maBa 18. ToHkasa cTpyKTypa

IIpobiema aToma Bomopola U BOZOPOLONOAOOHBIX HOHOB HE HCUEPIBIBAECTCS MOAEIBIO KYJIOHOB-
ckoro mnois. Paznuunble ¢puzndeckue (GakTopbl IPUBOAIT K YACTUYHOMY CHSITHIO BBIPOXKICHHS IO OpOU-
TaJILHOMY KBaHTOBOMY YHMCIy. B 3Toif raBe MBI pacCMOTPUM JIBa M3 HUX: CIIMH—OPOHUTAIbHOE B3aUMO-
JeWCTBUE M yBEIMYEHHWE Macchl ABWXKYLIErocs ayekTpoHa. [y yuéra mepBoro mporecca HEOOX0IUMO
BBECTH IOHITHUE GHYMpeHHe20 MarHUTHOTO MOMEHTA 3JIEKTPOHA, TECHO CBSI3aHHOTO C €r0 COOCTBEHHBIM
MEXaHHYECKMM MOMEHTOM, WM CnuHOM. BHYTpEeHHHH MOMEHT OBUI OTKDHIT B CIIEIIHAIBHO ITOCTABJICH-
HBIX OINBITaX II0 UCCIECJOBAHUI0 MarHUTOMEXaHUYECKUX sABJICHUU. 110 cBOMM IpOSABIICHUAM OH 3HA4U-
TEJIBHO OTJIMYAETCS OT PACCMOTPEHHOI'0 B IBCHAIATON IJ1aBe OpOUTAIBHOIO MOMEHTA.

18.1. MacHumomMexaHu4Yeckue siesieHuUs

JBKyuuiicsi Mo 3aMKHYTOH OpOHMTE 3JEKTPOH, HOZOOHO 3IIEKTPUUYECKOMY TOKY, BO30YKIAaeT B OKPY-
JKAOIEM [IPOCTPAHCTBE MAarHUTHOE I10JI€, PABHOE IIOJII0 MAarHUTa C MOMEHTOM

CcT

b
rae S — momank, OXBaTeiBaeMas OpOUTOM SIEKTPOHa, a T — Mepruoj oOpalleHus. JHEprus B3auMoeii-
CTBUSI aTOMa C MarHUTHBIM IIOJIEM ONpPENeNseTcsl HanpsHKEHHOCTHIO Tosisi H M MarHUTHBIM MOMEHTOM
atoma . [lepenmmem dopmymy (1.3.3) mepBoii TIaBsI:

(133) U=—(p-H)

B cuny mpomopruoHaTbHOCTH MAarHUTHOIO W MEXaHUYECKOTO MOMEHTOB 3TO O3HAYAET 3aBHUCHUMOCTH
SHEPTHH OT MPOEKINH OPOUTATHLHOTO MOMEHTA, WA, HHBIMH CIIOBAMHU, — CHSITHE BBIPOXKICHHUS 110 Mar-
HUTHOMY KBaHTOBOMY 4Hchy. llepeiiném K KOMMYecTBeHHOMY OIMHMCAHHIO B paMKaxX KIACCHYECKOW MeXa-
HUKH.

[Tnomaas KermiepoBa ILTUIICA MOKHO BBIPA3UTh Y€pe3 MOMEHT BpaIlCHUS
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OTKya CICOAYET CBA3b MCXKIY MOAYJIAMU MEXaHNYCCKOTO U MArHUTHOTO MOMCEHTOB 3JICKTPOHA:

e

A.) p= M

2m,c

MarauTHbBIE MOMEHT JTFO0O0H 3apsHKEHHOM YacTHIBI HAMPaBJICH BIOJb TOW K€ MPSMON, YTO M MeXaHU4Ye-
CKH, TPUIEM Y YaCTHIIBI C OTPHUIATEILHBIM 3apsIoM — B IMPOTHBOIIOIOXKHYIO CTOPOHY. Benmamaa

_
(1.2) Y=

Ha3bIBACTCS eupomasHumHusim omuowernuem. V3 (1.1) cnenyer, 4ro B ciaydae opOMTAIIBHOTO JBYIKEHUS
3JIEKTPOHA €r0 THPOMArHUTHOE OTHOIIICHUE PABHO

e

13)  v.=

2m,c

Bce nonyuenssle 31ech pe3ybTaTbl MOTYT OBITH KPaTKO U3JI0KEHBI B BEKTOPHOH (opMe:



(1.4) u=1yM.

3HaK mepes MHOXKUTENIEM Y OMpeneNseTcs 3apsIoM YacTHibl. Hampumep, y 3leKTpoHa OH OTpHUIATeNb-
HbIH. OT™MeTHM, uTO (1.4) HEMmOCPEICTBEHHO MOMyYaeTcsl U3 OOIIUX ONpeesIeHHH MEXaHMUECKOro U Mar-
HUTHOTO MOMEHTOB:

M =[rp], p=mv,

1. .
po=—[rj], j=qv.
2c
3nech m — Macca 4YacTULbl, ¢ — e€ 3apsin (I DIIEKTPOHA M = M, g = —€).
Hannuue cBsi3u MEXAY MEXAaHUYCCKUM U MAarHUTHBIM MOMECHTAMH HCOOHOKPATHO ITPOBEPSAJIOCH B

pasHbix dkcriepuMenTax. Ha puc.18.1.1 cxemaTnuecku n3o0paxen onbiT JiHIITEHHA U e [aa3a.
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Puc_18.1.1. CxemMa one=ma JiHwTeii=a u Je Maa3a

CreprkeHb U3 BEUIeCTBA C MapaMarHUTHBIMHI CBOWCTBAMH TIOJIBEIINBAJICS Ha KBAPIIEBON HUTH C MIPUKPETI-
NEHHBIM K Hell 3epkainbiieM. CTepKeHb IToMeIancs BHYTPH KaTyIIKH, IT0 KOTOPOH MPOIyCKalH IepeMeH-
HBI TOK. 3€pKaJ0 OCBEIIAETCS Y3KOHAIPABICHHBIM ITYYKOM CBETa, KOTOPBIM OTpa)kacTcsl Ha IKpaHe B
BUJIC CBETOBOTO IsATHA. ECIiM yacToTa TOKa COBMaja ¢ 4aCTOTOW KPYTHJIBHBIX KOJeOaHUI, TO MATHO pac-
TUTBIBAETCS B TIOJIOCKY CBETA. DTOT OMBIT MOKA3aJI, YTO AIEKTPOHKI 00NIAAal0T OJHOBPEMEHHO MarHUTHBIM
Y MEXaHMYECKUM MOMEHTaMH.

BapHeTT BHIMOIHUI B HEKOTOPOM CMBICIIE O0OpaTHBINA YKCIIEpUMEHT. B HEM packpyuuBaics, a HOTOM
OBICTPO OCTaHABIIMBAJICS MPOBOIAIINHN IIIMHAP. B MOMEHT OCTaHOBKH B 00pas3Ile MOSBISIICS DIIEKTpHYe-
CKHH TOK.

MarauTHbIi MOMEHT KBaHTYETCSI aHATOTHYHO MexaHudeckomy. [loactasmsis B (1.1) ycnoBue kBaH-
ToBanu (15.1.7) n MeHss 0603HaYEHHUE 71y HA 771, TIOTYYHUM

eh
(1.5) p, =m_——=um,.
2m,c

3HaK 37ech, B oTauaue oT (1.4), He UMeeT 3HaYCHUS, TaK KakK 7; MPUHUMAET paBHBIC TI0 MOAYJIIIO TOJIO-
JKUTEIbHBIC U OTPULIATEIIbHBIC 3HAYCHHS.

Takum 00pa3oM, MarHUTHBI MOMEHT CTAIlMOHAPHON OPOUTHI ABJISETCS MEIBIM KPATHBIM OT MarHe-
toHa bopa (1.3.4). B cuny (1.4) cBs13p Mexay aOCONIOTHOM BETUYMHON M mpoeknuerd MmomenTa (12.3.5),
pacrpocTpaHseTcss 1 Ha MarHUTHBIA MOMEHT atoma. ClieJoBaTeIbHO, TPOEKINS BEKTOpa |1 Ha HampaBiie-
HHE BHEITHETO MarHUTHOTO TIOJISI MOKET UMETh 2/+1 3HadeHue.
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Prc.18.1.2. MexaHmHeckii 1 MarHWTHE MOMEHTE

CkazanHoe wutoctpupyer puc.18.1.2.

