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I.BBEIE HHU E

Hac'roynuam Kypu Jrexcmm npenc'raanﬂe'r coGoit BBemax-ms B 'x'eopmo aTo-
MHEX cnex'rpos s Mcnonbaosauue CIBKTPOB A m&ruoc'zmm (ropxqeﬂ)
miadmi. B aHaqMTenmon c'renemq Kypc sABjifeTca Gonee .zxe'ra.nbmm pas-
BUTHEM xBaﬂTosoR MOXEHMKM, &TOMA: ¢

Kypc "ATomnaa CHOKTPOCKOIA" BKJINY&ET CJI6 AYloume ocxoaxua TeMHS
- CTpoéHie aTOMOB M MOHOB U MX. cnex'rpﬁ,
~ ATOMH BO BHeWHEM MoJe;

- B3AMMOZENCTBHE ATOMOB C AJEKTPOMATHUTHHM NONeM U ¢ ane}crpoum,
~ K3Jy4eHHe ONTHUSCKH TOHKOW II&3MH ~ PaclipeliofieHue Io BO3GYRACH~
HHM YPOBHAM 4 CTENOHAM KOHM3ALMM, WHTEHCHBHOCTH JuGiAf ¥ HONPePHB-~

HOI'0 CHeKTpa;

- yuMpeHMe CNeKTpPaJbHHX JHHUHA ;
- TOHATME © TJIEHEHMM UINYUSHUR.

B Hac¢Tommilee u:;,n,atme' BOWJY [EDPBHS JABa pas3juda. OcTalbHHe BOWIAYT
B U3gaiyue "ATOMHAA COSKTPOOKONUA. H3JdyuaTeJbHH® RapaKTSPUCTMKH K
CNeKTPH IA3MH" .

CCHOBHOW. yTIOD JEJABTCA HS Ha OCOCHOEAHME OCHOBHHX IIPHHUMIIOB, a
H2 MPUJOKSHWE UX. B CCJLWHHCTBE CJY4AeB BHRAANKK U I'DOMO3IIKHe Jop~
MYJIH OnycKapTes. 3a TNMOAPOCHOCTAMA OTCHIAOM K YKA3AHHMM HWXe KHU-
TaM.

3pecr M BCKRLY HMXe Tepmud "arToM" OTHOCUTCH HiA KpPATKOCTH Kak kK
HeTDa a4, Tak M K MOJOXMTeJNEHHM MOHaMm. CBOHCTBA UOHOB, B
T, MHONOBADALMHX, ARLAOTCS  Basnoft cocTaBHON YacTbw Kypea. Topa-
Yan IURSMa ¢ TeMnepATYpell MHIMOMN I'PalyCcoB cTajia TellePh IpeiMeTold
BCOLTOPOHHET O MGCASANBARMH ¢U3VKOB H &CTpPOofiisMKoB. B rakofl’ mnuaswme
HINYUSOT B OCHOBHOM MOHH, 07epsBuUMe 10 ¥ CoJige 3JeKTPOHOB. B pane
Jagoparopt MMpa (B T.4. B CUMAH u MCAH) noaydeHH CHeKTPH MOHOB,
TIOTE PABUKMY 3050 d.neKTDOﬂ.UB: HMelTCA COOCWEHMA O HAOUHMISHUM CIekI-
pa y o

HBN &TChH




# KUPC6 MONOABSJLTOA CuCTOMA OMUIMML CGS M STOMHAH CHOTeMa. Tem—
'nelppfyna_{ Bbrpme'r ‘B aﬂéprg‘ei-m,e;cicnx eHuiax, “f.e. NOCTODMAR
Boaaméua‘khx. B _ﬁgkq-gopﬁx ; qug’mx zna YROBETBE, ousHOK ane.p'r‘né. U
mgmg ATYpa BHPAKAOTCHA B ‘UK TPOR-BONBTaX (B8] » Hattobin . Hexo Topie
;»cﬁqmdmgng‘ ':_ . t S » ‘4‘, PR R : vl . ¢

- i
Ci

U1 9B = 1,60107 P 5pr - 11600 Ki 1A = 10°° 6M;
N TR

Cool ) = 12,4/ B(x3B)

TAe A .- QWA BOJHM W SHeDIuA PoToHa.

1 o Ao S "MQT,;ng"ﬁ CHOTOMY M3 ANpa O 3apANOM Z e U N

Ketiwgy A QIGKTPOH ABUESTCH B TONS BTOMHOTO 0CTATKE (aEpo

il |+ KOTODO® He JOCTHTOMHO GOJNBUMX PACOTONHUAX ABJf-

OT0H KYJMOHOBCKUM 1OJIEM 6 SapsioM ze: ' o
CooOE) e e 28 ey L o ‘

MaeTiEe e, Hea = (1.2)

L

(1.1)

)

Lcmmrom%cm SEpAN Z - omHA M3 BakHeiumx XapakfepucTu arTo-
Ma. Bssmwina’ z GositamasT co CIIOKTPOCKOIMAY o CKIM CUMBOJIOM MOHA, Ko-

Tom‘, odum 'qﬁdm@avwa PiUMCKIMY UMbpanit. © fog HOUTPaNEHNX aToMOB
(RekI) 21, g oNsokpamsnix WoHOB (A'=ATT) 2= 2 if 7.x.

‘34‘0!4 A‘H COBOKYIHOCTL MOHOB .G TeM 6. wuoUoM ‘amakéx-ﬂonoa N cocra-
BIAOT MSOSUBKTPOHHYY TIOONS AOBATENEHOCTS [A]. Uiemy ‘s7om HoGeKoBa-
Tej{x:bxoc’d"u (ux xllia‘aviiﬁ»’mot,knbatqﬁmie MOHK) . omewox aapﬂ.‘t:amvx‘ 2 un
= B:mwn: TNOCAGROBETONEHOOTH, 2 ST SHaveimta 1,2,3. .. 0Ocodoe MecTo
SAHMMADT. BOXOPOZONIOXOSHIe HOMN [H] = H,Het,Lit

Feee o
i
!

7§22 Momens Bopa

'Bopbnf:ftg‘fi MOTeE '«,_‘af-x'-ié;ma (1913r.) sBunacy mepsoft, B KOTOpO#t EBBe-
xéuo RB&B‘!‘O‘B&HM? Qxaf. Ofiyia copMyamposana mas BOIOPONOMONOCHEX
nogol}-, “PuBle H_m?x_a:‘cﬁ:t}_"lfejm' .ua'x_.lzp-a (KYJOHOBCKOTO uem'pé.)" ¥ oxHoOro aJje-
KTpoHa. Paortpbic:'rpm'rb 3Ty MOZeJr ma Gousies CJICKHL® CHOTOMH HO yxa-~
700, »Caua MOZIEUs ABJIABTCH HOBOJBHO HCKyceTReRHOR c’Me‘cLi) KJIAac
koro M xBaHTOBOrO moxXoxa M B ZansHeweM OHuia IIOJEHOGTHIO. Bureéfrfzzo-
Rsauwoaoﬂ»me’xaxm;con. Cuenyer, onmaxo,’ OTMETUTD, YTO KOJUYECTEBOHHNS
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pe3yabTaTH Teopud Bopa mnA [H) OHM NMOATBERRIOHH KaK. axcne}pm‘-ibwrdw,
Tak ¥ TOYHWMM KBAHTOBOMEXaHMYOCKMMM pacusTaMir. Bosge Toro,moamHee
OHJJO TTOKa3aHO, YTO KBA3UKJIACCUYECKMHL pacueT pac-‘cema AJOKTPOHA HA.
KYJOHOBCKOM LEHTPe Tak®e NAeT TOYHHN! De3yJbLTET. '.Nnmaﬂ cra3synoe,
HOJI®3HO [IMA HATMAIHON MHTOPIPETAIDM JaNbHeHAETo UINOMATE OCHOBHEG'
pPe3yJbTA&TH COPOBCKON M_onema.Mu- OrpaHUMeMCA YACTHHM CAYyYAsM Kpyro-—
BHX OPOHUT.

CorsiacHo MogeJii Bopa 3JeKTPOH IHBUKSTCA B &TOM8 TOJALBKO IO TEM
opOuTaM, Ha KOTODHX YHOBJe TBOPAETCA COOTHOWMEHMUS

§ pdq = 2%nh (2.1)

e P M g — CONPARGHHN® MMIIYJLC M KOOpAMHATa, n - llenos uueso, h -
nocTosuHanA [lnanka. s KPYroBHX OPGMT P = mMVTr — MOMOHT KOJMYECIBA
OBUXREHMA, q = @ - $a3a 3aNneKTpoHa Ha OpoUTe, T.6.

mvr = nh (2.2)
OTcona BWIOHO, YTO IUMHA GOPOBCKOW OPGUTH paBHA '

2®r = 3%—“ n = h.n (2.3)

rne ?\.'- ReOpoilyieBCckasa AJMHA BOJHH 3JNOKTPOHA.
Takum o6pasoMm, yclioBue Bopa (2,1) 03HAYaeT, YTO HA AMMHE OPOUTH
YXJQIHBAOTCA UeJI08 YMCAO JMH BOJH ¥ NPOMUCXOIUT MHHTOPHODOHIMIOHH0S
YCWJIBHME 3JIGKTPOHHON BOJHH. Memay GOpOBCKHMM OPOMTAMK 3JI6KTDOHHES
BOJMH racarca vHTepdepemmet. K (2.2) Hano Xo6aBUTh DPSBEHCTBO NMOH-
TPOCTPOMUTONIEHONR CUIH CHAE KYJOHOBCKOI'O NPHTAXSHUA: :

ze? /r? = mvi/r (2.4)
OTcoia JIerko HaxoauM pammyc "n-#"opOuTH r , 3HOPTUD 3JIOKTPOHA B_n "

8ro CKOpOCTh V : .
z’e'm ze®

v, " “mn (2.5)

2.2
r-....h.__n.._.' E = =

n zmez n 2hz nz
JTH BOJMYMHH YNOCHO 3armoaTh B PopmMe ¢
2

2
n z
=Tz 8, E = anY' v

2

2z

-
n n Vo
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rhe a, =h% /me?=0,529" .10"%cM, - pamMyc nepBoft GOPOBCKOR OpOUTH aToMa
aoxopo.ua; v, =8 2 fh=c/137 - CKOpPOCTb 3JOKTPOHA HA 3ITof! OpOuTe; Ry =
Y m/zhz = 13 6238 - 9HOPrMA MOHMIAWM aToMa pomoposa ("Puncepr");
] /hc-l/n? Ge3pa3MepHas NMOCTOANHARA TOHKORR CTPYKTYPH C.

B atoMHOR (M3MKe OCHYHO MCMNONBLIYETCA cucTeMa ATOMHHX 6IVHMI,

xo'ropoﬂ n=e=h=1. OYOBWIHO, YTC NPU ITOM emupula AMHH  paBHa A .
~ 2Ry. Emouiefl BpeMeHM

B

8IMHMUA CKCPOCTH ~ V ., SJMHILA s}xepnm
OYZST BOJMMMHA T = a 1vy=2, 42.10° oK.

TioMuMo OOHYHOR a'rom{ola CHCTOMM emMDml, YACTO MCMNOJb3YETCA 66
MOIMIMKAIMSA, B KOTGDOR 3a e/uuiily 3HePrHH npUHAT Ry, &8 He 2Ry. B
raioft cUCTEME HOOGKOJMMO B OCHUHHX QopMyJax 3aMeHATH IHeprum E HAa
E/2. DaKTHUECKU 3TG IPUBOIUT K HOKOTODOMY yIpoueHuw - HCYe3lanT
MHORUTOJM 1/2 M 2 B PANe BHpaxeHut.

Hige MM OVISM NMOJBL3OBATHCA HMOHHO aToft cHcTeMmoRt emooAU, T.O.
aTovuoft cHoresoft ¢ emauuelt PunGepra AN SHOPrid. B YBCTHOCTH, INA
GODOBCKHR OpOHT (2.6) moJjyuasm:

2 rn? : 2.6a
r = n/z, E =-12 /m°, v, =z/n ( )
OTMSTUM, YTO COOTHOMENMS KNG THYOCKROfY SHEPIHY W MMIYJbCa B aroft
ClIOTBMG MPUOGPETEET BUA (I44 2JOKTPOHA):

E = p? =k =V (2.7)
rme k = 2'xl7\.. - BOJHOBOS UMCJO 3JNEKTpPOHA.
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II. KBAHTOBAA MEXA:DIKA ATOMA. MPHO/UDKEHME LEHTPAJNBLHOIO MOVA

§ 3. KBAHTOBOMEXAHUYO.CKOS OIMCAHNO aTOME

3.1._Bosnopaa_¢yHkima

B aToM naparpade M4 JuMwb KpaTko HAMNOMHMM OCHOBHHE TOJOMOHUR
KBAHTOBOKME XaHU4YeCKOIr'0 ONMCBHMA MHOTIOIJNIOKTPOHNHOr'0 &ToMa, OTCHMAN 3a
NMOAPOCHOCTAMU M BHBOJAMM K KypcaM KBAHTOBOR M6 XaHMKH. Iloka M or-
paHMyMMCA HODPSJATHBUCTCKUM NPHOANXOHMEM H oyne‘m,, KpoMe Toro; . o4u-
TATbL AAPO aTOMa COCKOHOHYHO TAXOJHM (T.6. HENOMBUXHLM) .

3NeKTPOHU B aTOMe OMMCHLAKTCA He WUX OPOHTalMM (COBOKYMHOCTH
MIHOBEHHMX MOJIOXeHMA ¥ ckopocTeft) , & BOVHOBOA QyHkimef . Haa N -
3JNeKTPOHHOI'0 aToMa BeauuuHa I!l'(E1 .. .E.) 12 llaéT BepOATHOCTL OBHADY-
¥UTb 3JIEKTPOH 1 B TOYKe r ,9NIeKTPOH 2 B TOYKe ?2 “ T.R. Camy Qynk—
W U MOXKHO B 3TOM CHHCJE HA3WBATbL AMIMTYHOR BOPOATHOCTH. B coo0T-
BeTCTBMM C OO NMpPeACTABJIGHMEM O BePOATHOCTH BoJHOBaA QyHKUKA
HOPMUPYOTCA HAa emMHULY :

2 - -
[1o)?aF ...ar, =1 . | (3.1)
BoepOATHOCTL OCHApPYXMUTh 3JEKTPOH 1 B TOYKe ?‘ H83aBHCHMO OT IoJIoXe—
HIl Apyrux 3JeKTDOHOB DaBHA
= [1®*aE, .. .aF_ . (3.2)
B cayvyae He3aBUCHMHX JJIOKTPOHOB BOJHOBad QYHKLUMA SAMMCHBASTCH B
BUOO® MPOU3BEABHMA OJHOYACTUYHHX Gy HKLML S

w(E1...E.) -ncp‘({-‘). (3.3)

i

fpu artoM, OYEBUIHO,
= |9, (£)|* (3.4)

B corsacumu ¢ (3.2).

HopmupoBka. (3.1) MMeeT CMHCJ TQJIBKO B CJyuse, KOIJA BCE 2JeKT—
POHH: COCPEIOTOYGHH B OTPA&HMYSHHOM OGNACTH [IpocTpaHOoTBE (dMHUTHOS
ABMESHWE) . B cuyyas MHQUHUTHOTO HABUXOHMA, HaNnpimep, afeKTpora 1., ¢
0CT&9TCA OTJVIMYHOR OT HYNIA NPH BCeX F1 . HopMmupoeska (.3.i) oaHa:qée,T
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r‘ﬁn ITOoM, qyro ¢ Ochoue'{}(o Maflo, 4YTO BecbMa HeyloOHo. [loaToMy nmas
Dﬂmﬁfﬂoro XBUXSHUA HpUHMMaeTCA MHAA HOPMMPOBKA: BOJIHOBAA. QYHKLMA
nomﬁa,rca’xouaquon U HaNaraeTCA OMpOJeJIOHHOe YCJAOBUE Ha ee aMiluM-
TYAY B aCKHMITOTHYOCKOR OONBCTH r,~ @ Md mpHHMMaEM 3TO ycJoBHe
T&m‘; YTo

I@::'@i‘;dgt"'d;l’ = O(E-E’). (3.5)

BupaxeHite (3.5) HASHBANT HOPMUPOBKOA Ha O-QYHKUMIW OT OHEPruH.

Kak K3BeCTHO, MHNTHO® XNBMXEHUE CBA3&AHO C JMCKPO THHM 3HEpreTHYe-
CKMM CHEKTPOM, T,8. IOTYCKADTCH JMWb COCTOAHMA, B KOTODHX 3HODPIrUA
rtp'udop'éma’en" 3HaYeHHe K3 HEKOTOPOr'o IMCKpeTHOro Hadopa. [pu mHxooDI-
THOM "EBUNOHIM ol paiMveHUuA Ha 9Hepru® He BO3IHMKENT. 3Ta CHTyauua
TECHO CBA3AHA C NpuHLIAIOM HeonpeasNe HHOCTH .

TaiumM 06pa3oM, MOXIO CKa3aTh, YTO HOPMHPOBKA COTAAcHO (3.1) MM
{3.5) MM66T MECTO COOTBETCTBEHHO MJA COCTOAHIMA UCKPOTHOIO MWJM
HONPEPHBHOr0: CHBKTPA.

3:2._OnpegefeHye cperHUX 3IHAaVeHH W_BePOATHOCTeR NepeX0ZoB

Ecim BoJHOBaA (QYHKIMA IJIA COCTOAHMA "A"™ U3BBCTHA, MM MOMOM OfN-—
PSNeJATE JHHAMAYOCKHS XGDSKTOPHCTUKI CHCTOMN K&K CPS8JIHME 3HAYSHUA
OT COOTBETCTBYWUMYX ONepaTOpoB. CpexHes 3IHAYEHHe ONepaTopa onpene-
JII8TCA KaK IUATOHAJNBHUl MATDUMHUN 3/6MSHT:

<L > E <AlL]a> = j @:L@Adf‘l...d?". {(3.6)

B vacTHOCTH,BHEDPIrHA aToMa panHa
E, = <Aj#|a>, (3.7)
rae H- TaNuiIbTOHNAH arToma:
2 2
, Pj . L e
!1=i{, m T T ~|r}‘J r“ (3.8)

Smech p=—ihv - omeparTep MMIyNLCa, r, J=|E‘~P] |i cymaMpoBanye IpPoBO-
HATCS HO BCEM N 3NGKTPOHAM &TOMA.

B OTCYTOTBIM BHOWHETO BO3MYyWSHHS aTOM MOXeT HOOrpaHMYenHo 100
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ocTaBaTbCA B JAHHOM COCTORHMU. Ho‘a-romy TAKME COCTOMNA HATNBADTORA
cTalMoHapHHMY . [lon B/MAHMEM BHEUWHETO mous V. B-o‘émb;x,_eﬁ‘ nepexoy u3
ONHOrO COCTOSHMS B AZpyroe. BeposTHOoCTb Mepexoma A->B- nponbp!mb—'—
HaJlbH& KBAIDATY MATDMYHOT'O 3JI6MEHTA, CBASKHBAXMOTO 3TH COCTOMIMA:

2 G
LN |<a|v]B>| . (:3.:9)

TakuM 00pa3oM 3IHAKUA BOJHOBHX (QyHKIDM NOCTATOMYHO NAA ONpele-
JeHMA KaK IMHaMHYeCKMX XapaKTepMCTHK NAHHOI'O0 COCTOMMA AToMa, Tax
M INA pacyeTa pa3JifyHHX NPOUeCcCOB, CBA3AHHHY C U3MEBHOHUSM COCTOS-
HUA aToMa.

llo MoBo#y CTALMOHAPHKX COCTOAHMI CMOAYeT CHSNATDL NBa: IaMeUaHUSN.
llepBoe OTHOCUTCA K Tak Ha3HBaeMHM “CTIOHTAMHNM H3IJYYATEeNLHHM [epe-
xonaM", B KOTOPHX &TOM CaMONpPOU3BOJIBHO NEPBXOJUT Ha Gonee Hskul
SHePreTHYECKMAA ypPOBEHL C. MCHYCKaHMEM KBaHTa M)=EA -EB. B xpanTosolt
3JEKTPOBHAMIKS [IOKASAHO, YTO (GAKTUYECKY INOPEXOl OGYCJAOBMeH BIAM-
MozelicTMeM aToMa C "HYyJeBHMM KOJeCAHMAMU" 3JS8KTPOMATHMTHOI'O OJA.

Bropoe 3amevarie OTHOCKHTCHA K CJIYYAM BHDORIEHHNX cocTomnidt. Bu-
POXNOHHHMY HA3WBAWTCA COCTOAHNHA, OMMCHBAGMEHO DA3IJVIIUHHMU BOJHOBH-
M OYHKUMAMH (T.0. De3JIMYHHEMA KBOHTOBHNG UMCJSMA), HO HMOESMO OJii-
HaKOBY® SHEPTHI. [lepexoZ MeRAY TaKAl COCTOSHWAMM He TPsOyeT BHom-
HOU'C BO3JefCTBHA, T.8. MOZOT NPOHCXOIUTb CAMONPOM3BOJNBHO (38 OCYer
BHY TDSHHUX B3auMozeftcTudt) . [IpuMepor TEXOIr0 Mepaxonla SIBJNETOS U3—
BOCTHHIt NMPOLIBCC ABTOMOHMIAINMS, T.3. [IGPEOXOXN U3 CBA3GHHOIO SOCTOS-
M B COCTONSHME HENPEPHBHOI'C clieKTpa ¢ Toil =6 aHepriel.

B  COOTBOTCTBYKUMX paspesax Kypca M OCTAHOBUMOS HA OGOMX
nmpoysccax IorpoGHse.

3.3. _BoiHOBOS YPABHEHHUS s

JUIH HaxomHeiMd DOJHOBCR QYKL HYEI0 DEWATH BOJHOBOS YDABHONME
Dpemsurepa.

in 90O . gy, (3.10)

B oTcyTCcTBHM B3awMoJelcTRHII, SBHO 3ABHCAMEX OT BPSMERM, NOJYYaOM
CTALUWOHAPHOe pelilchHnd ¥ ypasHemue [pejpumepa Jad craumoHapHofl Dod~.
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HoBOft QYHKIIM ®=®(E‘...P"):
0(t) = Dexp(-KEL), HD = EQ C(3.11)

TaxuM o0pasoM ¢ IPMHLMIBIAALHOR  CTOPOHK 3azavs  (HopMyJiHpyeTCA
BeObMa NpocTo. OfHAKO PaKTHYeCKH MCJYUHTH #BHOG pelioHMe YpaBHS8HMA
(3.11) ynmaeTcHd JMub RjiA BOCHMA OTPAHNYEHHOIO UMCJa MONEJSBHHX  CJY-
yaep. Bojee TOro, Jame UMCJEHHO® DBWSHHS HA 3BM ¢ ramijbTOHHMAHOM
.(3.8') PAKTHYECKI BOSMONKHO JHWD s CHCYeMH C JBYyMs 3J8KTDOHaMK
(aToM He). LA 1IPOBONSIUIA PACUETOB ANA poaibHHY &TOMOB IPHXOJBITCH
puderath K IPHCIIINO HHNM MeToNaM. ilpd 3TOM IaMuibTOHMaH B 3aMBHA-
g10A He npub/umelmoll raiilsToHMaH uo, WA KOTOpOI'0 ypabBHeHMS ipe-
JMHT'EPA MOKHO POUlNTE: BHAMTHYECKI HﬁH(:?cﬂeH?g; Tem éaMHM T% non?:
GYeoM MCXOFHOS (iyJeB06) NPHOJUINEHNIS @ u E . TonpapBka & CY9T
BOSMyMeHHS V=I-I Haxomures aaTeM 10 TecpiH Bo3MyueHuil.
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§ 4. MpuSauxeHUe LSHTPANLHOTO NOAA

1._O0uas_QopMyaMpoBKa NPUCIUNOHUA

TnaBHHe TPYIHOCTH B DPOWSOHMM TOMHOMl 3aZa4Y¥ O CTPOOHMM &TOMA OHf-
38HH C MEX3JEKTPOHHNM B3autMONGACTBMEM Zt:: B reMuabToHMdne  (3.8).
B kayecTB6 HYJAeBOr'o MMPUOJMXEHUS B TOOPMM a&TOMA ANOKTPOHH pacomaTt-
pUBANTCA KaK KBa3uHe3aBUCHMHE, MMpUYeM KaiJufl anexmpdu IBUXOTOA B
HCKOTOPOM LOHTPAJNBHOM II0Jie. 3TO 03HAYAeT, YTO IaMuibToHMad pas3du-

BaeTCA Ha YacCTu:

pZ
i, =5 [ e ”.‘f.’]' (4.10)

z e’
“r * U (r)]. (4.106)

eZ
v=L—+ -L
)

V) i)

BosHOBaA $YHKLUMA KBA3WHO3aBUCHMMHUX JJGKTPOHOB, OYEBUIHO, 3aAIMCH=~
B&BTCA B BWIG [POK3BOIEHHA, & JHEPr¥a paBHa CyMMe OMHO3AeKTPOHHHX
aHepruft:

®‘°'(P‘...E_) =g (FH...¢,(F,) = p¢A(E‘), (4.2)
E(Ol =?c"

W Kaxnaa OJHO3JMeKTDPOHHAR GyHKLMA ¢‘(E‘) YIOBNETBODAET YDEBHEHHD
UeHTDPaJILHOIO MOJIA:

[% v mle, = €0, (4.3)

Takoe oIMcaHie aTOoMa Ha3HBaeTCA MNPUOJILEeHKEeM LE@HTDPaJbHOI'O MOoJd.
B xayecTBe UEHTPAJILHOTO MOJA U, (r) MOXHO MPUHATL I0Jie AApa IL0e
ycpeoHeHHO8 [10 IBMMEHMI (paclpeliesioHul) MoJis N-1 3JIeKTPOHOB. Oys~
BMIHC, YTO IIPH 3TOM camo noJie OyXeT 3aBUCETH OT QyHiimmi ¢‘. Taxoe
floJie Ha3HBa8TCA CaMOCOT'JIAaCOBaHHHM. 3allady HARO peWaTh MSTOHCM [oC—
NeZOBATOALHHX NMPUOJMEGHVII: NPUHAB Kakoe-JuGo HCXONHOS HOoJIS, HAaIpU-
MEpP YKMCTO KYJOHOBCKOE, HaftTH ¢‘(P), YTOYHMTL MO HMM NMOAR U H T.A.
K MeTony caMoCcorJlacoOBAHHOT'O NOJA MH €lle BePHOMGA HO3XKHEes, HO HEKO-
TOPHO CYXISHUA O BMHS MOJAA U(r) MOXHO NMOJYUUTE M3 UIHYECKMX COoO-
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Gpaxamm He pewas ocSuxen s&nayn. Cpeipee IOJe BJIBKTPOHOB — 3TO  NOJ8
pacnpeneaenuoro c¢epuqecxu CMMME TPUYHOT'O 3QpAna. ITOT 3apaX 3Kpa-
mqawe'r HoJqI® iuma, IIDWWM yeM ZaJiblie OT AApa, TeM CuJbHee 3IKpaHWpo-
Bra. Boumzu suxpe aKpalipoBKa OTCYTCTBYeT, T.K. M0J6 B LUGHTpe COPH
paBHo Hyvio. TakuM 06pa3oMm [one U(r) MOXHO 3aIMC&Tb ‘B BHIe

U(r)= - 5520 L=z (4.4)
8 r ! ((r)rw - 2 = Z"-N+1

SHAK MUHYC O3HA4aeT, YTO BCWAy U(r) - NoJe MPUTAXGHMMA, T.K. HICAe
IKPAHMDOBKA HO MOXOT OHTbL MOJHOM.

