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I tP U,4H CJIO tJkl E

lln.q np{rKT[rqec(oro npfiN{eHeaus iteaHrosofi TeopHir aroMa B nepBylo oqepeAb
ueo6xotuvo Ha[rE B],IpaxieH[e Alln rtarpr{rrnbrx gnerv{enToB oneparopoB qgpeg pa-
11r{arrbHbre uHTerpaJrbr. B cnyqae cno)KHLrIx arol'.,Inr'rx cHcreM aro npeAcraBnne'f
co6ol AoBonbuo rpygoeMxyro sallaqy. Oaxaro c pasrluTseN{ TeopHH HenpfiBoanMbrx
TeHgopubrx oneparopoB tr MeroAa reue&fiortrqecKnx xoe$$raul{eHToB ora 3aAaqa
cr€ura fierge pasrperrruuofi, sro o6ycnoBnuBaerctr nucorofi crenexllo cjracreMarl'rga-
uIdH npoBeileHfisr pacqeToB.

BulureyraeaHHot cncreMarlrgaqrx cnoco6crByer iuripoKoe r{c[oJrbsoBaHfie crtM-
rr{erprrid onerrpoHxbrx o6onoqer aroMoB I{ caMf,x oneparopoB. iloc.nennee o6ctog-
TenrcTBO noSBOJIseT BbrpaSHTb MaTpurrHbre grreMeuTbr o[epaTopoB qepeS MaTpurrHbre

oneMeH'rbr 6onee rrpocrblx craHAaprI,IaHpoBaHHbIx oneparopoB, 3ts IrocrleIr.Hrle
Moryr 6urs coorBe?crBylorur,rv o6pasoM ra6ynfipoBanbr vt gareM HcnoJrh?oBasbr p.ns
pacqera Marpuqrbrx grIeMeHToB np6r,rx o[eparopoB, colocraBJrxeMblx c aroMnbrMr{
BeJrrrqrrHaMrr. I-IpuneneHxro ra6nru raKoro poaa E yKagannro cuoco6a pacErera rrpn
Idx HCnoIlh3oBaHIlE I{ nocBttlueHa HacTofllr]ag KHItra.

flpegnaraeMbre ta6nnuu cocrosrT r.r3 vl1cneHubrx gna.{eHnfi reHea.-Toruqecxur-
ros$Qruueu'roB u cy6varptrrrubrx erIeMeHTo* Ufr nYkL(k = 1,2,...,2h I - op6ralaa1'*
HOe KBaETOBOe qncno gneKTpoEa). Ta6niruu oxBaTbrB€lIoT Bce p- n d-enerTpoHbl,
a raKx(e f-enextporrbr Ao qerbipex gJreKTpoHoB BKrrrcrrxTertbno, B cnyqae 66nsrueno
qucfla f-enerrponoB BbrrrncfieHug rro Bbrpa]KeHItIo Ma"pnqHbIX sneMeHToB rBnrllorcf
cnl{urKoM TpyaoeMKHMfi, .rTo6bl MO)KHO 6UnO BeCTr{ pacrleTbr BpyqHylo AAXie IIpr
aanHqHn ra6asu nLIHBeAeHHOTO Tl{lla.

Ta6nnuu AaroTc s. I\nfl qacrurrHo sanorrHegnbix u noJry3aronHeHubrx gneKTpeHgbrx

o6onoqer. i\\arpn.ruue srreMeurbr Ans nogl rI oa,noirHeHnbrx. c6onoqex Moryr 6uT r,

uaft^aeHrr npa HcrronbgoBaHrrr{ o,qr{HaKoBocTIr cHMMerpI{n qacrnsno s&rorIHeHHbIx x
rrorlTl.r SanorIHeHHbIX o60no'rex.

KHgra cocror{T Ha BBellentlfl u ta6nxu. t] BBe[eHLrrd olli,{ci]rBaloTcs ra6r-Iqubr
H yKaSbtBaeTcg, KaK BecTI{ pacqeTbr, .tTo6br c iloMoiqEIlJ n[]eaflafaeMbrx ra6.nutt
Hafirlr Bbrpax<eHr{tt nng MarpurlHblx grle\.leHTcB orlellal'opa 3HepfHI{ gneKTpocrarlt-
qecKoro B3ai{Moflerlctsus n cn}iH-op6nra;rbiioro BsarINloaej;lcrsuc B yllllolueHHoM
BirAe, a raKlKe olleparopoB SneKTpoHHo!'o nepexo.r.Ia' ll.anaraetcg. Kpol.''{e r(rl-9,
l.{e?OA I{&XOX,r]eHUfi yKa3AHHblX MaTplrqHblx 9neir'lelitTOB B CnyqAe IIOTIT}l SgnOiIIIei{-
Hl,Ix o6oitoqex.

Cavn ,ra6lsusr cocrorrT rl ocHoBHoM r{s ltByx .tacreft. R nepeofi tis Hr{x irpt4 Bcr
r-11:rTcrr sHaqeHss reHea.rorr{qecK}Ix r-oo$$uuLteiIToB, a Eo eropofi cy6varpl{qubie
etrex{eH?li yKagar{}rux uuciiaHutegl{Manr,Hblx ofleparopcB. 3nr nocJTequEe BbIr{lcfie:{bl
rrorrHocrsro Ha greKTpc)Hnofi errql{cruTeni,uofi MP-LIJune EOC,V\-2Iv1, HecN.torpn Ha ro,
rrro uentui prrA coorBercrBylorulrx ta6nxu 6un cny6nnroBaH. 3ro lro3BoJIHJIo aa-
MeTHTb OlreqaTi(H B CyLUeCTByrOrr4rX ta6enuaX !i, clle!oBaTeIbHo, rs6ex(ara noBTo-
peHfin STHX HeTOLTHOCTefi B npe.qfiaraeMblx ?a5nuuaX.
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Bo BTopoM lrgAaHEIl Hacrogulef, KHI{nE B TeKcre BBeAeHng cllenaHbt rregnaqn-
Tenbuble lrsMeueHrrfl, Kacatolullecs pacsera rrocrogHHoft cnnn-op6uranrgorl cgson n
Bbrqr{cJrerl{a Marpuqsbtx gneMeHTPB oqeparopoB nepexoAos. B ra6nnuax cy6r"rarpurl-
Hbrx sneMeHToB orleparopoa Utt fiVnt EcIIpaBneHbl saMerleHHbre HerollHocrH, rrpo-
HcrueItIIIne no BnHe aBTopoB. 3a np6eeHoe yKdsaHEe Ha gTrr HeTo.rHocT[ Mbr cep-
Aesflo 6naroaapuu npoS. [-.Mannn (Simon Fraser [-lniversity, Burnaby, 2, (lanada ).
Kpove roro, B Hacrostuee I{gAaHM .q,o6asnenu ne6oJrbtuue uo o6tevy ra6nnurr oA-
Hog.rreKTponlrblx cy6r"rarp[qnblx gneMeuToB csepusecrofi $ynrunn, xoe$Qa[r{egToB
nplr paAl{anbllblx I{HTerpaJIax B BbIpa>KeHuI{ ELIts uocrosnnoft ctrrlH-op6nrananoft
cBrrSE a npr{BeAeHbt SHatIeHus ocHoBHbrx aToMlrblx KoHcTaHT.

Aatopr5l ctruTaxlr cttorM npl{rrrHbrM AorrroM Bbrpasnrr rny6oKyro 6narotailHocrb
BlttqucnLtrerlbHoMy ueHTpy AH CCCP 3a yqacrue B perueHnu tpynuofi saAaqs,
xaxosofi nBunacb noArorosxa ra6aurr K rpororpa$Npoaanuro. Oco6esuo qeHsofi 6una
rio:,lout.b qrleHoB KoTJIeKTHBa Bsr.rHc.,rHTenbfioro ueHTpa AH CCCP K.A.KapnoBa
{r l,l.A.OprroBofi.

ll n m:un'yn {rus uttu u nat. e ilanu'ti,,u

Anai)enuu na'gr llwiwocrc'il CCP

ilu.,nantm crw {t o o cyda'pcno enx wil
t;ttu s ep c?nt cut u.M. IJ. Ii m cyraca

\
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. I]HHAEII}I E

I. f'euea.norn qecxu e norSdrnwteHTbt

Ecnu s\,reercq aHTacrrMMerpnr{Hatr borrHoBarr {lyHr.ur'rs N-k oxariBaJteuTHbrx gneKl*
pogoB (xrrrercurux olrru H t'e x{e r(BaHToBbre .{ficna nl ) v k TaKHx )Ke gKBnr}aJrenr-
r.rblx sneKTponoB, To noeri:{:uuxenTbr nxHeituoft xctrt6nuaqnn BonHcBbrx $ylrtuufi
cBs3aHHbrx MoMelrroB t1] gr!{li a.Byx rpynil orIeKTF}oIIoB, aHTIIcI4MMerpraxnoft orHc-
careJrbHo aneK"poHoB, KoTopbre ilplrHallne)Ka'r K rpynnaru N-k h k, r{asbrBaloTcs r-e-
FrearorntrecKr4Mr{ xoe$$nrlI4eH?aMH. Canrrv Bax{Hbrrvr B npaKTrrqecKoM orHou:eHnlt
sBnrlerca cnyvafi, KorAa k - 1, Tor,aa ynolvtrlHyran ntrnefinas rov6ruauus HMeer
:eur t 2l

v ( I 
frr,LS illr its ) =

E (2L+l)(25+l)1lA-l o
aLS

ISr ilt^'oLs )(tNoLsllln-t a'I3t) =

(rl+l)(23+1)s(d ,&').

l)

ats
,r( l'Y-t aLsllstr{r, M. xlA-1 aLSl lllftoLS ), (1.1)

rlla
,yilN-ralsImMr.M,,s):

,r",,,-"Ei,d ft JJ-' r 
il-ra Ls fr'il' )v( rsnr' n" ) (r'2)

!,1 
,

flDnrrercx sonnoBoft $yuruuefi corraauHbrx MoMeHToB N - I n I enempoHa, a
aropof.i N.rgox{I{TeJII' npaeoft yacru (t.t) npeA,craBrlrrer co6ofi ynovnxyrrtfi reHea-
irorfiqecxufi roaSsuuneur. flepaue lIBa Mno)ttltrens npanoft qacrrr (1,2) RBrrrrrorcr
roe$$NuseuTaMs Kne6nra -I-opAana.

OcHoaHoe KBaHToBoe qlrcno tt 6)tAev ofiycKa?r' segA€r nA€ gTo He BbrooBer
He/:.opaayueultfi. B taunou cnyqae Bce aneKTponbr o?'rrocsrcs r oAsori Lr rofi >Ko

o6ono.rxe, nogToMy lt Mo)Ker 6lrrs orryrtreHo. a' rrpeAcraBJrrrer co6ofi Bco npoqae
KtsauToBbre qflcna, Heo6xoAuMbre ,qns nonuofi xapaKTepncrurr{ repr..ra LS.

