll Balll 

(HOH) 

p;xper 17 27 7,5 12 16,3 6,6 11,4 

fJ;ar 26,8 30,9 9,1 14,3 17,8 8,7 11,4 

/JJ1Sh 21,l 25,5 6,6 11,9 15,3 7,5 9,7 

pgtZ 17,2 27,3 5,25 8,5 14,6 

/J~L 24 27 8,6 11,6 13,5 7 8,4 

Ilp11MeqaH11e. p;•r - pacqeT aap11au:110HHbIM MeToii.oM; p~sh - pacqeT [4]; 
R1 

pg'z - pacqeT [5] B paMKax <l>opMll.ll113Ma 3JICKTPOHHOH IlJIOTHOCTH; /J~L = 3 -
pacqeT B M0"1,CJIH fipaH"1,Ta-Jlyff"1.KBHCTa. 

c HCIIOJib30BaHHeM <PopMyJibl (5.50) H CTaTHCTHqeCKOH MOJJ:eJIH aTO

Ma nmr JJ:HHaMwqecKOH nom1pH3yeMOCTH MO)l(HO IIOJiyqHTb CJie,a:y10mee 

Bbipa)l(eHHe: 

f3(w, Z) = riFfl(~) = b;ii fi(z:J; 
fl(v) = f 4Jrf (x)x

2
dx , 

0 4nf(x)-v2 -iO 

(5.52) 

rne rTF = ba8/Z
1! 3 - panwyc ToMaca-ct>epMH; Z - JapH,a: H,a:pa aTOMa; 

aB - 6opOBCKHH pa,a:Hyc; b = 0,8853; /J(v) - 6e3pa3MepHaH IIOJIHPH3ye

MOCTb KaK <PYHKUHH npHBe,a:eHHOH qacTOTbI v = w/Zv
0

; x0 = RofrTF -
npHBeneHHbIH pa,a:Hyc aTOMa; f(x) - YHHBepCaJibHaH <PYHKUHH, OilH-
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CbIBaJOll(aJI pacnpeJJ,eJieHHe 3JieKTPOHHOH TIJIOTHOCTH n(r) B aTOMe B co

OTBeTCTBHH C cPOPMYJIOH 

n(r) = z21(r;F} 
Va= 4,13. 1016 c-1 - aTOMHaH e,!l,HHHUa qacTOTbI. 

Ba:)lrno no,!l,qepKHyTh, qTo 6e3pa3MepHaH noJIHPHJyeMOCTh fl ( v) He 

JaBHCHT OT 3apH,!1,a JI,!1,pa aToMa. TaKHM o6pa30M, npe,!1,CTaBJiem1e ,!l,HHa

MHqecKOH nOJI5!pH3yeMOCTH CTaTHCTHqeCKOfO aTOMa (5.52) BhrnBJrneT 

3aKOH n0,!1,06H5! (cKettJIHHr) 3TOH BeJIHqHHbl no napaMeTpy 

(J} 
V=--. 

Zva 

PeJyJihTaThI pacqern )J,eitcTBHTeJihHOH n MHHMOH qacTeif ,!l,HTIOJihHOH ,ntt

HaMnqecKoif noAApH3yeMOcTH aToMa KPHITTOHa B paMKax MeTo,!l,a JIOKa.Jih

HOH IIJiaJMeHHOH qaCTOTbl no cPOPMYJie (5.50) c HCnOJih30BaHJieM 3JieKTPOH

HOH IIJiornocTH no CJI3Tepy H Jlettey-YleHcetty npe,!1,CTaBJieHhI Ha pttc. 5.3. 
Ha 3TOM )Ke pHCyttKe (KPHBaH 3) npnBe,!l,eHhI pe3yJihTaThI pacqern cooTBeT

CTBYJOll(HX BeJiffqHH B npH6JIH)!(eHHH c~aHHblX <Pa3 c o6MeHOM, KOTOpoe 

5!BJ15!eTC5! Ha HaCTomuee BpeMH Hatt6oJiee nOCJie,!l,OBaTeJibHhIM KBaHTOBO-Me

xattnqeCKHM cnoco6oM onncaHH5! 3JieKTPOHHOH CTPYKTYPhI aTOMOB. 8H,[(HO, 

qTO ,!l,HHaMnqecKaH TIOAAPH3yeMOCTh aTOMa KpHITTOHa, paccqHTaHHaH B MO

,!l,eJIH JIOKaJihHOH IIJiaJMeHHOH qacTOThl ,!l,AA 3JieKTPOHHOH IIJIOTHOCTH JleH

ua-YleHceHa, CfJ!a)!(eHHhIM o6paJOM nepe,!1,aeT KBaHTOBO-MexaHnqecKHe 

oco6eHHOCTH qacTOTHOfO IIOBe,!l,eHH5! ,!l,HHaMnqeCKOH IlOAAPH3yeMOCTH, HaH-

6onee HPKO np05!BJ15!IOIUHecH B6JIH3H TIOTeHUHaJIOB HOHH3aUHH 3JieKTPOH

HhIX rro,no6oJIOlfeK. IlpHMeHeHHe CJI3TepOBCKHX BOJIHOBblX cPYHKUHH B paM

Kax ,!l,aHHOH MO,!l,eJIH n03BOAAeT ,!1,0 HeKOTOpoi1 CTeneHH YJIOBHTb cneKTPaJih

Hble KOJie6aHH5! nOJI5!PI13yeMOCTH B6JIH3H noTeHuHaJIOB HOHH3aUHH 

3JieKTPOHHhIX noJJ,o6oJioqeK. Ilpn 3TOM, o,nttaKo, ttapyuiaeTcJI yttirnepcanh

HOCTh 0IIHCaHH5!, CBOHCTBeHHaH CTaTHCTffqeCKOH MO,!l,eJIH aToMa. 

IlpHBe,!1,eM BhICOKoqacTOTHbie aCHMnTOTHKH 6e3pa3MepHOH nOJI5!pH-

3yeMOCTH, CJie,!l,yIOIUHe 113 cPOPMYJlhl (5.52), c yqeTOM HBHOfO BM,!1,a cPYHK

UHM f(x) ,!J,JIH pacnpe,!1,eJieHHH 3JieKTpOHHOH nnoTHOCTM ToMaca-<l>epMM 

M JleHua-l1ettceHa. ,lJ,JIH MHMMOH qaCTM /l(v) MMeeM: 

Im{flTF (v ~ =)} ~ 4,~5; 
v 

(5.53a) 

I {/J-u ( )} 4,615 m v ~ oo ~ --
4
-. 

v 
(5.536) 
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Puc. 5.3. qacTOTHbie 3aa11c11Mocrn peanbHOH (a) 11 MHHMOH (6) '!acTei1: nom1p113y

eMOCTH aTOMa Iq)HfiTOHa, Bbl'IHCJieHHbie B pa3JIH'IHblX np116muKeHm1x: B 

np116.11IDKeHHH .llOKa.llbHOH n.11a3MeHHOH '!aCTOTbI JI.IHI 3.lle!CTpOHHOH fl.llOT

HOCTH JleHua-HeHceHa (J), B nptt6JIIDKemm JIOKa.llbHOH fl.lla3MeHHOH 

qacTOTbI tl!IH CJI:nepoBCKOH 3.lleKTpOHHOH fl.llOTHOCTH (2) ' B np116JIH

)J(eHHH CJiyqaHHbIX <l>a3 c 06MeHOM (J) [6] 

113 <}lopMyJI (5.53) BH.JJ,HO, qTQ BhillleyKa3aHHbie CTaTHCTJiqecKJie 

MO.J],eJIJI .J],aIOT .J],JI51 MHHMOH qacn1 ITOJI5Ip113yeMOCTl1 6Jil13Kl1H pe3yJibTaT. 

3aMeTJIM, qTQ B BO.J],Op0.J],OITO.J],06HOM np116mt)l(eH1111 (M51 c<}lep11qecK11-

Cl1MMeTp11qttoro aTOMHOfO COCT051H1151) MHJIMa51 qacTb ITOJI5Ip113yeMOCTH 

cna.J],aeT KaK v-4•5. BhrcoKoqacToTHa51 ac11MITTOTHKa peanbttot\: qacTH 6e3-
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pa3MepHOH nom1pH3yeMOCTH f3 ( v) B o6eHX MO)J,eJUIX 3JieKTpOHHOH IlJIOT

HOCTH aTOMHOfO OCTOBa HMeeT BH)J, 

b-3 
Re{/3(v ~ =)} ~ --2 , 

v 
(5.54) 

qTQ HaX0)1,HTC51 B KaqecTBeHHOM COOTBeTCTBHH c o6meM: <PopMyJIOH ( 5 .16). 
J,fa cpaBHeHH51 Bhipa:)l(eHHH (5.53) H (5.54), B qacTHOCTH, CJie)J,yeT, qTQ Ha 

60JiblllHX qacTOTax MHHMa51 qaCTb IIOJrnp1nyeMOCTH CIIa)J,aeT cymecTBeH -

HO 6011ee 6bICTpo, qeM ee )1,eHCTBHTeJibHa51 qacTb. 

5.7. AHHAMHLIECKA.ff non.ffPH3YEMOCTb 
HAHOLIACTHU. 

BhrqHcJIHM )1,HHaMHqecey10 rroJI51pH3yeMOCTh c<PepbI, rroMe

mettttoM: B )1,H3JieKTpHqecKYJO cpe)J,y. Ilpe)J.IIOJiaraeM, qTo pa)J.Hyc c<PepbI 

cymecrnetttto 6oJibUie paccT051HH51 Me)J()J,y aTOMaMH Bemecrna c<Pepb1. Tor)J,a 

)1,JI51 OIIHCaHH51 B3aHM0)1,eHCTBH51 c<t>epbl c 3JieKTpOMarHHTHbIM IIOJieM MO)!(

HO IIOJih30BaThC51 IIOH51THeM )1,H3JieKTpHqecKOH npOHH[(aeMOCTH. 

I1cnoJib3Y51 TeopHIO MH M51 pacqern ceqeHH51 pacce51HH51 H3JiyqettH51 

Ha c<PepHqecKOH qacTH[(e pa)J.Hyca r., MO)!(HO IIOJiyqHTb CJie)1,y10mee Bbl

pa)!(eHHe )1,1151 IIOJI51pH3yeMOCTH c<PepttqeCKOH qaCTH[(bl qepe3 K03<l><l>H -

[(HeHThI Mtt: 

(5.55) 

me 

(5.56) 
m - OTHOCHTeJibHhIH IIOKa3aTeJib npeJIOMJieHH51, 

(5.57) 

cm, c,( m) - )1,H3JieKTpttqecKHe npoHH[(aeMOCTH MaTpH[(hI H MaTepttaJia c<Pe

phr; an H bn - K03<l><l>H[(HeHThI MH B pa3JIO)!(eHHH pacce51HHOH BOJIHhl BHe 

c<PephI no noJIHHOMaM Jle)!(aH)J,pa H c<PepttqecKHM <l>YHK[(H51M XaHKeJI51. 
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B J(aTihHeil:rneM rrpeJ(IIOJiaraeM, qTo 3as11c11MOCThIO sen11q11HhI em OT 

qacTOThl 113JI)"feH1151 {I) MO)KHO rrpette6peqb. 

c IIOMOI.QhIO rpami:qHhIX ycJIOB11M MO)KHO IIOJIY'f11Th CJieJ(yIOrn:11e 

<PopMyJihI J(JI51 Ko3<P<P11u11eHTOB M11 [7]: 

r;::(e 

( ) 
_ \V~(Y)\Vn(x)- m(l/~(x)\Vn(Y). 

an x, y, m - (//; (y)(n (x)- m(~ (x)\Vn (y)' 

b ( )- m(l/;(Y)\Vn(x)- \V~(Y)\V~(x) 
n x, y, m - m(l/;(y)(n(x)-(~(x)\Vn(Y)' 

\Vn(z) = zjn(z) =ff 1n+112(z); 

?n(z) = zh~1l(z) = (f n~1ll/2 (z) 

(5.58) 

(5.59) 

(5.60) 

(5.61) 

eCTh QlYHKIJ,1111, BBeJ(eHHhie _ne6aeM B 1909 r.;jn(z) - c<Pep11qecKa5I QlYH

KIJ,1151 Eeccen51; Jn+ 11i(z) 11 H~1ll/2 (z) - <PYHKIJ,1111 Eeccen51 H XattKeJI51 

nonyuenoro nop5IJ(Ka. _nn51 n = 1 11MeeM 

j
1 
(z) = sin~z) _ cos(z); (5.62) 

z z 

h\1l(z) = sin(z) _ cos(z) _i[sin(z) + cos(z)]· (5.63) 
i z z i 

B rrpe;::(ene Marroro rrapaMeTPa x = kr., 113 <PopMyJI (5.58)-(5.63) MO)KHO 

rronyq11Th cne;::(y10rn:11e pa3JIO)KeH1151 M51 Ko3<P<P11u11eHTOB M11 [7]: 

r;::(e 

a1 = isx3 (1 + tx2 
- isx3

); q = isux5
, 

2 m2 -1 
S=---· 

3m2 +2' 
3 m2 -2 

!=---· 
5 m2 + 2' u = 3~ (m2 + 2) 

(5.64) 

(5.65) 

5IBJI5IIOTC51 BCIIOMoraTeJibHhlM11 QlYHKIJ,115IM11 OTHOC11TeJibHOf0 IIOKa3aTe

Jl51 rrpenoMJieH115I. 
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C yqeTOM cpopMyJI (5.64) 11 (5.65) B npe)],eJie x = krs « 1 M3 (5.55) 
11MeeM cpopMyJiy Jlopem.1,a )],JIH IIOJI51pM3yeMOCTl1 MaJIOH ccpep11qecKOH 

qaCTl1IJ,hl pa)],11yca rs 11 )],113JieKTpl1qeCKOH IIpOHl1IJ,aeMOCThIO t:.{W), KOTO

paH IIOMeIIJ,eHa B MaTP11UY C )],113JieKTp11qeCKOH IIpOHl1IJ,aeMOCThIO cm: 

( ) 
3 cs ( m) - cm 

fls m, rs =rs cm ( ) 2 cs {l) + cm 
(5.66) 

Bh1pa)l(em1e (5.66) cnpaBe)],Jil1BO )],JIH )],OCTaTOqHo Manora pa)].11yca 

HaHoccpephI 

rs « 21r Je:: J.., 

r)],e ). - )],Jll1Ha BOJIHhI pacceHHHoro cpoTOHa. AHan113 noKa3bIBaeT, qTo 

)],JIH MeTaJIJI11qecKOH ccpephl B CTeKJie cpOpMyJia (5.66) )],JIH OIIT11qecKoro 

11 np11MhIKarom11x K HeMy cneKTpaJihHhIX )],11ana30HOB «pa6orneT» MH 

pa)],11ycoB HaHoccpepbl, MeHhllll1X 20 HM. 

3aMeTl1M, qTQ Bb!pa)l(eH11e (5.66) C TOqHOCTbIO )],0 MH0)1(11TeJI51 cm 
MO)l(HO IIOJIY'Jl1Tb c IIOMOIIJ,bIO cpopMyJihl K.rray311yca-MoccoT11 (5.4), 
eCJil1 B IIOCJie)],HeH IIOJl0)1(11Th 

( ) 
cs ( {l)) 

c {l) =--; 
cm 

r)],e i;.: - o6beM ccpepbI. 

I-fa cpopMyJibl (5.66) CJie)],yeT, qTQ )],l1HaM11qecKa5I IIOJI5Ip113yeMOCTb 

ccpepbI Manora pa)],11yca 11MeeT MaKC11MYM )],JIH qacTOThI m,, onpe)],eJIHe

MOH paBeHcTBoM HYJIIO )],eiicrn11TeJihHOH qacT11 3HaMeHaTeJIH B npaBoiI 

qacTl1 paBeHCTBa (5.66): 

(5.67) 

Pe30HaHC (5.67) CB513aH c B036~eHl1eM IIJia3MOHOB Ha IIOBepXHOC

Tl1 paccMaTp11BaeMoiI ccpepb!. 

_n113JieKTp11qecKa5I IIpOH11IJ,aeMOCTb c.(w), cp11ryp11pyIOIIJ,a5I B (5.66), 
MO)l(eT 6b!Tb Bb!pa)l(eHa qepe3 )],eHCTBl1TeJibHYI0 ns 11 MHl1MYI0 Ks qaCTl1 

K03cpcp11IJ,11eHTa npeJIOMJieHl151 MaTep11ana ccpepbl IIO 113BeCTHOH cpopMyJie: 

CneKTpaJibHbie 3aBl1Cl1MOCTl1 KOMIIOHeHT IIOKa3aTeJI51 npeJIOMJieHl151 

ns(m) 11 K,,(W) )],Jl5I p51)],a MeTaJIJIOB OIIpe)],eJieHbl 3KCIIep11MeHTaJibHO B pa6o

Te (8] B )],11aIIa30He 3HepmH cpOTOHa nm OT 0,64 )],0 6,6 38. 3KCIIep11MeHTbl 

IIPOBO)],HJil1Cb Ha TOHKHX IIJieHKax TOJIIIJ,11HOH OT 18,5 )],O 50 HM. llp11 3TOM 
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6bIJIO YCTaHOBJieHO, qTo KOMIIJieKCHbIH K03cpcpHUHeHT rrpeJIOMJieHH51 He 

3aBHCHT OT TOJIJUHHbl IIJieHKH B )l,Harra30He OT 25 )l,0 50 HM. CooTBeT

CTBYJOIUHe rpacpHKH )],Jl5I cepe6pa H 30JIOTa rrp1rne)l,eHbl Ha pHC. 5.4. 

8 

\ 
6 \ 

' 4 

2 

0 1 

8 
\ 

6 \ 
\ 
\ 

' 

2 

KAg(w) 

'-!.. 
......... nAg(w) 

......... 
......... 

3 4 5 
a 

4 ';/'u(w) 

2 

2 

'-_..,,- -- - - --
nAu(w) 

3 4 5 
6 

6 w 

6 w 

Puc. 5.4. 3KcnepttMeHTa.JlhHbie JaancttMOCTtt JJ,ettCTBttTeJlbHOH ( Cfl.!lOWHaR Kpu
eaR) n MHttMOH (nyHKmUpHaR) qacTett noKaJaTeJlll npeJIOMJiemrn cepe6-

PllHOH (a) H 30J10TOH (6) ITJlettKH; B 3aBHCHMOCTH OT 3HeprnH QJOTOHa 

[8] no OCH opJJ,ttHaT OTJlO)l(etta 3Heprm1 QJOTOHa B 3JleKTp0HBOJ1bTaX 

¥13 rpacpHKOB PHC. 5.4 CJie)l,yeT, qTo rrpaKTHqecKH BO BCeM rrpe)l,

CTaBJieHHOM )l,Harra30He 3HeprHH cpOTOHOB BblIIOJIH51eTC51 HepaBeHCTBO 

ns(w) < K,(W), qTO OTBeqaeT OTPHUaTeJibHOH BeJIHqHHe )l,eHCTBHTeJibHOH 

qacTH )l,H3JieKTpHqecKOH rrpOHHI.J,aeMOCTH. 0TpHI.J,aTeJibHa51 )l,H3JieKTpH

'-!ecKa51 rrpOHHI.J,aeMOCTb 03HaqaeT HeB03MO)l(HOCTb pacrrpocTpaHeHH51 

3JieKTpOMarHHTHOH BOJIHbl B o6beMHOM o6pa3ue, a TaK)l(e OTpa)l(eHHIO 

i-nnyqeHHH OT cpeLI.hI TaKoro poLI.a. 
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Pe3yJihTaThI pacqern no cpopMyJie (5.66) )l,ettcTBHTeJihHOH H MHHMOH 

qacTeH nomrpH3yeMOCTH cepe6pHHOH HaHOCcpepbI, noMemeHHOH B CTeKJIO 

£m = 2,25, c HCnOJib30BaHHeM )l,aHHbIX no K03cpcpHUHeHTY npeJIOMJieHHH 

cepe6pa pHC. 5.4, a npe)l,CTaBJieHbI Ha pHC. 5.5. I-fa pHCYHKa CJie)l,yeT Ha

JIHqHe pe30HaHca nOJIHpH3yeMOCTH npH 3HepmH cpOTOHa nopH)l,Ka 3,1 3B. 

B paMKax npocTeti:weH: MO)l,eJIH, Koma )l,H3JieKTpHqecKaH npoHwuaeMOCTh 

MeTaJIJia onHCbIBaeTCH nJia3MeHHOH cpopMyJIOH 

{,()2 

£5 (w) = 1----f 
{,() 

(wp - nJia3MeHHaH qacTOTa), noJIO)l(eHHe MaKCHMYMa MHHMOH qacTH 

noJIHpH3yeMOCTH MeTaJIJIHqecKOH ccpepbl )l,aeTCH paBeHCTBOM, CJie)l,yIO

IUHM H3 ycJIOBHH pe30HaHca (5.67): 

liJres = ~1 + 2£m . 
(5.69) 

1,5 x 1010 

1 x 10
10 ~ 

l \ Im (.BsAg(m, 30)) 

5x109 
:/ 

0 ...................................... / \ ......... :: .. ·:::.:"·::.:.:"'""'" --

-5 x 109 

Puc. 5.5. PeanbHaH H MHHMaH qacTH no;rnpwJyeMOCTH cepe6pHHOH c<t>epbI pa.awy

coM 30 HM B CTeKJil!HHOH MaTpHue, a6cuwcca OTJIO)l(eHa B 3JieKTPOH

BOJibTax, OPtlHHaTa - B HM3 

IlpH BbIBO)l,e paBeHCTBa (5.69) npe)l,nOJiaraJIOCb, qTQ )l,H3JieKTpHqec

KaH npOHHuaeMOCTb MaTpHUbI B paccMaTpHBaeMOM qacTOTHOM )l,Hana30-

He OT qacTOTbI He 3aBHCHT. 3aMeTHM, qTo )l,JIH CJiyqaH BaKYYMa pe30HaH

CHaH qacTOTa nJia3MOHa Ha noBepXHOCTH ccpepbl paBHa: 
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,ll,JUI cepe6pa fiwp "" 9 3B, TaK 'ITO B CJiyqae CTeKJIHHHOH MaTpHI..(bI H3 

(5.69) CJie;::i:yeT, 'ITO fiwres "" 3,8 3B. 0TJIH1.J:He 3TOH BeJIH'lHHbI OT J],aHHbIX 

pHC. 5.5 CBH3aHO c TeM, 'ITO IIJia3MeHHaH <PopMyJia )],JIH )],H3JieKTPH'leC

KOH rrpOHHuaeMOCTH, HCJIOJib30BaHHaH rrpH BbIBO)],e (5.69), HMeeT 3a

MeTHYIO rrorpellIHOCTb, o6ycJIOBJieHHYIO rrpeHe6pe)l(:eHHeM BKJia)],a CBH-

3aHHbIX 3JieKTpOHOB. 

Pe3oHaHcHoe yBeJIH'leHHe rroJIHPH3yeMOCTH MeTaJIJIH'leCKOH HaHoc

<PepbI rrpHBO)],HT K pHJ],Y Ba)l(:HbIX orrTH'leCKHX 3<P<PeKToB, o6ycJIOBJieH

HbIX pOCTOM HarrpH)l(:eHHOCTH 3JieKTpH'leCKOrO JIOJIH B 3JieKTPOMarHHT

HOH BOJIHe B6JIH3H HaHoc<Pepbr rrpH BbIJIOJIHeHHH ycJIOBHH (5.67). 0TMe

THM, 'ITO O)],HHM H3 TaKHX 3<P<PeKTOB HBJIHeTCH yBeJIH'leHHe (6oJiee 1.J:eM 

Ha IO rropHJ],KOB) BepoHTHOCTH crroHTaHHoro KOM6HHauHOHHoro pacce

HHHH CBeTa Ha MOJieeyJiax, rrpHKpeJIJieHHbIX K MeTaJIJIH'leCKHM HaHO'la

CTHuaM. ,ll.aHHhIH 3<P<PeKT HeO)],HOKpaTHO Ha6JIIO)],aJICH 3KCJiepHMeHTaJibHO 

H HMeeT 6oraTbie rrepcrreKTHBbI rrpaKTH'IeCKOro HCJIOJib30BaHHH. 
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6.1. 

M3nY4ATEnbHblE nPOU.ECCbl 
B .QMCKPETHOM cnEKTPE 

BBEAEHME B KBAHTOBYIO TEOPMIO ATOMA 

,ll.atttta51 rnaBa IIOCB51IUeHa paCCMOTpemuo 11.3JIY'-IaTeJihHhIX 

51BJieHMH, KOTOpbie COIIpOBO)i()l,aIOTC51 rrepeXO)J,OM 3JieKTPOHa Me)l()l,y co

CT051HH51Mll JJ.HCKpeTttoro 3HepreT11.qecKoro crreKTpa aTOMa. K 3THM 51B

JieHH51M OTHOC51TC51 cpoTorrornorn:eHHe, JIIOMHHecueHUH51 ( CIIOHTaHHOe 

11.3Jiy'IeHHe ), BhIHy)l()l,eHHOe H3JiyqeHMe. 

OepBhie 3KcrrepuMeHTaJihHbie 11.ccJie)J,0BaH11.5l cpornrrpoueccoB B JJ.MCK

peTHOM crreKTPe 6bIJIH ocyiuecrnneHbI B XIX B. rrpu pemcTpauuu JIHHell:

'IaThIX crreKTPOB H3Jiy'IeH11.51 aToMa BO)J.Opona. 06o6rn:eHMeM 3THX HCCJie

)J,OBaHMH CTaJia 3MrrupnqecKa51 cpopMyna naJibMepa (4.13), rronyqeHHa51 B 

1885 r., KOTOpa51 OIIMChIBaJia MHHY BOJIHhI H3JiyqeH11.51 KaK tPYHKUHIO )J.Byx 

ueJibIX queen u pa3MepHoro rrapaMeTpa - rrocT051HHOH PH)J.6epra. Teope

TH'IecKoe o6ocHoBaHue cpopMYJibr EanbMepa 6bmo naHo H. EopoM B 1913 r. 
c IIOMOIUbIO IIOJIYKJiaCCH'IeCKOH TeopHM aTOMa BO)J,Opo)J,a (CM. pa3)J,. 4.2). 

Ha puc. 6.1 npeJJ.CTaBJieHhI pe3yJihTaTbI 3KcnepuMeHTa no tta6n10ne

HHIO BM)J,11.MOH qacTH crreKTpa aTOMa BOJJ.OPOJJ.a c IIOMOIUbIO pemcTpa

UMM H3JiyqeHH51 ra30BOro pa3p5I)J,a. 

Pa3JIO)Kett11.e B crreKTp, rrpencrnBJieHHbIH Ha p11.c. 6.1, ocyrn:ecrnnetto 

c rroMOIUhIO nucppaKUHOHHOH peweTKM. BMJJ.HbI TpH JIHHHM cepuM naJih

Mepa: Kpactta51 (roJIOBHa51 JIMHH51, JJ.JIMHa BOJIHbI A.= 656,3 HM), rony6a51 

(,1 = 486,} HM) If CMH5151 (,1 = 434, 1 HM). 

,ll.JI5I orrMcaH11.51 cpornrrpoueccoB B JJ.MCKpeTHOM crreKTPe B paMKax KBaH

TOBO-Mexattu'IecKoro rro.n:xo.n:a Heo6xo.n:11.Mo cnenaTb PM BBOJJ.HbIX 3aMe

qaHMH 06 3HepreTM'IeCKMX YPOBH51X CB513aHHbIX 3JieKTpOHOB B aTOMe. 

KaK ~e r0Bop11.noch B rn. 4, 3HeprM51 CB513aHttoro aTOMHoro 3JieKT

poHa rrpo6eraeT p51JJ. «pa3perneHHbIX» 3Ha'IeHHH {En1}, pa3)J.eJieHHbIX 3a

npern:eHHhIMM lfHTepBaJiaMM 3Hepmu. 3TO MHO)KeCTBO 3Ha'IeHMH 3Hep

rMH Ha3bIBaeTC51 )J,HCKpeTHhIM cneKTpOM. c KJiaCCH'IeCKOH TO'IKM 3peHM51 
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,JJ,IICKpeTHOMY 3HepreTHqecKOMY cneKTpy COOTBeTCTByeT <l>HHHTHOe ,Jl,BH -

)KeHHe 3JieKTpoHa no 3aMKHyTbIM op6HTaM. CocTOHHHH HenpepbIBHoro 

cneKTpa B KJiaCCHqeCKOH <Ptt3HKe orneqaIOT HH<l>HHHTHOMY Lr;BH)KeHHIO 

no «pa30MKHYTbIM» TpaeKTOPHHM, TaKHM KaK napa6oJia HJIH rHnep6oJia. 

PHc. 6.1. C11eBa - ra30BhIH pa3pM B CTeKJUIHHOH Tpy6Ke c BOAOPOAoM; cnpaBa -

mrneifqaTbitt cneKTP aTOMa sot1opot1a (cepm1 oaJihMepa), pa3peIIIeH
HhIH c IIOMOil(b!O AII<ppaKl(HOHHOtt peIIIeTKH 600 IIITpHXOB/MM 

B paMKax noJiyKJiaccttqecKoli TeopHH Eopa 3HeprHH CBH3aHHoro 

3JieKTpOHa B aTOMe BO,ll,OpO,ll,a onpe,ll,eJIHeTCH ycJIOBHeM KBaHTOBaHHH 

MOMeHTa KOJIHqecrna ,Jl,BIDKeHHH (4.14), (4.16) H BTOpbIM 3aKOHOM Hblo

TOHa ( 4.17). B pe3yJihTaTe npHMeHeHHH TaKoro nO,Jl,XO,Jl,a noJiyqaeTCH 

<l>opMyJia Eopa ( 4.28) ,Jl,JI51 3HepmH ,Jl,HCKpeTHoro cneKTpa BO,ll,Opo,ll,ono

,Jl,06Horo a TO Ma. B o6meM CJiyqae MHOr03JieKTpOHHOH CHCTeMbl ,Jl,JI51 on -

pe,ll,eJieHHH pa3perneHHbIX 3HaqeHHH 3Heprmi He06XO,Jl,HMO BOCnOJib30-

BaTbC51 <PopMaJIH3MOM KBaHTOBOH MeXaHHKH H pernHTb CTaIIHOHapHoe 

(He 3aBHCHII1ee OT BpeMem1) ypaBHeHHe IIIpe,ll,HHrepa 

(6.1) 

r,Jl,e H0 - raMHJibTOHHaH HeB03MyllleHHoro aToMa; Ei - 3HeprHH; 'If; -
BOJIHOBaH <l>YHKllHH i-ro COCTOHHHH. c MaTeMaTli:qeCKOH TOqKH 3peHH51 

paBeHCTBO ( 6 .1) npe,ll,CTaBJIHeT co6oli 3a,J],aqy Ha co6cTBeHHbie <l>YHKUHH 

H co6cTBeHHhie 3HaqeHHH. Co6cTBeHHhIMH 3HaqeHHHMH B ,Jl,aHHOM cJiy

qae HBJIHIOTCH pa3perneHHbie ypoBHH 3HeprHH 3JieKTpOHOB B aTOMe, a 

co6crneHHbIMH <l>YHKJJ,HHMH - BOJIHOBbie <l>YHKUHH COCTOHHHH c 3a,J],aH -

HOM 3Hepmeli. 
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HanOMHHM, 'ITO KBa;:i,paT MO.ll:Yllil BOJIHOBOH cpyHKIJ,HH llfli(r)l2 OUH

CbIBaeT BepmITHOCTb ttaXO)l(,ll,eHH51 3JieKTpotta B 3a;J,aHHOH TO'!Ke npo

CTpaHCTBa c pa;:i,HyCOM-BeKTOpOM r. EcJIH BOJIHOBa51 cpyHKIJ,H51 CHCTeMbl 

H3BeCTHa, TO c ee IlOMOIIJ,blO MO:lKHO Bbl'IHCJIHTb Bee tta6JIIO)l;aeMbie Be

JIH'IHHbl. Il03TOMY onpeneJieHHe BOJIHOBOH cpyHKIJ,HH 51BJI51eTCH KJIIO'Ie

BbIM MOMeHTOM KBaHTOBO-MexaHH'IeCKOfO nonxona K OUHCaHHIO B3aH

MO)l;eHCTBH51 H3JiyqeHH51 c ttattoo6beKTaMH. 

faMHJihTOHHaH npencTaBJI51eT co6oil: onepaTop 3Hepmn H cocTOHT H3 

)l;Byx CJiaraeMbIX, OTBe'!aIOIIJ,HX oneparnpy KHHeTH'IeCKOH (f = jJ 2 /2 m -
)];JUI onttoro 3JieKTpotta; jJ =-iii'\/ - oneparnp HMDYJibca) H noTettuH-

aJihttoil: 0 3tteprnn: 

H:0 = t +O. 
EcJIH tteT Btteurnero ttecTaunottapttoro Bo3neil:cTBH51, TO raMHJihTO

HHaH CHCTeMbl He 3aBHCHT OT BpeMeHH If cnpaBe)l;JIHBO ypaBHemie (6.1 ). 
Mtto:lKecrno cpyHKIJ,Hil: {I/Ii}, HBJUIIOIIJ,HXC51 pewettneM ( 6 .1), 06pa3yeT noJI -

HbIH opTOHOpMHPOBaHHbIH tta6op. 3TO 03HaqaeT, 'ITO JII06y10 cpyHKIJ,HIO 

MO:lKHO pa3JIO)l(lfTb B PM no I/Ii· 3ttepreTH'IeCKHH cneKTp {Ei} B o6meM 

CJiyqae COCTOHT H3 )l;HCKpeTHOH qacTH If ttenpepbIBHOH qacTH. )l.HCKpeT

tta51 qaCTb cneKTpa OTBe'!aeT CB513aHHbIM COCT051HH51M, B KOTOpbIX BOJI

HOBa51 cpyHKIJ,H51 JIOKaJIH30Batta B npocTPattcrne. HenpepbIBHhIH cneKTp 

COOTBeTCTByeT neJIOKaJIH30BaHHbIM COCT051HH51M KBaHTOBOH CHCTeMbl. 

OnepaTop KHHeTH'IeCKOH 3HeprnH B CHJIY CBoero onpeneJieHHH 51B

JI51eTC51 ccpepnqeCKH-CHMMeTpH'IHbIM, T. e. 

f (r) = f (lrl). 

EcJIH TaKHM :lKe CBOHCTBOM o6Jia;:i,aeT oneparnp noTettuHaJihHOil: 3ttep

rnn (Ba:lKHbIH CJiyqail: ueHTpaJibHOro UOJI51), TO BOJIHOBbie cpyHKIJ,HH CB51-

3aHHOro 3JieKTpOHa MO:lKHO npencTaBHTb B BH)l;e: 

lf/;(r) = r;;m; (a, rp)Rn;I; (r), (6.2) 

rne r;;m; (a, rp) - wapoBaH cpyHKIJ,HH, 3aBHC511ll,aH TOJibKO OT TeJieCHOro 

yrna Q = ( 0, rp) pa)l;Hyca-BeKTOpa r, 

Y1;m; ( D, rp) = fi;(m;) (cos 0) exp (im;rp) 

(fi(m;)(x) - npncoenntteHHhIH UOJIHHOM Jle:lKaH)l;pa); Rn·I· (r)- pa)l;HaJih-
1 11 

HaH BOJIHOBaH cpyHKIJ,HH, 3aBHCHIIJ,aH OT paCCTOHHH51 no ueHTpa UOJIH r; 
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ni' I;, m; - nrnBHoe, opfonaJibHOe H MarHHTHoe KBaHTOBbie qHcna B 

i-M COCTOHHHH. 

I-fa cpopMyJibI (6.2) cne.uyeT, qTQ B ueHTpaJibHOM IlOJie yrnoBaH 3aBH

CHMOCTb BOJIHOBOH cpyHKUHH y11ueepca/lbHa, a pa,UHaJibHaH cpyHKUHH orr-

pe.nenHeTCH 3aBHCHMOCTblO 0 ( r) H MO)l(eT 6bITb HaH,neHa c IlOMOIUblO 

perneHHH pa,UHaJibHOfO ypaBHeHHH illpe,UHHrepa. 3TO ypaBHeHHe IlOJIY

qaeTCH IlOCJie IlO,UCTaHOBKH cpyHKUHH (6.2) B paBeHCTBO (6.1) H HMeeT 

CJie,UyIOIUHH BH,U [ l] 

_.!_!!_(r2 dRn;I;) + 2m [E. _ U(r)- li
2

1; (1; + l)]R = O. (6.3) 
r2 dr dr n2 I 2mr2 n; I; 

)J,o6aBKa K IlOTeHUHaJibHOH 3HepmH B KBa.upaTHbIX CK06Kax JieBOH 

qacTH 3Toro paBeHcTBa, rrporropu;HOHaJibHaH MHO)l(HTen10 /;(/; + 1), Ha-

3bIBaeTCH u,e11mpo6e:J1C11oii 311epcueii. BKJia.n ueHTpo6e)l(HOH 3HepmH .uo

MHHHpyeT Ha,U KYJIOHOBCKOH 3Hepmeii Ha MaJibIX paCCTOHHHHX OT aTOM

HOro H,npa, ecnH op6HTaJibHbIH MOMeHT 3JieKTpoHa He paBeH HYJIIO I;* 0. 

B cnyqae BO,nopo.norro.no6Horo aToMa, Kor.ua 

Ze 2 

U=---, 
r 

perneHHe (6.3), orpaHHqeHHOe Ha 6eCKOHeqHOCTH (JIOKaJIH30BaHHOe HJIH 

CBH3aHHOe COCTOHHHe)' Bbipa)l(aeTCH qepe3 BbipO)l(,UeHHYIO rHrrepreoMeT

pMqecKyIO cpyHKUHIO ,F,(l + 1 - n, 21 + 2,2r/n), HBHbIH BH.U KOTOpOH 

HaM He noTpe6yeTcH. CTpHBe,neM HOpMHpoBaHHbie pa,nHaJibHbie Bo,nopo

.norro.uo6Hbie cpyHKUHH COCTOHHHH c n = 1(1 = 0), 2(/ = 0,1): 

R20 =a~;~ (1- 2 :Jexp(- 2:J; (6.4) 

R11 = Ji 3/2 exp(--r-), 
2 6a8 2a8 

r.ne a8 = 0,529 · 10-8 CM - pa,nHyc Eopa (4.19). 
Pa.nHaJibHoe pacnpe.ueneHHe 3JieKTPOHHoii TIJIOTHOCTH B 3a,naHHOM 

COCTOHHHH onpe.uenHeTCH pa,UHaJibHOH BOJIHOBOH cpyHKUHeH H paBHO 

Pn1(r) =r2 IRn1(r)i1 · 
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Ha pttc. 6.2 npe,ncTaBJieHbI pacnpe.nenettmI pa,nttaJibHOH ruIOTHOCTH 

3JieKTpOHa B aTOMe BO,nopo,na, OTBeqaIOUJ,He cpyHKIJ,mIM (6.4). 

pa~ 
0,6 

0,4 

0,2 

2 4 6 

--P10 
·········Pio 
--P21 

B 10 12 r/a6 

Puc. 6.2. Pacnpe,!1,eJiettue 3JieKTpOHHOH nJIOTHOCTH B aToMe BOLIOPO.Lla B Tpex co

cTOl!HHllX c HaHMeHblllei1 3Heprue.H 

Btt,nHO, qTo COCTO.SIHHe c HaHMeHbIIIHM rnaBHbIM KBaHTOBbIM quc

JIOM n = I JIOKaJIH30BaHo 6nmKe K .sr,npy, qeM cocTO.srHtt.sr c n = 2, npuqeM 

MaKCHMYM cpyHKUHH p 10(r) npttxo,nttTc.sr Ha paccTO.srHtte .no .sr.npa, paBttoe 

6opOBCKOMY pa,nttycy: 

Mo)lrno noKa3aTb, 'ITO B aTOMe Bo,nopo.na 

r(n, l~n-1) = n2a 
max B' 

T. e. MaKCHMYM pacnpe,neJieHH.sI 3JieKTPOHHOH illIOTHOCTH COCTO.sIHHH c 

MaKCHMaJibHO B03MO)l(HbIM op6HTaJibHbIM MOMeHTOM /max= n - I COBIIa

.naeT c pa,nttyCOM KpyroBOH op6HTbI 3JieKTpOHa B IIOJiyKJiaCCH'IeCKOH 

Mo,nentt Eopa ( 4.19). B 3TOM npo.srBn.sreTc.sr qucnettttoe coorneTCTBHe no

nyKJiaccuqecKoi1: H KBaHTOBOH TeopHH aTOMa BO,UOpo,na. 

Eonee cymecrneHHOe coorneTCTBHe Teoptttt Eopa H KBaHTOBoro pac

CMOTpetttt.sr npo.srBJI.sieTC.sr IIPH cpaBHeHHH ypOBHeil: 3HeprttH CB.sI3aHHbIX 

COCTO.sIHHH 3JieKTpoHa. MO)l(HO IIOKa3aTb, 'ITO co6CTBeHHbie 3Ha'IeHH.sI 

3Heprntt B ypaBHeHHH IIIpe,nttHrepa .nn.sr aToMa BO,nopo.na onttcbrnaroTc.sr 

cpopMynoi1: Eopa (4.28). 
B cnyqae IJ,eHTpaJibHOfO IIOJI.sr o6mero BH,Ua, KaK 3TO HMeeT MeCTo B 

MHOf03JieKTpOHHbIX aTOMaX, .nn.sr onpe,neJieHH.sI pa,nHaJibHbIX BOJIHOBbIX 
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<PYHKUMH aTOMHbIX 3JieKTpOHOB H)')KHO peUiaTb COOTBeTCTBYIOmee ypaB

HeHJie Illpe,.rurnrepa 'Hl:CJieHHO HJIH HCilOJib30BaTb pa3JIH'lHbie nptt6JIH

)J(eHHbie MeTO)J,bI. YpoBHH 3Heprntt cml3aHHbIX cocTOHHHH B pJI)J,e cnyqa

eB MOryT 6bITb onpe)J,eJieHbI H3 3KcnepHMeHTa. 

6.2. TEOPM.R B03MYW.EHMH 

Ilocne)J,oBaTeJibHoe onttcamrn H3JiyqaTeJibHbIX npoueccos B 

He CJIHUIKOM CHJibHOM 3JieKTpOMarHHTHOM none, KOr)J,a BbIIlOJIHHIOTCH 

HepaBeHCTBa (1.9), 6a3ttpyeTCH Ha HCilOJib30BaHHH KBaHTOBO-MexaHH

l!eCKOH TeOpHH B03MymeHHH. IlOJIHOCTblO KBaHTOBOe OilHCaHHe 3JieKT

poMarHHTHOf0 B3aHMO)J,e:ttcTBHH, KOf)J,a yqHTbIBaeTCH KBaHTOBaHtte IlOJIH 

H BemecTBa, HBJIHeTCH npe)J,MeTOM KBaHTOBOH 3JieKTpO)J,HHaMHKH. 3TOT 

Bonpoc 3)],ecb paccMaTPHBaTbCH He 6y)J,eT. ,Ll.pyro:tt, 6onee npocTO:tt no)J,XO)J,, 

Ha3bIBaeMbIH no;1yKAGCCU'teCKUM, OCHOBaH Ha KJiaCCH'leCKOM OilHCaHHH IlOJIH 

H KBaHTOBOM OilHCaHHH BemecTBa. ,Ll.JIH HCilOJib30BaHHH IlOJiyKJiaCCH'leC

KOro IlO)J,XO)J,a Heo6XO)J,HMO ycTaHOBHTb BM)], onepaTOpa B3aHMO)J,eHCTBHH 

H3JiyqeHHH c 3apH)J(eHHbIMH l!aCTHUaMH. lfcXO)J,HM H3 KJiaCCH'leCKOfO 

Bbrpa)J(eHHH )J,JIH 3HeprttM 3ap5I)J,a B 3JieKTPOMarHHTHOM IIOJie 

e 
V = e<p--vA, 

c 
(6.5) 

r)J,e e - 3apH)J, qacTHUbr; v - ee cKopocTb; <p, A - CKaJIHpHbIH H BeKTop

Hbr:H: IlOTeHUHaJibI 3JieKTpOMarHHTHOro IlOJIH. 

IlpH nepexo)J,e K KBaHTOBO-MexaHH'leCKOMY OilHCaHHIO B paMKax 

IlOJiyKJiaCCH'leCKOfO IlO)J,XO)J,a H)')KHO npOH3BeCTH 3aMeHy 

r)J,e jJ - onepaTop HMIIYJibca; m - Macca qacTHUhI. B aKCHaJibHOH Ka

Jitt6poBKe 3JieKTpoMarHMTHOro IIOTeHUMaJia (<p = 0) H3 cpopMyJibI (6.5) 
IIOJiyqaeM )J,JIH onepaTopa B3aHMO)J,eHCTBHH 3apH)J,a H IIOJIH: 

V = __ e_(pA +Aft). 
2mc 

(6.6) 

IlpH 3aIIHCH (6.6) yqTeHa HeKOMMYTaTHBHOCTb onepaTOpa HMilYJibCa 

H BeKTOpHoro IlOTeHUHaJia. 3Ta HeKOMMYTaTHBHOCTb HC'le3aeT B )J,HilOJib

HOM nptt6Jitt)J(eHHH, KOr)J,a 3aBHCHMOCTblO BeKTOPHOro IlOTeHUHaJia OT 
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Koop;:urnaTbI MO)l(HO rrpeHe6peqh, a TaK)l(e B cJiyqae cBo6o,ll,HOro rrom1 

(6e3 3apH,ll,OB) rrpH HCITOJih30BaHHH KaJIH6pOBKH, B Kornpoll: div A = 0. 
Tof)l,a BMecrn (6.6) HMeeM: 

A e A 

V=--pA. 
me 

(6.7) 

Oneparnp (6.6), (6.7) Ha3bIBaeTcH orrepaTopoM 3JieKTpoMamHTHoro 

B3aHMO,ll,eHCTBH51 B <l>opMe HMTIYJibCa (HJIH CKOpOCTH). lfacTO HCTIOJib3Y

eTC51 ,ll,pyraH 3aTIHCb 3TOfO orreparnpa (B <PopMe ,ll,JIHHbI): 

V = -erE = -dE. (6.8) 

IlpHBe)J,eHHbie <PopMbl onepaTopa 3JieKTPOMarHHTHOfO B3aHMO)J,ell:

CTBH51 3KBHBaJieHTHbl B CJiyqae pacqeTOB c TOqHbIMH BOJIHOBbIMH <l>YHK

UHHMH. Ha rrpaKTHKe, KaK npaBHJIO, HCTIOJib3YIOTC51 rrpH6JimKeHHble BOJI

HOBbie <l>YHKUHH, TOf)l,a onepaTOpbI (6.7) H (6.8) npHBO,ll,HT, Boo6me ro

BOpH, K pa3JIJfqHbIM pe3yJibTaTaM. Ilpe,ll,rroqTHTeJibHOCTb HCTIOJib30BaHH51 

0)1,HOfO H3 HHX onpe,ll,eJIHeTCH B Ka)l()J,OM KOHKpeTHOM CJiyqae B 3aBHCH

MOCTH OT cneuH<l>HKH paccMaTpHBaeMOH 3a)l,aqH, 

B OCHOBe TeOpHH B03MyIUeHHH Jie)l(HT npe,ll,TIOJIO)l(eHHe 0 TOM, qTO 

raMHJibTOHHaH KBaHTOBOH CHCTeMbl npe,ll,CTaBHM B BH)J,e: 

tt = tt0 + v, (6.9) 

r,ll,e H0 - raMHJihTOHHaH 6e3 yqeTa 3JieKTPOMarHHTHoro B3aHMO,ll,ell:cTBHH; 

v - onepaTOp B03MyIUeHH51, KOTOpbIH npH BbITIOJIHeHHH YCJIOBHH (1.9) 
51BJI51eTC51 MaJlOU ao6a6KOU K HCXO,ll,HOMY raMHJibTOHHaHy Ho. BoJIHOBbie 

<l>YHKUHH HeB03MyIUeHHOfO faMHJibTOHHaHa y,ll,OBJieTBOpHIOT HeCTaUHO

HapHOMY ypaBHeHHIO lllpe,ll,HHrepa: 

·n a'P; - H, \If 

I at - 0 Ti' (6.10) 

B OTJIHqHe OT CTauHoHapHoro ypaBHeHHH lllpe,ll,HHrepa (6.1) B ypaB

HeHHH (6.10) npe,ll,TIOJiaraeTCH, qTo BOJIHOBbie cpyHKUHH 'P; 3aBHC51T OT 

BpeMeHH. B ,ll,aJibHell:weM npe,ll,noJiaraeM, qTo raMHJihTOHHaH H0 He 3a

BHCHT OT BpeMeHH. Tor)J,a peweHHH (6.10) MO)l(HO 3anHCaTb B BH)J,e: 

'P;(r, t) = lfl;(r)exp(- i~;f), (6.11) 

f)l,e <l>YHKUHH Vii 51BJI51IOTC51 peweHHHMH CTaUHOHapHoro ypaBHeHHH (6.1). 
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B paMKax nonyKJiaccHqecKoro IIO)J,XO)J,a onepaTop 3JieKTpoMarHHT

ttoro B3aHMO,l],eHCTBHH v )J,aeTCH <l:>opMyJiaMH (6.6)-(6.8), B KOTOpblX 

BeKTOp-noTeHUHaJI H HanpmKeHHOCTb 3JieKTPHqecKoro noAA HBJIHIOTCH 

KJiaccHqecKHMH BeJIHqHHaMH. Bo1My1UeHHaH BOJIHOBaH <l>YHKUHH KBaH

TOBOH CHCTeMbl '¥ y.noBnernopHeT ypaBHeHHIO, attanornqttoMy (6.10) c 

raMHJibTOHHaHoM (6.9). Otta MO)l(eT 6b1Tb pa1JIO)l(eHa B pH)], no co6crneH

HbIM cPYHKUHHM HeB03MYllleHHOro raMHJibTOHHaHa B CHJIY IIOJIHOTbl CH

CTeMbl cPYHKUHH {If/;}: 

'¥(r, t) = ~c; (t)/f/;(r)exp(- i~;f J (6.12) 

TaKHM o6pa30M, HCKOMaH BOJIHOBaH cPYHKUHH IIOJIHOCTblO onpe)J,e

JIHeTCH Ha6opoM 3aBHCHlllHX OT BpeMeHH KOMIIJieKCHblX K03cPcPHUHeH

TOB C;(t). ,Ll,m1 HX onpe)J,eJieHHH IIO)J,CTaBHM pa3JIO)l(eHHe (6.12) B COOT

BeTCTBYIOJUee BpeMeHHOe ypaBHeHHe lllpe)J,HHrepa, OTKy)J,a MO)l(HO IIO

JiyqHTb paBeHCTBO [2]: 

(6.13) 

(6.14) 

3aBHCHIUHH OT BpeMeHH MaTplfqHblH 3JieMeHT onepaTopa 3JieKTPOMar

HHTHOf0 B3aHMO)J,eHCTBHH, 

Optt BbIBO)J,e ypaBHeHHH (6.13) 6brno HCIIOJib30Batto (6.10). l1mer

pHpy51 (6.13) no BpeMeHH, HaXO)J,HM: 

(6.15) 

flonyqeHHOe COOTHOIIIeHHe npe)J,CTaBJIHeT C060H HHTerpaJibHOe ypaB

HeHHH Ha K03cPcPHUHeHTbl C;(t). B paMKax TeOpHH B03MymeHHH 3TO ypaB

HeHHe pe1IIaeTCH HTepaUHOHHblM cnoco6oM c HCIIOJib30BaHHeM OTHOCH

TeJibHOH MaJIOCTH MaTpHqHOfO 3JieMeHTa Vki. 
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flpe)l,IIOJIO)KHM, 'ITO )l,O 3JieicrpOMarHHTHOfO B03)],eHCTBIDI (IIpH t~ -oo) 
CHCTeMa HaXO)l,HJiacb B COCTO.HHHH, OIIHCbIBaeMOM BOJIHOBOH <l>YHK

utteH: 'I' n· Tor;:i:a )l,Jl.H BblqHCJieHH.H K03cpcpHI.J,HeHTa ck B rrepBOM IIOPMKe 

TeOpHH B03MyI11eHHH B rrpaBOH qaCTH ypaBHeHIDI (6.15) <l>YHKI.l,HH c;(t) 

H)')l(HO 3aMeHHTh Ha CHMBOJI KpoHeKepa t5;n· B pe3yJihTaTe Haxo;:i:ttM: 

• t 

c~(t) = -i L vkn(t')exp(iwknt')dt'. (6.16) 

Ko3cpcpttutteHT ( 6 .16) rrpe,n:cTaBJI.HeT co6oH: ( c rnqHoCThIO .no MHo

)l(HTeJI.H) MfHOBeHHOe 3HaqeHtte aMnJIUmyiJbt rrepexo.n:a KBaHTOBOH CHCTe

MbI H3 COCTO.HHH.H /n) B COCTO.HHHe /k), BblqMcJieHHOe B rrepBOM rrop.H,n:Ke 

MaJIOCTM no B03MYilleHMIO. AMrrnwry.ua rrepexo.ua .HBJI.HeTC.H, Boo6me ro

Bop11, KOMIIJieKCHOH BeJilfqlfHOH, apryMeHT KOTOpOH HeCeT MHcpOpMa

UMIO 0 cpa3e B3aMMO)l,eHCTBM.H. <l>a30Ba.H xapaKTepMCTMKa COCTO.HHM.H Be

mecrna .HBJI.HeTC.H Ba)l(HOH crreuwcpwqeCKOH qepTOH KBaHTOBOfO OIIMca

HM.H, KOTopm1 OTCYTCTByeT B KJiaccwqeCKOH cpM3HKe. <l>a3a COCTOHHMH 

OTPa)l(aeT KOPIIYCKYJIHpHO-BOJIHOBOH ,n:yaJIM3M, CBOHCTBeHHhIH o6beKTaM 

MHKpOMHpa. YqeT cpa30BbIX COOTHOIIleHMH oqeHb cymecrneHeH rrpM pac

CMOTpeHMM TaK Ha3bIBaeMhIX KorepeHTHbIX M3JiyqaTeJibHbIX rrpoueccoB, 

a TaK)l(e rrpM B03)],eHCTBMM Ha BemecTBO CBepxKOpOTKMX MMIIYJibCOB 3JieK

TpOMafHMTHOfO IIOJIH (CM. HM.IKe). 

6.3. <l>OTOnPOL\ECCbl 
B MOHOXPOMAT"14ECKOM nonE 

llyCTb 3JieKTpOMarHMTHOe B03MyllleHMe BbI3BaHO .n:eHCTBM

eM MOHOXpOMamu'ieCICOW M3JiyqeHM5I. BocrroJib3yeMCH onepaTOpOM 3Toro 

B03MYIUeHM.H B cpopMe )l,JIMHbI (6.8). c yqeTOM Bblpa)l(emrn )l,JIH HanpH

)l(eHHOCTH 3JieKTpwqecKoro IIOJIH B MOHOXpoMaTMqecKOM H3JiyqeHHH (1.5) 
MaTpHqHbIH 3JieMeHT Vkn nepenmneTCH B BH)l,e: 

vkn = vkn exp(-iwt) + v;n exp(iwt), (6.17) 

r,n:e Vkn - MaTplfqHbIH 3JieMeHT orrepaTopa B3aHMO)l,eHCTBHH C Bhl)l,eJieH

HOH BpeMeHHoH: JaBHCHMOCThIO, 

- Eo . 
vkn = -dknTexp(-1910 ); (6.18) 
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dkn - MaTpHqHbIH 3JieMeHT onepaTopa 3JieKTp11qecKoro JJ.HilOJibHoro 

MOMeHTa, 

Op11 3an11c11 (6.18) npe)l.no;rnrancH BbIIlOJIHeHHbIM KPHTep11M: Jl.HilOJib

Horo np116nmKeHHH (1.4). OoJJ.CTaBJIHH (6.17) B (6.16), nonyqaeM B npe

JJ.eJie t -t =: 

(I) ( ) 2 tr i { - ( ) - * ( )} ckn t -t 00 -t ---;; vknJ mkn - m + vknJ mkn + m . (6.19) 

OpM BblBO)l.e (6.19) 6bIJIO MCilOJib30BaHO HHTerpaJibHOe npe)l.CTaBJie

HMe )l.eJibTa-cPYHKUHH: 

1 ~ 

c5(a) = 
2

tr L exp(iat)dt. (6.20) 

,ll.eJibTa-ciJyHKUHM B <PnrypHblX CK06Kax npaBOH qacTH Bbipa)J(eHml 

(6.19) OilMCbIBaIOT 3aKOH coxpaHeHHH 3HeprnM, Il03TOMY nepBoe CJiara

eMoe COOTBeTCTByeT no211ow,eHUIO cPOTOHa c 3HeprneM: nm, a BTOpoe -

U3AytteHUIO <PoToHa TOH )J(e qacTOTbI. 

B COOTBeTCTBMH c 6a30BbIM KBaHTOBO-MexaHnqecKHM cPOPMaJIH3MOM 

6epoRmHOCmb 6 eOUHUf-0' BpeMeHU nepexo)l.a CHCTeMbl M3 HaqaJibHOro co

CTOHHMH In) B KOHeqttoe COCTOHHHe lk) J].aeTCH COOTHOUieHMeM: 

(6.21) 

00)].CTaBJrnH B 3TO paBeHCTBO Bblpa)J(eHMe (6.19), HaXOJJ.MM )].JIH ¢0-

mono211ow,eHUR: 

(I) _ 21l ( ) , - 12 wkn - ho Ek - En - nm Vkn . (6.22) 

3)].eCb MCilOJib30BaHa ciJopMyJia 21lc52(x) = tc5(x), BbITeKaIOIUaH M3 MHTer

PaJibHOfO npe)l.CTaBJieHmi: )l.eJibTa-<PyHKUHM (6.20), a TaK)J(e COOTHOUieHMe 

J(ax) = o(x). 
a 

Bb1pa)J(eHMe (6.22), CBH3b1Ba10mee BepoHTHOCTb npouecca B eJJ.MHM

uy BpeMeHM c MaTpMqHbIM 3JieMeHTOM onepaTopa B3aMMO,ll;eHCTBlUI, Ha-
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3bIBaeTCH 30JlOmbtM npa8UJlOM <PepMU. 30JIOTOe rrpamrno <l>epMM OIIMChl

BaeT He TOJibKO cPOTorrpouecCbl, HO lI rrepeXO)J,hl B KBaHTOBOH CMCTeMe 

IIO)J, JJ,eHCTBMeM B03MyrueHMH mo6oit rrpMpO,ll,hl. 

lb cPOPMYJihl (6.22) CJieJJ,yeT, qTo BepOHTHOCTh cPOTOIIOfJIOIUeHMH 

OTJilfqHa OT HYJIH B cnyqae BhIIIOJIHeHMH ycJIOBMH Ek - En = nm, T. e. 

KOrJJ,a 3HeprnH rrornoruaeMoro <PoToHa pasHa 3Hepnm rrepexoJJ,a B aTo

Me. IlocneJJ,Hee paseHCTBO CBMJJ,eTeJihCTByeT 06 ooHorjJomoHHOM xapaKTe

pe OIIMCbIBaeMOfO HBJieHMH. 

BepoHTHOCTh B eJJ,MHMUY BpeMeHM u3Jly11eHuR <PoToHa rroJJ, JJ,eitcTBMeM 

BHenIHero 3JieKTPOMarHMTHOf0 IlOAA JJ,aeTCH cPOPMYJIOH, aHanornqHOH (6.22) 
c 3aMeHoit 3HaKa y qacTOThI -nm~ nm. Toma, ecreCTBeHHO, 3HeprM51 Ha

qanhHOro COCTOHHM51 aTOMa )J,OJDKHa 6bITh Bhlllie 3HeprMM KOHeqHoro co

CTOHHM51 En > Ek. 3To M3Jlyqem1e Ha3hrnaeTCH cmUMyAupoeaHHbtM, MJIM MH

JJ,yUMpOBaHHhIM. 11cnOJih3yeTCH TaIOKe TepMMH 8blHYJICOeHHOe M3JiyqeHMe. 

IlOHHTMe BhIHy)!()l.eHHOfO lI3JiyqeHMH 6bIJIO BBeJJ,eHO B KBaHTOBYIO 

TeOpMIO A.3itHillTeHHOM B CTaThe 1916 r., B KOTOpoit paccMaTpMBa

JIOCh B3aMMO)J,eHCTBMe TeITJIOBOro M3JiyqeHM51 c JJ,ByxypOBHeBOH CMCTeMOH 

(CM. pa3JJ,. 4.1). B UMTMpyeMOH pa6oTe BhIHy)!()l.eHHOe M3JiyqeHMe OIIM

ChIBaJIOCh c noMOIUhIO <PeHOMeHOJiornqecKoro K03cPcPMUMeHTa Bnm' HB

HhIH BM)], KOTOporo nocJie)J,OBaTeJihHhIM IIYTeM MO)l(eT 6bITh IIOJiyqeH TOJih

KO B paMKaX KBaHTOBOH MeXaHMKM. 

CTMMYIIMpOBaHttoe M3JiyqeHMe MCIIOJih3yeTCH B na3epax II Ma3epax 

MH ycMJieHMH 3JieKTpoMarHMTttoro rroJIH. HarroMHMM, qTo BhirnerrpMBe

JJ,eHHhie TepMMHhl HBJIHIOTCH a66peBMaTYpaMM aHfJIMHCKMX CJIOBOCoqe

TaHMH: «Light Amplification by Stimulated Emission of Radiation» II 

«Microwave Amplification by Stimulated Emission of Radiation». 

Ilpouecchr <PoTorrornorueHMH II CTMMYIIMpoBaHHoro M3JiyqeHMH cxe

MaTMqecKM npeJJ,CTaBJieHbl Ha pMC. 6.3 BMecTe c rrpoueccOM CIIOHTaHHO

ro M3JiyqeHMH, 0 KOTOpOM peqb IIOHJJ,eT HM)l(e. 

Ba)l(HeitrnMM csoitcrnoM CTMMYJIMposaHHOro M3JiyqeHMH, orrpeJJ,eJIH

IOIUMM ero IlllIPOKOe MCIIOJih30BaHMe, HBJIHeTCH TO o6cTOHTeJihCTBO, qTo 

lI3JiyqeHHhIH cPOTOH no BCeM CBOMM xapaKTepMCTMKaM (qacTOTe, BOJIHO

BOMY BeKTopy, IlOJIHpM3aUMM, <Pa3e) HeOmJIU'lUM OT cPOTOHa BHelllHero 

IlOJIH, Bhl3hIBaIOr.uero lI3JiyqaTeJibHhIH nepeXO)J, B aTOMe. (3JJ,eCh Mhl rrpe

tte6peraeM TOHKMMM 3cPcPeKTaMM, CBH3aHHhIMM c HBJieHMeM OT)J,aqM.) 3Ta 

ttepa3JilfqlIMOCTh npMBO)J,lIT K TOMy, qTo 3JieKTpoMafHMTHhie IIOJIH o6oMX 

cPOTOHOB KOHCTPYKTMBHO lIHTep<l:>epMpyIOT c yBeJIMqeHMeM aMITJIMTYJJ,hl 

II coxpaHeHMeM <Pa3hI CYMMapHoro noAA. B pe3yJihTaTe <PopMMpyeTCH 

KOrepeHTHOe lI3JiyqeHMe c BhlCOKOH crreKTpaJibHOH HpKOCThIO. 
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E. En ----.----En 

1iw 
~ 

liw liw 
~ ~ 

liw 
~ 

En E. ----'----£,,. 
a 6 8 

Puc. 6.3. <l>oTonornoll.lemi:e (a), BbIH)')l(.Ll.eHHoe tt311yqem1e (6) H cnoHTattttoe 
tt311yqetttte («) 

)l,eJihTa-<PyHKI.J,HJI B rrpaBOH qacTH paBeHcTBa (6.22) BbipaX<:aeT 3aKOH 

coxpaHeHml 3HepmH B rrpeHe6peX<:eHHH B3aHMO)l;eHCTBHJI aTOMa c OKpy

X<:emieM (TepMOCTaTOM). )l,JIJI yqeTa 3TOfO B3aHMO)l;eHCTBHJI B <PopMyJie 

(6.22) HYX<:HO rrpOH3BeCTH 3aMeHy: 

<5 (6.E - nm) ~ Gnk (m) 
nk n ' (6.23) 

me Gnk(m) - crreKTpanbHaJI <PopMa (rrpo<Pttnh) JIHHHH Ha rrepexo11:e n H k 
Me)l()l;y aTOMHblMH COCTOJIHHJIMH, rro11:po6HO paccMOTpeHHaJI B pa3)1;. 4.5. 
CrreKTpanbHaH <PopMa JIHHHH yqHThrnaeT He TOJihKO Heyrrpyroe B3attMo-

11:ei1cTBHe aTOMa c TepMOCTaTOM, B XO)l;e KOToporo H3MeHJieTCJI 3HeprHH 

CMCTeMbl, HO H yrrpyme rrpo1.1,eCCbl, MrpaIOUJ,Me BaX<:HYIO pOJih B <PopMM

poBaHHH crreKTpanbHOfO rrpo<PttJIH rrepexo11:a, IIOCKOJihKY HX BepOHTHOCTh, 

KaK rrpaBHJIO, 6oJihIIIe, qeM Heyrrpyrttx. 

flpOM3BO)l;H 3aMetty (6.23) H IIO)l;CTaBJIHH B (6.22) BhrpaX<:eHMe )l;JIJI 

MaTpHqttoro 3JieMeHTa B3aHMO)l;eHCTBMH aToMa c MOHOXpOMaTHqecKHM 

3JieKTpOMarHMTHblM IIOJieM (6.18), IIOJiyqaeM )l;JIH BepOHTHOCTH B e)l;MHH-

1.1,y BpeMeHH O)l;HO<l>OTOHHOfO rrpouecca (rrornomeHHH MJIM HH)l;yI.J,MpO

BaHHOfO HJnyqemrn) cne11:yromee paBettcrno: 

(6.24) 

r11:e u - rrpocTpaHCTBeHHaH IIJIOTHOCTh 3HepmM MOHoxpoMaTMqecKoro 

M3JI}"leHMH: 

E2 
U=-0. 

8JZ"' 
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gi - CTani:cni:qecKHH Bee HaqarrhHOfO ypOBIDI 3HeprHH, yqHTbIBaIOW,HH 

ero B03Mm1rnoe Bhipo)l()];eHHe. 0TCIO)J,a cJie)J,yeT Bhipa)!(eHHe .[!,JI.SI ceqemrn 

O)J,HOcPOTOHHOfO npouecca: 

41Z"
2 Im 1d 2 

Oj; = G1;(m)ld1;I . 
3gJic 

(6.25) 

flpH BbIBO)J,e (6.25) 6bIJIO HCnOJib30BaHO onpe)J,eJieHHe ceqeHH.SI 

(4.92) Ji Bbipa)!(eHJi:e )J,Jl.SI noTOKa cPOTOHOB B MOHOXpOMaTJiqecKOM 

·ph - cu 
lm - fim 

PaBeHcrno (6.25) coBna)J,aeT c Bhipa)!(eHHeM .[!,JI.SI ceqeHH.SI (4.95), 
noJiyqeHHbIM Ha OCHOBaHHH npHHUHna COOTBeTCTBH.SI. 

113 cPOPMYJI (6.24) Ji (6.25) CJie)J,yeT, qTQ BepO.SITHOCTb/ceqeHHe <Po

TonornomeHH.SI TeM 60JibIIIe, qeM 6oJibIIIe MaTpHqHbIH 3JieMeHT )J,H

noJibHOro MOMeHTa nepexo)J,a, KOTOpbIH npe)J,nOJiaraeTC.SI HepaBHbIM 

HYJIIO d1; * 0 (.[!,HnOJihHO-pa3peIIIeHHhIH nepexo)J,). qacTOTHa.SI JaBHCH

MOCTh cPOTonornomeHH.SI B MOHOXPOMaTwqecKOM none onpe.[1,eJI.SieTC.SI 

cneKTparibHOH cPOPMOH JIHHHH nepexo)J,a Ji HMeeT OCTpbIH MaKCHMYM Ha 

co6crneHHOH qaCTOTe mmax = (l)fi (CM. PHC. 4.2). KpoMe TOro, H3 cPOPMY

Jlbl (6.24) BH)J,Ha Ba)!(Ha.SI xapaKTepHCTJiqecKa.SI qepTa O)J,HOcPOTOHHOro 

npouecca: nponopUHOHaJlbHOCTb ero BepO.SITHOCTH 3HeprHH H3JiyqeHH.SI 

B nep60U CTeneHH. 

Bb1pa)!(eHwe AA.SI Bepo.SITHOCTH O)J,HOcPOTOHHoro npouecca (6.24) ner

KO o6o6rn,HTb Ha CJiyqaH HeMOHOXpOMaTJiqecKoro H3JiyqeHH.SI. )l.JI.SI 3TOro 

npocTpaHCTBeHHYIO nJIOTHOCTb 3HeprHH nOJI.SI u H~HO 3aMeHHTb Ha 

cneKTpaJibHYIO nJIOTHOCTb 3HeprnH p(w): 

(6.26) 

3.[l,ecb BBe)J,eHa )J,HcP<l:>epeHUHaJihHa.SI (no qacTOTe BHeIIIHero noJI.SI) Bepo

.SITHOCTh B e,LJ,HHHUY BpeMeHH. 0TCIO,LJ,a )],JI.SI HHTerpaJibHOH (no qacTOTe 

H3JiyqeHH.SI) BepO.SITHOCTH npouecca HMeeM 

(6.27) 
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OtieBH,ll,HO, 'ITO (6.27) nepexo,ll,HT B (6.24) rorn MOHoxpoMaTHtiecKoro 

H3JiyqeHmI, KOf,ll,a 

p(w') = uc5(w-w'). 

0TMeTHM, 'ITO ¢opMyJihI (6.24)-(6.27) onHCbJBaIOT KaK ¢oTOnorno

meHHe, TaK H CTHMYJIHpoBaHHoe H3JiyqeHHe. B nocJie,ll,HeM cnyqae npe,ll,

nonaraeTcH, 'ITO E; - E1 = liw, T. e. 3HeprHH Ha'IaJihHOro aTOMHoro co

CT051HH51 6oJibllie 3HeprHH KOHe'IHOro. 

CnoHTaHHOe H3JiyqeHHe (pHc. 6.3, 11) B OTJIH'!He OT HH.ll.YUHPOBaHHO

ro (B paMKax noJiyKJiaCCH'!eCKOfO onHCaHH51) B03HHKaeT caMonpOH3-

BOJibHO 6e3 BH.ll.HMOH BHellIHett npH'IHHhI. Ero xapaKTepHCTHKH, TaKHe 

KaK ¢a3a, noJI51pH3aUH51 H HanpaBJieHHe H3JiyqeHH51, HOC51T CJiyqaHHhIH 

xapaKTep, a qacTorn onpe,ll,eJIHeTcH ¢opMott JIHHHH aTOMHoro nepexo,ll,a 

(cM. pHc. 4.4). Ha caMoM ,ll,eJie c noMOIUhIO KBaHTOBOH 3JieKTPO.ll.HHaMH

KH MO)[(HO noKa3aTb, 'ITO cnOHTaHHOe H3JiyqeHHe B03HHKaeT no,ll, ,ll,eH

CTBHeM BaKYYMHbIX cPJIYKTyaUHH 3JieKTpOMarHHTHOfO noJI51, KaK 06 3TOM 

fOBOpHJIOCb B KOHUe pa3,ll,. 4.4. 11HTepnpeTaUH51 cnOHTaHHOro H3JiyqeHH51 

KaK HH,ll,YUHPOBaHHOfO BaKYYMHbIMH cPJIYKTYaUH51MH n03BOJI51eT noJiyqHTh 

,ll,JI51 ,ll,H¢¢epeHUHaJihHOH (no qacTOTe) Bep051THOCTH 3TOfO npouecca 51B

HOe Bb!pa)[(eHHe. c 3TOH ueJiblO B ¢opMyJiy (6.26) H~HO .nO,ll,CTaBHTh 

cneKTpaJibHYIO nJIOTHOCTb 3HepmH BaKyyMHhIX cPJIYKTyauHH (4.68), B 

pe3yJihTaTe HaXO,ll,HM: 

d (sp) 4 3 

~ - __!!Jj_I 12 
( ) - 3 d1; G1; w . 

dw 3g;lic 
(6.28) 

Optt 3anHCH (6.28) 6brno noJIO)[(eHo w = w1;, 'ITO o6ycJIOBJieHo ocT

pbIM MaKCHMYMOM cneKTpaJibHOH ¢opMbl JIHHHH Ha co6crneHHOH qac

TOTe nepexo,ll,a. 

TaKHM o6pa3oM, cneKTpaJihHaH ¢opMa JIHHHH aTOMHOro nepexo,ll,a 

onHCbJBaeT He TOJibKO ¢oTonornomeHHe, HO TaK)[(e H H3JiyqeHHe ¢oTO

Ha, KaK HH.ll.YUHPOBaHHOe, TaK H cnOHTaHHOe. 

113 ,ll,HcpcpepeHUHaJihHOH Bep051THOCTH cnOHTaHHOfO H3JiyqeHH51 Jier

KO noJiyqHTh HHTerpaJibHYJO Bep051THOCTh, ecJIH npOHHTerpttpoBaTb (6.28) 
no qacTOTe H BocnoJih30BaThC51 HOPMHPOBKOH cpyHKUHH G1;(w): 

~ 

J G1;(w)dw = 1. 
0 
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YKa3aHHoe HHTerpnpoBattwe .uaeT 

(sp) 4wj; 
1 1

2 
w1; =-

3 
~ 3 d1; = A1;· 

g;nC 
(6.29) 

BTOpoe paBeHCTBO B (6.29) CJie.uyeT H3 <l>OPMYJibl .UJIH K03<l><l>wuwema 

3iIHUITeiIHa (4.59), TIOJiyqeHHOH c TIOMOIUblO cneKTpOCKOTIH'leCKOro 

npHHUHila COOTBeTCTBHH H HBHOfO Bbrpa)!(eHHH MH CHJibl OCUHJIJIHTOpa 

(4.51). 3aMernM, qTO <PopMyJia (4.51) 6bma npwBe,uetta B rn. 4 6e3 060-

cttoBaHHH, KOTOpoe B03MO)!(H0 TIOJiyqHTb TOJibKO B paMKaX KBaHTOBOH 

MexaHHKH, qTo H 6bIJIO C,UeJiaHO BbIUie. 

lfa Bbrpa)!(eHHH (6.29) CJie.uyeT, qTQ BepOHTHOCTb CilOHTaHHOfO H3Jiy

qeHHH nponoputtoHaJibHa TpeTheiI cTenetttt co6crnettttoiI qacTOTbI nepe

xo.ua. 003TOMy .uaHHblH npouecc .UOMHHHpyeT Ha.u .upyrHMH B03MO)!(Hbl

MH KaHaJiaMH pacna.ua B036~eHHbIX COCT051HHH aTOMHbIX qacTHU B 

OTHOCHTeJibHO BbICOKOqaCTOTHOM cneKTPaJibHOM .uttana30He: 6JIH)!(HeM 

HH<l>paKpaCHOM, BH.UHMOM H 6oJiee KOPOTKOBOJIHOBbIM. B pa.uwo.uttana-

30He pOJib cnottrnHHoro H3JiyqeHHH npette6pe)!(HMO Mana. CttJibtta.sI 3a

BHCHMOCTb K03<l><l>ttuHeHTa 3il:HUITeiIHa Afi OT qacTOTbl 51BJI.R:eTC51 O.UHHM 

H3 OCHOBHbIX <l>aKTOpOB, 3aTpy.UH51IOIUHX C03,UaHHe peHTfeHOBCKOfO Jia-

3epa Ha nepexo.uax B .UHCKpeTHOM cneKTpe MHOf03apMHbIX HOHOB, no

CKOJibKY npenHTCTByeT C03,UaHHIO HHBepCHH ttaceJieHHOCTeiI, tteo6xo.utt

MOH .UJIH ycHJietttt51 H3Jiyqetttt.si:. 

CnoHTaHHoe H3JiyqeHtte nptt HeTenJIOBOM B036~eHHH Bemecrna 

npoRBJIReTCH KaK JlJOMuHecu,eHU,UH - H3BecTHoe c XVIII B. <l>ttJttqecKoe 

RBJieHtte, HaUie,UUiee B HaCTOHIUee BpeMH UIHpOKoe npaKTHqeCKOe HC

IlOJib30BaHHe, B qacTHOCTH B JIIOMHHecueHTHbIX JiaMnax H 6ttoMapKepax. 

Onpe,ueJiettwe JIIOMttttecuettuMM 6bmo .uatto B 1948 r. C.H. BaBHJIOBbIM: 

«oy.ueM Ha3bIBaTb JIIOMHHecueHuHeH H36bITOK Ha.u TeMrrepazypHblM H3JIY

qeHtteM TeJia B TOM CJiyqae, ecJIH 3TO H36bITOqHoe H3JiyqeHHe o6Jia,uaeT 

Kotteqttoti MMTeJibHOCTbID npwMeptto 10-10 ceKYH.u H 6oJibUie» [3]. Bpe

Metttton KPHTepHM B 3TOM onpe.ueJieHHH Il03BOJIHeT OTJIHqaTb JilOMHHec

ueHUHIO OT .upymx THilOB H3JiyqaTeJibHhIX rrpoueccoB: pa3JIHqHblX BH.UOB 

pacce.si:HMH cBern, M3JiyqeHHR BaBHJIOBa-qepeHKOBa M T . .u., MHTeJib

HOCTb KOTOpbIX cymecrneHHO MeHbUie nepwo.ua KOJie6aHHH 3JieKTpOMar

HHTHOf0 IlOJIH. B 3aBHCHMOCTH OT crroco6a B036~eHHH pa3JIH'-IaIOT 

<l>oTOJIIOMHHecueHuHID (B036~eHtte CBeTOM), xeMHJIIOMHHecueHUHIO 

(XHMHqecKoe B036y)!(LJ:eHtte ), KaTO.UOJIIOMMHecueHuHIO (B036y)!(LJ:eHtte 

6bICTpblMH 3ap.si:)!(eHHhIMH qacTMuaMH), COHOJIIOMHHecueHuHIO (B036~

.ueHMeM 3BYKOM) H .up. 
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BpeMeHHa51 3ami:Cl1MOCTb MOIUHOCTl1 JIIOM11Hecuettu1111, B03Hl1KaIO

IUeH tta nepexo.ue j --t k, .uaeTcH Bhipa)l(ett11eM 

(6.30) 

r)J.e '0 - BpeMH )1(113Hl1 j-ro ypoBHH; wfk' Al;!' - co6crneHHM qacToTa 11 

Ko3<P<lmu11em 3i1ttnnei1Ha MH paccMaTp11BaeMoro nepexo.ua; 'N;(t = 0) -
ttaceJieHHOCTh ypoBHH B ttaqaJihHhIH MOMeHT BpeMett11. CyMMapttaH no 

BCeM nepexo.uaM Ha Hl1)1(eJie)l(aIU11e ypoBHl1 MOIUHOCTb JIIOMl1HecueH

Ul111 pastta 

(6.31) 

I-fa .uaHHOro Bblpa)l(eHl1H CJie.uyeT, qTo BpeMeHHaH 3aBl1C11MOCTb c11rHa

Jia JIIOMl1HecueHU1111 onpe.ueJIHeTCH TOJlbKO BpeMeHeM )1(113Hl1 Bepxttero 

ypOBHH, Il03TOMY Otta MO)l(eT CJ1~11Th MH onpe.ueneHHH napaMeTpa '0· 
<l>opMyJlhl (6.30) M (6.31) IlOJiyqeHbl B npette6pe)l(eHl111 .UJIMTeJibHOCThlO 

B036y)l(,UaIOIUero 11MITYJibCa. 

Ba)l(HhIM11 KOJI11qecTBeHHhIM11 xapaKTep11cT11KaM11 <PoTOJ1IOM11ttecuett

u1111 HBJIHIOTCH KBaHTOBhIH 11 3HepreTMqecKl1H BhIXO,U. OepBhlH 113 Hl1X 

paBeH OTHOUieHl1IO q11cJia B036y)l(,UaIOIU11X JIIOMl1HecueHUl1IO <PoTOHOB K 

q11cJiy M3JiyqeHHhlX <PoTOHOB, BTOpOH - OTHOllleHl1IO 3Hepm11 B036y)l(,Ue

Hl1H K 3Hepm11 M3JiyqeHl1H. 3ttepreTMqecKl1H BblXO.U JIIOM11Hecuettu1111 

J111HeHHO pacTeT c pOCTOM )1)111Hbl BOJIHhl M np11 .UOCTM)l(eHl1M tteKOToporo 

rpaHMqttoro 3HaqettHH, onpe.uenHeMoro 3aKOHOM coxpaHeHHH 3Heprm-1. 

2nc 

pe3KO na.uaeT. 

6.4. HAHOMAPKEPbl HA KBAHTOBblX TOYKAX 

0.UH11M 113 COBpeMeHHblX npMMeHeHMH JlIOM11HecueHU1111 

HBJI.HeTCH ee MCITOJ1b30Batt11e B HaHoMapKepax (<PnyopecueHTHhlX MeTKax) 

MH 6ttoJiomqecK11x 11 Me.u11u11ttcK11x ueJiett [4]. HattoMapKepbI npe.u

CTaBJIHIOT co6oH: o6oeKTbl c xapaKTepHblM pa3MepOM OT e,Ul1Hl1U .uo .ue

CHTKOB HaHOMeTpOB, cnoco6Hble npMCOe,UMHHTbCH K ueJieBhIM MaKpO-



218 ~ Dia6a 6. HJJ1y'1ame11bHble npo4eccb1 6 aucKpemHoM cneKmpe 

MOJieKyJiaM, ttarrpHMep KJieTKaM c pa3JIH'IHOfO po)J,a rraTOJIOrHeti., H OT

CJie)[(HBaTb HX rrepeMemettHe B rrpOCTpaHCTBe c IIOMOIUbIO B036~ae

MOH BHeIIIHHM H3JiyqettHeM JIIOMHHecu:em.i;HH. 0.[(HOH H3 peaJIH3au;nti. 

HattoMapKepoB HBJIHIOTCH 1(8GHm08bte moitKU (HJIH HaHOKpHCTaJIJibl) -

IIOJIYIIPOBO)J,HHKOBbie HaHoqacTHU:bl pa3MepoM OT HeCKOJibKHX HaHO

MeTpOB )J,0 COTHH HaHOMeTpOB. KBaHTOBbie TOqKH COCTOHT H3 aTOMOB 

3JieMeHTOB II-VI HJIH III-V rpyrrrr rrepHO)J,HqecKoti. rn6JIHU:hI Mett)J,e

neeBa H HMeIOT pa3Mep MeHbIIIe pa)J,Hyca 3KCHTOHa Eopa )J,JIH )J,attttoro 

MaTepHana: 

f)J,e c - )J,H3JieKTpHqecKaH IlpOHHQaeMOCTb Bemecrna; mexc - 3<P<PeK

THBHaH Macca 3KCHTOHa. B cnyqae c<PepHqecKHX qacTHU: cenettH)J,a Ka)J,

MHH CdSe HX )J,HaMeTp )J,OJI)[(ett 6bITh MettbIIIe 10 HM, qT06b1 y)J,OBJierno

PHTh npHBe)J,eHHOMY ttepaBettcrny. 

3KCHTOH rrpe)J,CTaBJIHeT co6oti. CBH3aHHOe COCTOHHHe 3JieKTpOHa H 

)J,blpKH B IIOJIYIIPOBO)J,HHKe. )],JIH OIIHCaHHH 3KCHTOHOB 60JibllIOfO pa.[(Hy

ca crrpaBe)J,JIHBa BO)J,OpO)J,OIIO)J,06ttaH MO)J,eJih, B KOTOpoti. 3apH)J, 3JieKTp0-

Ha Hy)[(HO yMeHbllIHTb B .J£ pa3 (c - )J,H3JieKTpHqecKaH rrpOHHU:aeMOCTb 

IIOJiyrrpOBO)J,HHKa), a Macey 3JieKTPOHa 3aMeHHTb Ha 3<P<PeKTHBHYIO Macey 

3KCHTOHa. c yqeTOM 3THX 3aMeH MO)[(HO HCIIOJib30BaTb <PopMyJibl TeOpHH 

Eopa, rrpHBe)J,eHHbie B pa3)J,. 4.2 ttacToHmeti. KHHrH. B qacTHOCTH, MH 

MaKpocKorrHqecKHX o6pa3U:OB «pa6oTaeT» <PopMyna Eopa (4.28) )J,JIH ypoB

tteti. 3HepmH 3KCHTOHa, B KOTOpoti. 3HepreTHqecKaH IIOCTOHHHaH PH)J,6ep

ra )J,OJI)[(Ha 6bITh 3aMettetta Ha cBoti. attanor (3<P<PeKTHBHbiti. PH)J,6epr): 

IlpH nepeXO)J,e OT 06beMHbIX o6pa3QOB K noJiynpoBO)J,HHKOBbIM Ha

HOKpHCTaJIJiaM Hy)[(HO )"IHTbIBaTb pa3MepttbIH 3<P<PeKT: 3aBHCHMOCTb 

3HeprHH OT )J,HaMeTpa HattoKpHCTaJIJia - pa3Mepttoe KBaHTOBaHHe 3Hep

rHH. Pa3MepHoe KBaHTOBattHe (HJIH KBattTOBhrti. Kott<Pati.ttMettT) xapaK

Teptto )J,JIH HaHOKpHCTaJIJIOB c pa.[(HYCOM HeCKOJibKO HattoMeTpOB. B KBaH

TOBbIX TOqKax )J,HaMeTpOM HeCKOJibKO )J,eCHTKOB HaHOMeTpOB 3Hepnrn 

3JieMeHTapttbIX B036~eHHH nepecrneT 3aBHCeTb OT pa)J,Hyca. 

OnTHqecKHe cBoti.cTBa rronyrrpoBO)J,HHKOBhIX KBaHTOBhIX ToqeK orr

pe)J,eJIHIOTCH crreKTpOM B036~eHHH HOCHTeJieti. 3apH)J,a, KOTOpb!H B CBOIO 
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oqepe)],b 3aBHCHT OT pa3Mepa KBaHTOBOH TOqKH H3-3a pa3MepHoro KBaH

TOBaHHH 3Hepr1111. 3Kcrrep11MeHTaJihHbIH crreKTP rromomeHHH KBaHTO

BhIX ToqeK ceJieHH)],a Ka)],MHH pa3JIHqHOfO )],HaMeTpa, H3MepeHHhIH rrpH 

TeMrrepaType 10 K, rrpeL1,cTaBneH Ha pwc. 6.4. BHLl.HO, qTo c yBem1qeH11-

eM pa3Mepa HaHoKpHCTaJIJia MaKCHMYM cI:ioTOITOfJIOW:eHHH, orneqa10m11:H: 

rrepexo)],y Me)l()],y )],HCKpeTHhIMH COCTOHHHHMH 3KCHTOHHOfO crreKTpa, 

CLl,BHraeTcH B )],JIHHHOBOJIHOBhIM )],Harra3oH. Opw 3TOM MH )],HaMeTpoB 

d > 10 HM ITHK cl:iOTOITOfJIOW:eHHH 11cqe3aeT, H crreKTP OITHCbIBaeTCH MO

HOTOHHO B03pacTaIOll.l,eM (c YMeHhilleHHeM )],JIHHhI BOJIHbI) KpHBOH. 

700 600 

ci:D(A) aim 
~ 6 
0 51 
~ 46 
:i:: * 38 
0 32 
::: 30 
~ 28 

26 

19 

10 K 

PHc. 6.4. 3somou,1rn cneICTpa nornomemrn HaHOKPHCTMJlOB CdSe, BHe,ll,peHHhrx 
B OfiTH'IeCKH npo3pa•rny10 fiOJlHMepHyJO nneHcy, nptt H3MeHeHJ1H HX 
,ll,HaMeTpa (113 CTaTbH [5]) 

3aBHCHMOCTh co6CTBeHHOM qacTOThl paL1,Hau:110HHOfO rrepexo.ua OT 

pa3Mepa ttaHoKpHCTaJIJia rrpHBOLl.HT K HeOL1,HopoL1,HOMY yUIHpeHHIO JIH

HHM (4.72) B attcaM6Jie KBaHTOBhIX ToqeK H3-3a pa36poca HX paL1,11ycoB. 

B pHLl,e cnyqaeB 3TO tteo.uttopOLl,HOe yUIHpeHwe MO)!(eT oKa3aThCH 6oJihllle 

HeO)],Hopo,n:Horo yUIHpeHHH (4.70), CBH3aHHoro co c6oeM cI:ia3hI 3JieMeH

Tapttoro H3JiyqaTeJIH. Tor;::i:a OKa3bIBaeTCH B03MO)!(HhIM HCITOJib30BaTb 

MeTO)],HKY 3XO-crreKTpOCKOITHH (CM. fJI, 10) B pa6oTe c 11011yrrpOBO)J,HH

KOBhlMH KBaHTOBhlMH TOqKaMH. 

flo ,llaHHhIM YJibTpacl:iHOJieTOBOM crreKTpOCKOITHH, B KBaHTOBhIX TOq

KaX o6ttapy)!(eHo 6oJibllIOe KOJIHqecrno YPOBHeM 3HepmH H COOTBeT

CTBeHHO 3Haq11TeJihHoe q11c110 paL1,11au:HOHHhIX rrepexo)],oB. CaMhIH HH3-

KHH B036y)l()],eHHhIM ypoBeHh 3Hepmw orneqaeT 3KCHTOHHOMy ITHKY B 
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nornomeHHH H H3JiyqeHHH. BhIIlle no 3HeprHH Jie)!(aT MYJihTHnJieTHbie 

COCT05IHH51 c 6oraTOH CTpyKTypoH., qTO o6ecneqHBaeT B03MO)!(HOCTb 34>

<I:ieKTHBHOfO B036~emrn KBaHTOBbIX ToqeK KOpOTKOBOJIHOBbIM H3Jiy

qeHHeM. Ko3<l:i<l:>HUHeHT nornomeHHH H3JiyqeHHH B HaHOKpHCTaJIJiax B03-

pacrneT c YMeHhllleHHeM JLJIHHhI BOJIHhI. 3To no3BOAAeT B036~aTb KBaH

TOBbie TOqKlf c pa3JIHqHOH )J,JIHHOH BOJIHbl JIIOMHHecueHUHH O)J,HHM 

HCToqHHKOM H3JiyqeHH51 (HanpHMep, PTYTHOH naMnoH.), qrn Kpati.He Ba)!(HO 

,UJI51 6HOJIOfHqecKHX npHJIO)!(eHHH. 

<l>nyopecueHUHH B KBaHTOBhlX TOqKax o6ycJIOBJieHa <I:ioTopeKOM6H

HauHeH. CB060)J,HhlX H CB513aHHblX HOCHTeJieH 3ap51)],a. B nepBOM cnyqae, 

Ha3bIBaeMOM 3KCHTOHHhIM, IllHpHHa cneKTpa H3JiyqeHH51 BeChMa Mana. 

TaK, HanpHMep, umpHHa cneKTpa H3JiyqeHHH O)J,HHoqHoro HaHoKpHc

TaJIJia CdSe c o6onoqKoH. H3 ZnS cocTaBJIHeT 13 HM npH KOMHaTHoH. 

TeMnepaTYpe. 

XapaKTepHoe BpeMH )!(lf3HH B036~eHHbIX COCTOHHHH B KBaHTOBbIX 

TQqKax (20-30 HC) cymecTBeHHO MeHbllle, qeM y pe)J,K03eMeJibHbIX HOHOB 

(0,1-1 MC), HO 60Jibllle BpeMeHH )!(lf3HH B036~eHHH B opraHHqecKHX 

KpaCHTeJIHX (1-5 HC). 11ccJie)J,OBaHH51 IlOKa3aJIH, qTQ BpeMeHHa51 3aBH

CHMOCTb 3aTyxaHH51 JIIOMHHecueHUHH B nonynpOBO)J,HHKOBblX HaHOKpH

CTaJIJiax HOCHT MHOf03KCilOHeHUHaJibHbIH xapaKTep H 3aBHCHT OT HH

TeHCHBHOCTH H3JiyqeHH51. 

0TJilfqlfTeJibHbIMH qepTaMH KBaHTOBhIX TOqeK, Ba)!(HbIMH ,UJI51 HX 6HO

Me)J,HUHHCKHX npHMeHeHHH, 5IBJI5IeTC51 BhICOKHH KBaHTOBbIH BbIXO)J, ( CBbl

Ille 70 %), XHMlfqecKa51 H <I:ioTOCTa6HJibHOCTb, IllHpOKa51 cneKTpaJihHa51 

nonoca B036~eHHH (OT 6JIH)!(Heti. 11K-o6nacTH )J,O Y<l>-iJ,Hana3oHa), 

O)J,H03HaqHa51 CB513h Me)!()J,y ,UJIHHOH BOJIHbl JIIOMHHecueHUHH H )J,HaMeT

pOM, Y3KHH cneKTP (IllHpHHa 20-25 HM) H CHMMeTpHqHa51 <I:iopMa JIH

HHH JIIOMHHecueHUHH. HaHoKpHCTaJIJihI ceneHH)J,a Ka)J,MHH, HanpHMep, 

)J,HaMeTpOM OT 3-6 HM B036~aIOTC51 H3JiyqeHHeM O)J,HOH H TOH )Ke ,UJIH

Hbl BOJIHhI, H3Jiy<Ia51 npH 3TOM <I:ioTOHbl Ha ,UJIHHax BOJIH OT 6JIH)!(Hef0 

MK- )J,O Y<l>-)J,Hana30Ha B 3aBHCHMOCTH OT CBoero )J,HaMeTpa (rn6n. 6.1 
[4]). KBaHTOBbie TOqKlf OKa3hIBaIOTC51 Ha MHOfO nop5I)J,KOB 6onee CTa-

6HJibHhIMH, qeM nyqume opraHHqecKHe <I:inyopo<l:iophI, o6ecneqHBaH KaK 

B03MO)!(HOCTb MHOroKpaTHOfO yBeJIHqeHH51 MOIUHOCTH B036~aIOmero 

H3JiyqeHH51, TaK H )J,JIHTeJibHOCTH (OT COTeH )J,0 Tb!C5Iq qacoB) OTCJie)!(HBa

HH51 IlOBe)J,eHH51 MeTKH B peaJibHOM BpeMeHH. 

CTonynpoBO)J,HHKOBhIM HaHoKpHcTanJiaM npHCYIUH )],Ba ocHOBHhIX 

)J,OCTOHHCTBa, BhlfO)J,HO OTJIHqaIOIUHe HX OT opraHHqecKHX <l:inyopo<I:ioc-
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<Popos. 3To, BO-nepBbIX, B03MO)!(HOCTb ynpasJieHIDI ,UJIHHOH BOJIHbl mo

MHHeCIJ,eHIJ,HH 3a cqeT H3MeHeHIDI ;:i:naMeTpa HaHOKpHCTaJIJia. l1, BO-BTO

pbIX, nrnpoKaSI IlOJIOCa B036)')1(,UeHirn JIIOMHHecIJ,eHIJ,HH, Il03BOJISIIOlllR~l 

HCilOJib30BaTb e;:i:HHbIH HCTOqHHK ,UJISI HaHOKpHCTaJIJIOB pa3JIHqHbIX pa3-

Mepos. ilpH 3TOM )l:JIHHa BOJIHbI B036)')1(,UeHHSI )l:aJieKO OTCTOHT OT )l:JIHHbI 

BOJIHbI JIIOMHHeCIJ,eHIJ,HH 6oJiee qeM Ha 100 HM (60JiblllOH CTOKCOB C)l:BHr). 

3Ta oco6eHHOCTb Ba)l(Ha npH HCilOJib30BaHHH HaHOKPHCTaJIJIOB )l:JISI Me

qeHHSI o6beKTOB, 06Jia;:i:a10mwx co6crneHHOH cl>JiyopecIJ,eHIJ,Hetl. oOJih

wasi cneKTpaJibHaSI pa3HHIJ,a B ,UJIHHax BOJIH B036)')1(,UeHHSI H JIIOMHHeC

IJ,eHIJ,HH Il03BOJISieT cymeCTBeHHO IlOBbICHTb ceJieKTHBHOCTb perHCTpa

I.l,HH IlOJie3HOfO CHfHaJia H COOTBeTCTBeHHO IlOHH3HTb nopor o6Hap~eHHSI 

MeqeHoro o6beKTa. 

Ta6nuu.a 6. 1. CneKrpanbHble caoi4craa MarepHanoa KaaHTOBblX TO'leK 

MarepmUI OrrIBqecKHtt ,1111aml30H Marepml.JJ OrrT11qecKHtt ,1111arraJOH 

HaHOKpMCTIUIJia 3MMCCMM, HM HaHOKpMCTIUIJia 3MMCCMM, HM 

ZnS 300-380 CdTe 600-1000 

CdS 380-460 InP 650-750 

ZnSe 360-500 PbS 700-1600 

Cd Se 480-660 InAs 830-1350 

B 6woJiornqecKHX npHJIO)l(eHHSIX rnwpoKo wcrrOJih3yeTCSI KOJIJIOH;:i:

HhIH noJiyrrpOBO)l:HHKOBbIH HaHOKPHCTaJIJI ceJieHH)l:a Ka)l:MHSI, IlOKpbITbIH 

o6oJioqKotl H3 ZnS. 06oJioqKa H3 wwpoK030HHoro noJiynposo;:i:HHKa ZnS 

npenSITCTByeT 6e3bI3JiyqaTeJibHOH )l:HCCHilall,HH 3HeprnH, o6ecneqwsaSI 

BbICOKHH KBaHTOBhIH BhlXO)l: B pa3JIHqHbIX BHellIHHX ycJIOBHSIX. 

YHHKaJihHhie onTwqecKHe csotlcTBa noJiynposo;:i:HHKOBhIX KBaHTO

BhIX ToqeK Il03BOJISIIOT HX HCilOJib30BaTb KaK B in vivo, TaK H B in vitro 
3KCrrepHMeHTaX B pa3H006pa3HbIX 6HOJIOfHqecKHX H Me)l:HI.l,HHCKHX HC

CJie;:i:osaHHSIX, B KOTOpbIX npHMeHeHHe Tpa)l:HI.l,HOHHbIX opraHwqecKHX 

cPJIYOPOcPOPOB orpaHwqeHO He)l:OCTaTOqHOH cPOTOCTa6HJibHOCTblO H He

B03MO)l(HOCTbIO O)l:HOBpeMeHHOfO ;:i:eTeKTHpOBaHHSI B MHOronapaMeTpH

qecKHX cwcTeMax. Bo3MO)l(HOCTh npwroTOBJieHHSI so;:i:opacTsopHMhIX 

cPJiyopecIJ,eHTHbIX HaHOKpHCTaJIJIOB H HX KOHbIOraTOB co cneIJ,HcPHqHhl

MH 6HOJIOfHqecKHMH MOJieKYJiaMH, cnoco6HbIMH c BbICOKOH ceJieKTHB-
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HOCThIO CBH3hIBaThCH c 3a,D,aHHhIMJf MJfllleH51MJf, Be,D,eT K MHoroo6ema10-

IUHM npMMettemrnM HaHOKPMCTanJIOB B Me'!eHHJf KJieTO'IHhIX 06'heKTOB. 

c JfX IlOMOIUhIO MO)l(HO IlOJiy'IaTh Jf306pa)l(em1e rny6oKO 3aJiera10m11x 

TKatteM:, .neTeKTMpoBaTh 3a,D,aHHhie MOJieKyJihl B TeCTOBhIX li ,ll,HafHOCTJf

'!eCKHX CHCTeMax, a TaK)l(e HCilOJih30BaTh HaHOKPHCTaJIJihl B Ka'!eCTBe 

,ll,OHOPOB B CHCTeMax c pe30HaHCHOH nepe.na'Iett 3HepmH. 0,D,HHM li3 

,ll,OCTH)l(eHHH B paccMaTpHBaeMOH o6JiaCTH 5lBJISieTCH ,neMOHCTpaUHH 

B03MO)l(HOCTH C03,D,aHHH HaHOCeHcopoB c BhICOKOH 3cpcpeKTHBHOC

ThIO (OKOJIO 100%), KOTOphie HCilOJih3YIOT 3cpcpeKT cpepcTepoBCKOfO 

pe30HaHCHOfO nepettoca 3HeprHH Me)l(,ll,y HaHOKPHCTaJIJiaMH pa3JIH'I -

HOfO ,!l,HaMeTpa. 

l13MeH5151 COCTaB li pa3Meph1 KBaHTOBhIX TO'IeK, y.naeTCH IlOlIYlJHTh 

cpnyopecueHUHIO B llIHPOKOM cneKTpanhHOM .nwana3otte OT 6JIH)l(ttero 

MHcppaKpacHOfO .no CHHero (CM. Ta6JI. 6.1). IlOJIHpH3aUHH li3JIYlJeHHH 

nonynpoBo,nHHKOBhIX HaHoKpttcTanJioB 3aBHCHT OT wx cpopMhI. BhITHHy

Thie o6pa3Uhl (KBaHTOBhie CTep)l(Hli) ,D,aIOT JIHHeHHO IlOJIHpli30BaHHOe 

H3JiyqeHtte. <t>nyopecueHUMH ccpepH'!eCKHX o6pa30B ceJiettH,ll,a Ka,D,MHH 

Heno;rnpH30Batta HJIH HMeeT UHPKYJIHPHYIO TIOJIHptt3au1110. 

KBaHTOBhIH BhIXO,ll, H3JIYlJeHHH HaHOKpHCTanJIOB npH KOMHaTHOH 

TeMnepaType npHMepHO TaKOH )l(e HJIJf HeCKOJihKO MeHhllie KBaHTOBOfO 

BhIXO,D,a opraHH'IeCKHX KpaCHTeJieH, TaKHX KaK po.naMHH 6)1( HJIH cpny

opecueHH. Ilpw 3TOM, o.nttaKo, ce'!ettwe pa.nttaUHOHHoro nepexo.na B 

KBaHTOBbIX TO'!Kax 3aMeTHO Bhillle, a cpoTOTYllleHHe JIIOMHHecueHUHH 

cymecrnetttto MeHbllle. B pe3yJihTaTe cBe'IeHtte ttattoKpHcTanJia H3 cene

HH,D,a Ka,D,MHH c o6oJIO'IKOH li3 CYJihcpH,D,a UHHKa OKa3hIBaeTCH npttMepHO 

B 20 pa3 6onee HPKHM, 'IeM cBe'Iett11e opraHtt'IeCKHX KPacHTeJieM:, a cpo

TOCTa6ttJihHOCTh Ha ,D,Ba-Tpli nopH,D,Ka 6onee BhICOKOH. 

)l,anbHettlllll.e HCCJie,D,oBaHHH B o6JiaCTH cpnyopecueHTHhIX HaHOMap

KepoB o6Jier'!aIOTCH IlOHBJieHHeM KOMMep'IeCKH ,ll,OCTYTIHhIX m.npocpo6-

HhIX li BO,D,opaCTBOpHMhIX HaHOKpHCTanJIOB BhICOKOfO Ka'!eCTBa, npOH3-

BO,ll,HMhIX OTe'IeCTBeHHhIMH H 3apy6e)!(HhIMH HaHOTeXHOJIOfH'IeCKJfMH 

KOMnaHHHMH (Hattoq>JiyopecuettTHhie Texttonomtt, Quantum Dots 

Corporation, Evidentech Technologies). KJI10'!eBhIMH MOMeHTaMH, o6yc

JIOBHBUIHMH B03MO)!(HOCTh npHMeHeHHH KBaHTOBhlX TO'IeK B 6ttOJIOflili 

li Me,D,HUMHe, HBHJIHCh pa3BHTHe MeTO,ll,OB CHHTe3a 60JihllIHX KOJIH'IeCTB 

3$cpeKTHBHO JIIOMHHeCUHPYIOIUHX HaHOKpMCTanJIOB, ,ll,OCTli)l(eHHH B XH

MHH HX IlOBepXHOCTJf, pa3pa60TKa MeTO,!l,OB npMrOTOBJieHHH BO,!!,OpaCTBO

PHMhIX li COBMeCTHMhIX c 6HOJIOfH'IeCKHMH o6'heKTaMH HaHOKpHCTaJI-
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JIOB, a TaIOKe MeTO)J:OB BBenemuI KBaHTOBhIX TOqeK pa3JilfqHhIX UBeTOB 

(nHaMeTpOB) )J:JIJI MHOfOUBeTHOfO cneKTpaJibHOfO KO)J:MpoBaHHJI 6HOJIO

flfqecKHX MOJieKyJI. 

6.5. .QBYX- H MHOrO<l>OTOHHblE nPOU.ECCbl 

flepettneM K onHcaHHIO nsyx<)JoTOHHhlX npoueccoB B MO

HOXpOMaTlfqecKOM 3JieKTPOMarHHTHOM nO;le B paMKaX TeOpHM B03MY

lll,eHHM. qT06bI HaMTH Bbipa)l(eHne )J:JI51 Bep051THOCTH nepexona BO BTO

poM nopJI)J:Ke MaJIOCTH no onepaTopy 3JieKTPOMarHHTHOro B3aHMO)J:eH-

CTBHJI, nO)J:CTaBHM B npaByIO qaCTh ypaBHeHH51 (6.15) K03QJQJHUHeHT ci? (t) 
(6.16), BhJlrncneHHhIM B nepsoM nopRnKe no BOJMylll,eHHIO V. B peJyJih

TaTe nonyY.aeM: 

BocnoJihJyeMcR Teneph Q:iopMynott ( 6.17) MH MaTpnqttoro 3JieMeHTa 

onepaTopa 3JieKTpOMarHHTHOfO B3aHMO)J:ettCTBH51 KBaHTOBOM CHCTeMbl c 

MOHoxpoMaTHY.ecKHM HJJiyqeHtteM. HanoMHHM, qTo nepBoe cnaraeMoe 

B npaBOM Y.aCTH paBeHCTBa (6.17), Ha3bIBaeMOe IlOJI0)1(11TeJibHO-qacTOT

HhlM, OTBeY.aeT IlOfJIOlll,eHHIO QJOTOHa, BTOpoe OTPHUaTeJibHO-qacTOTHOe 

cnaraeMoe orneqaeT HJJiyY.eHHIO QJOTOHa. TaKHM o6pa30M, MR onHca

HHH noi!llOW,eHUR Oeyx c/JomOH06 B QJOpMyJiy (6.32) H)f)KHO nO)J:CTaBHTh 

noJIO)l(lfTeJibHO-qacTOTHbie qaCTH BXO)J:HIUHX B Hee MaTp11qHhIX 3JieMeHTOB 

oneparnpa V. flpoMJBO.lJ:R yKaJaHHoe neiicrnHe H ycTpeMJIRR speMR t K 

6ecKOHeqHOCTH, HaXO)J:HM: 

c(2_.b•l = 2ni 8 (w . _ iw)~ v1• v.i . 
ft 1i ft £..i 1i (w . - w - iO) 

n ni 

(6.33) 

flpH BhIBO)J:e (6.33) 6bIJIO npOHHTerp11poBaHO no BpeMeHaM t' lf t". 
l1ttTerpMpoBatt11e no t" np1rneno K noRBJiett1110 JHaMeHaTeJIR npo6H 

non 3HaKOM cyMMhl no npoMe:>K:ymolfHblM cocmORHUHM KBaHTOBOM Cl1C

TeMbl \n). )J.JIR B351THJI 3TOfO MHTerpana IlOTpe60BaJIOCh BBecni: 6eCKO

HeqHO MaJIYIO no6aBKy, o6ecneqHBaIOlll,YIO CXO)J:HMOCTh MHTerpana Ha 

HH)l(HeM npenene, KOTopaH 11 Q:i11ryp11pyeT B JHaMeHaTeJie (6.33). BJRTtte 
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HHTerpana no BpeMeHH t' npHBeJIO K nmrnJieHHIO ;::i;eJibTa-cf:>YHKilHH B 

coorneTCTBHH c cf:>opMynoit (6.20). ApryMeHT ;::i;enhrn-cf:>yHKilHH orne11a

eT 3aKotty coxpattemrn: 3ttepmH npH ;::i;Byxcf:>oTOHHOM nornomettHH. CyM
My no npoMe)l(yTO'lHbIM COCTOSIHHSIM B (6.33) MO)l(HO npe,ll,CTaBHTb B 

BH,ll,e: 

(6.34) 

r;::i;e G(E, r, r') - rPYHICU,UH I'puna KBaHTOBoit CHCTeMhl (He nyTaTh c 

cPYHKuHeM cf:>opMbl JIHHHH!), 

G (E r r') = L V'n(r)vr;(r'). 
' ' n En - E - iO' 

(6.35) 

V'n - co6crnettHhie cf:>yttKilHH tteB03Mymettttoro raMHJihTOHHatta H0 [cM. 

(6.1)]. <PyHKilHSI fpHHa y;::i;oBnernopSieT ypaBtteHHIO: 

(tt0 -E)G(E, r, r')=t5(r-r'), (6.36) 

KOTOpoe 5IBJISieTCSI CJie,ll,CTBHeM nOJIHOTbI CHCTeMbI cf:>yHKilHM V'n· <PyHK

ilHSI fpHHa Ha3hIBaeTC5I TaIOKe nponawmopoM, nOCKOJibKY B paMKax ,ll,H

arpaMMHOro cf:>opMa.JIH3Ma (CM. HH)!(e) onHCbIBaeT pacnpocTpatteHHe KBaH

TOBOM CHCTeMbl H3 O,ll,HOM TO'-IKH npoCTpaHCTBa B ;::i;pyryIO. fl0,11,CTaBJISifI 

(6.34) B (6.33), nonyqaeM 

(2abs) 2:ai ( ) ~ { ~ cfi =p;-t5 mJ; -2m (JJVG E; +nm)Vji). (6.37) 

c nOMOIUblO (6.37) B nOJIHOM attanomH c TeM, KaK 3TO ,11,eJia.JIOCb ,11,JISI 

0,11,HOcPOTOHHOrO npouecca, HaXO,ll,liM ,11,JISI BepOSITHOCTH B e,11,HHHUY Bpe

MeHH ,11,Byxcf:>oTOHHOro nornomeHHSI MOHOXpoMaTH'-IeCKoro H3JIY'JeHHSI 

cne,11,y10mee Bb1pa)l(ettwe: 

(2abs) _ 2 .s:( _2 )l(fjVG(Ei +nm)Vji),
1 

WJ· - :Ttu (J)J. (J) 
I I n (6.38) 

Ilepexo,11,SI OT ,11,eJibTa-cf:>YHKU,HH K cf:>yHKUHH cf:>opMhI JIHHHH, 3anmueM 

(6.38) B BH,11,e: 

(2abs) _ 2 G (2 )jA(2abs),
2 

w Ji - :Tr Ji (J) Ji ' (6.39) 
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r11,e AJ~abs) - aMrnrnry11,a AByxcpoTOHHoro nornomett1u1, 

A}:abs) = (JI VG (E; + liw) v Ii) = L 2 Vin vni . . 
Ii n Ii (wni - lO - IYni) 

(6.40) 

311,ecb BBell,eHbl KOHCTaHTbl 3aTyxamu1 OCUHJIJHITOPOB nepexoll,OB Yni. 
,Ll,ByxcpoTOHHoe H3nyqeHne orneqaeT yqery oTpnuaTeJibHo-qacTOTHbIX 

qJieHOB B Bbipa)l(eHHH 11,JIH MaTPHqHbIX 3JieMeHTOB Jlfn (6.17), cpnrypnpy

IOUl,HX B npaBOH qacTH paBeHCTBa (6.32). Il03TOMY COOTBeTCTBYIOUl,He 

cpopMyJibl MO)l(HO IlOJI)"IHTb, npoCTO npOH3Be)l,H 3aMeHy (l) ~ -(l) B pa

BeHCTBaX (6.39), (6.40). B pe3yJihTaTe ttMeeM AJIH BepoHTHOCTH B eAHHH

uy BpeMeHH iJeyxpomOHHOCO Bb1Hy:>1CiJeHHOCO U311Y'teHUJI: 

(2em) 2 G ( 2 )IA(2em)l2 w Ji = 7l Ji - (l) Ji ' (6.41) 

(6.42) 

.LI.mi nepeXO)l,OB B 11,HCKpeTHOM cneKTpe cnpaBeAJIHBO HepaBeHCTBO: 

lw1;I » Yti' Il03TOMY B paccMaTPHBaeMOM CJiyqae MO)l(HO IlOJIO)l(HTb (l)fi =O, 
T. e. BbIH~eHHOe paccesrnne npOHCXO)l,HT 6e3 B036~eHml KBaHTOBOH 

CHCTeMbl, TOf)l,a 

(6.43) 

CyMMHpOBaHHe no npoMe)l(yToqHbIM COCTOHHHHM B aMnJIHTy11,ax 

11,ByxcpoTOHHbIX npouecCOB BKJIIOqaeT cyMMHPOBaHHe no BbipO)l()l,eHHbIM 

COCTOSIHHSIM H HHTerpnpoBaHHe no HenpepbIBHOMY cneKTPY 3HeprHR. 

IlepeXO)l,bl H3 HaqaJibHOro H KOHeqHoro COCTOSIHHH KBaHTOBOH CHCTe

Mbl B npoMe)l(YTOqHbie Ha3bIBaIOT eupmya11bHbtMU nepexoiJaMu. B OTJIH

qne OT peaJibHblX nepeXO)l,OB BHPTYaJibHbie He HMeIOT MeCTO B 11,eRCTBH

TeJibHOCTH, a SIBJISIIOTCH CKOpee cnoco6oM HHTepnpeTaUHli noJiyqeH

HblX cpopMyJI. 

IlOACTaBHM B cpOpMyJibl 11,JIH BepOHTHOCTeH BbIH~eHHbIX 11,Byxcpo-

TOHHb!X npoueCCOB HBHbie Bbipa)l(eHHH 11,JIH MaTpHqHblX 3JieMeHTOB Vjk 
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(6.18), npocyMMMpyeM no COCTOHHMHM KOHeqttoro ypOBHH 3Hepmn: M 

ycpe.n;HMM no COCTOHHMHM HaqaJibHOfO ypoBHH 3Hepmn:, B pe1yJihTaTe 

MH ,ll;ByxcpoTOHHOfO norno11J,eHMH MMeeM: 

(6.44) 

me e - e.n;MHMqHhIH BeKTOp nOJIHpM3aUMM nOfJIOill,aeMOfO M3Jiyqe

HMH, npocTpaHCTBettHaH IlJIOTHOCTh 3tteprn:n: MOHOXpOMaTn:qecKOfO M3-

JiyqeHMH 

E2 
U=-0. 

87r 

B (6.44) nonpa1yMeBaeTcH cyMMn:posattn:e no Bhipo)!()l.eHHhIM co

CTOHHMHM Bcex ypoBtteH: 3Hepmn:. Ifa noJiyqeHHOfO Bb!pa)KeHMH CJie

.n;yeT, qTO BepOHTHOCTh ,ll;ByxcpoTOHHOfO nornollJ,eHMH B MOHOXpOMaTM

qecKOM M3JiyqeHMM nponopun:oHaJibHa KBa.n;paTy nJIOTHOCTM 3Heprn:n: 

3Jie.KTpoMafHMTHOfO IlOJIH u. 3TOT pe3yJihTaT cnpaBe,ll;JIMB B paMKax npn:

MeHMMOCTM TeOpMM B03MyllJ,eHMH, MCilOJlh30BaBineH:c.si: BCIO,ll;Y B .n;aH

HOM naparpacpe. 

Bb1pa)Kettn:e .n;JIH BhIHy)!()l.ettttoro .n;ByxcpoTOHHoro M3Jiyqettn:.si: cJie

.n;yeT M3 (6.44) IlOCJie 3aMeHbl OJ ~ -OJ, KaK " nptt BhIBO.n;e cpopMyJI 

(6.41) M (6.42): 

w~•m) = (27rt u2 Gfi (-20J)I_!_ L (e*dJn)(~~ni )12 
Ii gi Ii n OJni +OJ lYni 

(6.45) 

3.n;ecb npOM3Be.n;eHO KOMnJieKCHOe conpH)Kettn:e e.n;n:ttn:qHoro BeKTOpa 

nOJIHptt3aUMH e ~ e*, qTo cyllJ,eCTBeHHO ,ll;JIH 3JIJIHilTMqecKH-nOJIHPM30-

BaHHOfO M3JiyqeHHH, KOf)l;a BeKTop e HBJrneTCH KOMIIJieKCHhIM. 

PaccMOTPMM nepexo.n; Me)!()l.y .n;n:cKpeTHhIMM ypoBHHMM 3Hepmtt KBaH

TOBoil: CMCTeMhl B pe3yJihTaTe nornollJ,eHMH n-cpOTOHOB. )l,JIH BhIBO)l;a cpop

MYJihl, onMChIBaIOill,eH BepOHTHOCTh 3TOf0 npouecca, MO)KHO BOCnOJih30-

BaTbCH Teopn:eH: B03MyllJ,ettn:H:, OCHOBaHHOM Ha MTepauttOHHOM pernettMM 

ypaBtteHHH (6.15). c 3TOM ueJihlO B npaByIO qacTb paBeHCTBa (6.15) H~
HO no.n;CTaBMTh K03cpcpn:utteHT C;(t), BhlqJ1cJieHHhIH B (n - 1) nop.si:.n;Ke 

MaJIOCTH no 3JieKTpoMarHMTHOMY Bo1.n;eH:crnn:10. Tor.n;a JieBaH qacTh pa-
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BeHCTBa 6y)l,eT rrporropUMOHaJibHa aMITJIHTy)l,e n-cPOTOHHOfO rrpouecca. 

TaKMM o6pa30M, qT06b1 HaHTH K03cPcPHUHeHT c;(t) B 3a)l,aHHOM rrop5I)l,Ke 

TeOpHH B03MyIUeHMH n, H)')KHO ITOCJie)l,OBaTeJibHO BbJqHCJIHTh cPYHKUHH 
(j) . - ' 

C; (t) )l,J15lj - l, 2, ... , n - l. 
<t>opMyJihHOe OITHCaHHe MO)l(HO C)l,eJiaTb 6011ee HafJI5I)l,HhIM H rrpo

CThIM, ecm1 BOCITOJih30BaTbC5I rpacflwqecKHM rrpe)l,crnBJieHHeM. B 3TOM 

rrpe)l,cTaBJieHIUI aMITJIMTY)l,e KBaHTOBOfO rrepexo)l,a, BbJqHCJieHHOH B He

KOTOpOM rrop5I)l,Ke TeOpMH B03Mymemii1:, CTaBHTC5I B COOTBeTCTBHe Ha-

6op rpacflwqecKHX o6pa30B - ()uazpaMM <PeiiHMaHa. 3TH )l,HarpaMMhI co

CTaBJI5IIOTC5I no orrpe)l,eJieHHhIM rrpaBHJiaM, TaK qTo, 3Ha5I rrop5I)l,OK rrpo

uecca, MO)l(HO cpa3y BhIITHCaTb H)')KHYIO )l,HarpaMMy. 

B rrpocTei1:weM c11yqae O)l,HOcPOTOHHoro rrornomeHH5I coorneTcrny

IOIIJ,a5I )l,HarpaMMa <t>ettHMaHa ITOKa3aHa Ha pHC. 6.5. 3)1,eCb rrp5IMbie 

JIHHHH OTBeqaIOT BOJIHOBhIM cPYHKUH5IM HaqaJihHOfO H KOHeqHoro co

CT05IHH5I KBaHTOBOH CHCTeMbl. IlyHKTHPY COOTBeTCTByeT KOMITJieKcHa5I 

aMITJIHTy)l,a Harrp5I)l(eHHOCTH 3JieKTpwqecKoro rro1151 rrornomaeMoro <Po

TOHa. ToqKa rrepeceqeHM5I (BeprnHHa) orneqaeT orrepaTopy )l,HITOJihHO

ro MOMeHTa KBaHTOBOH CHCTeMhl. BeprnHHa COOTHOCHTC5I rrpOCTpaH

CTBeHHOH TOqKe r, ITO KOTOpOH rrpH BhiqHcJieHHM aMITJIHTY)l,hl ITPOH3-

BO)l,HTC51 HHTerpHpOBaHHe. 0)1,HOcPOTOHHOe H3JiyqeHHe rrpe)l,CTaBJI5IeT Ta 

)Ke )l,HarpaMMa, HO co CTpeJIKOH cPOTOHHOH JIHHHH, HarrpaBJieHHOH OT 

BeprnHHhl. 

Puc. 6.5 . .LbrnrpaMMa <l>eil:ttMatta, onHCb1Ba101uall O.lltto<t>oToH

ttoe nornoiuettHe B nepBOM nopll,llKC TCOPHH B03MY1UCHHH 

1WJ 
I 
I 
I 
I 

A 
(~ ~) 

,Ll,warpaMMa MJI )l,ByxcfloTOHHOfO ITOfJIOIIJ,eHH5I H306pa)l(eHa Ha PHC. 6.6. 
B Hei1:, rroMHMO 3JieMeHTOB pwc. 6.5, eCTh JIHHH5I, coe)l,HH5IIOIUa5I Bep

WMHhI. 3TO rpacflwqeCKMH o6pa3 rrporraraTOpa (HJIH cPYHKUHH fpwtta) 

KBaHTOBOH CHCTeMbl. IlporraraTop coe)l,HH5IeT )],Be rrpocTpaHCTBeHHbie 

TOqKH r Hr', Il03TOMY OH TaK)l(e Ha3bIBaeTC5I cPYHKUHett pacrrpocTpaHe

HH5I. IlporraraTOp MO)l(HO rrpe,[(CTaBHTb B BH)l,e Ha6opa BHPTYaJlbHhIX qa

CTHU, orneqaIOIUMX CYMMe no rrpoMe~oqHhIM COCT051HH5IM B orrpe)l,e-
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Jiemrn (6.35). IlporraraTOpbl 6bIBaIOT )l.Byx T11IlOB: KBaHTOBOH C11CTeMhI, 

KaK Ha p11c. 6.6, 11 cPOTOHHbie, KOTOpbie 3)1,eCb He paccMaTp11BaIOTC51. 

Ilp11 Bbrq11cJiett1111 )l.Byxcl>oTOHHOH aMIIJI11'fY)l.hI rrpe)l.IIOJiaraeTC5I l1HTer

p11poBaHl15I no pa)l.11ycoM-BeKTopaM r 11 r'. 

ln)(nl 

(fl 

1iw 
I 
I 
I 
I 
I 

Ii) 

PHc. 6.6 . .LhiarpaMMa <l>eiiHMaHa, onHCb1-
aa1011.taH .!lByxc}JOTOHHOe nornomeHHe BO 
BTOPOM nopH,!lKe TeOpHH B03MymeHHH 

Ilp11 COCTaBJieH1111 )l,11arpaMM Cl>eH:HMaHa HY:>KHO 11MeTh B B11)1.Y CJie

)1.YIOI.Uee rrpaB11Jio: aJire6pa11qecKaH cyMMa :rneprnH: B Ka)l()l,otl: sepum

He paBHa HYJIIO. 3ttepnrn qacT11U:bI, JI11H115I KOTOpoH: BXO)l.11T B Bepum

Hy, 6epeTC5l co 3HaKOM IlJIIOC, B rrpOT11BHOM CJiyqae - co 3HaKOM 

M11Hyc. YKa3attHoe rrpas11JI0, 6y)l.yq11 rrp11MeHeHHhIM K KpaH:Heli Jie

BOH Bepnmtte, orneqaeT 3aKoHy coxpattettmr 3Hepnm B paccMaTp11Ba

eMOM rrpou:ecce. 

Bhmreom1caHHbie rrpaBHJia .u1rnrpaMMHOH TeXH11Kll OTHOC5ITC5I K He

peJI5IT11B11CTCKOMY CJiyqaIO, KOf)l,a onepaTop 3JieKTpOMarH11THOro B3a11-

MO)l,eHCTBl15I HMeeT BH)l. (6. 7) HJIH (6.6). PeJI5IT11B11CTCKHH ¢opMa.JlM3M 

no.n;pa3yMeBaeT KBaHTOBaHHe 3JieKTpOMarH11THOf0 J10JI5I H H3JiaraeTC5I B 

KYPCax KBaHTOBOH 3JieKTpO)l.11HaMHK11. 

(fl 

1iw 
I 
I 
I 

I I 
I I 

) 

G[E;+(n-1)1iw] i 
lm)(ml 

1iw 
I 
I 
I 
I 
I 

~ 
Ii) 

PHc. 6. 7 . .LlHarpaMMa <l>eiittMaHa, onHchrna10maa n-<PoTOHHOe nomomettHe 

C yqeTOM CKa3aHHOfO HeTpy)l.HO BhIIlHCaTb )l.lrnrpaMMY, OilHCbIBaIO

IUYIO n-<PoTOHttoe nornomettne. Otta 11306pa)!(etta Ha pttc. 6.7. no pa.n;11y

caM-BeKTopaM rj (j = 1, .. ., n) n seprnHH mrnrpaMMbI npe)l.no;iaraeTC5I 
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HHTerpHpoBaHHe. CooTBeTCTBy10mee atta.JIHTHqecKoe Bbipa)l(eHHe JJ.JUI 

aMrIJIHTYJJ.bI HMeeT BH)l.: 

A}~abs) =.!.(JI VG (Ei + (n - l)nm)V ... VG (Ei + nm)Vli). (6.46) 
ti 

EcJIH H3BeCTHa <l>YHKUH51 fp1rna KBaHTOBOH CHCTeMbI, TO IIOJiyqeH

Ha51 <PopMyJia MO)l(eT 6bITb HCIIOJib30BaHa M51 BbJqHcJieHH51 aMIIJIHTYJl.bl 

tterrocpeJJ.cTBeHHO 6e3 JJ.a.JihHeitnmx rrpeo6pa3oBaHHH. B rrpOTHBHOM cJiy

qae 11paByIO qacTb (6.46) H~HO KOHKpeTH3HpOBaTb. IlOJJ.CTaBJI5151 orrpe

J].enemre <l>YHKU:HH fpHHa (6.35) B (6.46), HaXOJ].HM: 

(6.47) 

CYMMHpoBamre 3)1.ecb rrpoH3BOJJ.HTC51 no BceM cocTOHHIDIM KBaHTo

BOH CHCTeMbl, BKJIIoqa51 HaqaJibHOe H KOHeqttoe COCT051HH51. B qffCJIHTe

JI51X J].po6eit 110)1. 3HaKOM CYMMbI COJ].ep)KHTC51 n COMHO)l(HTeJieH, OTBeqa10-

ll.(HX rrornomeHHIO n <PoTOHOB, a B 3HaMeHaTeJI51X - (n - 1) COMHO)l(HTe

JieM 110 qHcJiy <l>YHKUHM fpHHa B J].HarpaMMe. c yqeTOM 51.BHOfO Bbipa)KeHIDI 

M51 MaTpHqHoro 3JieMeHTa B3aHMOJ].eMCTBH51 (6.18) B npeJJ.IIOJIO)J(eHHH, 

qTo BeKTop E0 rrapaJIJieJieH ocH z, H3 (6.47) rroJiyqaeM 

(6.48) 

BepOHTHOCTb B eJJ.HHHU:Y BpeMeHH n-<PoTOHHoro rrornomeHHH 

paBHa: 

(nabs) 2 G ( )!Anabsl2 
w Ji = n Ji nm Ji . (6.49) 

3)1.eCb 11PH 3arIHCH apfYMeHTa <l>YHKUHH cpopMbI JIHHHH HCIIOJib30BaJIOCb 

cneJJ.YIOmee rrpaBHJio: apfYMeHT paBeH aJire6panqecKoil CYMMe n qacTOT (J), 

Ka)f{)J,a51 H3 KOTOpbIX 6epeTC51 co 3HaKOM rIJIIOC, eCJIH COOTBeTCTBy10rn;a51 

<PoTOHHa51 JllfHH51 HarrpaBJieHa K BepnmHe J].HarpaMMbI, H co 3HaKOM MHHyC 

B rrpOTHBOIIOJIO)l(HOM CJiyqae. )l,JIH Bbrpo)l()J,eHHbIX ypoBtteli 3HeprnH E;.J 

11paBy10 qaCTb paBeHCTBa (6.49) H~HO ycpeJ].HHTb 110 Ha'la.JibHbIM co

CTOHHH51M H 11pOCYMMHpOBaTb no KOHeqHbIM. 

B CJiyqae c<PepH'leCKH-CHMMeTpM'IHOM KBaHTOBOH CHCTeMbI Ha oc

HOBaHHH IIOJiyqeHHbIX Bbipa)KeHHH MO)KHO CJ].eJiaTb 0)1.HH o6mttit BbIBOJ].: 
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ecJrn HaqaJibHOe H KOHeqHoe COCTO.HHIUI 0,UHOH qeTHOCTH, TO OTJilfqHbI 

OT HYJI.H aMnJIMTY.UbI (H BepmITHOCTH) npouecCOB c qeTHbIM q11cJIOM 

¢oTOHOB, eCJIH pa3HOH, TO q11cJIO nornomaeMhIX ¢oTOHOB .uomKHO 6bITb 

HeqeTHbIM. (HanOMHHM, qTo qeTHOCTb COCTO.HHH.H onpe.uemieTC.H xapaK

TepOM H3MeHeHM.H BOJIHOBOH <l>YHKUHH CHCTeMhI npM HHBepCMH CHCTe

MbI KOOP.UMHaT: eCJIH BOJIHOBa.H <l>YHKUH.H He H3MeH.HeTC.H, COCTO.HHMe .HB

JI.HeTC.H qeTHbIM, eCJIH BOJIHOBa.H <l>YHKUH.H npM HHBepCHH MeH.HeT 3HaK -

HeqeTHbIM.) 3TOT BbIBO,[( .HBJI.HeTC.H CJie,UCTBMeM L{MnOJibHOfO npaBMJia 

OT6opa, cornacHO KOTOpOMY MaTplfqHbIH 3JieMeHT L{HnOJibHOro MOMeHTa 

paBeH HYJIIO .UJI.H nepeXOL{OB Me)KL{y COCTO.HHH.HMH c OL{MHaKOBOH qeTHO

CTblO. 3aMeTMM, qTo peqb M,UeT 0 nepexo.uax B L{HCKpeTHOM 3HepreTM

qeCKOM cneKTpe KBaHTOBOH CHCTeMbI, COCTO.HHH.H HenpepbIBHOfO cneK

Tpa, KaK npaBMJIO, BblpO)KL{eHbI no qeTHOCTH. 