31eChb MH PacCMOTpMM .oduue cBOftcTBa& OJHOYACTUYHON BOJIHOBOR! GyHK-
LG q>=('1") — peuweHUA ypaBHeHMA (4.3) C MPOM3BOJIbHHM MOJBH U(r) Tuna
(4.4). HoxmeraBJada p=-ihv 4 nepexolf K ATOMHHM ¢IMHKUaM & e JpmHMue it
Ry AJA 3HOPI¥M  JOJIYyHVM:
[-v% + 2u(r) - E)P(F) = © (4.5)
B omnepaTope v® ‘MouIHO pas e uThL pam&afb}me ¥ YrJoBHe NOpPeMelis,
BBEA ONOpaTOp KBAJPATa YIJOBOI'0 MOMOHTA e , 3aBUCAUMR Tosbko oT T
" Q. Npam{e}me (4.5) sammaueTcA B BUIe:
o2
- = 0 4.6
r a(r(b) + zMq;+2U(r)q> [0 ( )
or r
ByZeM MCKaTbh peueHMs, ABAAKINEeCH codcTBeHHOR (yHKIEA SHepriy,
KBaZpaTa MOMEHTA N ITDOCIANN] MOMOHTA Mz:
W = 1140, M = (4.7)
rae l,m - uLeJue 4ucJja, IpuyeMm
1 =0,1,3;,+..% n=20,%2 1,¢ 2...¢ 1. (4.8)
1 ¥ m ONpeseJIfiT BOJMMMHY MOMEHTA ¥ er'o IpoeKlMM Ha 0Chb Z. 1 H&a3H-
BR8TOS OPGHTANLHNM KRABHTOBHM YMCJOM, M — MATHMTHHM KBaHTOBHM HHC-
JoM (T.K. OHO TPORBJAGTCA [PY HAJMUMM MEIHMTHOI'O MOJA, XapakTepu-

ayA OpHeHTALMI0 ATOMS OTHOCHTONEHO ToJiA). B  gpanbHefmiem MH OyZiew
I"OBOPHTE O MOMEBHTe 1 TIoApasyMeBad YTO KBampaT MOLYJA MOMBHTa pa-

et . -

- I3 -

BeH 1(1+1). B OOWYHHX emHMuUax MoMeHT paBer hl.
Pemenua (4.7) 3aIMCHBANTCA B Bilfe MPOM3BONOHMA JyHKIM OT r X
9,0
W(E) = ey, (89), g (4.9)
rne MHOXUTeJNb 1/r BHISNEH AAA ynodcTBa. PamMankHaa QyHKIMA P(r)
ynos.ne'raopa'er ypaBHOHMD:
—(“—11 + 2U(r) - E:]P(r) =0 (4.10)
dr
CocTos#Me 3JGKTPOHa B COOTBeTCTBMM C (4.7), (4.10) ompemenseT—
cA HaGopoM 3HAvewdt €, 1, m. IIpy 3TOM SHePrus € He 3IABMCHT OT n,
T.8. COCTOAHME BHPOXRHEHO C KPATHOCTBHM 21+1. 3Ta BOJMYMHA HA3NBAST-
CcA CTATUCTMYECKMM BECOM COCTOSHMA €,1 M OyZeT 0603HAvYATHCH 9,
B CNEeKTPOCKOIMM INPUHATO OGO3HAYATH COCTOAHKA C JANAHHHM 1 orpe-
neneHHo OyKBOR, a MMEHMO:

1=0,1,2,3,4,...

060o3HayeHue: &,p,d,f,g,... (4.11)

CornacHo (4.9) B UEHTpaJbHOM Mojie PYHKIMA § DasHesAeTca. Ha pa-
INaNBEHHER M YyrJjoBOR MHONKMTOJM. YrioBas GYHKLMA Yl_(-ﬂtp.) H8 S&BUCHT
oT nosa U(r), T.e. OI¥HAKOBA IJA BCeX &TOMOB. O4eBMEHO, Yl_ YAROB-
J6TBOPAGT TOMY X6 ypaBHeHM® (4.7): .

MY =1(1+1)Y, ; MY, =myY (4.7a)
Takue QYHKLMM Ha3HBabTCA cPepuyeckyumy. Kax o0HyHO, GyXeM IIOJAraTh
Yl_ HOPMMPOBAHHOR Ha emmuily. DyHKIMM © pasHHMU l,m, xax oco6cT-
BOHHHe QYHKILDM OXHOI'0 ypaBHeHMA (4.7a), OPTOrOHANBMH. OCLOIHAN
YCJIOBKS OPTOTI'OHAJILHOCTH M HOPMWUDOBKM MMEOM:

[¥}. 8o, (Sprao = 6, .06 (4.12)

rae d0=sinfdfdp - anemeHT TesecHoro yrJaa.
CdopHUeCKYD PYHKINIO MOXHO NMPOACTABUTH B BUAO
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- imp
vl_(o(p) cph(ﬂ)e . (4.13)
rae Pl_('ﬂ) ~ NpUCOeMHEeHMNNt noJigioMm JexaHfzpa, MHOxMTeNb C onpene-

NASTCA YCNOBMEM HOPAMMPOBKYM (4.12).

PaccMOTPUM Temepb obWMe CBONCTBA PEWOHMA PAIMANBLHOTO ' NA Y~
2
-—9; + A4 L ooy - C]P(r) =0 (4.10)
dr r?

Cnarsemie B KBAIPATHHX CKOOKAX COOTBETCTBYOT KHHeTHYeCKOfl, UeHTpo-
GexHoft, nmoTeHLMAaNLHON M noJsHoft 3Heprit. PamtanbHoe ypaBHeHMe OTpa-
XA6T BCD CNOLMEMKY KOHKpeTHoro aroma. [loTeHunan U(r) corJsacHo
(4.4) ecTb nose NMPUTAXeHNA, NpuyeM 3¢PekTHBHHIt 3apan {(r) pacreT ¢C
NPUGHDROHUEM K ANPY (0CNaONA8TCA 3KpaHMpoBKa). M3  HenpepHBHOCTH
$(r) caenyoT rpaHuuHHE YCJOBUA:

P(0)=0; P(r) NMpy r-o OrpaHU4eHO (4.14)

IOnsi OMHOPOJHOI'O ypaBHeHMA oOuwee pewsHUe QAKTUYECKH COLEPHUT
OZHY ITPOM3BOJILHYX NOCTOAHHYN; BTOpPaA — IPOCTO HOPMMPOBOYHHl MHOXM-—
TeNb. IIpU r-w pemenms (4.10) MoxHO 3amicaTh B BMIG:

P(r) ~ e %" , ce®", r-m, a=/-¢ , (4.15)

npuyeM C = C(E) ompeResseTCA I'PAHMYHNM ycJyoBueM P(0)=0. HasnbHeMmee
3aBUCUT OT 3Haka E.

4.4.1. £€<0 - cBA3aHHHe® COCTOAHMA

Iipy r-o P(r) orpaHmyeHa ToJbko ecyu C(£)=0. [lockoJbKy BeJHYMHA
C ompeJZiesifeTC I'PAHMYHEM ycJoBHeM npy r=0, 3TO BO3MOXHO Jmb IIpH
HEKOTODHX OTZHOJIbHHX 3HaYoHMAX €=E . TakuM o6pasoM mpu €<0 ponycTH-
Muft HA6Op SHEpPruit ¥MMeeT MMCKpPeTHHft XapakTep (IUCKPETHHI! CIeKTP).
IIpy 3TOM 3JEKTPOH NBMXOTCH B OI'DAHMYEHHON 00JACTH HMPOCTPAHCTBA I <
1/a , aﬂ-lenl"z, T.0. HaX0AUTCA B CBA3AHHOM COCTOSHNM.

OyeBUIHO, BOOOWe rosopsa,E 3aBUCHT OT 1. COBOKYITHOCTBH 2Hepre TH~
YeCKMX YpOBHeR en IIpU 381aHHOM 1 HA3HBAeTCHA CNeKTpaJbHOft cepueft.
MoxHO IOKA3AaTH, YTO B caydae noja (4.4) C KYJOHOBCKOft ACHMIITOTHKON

.

YHCANIO COCTOAHMA B KaxOR Cepuus CBERKOHBMHD),, PHYEeM CYyWeCcTBYOT KOHO—
YHO® HaUHM3Wee COCTOAHMG ¢ Jnepnueilt ¢ (nocKoabky € <O,
. =in . . L]
e, .. I2l€ 1), Npu €,~0 00T MoUTD) TOMKA CIYUEHHA ypOBHef.
YCA0OBIMCA HYMEPOBATbL COCTOSMHUS W NOPANKe Bo3pacTaHMA € BROAL
cepitt, NpuyeM ANA HUIWETr0 COCTOFIMH i n= =1+1
; ‘ npuMeM: n LI 1+1. Onpenesnex-
HHR TaxKum OOPaSOM HOMOP YPOBHA! M HHGUBAGTCA I'JABHHM KBAHTOBMM YMG-
JoM. TaxiM o6pa3zoM Kaxmust dHepreTusemut  YpoBeHb xapaxnpnayefcn
ALYMA KBAHTOBUWMA qYMCHAaMM n, ]l - "nyasHum® w "opOMTaNbHNM". B co0T-

BOTCTBMM C (4.11) u YCAOBMEM HyMepHIIUY UMBeM cheAynuMe COCTORAHMA?S

8 - cepua (1=0) - 1s,2s,3s,4qi.........
P - cepua (l=1) - 2p,3p, 4@ e,
d - cepua (1=2) - 3d,.44d\.........
f - cepua (1=3) - 4aft.......... U T.Q.

Lasa nosHof XBPaKTOPHCTHKH COCTOAHMSA (T.0.BOJHOBOM SyHKIpoE  ¢)
HEOOXOUMO €We TPeTbe KBAHTOBOA  YWMCAW m — “MarHuTHoe"™, no KOTOpoMy
HMeeT MECTO BUPOXISHMS .

OTMe T4, YTO NPUHATOS B aTo! ! g
o ' T MHON! CIIBXTROCKOIMM NPaBUsio HyMmepalpm :
ABNABTCA YUCTO YCJAOBHUM.. OHD; OHAKO, YAOCHO, T.K. NPU ITOM
ANA aTOMa BOLOPOAA BOCHNPOU3BOMUTCH: fopuyaa Bopa (cM. Huxe §5.1). B
AROPHOA CNIEKTPOCKOIMUM NPUHATO ADYAos: NRABUNO HYMePauMy -COCTOMHMUIL

PaypanbHue QyHKIWM M SHeprym. Gymsm: TeNeps IMcaTh B BUAe P (r)
u c“- €(n,1). OuM noayyanTcA kax: CUGCTBOHHHE 3HAYOHHA M ccdé;lneu-
Hug QYHKLMM ypaBHeHuA (4.10) npu: nparsyEEx yCNoBUAX (4.14). [ipu
€<0 (a B e CcJ ) t )

. pPAX yuyaeB M npu £>0)) En_”(m)_, MOXHO BHOpa&Tb RefiCTBUTENL-
HMU . QYHKUMM C OAMHAKOBHMM 1 YROBASTBOPAKT YONOBHAM OPTOrOHAAB-
HOCTH K HODMUPOBKH:
‘@

Jrmr mar -0 (4.16)

YenoBua (4.12) u (4.16) oGecneunsaoT HOPMHDOBKY M OPTOI'OHAJLHOGCTEH
ROJHOR QyHKIDM

*
, d A . o .
I‘pn 1w ®,, 9F ® <n’17m’ |nlms -:d)““ﬁ,l;l_'o--, (4.17)
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ROBe IeHMH QYHKLMA P ‘\v(r) . W3 ypa-

TENOBYMCA TeNeph KOPOTKO Ha : ]
QoTaHOBUMCH 18p ‘(0=)=0' c(£)=0 Haxomm:

pHoitius (4.10) © yveTOM yonosuft P
' ' it -
=0 P ey ~T (4.18)

‘ +pinte),

C ) ~ e =e ;
P” (r) -
 ayoro e 'Z/a 2 VK€ r) xapaxTepHo A
HaJuraie: norapidiityeckoro HaeHa B acIgMITOTHKS PM( ) D
0 A - OMOXYTOYHOR o6nacTH P (r) MOXeT 0 CLIMIANHAD! '

KYyNioHOBA ROJAA. B npoMexyT o T 8

Wa odixéh TeopuK FMQDe PeHLIANbHEX ypaBHesl, OIHAKO, } ,3a 2

ar ‘ eT yadnoB, -

FAHVMA (,n°=.1+1) Oy HxuMA Pnol (r) He wmeeT Y

r - 0

HA3WEM COCTO! r
Jna Kaxnoro fochelyousro n P“( )

Ep—— paepix Tovuek (0,®). -
oot - : Suee 4Yucao y340B (He cyuTaa Kpae

100peTaST O A, TaK 4TO O
HoGpeTaeT OMH y3ed, noB. Kpae
gx ToYeK) paBHo n-1-1. Mocnemptil MaxkcuMyM BCoTrAa Hal0onee BHC

3 F cooT~
WK (87 HBS'“B‘B;G TCA raaBHLM MaKCHMY: 10M pamld-ﬂbll i le-l:KLum u
[POK « H I N v o . T
BeTGTByeT o0NnacTH, rAe Hauco.ﬂee Bepod HO OOCHapyu1 b 3VNOKTP -
TCTBY A T T T | OH Mo
) v GAUXOHHO O OHMTDb (o} a -
JIOXSHUE rﬁ'aB_HOPO MakcHMyMma r MOXHO IpH L T b2t CYMIT

roTHYeCKOR gopMyne (4. 18)
) 2z

4.4.2. € > O - cBOoGOAHO® COCTOMHMO

(4.19)

Npu € > O Ha mapameTp C B (4.15) He HAK/AIMBA6TCA KaKUX-JMe0
orpaxmuémm. AcyMIITOTHKY P(r) MO¥HO HPH 3TOM MepelmcaTh B BUIS
p(r) ~ @ '*+ ce'tt ~ sin(krn), k= X, (4.20)
210 319k k—BOJHOBO® HMCJO WIM WMIYISC. Kak
paccTOSHAM OT BTOMHOT'O 0CTa~

oCJH FOJOEUTE C=—6

i : G o Ha JIBOOM
B0, P(r) 0CTaeTCA KOHOUHO i
Tlca'(:::aodom«oe COCTOAHM® 3JeKTPOHAE) . BO3MOXHH Jl0OHS sgaanmn 3Hep
r:ma T.0 npn £>0 M ¥MeeM HeTPepPHBHHR CHEKTP. MoaToMy OyZAeM xapa
CrepHa0BaTI v ¢ ‘ cqamMi h, @&
KTOpU3OBATH COCTOfHUWE  HE IMCKpe THHMHA xBaxfroxam:& (:1;1 .
aHeprueft €. PaiMadnbhue QyHKIps OyIeM ooo-anaan§ e . o

B moJe ¢ KYJOHOBEKOH acuMATOTUKOR (4.20) Hymo Y TOYHHTD, "

npeﬂaxcrionemmanbmm MHOXMUTONb [pH PelleHNH ypasHeHuA. B pe3yabTar
paK %o ,Kax B (4.18), oanyvyasMm wKy NOHOBCKME JoTapUdM

g ’

yuTAa
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P(r) ~ sin(kr+z/k-1n(r)+n), (4.21)

HopMupoBka QYHKLGMA HENIPePHBHOI'O CHEKTPA OCYMeCTB/AAETCA B COOTBOT—

ctBiK ¢ (3.5): : :
[
OIP,,,mP“(r)dr - 8(c’-€). (4.22)

4.5. YeTHOCTL

CocToAHMe 3JIOKTPOHA B LUGHTPAJLHOM IIOJIe XapaKTepH3yeTcd Tpemsa
KBAHTOBHMM 4McJaMy nlm (B HelIPePHBHOM CHOKTpe® €1lm). 3TH KBaHTOBHE
Yucsa COOTBBTCTBYNOT TPEM INMHAMUYECKMM MMOPEMOHHHM, KOTODHE COXpaHsi—
PTCA B LEHTPAJbHOM IOJIe — IHOPrili, OPOMTANBLHOMY MOMEHTY, MPOSKLMM
MOMeHTa. MoxHo cka3zaTh: M B ofuleM cJyyae, YTO UCHONLIYOMHe XA OIM-—
CaHMA CHCTeMH KBAHTOBHE YUCJA ABJAANTCA “NMPaBUABHHMU"™ TOJILKO B TOM
cayyae, KOrJa OHM COOTBETCTBYNT COXPAHANUMMCS BOJHUMHAM, OMNSPATODH
KOTOPHX KOMMYTHPYXT C IFaMUAbTOHMAHOM.

TaMynbTOHMAH LI@HTPANLHOTO TOJNA KOMMYTHDYeT TAK®e C OIIepATODPOM
MHBepCcHMM I ~ M3MeHeHMeM 3HAKOB BCOX KoopiuMHAT. Eca np¥ MHBepCHMH
BoJiHOBasA QyHKLMA He MeHASTCH WJIM MeHAeT 3HAK: :

TIP(E) = P(-T) = P(T), (4.22)
TO TOBOPAT, YTO COCTOSHME HMOOT ONMPENOJOHHYR YOTHOCTh ~- COOTBET~
CTBOHHO YEeTHO MJM HEOYETHO.
Ina cocrosmuml, oIMmMCHBaeMHX BOJHOBoO# Qyuxime#t (4.9),

. ) (]

IP(Tr) = %P“(r)-Y._(‘x-'ﬂ,-q)) = (-1)'-%9“(:)-1“(%), (4.24)
T.8. YOTHOCTh COCTOAHMA 3afaHa ¥ pasHa (-1)'.

3anaHMe YeTHOCTM HO HECOT, BooOme I'0OBODA, USIOJHUTONbHON MHDOD-
Malg 0 cocTosHMM. OHO, OJHAKO, MOJO3HO Ml MCCJSROBAHMA MATPUUHHX
3JIGMBHTOB. B 4acTHOCTH,He TDYHRHO IOKa3aTh, YTO XA HOYeTHHX omepa-
TOPOB (HApUMep, T, P ¥ T.I.) OTJIMYHH OT HYJA JHIb HeIMAT OHANEHHE
MATDHYHHO 2JIOMOHTH MBXLY COCTOAHMAMY Da3yMuyHOft YOTHOCTH, T.6. IPK
Al - HeYeTHOM.

Ina atoMa H uMeeT MECTO BHPORISHM® Mo 1 (cMm. Takme §5.1). 3710
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O03HAYAa8T, YTO Hapany ¢ (4.9) MOxHO paccMaTpUBaTh COCTOAHUE C BOoJ-
HoBOft QyHKLMeft BMIA

db=Lcod, . -Lc i ey (3.0 (4.25)
] 1

Taxue COCTORAHMA HO MMENT ONMpPeN8NIOHHOR YEeTHOCTH.

§ 5. OHepreTuuecKifl CrekTP M ONTUYECKHE MEDPEXOJN _

llJlﬁ YKUCTO KYJIOHOBCKOI'O MnoaAa U(!‘) = —f—_ MOXHO TIOJIYYMTH BHBJIMTHYe -
CKO® pelleHMe DANMANLHOI'O YpaBHeHMA B BMIe (£<0) :
-0r -k
P (r) = Art'e Z,br ' (5.1)

NMoxctaBnas (5.1) B (4.10), noayumM PpeKyppeHTHOS COOTHOmMEHMe IAA
KOS®IMIDIOHTOB b . MH He GYNieM OCTAHABIMBATBLCA HA I8TaNAX (CM. Kyp-
CH KBAHTOBOft Mexawykiy); npuBelneM pe3yabTaT. UToOH Pnl (r) o6una or-
paMuyeHa NIpH r = ©, HEOSXOMMO, YTOOH DAJN OOPHBAJCA Ha HEKOTODPOM

k‘ . U3 ycnoBusa bk “ (€1)=0 nonyuaem
1

€ = -z /n?, n o= 1414k (5.2)

T.0. CHOBA noayuyasm Qopmyny Bopa ITpH YCJOBMM HyMmepallud ypoBHe#
n21+1. Kax u B Teopuu Bopa,COCTOSHUS OKA3INBANTCA BHPOXIEHHHMH IO
OPOUTANBHOMY KBaHTOBOMY uuchay l. JlosHAA KPATHOCTH BHPORIEHMA n-ro
YPOBHA
net 2
9, = F-°(21+1) = n (5.3)

OCHOBHO® COCTOSHNS BONOPORONOROSHOI'O WOHA [H],ovueBMmio, 1s. MHa-
JY4YeHHS IPOMCXOZUT lIpH nepexole m-n. [Ipk 3TOM MCMNYyCKAeTCA KBAHT C
aHeprueft

o =z2[;§-j—] Ry (5.4)

Bewo COBOKYIHOCTDL JMGMH JI@siAT HA CIOKTp&JbHHE CepHl B  3aBUCHMOCTH
oT n?

Cepus Jatmana fw = zz( 1 - 1/a’ ) Ry
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Copua Babmepa tw_, = zz( /4 = 1/a2 ] Ry

Copua MNawena tuw = zz( 1/9 = 1/a° ) Ry

M T.X. 3xecb Ry = 13,6238 = 109678cM” ' .
NocnénoBaTeNbHUe JAMHMM cepuy JafMaHa 0603HAYANTCSH Lu,Lﬂ,... B4 ¥
nepexonoB ¢ An=1,2.... CooTBETCTBYULL® JIMHMM B CepMM BoszMepa o06o-

3HavdaTcAa H ,H ....
a’

B nose U=-{(r)/r ¢€=€(n,l), T.e. 38BMCUT KaK OT n, Tak u orT
1. B COMBUMMCTBO CAYY&a6B 3ABMCUMOCTH OT N CUJILHE®, YeM 0T l,H ypo-
BHU PPYMT{PYNTCA- B I'PYIUIN C ORMHAKOBHML N M PAa3MMYHLMMU 1. C yBeau~-
YeHMeM 1 3Heprua £ pacTer (|€] youBaeT). 3To cBsizaHO o TéM, YTO
NpH MasX 1 3JIeKTPOH 34MGTHO® BpPuMS NpoBOMMT BOJMIM axpa, rne {(r)
>> z. lpyrMu cnoBarGt NpH Manux 1 3JIOKTPOH CYWSCTBOHHHM 00pa30N
MPOHMKABT B 00JACTh MEHLLGR 3KPAHMDOBKM. [lOCKOMBKY Beaje g(r);-z,
BCé YpOBHH £  JIeXaT HIXe COCTBETCTBYKUMX BOLOPOJONONOCHNX ¢

€ < C: s -z% /n’Ry (5.5)

ni
Mp Conbuwux 1 3NeKTPOH MOYTKH BCe Bpéita HaxomUTCA B 00JIA0TU &acuMIl~
TOTUYBCKOrO MNOJIA, T.8. YPOBHU CTAHOBATCH BOZOPOAONO 10 GHINA .