I-eneanonnqecKr{e roac}$nul{eHTbr yAoBnerBopsrcr cneAyrorrluM ycnoBxcM oprc-
I.oHanbHocTa:

x(
ar,sT

l'volS illA-' atsD0N-'?lsr ttlil o'Ls) = 6 (ocr a' ); (1.3)

(1.4)

Hl,teer Mecro cneAyroutee peKyppenTnoe cooruoruegr{e:
====

L_ (II(L0 )1,Ll Ll(L)lL)(ss(So)SSlSs(S)sS) x
ats

* ( lfl-z )ilfl-talsturNoLS)= o, Ls+s,, = r{eqernoe. ( 1.5}

[+l*,r-N-l= L-T-j

alSlillv-'als

Free Hand

Free Hand

Free Hand



$;1ecA nepBble IIB<r Ir'lHOiiil4Tens ilOA 3HaKOM CyM\illpoiiaHl{g tlEJls}oTCfl t.'IATpuqHbIMI{

3.:reNIeHTa\4rr i,.raTrrrlu rlpeo6paS0BalrI{rr paSHblx cnoco60B cno}KeHl{tr \doMeHToB.
Cooru'lrlreHrre (1.5) Mo>Ker cnylKnrb qI,IcJreHHoMy onpeAerreHfi]o reHeanorfiqec-

Kr4x r<oeclrobrrr-ir{e}rroB. 14cxo4xrrv nyirKToM rBnrrercrr coorBercrByrou{ufi roe$dlnun-
er{? Iltls AByx 9,rI€KTpOHOkr, rOrOpatft UMeeT BnIl

0 l 1t l2 Ls) = l*(-l)l*il.rvt (1.6 )

(1.?)

@opvryna ( 1.0) orpa:iiaer ror fam, arTo B cnyqae AByx sKBrrBa.ryenTubrx eneKTpo-
nos L+S AonxiHo 6lrrr qernbrM sltcrloM. €oprtayna (1.5) HMeer c'ronr'Ko Ha6opos
peu:euufi, cKonbKo rrt',reercs TepMoB LS, otnrqaeMbrx. Apyr or ,apyra liononrrtr-
TeJIr,HbiMr.I KBaHTOBbTML qvrcJraMr.r. clrcteva $ae EcnoJrbSyeTcg TaKas, qro6sl reHea-
Jtor{qecKr.le roe$rlcauueHTbr 6rrnu qeficteurenbubrMl{ glcnaMlr. 3To Bneqer ga co-
6oft To o6crogrenr'crBor YTo

UA-r aIslIlilaLS) = ufloLSlltil-taLsl ).
I-erreanorlrqecKue rosS$uuuenTbr Bbrrtlrcrnlorcg nulub .qrrs qacrr4qlro 3atronHeu-

Hirrx u riorly3anonHeunbrx o6onoqex. Eng noqru aa[oJrHeHHbrx o6clao.Ier coorBer-
crByroLtr4e rcoe$cl'lrulreuTbr ronyqaiorcrr cornacno dropr"ryne (cp.c (19), t2])

( l4I*,-ff a f S l ll I 
nJ +2-N * LS ) =

(td-tarls

'-T*t*r*s*/'+5-/-sl-,ry-t,,,tt lr,,r,ril' ,rilo LSr ll tt*r o-LS ). (r.B)= (-l) '
Lt+t+2-N)( zL+l) (2s + r )j *

l4ect U nper{craBnser co6ofi qficno craptulaHcrBa, BbrAenennoe ug cr. Oao ogna-
qAeT qfiCr'IO gneK?pOHOB, npu KorOpoN'I BilepBble llOgBJIrleTCs Aansttft TepM LS. g
cflyqae p- x d-eneKTpoHoe (He roBopq y)Ke o Tpr.rBnanbHoM'cJryqae s-oneKTponon)
9To KBaHToRoe qncro rrRfirrercrr Aocraro.rxofi xapalr-Tepr{cTnxoft .ans TepMa. B cny-
qae f-arenrpolroB nyixHbl eule n gpyrue xapaxTepr{cr}rKl{. fioxa Mbr gT]rx AonoJr-
Hrrrerrbnbrx KBaHToBbrx quce.tt cneua$uui4poaaTb He 6ynel.t. floerovy BMecro 0r 6y-
Ae!4 nHcaTb aU, rAe noll & rloApa3yMeBaloTcg Aononal{TerlbHble KBalrToBbre q}icJla,
y)r<e He coaePx(autEe qacfia cTaprunHcrBa.

I-egeanorHqecKl{e xoe$$uuuerlTbr ydoBnerBoprrror crreAyro[]r-{M coornorle[i14rrM
(.:p. (sg), [2]):

l

lil

t
t

IN

lA

[3rrr

(t
v,

(

=t) i l);

I'-l d u-l

(l .9)

l's,vLS ); (1.10)(l'\-td,-l auLS) =

auLS) =
( N-u) (u * 2) ( l'+t a ,*l lu+z cuLS ) . (l.I l)

,/,

LS tll

Is llIti(1"-'au*tLslll
2N

Sopr.aynu (1.10) a (l.ll) uvrerct cuny Ans NSZI + l. I-lpr,r N>2l + I etn
sbrpal(eusfl crreryer lrcnoJrr,soBarb B coqeraHlrl4 c coornourenneM (1.8).

Bvecro (1.3) rroflyqaeM cneayroruge tfopr.ayn;l:

(lilouLSil l"-' ilr,-l t s l)rl t-tdu-l rSl 
n lN ,.'uls) *

(+l+l-N-u)u
o(ar a '); (1.12)

2N(21 +2-u\
E

d zs

x

aZs
(lNouI-s11l,v-r?u+lt3ll(lfl-rdu+][SrllNo'vLS)=ffi#0(e,a,).(1.13)
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A BMecro ( 1.'l )

x pL rt)(2S+t)(lN-t u u-t [ 5 f ntNo.u LSXt [ouLS 
tll 

ff-t a' v-1L S t) =
a L'S

= (2I+r)(25+1)q*H*ts* o(a-, a');

x (2L+l)(zS+t)(l N-t 
a u+l [Sl IlN,,uLSX lNovLS lll 

il-t 
a ' v+! [St ) =

o.LS

(1.14)

(1.1 5)lX2S+1)
(N -u)(u+r) o ( d, d' ).
2N(21+ r -u)

I-pyuuoao-Teoperuqecrsfi noAxoA llosBorlseT npol{3Becrl{ frarropusaui{n I-eHea-

norrrrrecKr.rx roe$cluur4eHToB. Torga $opvyna ( 1.2 ) paccMarplrBaercg KaK npuBe-

Aegne npsMoro npousBeAeHrr npencras.neuHfi rpynrbl Uat+z (cp. [ 3,s] ), 6a3ucauu

;^ns Koropbrx narrsrroTcr v(lfl-lalSilrilrt r,t,y(lsnrt")..[anurefiruee npI'IBeAeHHe npo-

HaBoAETcTI Ha rpynre UZI+txU2 c tto"t.AypulrlM lIpHBeAeHEeM Ha rpynnax R Zl+iA
Ro. B cnyyae I = 3 Mex{.try rpyrnaMg RZI+f t RS cyu{ecTsyeT noArpynna G2, Ha

rciropot ,ipu"oo"t.r HenpxBoAIIMbre upeAcraBJIeHEl rpynnbl R.,;*r.Sto Bce Aaer
Ans f-enegpogoB cneAyroutyro Sarropnsatrl{rc neHeanorHqecKnx roecpciuul{en-
TOB:

tfN-taw uL S ) = ( il a L+f lUaL lt W 0*1lVu)(ftr-l uS*fllfryuS ). 1i.is;

Llscnennue ggaqesus g.na [epBbrx. AByx MHo:,I(Idrenefi npanofi tracru (1.19) npune-

AeHbr B [3], a ?pernfi Bbrrrrcrnercs ro Sopr'tyne (52) [3]. B o6iuev c{yqae s'

coxpaHsercs, TaK KaK npn N ) 4 xsaHToBbre qficrra WUu He ..iocra. oqnbl jrns xapaK-
Tepr4cTRKI{ TepMoB.

Ta6nuuur regeanoruqecKnx xoerlr$uultenToB ltxs p- n d-eaeKTponoo rprBeAe-
Hbr s [2]. Ouu AaroTcrr TaK]Ke B pyKoDoAcrBax [S-Z], a HaMu Bssrbl rI3 l2l.
I-eHearornriecKuerosfrdurrl4eHTbl uritt fg upI{BeAeHbI s [8,9i, a F,na' f4 - B [10].
B nocre.{Hrrx ra6nuuax gHaqeuur- f,tatbr B qecsTIIg}iF,Ix Apo6xx. Haulr oaE BblqEc-

nenbr c rloMoutblo AaItHLix pa6crrr [3] , a cny'raft fg Bgfir 'a3 [g].

= ( 2L +

Kpoue roror l{Meercl coorHolreHl{e

(lr*l au*l tSl il l'*2ouLS ) = (-1)t*5+I+s -f-3 
"

,. [- (z[+rXzs + r)( u +_r) l'', (lrouLS I ll l,-rr a v +t [S l" (1.r6)

LtzL+t)(2 S + IX u+ DQI+I- u )J
Kar ylKe ygasbrB€urocb, B cnyqae f-enerrpouoB r{r4crro craplul{HcrBa y}Ke He

rrBnrrercs Aocraro.ruot xapaKTepncrxrofi Ana TepMoB" llo qerblpex f-tnen"poHoB
B11rroqgTenbgo AocraroqubrMrl rrBnsrorcs KBaHToBbIe qHcna tU [3]. I-lepnoe I{3 HHx

sBnrrercrr xapaKTepncTrfrxoft Henp[BoAHN{bIx rtpeflcraaneHuft rp-ytt.tlt{7' a Bl'opoe -
Gr, Ha *orop"r*, KaK Ha lrpoMex<yToqlrblx rpynnax MelKny U, n Rr, npHBoAgTclI

HenpgBo4rrMbre irpeAcraBnenrrn rpynnbl Ur. P cocroltr trs Tpex qucen 01, 02, 03,

r{oMenslotqxxcs or 0 Ao 2, rtpftqeM

tol Z ,z 2 og. (1.17)

U cocrom lre AByx qnceJr llltll2t fipnreM

tl, +u2 = 0, lr2r3r4, u 1 2 u z. (1.18 )

f,r

UtLSfti f"aWU
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B rrepEofi qacru hacrogutax ta6nsq rpl{BortsTcs reHeanonnqecxse roed$mgerr-
Tbr Arrs roH$nr.ypauufi p3, ds , il4, d5, f 3, f 4. Tepurr o6osuar{arorcs cneAyroullM
o6Pasou' 

*uuls-(#) "T.. (r.20)
\,

l-locneaoDarerrrrnocrb repMoB coorBercrRyer Boapacraurrc L, yMenb[Iennp S

a Eospacraf,rrro u, T, II.
I*lpx cocraBJrentu Aarrnbrr ra6nuu HaM eule He 6srna l{sBecrlta pa6ota U 1].'

a roropol rpuBeAeubr neneanoruqecKl{e xoe$$uuuenTbr ang o6onoqef, p-, d' E

f-enexrponoB. 3ru nocne.qHne r{cflorrbgoBaflI{cb HaMlt Anrr npoBepKr{ ny6axryeMbrx
ra6luu.

2. Cy6lrarpnq{ue aneMenTbr oneparopon U/t u vkr

Pdxa.x tl2] EEcrr D MareMaruqecrnft annapar reopnu crro..KHbrx crreKTpoB ctle-
Ayroulue oneparopbr:

ut= (i );
,Vk
xuo

i=l r
(2.1)

(2.21

(2.3a)

(2.36 )

(2.4a)

(2.46)

vkr'=r{, u!u)sl (i)= 
,\=r':;'(i)'

O.a,noeneKTpoHHbre onepatopu uA ,, S I LtMeIor onpeAeneHna

(lffue lll')= o(lkl')0(l,l' ) (k = 1,2,o"",21);

(l lluo lll') =,/ffi o(l,l' ),
(s ll St ll ,l = ,5,
(sff Soll s) =,/t

3Har cyMMr{poBaHNs B (Z.t) u (2.2) osHaqaer HoMepa KoopltuHar oneKTponoB,
npHqeM uh oruocr{Tcg K npocrpaHcroeunblMr a Sl - K ctrrlrogbrM KoopAnHaraM.