OcHOBHa.H TPY.UHOCTh npM Bhrq11cJieHMM aMnJIMTY.UhI n-¢oTOHHoro 

npouecca, KaK 06 3TOM yxe roBOpHJIOCb npM paCCMOTpeHHH .UByx¢o

TOHHhIX nepexo.uoB, COCTOHT B Heo6XOL{HMOCTH CYMMMpOBaHH.H no npo

Me)i()'ToqHbIM COCTO.HHH.HM 3HepreTMqecKoro cneKTpa KBaHTOBOH CHCTe

MbI (eCJIH HeH3BeCTHa ee <l>YHKUH.H fpMHa). 3TO cyMMMpOBaHMe MO)!(HO 

npOM3BeCTM, HanpMMep, B npocTe:tl:IlleM CJiyqae iJeyxypoBTteeoii K6aHmo

eoii cucmeMbl, KOTOpbIH paccMaTpMBaeTC.H HM)!(e. 

l1TaK, nyCTb c¢ep11qecKM-CHMMeTplfqHa.H KBaHTOBa.H CHCTeMa o6Jia

.uaeT .UBYM.H ypoBH.HMM 3HepmM E; M f0-, CB.H3aHHhIMM pa3pellieHHhIM 3JieK

Tpo.u11noJibHhIM nepexo.uoM. IlocJie.UH.H.H ¢pa3a 03HaqaeT, qTO MaTplfq

HhIH 3JieMeHT 3JieKTpMqecKoro L{HnOJibHOro MOMeHTa 

BblqlfcJieHHbIH Me)KL{y BOJIHOBblMH <l>YHKUH.HMH If/; f KBaHTOBOH CHCTe-
1, 

Mbl, He paBeH HYJIIO. Ilpe.unoJIO)!(HM, qTQ c .UByxypOBHeBOH CHCTeMOH 

(Two-Level System) B3aMMo.ue:tl:crnyeT MOHoxpoMaT11qecKoe M3JiyqeHMe 

qacTOTbl w, BeKTop Hanp.H)!(eHHOCTH 3JieKTpwqecKoro nOJI.H B KOTOpOM 

JIHHeHHO nOJI.HpM30BaH B.UOJib OCH z. ,Ll.JI.H onpe.ueJieHHOCTH cqnrneM, qTo 

HH)!(HHH ypoBeHb 3HepmH E; COOTBeTCTByeT HeBblpO)KL{eHHOMY COCTO.H -

HHIO c paBHhIM HYJIIO op6HTaJihHhIM MOMeHTOM I; = 0 (cnHHOBbie 3¢

¢eKThI He paccMaTpMBaIOTC.H). Tor.ua cornacHo .uwnoJibHhIM npaBHJiaM 

OT6opa op6HTaJibHOe KBaHTOBOe qncJIO COCTO.HHH.H BepxHero 3HepreTH

qeCKOro ypoBH.H ,LJ,OJI)!(HO paBH.HThC.H e,UMHHUe ~ = 1, a MarHMTttoe KBatt

TOBoe q11cJio m1 HyJJIO. PaBeHCTBO m1 = 0 .HBJI.HeTc.H cJie.ucrnwe JIMHe:tl:Ho:tl: 

no1rnpma111111 H3JiyqeHH.H. 06o3HaqnM z-npoeKIIHIO BeKTopa d1; qepe3 
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do - )l;HIIOJlhHhIH MOMeHT rrepexona )l;ByxypOBHeBOH CHCTeMhI. Ee co6-

CTBeHHa5I qacTOTa, oqeBH)l;HO, paBHa: 

E1 -E; 
mo = w Ji = Ii 

qepe3 3TH rrapaMeTphr Bhrpa:)KaeTC5I CHJia ocu11JIJI5ITOpa rrepexona i ~ f, 
KOTOpa5I cornaCHO (4.51) paBHa: 

IlpoH3BO)l;5I cyMMHPOBaHHe B o6rn:eM Bhrpa)l(eHHH )l;J15I aMIIJIHTY.ll:hl 

n-cpOTOHHOro rrornorn:eHH5I (6.48) ITO .ll:BYM B03MO)l(HhIM B naHHOM CJIY

qae COCT05IHH5IM, HaXO)l;HM: 

A(nabs) _ e Q3 ( . ) 
TLS - n -;=J exp -tn(jJ ' 

Wo 
(6.50) 

rne Q 0 - pe3ottattctta5I 'tacmoma Pa6u, cp11311qecKHH CMhICJI KOTopotl 

6yneT BhrnctteH B cJieny10rn:eM pa3)l;eJie, 

(6.51) 

en - q11cJIOBOH K03cpcpHUHeHT, 

( )
(n-1)[( )]-2 en = (-l)(n-1)/2 ~ n ~ 1 ! (6.52) 

HarroMHHM, qTo n = 2k + 1 - tteqeTttoe q11cJio, B rrpoTHBHOM cJiy

qae aMIIJIHTY.ll:a (6.50) .ll:J15I paccMaTpHBaeMoro rrepexona paBHa HYJIIO. 

TaKttM o6pa30M, MH Bepo5ITHOCTH B enHHHUY BpeMeHH n-cpoTOHHO

ro IIOfJIOII.J,eHH5I H3JiyqeHH5I )l;ByxypoBHeBOH CHCTeMOH HMeeM CJieny10-

rn:ee rrpocToe Bhrpa)l(ett11e 

rne Go<w) 
qHCJIO. 

n2n 
(nabs) _ 2 G ( )e2 ~~o 

WTLS - :ff 0 nw n ~' 
Wo 

cpyHKUH5I cpopMhI JIHHHH rrepexona; n 

(6.53) 

2k - qeTHOe 
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6.6. ABYXYPOBHEBAH CHCTEMA 
B PEJOHAHCHOM nonE 

KaK OTMeqa.rrocb Bhnne, Heo6xo,ll,HMoe ycnoBHe npHMeHH

MOCTH TeOpHH B03Myrn;eHHH (1.9) He 51BJI51eTC51, BOo6me fOBOp51, )J,OCTa

TOqHhIM. qT06bI BhrnCHHTh KPHTepHH HCnOJih30BaHH51 3TOfO <PopMa.JIH3-

Ma, paCCMOTpHM noBe)J,eHHe ,ll,ByxypoBHeBOH CHCTeMbI B 3JieKTpOMarHHT

HOM none qacTOThI {J) npH BhIIIOJIHeHHH pe30HaHCHOfO ycJIOBH51: 

(6.54) 

r,ll,e Wo - co6CTBeHHa51 qaCTOTa KBaHTOBOfO nepexo)J,a: 

E1 -E; 
Wo :: {J)fi = 1i > 0. 

Ilpe,ll,nonaraeM, qTo ,ll,HnOJihHhIH MOMeHT nepexo)J,a dfi * 0. 
IlycTb 3JieKTpOMarHHTHOe none BKJIIoqaeTC51 B HyJieBOH MOMeHT Bpe

MeHH. Tor,ll,a H3 o6rn;eH: <PopMyJihI (6.15) cne,ll,yIOT ,ll,Ba ypaBHeHHH Ha 

K03cPcPHU:HeHThI pa3JIO)!(eHH51 C;,/t) BOJIHOBOH cPYHKU:HH ,ll,ByxypoBHeBOH 

CHCTeMbI no 3HepreTHqeCKHM COCT051HH51M: 

• f 

c (t) = _!...f [v .ei(mo-m)t' + v•.ei(mo+m)t'Jc.(t')dt'· 
f 1i fl fl I ' 

0 

(6.55) 

(6.56) 

IlpH BhIBO)J,e (6.55) H (6.56) HCnOJih30BaHa <PopMyJia (6.17) H yqTeHO, 

qrn V;; = VJ! = 0 (raK KaK d;; = df! = 0 )J,JIH c<Pepw1ecKH CHMMeTPHqHoH: 

CHCTeMbI). Brnpoe CJiaraeMoe B KBa,ll,paTHhIX CK06Kax (6.55) H nepBoe CJia

raeMoe B KBa,ll,paTHhIX CK06Kax (6.56) 51BJI51IOTC51 6bICTpOOCU:HJIJIHpyromH

MH cPYHKU:H51MH, no3TOMY HX BKJia,ll,OM B HHTerpa.Jibl no BpeMeHH MO)!(HO 

npeHe6peqb, IlpeHe6pe)!(eHHe yKa3aHHhlMH qJieHaMH COOTBeTCTByeT npu-
6JlUJICeHUIO 8paw,a10w,eiic.H 80JlHbl, KOTOpoe qacTO HCnOJih3yeTC51 npH pacqe

Te pe30HaHCHhIX B3aHMO)J,eHCTBHH. IlO)J,CTaBJI5151 nocne 3TOfO (6.55) B npa

BYIO tJaCTh (6.56), npHXO,ll,HM K CJie,ll,yroru;eMy HHTerpa.JibHOMY ypaBHeHHIO: 

t 

c\(t) = -Q.~e-w J eiM'c;(t')dt', (6.57) 
0 
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r.n:e ~ = m0 - m - TOl.J:Ka, 03Hal.J:a10rn:a51 ,l1,H<f>cpepeH1..1:i-1poBam1e no BpeMem1; 
Q0 - pe3oHaHcHa5I qacTorn Pa6H cornacHo onpe,l1,eJieHHIO (6.51), 

vfi 
Qo =-. n 

)],JI5I perneHml. (6.57) y,l1,o6HO BBeCTH BCilOMOfaTeJibHYIO cpyHKIJ;HIO 

y(t) = exp(iM)c;(t), 

rnma ,l1,ttcpcpepeHIJ:HPY5I (6.57), nonyqaeM 

ji - i~y + Qiiy = 0. 

0TCIO,l1,a HaXO,lJ,HM o6mee perneHHe )1.J15I K03cpcpHIJ;HeHTa C;(t): 

c;(t) = exp(-i%t)[ Aexp(-iQt)+ Bexp(iQt)J, 

r,lJ,e Q - (Hepe3oHaHcHa5I) qacTorn Pa611, 

Q=~; 

(6.58) 

(6.59) 

(6.60) 

A 11 B - nocT05IHHhie K03cpcpHIJ;HeHThI, onpe,l1,em1.eMb1e H3 Hal.J:aJihHhIX 
YCJIOBHH. IlyCTb ,l1,ByxypOBHeBa5I CHCTeMa B Hal.J:aJibHbIH MOMeHT BpeMeHH 
Haxo,lJ,HJiacb Ha Hm1rneM 3HepreTttl.J:eCKOM ypoBHe, Tor,lJ,a 

c;(O)=l H '\(0)=0. 

IlocJie,lJ,Hee paBeHCTBO CJie,lJ,yeT H3 cpopMyJihl (6.57). IlpHHHMa5I BO BHH
MaHHe 3TH Hal.J:aJihHbie ycnoBH5I, HaXO,lJ,HM KOHCTaHThI A H B. B pe3yJih
TaTe BMeCTO (6.59) HMeeM: 

c; (t) = exp (-i It) {cos (Qt)- i 2~ sin (Qt)}. (6.61) 

Ol.J:eBH,lJ,Ho, 'ITO B TOl.J:HOM pe3oHaHce (~ = 0) paBeHcTBo (6.61) ,lJ,aeT 

c;(t) = cos(Qt). 

Ilo,l1,CTaBJI5I5I (6.61) B (6.55) (6e3 Hepe3oHaHCHoro cnaraeMoro B KBa,lJ,
paTHhIX CK06Kax), HaXO,lJ,HM ,l1,J15I BTOporo K03cpcpHIJ;HeHTa c/t) CJie,lJ,yIO
mee Bhrpa)l(eHtte: 

(6.62) 
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BBe.11,eM no onpe.11,eJieHHIO ttaceJieHHOCTh j-ro ypoBIDI (j = i, /): 

(6.63) 

Ilo,1J,CTaBJI5HI (6.61) B (6.63), HaX0.11,HM .11,JI}I HaceJICHHOCTH Hm1rnero 

3HepreTHqecKOfO ypOBIDI CJIC.11,YIOIUee Bbipa)f(eHHe: 

112 
N;(t) = cos2 (w) +-2 sin2 (nt). 

4Q 

AHanorwrno .11,JIH ttaceJieHHOCTH Bepxttero ypoBIDI HMeeM: 

N 1 ( t) = ( ~ J2 sin 
2 (Qt) . 

(6.64) 

(6.65) 

JlerKO BH.11,CTb, qTo B JII06oi1: MOMCHT BpeMeHH Bbll10JIIDICTCH paBeH

CTBO N; (t) + N1(t) = 1, 0Tpa)f(a10mee HOPMHpOBKY noJittoil: BOJIHOBOH 

cpyHKUHH .11,ByxypOBHCBOH CHCTCMbl. 

Puc. 6.8. OcuttJlJIHUHH ttaceJJeHHOCTH sepxttero 3HepreTttqecKoro ypOBHH JJ.JIH 

pa3JJHqHhIX 3Haqettttii. napaMeTPa o = D./2Q0: 

cnADUJltaR Kpu6aR - IS= O; wmpuxoBaR Kpu«aR - IS= I 

113 TIOJiyqeHHbIX Bbipa)f(eHHH BbITeKaeT cpH3HqecKHH CMbICJI qacTOTbI 

Pa6H, KOTOpaH cornaCHO (6.64) H (6.65) onpe.11,eJIHCT CKOpOCTb OCUHJIJI}l

UHH HaCeJieHHOCTH Me)f(,1l,y ypOBHHMH .11,ByxypoBHCBOH CHCTCMbI. 3TH oc

UHJIJIHUHH B CJiyqae Bepxttero 3HepreTHqecKoro ypoBH}I .11,JI}I pa3JIHqHbIX 

3HaqeHHH napaMeTpa OTHOCHTCJibHOH OTCTpOHKH qaCTOTbI TIOJI}I OT pe-

30HaHca 8 = 11/2Q0 npe.11,CTaBJICHhI Ha pHc. 6.8. 
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Ha p11c. 6.8 no oc11 a6c1.1,11cc OTJIO)Ketto 6e3pa3Mepttoe BpeMH B e,UJI

HM1.1,ax o6paTttoll. pe3ottattcttoll. qacTOThI Pa611: r = Q 0t. 811)],HO, qTO np11 

HyJieBOH OTC'fPOHKe OT pe3ottattca A = 0 ttaceJieHHOCTb Bepxttero ypOBH51 

.UOCTMraeT MaKCHMaJibHO B03MO)KHOro 3HaqeHH51, paBHOfO e,UMHHI.J,e, Ha 

BpeMettax 

(k - ttaTypanbttoe qucno). Ilptt r = Jrk, ttanpoTHB, .uattttaH ttaceJieH

HOCTh o6parn;aeTC51 B HOJib. c pOCTOM OTCTpOHKM MaKCHMaJibHOe 3Haqe

Hlie ttacenettttocTH Bepxttero 3ttepreTMqecKoro ypoBHH yMettblllaeTC51, a 

qacTOTa OCI.J,MJIJI511.1,MH yBeJIMqMBaeTCH. 

IloJib3Y51Cb paBeHCTBOM (6.65), MO)KHO onpe.ueJIMTb BepOHTHOCTb B 

e,UJIHMI.J,Y BpeMeHM B036y)K,UeHM51 paccMaTpMBaeMOH KBaHTOBOH CliC

TeMbJ: 

wTLs(t) = N1(t) = Qii sin2 (Qt). 
1' t oh 

(6.66) 

Pe3yJihTaT TeopttM B03MymettMH nonyqaeTC51 H3 (6.65) B npe.u:ene 

IAI » Q0 , Kor.ua Q "' A. B 3TOM cnyqae H3 (6.66), ycTpeMJIHH BpeMH K 

6ecKOHeqttoCTM, ttaXO.UMM: 

(6.67) 

Ilpn Bb!BO,Ue (6.66) HCIIOJih30BaJIOCh paBeHCTBO: 

sin2 (at) 
Jim 2 = m5(a). 
I-+- a' t 

(6.68) 

IlpHHHMa51 BO BHMMam1e onpe.u:enettne pe30HaHCHOH qacTOTbl Pa6n 

(6.51), JierKO BM,UeTh, qTo npaBaH qacTb (6.67) COBna.u:aeT c Bep051THOC

TbIO O.UHOcpOTOHHOro nepexo.ua, BbJqliCJieHHOH B nepBOM nop51,UKe Teo

PMM B03Myrn;eHMH (6.22). 
Ecm1 yqecTb llIMPMHy JIMHMM .U:ByxypoBtteBoll. cttcTeMbI y0 , TO KPMTe

pnH" npMMeHHMOCTM TeOpMM B03MyII.J,eHHH, CJie,UyIOII.J,MH li3 npoBe,UeHHO

ro paCCMOTpeHMH, MO)KHO npe.ucTaBMTb B BM,Ue: 

Q 0 « max{IAI, y0 }, (6.69) 
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OTCIOL(a BhITeKaeT YCJIOB11e Ha BeJI11q11Hy HanpmKeHHOCTl1 3JieKTp11qec

KOrO nom1: 

E « max{lil81 liYo}· 
0 d , d 

0 0 

(6.70) 

3Tl1M ycJIOBl1eM Ha.a.a L(OTIOJIHl1Th HepaBeHCTBO (1.9), qT06hI rapaHTl1PO

BaTh np11MeHl1MOCTh Teop11ei1 B03Myrn;eHl1H B pe30HaHCHOM CJiyqae (6.54). 

6.7. <l>OTOB036Y>KAEHHE BEutECTBA 
y nb TPAKOPOTKHMH 3nEKTPOMArHHTHblMH 
HMnYnbCAMH 

Pa3Bl1T11e TeXHl1KH reHepau11n YJihTpaKopoTKl1X HMTIYJihCOB 

3JieKTpOMarHHTHOro l13JiyqeHl1H L(eJiaeT aKTYaJihHhIM paccMOTpeH11e cne

umpnqeCKl1X oco6eHHOCTeH ero B3al1MOL(ei1.cTBl1H c Bern;ecTBOM 11 pa3BH

THe a.ueKBaTHhIX cnoco6oB OTIHCaHHH 3JieKTpoMarHHTHhIX npoueccos B 

yJihTpaKopoTKHX TIOJIHX. I1cnoJih30BaH11e yJihTpaKopoTK11x JiaJepHhIX l1M

rryJihCOB OTKphrnaeT HOBhie B03MO)l(HOCTl1 B csepx6h!CTPOM KOHTPOJie CBe

TOl1H,ll.YUl1POBaHHhIX HBJieHHH, arroceKYH,ll.HOH MeTpOJIOfl1l1, cneKTpOCKO

TIHH, Ml1KpOCKOTIHH 11 TIJia3MOHl1Ke. 

B paMKax rrpHMeHl1MOCTl1 Teopn11 B03Myrn;eHl1H B cJiyqae soJ.a.eit

cTBHH Ha Bern;eCTBO OTHOCl1TeJihHO MHHHhIX HMITYJihCOB H3JiyqeHHH OT

KJIHK Ha 3JieKTpOMarHHTHOe B03L(eHCTBHe o6biqHo OITl1ChIBaeTCH c rro

MOW:hIO Bep051THOCTl1 <l>oTonpouecca B eL(HHHUY speMeHl1 w. 
BepoHTHOCTh B e.a.HHHUY · speMeHH MO)l(eT 6hITh onpe.a.eJieHa qepe3 

ceqett11e u <Pornnpouecca no <PopMyJie 

I (m') 
w = Ju ( m') lim' dm', (6.71) 

r.ue /(m') - cneKTpaJibHaH HHTeHCHBHOCTh H3JiyqeHl1H, KOTOpaH L(JIH 

MOHOXPOMaTHqecKoro TIOJIH qacTOThI (1) paBHa 

I ( w') = 100 ( m - m'), 

r.ue / 0 - l1HTerpaJihHaH l1HTeHCl1BHOCTh. 

0TMeTHM, qTo ceqeHHe u(m'), paCCMOTpeHHOe B pa3,L(. 4.6, orneqa

eT B03L(eHCTBHIO MOHOXpOMamu'leCK020 TIOJIH Ha 3aL(aHHOH qaCTOTe m', 
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HHTerpttpoBami:e no qacTOTaM B npaBOH qacTH paBeHCTBa (6.71) yqH

TbIBaeT HeMOHOXPOMaTHqHOCTb H3JiyqeHH.SI. ECJIH L(JIHTeJibHOCTb HM

nyJibCa cyrn:ecTBeHHO npeBOCXOL(HT nepHOL( KOJie6aHHH Ha Hecyrn:eM: 

qacToTe T = 21l/ w, cneKTpaJibtta,11 HHTeHCHBHOCTb H3JiyqeHtt.II onpe)J,e

JI.lleTc.II qepe3 aBTOKoppeJI.IITOp Hanp.II)!(eHHOCTH 3JieKTpttqecKoro non.II 

no <PopMyne [6] 

I (w') = ~ j (E;(t)E;(t + r))
1 
exp(iw'r)dr, 

(21l) -~ 

f)J,e CHMBOJI ( ... \ 03HaqaeT ycpe)J,HeHHe no BpeMeHH. 

(6.72) 

CTptt nepexo)J,e K YJibTpaKOpOTKHM HMnyJibCaM, COCTO}!W:HM H3 Ma

JIOfO qncna OilTHqecKHX U,HKJIOB HJIH .[l,a)!(e qacni: U,MKJia, IJOHHTMe Bepo

}!THOCTH cpoTonpouecca B e)J,HHHUY BpeMeHM CTaHOBHTC}l ttea.neKBaTHbIM, 

H QOJibllHIH cPH3HqecKHH CMbICJI npno6peTaeT OilHCaHHe 3JieKTpOMar

HHTHOfO B3aHMOL(eHCTBH.II c noMOW:bIO noJIHOH BepO}!THOCTH 3a Bee Bpe

M}l .ueHCTBH}l HMilYJibCa. l1TaK, AA.II YJibTpaKOpOTKHX HMilYJibCOB cPOPMY

JibI (6.71) H (6.72) He pa60TaIOT. 

,LI.JI}! onncaHH.II npou,eccoB B ynbrpaKopoTKHX non""x B paMKax reo

pttu B03MyW:eHHH uenecoo6pa3HO 0606rn:ttTb paBeHcTBO (6.71) Ha BbI

q11cnettne nOJIHOU BepO}!THOCTll cpOTOilpOU,ecca W 3a 6Ce 6peMR aeiicm6UR 

yJihTpaKopoTKoro HMnynbca, npnqeM TaKHM o6pa30M, qTo6br coxpattttTb 

onucattne CBOHCTB B036~aeMOH CllCTeMbI c IlOMOIUbIO ceqeHH}l a(w'). 

3TOMY sonpocy H IlOCB.IIW:eH )J,aHHbIH pa3,lJ,eJI [7]. 
l1TaK, pacCMOTpHM cpOTOB036~eHHe KBaHTOBOH CHCTeMbI H3 oc

HOBHOfO cocTO}!HH}l IO) B HeKornpoe B036~eHHoe coCTO}!HHe In) no.u 

)J,eticTBHeM L(HilOJihHOfO B03Myrn:eHH.II 

(6.73) 

me d - onepaTop 3JieKTpnqecKoro .UMilOJihHOfO MOMeHTa CHCTeMhI; 

E(t) - ttanp}l)!(eHHOCTh 3JieKTpuqecKoro noJI}l, KOTopa,11 no)J,pa3yMeBa

eTcH KJiaCCH'!eCKOH BeJIHqMHOH, He 3aBHC.IIW:eH OT npOCTpaHCTBeHHOH 

KOopmrnaThI ()J,HilOJihttoe np116JIH)!(ettne ). AMnn11Ty.ua 3Toro npou,ecca 

B nepBOM nopJIL(Ke TeopHH BOJMyrueHHH 3a BCe BpeM.II L(ei1cTBHH IlOJI,ll 

paBHa: 

(6.74) 



238 -Av I'Aaea 6. H3Ay•wmeAbHble npou,eccbl 8 aucKpemHOM cneKmpe 

r.ue di (t) - orrepaTop )l,MIIOJlbHOro MOMeHTa B rrpe)l,CTaBJieHMM B3aMMO

.uelicTBJrn:: 

. (iH0t) · (iH0t) di(t) =exp -n- di exp -n- , 

H0 - HeBo3Myru:etttthIH raMMJihTOHMaH cMcTeMbl. 
,ll,mr BepmITHOCTM <j>OTOB036y)K)l.emrn CMCTeMbl 3a Bee BpeMSI .uen-

CTBMSI B03Mymemrn tta rrepexo.ue IO) ~ \n) HMeeM: 

(6.75) 

flOJIHaSI: BepOSI:THOCTb <j>OTOB036y)!(,l(eHHSI:, )"IMTbIBaJOW:aSI: rrepeXO.UbI 

BO BCe COCTOSI:HMSI CMCTeMbI, paBtta: 

wtot = L,Wno = :2 s l (Oldi(t')dk(t)IO)Ei(t')Ek(t)dtdt'. (6.76) 
n -co -co 

flpM BhIBO)l,e (6.76) M3 (6.75) 6bIJia MCITOJib30BaHa IIOJIHOTa Ha6opa 

<l>YHKUHH \n) M )"ITeHO, qTQ 

)],JISI c<j>epMqecKM CMMMeTpHqHOH CHCTeMbl, TaK qTo B CYMMY (6.76) .UJISI 

co6mo.ueHmI YCJIOBMSI IIOJIHOTbI MO)f(HO BKJIJOqMTb CJiaraeMoe, OTBeqa10-

IUee HeM3MeHHOMy COCTOSIHMIO CMCTeMbl ~o· 
YqTeM Terrepb, qTO Koppemnop )l,MIIOJibHhIX MOMeHTOB CTaUMOHap

Hon B HeB03MyIUeHHOM COCTOSIHMM CHCTeMbl 3aBMCMT TOJlbKO OT pa3HO

CTM MOMeHTOB BpeMeHM r= t' - t: 

B qeM nerKo y6e)l,MThCSI Herrocpe.ucrneHHO. Tor.ua <j>opMyny (6.76) MO)f(

Ho rreperrwcaTb B BM.ue: 

1 ~ ~ 
Wiot = n2 LL K(r)Ei(t+r)Ei(t)dtdr. (6.77) 

3.uecb )"ITeHO, qTo )l,JISI ueHTpaJibHO-CMMMeTpMqHOH CMCTeMbl 
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r.n:e 

K(r) = K;;(r). 
3 

Ilepexo.n:H B paBeHCTBe (6.77) K <l>ypbe-o6pa3aM IIOJJ:bIHTerpaJibHbIX 
<PYHKUHM no <PopMyJie 

= d I 

f(t) = J f(w')exp(iw't)_!!__, 
-= 2Jt 

»'tot = 2; f f K(m')I(m', t)dm'dt, 
n c -=-= 

r.n:e BBe,n:eHa <PYHKUHH 

I(m', t) = ~ f E;(t)E;(t + r)exp(im'r)dr. 
(21t) -= 

(6.78) 

(6.79) 

<l>yHKUHH (6.79) MO)!(eT 6bITb Ha3BaHa cneKTpaJibHOM nJIOTHOCTbIO 
MfHOBeHHOM HHTeHCMBHOCTH M3JiyqeHHH. <l>ypbe-o6pa3 KOppemnopa 
,n:HnOJibHbIX MOMeHTOB paBeH no onpe,n:eJieHMIO 

K(w) = j L (Ojd;(t)d;(t + r)jO)exp(iwr)dr. (6.80) 

11cxo.n:H 113 cpopMyJihI (6.79), HeCJIO)!(HO ,n:oKa3aTb paBeHCTBO: 

f I(w', t)dt = ~IE(w')l2 . 
-= (21t) 

(6.81) 

Ilo,n:cTaBJIHH Bbrpa)l(eHHe (6.81) B rrpaByIO qacTb paBeHCTBa (6.78), 
ITOJiyqaeM 

»'tot = -
1
- 2 f K(w')IE (m')l

2 
dm'. 

2Jtn -= 
(6.82) 
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PaccMOTJHIM cJiyqaii MottoxpoMarnqecKoro noJI.si: E(t) = E0 cos (mt), 
Koma cpe)J.H.sI.sI no nep1rn)J.y T = 2tr/ m HHTeHCHBHOCTh paBtta: 

r)J.e 

(I(m', t))r = 10o(m - m')(l + exp(-2imt))r = l 0o(m - m'), (6.83) 

Io= cEJ 
8tr 

YqHTbIBa.sI paBeHCTBO (6.83) Ii HHTerpHpy.si: B (6.78) no KOHeqHOMY 
BpeMeHHOMY HHTepBaJIY M, HaXO)J.HM: 

2tr 
~ot = -2-K(m)loM, 

Ii c 
(6.84) 

OTKY.ll.a MO)l(HO rrepeHTH K BepO.sITHOCTH cPOTOB036~eHH51 8 eOUHUU,Y 
BpeMenu: 

2tr ) 
wtot = -2-K(m lo. 

Ii c 
(6.85) 

c )1.pyroii CTOpOHbI, no onpe)J.eJieHHlO ceqeHH.sI cpoTonornomettH.sI B 
MOHOXpOMaTHqecKOM noJie qacTOTbI {l) HMeeM: 

Wtot = O'(m)_!g_. 
lim 

(6.86) 

BeJiwrntta !0/lim - npe)J.CTaBJI.si:eT co6oll: nJIOTHOCTh noToKa cpoTOHOB 
MottoxpoMaTHqecKoro HJJiyqettH.si:. CpaBHHBa.si: cpopMyJihI (6.85) H (6.86) 
HaXO)J.HM Bbipa)l(eHHe )1.Jl.sI <l>ypbe-o6pa3a ICOppeARmopa ounOAbHblX MOMeH
moB qepe3 celfeHue rjJomonocAOW,eHUR B )1.HnOJibHOM npH6JIH)l(eHHH: 

K(m) = ~O"(m). 
2trm 

(6.87) 

0TCl0)1.a CJie)J.yeT Ba)l(tta.si: cpopMyJia M.sI ceqeHH.sI cpOTonornomettH.sI 

O' (m) = 2trm K(m ), 
lie 

(6.88) 

IlO)J.CTaBJI.sI.sI (6.87) B (6.82) noJiyqaeM Bhrpa)l(ettHe )1.Jl.sI noJIHOH Bepo
.sITHOCTH paccMaTpHBaeMoro npouecca 3a Bee BpeM.sI )1.eHCTBH.sI HMnyJibCa 
H3Jiy<IeHH51. IlOCKOJibKY peqb H)J.eT 0 cPOTOnornomettHH npH HHTerpHpO-
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Bamm B (6.82), HYJI<HO orpam1qHTbCH TOJibKO IIOJIO)l(HTeJibHbIMH qacTO

TaMH, TaK qTo OKOHqaTeJibHO HaXO.llHM: 

c - , IE (w')l2 ' 
U"iot = --2-f O' ( (ll ) , d W • 

(2n) o hw 
(6.89) 

.Ll.JIH ceqeHHH cPOTOIIOfJIOIUeHHH MO)l(HO HaIIHCaTb paBeHCTBO: 

(6.90) 

n 

B KOTOpOM BhI,n:eJieH BKJia,n: B IIOJIHOe ceqeHHe .llHCKpeTHOfO crreKTpa 

(cyMMa no n) H HerrpepbIBHoro cneKTpa (BTopoe cnaraeMoe B cl>Hryp

HhIX CK06Kax). 3.n:ecbf,,0 - CHJihI OCUHJIJIHTOpoB; Gn0(w') - crreKTpaJih

HaH <PopMa JIHHHH Ha nepexo.n:e \0) -t \n); gc0(w') - cneKTpaJibHaH cPYH

KUHH .llHTIOJibHOfO B036y)l(,n:eHHH B HenpepbIBHbIH 3HepreTHqecKHH 

cneKTP (cM. rn. 7). B npaBy10 qacTb (6.90) BXO.llHT: un0(w') - ceqeHHe 

cl>oToBo36)')1(.lleHHH .llHCKpeTHoro ypoBHH 3HepmH, a uc0(w') - ceqeHHe 

B036y)l(.lleHHH COCTOHHHH B HerrpepbIBHOM crreKTPe. c yqeTOM (6.90) H3 

(6.89) MO)l(HO TIOJiyqHTb cne.n:y10mee Bbipa)l(eHHe MH TIOJIHOH BepOHTHO

CTH cPOTOB036)')1(.lleHHH n-ro COCTOHHHH .llHCKpeTHOfO cneKTpa: 

w c -f ( ')IE(w')i2 d , 
nO = (2n )2 0 O' nO (ll nW' (ll 

(6.91) 

HJIH 

e2 - , IE ( w')i2 , 
Wno = -

2 
fno f Gno (w ) , dw . (6.92) 

m 
0 

hw 

flonyqeHHbie Bbipa)l(eHHH (6.91) H (6.92) crrpaBeMHBbl B paMKaX 

IIpHMeHHMOCTH TeOpHH B03MyIUeHHH, KOr,n:a WnO < 1. 
B cnyqae, Kor.n:a crreKTPaJihHaH nmpHHa HMnynhca 

1 
/);.(J) oc -

M 

MHOfO 60JibIIIe cneKTpaJibHOH IIIHpHHbI CBH3aHHO-CBH3aHHOfO nepexo.n:a 

A.w » A.wno• cPYHKUHIO <PopMhI JIHHHH MO)l(HO 3aMeHHTh Ha ,n:eJibTa-cPYHK-
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I.l;HIO Gno(w') -t o(wnO - w'). Ilocne 3TOH 3aMeHbl <PopMyJia (6.91) c 

yqeTOM Bbipa:lKeHHH )l,JIH CHJibl OCI.l;HJIJIHTOpa: 

rrpMBO)l,HT K rrpOCTOMY Bbipa:lKeHHIO )l,JIH BepoHTHOCTH <PoTOrrepexo)l,a 

(6.93) 

r)l,e Q(wn0) - <l>ypbe-o6pa3 MrHoBeHHOH qacTOThI Pa6M, BhiqMcJieHHhIH 

Ha co6crneHHOH qacTOTe B036Y:lK)l.aeMoro rrepexo)l,a 

PaBeHcTBo (6.93), ecTecrneHHO, MO:lKHO rronyqttTh HarrpHMYIO B rrep

BOM rropH)l,Ke TeOpMM B03MymeHHH no HarrpH:lKeHHOCTH 3JieKTpMqecKoro 

IIOJIH C IIOMOII.l;blO <PopMyJI (6.74) H (6.75). 
,[J,JIH BepoHTHOCTH B036Y:lK)l,eHHH rrpOH3BOJibHOfO COCTOHHHH B He

rrpepbIBHOM crreKTpe 3a Bee BpeMH )l,eHCTBHH HMIIYJibCa IIOJIH H3 (6.89) H 

(6.90) HaXO)l,HM: 

c ~ , IE(w')j2 , 
W'.:o = --2 J O'co (w ) , dw , 

(2n) Ip/~ /i(J) 
(6.94) 

me Ip - IIOTeHI.l;HaJI HOHH3al.l;HH paccMaTpHBaeMOH CHCTeMbl. ,[J,JIH .ll.H<P

<PepeHI.l;HaJibHOH BepOHTHOCTH <PoTOB036Y:lK)l,eHMe B COCTOHHHe Herrpe

pbIBHOfO CIIeKTpa c 3Hepmei1 e H3 (6.94) MO)l(HO IIOJlytIHTb 

(6.95) 

r)l,e (1)£0 - qacTOTa rrepexo)l,a B 3a)l,aHHOe COCTOHHHe HerrpepbIBHOfO 

crreKTpa: 

Ip +e 
W,,o = --h-

<l>opMyJia (6.95) rronyqaeTCH H3 (6.94) c IIOMOII.l;blO IIO)l,CTaHOBKH )l,eJib

Ta-<l>YHKI.l;HH O(Wco - w') B IIO)l,bJHTerpaJibHOe Bbipa:lKeHMe rrpaBOH qaCTH 
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paBeHCTBa (6.94). 3Ta IIO)J,CTaHOBKa Bbl)J,eJUieT rrepexo)J, CMCTeMbI M3 oc

HOBHOfO COCTO.SIHM5! B COCTOHHMe HerrpepbIBHOfO crreKTpa c 3a)J,aHHOH 

3Hepmei1 JO) ---} Jc). 
)l.JIH npOU360JlbHOW ¢oTOMMYUMpOBaHHOfO rrpouecca B KBa3MMOHOX

poMaTM'IeCKOM IIOJie MO)[(HO 3aIIMCaTb CJie)J,y10ruee Bbipa)[(eHMe wrn Be

pOHTHOCTM B e)J,MHMUY BpeMeHM qepe3 ceqeHMe rrpouecca: 

w (t) = f~ a(w') I(w', t)dw'. 
tot hw' 

0 

(6.96) 

3,l],eCb ceqeHMe a(w') MO)[(eT OIIMCbIBaTb He TOJibKO ¢0TorrornorueHMe, 

HO M ,lJ,pyrMe ¢oTorrpoueccbI, TaKMe KaK pacceHHMe, BbIH~eHHOe TOp

M03HOe MJJiyqeHMe M BhIH~eHHaH ¢oTopeKoM6MHaUMH. HttTerpttpyH 

paBeHCTBO (6.96) no BpeMeHM, IIOJiyqaeM MH BepoHTHOCTM 3a BCe BpeMH 

,l],eHCTBM51 MMIIYJibCa: 

~ ~ ~ I( I t) 
W = f w (t) dt = f a(w') f :;, dt dw'. 

-oo 0 -oo 

(6.97) 

0TCIO)J,a c yqeTOM (6.81) rrpMXO)J,MM K ¢opMyJie (6.89). 
B cnyqae KBa3MMOHoxpoMaTttqecKoro rroJIH MO)[(HO JarrttcaTb attano

mqHo (6.91)-(6.95) Bbipa)J(eHMe MH 3HepmM 3JieKTpOMafHMTHOfO HM

IIYJibCa, rrornoruaeMOM KBaHTOBOH CMCTeMOM 3a Bee BpeMH B3aMMO)J,eH

CTBH51 C 113JiyqeHMeM: 

~ ~ ~ 

!!.E = f Q(t)dt = J a(w') J I(w', t)dtdw'. 
0 

0TCIO)J,a c yqeTOM ¢opMyJih! (6.81) HaXO)J,l1M 

11E = ~ f a(w')iE(w')l
2 

dw'. 
(21r) 0 

(6.98) 

(6.99) 

TaKMM o6pa30M, c IIOMOIUblO ¢opMyJI (6.89), (6.95) MO)J(HO OIIMCaTb 

He TOJibKO ¢oTorrornorueHMe B YJibTpaKOpOTKOM MMIIYJibCe, HO M )J,pyme 

¢0Torrpouecchr, TaKHe KaK pacceHHMe MJJiyqemrn, a TaK)J(e Bhrn~eH

HhIH TOPM03HOH 3¢¢eKT. )l.JIH 3TOfO Heo6XO)J,MMO B rrpaByIO qacTb pa

BeHCTBa (6.89) rro,lJ,cTaBMTh coornercrny10ruee ceqeHtte. 
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PacCMOTPHM <l>oTOB036y)l()leHHe CHCTeMbI ITO.LI. ,ll,eHCTBHeM Jia3epHoro 

HMilYJibca, B KOTOpOM Hanp5DKeHHOCTh 3JieKTpHqecKOfO nomI H3MemI

eTCH no 3aKOHy (HMilYJibC c rayccOBOH orn6a10meM:): 

(6.100) 

r,ll,e £0 - aMnJIHTY.ll.a; w - ttecymaH qacrnrn; rp - CE-<Pa3a; M - napa

MeTp, nponopuHOHaJihHbIH ,ll,JIHTeJibHOCTH HMilYJihCa Mp. 
<l>yphe-o6pa3 nom1 ( 6.100) HMeeT BH)J,: 

E(m') = (6.101) 

Jn { [ . (w _ w')
2 

M2] [. (w + w')
2 

M2 ]} 
= E0TM exp -1rp-

4 
+exp 1rp-

4 
. 

,Ll,.rrHTeJibHOCTh HMilyJibCa flip ecTeCTBeHHO onpe,ll,eJIHTh KaK OTHOIIIe

HHe BepmITHOCTH 3a Bee BpeMH ,ll,eHCTBHH HMilYJibCa w K BepOHTHOCTH B 

e,ll,HHHUY BpeMeHH w MH O,ll,HOH H TOH )Ke <l>opMbI HMilYJibCa B npe,ll,eJie 

60JihIIIHX ,ll,JlHTeJibHOCTeH (Mp » w-1): 

w 
MP f--. 

w 

(6.102) 

Toma MH ITOJIH (6.100) MO)l(HO noJiyqHTb CBH3h Me)l(,ll,y napaMeTpoM M H 

)J,JIHTeJibHOCThJO HMilYJibCa Mp: 

MP = Jf M : 1, 253M. (6.103) 

IlpH BhIBO,ll,e paBeHCTBa (6.103) 6bIJI HCilOJib30BaH npe,ll,eJihHhIH ne

peXO,ll, (npH M -too) B <l>yphe-o6pa3e HMilYJihCa (6.101): 

)

3/2 

IE(w'}i2 -t (; E~MJ(w -w'), 

OTKY.ll.a c ITOMOlll.hJO <l>opMyJibI (6.82) rronyqaeM 

Jf K(w) 2 
Wtot -t --2-EoM. 

41i 
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CpaBHI1Ba51 nocJie.uHee COOTHOUiem1e c Bbipa)J(eHJJeM ,Ll,JIH CKOPOCTH 
¢oTOB036)')1(.Ll.eHH51 B MOHOXpOMatnqeCKOM noJie 

K(m) E2 
W=~ O> 

Ha OCHOBaHHH onpe.ueJieHMH (6.102) npMXO.UHM K paBeHCTBY (6.103). 
BBe,Ll,eM B paccMorpeHMe qHCJIO I.J,HKJIOB B HMilYJibCe nc: 

MP (J)/1tP 
n =-=--

c T 2n ' 
(6.104) 

r.ue T= 27l/(J) - neptto.u KOJie6amrn Ha ttecyII.1,efi: qacTOTe. C noMOII.1,hIO 
(6.103) noJiyqaeM .UJIH napaMeTpa M, ¢nrypnpy10II.1,ero B ¢opMyJiax 
(6.100) H (6.101), CJie.uy10II.1,ee Bbipa)J(eHMe qepe3 qMCJIO I.l,HKJIOB B HM
IlYJibCe: 

(6.105) 

B .UaJibHefi:UieM 6y.ueM paccMarpnBaTb cBepxKopoTKHe HMilYJihChI, .Ll.Jl5I 

KOTOpbIX qMCJIO I.l,HKJIOB Ha HeCyll.l,eH qactOTe nc - 1 H MeHbUie. 
KBa.upaT MO.Ll.YJIH <l>ypbe-06pa3a noJIH (6.101), KOTOpbIH onpe.ueJIHeT 

cornacHO (6.89) BepOHTHOCTb ¢otOB036)')1(.Ll.eHH51 3a Bee BpeMH .ueHCTBHH 
H3JiyqeHM51, Bbipa)J(eHHblH qepe3 qncJIO I.l,HKJIOB, HMeeT BM.LI.: 

IE((J)')l2 = 21l'2 ( nc:o J GE (m', m, nc) x 

x[l + Kph(m', m, nc)cos(2q.i)], 

r.ue [cp. c ¢opMyJiaMH (1.36), (1.37)] 

GE((J)', m, nc) = 

= exp[-4nn; ( 1- ~J] + exp[-4.1l'n; (1 + ~Jl 

Kph(w', m, nc)=sech(8nn;~} 

(6.106) 

(6.107) 

(6.108) 
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)].JIH BepOHTHOCTH B036)')K)J,eHHH )l.llCKpeTHOfO ypOBHH 3HeprHH 3a 

BCe BpeMH netl:CTBHH HMITYJibCa HMeeM H3 (6.92), (6.106): 

(6.109) 

B ITpe)l.ITOJIO)!(eHHH, 'ITO W:.o < 1. KaK BH)l.HO H3 ITOCJienttero paBeHCTBa, 

<l>YHKIJ,HH GE(mn0, m, nc) OITHChrnaer CITeKTPaJihHYIO ¢>opMy JIHHHH B03-

6)')K)J,eHHH CBH3aHHO-CB513attttoro ITepexona, a Kph(mno' m, nc) HBJIHeTCH 

K03¢>¢>ttu,HeHTOM ¢>a30BOH MOLl.YJIHIJ,HH, ITOCKOJihKY OITpe)l.eJIHeT CTeITeHb 

3aBHCHMOCTH BepoHTHOCTH ITpou,ecca OT CE-¢>a3hI. fpa¢>ttKH 3THX ¢>ytt

KIJ,HH ITpHBe)l.eHbI Ha pHC. 1.3, l.4. 
J.fa ITOJIY<JeHHOfO Bbipa)!(eHHH (6.109) CJie)l.yeT' 'ITO B ycJIOBHHX CITpa

Be)l.JIHBOCTH TeOpHH B03MymeHHH 3aBHCHMOCTh ITOJIHOH BepOHTHOCTH 

¢>oTOB036)')K)J,eHHH CBH3aHHO-CBH3aHHOf0 ITepexona ITO)]. netl:CTBHeM HM

ITYJibCa (6.100) OT CE-<Pa3hI naeTCH <l>YHKu,ttetl: cos (2tp). ¥13 'IHCJiettttoro 

aHaJIH3a ITpaBOH 'IaCTH paBeHCTBa (6.108) BhITeKaeT, 'ITO K03¢>¢>nu,HeHT 

¢>a30BOH MO)l.yJIHIJ,HH HMeeT 3aMeTHYIO BeJIH'IHHY TOJihKO MH cy6u,HKJIO

BhIX HMITYJihCOB: nc < 0,5. )J,JIH <l>HKCHpOBaHHOfO 3Ha'IeHHH ITapaMeTpa nc 
K03¢>¢>wu,tteHT Kph B03pacrneT c yBeJitt'IetttteM ttecymetl: <JaCTOThI m, ITpH 

3TOM B COOTBeTCTBHH c Bbipa)!(eHHeM MH CITeKTpaJihHOH <l>YHKIJ,Hll B036~

)l.eHHH (6.107) YMeHhrnaetcH BeJIH'IHHa BepoHTHOCTH ITpou,ecca. CITeKT

paJihHaH <l>YHKIJ,HH Ge(mnO, m, nc) 3aMeTHO OTJIH'IaeTCH OT rayCCOBOH 3aBH

CHMOCTH TO)!(e nJI51 BeCbMa KOpOTKHX cy6IJ,HKJIOBhIX HMITYJihCOB nc < 0,5, 
ITpH'IeM ITpH nc < 0,2 )l.aHHaH <l>YHKIJ,HH MOHOTOHHO y6brnaeT C pOCTOM 

OTHOIIIeHHH mn0/ {(). 
B ITpeneJie HMITYJihCa Hy/le60U a11ume/lbHOCmu (M -t 0), KOf)l.a 

E(m') -t .Jff E0 M cos tp, 

paBeHCTBO (6.89) ITpeo6pa3yeTCH K BHLl.Y 

c ( )2 2 f=a(m') , 
~ot = 41Z"1i EoM COS tp --;;;- dm . 

0 

(6.110) 

TaKHM o6pa3oM, B 3TOM CJIY<Jae ITOJIHaH BepoHTHOCTh <PornITorno

meHHH OITpe)l.eJIHeTCH HHTerpaJIOM ITO 'IaCTOTe OT OTHOIIIeHHH a(m')/m'. 
Ilptt 3TOM JaBHCHMOCTh OT CE (carrier-envelope) ¢>a3bI naeTCH <l>YHK-
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UHett cos2 rp, qTQ COOTBeTcrnyeT <t>opMyJie (6.109), IIOCKOJibKY Kph ~ 1 
rrpH M ~ 0 . 

.[tm1 IIOJIHOM rrornorn.eHHOM 3HeprmI 3a BCe BpeM51 )J,ettCTBH51 HM

IIYJihCa B npeneJie M ~ 0 H3 (6.99) BhITeKaeT cJienyrow,ee paBeHcrno 

,. ( )22 2 l'l.E = 2Nere cM E0 cos rp, 

f)J,e re - KJiaCCHqeCKHM paLJ.HYC 3JieKTpOHa: 

e2 
r.=--2; 

me 

(6.111) 

Ne - qHcJio 3JieKTpOHOB B aTOMe. Optt BbIBOLl,e (6.111) 6bIJIO HCIIOJih30-

BaHo rrpaBHJIO CYMM LJ.JIH ceqeHHH <t>oTOrrornorn,eHttH: 

~ 2 2 2 

f ( ')d ' - __!!_!_N (J' (I) (I) - e • 

0 me 
(6.112) 

<l>opMyJihl (6.110) H (6.111) crrpaBe)J,JIHBbl B paMKax rrpHMeHHMOCTH 

TeOpHH B03Mylll,eHHM, KOf)J,a w-;ot < 1. KaK CJieLl,yeT H3 (6.89), rrpeLl,eJI 

HyJieBOM )J,JIJITeJibHOCTH HMIIYJibCa peaJIH3yeTC51 rrpH BhIIIOJIHeHHH Hepa

BeHCTBa 

1 
M<--, 

l'l.wa 

f)J,e l'l.wa - qacTOTHbIM HHTepBaJI, )J,aIOlll,HM OCHOBHOM BKJia)J, B HHTer

paJibHOe rro qacToTe ceqeHtte npouecca. 

TaKHM o6pa3oM, B nattHOM pa3LJ.eJie BhIBeLJ.eHhI <t>opMyJihI (6.89) H 

(6.97), Bbipa)!(aIOlll,He IIOJIHYIO BepmITHOCTb <t>oTOrrpouecca 3a Bee BpeM51 

Ll,ettcTBHH H3JiyqeHHH qepe3 ceqetttte 3Toro rrpouecca H <l>yphe-o6pa3 

HarrpH)!(eHHOCTH 3JieKTpHqecKoro IIOJI51 B H3JiyqeHHH. IloJiyqeHHbie pa

BeHCTBa OIIHCh!BaIOT <t>oTorrpouecc, HHLJ.YUHPOBaHHbIM YJibTpaKOPOTKHM 

3JieKTpOMarHHTHbIM HMIIYJibCOM, KOf)J,a tterrpHMeHHMhl IIOH51THH Bepo-

51THOCTH B e)J,HHHUY BpeMeHH H HHTeHCHBHOCTH H3JiyqeHHH. IloJiyqeH

Hhie Bhrpa)!(eHHH MOryT 6bITh HCIIOJih30BaHbI B pacqernx H3JiyqaTeJihHbIX 

SIBJieHHtt B paMKax cnpaBea11uBocmu meopuu B03Myut,eHuii. C HX IIOMOlll,hIO 

6bIJIO YCTaHOBJieHO, qTo <t>a30BhIM KOHTpOJih <t>oTorrpouecca B )J,HCKpeT

HOM crreKTpe 3a cqeT H3MeHeHHH CE-<l>a3hI B03MO)!(eH TOJihKO LJ.JI51 cy6-

UHKJIOBhIX B036~al01ll,HX HMIIYJihCOB. 



248 -1\r I'AaBa 6. H3Ay<tameAbHble npo~eccbl B iJucKpemHoM cneKmpe 

ninepaTypa 

I. Co6eJJbMaH Jf.Jf. BBe)lemi:e B Teopmo aTOMHhIX cneKTpOB. M.: fl1<l>MJ1, 
1963, 641 c. 

2. JlaHaayJI.Jf.., JlurjJwuu, E.M. KBattTOBaH MexattttKa. M.: Hayr<a, 1974, 752 c. 
3. Ba6UA06 C.H. MttKPOCTpyKTypa cBern (ttccJie)J.OBaHMH M oqepKtt). M.: AH 

CCCP, 1950, 200 c. 
4. 0AeUHUK06 B.A., CyxaHo6a A.B., Ha6ue6 H.P. <l>JiyopecuettTHhre noJiynpo

BO)J.HMKOBhre HaHOKPMCTaJIJihI B 6MOJIOrMM M Me)J.MUMHe. POCCMHCKMe Ha
HOTeXHOJIOfMM, 2007. T. 2, N2 1-2, c. 160-173 

5. Norris D.J., Sacra A., Murray C.B. and Bawendi M. G. Measurement of the 
size dependent hole spectrum in CdSe quantum dots. Phys. Rev. Lett. 
1974, v. 72, 2612 

6. K.tlbtWKo /l,.H. <l>ttJMqecKtte octtoBhI KBaHTOBo:H 3JieKTpOHMKM. M.: HayKa, 
1986, 294 c. 

7. Astapenko V.A. Simple formula for photoprocesses in ultrashort electromagnetic 
field. Physics Letters A 2010. V. 374, issues 13-14, pp. 1585-1590. 



rnABA 

7 
H3nY4ATEnbHblE nPOL\ECCbl 
nPH CBJIJAHHO-CB060AHblX 
nEPEXOAAX 

B npe,n:hr.uymell: rnaBe paccMaTp1rnarrHch H3JiyqaTeJihHhre 

nepeXO.Ubl aTOMOB H HaHoqacTHI.1, Me)!()ly CBH3aHHbIMH COCTOHHHHMH 

3JieKTpOHOB, orneqaJOUJ,HMH .UHCKpeTHOMY 3HepreTHqecKOMY cneKTpy 

(cBH3aHHO-CBH3aHHhre nepexo,n:br). B xo.ue TaKHX npou.eccoB xapaKTep 

.UBml<:eHHH 3JieKTPOHa OCTaeTCH qrnHHTHbIM: OH He TIOKH,UaeT 6Jim1<all:

rnell: OKpeCTHOCTH aTOMa HJIH HaHO'laCTHI.l,bl. )].aHHaH rnaBa TIOCBHUJ,e

Ha cpoTonpou.eccaM, B KOTOpblX npOHCXO.UHT nepexo.u 3JieKTPOHa H3 

CBH3aHHOfO COCTOHHHH .UHCKpeTHOfO cneKTpa B CB060.UHOe COCTOH

HHe ttenpepbIBHOro cneKTpa (CBH3aHHO-CB06o.n:HhIM nepexo.u). IlpH 

3TOM xapaKTep .UBH:lKeHHH H3MeHHeTCH c <PHHHTHOfO Ha HHcpHHHT

HhIM, B pe3yJihTaTe qero 3JieKTpOH TIOKH,UaeT aTOM, KOTOpbIM npeBpa-

1.IJ,aeTCH B TIOJIO)l(HTeJibHO 3apH:lKeHHblM HOH . .ll,aHHOe HBJieHHe .UJIH nep

BOHatiaJihHO tteil:TpaJibHOfO aTOMa Ha3bIBaeTCH cp0TOHOHH3an:Heil:, HJIH 

aTOMHhIM cpoTo3<PcpeKTOM. B cJiyqae, ecJIH aTOM npe.ucrnBJIHJI co6oll: 

OTpHI.1,aTeJibHO 3apH:lKeHHblM HOH, y.uanettHe H3 Hero 3JleKTpOHa B pe-

3YJlbTaTe TIOfJlOlll,eHHH <PoTOHa Ha3bIBaeTCH <f>oTOOTpbIBOM, HJIH <PoTO

pa3pyrneHHeM HOHa. 

7.1. <l>OTOHOHHJA~HJI H <l>OTOOTPblB 
B nEPTYPliATHBHOM PE>KHME 

PaCCMOTPHM CHaqarra CBH3aHH0-CB06o.n:HhIM nepexo.u KBaH

TOBOM CHCTeMhl c TIOfJIOUJ,eHHeM cpOTOHa no.n .ueil:CTBHeM 3JieKTPOMar

HHTHOfO M3JlyqeHHH YMepeHHOM HHTeHCHBHOCTH, Kor.ua BblllOJlHHeTCH 

ycJIOBHe npHMeHHMOCTR TeOpHH B03MyUJ,eHHM ( 1.9), H3JIO)l(eHHOM B 

pa3,n:. 6.2. TaKoil: pe:lKHM cpoTOnpou.ecca Ha3brnaeTCH nepTyp6aTHBHhIM 

(oT attrn. perturbation - B03Myl.IJ,ettHe). 



250 -Av- I'Aa8a 7. Jf3Jly•tameAbHble npou,eccbt npu C8H3aHHo-cBo6oaHbtx nepexoaax 

06~He COOTHOWeHHSI 

11TaK, IIYCTb aTOM B036y)l()l.aeTC51 B pe3ynhTaTe rrornomemUI cpOTOHa 

BHenrnero rroAA. <l>oTorrornomemre xapaKTepu3yeTCH crreKTPMhHhIM ceqe

HHeM, KOTOpoe CBJI3aHO c Bep051THOCTbIO B e)l,HHHuy BpeMeHH B036y)l()l.eHH51 

CB513aHHOro 3neKTPOHa ITO)], )l,eMCTBHeM 3neKTPOMarmrTHOro H3nyqeHH51 c 

3a)l.aHHOM qacToToii w. )J..Jrn ceqeHHH cpornrrornomeHH51 a(w) HMeeT MeCTo 

PM o6mux COOTHOllieHHM, HCIIOnh3yeMbIX, B qacTHOCTH, rrpH IIOCTPOeHHH 

rrpu6nIDKeHHbIX MO)l,eneii M51 Konw1ecTBeHHOro OIIHCaHH51 cpOT03cpcpeKTa. 

TaK, Benuqutty a( (J)) yno6HO Bbipa3HTb qepe3 cneKmp(JJlbHYIO rjJyHKU,UIO au

nOJlbHblX 6036yJK:aeHUU g( (J)) B COOTBeTCTBHH c cpopMynoii [ 1]: 

(7.1) 

rne a8 - panttyc Eopa; va = 2,18 · 108 CM/c - cKopocTb 3neKTpoHa Ha 

rrepBOM 6opOBCKOM op6HTe B aTOMe BO)l.Opona (aTOMHa51 e)l,HHHLJ,a CKOpo

CTH). 3necb H nanee qucno 137 B03HHKnO H3 3aIIHCH CKOpOCTH CBeTa B 

aTOMHbIX e)l,HHHLJ,ax: 

y no6crno cpyHKUHH g( (J)) 3aKnIOqaeTC51 B TOM, qrn )l.n51 Hee BbIIIOn -

H51eTC51 rrpaBHnO cyMM: 

f g(w)dw = N, (7.2) 

rne N - rronttoe qucno 3neKTpOHOB B aToMe. KpoMe Toro, crreKTpanb

HaH cpyHKUHH g(w) ynoBnernopHeT paBeHcrny: 

(7.3) 
n 

rne !;n - cuna ocuunnHTopa rrepexona i ~ n; w n - co6cTBeHHaH qacTOTa 

3TOro rrepexona. 3aMeTHM, qTo, ecnH peqb H)l,eT 0 cpOTOHOHH3aLJ,HH 3neK

TpOHHOM rrono6onoqKH nl c 3a)l.aHHhIM rnaBHhIM n H op6uTanbHhIM I 
KBaHTOBbIM qucnoM, TO Bbipa)!(eHH51 (7.1)-(7.3) cnenyeT OTHOCHTb K 

)l,aHHOM IIO)l.06onoqKe H CHa6)],HTb COOTBeTCTBYIOIUHMH HH)l.eKCaMH: Xnl. 
BhrrnerrpHBeneHHhre cpopMynhr (7 .1 )-(7 .3) OTHOCHTCH He TOnhKO K cpo

TOHOHH3aUHH, HO H K cpoTorrornomeHHIO, corrpoBO)!()l,aeMOMY 3neKTPOH

HbIMH rrepexonaMH B )l,HCKpeTHOM crreKTPe, T. e. K cpOTOB036y)l()l.eHHIO, pac-
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CMO'fPeHHOMY B rn. 6. B cJiyqae co6cTBeHHO <PoTo3<P<PeKTa CYMMttpoBami:e 

B nepBOM paBeHCTBe (7.3) 3aMeH.SJeTCH HHTerpwpoBami:eM no COCTOHHllilM 

ttenpepbrnttoro cneKTpa, npwqeM no;::i:hrnTerpanbttoe Bbip(l)!(ettwe npe;::i:crnB

JIHeT co6oH. ;::i:w<P<PepenuwaJihttyIO cHJiy ocuHJIJIHTopa Li:JIH nepexo;::i:a B KOH

THHYYM df / dE, me E - 3Heprllil cocTOHHttH ttenpepbrnttoro cneKTpa 3JieKT

potta . .Ll.tt<P<PepeHUHaJibHaH CHJia OCUMJIJIHTOpa Bblp(l)!(aeTCH qepe3 Ma'fPHq

HbIH 3JieMeHT OT onepaTopa Ll;HTIOJibHOfO MOMeHTa nepexo;::i:a die Ll;JIH 

nepexo;::i:oB B KOHTHHYYM TaK )Ke, KaK Li:JIH nepexo;::i:oB B Ll;HCKpeTHbIH cneKTp: 

df = 2Eldi<l2 
dE e6 

(7.4) 

r;::i:e e - 3JieMettrnpttbIH 3apH;::i:. 

11MeeT CMbICJI BBeCTH TIOHHTtte TIJIOTHOCTH CHJibl OCUHJIJIHTOpa H Ll;JIH 

nepexo;::i:oB B Ll;HCKpeTHOM cneKTpe, eCJIM CMJIY OCUMJIJIHTOpa TaKOfO ne

pexo;::i:a pa3;::i:eJIMTb Ha MHTepBaJI 3Hepmtt OT ;::i:aHHOro ypoBHH ;::i:o 6Jitt)l(aH

wero 3HepreT11qecKoro ypoBHH. Mo)l(HO noKa3aTb, qTo Li:JIH BBe;::i:ettttoH. 

TaKHM o6pa30M BeJI11q11Hbl cnpaBeLl;JIMBO CJie;::i:y101uee COOTHOWeHtte [l]: 

r 4n
2 

Ryaii Int n'l' ( ) 

n~~ 137 E ' - E = (J"nl, cl' In/ ' 
~ n'+ll' n'l' 

(7.5) 

T. e. HOpMttpoBaHHaH TIJIOTHOCTb CHJibl OCUMJIJIHTOpa B pe)l(HMe 6eCKO

tteqtto 6oJiblllMX rnaBHbIX KBaHTOBbIX 1-rnceJI nepexo;::i:ttT B noporOBOe 

3HaqeHtte naputtaJibHOfO ( COOTBeTCTBYIOIUero ;::i:aHHOMY 3HaqeHMIO op-

6ttTaJibHOro KBaHTOBOfO q11cJia /') ceqeHHH <PoTOMOHtt3aUttM 3JieKTPOH

HOH no;::i:o60JioqK11 nl. flpe;::i:eJibHbIH nepexo;::i: (7.5) HBJIHeTcH ;::i:eM0HcTpa

u11eH. rna;::i:Koro conpH)l(eHMH OTITttqecKMX xapaKTepttCTMK LJ:MCKpeTHOfO 

tt ttenpepbrnttoro cneKTpa. 

Haw6oJiee o6mee Bbipa)l(ettwe )J,JIH ceqettttH <PoTOttOHH3a111111 3JieKT

pottttoH. TIO)J,060JIOqKM B O)J,H03JieKTpOHHOM nptt6Jitt)l(eHMM (T. e. B npe

tte6pe)l(eHtttt Me)l(3JieKTpOHHbIMM KOppeJIHUMHMH) ttMeeT BM)], 

() 4n2Nnlva [Id 12 Id 12] 6 
an, w = 3e2aaw137(21 +I) n1, c(l+t) + n1, £(1-t) ' (7. ) 

r;::i:e Nn1 - q11cJio 3KBMBaJieHTHhIX 3JieKTPOHOB, T. e. 3JieKTpOHOB c O)J,tt

HaKOBbIM 3HaqettHeM rnaBHOro 11 op6ttTaJibHOro KBaHTOBOfO qwcJia. 3;::i:ecb 

BBe)J,eHbl MaTpttqHbJe 3JieMeHTbl onepaTopa Li:MTIOJibHOro MOMeHTa MH 

nepeXO)J,OB B COCTOHHMH HenpepbIBHOro cneKTpa c op6ttTaJibHbIMM KBaH-
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TOBbIMH 'IliCJiaMH, pa3perneHHbIMH ITpaBHJiaMH OT6opa. 3TH MaTpH'IHbie 

3JieMeHTbI CJie,ll,yIOII.J,HM o6pa30M MOryT 6bITh Bbipa)l(eHbI qepe3 pa,nHaJib

Hbie BOJIHOBbie cPYHKUHH HCXO,ll,HOfO Rn,(r) H KOHe'IHOfO Rel' COCTO.HHHH: 

r.ne BBe,neH MaTeMaTH'IeCKHH o6neKT (
1 1 /' )· tta3bIBaeMhIH 3j-CHMBO-
O 0 0 

JIOM. OH B03HHKaeT B pe3yJihTaTe HHTerpHpOBaHH.H ITO yrnOBbIM ITepe

MeHHhIM B OITpe.neneHHH MaTpH'IHOfO 3JieMeHTa ,ll,HITOJibHOfO MOMeHTa. 

3j-CHMBOJI OITHCbIBaeT npa6UAa om6opa d!IJl iJunO!lbHOW U3/ly'leHUJl, co

rnacHO KOTOpbIM r = l ± 1. EcTeCTBeHHO, 'ITO B cnyqae I = 0 HMeeTCH 

O)J,HO pa3perneHHOe 3Ha'IeHHe KBaHTOBOfO 'IHCJia op6MTaJibHOfO MOMeH

Ta B KOHe'IHOM COCTOHHHH: /' = 1. KaK ITpaBHJIO, B Ce'IeHHe cPOTOHOHH-

3aUHH .naeT OCHOBHOH BKJia,n ITepexo.n c yBeJIH'IeHHeM KBaHTOBOfO 'IHCJia 

op6MTaJihHoro MOMettrn I ~ I + 1. 11cKJIIO'IeHH.H H3 3Toro ITpamrna B03-

HHKaIOT, eCJIH ITO KaKHM-JIH6o CITeUHcPH'IeCKHM ITPH'IHHaM MaTpH'IHbIH 

3JieMeHT dnl, n,f + I MaJI HJIH o6pamaeTC.H B HOJib. 0,nHaKO B yrnOBOM pac

ITpe,neJieHHH HOHH3HpOBaHHbIX 3JieKTpOHOB, KOTOpoe MbI 3,necb He 

paccMaTpHBaeM, ITepexo.n I~ I - 1 MO)l(eT ttrpaTh Ba)l(HYIO ponh. 

80AOPOAOnOA06HoenpH6nH*eHHe 

KaK 3TO 6hmo BITepBbie ITOKa3aHo 3oMMepcf>enh,nOM, ITOJIHoe (ITpo

HHTerpttpoBattHoe ITO yrny BbIJieTa 3JieKTPOHa) Ce'IeHHe cPOTOHOHH3a

UHH M.H OCHOBHOfO ls-COCTO.HHH.H BO,nopo.noITO,ll,06ttoro HOHa paBHO: 

aH-tike (m) = 2
9 

Jr
2 (~)

4 

02 exp (-4( arcctg () 
phis 3Z2137 lllU B 1-exp(-2Jr() ' (

7.S) 

r.ne m - qacToTa HOHH3Hpy10mero H3Jiy'IeHttH; Z - 3ap.H,n .H,npa; 

f 1s = Z 2 Ry - ITOTeHUHaJI HOHH3aUHH ls-COCTO.HHH.H (Ry = 13,6 3B); 

p - HMITYJibC HOHH3HpOBaHHOfO 3JieKTpoHa: 

p = ~2m(1im - l 1s ); 

( - 6opHOBCKHH ITapaMeTp: 

Zme2 

(=-. 
p1i 
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EopHOBCKMH napaMeTp rrpe.ncTaBJHieT co6oM: 6e3pa3Mepttyro BeJrn

qlfHY' xapaKTepM3yromyro CMJIY B3aMMO.l1,eHCTBM51 Me)!(,ll,y 3JleKTpOHOM M 

3apmi<eHHOH qacTMll,eH. 3TOT napaMeTp BBO.l1,MTC51 B TeOpMM pacce51HM51 

3JleKTPOHOB, o6bJqHo OH 3aIIMCbJBaeTC51 qepe3 CKOpOCTb 3JleKTpOHOB: 

Ze2 

( = r;;;· 

3aBMCMMOCTb 30MMep<l>eJJb.l1,0BCKOro ceqeHM51 <t>oT03<l><l>eKTa (7.8) OT 

3HepmM <t>oTOHa rrpe.ncTaBJJeHa Ha pMC. 7.1 (CIIJIOllIHa51 KpMBa51). 

0,08 -- 30MMepq>enb,Q,OBCKOe Ce4eHHe 

- - KpaMepcoacKoe ce4eHHe 
-·-·· 6opHOBCKOe Ce4eHHe 
......... CeL1eHHe a npH611101<eHHH Pocra 

0,06 

< 
ai :s: 0,04 :i: 
Q) 
~ 
Q) 

u 
0,02 

0,00 
20 30 40 50 

3HeprHll cpOTOHa, 36 

Puc. 7 .1. 3oMMep<l>eJIMOBCKoe, KpaMepcoacKoe 11 6opHoBcKoe ce'leHMJI <t>oT0110-

HMJau:1111 OCHOBHOro COCTOJIHMJI aTOMa BO.ll,OpO.ll,a, a TaIOKe Ce'leHMe B 

np116nmKett1111 Poem 

0TMeTMM, qTo <t>oTOMOHM3all,M51 rrpe.ncTaBJJ51eT co6oM: rrpou,ecc rrepBo

ro IIOp51.l1,Ka MaJJOCTM no KOHCTaHTe 3JleKTpOMarHMTHOro B3aMMO)J,eHCTBM51 

(e 2/fic = 1/137 - B o6brqHbIX e)J,MHMU,ax), qTQ BbipaxaeTC51 B HaJJlfqlflf CKO

poCTM CBeTa (qMcJJa 137) B rrepBOH CTerreHM B 3HaMeHaTeJJe <l>OPMYJlbI (7.8). 
B6JJM3M rropora <l>oTOMOHM3au,MM, Kor.na p ~ 0, ( ~ =, M3 <l>opMyJJhI 

(7 .8) MO)l(HO IIOJlyqMTb CJJe.nyromee rrpM6JIM)l(eHHOe Bb!pa)l(eHMe )],J151 ce

qeHM51 <t>oTo3<l><l>eKTa 

(7.9) 
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r.ue e - OCHOBaHIIe HaTypa.TibHOro JIOrapmpMa (He IIYTaTh c 3JieMeHrnp

HblM 3ap51,[(0M). TaKHM o6pa3oM, ceqeHHe ¢oTo3¢¢eKTa aTOMa Bo.uopo

.ua (Z = I) Ha rropore (fim = Ry) paBHO 0,063 A2, HJIH 6,3 Mera6apH. 

0TMeTHM, qTo ceqeHHe ¢oTOHOHH3aU:HH aTOMOB qacTO rrpHBO.UHTC51 B 

Mera6apHax: 1 M6 = 10-18 cM2. 

Ba)[(HOH qepTOH ¢orn3¢¢eKrn Ha Bo;::i;opo.uorro.uo6HoM aTOMe, BhI

TeKmomeM: H3 ¢opMyJI (7.8) H (7.9), 51BJISieTC51 TOT ¢aKT, qrn MaKCHMYM 

BeJIHqHHhI ceqeHH51 .UOCTHraeTC51 Ha rropore, T. e. rrpH MHHHMa.TibHOH 

qacTOTe H3JiyqeHH51, rrpH KOTOpoM: eme B03MO)[(Ha ¢oTOHOHH3aU:H51. )J,JI51 

6oJiblllHX qacTOT ceqeHHe MOHOTOHHO yMeHblllaeTCH. 3TO CBOHCTBO 

o6yCJIOBJieHO TeM o6CT051TeJibCTBOM, qTo HOHH30BaHHhIH 3JieKTPOH HC

IIhITbIBaeT KYJIOHOBCKoe rrpHT51)[(eHHe 51.Upa, yBeJIJiqHBa10iu:ee ceqeHne 

rrpou:ecca. 

113 ¢opMyJihl (7.9) CJie.uyeT, qrn ceqeHHe ¢oTOHOHH3aU:HH OCHOBHO

ro cocT051HHH Bo.uopo.uorro.uo6Horo HOHa rra.uaeT Ha rropore o6paTHO 

rrporropu:woHaJihHO KBa;::i;paTY 3ap51,[(a H;::i;pa. TaKoe rroBe)J,eHHe ceqeHHH 

HMeeT rrpocTyIO KaqecTBeHHYIO HHTeprrpeTaU:HIO: c poCTOM 3ap51;::i;a H;::i;pa 

yMeHhUiaeTC51 pa;::i;wyc OCHOBHOro COCTOHHH51 BO.UOpo.uorro.uo6Horo HOHa 

r1s oc Z-1, OTKY.Ua (B rrpeJJ;IIOJIO)[(eHHH a 1s oc lj~) H BhITeKaeT paCCMaT

pttBaeMaH rroporoBaH 3aBHCHMOCTh ceqeHH51 ¢oTOHOHH3au:1m, KOTOpa51 

TaK)[(e MO)[(eT 6hITh rrpe.ucTaBJieHa B BH;::i;e: 

a thres oc _l_ 
Is [ 

ls 

(7.10) 

0Tc10.ua cJie.uyeT, qrn rroporoBoe 3HaqeHne ceqeHHH ¢oTo3¢¢eKTa JJ;JIH 

ns-COCTOHHHH (c .UPYfHM rnaBHhIM KBaHTOBhIM qJICJIOM n) MO)[(eT 6bITh 

rrpe.ucTaBJieHO B BH.Ue 

I a thres = _le. a thres 
ns [ Is 

ns 

TaKHM o6pa3oM, rroporoBoe 3HaqeHwe ceqeHH51 ¢oTOHOHH3aU:HH 

B03pacrneT c pOCTOM rnaBHOfO KBaHTOBOro qffCJia. Jl1060IIbITHO, qTo .uaH

HOMY COOTHOIIIeHHIO c HeIIJIOXOH roqHOCThIO YLIOBJieTBOpHIOT 3KCrrepM

MeHTa.TihHbie ceqeHH51 .ua)[(e B cJiyqae HeBo.uopo.uorro.uo6HhIX aroMoB. 

HarrpttMep, JJ;JIH aroMa aproHa HMeeM / 1": I2s: / 3s "' 150 : 10 : 1, B TO BpeM51 

KaK OTHOUieHHe 3KCIIepHMeHTa.TlhHhIX rroporoBbIX ceqeHHH .umi: .uaHHhlX 

o6oJioqeK paBHO: 300 : 30 : 1. 
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B BbICOKO'IaCTOTHOM pe)JUIMe nw » [Is M3 (7.8) HMeeM 

a w "" 2 1T aB --1.!:_ 1 - 1T --1.!:_ • s 2 (I )112 [ ~] 
ls( ) 3 Z 2 137 1iw n{() (7.11) 

<l>opMyJia (7 .11) .naeT H3BeCTHOe aCHMTITOTH'IeCKOe y6bIBaHHe BOJlO

po.nono.no6ttoro Ce'IeHHH cPOT03cPcPeKTa c pOCTOM qacTOThl w-7/ 2 ( «3aKOH 

MMttyc ceMM BTOphIX» ). HMeeT CMhICJI no.nqepKHYTh, 'ITO ceqetttte <PoTo

MOHH3aUMM (7. 8) BhIXOJlMT Ha CBOe aCMMTITOTH'IeCKOe TIOBe.nettMe (7 .11) 
npM BeCbMa 60JihWMX 3HaqeHHHX qacTOThl {() > 40I1sf1i, TIOCKOJihKY napa

MeTp pa3JIO)J(eHml (-2tr() 3KCTIOHeHThl B (7 .8) TOJihKO Ha TaKHX qacrn

Tax CTaHOBMTCH 3aMeTHO MeHbWe e.nMHMUbI. 

B cJiyqae <PoTOHOHM3aUMH n/-no.no6oJio'IeK (c I* 0) ceqetttte <Po

T03cP<l>eKrn TaIOKe MOHOTOHHO y6brnaeT c pOCTOM qacTOThI, npH'IeM 

JlJIH OJ » Inif 1i MMeeM 

(7.12) 

T. e. y6hrnaHMe ceqeHMH 6oJiee 6hrcTpoe. 

KaK ~e OTMeqanoch, H3 cPOPMYJihI 3oMMep$eJihJla (7.8) BhITeKaIOT 

xapaKTepHCTM'IeCKMe qepThl ceqeHHH cPOTOMOHH3aUMM Bo.nopo.nono.no6-

HOfO MOHa, TaKHe, KaK JlOCTH)J(eHMe MaKCMMYMa Ha nopore, MOHOTOH

HOe y6hrnaHHe c pOCTOM qaCTOThI. 3TH xapaKTepMCTM'IeCKHe qepThl npM 

nepexo.ne K MHOf03JieKTpOHHhIM aTOMaM, Boo6me fOBOpH, HapyruaIOTCH. 

TeM He Mettee Bo.nopo.nono.no6HaH <PopMyJia JlJIH ceqeHHH <PoTOHOHM3a

UMH HBJIHeTCH HCXOJlHhIM nyHKTOM JlJIH TIOCTpOeHMH nptt6JIM)J(eHHOf0 

crrqco6a onttcaHMH npouecca no nopHJlKY BeJIH'IMHhI. TaK, ecJIH npH

HHTh BhICOKO'IaCTOTHYIO 3aBHCHMOCTh (7.12), Ha'IHHa51 OT nopora, H BOC

TIOJlh30BaThCH rrpaBMJIOM CYMM 

TO MO)J(HO IIOJIY'IHTh CJie.nyIOmee ceqeHHe cPOTOHOHlf3aumi: B B0JlOPOJlO

rro.no6HOM rrptt6JIM)J(emm: 

(7.13) 
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PacqeT ce'leHHH no (7.13) ;::vrn o,11;Horo ls-3JieKTpOHa naeT B6JIH3H 

nopora npeBhIIIIeHHe B 3,2 pa3a Ha)]; TO'lHhIM 3Ha'leHHeM, a B,ll;aJIH OT 

nopora nonyq:aeTCH JaHH:>KeHHoe B 2, 7 pa3a ceqeHMe. CnenoBaTeJihHO, 

(7.13) onpenenHeT ce'leHHe npou,ecca no nopHnKY BeJIM'lMHhI B B0,11;opo

,11;ono,11;06HoM nptt6JimKeHHH. 

ci>opMyna KpaMepca AJ1SI aroMHoro <1>oro3<l><l>eKTa 

.ll,JIH noJiyKOJIH'leCTBeHHOH xapaKTepHCTMKM M3Jiyq:aTeJihHhIX HBJie

HHH Hepe,11;Ko HcnOJih3YIOTCH npoCThie <PopMyJihI, nonyq:eHHhie KpaMep

coM B paMKax KJiaCCH'leCKOH tPM3HKH, KOTOpbie onHChIBaIOT ceqeHHH 

pa,ll;ltal.l,HOHHhIX npou,eccoB npM pacceHHMH 3JieKTpOHa B none TO'le'IHO

ro 3ap51,11;a. 3TH tPOPMYJihl cnpaBeMMBhl ,ll;JIH HeMaJihIX 3Ha'leHMH 6op

HOBCK0f0 napaMeTpa 

( = ze2 ;:: 1, 
1iv 

T. e. ,ll;JIH 60JihllIMX 3apMOBhIX 'lMCeJI M MaJihIX 3JieKTpOHHhIX CKOpOCTeH. 

B 3TOM cnyq:ae ,11;BmKeHMe 3JieKTpoHa HBJIHeTCH KBa3MKJiaccM'lHhIM, T. e. 

c xoporne:H: CTeneHhIO TO'IHOCTM MO:>KeT 6bITh onttcaHO KaK ,ll;BM:>KeHMe no 

KJiaCCH'leCKOH TpaeKTOpmr. 

B paMKax KpaMepcoBCKoro nonxona ,ll;JIH ce'leHMH <PoTOMOHM3al.l,HM 

aTOMHOH nono60JIO'IKM c KBaHTOBhIMH 'lMCJiaMH nl MO:>KHO nonyq:HTh 

cne,11;y10mee Bhipa:>KeHtte: 

O'(Kr) (w) = 64n N ~ {§' (~)
3 

nl 3./3 nl 137 z2 vi;; 1iw 
(7.14) 

0TCIO,ll;a cnenyeT <PopMyJia MH Ce'leHHH tPOTOMOHH3al.l,HM aTOMa B0,11;0-

pona, ecJIM noJIO)l(MTh z = Nnl = 1 M In/ = Ry. B pe3yJihTaTe nonyq:aeTCH 

JaBMCMMOCTh, npencrnBJieHHaH Ha pHc. 6.8 IIITpMXOBOH JIMHHe:H:. BH,1J;Ho, 

'ITO, HeCMOTpH Ha CBOIO npocrnry, <PopMyna KpaMepca y,11;0BJiernopHTeJihHO 

onMChIBaeT ce'leHMe <PoTOMOHMJau,mr aToMa Bonopona. HaH6onhrnee 

OTJIM'lMe OT TO'lHOfO Ce'leHMH MMeeT MeCTO Ha nopore. Cl>opMyJia Kpa

Mepca JaBhirnaeT 30MMep<Penh,ll;OBCKoe noporoBoe 3Ha'leHMe ceqeHMH 

npHMepHo Ha 30 %. B BhICOKO'lacTOTHOM pe:>KMMe Bh1pa:>KeHMe (7.14) 
naeT HHYIO acHMnTOTHKY, He:>KeJIM <PopMyna 3oMMep<Penh,ll;a (7.8): w-3 

BMeCTO w-3•5• 0,11;HaKO, nOCKOJihKY BhIX0,11; Ce'leHMH Ha BhICOKO'laCTOTHYIO 

aCHMnTOTMKY npOHCXO,ll;HT O'leHh naneKO OT nopora, 3TO OTJIM'lMe cna6o 

CKa3hIBaeTCH B aKTyaJihHOH o6JiaCTH 3Heprn:H: tPOTOHOB, rne ceqeHHe 

npou,ecca He CJIHIIIKOM MaJIO. 
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Ce1.1eHHe <1>0To3<l><l>eKTa e 6opHOBCKOM npH6nH>KeHHH 

B pe)l{HMe MaJihIX 3Ha'IeHwi1: 6opHOBCKoro napaMeTpa 

Ze2 

(=-«1 
hv 

BJimIHHe aTOMHOfO OCTaTKa Ha )J,BH)l{eHHe HOHH3HpOBaHHOf0 3JieKTpOHa 

MO)f(HO C'IHTaTb Ma.JibIM B03Mym;eHHeM. 3TO HMeeT MeCTO )J,JI51 60JihIIIHX 

cKopocTei1: w MaJihIX 3ap5I)J,0B Mpa. B )J,aHHOM cnyqae npw BhI'IHCJieHHH 

MaTpH'IHhIX 3JieMeHTOB dnl, el+ I' c}mrypwpyrom;wx B o6m;ei1: c}>opMyJie )J,JI51 

ce'IeHml c}>OT03c}>c}>eKTa (7.6), B Ka'!ecrne BOJIHOBOH <l>YHKI.J,HH HOHH3H

poBaHHOf0 3JieKTpOHa MO)l{HO HCilOJib30BaTb nJIOCKHe BOJIHhI, OTBe'!aIO

m;we cBo6o)J,HOMY )J,BH)l{eH1110. Tor)J,a )J,JI51 ceqeHH51 c}>oTOHOHH3aI.J,HH aToM

HOH Il0)J,060JIO'IKH MO)l{HO nonyqHTb CJie)J,yIOm;ee Bblpa)l{eHtte: 

u,,(w) ~ 
3 
s7;

1 
N,,ai :; ( p~) )}, ( P~) )J', (7 .15) 

r)J,e p(w) - HMilYJibC HOHl13HpOBaHHOf0 3JieKTPOHa: 

Int - noTeHI.J,Ha.n: HOHH3aI.J,HH 3JieKTpOHHOH no)J,o6onoqKH; gn1(k) - <l>ypbe

o6pa3 pa)J.HaJibHOH BOJIHOBOH c}>yttKI.J,HH Ha'IaJibHOfO COCT051HH51 aTOMa: 

gn1(k) = rfj J1(kr)Rn1(r)r2dr, v;o 
Rnl(r) - pa)J.HaJihHaH BOJIHOBaH <l>YHKI.J,HH Ha'IaJibHOfO COCT051HH51 aTOM

HOfO 3JieKTPOHa, HOpMHPOBaHHaH ycJIOBHeM 

f 1Rn1(r)l
2 

r
2
dr = 1; 

0 

j 1(kr) - cc}>epwqecKaH <l>YHKI.J,HH EecceJIH /-ro nopMKa. 

CTpwBe)J,eM MH cnpaBKli HeCKOJihKO cc}>epwqecKlix <l>YHKI.J,HH EeccenH: 

. ( ) _ sin x . . ( ) _ sin x cos x . 
Jo x - --, Ji x - -----, 

x x2 x 

. ( ) (3 -3 -1) . 3 cos x h x = x - x sm x - --2-. x 
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C<f>epHqecKHe <f>yHKU:HH £ecce1rn OITHCbIBaIOT pa,nHa.JibHYIO 3aBHCH

MOCTb c<f>epwqecKOM BOJIHbI c 3a,naHHbIM 3HaqeHHeM op6HTa.JibHOro KBaH -

TOBoro qwcna /. 

B cnyqae <f>oTOHOHH3aQHH OCHOBHOro COCT05IHH5I aToMa BO.ll,Opo;::i:a 

HMeeM: 

R10 (r) = j;f2 
exp(-_!__); 

a3 aB 
B 

Ilo;::i:cTaBJI5I51 3TH paBeHCTBa B <}lopMyJiy (7 .15), HaXO.ll,HM .ll,JI5I ceqe

HH5I <f>oTOHOHH3aU:HH aTOMa BO.ll,opo;::i:a B 6opHOBCKOM npH6JimKeHHH CJie

.ll,YIQIIJ:ee Bbipa)f(eHHe: 

(7.16) 

fpa<}lHK <PYHKUHH al~)(w) npe.ll,CTaBJieH Ha pHC. 7.1 UITpHXITYHKTHp

HOM JIHHHeit. 

lfa pnc. 7. l BH.ll,Ha xapaKTepttaH oco6euuocTb 6opHoBCKoro ceqe

HHH: OHO o6paru:aeTC5I B HOJib Ha nopore B OTJIHqHe OT TOqHoro 30MMep

<}leJib.ll,OBCKOro H np116m1)f(eHHOfO KpaMepcOBCKOro ce'IeHHM, KOTOpbie 

Ha nopore HMeIOT MaKCHMYM. 3TO CB513aHo c TeM <t>aKTOM, qTO 6opHOB

CKOe rrpn6JimI<:eHHe He Y'IHTbIBaeT npHT5DKeHHe 51:.ll,pa, yBeJIH'IHBa10mee 

BennqHHy ceqeHHH. B TO )f(e BpeMH <PYHKUHH (7 .16) HMeeT npaBHJihHYIO 

BbICOKO'IaCTOTHYIO acHMITTOTHKY 

IlOCKOJibKY B pe)f(llMe 60JibllIHX 3Hepmil: QlOTOHa HOHH3HPOBaHHbIM 3JieKT

pOH MO)f(HO cqHTaTb CB060.ll,HbIM, 'ITO OTBeqaeT ycJIOBHIO npHMeHHMOCTH 

6opHOBCKoro npH6JIH)f(eHH5I. TeM ue Mettee OTHOUieHHe 6opuoBcKoro ce

qeHHH K TQqHoMy .ll,Jl51 nW = 100 3B COCTaBJI5IeT 2, 1, npH liw = 1 K3B - 1,38 
ll TOJibKO .ll,JI5I 1iw= 10 K3B 3TO OTHOUieHHe paBHO 1,12, T. e. CXO.ll,HMOCTb 

BeCbMa Me.ll,JieHHa51. 

TaKHM o6pa30M, MH He CJIHUIKOM BbICOKHX 3Hepmit <f>oToHa Kpa

MepcoBcKoe ceqettne <Porn3<f><f>eKTa Ha aToMe Bo;::i:opo;::i:a nyqUie onHCbI

BaeT peanbHYJO cHryauHro, qeM 6opHOBCKoe ce'IeHHe. 
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MoAem. noKanbHOH nna3MeHHOH LfaCTOTbl 

.ll,o CHX rrop ceqeHHe <PoTOHOHH3aUHH paccqHTbIBaJIOCb B rrpeHe6pe

)KeHHH Me:lK::meKTpOHHbIM B3aHMO.ll,eikTBHeM, T. e. rrpe.ll,IIOJiaranocb, qTo 

nornmn:eHHe <t>oToHa IIPOHCXO.ll,HT B pe3yJihTaTe B3aHMO.ll,eHCTBM51 3JieKT

poMarHHTHOfO rromr c OT.ll,eJihHbIMH 3JieKTpoHaMH, BKJia.ll,bl KOTOpbIX a,n;

,ll;HTHBHO CKJia.D;hrnaIOTCH, ,n;aBaH rronHoe ceqeHHe. Cyrn:ecrnyeT BeCbMa 

npoCTOH aJibTepHaTHBHbIH IlO.ll,XO,ll; K OIIHCaHHIO aTOMHOfO <PoT03<l><l>eK

ra, OCHOBaHHbIH Ha qlfCTO KJiaccttqecKHX coo6pa)!(eHHHX. 3To MOdeAb 

.llOKMbHoii fl!l03MeHHou 11acmomb1, HJIH nptt6Jitt:lKeHtte £paH,D;Ta-JlyH.D;K-

1mcTa [3], KOTopaH paccMaTpttBanacb B paJ,lJ,. 5.6. B paMKax .ll,aHHoro 

no,n;xo.n:a aTOM am1pOKCHMttpyeTCH HeO.ll,HOpO.ll,HbIM pacrrpe.n:eneHtteM 3JieK

TPOHHOH IIJIOTHOCTH c KOHUeHTpauttett n(r) (IIJIIOc H.D;po), TaK qTO Ka)!(

,ll;OH rrpoCTpaHCTBeHHOH ToqKe COOTBeTCTByeT CBOH JIOKaJibHaH IIJia3MeH

HaH qaCTOTa 

a B3aHMO.ll,eHCTBtte BHernHero 3JieKTpOMarHHTHOfO IIOJIH qacTOTbl {l) c 

aTOMHbIMH 3JieKTPOHaMH orrpe,n;eJIHeTCH ycJIOBHeM IIJia3MeHHOro pe-

30HaHCa 

(7.17) 

l13 3TOf0 paBeHCTBa CJie.ll,yeT' 'ITO rrornorueHHe 3HeprHH 3JieKTpo

MarHHTHOfO IIOJIH aTOMHblMH 3JieKTpOHaMH IIPOHCXO.ll,HT Ha Tex pacCTO

HHHHX OT H,D;pa, r.ne JIOKaJibHaH IIJia3MeHHaH qaCTOTa COBIIa,n;aeT c qacTo

TOH HOHH3Hpy10mero H3JiyqeHHH. ,ll.aHHaH MO.ll,eJib rrpHBO.ll,HT K CJie.ll,yIO

meMy rrpOCTOMY Bbipa:lKeHHIO .ll,JIH cneKTPaJibHOH <l>YHKUHH: 

(7 .18) 

JlerKo BH.D;eTb, qTO crreKTpaJibHaH <l>YHKUHH (7.18) y,n;oBnernopHeT 

npaBHJIY cyMM (7.2) . .ll,JIH ceqeHHH <l>OTOHOHH3aUHH B paccMaTpHBaeMOM 

nptt6Jitt)KeHHH cornaCHO (7.1) HMeeM 

(7.19) 
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Ham1q11e .ueJibTa-<l>yHKUHH B paBeHCTBe (7 .19) II03BomieT JierKo npo

H3BeCTH HHTerpHpoBaHHe no npocTpattcrneHHhIM nepeMeHHhIM. B pe-

3YJibTaTe MH ceqeHHH <t>oTOHOHH3aUHH B npH6JimKeHHH EpaH)lTa-JlyH)l

KBHCTa HaXO)lHM 

(7.20) 

3.uecb r {J) - pernettHe ypaBHeHH51 (7 .17)' 3Ta BeJIHqHHa COOTBeTCTByeT 

paccT051HHIO, Ha KOTOpOM HMeeT MeCTO nJia3MeHHblH pe3ottattc, IIITPHX 

o6o3HaqaeT .ump<l>epeHUHPOBaHHe no pa.u11ycy. TaKHM o6pa30M, B paM

Kax paCCMaTpHBaeMOH MO)leJIH ceqeHHe <t>oT03<l>cpeKTa onpe.ueJIHeTCH 

TOJibKO pacnpe.ueJieHHeM 3JieKTPOHHOH IlJIOTHOCTH n(r). Ll,JI51 nocne.utteH 

BeJIHqHHbl y.uo6tto HCIIOJib30BaTb CTaTHCTHqecKyIO MO)leJib aTOMa, B KO

TOpOH 

z
2 

( r ) n(r)=-3 J x=-, 
aB rTF 

r.ue /(x) - yHHBepcanbttaH <l>YHKIJHH npHBe.uettttoro paccTOHHHH x = r/rTF; 
Z - 3ap51.u 51.Upa; rTF - pa.unyc ToMaca-<I>epMH: 

b == 0,8853. Ilo)lCTaBJIHH BbIIIIeyKa3aHHOe Bbipa)l(ettHe )lJI51 3JieKTPOHHOH 

IIJIOTHOCTH B <t>opMyJiy (7.20), HaXO)lHM 

(7 .21) 

3.uecb BBe.uetta npttBe.uettttaH qacrnrn 

nw 
V=---· 

2ZRy' 

xv - pernetttte ypaBtteHH51 

v = ~41rf (x), 

HBJIHI011Jeroc51 cne.ucrntteM paBettcrna (7 .17). 
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KaK BH.UHO H3 (7.21), ceqeHHe <l;>oTOHOHH3aUHH B npH6Jm)J(eHHH 

fipatt,uTa-JlyH):J:KBHCTa OKa3bIBaeTCSI YHHBepcanbHOH, T. e. He 3aBHCSI

meii OT 3apSIJJ:a SIJJ:pa, <l>YHKUHeH npHBe,n:eHHOM qaCTOTbl s( v). <t>opMyJia 

(7 .21) BbISIBJISieT COOTBeTCTBYIOUIHM 3aKOH no.uo6HSI ( CKeMJIHHr) ceqeHHSI 

no OTHOilleHHIO K nepeMeHHOM v. YHHBepcanbHaSI <l>YHKliH5I s ( v) onpe.ue

JISieTCSI THilOM CTaTHCTHqecKOM MO.UeJIH aTOMa, T. e. 3aBHCHMOCTbIO /(x). 

Ha pHc. 7 .2 npe,ucTasneHbI pe3yJihTaThI BhrqHCJieHHSI ceqeHHSI ¢o

TOHOHH3aUHH aTOMa KPHilTOHa, npoBe,n:eHHbie B paMKax .UBYX anbTep

HaTHBHbIX no.uxo.uos: KBaHTOBOM BO)J;Opo.uono.uo6HOM IlpH6JIH)J(eHHH 

(7 .13) - CilJIOUIHaSI KPHBaSI H c IlOMOUibIO KJiaccnqecKOH JIOKanbHO

IlJia3MeHHOM Mo,n:eJIH (7.21) c ::ineKTpOHHOM nnoTHOCThIO ToMaca-<t>ep

MH - IlYHKTHp. 

aP'' M6 
1000 

100 

10 

0,1 

0,01 

10 102 

Puc. 7.2. Ce'lett11e Q>oT0110H11Jau;1111 aTOMa KpMnTotta: 

CMOULHQH KpU6aH - BOllOPOllOCTOll06Hoe npH6JIIDKemte (7.13); nyHKmUpHaH -

JIOKaJibHO-nJia3MeHHaH MOlleJib (7.21) c 3JieKTpoHHOtt nJIOTHOCTbJO no ToMacy

<l>epMH 

BH.n:HO, qTQ nepsasi JaBHCHMOCTb npe.ucmBJISieT co6oi1: 3y6qaTYIO KPH

BYJO co CKaqKaMH Ha qacTOTax, COOTBeTCTBYJOUIHX IlOTeHIJ.HaJiaM HOHH3a

UHH ::ineKTpOHHhIX no.uo6onoqeK, npnqeM BennqnHa cKaqKa YMeHbIIIaeTCSI 

c pocTOM IlOTeHUHaJia HOHH3aUHH no.uo6onoqKH B COOTBeTCTBHH c <l;>opMy

JIOM (7. IO). CeqeHHe <l;>oTOHOHHJaunn aToMa B JIOKaJihHO-IlJiaJMeHHOM Mo

.uenH (.n:JISI ::ineKTpOHHOM IlJIOTHOCTH ToMaca-<t>epMH) npe.ucmBJISieT co6oi1: 

rna.uKYIO MOHOTOHHO y6bIBaIOUIYJO KPHBYJO, CrJia)J(eHHbIM o6pa30M OilHCbI

BaIOUIYJO KBaHTOBhie CKaqKH BO,Uopo.uono.uo6Horo IIpH6JIH)J(eHHSI. 
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OcttOBHbIM .uocTOHHCTBOM paccMaTpttBaeMoro 3.uecb rrptt6Jitt2Ketttt5I 

EpaHJJ:Ta-JlYHJJ:KBHCTa HBllileTCH rrpocTOTa, ttar.JUI)l,HOCTh H YHHBepcanb

HOCTb. Otto .uaeT ttattxy.uIIIee orrHcatttte rrpouecca B crrel<TpaJibHbIX HHTep

Banax B6JIH3H noporoB HOHH3aUHH 3Jiel<TpOHHbIX no.uo6oJIO'IeK, KaK 3TO 

BMJJ:HO H3 pttc. 7.2. B opttmHaJibttoit pa6oTe EpaHJJ:Ta H JlYHJJ:KBHCTa [3] 
OTMe'IaJIOCh, 'ITO JIOKaJibHO-IIJia3MeHHaH MOJJ:eJib a.ueKBaTHa cpH3HKe cpoTO

IIOfJIOIUeHMH 3Jiel<TpOMafHHTHOro IIOJI5I aTOMOM He BO BCeM 'IaCTOTHOM 

.uttarra3otte, a tta 'IaCTOTax OJ"' ZRy/fi (Ry= 13,6 3B), Koma KOJIJieKTHB

Hbie B3aHMOJJ:eHCTBH5I .UOMHHHPYIOT Hall: OJJ:HO'IaCTH'IHhIMH. ,ll,.rrH TaKHx 'Ia

CTOT paCCTOHHHe .uo Mpa, Ha KOTOPOM BhIIIOJIH5IeTC5l ycJIOBJfe IIJia3MeHHO

ro pe3oHattca (5.43) (B Mo.uentt ToMaca-<l>epMtt), coBna.uaeT c pa.uttycoM 

ToMaca-<l>epMH, T. e. paBHO paccTOHHHIO, r.ue 3JieK'fPOHHaH IIJIOTHOCTb 

MaKCHMaJibHa. Il03TOMY npe.urroJIO)!(eHHe 0 .UOMHHHpoBaHHH KOJIJieKTHB

HhIX HBJieHHit B cpoT03cpcpeKTe tta 'IaCTOTaX OJ "' Z Ry /fi rrpe.ucrnBJUleTCH 

orrpaB.uattttbIM, no Kpaitttet\: Mepe, Ha Ka'IeCTBeHHOM ypoBtte. 

11crrOJih30BattHe MH HOPMHpOBaHHOH cpyHKUHH 3JieKTPOHHOH IIJIOT

HOCTH f(x = r/rTF) MO.UeJIH 3KCIIOHeHUHaJihHOH 3KpattttpOBKH: 

!. ( ) 128 -2x 
exp x = --3 e 

9n 
(7.22) 

II03BOJI5IeT IIOJIY'IHTh rrpocTOe aHaJIHTH'IeCKOe Bbipa)l(ett11e MH Ce'IeHHJI cpo

T03cpcpeKTa . .LJ.et\:crnHTeJibHO, TOr.ua TpattcueHJJ:ettTttoe ypaBttettHe (7 .17) ner

KO peIIIaeTCH, H ll:JI5I Ce'IeHHH c):JOTOHOHH3aUHH c IIOMOIUbIO (7.21) HMeeM 

CTBL(exp) (OJ = 2Z Ry v) = 9n
4 a~ v ln2 (16./2). 

ph fi 64 . 137 3nv ' 

16./2 
v~--=2,4. 

3n 

(7 .23) 

XapaKTepttoit 'l:epTOt\: ce'IettttH (7.23) HBJIHeTcH cymecrnoBaHife «'Ia

CTOTbI OTCe'IKH», 'ITO CBH3atto c orpaHH'IeHHOCThIO PaJJ:HaJihHOH 3JieKT

pOHHOH IIJIOTHOCTH B6JIH3H Mpa B MO.UeJIH (7.22), TaK 'ITO cyIUecrnyeT 

TaKaH 'IaCTOTa H3JIYlJ:eHHH, rrptt KOTopoit ycnoBtte rrJia3Mettttoro pe3o

ttattca tte BbIIIOJittJieTcJI . .LJ.pyroit xapaKTepttot\: 'lepTot\: ce'Iemrn cpoT03cp

cpeKTa, Bhl'IHCJieHHOfO c cpyHKUHeit (7.22), JIBJIHeTCH HaJIH'IHe HpKo BbI

pa)!(eHHOfO MaKCHMyMa rrpH fiOJ~) = 8, 8Z 3B. 

Ceqemie aTOMHOro $oTo3$$eKrn, BhI'IHCJJeHHOe B paMKax npw6ntt

)l(ettH5I EpaHJJ:Ta-JlyHJJ:KBHCTa (7 .21) c ttcrrOJib30BatttteM pa3JIH'IHbIX crn

THCTH'IeCKHX Mo.ueneit aTOMa, npe.ucTaBJieHO tta pttc. 7.3. 
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a:;(w) , M6 

102 

101 

10° 

Puc. 7.3. Ceqemi:e ct>oTo3<P<l>eKTa B rrpH6Jrn.lKemi:e fipatt,nrn-JlyH,ll,KBHCTa B paM

Kax pa3JJH'IHbIX CTaTHCTl1'IeCKHX MO)leJJei1 aTOMOB: 

I - ToMaca-<l>epMw; 2- JleHua-HeHcetta; 3- 3KcrroHeHUHaJ!bHOH 3KpaHHpoBKH 

npH6nH>KeHHble KBaHTOBble MeTOAbl paC'4eTa 

cel.4eHHH «1>0Tonorno~eHHS1 

HapHJJ,Y c BhilllepaccMoTpeHHhIM KJiaccM'1ecKMM MeTOJJ,OM yqern Me)!(

qacTM'IHhIX KOppeJIHUMH B cpoTOnornomeHMM cymecTByIOT nptt6JIM)!(eH

Hbie KBaHTOBbie MeTO)J,bI, y<IMThIBaIOill,Me MHoroqacTMqHbie 3cpcpeKTbI, B 

KOTOpbIX ceqemrn cpOTOMOHM3all,MM paccqMTbIBaeTCH c MCilOJib30BaHMeM 

HeCKOJibKO 6onee ynpomeHHbIX IlO)J,XO)J,OB no cpaBHeHMIO c nocJie)J,OBa

TeJibHbIM KBaHTOBO-MexaHMqeCKMM paccMOTpeHMeM, TaKMM, KaK npu-

611uJ1CeHue CllY'WUHblX pa3 c o6MeHOM (flC<l>O). 
OJJ,MH M3 TaKMX MeTOJJ,OB ocHoBaH Ha cpopMaJIM3Me pyHKl(UOHa.na 110-

Ka.nbHou 3/leKmpoHHou n11omHocmu. Ynpometttte pacqern JJ,OCTMraeTCH 3a cqeT 

BBeJJ,eHMH JIOKaJibHOfO 3cpcpeKTMBHOro noTeHU,MaJia )J,JIH onpeJJ,eJieHMH O)J,

HoqacTttqHblX BOJIHOBbIX <PYHKUMH OCHOBHOfO COCTOHHMH CHCTeMbl. c 3TOH 

ueJibIO HeJIOKaJlbHQR o6MeHHO-KOppeJIHU,MOHHaH 3HeprMH paccqMTbrnaeTCH B 

rrpM6JIM)!(eHMM JIOKaJibHOH IlJIOTHOCTM cornacHO paBeHCTBaM 

V (r)=-0,6lle
2 

_O,le
2

1n(l+ll,4aB). 
xc r. (r) 3aB r. (r) ' 

~nr,3 (r) = n-1(r). 
(7.24) 
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3armcb (7.24) HaJbIBaeTCH JIOKa.Jnnau;HeH o6MeHHO-KOppeJIHUHOH

HOfO TIOTeHUHaJia. B peJyJibTaTe perneHHe COOTBeTCTBYIOil.l,HX ypaBHe

HHH OKaJbIBaeTCH He 6oJiee CJIO)l(HbIM, 'leM perneHHe JJ,H<t><l>epeHUHaJib

HblX ypaBHeHHH XapTpH. 3<P<l>eKTbI Me)l(3JieKTpOHHoro BJaHMOJJ,eitcTBHH 

yqHTbIBalOTCH c TIOMOil.l,hlO BBeJJ,eHHH caMocornacoBaHHOfO TIOJIH, TipeJJ,

CTaBJIHIOil.l,ero co6oit CYMMY BHernHero H HHJJ,YUHPOBaHHOfO TIOJieH M 

HBJIHIOil.l,erocH perneHMeM MHTerpaJibHOfO ypaBHeHMH. 

PeJyJihTaTbl TaKMX pac'!eTOB HaXOJJ,HTCH B OTJIM'IHOM COOTBeTCTBMM c 

MMelOil.l,MMMCH 3KCTiepMMeHTaJibHhIMH JJ,aHHhIMM. KpoMe Toro, OHM CBM

JJ,eTeJibCTBYIOT 0 Ba)l(HOH pOJIH MHOfO'laCTM'lHblX 3<l><l>eKTOB B <l:>OTOMO

HHJaUMM aTOMOB c JaMKHYTblMM 3JieKTPOHHblMM o6oJIO'!KaMM. 3TM 3<1:>

<t>eKThl npMBOJJ,HT (3a MCKJIIO'leHMeM CJiyqaH HeOHa) K cymecrneHHOMY 

CJ],BMry MaKCMMYMa ce'!eHHH <l>OTOMOHM3aUHM B o6JiaCTb 60JiblllMX qac

TOT TIO cpaBHeHMIO c TipM6JIM)l(eHMeM He3aBMCMMhIX 3JieKTPOHOB, KOrJJ,a 

IIOJIO)!(eHMe MaKCHMyMa TipaKTM'leCKM COBTiaJJ,aeT c noporoBOH 3Heprneit 

<PoToHa. HanpMMep, MaKcMMYM ceqeHHH <PoTOMOHM3aUMM aToMa KceHo

Ha B6JIM3M 4d nopora CJJ,BMHYT npMMepHO Ha 2,5 Ry B CTOpOHY BblCOKMX 

qacTOT. flpM 3TOM OTCYTCTByeT CMJihHhlH pe30HaHc, CBH3aHHhlH (B paM

Kax OJJ,HO'laCTM'lHOfO paccMOTpeHMH) c nepeXOJJ,OM M3 4d IIOJJ,060JIO'IKM 

B BMPTYaJihHOe /-cocTOHHMe, pacnoJIO)l(eHHoe B HenpephIBHOM cTieKTpe. 

11HTepeCHO OTMeTMTb, 'ITO MeTOJJ, JIOKaJihHOH 3JieKTPOHHOH IIJIOTHO

CTM TipeJJ,cKa3hIBaeT 6oJiee HM3KOe (Ha HeCKOJibKO 3JieKTpOHBOJibT) 3Ha

'leHHe nopora <l:>oTo3<l><l>eKTa TIO cpaBHeHMIO c ero Ha6JiioJJ,aeMoit BeJIM

'lMHOH. B TO )Ke BpeMH JJ,aHHhlH MeTOJJ, He OIIMCbIBaeT BhlCOKOJie)l(all.l,Me 

COCTOHHMH JJ,MCKpeTHOfO CTieKTPa aTOMa. Ba)l(HO TIOJJ,'lepKHYTh, 'ITO npM 

3TOM npaBMJIO cyMM JJ,JIH ce'!eHMH <PoTOIIOfJIOil.l,eHMH BhlIIOJIHHeTCH, no

CKOJihKY «He<l:>M3M'leCKMH» BKJiaJJ, HenpepblBHOfO CTieKTpa B ceqeHMe 

KOMIIeHCMpyeTCH HeyqTeHHblM BKJiaJJ,OM J],MCKpeTHOfO CTieKTpa, npM

MhIKa101,1.1,ero K TIOpory <PoTOMOHMJaUMM. )l,aHHOe o6CTOHTeJihCTBO B 

JHa'lMTeJibHO 6oJiee Bblpa)l(eHHOM BMJJ,e npMCYTCTByeT B BhillleM3JIO)l(eH

HhlX BapHaHTax KJiaCCM'lecKoro OTIMCaHMH aTOMHoro <PoTo3<P<l>eKTa. KaK 

3TO BMJJ,HO H3 pMc. 7.2, MOJJ,eJih ToMaca-<l>epMM JJ,JIH aTOMHOH 3JieKT

poHHOH IIJIOTHOCTM JJ,aeT ce'!eHMe <l:>oTOMOHH3aUMM, CMJibHO 3aTHHYTOe B 

o6JiaCTh HM3KMX 'laCTOT, XOTH npaBHJIO CYMM JJ,JIH COOTBeTCTBYIOil.l,MX ce

'leHHH BhlIIOJIHHeTCH. B paMKax cTaTMCTM'leCKMX MOJJ,eJieit JJ,MCKpeTHhlH 

3HepreTM'leCKMH CTieKTP aTOMa, ecTeCTBeHHO, BOo6me OTCYTCTByeT, TaK 

'ITO «He<l:>M3M'lecKaH» o6JiaCTh HenpephIBHoro cneKTpa HM)!(e nopora <Po

TOMOHH3aUMM - B M3BeCTHOH Mepe MOJJ,eJIMpyeT BKJiaJJ, HeyqTeHHhlX CBH-

3aHHbIX COCTOHHMH. 
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rH6PHAHblH MeTOA PocTa 

PaeeMoTpHM npoeTyio Mo.uenh aTOMHOro <t>orn3<l><l>eKTa, .uonyeKa10-
my10 aHanHTHqeeKoe npe.ueTaMeHHe eeqeHHH npou,eeea, H3BeeTHYIO KaK 
m6pH.UHhitt Mern.u Poem [ 4). C <t>opManbHoil TOqKH 3peHHH .uaHHhitt 
no.uxo.u 6a3MpyeTeH Ha nptt6nmKeHHOM onepaTopHoM paBeHeTBe: 

(7.25) 

r.n:e H0 - raMHJihTOHHaH neB03Mymennoro aTOMa. 0Te10.ua BhITeKaeT 
ene.uy10mee Bb1pa)l(eHHe .unH eeqeHHH npou,eeea: 

(7.26) 

Ilpe.uernMenne eeqenm1 (7.26) Ha3bIBaeTeH «m6pH.!l;HbIM» nptt6JIH
)l(eHHeM, KOTopoe HMHeTeH KBaHTOBO-MexaHHqeeKHM B eHny o6mero 
onepaTopHoro no.uxo.ua H B TO )Ke BpeMH HMeeT KJiaeettqeeKHe qepTbI, 

rroeKOJibKY HeIJOJib3YeTeH rrpH6JIH)l(eHHaH KOMMyTaI.J;HH orrepaTOpHbIX 
3KenoHeHT (7.25). 3aMeTHM, qrn <t>opMyny (7.26) MO)l(HO nepentteaTb 

qepe3 3JieKTpOHHYIO IlJIOTHOeTb, eenH e.uenaTb ene.uy10my10 3aMeHy: 

(7.27) 

Tor.ua noene HHTerpHpOBaHHH no BpeMeHH oeTaIOlll,HlleH HHTerpan 6e
peTeH B ettny HaJIHqHJI .uenbrn-<l>yHKUHH, H pe3yJibTaT MO)l(HO npe.uern
BHTb B BH)le 

a h ( w) = --- aB -- n r = ____!!_.!!_ • 8n3 
z2 5 (2 Ry)112 

( J¥v J 
P 3 . 137 1iw w 

(7.28) 

I-fa (7 .28), B qaeTHOeTH, ene.uyeT BO)l,Opo.uono.uo6HaH BbieOKoqaeTOT
HaH aeHMilTOTHKa eeqeHHH <t>oTOHOHH3aIJ,HH, eenH n(r ~ 0) ~ eonst. 
3aBHeHMOeTb (7.28) npe.ueTaBJieHa Ha pMe. 6.8 nyHKTMpHOll KpHBOll. 

TaKHM o6pa3oM, TaK )Ke KaK H B nptt6nmKeHHH fipaH)l,rn-JlyH)l.

KBHern, eeqeHHe <t>oTo3<l><l>eKTa B m6pH.UHOM nptt6JIH)l(eHHH Poem 
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oKa3hrnaeTe51 <i>YHKUMOHanoM 3JieKTPOHHOH nnoTHOeTH. TonhKO B 3TOM 

enyqae xapaKTepttoe paeeT05JHHe M3JiyqaTeJihHoro npoueeca r w onpe,!l.e

mreTe51 He yeJIOBMeM IlJia3MeHHOro pe30HaHea (7 .17)' a pa3HOeTblO aTOM

HhIX raMHJihTOHMaHOB H1 e op6HTaJihHhIMH KBaHTOBhIMH qnenaMH, oT

JIM'Ia1011.1,nMHe5J (B eOOTBeTCTBHH e ,!l.HilOJihHhIMH npaBHJiaMH OT6opa) 

Ha e,!l.HHHI.J,y: 

iiw = H1 (r)-H0 (r). (7 .29) 

YpaBHeHHe (7.29) Henoepe,!l.CTBeHHO BhITeKaeT H3 (7.25) e yqeTOM 

3aKoHa eoxpaHeHH51 3Heprnw. Ha oeHoBaHMM (7.29) MO)J(HO ,!l.aTh <Ptt3M

qeeKyIO MHTepnpemu,w10 npn6JIH)J(eHH51 Poem. ¥13 3Toro ypaBHeHH5I 

ene,!l.yeT' 'ITO nornomeHMe <i>OTOHa nponeXO,!l.HT rrpH <PnKeHpOBaHHOll 

3JieKTpOHHOH KOOp,!l.HHaTe, mK )J(e KaK B rrpH6JIH)J(eHHH fiopHa-Orr

rreHrenMepa 3Ha'IeHHe KOOp,!l.HHaThf 51,!l.ep MOJieKyJihl He H3MeH5JIOTe5I 

B rrpoueeee 3JieKTpOHHoro rrepexo,!l.a. 0TMeTHM, 'ITO <PopMyna (7 .25) 
5JBJIJ:J:eTeH MaTeMaTH'IeeKHM Bbipa)J(eHMeM 3TOro <PaKTa. 11TaK, rn6-

pH,!l.HOe npn6Jitt)J(eHne Poem MO)KHO paeeMaTpMBaTh KaK 060611.1,e

HHe a,!l.tta6aTH'IeeKoro npHHll,Hila Ha eJiy'IaH 3JieKTPOHHhIX nepexo

,!l.OB B aTOMax. 

Ba)lrno nO,!l.'IepKHYTh, 'ITO MO,!l.eJih Poem He o6eerre'IttBaeT BhI

nontteHMe npaBMJia eyMM ,!l.JI5I ee'IeHH51 <PoTOIIOrJIOII.l,eHM5I (7 .2) B OT

JIH'IHe OT nptt6JIH)KeHH5I fipaH,!l.m-JlyH.ll.KBMeTa. B noM npo5IBJI5IeT

e5I Henocne,!l.OBaTeJihHOeTh (rw6pH,!l.HOCTb) IIO,!l.XO,!l.a, HeilOJlb30BaBure

rocH npM BhIBO,!l.e Bbipa)J(eHHH ,!l.JIH ceqeHMH <PoT03<P<PeKTa B paMKax 

,!l.aHHOH MO,!l.eJIH. 

<S>oTopa3pyweHHe OTpH4aTenbHblX HOHOB 

HeKoTopbre aTOMhr H MoneKYJihI, 3axBaTMB 3JieKTpoH, MoryT o6pa3o

BhrnaTh OTpnuaTeJihHhre HOHhI. B pe3yJihTaTe TaKoro 3axBaTa BhI,!l.emreTC5I 

3Heprmi:, Ha3hrnaeMaH 3Heprnen epo,!l.eTBa K 3JieKTpotty. B rn6n. 7.1 npH

Be,!l.eHhI 3HaqeHH51 3HeprHH epo,!l.eTBa K 3JieKTpOHy ea ,!l.JIH PH.ll.a aTOMOB H 

MOJieKyJI. 

Ta6nM"'a 7.1 

11oH H Li 0 F s Cl 02 Hp 

e
0

, 3B 0,75 0,58 1,47 3,45 2,08 3,6 0,45 0,9 
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Ilo,IJ, 3Heprn:ei1 CpO,Il,CTBa MO)((HO TaIOKe TIOHHMaTb 3Heprmo, Heo6xo

,Il,HMYIO )J)Ul y,IJ,a.rremrn BHeurnero 3JieKTpOHa OTpHUaTeJibHOfO HOHa Ha 

6ecKoHe'!HOCTb. 3Ta 3Heprml MO)((eT 6bITb nepe,IJ,aHa HOHy B pe3yJibTaTe 

IlOrJIOl1IeHH51 cPOTOHa ,Il,OCTaTO'lHO 6oJiblliOM '!aCTOTbI OJ> e
0
/n. Ilpouecc 

OTPbIBa BHernttero 3JieKTPOHa OTPHUaTeJibHOfO HOHa TIO,Il, .ueMCTBHeM 3JieK

TPOMafHHTHOro TIOJIH Ha3bIBaeTC51 rjJomopa3pyweHUeM. B cnyqae cl>oTo

pa3pyilleHH5l OTPHUaTeJibHOfO HOHa BblpBaHHbIM 3JieKTpOH HaXO,Il,HTCH B 

none HeMTpaJibHOfO aTOMa, cyureCTBeHHO 6oJiee CJia6oM, '!eM ,Il,aJibHO

,Il,eMCTBYIOl1Iee KYJIOHOBCKOe IlOJie HOHa. Il03TOMY B nepBOM nptt6JimKe

HHH MO)!(HO rrpeHe6peqb BJIHHHHeM aTOMa Ha y,Il,aJieHHbIM 3JieKTPOH, 

IIOJiaraH ero CB060,Il,HbIM, H B Ka'!eCTBe ero BOJIHOBOM <l>YHKUHH HC

IlOJib30BaTb nnocKyIO BOJIHy. HHhIMH cJioBaMn, ,IJ,JIH onncaHHH cpoTo

pa1pyilleHHH OTPHUaTeJibHOfO HOHa a,IJ,eKBaTHO HCTIOJib30BaHne 6opHOB

CKOfO rrptt6JIH)!(eHHH, TaK 'ITO «pa6orneT» cl>opMyJia (7.15). CrreuHcPHKa 

BbllJHCJieHHH celJeHH51 ct>ornpa1pyrneHH5!. ope)!(HMHTCH BH,Il,OM cPYHKUHM 

gn1(k), npe.ucrnBJIHIOl1IHX co6oM:, KaK 3TO 6bIJIO orrpe,IJ,eJieHo Bbillle, <l>y

pbe-06pa1 BOJIHOBOH cPYHKUHH BHellIHero 3JieKTpoHa OTpnuaTeJibHOfO 

HOHa. IlpocTettillaH MO,Il,eJib, KOTOpaH MO)!(eT 6bITb HCTIOJib30BaHa ,Il,JIH 

pa,n:mUThHOM BOJIHOBOH <l>YHKUHH Rn1(r) OTPHUaTeJibHoro HOHa, Ha3bIBa

eTC51 rrpH6JimKeHHeM noTettuttana HyJieBoro pa,IJ,ttyca. B 3TOM rrptt6JIH

)((eHHH HMeeM: 

R (o)( ) _ ~ exp(-yr) 
JO r - y£-Y , 

r 

r.ue r - rrapaMeTp noTeHUHaJia pa3MepHOCTH o6paTHOM ,IJ,JIHHbX: 

~2me0 r=--. 
1i 

c HCITOJib30BaHtteM 3TOH BOJIHOBOH <l>YHKUHH H3 (7 .15) IIOJiyqaeM 

(7.30) 

CrreKTpaJibHaH 1aBHCHMOCTb celJeHHH (7 .30) noKa3aHa Ha pttc. 7.4. 
BH,IJ,HO, lJTO Ha rropore Ce'leHHe o6pal1IaeTC51 B HOJib, KaK H ,IJ,OJI)!(HO 

6bITb B 6opHoBCKOM nptt6JIH)!(eHHH. MaKCHMYM crreKTPaJibHOH 1asttcH

MOCTH ,IJ,OCTHraeTCH nptt 3Heprntt cPOTOHa, ITPHMepHO paBHOH 3Heprmi: 
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cpo;::i;crna aToMa Bo;::i;opo;::i;a (0,75 3B), a Bem1q1rna ceqemrn B MaKCHMyMe 

B 2,6 pa3 6oJibIIIe MaKCHMaJibHOfO ceqeHH51 <l:>oTOHOHH3aI.J,HH HeHTPaJib

HOfO BOJJ;Opo;::i;a. 

0,08 

0,06 

a) 

~ 0,04 
~ 
u 

0,02 

3ttepno:i cj:>OTOHa, 3B 

Puc. 7.4. Ceqemi:e cpoTopa3pywemrn OTpttu;aTeJibHOro ttotta aToMa ao.uopo.ua, 
Bb1qucnettttoe a nptt6JittJKeHtttt noTettu;ttana ttyneaoro pa.uuyca 

I-fa <l:>opMyJihI (7.30) BbITeKaeT CJieJJ;yIOIIl,a51 BbICOKoqacTOTHa51 aCHMII

TOTHKa ceqeHH51 <PoTopa3pyIIIeHH51 OTpHI.J,aTeJibHOfO HOHa BOJJ;Opo;::i;a B 

rrpH6JimKeHHH IIOTeHI.J,HaJia HyJieBoro pa;::i;Hyca: 

O'(O) (w) oc (J)-1,5 
ph ' 

T. e. ceqeHHe c pOCTOM qacTOTbI y6bIBaeT cymeCTBeHHO MeJJ;JieHHee, qeM 

B CJiyqae <l:>oTOHOHH3aI.J,HH HeliTpaJibHOfO BOJJ;Opo;::i;a. 

IlpH6JimKeHHe IIOTeHI.J,HaJia HyJieBoro pa;::i;Hyca, BblfOJJ;HO OTJIHqaro

meec51 CBOeM: rrpOCTOTOH, ;::i;aeT pe3yJihTaT, cymecrneHHO OTJIHqaIOII.J,HHC51 

OT pe3yJihTaTa 6oJiee TOqHbIX MOJJ;eJieM:. KpoMe Toro, B CJiyqae OTpHI.J,a

TeJibHbIX HOHOB aTOMOB c 60JibIIIOH IIOJI51pH3yeMOCTbIO rrpH BbiqHCJieHHH 

ceqeHH51 <Pornpa3pyIIIeHH51 Heo6xo;::i;HMO yqHTbIBaTb rrepeMeHHYIO IIOJI51-

pH3aI.J,HIO aTOMa-OCTOBa, KOTopa51 3aMeTHO H3MeH51eT ceqeHHe. 

00JI51pH3aI.J,H51 OCTOBa MO)l(eT TaK)l(e HrpaTb cymecrneHHYIO pOJib B 

rrpouecce HOHH3aI.J,HH HeliTpaJibHbIX MHOf03JieKTpOHHbIX aTOMOB. 3TOT 

MHOroqacTHqHbIH 3<l><l:>eKT Ha KBaHTOBOM ypOBHe yqHTbrnaeTC51 B rrpH -

6JimKeHHH CJiyqaHHbIX <l:>a3 c o6MeHOM, a B paMKax KJiaccttqecKOH Kap

THHbI OH rrpHHHMaeTC51 BO BHHMaHHe B rrpH6JIH)l(eHHH JIOKaJibHOH IIJia3-

MeHHOH qacTOTbI. 
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<1>a30BblH KOHTpOnb «i>OTOB036y>KAeHHR 

ynbTpaKopOTKHM na3epHblM HMnynbCOM 

IlpttMeHHM ct>opMyJiy (6.89), IIOJiyqeHHYIO B npe,UbI.UYIUeH rnaBe, .UJUI 

pacqeTa ct>oTOB036y)J()leHtt.H MHOr03JieKTpOHHoro aToMa ynhTPaKopOTKHM 

HMIIYJihCOM H3JI)"IeHH.H raycCOBOH ct>opMbl (6.100) B MO,UeJIH JIOKaJihHOH 

nna3MeHHOH qacTOThJ. B paMKax 3TOH Mo.uentt Bhipa)KeHtte M.H ceqeHtt.H 

ct>oTonornomemrn ttMeeT BH.U 

(7.31) 

n(r) - npOCTpaHCTBeHHOe pacnpe.uenem'.le 3JieKTpOHHOH IIJIOTHOCTH B 

aTOMe. Ilo,UCTaBJI.H.H (7.31) B (6.89), HaXO.UHM 

(phi - .JTi e -f I ( ( ) )J2 r::t::\( ) 2 Wtot - ,- E mP1 r , rp '\/n\r1r dr, 
-vmli 0 

(7.32) 

r.ue IE[mP1(r), rp]l2 - KBa.upaT MO.UYJI.H <l>yphe-o6pa3a 3JieKTPnqecKoro noJUI 

B HMIIYJibCe (6.101), BhJqttcJieHHhIH Ha JIOKaJihHOH IIJia3MeHHOH qacTOTe, 

B KOTopoM .HBHO yKa3aHa 3aBHCHMOCTh OT CE-<l>a3hJ. )J,JI.H aHantt3a BeJitt

qnHhI ct>a30Bh!X 3<l>cl>eKTOB B IIOJIHOH Bepo.HTHOCTH ct>oTOB036y)J()leHH.H 

yJihTpaKopoTKHMH na3epHhIMH HMIIYJihCaMtt BBe,UeM Ko3cl><l>nuneHT ct>a-

30BOH MO.UYJI.HUHH TIO ct>opMyJie: 

w.(ph) ( - 0) w.(ph) ( - /2) K(vh) = 2 tot rp - - tot rp - tr 

tot W';~h)(rp = O) + JV;~h)(rp = tr/2) · 
(7 .33) 

Ko3cl><l>nuneHT cl>a3oBoil. MO.UYJI.HUHH IIOJIHOH Bepo.HTHOCTH ct>ornno

rnomeHtt.H aTOMOM c 3ap.H,UOM z = 30, paccqnTaHHhIH B paMKax CTaTHCTH

qecKOH MO,UeJIH M.H 3JieKTPOHHOH IIJIOTHOCTH, npe,UCTaBJieH Ha pttc. 7.5 
M.H Tpex MHTeJibHOCTeil. B036y)J()laIOIUHX HMIIYJihCOB KaK <l>YHKUH.H He

cymeil. qacTOThI. HanoMHHM, qTo 6e3pa3MepHhIH napaMeTp nc npe.ucTaB

JI.HeT co6oil. qncno nepno.uoB Ha Hecymeil. qacToTe B HMIIYJihce tt3Jiyqe

HH.H (6.104). 
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BttLJ,Ho, qTo 3aMeTHa51 JaBttCHMOCTb Bepo51THOCTH <PoTonomomeHtt51 

OT CE-<Pa3bl HMeeT MeCTO TOJibKO LJ,JI51 nc < 0,5, KaK H B cnyqae CB513aH

HO-CB513aHHOfO nepexoLJ,a. Ko3<P<PnuneHT <Pa30BOM MOLl.YJIHUHH MH cPHK

cnpoBaHHoro napaMeTpa nc B03pacrneT c pocToM Hecymell. qacTOTbJ. 

0TMen1M, qTO Bep051THOCTb cPOTOITOfJIOlll,eHH51 Ha BbICOKoqacTOTHOM 

rpaH.111..1,e MHTepBana, npeLJ,CTaBJieHHOfO Ha p11c. 7.5, COCTaBJI51eT 15 % OT 

CBoero MaKCMMaJibHOfO 3HaqeHM51, OTBeqa10mero B LJ,aHHOM MOLJ,eJIM qac

TOTe Wmax = 0,4 aT. eLJ,. 

K!Phl 
tot 

1,00 -- n,=0,25 
- - n,=0,33 
......... n,=D,5 

0,75 

0,50 -----//.,,,,..--0,25 

/ 
/ ········· ....................................... . 

0,000 0 
' 

0,5 1,0 1,5 2,0 w, ar. e.q. 

Puc. 7.5. Ko3<!><!>11u11eHT <1>a3oaoll: Mo,11.y1rnu1111 JJ.JU! noJJHOH aepoHTHOCTH <!>oTo
nornmuettHll yJJhTpaKopoTKoro HMITYJJbca aTOMOM KaK <l>YHKUHH ttecy
iuett qaCTOTbI 

Bb1pa)l(eH11e LJ,JI5I nonHoli. BepoHTHOCTM <PoTonornomeH.1151 (6.89) MO)l(

HO np11MeHMTb MH cnyqa51 BJaMMOLJ,eli.crn.1151 yJibTpaKopoTKoro MMITYJib

ca c MemaAAU'leCJcoii HaHocrjJepoii B LJ,M3JieKTp11qecKoli. cpeLJ,e. B cnyqae, 

KOfLJ,a LJ,JIMHa BOJIHbl H3JiyqeHM51 HaMHOfO npeBOCXOLJ,MT paL1,11yc HaHoqac

T.111..1,bl rs, ee LJ,ll:HaMMqecKa51 ITOJI51pM3yeMOCTb MO)l(eT 6bJTb OITMCaHa C ITO

MOlll,hlO cPOPMYJibl JlopeHIJ,a (5.66): 

( ) 
Es(w)-Em 3 

/Js (J) = Em ( ) "., , 
Es W + 2Em 

(7.34) 

Es(w) - LJ,113JieKTpMqecKa51 npOHMIJ,aeMOCTb MeTaJIJia HaHO'IaCTMIJ,hI; Em -
LJ,113JieKTpMqecKa51 npomi:uaeMOCTb MaTpMI.1,bJ. 0TCIOLJ,a c ITOMOW:bIO on

TMqecKOM TeopeMbl (5.25) MO)l(HO HaMTM ceqeHMe <Pornnornorn:eH.1151 B 

LJ,MITOJlbHOM nptt6JIM)l(eHMH H no <PopMyJie (6.89) BbJq11cJIMTb ITOJIHYIO 

Bep051THOCTb cPOTOITOfJIOlll,eHH51 3a BCe BpeM51 LJ,eMCTB.1151 HMITYJibCa. 



7.1. <l>omouoHu3aU,UH u if>omoompbt6 e nepmyp6amueHoM pe:JK:UMe -1\r 271 

Pe3yJihTaThI BbiqHcJieHHM BepoHTHOCTH ¢>oTonornoruettH5I yJihTpaKo

poTKOro HMilYJibCa cepe6p5IHOM HaHoqaCTHUeM B CTeKJI5IHHOM MaTpHue 

npHBeJJ:eHhI Ha pHc. 7.6 MH JJ:BYX 3HaqeHHM CE-¢>a3bI. qacTOTHaH 3aBH

CHMOCTh )J;H3JieKTpHqecKOM npottm.i:aeMOCTH cepe6pa BOCCTaHOBJieHa c 

IlOMOIUbIO )J;aHHbIX no )J;eMCTBHTeJibHOM H MHHMOM qaCTH IlOKa3aTeJI5I 

npeJIOMJieHH5I. 