OHepruw 3J6KTPOHA B MoJie U(r) yRoOHG 3aIMcaTE B BUXO
.2
€ = -t
]

n (n_A)e
OnpelneniAeMan 3Tilld COOTHOWEHMEM BETMYHHS 4 Ha3UB&STCA KBaXHTOBHM
RegeKTOM,

M3 craszalHOro BHUE CASHYeT, 4TO 420 u yousasT ¢ pocToM 1. Has
Goabuwux 1 A-~0. JloHATHE KBAHTOBOIO Ze@OKTa OCOSOHHO IOVI8SHO noToMy ,
YTG A B OCHOBHOM 34BMCUT OT 1 ¥ Juub BeckMa cJsiaGo OT n. 3TO0 3Ha~
YMT, YTO BIOJb CHNEKTpalbHoli cepuy A~const >

s} + 3Hasa €., Baa mepsux

YPOBHOl CepUM MOXHO ORDeN8JIUTL 4(1) u 3aTem & , AdA OCTANbHHX ypo-
BHER. "
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ﬁuctz,G), mrﬁuxosxa u3obpaxaeT HeNpepuBHHA CNeKTp. BHU3 OT rpaHu-
* 3 ‘HempepuBHOTre CHEXTPa OTKJNAINBAGTCA BeJu{uMHa —t:“/ZZ. HLnn  (H)
a'lta,._a_edii‘im HO SABHCHUT OT z; AAA IPYyrux roseft - 3aBUCHUT OT 2z, HO
OpABHUTONEHO C/a00. BpaBo MAYT CReKTpasibhne cepuu s&,p,d.... Boa-
HMCTHe JMHMM 03HAYADT H3NYYATEeJALHHWe Nepexoky. Juarpamid Ins peanb-
HHX 8TOMOB GYAyT PAacCMOTPeHH Mo3nmHee.
OnTHye cKue -Nepexosu

5:3.

Mipy B3auMOREACTBUM C [IOSIGM M3NYYEHMA ATOM MOXET MNEpexomTs C
YPOEHA Ha YpOBeHb, MCNyCKaa MM noraowas QoTOH. BeposATHOCTbL Nepexo-
na 31 -a, IPONOPUMOHAJNbHA CNeKTPaAbHOR MUIOTHOCTM M3NYyYeHMA Ha 4Hac-
TOTE w=(Bsz;)/h:

—3 2
i ; tw = AE = E,-E
v, . “

KpoMe TOro, naxe NpY HYJeBOR MAOTHOCTH H3IJNYHYeHUA ATOM MOXET M3
BO3CYXJMOHHOTI'0O COCTOAHMA nepgnwu B 60JiIe6@ HM3IKO® a , WCMYyCTUB PoToH
fw. Taxue Hepexoiu Ha3HBANTCA CNOHTAHHNMKM. BepoATHOCTL JOOro THNA
nepexoza MNponopLyoHasNbHa KBaXpaTy MATPMYHOIO 3JIeMEHTA OT IamMNbLTO-
HUAHA BIaUMOXGNCTBUA USNYHEHUA C BEUOCTBOM.

noapoouéh NPOUOCCH M3JIYYSHUA ¥ MOIJIOWeHMA MM PpacCMOTPHMM HoO3A-
Hed. 37echb o NpUBONEM JMlb BHPaXeHMe IJA BOPOATHOCTH CIIOHTAHHOI'O
nébéxdna az-sa1 B Hau0oJ1ee BaxHOM cuayvae “IMIONLHOTO MU3JNYYOHHA™.
9Ta BeJIKYKMHA Ha3HBAOTCA KoadiiiMeHToM JfuuTeftHa kz‘. Jna  HeBHpPOX-
HeHHHX COCTOAHMA a, M a

ag? = 2 3, h’
A « —F—— |<a_|r]|a, > T = — = 2
21 6«137310 z' l 1 ( o v, me'

rze to- aToMHad eauHuua BpeMeHU; AE= AE/Ry = fiw/Ry. Az‘ uMeeT pas-
MODHOCTb CEK ' M mopAfok Besuwm 10'°cex™ (npu z=1). B gmefcTEH-
TENBHOCTY KAXKI0e COCTOAHM® BHPOXASGHO MO MATHUTHHM KBAHTOBHM WMCJaM
m. BepOATHOOTH NMepexoZa HaAo NMPOCYMMMPOBATH MO KOHOUHHM GOCTOMHMAM
m, ¥ YOPOJHHTH MO HAYANLHHM COCTOAHMAM m,. OCOSHAYMB CTATBEC COC-
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TOAHUA GZ yepe3l qz=212+1, nosyvyaem:

ag’? - 2
A . e E— J<n. 1 m |rin 1 m >|°, 5.6)
21 3 , 272 2 1710

6:137 .'!.’oqa -,

MaTpUUHHR 3J6MEeHT OT BEKTODHOI'O onepaTtopa T OTmYeH OT HyJA
TOJBKO ITPH BHITOJIHEHUM YyCJOBMA

Al . 11-11_ 1 (5.7)

3TO COOTHOWSHME HA3WB: 8TCA MMPABWJIOM OTGOpP&. OHO ABJAGTOA CJSNCTBM-
©M COXPAHEHMA MOMEHTA M YOTHOCTH CHCTEMH "aTOM + IOJIe H3JAYuYeHMA".
B cayvae JGUIONBHOTO H3JYyYeHWA GOTOH OC/ANA8T MOMOHTOM 8,=1 W ABJA-
6TCA HeyeTHOH yacTuUef#t. U3 coxpaHeHHMA MOMEHTA CHCTEMH CJenyeT
T2£T‘+Ev,r.e. 1, MOXST NPUHWMATH 3HAueHMA 1,+1, 1, 1,-1. Ha cox-
PaHeHUA 4YeTHOCTH chenyeT (cp.§4.m.5) Al - HevwaTHoe. J[Ba yoJIOBHA
nant (5.7).
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III. MHOI'O3JEKTPOHHWA ATOM i

§ 6. PacnpejsiesieHite 3J6KTPOHOB 1O 060JOYKAM

a
B npuOJMEEHMM LSGHTPAJIBHOI'O o/ BOJHOBaA (PYHKLMA IJNOKTPOHA OH.
IpeLCTaBJeHA B BUIE
- 1 .
$(r) = zP  (r) Y (%),

B ReMCTBUTEONILHOCTM KamIHR 3JIeKTPoH olnanaeT

s )
MOMSHTOM KOJIMYOCTBA JBHXEHMA S. B KaKOM o °
TONOGHO MOMEHTY BOJYKA, HO &HANOTMA .BECEMa OI'DaHy . JIYHH

s=1/2; ero
COOCTBOHHOTO MOMEHT& I BCEX 3JeKTPOHOB OHMH?KOB& :
MMPOGKIMA HA OCh Z MOXET NMPMHMMATL ABA 3HAUEHMA m'= +1/2. .
TlosHas BoJHOBaA QYHKOMA 3JEeKTPOHA JOJXHA ONMMCHBATD M
COOCTBEHHIt MOMGHT, T.8. OHAa MMEeT BUI
r l ‘ (g),
$d(r,0) = |nlmm > = rPnl(r) Yln¥ﬂw)n-l l
MOMEHTa 1 o00603HayaeTcd wm .
3Havyexms +1/2. Jna

CITMHOM - BHYTPOHHMM
CMHCJIe 3TO CBOfACTBO

(6.1)

34eCh M HMXS NPOBKLHUS OpPOUTANBHOI'O

CmiHoBas KoopiuHaTa O anHHMa?T nncxfe;?zem') o - syron
HavyeHueM @ T} (0)= ' . RHH

YacTull ¢ 3aJaHHHM 3 K

M CMOmAaHHHEe COCTOSHMA. Bo Bcex cayyasx
.. (N _u(0) = 8(m’,m")
-’ L)

H cJeZOBATeAbHO

(6.2)

< > 1 1l ! m (3 m ,m (6 . 3)
1 2 2 ! 6 m ) ( ’ )
nlmm'nlmm 0(n 0 )0(112) (112 1 2
B paMKaX HepeJmTHBHCTCKOﬁ TeOPHH CIMH JJIeKTPOHA He BXOJUT
Heriocpenc TBE@HHO B ypaBHEHME lﬂpemﬂ-ﬂ'e pPa ¥ IIOTOMY HO CKa3HBaeT CAi Ha
. . 3
(o) ABUKEHHNH OJIH QJNIeKTPOH. .

OPGHTMBH M i0T'0 OHa Om'laxo onar oxaps TORNECT

TPOHO e yuHa anaraeT CJOBUA Ha cHMMe TPUI
P B BeJM :8 CIIMHE H y
BEHHOCTH 93JieK .

BOJD{OBOﬂ ! le {KIDOI ¥, CJIeLOBaTeJbHO, CKa3HBaeTCA Ha DpaclpejeJeHy

SJ6KTPOHOB B MHOT'03JISKTPOHHOM aTtoMe (oM, 1. 5.2).
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_6.2. Pacnpeesnenune mno 00os0YKam

OGoJioukoft Mu 6yneM HasupaTh rpymmy OZHOJJIE K TPOHHH X cocToAHMt o
ZaHHNMU n, 1 y MPOU3BOMBLHIIMY w! n*!, Pacnpenesere anextponos g
aToMe Io cocToAHMAM ONPEAeNABTCA JBYMA  OCHOBHMMH NPUHLATIAM
TPMHLIMIIOM MIGOMMyMa SHePrM U npHHUMIIOM Naymt. Coraacxo nepsomy -
SJIBKTPOHN  3aHuMalT QHEePre THY6CKM  HM3WHe AOCTYMHH®  COCTOAHMA.
Omiaxo npuHipm Naymm He noasosser BCOM 3J6KTPOHAM pacrosoXUTHOH B
CaMoM HM3KOM coCTosom 1s. Cornacto opuHipmy  faysu B Kaxxom
COCTOAHIM MOXOT HAXOAUTLCHA He 6osnee oxHoro 3JIOKTPOHA.

OHEPIUA 3N6KTpoHa B NIPHOMIXS I Ue HTPaNbHOO nonAa He 3aBUCUT oT
KBaHTOBHX uices m'm", T.¢. pco SNGKTPOHM B 060JOYKE MMOOT OmHYy u
TY %6 3Hepruw. OueBmpio, yTo B Kaxaoft o6osoyke MoxeT HaXOMMTLCA He
Gonee

q"l-2(21+1) (6.4)

SJIGKTPOHOB, T.@. B ns o0oJq04yke - Hg CoJnee 2 QJIeKTPOHOB, B np o000-
JI04K8 -~ He GoJgee 6 un T.A. Beauuina qn' Ha3uBaeTcH CTaTHC THYO CKImM
BOCOM cocToammus nl.

Wicao COCTOAHMN ¢ AaHHUMU n g JIOCHM 1, O4YeBUJHO, pPaBHO
n
g =5 2(21+1) . 2n? (6.4)
leQ

Cocroamue, B KOTOpOM q asieKTpoHoB HaxonaTca B o6oJsoyke nl, oynem g
AaibHefweM 0603HavaTh nlY (1 q<gqg ‘).

n -

NMpiougm Naym CBA3aH ¢ TOXIOCTBEHHOCTHI SJIEKTPOHOB M ¢ TeM, yro
CIMH 3/I6KTPOHA - noayueautt. Tor xe TIDVHIMIT MOXHO CcPOPMYJMPOBATE Ha
KOOPWMHATHOM A3uke: B OIHOR TOYKE He MomsT HaxommTeCA Gosee ommoro
3JIBKTPOHA ¢  pampnog HarpaBsieHMeM cruua. 9To  o3Havyaer, 470
@(rlo1,...E;0l) odpauaeTcas B Hyap npu F‘= ? AT eSoft  napw
e

1
B JUTepatype AN cocToaHmf nl vyacro HUCIIONB3YeTCA Te PMUH

nonodosouka, g oSonoykoft HasNBawT COBOKYMHOCTDL mogoGoJioueK ¢ TaHHmm
n v Japdumyu 1.
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3N6KTPOHOB O MAapaJJjesbHEMM  ciMHamu.  Laa 3JIOKTPOHOB c
auruﬁapanneabuuun cIMHaMM 3TO OrpaHu4YeHMe OTCYTCTBYeT. Taram
o6pasoM, oaaroapA NpuHummy llayau opueHTalMA CIMHOB CKa3HWBaeTCA Ha
pacnpesieioHHlt MIOTHOCTH 3JIeKTPOHOB.

6.3. llepyojmyeckas CUCTEMS

Npuwn MAHMMyMa 3Hepruy Y npuHipa! Jlayym onpeleNAnT ANA Kaxnoro
aToMa B HOPMAJLHOM COCTOAHWM PaCNpesieloHHe 3JIEKTPOHOB MO 00O0JNOYKaM
nl. TeM caMuM MH ITPHUXOJMM K OCOJIOY6YHOR TEOPUM MepUOLUYeCckoft CUC-
TeMd MeHZeJsioeBa. B COOTBETCTBIDI CO CKA&3AHHNM B pa3jeJte II Haubones
CYWOCTBOHHO JJA 3HEPrMM I'JIABHOE KBAHTOBOE YMCJO N, & NpPH JaHHOM n
3HepruAd pacTeT ¢ pocToM 1. [loaToMy 0OCONOYKM IA&NOJHAWTCA B
NnocAe KORATENBHOCTH 18,2s,2p,3p,3d,...

OGoJloYKe 18 COOTBOTCTBYWT arToMu: H(1ls) H He(lsz). Hlanee caenyer
2-f mepuod, B KOTOPOM 3A&NOJHAWTCH COOJOYKM 25 U 2p: Li(2s),
Be(2sz), B(2p),... . JANA KPaTKOCTH MW, I'll6 MOXHO, OyZA6M OMYCKATb Yy¥6
SAaNoJHEHHNE OCOJIOUKH.

B TPeTHEM TEDHOZe 3AMOJHAKTCA OGOJOYKM 38 K 3p: jno Ar(3s’3p®).
Hasiee MNOCJNSAOBATEJLHOCTL 3alOJHEHMA 00O0JIOYEK HapywaeTCd. OHepreTH-
YOOKH COCTOAHME 48 OKA3HBa®TCA 00JIe8 BHIONHMM, uYeM 3d, T.e. 3a Ar
caeaywT K(4s), Ca(4s?) u Jomp 3aTem Sc(3das®), Ti(3d’4s?) u r1.1.

O6BACHUTbL 3aTO HApyWeHHe MOXHO CJeAymuM o6pa3cM. C NpUOMMeHMOM
K LeHTPY aToMa I[10Jle NMPUTAMEeHUA OHCTPO pacTeT, T.K. 3KPaAHMpPOBKa
AApa aJieKTpoHaMy yMeHbWaeTCHA. OSJeKTPOH 3d B cpefHeM HaxoJuTCA
HECKOJIbKO OJoaxe K AZPY, uYeM 48, HO B O0OOJACTH Hau6oJ8e CUJLHOT'O
noas ¢3d~ r?, 7.e. BeckMa Mana. B TO e BpeMA ¢‘_= const mpu r-0 u
00JacTk MaJHX I haeT cyuecTBeHHHY BKJaX B 3Hepruw. [osToMmy E£(48) <
£(34) (HarmoMHyM, YTO 3IHEDPTHUA NPUTABEHMA OTpMuaTeNbHa). M3  aToro
OODbACHEOHUA BUINHO, YTO HAapYyWeHHs IIOCJI@JOBATEJLHOCTH SalloJHeHHUA
cBASaMo ¢ TeM, 4YTO IpH 2=l OTHOWeHWe 3@POK TUBHHX 3apAloB
g(o)/g(m)szau/z ~ BeJMKo. [Jid UCHOB AOCTATOYHO BHCOKOR KPATHOCTH
(z>>1) 38T0 OTHOWGHME MeHbEE M MOCASAOBATEJLHOCTE 3aroNMHeHUA
BOCOTAHSBJMBACTCA: £(3d)<E(4s) npH z>>1 (PaKTUYOCKM yxe npu z>3).

-925 ~
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B JMTepaType HACTO MCTOAL3YOTSR AMPABMAO  NHlF,  COTABCHO
KOTOpOMY TOCJGNOBATEALHOCTD SAMOJHEHURA OGOJONEK  ONpeXeRAeTCA

BOJMYMHOR n+1. Kak BUIHO M3 CKA3AHHOro, 3TO NPABKAO CHPABEAIHBO

TONBKO JUIA snem:p_é.qb,r_!px aTOMOB ‘M FGpBHX MoHOB. Boodme, fOMIMO
NOPUOIMYECKOR CHCTOMH, ANA HOMTPANBHNX ATOMOB MOEHO TIOBOPHTE O

MOPUOIMYECKUX CHCTOMAX XAfi ‘MOHOB PA3JIMHOR KDATHOCTH. OYeBRIHO,

3TH CHCTEMH OGYNYT -HOCKOMNBLKO DPa3MYHH .
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§ 7. HeueHTpasbHoe B3aumogeftcTBME M TepMH

7.1. HeleHTpasbHOS B3auMonefcTBUE

B NMpUOJIMXEHVM USHTPAALHOI'O TIOJIA 3HOPIrMA &TOMa ONpexnesifseTcA
HAGOPOM KBABHTOBHX. YHCeJ n 1l #na BCex 3JeKTPOHOB. Taxoft Hasop
OyZneM HA3HBATh KOHJMTypaumef#t U oGo3HayaTh (nl). CocToAmMe AaToMa
XxapaxTepu3yeTcsi KoHfurypaumeft (nl) ¥ HaGopoM KBAHTOBHX YuceJs (m) -
npoeKLMit MOMOHTOB n: n: - Ecom B - raMuibTOHMAH HOHTPANLHOTO MOJA,

TO:
(0) 2 (0) {o) (o)
B0 i ° F [pn * zul(rl)]m(nln) =B ®aim (7.1)
IIPUYSM '
tor - L(r)
E(nl) F cn‘l‘ 4 u(r) r ’ (7.2)
®ota= 10, (0 « [ In 1 minl>
Kaxnoe cocTosHMe (nlm) MHOIOKPaATHO BHpOXAeHO. Kpome Qymxipt (7.2)
COGCTBEOHHONt PyHKLMe N u ABJASTCA JOaA JMHeRHAA KOMOMHALMA
- (o)
o (g) P c( ¢ pm(nln)' (7.3)
K 1o

rnxe cymmMa éepeTrca IO HadopaM MarHMTHHX KBAHTOBHX YHMceJl (m)

BCOBO3MOXHHM II6POCTAHOBKAM P 3JIGKTPOHOB.
OrpaHMYMMCs IOK& HepPeJATUBMCTCKMM IpuSumxeHMeMm. Torja rammabTo-

HMAH MHOI'03JIGKTPOHHOI'O aToMa paBeH (B e6X.Ry):

B = lo+ v
2z (7.4)
vV o=y 2 . L—="-F 2 ()
l§j Ty P5 i o

[ipy pemeHMM TOYHOR 3aJayM BHPOXZEHMe MO0 (m) 10 KpaftHet Mepe
YacTHYHO CHMMaeTcHA. BlamMogeficTBMe V HELEHTPAJIbHO; OHO 3aBUCHUT OT
MEX3JIOKTPOHHHX DACCTOAHMI M, CJEJOBATOJILHO, OT B3AUMHON OpMeHTalMH
OpoUT (T.8. OT n:) M OT CUMMETDMM BOJHOBOR YYyHKIMM (T.6. OT n:).
Ina pemeHMA 38HaYd B I TIOpAXKe TEOPMHM BO3SMYmEHMt C YyYeTOM

-2 -
BHPOXIOHUA MH JOJIAHH peunTh cucTeMy ypaBHeHUM :
2 (v - 4E-0(a,a’) }c,, = 0 ' (7;5)‘

a’ s’
TR MHAGKCH a ¥ a‘ - HaCOpH (m) npH SanaHHOR KOHqMTypawu (nl).
Nonpaska k aHepruy I nopamka AE ONMPeNeNASTCA peWeHUeM BeKOBOT'O
YPaBHOHUA :
|V_.,-A£-O",|-o, :
& Ko3dfeumeHTH c =c ) OIPOROJIANT  “NPABUJIBHYN® BOJHOBYD Oy HKIpDO
coraacHo (7.3). Ma-rpuua H . B HOBHX QYHKIMAX OYyNST JMArOHANBLHA.
[losroMy onucamyn npounypy ‘{BCTO Ha3uWBa T qUaroHas3aigo H ..
Yka3zaHHas npouelypa TpPeOyeT TIPOMOSAKMX YUCJEHHHX pacqé'roa.
MoxHo, omHako, yrazmars (KNAaCCHIMIMPOBATL)  “NPABUABHHE® BONHOBHG
$YHKILMK , He npuderas k pacusTam® NpasuspHan QyHKUMA JoJimia OHTBb
COGCTBOHHOM (QYHKLMEA BCOX  JMHAMIYO CKUX nepeMeHHuX, KOTOpHe
COXPAHANTCA BMECTO C JHepruef aToma. Takumyu NepPeMBHHUMM ABJAALTOAR
NIPexne BCOI'0 MOJHHE MOMEHTH - OPOMTAaNbHHR L M OMMHOBHRA §:

L-Fl, §-Z;‘ (7.6)

BMecTo BekTOpHHX XapaKTepUCTHK Mu GyXneM, Kak OOHYHO, UCHONBIOBATDL
BOJIMYMHH MOMEHTOB L M S M ux NpoeKUMH HA OCh Z - H " H . HOpyrmm
caoBami, npaau.nbaue Gy HKLVH ABNANTCA codcrsemmm QY HKIDLAMU
onepa'ropoa L, s?, L, s

t3 £
L0 = L(L+1)@, z
L G = M o,

¢ = I7LSM M > . (7.8)

S0 = s(s+1)0 (71.7)
ST = MG

re 7 - HabOp NMPOYUX KBAHTOBHX 4uces (B T.4.(nl)). CocTosuue TLS
B
upoxnéuo no HLHS, T-8. CTATUCTUYECKM BAC COOTOAHMA paBeH

OTMeTHM, YTO mipU V-0 nonpaexka K 3Heprum AE-0, Ho KO 3QuIMe HTH
c(_, OCTaTCA KOHOYHHMH . MlosToMy ‘*mpaBuabmme" dyHImM  MMenT
CMHCJI HO3ABUCHMO OT BOJMYMHH MHOJISH.

e ———
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fs=(3141) (3841) .

7 2--

CocTosmue cuoTeMu ABYX 3JNOKTDOHOB  NOJHOCTLD  ONpPeeAAeTCH
SanaHNeM KOHJUIYDALME ¥ NMOMHNX MOMOHTOB: plnl, LsM M_. Hpu aToM
L B coo:rao'rcram [ npaaxuxam Bﬁs'ropuoro c.noxerma KBaHTOBOR
uexamna; MOXST NPUHMMATL BCO UONOUHCJOHHHO 3IHAYOHUA OT 11, -1 | xo
1,+1, . AHGJOrMYHO S MOXOT OHTH PaBHO 8, -8,=0 u.im ';*‘z =1. npoexlum
Mmge;-_r.roa CKAAHBANTCH AAreCpauvyecKy, T.0. ll -u +n M =m’+m’ .

HeTpymio yOeIZUTBCH, WYTO uMCAO coc-romnm B nﬁen;'ra;.uemm

(',11»)"'5'5;%1'0 Xg, YTO B NPOACTaBJeHMH (nl)m n nm

1
2 2
Féaptl)(z_s+1) = 4(21,+1) (21, +1) (7.9)
3To \la_c'n,mgn cayyat oSwero "mpMHIMIIA CHEKTPOCKOMMYe KO CTaOuJIb~
HOCTH": YMCJIO BOIMOXHHX COCTOAHMM] N-3JleKTPOHHO CUCTEMH He 3aBUCHT
OT NPeACTAaBJIEHUA. 3TOT IPUHUMII OYEHb Y.(006H A NpOBePKM IpaBUJIbL~
HOCTH M IOJHOTH BHOPAHHOT'O. TPEACTABNEHHA. B HOKOTOPHX cayyasax ero
MOXHO MONOJb3OBATb AJA HAXOKNEHMA BO3MOXKHHX COCTOSHMIA CMCTAMM.
Huxe MH BOCHOAB3YEMCA 2THUM NPUEMOM.

BosHoBada QyHKUMA IBYX SJIOKTPOHOB B IPSINCTABISHUN TIOJTHHX
MOMBHTOB ONPeJeJIAeTCA JMHOMHOR KOoMOMHALMER (7. 3). OvyeBumHO, uTO
npU 3TOM OpPOUTAJLHHE M CNMHOBHE (QYHKUMH mnpeodpas’ynTca He3aBuCHMO,
& pazMeJbHHe QYHKIMM P (r) BoOOWe He 3aTparuMBalTCAH npeodpaaosa}m-
eM, T.K. HO 3aBUCAT or (m) 9TO0 03HAYE®T, YTO KOIPYMUMEHTH C He
SaBUCAT OT KBAHTOBHX !moea n. 3TH KO3QIMIMOHTH OIMCHBAKDT npeot,jpa-
30BaHMe OT QYHKLMK |1 1 n' mz> K QyHKUMAM |1 1 LM > ¥u aﬂa.nor'wmo
AJA CTHMHOBHX $yHKLMR . ﬂepermmeu (7.3) B do.nee mmon ¢opme :

mtsulns- |nllinzlzLSHle> =

(7..10)

;' |nlllll>|n1mn>

« 3 (lllautlllinll)(‘ 272 22

1
1.1 eos 17272 2
Bm, e

1
s"s’z LN

MaTpuumu' aneMeHTH THIa (3,3 :mlj LI m, ), Tae J M J cooTBeT-
CTBYNT OPCHTAALHMM MJO{ cmmoauu uomeu'ram, Haauaamca KoggsiMeHTaMu
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Knecwa-TopaoHa. 39T KOIPIMMEHTH He 3aBUCAT OT  KakKuX-J16o
B3auMoZefCTBMA 3JIGKTPOHOB, T.6. ONMPERENANT Juub NME6PEXOX OT ONHOTO
OMMCAHMA MapH MOMEHTOB K XDYroMy OmMcaHumm. KX MOXHO ONMpeReSMUTh
BecbMa OOWMMM METONAMM, HANPUMEP, C I[TOMOMBN TEOpHMM rpymm. Jlsa
xoagfinmeHTa B gopMyse (7.10) QYHKUMOHANBHO COBEPHOHHO OZMHAKOBH M
OTJMYATCA JMUb 3HAYOHUAMU ApPryMeHTOB.

