Faasa |8

[TPABWJIA OTBOPA U PACLLIFEIVIEHUE
CIIEKTPAJIbHBIX JIMHUN

1. B ra. 6 MBl BHIYMCTM/H, NOJB3YACH B3aBUCALIUM OT BPEMEHH
ypaBHenueM llIpeauHrepa, BO3pacTaHue BEPOATHOCTH BO3GYKAEHMS
lag(®) |7=|b(t) [ cTanuoHapHOro cOCTOSHUA ., BO3HHKAIOLIEro MOJ
JeAcTBUEM TAfAIOLIEr0 CBeTa, MOJAPU3OBAHHOrO no ocu X U UME-
Ulero WHTEHCUBHOCTb J (NJIOTHOCTb 3SHEPrMH HA eNUHUYHBIA HHTepBan
Kpyroso#l yacToTel dw =— 2w dv). Mbl HalM, YTO, €CIH ATOM HAXOAMJICH
BHAya/e MOJHOCTHIO B CTAllAOHAPHOM COCTOSIHUH (p, 3Ta BEPOATHOCTD
BO30OyxaeHus [cooTHowenus (6.17) u (6.6)] paBua

2
|ap ()= Byplt =27 | X,p P2, (18.1)
rae

Xep=(bp (X1 F+ %+ .. +%,)¥p) (18.22)

npenctabiaseT co60H MaTpUuHBIf 37MeMeHT , X-KOMIOHEHTH QUNOJALHOrO
MOMeHTa“ nHas nepexora E-— F, Ecau cBeT noasipusoBaH B Hampa-
BaeHUsIX ocefl Y wmu Z, 1o BMecto Xpp B (18.1) nossasiorcs

YFE=(‘P1-" (y1+y2+ v +yn)q’g)' (18'26)
ZFE=(q»F, (zl+22+ +zn)an); (18.28)

€C/aY CBET INOJApH30BaH B HanpasJeHHH C HanpasJAAOULIHNUMH KOCHHY-
CaMH 4y, &9, &3, TO COOTBETCTBYIOUINM BLIDAXCHHEM SBIAETCA

o, XretayY re4-0,Z . (18.2)

CorsnacHO U3BECTHOMY SHHIITENHOBCKOMY BHIBOAY 1), € MOMOLIBIO
9TUX MATPHYHBIX 3/EMEHTOB MOXHO BHIYUC/AUTL BEPOATHOCTb Afppdf
TOr0, YTO aTOM, HaXOAALMHcA B BO3GYXAEHHOM COCTOSIHUM q»F, nepen-

IeT B TeuyeHHE Ma/lOoro NPOMEeXYTKa BpeMEHH df B COCTOHHE . MyTeM

) A. Einstein, Verhandl. deut. physik, Ges., 318 (1916); Phys. Zs.,
18, 121 (1917).
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CNOHTAHHOTO UCMYCKAHUS U3/IyueHUs. DTa BeJTHUMHA HA3LIBAETCS , BEPOAT-
HOCTBIO MePeXOofia“ W LaeTcf BhHIPAKEHHEM
402wl

AFE=—SEC—3—(]XFE]2+[YFE|2+|ZFEP)- (18.1a)

Eciu cnektpanbHas mauHHS ¢ yacrotoft (F — E)/h He BcTpeuaercs
B CIEKTpe, HECMOTPS HAa TO, YTO CYUIECTBOBAaHWE aTOMa B CTAllMO-
HADHOM COCTOSHUM (. JNOKA3BIBAETCH HAIUUMEM ADYrMX JIMHUHA, TO

cnelyeT 3aK/IOYMTh, YTO BhIpameHus (18.2a), (18.26), (18.28) obpa-
wamTcsl B Hyab. B nogasasouleM 6OJbIIMHCTBE CJIYYaeB 3TH ,Mpa-
BUMa O0TOOpa“ CaAeAylOT U3 TPaHCHOPMAILMOHHBIX CBOHCTB COOTBET-
cTByIOUIMX cOo6cTBeHHHX  GyHkuu#, Tpu Bupa mnpasuar  oT16opa
COOTBETCTBYIOT CBOHCTBAM COOCTBEHHLIX (YHKUMA OTHOCHTE/NLHO Npe-
00pa3oBaHU#l CUMMeTPUHUECKOH rpymmbl, TpeXMepHOH rpynmbl BpauleHHH
U TPYNNbl OTPAXEHHH. .

Caenyer, 01HaKO, 3aMETHTb, YTO H3 O6palleHHs B HYJb BhlpaweHHs (18.2)
He 0643aTEJALHO cJelyeT [MoJHOe OTCYTCTBHe JHHHH F — E. Ilpn BmBoje
dopmyabr (18.1) 6bl10 cnenaHO BaHOE M He BCErJa MOJHOCTbIO ONpaBAaHHOE
NpENNONOKEHHE O TOM, YTO pa3Mephl aTOMa MpeHebpexHMO MaJhl MO CpaB-
HEHHIO C JJHMHOH BOJHBl CBeTa; TakHM o06pa3oM, pacueThl GHAH I[poBenelbl
Tak, Kak ecaH Obl BO3MYINAINHH MOTEHIHad OHA NOCMOSAHHHM 8 Hanpa-
gAeHul €8emos8oz0 Ay4a, TNOCKOALKY OH MEHSIeTCSl 3HAayHTeJbHO TOJbKO Ha
PaccTOSIHHAX NMOpSAAKa MJHHH ROJHH. Ecan yuecTs TO, uto R AeHCTBHTEJDb-
HOCTH MOTEHIHal MEHSeTCA CHHYCOHJAAJAbHO B HallpaBJeHHH Jyda, TO MOJYy=-
yaeTcsi HECKOAbKO HHOE BHIpaXEHHE IJsi BepOSTHOCTH mepexona (M, cleno-
BareabHO, Nl BpEMEeHH XH3Hu), npHieM Kk Bgg B (18.1) no6aBasercs nonoa-
HHTeJALHHH ulen B'.

BepodtHocTh nepexona, BuuucaseMmas ¢ nomousio (18.1) mam (18.1a),
CBA3aHa C JHMOJAbHHIM H3JyueHHeM; MomnpaBka xe B’ o6ycaoBiaeHa KBaxpy-
noabHeM H 6ojee BHICOKHMH MoMeHTaMH. [lostomMy ona mnpumepHo B 107
[1. e.~ (pasMepnl aToMa/AJHHa BOJHH)?] pa3 MeHblle, 4eM Bpp, obsf3anHas

IHMOJLHOMY H3JYYEHHIO, H €0 MOXHO MpeHeGpeyb MO cpaBHEHHIO € Bgg,

ecau Toabko (18.2) He ofpamaercs B HyaAb. TeM He MeHee MepPEXOAbl, AJd
koTopbix (18.2) paBHO HyJI0, He ABASIIOTCA a6COMIOTHO 3alpElleHHBIMH, a JHIIb
3HayHTEJbHO caabee, ueM JHMOJAbHHE TMepexoin. Pemalwined BeJHYHHOH,
ornpeneasiiolied HHTEHCHBHOCTb KBaJAPYMOJbLHOTO H3JAYYEHHS, SIBASIETCS KBa-
JPYMOAbHBIA MaTPHYHBIH 3JEMEHT

%(%. (X F XYoo Fxy ) dg). (18.3)

Ilns nmoayyenns BEPOATHOCTH KBaIpYIOJAbHOIO Iepexonaa') 9TO BHpameHHe
IO/KHO ObITb NONCTaBAEHO BMECTO Xpp B (18.1).

A. Mexay ypoBHSMHM C pa3TMYHON MYJBLTUN/JETHOCTBIO JMMOJbHBIE
nepexosbl He MPOUCXOAAT, YDOBHH Pa3iHMuHOA My/abTunaeTHOCTH 28 -1
NDUHAAMEKAT PA3JIUYHBIM MPEACTABJIEHHAM CUMMETpHUYECKOR rpynmel,

) KBanpynmoabubie MepeXonbl ObIH BIEPBHE HCYEPILIBAIOIIHM 06Da3oM
H3yueHH B paMKaX KBaHTOBOH MeXaHHKH A, Py6unoBHueM. CM. HalpHMep,
Zs. 1. Fhys, 61, 338 (1930); 65, 662 (1930).
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[MockoabKy yMHOXeHMe Ha (x;+ X, ... -} x,) aBasercs onepa-
uuell, CUMMETPUYHOH OTHOCUTEJNBHO INePecTAHOBKU 3JEKTPOHOB, CKa-
aspHoe npoussefiedue (18.2) B cOOTBeTCTBUM C BHIBOAAMM ra, 12
N0/KHO oOpauwiaTthess B Hy b, KBaapynoabHOe U3JAyueHUE U HM3JyyeHUe
BLICIUMX MYJbTUMOJBHOCTER TaKke OTCYTCTBYIOT MO TOH e NpHuHHe,