2,0 

1,5 

1,0 

0,5 

' \ 

2 

\ 
\ 

' ' 
4 

n
0
=0,25 

--<p=O 
- - <p=1f/2 

, __ 
----

6 8 W,36 

Puc. 7.6. no11Ha» aepoHTHOCTb <PoTonornomemrn yJibTpaKopoTKOro .11Mnynbca 
(nc = 0,25) Ha cepe6pHHOi1 c<Pepe (r, = 5,3 HM) KaK <l>YHKUHH Hecymei1 
qacTOTbI AJIH AByx 3HaqeH.11i1 CE-<l>aJbI 

BHJJ:HO, qTo B JJ:aHHOM cJiyqae (nc = 0,25) HMeeTCH cyruecrnettttaH 

3aBHCHMOCTh ¢>oTonornorueHHH OT CE-¢>a3bI, oco6etttto MH 3Hepmif 

¢>oTOHa Ha ttecyrueif qaCTOTe, npeBOCXOJJ:5IIUHX 3HepmIO B MaKCHMyMe. 

c yBeJIHqettHeM )J;JIHTeJibHOCTH HMilYJibCa H3Jiyqemrn 3aBHCHMOCTb Be

p05ITHOCTH OT ¢>a3bI CTaHOBHTC5I Mettee 3aMeTHOM H )J;JI5I nc > 0,5 npaKTH

qecKH Hcqe3aeT. 

B PHJJ:e CJiyqaeB )J;J15I B036y)[():(eHH5I KBaHTOBOM CHCTeMhI HCilOJib-

3yeTC5I nocJie)J;OBaTeJibHOCTb O)J;HHaKOBbIX HMilYJibCOB, pa3)J;eJieHHbIX 

BpeMeHHhIM npoMe)l(yTKOM T (He nyrnTh c o6o3HaqettHeM nepHOJJ:a 

KOJie6attHif). HeTpyJJ:HO noJiyqHTh <l>yphe-06pa3 ttanpmKeHHOCTH 

3JieKTpHqecKoro TIOJI5I TaKOM nocJie)J;OBaTeJibHOCTH, COCTOHIUeif H3 

N OJJ:HHaKOBhIX HMnyJihCOB, qepe3 <l>ypbe-o6pa3 OJJ:HHOqttoro HMTIYJih

ca E(w): 

E ( ) _sin(wTN/2) [·(N-l)wT] () 
N w - sin (wT/2) exp 

/ 2 E w · (7.35) 
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IlOACTaBJHUI: (7.35) B npasy10 qacTb paBeHCTBa (6.89), HaXOAliM 

BepoHTHOCTb <t>oTOB036y)K)l;eHHH KBaHTOBOfO rrepexo,[l,a ITOA AeHCTBH

eM N OAHHaKOBbIX HMITYJibCOB 

W21 (N) = _c_f a2i(w) [si~ (wTN/2)]2 IE(w)j2 dw. 
41Z'21i w sm (wT/2) 

(7.36) 

IlpHMeHHM rronyqeHHbie BblpaJK:eHHH AJIH OIIHCaHHH <t>oTOHOHH3aUHH 

arnMa BOAOPOAa ITOA AeHCTBHeM cepHH KOPOTKHX HMIIyJibCOB. B 3TOM 

cnyqae ceqettHe npouecca a21 (w) AaeTCH <t>opMynow 3oMMep<t>enbAa, KO

Topy10 MO)l(HO 3aITHCaTb B BHAe [cM. TaK)l(e (7.8)]: 

rAe aB = 0,53 A - PaAHyc Eopa; Ry = 13,6 3B - PHA6epr. 

W(N) 
0,4 

0,3 

0,2 

0, 1 

N=10 

1' 
I \ 
I \ 
I \ 

N= 1 ~-...,,_a:.::t:: \ .... i ............... ~ ___ ,,-.... /;_-2 I ... 
0=1 ............ ...:::..--=::..-...:.1...---.:!o....£... __ __.__~~--::;:...:::::..... ..... 

1,05 1, 1 1, 15 v 

(7.37) 

Puc. 7.7. BepoHTHOCTh <PoTOMOHHJaum1 aTOMa BO.llOpo.lla IIO.ll .lleifcTB11eM cep1111, 

COCTOHI.Qei:f HJ N .llByxUMKJJOBbIX JiaJepttbIX MMIIYJibCOB 

Ha pHc. 7.7 rrpeACTaBJieHhI pe3yJihTaThI pacqern no <t>opMynaM (7.36) 
H (7.37) AJIH BepOHTHOCTH <l>OTOHOHH3aUHH aTOMa BO,ll,Opo,ua cepHeH Jia-
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3epHbIX HMIIYJibCOB c AJIHTeJibHOCTbIO )],Ba rrepHOJ],a KOJie6aHHH Ha Hecy

meH: qacTOTe. flo OCH a6CU:HCC OTJIO)!(eHa BeJIHqHHa 

£ 
V=-+I, 

Ry 

me £ = nw - Ry - 3Hepnrn: HOHH3HpOBattttoro 3JieKTpotta. 

Btt.ll:HO, qTo c pocTOM qttcJia HMIIYJihCOB crreKTpaJihHa.H 3aBHCHMOCTh 

Bepo.HTHOCTH ¢oTOB036)')1<.neHH51 c~aeTC51 OKOJIO MaKCHMaJibHOfO :ma'Ie

HH51, onpe)J,eJrneMoro H3 paBeHCTBa wT = 2ffk (k- HaTypaJibHOe 'IHCJIO ). 

IlocKOJihKY 3Heprn.H Bhr611rnro 111 aToMa 3JieKTpotta paBHa Ry ( v - I), 
a q11c110 3THX 3JieKTpOHOB nponopu:110HaJihHO Bepo.HTHOCTH W(N), TO 111 

npHBeJ],eHHOfO pHCYHKa CJie)J,yeT, qTo, H3MeH.H51 napaMeTpbI cepHH B03-

6)')K,UaIOIIIHX HMIIYJihCOB, MO)!(HO yrrpaBJI.HTb 3HepreTH'IeCKHM crreKTpOM 

$OT03JieKTpOHOB. 

7.2. <l>OTOHOHHJA~H.ff ATOMOB 
B CHnbHOM nAJEPHOM nonE 

CoBpeMeHHhre Jia1eptthre ycrnttOBKH no3BOJI.HIOT rro11yqaTh 

HHTeHCHBHOCTH H3JiyqeHH51, cymecrneHHO npeBOCXO)J,51IIIHe xapaKTepHyIO 

aTOMHYIO HHTeHCHBHOCTh Ia = 3,52 · 1016 BT/CM2, 'ITO ,ll,OCTHraeTC.H c 

IIOMOIUblO C)!(aTH51 Jia3epHbIX HMIIYJihCOB BO BpeMeHH BIIJIOTb )J,O AJIH

TeJibHOCTeH IIHKO- H ¢eMTOceeyH,ll,HOf0 )J,Harra10Ha. B Ta6JI. 7.2 npHBe

J],eHbI napaMeTpbI OCHOBHbIX MOIIIHhIX 11a1epHbIX ycTaHOBOK co CBepXKO

pOTKOH AJIHTeJibHOCThlO HMIIyJihCa r, C03,ll,aHHbIX KaK B PocCHH, TaK H 3a 

py6e)!(OM ( 5). 
)],Jr.H CTOJib BhICOKHX HHTeHCHBHOCTeH H3JiyqeHH51 He06XO,ll,HMOe yc

JIOBHe npHMeHHMOCTH TeOpHH B03MyIIIeHHH no B3aHMOJ],eHCTBHIO 3JieK

TPOMarHHTHOro noJI.H c aTOMHhIMH 3JieKTpottaMH (F « Fa= 5 · 109 B/cM) 

MO)!(eT HapyrnaThC51. B ,ll,aHHOM pa3J],eJie HCIIOJih3yeM 0601Ha'IeHMe ,ll,JI51 

ttarrpH)!(eHHOCTH 3JieKTp11qecKoro no1151 F, rrpHH.HTOe B Teop1111 <PoTo

rrpou:eccoB B CHJibHbIX IIOJI.HX. KaK 6y,ll,eT BH)J,HO H3 J],aJihHeH:rnero, B p.H,ll,e 

pa)J,HaU:HOHHhIX 51BJieHHH Heo6XO,ll,HMOe ycJIOBHe rrpMMeHHMOCTH TeOpHH 

B03MYllleHHH )l.OmKHO 6hITh )l.OIIOJIHeHo )J,OCTaToqHhIM ycJIOBMeM, TaK KaK 

BhilllenpHBe)l.eHHOe HepaBeHCTBO Ha aMIIJIHTYAY IIOJI51, Boo6me fOBOp51, 

He 51BJI51eTC51 )l.OCTaToqHbIM. 
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Ta6JJUIJ,O 7.2. napaMeTpbl MOlqHblX nuepHblX ycraHOBOK 

co ceepXKOpOTKOH AnMTenbHOCTblO MMnynbCa 

<l>11pMa, C'fl'aHa A,MKM T, <t>c P, 1012 BT I, BT/CM2 

Lawrence Livermore Nat. Lab. (USA) 1,06 500 1000 > 1020 

California Univ. (USA) 0,78 30 50 5 x 1019 

Michigan Univ. (USA) 0,78 30 40 2 x 1019 

Texas Univ. (USA) 0,78 35 20 2 x 1017 

Rutherford Lab. (Great Britain) 1,06 500 1000 >1020 

Astra (Great Britain) 0,8 40 40 3 x 1018 

Institute of Laser Engineering. (Japan) 1,06 500 1000 1020 

Jap. Atomic Energy Agency (Japan) 0,78 30 500 1020 

MBI (Berlin, Germany) 0,78 30 100 1019 

ATLAS (Germany) 0,78 100 30 5 x 1018 

LULi (France) 0,78 30 100 5 x 1019 

LOA (France) 0,78 30 100 5 x 1019 

Lund (Sweden) 0,78 30 30 1019 

Changhai Inst. Opt. (China) 1,06 500 1000 1020 

l1fl<I> (r. H1.u1<m1i1 HoBropo.11:, Pocc1rn) 0,78 40 560 1020 

Hl1Kl103fl 1,06 1000 40 1019 
(r. CocttoBbIH Eop, Pocc1rn) 

UHI111Maru (r. KoponeB, Poccm1) 1,06 1500 10 2 x 1018 

f011 (r. Camcr-flerep6ypr, Poccm1) 1,06 1500 5 I 018 

l10<I>AH (r. MocKBa, Poccm1) 0,78 40 0,5 1018 

MfY (r. MocKBa, Poccm1) 0,78 55 0,4 1018 

BHI111T<I> (r. qem16ttHCK, Poccm1) 1,06 1500 5 1018 
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MoAenb KenAblWa 

PaccMOTpHM $oToHOHH3au;mo aToMa B CHJihHOM 3JieKTpoMarHHTHOM 

11one B paMKax 110.uxo.ua, 11pe.IJ.JIO)l(ettttoro JI.B. KeJI.IJ.hrrueM B 1964 r. [6]. 
IlycTh Hal.faJibHOe COCT05IHHe aTOMHOfO 3JieKTPOHa (.uo B03.IJ.eHCTBH5I H3-

Jiyl.feHH5I) 011HCbIBaeTC5I BOJIHOBOH <PYHKUHeH 'Pp a KOHel.fHOe - BOJIHO

BOH <PYHKUHeH 'Pr ,Ll,aHHbJe cpyHKUHH 5IBJI5IIOTC5I TOl.fHbIMH perneHH5IMH 

ttecrnunottapttoro ypaBttemrn lllpe.unmepa 

(7.38) 

r.ue, KaK n B pa3.IJ.. 6.2, H0 - raMHJihTOHHaH aTOMa 6e3 yqern 3JieKTpo

MarHHTHoro B3aHMO.IJ.eHCTBH5I; v (r, t) - 011epaTop 3JieKTpoMarHHTHOfO 

B3aHMO.UeHCTBH5I. IlOCKOJibKY B Hal.faJibHbIH MOMeHT BpeMeHH H3Jiyqe

HHe OTCYTCTBOBaJIO, TO BMeCTO TOl.fHOH BOJIHOBOH cpyHKUHH 'I'; MO)l(HO 

HCl10Jib30BaTb 11pH6Jitt)l(eHHYIO <l>YHKUHIO 'l'~O)' KOTOpaH 5IBJI5IeTC5I perne

HHeM ypaBHeHH5I lllpe.unttrepa 6e3 yqern 3JieKTPOMarHHTHOfO B3aHMO

.uettCTBH5I. Tor.ua B coorneTCTBHH c o6mnM KBaHTOBO-Mexattttl.feCKHM 

cpopMaJIH3MOM TOl.fHaH aMl1JIHTY.Ua 11epexo.ua CHCTeMbI H3 Hal.faJihHOro 

COCT05IHH5I B KOHel.fHOe COCT05IHHe 110.IJ. B03.IJ.eHCTBHeM H3JIYl.feHH5I (aM11-

JIHTY.Ua cpOTOHOHH3aU,ttH) HMeeT BH.U: 

. I 

c1; = _.!_ f '1'1 (r, t')V(r, t')'P)0l(r, t')drdt'. 
no 

(7.39) 

BepoHTHOCTh cpoTottoHtt3aUHH Ha CBH3aHHO-cBo6o.uttoM 11epexo.ue 

i---:) /.uaeTC5I KBa.upaTOM MO.IJ.YJIH aMl1JIHTY.IJ.bl (7.39). 0TMeTHM, l.fTO Bbipa

)l(eHHe (7.39) 3KBHBaJieHTHO HCXO.UHOMY ypaBHeHHIO lllpe.unttrepa (7.38). 
)],JI5.1 onepaTopa 3JieKTpOMarHHTHOro B3aHMO.UeHCTBH5I MO)l(HO HCl10Jib-

30BaTb cpopMy .UJIHHhI (6.8), nonara5.1 Ha11p5I)l(eHHOCTb 3JieKTpttl.feCKOro 

TIOJI5I He 3aBHC5IIIJ,eH OT pa.unyca-BeKTOpa (.UHl10JibHOe 11ptt6Jitt)l(eHtte). 

,Ll,tt110JihHOe nptt6JimKCHHe 11pHMeHHMO B paccMaTpttBaCMOM cnyqae, 

TIOCKOJibKY pa3Mep aToMa MHOfO MeHhllie .Il.JIMHbI BOJIHbI H3JIYl.feHH5I BH

.UHMOfO .una11a3otta. 

IlOCKOJibKY TOl.fHOe pellieHHC 'Pf ypaBHeHM5I (7 .38) HCB03MO)l(H0 110-

JIYl.fMTb B 5.!BHOM BH.IJ.e, TO .UJIH BhIBO.IJ.a cflopMyJI .Il.JI5.l Bep05ITHOCTM cpOTO

HOHH3aUHH B CHJihHOM 3JieKTpOMarHHTHOM none Heo6XO.IJ.HMO pa3JIHl.f

HOro po.ua 11ptt6JIH)l(eHHbie 110.UXO.UbI. 0.UHH H3 HHX 6bIJI 11pe.UJIO)l(eH 

JI. B. Ken.uhrrueM .UJIH cnyqaH, Kor.ua tta11p5.1)1(eHHOCTh BHernttero 110JIH 
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Marra no cpaBHemno c xapaKTepHoif aTOMHOif HanpmKeHHOCThIO F < Fa. 
KaK 6y)l.eT BHJJ.HO H3 Jl.a.JibHeifrnero, JJ.a:>Ke B 3TOM cnyqae TeopmI B03MY

IIl,eHHH OKa3bIBaeTCSI npHMeHHMOH )l.a.JieKO He Bcema, a JIHllih Jl.JISI Jl.OC

TaToqHO BhlCOKoqacTOTHoro BHeurnero nonsi. OcHOBHaH HJJ.eSI MeTOJJ.a 

KeJIJJ.billia COCTOHT B TOM, qTo TOqHaSI BOJIHOBa51 cPYHKUHSI HenpephIBHO

ro cneKTpa '¥1 <}>oTOHOHH3HpoBaHHOfO 3JieKTPOHa 3aMeMeTCSI Ha TaK 

Ha3bIBaeMyJO 80/IKOBCKYJO 80/lll06YJO rjJynKU,UlO 'P~V) (3Jl.eCb p - o6o6meH

HhIH HMnyJihC 3JieKTpOHa). IlpH HCnOJib30BaHHH oneparnpa 3JieKTpo

MarHHTHOf0 B3aHMOJJ.eHCTBHSI B <PopMe Jl.JIHHbI BOJIKOBCKaSI BOJIHOBaSI 

cPYHKUHSI HMeeT BHJJ. 

r)le e = -lei; m - 3apsiJJ. H Macca 3JieKTpotta; p - o6o6meHHhIH HM

nynhc; A(t) - BeKTOpHbIH noTeHUHM, KOTOpbIH onpe)l.em1eT HanpSI)l(eH

HOCTb 3JieKTpHqecKOfO noJIH F 3JieKTpoMafHHTHOH BOJIHbI IIO <PopMyJie 

F=-!dA. 
c dt 

BonKOBCKa51 BOJIHOBaSI cPYHKUHSI (7.40) He yqHThIBae1 B3aHMOJJ.eif

CTBHSI 3JieKTpOHa c aTOMHbIM OCTaTKOM. Otta onHCbIBaeT KOJie6aHH51 

CB060JJ.HOfO HepeJISITHBHCTCKoro 3neKTpOHa B none 3neKTpoMarHHTHOH 

BOnHhI. CpeJJ.HSISI no BpeMeHH KirneTHqecKasi 3HeprHSI 3THX Kone6aHHif 

(noHJJ.epOMOTOPHaSI 3HepmH) B cnyqae JIHHeifHo-nonsipH30BaHHOf0 H3-

nyqeHHSI c qaCTOTOH m paBHa 

a JJ.JISI UHpKynsipHo-nonHpH30BaHHoro H3nyqeHHSI -

e2p2 
u =-

p 2mm2 • 

3aMeTHM, q10 xapaKTepHaSI CKOpOCTb Kone6aHHH 3neKTPOHa B none 

MOHOXpOMaTHqecKOH BOnHhI )l.aeTCSI Bhrpa)l(eHHeM 

!e!F 
v =--

(J} mm' 
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KOTOpoe Henocpe,LICTBeHHO CJle,UyeT H3 BTOporo 3aKOHa HblOTOHa. IlpH 

HHTeHCHBHocrnx tt3nyqeHmI I> I,= 5 · 1018 BT/cM2 CKopocTh Kone6a

HHM 3JieKTpOHa B none 3JieKTpoMarHHTHOM BOJlHbI Ha onTH'IeCKHX qac

TOTax npH6JimKaeTC.H K CKOPOCTH CBeTa, no3TOMY 3Ha'IeHtte I, Ha3bIBaIOT 

peJI.HTHBHCTCKOM HHTeHCHBHOCTbIO. 

Ilo,LICTaBJ15I.H cpyHKUHIO (7.40) B cpopMyJiy (7.39), nonyqaeM nptt6JIH

)f(eHHOe Bbipa)f(eHHe ,LIJJ.H aMnJJHTY,Llbl cpOTOHOHH3aIJ;HH: 

. I 

c . = _ !_ f 'P(V) (r t') V(r t') 'P(O) (r t') dr dt' 
pl h p ' ' I ' ' 

0 

(7.41) 

B no,Uxo,Ue KeJI,UhIIIIa npe,UnonaraeTc.H, 'ITO 3Heprtt.H cpoToHa na3ep

ttoro tt3nyqeHH.H MHoro MeHbIIIe 3Heprtttt HOHH3aIJ,HH atoMa E;: h01= E;. 
Ilocne,UHee HepaBeHCTBO 03Ha'Iaet, 'ITO B npou;ecce cpOTOHOHH3aIJ;HH 

aTOMOM ,LIOJI)f(HO 6bITb nornomeHO 6oJibIIIOe 'IHCJIO cpOTOHOB. c yqeTOM 

BhIIIIecKa3aHHOro H ttepaBeHCTBa F < F
0 

MO)J(HO nonyqtttb aHaJIHTH'IecKoe 

Bbipa)J(eHtte ,LIJI.H aMnJIHTYJ:lhI <PotottoHH3aUHH. BhIBOJ:I coornetctBy10meif 

cpopMyJihI onttpaetc.H Ha Meto,U nepeBana nptt BhI'IttcneHHH HHTerpana no 

BpeMeHH B npaBoif qacTH paBettcrna (7.41). B cnyqae MoHoxpoMaTtt'Iec

KOro JJHHeMHO non.HpH30BaHHoro 3JleKTpOMarHHTHOf0 nOJI.H 6e3 yqeta 

npe.U3KcnoHeHu;HaJihHOro MHO)J(HTeJJ.H cpopMyna Ken,UhIIIIa ,LIJI.H Bepo.HT

HOCTH cpOTOHOHH3aIJ,HH B e,LIHHHUY BpeMeHH HMeeT BH.11.: 

w(o) = me
4 

exp!-
2

E; [(1 + - 1 
) ln (r + .JI-;7)- .JI-;7]] (7.42) 

ph h3 hOJ 2y2 2y , 

me r - 6e3pa3MepHa.H BeJIH'IHHa, Ha3bIBaeMa.H napaMeTpOM KeJI,LlbIIIIa, 

{J)jimE; 

y = ieiF (7.43) 

IloKa3aTeJib 3KcnoHeHTbl B (7.42) 3aBHCHT OT ,LIByx 6e3pa3MepHblX 

BeJIH'IttH: napaMeTpa Ken,UhIIIIa yH oTHOIIIeHH.H noTeHIJ,ttana HOHH3au;ttH 

K 3Heprntt cpOTOHa 

N - E; 
0 - '/i{J) 

Ll,JI.H Heu;enoro N0 BeJIH'IHHa K = (N0) + 1 ( ( ... ) - uena.H 'lac Th 'Ittcna) 

OTBeqaeT MHHHMaJibHOMy KOJIH'IeCTBY cpOTOHOB, KOTOpoe ,LIOJI)f(eH no

rJIOTHTb aTOM ,LIJl.H HOHH3aIJ;HH (6e3 yqern BJIH.HHH.H IlOJl.H H3JiyqeHH.H Ha 



1! 

1)1 
I 

111 

.11 
I 

111 
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TIOTeHUHa.JI HOHH3aUHH). Ilo HCXO.UHOMY npe,IJJIOJIO)l(eHHIO MeTo.ua KeJI

.UbIIIIa h@ « E;, T. e. N0 » 1, H ¢oTOHOHtt3aumI B paccMaTpttBaeMoM 

CJiyqae HOCHT HeJIUHeUHblU xapaKmep. HanoMHHM, qTO JIHHeHHbIM Ha3bI

BaeTC51 ¢oTonpouecc, B xo.ue KOToporo nornomaeTC51 HJIH H3JiyqaeTC51 

o.n:ttH ¢oTOH 3JieKTpoMarHttTHoro TIOJI51. EcJIH )J(e TaKHX ¢oTOHOB He

CKOJihKO, ¢0Tonpouecc 51BJI51eTC51 HeJIHHeHHbIM. 

Bbipa)J(eHtte M51 Bepo51THOCTH HeJIHHeHHOH HOHH3aUHH (7.42) He 

3aBHCHT OT BH.Ua TIOTeHUHa.Jia aTOMHOro OCTaTKa. B 3TOM CMbICJie OHO 

51BJI51eTC51 YHttBepcaIIbHhIM. IlapaMeTp KeMhIIIIa paBeH OTHOIIIeHHIO xa

paKTepHOH CKOpOCTH aTOMHOfO 3JieKTPOHa B CB513aHHOM COCT051HHH 

V; = ~2!; 

K CKOpOCTH KOJie6aHHH HOHH3HpOBaHHOro 3JieKTpOHa B none 3JieKTpo

MafHHTHOH BOJIHbI 

ie!F v =--
(t} mm 

HJIH KOpHIO KBa.upaTHOMY H3 OTHOIIIeHH51 TIOTeHUHaJia HOHH3aUHH K 

Y.UBOeHHOH noH.uepoMoTopHOH 3Hepmtt: 

TyHHenbHblM H MHOroct>oTOHHblM pe>t<HMbl 

ct>oTOHOHH384HH 

IlapaMeTp Ken.uhrIIIa onpe.n:eJIHeT xapaKTep npouecca HeJittHeHHOH 

¢oTottOHH3aUttH. Ecntt y2 « I, TO pea.Jitt3yeTC51 T.H. myHHeflbHbtu pe:J1CuM, 

B npOTHBOITOJIO)l(HOM CJiyqae y2 » 1 - MHOWrjJomOHHblU pe:JICUM. l1HbIMH 

CJIOBaMH, TYHHeJibHbIH pe)l(MM ,ll.OCTHraeTC51, eCJIH 3Hepm51 KOJie6aHMH 

3JieKTpOHa B TIOJie 3JieKTpoMafHHTHOH BOJIHhI MHOfO 6oJihIIIe 3HeprHH 

HOHH3aUHil, a MHoro¢oTOHHhIH pe)J(HM, eCJIH BbITIOJIH51eTC51 o6paTHOe 

COOTHOIIIeHtte. 0TCIO,ll.a TaK)l(e cne.uyeT, qTO TyHHeJibHhIH pe)l(HM COOT

BeTcrnyeT HH3KOqacTOTHOMY npe.11.eJiy, a MHoro¢oTOHHbIH pe)l(HM orne

qaeT BbICOKoqacTOTHOMY npe.11.eny BO B3aHMO,ll.eHCTBHH 3JieKTPOMafHHT

HOro M3JI}"IeHH51 c aTOMOM. <l>M3HqecKM TYHHeJibHhIH pe)l(MM, KaK 3TO 

CJie.11.yeT M3 ero Ha3BaHM51, OTBeqaeT OTIHCaHHIO ¢oTOHOHH3aUHH aToMa 
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KaK rrpouecca TYHHe;rnpoBaHH51 3JieKTpOHa IIO)J. IIOTeHUHaJihHbIM 6apbe

poM, o6pa30BaHHhIM aTOMHbIM IlOTeHUHaJIOM H 3JieKTpHqecKHM IlOJieM 

H3Jiyqemrn:. B Mttoro¢0TOHHOM pe)lrnMe ¢oTOHOHH3aum1 rrpe.D.CTaBJIH

eTCH KaK O,ll.HOBpeMeHHOe nornoruettHe aTOMOM HeCKOJibKHX (N) Q>oTO

HOB. IlpH 3TOM rrornorueHHOH 3HeprHH )J.OJI)l(HO XBaTHTh M.sI Y.D.aJieHH51 

CB513aHHOfO 3JieKTPOHa aTOMa B HerrpepbIBHhIH crreKTp 

B rrpHBe)J.eHHOM ttepaBeHCTBe yqTetto yBeJIHqettHe rroTettuHaJia 

HOHH3aI.I,HH aTOMa B CHJlhHOM none Ha Bemrq1rny IlOH,ll.epOMOTOpHOH 

3Hepnrn. B MHoro¢0ToHHOM pe)l(HMe Bepo51THOCTh ¢oTOHOHH3aUHH 

Mo)l(eT 6hITh paccqHTaHa B paMKax TeopHH B03Myruettttit. B TYHHeJih

HOM pe)J(HMe TaKOH IIO,ll.XO)J. HeIIpHMeHHM, XOT51 rrpH 3TOM MO)J(eT oKa-

3aThC51, qTO HepaBeHCTBO Ha BeJIHqHHY 3JieKTpHqecKoro IIOJIH B H3JIY

qeHHH F « F
0 
= 5 · 109 B/cM BhIIIOJIHHeTcH. 

10-11 

10-20 L-------''---------L-----.....l 
0,01 0,1 10 y 

P11c. 7 .8. 3amtCHMOCTb aepol!THOCTH <PoTOHOHH3aUHH OT ae;rnqHHbI napaMeTpa 

KeMbnua AJill pa3JIHqHhIX 3HaqettwH. OTHOllleHHll N0 = E/fuJ): 

CnAOUJHaH KpuBaR - N0 = 5; nyHKmupnaR - N0 = 7; wmpuxo«aR - N0 = 9 

Ha pttc. 7 .8 rrpe)J.cTaBneHbI 3aBHCHMOCTH BepoHTHOCTH ¢oTOHOHH3a

UHH, paccqHTaHHhie no ¢opMyne (7.42), OT BenHqHHhI rrapaMeTpa KeMhI

rna ,ll.JI5I pa3JIHqHhIX 3HaqeHHH OTHorneHHH N0 = E/tl{l). Op.D.HHaTa orno

)J(eHa B aTOMHhIX e,ll.HHHUax. BH.D.HO, qrn B TYHHenhHOM pe)lrnMe (y « 1) 
BepOHTHOCTh <j>OTOHOHH3aUHH rrpaKTHqecKH HC 3aBHCHT OT No H r. IlpH 

rrepexo,ll.e B MHOro<j>oTOHHhIH pe)J(HM BepoHTHOCTh <j>OTOHOHH3aUHH na-
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;:i:aeT C pOCTOM y, rrp11qeM 3TO rra;:i:eHHe CJUlbHee Bbipa)l(eHO Jl:JUI 60JibIIIHX 

JHaqeHHH N0. IlocKOJihKy rrapaMeTp Ken;:i:h111Ia (7.43) rrporrop11110HaJieH 

qacTOTe H3JI)"leHHH, TO MO)l(HO c;:i:eJiaTb BbIBOJl: 0 TOM, qTO B 'fYHHeJibHOM 

pe)l(HMe BepOHTHOCTb ¢oTOHOHH3aIIHH aTOMa rrpaKT11qeCKH He 3aBHCHT 

OT qacTOTbl. 

)l,JIH q11cneHHhIX 011eHOK Bem1qHHhI rrapaMeTpa KeJIJ:J:hIIIIa orrpe;:i:ene

HHe (7.43) y;:i:o6Ho rreperr11caTb B cne;:i:yio111eM BH;:i:e: 

2 = ( 1, 24 )
2 

( 137 ) E; /13, 6 
y A·27,2 8·JZ" I/3,5·1016 ' 

(7.43a) 

r;:i:e A - MHHa BOJIHhI 113nyqeHHH B MHKPOHax; E; - rroTeH1111an HOHHJa-

111111 aTOMa B 3JieKTPOHBOJibTax; I - HHTeHCHBHOCTh HJnyqeHHH B BT/cM2. 

PaBeHcrno (7.43a), KaK H Beeb rro;:i:xo;:i: Ke.n.n:hIIIIa, CTPOro roBopH, crrpa

Be;:i:JIHBO MH yMepeHHbIX HHTeHCHBHOCTeM: H3JI)"leHHH, He rrpeBOCXOJl:H

IIIHX aTOMHYIO HHTeHCHBHOCTh: I< Ia= 3,5 · 1016 BT/CM2, H, KpoMe Toro, 

1iw = E;. Ilp11 3arr11c11 (7.43a) 6brna HCITOJib30BaHa CBH3h Me)l(Jl:y 3Heprn

eM: ¢oTOHa B 3JieKTpOHBOJibTaX If .ilJIHHOH BOJIHbl H3JI)"leHHH B MHKpo

Hax: 1iw = 1,24/ A H Bbipa)l(eHHe MH HHTeHCHBHOCTH MOHOXpOMaTHqec

Koro H3JI)"leHHH 

cF2 

l=-
8JZ" 

(c - CKOpOCTb CBeTa, KOTOpaH B aTOMHbIX e;:i:HHHI1ax rrpHMepHO paBHa 137). 

3aBHCHMOCTH rrapaMeTpa Ke.n.n:h111Ia MH ¢orn110HHJa111111 aTOMa Bo;:i:opo;:i:a 

(E; = 13,6 3B) OT HHTeHCHBHOCTH H3JI)"leHHH Ha pa3HbIX MHHax BOJIH, 

ITOCTPOeHHhie no ¢opMyne (7.43a), npe;:i:cTaBJieHbI Ha pHc. 7.9. A6c1111cca 

Ha 3TOM p11cyHKe OTJIO)l(eHa B BT/cM2. 

0TMeTHM, qTo MHHa BOJIHhI A = 1,06 MKM orneqaeT H3nyqeHHIO 

Jia3epa Ha aJIIOMOHTTpHeBOM rpaHaTe c aKTHBHbIMH HOHaMH HeOJ:J:HMa, 

A= 0,53 MKM - BTopaH rapMOHHKa 3Toro H3JI)"leHHH, KOTOpaH nonyqa

eTcH c noMOIIlbIO npeo6pa30BaHHH qacTOThI, H A= 10,6 MKM - MHHa 

BOJIHbI H3JI)"leHHH C02 Jia3epa. 

lfa p11c. 7.9 cne;:i:yeT, qTo TYHHeJihHhIH pe)l(HM ¢0To110HHJa111111 

(y2 « 1) Jl:JIH MHHHOBOJIHOBOro H3JiyqeHHH (A= 10,6 MKM) Jl:OCTHraeTCH 

rrp11 CYIIIeCTBeHHO 6onee HH3KOH HHTeHCHBHOCTH (rropH;:i:Ka 5 . 1012 BT/cM2), 

qeM MH KOpOTKHX Jl:JIHH BOJIH (A= 0,53, 1,06 MKM), Kor;:i:a rrepexo;:i: B 

TYHHeJibHhIH pe)l(HM rrpo11cxo;:i:11T rrpH I"' 1015 8T/cM2. 
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Ecm1 pa31IO)Kl1Tb BOlIKOBCKYIO 0011tt0By10 <l>YHKUl1IO KOHeqttoro co

CT051Hl151 311eKTpOHa (7.40) B P51.U <l>ypbe, TO MO)KHO yqecTb 11 rrpe,U3KC

IIOHeHU11aJibHbIH <t>aKTOp B Bb1pa)((ett1111 .ll,1151 He1111HeHHOH <t>oTOl10Hl13a

U1111. TaK, .ll,1151 <t>oTOl10Hl13aU1111 OCHOBHOfO COCT051Hl151 aTOMa BOLJ:Opo.ua 

Jl.B. KeMbIIll rro11yqm1 c11e.uy10mee Bb1pa)((ett11e [7]: 

1i2 3/2 
(Keld) _ ~ Y (0) 

wph - --4 ...;1imE; 3/4 Swph' 
me (1+r2) 

(7.44) 

r.ue S rrpe.ucrno115leT co6oi1: cyMMY no q11c11y rrornoiuettHbIX <PoTOHOB, 

11Me10my10 BeCbMa rpoM03.ll,Kl1H BM.U, Bep051THOCTb w~~ orrpe.ue115leTC5I 

<t>opMy11oi1: (7.42). 

y2 

105 

104 

::: .... ~~~:~::.:::~::~---
.............. . .......... .. 

10-1 ....... ....... .. ...... ....... .. ... 
10-2 .............. 

10-3 ...................... 

1012 1013 1014 101s 

Puc. 7 .9. 3aa11c11MOCTb KBa,a.parn napaMeTpa KeJUlbIUia AJHI <j>0To11ott11Jau1111 aTo

Ma BOAOPOAa OT HHTeHCHBHOCTH H3JI)"leHHll. Ha pa3Hb!X AJIHHax BOJIH: 

cnAOUJHaR KpUBaR - A= 0,53 MKM; ny11Kmup11aR - A= 1,06 MKM; wmpuxosaR -

A= 10,6 MKM 

B TYHHellbHOM pe)((MMe, KaK ~e OTMeqanocb, 11cqe3aeT 3ao11c11MOCTb 

Bep051THOCTl1 <t>oTOl10Hl13aU1111 OT qacTOTbI, 11 113 <t>opMyll (7.42), (7.44) 
MO)((HO rro11yq11Tb c11e.uy10mee Bbipa)((ett11e .ll,JI51 BepOHTHOCTM <t>oTOl10Hl1-

3au1111 B emrnm.~y BpeMeHl1 (B aTOMHbIX e.n11tt11uax 1i = m = e = 1): 

2 = _j}_ (_!_)312 
{ 2 (2E; )

3
/
2 

} wph (r « 1) 9/4 c E; 3/2 exp - . 
2 vn E; 3F 

(7.45) 
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I 
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,ll,aHHOe Bbipa)l(eHHe HMeeT TOT )Ke BH.U, qTO H B CJiyqae <PoTOHOHH3a

U.HH aTOMa MOHOXpOMaTHqeCKHM IIOJieM HH3KOH qacTOTbI IIOCJie ycpe.u

HeHmI no rrepHO.UY ero KOJie6aHHH. BH.UHO, qTO IIOMHMO CTerreHHOfO 

(no aMIIJIHTy.ue rrom1) <PaKTopa (7.45) co.uep)l(HT 3KCIIOHeHIJ,HaJibHYIO 

3aBHCHMOCTb OT o6paTHOH BeJIHqHHbI aMIIJIHTY.UhI 3JieKTpHqecKoro rromr. 

B MHoro<PoTOHHOM pe)l(HMe, Kor.ua y 2 » I (cJia6oe rroJie H/HJIH BhI

coKaH qaCTOTa), 0611J,a5I <PopMyJia (7.44) ,UJI51 Bep051THOCTH HeJIHHeti:ttoti: 

<PoTOHOHH3aIJ,HH CBO.UHTC51 K rrpoCTOMy Bbipa)l(eHHIO, KOTOpoe B aTOM

HbIX eLI,HHHll,aX HMeeT BHLI,: 

[ 
J"C )2No 

wph (r 2 
» I) = ~ , 

2w 2E; 
(7.46) 

r.ue N0 = EJ!iw; e - ocHoBaHHe HaTypaJibHoro JiorapH<PMa. BH.UHO, qTo 

B 3TOM CJiyqae 3aBHCHMOCTb BepmITHOCTH <PoTOHOHH3all,HH OT aMIIJIHTYJihl 

fIOJI51 HOCHT CTerreHHOH xapaKTep. ,ll,pymM Ba)l(HbIM OTJIHqHeM MHOrocpo

TOHHoro pe)l(HMa <PoTOHOHH3all,HH (7.46) OT TYHHeJibHOrO pe)l(HMa (7.45) 

51BJI51eTC51 CHJibHa51 3aBHCHMOCTb Bep051THOCTH rrpou.ecca OT qacTOTbl. 

C yqeTOM orrpe.ueJieHHH rrapaMeTpa KeJI.Uhrwa (7.43) <PopMyJiy (7.46) 

MO)l(HO rrepeIIHCaTb B BHLI,e: 

wph (r2 » I) oc (r-2) No , (7.46a) 

OTKy.ua CJie.uyeT, qTO B MHoro<PoTOHHOM pe)l(HMe Bep051THOCTb HeJIHHeti:

HOH HOHH3all,HH MaJia (CM. pHC. 7.8, o6JiaCTb 6oJiblIIHX 3HaqeHHH y). 
Bhrpa)l(eHHe, attanomqttoe (7.46), MO)l(eT 6bITh rroJiyqetto B paMKax 

TeOpHH B03MyllJ,eHHH ITO 3JieKTpOH-<POTOHHOMY B3aHMOLI,eHCTBHIO (CM. 

pa3LI,. 6.2). ,ll,eti:CTBHTeJihHO, B rrepBOM HeHcqe3a10meM rrop51LI,Ke TeopHH 

B03MyUJ,eHHH HMeeT MeCTO <PopMyJia 

r.ue K - MHHHMaJihHOe qHcJio <PoTOHOB, tteo6xoJIHMoe ,UJIH HOHH3aU.HH 

aTOMa (6e3 yqern IIOH,UepOMOTOpHOH 3HepmH Up, KOTOpoti: MO)l(HO rrpe

tte6peqb B pe)l(HMe y2 » 1), 

TaKHM o6pa3oM, rrpH paccMoTpeHHH tteJIHHeti:ttoti: <PoTOHOHH3aU.HH 

aTOMa B CHJibHOM 3JieKTPOMarHHTHOM IIOJie B paMKax IIO,UXO)la KeJILI,bIIIIa 
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KpIITepHH npHMeHHMOCTH TeOpHH BOJMylll,eHHH pea1nnyeTC5I npH 60Jib

IIIHX JHaqeHH51X napaMeTpa KeJI,UhIIIIa (y2 » 1). YcJioBHe Ma.JIOCTH aMn

JIHTY.UhI 3JieKTpHqecKoro noJI51 (F « Fa = 5 · 109 B/cM) B ,uaHHOM cJiyqae 

OKa3bIBaeTC51 He,UOCTaToqHbIM. 

KaK 3To cJie,uyeT HJ pHc. 7.9, B onTHqecKOM ,u11anaJ0He qacToT ,UJI51 

60JibllIHX HHTeHCHBHOCT51X H3JiyqeHH51 (nopMKa aTOMHOH HHTeHCHBHO

CTH) peaJIHJyeTC51 TYHHeJibHbIH pe)l(HM <l>oTOHOHH3aUHH, npH KOTOpOM 

cornacHo <t>opMyJie (7.45) JaBHCHMOCTh OT qacTOThI 11cqe3aeT. B 3TOM 

CJiyqae MO)l(HO aHaJIH3HpOBaTh npouecc HeJIHHeHHOH <t>oTOHOHH3aUHH B 

npH6JimKeHHH ITOCTOHHHOfO 3JieKTplfqecKoro ITOJIH. Toqttoe Bbipa)l(eHHe 

)lJI51 Bep051THOCTH HOHH3aUHH OCHOBHOfO COCT051HH51 aTOMa BO,UOpo,ua 

(B e;:i:rrnHUY BpeMeHH) no.u ;:i:eHCTBHeM ITOCTOHHHOfO 3JieKTPHqecKOfO ITOAA 

HMeeT BH,U [7]: 

4 me
4 

f!iFa { 2Fa } wH = -- --exp ---n3 7rF 3F ' (7.47) 

me Fa - aTOMHa51 e;:i:HHMUa Hanp51)1(eHHOCTH 3JieKTp11qecKoro nom1, 

m2es 
F;, = - 4- = 5, 14 · 109 

B/cM. 
1i 

811,uHo, qTO <t>opMyJia (7.47) orn11qaeTc5I OT cBoero aHaJiora (7.45), 
noJiyqeHttoro B paMKax no,uxo,ua KeJI,UhIIlla, npe;:i:3KcnoHeHUHaJihHhIM 

MHO)l(HTeJieM. )l,aHHOe OTJIHqHe CB513aHO c TeM, qTO BOJIKOBCKa51 <l>YHK

UH51 (7.40), HCITOJib30BaBilla51C51 npH BblBO,Ue paBeHCTBa (7.45), He yqH

TbIBaeT KYJIOHOBCKOro noJI51 51,Upa aToMa. 

noA6apbepHaR H HaAnOporoBaR «l>OTOHOHH3al.4HR 

3aBHCHMOCTb ITOTeHUHa.JlbHOH 3HepmH aTOMHOfO 3JieKTPOHa OT pac

CT051HH51 .uo 51,Upa B npHCyrCTBHH nocT051HHOfO 3JieKTpHqecKoro ITOJI51 

cxeMaTHqecKH noKaJaHa Ha pHc. 7.10 .UJIH c<Pep11qecKH-CHMMeTpHqHoro 

COCT051HH51 HeBOJMylll,eHHOfO aToMa. Och z BbI6paHa B HanpaBJieHHH BeK

TOpa Hanp51)1(eHHOCTH BHeI1IHero noJI51. Ha 3TOM pncyHKe cnJIOllIHhIMH 

JIHHH51MH npe,ucTaBJieHbl KYJIOHOBCKHH ITOTeHUHaJI aTOMHOfO OCTaTKa 

( Uat), fiOTeHUHaJibHa51 3Hepm51 3JieKTpOHa B ITOCT051HHOM O,UHOpO,UHOM 

3JieKTpHqecKOM ITOJie ( V) H ITOJIHaH 3Hepm51 CB513aHHOfO 3JieKTpOHa B 

HeBOJMylll,eHHOM aToMe (-E). IlocJie,UH5151 Bh16paHa paBHOH 5,14 38, 

qTo COOTBeTCTByeT 3HeprnH HOHH3aUHH aToMa HaTpH51. ll1TpHXOBa51 KpH

Ba51 orneqaeT noTeHUHa.JlbHOH 3HeprnH aTOMHOfO 3JieKTpOHa B CJiyqae 
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TaK Ha3bIBaeMOH noo6apbepHOU UOHU30U,UU IlOCTOHHHbIM ::meKTpttqecKHM 

noneM. IIIttpttHa noTeHu;HanhHOro 6apbepa Liz MmKeT 6bITh onpe.uenetta 

Il)'TeM npHpaBHHBaHHH IlOJlHOH 3HepmH 3JleKTpOHa B HeB03MymeHHOM 

aToMe ero nOTeH[(HaJlbHOH 3HepmH B npHC)'TCTBHH 3JleKTpttqecKOfO IlOAA. 

B pe3yJlhTaTe nonyqaeTcH cne.uy10mee paBeHCTBO MH umpttHhI noTeH

UHanbttoro 6apbepa 

~E;2-4Zjej3 
F 

Liz= jei F ' 
(7.48) 

f,Ue Z - 3apH,U aTOMHOfO OCTaTKa. fio.u6apbepHaH HOHH3a1(HH xapaK

Teptta .UJlH aMilJlHTY.Uhl 3JleKTpttqecKoro IlOJlH, MeHbllleH aTOMHOfO 3Ha

qeHHH F < F
0

• 3To HepaBeHcTBo npe.unonaranocb BhmonHeHHhIM nptt 

BbIBO,Ue cPOPMYJl ,UJlH HeJlHHeHHOH cPOTOHOHlI3a1(HH B paMKax MeTo.ua 

Ken.uh1rna. TaKHM o6pa3oM, TYHHeJlhHhIH pe)l(HM cPOTOHOHH3aUHH, .unH 

KOTOporo «pa6oTaeT» nptt6nmKeHtte IlOCTOHHHOfO IlOJlH, MO)l(eT 6hITb 

OilHCaH KaK TYHHenttpoBaHtte aTOMHOfO 3JleKTpOHa 110.U IlOTeH[(HaJlb

HbIM 6apbepoM, o6pa30BaHHbIM aTOMHbIM OCTaTKOM H na3epHbIM noneM, 

c nocne.uyIOlllHM yxo.uoM Ha 6eCKOHeqHOCTb. 

-2 

-4 

-6 /." .. ·······_···· ················· ········· 
I.· - - - ·•··· U. (z F ) /.•"/ ......... ··< tot ' er 

/,~' ..,......._ .... 
t"I I ,..,......._ ···················· ... 

-8 I. tlio,(z, Fi) ......... ......._ 

.................. ... 
-10L---'-~~~-'-~~--L~~~_.__~~~ 

0,2 0,4 0,6 0,8 Z,OTH.eA. 

Puc. 7.10. f10Temurn11bHall 3Hepnrn aTOMHOro 3JJeKTpOHa B IIOCTOllHHOM 3JJeKT

p11qeCKOM IIOJJe: 

nyHl<mup OTBe'!aeT CJiyqa10 'fYHHeJibHOH womnau1u1; wmpuxny11Kmup - KPHTH

qecKOMy JHa'leHHIO aMnJIHTYllbl BHenrnero IIOJill; wmpUXOIJOfl KpUllafl - CJiyqalt 

Ha.116apbepHOH HOHHJaUJm; i!OpU30Hm{J.fjbffafl npflMaR OTBe'!aeT ypOBHIO ::meprm1 

CBSIJaHHOfO 3JieKTpoHa B OTCYJCTBHe BHenrnero IIOJill; CIUlOUJllOR KpU60R - aTOM

HblH noTeHUHaJI; /IOKAOll/lafl npJtMaR - noTeHUHaJI 3JieKTPOHa B 01\HOpOl\HOM 

3JieKTPH'leCKOM noJie 
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lh cpopMyJibI (7.48) cne)].yeT, qTO urn:p1rna 6apbepa YMeHblllaeTc11 c 

pocTOM ttanp11)f(eHHOCTH BHeumero 3JielCTpHqecKOro IlOJIJI. IlpH HeKOTO

poM KPHTHqecKoM 3HaqeHHH ttanpJl)f(eHHOCTH 3JielCTpwqecKoro non11 Fer 
OHa o6palllaeTCJI B HOJib: 

~z(~,)=0. 

:Vb cpopMyJihI (7.48) nerKo tta:H:TH, qTO 

F =_§]_ 
er 4Zle13 

(7.49) 

H ,11,m1 KPHTHqecKOH HHTeHCliBHOCTH H3JiyqeHHJI 

I = cFc; 
er 8Jl' 

I = cE;4 . 
"' 128Jl'Z2e6 

(7.50) 

KpHTHqecKoH: ttanp11)[(eHHOCTH 3JieKTpwqecKoro non11 OTBeqaeT 

IlITpHxnyHKTHpHaJI KpHBaJI pHC. 7 .9, KOTOpa11 KacaeTCJI ropH30HTaJib

HOH np11MOH, H306pa)[(aIOI1IeH 3Heprmo 3JieKTpOHa B HeB03MYI1IeHHOM 

aTOMe. )].n11 HHTeHCHBHOCTeH: H3JiyqeHH11, BbIIlle KPHTHqecKOH I > !er, 
HMeeT MeCTO Haa6apbepHaR UOHU3GU,UR aTOMHOfO 3JieKTPOHa. 3TOT npo

uecc npowcxo,11,HT 3a BpeMeHa nop11,11,Ka nepwo,11,a 06pamett1111 3JieKTpo

Ha no aTOMHOM op6wTe. KaK BH,11,HO 113 cpopMyJihI (7.50), 3Haqett11e KPHTH

qecKott HHTeHCHBHOCTH H3JiyqeHHJI CHJibHO 3aBHCHT OT 3HeprHH 

HOHH3all,HH aTOMa (£;). Ilpli nepexo,11,e OT aTOMa HaTpHH (E; = 5,14 3B) 

K aToMy renw11 (E; = 24,6 3B) BeJmqwHa fer B03pacraeT np11MepHo B 

500 pa3. 

IlpHMeHHMOCTb npH6Jili)[(eHmI IlOCTOHHHoro IlOJIH ,11,JIJI onwcaHHH 

cpOTOHOHH3aIJ,HH B TYHHeJibHOM pe)[(HMe Ha KaqecTBeHHOM ypoBHe MO)f(

HO IlOHJ!Tb, eCJIH yqeCTb, qTo napaMeTP KeJI)].bIIlla r HMeeT TaK)Ke CMbICJI 

OTHOilleHHJI BpeMeHH TYHHeJrnpoBaHHJI no,11, IlOTeHJ.J,HaJibHbIM 6apbepoM, 

H306pa)[(eHHOM Ha pwc. 7.10, K nep110,11,y KOJie6aHHH 3JieKTPOMarHHTHO

ro IlOJIH. Il03TOMY npH MaJIOM 3HaqeHHH r none H3JiyqeHHH B nepBOM 

npH6JIH)[(eHHH MO)l(HO cqHTaTb IlOCTOHHHbIM. 
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IlpH BbICOKHX HanpJI)!(eHHOCTJIX 3JieKTpOMafHHTHOfO noJIJI B XO,lle 

<PoTOHOHH3aUHH aTOM MO)!(eT nornoTHTh qHc110 <PoTOHOB N, 6011bIIIee HX 

MHHHMaJibHO B03MO)!(H0f0 KOJIHqeCTBa 

K = ( £~~)) + 1, 

pa3peIIIeHHOf0 3aKOHOM coxpaHeHHJI 3HepmH (E/F) - TIOTeHUHaJI HOHH-

3aUHH aToMa c yqeTOM BJIHJIHHJI BHeIIIHero noJIJI F): 

N= K+S, (7 .51) 

r,Ue s > 0 - ,llOTIOJIHHTeJibHOe qHCJIO nornorueHHhIX cPOTOHOB. J.·136bITOq

HOe nornorueHHe cPOTOHOB B npouecce cPOTOHOHH3aUHH Ha3bIBaeTCJI Haa
nopOC060U uoHU3au,ueii. CxeMaTnqecKoe H3o6pa)!(eHne 3Toro JIBJieHHJI npn

Be,UeHo Ha pnc. 7.11, rne K= 3 HS= 2. 

Stzw £.(S) = (K+ S)tzw - E; 

E.(S= 0) = Ktzw - E; 

Ktzw 

Puc. 7 .11. CxeMaTw1ecKoe H306paJKem1e Hll,l\noporoaon HOHH3aUHH 

3ttepmJI cPOT03JieKTpOHa npH nornorueHHH s ,llOTIOJIHHTeJibHhIX <Po

TOHOB qacTOTbI w B COOTBeTCTBHH c 3aKOHOM coxpaHeHHJI 3HeprHH paBHa: 

E.(S) = (K + S)hm - E;(F). (7 .52) 

0TCIO,lla CJie,UyeT, qrn paccTOJIHHe Me)!(,lly MaKCHMYMaMH B 3Hepre

TnqeCKOM cneKTpe <Porn311eKTpoHoB E.(s + 1) - E.(S) paBHJieTcJI 3Hep-
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nui: ¢>oTOHa flw. B peaJibHOCTH 3Hepnrn ¢>oT03JieKTpOHOB E.(S) pa3MbI

BaeTc>I rro.u .ueHCTBMeM p>1.ua ¢>aKTOpOB, O.UHMM M3 KOTOpbIX 5IBJI>IeTC5I 

Heo.uHopo,UHOCTb 3JieKTpMqecKoro rroJI>I FB ¢>oKyce Jia3epHoro Jiyqa. 3rn 

Heo.uttopo,UHOCTh rrpMBO.UMT K pa36pocy 3Ha'leHMH 3Hepmu CB5I3M E;(F) 
3JieKTpOHa B aTOMe M, KaK 3TO CJie.uyeT M3 paBeHCTBa (7.52), K pa36pocy 

3HepmM ¢>oT03JieKTpOHOB. 

Ha.urroporoBa>I MOHM3aUM>I 3KcrrepuMeHTaJihHO Ha6mo.uaeTc>1 B .uua

rra3oHe MHTeHCMBHOCTei1: 1012 - 1016 BT/cM2. B TeqeHue MMTeJibHoro 

BpeMeHM ycJIOBM5I 3KCrrepHMeHTOB no ¢>oTOMOHM3au1rn aTOMOB B CMJib

HOM IIOJie orneqa.JIM MHoro¢>oTOHHOMY pe)l(MMY (y2 » 1). IlOIIbITKM BbI

ITOJIHMTb Ha6mo.ueHMe rrpM 6oJiee BbICOKOH MHTeHCMBHOCTM M3JiyqeHM5I, 

o6ecrrequBaIOrn;ei1: YCJIOBJle y < 1, HaTaJIKMBaJIMCb Ha rrpMHUMITMa.JlbHyIO 

TPY.UHOCTh. )l,eJio B TOM, qTo 3KcrrepuMeHTbI rrpoBO.UMJIMCb c Jia3epHbIMM 

MMITYJibCaMM ITMKOCeeyH,UHOH MMTeJibHOCTM (1 ITC = 10-12 c). B 3TOM 

CJiyqae Bee aTOMbl B MmlleHM OKa3bIBaJIMCb MOHM3MpOBaHHbIMM ~e Ha 

¢>poHTe MMITYJibCa, eme .uo Toro, KaK MHTeHCMBHOCTb M3JiyqeHM5I .uo

CTMrHeT 3HaqeHMH, OTBeqa10rn:Mx TYHHeJibHOMY pe)l(MMy. PerneHue rrpo-

6JieMbI OKa3aJIOCb B03MO)l(HbIM c C03,UaHMeM Jia3epHbIX CMCTeM, reHe

pupy10mux MMITYJibCbI c MMTeJibHOCTbIO B <PeMTOCeKyH,UHOM .uuarra30He 

(1 <Pc = 10-15 c). B TaKMX yJihTpaKopoTKMX MMITYJibcax 6oJiblliHHCTBO 

aTOMOB MMIIleHM OCTaIOTC5I HeHTpaJibHbIMH .uo rrpM6bITM5I ueHTpaJibHOH, 

Hau6oJiee MHTeHCMBHOH, qaCTM MMIIYJibCa. 

Ha puc. 7.12 M3o6pa)l(eH 3KcrrepuMeHTaJihHhIH crreKTp 3HepmM 3JieK

TpOHOB, B03HMKaIOrn;MH npu ¢>oTOMOHM3aUMM aTOMa KCeHOHa no.u .uew

CTBMeM Jia3epHoro MMITYJibCa c MMTeJibHOCTbIO 40 <Pc M MHTeHCMBHOCTbIO 

6,0 · 1013 BT/CM2 . TaKoe M3Jiyqemi:e rettepupyeTc>I c rroMOIUbIO na3epa, 

aKTMBHa>I cpe.ua KOTOporo npe,UCTaBJI>IeT carr¢>up Al203 c BHe.upeHHbIMM 

B Hero HOHaMM nITaHa Ti3+' Ha KOTOpbIX M rrpOMCXO.UMT ycuJieHMe M3JIY

'leHM5I. UettTp JIMHMM ycuneHM>I 3Toro na3epa rrpuxo.uuTc>I Ha MMHY 

BOJIHbl 780 HM, qTo coorneTCTByeT 3Hepmu ¢>oTOHa 1,59 3B. IloTeHUMaJI 

MOHM3aUMM aTOMa KCeHOHa E; COCTaBJI>IeT 12,13 3B. 0TCIO,UaJierKO Hai1:

TM, qTO MMHMMa.JlbHO B03MO)l(HOe KOJIMqecTBO rrornomeHHbIX <PoTOHOB 

K = (E/Piw) + 1 6e3 yqern rrott.uepoMornpttoi1: 3Hepmu paBHO 8. C poc

TOM HHTeHCMBHOCTM M3JiyqeHM5I 6y.ueT B03paCTaTb IIOTeHUMaJI MOHM3a

UMM aTOMa E;(F) M COOTBeTCTBeHHO qucJio K. 
Pe3yJihTaTbI 60Jihrnoro 'lMCJia 3KcrrepuMeHTOB rroKa3aJIM, qTo crreKT

pbI tta.urroporoBOH MOHM3aUMM pa3JIMqHbIX aTOMOB MMeIOT YHMBepCaJib

HYIO CTpyKTypy, xapaKTepMCTMKM KOTOpOH onpe,UeJI5IIOTC5I rnaBHbIM o6-

pa30M Jia3epHbIM noneM. Hau6onee cymecTBeHHbie qepTbI 3TMX crreKT-
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pOB MO)l(HO YBl1)J,eTb Ha p11c. 7 .12. 3HepreT11qecKl1H crreKTp cpoT03JieKT

pOHOB COCTOl1T 113 Il11KOB, OTCT051Ill,11X )J,pyr OT )J,pyra Ha 3Heprmo cpoTOHa 

11 COOTBeTCTBYIOIUl1X IIOrJIOill,eHl1IO orrpe)J,eJieHHoro q11cna )J,OIIOJIHl1TeJib

HbIX cpoTOHOB s. 1'fa-3a Bblllieorr11caHHOfO pa3Mb!Tl151 3Hepr1111 cpoT03JieK

TpOHOB Ill1Kl1 rrepeKpbIBaIOTCJI, TaK qTo B03Hl1KaeT «IIbe)J,eCTaJI», Ha cpoHe 

KOToporo rrpocMaTp11BaIOTCJ1 MaKC11MYMbI He6oJibIIIOH BeJI11q11HbI. BhI

coTa Ill1KOB, T. e. KOJI11qeCTBO per11cTp11pyeMbIX 3JieKTpOHOB, CHaqana 

6bICTpo y6hrnaeT c YBeJI11qeH11eM :meprn11 3JieKTpOHa. B pai1:oHe 3Hep

rn11 2 UP y6b1BaH11e pe3KO 3aMe)J,JI5leTC51, 11 )J,aJihIIIe CIIeKTp y6bIBaeT oqeHb 

Me)J,JleHHO. 3TOT rrporn)l(eHHbIH yqaCTOK IIOJiyqHJI Ha3BaH11e 8blCO/C03Hep-
2emu11ec1C020 Mamo naonopoweou uonu3au,uu. IlnaTo pe3KO 06pb1BaeTcJ1 

B6Jil1311 3Heprn11 10 l1i,· )l,JIJI oueHOK BeJI11q11Hbl IIOH)J,epoMOTOpHOH 3Hep

r1111 y)J,06HO 11CIIOJib30BaTb COOTHOIIIeH11e: 

.. . 
«np11Mb1eit 

3/leKTpOHbl 

CneKTp /lHHeiiHoii 

11a3epHoii nom1pHJaL1HH .. . 

... 
nepepacCellHHble 

3/leKTpOHbl 
101 '--~~.....__~~....._~~...._~~-'-~~ ..... 

0 10 20 30 40 50 
3HeprHll cpOT0311eKTpOHOB, 3B 

(7.53) 

Puc. 7.12. 3KcnepnMeHTaJlbHbIH cneKTp tta.anoporoaoii HOHH3aUHH B KCeHOHe. 
11.meHCHBHOCTh H3JlyqeHIDI THTatt-canqmpoaoro JJa3epa 6,0 -1013 BT/cM2, 
.QJJHTeJJbHOCTh HMnyJJhCa 40 <Pc (http://faculty.physics.tamu.edu/ggp) 

)l,JIJI C11Tyau1111, rrpe)J,CTaBJieHHOH Ha p11c. 7 .11, cpopMyJia (7 .53) )J,aeT 

UP= 3,4 38, TaK qTQ 2i1i, = 6,8 38 - Ha'IaJIO IIJiaTO 11 10i1i, = 34 38 -

o6pbIB IIJiaTO. 

YqacTOK crreKTpa 3Heprn11 cpOT03JieKTpOHOB OT 0 )1,0 2 up orrpe)J,eJIJI

eTCJI TaK Ha3bIBaeMOH npJIMOU 110Hl13au11ei1: ITO)], )J,eHCTBl1eM Jia3epHoro 
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IIOJUI, Kor.n:a BblpBaHHbIH H3 aTOMa 3JleKTpOH rrorra,n:aeT B ,n:eTeKTOp 6e3 

KaKoro-nH6o .n:orronHHTeJibHOro B3aHMo,n:eitcTB1u1. B paMKax IIOJI)'KJiac

cHqecKoro rro,n:xo,n:a MJI BepoJITHOCTH npJIMOH HOHH3aU:HH c 3a,z:i:aHHOH 

3Hepmeit <l>oT03JieKTpoHa Ee MO)l(HO rronyqHTb cne,n:y10m,ee rrpocTOe co

OTHOUieHHe 

w E oc ex - a • 
{ 

2F ) 
ph( .) p 3F ~1- E./2UP 

(7.54) 

MaKCHMYM pacrrpe,n:eneHHJI (7.54) npHxo,n:HTCJI Ha MaJibie 3HepmH, 

H MJI F
0
/F » 1 pacrrpe,n:eneHHe wph(E.) 6bICTpo y6brnaeT c pocToM E., 

qTo xopOUIO cornacyeTCJI c HaqanbHbIM yqaCTKOM 3KcrrepHMeHTaJlbHOfO 

crreKTpa Ha,n:noporoBOH HOHH3aU:HH Ha pHC. 7.12. 
BbICOK03HepreTHqecKoe IIJiaTo Ha,n:rroporoBoit HOHH3aU:HH, rrpocTH

pa10m,eecJI OT 3HepmH <PoT03JieKTpOHOB 2~ .n:o 3HepmH 10~, orrpe,n:e

JIJieTcJI rrpou:eccoM nepepacceaHUR c}Jomo::JAeKmpoHa Ha pooumeAbCKOM uoHe. 
(Po,n:HTeJibCKHH HOH - HOH, B03HHKUIHH B pe3yJibTaTe OTPbIBa paccMaT

pHBaeMoro 3JieKTpOHa OT aTOMa.) IlepepacceJIHHe 3aKJIIOqaeTCJI B TOM, 

qTo HOHH3HPOBaHHbIH 3JleKTPOH rro.n: .n:eil:CTBHeM 3JleKTpffqeCKOf0 IIOJIJI 

H3JiyqeHHJI MO)l(eT BepttyTbCJI K pO,ll;HTeJibCKOMY HOHy, pacceJITbCJI Ha 

HeM H rrornoTHTh rrpH 3TOM ,n:orronHHTeJibHbie cl>oTOHhI, YBeJIHqHB TeM 

caMbIM CBOIO 3HepmIO, perHCTpHpyeMyIO cPOTO,ll;eTeKTOpOM. 

HapH,n:y c HJyqeHHeM 3JieKTpOHHbIX crreKTpoB Ba)l(Hoe JHaqeHHe MJI 

Ha)"IHbIX H TeXHHqecKHx rrpHJIO)l{eHHH HMeeT HCCJie,n:oBaHHe crreKTpa 

3JleKTpOMarHHTHOro H3JiyqeHHJI H3 ra3006pa3HOH MHUieHH, o6nyqaeMOH 

TeMH )Ke Jia3epHbIMH HMIIYJibCaMH, c KOTOpbIMH Ha6n10,n:aeTCJI Ha,ll;IIOpo

roBaJI HOHH3aU:HJI. B xo,n:e 3THX HCCJie,ll;OBaHHH 6bmo Haif.n:eHO, qTo cneKTp 

H3JI)"leHHJI COCTOHT H3 60JiblllOfO qncna HeqeTHbIX rapMOHHK Jla3epHOH 

qacTOTbI Q 2k + 1 = (2k + l)w (k - ttazypanbttoe qncno). 3apemcTpHpoBa

HbI rapMOHHKH BIIJIOTb .n:o TpexCOTOH. 3To JIBJieHHe IIOJl)"IHJIO Ha3BaHHe 

zeHepau,uu BblCOKUX zapMOHUK. 0Ka3aJIOCb, qT() B crreKTpe rapMOHHK TO)l{e 

HMeeTCJI IIJiaTo: HHTeHCHBHOCTb rrepBbIX rapMOHHK 6bICTpO y6hrnaeT c 

YBeJinqeHHeM HOMepa, HO, HaqHHaJI c HeKOToporo HOMepa, HHTeHCHB

HOCTH rapMOHHK HMeIOT cpaBHHMYIO BemrqHHy. 3TOT yqacTOK crreKTpa 

rrpOCTHpaeTCJI BIIJIOTb .n:o qeTKO Bbipa)l{eHHOH BepxHeH rpattHU:bl 

(7.55) 

l13nyqeHHe c qacTOTaMH Qk > Qmax CHJlbHO rro,n:aBJieHO. <l>HJHqecKOH 

OCHOBOH B03HHKHOBeHHJI IIJiaTO B reHepaU:HH rapMOHHK CJl~HT TaK)l{e 
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HBJiemi:e nepepacceHHIUI HOHH3HpyeMoro 3JieKTpOHa Ha poll,HTeJibCKOM 

HOHe, B XO)J.e KOTOporo 3JieKTpOH npno6peTaeT )J.OTIOJIHHTeJibHYIO 3Hep

rHIO, KOTOpaH 3aTeM H3JiyqaeTCH B BH)J.e rapMOHHK BbICOKOro nopHD,Ka. 

feHepau,H51 BbICOKHX rapMOHHK Il03BOJI51eT npeo6pa30BbIBaTb Jia3epHoe 

H3JiyqeHHe BH)J.HMOro )J.HaTia30Ha c 3Heprneii: <PoToHa nop5lll,Ka O)J.HOro 3JieK

TPOH-BOJibTa B H3JiyqeHHe c 3Hepmeii: <PoToHa HeCKOJibKO COTeH 3JieKTPOH

BOJibT, 'ITO COOTBeTCTByeT M51fKOMY peHTreHOBCKOMY )J.Hana30tty, npe)J.CTaB

JIHIOill,eMy orpOMHbIM HHTepec ll,JI5I XHMHH, 6HOJIOrHH If Mell,HI.l,HHbl. 

Ll.pyraH MHOroo6ema10maH nepcneKTHBa CBH3aHa c HCTIOJib30BaHHeM 

reHepnpyeMbIX B npo1.1,ecce nepepacceHHHH rapMOHHK ll,JIH nonyqeHHH 

BblCOKO'laCTOTHbIX 3JieKTpOMarHHTHbIX HMTIYJibCOB c )J.JIHTeJibHOCTblO 

MeHbIIIe nepHOD,a KOJie6aHHH TIOJIH B Jia3epHOM H3JiyqeHHH [8]. l1D,eH 

COCTOHT B TOM, 'ITO CYMMapHoe none COBOKYTIHOCTH rapMOHHK, HMeIO

Ill,HX O)J.HHaKOBYIO Ha'laJibHYIO <Pa3y, HCilblTbIBaeT 6neHH51, If npH 3TOM MO

ryr B03HHKaTb CHJibHbie KOPOTKHe BCTIJieCKH c )J.JIHTeJibHOCTblO MeHbIIIe 

Jia3epHoro nepHO)J.a nop5lll,Ka HeCKOJibKHX D,eCHTKOB arroceKYH!J. (1 arroce

KYH)J.a paBHHeTCH 10-18 c). Ll.nH cpaBHeHHH OTMeTHM, 'ITO aTOMHaH e)J.H

HHI.J,a BpeMeHH paBHa 24 arroceKYHD,aM. TaKHM o6pa3oM, 3KcnepnMeH

TbI c HMTIYJibCaMH aTTOCeKYHD,HOfO )J.Hana30Ha OTKpbrnaIOT B03MO)l(HOCTb 

Ha6JIIOD,aTb aTOMHO-MOJieKYJIHPHYIO ll,HHaMHKY B MaCIIITa6e peanbHOfO 

BpeMeHH. 
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rnABA 

8 

8.1. 

PACCE~HMEMJnY4EHM~ 

HA ATOMAX, nnAJME 
M HAH04ACTMUAX 

PACCE.flHJ.1E <l>OTOHA 
HA CBOliOAHOM 3nEKTPOHE 

PacceHHHe ¢oToHa MO:lKHO HHTeprrpeTttpoBaTh KaK BHPTY

aJihHOe rrornomeHtte na,o,a10mero ¢oToHa H OJl,HOBpeMeHHOe H3JiyqeHHe 

pacceHHHoro ¢oTOHa. PaccMOTpHM CHaqana rrpocTeillllHH cnyqail TaKO

ro rrpouecca, Kor.na ¢oToH paccettBaeTCH Ha CBo6o.n;HoM 3JieKTpoHe. 

CTporo roBopH, Mo.n;eJih cBo6oJ],HOro (He B3attMo.n;eilcrny10mero c OKpy

:lKemreM) 3JieKTpotta Bcer.na HBJIHeTcH rrpu6nmKeHHOH. TeM He Mettee 

3TO rrptt6Jitt:lKeHtte B pH.n;e cnyqaeB Mo:lKeT xopolllo BhIIIOJIHHThCH. Eonee 

Toro, KaK MbI YBH.ll;HM B J],aJlbHeHilleM, J],a)l(e CBH3aHHbIH 3JieKTpOH rrpH 

orrpe.n;eJieHHbIX ycJIOB11HX B rrpouecce pacceHHHH MO)[(eT C'l11TaTbCH CB0-

60.n;HhIM. 

PacceHH11e ¢oToHa c qacTOTOH m 11 

BOJIHOBbIM BeKTOpOM k Ha CB060J],HOM 

3JieKTPOHe corrpOBO)[(,ll;aeTCH 113MeHe

H11eM qacTOTbI (1) ~ w' 11 BOJIHOBOfO 

BeKTOpa k ~ k'. Ecm1 BBecT11 yron pac

ceHHHH ¢oTOHa (J (p11c. 8.1), TO Ha 

OCHOBaHHH 3UKOHa coxpaHeH11H 3Hep

f1111-HMIIYJibCa MO)l(HO IIOJI)"lHTh CJie

.n;y10my10 CBH3b Me)l(,.[ly 113MeHeH11eM 

qacTOTbl 11 yrnoM pacceHHHH ¢oTOHa: 

tun', k' 

tzw,k .L 
\ 

\ 
Pe 

PHc. 8.1. Pacce.Hmrn <PoTOHa Ha no

KO.HllleMC.H 3JleKTpOHe (pe - HMilYllbC 

OT,!laqH 3JleKTpoHa) 

I I n 
-, - - = -(1 - cose), 
w w mc2 

(8.1) 

rJl,e m - Macca 3JieKTpoHa; c - cKopocTb cBeTa. MH0)[(11TeJih rrepe.n 

KPYrJihIMH cK06KaM11 B rrpaBoil qacTH paBeHcTBa (8.1) MO)[(eT 6bITh 
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neperrn:caH B BH)J;e Ac/2nc, rne Ac - KOMnTOHOBCKaH .!l;JIHHa BOJIHbI 

3JieKTpOHa, 

Ac = _!!___ = 2, 42 · 10-1° CM. 
me 

¥13 Bbrpa)!(eHHH (8.1) JiefKO BH.!l;eTb, qTQ npH HyJieBOM yrne pacceH

HHH B = 0 H3MeHeHtte qacTOThI ¢oToHa paBHO Hymo w = w'. EcJIH )Ke 

B:t- 0, TO qacTOTa pacceHHHOfO <PoTOHa OKa3bIBaeTCH MeHbllie ero nepBo

HaqaJibHOH qacTOTbI (J) < w', noCKOJibKY qacTb 3HeprHH <PoTOHa nepena

eTCH paccettBa10meMy 3JieKTpoHy (3HeprnH «omaqtt» ). YMeHbllieHtte qa

CTOThI OTBeqaeT yBeJIHqeHHIO MHHbI BOJIHbI H3JiyqeHHH, TaK qTo pacce

HHHe $OTOHa Ha HeHyJieBOH yroJI conpOBO)!()J;aeTCH yBeJIHqeHHeM ero 

)J;JIHHbI BOJIHbI. 

c nOMOil(bIO CTaH.!!;apTHbIX npaBHJI KBaHTOBOH 3JieKTpO.!!;HHaMHKH [ 1] 
MH ceqeHHH pacceHHHH <PoTOHa Ha CB060.!l;HOM 3JieKTpOHe B Jia6opaTOp

HOH CHCTeMe OTcqern ( CBH3aHHOH c 3JieKTPOHOM) MO)!(HO noJiyqHTb CJie

.11;y10mee Bhrpa)!(eHHe (¢opMyJia K.rrniIHa-HttllIHHhr-TaMMa): 

2 ( ')2 ( I ) 
re (J} (J} (J} • 2 I 

du = - - - + - - sm B dQ , 
2 (J} (J} I (J} 

rne r. - TaK Ha3bIBaeMbIH KriaccHqecKHH pa.11;Hyc 3JieKTpOHa, 

2 

r. = ~ = 2,82 .10-13 
cM; 

me 

(8.2) 

dQ' - 3JieMeHT TeJieCHOfO yrna B HanpaBJieHHH BOJIHOBOfO BeKTopa pac

ceHHHOfO <PoTOHa. 

EcJIH 1iw « mc 2, To, KaK 3TO cnenyeT H3 (8.1), H3MeHeHHe qacTOThI 

MaJIO no cpaBHeHHIO c caMOH qacTOTOH l~wl «OJ, H B paBeHCTBe (8.2) 
MO)!(HO noJIO)!(HTb (J) "" w'. Torna H3 Bbrpa)!(eHHH (8.2) nonyqaeTCH H3Bec

THaH HepeJIHTHBHCTCKaH cjJopMyAa ToMCOHa MH ntt<P<PepeHIJ,HaJihHOro no 

yrny ceqeHHH pacceHHHH <PoTOHa Ha noKOHmeMCH CB060.!l;HOM 3JieKTPOHe: 

(8.3) 

BttnHo, qTo B naHHOM cnyqae BeJIHqHHa ceqeHHH onpenenHeTCH KBa.11;

paToM KriaccttqecKOfO panttyca 3JieKTpOHa, T. e. HBJIHeTCH BeCbMa MaJIOH 

BeJIHqHHOH. 
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l1HTerpaJibHOe TIO yrny pacce51HH51 ceqeHHe B CJiyqae TipOH3BOJihHOH 

3HepmH cpOTOHa MO)l(eT 6hJTh TIOJiyqeHO H3 (8.2): 

r.IJ,e 

2 1 /( 4 8 ) 1 8 1 ) a(x)=2trr - 1---- ln{l+x)+-+-- , 
e x x x2 2 x 2 {I + x )2 

2nw 
x=-

mc2 • 

(8.4) 

HopMHpoBaHHoe Ha KBa.D,paT KJiaccHqecKoro pa.D,Hyca 3JieKTpoHa 

ceqeHHe pacceHHHH (8.4) TIPHBe.IJ,eHo Ha pHc. 8.2. 

10 

8 

6 

4 

2 

Puc. 8.2. HopMwposattttoe ce'!ettwe pacce1rnm1 Q>oTotta tta cso6o.attoM 3JieKTpo

He B lllHpOKOM HHTepBaJie 3Heprwi1 Q>oTOHa, x = 
2/i~ 
me 

B HepeJIHTHBHCTCKOM Tipe.D,eJie Manon 3HeprHH cpoToHa, KOr.IJ,a x « 1, 
TiepBhJe qJieHbl pa3JIO)l(eHH51 TipaBOH qacTH paBeHCTBa (8.4) .IJ,aIOT: 

O" = O"(Th) (1 -2nw)' nw « mc2 • 
mc

2 (8.5) 

3.IJ,eCb BBe.IJ,eHO HHTerpaJibHOe TIO yrny TOMCOHOBCKOe ceqeHHe pacce51-

HH51 cpOTOHa Ha 3JieKTpOHe, KOTOpoe paBHO 

(ThJ 8trr/ 
O" =--

3 
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)l.aHHOe o6CT051TeJibCTBO HJIJIIOCTpHpyeTC51 pHC. 8.2, Ha KOTOpOM BH,Il;

HO, qTo HOPMHPOBaHHOe ceqeHHe pacce51Hml B npe.ueJie MaJIOH 3HepmH 

<PornHa paBHo 8tr/3 = 8,378. ToqKa nepem6a KpHBOH, HJo6pa)l(eHHo:H. 

Ha pMc. 8.2, orneqaeT npHMepHoMy paBeHcrny 3HepmH <PoToHa 3HepmH 

IIOK051 3JleKTpOHa, Kor.ua x = 1. 
B yJihTpapeJIHTHBHCTCKOM cJiyqae x » I, Kor.ua 3Hepm51 <PoToHa MHOro 

60Jibllle 3HepmH IIOK051 3JieKTpOHa fl{J) » mc 2, H3 (8.4) MO)l(HO IIOJiyqHTh 

2 mc
2 

[ (21im) I] a = trr. -- In -- + - , 
fim mc2 2 (8.6) 

T. e. ceqeHHe pacce51HH51 YMeHhlllaeTC51 o6paTHO nponopu,HOHaJihHO 3Hep

mH <PoTOHa. 

0TMeTHM, qTo B yJihTpapeMTHBHCTCKOM npe.ueJie .UH<P<PepeHI.J,HaJih

HOe ceqeHHe pacce51HH51 HMeeT B Jia6opaTOpHOH CHCTeMe OTcqern pe3KHH 

MaKCHMYM no HanpaBJieHHIO nepBOHaqaJihHOfO pacnpocTpaHeHH51 <Porn

Ha. B HepeJIHTHBHCTCKOM )Ke cJiyqae, KaK 3TO BH.UHO H3 <PopMyJihI (8.3), 
pacnpe.ueJieHHe pacce51HHOf0 H3JiyqeHH51 HOCHT .UMIIOJlhHhlH xapaKTep. 

8.2. PACCEflHHE HJnYYEHHfl HA ATOME 

KnaccH'4eCKoe onHcaHHe npo4ecca 

B paMKax KJiaccHqecKOH KapTHHhI npH B03.UelicTBHH 3JieKT

poMarHHTHoro H3JlyqeHH51 Ha aTOM CB513aHHbie aTOMHbie 3JieKTpOHhl HaqH

HaIOT KOJie6aTbC51, qTo cornacHO H3BeCTHhIM 3JieKTpO.UHHaMJiqecKHM 3aKo

HaM IIPHBO.[(HT K H3JiyqeHHIO BTOpMqHoH HJIH pacce51HHOH 3JieKTpOMarHHT

HOH BOJIHhI. Ha KBaHTOBOM 513hIKe 3TOT npou,ecc npe.ucrnBJI51eT co6o:H. 

pacce51HHe <PoTOHa Ha aTOMHOM 3JieKTpOHe, B xo.ue KOTOporo aTOMHhIH 

3JieKTpOH BHPTYaJihHO B036~aeTc51 B HeKoTopoe npoMe)l(yToqHoe aTOM

Hoe COCT051HHe, nepeXOM B KOHeqHoM HTore B CTaIIMOHapHoe COCT051HHe. 

(Ilo.u BHPTYaJihHhIM B036~eHHeM IIOHHMaeTC51 nepexo.u 3JieKTpoHa B co

CT051HHe c .upyro:H. 3HeprHeH, 3a KOTOpbIM «MrHOBeHHO» CJie.uyeT o6paTHh!H 

nepexo.u B CTaI.J,HOHapHoe COCT051HHe c nepBoHaqaJibHOH HJIH .upyro:H. 3Hep

me:H..) EcJIH 3TO KOHeqHoe CTaI.J,HOHapHoe COCT051HHe COBIIa,UaeT c HaqaJih

HhIM COCT051HHeM, TO HMeeT MeCTO p3AeeBCKoe pacce51HHe, ec;m )Ke HeT, TO 

roBop51T o KoM6uHau,uoHHOM pacce11Huu H3JiyqeHH51. Bo3MO)l(Ha TaK)l(e CHTY

au,H51, B03HHKaIOII.J,a51 npH pacce51HHH peHTreHOBCKMX Jiyqe:H., Kor.ua aTOM

HhIH 3JieKTpOH B xo.ue pacce51HH51 <PoTOHa HOHH3MpyeTC51. 3TOT npou,ecc 

Ha3bJBaeTC51 KOMnmOHOBCKUM pacceRHUeM <l>oTOHa Ha aTOMHOM 3JieKTpOHe. 
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OcTaHOBHMCH cHaqa.rra Ha p:meeBCKOM pacceHHHH H3JiyqeHHH Ha aTo

Me. 1lT06bI He npw6eraTb K KBaHTOBO-MexaHwqecKOMY cPOPMa.TIH3My, ,UJIH 

onwcaHH51,UaHHOro npouecca MO)l(HO BOCnOJib30BaTbCH npHHUHnOM cneK

TpOCKOnwqecKoro coorneTCTBHH. CornacHo 3TOMY npHHUHny aToM nptt 

B3aHMO,UeMCTBHH c H3JiyqeHHeM Be,UeT ce651 KaK COBOKYIIHOCTb OCUHJIJIH

TOpOB c qacTOTaMH, paBHbIMH co6cTBeHHbIM qaCTOTaM aTOMHbIX 3JieKT

pOHOB. 3TH OCUHJIJIHTOpbl Ha3bIBaIOTCH OCUHJIJIHTOpaMH nepexo,UOB, 

nocKOJibKY K<DK,11,bIM H3 HHX COOTBeTCTByeT HeKOTOpOMY nepexo.uy Me)l()J,y 

.UBYMH CTaUHOHapHblMH COCTOHHHHMH 3JieKTpOHa B aTOMe. Ilonpo6Ho 

npHHUHn cneKTpOCKOnwqecKoro COOTBeTCTBHH paccMaTpHBaeTCH B fJI. 4. 
,Ll,JIH pacqern ceqeHHH p3JieeBCKOfO pacceHHHH HCXO,UHM H3 Bb!pa)J(e

HHH ,UJIH MOIUHOCTH ,UHnOJibHOfO H3JIY'feHHH, B03HHKa10mero B pe3yJib

TaTe B03,UeMCTBHH tta aTOM 3JieKTpoMarmnHOM BOJIHbl [2]: 

Q(t) = ~lci(t)l2' 
3c 

(8.7) 

rne c - CKOpOCTb CBern; ,UBe TQqKH Ha)]; BeKTopoM ,UHnOJibHOfO MOMeHTa 

0603Haqa10T ntt<P<PepettuwpoBattwe no BpeMeHH. KpHTepwiI npttMettHMO

CTH ,UHnOJibHOro npH6JIH)J(eHHH, B paMKax KOTOporo noJiyqetta <PopMyJia 

(8.7), MO)J(eT 6b!Tb CcPOPMYJIHpOBaH B BH,Ue CJie.uy10mero HepaBeHcrna: 

A.» a, (8.8) 

rne a - pa3Mep o6Jiacrn: npocTpaHcrna, orneTcTBeHHOM Ja H3Jiyqettwe; 

A. - .UJIHtta BOJIHbI H3JiyqettHH. B cJiyqae aTOMa, Korna a == 10-8 CM, 

ycJIOBHe (8.8) OXBaTbrnaeT umpOKHM ,UHana30H ,UJIHH BOJIH BnJIOTb no 

)J(eCTKOfO pettTreHOBCKOro H3JiyqeHHH. 

Bbrpa)J(etttte (8.7) OnHCbIBaeT MfHOBeHHYIO MOIUHOCTb H3JiyqeHHH B 

,UaHHbIM MOMeHT BpeMeHH t. Ha 3KCnepwMeHTe H3Mep51eTCH MOIUHOCTb, 

ycpentteHHaH no nepwo.uy KOJie6aHHH nOJIH B 3JieKTpOMarHHTHOM BOJIHe 

T = 27r/w, BbI3hIBa10meiI OCUHJIJIHUHH nwnoJibttoro MOMeHTa. B cJiyqae 

MOHOXpOMaTwqecKoro H3JIY'feHHH H3 paBeHCTBa (8. 7) nocJie HeCJIO)J(HO

ro MaTeMaTwqecKoro npeo6pa3oBaHHH (cM. pa3,U. 4.3) cJienyeT <PopMyJia 

,UJI.sJ cpentteiI MOJUHOCTH H3JIY'feHHH: 

(Q(t))T = L Qn; (8.9) 
n=I 

(8.10) 
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r,IJ;e (ii)n - n-H rapMOHHKa <l>ypbe OT BTOpoli rrpOH3BO,IJ;HOH ,ll;HIIOnhHOrO 

MOMema. 11crronh3yH rrepHO,ll;H'IHOCTb Kone6aHHH ,ll;HIIOnbHOrO MOMema, c 

IIOMOl.QbIO <l>ypbe-rrpeo6pa30BaHHH MO:)l(HO IIOJIY'IHTh MOlQHOCTb H3nyqe

HHH Ha qaCTOTe rrepHO,IJ;WieCKOro ,ll;BIDKeHHH 3neKTPOHa OJ (n = 1) B BH,IJ;e 

40J4 
2 

Q = Qn=I = 3C3 ldwl · (8.11) 

EcnH Terrepb B (8.11) IIO,ll;CTaBHTb paBeHCTBO (5.10) H BOCIIOnb30-

BaTbCH ¢opMynoli MH HHTeHCHBHOCTH MOHOXpOMatHqecKoro H3nyqe

HHH qepe3 <l>ypbe-rapMOHHKY HarrpIDKeHHOCTH 3neKTPHqecKoro rronH 

I =~IE 12 
2n "' ' 

(8.12) 

TO ,ll;M ceqeHHH p3neeBCKOro pacceHHHH H3nyqeHHH Ha aroMe, HaXO,ll;H

IQeMCH B i-M COCTOHHHH, MOiKHO rronyqHTb 

~Rsc}( )=8nlOJ2/J.( )12 
a, OJ 3 c2 ' OJ ' 

(8.13) 

r,IJ;e /J;(OJ) - ,ll;HHaMHqecKaH rronHpH3yeMOCTb aTOMa B i-M COCTOHHHH. 

Ilo,IJ;po6Hoe paCCMOTpeHHe ,ll;HHaMHqecKOH rronHpH3yeMOCTH rrpirne)l,eHO 

B rn. 5. 
IlpttBe,IJ;eM ,IJ;M cpaBHeHHH KnaccttqecKYJO ¢opMyny ToMcoHa ,IJ;M 

ceqeHHH pacceHHHH H3nyqeHHH Ha CB060,IJ;HOM 3neKTpOHe 

(Th)( ) = 8n (~)
2 

(jsc OJ 3 2 
me 

(8.14) 

PaccMotpHM pa3JrnqHbie rrpe,IJ;enbHbie cnyqaH BbrpaiKeHHH MH ceqe

HJUI pacce.HHHR H3n)"IeHHR Ha aTOMe (8.13). IlepBblH cnyqali COOTBeT

CTByeT pacceHHHIO HH3KoqacTOTHOro H3nyqeHHR, KOr,IJ;a BbIIIOnHReTCH 

uepaBeHCTBO OJ « OJni - qacToTa H3nyqemrn MHoro MeHbllle qacTot rre

pexo,IJ;a aTOMa H3 HCXO,ll;HOfO COCTOHHHR B B036y)l(,ll;eHHbie. B 3TOM rrpe

,IJ;eJie ceqemrn pacceHmrn ,IJ;aercH ¢opMynotf, attanomqttotf (8.13), B Ko

TOpyro 6y,IJ;eT BXO,ll;HTb He3aBHCHIQaH OT qacTOTbI CTaTHqecKaH rronHpH-

3yeMOCTb aTOMa /30 = /J(OJ = 0). TaKHM o6pa30M, H3 BbrpaiKeHHH (8. 13) 
cne)l.yeT, qTo B HH3KoqacroTHOM rrpe,IJ;ene ceqeuHe pacceHHHH B03pac

Taer KaK 4-H creneHb qacTOTbI, qTo, B qacrttocrtt, onpe,IJ;enHeT rony6otl: 

n:Ber tte6a (pacceHHHoro B B03,ll.yxe H3JI)"IeHHH Conuua). 
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PeJottattcttoe pacceHHHe H3JIY<J:emrn tta aTOMe rrpm1cxo.11;i1T, ecJIH 

qaCTOTa H3JIY<J:eHHH 6JIH3Ka K O,ll;HOH H3 co6cTBeHHbIX aTOMHbIX qacTOT. 

Tor.r:i:a rrpe.r:i:hmyrn:He cpopMyJibI .r:i:a10T 

(ressc) ( ) 2n 1,2 2 w;; 
O"; W "'OJni = 3 nire ( _ .)2 (s: ./2)2' 

OJ OJm + um 

(8.15) 

r.r:i:e re "' 2,8 . 10-13 CM - KJiaccHqecKMH pa.r:i:Hyc 3JieKTpOHa. B CJIY<J:ae 

Toqttoro pe3ottattca rrpH ecTecTBeHHOM ynrnpettHH rrepexo.r:i:a, Kor.r:i:a 

('5ni)ecT = Ani (Ani - K03cpcpm.i;HeHT 3HHllITettHa MH CIIOHTaHHOfO H3JIY

qeHHH), H3 paBeHCTBa (8.15) cne.r:i:yeT, qTo 

(8.16) 

T. e. ceqeHHe pe30HaHCHOfO pacceHHHH rrpHMepHO paBHO KBa.r:i:paTY MM

Hbl BOJIHbl 11.3JIY<J:eHHH, qTO B OIITMqecKOM .r:i:11.arraJOHe Ha HeCKOJibKO rro

PMKOB rrpeBbilliaeT reoMeTpHqeCKHH pa3Mep aTOMa. 

HaKotteu, B BbICOKoqacToTHOM rrpe.r:i:ene, Koma MO)l(HO rrpette6peqb 

co6CTBeHHbIMH qacTOTaMH aToMa no cpaBHeHHIO c qacTOTOH H3JIY<J:eHHH, 

cpopMyJibl (5.7) H (8.13) IIPHBO,ll;HT K Bb!pa)l(eHHIO 

(8.17) 

r.r:i:e N
0 

- qHcJio aTOMHbIX 3JieKTpOHOB. IlpH Bhrno.r:i:e (8.17) 6bIJIO HC

IIOJib30BaHo «30JIOTOe» rrpaBHJIO cyMM MH CHJI OCI.1,HJIJIHTOpoB: 

(8.18) 
n 

YcnoBHe BhICoKoqacTOTHoro rrptt6m1)1(eHHH w » wni MO)KeT 6bITb rre

perrHcatto B BH.r:i:e 

I 
OJ » -2... 

h ' 

r.r:i:e Ip - IIOTeHI.J,HaJI HOHH3aI.J,HH aTOMHOH o6onoqKH, .r:i:aIOll(eH HaH60Jib

llIHH BKJia,ll; B ceqeHHe pacceHHHH. 

P3neeBcKoe ceqeHHe pacceHHMH B BbICOKoqacTOTHOM rrpe.r:i:ene (8.17), 
IIOJIY<J:eHHOe B .ll:HIIOJibHOM rrpH6JIH)l(eHHH, rrporropuHOHaJibHO KBa.r:i:paTy 

qttcJia aTOMHblX 3JieKTPOHOB. 3TO OTpa)l(aeT TOT cpaKT, qTO rrptt BbIIIOJIHe

HHH .ll:HTIOJihHOro ycJIOBHH (8.8) 3JieKTPOHHbIH 3apM aTOMa OCI.l,HJIJIHpyeT 
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KaK e.uirnoe uenoe no.a .ueitcTBIIeM 3JieKTpoMarHIITHOit BOJIHhI. B pe3yJih

TaTe BTOplJ.qHoe H3JlyqeHIIe, IlpIIBO.U.SI!Uee K pacce.SIHHIO, KOrepeHTHO no 

BKJia,UaM Bcex aTOMHhIX 3JieKTpOHOB. 3Ta KOrepeHTHOCTh II Bhipa)!(aeTC.SI 

B HaJIIIqIIII MHO)!(HTeJI.SI N; B ceqeHIIH npouecca. 

,il.JI.SI O,UHOfO aTOMHOro 3JieKTpoHa paBeHCTBO (8.17) COBna.uaeT c 

cpopMynoit ToMCOHa (8.14), nonyqeHHOH .llJl.SI ceqeHH.SI pacce.SIHH.SI II3JIY

qeHII.SI Ha CB060.UHOM 3JieKTpOHe. 3To He CJiyqaitHO, TIOCKOJihKY ycJIOBHe 

{J) » {J)ni' HCUOJih30Bamueec.SI npH Bhrno.n;e (8.17), KaK pa3 H 03HaqaeT 

npeHe6pe)!(eHIIe CB.S13hIO Me)!(Ll:y aTOMHhIM 3JieKTPOHOM H .SI,UpOM. 

BhIIUenpttBe.ueHHhie ceqeHII.SI onIIChIBaIOT pacce.SIHHe <PoTOHa B noJI

HhIH TeJieCHhIH yroJI. 3TO T.H. HHTerpaJihHhie ceqeHH.SI. ,ll.JI.SI nonyqeHH.SI 

.uttcpcpepeHUHaJihHOro ceqeHH.SI, onttchrna10mero pacceJIHHe cpoTOHa Ha ccpe

pttqecKH-CHMMeTPttqHoit CHCTeMe B 3a,UaHHhlH TeJieCHhIH yroJI (Q' + dQ'), 
,UOCTaTOqHo YMHO)!(HTh HHTerpaJihHhie ceqeHHR Ha MHO)!(HTeJih, THilHq

HhIH .llJl51 yrnOBOH 3aBHCHMOCTH .UHTIOJlhHOfO H3JiyqeHH.SI, 

3 (1 + cos2 fJ) 
16tr 

r.ue (J - yroJI Me)!(Ll:y BOJIHOBhIM BeKTopoM na.ua10mero H3JiyqeHHR k H 

BOJIHOBhIM BeKTOPOM pacce5lHHOro H3JiyqeHHR k'. Tor.ua BMeCTO cpopMy

Jlhl (8.17) HMeeM 

d (Rsc)( ) 
Cf; {J) » {,()ni 

dQ' 
1 + cos2 e 2 N2 

2 re a. (8.19) 

0TCIO,Ua BH,UHO, qTO MaKCHMYM ceqeHHR npIIXO,IJ,HTC5l Ha pacce5lHHe 

cpoTOtta Brrepe.u e = 0 H tta3a.U e = 180°. 
8h1pa)!(eHHe (8.19) crrpaBe.UJIHBO .UJI51 ccpepw1ecKH-CHMMeTpHqHhIX 

CHCTeM B .UHITOJlhHOM rrptt6JIH)!(eHHH, Kor.ua H3MeHeHtte BOJIHOBOfO BeK

TOpa II3JiyqeHtt5l B pe3yJihTaTe pacce51HH5l 6.k = k' - k Mano no cpaBHe

HHIO c aTOMHhIM HMITYJihCOM, T. e. 

hll6.kl « l. 

0Ho MO)!(eT 6hITh o6o6meHo Ha He.uttrroJihHhIH cnyqait nocpe.ucrnoM 

3aMeHhI Na~ n(6.k), r.ue n(6.k) - rrpocTpaHcTBeHHhIH <Pyphe-o6pa3 3JieK

TpoHHOM ITJIOTHOCTH B aTOMe. flOCJie,UHee 03HaqaeT, qTO pacce5lHHe H3-

JiyqeHH5l «TecTttpyeT» pacnpe.ueJieHtte 3JieKTpoHHOM ITJIOTHOCTH BHYT

PII aToMa. B paMKax KBaHTOBO-MexaHwqecKoro cpopMaJIH3Ma <Pyphe-06-
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pa3 n(6.k) paBeH aTOMHOMy <PopM-<l>aKTOpy B 3a;:J,aHHOM 3JieKTpOHHOM 

COCT051HHH: 

(8.20) 

r;:i:e CyMMa BbfqHCJHieTC51 no BCeM 3JieKTpoHaM aTOMa, a CHMBOJI (i/ ... /i) 
npe)J.CTaBJI51eT co6otl: IJ:HpaKOBCKYIO 3anHCb MaTpHqHoro 3JieMeHTa (MH

Terpan OT onepaTOpa ... ' BbfqMcJreHHbfH c aTOMHbfMH BOJIHOBbfMM cPYH

KUJf51MM lfl;(r). 113 paBeHCTBa (8.20) Henocpe.ncrneHHO BbITeKaeT, 'ITO 

rrprr BblnOJIHeHMM JJ.MilOJlbHoro ycJIOBM51 (8.8) 1';(6.k) = Na, nocKOJibKY 

Tor.11.a noKa3aTeJlH 3KCilOHeHT B cyMMe (8.8) Ma.Tlbl. 

B nprr6mur<eHMH 3KcnotteHUHaJibHOH 3KpattHpOBKM, r<or.11.a 3JieKT

potttta51 IIJIOTHOCTb cna.11.aeT c pOCTOM paCCT051HH51 )1,0 51)].pa Ha xapar<Tep

HOH IJ:JIMHe Ra (cpe;:i:ttHH aTOMHbIH pa;:i:11yc), aroMHbIH <PopM-<l>aKTOp H 

coorneTCTBeHHO <l>ypbe-o6pa3 ::meKTpOHHOH ITJIOTHOCTM paBHbI: 

(8.21) 

Pa;:i,Hyc Ra ,LUIH MHOf03JreKTpOHHbIX aTOMOB Mmr<eT 6bITb rroJJO)!(eH 

paBHbIM pa;:i,Hycy ToMaca-<l>epMH 

me b = 0,8853; z - 3ap51)].0BOe qJ1CJ[O aTOMHOfO 51)].pa. 

lb npttBe)J.eHHoro Bbipa)!(eHM51 M cPOPMYJl (8.17), (8.19) CJre.11.yeT, 'ITO 

npM BblnOJJHeHHH ycJIOBM51 (npOTHBOflOJIO)[(HOfO )J.HITOJlhHOMY) 

ceqetttte p3JreeBCKoro pacce51HH51 M3JJyqeHH51 Ha aToMe Ha'IHHaer y6bI

BaTh M3-3a IIOTepM KOrepeHTHOCTM BKJla)J:OB pa3JIMqHhIX aTOMHhIX 3JieKT

pOHOB B rrpouecce pacce51HM51. I1TaK, B 06IUeM CJryqae BMeCTO (8.19) 
HMeeM Bbipa:>KeHHe )J.J151 m1<P<PepeHI.l,MaJibHOfO ceqeHM51 p3JieeBCKOfO pac

Ce51HH51 B BhICOKQ'IaCTOTHOM npe.11.ene: 

d (Rsc)( ) 2 
O"; W » Wni = 1 +COS fJ 21 .. (k' _ k)j2 

dQ' 2 re nil . (8.22) 
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KaK cne.uyeT H3 (8.20)-(8.22), .ua)[(e rrpH HapyrneHHH .UHIIOJihHoro 

ycnomrn: (8.8) .u1moJihHoe Bhrpa)f(eHHe .umr ce'!eHHH (8.19) «pa6oTaeT», 

ec;m yron pacce5IHH5I Man. 

Cf>opMyna (8.22) crrpaBe.umrna MH cnyqaH pacce.SIHH.SI H3JiyqeHH.SI Ha 

HepeJI.SITHBHCTCKHX 3JieKTpOHax, '!TO Mhl H rrpe.urronaraeM. 3aMeTHM, '!TO 

JTPH p3JieeBCKOM pacce5IHHH '!aCTOTa H3JiyqeHH.SI OCTaeTC.SI HeH3MeHHOH, 

HeCMOTP.SI Ha TO, 'ITO 3Ha'!HTeJihHhIH HMIIYJihC !).p = ti!).k rrepe.u.aeTCH OT 

cPOTOHa aToMy. ,lJ.aHHOe o6CTOHTeJihCTBO CBH3aHo c TeM, '!TO H36hITOK 

HMITYJihCa !).p rrornomaeTC.SI B KOHe'!HOM l1TOre He aTOMHhIM 3JieKTpo

HOM, a H.UPOM, H3-3a 6oJihllIOH MaCChl KOTOporo 3Hepnrn OT.Ua'!H MaJia. 

B CJiyqae KOM6ttHaI.J;ttOHHOf0 pacce.SIHHR, Kor.ua COCTORHHe aTOMa 

tt3MeH.SieTC.SI, ce'!eHHe rrpouecca MO)[(eT 6hrTh Bhipa)[(eHo qepe3 TeH30p 

pacceHHHSI. - BeJIH'lHHY' HBJIHIOIUYIOCH o6o6meHHeM .UHHaMH'leCKOH 

JTOJI.Siptt3yeMOCTH. qaCTOTa H3JiyqeHH.SI rrptt KOM6HHaI.J;HOHHOM pacce.SI

HHH H3MeH5IeTCSI. Ha BeJIH'lHHY, paBHyIO H3MeHeHHIO 3HeprHH aTOMa. 

KsaHTOBoe on1o1caHHe pacceRHHR H3ny~eHHR Ha atoMe 

KBaHTOBoe om1catttte pacceHHHH H3nyqettH.SI tta aToMe 6a3HpyeTC.SI 

Ha HCIIOJlh30BaHHH TeOpHH B03MYIIIeHHH .UJIH .UByxcl>oTOHHhIX npouec

COB, paCCMOTpeHHOH B pa3.u. 6.5. c IIOMOIIIhIO H3JIO)[(eHHOfO TaM rro.uxo

.ua HeCJIO)[(HO 0606I11HTh Bbipa)[(eHHe .II.JI.SI .UBYXcPOTOHHOro nornomettHH 

(6.39) Ha cnyqati: Bb1HyJ1CaeHHow pacceRHUR. Bhrn~ettttoe pacceHttHe 

B03HHKaeT B TOM cnyqae, Kor.ua ttcnycKaHHe BTOPH'lHOro (pacceHHHOro) 

<PoTotta .SIBJI.SI.eTc.SI. npoueccoM, HH.11.YUttpoBaHHhIM BtternttHM noneM. BhI

pa)[(etttte AA.SI aMIIJIHTY.UhI BhIH~eHHOfO pacce.SIHH.SI B cnyqae, Kor.ua 

BhIH~a10mee none coBna.uaeT c pacceHsaeMhIM, MO)[(HO nonyqHTh H3 

cPOPMYJihI (6.32), ecmt yqeCTh IIOJIO)((HTeJibHO- H OTpHI.J;aTeJihHO-'!aCTOT

Hhie BKJia.UhI B MaTpH'!Hhie 3JieMeHThI oneparnpa B03MymettH.SI (6.17). 
IlpOH3BO.ll.5I CTaH.11.apTHhJe npeo6pa3oBattmr, KOTOpbie npHBeJIH K Q:>op

MyJiaM (6.39) H (6.40), HaXO.UttM: 

(scat) _ 2 G (O}jA(scat),
2 

w Ji - 1[ Ji Ji ' (8.23) 

A (scat) 
r.ue Ji - aMnmny.ua pacceRHHR, 

(8.24) 
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IlpH IIOJiyqeHHH (8.23) H (8.24) 6hIJIO yqTeHO, 'ITO IIOJIO)!(HTeJihHO- H 

OTpnuaTeJihHO-'IaCTOTHhie 'IaCTH MaTpH'IHOfO 3JieMeHTa B3aHMO)l.eticTBml 

na10T )I.Ba cnaraeMhIX B aMIIJIHTYtJ.Y rrpouecca. B npaByIO qacTh (8.23) 
BXO)l.HT cPYHKUHH c}>opMbl JUfHHH Ha HyJieBOH qacTOTe, KOTopaH B CJiyqae 

OJJ:HOpO)l.HOfO yumpeHHH paBHa: 

(8.25) 

)J,.rrH rrepexonoB B )l.HCKpeTHOM crreKTpe crrpaBe)l.JIHBO HepaBeHCTBO: 

\mfi\ » Yr;• II03TOMY B paccMaTPHBaeMOM CJiyqae MO)l(HO IIOJIO)!(HTh {l)fi = 0, 
T. e. BhIH~eHHOe pacceHHHe rrpOHCXO)l.HT 6e3 B036~eHHH KBaHTOBOH 

CHCTeMhl, Tor.na 

(8.26) 

CYMMHPOBaHHe no rrpoMe~O'IHhIM COCTOHHHHM B aMnJIHTYnax )l.Byx

cPOTOHHhlX npoueccoB BKJI10qaeT CYMMHpOBaHHe no BhipO)J(,UeHHhIM co

CTOHHHHM H HHTerpttpOBaHtte ITO Herrpeph!BHOMY cneKTpy 3Heprnti. Ile

peXO)l.hl 113 Ha'IaJihHOfO H KOHe'IHOfO COCTOHHHH KBaHTOBOH CHCTeMhl B 

rrpoMe~O'IHhie Ha3hIBaIOT BupmyaAbHblMU nepexoaaMu. B OTJIH'IHe OT 

peanhHhIX rrepexo;:i:oB BHPTYaJihHhie He HMeIOT MecTo B neticTBHTeJihHoc

TH, a HB.JUllOTCH CKOpee cnoco6oM HHTeprrpeTaUHH IIOJiyqeHHhIX c}>opMyJI. 

Ilo;:i:CTaBJIHH B (8.23) H (8.24) HBHhIH BM)]. orreparnpa B03MyIUeHHH 

(6.18), HaXOJJ:HM: 

r;::i:e u - npocTpaHCTBeHHaH nJIOTHOCTh 3HeprHH H3JiyqeHHH, 

E2 
U=-0. 

81'' 

(8.27) 

e - enHHH'IHhlH BeKTOp IIOJIHPH3aUHH IIOJIH; gi - CTaTHCTH'IeCKHH Bee 

Ha'IaJihHOfO ypOBHH 3HeprHH. 

BbIH~eHHOe pacceHHHe MO)!(HO HHTepnpeTHpOBaTh KaK COBOKyrr

HOCTh tJ.BYX npoueccoB: BHpTyaJihHOfO B036~emrn KBaHTOBOH CHCTe

MhI c IIOCJie;:i:yIOIUMM BhIH~eHHhIM H3JiyqeHHeM (rrepBoe CJiaraeMoe B 
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KBa,upaTHbIX CK06Kax) M BMPTya.JibHOe BbIHy)!()J,eHHOe M3JI)"leHMe cPOTOHa 

c IIOCJie,nyIOUJ,MM ero IIOfJIOll.l,eHMeM [BTOpoe cJiaraeMOe B KBa.r:i;paTHhIX 

CK06Kax (8.27)]. 
Cnonmannoe pacceanue OTJIMqaeTCJI OT BhIHy)!()J,eHHoro TeM, qTo BMp

Tya.Jibttoe M3JI)"leHJie cPOTOHa JIBmieTC51 CIIOHTaHHhIM rrpouecCOM, T. e. 

BbI3bIBaeTC51 IIOJieM BaKyyMHhIX cPJIYKTyaUMH. BaKyyMHOe IIOJie B OTJIMqMe 

OT 3a,naHHOfO Btteurnero IIOAA MMeeT rrpOM3BOJibHyIO qacTOTy, 51BJI51eTC51 

M30TpOIIHbIM M tterrOJI51pM30BaHHbIM. Ilo3TOMY M51 OIIMCaHM51 CIIOHTaH

HOfO pacceJIHMJI qacToTy M3JI)"laeMoro <PoToHa B <PopMyJie (8.27) H)l)KHO 

cqMTaTb rrpOM3BOJibHOH, TaK )J(e KaK BeKTOP IIOJI51pM3aUMM M HanpaBJieHMe 

M3JI)"leHMJI. KBa,npaT IIJIOTHOCTM 3HeprnM IIOJI51, cl>ttrypttpy10UJ,MH B Bbipa

)!(eHMM (8.27), Hy)!(HO 3aMeHMTb Ha CJie,ny10mee rrpOM3Be,neHMe: 

(8.28) 

r.ne dQ' - TeJieCHbIH yroJI B HanpaBJieHMM M3JiyqeHM51 CIIOHTaHHOfO 

cpoToHa. IlpaBa51 qacTb paBettcrna (8.29) 3arrucatta .UJIR 3a,uatttto:i1 noJIJI

ptt3aUMH CilOHTaHHOfO <}>oTOHa. c )"leTOM CKa3aHHOfO M51 Bep051THOCTM 

CIIOHTaHHOfO pacce51HH51 BMeCTO (8.27) MMeeM: 

d (scat) 
WJ; 

ApryMeHT B cpyttKUMM cpopMhI JIMHMM, ecTecrneHHO, o6pamaeTC51 B 

HOJib npM (J) = (1)
1

• Pa3.JJ;eJIMB rrpaByIO qaCTb 3TOfO Bbrpa)!(eHJrn Ha IIOTOK 

cpoTOHOB B paccettBaeMOM M3JI)"leHMM 

·ph - cu 
lw - nw 

M MHTerpttpy51 no qaCTOTe w', npMXO.JJ;MM K cpopMyJie M51 ceqeHM51 pacce-

51HM51 3JieKTpOMarHMTHOfO IIOJI51 Ha KBaHTOBOH CMCTeMe: 

d (scat) 
(}Ji 

---= 
dQ' 

(8.30) 
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npw1eM m' = {J) - {J)fi" fipH BblBO)J.e (8.30) tPYHKUlUI <t>opMbl JIHHHH 

6bIJia 3aMeHeHa Ha .uenbrn-<t>yHKUHIO. Ce'feHHe (8.30) srnmieTCH .un<t><Pe

peHUHaJibHbIM no TeJieCHOMY yrny BbIJieTa pacceRHHOfO tPOTOHa. 

ct>opMyJia (8.30) OIIHCbIBaeT pacceHHHe H3JIY'femrn, KOTOpoe MO)l(eT 

conpOBO)l(.Il.aTbCH O)J.HOBpeMeHHblM B036y)l()J.eHHeM/.UeB036y)l()J.eHHeM 

KBaHTOBOH CHCTeMbl. PacceHHHe B cnyqae {J)fi * 0 Ha3bIBaeTCH /WM6una
U,UOHHblM, eCJIH )Ke {J)fi = 0, TO HMeeT MeCTO p3!lee6CKoe pacceHHHe. 3aMe

THM, 'ITO <t>opMyJia (8.30) 6bma nonyqeHa KpaMepcoM n fei13eH6eproM 

):\0 C03):\aHHH KBaHTOBOH MexaHHKH. 

Bb1pa)l(eHHe (8.30) y.uo6Ho nepenwcaTb B BH,ne: 

d (scat) ( '}3 2 
..!!.ii._ = m m le' (e'* )s e's. (m' m) I 

dr.t 4 fl , , 
~~ c gi 

(8.31) 

r.ue cJ; (m', m) - men3op pacceRHUR 3/leKmpoMamumnoco no11R Ha KBaHTO

BOH CHCTeMe, 

(8.32) 

I, s - TpexMepHbie BeKTOpHbie HH):leKCbI, TIO KOTOphIM B <t>opMyJie (8.31) 
npe.unonaraeTcH CYMMHpoBaHHe. 

B cnyqae p3neescKoro pacceHHHH, Kor.ua m1; = 0, TeH3op pacce11HHH 

nepexo,nHT B meH3op noARpu3yeMocmu: 

l• pl• ( ) _ 1 ~[ d/n d!,. d!n d~,. ] c Ji --.; i {J) - - L.J . + . . 
1i n {J)ni - {J) - lYni {J)ni + {J) - lYni 

(8.33) 

HanoMHHM, 'ITO TeH30p IIOJIHPH3yeMOCTH ocymecTBJIHeT CBH3b Me)l(

.UY BeKTOpOM 3JieKTpH'feCKOf0 )J.HilOJibHOfO MOMeHTa H HanpmKeHHOC

TblO 3JieKTPH'feCKOf0 IIOJIH qaCTOTbI UJ: 

d: (m) = /3/s (m) Es (m). (8.34) 

3.uecb IIO}:\pa3YMeBaeTCH cyMMHpOBaHHe no lfH)J.eKcy s. 
B cnyqae c<t>epH'feCKH-CHMMeTpH'IHOro COCTOHHHH KBaHTOBOH CHC

TeMbl TeH30p IlOJIHPH3yeMOCTH npeBpamaeTCH B CKMHp: 

/3/s (m) = /J; (m )J's. 
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Toma MO)f(HO noKa3aTb, 'ITO Bbipa)l(eHJie (8.33) COBna,n;aeT c (5.14), 

ecmr BOCnOJib30BaTbC51 HBHbIM BHD.OM D.JIH CHJibI OCUHJIAATOpa (4.51) H 

yqeCTb CB513b Me)f()J,y KOHCTaHTaMH 3aTyxamrn: 

c yqeTOM CKa3aHHOfO D.JUI nmpcpepeHJ:J;HaJihHOfO Ce'IeHHH p3JieeBC

KOfO pacceHHHH KBaHTOBOH CHCTeMbl, HaXOMIUeHCH B ccpep11qeCKH-CHM

MeTpH'IHOM COCT051HHH, HaXOJJ.HM: 

d (scat) 4 2 
U;; - OJ l/J ( )!2 I( '* ~ -----4- ; w e e . 
dQ' c 

(8.35) 

IlpocyMMHpyeM 3TO Bbipa)l(eHHe no TIOJUlpH3aUHHM pacceHHHOfO cPOTO

Ha c noMOIUbJO cpopMyJihI: 

2(lk*e }12) = sin2 0, 

B KOTOpOH ycpeJJ.HeHHe npoBOJJ.HTCH no BCeM B03MO)l(HbIM HanpaBJieHH-

51M BeKTOpa e' npH 3a,IJ;aHHOM yrne 8 Me)f()J,y BeKTopaMH e H n' (n' -

eD.HHH'IHhIH BeKTop B ttanpaBJieHHH pacceHHHoro cpoTotta). B pe3yJihTa

Te HMeeM: 

(8.36) 

B cJiyqae tterroMpH30Battttoro na,n;a10mero H3JiyqeHHH cpopMyJiy (8.36) 
Hy)l(HO ycpeJJ.HHTh IIO HarrpaBJieHHIO BeKTopa e, nocJie qero IIOJiyqaeM 

d (scat) 4 I ( , )2 
..!!Ji._ = .!!!__IP· ( )j2 + n n 

dQ' C4 I Q} 2 ' (8.37) 

me n - eJJ.HHH'IHblH BeKTOP B HarrpaBJieHHH IJa)J,aIOmero cpOTOHa. IlpH 

BhIBOLJ,e (8.36) HCIIOJib30BaJIOCb npaBI1JIO ycpe.n.HeHH51: 

<51
" - n1 

ll
5 

(e'e")=---
2 

Bh1pa)l(eHHe (8.37) orrttchrnaeT ceqett11e p3JieeBcKoro pacce.HHHH H3-

JiyqeHHH Ha ccpepw1ecKH-CHMMeTpH'IHOH CHCTeMe KaK cPYHKUHIO qac

TOTbI w H yrna pacceHHHH 0 = arcos (n'n). Ha BhICOKHX qacToTax w » wa 
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(w
0 

- xapaKTepHm1 qacToTa nepexo.uoB B .UHCKpeTttoM cneICTpe), Kor,ua no

JIBpH3yeMocTh .uaeTCSI $opMyJIOH (5.16), paBeHCTBO (8.37) CBO.Ul1TCSI K BH,Uy: 

d (scat) l 2 (J 
O";; - N1 2 + cos 
~- .r. 2 ' (8.38) 

r.ue fJ - yron pacceS1HHS1; Ne - 'IHCJIO 3JieI<TpOHOB B KBaHTOBOH cttcTe

Me; r. - KJiaCClfl£eCKHH pa.uttyc :3JieKTpOHa, 

2 
r. == _e_ == 2 8 · 10-13 CM. 

m c2 ' e 

3aMeTHM, 1.JTO nonyqeHHOe Ha OCHOBaHHH KBaHTOBOfO no.uxo.ua BhI

pa)l(eHHe (8.38) TO)l(,Ll;eCTBeHHO pe3yJibTary KJiaCCH'leCKOfO paCCMOTpe

HHSI pacceSIHHSI B BbICOKO'laCTOTHOM npH6JIH)l(eHHH (8.19). 
B cnyqae N. = I Bbipa)l(etttte (8.38) coBna.uaeT c $opMynoii ToMcotta 

,UJISI ce'leHHSI pacceSIHHSI H3JlyqeHHSI Ha CB060)J.HOM 3JieKTPOHe. 3TO co

Bna.ueHtte He cnyqaMHO, TaK KaK ,UJISI CB060.UHOfO :3JleKTpotta HeT CBSl3aH

HhIX COCTOSIHHH, l103TOMY W
0 

= 0, 11 ycJIOBHe BbICOKOl.JaCTOTHOfO nptt6JIH

)l(eHJUI BhmonIDieTCSI aBTOMaTtt'leCKH. KBa.upaT 1.Jttcna N., $ttryp11py10rn.»tt 

B (8.37), orneqaeT KOrepeHTHOCTH pacceSIHHSI $oTOHa BCeMH 3JieKTpOHa

MH KBaHTOBOH CHCTeMbI. KorepeHTHOCTb pacceSIHHSI eCTb CJie)J.CTBHe HC

l10Jlb30BaBUieroCSI npH Bb!BO)J,e Bcex q:,opMyJI .uaHHOH rnaBbl .UHilOJibHOro 

nptt6JIH)l(ett11s:i: (1.21). B npoTHBonoJIO)l(HOM npe.uene A.« a KorepeHT-

HOCTh HapyUiaeTc.SI H N? B q:,opMyne (8.37) cne.uyeT 3aMeHHTh Ha N •. 
B npoTHBOnono)l(HOM npe.uene HH3KHX 'laCTOT, Kor,ua JJ.HHaMH'lec

KYIO nons:i:pn3yeMOCTh MO)l(HO 3aMeHHTh CTaTH'lecKHM 3Ha1.JettneM, ceqe

HHe p3JieeBCKOf0 pacceSIHHSI B03pacTaeT KaK qeTBepTaSI CTeneHb qacTO

ThI, KaK '.3TO cne.uyeT H3 q:,opMyJI (8.34)-(8.37). 
OycTb qacTorn paccenBaeMoro H3JiyqeHHSI 6JIH3Ka K o.nttoii H3 co6-

CTBeHHhIX qacTOT nepexo.ua B KBaHTOBOH CHCTeMe, TaK 1.JTO BbITIOJIIDieTCSI 

HepaseHCTBO: 

(8.39) 

Tor.na B cyMMe no npoMe~Ol.JHbIM COCTOSIHHSIM B q:,opMyne (8.30) MO)l(HO 

OCTaBHTb O.UHO pe30HaHCHOe cnaraeMoe: 

(8.40) 
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3,uecb OCTaBJieHo CYMMHpOBaHHe no BbipO)l(,UeHHbIM COCT051HH51M pe30-

HaHCHOfO ypOBH51 . 

.51BJieHHe, OITHCbIBaeMoe Ce'leHHeM (8.40), Ha3bIBaeTC51 pe30HGHCHOU 
rjJJ1yopecu,em1,ueii. PaccMoTpHM p3neeBCKHH CJIY'JaH, Kor,ua w1; = 0 H, co

OTBeTCTBeHHO, 'laCTOTbI rra,uaIOII.1,ero H pacce51HHOf0 Q>oToHa COBrra,uaIOT: 

{I) = w'. Ilpe,urronmKHM )J.JI51 rrpOCTOTbl, 'ITO Ha'lanhHOe COCT051HHe He

BhipO)l(,UeHHOe g; = I. Tor,ua paBeHCTBO (8.40) ,uaeT: 

(8.41) 

r,ue An; - K03Q>Q>HI.UieHT 3ttHllITetIHa )J.JI51 crroHTaHHoro H3JIY'JeHH51, 51B

HOe Bbipa)l(eHHe M51 KOTOporo ,uaeTC51 Q>opMynotI (6.29). 
B cnYlJae ecTecTBeHHoro yllIHpeHH51 JIHHHH, Kor,ua rronyllIHPHHa orr

pe.n:em1eTC5! CIIOHTaHHhIM HJnY'JeHHeM Yn; = An/2, H TO'IHOro pe30HaHca 

(l) = (l)ni H3 (8.41) HMeeM: 

(8.42) 

0TCIO)J.a cne,uyeT, 'ITO Ce'leHHe pe30HaHCHOH Q>nyopecueHUHH Borr

TH'leCKOM )J.Harra30He B CJIYlJae ecTeCTBeHHOro YllIHpeHH51 JIHHHH Ha 

MHOrHe IlOPMKH BeJIH'IHHhl rrpeBOCXO)J.HT Ce'leHHe pacce51HH51 B)J.anH OT 

pe3oHaHca, II0p51,UOK KOTOporo ,uaeTC51 Q>opMyJIOH (8.38). 3aMeTHM, 'ITO 

coornollieHHe (8.42) 6bmo HaMH rrony'leHo paHee [cM. Q>opMyny (8.16)] 
Ha OCHOBaHHH KnaCCH'leCKoro paCCMOTpeHH51. 

8.3. PACCEJIHHE BblCOKOt.fACTOTHOrO 
HJnYt.tEHHJI HA ATOME 

Y'Cer HeAHnonbHOCTH pacceRHHR 

Ilp11 pacce51HHH 3JieKTpOMarHHTHOf0 H3JIY'JeHH51 peHTreHO

BCKoro ,uHarra10Ha A.:::; 1 A (k = 2n/A. ~ 10 A-1) ycnoB11e )l,HilOJihHOro 

rrpH6JIH)l(eHH51 (8.8), Boo6me fOBOp51, HapylliaeTC51, H BMeCTO Q>opMyJihl 

(8.30) Hy)l(HO HCIIOJib30BaTb Bhipa)[(eHHe, YlJHThrnaromee BOJIHOBbie BeK

TOpbl rra,ua10mero H pacce51HHOro Q>oTOHOB. He,uHrroJihHbIH TeH3op pac-
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CeHmrn, onpe.n:eJIHIOll.l,MH ceqeHMe pacceHHMH c ITOMOIUhlO (8.31), MMe

eT BMLJ: 

cJ;(k', k) = 

_ e
2 \m ~[Jjn(k)J~;(k') Jjn(k')J~;(k)l s:ls ( )l 

- --,- - L.J . + . - u n1; q ' 
mw W n n Win + W - 10 W;n - W - 10 

(8.43) 

r.n:e q = k' - k - M3MeHeHMe BOJIHOBOfO BeKTopa <PoTOHa; t51k - CMMBOJI 

KpotteKepa; f(k}, n(q) - <l>yphe-o6pa3hl oneparnpa ITJIOTHOCTM TOKa 

aTOMHhIX 3JieKTpOHOB M onepaTopa 3JieKTpOHHOH ITJIOTHOCTM, 

/ ( k) = -1
- f { pj exp (-ikrj ) + exp (-ikrj ) pj } , 

2m j=I 

N 

n (q) = L exp (-iqrj ); 
j=I 

Ii), If> - HaqaJihHOe M KOHe'IHOe cocTOHHMH arnMa. 

3aMeTMM, 'ITO B BhICOKO'IaCTOTHOM (high-frequency) npe.n:ene, KOTO

ph!H MO)l(HO onpe.n:eJIMTh ttepasettcTBoM nw » I (*) (I - xapaKTepHhIH 

ITOTeHUMaJI MOHM3aUMM aTOMa}, OCHOBHOH BKJlaLJ: B TeH30p pacceHHMH 

.n:aeT BTOpoe CJiaraeMoe B qmrypHhIX CK06Kax <PopMyJihl (8.43). CyMMa B 

KBa.n:paTHhIX CK06Kax MMeeT nopHLJ:OK BeJIM'IMHhl (// w)2. IlpM BhlITOJIHe-

HMM BhlCOKOlfaCTOTHOfO YCJIOBMH (*) TeH3op pacceHHMH cJ;(k', k) OKa-

3hIBaeTCH CKaJIHpOM, paBHhIM 

(8.44) 

Ilo.n:qepKHeM, lfTO ycJIOBMe BhlCOKO'IaCTOTHOfO npe.n:ena nOJ » I Bhl

ITOJIHHeTCH LJ:JIH 60JihlllMHCTBa aTOMHhlX 3JieKTPOHOB B peHTreHOBCKOM 

LJ:Mana30He 3HeprMH <i>OTOHa, KOrLJ:a nOJ;:::: 10 K38. l1CKJIIO'IeHMe COCTaB

JIHIOT 3JieKTpOHhI BHyrpeHHMX K-o6onoqeK, a TaK)l(e L-o6ono<JeK TH)l(e

JibIX 3JieMeHTOB c 3apHJl:OBbIM lJMCJIOM z;:::: 60. 
Ilo.n:cTaBJIHH Bbipa)l(eHMe LJ:JIH TeH30pa pacceHHMH B BbICOKO'IaCTOT

HOM npe.n:ene (8.44) B <PopMyny MH celJeHMH pacceHHMH (8.31) M ycpe.n:

HHH no ITOJIHPM3aUHHM <PoTOHOB, Haxo.n:nM 

(8.45) 
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IlonyqeHHoe Bbipa)K:emre ornnqaeTcH OT KJiaccnqecKoit cpopMyJihI 

TOMCOHa (4.3) Ha.JIH'rneM t(OilOJIHHTeJibHOro MHO)K:HTeJIJI, nponopll,HO

HaJibHOro KBat1,paTy MOt(YJIH MaTpHqHoro :meMeHTa OT <l>ypbe-06pa3a 

onepaTopa IDIOTHOCTH aTOMHbIX 3JieKTPOHOB, BbiqHCJieHHOfO Ha BOJIHO

BOM BeKTOpe q = k' - k. 

AHHaMH'4eCKHM ct>opM-cl>aKTop aToMa 

Bb1pa)K:ettne (8.45) t(OJI)K:HO 6bITh t1,ononHeHo paBeHCTBOM (8.31), 
Bbipa)K:aIOIIJ,HM 3aKOH coxpaHeHHH 3HeprHH npH pacceHHHH, KOTOpoe 

y.11.06Ho 3anncaTb qepe3 .11.enhrn-cpyHKIJ,HIO c5[w - w' + (E; - E1)lli]. l1c

noJib3YH ee HHTerpaJibHOe npe.11.crnBJieHne 

c5(x) == -
1 f exp(ixt)dt 

2tr 

H onpet1,eneHHe reit3eH6eproBcKoro onepaTopa 

A ( ) (iHt) A ( iHt) q t == exp h q exp ---.,; , 

MO)K:HO nonyqHTh cne.11.y10mee qacTOTHo-yrnoBoe ceqeHHe pacceHHHH 

cpoTotta Ha aToMe, Haxo.11.HmerocH B Haqa.JihHOM cocTOHHHH Ii), B BbtcoKo
"acmomHoM npu6J1uJ1CeHuu: 

da; _ da w S fl. 
( )

Th 

dQ'd(!l.w) - dQ' (w,) ;( w, q), (8.46) 

r.11.e ( da )
111 

.11.aeTcH cpopMynoit (4.3). B (8.46) BBe.11.eH .11.HHaMHqecKHH 
dQ' 

cpopM-cpaKTop (,Ll.<l><l>) arnMa S;(fl.w, q), paBHhIH no onpe.11.eneHHIO [3]: 

S; (!l.w, q) == -
1 j dte-ib.wt (i In (q, t) n (-q) Ii). 

2tr -~ 
(8.47) 

KaK BH)].Ho H3 (8.47), ,Ll.<l><l> npet1,CTaBJIHeT co6oti: npocTpaHcTBeHHO

BpeMeHHOH <l>ypbe-o6pa3 OT KOppeJIHIJ,HOHHOH cpyHKlJ,HH IlJIOTHOCTb

IlJIOTHOCTb aTOMHhIX 3JieKTPOHOB. ,Ll.HHaMnqecKHH cpopM-cpaKTop Y.11.0B

JieTBOpHeT PHtl.Y npaBHJI cyMM, t(Ba H3 KOTOpbIX B cnyqae BO)],Opo.11.ono

.11.06Horo aTOMa HMCIOT oco6eHHO npOCTOH BM)],'. 

~ 

f S(w, k)dw == l; (8.48) 
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11rnK, qacTOTHo-yrnoBoe pacnpe.uenemi:e pacce51HHhIX Ha aToMe <Po

TOHOB B BhICOKO'IaCTOTHOM npn6mr)l(eHJUf fun» I onpe.uen5leTC51 Q>opMy

noi1 (8.46). Ecmf )Ke nm< I, TO Bbipa)l(ettHe (8.46) CTaHOBHTC51, B006111e 

roBop51, ttecnpaBe.UJIHBhIM. B qacTHOCTH, nptt nptt6Jitt)l(eHHH qacTOThI 

paccettBa10111eroc51 H3JiyqeHH.sJ K 0)1.HOM H3 co6crneHHhIX qacTOT aTOMa 

B03HHKaeT TaK Ha3hrnaeMoe pe3ottattcttoe pacce.si:tttte, ceqetttte KoToporo 

HMeeT .sipKO Bbipa)l(eHHbIM MaKCHMYM. 