YacTo BMECTO KoadfinmeHTOB Kinelwa-T'opAoHA UCIIOALIYNTCA OGoJiee

CHMME TPUYHHE BOJMYMHH — "33j-CUMBOJH™:
3 _ PR PRLN 1 ' ;
[g:ng:] - ( 1) (zj +1,l/2 (j1jzjg ‘3'j‘ll1 jznz) (7-11)

OCHOBHHE COOTHOWmMEHUA INda 3j—CHMBOJlOB npuBeIeHH B KOHII® 3JTOI'0
pasiesa.

7.3. TeHeasoryyeckasa CXema, TEepMH

B cayvyae Tp8X U GoJiee 3JEKTPOHOB 3allaHMA ITOJHHX MOMOHTOB yXe
HeZNOCTATOYHO JJIA MHOJHOR XapaKTepUCTHMKN CUCTeMH. HyxHo 3azaTh emd
NMPOMEXYTOYHNE CYMMH. Tak AJnA TPEX 3NEKTPOHOB CHayalla CKJAIHBANTCH
MOMEHTH IBYX 3JIOKTPOHOB T1+i2=£x, 3aTeM K E’_ ROGABJAAETCH MOMEHT
TPETBETO 3JEKTPOHA 1_: LL+I 3=i. PasyMeeTCA TOYHO COXpaHAeTCA Jnamb
NoJHt MOMEHT L. JINA IPOMeXYTOYHHX MOMEHTOB (E ) IpUGIIMREHHO
COXPaHAeTCA MX MOALYJbL, BHAJNOTMYHO GOXDOHEKUD Mo.ny.nen S ,1 .+.. BCo
CKa3aHHO® MOXHO NOBTOPUTH XAA CNMHOB.

COBOKYMHOCTb MOMeHTOB 1 1 (L )L LM & ;—%”(s’);fsus MOJIHOCTER
OMpeneJyiAe T COCTOAHMS CHCTEMH TpeX 3JIeKTPOHOB. BoaMomeH N Jmpyroft
HaGop coCTOAHMA, Hampumep,l 1 (L7)1 LM . 3TH NpaBHjia MOXHO OYeBUI-
HHM 06pa3OM DACHPOCTPAHUTb ‘Ha JC0e YMCJAO 3JJNOKTPOHOB. 3alkaHue
NMOCJIe XOBATEJBHOCTH CJOXSHMA MOMEHTOB HA3HBAOTCHA I'€HOANOrMYeCcKoH
cxeMoft. CocTosHMe MHOT'OJJIEKTPOHHOI'O &TOM&,  OINPeHeJIAeMoe namHoM
TeHeaNoru4ecKoif cXeMoft ¥ MOJHHMKM MOMeHTamu L, S, Ha3HBaeTCA remdu;

n linzla(L S )n 1 (L S )...LS = LS, (7.12)

rne yepes v odosuaqeua conorcym{'oc'rb BCOX APYIrMX KBaHTOBHX u4MceJ,
OIpelesifvmIX COCTOAHNG,.
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OIIPeAGNARTCA YMUCJIOM CovYeTaHU: M3 6 BeJMYUH l:, 0*,'1: no mse, T.e.

pPaBHO 15. COCTOAHME C NAPaNeNLHHNMM CIMHAMM S=1 JIOJKHO MMOThb
pasmue m', T.e. MS1. NoayunM TepMm °P, AAA KOTOPOFO MMCJO COCTORHYM
g(*P)=(2L+1) (25+1) = 9. COCTOAHMO C MAKCHMANBHEM L=2 BO3MOMHO JOWE
npu pasiux ®°: 1*17, T.0. MMeem TepM 'D, ana xoroporo g('D)=s.
TakiM 06PA30OM MM MCMOAB30BAJM 14 M3 15 BO3MOXHHX COCTOMGM.
EXO{CTBOHHEM TOpMOM C g=1 ABJAAGTCA 'S M MM TIONYYBEM YXe YMOMAHYTHH
Haoop TEPMOB. AHAJIOTHYHO MO¥HO NOKa3aThb, YTO ONAd  CUCTeMH p3
BoaMoxsH TepMu ‘s,?Pp,2D.

AN 3KBUBAJIGHTHHX 3JIOKTPOHOB TePA6T CMHCJA TOHATH® TOHOANOry-
YOCKOM CXOMH, T.K. MM yke He MOXeM 3aHYMEDOBATh BJEKTPOHH M
YKa3aTh MOCJeLOBATONLHOCTb CJOKEHMA MX MOMEHTOB. 3TO 03HAYAET, MTO
TOPM ATOMHOI'O OCTATKA JAA IKBUBAJIGHTHHX 3JOKTPOHOB He 3aIaH.
OIHAKO 4aCTO OHBAGT YNOCHNM BHIOJHUTR (ODMANbHO®  PA3JOKSHUS
Gy HELA |1'LS> no QYHKIUMAM, IOCTPOGHH..M IO IeHEeaJloOTM46CKOW CXOeMe :

k - LS k-1
J1*Ls> ‘%,ﬂaﬂll (L s )1lLs> (8.1)

LS
KoagdsiMe HTH G "¢ HA3NBANTCA NeHEAJOTHYECKMMM KOIPIMIMOHTAMM.
17

OHM BHYMCJAANTCA OOWMMUA MeTOINAMU ATOMHOMN CMeKTPOCKOIMM U  TalyNMpo-
BaHH B COOTBOTCTBYWUMX PYKOBOJCTBAaX.

8.2. 3anoJHEHHNE ¥ JIOYTH 3AINOJHEeHHNO 000NI0YKH

UicJi0 pPasJMYHHX 3HaYeHMit m'm® PaBHO 2(21+1). MloaToMy B rpyrme

k - 0
1" He MOXBT OHNTb GOJLI® YeMm N=2(21+1) aJekTpoHoB. OGoJsouyka 1"
Ha3HBASTCA 3aNoJHEeHHOR. JInA 3anoJHeHHOR 0GOJIOMKM BO3MOXSH 8 JHC T~

BOHHHM TOPM, AJA KOTOPOro M =M =0, T.e. TepM 'S. PacmpeXeJerue
sapAXa B Takoft 0COJIOYKe O0ONaJlaeT MAKCHMAJIbHOMR cgepuyeckoft
cuMmme Tpveft .
ATOM B OCHOBHOM COCTOSHMM OCHYHO MMEST HECKOJBbKO 3alloJIHeHHHX ,
GOOJIOYEK ¥ OJHY HOBAINOJHOHHYK ("OTKPHTYL"):
r N
as= n111‘n2132 nm*Ls, N, =2(21 +1) (8.2)

MH ONyckaeM yKasaHue MOMEHTOB ' S 3AaII0JIHOHHHX O000JIO¥eK, T.K. HUX
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=,

poJib B CXOM@ CJOXEHUS MOMBHTOB TPHUBUAJILHA .
Kax npasuJso, Hac 6yIyT UHTEPECOBATh BO3ICYXRASHHHE
KOTOPKX BO3COYXRASH 3INEKTPOH M3 OTKDHTOR OCOJOYKHM:

COCTOAHMA, B

N N
1 2 k-1
a=n1"'n1%..n""(L 5 )n1/Ls = (7 LS )n'1'Ls (8.3)

BO3MOXHH M NMEepexXomH K3 BHYTDPOHHMX 3ANOJHEHHHX OCOJIOY6K:

] N -1 °
n1t...on1 ! (zLi)...nlk(Lxst)LCScn'l'LS (8.4)
Takye KO HIMT'Ypaly COIOpRaT TPH OTKPHTHE
3HAYUTEJIBHO CJIOXHE6: MMeWT MHOI'O TepPMOB.

KoHgmry paims 17" HasuBaeTcA NMOYTH 3ANOJHEHHOM OGOJOYKOR. Bo
MHOTMX OTHOWEHMAX OHa JIKBUBAJIGHTHA KOMOMHALMHM 3AIIOJHOHHORt OCOJOYKH
M omHOR “IHpkM". TepMH Takoit OCONOYKM Te X8, 4HTO Yy OJHOro
3JISKTPOHA (3HAK 3apsalia,04YeBUIHO, H8 MI'PAST PpOJI): BO3MORSH OJNUH
TepM °L, IpuusM L=1. AHanoruyHo oGosouky 1"°? momso paccmarpuBaTh

KaK 3aroJHeHHyl + 2 3KBUMBaJOHTHHE IHpDKKM. E8 TepMH - Te ®e, 4YTO JJA

odosnouku. IJloaTomMy OHM

oGogouky 172,

8.3 . IlpaBuyo TyHIA

TepMH OCHOBHOM KOHfMI'ypalmyu (8.2) pACIOJAranTcd B COOTBETCTBHK

Cc mpaBuJioM I'yHIa: HiRe JieXaT TepMH ¢ MaKCMMaJbHEM S, & IIpy
OJMHAKOBHX S HMME JIeXaT TepPMH ¢ MakCMMaJbHHM L. Ycaosue (7.17),
OYeBUIHO, YJOBJIOTBOPSIE@T 3TOMY ITPABUJY . '
§ 9. MpaBuaa oTGOpPa
OnTUYeCKHe IepexolH, CONPOBOXIAMUMECH HCIYCKaHHSM KBaHTa,

MOMYMHANTCA ONpeNeJISHHHM ITpaBUJiaM oTOopa. Ilo cymecTBYy 3TH IIpaBUJ).
OTPaxXalT 3aKOHH COXPaHOHMS MOMEHTOB M Y8THOCTH. HadA cJiyyasd OJXHOI'O
3JIeKTPOHA ITpaBUJIa OTGOpa OHJIM PACCMOTPEHH B § 5.3.

MH CTDOMM MHOI'O3JIOKTDOHHHIt ATOM Ha G&3UCe hpﬂdnnxexux UeHTpaJb—
HOr'O IoJifA, T.6. HMCXONUM M3 OXHOIJGKTPOHHHX BOJHOBHX (QyHKuMiA. Ilpu
3TOM 3JOKTPOMAT'HMTHOE II0J1e Bsanmogeﬂcrayer C OXHMM OIITHYE CKUM
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3NI6KTPOHOM. B peayabTaTe KBAHTOBHE YKCJa ATOMHOI'O 0CTaTKa T.L.S,
HO MOHADTCA. W3MEHANTCA JMilb KBARHTOBHE YMCJa ONTHYECKOTO 3JIeKTPOHA
nl ¥ NMOJHHE MOMOHTH LS. U3 34aKOHOB COXPA&HEHUA MOMEHTA M UYSTHOCTH
oJenyeT (Kax M B CJiyuyae ONHOIO 3JIeKTpPOoHAa): Al=:1, T.K. KBAHT MMEeT
MOMEHT 1 M SABJASTCA HOYSTHHM. M3 COXPAHEHMA MOMSBHTA CJBIYOT TAKXS:
AL=%1,0. CriMH He B3auUMOXSNOTBYeT © 3JOKTPOMAHMTHHM IoJeM (¢
TOYHOOTHY HO POJATHUBUCTCKUX 3¢PeKTOB), T.6. AS=0.
TaxuM o6pasoM noJiyyasMm cJenyxupe MpasBmia oTOOpa:

Ay, = AL = 0; (9.1)
Al = $1; (9.2)
AL = £1,0; L +L,21 (9.3)
AS = 0 ’ (9.4)

YonoBue L +L,21 3ampemaeT NEpexox 0+0, KOTOpHH,
MPOTUBOPEOYMUT YCJOBUI0 COXPAHOHMA NOJHOI'O MOMEHTA CMUCTEMH.

O4YeBUIHO,
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€ 10,BosoBNe JYHKIMM ¥ MATPIYHHO 3JIOMAHTH
10.1. BoJHOBHE $YHKLIMM MHOTO3JIEKTPOHHOI'O ATOME&

IlpocTefwet NPUOJMXEHHOR BOJHCBOR QYHKUMOR ABJABTCA Oy HICLU S
Bupga (7.2):

(1C¢.1}

roe & = (Flo‘) ~ COBOKYITHOCTH [NPOCTPAHCTBOHHMEX W CIMHOBOR KOOpIM-
Hat. éyuxuug (10.1) Gyaem Ha3uBarTh QyHRUMER Tuna I (ITPOK3BO NGHMA) .
Bra DYHKUUS HAEAHTHCIDMIE TRIYNE 110 [epeCTaHOBKaM 3JBKTPOHOB M HE
ABJABTCH COGCTBOMHON ©YHKIUMEN OJUHX MOMBHTOD L,5. APYIuMi CJoBami,
Gy THOA T HE YROBABTHOPAGT UPHDULY Tlayss W He OTPamBetT Cxemy

CUAQKOHMA MOMOHTOBR B ATOMa.

fins WHEHMA NBDBECIO HeLOCTLTRA HYN010 MNOCTPOUTL  AHTHCHUMMET-
pMHHY JUOE YR KOMOHHAIDIN Y MR it. FIToMmy TpeoBaLY
YAOBAG TROLAST J6TO PMHHBNT
[0, (600, (B, ¢, ()
1 i ! ° .
~ & h e 10.2
s A Q@ (E )= — k*z‘e'\mz(ea) 4’2(5") ( )
(o t i b /‘ﬁ! ____________ o e e s0m 2 dan
§ |
¢ { Foaowe
) ) G (8P (£ b, (£,
-~ 2 ~
A = T IO e
v

3mech N -~ YHCJO JJOKTPOHOB B aToMe, P - onapaTop MepecTaHOBKH, P -
Y8 THOCTL MNepscTaHoBKX. Ornepartop A Ha3WBAKT ONnepaTopoOM  BHTHCHMMET-
pusalpm. QPyHKIMK (10.2) OyleM HasuBaTk QyHKUMER Tuna D.

Ina nocTpoeHMA COGCTBOHHMX GYHKIMM ROJHHX (M ITPOMeXY TOYHHX)
MOMBHTOB L,S5 HYy®HO B3ATH JUHeRHYX KOMOMHAIMI0 1o (m) QyHKUMP Tuna
D (mau I1):

jyLs> = I ¢

(") (.:D(nn.)’
npu4sM Ko 3EJIMIMe HTH C(.) npenCcTaBJAAKT coOof npouéseneﬂﬂﬂ Ko s~
eHTOB Knecduwa-TopioHa (MM 3j-CUMBOJIOB), COOTBETOTBYKUME CXeMé IIO—
CJIe IOBATONBHOI'O CJIOKEHUA MOMEHTOB:

(10.3)

1+1,-L,, LL+13=93,........, L, =L
e‘+sz=sz, SL+53=53,........, sl_‘+5“-s
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Cayvaft JumefHOR KomMOMHaLMU Qyuxkivit THma I gas  xByX 3JIeKTPOHOB
Ra8Tcs gopMysioft (7.10).

Symiapm tvna I1,D, |YLS> MOXHO Temeph MCMOJbLSOBATH IJA BHYUCJEHUA
MATPHYHHX 3JIeMSHTOB oOllepaTopoB. C NMepexonoM K 6oJiee CAOXHOR QYHK-
I peSYJILTATH 6CTECTBOHHO CTAHOBATCA GOJI66 TOUHNMU, HO CTPYKTypa
$OPMYNl YCHOXHASTCH .

10.2. ATUMTUBHHE M OUHADHHE ONepaTopH

OrepaTopd, © KOTODHMM NPUXOIMTCA MMETb XOJO B  aTOMHOM ¢u3uxe,
OHBANT IBYX THMIIOB — 8JIMTUBHNe M OMHapHHe. U3 TOXNECTBOHHOCTHU aJe-
KTPOHOB CNeJlyeT, YTO BCe ONEPATOPH NOJXHH OHTh CHMMETDMYHH MO KO-
opaMHAaTaM £‘

AJUMTUBHER ONepaTOp WMeeT BMI:

F = E‘ti, (10.4)

rme f - onepaTop, AGHCTBYXUMA TOJBKO Ha i-fl 3JeKTPOH, TOYHE® Ha
KOODIMHETH El TioJiHOM BoJsmHoOBOR QyHKIpM §. U3 ycaosus CHMM6 TPMM ITONI—
HOro oneparopa F CJAeAyeT, 4YTo BCe £, QYHKUMOHaNbLHO ONMHAaKOBH. [lpu-
MEDPH AJUMTHBHHX ONEpPaToOpoB - nnnonbuun MOMEHT d-Eer , KMHeTHYecKasd
3Heprus T= Ep / 2m ¥ T.m.

BiHapHut oneparop MMEST BUX:

- = 1y .
Q ‘>z.| qu 2 p#) qij’ qn)‘ qji' (10.5)
rge q" HeCTBYeT TOJBKO HA XOOPAMHATH E " E ¥ BCe ¢
QYHKIMOHANbHO OMMHAKOBH. HauGoJiee BawHHM npencraaurenem OMHapHH

ON8PaTOPOB ABJAGTCA ONOPATOP 3JEKTPOCTA&THYECKOT'O Baaumonencranu
3JIGKTPOHOB ¢

lJ

2 - .
v -,§je 1%, roo=|F - £ (10.6)

10.3. MaTpUyHNE 3JEMEHTH SAIMTUBHHNX W OUHADHHX orepaTopoB

PacoMoTpim Tenepb BHYMCJIOHMO® MATPUYHHX 3JICMEHTOB <A|F|B> K

<A|Q|B>. O(>3HAUMM HAGOD KBAHTOBHX MMCEJ n‘l‘m:m: 4epes a, maA

ATOM& B COCTOAHUM A ¥ Yepe3s bi IJiA aToMa B COCTOAHMK B. Npu
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MOJNYyYeHUY BHpaXeHMRA IAA MATPUYHHX BJIEMEHTOB 4epe3BHYaAltHO BamHyw
POJib UI'PANT YCAOBHA OPTOrOHANBHOCTH ¥ HOPDMMPOBKM OMHOBJEKTDOHHHX
$yHKIMSt. B COOTBOTCTBMM C (4.17) 3TH YCJOBUS MMENT BMA

<a‘|aj> = O(al,a)), <b‘|b)> = O(b‘,bj) (10.7)

Tenepb MH MOTPeOyeM COJBULETO, 8 VMEHHO

<a |b > = 0(a ,b) . (10.8)

B masbHefuem Bcloay OYl'SM NPeATIONAraTh, YTO 3TO YCJIOBMO BHITOJHAET-
cq. CaenyeT, OXHaKO, 0TMBTUTb, 4YTO B JeHCTBUTEJBLHOCTH ycJoBue (10.8)
BHIIOJNIHAGTCA AaJieko He Bcerga. IIpM M3MeHeHWMM COCTOSAHMA aToMa,BOOCHE
ropopa,MsHAeTCA 3fPeKTHBHOS UEHTpaJbHOE TMOJe, TaKk YTO BOJHOBHS
QYHKLMM  3JEKTPOHOD &aToMa B COCTOMHMM A MOTYT  OKa3aThed
HEOPTOUOHANbLHMMY QYHKILMAM 3/NEKTPOHCB aToMa B cocTomumM B. B
COJILWMHCTBE CJYy4YasB 3TOT IPPOKT HEBOJMK.

HayHéM ¢ nmpocTeftwero cJyvyas BOJIHOBHX ByHKIDI miira 11,
(T.8.(10.1)). C yudToM (10.8) MATPUUHHI SJEMEHT SIATMTUBHOT O
orrlepaTopa paBeH: ,

<AlF|B>=<a‘}fl|b‘>0(azb2)0(aab3)...+<az|f2|b2>0(aib1)0(a3b3)...

4.0
B ka®IOoM cJlaraeMoM B IIpaBoil YacTH OXHA Hapa OIHO3JIEeKTDOHHHX
coCcTOsAHMH CBA3aHa ornepaTopoM f, & OCTAJILHHE JOJIKHH HTbh IOTapHOC
OMMHAKOBH . OTCl0Za CJeAYeT, YTO <A|F|B> owwmyeH oT O, ecJu A=B
(IMaroHaJbHHII MaTPUYHHR 3JIeMeHT), JmSo A oTJIyae1cA ' oT B
COCTOAHMEM OJHOI'0 3JNEeKTpoHa. TakuMm o6pas3oM:

<A|F|B> = <a |f |b> mpua#b, a=b, kil
<a|F|n> = F<a |£ |a > (10.9)
BuGop mHAexca y £ He MIDaeT POJIM, T.K. COOTBETCTBYOT OCO3HAUGHIN
IepeMeHHON MHTerpHpOBaHUA.

C noMompo AHANOTUYHOT'O PACCYXKNOHMWS MOXHO IIOKa3&Tb, 4TO JIif
GHHApHOI'O oIlepaTopa

f
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<ajQ|B> = <&‘a’|q12|b‘bj> mpu a # b, a¢# b
a = bk, k#1,3
<AjQ|B> = §:<a‘a’3q”|b‘aj> mpy  a # b, (10.10)
a = b, k#i
<A|Q|A> = ?>,<a‘a,|q|z|a‘a,>

PacCcyxIeHUs,
TpoMO3JKoe,

MlepefnéM K  aHTHCHMME TPUHHEM gyuxumam Tina D
aAJNOTHYHOS HCIMOJb3OBAHHOMY BuWe, XOTdA u  GdoJee
[OKA3HBAET, YTO LA BIIWTHBHOTO OMNEpaTopa COXpaHAeTCA Pped3yALTar
(10.9). B caydyae CHHapHOTO onepaTopae MaTPHYHH{t 3JIGMEHT MO-MPeXHEMY
oTJUYEH OT O, ©CJH COCTOAHMA A ¥ B OTJAMYBOTCA JLpyr oT ZApyre
COCTOAHMAMI He 00J6e, ueM IBYX 3JeKTPOHOB. OmHako B BHpPaXgHUAX IAA
MATPHYHHX 3JOMOHTOB IOABAANTCA JOTIONHUTEbEHE UJIeHH: B KamloM
pHpaxeHuMy (10.10) cjaenyer 3aMOHUTD:

<a & la,,Ip,b,> = <aa lq,, |blb,>-<a‘a) la,, Ip b > (10.11)

HarmoMH1M, YTO FI0 ONpPeA8JIeHMO:

<a,a la,,|bb> = Hdﬁ,dﬁzq,ﬂ:f%""bffa)"’:ffz""»fgz’ (10.12)

IiBa uYJeHa B IpaBoft 4acTH (10.11) Ha3HBAWTCA COOTBOTCTBOHHO
npAMEM ¥ OOMeHHHM. TlocJeJniee HasBaHMe CBA3aHO C IepecTaHOBKON
2JIOKTPOHOB B OJHOM M3 OOKJAMOK MaTpUYHOro 3JemeHTa. OTMETHM,
OXHAKO, YTO Ha3lBaHMA “rpAMOR™ M "OOMEHHHM® CTaHOBATCA 0010 3HAYHHMKH
nib NS JMATrOHAJILHOI'C 3JIeMeHTAa:

<a‘a’|q1z|a‘a‘> - <ala1|q’z{a’a‘>
Iipu a‘aj # bibj MOXHO C PASBHHM YyCI8XOM 2-7 yjgeH B (10.11) Haaaa'rb_
npaMeM, & 1=f - OGMeHHHM.

TaxyuM 00pa3oM yu8T NpUHIMIA MayJu (T.e. UCIHOJib3OBAHME AHTHCUM-
Me TPUYHHX QYHKIME THA D) NpHUBOJMUT K TOABJISHHUI OGMEHHHX YJN8HOB B
MATPHYHHX OJIOMOHT&X OMHADHHX ONepaTopoB, B T.4. B MATPUYHHX
SJIOMEHTAX 3..9KTPOCTATHYECKOTO B3aWMOASHCTBHA BJA6KTPOHOB.

AHAJIOTMYHEM CII0OCOGOM MOMHO OHJ0 OH BHYUCJWATE MATDUYHHA 2JIeMBHT
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X Aaa odwero cuayuas QyHxum# |[YLS>  (10.3). Ilpiw s3TOM pesyanTeTr
OKA&3WBASTCA BecbMa TI'POMO3IOKMM, T.K. COUNQPHUT CoNbUOos YUONO
cnaraeMux. CHUTyalMA CYWeCTBEHHO ylipoulaeTcA, 8CJIM 3aMOTHTE, 4YTO B

¢yHKUMM (10.3) cymMuMpoBaHMe [10 (m) He 3aTpardBasT paivaJsibHue

. 1
&y HILE rp..l (r). loaToMy paIMalbHy® YACTb BOJHOBOA YHKUMM MOXHO
BHISJHUTL B BUIG MHOXUTOJNA:

2 1
LS> = =
|7 A II-I r Pn l‘ ?n)clmlyl -l n ' (10'13,

[} 1 ] i 1)

Teneps IS DANMANLHOR YACTU MATPUUHOI'O 3JIGMOHTA MOMHO IIOJYYUTH
gopMysu Tuma (10.9) - (10.11). Hanpumep, INA HEIMATOHAJBHOIO
MaTpUYHOTO 3JOMEHTA ¢ W3MeHeHHeM COOTBOTCTBEHHO OXNHOIO MM JBYX
OJHO3NEKTPOHHHX COCTOAHIA MMoJiydyaem:

<A =
|F|B>=K p(a _.b ),

<A B>=K - (IO 14)
|Q|B>=K R(a a ,b bj)-K R(a a,,b b ), *
rae p U R - pamManLHue MATpHYHHEe JJIeMEHTH:

pla,b) = JP‘(r)f(r)Pb(r)dr 4 (10.15)

R(a’a",b’b") = ”P., (r,)P,_.(r,)a(r r,)P , (r )P (r,)dr dr,

3 -

nech f(r) u q(rirz) pamayibHHe 4YacT# onepatTopoB f M g. B

gopMynax (1?.14) M-(10.15) a ¥ b 0603HAYaANT HE MEeTBEPKM KBaAHTOBHX
.

yuced n‘llm‘m“ a napu ".ln' JlBa vJgeHa B npaBofft 4acTH BTOpPOR

$OpMyJI (10.14) COOTBETCTBYWT NPAMOMY K OOMEHHOMY YJI@H&M.

