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HPEAUCACBUE

[d/ng9 npakTHYeCKOro IpPHMEeHeHHs KBAHTOBOH Teopud ATOMA B NMEpPBYIO oYepedb
HeOOXOIMMO HAATH BLIpAXK€HHe [1lid MAaTPUUYHBIX 31€MEeHTOB ONneparoposB 4epes3 pa—
OMalbHBIe MHTerpasisl. B C/ydae CHOXKHBIX ATOMHEIX CHUCTEM 3TO NpencTael/iger
cO60/ OBOMBLHO TPYII0eMKyl 3anady, OQHAKO C DA3BATHEM TEODHH HEeNPHUBOIMMBIX
TEH3OPHHIX ONEepaTOPOBR H MeToda TIeHealordsdeckux KoaddpuUHEeHTOB 3Ta 3aagala
cTana nerde paspeliiHMOR, 4TO OGYCIOBJIHBAETCSH BBLICOKOH CTeNeHbio CHCTeMaTHla~
ILH¥ TpOBeeHHd pacHUeToBn,

Boellleyka3daHHO# CHCTeMaTH3ankH CrnoCobCTBYyeT LIMPOKOE HCNONb30BAHHE CHM™
MeTpHH BJIEKTPOHHbIX 0060/O0YeKk aTOMOB H CAMHX oOnepaTopoB. [locraemznee oBcToga~
TelbCTBO NO3BC/AAET BbIPA3HTE MATPUYHbIE SJI€MEHTHl ONEePATOPOB 4Yepe3 MAaTpPUYHBbIE
aneMeHTH 6o0/iee IPOCThIX CTAaHAApPTH3UPOBAHHBIX ONepaTopoB, JTH NOCHeIHUEe
MOTYT 6BITh COOTBETCTBYIOLLUM 06pasom Taby/IHpOBAHEI H 3aTeM HCHOAb3OBAaHbLl A4
pacdeTra MAaTpPHYKbIX 3JI€eMEHTOB JI06LIX ONEepATOpPOB, CONMOCTAaBISEMbiX C ATOMHBLIMH
pelliunHaMH, |IpuBeneHHio TablHUI TaKoro poJia H ykazaHHio cmocofa pachyeTra npn
HX HCIOJIL3OBAHHH H NOCBAllleHa HacTodlllas KHHra,

INpennaraeMpie TaGiIHUbBl COCTOAT H3 HUC/ACHHbIX 3HAYEHHHE reHealordveckKux
x0adEUMEHTOB H CyBMaTPEYHbIX 3/1€MEHTOB Uk u VAL (k =1,2,..., 21; | - op6urane-
HOe KBAHTOBOE 9HC/IO 3JekTpoHa). Tabnuusi OXBaTHIBAIOT BCe P- U (—31€KTPOHH,
a Takxke [-aleXTPOHBI [10 YeThipex S/AeKTPOHOB BKMIOYHTeNbHO, B ciyuae 66nbliereo
qucna f-3NeKTPOHOB BLIYMC/IEHHS NO BbIPAXKEHHIO MATPHYHBIX 3/€MEHTOB ABIFIOTCH
C/AMLIKOM TpPYOEMKHMH, 4YTOOBl MOJKHO OBIO BECTH pacHeThl BPYYHYI0 [Oaxke IpK
nanuyun TabiMi NPHBEOEHHOI'O THA,

TaGnuub Qaw0TCd /9 YACTHYHO 3AaNOJ/IHeHHBIX H NOJY3AaNOIHEHHbIX 3J1eKTPOHHbIX
obonogexk. MaTpHyHbie 3JI€MEHTHl [Jid HOMYH 3&NG/IHEHHBIX COONOYeK MOTYT OhITh
Hafi,JeHpl NpPH HCHONB3OBAHHH OJHHAKOBOCTH CHMMETDHH TAaCTHUHO 34NOJHEHHBIX H
IOYTH 3AamnOJIHeHHbIX O60/04YeK.

KHYra COCTOHT M3 BBeeHHa M Tabiaui, B BBeneHsu owxcuiBawTCa TabIYub
H YyKasblBaeTCd, KAk BeCTH pacuyeTsl, YToB:hl € NOMOLUEIC TpeafiaraeMblx Tabnuu
HAlTU BbIpAXK@HHUS [1/if MATPHYHLIX JJIEMEHTOB Olleparopa SHEpPruH 3)eKTpOCTaTH—
4eCKOI'0 B3auUMOLeHCTBHE H CHMH-OPOHTANIBLHOIO B3&aiuMOANCTBHA B YUPOLLI@HHOM
BH/1e, a Tak;ke ONepaTopoB 3JIeKTPOHHOrc nepexo/a, Maaaraercdg, KpoMe TOTO,
MeTO[ HAaXOX/eHHs YKA3AaHHbIX MAaTPHUYHbIX BJAEMESHTOB B CJy4ae NOYTH 34h0JHeH™
HnX 0GoJ04ex.,

CaMi TaBnuusl COCTOST B OCHORHOM M3 ABYX 4YacTelf. B nepBo &3 Hux IpRBO~
[19TCAd 3HAYEHAd [eHea.10ruyeckux kKoadpvLHEHTOB, a BO BTOPOA — cyOmaTpuuHbie
SNeMEeHTEl YKA38HELIX MUPUHHTEe3UMAaNbLHBIX ON2PaTOPOE, DTH NOCJ/IEHHE BEIYACHEHbI
[IGJAHOCTHLIO HA EKTPOHHOR BpIuKCaAuTeNnbHOH MaminHe BACM~2M, HecMOTpd Ha TO,
4TO HeNbli psa COOTBETCTBYKWIMX Tabaun ©Oni1 cnyGiuECBAH. STO NO3BOJIWIO 3a-
METHTh ONeYaTXH B CyLUeCTBYWOILHX Tabnuuax H, C/lenO0BATEe/IbHO, H36eXaTbkb noBTO—
peHHs 3TUX HeTOuHOCTell B mpennaraeMsix TaGlHIAX,
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Bo BTOpOM H3OaHHH HaCTOSALUe#! KHHI'M B TEKCTe BBeeHHS CIe/laHbl HeSHa4u-
TenbHble W3MeHeHWd, Kacaloludecs paciera MNOCTOSHHOH CIHH~OPGUTANBLHOH CBA3M H
BLIYHUC/IEHM S MATPHYHBIX 3J1€MEHTOB ox}tepa-ropoa nepexonob. B Tabnuuax cybmatpud-
HbIX %/IEMEHTOB OnepaTopoB ukuv ! ucnpaBnensl samedennsie HEeTO4YHOCTH, NpO -
MCuIe[lilKe NO BHHe aBTOpoB. 3a /06e3HOe yKa3aHMe HA STH HETOYHOCTH Mbl cep—
nedso Gnaromapum npod. I'.Manma (Simon Fraser University, Burnaby, 2, Canada).
Kpome Toro, B Hacrogdiliee Uananue no6aBlieHbl He6OnbIINe 10 06beMy Tabnuubl Oq—
HO3/IEKTPOHHbIX CYyGMATPHYHLIX 3/IEMEHTOB Cepuueckol yHKUHH, KO3bDHIHEHTOB
npu padMalbHbIX HMHTerpaiax B Bbipa>K@HHHM [O/d NOCTOSHHOA CHHH—OPGHTAMbLHOMH
CBSI34 M NpUMBer€Hbl 3HAYEHHH OCHOBHBbIX ATOMHBIX KOHCTAHT,

ABTOpPB! CHYMTAIOT CBOMM NPHATHBIM [0/I'OM BLIPA3HTE INTYGOKYI® 6J1arofapHocTh
BriyucauntesnbioMy uentpy AH CCCP 3a yvacrtue B pellieHHH TPYLAHOH 3aad,
KaxkoBO# aBHNaCb NOATrOTOBKA Tabnuu K pororpadpupopanuio. OCoO6eHHO 1eHHOR 6bila
HOMOULL WIEHOB KOJ/UIeKTHBA PBriuncuutenpnoro unenrpa AH CCCP K.A.Kapuosa
u H.A.Opnopoit,

Hucnumpn fu3uxu u mamemamury
Awxademuu nayk Hunoecxod CCP

BusvHCCKutl 10 CYOAPONG eHH vl
vuueep cnmen un. B, Kancyxaca
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BBEJAEHHUE
1. Ieneanornuecrre Ko3dPpuuseHTbl

Ecnu uMeeTcs auTHCHMMeTpd4unad sonuaoBasg PyHrkura N—R skBUBaAneHTHLIX /et
pOHOB (AMEIOUIHX OAKH H 1€ e Kpantopwie uucia hl) u k Takux >xe skpusament-
HBIX 3JIGKTPOHOB, TO KO3(h(PUUHEeHTH JIMHeZHOH KOMGHHALMA BOMHCBBIX (hyHKOMi
CBABa8HHBIX MOMeHTOB [1] &Tux ABYX rpynn »IeKTPOHOB, AHTHCHUMMETPUYHOR OTHCO-
CATENIEHO 3/leKTPOHOB, KOTOpHIe npudaanerxkar K rpynnam N—k u k, nasmeawoTcs re-
HeaornyeckuMu xoadpdunuentamu, CaMbiM BAa>XHEIM B NPAKTHYECKOM OTHOLICHMH
gaBigeTCca caywvat, korga k= 1, Torma ynoMmadyTasa /fnHeliHas KOMBHHAUMH HMeeT
pun | 2]

saVelsM M- 3 vV STISILSM, MM EISIpNaLs), (.1
S als
rnae

w0V LS ILSM M) -

= p) 1%; IML‘A-‘S SMS l{!(IN"IRLS M )\If\lsm mg) (1.2)
Ml ’Wsmlms ™M Sms S
aBisieTcs BONHOBOA GyHKuMei cmasanHrix MomenToB N- 1 u 1 snekrpora, a
BTOpGH MHO>kHTenb npasoit gactu (1.1) npexncrapigeT Co60H yNOMaHYThI renea-—
norayeckuit kosgdunnest. Ifepphie mBa MHOXHTeNs npasoi wactn {1.2) aBngorcs
koadhpunrestamu Knebua ~-I"opnasna,

OcHOBHOe KB&HTOBOE HMCIO M OyndeM onyCkaTh Be3de, e 3TO He BhI3OBET
HeopadyMenui. B masHOM Ciydyae BCe 37€KTPOHBI OTHOCHATCH K O[HO# M TOH Xe
ofo/0YKe, NO3TOMY N MOXKeT ObITb ONYyLUEHO, o HpencrapigeT cobeiél BCO npoune
KBAHTOBLIE HYHCNA, HEOGXOMMBIE MJis NMONHOA xapakTepucTuki Tepma LS.

I"eneanoruyeckue KO3(P@MUUHEHTH YN OBIETBOPSIOT CHeOYOIUKM YCIOBHAM OpPTO—
rOHAIbHOCTH:

g (VaLs Mt aDSHAY T RIS o LS) = 8 (ws 0’ ); (1.3)

aLs

s LS+ LS M eLs )V aLs ™t & 1L SI) -

oL i .
= [‘ﬂ%ﬂz’ @L+1)2S+1)s(a,3%). (1.4)

HMMeer MecTO cleaypliee pPeKyppeHTHOe COOTHOLIeHHe:

£ _(1(LOLLILIL)IL)(ss(5,)SS|Ss(S)s )
aLS

x (I aiglill —]Ef.gllllNaLS)= 0, Ly+S, = neuernoe. (1.5)
v
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31ech nepBble [1Ba MHOAMTE/d 1O 3HAKOM CYMMADOSAHHA SEIFIOTCH MaTpPUYHLEIMH
3eMeHTaMli MaTpuu npeobpasoBanyg pasHblXx CHOCOGOB CJHOXKEHUS MOMEHTOB.

Cooruouiense (1.5) MoxkeT CNy:X#ATb YHCICHHOMY OINpE1e/EHHI0 IeHealiorayec—
Kux KO3bhUIHEeHTOB., M CXOQHBIM NYHKTOM dB/geTCH COOTBETCTBYOLWHE KO3bPHLA~
eHT 7151 [ABYX 9/€KTPOHOB, KOTOpPbLIA uMeeT BRI

ATIPLS) = U1e(-0"*1, (1.6)

dopmyna (1.6) orpascaer TOT PaKT, 4TO B Clyyae NABYX IKBHBAJIEHTHBIX 3JI€KTPO~
HoB L+S noaxHO 6hiTh ueTHHM yHciaoM, Popmyna (1.5) umeeT cronbko HaGopos
peLieHnit, CKOJIbKO iMeeTCd TepMoB LS, oTnusaeMbix ApPYr OT Apyra [LONOMNH—
Te/IbHbIMH KBAHTOBLIMHM yuciaamu., Cucrema a3 HCHONL3YeTCd TakKas, yYyTobbl IreHea—
JIOrM4YeCKHe KO3((PHUUEHThl OblIN OelCTBHTeNBbHbIMH YHCJaMH, DTO B/Je4YeT 3a CO-—
Ouit TO 0GCTOATENBLCTRO, YTO

a1tz LS ipNeLs) = 1M Ls1¥15151). (1.7)

I'edeanorunyeckue KO3PMUNHMEHTHl BoIMHCALIOTCH JHLIL O/ YACTUYHO 3aMo/IHeH—
HbIX M NOJIy3ano/jHeHHeIXx ofosodex. [l NOYTH 3A8NOJHEHHLIX OBONOYEeK COOTBET—
creyloltMe KOst piIHedTh NOMYy9YaioTCa corjacHo copMmyne (cp.c (19), [2]1)

(!4l+l—N -&Egl Hld+2'—”aLS ) -

v=v+l T T ¢ o . - ~ 1
++l‘+b+‘-‘+5“’“°[(N+1)(2L +1(285+1) AI/’ AV Lsi 2Ly, o)
(4l+2-N)(2L+1) (2S5 +1)_]

3oeck V npencTapisieT COGOM 4HC/AO CTApLIHHCTBA, Bbl/lejleHHOoe U3 o. OHO Oo3Ha—
yaeT YHMC/IO 3MEKTPOHOB, IPH KOTOPOM BIepBhle mogpisierca nanHsit Tepm LS, B
cnyyae p- d d~anexTponos (He ropops y>ke O TPHBHANBLHOM Cliyyae S—3JIeKTPOHORB)
2TO KBAHTOBOE YHUCJO §BIFeTCH NOCTATO4YHOH xaparTepucTwkoit ang Tepma, B cay-
yae f-snex'rponos HY’KHBl ellie H [ApYrHe XapakKTepHCTHKH. [loka Mbl 2THX [0NOOJ—
HUTEe/ILHbIX KBAHTOBBIX HYHCe/ crnenupuuApcBaTek He Gynem, [losTomy smecTo o By-
aeM nucarb al, I'Ze nod o [0/pas’syMeBaloTCd [ONOJHHUTE/bHbIe KBAHTOBbLIE HKCAA,
ye He coepkalliHe 4Yuclla CTaplIHHCTBAa.