B cnyqae p3JieeBcKoro pacce.si:tttt.si: Ii) = j/) Ha Bo.uopo.uono.uo6ttoM 

aTOMe B OCHOBHOM COCT051HHH .n.ttafOHaJihHbIM MaTPH'IHhIM 3JieMeHT n;;(q), 
BXO.U.sJIIIHM B Bb!pa)l(eHHe )1.JI.sJ Ce'IeHH.sJ (8.45), nerKO Bhl'IHCJI.sJeTC.sJ atta

JIHTH'IeCKH, H paBeHCTBO (8.45) npeo6pa3yeTC.sJ K BH,l1.y: 

r.ue aH - xapaKTeptthIM pa.uttyc Bo.n.opo.uono.uo6ttoro Motta, 

1i2 
aH =--2' 

Zme 

(8.49) 

113 rrpttBe.n.ettttoro Bhipa)l(etttt.si: cne.uyeT, 'ITO ceqetttte p3JieeBCKoro pac

ce.si:mrn pe3KO na.uaeT [KaK (l/aHq)8], ec1m q > att'· 
TaKHM o6pa3oM, MH 6oJihlllHX (no cpaBHeHHIO c xapaKTepHhIM aTOM

HhIM HMITYJihCOM) HMITYJihCOB OT.Ua'IH pacce.si:tttte H.UeT c H3MeHeHHeM 

COCTO.sJHH.sJ aTOMa. Ilptt 3TOM, eCJIH aTOM HOHH3HpyeTC.sJ, Tor.ua HMeeT 

MeCTO KOMIITOHOBCKOe pacce.si:Htte, eCJIH B036~aeTC.sJ B COCTO.sJHHe .UHC

KpeTHOro cneKTpa, TO pacce.si:ttHe 51BJI.sJeTC.sJ KOM6ttttaUHOHHhIM (paMa

HOBCKHM). 0TMeTHM, 'ITO ceqettHe KOM6ttttaUHOHHOro pacce.sJHH.sJ, B03-

pacrn.si: npH MaJihIX q OT HYJIH, .UOCTHraeT CBOero MaKCHMYMa IIPH q"' 1/a 
H 3aTeM yMeHhlllaeTC.sJ. PacqeT .l1.Jl.sl OCHOBHOfO COCT051HH.sJ BO,l1.0po.uono

.uo6ttoro aTOMa IIOKa3bIBaeT, 'ITO BeJIH'IHHa 3TOfO Ce'IeHH.sJ Bcer.ua MeHb

llle BeJIH'IHHhl era p3JieeBCKOfO attanora H B MaKCHMyMe 3aBHCHMOCTH 

OT nepe.uattHOro BOJIHOBOfO BeKTopa q .UOCTHraeT 3Ha'IeHH.sJ nop.si:.n.Ka 20 % 
OT TOMCOHOBCKOfO Ce'IeHH.sJ. 

B rrpoTHBOIIOJIO)!(HOM cnyqae q < att' pacce.si:tttte Q>oTotta c rro.uaBJI.si:I0-

111ei1 Bepo.si:THOCThIO tt.UeT 6e3 H3MettettH.sJ cocTo51HH.sJ aTOMa. B 3TOM MO)l(HO 

y6e.n.HTbC.sJ c ITOMOIIIhIO Q>opMyJI (8.46) H (8.47). )J,ei1cTBHTeJibHO, IIpH 

MaJihIX H3Mettemrnx BOJIHOBoro BeKTopa paccettaa10meroc51 Q>oTotta <l>y-
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pbe-06pa3 orrepaTopa 3JieKTPOHHOH IlJIOTHOCTH paBeH q11cJiy aTOMHblX 

3JieKTpOHOB 

ii ( q < ai/) = N. 

Toma 113 (8.47) cJie;::i;yeT, qrn ,JJ.<l><l> aTOMa MMeeT BM)J; 

T. e. m = m' 11 cooTBeTCTBeHHO E; = EJ· 0Tc10;::i;a TaIOKe cJie;::i;yeT Ba)l(HbIM 

BblBO.LI 0 TOM, qTo IlpH MaJibIX rrepe;::i;aHHbIX HMilYJibcax pacce51HHe HOCHT 

KorepeHTHblH no BKJia;::i;y aTOMHbIX 3JieKTpOHOB xapaKTep, Il03TOMY ceqe

HHe rrpou:ecca rrporropu110HaJihHO q11cJiy 3JieKTPOHOB B KBa;::i;paTe. B cJiy

qae 6oJiblllHX rrepe;::i;aHHbIX HMilYJibCOB q > 1/ a, HallpOTHB, pacce51HHe 

HeKorepeHTHO, 11 era ceqeHMe rrporropu110HaJihHO NB rrepBoil: cTerreHH. 

Yq11Thrna51 BhIIIIecKaJattHoe, MO::KHO rrpe;::i;JIO::KMTh cJie;::i;y10111ee rrp116JI11 -

)l(eHHOe Bhrpa)l(eHHe ;::i;mI )]. <l><l> a TO Ma: 

IlepBOe CJiaraeMOe B rrpaBOM qaCTH 3TOro paBeHCTBa OllHCblBaeT Kore

peHTHbie rrpou:ecchr, rrpo11cxo;::i;51ru11e rrp11 MaJIOH oT;::i;aqe, Brnpoe cJiarae

Moe B rrpaBOH qacTH (8.50) OTHOCHTC51 K HeKorepeHTHbIM 51BJieHH51M, 

KOr;::i;a H36bITOK 3HeprHH-HMITYJibCa, B03HHKaIOIIIHM B xo;::i;e pacce51HH51, 

YHOCHTC51 HOHH3HpOBaHHbIM 3JieKTpOHOM. 

HMnynbcHoe npH6mo1<eHHe 
BTeOpHHKOMnTOHOBCKOropacceRHHR 

BhrIIIe yKa3hIBaJIOCh, qTo (3a BhrqeTOM BKJia;::i;a BHyTpeHHHX K-o6oJio

qeK) .LIJI51 OITHCaHHH pacceHHJHI peHTreHOBCKHX JiyqeM Ha aTOMe MO)l(HO 

HCilOJib30BaTb BbICOKoqacTOTHOe rrp116JI11)1(eHHe (8.46), B paMKaX KOTO

poro .LIHHaM11qeCKHe CBOMCTBa aTOMa, cymecTBeHHhie .LIJIH pacceHHHH 

<l>oTOHOB, orrpe;::i;eJIHIOTCH era .LIHHaM11qecKHM <t>opM-<l>aKTOpOM (8.47). 
KaK rrpas11JI0, ,JJ.<l><l> aToMa He MO:x<:eT 6bITh BhiqncJieH B 06111eM sn;::i;e. 

KaqecTBeHHa51 <t>opMyJia .rum ,JJ.<l><l> (8.50) He yqHThrnaeT .ri:eTaneli 3JieKT

poHHoro CTpOeHHH aTOMa H CJIHIIIKOM rpy6a .LIJI51 cpaBHeHH51 c 3KCrrepH

MeHTaJibHbIMH .ri:aHHhIMM. B TO )Ke BpeM51 cymecTByeT rrpw6JIH:x<:eHHhIH 

MeTO.LI BblqHcJieHH51 ceqeHmI pacceSIHH51 peHTreHOBCKHX JiyqeM Ha aTO

Me, KOTOpbIH yX<:e Ha paHHHX CTa.LIHSIX HCilOJib30BaJICSI .LIJISI aHaJIH3a 3KC-
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nepHMeHTaJibHbIX ,ll,aHHhIX. 3To TaK Ha3hrnaeMoe HMnyJihCHoe npH6JIH

)l(eHHe (I1Il), KOTOpoe npe,ll,nOJiaraeT, qTo aTOMHbie 3JieKTp0HbI B XO,ll,e 

pacceHHHH Ha HHX peHTreHOBCKHX Jiyqeii Be,ll,yr ce6H B 60JibllleH Mepe 

KaK CB060.ll.Hhre, He)l(eJIH qeM cmI3aHHbie. Toqttoe onpe,ll,eJieHHe I1Il 6y

,a:eT ,a:aHO Htt)l(e. 

I1MITYJTbCHOe npH6JTH)l(eHHe ,ll,JTH OllHCaHmI KOMllTOHOBCKOro pacce

HHH51 peHTreHOBCKHX Jiyqeii Ha aTOMe, KaK 3TO 6bmO B CBOe BpeMH llOKa-

3aHO 3ii3eH6eprepoM H Ilnan.J,MaHoM [3], MO)l(eT 6bITb noJiyqeHo H3 

nepBbfX npHHUHnOB. )],JIH 3TOfO Hy)l(HO BOCnOJib30BaTbCH Bbipa)l(eHHeM 

,ll,JIH )],<I><I> (8.47) H HBHbIM BH,ll,OM npocTpaHCTBeHHOro <l>ypbe-06pa3a OT 

onepaTopa 3JieKTpOHHOH nJIOTHOCTH 

N 

ii (q) = L, exp (-iqrj ). 
j;J 

B Bbrpa)l(eHHH .ll.JIH reii3eH6eproBcKoro onepaTopa 

A( ) (iHt) A( ) ( iHt) n q, t = exp h n q exp ----p;-

noJTHbIH raMHJibTOHHaH CHCTeMbI H npe,ll,CTaBJIHeT co6oii cyMMY one

parnpa KHHeTHqecKon f H rroTeHUHaJibHOH V 3HeprnH H = f + V . 
(HanoMHHM, qTo onepaTop noTeHUHaJibHOH 3HeprnH KOMMyrHpyeT c 

onepaTOpOM 3JieKTpOHHOH nJIOTHOCTH, a onepaTOp KHHeTHqeCKOH 3Hep

rHH He KOMMyrHpyeT.) )],aJiee BbillHilleM H3BeCTHOe pa3JIO)l(eHHe onepa

TOpHOH 3KcnoHeHTbI, BXO,ll,HIUett B onpe,ll,eJieHHe )],<1><1>: 

expC~' J = expC~' JexpC~t )exp(-i[~~ v] 1; ) ... , (8.51) 

me [A., .BJ - KOMMyrarnp oneparnpoB AH B; MHoroTOqHe o6o3HaqaeT 

3KCilOHeHTbI c MHOroKpaTHbIMH KOMMyraTopaMtt, CO,ll,ep)l(aJUHe 6oJiee 

Bb1coK11e cTeneHH napaMeTpa BpeMeHH t. PaBeHCTBo (8.51) cpaKTHqecKH 

51BJI51eTCH pa3JTO)l(eHHeM no cTeneHHM BpeMeHttoro HHTepBaJia t. BeJIHqH

Ha 3TOro HHTepBaJia orpaHHqeHa CBepxy 3HaqeHHeM I/Lim, KaK 3TO CJie,ll,y

eT H3 cpopMyJibl (8.47). )],enCTBHTeJibHO, BKJia,ll, B HHTerpaJI no BpeMeHH B 

onpe,ll,eJieHHH )],<1><1> ,ll,JI5I 60JiblllHX 3HaqeHHH nepeMeHHOH t Ma.TI H3-3a 

cttJibHbIX OCUHJIJTHUHH 3KcnoHeHTbI. YcnoBHe I1Il ,ll,aeTCH paBeHCTBOM 

exp(-i[f, v] ;:2 J = l, (8.52) 
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cornactto KOTopoMy HeKOMMYTaTHBHOCThIO onepaTopoB T H V MO)l(HO 

npette6peqb Ha epeMeHax, omeemcmeeHHblX 3a npgu,ecc. <l>H3HqecKH 3TO 

03HaqaeT, qTo 3a BpeMH pacce.HHHH cpOTOHa IIOTeHUHaJI, B KOTOPOM J];BH

)i(eTCH aTOMHhIH 3JieKTpOH, npaKTHqeCKH He H3MeHHeTCH. IlpH BbIIIOJI

HeHHH (8.52) BKJia)l;OM B pa3JIO)K:eHHe (8.51) 3KCIIOHeHT c MHOfOKpaTHbI

MH KOMMYTaTopaMH MO)K:HQ npette6peqb, TaK qTo Bbipa)l(eHHe J];JIH )l,<t><t> 
B HMIIYJibCHOM npH6JIH)K:eHHH HMeeT BHJ]; 

(8.53) 

rne q = k' - k. I-fa .n;aHHOro paBeHcTBa cJie.n;yeT, qTO noTettuna.rr VHcqe3a

eT H3 onpe.n;eJieHHH )l,<t><t> B HMIIYJihCHOM npH6JIH)l(eHHH. Ilo.n;qepKHeM, 

o.n;HaKo, qTo 3TO He 03HaqaeT IIOJIHOfO npette6pe)l(eHHH CBH3H aTOMHbIX 

3JieKTpOHOB c H.n,poM. B HMIIYJihCHOM npH6JIH%eHHH, KaK Y%e OTMeqa

JIOCh, IIOTeHUHaJI v npennonaraeTCH IIOCTOHHHhIM, H II03TOMY OH B3a

HMHO YHHqTO)l<:aeTCH B Bbipa)l(eHHHX J];JIH 3HeprHH Haqa.rrbHOfO H KO

HeqHoro COCTOHHHH aTOMa. l1HbIMH CJIOBaMH, 3HeprHH HaqaJibHOfO H 

KOHeqttoro cocTOHHHH HOHH3HpyeMoro ::ineKTpotta B paMKax HIT M3Me

pHeTCH no OTHOIIIeHHIO K IIOCTOHHHOMY MfHOBeHHOMY 3HaqeHHIO IIO

TeHUHaJia v. Bbipa)i(eHHe (8.53) MO)K:HO nepenttcaTb, c.n;eJiaB BCTaBKY H3 

cyMMbI no IIOJIHOMY tta6opy BOJIHOBbIX <l>YHKUHH CB060,[(H0f0 ,[(BH)K:eHHH 

(IIJIOCKHX BOJIH) Me)K:.ll,y onepaTOpaMH n(q) H exp(-ift/1i), H, BOCIIOJib-

30BaBIIIHCb TeM, qTo IlJIOCKaH BOJIHa HBJIHeTCH co6cTBeHHOH <l>YHKUHett 

onepaTOpa exp(-ift/1i), TOf,[(a MH )l,<t><t> n/-H: 3JieKTpOHHOH II0,[(060JIQq

KH aTOMa HMeeM 

(8.54) 

rne en/ - 3Hepnrn CBH3H no.n,o6oJIOqKH; Rn,(p) - pa.n;MaJibHaH BOJIHOBaH 

<l>YHKUHH 3JieKTpOHHOH nono6onoqKlf B HMIIYJihCHOM npe.n;CTaBJieHHH, 

onpe.n;eJIHeMaH Bbipa)l(etttteM 

(8.55) 

3.n,ecb } 1(pr) - c<f>epnqecKaH <l>YHKUHH EecceJrn nepBoro po.n;a; Rn1(r) -
HOPMHPOBaHHaH pa.n;MaJibHaH BOJIHOBaH cpyHKll,HH 3JieKTpOHHOH nono6o-
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JIO'IKH. Ecntt ttcnoJib30BaTb CBSI3h Me)l(.Uy HMIIYJihCOM H 3Heprne:tt aTOM

HhIX 3JieKTPOHOB B KBa3HCB060)1,HOM rrptt6JUDKeHHH: 

(8.56) 

BMeCTO (8.13) HMeeM 

IA( ) f dp ( fiq
2 pq)I ( )j2 Sn! /).OJ, q = --3 8 /).OJ+--- Rn/ p . 

4Jrfi 2m m 
(8.57) 

KaK BH)1,HO H3 3TOH <PopMyJihI, C)1,BHr lfaCTOTbI rrptt KOMIITOHOBCKOM 

paccesrHHH B paMKax HMIIYJibCHOfO rrptt6JimKemrn CBSI3aH c .LJ.OIIJiepOBC

KHM C.LJ.BHfOM IIPH paccesrmm <PoTOHa Ha .D.BlDKyrn:eMCJI aTOMHOM 3JieKT

poHe [cnaraeMoe pq no.D. 3HaKOM .D.eJihTa-<l>YHKUHH B (8.57)]. npn 3TOM 

crreKTp pacceSIHHbIX ¢oTOHOB orrpe.LJ.eJISieTCSI pacrrpe.LJ.eJieHMeM aTOMHblX 

3JieKTpOHOB ITO HMIIYJibCaM, .D.aBaeMbIM <l>YHKUHeif 1Rnl(p)i2. 
CelfeHHe KOMIITOHOBCKOro pacceSIHH51 peHTreHOBCKHX Jiy'!eH Ha aTOMe 

o6bI'IHO Bbipa)!(aIOT qepe3 KOMIITOHOBCKHH npo¢HJib (Kn) 3JieKTPOH

HOM rro.D.o6onolfKH. Kn onpe.LJ.em1eTcsr no ¢opMyne 

(8.58) 

c yqeTOM .D.aHHOro onpeJJ,eJieHHSI JJ,MHaMttlfeCKHM ¢opM-cpaKTop 3JieK

TPOHHOM no)1,o6onolfKH B paMKax HMIIYJihCHOro rrpM6Jitt)!(eHHSI (8.57) 
MO)!(eT 6bITh Bhipa)!(eH lfepe3 Kn cneAyrorn:ttM o6pa30M: 

81A ( ) = !!!...J (Q = mjt;.wj- fiq
2 /2 l 

nl q lql nl lql . (8.59) 

0TMeTHM, 'ITO Kn yJJ.oBJiernopsreT HopM11poBOlfHOMY ycnosttro: 

~ 

2f Jnt(Q)dQ = 1. (8.60) 
0 

nocKOJibK)' KOMIITOHOBCKOe pacceSIHMe SIBJISieTCSI HeKorepeHTHbIM 

rrpoueccoM, aTOMHhIM Kn paBeH CYMMe Kn scex '.lJieKTpoHHhIX rro.D.-

060Jio'IeK. 



314 -"v- Dwea 8. PacceRHue U3Jly<teHUR Ha amoMax, nAa3Me u HaHo<tacmuu,ax 

11cnOJih3YH CBH3h (8.46) H <t>opMyJiy (8.59), )lJIH ceqeHHH KOMTITO

HOBCKOfO pacceHHHH peHTreHOBCKHX Jiyqeit Ha aTOMe HaXO)lHM 

me 

da
1
A (da)Th(m)m 

dQ'd(t:i.m) = dQ' m' qJ(Q), 

Q = mlt:i.ml- hq
2 /2 

'q' 

(8.61) 

TaKHM o6pa30M, Bhipa)l(:eHtte (8.61) COBMeCTHO c <t>opMynow (4.3) 

)lJIH (da)Th .n:aeT qacTOTHO-YfJIOBOe pacrrpe)leJieHHe peHTreHOBCKOfO 
dQ' 

H3JiyqeHHH, pacceHHHOfO aTOMOM, B paMKax BhICOKoqaCTOTHOfO H HM

nyJihCHOfO nptt6Jitt)l(:eHHH. Btt)lHO, qTo qacTOTHOe pacnpe.n:enetttte )lJIH 

3a)laHHOf0 yrna pacceHHHH onpe)leJIHeTCH KOMilTOHOBCKHM npo<t>HJieM 

aTOMa (8.58), KOTOpbIH B CBOIO oqepe)lb 3aBHCHT OT BOJIHOBhIX <l>YHKUHH 

aTOMHhIX 3JieKTPOHOB Rn1(r). CoorneTcrny10ruaH JaBHCHMOCTh OT qacrn

ThI npe)lCTaBJIHeT co6on KOJIOKOJI006pa3HYIO KpHBYIO, IIIHpHHa KOTOPOH 

onpe)leJIHeTCH IIIHpHHOH pacnpe.n:eJieHHH aTOMHOH BOJIHOBOH <l>YHKUHH 

no HMilYJibCaM. IlpHBe)leM Bbipa)l(:eHHe )lJIH KIT OCHOBHOfO COCTOHHHH 

BO)l0pO)lOTIO)l06Horo HOHa: 

JH(Q) _ 8p~ 
Is - ( 2 2)3' 3n PH+ Q 

me PH - xapaKTepHbIH HMTIYJihC BO)l0pO)lOTIO)l06Horo HOHa, 

Zme2 

Ptt =-h-. 

(8.62) 

Ilo)lCTaBJIHH (8.62) B (8.61 ), HaXO)lHM qacTOTHYIO <l>YHKUHIO pacnpe

)leJieHHH peHTreHOBCKOfO H3JiyqeHHH B paMKaX 11rr )lJIH <l>HKCHPOBaHHO

ro yrna pacceHHHH Ha BO)lOpO)lOilO)l06HOM HOHe B ls-COCTOHHHH: 

d H 6 6 
als _ ( ) q PH 

dt:i.m - a1s q [ 2 3' 

q2 P~ + (mlt:i.ml- hq2 /2) J 
(8.63) 
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me q = lk' - kl - MO)J,YJih H3MeHeHJ.UI BOJIHOBOfO BeKTOpa <f>oTOHa IIPH 

pacceJIHHH. }fa ,naHHOH <f>opMyJihl CJie)J,yeT, 'ITO UeHTpaJihHaH qaCTOTa 

pacceHHHOro H3JIYtJeHHH orrpe)J,eJIJieTcJI paBeHCTBOM 

liq2 
m(w - w') = -. 

2 

3To paBeHCTBO npe)J,CTaBmieT co6otl: 3aKOH coxpaHeHHH 3Heprntt-HM

IIYJibCa MH rrpouecca pacceJIHHH H3JIYtJeHHH Ha CB060)J,HOM IIOKOJIUJ,eMCH 

3JieKTpoHe. llinpttHa qacTOTHoro pacrrpe,neJieHHH (8.63) nporropuno

HaJihHa rrapaMeTpy qpH/m, 'ITO COOTBeTCTByeT )J,OIIJiepOBCKOMY yurnpe

HHIO crreKTpa tt3JIYtJeHttJI, pacceJIHHoro Ha 3JieKTpoHe, ,nBm1cymeMCH co 

CKOpOCThlO 

Ptt Ze 2 

VH =-
Ii m 

0,1 

ci: 
Q) 

0,08 

i .... 
0 

0,06 

~ 
....... 

3 .g 0,04 \ .'< 
\'·,, 

0,Q2 
.. ,_, 

'·,, ., . ..:: 
0 
590 600 610 620 liw, ar. eA. 

Puc. 8.3. CneKTpMbHOe ce'leH11e KOMnTOHOBCKOro pacce.RHHH peHTreHOBCKHX 

nyqei1(liw=17 400 38, yron pacce.RHHH tJ= 133,75°) Ha BO!lOPO!lOno

!l06HoM HOHe B OCHOBHOM COCTOHHHH, paccqHTaHHOe B Bb!COKO'!aCTOT

HOM np116JIIDKCHHH c HC00Jib30BaHHCM TO'IHbIX BOJlHOBblX <l>YHI<UHH 

(KpHBbIC J, J) H B paMKax 11MnyJibCHOfO np116JimKCHHll (KpHBbIC 2, 4) 
llJlll pa3JIH'IHblX 3ap.R)lOB HP.pa HOHa: 

KpHBbJe I, 2- Z= I; Kp11sb1e J, 4 - Z= 2 

Ha p11c. 8.3 rrpe)J,CTaBJieHo crreKTpaJihHOe ceqeHHe KOMrrTOHOBCKoro 

pacceJIHHH (B OTHOCHTeJibHhlX e)J,HHMuax) Ha BO)J,OpO)J,OIIO)J,06HOM HOHe B 
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ls-COCT051H1111, paccq11TaHHOe B BbICOKoqacTOTHOM rrp116Jm)K:ett1111 c 11C

IIOJlb30BaH11eM TOqHbIX BOJIHOBbIX cpyHKU11H (Kp11Bble 1, 3) 11 B paMKax 

11MIIYJibCHOfO rrp116JI11)K:eH1151 (Kp11Bble 2, 4) ITO cpopMyJiaM (8.61) 11 (8.62). 
PaccMoTpettbI ,11,Ba 3Haqett115I 3ap51,11,a 51,11,pa 11otta: Z = 1 (Kp11Bhie 1, 2) 11 

Z = 2 (Kp11Bhre 3, 4). 3ttepm51 na.uaroruero cpoTOHa pantta liw = 17 400 38 

(639,7 aT. en.) (qTO coorneTcrnyeT JI11H1111 Ka
1 

B aTOMe MOJI116.uetta), yroJI 

pacce51H1151 113Jiyqett115I tJ = 133, 75°. KaK B11.IJ,HO HJ .IJ,attttoro pHcyttKa, 

MaKC11MYM crreKTpaJibHOro ceqeH1151 np11XO.ll,11TC51 Ha 3Hepmro pacce51H

HOfO cpOTOHa 1iw = 605 aT. e)J,. (16 456 38), qTQ COOTBeTCTByeT 3Hepm11 

OT)J,aq11 ER = nl.:iwl = 944 38. 

3aMeT11M, qTO 3Heprmr OT,11,aq11 rrp11 pacce51H1111 Ha CB060.ll,HOM IIOK0-

51IUeMC51 3JleKTpOHe .ll,Jl51 Ja,11,aHHbIX 3HaqeH11H rrapaMeTpOB paBHa 949 38, 

qTo HaXO.ll,11TC51 B xopoweM COOTBeTCTB1111 c BbIIIIenp11Be.ll,eHHbIM 3Haqe

HHeM ER B MaKC11MYMe crreKTpaJibHOro ceqeHHR. Ilo.IJ,qepKtteM, qTo B 

CJiyqae cno6o.uttoro 3JieKTpotta cyruecrnyeT O.IJ,H03Haqttoe coOTBeTcrn11e 

Me)K:,11,y yrnoM pacce51HH51 11 qacTOTOH pacce51HHOfO cpOTOHa. Ilo3TOMY 

crreKTpaJibttoe ceqetttte rrpe,11,cTaBJI5leT co6ou ,11,eJibTa-cpyttKu11ro qacToT

HOM OTCTpoil:K11 w - w' - ER/Ii. CB513h 3JieKTpotta c 51.UPOM rrp11Bo.IJ,11T K 

B03H11KHOBett11ro KOHeqttoM crreKTPaJihHOM w11p11HbI ow qacTOTHoro pac

rrpe.ueJieHH51 pacce51HHbIX cpOTOHOB np11 3a,ll,aHHOM yrne pacceSIH1151 {}, 

EcTeCTBeHHO, qeM C11JlhHee CBJI3b c 51.LJ.POM, TeM 60JibIIIe BeJIJ1q11Ha napa

MeTpa ow. 3To cJie,11,yeT TaK)K:e 113 p11c. 8.3: .UJI51 60Jibw11x Jttaqett11il: 3ap51-

.ua w11p11Ha qacTOTHOM 3aB11C11MOCT11 6oJibIIIe. KpoMe Toro, 113 .IJ,attttoro 

p11cyttKa BbITeKaeT, qTo TOqHOCTb 11n yMeHbwaeTC51 c pOCTOM 3Hepr11H 

CB51311 EB (EB= Z2 Ry B CJiyqae BO.ll,Opo.uorro.uo6ttoro 110Ha) rrp11 cpHKC11-

poBaHHOM 3ttepm11 OT.IJ,aq11 ER' TaK11M o6pa3oM, Kp11Tep11eM rrp11Mett11-

MOCT11 110 Mo)K:eT cJiy)K:11Th BeJI11q11tta 0Tttowett115I c; = E 8 / ER, c YMeHh

wemreM napaMeTpa c; ToqttoCTh HD BOJpacrneT. )J,pymM cJie,ncTB11eM 

pe3yJihTaTOB, npe,11,cTaBJieHHbIX Ha p11c. 8.3, 51BJISieTC51 HaJI11q11e ac11MMeT

p1111 qacTOTHOfO pacrrpe.ueJieHH51 pacce51HHbIX cpOTOHOB, paccq11TaHHOro 

c IIOMOIUbIO TOqHbIX BOJIHOBbIX cpyHKU11M (Kp11Bble 1, 3). 8 BbICOKoqac

TOTHOM KpbIJie Jl11HH11 HHTeHC11BHOCTb pacce51HHOfO 113JiyqeHH51 rra.uaeT 

Me.n.JieHHee, qeM B H113KOqaCTOTHOM KpbIJie, rrp11qeM 3Ta aC11MMeTp1151 

pacTeT c pocTOM 3ttepm11 CB513H EB" 8 TO )K:e BpeMsr pacqeT B paMKax 110 
.uaeT Cl1MMeTp11qHbIM (B .u.aHHOM CJiyqae JIOpettueBCK11H) KOHTyp. 3aMe

T11M, qTO o6c~aeMa51 aC11MMeTp1151 MO)K:eT 6bITb .ll.O tteKOTOpOM CTerre

HH yqTeHa 11 B paMKax 11MIIYJibCHOfO rrp116Jil1)K:eH11sr, eCJI11 B rrpaBOM qa

CT11 paBettcrna (8.51) yqecTb CJie,11,yroru11e qnettbl paJJIO)K:ett115I. 
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8.4. PACCE.RHME M3nY4EHM.R B nnA3ME 

Oepen.n.eM Teneph K paccMoTpemno pacceHmu1 3neKTpo

MarHHTHOro HJny'IeHHH Ha 3neKTpottax B nna3Me. Ceqem1e pacceHHHH 

H3nyqeHHH Ha HOHax npette6pe)J(HMO Mano H3-3a 6onbUIOH MaCCbl HOHa. 

0na3MeHHhie 3neKTpOHbl B OTnHl.JHe OT aTOMHbIX COBepUiaJOT HHcj:>HHHT

HOe J1.BH)J<eHHe, T. e. OHH .n.enoKanH30BaHhI BO BCeM o6oeMe, 3aHHMae

MOM nna3MOH. 003TOMY, CTporo roBOpH, .n.nH nna3MeHHhIX 3neKTpOHOB 

He BbIIIOnHHeTCH ycnoBHe J1.HIIOnhHOro np116nH)J(eHHH (8.8), TaK KaK pa

.11.HYC o6naCTH HX noKanlnauHH Ol.JeHb BenHK. nocKOnhKY nna3MeHHbie 

3neKTpOHbI HMHIOTCH KBa3HCB060J1.HhIMH H IIOTeHuHan HX HOHH3auirn Ip 
paBeH Hymo, MH HHX aBTOMaTHl.JeCKH BbIIIOnHHeTCH ycnOBHe BhICOKOl.Ja

CTOTHOro npH6nH)J(eHirn H MO)l(HO HCIIOnh30BaTb Bbipa)l(eHHe MH ceqe

HHH pacceHHHJI mna cj:>opMynhI (8.22). 
OpmiaraTenhttoe «KBa3HCBo6o.n.Hhie» He cnyqaiIHo ynoTPe6neHo no 

OTHOUieHHJO K nnaJMeHHhIM 3neKTPOHaM. OpHCTaBKa «KBa3H» oTpa)J(aeT 

TOT cj:>aKT, 'ITO nna3MeHHhle 3neKTpOHbl B3aHMOJ1.eHCTBYJOT c .n.pyrHMH qa

CTHl.(aMH H KonneKTHBHhIMH B036y)J(J1.eHHHMH nna3Mbl. 3To B3aHMOJ1.ett

CTBlle MO)l(eT npOJIBHTbCH B npouecce pacceHHHH 3neKTpOMarHHTHhIX BOnH 

Ha nna3MeHHbIX 3neKTpOHax B6nH3H qacTOT KonneKTHBHbIX rma3MeHHbIX 

B036y)J(J1.eHHH. TaK, HanpHMep, tt36bITOK HMnynhca, nepe.n.aBaeMhIH OT 

cj:>OTOHa npH pacceHHHH, MO)J(eT nornOTHTbCJI caMHM nna3MeHHbIM 3neK

TPOHOM, a MO)J(eT 6hITh nepe.n.att .n.pyron qacTm.1,e unu KBa3tt'IaCTHue. B 
3aBHCHMOCTH OT 3TOro l.JaCTOTa pacceHHHOro H3nyqeHHH H3MeHHeTCH Ha 

TY 1rn11 .n.pyry10 BemI'IHHy, TaK 'ITO, perncTpHpyH cneKTp pacceHHHhIX 

cj:>OTOHOB, MO)J(HO nonyqHTb ttH¢opMaumo 0 CBOHCTBaX nnaJMbI. 

06L14ee Bblpa>KeHHe Anfl ce-.eHHR paccesiHHR H3ny-.eHHR 
B nna3Me 

OpttHHMaH Bo BHHMaHtte BhrUiecKa3aHHoe, o6o6rn,ttM ce'IeHHe pac

ceHHHH (8.22) Ha yqeT B03MO)J(HOrO H3MeHemrn COCTOHHHH nna3MeHHO

ro 3neKTpoHa B xo.n.e pacceHHMH: 

d a(p!as) (k k') I 2 
fi ' = + cos B i5 (ti . ) 21 . (k' - k)j2 dV dQ' dm' 2 m + m f1 r. n f1 , 

(8.64) 

r.n.e lim = (J) - w' - H3MeHeHHe l.JaCTOTbI H3nyqeHHH; dV - 3neMeHT 

o6beMa, B KOTopoM pacnono)l(eHhl pacce1rna10ru11e nna3MeHHhie 3neKT-
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pOHbI ( o6beM B3a11MO.Ueti:crmrn:). flp11Be.11,eHHOe Bbipa)KeH11e OI111CbIBaer 

pacce5IH11e 113JI)"IeH11SI c rrepexo.uoM rrJia3MeHHOf0 3JieKTpOHa 113 COCTO

SIH115I \i) B COCT05IH11e \/) (M5I o603HaqeH115I 3JieKTpOHHblX COCTOSIHm1 

3.11,ecb TaK)Ke HCIIOJib30BaHbl .u11paKOBCK11e KeT-BeKTOpbI). <l>opMyJia (8.64) 
.uaer ceqeHtte pacce5IH115I cporoHa B HHrepBane qacror w' + dw', r. e. OHO 

.u11cpcpepeHUHaJihHO He TOJibKO no yrny, HO 11 no qacrore pacce5IHHoro 

H3JI)"IeHH5I. ,LJ,eJibta-cpyHKU115I B npaBOH qacr11 paBeHCTBa (8.64) Bbipa)Ka

er 3aKoH coxpaHeHH5I 3Hepr1111 B npouecce paccesrH115I. 

fIOCKOJihKY Ha 3KCnepttMeHre HaqaJibHOe 11 KOHeqHoe COCT05IH115I 

nJia3MeHHOfO 3JieKTpOHa He cpHKCHpoBaHbI, cpopMyJiy (8.64) H~HO npo

CyMM11POBaTb no KOHeqHbIM COCT05IH11SIM H ycpe,UHHTb no HaqaJibHbIM. 

B pe3yJihrare np11xo.UHM K cJie.uy10m;eMy pe3yJibtary: 

d (plas) (k k') 2 
aL ' = 1 +cos 8 r2S (!:ik !:iw)dV 

dQ'dw' 2 e ' ' 
(8.65) 

r,Lle BBe,LleHa Ba)l(HaSI BeJIHqHHa S(!:ik, l:iw), KOTOpasr Ha3bIBaeTC5I 3JieKT

pOHHbIM auHaMU'leCKUM pOpM-rjJaKmopOM (,LJ,<l><l>) nJia3MbI, HJIH cpyHKUHeH 

cneKTpaJibHOH nJIOTHOCTH. ,LJ,<l><l> orpa)KaeT BJIHJIH11e nJia3MeHHbIX xa

paKTepHCTHK Ha ceqeHtte pacce5IHHSI H3JI)"IeHH5I. B o6m;eM CJI)"Iae onpe

.ueJieHtte ,LJ,<l><l> qepe3 <l>ypbe-KOMnOHeHTy OT BpeMeHHOfO KOppemITopa 

nJia3MeHHOH IlJIOTHOCTH 11Meer BH,Ll [3] 

1 ~ 

S(!:ik, l:iw) = - J dteiMnr (n(!:ik, t)n(-!:ik)), 
2n -~ 

(8.66) 

me ii - oneparop 3JieKrpoHHoti: IlJIOTHocr11, yrnoBbie CK06K11 BKJI10•m-

10r B ce6sr KBaHTOBO-MexaHttqecKoe H crarttcr11qecKoe ycpe.uHeHHSI. Pa

BeHcrno (8.66) MO)KHO nOJI)"IHTb 113 cpopMyJibl 

S(M<, !:iw)= :Lw(i)o(!:iw+w1;)\nJ;(!:ik)J
2
, 

[, i 

(8.67) 

B KOTopoti: B 5IBHOM BH,Lle npoBO,LlHTCSI ycpe,LlHetttte no HaqaJibHhIM H 

cyMMHPOBaH11e no KOHeqHbIM COCTOSIHHSIM IlJia3MeHHbIX 3JieKTPOHOB 

(w(i) - BepoSITHOCTb HaXo)K,LleH11R nJia3MeHHOfO 3JieKT{)OHa B i-M co

CTOSIH11H). 

flo CBOeMy cp113ttqecKOMY CMbICJIY 3JieKTpOHHbIH ,LJ,<l><l> onpe.ueJISieT 

Bepo5ITHOCTb nornom:eH115I nJia3MOH qeTbipexMepHoro BOJIHOBOfO BeKTO

pa 3Hepm11-HMilYJibca l:ik = (!:ik, l:iw) qepe3 B03,Lleti:crn11e Bttenrnero B03-
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Mymemu1 Ha 3JieKTPOHHYIO KOMTIOHeHTy. Oo;:i;qepKHeM, 'ITO B CJiyqae 

O;:J;HOpO;:J;HOfO pacnpe;:i;eJiemrn: 3ap5I;:i;a B TIJia3Me 3Ta Bep05ITHOCTb paBH5I

JiaCb 6b1 HYJIIO, rnK KaK Toma <l>ypbe-o6pa3 3JieKTpoHHO:ti: TIJIOTHOCTH 

CBO,ll.HTC5I K ;:i;eJibrn-cpyHKUHH n(Ak) ~ c5(Ak), T. e. Ak = 0 H k = k'. 
TaKttM 06pa30M, K pacce5IHHIO tt3JiyqeHtt5I npHBO,ll.5IT ttMeHHO cpJiyKTya

UHH 3JieKTpOHHO:ti: TIJIOTHOCTH B IlJia3Me. 3Ttt cpJiyKTyaUHH MOfyT 6bITb 

CB513aHhI c pa3JIH'lHhIMH npH'lHHaMtt. T1mtt'ltta5I npH'lHHa qmyKTyauHH 

3JieKTPOHHOfO 3ap5I,ll.a - ;:i;e6aeBCKa5I 3KpaHHPOBKa HOHOB nJia3MeHHhl

MH 3JieKTPOHaMH, Kor;:i;a 3JieKTPOHHa5I ITJIOTHOCTb yseJitt'leHa B6JIH3H 

pacnoJIO)!(emrn IIOJIO)!(HTeJihHOfO HOHa. )l.pyro:H THII cpJiyKTyaUHH CB5I-

3aH c KOJIJieKTHBHhIM B036~eHHeM B nJia3Me, HanpttMep, IIJia3MOHOM. 

Tor;:i;a cpJiyKTyaUH5I 3JieKTpOHHOf0 3ap51;:i;a HOCHT Hec'fauttoHapHbIH xa

paKTep: OHa OCUHJIJIHpyeT Ha TIJia3MeHHOH qacTOTe 

r;:i;e n. - KOHUeHTpautt5I nJia3MeHHhIX 3JieKTpOHOB. CTpH pacce5IHHH Ha 

TaKOH HeCTaUHOHapHOH cpJiyKTyauttH M3MeH5IeTC5I cneKTp H3JiyqeHH5I. 

TaKHM o6pa30M, MO)!(HO c;:i;eJiaTh BhIBO,ll. o TOM, 'ITO crreKTp pacce5IHHoro 

H3Jiy'leHH5I OTpa)!(aeT crreKTp cpJiyKTyauHM 3JieKTPOHHOM IIJIOTHOCTH B 

IlJia3Me, KOTOpb!M .uaeTC5I ,LJ.<l><I> (8.66) H (8.67). 
,Ll.JI5I Bbl'lHCJieHH5I ,LI. <l><I> MO)!(HO BOCIIOJib30BaThC5I cpopMyJIOH, CB5I-

3bIBaIOme:H ,LJ.<I><I> IlJia3MeHHOH KOMilOHeHTbI c cpyHKUHeM OTKJIHKa nJia3-

Mbl Ha BHeurnee 3JieKTpOMarHHTHOe B03MyIUeHtte ( cpHKTHBHhIH BHellIHHM 

IIOTeHUHaJI). 3To COOTHOllleHtte H3BeCTHO, KaK cpJiyKTYaUHOHHO-,ll.HCCH

nauHOHHa5I TeopeMa [3]: 

( ) 
Im {Fee (Ak, Aw)} 

S Ak, Aw = ]' 
ne2 

[exp (- Mw/T) - I 
(8.68) 

r;:i;e F •• (Ak, Aw) - JIHHewtta5I cpyHKUH5I OTKJIHKa 3JieKTpottttow KOMno

tteHThI Ha <f>ttKTHBHbIM BHellIHHM IIOTeHUHaJI, ,ll.eMCTBYIOll.(HM TOJibKO Ha 

nJia3MeHHbie 3JieKTpOHhI; T - TeMrrepaTypa rrJia3MhI B 3HepreTH'leCKHX 

e,UHHHUaX. MHHMa5I qacTb <f>YHKUHH OTKJIHKa, <f>ttrypnpy10ma51 B (8.68), 
OilHCbIBaeT ;:J;HCCHilaUHIO 3HeprttH B IlJia3Me, c qeM CB513aHo Ha3BaHHe 

TeopeMbl. <l>yHKUH5I OTKJIHKa Bbipa)!(aeTC5I qepe3 ,ll.H3JieKTpM'leCKYIO npo

HHuaeMOCTb TIJia3Mhl, KOTOpa51 OIIHCbIBaeT pacnpocTpatteHMe pa3JIH'lHbIX 
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::mercrpoMarHHTHbIX B03MyrueHHH B JIJia3Me. IlocJie pR,Ua MaTeMaTHqec

KHX npeo6pa30BaHHH H3 paBeHCTBa (8.68) IlOJiyqaeTCJI CJieJl,yIOIUHH pe-

3YJibTaT Jl,JIJI Jl.HHaMH'IeCKOro cpopM-cpaKTOpa 3JieKTpOHHOH KOMIIOHeHTbl 

ITJia3MbI: 

(8.69) 

rJl,e Jone, ;12 - <l>ypbe-o6pa3bI KBaJl,paToB TeITJIOBhIX cpJiyrcryauntl: 3Jiercr

pottttotl: H HOHHOH KOMIIOHeHThl ITJia3MbI, 

2 ne ; ( tim
2 

) lone ;j = , exp - 2 2 ; 
' fflivre, i IMj 2Afc Vre,; 

(8.70) 

e1 = e1(tik) - npo.n,OJibHaJI qaCTb )l,H3JieKTPH'IeCKOH npoHHUaeMOCTH 

ITJia3MhI, KOTopaJI OITHCbIBaeT pacnpOCTpaHeHHe npO.ll,OJihHhIX ITJia3MeH

HhIX BOJIH, COOTBeTCTByIOlll,HX <l>JIYKTYaUHJIM ITJIOTHOCTH; VT - TeIIJIOBaJI 

cKopocTb qacTHU nJia3MhI. HH.IJ,eKChI (i) H (e) B o6o3Ha'IeHHHX .IJ,H3Jiercr

pnqecKotl: IIpOHHUaeMOCTH H TeITJIOBOH CKOpOCTH yKa3bIBaIOT Ha npH

Ha)],Jie)l(HOCTb 3THX BeJIH'IHH K HOHHOH HJIH 3JieKTPOHHOH KOMITOHeHTe 

ITJia3MbI. 

B .n,aJihHetl:weM n0Tpe6y10TCJI Bhipa)l(eHHJI .n,JIJI npo.n,oJihHOH qacni: 

3JieKTPOHHOH H JfOHHOH )l,H3JieKTPH'IeCKOH npOHHUaeMOCTH IIJia3MhI, 

cpttrypttpy10rutte B npaBotl: qacTH pasettcTBa (8.69). Hx HBHhIH BH.n, 3a

BHCHT OT COOTHOilleHHJI Me)l(Jl.y npocTpaHCTBeHHOH H BpeMeHHOH co

CTaBJIJIIOlll,etl: qeTbrpexBeKTopa tik = (tik, tim ), T. e. Me)l(Jl.y npocTpatt

CTBetttthIMH H BpeMeHHhIMH xapaKTepttCTHKaMH 3JieKTPOHHOH H HOH

HOH KOMITOHeHThI nJia3MhI. TaK, 3JieKTpOHHaJI qacTb cpyttKUHH e1<•l, 
.n,JIJI Kornpotl: cnpase.n,mrno Hepasettcrno Jtiw\ < vr.\tikl, onttchrnaeT 3cp

cpeKT 3KpaHHpOBKH 3apJI.n,a B nna3Me. CooTBeTcrny10ruee Bhrpa)l(emi:e 

HMeeT Btt.n,: 

(8.71) 

me de - .n,e6aeBCKHH 3KpaHttpOBO'IHhIH pa.n,11yc 3JiercrpOHHOH KOMIIO

HeHThI. HanpoTHB, Jl.JIH HOHHOH cocTaBJIJIJOIUeil: npo.LJ,OJihHOH Jl.H3Jiercr

pttqecKotl: npottttuaeMOCTH xapaKTepHO npOTHBOITOJIO)l(HOe HepaBeHCTBO 
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IL1wl < vdi1kl (H3-3a Ma.natl: CKopocTH HOHOB). 3TO npHBO)l.HT K qacTOT

H0-3aBHCHMOMY COOTHOllleHHIO: 

(8.72) 

r)l,e w pi - wotttta.H nJia3Metttta51 qacTOTa, 

_ ~4ne2 n; 
li.lp; - ---. 

m; 

PacceRHHe H3ny'4eHHR Ha nna3MeHHOM 3neKTpoHe 

Ilo)l.crnaJIHH ,LJ,<l><I> (8.69) w (8.70) a Bh1pa)l(etttte MH ceqettHJI pacce

HHHH H3JiyqeHH51 B nJia3Me (8.65), MO)l(HO noJiyqHTh 3TO ceqetttte B BH,)l,e 

cyMMhl )l.Byx CJiaraeMhlX. Ilepaoe H3 HHX CBJI3aHO c nepBhlM CJiaraeMhIM 

B qrnryptth!X CK06Kax paBeHCTBa (8.69) )l,J]JI ,LJ,<1><1>. Otto HMeeT BM)], 

da!plas) (k, k') = 
dQ'dw' 

exp (- '1~
2 

2 ) [ 2 2 ]2 2 2'1k vre i1k d. 1 +cos (} r 2n dV. 
- ~VTe IL1kl 1 + '1k2d; 2 e e 

(8.73) 

Bhlwenpttae)l,ettttoe ceqetttte CBJI3atto c pacce.HtttteM H3Jiyqetttt51 tta 

3JieKTPOHHOM 3ap5I)l.e, 3Kpattwpy10rn:eM cl>JiyKTyau;HlO 3JieKTpOHHOH IlJIOT

HOCTH. <l>JiyKTyau;HR 3JieKTPOHHOH IlJIOTHOCTH OilHCbIBaeTC5I MHO)l(HTe

JieM B nepBOH CTpOKe paaeHCTBa (8.73), Ha qTQ yKa3bIBaeT IIPHCYTCTBHe 

B tteM TeIIJIOBOH CKOpOCTH IlJia3MeHHblX 3JieKTpOHOB. 3a 3KpattHpOBKY 

OTBeTCTBeHeH cI>aKTOp B KBa)l,paTHbIX CK06Kax. Ott MaJI npH MaJihIX nepe-

)l,aHHhlX BOJIHOBhIX BeKTopax l~kj <d;1 H CTPeMHTCJI K e)l.HHHUe B npoTH

aonoJIO)l(HOM npe)l.eJie. TaKHM o6pa30M, pacce.HttHe Ha cJ>JiyKTyauwHx 

3JieKTPOHHOH IlJIOTHOCTH IIO)J.aBJieHO Ha MaJibIX yrnax pacceJIHHJI 

(} < 2 arcsin (-,{-). 
4Jrde 

3TO HepaaeHCTBO cnpaBe)l,JlHBO )J.JlJI )l,OCTaTOqHo KOPOTKHX )l,JIHH BOJIH 

A.< 47rde. 
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KaK BM)J.HO H3 qacTOTHOH 3aBHCHMOCTH B <PopMyJie (8.73), urnpHHa 

crreKTpa pacCeHHHOfO Ha <l>JIYKTYauHHX 3JieKTpOHHOH IIJIOTHOCTH H3Jiy

'!eHH5I orrpe;:i;eJI5IeTC5I TeIIJIOBOH CKOpOCTbIO IIJia3MeHHbIX 3JieKTPOHOB, 

KOTOpaH B CBOIO O'!epe;:i;b 5IBJI5IeTC5I Mepoli IIJia3MeHHOH TeMrrepaTypbI. 

qeM BhIIIIe TeMrrepazypa, TeM IIIHpe crreKTP pacceHHHhIX <l>oTOHOB. Be

JIH'!HHa ce'!eHHH rrporropuHOHaJibHa KOHueHTpauHH IIJia3MeHHbIX 3JieK

TPOHOB. Il03TOMY, perHCTPHPYH HHTeHCHBHOCTb H crreKTp pacceHHHOfO 

H3JiyqeHH5I, MO)KHO cy;:i;HTb 0 TaKHX Ba)KHbIX xapaKTepHCTHKax IIJia3MbI, 

KaK TeMrrepaTypa H 3JieKTpOHHa5I KOHueHTpaumr. 

Ilpouecc, OIIHCbIBaeMbIH ce'!eHHeM (8.73), aHaJIOfH'!eH KOMIITOHOB

CKOMY pacce5IHHIO, IIOCKOJibKY H36bITOK HMIIYJibCa rrepe;:i;aeTCH IIJia3MeH

HOMY 3JieKTpoHy, yHocHureMy c co6oli 3Ha'!HTeJihHYIO 3Heprn10 OT)J;a'!H, 

TaK )Ke KaK B cnyqae 3<l><l>eKTa KoMIITOHa Ha aToMe. Mo)KHO cKa3aTh, 

'ITO B CJiyqae, Karna H3MeHeHHe BOJIHOBOfO BeKTOpa 60JibIIIe o6paTHOH 

BeJIH'!HHbI ne6aeBCKOfO pa,1:u1yca, <PoTOH pacceHBaeTCH Ha Ka)K)J;OM IIJia3-

MeHHOM 3JieKTpOHe «B OT)J;eJihHOCTH», H KOJIJieKTHBHbIMH IIJia3MeHHhIMH 

3<l><l>eKTaMH MO)KHO rrpeHe6pe'!b. KoMIITOHOBCKoe pacceHHHe H3Jiyqe

HHH B IIJia3Me H306pa)KeHO Ha pHC. 8.4, Ha KOTOpOM rrpe;:i;CTaBJieH HM

IIYJibC OT)J;a'!H IIJia3MeHHOfO 3JieKTpOHa 

m,k~w',k 

t 
P. 

Puc. 8.4. PacceHHHe H3JIY'leHHH Ha rrnaJMeHHOM 

3JieKTpOHe 

BeJIH'!HHa ce'!eHH5I pacceHHHH H3JiyqeHmI B rrepec'!eTe Ha o;:i;HH 3JieK

TpoH rrporropuHOHaJibHa KBa;:i;pazy KJiaCCH'!eCKOfO pa;:i;Hyca 3JieKTPOHa 

r.2 = 7, 84 . I 0-25 CM 2, T. e. 5IBJI5IeTC5I O'!eHb MaJIOH BeJIH'!HHOH. HarrOMHHM 

B 3TOH CB5I3H, 'ITO aTOMHa51 e;:i;HHHua Ce'!eHH5I, orrpe)J,eJI5IIOUia5I, HaIIpH

Mep, ceqeHHe pacce5IHH5I 3JieKTPOHOB Ha aTOMax, paBHa 2,8 . 10-17 CM2. 

Il03TOMY B03MO)KHOCTb HCCJie)J;OBaHH51 IIJia3MeHHbIX xapaKTepHCTHK c 

IIOMOUihIO pacce5IHH51 H3JiyqeHH5I B03HHKJia rrocJie II05IBJieHH5I Jia3ep

HbIX HCTO'IHHKOB H3JiyqeHHSI, 06Jia)J;aIOUIHX BbICOKOH crreKTpaJibHOH 5Ip

KOCTbIO. 
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Ceqemi:e pacce.SIHIUI M3Jiyqemrn Ha 3JieKTPOHHOM 3ap.SI,Ue, 3KpaHM

py10meM qmyKTyau;MM MOHHOH IlJIOTHOCTM, MMeeT BM)].: 

da}plas) (k, k') "" 
dQ'dw' -

(8.74) 

( 

/1(JJ2 ) 
exp - 2 2 2 2 

211k Vr; [ Z; ] 1 + cos (} ,2 n.dV 
J21ivr; ltikl 1+11k2d1 2 e 

1 
' 

r.ne Z; - 3apH,[(OBoe 'IMCJIO rrna3MeHHoro Motta; n; = ne!Z; - KOHU:eH

Tpau;M.SI HOHOB B 3JieKTpoHeHTpaJibHOH nJia3Me. 3.necb nepBbIH MHO

)KHTeJib onttCbJBaeT HOHHbie cpJtyKTyau;ttM, a Bbipa)KeHMe B KBa.npaT

HbIX CK06Kax npe,[(CTaBJI.HeT co6oH: 3JieKTpOHHbIH 3apH,[( .ne6aeBCKOH 

ccpepbr, pacce1rna10mMH: tt3Jiyqem-Ie c 3a.naHHbIM 3Ha'leHMeM tik. B cny-

qae ltikl <d;1 
ceqettMe pacceHHMH nponopu;MoHaJihHO KBa.npaTy 3ap.SI

,[(OBoro 'IMCJia HOHa, B qeM npO.SIBJI.SieTCH KorepeHTHbIH xapaKTep npo

u:ecca no BKJia.ny 3JieKTpottoB BHYTPM .ne6aeBCKOH ccpepbr. IlpM BhmOJI

tteHMH npOTMBOflOJIO)KHOfO ttepaBeHCTBa KorepeHTHOCTb HapyrnaeTC.SI, 

H ceqeHMe pacce.SIHM.SI y6brnaeT KaK tik--4 d;4. )J,JI.SI ,[(OCTaTO'IHO 6oJib

lllMX ,[(JIMH BOJIH pacceMBa10meroc51 M3Jiy'leHMH A. > de KorepeHTHOCTh 

MMeeT MecTo ,[(JIH Bcex yrnoB pacceHHMH. B npoTMBonoJIO)KHOM npe

.neJie KOpOTKOBOJIHOBOro M3JiyqeHMH ceqeHMe pacceHHMH MaKCMMaJib

HO B ,nMana30He 

fJ < 2 arcsin (-A.-) 
47rd. 

H pe3KO na.naeT c pOCTOM yrna pacce.HHMH. 

PacceHttMe M3JiyqeHMH Ha .ne6aeBcKoH: ccpepe (8. 7 4) Ha3bIBaeTcH ne
pexoaHbtM pacceRHUeM [4]. 3TOT npou:ecc cxeMaTM'leCKM tt3o6pa)KeH tta 

pMC. 8.5, Ha KOTOpOM yKa3aH MMnyJibC OT,[(a'IM MOHa P; = nltikl, B03HMKa

IOIUMH B xo.ne pacceHHMH. 

flepeXO,[(HOe pacce.HHMe ConpOBO)K,[(aeTCH nepe,[(a'leH M36bITKa MM

ITYJibCa nl)KeJIOMY MOHy, TaK 'ITO H3MeHeHMe 3HepmM cpOTOHa HeBeJIMKO. 
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flocJie)J,Hee 06CT051TeJibCTBO MO)l(HO IIPO.lleMOHCTpHpOBaTb C IIOMOII.l,bIO 

rrpe.neJibHoro rrepexo.na 

(8.75) 

crrpaBe)J,JIHBOfO, ecJIH /dw/ » Vr;/dk/. I-fa COOTHOIIIeHH51 (8.75) CJie)J,yeT, 

qTO B .naHHOM CJiyqae pacce51HHe rrpoHCXO)J,HT rrpaICrnqecKH 6e3 H3MeHe

HH51 qacTOTbI H3JiyqeHH51 w' = w. TaKHM o6pa3oM, pacce51HHe H3JiyqeHH51 

Ha .ne6aeBCKHX «IIIy6ax» ::meKTPOHHOfO 3ap51)J,a BOKpyr HOHa B IIJia3Me 

(rrepeXO)J,HOe pacceHHHe) 51BJIHeTCH aHaJIOfOM p3JieeBCKOfO H3JiyqeHHH 

Ha aTOMe, KOf)J,a qaCTOTa H3JiyqeHHH He H3MeHHeTCH. 

w,k w',K 

+ P; 

Puc. 8.5. IlepexOAHOe pacce.sitt11e 113nyqett11.si Ha Ae6aeacKoti c<l>epe a nnaJMe 

PacceAHHe H3ny'feHHA Ha nna3MOHe 

BbIIIIe paccMaTpHBaJIOCb pacceHHHe, rrpH KOTopoM H36hITOK HMIIYJihca 

<l>oTOHa dpph = ndk rrepe)J,aBaJICH HH)J,HBH)J,YaJibHbIM B036~eHHHM IIJia3-

Puc. 8.6. Pacce.sitt11e 113nyqett11.si 
Ha nJia3MOHe 

MbI: 3JieKTpottaM H HOHaM. Bo3MO)l(eH raK

)l(e rrpouecc c yqacTHeM KOJIJieKTHBHOfO 

IIJia3MeHHOfO B036~eHHH, KOr)J,a H36bI

TOK HMIIYJlhCa rrepe.uaeTCH flJIQ3MOHy, rrpe)J,

CTaBJIHIOII.l,eMY co6oiI CBH3aHHOe KOJie6aHHe 

3JieKfPOHHoro 3apH.na H rrpo,n:oJibHOro :JJieK

TpHqecKoro IIOJIH. 3TOT rrpouecc c HCIIYC

KaHHeM IIJia3MOHa cxeMaTHqecKH H306pa-

)l(eH Ha pHc. 8.6. 
0Jia3MOH xapaKTepH3yeTC51 COOTBeTCTBYIOII.1,HM 3aKOHOM .llHCrrepCHH. 

HarrOMHHM, qro 3aKOH )J,HCrrepcHH OIIHCbIBaeT CBH3b Me)l(.lly qacTOTOH ll 
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BOJlHOBbIM BeKTOpOM. )J,mI KOJIJieKTHBHbIX B036)')1()1,eHHH (KBa3HqaCTHU) 

B nJia3Me ero MO)!(HO IIOJIY'fHTb H3 ycJIOBHH paBeHCTBa Hymo ,ll,H3JieKTPH

qecKOH npOHHUaeMOCTM cpe,ll,bl, T. e. 113 yCJIOBHH pacnpOCTpaHeHMH IIJia3-

MeHHblX BOJIH. B cnyqae npo.noJibttoro Kone6attHH 3JieKTp11qecKoro noJIH 

(nJia3MOHa) 3aKOH ,ll,HCIIepcHH onpe.nenHeTCH ypaBHeHHeM: 

(8.76) 

r.ne c;Ul(k, (!)) - npO,ll,OJlbHaH qaCTb ,ll,H3JieKTpHqecKOH npott11uaeMOCTH 

cpe,ll,bl. 113 (8.76) c yqeTOM 51.BHOfO BH,ll,a ,ll,H3JleKTpHqecKOH npottHuae-

MOCTH IIJia3MbI ,ll,J151. ikl < d;1 (8.71) BbITeKaeT paBeHCTBO 

(8.77) 

npe.ncTaBJIHIOIUee co6oii 3aKOH .n11cnepcw11 ,ll,JIH nna3MOHa. OH oTBeqaeT 

pacnpocTpatteHHIO nna3MOHOB Ha rrna3MeHHOH qacToTe m pe' B cnyqae 

,ll,OCTaTOqHO 60JibllIHX BOJIHOBblX BeKTopoB ikl > d;1 
nJia3MOH He 51.BJIHeT

CH xopOIIIO onpe.neneHHblM B036)')1()1,eHHeM, IIOCKOJibKY wcqe3aeT 3a Bpe

Metta nopH,ll,Ka nep110.na IIJia3MOHHOfO KOJie6aHH51.. 

flpw BhIIIOJIHeHHH ycnoBHH nJia3MOttttoro pe3oHattca (8.76) B Bbipa

)!(eHHH MH 3JieKTpOHHOfO )J,<1><1> (8.69) II051.BJ151.eTC51. CHHfYJIHPHOCTb, OT

Beqa10maH HcnycKaHHIO/nornomeHHIO nJia3MOHa. 3Ta CHHryJIHpHOCTb 

o6ycJIOBJieHa HaJIHqHeM cpyHKUHH c;Ul(k, (!)) B 3HaMettaTeJie cpopMyJibl 

(8.69). Otta B CHJIY HaJIHqIDI MHHMOH qacn1 y ,ll,H3JleKTpHqecKOH npOHH

uaeMOCTH CBO,ll,HTCH K ,ll,eJibTa-cpyHKUHH BH,ll,a O[!J.m ± (!) pl(!J.k)], OIIHCbIBa

IOil(ett 3aKOH coxpatteHHH 3HeprHH (3HaK «+» COOTBeTCTByeT HcnycKaHHIO 

nna3MOHa, «-» - nornow,ettmo). OnycKaH MaTeMaTwqecKwe .neTaJIH, BbI

nHIIIeM Bb!pa)!(eHHe ,ll,J151. 3JleKTpOHHOfO )J,<1><1> c nepe.naqefi 3HepmH-HM

IIYJTbCa wcnyw,ettttoMy nna3MOHy 

sp,(t:.k, t:.m) = 
2 ( 8.78) 

lim ( !J.k) lik 
=(NP1(t:.k)+l) pl 2 o[t:.m+mp1(t:.k)Je(t-it:.kid.), 

8ne 

r.ne 8(x) - cTyrrettqaTaH T3Ta-cpyttKUHH X3Bttcatt.na; NP1(!J.k) - q11cno 

IIJTa3MOHOB nptt 3a,ll,aHHOH TeMnepaType B COCTOHHHH TepMO,ll,HHaMttqec

KOfO paBHOBeCHH, 

(8. 79) 
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IloncrnBJUHI (8.78) B c}>opMyJiy (8.65), noJiyqaeM nocJie HHTerpHpo

BaHH51 no qacToTe paccesrnHoro <J>oTOHa ceqeHHe paccesrnmr H3JiyqeHmI 

c reHepau,Heif IlJia3MOHa 

da(plas} 
pl ---::: 

dQ' 

1 2 (} liOJ (!J.k) !J.k2 

::: +cos 2e (1-J!J.kJ d )(N (!J.k) + 1) pt dV 2 re e pl 8ne2 . 

qaCTOTa pacceSIHHOfO H3JiyqeHHSI paBHa OJ 1 = OJ - OJ pl(!J.k). 

(8.80) 

Arrsr ceqeHHSI pacceSIHHSI c rrornorn:eHHeM ITJimMoHa HMeeT MecTo Bhipa

JKeHHe, aHaJIOfHqHoe (8.80) c TOqHOCThIO no 3aMeHhl ~/(M) + 1 ~ ~,(M) 
H OJ 1 = OJ + OJpl(!J.k). J.fa rrpoBeneHHOfO paCCMOTpeHHSI CJienyeT, qTQ, 

pemcTpMpysr 3aBHCHMOCTh qacTOThI pacce51HHOfO c}>OTOHa OT yrna pacce

SIHHSI, MOJKHO 3KcrrepHMeHTaJihHO ycTaHOBHTh 3aKOH )J,HCITepCHH Jl,JISI 

ITJia3MOHOB. 

AHaJiomqHhie BhrpaJKemrn crrpaBenmrnhr JJ,JISI ceqeHHH pacceSIHHSI 

H3JiyqeHHSI Ha KOJIJieKTMBHhIX ITJia3MeHHhIX B036yJKneHMSIX npyrHX TM

ITOB, HaITpHMep MOHH0-3BYKOBhIX BOJIHaX M T. )],, 

PemcTpMpysr crreKTP paccesrHHoro rrJia3MOH M3JiyqeHMSI, MOJKHO M3Y

qaTh pa3JIMqHoro pona KBa3MqacTMUhI B rrJia3Me. ll1Mp11Ha cneKTPa 113-

JiyqeHMSI, pacceSIHHOfO Ha KaKOM-JIM6o KOJIJieKTMBHOM B036yJKneHMH, 

onpeneJISieT KOHCTaHzy 3ayYXaHH51 M COOTBeTCTBeHHO BpeM51 )l{M3HH pac

CMaTpMBaeMOH KBa3MqacTMI.J;hI. 

Pacce51HMe Ha KOJIJieKTMBHhIX B036yJKneHMSIX B rnrn3Me, corrpoBo:x<:

narorn:eecsr M3MeHeHHeM qacTOThl H3JI}"IeHMSI, SIBJI51eTCSI aHaJIOfOM KOM-

6HHaI.J;HOHHOro pacceSIHHSI M3JI}"IeHHSI Ha aTOMax M MOJieKYJiax. 

8.5. PACCEJIHHE H norno~EHHE H3nY4EHHJI 
HA HAH04ACTHLtAX 

UBeT HaH6oJiee CHJihHhIX Kpacsrrn:Mx nern:ecTB - opraHM

crecKHX KpacHTeJieif - orrpeneJISieTCSI, KaK rrpaBHJIO, rrornorn:eHMeM H3-

JiyqeHH51 MOJieKYJiaMH KpaciueJI51. Ilptt B3aHMOJJ,eHCTBHH H3JI}"IeHHSI c 

MeTaJIJIHqecKHMH HaHoqacTHI.J;aMH CHTyau;MSI irnasr. )l,JISI MaJihIX pa;my

COB HaHocc}>epbr r.< < 15-35 HM JJ,OMMHHpyeT IlOfJIOllJ,eHHe, )J,JISI 60JihllIHX 
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pa.J1:i-1ycoB orrpe,ll.emuomy10 poJih Ha•urnaeT HrpaTh pacce51HHe H3Jiyqe

HH51. CyMMapHoe BJIH51HHe rrornomeHH51 H pacce51HH51 Ha rrpoxmK,ll.eHHe 

CBeTOBOfO nyqa qepe3 BeUJ,eCTBO OIIHCbIBaeTC51 Ce'IeHHeM 3KCTHHKUHH 

O"ext = O"scat + O"abs" BeJIH'IHHa O"ex/o rrpe.n;cTaBJISieT co6oil: MOlll,HOCTh, y.n;a

JI5IeMyIO H3 rra,ll.aIOUJ,ero Ha HaHO'IaCTHUY CBeTOBOfO nyqa HHTeHCHBHOC

TH / 0 , 3a c'IeT nornomeHH51 H pacce51HH51. 0THOIIIeHtte ceqeHH51 pacce51HH51 

K ce'IeHHIO 3KCTHHKUHH Ha3bIBaeTC51 K6allm06blM 6blXOaoM TJ = O"sca/ O"ext' 

KBaHTOBhIH Bhixo.n; xapaKTepH3yeT OTHOCHTeJihHYIO BeJIH'IHHY YJl.aJI51e

Moii H3 CBeTOBOfO nyqa MOUJ,HOCTH, KOTOpa51 H)l.eT Ha pacce51HHe H3Jiyqe

HHH, T. e. MO)l(eT 6bITb 3aperncTpHpoBaHa <PoTOIIpHeMHHKOM. lb BbIIlle

CKa3aHHOfO CJie,ll.yeT' 'ITO KBaHTOBbIH BhIXO,ll. B03pacTaeT c poCTOM pa3-

Mepa HaHO'IaCTHll,hI, HO, KaK 6y,ll.eT BH,ll.HO H3 ,ll.aJibHeil:rnero paCCMOTPeHH51, 

,ll.pyraH Ba)l(HaH xapaKTepHCTHKa - )l.06poTHOCTb pe30HaHCHOf0 pacceH -

HHH - c poCTOM pa,ll.Hyca yMeHbIIIaeTCSI. 

Ba)l(HOH crreuH$tt'IeCKOH qepToii <PoTonpoueccoB c yqacTtteM Me

TaJIJiw1ecKHX HaHO'IaCTHll, 51BJI51eTCH OTCyrCTBHe JlIOMHHec11,eHUHH rrpH 

B03,ll.eHCTBHH Ha HHX H3Jly'leHH51, xapaKTepHOH ,ll.JIH MHilleHeH, o6na.n;a

IOIUHX CHJlbHbIMH OIITH'leCKHMH rrepexo.uaMH B .UHCKpeTHOM crreKTpe 

(cM. rn. 6). B pe3yJihTaTe H3Jiyqetttte MeTaJIJIH'leCKHX HaHoqacTHU rron

HOCThIO o6ycJIOBJieHO pacceHHHeM Ha HHX 3JieKTpOMafHHTHbIX BOJIH. 

3To rrpHBOJl.HT, B qacTHOCTH, K Y3KOMY crreKTPY H3JIY'leHHH npH B03-

6~eHHH MeTaJIJIH'lecKoil: HaHoc<PepbI na3epoM c Y3KOH cneKTpaJib

HOH JIHHHeH. 

C$eptt'IeCKHe HaHo'IaCTHUhI H3 6naropo,ll.HbIX MeTaJIJIOB (3oJioTa H 

cepe6pa) HaXO,ll.SIT IllHPOKOe rrpHMeHeHHe B pa3JIH'IHbIX o6nacrnx HCCJie

,ll.OBaHHH H TexHonorttti. TaK, B qacTHOCTH, 30JIOThie HaHoc<PepbI aKTHB

Ho HCIIOJib3YIOTCH KaK HaHOMapKepbI B Me)l;HUHHe H 6HOJIOfHH. KpoMe 

Toro, BeCbMa rrepcrreKTHBHO HCIIOJib30BaHHe MeTaJIJIH'IeCKHX HaHO'laC

THU B pa3JIH'IHoro po.n;a cettcopax. 

,D.ocTOHHCTBO c<Peptt'leCKOH <PopMbI HaHO'laCTHll,bl c <PYH,ll.aMeH

TaJibHOH TO'IKH 3peHHH 3aKJIIOqaeTCH, rrpe)l()l.e Bcero, B TOM, 'ITO OT

cyTCTByeT 3aBHCHMOCTb ee OIITH'IeCKHX CBOHCTB (Ce'leHHSI nornome

HHSI H pacceSIHHSI) OT <PopMbI H OCTaeTCSI TOJibKO 3aBHCHMOCTb OT 

pa3Mepa. 3TO II03BOJISleT ynpaBJISITb xapaKTepHCTHKaMH 3JieKTPOMar

HHTHOfO OTKJIHKa HaHoc<PepbI, H3MeHSISI ee pa,ll.ttyc. KpoMe Toro, ce

'Iettwe pacceSIHHSI H IIOfJIOUJ,eHHH H3Jiy'leHHH Ha MeTaJIJIH'IeCKHX c<Pe

pax MOfYT 6bITb OIIHCaHbl B paMKaX OTHOCHTeJibHO npoCTOfO aHaJm

TH'IeCKOfO IIO,ll.XO)l;a. 
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npocTeHwee paCCMOTpeHHe 

Bbrpa)l(eHHe (8 .13) ,11,Jrn ceqeHHH p3JieeBcKoro pacceHHMH Ha a TO Me 

MO.>KeT 6bITb HCilOJib30BaHO MR OilHCaHHH pacceHHHH H3JiyqeHHH Ha 

c<f>epHqecKHX ttaHoqacTHuax. B 3TOM cnyqae <f>opMyJia (8.13) MO.>KeT 6bITh 

nepenttcatta B BH)J,e 

(8.81) 

r.ue f3s(w) - ,IJ,HHaMHqecKaH IlOJIHPH3yeMOCTh ttattoc<f>epbI. <l>yttKl(HH f3s(w) 
B paMKax TeopHH MH [5] ,IJ,aeTcH <f>opMynaMM (5.55)-(5.61), ecJIH 

TOJibKO pa3Mep Hattoc<f>epbl cyrueCTBeHHO npeBbIIUaeT Me.>KaTOMHOe 

pacCT05IHHe ee MaTepHaJia, KOf,IJ,a cnpaBe,UJIHBO OilHCaHHH 3JieKTpo

MarHHTHOf0 B3aHMO,UeHCTBHH c IlOMOIUblO ,IJ,H3JieKTpMqecKOH npo

HMI.J,aeMOCTH BemecTBa. EcnH pa.uHyc ttattoc<f>epbI cyruecTBeHHO MeHb

IUe ,IJ,JIHHbI BOJIHbI pacceHBaeMOfO H3JiyqeHHH rs « A, TO MO.>KHO 

IIOJib30BaTbC5I 6onee rrpOCTblM Bbipa.>KeHHeM .UJIH mrnaMHqecKOH rro

JI5IpH3yeMOCTH (5.66) 

(8.82) 

f,IJ,e c
5
(W) - ,IJ,H3JieKTpHqecKaH IIpOHHUaeMOCTh MaTepnana c<f>ephr; cm -

,IJ,H3JieKTpHqecKa5I rrpOHHl(aeMOCTb MaTpHl(bl, T. e. cpe,Ubl, B KOTOpoif 

HaXO,IJ,HTCH HaHoc<f>epa. 

06parn:ettne B HOJib peaJibHOH qacTH 3HaMeHaTeJIH B paBeHCTBe (8.82) 
<f>11311qeCKH OTBeqaeT B036Y.>K,IJ,eHHIO IIJia3MOHa Ha IIOBepxHOCTH HaHOC

<f>epbl (IIOBepxHOCTHbIH IIJia3MOH). 06 3TOM y.>Ke fOBOpHJIOCb B rn. 5 
HaCT05IIUett KHHfH IIPH paCCMOTpeHHH .UHHaMHqecKOH IIOJIHpH3yeMOCTH 

c<PepnqecKHX HattoqaCTHl( [CM. cPOPMYJIY (5.67)]. 
B cnyqae MeTan;rnqecKoi1 c<PepbI ,IJ,JIH Bhiq11cneHMH .UH3JieKTpHqec

KOH IIPOHMl(aeMOCTH ee MaTepttana MO.>KeT 6hITb HCIIOJih30BaHa MO

.ueJib .[l.py,IJ,e (rrpH6JIH.>KeHMe KBa3MCB06o.uHhIX 3JieKTpOHOB), c rrorrpaB

KOM Ha BKJia.u CBH3aHHhIX 3JieKTpOHOB. CooTBeTcTByromaH <PopMyna 

HMeeT BH,IJ, 

w2 w2 vw2 
( ) 

p p • I' p 
cs w = c~ - ( . ) = c= - 2 2 + I ( 2 2) ' 

w w + 1r w + r w w + r 
(8.83) 
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r,n,e y - KOHCTaHTa penaKCaturn; mp, n - KOHUeHTpaUIUI 3JieKTpOHOB 

npOBOJl,HMOCTH, 

-J4nne2
. 

{JJP - * ' m 

m* - 3<P<PeKTHBHa51 Macca 3JieKTpOHa B 30He npOBOJl,HMOCTH; E= - cna

raeMoe, onHCbIBaIOUiee BKJia.ll, CB513aHHbIX 3JieKTpOHOB B JJ.H3JieKTpHqec

KYIO npott11:uaeMoCTh Mernnna. B cnyqae yqern TOJihKO ::ineKTpOHOB npo

BO.llHMOCTM E= = 1. KOHCTaHTa peJiaKCaQMM CB513aHa co BpeMeHeM pe

naKcau1m 3JieKTpoHa r: r - l / r. BpeMH penaKcauHM onpe.ri:enHeT 

npoBOJJ.HMOCTb MeTanJia B TIOCT051HHOM 3JieKTpHqecKOM none 

H MO)l(eT 6bITh onpeJl,enetto no 3TOH <PopMyne. l1cnoJib3oBamrn ::i<t><PeK

TttBHOH MaCCbl m* BMeCTO MaCCbl CB060JJ.H0f0 3JieKTPOHa me TI03BOJI51eT B 

rrepBOM rrpM6Jitt)f(emrn yqecTb BJIH51HMe KPHCTaJIJIH'IeCKOH perneTKH Me

TaJIJia Ha JJ.BM)l(em1e 3JieKTp0Ha npOBOJl,MMOCTM. 

CpaBHeHHe c ::iKcnepMMeHTaJihHhIMH Jl,aHHhlMH noKa3bIBaeT, qTo 

cpopMyna (8.83) xopowo OTIHCbIBaeT OIITtt'IeCKHe CBOHCTBa MeTaJIJia B 

JJ.HaIIa30He 3Heprntt cPOTOHOB nOJ ~ 2-3 38 . .ll,JI51 60JibllIMX 3Hepmtt 3a

MCTHYIO pOJib Ha'I1rnaIOT ttrpaTb Me)JOOHHbie nepeXOJJ.hl 3JleKTPOHOB B 

MeTaJIJie, 'ITO oco6eHHO CMJlhHO CKa3bIBaeTC51 Ha BCJIHqHHC MHMMOH qa

CTH Jl,H3JieKTPH'leCKOH rrpom1uaeMOCTH, KOTOpa51 B03pacTaeT npHMepHO 

Ha rropH.llOK Bem1'lHHhI. TeM He Mettee Jl.JIH nonyqeHHH attanMTH'lecKoro 

pe3yJihTaTa YJl.06tto noJih30BaTbC51 paBeHCTBOM (8.83), non:pa3yMeBa51 rrpM 

3TOM, 'ITO KOHCTaHTa peJiaKCaUMM y = y(OJ) B03paCTaeT C YBCJIH'leHMeM 

qacTOTbl. 

OapaMeTph1 Jl.H3neKTpHqecKoi1 npott11:uaeMOCTH B MoJl,eJIH )l.pyJl,e MH 

Tpex MernnnoB np1rne.ri:etthI B rn6n. 8.1. 
J..fa Jl,aHHOH Ta6JIMUbl cne.ri:yeT' 'ITO KOHCTaHTa penaKcaQHH 3JleKTpo

Ha B o6beMHOM MeTaJIJIH'lCCKOM o6pa3ue MHOfO MeHblile COOTBeTCTBYIO

mett nJia3MCHHOH qaCTOTbl r « ((JP. TeM He Mettee yqeT MHMMOH 'laCTM B 

Bbipa)J(eHMM (8.83) Heo6xOJJ,HM, 'IT06bi H36e)l(aTb c1mrym1pHOCTH npM 

BhI'IttcneHHH .ri:1rnaMH'lecKol1 rroAApH3yeMocTH Hattoc<PepbI (8.82). B JJ.aJih

HettUieM npeHe6peraIOT 3aBHCHMOCTblO Jl,H3JleKTpH'IeCKOH npOHHUaeMO

CTH MaTpMUbI OT qacTOThl, qTo cnpaBe)lJIHBO )lJ151 He CJIHllIKOM Bb[COKHX 

qacTOT H3JiyqeHH51. 
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Ta611uu,a 8. 1. napaMetpbl APYAe AnA HeKOTOpblx Metannoe 
(H3 AMCCepTal.IMM [6]) 

Meuum Au Ag Cu 

n, CM-3 5,90. 1022 5,76. 1022 8,45. ID22 

E., 9,84 3,7 -

m•/m 0,99 0,96 1,49 

1iwP, 3B 9,1 9,1 8,8 

T, <Pc 29 40 40 

hy, 38 0,067 0,018 0,018 

B CJIYIIae MeTaJIJIII'leCKIIX HaHO'laCTIIU MaJIOfO pa.n11yca (r.,:::; 30 HM) 

tteo6xoLJ,HMO YIIIIThIBaTh pacceHHIIe 3JieKTpOHOB rrpoBO,ll,IIMOCTII Ha rro

BepxHOCTII c<Pepbl, 'ITO rrpIIBO,ll,IIT K «IIOBepXHOCTHOH» LJ,06aBKe K KOH

CTaHTe peJiaKcau1rn Ysurf' <PeHOMeHOJIOfII'lCCKOe Bbipa:>K:eHIIe MH KOTO

poii IIMeeT BM,ll,: 

1 VF 
Ysurf = -- =A-, 

"surf rs 
(8.84) 

me vF - cKopocTh <l>epMII (1,4 · 108 cM/c MH 30JIOTa 11 cepe6pa); A -
IIO)J,fOHO'lHhlH rrapaMeTP, BeJIH'IMHa KOToporo ,ll,JIH cepe6pa KOJie6JieTC51 

B npe,ll,eJiaX OT 0,1 ,ll,O 0,7 B 3aBIICIIMOCTH OT XIIMII'lCCKOfO OKPY:>K:CHIIH 

HaHO'laCTIIUhl. 

00LJ,CTaBJI5151 (8.82) II (8.83) B (8.81) II npeHe6peraH B Hepe30HaHC

HhIX KOM6IIHaUIIHX KOHCTaHTOM 3aTyxaHH51, HaXO)J,IIM Bhipa:>K:eHHe MH 

ce'leHIIH pacceHHIIH II3JIYIICHII51 Ha MCTaJIJIII'lCCKOH HaHoccpepe B ,ll,II

IIOJihHOM rrpII6JIII:>K:CHIIII B crreKTpaJibHOH o6nacTII B6JIII3M ITJia3MOHHOf0 

pe3oHaHca: 

(8.85) 
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r.ue ftot = y(m) + Ysurr + Yrad - cyMMapHaH KOHCTaHTa peJiaKcau,HH, yqH

ThIBaIOll.l,aH pacceHHHe 3JieKTPOHOB Ha ITOBepXHOCTH c¢epbl (8.84) H 

pa.n;Hau,HOHHOe 3aryxattHe Yrad' o6ycJIOBJiettttoe H3JiyqettHeM 3JieKTpoMar

HHTHhIX BOJIH ITOBepxHOCTHbIM ITJia3MOHOM HaHO'IaCTHll,bl. 

0TMeTJfM, 'ITO ecmf napaMeTp Ysurf yMeHbUiaeTC51 c pOCTOM pa3-

Mepa ttaHOtfaCTHU,hl cornactto (8.84), TO KOHCTaHTa pa)J,HaUHOHHOfO 

3aTyxaHHH Yrad' KaK rroKa3bIBaeT 3KcrrepHMeHT, pacTeT nporropu,uo-

3 ttaJibHO r,.. 
lfa <fJopMyJihl (8.85) CJie)J,yeT, tfTO MaKCHMYM cetfeHH51 pacce51HH51 

H3JiyqeHH5! rrpH B036y)[(,L(emm TIOBepxHOCTHOro ITJia3MOHa .LJ:OCTHraeTC51 

Ha pe30HaHCHOM qacTOTe [cp. c (5.69)] 

{l)res "" 

(1)2 
p 2 

r--'--- - Ytot • 
E~ + 2Em 

(8.86) 

B rrp116mn1<.eHHH KBa3HCB06o)J,HhIX 3JieKTPOHOB (Mo)J,eJih )J,py)J,e), Koma 

E~ = I, MH Hattoc¢epbI B BaeyyMe Em = I <fJopMyJia (8.86) 6e3 yqeTa 

JaTyxaHHH )J,aeT 

T. e. qaCTOTa ITJia3MOHa Ha c¢ep11qeCKOM rroBepxHOCTH B ..J3 pa3 MeHbUie 

qaCTOThI o6beMHOro ITJia3MOHa (6e3 yqern )J,HCITepCHH). 3aMeTHM, 'ITO 

qaCTOTa ITJia3MOHa Ha ITJIOCKOM rroBepXHOCTH MeTaJIJI/BaKyyM paBHa 

Cylll,ecrneHHO, 'ITO pe3oHaHcttaH qacToTa pacceHHHH yMeHhIIIaeTcH c 

pOCTOM KOHCTaHTbI 3aTyxaHH5! ftot H 3aBHCHT OT )J,H3JieKTpHtfeCKOM rrpo

HHl(aeMOCTH MaTpHl(hl Em. flOCJie.n;Hee 06CT051TeJibCTBO HCI10Jih3yeTC51 B 

rrpaKTHtfeCKOM HCITOJib30BaHHH MeTaJIJIHtfeCKHX HaHoc<fJep KaK ceHCO

poB )J,JIH MOHHTOpHttra OKp}')KaIOll.l,eM cpe)J,bl. 

CrreKTPaJihHaH IIIttptttta MaKcttMyMa cetJeHHH pacceHHHH (8.85) co

Brra.n;aeT c CYMMapHOM KOHCTaHTOM peJiaKcaU,HH: 

~{l)scat = Ytot = Y (m) +A Vp + Yrad · 
r,. 

(8.87) 
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ITocKOJibKY cornacHo 3KcnepHMeHTaJihHbIM ,lJ,aHHhIM Yract - r/, a 

Ysurf - ,.s-1
, TO, Ha'rnHasr c HeKoToporo pa,l1,Hyca HaHoc¢epbr, cneKTpaJib

Hasr lllllpHHa MaKCHMyMa ceqeHHSI pacceSIHHSI pacTeT c yBem:1qeHHeM 

pa,l1,Hyca HaHoc¢epbI. flpH 3TOM, KaK CJie.[f,yeT H3 ¢opMyJibI (8.86), ITOJIO

)l(eHHe MaKCHMyMa C.[l,BHraeTCH B o6JiaCTb MeHbllIHX qacTOT. 

HarroMHHM, qTO cneKTpaJihHaH IIIHPHHa MaKCHMyMa CBSI3aHa co Bpe

MeHeM nonepeqHoH penaKCaI.J,MH OITTMqecKoro B036~eHMSI i'l.OJ = 2/T2. 
B ,lJ,aHHOM cnyqae napaMeTp T2 orrMCbIBaeT BpeMsr ,l1,e<j}a311poBKH rroBepx

HOCTHOro rrJia3MOHa, c B036~eHHeM KOTOporo CBSI3aHO pacceHHHe 11 

nornomeH11e M3JiyqeHHH Ha HaHoc¢epe B paccMaTp1rnaeMOM cneKTpaJib

HOM .[l,Harra30He B6JIM3H pe30HaHCHOH qacTOTbl (8.86). 3KcrrepHMeHTaJib

HaSI 3aBHCMMOCTb 3TOro speMeHH OT .[l,HaMeTpa cepe6pHHOH c¢epbI rrpH

Be.[l,eHa B Ta6n. 8.2. 

To6nuqo 8.2. BpeMJI ,qe<J>a3MpOBKM T2 noeepxHocrHoro nna3MOHa 
,qnJI cepe6pJ1HblX HaHOC<J>ep paanM .. HOrO ,qMaMeTpa [6] 

d, HM 20 40 60 80 

4,5 5,2 4,7 2,3 

1'fa .[l,aHHOH Ta6JIHI.l,b[ CJie.[f,yeT, qTQ c pOCTOM ,lJ,HaMeTpa BpeMH ,lJ,e¢a-

3HpOBKH CHaqana B03pacTaeT, qTo o6ycJIOBJieHO yMeHhIIIeHHeM BJIHHHHSI 

pacceHHMH 3JieKTpOHOB Ha nosepxttoCTM ccpepbr, a 3aTeM Haq11HaeT yMeHb

lllaTbCH H3-3a pocTa ITOTepb 3HeprHH Ha H3JiyqeHHe (pa,l1,MaUMOHHOe 3a

Tyxam1.e ). 

Ha pe3oHaHCHOH qacTOTe (8.86) B ,lJ,ttrronhHOM nptt6JIH)l(eHHH ceqe

HHe paccesi:HHH H3JiyqeHHH MernmrnqecKo:H HaHoc¢epo:H (B rrpeHe6pe

)f(eHHH qJieHaMH -rio/ OJ p) paBHO: 

(8.88) 

0TCIO.[l,a CJie.[(yeT CHJibHOe B03paCTaHiie ceqeHHSI B MaKCHMyMe c yBeJIH

qeHHeM pa.[(ttyca HaHoccpepbI .[1,0 Tex rrop, ITOKa 3TOT pocT He CKOMrreH

CHpyeTCSI pOCTOM KOHCTaHTbl peJiaKCaUHH Ytot' o6ycJIOBJieHHblM pa.[1,Ha

UHOHHblM 3aTyxaHHeM ITOBepXHOCTHOro rrJia3MOHa. 
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B paMKax npocTenrnero amUIHTHqecKoro TIOJJ.XOJJ.a JJ.mI BbiqHcJieHMH 

ceqemrn nornomettHH H3nyqeHHH Hattoc4'>epoif B JJ.HTIOJibHOM npH6JIH

)l(eHHH (A » rs) MO)l(HO BOCTIOJib30BaTbCH OTITHqecKOM TeopeMOM: 

(8.89) 

H Bhrpa)l(em1eM JJ.JIH JJ.HHaMwqecKOH nonHpH3yeMocTH (8.82). B pe3YJih

TaTe HaXO)J,HM: 

O':bs (w) = 

_ 12Jre;, 3 r101 (w/wP)
2 

- ~ 2 . 

c [(e~ +2em)(w/wp)2 
+(r101 /w)2 -I] +(Ytot/w)2 

(8.90) 

qacToTa MaKCHMy~rn ce'Iemrn rromomeHHR JJ.aeTCR TOM )l(e <f>opMy

non (8.86), qTQ H )J,JIH ceqeHHH paccesi:mrn:. KaK CJie)J,yeT H3 paBeHCTBa 

(8.90), ceqeHHe nornomeHHH H3nyqemrn Hattoc<Pepoit B MaKCHMYMe qa

CTOTHOM 3aBHCHMOCTH paBHO 

(8.91) 

0TCIO)J,a, B 'IaCTHOCTH, CJie)J,yeT, 'ITO ceqeHHe nornor.ueHHH B pac

CMaTpHBaeMOM npH6JIJi)l(eHHH B03pacTaeT KaK Ky6 pa)J,Hyca HaHoc<Pe

pbI H Ha pe30HaHCHOM qacToTe nporropl.l,HOHaJibHO OTHOUieHHIO w / Ytot 
B OTJIHqHe OT pe30HaHCHOfO ceqeHHH pacceHHHH (8.88). 0THOilleHHe 

ceqeHHH pacceHHHH H nornomeHHH H3JiyqeHHH B MaKCHMyMe qaCTOT

HOH 3aBJ1CHMOCTH, BbITeKa10mee H3 <PopMyJI (8.88) H (8.91), J],aeTcsi: 

paBeHCTBOM: 

(8.92) 

TaKHM o6pa30M, pacceHHHe H3JiyqeHmI ua HaHoccpepe JJ.OMHHHpyeT 

Ha)], nornomeHtteM )J,JIH )J,OCTaToqHO 60JibllIHX paJJ.HYCOB . .ll,JISI napaMeT

poB cepe6pHHOM c<i>epbl rpaHHqHbIM pa)J,Hyc, pa3)],eJIHIOil.(HM o6JiaCTH cy

mecrneHHOCTH pacceHHHSI H nornomeHHSI, TIOpHJ],Ka 15 HM. flpM HC

TIOJfb30BaHHH paBeHCTBa (8.92) Heo6XO)J,HMO yqHTbIBaTb, qTo TIOJIHaSI 
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KOHCTaHTa peJiaKcau:MH 3aBMCMT OT pa.n;Myca HaHoqacTMU:bI, qTo orpaHM

qMBaeT B03paCTaHMe OTHOIIIeHMJI ceqeHMH pacce.RHMJI M nOrJIOilieHMJI npM 

yBem1qeHMM pa.n:Myca. 

CyilieCTBeHHbIH He,UOCTaTOK onMcaHMJI pacce.RHMH M nornoIIIeHMH 

mnyqeHMH Ha HaHoc¢epax c noMOilibIO ¢opMyJI (8.81), (8.82) M (8.89) 
3aKJiioqaeTC5I B TOM, qTo 3aBMCMMOCTb napaMeTpa penaKCaU:MM Ytot OT 

pa.n:Myca HaHoqacTMU:bI He B03HMKaeT B paMKax .n:aHHOro no.n:xo.n:a ecTe

cTBeHHbIM o6pa30M. Ilo3TOMY MO.UM¢MKau:1rn cneKTpa pacce.RHMH M no

rJIOilieHMH M3JiyqeHMH c M3MeHeHMeM pa3Mepa MeTaJIJIMqeCKOH c¢epbI 

MmKeT 6bITb TeopeTMqecKM BOCnpOM3Be.n:eHa TOJibKO IlOCJie Toro, KaK 

¢YHKU:MH }'(01 (r,) HaM,UeHa M3 3KCnepMMeHTa. IlocJie,UOBaTeJibHbIH no.n:

XO.U, JIMIIIeHHbIH yKa3aHHOfO He.n:ocTaTKa, B03MO)l(eH B paMKax TeOpMM 

MM, 3aTparnBaBIIIelicH B rn. 5 npM onMcamm .UMHaMMqecKOM nonHpM3Y

eMOCTM MeTaJIJIMqecKMX HaHoc¢ep. 

Teop1u1 MM pacce11HMJ1 H nornoll.\eHHJI M3ny1.1eHHJ1 

TeopMR MM pacceJIHMH M3JiyqeHMJI Ha MeTaJIJIHqecKoif c¢epe, Haxo

.UHilieifcJI B O.UHOPO.UHOM cpe.n:e, 6a3HpyeTC5I Ha pa3JIO)l(eHHH 3JieKTp0-

MafHHTHOro IlOJIJI no U:HJIHH,UpMqecKHM rapMOHMKaM (B CHJIY U:HJIHH.n:

pwqecKOM CHMMeTpHH 3a,n;aqw) H «CIIIHBKe» TaHreHU:HaJibHbIX KOMno

HeHT HanpH)l(eHHOCTH 3JieKTpwqecKoro H MarHHTHOfO IlOJieM Ha rpaHMU:e 

c¢epbr. ,LJ,.rrn Toro, qrn6br y.n:oBJieTBopMTb 3TMM rpaHwqHbIM ycJIOBMHM, 

Heo6xo,n:MMO npe.n:noJIO)l(MTb, qTo nOMHMO na,n:aIOIIIero Ha c<f1epy noJrn H 

nOJIH BHYTPH c¢epbr ecTb eIIIe none BTopwqHoli (pacce.RHHOM) BOJIHbI. 

BbIBO.U COOTBeTCTBYIOIIIHX <PopMyJI BeCbMa rpOM03,UOK, OH HMeeTCJI B 

KJiaCCH'IeCKHX MOHOrpa<IJMHX no OnTHKe [5], M MbI np1rne.n:eM 3,UeCb JIHIIIb 

OKOHqaTeJibHbIH pe3yJibTaT. 

CeqeHMe pacce.RHMH M3Jiyqemrn Ha MeTaJIJIMqecKoli c¢epe cornacHo 

TeopMM Mw paBHO 

2 2 ~ { (Mie) _ __!!!___ 2 2 
O"scat - 2 L {2n + 1) jan(x, mx, m)j + lbn(x, mx, m~ }, (8.93) 

emm n=I 

r.n:e an, bn - K03¢¢wu:weHTbI Mtt .n:aIOTCH ¢opMyJiaMH (5.58)-(5.61), 
napaMeTpbI x H m HMeIOT BH,U: 

• npOH3Be,n:eHMe BOJIHOBOro BeKTOpa H3JiyqeHH5I B MaTpMu:e Ha pa.n:H

yc HaHoc¢epbr: 

x = kr, = re;: m r, ; . vcm c (8.94) 
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• OTHOIIIemre noKa1aTenetl: npeJI0Mnemu1 MaTepuana HaHoc<PepbI H 

MaTpMll,bI: 

(8.95) 

<l>opMyJia (8.93) B OTJIHqne OT (8.81) yqHTbIBaeT BKJill.n He TOJibKO nn

IlOJibHOro n = I, HO 11 cnaraeMhIX, OTBeqa10mnx BKJiany BhICIIIMX MYJihTH

nonetl: n > 1 B ceqett11e pacceHHMH, lffO CYIIIeCTBeHHO MH KOPOTKHX MHH 

BOJIH, Koma He BbIIlOJIHSieTC5I YCJIOBMe nMITOJibHOfO Ilptt6JIJDJCeHHSI rs ~ A. 
Pe1yJihTaThI pacqern ceqemrn pacceSIHMSI 111nyqeHHSI Ha cepe6p5I

HhIX c<Pepax pa1n11qHoro pa1Mepa B paMKax Teop11n Mn npencTaBJieHbI 

Ha p11c. 8.7 B cneKTPaJibHOM n11ana10He B6JIH3M ITJia3MOHHoro pe30-

HaHca (8.86). 

5 x 104 

4 x 104 

3 x 104 

2 x 104 

1x104 

I 
I \ 

......... ""Ag(w, 10) 
-·-.. a"Ag (w, 20) 
- - a"Ag (w, 30) 
-- a"Ag (w, 40) 

I 
I /\~ .. 

I ; \'" / i \ .... _ 
/ i \, ' --- .,,,,, .,,,,..""'· '·...... ......... --o ~~~-~..-...::::·-~·~-~-J.~···~~~~·-~·=-~·---

2 2,5 3 (J) 

Puc. 8. 7. PactJeTHOe ceqeH11e pacceirnm1 113nyqeH11ll Ha cepe6pl!HbIX HaHoc<t>epax 
pa3JI11'IH0f0 p3,11,11yca (10, 20, 30, 40 HM) B6Jil1311 llJl33MOHHOf0 pe30-
HaHCa B cpeAe c em = 2,25; no oc11 a6c1111cc OTJIO:lKeHa 3Heprnll <t>oTOHa 
B 3B, no oc11 opAttHaT - cetJeH11e npo11ecca B HM2 

J.fa npnBeneHHoro p11cyHKa cnenyeT, qTo c yBennqeHMeM pa1Mepa 

MeTaJIJlttqecKOH HaHoc<Pepbl IlOJIO)KeHtte MaKCHMYMa ceqeHmI pacceSIHH51 

cnBnraeTC51 B MHHHOBOJIHOBYJO o6JiaCTb, a IIIHPHHa cneKTPaJibHOfO MaK

CHMYMa B03pacTaeT. )],JI51 pa,nnycoB 30 M 40 HM Ha KpMBblX PHC. 8.7 npo

SIBJI51eTC51 IlHK, CB513aHHbIH c KBa,npynoJibHbIM pe30HaHCOM npH B036y?K

neHHM noBepxHoCTHoro nna1M0Ha. KBa.npynoJihHOe cJiaraeMoe OTBeqaeT 

n = 2 B cyMMe (8.93). 
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3KcnepMMeHTa.JlbHbie H TeopeTHqecKHe )laHHbie no pacce5IHHIO H3-

JiyqeHHJI Ha 30JIOTbIX HaHoc<j;>epax pa3JIHqHoro )lHaMeTpa B cneKTPaJib

HoiI 06Jiacn1 B6JIH3H IIJia3MOHHOfO pe30Hattca, rroJiyqeHHbie B JJ:HCCep

TalUIH [6], npe)lCTaBJieHbI Ha p11c. 8.8. PacqeT 6bIJI rrpose)leH B paMKax 

TeopHH MH c HCITOJib30BaHHeM o6oeMHoro 3HaqeHHR JJ:JI5I JJ:H3JieKTpH

qecxoi1 rrpoHHuaeMOCTH 30JIOTa, orrpe,neJieHHoro B 3KcrrepHMeHTe (7]. 

20HM 

"' :s: 
:>:: 

"' .. 
:s: 
Q) 
u 

--~ u 

"' a. 
.D .... 
u 
0 
:>:: .. 
:s: .... 
" 

' -a-
"' "' "' :>:: 
:>:: 

"' .. 
0 a. 
:s: 
::E a. 
0 

:r: 

1,5 2,0 2,5 1,5 2,0 2,5 

3Hepr1111 cpOTOHa, 3B 

Puc. 8.8. 3KcnepttMeHTMbHbie cneKTpbI paccestHttst ttJ11yqeHttst Ha JOJIOTbIX tta

ttoccpepax pa3JII.f'IHOro JlHaMeTpa ( 11epHble KpUBble) tt pacqeT c noMOlllbIO 

TeopttH MH (cepble KPUBble). (113 JlHCceprn11Htt [6)) 

BH.UHO, qTo TeopeTHqeCKHe KpHBbie xoporno BOCITPOH3BO)l5IT He TOJib

KO IlOJIO)K.em1e MaKCHMy~rn ceqeHH5I H ero crreKTpaJibHYIO umpHHY, HO H 

TOqHbIH XO)l KPHBOH. )J,JIJI .n:HaMeTpa Hattoc<J;>epbI 150 HM B BbICOK03Hepre

THqecKOM Kpbme Il05IBJI5IeTC5I MaKCHM)'M, CB5I3aHHbIH c KBa,UpyrrOJibHbIM 

pe30HaHCOM. 3TOT MaKCHMYM CJia6ee Bbipa)K.eH, qeM )lJl5I CJiyqa51 cepe6p5I

HOH c<l;>epbI, qTo MO)K.HO o6o5ICHHTb MeHblllHM speMeHeM )lec)>a3HPOBKH 

rronepxttocTHoro rrJia3MOHa B 30JIOTe no cpaBHeHHIO c cepe6poM. Xopo-
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wee COOTBeTCTBHe TeOpHH H 3KCnepHMeHTa, CJie.ayromee H3 rpaq>HKOB 

pMC. 8.8, fOBOPHT 0 TOM, qTO HCIIOJib30BaHHe B pacqernx o6'beMHOro 3Ha

qeHHH JJ,H3JieKTpHqecKOM IIPOHHll,aeMOCTH MaTepHaJia c<flepbl (6e3 yqeTa 

JIOKaJibHblX 3cflcfleKTOB) HBJIHeTCH B .naHHOM CJiyqae onpas.naHHbIM. 

YMeHbrnemi:e qacTOTbI H yse;mqeHHe cneKTpaJibHOH WHPHHhI nJia3-

MOHHoro pe30HaHca c pocTOM pa3Mepa HaHocct>epbI npHBOJ],HT K yMeHb

rneHHIO ,11,06pOTHOCTH Q (quality factor) nJia3MOHHOfO B036~eHHH, 

KOTOpaH no orrpe,n:eJieHHIO paBHa 

Q = Wres. 

6.w 

)],JIH 30J10TOH HaHocct>epbI BeJIHqHHa ,11,06pOTHOCTH yMeHblllaeTCH c 

8 .no 2,5 npH l13MeHeHHH pa.nttyca OT 30 ,11,0 80 HM. IlpH 3TOM 3HeprttH 

ct>oToHa B pe3oHaHce yMeHbrnaeTcH c 2,2 .no 1,7 38. IlpM attanornqHoM 

H3MeHeHHH pa,n:ttyca cepe6pHHOH HaHocct>epbI ,11,06pOTHOCTb nosepXHOC

THOro nna3MOHa yMeHbrnaeTCH c 11 ,11,0 4, a pe30HaHCHaH 3HeprnH - c 

2, 7 .no 2,5 38. 

,Ll.o6poTHOCTb rrJia3MOHHOf0 pe30HaHca oqeHb Ba)l<.Ha, TIOCKOJibKY OHa 

paBHa K03cPcPHUHeHTY yc11JieHH5l JlOKaJlbHOfO TIOJIH, T. e. onpe.nenHeT 

3HaqeHHe HanpmKeHHOCTH 3J1eKTpHqecKoro TIOJ1H, CBH3aHHOfO c nosep

XHOCTHbIM nJla3MOHOM, KOTOpoe .neucrnyeT Ha qaCTHUhl B6JIH3H noBepx

HOCTH c<flepbI. B pe3yJihTaTe TaKOfO ycHJieHHH OKa3bIBaeTCH B03MO)J{HhIM 

tta6JIIO,n:aTh ueJihIM KJiaCc HeJIHHeHHhIX OilTHqeCKHX HBJleHHH, TaKHX KaK 

KOM6HHaUHOHHoe pacceHHHe, KOTOpbie B rrpOTHBHOM CJiyqae npaKTH

qeCKH ttetta6nro.naeMhI RJIH MH perncTpaUHH KOTOPhIX TPe6yroTCH cBepx

CHJlhHhie 3JieKTpOMafHHTHble TIOJIH. 

)],JIH ceqeHHH 3KCTHHKUHH H3JiyqeHHH Ha MeTaJlJIHqecKOH c<flepe Te

OpHH MH .naeT [5]: 

(Mie) _ 2nc
2 ~ ( 2 I) R { ( ) b ( )} (]'ext - --2 ~ n + e an x, mx, m + n x, mx, m . 

Em{J) n=I 
(8.96) 

8b1pa)l(eHHH J],JIH K03cflcPHUHeHTOB pa3JIO)J{eHHH an, bn npttBe,11,eHhI B 

fJI. 5 [CM. cPOPMYJlhl (5.58)-(5.61)], napaMeTpbl x H m ,11,aIOTCH paBeH

CTBaMH (8.94) H (8.95). HanoMHHM, qTo 3KCTHHKURH onttchrnaeT yMeHb

wetttte HHTeHCHBHOCTH H3J1yqeHMH B pe3yJ1hTaTe ero nornomeHMH H pac

ceHHHH Ha qacT11uax Bemecrna. 

KaK ~e yrroMHHanocb B ttaqane ttacToHmero pa3,n:ena, ceqem1e rro

rnoI11.emrn H3JiyqeHHH paBHO pa3HOCTH ceqeHMH 3KCTHHKUHM H pacceJI-
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HH51 (Tabs = (Text - CTscat" c IlOMOIUbIO 3TOfO COOTHOIIIeHH51 H Bbrpa)!(eHHH 

(8.93), (8.96) MO)!(HO paccqHrnTh ceqeHHe <PornnornomeHH51 Ha Menm-

1rnqecKo.it c<Pepe. Pe3yJihTaT rnKoro pacqern wrn cepe6p51HhIX c<Pep pa3-

JIHqHoro pa.ri,ttyca, noMemeHHhIX B cpe)J,y c Em = 2,25 (cTeKJio), npe)J,

crnsneH Ha pttc. 8.9. 

1x104 

-- u,,,Ag (w, 30) 
......... a,,, Ag (<•, 20) 
- - u,,,Ag (w, 10) 

Puc. 8.9. CeqeHHe nornoweHHll HJJiyqeHHll cepe6pHHb!MH ccj>epaMH paJJIHqHblX 

paJJ,HYCOB (10, 20, 30 HM), paccqHTaHHOe B paMKax TeOpHH MH B 0611a

CTH fiJ133MOHHOrO pe30H3HCa. fio OCH a6CUHCC OTJIO)l(etta 3HeprHH cj>o

TOHa B 38, no OCH Op,!lHHaT - ceqeHHe B HM2 

BH,n:Ho, qTo B OTJIHqHe OT ceqeHH51 pacce51HH51 ceqeHHe nornomemrn 

HMeeT cymecTBeHHO 6onee CHJibHbIH KBa.ri,pynoJibHbIH pe30HaHC, KOTO

pbr.it )J,OMHHHpyeT Ha;J, )J,HilOJibHbIM, ~e HaqHHa51 c pa.ri,Hyca c<PepbI 30 HM. 

qHcneHHhI.it aHaJIH3 B paMKax TeopHH MM noKa3bIBaeT, qTo B cnyqae 

cepe6p51HhIX ttaHoc<Pep ceqeHHe nornomeHH51 H pacce51HH51 H3JiyqeHH51 B 

TIJia3MOHHOM MaKCHMYMe cpaBHHBaIOTC51 npH pa)J,Hyce 15 HM, )J,JI51 60Jib

IIIHX pa.ri,HyCOB )J,OMJ1HHpyeT pacce51HHe Ha,11, nornorneHHeM. ,llJI51 30JIO

Tb!X Hattoc<Pep pacceHHHe cpaBHHBaeTC51 c nornorneHHeM npH pa)J,ttyce 

37 HM, npHqeM MaKCHMYM cneKTpaJibHOfO ceqemrn pacce51HH51 B 3TOM 

CJiyqae CMerneH OTHOCITTeJibHO MaKCHMYMa nornorneHH51 B o6naCTb MeHb

IIIHX 3Heprn.it <PoTOHOB npHMepHO Ha 0, 1 3B. 0THOIIIeHHe ceqeHH51 pac

ce51HH51 H nornorneHH51 CB513aHO c KBaHTOBbIM BbIXO)J,OM pacce51HHOf0 

l13JiyqeHH51, KOTOpbIH 51BJI51eTC51 Ba)!(HbIM napaMeTpOM, onpe,11,eJIHIOiliHM 

B03MO)!(HOCTb npaKTHqecKoro lICilOJib30BaHH51 HattoqacTHU. 

Ba)!(HO no,11,qepKHYTh, qTo cymecTBettHaH 3aBHCHMOCTh cneKTpos 

pacceHHHH H nornorneHHH H3JiyqeHH51 MeTaJIJIHqecKHMH HaHoqacTHna-
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MH B6JIH3H TIJia3MOHHOro pe30HaHca OT pa.D;Hyca ccl>ephI, KOTOpaR CJie.D;y

eT H3 pHC. 8.7 H 8.9, ITpHBO,ll;HT K HeO,D;HOpO,D;HOMY yurnpeHHIO COOTBeT

CTBYIOUIHX CITeKTpOB B CJiy1-rne aHCaM6m1 HaHO'IaCTHU c 3aMeTHbIM pa3-

6poCOM pannyca. 3TO He06XO,ll;HMO yqHThIBaTh ITPH aHaJIH3e COOTBeT

CTBYIOUIHX 3KCITepMMeHTaJihHhIX naHHhIX. 

HecMOTpH Ha xopowee COOTBeTCTBHe TeopeTH'IeCKHX H 3KCITepMMeH

TaJibHbIX naHHbIX, CJie,D;yIOUiee H3 pHC. 8.8, He06XO,ll;HMO ITOMHHTb, qTQ 

TeOplrn MH HMeeT, ecTeCTBeHHO, CBOIO o6JiaCTb ITPHMeHHMOCTH. 3TO CBH-

3aHO B ITepByIO oqepe,D;b c cl>eHOMeHOJIOfH'IeCKHM OITHCaHHeM MaTepMaJia 

HaHo'laCTHUhI c ITOMOUihIO .D;H3JieKTpH'IecKo:H: ITpOHHI.J,aeMocTH. TaKo:H: 

ITO,D;XO,D; CITpaBe,D;JIHB MH ,ll;OCTaTOqHO 60JibllIHX pa3MepoB HaHO'IaCTHI.J,hl H 

MHHhI BOJIHhI H3JiyqeHHH, Koma «pa6oTaeT» ITpencrnBJieHMe o BemecTBe 

KaK o CITJIOWHOH cpe,D;e. B cJiyqae HaHoqaCTHI.1 Manoro pa3Mepa CYUie

crneHttyIO POJib Ha'IHHaIOT HrpaTb JIOKaJihHbie 3cl>cpeKTbI, KOTOpbie He yqH

TbIBaIOTCH ITPH HCITOJih30BaHHH o6beMHOH ,ll;H3JieKTpHqecKOH ITpOHHI.J,ae

MOCTH MeTaJIJia. KpoMe Toro, TeopHH MH ITpenIToJiaraeT HaJIMqne pe3KOH 

rpaHHI.J,bI y MeTaJIJIHqecKOH ccpepbl, 'ITO TaIOKe HBJIHeTCH ITpH6JIH)!(eHHeM. 

npaKTH"leCKOe HCnOnb30BaHHe pacceAHHA H3ny"leHHA 

Ha HaHoc<1>epax 

Cpenn o6nacTe:H: ITpaKTttqecKoro ITpttMeHeHHH MeTaJIJIH'IeCKHX HaHo

qacTMU cnenyeT OTMeTHTh B ITepByIO oqepe,D;b HX HCITOJib30BaHHe MH OIT

TH'IeCKOfO ,D;eTeKTHpOBaHHH 6HOJIOfH'leCKHX o6beKTOB H MH HCCJie,D;OBa

HHH 6noxHMHqecKttx ITpoueccoB. Ha1160Jiee Ba)!(HhIM ITpeMMymecrnoM 

,D;aHHOro MeTOna ITO cpaBHeHHIO c Tpa,D;Hl.(HOHHhIM pa,D;HOH30TOITHhIM Map

KHPOBaHtteM HBJIHeTCH MfHOBeHHbIH OTKJIHK H ITpOCTOTa peaJIM3aI.J,HH. 

<l>HJHqecKOH OCHOBOH HCITOJib30Bamrn MeTaJIJIH'leCKHX HaHO'IaCTHU 

B Ka'leCTBe ceHCOpOB HBJIHeTCH 3aBHCHMOCTb qaCTOTbl ITJia3MOHHOfO pe-

30HaHca B CITeKTpe pacceHHHOro H3JiyqeHHH OT ,ll;H3JieKTpH'leCKOH ITpO

HHI.J,aeMOCTH OKp~a10me:H: cpe,D;bI (MaTpHI.J,bI), 'ITO OITHChIBaeTCH cpop

MYJIOH (8.86). CnenyeT ITO.D;'IepKHYTh, 'ITO pacceHHHhIH cITeKTp 3aBHCHT 

OT /10/CQ/lbflOU BeJIH'IHHbl ,ll;H3JieKTpH'IeCKOH ITpOHHI.J,aeMOCTH MaTpHll,bl. 

3To cymecTBeHHo ITOBhirnaeT pa3peurn10my10 cIToco6ttocTh paccMaTpH

BaeMoro ITO,ll;XO,D;a ITO cpaBHeHHIO c npyrHMH OITTH'IeCKHMH MeTo,D;aMH. 

KaK OTMe'laeTCH B n11:ccepTaUHH [6], C.D;Bttr ITJia3MOHHoro pe3ottattca ITPH 

pacceRHHH H3Jiy'leHHH Ha MeTaJIJIH'IeCKOH HaHoqacTHI.J,e orrpe,D;eJIHeTCH 

JIOKaJibHOH KOHI.J,eHTpaQMe:H: qacTHU OKp~a10me:H: cpe,D;bl B o6beMe ITO

PMKa 10-16 CM3• qHCJIO MOJieKyJI B TaKOM o6beMe, KOTOPhie Bbl3bIBaIOT 

CITeKTpaJibHbIH C,ll;BHf, O'leHb MaJIO (ITOpH.D;Ka HeCKOJibKHX TbICH'I). 
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IlpttMep BJ1H51HH51 MaTpHUbI Ha 3KCnepHMeHTaJlbHbIM cneKTP pacce-

51HHOro cepe6p51HOH HaHoccPepotl: H3.JiyqeHHH npe,UCTaBJieH Ha pHC. 8.10. 
,Ll,H3.JieKTpwrecKa51 npoHHUaeMOCTb BO.UHOH MaTpHUbI H3MeH51.JiaCb 3a C'leT 

pacrnopeHHH B Hell: caxapo3hI - Beruecrna c 60.JibIIIHM K03$<l>»utteHTOM 

npe.JIOMJieHHH, 'leM BO,Ua. 

"' :s: 
1,0 

Ii o.s 
8 i 
~ :ll 0,6 
... 0 
I- a. 
u :s: 
0 :I: ili g. 0,4 
5 :r 
:r~ 

~ 
:r 

::s:: 
0,2 

Puc. 8.10. 3Kcnep11MeHTartbHbitt cneKTp paccel!Httoro 11311yqeHHll Ha oimHO'IHOH 

cepe6pl!HOH HaHoc<t>epe (r, = 30 HM), '!aCTH'IHO norp)')KeHHOW B BO)l

HblH pacrnop caxap03bI pa3JIH'IHOH KOHI.1eHTpa1.11111 [6] 

I-fa npHBe.ueHHoro pttcyHKa c.Jie.uyeT, 'ITO MaKCHMYM cneKTpa pacce

HHHoro H3.JiyqeHH51 CMeruaeTC51 B 06.JiaCTb 60.JiblIIHX ,UJIHH BOJIH ( «Kpac

HbIH» C,UBHr) no Mepe yBe.JIH'leHH51 KOHUeHTpaUHH caxap03bl B BO,Ue, T. e. 

c yBeJIH'leHHeM noKa3aTe.JI51 npe.JIOMJieHH51 MaTpHUbI B COOTBeTCTBHH c 

<l>opMy.JIOH (8.86). AttaJIH3 noKa3bIBaeT, 'ITO C,UBHr cneKTPaJibHOfO MaK

CHMYMa JIHHeHHO 3aBMCHT OT KOHUeHTpaUHM caxapo3bl M ero BeJIH'IHHa 

HaXO.UHTCH B coorneTCTBHH c npe.ucKa3aHtteM TeopHH Mtt. TaKHM o6pa-

30M, no C,UBHry MaKCHMyMa B cneKTpe pacceHHHOfO cepe6pHHOH HaHOC

<l>epoiI H3JiyqeHH51 MO)!(HO onpe.ueJIHTb KOHUeHTpaumo caxap03bI B BOLl,

HOM pacrnope, B KOTOpbIH norp~eHa HaHO'laCTHUa. 

Bo3MO)!(HOCTh .ueTeKTttpoBaHHH MaJihIX KOHUeHTpauttM: pacrnopeH

HhIX BerueCTB BbIIIIeonttcaHHbIM cnoco60M onpeL1,e.JI5leTC5! BeJill.'IHHOH 

C,UBHra MaKCHMyMa, cneKTpaJibHOH 'IYBCTBHTe.JibHOCTbJO ycTaHOBKH H 

IIIHPHHOH nna3MOHHoro pe3oHaHca. B HacToHruee BpeMH CL\BHr MaKCHMY

Ma cneKTµa H3JiyqeHH51 npH pacceHHHH Ha OLl,HHO'IHOH HaHoc<t>epe MO)!(eT 

6bITh HaLJ,e)!(HO 3apemcTpttposaH Bn.JIOTh .uo se.JIH'IHHhI M = 2 HM. Be.JIH

'IHHa CLl,BHra MaKCHMyMa no.u B03Ll,eHCTBHeM 3a,UaHHOH MaTpHUbI MO)!(eT 
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6hITh yBeJUP·Ietta rrp11 3aMeHe ttattoc¢>ep Ha HattocTpe)l(HH. Op11 TaKOH 

3aMeHe yMeHhlllaeTCH lllHpHHa nJia3MOHHOro pe30Hattca, qTO TaK)l(e yBe

Jrnq11BaeT qYBCTBHTeJibHOCTh MeTo.ua. l13Mepettml. ITOKa3bIBaIOT, qTO C.UBHf 

crreKTpaJibHOfO MaKCllMyMa, o6ycJIOBJieHHhIH BJIHHHHeM MaTplll.1,hI, co

CTaBJIHeT 20 % OT lllHpHHhI ITJia3MOHHOfO pe30Hattca .umr 30JIOTOH Ha

Hoc¢>epb! H 80 % .umr 30JIOTOf0 HaHOCTep)l(HH TaKOfO )Ke 06beMa .11,JI5I 

nJia3MOHHOH MO.Ubl, optteHTHpOBaHHOH B.UOJih OCH CTep)l(H5I. BMeCTO Ha

HOCTep)l(HH .11,JIH yBeJI11qettm1 qyBCTBHTeJibHOCTH ceHCOpOB Ha MeTaJIJIH -

qecKllX HaHoqacTHl.l,aX MOryT MCITOJih30BaTbC5I rrapbl 6JIM3KOpacrrOJIO)l(eH

HbIX Hattoc¢>ep. ,Ll.pyrn:M .UOCTOMHCTBOM HaHOCTep)l(HeH no cpaBHeHMIO c 

HaHoc¢>epaMM 5IBJI5IeTC5I 60Jibllla5I 3¢>¢leKTMBHOCTh pacce5IHH5I 113JiyqeHM5I, 

o6ycJIOBJieHHa5I 60JihlllOH BeJI11qHHOH ITOJI5IPM3yeMOCTH H 60JihllIHM KBaH

TOBhIM BhIXO.UOM. TaKHM o6pa3oM, MeTaJIJIHqecK11e ttattocTpe)l(HH HBmI

IOTCH H.11,eaJibHhIM pemeHHeM .UAA cettcopOB, OCHOBaHHhIX Ha ITOBepxttoc

THhIX nJia3Mottax. OHM coqeTaIOT 6oJihIIIYIO qyBcTBMTeJihHOCTh qacTOThI 

ITJia3MOHHOro pe30HaHca K MaTepHaJIY MaTµHl.l,bI, MaJIYIO crreKTµaJibttyIO 

lllHpMHY pe30HaHca H BhICOKyIO 3¢>¢leKTHBHOCTh pacce5IHH5I H3JiyqeHM5I. 

MeTann11qecK11e HaHoqacTHUhI, rroMellleHHbie B pacrnop, MOfYT cny

)1(11Th TaK)l(e cettcopaMH 3JieKTpHqecKOfO 3apH.ua, B03HHKaI011.1,ero Ha HX 

ITOBepxHocrn: B pe3yJibTaTe B3aHMO.UeHCTBH5I c MOJieKyJiaMH pacrnop1ne

JI5I. Han11qtte H36hITO'rnoro KOJI11qecTBa 3JieKTpOHOB B HattoqacTHUe rrp11-

BO.UHT K yBeJI11qeHHIO KOHI.1,eHTpaI.1,HH 3JieKTpOHOB rrpOBO.UHMOCTH, qTO 

yBeJIHqHBaeT ITJia3MeHHYIO qacTOTY B COOTBeTCTBHH c ¢>opMyJIOH 

w = ~4nne2 

p • 
m 

H qacTOTY ITJia3MOHHOro pe30HaHca (8.86), BhI3bIBa5I TeM caMbIM TaK Ha-

3brnaeMbIH «CHHHH» C.UBHf B crreKTpe pacceHHHOfO H3JiyqeHH5I. 

HaKotteu, eme O.ll.HHM rrp11Mettem1eM MernmmqecKHx Hattoqacrnu MO

)f(eT 6bITh HX HCITOJih30BaHHe .11.AA 3JieKTpHqecKoro ynpaBJieHH5I rrepeKJIIO

qeHHeM CBeTa, qTo Ba)KHO .11.AA COBpeMeHHbIX OITTHqeCKHX TeJieKOMMYHHKa

UHOHHhIX TeXHOJIOfHH H .UHCnJieHHbIX CHCTeM. B 3TOM c11yqae HMeeT MeCTO 

aKTHBHOe B03.UeHCTBHe Ha ITJia3MOHHhIH pe30HaHC B pe3yJihTaTe rrpHJIO)l(e

HH5l ITOCT05IHHOfO 3JieKTµHqecKoro ITOJI5I K MeTaJIJIHqecKOH HaHoqacTMl.l,e, 

ITOMell.l,eHHOH, HarrpHMep, B )l(H.11,KllH KPMCTaJIJI. 3JieKTµHqecKoe ITOJie Me

H5leT JIOKaJihHOe 3Ha'IeHMe .UM3JieKTµHqecKOH rrpoHHl.l,aeMOCTM MaTµHl.l,hI, 

'ITO H rrpHBO.UHT K C,ll,BHry crreKTµaJihHOfO MaKCHMYMa B pacce11BaeMOM 

M3JiyqeHttH. Optt B036~eHHM rrJia3MOHHoro pe3ottattca Jia3epHhIM M3JIY-
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qem1eM c Y3KOH crrelCTpa.JihHOH urnpnttoll: CJl.BHr MaKcHMYMa rrpmcBJUieTCH 

KaK H3MeHeHHe HHTeHCHBHOCTH pacceHHHOfO CBeTa. YKa3aHHOe o6cTOH

TeJibCTB0 )l.eMOHCTPHpyeTCH pnc. 8.11 )l.JIH )l.Byx cepe6pHHbIX HaHoqacTHU, 

IIOMemeHHb!X B pa3JIHqHbie )l.OMeHbI )l(H)l.KOfO KpHCTa.JIJia, OTJIHqaroumecH 

HarrpaBJietttteM BeKTopa crromaHHOH IIOMpH3aUHH. 

a: 
:s: 
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:ti iti 
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PHc. 8.11. «KpaCHhIH» (a) 11 «CHHHH» (6) c.11.a11rn TIJia3MOHHOro pe3oHattca rrp11 

pacceHHHl:I 1:13JlY'leHl:IH Ha cepe6pHHhIX HaHo'!aCT11uax, IIOMellJ,eHHhIX 

B pa3Jll:l'!Hble .11.0MeHhl lKl1.ll.KOfO KPl:ICTaJIJla, rrp11 rrp11JIO)l(:eH1111 IIOCTO

HHHOro 3JleKTpH'!eCKOro IIOJlH (6) 

CymecTBeHHO, qTo 3JieKTpnqecKH HHJl.YUHPOBaHHOe H3Mettettne )l.H-

3JieKTpnqecKoll: rrpottnuaeMOCTH HBJIHeTCH aHH30TPOIIHhIM, II03TOMy B03-

HHKaeT 3aBHCHMOCTb crreKTpa pacceHHHOfO H3JiyqeHHH OT I10JIHPH3aUHH 
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B036y)l(,UaIOIIJ,ero CBeTa. Ec;m II3Jl}"lemi:e IIOJ15IpII30BaHO rrapaRJleJlbHO 

BeKTOpy HarrpmKeHHOCTII IIOCTOJIHHoro 3JieKTpJiqecKOfO IIOJIR, B03HH

KaeT «CIIHHH» C,L(Blff cneKTpa pacceJIHHOfO H3JI}"leHHR, ecJrn nepneH,L(H

KyJrnpHO - «KpaCHbIH» C.UBHr. TaKIIM o6pa30M, c noMOlllhIO nepeKJIIO

qeHHR n01rnptt3aUHH B036)')1<.uaiomero CBeTa MO)!(HO ynpaBJIRTb 3<P<PeK

THBHOCTblO pacceJIHHH H3JI}"leHIIH Ha MeTaJIJIIfqeCKHX HaHoqacTHUaX B 

paccMaTpttBaeMOH cxeMe. 
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rnABA KOrEPEHTHblE <l>OTOnPOU.ECCbl 

9 

IlpH B031l,eRCTBHH Ha aemecrno MOIUHhIX pe30HaHCHhIX 

HMilYJihCOB 3JieKTpOMarHHTHOro nom1, ll,JIHTeJihHOCTh KOTOPhIX MeHhllle 

xapaKTepHhIX apeMeH peJiaKcaunn B036)')1(Jl;aeMoro nepexoll,a, B03HHKaeT 

cneumpncieCKHR Hecrnu~mHapHhIH OTKJIHK aemecTBa Ha 3JieKTPOMafHHT

HOe B036)')1(Jl;eHHe, <l>n1ttqeCKOR OCHOBOH KOTOporo HBmieTCJI HaBeJJ,eHHe 

KorepettTHOCTH B attcaM6Jie B036)')1(,ll,aeMhIX qacTHU. KorepeHTHOCTh 01-

HaqaeT c<l>a3HposaHHOCTb KBaHTOBhlX COCTOHHHH, Me)l()J,y KOTOphIMH co

seplllaeTCH 3JieKTpOHHbIH nepexoJJ,. )lJIH tta6moJJ,eHHH KorepeHTHbIX He

cTauttoHapttbIX JIBJieHHH aMITJIHTyJJ,a 3JieKTpHqecKoro IlOJIJI B H3JiyqeHHH 

J],OJI)l<.Ha YJJ.OBJieTBOPHTb ycJIOBHIO Ea > nro/do, a .ll)IHTeJibHOCTb 3JieKTpO

MarHHTHOro HMITYJibca M - HepaseHCTBY M < y0
1 (d0, y0 - nunoJihHhitt 

MOMeHT H lllHpHHa cneKTPaJibHOH JIHHHH B036)')1(,ll,aeMOfO nepexona). 

,Ll.aHHhIM ycJIOBHHM, KaK npaBHJIO, ynoBJiernopHIOT 3JieKTpoMarnttTHhie 

HMnyJihCbI nHKoceKyHJJ,HOro JI <l>eMTOCeJ<YHJJ,Horo JJ,Hana3oHos. TaKHe 

HMilYJibCbl reHepupyIOTCJI B cospeMeHHhIX Jia1epHbIX ycTaHOBKax, Hatt-

6onee MOUJ:Hbie M3 KOTopbIX nepequcneHbI B rn6n. 7.2. ,L(JIH om1camrn 

KOrepeHTHhlX npoueccos, B03HJIKaIOUJ:MX npH TaKOM HMilYJibCHOM B03-

6)')1(Jl;eHHH, yno6HO HCilOJib30BaTb HarJIJIJ],HhlH reoMeTpHqecKHH nonxon, 

OCHOBaHHhlH Ha <l>opMaJIH3Me OITTHqecKOfO BeKTOpa Bnoxa. 

9.1. <l>OPMAnHJM 
onTH4ECKOro BEKTOPA snoxA 
H nPOCTEHWHE KOrEPEHTHblE SIBnEHHSI 

B cnyqae pe10Hattcttoro so1neH:cTBHH Ha onTuqecKMH ne

pexoll, ll,OCTaTO'lHOfO HHTeHCJIBHOfO H3Jiyqemrn MH on11camrn noBell,e

HHH KBaHTOBOH CHCTeMbl MO)!(eT OKa3aThC5I HeJJ,OCTaTOqHblM HCilOJib30-
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Bam1e Teop1111 B03MyUJ,eHMtt. TaKoil cnyqail 6hrn paccMoTpett B pa3.u. 6.6 
c ITOMOlUbIO perneHMH ypaBtteHMH llipe,UMHrepa .llJIH .UByxypoBHeBOH CM

CTeMbI B rrp116nmKeHMM BpaUJ,aIOUJ,eilcH BOJIHbI. Ebrno, B qacTHOCTH, 

noKa3aHO, qTo 3aBMCMMOCTb HaceneHHOCTeH OT BpeMeHM HOCMT oc

UMJIJIHpyIOIUMH xapaKTep - ocuttnJIHUMM Pa611. CyUJ,ecrnyeT ttarnH.U

HhIH cnoco6 OITMCaHMH BpeMeHHbIX OCUMJIJIHUMM xapaKTepMCTMK LIBYXY

pOBHeBOH CMCTeMbI, 06na.ua10meil HeHyneBbIM 3JieKTpMqecKMM .UMfiOJib

HbIM MOMeHTOM nepexo.ua, c IlOMOIUblO BpaUJ,eHIHI TpexMepHoro BeKTOpa 

B HeKOTOpOM MaTeMaT11qeCKOM npoCTpaHCTBe. dTOT cnoco6 3aMMCTBO

BaH M3 cpM3MKM MarHMTHOfO pe30Hattca, Kor.ua yKa3aHHhlH BeKTOp rrpe.u

CTaBJIHeT co6ott MaTHMTHhIH MOMeHT, a npocTpaHCTBO HBJIHeTCH o6hiq

HbIM reoMeTp11qecKMM. Opn rrepexo.ue K paccMoTpeHMIO B3aMMo.ueilcTBMH 

OITTM'!eCKOfO M3Jiy'!eHMH POJib MarHMTHOfO MOMeHTa, KaK rrpaBMJIO, MT

paeT 3JieKTpMqecKMH .UMTIOJibHbIH MOMeHT, 11 TpexMepttbIM BeKTOp, l1306-

pa)l(aIOUJ,11H .UBYXYPOBHeByIO CMCTeMy, Ha3hIBaeTCH onmulfeCKUM 6eKmo

poM E110xa [I]. 
MaTeMaTuqecKoe onpe.uenett11e ont11qecKoro BeKtopa Enoxa R y.uo6tto 

.uaTb c MCTIOJib30BaHMeM MaTpMu OaynM ~ KaK cpe.uttee no COCTOHHH.10 

.[l,ByxypoBHeBoil CMCTeMbI It): 

it)= a1 (t)II) +a2 (t)i2), (9.1) 

r.ue \1), \2) - KeT-BeKTOpbI )l.MpaKa, 060JHaqa10UJ,11e HM)l(Hee M Bepxttee 

3HepreT11qecK11e coctoHHMH. 3ttepmM 3TMX coctoHHMH paBHbI El' £2, a 

co6CTBeHHaH qacTOTa 

Ko3cpcp11u11etttbI pa3JIO)l(ettHH a 1, i(t) HBJIHIOTCH KOMnneKCHbIMH <l>YHK

UMHMM, onpe.[!,eJIHlOUJ,MMM BpeMeHHYIO 3aBMCMMOCTb COCTOHHMH KBaHTO

BOH CMCTeMbl. flo npe,UITOJIO)l(eHMIO 3JieKTp11qeCKMH .UMTIOJibHbIM MOMeHT 

nepexo.ua 

d0 = (2\d\I) 

tte paBeH Hynio. B .Ua.JibHeilrneM 6y.ueM onycKaTb BeKTOptthre o6o3ttaqe

HMH y .[l,MTIOJibHOfO MOMeHTa, rrpe.unonara51 HarrpH)l(eHHOCTb 3JieKTpM

qecKoro rronH napannenhttoil OCH z. 
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<Pop My JI a (9. I) npe)J,CTaBJIHeT co6oit pa3JIO)!(eHife npOM3BOJihHOrO 

COCTOHHMH )1,ByxypOBHeBOH CMCTeMbI no cTaUMOHapHbIM COCTOHHMHM, B 

KOTOpbIX coxpaHHeTCH 3HeprMH CMCTeMbI. 