KoagduimeHTH K, P Kd U K.- YrJoBHe Ya&CTH MATPUYHHX 3JeMEHTOB. B
OTJIMYKE OT paZMaNibHHX 4acTef P U R 3TU KO3GEMI™MBHTH BKJIKNYALT CYyMMH
no (m) X 3aBUCHAT OT BCOX KBAHTOBHX YKCea aroma. O6odueHMs. Hopmya

10.14) Ha ¢ = ¢
{ ) ayyan a bJ B Ha IMaroHaJibHefl MATPUYHHI 3A6MEHT B=A
aHaJoruyHo gopmyJaM (10.9),(10.10).

TakuMm oCpaaoM, coraacHo gopmyJaM (10.14) BHUYKCIEHUS MATPHIHHY
3JIgMEHTOB B oluweM cJiyyae pa3OMBAsTCA HA JBa CYWSCTEOHHO DABJIMYHHX
3Tara - BHYWCJIeHME DpalMaJbHOR U yrJaoBoil yacTeit.

1) PaJMaJibHHE BOJIHOBHE (QYHKUWM SA4BUCAT H8 TOJIBKO

OT KB&HTOBHX

2




AT
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yKcea n,1, HO ¥ OT LEHTpadbHoro nosaa U(r), T.e. OHM CyWeCTBEHHO
PA3JIMYHH IJA KaAXIOro KOHKPBTHOI'O aToMa M MoHa. Kak npasuso, GyHKIDM
P_(r) M3BOCTHHN JiMUWlb B  YUCJeHHOR Qopme. ToaToMy BHUYHCJNOHHEG
paJMAaNbHON  4acTH  MaTPUYHOIO 3JieMeHTa TpedyeT YUCJIOHHOT'O
MHTerpuMpoBaima. C Apyro#l cTopoHH,K ouwee BHpaxXeHue Mif paJMaibHol
YACTH BECbLMA NPOCTO =~ CBOJMTCH K OXHOKPATHOMY WMJM JBYKPATHOMY
uHTerpany (p,R).

2) BupexeHwe Ina yruosoft vacTu K, K , K, BOOGWS® TOBOPA, ropasio
CHOXHAA, T.K. BKAOYABT COMLWOE YICJO CJaraeMuXx cJioxHoft dopMt. B 10

®e BpeMA BCe  BXOLSUKE B HOTO  BOJMUMHH -  KO3(JuuIDIeHTH
Kneoua-ToproHa ¥ yryioBHe BOJHOBHE QYHKIDGK (opOMTanpHad dacTb Y,
M CIHMHORAS 4YacTk T) ) - M3BOCTHM B &HAJMTUYECKOR ¢opme. Oun

TIOMHOCTEN OIIPEHENANTCA KRAHTOBHMY YMCAAME YIJIOBHX MOMEHTOB M  HS8
3aBUCAT OT JPYIruX CBOHCTB KOHKPETHOro &aToMa. [lo3ToMy BHYMCJIEHMS
MOXHO ITPOBOJMTL B AHAJMTHYSCKOR JopMme. JnAa 3TOoro MCNodb3yeTcs
CIIeIMANBHER  AIIIAPAT  HeNPWBOJURANX TEH3OPHUX OTIeDATOPOR, a
Pe3yJbTATH BHPAXADTCA 4Yepe3 CHOeUMAJNbHHE (HYHKIDMM: 3j~-CcUMBOJIH,
Sj—cuMBonH u t.4h. llogpoGuHes cM. kuury CoGesisMana [I].

PoauMypyst, MOXHO CKa3ATE, 4TO  BHUKCJEHME  YrJioBoft  yacTu
MATPH'IHOT'O 3JIGMEHTA BHIIOJHASTCH AHAJMTUYECKU [0 ortpe e 18 HHHM
peuenTaM ¥ He 3aBHCUT OT CBOMICTB KOHKpPE8THOro atoMa. I[lpu 3aTom
yrjonpas 4acTh ONPEUEJIAeTCH YMCTO KMHOMATUYECKMMM XapaKTePUC THKaMA
aToOMa (He 2AaBMCUT OT BaauMmonefcTeuft) . MoaToMy ocHoBHas Mpodiena -
pacydT pamanbHO 4acTH MATPUYHOI'O 3JVIEMEHTA, KOTOpPAA OTpaxaeT
IMHaMVKY JBUXEHMS JJIeKTPOHOR B aToMe. B c¢Bow ouvepenr pacudT
palMajibHOfi YACTM CBOAMTCA B OCHOBHOM K HAXOXAGHI0 paJMaJbHHX
$yHHKIDM. BTY 3asayy MH paccMOTpMM B § 11.

10.4. [lpyMepH

3mechk MH DAcCMOTDMM JIBA ITpUMepa pacudTa MaTpU4YHHX 2JI8MEeHTOB:
IUTIOJNBLHOTO MOMEHTA ¥ SHepru.

1) MaTpUYHHI BJEMSHT JUIIOJLHOTO MOMEHTA <A|T|A’> OTJMYeH OT O
avnh TPH AT#A, IIpHuYéM A B A’ MMEeT ITPOTHUBOIIOJNIOKHNE 48THOCTHU. IlyCTh
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A-...(Lcsc)nlLs, A'-...(Lcst)n'l'b's’, rae "'(Lcsc) - OOCTOAHKO
&TOMHOI'O OCTATKa. B cooTBEeTCTBMM C /. f0.JA ¥ A’ OTIMYAKTOR Jib
COCTOAHUAMU OJHOr'O (“OonTHYecKoro*) aNeKTpPOHA.
llpexne Bcero HeoOXOMMMO DPA3NOJMTh pPamMabHYD ¥ YrJOBYD YaoTH
onepatopa. Jlna 3aToro yRo6HO MCMOJNbL3OBATH CQEPHYECKMO® KOMIIQHOHTH
BEKTOpA, KOTOpHe GyJlieM 0003Ha4YaThb a“(u-:l,O). MowxxHo nokasaTh, MNTO
IJifi pamMyca-BeKTopa r
€, - i%“y1“(e¢) (10.16)
CooTHOWeHKe TvIla (10.16) MMEeT MECTO M AJA Jpdor'o IApyroro BeKTOpa.
MponopMoHaNbLHOCTD ap cPepuvyeckoft PyHKUMH Y‘u ABJIABTCA OCHOBHLM
nmpeuMyecTBOM CPopuyYe CKUX KOMITOHEHT.
JIAA 3THUX KOMIIOHGHT MMOeM:
f>=
<A|r“iA > Y,p - (10.17)
p -of P (r)P ., (r)rdr, K= <Al/ 3% v, |Ar>
Ilpu pacyéTe K HEOOXOIMMO YUYUTHBATL, UTO onepaTop qu He JeloTByeT

HA CIMHOBWE NEPeMEHHHE M Ha NePeMeHHHe ATOMHOI'0 0OTaTKa. HCHoab3ys
QOpMYJH M3 (1], MOJAYYUM:

K\(-I)L“""".[_é & ;:].(1_._(21+1)(2L'+1))"2 {t‘ i’ :c} 0,,

(10.18)
rue 1_..- max(1,1’).

2) OSHeprua arToma paBHa AMaroHaJibHoMy MaTPUYHOMY JJIEMBHTY

TaMWIBTOHUaHA
E = <A[H|A> = <A|H +V|A>
pi z e
H = Z 5 ; r H v -|§) 1/fJ (10.19)

CorsiacHO I.4.2

24 o _p2ll Qi_ 1(1+1
¢ "[ra.tz““”*’“(‘—)‘la 9]
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1(0w) ABAANTCH ¢ 00C TBEHHEMU &y HKLM AMK

Y s
e aseH 1 H, cJe JOBATEIbHO

Kak BMIHO, yIJIOB
pu 3TOM ¢anwop KB (10.9) P

omepartopa H . Il o)
® h? ( d }_Ll_ﬂ)-] PR SN ]p l ar {10.20)
- r n.
<A‘Ho'h> = FOI pn‘l‘[ 2B (g2 ) R

A no
aaeMeHTA OT Y pa3’JioxiM 1/r‘z

na BHYMCJOHMA MATPUYIHOIO

cdepHus CKUM Qwuxuxﬂu:
L < * : (10.721)
., A% v (e © }.‘_{ . (91{@-2)' {
= ; ";‘\ @41 tapt it PYTRRERS
i < T
;m;?TGboowneTCTﬁewHo min 1 max M3 L .

. Y
chapnie CRRX TEHICPOE &Ju
feA T DY B 3eMaHY,

e o= 2 1, 12
Y 2) - CKaAAP
j?l‘\zu,u“; w;‘( )

papia & oGoGmasn  {(10.14) HE

oo IROY3B ueuue
IARDOHANR wW

TOAY YAadts

Sy (L3R {eo @ .2 B )7

Ajvias = 2 gl
<A]Via: R

rie a=nl #
(30.23)
R {(aa’',8a) = 3
3 LR

R (aa’,a’a}) =
®

- [IpFAMO oOmMe 8, &an & . Qi He SyluemM 346C
i ] L bHHE WHTe D& pit I B
. #wu M HHER P 911 (=] J : .

K, “
HPUBOIUTD BHpaXeHUA LR Ko 3@ HTOD

cYMBOJH (CM. [1]) ¢ B oSuem cayuae OHM noBonLHO rpoOMO3 XK.

§ 11. BHYMCJI8HUB 1aNbHHX BOJIHOBHX Gy HKLFA

TcA paiabHHM ypaBHe HH8M

oITpe A8 A8
oTJIYAK-

CywecTByeT Pal MeTOHOB,
AMM ANA nond U(r) ¥ ZApyruM¢ I8 TaJIAMH «

JMHMUH © emanaleft Ry IJIA 3Hepruw.

PaymaJsbHand QyHKIA P (r)
(4.10) ¢ LEHTPaJbHHM uoneu u(r).
WMXCA pPas3JIYHEMA TPUG IS HUAMK
Huke MCIIOJB3YWTCHA aToMmHHe ©

noJsg

11.1. MeToX caMocor.nacoaam{oro

HHHI{ &TOM. Pamuanbdoe ypaBHEHMS nna  i-ro

PacCMOTPUM N-3JIOKTPO
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3JIGKTPOHA MMeeT BUX (4.10):
a2 1, (1 +1)
-4 _2u(r) +E£|P (r) =0, i=1,2,...N (11.1)
er 2 i i i

B xauyecTBe U‘ (l’) MOXHO IPHHATH cpenHese noJse, c031aBaBMOB
OCTAJILHHMU N-1 3JIeKTpOHaMu CO C@DK‘IQCK}N pacrnpenesieHMeM IJIOTHOCTH
sapsna P:(r):

U (r) = Loy p) [l jréz(r )dr_ + [mp’(r )gfl]-
i r r J 1 1 J 1 r
jEIL 0 ' 1 (11.2)
2 ¢}
- -;1 + 3 I P (r, )-——
1#1 0

rge r = max(r,r, ). BupaxeHue B KBaJpaTHHX CKOOK&X COOTBeTCTBYeT
TeopeMe I'aycca-OCcTpOrpaickoro: NOTEHIMANA B TOYK6 r paBeH IOTeH-
1Many 3apana, Haxonsmerocs BHYTpM cPepH pamiyca r, COCpemoTo-—
YEeHHOr'0 B lLIEHTpe cgepH, IJOC NMOTeHLMAN B L@HTpe ocPepH OT 3apdana,
HaxomAmerocs BHe cdepH. Kax BumHo M3 (11.2), U‘(r) yAOBJIS TBOPAET
ychoBUAM (4.4)

YpaBHeHMa (11.1),(11.2) ¢ i=1...N 00pa3ypT CHCTEeMy CBA3AHHHX
ypaBHeHMit. OHM Ha3WBaAOTCA YPABHOHMAMKM CaMOCOTJIACOBA&HHOI'O IOJdA
(CCIT), T.K. NMOJNIA U DOMeHUs] YPABHOHMI COI'JIACOBAHH Jpyr' ¢ JHPYI'oM.
YpaBHeHuA CCIl OHJM MOJYYEHH B 1928r'. AHIJIMACKUM (M3UKOM Xaprpu u
Ha3HBAOTCA ypaBHeHMAMM XapTpH.

YpaBHeHuMA XapTpu MOJIyYeHH M3 HArJIATHHX cooCpaxeHMit h1¢
ompexeJieHMe ToTeHuMana U (r) COXSPEUT 3aMeTHHIt ITpoM3BoJ. BoJee
CTPOr'0e pelleHMe 3alay¥ OHJIO NOJYYeHO JIOHMHT'PaICKuM ¢M3mKoM TOKOM B
1930r. Ha OCHOBe BAapUAUMOHHOT'O INPHHIMIIAS -

O<@|H-E|T> = 0 (11.3)
NpU JOIOJIHMTEJbHOM ycJoBuM <@|f>=1.

Eciu $® — mpousBOJIbHAA HENPEPHBHAA QYHKUMA Ei..:E", ua (11.3)

cyaenyeT ypaBHeHMe lip&mmrepa nnsg $. Ecom me § — npuoiuxSHHAA QYyHK-
1M (C pasfieIiEHHHMM TIlepeMeHHHMM) Tmma II (10.1), TO ypaBHEHHUS

e
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9fslepa 3aToN BapuaUMOHHOR 3azayu  xawT ypaBHeHMsa XapTpu (11.1),
(11.2). B onyuase QyHxiptt CoJiee oluero Tumna (10.3) nosyyaem cuUcTeMy

VpaBHeHMMA ¢
1 (1 +1 .
[ a —‘(——;—-—l < 2U (X)+E (P = B W (r)P (11.4)
dar? r

3nmecs U (r) oTidyapTca OT TloTeHuMagsa (11.2) JOTTOJHUTO JIb HHMK
: :
YJjeHaMi, COOTBOTCTBYUMMHU MYALTHIIOJbHHEM B3auMoNsfic TBHAM

dr (11.5)
1 1

o
® r
X 2 <

Uf(r) = ’flc.,‘ I Py(r) ET
o >

P 00 {08 EBWOKB"C TBUE M
aBaf yac 11.4 8JICTBBJAABT C oft oOMeHE
I T B ( ) np:

o rr, .
¢ * <. dr (11.6)
wu(r)n; cljoj P|{r‘)Pj(r‘)_r“1 1
>

LMK 3H8KOM WHTETDAJA.
T.a.wi (r) BKJNYABT HCKOMYD QyHKLMK Pl(r)non 3HAKO A o
Ypapuenitst CCIl npencTaBAasnT Co0Ofl CUCTEMy HeJHHeMHHX ypas :
. b
Hx pemeHMs OCYyWSCTBJARASTCA YUCAEHHO Me TOOM NOCJIe ROBATBJIbHH
nmpusJnmkeHuit. 3a MCXOIHO® MNPHSJMEREHME JTPUHMMADT gpQCTue dwﬂ?umﬁ
] r
P (r) (HampmMep BOJOPONONOROCHHE) ; BHYHCAABTCA Ui(r) u iy(‘ "
: : 1 r nyTéM peiloHH
3aTeM HaxomuTcH cJhashyxiiee TIPUC/BIESHHE A P‘( ) y . :
ypaBHemHuft (11.1) wnym  (11.4). [Janee T1potiece HOETODHETCR X
oCecreuyeHuss CXOJMMOCTH. OIHOBPOMOHHO OTpE Ie JIADTCA CcO0GC TBOHHHO

3HAYOHNA 3IHEPI'e THY8CKMX NapaMeTpoB 6‘.

11.2. [osysMIMpide ckuit MeTox

Pemenye cucTeMn ypaBHerMil CCIl mnpejcTaBAseT JOBOJIBHO CJOXHYD
3aya4y Jaxe IpM  MUCHOJb30BAHMM  KOMIIEOTEPOB. TloaToMy  4acTo
HCIoJb3yeTCA 60Ji86 NMpPOCTOe MNPHMOJMXEHWe, B KOTOPOM paccMaTpuBaeTCA
JMIlb ONHO ypaBHeHMe Tuma (11.1) ;A ONTHYECKOT'O0 3JEeKTpoHa C
KaKUM—JMG0 M3BECTHHM roJieM U(r). Jna pacudta U(r) ncnonbaz::,
HalpuMep, BOZOPOAOIIONOCHHS $yHKUMY, cTaTucTnﬁecxuﬁ M8TOX

Tomaca-DbepMit M T.X.
CaMo 1o cefe TaKkoe NPUOJMEEHWM ~ AOBOJLHO Ipyco. CymecTBEHHOS

AN e 30t
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YTOYHeHMe pe3yJabLTaToB MOXHO TIONYYUTL, ecJm noxcTaBiTL B YPaBHeHKe
dKCNe pUMSHTaNbLHOe 3HAYeHHe 3Hepruu ¢ :

IKken
a? _ 1(1+1)
[drz = 2 - 2U(")*C}P(r)-o; c-caxcn (11.7)

rae €, ., — 9HEPruA ypoBHsA, OTCYMTNBAeMaA OT IPaHMUN MOHM3IALMH. B
GONBUMHCTBE CJAYYAOB 3TK SHOpPr¥M U3BeCTHH, M 3ajaya COCTOMT B
P&cY8Te BCJHOBHX QOYHKLAR M MaTPUUHHX 2A6MENTOB.

Taxoft MeTog Ha3NBAeTCA [0Jiy3MITMPUYeE CKIM. llpy sTOM oOCOGEHHO
CYWeCTBOHHO YTOMYHAOTCA MOBENoHMe P(r) npu Goabumx r, r.x. 3HavYeHHe
€ onpegesser a-CHUMIITOTUKY P(r). Pasymeerca, €,kcn He  ABRAGTCH
COOCTBEHHHM 3HayeHiieM YPABHOHMA C IPHOJIKS HHLM U(r). ToaTomy npu
r ~ 0 pe-WweHMe DPACXOLMTCA U 8ro HeoOXO0ZMMO 0GOpPBATL np¥  HeKoTopoMm
AOCTATOYHO MaJIOM 3HAYEHMH r.

HacTo Mcnosb3yeTcs ewd Gonee NIPOCTON BADUMAHT  I0JIY 3MITMPHYE CKOT'O

MeTona, B KoTopoM U(r) nonaraercs PaBHLM a/CHMHTOTMWBCKOMy
KYJIOHOBY noJp:

U(r) = _Z/r' 7 = z“ - N +1 F) (11.8)

9TO MPUOMKEHUE HA3UBAGBTCH KyJoHOBCKMM. Ero cyuecTBeHHM AOCTOMHC-
TBOM ABJIAGTCA BO3MOXHOCTH 8HAJUTUYE CKOT'0 DeWeHUA ypaBHeHUs (11.7).

Mony armripuye cxum M8TOX (B T.4Y.KYyJOHOBCKO® TPUCIIMKEHIE ) 0COGeHHO
3¢PeKTHBOH AnA pacyéTa MATPUYHHNX 3JIeMEHTOB, B KOTODHX OCHOBHOM
BKJAL BHOCHT 06JIaCTb GOAbWMX r. Baxtum mpuMepom sBasercs MaTPUYHHNR
S/EMOHT I A10/LHOTO MOMeHTa <A|T|A’>, KoTopuft onpesesnser BepoaT-
HOCTL  ONTUYECKOr'® nepexosa. Boodue, CASyeT  OTMETUTH, YTO
noJiysMiMpudeckuft Meton B PAlle cayvyaeB Mo¥sT  gmaBaTh Jyyiume
Pe3ynbTaTH, YeM MeTox XapTpu-Poka. HeRcTBUTONLHO MeTOoXN XapTpu-®oka
odecneuynBaeT HaWJlyune pajuanbHue QYHKUMU A pacysra 3Hebrnn. Ho
T6 %8 QVHKLUMM MOTYT OHTB He ONTHMAJILHEMA JJIA BHYMCJASHUSA MATPHYHHX
9JIEMEHTOB  Ipyrux ONepaTopoB, B YacTHOCTH ARd  HeIMAaroHaJIbHHX
MABTPHYHHX 3JIEMOHTOB. OGOGEHHO 3ToO OTHOCHTCA K cayyap nepexoxnon
MeXAY BO30YHASHHNMU COCTOAHUAMY .
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Mpunoxenve. 33j- u 6) - cuMBOSH

1.1 (1.1
<Lm |y, [1,m> -(-1)"[1‘1211//7i [ 12 (01020]

NpeoGpasosanme oT cxemu 3 j m m, k cxeme J 3, jm, rxe J = 31+Iz B om - _—
OCYmeOTBAASTOA O TIOMOmMBbL XO3gIsMeHTOB Kieowa-I'opjoHa: [11 1231 - [(211 +1) (212+1) (2a+1)]“z
'j‘jsz> = -z- (jljljlqj'ljznlnz)lj\-1>.|52-2>‘ (n'l) j|jzj3
172 6j-c
3j~CHMBOJIH NOYTH HE OTJMYANTCA OT KoadIsumeHTOB Kinedwa-TopmoHa: 3-cumson 11,1, BO3HMKAOT NP NMPOOCPA3OBAHMH OXOMH CJOXOHMA
3.3.3 -1 -m 1 MOMBHTOB:
179273 1 72 73 -
f [ nmm ] = (-1) m(j‘izjs l,li,jznll\z). (I1.2) 04,3
{ h‘- 0 3 'j1 jz (J,)j3m> = ?' ‘-1)-J o .‘J.’ZIJ’.J”]{J";,:’ }"j‘js (J-)jzm>
” Takoe OIpexeJieHMe HesaeT BCe TPHU INapH MOMEHTOB 3A“| B 3j - cuMBoOJ® . 271 (.83
| 9KBUBAJIGHTHHMKM . [IpM NepecTaHOBKEe JCOA NapH MeHAeTCA (asa: Pa3saras BeKTODH COCTOSHMA B NMpaBoOft M JieBoft 4aCTAX (II.8) coruachHo
| 3,3,3, ( soeimg [ 03,3,3, 0.3 (I.1), (II.2) ¥ ucnosnsys cooTHomemms (I1.4), moyuyM:
m mom, m, nom . {3‘3233} - 3 (_1)'1"2”3”‘1'";'"3 Lo s
? U3 yHMTAPHOOTH KoaddumeHToB Kuelwa-TopioHa CJAeAy©T CBORCTBA ves u:#:u: 1,1213 1112 13 111213 1’ lzja ;
‘jj{’ OPTOr'OHAJIBHOCTH ¥ HOPMUPOBKK 3j-CHMMBOJIOB: momm (w4 e | [, ,m, .
} L (29, +1) jJng j,’zji -0 5 (I1.4) 63~ CMMBOJI NONMYCKAeT MOPECTAHOBKU JIOOHX CTOJICLUOB K JNOOf maph
"o, 3 mon LI 131y Tmymy | MOMEHTOB B XBYX CTpoOKax
" 33,3, 33,3, ! {j1 jzj:,} j1jajz j. 11
! 29, +1 t S | - L SALILE S .
1)3.3( 33 )( m m,m m‘mz’ma Womi Tmom : 11 1213 111312 ltjzjs (B-10)
3) - CMMBOJH OTJMMHH OT O TOABKO JJA ULeJHX ¥ moJyussmux J , 6}~ CMMBOJ OT/MYEH OT O TONBKO NPY BHIIOJNHOHMK NPaBUJl TPOYI'OJILHKKOB
‘” YZOBJIe TEOPAIWMX IMPABUIY TPeYToJbHUKA 8(3,3,3,). A(3,1,1,), A(1,3,1,), AL L3.) C iy
A(3,3,3,0: 3,+3,23,. 13,-3,I<3,,-.-+ 23, - ueuoe, (I1.5) Tlpu He/MMVMH OXHOTO HYJA 6)- CUMBOJ BHPAXAGTCH MPOCTOR dopMyIofk :
i TOYKM COOTBOTOTBYOT TOM %8 COOTHOWLGHMAM ¢ JOOH TIlepecTaHOBKOR ’ 3.3.9 YRy 6’ . o, ,
i‘i uHAeKCOB. Ec/m omHO M3 J PaBHO 0, MMEEM: ! ol =yt 23 32 (I.12)
i 503 ; 2 (@, " '
o j . -m |
n‘O m:l = (-1) 1 1 1 6 ) (I 6) |
1o T3 2341 1z *;
3,3
B pacuysTe 4YacTO BCTpPeEYalTCA 33-CUMBOJH BUAA 01 02 0:’
[ 3TOT CHMMBOJI OTJIMYEH OT O, 6CJM 2 ~ U8THoe. MMeeT MecTO pPaBeHCTBO:
i
h
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IV. PeastTuBicTckue 3dPekTH

Jo cHx mop MH OrpaHMYMBANUCH HOPEAATUBUCTCKUM MNPUCTURSHMEM.
3azaya HacToOANero pa3jiefa - PacCMOTPeHMEe pPeJATUMBUCTCKUX NONMPaBOK.
MoxHO BHAEJMTL JBA OCHOBHHX Tia PEAATHUBUTCKUX 3GPOKTOB: KUHEMATH-
YOCKHe NOMpaBKM M MATHITHHEe B3auMmomeftcTBUS. Haubosee BaxXHHM M3 HMX
ABNIAGTCA B3AMMONSNCTBHO CIMMHOBOIO MArHMTHOI'O MOMEHT& JBUXYMErocs
3JIOKTPOHA C 3NOKTPHUYECKUM roJieM (CIMH-OpOMTANbHOEe B3auMolefcTBHE) .
3T0 B3aUMOJIeCTBHE NPUBOJMT K PACUEINGHMIO 3IHEepreéTHYeCKMX YpOBHef
HAa pPAN KOMIOHOHT, T.e. K KAYOCTBEHHOMY M3MOHEHMIO CMNeKTpa. JYKa3aH-
HO8 paclerieHne Ha3HBAOTCHA TOHKOM CTPYKTYpofl ypoBHeft (TepMoB).

