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Nekuna 12.

B3anmopeiicTBHe KBAHTOBOM CHCTEMBI € 3J1eKTPOMATHUTHBIM II0JIEM.

B sTom paszgene Mbpl pacCMOTPUM BOIPOC O B3aMMOJIECHCTBMM KBAHTOBOM CHCTEMBI C
M0JIEM 3JIEKTPOMArHUTHOM BOJHBIL. {151 onpeienieHHOCTH MBI OyJiIeM TOBOPUTH O BO3AEUCTBUU
HOJIsl M3TYYEeHUsI Ha aTOM, HO (DaKTUYECKHU B KauyeCTBE KBAHTOBOW CHCTEMBI MOXKET BBICTYIATh
U aTOMHOE $IpO, U MOJIEKYJa, U DJIEKTPOHHAs NOJCUCTEMa TBepaoro tena. Ilycts atoMHas

CHCTEMa ONUCBIBACTCS TAMIWIIBTOHHAHOM ), mpyuueM OyAeM B JajdbHEHIEM CUUTATh, YTO MbI
3HaeM Ha0Op COOCTBEHHBIX 3HAUEHHI U COOCTBEHHBIX (DYHKIIMI aTOMHOTO TaMUJIbTOHUAHA

u E, , yIOBIETBOPSAIOIINX YPABHEHUIO

n?o

Hy, =Ev,. (12.1)
Mbl [O7KHBI TENeph 3amnucaTh TaMIIbTOHUAH CUCTEMbl B MPUCYTCTBUM BHEIIHETO
AJEKTPOMArHUTHOIO MOJsA. byaeM cuurtarh, 4YTO y HAC MMEETCA IUIOCKAas JIMHEWHO MOJIPU30-
BaHHAs AJIEKTPOMATrHUTHAs BOJHA, HANPSXKEHHOCTH JJIEKTPUYECKOTO M MAarHUTHOIO TMOJIEH B
KOTOPOM 3aMCBHIBAOTCS B BUJIE

E(1) = E, cos(k7 — ot),
Hr,t)=H, cos(kr — cot).
Co cTOpOHBI 10JIsI BOJIHBI HA ATOMHBIN JIEKTPOH JIeHCTBYeT cuia JlopeHna
— — e . —
F:eE+—[v><H].
C
MbI Gy/1eM C4HTATh, 4TO MOJIE JOCTATOYHO CIAb0e, I HIEKTPOH OCTACTCS HePENATHBHCTCKIM ',

ITOCKOJIBKY B 3JIEKTPOMAarHUTHOW BOJIHE B BAKyyMe ‘EO‘ = ‘H o| » TO MarHUTHas W JJIEKTpUYE-

CKas 9aCTu CHUJIbI HopeHua CBsA3aHbI COOTHOHICHUCM
Py oY g 1137 <<, (12.2)
F, c
IMO3TOMY MAarHuTHON YaCTHIO CHJIBI ﬂopeHua MO>KHO HpeHe6peqL, U CUHUTATh, YTO HaA ATOMHBIN
3JIEKTPOH BO3ACHCTBYET TOJIBKO JCKTPUUCCKOE T0JIe BOJIHBI. ByieM Takke CYUTaTh, YTO JJIH-
Ha BOJIHBI BO3IEHCTBYIONIETO U3IyYeHUs A = 27c/® 3aMeTHO GOJIbIIE XapaKTEPHOro pasMepa

KBAHTOBOM CHUCTEMBEI, T.C.
a<<h. (12.3)
Jlns atoma B KauecTBE OIICHKHU pa3Mepa a CIIeQyeT UCIOJIb30BaTh OOPOBCKUN paanyc. ITO 03-
HAYaeT, YTO /I M3JTYyYEeHUs] ONTHYECKOTO JHara3oHa 4acToT ycioBue (12.3) Ttaxke XopoIio
BbINOHAeTCs. CleoBaTeNbHO, UYTO MU BBIMOMHEHUHU ycnoBus (12.3) anmekTpuueckoe moie
BOJIHBI MOKHO CUMTATh MMPOCTPAHCTBEHHO OJHOPOIHBIM
E(t) = EO cosmf .

Ecnu e MBI 3aXO0TUM paccMaTpuBaTh B3aUMOJICUCTBUE PEHTIC€HOBCKOTO M3JTYyUYEHUS C YHEPTHU-
et kBaHTOB ~10 ¥3B (A ~1 A), To HECOOXOAMMO YUUTHIBATH MPOCTPAHCTBCHHYIO HEOJIHOPOI-
HOCTb TOJIS DJIEKTPOMArHUTHOW BOJIHBI.

VYenosus (12.2) u (12.3) npeactaBiasitoT co00i yCIOBUS MPUMEHHUMOCTH JIEKTPUUYECKO-
rO JWUIMONBHOTO MPUOIKEHUS ISl B3aUMOJCHCTBUS KBAHTOBOW CHCTEMBI C 3JIEKTPOMArHUT-
HBIM T10JIEM, CYTh KOTOPOTO 3aKJII0UYaeTCS B BOBMOXKHOCTH MpeHeOpeyub ACCTBUEM MarHUTHO-

' B TspKeIbIX MHOT03apSHBIX HOHAX 3JIEKTPOHBI ABIAIOTCSA H3HAYAIBHO PEIATHBUCTCKUMH, TIO3TOMY B 3TOM CIIy-
Yyae BCE HalllM AAIbHEHIIINE pacCy X A€HHs, BOOOIE TOBOPS, HE CIIPABEIJIMBEI.
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'O I0JIs1 BOJIHBI HA @TOMHYIO CUCTEMY U B BO3MOXKHOCTH HE YUUTHIBAaTh U3MEHEHUE HAINPSHKEH-
HOCTH 3JIEKTPUUECKOTO I0JIs1 BOJIHBI HA XapaKTEPHOM Pa3Mepe CUCTEMBI.