MaTpMUhI flayJIM, OnMChIBaIOIUMe, KaK lf3BeCTHO, qacTMUY CO cnlf

HOM 1/2, paBHbI: 

MaTpMUhI nayJIM y)J,oBJieTBOpHIOT Ba)!(HOMY KOMMYTaUMOHHOMY co

OTHOllieHMIO: 

(9.3) 

me [a, 6] =ah - Ea - KOMMYTaTOp; £ijk - a6coJIIOTHO aHTMCMMMeTpMq

HhIH o6oeKT TpeTbero pattra (cMMBOJI JleBM-lleBMTa), paBHhIH ttyn10, 

ecJIM XOTH 6bI )],Ba ero lfH)J,eKCa COBna)J,aIOT' e)J,MHMUe - eCJIM OHM 

npe)J,CTaBJIHIOT co6oit qeTHyIO nepeCTaHOBKy qMCeJI 1, 2, 3, If MlfttyC e)J,M

mi:ue - B npoTMBHOM cnyqae. CnpaBeMMBOCTh (9.3) MO)!(HO npoBepMTh 

Henocpe)J,CTBeHHO, BOCIIOJih30BaBllIMCh HBHhIM BM)J,OM MaTpMU flayJIM (9.2). 

c MCnOJib30BaHMeM cj:>opMyJI (9.2) MO)!(HO )1,aTb CJie)J,y10rnee onpe)J,e

JieHMe KOMnotteHT OnTJfqecKoro BeKTopa DJIOXa [ 1]: 

(9.4) 

r)J,e ii )1,ByxMepHbIH BeKTOp-CTOJI6eu c KOMnOHeHTaMM al 2; ii+ -
3pMMTOBCKM conpH)!(eHHhIH BeKTOp (CTpoKa), yrnOBbie CK06KH o603Ha

qa10T ycpe)J,HeHMe no BeKTOPY COCTOHHMH )1,ByxypoBHeBOH CMCTeMbI (9.1). 

Onpe)J,eJiettMe (9.4) MO)!(HO nepenMcaTh B BM)J,e: 

R1 = a,a; +a;a2 = 2Re{a1a;}; 

R2 = i(a1a; -a;a2 ) = -2Im{a1a;}; 

(9.Sa) 

(9.56) 

(9.5B) 

EcnM Teneph BBeCTM MHBepcMIO ttacenettttocTeit )1,ByxypoBtteBoit cM

cTeMhI N = N2 - N1 (~ = la)2), TO BMecrn (9.SB) MMeeM: 

(9.6) 
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T. e. TpeTb51 KOMIIOHettTa OIITHqecKoro BeKTOpa Enoxa c ToqHQCTbIO )l,0 

3HaKa paBtta HHBepcHH ttaceJieHHOCTeH. 

Onpe,IleJIHM cpe,Ilttee 3ttaqeHHe .IlMIIOJihttoro MOMettrn .IlByx:ypoBHe

BOH CHCTeMhI, HaXO.IlHIUettcH B cocTOHHHH It), .IlJIH KoToporo cnpaBe.IlJIM

BO pa3JIO)!(ettHe (9. I): 

d(t) = (tidit) = (a1a; + a~a2 )d0 = R1d0. (9.7) 

IlpH 3anHCH (9. 7) 6bIJIO yqTetto paBeHCTBO 

(2idi1) = (Iidi2), 

KOTOporo MO)!(HO .Il06HTbC51 COOTBeTCTBYIOIUHM BbI6opoM BOJIHOBblX <l>YH

Kll)1H cocTOHHl1tt II) 11 12). TaKHM o6pa3oM, nepBaH KOMrrottettrn onTH

qecKoro BeKTopa Enoxa onpe,IleJrneT BpeMetttty10 3aBHCHMOCTh cpe,Ilttero 

)l,HIIOJibHOfO MOMeHTa JJ,ByxypOBHeBOtt CHCTeMbI. qT06bI BblHCHHTb <P11-

311qecKHH CMbICJI BTOpoil: KOMIIOHeHTbI BeKTopa Enoxa, BBeJJ,eM KOMII

JieKCHbltt JJ,HIIOJibHbIH MOMeHT cornaCHO paBeHCTBy: 

(9.8) 

Torna 

(9.9) 

MttttMaH qacTb d2 no3BOJIHeT orrpenenHTh rjJa3y cpenttero JJ,HIIOJihHO

ro MOMeHTa, KOTOpa51 COBIIa,IlaeT c yrnoM B KOMIIJieKCHOH IIJIOCKOCTH 

BeKTopa d: 

<p = arctg( ~: J = arg(J). (9.10) 

B TO )Ke BpeMH J2 Bbipa)!(aeTCH qepe3 BTopyIO KOMIIOHeHTY BeKTOpa 

Enoxa: 

(9.11) 

11rnK, <PopMyJibI (9 .6)-(9 .11) ,IlaIOT <Pu3uqecey10 HHTepnpernumo 

orrn1qecKoro BeKTopa Enoxa. 0TMeTHM, qTo KOMIIJieKCHbIH BeKTop cpen

ttero JJ,HIIOJibHOro MOMeHTa (9.8) II03BOJI51eT HarJIHJJ,HO rrpeJJ,CTaBHTb <Pa3y 
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)J,MTIOJlbHOfO MOMeHTa KaK yron Bpaiuemrn BeKTOpa d B KOMTIJieKCHOH 

TIJlOCKOCTH. 

TpeTbH KOMTIOHeHTa OIITHqecKoro BeKTOpa finoxa CBH3aHa co cpe)J,

Hett 3Heprnetl. KBaHTOBOH CMCTeMhl cornacHO paBeHcrny: 

(9.12) 

r.ue H0 - raMHJihTOHHaH HeBo3MYJ.UeHHOH .nnyxyponttenotl. cttcTeMbI. Ilptt 

3arrttcM (9.12) 6bIJIO yqTetto, '!TO no orrpeJJ,eneHMIO H0 J J) = E1 J J) (j = 1, 2), 

a TaIOKe BhI6patto ttaqano OTC'feTa 3HeprMM, TaKoe, qTo E1 + E2 = 0 
(pHC. 9.1). 

E 

12} 

0 ------ ------

Puc. 9.1. CneKTpocKon11qecK11i1 nepexoA a AByxyposHesoi1 cttcTeMe 

Bcne.ncrnne ycJioBHH HOpMHpOBKH MH BeKTOpa cocTOJIHHJI (t/t) = I 
OIITHqeCKHH BeKTOp DJIOXa TaJOKe HOPMHpOBaH: 

(9.13) 

HopMnpoBKa (9.13) HapyrnaeTCH npH yqeTe B03MO)l(HOCTH nepexo.LJ,a 

3JieKTpoHa B .D,pyrne KBaHTOBbie cocTOJIHHH. CxeMaTH'fecKoe H3o6pa)l(e

HHe BeKTopa H ccl>epbI nJioxa rrpHBe.D,etto Ha pttc. 9.2. 
BeKTOp finoxa JJ,ByxypoBttesotl. cncTeMbI JIBJIHeTCJI reoMeTpH'feCKHM 

o6pa30M TaKoro Ba)l(HOfO IIOHHTMSI KBaHTOBOH MH¢opMaTMKH KaK KBaH

TOBbIH 6HT HJIH KY6HT (q-6m). Ecnw B 06b1qHoi1 (HeKBaHTOBott) wttcl>op

MaTHKe e,UHHHIJ,ett H3Mepemrn HHcpOpMaIJ,HH JIBJIHeTCH 6HT, KOTOpbIH, 

KaK H3BeCTHo, MO)l(eT npHHMMaTb scero .D,Ba 3Haqemrn 0 MJIM l, e.nMHMUa 

Jf3MepeHHH B KBaHTOBOH MHcpOpMaTMKe - Ky6MT - rrpMHMMaeT KOHTM-
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HYYM 3Haqemri1. 3TOT KOHTHHYYM 3HaqeHMM OTBeqaeT BCeM TOqKaM Ha 

ccpepe 5noxa (CM. PMC. 9.2), KOTOpble OITMCbIBaeT KOtteu BeKTopa 5noxa 

nptt M3MetteHMM ero a3MMYTaJibttoro <p M nomrpttoro 8 yrnoB. 

2 

3 

Puc. 9.2. BeKTOp 11 c<f>epa finoxa 

HeTpyLl,HO noKa3aTb, qTo BpeMettttoi1 3BOJIIOUHM tteB03Myruettttoi1 

LJ,ByxypOBHeBOM CMCTeMbl COOTBeTcTByeT C606oanafl npet(eCCUfl OITTMqec

KOfO BeKTopa 5noxa. TaK Ha3bIBaeTcsr Bparuetttte BeKTopa BOKpyr TPeThett 

OCH c YrJIOBOM CKOPOCTbIO, paBHOH co6cTBeHHOH qacTOTe nepexoLJ,a ((JO' 

CB060LJ,HaSI npeuecc11sr OTBeqaeT coxpatteHMIO 3HeprnM KBaHTOBOH CHC

TeMbl B OTCYTCTBtte B03MyruettttR. CBo6oLJ,ttaR npeueccttR Bbipo)f()J;aeTrn, 

eCJIM BeKTOp OJIOXa HaXO)],MTCR B 0)],HOM M3 CTaUMOHapttblX COCTORHMM jl) 
MJIM j2), B qeM, B qacTHOCTM, OTpa)[(aeTCSI MX CTaUMOHapHOCTb. 

Optt paccMOTpettMM speMettttoM: 3BOJIIOUHM onT11:qecKoro seKTopa 

5noxa yLJ,o6tto npeL1,crnsm1Tb ce6e TpeTbIO ocb, ttanpasnettttoM: BHM3, KaK 

3TO M3o6pa)[(etto tta pttc. 9.2. Toma B cnyqae, ecntt KBaHTOBasr cttcTeMa 

ttaxoLJ,MTCSI B HH)[(tteM (no 3tteprntt) crnuttottapttoM cocTOSIHMH II), TO 

BeKTop 5noxa ttanpaBJieH BepTMKaJibHO BHM3, eCJIM )[(e Otta ttaXO)],MTCR B 

sepxtteM CTaUHOttapHOM COCTORHHH 12), TO sepTHKaJibHO BBepx. JlerKO 

BHLJ,eTb, qTo B CTaUHOHapHblX COCTORHHRX 0)],MH M3 K03cpcp11:u11eHTOB B 

pa3JIO)[(eHttM (9. l) pasett HYJIIO, IT03TOMY paBeH ttyn10 cpe.uttttM: .unnonb

HbIH MOMeHT .usyxypostteBOM CHCTeMbl. HanpOTMB, eCJIM OITTMqecKMH 

seKTop 5noxa Jie)[(ttT B roptt30HTaJihHOH nnocKOCTM, Kor)],a 

(9.14) 
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TO aMnmny.ua .UHilOJibHOro MOMeHTa MaKCHMaJibHa l1 paBHa [ c yqeTOM 

HOpMHpOBKH (9 .13)] 1/ .J2. CocT051Hl151, onpe.ueMeMbie paBeHCTBOM (9 .14), 
Ha3bIBaIOTC51 KOcepeHmHblMU, UJIU cynepn03UU,UOHHblMU, B HHX l1HBepCl151 

ttaceneHHOCTeil paBHa ttyn10. 

EcJIH Ha .UByxypoBHeByIO c11cTeMy .ueilcrnyeT 3J1eKTPOMarn11Tttoe none, 

3BOJIIOUHH OilTll'!eCKOro BeKTopa DJIOXa, ecTeCTBeHHO, OTJIHqaeTCH OT CB0-

60,UHOH npeuecCHH If MO)l(eT 6bITb onwcatta c IlOMOIUbIO ypaBHeHHH [ l]: 

dR 
-=RxW, 
dt 

(9.15) 

r.ue w = [2Q(t), 0, Wol - BeKTOP o6o6rueHHOM yrnoBOH CKOpocrn; 

Q(t) - 3aBwcmn:aH OT BpeMeHH «MTHOBeHHaH» qacTOTa Pa6w: 

n(t)= do~(t)' 

E(t) - HanpH)l(eHHOCTh 3JieKTpwqecKoro non51. PaBettcrno (9.15) MO)l(HO 

nonyqlfTb c IlOMOIUbIO ypaBHeHHH illpe.uwttrepa .UJIH )1.ByxypOBHeBOH CH

CTeMbI. 

ffa ypaBHeHHH (9.15) cne.uyeT, qrn cyruecrnyeT MexattwqecKaH atta

norwH .UJIH onn1qecKoro nepexo.ua BO BtterrrneM MOHoxpoMaTwqecKOM 

noJie. BeKTop nJioxa attanorwqeH MOMeHTY KOJiwqecTBa .UBH)l(eHHH rw

pocKona: OH npeueccwpyeT BOKpyr MTHOBeHHOfO HanpaBJleHHH 0606-

rueHHOM yrnoBoil CKopocTH W(t). 3rn yrnoBaH CKopoCTb onpe.uenHeTCH 

co6crneHHOH qaCTOTOH .UByxypOBHeBOM CHCTeMbI If napaMeTpaMH BHellI

Hero nonH. B cnyqae cBo6o.uttoil: npeueccww, Kor.ua Q(t) = 0, BeKTop 

Enoxa, KaK 3TO cne.uyeT H3 (9.15), BparuaeTCH npoTHB qacoBoil: CTPeJIKH 

BOKpyr IlOJIO)l(HTeJibHOro HanpaBJieHH51 OCH 3. HaJIO)l(eHHe BHernHero IlOJIH 

npHBO.UHT K .uonoJIHHTenbHOMY BparueHHIO BOKpyr oc11 I co 3HaqwTeJihHO 

MeHbrneil: yrJIOBOH CKOpOCTbIO, IlOCKOJlbKY, KaK npaBHJIO, jQ(t)i « {1)0" 

Ilocne.uttee ttepaBeHCTBO 03HaqaeT, qTo BHernttee noJie cyruecTBeHHO 

MeHbllie co6crneHHOro IlOJIH .UBYXYPOBHeBOH CHCTeMbI, onpe.uenHIOIUero 

qacTOTY Wo· 
B cJiyqae OKOJiope3oHaHcttoro BHernttero noJIH (iw - w01 ~ Yo« w}, 

KOTOpbIH Mbl If 6y.ueM npe.unoJiaraTb B .uaHHOM pa3,UeJie, OilHCaHHYIO 

Bbillie KapTHHY .UBH)l(eHHH OilTifqeCKOfO BeKTOpa DJIOXa MO)l(HO cyme

CTBeHHO ynpOCTHTb. )l,JIH 3TOro CJie.uyeT nepeil:TH B CHCTeMy KOOP.UHHaT' 

Bpama10ruy10CH BOKpyr OCH 3 npOTHB qacosoil CTpeJIKH c yrnoBOH CKO

pOCTbIO, paBHOH qacTOTe BHernttero noJI51 w. YIHTYHTHBHO noH51THO, qTo 
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TOr)],a MO)l(HO B 3Haq1ffeJibHOH CTeneHH «YJIOBHTb» H3MeHeHne BO BpeMe

HH nepBOH KOMIIOHeHTbl BeKTOpa o6o6meHHOH yrnoBOH CKOpOCTII W(t), 
paBHOH YJl.BOeHHOH MrHoBettttoll. qacToTe Pa6n. EcJin npn 3TOM npette6-

peqb B IIOJiyqeHHOH CHCTeMe ypaBHeHHH CJiaraeMbIMH, OCuHJIJIMpy10mn

MH Ha YJl.BOeHHOH qaCTOTe BHenrnero IIOJI51 (npn6JIH)l(eHHe «Bpama10-

mell.c51 BOJIHbl» HJIH pe30HaHCHOe nptt6JIH)l(eHIIe), TO MO)l(HO IIOJiyqHTb 

cJie)].y10mee ypaBHetttte M51 onTttqecKoro BeKTopa oJioxa R0 BO Bpama10-

II1ell.c51 CHCTeMe KOOp)].ttHaT: 

dRo = D X W, " W, (2n 0 A) dt i'O o' o = ~~o' ' '-' ' (9.16) 

me Q 0 = d0Eof2n - pe3ottattctta51 qacrnrn Pa6tt; tJ. = m 0 - m - qacTOT

HaH OTCTpOH:Ka OT pe30HaHca, a BHeumee IIOJie npe)],IIOJiaraeTC51 H3MeH51-

IOIIIHMC51 no 3aKOHY E = Eo cos (mt). no)],qepKHeM, qTo BBe)],eHHa51 B 

(9 .16) 3<}l<}leKTHBHa51 yrnoBa51 CKOpOCTb Wa 51BJI51eTC51 IIOCT051HHOH BeJIH

qffHOH B ornuque OT am1J1ornqttoro BeKTopa W, <}lttrypnpy10II1ero B <}lop

MyJie (9.15). 11MeHHO 3TO o6CT051TeJibCTBO II03BOJI51eT ynpOCTHTb KapTH

HY BpeMeHHOH 3BOJIIOutttt onTttqecKoro BeKTopa oJioxa. ,ll.ell.crnnTeJib

HO, H3 (9 .16) CJie)],yeT' qrn BeKTop DJIOXa BO BpaII1a10II1eHC5I CHCTeMe 

KOOp)].HHaT B pe30HaHCHOM nptt6JIH)l(eHHH npeueccnpyeT BOKpyr BeKTO

pa 3<}l<}leKTHBHOH yrnoBOH CKOpOCTH JVa, MOJl.YJib KOTOpoll. paBeH: 

(9.17) 

me Q - 0606II1CHHa5I qacToTa Pa6tt, yqttThma10rn;a51 oTcTpOHKY qacTOThI 

BHenmero ITOJI51 OT co6CTBeHHOH qacTOTbl )],ByxypoBHeBOH CHCTCMbl. 

OcrnttoBttMCR no)].po6ttee Ha cJiyqae Toqttoro pe3ottattca tJ. = 0, Kor

)],a BpeMeHHa51 3BOJIIOutt51 BCKTOpa R0 BhirJI51Jl.HT Hatt6oJiee npocTo. YpaB

HCHtte (9.16) nptt HaqaJibHOM yCJIOBHH Ro= (0, 0, 1), COOTBeTCTBy10rn;eM 

HaXO)l()],eHHIO CHCTeMbl B HaqaJibHbIH MOMeHT BpeMeHM B HH)l(HCM 3Hep

reTttqecKOM COCT051HHH, HMeeT CJIC)lYIOII1ee pernettne: 

Ro(t)=[O, -sin(2Q0t), cos(2Q0t)J. (9.18) 

0TCIO)],a BbITeKaeT, qTO B )],aHHOM CJiyqae OIITttqeCKHH BeKTOp oJIOXa 

ITO)], )],eHCTBtteM BHernttero pe30HaHCHOfO IIOJ151 BpaII1aeTC5I BOKpyr OCH 1 
c yrnoBoll. CKOpOCThIO, panttoll. YJl.BOettttoH: pe3ottaHCHOH qacTOTe Pa6tt. 

TaKttM o6pa30M, )].ByxypontteBa51 cncTeMa 6y)].eT nocJie)].oBaTeJihHo nepe

XOJl.HTh H3 O)],HOfO CTauliOHapttoro COCT051Hli51 B )].pyroe. B npoMC)l(YTOq

Hbie Me)l()],y 3THMH co6bITli51MH MOMeHTbl BpeMeHM KBaHTOBa51 CHCTeMa 
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6y;:i:eT HaXO)l.HTbCj{ B cynepn03HUHOHHOM COCTOj{HHH c OTJIHqHbIM OT HyJrn 

cpe;:i:HHM )l.HilOJihHbIM MOMeHTOM. flocKOJibK)' 3Hepfl1j{ KBaHTOBOH CHC

TeMbl (9.12) nponopu;HoHaJihHa TpeTbeti KOMilOHeHTe BeKTopa oJioxa, TO 

cornaCHO (9.18) OHa 6y;:i:eT nep110;:i:11qecKH H3MeHj{TbCj{ BO BpeMeHH. 

CooTBeTCTBeHHO HHTeHCHBHOCTh pe3oHaHcHoro H3JiyqeHttj{, BhI3hIBaIO

mero BpameHtte BeKTopa BJioxa, 6y;:i:eT TaIOKe neptto;:i:rrqecKtt H3Meffj{Tb

Cj{ BO BpeMeHH. '.~ho j{BJieHHe Ha3bIBaeTCj{ onmu'teCIWU Hymau,ueii. 
,Ll.Jij{ OilHCaHHj{ HMilYJibCHOfO 3JieKTpOMarHHTHOf0 B03)l.eHCTBHj{ Ha 

)l.ByxypOBHeByIO CHCTeMy y;:i:o6HO BBeCTH IlOHj{Ttte 11.11oiu,aau UMny!lbCa fJ, 
paBHOM no onpe;:i:eJieHHIO 

M 

fJ == 2 J Q.0dt, (9.19) 
0 

ri:i:e M - )l.JIHTeJibHOCTh HMilYJihCa. B cJiyqae npSIMoyroJibHoro ttMnynhca 

H3 cpopMyJihI (9.19) MMeeM: fJ= 2Q.0M. Tenepb, KaK 3TO cne;:i:yeT M3 (9.18), 

ecJIM R0 = (0, 0, l), BeKTOp oJioxa B HaqaJihHbIH MOMeHT BpeMeHM Ha

npaBneH BepTMKaJibHO BHM3, B03)1.eMCTBHe Ha CHCTeMy «JZ/2-MMilYJibCa» 

(fJ= tr/2) nepeBeJJ;eT BeKTOp R0 B roptt30HTaJibHYIO nJiocKOCTb. B pe3yJib

TaTe )l.ByxypoBHeBaj{ CHCTeMa OKa)KeTCj{ B KorepeHTHOM COCTOj{HHH c 

MaKCMMaJihHO B03MO)KHhIM cpeJ(HMM JJ:MilOJibHhIM MOMeHTOM. Ecnw )Ke 

nJioma)l.h HMnynbca paBHa 1l ( «1l-MMilYJihC» ), BeKTop Bnoxa R0 onwrneT 

pa3BepHYThIH yron, M J(ByxypoBHeBaj{ CHCTeMa nepeJi;:i:eT B Bepxttee CTa

UHOHapHoe COCTOj{HHe . .HCHO, qTo 21l-MMilYJibC He l13MeHMT COCTOj{Hlfe 

)1,ByxypoBHeBOH CHCTeMbI. 

lJTo6bI IlOJiyqMTb Bbipa)KeHJrn )l.Jlj{ Ha6JIIO)l.aeMblX BeJIMqHH, H~HO 

OT cpopMyJI )l.Jlj{ BeKTOpa Bnoxa BO BpamaiomettCj{ CMCTeMe KOOP.ll:HHaT 

nepettTH B Jia6opaTOpHyIO CHCTeMy OTcqern. Toma )l.Jlj{ MHBepCMM Hace

JieHHOCTeH l1 cpe;:i:ttero )l.HilOJlhHOfO MOMeHTa 0)1.HOH )l.ByxypoBHeBOM 

CHCTeMbl HaXO)J,HM 

N = -R3 = -Ro3 = .,.-cos(20.0t); 

d (t) = d0R1 (t) = d0 [ J\i1 cos (wt)- J\i2 sin (wt)]. 

(9.20) 

(9.21) 

B OTCYTCTBHe nepeMeHHoro B03MymeHttj{ (w = 0 11 R1 Ra1) H3 

nocne;:i:Hero paBeHCTBa CJie)l.yeT cpopMyJia (9.7), KaK M )1,0JI)KHO 6bITb. 

HanoMHHM, qTo (9.21) noJiyqeHo J(Jlj{ ::ineKTpoMarHMTHoro B03Myrne

HHSI, B KornpoM E(t) = E0 cos (wt), T. e. HMeeT TY )Ke BpeMeHHYIO 3aB11cw

MOCTh, qrn 11 nepBoe cnaraeMoe B Kpyrnb1x CKo6Kax (9.21). flo::iTOMY 
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.naHHOe CJiaraeMoe Ha3bIBaeTCSI cumpa3HOU IWMnOHeHmoii .ll.HnOJibHOfO 

MOMeHTa. Brnpoe CJiaraeMoe B KpyrnhIX CK06KaX (9.21) C.ll.BHHyTO no 

<Pa3e Ha :rr/2 .11 onHCbIBaeT 1C6aopamypHy10 /COMnoHeHmy .n.11nOJihHOfO MO

MeHTa. nocKOJlhKY cpe,LIHSISI 3a nepHO.ll. T = 2:rij(I) MOlUHOCTh 3JieKTpO-

MarHHTHOfO B3aHMO,UeHCTBHSI paBHa (d(t)E(t))T, TO OTCIO.ll.a .11 H3 (9.21) 

cne.nyeT' qTO o6MeH :meprneii Me)l(,Lly H3JiyqeHtteM H KBaHTOBOH CHCTe

MOH onpe.nem1eTCSI KBa,npaTYPHOH KOMnoHeHTOH tJ:HnOJibHOro MOMeHTa, 

T. e. BTOpOH npoeKU,HeH OnTHqecKOfO BeKTOpa oJIOXa BO Bpalll,aIOill,eHCSI 

CHCTeMe KOOP.ll.HHaT Roit). 
B cnyqae TOqHoro pe3oHaHca !l. = 0 <PopMyJihI (9.18) .113 (9.21) 11:a10T: 

d (t) = d0 sin (2Q0 t)sin ((l)t). (9.22) 

0TCIO.ll.a BH.ll.HO, 'ITO BpeMeHHaSI 3aBHCHMOCTh cpe.nHero tJ:HnOJibHOro 

MOMeHTa .ll.ByxypoBHeBOH CHCTeMhI co.n:ep)l(HT 6bICTpOOCU,HJIJIHPYJOill,YIO 

qaCTh Ha 'laCTOTe BHenrnero nOJISI H aMnJIHTY.ll.Y, MeMeHHO MeHSIIOill,YIO

CSI c Y.ll.BOeHHOH qacTOTOH Pa6tt Q 0 . B cnyqae !l. "#: 0 ocu,.11JIJI.HU,HH KOMno

HeHT BeKmpa R0 6y.uyr npottcxo.uHTh Ha qacTOTe 2Q c aMTIJIHTY.UOH, MeHh

weli e.UHHHU,hI. Ba)l(HO OTMeTHTh, 'ITO, KaK 3TO cne.n:yeT H3 (9.20), B npe

He6pe)l(eHHH peJiaKCall,HOHHhIMH npou,eccaMH HHBepCHSI HaCeJieHHOCTeM: 

,nByxypoBHeBOH CHCTeMbI no.u B03,UeHCTBHeM pe30HaHCHOfO IlOJI.H c IlJIO

ma,nbIO HMnyJihCa 1l MO)l(eT 6bITh c.neJiatta paBHOH e.n:HHHU,e. 

Bhlpa)l(eHtte MSI MaKpocKontt'lecKoM: no;rnpH3aU,HH P(t), CBSI3aHHOH 

c aHCaM6JieM .UBYXYPOBHeBhIX CHCTeM B npette6pe:>KeHHH pa36pocoM co6-

CTBeHHhIX qaCTOT, noJiyqaeTCSI H3 (9.22) YMHO:>KeHtteM Ha KOHU,eHTpa

ll,HIO .UByxypoBHeBhIX cttcTeM N0. 

CKopocTh o6MeHa 3HeprneM: Me:>K,Uy 3JieKTPOMarHHTHhIM noJieM H 

aHCaM6JieM ,nByxypOBHeBbIX CHCTeM B e,UHHHU,e o6beMa, ycpe.nHeHHaSI 3a 

nepwo.u onTH'lecKoro KOJie6aHtt.H T = 2:rr/ (I), .uaeTcSI Bhrpa)l(etttteM 

(9.23) 

YfrnK, MOlllHOCTh, nornomaeMa.H/H3JiyqaeMaSI e.UHHttu,etf o6beMa cpe

.ll.hI no.n. .nelicTBHeM BHeurnero pe3oHaHcHoro H3Jiyqemrn, onpe.nemi:eTc.H 

KOMilOHeHTOM OilTH'leCKoro BeKTopa fiJioxa Ro2· T. e. KBa,npaTYpHOH (C.UBH

HYTOM no <Pa3e Ha :rr/2 no OTHOWeHHIO K BHeurneMy IlOJIIO) COCTaBJISIIO

meii HaBe.ueHHoii noJISIPH3aUHH. CttHcPa3HaSI cocrnBJIHIOill,aSI noJISiptt3a

UHH, nponopu,ttoHaJihHaSI KOMnoHeHTe ROI' He BJIHSISI Ha 3Heproo6MeH, 

H3MeH51eT <Pa30BYIO CKOpOCTh H3JiyqeHHSI B cpe.ne. 
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B cnyqae !l. = 0 113 $op My JI (9 .23) 11 (9 .18) Haxo,u11M: 

Wp(!l. = 0) = N 0nmQ0 sin(2Q0t). (9.24) 

0TCJO,Ua CJie,uyeT, 'ITO o6MeH 3Heprne:H: Me)l()J,y aHCaM6JieM )'.(ByxypoB

HeBbIX C11CTeM 11 pe30HaHCHbIM 3JieKTpOMarH11THbIM IIOJieM rrpo11cxo,u11T 

Haw6onee 3$$eKT11BHO np11 Qot = 1l/4, KOf)'.(a 11HBepcmr HaCeJieHHOC

Te:H: paBHa HYJIIO, 11 ,UByxypOBHeBbie CHCTeMbI HaXO,USITCSI B KorepeHT

HOM COCTOSIHHH. IloCKOJibKY B Ha'IaJibHbIH MOMeHT BpeMem1 C11CTeMa 

HaXO,U11JiaCb B H11)!(HeM 3HepreT11'IeCKOM COCTOSIH1111, TO SICHO, 'ITO IIpH 

2Qot O<: [O, 1l] 3Heprnsr rrepe,uaeTCSI OT IIOJISI K aHCaM6mo )'.(ByxypoBHeBbIX 

C11CTeM. B cnenyrom11e IIOJIIIep110,ua, Karna WP < 0, Han CHCTeMOH co

BepmaeTCSI OTpm.1,aTeJibHasr pa6orn, T. e. otta oTnaeT 3Heprnro 3JieKTpo

MarH11THOMY IIOJIIO. 

<DopMyJia (9.24) OIIHCbIBaeT KOrepeHTHOe SIBJieH11e, Ha3bIBaeMoe on
mu'teCKOU Hymau,ueii. Otto 3aKJiroqaeTcsr B rrep11on11qecKoM ( c qacTOTOM 

Pa611) 113MeHett1111 11HTeHc11BHOCT11 pe3oHaHCHoro 113nyqeH11sr, rrpoxo

nJimero qepe3 aHCaM6Jih .UBYXYPOBHeBbIX CHCTeM. IlpHHU11IIHaJibHbIM 

YCJIOBHeM B03H11KHOBemrn 3TOfO 3$$eKTa SIBJIJieTCJI coxpaHeHHe KOre

peHTHOCT11 B nByxypOBHeBOH C11CTeMe B Te'IeH11e 11MIIYJibCa BHellIHero 

IIOJISI. 

BbIIIHllieM Bbipa)!(eHtte MR pa60TbI, COBepmaeMOH Ha)'.( attcaM6JieM 

nByxypOBHeBbIX C11CTeM B en11tt11ue o6beMa 11MIIYJibCOM pe3oHaHCHOfO 

3JieKTpoMarH11Tttoro rronsr rrpsrMoyroJibHOM <t>opMbI ,un11TeJibHOCT11 M: 

M 

A= I Wp(t)dt = nmNo sin2 (QoM). 
0 

(9.25) 

,D.aHHmI <t>opMyJia Beptta MR ,UOCTaTOqHo KOpOTK11X 11MIIYJibCOB, Kor

.ua He ycrreBaroT cKa3aThcsr penaKcau110HHbre rrpouecchr M < T2 w nnsr 

cnyqasr ToqHoro pe3oHaHca m = m 0• I-fa Hee BhITeKaeT rrapa,uoKCaJibHoe, 

Ha rrepBblH B3rJISin, cne.ucrn11e: eCJI11 IIJIOU(anb 11MIIYJibCa paBHa ueJIOMY 

KpaTHOMY 27l, TO 11MIIYJibC pe30HaHCHOro 113JI)"feH11JI rrpoxon11T qepe3 

attcaM6Jib nByxypOBHeBblX C11CTeM 6e3 OCJia6JieHHSI. 3TO SIBJiett11e Ha3bl

BaeTCSI CGMOUHayu,upo6GHHOU np03pa'IHOCmbfO H peaJibHO Ha6nro.uaeTCR B 

cnyqae crreuttaJibHOH BpeMeHHOH <t>opMbI 11MIIYJibCa, Y'f11TbIBaromert KO

opn11HaTHYIO 3aB11C11MOCTb BeJI11q11H. 0TMeT11M, qTo rrpHHSITOe 3necb pe-

30HaHCHOe YCJIOB11e !l. = 0 Ha caMOM nene MO)!(eT BbIIIOJIHSITbCSI TOJlbKO 

rrpw6mt)!(eHHO c TOqHOCTbIO .uo HeonttopO,UHOfO yurn:peH11JI JI11HHH B aH

CaM6Jie nByxypoBHeBb!X CHCTeM. 
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9.2. YWMPEHME nMHMM 
cnEKTPOCKOnM4ECKOro nEPEXOAA 
M «Bbl>KMrAHME nPOBAnOB» 

B pea.TibHOCTH )J.ByxypoBHeBaH cttcTeMa Bcer)J,a BXO)J,HT B co

cTaB HeKOTOpOH MaKpOCKOITH'leCKOH CHCTeMbl, Ha3bJBaeMOH TepMOCTa

TOM. 83a:HMO)J,eHCTBHe c HHM cymecTBeHHbIM o6pa30M BJIHHeT Ha )J,HHa

MHKY )J,ByxypOBHeBOH CHCTeMbI, Bbl3bIBaH pa3JIH'IHhle peJiaKcau;ttOHHble 

rrpouecCbl. OrrttcaHtte 3BOJIIOUHH )J,ByxypOBHeBOH CHCTeMbl B MOHOXpO

MaTH'leCKOM ITOJie, )J,aHHOe B rrpe)J,bl)J,YJUeM pa3)J,eJie, crrpaBe)J,JIHBO B TOH 

Mepe, B KOTopow )J,aHHOH peJiaKcau;ttei1 MO)l(HO rrpeHe6pe'Ib. Htt)l(e 6y

)J,eT rroKa3atto, 'ITO 3TO B03MO)l(HO )J,JIH )J,OCTaTO'IHO MaJihIX BpeMeH. Optt 

6oJiblllHX BpeMettax Heo6xom1Mo yqttThIBaTh peJiaKcau1110 )J.ByxypoBHe

BOH CHCTeMbl ITO)], )J,eHCTBHeM TepMOCTaTa. 3TO MO)l(HO C)J,eJiaTb, Hanptt

Mep, B paMKax <t>opMaJill3Ma MaTpHUbl ITJIOTHOCTH, KOTOpaH B )J,aHHOM 

CJiyqae ttrpaeT pOJib BeKTOpa COCTOHHHH (HJIH BOJIHOBOH <l>YHKUHH) CHC

TeMbl. 3JieMeHTbl MaTPHUhl ITJIOTHOCTH MOryT 6bITb orrpe)J,eJieHbl c rro

MOIUblO paBeHCTBa [2]: 

P·· =la.a~) , 
U \ 1 1 Therm 

(9.26) 

me aj - K03<l><l>ttutteHTbl pa3JIO)l(eHHH BeKTOpa COCTOHHHH CHCTeMhl no 

CTaUHOHapHbIM COCTOHHHHM (9.1). YrnOBbie CK06Ktt B paBeHCTBe (9.26) 
o6o3Ha'la10T ycpe)J,tteHtte no TepMOCTaTY. 

B3attMO)J,ei1crntte c TepMOCTaTOM nepeBO)J,HT )J.ByxypoBHeBy10 cttcTe

MY B TaK Ha3bIBaeMoe CMelllaHHOe COCTOHHHe. B HeM B OTJIH'ltte OT 'IHC

TOfO COCTOHHHH He cymecrnyeT BOJIHOBOH <l>YHKUHH, H MO)l(HO fOBOPHTb 

Jllflllb 0 pacnpe)J,eJieHHH KBaHTOBOH CHCTeMbl no 3HepreTtt'leCKHM co

CTOHHHHM \n) c HeKOTOpbIMH BepOHTHOCTHMH wn. XapaKTepHbIM CBOH

CTBOM CMeIUaHHOfO COCTOHHHH HBJIHeTCH TOT <t>aKT, 'ITO Wn "# 1 HM nptt 

KaKOM n. Pacrrpe)J,eJieHtte Wn OTpa)l(aeT HeITOJIHOTY HalllHX CBe)J,eHHH 0 

)J,ByxypOBHeBOH CHCTeMe. 3Ta HefIOJIHOTa CBH3atta c BJIHHHHeM TepMO

CTaTa, KOTOpbIH CTOXaCTH'leCKHM o6pa30M «nepeMeIUHBaeT» COCTOHHHH 

\n). YKa3attttoe «rrepeMelllHBattHe» cocTOHHHH rrpttBO)J,HT K TOMy, 'ITO K 

KBaHTOBO-MeXaHH'leCKOH tteorrpe)J,eJieHHOCTH B OITHCaHHH CHCTeMbl )J,0-

6aBJIHeTCH eme H crnTHCTH'lecKaH Heonpe)J,eJieHHOCTh. Haw6oJiee rroJI

ttaH HH<t>opMaUHH 0 CHCTeMe, IT03BOJIHIOJ.UaH BbllfHCJIHTb cpe)J,HHe 3Ha'le

HHH <l>H3HlfeCKHX BeJIHlfHH, )J,aeTCH B 3TOM CJiyqae MaTpttu;ew ITJIOTHOCTH 

P;r orrpe)J,eJiettttoi1 <t>opMyJiow (9.26). CymecrnyeT rrpocrnw KpHTeptti1, 
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TIO KOTOPOMY MO:>KHO ycTaHOBHTh, SIBJISieTCSI JIH .n:aHHOe COCTOSIHHe q11c

ThIM HJIH OHO CMelllaHHOe. B mo6oM cnyqae BhIIIOJIWieTCH HepaseHCTBO 

Korn11-EyHHKOBCKoro: 

(9.27) 

qHCTOe COCTOHHHe COOTBeTCTByeT paBeHCTBY B 3TOM COOTHOilleHHH, 

cMernattttoe - CTPOroMy ttepaBeHCTBy. 

Ilepexo.u OT BOJIHOBOH <i>YHKIJ,HH K MaTPMIJ,e IIJIOTHOCTH <t>opMaJibHO 

COOTBeTCTByeT 3aMeHe a;aj ~ Py· Ilo3TOMY o6o6IIJ,eHHe onpe.ueneHH.SI 

OIITHqecKoro BeKTopa Enoxa (9.5) Ha cnyqa:H: CMelllaHHOfO COCTOHHHH 

.usyxypOBHeBOH CHCTeMbI HMeeT BH,U: 

(9.28) 

JlerKo ymr.ueTh, qTO onpe,uenettHe (9.28) B cnyqae qucTOro cocToH

HHH cosna,uaeT c onpe.uenettHeM (9.5), ecmr socnoJib3osaThCH <t>opMy

no:H: (9.26), Bhrpa:>KaIOIIJ,eH KOMnOHeHTbI MaTpHl(hI nJIOTHOCTH qepe3 K0-

3$$Hl(HeHT pa3JIO:>KeHHH BOJIHOBOH <i>YHKl(HH CHCTeMbI no BeKTOpaM 

CTal(HOHapHbIX COCTOHHHH B npette6pe:>KeHHH BJIHHHHH TepMOCTaTa. 

<l>H3HqecKHH CMhICJI KOMnOHeHT BeKTopa Enoxa B CMewaHHOM COCTOH

HHH TOT :>Ke, qTO H B qucTOM COCTOHHHH. 

B3aHMo,ue:H:crnue c TepMOCTaTOM o6bNHO OIIHChIBaeTcH s paMKax cpetto

MettonoIWiecKoro no.n:xo.ua c noMOIIJ,hIO .usyx speMeH penaKcal(HH: Ti 2. BpeMH 

nonepeqHOH peJiaKcaIJ,HH T2 OIIHCbIBaeT peJiaKCaIJ,HIO KOMnOHeHT BeKTO

pa Enoxa R1 2. BpeMH npo,uoJihHOH penaKcau;HH T1 onucbrnaeT penaKca

l(HIO KOMnotteHThI seKTopa Enoxa R3• TepMHHhI «npo,uoJihHaSI» H <<rrone

peqttaH» B03HHKJIH npH paCCMOTPeHHH MafHHTHOfO pe30Hattca, Kor.ua OCh 

3 3a,uaeTCH ttanpaBJieHHeM nOCTOHHHOro MarHHTHOfO nOJIH. <l>H3HqecKHH 

CMhICJI 3THX speMeH cne,uYJOIIJ,HH. BpeMH T2 onMchrsaeT penaKcau;HIO yc

pe,uttettttoro no B3aHMO,UeHCTBHIO c TepMOCTaTOM ,UHnOJibHOfO MOMeHTa 

OT,ueJibHO B351TOH .usyxypOBHeBOH CHCTeMbI c ,uaHHOH co6crneHHOH qacTO

TOH mo- 3To speMH tta3hIBaeTCH TaK:>Ke speMeHeM <Pa3oso:H: penaKcau;uu, 

nOCKOJihKY OHO CBH3aHO c peJiaKcau;ue:H: pa3HOCTH cpa3 CTall,HOHapttbIX co

CTOHHHH paccMaTpusaeMoro nepexo.ua no.u ,ueHCTBHeM TepMOCTaTa. Bpe

MH T1 xapaKTep113yeT cKopocTb penaKcau;HH cpe,utte:H: 3Heprnu s CHCTeMe. 

Otto TaK:>Ke Ha3bIBaeTCSI BpeMeHeM peJiaKCal(HH ttaceneHHOCTeH, noCKOJibKY 

3HeprHH KBaHTOBOH CHCTeMbl onpe,ueAAeTCH HaCeJieHHOCTSIMH ee ypoB

He:H:. B CJiyqae MarHHTHOfO pe30Hattca npO,UOJibHaH (no OTHOllieHHIO K 

HanpaBJieHHIO nocTOHHHOfO MarHHTHOro nOJIH) COCTaBJI51IOIIJ,aH HaMafHH-
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qeHHOCTH CBSI3aHa c 3Heprn.eit CliCTeMhl CIIRHOB, a nonepeqHaSl COCTaBJrn

IOJ..UaSl onpe,LJ,eJrneT CBH3h CIIRHOB c nepeMeHHhIM MarHRTHhIM IIOJieM, Bhl-

3bIBaIOI..UHM BpameHtte CIIHHa B npOCTpaHCTBe. 

Mo,LJ,ttQ>ttuttpoBaHHoe ypaBHeHtte (9.27) ,ll,JIH BpeMeHHOH 3BOJIIOUHH 

OIITHqecKoro BeKTopa OJIOXa c yqeTOM peJiaKcaUHH HMeeT BH,ll,: 

dR =Rx W _ Rl. + R; - R3 ' 

dt T2 7; 
(9.29) 

r,LJ,e W= (2Q(t), 0, -mo) - BeKTop o6o6mettHoit yrnoBoit cKopocTtt; R; -
paBHOBeCHOe 3HaqeHtte TpeTheH KOMIIOHeHThl OIITHqecKoro BeKTopa OJIO

xa. Optt Janttctt (9.29) 6hmo yqTeHo, qrn TepMO,ll,HHaMttqecKR paBHOBec

Hoe 3HaqeHtte R1 paBHO ttyJIIO cornaCHO OCHOBOIIOJiaraIOJ..UHM IIpHHUH

naM crnTHCTttqecKoit Q>tt3HKR, a R; -:;: 0. )l,aHHoe o6cTOHTeJihCTBO CBH3atto 

c TeM, qTo nonepeqtta5I cocTarurn10ma51 seKTopa fiJioxa onpe,LJ,eJISleTc5I He

,LJ,ttaroHaJihHhIMH KOMIIOHeHTaMH MaTpHUhI IIJIOTHOCTH, aero TpeTh5I KOM

IIOHeHTa - ,ll,HafOHaJihHhlMH. flepBOe CJiaraeMOe B npaBOH qacTH (9.29) 
OIIHCbIBaeT B3aHMO,LJ,eitcTBHe ,ll,ByxypoBHeBOH CHCTeMhI c MOHOXPOMaTH

qecKRM IIOJieM, OCTaJihHbie - peJiaKCaUHIO IIO,ll, ,LJ,eHCTBHeM TepMOCTaTa. 

flepeXOLI, BO BpaJ..UaIOI..UYIOCSl CHCTeMy KOOpLl,HHaT He H3MeH5IeT pe

JiaKCaUHOHHhIX qJieHOB, H COOTBeTCTBYIOJ..Uee ypasHeHHe HMeeT BH,LJ,: 

d~ = D x w, - R l. + R; - R3 
dt ·"O 0 T T. ' 

2 I 

(9.30) 

f,ll,e Wa = (2Q, 0, Li) - yrnoBa5I CKOpOCTh BO Bpama10meitc5I CHCTeMe 

Koop,LJ,ttttaT. HanoMHHM, qTo Q0 = d0Eof2n - pe3ottaHcHa5I qacTorn Pa6tt, 

Li = w - Wo - OTCTpOMKa qacTOThI BHeurnero IIOJI5I OT pe3oHaHca. Oepe

IIHllleM BeKTOpHoe ypaBHeHHe (9.30) B IIOKOMIIOHeHTHOM BH,ll,e: 

dR01 Roi -- = LiR02 ---; 
dt T2 

dR02 Ro2 
dt = -LiR01 - T2 + 2QoR3; 

dR03 R; - R3 -- =-2QoR02 +---
dt r; 

(9.31) 

(9.32) 

(9.33) 

0TMeTHM, qrn H3 CHCTeMbI ypaBHeHHH (9.31)-(9.33) MO)l{HO nonyqmh 

,ll,Ba ypasHeHHSl H3 TpeX (6e3 ypaBHeHH5I Ha 3JieKTpOMarHHTHOe noJie), OIIH-



358 ../\;. I'Aaea 9. KozepeHmHble tf>omonpou,eccbl 

ChIBaIOI11.He pa6ozy Jia3epa B L\ByxypOBHeBOM rrpH6JIJDKeHHH, ecJIH COOTBeT

CTBYIOill.MM o6pa30M BBeCTH HaKatfKJ'. 3To ypaBHeHJUI M51 IIOMpH3aUIIM 

aHcaM6M L\ByxypoBHeBhlX CHCTeM H L\lI5I JrnBepCHH HaCeJieHHOCTeti:. 

PernaH ypaBHeHHe (9.30) H nepeXOL\51 B Jia6opaTOpHyIO CHCTeMy OT

CtfeTa, HaXOL\HM CJieL1yIOI11.He Bblpa)l(eHH51 M51 HHBepCHH HaceJieHHOCTH 

(9.34) 

H L\JI51 cpeL1Hero .!l:MnOJihHOfO MOMeHTa 

d (t) = d0 [ R01 cos (wt)- R02 sin (wt)]exp (- ;J. (9.35) 

CToJiyqeHHhie perneHHH 0606ma10T peJyJihTaT (9.20) H (9.21) Ha yqeT 

B3aHMOL\eHCTBH51 L\ByxypOBHeBOH CHCTeMbl c TepMOCTaTOM. 3aMeTHM, t{TO 

3KCnOHeHUHaJihHhIH MHO)l(HTeJib B npaBoti: qaCTH paBeHCTBa (9.35) OTBe

qaeT OL\HOPOL\HOMY yurnpeHHIO JIHHHH. 

CTpoBeL1eHHoe paccMOTpeHHe no3BOJI51eT ccpopMyn11poBaTh cJieL1yIO

I11.ee ycJioB11e cymecrneHHOCTH KorepeHTHhIX npoueccoB: 

(9.36) 

3To ycJioB11e OJHaqaeT, qTo Ja BpeM51 cpa3oBoti: peJiaKcau1111 pe3oHattc

Hoe none L\OJI)l(HO ycneTb noBepHyTh OIITHt{eCKHH BeKTop DJIOXa Ha 3a

MeTHbIH yron. B rrpoTHBHOM cnyqae pean113yeTcH rrpeL1eJI Teop1111 B03MY

I11.eH11ti:, rrpeL1rronara10m11ti:, qTo BHeurnee B03.!l:eti:cTBHe cJia6o MeHHeT 

COCT051HHe KBaHTOBOH CHCTeMbl. 

B CJiytfae 3JieKTPOMarHHTHoro IIOJIH nocT051HHOti: aMIIJIH'fYL\hI E0 = canst 

rrp11 L\OCTaTOt{HO 6oJihIIIHX BpeMeHax t » T1 2 KOMIIOHeHThI BeKTopa Enoxa 

BO Bpama10meti:c51 c11:cTeMe KOOPL\HHaT 11 8 np116JIH)l(eH1111 Bpama10meti:

c51 BOJIHhI BhIXOL\HT Ha CBOH crnu110HapHb1e 3HaqeHH51 R~1 • Toma rrpo113-

BOL\Hh1e no BpeMeHH B JieBhIX qacrnx ypaBHeHHti: (9.31)-(9.33) o6pama

IOTC51 B HOJih, H 3HaqeHH51 R~1 MO)l(HO IIOJIYtfHTh perna51 CHCTeMy anre6pa-

11qecKHX ypaBHeHHti:. PerneH11e HMeeT BHL\ [3]: 

(9.37) 

(9.38) 

(9.39) 
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3.uecb BBe,UeHa cpyHKUIUI L(A, s) - JiopeHueBCKMH KOHTyp c yqeTOM IIO

JieBoro yurnpeHHJI: 

L( ) = Tz/7t 
A, s ( 2 ) , l+A2T2 (l+s) 

(9.40) 

r.ue BBe,UeH 6e1pa1MepHblH napaMeTp HaCbIIUeHHH s, paBHblH 

(9.41) 

3.uecb s0 - pe1ottaHCHhIH napaMeTp ttachrruettHH. Bhrpa)l(etttte (9.40) B 

npe.ueJie ttyJieBoro noJieBoro yurnpemrn: s = 0 nepexo.uttT B o6hrqttbIH 

JIOpettueBCKHH KOHTYP (4.70). 
<I>opMyJrn (9.40) OIIMCbIBaeT O.UHOPO.UHOe yurnpeHHe JIMHMH. <l>mH

qecKHH CMhICJI O,UHOPO.UHOro yuntpeHHH IlpH s « 1 3aKJI10qaeTCH B TOM, 

qTo JIHHMH cneKTpocKonuqecKoro nepexo.ua yUIMpHeTcH B pe1yJihTaTe 

c6oH cpa3bl cpe.n,ttero .ll,HIIOJlhHOfO MOMeHTa ,UByxypoBHeBOH CMCTeMbI -

¢a30BOH peJiaKcauttl1. 3TOT c6oif ¢a3bl B03HMKaeT M3-3a B3attMO.ll,ett

CTBMH .UByxypOBHeBOH CHCTeMbl co CBOMM OKp~eHtteM: .upymMM .ll,Byx

ypoBHeBhlMH CHCTeMaMM H TepMOCTaTOM. lfoM 60JibUie BpeMH cpa30BOH 

peJiaKcau1111 T2, TeM 0Ke JIHHHSI nepexo.n,a. B1a11Mo.n,ei1cTBHJI, npHBO.ll,H

IUMe K O.ll,HOpO.ll,HOMY yurnpeHHIO, HOCSIT .ll,MHaMttqeCKMH xapaKTep, OHH 

CBSI3aHbl c B03.ll,eHCTBHeM Ha cneKTpOCKOmtqecKMH nepexo.u nepeMeH

HhIX noJiett. Ba)l(HO no.uqepKHYTh, qTo 3TH B03.n,etf:cTBHSI O.ll,HHaKOBhI MH 

scex .usyxypOBHeBhlX CMCTeM B aHCaM6Jie, qTo M npHBO.ll,HT K O.ll,HOpo.n;

HOMY xapaKTepy yurnpeHHSI B OTJilfqHe OT HeO)lHOPO.UHOfO yurnpeHHH. 

0TMeTHM, qTo, KaK 3TO CJie.uyeT 113 (9.41 ), napaMeTp HaCbIIUeHMSI 

nponoputtottaJieH HHTeHCMBHOCTM MOHoxpoMaT11qecKoro M3JiyqeHHH, 

so1.uetlcTsy10ruero Ha .n,Byxyposttesy10 cttcTeMy, nocKoJihKy Q~ oc E5. 
JlopettuescKMH KOHTYP (9.40) B npe,ueJie CHJibHoro noJiesoro yUittpe

HMSI s » I TepJieT CBOtt pe30HaHCHb!M xapaKTep, pa3Mb!BaSICb no qacTOT

HOH IIIKaJie. <f>11311qeCKM 3TO CBH3aHo c TeM, qTO Cl1JlbHOe MOHOXpOMaTH

qecKoe IIOJie, Bhl3b!BaJI nepeXO.Ubl Me)l(.ll,y 3HepreTHqecKMMI1. ypOBHJIMH 

KBaHTOBOH CHCTeMhI, 3cpcpeKTttBHO YMeHbUiaeT BpeM.H HX )l(H3HH. A 3TO B 

COOTBeTCTBHH C COOTHOUieHHeM Heonpe,1leJieHHOCTH fett3ett6epra YUIHpSI

eT JIHHMIO cneKTpocKonttqecKoro nepexo.ua. 
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lb <tJopMyJI (9.37)-(9.39) MO)J(HO noJiyqHTb Bbipa)J(eHHe ,UJUI CTaUH

OHapHoro yrna npeueccHH onTHqecKoro BeKTopa 6noxa (cM. pHc. 9.2): 

(9.42) 

BhmmueM TaK)J(e Bbipa)J(eHHe )].ml cTaUHOHapttoil: Ll.JIHHhI nonepeq

HOil: KOMITOHeHTbI OITTHqecKoro BeKTopa DJIOxa: 

(9.43) 

3aMeTHM, qTQ B npe)l.eJie CHJibHoro nonesoro yrnHpeHHH s » 1 Bhipa

)J(eHHe (9.43) npHHHMaeT BH)l.: 

(9.44) 

lfa npIIBe)l.eHHbIX <PopMyJI CJie)l.yeT' qTo CTall,HOHapHaH BeJIHqHHa 

nonepeqttoil: KOMITOHeHThI seKTopa 6noxa npH s « I onpe)l.eJIHeTrn na

paMeTpoM Q0 T2, T. e. yrnoM nosoporn BeKTopa finoxa ITOLI. L1.eil:cTBHeM 

MOHoxpoMaTHqecKoro noJIH 3a speMH nonepeqttoil: penaKcauHII. B cny-

qae CHJibHoro HaCbIIlieHHH seJIHqHHa Rl1 na)l.aeT c pocToM aMITJIHTYLl.hI 

IlOJIH. B npe)l.eJie Qo T2 » 1 H3 (9.42) HMeeM: 0 81 -t n/2, B TO )J(e speMH H3 

(9.43) cne)l.yeT, qTQ Rl1 -t 0. 
PaccMoTpHM Tenepb 3<tJ<PeKThI ttaCbIIlieHHH OLl.HOPOJJ:HO yrnHpeHHOro 

cneKTpOCKOilHqecKOfO rrepexo.na, BhITeKaIOiliHe H3 <tJopMyJI Ll.JIH CTaU,HO

HapHbIX pellleHHH ypaBHeHHH oJioxa (9.37)-(9.39). BbIITHilleM CHaqana 

Bbipa)l(eHHe Ll.JIH CTaUHOHapHOH HHBepCHH HaceJieHHOCTeil: OLl.HOpO)l.HO 

YillHpeHHOfO aHcaM6JIH )l.ByxypOBHeBbIX CHCTeM B MOHoxpoMaTHqecKOM 

none. Otto cJieL1.yeT H3 <f>opMyJihI N 51 = N0R~1 : 

Nst = N' = N' ' 
1 + s 1+2w;1~ 

(9.45) 

me N• - pasttosecttaa HHBepcHH HaceJieHHOCTeil:; w; - sepOHTHOCTh B 

e,l(HHHUY speMeHH HHLl.YUHPOBaHHoro 3JieKTpOMarHHTHbIM IlOJieM nepe

xona Me)J()].y YPOBHHMH KBaHTOBOM CHCTeMbI, KOTopaH MO)J(eT 6bITb CJie-
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.ll.YIOIIJJIM o6pa30M Bbrpa)J(etta qepe3 pe3ottattctty10 qacTOTY Pa6H H Bpe

M.sI rrorrepeqttoli penaKcautttt: 

(9.46) 

BTOpoe paBettcrno B (9.46) Bbrpa)[(aeT Bepo.sITHOCTb HH.ll.YUHpoBattttoro 

rrepexo,n;a qepe3 tteHaCbIII(eHHhIH JiopettueBCKHH KOHTYP JIHHHH. Otto 

.si:BJI.sieTc.sI aHanoroM 30110Toro npaBHJia ct>epMH B npe,n;ene 6ecKotteqtto 

Y3KOH JllIHlIH, KOf.ll,a Tz ~ 00 lI L(.6.) ~ o(.6.) (3)1.eCb o(.6.) - .neJibTa

cpyHKUH.sI )l.HpaKa). 

1'13 cpopMyJibI (9.45) BbITeKaeT cpH3HqecKHH CMbICJI rrapaMeTpa Ha

CbIII(eHH51 s: OH OIIHCbJBaeT yMeHbuletttte CTaUHOHapHOH HHBepCHH 

ttaceJieHttocTeH non .n;elicTBHCM 3JieKTPOMarttHTHOro rromI. Bbrpa)J(em1e 

s = 2w; T1 M.sI rrapaMeTpa ttacbrll(eHH.sI IT03BOJI.sieT xapaKTepH30BaTh ero 

TaIOKe KaK KOJIHqecTBeHttyIO Mepy KOHKYPeHUHlI CTHMYJIHpOBaHHblX 3JieK

TpOMarHMTHbIM IIOJieM rrepeXO.ll,OB B KBaHTOBOH CHCTeMe, OIIHCbJBaeMbIX 

BeJIHqHHOH W;, H CIIOHTaHHbIX rrpouecCOB 3HepreTttqecKOH peJiaKcaumI 

co BpeMetteM T1. 

3cpcpeKT ttaCblll(eHH.sI lIHBepc1rn HaCeJieHHOCTeH HMeeT Ba)l(Hbie cne.n

CTBH51. c ueJibIO HX attaJIH3a BbIIIHIUeM Bbipa)J(emrn .ll,JI.sI CTaUHOHapHOH 

MOII(HOCTH IIOfJIOII(aeMOH/H3JiyqaeMOH C.ll,HHHUCH o6beMa cpe.ll,bI, COCTO

.sIII(CH M3 )J.ByxypoBHCBbIX CHCTeM. )l,JI.sI 3TOfO IIO.ll,CTaBHM Bbipa)!(ettHe (9.38) 

.ll,JI.sI BTOpOH KOMIIOHeHTbl OIITMqecKoro BCKTOpa Bnoxa B cpopMyJiy .ll,JIH 

cpe,11,tteM: MOII(HOCTH (9.23): 

wmaxs w;t == _P __ sign(-Ne); 
I+ s 

wmax - N•nwo 
p - 2T. 

l 

(9.47) 

0TCIOJ(a CJieJ(yeT, qTo, BO-rrepBblX, xapaKTep CTaUHOHapttoro o6Metta 

3ttepmeM: Me)J(.ll,y 3JieKTpOMarHHTHbIM IIOJieM H attcaM6JieM J(ByxypOBHe

BbIX CMCTeM onpeJ(eJI.sieTC.sI 3HaKOM paBHOBeCHOH HHBepCHM ttaceJieHHO

CTCH. ECJIM B OTCyTCTBHe MOHoxpoMaTMqecKoro 3JieICTpoMarHlITHOf0 IIOJI.sI 

CMCTeMa HaXOJ(HTC.sI B TepMOJ(HHaMHqecKOM paBHOBeCHII, nptt KOTOPOM 

Ne < 0, TO HMeeT MeCTO nornomettHe 3tteprnH non.si: attcaM6neM ,11,Byxy-

poBHeBbIX CMCTeM: w;i < 0. B IIPOTHBOIIOJIO)J(HOM «Jia3epHOM» CJiyqae, 

Kor,11,a ecTb ttaKaqKa M II03TOMy Ne > 0, 3ttepm.si: nepeJ(aeTc.si: OT attcaM6JI.si: 

J(ByxypOBHCBbIX CHCTeM 3JieKTpOMarHHTHOMY IIOJIIO - npOHCXOJ(HT ycH

JICHJie II3JiyqeHH.sI. Bo-BTOpbIX, c poCTOM MHTCHCHBHOCTII 3JieKTpOMar-
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HHTHOfO IIOJUI BeJmqHHa w;t CTIJeMHTCJI K IIOCTOJIHHOMY 3HaqeHHIO WJ]""'. 
TaK qTo B rrpe,D;eJie s » 1 CTaUHOHapttaJI MOIUHOCTb Boo6me rrepecTaeT 

3aBHCeTb OT rrapaMeTpOB 3JieKTPOMarttHTHOro TIOJIJI (c TOqHQCTbIO AO 

BbITIOJIHeHHJI pe30HaHCHOro ycnOBHH) H onpeAeJIHeTCJI TOJibKO napaMeT

paMH AByxypOBHeBOH CHCTeMbI H TepMOCTaTa. 3TO H eCTb 3<}><}>eKT HaCbl

UJ,eHUH B nornomeHHH/H3JiyqeHHH 3JieKTpOMarHHTHOro nomI O,ll;HOPOAHO 

ynmpettHhIM rrepexo,D;oM. B cnyqae N• < 0 OH npHBOAHT K 5IBJieHHIO 

«IIPOCBeTJieHHH» cpe,D;bl, qTO HCIIOJib3YeTC51, ttanpMMep, B nacCHBHbIX 

JaTBopax. B «Jia3epttoM» cnyqae (N• > O) 3<}><}>eKT ttacb1IUeHH5l ycrnttaB

JIHBaeT sepXHHH npe,D;eJI MOIUHOCTH Jia3epHOH reHepaUHH B HenpepbIB

HOM pe)lmMe. 

<l>HJlfqecKHH CMbICJI OIIHCaHHOro 51BJieHH51 npocT: MOIUHOe pe30-

HaHCHoe HJnyqeHHe AenaeT HHAYUHposaHHhre rrepexoAhI B AByxypoB

Hesoil CHCTeMe rrpeBaJIHPYIOIUHMH HaA CIIOHTaHHbIMH, H HaceneHHOC

TH ypostteM: BhrpaBHHBaIOTC51. B pe3yJihTaTe rrpoueccbr wcrrycKaHH51 H 

nornomeHH51 <}>oTOHOB ypaBHOBenrnBaIOT APYf Apyra, H KBaHTOBaJI CH -

CTeMa 3<}><}>eKTHBHO nepecrneT B3aHMOAeHCTBOBaTb c 3JieKTpoMarHHT

HbIM IIOJieM. 

BenHqHHa HHTeHCHBHOCTH 3JieKTpoMarHHTHOro IIOJIH, npH KOTopoM: 

ttacTynaeT ttacbrIUeHHe !sat' orrpe,D;em1eTC5l H3 ycnoBH51: s = 1. 0TCIO,D;a 

HaXOAHM: 

(9.48) 

OueHHM BeJIHqHHY HHTeHCHBHOCTH HaCbIIUeHHH M51 cnyqa51 HOHOB 

tteOAHMa B anIOMOHTTpHeBOM rpattaTe. TorAa T1 = 250 MKC, T2 "" 10-11 c, 

d0 "" 3 · lQ-20 eA. ere. )lJIH TOqHOro pe30HaHCa /:1. = 0 <}>opMyJia (9.48) 

AaeT: /sat "" 100 BT/CM2. Ou,eHHM BeJIHqlfHY w;ax Ami 3TOro cnyqaH. 

)lmI xapaKTepHbIX 3HaqeHHH N·"" -1019 CM-3, n(J)o"" 10-12 3pr HaXO,ll;HM 

w;ax "" 20 KBT/CM3• TaKHM o6pa30M, B AaHHOM cnyqae HaCbIIUeHHe 

corrpOBO)l(,!];aeTCJI CHJibHbIM pa3orpeBOM cpeAhI. 

PaccMoTpHM 6onee TIOApo6tto <}>opMy JIHHHH rrornomeHHH/ycwne

HH51 G(/:1.) c yqeTOM HacbIIUeHH51: 

(9.49) 
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J.fa 3TOH <t>opMyJibl BbITeKaeT, 'ITO 0)J.HOpO)J.Ha51 lllHPMHa JIHHHH 11mh 
pacTeT nptt HaCbIII.l,eHMH c pOCTOM aMTIJIHTY)J.bl 3JieKTpoMarHMTHOrO n01rn: 

(9.50) 

(9.51) 

<l>opMyJibl (9.50), (9.51) TIOKa3bIBaIOT, 'ITO npMCYTCTBMe CHJlbHOfO 

MOHoxpoMaTtt'-leCKOro TIOJI51 yump51eT JIOpem.1,eBCKYIO JIHHMIO nepeXO)J.a B 

~ pa3 no cpaBtteHMIO co cJiyqaeM cJia6oro noJI51. HanoMHMM, 'ITO 

s0 = 4Q~Ti T2 - pe3ottaHCHhIH napaMeTp ttaCbIII.l,eHM51. 3To noJieBoe 

ylll11pem1e, Bhl3hIBaeMoe peryJIHPHhIM (MottoxpoMaTtt'-leCKMM) B03)J.eH

cTmteM, np11ttu11nttaJibHO OTJIH'-laeTC51 OT peJiaKcau110HHoro ylllttpeHM51 

(=d/T2), o6ycJIOBJieHHOro CTOXaCTH'-leCKMM BJIMHHMeM TepMOCTaTa. CTo

JieBoe ylllttpett11e HMeeT MecTo 11 B npette6pe)l(eHtt:M peJiaKcau11eif, Kor

)J.a MO)l(HO C'-IHTaTh T2 ~ 2 T1 ~ = (.ll:JI51 /1 * 0). Tor)J.a 113 <PopMyJihI 

(9.49) HaXO)J.HM: 

(9.52) 

0TCIO)J.a CJie)J.yeT, 'ITO TIOJieBoe YlllttpeHtt:e B OTCYTCTBHe peJiaKCaUMH 

onpe)J.em1.eTcH pe3ottattcttoif qacTOTOH Pa6tt Q 0• B o6meM cJiyqae noJie

Boe yumpett11e 11mF paBtto: 

(9.53) 

B KorepettTHOM cJiyqae (9.52) BeJitt'-lttHa noJieBoro ylll11peHH5I onpe

)J.eJI51eTC51 3Hepmeti B3aMMO)J.eHCTBJ151 3JieKTpOMarHMTHOro TIOJI51 c HaBe

)J,eHHbIM B )J.ByxypOBHeBOH CHCTeMe HaBe)J.eHHbIM )J.HTIOJlbHbIM MOMeH

TOM, cpe)J.Hee 3Ha'-leHtte KOToporo nponoputtoHaJibHO MaTpM'-IHOMY 3Jie

MeHTY d0 . CToJieBoe ylll11petttte JIHHMH CB513atto c yMeHbllleH11eM BpeMeHH 

X<.M3HJ1 )J.ByxypOBHeBOH CMCTeMhl B CTaUHOHapttbIX COCT051HJ151X M3-3a 

MH)J.YUMPOBaHHhIX MOHOXpOMaTM'-leCKMM 113JIY'-leHtteM nepeXO)J.OB Me)l()J.y 

ypOBH51MH CMCTeMbl. 
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B rrpHcyrcrnmr peJiaKcauHH .UBIDKeHHe BeKrnpa .UHIIOJihHoro MOMeHTa 

.UBYXYPOBHeBOH CHCTeMhI MO)!(HO rrpe,!lCTaBHTh ce6e KaK ero CJiyqaliHoe 

6Jiy)!(.llaHHe B TeqeHHe T1 co speMeHeM «CBo6o.nttoro rrpo6era», paBHhIM 

speMeHH rrorrepeqHoli peJiaKcauHH T2• IlapaMeTp T2 orrpe.uem1eT speMH 

Me)!(.lly «CTOJIKHOBeHH51MH», T. e. B3aHMO,!leHCTBHSIMH, rrpHBO,!lSIIll,HMH K 

c6oro <Pa3hr. KoJIHqecTBO «CTOJIKHOBeHHH» oKa3bIBaeTCSI rrporropuMOHaJih

HhIM OTHOllleHHIO speMeH Tif T2. CoorneTCTBeHHO 3cPcPeKTHBHa51 BeJIH -

qHHa cpe.uHero ,!lHIIOJibHOro MOMeHTa, orrpe.neJISIIOill,a51 3HeprHIO B3aH

MO,!lettCTBH51 KBaHTOBOH CHCTeMbl c 3JieKTpOMarHHTHbIM IIOJieM, paBHa 

do ~I; /Ti . 3TOT BbIBO,!l SIBJISieTCSI KallecrneHHOH HHTeprrpewu,Heli <Pop

MyJihI (9.53). 
KaK ~e rosopHJIOCh paHee, rrpHllHHOH o.uHopo.uHoro ylllHpeHHH 

JIHHHH rrepexo.ua (BHe HaCbII11,eHH51) SIBJI51eTC51 B03,!leHCTBHe Ha Hero rre

peMeHHbIX IIOJieli, c6HBaIOI11,HX <Pa3y .UHIIOJibHOro MOMeHTa .UBYXYPOBHe

BOH CHCTeMbI. IlpoHCXO)!(,!leHire 3THX IIOJieli 3aBHCHT OT KOHKpeTHOH 

CHryaU,HH. )l,JISI ra30B O,!lHOpO,!lHOe YlllHpeHHe CBSI3aHo B rrepsyro Olle

pe.nh co CTOJIKHOBeHHSIMH H II03TOMY orrpe.neJISieTCSI .naBJieHHeM ra3a. 

XapaKTepHa51 BeJIH'IHHa 11wh B ra3e COCTaBJISieT rrpHMepHO I 07 - I 08 ru. 
B CJiyqae KBaHTOBOM CHCTeMbl B rnep.noM TeJie, HarrpHMep aKTHBHOro 

HOHa, rrpHpo.ua 0,LJ,HOPO.llHOro ylllHpeHH51 3aBHCHT OT TeMrreparypbI. IlpH 

KOMHaTHOH TeMrreparype OHO orrpe.neJI51eTC51 B3aHMO,LJ,eHCTBHeM .nsyxy

pOBHeBOH CHCTeMhI c <PoHoHaMH. XapaKTepHoe 3HalleHHe !Y,.wh B rnep.uhrx 

TeJiax rrpH T = 300 °K COCTaBJISieT 1011 - 1012 ru. IlpH IIOHH)!(eHHM 

TeMrrepaTyphi TeIIJIOBa51 KOHU,eHTpauHSI cPOHOHOB pe3KO rra.naeT, a BMecTe 

c Hell: rra.naeT H t:.wh. B pe3yJihTaTe o.nHopo.nHaSI lllMpMHa JIMHHH rrepecrneT 

3aBMCeTb OT TeMrrepaTyphI H HallHHaeT orrpe.neJISIThCSI B3aHMO,LJ,eHCTBH51MM 

.npyroli rrpMpO.llhI. )l,JI5I JIOKaJIH30BaHHhIX B rrpocTPaHCTBe .nsyxyposHeBbIX 

CHCTeM 3TO, KaK rrpaBMJIO, MarHHTHbie B3aHMO,LJ,eHCTBMSI 3JieKTpOHHOf0 

CIIHHa BbI,!leJieHHOH .usyxypoBHeBOH CMCTeMhl co CIIMHaMH .upyrHX KBaH

TOBblX o6beKTOB. TaKMMH KBaHTOBhIMH o6beKTaMM MOryT 6bITh .npyrne 

.nsyxypOBHeBbie CHCTeMbI B CJiyqae HX Bb!COKOH KOHUeHTpaUHH JIH60 

cPJIYKTYMPYIOIUHe MepHbie MarHMTHhie MOMeHTbl HOHOB KpMCTaJIJIMllec

KOH pellleTKM. BeJIHllMHa 3TOro BKJia.na B o.nHopo.nttyro lllMpMHY JIMHHM 

cymecrneHHO 3aBHCHT OT XHMMlleCKoro COCTaBa pellleTKH, B rrepsyro 

Ollepe.nb OT BeJIHqHHbl MarHHTHbIX MOMeHTOB OKp~aIOIUHX .nsyxypoB

HeByIO CMCTeMy MOHOB. TaKHM o6pa30M, M3MepeHMe BeJIMllMHbl O,!lHO

po.nHoro yumpeHH51 JIHHHM B .llBYXYPOBHeBOH CHCTeMe rrpH HM3KMX TeM

rrepaTypax MO)!(eT ,LJ,aTb ueHHYIO HHcPOpMaUHIO 0 XMMHlleCKOM COCTase 

OKp~aroruero Beruecrna. Ilpe.neJibHO MaJibie 3HalleHHSI O,LJ,HOPO.llHOfO 
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ynrn:pemrn: (rrpH TeMrrepaType )l(H,D;Koro renm1) .n;ocTHraIOTCH B cnyqae 

tteMarttHTHbIX HOHOB perueTKH. HanpHMep, MH 3JieKTPOHHoro nepexo

.n;a 7 f'o-; 5 D0 B Motte eBponHH Eu3+, ttaxo.n;HmerocH B perneTKe YSi05 npn 

TeMneparype T "' 1 °K, Benwrntta o.n;ttopo.n;ttoro ywttpeHHH cocTaBJIHeT 

liOJh "' 350 ru. 3TO peKOp,D;HO Y3KaH JIHHHH onTHqecKOro nepexo.n;a B 

rnep.n;oM TeJie. 
)l,pyrnM npHHUHIIHaJibHO Ba)l(Hb!M THIIOM ywHpeHHH JIHHHH cneKT

pOCKOnHqecKOro rrepexo.n;a HBJIHeTcH HeoaHopoaHoe yruttpetttte. IlpHqHtta 

ero COCTOHT B tteo.n;ttopo,D;HOCTH ycJIOBHH npe6bIBaHHH AByxypoBtteBOH 

CHCTeMbl B TepMOCTaTe. XapaKTep 3TOH Heo.n;Hopo.n;HOCTH MO)l(eT 6bITb 

pa3Hb!H. EcJIH ,D;ByxypoBHeBaH CHCTeMa CBH3atta c MOJieKyJiaMH B ra3e, TO 

rrpHqHHOH tteo.n;ttopo.n;ttoro yw11peHHH HBJIHeTCH pa36poc MOJieKYJI no 

cKopocTHM. B rnep.n;oM Tene - 3TO tteo.n;ttopo.n;ttocTb KpHCTaJIJittqecKoro 

nOJIH B MeCTaX pacnoJIO)l(eHHH KBaHTOBbIX CHCTeM. B CJiyqae MarHHTHO

ro pe30ttattca - tteo.n;ttopo,D;HOCTb nocTOHHHOfO MarHHTHOfO nOJIH no 

o6beMy 06pa3ua. Bee 3TH npHqHHbI npHBO,lJ,HT K pa36pocy co6crnettttbIX 

qacTOT B attcaM6Jie ,lJ,ByxypOBHeBbIX CHCTeM BOKpyr tteKoero cpe,n;Hero 

3HaqeHHH me. B ra3e 3TO nponcxo.n;ttT H3-3a 3<l><l:>eKrn )l,onnepa, B rnep

AOM TeJie - H3-3a CTaTHqecKoro 3<l><l:>eKTa lllrnpKa, B CJiyqae MarHHTHO
ro pe3ottattca - H3-3a 3<l:><l:>eKrn 3eeMatta. XapaKTepttoM: oco6ettttocTblO 

tteo.n;ttopo.nttoro ywHpettHH HBJIHeTCH TO, qTo <l:>opMa JIHHHH onHCbIBaeT

CH rayccOBOH KPHBOH (4.72), He3aBHCHMO OT <1>11311qeCKOH peanHJaUHH 

YWHpeHM:H. fayccoB BH,D; <l:>OPMbl JIHHHH CBH3aH co CTaTHCTJ1qeCKHM xa

paKTepOM tteo.nttopo.nttoro yw11pett11H. YIHbIMH cJioBaMtt, c TeM, qTO pa3-

6poc napaMeTpa ( CKOpOCTH MOJieKYJibl, ttanpH)l(eHHOCTH BHYTPHKPHCTaJI

JIHqecKoro HJIH MarHHTHOro noAA), npHBO,llHIUHH K ynrn:pettmo, 6y.n;yq11 

<l:>nyKTyau110HHbIM no CBoeM: npttpo.ne, onttcbrnaeTCH pacnpe.n;enemi:eM 

faycca MH <l:>JIYKTyaUHH. 

BenHqHHa Heo.n;ttopo.nttoro ywttpettHH Mutnh MH ra30B 3aBHCHT OT TeM

neparypbI H HMeeT xapaKTepttoe 3Ha'leHHe nopH.nKa rn:rarepua. B rnep

.IlhIX TeJiax liOJinh OT TeMnepaTypbl He 3aBHCHT H HMeeT pa36poc 3HaqeHHH 

B nrnpOKHX npe.nenax: OT ,D;OJieH rn:rarepua B HeKOTOpblX KpHCTaJIJiaX .no 

Tepparepu B cTeKJiax. 

TaKHM o6pa3oM, B ra3ax 11 cTeKJiax JIHHHH cneKTpocKon11qecKoro 

nepexo.na ywHpetta HeO,D;HOpO,llHO (liminh > limh), B KPHCTaJIJiax npH KOM

HaTHOH TeMnepaType, ttanpOTHB, npeBaJIHpyeT 0,D;HOPO.IJ.HOe ynmpeHHe 

(liwtnh < liwh). Ho H B KpHCTaJIJiax c nottH)J(eHHeM TeMnepaTypbI, HaqH

HaH c TeMnepaTypbI )l(H,D;Koro a3orn 11 HH)l(e, tteo.nttopo.nttoe ywupettue 

npeBOCXO,D;HT O,llHOpo.nttoe. 
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0TMeTHM, 'ITO B CJiyqae CHJihHOfO B3aHMoneiiCTBHH OIITH'leCKOfO 

3JieKTpOHa c KOJie6aTeJibHhIMH CTerreHHMH CBo6onhr (BH6poHaMH, cpo

HOHaMH), Harrp11Mep, )J;JIH HOHOB nepeXO)J;HhIX MeTaJIJIOB B TBepnoM TeJie, 

F-ueHTPOB, MOJieKYJI KpaCHTeJIH B pacrnope ynrnpeHMe JIHHHH MO)KeT HO

CMTh crreu11cp11qecKHH «BH6poHHHhIM» xapaKTep. 3TO 03Ha'!aeT, 'ITO B rrpo

uecce H3JiyqaTeJibHoro rrepexona c pa3HOM sepomHOCThIO B03MO)!(HO 11c

rrycKaHMe HJIH rromonreHHe pa3JIH'IHOf0 'IHCJia cpOHOHOB (BM6pOHOB), 'ITO 
B cneKTpe HCIIYCKaHHJl./nomonreHHH npoHBJIHeTCH KaK yurnpeHHe JIHHHH. 

3cp<PeKT HachrnreHHH B cneKTpe nomonreHttH/HcnycKaHHH HeonHo
ponHo yurnpeHHOfO nepexona rrpOHBJIHeTCH npHHUHIIHaJihHO HHhIM o6pa-

30M B cpasHeHHH co cnyqaeM onHoponttoro yurnpeHHH . .lJ,aJiee nIIH rrpo

CTOThI npennonaraeM cneKTp H3JiyqeHHH, so3neiicTsy10mero Ha aHcaM6Jih 
nsyxypoBHeBhIX c11cTeM, 6ecKoHe'!HO Y3KHM. Torna Ko3cpcpnu11eHT rromo

nrettHH/ycnneHHJI. aHcaM6JIH nsyxypOBHeBhlX CHCTeM c O)J;HHaKOBOM co6-

CTBeHHOM qaCTOTOM (1)
1

, KaK 3TO cnenyeT H3 cpopMyJihI (9.49), HMeeT BHn: 

(9.54) 

rne a0 - pe3oHaHcHoe ceqettne nepexona, 

41rw"£ d2 
a _ 2 o 

0 - nc 

HrnK, K03cpcp11uneHT nomonrettttH onHopontto yurnpeHHoro nepe
xona rrptt ttachrnreHHH «npocenaeT» TaKHM o6pa30M, 'ITO ero MaKCH

MaJihHOe 3Ha'!eHHe yMeHhlliaeTCH, llIHPHHa JIHHHH B03pacTaeT, a cpopMa 

OCTaeTCH no-npe)KHeMy JIOpeHueBCKOM. 

)J.mr Toro, 'IT06h1 noJiyqHTh npocpHJih tteonHopontto yrnnpeHHOH JIH

HHH, H~HO JIOpeHuttaH (9.40) csepHyTh c cpyHKUHeH faycca /G(w, w,.), 
OIIHCh1Ba10meii pacnpeneJieHHe nsyxypOBHeBbIX CHCTeM B aHCaM6Jie no 

co6CTBeHHhIM '!aCTOTaM: 

ofinh) (w) = f d w' L (w, w') fa (w', we), (9.55) 

rne we - ueHTpaJihHaH qacTorn tteonHoponHoro pacnpeneneHHH. Ecn11 

Heonttoponttoe yurn:pemi:e cymecTBeHHO 6oJihllie onttoponHoro, TO no

peHuttaH (9.40) MO)KHO 3aMeHHTh Ha neJihTa-cPYHKUHIO, H HHTerpaJI 

(9.55) naeT: 

(9.56) 
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T. e. Mbl npHXO)J,HM K <l>opMyJie (4.72). lfa (9.55) HBHO BM)J,HO, 'ITO He-

0)1,HOpO)J,HO yurnpeHHaH JIHHHH npe,l1,CTaBJIHeT co6oi1: orn6a10my10 0)1,HO

PO.IJ:HbIX KOHTYPOB. 

flyCTh Ha HeO.IJ:HOp0,l1,HO yumpeHHbIH aHCaM6Jih .IJ:BYXYPOBHeBbIX CH

CTeM ,lJ,ettcrnyeT MOll.IHOe H3JiyqeHHe HaKaqKH Ha qacrnTe mP. Tor.na B 

paBeHCTBe (9.55) He06XO)J,HMO yqecTb 3<l><l>eKT HaCblll.leHHH B 0)1,HOpO,l1,HO 

yrnttpeHHOM KOHType. B pe3yJihTaTe .IJ:JIH HeO,lJ,Hopo.uHo yrnttpeHHOH JIH

HHH rrony•rneM 

a(inh) (m 
sat ' )

- (inh) l+(m-mP)2T} 
QP - G (m, me) 2 , 

1 + (m - mp) T} + 4Q!I;71 
(9.57) 

r,lJ,e QP - qacToTa Pa6tt, coorneTCTBYIOll.laSI aMrrJIHTY,lJ,e rroJISI ttaKaqKM E0P, 

doEop 
Q =--· 

p 21i ' 

m - qacToTa rrpo6Horo rrOJISI. 

yfa Bb!pa)l(emrn (9.57) CJie,lJ,yeT, 'ITO H3Jiy'leHHe HaKa'IKH Bhl3bIBaeT 

ITOSIBJieHHe cneKTpaJibHOfO «ITPOBaJia» B KOHType nornomeHm1/ycHJie

HHH HeO)J,HOpO,l1,HO ywttpeHHOH JIHHHH. fny6Jrna 3T0f0 rrpoBaJia orrpe,l1,e

JISieTCSI pe30HaHCHblM napaMeTpOM HaCbill.leHHH 

s0 P = 4Q!'fiT2 , 

a cneKTpaJibHaH lllHpttHa - lllHpHHOH JIHHHH HaCbill.leHHOfO 0)1,HOpO)J,

HOfO KOHTypa (,lJ,JISI MOHOXpOMaTtt'IeCKOH HaKaqKH). PaBeHCTBO (9.57) 
y.no6tto nepenttcaTh B 6e3pa3MepHbIX nepeMeHHhIX: 

w-w 
V=---c; 

~{l)inh 

Tor)J,a BMeCTO (9.57) HMeeM: 

-sat( ) exp(-v
2/2) 1+4r

2
(v-vpc)

2 

ginh V, Sop = r:i= 2 ' 
v21l 1+4r2 (v-vpc) +sop 

(9.58) 

r.ne Vpc - HOpMttpOBaHHaSI OTCTpOMKa qacTOTbl HaKalJKH OT UeHTpaJibHOH 

qacTOTbl HeO)J,HOpO,l1,HOf0 pacrrpe.neJieHHSI, 
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IlpH 3anHCH napaMerpa r 6bIJIO HCTIOJib30BaHO Bbipa)!(eHHe O,ll,HO
pO,ll,HOH umpHHhI JIHHHH qepe3 BpeM.si: nonepeqttow peJiaKcaUHH: 

2 
!l.wh = -

I; 
fpa<f>HK <l>YHKUHH (9.58) AA.SI ,ll,Byx 3HaqeHHH napaMeTpa ttachmreHH.SI 

s0P = 10; 0, 1 npHBe,ll,eH Ha pHC. 9.3. 

Puc. 9.3. «BbDKMraHMe nposaJJa» B KOHrype HeO)lHOpO.llHO ynmpeHHOM cneKT

paJJbHOM JlMHMM IIO)l )leMCTBMeM MHTeHCMBHOfO 113JiyqeHMH HaKa'IKM Ha 

'laCTOTe WP )l!1H )lByx JHa'leHMM napaMeTpa HaCbIIUeHMH Sop = 10 ( cn11om
HQJI Kpuoa11) 11 s0P = 0, I (nyHKmupHaR) 

PacqeT npoBe,ll,eH no <f>opMyJie (9.58) JlJIH 

Ilo ocH a6cuHcc rpa<f>HKa pHc. 9.3 oTJIO)!(etta 6e3pa3Meptta.si: qacTOTa 

(1) - (1) 
V =---c 

!l.winh ' 

no OCH Op,ll,HHaT HOpMHpOBaHHaH <f>opMa JIHHHH 

- _ A G(inh) 
ginh - uWinh sat ' 

we - uettTpaJibHaH qacTOTa tteo.uttopo,ll,HOro pacnpe,ll,eJieHHH (4.72). 
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3To HBJiem1e, Ha3brnaeMoe «BbDKiffami:eM npoBaJIOB» (hole-burning), 

MCnOJib3yeTCH B Jia3epHOH cneKTpOCKOnMM M MMeeT npaKTMqecKMe npM

MeHeHMH, HanpMMep, WUl onTMqecKoH. 3anMCM MHcPOpMauMM. B qacTHo

CTM, c ero noMOlll.blO MO)!(HO onpe,n:eJIMTb BeJIMqMHY O,[(HOpO,[(HOfO ynrnpe

HMH JIMHMM, ,[(a)!(e eCJIM OHO 3aMaCKMpOBaHO HeO,[(HOpO,[(HblM ynmpeHMeM. 

9.3. JATYXAHHE CB060AHOH nonSIPHJAU.HH 
H <l>OTOHHOE 3XO 

Ba)!(HeH.rneH. BeJIMqMHOH, xapaKTepM3YIOlll.ett OTKJIMK cpe,n:hr 

Ha 3JieKTPoMarHMTHoe B03,n:eH.crntte, HBJIHeTCH noAApM3auMH aemecrna P(t). 
qT06br HattTM P(t) B pe30HaHCHOM 3JieKTPOMarnMTHOM noJie, tty)!(HO npo

CYMMMpoBaTb ,[(MnOJibHbIH MOMeHT (9.35) no aHcaM6JIIO ,[(ByxypOBHeBbIX 

cttcTeM, npe,n:crnBJI.sIIOIIIMX aemecrno. KaK ~e roaopMJiocb B npe,n:hmynreM 

pa3,n:eJie, noMMMO 0,[(HOpo.n:Horo yrnMpeHMH B aHCaM6Jie KBaHTOBblX CMC

TeM MO)l(eT MMeTb MeCTO HeO)l,HOpO,[(HOe yrnttpeHMe (4.72), o6ycJIOBJieH

HOe pa36pocoM co6cTBeHHblX qacTOT % BOKpyr HeKOTOpOH ueHTPaJibHOH 

qaCTOTbl We. fpynny ,[(ByxypOBHeBblX CMCTeM M3 aHCaM6AA C O,[(MHaKOBOH 

C06CTBeHHOH qacTOTOH ~ 6y.n:eM Ha3bIBaTb oanopoaHblM naKemoM. 

Hali,n:eM noJIHpM3auMIO cpe,n:bI nocJie ao3.n:eH.crn1rn KopoTKoro 3JieK

TpoMarHMTHoro MMnyJibca MMTeJibHOCTM M. CyMMMPYH (9.35) no aH

caM6JI10 O,[(HOpO,[(HblX naKeTOB, HaXO,[(MM ,[(JIH IlOJIHPM3al..l;MM CJie,n:y10ruee 

Bhrpa)!(eHMe: 

P(t > M) = -:LdjRu(M)sin(w/)exp(-_!_)· 
j ~ 

(9.59) 

PaBeHcrno (9.59) noJiyqeHo B npe.n:noJIO)!(eHMM ToqHoro pe3oHaHca 

~ = 0, KOr,n:a MO)!(HO npeHe6peqb CMHcPa3HOH (no OTHOilieHMIO K IlOJIIO) 

COCTaBJIHIOmeH. mmoJibHOfO MOMeHTa. fiy,n:eM cqMTaTb, qTQ ~ = do M qTo 

MMnyJibC 3JieKTpOMarHMTHOfO nOJIH 0,[(MHaKOBbIM o6pa30M B03,[(eHCTBO

BaJI Ha ace KBaHTOBbre CMCTeMbI B aHcaM6Jie. IlocJie,n:Hee npe,n:noJio)!(e-

HMe cnpaBeMMBO ,[(JIH ,[(OCTaToqHo KOpOTKMX MMnyJibCOB nOJIH, KOr,n:a 

MO)!(HO npeHe6peqb co6crneHHOH npeu;ecctteli BeKTopa nJioxa 3a apeMH 

,n:eH.crnirn MMnyJibca. B 3TOM npe,n:rroJIO)!(eHMM (9.18) ,n:aeT: 

Rlj(M) = -R; sin(e), (9.60) 

r,n:e 8 = 2Q0M - ITJIOII..l;a,[(b pe30HaHCHOfO MMilYJibCa (9.19). 
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00)],CTaBJI.SIH paBeHCTBO (9.60) B (9.59) H 3aMemrn: cyMMHPOBaHHe no 

O)l,HOpOJ],HhIM naKeTaM HHTerpHpOBaHHeM c cpyHKl..J,Heti HeO)l,HOpO,UHOH 

nrnpHHhI JIHHHH (4.72), nonyqaeM 

P(t>M)= 

sin (e) ( (m' - m )
2 r..·2) = d N'e-t/T2 --T..*f dm'sin(m't)exp - c 

2 

0 2.J21i 2 8 ' 

(9.61) 

r.ue N' = R; No; r; = 2/ timinh - BpeMH o6paTHMOH peJiaKCaIIHH. Mtt

TerpHpOBattHe B (9.61) B npette6pe.lKeHHH ,UJIHTeJihttOCThIO HMnyJihCa .uaeT 

(9.62) 

OpoattanH3HpyeM cp113nqecKni1 CMhICJI nonyqettttoro Bh1pa.lKeHHH. 

HaBe.uettttaH ttMnyJihCOM pe3oHaHcttoro tt3JiyqettnH nOJrnpn3aUHH npo

nopUHOHaJihHa paBttOBeCHOH HttBepcHH ttacenettttOCTeH, MaTpnqHOMY 

::meMeHTY .unnOJihHOfO MOMettTa nepexo.ua H CHHycy OT nnoma.un HM

TIYJibCa. Otta ocUHJIJinpyeT BO BpeMettn c qacTOToi1, paBHOH ueHTpanh

ttoi1 qacToTe tteO,UHopo.uttoro KOttTypa, a 3aTyxattne OilHCbIBaeTC5l .UBYMH 

3KCilOHeHTaMH. IlepBa51 H3 3KCilOHeHT B cpopMyJie (9.62) OilHCbIBaeT 3a

Tyxattne cpe.uttero .UHilOJihHOrO MOMeHTa BbI,UeJiettttOH .UByxypoBtteBOH 

CHCTeMhI. 3To 3aTyxattne tta3bIBaeTC51 Heo6pamuMoii rjJa3oBoii pe11a1ccau,u

eii, TaK KaK CB513aHo c tteo6paTHMhIMH npoueccaMH c6051 cpa3hI B npe.ue

nax o.uttopo.uttoro naKeTa no.u BJIHHHtteM TepMocrnrn. Heo6paTHMaH pe

naKcau1151 HMeeT 3KcnottettUHaJihtthlH xapaKTep H npHBO.UHT K nopett

ueBCKOH cpopMe JIHttHH nepexo.ua. 

Brnpa51 3KCTIOHeHTa B cpopMyJie (9.62) HMeeT npMttl..J,MTIHaJihHO MHOe 

nponcxo.lK)l,emi:e. Otta B03ttMKJia B pe3yJihTaTe HttTepcpepettUMH BKJia,UoB 

B TIOJI51pM3aUHl0 OT 0,UttOpO,UtthIX naKeTOB c pa311U'tHblMU co6cmBeHHblMU 

11acmomaMU. 3Ta HttTepcpepettUHH ttOCHT .uecTpyKTHBHhlH xapaKTep, no

CKOJihKY pa3Jittqne co6cTBeHHhIX qacTOT npMBO,UHT K paccpa3MpOBKe .UM

TIOJihHhIX MOMeHTOB .UByxypoBHeBblX CHCTeM B pa3JIJiqHhIX O,UttOPO.UHhIX 

naKernx .upyr OTHOCttTeJihHo .upyra. ,Ll.attttaH paccpa3npoBKa nopo.lKJl,aeT 

B3aHMHYIO KOMileHcauttIO BKJia,UOB pa3JIHqtthIX OJ],HOpO,UtthlX naKeTOB, ecnH 

t ) om-I, r,Ue OW - pa3tt0CTh C06CTBetttthIX qaCTOT paCCMaTpttBaeMbIX 

0,UttOPO.UHhIX naKeTOB. 3TOT npouecc y.uo6tto npe,UCTaBHTh reoMeTptt -

qeCKH B CMCTeMe KOOp,UMttaT BeKTopa Enoxa KaK pa3BOpaqwBaHHe «Bee-



9.3. 3amyxaHue C8o6oiJHou no;mpu3al.{uu u rjJomoHHoe 3xo -!\;.. 371 

pa» 3JieMettTapHblX pOTaTOpOB R61' CBepttyToro B ttaqaJibHbIH MOMettT 

BpeMettH (ttenocpe.ucrnetttto nocne B036)')KJJ:ettmr). Cymecrnetttto, qTo 

nocne.uttHH nm penaKCaUHH HOCHT tte3KCITOHeHUHaJibHblH xapaKTep H 

rrpH T2* < T2 6b1cTpee «3attymreT» rrom1ptt1aumo, qeM 3KcrrottettUHaJihtta51 

«OJJ:HOpOJJ:Ha51» peJiaKCaUH51. feoMeTpHqeCKOe rrpeJJ:CTaBJiettHe pac<l>a3HpOB-

KH B tteo.uttopo.utto-yurnpettHOM attcaM6ne H3o6pa.JKetto Ha pttc. 9.4. Ha 

tteM H306pa)l(etta CHCTeMa KOOPJJ:HHaT BeKTOpa Bnoxa, Bpama10ma51c51 

BOKpyr TpeTbeH OCH c YrJIOBOH CKOpOCTbIO, paBHOH uettTpaJibHOH qacTo-

Te coc tteo.uttopo.uttoro pacrrpe.uenettH51 JJ:ByxypoBHeBhIX CHCTeM no co6-

CTBetttthIM 1rncT0TaM. B 3TOM cnyqae npe.n.crnBJietttta51 tta pMcyttKe qac

TOTHa51 OTCTpOttKa M51 j-M JJ:ByxypoBtteBOH CHCTeMhl paBtta ~ = Oj - We. 

0oKa3aHO JJ:Ba 3JieMeHTapHblX poTaTOpa (rrorrepeqttbIX COCTaBJI51IOII.l,HX 

BeKrnpa Bnoxa) H3 tteo.n.ttopo.uttoro attcaM6JI51 JJ:ByxypoBtteBhrx cttcTeM c 

OTCTpOHKaMH co6cTBeHHbIX qaCTOT pa3HbIX 3HaKOB. 

Puc. 9.4. Paccj:Ja3HposKa tteo.1mopo.o,ttoro 

attcaM6JU! .o,syxypostteBblX CHCTeM nOCJie HX 
B036y)l()J.eHHH n/2-HMflYJibCOM B xo.o,e CB0-

6oJJ.HOH npeueccHH: «pacKpbITHe seepa» 
3JieMeHTapHbIX poTaTopos 

3 

)J,pyrnM rrpHHUHTIHaJibHO Ba)l(Hb!M CBOHCTBOM penaKCaUHH, Bhl3-

BaHHOH tteo.nttopOJJ:HbIM yurn:pettHeM, 51BJI51eTC51 ee o6paTHMOCTb, T. e. 

B03MmKHOCTb, B03JJ:ettCTBY51 HOBbIM 3JieKTpoMafHHTHhlM HMITYJibCOM, 

BbI3BaTb pe<t>a1HpOBKY 3JieMeHTapHbIX poTaTOpOB. 3TO CBOHCTBO CBJI3a

HO c TeM, qTo B xo.ue «HeOJJ:HOPOJJ:HOH» penaKcauHH coxpatt51eTC51 cpe.u

ttee 3ttaqettHe JJ:HITOJihttoro MOMettTa B rrpe.nenax o.nttopo.nttoro naKeTa, 

IT03TOMY .uattttb!H THIT penaKCaUHH TaK)l(e Ha3hIBaeTC51 o6pamUMOU pe

/WKcau,ueii. 

He3KcrrotteHUHaJibHa51 penaKcaUH51 rrepeMettttotl rron51pH3aUHH att

caM6JI51 JI,ByxypoBHeBbIX CHCTeM CB513aHa c OJI,HHM H3 KOrepeHTHhlX 3<l>

<t>eKTOB, tta3hrnaeMbIM 3amyxaHueM ceo6oaHoii no11Rpu3au,uu. 3KcrrepHMett

TaJibttoe rrp051BJiettHe 3aTyxaHH51 CB06o.nttotl ITOJI51pH3aUHH 3aKJIJOqaeTC51 
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B cne.ny10meM. Op11 onpe.neneHHbIX ycnoB11Hx .nocrnToqHo KOPOTKMH 11 

MOIUHblH 11MIIYJihC pe30HaHCHOfO 113JiyqeHMH Henocpe)lCTBeHHO IIOCJie 

CBOero B03)leHCTBJrn Ha aHCaM6Jih KBaHTOBbIX C11CTeM BhI3bIBaeT 11MIIYJibC 

co6crneHHoro 113nyqemrn cpe.nbr. 3To H3JiyqeHHe B cnyqae Heo.nHopo.n

HO yurnpeHHoro aHCaM6JIH )lByxypOBHeBbIX CJfCTeM 3aTyxaeT He3KCIIO

HeHI.(JfaJihHhIM o6pa3oM. OocTOJIHHaH BpeMeH11 3Toro 3aTyxaHMJI o6paT

HO nponopl.l,HOHaJihHa HeO)lHOpO)lHOH umpHHe JIHHJfJf. 3To If eCTh JfM

IIYJihC 3aTYXaHHH cBo6o.nHoif IIOJIHPH3al.(HH. HanoMHMM, qTo o6hrqHa51 

(HeKorepeHTHaJI) JIIOM11Hecu:eHU:HJI 3aTyxaeT 3KCIIOHeHU:11aJibHO c IIOCTO

HHHOH BpeMeHJf Tl. 3rn JIIOMJfHecu:eHU:Jf51 ocrneTCH IIOCJie OKOHqaHmi 

JfMITYJibCa 3aTyxaHJf51 CB060)lHOH ITOJIHp113aU:HM, HO JfMeeT 3Haq1neJibHO 

MeHhllIYIO 11HTeHC11BHOCTh. Herrocpe21.crneHHOH npHqJfHOH paccMaTpH

BaeMoro KOrepeHTHOfO 51BJieHHH HBJI51eTC51 nepeMeHHaH ITOJI51pH3al.(Jf51 

aHCaM6JI51 )lByxypOBHeBhIX C11CTeM (9.62), HaBe)leHHa5111MITYJihCOM BHern

Hero 113nyqeH11H. B coorneTCTB1111 c ypaBHeHHJIMH MaKcBeJIJia 3Ta IIOJI51-

ptt3aI.1,11H np11BO)lHT K noHBJieHMIO co6crneHHoro H3JiyqeHHH cpe.nhr. Bbr

nHrneM Bbipa)l(eH11e )lJIH Hanp51)!(eHHOCTH 3JieKTp11qecKoro TIOJI51 3TOro 

Jf3JiyqeHHH B cnyqae O)lHOpO)lHOH reoMeTp1111 3KCnep11MeHTa Ha BbIXO)le 

113 o6pa3l.(a M11HhI L: 

E(z = L, t) = 

= -
2
n;cL d0Neexp(-;Jsin(8)cos(wJ)exp(-:2~:} 

(9.63) 

.LJ.aHHoe Bbipa)l(eH11e MO)!(HO nonyq11Tb 113 ypaBHeHHH MaKcBenna B np11-

6m1)!(eHHH Bpama10mei1cH BOJIHbl )lJIH O)lHOMepHOH 3a.naq11. 06paTHM 

BHHMaHJfe Ha TO, qTO nopo)!()laeMoe ITOJI51pH3al.(HeH (9.62) 3JieKTPH'lec

KOe ITOJie (9.63) C)lBHHYTO no cpa3e Ha n/2 . 
.L1.JI51 MHTeHCHBHOCTM CHfHaJia 3aTyxaHHH CB060)lHOH ITOJIHpH3aU:JfH 

(free induction decay - FID) H3 (9.63) Haxo)lMM 

11TaK, paCCMaTp11BaeMoe 113JiyqeHJfe 3aTyxaeT c ITOCTOHHHOH Bpe

MeHJf r;. Ero JfHTeHCMBHOCTh )lOCTMraeT MaKCMMyMa npM 8 = n/2. 
Tor.na .llBYXYPOBHeBaH CMCTeMa nepeBO)lMTC51 B KOrepeHTHOe COCTOHHMe 

c MaKCHMaJihHO B03MO)!(HblM )lMITOJibHhIM MOMeHTOM. 0I.1,eH11M BeJIM-
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q1rny aMnJIHTY.UhI non.si: .un.si: .n/2-HMnynhca c .UJIHTeJibHOCThJO M"' 1 HC 

H do "' 3 . I 0-20 e.u. ere. I-fa paBeHcTBa 

1lli 
E0M=-

2d0 

HMeeM: £0 "' 15 KB/cM HI"' 3 · 105 BT/cM2• TaKHM 06pa30M, tteo6xo.uu

Ma.si: HHTeHCHBHOCTb H3JiyqeHHH .UOCTaToqHo BeJIHKa H MO)l(eT 6bITb no

nyqeHa TOJibKO c IlOMOIUhlO Jia3epa. 

Ba)l(HOH oco6eHHOCTblO HHTeHCHBHOCTH (9.64) HBJI.sieTC51 ee KBa,!J,

paTHqHa.sI 3aBHCHMOCTb OT HHBepCHH ttaceneHHOCTeH H ,!J,JIHHbl o6pa3-

ua. '.'.ho roBOpHT o KorepeHTHOM xapaKTepe npouecca B OTJIHqwe, tta

npHMep, OT 06bJqHOH JllOMHHecueHuHH. Ilo.uo6Ha.si: KBa.upaTHqHaH 3a

BHCHMOCTb xapaKTepHa ,!J,JIH TaK Ha3bIBaeMbIX C8epxu311y11ameJ1bHblX 
RB/leHUU. 

CJJe.uyeT OTMeTHTh ttanpaBJieHHhIH xapaKTep H3Jiyqettw.si:, cB.si:3aHHO

ro c 3aTyxaHHeM CB060,!J,HOH IlOJJ.sipH3auHH, qTo Henocpe,!1,CTBeHHO He 

cne.uyeT H3 (9.64). 3Ta HanpaBJieHHOCTb B03HHKaeT H3-3a Toro, qTQ KO

repeHTHbIH BKJJa.[\ B H3JiyqeHHe .uaroT .UBYXYPOBHeBbie CHCTeMbl TOJibKO B 

HanpaBJJemm B036)')1(,lla10ruero JJY'la. Bb1pa)l(eHife (9.64) cnpaBe.UJJHBO 

.[\JIH OilTH'leCKH TOHKOH cpe,!1,bl, Kor.ua MO)l(HQ npette6peqb o6paTHbIM 

BJIHHHHeM co6crneHHOfO H3JiyqeHHH Ha COCTO.sIHHe cpe,!1,bl. B npOTHB

HOM cnyqae aHCaM6Jib .UBYXYPOBHeBbIX CHCTeM 6y.ueT CJIHllIKOM 6bICTpO 

TepHTb CBOJO 3Heprn10, TaK qTo ~e HeJJb351 npeHe6peraTb B03,!J,eHCTBHeM 

co6crneHHOfO H3JiyqeHH51 Ha COCTOHHHe aHcaM6JIH. 

PaccMoTpHM Teneph .upyroil KorepeHTHhIH HecrnuwoHaptthIH 3cp

¢eKT - ¢omoHHoe 3xo. OcrnHOBHMCH Ha ero npocTeilllleH MO.UHcpH

KaUHH - nepBH'IHOM, HJIH .UBYXHMnyJihCHOM, ¢oTOHHOM 3Xe. KaK 

~e cJie.[(yeT H3 Ha3BaHHH, nepBHqHoe <:}lOTOHHOe 3XO B03HHKaeT nocne 

B03,neltcTBH51 Ha HeO,!J,HOpO,nHblH aHcaM6Jib .UBYXYPOBHeBblX CHCTeM 

napbl OilTlfqecKHX HMilYJibCOB, pa3,neJJeHHblX npoMe)l(yTKOM BpeMe

HH T. CHrHaJI nepBH'IHOfO 3Xa B03HHKaeT B MOMeHT BpeMeHM T noc

JJe B03.D.eHCTBH51 BTOporo HMilYJibCa npH YCJIOBMM BblilOJIHeHHH Hepa

BeHCTB: 

T;*<r<T;. (9.65) 

KaK BM.LI.HO M3 3Toro Bb1pa)l(eHM.si:, Heo6xo.UMMhIM ycnoBMeM B03HHK

HOBeHMH cpOTOHHOfO 3Xa HBJI.sieTCH npeBaJIHpOBaHMe HeO,!J,HOp0,!1,HOfO 

YllIHpeHHH Ha.LI. 0)1,HOp0,!1,HbIM r; < r;. B paccMaTp1rnaeMOM npouecce 
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rrepBblH HMITYJibC B036y)l()];aeT rrepeMeHHYIO ITOJIHpH3aUHIO aHcaMforn 
.nsyxypostteBhIX cncTeM, KOTopaH JaTyxaeT co speMeHeM o6paTHMOH pe

JiaKcaunn Tz* cornactto ¢opMyJie (9.64), HJJiyqaH npn 3TOM cnma.rr Ja

TyxaHHH cso6o.nttoti noJIHPH3aUHH. BTOpotI B036y)l()];aIOIUHH HMITYJibC 

Bbl3bIBaeT perjJa3UpOBKY O.UHOPO.UHblX rraKeTOB c pa3JIH'IHblMH co6crnett

Hb!MH qacTOTaMH. PaccMOTpHM no.upo6Hee 3TOT 3¢¢eKT. Ey.neM AJIH 

npoCTOTbI npe.unoJiaraTh, qTo nepBbIH HMilYJibC HMeeT IlJIOIUa.ll,b, pas
HYIO n/2, a BTOpOH - 7l, npHqeM MHTeJibHOCTblO HMITYJibCOB MO)((HO 

npette6peqb no cpaBHeHHIO c npoMe)((yTKOM speMeHH Me)l()];y HHMH Mp 
2 « T. 11TaK, nyCTb nepBblH HMITYJibC BHeurnero H3Jiyqemrn B03.ll,eHCTBy

eT Ha TepMO.ll,HHaMHqecKH paBHOBeCHbIM attcaM6Jib AByxypOBHeBbIX CHC

TeM B HyJleBOH MOMeHT BpeMeHH. Tor.na, KaK 3TO cne.nyeT H3 perneHHH 

onTHqecKHX ypastteHHH Enoxa, .use nepBhie KOMITOHeHTbI BeKTopa Eno
xa HenocpeJJ:CTBeHHO nepe.n npHXOAOM BToporo HMilYJlhCa [B MOMeHT 

BpeMeHH ( T - 0)] paBHbI: 

Rlj(r - 0) = Rj sin (w1r)exp(- ~} 

R21 ( r - 0) = -Rj cos(w1r )exp (- ;
2

} 

(9.66) 

(9.67) 

BTopotl B036y)l()];aIOUIHH HMnynhc, ITJIOIUaAhIO n, nosopaqnsaeT Ka)((

AhIM H3 BeKTOpOB oJioxa (3JieMeHTapHblH poTaTOp) B pacKpbIBaIOrneMcH 
«seepe» Ha yron n BOKpyr ocH I (cM. pnc. 9.4). )lJIH ttarnHAHOCTH rrpe

tte6peraeM pa3Jil{qHeM co6CTBeHHbIX qacTOT BO BpeMH .ll,eHCTBHH HMIIYJlbCa. 

B pe3yJlbTaTe rrepBaH rrpoeKUHH BeKTOPOB OCTaeTCH rrpe)ICHeH, BTOpaH 
MeHHeT 3HaK. Ilo3TOMy «OTCTalOUIHe» pOTaTOpbl (c MeHbllieM co6cTBeH

HOH qacTOTOH) OKa3bIBaIOTCH Brrepe.ll,H «orrepe)((alOUIHX», TaK qTo pac

KpbITblH «Beep» 3JieMeHTapttbIX poTaTopos cxnorrhrnaeTCH. MaTeMaTH

qecKM 3TO BhiflIHAHT cJieAYIOUIMM o6pa3oM. Herrocpe.ncrneHHO rrocJie 

B03.ll,ettCTBl1H BTOporo HMIIYJibCa [ B MO Me HT speMeHH ( T + 0)] 113 ¢opMyJI 
(9.66) H (9.67) ttMeeM 

R11 (r + 0) = Rj sin(w1r)exp(- ~} 

R 21 (r + 0) = Rj cos(w1r)exp(- ~} 

(9.68) 

(9.69) 
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3aTeM seKTOP oJioxa cso6o.nHo npeuecc11pyeT, TaK qTo peweH11e ypas

HeH11H (9.29) c HaqaJibHbIM11 ycJIOBHSIM (9.68) 11 (9.69) B MOMeHT BpeMe

H11 t = T .naeT 

(9.70) 

<l>opMyJia (9.70) oqeHb noKa3aTeJ1bHa. BpeMeHHOH MHmirnTeJih B ap

ryMeHTe C11Hyca o6pamaeTCH B HOJib np11 t = 2r. B .naHHhIH MOMeHT 

speMeH11 seKTOpbI Enoxa scex o.nHopo,LJ,HbIX naKeToB, cocTaBJIHIOIU11X 

HeO,LJ,HOpO,Ll,HO yumpeHHblH aHCaM6Jlh, 11MeIOT 0)1,11HaKOBYIO cpa3y. 3TO 11 

ecTb 3cpcpeKT pecpa311pOBK11, BbI3BaHHblH .neHCTB11eM BToporo 11MnyJ1bCa. 

3cpcpeKT pecpa311POBK11 np11BO,Ll,11T K BOCCTaHOBJieH11IO MaKpOCKOn11qec

KOH no11Hp113au1111 cpe,LJ,hI, ecJI11 r < T2• Ycpe.nHHH paseHCTBO (9.70) no 

HeO,LJ,HOpO,Ll,HOMY pacnpe.neJieH11IO qacTOT, IIOJiyqaeM 

P(t > r) = Ned0 exp(-~ )sin [ wc{2r -t)Jexp( 
2

(t ~.;r)
2 J. (9.71) 

0TCIO,LJ,a HaX0)],11M BblpITTKeH11e MH 11HTeHC11BHOCT11 C11fHaJia .nsyx11M

rryJibCHOfO (rreps11qHoro) cpoTOHHOro 3xa (Two-Pulse Photon Echo - 2PPE): 

yfa rronyqeHHOH cpopMyJlbl CJle)],yeT, qTo MaKC11MYM C11fHaJia rrep

s11qHoro cpOTOHHOro 3Xa rrp11X0)],11TCH Ha MOMeHT speMeH11 t = 2r, )],Jll1-

TeJibHOCTb 11MIIYJlhCa cpoTOHHOfO 3Xa ""r2·' a 11HTeHC11BHOCTh KBa.npa

THqHa no paBHOBeCHOH 11HBepc1111 HaceneHHOCTeii 11 )],J111He o6pa3ua. 

3T11M o6bHCHHeTCH caM TepM11H «3XO». Cpe.na «3arroM11Haen> so3.ne:H

cTs11e nepsoro (3aTIHChIBaIOIUero) HMTIYJlhCa. 3aTeM OHa «OTKJ111KaeTCH» 

11MTIYJihCOM co6CTBeHHOro M3JiyqeH11H Ha B03,L1,e:Hcrn11e BTOporo ( cq11TbI

sa10mero) 11MTIYJibca. ,ll,nH TIJIOCK11x cppoHTOB B036y)l(,Ll,a10m11x 11Mrry11h

cos HarrpasneHtte c11rHana neps11qHoro cpOTOHHoro 3xa onpe.neJIHeTCH 

ero BOJlHOBbIM BeKTOpOM ks, KOTOpb!H paBeH (yc11os11e rrpOCTpaHCTBeH

HOro CI1HXPOH113Ma): 

(9.73) 

f)],e kj - BOJlHOBOH seKTOP j-ro 11MITYJibCa (j = 1, 2). 



376 -Av DwBa 9. KozepeHmHble rjlomonpou,eccbl 

B cny•rne Bo36)')!(,[(a.10ll.IJ1x 11MnynhCOB npomBOJihHOM nnoma.zi.11 BhI -

pa)[(eH11e (9.72) H)')[(HO ,Ll.OMH0)[(11Tb Ha np0113Be,L1.eH11e KBa.npaTOB CliHY-

COB: sin2 (e,)sin2 (82/2), qTo .naeT 3aB11C11MOCTb HHTeHC11BHOCT11 nepB11q

HOfO cPOTOHHOro 3Xa OT aMnJiliTYL\bI B036)')!(,[(a.IOIU11X liMilYJibCOB. 

CxeMa nepBmHoro ct>oTOHHoro 3Xa, B036)')[(.naeMoro 3JieKTpOMarnHTHhI -

M1111MnynhcaM11 c npHMOYfOJihHOM orn6a.10meH:, npe.ncrnBJietta Ha p11c. 9.5. 

2 3 

<IS I I 
I I g I I 
I I 

::s: I I 
0::: I I 
c I I 
::.: I I 

<( I I 
I I 
I I 
I I 
I I 
I I 
I I 
\ \ 

0 T 2r 

Puc. 9.5. CxeMa nepawrnoro (.nayx11MnyJJbCHoro) cpoTottttoro 3xa: 

1, 2- B036}')1<JlaJOw:He HMnyJibCbI; 3 - CHfHaJI 3Xa; nyHKTHPOM noKaJaH CHfHaJI 

JaTYXaHH>I CB060AHOtt fiOJI>IPHJaUHH 

Ha p11c. 9.5 nyHKT11poM noKa3aH TaK)[(e c11rHaJihI 3aTyxatt11J1 CBo6o.n

HOH nonJ1p113au1111, B03H11Ka.10m11e Henocpe.ncTBeHHO nocne Ka)[():\oro 113 

B036)')!(,[(a.IOIU11X liMilYJibCOB. 

IlOMliMO on11caHHOro BbIIIIe nepB11qHoro <PoTOHHOfO 3Xa, liMeeT Me

CTO TaK)[(e CT11Myn11poBaHHoe (Tpex11MnynhcHoe) ct>oTOHHoe 3XO. B cny

qae CT11MYJI11POBaHHOro cPOTOHHOro 3Xa pOJib BTOporo B036)')!(,[(a.10mero 

liMilYJibCa 11rpaIOT ,[\Ba liMilYJihCa, pa3.neneHHbie liHTepBaJIOM BpeMeHli 

T < T1• Mo)[(HO ce6e HarJIMHO npe.ncrnBliTh, qrn np11 Tpex11MnynhCHOM 

cPOTOHHOM 3Xe pect>a311py.10IU11H IlOBOpOT BeKTOpOB £noxa ocymecTBJIJ!

eTCJ! B .nBa 3rnna. Brnpoil. 11Mnynhc (onTliMaJihHO nnoma.n11 n/2) nepe

BOL\liT L\liilOJlbHblH MOMeHT Ka)[():\Oro OL\HOPOL\HOro naKeTa B 11HBepC11.IO 

HaceJieHHOCTeil., a TpeTliH liMilYJibC, cnyCTJ! BpeMJI T, 3TY 11HBepC11.IO 

HaceneHHOCTeil. BHOBh o6pamaeT B .n11noJibHhIH MoMeHT. CYIIIecrneHHO 

TO, qTo np11 CT11MYJI11pOBaHHOM cPOTOHHOM 3Xe B03,[\eHCTB11e nepBoro 

11Mnynhca xpaH11TcJ1 B cpe.ne Ha nporn)[(eH1111 BpeMeH11 TB Bli;:i:e 11HBep

c1111 HaceneHHOCTeil., KOTOpaJI, KaK npaBliJIO, 11MeeT 3Haq11TeJibHO 60Jib

IIIee BpeMJI penaKcau1rn, qeM .n11nonhHhIH MOMeHT o.nHopo.nHoro naKeTa 

T1 » T2. OTMeT11M, qTo Bb1pa)[(ett11e MJ! 11HTeHC11BHOCT11 cT11Myn11poBaH

Horo cPOTOHHOro 3Xa co.nep)[(lIT MHO)[(liTeJib exp (-2T/T,) BMeCTO MH0-

)[(11TeJIJ! exp (-4r/ T2) .nnJI nepB11qHoro cPOTOHHoro 3Xa. 
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Yc110Btte npocTpaHcTBettttoro CHHXPOHH3Ma .wrn CTHMYJIHpoBattttoro 

cPOTOHHOfO 3Xa HMeeT BH,!l, 

(9.74) 

113 ,!l,aHHOH cPOPMYJihl CJie,!l,yeT BhIIIIenpHBe,!l,eHHmI HHTepnpeTaUIUI TPeXHM

nyJihCHOfO 3Xa: eCJIH BTOpoM: H TPeTHH HMilYJihCbl COBna,!J,aIOT (/s = kz), TO 

(9.74) npeo6pa3yeTCH B BblpIDKeHHe (9.73) ,!l,JI5I nepBHqHoro cPOTOHHOfO 3Xa. 

Ba)l(HOH .llJIH npaKTHqecKHX npttMeHett11M: pa3HOBH,!l,HOCThIO CTHMy

JIHpoBattttoro cPOTOHHOfO 3Xa HBJIHeTCH a0Jli?OJICU8yll(ee pomoHHOe 3XO. 

B c11yqae ,!l,OJirO)l(HBYIUero 3Xa ttepaBHOBecttaH HHBepc1151 ttace11ettttoc

TeM:, C03,!J,aHHaH B03,!l,eHCTBHeM BTOporo HMilYJihCa, nocJie onTHqecKOH 

pe11aKcau1111 xpaHHTCH Ha no,!l,ypoBHHX CBepxTOHKOH cTpyKTyphI. HanoM

HHM, qTo CBepxTOHKHe no,!l,ypOBHH o6pa3yIOTCH B pe3yJihTaTe B3aHMO

,!l,eHCTBHH aTOMHhIX 3JieKTpOHOB c MarHHTHhIM MOMeHTOM 51,!l,pa aTOMa. 

B 3TOM c11yqae npH re1111eBhIX TeMneparypax BpeMH xpatteHHH MO)l(eT 

6bITh He06b1qHo ,!J,OJifHM, HaMHOfO npeBbIIIIaIOIUHM BpeMeHa )l(J13HH B03-

6~eHHhIX 3JieKTpOHHhIX COCTOHHHH. 

Pa31111qttb1e pa3HOBH,!l,HOCTH <Pornttttoro 3xa HaIIIJIH IIIHPOKoe npHMe

HeHHe B 11a3epttoM: cneKTpocKonHH. Hx ornttqHTeJihHOH oco6eHHOCThIO 

HBJIHeTC51 nepeBO,!l, li3MepeHl1H 113 qacTOTHOH o6JiaCTl1 BO BpeMeHHOH ,!l,11-

ana30H. 3To B p51,!l,e CJiyqaeB Il03BOJIHeT no11yq11Tb l1HcPOpMau1110 06 oqeHb 

Y3KHX cneKTpaJihHhIX 1111H11Hx, 3aMaCKHpoBaHHhIX Ha qacTOTHOH IIIKane 

tteO,!l,Hopo,!l,HhIM yIII11pettHeM. PemcTp11pyH 3aBHCl1MOCTh 11HTettc11BHOCTH 

CHfHaJia nepBHqHoro cPOTOHHOfO 3Xa OT BpeMeHHOfO 11HTepBaJia Me)l(,[(y 

B036~aIOIUHMl1 HMilYJibCaMH, MO)l(HO no <PopMyJie (9.72) onpe,!l,eJIHTh 

BpeMH tteo6paT11MoM: <Pa30BOH pe11aKcau1111 T2• AttanomqHhIM o6pa30M 

MO)l(HO H3MepHTh BpeMH npo,!l,OJihHOH pe11aKcautt11 T" onpe,!l,eJIHB HHTeH

c11BHOCTh CTHMy1111poBaHHOfO 3Xa KaK cPYHKUHIO BpeMeHHOfO 11HTepBana 

Me)l(,[(y BTOpbIM 11 TpeTbl1M 11MilYJibCaMl1. )l.aHHhIH cnoco6 onpe,!l,eJieHHH 

onT11qecK11X xapaKTepHCTHK BemecTBa Ha3bIBaeTCH 3XO-cneKTpOCKOUl1eH. 

9.4. <l>EMTOCEKYH,l\HOE <l>OTOHHOE 3XO 
HA HAHOKPHCTAnnAX 

B ttacTOHIUeM pa3,!l,eJie paccMaTp11BaeTCH <PoTOHHoe 3XO, 

B03HHKaIOmee np11 O,!l,HOBpeMeHHOM KorepeHTHOM B036~eHl111 ,!l,Byx 

3KCl1TOHHhIX nepeXO,!l,OB B no11ynpOBO,!l,HHKOBhIX HaHOKpl1CTaJIJiax IlO,!l, 

,!l,eHCTBl1eM <PeMTOCeKYH,!J,HhIX Jia3epHblX HMilYJihCOB [ 4]. Ilo,!J, HaHOKPl1C-
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TaJIJIOM TIOHHMaeTC5I noJiynpOB0.11.HHKOBbIM o6beKT c pa3MepoM OT He

CKOJibKHX HaHOMeTpOB .11.0 100 HM. 

,ll,mr B03HHKHOBeHHH KBaHTOBblX HHTepcpepeHUHOHHbIX HBJieHHM B 

ClffHaJie cpOTOHHOfO 3Xa cyw:ecrneHHO, 'ITO 1Uttp1rna cneKTpa B036}')K)l.a

IOW:HX Jia3epttblX HMTIYJibCOB B c}>eMTOCeKyH.11.HhIX 3KCnepHMeHTax MO)J(eT 

6bITb nopH)l.Ka H 60JiblUe 'IaCTOT nepeX0.11.0B Me)J()l.y KBaHTOBO-pa3Mep

HbIMM 3KCHTOHHblMH ypOBHHMH B HaHOKpHCTaJIJie, TI03TOMy MOryT 0.11.

HOBpeMeHHO KorepeHTHO B036}')K)l.aTbCH cpa3y HeCKOJlbKO OTITH'IeCKHX 

nepexo.11.os co cpaBHHMhIMH CHJiaMH OCUHJIJIHTopos. Heo6xo.11.11Moe .11.JIH 

B03HHKHOBeHHH o6c}')K)l.aeMOM HHTepc}>epeHUHH ycJIOBHe MO)J(HO 3anH

CaTb B BM.11.e HepaseHCTBa: 

1 
- ~ Wz1, 
M 

(9.75) 

f)l.e {1)21 = Wz - wl; w,, 2 - 'IaCTOTbI OTITM'IeCKHX nepexo.11.os 0 ~ l, 2 
coorneTcrnetttto; M - .11.JIMTeJibHOCTh Jia3epttoro MMTIYJibca. B .11.aJibtteii

rueM TIOJiaraeM, 'ITO KBaHTOBaH CHCTeMa BKJIJOqaeT B ce6H, no KpaiiHeM 

Mepe, TpH 3HepreTH'IeCKMX ypoBHH, CBH3aHHhlX .11.BYMH OTITH'IeCKHMH 

nepexo.11.aMH. Hepasettcrno (9.75) o6ecneqrrsaeT KorepeHTttoe so36~

.11.ettrre 3THX nepexo.11.os Jia3epHhIMH HMTIYJihCaMn. TaKHM o6pa30M, nMe

eT MeCTO HBJieHHe KBaHTOBOM MHTepc}>epeHUMH .11.BYX KaHaJIOB c}>oTOHHO

ro 3xa, CBH3aHHhrx c nepexo.11.aMn 0 ~ I, 2. ,ll,attttaH HHTepc}>epettuHH, 

KaK 3TO 6y)l.eT TIOKa3aHO HH)l(e, npHBO)l.HT K 6tteHHHM B CHfttaJie ¢oTOH

HOfO 3Xa Ha pa3HOCTHOM 'IaCTOTe {1)21' 

ilOCKOJibKy B peaJibHbIX CHTyaumrx MH BbITIOJIHeHHH yCJIOBHH (9.75) 
)l.JIHTeJibHOCTh B036y)J()l.aIOlll,HX HMTiyJihCOB Jie)J(MT B c}>eMTOCeKyH.11.HOM 

.11.Hana3otte, .11.aHHYIO pa3HOBM)l.HOCTb c}>oTOHHOfO 3Xa 6y.11.eM Ha3bIBaTb 

rjJeMmoceKyHOllblM rjJomoHHblM 3XOM. 

PaccMOTPHM 3KcnepnMeHTaJihHO 1n)"leHHyIO c11Tyaumo, Kor.11.a KBatt

TOBaH CHCTeMa npe.11.crnsmieT co6otl: IIOJIYIIPOB0.11.HHKOBbIH HattoKpHCTaJIJI, 

B KOTOpOM c}>eMTOCeKyH.11.HbIMH HMnyJibCaMH B036y)l()l.aIOTCH KBaHTOBO

pa3Mepttbie 3KCHTOHhr. TepMMH «KBattToso-pa3Meptthre» 03Ha'IaeT, 'ITO 

qacTOTbI 3KCHTOHHbIX nepeX0.11.0B .11.a10TCH CJie.11.y10meii 3aBHCHMOCTb10: 

(9.76) 

rne {l)G - qaCTOTa, COOTBeTCTBYIOW:a.H nepexo.11.y Me)J()l.y TIOTOJIKOM Ba

JieHTHOH 30Hbl H .11.HOM 30Hbl npOB0.11.HMOCTM B 06beMHOM o6pa3ue; r -
pa3Mep ttaHOKPMCTaJIJia; i;j - K03c}>c}>11u11eHTbl, 3aBHC.HIUHe OT KOHKpeT-
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HbIX rrapaMeTpOB HaHOKpMCTaJIJia. 0TMeTMM, '!TO xapaKTepHhIM pa3Mep 

HaHOKpHCTaJIJia B paccMaTpttBaeMOM cnyqae COCTaBmieT HeCKOJihKO Ha

HOMeTpOB. 

Vfa cpopMyJihI (9.76) BHil,HO, '!TO pa36poc B pa3Mepax HaHOKPMCTaJl

JIOB npttBO)l,lff K HeO)l,HOpOil,HOMY ywttpeHmo JIHHHH OIITttqecKoro rrepe

xo.ua, KOTopoe tteo6xo.u11Mo )l,JI51. pearr113au1111 cpoTOHHOro 3xa [cM. ycno

Btte (9.65)]. 
PaccMaTpttBaeMhIM ttHTepcpepeHU:MOHHbIM 3cpcpeKT ttMeeT HaM60Jih

wy10 BeJIHqHHY )l,JIH rrepeXO)l,OB c 6JIH3KHMH CHJiaMH OCU,HJIJI.RTOpOB. )l.aH

HOMY ycJIOBHIO )l,JI51. HaHOKpHCTaJIJia CdSe B Hatt60JibWeti: CTenemt: COOT

BeTCTBYIOT nepeXO)l,bI: lSJ/2 - lSe (1) H lPJ/2 - 1Pe (2). qaCTOThl 3THX 

rrepexo)l,OB (3a BhlqeTOM qacTOThl wG) MOryT 6b1Th B rrepBOM np116nmKe

mrn arrrrpoKCHMHPOBaHhI cne.uy10mttMH 3aBHCHMOCT.RMM: 

W1(r) ::= 
2·~ 1 +0,026 (38), 4 HM> r > 2 HM; 
r 

W2(r) ::= 
4
·;

4
+0,159 (38), 3 HM> r > 2 HM; 

r 

W3(r) ::= 
5·~6 + 0,024 (38), 4 HM> r > 3 HM. 
r 

(9.77) 

Pa.uwyc HaHoKpttcrnnna B cpopMynax (9.77) Bhipa)l(eH B HaHOMeTpax. 