Oneparopu uf (q = l, k-l, ..., - k ; h = 0, l, . .., 2l) ao HopMr{pypu{rx MHo>Kure-
nefi npeacraongdr to6of, nnsnnrtesaManbHbre oreparopbr ynurapHoft npyrrnbr Uel+I.
Hx qucno panuo (21 + l)3 Ecnn i{crnroqurr cnyraft h = O, ro ocraorrrxecs 4l(l +l)
orreparoprar craHyr aH$unuresl{MarrbHbrMn oneparopa}"ru cneur{aJrsnofi ynnrapuofi
(yurar"roaynepHofi) rpynnar (cp. t4]). OnepaTopbr Slq=ft,k-1, ..r, -k;k=0,1)
flBJrrrpTcs rracrgbrMn cnyqasMr oneparopc'a ufi. Osa 6rnocgrcs r cur{HoBoMy npo-
cTpaHcTBy, B TO BpeMrr r,ar ui oTHocffTcs K op6uranbHoMy npocTpaHcTBy. onepa-
Topbr udf;,'^unrrrorcs nnsanuresrNranbHbrMl,r oneparopaMu rpynnbr lJ1u1xU2. Ecnu
EcxrrroqrrTb cJryqal k = k'= 0, To oHrr 6yayt rusrnuresuMarrbnbrMr oneparopaMn
rpynnbr SU2g*1xSU2. 3aecu sHaK yMHox(ent{s osuaqaer npflMoe (rponereposcroe)
Ilpoi{SBeAeEI|e.

HrrSunnresuManbHbre orepaTopbr yniltapnofl rpyrnH tlZl*t Ao MHo]*(ureneft, sa-
BllCflIUEX OT paHra, CoBnAAATOT C OnepaTOpaNtI4 MOMeH?a KOnUqeCTba .qBr{X(eH!{s
o6o6urenrroro panra (cp. tlSl ). Taxnu o6paeov, uf ronrrxlTcs oreparo-paMn op-

6uraaruoro r..4oMeETa KorruqecrBa ABr{)KeHI{f, oSo6rueHnoro panra, " S::- TatruMx
x(e onepaTopaMrr cnEHoBono MolrreHTa KongqecTBa ABrx(eHrn. ^
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Cytir'aarpriutble sreMexTbr oneparopoB (2.1) il (2.2) irr:u k > 0 In'{e,ruT cneaylo-
tut{e Bbrpa};ieHfig:

( liloLS llUilll 
ilo' L'S') = o(S, S')Nt(2L + llQI" +1)(2S+t)l ii "

^ r- (- qr+t+L+h(r^oLSilr^-'atsrlrr;\-tulsr 
n tNo'L,s.){i.i l}r (2.b)

iisr

( I 
A*LS 

I V&till 
A*'LS', 

= * E 1zL+1)(2r+l)1zS+ 1;12S'+d',.r -!' 
:il (2'6)x _r_(-l)r'J*1*"rl'+s+*+r (r 

trolsllr^-talstrtr^'-larsr 
IfYot's'r.l,i :llJ^t,'

Ats 
\- r'-

3aecb, KaK n Be3Ae, S = l/2,
I--lps k =0 Nueelt

( IN*LS ltuoltl 
ilo'L'S') 

= b(aLS, cr'L'S ') N \lffi;
(liloLS [Votlltila'I] S') = o(aLS, o' VS' )ffi.

Ecan rn."to Sl t""tt S0, To BMecro (2.6) 6yaer'r HMerb

( I 
iloLS 

il vlo lllNo'I/S ') = 6(s,s'Xl troLS 
ilUe il I 

ilo'US') 
.

floaoauno npocrblM sanaerca cny'raft

(lN'LSilUt illila'L'S') = 6(aLS, o'L,s.)Vg#ft## +l)

(2.7)

(2.8)

(2,9)

(2.1 0)

Ban4y roro, 
"to 

U& He coAep?rinr crrnlroBbrx nepeN{eHHbrx, Hr..ieer i.{ecro coorllo-
XJEHI{E

( I 
I*,LS 

llU 
e

B cnyqae oAi{or.o
paropoB (k 4 Ol

lll 
Ao'L's') 

= 0(S,S')v6S.l (l'vot. llufr llt 
Jo'L') . (2,11)

gJIeKTpoHa cy6rraarpfiEIHble gJIeMeHTrrI [rac{-'i"i;]i.i''rrj}3,i1(.rr. 1F,ix one-

3aIIO,nHei{III;IX rtArt-
4l ):

lar Lt*.0.

ilrtsll u*'il lrls)=r,E
(l rt s ll vetll trrs) = uT,

Cy6rrrarpnrrHbre sflelueHTbl oneparop.ru UI' n Vhl r.ns IIoqTlr
noqeK noxyqaprcn c noMoulbro cneAybruldx rlopr"ryn (cp. l-1211

( 4l*,2-N 
ovLs il 

y&fr'ilf l+2-N o'r'L's' ) =

i. i',\

i't l'

(2.11)

Ecnu 3rrecb Br\4ecro h'noAcraBnrs 0 rI l, To roirytra?cs tlopvyng g^n" llk " V&1,

coorBercrBeuuo. OAnaro eta $opNryJia repser cl4ny B cnyr{aeUu,Toraa seo6xoar-
plo rioi'rbsoBarbcs r$opvyaofi (2.7 ).

Ha ocHoBarrnrr (1.10) u (t.tt) npu r.rcnorrbooganr{r{ (2.14) uonyralorcs cne-
Ayrcune $opr.,rynrr (cp. c (09), [2]):
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(lflouLS lll/.t" Ililc'uIiS') =

I t lu *vLS ll vkk' lil" d'vL'S'), k+k' = HeqerHoe;
l'

= 
1 +=+(l ro uLS llyk*' llu u,vfs, ), k+k, : yerHo€.
[ 2tf l_u

Kpor"re roro, r{Meer Mecro cneAylotuee cgoficrso:

(lAou[.S il Vefr ll lNo'v-2L'S' ) = 0 (k+k'= n€e€rno€).

Heo6xoanMbrM fiBJrsercg caoficrBo rpanclront{poBanus

(2.15)

(2.16)

(lNoLs ll vkh' ll lil*'L's') = (-t1/'+s- L'-s'ONdrs'llvkt"illfloLs). (2.1?)

t)no rloax(H-o Suru yqTeuo npu lrcuonbsoBarirru 'ca6nnu.qna cy6Ma?pnqsbrx s;reMeu-
t""t::";"1:1"" 

cy6varpuqabrx erreMeHro' oneparopor ufr ^ vkrAns p - n d-enerr-
pouoB rrpHBeAeHbI B U2r2] (ans k = 1,2) tl B tl5] (qns h = 3,4). ilepnue ro
Hr,rx rrpuBeAexbr ?aKx(e B pyroBoAcrBax [5-7 ]. Te u Apyrrre ra6nHuur coaepxar
HeKOTopbre HeToqEocrr{, BbrsBJreHEbre pacqeTaMn It 6] . HcnpaaaeHHbre cornacHo
tl6l 'ra6nruu v EpuBo,anTca B Hacrosqefi-KHRne.

Cy6varpxqHbre eneMenTbr oneparopt I{t( k = 2,4,6) nng fB npuBeaeHbr B [9],
a cy6varpuqubre eneMenTbr oneparopa Vrl B tl7]. Cy6r'rarpnrrubre gneMenTbr
oreparopa V" on^ 1o B ,aecsrrrrrnbrx apo6gx Moryr 6urr nofiyqenb! I,rs ra6n. 2
paOorur [0].

Cy6r,aarp[qntrr, erleMeHTbr oneparopa U& .arls o6onoqeK P-, d- r f-eneKTpo-
HoB fipr{EeAenbr B [11]. __t- _t-t

Cy6varpurrxbre oneMeHTbr Bcex oneparopot U& o Vkr nnn f 2rf t,f u cocqr{rafibr
HaMrr Ha oneKrpoHHofi Bbrrrficnnrensucfi MarII{He E3CM-2M il fip!.rBeAenbr Bo BTo-
poE qacri{ Hacrosu{rlx rs6aru. B npor],tBonorloil(Hocrb coorBercrBy]orqr{M ra6nr-
u"n, 11rr" U& pa6or f2,l2r5-?] oHt coAep)I(ar Mlrox<I{T"rro 16l.3ro snaqrrr, rrro
Hacrogrune ta6iturr'u coorBercrByror nesofi EIacrIi par}eHcrBa

(l iloLS 
ll ue tl lNo'rs') = 6(S,S' )yffii (l iloL 

il Ue I llN o'U ) , (2.18)

B To BpeMs KaK B yKasauHbrx ra6nnuax Aaercs cy6vatpu.rnrrfi grreMeflT npanofi
qacru (e.t8), xors o6oeuaqaerca oH TaK x<e, KaK s nesgfi rracrn groro paBeHcrBa.

Bo alopofi .Iactr HaCToqlUI{x Ta6JITIU npHBo.aRTCs cy6varplqHble eneMenTbl BCex
oreparopou U& uYkl nns xorrsunypauufi p2, p3, d2, il}, d4, d', f', f 3 

" f 
a, Tue-

nrrrlbl paslleneubr connacno ronSurypaunnh{ B yKasaHHoM lroprraKe. I-Ipu ft4xclrpo-
BaHHoM I n N .ans f-enexrpouoB cy6rrrarpuquble sneMeHTbr oneparopoa Ue n ykr
npr{Bortnrcs orAenbiro, a nilr- p- u il:sneKTponoB - BMecre. Ha6op.u KBar{ToBbrx
qficeJr, KaK r{ s ra6nEuax reHearronHqecKHx roe$drnul,teHToB, pacnono}f(eHbr corJrac-
Ho cneA,yrorueMy pr4y L, S , u, y, U B rlopan,Ke Bospacrauua L, u, W, U r{ yMeHb-
rueuus S.

KsaHtourte qlrc.rta ganncblBalorcs B coo'raercrBnu c (1.20). R [epBoM cton5ue
ra6nrq noMes{arorcs JreBbre napaMerpbr cy6vatpnqnbrx erreMexToB, a Bo BTopoN{ -
npaBbre. ,[.ns trony.rentrrr TpaHcIroHapoBaHHbIx cy6uarpuqnbrx gneMesroB crreayer
ncnorrbooBarb caoficrso (2.17). I-lycrbre KrIerKu osuaqaror paBeHcrBo coorBercrBy-
rc[Iero cy6uarp[qHoro grIeMeHTa Hynlo.
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3. Bupax€Hle Arfl cpeAnero 3naqeflnfl gneprrlt
B cryqae oAnofi odoaoutot sxeKTpouoB

OnpanrvlrMcs oneparopoM oHeprHH, co!,epx(au-IuM ynpoulenuufi o[eparop
ctrfiH-op6nransnoro BsarlNloAeficrsug ( npe.qcraaagrc,uruf, BgauMoAellcral,te 'cnl.rn -
cBorr op6ara') x He coAeplKaIuEM oneparopa crr&H-ctrr{HoBoro x}afiMolleficrBug.
Ox sMeer cne.qyrcrqrfi Br{A:

H = Hk *H"*fl" Hi * 
irr,H"i, 

,

Hf np.acraBnser otreparop Kuner[qecrofi e]reprr{E i -ro orexTpona r troren-
uranrruoft eHepll{n oTHocn?enbHo naPa Toro x(e IrIeKTpoHa. B aToMHbrx eAXHr{uax
(cra. ra6uxuy Ea crp. 104) ero Bbrpa)KeHre cfleAyrouree:

(3.2)

eaeca a1 sBnseTcn onepaTopoM llaunaca, aeftcrayrcluHM Ha KoopAl4naTbr co SHatr
rcort,rii Z - qxcro sapglloB sApa, a li - paccrorrHr{e i-ro sneKTpoHa QT sapa.
Heparrft qnen B (9.2) npe.acraBnrrer 

- co6ofi oneparop KxHerrqecrofi endprnu, a
eropofi [orerlrrHanauofi.

