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Nekuwns 8.

OpOuTanbHbIi MEXaHUYECKHH M MATHUTHBIH MOMEHTBI 3JICKTPOHA.

BbImie Mbl BBENTM MOHSATHE MOMEHTA KOJIMYECTBA ABMKEHHSI 3JIEKTPOHA, 00y CIOBICHHO-
r0 €ro JABMKEHHUEM IO «OpOUTE» BOKPYT aTOMHOTO sifipa. B nanpHeiemM 00 5TOM MOMEHTE MbI
OyzeM roBopuTh Kak 00 OpOMTAILHOM MEXaHHYECKOM MOMEHTE 3JieKTpoHa. M3 Kypca amek-
TPOAUHAMUKH MBI 3HAEM, YTO €CJIN Op6I/ITaJ'II)HI)IM MEXaHUYECKUM MOMCHTOM O6J'IaIlaeT HEKO-
TOpasi 3apsHKeHHas 4yacTulla (Hampumep, 3JIEKTPOH), Y Hee UMEETCsl TaKKe U MarHUTHBIM Mo-
MCHT. BGHI/I‘-II/IHy 9TOIr0 MarHuTHOIO MOMCHTA ITPOIIC BCETO BBIYUCIWUTE AJIA Cliydas prFOBOI\/JI
opourtsl (cM. puc.8.1). JleficTBUTENBHO, 3aMUILIEM BBIpaKEHHUE JJI1 MATHUTHOTO MOMEHTA
L = 1 S, (8.1)

c
rne i=—e/T - tok B atome, T =27/® -
TKpyroBasi 4acToTa OOpallleHUsl 3JIEKTPOHA
BOKpYT sfipa, a S = 7’ - IIomaab KOHTypa,

OXBaTBIBAEMOI'0 TOKOM (BEKTOP S HaIpas-
JIeH TI0 HOpPMaJI K MTOBEPXHOCTH U 00pazyer
C HarpaBJIeHueM OOTeKaHMs KOHTYpa IpaBo-
BUHTOBYIO CHUCTEMY). YUUTBIBasi TaKXke, 4TO

H Op6I/ITaJ'ILHBII71 MOMCHT KOJIMYCCTBA IBHKC-
Puc.8.1. OpburanbHblid MEXaHWYECKUA U MarHUTHLIA HUSI 4aCTHULBI €CTh
MOMEHTbI 3NEKTPoHA. = -
L= [r X mv] ,
u3 (8.1) momyunum
— e =
ph=- L. (8.2)
2mce

Kak BUIHO, BeKTOpa L W [i HAIpPABICHBI B POTHBOIOIOKHBIC CTOPOHEIL, YTO OOYCIOBICHO
OTPHIATENBHBIM 3aPAIOM JIEKTPOHA. Benuuuny e/2mc Ha3blBalOT THPOMATHUTHBIM OTHOILIE-
HUeM. ['MpoMarHuTHBIM OTHOIIEHUEM (WM g -(GaKTOPOM) YacTO Tak)Ke Ha3bIBAIOT Oe3pas-
MEPHYIO BEJTMYHHY OTHOIIICHUS MArHUTHOTO M MEXaHUYECKOT'O0 MOMEHTOB YaCTHIIBI (B3STHIX 110
MOJTYJIIO):
g= WLy (8.3)
e/2mc

Bce Bbllie ckazaHHOE OTHOCHTCS K KJIACCUYECKOM Teopuu. [lepexon Kk KBAHTOBOW Teo-

pUU OCYIIECTBISETCS MPOCTO. Ta CBA3h MEXKIY BEIMYMHAMH, KOTOpasi CYIIECTBYET B KIIACCH-

YecKoi TEOpHHU, B KBaHTOBOM TCOPHUHU NICPCHOCUTCHI Ha OIICPATOPHI. Takum 06pa30M, MBI MO-
’KEM BBECTH HOBBIU Ooreparop — oneparop MarHuTHOIro MOMCHTA 4YaCTUIIbL

A e 2
p,=———7L. (8.4)
2mc
Hac nipex e Bcero OyneT HHTEPECOBATh ONEPATOP z - MPOEKIIMH MATHUTHOT'O MOMEHTA:
R e -
fi, =———L.. (8.5)
: 2mce

HetpyaHo BuIETh, UTO COCTOSIHHSI C TOYHO ONPEICICHHBIM 3HAYEHHEM Z - MPOEKIUH OpOu-
TaJIbHOTO MOMEHTA OJITHOBPEMEHHO XapaKTEPU3YIOTCS TOUHBIM 3HAUEHUEM Z - MPOEKLUU Mar-
HUTHOT'O MOMEHTa, IPUYEM
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eh
My, =— m;. (8.6)
: 2mc
3necy m, = 0,£1,42,... - MArHUTHOE KBAHTOBOE YMCIO. Benuuuna W, = efi/2me onpenenser

XapaKTepHOE 3HAUYeHHe aTOMHOTO MAarHHTHOTO MOMEHTA M HOCHT CIICIHANIHOE HA3BaHHE —
marneton bopa. Uuciennoe 3nauenue p, =0.927-10~° spr/Tc.
MOI[yJIb MAaroMuTHOIrO MOMCHTA 3JICKTPOHA MOXXCT NPUHUMATL 3HAYCHUS

| = e+, (8.7)

3neck £ =0,1,2,... - opOuTaNbHOE KBAHTOBOE YHCIIO.

3l<cnepwweﬂmaﬂbyoe onpedeﬂeﬂue AMOMHbBIX MACHUMHBIX MOMEHNOE.
HpI/I INOMCIICHHUHN YaCTHUIBI C MAIrHUTHBIM MOMCHTOM j,_J: BO BHCIIHECC MAardHuTHOC IIOJIC

H oHa nproGpeTaeT I0MOTHUTENBHYIO SHEPTHIO
w=—(id). (8.8)
Br16upas HanpaBieHue ocu z BJOJb HAIPaBJIEHUS MarHUTHOIO 1ouis, nepenuiieM (8.8) B BU-
ne
W=-u H.
[TockonbKy BETMUMHA z - MPOEKIMM MAarHUTHOTO MOMEHTA MPHHUMAET CTPOTO AMCKPETHBIN
Ha0Op 3HAYEHUI, TO KBAHTYETCA U BEJIMYMHA JOMOJHUTEILHOW SHEPTUU aTOMa B MarHUTHOM
nose'
AE =—p H =m,n,H, m, =0,£1%2,..+ 7. (8.9)
To ecTe mpu HalOXKEHUU BHELIHETO MarHUTHOTO
MOJIST YPOBHH, BBIPOXJICHHBIE TIO MPOEKIUU OpOH-
2 TampHOrO MoMeHTa, pacmemisiorcs Ha 2/ +1 mo-
+1 AypoBHeill. ['oBOpAT Take, 4TO BHEIIHEE MarHUT-
HOE TI0JIE CHUMAET BBIPOKICHHUE MO0 MAarHUTHOMY
KBaHTOBOMY YHCITY.
-1 B kaudectBe mpuMmepa paccMOTpUM, Kak
JOJDKHO IIPOUCXOAMTDH pacileryieHue d - COCTos-
HUS aToMa BOJAOPOJa, TOMEIIEHHOIO BO BHEIIHEE
Prc.8.2. Cxema paciierienna d - ypoBHA  MarHuTHOE TOJE C HANpsKeHHOCThIO H (oM.
B MarHHTHOM TTOJe. puc.8.2). OueBHIHO, YPOBEHb PACLICIIUTCS HA MAThH
KOMIIOHEHT, MPUYEM PACCTOSHUE MEXKIY COCEIHH-
MU KOMIIOHEHTAaMH COCTaBIIACT W,/ . DaKTUYECKHU 10 YHUCITy KOMIIOHEHT M BEJIMYMHE paclie-