BaxHyto ponb B pa3BUTHH aTOMHOH ¢u3uku ceirpanu onsltel LlTepHa u I'epnaxa mo uccienosa-
HUIO OTKJIOHEHHsI aTOMHBIX ITyYKOB B HEOJAHOPOJHOM MAarHUTHOM moiyie. Cxema OIbiTa MpHUBE/IcHa Ha
puc.18.1.3. B cocyne, rae co3nan riryOoKuil BakyyM, neuka K ucmyckaeT aToMbl HEKOTOPOTO XUMHYE-
ckoro anemenTa. C nmomomisio auadparm B 1 B' co3naérest pe3ko orpaHU4YeHHBIH

Puc.18.1.3. Cxema oneita LUTepHa w Nepnaxa.

ny4ok. [Ipexxae yem momactb Ha QOTOIUIACTHHKY P, My4oK MpoXOoauT 4Yepe3 HeOTHOPOAHOE MarHUTHOE
10JIe, CO3/1aBaeMOe HIIEKTPOMArHUTOM CO CIIe[HaibHO NpoduinpoBaHHbIME HakoHeyHHKaMu N u S. Cu-
na, JeVCTBYIONIAsl HA aToM,

F=-VU,

cormacHo (1.3.3), 3aBucur ot yria mexay H n p. CnemgoBaTensHO, My9OK JOJDKEH PacHIeNUTHCS Ha 2/+1
KOMITOHEHTY.

Omneitel HTepHa u ['epnaxa meldcTBUTENFHO OOHAPYKHUIM pacHIeTsieHHe aTOMHOTO IMydYKa M, TeM
caMbIM, TIOATBEPIIIN KBaHTOBaHNE MOMeHTa. OHH ke TOKa3aJId, YTO aTOMBI HHOTA MPOSBISAIOT CBOMCT-
Ba, HeOGBHCHI/IMLIe B MOJICIN Op6I/ITaJ'H)HOI‘O MoMeHTa. B OKCIIEPpUMEHTAaX C BOAOPOAOM, HICTIOYHBIMU MEC-
TayiaMH, cepeOpoM, 30JI0TOM OTCYTCTBOBaIa HECMENIEHHAS KOMITOHEHTA, M YUCIIO ITyYKOB OKa3bIBaJIOCh
paBHBIM JIByM, TO €CTh, YETHBIM. Y BCEX IEPEUMCIIEHHBIX AJIIEMEHTOB COOCTBEHHBIM OpPOWTANBHBIN MO-
MEHT PaBEH HYJII0, IOATOMY CJIEIOBAJIO OKUIATh TOIBKO OJHOM — HECMELIEHHOW KOMIIOHEHTHI. Kpome
TOTO, PacCTOSHUE MEXAY CileJaMH IyYKOB Ha (POTOIUIACTHHKE B ATHX CIIydasX CTAHOBUIIOCH BABOE
OoJbie.

Fuc.18.1.4, [jBa BapWaHTa PACILENNEHUA My4Ka
Cnesa: (=2, cnpasa: i=0.



Ha puc. 18.1.4 npuBenens! aBa ciaydas. CiaeBa — paciierieHue, 00bSICHICMOE B MOJICITH OpOUTAITBHOTO
MOMEHTA TIPH /=2: BUJIHO MSATh KOMIIOHEHT ¢ HECMEIIEHHBIM ITy4YKoM B IieHTpe. ClipaBa — pacIieIieHue
HA JIBa My4YKa, MPUIEM TOMY KE CAaMOMY 3HAYCHHIO MAaTHUTHOTO TIOJIsl OTBEYAET BJIBOC OOJIBIIIEE PACCTOS-
HHUE MEXYy HUMH, YeM Ha JICBOM PHCYHKE.

18.2 BHympeHHUU MOMeHm 3/1eKmpoHa

YéTHOoe YUCIo MPOCKIIMA MOMEHTa BO3MOXKHO TOJBKO B TOM CJIy4Yae, €CJIM ero a0CONIOTHAs BENH-
YpHA UMeEET moiynenoe 3HaueHue. B 1925 r. Yaenbek u 'ayAcMUT OpeUIOKIINA TUTIOTE3Y CAUHA, VIIH
sHympenne2o momenma snexTpona. [lo ananoruu c 1 BBeném Oe3pa3MepHBIil BEKTOp S, aOCOMIOTHAs Be-
JUYHHA KOTOPOTO MOXET OBITh PaBHA HYIIO U MOJIOKHUTEIEHOMY LIEJIOMY JTHOO MOMYIEIIOMY YHCITY:

@2.1) s=0,1/2,1,3/2,2,5/2,3, ...

Ilenomy 3Ha4YeHHIO §, KaK U /, COOTBETCTBYET HEUYETHOE YUCIIO MPOCKINH, CPeIN KOTOPHIX 00s3aTeIbHO
IPHUCYTCTBYEeT KOMIIOHEHTA, paBHas HyJ0. B ciydae momynenoro crnuHa HabOp MPOEKIUH MOTydaeTcs
4ETHBIM, W HYJIEBOW KOMITOHEHTHI HeT. Pe3ynbrarel omeiToB LlTepHa m ['epmaxa ans mepeducieHHBIX
BBILIE 3JIEMEHTOB IOY4al0T CBOE OOBSCHEHHUE IIPH § = V2.

I'mpomMarHuTHOE OTHOIIEHUE ANIEKTPOHA Y, B CIydae BHYTPEHHETO MOMEHTA BJIBOE OOJIBIIE, YeM JIJIst
OpOUTAIHHOTO:

(2.2) r=—2L,8.

CriuH — HOBas XapaKTEePUCTHKA YaCTHIIBI, HApsAAY ¢ Maccoi u 3apsnoM. OH aBisercs 6onee QyHIamMeH-
TaJbHOMN BEIMYUHOMN, YeM OpOUTAIbHBIM MOMEHT, KOTOPBIM MOXKET MPUHSATH pa3Hble 3HAUEHUS, B 3aBUCH-
MOCTH OT YCIIOBHH 3KcrepuMeHTa. CIuH JTr000# YacTUIBI BCETa COXpaHseT CBOE 3HaUCHHE, MEHSATHCS
MOXET JIMIIb €T0 MIPOCKIHs Ha BEIOpaHHOE HANpaBJICHHUE.

Wrak, BHyTpeHHUM MEXaHUISCKUH MOMEHT CHCTEMBI BRIpaXkacTcs depe3 0e3pa3MepHBIN BEKTOP S:

M=rhs,

KBaJIpaT MOJyJIsl KOTOPOI'O paBeH
s[> = s(s+1).

st anextpona

2.3) s =Y.

CruHy s COOTBETCTBYET HaOOp MPOeKIMi, aHamoruuHbii (12.3.5):
(24) s, =—8,—s+1,—s+2,...,s=2,5—1,s,

HO § MOXKET IIPUHUMATH MOJTYIIeNI0e 3HAYCHUE U TOTa cpeu yncen psaaa (2.4) OTCyTCTBYET HYJIb.

B oTnmume ot opOUTaNBFHOTO MOMEHTA, CITUH JIF000# CHCTeMBlI YacTull orpaHudeH. [lostomy mpu
mepexoe B KIACCHIECKYI0 00JIacTh OH CTPEMHTCS K HYJIO BMeCTe ¢ TocTossHHOM [Imanka. Takum oGpa-
30M, CIIMH SABJIACTCS YUCTO KBAHTOBBIM IIOHATHECM, HC HMCIOIIIMM aHajIora B KJIaCCUYECKOM MEeXaHHUKE.

18.3 BosiHOogasi pyHKYUSs1 C y4EMOM CriuHa

ITommHOE OmpeneneHne COCTOSAHUS YacTHIBI MMOApa3yMeBacT yKa3aHUE HE TOJIBKO €€ KOOPAWHAT, HO
U HampasyieHus cnuHa. [Tocnen o 3aqady BEIONIHACT nepemennasn chuna 6. OHa mpoOeraer Bech BO3-
MOXHBIM Ha0Op MPOEKUUH S, TP 3aJaHHOM 3Ha4eHUH . TakuM 00pa3oM, BOTHOBas (PYHKLUS 3aBUCUT OT
YETBIPEX NMEPEMEHHBIX:

(3.1 v =y(r, o).



Huxke mst mpocTOThI MBI OyJIeM U3MEpPSTh BEJIUYHMHBI G, S U §; B ¢AUHHULAX /. Tak, CIUH 3JICKTPOHA B
eanHUIax 7, cornacHo (2.3), paBeH mosoBrHE. [I0CKONBKY €ro MpoeKnus B 3TOM CIIy4ae MOXET IMPHUHH-
MaTh TOJBKO NIBAa 3HAYCHUS, a MMEHHO, )%, TO BOJHOBYIO (PYHKITHIO YI0OHO 3amucarh B BUIE CTOJIONA C
JIByMsI CTPOYKAMHU:

W(ra+1/2) _[ W

3.2
(-2 \If(r=_1/2) WV,

KBaapaT MOy/is BepXHero s1eMenTa |y|” dV paBeH BEpOSTHOCTH TOTO, YTO SMEKTPOH HAXOIUTCS B dlie-
MeHTe 00BEMa dV/, a POEKIHs ero CIHHA Ha OCh z paBHa +%. COOTBETCTBEHHO, |yJ|* dV ecTh BeposT-
HOCTh TOTO, YTO y JIEKTPOHA, HAXOAALIETOCS B TOM XK€ JIeMEeHTe 00b&Ma dV/, IpoeKIys CIMHA paBHA —Y%.
BonnoBast ¢pynkuus (3.2) npearnonaraetcss HOPMUPOBAHHOM:

;H\u(r,c)‘de =1.