KimiemMaTHyeckMe NONpaBKY CBA3AHH B OCHOBHOM C 3aBMCHMOCTBLD MacCH
3J8KTPOHA OT CKOPOCTH. IJTH MNMONMpPaBKH NMPUBOAAT JMlb K CPaABHMTEJbHO
HeOSOJIbWOMY CHBUTY SHepreTHYeCKHX ypoBHeft 6e3 KayeCTBOHHOI'O
H3MOHOHMA CIIeKTpa (0e3 HONMOJMHUTeNBHOR CTPYKTYpH). IloaToMy 3T
TNONpaBkU CAGAYOT YUMTHBATH Jnaib B TAKUX  pacusTrax, KOTOpHe
NPeTOHAYNT HA BHCOKYD TOYHOCTb. [IpMHIMITMANLHO® 3JIHAYeHMe 3TH
nompaBKM MMeDT JIJA CNeKTpa AaToMa BoAOpoA8 M  BOJNOPOJOINONOOHHX
MOHOB, T.K. B 3TOM CJiyuae BO3MOXEH TOUHHN AaHAJMTUYECKIt pacusT
YPOBHER M 3KCIepPUMEHTAJIbHASA NMPOBOPKA OCHOBHHX IPMHINUIOB TEOPHM.

Ilpy pacy8Te pPEJIATUBUCTCKHUX MNOMPABOK BaxHy 0 poJib urpaeTt
de3pa3MepHas IOCTOSAHHAA TOHKOR CTPYKTYpPH

e? _
“he T 137,036

Huxe oHa BCcony oGo3HayaeTcA 1/137. MOPAROK BEJMYMHH PEJATUBUCTCKHUX

MoNpagox

[ v ]z voz 2 2 2
() - (&)%)

B GoNBUMHCTBE CJYy4YaeB PeJIATMBUCTCKO8 M3MOHOHMe J3Heprui HeBeJM-
KO, HO AN TAXSJHX &TOMOB OHO MOXET OHThH BechbMa 3HAYMTOJNbHHM. Tem
HO MEHee HNXe BCOIY MCNOAbL3IYETCHA TeopudA Bo3MymerHuit. TouyHH pacys8Tr
peaaTUBUCTCKUX 3fPEKTOB XJA 3JIGKTPOHA B LIGHTPAJLHOM IIOJIe OCYWecT-
BJAGTCA B TeopuM upaka, HO 316eCh MH €8 paccMaTpuMBaTh-He OylreM. B
§6 12-13 paccMOTpeHH peJsiTMBHCTCKMe IPPOKTH ANA ONHOI'O 3IJNEKTPOHA B
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MeHTPaAbHOM NoJs .

§ 12, KuHaMaruqecgge nolpaBky

- Penatusuc rexun raMuan,
; bTOHMAH 3JleKTPOHa
pason p B ueurpanb?ou nose U(r)
- 2 2 2 12
Ho o= (P°c®+ wPc') 4 y(r)

n (12.1)
PH BHYMCJAe HUK BO3MyWeHUA 3a cY4T OTJIMYUA H

OT He ! -
el I Ho ful HOpeJIATUBUCTCKO

Heolxommo AONMOHUTONBHO BHYGCTDL Heprup

noxosA:
H' = - H - mc? Ry
H"l H = mc® = [pzcz+m2c']z- gﬁ - 1w - —21—— (12.2)
8m’c? '

C
00TBe TCTBYyWaA NonpaBka K 3Hepruu ¢ Y48TOM paBeHCcTBAE H ¢ = ¢
()

AC.’ = - <p‘>.-

8m’c? 2mc?

<(e-u(r))%>,

T.8. B QTOMHOR CHCTeme 6UTHIML C eX.Ry MMeeM:

e, = - —1_ :
£-2U(r >
. 4.137° (2] ;
Bo. ,

o JM3K AIpa 3TOT BNBOJL He romMrca, T.k. U(r)~'y YXx6 He ABAAeT
M . m | .
AJHM. BoJiee Toynuit pacuysr TNIOK&3WB&8T, YTO npu  3atom 4
ROGABAASTCA AONOJHUTONBHUHA YAeH ~ V2 U(r)=-4%p(r) p(r) roon
Jooans ’ = IUIOTHOCTB
PAna, cosnawwero nose U(r). 3ror HOTIONHHUTONILHHN YNeH Ha3uBaeTeA

KOHTAK THH . JUALI
o HEM, T.K. OH OTJIA4Y6H oT HyJR b B TOYK&X, TRe A(r) # o
JIHNR KHHeMaTHye ckuft CIOBUT' YPOBHA paBeH: .

(12.3)

ag, = ag; + ac ; AE = -

<

2
< .
41077 v u(r)> (12.4)

B cayyae xysaomnosa nona U(r)=-z/r

no K
wrona moo npaBKa " 3a cy#r KOHTaKTHOro

b = -1 1 2 ’
e =T PPm I a0,

T.0. OH OTJMYEH OT 0 Tosabko AN 8 -~ COCTOAHUR

KuneMatuyeckag nonpaska A€
k
WoHa (H) MoxeT OnTh paccunTana

AN BOXOpPOKA M BOZODPOXONOZOCHOTQ
8HAJMTHYE CKHit; noayvaem




/
l

- 50 -

2 2 .3 . . 12.5
be, = o7 plZw A oa.0] (12:9)

Kax Buﬁno,nonpasxa GHCTPO PacTdT C POCTOM Z M yOHBaeT 0 POCTOM
n. naxé OTHOCUTEJIbHAA BeJMYMHA Askle - zz/n. 9T0 CBA3&GHO C TeM,
4YTo C PoOTOM Z M YMOHbWEHMEM N pacT8T CKOpPOCTb Ha OpOUTe K,
OJNIOJIOBATONLHO, PacTyT POJATUBUCTCKHE a¢POXTH .
OTMOTHM, YTO SABHUCHMMOCTDL
1zt
137 »®
XapaKkTepHa M IAA HPYTHUX PeJATUBUCTCKHUX TIONPABOK .

(12.6)

At ~

§ 13. CrH—-opOUTAaNbHO® B3AaUMONIeNC TBUE

CrMH-OPOMTAJNBHHM B3aKMOJeACTBMEM Ha3HBAETCA MArHUTHOe B3auMo-
RefcTBMe CINMHOBOI'O MarHMTHOI'O MOMEHTa 3NeKTpoHa ¢ TmoJeM U(r) 3a
CYST IBMESOHMA 3JIEKTPOHA MO OopouTe.

BcakaA sapAxeHHaA yacTHLa, olJiajiakulad MeXaHM'ie CKUM momeHToM hI,
o6aanaeT MArHUTHHM MOMEHTOM

g o= Ho 1/ B, = eh/2mc , _‘ (13.1)

MHOXMTEJb |l HA3HBAeTCA I'MPOMATHUTHLM OTHOWEHUEM WJIH Maruerou?u
Bopa. 3Hak MMHYC CBA3&H O OTpPULATEJbLHHM 3apAJIOM JJIOKTPOHA .
AHAJIOTMYHHEM OCpPa30M CO CITMHOM 3JIeKTPOHA CBA3aH Mar'HY THHR foueur
ﬁ., HO TMPOMATHMTHOe OTHOWEHMe LI HeKJACCHYeCKOro MOMeHTa 8 , Kak
NoKasajl 3KCNepMMeHT OfHuTe#tHa - -JAe Xaasa, OKa3HBaeTCA BIBOS
GoJIbIKM:
B, = -8 (13.2)

1

CooTHOWeHMe (13.1) JIeIKo IOJYYMTL MeToJaMu KNacCU4YeCcKoR {M3UKK.

InA 3JeKTpOHa, NBMXYUWEIOCH MO Kpyrosoft opoure,
1 ev . 2 e - -eh, o
b= —5IS = ~Zpre® = “FmePf = Zmcl = Wl

rae I — "cusa TOKa“, p — MMIYJALC 3J6KTPOHAa.
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.

Ecou vacTua, odnazanuasd MAIHHTHHM MOMOHTOM, XBUXOTCA B  3JIeKT-
PUYECKOM IIOJIe, Ha He8 XefiCTBYeT HONOJHKTONLHAA Cuaa. Ilpome Bcero
3TO B3aMMONGCTBME OUSHMTh B CHUCTOMe KOODAMHAT, CBA3AHHOR ¢

anexTpoHoM. [Ipu nepexosie X aToft CHCTEMe BOSHUKAST JOMOJHUTOJNBLHOS

MarHMTHoO® [10J1e

b= L) - Ldon = enl - A9
3zmech 6-—%70 —~ HaNMpAXSHHOCTbL 3JIGKTPUYECKOI'O ITOAA (HAIlOMHMM, YTO U
- 3Heprud, a He noTeHuMan). CIMH-OPOUTANbHO® B3anUMoNefCTBMe pAaBHO
3HepruM B3aumoneftc TBUA ﬁ_ ¢ nosem b. IIpH 3TOM CJeAYeT, OMNHAKO,
HOCABUTb MOMOJHMUTOJIbHHIt MHOXMTEJNbL 1/2 (T.Has. mnonpaBka Tomaca),
OCYCNOBJGHHHIt TeM, YTO CHCTOMA KOODIMHAT, CBASAHHAA C 3JNOKTPOHOM,
He ABJAETCA MHepiLMaJbHOf. TakuM 06pa3oM, raMUJbLTOHMAH CIMH — OpOM-
TaJNbHOI'O B3aUMONeMCTBMA DaBEH:

2

Hll = -“1-5) =

Ina pacydTa M3MEHOHMA 3HEPrMM AE MCIIOJL3YEeM TEOPHMD BO3MYMEHMt.
YTOoOH M30eXaTh PElleHMA CJHOXHOI'O BEKOBOI'O YDaABHOHMA JNA BHPOXRLEH-
HHX COCTOAHM] llsu'n'>, MH nepeftndM K JXpyromy IpenCTaBJAGHMD, B
KOTOpOM MAaTpMLia BO3MymeHud H | ImMaroHaibHa. Bnarozaps BO3MYyMeHHD
H_l OpPOMTAJIbHEIt M CIIMHOBHR MOMEHTH 3JIOKTPOHA& HE COXPAHANTCHA — OHHU
CBA3AHH MATHMTHHM B3aMMOZEfICTBMOM (H , SaBUCHT OT yIrJa MoXay I
8) . CoxpaHswoumefics BeJHYMHOR ABAASTCSH IOJIHHA MOMEHT i

J=1+s, . (13.4)
T.K. BHYTpPeHHee B3auMonefic TBUe H He MOXST HSMEHMTbL 6ro. Taxum
odpasoM B 6a3uce |lsjm> (m -mpoeKimsA J Ha ocy z) wmarpuua H'
JUaroHaNbHa I10 BHPDOXRIOHHHM COCTOSHMAM jm:

1
<lsjn|H.‘|lsj'n'> ~ 08(3,3")0(m,m’).

B aToM cJyyae MOXHO MCIOJB30BATh NPOCTOff BapMaHT TeEOPMM BO3MYyme-

HMt, B KOTODOM M3MEHEHMe® SHEePrMM AE PaBHO CPeNHeMY OT BO3MYMEHMA:

2
4€(j) = <nlsjm|H_ [nlsjm> = 2 > a_ <(Is)>, (13.5)
* 2n’c? ™!

(13.3

'
'
'
[
N
i)
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rie w _;’Léf ‘ ‘ 5.6
TONBKO

KOTOPO® X&pAKTepU3yeT

BHYMUCJIUTD, ucrnoab3yf KoaQs -

g mcma-rdgiona; _ ) e
L '"f'(lsjhliﬂﬂ" )% p"|(r)l1l >|sm®>

(13.7)

t]hliju> -3
: nn

‘ . <(1 ; ' : uscerad K
ﬁbﬂﬁwb <(I8)> Moxio Gonee NpOCTHM TMNYT&M,  He np

Oxxaxéioanoieﬂun.'BossenéM B KBaIpaT onepaTopHO® paBeHCTBO (13.4)
:’g:zhEZM cpéjxée aﬁaqeﬁne oT o0eunx “BCTiﬁ paBeHCTBA: .
<> = J(3+1) -.1(x+1)+s(s+1)+2é(is)>, ?‘T§)>- i
fne MH ncnoibaonénu,coowuomeune (4.7). Ompenensasn orcnna.
OB MEHE eﬁunnuu ¢ en. Ry Ana 3HepruH, nonyyYuM:
HCONoJb3yA ATO! oo

he(d) = —L A (3(3+1)-1(141) s 61T
BT 1 pacue
3aBUCHMOCTD AE(3) o3HauaeT, 4TO ypose:ZMQOH:“TH T eepunts
usa Ha JBE .
IHH-OPOUTANIBHOTO p3amoiefiCTB e
. o =1¢1 (puc.4). 31O pacuenneHme Ha3uBaeTCA
. oy u( ). {(ry/r, rae L(r) - MOHOTOHHO yOuBawuas
oft. Mockoasky U(r)=- . o
v, 4 oMy a_ >0 H, c/ie AOBATENBHO, xoun?nenr
Pynxima, du/dr>0. foaT .t e N
L nex uexoJpioro yposHa nl, & KOMITOH T - v
=1+, nexUT BHWO =

£(3)
s - yposeHb (1=0) @CcTeCTBOHHO HO pacmennfeTca u A ;j =0 oo
‘B CHeKTPaNbHHX 0603HAYCHKAX ajayenue 3 mmeTcA

B T.A.
crmpaBa BHM3Y: HapUMeD, 13112, 2p,,, Zpa,z
Jina KyJoHOBA TOAR U(r)=-2/r

IIAeTCA 38 CU8T

.(13.10)
()

a = I p d% ar - z'/n’

nl ° ni r

70 OH. J AE . (CM.
~z'/n® aHajormuHo TOMY, K&K 3TO 6o A .

Kax Bumio, AE(3)
(12.5-6)) -

{ e : - bgppexTHBMMA 3apAA.
B oGmem cnyuae Ae(j)~z:‘/n , tme "2, ‘
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BucTpuft pocT u'l~1/r' npy r—-0 MPUBOAMT K TOMY, 4TO z_r>z. Ina
OLleHOK MOXHO OpaThb z:, "~ zz“.

OTMETMM B 3aKJOYeHMe CcJelywee OOCTOATONLCTBO. EcJm ac-z', 1o
COOTBETCTBYKUE® W3MOHOHHMO MAJMHN BOJIHH Mepexoxa ¢ An#0 AA ~ 68/e'
He 3aBUCHUT OT Z. B caydae AC-Zir OA -~ (z_r/z)'~ (z"/zf, T.0.
CUCTPO pPacT8T ANA THXRSJHX INOMBHTOB, OCOCGHHO MPH HeSOALWMUX Z.

§_14. ATOM BOAQOpOXA

B HOpenATUBMCTCKOM NpUONNKeHUM ANA aToMa Bollopola K BOJOPONO-
NOJOCGHUX MOHOB (H) MMEBT MOCTO clydyaftHoe BUPOXIAGHMe MO l: 3HepPrudA
€ = -2°/n’ . 34BUCHT TOJBKO OT I'VIABHOT'O KBA&HTOBOPO YMCJA n. Peas-
TUBUCTCKME NOMNPaBKU IAA [H] BUYMCAANTCA TOYHO K JHaLTCA opMmysamu
(12.5), (13.9) ¥ (13.10). CrkhasuBasa KuUHeMaTHyeckuft M CIUH-opOU-
TaflLHNRA CHBULY, 1TONYYHM [10JHYI0 PENATHBUCTCKY MMOMPABKY K 3HEPIUM:

. . 2! 1 3
AE()) = AC. vAC_l (3) = --1—]7;; j—:; vy (14.1)
! B 4acTHOCTH, ANA PE3OHAHCHOR JIMHUK L, (1s-2p) ;pacuerieHns
- - = 4 -1
| oc sc(2p,,,) §5(2p112) 0,3652" cM (14.2)
OA=0,0054A

} OTME THM IS CPaBHBHWA, YTO CHBMI' OCHOBHOT'O YPOBHA (063 paculenfeHuA)
o
paBeH AE('s) = 1,462'cM™', yTo HasT AA = 0,021A.

M3 ¢opmysu (14.1) BUEHO, YTO TMOJHaA pOAATHBUCTCKAH [ONPSBKa

3aBUCUMT OT J, HO HO 3aBMCHT oT 1. TexkuM o6pa3oM, ocayualHos
KYJCHOBCKO8 BHPOXKJASGHME YACTHYHO COXPAHASTCA — VPOBHK 28‘/2 u 2p|,2,

, ]s‘,z wiip,,.. 3, H :sd“2 M T.A. MONapHO COBHNANAKRT. ITOT

Pe3yJbTAT OCTadTCA CNpaBeUIMBHM M B 60Jie® BHCOKMX NODAJKEX Teopu
BO3SMYWSHKUE M IpH TOYHOM peweluV ypaBHeHuA Jupaka.

OxcnepuMeHTH Jsmoa ¥ Pesepdoplia (1947r'.) NOKA3&JNM, YTO YPOBHM
28, 1':'2;:”Z aToMa H B Ne#CcTBMTEJbHOGTH He COBN&kawT. FaccTrosnne
MemAYy HMMM ~ 0,035cM.} T.e.~ 0,106. 9T0 pacuemyeHue HA3HBASTOH
A3MOOBCKMM CJABMI'OM. BCKOpS [MoCJe 23KCIEPMMEHTANBHOI'O OCHADYHSRWSA




v“

- 54 -
NA3MOOBCKOT'0 caBura OHJO JaHO ero Tebpuruqecxoa 00BACHEHU® 38 CYET
T.Ha3. "paJMALMOHHHX MonpaBok". Ilo cywecTBY WMEHHO HEeoO0XO0MMOCTh
06HBACHOHMUA JNIAIMOOBCKOI'O CABMUT'@ MOCJyiMa TOJYKOM JAA MOCTPOeHMA
HOBOft COBpPEMEHHOft KBAHTOBOl 3JeKTpOJMHAMIKHK, B T.4. TeOpPUH
e peHOpMUPOBOK..

JeMGOBCKMAl CHBMT MMEOT MeCTO LA BCeX ypoBHeft ¥ TaxkuM o0O0pa3oM
OKOHYATEBHO CHMMA8T KYJOHOBCKOE BupoxAeHue mo 1. Ero BesmumHa
MPOTIOPLMOHANBHA z'/nf HO TMOJIHaA QopmyJia BeChbMa CJOXHA.

CTpyKTypa YypoBHef n=1 ¥ n=2 ¢ yusTOM JA3MCOBCKOr'o chusura
noxasaHa Ha puc.S.

§15. ToHkas CTPYKTYpa B CNeKTpax MHOTI'O3JIEKTPOHHHX &8TOMOB

B peaNbHHX MHOT'O3JIGKTPOHHHMX A&ToMaX, MOMIMO ONMCAHHWX  BhWe
Kuﬂemaiuqecxux NONpaBoK M CIN{H-OPOUTANbLHOI'0 B3aumolefcTBHA (sili)'
BO3MOXHHN JpPYyIr'¥e MArHMTHHE B3auMOoJIefcTBMUA:

a) CIMMH — 4Yyxasa opoKTa (8.1,) - B3aMMoleficTBMe CIIMHOBOI'O Mar-
HUTHOIO MOMGHTA i-T'0 3JIeKTPOHA C OpPOUTAJIBHHM MATHUTHHM MOMEHTOM
j-ro 3JeKTpOHA;

6) CIMH-CIMH (s‘sj)~ B3auMOJeRCTBUO CIIMHOBHX MArHMTHHX MOMEHTOB
IBYX 3JIeKTPOHOB;

B) opOuTa-opOUTa (1‘11) - B3ayMONEeMACTBUR OPOMTAJBHHX MAarHMTHHX

MOMEHTOB JBYX 3JIOKTPOHOB.
ST B3aMMOZSMCTBUA MPONOPLMOHBJBLHH Z7 & He 2% T.K. He BKJOYALT
noJHoro nmoJsa U(r). HauGosies BaxHuM OCT&8TCHA CIMH-OPOUTAJIBHO®
B3amMozeficTBHe. o cywecTBy Julub B cJyyas &ToMa He TIONpaBKU 38
cusT B3amMomefcTBMRt (8) — (B) OKa3HBAWTCA CyWeCTBeHHHMM. B nanb-
HeMlweM MH OrPaHMYVMCH CIMH-ODOMTANbLHHM B3auMOLeMCTBHEM, NPUYEM
OCTAHOBUMCA JMIb Ha KAQYS8CTBEHHHX 38KOHOMEPHOCTAX.

TMoZoOHO CJAYyYaw ONHOT'O 3JISKTPOHA& B LEHTpaNibHOM IioJie onepaTop
CIIMH~OPOUTAJBHOT'0 B3auMOAefCTBUR ITPONOPLMOHANEH (L-8) - eIvHCTBeH-
HOMY CK&Jfipy, KOTOPH! MOXHO NOCTPOMTbL U3 BEKTODOB, XapaKTepH3Yuux
CIMHOBO® M OpPOMTAJIBHO® COCTOAHMA. B peayJbTare B3auMoleHCTBUA
Kaxauit M3 BOKTODOB L M S [6pecTaeT COXpaHAThCA . COXpaHAeTCH
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BBKTOP IOJIHOI'O MOMEHTA.
J=L+5§ (15.1)
Hcronb3ys HargasamHue NpeIcTaBAeHUS BeKTOpHOR MozeJs, MOXHO

cKa3aTh, YTO BeKTOpa L ¥ S NpeluecCHMpYOT BOKpYr BeKTopa J
nmoxn HmeftCcTBMEM BHYTPEHHEro MOJIA.

Jlna  pacyeTa IONPaBKM K 3HepruM AE HeoOXOoIMMO MepeiTH K
I8 ZIC TABAS IO

v

| YLSIM> -H?HéLSJH]LSMLHS)[TLSMLHS> (15.2)
riae 7 — NMpoyMs KBAHTOBHO YMcCJa. AHAJOTMYHO (13.5) uMeeM
AE(J) = <TLSIM|H! |YLSIM> = A<(LS)>,

rHe H:.— orepaTop CyMMapHoOro (o 3JeKTpOHaM) CIMH-OpOUTaJIBHOTO
B3amMogeficTBua. IlonoGHo BHBOAY $OpMyR (13.8) rnoayumm

AE(J) = § A [J(J+1)-L(L+1)~-S(5+1)]. (15.3)

3nech A=A(L,S) - BHpamaeTCH 4Yepe3 paJMaJbHHe MHTerpasu THra (13.6)
IJif BCEX JJIGKTPOHOB M 6 - CHMMBOJIH.

CrmH-opOUTaJibHOS B3auMolefcTBMO NPUBOIMT K pacHeriieHu» TepMa LS
Ha KOMIIOHEHTH, XapaKTepHU3yeMHe Pa3JIMUHHMM 3HaueHusMu J. BessruuHa J
B COOTBOTCTBMM C (15.1) MoxeT NPMHMMATL 3HaYeHMa OoT |L-S| Xo L4S.
I[ipy L2S 4YMCJIO KOMIIOHOHT pPaBHO, OYEBHIHO, 2S+1. COBOKYITHOCTHL KOMIIO—
HOHT Ha3HBAGTCA MYyJbTHUILIOTOM, & BeJMuMHA 2S+1 = MYyJbTHILIE THOCTHO.
Ilp L<S,onHaKo,Y4CJO KOMIIOHEHT paBHO 2L+1, & He MyJbTUILI6 THOCTK
25+1, '

Kaxzas KOMIIOHeHTa MyJbTMILIeTa oGo3Havaerca -°‘'Ly, rae L -
COOTBETCTBYIUMIY CIIEKTPOCKOIMYECKIH! CYMBOJ COOTBETCTBEHHO (7.31).
HampuMep, MyJLTHILIET (TepM) 2D MMeeT KOMIOHOHTH 2D3/z n 205,2.