8 cnyqae cpoTOHHoro 3xa Ha rronynpoBO.UHHKOBbIX ttaHOKpttcTan

nax CHTyau1rn OCJIO)l(H51.eTCH HaJll{qtteM CHJibHOH 3JieKTpOH-Bl16poHHOM 

CB513H, B pe3yJihTaTe qero BpeMeHHa51 3aBttCHMOCTh cttrttaJia 3Xa, B006-

me fOBOp51, rrpoMO.UYJIHpOBaHa c qacTOTOM Btt6pOHHOfO KOJie6amrn Qv' 

B pe3yJihTaTe Bhipa)l(emi:e MH BpeMetttto:ti JaBttcttMOCTH cttrttarra Tpex

ttMnyJihCttoro cpOTOHHOfO 3Xa OKa3hIBaeTC51 BeCbMa rpOM03)],Klt:M, H Mhl 

ero 3)],eCb He npHBO.UHM. 0TMeTHM, qTO B 3TO Bhipa)J(eHJJe BXO)l,5IT Bpe

MeHHhie HHTepBaJlbl Me)J()],y B036y)J()],aIOmttMH HMITYJihCaMH, OTITJt:qecKtte 

napaMeTpbl HaHOKpHCTaJIJia, BKJllO'.JaH CHJihl OCU,HJIJIHTOpOB rrepexo.uoa H 

npeMetta penaKcau111t:, a TaK)l(e Btt6poHHa51. qacTOTa Qv. KpoMe Toro, 

3XOCHfHaJI 3aBHCHT OT THIIa pacrrpe.ueneHH51 HaHOKplt:CTaJIJIOB ITO pa3Me

py M TeMnepaTyphI o6pa3na. 

Ha pttc. 9.6 rrpeil,CTaBJieHhl KBaHTOBhie 61t:eHHH c1t:rnarra TpexttMIIYJih

cHoro cl>oTOHHOro 3xa B HaHoKpttcTanne CdSe cpe.uttero pa3Mepa 2,5 HM 

rrpn TeMrrepaType T = 15 °K, Bb1q11cneHHhie il,JIH pa3JIMqHhlX 3HaqeHttti: 

speMeHHOfO HHTepnana Me)J()],y BTOphlM Ji TpeThttM B036y)J()],aIOmHMH 
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MMnyJibCaMM c yqeTOM CMJibHOH 3JieKTpOH-BM6poHHOH CBH3M. 3TM 

KBaHTOBbie 6neHMH Bbl3BaHbl MHTep<PepeHI.1,MeH 3KCMTOHHbIX nepexo

)J,OB: 1S312 - ts. n 1P312 - IP. B ttaHoKpncrnnne, o)J,HOBpeMeHtto B03-

6y)!(}],aeMbIX Jia3epHbIMM MMnyJibcaMM <PeMTOCeKYH)J,HOH )J,JIMTeJibHOCTM. 

Cnnh1 ocunnnHTOpoB 3TMX nepexo)J,OB 6JIM3KM no BeJinqntte, qTo onTn

MaJihHO )J,JIH B03HMKHOBeHMH KBaHTOBOH MHTep<PepeHUMM. CneKTPaJib

ttaH urnpHHa B036y)l()l,aIOll.l,HX Jia3epHb!X HMnyJibCOB (B 3ttepreTHqecKHX 

e)J,HHHuax) COCTaBJIHeT OKOJIO 0,4 3B. no OCH Op)J,HHaT OTJIO)l(eH nora

PH<l>M 3XO-CHfHaJia, no OCH a6cuncc BpeMeHHOH MHTepBaJI Me)l()J,y nep

BbIMM )J,BYMH B036y)l()l,aIOI11.MMH HMnyJibCaMH t = f12 (B <l>eMTOCeKYH)J,ax). 

Puc. 9.6. KsaHTOBbre 6tteHl1ll B c11rm1J1e TpeX11Mny11bCHoro cpoTOHHOro 3xa B Ha

HOKP«CTaJJJJe CdSe cpe.1mero paJMepa 2,5 HM c yqeToM «HTepcpepeH

u1111 nepexo.nos: 1S312 - JS, H 1P312 - IP, np11 T = 15 °K .llJ!ll pa311w-r

HOtt BeJJtttlHHbl speMeHHOrO HHTepsaJJa MC.JK.llY BTOpbIM l1 TpeTbHM B03-

6Y.JK.llal01.UHMH HMilYJJbCaMH (CM. TCKCT) 

CnnournaH KpHBaH coorneTcrnyeT 3HaqeHMIO BpeMeHHOH 3a)J,ep)l(KH 

Me)l()J,y BTOPbIM H TpeTbHM HMnyJibCOM (23 = 7r/m2l' B 3TOM cnyqae KBaH

TOBble 6HeHHH Ha qaCTOTe (1)21 OTCYTCTBYIOT - ocrneTCH «BM6paUHOH

HOe» KBaHTOBOe 6nettne c nepttO)J,OM 2n/Qv. ToqeqttaH KpMBaH OTBeqaeT 

npOTHBOilOJIO)l(HOMY cnyqaIO, KOf)J,a (23 = 27r/ (1)21' H aMITJIHTy)J,a 6neHMH 

Ha pa3HOCTHOH qacTOTe (1)21 MaKCHMaJibHa. flyHKTMpttaH KPHBaH COOT

BeTCTByeT cnyqaIO, KOr)J,a 113 = 27r/Qv, M OTCYTCTBYIOT «Btt6pauttOHHbie» 

6nettttH. Ha pHCYHKe 3aMeTHO yMeHbUieHHe aMnJIMTY)J,hI 6tteHMH tta qa

cToTe m2p BbI3BaHHOe )J,HCnepcneM 3TOfO napaMeTpa t5m21 • flepHO)J, 6ne

HMH T21 = 2n/m21 npttMeptto paBeH 11 <Pc, a MaKCMMaJihHoe BpeMH 6ue-
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HHH Tmax "" 4 ln 2/ 8w21 - nopH.UKa 280 cpc (B cnyqae rayccosa pacnpe.ue

JieHHH pa3Mepos HaHOKpHCTaJIJIOB B 06pa31.1,e). 3aMeTHM, qTo BH6pauw

OHHa51 qacTOTa Qv B .uaHHOM CJiyqae COCTaBJI51eT 160 cpc, a speM51 npo

,UOJibHOH peJiaKcaunn T1 ? 540 <f>c. BpeMH rrorrepeqttoii peJiaKcaunn T2 
3aBHCHT OT TeMrrepaTypbI 06pa31.1,a, THna H pa3Mepa HaHOKpHCTaJIJia, B 

paccMaTpnsaeMbIX ycJIOBH51X otto npesbmrneT 120 cpc. ,Ll,JIH 6oJibllIHX cpe.u

HHX pa3MepoB HaHOKpHCTaJIJIOB qacTOTa 6tteHHH 6y.ueT MeHhllle, nOCKOJib

Ky Tor.ua YMeHblllaeTcH pa3HOCTHa51 qacToTa 3KCHTOHHbIX nepexo.uoB. 

TaKHM o6pa3oM, H3 pttc. 9.6 cne.uyeT, 'ITO xapaKTep KBaHTOBhIX 

6HeHHH B CHfHaJie TpexHMnyJibCHOfO cpeMTOCeKYH.UHOfO 3Xa, BbI3BaH

HbIX HHTep<f>epeHI.J,HeH BKJia,UOB pa3JIHqHblX 3KCHTOHHbIX nepexo.nos, 

cyII.1,eCTBeHHO 3aBHCHT OT speMeHHOfO HHTepsana Me)l(,Uy B036y)l(,UaIO

lU11MH Jia3epHb!MH HMnyJibCaMH. 3TO .uaeT B03MO)l(HOCTb HcnoJib30BaTb 

,naHHYIO 3XO-MeTO.UHKY ,UJI51 orrpe.ueJieHH51 rrapaMeTpOB HaHOKpHCTaJIJIOB. 

B qacTHOCTH, qacTOTa H speMH 3aTyxaHH51 KBaHTOBbIX 6tteHHH B cttrttane 

::ixa MOfYT CJI~HTb MepoH seJIHqHHbl cpe.uttero pa3Mepa HaHOKPHCTaJIJia 

H ero .nwcnepcww. 

Ha pwc. 9.7 npttse,neHbI pac'IeTHbre 3Ha'IeHHH ctt:rttana TpexHMTIYJib

cttoro cpoTOHHoro 3Xa Ha ttaHoKpHCTaJIJie 6onhrnero pa.uwyca (3 HM). 

4 

2 

0 

-2 

-4 

-6 
\: 

-a.._~~"--~~"'-~~...._~~-'-~~~ 

0 50 100 150 200 250 t, <Pc 

Puc. 9.7. KeaHTOBbie fa1ett1u1 B ttattoKpHCTMJie CdS0,23Se0,73 cpe.uttero pa.uwyca 
3 HM npw TeMnepazype T= 15 'K (cM. TeKCT) 

KaK BH.UHO H3 cpasHeHHH pwc. 9.6 H pttc. 9.7, qacTOTa KBaHTOBbIX 

6tteHHH B CHfHaJie TpeXHMTIYJibCHOfO cpoTOHHOfO ::ixa, Bbl3BaHHblX O.UHO

speMeHHbIM B036y)l(,UeHHeM .usyx 3KCHTOHHhIX nepexo.uos, YMeHbrnaeTcH 

c pOCTOM pa3Mepa HaHOKpHCTaJIJia. 
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Ha pwc. 9.8 npe,ncTaBJietta 3aBHCMMOCTb MHTeHCHBHOCTH ,nByxHMnyJih

cttoro 3Xa B MaKCHMyMe OT BpeMeHHOH 3a.!lep)l(KJ1 Me)l()l,y B036y)l()l,aIOIUMMH 

Jia3epttbIMH HMnyJibCaMM ,lJ,JUI ,ll,Byx cpe,ll,HHX Pa.!lHYCOB HaHOKpMCTaJIJIOB B 

06pa3ue: 2 HM M 4 HM. B nepBoM CJiy'-!ae MHTepcpepeHUMOHHhie 6tteHM.H 

MMeIOT 6oJiblllyIO qacTOzy H 6bICTPee 3aTyxaIOT no cpaBHeHMIO co BTOpbIM. 

3TO o6b.HCH.HeTC.H pOCTOM 3KCHTOHHbIX 'laCTOT c yMeHbllleHMeM pa3Mepa 

HaHOKPHCTaJIJia [CM. cPOPMYJIY (9.77)], 'ITO, B 'laCTHOCTM, npMBO,lJ,HT K poczy 

pa3HOCTH 3THX qaCTOT ,lJ,JUI pa3JIM'IHbIX nepeXO,ll,OB H HX ,lJ,HCnepCHH. 

100 

10 

0,1 

20 40 60 80 100 t, cpc 

Puc. 9.8. 3aattCHMOCTb HHTeHCHBHOCTH cttrmurn J1.Byx11MnyJihCHoro <PoTOHHoro 

3Xa B MaKCHMyMe OT BpeMeHHOH 3a)l.ep)(()(H Me)J()l.y B036y)J()l.a!OW:HMH 

HMnyJibCaMH npH 0)1.HOBpeMeHHOM B036y)J()l.eHHH Jl.BYX 3KCHTOHHb!X 

nepexo)l.OB B noJiynpoao)l.HHKOBbIX HaHOKpHCTaJIJiax CdSe. 

CnJ1ow1iaH KputJWI - cpeAHHi1 paAHYC HaHOKpHCTa.JIJJa 2 HM; ny11Kmup11aH - cpe)l

H11i1 pa)l11yc HaHOKpHCTM.Jia 4 HM 

9.5. <PA30BblE 3<P<PEKTbl 
nPH <POTOB036Y>KAEHHH BEW.ECTBA 
MOW.HblMH YnbTPAKOPOTKHMH 
HMnYnbCAMH 

PaccMOTPHM <l>aJOBbie 3cp<l>eKTbI tta npwMepe B3aMMo,ne:H:cTBH.H 

H3Jiy'-!eHHSI c ,lJ,ByxypOBHeBOH CMCTeMOH, KOTOpbie o6ycJIOBJieHbI KOrepeH

THOCTbIO 3TOro B3aHMO,lJ,eHCTBMSI [5]. 3,necb no.n <Pa30BbIMH 3<P<PeKTaMM 

IlOHMMaeTC.H 3aBMCHMOCTb <PoTOOTKJIMKa Bemecrna OT cpa30BbIX napaMeT

pOB B036y)l()l,aroll(ero 3JieKTpoMarttMTHoro noJI.H. KorepeHTHOCTb B3aMMO-
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;:i;ettCTBIUI npe;:i;noJiaraeT, 'ITO Ha paCCMaTp1rnaeMbIX BpeMeHax He npoHC

XO)l.HT B03Mymettmr ;:i;ByxypoBHeBOH CHCTCMbI TepMOCTaTOM. 

OpH B03)l.ei1:cTBHH yJibTpaKopoTKHX HMIIYJibCOB H3JiyqeHmI Ha ;:i;Byx

ypoBHeByIO CHCTeMy (IIpH BbinOJIHeHHH COOTHOllieHH5I M "" I/ OJ, M -
,ll,JIHTeJibHOCTb HMIIYJibCa, w - ero HecymaH qacTorn) npH6JIH)!(eHHe Bpa

ma10mei1:cH BOJIHbl, HCIIOJib30BaBWeeC5I B pa3)l.. 6.6, Mo:lKeT OKa3aTbC5I 

Hea,ll,eKBaTHbIM. B 3TOM cnyqae cneKTpaJibHaH WMpHHa H3JiyqeHHH no

PH!l.Ka Hecymew qacTOTbI, II03TOMy, CTporo fOBOp5I, He y;:i;oBJieTBOp5IeTCH 

pe30HaHCHOe ycJIOBHe (6.54), H npeHe6pe)!(eHHe BJIHHHHeM BCTpe'lHOH 

BOJIHhI CTaHOBHTCH HeKoppeKTHbIM. Toma He06XO,ll,l1MO HCXO,ll;HTb M3 

TOlJHOfO BeKTOpHoro ypaBHeHHH (9.15), KOTOpoe B 3JieKTptt'leCKOM none 

rayccoBOH ¢opMbI (6.100) 3KBHBaJieHTHO CJie)l.yIOmew CMCTeMe, 3aIIH

CaHHOM B 6e3pa3MepHbIX nepeMeHHbIX: 

Ri = R1; 

. ( T2 J R2 = - R, + 2; exp -
172 

cos (rr + rp0 ) R3 ; (9.78) 

R3 = -2; exp (- ~: }as (rr + rp0 ) R2 , 

r)l.e TO'lKa o6o3Ha'laeT ;:i;11¢¢epeHUMpOBaHtte no 6e3pa3MepttoMy BpeMe

HH T = W 0t; 

OJ 
r=-; 

Wo 

rp0 - cpa3a Hecymew no OTHorneHMIO K om6a10mei1: HMIIYJibca (CE (carrier

envelope) ¢a3a). 

CttcTeMa ypaBHeHHH (9.78) cnpaBe,ll;JIMBa MR BpeMeH, MCHhllIMX Bpe

MeHM npO)l.OJihHOH l1 nonepe'lHOH peJiaKCaUMM (no,ll,pa3yMeBaeTCH, 'ITO ,ll;JIM

TeJibHOCTb MMnynhca ;:i;ocrnTO'lHO Mana M « T1 2). 0606meH11e Ha cnyqaw 

6oJiblllMX BpeMeH He npe,ll,cTaBJIReT 3aTPY.ll.HCHRti, Ho YMHHHeT 3an11ch ¢op

MyJI. CttcTeMa ;:i;11¢¢epeHUMaJibHbIX ypaBHeHMH (9.78) He MMeeT B o6meM 

CJiyqae aHaJIHTH'leCKOfO perneHMH, HO nerKO pewaeTCH 'IMCJICHHO. 

Ecntt HCKJIJOlJMTb BTopy10 KoMnoHeHTY BeKTopa Enoxa M3 cMcTeMhI 

(9.78), TO MO)!(HO IIOJIYlJHTb ypaBHeHtte, JieBaH lJaCTb KOTOporo COBna;:i;a

eT c ypaBHCHHCM ,ll;JI5I rapMOHHlJeCI<Oro OCUMJIJIHTOpa: 

(9.79) 
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r.z:i:e E = E/ E0 - ttopMHpoBaHHaH tta aMIIJIMTY.ZW ttanpmKeHHOCTh 3JieK

TPM'J:eCKoro IIOJIH. CpaBHMBaH paBettcrno (9.79) c ypaBtteHMeM (1.75), BM

.ll:MM, 'ITO B .ri:aHHOM CJIY'Iae pOJib KOHCTaHThl CMJibl CB513lf Me)l()],y IIOJieM H 

.[(ByxypOBHeBOH CMCTeMOH MrpaeT BeJIH'IHHa y = 2,;R3 MJIM (c Y'IeTOM OII

pe.z:i:eJieHM51 TpeTbeH KOMIIOHeHTbl BeKTopa DJIOXa) r= 2.;(N,. - Nz). 
TaKHM o6pa3oM, CBH3h c noJieM OTCYTCTByeT, ecJIH ttaceJieHHOCTM 

Bepxttero H Hm1rnero ypoBtteH: paBHhI Me)l()],y co6oH:. JlI06onhITHO, 'ITO 

3TO MMeeT MeCTO .[(JI51 KorepeHTHOfO COCT051Hlf51, Kor.z:i:a co6CTBeHHbIH 

.[(lfIIOJibHbIH MOMeHT .[(ByxypOBHeBOH CMCTeMbl MaKCMMaJieH. 

flpM CJia6oM B036y)l()],eHMlf nepBOHa'IaJibHO HeB036y)l()],eHHOH .[(Byxy

pOBHeBOH cttcTeMbI B HyJieBOM nptt6JimKeHMM MO)l(HO c'IMTaTb N2 « I, 
NI:=: l, TOf.[(a r== 2.;, lf cpopMyJia (9.79) npeo6pa3yeTC51 B ypaBtteHMe .[(JI51 

rapMOHM'IeCKOfO OCUMJIJIHTOpa. 0TJilf'IMe 6y.ri:eT 3aKJIIO'IaTbC51 B TOM, 'ITO 

B npaBOH ero 'IaCTlf MO)l(HO BbI.[(eJIHTb CMJIY OCUMJIJIHTOpa, Y'IlfTbIBaIO

IUYIO KBaHTOBblH xapaKTep 3a.[(a'IM. 

TaKMM o6pa3oM, B npe.ri:eJie TeopMH B03MYIUeHMH, Koma 3JieKTpott

cpoTOHHaH CB513b CJia6a51 .; < 0, l, cpa30Bble 3aBMCMMOCTlf B036y)l()],eHM51 

.[(ByxypoBHeBOH CHCTeMbl OIIMCbIBaIOTC51 TeM )Ke K03cpcpMUMeHTOM MO.[(y

JI51Ulflf (l.38), 'ITO lf B CJiy'Iae rapMOHM'IeCKOfO OCUMJIJIHTOpa. 

CttcTeMa ypaBHeHMH (9.78) MH 3a.z:i:attttoro TMIIa B036y)l()],eHM51 MMeeT 

yttHBepCaJibHbIH xapaKTep, IIOCKOJibKY OIIMChIBaeT 3BOJIIOUMIO npOU380Jlb

HOU .[(ByxypOBHeBOH CMCTeMbl, CB513aHHOH .[(HIIOJibHO pa3peweHHbIM nepe

XO.[(OM, TIO.[( .z:i:ettCTBtteM 3JieKTptt'IeCKOf0 IIOJI51 raycCOBOH cpopMbl (6.100). 
Bo36y)l()J,eHMe .ri:ByxypoBtteBoH: cttcTeMhI, nepBotta'IaJihHO ttaxo.ri:ttBweH:

cH Ha 3ttepreTM'IecKoM ypoBtte c MeHbweH: 3tteprneH:, MO)l(HO xapaKTep11-

30BaTb BeJIM'IMHoH: ttaceJieHHOCTM Bepxttero ypoBH51 3HeprMH N2 nocJie 

3aBepweHM51 11MIIYJibCa 3JieKTpM'IeCKOfO IIOJI51. 3Ta HaCeJieHHOCTb CB513a

tta npOCTbIM COOTHOWetttteM c TPeTbeH KOMIIOHeHTOH BeKTOpa DJIOxa: 

1- R3 
N2 =-2-· (9.80) 

flpM Bb!BO.[(e (9.80) 6bIJilf MCIIOJib30BaHbl paBeHCTBO (9.6) lf ycJIOBMe 

HOpMHpOBKM N1 + N2 = I. TaKMM o6pa30M, 'IMCJieHHO onpe.ri:eJIHH R3 M3 

CMCTeMbl (9.78), MO)l(HO no cpopMyJie (9.80) HaHTlf HaCeJieHHOCTb BepxHe

ro ypOBH51 .[(ByxypOBHeBOH CMCTeMbl B npOM3BOJibHbIH MOMeHT BpeMett11. 

Ha p11c. 9.9 npe.ri:cTaBJieHbI BpeMeHHbie 3aBMCMMOCTl1 ttaceJiettttocT11 

Bepxttero ypOBH51 .[(ByxypOBHeBOH ClfCTeMbl .[(JI51 pa3Jilf'IHbIX 3Ha'IeHl1H 

CE-cpa3bI: <p0 = n/5, n/2. IlepBotta'IaJihHO tteBo36y)l()],ettttaH CMCTeMa 

B036y)l(.[(aJiaCb lfMIIYJihCOM c MHTeJibHOCTbIO 1J = 6 npM 60JiblllOH BeJIM-
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•nrne napaMeTpa CHJlhI CB513H ; = 3. BHJJ,HO, 'ITO )1)151 MeHbllleit BeJIH'lHHhI 

CE-Q;>a3bI acttMnTOTH'!ecKoe 3Ha'!etttte ttaceneHHOCTH Bepxttero ypoBH51 

BeCbMa BeJIHKO Ni( T» 1/) "" 0, 76. B TO )l(e BpeM51 )1)151 <fJo = n/2 )J.ByxypoB

HeBa51 CHCTeMa nocne B03)].eHCTBH51 HMfiYJlbCa OCTaeTC51 npaKTH'!eCKH He

B036~eHHOH N2( r » TJ) == 0,05. ~ 
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Puc. 9.9. BpeMeHHaH JaBHCHMOCTb ttaceneHHOCTH sepxHero yposHH t1,ByxyposHe
sol1 cttcTeMbI MH paJJJH'!HhIX 3Ha'!eHttl1 CE-Q>aJbI BOJ6y)l(,!la10111ero 
HMnynhca 17 = 6, q = 3, r = I 

TaKHM o6pa3oM, nptt JJ.aHHhIX 3Ha'!eHH51X napaMeTpOB ttMeeT MeCTO 

::iQ;>Q;>eKTHBHbIH c/Ja306blU KOHmpollb B036~eHH51 )J.ByxypOBHeBOH CHCTe

Mbl 3a c'leT H3MeHeHH51 CE-Q;>a3bI HMnynhca 3JieKTptt'lecKoro no1151 rayc

COBOH Q;>opMbI (6.100). 
CttnhHbie ocu;w11115IUHH ttaceneHHOCTH B Te'letttte HMnynhca npeJJ.

CTaBJI51IOT co6ott onTH'!eCKYIO HYTaUHIO )J.ByxypOBHeBOH CHCTeMbl, 0 KO

TOPOH fOBOPHJIOCb BbIIIIC B CB513H c reoMeTpH'!eCKOH HHTepnpernuweit 

3BOJIIOUHH JJ.ByxypoBHeBoit cttcTeMhI c noMOIUbIO BeKTopa Enoxa. 

Pac'leT noKa3brnaeT, 'ITO )1)151 MeHblllett CHJlhI CB513H ; = I H Tex )Ke 

3Ha'!eHHH OCTaJlhHblX BCJIH'IHH, xapaKTepH3YIOIUHX H3JIY'JeHHe H JJ.Byxy

pOBHeByIO CHCTCMy, aCHMfiTOTH'!CCKHe ttaceneHHOCTH Bepxttero ypOBH51 

)1)151 <fJo = n/5, n/2 npaKTH'!CCKH COBna)J.aIOT. 

flpHBC)J.CM 'lHCJICHHbie oueHKH napaMeTpOB 3a)].a'!H )1)151 cnyqa51, KOf

)J.a JJ.ByxypoBHeBa51 CHCTCMa onHCbIBaeT nepexo)J. (5s-5p) B aTOMe py6H

JJ.HH, CHJia OCUHJIJIHTOpa KOTOporo lo 6JIH3Ka K e)J.HHHUe. Toma 3Heprn51 

nepexo)J.a limo = l ,85 ::iB, )J.JIHTCJlbHOCTb HMnynbca )1)151 BeJIH'lHHbI 6e3-
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pa3MepHoro napaMeTpa 1J = 6 paBHa MP = 3 <Pc. 3Haqemrn CHJihI CB513H 

; = 3 COOTBeTcTByeT HHTeHCHBHOCTH 3JieKTpoMarHHTHOro H3JIY1feHH51 Ha 

qacToTe w0 , paBHOH I= 4,3 · 1015 BT/cM2, 'ITO npnMepHo Ha nop51.UOK 

MeHbllie aTOMHOH HHTeHCHBHOCTH. 

Ha pnc. 9.10 npe.ucTaBJieHa 3aBHCHMOCTh ac11MnTOTH1feCKoro 3Hatfe

HH51 HaCeJieHHOCTH BepxHero ypOBH51 .UBYXYPOBHeBOH CHCTeMhI, B036)')K

.ueHHOH IlOJIYU:HKJIOBhIM HMilYJihCOM npn pa3JIH1fHhIX 3HatfeHH5IX napa

MeTpa CB513H. Ilo.u IlOJIYU:HKJIOBhIM IlOHHMaeTC51 HMilYJihC c .UJIHTeJihHOC

TblO, paBHOH IlOJIOBHHe nepno.ua Ha Hecymen qacTOTe H3JIY1feHH51. 

q= 2,3; r= 1 

- - ~=0,3 
......... ~= 1 

.......... .......... -- ~=3 

0,8 .. ····· •··.. ..··•· .... 
.... ·· ··•· ............ ··· ···· ..... . 

0,6 

0,4 

4 5 6 'Po• Pa.ii 

Puc. 9.10. <t>aJOBMI JaBHCHMOCTb ttace11eHHOCTH aepxttero ypoBHll .nayxypoatte

aott CHCTeMbl .ll.Jlll T » T/, B036y)l(JleHHOH noJiyuHKJJOBblM HMnyJibCOM 

(TJ = 2,3), npH pa3JIHqHblX JHaqeHHl!X napaMeTpa CBll3H: .; = 0,3; l; 3 

113 pnc. 9 .10 cne.uyeT, 'ITO 3aMeTHa51 <Pa3oBa51 MO.UYJIHU:HH Hace11eH

HOCTH Ha61110.uaeTC5I TOJihKO B CHJibHO HeJIHHeHHOM pe)l(HMe .ua)l(e .UJI51 

yJihTpaKopoTKoro HMnynhca 3JieKTpnqecKoro noJIJI. B JIHHeHHOM pe

)l(HMe ; < 0, 1 K03<P<Pnu:HeHT MO.UYJIHU:HH ( 1.38) .UJIH IlPHBe.ueHHhIX Ha 

pnc. 9.10 3HatfeHHH napaMeTpOB paBeH: K = 0,01. 0TMeTHM, 'ITO B 1111-

Heti:HOM pe)l(HMe OH He 3aBHCHT OT CHJibI CB513H Me)l(,Uy IlOJieM H .UByxy

pOBHeBOH CHCTeMOH. 

flocJie OKOH1faHH51 ,UeHCTBH51 HMilYJihCa 3JieKTPH1feCKOf0 IlOJ151 .UH

IlOJihHbIH MOMeHT .UBYXYPOBHeBOM CHCTeMbI Ha BpeMeHax, MeHhllIHX Bpe

MeHH nonepelfHOM penaKCaU:HH, 6y.ueT OCU:HJIJIHpoBaTb Ha co6cTBeHHOH 

qaCTOTe Wo, BhI3bIBa51 TeM caMhIM H3JiyqeHHe 3JieKTpoMarHHTHhIX BOJIH. 

Moru.HOCTb 3Toro H3JiylfeHHH Q B .unnoJibHOM np116JIH)l(eHHH onHChI

BaeTcH <PopMyJIOM ( 1.51 ) . .LJ,1151 xapaKTepHCTHKH ee 3aBHCHMOCTH OT 
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CE-<t>a3bI MO)l(HO BBecnr BeJiwnrny, attanon1qtty10 Ko3<l><l>m.uteHTy MO

JJ,ymrumr MH rapMom111ecKoro ocuMJIJIHTopa (1.38): 

rJJ,e 

Q(q.io = O)-Q(q.i0 = 1r/2) 
K"' = Q ( q.i0 = 0) + Q ( q.i0 = Jr /2) ' 

( ) 
_ 2wcid;mp (t » M, q.i0 ). 

Qt» M, % = 3 , 
3c 

(9.81) 

(9.82) 

d;mp(t»M, q.i0 ):4d°5N2 (t»M, q.i0 )[1-N2 (t»M, q.i0 )J. (9.83) 

CTpM BhIBOJJ,e nocJieJJ,ttero paBettcrna McnoJib30BaHhr qiopMyJia 

M Bb!pa)l(eHMe (9.80). 

K.,, 
1,0 

0,5 

-0,5 

2 

--11=9 
--11=4,5 
•••••••••I/ =2,3 

3 4 ; 

Puc. 9.11. 3aBl1Cl1MOCTb K03QJq>11u11eHTa QJ330BOH MOtlYJillUl111 MOIUHOCTl1 HJJJy

'leHttll tlBYXYPOBHeBOH CHCTeMbl nocne OKOH'l3Hl1ll B036YJl<,ll310IUero 

11MnynbCa OT napaMeTpa CHJlbl nOJJll tlJill pa3JJH'lHbIX tlJIHTeJlbHOCTeH 

ttMnynbCa 

PacqeTHhre 3aBMCMMOCTM K03<l><l>ttuMeHTa <t>a3oBOH MOJJ,YJIHUMM (9.81) 
no OKOHqam·m JJ,eHCTBMSI 3JleKTpHqecKoro fiOJIH OT napaMeTpa CHJlhl nonH 

t J],JIH pa3Jil{qHblX )],JIHTeJibHOCTeti. MMfiYJibCa, COOTBeTCTBYIOIUMX B036~

JJ,eHHIO JJ,ByxypoBHeBOH CHCTeMbl nony-, OJ],HO- M JJ,ByxUHKJIOBhlM HM

nyJihCOM, npencrnBJieHhI Ha pMc. 9. I I. 
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Vl3 pHC. 9. l l CJie)l.yeT, 'ITO 3aBHCHMOCTb K03cPqJHUJ1eHTa cPa30BOH 

MOil.YJI51UHH OT napaMeTpa CHJibl CB513H t HOCHT HeperyJI51pHblH xapaK

Tep. Benwmtta K'fJ H3MeH51eTc51 B HHTepBane oT - I )l.O I B OTJIH'Itte OT 

K03cPcPHUHeHTa MOil.YJI511J,HH rapMOHH'IeCKOfO OCUHJIJI5ITOpa ( 1.37), KO

TOpbIH Bcer)l.a 6oJibllle HYJI51 tt MeHhllle enttHHUbl. CymecTBeHHO, 'ITO B 

o6JiaCTH CHJibHOH HeJIHHeHHOCTH (; > 1) MOIUHOCTb H3JiyqeHH51 3aBH

CHT OT CE-<Pa3bl )l.a)l(e )l.JI51 oTHOCHTeJibHO 6oJibllIHX ,ll,JIHTeJihHOCTett 

HMilYJihCa IlOJI51 1'/ ~ 9. 
HanoMHHM, 'ITO B rapMoHtt'IeCKOM nptt6JimKeHHH K03cPcPHUHeHT 

<Pa30BOH MO)l.yJI51UHH HMeeT 3aMeTHYIO BeJIH'IHHY TOJibKO ,ll,JI51 cy6UHKJIO

BbIX HMnyJibCOB " < 4 (CM. pHC. 1.3). l13 pttc. 9.11 BH,ll,HO TaK)l(e, 'ITO 

3asttcHMOCTh K'fJ(;) ttMeeT rnttpoKtte HHTepBaJihI H3MeHeHH51 apryMeHTa, 

B KOTOpblx JK'fJJ ~ 0,5, T. e. <Pa30Ba51 3aBHCHMOCTh MOIUHOCTH H3JiyqeHttH 

B npHHUttne MO)KeT 6h1Tb tta6monaeMa. c pocTOM .llJIHTeJibHOCTH HM

nyJibCa 3JieKTpH'IeCKOf0 IlOJl51 llIHpOKHe MaKCHMYMbl KpHBblX pttc. 9.11 
C)l.BHralOTC51 B o6JiaCTb 60JiblllHX 3Ha'IeHHH rrapaMeTpa CHJibI CB513H ;. 

TaK, HarrpttMep, .llJIR )l.Byxu11KJiosoro HMnynbca (1'/ = 9) o6c~aeMbIH 
MaKCHMYM Ha'IHHaeTC51 nptt ; > 3,3. 

K -- ;=0.1 
~ --~=1 

10 '\ ......... ;=3 

0·,5 \\ •. \\ .:,[?\.\\ .... /\,,, (\ 
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::.:~~,,,,,.._ .:····'i \,_ j \ f \\,,.1 \,, 
0 0 l ;\ ), :1

;--:o;:,,,/ '"""===+-~:::::..+--

-0:5 \ ... , .. ! \J ... ·' \ i I ! iii~ i i 
\.:.! . • : : v u 

-l,O .__....___. _ _.__ ...... 2 _ _.__ ..... 3_-'-'-_ ...... 4 _ _, 

Puc. 9.12. 3aBHCHMOCTh K03<l><t>H11HeHTa <t>a30BOH MO.UYJHll\HH MOil\HOCTH H3JIY

qeHml .uayxypOBHeBOH CHCTeMbl OT .ll!IHTeJibHOCTH HMilYJibCa 3JieKTpH

qecKoro noJIH nocne ero OKottqaHHll 

0)1.HaKO H~HO HMeTh, B BH)l.y, 'ITO B peaJihHblX KBaHTOBblX CHCTe

Max nptt 60JibllIOH BeJIH'IHHe napaMeTpa ; seJIHKa Bepo51THOCTb TyH

HeJlbHOH HOHH3aUHH CHCTeMbI. B pe3yJlbTaTe IlOMHMO cPOTOB036~e

HHR H~HO, soo6me fOBOp51, YlJHTbIBaTb B03MO)KHOCTb pa3pylllemrn 
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.UByx-ypOBHeBOH CHCTeMbl BCJie,UCTBHe TYHHeJibHOH HOHH3aUHH, eCJIH ; 

.UOCTaTO'IHO BeJIHKO. 

TaK, pttc. 9.12 xapaKTepH3yeT ¢a30BYIO 'IYBCTBHTeJibHOCTb MOIUHOC

TH H3Jiyqemui: .UByxypOBHeBOH CHCTeMbl KaK <l>YHKUHIO 6e3pa3MepHOH ,UJIH

TeJibHOCTH HMTIYJibCa 17 MH pa3JIH'IHbIX BeJIH'IHH napaMeTPa CHJibl CBH3H ;. 

BH.UHO, 'ITO .UJIH MaJIOH BeJIH'IHHbl napaMeTpa CHJibI CBH3H ; = 0, 1, Kor.ua 

pa6orneT JIHHettHoe nptt6Jim1<ett11e, rpa¢HK ¢YHKUHH K/77) coBna.uaeT c 

aHaJIOfH'IHOH 3aBHCHMOCTbIO, npHBe.ueHHOH Ha pHC. 1.3 (r = 1) .UJIH rap

MOHH'leCKOfO OCUHJIJIHTOpa. 

AliaJIH3 TIOKa3bIBaeT, 'ITO 3aMeTHOe OTJIH'IHe 3aBHCHMOCTH K03¢

¢HUHeHTa MO.UYJIHUHH OT rapMOHH'leCKOfO rrptt6JIJI)KeHHH B03HHKaeT B 

o6JiaCTH ~ <". 0,4, Kor.ua y <l>YHKUHH K/77) IIOHBJIHeTCH MaKCHMYM IIPH 

T7max<; = 0,5) = 3,5, paBHbIH 0, 14. c pOCTOM napaMeTpa CHJibI CBH3H 

BeJIH'IHHa MaKCHMyMa yBeJIH'IHBaeTCH, a era IIOJIO)KeHHe C.UBHraercH B 

o6JiaCTb MeHhWHX MHTeJibHOcTett HMTIYJibca. TaK, rrpH ; = 0,6 pacqeT 

.uaeT K,/17max = 2,95) = 0,39. 
TaKHM o6pa30M, KBaHTOBoe OTIHCaHHe .UByxypoBHeBOH CHCTeMbl B 

paMKax ¢opMaJIH3Ma BeKTopa EJioxa TI03BOJIHeT pacwwpHTb rpaHHUbI 

HCCJie,UoBaHH5I cpa30Bb!X 3cpcpeKTOB np11 B036y)K,UeHHH Beruecrna CBepx

KOpOTKHMM HMIIYJibCaMH Ha o6JiaCTb 60JibWMX 3Ha'leHHH napaMeTpa CMJibl 

CBH3H c IIOJieM, r.ue He pa6oTaeT rapMOHM'leCKOe rrpH6JIJ1)KeHtte H TeO

pirn B03MyIUeHMH. flpH 3TOM OKa3bIBaeTCH, 'ITO cpa30BaH qyBCTBMTeJib

HOCTb B036y)K,UeHMH .UByxypOBHeBOH CM.CTeMbI MO)KeT coxpaHHTbCH H MH 

MYJibTMUHKJIOBbIX HMTIYJihCOB, ecJIH ; > 1. 
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10 

10.1. 

H3nY4ATEnbHbl E nPOUECCbl 
B 6HXPOMATH4ECKOM nonE 

ABYX<l>OTOHHblE nPOL.tECCbl 
B 6MXPOMATM4ECKOM nonE 

)J,aHHa51 rnasa TIOCB51Ill.eHa pa,nttauHOHHbIM 51BJieHH51M B 3JieK

TpOMafHHTHOM H3JIY'feHHH, COCT0511UeM H3 )J,BYX MOHOXpOMaTttqeCKHX 

KOMTIOHeHT. HanpmKeHHOCTb 3JieKTpHqecKoro TIOJI51 B TaKOM H3JiyqeHHH 

)J,aeTc51 Bbrpa)l(etttteM: 

(10.l) 

f)J,e Eo1, 02 - aMnJIHTY)J,bI MOHOXpOMaTHqeCKHX KOMTIOHettT; «>i, 2 - HX 

qacTOThr; ip01 02 - ttaqaJibHbie <Pa3bI. 3JieKTpoMarHHTHoe noJie Tttna ( 10.1) 
tta3brnaeTC51 6uxpoMamulfeCKUM. 

PaccMOTpHM CHaqaJia CHTyaumo, Koma OTHOllleHHe qaCTOT ml H m2 
51BJI51eTC51 npOH3BOJibHbIM qffCJIOM. 00Jib3Y51Cb TeOptteH: B03Myrn.eHHH, 

HeTpy)J,HO o6o6mttTb pe3yJibTaTbI pa3)J,. 6.5 )J,JI51 Bepo51THOCTeH: )J,Byx<t>o

TOHHbIX npouecCOB Ha 6ttxpoMaTHqecKHH CJiyqaH:. c 3TOH ueJiblO B <t>op

MYJIY (6.32) HY)l(HO no)J,CTaBHTb MaTpttqttbre 3JieMeHThI oneparnpa 6tt

xpoMaTHqecKoro B03MymeHH51 BH)J,a: 

(10.2) 

f)J,e Vjkn - MaTpHqHbie 3JieMeHTbI 3JieKTpOMafHHTHOfO B3aHMO)J,et\:CTBH51 

)J,JI51 j-t\: MOHOXpoMaTHqecKOH KOMTIOHeHTbI c BbI)J,eJieHHOH BpeMeHHOH 

3aBHCHMOCTbIO, 

V- 1 d E -itpo. 
jkn ==2 kn Oje 

1 (10.3) 
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PaBeHCTBO (10.3) COOTBeTCTByeT HCnOJlb30Bamuo nwnOJlbHOro npH-

6JlH)!(eHHH (1.4), cnpaBe)l;JlHBOfO MH He CJlHllIKOM KOPOTKHX )l;JlHH BOJlH 

H3nyqeHHH. B npOTHBHOM cnyqae B (10.3) tteo6xo.a;HMO yqHThIBaTb 3aBH

CHMOCTh HanpH)l(eHHOCTH 3JleKTpwqecKoro non.si: OT npocTpaHCTBeHHOH 

KOOp)l;HHaTbl. 

flocne yKa3aHHOH nO)l;CTaHOBKH )l;JlH aMnJlHTY)l;hI )l;BYX<l>OTOHHOfO 

nornomeHHH non BJlHHHHeM o6eux MOHOXpOMaTwqeCKHX KOMnOHeHT 3a

nwcaTb cneny10mee Bhrpa)l(ettwe: 

Aj~abs) =i{Uiil;G(E; +nw1 }~ li)+(fl~G(E; +hw2 }V2 li)} = 

l -- -- ) (10.4) _ ~ V21n Vin; Vi1n V2n; 
-L, 2 . + 2 . • 

n n (wni - W1 - 'Yni) n (wni - Wz - IYni) 

0TMeTHM, qTo B 3TOH <PopMyJle npHCYTCTBYIOT )];Ba cnaraeMbIX B 

OTJIHqwe OT aMnJIHTY)l;hI (6.40) MOHOXpOMatwqecKoro .a;Byx<PoTOHHO

ro nornomettHH. )J.n.si: BepoHTHOCTH paccMaTpttBaeMoro npou,ecca 

HMeeM: 

(2abs) I (2abs) 1
2 

w Ji = 2;rG1; (w1 + w2 ) A1; . (10.5) 

AMnnwTy.a;a H Bepo.si:THOCTh BhIHy)l()l;eHttoro .a;Byx<PoTOHHoro H3Jlyqe

HHH non netl:cTBHeM o6eux KOMTIOHeHT 6wxpoMaTwqecKoro non.si: nonyqa

IOTc.si: 113 <PopMyJI (10.4) M (10.5) TIYTeM H3MeHeHMH 3HaKa y qacTOT M 

KOMnJieKCHOro conp.si:)!(eHHH MaTpH'IHbIX 3JieMeHTOB onepatopa B3aHMO

netl:cTBHH. B pe3yJlbTate ttaxonwM: 

(10.6) 

(10.7) 

3.a;ecb apryMeHT B <l>YHKI.l,HH <PopMbl JIHHHH COOTBeTCTByeT 3aKOHY co

xpatteHHH 3Heprnw B BH)l;e E; = Ef + n(wl + Wz) (c TOqHOCTbIO no 3Hep

reTwieCKOH urnpttHhI JIHHHH nepexona hYj;). TaKHM o6pa30M, B .a;aHHOM 

cnyqae npennonaraeTc.si:, qTo E; > Ef' 
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.lJ,JUI BhlH~eHHOfO pacce51HH51, ec;rn BhlllOJIH51eTC51 nptt6JimKeHHOe 

paBeHCTBO (l)fi == w, - (1)2' q>opMyJihl ,LVI51 aMnJIHTYJlhl H Bep051THOCTH 

npouecca 11Me10T BH)l: 

(I 0.8) 

(scat) _ 2 G ( )jA(scat)l
2 

w fi - :a fi w, - (1)2 fi (10.9) 

Ecntt )l(e w1; == w2 - w" TO B ( 10.8) 11 (I 0.9) cne)lyeT npottJBeCTH 3aMetty 

HH)leKca y qacTOThl 1 H 2. 
PacceHtt11e, np11 KoTopoM w1; * 0 11 cooTBeTCTBeHHO w1 * w2, Ha3hI

saeTCH 6btHYJKaeHHbtM KOM6uHau,uoHHbtM pacceRHueM. B xo)le KOMfornautt

OHHoro pacce51Hl151 qacTOTa 113JiyqeHH51 113MeH51eTC51 B OTJI}!q}!e OT p3Jie

eBCKOro pacce51HH51, npOHCXO)lHIUero 6e3 113MeHeHM51 qacTOThl. 

Ope)lCTaBJIHeT HHTepec paccMoTpeTh cnottrnttttoe )lByxq>oTOHHOe 

113JiyqeH11e pa3HhlX qacTOT . .l1,JI51 3Toro 3an111neM Bep051THOCTh BhlH~

)leHHOfO npouecca B BH)le: 

(10.10) 

f)le u, 2 - npoCTpaHCTBeHHbie nJIOTHOCTl1 3HeprHl1 MOHOXpoMaTttqec

KHX KOMnotteHT noJIH (10.1). 
flOCKOJibKY CnOHTaHHbie pa)ll1aUHOHHhie SIBJieHl151 Bhl3hIBalOTC51 

3JieKTpoMartt11THbIM noJieM BaKyyMHblX <l>JIYKTyau11i1, )lJI51 nepexo)la K 

cnoHTaHHOMY npoueccy B (10. l 0) H~HO np0113BeCTl1 3aMeHbl, attaJio

mqHbie (8.28): 

(10.11) 

a 3aTeM npOCyMMHpOBaTh no KOHeqHblM COCT051Hl151M CHCTeMbl. 3To CyM

Ml1pOBaH11e CBO)ll1TCSI K 11HTerpttpOBaHHIO no qacTOTaM (J)J' cyMMHpOBa-
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HMIO ITO rromrptt3aUM5IM ej M MHTerpMpOBaHMIO ITO TeJieCHhIM yrnaM MC

rrycKaHMH ,nByx cpoTOHOB QJ' TaK KaK crreKTp BaKYYMHhIX cpJiyKTyauMii 

::iJieKTpoMarHMTHoro rromr 6ecKOHeqtto urnpoKttii, TO rrpM BhIITOJIHeHMM 

MHTerpMpOBaHmI ITO qaCTOTaM y,no6tto cpyHKUHIO cpopMbI JIHHHH B (10.10) 
JaMeHMTh tta ,neJibra-cpyHKUMIO. OycTh MH rrpocTOThI ttaqaJihHOe M Ko

He'rnoe COCT05IHH5I KBaHTOBOM CMCTeMbI ccpepMqecKM CHMMeTpttqHhI, a 

BeKTopa rroJI5IpH3aUttM e1 neiicTBMTeJihHhI (nMHettHaH rroAApM3aUMH). Torna 

KBa,ll;paT MOLJ;YJIH B rrpaBOM qacTM paBeHCTBa (10.10) MO)!(eT 6bJTh 3aITMCaH 

B CJie,ny10meM BM,ne: 

( e1 e2 )
2 

!c Ji ( 0J2, -OJ1 }12 , 

rne c1;(w', w) - CKaJIHpttasi qacTh TeH30pa paccesiHMSJ (8.31). CyMMMpo

BaHMe ITO ITOJI5Iptt3aUM5IM ( c ITOMOIIIhlO rrpaBMJia ycpe,ntteHMSJ KOMITOHeHT 

e,nMHifqHhIX BeKTopoB e
1 

(e1e') = (o's - n1ns)/2) M MHTerpMpoBaHMe no 

TeJieCHbIM yrnaM rrpMBO,ll;HT K 3aMette: 

B pe3yJihTaTe MH BepOHTHOCTH B e,nMHMUY BpeMeHM CITOHTaHHOfO 

LJ;ByXcpOTOHHOfO H3JiyqeHM5I ITOJiyqaeM 

rne 

E. - E1 
OJ;J = I > O; 

ti 

c - cKopocTh cBera. OpM Bhrnone (I 0.12) 6brno yqTeHo, qrn M3-3a tta

JIH'IHH ,neJibra-cpyHKUMM B MHTerpane no dw2 [6bIJia c,neJiaHa 3aMetta 

Gf;(w) ~ o(w)] BeJIMqJ1Ha 0)2 cpMKCMpyeTCSJ, eCJIH qacTora w, 3a,natta: 

{J)2 = {J)Ji - WI' 

BepoHTHOCTh ,nByxcpoTOHHOro crrottrattttoro M3JiyqeHMH ( 10.12) 
co,nep)!(HT MHO)!(HTeJib c-6 B OTJIIfqlfe OT OLJ;HOcpOTOHHOfO rrpouecca, 

B Bep05ITHOCTh KOToporo BXOLJ;HT c-3• B aTOMHhIX eLJ;MHMUaX c = 137, 
c-3 = 3,9 . 1 o-7 If c-6 = 1,5 . 10-13• TeM caMbIM orrpe,neJI5leTC5I MaJIOCTh 

LJ;ByxcpOTOHHOM Bep05ITHOCTH ITO cpaBHeHMIO c O,ll;HOcpOTOHHOM. 

Bhrpa)!(eHMe (10.12) orrMChIBaeT, B qacTHOCTM, pacrra,n 2s rronypoBHH 

aroMa Bo,nopona B pe3yJihTare ,nByxcporottttoro rrepexona 2s = ls. )].et\:-
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CTBl1TCJlhHO, 0)1,HO<i>OTOHHhIH npouecc 2s = ls 3anpemett npaBHJiaM11 OT-

6opa no '!CTHOCTl1, TaK '!TO OCTaIOTC51 B03MO)l(HbIMl1 TOJlhKO nepexO)J,bl c 

113Jl)"-ICH11CM '!CTHOro '!11CJia <t>oTOHOB, 113 KOTOpbIX OCHOBHOH BKJla)J, )1,aeT 

.lJ,Byx<PoToHHoe 113Jiyqett11e. BepoHTHOCTh '!eTb1pex<t>oTOHHoro pacna)J,a, 

Hanp11Mep, CO.l1,Cp)l(l1T MaJihIH MH0)1(11TCJ1h c-12• 

BhI'!l1CJiett11e Bepo51THOCTl1 B e)J,11tt11uy BpeMett11 (10.10) MO)l(eT 6b1Th 

npoBe)J,eHO c TIOMOIUbIO <t>opMaJil13Ma KYJIOHOBCKOH cPYHKU1111 fp11Ha, 

KOTOpa51 onpe.l1,eJI51eT BCJ111'!11HY c/i(w', w). B pe3yJihTaTe TIOJiyqaeTC51 CJie

)1,YIOIUee 3Ha'!ett11e )1,J151 BpeMeHl1 )1(113Hl1 2s TIO.l1,ypoBH51 aTOMa BO.l1,0po.l1,a: 

1 
T2s = (2em) = 0, 14 C. 

Wzsls 

(10.13) 

Pac'!eTHhlH pe3yJihTaT (10.13) HaXO)J,11TC51 B xoporneM COOTBCTCTBl111 

c 3KCnep11MCHTaJihHhIMl1 )1,aHHhlMl1. Ilp11Be)J,eM )J,J15I cpaBHCHl151 BpeM51 

)1(113Hl1 2p TIO.l1,ypoBH51 aTOMa BO.l1,0pO.l1,a, KOTOPhIH pacna)J,aeTC51 3a C'!CT 

0)1,HOcPOTOHHOro nepexo)J,a: "2p = 1,6 . I o-9 c. l1TaK, B )1,aHHOM CJiyqae 

)1,Byxcl>oTOHHhlH npouecc Ha UCJlhIX BOCCMh nop51.l1,KOB BCJ111'!11HhI Mettee 

Bep051TCH, '!CM 0)1,HOcPOTOHHhIH. 

10.2. <1>A30BblH KOHTPOnb 
B 5MXPOMATM4ECKOM nonE 

PaccM0Tp11M pa.l1,11au110HHhie HBJieH115I B 611xpoMaT11'!eCKOM 

113Jl)"-ICHl111 c KpaTHhIMl1 qacTOTaMl1, B KOTOpOM ttanp51)1(CHHOCTh 3JieKT

p11'!CCKOro TIOJ151 paBtta: 

E (t) = E01 cos (wt + <p01 ) + Eon cos ( nmt + 'Pon), (10.14) 

r)J,e n - ueJioe '!11CJIO, 6oJihrnee e)J,11H11UhI. B )1,aJihtteH:rneM npe.l1,noJiara

eTCH, '!TO Ha'!aJihHbie <Pa3bl MOHOXpOMaTl1'!CCKl1X KOMTIOHCHT <1'01, On MO

ryT 113MCH51TbC51 KOHTPOJI11pyeMbIM o6pa30M. 

KBaHTOBAA Cl1CTeMa TIO)], )1,CHCTBl1CM TIOJ151 (10.14) MO)l(CT COBepllI11Th 

nepeXO)J, 113 tta'!aJihHOro COCT051Hl151 B KOHC'!HOe COCT051Hl1e no )1,BYM Ka

HaJiaM, KaK 3TO TIOKa3aHO Ha p11c. 10.1 )J,J151 n = 3, T. e. KOf)J,a 611xpoMa

Tl1'!CCKOe noJie 51BJ151CTC51 cynepno311u11ett TIOJ151 Ha OCHOBHOH qacTOTe 11 

ero TpeTbett rapMoH11K11. B 3TOM cJiyqae nepBhIH KaHaJI npe.l1,CTaBJI51eT 

co6oH: O)J,tto<PoTOHHoe nornomett11e Ha qacToTe TpeTbett rapMOH11Kl1 c 

aMnJI11Ty.l1,ott AJ}, a BTopoH: - Tpex<PoTottttoe nornomett11e Ha octtoBHOH 
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qacrnTe c aMrrmrrynoti Aj~= 3l, OpenrronaraeM BhIITOJIHeHHhIMM ycJIOBMH 

rrpMMeHMMOCTM TeOpMM B03Myll.l,eHMM. IloJIHaH aMITJIMTyna rrpouecca rrpM 

nsyxKaHaJibHOM B036Y2KneHMM paBHa: 

A(tot) _ A(I) + A(n) 
Ji - Ji Ji. 

Puc. 10.1. )],aa KattaTJa nepexo)J,a cttcTeMbI HJ 

cocTOl!HHll Ii) a cocTOl!HHe lf) c aMnJIHTy)J.a-

A - Am A - A<•= 3l MH I = fi H 3 = fi ' B036y)K)J,aeMblX 

6ttxpoMaTW!eCKHM H3JI)"leHHeM c KpaTHbJMH 

'-laCTOTaMH 

' 
It> 

' 

Ii> 

)l,JIH ITOJIHOM sep05ITHOCTM B enMHMUY BpeMeHM 6MxpoMaTlfqecKoro 

B036Y2KneHMH rrepexona i -t f MMeeM (rrpM rrpOM3BOJibHOM n): 

(10.15) 

3necb rrepsoe cnaraeMoe B qmrypHhIX cKo6Kax orrMChrnaeT onHoQ>oToH

Hoe ITOfJIOII.l,eHMe Ha qacTOTe n-M rapMOHMKM, BTOpoe CJiaraeMoe OITMCbI

BaeT n-Q>OTOHHOe ITOfJIOII.1,eHMe Ha OCHOBHOH qacTOTe, a TpeTbe CJiarae

MOe rrpencrnsmieT ce651 MHTepQ>epeHUMOHHbiti qJieH. Ecmt yqecTb 06-

ruee Bb1pa)[(eHMe nm1 aMrrJI11Tynh1 n-Q>oTOHHoro rrornoruemrn: (6.48), TO 

(IO. IS) MO)[(HO rreperrMcaTb B BMne: 

(bh) (labs) (nabs) 2 G ( )IA(l)llA(n)I ( ) 6 wJi = wJi + wJi + ;r Ji nw Ji Ji cos L\<Jlbh + L\<Jli , (IO.I ) 

rne L\<Jlbh - seJIMq11Ha, KoTopyio 6yneM Ha3hIBaTb 6uxpoMamuJ.tecKoii rpa3oii: 

L\<Jlbh = <Pon - n <Poi; 

L\<Jli - «BHYTpeHHMM» cnBMf Q>a3, He 3aBMCHIUMM OT HaqaJibHbIX Q>a3 MO

HOXpOMaTlfqecKMX KOMITOHeHT ITOJIH (10.14), 
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Kor.na Ha'laJibHOe 11 KOHe'IHOe COCT051Hl151 KBaHTOBOH Cl1CTeMbI rrp11-

Ha)l,Jie)((aT )l,11CKpeTHOMY 3HepreTl1'1eCKOMY crreKTPY 11 OTCYTCTByeT rrpo

Me)((YTO'IHblH pe30HaHc, TO l'lrp; = 0. 
1'13 Bb1pa)((ett11H (10.16) cne.nyeT, 'ITO 113Mettett11e 6uxpoMaT11tiec

KOH cl>a3bI l'lrpbh 3a C'leT Ha11uq1151 l1HTepcl>epemi;110HHoro qnetta rrpttBo

)1,MT K 113MeHeHl110 IIOJIHOH Bep051THOCTl1 pa.n11au110HHOfO rrpouecca 

rrp11 IIOCTOHHHblX 11HTeHCl1BHOCT51X MOHOXpOMaT11'1eCKMX KOMIIOHeHT. 

TaKoe yrrpaB11ett11e BepoHTHOCTbIO <PoTorrpouecca 3a cqeT 113MetteHl151 

611xpoMaT11'1eCKOH cl>a3bl Ha3bIBaeTC51 IWi!epeHmHblM ¢a308blM KOHmpo

JleM B 611xpoMaT11qecKoM none. KaK cne.nyeT 113 BbillleCKa3aHttoro, 

cPl1311'1eCKOH OCHOBOH KorepeHTHOfO cl>a30B0f0 KOHTpOJI51 51BJI51eTC51 

KBaHmOBOR UHmepifJepeHtt,UR aMnAumya )l,Byx KaHaJIOB rrpM 6ttxpoMaTl1-

qecKOM B03)1,eHCTBl111. 

PaBeHCTBO (10.16) y.no6tto rrpe.ncTaBHTb B c11e.ny10rueM: cl>opMe: 

(bh) (};) {t k ( )} w Ji = w Ji + 2 cos l'lrpbh + l'lrpi ' (10.17) 

r.ne w}7l - BepOHTHOCTb rrpouecca 6e3 11ttTep4>epettu11ottttoro cnaraeMoro, 

(};) _ (Jabs) (nabs). 
w Ji - w Ji + w Ji ' 

k - Bb!pa)((eHMe )l,1151 K03rjJrjJuu,ueHma ¢a30BOU MoayARU,UU qepe3 aMIIJil1TY

,UbI KaHaJIOB, 

l [ A(nabs) ]] 
k = 2 sin 2 arctg 4abs) . 

k = 2 wmax - wmin ' 

wmax + wmin 

(10.18) 

(10.19) 

f)l,e Wmax, min - MaKCl1MaJibHOe 11 MHHl1MaJibHOe 3HatieHl151 Bep051THOCTl1 

B036~eHl151 B 3aBl1C11MOCTl1 OT BeJil1'1HHbl 611xpoMaT11'1eCKOH <Pa3bl l'lrpbh" 

KaK cne.nyeT 113 orrpe.ne11ett11H (I 0.19), K03cl>cl>11u11eHT cl>a3oBoM: Mo.ny11H

u1111 113MeHHeTCH B rrpe.nenax 2 ~ k ~ 0. B cnyqae k = 2 .nocTttraeTCH 

MaKC11MaJibHO B03MO)((Ha5J <Pa30Ba51 MO)l,YJIHUl151 rrpouecca, ec1111 )((e k = 0, 
<Pa30Ba51 MO)l,YJUIUl151 OTCYTCTByeT. 
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B COOTBeTCTBIUI c paBeHCTBOM ( 10.18) MO)l(HO CJ].eJiaTb BblBOJl. 0 TOM, 

'ITO MaKCMMaJibHO B03MO)l(HaH cpa30BaH MOJl.YJIHI.l,MH 6wxpoMaTM'leCKOf0 

B036y)l(Jl.eHMH OTBe'laeT ycJIOBMIO: 

(10.20) 

T. e. MMeeT MeCTO B cnyqae, Kor.n:a MOJl.YJIM aMTIJIMTYJl. Jl.Byx KaHaJIOB npo

uecca paBHbI Me)l(Jl.y co6oit 

PaccMoTpMM 6wxpoMaTM'lecKoe B036y)l(Jl.ettwe B npocTeihneM cnyqae 

aeyxypoeneeou cucmeMbt, Kor.n:a aMnJIMTYJl.a n-cpoTOHHoro nornoruettMH 

.n:aeTCH cpopMyJIOH (6.50) M BbI'lMCJieHMH MO)l(HO Jl.OBeCTM Jl.O KOHua. 

11cnOJib3YH 3Ty cpopMyJiy Jl.JIH OJl.HOcpOTOHHOfO B036y)l(Jl.emrn Ha qacTO

Te n-:H: rapMOHMKM M n-cpOTOHHOfO B036y)l(Jl.eHMH Ha OCHOBHOH 'laCTOTe, 

HaXOJl.MM Bbipa)l(eHMe Jl.JIH BepoHTHOCTM B eJ].MHMUY BpeMeHM 6wxpoMaTM

'leCKOfO B036y)l(Jl.eHMH: 

(10.21) 

r.n:e Q 01 - pe3ottaHCHbie 'laCTOTbI Pa6tt Jl.ByxypoBHeBoH: cttcTeMbI, cooTBeT

CTBYJOIUtte aMTIJIMTYJl.aM ttanpH)l(eHHOCTtt 3JieKTptt'leCKoro TIOJIH £01 , E0n, 

(10.22) 

Cn - 'lHCJieHHbIH K03cpcpMUMeHT, KOTOpb!H .n:aeTCH paBeHCTBOM (6.52); 
mo, do - co6cTBeHHaH 'laCTOTa l1 Jl.MTIOJibHb!H MOMeHT nepexo.n:a Jl.BYX

ypOBHeBOH CMCTeMbl. 

CTocne B3HTI1H KBaJ].paTa MOJl.YJIH B npaBOH 'laCTH paBeHCTBa (10.21) 
Jl.JIH TIOJIHOH BepOHTHOCTH B e)l.HHMUY BpeMeHtt (ttJIM CKOPOCTM) 6wxpo

MaTM'leCKOfO B036y)l(Jl.eHMH Jl.BYXYPOBHeBOH CMCTeMbl HaXOJl.ttM: 

(10.23) 

3.n:ecb w~L) - CKOpOCTb 6ttxpoMaTtt'leCKOfO B036y)l(Jl.eHttH Jl.ByxypOBHe

BOH CMCTeMbl 6e3 yqern HHTepcpepeHUMOHHOfO cnaraeMOfO, 

(10.24) 
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kn - K03¢>¢>11u11eHT <f>a30BOM MO.UYJUIUim BepOHTHOCTH 611xpoMaT11qec

KOfO B036y)f(J],eHH51 ,UByxypOBHeBOM CHCTeMhI, 

(10.25) 

OolJ_qepKHeM, qTo B cnyqae qeTHOrO qHCJia n BepoSITHOCTb paCCMaT

p1rnaeMOfO npou,ecca pa6Ha HyJ110 113-3a .UHilOJihHhIX npaBHJI OT6opa. 

CooTHOineHHe (10.20) .UJIH 611xpoMan1qecKoro B036y)f(J],emrn .UBYX

ypoBHeBoi1: CHCTeMbI nepen11rneTCH B BH,Ue: 

IC 1
,-,,n ,-,, (n-1) 

" ~~01 = ~~On Wo • (10.26) 

PaBeHCTBO (10.26) onpe.ueJIHeT onTHMaJihHhre napaMeTPhI 3a.uaq11, np11 

KOTOpbIX K03<f><f>HuHeHT <f>a30BOM MOAYJUII..l,HH MaKCHMaJieH kn = 2. Oo

CKOJihKY Ha npaKTHKe HMeIOT lJ_eJio c HHTeHCHBHOCTblO H3JiyqeHHH, a He 

c HanpmKeHHOCThlO IlOJIH, ecTb CMbICJI nepen11caTb ycJIOBHe (10.26) qe

pe3 MHTeHCHBHOCTh H3JiyqeHH51 Ha OCHOBHOH qacTOTe 

(10.27) 

r.ue c - CKOpOCTb CBeTa, H napaMeTp 

(10.28) 

npe,UCTaBJIHIOWHM co6oft OTHOllieHHe MHTeHCHBHOCTH n-H rapMOHHKM H 

HHTeHCHBHOCTH H3JiyqeHH51 Ha OCHOBHOM qacTOTe. TorAa paBeHCTBO 

(10.26) AaeT: 

(2n-2) ( fF)(2n-2) 1J~opt) = c; (QOI J = c; ~ 81l'f1 
Wo 21iaJo c 

(10.29) 

B cJiyqae BhIIlOJIHemrn paBeHcrna 1Jn = 1J~opt) K03<f><f>111..1,11eHT <f>a30BOM 

MO.UYJIHI..l,HH kn = 2, T. e. MaKCHMaJieH, H 3aBHCHMOCTh CKOpOCTH B036)')K

.[(eHH51 .[(ByxypOBHeBotl: CHCTeMbI OT 611xpoMaT11qeCKOM <f>a3bl Hatt6onee 

CHJihHaH. ,LlJIH npoBe.ueHHH pacqeTOB YA06Ho nepenttcaTh ycJIOBHe (10.29) 
B aTOMHhIX emtHHU,ax, KOfAa e = m = 1i = l, H MHTeHCll.BHOCTb l13Jiyqe

HH51 (B Barrax, .ueneHHhIX Ha KBa.upaTHhlM caHTHMeTp) lJ_OJI)l<Ha 6hITh 
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HOpMll.pOBaHa Ha BeJIH'IHHY aTOMHOH HHTeHCl1BHOCTl1, KOTOpa.H paBHa 

la= 3,52. 1016 BT/cM2. Tor,lla BMecTO (10.29) MMeeM: 

(opt) == c2 (!!.!L 81lf1 )(
2
n-

2
) 

T/n n 2Wo 137 /a (10.30) 

Dp11 3arrnc11 (10.30) 6bmo yqTeHo, qrn B aTOMHbIX e,llMH11uax cKo

pocTh csern pas Ha 137. 
B Kaqecrne np11Mepa pean113au,1111 ,11,syxypoBHeBOH c11cTeMbl paCCMOT

Pl1M nepeXO.Ubl 113 COCT05IHl1H c HyJieBb!M op611TaJihHbIM MOMeHTOM 6e3 

113MeHeHH51 maBHOfO KBaHTOBOfO q11c11a B aTOMe py611,11,1151 ( OCHOBHOe 

cocTO.HHHe 5s). TaKOH BbI6op 06yc11os11eH TeM o6cTO.HTeJibCTBOM, qTo 

c1111a ocu,111111.HTopa ,11,JI.H nepexo,11,os BHYTPM aTOMHOH 06011oqK11 (6e3 113-

MeHeH11.H rnasHoro KBaHTosoro q11c11a) MaKcttMaJihHa. Do3TOMY B Hatt-

11yqwetl: CTeneHtt BbinOJIH.HeTC.H ycnostte ,11,syxyposHeBoro np116nm1rnmrn. 

flapaMeTpb! ,11,Byx TaKHX nepeX0,11,0B npttBe,11,eHbl B Ta6JI. l 0.1 (TOHKOe pac

menJiem1e 3HepreTnqecKMX yposHeH: He yqttThrnaeTc.H). 

Ta6/IUU,0 10. 1. napaMeTpbl pe30HaHCHblX nepeXOAOB B aTOMe py6MAMR 

IlepeXO.ll. w0 , aT. e.ll.. fo d0 , aT. e)l.. Ai, MKM 
f.!01 

(1=-
Wo 

5s -t5p 0,058 0,99 2,93 2,36 2,53£01 

6s-t6p 0,016 I, 5 6,85 8,27 214£01 

3aBHCl1MOCTb K03<t>qmu11eHTa <t>a30BOH M0,11,YJI.Hll,1111 OT 11HTeHCHBHOC

Ttt 113nyqeHtt.H Ha ocHOBHOH qacToTe ,11,JI.H nepsoro nepexo,11,a tt3 rn611. 10. l 
npe,11,crnsne1rn Ha p11c. I 0.2 ,11,n.H n = 3. 

Bbl '!11c11eH11.H noKa3bIBaIOT, qTo onTttMaJibHhie 3HaqeHM.H 11HTeHCttB

HocT11 113JiyqeHl151 Ha OCHOBHOH qaCTOTe (np11 TeX )l(e seJI11q11Hax napa

MeTpa 'f'/3 = Ii / 1) ,11,JI.H nepexo,11,a 6s -t 6p B aTOMe py611,11,11.H Ha ,11,sa nop.H,11,

Ka se1111q11Hbl MeHbille, qeM ,11,JI.H nepexo,11,a 113 OCHOBHOfO COCT05IHl151. 

3To CB.H3aHo c 60JlblIIetl: BeJrnqHHOH OTHOllleHH51 

r _ QOI !:>J __ _ 

Wo 

(nocne,11,Htttl: cToJI6eu rn6n. 10. l), onpe,11,em110mero aMTTJIHTY.llY n-<t>ornH

Horo rrpou:ecca [Brnpoe cnaraeMoe nop 3HaKOM Mo,11,y1rn B npasoli •rncrtt 

paseHcrna (10.21)]. 
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PHc. 10.2. 3aBttCMMOCTb K03<l><t>ttu11eHTa <l>a30BOH MOll.YJUIUHH CKOpOCTH 611XpoMa

T11qecKoro B036)')1\LJ,eHJrn nepexoll.a 5s ~Sp s aroMe py611ll.m1, Bb1q11cneH

HaH 8 aeyxyp08He80M npU6AU:JK:eHUU, OT HHTeHCMBHOCTli M3JiyqCHHH Ha 

OCHOBHOH qacToTe / 1 nptt pa3JinqHbIX 3HaqeHH:Hx napaMeTPa 'h = /j/1: 

1 - 1/3 = 10-2; 2 - 1/3 = 10-3; 3 - 1/3 = 10-• 

,LJ,Jrn OTHOCHTeJibHO Ma.TibIX 3HaqeHHH HHTeHCHBHOCTeH H3JiytfeHH51 

<PopMyJia (10.25) ;:urn K03<P<Pttu,tteHTa <Pa30BOH M0,!1,YJI51UHH MO)l(eT 6bITb 

rrepem1.catta B BH,!l,e: 

T. e. HMeeT MeCTO rrpe,!1,eJibHOe COOTHOilleHtte 

k -112 (I )(n-1)/2 
n ~ 1Jn 1 · 

0TCIO,[(a, B qaCTHOCTH, CJie,[(yeT, 'ITO rrptt n = 3, K03<P<Pttu,HeHT <Pa30BOH 

MO,ll,YJI511.l,HH B 06nacn1. MaJlblX 3Ha'ieHUU UHmeHCU6Hocmu U3/lylfeHUH paCTeT 

JlHHeHHO c BemPmHOH /I' rrptt'IeM yroJJ HaKJIOHa COOTBeTcrny10men rrp.SI

MOH K ocw a6cu,ttcc ysemi:qwsaeTrn c YMeHbWetttteM rrapaMeTpa 173 = I/ 11: 

k3 = 0,4(!!2..)
2

-
1-!.i_. 

% J'ih Ia 

B 3TOH <PopMyJie ttcnoJJb30BaHbI aTOMHhle e,[(HHHUbI. 

(10.32) 
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OoJiyqeHHbre pe3yJihTaThI MOrYT 6hITb wcnoJib30BaHbI .UJI.sI oueHKH 

3<P<PeKTHBHOCTH <Pa30BOf0 KOHTpOJI.sI B036y)l(,ll,eHH.sI aTOMOB B )J,HCKpeT

HOM cneKTpe IlO.II ,LleHCTBHeM 6wxpoMaTwqecKoro H3JiyqeHH.sI c KpaTHbl

MH qaCTOTaMH B CJiyqae npttMeHHMOCTH )J,ByxypoBHeBoro npw6mi)l(eHH.sI 

H Teopww B03MyureHHM. 

10.3. 3KCnEPHMEHTbl no <l>A30BOMY KOHTPOnlO 

OoiJ,aBJI.siroura.s:r qacTh BbinOJIHeHHhIX K Hacrn.s:rureMy BpeMeHw 

3KCnepwMeHTOB no cPa30BOMY KOHTPOJIIO B 6wxpoMaTtttleCKOM J10Jie J10CBJI

ureHa B036y)[()l.eHHIO KBaHTOBbIX CHCTeM (aTOMOB, MOJieKYJI, rnep)J,bIX Ten) 

H3 CB.sI3aHHoro COCTO.sIHH.sI B COCTO.sIHHe HenpepbIBHoro cneKTPa. BrrepBbie 

KOrepeHTHbIM KOHTPOJib 6wxpoMaTwqecKOro B036y)[()l.eHH.sI aTOMa Ha CB.sI-

3aHHO-CB.sI3aHHOM nepexo)J,e rrpw BHeurneM H3MeHeHHH 6wxpoMaTwqeCKOM 

<Pa3bI Ha6JIIO)J,aJIC.sI B pa6oTe 3JIJittoTa c cOTPYAHHKaMH B 1990 r. [I]. 
Bo36y)l(,ll,aJICH 6s 1 S0 ~ 6p 1 P1 nepexo)J, B arnMe PTYTH rro)J, iJ,el1crntteM 

H3JiyqeHH.sI Ha OCHOBHOM qacTOTe (A,= 554 HM) Hero TpeTbeM rapMOHH

KH. B 3TOM CJiyqae HMeJia MeCTO KBaHTOBa.sI HHTep<PepeHUH.sI aMrrJIHTY)J,bI 

0)1,HOcPOTOHHOro rrornoureHH.sI Ha qacTOTe TpeTbeH rapMOHHKH H aMJ1JIH

TY.Ilbl Tpex<PoTOHHOro rrornoureHHH H3JlyqeHH.sI Ha OCHOBHOH qacTOTe. 

3aBHCHMOCTb TIOJIHOM CKOPOCTH B036y)l(,ll,eHH.sI 6s 1So ~ 6p I pl nepexo)J,a 

OT 6wxpoMaTwqecKoif <Pa3bI !).<p = rp03 - 3rp01 pemcTpttpoBanacb no cnrna

ny cPOTOTOKa, B03HHKarourero B pe3yJibTaTe )J,Byxcl>oTOHHOM HOHH3aUHH 

6p I pl COCTO.sIHH.sI H3JiyqeHHeM Ha OCHOBHOM qacToTe. TpeTb.sI rapMOHHKa 

reHepttpOBaJiaCb CcPOKYCHPOBaHHbIM H3JiyqeHtteM Ha OCHOBHOM qacTOTe B 

KaMepe c napaMH PTYTH 1 (pwc. 10.3) npw OTHOCHTeJibHO BbICOKOM )J,aBJie

HHH (100 MTopp). fiwxpoMaTwqecKa.s:r <Pa3a BapbttpoBanacb 3a cqeT npo

nycKattw.s:r H3JiyqeHH.sI Ha OCHOBHOM qacTOTe H era TPeTbeM rapMOHHKH 

qepe3 KIOBeTY 2 c aproHoM nepeMeHttoro )J,aBJiettw.s:r (P Ar= 0-38 Topp) B 

COOTBeTCTBHH c paBeHCTBOM: 

Mp= 
6n/!).p[n(A.1)-n(A.

3
)], 

A.1 
(10.33) 

me I - L(JittHa rrYTtt Jia3epHoro nyqa B KIOBeTe c aproHoM; !).p - tt3MeHe

Htte rrJIOTHOCTH aproHa; n(A.) - noKa3aTeJib npeJioMJieHtt.sI aproHa Ha 

.UJIHHe BOJIHhI A.1. l13MeHeHtte L(aBJieHH.sI aproHa, Heo6xoL(ttMoe .UJI.sI H3-

MetteHtt.s:r 6wxpoMaTwqecKoif <Pa3bI Ha 2n paL(ttaH, B o6cy)l(,ll,aeMoM 3KC

nepwMeHTe cocrnBJI.sIJIO npwMeptto 6 Topp. CttrHaJI <PoToToKa B03HHKaJI 
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B pe3yJibTaTe cpoKyCHpOBKH 6HxpoMaTHqecKoro l13JiyqeHH51 3epKaJiaMH 4 
c KOHTpOJIHpyeMOM pa3HOCTbIO cpa3 /':!,.rp = f/Jo3 - 3rp01 BO BTOpOM KaMepe c 

rrapaMH PTYTH 3 rrpH HH3KOM naBJieHHH (2-3 MToppa). HH3KOe naBJieH11e 

B perncTpau,HOHHOM KaMepe 6bIJIO Heo6xo)J,HMO, qrn6hr YMeHhIIIHTb BKJIM 

B rrpou,ecc reHepHpyeMOM B HeM TpeTbeM rapMOHHKH. <l>oTOTOK perncTpH

pOBaJIC51 c ITOMOII.J,bIO KOJIJieKTopa, rrpe)J,CTaBJI51BIIIero co6ow rrapy rrJiaTH

HOBbIX ITJiaCTHH 5, Ha KOTOpbre ITO)J,aBaJIOCb HarrpIDKeHHe CMeII.J,eHH51. 3Hep

fH51 HMITYJibca H3JiyqeHH51 Ha OCHOBHOM qacTOTe COCTaBJIHJia 4.5 Mlbl< rrpH 

MHTeJihHOCTH 15 HC. PaccqHTaHHbIM panHyc Jia3epHoro nyqa B cpoKaJib

HOM o6nacTH paBH51JICH rrpHMepHo 20 MKM. Ka)l()J,aH 3KCrrepHMeHTaJibHaH 

TOqKa B cpa30BOM 3aBHCHMOCTH cpOTOTOKa 6bIJia rronyqeHa B pe3yJibTaTe 

ycpenHeHH51 naHHhIX no 60-80 na3epHbIM HMrrynhcaM. IlpH 3TOM norryc

THMaH cpnyKzyaI.J,H51 MOII.J,HOCTH Jia3epHOfO H3JiyqeHH51 COCTaBJIHJia ±5 %. 
Crreu,HaJihHbre Mepbr 6bIJIH rrpennpHHHTbI MH crn6HJibHoro rrepeKpbITHH 

MOHOXpOMaTHqeCKHX KOMITOHeHT H3JiyqeHH51 B cpOKaJibHOM o6JiaCTH H 

BbICOKOM npocTpaHCTBeHHOM KOrepeHTHOCTH Jia3epttoro H3JiyqeHH51. 

2 

Puc. 10.3. 3Kcneptt:MeHTa.rtbHaH ycTaHOBKa 3JIJmoTa c coTpyp,Htt:KaMtt: no tta6mo

p,ettmo <PaJOBOI'O KOHTpOJJJ! Ha CBJ!JaHHO-CBl!JaHHOM nepexop,e 

3aperncTpHpOBaHHa51 B 3KcrrepHMeHTe [ 1] rny6HHa cpa30BOM MO)J,y

JI51I.J,HH cpOTOTOKa, xapaKTepH3YIOII.J,a51 3cpcpeKTMBHOCTb KorepeHTHOfO 

cpa30B0f0 KOHTPOJIH, COCTaBMJia 15 % rrpH MaKCHMaJibHO B03MO)l(HOM 

pacqeTHOM 3HaqeHHH 30 %. OrpaHHqeHHe Ha pacqeTHYIO BeJIHq11Hy rny-

6HHbI cpa30BOM MO)J,YJIHI.J,MM rrpOMCTeKaeT M3 pa3JIHqHoM npocTpaHCTBeH

HOM 3aBMCHMOCTM MHTeHCMBHOCTH H3JiyqeHM51 Ha OCHOBHOM qacTOTe H 

ero TpeTbeM rapMOHMKH B cpOKaJibHOM o6naCTH. 0TKJIOHeHMe H3MepeH

HOfO 3Haqemrn )J,aHHOM BeJIHqMHbI OT pacqeTHOfO aBTOpbI CB513bIBaJIM c 

BJIH51HMeM pH)J,a cpaKTOpOB, TaKMX KaK: HeCOBepIIIeHHOe rrepeKpblTMe Jia-



10.3. 3KcnepuMeHmbl no </Ja3060MY K0Hmpo1110 ..Jv. 403 

3epHbIX nyqKOB, HeOnT11MaJihHOe OTHOWem1e BepOHTHOCTeM OLl,HO- 11 TPeX

<t>oTOHHOro nornomeH1151, 3<l><l>eKT HaCbIIUeH1151 11 CLl,Blif BepxHero 3Hep

reTH'IeCKOro ypoBHH Bcnencrn11e L1,11HaM11qecKoro 3<l><l>eKTa lllTapKa. 

11.HaH cxeMa B036y)l(Jl.eH1151 aTOMOB B Ll,liCKpeTHOM cneKTpe 11CITOJih-

30BaJiaCb Ll,JIH peaJI113au1111 KorepeHTHOfO KOHTpOJIH B CTaTbe [21. K1mH

TOBaH 11HTepqiepeHU11H pa3n11qHhIX KaHaJIOB npouecca Ha6mo;:i:aJiacb np11 

B036y)l(Jl.eH1111 aTOMOB KpliITTOHa 11 KCeHOHa 113 OCHOBHOfO COCTOHH11H B 

B036y)l(Jl.eHHOe COCTOHHlie (Sp[S/212 - B cny•rne KPlinTOHa 11 4/[3/212 -
B cnyqae KCeHOHa) 3a cqeT nornomeH1151 l13JIY'IeH1151 Ha OCHOBHOM qacTO

Te 11 ero TpeTbeil: rapMOH11Ktt. BepoHTHOCTh B036y)l(Jl.eH11H perncTpttpo

Banach no ClffHaJIY <l:>OTOTOKa, Bhl3BaHHOfO OLl,HO<l:>OTOHHOM 110Hl13au11eil: 

B036y)l(Jl.eHHOro COCTOHHHH aTOMa l13Jiy'leHtteM Ha OCHOBHOM qacTOTe. 

<l>a30Ba51 3aBttCHMOCTh npo11ecca B03Hl1KaJia B pe3yJihTaTe KBaHTOBOM 

11HTep<l:>epeH111111 Ll,Byx KaHaJIOB B036y)l(Jl.eHtt51: 

I) 'leThipex<t>oToHHoro nornomeHttH Ha ocHOBHOM 'laCTOTe; 

2) nornomeHliH OLl,HOro <t>ornHa Ha OCHOBHOM lJaCTOTe 11 OLl,HOro 

<t>oTOHa Ha lJaCTOTe TpeTbeM rapMOH11Kl1. 

MPI 

350 

18 

• 

23 28 33 38 

,ll,as11eHHe Ar, Topp 

Puc. 10.4. <l>a3osal! Mo,nymn.urn c11rnaJ1a <t>oTOTOKa (KorepeHTHhIH <t>aJOBhIH 
KOHTpOJJh), 3aper11CTp11posaHHal1 B 3KCnep11MeHTe 3JJl10Ta c co
TPYAHl1KaM11 [I) 

B 3TOM cnyqae, 6naronapH BhICOKoil: HeJI11Heil:HocT11 npo11ecca yna

nocb ITOJIY'Jl1Th 60JihWee 3Ha'1eH11e K03<l:><l>111111eHTa MOLl.YJIHl11111, qeM B 

pa6oTe 3nnttoTa c coTpyL1,H11KaM11 (p11c. 10.4). 
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Pattee paccMaTpHBa.JIOCh 6wxpoMaTwqecKoe B036~ettwe aTOMOB B 

)J.HCKpeTHOM crreKTpe. Ilpe)J.CTaBJIHeT HHTepec HCCJie)J.OBaTb oco6eHHO

CTH KorepeHTHOfO KOHTPORH rrpH nepexo.zxe aTOMHOro 3ReKTpOHa H3 

CBH3aHHOf0 B aBTOHOHH3aUHOHHOe COCTOHHHe. (ABTOHOHH3aUHOHHbIM 

Ha3bIBaeTCH COCTOHHHe, KOTOpoe HOHH3HpyeTCH 6e3 BHenrnero B03)1.ei1-

CTBHH B pe3yRhTaTe BHYTPeHHHX B3aHMO)J.eHCTBHH B CHCTeMe.) TaKOH 

3KcnepHMeHT 6hm nocrnBneH B pa6oTe [3]. Ha6mo.zxarrcH <l>a30Bhii1 KOHT

ponh B036~eHHH aTOMa Ka.JibUHH B aBTOHOHH3aUHOHHOe COCTOHHHe 

4 p7 s [l/2]~ 3a cqeT HHTep<l>epeHUHH .ZXBYX KaHanoB: Tpex<t>oTOHHoro 

rrornomettHH Ha OCHOBHOH qaCTOTe H 0)1.HO<l>OTOHHOro nornomeHHH Ha 

qacTOTe TpeTbeit rapMOHHKH (cxeMa KOHTpORH «3 + l», H306pa)[(eHHa5I 

Ha pHC. 10.5). 

4s+ is1;2 ~""'"'"""" 

4s8s 1~ --------------------

4p+ 2p1/2 

4p7s[1/2] 1 

Puc. 10.S. CxeMa 6MxpoMan1qecKo

ro B036yJK,!1,eHIDI aTOMa KaJlhl.lf!H B as

TOMOHM3al.IMOHHOe COCTOHHMe 

B KaqecTBe HaKaqKH wcnonh30Ba.JIOCh H3nyqeHtte nepecTpaHBaeMoro 

na3epa Ha KpaCHTene c MHHOH BORHhI 435 HM, MHTeRbHOCTblO HMilYRh

ca 10 HC, 3Heprnei1 B HMilYRbCe 5 M.Ll.)[( H IIIHpHHOH cneKTpa 0, 1 CM-1 . 

.LJ.ocTHrHYTaH rny6HHa <l>a30BOH MO.ZXYRHUHH COCTaBRHna npttMepHO 43 %. 
ABTOpbI CTaTbll [3] OTMeqa.JIH, qrn .zxaHHaH pa6orn HBRHeTCH nepBbIM waroM 

Ha ITYTH K )J.OCTH)[(eHHlO ynpaBneHHH cneKTPa.JibHOH <l>opMOH aBTOHOHH-

3aUHOHHOro pe30HaHca c IlOMOIIIhlO BapwauHH 6wxpoMaTHqecKOH <l>a3bl. 

.LJ.pyroi1 Ba)[(HbIH BhIBO)J. HX 3KCnepHMeHTa COCTOHT B .zxeMOHCTpauHH 

B03MO)[(HOCTH <l>a30BOro KOHTpORH 6e3 <l>OKYCHpOBKH na3epHoro H3nyqe

HHH, qTo Ba)[(HO c TOqKH 3peHHH npHRO)[(eHHH, HanpHMep, MH KorepeHT

HOro KOHTpORH <l>oTOXHMHqecKHX peaKUHH. 
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<l>a30BbIM KOHTPOJib MO)l(eT tta6mo,IJ,aTbC51 npH 6wxpoMaTH'IeCKOM 

B036y)l(,ll,eHHH BHenrnero HJIH BHyTpettttero cpoT03cpcpeKTa B rnep,ll,OM 

TeJie. BttellIHHM cpoTo3cpcpeKT npe,IJ,CTaBJI5leT co6oti wcnycKattwe 3JieK

TpottoB IlOBepXHOCTblO TBep;:i;oro TeJia IlO,ll, ,IJ,eMCTBHeM 3JieKTpOMar

HHTHOfO H3JiyqeHH51. BttyTpeHHHM cpoT03cpcpeKT B03HHKaeT B pe3yJib

TaTe cpoTOHH.ll.YU:HPOBaHHbIX nepexo,IJ,OB HOCHTeJieti 3JieKTpwqecKoro 

TOKa B o6beMe rnep,ll,bIX TeJI. 3TH nepeXO,ll,bl MoryT 6bITb Me)l(30HHbl

MH, BHYTPH30HHbIMH, npttMecb-30HHbIMH, a TaK)l(e npowcxo,ll,HTb Me)l(,ll,y 

KBaHTOBO-pa3MepttblMH ypOBH51MH 3HeprnH B HaHOCTPYKTYPHPOBaH

HbIX cpe,IJ,ax. 

Xopolllo H3BeCTHO, qTo B cJiyqae uettTpaJibHO-CHMMeTpwqttoro 06-

pa3u;a B OTCYTCTBHe BHelllttero IlOJI51 HeB03MO)!(H0 MOHOXpOMaTwqeCKOe 

B036y)l(,ll,eHHe CTaU:HOHapHoro 3JieKTpwqecKoro TOKa, T. e. OTCYTCTByeT 

o6beMHbIM cpoToraJibBaHHqecKHM 3cpcpeKT. B TO )Ke BpeM51 npw B036y)!(

;:i;ettHH HOCHTeJieti 3ap51,ll,a B ueHTpaJibHO-CHMMeTpHqHQM rnep,ll,OM TeJie 

IlO,ll, ,IJ,eMCTBHeM 6HxpoMaTwqecKOfO Il0JI51 BH,IJ,a (10.14) B03MO)l(eH TaK 

Ha3bIBaeMbIM KorepeHTHblM cpoTOfaJibBaHHqecKHM 3cpcpeKT 6e3 npHJIO

)!(eHH51 BHelllttero Hanp51)1(eHH51. flepBa51 3KCnepttMeHTaJibHa51 pa60Ta IlO 

BHYTpetttteMy cporn3cpcpeKTY npH 6wxpoMaTwqecKOM B036y)l(,ll,eHHH [4] 
6bIJia IlOCB5lllleHa cpa30BOMY KOHTpOJIIO TOKa B CJIOHCTOM noJiynpOBO,ll,

HHKOBOM CTPYKType AlGaAs/GaAs. CrnH,IJ,apTHbIM cpornnptteMHHK tta 

octtoBe ,IJ,aHHOM CTPYKTYPhI HMeeT B HHcppaKpacttoM ;:i;wanaJotte 3ttaqH

TeJibHYIO BeJIJiqHHY ,ll,H3JieKTpHqecKOM BOCilpHHMqffBOCTH BTOporo no

p51,ll,Ka x<2>, OTBeTCTBeHHOM 3a ,ll,ByxcpOTOHHOe nornometttte. 003TOMY B03-

MO)l(Ha KBaHTOBa51 HHTepcpepeHU:H51 aMilJIHTY.ll. O,ll,HO- H ,ll,ByxcpoTOHHOfO 

nornomemrn npw B036y)l(,ll,eHHH nepexo,IJ,oB Me)!(,ll,y 3HepreTHqecKHMH 

IlO,ll,30HaMH KBaHTOBbIX 51M B 06pa3u;e AlGaAs/GaAs . .[J,aHHOe o6cT051-

TeJibCTBO 6bIJIO HCilOJib30BaHO B pa6oTe [4] ,ll,JI51 peaJIH3aU:HH cpa30BOfO 

KOHTPOJI51 cpoTOTOKa. 

KBaHTOBa51 51Ma npe,IJ,CTaBJI5leT co6oti o;:i;tt0Meptty10 noTettuHaJihHYIO 

51My, pa3Mep KOTOpoti nop51,ll,Ka ,ll,JIHHbl BOJIHbI ,IJ,e-EpOMJI51 ,.l(DB) 3aXBa

qeHHOM 51MOM qacTHU:hI. B cJiyqae 3JieKTpotta c 3Heprneti E, nOJib3Y51Cb 

onpe,IJ,eJieHHeM ,ll,JIHHbl BOJIHbl ,ll,e-EpotiJI51 ,.l(DB) = h/p, HeTpy,ll,HO IlOJiy

qHTb ouettKY: 

A (DB) oc 21ta 
B 
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r.n:e a8 = 0,53 A - pa.n:wyc fiopa. Ecntt \£\ ""0,1 38, To A,(DBl ""40 A, 
TaKMM o6pa30M pa3Mep noTeHUMaJibHOM 51Mbl Jie)l(MT B ttaHoMeTpOBOM 

.n:ttana3oHe ,ll,JittH. Ecntt urnpttHa 51Mbl y.n:osnernop51eT yKa3aHHOMY Tpe-

6osattmo, TO 6y.n:eT ttMeTh MeCTO KBaHTOBatttte nonepe,rnoro ,ll,Btt)l(etttt51 

HOCttTeneti 3ap51,Ua, KOTOpoe MCITOJlb3yeTC51 B pa3JIMqHoro po.n:a onTo-

3JieKTpOHHhlX ycTpOttCTBax. 

HattocTpyKTyphr Tttna KBaHTOBhIX 51M MorYT 6bITb ccpopMttpoBattbI B 

Btt.n:e TOHKoro cno51 nonynpoBO,ll,HttKa c Y3Kott 3anpemettttoti 3ottoti Eg, 
OKp~eHHOfO nonynpoBO,UHMKOM c 6oJihlllett llIMpMHOM 3anperueHHOtt 

30HbI, c noMOIUbIO MOJ1eKyJ1RpHo-J1y'le6oii 3numaKcuu. 8 paccMaTpttBae

MOM cnyqae B pontt y3K03ottttoro nonynpoBO,ll,HttKa BbICTynaeT GaAs 

(Eg = 1,5 38), a B pOJIM llIMpOK030HHOf0 - coe,ll,ttHeHMe AlxGal -xAs, B 

KOTOpOM ,ll,OJ151 x aTOMOB faJIJIM51 3aMettetta aTOMaMM aJIIOMMHM51. lllttpM

Ha 3anperueHHOtt 30Hbl 3TOro coe,ll,ttHeHM51 KOJie6neTC51 (B 3aBMCMMOCTM 

OT BenttqMHbI x) s npe.n:enax 1,5 38 < Eg < 2,2 38. 8 3KcnepttMettTe [4] 
MCnOJib30BaJIMCb KBaHTOBbie 51Mbl c urnpttHOtt 5,5 HM M napaMeTpOM 

x = 0,26. YpoBHtt 3tteprntt tt BOJIHOBhre cpyttKUMM 3JieKTpoHa B KBaHTO

BOtt 51Me .n:attttoro Tttna noKa3attbI tta pttc. 10.6. 

al .., 

0AHoct>oroHHoe nornow,eHHe, 
,\= 5,J MKM 

IE. A) 

300~ 

:t: 200 ,; 
~ 
Q. 
Gl 
:i:: 

(T) 
100 

0 

-40 -20 0 20 40 

Hepe30HaHCHoe 

AByxq,oroHHoe nornow,eHHe, 
,\ = 10,6 MKM 1£, S) 

-40 -20 0 20 40 
PacCToRHHe, HM 

Puc. 10.6. )J,sa K3HaJia B036~eHJ1l! BHyTpettttero cj:>OT03cj:>cj:>eKTa Ha KB3HTOBblX 

HMax s noJ1ynposo.L1HHKOBOH cTpyKType A!GaAs/GaAs 

<l>oTOTOK B 3KCnepMMeHTe B03HMKaJI B pe3yJibTaTe B036y)l(,ll,eHM51 

3JieKTPOHOB M3 OCHOBHOro ( CB513aHHOfO) COCT051HM51 KBaHTOBOtt 51Mbl 
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B COCT051HMe, COOTBeTCTBYIOll.l,ee HHcpMHHTHOMY ,ll,BmKeHMIO, ITO)], ,ll,eH

CTBtteM 6ttXpOMaTM'leCKOf0 H3JIY'leHM51 Ha ,ll,JlttHaX BOJIH Al= 10,6 MKM 

H A. 2 = 5,3 MKM (cM. pHc. 10.6). TaKttM o6pa3oM, HMeJIOCb ,ll,Ba Kattana 

npouecca: O,ll,HOcpOTOHHOe rrornomeHtte Ha ,ll,JlttHe BOJIHbl 5,3 MKM M 

,ll,ByxcpoTOHHOe IIOrJIOUJ,eHMe Ha ,ll,JlttHe BOJIHbl 10,6 MKM. <l>a30BbIH KOH

TpOJib cpoTOTOKa B03HMKaJI KaK CJie,ll,CTBtte KBaHTOBOM HHTepcpepeHUMH 

3THX KaHaJIOB. B rrpe,ll,CTaBJieHHOM Ha pttc. 10.6 CJiy'!ae B OTJIH'ltte OT 

B036y)l()J,eHtt51 B .ll,HCKpeTHOM cneKTpe aMIIJIHTY.ll,bl o6ottx KaHaJIOB OT

JIH'IHbl OT HYJI51, IIOCKOJibKY BepXHMH 3HepreTtttieCKHH ypoBeHb, nptt

Ha.n,Jie)!(all.l,HH HenpepbIBHOMy cneKTPY' Bb!po)l()J,eH no qeTHOCTH. 0.n

HOcpOTOHHOe B036y)l()J,eHHe npottCXO,ll,HT B He'leTHOe KOHe'IHOe COCT0-

51Htte (A), a ,ll,ByxcpOTOHHOe B036y)l()J,eHtte - B qeTttoe COCT051HMe (S) 
TOH )!(e 3tteprttH. 

l13Jiy'!eHHe Ha OCHOBHOH qaCTOTe rettepttpOBaJIOCb 0,ll,HOMO,ll,OBbIM 

co2 Jia3epOM c ,ll,JIMTeJibHOCTbIO HMIIYJibCOB I 00 HC rrptt qacTOTe IIOBTope

HH51 2 ru. Y,ll,BOeHtte 'laCTOThl npOHCXO.ll,HJIO B KpMCTaJIJie AgGaSe2 c 3cp

cpeKTHBHOCTbIO nop51,ll,Ka 2 · I0-4. BeJitt'IMHbI o.ntto- tt ,ll,ByxcpoTOHttoro no

rnoUJ,eHtt51 Bb!paBHHBaJIHCh c IIOMOlll,bIO Ha6opa cpttJibTpOB c ueJibIO IIOJiy

qeHtt51 MaKCHMaJibHOH 3cpcpeKTHBHOCTH cpa30BOro KOHTPOAA. 113Mepetttte 

cpOTOTOKa B nepttO,ll,H'leCKOH CTpyKrype, COCT05ll1IeH 113 25 KBaHTOBblX 51M 

GaAs/Ga0 74Al0 26As c TOJill.l,HHOH 55 A tt paccTo51HtteM Me)!(JJ:y coce,ll,HHMH 

51MaMtt 3i'5 A; npoBO,ll,HJIOCh nptt TeMnepaType T = 82 °K. BeJitt'IMHa 

tt HanpaBJieHtte perttCTpttpyeMOfO cpOTOTOKa tt3MeH51JIHCh B HHTepBa

Jie IO MKA 3a C'leT BapttaUtttt' OTHOCttTeJibHOH cpa3bI <Pbh = <P 02 - 2<P 01 . 

BapttaUHSI 6ttxpOMaTtt'leCKOH cpa3bl ocymecTBJI51Jiacb c IIOMOlll,bIO IIOBO

porn nnacTttHKtt tt3 NaCl, qepe3 KOTopy10 rrponycKaJIOCh 611xpoMaTtt

qecKoe tt3Jiy'leHtte. 00,ll,'lepKHeM, 'ITO cpoTOTOK B ,ll,aHHOM 3KCIIepttMeHTe 

B03HHKaJI 6e3 npttJIO)!(eHtt51 BHeurnero Hanp51)!(eHH51 K CJIOHCTOH CTpyK

Type AIGaAs/GaAs. TaKttM o6pa3oM, B pa6oTe [4] 6bma 3KcnepttMeH

TaJihHO rrpo,ll,eMOHCTpttpOBaHa B03MO)!(HOCTb KorepeHTHOfO KOHTpOJI51 cpo

TonpoueccoB B IIOJiynpOBO,ll,HMKOBblX HaHOCTpyKTypax c IIOMOll.l,bIO 6tt

xpoMaTtt'leCKOf0 M3Jiy'!eHM51 KpaTHhlX qacTOT. 

OoMttMo BblUiett3JIO)!(eHHhIX ttMeeTc51 3Ha'lttTeJihttoe KOJitt'leCTBO 

3KCIIepttMeHTaJihHhIX pa60T no KOrepeHTHOMY cpa30BOMY KOHTpOJIIO cpo

TOHOHtt3aUttH aTOMOB tt MOJieKyJI, cpOTO,ll,HCCOUttaUtttt MOJieeyJI, BHeUI

HeMy cpOT03cpcpeKTy, B036y)l()J,eHHIO CIIHHOBOro TOKa B TBep.ll,bIX TeJiax 

ITO)], ,ll,eHCTBtteM 6ttxpoMaTtt'leCKOfO H3JiyqeHM51 c KpaTHhIMH qacTOTaMtt 

(cM. o63op [5]). 
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10.4. 5HXPOMATH4ECKOE B035Y>KAEHHE 
ATOMOB B 3nEKTPH4ECKOM nonE 

B )J,attttOM pa3.lieJie attamn11pyeTrn HOBhIH THn cpa3osoro 

KOHTpomr B036y)l(,UeH115I aTOMOB B .lIMCKpeTHOM cneKTpe IlO.lI )J,eHCTBHeM 

611xpoMaT11tJeCKOfO IlOJIH, COCTOHIIJ,ero 113 113JiyqeH115I Ha OCHOBHOH qac

TOTe 11 era BTOpOH rapMOH11K11. )].AA npeO)J,OJieHUH o6cy)l(,UaBUieroc5I BhIUie 

3anpern no tJeTHOCTH B036y)l(,UaeMbIH aTOM Il0)],BepraeTC5I .lIOITOJIHHTeJib

HOMY B03.lieticTBHIO nocTOHHHoro 3JieKTp11qecKoro noJIH. Tor)J,a oKa3hI

saeTCH B03Mo:lKHhIM He TOJihKO peaJI1130BaTb cpa30BhIH KOHTPOJih 611xpo

MaT11tJeCKHM noJieM 3a)J,aHttoro THna, HO 11 IlOJIYtJHTh .lIOilOJIHHTeJibHhIH 

napaMeTp KOHTPOJI5I - HanpmKeHHOCTh IlOCTOHHHOro IlOJIH, 'ITO MmKeT 

OKa3aTbC5I HHTepeCHhIM .lIJ15l npaKTH'leCKOro 11CITOJih30BaH115I. 

PaccMoTpHM KorepeHTHhIH cpa30BhIH KOHTPOJih B036y)l(,UeH11H sanem

Horo 3JieKTpOHa IIJ,eJIO'IHOrO aTOMa B .lIMCKpeTHOM cneKTPe Ha nepexo)J,e 

Me)!(.lly cocTOHH115IMH c paBHhIMH HYJIIO op611TaJihHhIM11 MOMeHTaM11. B 3TOM 

cJiyqae BhI'mCJieH11e sepoHTHOCTH npouecca Ha1160Jiee npocTo, a cooT

BeTcTBy10ru11e Jia3epHhre qacTOThI Jie)!(aT B B11.ll11MOM 11 6JIH)!(HeM yJihTpa

cp110JieTOBOM )J,11ana30He. 

HrnK, nycTh Ha aToM IIJ,eJIOtIHoro MeTaJIJia B03LieticTsyeT 611xpoMa

T11tJecKoe noJie, npe.lICTaBJIHIOIIJ,ee co6oti KorepeHTHYIO cynepno311u1110 

113JiytieH115I Ha OCHOBHOH qacTOTe 11 era BTOPOH rapMOH11K11 c KOHTpOJIH

pyeMOH pa3HOCThlO cpa3 (B cpopMyJie (10.14) H~HO IlOJI0)!(11Th n = 2). 
OpemrnJiaraeM TaK)l(:e, 'ITO aTOM noMeIIJ,eH B nocTOHHHoe 11 OLIHOPOLIHOe 

3JieKTp11qecKoe noJie c HanpH)!(eHHOCThIO Po· BhrtJ11cJI11M sepoHTHOCTh 

611xpOMaT11tJeCKOro B036y)l(,UeHl15I aTOMa 113 HatiaJihHOro COCT05IH115I ln;s) 
B KOHetIHOe COCT05IHl1e ln_r). PacCMOTpeH11e npOBO.lil1M B npe)J,IIOJIO)!(e

Hl111 cnpase)J,JI11BOCT11 Teop1111 B03MyrueH11ti. B OTCYTCTB11e 3JieKTp11qec

Koro IlOJIH 0.lIHOcpOTOHHOe IlOrJIOIIJ,eHHe Ha qacTOTe BTOpoti rapMOH11Kl1 

3anperueHo npaB11JiaM11 oT6opa. Bo3.lieticTB11e 3JieKTp11qecK.oro noJIH B03-

MymaeT HatJaJibHOe 11 KOHetIHOe COCT05IHl15I aToMa, np11MeUI11Ba5I K HMM 

cocTOHHHH c npoT11sonoJIO)!(HOH tieTHOCThIO. B pe3yJihTaTe MaTp11tIHhIH 

3JieMeHT onepaTopa .ll11IlOJihHOfO MOMeHTa, onpe)J,eJI5IIOIIJ,11H 0.lIHOcpOTOH

HOe nornomeH11e, paseH: 
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3)],eCh no )J,Ba)l()J,bl ITOBTOp51lOUJJfMCH 11H)J,eKCaM no)J,pa3)'MeBaeTCH C)'M

Ml1POBaH11e. CTp11 3arr11c11 rrpaBoti 1.JaCTl1 (10.34) y 1neHo, 'ITO npaB11Jia 

OT6opa pa3peUJaIOT rrepeXO)J,hl 113 Ha'laJihHOro 11 KOHe'IHOfO S-COCTOHHHH 

B rrpoMe)[()'TO'IHhie p-cocTOHHHH (~ = 1). AMrrJIHT)')J,a rrornomeHHH O)J,HO

ro ¢oTOHa BTOpoti rapMOH11Kl1 Ha nepexo)J,e ln;s) ~ ln_r) c yqeTOM B03MY

meHHH aTOMa ITOCTOHHHhlM 3JieKTpH'leCKHM ITOJieM npe)J,CTaBHTCH B Bl1)J,e: 

(10.35) 

CTpH 3arrttc11 ¢opMyJibI (10.35) yqTeHo, 'ITO rrornomeHHe 11H)J.YUHPY

eTcH ITOJIO)[(HTeJibH0-1.JaCTOTHOH COCTaBJIHIOIUeti HanpH)[(eHHOCTH 3JieKT

PH1.JeCKOro ITOJIH BTOpoti rapMOHHKH, KOMnJieKCHaH aMITJIHTy)J,a KOTOpoti 

paBHa: 

CyMMa no rrpoMe)[()'TO'IHhlM COCTOHHHHM B npaBOH 1.JaCTH paBeHCTBa 

(I 0.35) MO)[(eT 6bITb Bbipa)[(eHa qepe3 TeH3op pacceHHHH 3JieKTpOMar

HHTHoro ITOJIH c B036y)l()J,eHl1eM aTOMa 113 Ha'laJibHOro COCTOHHHH ln;s) B 

KOtte<rnoe COCTOHHHe /n_;): 

(10.36) 

B pe3yJihTaTe MH aMnJIHTY)J,bI O)J,tto¢ornHttoro nornomettHH H3Jiyqe

HHH Ha 1.JaCTOTe BTOpoti rapMOHHKH noJiyqaeM CJie)J,yiomee BblpU)[(eHHe: 

(10.37) 

CTpH BhIBO)J,e (10.37) 6bIJIO yqTeHo, 'ITO )J,JIH rrepexo)J,OB Me)l()J,y aTOM

HbIMl1 COCTOHHHHMl1 c HyJieBb!M MOMeHTOM TeH30p pacce5JHH5I npeBpa

maeTC5I B CKaJIHp: 

lk s:lk 
CJ; = Cfiu . 
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8b1pa)[(effll.e MH aMITJHITY.Uhl .UBYXcPOTOHHOfO nornorn:emrn M3Jiyqe

HM>I Ha OCHOBHOH qacTOTe MO)[(eT 6bITb IIOJiyqeHO CTatt.uapTHbIM o6pa-

30M, KaK 3TO OIIMCaHO B pa3.U. 6.5: 

A(2abs) _ 1 £2 ( 2 . ) ( ) 
Ji -

8
1i 01 exp - 11Po1 c Ji -OJ, OJ · (10.38) 

IlpM 3anttCH (10.38) cyMMa no npoMe)[(yTOqHbIM COCTO>IHM>IM B <t>op

MyJie (6.40) 6hma Bh1pa)[(eHa qepe3 cKam1ptty10 'laCTh TeH30pa pacceH

HM>I, TaK )[(e KaK IIPM nepexo.ue OT Bb!pa)[(eHMH (10.35) K <t>opMyJie (10.37). 
flOJIHa>I BepO>ITHOCTb B036~eHM5l aTOMa B e.UMHMUY BpeMeHM npo-

IIOpll,MOHaJibHa KBa.upaTy M0.UYJI5I CYMMhl aMIIJIMTY.U (10.37) M (10.38). 
CoorneTcrny10rn:ee Bb1pa)[(ettwe .uaeTc>I paBeHCTBOM: 

(tot) ( ) _ 
Wj; tp - (10.39) 

n 3 2 
= li2c 2 G1; (OJ) 11

2 1 c Ji (-OJ, OJ)+ 4 cos (a )r01 vf17 exp (-i~tpbh) c Ji (0, 20J )I , 

r.ue r 01 = F0/ F01 - OTHOIIIeHMe ttanpR)[(eHHOCTH IIOCTO>IHHoro 3JieKTptt

qecKoro ITOJIH H 3JieKTpMqecKoro ITOJIH B M3JiyqeHMH Ha OCHOBHOH qac

TOTe; /1 - MHTeHCHBHOCTb H3Jiy'leHM>I Ha OCHOBHOH qaCTOTe, 

I = cEJ1. 
1 8n ' 

1'/ = !if fl - OTHOWetttte MHTeHCHBHOCTeii MOHOXpOMaTttqecKHX KOMITO

HeHT rronR (10.14); G1/0J) - cPYHKUHH <t>opMhI JIHHMM nepexo.ua Ii)~ If>; 
a - yron Me)[(.lJ.y BeKTopaMH Fa M E02 ; ~tpbh = ip02 - 2ip01 - KOHTponwpy

eMhIH C.lJ.BHf <Pa3 Me)[(.lJ.y MOHOXpOMaTH'leCKHMH KOMIIOHeHTaMH M3Jiyqe

HMH ( 10.14) ( «6ttxpoMaTwqecKa>I <Pa3a» ). IlepBoe cnaraeMoe rro.u 3HaKoM 

MO.UYJIH B (10.39) OTBe'laeT .UByx<t>oTOHHOMY rrornorn:eHHIO Ha OCHOBHOH 

qaCTOTe, BTopoe cnaraeMoe - O)l.HOcPOTOHHOMY rrornorn:eHMIO Ha 'laCTOTe 

BTOpOH rapMOHHKM. flO.U'lepKHeM, qTo BTOpoe CJiaraeMOe B OTCYTCTBHe 

IIOCTOHHHOfO ITOJI5I paBH>IeTC5l HYJIIO M>I nepeXO)l.OB Me)[(.lJ.y s-COCTOHHH5l

MH aTOMa. Ilpeo6pa3yeM rrpaByIO 'laCTb paBeHCTBa (10.39) K BM.UY (10.17): 

w(tot)(~m ) = w(L) {1 + k(q, ro1) cos(~m )} 
fl 't'bh fl 2 't'bh ' (10.40) 

r.ue w~7) - BepO>ITHOCTb B036~eHHH aTOMa 6e3 yqern HHTep<t>epeHUM

OHHOfO qneHa. BenwqttHa k(q, r 01 ) npe.ucrnBJI>IeT co6oii K03cPcPMUHeHT 
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cpa30BOH MO)J.YJUIUMl-1, orrpe)J,eJieHHblH B (10. 19). ,Ll,JISI Hero c ITOMOIUblO 

cpopMyJihI (I 0.40) Haxo)J,HM cne)J.y10mee Bhipa)!(eHtte: 

( )
- 16cos(a)rwfoc1;(-w, w)c1;(0, 2w) 

k 1], ro1 - 2 2 ( 2 2 ( ) · c1;(-w, w) + 16cos a)r01 17c1; 0, 2w 
(10.41) 

OrrTHMaJihHhie 3Ha'leHHSI BeJIH'IHH r01 = Fof F01 H 1J = I/ I1 rronyqaIOT

CSI H3 YCJIOBHSI MaKCHMaJibHOH cpa30BOH MO)J.YJIHil,HH rrpouecca (k = 2), 

'ITO rrpHBO)J,HT K COOTHOIUeHHIO: 

(I I r:: ) I c1;(-w, w)I 
cos(a) v1Jro1 opt = 4c1;(0, 2w)' (10.42) 

me qacTOTa w y)J.OBJieTBopSieT 3aKoHy coxpaHeHHSI 3HeprttH 

(10.43) 

0TMeTHM, 'ITO K03cpcpm.1,HeHT cpa30BOH MO)J.YJIHI.l,HH (10.41) H OITTH

MaJibHOe ycJIOBHe (10.42) He 3aBHCSIT SIBHO OT HHTeHCHBHOCTH H3Jiyqe

HHSI II' a orrpe)J.eJISIIOTCSI OTHOilleHtteM HHTeHCHBHOCTeit 1J = I/ 11. 

J!lcrrOJih3yeM rronyqeHHbie cpopMyJihl )],JISI aHaJIH3a B03MO)!(HOCTH cpa-

30BOf0 KOHTPOJISI tjlOTOB036~eHHSI B 6ttxpoMaTH'leCKOM Jia3epHOM ITOJie 

(10.14). B Kaqecrne rrpttMepa paccMoTpHM rrepexo,[l, aToMa HaTpttsr H3 

OCHOBHOro B rrepBoe B036y)!()],eHHOe COCTOSIHHe c HyJieBbIM MOMeHTOM: 

3s ~ 4s. B 3TOM cJiyqae )J.ByxcpoToHHOe rrornomeHtte H3JiyqeHHH Ha oc

HOBHOH qacTOTe pa3perueHO )J,HITOJlbHblMH npaBHJiaMH OT6opa. 3anpeT 

no 'leTHOCTH Ha O)J,HOcpOTOHHOe nornoIUeHHe H3JiyqeHHSI BTOpoit rapMO

HHKH CHHMaeTCSI HaJIO)l(eHHeM noCTOSIHHOfO 3JieKTPH'leCKOro noAA. Pe-

30HaHCHaSI )],JIHHa BOJIHbl Ha qacToTe OCHOBHoro H3JiyqeHHSI, )],JISI KOTOpoit 

BhmonHHeTCa 3aKOH coxpaHemrn 3Heprm-r (10.43), paBtta: ..i1 = 777 HM. 

CornacHo (10.40) B 3aBHCHMOCTH OT BeJIH'IHHhI 6wxpoMaTtt'lecKoit 

cpa3bl i:ltpbh = 'Po2 - 21Po1 Me)((KaHaJibHaSI HHTepcpepeHUHSI rrpH cpoTO

B036~eHHH MO)((eT 6bITb KaK KOHCTpyKTHBHOH, TaK H )J,eCTPYKTHBHOH. 

Ha pttc. 10.7 noKa3aHa noJIHasr BepoHTHOCTh B036~eHHSI 4s-cocTOH

HHSI B aTOMe HaTpHSI ITO,[], )J,eHCTBHeM 6ttxpoMaTH'leCKOfO noJISI BH,[l,a (10.14) 

(n = 2) B 3aBHCHMOCTH OT BeJIH'IHHbl HanpSl)((eHHOCTH nocTOSIHHOfO 3JieK

TpttqecKoro nona )J.JIH pa3JIHqHhIX 3HaqeHHH 6ttxpoMaTHqecKoit cpa3hl. 

CnJIOWHaSI KpHBaSI COOTBeTCTByeT 3HaqeHHIO i:ltpbh = Jr, KOr)J,a Me)((Ka

HaJibHaSI HHTepcpepeHUHSI HOCHT )J,eCTPYKTHBHblH xapaKTep: aMnJIHTY

)J,bl )J.ByxcpoTOHHoro H O)J,HocpoTottHoro npouecca BhrqHTaIOTca. B cny-
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qae Lltpbh = 2TC (llITpMXOBaH KPMBaH) MHTep$epeHI.J,MH KOHCTPYKTMBHa: 

aMilJIMTY.!lhl KamuroB CI<Jia.UbIBaIOTCH. HaKOHeu, ecJIM Lltpbh = TC/2 HHTep

<PepeHUMOHHOe CJiaraeMoe OTCYTCTByeT. 

4 x 105 

3 x 105 

2 x 105 

1x105 

/ 
/ 

/ 

/ 
3 / 
/ 

/ 

,,--"~:.~~-_..,.,.)// 
... ::::: .................... . 

OL-~~..::::::::::::::::::.--...._~---=-=::::::::~_, 

0 5 x 103 1 x 104 1,5 x 104 2 x 104 

F0, B/cM 

Puc. 10. 7. no1rnal1 aepOJITHOCTb B eJJJIHHUY apeMeHH B036}')1(Jl.eHHll nepexot1a 

3s-4s B aTOMe ttaTpllll IlOJI t1ei1:cTBHeM 6wxpoMaTH'ieCKOro H3JJyqeHHll 

(I 0.14) (n = 2) B 3aBHCHMOCTH OT HanpIDKeHHOCTH nocmoRHHOi!O 3JJeK

TpwqeCKOfO nOJill Ml! pa3JJHqHblX 3HaqeHHM 6wxpoMaTwqeCKOM qia3bl 

ti.qibh = 9'02 - 29101: 

I - L'lqibh = n; 2 - L'lqibn = 2n; 3 - L'lqibn = n/2; ! 1 = I 04 BT/CM2; 'I = I 00; a= 0 

I-fa pwc. 10.7 cne.uyeT, 'ITO B CJiyqae .uecTpyKTHBHOM HHTep$epeHUHH 

(.!ltpbh = TC) cymecrnyeT TaKOe 3Ha'IeHwe ·HarrpH)l(eHHOCTH IIOCTOHHHOfO 

3JieKTPH'IeCKOfO IIOJIH, IIPM KOTOpOM IIOJIHaH BepoHTHOCTh B036~eHMH 

pe3oHaHCHOfO rrepexo.ua B e.nHHHUY BpeMeHH o6parnaeTC51 B HYJih. l1Hhl

MM CJIOBaMM, MO)l(HO rro.uo6paTb 6uxpoMaTH'IeCKYIO $a3y TaKHM o6pa-

30M, 'ITO 3JieKTPOHHhIM rrepeXO)J, B aTOMe rrpocBeTJIHeTCH .UJI51 6uxpoMa

TH'IeCKOfO H3JiyqeHHH (10.14) 3a C'IeT Bapuauwu Harrp51)l(eHHOCTH rro

CTOHHHOro 3JieKTpH'IeCKOro IIOJIH. ECJIH )Ke BeJIH'IMHa 6uxpoMaTH'IeCKOM 

$a3bl He paBH51eTCH CTporo TC (HJIH KpaTHOMY no MO.UYJIIO 2TC), a Jie)l(HT B 

MHTepBaJie TC/2 < Lltpbh < 3TC/2, r.ue KOCHHYC OTpuuaTeJieH, TO TO'IHOfO 

JaHyneHHH BepoHTHOCTH B036~eHH51 tte rrpoucxo.nuT. BMecTo 3Toro 

Ha KpHBOM W~;ot)(Fo) B03HMKaeT MHHHMYM TeM 6onee rny60KHM, 'IeM 

6Jilf)l(e BeJilflfHHa Lltpbh K TC. 
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.nJUI Ha6mo.nemu1 ¢a30BOfO KOHTPOJUI B036y)((.[(emrn: aTOMa B .[(MCK

peTHOM crreKTpe rro.n ,neHCTBMeM 6MxpoMaTM'IeCKOfO ITO.JUI MO:lKeT 6b!Tb 

MCITOJib30BaHa ¢0TOJIIOMMHecuem.1,m1, B03HMKaIOll.J,a.sI B pe3yJibTaTe M3-

JiyqaTeJibHbIX rrepexo.noB M3 B036y)((.[(eHHOf0 COCTO.s!HM.s! aTOMa Ha HM)l(e

Jie:lKamMe ypoBHM 3HeprnM. HarrpttMep, B paccMOTpeHHOM cJiyqae nocJie 

6ttxpoMaTM'IeCKOf0 B036y)((.[(eHMR 4s-COCTORHMR B aToMe HaTpMR B03HMK

HeT JIIOMMHecueHUM.sI B pe3yJihTaTe M3JiyqaTeJibHhIX rrepexo.noB 4s ~ 3p M 

3p ~ 3s. 11.HTeHCMBHOCTb 3TOH JIIOMMHecu,eHI.J,MM nponopu,MOHaJibHa Ha

ceJieHHOCTM ypoBH.sI 4s M no3TOMy MmKeT CJIY:lKMTh MepoH: Bepo.sITHOCTM 

6MxpoMaTM'IeCKOf0 B036y)((.[(eHMR ( 10.40). 

8hillleM3JIO)l(eHHa.sI CMTyaI.J,M.s! orneqaeT B036y)((.[(eHMIO aTOMHoro co

CTO.s!HM.s!, HeBbtpoJ1CoeHH020 no 11emHocmu. KaK M3BecTHO, B aroMe Bo.no

po.na 3HepreTM'IeCKMe ypOBHM MMeIOT TaKOe BbipO)l(.[(eHMe. Ilo3TOMY ero 

B036y)((.[(eHMe 6ttxpoMaTM'IeCKHM M3Jiy'!eHMeM c OTHOilleHMeM qaCTOT 1 : 2 

[n = 2 B ¢opMyJie (10.14)] B npMCytCTBli!H 3.JieKTpM'IeCKOfO ITOJI.s! 6y,neT 

MMeTb CBOM crreu,M¢M'IeCKMe qepTbl. l1TaK, paCCMOTpMM 6MxpoMaTM'IeC

KOe B036y)((.[(eHMe nepexo.na ls~ 2p B aTOMe Bo.nopo.na B cJiyqae, Kor.na 

3.JieKTPM'IeCKoe rroJie )l.OCTaTO'IHO CMJibHO, TaK 'ITO MO)l(HO npeHe6pe'Ib 

TOHKMM pacmenJieHMeM 3HepreTM'IeCKMX ypoBHeH. (TOHKOe pacmenJie

HMe orneqaeT CITMH-op6MTaJibHOMY B3aMMO,neMCTBMIO, KOr.na YPOBHM c 

0.[(MHaKOBbIMM op6MTaJibHb!MM M CITMHOBblMM 'IMCJiaMM, HO c pa3Hb!MM 

noJIHbIMM MOMeHTaMM o6na.naIOT pa3JIH'IHOH 3ttepmeH:.) Mo:lKHO noKa-

3aTb, 'ITO 3TO cooTBeTCTBYeT BbIIIOJIHeHMIO HepaBeHCTBa: F0 » 103 B/cM, 

r.ne F0 - Hanp.si:lKeHHOCTb nocTO.sIHHOro noJI.si. Tor.na BTopoH: 3HepreTM

qecKMH ypoBeHb aroMa Bo,nopo.na pacmenMTC.sI Ha TPM no.nypoBH.si: .nsa 

HeBb1po)l(.[(eHHh1x ypoBH.sI co cMemeHHhIMM 3Ha'IeHM.sIMM 3Heprm1 \±) M 

O.[(MH HeCMemeHHbIH, .[(Ba)l()],bl BblpO)l(.[(eHHbIH ypoBeHh, KOTOpbIM He ttr

paeT pom1 B HameM paCCMOTpeHMM, ITOCKOJibKY COOTBeTCTByeT COCTO.s!

HM.s!M c o,nMHaKoBOM qeTHOCTbIO. BoJIHOBbie ¢YHKUMM CMemetttthIX ypoB

Heli 3HepmM paBHbI: 

(10.44) 

r.ne lfl2s M lfl2po - HeB03MYllleHHhie BOJIHOBbie ¢YHKIJ,MM aTOMa BO,nopo.na, 

nptt'IeM MafHMTHOe KBaHTOBOe 'IMCJIO y BOJIHOBOM ¢YHKUMM 2p-COCTO.s!

HM.s! paBHO HYJIIO: m = 0. KaK BM,nHo M3 ¢opMyJihI (10.44), B paccMaTpM

BaeMoM CJiyqae BOJIHOBbie <l>YHKI.J,MM CMellleHHbIX lllTapKOBCKMX KOMilO

HeHT .s!BJI.s!IOTC.s! cyrrepn03MIJ,Mett HeB03Myll.J,eHHbIX BOJIHOBbIX ¢YHKUMH 

pa3/lU'IHOU 11emHocmu. B pe3yJihTaTe OKa3hIBaIOTC.sI OTJIM'IHhIMM OT HYJI.sI 
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MaTpHqHhle 3JieMeHThl 0)1.HO- H Ll.BYXtPOTOHHOfO B036y)!(J1.eHH5I aTOMa 

BOJ].OpOJ].a H3 OCHOBHOfO COCT05IHH5I Ha 3TH IIOLl.YPOBHH. TaK, 0)1.HO<}lo

TOHHOe rrornomeHHe orrpeJ].eJrneTC5I BKJiaJ].OM 2p-COCT05IHH5I B BOJIHOBbie 

<PYHKUHH (10.44), a )1.Byx<}loTOHHOe rrornomeHHe - BKJiaJ].OM 2s-COCT05I

HH51. Crreutt:<}ltt:Ka paccMaTptt:BaeMOM CHTyauHH COCTOHT B TOM, qTQ K0-

3tPtPHUHeHThl pa3JIO)KeHH5I BOJIHOBblX tPYHKUHM (10.44) no HeB03Myrn;eH

HhIM tPYHKUH5IM He 3aBHC5IT OT HaIIp5I)KeHHOCTH IlOCT05IHHOfO 3JieKTpH

qeCKOfO IIOJI5I B OTJIHqHe OT cnyqa5I meJioqHblX aTOMOB. 

qaCTOTbl rrepeXOJ].OB H3 OCHOBHOfO COCT05IHH5I aToMa BOLl.OPOJJ.a Ha 

CMeIUeHHhie IIOJJ.YPOBHH (10.44) paBHhI: 

(10.45) 

me w0 = 3/8 aT. eJ].. - HeB03MyIUeHHa5I qacTOTa nepexoJJ.a n = l ~ n = 2 

(3JJ.eCb n - rJiaBHOe KBaHTOBOe q11:cno) B aTOMe BOJJ.OPOJJ.a 6e3 yqeTa 

TOHKoro pacmerrneHH5I. PaBeHCTBO (10.45) rrpeJJ.CTaBJI5IeT co6oM: JIHHeM:

HhIM 3<}l<}leKT IIIrnpKa. 

IlpH BhIIIOJIHeHHH 3aKOHa coxpaHeHM 3HeprnH 2w = lU+ HJIH 2w = w_ 
611:xpoMaT11:qecKoe H3JiyqeHHe (l 0.14) (n = 2) B036y)!(J].aeT cMemeHHhie 

IlOJ].ypOBHH (10.44) no JJ.BYM KaHaJiaM: B pe3yJihTaTe 0)1.HOtPOTOHHOfO 

nornomeHH5I BTOpoM: rapMOHHKH H B pe3yJihTaTe )1.ByxcpoTOHHOro IIOfJIO

meHH5I Ha ocHOBHOM qacToTe. Bepo5ITHOCTh B eJJ.HHHUY BpeMeHH 3Toro 

rrpouecca, BhlqHcJieHHa5I B paMKaX nptt:MeHHMOCTH Teop1rn B03Myrn;e

HHM, paBHa: 

w(tot) = 21[G (w)I- Z2pls cos a E e-i<fJo2 + c2sls E2 e-2i<fJo112 ( l 0.46) 
± ± + 2.J2 02 s.J2 01 , 

r)].e Z2pls aT. e)].. - MaTpHqHbIM 3JieMeHT 3JieKTptt:qecKOfO )1.HilOJlhHOfO 

MOMeHTa )1.JI5I rrepexo)].a ls ~ 2p B HeB03MyIUeHHOM aTOMe BOLl.OPOJJ.a; 

a - yroJI Me)!(J].y BeKTopoM HaITp5I)KeHHOCTH IIOCT05IHHOfO 3JieKTptt:qec

KOfO IIOJl5I H BeKTopoM Hanp5I)KeHHOCTH 3JieKTptt:qeCKOfO IlOJI5I BTOpoM: 

rapMOHHKtt:; c 251, = c2,i.,(-w, w) - CKaJI5IpHa5I qacTh TeH30pa pacce5IHH5I 

3JieKTpOMarHHTHOro H3JiyqeHH5I c B036y)!(J].eHHeM aTOMa H3 ls B 2s co

CT05IHHe; G±(w) - <PYHKUHH <}lopMhI JIHHHH cMeIUeHHhIX nITpaKOBCKHX 

KOMIIOHeHT (10.44). Bb!pa)KeHHe (10.46) MO)KHO npeJ].CTaBHTh B BHJ].e 

( l 0.40) KaK tPYHKUMIO 6ttxpoMaT11:qecKOM <}la3bI .1ipbh = lf'o2 - 21Po1: 

w(tot) = w(I) {1 + k (11' 1J, a) cos (6.rp )} 
± ± - 2 bh (10.47) 
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qepe3 K03<Pqnm.HeHT cpa30BOH MO)l.YJUll.l,HH, KOTOpbIH B )l.aHHOM cnyqae 

paBett: 

(10.48) 

3)1.ech 1J = Izl 11 - OTHOUiettHe HHTeHCHBHOCTeti. MOttoxpoMaTHqecKHX 

KOMITOHettT; c - CKOPOCTb CBeTa. 

B OTJmqHe OT 6HxpoMaTHqecKoro B036y)[()J,ettmr ruenoqHbIX aTo

MOB (10.41) K03lPcpHIJ,HeHT <Pa30BOH MO.ll.YJI5II.l,HH (10.48) He 3aBHCHT 

OT ttarrpsDKeHHOCTH ITOCTOHHHOfO 3JieKTpMqecKoro IlOJIH Fo, KOTOpaH 

orrpeJJ,eJrneT pe30HaHCHbie qacTOTbI (10.45). B TO )Ke BpeMH OH HBHO 

COJJ,ep)l(HT HHTeHCHBHOCTb H3JiyqeHHH Ha OCHOBHOH qacTOTe I, ttapH

JJ,y c rrapaMeTpOM 1J = Izf 11• Ko3<PcpHIJ,HettT <Pa3oBoti. MO.ll.YJIHIJ,HH ( 10.48) 
He 3aBHCHT OT Toro, B KaKyIO H3 CMeUJ,eHHb!X nnapKOBCKHX KOMilO

HeHT B036y)(()l.aeTCH aTOM. B TO )((e BpeMH, KaK 3TO BH)l.HO H3 paBeH

CTBa (10.47), cpa30Bbie 3aBHCHMOCTH BepOHTHOCTeti. B036y)[()J,eHHH IlO)l.

YPOBHeti. J±) C,[(BHHYTbl ,r:i:pyr ITO OTHowemuo K )l.pyry Ha 180°. TaK, 

HanpHMep, eCJIH 

(nepexo)l. lls) ~ 1-) «npocBeTJieH»), TO sepoHTHOCTb 

(tot) ( ) 0 w+ b.q:ibh = 9'o = 

KaK cPYHKI.l,HH 6MxpoMaTHqecKOH <Pa3bl )l.OCTHraeT csoero MaKCHMyMa. 