CymMupoBaHue BEIETCS 110 BCEM BO3MOXKHBIM IIPOCKIMAM CIIMHA. Ecin BeposATHOCTH yacTuile UMETh TO
WM MHOE 3HAYCHHUE S, HE 3aBHCUT OT €€ KOOPJUHAT, TO BOJHOBYIO (DYyHKIHIO (3.2) MOKHO MPECTaBUThH B
BUJI€ TIPOU3BEICHHUS:

(3.3)  wy=y()q,

3mech y(r) — KOOpPAMHATHAS BOJHOBAS (PYHKITHS (TOIBKO €€ MBI M PacCMAaTPUBAIN BO BCEM TIPEIBITY-
IIeM MaTepuae), a CToa0er

cl
q(c)=
C

2

omHchIBaeT criuH. KBaapaTsl Motynieli KOMIIOHEHT ¢ ¥ ¢; PaBHBI BEPOSTHOCTSM TOTO, YTO MPOEKIIHS CITH-
Ha paBHa +'%2 M —)%, COOTBETCTBEHHO. Y CJIOBHE HOPMHUPOBKH CIIIHOBOM YacTH BOTHOBOW (DYHKIIMH OTIH-
CBHIBACTCS PABCHCTBOM:

G4 ol +e| =1.

MBI HE IPUBOJIUM KOHKPETHBIN BHUJ OllepaTtopa CIHHA M, COOTBETCTBEHHO, HE pelIaeM JJI Hero 3ajaady

c
Ha COOCTBEHHBIC 3HaUeHUA. TeM He MEHee, SICHO, UTO COOCTBEHHAsT (PYHKITUS qms( ) orieparopa CIMHa,
OTBEUAIOIIast KOHKPETHOMY 3HAYCHHIO MTPOSKIIUU 115, UIMECT BHI:

35 q,/(c)=3,.

JeiicTBurensHo, (3.5) 03Ha4aeT, 4TO B JAHHOM COCTOSIHUH 3JIEKTPOH MMEET NMPOEKIUIO CIIMHA Mg C BEpPO-

mg =1
ATHOCTBIO s , @ BEPOATHOCTb UMETh JPYIYIO IPOEKIHIO, COIVIACHO CBOMCTBaM cuMBoja KpoHekepa,

paBHA HYJIIO. YtoOBI HE MEPETpyKaTh 3allMCh CJIOKHBIMU MHJICKCAMU B OJHOM CTPOKC, MBI BBCJIN AOII0JI-
HUTEIBHOE 0003HAUYCHUE:

5/ =8=8

ij*

B ,E[aJ'ILHeﬁH.IGM MbI 6y)1€M MOJIL30BATLCA 00EUMU CHCTEMAaMU 0003HAYCHUIH JJIs1 CUMBOJIA KpOHeKepa.



18.4 [MonHbIU MOMEHM 3/71eKMpOHa

BHyTpeHHUi $ ¥ OpOUTaNbHBINA | MOMEHTBI 3JIEKTPOHA CKIIAIBIBAIOTCS B €TI0 70IHbIL MOMEHT j:
“4.n j=1+s.

Bo3MmoxkHbIe 3HaUeHHS j IPH 33AaHHBIX [ U S OMPEIENSIOTCS NPAGULOM CLONHCEHUs MoMenmos. TIpoexuus
MOMEHTA j, IIPOCTO paBHA CyMMe MPOSKUHNH /; 1 s

4.2) J, =L +s..

Dopmyiny (4.2) mmroctpupyet puc.18.4.1:

y
Iz

Puc. 15.4.1. Cymma nposkyni 2eETopoB.

B nBenaamaroii rimaBe ObLIIO BBEJEHO KBAHTOBOE YHCIIO 71, KOTOPOE OMUCHIBAIIO MIPOESKITUI0 OPOUTAIHHOTO
MOMEHTa Ha BBIJICIICHHOE HampaBiieHHe. Temeps TakuxX Ynces CTajao TPH, 0003HAYNM WX, COOTBETCTBCH-
HO, my, ms ¥ m;. Kaxk10€ U3 HUX JICKHUT B CBOEM JIHAIIa30HE:

(4.3a) m=~l,—1+1,-1+2,..—-1,0,1,..., [=2, [ =11
(4.3b) m, =—s,—s+1,—s+2,....,s=2,5s—1,5s.

N

(43c)  my=—j,— L=+ 2, =2, 1, ).

Bo3MosxHbBIE 3HAYCHUS j HAXOAUM CIeAyIomuM criocodooMm. CHavana 1o (4.2) BEIYUCISIEM BCE TIPOSKIINH
Jz, OmpeeNseMbie KOMOWHAIMSME Tap /; U §,. 3aTeM BOCHOJIb3yEeMCsS COOTHOIICHUEM MEXKIy MCKOMOM
BEITMYMHON j M COOTBETCTBYIOIUM ¢il psimoM (4.3c). IlomydeHHbIe YuCiia TMeperpynmupyeM TakK, YTOOBI
CTaJIO SICHO, KAKOMY 3HAUEHHIO j COOTBETCTBYET KXKIbIH HA0OP MPOCKIIHH.

CHayasia pacCMOTPHUM CITydail paBHOTO HYJIO OPOUTAIILHOTO MOMeHTa. Ero mpoekius npuHuMaet
eIMHCTBEHHOE (HyJIeBOE€) 3HAUEHHE, CIEAOBATEIHbHO, MPOSKIHS [TOJIHOTO MOMEHTA IOBTOPSIET 3HAUEHUS
MPOEKITNH CIIMHA, UX JIBa:

jo==+1/2.
ﬂBe TAaKUC MPOCKIHUUN MOXKET UMCTh TOJIbKO MOMCHT, paBHI:Iﬁ IIOJIOBHUHCE:
j=17.

YeThIpe KBAaHTOBBIX YHCIIA — 7, YIIIOBOM OpOUTANLHBIA MOMEHT /, CITUH § ¥ MOJHBI MOMEHT j omnpejie-
JISIOT YPOBEHb aToMa. B 00o3HaueHNH ypOBHS OHU 3anIu(POBBIBAIOTCS CIEAYIOMMUM 00pazoM. CHavdama
MIPUBOMTCS INIABHOE KBAHTOBOE YMCIIO A, & 3aTeM ClieAyeT HH(popMalus 0 MoMeHTax. Ha ypoBHe CTpoKu
BCJIC]] 32 /1 3aITUCHIBACTCS CHMBOJI OPOUTANIBHOTO KBAHTOBOTO YMCIIA, B COOTBETCTBUU ¢ Tabn. 16.7.1. UH-
(dopmarus 0 CiMHE PAcIoNoKeHa ClieBa BBEPXY OT CHMBOIA /, 2 3HAUYEHHE MOJIHOTO MOMEHTA 3alliChIBa-
€TCsl Ha MECTE MTPABOT0 HIDKHET0 MHJIEKCA!

4.4) n **lcumBon ;.



IlpunsTo 3amuchiBaTH HE caM CIMH §, a YHUCIO €r0 BO3MOXHBIX MPOEKIMA 2s+1, KOTOpoe Ha3bIBaIOT
MYJIbTUTUIETHOCTBI0. DU3NYecKuii cMbICT MyJIBTHIDIETHOCTH CTaHET SICEH IOCIe TOTo, Kak OyIyT BbIBe-
JCHbI TpaBHiia CIOXKEHUS MOMEHTOB. MTak, COCTOSHUS C paBHBIM HYJIIO OPOMTANIbHBIM MOMEHTOM IpHU
3a/[aHHOM 71 IMEIOT POBHO OJIHH YPOBEHb: 11 S| 5.