4]

d - yposeriv
0

2

IUIEHUS] MOXKHO 3KCIIEPUMMEHTAIBHO IMPOBEPUTH BbIpakeHHe (8.9) m ompenenuTbh 3HaueHHE
aTOMHOT'O MarHUTHOro MoMeHTa. OJIHaKo, C MPaKTUYECKON TOUKH 3pEHUS y100HEE MOCTYNUTh
MHaue — UCCIIeZI0BATh PaCIlEIUIEHUEe aTOMHOI'0 Iy4Ka IpH IpoJieTe yepe3 00JacTb HEOJHOPO-
HOTO MAarHUTHOTO TmoJyis. Takue ombIThl BrepBble ObuIH ocymiecTBieHbl O.llltepHomM n
B.FepnaXOM2 B 1922 rony. Cxema omnblTa npuBeeHa Ha puc.8.3. B HEOTHOPOJHOM MarHUTHOM
nojie (0Ch z HampaBUM BJOJIb TPAJUEHTAa MATHUTHOTO TOJISI) HA aTOM, 00JIQAalONIii MarHUT-
HBbIM MOMEHTOM, J€HCTBYET cuiia

oH

F=u. 0z

! Ha camoM Jierte, cienanHoe yTBEpKACHHE COBEPIICHHO HE OUeBHIHO. bosee cTporuii myTh paccyskueHui 6yaer
TPUBEJICH MO3XKE.
> 0.Stern (1888-1969), W.Gerlach (1889-1979) — Hemelkue (PH3HKH — SKCIIEPHMEHTATOPBI.
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B pesynpraTe nmyuok paciueruisiercs Ha 2/ +1 komnoHeHT. [lo BenuuMHe pacuienieHus ¢ yde-
TOM KOHKPETHOM I€OMETpUHU YCTAaHOBKH MOTYT OBITh M3MEPEHBbI 3HAUCHHsI AaTOMHBIX MarHuT-
HBIX MOMEHTOB.

Hexotopsle pe3ynbTaTsl ONBITOB OKa3aluCh HeoXHuIaHHbIMU. Kazanocek Obl, Hama Teo-
pusl IpeACKa3bIBAET, YTO YMCIIO KOMIIOHEHT JOJDKHO OBITh 00s13aTeIbHO He4eTHhIM. OHaKo, B
HEKOTOPBIX IKCHEPUMEHTaX ObUIO OOHApPY’KEHO YETHOE YMCIO KOMIIOHEHT, Ha KOTOpBIE pac-
IICTIMIICS aTOMHBIN my4oK. Hanmpumep, HeBO30Yy>KACHHBIN IMy4OK aTOMOB BOJIOPOJa PACIIETLIS-
€TCs Ha IB€ KOMIIOHEHTHI,
XOTS, Kazajaoch OBbI, OH
BOOOIIIE HE JOJKEH pac-
LICIUIATBCS, TaK KaK B OC-
HOBHOM  COCTOSIHUM Yy
aromMa Bomopoaa (¢ =0.
@DaKTUYECKH 1TO O3HaYa-
€T, 4TO y aTOMa UMEETCs
enle KakoOW-TO MarHuT-
HBIi MOMEHT, HE CBSI3aH-
HBIH C  OpOUTAIBHBIM
JBUKECHUEM JJIEKTPOHOB.

Panee Ttakxke Obl-
JIO BBIACHEHO, YTO CIIEK- Punc.8.3. Cxema onbiToB LUTepHa v Nepnaxa.
TpaJIbHBIC JIMHUU psila
aTOMOB (BOJOpOJIa M WIEJOYHBIX METAJUIOB) 00pa3yloT IYIUIEThl, T.€. COBOKYIHOCTb JBYX
OJIN3KO paCHOJOKEHHBIX JHUHUN. [l OOBSACHEHHs 3TOM TOHKOM CTPYKTYphl CIIEKTpa
Jlx.Ynenbek u C.Fay,ILCMI/IT3 B 1925 rony BBIIBHHYJIM THIIOTE3Y, COIJIACHO KOTOPOM 3JIEKTPOH
o0nagaer COOCTBEHHBIM MEXAHWYECKMM U CBSI3aHHBIM C HUM MarHUTHBIM MOMEHTOM. DTOT
COOCTBEHHBI MEXaHMYECKUI MOMEHT 3JIEKTPOHA ObLII HA3BaH CIIMHOM.

CoOcTBeHHBIN MeXaHUYeCKHIl 1 MATHUTHBIH MOMEHTHI 3JIeKTpoHa. CluH.

Taxkum 00pa3oM, MBI IPUILIH K MOHUMAHUIO TOTO, YTO Y AJIEKTPOHA B aTOME TIOMUMO
OpOUTATLHOTO MOMEHTA KOJIMYECTBA JABM)KCHUS CYIIECTBYET €llle U COOCTBEHHBIM MeXaHude-
CKMif ¥ CBS3HHBINA C HUM MArHHTHBIA MOMEHT . [Ipu 3TOM, €ciii B § - COCTOSIHUM IIPOUCXOIUT
pacuierieHle My4YKa aTOMOB Ha JIBE KOMIIOHEHTHI, TO TI0 aHAJIOTHUU C PaCCMOTPEHHOM BHIIIIE
TEOpUEH DIEKTPOHY CIIEAy€eT NPUMKCATH 3HAYEHHE CIIMHOBOTO KBAHTOBOTO uncnia s =1/2. To-
I71a BO3MOXKHBIE 3HAYEHHsI MPOEKIIMU COOCTBEHHOIO MEXaHHYECKOT0O MOMEHTa 3JIEKTPOHA Ha
BBIZICJIICHHYIO OCbh Z GYIIyT IMPUHHUMATH ABa BO3MOXXHBIX 3HAUYCHUSA U XaAPAKTCPU30BATHCA KBAH-
TOBBIM YHCIIOM m, =*1/2, a 4nciIo0 KOMIOHEHT pacuieruieHust Oyuer paBHo 2s+1=2. Yro

KacacTCsa CaMUX BCJIMYHH KBaJgpaTa CIIMHOBOTO MOMECHTA M €ro NpoC€KUU Ha OCh Z , TO
3
S’ =h2s(s+1)=zh2, (8.10)
S =mh=1h/2. (8.11)

? G.Uhlenbeck (1900-1988), S.Goudsmit (1902-1978) — amepuKkaHCKie QU3HKH — TEOPETUKH.

* TTombiTKa KIACCHYECKOrO TPAKTOBAHMS CITMHA 3aK/II0YACTCS B PACCMOTPEHHH SJIEKTPOHA, KAK HEKOTOPOTo IIa-
puKka (Hampumep, ¢ pa3MepoM, PaBHBIM KJIACCHUYECKOMY PalUyCy 3JEKTPOHA) BPAIIAIOIIErocsi BOKPYr cOOCTBEH-
HOUM ocu. Takasi KapTHHA, OJHAKO, HE MOXKET ObITh MPHU3HAHA YIOBICTBOPUTENLHON. Jlake eciau pacmpeneinuTh
3apsijl 110 9KBATOPY IIAPUKA, OKAKETCSA. YTO YIIIOBas CKOPOCTH €T0 BPAICHHUS JODKHA OBITH CIHIIIKOM OGOJBIION:
JIMHENHAas CKOPOCTh Ha 3KBAaTOPE TPEBBICHT CKOPOCTh cBeTa. CIIMH CIIeayeT pacCMaTpHBaTh, Kak TAKOE e «BPO-
KIEHHOE» CBOMCTBO SJIEKTPOHA, KaK, HApuMep, Macca WITH 3apsil.
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Takum 00pa3oM, abCONIOTHAs BEJIWYMHA z - IPOEKIMH CIIMHA 3JICKTPOHA paBHsercs 71/2.
HMIMeHHO B 3TOM CMBICII€ TOBOPST, YTO CIUH AJIEKTPOHA PABEH OJHOW BTOPOU.
U3 onbitos IlItepua u [epraxa, 3Hast BeIMYMHY TPaMEHTa MATHUTHOTO NoJiss OH [0z , a