113 onbiTa M3BECTHO, UTO TaK Ha3bIBaeMblfl UHMEPKOMOURAUUOKHLY
3anpem BBHINOJHAETCS XODOLIO TOJbKO /IS 3/EMEHTOB C He(OAbULU MU
AMOMHE MU HOMepamu., B 6Oojee TaxeNbIX 3/eMEHTaX BCTPEYAIOTCA
CPaBHUTEJILHO HMHTEHCUBHBIE JHHUHM, OTBEYAIOLIHE MNEPEXOAAM MENIY
YPOBHAMH C pAa3JqUYHOH MyJbTHIJETHOCTbI), DT MePeXOnbl CBS3AHBI
C NOMOJHUTEJLHBIMU YjJeHaMu B ypaBHeHuu llIpenuHrepa, o6yc/oB/eH-
HBIMM MAarHUTHBIM MOMEHTOM 9JIEKTDOHA, U OBICTPO CTaHOBATCHA GoJee
BEPOSITHBIMU C yBEJHUEHHEM YMCJA 3JEKTPOHOB.

b. YMHOxenue Ha (X, Xo~+ ... - x,) He ABJIAETCA Onepauuet,
CUMMETPHYHON OTHOCHTEJBHO BpalileHUH, Tak uro mpasuja orbopa Aas
a3UMYyTaNbHOrO KBaHTOBOro uyucna L 6yAyT OTAMYHBL OT MNpPaBuJ
orbopa ana S. Ecam opbuTanbHOE KBAaHTOBOE YHMCJAO COCTOSAHUA (g
ecTb L, TO BTOpo#t MHOXHUTENbL NpoUsBeneHUA (X, Xo—4 ... x,) ¢z
npunasnexut npeactasaennio DL nepsrIfl MHOXHTENb ABASETC KOM-
TNOUEHTOR BEKTOPa M MPHHALIENKHT O,

Bce (2L+1)(2L+1) npousaeneﬂun Kau Aok napH  QyHKuUUH,
nepBas U3 KOTOPBIX f() NPUHAATEKUT %-H CTPOKe =2 ). a Bropas

q»i“ npunamiexur x-# crpoke DY, npeobpasyiorca xax DE W DE
(CM. aHa/MOTMyHOe U3JOxeHue B ra. 17):

p ng_) ob — Pe féf) . PR‘l’iL) 2 D (R) = DD R),, f(r)‘l’(x“ .

C nomowwmio Matpuus S, npusonauied DX S DY moryr 6u1tb 06pa-
30BaHbl JIUHEHHBE KOMOUHALLUM Fff) npousseleHul f@q»ﬂf), NpUHAN-
x

Y

nesxauiue HenpusoaubiM komnonentam DX npoussenenna DE W DD,
Hao6opot, ¢yaxunu fg“q»ff) MOTYT GbITh BHIpaXeHb Yepes Fff) ¢ no-

—

MoLIbIO 06paTHO® MaTpHibl SN -
B HaweM cayvyae L=—=1 ¥ HenpUBOAUMBIMH KOMIOHEHTAMH NPOU3-

enerust DV DY npu L £0 6yayr
2 Y Y (18.E.1)

[osToMy npoussenenue (x; 4 x,-+ ... -+ x,) )z MOxHO 3anu-
caTb B BUAe CyMMbl TpeX (yHKUMH, Kamnas U3 KOTOPbIX MPUHALTe-
WUT K ofHoMy u3 npencrasieHufl (18.E.1). Ecau asuMyTanbHOe KBaH-
TOBOE uucao L/ cocrosuua ¢ He paBHo L—1, L nmu L4-1, 10
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BCE TPU YaCTH cKaJsapHoro npousseneHus (18.2) obpauiaiorcs B HY/b.
TIpu CHNOHTAaHHOM [MMNOJLHOM Tlepexoie OopfumanvHoe KB8aHMO8oe
4ucao L Moxer MeHatbes moasko Ha £ 1 wm 0.

Ecou L=0, 10 (x;,4+ %94 ... 4 x,) ¢ nNpUHAANEKUT NpEA-
crasrennio DY, Tax kak B sToM cayuae DY DY cosnanaer ¢ DY,
Ecau L' # 1, 1o Bbipaxenue (18.2) obpawaerca B Hyab; S-ypOBHHU
KOMOUHUPYIOTCSL Toabko ¢ P-ypoBhamu (L' =1); nepexod S—S§
maxarce 3anpeujed.

OTU nNpaBuia ABJAIOTCS TOUHBIMM TaKie JUIIbL JJS JerKUx 3Je-
MeHTOB. KX HenpuMeHHUMOCTb K 6OJblUEMY YHUCAY 3JeKTPOHOB TONe
CBA32HA C BO3MYLIEHUAMH, OOYC/JOBJIEHHEIMM MarHUTHBIM MOMEHTOM
3JIEKTPOHA. JIUHMM, NOAB/AIOLIMECH B HapylIeHWe STHX NPAaBUJ, He TaK
MHTEHCUBHBI, KaK JWHUM, HApYyLIAoUMe HHTepKOMOMHALMOHHHH 3anper,
TaK Kak CYLIeCTBYIOT ApYrHe NpaBuja 0T60Pa, KOTOPLIE BBHINOJHAIOTCS
Jaxe NPU HAJIMYMU STUX BO3MYLIeHuH M KOTOpble CaMU no cebe UCKJIO-
YaloT MHOTHME M3 MePeXOfOB, 3aMpeLleHHbIX NpaBuaaMu otbopa aas L.

KBaapynoapHH#i M BHCIIHE MOMEHTH HE JOJKHH 06fi3aTeabHO O6pa=

IDAThCA B HYJbL TpPH TeX e ycaoBusix. JelcTBHTEALHO, YTO6GH MOKa3aTh 3a-
NPEINEHHOCTb JMMNOJbHEIX [1€Pexof0B, Mbl SBHO BOCINOJb30BaJHCh TEM, HTO

(x14 22+ ... 4 x,) NpUHanAEKHIT NPEACTABICHHUIO ), CooTBeTCTByOIIEE
BhlpaxxeHue 1Jsa KBaapynmoJapHOro uaayueHus (x,y, + ... -+ x,y,) npuHan-

aencnt He DV, a D@, cnenoBaTeabHo, NPu KBaAPYMOABHWX NepexOnax Op-
6MTaJbHOE KBAaHTOBOE HYHCJAO MOXET MeHAThbes Ha +2, *1 nam 0. Kpome
TOTO, KBajapynoJabHble nepexoabl S — P, a Takike S > S 3anpelueHHl.

B. Ilpu OunosvHOoM u3sydeHuu cumMmempus OMHOCUMEALHO OmM-~
paocesuli 8cez0a MeHsAemcs; YeTHble YPOBHM KOMOUHUPYIOTCS TOJBKO
C HEYeTHBIMM, 3 HeyeTHble YPOBHH — TOMBLKO C YeTHhIMH. Tak, eciu §g
OCTaeTcs HeU3MeHHOH Tpu 3aMeHe X, ¥, 2 Ha —Xx, — Yy, — 2,
0 (¥,+x,-+ ... 4+ x,)Pz MeHseT 3HaK; HaoOOpOT, BHIpaEeHUE
(X, + x4+ ... +x,)dg ocraeTca HeU3MEHHBIM NpPH WHBEPCHH, €CJH
{r MeHfieT 3HAaK; TAaKUM 00pa3oM, 3TO BBIDAKEHHE HMEET YETHOCTD,
NPOTUBONOJIOXKHYIO YEeTHOCTH q»E. YUtobul cxanaspHoe npoussesenue (18.2)
He 00palanock B Hyab, GYHKUHS . [O/KHA UMETH YETHOCTB, MpO-
THUBOMOJOXKHYIO YETHOCTH (p.

[IpaBUO, YTO NpPU paspellleHHBIX MePex0olaX YeTHOCTb MeHseTcH,
6b1/10 BrepBHe HalfeHO JlanoproM W Pecce/oM Ha OCHOBAHWUHM aHA/IM3a
CIOXHEIX crexTpoB. ITo caMoMy cBoeMy BBLIBOLY OHO OTHOCHTCH TOJMbKO
K JMNOJBHOMY H3JayyeHHio !); ¢ nApyro#l cTopoHbl, oHO ocmaemcs
CnpasedsushiM 1L 8 MOM CAY4QE, KO20Q YLUMBLBAEMCA MO2HUMHbLY
MOMERM 34eKMPOHG, W TPUMEHHMO KaK K JIETKUM, TAaK H K THKEJBIM
sMeMeHTaM. ONTHYECKUX MEPEXOAOB, NMPOTUBOPEYALIUX €My, MOYUTH He
M3BECTHO, HECMOTPSl Ha OFPOMHOE KOJMuecTBO NaHHbix. Haubosee usy-

') Jas KkBaapyMOJBHEIX [1E€PeX0J0B CHpaBeiIHBh MPOTHBOMOAOKHBIE Mpa-
BHJA: MPH 3THX [MEPEXONax YeTHOCTL He MeHseTcsl. .
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YeHHBI! CJayyall OTHOCUTCA K crexTpy ,HeOyaus“l), rhie nayajanHoe
COCTOsiHHE MeTacTabu/abpHO. ITO 06BUCHAET UCKIIOYUTENLHO BOJbLIOE
BpeMsl (KM3HH YKa3aHHOTO COCTOfIHMA M, CJEAOBaTeJbHO, Malyio Be-
POATHOCTL TepexoAa, 0CO6eHHO NMpH YC/JOBHAX, CYLLECTBYIOULMX B DPas-
pexeHHO# aTMocdepe 3Be3n.