Teneps paccMoTpuM ciyyaii / > 0, To ecTb, OpOUTAIBHBI MOMEHT 00JIbIe clnHOBOTrO. OHO3HAY-
HOTO pelleHus 37iech HeT. [leliCTBUTENbHO, CYIIECTBYET Napa MpoeKuui, /; =/ u ms = 1/2, KoTOpoii co-
OTBETCTBYET MaKCHMAaJIbHO BO3MOXKHAs cymMMa, paBHas [+1/2. U3 (4.2) u (4.3) cnemyeT, YTO MOMEHT pa-
BeH j = /[+1/2. Ho Takoii MOMEHT uMeeT Bcero 2/+2 MpoeKIyH, B TO BpeMsl KaKk OpOUTAILHBIA U CIIHHO-
BBId MOMEHTHI 00pa3ytoT 2(2/+1) map. Jlerko BUAeTh, YTO /Ba MOCIEIHUX YHCIA COBMAAAIOT TOJIBKO MPH

[=0. Takum obpa3om, ecinm />1, To aTOM UMeeT, 1O KpaitHe# Mepe, nBa ypoBHs. [lepen TeM, kak mocTa-

BUTH 3a/1a4y JUIS TPOU3BOJIBHOTO /, pemuM e€ B ABYX YaCTHBIX ciydasx: /=1 u /=2.
1. [=1. Bemumewm B TabIuIly Bce 6 BOZMOKHBIX 3HAUCHUH CYMMEI 7 +mig:

Taoauna 18.4.1 Ilpoekuu MoJIHOr0 MOMeHTa P—3J1eKTPOHA

-1 0 +1
-1/2 | -3/2 —1/2 | +1/2
+1/2 | -1/2 +1/2 | +3/2

[epBas cTpoka comepKUT BCe BOZMOKHBIE 3HAUEHHS 71; @ IEPBBIN cTONOEI — BCe 3Ha4YeHUs m;. Ha me-
pecedeHnu KaXkJI0M CTPOKH M CTOJIOLA HaNMcaHa cymMma m; = m; +mg. KpaCHBIM LIBETOM ITOMEYEHBI YEThI-
pe NPOEKIUH 71;, COOTBETCTBYIOLINE MOMEHTY, paBHOMY 3/2. OcTaBlInecs JBa YKCIIA, OYEBUIHO, ONHUCHI-
BarOT MOMEHT j=1/2. Takum 00pa3omM, B p—COCTOSHHUSIX BO3MOXKHEI IBa YPOBHSL: j=1/2 u j=3/2.

2. [=2. AHanorn4HbeIM 00pa3zoM odopmum Tabdmuiy u3 2-(2:2+1)=10 uncen:

-2 -1 0 +1 +2
=172 | =572 =3/2 | -1/2 | +1/2 | +3/2
+1/2 | =372 —1/2 | +1/2 | +3/2 | +5/2

31ech MOCE0BATEIbHOCTH KPACHBIX M YEPHBIX YMCEN YKA3bIBACT HA 3HAYCHUS MOJHOTO MOMEHTA, PaB-
HBIE, COOTBETCTBEHHO, 5/2 u 3/2.

3. IlpousBosibHOE 3HaucHUE /> 1. Beimumem tadbmuiyy cymm /; + s, B 1Ba psja:

—l —I+1 —+2 -2 -1 [
=172 =172 —+1/2  —I+3/2 1-5/2 1-3/2 -1/2
+1/2  —+1/2  —+3/2  —I+5/2 -3/2 -1/2 [+1/2

Xopomo BUAHO, uTo 2/+2 =2(/+1/2)+1 4ymcna KpacHOTO psAa COOTBETCTBYIOT MOJHOMY MOMEHTY
j=11/2,a2l=2(l-1/2)+1 u€pHBIX YuCIa ABJITIOTCS IPOSKIIMSIMIA MOMEHTA, paBHOTO /—1/2.

Cobupast BMecTe MOJTy4YEeHHBIE PE3YJIbTAThI, IPUXOAUM K BBIBOJY, YTO MOJIOKHUTEIBHBIM 3HAUCHUSIM
OpOUTATFHOIO MOMEHTA COOTBETCTBYIOT JIBA 3HAYEHHUS TIOJTHOTO MOMEHTA!

4.5 j=1+1/2.
[IpuBeném 0003HAUEHUS COOTBETCTBYIOLINX YPOBHEH:

2 2 2 2 2 2
n°pip, 0 p3p, N dsp, ndsp, nfsp, nfip AT

HamomanM, 4T0 B IPHONMIMKEHUH YUCTO KYJIOHOBCKOTO ITOJISI SHEPTHH YPOBHEH C OJTHUM M T€M K€ 3HaUe-
HHUEM 7 OKa3bIBAIOTCS OJMHAKOBHIMU. KyJIOHOBCKOE BBIPOXKIACHHE CHUMAETCS PESITHBUCTCKUMU U pa-
JTUanMoHHbIMU 3 dekTamu. J[Ba U3 HUX — CIIMH—OPOUTAIIEHOE B3aMMOJACUCTBUE W 3aBHCUMOCTH MAacCChl
AIIEKTPOHA OT CKOPOCTH MBI PACCMOTPHUM B 3TOM TIIaBe.

Urak, nns s = 2 MBI 1OKa3aju, YTO, €CIU OPOUTANBHBI MOMEHT HE MEHbBIIIE CITUHOBOTO: /225, TO

COCTOSIHHE C 3aJaHHBIM 3HaueHHeM [ mMmeeT 2s+1 ypoBeHb. Bemmunay 2s+1 Ha3BIBAIOT MYyIbmuniemuo-
cmbl0 U IPUBOSIT BMECTO CITMHA B 0003HadeHUH ypoBHS (4.4). MBI yOeaUIUCh TakKe, YTOo MpH /<s YUCIIO



ypoBHeH He paBHO 2s+1. TeM He MeHee, U B 3TOM ClIy4yae B JIEBOM BEPXHEM YyTJy MPUBOJAT UMEHHO 3Ha-
YCHHUEC MYJIbTUIUICTHOCTH.

18.5 CnuH-opbumanbHoe e3aumodelicmeaue

BHyTpeHHUII MarHUTHBII MOMEHT 3JIEKTPOHA BO BPEMS €ro JBUXKEHHUS B IIOJIE sAJ]ipa C 3apsiioM Ze
NPUBOJNUT K €r0 AOTOJIHUTEIFHOMY B3aUMOJICHCTBHIO C MATHUTHBIM MojieM. Emg pa3 Hanumem gpopmymy
(1.3.3) s moTeHUMANBEHOW PHEPTMU MarHUTHOTO MOMEHTa [ B MarHuTHOM noine H, o6o3HaunB e€ mo-
cpenctsoM V-

(5.1) ¥V =—(pH).

MarnutHoe nonie H Bo3HUKaeT B cucTeMe OTCUéTa 3JIEKTPOHA BO BPEMsI €r0 ABHKCHHS B DJICKTPOCTATH-
YEeCKOM ToJie siapa. Eciau CKopoCTh 3EKTpOHA ¥ HE CIUIIKOM BEJIHMKA, M MOKHO OTPaHUYUTLCS cllarae-
MBIMH, B KOTOPBIE OTHOIIIEHHE //C BXOAUT TOJIBKO JMHEHHO, TO CIIpaBenBa hopMyia

(52) H= l[f:v].
c

3nech £ — BEKTOp HAMPSHKEHHOCTH 3JIEKTPOCTATHUECKOTO TIOJIS, CO37aBaeMOro SIIPOM B JIA0OPATOPHOI

CUCTCMC:
(53) E£=Zy
r

IToacrasum (5.3) u (5.2) B (5.1):

) V=-Z5(ur])

cr

BeKTOpHOC MNpOU3BCACHUC B CKOOKaX TOJBLKO MHOKUATEIEM me OTIIMYACTCA OT Op6I/ITaJ'II>HOFO MEXaHHU4YC-
CKOIr'o MOMCHTa 3JICKTPOHA:

ze’ Ze'h
V=2 (uM) = - ().

3 3
m,cr m,cr

Bo BTopom paBeHcTBe MBI ToacTaBmwin (12.1.2). C momompo (2.2) BEIpa3suM BHYTPEHHUN MarHUTHBIA
MOMEHT 4epe3 CITHH JJIEKTPOHa:

2n,Zeh Ze'n’
5.5 V =——(sl)=——=(s]).
( ) mecr3 (S ) m502r3 (S )

IMocnennsst popmyna MO3BOISET OLUEHUTH 3aBUCHMOCTD SHEPTHH CIMH—OPOUTAIBHOTO B3aHMMOJIECHCTBUS
oT 0e3pa3MepHBIX MapaMeTPOB 3aJaud: MOCTOSTHHOW TOHKOW CTPYKTYPBI, 3apsia sapa U TJaBHOTO KBaH-
toBoro uncna. [loxcrasus B (5.5) paanyc kpyroBoit opoutsl anekrpoHa (13.5.1) u nmpeHeOperast OTIU4H-
€M IPUBEIEHHOI MacChl OT MacChl 3JIEKTPOHA, MTOTYIHM:

3
Ze'n’ ( Zm! , Z*
~ —_— ~ a —_—
2.2 222 6
m,c” \ n°h n

(5.6) V Ry.