N'eneanoruyeckKne KO3PPUUUEHTLI YLOBAETBOPHIOT CJ/EOAYIOLIHM COOTHOIUEHUAM

(cp. (58), [2]):

- (=1)

V155 LS 11 Y awlS)  (F-v £ 1); (1.9)

(41+4 ~N-v) vjlx/a

v—1 - T o v
-1LS 1} © (1,10
aN(21+ 2 —v) ("7 gv-1LS1|1%avlS); (1.10)

Mz LS1 1V avLs) J

- : % .
AV tzva LS 11YawLs) {ﬂ?—"—;g’:ﬁ]z (A" zud LS 1117 20nlS). (1.1])

dopmynuz (1.10) u (1.11) wmewor cuny mna N<2] + 1, Ilpu N>21 + 1 artu
PbIPAsKEHHS C/ledyeT KCHO/b30BAThH B COYET@HMM C COOTHOuleHHeMm (1.8),
Bumecto (1.3) nonyuaem cremyolliHe ¢hOPMYIbi:

N—1_

(‘N(XIILS il lN-] R | L §l )” 5 v~1 E§II|INOL'ULS) . (41 +4-N-vw

z —_— 8 ") (1.2
L5 NGlozop e i

g (YLl 15pa LSV g v LS 1VarvLs) - B0 4-0) oy )
aLs 2N(2l + 2 -v)

Vi
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A BMmecTo (1.4) -

'zig(zr_.u)(zsn)u“"la v-1L S 1 Yaw L)1 Yav LS ¥ 152 v-1 LS 1) -
& Les
(414+4-N-0)(4l+5-v)

- oL S4l
QLS+ ) = FeT5om

o(T,57); (1.14)

» LS (1™ 5o LS Y av L) Yar LS 1 V1 37 ve1 L1 -
alS

= (2L +1)(28+1
CL+Des+h Ve oo

(1.15)

Kpome TOrQ, HMeeTCd COOTHOIlUeHHe

(1¥*1 gv4l LS1 Hlv+2ochS) _ (_1)L+S+l+s—Z—S N

_ _ y, L
o —2LsD@S (v 1) (IY«vlS11"  avs1L8). (116
(2L+1)(2S+1)(v+2)(2l+1_v)

Kak y»e YyKasbBajioCh, B ClydYae [-3/eKTPOHOB 4MCJIO CTapLUHHCTBA yXKe ke
aBISeTCs [O0CTATOUHOM XApPAKTEPHCTHEOA ang TepMoB, [lo ueTbipex [-anexTpoHos
BKIIOMHTEIbHO MOCTATOUHBIMA sBigiorca kpantoBeie uuciia WU [3]. Mepsoe na unx
4BJSETCS XapaKTEePUCTHKOH HeNMpPHBOIMMEIX MPeCTaBA€HHA IpYNIIbl R,, a Bropoe -
G,, Ha KOTOpHIX, KaK Ha NPOMEXKYTOYHEIX T'pyNNax Mexay U, u R,, npusonarca
wenpusonumbie npencrasienns rpymms Ug W cocrour ma rtpex wucen oy, wgy, wg,
uaMengomiaxca or 0 oo 2, npuueM

w; 2wy > Wy (1.17)

U cocrour ua aByx uucen Uy, U,, HOpUYEM

Hp+Uy = 0,1,2,3,4,  uy >u,. (1.18)

pynnoBo-TeopeTHYecKdl TOAXOI MO3BO/SET NMPOH3BECTH (PaKTOpH3aNNIO TeHea
noruyeckux kKoaddguuuentos, Torna cdopmyna (1.2) paccmarpuBaeTCd Kax npuBe—
[JeH#e NpgMOoro nponaseuelx;ng Eplefc'raaneﬂnﬁ rpyHnnsl U4l+2 (cp. [ 8,4]), Gaaucammu
ans koropsix ssagiorcs ¥(l —I&I,SMLMS) P \p(lsmlms).ﬂanbﬂeﬁmee IpUBE1€HUS TIpO-
ussonurcs na rpymne U,y ,xUy ¢ nocnenyowam npusesenueM Ha rpymmax Ryjan
R;. B cayuae 1 = 3 mexny rpynnamu Ryp ;v Ry cywecrsyer monrpymna G,, na
XOTOpOH NPHBOASTCH HENPHBOANMBbIE HPeACTAB/IeHHS IpyNnbl qu+l.STO BCe 1aeT
s f-aMeKTPOHOB Clenylol(ylo (AaKTOPHIANHIO TeHeAlOrHISCKAX KOapunreH—
TOB:

(FN-1aW ALY aWUvLS) = (TaLof UaL ) FUFIWDEY 781 08 139

UYuC/IeHHME 3HAYeHHd /g NEepBHX [BYX MBOxHTenel npapoii wactu (1.19) npuse-
newnt B [3], a Tperm#t BuiuMcasercd no copmyne (52) [3]. B o6iuem cayuae o
coxpangercs, Tak kakx npd N> 4 KBanToBble uHCIa WUv ne socrarounm nnsg xapak-
TEPHCTHKHE TepMOB,

TaGnumpl reHeanoryieckix KoadhuuHeHTOB aas P— K d—3/71eKTPOHOB IpHBeIe—
gel B [2]. OnE papTcd TakXXe B DPYKOBOACTB&x [6~7], a mamu Bagrel u3 [2],
Meneanornseckne kQacpduunents s f3 upusenenn B [8,9], a nna f4 - s [10].
B nocrenunx TaGlHuax sHAYEHHS [aHB B OECATHYHRX Apo6ax. HaMu odM BbhIYHC™
NeHpl C HMOMOIUbIO AAauHiix padoTm [3], a cayuad f3 msast us [9].

Yii
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Free Hand

Free Hand

Free Hand


B nepsoit zacTy HaCTOSMIHX TAGIHL NPUBOMASTCH MeRealorhiyecKue Kosdhdunuen—
Tt nns xondurypausi p3, @3, 44, d5, f3, f4. Tepmw oGosuauaiorcs cnemyowmm
oGpasom:

U\ 2541
|4 v

INocne10BATeNbHOCThH T€PMOB COOTBeTCTBYeT BospacTanmio L, ymenbuwenuio S
u Boapactanuo V, ¥, 1,

Ilpu cocTapneHER OaeHHBIX Tab/jHl HaM eule He Guula HapecTHa pabGora [11],
B KOTOpOR npUBeHEeHH TIeHealordyeckue KoadpHuHEHTH A48 obonodex p—, d— =
f-anexTpoyoB. DTH HOC/NenHHe UCHOSBAIVBANHCH HAMH [J/d NPOBEPKH NyGIRKyeMbix
rTabnuu.,

WUULS—-—< L. ~ (1.20)

2. Cydmarprunble S1eMEHThI 011epaTopos uk y v

Pdxax [12] sBen B MarTeMmaTHueckuli aniapar TEOpPHH CJIOKHBIX CHEKTpOB clie—
OYOLLHEe Oneparopi:

k 1V k . .
j=1
N N
vEL s wFast (= T o™ G (2.2)
9 =11 q j=1 94

k

OO HO3N@KTPOHHLIE omepaTopul W* i S! wmemnr onpeaeneHnd

Ayu® 1’y = skl )8(1,17) (k=1,2,..,2l); (2.3a)

Al 17 = V21 8(1,17), (2.36)

(s18's) =V (2.4a)

(s|S°s) = V2. 2.46)
3uak cymMmupopanns B (2.1) u (2.2) oszHasaeT HOMepa XOOpOHHAT 3JEKTPOHOB,
npuyeM MU o'mocu'rcx K NpPOCTPAHCTBEHHBIM, & 3' = K CIAHOBLIM KOODAMHATAM.

OnepaTopst uq (q=k, k-1,...,~k ; k= 0,1,...,2]) Qo HOpMHpYIOILHX MHOXKHTE=
neit npeCTaBAZOT COGOMH uncbnnwreanmanbnble onepatopsl ynurapuo#t rpymme Ugz, ;.
Mx uucno papuo (21 + 1)2 Ecam uckmouuts caywai k = 0, To ocrasurnecs 41 (1 +1)
ONepaTOpH CTAHYT HHpHHHTES3HMATLHLIME omepaTopamu cnenHanshofi yHUTapHOU
(yaumonynapuont) rpymmet (cp. [4]). Onepatope S (q=k,k -1, ..., -k; k=0,1)
AB/ISIOTCS YACTHBIME ClydagMi onepaTopos Wg. Omn drnocarcs x CHHHOBOMY TPO—
CTPAHCTBY, B TO BPeMs KaK Mg OTHOCATCS K OPGHTANbHOMY npocTpaxcTsy. Omepa-

TOPBI vkk' ABAAIOTCH HHPHHHTE3MMA/lbHbLIMU ONepaTOpPaMM CpYHLibl U2l+l xUqy. Ecnu
HCKMIOYHTE ciiygat ' k=k’=0, To owu 6ynyT MHGHHUTESHMAILHEIMH ONEPATOPAMH
rpynnsl SU21+1><SU2. 3necL 3HAK YMHOXEeHHMH O3HadaeT npaMoe (KpOHEeKepOBCKoe)
NpoxH3BeeHHue,

WnbnanresuManbine onepaTopbl YHHTApHOH rpymnnst llzl+1 0O MHOX>KHTenei, sa-
BHCSILLIEX OT paHra, cosmanaloT C onepaTcpaMH MOMEHTA KOJM4YeCTBa BHXKeHHd

oGo6iiennoro panra (cp, [13]). Takum o6pasom, uq ABJISITCS ONMepaTopamMu Op-=

GUTAJILHOTO MOMEHT& KOJH4YeCTBA [ABH2KeHHd OGOGILEeHHOIo padra, a Sl’ — TaxuMH
Xe OnepaTopaMH CIHHOBOI'O MOMEHTA KO/NHHE@CTBA [ BUXK@HNHd,

Yill


Free Hand

Free Hand
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CyOmaTpuaibie aieMenTs onepatropos (2.1) u (2.2) uvu k>0 umewT cneaywo-
ILIHEe BhIPaxieHHS: '

(VaLS U Ve 187 = 5(S, SNIEL +1)(2L7 + 1)(2S+1)] #

. Z (-1 )f+l+L+k N L‘[[Il\ 1_ 'S'l)(lf\"l s Sl a'L'S ){I’L L}; (2.5)
-5 L'l k

ateLspviinters - r\[ (2L +1)(21%41) (25 +1)(25+ 15]

N LU AR TR T Ry 3 Y0 -3 1 1 | % B ',LL SSSL 0
ELS- L'lE $’s 1

3nech, kak 1 Besne, S = 1/2,
I'pu k = 0 nmeeMm

(VoL U1 5o1'S") = 8(aL$, «’L’S “IN 2L +1)(25+1); @2.7)
(VLS VO IV L S ) = 8(aLS, o’ LS ) VA2L+1)(25+1)S (S+1) . (2.8)

1 0
Ecnu Bmecto S° Baark § , To BMecTo {2,6) 6ymem umeThb

AV Ls v Ve s ) = s(s, S VaLS juk 1 Yo sy 2.9)

J[10BOJILHO NPOCTHIM 4BAdIETCHd Chaydald

N 1,V @L+DL(L+1)(2S+D)
LSju’1"«"LS*) = 6(aLS, o’L*S” - . 2.10
(L5107 ) = 8lald, )\/ @I+DI(+ D) (219
Bauny TOroe, 4TO Uk He COoAep/KUT CIMHOBBIX HepPeMEeHHblIX, HUMeeT MeCTO COoOoTuo=
LUeHue

VLS U N L78%) < 68,5728 +1 (1 VoL ut 1 VL) (2.11)
B cayuae onHOTO 3€KTPOHA CYOMATPAYHBIC SIE@MEHThHl DACCIATIRBICMBIX One=
patopos (k + 0)
1 ka4 41 o
(IIsyu™yl 1s)=\/2; £.12)
(s vEYy IS)—\’3 (1

Cy6MaTpuysbie 3/1€MEeHTh ONepaTopoB ur u 72 A7 TIOYTH 3alofHeHULIX 060~
NouYeK NOAYdYalTCs C noMolnbilo caeaywouwnx dopmyn (cp. 112,141}

4l+2—N kk’1 41"’2"N s, 0TPC”
(1 auLS | VE* 1 a'pL7S7) = oo bleo
V=2 7 F
+k+l

- (-1 2 aMvLsy vt s, (2.14)

Ecnn smech Bmecto K neactaputs O i 1, To noayuarca dopmyns ans UF Vkl,
cooTBercTBeHHO, OaHAKO aTa opMyia TepseT cray B cayuae U, Torna neo6xomn-
MO Li0/1bLROBATLCH dopMyaol (2.7).