YnoMsHyTee TPH mnpaBusia 0T6Opa ANefCTBUTENLHO 3anpeLianT 60Jb-
(LIMHCTBO MEPEXONOB: MYJbTHIIETHOCTh He MOMET UBMEHUTLCHA, L MOXeT
M3MeHUThCA ToMbKO Ha £ 1 uam O (mepexops 0-—0 Takxe szampe-
lleHBl), @ YETHOCTb (MOBEeJeHUEe HNPH OTPAXKEHHAX) AO/KHE MEHATHLCH.
Tax, HampuMep, yposeHb 3S, MOXET KOMGUHUDPOBATLCH TONLKO C ypoOB-
Hem %) 3P_, yposedb ‘D_ — TonbKO € ypoBHAMu ‘P, ‘D, w/'F, 3
M T. A

Eue pas noauepkHeM 3nech, YTO MO CUX MOP .MarHUTHHIl MOMEHT
3/eKTPOHa BOOOLIE HE pAacCMaTpUBA/JACA H TOHKAA CTPYKTYpa CHEK-
TpaMbHEIX JMHUH He yuursiBanack. CHOpMY/MDPOBaHHLIE Bhilie NpaBuJa
CrpaBeVINBLl /IS BCEX KOMIIOHEHT TOHKOH CTPYKTYpHl JUHUM. [lepBrie
JBa NpaBU/Ja CNPaBelJUBH TOJbKO TOTAA, KOTAA BJHMsHUE MAarHUTHOTO
MOMEHTa Malo (A8 MajbiX paculeneHufl B MyJIbTHMJETE, T. €. B Jer-
KHX 3JeMEHTax), TOrAa KaK nocjelHee TOYHO BHIMOJHAETCS MO MpPH-
YMHAM, KOTODBHIE CTaHYT SICHBI NO3JHee.

’ 2. CnenyeT paccMOTpeTh elile BJIMSHHE BHEWIHEro MoJjs, KOTOpoe
Hapyuaer CTPOTYI0 BpAWATEJbHYIO CUMMETPUIO npocTpaHcTBa. Kax
M3BECTHO, BHEUIHHE MNOJA BHI3LIBAIOT paculenyeHHe JUHUA Ha HECKOJBKO
KOMIOHeHT. [l MarHuTHOro 10/s 3TO paculenjeHue HasniBaetcs 3d-
dexToM 3eeMaHa M M3yYeHO 3KCNEPUMEHTANbHO C BHICOKOH TOYHOCTBHIO;
aHAJOTUYHOE ABJEHHE B 3/eKTPUueCcKOM noJe, addext lllTapka, B 60ab-
IUMHCTBE CJy4YaeB He TaK JerkO HOCTYNeH HabaiofeHuio. B HacToslleM
npenBapureabHOM 00630pe Mbl He OyleM TUIaTeMbHO OOCYXAaTh 3TH
SIBMeHUs BO BCeX MOAPOOHOCTAX; Mbl PACCMOTPUM JHIib YNPOLIEHHYIO
Teopuio 3ddexTo 3eeMaHa u llltapka B ciayuae, Koraa He y4uTH-
BaeTCs MarHUTHHIH MOMEHT 9JeKTpPOHa.

MarHuTHoe noJe, Hanpas/eHHOe BAOMb OCH Z, yMeHbILaeT rpymnmy
CHMMETDHH KOH(MUIypalUOHHOTO TMPOCTPAHCTBA. M3 BCEX BO3MOXHHIX
BpauieHHR TOJIBKO BpalleHUst OKOJO OCH Z OCTaloTCs onepauuiMu
cuMMeTpud. Kpome ToOro, ABa HampaBjeHHs Z U — Z OCTAlOTCS 110-
npexHeMy pPaBHONPAaBHEIMM B CHJIy aKCHaJbHOH MPUPOABI BEKTOpA Mar-
HUTHOro mnoJas, ofecneyuBaoollel TO, 4TO MJAOCKOCTE XY ocTaercd
NJOCKOCThIO cuMMeTpun. ONHAKO NO TOH e NMPUYMHE MIOCKOCTh YZ,
HanpuMep, He ABAAEMCA TNOCKOCTbIO CHMMETDHM, T@K KaK OJHO HU3

1) JluHnH, koTOpble BHaYaJe MNPHMHCHIBAJAH CMEKTPY HEH3BECTHOIO SJe-
MeHTa ,He6yJua“, OKa3aJHUCh MpPHHAXJAEHAINMH CIIEKTPY NBYKPAaTHO MOHH30-
BaHHOro kucaopona. — [lpus. nepes.

2) Oag KBanpyrnoabHOrO H3Jy4eHHA — TOALKO ¢ ypOBHAMH 3DT'

%) I KBaApYMOJBLHOrO H3lyueHH — TOJBKO C YpOBHAMH *S_, *P_,
D_,4F_s 4G
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HanpasJ/eHU# BpauleHUs TNpeNNnoYTUTENLHO. B sTOM Jerue Bcero yGe-
OUTbCA, €CJAH pAcCCMOTPETh KJACCHUECKYIO TDAEKTOPHUIO SJEKTPOHA
B MAarHUTHOM mnoje ¥ B mnoJe aiapa. Ilpu oTpaxeHMM myTH B MJAOC-
KOCTH, mnpoxonadulell yepe3 dApO W NepNeHAHKYJA4pHOH noJw, noay-
YaeTcd BO3MOXHBIA € KJIaCCHYECKOH TOYKHM 3DEHHUA NyTh, C APYroH
CTOPOHBI, OTpaxeHHe B IJIOCKOCTH Y Z, napayjeqbHON HanpaB/aeHHIO
noJd, He JaeT BO3MOXHOro mytd (cM. dwur. 10, a).

74 ®dur, 10, a. MarHutHOe MOJE HamnpaBJjeHO
no ocu Z. OTpaxeHHe TPAaeKTOPHH YaCTHIH
\ B MJOCKOCTH XY CHOBa JaeT BO3MOXHYIO
\ TPAaeKTOPHIO, UTO HE MMEeT MecTa IpH OTpa-
Y MEHHH B MJIOCKOCTH XZ.
X
a

®ur. 10, 6. DiekTpHueckoe T[0Je Hampa-
BAeHO mno ocu Z. OTpaxeHHe TpaeKTOPHH
YacTHIBl B TMJOCKOCTH, TNpOXoxsauled uyepes
ocb Z, NaeT BO3MOXKHYIO TPaGKTOPHIO, @ OTpa-
MEHHe B NAOCKOCTH XY He naeTr BO3MOXHOM
TPaeKTOpuH (CM. M. 4).

W3 CKa3aHHOTO C/eAYyeT, YTO CMMMETDHA 3a7aud OTHOCHTENbHO HH-
BCPCHM HE HAPYWIAeTCA MArHUTHHIM TOJeEM: HHBEPCHA (X, = — X,
Y=Y 2,=—2,) ABJIAETCA NPOU3BENEHHEM BpALIEHUA BOKDYT
ocu Z Ha YoM (X, = — X, Y,=—Y, z;=+zk) M OTPaxeHus
B niockoctu XY (x,=-+x, ¥,=-+Vy, Z,=—2z,) U nostomy
ABJIETCA SJEMEHTOM TPYINEl CUMMETPHH CUCTeMH. [TOJHas CUMMeTpHUs
ABJAETCA MPAMBIM NPOU3BeleHUEM TPYNNH YUCTHIX BPAllEHUH BOKPYT
ocH Z, Tpynmsl OTpameHUR (comepimaulel TOMLKO HHBEPCHIO M TOX-
LeCTBEHHOE Mpe06pa3oBaHUe) U CHMMeTpHYeckod rpynnul. Ilepshle nBe
TPYNNBl M, CJA€IOBATEJNLHO, WX NMPSIMOE NPOU3BeleHUe — abeleBhl.