CpaBauBas (5.6) ¢ (13.7.8), mpuxoauM K BBEIBOAY, YTO CHUH—OPOHUTAILHOE B3aMMOJICHCTBHC M 3aBHUCH-
MOCTh MAacChI 3JIEKTPOHA OT CKOPOCTH — 00a 3TUX (pakTopa OJUHAKOBO 3aBHUCIT OT O, U Z. EcTecTBeHHO,
4TO0 00€ PENATHBUCTCKHE MOMPAaBKU OBICTPO YMEHBIIAIOTCS y BO30YKIEHHBIX COCTOSHHUH. 3aBUCHMOCTh
OT 1 ceiyac UHTepeca He MPECTABIACT. 31eCh (POPMYIIBI KIACCHUECKOW MEXaHUKU OKAa3bIBAIOTCS CIIMIII-
KOM I'pyOBIMU M HEOOXOIMM KBAHTOBOMEXAHHUECKHIA PacUET, K KOTOPOMY MbI M TIEPEXOTUM.

B KBaHTOBOI TEOPUU CTETNICHD KJIACCHYECKOTO PACCTOSHHSA 7 JIO S/Ipa HAJI0 3aMEHHUThL CPEJTHUM 3Ha-
YEeHHEM COOTBETCTBYIOIIETO OIepaTopa:

%_)<r_3>nl'

Janee, BBIpa3uM 3aBHCHMOCTH CITHH—OPOUTAIHHOTO B3aMMOJICHCTBUS OT j B sIBHOM Buje. g 3TOro BO3-
BenéM (4.1) B kBagpar

iF=F+s+2(s))

U yCpemHHuM ero. B pesynbTare cpeqHee 3HauCHHE CKaJSIPHOTO mpou3BeaeHus (sl) ompenensercs codct-
2 2 2
BEHHBIMH 3HAUYEHHSIMHU OIIEPaToOpoB j, I u s™:

<(sh)>="%{j(j+1) — I(I+1) — s(s+1)}.

®opmyna (5.5) B cBoel KBaHTOBOMEXaHMUYECKOH (opMe JIHIIb MHOXKHTENeM Y (mompaBkoir Tomaca—

@penkenst) OTVIMYAETCSl OT KOPPEKTHOTO PA3JIOKEHUS M0 MAJIOMY TapaMeTpy [ TOYHOTO pelIeHus ypaB-
(sh)

Henusi [upaka. be3 BriBoma mpuBenéM BeIpaskeHHE JUIS TOMPABKU K SHEPrHU " | 00yCI0BICHHOM

CTIMH—OPOUTAIEHBIM B3aNMOJICHCTBHEM:

1zen* [ 1\ 1
(sl) _ _ ey
(5.7)  AE) =<U> =3 —mjcz = ) 5 {JG+D=1U+1)—s(s+1)}.

Orta dopMyIa cipaBeasIuBa s aTOMa BOJOPOAA WK BOJAOPOI0II0H00HOTO HoHa. Ho cima—opOuTtansHOe
B3aMMOJICHCTBHE UTPACT HACTOIHKO BAXKHYIO POJIh B TCOPUU aTOMHBIX CIIEKTPOB, UTO CYIIECTBYET CIICIIH-
ajpHas KOHCTAHTA, OMMCHIBAIOIIAS €T0 BEIMUUHY B CIIOKHBIX aTOMax.

KoHcTaHTa cnuH—opbuTtanbHOro B3anmogemcTBus

[Mepenuiem dopmyny (5.3) B Buje, CIPABEUIMBOM HE TOJBKO JJISI KYJIOHOBCKOTO TIOJIS, HO U JIJISI
M000T0 ToTeHIrana @), 00IamaoIero MeHTPATLHONH CHMMETPUCH:

(5.8) g__@.ﬁ_ld_UE

dr r edrr

3nech, U — 1eHTpaIbHO—CUMMETPHUYHAs YacTh MOTEHIMAILHON SHEPTHUH AJIEKTPOHA B TIOJIE SAApa U Ipy-
THX aTOMHBIX 3J1eKTpoHOB. [Toactasiss (5.8) B (5.2) momyyrM HOBOE BHIpayKEHHE AJIsl MAlHUTHOTO TIOJIS B
CHUCTEME KOOPAMHAT JIEKTPOHA:

1 1dU
(5.9) H:——d—ir)[rv].

ecr

CootBeTcTBeHHO, popmyna (5.4) 3aMeHUTCS Ha

1 dU
(5.10) V= _EE("[W])’

a ¢popmyna (5.5) ¢ yu€rom nomnpaBku Tomaca—DpeHKeNs MTPUHUMAET BT



1., 1dU 1 1d
) =57l2c ———(sl)= 5“203 ;d—(Sl)-

r dr r

_1wh dU g

5.11 4
1D 2 m,cer dr

3nech MBI BOCHOAB30BaNUCh (opmynamu (1.3.1) A KOMITOHOBCKOM AJMHBI BONHHL Ac, (1.3.5) st mar-

HetoHa bopa u otHOomeHneM (1.3.3) Mexnay Ac ¥ pagumycoM TepBOi OOpOBCKOW OpPOUTHI dp. YCpEmHSS

(5.11) mo BOMHOBBIM (DYHKIMSAM HyJEBOTO NMPHONMKEHUS, MONyYUM oOllee BBIpaKEHHE Ui SHEPTUH
CIMH—OPOUTANIbHOIO  B3aUMOACHCTBHUA AJs IPOM3BOJIBHOTO aToMa B MOJENU  LEHTPAIBHO—
CUMMETPHUYHOTO TTOJIA:

2 2
(5.12) AE“”:(V}n[:O‘;O %‘;—a] (1) =¢,, - (1s).

nl

Cxkamsipaoe npoussenenue (Is), 3aBucsinee TOIbKO OT YITIOBBIX MEPEMEHHBIX, OMPEACIISET YUCI0 KOMIIO-
HCHT, a PaJIMaIbHBIN MHOXHTENb (,;; — OOIIYIO JJIs BCEX KOMIIOHCHT BEMUYUHY paciieruieHus. OH Ha3bl-
BACTCS KOHCIMAHMOU CNUH—OpOUMAnbHo20 63aumooeticmsus. JIeTko 1okas3aTh, 4TO 3Ta KOHCTAHTA CyIIle-
CTBCHHO ITIOJIOKHTCJIbHA. HeﬁCTBHTeHLHO, QJICKTPOH HNPUTATHUBACTCA K AAPY U IJICKTPOHAM aTOMHOI'O OC-
TaTKa, IO3TOMY HaNpsHKEHHOCTD AIEKTPOCTATUYECKOTO TOJIsl HAlpaBjieHa OT sapa. Tak Kak TpaJueHT To-
TEHIIMAJIa HATIPaBJICH MPOTHB BEKTOpa HANPSKEHHOCTH, TO MOTSHIIMAI MAJaeT Mo Mepe YIaleHUs OT siI-
pa, a MOTEHI[HAJIbHAS SHEPTHUS JIEKTPOHA, COOTBETCTBEHHO — pactér. CnenoBatenbho, dU/dr > 0, oTKy-
JIa BBITEKAET 3aKIIOUYCHHE O MOJOXKHUTEIbHON BETUUUHE (/.

18.6 3asucumocmb Macchkl 3/7IeKMPOHa om cKopocmu

Ha s13p1ke KBaHTOBOW TEOPUHU MMOBTOPHUM pacuéThl pazaena (13.7), B KOTOPOM PENSATHBHCTCKOE JIBH-
JKEHHE JJIEKTPOHA PACCMOTPEHO B KIacCHYecKoM ImpubmmxeHnn. @opmyity

(6.1) T=\p’c+mc* —mc’

JUISl KAHETUYECKOW YHEPTUH AJIEKTPOHA PA3JIOkKHM T10 MaJIOMy HapameTpy V/c:

2 4

2m, 8mjc

IlepBrie nBa crmaraeMpIx onepaTopa KHHETHYECKOH SHEPTUH HaM YK€ M3BECTHBI; IM COOTBETCTBYET pac-
CMOTpPEHHOE B IIecTHanauaToi rimase ypaBHeHue lllpenunrepa. Mckomoe Bo3MmylieHue V mpeacTaBieHO
MOCTIeIHUM claraeMbIM. KBasipaT uMmysbca B HEM pacKpoeM Kak BEITHYHHY, TPONOPIHOHATBFHYI0 KHHE-
TUYECKOMN YHEPTUH:

p>=2m,T.

Kunerndeckast sHeprusi, B CBOK Oo4epellb, paBHA Pa3HOCTH MOJHOW M MOTEHIMANBbHOH sHeprun (13.3.3).
MBI nimeM Malyro MONpaBKy K KyJIOHOBCKOMY PELICHHIO, OITOMY IIOJHYIO SHEPTUI0 MOXKEM NPHHAThH
paBHOIi £, — 3HEpPruu aromMa BOJOPO/ia, JIM0O BOAOPOIONOI00HOTO HOHA B KYJIOHOBCKOM MPUOIHKCHUN
(16.6.22) Ha n—it bopoBcKOl opOuTe. BhImonHss Bce yka3zaHHBIE MTPeoOpa3oBaHus, B KOHIE KOHIIOB IpH-
XOJIUM K BBIPOKEHHUIO OIlepaTopa BO3MYIIEHHS Yepe3 paanyc OpOUTHI JIEKTPOHA!