Ha ocuopaung (1.10) u (1.11) npmn ucnonsaoeanuu (2.14) nonyqswrca cne—
aywiune dopmynn {cp. ¢ (88), [21):

1X
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UM v LS | VA 1¥2pLrs?) -
(1"« vLS | vEe i1°«'vL’S”), k+k’= neuernoe;

(2.15)
i:"'l N(lv vLS | vEk H1%vL’S"), k+k’ = uernoe.
+1
KpoMme TOro, HMeeT MecTo clledyiollee CBOXCTBO:
(aYuLs 1l vkE I 1Nev_2 s ) =10 (k+k’ = neuerHnoe). (2.16)

Heo6x0aHMBIM sB/igeTCd CBOHCTBO TPAHCNOHHPCBAHHA

AVaLs | VEF 1% Los) - (-1)L+5“L"5'(zNa'L's'uv""'uz”aLS). 2.17)

Ono omicHo SbITb YTEHO NIPH HCHOOJIL3OBAKHM TAGNHU /S CYGMATPHYHBIX SieMeH-
ros U% u VAL

Ta6nnusl A/ CyGMATPHUYHBLIX 3/1eMEHTOB OllepPaTOpPOB uk Vklnnn p- n d-snexr
powos npusenennt 8 [12,2] (ana k = 1,2) u B [15] (ana k = 3,4). TIlepsrie ua
HUX INpMBe/eHbl Takxe B pykosoactsax [5-7]. Te u Apyrue TabiHub comepKar
HeKOTODHIE HEeTOYHOCTH, BhiIBIEeHHbIe pacueramu [16]. McnpaenenHnoie coriacso
{16] taGauup u npuBoaarcs B Hacroameﬁ KHHTe,

Cy6MaTpryHbie S71eMeHThl oneparopa U*( k =2,4,6) nna f3 npusenmenws B [9],
a cy6Ma'rpuquxe anementn omepatopa V!! = B [17]. Cy6Marprunbie snemeHTH
oneparopa VU ana f4 B mecarnuspix Opo6ax MOryT GuITh moayuenn ua Tabn, 2
pabornt {10].

Cy6MaTpuuHbe 2/1eMEHTh onepa'ropau nna oGonouex p-, d— n f-smexrpo-

Hop npueenens: B [11], k1
Cy6MaTpuunbie 9JIeMEHThl BCeX ONepaTopoB U* u V¥ qaa f2f3f4 cocuntanu

HaAMM HaA 3/IeKTPOHHO# BhIYHCAuUTE bHCH MaliuHe B3CM-2M u npuseneHkl BO BTO~
pof HaACTH HACTOMUIAX TAabiul, B NIPOTUBONC/IOKHOCTL COOTBETCTBYIOLLIHM Ta6nu-

" maMm anas Uk pa6or [2,12,5-7] ouu comepxkaT MuoxaTensb 25+1.3T0 anaunT, uro
HACTOflllle Ta6/ulbl COOTBETCTBYIOT /1€BOii HACTH paBeHCTBAa

afaLsjukyierrss) - 55, a1 YLy ut 1Y L), (2.18)

B TO BpeMd Kaxk B YKasaHHbBIX Tabauuax n&aeTca Cyb6MaTpHYHbIl aneMeHT npaBo#
yacty (2.18), x0T9 o603HANA@ETCH OH TAK K€, KAK B A€BOi YaCTH STOTO PpAaBeHCTBA,

Bo B'rOpoﬂ gacTH HACTOMIUHX Tab/Hl NpHBOOATCH CybMAaTpUYHBIE 3JTE€MEHTHl BCex
oneparopos U¥ u VEl nng  goudurypauns p2, p3,d2, d3%, d*,d>, f2,f3 u f4, Tas-
NUUB pa3gelieHbl COrVIaCHO KOHGHI'ypauusM B YKa3aHHOM nopanke. [lpE dukcupo—
paniom | u N nns f-anextponos cy6maTpHuHble anemenTs onepatopos U* u Vi1
NpUBOAATCS OTOAENbHO, a s P— u d-anexTponop ~ BmMmecTe., HaGopbl KBaHTOBBLIX
yHucell, KAK ¥ B Ta/lduax TreHeajlorH4eCK#dx KoadgHUIHeHTOB, PACHONOXKEHB coraac-
#o cneayiowemy pany L, S, v, W, U B nopanke poaspactanus L, v, W, U u ymenn-
wenusa S,

KBanToBhie 9HCia 3annceiBalrcd B coorserctBud ¢ (1.20). B mepsoM cToabue
TabAHI AOMEIaloTCH JeBble NapamMeTpbl CyOMATPHYHLIX 3INEMEHTOB, 8 BO BTODPOM =
npaBeie. [l/ig TNOAy4eHHs TPAHCIOHAPOBAHHLIX CYOGMATDHYHBIX S/IEMEHTOB CleayeTr
HCnonb3oBaTh ceoicTBO (2.17). IycThie KIeTKH 03HAYAIOT PABEHCTBO COOTBETCTBY=
J0LLero CySMATPHYHOTO 3JIeMeHTA HYIo,.
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3. Buipaxetine 1A cpeainero 3HaueHns sHeprumu
B clyyae 0/1HOi1 60010YKM 34€KTPOHOB

OrpaHM4yuMCsd OIIepPATOPOM 3HEPrHH, COJ1epPXAaLIMM YHPOLUeHHbI# OImeparop
COHH~OpPGHTANBHOIO B3aMMOOeiCcTBHa (npencrapidioulnli B3auMomelicTBHe “CHHu -
cBos op6HTA”) W He COOep>XAaLlAM ONepaTopa CHEH-CIHHOBOI'O B3aWMOIeiCTBMY.
OH uMeeT C/ACOYOLUHA BHI:

H-H H' oW -2 B s2H Y 3 H
i i j>i

e
G (3.3)
Hll? npesCTaBligeT ONepaTOp KUHETHYeCKOR oHeprua i—-ro 2/1eKTPOHA ¥ NOTeH-
N HaNnbHOK’ 9HEePTrHH OTHOCHTEJIbHO sipa TOoro >Xe 3/eKTpoHa., B aToMHubix eI HHHuax
(cm. Tabnuuy ma cTp.104) ero BeipakeHme cneayioliee:

k Z
H, =—%Ai - =, (3.2)
i

aneck A; geasetrcsg oneparopoM Jlannaca, oeACTBYIOLLUEM HA KOOPAMHATHL CO 3HAY™
koM i; £ - 4Mclo 3apamoB sapa, a I, — pacctognue I-ro s/ieKkTpoHa OT $apa.
Tepsrit unen B (3,2) npemcTabngeT coGolf omepaTop KHHETHYECKOH SHEPrHH, a
BTOpOo#l — moTeHumHanbHOH,

BripaXkenre /1/s CpedHero 3HAYEHUd paccMarpuBaeMoi sHepru# (MaTpuuHOro
anemenTs oneparopa H”)ouwenb anpocroe. OHo uMeer BUA

miNLS | B n1 Y7 s ) = NImD s(« LS, 1’8" ), (3.3)
rane panuanbHbif RHETErpan
o0 2 1d +1
Inl) - -3 gP(nl{r) E%+%Z“(—r_;_l P(nl|ndr. (3.4)

3nece P(nl]r) apngeTcs paauanpHoli dynxnueli no XaprTpu. [lenenHsaq nal, oHa
npeacTas/igeT Co6GOf eCTeCTBeHHYI0 PaAHANbHYIO BOJIHOBYIO PYyHKLHIO.

H‘:: npericTaniigeT COGOH ynpoileHHu#i OMepaTOD 3HEePrHd CHUH-OPOHTA/ILHOIO B3a~
HMOIeHCTBHS H HMeeT BHO

s -+ - B
H, = g(r; )(1;-S;), (3.5)
-»> -
roe li H Si — omepaTophl OpOHTA/IBHOI'O ¥ CIHHHOBOr'O MOMEHTOB KOJ/IHY@CTBa
[BHIKEHHd, COOTBETCTBEHHO. MHOXHTeNb, 34BHCALIHA /HlIL OT PpPACCTOAHHS OT
ampa, MMeeT BhipakenHe (B ATOMHBIX eMHHIAX)

avV(r;)
ar,

5(r;) = 12;1; . . (3.6)

2¢
3necs ¢ - ckopocTb cBera;V(r;) mpencraBiaser co6od noTeHudas nond, B KOTO-
pOM HaXOOHTCH 9/1eKTpoH, 6yAy4d Ha PacCTOSHHH r; or sanpa.
OnepaTop CHHH-OPGHTANBLHOIO B3AHMOZEACTBHsS NJia OLHOH onpemeneHHol o6o-
7I04KH MoK eT 6piTh nNpeacTapled B BHOE

XI
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C Lyl d+ )1 AV (nl ), (3.7)

1
rre ¥V onpenensercs cornacro (2,2), a paananpHbit HHTErpan

00

nnl) = f t’;(r)Pz(nl;r)d.r. (3.8)

o

3peasouxa Hal 3HAKOM paBenctsa B (3.7) oaHauaeT, YTO paBeHCTBO cnpasea-
JHBO JIHIUE /1/19 MATPHYHEIX anemeuToB. CpenHee 3HAYEHHE dHEPrHH CIMH—OPSHTAIL™
HOT'O B3&HMG/ieiiCTBHs (MATPHYHLIA 3/IeMEHT COOTBETCTBYICLUErO ONepaTopa) HMeeT
BLIpdXKeHHe

1Yo LSJ IR 1mIVe e8] ) = eIV LS 1,1V 1287) ) n(nl) =
L1 S ey g {SL E,J

3nauenue 6j~xkoadduunenTa GepeTcs U3 CnenHanbHbIX T&Snuu 14719 3THX Beyd4seH [18],

}u‘vaLsuv“uxNa'L's')n(nl). (3.9)

a J3HaYeHHe CYGMBTpH‘lHOPO 31eMeHTa onepa’ropa v - U3 BTOpO# YacTd HACTO-

AILMX TabnuIL,
[lna onpeneneHus n(nl) 6onee YN OOHOH sBIdeTCH dopmyna, caeayoluas u3

BLIpA>KEHUSA [OJIs NOJHOro omneparopa CNAH~OP6GATANbHOrO B3auMonefcTBus [10] 1,

n(nl) = gnl) + z ninl;  nl). (3.10)

[epBnit 4nen ¢ (nl ) yuaTbiBaeT anan nois sapa (W — NocTosHHEas TOHKoMR

bi) 2 o .
CTPY KTYPbi £(nl) = %Lx__ T 1=3PYnl/1)dr, (3.1D

a cymMMa 0O KBAHTOBBIM 4HC/I&M 3af0/HeHHbIX ofGonoyex — Iojie JIeKTPOHOB 34—
MOJIHeHHbIX O60JIOoYeK:

wn; L, nl) = —4(21, + )M, nl;)+

2 l. +
+6 2 (1, ‘;';C”“ i\l)“{2(2k+1)l€2kr3){1 L kll} NE(n Lnl)-

Lol k=1 k=2
- (Pk-1){ : Nl
(2k l){1 el } N “l,n l)jl +

R(k+1)(2k +1) Al Tk l:k_ N 2onl m L) -
+[l 1+1\(21+1)] {1 k1l ( 1) (n,ntt)

_(k2)NF o 1) +2KE (1) + 0+ 1+ DO = 1) X

(' Nh”ml nl) - 1 Nk(nl, nil,.))]}. (3.12)
k k +1

3nech WHTerpalibl MMeKT Cclenylouine olpenelieHud;
2 5 r
3 pt® 32 kp2 )
MEl,m 1) s pZinl ndr ({riP tn; l;ndr s (3.13)
0

v e , ,
N (nlnl) = 5o Tr “p(ul/pPn,1/ r)dr FPanl/r Pl /1) ; (3.14)
0

Xn
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-2dPl/n

ir P(n; 1. /ndr x

Kialn 1)=42
ah L) = o '({'

—k—

r ’ 5]
x [r" F P/ P )dr e T T Pl )Py /rl)drl]. (3.15)
1] r

k k
B marterpanax N 1 K' MOkHO NpOM3BECTH TpPAHCIOSHUHIO KBAHTOBBIX YHCEJ
COr/acHO COOTHOLLEHHIM

N, n 1) = N¥(n, 1, nl); (3.16)
K (nl,n,l,) = (k+ 2N (nl,n,1,) (k= ON* 2 (nl, .1, ) —KE(n, 1, n1). (3.17)

B Ta6mune Ha cTp.102, 3anMcrBoBanHoil u3 (18], npuBOOATCH uYHC/IEGHHEIe 3HAYe—

aua xosdguuuentos npu uuterpanax N° m K' B (3.12).