Jlawe B TOM c/yyae. eC/M NOJHAA BpaulaTelbHas CUMMETPHS 3a-
Jayy HapyluieHa BHEWIHUM NOJeM, cOGCTBEHHble 3HaueHHd M COOCTBEH-
Hhle (YHKUMM MMEIOT MO-NPEXHEMY IMOUTH Te e 3HAYEHUs U CBOH-
CTBA, KAaKHE OHU MMEJM B OTCYTCTBUE MArHUTHOTO MOJA, MOKA NOC/eEN-
Hee Man6 (2 SKCMEPUMEHTAMbHO NOCTHKUMEIE MOJS BCErAd Majbl B 9TOM
cMbicae). B uacTHocTH, OpOuTanbHOe KBaHTOBOe uMCJAO L ocTaercs
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BIIOJIHE OmnpefdefeHHbIM, U A L OCTal0TCA CrnpaBeAMUBBIMH OBLIYHEIE
npasuna or6opa. Kpome Toro, kaxabi#t ypoBeHb eCTeCTBEHHO NMpUHAA-
JeKUT KaKOMy-JMOO U3 HeNpUBOAMMEIX MPEACTaBJEHUA Tpex rpynn
CUMMETPHH, Haxe eClH BHellHee MOJe SABJIAETCA CKOJMb YrOAHO CHJIb-
HBM, TaK YTO KaxAHH U3 HUX UMeeT MYJALTHIIETHOCTH § H TOYHO
TAKOe Ke MOBeleHHe NMpPU OTPAXKEHUAX, KaK M YPOBHHM CUCTEMH B OT-
cyTcTBHe noada. Ilosromy npasumia ot6opa A u B, xoTophie cienyior
U3 CBA3M COOCTBeHHBIX (PYHKUUA ¢ NMpeACTaBAEHUAMH CHMMETDHYECKOM
TpYNMBl M TPYNNb OTpaseHHH, ocraioTcs B cuae. [losABaseTca HoBoe
KBAHTOBOE YMCJO — MATHUTHOE KBAHTOBOE YUCJO W; OHO OIpenenser
npeacrabaeHue (exp (- ip¢g)) ABYMEPHOH TDYNNEl YHCTHIX BpauleHuH,
KOTOPOMY NDUHAMIEKHT ypOBeHb. Maf 4Yuc/aa o MOJMyyaeTcd HOBOe
npaBuao OT60pa, MPUHUMAIOUlee pAa3JHYHBIA BUA AMS CBETa, MOJADU-
30BAaHHOT'O B DAa3/UYHLIX HaNMpPaBJEHUAX, TAK YTO HEKOTOPHE Nepexobl
MOTYT ObITb BEHI3BAHbI TOJbLKO CBETOM, MOJAPU3OBAHHBIM B HAnpapJe-
HUM NOJAA (T-KOMIOHEHTBI), a APYrHe — TOJbKO CBETOM, HOJAPU3O0-
BAHHBIM HEPNEHAMKYAAPHO HANpaB/AeHHIO NOJA (0-KOMIOHEHTH). DTo
He YIAMBUTEJNbHO, TaK KaK pa3iHYHble HANpaBJeHUS B NPOCTpaHCTBE
ye He SKBUBAJEHTHBL.

Jia9 nepexOnOB CO CBETOM, MOJAPU30BAHHBIM B HaNpaBJeHUH OCH Z,
OMNpeJe AIOUMM ABJAETCA BLIPAXEHHE

ZFEz(q»F, (21+22+ AL (18.2)

[TockoabKy yMHOxeHWe Ha (2, + 2z ... - 2,) 9Badgercqa onepanue,
CUMMETPUYHOR OTHOCHTE/BHO BPaleHHA OKOJIO OCH Z, COCTOAHMA ¢
M $p MNOMKHBl NPHUHAAJENKATH OAHOMY U TOMY ke IPENCTaBJEHHUIO
(exp (+ipe)) ¥ MMeTb OJAMHAKOBHE KBAHTOBbIE YUC/3, YTOGH MaTpuy-
Hoift s7eMeHT (18.2B) He o6pawajca B Hyab. Ecau csem noaspuso-
8AH NAPAAAREABHO HANPAGACHUIO NOASL, MO MAZHUMHOE KEAHMOBOe
YUCAO HE MeHAemCA.

Ilq nepexofoB, MpU KOTOPHIX CBET MOJADU3OBAH MepleHauKy-
JAPHO HAMNPAaBJEHHUIO MOJA (J~-KOMIOHEHTH), ONpeefsiOUIUMU BeJUYH-
HaMu ABJaI0TcAd Xpg U Vg, OYeBUAHO, 4TO (X~ X4 ... +x)—
—i(y;+ v+ ... 4y, npuHaalexur npenctaBienuio (exp (— i¢)),
Tak 4o [(x, 4%+ ... +x)—i(y+ v+ ... +y)lbe npu-

HapexUT npenctasieduio (exp [+ i(w — 1) ¢]). Taxum obpasom, ecau

Xep— W pp=(bp [(¥1F oo F5) =10+ o +9,)]¥2)

He 00paulaeTca B Hy/b, COCTOAHHE ¢, TaKme NOKHO NMPHHALIENKATH

npencrasieHuio (exp [ i (p— 1)¢]). AHanorHYHHM OO6pasoM, {r
LO/DKHO TpUHaanexaTh npeacTaBaeHnio (exp [4-7(p 4+ 1)¢]), eciu

Xeg+ W pp=(0p [(*1+ o0 F %)+ + - +.)1%)
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oTanuHO OT Hyaa. Otciona caenyer, 4t0 X M V. MOryT OHTb KO-
HEYHEIMM TOJLKO B TOM CJyyae, €C/AM MarHUTHble KBaHTOBBIE 4iCJ/4
COCTOAHUH ¢, U . pa3IUYAOTCS Ha 1. Ceem, noasapu3osannsiii nep-

NEHOUKYAAPHO HANPABACHUIO NOASL, 6536L8a€M Nepexods. MOLbKO
¢ Ap =1,

3aMeTHM, B HaCTHOCTH, YTO CKaJdAp NOJKEH OHTb YMHOXEH Ha BEJHUHHY
KOMNAGKCHO Cconpsocenny0 ¢ -+1-koMnonenrol BekTOpa [kak 3TO 3arH-
caHo B (15.34)], 4To6b NPEBPaTHTL €ro B BOJAHOBYIO dyHKuHIO ¢ o= 1. ITOT
ponpoc 6yner 6oJjee MoapoGHO paccMOTPeH B ra. 21

Jna mpoueccoB M3ayueHHd U3 3STUX MNPABUJI CJAEAYeT, YTO CBET,
MCMYCKAaeMBI# B HAampaBjaeHUH, MEepREHAMKYAAPDHOM Hanpas/eHHIO NoJd,
MOJIAPU30BAH MAPAJIE/bHO HampaBJAeHUIO MOJd B mepexonax ¢ Ap==0
U MepNeHAHKYJIADHO MOJI0 — B nepexonax ¢ Ap= 1 1 (nonepeyHnif
s¢dexT). TeM caMbiM HanpaB/ieHHE MOAADU3AUMH ompenefseTcd OIHO-
3HAYHO, TaK KaK OHO HO/KHO OBbITh mepneHAMKYJADHBIM HANpPaBJEHUIC
U3JyyeHud.

C npyroft CTODOHH, CBET, UCOYUIEHHHW B HampaB/IEHUM MAarHu1-
HOro0 noJs (nponofeHHA 3ddeKT), n0MKeH ObTh MOJMAPU3OBAH MepneH-
IMKYJIPHO HanpaB/IEHUIO MOJAA; TaKUM 06Da30M, OH MOXKeT CONEepIKAT:
TOJLKO G-KOMNOHEHTH, HO He m-KOMNOHeHTH. OnHaKo cOCTOAHHe mo-
JADH3AUMH J-KOMNOHEHT HE ONpenendeTCsl yKa3aHHeM: ,MepPNneHAMKY-
JAPHO HampaeJeHUl0 mnojd“. M3 onkiTa U3BeCTHO, YTO CBET COCTOHMT
YacTHYHO U3 CBETAa ¢ MpaBoOX KpyrosoH mnosgpusanued U YacTHYHO —
c nesoft. OO6paTHo, OTCIOfa CJelyeT, YTO HEeKOTOphle Mepexofn He
MOryT OHITb BO30yxA€Hb CBETOM C JeBOH KpyroBoH noJspusanued,
a [pyrue — cBeTOM ¢ mpaBo#t xpyrosofl nosaspusauuettl). Buuucienue,
BNOJIHE 3HAJIOTHYHOE BEIYMCJAEHHIO, MPOBEJEHHOMY B IM. 6, MOKA3LIBAET,

YTO MATpPUYHBIE 3JEMEHTH (I/VQ) (Xre+ iYpE) nmu (I/V 2) (Xre—
— i¥Fg) B 3aBUCUMOCTH OT TOrO, HampaB/JeHO JU BpallleHHe BEKTOpa
HaNpPMKEHHOCTU 3JEKTPHUYECKOTO moid OT Oochk X K ocH YV WM Ha-
o6opor, nosasjsaiotcad B (18.1) BMecTo MaTpuyHoro sjeMmenta Xpg A

) Uto6H ompeneanTh COCTOSHHE MOJSgPH3alMH H3JyueHHd, HCYLEHHOro
B HEKOTOPOM mepexone, Heo6XOAMMO 3HaThb TOJABKO TE COCTOSHMA, AJf KOTO-
pHX cBeT He morjomaercd B o6patnoM mponecce. HanpuMep, mepexon, npH
KOTOPOM H3J]y4YaeTcsl CBET, MOJIPH3OBaHHKHA mapaiienbHO ocH Z, Gyner
Bo36yxknaTbcs (XOTa u cJabee) CBeTOM, MOJAAPH3OBaHHLIM B HampaBJeHHH,
COCTaBJAAKIEM HekoTOphlii yroa ¢ ocbio Z. Bawuo, uTo Takoil mepexon He
MOXeT OBITb BO3GYXJIEH CBETOM, MOJAPH30BAHULIM rnepneHOuKyAspHo Z.
AunanorngHolM 06GpasoM MepexO], NPH KOTOPOM H3JydaeTca cBer ¢ mpaBoi
Kpyrosoil noadpusanneil, He MOxeT BO30YKHaTbCcd CBETOM C JA€BOH KpyroBoi
noagpusanueid, 1 Hao6OpoOT.