4 2\?
1 Z
V=- pz Cla 2 En+_e
&m,c 2m,c r




VYcepenuss V o paanycy, IpuxoauM K (GopMyIie AJisi CABUTa YPOBHS:

(62) AEY =<V>=-——{El+2E,2¢" <1 >, +77%¢ <r” >, }.

2m,c

I/ITaK, AJId ONIpEACTICHUSA PCIATHUBUCTCKUX ITOIIPAaBOK HGO6XOI[I/IMO BBIYHCIIUTh CPCIAHUE 3HAYUCHUA TpéX
CTeTeHEeH pa,Z[PIaJIBHOﬁ KOOpAWHATHI.

18.7 CpedHue 3Ha4YyeHuUsi cmeneHeu paduasibHOlU KOopOuHamabl

Vcpennenue oneparopa o paananbHO# KOOpAMHATE, COTNIACHO ONpeiee UM pasjena 8.4, Bbl-
YHUCISETCS 110 PopMyIIe

(7.1) <rf >:J.r"R,f[r2dr

¢ BOTHOBEIMU (QyHKIHsAMH (16.6.30). MHTErpaIsl Takoro THTIA!

(72)  J,(my.k)= Te—"zzv—‘ I:F(—m,y,kz)]zdz,

0

U3BECTHBI B MaTeMaTnuueckoM ananuse. /st Harypanbaoro m u Re(v)>0 oHU UMEIOT aHAIUTUYECKOE BbI-
paxenue (cMm. JI.J. Jlanmay m E.M. JluBmmui «KBaHTOBass MexaHuka (HEpeIATHBHCTCKAs Teopus)», Ma-
TeMaTHYECKue AonoaHeHus, §f):

J, = A-(1+5),

r'(v)-m!
K y(y+ D) (y+m=1)
Em(m-1)...(m-s)(y—-v-s—1)...(y— v+s)

= [(s+1)! ] Y(y+1)...(y+5)

(7.3)

S =
BocnonszoBasmmmck (16.6.30), Beipa3uM R, 4epe3 THIIEPTeOMETPUIECKYI0 (YHKIIUIO U BBITIOJHUM B HH-
terpane (7.1) 3aMeHy mepeMeHHBIX:

2z

na,

(7.4)

B pesynbraTte noaydnm:

95— (n + Z) ! ( ] T 2l+2+q —P 2
75 _n+1+1,20+2,0) T dp.
(7)== 2n(n—1-DI[Q1+D] ! LF(entl+1.2142,0) [ dp

B Hamem cirywae mapaMeTpbl MOABIHTETpaabHON (GyHKIMHU B (7.2) paBHEI
(7.6) v=2l+3+q, m=n-I1-1, y=2I+2, k=1, y—v=—q-1,

YTO MO3BOJISIET YNPOCTUTH popmyisl (7.1)—(7.3):



lg+3/2]-1/2

1 (na, ! (”—Z—G) (q+2-0),
77 (PSR LTS TR o .
70 <> Zn(ZZj( e 2, (o!) (2U+2),

HHH YOpOoI1IeHus 3a1iuCu Mbl BBEJIM CUMBOJI HoxraMMepa:
(7.8) (a), =T'(a+v)/T'(a).

®opmynst (7.7) u (7.8) mpu g = —1, —2 1 —3 maroT ciaexyromne BEIPAKEHUS IS CPEIHUX 3HAUEHUH TPEX
CTEIIEHEN oleparopa r:

(7.9a) <r'1>=%£=l,
noa, r,
1 (z) 1
(796) <r?>=—1" | 2| 22
n*(I+ %)\ q, ro1+1/2

SR S 4 N
(7.9¢c) <r >_n3l(1+%)(1+1)(aoj r; l(l+1/2)(l+1).

3neck 1, — BBeAECHHBIN B (13.5.1) paguyc n—it 6opoBckoit opoutsl. B (7.9b) u (7.9¢) Bxoaut opOuTais-
HOE KBaHTOBOE YHCIIO. BMecTe ¢ MHOKHMTENEM B (DUIYPHBIX CKOOKax mpaBoil yact (5.6) 3T0 ABIsETCS
IPEMOCHUTKON TS TTOSABIICHUSI 3aBHCHMOCTH SHEPIHHU YPOBHS OT MOMEHTA.

18.8 MynbmunnemHoe pacuwernsieHue

[Tepeitném Kk OKOHYATETFHOMY BBEIYHCIICHUIO ABYX PEISATUBHUCTCKHUX TompaBok. IlomcraBus (7.7¢) B
(5.6), moryynm moTpaBKy K SHEPTUU 32 CUET CIMH—OPOUTATHFHOTO B3aUMOIACHCTBUS:

G0 AR g2 j(j+l)—l(l+1)—s(s+1)Z_34R
4 AU+ +)5)  n

Ora ¢opmyna HenpuMeHuma npu [ =0, HO u3 (5.5) SCHO, YTO B 3TOM Cjy4ae IONpaBKa 3a CITMH—
opOUTaTbHOE B3aUMOJICHCTBIE paBHa HYJII0. AHaIOTHYHO, u3 (7.7a), (7.7b) u (6.2) cnenyer:

4
(82) AEY =-a’ L3 Z—3Ry.
I+Y% 4n)n

[MonpaBku cpaBHUMBI 110 BenauunHe. CUTbHAS 3aBUCUMOCTD PEIISTUBUCTCKUX B3aMMOICHCTBUN OT CKOPO-
CTH DJIEKTPOHA OOBICHACT MX OBICTPOE YBEIMUEHHE [0 Mepe Mepexoa K BHICOKO3aPAIHBIM HOHAM (~Z')
¥ 3HAYMTEIBHOE OCIA0NCHHE Y BO3OYKIEHHBIX COCTOSHMI (~n °). OHM ZOCTHTAIOT HECKOIBKHX IIPOICH-
TOB OT SHEPTHU YPOBHS y JIEMEHTOB TPYIIIHI Jkene3a. B ciryuae Oomnee TSHKENBIX 3IEMEHTOB 00a mpoliec-
ca yXe Hellb3s CUUTATh MAJbIMH BO3MYIICHHUSIMH, H HEOOXOIUMO TONB30BaThCs TOYHBIMH (DOpMyamu,
KOTOpBIe Ta&T pelieHne ypaBHeHus Jlupaka.

Crnoxwus (8.1) u (8.2) momydyum cyMMapHYIO TIOMIPaBKY:

N B ;
(8.3)  AE} :AE}SJI_)-FAE(m):{Z’ I, JU+D=1G+D) A}QZZ_Ry'

i " an vy 2040+ ) n

3neck MBI ywid, uTo s(s+1) = ¥4, YIpocTuM Ba MOCIEIHUX ClaraeéMbIX BHYTPU (GUTYPHBIX CKOOOK:



L JUAD Iy 1 b jG D=3+ D -
20+ DI+ Y) I+% ¢ 20+D)I+ %)

JUIs 000MX BO3MOXKHBIX PE3yJIbTATOB BEKTOPHOTO CIOXKEHHUS: j = [£Y5.
[=j+"%
Yucnutens apobu a 3aech paBeH b = j(j+1)-3(+1/2)(j+3/2)-3/4 = =2(j+1)(j+3/2), oTkyna

1

a=—— .
jth

1=j-%

Teneps b =j(j+1)-3(j—1/2)(j+1/2)-3/4 = j(1-2j), u A1 @ TOTy4aeTCsI TOT KE CaMbIi Pe3yJIbTAT:

o Ja=2) 1
2+ 0JG-5 J+h

B 060ux ciry4asx crpaBeAUBO OJHO U TO e BBIPAKEHHE:

4
3 aE® <[ L |pZ
dn  j+ 1 n

Ry.

Taxum 00pa3oM, BCIICACTBUE PETATUBUCTCKIX 3(h(DEKTOB YPOBEHB /] pacIIeIUIIeTCs Ha IBE KOMITOHCHTHI:
j=HMHY%wuj=[-'%. DTo pacmiemienne HOCUT Ha3BaHNUE TOHKOTO, UJIU MYJbTUIUIETHOTO paciierieHus. OHo
AES)  Apm
HE TOJIHOCThIO CHUMAeT KYJIOHOBCKOE BBIPOXKIICHHE: XOTS CliaracMble "y nl  TI0 OTAEITHHOCTH
(R)

3aBUCAT OT /, UX cymMMa ¥ OJIHO3HAYHO ONpEENAETCS MOJHBIM MOMEHTOM j U B HeE [ He BxoauT. [lis
BCEX YPOBHEH, OTIMYAIOIIUXCS JIMIIb OpPOUTATEHEIM MOMEHTOM /, KOMIIOHEHTHI C OJTHMM U TeM e 3Haue-
HUEM j coBManaroT. V3 AByX ONM3KMX MO BEIMYMHE MOMPABOK HECKONBKO OONBINNI BKIIAJ MAET 3aBHCH-
MOCTbh MacChI JIEKTPOHA OT CKOPOCTH, YTO OOYCIIABIMBAET OTPHLATECIBHYIO BEIMUUHY Bceld cyMmbl. Ha
puc. 18.8.1 moka3zano (He B MaciuTade) TOHKOE paciuerieHne ypoBHeit n = 1,2 u 3.