VYcnoBus NPUMEHUMOCTH 3JIEKTPUYECKOTO JUMOJIBHOTO MPUOIMKEHMSI, KaK IPaBUIIO,
BBINOJIHEHBI M IIPU aHAJIN3€ B3aUMOAEUCTBUS Y - U3Jy4EHHs C aTOMHBIMM sifjpamu. JlelcTBu-
TEJIbHO, XapaKTepHasl SHEPrusi HyKIOHOB B aTOMHBIX SJpax COCTaBJISET BEJIUYUHY IOPSJIKA
HECKOJIBKUX M5B, T.e. HyKJIOHBI SBISIOTCSI HEPEISATUBUCTCKUMU (SHEPIrHs MOKOSI HYKJIOHA ~
1000 M»sB). [lst sHepruii y - kBanToB E, =1-10 MbdB coorBeTcTByfOIIME IINHBI BOJIH CO-

-1 -11 -1 -12
craBisor A ~107° —=107"" cm, uto Takske Gosblle pazMepa aToMHOro sAapa R, ~107° 10

CM.

@DaKTUYECKH D3JIEKTPUUECKOE AUIOJIBbHOE NPUOIMKEHUE SIBISETCS MEPBBIM UJIECHOM
MYJIBTUIIOJBHOTO Pa3JIOKEHUS DHEPIUH B3aUMOJEHCTBUSA KBAHTOBOM CHCTEMBI C IIOJIEM H3ITY-
YeHHs. YUeT WICHOB MOpsAKa V/c U a/Ah MO TeOpHH BO3MYIICHUH MPHUBOIUT K MarHUTHOMY

JUIIOJIBHOMY H 3JIEKTPHUECKOMY KBaJpYyTOJIbHOMY NPUOIIbKeHUsIM. Beloy B nanbHeemM Mbl
OyneM paboTaTh TOJBKO B PaMKax AJIEKTPHUYECKOTO JHUIOJILHOTO MPHUOIMKEHUs, TpeHeOperas
MYJBbTHIIOJIAMHA BBICIIHX ITOPSAAKOB.

DHEPrur0 B3aMMOJICHCTBHSI aTOMa, KaK CHCTEMBI 3apsI0B, C BHEIIHUM 3JICKTPUICCKAM
II0JIEM 3aIllullIEeM B BUIC

W =—(dE), (12.4)

rae d = eZFi - TUTOJBbHBIM MOMEHT cUCTEeMBL. [l mpocTOThl MBI OyaeM paboTaTh B OJHO-
i
JIEKTPOHHOM NMPUOIMKEHHUH, [oJIaras, 4ro d=er,tne 7 - KOOpJMHATa aTOMHOTO 3JIEKTPOHA
(Hayano KOOPAMHAT COBMEILIEHO C AaTOMHBIM SIIPOM).
Ilepexoxa oT kilaccuyecKoi TEOPUM K KBAHTOBOM Ipearoiaraer, 4yTo Boipaxenue (12.4)
ClIelyeT paccMaTpuBaTh KaK OIpEAEJICHUE OIepaTopa B3aWMOJAECWUCTBHUS aTOMa C BHEIIHUM
3JIEKTPOMArHUTHBIM I10JIEM B IUNIOJILHOM MPUOIMKEHUH

W(r,t) = —(dE(t)) .
3neck d - omepartop AMIONBHOIO MOMeHTa. Kak BHAHO, C TOUHOCTBIO JIO BEJIMYUHBI 3apsiia
3JIEKTPOHA 3TOT ONEpPaTOp COBNALAECT C BBEJCHHBIM PAaHEE ONEPaTOPOM KOOpAMHATHL. B nanb-
HellieM Mbl OyZieM paccMaTpHUBaTh TOJBKO CIydyail JJMHEHHON MOJSpU3alUy HOJS U3JTy4YEHUs.

Hampasisag ock z BIOJIb HANPABICHHUsS BEKTOPa JIEKTPUYECKOI'O IIOJIS BOJHBI, IEPENUILIEM
BBIPAKECHUE JUJIS OTIEpAaTOpa B3aUMOJCHCTBHS B BUIE

W(F,t)=—d_E(). (12.5)
Takum 0oOpa3oM, B pacCMaTpUBAaEMBIX MPUOIIKEHUSIX T'AMUIBTOHMAH aToMa B 3JIEK-
TPOMArHuTHOM I10JI€ MBI MOXKEM 3aIlUCaTh B BUAC
H=H,+W(#1), (12.6)
a 2BOJIONUsA CUCTEMBI BO BPECMCHU I10J IlefICTBHeM IMOJIsA BOJIHBI OMMHUCBIBACTCA PCIICHUCM HC-
cTallMOHapHOro ypasHenus lllpenunrepa

0 S -

in Y (B, + W (.0 (Fr). (12.7)
ot

3ameTuM, UTO Ha MPUMEPE orepaTopa W Mbl BIIEPBBIEC CTOJKHYJHUCH C OMEPATOPOM, KOTOPBIH

SIBHO 3aBHCHT OT BpeMeHH. [Ipexie ueM o0Ccyx1aTh METOauKy perneHust ypasaenus (12.7) co-

IMOCTaBUM SHEPTHUU BSaPIMO,Z[CfICTBHH, KOTOPBIC BXOJAT B MOJTHEIA TaMHIbTOHNAH H , 4 UMCHHO
SHEPTHUIO B3aHMOJCHCTBUS aTOMHOI'O 9JICKTPOHA C BHCIIHUM 3JICKTPOMArHUTHBIM IIOJICEM W n
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SHEPTHIO er0 B3aHMOJICHCTBHUS C ATOMHBIM siipoM V ~ e’ / a, (a, - 6opoBckuii paanyc). Ilona-
rasi, 4TO JUIOJBHBIM MOMEHT aTOMa €CTh BEJIIMYMHA MOpPsAKa ea,, noayuum W ~ea,E . Kak