BupaxceHue nnr. cpeAHero sHaqenlrs paccMarpaBaeMoft eHeprun ( vrarpnvnono
arreMeuT€ oneparopa H/t) o"renu rrpoc?oe. Ouo l{Meer B}rA

= ? Hrft*l
tl

(3.i)

(3.3)

(3.4)

(nliloLSlHet nlNo,'US'

rAe pagranaHrrfi EnTerpan

) = NI(nl) o(a LS, d"fS' ),

P(nllr)dr.I(nl) =

H! =-f,.o, -+,

2z l(l + rilr -;t-l-|iP(nr,"F

s; ),

3gecr P(n I I f ) sBrrsercs pagnanruoft $ynruuefi no Xaprpn. Jf enenxal Ha l, oua
flpeAcraBrrser co6ofi ecrecrBennyro paauarrbnylo BonEoEyIo Qynruun.

H! uneacraBJrser co6ofr ynpourennurfi oneparop sueprru cnuu-op6sranruoro Bsa-
nlvro.aeficTBnc a nMeeT BHA

H; = 4r. )(L (3.5)

++
rAe li " s; - onepaTopbr cp6EranbHoro $ cnlrHoBoro MoMeHToE KotIHqecTBa

ABIr)KeHIigr coorEercrBeuno. lv\noxcnreJrb, easscgurnfi llrulb or paccrottung or
gAper uuebr BbrpalKenne ( e arolanblx eltlrnnqax )

e')-#t4
3.qecb c - cropocrb cBeTa;V( r; ) rpeAcraBrlser
poM HAXOAETCS 9[eKTpoE, 6y,Ay.Iu Ea paccTosll4ll

Oneparo p c nEH-o p6xl aJI r'Ho ro Bsa I{MoE efi c tsn g

noqKn Mox(er 6itru rrpeAcraE Ien B BEAe

. (3.6)

co6oft rlorrgnultafl trottsr B f,oro-
l; oT sApa.
Ang oanoil onpeAenenHofi o6o-
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He 1[(2t+t)t(l

rrre ! 11 ,,,p.oensercs col'JracHo (2.2',,

E

n(rt) = [ E(r
0

+ l)l );u tlq (nl ),
a paAranrnufi HuTerpat

)p2(rlir)dr.

(3.?)

(3.8)

(3,14)

3aeg/roqj(a Haa 3HaKoM paBencrEa B (3.7) ogHaqaer, qTo paBeHcrBo cnpaBeA-
jrnDO Jrhlur-, AJ'le rnSTpArIHbrX g,texeHTOB. Cpe.qree SHaqeHre gHeprIII{ CnuH-OpSuralr'-
Horo B3a111r{oiielicrgrg (varprvnufi eneMeHT coorBercrByloluero oneparopa) I{Meer
aLrpa)KeHlle

(nliloLSJ i ll" I nlN iL'S'J') - c(liloLS J, l'vo'L'S'J')n(nl) =

= o(I, J')(--l1r'+s+/t(2r +l)l (t *r\t\ F lli,,noLSllvttil I 
No'[.'s')n(nl ). (3.e)

3Haqeslre 8i-roerssnunexta 6epercs rs cfleuranl'Hbtx ra6nnq arl.s eTttx BFnrqEH [18]'
a suar{euue cy6l*arpn{Horo grreMenTa oireparopa V t l - I{s atopoft qacru nacro-
gruHx ra6nnu, , r \ ^e -r^^*- -_---flna orpeAenenr{s tl(n I ) 6onee yno6nofi s.Brsercn $opvryna, cleAylourar Eg

Bupax(e'rs rrr'r non'ofe *"?iili: 
;fi[t, ;il:i:,""il: 

BsarMoaercrans [1 sr'
(3.10)

f tepaufr rrren € (n I ) yrrarurBaer r*rraot norrs tApa ( u nocrosHnag rosxol
crpvntvpi'r) 

e(nl) =+Tr-tpz(nllr)dr, (3.11)
to

a cyMMa rto KBarrroBbtM rrltcflaM sarlonuennblx o6onoqer - norte o[eKTpoHoB 3a-
troJrHetrgorx o6onoqeK:

,i(rr, l; r nt) --. *4(21, + 1)Mo(nl, nrl,) +

+6|ir, ii.(ft, nr)2 {r'^ronr,[ro,r,{l I 
o;t}'N&(nr, n,t;)-

t;

* (2h-r,ii I 
-;tl 

N 
ft-'{nt,n, 

r, r] *

. [ffri'#;if+ ]'{i I l}F - 1)Nfr 
-' (n'|'n't;) -

* (k+z)Nkr.nl,n,l;) +?.Kn tnl,nrl;)+ (l + l, + lX l - lrl x

- 
ftN'i- 

'tnt", n,r,r- *i N 
L(nl, ,,,,1]]. (3,12)

Jqer:r, t4HTerllanbi lINtelo'f cJreAylourne onpeAerlenug:

[l/'inl, ri, l,) !-t" J:r-i 
*'P )hl 'ndr !rrrPztn,l,nr)drr; (3,13),l,i o

N/''{rrlrn..l,.)-,- -e-- htn II .tprn,t,t r\ dri tle,nllr,)P(n; li I r ;)dr r;
0

*i'
XIT
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l

t<fr1nr,nitti = + i;'ryf!- Ptu,t, I r\dr x

(3,15)

B nntenp"rru* N& o Kk MolI(Ho npolrsaecrlr rpalrcnootrqtr,o KB&HToBbrx .,EceJr

cornacHo cooTHotueHllgM 
L

N"(nl, nrlr) = N"(nili, nl)r (3.16)

K&1n1, n;l;)= (k+2)Nn(nl,n;l)-(k-I)pe-z (nl,n,L, )-Ke{n ,1, nl)" (3.12)

B ta6nrrue Ha ctp.l02, sanucrBoBan",?ft ,1 U 9] 
' 
rpl{Bo11srcs tr[cnegHble ogatle-

Hrrc Koe$Quuuentoa npll I4HT"tp"rr"* Nk oKk B (3.12).
K (3.10) errre Mox(Ho ao6aslrra qacrb crll4n-op6ntanr'Hono Boaur,,loAeficrslrg

Bxyrpu Hesarorrgennoft o6ouo'rrn [20]. Ans p-, d- u f-enertponoB AororrnnTeJrb-
Rrrit .rneg t {r.l) panen

.r,'(np\ -= (3-2N)Mo(rcp, np); 'l

I

E.'(nd) = (3-2N)M0(nd, nd) +? u'tud,nd), | 
(3.18)

E'fuf ) = (l*2N)M0(nf,rcf) + lnl'(nf ,nf) + fr tr't 
a(nf , ,f ), )

eopr"rynrr (g.g) -(g.18) nosBorsror yrtecrb ocHoBEyIo qacrb oonto'"o crIEH-op-
6uraarrnoro Dga5MoAeficrtng. OnpeAerleHre ocraTo{Horo qtrenar TaK xce KaK u

BsauMoAef,crgnc tcrlttn-crrrllr', 'op6nta-op6urat rr qpynrx MatIbIx MarHETHux eQ-
Serroa, ueJrecoo6paeuo nnuu' rrpx )rro{neHnbrx MeroAax pacqera. flocTosunas
cggg-op6nranruofi cDssn n(n I ) r'roxrer orlFeAen.sTbcs raK)Ke Eo oKcreprMeuTarlb-
HbIX AaHHblX.

tfii npeAcraBJrser co5ofi oneparop euepruu eneKTpocrarnqecKono aganrvroAeft -
crgns Me)KAy orel(TponaMfl i " i. Eno Bblpalxeul{e raKoBo:

H"=|=r *(c,tn'.cIe)r.,fi k &*t-t"; "i /'

3aeca ra u l, - coorBercrBenuo tueHrrusfi u 6onrursfi us I i utirc(&)- c$epu-

qecras $ynxunn, HopMrcpoBa'Has *ffi t.o. I 12] ). ona sBrlsercs Herpr{BoAlr-

MbrM TensopoM paura b, roroprrfi cor{ep)Klir Koop,axuarbi, yKasbrBaeMbre H}r)K-
HlrM oHaqKoM. Otaenbubre cocraBnsrotufie gTor\] TeHgopq,B cnyqae ueo6xo.qxMocrl{
yKasbrBarorcs BTopbrM Hn>KHuM sHaqKoM. HanpraM€p, Clf;) oaosnaqaer cocraBJrrrp-
u1yrc q AaHHoro ren3opa. Toqxa Mex(.ay .EByMs reHaopaun yrasbrBaer Ha cxa-
nspHoe npor4aBeAeHue. l-lpocyvraupoBar{Hoe tro sneKTpoHaM, oHo Mox<er 6ura
npeAcraBJreuo cireAyloultrM o6paaou:

il, 
( r:n'' r:n' ) = i ( :.:u'' f'1", - l I 

(c',n'' cl*',.

Hcnonnaverc' Marpf,'!r' t t;,?;I, 
ri c(e, ir t luf .

xIt

(3.19;

(3.20)

(3.21)

Free Hand

Free Hand



-

Torga ans NraTpilrrHbrx erreMeHToB orlepa"opa trMeeT MecTo cooTHotueHtls

H" : I l,l ll ctn'll l)'ttuli'uf l-u'frFn(nl ,nl). (3'22)

3Aecs U*, orrp*llersercf, cor,IacHo (Z.t ), a sHaqox N yKasblBaer qucJlo eneKTpo-

roB. U{f onp"AerlseTcs cneAylour'M o6paeor*:

u!,r = f tul .o!). (8.23)
t=I

PanfiilJIbttblft nHTerpail I'INIeer Bfi.q

Fe(nl ,n"l') -- tr *P2ftl Irr)P'(n'l'lrz)drrdrr. (3.24)
o r;-^

Benuquua ( I il C( 
n' 

ll t ) npencraBnser co6ofi cy6varpuquufi oneMeHT oneparopa
cd:eprvecrofi dryHruuu. on rMeeT Bblpax<eHne

I.

(tflc(/,,11 t,) = 
tt3!{3l.Jlr asta(Jnl--L; 

(8.2s)
(g-ll!(g-h)!(g-l')!

3aecr' r<oe$$uulleH? f t, Ire saBHcur
ero Bblpax{eH[Ie cJteAyl()It{ee:

f 1,IN'LS, l'vo'LS) = l (l il C

x 2r (-trl'-t'-1 lit"Lsll tl/'iil
o" I.'