PaBeHCTBO (10.48) y)l.o6Ho npe)l.CTaBHTh B <PopMe: 

(10.49) 

r)l.e /](opt) - OITTHMaJibHOe 3HaqeHHe HHTeHCHBHOCTH H3JiyqeHHH Ha oc

HOBHOH qacTOTe, npH KOTOPOM <Pa30BaH MO)l.yJIHI.l,HH BepoHTHOCTH B03-

6y)[()J,eHHH (10.4 7) MaKCHMaJibHa, 

(opt) _ c (2z2pts cosa)2 

I, - - IJ. 
21f c2sls 

(10.50) 
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HanoMHHM, qTO 3aBHCHMOCTb If0 pt)(17, a) onpe)l.emreTCH paseHCTBOM 
k(ll' 17, a) = 2. <l>opMyJihI (10.49), (10.50) )l.aIOT HarJIH.ll.HOe npe)l.cTaBJie
Htte 06 ::icp<t>eKTHBHOCTH <t>a30BOro KOHTPOAA B lllttpOKOM .llttana30He H3-
MeHeHHH HHTeHCHBHOCTett MOHOXpOMaTttqeCKHX KOMilOHeHT H yrna a. 

3KcnepttMeHTaJibHOe Ha6JIIO.lleHtte ¢a30Boro KOHTPOJUI B paCCMOT
peHHOM CJiyqae MO)!(eT 6bITb ocyrn,eCTBJieHO c IlOMOIUbIO onwcaHHOro 
BbIIUe JIIOMHHecueHTHoro MeTO)l.a. 
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11 

11.1. 

CTOnKHOBHTEnbHO
H3nY4ATEnbHblE nPOUECCbl 

~BAKAHAnATOPM03HOrOH3nY4EHH~ 

HAATOME 

l13J1)"1eHIIe QJOTOHa rrpw pacceHHMM 3ap5I)l(eHHOH qacTMI.J,bl 

Ha aToMe (Motte, MoJJeKYJJe, KJiacTepe M T. A.) Ha3bIBaeTCH mopM03HblM 

U3Jly'tenueM. HaqaJJbHOe M KOHeqttoe COCTOSIHMSI H3J1)"1aIOII.J,eH qacTHI.J,bl B 

3TOM rrpouecce rrpMHaAJJe)l(aT HerrpepbIBHOMY crreKTpy, a ::itteprnsi: M3JJY

qeHMSI qepnaeTcSI M3 ee KMtten1qecKoi1: ::itteprHM. PaccMOTpHM cttaqana 

HaH6oJJee rrpOCTOH CJlyqati:, Kor.n:a HepeJJHTMBMCTCKHH 3J1eKTpOH pacceM

BaeTCH Ha «fOJlOM» H,D,pe (T. e. SI)].pe 6e3 CB513aHHblX 3J1eKTPOHOB) c 3apH,D,o

BbIM qHCJIOM z 11crrOJib3yeM KJiaccwqecKoe Bbipa)l(eHMe AJISI MOII.l,HOCTM 

AMITOJibHOro M3JJ)"leHMH Q qepe3 ycKopettwe paccewBa10merocsi: ::ineKTpo

Ha w (ycKopeHMeM H,D,pa MO)l(HO rrpette6pe'1h H3-3a ero 60JiblllOH MaCCbI): 

Q(t) = 2e: w2(t). 
3c 

(11.l) 

CToJJHaSI ::ittepnrn TopM03HOro H3JI)"leHHH 3a Bee BpeMSI CTOJJKHOBe-

HMSI paBHa: 

E = 4e2 f lw(w)j2 dw. 
3c3 

0 2n 
(11.2) 

CTpM BbIBOJJ,e (11.2) 6bIJIO MCITOJib30BaHO COOTHOllieHMe: 

j 12 (1)d1=2f it(m)J
2 ~:. 

-~ 0 

(11.3) 

f)J,e /(t) - JJ,eHCTBMTeJibHaH QJYHKI.J,HSI BpeMettw; /(m) - ee <l>ypbe

KOMITOHeHTa. qT06bI BblqHCJIHTb KOMITOHeHTY <l>ypbe-ycKopeHHSI 
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w(w), tty:)Jrno KOHKpeTH3HpoBaTb xapaKTep .UBH)KettM11 'IaCTHIJ;bI. Xo

porno H3BeCTHO, 'ITO B CJiy'Iae IlOJI11 uettTpaJibHbIX CHJI coxpatt11eTC1I 

MOMeHT KOJIH'IeCTBa 3JieKTpotta M = mvp, r.ue v - cKopocTh 3JieKT

potta (Ha 6ecKOHe'IHOM y.uaJieHHH OT 11,llpa); p - IlPHUeJibHbIM napa

MeTp (pHC. 11.1). 

--·-·-·-·-·-·-·-·-·-·-·-·-· 
v r--~--..,--~~ 

p 

Ze 

Puc. 11.1. CxeMa pacceHmu1 3JieKTpOHa Ha H.a;pe B npu6mn1<emm npHMonponeT
HblX TpaeKTOpHil (p - npuueJibHbIH napaMeTp) 

TaKHM o6pa30M, .UBH)KeHMe 'IaCTIIUhI B noTeHUHaJie U(r = lrl) xa

paKTep1nyeTc11 .UBYM11 BeJIHlfMHaMH: Ha'IaJibHOM CKOpOCTbIO H np1meJib

HbIM napaMeTpOM, TaK 'ITO KOMilOHeHTa Cl>ypbe ycKopeHH11 3aBMCHT TaK

)Ke OT p: w(w) ~ w/w). )J,n11 noCJie.utteti BeJIM'IHHhI HMeeM: 

(11.4) 

r.ue E(w, p) - KOMnottettrn Cl>ypbe ttanp11)KettttocTH ::ineKTPM'IecKoro 

IlOM 11.upa, .uetiCTByIOIUero Ha paccettBaIOIUHMC11 3JieKTpOH c 3a,UaHHblM 

npMUeJibHbIM napaMeTpOM. BbI'IHCJIHM E(w, p) B npu6!lu:>1eeHuu npRMonpo
AemHbtX mpaeKmopuu ,UBM)KettM11 ::ineKTPOHa. )J,attttoe npM6JIM)KettMe crrpa

Be,llJIMBo ,llJI11 «,llaJieKHX» CTOJIKHOBeHHM, Kor.ua p > ac (ac = Ze2/mv2 -

KYJIOHOBCKa11 ,llJIHHa). 0TMeTHM, 'ITO ,llaHHbIM IlO,llXO,ll HCIIOJib30BaJI 

3. Cl>epMH npH paclJ:eTe B036~eHH11 aTOMOB 3ap11)KeHHbIMH lfaCTHUa

MH. HcnoJih3Y11 rrpocTei11m1e ::ineKTpo.u11ttaMMlfecK11e <f>opMyJihI, ttaxo

.UHM ,llJI11 KOMilOHeHTbl Cl>ypbe ttarrp11)KeHHOCTH 3JieKTpttlfeCKOro IlOJI11 

11.upa: 

(11.5) 
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me en, r - HOpMaJibHbIH H TaHreHUHaJlhHbIH (no OTHOIIIeHHIO K BeKTOpy 

CKOpOCTH v) eJ.J,HHHqHbie BeKTOPhI (CM. pHC. 11.1); 

F(() = Jc _o---'-s ((_~~f2 dx, 
o (1 + x 2

) 

(11.6) 

IIITpHX o6o3ttaqaeT J.J,tt<P<Pepem.1,wposattwe no aprYMettzy. 

113 tPOPMYJihI (11.2) c yqeTOM (11.4) BhITeKaeT CJieJ.J,y10mee Bbipa)J(e

HHe J.J,JIH J.J,tt<P<PepeHI.J,HaJibHOH no qacTOTe tPOTOHa 3HeprnH TOpM03HOfO 

H3JiyqeHHH: 

dEP 2e4 
2 

-d = 3 2 JJE(w, P)I. 
w JLm c 

(11.7) 

Bep051THOCTh TOPM03Horo H3JiyqeHH51 npw pacceHHHH 3JieKTpotta c 

3aJ.J,aHHbIM npwueJihHbIM napaMeTpOM 11 qacTOTOH CBH3aHa c 3Heprneil: 

( 11. 7) COOTHOIIIeHHeM: 

dWP 1 dEP 

dw = nw dw ' 
(11.8) 

a J.J,tt<P<PepeHUHaJihHOe (no qacToTe) ceqettwe npouecca pastto: 

da Pmax dWP 
dw = 2" f dw pd p, 

Pm in 

(11.9) 

rJ.J,e Pmin' Pmax - MHHHMaJibHhlH H MaKCHMaJihHhIH npwueJibHbie napa

MeTpbr. Co611pa51 <PopMyJihI (11.7)-(11.9), nonyqaeM 

da 

dw 

4e4 Pmax 2 
2 3 f jE(w, p)j pdp. 

3m c nw p. 
mm 

(11.10) 

0TCIOJ.J,a B npH6JimKeHHH np51MOnpoJieTHh!X TpaeKTOpHH HMeeM J.J,JIH 

cneKTPaJibHOfO ceqeHHH TOpM03HOfO H3JiyqeHHH 3JieKTpoHa Ha «fO

JIOM» 51,l.l,pe: 

da 

dw 

me <PYHKUHH F( () J.J,aeTCH <PopMynoi1 (11.6). 

(11.11) 



420 -Av I'11a6a I I. Cmo11KH06ume11bHO-u3Jly•wmeJ1bHble npou,eccbl 

Krraccw1ecKoro paCCMOTpeHmI OKa3bIBaeTCH He)lOCTaToqHO, qT06bI 

onpe,n:eJIMTh npe,n:eJihI MHTerpttpoBaHMH B (11.11) no npttueJihHOMY napa

MeTpy. )l,JIH 3Toro Heo6xo,n:MMO npttBJiel.Jh KBaHTOBhie coo6pa)l{eHMH. TaK, 

MMHMMaJibHaH BeJIMl.JMHa pmin onpe,n:eJIHeTCH )lJIMHOH BOJIHhI ;::i:e- fipOHJIH 

paccettBa10merocH 3JieKTPOHa: 

Ii 
Pmin = ADB =

mv 
(11.12) 

CooTHOIIIeHMe (11.12) oTpa)l{aeT TOT ct>aKT, 1.JTO MecTono11o)l{eHMe 

KBaHTOBOH 1.JaCTMUhI He MO)l{eT 6bITh onpe;::i:eJieHO TOl.JHee, 1.JeM npo

CTpaHCTBeHHaH «pa3MhITOCTh» ee BOJIHOBOH <l>YHKUMM, KOTOpaH xapaK

TepM3yeTCH )lJIMHOH BOJIHhI ;::i:e fipOHJIH. )l,JIH onpe;::i:eJieHMH MaKCMMaJib

HOro npMUeJibHOro napaMeTpa Pmax Hy)l{HO BOCilOJih30BaTbCH 3aKOHOM 

coxpaHeHMH 3HeprMM B TOpM03HOM M3JiyqeHMM If CBH3hl0 M3MeHeHMH 

MMITYJihCa HaJieTaIOIUero 3JieKTpOHa c BeJIMl.JMHOH p: t!..p "' Ii/ p, Tor;::i:a 

MO)l{HO IlOJIYl.JMTh: 

v 
Pmax = -. 

w 
(11.13) 

flpM Bh!BO)le (11.13) MCilOJih30BaJICH 3aKOH coxpaHeHMH 3HepmM B 

ct>opMe liw = vt!..p, cnpaBe)lJIMBOH )lJIH MaJihIX M3MeHeHMH MMilYJibCa 3JieKT

poHa lt!..pl = p, 'ITO OTBel.JaeT nptt6Jilf)KeHMIO npHMonponeTHhIX TPaeKTopttit 

)l,aHHOe npM6JIM)l{eHMe, peaJIM3YIOIUeecH npM ;::i:aneKMX CTOJIKHOBemrnx 

p > a0 ac = Ze2/mv - KYJIOHOBCKM MMHa no;::i:pa3YMeBaeT c11a6ocTb B3a

MMo;::i:eti:cTBMH Hanern10meti: qacTMUhI c H;::i:poM-MMIIIeHhIO. EcTeCTBeHHo, 

qTO npM c11a60M B3aMMO)leti:CTBMM 6y.n:YT M3JiyqaTbCH B OCHOBHOM HM3KO

qaCTOTHhie cl>oTOHhI. Mo)l{HO noKa3aTh, qTo cooTBeTCTBy10mee ycJIOBMe 

MMeeT BM)l: w < WC' me We = v/ ac - KYJIOHOBCKaH 1.JaCTOTa. 8 HM3K01.Ja

CTOTHOH 0611acTM apfYMeHT <l>YHKUMM F(() M ee npoM3BO.UHOH F'(() 
MeHbIIIe e;::i:MHMUhI ( = wp/ v < I, TaK 'ITO, KaK 3TO cne;::i:yeT M3 onpe;::i:ene

HMH (11.6), MO)l{HO BOCilOJih30BaTbCH CJie,n:yIOIUMMM npM6JIM)l{eHHhIMM 

paBeHcTBaMM: F(()"' I MF'(()= 0. 8 pe3yJihTaTe BMecTO (11.11) MMeeM: 

da = 16Z
2
e

6 
In (Pmax J 

dw 3m2v2c31iw Pmin · 
(11.14) 

flonyqeHHOe Bb!pa)l{eHMe JierKO 0606IUMTh Ha IlpOM3BOJihHYIO pacce

MBaIOIUYIOCH qaCTMUY, )lJIH KOTOpoti: Bh!IlOJIHHIOTCH MCilOJih3yeMbie npM-

6JIM)l{eHMH. )l,JIH 3TOro B ct>opMyJiax (11.1) If (11.4) Hy)KHO npOM3BeCTM 
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3aMeHbr: e ~ eP, m ~ mp, r;:i:e eP, mp - 3ap51;:i: H Macca HaJieTaromeH. 

qacTHU:bI (projectile). Tor;:i:a c yqeTOM (11.12), (11.13) H3 (11.14) rrpttxo

.D:HM K OKOHqaTeJibHOMY Bbipa)l(eHHIO )l,J151 crreKTpaJibHOfO TOpM03HOfO 

H3JiyqeHmI HepeJIJITHBHCTCKOH 3apJI)l(eHHOH qacTHU:bl Ha «fOJIOM» 51)1,pe B 

HH3KoqacTOTHOM rrptt6JIH)l(eHHH (nw « mpv2/2): 

(11.15) 

yfa rronyqeHHOfO paBeHCTBa cne;:i:yeT, qTo ceqeHHe TOpM03HOfO H3-

nyqeHH51 o6pamHo nponopu,uoH<l!lbHo KBaapamy Maccbt H<l!lema10w,eii •tac
muu,bt. TaKHM o6pa3oM, rrptt rrepexo;:i:e OT nerKHX 3apJI)l(eHHbIX qacTHU: 

(3JieKTpOHa, II03HTpOHa) K TH)l(eJiblM (rrpOTOHy, aJibcpa-qacTHU:e HT. ;:i:.) 

ceqeHtte paccMaTpttBaeMoro rrpou:ecca yMeHbIIIaeTCH 6onee qeM B MHJI

JIHOH pa3. 3TOT BblBOJl: )l,aJI OCHOBaHtte K IIIHPOKO H3BeCTHOMY yrnep)l(,[(e

HHIO 0 TOM, qTo TJI)l(eJibie 3ap51)1(eHHbie qacTHU:bl He H3JiyqaIOT TOpM03-

Hbie cpoTOHbI. KaK crnHeT HCHO H3 ;:i:anbHeH.IIIero, ;:i:aHHoe yrnep)l(,[(eHHe 

Hy)l(,[(aeTC51 B cymecTBeHHOH KOppeKTHpOBKe. 

CrreKTpaJibHaH HHTeHCHBHOCTb H3JiyqeHHJI paBHa ceqeHHIO rrpou:ec

ca, YMHO)[(eHHOMY Ha IIOTOK HaJieTaIOIIJ:HX qacTHU: H 3Hepr1110 H3Jiyqae

MOfO cpOTOHa, TaK qTQ (11.16) ;:i:aeT: 

(11.16) 

KaK ~e roBopHJiocb, cpopMyJihI ( 11.15) H ( 11.16) rronyqeHbI B rrptt-

6JIH)l(eHHH ;:i:aneKHX CTOJIKHOBeHHH, OTBeqaromttx H3JiyqeHHIO HH3KOqa

CTOTHbIX cpOTOHOB. BKJia)l, B TOpM03HOe H3JiyqeHHe BbICOKoqacTOTHbIX 

cpOTOHOB (I) > We ;:i:aIOT 6JIH3KHe CTOJIKHOBeHH51 p < aC' COOTBeTCTBYIO

mtte CHJibHO HCKpHBJieHHhIM TpaeKTOpHHM. CrreKTpanbHoe ceqeHtte H 

HHTeHCHBHOCTb TOpM03HOf0 H3JiyqeHH51 3JieKTpOHa B 3TOM cnyqae OIIH

CbIBaIOTC51 cpopMynaMH KpaMepca: 

da(Kram) 16nZ2e6 

(11.17) 
dw 3,/3m2v2c3nw ' 

d/(Kram) 16nZ2e6 

(11.18) 
dw 3J3m2vc3 • 
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B npaByIO tiaCTb paBeHCTBa ( 11.18) He BXO)]JIT TIOCTOHHHaH flnattKa, 

'ITO rOBOpMT 0 1IMCTO KJiaCCM1IeCKOM xapaKTepe ;::i:attttoro Bb!pa)l(eHMH. 

11ttTepectto OTMeTMTb, 'ITO cpopMyJihl KpaMepca OTIMCbIBaIOT He TOJibKO 

TOpM03HOe M3JiyqeHMe, HO M cpoTopeKOM6MttaUMIO, KOr;::i:a KOHetIHOe co

CTOHHMe M3Jiyqa10mero 3JieKTpotta npMHa;::i:Jie)l(MT LJ:MCKpeTHOMY cneKTPY 

Motta, T. e. HBJIHeTCH CBH3aHHbIM. YKa3attttoe o6CTOHTeJibCTBO HBJIHeTCH 

CJieLJ:CTBMeM Toro cpaKTa, 'ITO M3JiyqettMe B BbICOKOtiaCTOTHOM npe;::i:ene 

{,() > We «C06MpaeTCH» c yqaCTKa TpaeKTOpMM HaM60JibIUero c6JIM)l(eHMH c 

HLJ:POM, TaK 'ITO M3Jiyqa10ru;MH 3JieKTpOH «He 3ttaeT», Ky;::i:a OH nona;::i:eT 

nocne MJJiyqettMH cporntta. 

Bb1pa)l(ettMH (11.15) M ( 11.16) nonytiettbI B paMKax KJiaccttqecKoro 

paccMoTpemrn c KBaHTOBhIMM «BCTaBKaMM» (11.12) M (11.13). Rctto, 1ITO 

TaKOH no;::i:xo;::i: He HBJIHeTCH nocne;::i:oBaTeJibHbIM, HO ero Ba)l(HbIM .llOCTO

MHCTBOM HBJIHeTCH cpM3M1IeCKaH npo3pa1IHOCTb M MaTeMaTM1IeCKaH npo

CTOTa. 3.uecb yMeCTHO OTMeTMTb, 'ITO MCnOJib30BaHMe KBaHTOBO-MexaHM

qecKoro cpopMaJIM3Ma B paMKax 6opH06CKOCO npu611u:>1eeHUR npMBO.llMT K 

TaKMM )Ke cpopMyJiaM MH cetieHMH M MHTeHCMBHOCTM TOpM03HOro M3JIY-

1IeHMH HM3K01IaCTOTHbIX cpoTOHOB, 'ITO M (11.15) M (11.16). 
KpMTeptttl: 6opttoBcKoro nptt6nmKeHMH ;::i:aeTCH ttepaBettcTBoM: 

z\eep\ 
---« 1 

fiv ' 
(11.19) 

T. e. orneqaeT ;::i:ocraTOtIHO 6bICTpbIM mureTaIOru;MM qacTmi;aM. YcJIOBMe 

( 11.19) no3BOJIHeT paCC1IMTbIBaTb ceqettMe pacceHHMH no TeOpMM B03MY

ruettMH, npM1IeM OTHOIUeHMe Zleepl/nv CJI~MT MaJiblM napaMeTpOM Teo

PMM. Bo3MO)l(HOCTh KJiacctttiecKoro paccMorpettMH naeTCH ttepaBettCTBOM, 

o6paTHbIM K (11.19), TaK 'ITO BhIIUeOTMe1IeHHOe COBna;::i:ettMe peJyJibTa

TOB HBJIHeTCH B M3BeCTHOH Mepe cnyqatfttb!M cpaKTOM, TaKMM KaK, tta

npMMep, COBnanettMe KJiaCCM1IeCKOro M KBaHTOBoro pe3yJibTaTa .llJlH pe-

3epcpopnOBCKOro cetieHMH pacceHHMH 3JieKTpotta Ha H;::i:pe. 

flpM nepexo;i:e K TOpM03HOMy M3nyqeHMIO Ha aTOMe H~O yqeCTb 3K

paHMPYIOmee BJIMHHMe CBH3aHHbIX 3JieKTpOHOB, 'ITO npMBOLJ:MT K 3aMette 

(11.20) 

(ru - aTOMHbIH pa;i:Myc) B Bblpa)l(eHMHX MH ceqeHMH M MHTeHCMBHOCTM 

npouecca. ,LJ,etfcTBMTeJibHO, MH npMUeJibHhIX napaMeTpOB p > ra none 

aToMa paBtto ttyn10, TaK 'ITO ycKopettMe ttaneTa10metl: qacTMUhI OTCYT-
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crnyeT, a c HHM cornacHO (11.1) OTCYTCTByeT H TOpM03HOe H3JI)"IeHIIe. 

51CHO, qTO 3KpaHHpOBKa cylI!eCTBeHHa .wrn: ,lJ,OCTaToqHO HH3KHX qacTOT 

w < v/ra, B rrpOTHBHOM cnyqae HaJieTaIOlI!a51 qacTwu,a .uom1rna rrponeTeTb 

,lJ,OCTaTQqHo 6JIH3KO K 51.ll,py, qTo6bI H3JiyqHTb cpoTOH 3a.IJ,aHHOH qacTOTbl. 

B cnyqae TOpM03HOfO H3JI)"IeHH51 Ha MHOf03JieKTPOHHblX aTOMax, 

Koma «pa6oTaeT» MO.IJ,eJib ToMaca-<l>epMH, B Kaqecrne aTOMHoro pa.uw

yca MO)l(HO wcrroJih30BaTb pa.uwyc ToMaca-<J>epMw: 

aBb 
ra = rTF = ifZ' 

r.ue a8 = 0,53 A - 6opoBCKHH pa.uwyc; Z - 3ap51.ll,OBoe qwcno aTOMHoro 

51.ll,pa; b =: 0,8553 - KOHCTaHTa. 

3aMeHa (11.20) orneqaeT npu6JlUJICeHUIO 3KpaHUp06KU B TeOpHH TOp

M03HOfO H3JI)"IeHH51, HCITOJib30BaBIUeMyc51 r. EeTe H B. faHTJiepOM rrpn: 

o6o6lI!eHn:n: cpopMyJI M51 ceqeHH51 rrpou,ecca Ha aTOMHbIH cnyqaM:. <l>w-

3HqecKH rrpH6JIH)l(eHHe 3KpaHHpOBKH 03HaqaeT 3aMeHy aTOMHbIX 3JieKT

pOHOB C03.IJ,aHHb!M HMH pacrrpe.ueneHHeM 3JieKTpOCTaTHqecKoro 3apMa, 

3KpaHHPYIOlI!HM H.IJ,po. TaKHM o6pa3oM, CB513aHHbie 3JieKTpOHbI HCKJIIO

qa10TC5I H3 paCCMOTpeHH51 KaK ,lJ,HHaMHqecKa51 CTerreHb CB060.IJ,bl, crroco6-

Ha51 B036~aTbC51 B xo.ue TOpM03HOfO H3JI)"IeHH51 H paccewBaTb 3JieKTPO

MarHHTHOe none HaJieTa10metl qacTHU.hI. Ha caMOM .uene rrpH H3JI)"IeHHH 

)l(eCTKHX cpOTOHOB H36bITOK 3HeprHH-HMITYJibCa MO)l(eT rrepe.uaBaTbC51 

aTOMHbIM 3JieKTpOHaM, rrpHBO,lJ,51 K HX B036~eHHIO H HOHH3aIJ,HH. 

floMHMO BbIIIIeyKa3aHHOfO peaJibHOfO B036y)l(,lJ,eHH51, aTOMHble 3Jiel(

TPOHbl rrpH CTOJIKHOBeHHH aTOMa c 3ap51)1(eHHOH qacTHIJ,eH MOfYT B03-

6~aTbC51 BupmyaJlbHO. BwpTyaJihHOe B036~ettwe oTBeqaeT B03HHK

HOBeHHIO B aTOMe rrepeMeHHOfO ,lJ,HilOJibHOfO MOMeHTa, KOTOpb!H B co

OTBeTCTBHH c OCHOBHblMH IlOJIO)l(eHH51MH 3JieKTpO.ll,HHaMHKH ,lJ,OJI)l(eH 

H3JI)"IaTb 3JieKTpoMarHRTHbie BOJIHhI. TaKoM: rrpou,ecc Ha3brnaeTC51 noJ1n

pu3au,uo1111btM mopM031lblM U3fly'leHUeM, IlOCKOJibKY CB513aH c ,lJ,HHaMHqec

KOH IlOJI51pH3yeMOCTbIO aTOMa, KOTOpa51 orrpe.ue115leT H3JiyqaIOlI!MH ,lJ,li

IlOJibHbIH MOMeHT. 

floJI51pM3aIJ,HOHHOMY TOPM03HOMY H3JI)"IeHHIO MO)l(HO .IJ,aTb H .upy

ry10 HHTeprrpeTaIJ,HIO, KaK rrpou,eccy pacce51HH51 co6cTBeHHOf0 ITOJI51 Ha

JieTaIOlI!eH qaCTHU,bl (BHPTYaJibHOfO cpoTOHa) B IlOJie H3JiyqeHH51 (peaJib

HbIH cpoTOH) Ha aTOMHbIX 3JieKTpOHax. floJI51pH3aIJ,HOHHOe TOpM03HOe 

H3JI)"IeHHe 51BJI51eTC51 ,lJ,OilOJIHHTeJibHbIM KaHaJIOM H3JI)"IeHH51 rrpM pacce-

51HHH 3ap51.ll,a Ha MHIIIeHH, 0611a.ua10lI!eH CHCTeMOH CB513aHHbIX 3JieKTPO

HOB. 06bi'IHOe TOpM03HOe H3JI)"IeHHe, cylI!eCTByIOIIJ,ee H Ha «fOJIOM» 51.ll,pe, 
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6y,n:eM Ha3bIBaTb TPMHUHOHHbIM HJIH CTaTH'IeCKHM. IlocJie)J,HHH TepMHH 

rro,n:pa3YMeBaeT, 'ITO 3TOT KaHaJI .sIBm:IeTC.sI e,n:HHCTBeHHbIM B MO,n:eJIH CTa

TH'IeCKOfO pacrrpeJJ,eJieHH.sI 3JieKTPOHHOfO 3ap.sl)J,a CB.sI3aHHbIX 3JieKTpOHOB. 

BbIBeJJ,eM <f>opMyJibI )J,JI.sI rroJI.s1pH3aUHOHHOro TOpM03Horo H3JiyqeHH.sI 

6bICTpOH 3ap.sI)J(eHHOH 'IaCTHUbI Ha aTOMe, C'IHTa.sI aTOM TO'Ie'IHbIM ,[(H

IIOJieM c nom1pH3yeMOCTblO /J(w). ,Ll.JI.sI OIIHCaHH.sI )J,BH)KeHHH HaJieTaIO

mei1 'IaCTHUbl HCIIOJib3yeM, KaK H BbIIIIe, KJiaCCH'IeCKHH IIO)J,XO)J, H rrpH-

6Jm)J(eHHe npHMOIIpOJieTHbIX TpaeKTOPHH. CHOBa HCXO.UHM H3 <f>opMyJibI 

)J,JIJI MOIUHOCTH )J,HIIOJibHOfO H3JiyqeHHH, HO Ha 3TOT pa3 3aIIHIIIeM ee 

qepe3 .ll.HIIOJibHhIH MOMeHT H3Jiyqa10meit CHCTeMbI: 

Q(t) = ~jii(t)j2 . 
3c 

(11.21) 

3,n:ecb .n:Be TO'IKH o603Ha'IaIOT BTOpyIO rrpOH3BO)J,HyIO no BpeMeHH. l1H

TerpttpyJI paBeHCTBO (11.21) no BpeMeHH H HCIIOJib3YJI <f>opMyJiy (11.3) 
)J,JIH KBa,n:parn BTOpoit npOH3BO)J,HOH ,ll.HIIOJibHOfO MOMeHTa, rrpHXO,ll.HM K 

Bbipa)KeHHIO )J,JIH IIOJIHOH 3HepmH IIOJIHpH3aUHOHHOfO TOPM03HOro H3-

JIYlfeHH.sI 3a see BpeMH CTOJIKHOBeHHH, OTBe'IaIOIUero npHueJibHOMY rra

paMeTpy p: 

E = 4e: f w41/3(w)E(P)(w, p)l2 d2w' 
3c 0 ff 

(11.22) 

r,n:e E<p>(w, p) - KOMIIOHeHTa <l>ypbe ttanpH)KeHHOCTH 3JieKTpH'lecKoro 

IIOJI.sl HaJieTaIOIUeit 3ap.s1)KeHHOH 'IaCTHUbI B MecTe paCIIOJIO)KeHHJI aTO

Ma. IlpH BbIBO,ll.e 3TOH <f>opMyJibI 6bIJIO HCIIOJlb30BaHO COOTHOIIIeHHe: 

ii(w) = -w2d(w), 

CJieJJ,yIOIUee H3 orrpe,n:eJieHH.sI KOMIIOHeHT <l>ypbe. 

Ilepexo,n:H OT IIOJIHOH H3JlyqeHHOH 3HepmH K crreKTpaJibHOMY ceqe

HHIO, TaK KaK 3TO ,n:eJlaJIOCb rrpH BbIBO,n:e <f>opMyJibI (11.10), nonyqaeM )J,JI.sl 

nonHpH3aUHOHHoro TOpM03ttoro HJnyqeHHJI (Polarization Bremsstrahlung 

[I]) cneJJ,y10mee Bbipa)KeHHe: 

dCFPB - 4w3 l/3 (w )12 Pmfax I (P) ( )12 
-d- - 3 E w, p pd p. 

w 3c n -
Pmin 

(11.23) 

BepxHHH rrpe,n:eJI irnTerpttposamrn B 3Toit <f>opMyne, BbITeKaIOIUHH 

H3 3aKoHa coxpaHeHH.sI 3HepmH, onpe,n:enHeTC.sI paBeHCTBOM (l l.13), TeM 
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)l(e, qTo H ).:(JHI cTaTJiqecKoro TOPM03Horo H3JiyqeHHSI. HH)l(HHH )l(e npe

).:(eJI HHTerpttpoBamrn cymecrneHHO HHOH. B paccMaTpttBaeMoM nptt6ntt

)l(eHHH TOqeqHoro )l.HilOJISI OH onpe)l.eJISieTCSI pa3MepoM aToMa: 

(11.24) 

KaK noKa3bIBaeT aHaJIH3, pacceSIHHe Ha MaJibIX npHUeJihHbIX napa

MeTpax p < r
0 

).:(aeT MaJiblH BKJla).:( B celfeHHe IlOJISlpH3aUHOHHOfO TOpM03-

HOfO H3Jiyqemrn, IlOCKOJibKY TOr)l.a TepSieTCSI KorepeHTHOCTb B nepeH3-

nyqeHHH co6crneHHOfO IlOJISI HaJieTaIOJUett lfaCTHUbl aTOMHblMH 3JieKT

poHaMH B peanbHhIH cPOTOH. 

J13 pHc. I I. I nerKo BH)l.eTh, qTO KOMnoHeHTy <l>yphe Hanp51)1(eHHOCTH 

3JieKTPHqecKoro IlOAA HaJieTaIOJUeH qacTHUbl B npH6JllI)l(eHHH npSIMOil

poneTHbIX TpaeKTOpHH MO)l(HO BhlqHCJIHTb no <l:>opMyne, aHanornqHoH 

(11.5), c JaMeHoH 3apS1Aa 51)].pa Ha 3apS1).:( mUierniomew qacTHUbI. B pe3yJib

raTe )l.JISI HanpSI)l(eHHOCTH £<Pl( w, p) HMeeM: 

( 11.25) 

f)l.e en, e, - HOpMaJibHbIH H TaHfeHUHaJibHhIH e).:(HHHqffbie BeKTOpbI, cPYHK

UHSI F(() )l.aeTcSI paBeHCTBOM (l 1.6). CTo)l.cTaBJISISI (11.25) B (l l.23), no

nyqaeM cneKTpaJibHOe celfetttte nonSipH3aUHOHHoro TOPM03Horo H3Jiy

qeHHSI B HCilOJib3yeMOM nptt6JimKeHmf: 

daPB = 16e;w3 !P(w)l2 v/Jw dp {F2(wp) + F'2 (wp)}dp. (l l.26) 
dw 3v2c31i p v v 

'a 
0TCIO)l.a )l.JISI HHTeHCHBHOCTH HaXO)l.HM: 

d!PB = 16e;w4 lf3(w)i1 v/fw dp {F2({l)p) + F'2 ({l)P)}dp. (11.27) 
dw 3vc3 p v v 

'a 

0TMeTHM, qTo cPOpMyJia (1 l.27) He CO)l.ep)l(HT IlOCTOSIHHOH flnaHKa, 

qTo fOBOPHT 0 ee KJiaccttqeCKOM xapaKTepe. 

B npe)l.eJie HH3KHX qacTOT, Koma F(() "" 1 H F'(() "" 0, <PopMyna 

(11.26) )l.aeT: 

_da_r_B = l6e;w3 IP({l))l2 ln(-v-) 
d{l) 3v2c31i {l)r · a 

(11.28) 
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,Ll,aHHOe Bbipa)l(eHtte crrpasewrnso wrn qacTOT m < vfra, B rrpoTHBHOM 

CJiyqae H)')KHO IIOJib30BaTbC}I cpopMyJIOM (11.26). PacqeT, O.l(HaKo, IIOKa-

3bIBaeT, qTo B qaCTOTHOM .uwarra30He {[) > vfra IIOJI.HpH3aUHOHHOe TOp

M03HOe H3JiyqeHtte MaJIO. 

CeqeHHe (11.28) MO)l(eT 6bITb rroJiyqeHo B paMKax KBaHTosoro rro.u

xo.ua B CJiyqae crrpaBe.l(JIHBOCTH 6opHOBCKOfO rrptt6JIH)l(eHH.H (11.19), 
T. e. M.H 6bICTpbIX (HO HepeJIHTHBHCTCKHX) HaJieTaJOIUHX qaCTHU. 

Ba)l(HO IIO.U'-lepKHYTb, qTO Ce'-leHH.H IIOJI.Hptt3aUHOHHOf0 TOpM03HOfO 

H3JiyqeHH5I (11.26), (11.28) He 3aBHC5IT OT MaCCbl HaJiern10meii qaCTHUbl 

B KOHTpacTe c ce'-!eHHeM CTaTH'-leCKOfO TOpM03HOfO H3JiyqeHH.H (11.16). 
TaKHM o6pa30M, 6bITOBamuee .UOJiroe speM.H B cpH3HKe yrnep)l(.l(eHtte o 

TOM, '-ITO T5J)l(eJibie 3ap5I)l(eHHbie qaCTHUbI He H3JiyqaIOT TOpM03Hbie cpo

TOHbl, He pacrrpocTpaHHeTCH Ha IIOJI.HpM3aUHOHHbIM KaHaJI. ,Ll,aHHOe 06-

CTO.HTeJibCTBO CB.H3aHO c TeM, '-ITO ce'-leHHe CTaTHqecKoro TOpM03HOfO 

H3JiyqeHH.H rrporroputtoHaJibHO KBa.upary ycKopeHH.H HaJiern10rueii qac

THUhI, B TO BpeMH KaK ceqeHHe IIOJIHPH3aIIHOHHOfO Kamma OT 3T0f0 

ycKopeHHH He 3aBHCHT. 

Ce'-!eHtte rroJI.HpM3aIIHOHHoro TOpM03Horo HJJiy'-leHH.H (11.28) MO)l(

HO IIOJI}"IHTb H3 ce'-leHHH CTaTHqecKOfO rrpouecca ( 11.15) c IIOMOIUblO 

JaMeH 

m ~ m e4 ~ e2e2 p ~ p-
P ' p p ' min min ' 

(11.29) 

f.l(e ZP01(m) - 3cpcpeKTHBHblM IIOJI5IpH3aIIHOHHbIM 3apH.U aTOMa (B e.UHHH

IIaX 3apH.ua 3JieKTpotta e), 

mw 2 
2 

zpol(w) = -2 IP(w)I . 
e 

(11.30) 

Ilo;rnptt3aIIHOHHbIM 3apH.U xapaKTeptt3yeT crroco6HocTh 3JieKTpoH

Horo OCTOBa aTOMa K H3JiyqeHH10 cpoTOHa rro.u .ueiiCTBHeM rrepeMeHHOfO 

3JieKTptt'-IecKoro rroJIH. B OTJIH'-!He OT 06b1qHoro 3ap.H.ua rron.HpH3aIIHOH

HbIM 3apH.U 3aBHCHT OT qacTOTbl H3JiyqeHH5I. qaCTOTHaH 3aBHCHMOCTb 

IIOJI5IpH3aJJ,HOHHbIX 3ap5I.UOB aTOMOB cepe6pa H KPHIITOHa rrpe.ucrnBJieHa 

Ha pttc. 11.2. 
I-fa 3TOfO pMCYHKa BH.UHO, '-ITO B BbICOKO'-laCTOTHOM .u11arra30He rro

JI5IpH3aUHOHHbIM 3ap51.u paBeH qlfCJIY CB.H3aHHbIX 3JieKTPOHOB aTOMa (HJIH 

3ap.H.UOBOMY '-IHCJIY ero H.upa). ,Ll,aHHOe o6cTO.HTeJlbCTBO BbITeKaeT H3 on-
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pe.ll,eJleHHH ( 11.30) H cpopMyJlbl .[(JlH BbICOKoqaCTOTHOH I10JlHpH3yeMOCTH 

(5.16). B o6JiaCTH MaJibIX qacTOT w ~ 0 noJIHptt3aUHOHHbIH 3apH.ll. B co

orneTCTBHH c (11.30) y6brnaeT KBa.ll,paTHqHo, IlOCKOJlbKY TOr.[(a IlOJ1HpH-

3yeMOCTb aToMa paBHa CBOeMy CTaTHqecKOMY 3HaqeHHIO (5.15), T. e. He 

3aBHCHT OT qacTOTbI. HaKOHeu B npoMe)l()'TOqHoM cneKTpaJibHOM .[(Ha

na3oHe I10JlHPH3aUHOHHbIH 3apH.ll, HBJlHeTCH HeMOHOTOHHOH <l>YHKUHeH, 

KOTopaH OTpa)l(aeT oco6eHHOCTH 3HepreTttqecKoro cneKTpa aTOMa. TaK, 

HanpttMep, umpoKHH «npoBaJI» Ha wTpHXOBOH KPHBOH pttc. 11.2 B HH

TepBane 1600-1750 3B orneqaeT 3HeprnH CBH3H 2p 3JleKTpOHOB B aTOMe 

KPHITTOHa. M11HHMYM B o6JiaCTH MaJibIX qacToT orneqaeT BHPTYaJibHOMY 

B036~emuo I10.[(060J10qeK aTOMa c rnaBHbIM KBaHTOBbIM qHCJlOM n = 3. 
TaKMM o6paJoM, cneKTPaJihHOe ceqeH11e noJIHp113auttoHHOro TOpM03Horo 

.113Jlyqemrn OTPa)KaeT .[(HHaMHKY aTOMHOfO OCTOBa KaK cPYHKU.1110 qaCTOTbI. 

zpol 

50 Ag 

40 /---
30 /'"-- / 

/ '- Kr/ 

I '-
20 / 

I 
10 \I 

0 
0 500 1000 1500 2000 2500 3000 

Ci>oTOHHaR 3HeprnR, 3B 

Puc. 11.2. CneKTpaJibHa» 3aBltCHMOCTb no;rnpH3aUHOHHoro 3apn,na aTOMOB ce
pe6pa H KpHnTOHa 

B BbICOKoqacTOTHOM npe.ll,eJie, KOr.[(a w » w
0 

(w
0 

- xapaKTepHaH 

qacTOTa B036~eHHH aTOMa B .[(11CKpeTHOM cneKTpe), HO no-rrpe)l(HeMy 

v 
W<-; 

ra 
Ze2 

f3(w)"" --2 (Zpo1 (w) = Z) 
mw 

(11.31) 
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Jho6onhITHO OTMeTMTh, 'ITO B cnyqae HaJieTaIOII.J,ero 3JieKTpOHa (no-

3MTpOHa) nonyqeHHOe Bbipa)J(eHMe JIMlllh norapmpMM'!eCKMM MHO)J(MTe

JieM OTJIM'!aeTCH OT cpopMyJihI )J,JIH ceqemrn CTaTM'!eCKoro TOpM03HOfO 

l13Jiy'!eHMH ( 11.16). 
PaccMOTPMM Terreph pe3oHaHCHhrti: cnyqati:, KOr)J,a qacToTa TOpMo3-

ttoro l13Jiy'!eHMH 6JIM3Ka K O)J,HOH l13 co6cTBeHHhIX '!aCTOT aTOMa m"' mo, 
l1 )J,MHaMM'IeCKaH IlOJIHpM3yeMOCTh MMeeT BM)],: 

e2 Jc 
/3(mz0Jo)= 2 20 . 

m m0 - m - 21my0 

(11.32) 

3TO Bbipa)J(eHMe )J,JIH pe30HaHCHOti: J10JIHpM3yeMOCTM CJie)J,yeT l13 o6weti: 

cpopMyJihI (5.14), eCJIM B tteti: OCTaBMTh O)J,HO pe30HaHCHOe cnaraeMoe, B 

KOTOpOM m nm = mo, f,,m =lo l1 Ynm = YO' Ilo)J,CTaBJIHH cpopMyJiy ( 11.30) B 

(11.28), nonyqaeM 

(11.33) 

f)J,e re - KJiaCCM'!eCKMH pa.]J,Myc 3JieKTpOHa, 

2 

r. = _e_"' 2 8 .10-13 CM. 
mc2 

' 

I-fa Bblpa)l(eHMH (11.33) BM)J,HO, 'ITO pe30HaHCHOe IlOJIHPM3aUMOHHOe 

TOpM03HOe l13Jiy'!eHMe MMeeT pe3KMH MaKCMMYM Ha '!aCTOTe m = mo, 
ecmt y0 « mO' Ilocne)J,ttee ttepanettCTBO BhIIlOJIHHeTCH rrptt B036~eHMM 

B )J,MCKpeTHOM crreKTpe 3JieKTpOHOB BHellIHeti: o60JIO'IKM aTOMa, TaK 'ITO 

)J,JIH Heti:TpaJihHOro aTOMa 3HeprnM pe30HaHCHhIX cpOTOHOB nopH.]J,Ka 10 3B. 

B cnyqae MHOf03apH.]J,HhIX MOHOB, 06na.]J,aIOW:MX CMCTeMOH CBH3aHHhIX 

3JieKTpOHOB (3JieKTPOHHhIM OCTOBOM), 3Tl1 3HepmM MOfYT 6b!Tb cyme

CTBeHHO Bb!llle l1 )J,OCTMraTh BeJIM'IMHhl rropH.]J,Ka HeCKOJihKMX KMJI0-

3JieKTpOHBOJihT. Tor)J,a, O)J,HaKo, BeJIMKa TaK)J(e KOHCTaHTa JaTyxaHMH 

rrepexo)J,a, panttaH K03cpcpMUMeHTY 3ti:ttll1Teti:tta Arnn' M rro3TOMY pe3o

HaHc CTaHOBMTCH He TaKMM OCTpb!M. Ha 'faCTOTax, COOTBeTCTBYIOII.J,MX 

BMPTYaJihHOMY B036~eHMIO BHYTpeHHMX o6ono'!eK aTOMOB, pe3oHaHc

HaH CTpyKTypa B cneKTpaJibHOH 3aBMCMMOCTM )J,MHaMM'IeCKOH IlOJIHpM3Y

eMOCTM /J(m) MC'!eJaeT. BMeCTO Hee Ha cneKTPaJihHhIX KpMBhIX B03HMKa

IOT «IlpOBaJibl», OTBe'!aIOll.(Me Ha'!any cpOTOMOHM3aUMM aTOMHOH I10)],06o

JIO'IKM (CM. pMC. 11.2). 
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TaK11M o6pa30M, pe3ottaHCHbie 3<l><l>eKTbI B paccMoTpeHHOM Bbillle 

cnonmaHHOM nom1.p113au110HHOM TOpM03HOM 113JiyqeHl111 cymecTBeHHbl 

TOJibKO B Y3KOM 11HTepBaJie 'laCTOT B6Jil1311 pe30HaHca 11 CJia6o Bb!pa:lKe

Hbl B 11HTerpaJibHbIX xapaKTep11cT11Kax 113Jiyqett115l.. C11TYaum1 MeHHeTCH 

np11 nepexoJJ,e K 6b1HyJ1CiJeHHOMY TOpM03HOMY 113JIY'leHl1IO, KOTopoe TaK

)l(e Ha3b!BaeTCH 6blHYJIC0eHHblM mopM03HblM 3ppeKmOM. 

11.2. BblHY>KAEHHblH TOPM03HOH 3<1><1>EKT 

8hIHY:lKJJ,eHHbIH TOPM03HOH 3<l><l>eKT npeJJ,CTaBJIHeT co6oM: 

npouecc tteynpyroro pacce51.Hl1H 3JieKTpotta Ha M11llleH11 (aToMe, 11otte 11 

T. JJ,.) B noJie 3JieKTpOMarH11THOf0 113JiyqeHl151., B pe3yJihTaTe KOToporo 

npo11cxoJJ,11T o6MeH 3HepmeM: Me)l()],y H3Jiyqett11eM 11 3JieKTpottoM. Pa3-

JI11'laIOT TOPM03HOtt 3<l><l>eKT, KOf)J,a 3JieKTpOH OTJJ,aeT CBOIO 3Hepm10 113-

JiyqeHHIO (KaK B CfiOHTaHHOM TOPM03HOM 113JiyqeHH11), 11 o6pamHblU mop
M03HOU 3pr/JeKm, Koma 3JieKTpOH B XOJJ,e pacceHHl1H norJIOllJ,aeT <l>OTOH 

113 Il0JI51. 113JiyqeHl1H, yBeJIJ1lIHBa51. TeM caMbIM CBOIO 3Hepr1110. 

00CKOJibKY B BhIHy)l()],eHHOM TOpM03HOM 3<l><l>eKTe <i>HKC11pOBaHa 

IlOJI51.p113aumr 113JiyqeHHH H BOJIHOBOH BeKTop <t>ornHa, TO )],JIH BbIBOJJ,a 

<l>OPMYJibl )],JIH Ce'leHl151. 3TOfO npouecca Hy:lKHO BMeCTO (11.1) 11 (11.21) 
11CilOJib30BaTb CJieJJ,yIOllJ,ee Bb!pa:lKeHHe )],JIH MOI1J,HOCTl1 COOHTaHHOfO 113-

JiyqeHl1H: 

e2 (e w)2 

dQ = k dQ 
4nc3 k• 

(11.34) 

rJJ,e ek - eJJ,11Hl1'lHbltt BeKTOp IlOJIHPl13aUH11 CfiOHTaHHOfO H3JIY'leH11H; 

w - ycKopett11e pacce11Ba10merocH 3apHJJ,a. EcJIH npocyMM11poBaTb npa

ByIO qaCTb (11.34) no IlOJIHPH3aUirnM H np011HTerpHpOBaTb no TeJieCHO

My yrny BbIJieTa <PoTOHa dQk, TO no11y'll1M <PopMyny ( 11. l ). 
CxeMa Bh!BOJJ,a ce'leHHH o6bI'lHoro ( crnT11'lecKoro) TOPM03HOro 3<l>

<PeKTa B nptt6JimKeHHH np51.MOnpoJieTHbIX TpaeKTOpHH np11MepHO Ta )Ke, 

'ITO HCilOJib30BaJiaCb B npeJJ,bl)],YllleM pa3JJ,eJie. Pa3HHUa COCTOHT B tteo6-

XOJJ,11MOCTl1 yqern KBaJJ,parn MOJJ,ym1 CKaJIHpHoro np0113Be)J,eHl151. lekw\2, 
KOTOpb!H c fiOMOllJ,blO <Pop My JI ( 11.2)-( 11.4) npeo6pa3yeTC51. K Bl1AY 
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r,[{e E - Tattrettu,mUibttaH 11 ttopManhttaH (no OTHOlllett1110 K BeKTopy 
T, n 

CKOpOCTlf HaneTaIOIIJ,eH 'IaCTHIJ,bI) KOMnotteHTbI 3JieKTp1111ecKoro nOJI51 

51,[{pa. c Y'IeTOM Bbipa)f(eHHH ,[{JI51 BeKTOpOB ET, n' KOTOpbie CJie,[{yIOT 113 

<l>opMyJibI (I l.5), HMeeM: 

JekE(w, p)J
2 

= 
4~:~2 ,[ek, enF(w:)-ieJ'(w:)J 

= 4~:~
2 

{(eken)2 pi(w:)+(eker)2 rz(w;)}• (I 1.35) 

rL1,e F( () ,ll,aeTCH <PopMyJioi1 (11.6). 
B paccMaTPHBaeMOM CJIY'Iae H3-3a HaJIH'IHH BeKrnpa ek OTCYTCTByeT 

aKCHaJlbHa51 CHMMeTpH51 3a)l,a'IH, II03TOMY IIPH HHTerp11poBaHHH no npH

IJ,eJibHOMY napaMeTpy B <l>opMyne (11.9) H~HO BBeCTH HHTerp11poBatt11e 

KBa)J.paTa CKaJI5IpHOI'O npOH3Be)J.eHH51 (11.35) no a3HMYTaJlbHOMY yrny <p, 
KOTOpbIH onpe)J.eJI5IeT TpaeKTOpHIO )J.BH)f(eHH51 HaJieTaIOIUei1 'IaCTHUbI. 

YroJI <p MO)f(HO 3a)J.aTh KaK yroJI Me)f()J.y e)J.HHH'IHbIM BeKTOpOM en (rrepneH

,ll,HKYJI5IpHbIM ttanpaBJieHHIO ,ll,BIDKeHH51) H IIJIOCKOCTblO, npoXOLl,5IIIJ,eH 11e

pe3 BeKTop CKOpOCTH v H BeKTop IIOJI5IpH3aIJ,HH H3JiyqeHH51 ek (pHc. l l.3). 
Tor)J.a )J.JI51 CKaJI5IpHblX npOH3Be)J.eHHH, BXO)J.511IJ,HX B (11.35), cnpaBe)J.JIH

Bbl paBeHCTBa: 

(l l.36) 

r.IJ.e a - yroJI Me)f()J.y BeKTopoM cKopocTM pacceMBa10meroc51 3apH.IJ.a v H 

BeKTOpOM nOJI5Ip113au,1111 IIOJ151 H3JiyqeHM51 ek. 

e, v 

Pnc. 11.3. fe0Me1pm1 BbJ

H}')K.llettttoro ropMOJHoro 
::i<P<PeKTa 

1IT06bI rrepeHTH K Bbipa)f(eHH5IM )J.JI51 BbIHy)f()].eHHOfO TOPM03HOro 

::i<t><PeKTa, B <PopMynax )J.J151 CIIOHTaHHOfO rrpou,ecca H~HO npOH3BeCTH 

JaMetty: 

nw3 E2 
-3-3 dwdQk ~ _o 
Sn c Sn 

(l l.37) 
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)J.attHaH cPOpMyJia orneqaeT 3aMeHe npocTpaHCTBeHHOM IIJIOTHOCTH 

3Hepnm 3JieKTpoMarHHTHOro IIOJI.SI BaKyyMa B HHTepsane 11aCTOT dw H 

YrJIOB dQk c 3a.D,aHHOM IIOJIHpJnau11ei1 ek Ha Ty )Ke BeJitt'IHHY, OTHocmuy

lOCH K MOHOXPOMan111eCKOMY H3JIY'leHttlO c 'laCTOTOM (J) 11 aMIIJIHTY.ll.OM 

3JieKTpwtecKoro IIOJIH £ 0 = e0E0• 

CTptt om1catt1111 BbIHy)l(.lJ.eHHoro rrpouecca Hy)J(HO 3aMeHHTb BeKTOp 

IIOJIHPH3aIJ,JfJf ek Ha BeKTOp IIOJIHp1nau1m BHeurnero IlOJIH eo (IIOCKOJib

KY B BbIHy)l(.lJ.eHHOM Jf3JIY'leHMJf xapaKTepMCTl1KH cpoTOHa BHeurnero IIOJIH 

Jf Jf3JlY'laeMOf0 cPOTOHa COBna.n.aIOT) H )l.HcP<PepeHUHaJI ce11eHJ1H da Ha 

nonttoe ceqem1e u. 
11crroJib3Y.fI COOTHOllieHHH (l l.35)-(11.37), nonyiraeM Jf3 paBeHCTBa 

(11.32) nocne nepexo)l.a K <l>yphe-06pa3y ycKopeHHH H cneKTPaJihHOMY 

ce11eHHlO [CM. (11.2)-(11.4)], a TaK)l(e JfHTerpHpOBaHHH no a3HMYTaJib

HOMY yrny <fJ cne)l.y10mee Bbipa)l(etttte: 

O" (w, v) = (11.38) 

me MHHMMaJibHbIM rrpm.1,eJibHbIM napaMeTp Pmm onpe)l.eJrneTCH $opMy

JIOM (11.12), a MaKCHMaJibHbIM Pmax )l.aeTCH coornoUiettHeM (11.20). Be

J1Jfq1rna pa3MepHOCTJf )l.JIHHbI B KBaLl,paTHbIX CK06Kax ( 11.38) HMeeT CMbICJI 

aMITJIHTYLl.bl OCUJfJIJIHUHM 3JieKTPOHa B MOHoxpoMaTJiqecKOM none 3a

)l.aHHOM 'laCTOTbI Jf aMilJIMTY)l.hl. 

TaKHM o6pa30M, B paMKax KJiacctt11ecKotl KapTHHbI c KBaHTOBbIMH 

BCTaBKaMJf (11.12) Jf (11.20) Mb! IlOJIY'IHJIJf Bb!pa)l(eHJie (11.38) )l.JIH ce-

11eHl1H BbIHy)l(.lJ.eHHOro TOpM03HOfO 3<PcPeKTa npH pacceHHHJf 3JieKTpOHa 

Ha «fOJIOM» HLl,pe B MOHoxpoMaTtt'leCKOM BHeUIHeM none B rrptt6JIH)l(e

HHH npHMonponeTHblX TpaeKTOpHM. 

B HM3KO'lacrnrnoM npe)l.ene (= wp/v < 1, KOf)l.a F(() == 1HF'(()==0, 

<PopMyna ( 11.38) ynpmuaeTCH K Btt)l.y: 

a (w, v) == n( ~: r [ eE:~~ a J ln ( mv~max} (11.39) 

TaKHM o6pa30M, BbIHy)l(.lJ.eHHhIM TOpM03HOtt 3cp<PeKT B HH3Ko11ac

TOTHOM )l.liaIIa30He (I) < v/ p MaKCJfMaJieH )l.JIH Jf3JIY11eHHH, IlOJIHPH30-

BaHHOfO nepneHOUICYllRpHo c1Copocmu ttanern10mei1 lJaCTHUbI. CTptt6JIH

)l(eHHe (l l.39) CTaHOBHTCH ttea)l.eKBaTHblM )l.JIH MaJibIX yrnoB a, KOr)l.a 
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BeKTOP Hanpmt<:eHHOCTM TIOJUI M3JiyqeHM5I napanneJieH BeKTopy CKOPO

CTH paccettBaromerocH 3JieKTpoHa. B cnyqae a= 0 H}')KHO noJih30BaTh

CH cpopMyJIOH (11.38). 
CeqeHMH (11.38) M (11.39) onttchrnaroT KaK M3JiyqeHtte, TaK M norno

Ill,eHtte ¢oToHa, T. e. npHMOH M o6paTHhIH rnpM03HO:if 3¢¢eKT. TaKMM 

o6pa30M, B paMKax Harnero nptt6JimKeHHOfO paCCMOTpeHMH 3TH ce'Ie

HHH paBHhI Me)l()ly co6oti:. Ha caMOM .uene ce11eHMH npHMoro M o6paTHO

ro TOpM03HOf0 3cp¢eKTa OTJIM'IaIOTCH .upyr OT .upyra, eCJIM yqeCTb H3Me

HeHMe MMnynhca paccettBarometi:cH qacTMUhI. 

<l>opMyJiy )J,J15I ceqemrn TIOJI5Iptt3aIJ;MOHHOfO BhIH}')KLl.eHHOfO TOpM03-

HOro 3¢¢eKTa MO)l(HO BbIBeCTH aHaJIOrH'IHhIM cnoco6oM, HCXO)J.H H3 

aHanora paBeHCTBa (11.21) )].JIH cl>ttKCMPOBaHHOH TIOJI5IpM3aUHii H3Jiyqe

HH5I. CooTBeTCTByromee Bbipa)l(eHtte MO)l(HO BhmttcaTb cpa3y, ecmt npo

M3BeCTM 3aMeHy z ~ zpol(w) [CM. onpe.ueneHMe (11.30)] H Pmin ~ Pmin: 

r.ue 

O'PB(w, v) = (11.40) 

= 2n( e:~ J IP (w)j2 2~ ~ {pi ( w: yin; a+ F'2 ( w: )cos2 a}• 

- v 
Pmax = -, 

lO 

TaK )l(e KaK H B cnyqae CTIOHTaHHOfO TIOJI5IpM3aUMOHHOfO TOpM03HOfO 

H3JIY'IeHH5I (11.26). Ce11eHtte (11.40) OTIHCbIBaeT KaK H3JiyqeHtte, TaK H 

nornometttte ct>ornHa aHanom11Ho ce11eHMIO CTaTtt'IecKoro KaHana (11.33). 
BhIHy)l()leHHbIH nonHpmauttOHHbIH TOPM03HOH 3cpcpeKT MO)l(HO TpaK

TOBaTh KaK pacceHHMe 3JieKTpOHa Ha 3aBMC5IllJ.eM OT BpeMeHM TIOJI5Iptt3a

UHOHHOM TIOTeHuttane, HaBe)J.eHHOM 3JieKTpOMarHHTHhIM H3JiyqeHtteM B 

aTOMe-MttllleHM. 

CToyqttTeJlhHO BbIBeCTH ¢opMyJiy )].JIH BbIH}')KLl.eHHOfO TIOJI5IpH3aUH

OHHOfO TOpM03HOfO 3cpcpeKTa B nepBOM 6opHOBCKOM nptt6Jitt)l(eHMH B 

paMKax KBaHTOBO-MexaHttqecKoro no.uxo.ua . .Ll.JIH 3TOfO paCCMOTpMM )J.H

arpaMMbI <l>eti:HMaHa, orne11a10m11e BhIH}')KLl.eHHOMY TIOJI5IpM3aUHOHHOMy 

TOpM03HOMY 3¢<PeKTY. OHM mo6pa)l(eHhI Ha pttc. 11.4 MH U3Ay11eHuR 

cl>oToHa. Ha 3TOM pttcyHKe .usoti:Hbie cnnornHhie JIMHMM onttchrnaroT aTOM, 

O)J,HHapHbie CTIJIOlllHbie JIHHHH COOTBeTCTBYIOT paccettBaromeMyCH 3JieK

TpOHy. B 6opHOBCKOM nptt6Jitt)l(eHHM, Kor.ua Ll.Btt)l(eHtte Hanernrometi: 
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'-!aCTMUbI .uo M rrocJie CTOJIKHOBeHlUI MO)[(HO C'-IMTaTb HeB03MyIUeHHbIM 

[CM. ycnomi:e (11.19)], BOJIHOBbie QlYHKUHH 3JieKTpOHa npe.UCTaBJISIIOT 

co6otl: nnocKtte BOJIHhr. Ecntt H3Mettetttte HMTIYJihca .uocTaTO'-IHO Mano: 

IP1 - P;I « IP;I, TO MSI H3MetteHMSI ::itteprHH ::ineKTpotta cnpaBe.UJIHBO 

npw6JIH)l(eHHoe paBeHcrno: e1 - E; = Piqv = liq0, r.ue Piq = p1 - P; -
nepe.uaHHbIH OT HaJieTaIOIUeH '-IaCTHUbI aTOMY HMilYJibC (MJIH npOCTO ne

pe.uaHHbIH HMrryJibc). TaKHM o6pa3oM, MhI onpe.ueJIHJIH '-IeTbrpeXMepHbIH 

BOJIHOBOH BeKTOP q = (q 0, q), OilHChIBaIOIUHH (c TO'-IHOCTblO .uo IlOCTOSIH

HOH IlJiaHKa) H3MeHe1me 3HeprttH-HMITYJibCa HaJieTaIOIUetl: '-IaCTHUbl. 

1iw .. (p,I v IP;} 

I 
I 
I 
I I 
I I 
I I 
I G(E;+ liw) I 

(ii Ii} 
a 

(p,I v IP;} 1iw .. 
I 
I 
I 

I I 
I I 
I I 
I G(E;+ liw) I 

(ii 
6 

Ii} 

Puc. 11.4. )l,1-iarpaMMbI <I>ei1HMaHa, on11cbrna10m11e no1rnp113au110HHb1i1 TOpM03-
ttoi1 3<P<PeKT 

B .n11arpaMMax pttc. 11.4 np11cyrcrnyeT HOBhIH ::ineMeHT: QlOTOHHaSI 

(llITPHXOBaSI) JIHHHSI, coe,UHHSIIOIUaSI BepllIHHbl. 3TOT 3JieMeHT Ha3bIBa

eTCSI rjJomoHHoii rjJymcu,ueii I'puHa, HJIH rjJomoHHbtM nponawmopoM. Ott onH

ChIBaeT pacnpocTpaHeHHe co6crneHHOfO 3JieKTpOMarHHTHOfO IlOJISI 3a

pmKeHHOH '-IaCTHUbl (BHPTYaJibHOfO QlOTOHa) H3 O,UHOH npocTpaHCTBeH-
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HOM ToqK11 B .upyry10. B coorneTCTBHH c H3JIO:lKeHHbIMH B pa3.u. 6.5 npa

BHJiaMH .u11arpaMMHOM TeXHHKH llITpHXOBaJI JIHHHJI, 11.uymaJI OT Bepnrn

HbI, CBJI3aHHOM c .UHIIOJlbHbIM MOMeHTOM 3JieKTpOHa, OIIHCbIBaeT KOMII

JieKCHY10 aMIIJIHTY.UY HaIIpJI:lKeHHOCTH ero 3JieKTp11qecKoro IIOJIJI. )l,JIJI 

HanpJI:lKeHHOCTH 3JieKTp11qecKOro IIOJIJI, B03HHKa10mero B pe3yJibTaTe pac

ceJIHHJI HepeJIJITHBHCTCKOrO 3JieKTpotta, HMeeM (HOpMHPOBoqHbIM 06beM 

B onpe.ueJieHHH ero BOJIHOBOM cpyHKUHH IIOJIO)l(eH paBHbIM e)].HHHUe): 

E(P)(r) = 
41r~q exp(-iqr) = E6P)(q)exp(-iqr), 

q 
(11.41) 

r.ue q = (pf- p.)/n; p. !- HaqaJibHbIM H KOHeqHbIM HMIIYJibCbI 3JieKTpo-
I I, 

Ha, pacce11Ba10meroc51 Ha aToMe. A~mmny.ua ttanpJI:lKeHHOCTH E6P)(q) 
npe.ucrnBJIJieT co6oM: npocTpattcrneHHbIM <l>ypbe-o6pa3 KYJIOHOBCKoro 

IIOJIJI TOqeqttoro 3apJI.ua B COOTBeTCTBHH c TeM, qTo BOJIHOBbie cpyHKUHH 

HaJieTa10ll.(ero 3JieKTpotta B 6opHOBCKOM np116JIH:lKeHHH 5IBJI5I10TCH IIJIOC

KHMH BOJIHaMH. B orn11q11e OT CB06o.uHoro H3JiyqeHH5I (peaJibHOro cpo

TOHa) B cpopMyJie (11.41), BOo6me fOBOp5I, HeJib35I npeHe6peqb 3KCIIO

HeHTOM, OIIHCbIBa10meM: npocTpaHCTBeHHOe H3MeHeHHe IIOJIJI pacceJIH

HOro 3JieKTpOHa (BHPTYaJibHOro cpOTOHa). )l,eMCTBHTeJibHO, IIOKa3aTeJib 

3KCIIOHeHTbI B npaBOM qacTH ( 11.41) B CJiyqae 6bICTpOM HaJiern10meit 

'laCTHUbI (pira » n) MmKeT 6bITb HeMaJIOM BeJIHqHHOM qra > l )].JIJI .UOCTa

TOqHO 6oJibllIHX yrnoB pacceJIHHJI. Tor.ua yqeT npocTpaHCTBeHHOro tt3-

MetteHtt5I IIOJIH £{p) BeCbMa cymecTBeH. 

BhmttweM aHaJittTttqecKoe Bbipa:lKetttte .UJIJI aMIIJIHTY.UbI rroJI5Iptt3a

u;ttoHHoro TOpM03HOro 3cpcpeKTa, IlOJib3Y5ICb .u11arpaMMaMtt pttc. 11.4. 
c IIOMOll.(b10 npaBttJI .uttarpaMMHOM TeXHHKH, H3JIO)l(eHHbIX B pa3)].. 6.5, 
HaXO.UHM: 

Af8
) = 

2
1n {(ilE0dG(E; + nw)dE6P)(q)e-iqr Ii)+ 

+(ii £6P) (q)e-iqr dG (E; - nw )dEo Ii)}' 
(11.42) 

r.ue aMIIJIHTY.Ua IIOJIJI £6P)' C03)].aBaeMoro HaJieTa10ll.(HM 3JieKTpOHOM, 

onpe.ueJIJieTCJI H3 BTOporo paBeHCTBa (11.41). Ilptt 3aIIHCH (11.42) npe.u

IIOJiaraJIOCb, qTo COCTOJIHtte aTOMa B pe3yJibTaTe TOpM03HOrO 3cpcpeKTa 

He U3MeHRemcR. 3To rrpe.unoJIO)l(eHtte OTBeqaeT YMepeHHblM BOJIHOBblM 

BeKTopaM BHPTYaJibHOrO cpOTOHa lql ~ ra-l· B npOTHBHOM CJiyqae 6y.uYT 

npeo6Jia.uaTb npou;eCCbI c HOHtt3au;11eM: aTOMa 3JieKTPOHHbIM y.uapOM. 
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Bhrpa)l(em1e rour aMnmny.uhr nom1p1nau11ottttoro rnpM03Horo 3<f>

<f>eKTa (11.42) coorneTcrnyeT ero ttHTepnpernurrn KaK npouecca pacceH

HttH BttpTyaJihHOro <f>oTOHa co6CTBeHHOfO nOJIH HaJieTaJOIUeH qacTMUbI B 

peaJibHbIH <f>OTOH Ha aTOMe. )l,eHCTBHTeJibHO, <f>opMyJia (11.42) nepeH.ueT 

B Bbipa)l(eH11e (8.24) MH aMnJIHTY.Uhl pacceHHMH <l:>oTOHa, eCJIH B MaT-

pttqHoM 3JieMeHTe Vni no.LI. onepaTOpOM B3attMO.UeHCTBM5I nOHHMaTb B3a

MMO.UeHCTBtte aTOMa c BlipTyaJibHhIM cpOTOHOM 113 noJIH pacce11BaIOIUeH

CH qacmuhr (11.41). 
)],JIH .UaJibHeH.urnx npeo6pa30BaHHH H)')KHO BOCnOJib30BaTbCH Bbipa)l(e

HtteM MH cpyHKUMl1 fptt:Ha aTOMa (6.35). I-fa Hero CJie.uyeT, qrn B aMnmr

TY.Ue paccMaTPttBaeMoro npouecca noHBJIHJOTCH MaTPHqHhre 3JieMeHThI BM.LI.a 

( n I Je-iqr Ii) tt ttx KOMnJieKCHO conpmKeHHhie. B cJiyqae 60JihIIIMX 3Haqe

HMH lql > ra-I 3TM MaTpttqHbie 3JieMeHThl MaJibl ,UJIH COCTOHHHH Jn), nptt

Ha,UJie)l(aIUMX .UHCKpeTHOMY 3HepreTl1'-leCKOMY cneKTPY aTOMa. )l,aHHaH 

MaJIOCTb B03HMKaeT 113-3a CHJihHbIX OCIJ,11JIJIHU11H nO.UbIHTerpaJibHOfO 

Bhipa)l(eHttH B paccMaTpttBaeMoM MaTpttqHOM 3JieMeHTe. EcJI11 )Ke lql ~ r;1, 
TO exp (iqr) "' 1, n03TOMY cnpaBe,UJIHBO nptt6Jitt)l(eHHOe paBeHCTBO: 

(11.43) 

r.ue B(x) - «e.u11tt11qHaH cTyneHhKa» (<l:>YHKUHH X3Bttcai1.ua). 

Co0Tttourett11e ( 11.43) Ha3bIBaeTCH npu6J1uJ1CeHueM EopHa-Eeme B Te

op1111 CTOJIKHOBHTeJibHhIX npoueccoB. 11cnOJib3YH ero, BMeCTO (11.42) 
MO)[(HO noJiyqttTb: 

(PB) ( ) 2i1le ( ) ( ) ( _1 I I) A1; q = --, Eoq /J; m fJ ra - q ' 
liq-

(11.44) 

r.ue /J;(m) - .UMHaMli'IeCKaH noJIHp113yeMOCTb aTOMa, .ll.JIH KOTopoM: cnpa

Be.UJIHBO Bb1pa)[(ett11e (8.32). CTptt BhIBO.Ue (11.44) npe.unoJiaraJIOCh, qTO 

COCTOHHHe aTOMa c<I:iepwieCKM-CMMMeTp11qHo, M 6hIJia yqTeHa <l:>opMyJia 

(11.41 ). )l,JIH noJiyqeHttH BepOHTHOCTH nOJIHptt3aUl10HHOro TOpM03HOf0 

3<l:>cpeKTa, H)')KHO npocyMMHpoBaTb no COCTOHHMHM pacceHHHOfO 3JieKT

pOHa, npttHa,UJie)[(aIUttM HenpepblBHOMY cneKTpy. 3TO CYMMHpOBamre 

MO)[(HO 1aMeHHTh HHTerp11poBaH11eM no BOJIHOBOMY BeKTopy BMPTYaJih

Horo cpOTOHa c nOMOIUbJO COOTHOUieHMH 

L ... ~f ... ~. 
Pf (211') 

(11.45) 
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3,uecb HOPMMpOBoqHbIH o6beM, qmrypMPYlOlllMH B onpe,ueneHMM BOJI

HOBblX <l>YHKUMH 3JieKTpOHa (nJIOCKMX BOJIH), IlOJIO)K.eH paBHblM e,!]Jf

HMUe. CooTH01nettHe (11.45) .siBn.sieTc.si cne,ucrnMeM O.UH03Haqttoi1 cB.si-

3H BeKTopoB p1 M q = (p1 - P; )/n, ecnn ttaqanbHhIH HMnynhc 3JieKTpotta P; 

<l>HKCHpOBaH. 

TaKHM o6pa3oM, Bb1pa)K.ettne .un.si Bepo.siTHOCTH (B e,uHHHUY BpeMe

HH) paccMaTpHBaeMoro npouecca qepe3 ero aMilJIHTY.UY HMeeT BM,u: 

(11.46) 

me qacTOTa BHPTYaJibttoro <PoToHa paBtta: q0 = qv no npe.unoJIO)K.eHHIO o 

cna6oM B03MymettHH .UBH)K.ettn.si 3JieKTpotta B xo.ue pacce.simrn. lln.si Toro 

qT06bI yqeCTb pa3Jll1qlfe MC)K.Jl:y ceqeHH.sIMM BbIHy)K.Jl:eHHOfO TOpM03HOf0 

M3JiyqeHH.sI M BbIHy)K.Jl:eHHOfO TOpM03HOfO IlOfJIOllleHH.sI, He06XO.UHMO 

MCilOJib30BaTb ToqHylO <l>OPMYJIY M.H q 0: 

2 2 
o P1 - P; 

q = 2mn 

'.3To, O.UHaKo, npHBO,UHT K. BeCbMa rpOM03,UKHM Bbipa)K.eHHRM, TaK 

qTo MhI B .UaJibHeihneM orpattnqnMc.si npn6JIH)K.emi:eM q0 = qv. CTo,uCTaB

JIR.sI (11.44) B (11.46) H HCilOJib3YR CBR3b Me)K.Jl:y Bepo.sITHOCTblO B e,uHHH

UY BpeMeHH H ceqeHtteM npouecca, ttaxo.unM: 

(ll.47) 

r.ue a - yron Me)K.Jl:y BeKTOpaMH v H EO' HM)K.HHH npe,uen HHTerpnpoBa

HH.sI B (11.47) onpe,uen.sieTC.sI 3aKOHOM coxpatteHH.sI 3HeprnH, a BepxHHM 

npe,uen - orneqaeT npH6JIH)K.eHM10 5eTe ( 11.43). B nonyqeHHOM Bhrpa

)K.eHHH MHO)K.HTCJlb nepe.u HHTerpanoM COBna.uaeT c COOTBCTCTBYlOlllCH 

BCJIMqHHOM B KJiaccttqecKOM ceqeHHH ( 11.40). HttTerpan B npaBoil: qa

CTH paBeHCTBa (11.47) JiefKO BblqMCJI.sICTC.sI [B OTJIHqlfe OT KJiaccnqec

KOH <PopMyJihI ( 11.40)]. B cneKTPaJihHOM o6nacTH w < v/ ra .un.si ceqeHn.si 
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BbIH~eHHoro TOPM03HOro 3cPcPeKTa no nom1pH3au,110HHOMY KamlJiy 

nonyqaeM 

o-'"(w, v) ~ ,,( eE, ~(w)l)'jsin' a In( ,,;;J +cos' a)· (11.48) 

flp11 Bbrno,ue (l l.48) 6bIJIO npeHe6pe)f(eHo cnaraeMbIMH (wr
0
/v) 2 no 

cpaBHeHMIO c e,UHHMIJ,eH H e,UHHMIJ,eH no cpaBHeHHIO c 6oJibllIHM nora

PHcPMOM (norapHcPMR'IecKa51 TO'IHOCTb). Koc11Hyc B cPMfYPHhIX CK06Kax 

(l l.48) OCTaBJieH, 'IT06br yqeCTb cnyqai1 ManbIX yrnoB a, KOf,n:a 3JieKTpH

qecKoe none B H3JiyqeHHH nOJI51pM30BaHO napanneJibHO BeKTopy CKOpo

CTH pacce11Ba10merocH: 3JieKTpoHa. 

B BbICOKO'IaCTOTHOM .u11anaJ0He w > v/r
0 

np116nm1<eHHe EeTe (11.43) 
oKa3bIBaeTCH He.uocrnTO'IHbIM. Tor.ua H~Ho 6onee .ueTanbHO yqMThIBaTb 

3JieKTPOHHYIO cTpyKTYPY aTOMa. B 6opHOBCKOM np116JIH)f(eH1111 3TO .ue

naeTC51 c noMOIIJ,bIO BBe.ueHHSI aTOMHOro cPOPM-cPaKTOpa F/q), KOTOpb!H 

npe.ucrnBJISieT co6oi1 <Pypbe-o6pa3 npocTpaHcrneHHoro pacnpe.ueneHM51 

3JieKTpOHHOH nJJOTHOCTH. 

11.3. PEJOHAHCHblH TOPMOJHOH 3<1><1>EKT 

OpH pacqeye TOpM03Horo 3cPcPeKTa Ha Hei1TpanbHbIX arn

Max MO)f(HO npeHe6pe'Ib HHTepcPepettu,HeH CTaTM'IeCKOfO H nOJI51PM3a

UMOHHOro KattanoB, nOCKOJibKy aMnJIMTY.LJ.bl 3THX KaHanOB cyruecTBeHHbI 

B pa3JIM'IHbIX o6nacrnx 3Ha'IeHHH np11u,eJihHOro napaMeTpa p (HJIM nepe

.uatttthrx MMnyJibCOB lilql). ,LI,.rrn CTaTH'IeCKOro Kattana np11u,eJibHbIH napa

MeTp Man p < r
0

, Htta'Ie none aToMa 11 ycKopett11e pacce11Ba10meroc51 

JapSl.Ll,a paBHbI HyJIIO. B cnyqae nonsi:p113au,11ottHoro KaHana ocHoBHOH B1<m1,u 

B H3JiyqeHHe .uaIOT TpaeKTOPHH c 60JibllIOH BeJIH'IHHOH napaMeTpa p: 
p > r

0
, HHa'Ie Man HaBe,UeHHbIH B 3JieKTpOHHOM OCTOBe aTOMa nepeMeH

Hb!H ,UHIIOJJbHb!H MOMeHT, 51BJJ51IOIIJ,HHC51 HCTO'IHHKOM H3JJyqeHH.SI. 

C11Tyau11si: H3MeHsi:eTC51 np11 nepexo.ue K rnpM03HOMY 3cPcPeKry Ha 

MOHax, 06na,ua10m11x CHCTeMOH CB513aHHbIX 3JieKTpOHOB (3JieKTpOHHbIM 

OCTOBOM). Tor,ua Me)f(KaHanbHaSI HHTepcPepeHIJ,H51 MO)[(eT HrpaTb cyme

CTBeHHYIO ponb oco6eHHO )1)151 npoueccoB c 6oJibllIHM H3MeHeHHeM 3Hep

rMH pacce11aa10meroc51 3JieKTpoHa. B xo,ue TaKHX CHJibHO Heynpyrnx 

npoueccoB 113nyqeH11e cPOTOHa KaK peanbHoro, TaK 11 BHPTYaJibHOro npo-

11cxo,uttT B o6naCTH HaH60Jiblllero c6JIH)[(eHH51 3JieKTPOHa H HOHa-MHllle-
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HM, rrp11 3TOM pearr11Jy10TCH tta1160Jiee 6JiarorrpM51THbie yCJIOBM51 L(JUI Me)l(

KaHa.JihHOH MHTep<l>epem.1,1111. Orr11catttta.SI CMTYaUM.SI xapaKTepHa WUI BhICo

KOTeMrrepaTYpttotl: IIJiaJMhl c MHOf03ap.Sl,ll,HbIM11 MOHaMM Z; » l. B 3TOM 

c.rryqae BhIIIOJIH.SieTC.SI HepaBeHCTBO, o6paTttoe 6opHOBCKOMY ycJioB1110 (I I .19): 

Z;e2 1 
-->. 

hv 
(11.49) 

3,IJ,eCb CKOpOCTb v ITO rrop.SI,ll,KY BeJIM'Il1Hhl paBHa cpe,IJ,HeH TeIIJIOBOH CKO

pOCTM 3JieKTpottoB rrJia3MhI. HepaBeHcTBo (11.49) orneqaeT KBa311KJiac

c11qecK0My rrp116JIJ1)l(ett1110, KOr,IJ,a ,ll,BM)l(ett11e 3JieKTpotta MO)l(HO OIIMCbl

BaTb B paMKax KJiacc11qecKoro rro,IJ,XO,IJ,a. C11JihHO tteyrrpyme rrpouecchI 

COOTBeTCTBYIOT 113JiyqeHMIO BhICOKMX qacTOT {J) > {J)c = v/ac (we - TaK 

tta3bIBaeMa.SI KYJIOHOBCKa.SI qacToTa; ac = Z;e 2/mv 2 - KYJIOHOBCKa.SI ,IJ,JIM

tta), KOr,IJ,a 3JieKTpOH ,ll,BM)l(eTC.SI no CMJihHO 1130fHYTOH TpaeKTop1111. 3Ta 

o6JiaCTh rrapaMeTpOB 3a,IJ,aq11 Ha3bIBaeTC.SI KpaMepCOBCKOtl:, B Hett «pa6o

TaeT» <l>opMyJia AA.SI ceqeHM.SI CTaT11qeCKOro TOpM03HOfO 113Jiyqemrn ( 11.17). 
Bh1pa)l(eH11e ,IJ,JI.SI rroJittoro ceqemrn TOpM03Horo 3cpcpeKTa ( c yqeToM 

11HTep<l>epeHU1111 CTaT11qecKoro 11 IIOJI.Sip113au110HttOro Katta.JIOB) MMeeT 

tta1160Jiee rrpocTotl: BM,IJ,, ecJI11 rrpette6peqh rrpott11KHOBeH11eM pacce11Ba-

10lll,eroc.SI 3JieKTpotta B OCTOB 11otta-M11llleH11. 3TO OTBeqaeT ,ll,MIIOJibHOMY 

rrp116JI11)l(ett1110 no BMPTYa.JihHOMY <PoTotty MJIM (qTo TO )Ke caMoe) npu-
6!luJ1CeHu10 mo'te'tHOW UOHa. c <l>opMa.JihHOH TOqKJ1 3peHM.SI ,ll,MIIOJihHOe 

rrp116JIM)l(eHlfe no BMpTyaJibHOMY <PoTOHy COOTBeTCTByeT OTCYTCTBMIO 

3KCIIOHeHU11a.JibHOro MHO)l(MTeJI.SI B Bbipa)l(eHMM (11.41). 3TOT MHO)l(J1-

TeJib OIIlfCbIBaeT npocTpaHCTBeHHOe 113MeHeHMe 3JieKTp11qecKOro IIOJIH 

pacce11sa10merocH 3JieKTpoHa. BhIIIMllleM <PopMyJiy ,IJ,JI.SI ceqeHMH B pe3o

ttaHCHOM CJiyqae, KOr,IJ,a qaCTOTa 113JiyqettM.SI 6JIM3Ka K O,IJ,HOH lf3 co6-

CTBeHHhIX qaCTOT ClfCTeMbl CB.SI3aHHhIX 3JieKTpOHOB Motta {J) = {J)o (pe30-
HaHCHb/U mopMo3Hoii 3ppeKm). B pe3oHattcttoM TOpM03HOM 3<l><l>eKTe 

lfttTep<l>epeHUMOHHhie oco6eHHOCTlf npO.SIBJI.SIIOTC.SI Ha1160Jiee .SipKo. Yc

pe,IJ,HeHHoe no ttanpaBJieHMHM ttaqa.JibHOH CKOpOCTM 3JieKTpotta ceqeH11e 

paccMaTpttBaeMoro npouecca ttMeeT BM,IJ,: 

a = 2.[ff z2 l1 - wfo sgn (~) 12 ( eEo )2 
tot 3-fj ' 4Z;Q(~, Eo) mw2 ' 

(11.50) 

r,IJ,e ~ = {J)o - {J) - qacTOTHaH OTCTpOtl:Ka OT pe30Hattca; sgn (x) - <l>YH

KUM.SI JttaKa (paBtta e,IJ,11H11ue rrp11 x ~ 0 11 MMttyc e,IJ,11H11ue, ecJitt x < O); 
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Q(li, £0) - qacToTa Pa611, Bhrpa)l(ettttasi: qepe3 cmry ocu11JIJIS1Topa pe3o

Hattcttoro nepexo.ua B 110HHOM OCTOBe fo, 

Q (li, E ) = (~J2 + 3foe2 EJ. 
0 2 Smlimo 

(11.51) 

3.D,eCh 11 .D,aJiee npe.D,noJiaraeM, '-!TO pe3oHaHCHhIH nepexo.u 11MeeT B11.D,: 

n;s ~ np. 
PaBettcrno ( 11.50) noJiyqeHo B npette6pe)l(ett1111 3aTyxatt11eM pe3o

Hattcttoro nepexo.D,a, HO c yqeToM ero noJieBoro yurnpett11si:. CToJieBoe 

yurnpett11e CBSI3aHO c yMeHbllleH11eM BpeMeHl1 )1(113Hl1 Bepxttero 3Hepre

Tl1'-leCKOfO ypoBHSI pe30HaHCHOfO nepexo.ua 3a C'-leT 11H.D,YU11POBaHHhIX 

113JiyqeHl1eM nepexo,UOB Ha Hl1)1(HHH ypoBeHb. 3TOMy Tl1TIY yw11peHl1SI 

OTBe'-!aeT BTOpoe CJiaraeMoe no.u 3HaKOM KOpHSI B npaBOH '-!aCTl1 paBeH

CTBa (11.51), npe.D,CTaBJimoruee co6ott: pe3oHaHcttyro qacTOTY Pa611 Q0. 

Otto 11rpaeT cyruecrneHHYJO ponh B cJiy'-!ae MaJihIX OTCTpoeK OT pe3ottaH

ca: l!il < Qo· 
CTepBoe CJiaraeMoe no.u 3HaKoM MO.UYJISI B cpopMyJie (11.50) orneqaeT 

CTaTl1'-leCKOMY KaHaJIY TOPM03HOfO 3cpcpeKTa, BTOpoe CJiaraeMoe COOT

BeTcTByeT TIOJJSlpl13aU110HHOMY KaHaJiy. 811.D,HO, '-!TO xapaKTep Me)l(Ka

HaJibHOH 11HTepcpepeHU1111 3aBl1Cl1T OT 3HaKa '-!aCTOTHOH OTCTpOHKl1 li. 
ECJil1 li > 0 (w < Wo), 11HTepcpepeHU11SI aMTIJil1TY.U )],Byx KaHaJIOB TOpM03-

HOro 3cpcpeKTa HOCl1T .D,eCTPYKTl1BHhIH xapaKTep: Otta yMeHbwaeT TI4'JIHOe 

ceqett11e npouecca. )l,JJSI '-!aCTOT 113Jiy'-leHl1SI w > Wo 11HTepcpepeHU11SI SIB

JISieTCSI KOHCTPYKTl1BttoH:: noJIHoe ce'-!ett11e yBeJI11'-l11BaeTcsi:. KaK cJie.uyeT 

113 cpopMyJihI (11.50), B np116JI11)1(ett1111 TO'-le'-IHOro 110Ha .uecTpyKTl1BHaSI 

Me)l(KaHaJibHaSI 11HTepcpepeHU11SI MO)l(eT TIOJIHOCThlO «3aHyJil1Th» Ce'-1ett11e 

TOpM03HOro 3cpcpeKTa B CJiyqae BhITIOJJHeHl1SI HepaBettcrna: 

I = c EJ < f 01iwJ , 
81' 24r0 Ao 

(11.52) 

r.D,e r0 = e2/mc 2 - KJiacc11qecK11H: pa.u11yc 3JleKTpotta; -1 0 = 21Z"c/w0 -

pe3ottattcttasi: .UJI11Ha BOJIHhr. YcJIOB11e (l l.52) ttaKJia.D,hrnaeT orpatt11'-!e

tt11e Ha 11HTeHCl1BHOCTh 113JiyqeHl1SI, «HaCbIIUaroruero» pe30HaHCHhIH ne

pexo.u 11 yMeHblllaJOruero TeM caMbIM BKJia)], TIOJJSIPl13aU110HHOro KaHaJia 

B TIOJIHYIO aMTIJil1TY.D,Y npouecca. 06paruett11e ceqemrn B HOJih fOBOp11T 0 

TIOJlHOH B3al1MHOH KOMneHcau1111 BKJia)],OB CTaTl1'-leCKOfO 11 TIOJISip113au11-

0HHOro KaHaJIOB B TIOJlHOe ce'-1eH11e npouecca B Hl13KO'-laCTOTHOH 0Kpe

CTHOCTl1 pe30HaHca w < WO. 
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flpHBe)l.eHHaH KapTHHa pe30HaHCHOf0 TOpM03HOro 3<P<f>eKTa Ha ca

MOM .ue11e HBJIHeTCH BeCbMa rpy6oi1, OHa OTpa:>KaeT KaqecrneHHhie qep

TbI paccMaTpHBaeMoro HBJieHHH B HyJieBOM npH6JimI<:eHHH. qT06bI no

JiyqHTb 6011ee peaJIHCTHqeCKOe OITHCaHHe, Heo6XO)l.HMO yqeCTb npo

HHKHOBeHHe pacce:rrsa10merocH 3JieKTPOHa B OCTOB HOHa-MmneHH. 

floHHTHO, qTO 3TO npOHHKHOBeHHe 6y,neT yse;mqJrnaTb aMITJIHTY.UY CTa

THqecKOro KaHaJia H yMeHblliaTb aMnmny.uy IlOJIHptt3aUHOHHOro KaHa

Jia. KpoMe Toro, H 3To oco6eHHO Ba)l(HO, yqeT npoHHKHOBeHHH HaJie

TaIOllleM qacTHQbI B HOHHbIM OCTOB npHBO)l.HT K 3aBHCHMOCTH HHTep

<JJepeHQHOHHOfO c11araeMoro OT npttu;eJihttoro napaMeTpa p, qTo, KaK 

3TO 6y,neT noKa3aHO HH)l(e, yMeHblliaeT POJib Me)l(KaHaJibHOH HHTep<f>e

peHUHH. 

8JIHHHHe npOHHKHOBeHHH HaJieTa10ruero 3JieKTpOHa B OCTOB MHllie

HH Ha TOpM03HOM 3cP<l>eKT MO)l(HO yqecTb, ecJIH BOCilOJib30BaTbCH npH-

6JIH)l(eHHeM KJiaccwreCKOfO KyJIOHOBCKoro TOKa. 3TO nptt6JIH)l(eHHe a.ueK

BaTHO c11yqa10 BbICOKOTeMneparypHOM nJia3MbI c MHOf03apH)l.HbIMH HOHa

MH Z; » 1, Kor.ua BbIITOJIHHeTCH ycJIOBHe KBa3HKJiaccnqHOCTH (11.49), H 

,UBM:>Kemrn HaJieTaIOIUe:i1 qaCTHU:bI npOHCXO,UHT B 3JieKTpttqecKOM noJie, 

6JIH3KOM K KyJIOHOBCKOMy. Tor.na HHcPHHHTHoe )l.BH)l(ett:rre 3JieKTpoHa 

npOHCXO)l.HT no rnnep6011e, napaMeTpbI KOTOpot\: onpe)l.eJIHIOTCH HaqaJib

HOM CKOpOCTblO (Ha 6ecKotteqttoCTH) vi H npttueJibHbIM napaMeTpOM p. 
,lJ,tt<f><PepeHQHaJibHOe ceqeHHe BbIHy)l()l.eHHOro TOpM03HOro 3$<l>eKTa B 

paccMaTpttBaeMOM nptt6JIH)l(eHHH HMeeT BH)l.: 

(11.53) 

r)l.e dtot< w, p) - IlOJIHbIM H3JiyqaIOllIHH MOMeHT CHCTeMbI «HaJieTaIOIUHH 

3JieKTpOH + HOH-MHllieHb)>, 

(11.54) 

<P - yroJI Me)l()l.y IlJIOCKOCTblO op6ttTbI H BeKTOpOM HanpH)l(eHHOCTH 

3JieKTpttqecKoro IlOJIH B H3Jiyqemrn Eo (a3HMYTaJibHbIH yron). nepsoe 

cnaraeMoe B (11.54) orneqaeT KOMITOHeHTe <l>ypbe )l.HITOJihHOro MOMeH

Ta 3JieKTpoHa (CTaTJfqecKHH KaHaJI), BTOpoe cnaraeMoe COOTBeTCTByeT 

KOMITOHeHTe <l>yphe )l.HITOJibHOro MOMeHTa, HaBe)l.eHHOro 3JieKTpOHOM 

B HOHHOM OCTOBe (nOJIHPH3aUHOHHbIM KaHaJI). )J,BH)l(eHtte paccettBaIO

IUerocH 3JieKTPOHa B )l.aHHOM c11yqae y.no6HO OITHCbIBaTb c IlOMOillhlO 

ifJoKallbHOU CHCTeMbl KOOp)l.HHaT' Jie)l(aIUeH, ecTeCTBeHHO, B IlJIOCKO-
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CTH op6ttThl. ,llsa 6a3MCHhIX BCKTOpa 3TOM CMCTCMhl onpe,lI,CJUllOTC51 

paBCHCTBaMtt: 

rne 

e; + e1 e = . 
y 2 cos (z?/2)' 

e - V;. 
i --, 

V; 

e; -e1 e == ----'--
x 2sin(t'J/2)' 

tJ - yroJI paccesimrn ::ineKTpotta, 

ac - cyJioHOBCKaH ,ZJ,JIMHa, 

t'J = 2arctg( ~ ); 

Z.e 2 

ac =-'-. 
mv~ 

I 

(I 1.55) 

I1 HTerpttposam1e B npaBOH 1WCTH paBCHCTBa ( 11.53) no a3HMYfaJih

HOMY yrny <p ,ZJ,aeT: 

o-101 (w, a)== tr2 a~EJ x 
21i (11.56) 

xf{ldtot,x(w, P)l
2 

fx(a, P)+ldiot,y(w, P)l2 ~.(a, P)} jJ::2 , 
0 c 

me fx(a, p), f/a, p) - 6e3pa3Meptthie cf>YHKUMM np1rneJibttoro napa-

111eTpa p H yrna a MC)[():(Y BCKTOpOM HaqaJihHOM CKOpOCTH H BCKTOpOM 

'JJieKTpttqecKoro nom1. £0 B H3JiyqeHHH, 

2 

fx(a, p) == cos2 a+ p 2 sin2 a; 
2ac 

p2 1 
!y(a, p) == - 2 cos2 a +-sin2 a. 

ac 2 

(11.57) 

(ll.58) 
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KoMIIOHeHrn <l>yphe pa;::u1yca-BeKTopa pacce1rna10merocH 3JieKrpoHa 

r(w, p), orrpe)l,eJrnioruaH ceqemte cran1qecKoro KaHana, HMeer craH

)J,apTHhIM BML(: 

(11.59) 

(11.60) 

r)J,e H{2101c - <l:>YHKUHH faHKeJIH rrepBoro po)J,a paHra iOJ/OJ6 wTpHx B 

cjJopMyne (11.59) 03Haqaer )J,HcjJcjJepeHuHpoBam1e no apryMeHry. 

KOMIIOHeHTa <l>yphe )J,HIIOJihHOfO MOMeHTa d;(OJ, p ), ttaBe)J,eHHOfO B 

OCTOBe MOHa, B lfCIIOJih3yeMOM rrptt6JilDKeHMH paBHa: 

f)J,e r(t, p) - pa)J,MyC-BeKTOp pacceHBaIOIUerocH 3JieKTpOHa; re - MO

L\YJib pa)J,Hyca-BeKTOpa 3JieKTPOHa HOHHOro OCTOBa (rrpe)J,IIOJiaraeM )J,JIH 

npoCTOThl, qro B lfOHe-MttllleHH 0)1,lfH 3JieKTpOH Ha BHewHeil: o6onoq

Ke); do - )J,lfIIOJibHbIM MOMeHT pe30HaHCHOro rrepexo)J,a; Q - qacTOTa 

Pa6tt; In;, s), In, p) - BeKTOphI cocroHHHM CBH3attttoro 3JieKTpotta ttott

ttoro OCTOBa; 

a1(r, r')=B(r-r')..!._
2 

+B(r'-r)r
2
'. 

r' r 
(11.62) 

B MaTpM'lHOM 3JieMeHTe \n, p//a1[rc, r(t, p)]//n;. s) rrpe)J,rronaraer

CH HHTerpttpoBaHHe TOJihKO no MOL\YJIIO pa)J,ttyca-BeKTopa re BHewttero 

3JieKTpoHa B HOHHOM OCTOBe, HHTerpttpoBaHHe no YflIOBbIM nepeMeH

HhIM y)!(e rrpoBe)J,eHO. 

HcrroJih3yeM cjJopMyJihI (l l.56)-(11.62) MH pacqera nonttoro ceqe

HHH BhIH~eHHOro TOpM03HOfO 3cjJcjJeKTa rrptt pacceHHHH 3JieKTpoHa c 

HaqaJihHOM CKOpOCTbIO 1,3. 108 CM/c Ha JIHTMeIIO)J,06HOM HOHe a30Ta N4+. 

JlttTHeIIO)J,06HOCTb 03Ha'laer, qro 3JieKTpOHHaH crpyKTypa lfOHa TaKaH 
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)J(C, KaK B HCHTpa.JibHOM aTOMe JIMTJUI. JlerKO npoBepMTb, qTO B paccMaT

p11BaCMOM CJiyqae 6opHOBCKMH napaMeTp, qrnrypttpy10m11i1 B HepaBeH

crnax (11.19) 11 (11.49), 

TaK qTo KBa3MKJiacc11qecKOe ycJIOBMC ( 11.49) BbinOJIHCHO. Ilpe.unoJiaraeT

CH, qTo qacTOTa l13JiyqCHMH 6JIM3Ka K qacTOTC nepexo.ua 2s -t 2p B MOHHOM 

OCTOBe, a MHTCHCMBHOCTb pe30HaHCHOro l13JiyqeHMH I"' 3 . 1010 BT/CM2. 

Pe3yJihTaTbl Bb1q11cJiett11i1 noJittoro cetJeHMH, ttopM11posattttoro Ha ceqe

HMe CTaT11qecKoro KaHaJia, .ll,JIH .ll,Byx noJIHPM3aUMH M3JiyqeHMH npe.ucTaB

JICHbl Ha p11c. 11.5. 

10 
~ 

:i 
~ 1 
"" ----
~ 
<i 
§0,1 
.g 

0,01 .___ ___ .___ ___ .._ ___ ..__ __ ___. 
-4 -2 0 2 4 

(w -Wo)/wo, % 

PHc. 11.5. HopM11posattttoe ce'!ett11e BbIHy)l():\ettttoro TOpMoJttoro 3<l><l>eKTa np11 

pacceHHHH KB33HKJ13CCH'!eCKOrO 3JleKTpOHa Ha HOHe N4+ B6JJH3H co6-

CTBeHHOH '13CT0Tbl nepexop:a 2s ---> 2p B OCTOBe MHIUeHH MH p:syx 

Jtta'!ett11if yrna a: 
I - a = O; 2 - a = n/2 

IlpMBC.UCHHblH pIICYHOK .ll.CMOHCTp11pyeT CMJibHyIO 3aBMCMMOCTb MH

Tepct>epeHUMOHHblX 3cpcpeKTOB OT n01rnp113au1111 pe30HaHCHOfO l13JiyqeHMH. 

(3rn 3aBMCMMOCTb OTCYTCTByeT B ¢opMyJie (11.50), Bb!BC.ll,CHHOH 6e3 yqern 

npOHMKHOBCHMH HaJICTalOll(CH qacTHUbl B 3JICKTPOHHbIH OCTOB MMlllCHII.) 

B cJiyqae napaJIJieJibHOtt op11eHTaUIIH noJIH E0 no oTHOlllCHMIO K BeKTO

PY Haqa.rrbttotl CKopocTM pacce11Ba10merocH 3JieKTPOHa (a = 0) MHTep

¢epeHUHOHHhie 3¢¢eKThI CHJihHO pe.ll.yu11poBaHhI. Ecm1 )J(C a = tr/2 (rrep

neH.UMKYJIHpHaH noJIHpM3aUHH) Me)J(KaHaJibHaH HHTep¢epeHUHH BCCbMa 

cymecTBCHHa, qTo oco6eHHO CHJibHO npOHBJIHCTCH B HH3KoqacTOTHOM 

KpbIJie w < w0 , r.ue noJIHoe ceqeHHe npouecca yMeHhrnaeTCH np11Meptto 
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Ha nop5I.IJ,OK BeJUl'IMHbI. B BbICOKo<JaCTOTHOM Kpbrne JIMHMM BJIM5IHtte no

JI5Iptt3aUttM M3JIY'feHM5I Ha Me)[(KaHaJihHYIO MHTepcpepeHUMIO He3Ha'IttTeJib

HO. Xorn .necTpyKTMBHa5I MHTep<iJepeHUIDI BKJla.IJ,OB CTaTM'IeCKOfO M TIOJI5I

ptt3aUMOHH0fO KaHaJIOB B TIOJIHOe ce'IeHtte TOPM03HOfO 3cpcpeKTa BeCbMa 

seJIHKa, oHa see )[(e He )l,aeT nOJIHOro «3aHYJieHIDI» ce<JeHHe npouecca, 

KaK 3TO npe.D,cKa3bIBaeTC5I )l,HTIOJibHOM cpopMyJIOH (11.50). 
Ilptt'IttHa TIOJI5IpH3aUHOHHbIX oco6eHHOCTe:H B cneKTPaJibHOM ce<Je

HHH TOpM03HOro 3cpcfJeKTa CB.Sl3atta c pa3HbIM BJIIDIHHeM npOHHKHOBeHH5I 

3JieKTpOHa B OCTOB MHllleHH Ha cpOKaJibHbie KOMTIOHeHTbl HaBe)l,eHHOro 

)l,HTIOJibHOfO MOMeHTa ( d.) . Pac<JeT 3aBHCHMOCTeM 3THX KOMTIOHeHT OT 
I X, y 

npHueJibHoro napaMeTpa noKa3brnaeT, 'ITO )l,JI5I CJIY<Ja5I, H3o6pa)[(eHHOro 

Ha p11c. 11.5, y-npoeKUH5I 6JIH3Ka K csoeMy Jl.HTIOJibHOMY attanory. B TO 

)[(e BpeMJI x-npoeKUHH )l,HTIOJlbHOfO MOMeHTa JJ,JIH 6JIH3KHX coyJJ.apeHHM 

(p < ac) CHJlbHO OTJIH'laeTC5I OT Bbl'IHCJieHHOH B JJ.HTIOJibHOM np116JIH

)[(eHHH. B qacTHOCTM, JJ.JIH HeKoToporo 3Ha'IeHH5I np11uenbttoro napa

MeTpa x-npoeKUH5I HaBeJJ,eHHOfO B OCTOBe )l,HTIOJlbHOfO MOMeHTa o6pa

maeTC5I B HOJih H np11 p ~ 0 MeHSieT 3HaK. KaK cne.ll,yeT H3 <iJopMyJI 

(11.56)-(11.58), B nptt napaJIJieJibHOH TIOJI5IpH3aUHH H3JIY<JeHHH (a= 0) 
OCHOBHOH BKJla.IJ, B npouecc )l,aeT (d;)x -KOMTIOHeHTa. LI.e:HCTBHTeJibHO, TOr.ua 

fx "" I, J;. "" 0, nocKOJihKY B KpaMepcoBCKOM npe!l,eJie cymecrneHHhI p < aC' 
IlpH nepneH)l,MKYJI5IPHOH IlOJI5IpH3au1u1 (a = n/2), HanpOTHB, fx"" 0, 
!y "" 1, H OCHOBHYIO pOJib 11rpaeT (d;)J'-KOMilOHeHTa, Ha KOTOPYIO cJia6o 

BJIH5IIOT 3cpcpeKTbJ npOHHKHOBeHH5I. Ho B npette6pe)[(eHHH npoHHKHo

BeHHeM pacce1rna10meroc51 3JieKTpOHa B OCTOB HOHa-MttllleHH Me)K.Ka

HaJibHa5I HHTep<iJepeHUHH O'leHb cymecTBeHHa, KaK 3TO CJie)l,yeT ll.3 cpop

MYJibI (11.55). TaKttM o6pa30M, B CJIY'fae a= n/2 MHTepcpepeHUHOHHhie 

3cpcpeKThl ,ll,OJI)[(Hbl 6bITh np05IBJ1eHbI, a B CJIY<Jae a = 0 - peJJ,yUttpOBa

HbI, 'ITO H ,ll,eMOHCTpHpyeT pHC. 11.5. 
c POCTOM HHTeHCHBHOCTM pe30HaHCHOf0 H3JIY<JeHH5I «TipOBaJI» Ha 

cneKTpaJibHOH 3aBHCHMOCTH ceqeHHH (CM. pHc. 11.5) 6yn;eT CJJ.BHraTbCH 

K ueHTPY JIHHHH, TIOCKOJibKY npH 3TOM H3-3a 3cpcpeKTa HaCbIIUeHHH aM

TIJIHTYJJ.a TIOJI5IpH3aUHOHHOfO Kattana (Ha cpMKCMpOBaHHOH 'IaCTOTe) 6y

JJ,eT yMeHblllaTbC5I. 

TaKHM o6pa30M, B Bhrn~eHHOM TOpM03HOM 3cpcpeKTe Ha ttottax c 

3JieKTpOHHbIM OCTOBOM BKJiaJJ, nomipH3aUHOHHOfO KaHaJia B ceqeHHe 

npHBOJJ.HT K aCHMMeTptt'IHOH peJOHaHCHOH crpyKType npH nptt6JIH)[(e

HHH qacrorbI M3JIY<JeHHH K OJJ,HOM 113 co6cTBeHHbIX qacror HOHHOro oc

TOBa. CneKTPaJibHa5I aCMMMeTpHH ceqeHMH Bhl3BaHa Me)[(KaHaJibHOM HH

Tepcpepettutte:H H cymecrneHHO 3aBHCHT OT TIOJIHPM3aUHH pe30HaHCHOfO 
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H3JiytieHHH. I-fa npoBep:eHHOfO paccMOTpeHHH TaIOKe CJie.a:yeT, qTO B CJIY

qae pe30HaHCHOf0 cnoHmaHHOCO TOpM03HOfO H3Jiyqemrn 3JieKTpOHOB Ha 

HOHax B HH3KOlJaCTOTHOM KPhlJie JIHHHH H3JiytieHHe 6y.a:eT npeHMyme

CTBeHHO nomipH30BaHO B)J:OJib HalJaJihHOM CKOPOCTH 3JieKTpOHa. 

11.4. HJnY4EHHEPEnHTHBHCTCKHX4ACTHQ 
HA ATOMHblX KnACTEPAX 

PaccMoTpHM cHalJaJia nom1pH3aUHOHHOe TOpM03Hoe H3IIY

'!eHHe, B03HHKa10mee B pe3yJihTaTe Heyrrpyroro pacceHHHSI peAamueucm
cKoii 3apmKeHHOM lJaCTHUhl Ha H301IHpoBaHHOM aTOMe. qT06hI 3an11caTb 

Bblpa)[(emte MSI ero aMITJIHTYJJ:hf, BOCIIOJib3yeMCR .a:HarpaMMaMH pHC. 11.4, 
OIIHCbIBaIOIUHMH )l.aHHblM rrpouecc B 6opHOBCKOM npH6JIH)[(eHHH no B3a

HMO)J:eMCTBHIO HaJieTaIOIUeH '!aCTHUhl c 3JieKTpOHHhIM OCTOBOM aTOMa

MHilleHH. B pem1THBHCTCKOM cnyqae, KOrJl.a v"' c, ycnoBHe npttMeHHMO

cTH 6opHOBCKOfO rrptt6JIIt)l(eHHJI ( 11.19) BbinOJIHJieTCJI BITJIOTb .a:o BhICO

KHX 3Ha'!eHHM 3apJ1.D:OBhrx 'IHCeJI cTanKHBaIOIUHXCH qacTHU. KaK y)l(e 

OTMe'!aJIOCb, ITOJIHPH3aUHOHHOe TOPM03HOe H3JiyqeHHe MO)l(HO OIIHCaTb 

KaK paccesrHHe BHPTYaJihttoro cpoTotta co6crnettttoro rrom1 paccettBaJO

IUerocJI 3apHna B peaJibHhIH cpOTOH Ha CBJI3aHHhIX 3JieKTPOHax MHllleHM. 

B paccMaTpHBaeMoYI CMTya11,1rn ¢opMyna ( 11.41) MSI ttanpH)[(eHHOCTH 

3JieKTpH'IecKoro noJUI BMPTYaJihHoro c}>oTotta «He pa6orneT», Hy)l(HO Kop

peKTHO yqecTh peIIHTMBM3M HaJiern10meYI qacTHUhI. BocnOJih3YeMcsr Jl.JISI 

3Toro ypaBttettHSIMH MaKCBemrn, 3anttcatttthIMH .D:IIH TIJIOCKHX BOJIH. 

00)].CTaBJISISI HanpH)l(eHHOCTb MarHHTHOfO IIOJISI H3 rrepBoro ypaBtteHHSI 

B TpeThe (ttyMepal.l,HH ypaBtteHHM MaKcBeJina B3SITa H3 T. 2 Kypca Teope

THl.JecKoti. cpH3HKH JI.JI. Jlatt)l.ay H E.M. Jltt¢11IHUa), noJiytJaeM paBeH

crno .a:nH orrpe)l.eJiettHsr Hanpsr)l(eHHOCTH noJIH BHpTyaJihttoro cpoTotta EP: 

{k;kj +Jii(:: -k2 )}E)Pl(w, k)=-i
4;iw J;(w, k), (11.63) 

cue 1/w, k) - npOCTpaHCTBeHHO-BpeMeHHaR KOMIIOHeHTa <Pypbe IIJIOT

HOCTH TOKa pacceHBarometi.csr 3apH)l(eHHOM l.JaCTHI.1,hI. Pe11Ietttte ypaBHe

HHJI ( 11.63) HMeeT BHi(: 

(11.64) 
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Opn pacceHHHH 311eKTpotta c;, P; ~ cf' p1 c H3MettetttteM 3Heprnn 

CJ - C; = nq0 H HMITYJibCa P1 - P; = nq B <i>opMyJie (11.64) Hy)l<HO npOH3-

BeCTH 3aMetty w ~ -q0 n k ~ -q. Bbipa)l(ettne (11.64) MO)l(HO ynpoc

THTh, ecJIH BOCITOJlb30BaTbCJI nptt6JIM)l(eHHbIM paBeHCTBOM .l{JIJI <l>ypbe

o6pa3a ITJIOTHOCTM TOKa: 

(11.65) 

KOTOpoe cnpaBe.l{JIHBO B CJiyqae CJia6oro B03M}'lll.eHMJI .l{Blf)l(eHHJI pacceM -

Ba10meticH t.JacTHUhI: 

IlpM 3aITHCM (11.65) HOPMHpOBO'-IHbIH 06beM ITOJIO)l(eH paBHbIM e.l{HHHI.J,e. 

11cnOJib3YJI ( 11.65), M3 <i>OPMYJihl (11.64) noJiyqaeM .[l,JIH ttanpH)l(eHHOCTM 

3JieKTPMt.JeCKOfO ITOJIH B TOt.JKe r: 

q - (qv / c2
) v . 

E(P)(q, r) = 4:rrieP 
2 

e-•qr. 
q2 

- (qv/c) 
(11.66) 

<l>opMyJia (l l.66) onttchrnaeT 3JieKTpttt.JecKoe no11e BHPTYaJibttoro 

cpOTOHa, KOTOpbIH B03HMKaeT B pe3yJihTaTe pacceHHMH 3apJI)l(eHHOH qac

THI.l,bl. 3aMeTHM, 1.JTO B HepeJIHTMBHCTCKOM npe.z:r:e11e v = c paBeHCTBO 

( 11.66) nepexo;::i:m B Bbipa)l(etttte ( 11.41 ). B peMTMBHCTCKOM c11yqae tty)l(HO 

TaK)l(e )"IMTbIBaTb npocTpattcTBeHHYIO 3aBMCHMOCTb ITOJIH H3JI)"leHH.H (pe

aJibHOfO <i>orntta), T. e. nncaTb E(r) = E0 exp (-ikr) BMeCTO nocTOHHttoro 

3Hat.JeHHR £ 0• Mnttyc B noKa3aTeJie 3KcnotteHThI exp (-ikr) orneqaeT 

OTpMI.l,aTeJibH0-1.JaCTOTHOH COCTaBJIR.IOI.UeH ITOJIJI, KOTopaR. OTBeTCTBeHHa 

3a u311yr.teHue <i>oTotta. HanoMHHM, '-ITO noJIO)l(H.TeJibHO-t.JaCTOTHaH co

CTaBJIHioI.UaH 3JieK{poMafHHTHOfO ITOJI.sJ Bbl3bIBaeT no2JIOUl,eHUe <i>oTotta. 

c yt.JeTOM CKa3aHHOf0 aMIIJIHTY.[l,a ITOJIHptt3aUHOHHOro TOpM03HOro H3-

JiyqeHJHI (11.42) nepenmueTcH B Btt;::i:e: 

(11.67) 

+(ilE6P)(q)e-iqrJG(E; -nw)dE0e-ikr Ii)}= 2~ EbE6P)"c{t"(k, q), 

r;::i:e cf: (k, q) - TeH3op pacceHHHH 3JieKTpOMarHHTHOf0 ITOJIR. Ha aTOMe, 

yqHThIBaIOI.UMH tteo.z:r:ttopo.z:r:ttocTh noJIH. Ott HBJIHeTCH o6o6metttteM cBo-



11.4. H3!1y'leHue pe!IRmuBucmcKUX 11acmu~ 11a amoMHbtx K!lacmepax -1\,, 44 7 

ero .u11noJibttoro amUiora (8.31) .um1 paccesrnm1 6e3 H3MetteHHH aTOMHO

ro cocTOHHHH Ii) = I/). ,LJ.aJihHeHllIHM pac'-IeT npoBe.ueM B cJie.uy10meM 

np116JIH)l(eHHJ1: 

(I 1.68) 

r.ue i';;(q1) - aTOMHblH qJOpM-cpaKTOp, HOpMHPOBaHHbIH Ha '-IHCJIO 3JieK

TPOHOB, KOTOpoe B CJiyqae HettTpaJibHOfO aTOMa paBlUieTCSI 3apS!.UOBOMY 

'-IMCJIY H.Upa Z, 

(11.69) 

ATOMHhitt cpopM-cpaKTop npe.uCTaBm1eT co6oi1 <f>yphe-o6pa3 3JieKT

pottttoi1 TIJIOTHOCTH H COOTBeTCTBeHHO OTIHCbIBaeT ee npoCTpaHCTBeHHOe 

pacnpe.ueJiett11e. 

CooTHOlllemie (l l.68) Ha3h!BaeTCH MYJihTHTIJIMKaTHBHhIM npn6JIM

)l(ett11eM, B HeM '-IaCTOTHaH 3aBJ1CMMOCTh onpe.ueJIHeTCH .UHHaMtt'-IeCKOH 

IIOJHipM3yeMOCThJO aTOMa fii.(w), a 3aBJ1CMMOCTh OT nepe.uaHHOfO BOJIHO

BOfO BeKTopa (q, = k + q) OTIHChIBaeTCH HOpMHpOBaHHhIM cpopM-cpaKTO

pOM (11.69). MO)l(HO noKa3aTh, '-ITO COOTHOllleHHe (11.68) HBJIHeTCH TO'-I

Hh!M B npe.ueJie BbICOKHX '-IaCTOT w » w a' r.ue w a - xapaKTepttaH co6-

crnemrnH qacrnrn aTOMa .!l.JIH nepexo.uoB B .uttcKpeTHOM cneKTpe. ,LJ.ei1crnyH 

B TIOJIHOH aHaJIOfHH c Bb!BO.UOM HepeJISITHBHCTCKOfO ce'-IeHMSI TIOJIJiptt3a

UHOHHOfO TOpM03HOro 3cpcpeKTa (11.47), HaXO.UHM: 

daPB = J(w+qv)\(E E(P))\2\fJ.(w)F.(q )\2 __!!!!_, 
2n2v o o , " 1 ( 2n')3 

(11.70) 

lJT06bI nepeHTH OT ceqemrn Bh!HY)K,IJ,eHHOro H3JIY'-feHMSI (1l.70) K 

CTIOHTaHHOMy npoueccy, Hy)l(HO B cpopMyJie (l l.70) npOH3BeCTM 3aMeHy 

(11.37). CYMMMPYH noJiy'-Iettttoe Bb1pa)l(ett11e no noJIHptt3aUHHM 113JIY'-fa

eMoro cpoTOHa M TIOJib3YHCb cpOpMyJIOH (1 I.66) .UJISI TIOJIH HaJiern10mett 

'-IaCTHUhl, npHXO.UHM K paBeHCTBy: 

daPB 
--= 

dw (11.71) 

w3 e; [ n, q + ( w/ c2
) v J 2 

_ 2 
=-2- 3 J(w+qv) 2 \/J;(w)F;;(q1)\ dQkdq, 

n nvc [q2 -(w/c)2] 
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r)l,e dQk - 3JieMeHT TeJieCHOfO yrna B HanpaBJiemrn BOJIHOBOfO BeKTOpa 

HJJiyqaeMoro ¢oToHa. IloJiyqeHHoe ceqetttte HBJIHeTrn )l,tt¢¢epeHUMaJih

HhlM no qacTOTe, yrny BbIJieTa ¢oTOHa M yrny pacceHHMH 3JieKTpOHa. 

B qacTOTHOM )l,ttanaJoHe m < v/r
0 

«pa6orneT» nptt6JimKeHtte fiop

Ha-fieTe (11.43), M MO)[(HO npette6peqb BOJIHOBhIM BeKTOpOM ¢ornHa B 

aprYMeHTe aTOMHOfO ¢opM-¢aKTopa, T. e. cnpaBe)l,JIMBO nptt6JimKeHHOe 

paBeHCTBO: 

(11. 72) 

l1cnOJib3YH (11.72), MO)[(HO npOMHTerpttpOBaTb ceqeHMe (11.71) no 

BOJIHOBOMY BeKTOpy q, B pe3yJihTaTe nonyqaeTCH ceqetttte nOJIHpM3aUM

OHHOfO TOpM03HOfO H3JiyqettMH, )l,tt¢¢epeHUMaJibHOe no qaCTOTe H yrny 

BbIJieTa $OTOHa: 

daPB 

dmdQk (11.73) 

e;m3 I .B; ( m) 12 f ( 1 + cos2 0) In ( vy )- (!:.)2 sin 2 0 + 1 - 3 cos2 0)' 
ntw2 c3 l mr0 c 2 

f)l,e 0 - yron Me)[()l,y BeKTOpOM CKOpOCTM pacce11Ba10ruei1cH qacTMUhl M 

BOJIHOBOfO BeKTOpa $OTO Ha; y - peJIHTMBHCTCKHH $aKTOp Jlopettua, 

[ 
2 ]-1/2 

r= 1-(~) 
<DopMyJia (11.73) BbIBe)l,eHa B 06nacn1 OTHOCHTeJibHO HM3KMX qacTOT 

m < v/r
0

• 3To ttepaBeHcTBo )l,aeT cne)l,y10ruee orpattnqetttte Ha 3Heprmo 

TOpMOJHoro ¢oToHa (B MO)l,eJitt ToMaca-<DepMM )l,JIH cpe)l,ttero aTOMHO-

ro pa)l.ttyca) nm < 4, 2VZ K3B. TaKHM o6pa30M, Bhrpa)[(etttte (11. 73) a)l,eK

BaTtto onttCbIBaeT cneKTpaJibHO-YfJIOBbie xapaKTepttCTMKM paCCMaTpHBa

eMoro npouecca B )l,ttana30He nm75. 10 K3B. B BhICOKoqacTOTHOH o6JiaCTM 

nm> 10 K3B (m > v/r) nptt6Jitt)[(eH»e ( 11.72) OKa3bIBaeTCH He)l,OCTaTOq

HhIM: tteo6xO)l,HMO y<IHTbIBaTb BOJIHOBOH BeKTOp ¢orntta B aprYMeHTe 

aTOMHOro ¢opM-¢aKTOpa. 

B norap11¢M11qecKOM np116Jitt)[(ett1111 (Kor)l,a MO)[(HO npette6peqh )l.py

rHMH CJiaraeMbIMM B ¢11rypttbIX CK06Kax (11.73) no cpaBHeHHIO c 60Jih

IIIHM noraptt$MOM) yrnoBaH 3aBMCHMOCTb ceqeHMH IIOJIHPM3aUHOHHOro 
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TOpM03HOfO M3nyqemu1 pe11amueucmCKOU 3ap.H:JKCHHOH qacTMUbl onHCbI

BaCTC.H .llHIIOJibHhIM MHOXHTeJieM I + cos2 B. 3To ttaxo.n:HTC.H B pe3KOM 

KOHTpacTe c M3BCCTHbIM cpaKTOM Y3KOti: HanpaBJieHHOCTH CTaTMqecKoro 

TOpM03Horo M3nyqeHH.H pen.HTMBMCTCKoti: qacTMUhI. YKa3aHHOe pa3nM

qHe CB.H3aHO c TCM, qTO IIOJrnpM3aUMOHHbIH Kattan o6ycnoBJieH pacce.H

HHCM co6cTBeHHOfO nomJ 33p.HXCHHOM qaCTHUbl Ha Hepen.HTHBHCTCKHX 

aTOMHbIX 3neKTPOHax, II03TOMY yron M3nyqeHM.H cna6o BJIH.HCT Ha aepo

.HTHOCTb npouecca. B cnyqae )Ke crnT11qecKoro KaHana yron M3nyqeHH.H 

aecbMa cymecTBeH, ecn11 qacTMUa pemnMBMCTCKa.H. ,ll.eti:cTBMTenbHO, np11 

M3nyqeHMM cpOTOHa BepOSITHOCTb npouecca nponopuMOHaJibHa KBa.n:paTy 

TaK Ha3bIB3eMoti: KOrepeHTHOM MMHbI ll', KOTOpyIO MO)l(HO onpe.n:enMTb 

K3K paCCTO.HHMe, Ha KOTOpOM none cporoHa «OTpbrnaeTC.H» OT co6CTBeH

HOfO nonSI 113nyqa10meti: qacTMUbJ. 3To paccTOSIHMe paBHO: 

I - A. 
c - 1-(v/c)cosB' 

(11.74) 

r.n:e A - .n:nMHa BOnHbI; B - yron M3Jly<IeHM.H. yfa cpopMyJihl (11.74) BM)J,

HO, qTO M.H v"' c KOrepeHrHa.H MMHa, a c HeM M aepOSITHOCTb M3nyqeHM.H 

pe3KO pacryT Ha MaJihIX yrnax 8 ~ 0. B Hepen.HTMBMCTCKOM npe.n:ene v « c 
BHe 3aBHCMMOCTM OT aen11q11HbI yrna 8¢>opMyJia (11.74) .n:aer: le= A., TaK 

qTo OCTpa.H HanpaBJICHHOCTb M3nyqeHHSI OTCYTCTByeT. 

CneKTpanbttoe ceqeHMe paccMaTp11aaeMoro npouecca nonyqaeTc.H 

nocne MHTerp11poaaH11.H ( 11. 73) no yrny 113nyqeHM.H ¢>orotta. B pe3ynhTa

Te B .n:11ana3oHe w < v/r
0 

MMeeM: 

(11.75) 

KaK BM.llHO M3 (11.75), cneKTPaJibHoe ceqett11e non.HpM3aL(MOHHoro 

TOpM03HOf0 H3nyqeHH.H norapmpMMqecKM B03pacTaeT c yaeJmqeHMeM 

cpaKTOpa JlopeHua y, T. e. pOCTOM 3HeprnM peml.TMBMCTCKOM qacTMUbI 

(e = pnc2). 3TO 06CTO.HTenhCTBO CTaHOBMTC.H nOH.HTHbIM, eCJIM yqeCTb, 

qro none ynbTpapen.HTMBMCTCKoro 3apsu~a (y» I) np116nm1<aerc.H no cao

eti: npocTpaHcTBeHHOM CTpyKrype K non10 nnocKoi1 3neKTpoMarttMTHoti: 

BOJIHhJ. B pe3ynhTate MaKCMMaJihHhIM np11uenhHhIM napaMerp Pmax, co

orneTCTBYIOIUMM H3Jly<ICHMIO cpOTOHa 3a.n:aHHOH qacTOTbI, pacTeT c poc

TOM ¢>aKTopa JlopeHua y, qTO M o6ycnoBJIMBaeT pOCT ceqeHM.H non.HpM3a

UMOHHOfO TOpM03HOfO M3nyqeHM.H. OocKOnhKY B paccMaTpMBaeMOH CMTy-
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a11:in1 v"' c, TO npe,!I,.llorapw<l>MwqecKJIH cpaKTOp B ceqeHJIJI (11.75) nepe

crneT 1aBJICeTb OT 3HeprHJI Ha.JieTa10meM. qacTH.UhI. HanoMHJIM, qTo ceqe

HJie nom1pJI3aUHOHHOfO TOpM03HOro JI3JiyqeHJI51 HepeARmU6UCfflCK020 3a

psma o6parno nponopuHoHa.JihHO ero KJIHeTJiqecKOH 3HepmJI [cM. (l l.31)]. 
KaK )')Ke OTMeqa.JIOCh, B BhICOKoqacTOTHOM .UJiana1otte w > v/r

0 
rro

JiyqeHHhre Bbipa)l(eHJI51 (11. 7 3)' (l l. 7 5) «He pa60TaIOT»' IIOCKOJibKY TOf

.ua Heo6XO,ll,JIM 6oJiee .ueTaJibHbIH yqeT He,ll,JIIIOJibHOCTJI 3JieKTpOMarHJIT

HOfO B3al1MO,ll,eHCTBJI5I. 3Ta He,UJIIIOJibHOCTb OilJICbIBaeTC5I aTOMHbIM 

<l>opM-<l>aKTopoM (11.69). Bbipa)l(ettJie ,ll,JIH HOpMwpoBattttoro <l>opM

<l>aKTOpa aTOMa B MO,ll,eJIJI 3KCilOHeHUMa.JibHOH 3KpattH.pOBKJI, Kor.ua 

3JieKTpottttaH ITJIOTHOCTh y6hrnaeT 3KcnoHeHUMa.JihHO npw y.ua.JieHJIM OT 

H.Upa, H.MeeT BJI.U: 

- I 
F;;(q1)=1 2 2' 

+qi ra 
(ll.76) 

0TCIO)J,a CJie.uyeT, qrn 60JibIIIJie 3HaqeHM5I MO.UYJI51 nepe.uaHHOro BOJIHO-

BOfO BeKTOpa 

rrpMBO,ll,5IT K MaJibIM ceqeHJI5IM npouecca. <l>JI3MqecKJI 3TO yMeHbllieHJie 

o6ycJIOBJieHo rrOTepeM. KorepeHTHOCTJI rrpH nepeH3JiyqeHJIJI co6cTBeH

ttoro IlOJI5I Ha.JierniomeM. qacTJIIJ,bI B peaTibHbIH <l>OTOH Ha 3JieKTpOHHOM 

ocToBe aToMa. KorepeHTHOCTh ttapyrnaeTcH, nocKoJihKY npJI BhIITOJIHe-

HJIJI HepaBeHCTBa lq1 I > ra-l pa3JIJI'lHbie 06JiaCTJI npocTpaHCTBeHHOM JIO

Ka.JIJI3aUMJI aTOMHOfO 3JieKTpOHHOf0 3ap5ILl,a KOJie6JIIOTC5I He B cpa3e. 

)l,aHHaH cwTyauMH xapaKTeptta .UJIH qacToTttoro L1,Jiana1otta w > v/ra, 
IlOCKOJibKY B HeM 

I I {/) -1 
q.=->ra. 

mm V 

EcJIJI )Ke q "' -k, TO JI3MeHeHJie JIMITYJibca 3JieKTpotta KOMnettcw

pyeTCH HMilYJibCOM <l>oTOHa, JI ttapyrneHH.5I KOrepeHTHOCTJI JI3JiyqeHJI5I 

He npoJicxo.unT. TaKaH KOMnettcauJIH B03MO)l(Ha npw MaJihIX yrnax 

JI3JiyqeHJI51 peJIHTJIBJICTCKJIX qacTJIU. B pe1yJihTaTe noJIHpJI1auJI0Httoe 

TOpM03HOe npwo6perneT HanpaBJieHHOCTb B)J,OJib CKOpOCTH ,ll,BJI)f(eHJI51 

qacTJIUhI. 

KorepeHTHbie 3<l><l>eKThI Hatt6oJiee HpKo np05IBJI5IIOTOI B noJI5Ip11-

3aUJIOHHOM TOpM03HOM JI3Jiy'leHH.11 npw pacceHHH.JI 3apmr<eHHbIX qac-
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THU Ha KJiaCTepax, COCTOHIUHX H3 HeCKOJihKHX aTOMOB. AMIIJIHTY.Ua 

:noro npouecca paBHa cyMMe aTOMHhIX aMrrJIHTY.U (11.67), Ka)!(,UaH 

H3 KOTOphIX BXO,UHT c q>a30BhIM MHO)l(HTeJieM exp (iqlrn), r.ue rn- pa

.UHYC-BeKTOP n-ro aToMa B KJiacTepe. B pe3yJihTaTe HMeeM cJie;:i:yroruee 

Bbipa)l(eHHe: 

(11.77) 

3.uecb S(qp N) - CTpYKTYPHhIH cpaKTOP KJiacTepa, cocTOHIUero H3 N aTO

MOB. Do orrpe;:i:eJieHHIO OH paBeH: 

(11.78) 

CTpyKTYPHhIH cpaKTop y'IHTbrnaeT He.n;HnOJihHOCTh B3aHMo,nei1.crnHH 

3JieKTPOMarHHTHOro IIOJI51 c KJiacTepOM. 

B .UaJibHei1.IIIeM npe;:i:rroJiaraeM, 'ITO KJiacTep HBJIHeTCH ccpepHqecKH

cHMMeTpH'IHhIM o6pa3oBattHeM. Tor,n;a MH era cTpyKTypHoro cpaKTopa 

MO)l(HO HCIIOJib30BaTb CJie;:i:y10mee MO,neJihHOe rrpeLl,CTaBJieHHe: 

(11.79) 

r.ue F;(q\' N) - HOpMHpOBaHHblH Ha O,UHH aTOM cpopM-cpaKTOp ccpepH

qecKoro KJiaCTepa B Moae11u J1Ce11e, 

(11.80) 

r(N) - 3aBHC51IUHH OT 'IHCJia aTOMOB N pa;:i:Hyc KJiaCTepa, KOTOphlH MO

)l(eT 6b!Tb Bbl'IHCJieH no cpopMyJie: 

(11.81) 

r,n;e Yws - paLl,HYC 8Hrttepa-3ei1.TUa; n
0 

- TBep,UOTeJibHa51 KOHUeHTpa

UH51 aTOMOB KJiaCTepa; J1(x) - c<t>epH'IeCKaH cPYHKUH51 6ecceJI51 rrepBOfO 

rropH;:i:Ka: 

. ( ) sin x cos x 
11 x =-?----. 

x- x 
(11.82) 
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MoL1,eJih )l(eJie rrpeLl,rroJiaraeT, qTo BepO.HTHOCTh pacrrpeLl,eJiemrn aTo

MOB B KJiacTepe omrnaKoBa BCIOLl.Y BHYTPH c<t>ephI paLl,wyca R = r(N): 

3Ne[r(N)-r] 
w,(r, N) = 4tr[r(N)J3 ' (l l.83) 

f)],e O(x) - CTyrreHqarn.H <l>YHKUH.H X3BHca:H.na (He rryrnTh c yrnoM H3Jiy

qeHH.H). 

B cJiyqae O)],HOaTOMHoro KJiacTepa cTpyKTypHhIH <l>aKTop (11.80) pa

BeH e)],HHHUe. 