Heo6xonumocTh onpeneneHHs noaspH3alliH H3JAy4aeMOTO (BeTa 06XO1-
HbIM MyTeM, yepe3 o6paTiblid MpoLece MOrAouieHHs CBA3aHa € 1.CnoAb3yeMoil
¢opmoit ypaBuenns Llpeannrepa, koTopas BOBCe he OMHCLIBACT H3JYYCHH.
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nepexonos, Bo30YkAaeMBIX CBETOM, MOJAPU3OBAHIBLIM MO KPYTy B MJO-
ckoctd XY. Takum o06pasoM, Korja CBeT NOJAPU30OBAN MO KPYTY
BNPABO, €CAH CMOTPeTb BJOAb noad (T. €. CHHM3y, eC/lH 33 MOJNOXKH-
TeJbHOE HanpaB/eHHe OCH Z NPUHATO HanpaBJ/eHHe BBEPX), OH BLI3bI-
BAeT Mepexol C yBe/JHYeHHeM | Ha l; eciH Oli NOJAPH30BaH MO KPYTY
BJIEBO, TO BLI3OBET MNepexOi ¢ yMeHblileHweM p Ha 1. Hao6opor,
€C/IH MDH CMNOHTAaHHOM H3/yuyeHWH p. yMeHblnaetcd Ha 1, To McnyuleH-
HBIl CBeT (paccMaTpHBaeMbIfl B TOM )€ CaMOM HampaBJeHHH) MOJADH-
30BaH MO KPYry BNDAaBO; eC/JH ke . YBEJHYHBAETCH HA efHHHLY, TO
CBET MOJADH30BaH MO KDYTY BJIEBO.

3. Paccmotpum Temepb HekoTOpe ypoBeHb Egr, CHCTEMBI B OT-
CYTCTBHE BHELIHEro MoJA H HccaedyeM, Kak OH OyneT BecTH cefd mpu
Ha/MOXEeHHH MArHUTHOTO moad. DTOT YpOBeHb pacllienyseTcd B MarHuT-
HOM MOJe, H BMeCTO MEPBOHAYAJALHOTO YPOBHA BO3IIHKAET HECKOJBKO
HOBEIX ypoBHeH. OnHaKO MyJAbTHIVIETHOE YHMC/AO S W XapaKTepHCTHKA
noBeJleHHA NDH OTPaXEHHAX W He H3MEHAIOTCA; YPOBHH, BO3HHUKAIOLLMeE
H3 OJHOTO H TOTO K€ YPOBHA, CYLLIECTBYIOLIETO B OTCYTCTBHE MNOJA,
COXPaHAIOT S U W HCXONHOTO YPOBHA. DTO cjleiyeT U3 TOro akTa,
YTO Kamaad coOcTBeHHad (YHKIMA MEHAETCH HeMmpepHBHO NpPH YyBeau-
YeHHH HANPSDKEHHOCTH mosisd, TaK Kak Kawnaad coOCTBeHHas (yHKUHA
Ha /MI0O0H cTafMH MPHHALJIEKHT HEKOTOPOMY MpPEACTABJEHHIO CHMMe-
TPHYECKOH TDYNNE H KAaKOMY-MH60 NMpeicTaB/elHio TPYNNb OTpaxe-
HHH W TaKk Kak 3TH NDPEACTABJeHHA, €CJIH OHH H3MEHAIOTCA, MOTYT
M3MEHATHLCA TOJbKO MNDEPHBHO, TO OHH e MOTYT M3MEHHTHCA BOBCE.

OcraeTcs ewle BONPOC 0 3HAYEHHAX MArHHTHOTO KBAHTOBOTO YHCJIA (.,
KOoTophle OyAYT HMETb YDOBHHM, BO3HHKaouiMe H3 Egrqy . Ilycts R —
BpalleHHe Ha yroa ¢ Bokpyr ocu Z. Toraa, coraacuo (15.6), maTpHua

npeacTaB/IeHHA ﬁ(L)(R) HMeeT BHI

e 0 ... 0 0
0 e—ill=-Ne | 0 0
) . . .|, (I8.E.2)
0 0 co. eltl=De 0
0 0 0 gile

H ecan  §y, aBaderca cobcTBeHHOR dylikuueR yposH Egre, NpHHan-

nexamledl x-# cTpoxe mpencrasierns A’ w-# cTpoKe mnpenacrabJe-
uua DY,

L

PRqJIP = i,E,D( )({CP' 0’ 0})p,’p. q)zp,’ = e[wpq)zp.’ (18'4)
T. €. {,, TPHHAMICKUT MpencTaBleHuio (exp (-+ lug)) rpynnsl Bpa-
uieHu#l BOKPYT ocH Z. KpoMe TOro, 3TOT pesyanLTarT OCTAETCA B CHIE
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npy yBEJHUYEHHUH noJd; a TaK KaK QB NpUHUMAET 3HAYEHUd or — L

1o -+ L B npencrasieHuu D), yPOBEHb € OpOUTAJbHBIM KBAHTOBHIM
yucaoM L pacuienutcs Ha 2L 41 ypoBHeR Egpy . ¢ MazHumMHbLMY
xeanmossimy wucramy p=—9L, —L4-1, ..., L—1, L. B nepsom
npUOIHKeHUU COBCTBEHHBIMU (YHKUUAMH, NPHHAnAeKAWUMU Esrqy
ABMAIOTCA CaMH ¢, ,, TaK KaK OHM JOJIKHB MPHHAL/IENKATb ONHOH CTPOKe

npeacTaBjaeHHd AS) u npeAcTaBaeHHIO (exp (4 ipng)), H HHKakad Aopy-
rag JHHefiHas KOMOHHauMs QYHKUHA ¢, He OG/afaeT STHUM CBOMCTBOM.
CHOBa ,MpaBHJbHBIE JHHeHHble KOMOHHAUHH® MepPBOro NMpHOJHMXKEHHS
onpeeqsioTcs H3 TEOPETHKO-TPYNMOBLIX COOGPameHHH.

[IpoctoTa, ¢ KOTOpDOH B 3TOM cayuyae OHH ONpefeneHbl ,NPaBHALHBIE

AHHelinbie KOMOGHHAIMH®, ABAAETCA CAEACTBHEM Toro, uto B D' Matpummi,
COOTBETCTBYIOIME BPALIEHHI0 BOKPYT OCH Z, Kak IIPEJACTaBiE€HHE TPYIIH
BpauieHHH BOKPYT Z, yme HaXxomarca B MpuBeneHHoM Buae (18.E.2). Ecau 6u
MBE HaJOXHAH MaTHHTHOE IOJe, CKaXeM, B HAalpaBACHHH OCH Y, HaM 6bi mpH-

maocy mpusogut Matpuup d©) (¢), coorsercTByloMmMe Bpamennam BOKDYT
ocH Y, T. e. npeo6pasoBuiBath HX K BHAy (18.E.2). Torpa martpuua (T,r),

OCYUIECTBJAIOMAA 3TO NMPHBEJEHHE, AAaCT TaKkKe MpaBHAbHbIE JAHHeHHBE KOM-
6MHAUHH AJf 3TOro cayvas

I/
Y = 27 L
.

Tepsoe npuOaHxeHHe Aa9 COOCTBEHHBIX 3HauyeHH# Egrq . MOMHO
NOMy4HTb, HCXOAA H3 COOCTBeHHHX (YHKUHMA MepBOro NMPHOMHMKEHHs,
ec/H MH 3HaeM H3MeHenHe onepamopa Iamussmona Hamlel CHCTeMBI,
BLIBBAHHOE HA/MOKEHHEM MArHHTHOro moas &&,. B KaaccHuecko# Teo-
pHM TpPH pAacCMOTPEHHH MarHMUTHOro noJa K ¢yskuumH TamuabTOHa
6e3 noas no6aBageTca ujeH

e e
7(‘4: )= “me (Axpx+ Aypy + Azpz)

(BLICIIMMH CTEMEHAMH HANpPSKEHHOCTH noJas mnpeHebperaercs). 3aech
A — BEKTOpHHH TNOTEHUHMAJ, POTOP KOTOPOrO JAeT HANPsHKEHHOCTH
moad. B kBaHTOBOM MexaHHKe Mbl MOACTaBaseM — iho/0x; BMeCTO Pxp
noayyas TakHM 00pasOM B TOM e MNPHUOJHKEHHH [OMOJHHTENbHOE
B3AHMOAENCTBHE, CBA3AHHOE C MATHHTHLIM MOJIEM,

— lehi i} i} 0
V=T(Axa+Ay5}+ Azo—z-), (18.5)

HIH CYMMY HECKOJbKMX MOJNOGHBIX UJEHOB AAd BCEX 3AEKTPOHOBI).

1) B 6onee TounoM nNpubammennH k (18.5) caefiyet gobaBHTh AONOAHH-

ez
TeAbHHH YJeH (A3+ A§+ AZ)W; 5TOT ufleH QTBETCTBEH, B 4aCTHOCTH,

3a JHaMarHeTH3M.
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1 TOCTOAHHOrO MarHMUTHOrO NOJAS C HamPSKEHHOCThIO &, BAOJAB
oc Z
1 1
Ap=— 5y, Ay =5 K x, A,=0,
INepBoe npubamxeHHe Ans A06aBOYHOM MACHHTHOM SHEPrHH MOXET
6LiTH TOrAa BbiuMc/IeHO NO ¢opmyne (5.22):

ESL‘ZU, T ESLw - (q)xp.’ Vq)xp.) =€% (q)xp.’ qu)xp.)' (186)
rae
. 0 0 0 0
L= — i gyt o Fa gy — Mg — -~ Yagg).