Ins 0GOJIOYKHM, 3aIIOJHOHHOR! MeHee, YeM HaIoJoBMHY, T.e. 19,
q<21+1, BeJmuMHa A>0 B (15.3). Ilpy arom AE pacTéT ¢ pocToM J.
Taxkoft TTOPANOK KOMIIOHEHT B MYJLTHUILNIETEe HA3HBA®TCA HOPMAJbHHM. Ecau
YUCJIO 3JEKTPOHOB B 000JIOUKS g>21+1, A<O ¥ KOMIOHEHTH MYyJbTHILIOTA
PACIOJIORSHN B OCPATHOM MOPAIKS. IIpH g=21+1 B I MOPANKE paculenNeHHe
PaBHO HYJ0 M AE IPDUXOZMTCHA BHYMCJATH B CJSAYIOMEM IOPAAKe TEODUM

BOSMyUeHRHR,

.
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PaccToAHIt®e Moy KOMITOHeHTa M

15.4
OE = AE(J)-AE(J-1) = AJ ( )

9Ta 38BKOHOMEPHOCTb HA3HBAETCA [PABKJIOM

H&JIbHO J.
rrapaaon Tah nckasareneM

uHTepBaJoB JlaHne. [IpaBuso MHTEpPBAJOB ABJAGTCA XOpOWImM
NPUMEHMMOCTY TOOPHUM BO3MywWeHf!. . .
IlpuMep HOPMAJNLHOT'O MyJbTMTIJIETA D oka3aH Ha DHUC.6. .
B § 9 6um naMm npaBusna oTéopa IS on'ruqecrm)'( 'm?pexonon Mexny
TepMaMM: JLS-Y’L’S’. Ilna nepexonoB YLSJ-Y’'L’S’J Mo XY .
KOMITOHOHTAMM TOHKOf! CTPYKTYpH ZodaBaseTcs emd OJHO InpaBuio AN
NMOJHOI'0 MOMeHTa J:
AT = 21,0; J+J'21 )
OHO a”aNloruyHo Mpasuny oTcéopa Ansa opou‘raﬂbnoro MOMeHTa L.
Baaronaps MarHMTHOMY B3amuMoNefiCTBUX MOMEHTH L u S coxpanmo::ﬁ
Jumb B I NMopanke Teopuu Bo3Mmywewidt. JloaToMmy mpaBusia oTéopa (9.3-4)
I AL u AS CTAHOBATCS TNPUCJMXEHHNMM, B TO BpeMa Kak 'npasu.na
(15.1) ana AJ BHITOJHAKTCH TOYHO (INA IDUIONBHOTO M3NydeHud !).

(15.5)

§_16. CxeMu CBA3Y _

Bo BCAM NpeAHAymEM M3JIOXSHMM HCMOJb3CBaNach ONpenendHHad cxeMa
CNOMOHMA MOMSGHTOB B ATOMS: .
L=21 § =38 § = L[+8. (16.1)
L= ?31' B S = ?sl B J L

T LUS B 5 O06GYycJNOBAGHO
CBA3WBAHM® OHOIJGKTPOHHHX MOMEHTOB 1, B L M §

V . CBA3HBaHMe
HOLEHTPAJBLHHM 3JIOKTPOCTATHYSCKUM B3auMozneic TBieM . prousaie
MoMeHTOB L # 8§ B J 0GycsioBneHo MArHMTHHM B3anMozefcTBUEM e
(16.1) ocHOBAHA HAa JonymeHuH, 4TO
Va << Vo
Takoe COOTHOWEHNe B3auMoxeftcTBMit M BHTekamuas M3 -
CJOMBHMA MOMEHTOB (16.1) HasuBeTcs cxemofft LS-cBA3u.. 3ta C
no
HauWOoJIee 4YacTO MCNONBL3yeTCA B aToMHOM CHeKTpockomM. Kak mpaBuJo,
JIALTH eme LS-CBA3H.
5 JHEM MPUBOXATCH MMEHHO B CX .
e e o -2%3', B To0 Bpems kxak V_ caao
MarnuTHO® R3amMonsitcTBHE v -2, .

(16.2)
Hero cxema
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3aBUCHT OT Z u z". MoaToMy nna Goabwx Znu z"coornometme (16.2)
MOX8T HapywaThcsH. B NTPOTUBONONONIOM MpenebHOM CNy4ae BOIHUKAET
cxeMa jj-cBaau:

v, »> v, I +8 = 3. g3, -3 {16.3)
Omiako raxofl "NPeAeALHUA  cayvan B aToMHOR CIIe KTPOCKOImMY
NpakTiYecku He peasmayercs. Bousee Uesiecoo0pa3no paccmaTpusaTh
B3amMonencTeus v.ou V. OTAeNBHO ans  aTomioro ocratka (core) =
vV (c) u v (c) M 1A BaamMonofcTeUA ONTHYOCKOr0 3NeKTPpOHA o
TOMHUM OCTATKOM - v (nc), V.(nc). B cayyae mnoyrtu 3alloNHeHHNX
OCONIOYEK MMM  CHALHO BO3OYXNBHMUX  COCTOAHUA BO3MOXHO cJeayNes
COOTHOWSHIME BIARIONEACTHILN
.V.(c) >> v_ (c) >> v_ (nc) >> v_(nc). (16.4)
3TO cooTHoweHe COOTBOTCTBYET caAeLyMUef cxeue C/NIOXOHMA MOMOHTOB

LS =3,  J+I =R Res=3, (16.5)

[ .
T.©. OCYWeCTBAAGTCA cxema LS CBASH B paMKax AaTOMHOIO o0GTaTKA o
O0p&a30BaHIoM MOJHOI'G MCMeHTa J_ . 3aTeM noa BaMAHHeM B3anMoiec TBUA
v, (nc) Eb M OPGHTANEHHR MOMGHT ONTHYeCKOro: 3NeKTpoHa 1 CBA3NBAKTORA
B "Npomexy ToYHLA" MOMEHT K U, HakoHeu, CILH-OpOUTaNbHOS®  B3amMo-
AeflcTeue V_(nc) npusomur k 00pa3oBaiM0 NMONHOTO MoMeHTa J.

CooTHowerma (16.4)-(16.5) HaswpBapr cxeMoRt j1 - cBaA3U (Mam Jcl -
CBA3M) . Bo3Mom u Apyrue CXOMW CBA3M, Ha KOTOPHX My He
OCTaH&aBJAMB&GMCH.

Inna kaxnoft cxemMu cBaA3y XapakTepHO CcBoY pPacrnonoxeHue ypoBHeft.
Tax B cxeme LS - cpasy BCé YpPOBHM pa3duBalTCHA Ha PPy -  MyabTy-
TJeTH ¢ yucJaom KOMIIOHeHT 2S+1 (uau 2L+1). Paccrosmue Mexy
KOMNOHeHTary OE(J) « OE(LS) - bPaccToaHuA Mexay rpyrmamy. Ana oxemu
31 cBAasu XapakTepHoO Haauyue nap ypoBHefl (nyoneros), 7T.k. coryiacHo
(16.5) J=Kz1/2, Conocrasassn 9KCIe PUMBHTANBHEM CnexTp c
TEOPE TUMBCKMMY  CXemMamyu « MOXHO  oueHMTL  xapakTep PaxTHYe crux
B3auMoneNCTBMA B aTome.

< PaccMoTpum B KayecTB®  MJINC Tpawm KoHqurypaipmo  2p° (®P)ns
(P1C.7). B cayvae L8 caasu ymeem zBa. Tepma (P)ns'p g Ip, HepBuit
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He pacuwennseTca, & BTOPOR ZRad8T TpMILIeT JPZ y o (¢ oOpaTH:M

NOPAJKOM KOMITOHEHT) . B cxeme j1 - CBA3M uMeeM (zpuz)ns(x-i-‘) "

("P_wz,)ns(x'- f). Kaxmuft pacwennseTcs B AyésneT. W3 puc.7. BUIHO
CYyWeOTBEHHO6 pasJiMulie CTPYKTYPH YpoBHeff# B IBYX cxeMmax. AHaJOrHYHHe
o'fpy‘wry;pu (HO ¢ HOPMAJIbHHM MYyJibTUILI6 TOM) KMMEeT KOHEMI'ypalMA 2pns.

QaKkTUYeCKH CTPYKTypa YPOBHefl 2pns OKa3WBaeTCA OJMEKS8 K LS cBA3y,
a CTPYKTypa 2p’ns - OJmxe X 31 cBA3K. Bo3MoxHH, pa3yMeeTcHd, U
MpOMe Xy TOYHHe chyyau.

CuTyaimsa, KOTJaa CTPYKTYPY YPOBHefl MOXHO ormicaTb ¢ NOMoWbbd TOf
W MHOlt CcXeMu CBA3U , HA3HWBAGTCA CJyyaeM YUCTOA CBA3M.
Cayyau, Korja HM oXHA M3 CXeM CBA3M He OKAa3WBaseTCA A&N8KBATHOR,
Ha3HBANT CJayvaeM MPOMeXyTOYHOR CBA3M.

py Ha/MuM¥ MMCTOM CBA3M pPaCYSTH YrJAOBHNX YacTef MATPHYHHX
3JIGMEBHTOB  MOXHO OCYIleCTBUTD aHaJMMTHYS CKH , HCTIONb3Y A XOpoiio
pa3paldoTaHHHe METOIN. B cJiyyae NPOMEXYTOUHOR CBA3Y 3TO HOBOIMOEHO.
llpuxoMTOA pemaTh CeKYJNAPHOS YpaBHeHMEe TeOPHM BO3MYWeH co
CJIOEHOA MaTpUUeR <Q|V +V_|B>, 4TO BO3MOXHO Jufllb YMCJEHHO.

V. SOSEKTH ANPA

Iox oadfexkTaMu AIpa MEOTCA B BHWIAY BJMAHME MaccCh, 00b8Ma
¥ MArHMTHOT'O MOMOHTA AApPa HA ONTHYSCKHME CNEKTpH. OTH 3PPSKTH OYEHB
MaJH: < g, rne m,M - MAcCH 2JIeKTPOHA U agpa. B pans cJayvyaee Mux,
OJHAKO, HOOCXOMIMO YUYUTHBATb, B YACTHOCTH, KOIZAS8 H&JL0 BHIASBMITE OIHY
MOHOXPOMaTHYECKY® JuHUB. PazymeeTcsa, MX MO¥HO UCIOALIUBaTL A8
HCCJISNOBaHUA XAPAKTePUCTHK AApa.

OPPeKTH ALpa JSJAATCA HA H3O0TOIHMYECKMH CHABUI' M CRBEDXTOHKY®
cTPYKTYPY. IlepBHe CBOJATCA K pa3muuio 3H6pru#t yposrefl pa3sHMx
K307TONOB. CTPYKTYpPa JIMHW BOSHUWKEST TOJBKO IPM HCIOJB3OBAHUM CMECH
H30TONOB. CBOPXTOHKAA CTDPYKTYPa = 23TO JONOJIHUTENbHOS pacmellIeHHue
ypoBHElI OuarojapAa BiaaumMoZeMCcTBMI MACHMTHOIO MOMEHTA  AXpa ¢
MarHUTHAM [1OJIOM 3JISKTPOHHOK OCOJIOMKH.

Hmke MH BOohMaA KpPATKO CCTAHOBUMCHA H& 3THX 3@deKTax.

<y
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§_17. Usorormuecxun CIBUr
oec’}jo:::::my:mc(ﬂ::::e:ax (bax’mqe-c;cu n-pa;mo.naru'ocb,w'o Macca axpa
. OHeYHON wMaccw AXPO U BNOKTPOHH BEBUEYTCA
BOKpYr o0wero UeHTpa HHepWM. 3Heprua aTOMa IpU 3aToM yB‘eJmm ’
Hf BOJMUIMHY KMHO TUYECKORt aHeprun Aanpa. B cnc‘rém UsHTpa m«x:”cn
(P - wmyasc agpa, P, = VMIYJLCH 3/I6KTPOHOB) 't | o

PZ He

- _ P n (B B
n .pr' AEn <2M> "R < i—x‘n > +I§j< l‘l )>

-

KuHeTuyeckan sHeprus 9NI8KTPOHOB B mep
paBHa - E_,
oopa3oM

BOM YJNGHO IO TeopeMe &
" WpHana
Tle E - 3HEDPIMA ypoBHa ana G8CcKOHouHOt MaccH. Tamm

AE = I +AF PP
w = “HE*OE, , AE, = % 3, ,<BF,>. (17.1)
NepBuft uneH sBage: .
TCA OCHOBHHM; AE - 71.hHas
. +  CNeuM{Mye crudt
MI'PaeT posb Jumb ANA TARSJmx a'rom:)a. OMB’F':

ﬂOHOJDﬂITGJIbHOG H3MeHeHMUe dHepruyu Bo3HyKkaeT 3a oudr KOHOYHNX

Pa3IMepoB Apa M Ha3wBasTCH 3JPOKTOM 00B8Ma AE - BBy xomewmix
Pa3MepoB supa ero nose npyu r-o OTJIMYHO OT x.vaonzaat L g :

2 B,

Z e
AEv = <U + —:-_'>' -
ITOT a@OKT 3aBUCUT OT pacnpeneseima HYKJIOHOB - 11O <
i MOTOMY MeHAeTcHa ¢ 8TOMHNM HOMODOM HOMOHO TOHHO .

§_18. Cpepxromxas CTDPYKTYpa
i.Y

YEJIOHHE B AJPS MMIDT ODGKHTANDLHL H CIMHOBHt MOMONTH, KOprl;lo
CKIAAIHBAACHh 00Pa3yNT MOJHLE MOMEHT (KWJM "CIMH™) axpa I. MarsmTHue
MOMEHTH HYKJIOHOB ITDOMOPLMOHSIBHN AJi6 PHOMY r«\'arue'rony, KO Tophit
OTJIMYABTCH OT MArHSTOHA Bopa p.o 3aMsHO! m Ha Maccy IIpoTOHA M
MMoSTOMY MACHMTHHIX MOMEHT fNpa, COOTBETCTBYMmHI -
MOMEHTY I, MOXHO 38IMGATEL B BUAS:

M@ XaHIYe CKOMY




S TRR o

Q&KTOD q‘ JUMTHBAGT PA3JAHYHHE I'MPOMAHMTHHE OTHOWEHHA TNPOTOHOB W -

HefTpoHOB. IIPOTOHH B AAP® MMENT TOHAOHLMI CHNAPMBATBCA C  KOMIGH-
caumeft UX MOMEHTOB. AHANOIMYHO BeRyT celfA HeRTpouu. [lloaToMy B
'-l;é'rﬁo-%ﬂnilx Aapax (Y8THHe 4ucaa TPOTOHOB M HeMTPOHOB) MNOJHNA
MOMEHT RAp& I=0. B O0CTAaNbHHX Anpax MOJHNt CIMH AApa B OCHOBHOM
COCTOAHMM I CKJAANHBASTCHA U3 MOMOHTOB ONHOI'O MJM ABYX HYKJOHOB.
W3mMeHeHe aHepriy 3a cudT B3aMMonsficTBHA ﬁ" C MArHUTHLM TI0JIEM
3NOKTPOHHOR oGoJNOUKI h(r) paBHo
8E = -<l §(0)> = -G u02§<nt0).(fi)>
BexTop h=h J/J, T.e. nanp.;fmeu BRONb J- eIMHCTBEHHOrO BEKTopa,
XapaKTepM3yKmero 3JeKTPOHHYO O0CO0JIOYKY B 118JiOM.
AHANOTHYHO TOMY, K&K MPOBOIMACA PACYST TOHKORt CTPYKTYPH, 3ZX6Ch
HEOOOXOAMMO TIePEeRTH K ITpeACTAaBJOHUD
{13FM_>, F o= 143, (18.2)
B pesyasTaTe nojayvaeM:
AE(F) = —;'Tp— p°g|<b(0)>§-}(F(F+1)-I(‘I+1)-J(J+1) ]. (18.3)

YpoBeHbs LSJ pacuenaseTcA Ha KOMIOHEHTH B COOTBOTCTBMM CO 3HAYOHI-
AMM TIOJNIHOTO MOMEHTA aToma F. WHCAO KOMIOHEHT (mpu I<J) paBHO 2I+1.
9TO pacmemnneHme HA3WBAETCA CBEPXTOHKOM CTpYKTypoOft.

0co60e 3HAYGHM® MME6T CBOPXTOHKAS CTPYKTYpa OCHOBHOT'O COCTOHMA
aToMa BOZOpoAa 1s 2 Tlockosbky CrMH fApa (HpoToHa) I=1/2, tn:aeeu 2
KOMITOHOHTH ¢ F=0 ¥ 1. PaccToAHMe MeXIy HuUMM DpaBHO 0,0476 cMm . -
Ha BOJHH IOPEXOoJ8 MeXAYy KOMIQHEHTaMM CBePXTOHKOR CTDPYKTYpPH paBHA
21 cM, T.0. MonanaeT B pasMoIMana3loH. HaGinieHue 3Toro rnepexona
0KA3AJ0Ch YPO3BHUAMHO SYPOKTHBHHM MHCTPYMGHTOM ACTPOJM3MKH, T.K.
1103B0JIAeT “IIPOCBOTUTHL™ MEX3IBE3ZHYD cpeay Hameft 'anakTMKM M XPYIruxX
rajaxTHk.
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VI, ATOM BO BHEUMHEM TOJE

Tenepb M pacCcMOTPUM [10BEJOISE ATOMHUX YyPOBHOR BO BHOWHMX
MarHMTHOM W 3JIOKTPHYECKOM RoafAx - 3¢pokTH 3eemalia U irapka. Beony,

‘KpoMe rMocJsemHero nmnaparpaga 3Tof raabu, noJe fl_pGIUIOJI&PM'TO'ﬂ

ONHOPOLMHM W NOCTOAHHEM BO BpeMEHM. OJHOPOLHOS NOAe CO3IRABT
BHA@NI6HHOE HallpaBJyelie, kKoTopoe 6CTOCTBOHHO npuuﬂ:m; 3a ocb 2z. Bo
BHOWHeN [0JIe IHEPIUA aTomMa 3aBHCUT OT er'o OpHOHTaLMM .OTHOCHTOJAbLHO
AOJA, T.8. OT KBAHTOBOI'O 4uCJia M - MOpoekuUMM: MOMEHTA HA OCb z.
fipit 3TOM NMPHMHILUBIANLHYO POAb KI'Pa8T pa3fuuyie MOKLY INSKTPUYECKIM K
MartGiTHHM noJiAlst. BOKTOp HaNpAXKSHHOCTM 3NGKTPUYECKOTO FHOJA £ -
OOUYHUR (MONIAPHUA) BOKTOP, KOTOPWA HO MOHAGTCA [PU  OTPAKOHMAX.
BeKTOp HallpAXSHHOCTU MalHMTHOI'O HOJA h - NCOBAOBOKTOP (axouasbHult) ,
T.8. OH MBHA8T 3HaK npu'ox'paxowu_xx. _

llpu oTpakeity B NNOCKOCTH, NPOXOQAUCR Yepe3 aToM ¥ pekTop E,
BeJuMMHA M - NPOGKLMA akCHaNBHOI'O BGKTOPA MOMEHTA, MOHAOT 3HAK, &
B OCTa/LHOM HMY6ro He MeHAeTcH. [lozToMy W3IMEHOHME IHEPIMM &TOMA B
SNeKTPUYGCKOM none AE=AE(|M|), T.e. He 38aBUCUT OT 3Haka M. K
CAYyHal MarHUTHOrO [osd 3TO He OTHOCUTCA, T.K. BOKTOP § npu
OTpaXeHMH TOX® Me}me"r 3Hak.

§_19. ATOM B MAarHUTHOM nose (3¢peKT 3eeMana)

SHePruA BI&MOAECACTBUA ATOMA C MACHMTHHM MONEM DaBHa
Vo= -fip, b= B9, 31 +pg 28 (19.1)
346Cb |l - IOJHHM MAPHUTHHR MOMEHT aTtoMa, KOTOPHRt CKJAAAHBAS8TCHA U3
MarHMTHHX MOMEHTOB 328 CH6T OpOUTANLHOIO JBHXOHUA ¥ CHUHOB
OTAEeVIbHEX 3JeKTPOHOB. MHOXMTeJM 9,1 4 g =-2 - TI'UPOMarHKTHHe
OTHOWEHUA LA OPOUTANLHOI'O MOMEHTa ¥ CIIMHA (cm.§13) .
llpuMeM HanpasnieHne mosia § 38 0Ch KBAHTOBAHMA Z. Toraa

Vo= h(L+25) = Hob (3, 48,) (19.2)
K, cJenoBaTeJlbHO, U3MoHEeHUS SHePI'uM:

AE = <V> = uoggu, (19.3

rne ¢axkrTop q=1+<Sz >/M. JNA BHYUCASHHUSA <Sz> 3amMeTHM, YTO
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T.K. BOKTOP J- OJMHCTBOHHOe BHIeJOHHOe HampaBleHle B aToMe (B
o:ncytc-mu_é noas) . CNeROBATONLHO?

<38> = ccI%> = cI(I+1)
C EpYyrof CTOPOHM, M3 paseHcTBa J-§5 = L caeayet:

<38> = d<at4s?-L?> = L3 @ayes(s+1)-L(La))
Ompesenas OTCHMRA C, H&XOMMM <S, >=cJ, =cM U

J(J+1) =L (L+1) ) +S(S+1)
2J3(J3+1)
3T0 BHpaXeHMe ANA g-gaKTopa MOAYyYUEHO B NpesnofokeHUH LS - CBA3X.
HoaToMy, M3MEPAA BEJMUYMHY g ¢ MoMowb® (19.3) W CpaBHMBAA pe3yJabTar
¢ (19.4), MOXHO CYMUTb O CTEHOHM MPUMOHIMOCTH LS - CBA3X.
CoraacHo (19.3) cnexkTpanbHaa JMHHMA Tnepexona L\5|‘]:' Ls,J,

PacuenAseTCA Hé KOMIIOHOHTH CO CIBMI'OM YaCTOTH

(19.4)

g=1+

A = E}o; b(q,H‘-qzuz). (19.5)
I CUHTJIeTHHX TOpMOB S=0 (T.e. L=J) corsacHo (19.4) 9,=9,= 1,
T.0.

)

A = p= bg(M, -M,) (19.6)
MpaBuso oTGOpA AAA M GHAJNOMYHO NMpaBuay oTOOpa Aas J: AM=0;21.
MloaToMy B caAy4Yae S=0 JMHMA PACUENAASTCA HA TPH  KOMIIOHOHTH
HO3ABUCMMO OT SHaueHua J. OTOT oaydaRl Ha3HBAGTCA HOPMAJBHHM
a@foKxToM BoeMaHa.

B obieM Cayuae 9, #qz M YMCJI0 KOMIOHGHT HaMmHoro OoJblle, kaK
HOTPYMHO BufieTs M3 (19.5) (8HOMANBHHA afLeKxT 3eeMaHa) .

B cay4yae L=S=0, J=0, BeJMYNHA AE=0 B T nopsazxxe. B GoJsiee BHCOKMX
nopazKax TOOPHH Bo3MyuweHidt AE#0 aHABROI'WYHO JMaMarHe TU3My B
Makpo;'m.nax.

'KOMITOHGHTH CTOKTPAALHOR MMM (19.5) W4 (19.6) OKa3WBawTCA
NQAAPU3OBAHHHMKA, T.K. COOTBOTOTBYWT OMPEIBJISHHOMY K3MOHOHMK ODPUEH-
TalMy aroMa &1—~ M. Bosilee TOro, M3JyueHHe B OTHEJHLHHX KOMIIOHEHTax
AHMBOTPONHO (HOJAPHIALUMA W AHU3OTPOIIMA CBASAHH XPYr © XpYroM). B

- 63 -

YAaCTHOCTH, OTHOCHTENbHHE MHTEHCHMBHOCTH KOMIIOHOHT 3ABMCAT OT yrJa
3peHMUA OTHOCHTEJILHO HANpaBAGHMA NONA. KommoneHTa ¢ AM=0 COOTBOT-
CTBYeT M3INYYSHUO, MONAPUIOBAHHOMY BAOJL OCH Z. HoaToMy nMpM Haémmo-
HeHUM BHOJL MOJA 3TA KOMIIOHOHTA OTCYTCTBYOT (BOJHA MolepevHal).

NpuBeA8HHNE BHWO GOPMYJH CITpaBe LIUBH ApK .ycnoBHH AE«A!:Hl , rme
AE’“- PONATUBUCTCKAA IOMpPABKA X 3HepPrMM (ToHKasg CTpyKrypa). Ipx
NOCTATOYHO OOJBWKMX IMOJAX MOXET MMETh MECTO oOpaTHOe HePABOHCTBO
AE»AENI. YToOH Haf'TM YPOBHM 3HEepPrMM B MATHUTHOM T[ioJe B 3TOM
cayvae, Md NOJIXHH CHAvYaha MpeHeopeyb . PeJIATHBMCTCKMM B3auMogeftcT-
BueM. IIpy 3TOM AaTOM OMMCHBAGTCA MOMOHTAMM L M S, KOTOPH®
COXPaHANTCA He3aBMCMMO. BMecTo (19.2)-(19.3) Terneph MMoeM

Vo= b(L,+ 25 ), AE = “o"‘"t+ zus). (19.7)

TaxuM o0pa3oM YypOoBeHb pacmernaseTcs Ha KOMITOHeHTH, XapakKTepHu3yeMHe
BeJMYMHOR CyMMH M +2M_ mpM BCEBO3MOXHHX 3HAYOHMAX HL n Hs.

B cBop ovepeslb, Kaxaasd KOMIIOHEHTA MMEOT TOHKYD CTPYKTYPY

AE!.I = AHLHS (19.8)

3T0 BHpPaAXeHMe &HAJOTMYHO MCIOJbL3OBaHHOMY B §15: ABHI-A(E.'Q'), HO B
JaHHOM cJiy4yae (B IoJie h) COXPAHANTCA yxe He L, S, & TOJBLKO HL n HS.