- T —_— =52

— =1

Puc.18.8.1. ToHkas cToykTypa ypoekel n=1, 2, 3.

[lyHKTHpOM 0003HAYEHO MOJIOKEHNE YPOBHEH B KyJIOHOBCKOM MpuOmmkeHnH. KaxxjoMy 3Ha4eHHIO 1MoJ-
HOTO MOMEHTAa COOTBETCTBYET CBOH IBET, IIOMEUEHHBIN B IIPABOM 4acTU PUCYHKAa. XOpOILIO BUJHO, YTO
OTKJIOHCHMSI YMEHBIIAKTCSA IPU YBEIWYECHUH IVIABHOI'O KBAaHTOBOI'O YUCIIA, a IPU (UKCHPOBAHHOM 3Ha-
YeHUH 1 OOJBIINN CABUT UMEET COCTOSIHHE C MEHbIIEH BETUYUHON MMOJIHOTO MOMEHTA.

Jlerko yOenuThes, 4TO CyMMa ABYX PEISATUBUCTCKUX MOIPABOK SIBISETCS OTPULATEIBHOW BEINYHU-
HOHU. J[efiCTBUTENFHO, MAaKCUMaJIbHO BO3MOXKHOE 3HAYCHHE IMTOJTHOIO MOMEHTa paBHO /12, B TO Bpems,



Kak / He MoxeT npeBblaTh n—1. CnenoBarenbHo, 1/(j+) > n, u BelpaxeHHe B CKOOKaxX MPaBOi 4acTH

(8.3) meHbIIIC HYIISL.
O1eHKOM MYJBTHILICTHOTO PACIICIUICHUS B TAHHOM CIIydae CIY)KUT SHEpreTUdecKas MIelib MEKIY
YPOBHSIMU C OJIMHAKOBBIM OPOUTATHLHBIM MOMEHTOM, HO Pa3HBIMHU 3HAUYCHUSMH ITOJTHOTO MOMEHTA j=[/+Y5:

AE, = AEnl,1+1/2 - AEnl,l—l/Z'

C nomouipio popmydsl (8.3) noxydnm

o’z

(84) nl :mR

y.

MynbTUIUIETHOE pacuielIeHue OBICTPO YMEHBILIAETCS TI0 MEePE POcTa /, MOITOMY OHO HanboJiee BENUKO B
cocrostHuH 2p. [IpuBeném ero yrciaeHHbIe 3HAYSHUS IS aTOMa BOJOPO/Ia ¥ BOAOPOIONOT00HBIX HOHOB
HeoHa (Z=10) u unKa (Z=30).

Taodauua 18.8.1. MyabTHIIeTHOE pacuienieHHe aToMa BOI0POJa U BOAOPOI0NOA00HBIX HOHOB

Z 1 10 [ 30
AE,, 5B | 4.56:10° | 0.456 | 36.9

Jlnst aToMa BOIOpO/a SHEpreTudecKas IIellb MeKIy YPOBHIMH 2p32 U 2P, COOTBETCTBYET YAcTOTE Iie-
pexona okono 10* MI'I, v JUTHHE BOIHEI 3 CM PajHoHaa30Ha.

18.9 KoaghpuuyueHmbl 8eKMOPHO20 CII0XKEHUS.

B deTBépTOM pazjiene Mbl M3JIOKHIN CIOCOO OMpPEISIICHUS MOJHOTO MOMEHTA JJIEKTPOHA j, €CIH
W3BECTHBI €T0 CIMHOBBIN § U opOUTanbHbId / MOMeHTHI. CHavaa BBIYUCISIOTCS BCE MPOEKIUH MOJTHOTO
MomeHTa 1o dopmyie (18.4.2). Ilepenumiem e€, mpumeHuB 0003HaueHUs Gpopmysl (18.4.3):

9.1 m; = my+ m.

Hampumep, mapa momentoB /=1 u s =" obpasyer chopmupoBanHyio B Tabmuie 18.4.1 marpumy u3
IIECTH 3JIeMEHTOB. B HmKHeH M BepXHEll CTpOKax MaTpHUbl HUMEIOTCS MOBTOPSIOMIMECS 3HAUYCHHS
m; = £%5. OHM COOTBETCTBYIOT Pa3IMYHBIM KOMOMHALUAM YTJIOBBIX M CIIMHOBBIX YaCTEH MOJHOM BOJIHO-
BOIl (pyHKIINU 3TIEKTpOHA

9.2) k - (r,6,0;0) =R, (r)- Y, (6,0)-q, ().

BonHoBast pyHKIHMS COCTOSHHSA € 33JaHHBIMH 3HAYSHUSIMH [TOJTHOI'O MOMEHTA j ¥ OJJHOHM M3 €ro MPOeKUUi
m; ABJIETCA JIMHEWHOH koMOuHanuen ¢ynkumii (9.1) ¢ TaKUMK 3HAUYEHUAMU M U Nig, KOTOPBIE yJI0BJIE-
TBOPSIOT yciioBuio (9.1)

(93) anljmj = z lirjims,\{lnln1,ms = Rnl (I’) Z li;:;lgnzé, Y(e’ (P)lm] Q(G)ms :

my+mg=m; my+ng=m;
Ha s3pixe nuneiiHOM anreOpbl cymma (9.3) o3nadaeT nepexon ot Oasuca (Imsmg) x 6asucy (Isjm;). 910
npeoOpa3oBaHUe HE 3aTparuBacT PaaUaibHYIO YacTh BOJHOBOW ()YHKIIMH, M B JAJbHEHIIEM MBI OyIeM
BBIITUCHIBATh TOJBKO YTJIOBBIC U CIIMHOBBIC MHOXHTEIH:



(94) ch]m i = Z C]i:’S/mY Ylm, qu :

ﬂil +mS:mj
B o6miem ciyuae, mpu CI0XKEHUH ABYX MPOU3BOJIBHBIX YITIOBBIX MOMEHTOB, HarlpuMep, J; u J;:

J =3+,

(9.5)
M =M +M,,

BoJTHOBas PyHKIUSA D), IPECTABIACTCS B BUAE CYMMBI

9.6) ®,= > Ch, DO, D,

M +M,=M

YacTo ObIBaeT y,E[O6HCC MI0JIb30BaThCSA 0003HAUCHUSIMHU I[HpaKa:

0.7 |IM)= > (IMJI,M,|JJ,IM)-|JM)-|J,M,),

M +My=M

rae <J1 M, J,M, | JJ,JM > — TpanchopMalMOHHas MaTpulla nepexona ot O6asuca (JiMJ,M,) x Gasucy
CJM

(J1JoJM). DneMeHTHl 3TOI MaTPHIIB WUIH COOTBETCTBYIOIINE UM MHOXKHUTETH  /iMi2M: B hopmyire (9.6)

Ha3bIBAIOTCS K03 duyuenmamu Knebwa—Iopoana. CyuiectByer 0ojiee CHMMETpUYHAs GopMa I KO-

a b ¢

3 HUIMCHTOB PA3OXKEHNsS — TaK Ha3bIBaeMble 3j—cuMBONBI Burmepa \& B v . Koapduumentrr
Knebma—I"opnana cBsizaHbl ¢ 3j—CUMBOJIaMH COOTHOIIICHHEM

) JJJ
9.8 cM o (=Y M g 1] T2
( ) JiM M, ( ) ]\/[1 M2 M

IlepeurcnumM cambie BaXHBIE JJI1 HAC CBOMCTBA CUMMETpUH 3j—CUMBOJIOB Burnepa

a b ¢

a B v
OHU WHBapUAHTHBI OTHOCHUTEIHHO YETHOM ITePECTAaHOBKHU CTOJIOIOB:

a b c c a b b ¢ a
(9.92) = =
a B vy) \y o B) (B v a
a > at+b+c
a Ipy HeY€THOM MepecTaHOBKE MEHSIOT 3HaK Ha (—1) .
Hanee, 3j—CUMBOJIBI OTIMYHBI OT HYJSI TOJBKO MPH OJHOBPEMEHHOM BBIMOJHEHUH JBYX YCIOBHH.
Bo-miepBbIX, cymMMa TpEX Ynceln B HUXKHEH CTpOKE JOKHA OBITH paBHA HYJIO:

oa+pB+y=0.