K (3.10) eume MoxHO [006aBHTB 4YaCTb CHHH—OPGHTA/ILHOrO B3aMMOeACTBAS
BHYTpH He3anonHeHHOH o6onouxku [20]. [dna p—, d— u f-anekrponoB momonHETENH-
ubili ten £ (nl) paben

£'(np) = (3-2N)M°(np, np);
£'(nd) = (3-2N>M°<nd,nd)+g_ M(nd, nd); (3.18)

glnf) = (3,—2N)M0(nf,nf) +M2(nf,nf) +T5T M 4(nf, nf).

Gopmyanst (3.9) —(3.18) nosBongOT yiecTh OCHOBHYIO HacCTb IOJHOIO CHHH—Op—
GUTaNbHOrO Baanmoneﬁcmna. OnpeneneHde OCTATOYHOr'O 4YjleHA, TAK XKe Kaxk H
aaaumoneﬁcmuﬂ cnuH—CHHH", 0p6KTa—Op6HTa H OpPYyr¥X MajblX MAarHaTHBIX 3¢-
dekTOB, uNENIECOO6PA3HO mm.u: npd yTO4YHEHHbIX MeTomax paciera, [locTosHHasd
CHHH—OPGHTAaNbRO# CBHA3H n(nl) Moxer onpenendaTbCs TakKe H3 3KCHEepEMEHTa/Ib—
HBEIX [dAaHHbIX,

Hfj npefcTasiseT Co60# onepaTop HEpPrHH 3JIeKTPOCTATHYECKOrO BaauMoei -
cTBHA MeXxny anekTporamH I ® j. Ero BbipakeHhe TaKOBO:

k k k
T < ¢ c®y. (3.19)
ik rls+1 y)
>
3oecs r< H r> - COOTBETCTBEHHO Meﬂhumﬁ u 6onpLIKA U3 I, u r]- ,C(k)- cepu-
yeckas <pYyHKUHd, HOPDMHpPOBAaHHAad K ke 1(c*p. {12]). Ona apnsercs HempuBOO M-

MbIM TEH30pOM paHra R, KOTOprii CO/IepXKHT KOOPAHHATEI, YKA3bLIBAEMbIe HHIK~
nuM sHaykoM. OTOenbHbEIE COCTaBidloLlie 3TONC TeH30pa B Clydae HeOGXOOHMOCTH
YKa3blBaAlOTCH BTOPbIM HHIKHHM 3HATKOM. Hanpnmep,Cq of6o3HavaeT coCTamad~
wyo ¢ manHoro TeHngopa. Touka Mexkay OBYMA TeH30paMH YyKassiBaeT Ha Cka=
ngpHoe npouaBeseHue, [IpocyMMHUpOBAHHOE MO 3JI€KTPOHAM, OHO MOXXeT OBITh
npericTapledo CileayrwuUlHM obpas3om:

€. ¢ty 1P sc®) Slsct® . clP). (3.20)

ji>i ] P }.] 27 ¢ i

McnonpayeTcs MaTpHYHOE DaBeHCTBO
k N ¢
C(,. Yxagc )ill)uf‘. (3.21)
Xl
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Free Hand


Torna QMg MATPHYMHBIX S/MeMEeHTOEB oleparopa KMeeT MeCTO COOTHOLUeHHe

e 2wl 1c By b ufy ~ubf Font n). (3.22)

A~

3aechb U‘,); onpenenseTCs COT/IACHO (2.1), a snagox N yxaspBaer uucio snekTpo-

HOB. Hlféc onpenensgercg clenyXllsEM OGPGSOM:

ke N ok ok
ug® - = (uj-u)). (3.23)

i=1

Paananehbli HHTErpaj HMMeeT BHO

k
o T .
Fk(nl,n'l’) = Ojf ,k<+1 Ptz(nl;rl)Pz(n’l'[rz)drldr2 . (3.24)
>

(k)
Beanuuna (1] C " |l) npencraBnger coGo#i cyGmarputnbii 3neMeHT omepaTropa
cpepuyeckolr dyHkuux. OH UMeeT BblpayKeHHe

2len(2l’+ D1 2gta(lkl”) |
(g-Dlg-R)'(g-1")!
l+1”+k=2g; (3.26)

(k)

apct e -

(3.25)

’ - ’ ! - . ) -1 l/
NI )=[( Lok 17)X1 ksl Wilek=1"1)% (8.27)
: (l+k+17+ 1)
Ero cpoficTBa TpaHcnongposaHua OynyT
(kY 4, sup K
apc ey - anc g, (3.28)
eClIH UCHONIb3yeTCdg CTanaprHas cucrema das (cp. [21,221). 3Havenna cybmar—
PHYHOTO 3lleMeHTa (IHCU‘) i1’} opuenenst B Tabnune Ha cTp.101.  Ecam mc—

HONb30BATE A/ 3THX CYGMaTpPHYHMX 3ieMeHTOp Tabn. 16 u3 {71, 10 Heo6xonumo
3HAK4 MUHYC 3aMeHHdThb INIKCAaMH.

CpeziHee 3HauyeHHe 3/IEKTPOCTATHYECKOTO B3AHMOLOeHCTBHS (MaTpu4HBIl 2/1e MEHT
ouepatopa H®) mpencrasum B BHOE

VLS HE Y 177 -
- a(LS,L's) 2 f, (1% LS, 1% L's ) FF(nl,nl). (3.29)
k

3nechb KoathduuuenT fk He 3ABHCHT OT OCHOBHOIO KBAHTOBOIO wicia. [pm R> 0
ero BeIpa)k€HHe cienyloliee: :

£, aY%Ls, 17 LS) =%(1nc"”nlﬁ{[(zun(zs+1)1" x
«r en sy ut N sy Ve s put Y Ls) -

—-N(‘Zlﬂ)_lt}(a,a')}. (3.30)

k
CybmaTphufbie 3TeMeHThl oneparopa U* Gepytca ua BTOpoA HacTH HACTOALEX
tadaniu, [pn k = 0 toayyaem

X1v


Free Hand

Free Hand

Free Hand


fo(NaLS,1Va7LS) = 8(a, o) N1, (3.31)

O4eBHOHO, YTO MATPHYHBEIE DJ€MEHTH ONEepaTopos H u H® ne saBucsar ot xmau-
roporo uucna J, [Mostomy B (3.3) u (3.30) ] omywero, B To BpeMs xax B (3.9)
OHO COXpaHgeTCs, Tax KaK MaTpHuHbil anemenT ounepartopa H® aamucur ot J, xora
oH M [#aroHaies o'mocn'renbuo Hero, B 6ONLLUHHCTBE CHydYaeB OLpefengiolldMH
asnaiorcs oneparopsi HF w H', a H® naer Tax unasmBaeMyno TOHKYIC CTPYKTYpY
TepMOB.

B kxauecTBe npaMepa BOabMeM Kombnrypaumo 2p2. Has (3.3) HemocpemcTseHko
cnenyer srpaxenue s H*, [1aa H® ucnonwayem opmyny (3.31) (upw k =0), a
npu k =2 ¢ noMoLibl TaGnAN OAg CYGMATPHUHpx sneMentos Uk, Haxougmnxcn
Ha cTp. 12 sacTosuiux Ta6AHU, H rrabGnuusl Ha CTp. 101 ang (IHC( 1) cor=
nacuo (3.30) nonywaem -1/5, 1/25, 2/5 ana tepmos 3P,1D u 1S, cooreercrsenno.
Torma BhIpaxKeHue OJig SHEPTHH, He BK/I0Yaiolliell CIHH-OPBGUTANbHOR Ba3auMOmelcT—
BHE, HMeeT BH[

(2p? LS|H%+HC| 2p2 LS) = 21(2p) + F° (2p, 2p) + (— % \F (2p, 2p) . (3.32)

1

(n

B maHHOM ciyiae TOHKYIO CTPYKTYpy HMeeT JHUls: TepM 3p. I'py nomoiuu
Tabnun s 6]-xoacb¢munea'ron (21, upunoxxenne IV] u ra6nune nng cy6GMaTpUUYHOrG

snemenra V! cornacno dopmyme (3.8) moayuaem
3 3 3 3 3 3 3. o
P2 - Plﬂz‘fl( P); Pl - PO =‘ﬂ( P)a T\( P)=7](2p)' (“'33)
3to -'npasuno Jlanne, Canenyer orMmeTdarb, 4TO0 B (3.33) yuyTedm HHiUL OgHAro—
HanbHbie MaTpHuHbIe aueMenTnl onepatropa HS. B npassom cnyuae se ucuesaior
HeJHAT'OHANbHbEe OTHOCHTE/bHO TEepMOB MaTpHYHble 3JieMenThi, OHH TAKOBbLI:

H°|2p® 'D,) = L-m(2p); 3.34)
@p” °P,|H|2p” 'D,) e (
2p” 'S, 1H°12p° P ) = VI nizp). (3.35)

HMx yweT Tpebyer AHMArOHAIH3ALHM MATPHUL 3HEDPLHH, YTO BYHECET XL HeGOML-
woe uaMeneuue B (3.33), OTkioHdOIIEee ero OT ykasaHHOro npasuna JlaHze
(cp., nanpumep, c [23]).

B ciygae nodYTH 3anonHEHHOR 060/109kH ko3 }puuHEeHT npu HHTerpaite J(nl) swm-—
qucngerca no copmyne (3.3), a nng xosdpduurenra npu uurerpane n{nl) mpu-
MeHgeM ¢opMmyay (2.14) u monyyaem

’
vV-—-v

e(1 3 2=V sy 14N sy 2 2o YauLs 1,1 Y v 1 87]). (3.36)

9To BheueT 3a COG6OE H3BeCTHOe ofpallieHHe MYJIbTUNNEeTOB IICYTH 3aNOJIHeHHBIX
060/I0O4YeK IO CpaBHEHHI0 C TAaKHMH Xe MYJbTHIVIRTAMHK 4HacC THYHO 3AaNOIHEeHHBIX
of0/l04eK, TaK KAK B Clly4ae AHArOHANbHBIX IeMEeHTOB V=V', M 3HAK MHHYC COX—
pangercd, B ciydYae HeHMAroHaJbHBIX MATPHUYHBLIX SJEMEHTOB 3HAK MHHYC MOXKeT
6bITh KOMIEHCHPORAH MHHYCOM H3 ¢as3oBoro MHo>xurteng B (3.36). Tagum cnywzaem
apideTCs, HanpuMep, MaTpuuHbifi anemMenTt (3.35), Tak xak V=0 nna Tepma 1S,
wv=2 gna °P.

B cnyuae oneparopa 2HepPrHH 3J/IeKTPOCTATHYECKOro BaaumonefRcTeHa KOo3thgu-—
LHUEeRT fo oupenensercs corsacHo (3.31) He3aBHCHMO OT TOro, KBIASeTCH JIH 060~

XV
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N04Ka 4YACTHYHO MJK TNOYTH 3amO/IHeHHOH, [lna nonydenus fk (k >0) ucuonrayem
(3.30) n (2.,14). Toraa nonyuaem »

’
V=0

£t 2N GoLs, 142N ryrpsy - o) *f (1 Vel S, 1V00’LS) -

211N L) IC D 2 slar, «v7) . (3.37)

Orcionga nojlyuaeM BbiparkeHde Ui 3an0oHeHHOH OGO/I0YKH

a2 S 5 _ape™nt. (3.38)

B kayecTBe NpuMepa BO3bMeM KOHGUI'YPAUHIO 2p4. Torna smecro (3.32) no—
ayyaem

(2p* LS H% 4 1% 2p*LS) - 41(2p) + 6 F°(2p, 2p)+<—§-, ——"’: 0>F2(2p, ). (3.39)

(3.33) coxpangeT BHA 34 HCKIIOYEHHEM MNOSAB/ICeHHS 3HAKA MHHYC B NpPaBbiX 1acTiAX
DABEHCTB,

4. Buipakenue aas cpenHero 3Hayenns sHepriuv B ciydae [Byx 00010 yeK
1 N,

Paccmorpum  kondurypauuio n,1, nyl, . Tlpeanonoxnm, uro LS -crass
WMeeT MeCTO He TONbKO BHYTPHM OTIeNbRbX 06onoyex (4TO BEPHO B HOIABAGIOLLEM
yucjde AaTOMHbIX CHCTeM), HO 4TO M MexXnay co6ol O6GONOoYKHM CBa3aHbl TOH ke
c8gabio. B NPOTHBHOM Cllydae cienyeT NpPOM3BeCTH IpeobpasoBaHHe, O KOTOPOM
6ynetT MATH peuyb B cCllefiylolieM pasaelne.