TaK)Ke TCOMETPHUYCCKHE pa3Mephbl YCTAHOBKH, MOKHO YCTAaHOBUTH CaMy BEJIMYUHY COOCTBCH-
HOI'O MAarHuTHOTrO MOMCHTA BHGKTPOHa. OKa3aﬂOCB, YTO BCJIIMYMHA FI/IpOMaFHI/ITHOFO OTHOIIC-
HUA I CIIMHOBOT'O MOMCHTA 3JICKTPOHA B ABA pasa 6OJ'II)HIe, yeM JIA Op6I/ITaJ'II)H0r05, T.C. MbI
MOKEM 3aIlucarb
T (8.12)
mc
B sToMm ciyyae s g - (hakTopa HaXo UM

_ /S 9
e/2mc
B pamkax ¢opmann3ma KBaHTOBOI Teopuu cooTHoeHue (8.12) Hajo MOHUMATh KaK COOTHO-
IIEHUE MEX/1y ONepaTOpaMy CIIMHA U COOCTBEHHOI'O MArHUTHOTO MOMEHTA 3JIEKTPOHA

A

A e = . e
=-S5, fy =—<8. (8.13)
mc mc

Torpa, 04eBUIHO, AOMIOIHUTENBHASL SHEPTHUSI CUCTEMBI C 33/IaHHBIM 3HAYEHUEM BEIMYMHBI Z -
HPOEKIMHY CIMHOBOTO MOMEHTA BO BHEILTHEM OJIHOPOJITHOM MarHUTHOM IoJie OyaeT paBHa6
AE =—ng H=*p,H. (8.14)

C MaTemMaTHuYeCKON TOYKH 3pEHUS CIMHOBOMY JBMKEHMIO 3JIEKTPOHA HAJ10 IIOCTABUTH B
COOTBETCTBUE €lIe OJIHY (UETBEPTYI0) CTENEHb CBOOO/bI, MPUYEM COOTBETCTBYIOIAS KOOPIH-
HaTa, ONMCHIBAIOIIAS CIIMHOBOE JIBUJKEHHE, IPUHUMAET BCETO J1BAa BO3MOXKHBIX 3HayeHus. To-
ria HauOoJiee eCTeCTBEHHO 3a/1aTh COCTOSIHUS C MPOEKIMEH CIMHA Ha BBIJCJIECHHYIO OCh Z B
BUJIC JBYPSAHBIX CTOJOIOB: HANPHMEP, COCTOSIHHIO C MPOEKUWH CIMHA HAa OCh z, PAaBHOU

1
+7/2, CTaBUTCS B COOTBETCTBHE CTONGELL , & COCTOAHMIO ¢ S, =—7/2 - cronben Ll B

HaﬂbHeﬁmeM TaKHUC CIIMHOBLIC COCTOSAHUA 3J'ICKTpOHa MBI 6y,I[CM O603H3"I3.TB Q)YHKHI/IHMH
x(m, =1/2) n y(m;,=-1/2):

1 0
xm, =Y2)=| |, alm, ==2)=| '}, (8.15)

a
HpOH?»BOJ'IBHOC CIIMHOBOC COCTOSAHUC IJICKTPOHA, OUCBUIHO, €CTh CTOJ'I6€I_I . HOCKOHLKy

o

p

2
TO |a| €CTh BEPOSITHOCTh TOTO, YTO MPHU U3MEpPEHUHU OyneT 0OHapy>KeHa BEJIUYUHA MPOEKIINH,

! +[30 (8.16)
=a , .
0 1

2
paBHas +1/2 (B exunuuax 7), a |B| - €CTh BEPOSATHOCTb TOT'O, YTO MPHU U3MEpPEHUU OyaeT 00-

C TEOPETHYCCKOM TOUKH 3PEHHS HAIMYKE Y IEKTPOHA COOCTBEHHOTO MEXaHHMYECKOTO MOMEHTA (CIMHA) SIBJISCT-
Csl IPSIMBIM CIIEZICTBHEM PEJIITUBUCTCKOIO BOJHOBOrO ypaBHeHuUs Jlupaka. M3 3Toro ypaBHEHUs TakKe CIENIyeT,
YTO BEJIMYMHA THPOMArHUTHOTO OTHOIICHHS JIJIS CIHHOBOTO MOMEHTA POBHO B JIBa pa3a OoJbllle, YeM Uit OpOu-
TanpHOr0 MoMeHTa. CiieqlyeT, 0JTHaKO, IMETh B BUAY, YTO ypaBHeHHEe Jupaka Obuto moiydeHo B 1928 romy, T.e.
MO3Ke, YeM 3TH (PaKThl OBLIH yCTaHOBJICHEI SKCIIEPUMEHTAIBHO.

6 Jms cripaBeATMBOCTH TUX PACCYKISHHN BaKHO IOJIATaTh, YTO JIEKTPOH HAXOTUTCS B COCTOSHHH C HYJIEBBIM
3HAaYCHHEM OpOUTATFHOTO MOMEHTA.
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2 2
Hapy>KEHA BEIMYMHA NPOEKIMH, paBHas —1/2. TIpu 3TOM, eCTECTBEHHO, 0c| +|B| =1. Hama

3a/a4a Tenepb ONPENEIUTh ONEepaTophl cruHa S = (SX,S y,SZ), KOTOpBIE JEHCTBYIOT B IIPO-

CTpaHCTBE CNUHOBBIX (YHKUMN. OUEeBUIHO, TAKUE OMEPaATOphl — MaTpHIbI pasmepa 2 x 2. Ux
MOYKHO 3aIIUCaTh B CIEAYIOLIEM BUE:

2 B
§=-5, 8.17
5 (8.17)
rac
01 0 —i
5, = , 6, = e =t 0 (8.18)
10 i 0 0 -1

7 .
Martpuus! (8.18) HazpiBatoTcst MaTpuniamu [laynu’ u npeactapisitoT co0oil OCHOBY MaTeMaTH-
YECKOM TEOPHH CIIMHA.

[IpyHUMIIHATBEHO BAKHBIM ISl TAJIbHEHIIETO SIBISIETCS YTBEPKACHUE, Umo 6ce CcOOm-

A

HOWEHUsl, KOMOpble ObLIU panee NOLYUeHbl Ol Onepamopos opoumanerozo momenma L, L,

L_, agnarowuxca ouggepenyuanvhvlmu onepamopamu u OelucmsyiouumMu 8 npocmpancmee
@yHKYULl ¢ UHMeSPUPYemMbiM K8aopamom Mooyis, OKA3bI8AIOMCs CNPABeOIUsyl U O MAMpUY-
Hoix onepamopos S, S , S_, delicmeyrowux 6 npocmpancmee 08ypsOHbIX CIONOYOS.

[IpoBepum, mpeskae Bcero, 4To BBeJIEHHBIE HAMH COCTOSTHUS (8.15) nelicTBUTENBHO SIB-
JISTIOTCSL COOCTBEHHBIMU COCTOSIHHSIME OTIEpaTOpa z - MPOCKIIMU CIIMHA C COOCTBEHHBIMH 3HA-
ueHusMU S, = +7i/2 . JleficTBUTENBHO:

(A1 o) _afl
o) 2o —1N\o) 2l0)

S‘O—El 01__@0
1) 2lo =10 2(1)°

Te. S.y(m, =+1/2) = i%x(ms =+1/2).

(8.19)

B KadecTBe Apyroro npuMepa NpoBEpUM IMpaBHiia KOMMYTal[Hl ONEpaTopoB S, U S .