DTO0 yClIoBHE ¢ OYEBUIAHOCTHIO BEITeKaeT 13 (9.1) u (9.8). Bo—BTOpEIX, 371eMEHTHI BEpXHEH CTPOKH JOIK-
HBI TIOAYUHATECS npaguny mpeyeoavruxa A(abc). OHO TIacuUT, YTO HU OAHO M3 TPEX YHMCET HE MOXKET
OBITH MEHBILE PA3HOCTH ABYX APYIHX M HE MOXET NMPEBBICHTh WX cyMMmy. lIpaBuiio TpeyroibHHKa, IO
CYILECTBY, SBJISETCS OTPAKEHHEM TEOPEMbI CIOKEHHS MOMEHTOB, YaCTHBIC CIIydaH KOTOPOW paccMoTpe-
HBI B YeTBEPTOM pa3ziese 3TOU IJIaBHI.

Koaddunumentsr Knedbma—I"opaoHa moqunHSIOTCS yCIOBUSM OPTOTOHABHOCTH:



JM JM _ .
Z CJIMIJZMZ ) leMl'JzMﬁ - SMIM{ ' 8M2Mﬁ ?

J.M

JM JM' _
Z CJlMlszz 'CJIMlszz - 8J,J' 'SM,M'-

MM,
B coBokymHocTH € (9.8) 5TH yCIIOBHUS HAIOT MOJIE3HOE IS PACYETOB CBOMCTBO 3j—CHMBOJIOB:

2

J J, J
(9.10) oo 1
oM, M, M) 2J+1

OO6mue hopMyITbl IJ1s1 BEIYUCIICHUS 3j—CUMBOIIOB TPOMO3/IKH, HO JUUIsl BAYKHEHIIINX YaCTHBIX CIIy4aeB OHU
npuBeacHs! B MoHorpaduu U.U. CobenpmaHa «BBemeHne B TEOPHUIO aTOMHBIX CHEKTPOB», PuU3Marrus,
1963. Jlns paBHOTO HyJIO MOiaHOTO MOMeHTa (J=0, coorBeTcTBeHHO, U M=0) 3/—CUMBOJ BBIYUCISACTCS
COBCEM IIPOCTO:

']1 J2 0 — (_1)J1+M1 SJIJZSMHMZ

M, M, 0 J2J,+1

[puseném Tabnuiy koadduimento Knebrra—Ioprana mis aToMa BOAOpOa WM BOAOPOIONIOT00HOTO
WOHA (5="2).

(9.10)

Tabnauua 18.9.1. Koadppuuuentsr Kneoma—I'oprana 1jisi 01H0JIEKTPOHHOIH CHCTEMBI.

myg + 1 -
J
1
I+ tm+ )
21 +1
[

[onp3ysch €10, MOKHO BBIYUCIUTH KO3(DOUIIUESHTHI pa3ioKeHuss BOJHOBBIX (YHKIUI MOJHOTO MOMEHTA
m; no BommoBBIM (yHKIMSM OGasuca (Imsmg), TO €CTb, 10 CIHHOBBIM M YIJIOBBIM (DYHKIIHSIM

Y;mz s OTMeTUM, YTO CyMMa KBaJpaToB KO3 GHUIMeHToB B Tabmuie 18.9.1 mo crpokaM u cTojdmam
paBHa eIUHUIIE.

Teneprs MBI MOXEM OoJiee TITyOOKO MPOaHATHU3UPOBATH MIPABHUIIO CI0KEHUE MOMEHTOB M BBISICHUTH
MIPUYHUHY TTOBTOPSIOMINXCS Tpoeknmid. Hampumep, paccmorpuM Tadmmiry 18.4.1, Tae BIUNCICH MOTHBIMA
MOMEHT p—3JIEKTpOHA. BhImuIieM COOTBETCTBYIOMINE PA3TOKEHUS BOJTHOBBIX (DYHKITHIA:



—
\S)

CDM 2,H1/2 == EYLO.QH,Z_F EYI,H .qfl'za
2 1
q)Pl/zrl : T EYI,—l Gap T ngo "q_1)2s
P3/2-43/2 = Yl,+l ’ q+1/2’
2 1
Prailiz D (R TP o e SRR’ YO
3 3
B 1
q)ps/zrl/z - §Y1,71 “Gant §Y10 9125
q)Ps,er - Y g,

KpacHbIM LBETOM MbI BBIICIMIH JBE GOPMYIIbI, OMUCHIBAIOIINE COCTOsIHIE ¢ m; = 1/2. Bepxusst hopmy-
Jla oTBe4aeT 3HaueHHIo j=1/2, a ans Bropoii j=3/2. CpaBHUBas KOA(pHUIHUEHTHI B MPAaBOH 4acTh 00eHX
(dhopMy1, IPUXOOUM K CIEIYIOIIEMY BBIBOJY: COCTOSHHE C TOJHBIM MOMEHTOM j=3/2 W TpOoeKUueH

Y -
m; =" Ha JBe TPETH BKIIOYAET B ceOsl COCTOSHUE UCXOAHOrO Oasuca 1.0 92 y na OJIHY TPETh — CO-
Y9, = Y09y,
crosiHue L /2. C apyroii CTOPOHBI, YPOBEHb p1/2 HA OJHY TPETh «COCTOMT» U3 ~ 1.0 712 u Ha 1Be Tpe-
TH — U3 Yl,l VN

18.10 CeepxmoHKass cmpykmypa

[Tomo6HO 31MeKTPOHY, sIAPO 00IaKaeT COOCTBEHHBIM MAarHUTHHIM MOMEHTOM. MarHuTHBIE MOMEHTHI
siZIEp MPUHSTO BBIPAXKaTh B SIAEPHBIX MAarHETOHAX, TO €CTh, B EAMHULIAX

e

eh
2mpc m, Ho-

HamomuuM, 4o 31€ch m, — Macca IpoToHa, a Ly — MarieToH bopa. B oTux eqMHuIax MarHMTHbIA MO-
MEHT IIPOTOHA PaBEH

n, =gl + gss; g=1, g, =5.58.

MarauTHBI MOMEHT $/Ipa Takke 330aéTcs Yepe3 THPOMAarHUTHOE OTHOIICHNE

= glla

rae I — coOcTBeHHBIE MOMEHT, WM CITUH siipa. [0/l MAarHUTHBIM MOMEHTOM L siZipa OOBIYHO TTOHHUMAIOT
MAaKCUMAJIBHYIO BEJINYMHY [TPOCKIUU BEKTOPA | HA HAIIPABIEHUE MATHUTHOTO OIS

u=gil

MMeHHO 3Ta BeMMYWHA IPUBOIUTCS B TAOJIAIIAX.
B3auMmoelicTBre MArHUTHBIX MOMEHTOB DJIEKTPOHA U sIIpa IPUBOIUT K TOMY, UTO COXPaHSIOIICHCS
BEITMYMHOM SIBJISIETCS MOJIHBIIE MOMEHT aToMa, TO €CTh CyMMa

F=1+],
a HC KaXI0€ CJlIaracMo€ B OTACJIIBHOCTH. B pe3ynLTaTe ypOBeHI) C MOMCHTOM j pacmerm;{eTc;I Ha pf[,[[

KOMIIOHCHT, KaXaasd U3 KOTOPBIX COOTBETCTBYCT OHpe,I[eJ'IéHHOMy 3HAYCHUIO ITOJTHOIO MOMCHTA aTromMa.
10 pacuICrjicCHUEe HOCUT HA3BAHUC CB6EPXMOHKO2O. OHO 3HAYUTEIBHO MCHBIIC CHI/IH—Op6I/ITaJ'II>HOFO



B3aMMOJICHCTBHS, MPOTOPITMOHAIIEHO OTHOIIIEHHIO MacC JJIEKTPOHA U snupa. Tak, CBEpXTOHKOE pacIIer-
JIeHWEe OCHOBHOTO COCTOSIHHS aToMa BOAOPOZa COOTBETCTBYET 4acToTe mepexona v = 1420 Mrn, wiun
JUTHMHE BOJIHBI A=21 cM. DT0 M3iydeHue ObLIO MPeICKa3aHo BaH Jie XI0iacToM B 1945 rony. A B 1951 roay
OHO OBLIIO OTKPEITO B 3kcepuMenTte FOsHa — [lepcemma. B Tabnwie mpuBeacHa BETUINHA CBEPXTOHKOTO
pacIieTuIeHUs TSl pa3InIHBIX JIEMEHTOB.

HI D Hell NVII NI H, Nal
v, ITn 1.42 3.28 8.67 531:10° | 2.61-10° 1.40 1.77

P AaAUOU3TyUYCHUC HeﬁTpaﬂLHOI‘O BOAOpOaAa ABJIACTCA MOIIHBIM MHCTPYMCEHTOM HCCJIICAOBAHUSA CTPYKTYPbI
Hamieit ["anakTuku u COCCOHUX CUCTEM.
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