(18.6a)
CkanapHoe mnpousseieHHe B npaBo# yactH (18.6) MOMXHO BBLIYMCIHTH
ToyHo. [lokaxeM, uTo Aas M060# ¢yHKkuuun f

sz=—iﬁo—z(P{@00}f)[ (18.7)

e=0"

TpHYEeM 3TO BHpaX(€HHe PaBHO PA3HOCTH MeXAy 3HaueHHsMH f B ,MO-
- BEPHYTOM COCTOSIHHH® H B NepPBOHA4aJbHOM COCTOSIHHH, JeNeHHOM Ha
yroa BpaiueHua. ITockoabky

cosg sing O
{,0,0}=( —sing cosp O |,
0 0 1
ME HMeeM
Proyf (oo Xp¥p2e - )=
=f(...,x,c080—y,sing, x,sing—+y,c089, 2, ...);

AHGQePEeHLHPOBAHHE STOrO BHIPAXKEHHA NO ¢ AaeT mpH ¢ =10
d . . of of
_lﬁo_cp(P{‘POO}f)'cp=0_;_lb(xko—yk_ykm)’ (1873)

4yTO 3KBHBa/MeHTHO cootHowenuio (18.7). Ucnoaways (18.4), sty mnpo-
H3BOAHYIO MOX(HO BBHIDA3HTb Yepe3 i

. 0 0
— 1B 5, (Pigonybn) = — th 50 (94,) == phi(e¥4,,). (18.76)

B cuay nopmuposkn (P )=1; nostomy (18.6) npHHHMaeT BHA

xpr P

Esio, F—ESLw=e};ig:H w=—L —L-+1, ..., L—1, L)

(18.8)
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Coraacno (18.8), ypoBeHb ¢ OpOHTa/JbHBIM KBAHTOBBIM uHCaOM L
pacLIen/ISeTcss B 3TOM NepBOM NPHGJHMKEHHH (T. €. NpPH OrpaHHUEHHH
Y/leHaMH, TPOTOPUHOHANBHLIMA TEPBO# CTENEHH HAMPAMEHHOCTH &,
Ha 2L+ 1 paBHooTcTOAWKMX YypoBHeH. KoHeuHo, cpeaHH# M3 HuX
(» =0) uMeer Ty e 3HEPrHI0, UYTO H HMCXOAHHH YPOBEHb; paccTod-
HHS MeX Iy YPOBHAMH TNpPH 33aZaHHOW HAMPSXEHHOCTH NMOJSA OAHHAKOBbI
A BCAKOTO YPOBHS, PaCllellJIEHHOrO TAKHM NyTeM, Tak xak B (18.8)
BXOZAT TOJbKO YHHBEPCa/IbHble MOCTOSHHBIE.

Ecau Temepp paccMOTPHM 3eeMaHOBCKHE KOMIOHEHTH  JIMHHH
F —E, 10, nockoabky ypoBeHb F paculenssercss TOYHO TaKHM e
o6pasoM, Kak H E, Jerko 3saMeTHTb, YTO BCE JHHHH C OJHHAKOBBIMH {1
copnananT. Ho Tak Kak B ONTHYECKHX TEPEX0JaX |1 MOXET MEeHATbCH
Toabko Ha 1 wuau O, oxHiaercd MNOABIEHHe BCEro TpPeX JHHHH,
NpHYyeM [ABe CMelllEHHHE KOMMOHEHTH HAaXOAATCd Ha OAHHAKOBOM pac-
CTOSIHHH OT LEHTPaJbHOM AJs BceX JHHHN. DTa KapTHHA pacllen/eHHs
Ha3bIBAETCH OGBIYHO HOpMaAsvHuLM 3Phexmor 3eermana.

Takas kapTHHa cOrJaacyercd C ONBITOM TOJBKO B Clyuae Cuxzaem-
HolX YposHed. B COOTBETCTBYIOUIMX COCTOSIHHAX MATHHTHHE MOMEHTH
(COHHB) 3JEKTPOHOB, KOTOpbie OOLYHO BBIBHIBAIOT OTKJAOHEHHE OT
,HOPMAJbHOrO0* pacuienNeHHsl, KOMOHHHPYIOTCA TaKHM 06pasoM, 4TO
MX BJUSIHHE HCYe3aeT. ITO sABAgeTCS TAKXKE TNPHYHHOM OTCYTCTBHA
TOHKON CTPYKTYypH y CHHIVIETHHX YPOBHe#. [Iaa BCeX OCTaqBHHIX
TEPMOB paclleldeHHe HeCKOJbKO GOJbLIE HJAH HECKOJbKO MeHblle, YeM
HafijeHHOe BHLE, M MeHseTcsl OOLYHO OT YPOBHA K YpoBHIO. [Tostomy
JHHHH € OJHHAaKOBHIM H3MeHeHHeM | He COBMajalOT, H TOJy4aercs
3HAYHTENBHO GoJiee CJAOMHAA KApPTHHA pAacUICIVIEHHS QAHOMAALbHOZO
agpgperma 3eemana. DBblUMCIEHHE OTHOCHTEJBHBIX HHTEHCHBHOCTEH
OTAEJbHBIX 3€eMallOBCKHX KOMHOHEHT OyZAeT TNpOBeAEHO HECKOJAbKO
unxe 1).

CrneayeT 3aMeTHTb, YTO MATHMTHOE TOJEe BBI3HBAET pAacllleneHHe
JHHHHA, MAaKCHMAaALHO BO3MOMNHOe A/ BCAKOro BHewHero nojs. Ocraio-
leecd BBIPOXAEHHE CBSI3AHO LRJHKOM C CHMMETPHYECKOH rpynmof,
a TOMXJAECTBEHHOCTb 3/EKTPOHOB He MO eT ObiTb HAapyLIeHa KaKHM-
JAH6O BHELIHHM TOJEM. '

4. B NOCTOAHHOM 3/JIEKTPHYECKOM TOJE, HaNPABAEHHOM BAOMb OCH Z,
CHMMETDHS HHad, YeM B CJyYae MarHMTHOrO NOJfA, TaK KaK BEKTOp
HaNPSXEHHOCTH 3/MEKTPHYECKOrO MOJAA HMeeT TMOJAPHYI0 TNpPHPOAY.
B 3TOM cayuae yie HeT HEHTPAa HHBEPCHH, HO MJIOCKOCTH, MpPOXO-
JAlIHE Yepe3 AP0 RApPaAAesbHO TOMO, ABAAIOTCA MJAOCKOCTAMH CHM-
METpHH. YcJOBHA, TaKHM O0Opa3oM, MPOTHBOMOJOMHB! YCJIOBHAM B Mar-
HHTHOM noJae (cM. ¢ur. 10, 6, ctp. 238). Ipynna cuMMeTpHH ABasgeTca

) 3to Gyner caenaHo B ra. 23. MHTEHCHBHOCTH TpeX pacCMaTpHBaeMbiX
JHHMA COBMaJawT C TNpeACKa3aHHUAMH KJaaccuueckoH Tteopun sdpexra 3ee-
MaHa, KOTOpa# NpaBUALHO ONUCHIBA€T HOpMaabHbii sthdext 3eeMaHa,
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ABYMepHON TpYyNno#l - BpalleHW! M oOTpaxxeHHH# (a oHa He abesesal),
TOrJa KaK B MarHHTHOM MOJe OHA $BJASeTCH NpPAMBIM TPOH3BEAEHHEM
ABYMEpHOH TpYMNNbl YHCTHIX BpaUleHH# M TPexMepHOM rpymnb oTpa-
sxkeHud. Hapany ¢ MyJbTHNMeTHHM YHCIOM S KaxAbH ypOBEHb HMeer
aJleKTpHuecKoe KBaHToBoe uucao m=20, ¢/, 1, 2, ..., ykasuiBaiolee,

K KaKOMYy TNpEACTaBJAEHHIO 8('") JABYMepHOH Ipynnel BpauleHHH H oTpa-
EHHH MPHHAANEKHT YPOBEHD.
HenpuBoaHMble mnpeACTaBJeHHA ABYMepHO# TIpynmsl  BpauieHHH

H OTpaweHHH GbM ompejedeHb B ra. 14. B 8(0), 8(0'), 8“), 3@, ..

MaTpHUb
. e='* 0 e=-2e ()
(1)! ( )» O el‘P>' O e2kp>|‘ v

COOTBETCTBYIOT BpAlllCHHI0O HA YyroJ ¢, TOrAa Kak MaTpHIb!

0 1 0 1
) <—1),<1 0). <1 O)

COOTBETCTBYIOT OTPa}eHHI0 B OCH X.
Yro6ul OnpefeNnTb 3HAYEHH m AN YPOBHeH, Ha KOTOpHe pac-
lienaseTcs ypoBeHb ¢ OpOHTaJbHBIM KBaHTOBBHIM YHCJIOM L, clefyer

L
naiitn, kakue n3 3™ sxomar B DP(R), rze R COOTBETCTBYET Bpa-
IEHHI0 H OTPAXEHHI0 OTHOCHTENLHO Z, H CKOJBLKO pa3 OHH BXOJAT.