BUJHO, JJI 3HAYEHUH HANPSHKCHHOCTH OIS

E <<ela; (12.8)
BEJIMYMHA JOMOJIHUTEIBHON YHEPIUH, 00YCIOBICHHONW BO3JIEHCTBUEM BHEIIHETO 3JIEKTpOMAr-
HUTHOTO I0JIs, MaJla TI0 CPAaBHEHUIO ¢ BHYTPUATOMHOM dHepruei. B Takux ycinoBusX BO3ZACH-
CTBHE BHEIIHETO IOJIsI BOJHBI MOXKHO PaCCMaTPUBATh KaK MAJIYIO MONPABKY U Y4ECTh IO TE€O-
pun Bo3myuieHud. Ycinoue (12.8) umeer mnpocroil ¢usmueckuir cmbicia. BenuunHa
E, :e/ a; ~5-10° B/cM ecTh BHYTPHATOMHOE 3HAYEHME HANPSKEHHOCTH 3JIEKTPHYECKOTO

nosist. [ToaToMy pemienue 3agadyul M0 TEOPUH BO3MYIIEHH BO3MOKHO, €CITHM HAMPSKEHHOCTh
TIOJIs1 BOJIHBI CYIIECTBEHHO MEHBIIIE BHYTPHATOMHOTO 3HaU€HHUs. J1Jis 3eKTPOMarHuTHBIX BOJIH
yarie 3a/al0T HE 3HAYCHHS HAIPSIKEHHOCTH TOJISI, a BETUYMHY WHTECHCUBHOCTH W3ITyUYEHUS

I=cE; / 8n . IToaromy ycnoBue (12.8) kak ycioBHe IPUMEHUMOCTH TEOPUU BO3MYILEHUH 1O

B3aMMO/JICHCTBUIO KBAaHTOBOW CHCTEMBI C IOJIEM AJIEKTPOMAarHUTHOW BOJIHBI MOYKHO IEpENU-
caThb B BUIIE
I<<1,, (12.9)

e 1, =cE. / 8T - Tak Ha3bIBAEMOE aTOMHOE 3HAYCHNE MHTEHCUBHOCTH. Kak BUIHO M3 ompe-

ACJICHHA, OTO TaKad MHTCHCUBHOCTb HM3JIYYCHUS, aMIUINTYJa HAOPAKCHHOCTH 3JICKTPHUICCKOIo
I1OJIs1 BOJIHBI B KOTOPOM paBHA HAIIPSXKCHHOCTHU I10JIA BHYTPHU aTOMaA Eat . OI.[GHKa aTOMHOM WH-

1 2
TencuBHoCTH maetr [, ~3.5-10'° Br/em”.

[TomydyeHHOe 3HaYeHHE BechMa BelHKo. B monazepHyto smoxy (10 60-X ro1oB mpoIio-
T0 BeKa) TaKHe MHTEHCHUBHOCTH Ka3aJHCh MPUHIMITAAIBHO HEJTOCTIXUMBIMHE. Vcronb30Banme
peKUMa MOAYJISIIUN JOOPOTHOCTH MO3BOJIMJIO B TIEpBOH monoBuHE 60-X ronoB XX Beka Moiy-
uute uarencusroctd ~10'° — 10" Br/cm?. OcBoeHue 3TOTO JIMarna3oHa MHTEHCUBHOCTEW TMpHU-
BEJIO K OTKPBITHIO IHUPOKOTO Kpyra 3(pPeKToB U pa3BUTHIO HOBOTO pasiena (pU3UKU - HEH-
HeHOo# onTtuku. OIHAKO, COOTBETCTBYIONINE 3HAYCHUSI MHTEHCUBHOCTEH HAa MHOTO TOPSIKOB
MEHBIIIE ATOMHOTO 3HAYEHUS U, CIEeI0BATENIbHO, 3a7]a4a O BO3JACHCTBUM TaKMX ONTHUYECKHUX TO-
JIe HAa aTOMHYIO CHCTEMY MOXET OBITh PACCMOTPEHA B paMKax TCOPUHU BO3MyIIcHHU. B cepe-
nuHe 80-X roJJoB MPOLLIOro BeKa B Jlazepe Ha Kpuctasuie TutaHata cangupa (Ti:Sapphire) Ob1-
JIM TIOJTYYEeHBI UMIYJIbCHI (PEMTOCEKYHIHOM JITUTEIHHOCTH, B KOTOPBIX OBUIH JOCTUTHYTHI TO-
TOKU 3HEPrUU U3ilyueHus mnopsaxa [, . Mcrnonp3oBaHue TEXHUKM YCUJIEHHs TaK Ha3bIBa€MbIX

2
YUPIIUPOBAHHBIX HMITYJIBCOB (G.MOHI'OU) MO3BOJIMJIO €€ CYHICCTBCHHO YBCIHWYUTHL MHTCH-

CHBHOCTB JIa3epHOT0 M3iydeHust (Bwiots 1o 102 —10* Br/cM®) U MOJNTY4YNTH HANPSKEHHOCTH
SJICKTPUYCCKOTO IMOJISI B BOJIHC MHOT'OKPATHO ITPCBBIIITAOIINEC BHYTPUATOMHOC 3HAUYCHUC.

MpbI orpaHUYMMCS PAaCCMOTPEHUEM ClTydasli JIMIb ciaa0bix (o kputepusm 12.8-12.9)
SJICKTPOMArHUTHBIX HOHeﬁ, BO3HCﬁCTBHe KOTOPBIX Ha aTOM MOIKCT 6LITB YUYTCHO IO TCOpHUU
BO3MYIIECHU.

Hecmayuonapnas meopus 6o3myuieHuil.

Kak MbI y’xe oTMeuanu, obmas 3a1a4a 00 3BOJIIOLMN aTOMHOIM CUCTEMBI B TOJIE 3JIEK-
TPOMAarHUTHOM BOJIHBI B AUIIOJBbHOM HMPUOJIMKEHNUH IPEATOIaraeT peleHne HeCTallMOHApHOTO
ypaBuenus Illpeaunrepa (12.7) ¢ onepatopom B3aumoneictsus B Buze (12.5). Msl Oyaem mo-

*Bonee MOAPOGHO O MOJYYCHHH UMITYJIbCOB MPEACIBHO KOPOTKOM [UINTEIBHOCTH METOIAMU ONTHYECKONW KOM-
npeccun — cM. C.A.AxmanoB, C.}O.Hukutnn «@u3mdeckas ontuka», M.: MI'Y, (1988), gacts IV.
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Jarath, YTO B Ha4aJbHBIA MOMEHT BpeMeHH (¢ = ) crucTeMa HaxOIUTCSl B HEKOTOPOM CTaIlno-