-i{(?l+1r-lo(o ra')
C.yovrarpnqnble oileMelIT'bt ollepdrc-rou UL SepyT ca

Ta6rtnr. I-lpu k =0 ilonyqaeM

(3.26)

(3.27)

(3.29)

ro KBantoBono virena. Ilpu L > O

L+l)(2S + 1)l-l "

- I:'S tlUa tl I 
No'LS 

) -

(3.30 )

HACTOSUIEX

l+l'+k =29;
)l(l+h-l' )

Ero csofir-;rea rpaHcrlrJliltpoBaHrrs 6ynyt

(l ll ctn'll l') : (l'llcto'll l), (3.28)

ecJr.H ldcnonrr3yercs cran,'r,aprr{as c.HcreMa r}ae (cp. l2l,22fl. 3xateHsa cy6vat-
pxyHoro srrel{eHTa ( I ilc( 

rt 1l'i npHBeAeHbI B ta6nnue na crp.1Ol . Ecnx uc-
nonbsoBa,rb ;1JrR s'rgx cy6rurarpr{{Hbrx sneMeHToB ra6[. ltJ Hs IZ], to Heo6xoAr{Mo

3HaKn NlltHyc SaMeHa'tb IIJIX)CaMH.

Cpe4uee ggaqeHt,le grrexTpocTarnqec(oFo BgauMoAeiictsuq (r.,raT pHqnrtil gneMeHT

oueparopa He) npeacraBuM B BHAe

(nlNo LS lH 
ulnldo' L'S' ) =

= o(LS,L'S')?f t(lfloLS, I Na'L'S' )n*(nl,nl ).
k

1

OT OCHOBHO

G)11 rl'{rtz

N*"U'SX lNo

tt.
)

r{3 nropof, qacrn

XIV

Free Hand

Free Hand

Free Hand



frttffolS, lilo'LS) = D(arc,')ry. (3.31)
L

oqeauAuo, qro lrarpxrrxbre grreMeuTbr oneparopon H^ u H" He aaBucffT or KBaq-
l.oBono vucna J. rloorovy B (3.3) rr (3.30) J onyu{exo, B To BpeMrr Kar a (3.9)
ono coxpaHsercgr Tar rax uarpnurufi eneMeHT olreparopa Hs BaBHcHT or J, xorrr
oll H Ararogarled orgocrTenbuo Hero. B 6onuurnHcrae cnyqaeB ofipertensrouli{Mr
aerslorcs oueparopbi Hft * Hu, a Hs ".raer raK HasbIBaeMyIo roHKyIo crpy1Typy
?epMoB.

B Keyecrae rpnMepa BosbMeM xontfuryparrrto 2p2. bIs (3.3 ) HerocpeacrBeHho
cneAye" Bbrpax(enre nn^Hk,Ans He HcnorbsyeM $oprrry.ny (3.31) (upx k =0), a
npr k =2 c lroMolilblo ta6nrq AtIs cy6rr.rarprqxbrx gneMeHTos Uft, qqlo;1su{}rxcr
Ha cTp. 12 Hacrorrulnx ra6nnu, n ma6nxurr na crp. 101 An! (lllc(o) ll I ) cor-
rracno (3"9O) uonyvaeu -l15, l/25, 2/5 anr- TepMoB tPrtD , lS,.our.""crBeHHo.
Torlra Bbrpatr(exue afis gHeptHI,I, He BKrllcqaloujeft cnxH-op6utaaruoe Bgar{MoAefict-
BI{EI HMEET BTIA

12p2 LS lH 
ft* Hu lzpz LS 1 = zI (zp) * F0 (2p,2p) + (2p, Zp\. (3.32)

B aassov cffyqae ro'xyro crpyKTypy r{Meer n}rr.rJb repM 3P. flpu neMorux
ta6nrr .ans 6i-xos*$uureuros [21, uprnoxrexrre IVI x ra6nnuu gnr cy6Marp]rrrnono
orreMenT" V I l' 

"o"rrtcHo SopMyrre (3.9) roryqaeM
tt, 

", 
* zrr( 

3p); to, tto - l( 3p), q( tp) 
= q(2p).

(-+,*,i) o'

(3.3 3 )

3ro - lnpur"ro JlanAe. Cneayer orMeri4Tb, trTo B (3.33) y.nerbr lrurui, ltnaro-
HanbHbre Marpxrrnbre srreMelirbr orreparopa Il". t3 a,aHHoM cnyqae He ,,tcqeoaloT
EeAl{afonaJrbnbre orflocl{Terlbuc repMoB Marputtubre eJreMenTbr. OHH TaKoBbi:

epz 
tt,lH" 

I zp' 'rr) = +q (2pli

ep2 
tso 

lH" lzp' 'Po 
,t = ,E.n(2p).

(3.34)

(3.35)

Hx y'qeT rpe6yer ,qlraroHarrl{gar.inr Marpu[r,t eHeprnft, q?o B:receT Jlr{rxs se6ona-
ruoe rlgMerteuce B (3.33), oTtrJronnrou-{ee erc or yKasaHnoro npaBilna flasae
(cp., narprMep, c t23l ).

B cnyrae noyrx sarrorlnennofi o6onocrr roedrrlnuxenT rpn r{HTerparre I ( n I ) abr-
qrcrrrercc rro @pr'ryne (3.3), a rns roes$nqren?a npu r4HTerpane tl(ttl) rpfi-
MerrseM sopr.ryny (2.r4) a ronyqaeM 

o _t),

,(lntn'-ff ouLS Llnl+2 -N 'v'US'J ) = -(-t t-' c(l tc.ulsL 
l 
Nd r'r:S'J ). (3.36)

3ro BJieqer ga co6o[ trsaecruoe o6paurenue Mynbrr{fineroB [oqru sa[onneHHbrx
o6onoqex no cpaBHelr$p c raKEMIi x(e MynbrlrflJreraMl{ qacrr4r{rlo gafloflileHnblx
o6onoser, Tar Kax a cnyqae llxarouaJrbHbrx areMeH?os U=l)', H gHaK MHHyc cox-
paHgercrr. B cfl-y.rae HeAl{aroHatrbnbrx Marpurlubrx oneMeHToB sHaK Mnnyc Mo)Ker
6lrrr KoMreHcLpoBaH MHHycoM xa $aeoBono MHo>Klrrens B (3.36). Tarupr cnyqaeM
sBJ.rrrercrl, Hanpl{Mep, r,rarplt.rurrfi eneMeHT (3.35;, TaK KaK U = 0 11ng repr.aa lS,
u u=2 tr.ns 3P.

B cnyqae oneparopa sHeprxr{ srreKTpocrarrr{ecKoro BganMoAef,crnxg xoaS$n-
uuer.t fn onpelenrrercs cornacHo (3.31) xegaencrMo or rone, sBnflercn JItr 060-
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noqKa qacrf,sHo hnx nr)qTx saroJIHeHHofi, Ang nonyqeun" fk (k > O) Ncuonr3yeM
(3.30) n (2.14). Toraa noryqaeM ,.)-1,.

f ntttl+Z-lvcuLS, 1al+z-N du"LS): (-ll ' f rttfl..ulS, lNo'u'LS) -

-(21+t-N)(21+t)-r(l ilC("iltlt u(o u, a'v' ) . (3.3?)

OrCrcAa noJIyqAeM BbIpA)KeHIIe AtIg 3a[OJIHensOfi oSOnO.Ir[

f ,,rrn'r'' 
ts, rn'*' bl - -(l ll c(a) lt l) 

t. 
(3.s8)

B KarrecrBe npr{Mepa Boor,MeM rorrcsnrypaurar-, 2p4. Toraa BMecro (S.Se; no-'
flyqaeM

(ZpnLS1n k *rl"lzpnts)= 4t(2p) +6F0 (2p,2p\.(-i ,-*,0)o 2Qp,zp). (3.3e)

(3.33) coxpanner BuA sa [cKJrroqegreM nosBnertl{s sgaKa }"dnHyc D npaBbrx tlacrilx
paBeHc'fB.

4. BupaxeHr{e lilfl cpe4nero gHaqeflilJr sHepnru B cnyqae AByx obolorrex
,tV. /Y,

Paccuorpnu xou$nrypauuro ntlr'f,21 ,' . flpeanonox{I{M, qro LS-cnseb
r{Meer r"[ec'ro He ronbKo BHyrp]r orrtenbnblx o6onoqer ( qro Bepuo B [oAaBrlsptueM
qrrcne aToMHbrx cncrer"r), Ho irTo ,t MeN(Ay co6of, ooonoqxu cBssaHbl rot >xe

cBsgbro. B rrpornBuoM cnyqae cneAyer npol{sBecr[ npeo6pasoBanlte, o KoropoM
6yAet 

'rA"E 
peqb B cneAylolueM pa3JteJle.

Marpuruurfi eneMeHT oneparopa K[Hernqecxoft gHepru]I E sneK?pocrarl{'recxofi
oHeprEE orHocnTetlbHo fr,apa HMeer artp6>xeHue

/V. A' r N, N'
( nrl r" nrl' r'o rt rSr o rL rS, LS I H" I u rl'l' n rl r' irUrS'ro'rL'rS'rL'S' ) =

= b(c.'rLrS rozL2S2LS, drUrsi "'rUrSrl,s')tNll(nrlr) +N rIftzl ,\7,

$ra SopMyna AoJrx(Ha 6urr uptrMeueHa sesaBucuMo oT ql4cna oneKTponoB e o6o-
JroqKax 

- (qacrnqtto unr rtotrTlr ganorlHerrnblx, unr Aa]Ke nonublx). YnporueHxttfi
oneparop eHepnuu crrru-op6uranrHoro BoaliMoAeftcrsns pacnaAaerctt Ho Aae sacrl4
l1o o6onoqrar.r. flnn ero Ma"pfirlnoro etreMenTa laMeer N{ecro BbIpa}KeHI{e

tnrll' n]f;'a rLrS, *rlrSn LSJ lH" ln ;!'nrtf;'o'rr'rS'to'zL'rSirs'J) =

= (- tyL'*s*r{; I {},,rL+l)(2 L'+tx2s +r)(zs.* r)t % 

"

(4.1)

(4.?',)

{t-, )"*''+/"+s'Is'+s 6(azl rs, o'2L'rs'r)t(2 lr + l)ll(I r *rlJL 
^

{ i; i, : + {} i i + 
t t l' *, L, s r rr v 

*r 
r l' o',1',s, ) n t n,' 

}.,) 
*

(*11rr+1"+t+s'+si*s o(a, L, s' o'rL'Lsi x( 2lr+1)12 (l r+ lll\ ^

li,itl1pi:+,Il' 
*,1,s, il":51i' o'zu,si ) n o,t,' 

]'

Free Hand

Free Hand

Free Hand
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Ec.rrt{ oAHa vn$ o6e oSonoqxn noqrl{ SanonHeHHbie, To t( cyrif,rarp}tr{iJr,rN'r 3re-
MeHTaM oneparopa Vll rp"t**sercs (2.14), a Bce ocrarrbaoe le rrlerepnt\B&er
HuKaKoI.o l43NlegeHug. Ecen o6clno.ti(a Jiongoclblo 3drlorli{eHa, To (ioortserr-'tH}}UiriHil
qneH orlra.qaer l{g-3a paBeltcrBa Hyrrc cySlrarp}ItrHoro aneMerrra orlei)ar,,1-g Vl l.