Brraucnas

.. N 010 —1¢ 0 —ijfo01 i 0 »
[Gx,cy]zcxcsy -G6,6, = - =2 =2ic_,
10 i 0) (i ONLO 0 —i

MoJIy4Ynum

5.,

N #> N
Sy]= 7-21'62 =ihs_, (8.20)
T.€. COOTHOIIICHHE dKBUBaJIeHTHOE (4.93).
Benewm teneps onepaTop KBajpara CIIHHOBOTO MOMEHTA S2:
A N A A 2 10 N
§2 =848 48 =" (2467 10?)=2m2| = 2w
y 4 y 4 |o1) 4

7' W.Pauli (1900-1958) — puzux —reoperux, HoGenenckas npemus (1945).



109

3mech I - eauHUYHAs MaTtpuia. CienoBaTeabHoO,
Sy(m, =+1/2) = %hzx(ms =+1/2) = ’s(s + Dy (m, = £1/2), (8.21)

rae KBaHTOBOE YHCIIO § = 1/ 2.
[TpOM3BOIBLHOE CIMHOBOE COCTOSIHHE 3JIEKTpoHa (JIF00O0M YacTuipl co cnmHoM 1/2),

(0
O4YCBHUAHO, MOXCT OBITH OIIMCAHO CTOJ'I6I_[OM B , TAC AU U B - KOMIIJICKCHbIC YHCJIa, [IPUICM

2 2
|OL| + |B| =1. Hepr,I[HO Y66I[I/ITBC${, YTO TAKOE COCTOSHHE SIBIISIETCS COOCTBEHHBIM COCTOSIHH-

eM omeparopa S° ¢ cOOCTBEHHBIM 3HaueHHeM /i°s(s +1), onHaKo, B 06IIeM Clydae, He SBIIs-

€TCsl COOCTBEHHBIM JIJIsI OTIepaTopa S . IIpu aTOM pusnueckuit cMpica k03¢ (PUIHEHTOB o U 3
3aKJIFOYAETCSl B TOM, YTO KBAJAPAThI KX MOIYJIS OMPEICIISIOT BEPOSATHOCTA OOHAPYKUTH MPOCK-
LIMU CIMHOBOT'O MOMEHTA Ha OCh Z, paBHbIE + 1/ 2u-— 1/ 2 COOTBETCTBEHHO.

OO6cyaum eme BHIYMCICHUE CPEAHETO 3HAUCHUS MPOCKIMU CIIMHA Ha JIIO0YI0 U3 KOOP-

a
JUHATHBIX OCCHU B 3a1aHHOM COCTOAHHUU . O‘ICBI/II[HO, MNoCTynaTb HA0 TaK:

« «\h . [
<Si>=(0‘ B)EGi B 5

rae i =Xx,y,z - mobas u3 KOOPAWHATHBIX OCEH.

(8.22)

Takum 00pa3zom, Ha psiZie MPUMEPOB MBI ACHCTBUTEIBHO YOSTUIINCH B TOM, JUIS CITHHO-
BOTO M OPOUTAIFHOTO MOMEHTOB KOJIMUECTBA JBIKCHHS JICHCTBYIOT OJTHHU U T€ )K€ IpaBuia. B
YaCTHOCTH, CYILIECTBYET TaKOH HaOOp COCTOSHHIA, B KOTOPBIX TOYHO OJJHOBPEMEHHO OIpe/esie-
HBI KBaJIpaT MOMEHTA M €T0 MPOEKIMs Ha OJHY U3 ocell (Hanbonee yaoOHO BBEIOMpPATh OCh Z ).
B neHTpansbHO - CHMMETPHYHOM TI0JIE aTOMa MOYKHO TIOCTPOUTH HAOOp CTAIIMOHAPHBIX COCTOS-

HUIl ¢ TOUHO OmpejeNeHHbIMU 3HaueHusMH L° u L_. ITocKoIbKy paccMaTpHBaeMblii HAMH

aTOMHBIN TaMHJIBTOHHAH HE 3aBHCHUT SBHO OT CIIMHOBOI'O MOMEHTAa KOJHYCCTBA JBHXXCHUA,
CTAlITUOHAPHBIC COCTOSAHUA 3JICKTPOHA MOKHO TAKIKE XapaAKTCPU30BATH TOUYHO OIIPECACICHHBIMU

3HaYeHHsMH S° U S_. OTO 03Hau4aeT, 4TO K BBEACHHBIM HAMU KBaHTOBBIM uuciam n,l,m,
MOKHO J0OaBHUTh eule Ba - s U m . KBaHTOBOE 4MCIIO § Ui OJHOZJIEKTPOHHOM CHUCTEMBI,
KOHEYHO, SBJISETCS U3JUIIHAM: €T0 3Ha4eHue Beeraa s = 1/2 . UTo kacaeTcst KBaHTOBOTO 4UCIIa
m,, TO OHO MOYKET MIPMHUMATh BCETO JBa 3HaueHus m, =t 1/2 . Utak, cOCTOSHUE NIEKTPOHA B
MPOU3BOJILHOM IIEHTPAIBLHO - CHMMETPUYHOM TMOTEHIIMAIEC XapaKTePU3YyeTCs YEThIPbMs KBaH-
TOBBIMU 4MCIaMU n,{,m,,m .3ajanue Habopa 3TUX KBAHTOBBIX YKMCEN O3HAYAET, YTO ONpeJe-
JieHa BOJHOBAs (PYHKIIMS CTAIIMOHAPHOTO COCTOSHUS
Y(7,0) =R, (r)Y,, (6,9) x(m,). (8.23)

31ech SIBHO yKa3aHa 3aBHCUMOCTH MOJIHON BOJHOBOW (DYHKIIMHM OT CIIMHOBOW MEPEMEHHOU G .
Panee ™Mbl uwMenm €m0 JMIIb C TPOCTPAHCTBEHHOW YacThlO BOJHOBOW (PYHKIIMHU

\I/(I") = Rné (r)Yé/m, (67 (P) .
OTMGTI/IM, 4TO C Y4YCTOM CIIMHA, KPAaTHOCTb BBLIPOXKIACHHA COCTOSHUU B IIPOU3BOJIBHOM
[EHTPAIBPHO - CHMMETPUYHO ToJie paBHa g = 2(2/ +1). B ciiy4ae KyJIOHOBCKOTO MOTEHIIAAA

o 2
BCJICACTBHUEC HAJIMYUA «CIIYUYaWHOTI'0» BBIPOXKIACHUA TCIIEPh UMECM g = 2n”.
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CioxxeHue HeB3aMMOACHCTBYIOIIMX MOMEHTOB KOJIHYeCTBA ABHKCHUA.

Taxkum 00pa3oM, 371EKTPOH B aroMe o0JsiafjaeT OpOUTAIbHBIM M CIMHOBBIM MOMEHTaMHU
KoJIM4yecTBa JBHXKEHUs. [103TOMy eCTECTBEHHO BCTAeT BONPOC O 3HAYEHHH CYMMApHOTO MO-
MEHTa KOJINYECTBA JABMKEHMs 3JIEKTPOHA B aToMe. AHAJOTMYHas NpoOjemMa BO3HUKACT U B
JIBYX3JIEKTPOHHON CHCTEME, I'JI€ YaCTO OKa3bIBAETCA HEOOXOAMMBIM ONPEIECIIUTh BO3MOXHbBIE
3HAa4YeHUs1 CYMMapHOro OpOMTaIbHOIO MOMEHTA JIBYyX QTOMHBIX 3JIEKTPOHOB.