MaTpuwHbIl 371eMEHT onepaTopa KHHeTHYECKOH SHeprud H 3JeKTPOCTaTHYeCKOH
SHEPrud OTHOCHTENBbHO dA1pa HMeeT BLIpAXKeHue

N! Nz r r r, rd ’ r r 7
nlll n212 alLlsla2L2szLS ) =

7

N, N, A
("lll n21 2 oclLlsl a2L252LSlH

= 6o, LS 0,18, LS, o L7 S% oy L5 S5 LUSOIN 1m0 ) + Ny Iyl )1 (4.1)

STta opMyna [OMKHA GHITL NPHMEHEHa HE3aBUCHMO OT WHCNA S/IEKTPOHOB B 06O-
nouyxax (WACTHYHO MAH TOYTH SAQMONHEHHBLIX, MU [aye IMOJHBIX), YIPOLLeHHbIH
onepaTop 2HepruM CIMH-OpP6MTANbHOIO B3AHMOIEACTBHS pacnagaercd Ha [Be 4acTH
no o6o/ouKaM, [{/ig ero MaTpHYHOrO IeMEeHTA HMeeT MEeCTO BhIpaX<eHHe
N, N, s N, N,
’ ’ '’ ’ r ’ ’ ’
(nll 1 n212 °‘1L181°’2L282LSJ |H Inll 1 n212 °‘1L151 aszszLS =
( ])L'+S+J LS]
B S L1

{' Li+L,+L 48, +5,+8°

}[(2L+1)(2 L7 +1)(2S +1)(28" + 1)) % X

(=1) 8oyl ,S,, oy LS50, + DI, (1,+1)1 %

L. LLJI[S SS,| N 11,,% , .,
X{L}L’l 12}{5'18;12}“1 o, L S IV, alLlsl)vﬂxr(nlll_h

+ (_;1)L1+["2+L+Sl+s2+s G(O‘-ILISI,O‘"l 'lsi )[(212+1)12(12+ 1)] ‘/: %

L,L L[{S,SS N, 11 . N, N
><{L’zL’2 11}{8?85 11}(12 ayLySo VI, e, LY Sz)f‘("zlzi) } (4.2)
XVI
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Ecnu onxa uiax o6e OGO/NOYXKH IOYHTH IANO/HeHHLie, TO K CYSM&TPHHHLIN 3he-
MeHTaM omneparopa VllﬂpﬂMeHﬂeTCH (2.14), a Bce ocTansioe e npeTapreBaeT
HMKAROTO usMeneHHs, ECIH 060N0uYKa JIONHOCTBIC 3an0/HeHa, TO COOTBe TCTRYIOLIHA
alleH OTiAmAeT M3—-38 PABEHCTBA HYJK cySMaTPHYHOro aineMenta onepatopa V1D

B cilyyae 37MeKTPOCTATAYECKOTO B3aMMOLERCTBHA BLIPAMEHHE [JIA &af[pL'iHOIO
3/leMEeHTa OnepaTopa PacnadaeTcs Ha OT[eNbHkbe TaCTH, Cnocefii LACHeTA KOTOPBIX
CH/ILHO OTAHMYAIOTCSH APYr OT [apyra. B mepasyw owepenb CleLyer BwIeilTe JAMlilb
3J€KTPOCTATHIECKO® B3a¥MOEHCTBHE BHYTPH OTAENbHHX 060LOueKk. OHO BiIuuCisa—
eTcs MeTO[l0M, MNPHBEIEHHBIM B OPEebAYLIEM pasaele, M BLIDAX.AOTCd Heped
panuanenbie aurerpanst Foiml,n;l;), (1 =1,2), Kosdrpiuuents nou sTux asTerpa-
nax MaroHalibHbI OTHOCHTPHBHO KBAHTOBbIX YHCEN L §,L,S,LS. Kpome Toro,
koathpuunent npu FF (mly,ml) nomxen 6niTh ﬂll&FOdanb{})IM oTHOCHTENBHO P
Hao60opoT,

Ocranbias 4acTb OlepaTopa INpesACTaBIsSeT coBoff B3aNMOOEUCTBHE MENKAY
SMIeKTPOHAMH, INpUHE/IE KallMMH K pas3npiM o6ojlodkam. 3Ta HacTh ollepaTopa
HMeeT BMO

k
1 N,+N2 r
< (k) _.(k) )
4 . * ; . 33
D Y (C; L] ) (4-3)

koi=l =Nl T

BcrnencTeHe AHTHCHMMETPHYHOCTA BOJMHOBOH (DYHKUHMH OTHOCHUT@/bHO 3J/€KTPOHOB,
npMHAO/leKaLlHX K pPasHbiM 060/10YKaM, MAaTpu4Hsifi aneMenT oneparopa (4.3)
pacnamoaercd Ha HpﬂMV}O A oGmMmenHylo HacTH, IlpaMag 4acTh BLIpakaerTcs yepes
pamHanbHbIH HHTErpai F ‘(n ll,n 1,). Koadgduuuest npu HeM sgBASEeTCHE MAaTpHu-
HBIM 3JIe MEHTOM OliepaTopa

k k
112(0 - Uy ). (4.4)

2

(k) (€3]
a e pa,ic

3necob Ulé npencrasnser co6oii oneparop U* nna oGomoukx c N; snexrponawms,
i

onpenenennplt cornacko (2.1), Matpuunnii snemenT onepatopa (4.4) npu k> 0

nMeeT Beipa<enue (cp. [241])

Nl N, Nn N,
fk(l 2 °‘1L151°‘2L252 LS, 1,71, o L) 87 o’ LSS5 LS) =
= cC lll )1 ICU”llz)(—l)L‘+L’+I'6(SIS2,S s )1(2S]+l)(282+1)]“1’9x
L,L,L koM, o, N, T )
x L’ L’ (l 1L151 1a "l] °‘1’L151)“2 aszsznu 1”2 a2L2$2), (4.5)

Ipu k=0 umeeM

N, N,
fo(l , o L S o, LS, LS,1 "1, o) L8]’ L,S] LS) =
=N1N26(QIL!SI a2L252,a'1L'1 ;a' '3'2) (4..6)
Eciu o/iHa H3 o060Ji04ek, CkarkeMm nepsad, NOYTh 3aNONHEHa, To cornacao (2,14)
uMeeM

sl +2-N, N, LTh N, o,
fk<l1 1, J==(=1) ° fk\!1 12>. (4.7)

XYl
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Fenu 00e O0EQJIOYKM 4BJdI0TCd [HO4TH 3a8l0J/JHeHHbLIMA, TO HMeeM
, ’
V=V + v, — 0,

[HanaNy a2 N, (N, ¥, .
fk(‘l L >=<~1) fk(ll 1, ) (4.8)

Oba i0cieLHYx paBeKcTBa TepslT Cpol cuay apn k=0, B nocnesseMm ciayuae
cnesyeT 110ib30BAThCS opmyncit (4, 6) He3aBHMCHMMO OT CTEHEHH 3amoil IHeHAS o6o~
noyek, KHa (4.7) v (4.8) sumHO, yro KoadhdquuUMedT npH HHTerpale F"(n ll,nqlr))
{k>0Q) papen Kymo, 2CA¥ XOTb O/(Ha H3 06OJCYEX HAS/A4eTCH 3ANOJHEHHOH,
OtMenHOe B3auMO1eHCTBHe Mexay 06onoYkaMHu BbipaXaeTCd HHTerpalaMy
lc

n lnyiy)= ff k P(nllllrl)P(nzlzlr YP(n 1, ir, ) PCnylylry) dr dr, (4.9)
koahhHUHEeHTaMH npu KOTOPLIX 4BJIAI0TCHA MaTpK4YHbIe 3/eMeHThl onepaTopa (cp. [24])
; ; 1.1k _
~aae )t s @rend 2 a7
r 12 ll r *

«Lfu ™ l:%z(u;l Uy 2Vy V(,l)] (4.10)

3nech I npoderaer assaderns OT 0 40 MeHbluiero snauexus ua 21 1,212.
Jlna xosdbpuumesta g, npu usterpase G(n il1moly) umveer MecTo Bupaxe-
nue |24}

N N I , 4 ’ 4 rd
8,4, 115 LS, LS, 1 o 187 o 1,87 LS) -

¥

%
Uy )2 s r. 1,k Lo+l + ).
(I )T 2 (=D 2rs]) l 3 5 (=1) x

r>0

X

. L, L, L]
8(5,S,, 5755 (28, +1)(2S, +1)] {L, oy jL
L

N N,
><(ll‘mll.lslnu'||ll o L S73(1, % L, S, 1U |11, 2, L 87 )+
Li+L4L+S/+5,+S | Ly Lo LS, Sa S| .V, G LS
£ 2(=1) {L,“L,l }sisgl (1) %o LS v g en L 870

N, N. 205,(S,+ 1+ 8,(S,+1) "‘S(S'\‘l)_l—‘N N2
x (y ogLy S, [V, e LS o -t 2 Ne
zizl el ,+1)

7

(k) ’ 7 lI s I
(L EC T, P LS, o, LL8,, o L) S ety 1 8%). (4.11)

Ecnu o HAa, CKa»kem nepB&ad, 43 GOOJIOYeK [IOYTH 3an0J/IHeHa, TO IpE HCOOJ/IE30Ba—

vun (2.14) monyueem v —v

slr2=N, N, . Mg
8,1 , Ly )= (=) AL P
vy — U, { k rr
— g L'+ L+L
e (=1 2 (1 0C B, L (2re) 2 }~ 1t Sl
T yernoe ~ © ? Iy
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-4%JL, L, L
LyLir
N Ny, N, roaN. o, o,

x (1o LS U1 el 1S (e, LS, U7 1,7 e, LyS,) -

’
Hoo

x8(8,S,, 5785 )28, +1)(2S, + 1)]

X

llk ’ , ,.‘
Sen 2 ey n o @ranf e Mg Beeresieses

T HeueTHOE l2 ll r

L,L,L|[s,s,s
Ly L r]]S5 871

X

Nl 1 ‘Vl ’ , ’
(o LS IV Pa? LY ST

Nz rl Nz y Ts O
a2L252“V lllz a2L252)+

()T, ) T,

NINZ —(211+ I)N2

(k) 2
1 )C 1,) 8(a,L,S, a0, L. S, ,a" L S7a"L,S"). (4.12
(21, +D(21,+ D 1| It Gyl ®glgdgsa bydjasbydy )

2Ta (popMyna NOCTPOeHa TakK, YTO B CYMMY 4YeTHbIX I chayua# r =0 He BKAOHaAeTCH.
Ecnun o6e 06onoYKH NONTH 3ano/iHeHbl, TO HMEeeT MEeCTO COOTHOLLUeHHEe

’ ’
. V,=V; +V,— 0V
4l,+2-N, 41,42 -N, R e

Nl NZ
Qk(ll 12 )+

N Ny 7|
‘+—iﬂuﬁw“WQﬁmﬁhg%ggm@ﬁpgggwm

+ |=-2+
211+1 2l,+1

Ecnu neppag U3 060/109€K HOMHOCTBIO 3AanoJiieHa, TO nojiysaemMm

41,42 N, N2 (k) 2 YUY
gk(ll 9 ) = —T'i'(ll "C ”12) 5(a2L252,a2L232). (4.14)
g+
Ecaun o6e 0GONOYKH 3AaNOJIHEHH, TO
41, +2 4l +2 k 2
ﬂk“l ) : )=—2(11|[C( )1|12) . (4.15)

Bo Bcex ¢opMynax, KacailUHXCd NOUYTH 3AaNOJIHEHHmX 06ONOYeK, Noapa3yMeBa—
eTCsd, YTO YHCIO CTAPLIMHCTBA BLIOE/NeHO M3 O, TaKk KAk OHO BoiifleT B cdazopniit
MHOXXHTeNb, KBaHTOBbIe YHC/A BBHIIHCHIBEIOTCH HE MNOMHOCTbIO, OHH [OOJXKHbI BHTH
TakHMH Xe, K&K H B OCHOBHbIXx dopmynax (4.5) u (4.11).

PaccmoTpennnie B [JAaHHOM pasaelle CAydad NO3BOJLIOT COCTABHTDL BhIpAXKEeHHE
OAs CpelHer'c 3HAYeHHd SHEePTHH [pH /1I060M YHCle 3anonHeHHbIx 06oaouek, |Ipu
aTom (4.1) mONONHEeTCs WIEHAMH, OTHOCSILMMHCSH K 3aINOlHEHHbIM OGO/IOYKAM, &
(4.2) He mnpeTepneBaeT HMKAKHX H3MeHeHHH. [1/1a 3/€KTPOCTATHYECKOrO B3AHMO—
neACTBRS BHYTPH 3anosHeHHmIXx ofonosexk HcnonbayeM (3.38), npuuHMas BO BHHMA-
HHE, 4YTO OHO [IHAT'OHA/NILHO OTHOCHTENLHO BCEX KBAHTOBLIX YHCEJ] He3AaNO/HeHHBX
o60J/104exk,

XIX
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['paMoe 2JIeKTPOCGTATHYECKOe B3AHMONEHCTBHE MEeXK Y 3AaNn0/HeHHbIMH OfuoYKa-
'M4 M Me:<[y He3ano/HeHHbLIMH M 3aliOo/HeHHbIMH [aeTCd JIHilb HHTerpalaMH |
K03(h(pHUKEHTL TIPH KOTOPHIX MOTYT 6biTb Halinensl cornacHo gopmyne (4.6). O6-
MEHHOEe 3/IeKTDPOCTATHUECKOe B3aWMOefCTBHE Me K[y 3aNolHeHHbLIMH 060/I0YKaMH
naerca gopMmynolr (4.15), a Mexk[y HE3aNONHEHHBIMH H 3&NOJTHEHHBIMH = OopMy—
noit (4,14). B o6oux ciayuasx cireayeT HMeTb B BHAY, YTO OHO [ HAI'OHANbLHQ OTHO-
CHTE/NLHO BCeX KBAHTOBhIX YHCeJ He3aIOoJHEeHHBIX 0Go09ex.