B cJlyrrae gnel(Tpocrarlr.lecKoro Bgai{rv:oAeficrang Blrpax(erlHe rtJi,r iv:dirF',r1sol-o
grelteHTa onepaTopa pacnaaaeTcfl Ha oTItenbHLIe rlacTI,I, cn0co6l.i pncHera 6qfoprrrX
cHJlbHO OTnrrqarcrcq l1pyr oT ,Lipyra. R nepayru oqepe,a,b cneAyer BbrA,eJir:Tb nr/rirrr
eIeKTpocTaTltr{ecKoe B3aIrMoAeftcTBI{e BHy'fp}t c)TAenbH},IX of,roJroqeK. ono i}i;lSHcn'I-
eTcfl MeTOAOM, [pEBeAeHi{bIt\{ B npenblAytueM pa3Aetler n EbtpaxlaeTctt qepe3
paE'JairbHbre fiHTerparlbr F" (.nil;,n;l;), ( i = l r2 ). Koe.lrfrurlHpHTbI nJli{ sTr{x lrHTerpa-
nex i:inaloHBJIbHI:I oTHocnrer'rbHo KBailToBbrx q[ceJr L, S, L rS,LS. Kp,]lte roro,
Koo'..p*firlr{eHT rrprr Fk(nrlr, n1l1) Ao.rr}r<eH 6r,irr, ArlarorraJrbi{},rM oTuocflTenbuo c(z rr

uao6opo r.
OcransHan qacrb oneparopa

gneKTpoHaM}I, npltHeifJre]IiaulI'IMU

'{N,TEET 
BI,IA

NL i\*,%
ITX
k i =, ,=,Vr*I.

[JcneAcrsue auTr{cflMMerputrHocrrr BoJrHoBoft $yHxuar ornccLrrerbno sJreKTpoHoB,
npuHaAnelKau{r4x K pgsHbrM O6OaOrxaV, UalpnvHufi sneMeHT orreparopa (4.3)
pacrraAaeTcs Ha rrpnM)/ro il o6l'aeHnyrc qacTlr. fiparuras qacTrtr Bbrpa)Kaercrr rlepe3
paflIranbHbrfi i{}rTerpan FA(nrl l,nzl2). Koe$truunenr npu HeM sBnsercs Marprq-
HbrM OneMeH'rOM OIIepaTOpA

npe4craBnger co6ofi 83auMoaericrsl-re MelK6ry
K p&3nbrM OoOnoqKaM. 3ta qac'rb orrepaTopa

kr<

F ( c:n' t,l*' 
' 
'

.ry1

,,l

(+.lt;

(4.4)

(4.?)

(t 
r llc(&) ll I r)(l2ll c 

(A)ll lzI(ui,. ufi,,.

^ rr k3aecr U,V npencraBrlser co6ofi

onpeaen.i"orn cornacno (2.1}.
trMeer Bbrp&)ri€HHe (cp. l24il

f nrtl',1'or LrS r o zLzSz LS,,l'tl'' o'rL'rSi, o'rUrSiLS) =

L,s, il ue il ll' drLislx ll"*zL:s, llu* il Il' o'2uzsr). (4.5)

oneparop lJk r.n" o6ono.rrx 
" 

N; grreKTpoHaME,

MarpravHufi oneMerrr oneparopa (4.4) rpu k > 0

- (t, ll ctn' , SiS; )L(25,+ I )(2Sr+ l)l- )' x

L2

ur
h:

l'*, L, s , o rLr s, Ls, t l'' , !" orli si o'rL'rs; t,s ) -

= NrNz 0(" rLrSr orLrS z,o'rl'rSi o'zUzS'r). (4.6)

Ecnu ollHa re o6onorer, cKaxeM nepBas, floqrr.r 3anoJrHeHS, To corJlacHo (2.14)
IMEEM

,ut-ur

= -(-l) 
2

XVII

ll lr x I z il c 
( e) 

ll l, )(-l) 
Li+L'+I'6(sls2

.{li
I_Ipx

ll, , l'* ,

0 I{MeeM

fotr'r*-'t

l').tn \rf- ( 
lrt'*z-N' ,i)

Free Hand

Free Hand

Free Hand
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1,,.'nu o6e O6OIO.IU.!I gBflqIOTCS IO{TH SAIIOJIHeHHbItvlh, TO u

/ +i,=2-N, 4!,- ' u'''i+u'-ui
fn\rari''2-N' ,:t'+2 -rv') : ,- ,yt--'-- rr(rl' ,f ').

at' ft tl y n zi o ) = f fi 
F( n rl 1 I 

r, ) P(n rL, I r, ) P( n, I, i r, ) P( n rl rlr r\ ilr rdr *

(4.8)

06a irc(iJleriHgx paFlercrBa reprrlcT cBohr cnJry ilpn k = 0" ts rIocreAIIeIu cxyqae
cnel;ye,r. ,1s;53r-rB&Tlcg Sopr'ryncil t4.6) HegaBIlcI{N'Io or cTe[eHI{ sanonHeHirt{ o6o-
rrorreK. tle (4.7) q (4.8) Eunxo, rrro xoe$cfuuuxeHT npr r{HTerpane F/t1nrl t,flrlr)
(k> 0) paeen Hy.qrc, ecnr{ xorb oltra rls o6onoqex ssnaercs sanoJlHeuHoft.

O6uensoe BgafiMolleftcrexe Mex(Ay o6onoqralvrH Br,rpax(ae"cs ltnTerpanaMlt

xosS$nur{eHTaMu npu Ko"oprJrx

* (trllu

- ( l, llc 
(fr) 

lll, )' , (-l;r 12 r + r)

'll

flBIl9rc tCf l{aTpI{rIH ble gfIeMeHTr,I OlepaTOpa

{l; l;:}'r,ir 
u''r,) 'x

t )-t [t tl i,, ' ui. r * 2(v;] . u,i],] .

or 0 ao MeHbr'r.rero 3rraqeHxn ^a 
2l ,r2l ,.

uHTerp"rr. Gft (nrl , ,fl zlz) rrueer Mecro

B1(l !'r!' orLrSr o ,LrSz I-s,rl'r f;,'o'rr,si

=-(1, ll ct"'il trr'riu(-t)'{2,-,,{ i'rr::}F

(4.9)

( cp. [24] )

(4.10)

Bl.rpax(e-
3aecr I npooeraer 3Haqen[s

Ans roetrt$r.ruHeHTa gL npu
Hue iZ+l

n'rL'rs; LS ) =

(-r)t; +f'..+l' 
^

" 6(s,s,s;s; )( zsr +l)(Zsr -'-l)t- "{l"t i: li x

L-, "t t j

" 
(lf'o,Lrsrll u'll ll'"iLis; ,Al'orLrs2ll U'illf'a'rL'^Si )+

+Z(-tiLi*L"L+si+''.' 
{ 
L:i::i{:; } i }, 

rl'*, L,sr nv "iir l' o',1!,si )x

, ( l;n' o zL, s2 liv "il :f;.' u'rL'rsi, | - :5!:5:1s':lj9')l-W- .'- u I tizlr +l)(zlr+r)

x (lr li Ctn'll lr)'n(c,rL,.s, ozL:sr, r'rursi *, r:zs'?.). (4.11)

.pcaH ojrHa, cfia)KeNi nepBar{: ug o6clo.ieK noqrH 3anonHcHa, To ilp}: HcnoJIbgoBa-
HHH (2.14) nonyvaev u._r1

gh(l4t'+2:n" t]' i = (-r) z u,.(ll',1' ) *
ut- ut

+ (-.i'# 11, llc(/')illr)r. 
o**,3" , o,rr rr)il; i;:i,-1) 

i;* L,*L 
^

XVTII
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x 6(S,S, ,SiS; )t(2S, + I )(2S, + l)l 'fr;i; ll "

' tlf'orLrS rllu'il lf' o'rUrsr)(tf;-rLrSril u'll ,

-4(- r)ry(tr llc 
t" 

llt, )', 
"uirnou(2 

r+r,{l; l; :

" {ii nl{if ;i i}rrl'o,L,s,'v"'r,n'.., L', s;

N,
2

o', L'rs, ) -

Li +L,+L+Si +5,+.1

)

-1)

X

x ( l, ll u'll l, )-r 0, ll u' ll t, ) 
-t (t' orLrs, ll v't ll ,1,' o'rL'rsi ) *

NrN r-(21 , + l) N,
tt, llc 

(&)lllz 
)' u(r rLrs r o zLrs, o'rursio'rL'zs'z) . (4.r2\(zl ,+ 1) ( zl ,+ r)

3ra 6opMyna nocrpoeua ratr, qro B cyMMy qerHbrx f crtyqaft I = 0 se Bx,rroqaercs.
Ecax o6e o6ono.rru iror{?H 3anonHerrbr, ?o r{Meer Mecro coornolueule

-4lr+2-Nr-4lr+2-N" 'r-tti+"r-al Nr N2
gk(lr l, )= (-l) ' gt(lr-tr-)+

r N' 
?i(lr llc(/') lllz )20(orLrsroz L2sz,nilis iq.2L';;).(4.r3)

I+ 
L-2+'r,-, 

*i
Ecnr [epBas Eg o6onocer notlnocrbp ganoJrneua, To uonyqaeM

al,+ 2 rV" N.,ghi|"n" l')"\ = 
#(lr 

ll c(k) lllr)'o(ozlzs z,o'zL';s;). (4.14)

Ecan o6e o6onosrt ganoJrne{br, tlo

41, +2 41, +2
B tr'(r;" 

*" r;"*' \ = -2(r r llc 
tn'lll 

,)'. (4.1b)

Bo Bcex $opuynax, Kacalou{fixcs noqrE oalorrHennbrx o6onouex, noApa3yMeBa-
ercg, qro qIrcJIo craputltHcrBa BbrAerleHo ug 0c, TaK KaK oHo gofiaet a $aaoeHl
MHox<I{TeJrb. Keantoarre qficna Bbr[ucbroarorcs He noJlnocrbro. OHn aonx(Irbr 6arrg
TaKHMT{ xe, KaK rr B ocuoBnurx {ropMynax (4.S) rr (4.11).

Paccuorpeuxble B AaHHoM pas.aene cfiyErau [o3Borrslor cocraBxTr, Bbrpai*(eHtre
Ang. cpernero gxaqexlrg gneprlrta rrpu nrc6ov trrcne gaflonHesrirrx o6onoqex. l-Ipn
gToM (+.1) rrorrongsercr ttnegaMu, oTHocsiiinMr{cs K ga[oJrHeHHbrM o6onouxar*, a
(4.2) He [perepneBaer HI{raxHx ugMeneuurl. ,LI,as aneK"pocrarfiqecroro BgaEMo-
aeficrans BHyrplI sanorxexnbrx o6oaocer ncnorrboyeM (3.38), rpnntrMarr Bo BHr{Ma-
HHe, qTO OHO AnarOHatIbHO OTItOCHTenbHO BCex KBaHToBbrx qucen HeSaIIonHeHHbrx
o6onoqex.

XIX

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



["lpnvoe gJteKTpocTarHyecKoe BsasuoAeficrBne Mex{.a,y sanoJtHeHHbIMu o6onovxal
r.{r{ u Nre)i{,.y He3arloJIHeHHbrMn u ganoarleHHbIME Aaercn ,,tttub [rHTerpa*"*at F0,

roe$$rauu€Hrbr npn Koropbrx Moryr 6urs Har-IAeHbI cornacHo $opr'ryne (4.6). 06-
MeHHoe gneKTpocrarlrqecKoe BgaxMoAefictelre Mex{Ay 3anonHenHblMtr o6onoqravx
.eaercrr Soprraynofi (4.15), a Melr,Ay HeoaIIonHeHHbIMlr H ganonHeHHbIMX - Sopuy-
nofi (4.14). t3 o6oux cnyr{airx cne,rtyer r,rMerb B DItAyr rrTo orto AltaroHarlbHo orHe
CuTeIIbHo Bcex KBaIdT oBbtx tlucen IIeoaIIonHeEgbIx O6onO.Ietr.