[TosTOMy B JaHHOM pa3jieie Ha MPUMEpE CIOKEHUsT OpOUTATBHBIX MOMEHTOB KOJIHYe-
CTBa JBMD)KEHUS JIBYX YacTHI] (3JIEKTPOHOB) MBI PAaCCMOTPUM OOILYIO IOCTaHOBKY 3aJadd O
CIIOCHHN MOMEHTOB KOJNHMYECTBA IBIDKCHHS JBYX HEB3aMMOJICHCTBYIOMMX dHacTHil. IIpu
3TOM MbI OyJieM MoJiaraTh, 4TO MpaBuiia MOJyUYEHHbIE HAaMH, OyAyT CIPaBEUIUBBI ISl CIIOXKe-
HUSI MOMEHTOB JIF0O0OH MPHUPOJIBI (HaprUMep, OpOUTATIBHOTO U CTMHOBOTO MOMEHTOB JJIEKTPO-
Ha, CIIMHOBBIX MOMEHTOB JIByX 3JEKTPOHOB, OpOUTAJIbHOTO MOMEHTAa OJHOIO 3JEKTPOHA U
MOJIHOTO MEXaHMYECKOI'0 MOMEHTA JPYToro JIEKTPOHA U T.1I.).

Wrak, mycTe MMEIOTCS Ba HEB3aUMOJEHUCTBYIOIIMX 3JIEKTPOHA, XapaKTEPU3YIOLUXCS
COBOKYIHOCTBIO OPOMUTQJIBHBIX MU MATrHUTHBIX KBAaHTOBBIX uucen /,,m, u {,,m, COOTBEICT-

BGHHO9. 3T0 3HalII/IT, YgTO COCTOAHUC I{BYXBJ'IGKTpOHHOf/'I CUCTCMBI HpGILCTaBI/IMO B BUJC
v, =vy,, Oy, ) =|t,m)-[¢,,m,). (8.24)

31ech apryMeHThl «1» U «2» 03Ha4aloT COBOKYINHOCTb KOOPIMHAT IEPBOrO U BTOPOrO 3JIEK-
TpoHa. Ilpu 3ajmaHHBIX 3HaueHusx ¢, W (, TOJIHOE YHUCIO TaKUX COCTOSIHUA —

(20, +1)(20, +1).
BBe)IeM onepaTopbl IIOJTHOI'O MOMCHTA H HOJ'IHOI7[ HpOGKHI/II/I MOMECHTA KOJIMYCCTBEC
JBUXXCHUA

A A

L=/ +1,, L =0 +1,. (8.25)
3nech U Janee Mpu pacCMOTPEHUH MHOTORJIEKTPOHHBIX CUCTEM MBI OyJieM HCIOJb30BaTh Ma-
able OykBbl 1751 0003HAUEHHsST MOMEHTa (MPOEKIUH MOMEHTA) KOHKPETHOI'O 3JIEKTpOHa, a
Oonbre — uid 0003HAYCHHS TeX )K€ BEIMYHMH, XapaKTEPHU3YIOLUX BCIO COBOKYIHOCTh aTOM-
HBIX 3JIEKTPOHOB.

HeTpyHO yCTaHOBUTH Clle[yIOLIMEe KOMMYTALMOHHBIE COOTHOLIEHUS JJISl BBEJCHHBIX

HAMH o11epatopoB. ITockombKy onepatopsl /, u /, IEHCTBYIOT B Pa3iTHUHBIX TOAMPOCTPAHCT-
Bax, TO

22 ]=0, [0, =0, 2.7 |=0, ij=12.

Kpome Toro, HETPYIHO MOKa3aTh, 4TO

12,77 |=0, i=12.

Taxoke, KaKIblii U3 ONEPATOPOB KBajpaTa MOMEHTa KOMMYTHUPYET CO CBOei mpoekiuen. On-
HAaKo,

ry )
27, ]=0, i=12. (8.26)
3T0 03HaYaeT, YTO MOMUMO HabOpa KBAaHTOBBIX uucen ¢ ,,m, u {,,m, , XapaKTepU3yIOIUX CO-

CTOSIHHE JABYXDJIGKTPOHHON CHCTEMBI, MOXHO BBECTH M Jpyroi HaOOp, a HMEHHO -
¢,,0,,L,M,, rne KBaHTOBBIC yucCia L U M, onpenensroT KBaapaT MOJHOIO MOMEHTA JIBYX

¥ OroBopka 0 HEB3aMMO/IEHCTBYIONIMX YACTHIAX (HEB3aHMO/ICHCTBYIOMMX MOMEHTAX) BAXHa, OCKOIBKY TOIHKO
B CiIy4ae HEB3aWMOJACHCTBYIOLIMX YacTHIl MOXXHO TOBOPHTH 00 OJJHOYACTUYHBIX BOJHOBBIX (DYHKIMSAX M IPUIIH-
caTh Ka)XIOH U3 4aCTHUII ONpe/ieJICHHbIe 3HaYCHNS OPOUTAIILHOTO M MarHUTHOTO KBAaHTOBBIX YHCEIl.

’ B 3TOM pasjere, 4TOObI He 3arpOMOXKIaTh GOPMYJIbl, BEIHUMHY Z — IPOSKIMH OPOHTATEHOTO MOMEHTA MbI OY-

neM 0003HaYaTh YUCIOM 1 , a He M, .
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JIEKTPOHOB U BEIMYMHY €ro NMPOeKUUH Ha och z . IIpu 3TOM B cOCTOSHMM € 3aaHHBIM IOJI-
HbIM MOMEHTOM L BEJIMYUHBI z - MPOEKIUH MOMEHTOB Ka)KJOTO M3 3JIEKTPOHOB HE MOTYT
OBITH OTpeseneHbl TouHO. TakuM 00pa3oM, MBI IMeeM J1Ba Habopa 0a3uCHBIX (DYyHKIHMHA, OIH-
CBIBAIOLIMX COCTOSIHUE BYXAJIEKTPOHHOIN CUCTEMBbI

[0 my)-| €y, my) w |00, LM ). (8.27)
MBI XOTUM OIpENEeNnTh, KaKhe 3HAYEHUSI MOXKET IPUHUMATh MOJIHBIH MOMEHT U €ro z - Ipo-
€KL B COCTOSTHUU |€1,m1>-|f2,m2>.

[Tockonbky |€ ol LM L> ecTb cCOOCTBEHHas PyHKLUs onepaTopa L_, TO

L|6, 0, LM,)y=hM|0,,0,,L,M,).

C npyroii CTOpOHbI

f’z fl,m1>-|(2,m2> :(le +Z22J€1,m1>-|£2,m2> =
ULl m)+ 2,0 my) =h(m, +my)| ¢, m,)-|€,,m,). (8.28)
ConocraBnenue (8.27) u (8.28) naet
M, =m, +m,. (8.29)

HOJ'Iy‘-IeHHOG IMMpaBUJIO CJIOKCHHUA HpOGKHI/If/'I MOMCHTa KOJIMYECTBa ABUXKXCHHUSA ITO3BOJISCT PC-
IIUTH BOIIPOC O MAKCUMAJIbBHOM U MUHHUMAJIbHOM 3HAYCHUHU ITOJIHOT'O Op6I/ITaJ'IBHOFO MOMCHTA B

COCTOSIHUM |£ 1,m1>-|€ 2,m2>. Kak Bunno u3 (8.29), makcumanbHOE 3HAYEHHUE MPOEKIIMU TOJI-
HOT'0 OPOUTAILHOTO MOMEHTA €CTh

M,=0,+1,.
[Tockonbky MaKCHMaTbHO BO3MOKHOE 3HAUEHHUE MATHUTHOTO KBAHTOBOTO YHWCIIA PAaBHO OpOH-
TaJIbHOMY KBAHTOBOMY YHCITY, MBI TIPUXOJIUM K BBIBOJIY, UTO MaKCUMAJIbHOE 3HAUYCHHUE TTOJTHO-

ro OpOUTAILHOTO MOMEHTA €CTh
L. =0 +1,.