N3 Buipaxenns (18.E.2) aaa Q(")(R) Mbl HENOCPENCTBEHHO BHIMM,
yTo ecad R sIBASETCS YHCTHIM BpalleHHEM OKOJO OCH Z, TO Kaxiaoe

M3 TpeACTaBJeHHH o S 1O R 100 CONEPKHUTCA B DY no 0HOMY
pasy; coGcTseHHble (YHKUHH, TpHHajjexallde TEepPBOH HAM BTOPOH

ctpoke 3™, mpuHagnexar — m-# WaM —m-H CTPOKAM NpeCTaBle-
wms D). C apyroB cTopoHLl, cOGCTBeHHBbiE dYHKUMH, TpHHAAJEKA-

r
mme Hyneso crpoke DY), moryr npunasnexars au6o 3, anéo 3.
Yro6bl pelnTh, KAKOH HMEHHO cay4all uMeeT MeCTO B JeHCTBHTENb-
HOCTH, CJelyeT TaKie pacCMaTpHBaTh, HAPHMep, OTpaXeHHe Y — — ¥,

(npeﬂCTaB.ﬂeHHﬂ 3?9 u 89 paq uncreix BpalleHHH COBMAAAIOT.

Yro6h onpeseants caen mMatpuus 8 DW, COOTBETCTBYIOLIER 3TOMY
npeobpa3sOBaHHIO, 3aMETHM, YTO OHO SBJSETCH TNPOH3BEAEHHEM HHBEPCHH
H BpallleHHs HA YroJ & OKOJO OCH Y, MO3TOMY ero chien

w(l+2cosnt+2cos2x+ ... +2coslm)=
=w(l—242— ... +2(— D) =w (=15 (18.9)

rie @ paBHO -1 AJ YeTHHIX ypoBHed M —1 —- ans HeueTHwx. Tax
1 2) i
kax xomnonentsl 3, 3@, ..., 8% ue naioT nukakoro Bxaaza B caeml
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OTpaxeHH#H, TO ocTaerca JHwWb ypoBeHb O, ecau w(—l)L=+1.
n yposenb O/, ecan w(—1)F=—1.

Mbl BHIHM, YTO pacUIEN/JEHHe YPOBHA B 3JEKTPHUYECKOM TNOJE He
AB/SETCA TAKMM MOJHBIM, KaK B MarHHTHOM NOJE; H3 YPOBHA C OpOH-
TaNbHbIM KBAaHTOBHIM YHCJAOM L BOsHuKaer aumb L -1 ypoBeHs.

Ilpaeuna 0T60pa, KOTOpHIE BHLIMOJHAIOTCA AN CHALHLIX 3JEKTPH-
YECKHX MOJIEH, CXOAHBI ¢ MpPAaBH/JAAMH, CNPABEMJNHBbIMH AJS MarHHTHOrO
noad. NeKTPHYECKOE KBAHTOBOE YHCJO /M He MEHSETCd NPH Mepexoje
C YUYacTHEM H3JYy4YEHHS, NOJADH3OBAHHOTO BAOAL OCH Z, TaK Kak
YMHOXMEHHE HA 2, -} 25+ ... 2z, aBAdeTcd OmnepauHed, CHMMETpHY-
HOM OTHOCHTENLHO [ABYMepHOM TIpyNnbl BpalleHH# OKONO OcH Z,
[TosroMy Bce nepexoabl MewAy ypoeHeM O u yposHeM ( sanpeuieHbl.
C apyroit cTOpOHb, m MeHseTcs Ha 11 B Mepexojax, B KOTOPHIX
HCOYLIEHHBIH CBET MOJPH30BaH TepNeHAHKYJIPHO HanpaBJeHHIO MOJs.

IlpaBuaa or6opa Ajas OpOGHTANLHOIO KBAHTOBOI'O YHCJA HAPYLIAITCA
B CHJbHBIX 3JEKTPHYECKHX MNOJAAX, NMOCKOALKY TMOJHAs CHMMeTpHd OT-
HOCHTE/bHO BPAlUEHHH! yie He HMeeT MecTa, TdK YTO COGCTBEHHbIE
(YHKUHH He TIPHHAAAeHAT GOJIble NPEACTABICHHAM TPeXMEPHO# rpynmu
Bpawenuit. IlpaBusno Jlanopta Takie TepseT CBOIO CHAy (B TO BpeMs
KaK OHO He Hapywaiochb MarHHTHbIM MOJeM); OCTaeTcs JHIUb 3ampeT
nepexoioB ¢ ypopHs O Ha yposeHb 0.

BosMylenne cOBCTBEHHBIX 3HAUEHHH SAEKTPHYECKHM MOJAEM MOMeT
6bITb TAKXKE PACCUMTAHO C TOMOULID (opMaibHOro Meroja Peneq —
Ipeannrepa. 3TH pesyabTaThl HMEIOT JHUIb OrPAHHYEHHYI0 TpHMe-
HHMOCTb, TaK KaK pas3/OXeHHE AOMKHO PACXOAHTbCA BC/AEACTBHE BHAA

BO3Myluenus ')
V=eb,(z,+2,+ ... +2,). (18.10)

Ecan n306pasuth rpaduueckH NOTeHUHANd Kak (YHKLUHIO paccTos-
HHA OT 94pa, HanpHUMep, B aTOMe BOAOpPOAA, TO BHAHO, YTO B OKpecT-
HOCTH 9Apa MMeercsd ryOOKHH MHHHMYM NOTEHLHAana, HO YTO 3JMEKTPOH
BCeria HMeeT NOCTATOYHYIO SHEPTHI0 AJs TOro, u4robw yHTH Ha Gec-
KOHEYHOCTb B HampaBJ/eHHH NOJA.

DT0 HABOAMT HA MbICAb, YTO B 3JEKTPHYECKOM TMOJE, CTPOro ro-
BOpS, BOBCE HE CYLleCTBYeT [OHCKPETHOTO CHEKTpPa H 4YTO B 3TOM
cly4yae HeT MCTHHHBIX CTAaUHOHApHBIX cocTosHHK. HecMoTtpsa Ha 3To,
NEepPBOE HJH BTOpPOE NMPHOJHMKEHHS, BbHIMHC/CHHbIE METOIOM BO3MYLIEHHH
IlIpeauHrepa, He SABJAAIOTCA COBeplleHHQ GeccMbicaeHHBMH. OHHM AaioT
COCTOfIHHS, KOTOpHIE, €CJIH He ABJAI0TCS AeHCTBHTEbHO CTALLHOHAPHBIMH,
BeayT cebs MOZOGHO CTALHOHAPHBLIM COCTOSHHSM B TeYeHHE O4eHb A0J-
roro BpeMeHH, TaK KaK 3JeKTPOH B noJe sapa 64arofapa TyHHeJbHOMY
9¢}eKTy TNOKHHET NOTEHUHAJbHYIO AMY H YyHAeT OT fapa TOJbKO
Noc/ae TOro, Kak OH CAeJaeT MHOTO 060pOTOB BOKPYT HEro.

HCM. J.R. Oppenheimer Phys. Rev, 31, 66 (1928).
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B nepBoM TNpHOJIHXKEHHH 3HeprHs BO3MYLUIEHHA, OOYyCJOBJEHHAsA
9/IEKTPUYECKHM TIOJIEM, BOBCE He paclIenseT COGCTBeHHbie 3HAYEHM.
Koadpuunentsl

ey = 08, (e 1423+ -+ 2) ) =0 (18.11)

cexyaspHOro ypasnenus (5.18) Bce paBHBI HY/I0, TaK Kak q»x,p,

B (2 + 2+ .. +2,)0,, HMEOT pa3AULKYI0 HETHOCTD. Ecan nem
CAY4Alin020 BbLPOICOEHUS, TO BCe COOCTBEHHHE (YHKIHH, NMpPHHAAjE-
»KaLMe OLHOMY H TOMY e COGCTBEHHOMY 3HaueHHIO E, HMelT oaH-
HAKOBYI0 YETHOCTb, MOITOMY Yurpr H (2, + 2.+ ... +2,)bx OyayT
HMeTh TPOTHBOMO/IOXHYIO 4eTHOCTb. MBl y:xe BHAEJH TpPHMEp TakKoro
MOBeAEHH B CBA3H C ONEpaTopoM TNepexoia Ha cTp. 236, mnpH-
yeM (18.11) coBnagaer c¢ (18.2B) ¢ TOYHOCTBIO A0 TMOCTOSHHOIO MHO-
#xutens. CoOGCTBeHHble 3HAUEHHS MATPHLBl (Txyrs«,) =0 Bce pabHb 0.
B nepBoM mpHOAHEHHH BCe YPOBHH COBNAAAl0T C HEBO3MYIIEHHBIM
YPOBHEM; eCJH Das/OXKHTb JHEPrHI0 BO3MYLIEHHA MO CTeNeHAM Hanps-
XKEHHOCTH ToJs, TO KO3(d¢HUHEHT npH NepBOoft crteneHH OyaeT paBeH
HY/10; TakPM O6pasoM, TMPH MaJAbX HANpPsxXEHHOCTAX MOJA pacliene-
HHe ypoBHe#t ofpawaercds B HyJAb KaK KBajpar HanpsHXXEHHOCTH.
TonbKO B c/ayuae aroMa BOZOPOAA, TJe HMMEETCA CJayuaHOe BBIPOXN-
JE€HHEe YPOBHe#l C pas/JHYHON YETHOCTbIO, paculeTyieHHe YpOBHeH mpo-
HCXOAHT B MEpBOM MNOpSAKe.