dopMynb [OAHHOTO paagelia HeTPYyAHO OGOGLUHTE Takke H Ha Cayuall no6oro
YAC/a He3aNOoJHEeHHbIX 000JI0YeK., B TakoM Ciiyuae COOTBETCTBEHHO yBe/H4YHBaeTCHd
yucio cnaraemex 3 (4.1), (4.2), (4.5) u (4.11), TIlpu aToM craraeMmnle [OOJ>KHBI
£bITh [1HATOHANBbHBIMH OTHOCHTE/bLHO KBAHTOBBIX 9YHCEN Tex 060/l04Yex, KOTOphie He
3aTpParu¥BalTCA ITHAMH CllaTaeMblMH,

FEcny B OaOHOR onpegeleHHOH, CkareM i-#f, oGo/j09Ke HMeeTCs TONbKO O HH
anextporn (N;=1 n L;=1;,5;=5=1/2), To snexrpocraruueckoe B3aumomeACTBHE
BHYTPH OGOJIOYKA pABHO HY/O, & B OCTalbHHX BLIPAXKEHHNX COOTBeTCTBYIOLLHE
cy6Marpuanble aneMeurni omneparopos U° x VAl HomxEn 6HITH B3STH H3 (2.12) u
(2.13), cooTBeTCTBEHHO, :

5. lpeobpa3zoBanne K ApYrum THNAM CBS3H

Kak y’ke ykaspiBajioCh, B IO a&B/SIOLIEM OO/BUIHHCTRE CJ/Iy4aeB ATOMHBIX CH—
CTeM B OTOenbHbIX OBonoykax npuromna LS-ceasb, kKoTOpas [0 CHX mOp HaMH
H HcrnonbaoBanachb, O HAKO pasHbLie 3/IeKTPOHHble OGONOYKH MOTYT GHIThH CBS3AHEI
MeXx Iy COo60l Takzxe ¥ APYTHMH TUNaMu CBg3H. Toraa Belpa)keHus OJid MATPHYHBIX
2/1€ MeHTOB OIepaTopoB, NMOJyYeHHbe NPHBEIEeHHbIMH Bbille METOdaMH, MOTYT OuITh
npeo6pa3osaHbl K OPYyrdM THNaAM CcBaaM. MCkiawouenune cocTapingeT CpellHee 3Haye~
Hie KHHeTHYECKOH 3HepTHUd M MOTEHUMAlbHOH dHEPTHHd OTHOCHTENBHO dA1pa, Bhipaxe
HHA" [OJ19 KOTOpbIX OOHHAKOBLI BO BCeX THIIAX CBA3H.-

Paccmorpum cnyualli OBYx Heaano/lHeHHeIX ofosoveK. 34eCh Haubolee yacTto
BCTPEYAaIHMMUCA THNAMH CBA3H gBAGKTCH Cl/lelyloulMe CHOoCOo6hl ClIOXKEeHHa MOo—
MEHTOB:

(LS): Ly +L,-L, 8 +8,-8, L +§ -T1; (5.1)
(LK): 1,+1,-1, 1 +8 =K, K+S§,-1; (5.2)
(JK): L,+8, -7, T,+L,=K, K+S$,=1; (5.3)
1 LS, =T, 1,48, =T, §,+7,-1. (5.4)

Bo BCex ciyuasx cnaraembie wmomentst L, Si. L2, S,,a Takxe nonuul MoMmexT |
OIMHAKOBEI, [3Ce yeTbipe THNa CBY3H OTAMYAKWTCH APyl OT [Apyra Iapoil MOMEHTOB,
HASLIBAEMBIX HMHOI/14 [POMeyKYTOYHRIMM., 10 2TO0if npuurHe ynOGHO XapaKTepH30-—
BaTh THIBI CBS3M o7TO0fi [apoi# MOMeHTOB (KBaHTOBBIX uncen). TakuMm oGpaaom,
HMeIOTCS ueTepe Thna csaan, oboasnauaemeie coorserctsento LS, LK, JKu J]
(cp. Takxce [25]), kak aTo ykasaso B ckobkax B (5.1)-(5.4).

[epBbii W WeTBEpTLI TuUbL CBH3M fBIAloTCa TpamHuxondeiMu (cp. [26]1). B
HHX MOMEHTH CK/AaabiBalOTCs CHavyana I[apamHi, a 3aTeM dX peayibTHpYollHe
{npomexkyTouHble) CKIAa[biBalOTCH B NO/HbIE MOMEHT., BTOopo#ft THIl CBS3M BBe€H B
[27,28], a Tperu#t - B [29], B HHX MOMEHTEl CKiaIbBIBAOTCH NOC/e[10BaTelbHO,
OHH OT/IHYAIOTCH APYT OT ApYra TeM, Kakoi MOMEHT ckiaampaercs caauwana ¢ L.
OT 3TOr0 38BHCHT, KAaKOH NPOMEXXYTOYHHE MOMEHT mnonyyaercsa nepswM — L mnm
J, ouu m croar ma mepseix MecTax B OCO3HAYEHHsX. B KageCcTpe BTOPOro CHM=
Bo/la B 0GO3HAYEHHsIX 4aCTO yHOTpefageTcs cleayioLlui NpHCOeHMHSeMbil MOMEHT,
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r.e., S; B (5.2) u L, - 8 (5.3). Tak sosnukawT o6oanawenus LS, [30],1_'55 [28]
wiu Ls [81]1 nna LK-ceasu, ujl [28] wau Jyl [80], unu naxe }ci [28) u r o~
nas  JK-cmaau,

Ecnu B oanofi uid o6eHx 06OJOYKAX HMEETCS JHIb NO OMHOMY 3JIEKTPOHY, TO
B o6oanauennsx JK- u JJ-ceasu BmecTo npommcro#t 6ykem | nuwerca j. Torza

nonysaiorcs o6oanazenus jK [26] smecro JK, Jj [30] ujj (25] Bmecto J]. Yrobi
caenaThb XAPakKTepHUHCTHKH CBA3H O HHAKOBbLIMH, ueneCOOGPGSHO HCNOJIb30OBaThk Mnpo~
NACHDbIC 6yKBbI He3aBpuCuMO OT TOro, OOHH UK OONbliIee YHCIIO 3JIeXTPOHOB HMeeT™
ca B oGo/io¥Kax.

[Mpeo6pasoBaHue MATPHYHBIX SJEMEHTOB omnepatopa auepruu oT LS-ceasu x
[PYTOMY THINY CBY3H OCYLLECTBIfeTCdg CorjlacHo opMyie

(L,S,LyS, T,T,J IH|L,S,L,S, T, T,]) =
- 3 (LS,L,S,T,T,J|LS,L,S,LSIXL,S, LS, LS [H|L,S, L,S, LS’ ]) x
LSL'S’
x (LyS; LySy L'S”T [LyS1LyS, Ty Tyl ). (5.5)

3necey T,T, npencraBnsioT CoGOR NPOMEYTOYHEIE MOMEHTHI, KOHerTHb[e CUMBOJIb
s koTopuix sasHcaT or Tuna cpssn (LK - » cayuae LK-cpgau, ;K - B cay-
yae JK-cmasm u J;]J, - B cnysae ]J]-cmaau). H oGosnauaer oneparop sueprum,
KOTOpPH#B MOXKeT H He COepPXAaTh ONEepATOPa KHHETHHECKOH SHePruM ¥ MOTEeHUHANb-
HOA SHEpPr'WH OTHOCHTENBHO f/p&, KaK 3TO yKasbiBaIOCh Bhille, B HalleM ciyiae

H = H® +H®. (5.6)
MaTpunbl npec6pasoBaHHs BHIPAXKAKTCH yepesd 3Mj —ko3dhUUAeHTH COTJACHO npa~
BU/aM, NOLPOGHO HanoxeHnuuiM B [1,21] . 3Tr Beipaxkenna cnenywoiume (cp. [32]):

(L,S; L, S, LKJ | L,S, L,S, L’S]) =

L+S,+5,+] %18, S, S
C (L, L))y [(2K+])(28“)]/{Il % K}; (5.7)
L,=S,+1,—
(LS, L,8,1,K] | L,S,L,S,LS]) = (=) i)
AL L, L]fS, S, S
- 5.
x [(2L+1)(2S+1)( ‘)]1+1(21\+l)] {K S 11}[1 LMK}, (5.8)
(L,S,L,S, I, J,J 1L, S, LS, LS]) = LS T
L LEL1)@S+1)2]  + @], ] L2 S, It (5.9)
S ]

[1na mnepexona Meyxay tunamu csasu (5.2)-(5.4) umerwTcs MaTpaubl npeotpa~
30BaHugd

(LS, L,S,J,KJIL;S, L,S, LK) =
. - Lo+S,40,+ L el A Llsl II . (510
= 5(K,K")(=1) [(2‘JI+‘ L 5.10)
(LS, L,S,J,0 0 1L, L,S, LKD) = (=155,
: y L s, I L, S, T,
x (2], +1)2 ]+ HEL+1)(2K+1)] {K L L}{J I } (11)
(LyS; LySy 1y ToT 1118, 1,8, KD =
L
=8(J,, ] 1)L’+S’+]‘” (2], +1)zK+1)] {12 2 {("} (5.12)
1

XXxI


Free Hand

Free Hand

Free Hand

Free Hand

Free Hand


Kak H3BeCTHO, BBHAY NE€#CTBHUTENbHOCTH, 3TH MATPHUbl HBIAIOTCH CHMMETPHYHBIMH
OTHOCHUTeJ/IbHO TPAaAHCIOHMPOBAHHS,

Ipu nepexone or LS-ceusn x LK~ n JK-cBaan B cooreerctsun ¢ dopmynamu
(5.7) # (5.8) snauvennsa 6] -koadgcduuuenTon Gepyrca usz Tabmau [18,21], a mar-
pHunble anemeHTbl B LS ~CBasM HAXOOSTCH METOOM, ONMCAHHBIM B npenbiayuieM
paanene, Yame Bcero neob6xooumo nepedity k JK-ceasm B cnyuae ogmoro
9/IeKTPOHA BHE OMHOA HeaAano/HeHHOH# 060/04kH. [1/9 Hel3amojHeHHOH P =0GO/IOYKHK
APH 3HA4YeHHAX OpPOHTANIBHOI'O KBAHTOBOI'O YHC/la BHELUHero aJjiekTpona or 0 oo 4
MaTpunsl npeobpazoBaHusg npuseaens B [33] (ons pzl) u B [34] (maspl,p3l).

[pn muepexome or LS-ceasu k JJ- cornacuo dopmyne (5.8) rpebyiorcs
sHadeHnds  9j-kooah(pHUKEHTOB, CHCTEMATH3HPOBAHHbIE TAaGNUUbl O/ KOTODBIX elle
He CcyuecTByloT. Mx 3HauenHs MOryT OblTh HMOJAYYeHbl C NOMOIUBLIO TabGIuu aJig
6j—xoa(xpuuuenton cornacuo copmyne (18,2) [1] unu (24.33) [21]. Onu Takxke
MOLYT OBITH BBIMHCIIEHB N0 ¢opMysaM MeTOo/aMH, H3I0XKeHHHIMH B [21], Ecau
y:Ke CcoCTaB/leHbl MaTpHlbl olnepatopa sHepruun B LK- unm JK~-cBaasu, TO K
J] —ceasu, Moxxno nepeiit no dhopmynam (5.11) w (5.12), roe  9j—xkoadduunen—
TOB y>ke HeT, IlpakTudyecku uHOrOa [axke npolle cHayana mepedTH K OLHOMY U3
YKa3aHHBIX THMOB CBS3M, YTOOB MOTOM C TMOMOWILIO TAGAHU MNEWL O79 6j—kosd-
(pHUHEHTOB NOMYYMTHL MAaTpHHHbIE B3IeMeHTH B ]J-cBasu.

[lpy Tpex Hesano/AHeHHbXx OGOMOYKAX wuallle BCEro [BE H3 HHX CBA3LIBAITCSH
Mexxay cobo#t LS -ceasbio, a TpeTbs NpHuBA3bIBAETCH OPYIMM THNOM CBH3H, B
TAKOM Ccllyyae CHauajla MOTYT ObITh I[OJHOCTbI0 HAaleHbl MATPUYHLIE 3/eMEeHTH
ana LS -ceasu, sateMm npeoipasyioTcs peay/bTHDYIOLME MOMEHTH MePBbIX OBYX
000JIo4eK 4 TpeTbeil OOONOYKH YKa3aHHBIM Bbllie 06pasdoM K TpebyllleMycd THMY
CBa3H4.

6. Boiuucschue BemunH Teopun nepexosa Mexay pasinunbiMi KOH(AT Yp ALy MM

B aToMnO#l CHeKTPOCKONHH BAYKHYIO PONb ULDAIOT 3J1eKTPHYECKHEe MYJIbTHIONbHbIe
nepexonbl, ONEPATOPAMU KOTOPHIX SBIANTCS

k k
raoe
. k k
QY - —erfct®, (6.2
qi L qi
3nech € - abcoyoTHas BeNHYHHA 3apdla 3JIeKTPOHA,
Ecnu k =1, To iMeeM onepaTop SNeKTPHYECKOTO [AMIOJBLHOIO Nepexoaa, a eciu
k=2 - KBA1PYIONBHOTO, B of6weM cnyyae BCTpeyaeMCs C OneparopoM 3/1eKTpPH-

yeckoro 2% -nonbHOoro nepexosna.
B TeopuM mnepexoaa BasiHYl pPOJIb HIPAEeT MOJHAasl CHJla JIMHWU, onpedenetias
cnenylouidM obpazom:

r17 k Y .
S, (el 217 = 2= 1Tt 1Tt (0.