Takoe 3Ha4eHHE COOTBETCTBYET CUTyallMH, KOraa BeKTopa /¢, u (, «mapajuleabHbD ApYyT ApY-

ry. MuHuMasbHOE ke 3HaueHue L COOTBETCTBYET CIIydaro, Korja Bekropa /, u (, «aHTUIa-
pamnensaby . J1st 5T0r0 caydas
Lo =0, =1,|.
Takum oOpazom,
|€1 —€2| <L</, +/,, depe3 eAvHHULY,
WIn
L=0,+0,, 0, +0,=-1, 0, +0,=2, ..\, —€2|+1, =1, (8.30)

Bcero (24, +1) mmm (2¢, +1) 3HaueHuil. HeTpynHO BUAETH, 4TO, KaK U CIEOBAIO OXKHIATh,

IIOJTHOE YHUCIIO COCTOSIHUM B Oa3uce |€1,£ LM L> Takxke paBHo (27, +1)(2¢, +1). JeiictBu-

TEJIBHO (MBI TIOJIaraem, uro ¢, > /,):

SR )R~ ) )

L=t,~1, 2

(20, +1)= (20, +1)(20, +1).

' CrioBa «mmapanenbHb» M «aHTHIAPAIUIETBHBD 3€Ch B3SThI B KABBIUKH, ITOCKOIBKY [ae B COCTOSHUH C MaK-
CHMaJIEHO BO3MOJKHOM BEJIMYMHOM MTPOEKIIMK MOMEHTA KOJIMYECTBA JABM)KEHHSI BEKTOP MOMEHTA HaIlpaBJIeH 0]
YTIIOM K OCH KBaHTOBaHHA (OCh Z ), 9TO (POPMAIBHO JeTaeT HEBO3MOKHBIM CYIIECTBOBAHHUE MTapaUICITBHON (aH-

TUIApaIUIeIIbHON) OpreHTaluu BektopoB £ u £, B IPOCTpaHCTBe.
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OtMetumM erie pas, uto copmynupoBanHoe npasmiio (8.30) crpaBeIuBO MPHU CIOKEHUU MO-
MEHTOB JIFO00W MTPUPOIBI.

PaccMOTpuM HECKOJIBKO TTPHMEPOB.

1. Ilycmb umeromes 06a 31eKMpPoHA, 0OUH U3 KOMOPHIX HAXOOUMCS 8 P, a OpY2oll 8 -
d cocmosiHuu. Onpedenrums 803MONCHbIE 3HAUEHUS NOTHO20 OpOUMAIbHO20 MOMeHma. B pac-
cmarpuBaeMoM ciyvae ¢, =1, ¢, = 2. [loatomy, B coorBeTcTBUH C (8.30), Haxonum L =1,2,3,
TO €CTh BO3MOXHEI P, D u F' cocTOosSTHUS.

2. Onpeoenumsb 803MON*CHbIE 3HAYUEHUS NOTHO20 CHUHOB020 MOMEHMA 08YX dJIeKMPOHOB.
Ilockonbky s, =5, = 1/ 2, 10, oueBuaHO, S =0, 1. [Ipo 3Tu ABa ciyyass ©HOra TOBOPST, UTO
CIIMHBI ApaJUIETIbHBL, WM aHTUIApaJUIEIbHBI APYT APYTY.

3. Dnexmpon 6 amome HAXOOUMCsL 8 COCMOAHUU C OPOUMATILHBIM MOMEHMOM, PABHBIM
(. Onpedenums 3HaueHUE NOTHO20 MEXAHUYECKO20 MOMEHMA | = /+5. o npasuity (8.30)
HAXOJIMM, YTO JUISL § - COCTOSIHHMSL KBAHTOBOE YMCIIO j = 1/2, juist COCTOSIHMIA C HEHYJIEBBIM Op-

OHUTAIBHBIM MOMEHTOM j = ( +1/2 .

CucreMaTHKa COCTOSIHHII aTOMa BOIOPO/A.

BBenenue B Teopui0 CIMHOBOTO MOMEHTA JJIEKTPOHA, a TaKXKE PACCMOTPEHHAS BBIIIE
IpoLEeaypa CIO0KEHUsI MOMEHTOB KOJIMYECTBa JIBI)KEHUS 3aCTaBIISIET HAC BEPHYTHCA €Ille pa3 K
CHUCTEMAaTHUKE COCTOSIHHM BOJOPOJHOrO aroMa. Panee MblI mokazaiau, 4TO MPOU3BOJBHOE CO-
CTOSIHME aTOMa BOAOPOJIa XapaKTePU3yeTCsl YeThIPbMs KBAHTOBBIMU UHCIAMHU

n,l,m,,m,.
Teneps y Hac emie u Apyroi Habop
nt,j,m;.

B orcytcTBUE B3aMMOAEHCTBUS Mexy MOMeHTaMu ¢ U § o0a 3Tux Habopa paBHOLCHHHI. B
JUTEpaType MPUHATO XapaKTePU30BaTh CTALMOHAPHBIE COCTOSHMS aTOMa BOJOpOJA KBAaHTO-
BBIMH 4HCIaMU 7, [, j . 3amuceiBaetTcs Tak - nl . Hampumep, OCHOBHOE cocTostHHE - s,

HIKHHE BO30YIKICHHBIC COCTOSHUSA - 25,,, 2py,, 2py,. Bee nocnennne tpu cocrosuus B

paccMaTpuBaeMbIX HAMM  IIpH-
s P d OMMKCHUAX ~ SBJIAIOTCS  BBIPOXK-
neHHbIMUA. Bonee Toro, kaxioe u3
n=3 3% T3Py —3dnn sy cocrosnmi CONEPKUT HAbOP
n=2 12, — 2Dy MOJTypOBHEH C pa3IUYHBIMH 3Ha-
YEHHMAMH KBAHTOBOIO HMCIA 71,

(m; ==j,..,Jj, Bcero 2j+1 3ua-

YEHU), KOTOpbIE OKa3bIBAIOTCS
BBIPOXK/IEHHBIMH B MPOU3BOJILHOM
HEHTPAIBFHO - CHMMETPUYHOM T10-
n=] p—ls,, Je. DHepreruyeckas auarpamma
YPOBHEW aTomMa BOJOpOJAA C BBE-
JNEHHBIMU O00O3HAYEHUSIMU TIpHU-
BeJIeHa Ha puc.8.4.

OpHako MBI 3HaeM, YTO C OPOMTANBHBIM MEXAaHHMYECKMM U CIUHOBBIM MOMEHTaMU
AJIEKTPOHA CBS3aHbI COOTBETCTBYIOLINE MAarHUTHbIE MOMEHTHI. Hanuune y aToMHOTO 3J1eKTpOo-
HA 3TUX MarHUTHBIX MOMEHTOB IPUBOJUT K BOSHUKHOBEHUIO TaK HA3bIBAEMOTO CIIUH — OpOU-
TaJbHOI'O B3aUMOJICHCTBUS, KOTOPOE MBI 10 HACTOAIIEI0 BPEMEHHU HE paccMaTpUBau. 3HAYUT,

Puc.8.4. ﬂmarpamma SHEPreTuYecKnx ypOBHeﬁ aTOMa BOAOPOAA.
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IPY BBIUUCIICHUH M10JIOKEHUS SHEPreTUUECKUX YPOBHEH B CIIEKTPE aTOMa BOJOPOJia IpH 3aIlu-
CH FaMUJIbTOHMAHA CUCTEMbI Mbl HE YUHUTBIBAJIU CJaraeMoe, OMUCHIBAIOLIEE CIIUH — OpOUTAIb-
HOE B3aUMOJICHCTBUE, U HAIIM Npeablayliue pacuersl (cM. JI 7) HyKoaroTcsi B yTOUHEHHUHU.
Oka3sbIBaeTcs, SHEPIUs CIIUH — OPOUTANIBHOTO B3aUMOJICHCTBUS BeCbMa Majla 10 CPAaBHEHUIO C
SHEpPruel IEKTPOCTaTUYECKOT0 B3aUMOIEUCTBHUS 3JIEKTPOHA C aTOMHBIM siipoM. [losTomy mo-
NpPaBKU K YPOBHSIM 3HEPruu OyAyT MaJibl U MOTYT ObITh HaiJIeHbl B paMKax TEOPUU BO3MYIIe-
HUM.