YcnoxHenus, BOBHHMKAIOUIHE 33 CYeT MArHHTHOrO MOMEHTa, OKa-
3HIBAIOTCA TJaBHHM MpPENATCTBHEM A/ 3KCNepHMeHTa/lbHO{ MNpPOBEpKH
3aKOHOB, BbiBeJeHHHX Bhllle A9 shdekta llltapka, Tak me Kak
H B cayyae sddexta 3eeMaHa. EAMHCTBEHHBIM pE3YJbTATOM, HMEIOLIHM
o6wuit xapakrep, ABJASeTC OTCYTCTBHE paclllenJeHHs YpOBHeH, mpo-
MOPLHOHANLHOIO TEePBON CTeMeHH HaNpS:KEHHOCTH NOMAfA, TaK KaK OHO
ClefyeT JAHIb H3 PacCMOTPEHHS MOBeJeHHs NMpPH OTPAMEHHAX,

5. Iag cBOGOAHBIX AaTOMOB NOCTOSHHOE MarHHTHOEe HJIH 9JEKTpH-
YecKOoe NOJs ABJAIOTCH, BepOATHO, Haubojee BaKHHIMH BHAAMH BHell-
HHX BO3MYuleHHH. las aroMOB B KpHcTaanax OoJee BauHBIMH OyRyT
APyrue BHAB BOaMyuieHHH. [ HEX CHMMeTpHA ,BHellHero noas“!l),
KOTOpOe B 3TOM Cayyae cO34aeTCl OKPYMXAIOUIHMH aTtoOMaMH, Omnpeje-
JSeTC CHMMETPHEH KPHCTaA/Nad H MOXET BHI3HBAaTb HHTEPECHblE BHABI
pacmeniennit. [lag 60MbIIMHCTBA KJAAaCCOB CHMMETPHH 5TO OBIIO Tia-
TeNbHO HccenoBano bere. 113 ero npumepOB Mbl BO3bMEM JIHIUIb
CPABHHTENLHO MPOCTOH cayualt poMOHuYecKON (reMHIAPHYECKOH) cuM-
METPHH, CHMMETpHH pDOMOHuecKOM mHpaMHam %),

1) Ilpu sTOM HOApasyMeBaercs, YTO OKPYHARIIIHE ATOMbl HCKAYEHB U3
HceaenyeMoil cucTeMbl, a ,BHelllHee® [OA€ BOCHPOM3BOIMT MX BAMAHHE Ha
atoM. [lonoGHoe npexnonoxenue, OYEBUIHO, He BIOJAHE CNPABEAJNMBO, TAK 4TO
OCHOBAHHOE Ha HEM pPacCMOTpeHHe He sBAsETCA MOJAHbLIM. B wactHOCTH, npH
TaKoM NOJAXOJe HCKJIIOYATCH ,00MEHHDbIE CHABL®.

%) Pom6uueckas nupaMuja — NHPaMULa, HMEKINas B OCHOBaHHH POMG,



248 Fraea 18

Pom6uueckad THpPaMHAa HMeET TPH 3JIeMEHTA CHMMETPHH: Bpa-
IIEHHE HAa yrol «® BOKPYr OCH Z H'OTpa)eHHd B TIOCKOCTAX ZX
u ZY. Ee rpynna cummerpun V,; COCTOMT H3 TOMAECTBEHHOTO 3Je-
MEHTa W 3THX TpeX 3JeMeHTOB. OHa uaomopdHua 4-rpynne (cM. ctp. 79),
TAK KaK Bce €€ 3JEMEeHTbl WMelOT nopsaaok 2. Byayunm abeieBo#, oHa
HMeeT YeTblpe OJAHOMEepHBIX HEeNpHBOAMMBIX TPEeACTABJAEHHS, MATPHLbI
KOTOpHX AaHB B Taba. 5. IlepBbIM MAeT TOMXAECTBEHHOE NpPeACTAaBJeE-
HHE, BTOpOE M TPeTbe CXOAHH Mexay co6oH, pasnuuasch AHlIb 06-
MEHOM poadaMH ocet X M Y, Toraa Kak ueTBepTOe Hrpaer ocobyw
poJb.

Ecnu noMecTHTh aToM B €ro TNOJIOXEHHH B KPHCTaJJe, TO OH Ha-
XONHTCA B TMOJE CHJ, CHHMAIOWHX TMOJAHYI0 TNPOCTPAHCTBEHHYIO CHM-
METPHIO, TaK 4YTO OCTaeTcd TOJAbKO pOMOHYECKas TreMH3JApHYecKas
cuMMeTpHud. Tak KaK Bce HENPHBOAMMblE NPEACTABAEHHS ITOR rpymnb

TABJHWULA S

[MpeacraBaeHus rpynnbl poMGuuecKod NMHpaMubl

n Bpamenue na OTpaxenne OTpaxenne
peacras- g yroa = BOKpYr B NJ0CKOCTH B ILIOCKOCTH
Aenne ocH Z ZX zZYy

I ) (1) (1) (1)
() (—1) (—1) (1)
mo (1) (1) (1)
v () (1) (=1 (—1)

OJHOMEpHH, YpPOBEHb ¢ OpOMTANbHBIM KBAHTOBBIM uucaOM L pac-
wenasgetcas Ha 2L -+ 1 yposnefl.

KochHeMcst Bompoca o uyuc/ie YpOBHe#f CO CBOMCTBAMHM NpEACTaBJe-
uuit I, II, Il u [V, BOSHHKAIOWIMX B KpPHCTaJdJe H3 OJHOTO YpPOBHA
€ 23UMyTaJbHLIM KBAHTOBBLIM YHCAOM L M 4eTHOCTbI0 w. OTBeT Ha sTOT
BOTIPOC MOMET GbITh AaH B oOliell TeOpHH, T. €. NMyTeM ONpeIe/eHHud,
ckoabko pas npeactasaeHus I, II, Il u IV Bxoaar B mpeacTtaBienue
SD“'“” rpynnb! BpallleHH# H OTPaX€HHH, ec/lH pacCMaTpHBaTb €ro Kak
npeicTaBneHHe ee  pOMOMYECKH-TeMH3ApHYecKO# NoArpynmel. OITH
uucaa ap, app, % H ®py TMPOLIE BCErO0 HAXOAATCA MyTeM ONpelefeHHs

XapaKTepoB NpeACTaBJEHHA DE® 1aa onepaunit u3 V. Ilaa einHnu-

HOro 9JieMeHTa
2L—|—1=a1—|—au+am+aw. (18.123)

C Zpyro# CTOpPOHHI, /I BPAlIeHHs HAa Yroa = BOKPYr OCH Z H Aad
oTpaxenutt B maockoctax ZX uan ZY, coraacno (18.9), umeeM

(1) — oy — oy — g1 040 (18.126)
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w(—1f =y — oy 4ayy — oy = o -ayy — oy — oy (18.128)

Ws (18.128) creayer, uto oy ==ay; H @(—1)F='a;—ay; u3 (18.12a)

n (18.126) mwiTekaer, uto (2L —+ 1)+ (—1)" = 2a; + 20yy. Takum
06pasoM, Mbl TNOJy4YaeM 3Ha4Y€HHSA l'lElpElMeTpOB a, KOTOpbI€ NPHBEACHDL!
B Taba. 6.

TABAULA 6

KpartHocTb mpeictaBiaeHHif rpynnel poM6Guueckoi
NUpaMujbl B Pa3JHYHBIX TPEACTABACHHAX TPYMNNH

BpalleHuit
Yposuu | 1 411 v
S, 1 0 0
S. 0 0 1
P, 0 1 1
P_ 1 1 0
D, 2 1 1
HT ]

B ynomsanyTo#t Bhiue paGote Dete onpefeaus pacluenjeHHe NOYTH
AN BCGX M3  TPMAUATH ABYX THNOB CHMMETDHH, BCTpPeEYaloluxcs
B KPHCTa/AnaX, H TOJYYHJ OTCI0AA psA JAadbHeHinux caeactsuB. Tak,
npaBuaa orbopa aas ypoeHett Tunos I, II, Il u IV noayuawrtcs
BECbMa MPOCTO, €CJAH 3aMETHTb, HAMpPHMep, YTO AJA H3JAYYEHHs, NOJAdA-
pH30BaHHOTO BAOMb OCH Z, yMHOxeHHe Ha (2, }+ 2,4 ... +2,)
ABJAETCA onepanHedl, CHMMeTPHYHOH OTHOCHTEJIbHO pOMGHUYECKOH reMH-
9APHYECKO# Ipynmbel. DTO 03HauaeT, yTO paspellieHbl MepeXOAbl TOJbKO
MeXAy YPOBHSIMH OJHOTO M TOrO e TNpeACTaBJEHHS.