A

HAapHOM COCTOAHHHU HECBO3MYIICHHOTO aTOMHOI'O r'aMHWJIbTOHHUAaHAa HO , TO €CTh

(1 =0) =y, (), (12.10)
rae y, - ogHa u3 (QyHKIMH, yIOBIETBOPSIOIIUX CTalMOHapHOMY ypaBHeHuto Illpennnrepa

(12.1). Cuctema coOCTBEHHBIX (DYHKIMH aTOMHOI'O raMHJIbTOHUAHA /|, SBJISETCS MOJHOM, 3TO
03HAYAET, YTO BOJHOBAS (DYHKIHS MPOU3BOIBLHOTO COCTOSIHUS \J(7,7) MOXKET OBITh OJTHO3HAY-

HO TIPEJICTaBJCHAa B BUJC JTUHEHHONW KOMOWHAIMU COOCTBEHHBIX ()YHKIMH HEBO3MYIICHHOTO
raMWJIbTOHHAHA":

y(F,0) =Y C. (O, (F) exp(—%Entj . (12.11)

31ech MBI SIBHO yKa3aJld 3aBUCUMOCTh BOJTHOBOM (DYHKIIMH CTAI[HOHAPHOTO COCTOSTHHSI OT Bpe-
MeHU. YuutbiBas paznoxenue (12.11), Mbl Moxkem mepenucarh HadanbHOe ycioBue (12.10) B
BUJIC

0, n#i,
C,(t=0)=9, = (12.12)

1, n=i,

TO €CTh B HAYAJIbHBIA MOMEHT BPEMEHH JIUIIb OAWH U3 KO3(DDUIIMEHTOB pa3ioKeHUs] OTINYEH
ot Hynsa. OtmeruMm, yto pasnoxkenue (12.11) daxtudecku ompenensieT (GU3HMUECKUNA CMBICI
perenusi, koropoe Mbl uieM. Ilockonbky koapdunuenTs! pazinoxkenus C, (f) €CThb aMIUINTY-

JIbl BEPOSITHOCTH OOHAPYKUTh CUCTEMY B MOMEHT BPEMEHHU ! B 71 -HOM CTAllHOHAPHOM COCTOSI-
HUH, TO HAIlE PEIIEHUE O3HAYAET, YTO B IPOLECCE BHEIIHETO BO3ACUCTBUSA B CUCTEME BO3HUK-
HYT [IEPEXO0/Ibl MEXKY COCTOSHUSMU aTOMHOI'O 'aMUJIbTOHMAHA, IPUYEM MX BEPOATHOCTH Oy-

2
JIET ONPENIENAThCS KBaApaTOM MOIYJIsl KO HUIIMEHTa pa3ioKeHUs |Cn (t)| .

[ToncraBnss pasnoxenue (12.11) B ypaBuenue (12.7), nonyuum
d
iy

C i i ~ ~ i
~——EC expl ——Et|=) C\H,+Wh exp|——E ]|.
dt h n~"n “Vn p( h nj Zﬂ: n( 0 )Lyn p( h n]

Y‘-II/ITBIBB.H, 4910 VY, C€CTh coOCTBeHHas (I)YHKI_II/ISI ATOMHOT'O IraMUWJIBTOHHWAHA, TIEPCIIUIIEM I10-

Jy4eHHOE B BUJE
dC j . ;
ihz_d "y exp(— éEntj = Z C Wy, exp(— %EntJ . (12.13)
n t n
YMmuoxuM Ternepb (12.13) Ha KOMIUIEKCHO COMPSDKEHHYIO BOJIHOBYIO (DYHKIIMIO KaKOTO-THOO

COCTOSIHMSI aTOMHOT'O COCTOSIHHS \u*f(F) exp((i /R E ft) Y TPOUHTETPHpPYEM IO BCEHl oOmacTu

onpezaenenus: pyHkuuii. Torna ucmnonb3ys ycnoBrUe OPTOTOHATILHOCTH COOCTBEHHBIX (PyHKIIMN
oneparopa ['aMuibTOHA, TOIYYUM

4 d;f N ZC” <Wf ‘W|\|Jn>exp(ioafht) , (12.14)
e <Wf ‘W|W"> =(fWn)=w, = J. y' Wy ,dt - watpuumbli onement omeparopa W,

o, =(E, —E,)/h - 9acToTa nepexorna.

Cucrema ypaBHeHUH 1 KOA(D(PHUIIMEHTOB pasoKeHHs Mo 0a3ucy COOCTBEHHBIX
¢yukuuit (12.14) ToxnecTBenHa ucxogHomy ypasHenuto lpeaunrepa (12.7). Msl Oynem pe-

* B 06eM ciTydae TpH 3alMCH 9TOTO BHIPAKEHHS HEOOXOIMMO YUECTh TAKXKe COCTOSHHS KOHTHHYYMA.
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maTh 9Ty CUCTEMY NPHOJMKEHHO B paMKax HECTAI[MOHAPHON Teopuu Bo3mylieHui. [Ipencra-
BUM aMIUIMTY bl BeposATHOCTH C, B BUJE psAJia TEOPUH BO3MYILECHHUN

C, =CY+C"+C%+..., (12.15)
pUYeM KaXKAbIH MOCIeAYIOMNN YWISH psia MHOTO MEHbILE peabayIero. B kauecTse manoro
napamerpa OyJieM paccMaTpuBaTh BO3MyIleHHE W . B HyneBOM mopsiike MallOCTH MBI pac-
CMaTpHBaeM pELICHUE B OTCYTCTBHE JeHCTBUS BO3MYyLIeHUs. Toraa, O4eBUIHO,

C;EO) (1)=9,.

[oacrasnss (12.15) B (12.14) u yaepxuBas 4jieHbl TOJIBKO NEPBOTO MOPSJIKA MAJIOCTH, MOJTY-
quM TS caydast f # i

dc . .

il d; =>c <\|/f Wy, )exp(io 1) = <\|/f ‘W|\|fl.>exp(i(;)ﬁt) .