I'lpn aTOoM mnepBblf MHOXMHTENb NPaBOA YACTH STOrO paBenCTBA MMeeT CHIY AHLUIbL
ana kR =1 unu 2, B o6o3HavaeT BCe NpOYHEe KBAHTOBBLIE YHC/JA KPOME MOJHOTO MO~
menra J. Beuay Toro 4to 2 (6.3) numeerca kBazpaT Moayns, hasa CybmaTpiu-
woro onemenrta oneparopa Q me mrpaer muraxon ponr, Ommako 9TO EMeeT mecTo
AUlllb B OIHOKOHGHIYPALUMOHHOM NPHGIHKEHHH, B NMHOTOKOHHIY PALHOHHOM 1PH G U~
XKEHHH BMECTO OIHOrO Cy6MAaTpPHUYHOrO 3eMEeHTa HOaABIdeTCs JHHeHAHAas KOMGHHALHS
Cy6MaTpHYHbIX 37eMenTOB (cCp., Hanpumep, ¢ [35]), raoe dasm yxe CylecTBeHHbI,
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I'0o3TOMY B ue/sx OGLIHOCTH B Ma/ibHeRIUeM U3NOXKEHHH GyOYyT OXBAYEHLl TaKXKe H
tpazoBbie MHOXHUTeNH CyGMaTpPHYHOIO 3leMeHTa OnepaTopa nepexona.

B aTOMHO# CHeKTPOCKOIMH yaille BCero BCTPedaeMCs C NepexOlaMH, NpU KOTO—
prix MeHgeTCd OpGHTA/NbHOe KBAHTOBOE 4YHC/IO O[HOI'O 3JieKTpOHA. [|OBONBLHO 061Liuk
Ccllyyail Takux Nepexo10B NpeaCTaBldeTcs C/AeAYLIMM H3MeHeHHeM KOHQUTypauuh:

N, N, Ni=1 Np+l

l

mlym s =l ol (6.4)

k
CyGMAaTpUYHbIE 31€MEHT OlepaTopa 3/JeKTPHYEeCKOro 2 —Iojis UMeeT Bhipar<eHHe

Nl N2 k Nl—l N2+1 P Y I Cr FYICIrTIrTIY
(n 1 ny by o LS LS, TTLTIQ I, " o L8] oOLS T T ) =

N i 1/2 N Nl'— 7y §rCr
=) T IN Ny 11 Py Ly Sy T e LY ST ) x

(L7871 (L S, LyS,y, Ty T, T IAFIL ST, LS, 155850, Ty T5 ] ) x

N, N,+1

(L)
o'y 5851 1C ||12)sk(nlll,n212). (6.5)

[Ceneanoruyeckne KoaHIUEHTH HENOCPeCTBEHHO GepyTcs M3 NepBOil 4acTH Hac—~
TOAUMX TabiHd, §; HpeacTablgeT coB60o#i pamuanbHbIi HHTErpan

sk(nlll,nzlz) = -eofwrkP(nil D P, ndr, (6.6)

onpenengeMplit Ip¥ NOMOLIH pa/iHanbHBIX BO/MHOBLEIX pyHKuu#t, [lpM OThICKaHMM IHMUIb
OTHOCHTE/IbHbIX HHT@HCHBHOCTEH 3TOT HHTerpas Bhilazaer,

Cy6MaTpuuHbil a7eMeHT npaBoli wactH (6.5) comep>kuT BCe XapaKTEpHCTHKH
aToMa, 3a HCKJYeHueM kKoHcdurypanui. [[pE 3TOM npoMe KyTO4YHble KBAHTOBLIE
ancna 13T moryT ornuwarsca or T, T, ne Toneko snaweniamu, wo Takxe u Tumom
cpa3d., Ecnay B obeux KOH(purypanmdax HMeeT MECTO LS -cBasb, 1O aTOT cybmar-
pPHUHLIH 2/IeMEHT BHIpAXKaeTCs CHenyolmuM o6pasom (cp. (2.7) [36]):

rd ’ k ’ ’ ’ 4 rA\E4 rd
(L7S71,(L,S ), LyS, , LST AL, ST, LyS, 1, (L5875, LS°] ") =

Lo+Ly+L+57+S; ] +L,

= 8(S,8)(-1) x
x [2L, +1)(28} +1)(2L% + 1)(2S5 + 1)L+ )L +1)(2] +1)(2] * +1)] "
Ly L1
- 17171
frlflsgen
L 1§ S P Y (6.7)

Ecnu B O[aHOK unM B oB6eux KOHGUIypauHax LveeT MecTO ApPyro#d THII CBA3H, TO
ocylLiecTBIsieTCa nmpeobpasopanie C noMolibio MaTpru (5.7)-(5.8) ¢ ucnonbzoBanu—
eM Tabnuu O4a 6j-xko9ddUUKEeHTOB, KaK yKasbiBanoCb B NpedbldyilieM pasaedne.
[Tocne nNOCTAHOBKH MATpPUU MOXCHO [iPOCYM'!MDOBATBH {10 NPOMEXKYTOYHLIM MOMEH—
TaM, 4TO BeadeT K 3Mj-xoapdHuMesTaM ©DHOIe® BLICOKOTO NOpsAKa, OLHAKO 3TO
ya06H0 JIMLUbL A8 YCMOTpeHna npasun orcopa (cp. [38]), Tak kak O/g 4HCIeHHO—
ro onpeneneHdad 3Mj-k0a(h(PHUHEHTOB BLICOKHX MOPAAKOB HEOGXOMHMO BLIPA3UTE
ux uepes 6 j-xoaddHuHEHTHI.
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B 4acTHOM cilyyae HMeeM Iiepexo/lbl THlna

Nl 1)\”1-—' 1

nllI —n, 1, n212 , (6.8)

KOTOpbIE I0BOBHO YaCTO BCTPEHalcTCs B CHeKTpPockomuu. B rakom ciyuae L,=S,= 0,
Le1,,55=s, L =L;, S=S5,. Torna smecro (6,7) nonyzaem

(L S71,(LS) ] | AF Y LY S71,(L8)] ) =

A Li=S=T" (oL el @] « D]+ 11 «
Ly |
L1, k[]]7 Lk

B (6,5) BMECToO BTOpPOI'O TI'€HEAJOTHYEeCKOTO KO3(Q(PHUHEeHTA CjleayeT DOOdCTABHTb

= 8(S,8)=1)
(6.9)

eL{MHHLY.
[ IpuBesieHHbie HOPMYIIEI IPDHMEHHMBI Tak>Ke 4 B Goslee oflleM ciyuae, a HMEHHO,

No N, N, No N,—-1 Ny+1
nolo nyly myly " ——mglg nyly o nyly (6.10)

7 [maHHOM cryyae L151 cenyeT 3aMEHHTb HA LOISOI' npu4eM 9TH TOCHAegHHe SB—
AAIOTCA PeayNbTaTOM CIOXEeHHs MOMEHTOB o6onowex O m 1 ¢ Tunom cmasu LS.
YactupiM ciyuaeM (8.10) cayxur nepexon

N, N,
moly nyl, — molo"n,l (6.11)

npapuiia otbopa [Ojis KOTOPOro INpU pa3HbiX THOAX CBA3M npuBenedn B [37]. B
TaKOM cily4ae HMeeM

(LoSo 1, (LHT | A ILyS, 1,(L’S)]’) =8 (S,57)—pLotla¥Se "

wIL T S|fi, L L,

x [(2L+1)2L7+ D) 2T +1)(2] 7+ 1)] 17 Uk 12 R [ (6.12)

a B (6.5 BMeCTO O60OHX TeHeallorHYeCKHX KO3(p¢GUUHEeHTOB clAedyeT IO CTaBHTb
enununy, a raxxe N;= 1, Ny,= 0. .

Ongre-Taxku clenyeT OTMeTHTh, 4TO B nepexomax (6.11) uaiie Bcero BcTpe—
yaeMcd C pa3/HYHbIMH THNAMH CBS3H H IPH 3TOM B OIHO# M3 KOH(pUrypamu#t mo=
»{eT ObITh OLIHH THI CBSI3H, a B OpPyroi — HHO#, Torma HaleHHble CyGMATPHUYHBIE
9/IeMeHThl onepaTopa nepexosa B LS-ceasu npeoGpasyiorcs B Opyrue THOBI CBA3H
YKa3aHHbIM BbiLie 06pas3om,

Ecnu kKakag—HuGyab M3 o6onodek B xoHpurypauusax (8.4) nourtu samondena,
TO K COOTBETCTBYIOLIEMY I'eHeallorH4eCKOMY KoadduunentTy B (6.5) npumensercs
tpopmyna (1.8), a Bce ocranbHOe He NpeTepHeBAeT HUKAKHX H3MeHeHHH,
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211 - — |~
2V7 V3T 1137 2-11y/3 11213
/3°>3M 5.19 519 5y7-19 N T
\211 /¢ 2377 2311 11V/Z73 V2 1113
20>3' 2")31 313 __37y13 _ 13V/13 _ 191377 V1317 V1719
211 /s 211/ 4 22.7 22. 711 2:7\/11 - 2:7:113 | 2:7-11y2 201127
m,)sl nT 3/3-13 5(3-13 V1317 V2-3-13-17
4 - _— —_— -
21 2.7 2.7/1T 27 IT 2037 7.1
( 20> 1 313 22213 VIZTTT
200 2 VZ5 7 NETEERVY V57
20)’1 VT3 __5VF 13 2 /2713 VZSISI7 | 2y 7 | (5T ds
22074 7VE 227yT 3 01| 7y/3e 5010 711 711y 5 220113
,,,,,, S - B e e um———
929 >‘l V3-13-17 _5Y2.5-13 V3519
220 /4 22\ /57577 11 3-11y7T 22. 11
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Free Hand

Free Hand


KT B 11 21 31 41 51 61
fAWuuLS [(WUvLS] V v v v v v
, 20‘)3, 21'\3,( VS 17 V517 _23yEAT | (/EOE-19 | y5ei7-19
\2n/e '\2”/‘ 7 7 NG 2.7.11 2.7-11 VI 713
UREIN V3T VT7 2:5(5 _2VE VB9 V5T
VA 27 7 71 7- 11 711 11y313
(“)‘l\ 3275 3 VAR _VETT _3\/5—17-19
220 )4 7 W2 2. 7V2 0T 2:7V2 7°11y2
21 3 V3T17T VIiT 5y17+19 17-19 3y3.17-19
21 L ~ N ~
\211)4 2-7 2.7 2:7+11 2117 11V2- 13
/ 2‘>1L _ Navd _ 317 VIT-19 3y17+19 2v17°19
\220 4 /33 24«72 2-7-1]ﬁ llm 11\"W
22")1,_ VITI7°19 22y2-5-17 _ VBT
220 /4 7TVITE 7+11 11y3713
/ 3”>2M 510 NETAL) V519 3-19
K‘”‘ 247 2V7 AT 1VZ 2-11-13
/22 lN- V5 3v23
\220 )4 VIT VII-13
/ 'H]\\g / 30>3, J13 V13 VI3 _13VI8-17 J@-n V1719
\211,’1 \ 211 /4 2V3 2.7J11 21T 2.3.7-11/2 2:11y2 2:11y2-7
/ 20)1 I VI3 V73l 23137
\ 2002 VITET 57+ 11 11,577
< 20)11 V13 3513 2./27% NEDEXRY VIZI7
220 /4 21 /3375 2.7yT TVETIT 9-3.7V2e3 2:11v§
22\1 V53T V513717 5%y5+13 3V5.13 V519
220 )4 22\ /35347 2y/2-7-11 2:3+112-3.7 2: 11T 11
< 21>3K 3T 13 __3VETTT | 23V375-i7 [ 5501719 | \5r71EN 19
211 /4 7 2.7V 22. 73711 22+ 7411 207113 11273+ 13
(’ 39>ix 2yl _2F 2375 V3719 5o
2 7y3 VI 7 11V3 V2 3:7-13
< 2‘>’K _5VT _5V3TETR VITSTTT
220 /¢ VT 22.7yT 11 2ty T
/ 21\31_ 317, V317 23417 .19 V3.17-19 31719
211, z . 2%.7 22-7:11v% 20 11y7T 11YZ+13
21>1, 317 33 17 Vi7-19 '
20 /4 -
220 W2 22 7y 22. 723
22\1, VI EIT 3y3+5-17 3y5-17
4 . -
220 113 11Y2°7 2-11,/13
(3°>3M V319 _ \/5-'19__ _\/315-19 3219
211 /4 27 23711 21 1Y2 2y2.11-13
—— . [N S _
" 92 ) N V35 V35 NEDES
220 /4 N4Y 22 2211+ 13