TakuM o0pa3oM , NMpH OYeHb CJACHX MOJAAX L KaxZasd KOMIIOHEHTa
MyJbTHILIETA PACWEIJIAeTCA COrJacHo (19.5), Ipuudm AE pacTdT suHelHo
¢ b. Ilo mocTxeHum AE--A&'-:”l NPOUCXONMT PA3PHB CBASM L M S, T.e.
BeKTop J nepecTadT OHTb CoXpaHsoumelhcs BeJmumHoft. Ilpy emd GONBHMX
MoJIAIX paculelJieHe XapakTepusynT gopMyJioft (19.7) u Takze "o HO
saaucu'rg'r}. B nepexomHot o6sacTH 3aBUCHMMOCTL OT § pasymeeTcs
HeJntHeltHa (Cp.pHUC.8).

TIpn emd OOJBWMX IIOJNAX MORST AHAJOIMYHHM OCpPA3OM pAa30pBATHCH
CBA3b §=E§‘ " i'.==21". B JIaGOpDATOPHHX YGCHOBHSAX  TAKUX  moJelt
$aKTHYECKU HO OHBAOT, HO B ACTpofM3uMYeCKMX 3axayax OHM BCTpPOYanTCH.
Tax, BOJM3X HOATPOHHHX 3BS3J MATHMTHO® IIOJNI® MOEST JOCTHTATh 10'°re
(n name Ooybme). B TaKkuX yYCJOBMAX  MATHWUTHO®  IIOJ6  MOXST
KOHKYDHUPOBATL Jaxe ¢ KYJOHOBCKMM II0JeM sAxpa. IIpp 3aToM artoMm
IIOJIHOCTHD TOpAeT cPepHYECKYD CHUMMOTPMD M CKOpee IHOX0X Ha BOPOTOHO.
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! j ! oKa3aThCA CylleCTBeHHORN
) ) Py GOSBUNMX [IONAX MOXOT
o-mew, YTO INPH e
TAKXS fNompaska BTOpPOro nopamxa (~h°).

§ 20. ATOM B 3JeKTpHyeckoM roJse (3ddexT llTapka)

{ aBHa
3Heprua B3aMMOXENCTBMA aToMa ¢ 3JNeKTpuyeckym noseM { p

(op. (19.1)):
Ve -df = ?ef—ll,

KTO] PUYECKOTO MOMEHTA &TOMAa.
rze 4 - BEKTOP 3J8KTD ro
noyiA openHee 3HaYeHMe <V>=0. JlefACTBMTOJNbHO, TP MHBODPCHMM KOOPIIMH!
r - -F BoJHOBaA QYHKUMA MPeoopasyeTcA B BUIe:

(20.1)

Ina  3NeKTPUYECKOTrO

B(F) ~ D(-F) = (-1 "' B(F) (20.2)
K, OJeAOBATOJILHO: ] ) ]

-<E> = <-F> = [|8(F) |* (-F)aF = [|&(r)|? (F))aF, = <>
3TO 03HAYAOT, YTO <r>=0. Pa3yMeeTCA 3TOT BWBOJX CIPABEJJMB Jumlb IAA

OJHOJNOKT-
cocroAaHuit ¢ 3amaHHOM! Y8THOCTBLNO, T.8. C 3ANAHHNM HAGCODOM OJXH

HHH aToM
oB 1 . EcJau cocToAHMe BHPOXINSHO IO 1 (HampumMep,

0 . MOMGH'T : MOuHalVO QYHKIME ¢ pasHEMM 1, aa4

H) , MOXHO IOCTPOMUTH JMHENHYD KO L

0

KOTOpo#f nMpeodpasoBaHMe MHBEPCMM He CBOIUTCA K akTopy

caydat 6ynmeT paccMOTpPeH B caelxyouweM naparpage . - orrcoa on
Taxum 66pasoM, Kak NpaBUJO, TNONMpaBka K 3HeprMi aToM

»n

HyJs JMlib BO BTOPOM Mopsanxxe. JnA COCTOAHMA a
2
'f:lflliil—cz = K €2 (20.3)
AE- - EF Eu-Eb 2
Ipyryvvt  csoBamut, AE~E 2 (xBagpaTHyHut UTapk-3gdexT) . KoaddsnmieHT I\Z
[ llrapka.
HA3HBAeTCHA KOHCTaHTON .
CMmemenne AE 3aBHCHUT OT BEJMYMHH M - ITDOSKLMM MOM(:HT:,, ;xa Zcms_'_
B dopMe (cp. -n;aenerme K HacTosmeMy paszeJdy): c + ;; Me T o
SHUL. BO HHH
1 HO (20.3) AE < O. 1 v
o saoonn s ;01‘-"30 B ;asncmoc;u OT TOr'o, Kakye ypOBHM
3HaK
cToaHuit BO3MOXEH JNCO "
::" m‘r Goasmuit BKJAAR B cymMMy. OnHako NpakTHYeCKM Bceria 3Hak fm A
o8 | : eHKe
omékéh ;um BCeX M~-KOMIIOHOHT OXZHOI'O YypOBHA. CpemHee 1o M cwmet
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BHpaxaercs Yepes noNAPK3IYyeMOETE artoma a‘:
1 2 ©
8E, = 3 a¢ -Oj 4, (€)a, (20.4)

rue d“‘=a‘€ - BeJHYMHA HaBe8HHOro AUNONLHOrO MOMeHTa.

Cocrosug wpn B (20.3), no KOTOPHM NPOBOJTCH cym-mponaxme,
H8CTO  Ha3uBalT  BO3Mywakuymos YPOBHsM . Cymmuposasine AOoNxai0
NPOBOMUTLCA MO TaiiM COCTOHHMAM "b", nng KOoTOopux <a|dz [b> # 0,

T.8. (cp.(20.2)) no COCTOAHMAM ¢ Y8 THOCThLYD, npoTUsonoNowion
Y8 THOCTH PaccMaTpuBaemMoro COCTOHHMA "a%:
1» - l‘: 1 (20.5)

MaTpuununt anemenr g (20.3) cowsnamaer o MaTPUYHLM  3JIGMEHTOM R
dopryne (5.6) saa BODOATHOCTH ONTHYSCKOIO nepexosa a-b, NMosTomy
BKJIAN B cyidy no b papor Té COCTOAHMA, KoOTopue YEoBJEe TBODANT
npaeusars oTdopa ONTHYOCKHX Nepexofon a-b; npanuno (20.5) ABNgeTCA
ParTHYO CKH oJrnn 13 HUX.

Haumuue GockoneyHost cyrem B (20.3) penaert pacuér AE_ BoCbMa
TpymHurs. llna ousHok HHOTLa OrpaHKYMBaRTCH oM FAaBHHM  YyjGHOM B
Cyraie - T.H. npudsmowie OZHOI'O  BO3MYiGwuelo YPOBHA.  OueBigio,
HauOoNbWKA Bryan nast CJukaMUMA Kk a YpoBaHL b‘, AN KOTOpOro
<.ajc:lz |b‘>#0. das  ochoeloro COCTOAHMA &ToMa b ~  pesonanchuit
YpoBeHL. Booduxe_xax nipaBuio , bl T~ YPOBeHL ¢ KBaHTOBuM Yucyom
n,,=n, . Kax H3BOCTHO, paccToamme MEXNYy YpOBHAMK nl y n({l+i)
youBsaeT ¢ pocrtom 1. Moatomy mna GoJibitMx 1 paccromnie X0 Sumkatmerc
YPOBHA oyYysHp Mano, u, CNELNOB&THABHO, KOHGTaHTa llrapka Kz OYOHL
Bevka. [lo BHENIOI'MYHOR NpiyMHe Kz OLCTPC pacTéT o pocTomM o
YOuBaeT ¢ pocTomM 2:

E-E, -~ Z/n:, <a]dz|bl> - nf/z. (20.6)

Taximg o0pasou , KBaApa THYHLR Wrapk-agdexr 0CO0BHHO BBJIIC g
COCTOAHMY ¢ Gombuigar 1 H Ani BHCOKHX ypoBHefl. A  wonom BHCOKOf
KparTHocTH Wrapk-adgaxT CYWeCTBOHHO MOHBIS .
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§_21. Jynepnmft sdpext Wrapka
21.1. ATOM BOJODOJZA
B atoMe H ¥ B BOKOPONOMOZOCHHX MOHAX MMEeTCA
: aToM COGCTBOHHMMM QYHKUMAMYE ABJAAWTCA He
sTHOGTBO (-1)', HO M QYHKLIG

(21.1)

“cayvaftioe™

BHPORASHUS ITO 1. Hpu
TOABKO QyHKMA |nlm> ¢ 3anamHod 4
@.cEQ = 3¢, [nlm>,

JiA KOTOPHX UPTHOCTHL He OMpeleJeHa. Ins peweHH :
B BVIBKTPUNECKOM [OJe Hajo Tenepb MCMOJIE30BATh TEOPMI BO3MYWeHMH
Jmﬁ éﬁtbdmemmx cocTOMIMA: HafiTH . “NPaBUJbHHe" BOJHOBNO Gy HKLBM
-r:vma (21.1), KkOoTOpue ofecrneuyBapT  ITUaroHajbHOCTb MaTpHLH
manem <fa~|dl€|-a'>. JINA 3TOT0 HANO PeWMTh COKYJAPHO® YPABHONHS
: (21.2)

A 3anayy o6 aToMe B

| -4E 6(1m 1rm’)+<nlm|d €[nl'm’> | =0
ypaBHeHMe (21.2) pacrnanaeTcq Ha

Mo CKONBKY <nlm|d, [n’1l/m’> = S ..
' paBeH

HOZABUCHMHE YPABHEHMA JAA Kkawxjoro m. MopsAfoK ypaBHEHMA
n-|m|, T.K.0DH SaZaHMHX N ¥ B BOSMOXHH 3HAYEHHMA l=n-1, n-2..., |m}.
fipd n=2, m=0 noay4aem ypaBHeHUE

: ol >

~-AE < 2oo|dz|21o €

2 ZEZ =0
= (AE)2-|<200{d_|210>]
< 210]q, | 2005 -AE | 2

r.6. HOJyYeoM NBE KOMIIOHEHTH CO CRBMI'OM
» (21.3)

1

AE'Y! = 2<200)d. }’21‘076

Ina m=+1 ypaBHeumMe I-T0 nopazka masT AE=0. TaxymM o0pa3oM MMeeM
HOCMOMSHHYKX KOMIOHEHTY (m=:1) ¥ 2 CHMMOTPHUHHX CMEOMBHHNX (m=0).

mm NMPO¥SBOJNBHCTC N KaXZO® COCTOAHME nm pacuerniaeTcA Ha n-|m|
KOMIIOHEHT. [OCROJNBLKY HBKOTODHS KOMIIOHEeHTH OXasHBawTCA COBMAKARUMME
(HaImpuMep, Ka®NCe COCTOMHNe C HeYSTHH.M h-|m| J28T KOMIOHBHTY C
AE=‘0), oo‘uiee YuCJi0 KOWMIIOHGHT OKASWBaeTCH DABHHM 2n~1. DBeumsuuHa
pacienierMaA Kpalrux KOMIIOHBHT

AEYY) ~ nPJ2 (21.4)
n

ax
OmtcauHas BHile TEODHA YYMTHDAeT BI&UMHO® BJMAHUE BHPORIOHHHX
ypoBHS# nl’ O DPa3JMUHHMA 1/ 1py 3&8JaHHOM n, NPUBOJJLES K agPeKTY
I nopajka. HapAZy C 2TUM BJUAMNG ypoBHER ¢ n’#n NPUBOIKT K agPeKTy
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II nopsafKa, kBagpaTHyHoMy mo €. BeJMuuHy KBa;lxp‘aTﬁ‘moro adiPexra
MOKHO OUEHHTL 10 ¢opiyJse, aHasoriyHoft (20.3), BBBXA HDIIOJHUTEAbHOS
OTrPaMMYEHHS HA CYMMMPOBAHWe: N #n_ , ¥ MOACTEBAAA B KaYOCTBE |a>
"mpaBiabHNe" PyHEIDM (20.1). Pacu8T BesmumH AE W Qymkapdt  (20.1)
yHEOSHee MpOU3BOMMTh © T.H. NapadoSMUSCKMX KOODEMHATAX, OfecrevHpa-
BUKX JMACoHadbHOCTE MATPHIM B3lavMoneficTBUA 663 DOmOHUS COKYJIIPHOI'0
ypaBHeHusa. OrpaHyyuMMCa yka3aHueM KadeCTBEHHHX 38KOHOMODHOCTEN.

Bemtwimia AE'%'~ n® u oTpuuaTessHa, B TO BpeMa KAK CHBMTH
AE'Y' - n? M CImMMETDHYHEM  OTHOCUTENBHO MCXONHOTO YPOBHA. [loaTOMY

BampaTuymedl 3¢PeKT xax O  zaMeifeT CcHeHT YPOBHet B CTODOHY
TpaNulEd HonMdalwmm  artera. IIpi doasmmy n o erBHT AE OKAa3MBBATeS
OpAKA U OOJIoe DACCTONMUN MORILY COCANHMMM VPOBHSMM. Teoopud
5O3MYILe bRatvid apK aToeM HeIpUMeHIIMA , Ho pemenis 2NITY R
X xoopmmarax M0--IT..XHSMY PBY3MORHO.

21.2. CayyailHos BHPORJGHME M IepexoJHu#l cayyail

JiiHe UHLl WTapKk-3@PeKT BO3MOMSH He TOJNLKO B aToMe H, Mo #@ EC
BCeX CJy4asX, Korja MMSeT MEeCTO BHpPOXKZeHMEe XOTI OH HBYX yponHedt, ¥
KOTOPHX 1 oTyMyaeTcd Ha 1. [IpKH 3TOM, ©CTECTBOHHO, BO3HUKABT BOIIPOT,
C KoKOH TOYHOCTHN TakKiie YPOBHM JOJEHH COBMazaTh. OTMETMM, YTO
HOAOOHHH BCIPOC BO3HUKAET B B oJdyuas aToma H, T.K. OXerosaps
POUATUBHCTCKIM aQfeKTaM i1 JIeMOOBCKOMy CHBUI'Yy BUDORASHIE IIo 1
CHMMaeTCA (XOTd BeJMYUHA DACHSILIGHNIA BSCHMA MaJa) .

PaccMoTpUM B 3TO# CBA3M IOBOASHME MapH ypoBHelt 1 u 2 (11 ~1,=21)
B 3JeKTpryockom moye €. Ilpu £=0 oHepr¥M ypOBHe!l oT/mMapTCeA HA
BOJIHYHMHY 6=Ez ~E, (T0JI0aGM 8>0). Iina pemeHa s859MM  BREASM  Takoe
HSHTPAJBROS (HEKYJOHOBCKOS) I0Je W(r), KOTOPOS UPHBOMNHT K  CJMSHUD
ypoBHO#t, T.8. w,, N, 1=a~6. JTo Beerga BOBMOXHO, T.K. B HOKYJIOHOB-
CKOM 1I0JI8 CHBHUI' YPOBHA 3&BHCHT OT 1. 3amnnier INMoJMHi I'adiibTOHMEH ¢

Y48 TOM B3IaUMOLSHCTBMA C HoJieM v=-df B BURS ¢
H 4V = 1 +V-W; H = H W (21.5)

Hasm ®) ypoBium 1 ¥ 2 BHDOMZGHN, ¥ COKyIMIpHOS ypeBEeHMe  Zas
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BO3MYUl6HMA HMGET BIA:
~W = Vv
11 12
Wl =0, BE = £+ (21.6)
v,, W, El i ‘i

MN yumt, YTO AR LOHTPANKLHOTO MOAA W mpu 1, -1 =:1 W  =0.
PoweHM -4 3TOr0 YpPaABHOHUA MMENT BMIA:
e
8 ., / 8 2
8E, ;=¥ 3¢ z *iv,, 1| (21.7)

'

I8 SHAKU * COOTBETCTBYDOT MHAeKcaM 2 # 1. B gByX IpeleJsibHHX cAayYanx
cJadoro ¥ CHJABHOIO TMnoas (21.7) nadT KBaupaTHYRHil o JuHefAHRR
WTapK-3gPeKT:
= —————— ‘-2
AEZ" + p C.,¢ mu |V | << 0

; 8
ae, [~ F 5|

(21.8)

o
V\.’.' ¥ 2 ¢ cmmz X lvlzl >> 0

TaxuM 06pa3oM, Ipu MaJscs £ ABa YPOBHA CHMEMARTCHA KBAEPATHUYHO i
B [IPOTHBONOJIORHHE GTOPOHH ("OoTTANKMNAWTCAY), Ioka Z\ES(V”/S)Z«G.
Korza xe AE cranoBiTcs nopsaxa O,pocT AE 3aMeNsAeTCA 3 NEDSXOINUT B
JHHOUHNGR afdexT (puc.3). Uem Meuniute §, TeM OwcTpee poct AE{(L), HO
TOM CHCTPGO OH 3aMeANA8TCH © Iepoxomit B Jpmeikmist sddPskr, He
sasucsAuMt or 0. :

Tlpu 1»1 ypomit atomMa CTEHOBATCS BOMOPOROIONOCHWMM, T.0. TOUTH
BHPORASHHHMM 110 1. Jna Takux yposHefl WTAPKOBCKO® CMSWEHWE OYOHDL
BOJHKO I JHMHefiHO Nno 1oJmo. 3aMetiM, 4TO 0HO OHJAO O} o©OmE& doJsme,
ecyaik OH MH "0 OmHOKE"™ [OIHTAMICH COCUKTATH 8ro Ino JQopMmysie

kEajipaTHUHOTO a@fekra, x0Ta 0 » |V |,

Buwe peysr waa o6 i A
G aTomMe p OZHOPO MHOM - )
nooToAHHOM Bo BpoMe
" Ipere

3JleKTpUYeckoM mose. B
* B 3ToM naparpage Bkpa 10OM( )
‘ Tile OMOT] o@Ye KT
HeOmHOpoHOCTH ¥ N6pPeMeHHOCTY mousg prosoTBIn -K’l'

3NleKTpUYyeckoe noae OoKa3’uBaeTCcA He o

lyere artoM maxo
XOOHTCA B KYJIOHOBOM . )
M Toue.  Toyewsior pana
: 0 sapama ' q. .

Ba fic:
amMozeflcTeie 3apsma ¢ &8TOMOM  Moxaio passoxitT, g

MY b TUITO 114 s pax  mo
V=29 _ s ge @
R " FTi— =2 v,
IR"r , «0 x
V. = {Z-K)eg r* : (22.1
0 R ‘ Vo = “qef —— p (cos. 6 )
Rlcl n v B "a . l" < R

- 16 3apsaga aq no P TOoMA r - KOO[)I{HH&’]‘H
rne R aCCTOAH} :
-A jol UeHTpa a v ;
9JleK POHOB; cosf =(r R)/r R ap - : l
T » . . A noJntiom ﬂeﬂaﬂﬂpﬁc
Hepauﬁ 4YJeH B Npasoft HacTy Heg 3IaBHCHUT oT u
'

OMHEKOB QJis, g
AAA BCox ypomueR, T.e. g MOHsS T or‘wmpa [;:"Ba'feﬂbﬂt),
. 8H o L]

cooTBaTC TByeT ooH ‘HOMy mlalJK 3‘111761"1'5’ B owiopcm‘on noJig:

V. o= -d {; =
1 v d, ‘f]er‘l" (cos 91,' £ = 9. (22
rue d - TMNONBHER po : 2 .2}
OMBHT. [Ipy ke
1y SNHYHY Bupo ;
AR, ¢. B ocTanbuux cayvanx 4g'?). Czuz :uzemm (HanpuMep, aTou H)
1 ) . °

1)
B -2
A'l ECZR , AEiZl a ¢ Rt
. ' 4 (22.3)
ae M- coor ‘ '
X BeTCTBYET B3aumo
aroMa; AE‘?). HOROTEMR MoAs € o guimo nram MoMeH!
¢ =2 1 B3auMonelicTeye ¢ HEBe ISHHEM JuTIoN HaTrou
=2 CobTBaTLr » bHNM MOMSHTOM. U,
o STCTBYOT  B3amMoKelteTEm YACTHUR g o ek
TOM Q aToma. Besmuuma 2~ 1. gm O KBAJIDYIIONLHM
© % RBAAGTOA  vaTHOK  dymmun
VHKIa i,

'r
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pesHee SHaYEHMe €6 OTMMYHO OT MHyJAsd, T.6. MMeeT MeCTO JNMHeRHHA

ppoxt
bE'’= c R°? . (22.4)

TexyM o0pasoM B HEONHOPONHOM INOJO K OCHYHHM JIHHefAHOMY M
KBaxpaTHyHoMy mumoJsbHoMy adiexTty IlTapxa JoGaBaAAeTCA Jiie fAHu
kBagpynoasH adpexr ~ vl.

Cpes:uBan AE') AE;“ MH BUZMM, HTO NPU OYOHb HU3KUX ILIOTHOC-
TAX (GosnbwiX R) MOXeT npeodJialiaTb JMHOAHHA KBAZPYNOJbHHA 3dPeKT.
C yBOJMYGHMEM IWIOTHOCTH KBBJPATHYHHA JMIIONBHNA 3¢dekT (~R™‘)
pacTsT OHCTPES M CTAHOBUTCHA 60JI6@ CYleCTBOHHNM. ’

22.2. NepemeHHOe noJe .

Eciiv asieKTpuYeckos Mose ¢ 3&BMCUT OT BpeMeHH, HO MOHASTCA
ROCTATOYHO MOJMJISHHO, TO COBUMI' ypPOBHA AE Takke MOIJIOHHO MOHASTCHA
pMecTe 6 £(t). ODTOT cuyyal HA3WBAGTCA KBA3UCTAUUOHAPDHHEM M He
TpeOyeT HOBOI'O NOAXOAA ANA DeWeHMA Salayu.

Ecuu &6 R3MeHoMMe {.(t) NMPOMCXOMUT OHCTPO, TO 3anaya CTEHOBUTCA
CYUeCTBOHHO HecTauMOHAapHOR. [lOHATHE® IHEpPruM YpOBHA Kak COOCTBOH-
HOT'O SHaYéHMA CTaIMOHAPHOT'O y‘basue.m_aa lpe;umMrepa TepAeT CMHCI. Jag
ome;qmm aTOMa HeOCXOZMMO BOCMONLIOBATHCA HECTALMOHApHOR Teopuef
aolamyﬁpm, B' KoTopoft

¢=Za (tmk_(;f.)ie'"‘.‘ , (22.5)
rie !Iéi u E - HOBOSMYWBHHAA KOOPIMHATHAA BOJHOBAA QYHKUMA W 3HEPruA
k-0 YpOBHA. .

B cjyvyae CTOWMHOBOHMA &TOMA O 3IAPAXSHHON vacTHueR & (t)=0 npu
t -+ to. IIpM 3TOM MOWHO I'OBOPUTH O CTAUMOHAPHHX COCTOAHMAX JO M
Mocule: CTOJNKHOBOHMA. EC/M 3TH COCTOAHMA COBMAAAWLT, TO ©NMHCTBOHHHA
pe-:aylnwa-n‘ CTONKHOBOHUA + H3MoHeHWe Pasu Pymxipm T(t):

g, (Fre Ent = T, (E)e"‘..*-'”.. (22.6)

B KBa3ueTAMOHAPHOM oJiyyas

-7 -
(-}
n,= IAE.. (t)at, , (22.7)
-

rne uHTerpan 0ep8TCA MO CTOMIGHOBOHMN. B HBCTOINIOHAPHOM onyuae 1}
onpeseNfe TCA CUCTOMOR muddepeHIMATbHNX YPABHeHU TOODHMM BOIMYMSMIIT
Zns ay (t). Tpu aToM 1 oxa3wsasTCH KOMILISKCHOR  BeJswummoR, wrd
03HaYaeT Nepexon U3 COCTOAHMS N B JIDYToe COCTOSINS K.

XapakTepucTuxoft “OCHCTPOTH" mNepeMenHocTH £(t) MORET CAYSITE
BeJMUMHA

h .
T. *TE=-FET' (22:.8)

. ' N
rme E - Smxaitnt  BosMmymammuiit ypoBeHh B QopMyJse  (20.3) amA
kBazpaTHYHOro UTapk-affexkTa. EC/! XapaKkTePHOO BpPEMsi [GPSMENIOCTH
¢ (t) (mHampuMep MAHMTOJLHOCTD CTOJKHOBOHMUS) 'c»'l:e . HMBEM KBO3HCTAL0—
Hapuul cayyadt. Iipu 't«'ru- cayyall cymecTBOHHO HOCTALIOHADHI.

ComEcor JmETepaTypH

I. U.M.CoGenrmaH, BBemeEme B TeOpMd ATOMHHX CHSKTPOB. M.:
Hayxka, 1977, '

2. l.A Baftmmresrn, U.M.Cobenrman, E.A,DR0B. Bo3dyznonme
aTOMOB H JUHPOHWe CIEeKTpanbhux Jmamit, M.: Hayma, 1979,

3. .1 Jagnay, EM.JJrfumm. KearTomas mexanmxa., CTATHCTHISCKASR
fr3mka, M.: Hayxa, I9869. '

4, I';bBere, 2.CosmuTep. KBaHTOBAA MEXAHEKA CHCTEM C ONHEM &
IByMA. ajlexTpoHamd. M.: ®mamarrms, 1960,

5, I'.I'psM. CoexTpockomms miasMu. M.:Atommsgmar, I969.
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