Toraa BbINONHSS UHTETPUPOBAHUE 110 BPEMEHHU, B TIEPBOM MOPSAKE TEOPUH BO3MYIICHHUN MO-
JTy4daem

() = —%jWﬁ (1) expio ,t)dt . (12.16)
0

daxTtuuecku, BelpakeHue (12.16) sBnsercs perieHueM MOCTaBICHHOW 3aJayd U ONpejaessier
aMIUIUTYy BEPOSITHOCTH ME€PEX0/1a U3 HaYaJIbHOTO COCTOSHUS |z> B KOHEYHOE COCTOSIHUE | f >

3a BpeMs ¢ MOJ IeUCTBUEM BO3MYILIEHUS Vf/(? ,0).

VYuuteiBas Belpaskenue (12.5) s onepaTopa B3auMoJEHCTBUS aToMa C 10JIEM BOJIHBI,

nepenuuem (12.16) B Buze

d, | d,E
CP (1) :i;ﬁjE(t)exp(z’wﬁt)dt:i ﬁh ‘ jcos(cot)exp(z’mﬁt)dt.
0

0

3nech d,; - MaTPUYHBIA SJIEMEHT ONEPATOPA Z - MPOCKIUH JUIOIBHOTO MOMEHTA CHCTEMBI.

[Tosmy4yeHHBIN UHTErpa JIETKO BEIYUCIISAETCA. Y UUThIBAsK YTO
1 . .
cosmt = E(exp(w)t) + exp(—zoot)),

[IOJIYyYUM
dE, [ expi(o, —o))-1 . exp(i(o,; + o)1) -1

C(r) = (12.17)

i

2h (0, —o) i(®, +o)
OtmernM, 4TO YacTora nepexona o, = (£, - E;) / h MOXeT OBITh KaK MOJIOKHUTETBHON, TaK U
orpuarenbHoil. Ecin E, > E;, TO eCTh Iepexo/| HACT C MOIJIOMECHAEM SHEPIUr, TO ® ; > 0.
U, HaobopoT, eciu mepexo/i UIET C UCIYCKaHUEM SHEPTHH, T0 ® ; < 0. B smobom ciyyae Buj-

HO, 4TO TIporiecc uaeT 3PPEKTUBHO TOIBKO BOJIM3U pe30HAHCA, KOTA YaCTOTa BHELITHETO MOJIS
NPUMEPHO COBMAJACT C YaCTOTOW MEpeXofa o ~ ‘(o ﬁ‘. Jlnst onpeneieHHOCTH OyIeM paccMat-

pHBaTh NEPeXo ¢ MOMIIOIEHNEM SHepruu nois. Toraa BOIM3M pe30HaHCa BTOPHIM Cl1araéMbIM
B (12.17) MoxxHO TipeHeOpeyb 0 CPABHEHUIO C MIEPBBIM:

d;E, | exp(i(o, —o))-1
2h (0, - o)

Bozst BennunHy Ao =®,; —® - OTCTPOHKA OT PE30HAHCA, MEPENHUIIEM BBIPAKEHUE [Tl aM-

CO@) =i

IJIUTYAbl BEPOATHOCTU B BUJIC:
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d,E Aot ) sin(Awt/2)
CY()=i—L"exp|i . 12.18
e T LN Ry (12.18)

Bo3Boast mo Moayto B KBajapaT, HaiJIeM BBIPAKEHHUE JJISI BEPOSTHOCTH AJICKTPOMATrHUTHOTO
nepexo/ia U3 Ha4aabHOTO COCTOSHUS |1> B KOHEUYHOE COCTOSHUE | f > 3a Bpems ¢ :

2 2
‘dﬁ‘ E; sin’ (dwt/2)
4n’  (do/2)’
[Ipoananusupyem nosnydeHHoe BbipakeHue. [Ipexae Bcero, OTMETHM, 4TO TEOpUs BO3-
MYILEHUH SBJISIETCS IPUMEHMMON IIPH BBINIOJHEHUH yClnoBuA P, <<1, TO ecTb
d,|E, [(ndw)<<1. (12.20)

@DaKTUYECKH 3TO YCIOBHE 33J]a€T OrpaHUUYEHHE CBEPXY Ha JAOIYCTUMYIO HAPSKEHHOCTD MOJIS
AJIEKTPOMArHUTHOW BOJIHBI. OHAKO, 3TO NMPEAEIBPHOE 3HAUEHNE HHTEHCUBHOCTHU ONPEEIIAETCS
B TOM 4YHCJIE€ OTCTPOMKOH OT pe30HaHca, M €CIM 3Ta OTCTPOMKA OT pe30HaHca Maia, TO (op-
MaJIbHO TEOPHsI BO3MYIICHUNA MOXET OKa3aThCsl HEMPUMEHMMOH y)Ke B JIOCTaTOYHO CJIAObIX
nojsx. JlefictBurensHo, B citydae TOUHOro pezonanca Aw =0 u3 (12.19) naxonum

22, 2
‘dﬁ‘ Ey (sin Awt/2 2
an: | dot/2

OTO 03HAYAET, YTO ycnoBue P, <<1 BBIIOIHEHO JIMIIb HA OTPAHUYCHHOM MHTEpBAallC BpeMe-

P, =|cV @ = (12.19)

P,(t) = ~ . (12.21)

HU. AHaJIOTWYHAs CUTyalust (GOpMaIbHO BO3HUKACT U B OTCYTCTBHE TOYHOI'O PE30HAHCA IMPU
BBINOJIHEHNH yclioBUs Aw? << 1. Takum o0Opa3om, B 001IeM ciaydae BO3MOKHOCTh MCIIOJIB30-
BaHMsI TEOPUHU BO3MYLICHUH IO B3aMMOJEHCTBHIO aTOMa C 3JIEKTPOMAarHUTHBIM I10JIEM OIpaHU-
YeHa KaK BEJIMYMHOW MHTEHCUBHOCTHU U3JIyUYEHUs, TaK U JJINTEINBHOCTBIO BO3ACHCTBUS.