—-98 -



Free Hand

Free Hand

Free Hand


f‘w”vLS VII V21. Val V4l v51 v61
/ 20 )l 1 _ 2\/‘2_ \/1_7 \/Tl:—i?‘-_g
\ 200 /2 V7 A 11V7
V17 22\/’2— v 2: 19
2.7 7-11 11VT
viT _\/2-17-19
V257 115
2-19 V7 19
NEDE 11
20\ 1 22./3 55 80/17 5. 4117 _2VEIT 0 | sY7i7 00
220/ 4 V3 W23 23.7/2°3 11 | 2%.7.11/2-3 7-103 | 2201378
V17 V5e17 287 SV2 V1o sy 7T
22/2°3 723 7V3 11 7:11y3 2. 11y23 2. 11313
V517 8917 37/5-17-1¢ 2y2°17-19 | /5-17-19
72 23.7/2-3:5 | 2%.7.11/2-3 11y3°5+7 22.11y13
2y2- 19 519 1o _V5 19
V35 2y/2v 3.7+ 11 22. 11v3 211~ 13
22)11 _ V31T AT N T 3V3TIe
220 /4 VZ 5T 23 /3T 28 11y3°7 22.11V13
3T 33 52253 54133710 Vi1
22/3+7 V2e5-7 11y7° 17 2:11y2-7. 17| 2. 11J13°17
32 335 23519 35 7. 10
VZ-5-7 2837 23.11y2 37 22,1113
V19 337719 3V5-7:19
2y/2:3+ 1117 | 22.11y77 2113+ 17
2‘>3K 29y5 _ T V5T _3VES IOl VBT I8 | AR
2114 22,78 7313 22,713 22.7.11/13 V13 | 2211.13y37
V517 2.23 11V5 3/3°5-19 V519~ 2:5\5-7 19
V3 7V3°13 2:7/13 271113 7+11y13 11-13y2
32y3°% 32/3°17 3517 528 17-10 | 3+5/5° 1719 | /3 & 7-17-10
22.7y7 2.7y2°13 22-7V213 | 237-11V23 T3] 2.7 1YEA13 | 22411- 13y
VIR V7 VE17-19 | (517 19 2V5-17-18 V51719
227 7 22.7/13 [2%7y3.11-13 | 11/7-13 221311
VIS5 17 VIT 3y/5.17-19 | 17y5+17-19 | 3y5-17-19 5V5 - 17-19
22,/2:7 2:7V% 22 7y2° 13 22723 1T 03| 2- 112 7013 | 22+ 13yZ 10
VI7+19 31T 5y11+17 VIl- &7
V23 2y/2°13 2:7/2-3-13 13v2
V19 V5+19 415719 5019 V519. 23
27T 2%.7 22/307-11- 13 2/13 13 VAT
35 55 Vacser
22,/2 22,/27% 132

—~99-


Free Hand

Free Hand


. 21 31 41 51 61
fAWUYLS v v v v v
30 )%y 113 25 [22.3.5,F518| 1/5°10 s2y§7 19
2H 4 731317 V1317 7111317 11 /13717 Y3 717
323 3.11V5 5+23y/5+ 19 V35719
TvZ+13 27213 2:7-11y/2-3°13 11:13y2
9.5 CVEIS 37\5°19 V5 13- 19 2//5°19
7 2:7\13 2:7y3+11-13 YT 1311
1 3y5°10° 52/5+19 7y/5-16
VT 2-7V/2:75 | 2.7/2.3-11-13 32 11 "
V19 52 3452 59
25 V3 11:13 11Y2°7-13 13211
22/15 22 /5719 2,/5-19 V519 V5 19+ 23
717 V17 V3T 111317 Vv13+17 13v2-11-17
V25 3528 5y3+5-23
V3T 2\/13°17 13217
21 \1g V17 _3WEITIe | 1ryEIT 9 | 3VEI7-19 | 5yEII7-10
220 /4 2: 72 22.7/2+13 | 237231018 2-11yZ 713 22.13yZ 04
V19 3y5-19 5519 V5-19. 23
2.7 22.7y7 | 24y2°3 7 1113 1311
2 >3L Vi7T-19 V7-17-19 V17 +19 V317-19- 23
. -
21 22,73 | 2231113 ViTe13 {2%.13y711
VI7-19 V31719 3V3- 1719 V3 1719 V7°17°19°23
2337 22. 72 22\/2+711+13 227+ 13 22:13¢/2-3°'11
V7 V3 517 5v3-5-17 VE-7-17-23
V2357 2.7V2 2y2-7-11-13 13/2-3-11
V3 19 V1o V5 19 V5-19- 23 3°10-23
2T 2%./3 22,/3°7 2(/3-7.13 13y2
3 3V V523 V523
223 22\/273 132
( 2] )’L Vis NETR TN V3 5 18 V533
220 /4 N 227 2227 13y3
2\ 225 vz V3-23 V5-23
220 4 NEDE V7 2.7-13 2:13y3 -
30) ¥y V3D _VEILH | V1903 19-23 |3.5/3-19-23
211/ 4 217 2317 2317 2y2°3-7 17 [2-13y2-7.17
V1T 2y/23 3523 V23
22 NEISY 22 /17 2217

- 100 -~


Free Hand

Free Hand

Free Hand


Tabania 0AHOSAEKTPOHHBIX CYOMATPUUHBIX SAEMEHTOB

oneparopa cthepuueckoil hyHKuMM

LTk e 11k ape®

0 k k 1 3 5 8 2+ TV2/NI3 17

1 1 0 V3 3 6 3 2+5/\/311

11 2 V235 3 6 5 7/V3 11

1 2 1 V2 3 6 7 2TVZ3/\/5 11+ 17
1 2 3 3T 3 6 9 2. 3/NVIT 19

1 3 2 3/VE 4 4 0 3

1 3 4 2/\3 4 4 2 2 .3y5/V7 11

1 4 3 2V3INT 4 4 4 3.9y7/\7+11-13

1 4 5 NEXEIUN! 4 4 6 2. 3/E/W/11- 13

1 5 4 VE/VE 4 4 8 3.7y2-5/\/11-13- 17
1 5 6 3/2/y13 4 5 1 V5

1 6 5 3V2/y11 4 5 3 2357713

1 6 7 VTV 4 5 5 3V2/VT13

2 2 0 V5 4 5 7 22 +5-7/VI3 17

2 2 2 V2 5/NT 4 5 9 9 -7Vy2/\13 17 190
2 2 4 V25T 46 2 3vE/V/11

2 3 1 V3 4 6 4 2V5/VT1

2 3 3 2/\V3 4 6 6 2..3yT/VI1+17

2 3 5 5V2/V3 <11 4 6 8 29T T/IT+ 17 <19
2 4 2 3WVINT 4 6 10 3W2+5-7/J17 - 19

2 4 4 2.5/\7T+11 5 5 0 V11

2 4 6 3+5/yT11°13 5 5 2 V2 5. 11/y/3- 13

2 5 3 SV2/V3 T 5 5 4 VZII/VI

2 5 5 5/2/\3 13 5 5 6 4/5-11//3~ 13- 17

2 5 7 V3 7/V13 5 5 8 W25 11//13+17 - 19
2 6 4 5/yT1T 5 5 10 2:.33.7-11/y13+17 +19
2 6 6 V2 7/IT 5 6 1 V2+3

2 6 8 TNVIT 5 6 3 VT/VE

3 3 0 V7 5 6 5 4/5/V3 17

3 3 2 WT/NIS 5 6 7 2y3-5-7/y17-19

3 3 4 V2 T/VIT 5 6 9 2V35-7/y17 <19

3 3 6 2.57/\V3-11-13 5 6 11 3.11y2-7/y17+19 .23
3 4 1 2 6 6 0 Nt

3 4 3 3V2/VT1 6 6 2 V2 7137511

3 45 2.3V5/y11-13 6 6 4 27 13/y11- 17

3 4 7 VE/WVIT 13 6 6 6 4-5y13/\/11+17- 19
3 5 2 V2 5/VT 6 6 8 5V2-7.13/y11+17- 19
3 5 4 o5/VTT 6 6 10 ' 2.3y3-7-13/y/17-19-23
3 56 7/V3+13 6 612 2+3+11y7-13/5y17+ 19~ 23



Free Hand

Free Hand


Tai wiga Ko )d)(')llllll(‘ll]()ﬂ HpH paiuaibibiX uirer pd’ldJ\ )] Bblpd/i\(‘lillll JULL HOCTDIHKO 7

il

OPOITAILHOH i (3,12), coorperer mmuwn B3AMMOAEHCTBUIO MEKAY 3AlOIHEHHO T

4442

anL. ’ W HE3Al0AH eHHO I nl 000.10uKaMH
s,y @l s DMl n 1y + ]L v, i N ent, n o+ »/ x/“(l,li)K/f(nl,nili)
i c
1, =3 li"" L+1 1;+3 li"'l li+1 {.+3
Ly Ly v Lo Liplv duiplx dIpte (Lo | d, 1
pios -4 8 -4
P 2,4 14,4 -7,2
d \Hk 0,5714\29 20,571429 4 -10,285714
) L&,&S@&M 0,266667 | 26,668667 742 ~-13,333333
]" N ~5,142857| 6,857143 -1,714286
; p -6, 171428 0,114286 11,4285871 -2,057143}-2,857143
: d ~3,142857 24,‘8557-?1 ~-3,844156(15,584416| ~1,714288| -1,714286(-3,896104
i f 2,6 ),872727 | ~5,874126119,580420; 0,8 -1,818i182(-4,895105
i
ry -4 -2 [ I +2 L +4 [~2 , L+2 I.44
11 PR EARRCYSE MR (YFS) IR CY DI RN (Y Y MAREN (Y] N (N IY EORN €N PO AR (N Y P (L
di s -4,8 752 =24
I -4,8 0,342857]12,342857 ~-2,4 —4,114286
d 5,142857 | -3,428571}17,142857 -1,714286|-5,714286
f1-7,2 4,8 -8,869697/21,818182 2,4 ~1,8 ~7,272727
g s -5,333333| €,666667 -1,333333
n -2,285714| 0,051948}10,908081 -1,714286(-2,181818
d ~£,857143 3,359307{ -3,92940414,685315 -1,714286{-1,471861|-2,937083
1] -9,323333) 4,121212 0,335664| -5,151515(18,275058 -1,333333/ ~1,080909|~1,594406| -3,855012



Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand


OcHoBHbIE ATOMHbIE KOHCTAHTbI (corwacHo [381)

AToMHas cucTeMa
Cumsoiil HaumeHnoBaHnue Cucrema CH Cucrema CI'C Py—
e 3apsin snekrpona |[(1,80206 10,00003)10"‘9 % (4,80618»;0.00099)10"]0 eo. 1
m | Macca snexrpona |(8,1083:0,00003)10731 x, (9,108310,00003) 102 1
a, |repeu 6opos- |(5,20172:0,00002)107"" & (5,29172+0,00002)10~° ¢cx 1
CKHHA panHyc . B
B, |Marmeron Bopa [(0,92781:0,00002)107% dw/ms | (0,92731+0,00002) 1072 spe/ac  |(3,6486510,00002) 10-1
By |fnepru# marneron(0,505038+0,000018) 10> ow/mr | (0,505038+0,000018) 107> spe/ic [(1,98715£0,00003) 10~
c CKOpOCTh CBeTa r(2,997925¢0,000005) 108 w/cex | (2,997925:0,000005) 10 '© cxn/cer | 137,0372+0,0008
h LlocrognHasd (6,62517+0,00023) 10734 dac -cex (8,6251710,00023) 10 =2 IpiLcex 2 !T
IMnarnka
T h/2m (1,05443:0,00004) 10 ~>* dx.cex | (1,05443+0,00004) 10”27 spo-con 1
- -1
R_ |rlocrosunas Pua~ [(1,09737309:0,00000012)10” x| (1,09737309+0,00000012) 10 ¢ 172
Gepra ang 6ecko—
HEeYHOH Macchl
. 1
CuMBOn HauaMmeHnobanue 3HaueHHe CuMBOn Haumenosanue 3HadeHue E
i
o IlocToaHHAS TOHKOMH (7,29729:0,00003) 10> mp/m CoOTHOLLEHHEe MeXAy MAaccol 1836,12+0,02
CTPYKTYphI NpOTOHA M MAaCCO# 3NeKTpOHAa )
2
1/u 137,0372+0,0006 ﬁl— - A | (A - xoucraura nepesona swep- |2,92178+0,00002
P'HH K3 ATOMHIX EOHHAL B ¢ ')
uYa (1,331260,00001) 1073

- 103~


Free Hand

Free Hand


Tabauua nepesona ey suepriuu

1en™ 136 1ae 1Ry
Lew™ 1 1,24318-107* | 4,55634-107° | 2,22782 . 107°
196 8043,8| 1 3,66505 + 1072 L?é%égg?w*l
Lae |219474,6 | 27,2848 1 2
1Ry [109737,3 | 13,6424 0,5 1

Tabauna nepesona mexny naunoil BOHBI 1
9HEpreTIecKoil pasHOCTbLIO

Enansuna -1
sHepriu cH ae Ox 26
B 9,9724+10" | 4,5438-10% | 1,9862-107'9 1,2308 .10
104
_ B
N T —— AE - snepreruueckas pa3Hulla MeXOYy Ha4al/bHbIM
s E M KOHEYHLIM COCTOSHHSMH;
o
AF = B B - nepemonnoit muoxurens (1A=10"10 x =
- 2 !

= 107* um)

ATomMHas cucTema eanHuy

OCHOBHble €JHHHULBL
1) eauHMRA OJIMHBL — palliyc HepBOi GOPOBCKOH Op6GMTHI aToMa Bogopona 4
2) ea.maccel - Macca 3/leKTpoHa M;
3) en.sapama — s3apdn /eKTpoHa €;
4) nocrtosmuag [lnanka h.
EnuHuLna sHeprud cocrasnseT 4,3712+10 "18()910, a enuHuua BpeMenu - 2,419:10717 cer.

03


Free Hand

Free Hand