Qopr"ryarr AaHHono paslena lrerpyArro o6o6urnrl' TaKx(e u Ha crtyqal np6oro
rrr{cna He3a[onueHgbrx o6onogex. B raKoM crlyqae coorBercTBeHHo yBenuq[Baercs
qucno cnaraeMbrx B (+.t ), (4.2)', (4,5) u (4.11;. I-lpu sroM cnaraeMbre llonx(Hbr
carru AI{aroHanbHbtM}I o'rHocr4TetIIrHo KBaHToBbIx Elllcelt teX o6onoqef, KoTopble He

SaTpArHBaIOTCfl OTBMB C[afAe]'rblMl{.
Ecnn B oauoft onpeAeneuHofi, cKalrieM i-fi, o6onosre l{Meercs TortbKo ortnn

eJreKTpoH (N;= I x Li=lfrSi - s = l/2), To onexrpocrarl{qecKoe BsslrMoAeficrsre
BHyrpH o6onoqru paBHo Hynro, a B oc't'arlblrbrx Bbrpa)KeHlrrx cooTBerctFylolq[e
cy6varpuqubre srreMeHTbr oneparopoD Uk n V&l aonxtnu 6rrts BscTbI ss (2.12) n

(2.13 ), coorBercrBeHHo.

5. [Ipeo6pa30BaHre K lpyrilM rnIIaM cBfi3]t

Kar yt(e yKagbrBaJiocb, B nonaBrsrrcuteM 6onauI{HcrBe cflyqaeB aroMHblx cn-
creM B orAenr,Hbrx o6onoqxax npnroAHa LS-cessa, roropas Ao cnx nop HaMII

n HcnonbgoBaJracb. Olnaro pasubre oneKTpoHgbte o6onoqKq Moryr 6ura cBs3aHbI
MelKAy co6ofi TaK;*<e H ApynrMr{ TrarraMrr cBrr3s. Torga Bblpax(euus AJrg Marp[qnblx
3,neMeHToB o[eparopoB, flonyqeHHbre rrpuBelrenxbrMu Bbrrile MerollaMu, Moryr 6aIts
npeo6paooi3aHbt K ,apynl.rM Tr{naM cBrrgx. I,lcnnrc.Ienne cocraBJt*er cpeAnee suaqe-
Hfie Klrgeruqecxoii gr"repr.uu H noreHuuanr,uori oHeprIIH orHocI{Tenbuo a,4pa, BbIpa)KF
HHf, IlIlfl KoTopblx o.tlIIIIaKoBirl Bo BCex THnax cB'ISI{.-

Paccuorpurur cny.raft AByx HeoaironHeHgbrx o6o;toqex. 3aecu sas6onee qacro
BcTpeqarculr.IMl,rcst THnarvrH cB'ISr{ trElflqrcTcg cfleAyroulxe cnoco6rt cnox<eHlltt MO-
MCHTOB:

(LS): L1 +

( LK)' L, *
(IK): i, *

tJ J): Lrn

Bo Bcex cJryqasx cnaraeMbre NIor\.{eETbr L1, Sr, Lz, Szra raK)r(e nonubll xor'aeHt J
oAIrHaKoBbr. flce 'rerbrpe rlrna cBs3I{ orrruqaiorcfl .a.pyr or rlpyra napofi MoMeHTol'
H&g1rrBaeN{brX r4HOrjia npoNre)i<.yroqHrrrMl4. flo groft npuqrHe yAo6Ho xapaxrepuso-
Barb rr{rrbr cBrri1u erort napofi MoMeHToB (xeauroartx qncen). Tarnu o6paeol,q
urvrercTcs qerbtpe rnrra cee3lr, o6oasaqaeMbre coorBercrBeHEo LS, LK, JK t J J
(cp. TaKxie [25] ), KaK ero yKasano a cro6rax B (S.t )-(5.4;.

I-iepeuii u uerneprurii r14rrbr cBrslr rrBirrllorcrI TpartnrlroHHbIMI4 ("p. [ 26] ). B
Hr{x MOMeHTbT CKnallbiBaroTcrr cHaqaJla Ii{tpaMH, a SaTeM ux pesynbTl{pylolllue
(npor"re>ryror{Hbre) cr<nanbrBalorcs B nonsrtfi MoMeHT. Bropofi THn cBsoIE BBe,aeH B

l27 r29l, a rperufi B [ 29], B H]tx MoivIeHTbI cKnaAbIBalorca nocneAoBarenbHo.
Ogx ot,lrgqarorcs Apyr or apyra reM, xaxofi ldoN{eHT cKnp,qblBaerca cHarlaJra 

" 
Lt.

Or 9Tor.o 3aor.{cnr, xarofi [poMex(yrosxblf, MoMeHT fiorryqaercs rlepabdM - L uiu
I, oHr4 n crorrT Ha nepBbrx Mecrax a o6ogHa.reHnsx, B KaqecrBe BToporo cI{M-
Bofla D o6oesaqeHr{sx qacTo yuorpe6aseres cneAyrcLiu}rfi npucoeruHcevufi MoMeNT'

XX

Lz=L, Sl +Sn =S, L +S =I;
,-t-'-+-t-)-t-,L2=L, L *Sr=K, K+Sz:Ii
$,=i' i,.i2=R, R*ir=i;
-)-)-r-)-+-+-t+
S 1=J1, Lz*52 :12, Jr * J 2: I.

( 5.1)

(5.2 )

(5.3)

(5.4)

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



-

r.€., 51 B (b.g) n Lz - B (5.3). Tax Bosgr{Kanr o6oega.regxs Lq t30l,LSc [28]
unu Ls [31] Ans LK-cBqsr{, "il tzgl ann lol [30], Hnr{ aax.e J"3 t28l u r.nr-
Ans JK-caeeu.

Ecnn a o,quofi l{nu o6exx o6oroqrax Hrraeedcc nltrub no oAHoMy sneKTpoHy, To

B o6oanarregrsx Jt(- x JJ-caaot BMecro nponrcnofi 6yxnei I nrtxercrr t. Tor;ia
roryqarorcn o6osHaqeurn jK t26l BMecro JK, Ji t30l njj 1zs] evrecro JJ - Hror.i;r
cAellarb xapaKTepucrxrl{ cBrrgfi oAI{HaKoBbrMXr uenecoo6paouo EcflofibgoBarb npo-
nI{cHhIe 6yrau HegaBr4cr.rMo or roro, o,qutt Lrnt4 6onau-lee qficno oJIeKTpoHoB l4Meer*
cq B o6oaogKax.

flpeo6pasooaxue MarpnqHbrx onel,(eHToB oneparopa sr{eprfi]r or LS-caqsa K

ApyroMy rl{ny cBasl{ ocyulecrBnsercn connacHo Sopvyne
(LlSr LzSz T rT 2I lH lLrS rLzS, TrT2 J) =

= 
rs?t,(LrS, 

LrS, TrT2Jl LrSrLrSrLSJltLrS, LrSrI-SJ llllLrSr LzSrU S',J ) "
x (LrS, Lr52 rS',J lLrS rLzS2TrT2J ). (5.5)

3necr T tTz npegcraBJrsror co6oft npoMex(yrorlHble MoMesrbl, Kor{KperHbre cr4MBorrbr

Ars roropblx saBlrcsT or rl{ra cBs3I( ( LK B c-nyqae LK-csseu, Jt K B cny-
qae J K-cnssu t1 IrI, B cnytrae JJ-caaau). II o6oenaqaer oneparop sueprru,
xoropall Mo>Ker r{ He coAepx(arb orreparopa KuHeruqecroft oHeprur{ t't rrorer{[uaJlb-
uoft gueprlrrt ornocrireJrrrxo rrgpa, KaK 9To yragblBanocb Bbrtue. B HaLueM cnyqae

H = H" +H'.
Marpuuu npeo6pasoaaH[rr Bbrpax<arorcs qepeo 3nj -roe$$uuNeurrr connacuo npa-
BHrraM, nogpo6uo HsrlolKeHHbrM B [1,21] . 3rra BbIpa]KeHrIs cJleayroul]Ie (cp. [32]):
(LrSr I, S, I.JIJ I L,S, LrS, L',SJ ) =

(5.6)

(5.7)= D(L, '{:' } i }'
(LrSr L"52 J1 l(J I LrS rLr52 LS J) = (-r)r'-5' +l'-l ,

x r(2 L+1)(2s+r)(2 Jr+1)(2K+1)l'{lt i: i
(LrS rLrSrIJ2I lLrSr LTSTLSJ) =

= [(2L+]XzS+1)(2 J 1 
+ l)(2

(LrS, LrS2IrI 2Il

(LrSrLrSrIJ1I lLrSr

= 6(Jt,

I LrS, LrS, LK'l) :
= 6( K, K')(-. 11L'+s'+'/' * L 

l(2J1+ I )(2L +

LrSrLrS, LKJ) = (-1;L+s'-s'

t(21, +i)(2 I2+1)(2LtlX2K *1\1"

i { s'e;

lvlaTpI,IIIbi

(5.9)

nJreo6pa-

{5.10)

(ir.1 l)

(5.1:a)

r.ILr
I )l ',1 Lz

IL
)- (s.a )

if' l;i
s, J,l
Sz Jzl.s r)

Iz*

( b.2D,ns nepexoAa
sOBAH}I'I
(LrSrLrS2JrKJ

Me)r<Ay l'nilaMH CB9I3H

sr I,l .

LrLI'

s, Jrl
Il l.l'

S" Jrl

iKf'ti'

-I
,,," 

{?t

1r-, i, r

lx LrLit;'
LrSrJiKIl =

J i )t-r lL"+s'+J'+l I(z 1r+l)12( *lll\
xxt

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



Kan fi3Becrgo, BBHAy TleltctenreJlbuocrl,t, srl Marpnllbl rrBnrrlorcg cuMN,rerphr{HbrMx
oTHOC HTeJr bHO TpAHC nO Hr,rpoBaHlrs.

flpN nepexoAe or LS-cessu K LK- N JK-"BflsI,I B coorBercrBr{I{ c d:opr',ryrraMrr
(s.z) n (5.8) sHatreHnrr 6 j -roessuuneuroe 6epyrca uo ra6nnu [18,21], a Mar-
pnrrHbre aneMegTbr B LS-ceset,t Haxo.axrcn MeroltoM, orrucauHbrM B fipeAbrAylqeM
pasrlene. t{arue Bcero xeo6xonuuo nepefitH K JK-caneu B cnyqae o4Horo
oneKTpoHa BHe oanot Hesa[oJrHenHofi o6onoqru. Ans He3anoJruenuofi p-o6onovxl,r
npn oHaqeHfirrx op6aranbHoro KBaHToBoro rrucna Bneruuero gJrexTpoH.a or 0 Ao 4
Marpr{ubr npeo6paooBauus npnBe,aeHbr B t33l (nnn pzl) n E t34l (nns pl, p3l ).