B BaxxHOM yacTHOM ciyyae Ha OOJIBIIMX BpeMeHax ((hopManbHO MPH ¢ —> 00 ), HO JUIA
MaJIbIX BEPOSITHOCTEH Mepexo/1a, UCIOb3Ys U3BECTHOE NPEACTaBICHUE IS O - PYHKIUHU

)
lim 3% 15(a0),
t—0 o l‘
u3 (12.19) HeTpy1HO MOJTyYUTH
4] £
Pﬁ(t) = T 27'58(0)ﬁ - (D)t ,

T.€. Ha OOJBIINX BpEMEHaX BEPOSTHOCTH MEPEXO/A PACTET JIMHEWHO 10 BPEMEHHU. DTO MO3BO-
JISIET HaM BBECTU BEPOATHOCTH MEPEX0/ia B €UHHILY BPEMEHH

‘dﬁr £ 2n ‘dﬁ‘z E,
w, =P, [t= 4—hz.2n6((oﬁ —0) = S

Kax BUJHO, IMOJTYYCHHOC BBIPAKCHUEC MOKHO MHTCPIPECTUPOBATH B TOM CMBICJIC, YTO IEPECXOI

S(E, - E, - ho). (12.22)

N3 Ha4aJbHOI'0 COCTOSAHHA |l> KOHCYHOC |f> COIIPOBOKAACTCA ITOTJIOMICHUEM KBaHTa 3JICK-

TPOMAaroHuTHOI'O IOJIA ho. HpI/I 9TOM, B COOTBCTCTBUU C IMOCTYyJIaTaMH Bopa nepexona BO3MO-
KCH TOJIBKO B CJIy4ac

E, =E +ho.
AHaJ'IOFI/I'-IHO, B CJIy4Jac€ €CJIM KOHCYHOC COCTOAHUC JICKUT HUKC 110 SHCPIrun, MbI OBl MOJIy4HnJIn
E, =FE, —ho.

[Tocnennue aBa COOTHOIIEHHUS MPEACTABISAIOT 3aKOH COXPAHEHHs YHEPTUH MPH MOTJIONICHUH
(McTycKaHWM) KBaHTA TOJIS.
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[Tone BO3mEHCTBYIOIEH HA aTOM 3JIEKTPOMAarHUTHOW BOJHBI HaM OynaeT ymoOHee Xa-
pPaKTEepHU30BaTh UHTEHCUBHOCTHIO U3ITyYECHUS

1=<E
&n
[Toaromy BeIpaxkenue (12.22) MOXKHO mepenucarsh B BUJE:
41 ‘d ﬂ‘
W, =Tz'-[-8((oﬁ - ). (12.23)

[Tpu ucnonb3oBanuu cootHoueHus (12.23) Bo3nukaer dhopManbHas TpyaHocTh. Kak criemgyer
IOHUMAaTh COOTHOLIEHHE ¢ O -QpyHKuMeH? B maHHOM ciyyae Mbl OJpa3yMeBaeM, YTO BbIpa-
skerue (12.23) momKHO OBITH MPOMHTETPUPOBAHO IO YACTOTaM, TO €CTh BO3JEHCTBYIOIIEE U3-
Jy4eHHEe HE COBCEM MOHOXpOMAaTH4HO. [lonaras, 4To HHTEHCUBHOCTb M3JIy4E€HUS MOXKET OBbITh
IpeJCTaBIeHa B BUJIE

1=[1,do,
riae [, - ceKkTpanbHas JIOTHOCTh MHTEHCUBHOCTHU M3ITydeHus, nepenumeM (12.23) B Buge
2 2
4n ‘d ﬁ‘
W, =—>%5—" J.ImS(coﬁ —0)do.
ch
Wnterpan ¢ 0 - pyHKIMEN JIEMEHTapHO BBIYUCIISETCS, B pe3yJIbTaTe UMEEM
2
4n’ ‘d ﬁ‘
w, = g oo (12.24)

TO €CTh BEPOSITHOCTh MEPEX0/a OMpeAeseTCs 3HaUeHUEM CIEKTPabHOW MHTEHCUBHOCTH M3-
JTy4eHHUs Ha 4acTOTe Nepexoa.
Hanomuum, uto d ; B Boipaskenuu (12.24) eCTh MATPUYHBIH 5JIEMEHT Z - KOMIIOHEHTbI

JMToNBbHOTO onepatopa. Ilockonbky d° =d. +d y2 +d? m ana cdepuueckd CUMMETPUYHOM

cucremer d =d* /3, eipaxenue (12.24) 0GbIYHO 3aUCHIBAIOT B BHIIC

4n2‘dﬁ‘2 I =B, (12.25)
i 3Ch2 o Tfite" :
3mech
2 2
il il (12.26)
fi - 3Ch2 .
- k09 punreHT DUHIITEHA BEIHYKICHHOTO nepexona4. Kax Bunno u3 (12.26),
B. =B,
fi if

IIpasuna ombopa.

PaccmoTpenHast Teopusi B3aMMOJIEMCTBUSI KBAHTOBOW CUCTEMBI C 3JIEKTPOMArHUTHBIM
MOJIEM TMO3BOJISIET CHOPMYIIMPOBATH MpaBUiia 0TOOpa — yKa3aTh COOTHOIICHUSI MEKAY KBaHTO-
BBIMH YHCJIaMU HAYaJIbHOTO U KOHEYHOT'O COCTOSIHUH, /I KOTOPBIX 3JIEKTPOMAarHUTHBIN Tepe-
XOJI OKa3bIBaeTCS BO3MOXKEH (pazpeiieH). OOmuii moaxo/ K peleHuto mpooieMsl siceH. Ecnu

* Ormerum, uto K03 duiHenT Dituurreiina B 4 MHOTJIa BBOISAT KAK K03()(PULMEHT NPONOPIIMOHAIEHOCTH MEXKIY