IIpubankeHHoe pemenne crannoHapHoro ypapuenusi Illlpexqunrepa. Teopusi Bo3-
MYIIEHH .

PaccmoTpuM cHadana o0uiue IpuHIMITE HAXO0XKICHUS MONPABOK K YPOBHSAM SHEPTHH H
BOJIHOBBIM (DYHKIIMSIM CTAl[MOHAPHBIX COCTOSHUM B paMKax Teopuu Bo3mylleHui. Paccmorpum
clenyromyo 3aaady. [IycTe mMeeTcss HeKOTopasi KBAaHTOBas CHCTEMA, OIMCBIBAEMasi TaMUJIb-

TOHHAHOM HO , IpUYCM MbI 3HACM PCHICHUC 3aa4U Ha COOCTBEHHbBIEC 3HAUCHHMS U COOCTBEHHbIE

byHKIIUN

A

Hy,=E\wvy,. (8.31)
IlycTh Takke nMeercs apyras CUCTeMa, FaMUIbTOHUAH KOTOPOW 3aIIMCBIBACTCS B BUJIE
H=H,+V. (8.32)

Hac HHTCPECYIOT COOCTBEHHbBIE 3HAUEHHS U COOCTBEHHEIE CI)YHKI_II/II/I 9TOI'0 raMHJIbTOHHMAHA.

B nanpneiimem onepaTop ¥ Mbl OyaeM Ha3bIBaTh orepaTopoM Bo3mylieHus. Eciau 3To
BO3MYIICHHE MaJI0, TO €CTECTBEHHO OXHJIAaTh, YTO COOCTBEHHBIC 3HAYCHUS W COOCTBEHHBIC
dbyHKIMKA TaMuIbTOHHaHa H OymyT Oym3ku K pereHuto 3anaun (8.31). Hamra 3agava — HaiiTi
B TaKOH cUTyally NPUOIMKEHHOE peLICHUE 3a/1a4U

(A, +7 )5, =2,7,. (8.33)

A

CdopmynupoBaHHas 3afada sBJISeTCA IMUPOKO pacnpocTpaHeHHoi. Hanpumep, H, - artom-

HBIN raMmmjibTOHHAH, y‘II/ITLIBaIOH_[I/Iﬁ KHMHCTUYCCKYIO SHCPIrUr0 3JICKTPOHA U €TI0 KYJIOHOBCKOC

A

B3aMMOJICHCTBHE C SAPOM, a V' - OMHUCHIBAET CIHH — OPOUTAIbHOE B3aUMOJACHCTBHE B aTOME,
KOTOPOE€ MOXKHO y4€CTh 110 TEOPUU BO3MYIIICHUM.

OO6mmit moaxon K pemeHuto 3anauu (8.33) 3akmouaeTcs B cineayoomeM. byaem uckars
SHEPTUH CTAMOHAPHBIX COCTOSIHAM U COOTBETCTBYIOIINE UM BOJHOBBIC (DYHKIIUU B BUIC

e, =E,+dF,, y, =y, +oy,, (8.34)

rjae nonpaBku OE, M Oy, K ypOBHSM 3HEPrHMM U BOJIHOBBIM (DyHKLHMSAM CTallHOHAPHBIX CO-
CTOSIHUH OJIararoTCs MaJIbIMU.

[ToncraBnss npencrasnenue (8.34) B ypaBHeHue (8.33), 1 yUUThIBAsI ClIaraéMble TOJIBKO
MIEPBOTO MOPSAIKA MAJIOCTH, MOTYUYHM:

Hyy, +Hdy, +Vy, =E\y, +3E,y, +E3y,. (8.35)
JIis MoMydeHus MONpPaBKK K YPOBHIO SHepruu OF, MOMHOXMM ypaBHeHue (8.35) Ha . u
NPOMHTETPUPYEM IO BCEH 00JIaCTH OnpeieieHrs BOTHOBOM (yHkimu. [Tomydrm
8E, = vy, dv+[ v (A, - E, By, dr. (8.36)
[Tokaxem Temepb, 4To BTOpOoM mHTerpan B (8.36) obOpamiaercs B Hysb. [lockonbky HaOOp
byHKIMA {\yn} oOpa3yeT NOJHBIA 0a3uc, TO BO3MOYKHO IPEACTaBICHUE IONpaBKU Oy, K
(GyHKIIMH B BUIC

SW, =D W, - (8.37)



114

Torna BTopoe cinaraemoe B (8.36) mpeoOpaszyercs K BUILY

U PaBHO HYJIIO B CHJIy YCJIOBHSI OPTOTOHAJIBHOCTH COOCTBEHHBIX (PYHKIMM TIaMUIbTOHHAHA
H . Takum 00pa3om, /Ui NOIPABKH K YPOBHIM SHEPIHMHM OKOHYATEIBHO [10JIy4aeM

SE, :jw;‘r?wndr, (8.38)

T.€. JIONOJHUTENbHASL SHEPTUS MOXKET OBITh BBIYMCIIEHA KAaK CpeIHEE 3HAYCHHE DHEPTUU BO3-
MYIICHHS, BEIYMCICHHON Ha HEBO3MYIICHHBIX BOJHOBBIX (pyHKIusAX. Bripaxenue (8.38) cum-
BOJIMYECKH TAK>KE€ 3aMKCHIBAIOT B BUJIE:

SE, = (v, |V |y,)=(n|V n)=7,. (8.39)

Wuterpan Buna (8.38) Ha3pIBAalOT MAaTPUYHBIM 3JIeMeHTOM orieparopa V . Kak BumHO, B JAaH-
HOM CJIy4ae peub WJET O JUAaroHaJIbHOM 3JIEMEHTE, a B 00IIEeM Cllydae BCsS COBOKYITHOCTb 3JIe-

MEHTOB V, ~00pa3yeT MaTpHily oleparopa BO3MyllueHus V .
BbrurcianM tenepb MONpaBKU K BOJIHOBBIM (DYHKIMSAM CTAIlMIOHAPHBIX COCTOSHUNA OV, .

Vmuoxas (8.35) ma , (k#n) u uHTErpHpYs MO Beeil 06NacTH OMpeesieHHs BONHOBOM

(GyHKINH, TOTydIUM

(Wi | Hy 18,) 4V, = B, (v, 15y,). (8.40)

A

* o5 o o
3necs V,, = .[W Yy dt - HenqMaroHaJIbHBIM MAaTPUYHBINA JIEMEHT OIepaTropa BO3MyILEHus V

MOCTPOEHHBIN Ha BOJHOBBIX (YHKIHSIX HEBO3MYIIeHHOro coctosHus. [loacrasmss B (8.40)
GyHKIMIO Oy, B Buje pasioxeHus (8.37), momyuum

Ck = an/(En _Ek) ’
T.C. IIOIIpaBKa K BOJIHOBOH q)yHKHI/H/I n -ro CTaqMOHapHOI0 COCTOAHUA UMECT BU:

v
Sy, =) "V, (8.41)
kzﬂ;En _Ek ¢

a IT0JIHas1 BOJIHOBAs (I)YHKI_[I/UI n -ro0 BOSMYIICHHOI'O0 CTAHMOHAPHOI'0 COCTOAHHUS 3aIllMChIBACTCA
B BUJC

~ 14
v, =V, +Zﬁwk +... (8.42)
k#n n k
[Ipo Beipaskenue (8.42) MHOra rOBOPAT, YTO BO3MYILECHHE IIOAMEUIMBAET» K 71 -My CTaIHO-
HapHOMY COCTOSTHHIO IpyTH€ CTallMOHAPHbIE COCTOSIHUS HEBO3MYIIIEHHOIO T'aMUJIbTOHUAHA.