I-lpn repexoAe oT LS-ceqsu K II- corracuo Sopvyne (S.g) rpe6yxrrcn
gHarreHltq 9j-xoecpqbl{uueHToB, ct{crel..4aru3upoBagHbre ta6nuurr Ans Koropbrx e[Ie
He cyrrecrBytor. l4x sHaqeHHs Moryr 6rtrr floJryqeHbr c fioMorrrb.lcr ta6nuq ,qns
6 j-noed,'rlnuueuron corrracHo rlopvyne ( 18.2 ) t 17 unu (24.33) [21] . OHu raKx<e
Mol'yr 6rtrr BbrtIHcneHbI no elopvynar.,r MerorraMH, ngnox<eHgbrMlt B [21] . Ecnu
y)Ke cocraBneHbr Marplrlrbr orreparopa gueprI{H B LK- unr JK-cansra, To K

JJ -cenea, MolKHo nepefiru ilc) riropvrynav (5.1I ) r (5.12), rrre 9j-roe$$rauueH-
ToB ylKe Her. I-lpaxrnqecKh HHor,qa Aax(e [porue cHaqana nepefiru K olrHoMy r4s

yKagaHHbrx TnIroB cBrrsr{, .lTo6ur no?oM c noMor.rrbro ra6nau nnrub Ans 6j-xoe$-
rlrnuxeHron ilonyqr,rrb MarpntrHbre sneMeuTbr B JJ-caasN.

flpr rpex Heoano!,'IHeHHbrx o6onoqrax qaul,b Bcero .aBe r{o Hr{x cBrrgbrBarorcs
MexiAy co6ofi LS -caaarro, a rperbrl npuBqsbrBaercrr Apyrr{M TnnoM cBnslr. B
TaKoM cnytrae cHaqara i.,toryT 6r,ttt' noJlHocrblo Hafiqeuu Marpurlubre oneMeHTbI
r"nfl LS -canau, 3areM npeo'jpasylorcrr pesynbrupylorqlle MoMeHTbr nepBbrx AByx
o6ono.rer u rperuefi o6o.noqru yKa3oi{HbIM Bbrtrre o6paeor.a K rpe6yrc;uleMycq rHny
cBg3fi.

6. Buque.rcHr{e BeJuqHH Teop}rn flcpexoAa MexAy pa3rnrrHbtM]r xoH$nrypaq[$Mr4

B arovrrofi.cnextpocronxx BalKuyro ponb Hrpanr oneKTpr{qecKfie N{ynbrufionbHbre
nepexoAbr, oneparol)aMX KoTopbrx rrBnrrrcTcs

Qf= at, 'x
i

(6.1)

(6.? )

rAe

3necr C a6conrcrHaq Beflurrr{Ha gapsAa snerrpoHA.
Ecnn k =. l, To r,rN{eeM oneparop gneKTpi{qecKono 4rno.fruxoro rrepexoaa, a ecJrn

k=2 KBattpynoJlbHot.oi B o6ulevr cnyqae BcrpeqaeMcs c oneparopoM gtleKTpr-
qecKoro 2'; -nonbrroro nepexofl4.

B TeopHr4 nepexoAa Bo)r:Hlrr-r poJlb HrpaeT noIrHafl cnna flHHHHT onpeaeJienlrafl
cxe/Iyroli{uM o6paoolt:

al, = -ero,c|!' ,

st ( pJ, F,I') = * l(pJ llQr' ll p,l')12 ( (r.il )

Ilpn sToNr nepeufi Mllox<urenr' npaeoft qacrr groro paneucrBa r.rN{eer cuny rHLnrr
,/l[s k = I unn 2. p o6oega.Iaer Bce npoqfie KBaHToBbre r{r4cna KpoMe norrnoro Mo.-
MeHTa J. Bengy ror.o rrro ? (6.3) t{\{eercq KBa,epar MoAynfi, t}taoa cy6rrrar[]rrr{-
It()ro eneMeHTa oneparopa Q" "a 

Erpaer Rxrarofi ponf,. Ognaro oTo EMeer Mecro
.rrultrb B oAuoxon$nrypauuoHrloM npn6nr4N(eHHH. B NlHOrOKOUSHrypauIroHHONi llpH6nu-
)KeHXH BMecro oAHolo cy6uatpHtrHol'o SneN{eHTa rroflBnrre'ncg nuxefixas xov6uHauug
cy6r*atpxrrgbrx orIeMeI{ToB (cp., HarrpnMep, c t35] ), rA€ $aau y)Ke cyrtecrBeugbre

XXil
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Free Hand



I

I-losrouy B uencx o6utnocrs B ,qanbuefiuev usJlox(enul{ 6ygyt oxBaqeHbr TaKxe tr

e$asoaure Muox(srenu cy6varpnqHono grleMeu?a oneparopa [epexoAa.
B arousofi cnerrpocxorrur qalue Bcero BcrpeqaeMclr c [epexoAaMr{, npu Koro-

pbrx Menrrercrr op6uranr'Hoe KBaHToBoe trucno oAuoro o[eKTpoHa. !{oeonrHo o6u-lttft
cny.raft TaKHx [epexoAoB [peAcraBJrrrercrr cneAylo[i]IM I{gMeHeHI{eM r<on$urypauufi:

nrll' n f;' - n rt'l'-' nrrf;,"*' . ( 6.4)

Cy6r,,rarpnqnrrfi sneMeHT oneparopa sJlerTptrqecxoro 2h -nonr- HMeer Bbrpax<eHr{e

(n, tf' ,Jf,' o, Lr s, o ,LrsrT rTrJ ilQfr llnrll'-'nrrl'* 
t*it-'rs; 

a'rL',siT'rT'rl') =

: (-l)A' tNr(N, + l)t)it ll' o, Lrs, il ll'-toi Li si l,),.

x ( L',rS il, (L, S, ), L zS 2, Tr T2 J ll a/' 1 tJrS i, L rS rl z(jL;S;),Tiril ) "

" 
( l'l'' o2L2s2t rilt'l'*! o'zL;s;x l, 11a 

(l ) 
ill, ) s,, (n,l,,n rl r).

IleHeanoruqecKne xoec$$nurrenTbr HenocpeAcrBeHHo 6epytca lre nepeoft qacrr.r Hac-
Toflrul{x ra6nnu. 56 npeAcraBnger co6ofi pa4NanaHltft uHTenpal

sn(nrlr,n ,Ir) : -t f ,hP(n. I ,lr)P(n ,l ,lr)dr ,
0

olrpe.qeflse],,rHfi npl{ noMorux paAl{anbHbrx BonltoBblx $yHxuufi. I-lpu oTbrcKaHHr,r .nlrurb
orHocr4TerlbHbrx HBTeHclleuoctel? eror I{HTenpa[ Bblfia4aer.

Cy6rraarpu.rHrrfi oneMeHT upanoft qacrr, (6.S) co.a,epx(HT Bce xapaKTepucrr{r(fi
aroMa, ga EcKrrotlenr{eM roH$unypauufi. flpn groM npoMexiyroqHbre KBaHToBbre
qucrra TiT; N{onyr orJrrarrarbcrr or TrT, ne ronbKo gHa.reHiasMu, Ho raKx<e n rxnoM
cBrrgx. Ecnu e o6enx xonrpnrypau[sx HMeer Mecro LS -caaes, ?o sror cy6r.,rar-
pn.rHtrfi orreMeHT Bbrpax(aercrr o{eaylournM o6pasor'a (cp. (2.7) [36]):

xxlll

(6 "5)

(6"6)

(Lisilr( Lrs 1), Lrsy LsJ ilaeilL'rsi, Lrs, l2(L'2s'2)' rs'I') =

= D(S,Sllt-r)J'* L'+L+Si+ S;-l'+L'? 
x

x t(2L, +1)(2S1+l)(2L'r+l)(2S, +l)(2L+lX2U+l)(2J+lX2 I'*1)f ') *

t,l 
l}{; ;r :r}{ll:ll 

6 ?
" {r'

Ecn:a B oauoii nnu B o6eux xoirfrurypairuflx lrivl€€T Mecro apyroft THrI cBngn, To
ocy[recrBnrrercs upeo6pasoBagre c noMoLubro t\'rarpurr (5.2)-(5.9) c ficrroJrb3oBaxr{-
eNt ra6nHu ans 6j-roe$$uurieHtoa, KaK yKasbtBanocb B npe.abr,aylreN{ pasAetle.
ficlcne noIIcraHoBKR MaTpuu t\tox{Ho ripocy\I'lxpoBaTb lro npolvtex<yroqHblM NIoMeH-

TaNr, rrTo BeAer K 3ni-r<oecir$nuueHrarur ,lcr,qec Bbrcoxoro nopnaKar oAHaKo sTo
yao6Ho nr{Lub Anq ycMorpeHl{s rpaBun or0opa (cp. [38]), TaK KaK .ars rrucfleHHo-

r.o orrpeAeneHss 3nj-roecpsnuxeHroe BF,rcoKl,tx uoprraKoB xeo6xonuvo Bblpa3lrrb
rx qepe3 6 j-r<oe${rnuxenru.

Free Hand

Free Hand
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Li qacrnoM clyqae EMeeM nepexoabl Tnfia

/v, ,v. - r
( 6.9)nrlr nrlr' nrl*

Koropbre AoBoJrbHo qacro BcrpeqarcTcs p crreKTpocronrru. B rarov c.[yqae Lr- 52= 0,
Yf ly S! - s, L = L1, S = St. Tonaa BMecro (0.7) norry{aeM

(L',rSi lr( LS)J ilAft il L',lSi lz1:S',)J',) =

: 0(s, s')(- t')I.,+Li-S- I' t(2L+l)(2f+lx2 J + l)(2 I'*t)11 *

I ,, r ",llt I rl.
I L' t2 k Ju 

, L' hJ tu'o'

lJ ( 6.5 ) Br,iecro BTopono neHeaJrorrqecxoro roe$cirxur{enTa cneAyer rroAcraBtsTb
eii!rlrnuy.

I lpuaeaeuHbre ftopvyalr npIrMeHHMbr TaK)Ke x s 6onee o6urer"r cnyqae, a trMeHrro,

nulon'n, l,t'nJ!,' 
- 

nolJ'n rll'-tn ,rf;''*' . (6.10)

i-] AaHHoM cnyrrae LrSl cnegyer saMeunrb HaLorSor, npl4qeM srg nocneAgue sB-
nrrrcTcrr pegynbraroN.{ cnox(eulas MoMeHTos o6ono.rex 0 a I c rH[oM csggu LS.

tlac, Huu crtyqaeM (8.10) cnyx<ar repexoA

ru^ ,V^

no lo'o nrl, 
- 

nol ro nrl 2 , (6.1 I )

rrpaBr{na or6opa a.ns Koroporo npu paaHbrx Turax t:Bqsil rrpr{Begenbr B [37]. B
TaKor'{ cnyqae I{lvIeeM

(L0s0 ll (Ls)J ilAfr 11 Loso l2(L's')I') = 6 (s,s')(- rlLo*l'+s+l' x

x r( 2L+r)(21'+r)(2r+rx2r'* r,,'{i, t i}{} i, l'} , (6.12)

a B (6.5h BMecro o6oux reneanornqecrr{x xos$$uur{eHToa cneAyer no,qcraBr{Tr'
eAnHnrly, a raKx(" Nl= l, N2= 0.

Ongts-rarlr cneAyer orMerlrrb, trTo B llepexoAax (6.11) qaure Bceno Ecrpe-
qaeMcrr c pasnnqHbrMl{ TI4naME cBssl{ }t fipn oroM a oaHofl xg ronr]r,rypaqxfi Mo.
>ier 6rrts oAI{H TI{u cBsgll, a a npynoii rsoft. Toraa Hafi,4ennure cy6r.aatpr{qHbre
s"'reMeHTbr oneparopa fiepexoa,a B LS-cesex npeo6pasyrorcs B rlpynrde rrlrrbr cBrrsr{
yi(a3aHHbrtvl Bblfrre o6paeoh.{.

Ecnu KaKaJr-H u6yr1a i4g o6onoqer B xoH$urypa[rgx ( B.+ ) nor{Tr,r 3arrorHeHa,
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$cpr'ayaa (l.B), a Bce ocrarlbHoe He nperepneBaer HHKaKr,rx Houeuenut.
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7 /'lg=TT

0kh
110
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231
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268
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354
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,Ilh (lllc(l') rll')
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4 4 0
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4 4 B
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459
462
46 4

466
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55 4
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5 510
56 r

563
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567
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5 6 11

660
662
564
666
668
6 610
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