BEPOATHOCTBIO IIEPEXOJa U CHGKTpEUIBHOﬁ TUIOTHOCTBIO SHEPTHUHU SJIEKTPOMATrHUTHOTO ITOJIA HAa YaCTOTE IEpeExoaa

P,, - CooTBeTCTBYIOLIECE BHIPAKEHHE MOXKET ObITH JIETKO HAIIMCAHO, eciu ydectb uto [ = cp,,.
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d, =ej\|;_‘;fw,.d3r¢o, (12.27)
TO MEPCXO ABJIICTCA Pa3pCHICHHBIM, HaO60p0T, €CJIn dﬁ = 0 , TO TOBOpPAT, 4YTO NEPECXOoa 3a-

npeteH. JlelicTBUTENbHO, B TOM ciIy4ae coryacHo (12.25) BeposITHOCTh IIEpexoia OKa3bIBaeT-
Csl paBHa HYJIIO Jla’K€ B CUJIBHOM 3JIEKTpPOMarHUTHOM moje. Cienyer, oJHaKo, UMETh B BUJY,
YTO BCE CKa3aHHOE BBIIIE OTHOCHUTCS TOJBKO K AJIEKTPHUECKOMY TUIOIBHOMY MPUOIIKEHHIO,
IpUYEM B HHU3ILIEM MOPSIKE TEOPHH BO3MyIIeHUH. [103ToMy 3ampenieHHbIi B AIEKTPUIECKOM
JUTIOJIBHOM TIPUOJIMKEHUH TIEPEXO0Jl MOXKET OBITh pa3pelieH B BBICIIUX IOPSAIKAX MYJIbTH-
HOJIBHOTO Pa3JIoKEHHs, HalpuMep, Kak dJIEeKTPHUSCKUN KBaJPYHOIbHBINA MM MarHUTHBIN M-
NOJIBHBIN TIepexoa. MOoXKeT TakKe OKa3aThCs, YTO OH pa3peuieH B Ooyiee BBICOKUX IMOPSIKAX
TEOPUHU BO3MYIIECHHH IO TUMOJIEHOMY NMPHOIMKeHH0. [109TOMyY, MOHATHE «3aNpeneHHbIH Te-
pexo/» He 03Ha4aeT peajbHoO, YTO TaKOH Iepexo]] HeBO3MOXKeH B mpuHIuIe. Ckopee BCero, oH
MaJIOBEPOSTEH 10 CPAaBHEHHUIO C MEPEXO0JaMH, pPa3pelIeHHBIMH B 3JIEKTPUYECKOM JTUIIOJIIEHOM
NpUOIINKECHUH.

PaccMoTpuM HECKOJBKO MPHUMEPOB (OPMYITHPOBKH TPAaBHI OTOOpaA Ui Pa3IUYHBIX
KBaHTOBBIX CHCTEM.

1. IIpaBuna orbopa /Ui MEPexo/0B B JIMHEHHOM rapMOHHYECKOM ociusitope. Pac-
CMOTPUM MaTPUYHBINA AJIEMEHT

%, = [, oy, (), (12.28)

rIe

v, = N,H,(&)exp(-£7/2), t=x/a,  a=+Hmo.

Jlnist BBIYMCIICHUST MaTpU4YHOTO 3eMenTa (12.28) Bocmosb3yemMcsi peKyppeHTHBIM COOTHOIIIE-
HUEM U1 moJmHOMOB OpmuTa (cm. I1_3):

EH (&) =, (€)+ 5 H,,(©). (1229)
[Toncrasmss (12.29) B (12.28), nomyuum
x,, =N,N,a[H, (&)[nH,,_l ©+ H,. (é)] exp(~&7)dE. (12.30)

YuutbsiBasi CBOMCTBO OPTOrOHAIBHOCTH MOJIMHOMOB DPMHUTA, 3aMEYaeM, 4TO MOCJIECIHUN UHTE-
I pan OTJINYCH OT HYJIA TOJIBKO B cnyqae

m=n=xl,
TO €CTh JIEKTPOMArHUTHBIC TIEPEXOAbI BO3MOXKHBI TOJIBKO MEXKIY MapO COCETHUX COCTOSHUMN
rapMoHHuYeckoro ocuususitopa. [lockonbky

E  —E =ho,
TO 3¢ (HEKTUBHOE B3aMMOJICUCTBUE OCHIIISTOPA C BHEIIHUM 3JIEKTPOMArHUTHBIM TTOJIEM BO3-
MOKHO JIUIIIb B cnyqae COBIIAZACHUSA 4HaCTOThI OCLII/IHHHTOpa C I-IEJ.CTOTOI\/'I BHCIIHECTO ITOJIA.

[IpoBeeM KOHKpPETHBIE BBHIYHCICHHUS MAaTPHUYHOTO SJIEMEHTA X B stom ciyuae u3

(12.30) umeem

X =N, N, IH,M <&)[nH,,_l ©+H,. (é)] exp(~£>)dt, =

n+l,n *

A2 ) _aN,  |n+l
iy 2JH,1+1(a)exp(—a g == = ma. (1231)

n+l n+l

B uwacTHOCTH 17151 IEpPEeX0A0B MEXAY OCHOBHBIM M HMKHUM BO30Y>KJICHHBIM COCTOSIHUSMU I10-
JTy4aeMm:
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X, =al2. (12.32)

Conocrasnsist (12.31) u (12.32), Haitnem

T (12.33)

X19
TO €CTh BEpOSITHOCTh MEPEX0/ia MEXAY YPOBHSIMHU C HOMEpAMHU OCLHMIUISATOpPa 7 U 1+ 1 OKa3bl-
BaeTcs B 1+ 1 pa3 Gonbliie, 4eM MEXIy Mapoi HIKHUX COCTOSTHUMA.
2. IlpaBuna otbopa uisi 3apsHKEHHOM YacTHIBI B IIEHTPATbHO-CUMMETPUYHOM TIOJIC.
Ota 3aaa4a UMCCT NPUHIUIINAJIBHO BA’KHOC 3HAUCHUC JJIA aTOMHOH (1)I/I3I/IKI/I, IMOCKOJIBKY aTOM
MPEACTABISIET COOOM CUCTEMY C IEHTPaIbHON cuMMeTpueil. BcmomHuM, 4To BosHOBass (hyHK-
oy CTaHUOHAPHOI'O COCTOSAHUA CUCTECMBI B 3TOM CJIYy4UacC 3allMChIBACTCA B BUAC

|l’l,£, m(’, > = Rn(’, (r)Yé’m, (9’ (P) .
Hamma 3amgaya teneps paccMOTpETh CIEAYIONINE MATPUIHBIE DIEMEHTHI
<n,£,m€ x,y,z|n',£',m( '>. (12.34)

BcmmomuMM, 9TO
x = rsin(0)cos o,
y =rsin(0)sin @,
z=rcos0,

a Takxke
Y, (6,¢) = P""(cos0) exp(im, ).