IlepBoe cJiaraeMoe B rrpaBoH: qacTH (11.79) rrpeLl,CTaBJI.HeT co6oH: KO

repeHTHyro qacTh CTpyKTypttoro <l>aKTopa KJiacTepa (oHo rrporropuwo

HaJihHO KBaLl,paTy qJilCJia aTOMOB), BTOpoe CJiaraeMOe - tteKorepeHTHyIO, 

rrporropUHOHaJihHYIO qJi(CJiy aTOMOB B rrepBOH CTerreHH. ,Ll,JI.H MaJihIX Be-

JIJi(qJilH rrepeLl,aHHOfO BOJIHOBOfO BeKTopa q, < ra-I HMeeM: F,(ql' N) == 1, H 

Ll.OMHHHpyeT KorepeHTHa.H cocrnBJI.HIOIUa.H CTpyKTypHoro <l>aKrnpa. B cJiy-

qae 60JihlllHX BeJIJilqJilH q, > ra-': F,(qp N) == 0, Ji( OCHOBHOH BKJia)], )],aeT 

HeKorepeHTHoe cJiaraeMoe. 

CpaBHeHHe aMIIJIHTYLI. rroJI.HpH3aUHOHHoro TOPM03Horo H3JiyqeHH.H 

Ha OT)],eJihHOM aTOMe ( 11.67) Ji( Ha KJiaCTepe (11. 77) IIOKa3bIBaeT' qrn 

ceqeHH.H 3THX rrpouecCOB OTJIJilqaroTC.H TOJlhKO KBaLl,paTOM CTpyKTypHoro 

<l>aKTOpa (11. 78). c yqeTOM 3TOfO Jil3 <l>opMyJihl (11. 71) IIOJiyqaeM )],Jl.H 

Ll.M<l><l>epettUHaJihHoro no qacrnTe H yrny H3JiyqettH.H <t>ornHa ceqeHH.H Ha 

KJiacTepe cJieL1.yromee Bhipa)l(eHwe: 

AttaJIH3 )],aHHOH <l>opMyJihl IIOKa3bIBaeT, qTo 3aBHCHMOCTh ceqeHH.H 

(11.84) OT qJi(CJia aTOMOB B KJiaCTepe HOCHT, BOo6me fOBOp.H, HeJIHHeH:

HhIH xapaKTep. Ha30BeM 3TO OTKJIOHettHe OT JIHHeHHOCTH KOOrrepaTHB

HhIM 3<l><l>eKTOM B IIOJI.HpH3aUHOHHOM TOPM03HOM Jil3JiyqeHHH Ha KJiac

Tepe. <l>H3JilqecKa.H rrpwqwHa KOOIIepaTHBHOfO 3<l><l>eKTa COCTOHT B Kore

peHTHOCTH rrepeH3JiyqeHH.H co6cTBeHHOfO IIOJI.H HaJiernromeH: qacTHUhl B 

peaJihHhIH <l>oTOH pa3JIJi(qffhIMH aTOMaMH KJiaCTepa. 1fro6bi ycrnHOBHTh 
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rpaHHUbl cymecTBeHHOCTH 3TOH KOrepeHTHOCTH BbIIIHllieM Bbipa)l(eHtte 

WUI MHHHMaJlbHOfO rrepe.naHHOfO MHllieHH BOJIHOBOro BeKTOpa: 

(11.85) 

Ycnostte cymecrneHHOCTH KoorrepaTHBHoro 3cl>cl>eKTa ttMeeT BM: 

1 
qlmin < r(N)' (11.86) 

r.ne r(N) - pa.nttyc KJiacTepa (11.81). B npoTHBHOM CJI}"lae Ma.Tl <PopM

cl>aKTOp KJiacTepa ( 11.80), H HKJrn.n pa3JtH'IHhIX aTOMOl:l B ceqett11e rrpo

uecca llCKOrepeHTCll. c pOCTOM qlfCJia aTOMOB pa.nttyc KJiaCTepa yseJIH

'lltH;JCTCH, TaK 'ITO npH N > Nsat' r,ne N,at - «HaCbIIUa10mee» '111CJIO aTO

~toB, 11epaBeHCTBO ( 11.86) ttapyrnaeTCH, 

(11.87) 

HTaK, cymecTsyeT rrpe.neJibHOe q11cno aTOMOB B KJiaCTepe Nsat' rrptt 

rrpeBbIIUeHHH KOTOporo KOOrrepaTMBHbIH 3cl>cl>eKT OTCYTCTByeT. KaK CJie

.nyeT H3 (11.87), 3TO '111.CJIO yMeHbrnaeTCH c poCTOM qacTOTbl H )1,JIH peJIH

TMBMCTCKMX '13CT11U CMJibHO 3aBMCl1T OT yrna 113JI}"leHMH (}. 

KoorrepaTMBHhIH 3cl>cl>eKT B rnpM03HOM H3JI}"leH1111 Ha KJ1acTepe y.no6-

HO xapaKTep1130B3Th OTHOllieHMeM: 

; = dCT(N) 
NdCT(N = l)' 

(h.88) 

B OTCYTCTBMe KoorrepaTMBttoro 3cl>cl>eKTa, oqesH.lJ,HO, ;= l. B rrpoTH

sorroJio)l(HOM rrpe.neJihHOM CJI}"lae KOHCTPYKTMBHOH HHTepcl>epeHU1111 

BKJla)J,OB aTOMOB KJl3CTepa B 11.HTeHCMBHOCTh TH 11.MeeM: ; = zN, x < l. 
Ko3cl><)>ttu11eHT ;Y'lttThIBaeT, qTo He see rrepe.naHHhie HMITYJihChI, cyme

CTBeHHhie B npouecce Ha OT)J,eJihHOM aTOMe, .naIOT 3aMCTHbIH BKJl3)1, B 

KorepeHTHYIO 'laCTh TH Ha KJ1acTepe. 

3aBMCHMOCTh rrapaMeTpa ; OT qlfCJia aTOMOB B KJiaCTepe Me)J,H 

)1,JIH IlOJIHptt3aUHOHHOfO H CTaTttqecKoro KaHaJIOB TOpM03HOfO 113JIY

'ICHl1H rrpe.ncTaBJieHa Ha p11c. 11.6. 3HeprnH TOpM03HOro <)>oTOHa pas

Ha J K38, cl>aKTOp JlopeHUa y = JO, 'ITO COOTBCTCTByeT 3Hepnm Ha-
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Jierniomero 3JieKTpoHa 5 M3B. I-fa pttcyHKa BH)J,HO, '!TO KOOITepaTHB

HhIH 3cPcPeKT ITpeHe6pe)KHMO MaJI )J,Jl51 CTaTH'!eCKOfO KaHaJia ( ~ = 1) 
11: BeCbMa cymecTBeH )J,JIH ITOJIHp1nau110HHoro KattaJia. B rrocJie)J,HeM 

cJiyqae B HHTepBaJie N < Nsat ce'!eHtte ITpouecca B03pacrneT KBa)J,pa

TH'IHO [CM. (11.88)]. ,ll.JI51 ITapaMeTpOB pttc. 11.6 <l>opMyJia (11.87) )J,aeT 

cJie)J,y10m11e HaCbIIUa10m11:e 'IHCJia aToMoB: N
831

(B = 1 pa)],) = 27 tt 

N
831

(B = 0,5 pa)J,) = 1312. 

25 

20 

15 

10 

.. 
5 ............... 

3 
OL-~~..L-~~--L~~~..__~~....L.~~--' 

0 20 40 60 80 100 N 

Puc. 11.6. KoonepaTttBHhIH 3<lJ<lJeKT B TOpM03HOM tt3JJ)"lemm 3JJeKTpotta, pacce
naaJOII.\erocl! tta KJ1acTepe MeJJ.tt (y = 10, /i(JJ = l K3B): 

I - no;rnp1ua11HOHHblH KaHa.n, () = I pall; 2 -no;rnpH3a11110HHblH KaHa.n; 
() = 0,5 pail; 3 - CTaTH'!eCKHH Kattan 

Pe3yJihTaThI pacqern ITO <PopMyJie ( 11.84) yrnoBoro pacrrpe)J,eJieHHH 

H3JiyqeHH51 3JieKTpOHa Ha KJiaCTepax Me)J,H c pa3JIH'IHbIM 'IHCJIOM aTOMOB 

ITPHBe)J,eHbl Ha pttc. 11.7 BMeCTe c )J,aHHbIMH )J,Jl51 OT)J,eJibHOfO aTOMa. 

Btt.ll:HO, '!TO yrnoBoe pacITpe,UeJieHtte rroJIHp113au;11:0HHoro TOpM03HO

ro H3JIY'!eHH51 c pOCTOM 'IHCJia aTOMOB KJiaCTepa c~aeTC51, rrptt'!eM 3a

BHCHMOCTb ceqeHH51 ITpouecca OT yrna B ITpe,UeJie 60JibIIIHX 3Ha'!eHHH 

'IHCJia N CTaHOBHTCH HeMOHOTOHHOtt. ,ll.attHaH HeMoHoTOHHOCTb 11:cqe3a

eT B HepeJIHTHBHCTCKOM cJiyqae, a TaK)Ke c YMeHbIIIeHtteM qacTOThI tt3-

Jiyqetttt51 H B03pacTaeT c pOCTOM 'IHCJia aTOMOB. 

YcJIOBHe cymecrneHHOCTH KoorrepaTHBHoro 3cPcPeKTa B crreKTpe rro

JIHp11:3au;11ottHoro TOpM03HOfO H3JiyqeHH51 Ha KJiacTepe MO)KeT 6bITb ITO-
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JiyqeHO M3 HepaBeHCTBa (11.86) c yqeTOM paBeHCTBa (l l.85). 3TO ycJIO

BMe MMeeT BMLI,: 

1,5 

Jf;r;;:; v 
m < mmax = V3N 1- (v/c )cos B · 

'\ 
I \3 
I \ 

····· ........ \ 
\~ 

\, 
\\ .. 2 , ..•...• 

\. ~>:::::·::::::·.:::::·:::.::. .. .::.:::·=··.:. 
OL-~~~--''--~~~--L~~~~--' 

0 20 40 60 

(11.89) 

(}" 

Puc. 11.7. YrnoeaH Jae11c11MOCTb ttopM11poeattttoro ceqeHHH nonHp11Jai . .111ott

ttoro TOpM03HOf0 113JlyqeHHll 3JleKTpOtta Ha OT)leJlbHOM aTOMe (J) 11 

KJlaCTepax Mea11: N= 100 (2), N= 1000 (J); fiw= 5 K3B, r= 10 

3aBMCMMOCTb cneKTpa nomipM3aI.1,MOHHOfO TOpM03HOro M3JiyqeHMJl 

Ha KJiaCTepe MeLl,M, COCTOJIIUeM M3 I 0 aTOMOB, OT 3HeprMM paccettBa10me

roc51 3JieKTpoHa npeLl,CTaBJieHa Ha pttc. 11.8 MH yrna M3JiyqeHMH 0,5 paLI,. 

(ATOMHa5I eLl,MHMUa ceqeHMH paBHa 2,8 · 10-17 CM2.) BMLl.HO, qTo c pocTOM 

JlopeHu-cpaKTopa MHTeHCHBHOCTb M3JiyqeHM51 pacTeT, a MaKCHMYM cneK

TpaJibHOH 3aBJ1CMMOCTM CMemaeTC51 B o6JiaCTb BbICOKHX qaCTOT. 3TM H3-

MeHeHH51 oco6eHHO 3aMeTHbI npM nepexoLl,e OT 6bICTpbIX, HO HepeJIJITM

BMCTCKHX HaJieTaIOlll,MX qacni:u K CJia6opeJI51THBHCTCKMM qaCTHUaM. 

Attantt3 noKa3brnaeT, qTo c yMeHbUieHtteM yrna H3JiyqeHH51 cneKTp 

paccMaTpHBaeMoro npouecca OKa3brnaeTc51 CHJibHee 3aTHHYThIM B 06-

JiacTb BbICOKHX qacTOT B COOTBeTCTBMH c cpopMyJIOH (11.89). 3TO o6cT0-

51TeJibCTBO CB513aHo c yMeHbUieHHeM MMHHMaJibHOro nepeLl,aHHOro MM

UieHM BOJIHOBoro BeICTopa (11.85) IIPH (} ~ 0, M COOTBeTCTBeHHO c Jiyq

llIHM BbIIIOJIHeHMeM KpMTepM51 cymecTBeHHOCTM KOOIIepaTMBHOro 
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3<l><PeKTa (11.86). PaBeHCTBO (11.89) rnIOKe rrpe,ncKa3bIBaeT YMeHbllleHJfe 

MaKCHMaJibHOH qaCTOTbl KorepeHTHOro H3JiyqeHmI c pOCTOM t{HCJia aTO

MOB B KJiacTepe, XOT51 3Ta 3aBHCHMOCTb seCbMa CJia6a51: 

a(PBl, ar. eA. 

8 x 10-5 

2 

/\ .. \ 

1 
aJmax "" VJi · 

\ \./ 3 ............................................... .. 

' -- ........ ; 0 
0 1000 2000 3000 4000 5000 hw, 36 

Puc. 11.8. CneKTp noJU1p1naWIOHHOro ropMOJHoro 11J11yqeH11ll Ha KJlacTepe MeA11 

(N = 10) Allll pa31111qHhIX JHaqett11il: JlopeHii:-<t>aKTopa 11 yrna 11J11yqe

Hl1ll 0,5 pa,ll,11aH: 

1-y= 102; 2- y= 10; 3- y= 1,1 

TaKHM o6pa3oM, rrpoBe,neHHoe paccMoTpeHne rroKaJano, 'ITO noAApH

JaunoHHoe TOpM03HOe H3JiyqeHHe peJI51THBHCTCKHX 3apIDKeHHhIX qacTHU 

Ha KJiacTepax o6Hap}')KHBaeT KoorrepaTHBHhIH 3<l><l>eKT: KBa,npaTHtfHJ'lO Ja

BHCHMOCTb cetieHH51 rrpouecca OT tfHCJia aTOMOB B KJiacrepe. <l>H3Hl.JecKa51 

rrpHtIHHa .naHHOfO 3<l><l>eKTa COCTOHT B KOHCTPYKTHBHOH HHTep<l>epeH

UHH BKJla):(OB pa3JIHtfHbIX aTOMOB, KOTOpaH B03HHKaeT B onpe,neJieHHOH 

o6JiaCTH H3MeHeHH51 rrapaMeTpOB Ja,naqn. Bo3MO)l(HOCTb KOHCTPYKTHB

noM: HHTep<t>epeHUHH o6yCJIOBJieHa TeM, 'ITO IlOJI51pH3aUHOHHOe TOpM03-

HOe H3JI}'t{eHHe (B OTJIHtfHe OT CTaTHtfeCKOfO Kana.rra) npOHCXOJJ:HT Ha 

60JiblllHX paccT051HlHIX OT MHilleHH, TaK t{TO HeCKOJibKO aTOMOB KJiaCTe

pa O):(HOBpeMeHHO yqacTByIOT B 3JieMeHTapHOM H3JIYtfaTeJibHOM aKTe. 
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11.5. nonJIPH3AU.HOHHOE 
TOPM03HOEH3nY4EHHE 
HA METAnnH4ECKHX HAH04ACTHU.AX 

MernJIJIH'IeCKHe HaHo'IaCTHI.J,hI 113 6naropo;::i;HhIX MeTaJIJIOB 

HaXO)]JIT npHMeHeHtte B Katiecrne HaHOMapKepoB 6ttOJIOm'IeCKMX o6beK

TOB, )],JUI HCCJie)J,OBamrn: npoTeKaHmI Xl1MM'IeCK11X 11 6110JIOfl1'IeCKl1X npo

ueccoB, KaK ceHCOpbl )l;JIH JIOKaJibHOro OOTl1'IeCKOfO MOHHTOp11Hra OK

p~a10meJ:i. cpe.uh1, MH 3JieKTp11tiecKoro ynpaBJieH11H nepeKJIIO'IeHtteM 

cBeTa, MJMepemrn 3JieKTp114ecKoro 3apHJJ.a HT. JJ.. [2]. B yKaJaHHhIX np11-

MeHeH11Hx, KaK npaBl1JIO, 11CilOJib3YeTCH pacceHHtte 3JieKTPOMarHMTHOfO 

113JIY'leHMH B cneKTpaJibHOM JJ.HanaJOHe, OTBe'laIOrueM B036~emuo 

noBepxHOCTHbIX nJia3MOHOB (3ttepmH cpOTOHa lim = 1-4 38). IlonmKe

Htte nJiaJMOHHOrO pe30Hattca B ceqett1111 pacceHHl1H cpOTOHa Ha MeTaJI

Jltt'leCKOH ccpepe 'IYBCTBMTeJibHO K COCTOHHMIO OKp~a10meJ:i. cpe,n:bI, B 

KOTOpyIO noMelll,eHa ttaHO'laCT11ua. Ha 3TOM OCHOBaHbl ceHCOpHble nptt

MetteHMH HaHO'IaCTMU, a TaIOKe B03MO)l(HOCTb MX 11COOJib30BaHl1Sl B co

BpeMeHHbIX onTtt'leCKMX KOMMYHMKaU110HHhIX M )J,MCnJieHHbIX Cl1CTeMax. 

B nocneJJ,HMe roJJ,bI noHBHJIMCh pa6oThI nocBHIUeHHhie ttccne.u0Ba

H1110 noJIHpM3aU,MOHHOro TOPM03HOfO 113JiyqeHMH (IlTH) KaK 6a30BOfO 

npouecca .UJIH .unarHOCTl1Ktt HattoMaTepttaJIOB. TaK, HanpttMep, B cTaTbe 

[3] o6c~anach BOJMO)l(HOCTh 11cnoJihJOBaH11H 3TOro npouecca MH on

pe.ueJieHMH CTpyKTyphl cpynnepetta Ha OCHOBe Bhl'lMCJieHMSl cpopM-cpaKTO

pa MttllleHH. B pa6oTe [4] 6hrno npoJJ.OJI)l(etto 11ccneJJ.0BaH11e KorepeHTHOH 

PaJJ.MaUMOHHOH .u11arnOCTMKM napaMeTPOB HaHOCTPYKTYP c ITOMOIUbIO pac

CeSIHMSl Ha HHX 6bICTphIX 3JieKTpottoB. PaccMoTpetttte CTaTbM [3] 6hIJIO 

o6o6ruetto Ha cnyqaJ:i. peJISITMBl1CTCKMX 3JieKTpOHOB c JlopeHu-cpaKTO

poM nopH.!l;Ka 10. PacqeT npOBO.UMJICSl .UJIH TOHKOCTeHHOfO cpyJIJiepetta M 

cpynJiepeHa c aT0MaM11 Toro )Ke coprn BHyTptt. CneKTpOcKonttH IlTH 

MH JJ.ttarnocTHKH non11Kp11CTMJitt'lecKHx 11 MeJIKOJeptt11CThIX cpeJJ. c 6onee 

o6ruttx IT0311I.J,MH MO.UMcpMKauwM 3HeproJJ.McnepcttOHHOfO MeTO.ua pac

CMaTp11Banach B pa6oTe [5]. Ilptt 3TOM OTMe'laJIMCh cne.uy10ruwe npettMy

ruecrna .uattttoro no.uxoJJ.a no cpaBHeHMIO c TPaJJ.MUMOHHhIM MeToJJ.oM 

pettTreHOBCKOH cneKTpOCKOOMM: B03MO)l(HOCTh MCCJie.UOBaHMSl MaJihIX 

yqaCTKOB B o6pa3I.J,e c nOMOIUhIO ccpOKYCHpOBaHHhlX 3JieKTpOHHhlX nyq

KoB; BhICOKaSI 'IYBCTBMTeJihHOCTh MeTo.n:a K Me)J\"aTOMHblM KoppeJIHUHHM 

JI COOTBeTcTBeHHO K CTpyKType Bemecrna; B03MO)l(HOCTh HCnOJib30BaHJISl 

peHTreHOBCKoro .ueTeKTopa B cpttKcttpoBaHHOM noJio)J(etttt11 H PM .upy

mx npewMymecTB. 
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B HacrnmueM pa3.UeJie rrpoBO.UHTCH attaJIH3 IlTl1 Ha MeTaJIJiwqecKHX 

Hattoc<Pepax, rroMemeHHhIX B .UH3JieKTpwqecr<yIO MaTpm.~y, Heo6xo.uw

MhIM M51 pa3pa60TKH tPH3HqecKOM OCHOBbI HCilOJib30BaHml IlTH .UJI.SI 

.uwarHOCTHKH HaHOMaTepHaJIOB. 

B 6opHOBCKOM rrptt6JimKeHHH rro B3attMo.ueiicTBHIO Hl.J c MHille

HhIO, HaXO.U51Il(eMC51 B .UH3JieKTpwqecKOM cpe.ue, .uml><PepeHUHaJibHOe ce

qeHHe CTTl1 .uaeTCH Bhrpa)J(eHtteM [6] 

dO"PB 2 {03 e; qmax 2 dq 
d dQ = --3 -Ii 2 f J.B(m, q)J Irp (q, v, m, B)-, (11.90) 

(0 k Jr C V qmin q 

r.ue dQk - 3JieMeHT TeJieCHOro yrna B HarrpaBJieHHH H3Jiy'IeHH5I; c -
CKOpOCTb CBern; ep - 3apH.U HaJieTaIOil(eM l.J:aCTHUbI (Hl.J); v - CKOpOCTb 

Hl.J; /J(m, q) - o6o6mettttaH .UHHaMH'!ecKaH rroJIHp1nyeMOCTh MHillettw; 

k - BOJIHOBOM BeKTOp TOpM03HOfO tPOTOHa B cpe.ue c .UH3JieKTPH'IeCKOM 

rrpOHHuaeMOCTbIO £m, 

k = 'cm s· 'I/cm ' c 

0 - yroJI Me)l(.lJ.y BeKTOpOM CKOpOCTH 3JieKTpOHa H BOJIHOBbIM BeKTOpOM 

TOpM03Horo <Porntta (yroJI H3JiyqettwH). BeJiwqwHa 

q= 
P1 - P; + k 

Ii 

rrpe.UCTaBJI51eT co6oii rrepe.uaHHbIM OT Hl.J MHilleHH BOJIHOBOM BeKTOp 

(p. f - Ha'laJibHbIM H KOHel.J:HbIM HMilYJibCbI Hl.J). Ilpe.ueJibI HHTerpnpo-
1, 

BaHHH B rrpaBOM qacTH paBeHCTBa (11.90) paBHbI: 

qmin =(1-~cosB ): ; 
r.ue c - CKOpOCTb CBeTa B cpe.ue, 

- c 
C=--

JE;' 

2µv 
qmax =-Ji-, 

Ee3pa3MepHhIM KHHeMaTH'IeCKHM HHTerpan lrp(q, v, m, B), <Pnrypw

py10mwii B <PopMyJie (11.90), orrpe.ueJIHeTCH paBeHCTBOM 
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r)J,e s - emmHqHblH BeKTOp B HanpaBJieHHH H3Jiyqemrn: cj:>OTOHa. 11HTer

PaJI no TeJieCHOMY yrny nepe)J,aHHOro MHIIJeHH BOJIHOBOfO BeKTOpa B 

onpe)J,eJieHHH (11.91) MmKeT 6b!Tb BblqHcJieH B 3JieMeHTapHbIX cj:>yHKUH

.SIX [7]. CoorneTcrny10wee Bbipa)((eHHe Mb! 3)1,eCb He npHBO)J,HM H3-3a ero 

rpOM03)J,KOCTH. 

B MYJibTHnJIHKaTHBHOM npH6JIH)((eHHH, KOTopoe xopowo pa6oTaeT 

MH MHOf03JieKTpOHHblX CHCTeM [8], HMeeT MeCTO paBeHCTBO 

fJ(w, q) = fJ(w)F(q), (11.92) 

me [J(w) - )J,HHaMHqecKa.SI noJI.SipH3yeMocTb; F(q) - HOpMHpoBaHHhIM 

cj:>opM-cj:>aKTop MHIIJeHH [F(O) = l]. Ilo)J,CTaBJI.Sl.SI COOTHOIIJeHHe (11.92) B 

cj:>opMyJiy ( 11.90) H HCDOJib3Y.SI Bbipa)((eHHe )],JI.SI ceqeHH.SI pacce.SIHH.SI H3-

JiyqeHH.SI qepe3 DOJI.SlpH3yeMOCTb MHIIJeHH 

(11.93) 

HaXO)J,HM npe)J,CTaBJieHHe ceqeHH.SI IlTH Ha H30JIHpOBaHHOH MHIIJeHH 

qepe3 ceqeHHe pacce.SIHH.sJ H3JiyqeHH5I 

XapaKTepHoH: oco6eHHOCTbIO MeTaJIJI11qecK11:x HaHoccf>ep HBJI.SieTc.SI 

cymecTBeHHa.SI 3aBHCHMOCTb ceqeHH.SI pacce.SIHH.SI H3Jiyqemrn OT HX pa

)J,Hyca rs H MaTepttaJia cpe)J,bI, B KOTOpoH: HaXO)J,HTC.SI HaHoccj:>epa. Ha noc

Jie)J,HeM cj:>aKTe OCHOBbIBaeTC.SI B03MO)((HOCTb HCDOJib30BaHH.SI MeTaJIJIH

qecKHX HattoqacTHU B Kaqecrne onTH'IeCKHX cettcopoB [2]. 
Y)J.o6crno ucnoJib30Battm1 Bbipa)((ettH.SI (11.94) np11MeHHTeJihHO K 

aHaJIH3Y IlTH tta MeTaJIJIHqecKHX HaHoccj:>epax B )J,Hana3oHe 3Heprnn 

cj:>OTOHOB 1-5 38 3aKJ110qaeTC.SI B TOM, qTo ceqeHHe pacce.SIHH.SI U.cat(w) 
MO)((eT 6bITb paccqHTaHo c noMOlUbIO TeopHH MH [9]. B paMKax 3TOM 

TeopHH ceqeHHe pacce.SIHH.SI H3JiyqeHH.SI Ha MeTaJIJIHqecKoH: ccj:>epe PMH

yca rs, flOMelUeHHOH B )J,H3JieKTpJ1qecKyIO cpe)J.y, HMeeT BH)J, 

O"(Mie) (w) = 
scat 

(11.95) 
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r)J,e x tt m - napaMeTpbI Teoptttt Mn, 

_ ~e,{w). m- --, 
Em 

es(m) - )J,H3JieKTPHqecKa51 npOHHll,aeMOCTb MaTepttana HaHOCcpepb!. Ko-

3cpcpttll,tteHTbl pa3JIO)l(eHH5I an M bn )J,aIOTC5I cpopMyJiaMM (5.58)-(5.61). 
<Pop Myna )J,Jl5I HOpMHPOBaHHOfO cpopM-cpaKTopa ccpepHqecKOH MM -

rnemt ttMeeT BM)], 

ft, ( q) = 3 )1 (qr, ) . 
qrs 

(11.96) 

J13 npttBe)J,eHHOfO paBeHCTBa, B qacTHOCTM, CJie)J,yeT, qTo 

ft,(q=O)=l; F, (q > ±) < 0,01. 
rs 

HcnoJib3yeM cpopMyJihI ( 11.94)-( 11.96) )J,JI5I pacqern ceqeHM5I OTH 

npM pacce51Hlflf 3JleKTpoHa Ha cepe6p5IHbIX HaHoccpepax, noMern.eHHbIX 

B CTe10rnHHYIO MaTpHll,y (em = 2,25) B )J,Hana30He 3Heprttt1: TOpM03HbIX 

<PoTOHOB OT 0 )J,O 4 3B. '-JaCTOTHa5I 3aBHCHMOCTb )J,H3JieKTpttqecKOM npo

Httll,aeMOCTH MaTepttana MttllleHH £s(w) onpe)J,eJI5IJiaCb c ITOMOlll.bIO 3K

cnepttMeHTaJibHbIX )J,aHHbIX no KOMnJieKCHOMY noKa3aTeJIIO npeJIOMJle

HM5I cepe6pa [ 1 O]. B Jl.HCceprnu,ttll [2] 6brno noKa3aHo, qTo llCITOJib3o

BaHtte 06beMHblX 3HaqeHttM )J,JI5I )J,H3JieKTpttqecKOH npOHHU,aeMOCTH 

MenlJIJIHqecKHX HaHoccpep c pa3MepoM OT I 0 HM H BbIIIIe npH pacqeTe 

ceqeHMH pacce5IHll5I ll3JiyqeHll5I xoporno BocnpoH3BOJl.HT 3KcnepHMeH

TaJibHbie pe3yJibTaTbl. 

CneKTpaJibHbie 3aBHCHMOCTH ceqeHH5I flTH rrpe)J,CTaBJieHbI Ha pttc. 11.9 
Jl.JISI pa3JIHqHbIX panttycoB ttaHoc¢epbI H Ha pttc. l l.10 )J,JISI pa3JrnqHbIX 

CKOpOCTeH HaJieTaIOW.ero 3JieKTpOHa, yroJI H3JiyqeHH5I Ha 3THX pHcyHKax 

ITOJIO)l(eH paBHbIM 30°. 
MaKCHMYM cneKTpaJibHOH 3aBHCHMOCTH ceqemrn OTH, rrpeJl.cTaB

neHHOH Ha pttc. 11.9, o6yCJIOBJieH B036~eHtteM IIJia3MOHa Ha noBepx

HOCTH MeTaJIJlttqecKOH cQ>epbI ITO)], )J,eHCTBHeM 3JieKTpnqeCKOfO ITOJI5I 

paccettBa10meroc51 3JieKTPOHa. J13 naHHOfO pHCYHKa BHJ],HO, qTO c poc

TOM pa)J,ttyca HaHoccpepbI ITOJIO)l(eHtte cneKTpaJibHOfO MaKCHMyMa ceqe

HHSI OTH cMeruaeTcSI B o6nacTb MeHblllttX 3HeprttH: cpoTotta, a ero urn-
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pi-rna B03pacTaeT. AttaJIOrHqHa.H 3aBHCHMOCTh HMeeT MeCTO rorn ceqeHH.R 

pacce.HHH.fl HJJiyqeHH.fl tta MeTaJIJIHqecKHX ttattoccpepax (cM. pa3,IJ,. 8.5), 
qTo o6ycJIOBJleHO H3MeHeHHeM pe30HaHCHOH qacTOThI IlOBepXHOCTHOfO 

IlJla3MOHa (l)res npH H3MCHCHHH pa.nttyca cct>epbI. .UettCTBHTCJlbHO, Bbipa

)l(:eHHe )l,Jl.fl pe30HaHcHOH qacTOTbl }J,HilOJibHOfO nJia3MOHa Ha IlOBCpXHO

CTH ccpepbl HMCCT Btt}J,: 

(11.97) 

f}J,e (l}P - IlJla3MeHHa.fl qacTOTa 3JieKTpOHOB Beru,ecTBa ccpepbI; y - KOH

CTaHTa 3aTyxaHH.fl IlOBepxHOCTHOfO nna3MOHa; (£~ - 1) - BKJia}J. B }J,H3-

JieKTpttqecKyIO npOHHl..(aeMOCTb MeTaJIJla CB.H3aHHhlX 3JICKTpOHOB. LI.mi 

}J,OCTaTOqHo 60JlblllHX pa.n11ycoB (r. > 30 HM B CJiyqae cepe6p.HHOH c<Pe

pbI) KOHCTaHTa 3aryxaHMH CTaHOBHTCH nponopUHOHaJlbHOH pa.nttycy c<Pe

pbI B TpCTbCH CTCilCHH y ex r}, qeM J1 Onpe}J,CJISl.CTC.fl CMClll,CHHC MaKCH

MYMa ceqeHH.fl pacce.HHH.fl H3JiyqeHMH M DTl1 c ysem1qem1eM pa.nttyca 

MeTaJIJlMqecKOH ccpepb!. 

50 
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Puc. 11.9. ,ll,mpqiepett1urn.11bHOe ce'leH11e CTTl1 Ha cepe6p»HOH cqiepe s cTeKJie 
pa3JHf'IHOro pa1u1yca: 

cn11out11a11 Kpu8aR - r = 30 HM; ny11Kmup11a11 - r = 60 HM; wmpuxoBaR -
r, = 90 HM; B= n/6, v'= 50 aT. e11. ' 
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0TMeTHM, 'ITO Halli ITO)].XOJJ., OCHOBaHHbIH Ha TeOpHH Mtt, IT03BOJHieT 

nocJie)].OBaTeJlbHbIM o6pa30M yqeCTb C)].BHr H ynrnpeHHe ITJla3MOHHOf0 

MaKCHMYMa B cneKTpe IlTI1 B ornwme OT paCCMOTP.eHHSI pa60Tbl [I I], B 

KOTopotl: HCITOJlb30BaJIOCb pe30HaHCHOe nptt6JimKeHHe )].JISI ITOJISipH3ye

MOCTH KJiaCTepa c 3a)].aHHbIMH napaMeTpaMH (pe30HaHCHOH tJaCTOTOH H 

KOHCTaHTOH penaKCaUHH) . 

.[J,JISI HaHoccpep, ITOMemeHHbIX B cpe)].y c MeHbllleH )].H3JleKTPH'IeCKOH 

npoHMIIaeMOCThIO, cneKTP IlTI1 OKa3hIBaeTCSI CMemeHHhIM B o6naCTb 

60JibllIHX 3HeprHH cpoTOHOB, nptt 3TOM BeJIH'IHHa cetJeHHSI B MaKCHMYMe 

YMeHhlllaeTcsi. TaK, HanpttMep, MSI cepe6psiHbIX HaHoccpep B BOJJ.e yKa-

3aHHOe CMemeHHe cneKTpa COCTaBJISieT npttMepHO 0,5 3B, a yMeHbllie

HHe npOHCXO)].HT B 2 pa3a, npH'IeM )].JISI ccpep 60Jiblliero pa)].Hyca yMeHb

rneHHe cetJeHHSI IlTI1 6onee 3aMeTHO. 

CpaBHeHtte cncKTpanbHbIX cetJeHHH IlTI1 H pacceSIHHSI H3Jlyqc

HHSI Ha MeTaJIJIH'IeCKHX HaHoccpepax (CM. pa3)].. 8.5) ITOKa3bIBaCT, 'ITO 

)].JISI MaJibIX pa)].HYCOB HaHoccpcpbl (rs < 30 HM) ITOJIO)((eHHe MaKCHMy

Ma, llIHPHHa l1 CITCKTpaJibHaSI cpopMa CC'ICHHH o60HX npoueccoB npaK

TH'ICCKH COBITa)].aIOT. CneKTP IlTI1 Ha HaHoccpepax 60JibllICfO pa)].H

yca 6onee Y3KHH, CHMMeTpH'IHhIH H HeCKOJlbKO CMemeH B o6naCTb 

MCHbllIHX 3HeprHH cpOTOHa no cpaBHeHHIO co CITCKTPOM paCCCSIHHSI 

H3Jly'leHHSI. 

CKopocTh 3JleKTPOHa MSI KpHBhIX, H3o6pa)((eHHbIX Ha pttc. I I .9, paBHa 

v = 50 aT. CJJ.. (I aT. CJJ.. CKOpOCTH paBHa 2, I 8 . I 08 CM/c ). B cnyqae 

60JiblllHX CKOpOCTeif 3JleKTpOHa cneKTPaJihHOe cetJeHHe 3arnHyTo B 06-

JlaCTb 60JibllIHX 3HCprMH cpOTOHa. 3TO OTBC'IaCT B03MO)((HOCTH 06MCHa 

MeHbllIMM BOJIHOBblM BCKTOPOM MC)(()].Y 3JICKTpOHOM H HaHoccpcpoif )].JISI 

l13JiyqeHHSI cpOTOHa 3a)].aHHOH 3HeprnM. 

Ha pttc. I I. IO npeJJ.CTaBJieHo ceqeHMC IlTI1 KaK cpyHKUHSI 3Heprm1 

cpOTOHa )].JISI pa3JIH'IHhlX CKOpOCTCH 3JleKTpOHa H pa)].ttyca ccpc6pSIHOM 

ccpepbl 60 HM, yron H3JlyqeHHSI paBeH 30°. 
BttJJ.HO, 'ITO Ll.JISI 3aJJ.aHHhIX 3Ha'leHHH napaMCTpOB CC'ICHHC IlTH c 

pOCTOM CKOpOCTH 3JleKTpOHa yBeJIH'lHBaeTCSI, a era CITCKTpaJibHhlH MaK

CMMYM CMcmaeTcsi B o6nacTb 60JihllIHX 'laCTOT . .[J,nsi MaJihIX pa)].ttycoB 

HaHoccpcpbl rs< 20 HM Ha cneKTpaJibHOH KPMBOH ce'!eHHSI IlTI1 ITOSIBJISI

IOTCSI )].0ITOJIHl1.TeJibHblC MaKCHMYMhl, o6ycJIOBJleHHble B036y)(()].em1eM 

KBa)].pynOJihHhIX H OKTYITOJlbHh!X noBepXHOCTHbIX ITJla3MOHOB. 0THOCH

TCJlbHaSI BeJIH'lHHa )].OITOJIHHTeJibHbIX MaKCHMYMOB B cneKTpe IlTH B03-

pacrneT npH nptt6JIH)((CHHH yrna H3Jly<ICHHSI K 90°. 
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Puc. 11.10. ,LJ,mp<t>epeHI.(ttaJlbHOe Ce'leHtte nTYI Ha cepe6pHHOH c<t>epe B CTeKJie 
MH pa3Jltt'IHblX CKOp0CTei1 3JJeKTPOtta: 

cn;wiuHaH Kputw11 - v = 20 aT. e11.; ny1tKmup11aH - v = 50 aT. e11.; iumpuxo

uaH - v = 90 ar. e11.., 8 = JT/6, r, = 60 HM 

Bli,ll,HO, 'ITO c npM6JHDKeHHeM CKOpOCTll 3JieKTpOHa K CKOpOCTH CBe

Ta B CTeKJIHHHOH MaTpmi:e 

v*=c= ~=91,33aT.eJI. 
vcm 

cKopocTHaH 3aBHCHMOCTh celfeHHH CTTH HMeeT CHHfYJIHpHOCTh. <l>tt3H

qecK11 yKa3aHHaH CHHfYJIHpHOCTh orneqaeT B03MO)f(HOCTH H3JiyqeHH51 

3JieKTpOHOM pacnpocTpaHHIOIUerocH 3JieKTPOMarHHTHOfO nOJI}I B cpeJie 

6e3 pacceHHHH Ha HaHoc<l>epe. KpoMe rnro, M3 pttc. 11.11 cneJiyeT HaJIH

'ltte MaKCHMYMOB Ha cKopocTHOH 3aBHCHMOCTM ceqeHHH CTTH MH )1,ocrn

TOlfHO MaJihIX PMHYCOB MeTaJIJIH'lecKHX c<l>ep. Orneqaiomee 3THM MaKcH

MYMaM 3Ha'leH11e CKOpOCTH 3JieKTpoHa vmax yMeHhWaeTCH c YMeHbllleHH

eM paJIHyca B COOTBeTCTBHH C COOTHOllleHHeM Vmax oc <»r,- 0CUHJIJI51UHH 

ce'leHHH CTTH Ha puc. 11.11 npM MaJihIX cKopocrnx 3JieKTpoHa B03HHKa

IOT H3-3a BKJia)],a B npouecc 60JiblllHX nepe.n,aHHhIX BOJIHOBhIX BeKTOpOB: 

q > 4/rs, KOf)],a HMeIOT MecTO OCUHJIJIHUHH <l>opM-<l>aKTopa MMWeHH (11.96) 

KaK <l>YHKUHH apfYMeHTa x = qr_,. 
3aBHCMMOCTh JIM<l><l>epeHUHaJihHOro ceqeHHH CTTH OT pam1yca tta

ttoccpephl JIJJH pa3JIHlfHh!X 3ttepr11ii. TOpM03HOfO <l>oTOHa )],eMOHCTpttpy-
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Puc. 11.11. 3aa11c11MOCTb AH<t><l:>epeHUHMbHOro ceqeHHH IlTl13JleKTpOHa Ha ce
pe6pHHoi1 c<t:>epe B CTeI<.lle OT CKOPOCTH, 8 = 1t/2, hw = 2,8 38: 

20 

CMOUlllOR KpU60R - r, = 20 HM; ny11Kmup11aR - r, = 40 HM; utmpUX060H -

r, = 60 HM 

Puc. 11.12. 3aa11c11MOCTb AH<t><t>epeHUHMbHOro ceqeHHH IlTYI 3JleKTpoHa Ha ce
pe6pHHOi1 cqiepe a cTeK11e OT paJJ,11yca HaHoqacTHUbI, v = 50 aT. eJJ.., 
8= n/2: 
CMtJut/faR Kpu«aR - hm = 2,6 3B; ny11Kmup11011 - hm = 2,8 3B; utmpuxo«aR -

hm = 3,0 3B 
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eTCH Ha pttc. 11.12 Jl,1151 CKOpOCTH 3JieKTpOHa 50 aT. e,n. H yrna H3Jiyqe

HHH 90°. 
J,fa pttc. 11.12 CJie,nyeT, •ITO IIPH yBeJI11qeH11H 3HepmH <PoTOHa OIITH

MaJibHbIM pa,n11yc HaHoqacTHU,hl, IIpH KOTOPOM ceqeHHe f1Tl1 MaKCH

MaJibHO, yMeHbUJaeTCH. flpH 3TOM OKa3bIBaeTCH, qTo Hatt60JibUiaH BeJIH

'IHHa ceqeHHH B MaKCHMyMe 3aBHCHMOCTH OT pa,n11yca ,UOCTHraeTCH MH 

liw = 2,8 3B. 
Pttc. 11.13 ,neMOHCTpttpyeT c)')KeHtte yrnoBott JaBHCHMOCTH HOpMtt

poBaHHOro ce'JeHHH f1Tl1 c pOCTOM pa.1myca HaHoccPepbI MH CKOpOCTH 

Hq, 6JIH3KOM K CKopocTtt cBeTa B cpe,ne: v ~ c. HopMHpOBKa ceqemrn 

rrpoBe,neHa Ha ero 3Haqem1e rrptt HyJieBOM yrne H3JiyqeHHH. J13 ,nattttoro 

p11cyHKa BH,UHO, qTO MH MaJibIX pa,n11ycoB HaHoc<Pepbl (r. = 10 HM) yr

JIOBaH JaBttCHMOCTh ceqeHHH f1Tl1 rrpaKTHqecKH coBna,naeT c yrnoBoi1: 

3aBHCHMOCTblO H3JIY'feHHH JIHHeMHOfO ,UHIIOJIH. )l.JIH MeHbllIHX CKOpoc

TeM 3JieKTpotta 3<P<PeKT C)')KeHHH yrnoBoro pacnpe,neJieHHH f1Tl1 TO)l(e 

HMeeT MeCTO, XOTH H He CTOJib HBHO Bb!pa)l(eH. 
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PHc. 11.13. Yrnoea11 3ae11c11MoCTb HOpM11poea1rnoro ce<JeH11» IlTl1 3JJeKTpoHa 
Ha cepe6p11Hoi1 HaHoc<t>epe e cTeKJJe arrn paJJJH'IHbIX pa.a11ycoe tta
Ho<Jacn1ub1, v = 91 aT. e.a., hw = 2,8 3B: 

CnJIOUJ/1011 KpU60ll - llHnOJibHaSI JaBHCHMOCTb (1 + cos2 0)/2; ny11Kmup11a11 -
r, = JO HM; wmpuxo«a11 - r, = 50 HM; wmpuxny11Kmup11011 - r, = 90 HM 

3<P<PeKT C)')KeHHH yrnoBOM JaBttCHMOCTH f1Tl1 Ha aToMapHhIX KJiac

Tepax B BhrcoKoqacToTHOM ,n11anaJ0He ,neMottcTpnpyeTcH pnc. 11. 7. 
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rnABA 

12 

12.1. 

MOHM3AU.MSI 
M 8036Y>KAEHME ATOMOB 
311EKTPOHHblM YAAPOM 

<l>OPMYnA TOMCOHA 

l1omnau1u1 aTOMOB 3JieKTpOHHhIM y.n,apOM srnmreTCSl Ba)l(

HettllIHM 3JieMeHTapHhIM nroueccoM, onpe.n,eJISIJOW:HM xapaKTepHCTHKH 

KaK Jia6opaTOpHOH, TaK Jf acTpo¢H3J1qecKOH H113KOTeMnepaTypHOH nJia3-

Mbl. CTocne.noBaTeJihHoe on11caH11e 3Toro SIBJieHttSI Tpe6yeT 11cnOJih30Ba

HM5I KBaHTOBO-MeXaHHqecKoro ITO.ll,XO.ll,a. 0.ll,ttaKO ero OCHOBHble Ka'le

CTBeHHbie qepTbl MO)l(HO ycTaHOBHTb 11 B paMKax KJiaccwqeCKOH MexaHM

KH. BnepBhie coornercrnyJOm:asr ¢opMyna MH ceqeHHSI 6brna npe.nJIO)l(eHa 

)l,)I<. ToMcottoM B 1912 r. em:e .no coJii:amrn KBaHTOBoil TeopHH. 

KJiaccw1ecKoe paccMOTpeHtte 110HHJau1rn aToMa ::ineKTpOHHhIM 

yii:apoM 

e + A ---t A+ + 2e, (12.1) 

npoBe.n,eHHoe ToMCOHOM, ocHoBaHo Ha npe.n,noJio)l(eH1111 06 ynpyroM 

pacceSIHl111 HaJieTaIOllleti: qacTHUhl Ha CB5I3aHHblX 3JieKTpOHaX MmneHM. 

l10HH3aIJ,11Sl B ii:aHHOM no.nxo.ne B03HJ1KaeT KaK CJie.[l,CTBHe nepe.n,aq11 aTO

MY 3Hepr11tt, 60JihilleH, 'leM noTeHUllaJI MOHJ13aUHH paccMaTpttBaeMOH 

3JieKTpOHHOti: no.n,060JioqK11, B pe3yJibTaTe pacce5IHHSI Ha Hett HaJieTaJO

lllett qacTHUhI. CTp11MeH11MOCTh KJiaccttqecKoro MeTo.na oueHKM ceqeHHH 

MOHJ13aUMH aTOMa 6a3MpyeTCSl Ha TO'lHOM COBna.ll,eHMM KBaHTOBO-Mexa

HttqecKoro 11 KJiacclJ:qecKoro Bhipa)l(eHHSI .LI.JIH ceqemrn ynpyroro 3JieKT

poH-3JieKTPOHHOro pacceHHMSl. 

Ee3 yqern CBSI3H aTOMHhIX ::ineKTpoHOB c sr.n,poM Bhipa)!(eHtte MSI MH

TerpanbHOro (no ymy pacceSIHH5I) ceqemrn CTOJIKHOBHTeJibHOH MOHM3a

UHM MO)l(HO npe.rr.cTaBHTh B B11.rr.e [I] 

O'; = J da, 
!!.E>l 

(12.2) 
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r.ue du - .umt><PepeHUHaJihHOe ceqettHe 3JieKTpoH-3JieKTpOHHoro pacce

HHm1; !!E - nepe.uattHaH OT HaJiern10meH: qacTHUhI 3Heprm1; I - nOTeH

UHaJI HOHH3aUHH aToMa. Opette6peraH H3MettettHeM 3HeprHH HaJiern10-

iuero 3JieKTpOHa no cpaBHeHHIO c ero HaqaJibHOH 3HeprHett, MH BbIBO,Ua 

ceqeHHH du MO)J(HO BOCnOJib30BaTbC51 <PopMyJIOH Pe3ep<l>op.ua, KOTOpaH 

onHCbIBaeT ceqeHHe ynpyroro pacceHHHH 3ap51)J(eHHOH qaCTHUhI B KYJIO

HOBCKOM noTeHUHaJie: 

du(R) ( Ze
2 J2 

dQ = 2mv2 sin2 (B/2) ' 
(12.3) 

r.ue dQ - 3JieMeHT Tenecttoro yrna, B KOTOphIH pacce1rnaeTCH HaJieTaIO

IUaH qacTHua; B - yron pacceHHHH; v - cKopoCTh HaJiern10iuero 3JieKT

potta. )l.JIH 3JieKTpOH-3JieKTpOHHOfO pacceHHHH Z = l. ilonaraH, qTO 

BeJIHqHHa nepe.uaHHOH aTOMHOMY 3JieKTpOHY 3HeprnH !!E paBHa 3Hep

fHH OT,UaqH, nerKO HaHTH, qTO 

CJ.E = 4£ sin 2 (1). (12.4) 

ilpH BbIBO,Ue (12.4) HCnOJib30BaJIOCb COOTHOIIIeHHe MH nepe.uaHHO

ro HMnyJihCa B npette6pe)J(eHHH CB513bl0 aTOMHOfO 3JieKTPOHa c 51,UpOM: 

CJ.p = 2mvsin(%} (12.5) 

KOTopoe cne.uyeT H3 3JieMeHTapttoro paccMoTpeHHH ynpyroro pacceH

HHH. 11cnOJih3YH paBeHCTBO (12.4), MO)J(HO Bbipa3HTb yron pacceHHHH 

qepe3 nepe.uaHHYIO aTOMHOMY 3JieKTpotty 3Hepm10 !J.E. B pe3yJihTaTe H3 

(12.3) MH O,UH03JieKTpOHHOfO aTOMa HMeeM 

du= 1ie4dtJ.E' 
E(tJ.E)

2 
(12.6) 

r.ue E = mv2/2 - 3HeprH51 HaJieTaIOIUero 3JieKTpOHa. no.ucTaBJIHH Bb!pa

)J(eHHe (12.6) B (12.2) H HHTerpHpyH no B03MO)J(Hb!M 3HaqeHHHM nepe

.uaHHOe 3HepmH CJ.E, nonyqaeM rjJopMy11y ToMcoHa MH ceqeHHH y.uapttoH: 

HOHH3aUHH O.UH03JieKTpOHHOfO aTOMa: 

u. = f du= 1ie4 (1- -J.-), E > /. 
I I E I E 

(12.7) 
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Ecmi: ssecni: 6e3pa3MepttbIH napaMeTp x = E/ /, npasaH qacTb pasett

crna (12.7) nepenwweTCH B BH.IJ.e 

~Th) (E) = tre
4 

x - 1 
a, 12 x2 ' x ~ 1. (12.8) 

.Hctto, 'ITO 3Ha'IeHHe xth = 1 (Eth = /) HBJrneTCH noporOBbIM: npH 

x < 1 ceqemi:e npouecca pastto ttymo, TaK KaK 3tteprnH ttaJiern10mero 

3JieKTpotta He.IJ.OCTaTO'IHO .!l.JlH HOHJ13al.l,1Ui aTOMa. 

12.2. METOA <l>YHKl..\HH nOAOliH.fl 
An.fl CE4EHH.fl HOHH3Al..\HH 

<t>opMyna ToMcotta (12.8) Kaqecrnetttto septto nepe.u.aeT 

oco6ettHOCTH npouecca y.u.apHOM HOHH3al.l,HH o.dH03JieKTpOHHOfO aTO

Ma. O.u.ttaKO c KOJIH'IeCTBeHHOM TOqKH 3pettHH Otta HBJIHeTCH BeCbMa 

rpy6oM:. ,[(JIH Toro 'IT06bI IlOJIYYHTb 6onee peaJIHCTH'IeCKOe OITHCa

HHe, Bb1pa)l(e1rne (12.8) uenecoo6pa3tto npe.u.crnBHTh cne.u.y10IUHM 

o6pa3oM [ 1]: 

(12.9) 

3.u.ecb BBeJJ.etta 6e3pa3MepttaH rflymw,uH noiJo6uH ToMcotta 

OITHCbIBaIOmaH 3aBHCHMOCTb ceqeHHH ynapttoM: HOHH3al.l,HH OT 3HeprHH 

HaJiern10meM: qacTHUbl, H pa.u.wyc HOHH3al.l,HH: 

e2 
a1 =1· (12.10) 

KaK nerKo BH.IJ.eTb H3 cpopMyJihI ( 12. l 0), panwyc HOHH3aUHH pasett 

paCCTOHHHIO Me)l(Jly HaJieTaIOll.l,HM H aTOMHbIM 3JleKTpOHOM, Ha KOTOPOM 

3Heprm1 HX KyJIOHOBCKOro B3aHMO.IJ.ettCTBHH paBHa IlOTeHUHaJIY HOHH3a-

UHH aToMa. Pa.u.wyc a1 onpe.u.enHeT ceqettwe a 1 = traJ, KOTopoe no no

PH.!l.KY BeJIHqHHbl xapaKTepH3yeT ceqettHe y.u.apttoM: HOHH3al.l,HH O.IJ.HO-

3JleKTpOHHOfO aTOMa. 
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H3 <PopMyJibI (12.9) c;re11,yer, 'ITO :.mepnrn HaJiera10meif qacTHUbI 

BXO,!lJIT B Bbipa)l(emie ,!IJUI ceqemur y,!Iapttoti HOHH3aUHH TOJibKO qepe3 

OTHOllieHHe E/ I. 3TO o6CT05ITeJibCTBO Jie)l(HT B OCHOBe MeTo.n;a cpyHKUHH 

Il0,!I06mr. .Ll.aHHbIH MeTO,!I npe,!IIlOJiaraeT, 'ITO OTHOllieHHe ceqeHJUI HOHH-

3aUHH K BeJIH'IHHe ()"I = naJ 5IBJI.sreTCH YHHBepCaJibHOH cPYHKUHeM 6e3-

pa3MepHOH nepeMettttoi1 x = E/ I. TaKHM o6pa30M, <PopMyJia (12.9) 0606-

maeTcH: B Hett <t>nrypnpyeT cPYHKUH5l Il0,!I06HH/(x), 5IBHbIH BH,!I KOTOpoi1 

MO)l(eT 6bITb onpe,!IeJieH JIH60 B paMKaX BbI6paHHOfO TeopeTH'!eCKoro 

IlO,!IXO,!Ia, JIH6o 3MilHpH'!eCKHM nyreM. 

<l>yHKUHH nouo6ttH ToMcotta ,!IOCTHraeT csoero MaKCHMJMa, paBtto

ro 1/4, npH xmax = 2, T. e. IlPH Emax = 2!. CpaBHeHHe c 3KCnepHMeH

TaJibHbIMH .L(aHHbIMH IlOKa3bIBaeT, '!TO 3TO 3Ha'leHHe Xmax CJIHllIKOM MaJIO. 

HtthIMH cnosaMH, <t>opMyJia ToMCOHa CMemaeT HCTHHHoe noJio)l(ettne 

MaKCHMyMa ceqeHHH 6JIH)l(e K noporonoMy 3Ha'leHHIO Eth = l. Ha ca

MOM ,!IeJie MaKCHMYM ce'leHHH y,!IapHOH HOHH3aUHH Jie)l(HT B npe,!Ienax 

OT Emax = 31 .L(O Emax = 41 (CM. pa3.L(. 12.3). 
J1106onhITHO OTMeTHTh, '!TO <PopMyJia ToMcotta ,!IaeT 3Ha'!etttte ceqe

HHH y.n;apHOH HOHH3aUHH aTOMa BO.L(opo.n;a B MaKCHMyMe: 

a(H)(E ) = na2 ""0 88 A2 
1 max B ' 

(a8 - pa,!Ittyc Eopa), panttoe ITJIOIUMH nepnoti 6oponcKoi1 op6HTbI. 3ttep

m.sr B MaKCHMyMe, cornactto cpopMyJie (12.8), COCTaBJIHeT 

'!TO COBila,!IaeT c aTOMHOH e,!IHHHUeti 3HeprHH. 

11TaK, ,!IJIH peaJIHCTH'leCKOfO on11caHH5l ce'!eHHH HOHH3aUHH aTOMa 

3JieKTpOHHbIM y,!IapOM tteo6XO,!IHMO HCil0Jib30BaTb ,!Ipyrne cPYHKUHH no-

11,06ID1. B cJiyqae 6oJibllIOH BeJIH'IHHhI noTem.1,11aJia HOHtt3aUHH (I> 10 3B) 

xopolliee COOTBeTCTBHe c 3KCilepttMeHTOM ,!IaeT cPYHKUHH Il0,!I06H5l fp11-

)l(HHCKOro: 

/(Gryz) ( x) = ~ (: : ! r2 

[ 1 + ~ ( 1 - 2~) ln ( 2, 7 + JX=l)], ( 12.11) 

Bbrne.n;eHHaH B paMKax KJiaCCH'leCKOfO paccMOTpeHHH, H cPYHKUHH no.n;o-

6tt5l EneuKoro-CMttpttosa: 

/(Es)(x)= IO(x-1), 
.1l"X (x + 8) 

(12.12) 
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rroJiyl.J:eHHaH 3MITHPH'IeCKHM rryreM (Ha OCHOBaHHH cpaBHeHHH c 3KCrre

pttMeHTaJihHhIMH ,l],aHHbIMH). 3aMeTHM, 'ITO <i>YHKUHH (12.11) H (12.12) 
6JIH3KH ,l1,pyr K ,l1,pyry. 

<llopMyJibl (12.8) H (12.9) rronyl.J:eHbl ,l],JIH O,lJ,H03JieKTPOHHOfO aTOMa. 

DpH pacl.J:eTe y,lJ,apHOH HOHH3aUHH MHOf03JieKTPOHHbIX aTOMOB Bbipa:>Ke

HHe (12.9) tteo6xo,lJ,HMO o6o6IUMTb TaK, l.J:T06bI Yl.J:eCTh BKJia,l], pa3JIHl.J:HbIX 

ITO,l],060JIOl.J:eK aTOMa B ITOJIHOe ceqeHHe rrpouecca H l.J:HCJIO 3JieKTpOHOB B 

KmK,lJ,OH ITO,l],060JI01.J:Ke. Pe3yJihTHPYIOIJJ,aH <PopMyna HMeeT BH,l], 

(12.13) 

r,lJ,e Nnl' ln1 - 'IHCJIO 3KBHBaJieHTHbIX 3JieKTpOHOB H rroTeHJJ,HaJI HOHH3a

UMH n/-ITO,l],060JI01.J:KH (n, l - rnaBttoe H op6HTaJibHOe KBaHTOBbie l.J:HCJrn); 

O(x) - CTyrrettl.J:aTaH <i>YHKUHH X3BHCatt,lJ,a, KOTOpaH OITHCbIBaeT «BKJII0-

1.J:eHHe» BHyTpeHHHX aTOMHhIX rro,lJ,o6onoqeK B rrpouecc rrptt E > Ini· 
CpastteHtte c 3KcrrepttMeHTaJibHhIMH ,l],aHHhIMH rroKa3hIBaeT, 'ITO 

<i>YHKUHH rrono6m1 (12.11) H (12.12) ,l],aIOT ttaHJIYl.J:lllHH pe3yJibTaT )lJIH 

aTOMOB c 6oJibWHM noTeHuttanoM HOHH3aU:ttH: I> 10 3B. HarroMHHM, 

'ITO I= min {/n1}. B cny'lae MHoro3JieKTpOHHhIX aTOMOB c yMepeHHhIM 

3Ha'!etttteM BeJIH'IHHhI I (I 0 38 > I > 6 3B) ,lJ,JIH onttcattHH ynapHott 

HOHH3aU:HH 6onee a)leKB3THa <i>YHKUMH TIO,l],06HH fioptta-KOMITTOHa [2): 

r,lJ,e 

x +1 
Ym =--. 

2 

(12.14) 

<l>yHKJJ,HH TIO)l06HH (12.14) TIOJIYl.J:eHa B nepBOM 6opHOBCKOM npH-

6JIIDKeHHH no B33HMO,lJ,ettCTBHIO Hanera10mew qacTHUhl c aTOMHbIMH 3JieK

TpOHaMH. Dptt ee Bhrnone HCTIOJih30Banacb attanornH Me)l(,l],y y,l1,apttoit 

HOHH33U:Hett H KOMTITOHOBCKHM pacceHHHeM co6CTBeHHOro TIOJIH HaJie

TaIOIJJ,ett qacTHU:bl Ha aTOMe, 3JieKTpOHHaH o60JI01.J:Ka KOToporo OITHCbI

BaJiaCb B paMKax MO,lJ,eJIH ToMaca-<l>epMH. 

B CJIYl.J:ae, KOr,lJ,a 3Hal.J:ttTeJibHhIH BKJia,lJ, B npou:ecc na10T aTOMHbie 

TIO,lJ,060JI01.J:KH C 60JihlllHM op6HTaJihHbIM KB3HTOBbIM l.J:HCJIOM (l = 2,3), 
HCTIOJib30BaHHe BbilllenpHBe)leHHb!X <i>YHKU,HH TIO,l],06HH MO)K.eT OKa3aTb-
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CH He)],OCTaTOqHbIM. Toma MO)f(eT 6bITb HCIIOJib30BaHa cPYHKUHH II0)],0-

6m1 TaK Ha3hIBaeMoro BEB (Binary Encounter Bethe) rrp116JimKeHHH [3]: 

f(BEB)(X, uf= 1 [ln (x) (z -_l ) + 1 _ _l _ ln (x)], (1 2. !5) 
1 + x + u 2 x2 x 1 + x 

B KOTOpoti B Kaqecrne )],OIIOJIHIITeJibHOfO rrapaMeTpa BBe.ueHa BeJIHqHHa 

u, npe)],CTaBJIHIOIUaH co6oH. OTHOUieHHe cpe.ntteH. KHHeTttqecKOH 3Hep

fHH II0)].060JIOqKH Kee IIOTeHUHaJIY HOHH3aUHH. 3aMeTHM, '!TO MH aro

Ma so.uopo.na (s cH.ITy reopeMbI sttpttana) u = I. IlapaMeTp u yqHTbIBaeT 

yMeHbUieHHe ce'!eHHH y)].apHOH HOHH3aUim aTOMHbIX no.no60JIO'!eK c 

60JiblllHM op6HTaJibHblM MOMeHTOM. 3ro yMeHbllleHHe CBH3aHo c TeM 

o6CTOHTeJibCTBOM, qro npH paBHbIX IlOTeHUHaJiax HOHH3aUHH II0)].06o

JIOqKa c 6oJibIIIHM op6HTaJibHbIM MOMeHTOM o6na.naeT MeHblllHM pa)].Hy

COM, 'ITO H npMBO)],HT K yMeHbIIIeHmO ceqeHMH rrpouecca. 

Ha p11c. 12. l np11se.neHbr rpaqrn:K11 cPYHKUl1.H no.uo6wH (12.11), (12.12) 
l1. (12.14), (12.15). 

f(.x) 

0,3 

0,2 

0, 1 

BC 

;·-·-·-. ES, ........ -"' _ _...__ • ... ·-.,--Gryz 

~
./ / .. ~ .................. :::::.::::::::::.~ .... .. ......... :---
... BB ......... ~ 

/ u= 1 

I 
o.___._~....._~~--'~~~-'-~~_.,~~--' 

0 2 4 6 8 10 .x 

P1tc. 12.1. <l>yHKUHH no.u.06m1 ce'!eHm1 y.u.apHOH HOHHJauww aTOMa: 

Gryz - fpmKHHCKoro; ES - E.lleuKoro-CMHpHoBa; BC - BopHa-KoMmo
Ha, BEB - BEB-np116JIHJKeH1111 

06rueH. 'lepToH. scex rrpwse.neHHblX ¢yHKUl1.H rro.no6Irn HBJIHeTCH HX 

O)],MHaKOBaH OKOJIOIIOporoBaH 3aBHCl1.MOCTb: /(x) oc x - l. 3Ta 3aBHCl1-
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MOCTb eCTb CJle)],CTBHe o6meii KBaHTOBO-MexaH11qecKOH 3aKOHOMepHOC

TH, CBH3aHHOH c noBe)],eHHeM CTaTHCTHqeCKOfO Beca KOHeqHoro COCTOH

HHH HOHH3HpOBaHHOfO 3JleKTPOHa KaK <PYHKUHH 3HepmH HaJieTaIOIUeH 

qacTHUbl. c JJ.pyroii CTOpOHbl, aCHMnTOTHqecKoe noBe)],eHHe <PYHKUHH 

no)].0611H npH BbICOKHX 3HepmHx Hanern10mero 3JieKTpoHa E » I (x » 1) 
pa3HOe . .ll,eiicTBHTeJlbHO, 113 <PopMyJI (12.11), (12.12) H (12.14), (12.15) 
npH x » I BbrTeKaIOT CJie)],yIOUJ,He COOTHOIIIeHmI: 

/(Gryz), (BEB) oc ln (x); 
x 

/(ES), (BC) oc _!_. 
x 

flepBa51 aCHMnTOTHKa COBna)],aeT C BbICOK03HepreTHqecKHM npe)],eJlOM 

ceqeHHH Heynpyroro npouecca B KBaHTOBO-MexaHttqecKOH Teop1111 EeTe, 

BTOpa51 OTKJ10H51eTC51 OT Hero, HO )],aeT nyqIIIee COOTBeTCTBHe c 3KCnepH

MeHTOM npH He CJlHIIIKOM BblCOKHX 3HepmHX HaJieTaIOUJ,eH qacTHUbl. 

MeTOLl. <PYHKUHH no)].o6HH BbirOLl.HO orn11qaeTCH OT Ll.pymx cnoco6oB 

pacqeTa ceqeHHH y)].apHOH HOHH3al.l,HH npOCTOTOH H Ha)],e)((HOCTbIO, OH 

qacTo 11cnoJib3yeTc51 MH 3Kcnpecc-oueHOK ceqeHHH paccMaTp11saeMoro 

npouecca. 

12.3. CPABHEHHE 
c 3KCnEPHMEHTAnbHblMH AAHHblMH 

K HaCTOJUUeMy BpeMeHH M3MepeHbI Ce'IeHH51 HOHH3aUHM 

3JleKTpOHHbIM y)].apOM HettTpaJibHbIX aTOMOB 6oJiblllHHCTBa 3JleMeHTOB 

Ta6J1HI.J,bl MeH)],eJieeBa. c 3TOH I.J;eJlbIO qacTO MCnOJ1b3yeTCH MeTO)], CKpe

UJ,eHHbIX nyqKoB 6hICTPhIX HeilTpaJibHhrx aTOMOB 11 3JleKTpOHOB. Twnwq

HaH peaJIH3aUHH )],aHHOro MeTO)],a COCTOHT B CJle)],yIOIUeM. flyqoK 6bICT

pbIX HeHTpaJIOB nonyqaeTCH c nOMOIUblO Hei1TpaJIH3aUHM 6bICTpbIX (c 3Hep

mell B HeCKOJlbKO KHJ103JleKTpOHBOJlbT) HOHOB B KaMepe c ra30M HH3KOfO 

)],aBJ1eHH51 (nop51Ll,Ka 10-4 Topp). HoHHhIH nyqoK npeJJ.BapMTeJibHO 3KCT

paLl,HpyeTc51 M3 ra30B0f0 pa3p51)],a nOCTOHHHOfO TOKa, <PoKyc11pyeTCH 

M nponycKaeTCH qepe3 cneuHaJibHbIH <PttnhTp, KOTOpbIH ocymecTBJ151eT 

COpTHpOBKY HOHOB no CKopocrnM. flonyqeHHbIH B pe3yJlbTaTe nyqoK 

6bICTpbIX HeHTpaJIOB c 3a)],aHHOH 3Heprneil coxpaHHeT KOJIJIMMau1110 HC

XO)],HOro HOHHOfO nyqKa, 'ITO Heo6xO)],HMO )],J151 BbICOKOH TO'IHOCTH 3KC

nepHMeHTa. floTOK HettTpaJibHbIX aTOMOB H3Mep51eTC51 no a6coJIIOTHOH 

BeJlM'IttHe c nOMOIUbIO OTKaJIH6poBaHHOfO )],eTeKTopa. l13MepeHMe ceqe

HHH y)].apHOH MOHM3amm npOM3BO)],MTCJ! c TIOMOlll,blO nepeceqemrn nyq-
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Ka ttei'.1TpaJIOB c 3JieKTPOHHbIM nyqKOM. Bo3HHKa10w;11e B pe3yJihTaTe 

3JieKTPOH-aTOMHbIX CTOJIKHOBeHHH HOHbI <l>OKYCHPYIOTCJI Ha 3JieKTpO

CTaTH'-IeCKHH aHaJIH3aTop, BbI,UeJIJilOll(HH HOHbI c .uaHHbIM 3apJI,UOBbIM 

'IHCJIOM, KOTOpbre 3aTeM perHCTpHpylOTCJI c noMOW:bIO 3JieKTPOHHOfO 

yMHO)((HTeJIJI. Ha octtoBaHHH H3MepeHHbIX .uaHHbIX 3KcnepHMeHTaJihHOe 

3Ha'-Iemrn Ce'-leHHJI HOHH3aUHH BbI'-IHCJIJieTCJI no cpopMyJie 

(12.16) 

r.ue J,. - HOHHbIH l1 3JieKTpOHHbIH TOKH; Vn - CKOpOCTH HettTpaJIOB l1 , e , e 
3JieKTpottoB; R - noToK tteH:TpaJioB; F - BeJIH'-IHHa, xapaKTep113yrorn;aJI 

cTeneHb nepeceqeHHJI rryqKa tteH:TpaJIOB 11 ny'-IKa 3JieKTpOHOB. TaKHM 

o6pa30M, H3MepeHHe a6COJilOTHOf0 3Ha'-leHHJI celfeHHJI y.uapHOH MOHH-

3aUHH COCTOHT B H3MepeHMH Ka)((,UOH 113 BXO,UJIW:HX B npaBylO '-laCTb pa

BeHCTBa (12 .16) BeJIH'IHH. 
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Puc. 12.2. Ceqemte HOHH3aUHH aTOMa BOi!OPOila 3JieKTPOHHhIM yl!apoM: 

I - 3Kcnep11MeHT; 2 - MeTO!l Boptta-KoMmotta; 3 - <jJOpMyJJa EJJeuKoro
CMttpHosa; 4 - BEB-np116moKeH11e np11 u = I 

Ha p11c. 12.2 np11se.uetto cpaBHeHHe 3Kcnep11MeHTaJibHoro ceqeHHJI 

y.uapHOH HOHH3aUHH aTOMa BO,Uopo.ua c pe3yJibTaTaMH BbI'IHCJieHHH Me

TO,UOM cpyHKUHH rro.uo6mr. 



12.3. Cpa6HeHUe c 3/CCnepuMeHmaJtbHblMU aaHHblMU -1\r 475 

Bn.uHo, '-ITO B .uaHHOM cnyqae cPYHKu,1111 rro.uo611H Eneu,Koro-CM11p

HOBa 11 BEB-rrp116nm1<eH11e .ua10T nyqwee coorneTCTBtte c 3Kcrrep11MeH

TOM no cpaBHeH1110 c MeTO.lJ.OM EopHa-KoMrrToHa, KOTOphrtt JaMeTHO 

3aBb!IUaeT peaJibHOe Ce'leHHe rrpou,ecca . .LI.aHHOe o6CTOHTeJibCTBO CBH3a

HO c TeM, 'ITO cPOPMYJibl MeTo.ua EopHa-KoMITTOHa 6bIB11 rronyqeHbI B 

rrp116Jitt)K:ett1111 ToMaca-<l>epM11 MH 3neKTpOHHoii o6ono'!K11 110H113H

pyeMoro aTOMa, crrpase.un11soM MH MHoro3neKTPOHHhIX aTOMOB. KpoMe 

Toro, noTeHLJ,11aJI HOHH3au,1m: aTOMa so.uopo.ua (13,6 38) CJIHIUKOM Bbl

COK, TaK '-ITO OKa3bIBaeTCH BHe paMOK np11MeHHMOCTl1 cPYHKLl,1111 rro.uo

forn Eoptta-KoMmoHa. 

H3 pnc. 12.2 cne.uyeT, 'ITO MaKCHMYM ce'!eHHH HOHH3aLJ,HH aToMa 

BO.ll.Opo.ua 3JieKTPOHHbIM y.uapoM .ll.OCTHraeTCH rrptt 3HeprHH HaJieTaIOll.(e

ro 3JieKTpOHa Emax "" 50 38, B OTJI11'!He OT 3Ha'!eHHH Emax "" 27 ,2 38, 

cne.uy10mero 113 ¢opMynhr ToMCOHa (12.8). Ben11'-ltttta ce'lett11H B MaKc11-

MyMe cocTaBJIHeT rrp11Meptto 0,6 A 2, 'ITO ttecKOJihKO MeHbIIIe rrpe.ucKa-

3aHHH Teop11H ToMcoHa (0,88 A 2). TaK11M o6pa30M, B cnyqae arnMa 

BO.ll.Opo.ua KJiacc11qecKl1H rro.uxo.u .LJ.)K:, ToMCOHa C11JibHO CMemaeT nono

)K:etttte MaKCHMyMa B H113K03HepreTH'-leCKHH .L1.Harra30H, HO JJ,aeT Y.ll.OB

neTBOp1neJibHYIO BeJIH'-lHHY MaKCHMaJibHOfO Ce'!eHHH. 

HttTepectto cpaBHHTh ce'lettne ¢0TOHOH11Jau11n aToMa so.uopoJJ,a 

O'ph(w) c ce'-leHtteM ero HOHHJau,1111 3JieKTPOHHhIM y.uapoM. Orn11qne 3T11X 

ce'!eHHH COCTOHT, BO-nepBbIX, B TOM, '-ITO ceqeHtte cPOTOHOHH3amm aTo

Ma Bo.uopo.ua .uocTttraeT cBoero MaKCHMyMa Ha nopore, T. e. npn 3Hep

nm ¢oToHa, paBHOtt 13,6 38. KpoMe Toro, BeJIH'-lJrna MaKCHMaJibttoro 

ce'-leirnH ¢ornnoHttJau,1m (0,064 A 2) no'lT11 ua nopH.UOK MeHbIIIe MaK

c11ManbHoro Ce'-leH11H y.uapHOH HOHH3aUim. Mo)K:HO Tal()K:e OTMeT11Tb pa3-

HOe acttMITTOTH'leCKOe noBe.UeHHe o6cy)K:.lJ.aeMblX CelJeH11H np11 BbICOKHX 

3HeprnHX, Kor.ua (J'ph(w) ex: ar712, B TO BpeMH KaK 

. (E) °" ln ( E) 
O', E , 

T. e. Ce'leHtte cPOTOJfOHHJauim y6brnaeT 3Ha'lttTeJibHO 6bICTpee. 

B Ka'-lecrne npttMepa cpaBHeHttH pe3yJihTaTOB 3Kcrrep11Mettrn 11 Teo

p1111 y.uapHOH 110H113aLJ,ttJf MHOf03JieKTpOHHOf0 aTOMa Ha pttc. 12.3 rrp11-

Be.ueHbI COOTBeTCTBYIOIUJfe JJ,aHHbie Jl,JIH aTOMa Tennypa. ATOM Tennypa 

(nopH.lJ.KOBblH HOMep z = 52) HMeeT cne.uy10my10 KOH¢mypaumo BHe

IIIHHX 3JieKTpottHhIX o6ono'-leK (4d) 10(5s)2(5p)4. Hx n0Teuu,11anbr ttoH11Ja

u11tt paBHbI: / 4d = 47 38, / 5s = 18 38, / 5P = 9 38. KaK cne.uyeT 113 np11Be

J1,eHHhIX JHa'leHHH H <PopMyJI (12.9), (12.10), ce11euue yJJ,apHOH HOHH3a-
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UHM 5p-rro.11:0601roqKf[ (B MaKCHMYMe) rrpttMeptto Ha rrop.H)l,OK rrpeBblllJa

eT COOTBeTCTBYIOmy10 BeJIHqHHY MH 5s-rro)l,o6onoqKH, TaK qTQ OCHOB

HOM BKJia.n: B rrpouecc )l,aeT BHeUIHHH aTOMHaH no.n:o6onoqKa. )J,aHttaH 

CHTyauHH HBJI.HeTCH THnHqHotl:: KaK rrpaBHJIO, ceqetttte y.n:apHOM HOHH3a

UHH aTOMa onpe)l,eJIHeTCH ero BHeUittetl: rro.uo60JIQqKotl:, ITOCKOJibKY OHa 

o6Jia.uaeT ttattMeHbllIHM rroTeHUHaJIOM HOHH3aUHH. 
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Puc. 12.3. Ce'lett11e HOHH3aUHH aTOMa Te11nypa 3JJeKTpOHHhlM y)lapoM: 

1- 3Kcnep11MeHT; 2 - MeTOA Eoptta-KoMnTOtta; 3 - <liopMy11a E11euKoro
CM11pttoaa; 4 - qiopMy11a fpHJKHHcKoro 

I-fa pttc. 12.3 BH.UHO, 'JTO B .uaHHOM CJiyqae HaHJIYtJUiee COOTBeTCTBHe 

c 3KCrrepHMeHTaJibHbIMH )laHHbIMH )lOCTttraeTCH c ITOMOIUblO HCITOJ1b30-

BaHHH cpyHKUHH rro.uo6ttH 6optta-KoMmoHa (12.14). <DopMYJihI Eneu

Koro-CMttpHoBa H fpmKHHCKOfO HeCKOJlbKO 3aHmKaIOT peaJibHOe ce

qeHHe npouecca. 

BeJIH'!HHa cetJeHHH y,.uapttotl: HOHH3aUHH ttetl:TpanbHhIX aTOMOB, tta

xo.uHw;HxcH B OCHOBHOM COCTOHHHH, H3MeHHeTCH B OTHOCMTeJibHO Y3KMX 

npe.uenax: OT 0,5 A 2 (MH reJittH) .uo rrpttMeptto IO A 2 .UJIH TH)f(eJihIX 

aTOMOB THITa TeJIJiypa. ATOMbl B B036~eHHbIX COCTOHHHHX c MaJlbIM 

IIOTeHIJ,HaJIOM HOHH3aUHH 0611a.ua10T 60JibllIHMH ce'!eHMHMM y.uapHOH 

HOHH3aUmf, KOTOpbre B MaKCHMyMe MOryT COCTaBJlHTb tteCKOJibKO COTeH 
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KBa,npaTHhIX attrCTpeM. B CJiyqae MHOr03apmI,HhIX IIOJIO)f(HTeJibHhIX MOHOB 

c 60JihllIHM IIOTeHUHaJIOM HOHH3aUifH ceqettwe paccMaTpHBaeMoro rrpo

uecca MOX<eT 6bITh BeCbMa MaJihIM. 

CeqeHMe HOHH3auww aTOMOB 3JieKTpoHHhIM ynapoM orrpenem1eT BaX<

HYIO BeJIH'IHHy, BXOMIUYIO B KHHeTMqecKHe ypaBHeHIHI J:LJI5I IIJia3Mhl, KO

TOpa5I Ha3hIBaeTC5I CKOpOCTblO rrpouecca H orrpe..a.eAAeTCH Bhipa)l(ettMeM 

k;(T,,) == f <Y;(E)ve(E)f'.(E, T.)dE, (12.17) 

r..a.e Fe(E, Te) - cPYHKUHH pacrrpe..a.eJieHHH 3JieKTpOHOB IIJia3MhI no 

3HepnrnM npw 3a,UaHHOM TeMnepaType 3JieKTPOHHOM no..a.cwcTeMhI Te; 
ve(£) - CKOpOCTh (HepeJIHTHBHCTCKOfO) 3JieKTpoHa, 

H(l/T.) 
0,6 

0,5 

0,4 

0,3 

0,2 

0, 1 / 
/ 

b 

ve(E) = ~2m.E. 

I 
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/ 

/ 
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/ 
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/ 

/ 
// --

o,__ ..... ==-~~~~~-..L~~~~~~~~~ 
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Pnc. 12.4. 3aawcttMOCTh cPYHKUtttt H(l/T.) [cM. <PopMyny (12.20)] OT 3neKTpoH
ttoi1 TeMnepaTypbI, abl'mcnettttan c noMOUJ.bK> cPYHKr.um no,noforn Eneu
KOro-CMHpHoaa (c11.110U1HaR KpueaR) w Eoptta-KoMnTOHa (nyHKmup

HaR) tlJHI noTettuwana wottttJauww aToMa ao.nopo.na 

BeJIMqMHa (12.17) Ha3hIBaeTC5I KOHCTaHTOM napttoro npouecca, IIO

CKOJihKY onpe)l.eJIHeT CKOpOCTh npouecca, B03HHKa10mero IIpH napHOM 

B3aMMo..a.eii:cTBHH 'laCTHU. XapaKTepttoe 3Haqettwe KOHCTaHThI napttoro 

npouecca B aTOMHOM cPM3HKe paBHO ko = 6 . 10-9 CM3 /c. 
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I1cITOJib3YH ymrnepCaribHOe Bbipa)l(eHJ-Ie (12.13) .rvrn ceqeHHH HOHH-

3allHH aTOMa, JiefKO oueHHTb KOHCTaHTY CKOpOCTH ITpouecca .rvrn MaKc

BeJIJIOBCKOH tPYHKUHH pacITpe.ueJieHHH 3JieKTpOHOB ITO 3HeprHHM: 

2 JE [ E] F.(E, T.) = c~exp --T , 
vll"(T.,) e 

(12.18) 

me Te Bbipa)l(etto B 3HepreTHqecKHX e,lJ,HHHllaX. Oo.ucrnBJIHH <PopMyJihI 

(12.13) H (12.18) B Bblpa)l(eHHe (12.17), ITOJiyqaeM 

k;(Te) = ..?_ "i,~2mJnt (;
2 

)

2 

n(~' ), 
1l" nl nl e 

(12.19) 

r.ue 3JieKTp0HHaH TeMITeparypa BXO)J,HT B 6e3pa3MepHyIO tPYHKllHIO 

~ 

H(y) = y312 f f(x)e-xyxdx, (12.20) 
I 

3aBHCHIIIYIO OT <PYHKllHH IT0.uo611H /(x). H(y) .uocTttraeT MaKCHMyMa 

ITPH 3HaqeHHHX apryMeHTa y = 0,06-0,08, T. e. ITPH TeMITepaType 

Tmax = (12-15)/. 3aMentM, qTo ITPH TaKHX TeMITepaTypax aTOM y)l(e HOHH-

3HpoBaH. 3aBHCHMOCTH H(J/T), BhJqHcJieHHhie ITO cpyHKUHHM rro.uo6m1 

EJieuKoro-CMttpHoBa 11 Eoptta-KoMITTOHa MH ITOTettu11arra HOHH3a

llHH aTOMa BO)J,Opo.ua, ITPHBe)J,eHbI Ha pHC. 12.4. 

12.4. KnACCH4ECKOEPACCMOTPEHHE 
YAAPHOro B036Y>KAEHHH ATOMA 

Bo36y)l()J,eHHe aTOMOB ITpH CTOJIKHOBeHHH c 3JieKTpOHa

MH - ,1J,pyro:ti: ITPHMep tteyrrpyroro CTOJIKHOBHTeJibHoro ITpouecca, 11rpa-

10mero Ba)l(HYIO poJib B pa3JIJiqHhIX o6Jiacrnx <Ptt3HKH H TeXHHKH. B oT

JIHqJie OT y.uaptto:ti: HOHH3allHH, KOf)J,a aTOMHbIM 3JieKTpOH B036y)l()J,aeTCH 

B HeITpepbIBHbIM 3HepreTHqecKHH CITeKTp, COOTBeTCTBYIOIIIHH HHtPHHHT

HOMY )J,BH)l(eHHIO, B CJiyqae B036y)l()J,eHHH aTOMHbIH 3JieKTpOH ITepeXO)J,HT 

B COCTOHHHe )J,HCKpeTHOfO CITeKTpa, T. e. (B paMKax KJiaccJiqeCKOH Kap

THHbI) Ha .upyryIO aTOMHyIO op6HTY c 60JibUieH 3Hepme:ti:. 3TO HBJieHHe 

OTBeTcTBeHHO 3a H3JiyqeHHe cpOTOHOB B JTJia3Me, B03HHKaIOll(ee B pe-

3YJibTaTe o6paTHOfO ITepexo.ua aTOMHOfO 3JieKTPOHa H3 B036y)l()J,eHHO-
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ro COCTOSIHIHI B OCHOBHOe. Otto SIBJrneTCSI O,!l,HHM H3 MexaHH3MOB C03,!l,a

HHSI HHBepCHH HaceneHHOCTeti: B ra30BhIX na1epax B cnyqae TaK Ha3hIBa

eMOH 3JieKTPOHHOH HaKalfKH. 

YpaBHeHHe paccMaTpHBaeMoro rrpou;ecca HMeeT BH,!l, 

e +A~ A*+ e, (12.21) 

me CHMBOJI A* o603HalfaeT aTOM B B036y)l()J.eHHOM COCTOSIHHH ,!l,HCKpeT

HOfO crreKTpa. )l.JISI paCl{eTa ceqeHHSI peaKUHH (12.21) BOCJI0Jlh3yeMCSI 

crreKTpOCKOJIHlfeCKHM rrpHHUHITOM COOTBeTCTBHSI Me)J(,[(y KBaHTOBOH H 

KJiaccwqecKoti: cpR3HKOH. Cornactto 3TOMY rrpHHURrry aTOM rrpw B3aHMo

,!l,eti:crn11H c 3JieKTpoMafHHTHhIM JIOJieM Be,!1,eT cefoI KaK tta6op OCI.l;HJIJHI

TOPOB, KOTOpbie CTaBSITCSI B COOTBeTCTBHe nape 3HepreTHlfeCKHX ypoB

HeH E; H 0 aTOMHoro crreKTpa. ,lJ,JIH orrpe,!1,eJieHHOCTH rroJiaraeM E; < 0· 
Co6CTBeHHh1e qacTOThI 3THX ocu;HJIJISITopoB paBHhI co6cTBeHHOH 11acTo

Te rrepexo,Ua i ~ j: 

Ej -E; 
{/) .. = ---

JI 1i 

a 3cpcpeKTHBHOCTh HX B3aHMO)leHCTBHSI c 3JieKTPOMafHHTHhIM JlOJieM orr

pe,!1,eJISieTCSI CUJIOU OCU,UflflHmopa: 

(12.22) 

r,!l,e gi - CTaTHCTH'JeCKHH Bee Ha'laJihHOfO COCTOSIHHSI. B (12.22) BBe,!l,eHbI 

HH)leKChI, xapaKTep111y10ru;He npHHa,!l,Jle)[(HOCTh OCUHJIJISITOpa 3a,UaHHO

MY nepexo,Uy Me)[()ly aTOMHhIMH ypoBHSIMH 3HeprnH. B 3TOH CBSI3H pac

cMaTpHBaeMhIH OCUHJIJISITOp HHOrJJ,a Ha3bIBaIOT OCUHJIJISITOpOM nepexo

JJ,a. ilpH KBaHTOBO-MexaHWieCKOM OJlHCaHHH ,!l,HITOJihHhIH MOMeHT oc

UHJIJISITOpa nepexoJJ,a dji rrpeJJ,CTaBJISieT co6oti: MaTpH'lHhIH 3JieMeHT 

onepaTopa 3JieKTPH'leCKOf0 JJ.HITOJihHOfO MOMeHTa, Bhl'lHCJieHHhIH Me)J(

JIY cocTOHHHSIMH Ii) H IJ). B rnyqae Bo16y)J(,[(eHHSI aTOMa wji > 0 HJ;; > O; 
MH 3JieKTpottttoro rrepexo,Ua c YMeHbUieHHeM 3Heprnn (wu < 0) fu < 0. 
iloCKOJihKY l~;I = Id), To H3 orrpeJJ,eJieHHSI (12.22) BhITeKaeT paBettcrno 

giJ;i = - ~~j" 
l1TaK, B036y)l()J.eHHIO aTOMa Ha rrepexoJJ,e i ~ j npn CTOJIKHOBeHHH c 

3JieKTpOHOM OTBe11aeT B3aHMOJJ,eHCTBHe Me)J(,[(y 3JieKTPH'leCKHM JlOJieM 

pacce1-rna10merocSI 3JieKTpotta H ocmrnmnopoM rrepexoJJ,a. ilpenrronaraSI 
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none HarreTa10mero 3JieKTpOHa B 06nacn1 JI0Karr1nau,HH aToMa oL1,HopoL1,

HhIM, MO)l(HO 3anHCaTb CJie)],y10mee ypaBHeHHe Ll,JIH paLl,Hyca-BeICTOpa oc

I.J,HJIJIHTOpa rJi: 

(12.23) 

r)],e "f.ji - KOHCTaHTa 3aTyxaHHH; E(t, p) - HanpH)l(eHHOCTh 3JieKTpw1ec

Koro nO.[IH, KOTOpoe C03)],aeT HaJieTalOlll,HH 3JieKTPOH, )],BH)l(Yll.l,HHCH no 

TpaeKTOpHH c npHI.1,eJibHbIM napaMeTpOM p, B MeCTe pacnOJIO)l(eHHH 

aTOMa. 

B )],aHHOM pa3JJ.eJie npeJJ.nonaraeTcH, 'ITO J;i :f. 0. CooTBeTcTByIOmHe 

nepeXO)],bI Ha3hIBalOTCH )],HnOJihHO- (HJIH onTH'leCKH) pa3perneHHhIMH. 

B npoTHBHOM cnyqae roBopHT o )],HnOJihHO- (onTH'leCKH) 3anpemeHHOM 

nepexo)],e. 

,ll.JIH <l>ypbe-06pa3a CKOpOCTH OCI.J,HJIJIHTOpa nepexo)],a H3 ypaBHeHHH 

(12.23) JiefKO noJiy'IHTh CJie,lJ,y10mee Bh!pa)l(eHHe: 

v .. (w)= f.. e (-iwji)E(w, p), 
JI JI m {J)2. - {J)2 _ iy .. {J) 

JI JI 

(12.24) 

r)],e E(w, p) - <l>yphe-KoMnotteHTa HanpH)l(eHHOCTH 3JieKTPHIJ:ecKoro noJIH 

pacceHBaIOll.l,erocH 3JieKTpOHa. qT06bI HaHTH ceIJ:eHHe B036y)l()],eHHH 

aToMa Ha nepexo)],e i ~ j, BhI'IHCJIHM pa6oTy, KOTopy10 coBepwaeT 

HaJieTalOll.l,HH 3JieKTpOH Ha)], OCI.J,HJIJIHTOPOM nepexo)],a 3a Bee BpeMH 

CTOJIKHOBeHJrn: 

~ 1 ~ 

AJi(p) = f ev1i(t)E(t, p)dt = - f ev1;(w)E*(w, p)dw. (12.25) 
-~ 21t -~ 

3)],eCb BO BTOpOM paBeHCTBe Mhl nepernJIH K <l>ypbe-KOMnOHeHTaM, BOC

nOJib30BaJIHCh cooTHornettHeM E(-w, p) = E*(w, p) H HHTerparrhHhIM 

npeLl,CTaBJieHHeM )],eJibTa-<l>YHKI.J,HH: 

~ 

f exp(iwt)dt = 2m5(w). (12.26) 

IlO)],'lepKHeM, 'ITO Bb!pa)l(eHHe (12.25) cnpaBe)],JIHBO )],JIH )],OCTaTO'l

HO 60JihllIHX npHI.1,eJibHhIX napaMeTpOB p > a, f)],e a - )],JIHHa «06pe3a

HHH», KOr)],a MO)l(HO npeHe6pe'lb npOHHKHOBeHHeM HaJieTa10mero 3JieK-



12.4. K.naccu'lecKoe pacCMompeHue yiJapHOi!O eo36yJ1CiJeHUR amoMa -Jv. 481 

Tpotta B aTOMHhlll OCTOB. Attamn ITOKa3bIBaeT, 'ITO MMeHHO TaKMe «JJ,a

JieKMe» CTOJIKHOBeHll.51 BHOC51T OCHOBHOM BKnaJJ, B Ce'leHMe rrpouecca 

rrpM B036y)l()J,eHMM JJ,MITOJihHo-pa3pewettttoro rrepexoJJ,a. B )l,(UihHettweM 

ITOJiaraeM A/.o < a) = 0. napaMeTp o6pe3aHM51 a paBeH HCCKOJibKMM 

paJJ,MycaM fiopa, ero TO'lHOe 3Ha'leHMe 3aBMCMT OT aTOMa M B036y)l()J,ae

MOro nepexoJJ,a. 

IlOJJ,CTaBJI5151 (l 2.24) B (12.25) M nepeXOJJ,51 K MHTerpHpOBamno no 

ITOJIO)f(MTCJihHblM qacTOTaM, noJiyqaeM 

(12.27) 

rJJ,e G)~l ( tim) - cpyHKUM51 cpopMhI crreKTpaJihHOtt JIM HMM rrepexoJJ,a rrpM 

OJJ,HOpOJJ,HOM ynmpeHMM, 

(12.28) 

BHJJ,HO, 'ITO KOHCTaHTa 3aTyxaHHH }'_j; orrpeJJ,eJI51eT crreKTpaJihHYIO 

WHpMHY JIHHHM. <l>yHKUll.51 ( 12.28) YJJ,OBJICTBOpHeT rrpeJJ,CJibHOMY COOT

HOWCHMIO 

(12.29) 

CneKTpaJibttaH wttpMHa cpyHKUMH IE(m, .o)l2, CT051Ill,ett rroJJ, 3HaKOM 

MHTerpaJia B (12.27), onpeJJ,em1eTC5I OTHOWCHMCM v/,o. 3Ta BCJIHqirna 

MHOro 60JiblllC WMPMHhl cneKTpaJibHOH Jill.HMM aTOMHOro nepexoJJ,a }'_j; 

JJ,JIH aKTYaJihHblX 3Ha'leHHH rrapaMeTpOB 3aJJ,a1rn .0 > a M 

Ilo3TOMY B paccMaTpJrnaeMOM CJiyqae MO)l(HO ITOJih30BaTbC51 cpopMy

JIOM (12.29). 
Bepo51THOCTh B036y)l()J,eHM51 rrepexoJJ,a i ~ j rrpM pacce51HMM 3JICKTpo

Ha c ITPMUCJihHhIM rrapaMeTpOM .0 Ha aTOMe paBHa OTHOWCHHIO 

w .. (,o) = Aji(.o) 
JI t ' 

fl(J} ji 

( 12.30) 
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me n{J)1; = 11J1; - 3Hepr1151 B036y)!(,UeH11H aToMa. AHaJI113 noKa3bIBaeT, 

qTO ~i < 1 B paccMaTp11BaeMOM .u11ana30He 113MeHeHl151 BeJmq11H p 11 v, 
KaK 11 LJ:OJDKHO 6b!Tb B COOTBeTCTBl111 c cpM3MqecK11M CMhICJIOM BepOHT

HOCTM. 

11HTerpaJihHoe no np11uenhHOMY napaMeTpy ceqett11e npouecca on

pe.uem1eTCH paBeHCTBOM 

= 

a1; = 2nJW1;(p)pdp. (12.31) 
a 

3.uecb sepxHMH npe.uen MHTerpttpoBamrn no np11ueJihHOMY paccTOHHl1IO 

nOJIO)l(eH paBHbIM 6ecKotteqHOCTM B COOTBeTCTBl111 c KJiacc11qecKOH cxe

MOH paCCMOTpeHl151. fiOLJ:CTaBJIHH B (12.31) cpopMyJibl (12.30) 11 (12.27), 
HaXOLJ:l1M c yqeTOM (12.29): 

(12.32) 

)1,aJibtteM:wee paccM0Tpett11e npose.ueM B npu6J1u:>1eeHuu npRMonpoAem
HbtX mpaeKmopuii, Koma nerKo nonyq11Tb Bbipa)l(emre .um1 <l>ypbe-KOM

notteHTbI nom1 HaJiern10mero 3JleKTpoHa: 

(12.33) 

me e - HOpMaJibHbIH 11 TattreHIJ,11aJibHbIH (no OTHOlIIeHl1IO K BeKTOPY n, T 

cKopocrn: v = canst) e.u11H11'lttb1e BeKTOpb1; 

F(r) = J= cos((x) d . 
\:> 3/2 x, 

o(l+x2
) 

(12.34) 

wTp11x o603tta'laeT .u11cpcpepettu11posaH11e no aprYMettTy. 

fiOLJ:CTaBJ15151 (12.33) 11 (12.34) B (12.32), noJiyqaeM Bb!pa)l(ett11e LJ:J151 

ceqeH11H y.uapttoro B036y)!(,Uett11H KaK cpyHKU11IO 3tteprn11 ttaJieTa10mero 

3JieKTpotta E = mv2 /2: 

(12.35) 
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f)l,e If( v) - cneKTpaTihHaSI <PYHKI.UUI HanpmKeHHOCTH 3JieKTpHqecKoro 

TIOJI51 HaJiern10w.ero 3JieKTpOHa (pHC. 12.5), 

(12.36) 

H(v) Puc. 12.5. CneKTp '.lJ1eKTpw1ecKoro nom1 
tta11eTaJOII.\ero '.lJJeKTpotta (12.33) KaK 

0,5 

. ciJYHKl.1,11!1 6e3pa3MepHOR '!aCTOTbJ: 

•••••••••••••••••••••• I - noJJHhIH; 2 - HopMMbHOtt cocTaBJillIO
mei1 fJOJJH; J - TaHreHUHaJ!bHOH COCTaBJIHIO-

meH OOJ!ll 

/:··~·~··,· .•.. 
/ ---.:..··:.:.::.:_ ......... . 

--..::;,;:·.:.:.:.:.:.······· 01<-~~.._~~-'-~~-'-~~ ........ ~~---1.=-::==-...... 

0 0,5 1,5 
v=wp/v 

2 2,5 3 

B (12.35) BBe)l,eHO MHTerpttpOBaHHe no 6e1pa1MepHOH nepeMeHHOH 

- p p=-. 
a 

l11 (12.35) H (12.36) cneLJ,yeT, qrn cneKTp 3JieKTpw1ecKoro noJI51 pacce-

11Bmomeroc51 3JieKTpotta 1aB11CHT OT 6e1pa1Mepttoro napaMeTpa 

v = wp. 
v 

l13 pHc. 12.5 BH)l.HO, qrn OCHOBllOH BKJlU)J, B CTICKTPaJihHYIO <PYHK

Ul1l0 H( v) B 06JiacT11 ee 6oJibWHX 111a<1eu11M: LJ,aeT 11opMaJibtta5I cocTaBJI5I-

10w.a51 3.'leKTpH'IecKoro TIOJI51 3JieKTpoua, a urnpmrn cneKTpa nop51,L1,Ka 

OTHowemn1 v/ p. 
<l>opMyJiy )J,JI51 Ce'IeHHSI CTOJIKHOBHTeJibHOro B036y)l()l,eHM51 aTOMa 

{I 2.35) yLJ,o6tto nepen11caTh B BHLJ,e 

a .. (E) = 2rcf .. (_!!:__)
2 

m [__§_ n) 
Ji Jt f,.£ .. Y' !1.£ .. ' 't ' 

JI JI 

(12.37) 
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r)],e <p(x, 17) - 6e3pa3MepHaSI <l>YHKUHSI OTHOWeHHSI E/!J.f1;, 

(12.38) 

3aBttCSIIUaSI OT O)],Horo 6e3pa3Mepttoro napaMeTpa 

(12.39) 

me Ry = 13,6 38; a8 = 0,53 · I0-8 CM - pa)].ttyc 6opa. 1lHcJieHHOe 

3Ha'leHtte 1J 3aBHCHT OT BeJIH'lHHbl .ll)llfHbl o6pe3aHHSI a H MO)!(eT pac

CMaTpttBaTbCSI KaK napaMeTp Teop1rn. 

8b1pa)!(em1e (12.30) )],JISI BepoSITHOCTII B036~emrn aToMa 3a Bee 

BpeMSI pacceSIHHSI 3JieKTpOHa MO)((HO rreperrwcaTb B BH)],e 

W .. (p) =f= a(.ph)(w)dN(w, p) dw 
JI JI dSdOJ ' 

0 

( 12.40) 

(12.41) 

BeJIII'ltttta, KOTopy10 MO)!(HO HHTepnpeTIIPOBaTb KaK 'llICJIO cpOTOHOB 3JieK

Tptt'leCKOro JIOJISI HaJieTaIOUJ,ero 3JieKTpotta, KOTOpoe 3a BCe BpeMSI CTOJI

KHOBemrn rrpoXO)],HT qepe3 e)],IIHIIUY JIJIOUJ,a)],II B e)],HHlI'lHblH 'laCTOTHb!H 

lIHTepBaJI: 

dN(w,p) c jE(w, p)j
2 

dSdw (2nf nw 
( 12.42) 

OnnpaSicb Ha cpopMyJibI (12.40)-(12.42), rrpouecc CTOJIKHOBHTeJib

Horo B036~ettttSI aTOMa MO)!(HO npe)],CTaBHTb KaK JIOrJIOlll,eHtte aTo

MOM cpoTOHOB, COCTaBJISIIOUJ,HX co6cTBeHHOe JIOJie pacce11Ba10mei1cSI 3a

ps1xeHHOH 'laCTHUhl. TaKIIe cpoTOHhI Ha3hIBaIOTCSI 3KBHBaJieHTHhIMH. 

3HaHIIe Ce'leHHSI cpoTOITOrJIOlll,eHHSI, HanpIIMep, H3 3KCnepIIMeHTa J1 'fHCJia 

3KBHBaJieHTHbIX cpoTOHOB Jl03BOJISieT JIOJIY'lHTb Ce'letttte npouecca B COOT

BeTCTBHH c (12.40). 3TOT JIO)],XO)], 6bIJI HCITOJib30BaH 3. <t>epMH B 1924 r. 
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(eme )J,0 C03)J,amrn KBaHTOBOH MexaHHKH) )],JUI pacl.J.eTa B036y)l()J,eHl15I aTO

MOB 6brcTphIMtt 3apmKeHHhIMH Y.aCTttUaMtt [4]. Ott noJI)'l.J.ttJI Ha3Batttte 

Memoa 3K8UeMeHmHbtx rjJomoHoe <PepMu. 

12.5. METOA <l>YHKU.HH nOA06HH 
AnH YAAPHOro B036Y>KAEHHH ATOMA 

0oJiyqeHHbie B npe,ll,hIJzyilleM pa3,ll,eJie cpopM)'JihI (12.37)-(12.39) 
)]JI5I Cel.J.eHtt5I CTOJIKHOBHTeJibHOfO B036y)l()J,eHtt5I ,ll,l1IlOJibHO-pa3pellleH

HOro nepexo,ll,a B aTOMe B nptt6Jitt)l(eHttl1 npHMOnponeTHbIX TpaeKTOpttH 

cnpaBe,ll,J111Bbl )J,J15I ,ll,OCTaTOl.J.HO 60Jibllll1X 3HeprnM: HaJieTalOlll.ero 3JieK

Tpotta E » !).£j;· B6n11311 nopora B036y)l(,ll,etttt5I E"' !).£ji 3JieKTpOH Te

pHeT npaKTttl.J.eCKH BClO KttHeTttl.J.eCKYIO 3HeprttIO, TaK l.J.TO nptt6Jitt)l(e

Htte v = const CTaHOBl1TC5I 3aBe)J,OMO HeBepHblM. AttaJitt3 noKa3h!BaeT, 

'I.TO Bh1pa)l(em1e (12.37) MO)l(HO pacnpocTpaHttTh Ha sech ,L1,1-rnna10H 3Hep

rttti ttanern10mero 3JieKTpOHa, ecn11 COOTBeTCTBYlOl1Il1M o6pa30M IlO)J,0-

6paTb cpyHKUHlO <p(£/f).~J 3TOT Bb16op MO)l(eT 6b!Tb npOl13Be,ll,eH 3Mill1-

p11Y.eCKJIM UYTeM Ha OCHOBaHHM cpanHeHJ15I c 3KCnep11MeHTaJibHbIMJ1 )J,aH

HblMH 11 c np1rnne'letttteM 06m11x Teopen1Y.ecK11x noJIO)l(ett11M:. B octtose 

,uam10ro IlO,ll,XO,ll,a Jie)l(MT npe,unOJIO)l(ett11e 0 TOM, 'I.TO OTHOllleH11e 

(12.43) 

RBJl>IeTCR ymrnepcaJihHOii Q:>yHKUtteii 6e1pa1MepHoif nepeMeHHOH x = E/ f).~r 
PaneHCTBO (12.43) Bblpa)l(aeT CYilIHOCTb Memoaa rjJyHKU,UU noao6UR np11 

pacl.J.eTe Cel.J.eHHH CTOJIKHOBHTCJibHOfO B036y)l(,ll,eHJ15I aTOMa. 

KBaHTOBO-MexaHtt'lecKoe paccMOTpett11e noKa3hrnaeT, 'I.TO cpyHK

U115I no,uo61151 <p(x) ,ll,OJI)l(Ha y,ll,OBJieTBOp5ITh ,ll,BYM npe,ll,eJibHbIM COOT

HOllleH115IM: 

ip(x41}=~; 
ln(x) 

ip(x »I)=--. 
x 

C y'leTOM (12.44) )]JI51 <p(x) MO)l(HO 3an11caTb [5] 

ip(x)= ln(l+a.JX""=l)_ 
x +b 

(l 2.44) 

(12.45) 
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3ttaqeHMH rrapaMeTpOB a M b ycTattaBJIMBaeTCH Ha OCHOBaHMM 

cpaBHeHMH c 3KcrrepMMeHTOM, qTo .naeT a= 0,5, b = 3. 0TMeTMM OTJUl

qMe OKOJIOITOpOroBoro IlOBe,!J.eHMH cpyHKUMM rro.no6MH ,!J.JIH B036y)l(,UeHMH 

aTOMa 

OT COOTBeTCTBYIOmeit 3aBMCMMOCTM ,!J.JIH MOHM3aUMM aToMa ::meKTpOH

HbIM y.napoM 

'/'(X) 
0,1 

0,08 / .. 
... 

l.~ 

: 

:::: /' 
0,02: 

J(x,,,l)=x-1. 

10 

x=E/I!.~; 

100 

Puc. 12.6. <l>yHKLUUI no.a.o6Hll, Bhl'·IH:CJieHHall a np116mn1<eH11H npH1v1onpoJieT

Hb1x TpaeKTOPHH (/) 11 <i>YHKl..IHll no.a.o6Hll (2) .ll.Jlll Ce'!eHHll CTOJlK

HOBHTe!lbHOfO B036}')K,ll.eH!rn .D.Hil0JlbHO-pa3peweHHOfO nepexo.a.a B 

aTOMe 

HttTepectto cpaBHMTh Q:>yttKUMIO rro,IJ,o6MH (l 2.45) c Bbrpa)l(ettweM, 

rronyqeHHhIM B rrpM6JIM)l(eHMM rrpHMOrrponeTHhIX TpaeKTOpMH (12.38), 
(12.36). 3To cpaBttetttte ,ll,JIH 3ttaqettMH napaMeTpa IJ, onpe,IJ,enettttoro 

paBettcTBOM (12.39), 1J = 1,7, npttBe,IJ,etto tta pttc. 12.6. l13 ,IJ,attttoro pttcytt

Ka CJie,IJ,yeT, qTQ B umpOKOM .IJ,Manmotte x > 3 Ha6JIIO,IJ,aeTCH rrpaKTM'leCKOe 

COBTia,!J.eHMe o6ettx tPYHKUMH. B qacTHOCTM, COBna.naeT TIOJIO)l(ettMe MaKCM

MYMOB Xmax := 3,45 M MaKCMMaJihHhie 3HaqeHMH Q?max := 0,09. 3aMeTHOe 

OTJIMqMe MMeeT MeCTO TOJibKO B npwnoporoBOH o6naCTM I < x < 2, r.ne 

npM6JIM)l(eHMe npHMOnponeTHhlX TpaeKTOpMH Hea.neKBaTHO. 
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l1TaK, ceqem1e CTOJIKHOBMTeJibHOfO B036y)l()J,eHM5l )J,MI10JibHO-pa3-

peweHHOro nepexo)J.a B aTOMe )J,JI5l npoMJBOJibHbIX 3tteprm'l: ttanern10-

mero 3JieKTpotta, BKJIIOqa51 OKOJIOIIOporoByIO o6naCTb, MO)l(HO npe)J,

CTaBMTb B BM)J,e 

(12.46) 

r;J.e <PYHKUMR fl0)J,06MR (lJ(X) .aaeTCJl <f>opMyJIOH (12.45). flpM JanMCM (12.46) 

MbI nepewnM K aTOMHbIM e)J.MHIHJ.aM, B KOTOpbIX e = 1, Ea= 2Ry = 27,2 38 

M aa =a~ = 2,8 .10-11 cM2 - aTOMHa5l e)J,MHMUa ceqettM5l. B MaKCMMYMe 

3HepreTwqecKOH 3aBHCMMOCTM <f>opMyJia (12.46) c yqeTOM BbIWenp1rne

)J,eHHbIX 3HaqeHMH ,ll.JI5l Xmax' (i?max )J,aeT 

a, A2 

50 

40 

30 

20 

10 

0 

(12.47) 

5 10 15 20 25 30 35 40 £,36 

Puc. 12.7. Ce'!em1e aoJ6y)l(Jlemu1 aToMa J111nrn ::meKTpOHHbIM y.ll,apoM Ha nepe
xo11.e 2s ~ 2p: 

I - 3Kcnep11MeHTaJibHbie )laHHhle Hau110HaJ1bHOro HHCTHTyrn CTaHil3PTOB 

(CllIA) [61; 2- pae<-1eT MeTO)lOM ¢iyHKUHH no,1J,06m1 

TaKMM o6pa30M, ceqettMe CTOJIKHOBMTeJibttoro B036y)l()J,etttt5l )J,HIIOJib

Ho-pa3pewettttoro nepexo)J,a np51MO nponopUMOHaJibHO cwne OCUMJIJI5l

TOpa nepexo)J,a w o6paTHO nponopuMottanhHO KBa)J.paTy 3ttepnrn B03-

6y)l()J,eHM5l. XapaKTepttoe Jttaqettwe 3Heprnw nepexo)J,a B ttetfTpaJibHOM 
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arnMe 1-10 3B. Cmrn ocumuunopa M3Memi:eTC51 B 6onee urnpoKMX npe

.a.enax: OT 10-6 ,11,0 2. IlpM./j; < 10-6 3JieKTpOHHblM nepexo.a. B aTOMe MO)[(

HO C'IMTaTb 3anpeII1eHHhIM. MaKcMMaJibttoe 3Ha'Iettne ./j; = 2 .a.ocTHraeTC51 

,11,JI51 nepexo.a.oB 6e3 H3MeHeHH51 rJiaBHOfO KBaHTOBOfO 'IMCJia B aToMax 

II1eJIO'IH0-3eMeJibHbIX 3JieMeHTOB. 

Ha pnc. 12.7 noKa3aHbI 3KcnepnMeHTaJihHOe (KpMBa51 J) M BhI'IMC

nettttoe no <PopMyne (12.46) (KPMBa51 2) ce'!eHM51 B036~eHH51 nepexo

.a.a 2s --7 2p B arnMe JIHTH51. PaccMaTpMBaeMbIH nepexo.a. 6e3 M3MeHeHM51 

rnaBHOro KBaHTOBOro 'IMCJia MMeeT 60JibIIIYIO CMJIY OCUMJIJI51TOpaJ;p2s = 0,75 
M OTHOCMTeJibHO HH3KYIO 3HeprHIO B036~eHM51 t..E2p2s =: 1,85 3B. Il03TOMY 

MaKCMMaJibHOe 3Ha'IeHMe Ce'IeHM51 BeCbMa BeJIMKO O"max = 4,3. 10-15 CM2, 

a TIOJIO)[(ettne MaKCMMYMa COOTBeTCTByeT npMMepHO 7 ,5 3B. 

BH,11,HO, 'ITO COOTBeTCTBMe TeopMM M 3KcnepMMeHTa BeCbMa xopo

wee, oco6etttto B6JIH3H nopora. 

12.6. B035Y>KAEHH E 
AHnonbHO-JAnPE~EHHblX nEPEXOAOB 
BATOMAX 

B npe,11,bWYIIIeM pa3.a.ene paccMaTpMBaJIOCh CTOJIKHOBMTeJih

ttoe B036~eHMe ,11,HTIOJibHO-pa3perneHHbIX nepexo,11,0B B aToMax, KOTO

pbie MO)[(HO OTIMCbIBaTb KJiaCCM'IeCKM c TIOMOlllblO TIOH51TM51 OCUMJUI51TO

pa rrepexo.a.a. B cnyqae JJJIIIOJihH0-3arrpemeHHhIX rrepexo,a:oB TaKoro po,a:a 

pac'!eT He npMMeHMM, TIOCKOJlhKY ./j; = 0. Tor.a.a B3aHMO,a:eH.cTBMe Me)!{.Uy 

HaJieTaIOIIIMM 3JieKTpOHOM M B036~aeMbIM nepexo,11,0M HOCHT MHOM, 

neiJunoJlbHbtu xapaKTep . 

.Ll.MTIOJibH0-3anpemeHHbie nepeX0,11,bl 6bIBaIOT .11.BYX TMTIOB: 

1) 6e3 M3MetteHM51 CTIMHa aToMa; 

2) c H3MeHeHMeM aTOMHOfO CTIHHa. 

B rrepBOM CJiyqae ,11,MTIOJibHh!M MOMeHT nepexo,a:a OTCYTCTByeT M3-3a 

HeBhITIOJIHemrn rrpaBMJI oT6opa no op6HTaJihHOMY KBaHTOBOMY 'IMcny L: 
/Lj - L;/ > 1 MJIH L; = Lj = 0. Bo36~ettne aTOMa Ha TaKOM nepexo,a:e 

ocymecTBJI51eTc51 3a C'IeT npRMoco KYJIOHOBCKoro B3aHMo.a.eH.cTBM51 ttane

rn10mero 3JieKTPOHa c KBa,a:pyIIOJibHbIM HJIM .a.pyrMMM 6onee Bb!COKMMM 

MYJihTMTIOJibHblMM MOMeHTaMM. 

3aBHCMMOCTM Ce'IeHH51 y.a.apttoro B036~eHM51 nepeX0,11,0B nepBOfO 

TMna OT 3HeprnH HaneTa10mero 3JieKTpotta E B npnnoporoBoii o6nacTM 
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(x = E/ l1S; "" 1) H JUUi 6oJiblliHX 3HeprnM: (x » 1) Te )Ke, <ITO u y nunoJJh

Ho-paJperneHHhIX nepeXOJlOB [CM. (12.45)]. c Y<IeTOM 3TOfO o6CT051TeJlh

CTBa HaH60JJee npocTyIO annpoKCHMaumo Ce4eHH51 BOJ6y)l(JleHHSI JlH

TIO}JbH0-3anperneHHOrO nepexona 6e3 U3.Me11e11uJ1 cnu11a MO)l(HO npencrn

BHTh B cpopMe 

( E) ~ 
aji x = l1Eji =ca+ xJ/2 ' 

(12.48) 

rr1e a, c - napaMeTphr, KOTOpbie orrpeneJJ51IOT 3Heprn10 HaJieTaIOrnero 

3JieKTpOHa B MaKCHMyMe £max = l1Ejixmax H BeJIH4HHY l\IaKCHMyMa ce<Ie

HHR ()"max· 3aMeTHM, <ITO cpopMyJJa (12.48) MO)l(eT 6bITb HCTIOJlb30BaHa 

lIJISI npH6JIH)((eHHOf0 onncaHH51 ce<IeHHH .IlHTIOJlbHO-pa3perneHHOro 

nepexona. KaK npaBmro, MaKcnMaJJbHOe ce<IettHe amax .IlJJR. .IlHIIOJJh

HO-Janpelll,eHHhIX nepexOJlOB 6e3 HJMeHettnSI 3TOMHOro CTIHHa cy

lll,eCTBeHHO MeHbllle attaJIOfH4HOM BeJJH4HHbI JlJlSI JlHTIOJlbHO-pa3pe

weHHbIX nepexonoB. MaKCHMYM ceqeHHH .IlHTIOJJbHO-JanpernettHhIX 

nepeXOJlOB CJlBHHYT B o6JJaCTb MeHbillHX 3Heprni1 no cpaBHeHHIO c 

lIHTIOJibHO-pa3peweHHbIMH nepexo.IlaMH, TaK <ITO B 60JJbillHHCTBe CJJy

'IaeB l ,5 < Xmax < 2, npw1eM C pOCTOM 3HeprHH BOJ6y)f(.IleHJrn BeJIM4H

Ha xmax Yl\1eHblllaeTCH. 

nepena<Ia 3HeprnH, npH KOTOPOM npoHCXOJlHT o6MeHHOe B036y)l(Jle

HHe aTOMa Ha nepexone i ~ ), onpe11eJJHeTCH ttepaBeHCTBaMn 

(12.49) 

HanOMHHM, 'ITO CBH33HHbIM COCTOHHHHM aTOMHhlX 3JieKTPOHOB 

cooTBeTCTBYIOT 0Tp1maTeJ1hHhre 3tteprHH £, .. < 0. Opei:vrnraeMoe 3.aeco 
•J 

npocToe Knaccw1ecKoe paccMoTpettne cnpaBenmrno Bnann OT nopora 

x » 1, Karna B coorneTCTBHH c ( 12.49) nepenaqa :rneprnn OT Hanera-

10mero 3JieKTPOHa aTOMHOMY MHOro 60Jibille 3Heprnn B036y)l(JleHHSI: 

l1£ » l1Ej;. TaKHM o6paJOM, o6MeHttoe BJan:MoneM:cTBHe cymecrnetttto 

60J1ee CHJihHOe, <IeM np51MOe, KOrlla 11£ = l1S;· Otto nponcXOllHT Ha 

M3JlbfX paccTOHHHHX OT aTOMHOfO 5Illpa, TIOPSIJlKa pa3MepoB op6HTbl B03-

6y)l(JlaeMoro 3J1eKTpOHa, B OTJIH4He OT 3JieKTpOH-Ll,HTIOJ1bHOro B3aHMO

nei1CTBH51 npn B036y)l(JleHHH lIHTIOJlbHO-pa3peweHHbIX nepeXO]lOB, npo

HCXO,lJHillero Ha 60}JbillHX paCCT051HHJIX OT aToMa. 

B coorneTCTBHH c BbilllenpnBenettttoM: cpu3114ecKoif KapTHHOtt .lJflH 

pac<IeTa ce<Iemrn CTOJ1KHOBHTe;1bHOro B036y)l(JleHHH HHTepKoMfornauu-
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OHHOro rrepexo.ua MO)[(HO BOCTIOJih30BaTbCH Bhrpa)[(eHIIeM (12.6) .UJIH ce

qemrn rrepe.ua'lH 3HeprnH npH pe3ep¢op.uoBCKOM pacceHHHH 3JieKTpotta 

Ha 3JieKTPOHe. Ilpott3BO,U51 B 3TOH ¢opMyJie MHTerpHpOBaHHe c npe.ueJia

MI1, orrpe.ueJieHHblMH HepaBeHCTBOM (12.49), HaXO,UMM 

(inter)(£ )- rce
4 

!J.Eji 
aji » !J.Eji - -( I I)( I I). E E + Ej E + E; 

(12.50) 

3To paBettcrno y.uo6tto rrepenHcaTb qepe3 6e3pa3Meptty10 rrepeMettttyIO 

x = E/ !J.S;. Tor.ua tt3 (12.50) cJie.uyeT acHMilTOTH'lecKoe Bhrpa)[(etttte .UJIH 

ceqemrn I1HTepKOM6ttttaUMOHHOf0 nepexo.ua B BblCOK03HepreTH'leCKOM 

HHTepBane E » !£;!: 

(.~nter)(E 1£·1) = rce
4 

l 
(1)1 >> I 2 J ' 

(!J.Eji) x 
(12.51) 

0TCIO,Ua CJie.uyeT, 'lTO nptt 60JihWI1X 3HeprHHX HaJiern10ruero 3JleK

Tpoua ce'1e1rne B036y)[(,Uemrn mnepKoM6ttttaUHOHttoro nepexo.ua y6hJ

BaeT 6bICTpee, 'leM Ce'Iett11e B036y)[(,UeHH51 aTOMa 6e3 113MeHeHI151 Cill1Ha 

(12.48). 3TO o6CTOHTeJJbCTBO CBH3aHO c tteo6XO.UMMOCTbIO nepe.ua1.J11 

60JibWOH BeJIMlJHHhl 3Heprntt rrptt o6MeHHOM B3aHMO,UeHCTBJ111 [CM. He

paBeHCTBa (12.49)], 06ycJIOBJIMBa10w.eM MHTepKOM6HHat.(110HHOe B03-

6y)[(,UeHHe. 

B npunoporoBoit o6JiacTtt 3Heprnw x = E/!J.E;;"" I ;:urn paccMaTp1rna

eMoro celJeHHH crrpaBe.umrna Ta )[(e aCMMilTOTMKa, 'lTO 11 B npC,'!blJlYIUI1X 

cJJy'IaHx: 

(foe~, 

IlOCKOJlbKY Olla BbITeKaeT H3 KBaHTOBO-MexaH111.JeCKI1X IlPI1HUI1IlOB, 06-

IllllX ,UJl51 nepCXO}lOB Me)[(,Uy CB513aHHb!Mf1 COCTOHHI151MH 3JleKTPOHOB B 

aToMc. Km.16mrnpyH rrpe.ueJihHbre cnyqa11 no auanornH c BhIBOJlOM ¢op

MYJihI (12.48), MO)J(HO TIOJIY'IHTb CJie.uy10111y10 npOCTYIO arrnpOKCHMau1110 

MH celJemrn B036y)[(,UeHH51 HHTepKOM6HHaUHOHHOro nepexo.ua B aTOMe 

3JleKTPOHHblM y.uapoM [5]: 

(inter)( _ E )- ~ (fji x - -- - c 7/? ' 
!J.Ej; a+ x -

(12.52) 
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r.ll,e a H c - napaMeTpbI, xapaKTep113y10m11e B036y)l(.ll,aeMbIH nepexo.ll,. 

floJiyqeHttoe Bb1pa)f(em1e cnpaBe,n;JIHBO B urnpoKoM .n;ttana30He 3Hep

rnit HaJiernrometl ttacntUhI BTIJIOTh .ll,O peJrnTHBHCTCKHX 3Hattettttlt. Ha 

pnc. 12.8 npe.ll,CTaBJieHO cet.teHHe CTOJIKHOBHTeJibHOfO B036y)l(.ll,eHml HH

TepKOM6HHaUHOHHOro nepexo.n;a 3s 1S~ 3p 3PB aTOMe Marttml, pacct.tH

TaHHOe no <PopMyJie (12.52) ;:urn: c = 2. 10-14 CM2, a= 10 H H3MepeHHOe 

B 3KCnepnMeHTe. 

a, A2 

12 

10 

8 

6 

4 

2 

0o 2 4 6 8 10 12 14 16 £, 3B 

Puc. 12.8. Ce'!etttte so36yJK,Aemrn 3JJeKTpoHHhIM yD,apoM HHTepKOM6ttttaUHOH
ttoro nepexoD,a 3s1S _, 3p 3 P s aToMe Marttm1: 

I - 3Kcnep11MeHTaJibHhie l\aHHbie 16]; 2 - MOl\eJibHOe ce'!ett11e (12.52) 

B HCXO.ll,HOM COCT05IHHH Ha 3s-no.n;o6oJIOt.tKe aTOMa MafHH5I ttaxo

.ll,5ITC5I .ll,Ba BaJieHTHblX 3JieKTpOHa c aHTHIIapaJIJieJibHblMH CIIHHaMH, TaK 

'ITO CYMMapHbIH CIIHH paBeH HYJIIO. (CYMMapHblH CIIHH 3anOJIHeHHblX 

o6oJiotteK paBeH HYJIIO.) B xo,IJ.e CTOJIKHOBeHHSI c HaJiern10mnM 3JieKT

poHOM O,ll.HH H3 BaJieHTHblX 3s-::meKTPOHOB 3a ct.teT o6MeHHOfO B3aH -

MO,IJ.eHCTBHSI B036~,IJ.aeTC5I Ha 3p-IIO,IJ.060JIO'IKY c nepeBOpOTOM CTIHHa, 

B pe3yJibTaTe qero KBaHTOBOe '-IHCJIO cyMMapttoro aTOMHOro CIIHHa CTaHO

BHTC5I paBHbIM e,IJ.HHHUe. TaKHM o6pa30M nponcxo.ll,HT HHTepKOM6ttHaun

OHHbIH nepexo.ll,. I-fa pnc. 12.8 BH.ll,HO, 'ITO BeJIH'IHHa cet.teHH5I paccMaTpH

BaeMOfO nepexo.n;a B MaKCHMyMe BeCbMa BeJIHKa, a xmax = Emai/).EJ;"' 1,85, 

'ITO 3aMeTHO MeHbWe, t.teM B CJiyqae .ll,HIIOJlbHO-pa3peweHHbIX nepe

XO,ll.OB, KOf,IJ.a Xmax := 3,45. 3ttat.tttTeJibHa5I BeJIH'IHHa MaKCHMaJihHOfO 

ceqemrn B ,IJ.aHHOM cJiy•rne o6yCJIOBJieHa OTHOCHTeJibHO HH3KHM 3Ha

t.teHHeM nopora B036y)f(,ll.emrn f).£1; = 2,7 3B, KaK 3TO cJie,IJ.yeT H3 <Pop

MYJihl (l 2.51 ). 
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Bbl WJl ~ B CBeT 
H3AaTenbtKKii JloM 

HHTEnnEKT 

H.H. ftfo,iomK06 

Y•1e6uble 3KcnepHMeHTLI no so.1uosoli onTHKe. 

CBq ,UeMOHCTpaIJHH 

noco6tte CO!!CplKttTOOHCaHtte.~eKIIllOHHbLXIleMOHCTpaunii no OCHOBHbIM 11 npHHUHOllU;1bHO 

BUlKHbIM onnP1ecK1tM HB;1e11tt11M B mrnna3011e CBY ( =3,2cM). lleMOHCTpau11011Hbie onh!Tb! 

BKJllO'IUIOT y'Ie6Hb!e llCC;1eilOBaHttll CBOHCTB 3JICKTpOMUfllllTHb!X BOJIH II OXBUTb!BalOT Bee oc

HOBHble pa3.'IC.%1 B0;1HOBOH OITTUKtt: llHTep<jlepeHUHIO, ;m<jlpaKUIUO, nom1ptt3aUHIO II ;mcnep

CHIO. bOJJbWOe BHHMaH11e YilC.J1HeTCll Mo11e.111po0a111110 KpllCTaH.10011TW!eCICHX }JB;1eHttii H H.J1-

,110CTpau1111 OCHOBHblX MCTOllOB H npnHuHnoB peHTreHOCTPYKTYPHOfO auaml3a. 

On11ca1111e KaJKlIOH neMoHcrpauHH noMHMO pacc'doTpeHHH QlH3H'!ecKoro HBJleHHH BK;1JO'!aeT 

peKOMeHnauttn no MCTOllUKe u TCXllllKe ;lCKUHOHHOffi 3KCneptt'deHTa. llaIOTCll yKa3aHHll no 

H-1fOTOBJleHlllO He06XOJJHMOffi y'!e611oro o6opynoBaHHll. 

ll.!rn npenonaBaTe;1CH <jJHJllKH YHHBepCllTCTOB, HHCTllTYTOB H TCXHHKYMOB, pa60THllKOB 

c!nnw1ecK11x Ka61111eToB, cTyneHTOB <jln3w1ecKnx cneu11a;1bHOCTei1, y'l11Tene(1 cpe111111x WKOJI. 

F. P. JloKmun 

OcnoBbI pa,!UIOOilTHKH 

CepHR «CllH3rexoscrn~ yye6HHK» 

H111epec K OCHOBUM KorepeHTHOH OllTHKll II ro.1orpa<jlnn ll l!X np11MetteHl!JO pe3KO ycn.'!l!Jl

Cll B noc.1e1111ec Bpe~rn. CTa,10 noHHTHO. 'ITO saJKHenw11e nepcneKTHBHble 1ana'IH o6pa6oTKll 

HH<jlopMauun Moryr pcwaTbCH TOJlbKO OilTll'!eCKllMll, a HC KOMilblOTCpHb!Mll \ICTOJlaMH, npu 

3TOM B OllTllKY nepeHOCHTCH MHorne no;J)(OJlb! Ill pa.'lHOTCXHHKH. 

Y<1e6Hoe noco6ne naeT coepeMe1rnoe n noxon'mBoe n:JJ10JKeH11e MeTOJlOB 11 np11JioJKeH11i1 <l>y

pbe-onn1K11 K JaJla'!aM nn<jlpaKUHH. <jlopM11posa1111H II 306pruKeH llH II npOCTpaHCTBeHHOH <l:i11J1 b

Tpaunn. 

llm1 cryneHTOB, npeno,JaBaTe.~eii II cneu11a111cTOB BO MH0111X 06,1acTl!X npHKJla)lHOH MaTe

MaTHKH 11 Qlll3HKl1, pa3pa60T'll!KOB OllTll'!eCKHX np116opoB 11 Cl!CTeM pacnOJHaBaHllH o6pa30B. 

nonHble ornaeneHMR KHMr 
Ha caiiTe www.id-intellect.ru 



Yqe6ttoe noco6ue 

3aHBKl1 Ha KHl1rtt rrpttChIJJatlTe ITO a11:pecaM: 
zakaz@id-intellect.ru 
solo@id-intellect.ru 
id-intellect@mail.ru 

TeJJ. (495) 579-96-45 
<l>aKC ( 495) 579-96-70 

B JaHBKe o6HJaTeJJhHo yKaJhrnatlTe 
CBOH peKBl1311Thl (MH opraH11Jau:11tl) 11 rroqTOBhIH a11:pec! 

I1011:po6HaH 11HcPOpMaU:HH 0 KHttrax Ha catlTe 
http:/ /www.id-intellect.ru 

BaJiepuu AJieKcan)J,posuq AcTanenKo 

B3AMMO.Ll:EMCTBME MJJiyqEHMH 
C ATOMAMM M HAHO~CTMUAMM 

KoMrrhIOTepHaH sepcTKa - H.A. Ilorrosa 
KoppeKTOp - f.H. IleTposa 
Xy11:o)KHttK - C.IO. E11p11qes 

OrneTCTBeHHhIH Ja BhmycK - Jl.<l>. CoJJoBeHlJHK 

<l>opMaT 60x90/16. IJeqaTh o<PcernaH. 
fapHHTypa HhIOTOH. 

Ileq. JI. 31. THpIDK 1000 3K3. 3aK. NQ 1271 
EYMara o<PceTHaH N2 1, ITJJOTHOCTh 80 r/M2 

J1311:aTeJJhCKl1H .ll:oM «11HTeJJJJeKT» 
141700, MocKoBcKaH o6JJ., r . .D:omorrpy11:HhIH, 

IlpOMhIWJJeHHhIH rrp-11:, 11:. 14, 
TeJJ. ( 495) 617-41-85 

0TrreYaTaHO B 000 «lle6oKcapcKaH Tttrrorpa<PttH N2 l» 
428019, r. lle60Kcaph1, rrp-T 11. RKOBJJeBa, 11:. 15 
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