Takum obpa3om, Beipakenus (8.38) (wmm (8.39)) u (8.42) maroT pemieHUe MOCTaBJICH-
HOW HaMM 3aJjauyl B IEPBOM HOPSIIKE TEOPUU BO3MYILECHUH.

[TonmyuyeHHbIE HAMU BBIPAXEHHUS MMO3BOJISIIOT C(HOPMYITHPOBATH YCIOBUS IPUMEHHUMOCTH
HOJYYEeHHBIX pe3ysbTaToB. Heo6xonnmo norpedoBaTh, YTOOBI MONPABKU K MOJOKEHUIO SHEP-
TeTUYECKUX YPOBHEH M BOJHOBBIM (DYHKIMSM OBUTH MaJBIMH. DTO, OYEBUIHO, BO3SMOXHO IPH
BBINOJIHEHUH yCIIOBUH

V, <<|E, —E,

nn

Vi <<|E, —E], (8.44)

T.€. MATPUYHBIC 3JIEMEHTHI OTepaTopa BO3MYIICHHUS JJOJDKHBI OBITH MAJIbI IO CPAaBHEHHUIO C pa3-
HOCTBIO HEBO3MYIICHHBIX SHEPIHid TaHHOTO YPOBHS U JIIOOOT0 Jpyroro ypoBHs cuctemsl. He-
paBeHcTBa (8.44), pakTHyecku, MOKHO pacCMaTpUBaTh KaK yCIOBUS MaJOCTH OIepaTropa BO3-

MYILEHUSA V' 110 CPABHEHMIO C HEBO3MYIIICHHBIM IaMUJIBTOHUAHOM [, .
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MoskeT Tak OKa3aThCsl, YTO IMOIpPaBKa K MOJOKEHUIO YHEPTreTUYECKOTO YPOBHS B IEp-
BOM HOpHI[Ke TCOpI/II/I BOSMYH_[eHI/Iﬁ OKa3bIBACTCs paBHOﬁ HYJ'IIO. Tor,ua HCO6XO,Z[I/IMO paCCMaT—
pYBaTh BIMSHUE BO3MYILEHMS BO BTOPOM HOpsAJKe ManocTd. [IpoBoas paccykieHus, aHao-
THUYHBIC HpI/IBeI[eHHLIM BBIIIC, Hepr,HHO HOJ'Iy‘II/ITB

SE® =S W' J(E, —E). (8.44)
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MpI npUNUT K BBIBOAY, YTO MOIMPABKH K YPOBHSIM DHEPTUU M BOJHOBBIM (DYHKIHSM 3aBUCST
HC TOJIBKO OT BCIINMYMHBI BOSMYH_ICHI/IH, HO U OT CTPYKTypr BHCprCTI/I‘IeCKOFO CHCKTpa. B qacT-
HOCTH, €CJIN CHCKTp OKa3bIBACTC BLIpO)KI[eHHBIM, TO HaIIIAU HOHpaBKI/I OKa3bIBAKOTCS 6GCKO-
HCYHO BCJIMKU AK€ HpI/I CKOJIb er,I[HO MaJ’IOfI BCIIMYHNHC onepaTopa BOSMYH_IGHI/IH. HO3TOMy
q)aKTI/ILIeCKI/I paCCMOTpeHHaSI cxeMa MOKET 6I)ITI) HUCIIOJIB30BAaHA JIUINb OJIsA CUCTEM C HeBBIpO)K-
JCHHBIM SHGPFCTI/I‘ICCKI/IM CHeKTpOM. MLI HC 6y,I[CM paCCManI/IBaTB BapI/IaHT TeOpI/II/I BOSMy-
HIeHI/Iﬁ JJIA BLIpO)KI[CHHBIX COCTOHHI/Iﬁ. I/I3 CKa3aHHOI'O BBIIIC SICHO, 4YTO ((HepeMeHII/IBaHI/IC»
prngI BBIpO)KI[CHHBIX COCTOHHI/Iﬁ OKa3bIBACTCsI CYH_IGCTBGHHLIM HpI/I HIO60ﬁ BCINYHUHEC BO3-
MYHIGHI/ISI. OIIHaKO, OKa3bIBacTCs, 4TO B cnyqae, cClin OHepaTOp BO3My1]IeHI/I$I NMECT COBIIA-
Jaronuii Habop coOCTBEHHBIX (PYHKIUN ¢ HEBO3MYILIEHHBIM TaMUJILTOHUAHOM (B 3TOM Cllydae

MaTpHlla Oleparopa BO3MYILEHHs SABJISIETCS TUaroHaabHON B Oa3uce ramuibTOHUMaHa H ) pe-

3yJIbTATHI, MMOJYYCHHBIE HAMU, OKA3bIBAFOTCS CIIPABEJIMBBIMA U TIPU HATUYUHA B CHCTEME BBI-
POXKAECHUA.

3agaun.
8.1.  Haiitu COOCTBEHHBIE COCTOSIHUSA ONEPATOPOB S, U S .

8.2. OHpe,I[eJ'II/ITB CpCAHUC 3HAYCHHUA MPOCKIUHU CIIMHA JJICKTPOHA HA OCH X, Yy U Z B CO-

of +[pf* =1.
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8.3.  KakoBbl MOTYT OBITh CyMMapHBIC 3HAYEHHUSI CIIMHOBOTO MOMEHTA TPEX AJIEKTPOHOB?

8.4. UYemy MoOryT ObITh PaBHbI CyMMapHble 3HaUY€HHsS OPOUTATILHOIO MOMEHTA TPEX AJIEK-
TPOHOB, KQKJIBI U3 KOTOPHIX HAXOJUTCA B p, d U f COCTOSIHUSX COOTBETCTBEHHO.

8.5.  COBOKYIHOCTh aTOMHBIX 3JIEKTPOHOB XapaKTEPHU3YyeTCs] CyMMapHBIM OpOUTAJIbHBIM
MOMEHTOM L =2 W CyMMapHbIM CIIMHOBBIM MOMeHTOM S =3/2. Omnpenenurs BO3-
MOYKHBIE 3HAUEHHSI TIOJIHOTO MEXaHUIECKOTO MOMEHTA JICKTPOHHOM 000JI0YKH aToMa.

8.6. Ompenenuth YpOBHM SHEPIUH OJHOMEPHOTO AHTapMOHHYECKOTO OCHMILISATOpA
U =mo’x*/2+ox* . AHrapmMosudeckyio 106aBKy CUHTATh MAIOi.

8.7. B paMkax Teopuu BO3MYIIEHHH ONPENEITUTh SHEPTreTHYECKHA CHEKTP M BOJHOBBIE
(YHKIUU CTAIMOHAPHBIX COCTOSHUI CUCTEMBbI CBSI3aHHBIX JIMHEHHBIX TaPMOHHYECKUX
OCLUJIISITOPOB c raMUJIbTOHHUAHOM H=H +H,+o(x, —x,)%, rie

H, =T +mo,x] /2 - raMWIbTOHAAH FAPMOHHYECKOTO OCHMJLIATOPA C YacTOTOH
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o - KOHCTaHTa CBsi3u. CpaBHUTH C TOYHBIM peIIeHHEeM 3a1a4u (cM. 3a1aqy (6.8)).