Toraa npu BEIYUCIIEHUN MaTPUYHBIX 37€MEHTOB (12.34) BOZHUKHYT CIIEyIOIINE HHTETPaJIbI
2n

cos 2 cos e j exp(i(m,'—m, +1)de,
J.exp(—imgcp) sin@ rexp(im,'@)do = I exp(i(m,'—m,)p)ysin @ rdp — o
0 1 0 1 J.exp(l(mg —m,)do.

IlepBelit U3 ¥ NOMYy4YEHHBIX MHTETPAJIOB OTJIMYEH OT HYJS, eclu m,'-m, = +1, BTOpoil — npu
m,'=m,. Takum oOpa3omM, MojlyyaeM ClIEAYyIOIIEe NMPABUIO OTOOpa MO MArHUTHOMY KBaHTO-
BOMY YHCIY M,

Am, = 0,%1, (12.35)
T.. TIPH JIEKTPOMArHUTHBIX MEpexojax B AMIOIBHOM NPHUOIMKEHHMM MAarHUTHOE KBAaHTOBOE
YKCII0 TU00 U3MEHSETCS Ha €JUHHUILY, TUOO HE MEHSETCS.

AHaJNOTHYHBIM 00pa3oM pelIaeTcss BONPOC O MpaBHiax OTOOpa Mo OpOUTaTEHOMY
KBaHTOBOMY uMciy: Hanpumep, 111 MaTpUYHOrO 3J€MEHTa ONepaTopa z - MPOEKIUH JTUIO0b-
HOT0 MOMEHTa ¢ yuyeToM BolpaskeHus (114.10) umeem

'=1=%1, (12.36)
IpU 3JEKTPUYECKOM AMIIOIBHOM IEepexojie OpOMTalIbHOE KBAaHTOBOE YMCIO HM3MEHSETCS Ha
eIMHUILY.

[TpaBunam otb6opa (12.35), (12.36) MoxkHO TipUAATh TpOCcTOi duznyeckuit cmbica. Eciu
CUUTATh, YTO B MPOIIECCE MEPEXOAa MPOMCXOANUT U3NTydeHHE (TIOTJIOIIEHHE) KBAHTa HIIEKTPO-
MarHuTHOTO MoJis ((poToHA), CIUH KOTOPOTO paBeH enuHulle, cooTHoeHue (12.36) npeacras-
JsieT co0oil 3aKOH COXpaHEHHsI MOMEHTA KOJIMYECTBA JIBUKCHUSI B CHCTEME «aTOM + DIIEKTPO-
MarHuTHoe 1nosie». @OTOH YHOCUT eTUHUYHBIH MOMEHT. YTO KacaeTcsi MPOEKIHH, TO OHA MO-
KET He MEHATH CBOETO 3HAYCHHS, WIIM TaK)Ke U3MEHHUTHCS Ha enuHuiy. [Ipu 3TOM MOXHO 10-
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Ka3aTh, 4To ciay4aro Am, =0 COOTBETCTBYET UCIyCKaHHE JIMHEHHO MOJIAPU30BaHHBIX (HOTO-
HOB, a ciay4ato Am, = £1 - (OTOHOB C KPyroBOM MOJISIpU3ALHEH.

Yro kacaeTcsi BO3MOKHBIX 3HAYCHUH M3MEHEHHUs TJIaBHOIO KBAaHTOBOI'O 4KCJIa, TO HaM
ClIeZlyeT pacCMOTPETh paualIbHbIA HHTErpal

I = J.Rn/j (r)Rn'(t'(r)FSdr .
0

OTO MHTErpaj OKa3bIBAE€TCS OTJIIMYHBIM OT HYJI MPU MPOU3BOJIBHBIX 3HAUYEHHUSX KBAHTOBBIX
ymcell. [loaToMy HUKakMX OrpaHUYEHHUI Ha N3MEHEHUE TJIABHOTO KBAHTOBOI'O YKMCJIA HET:

An - nro6oe. (12.37)
CoBokynHocTh ycnoBuit (12.35)-(12.37) u cocTaBistoT npaBuiia 0T00pa i epexo/oB B LIEH-
TpaJIbHO- CHMMETPUYHOM I10JI€, B YaCTHOCTH B @TOME BOJOPO/A.

s popMynMpoBaHus MOJTHOTO Habopa MpaBuil 0OTOOpa B aTOME BOJOPOJa a TaKXkKe B
TPOM3BOIBHOM OHOAICKTPOHHOM aToMe’ HEOOXOAMMO eIe YYeCTh HATHYNE CIMHOBOIO Me-
XaHUYECKOI0 MOMEHTa 3J1eKTpoHa. [IocKoIbKy omepaTop B3aMMOAEUCTBHS C JIEKTPOMArHuT-
HBIM TIOJIEM B TUTIOJILHOM NPUOJIMKEHUH HE 3aBHCUT OT CIIMHOBBIX TIEPEMEHHBIX CHCTEMBI, MBI
MOYKEM 3aIucaTh

Am, =0, As=0. (12.38)
[locnennee yTBepkaeHUE ISl OJHOIEKTPOHHOIO aTOMA SIBISETCS JIMLIHUM, IOCKOJIBKY B
aToM ciyvae Beeraa s =1/2. Chopmymnupyem elue mpaBuia 0T00pa Jis H3MEHEHHs OIHOTO

MEXaHHUYIECKOTO MOMEHTa aroMa j W ero mpoekuuu m,. ITockoneky m; =m, +mg, TO u3

(12.35) u (12.38) nomyuaem
Am; = Am, + Am = 0,x1. (12.39)

JI1s1 KBaHTOBOTO YUCa j W3 MpaBuil 0TOOpa JUisi OPOUTAIIBHOTO U CIIMHOBOT'O MOMEHTOB TI0-
Jy4aem

A7 =0,11. (12.40)
BaxxHo 4TO, HECMOTPS Ha TO, YTO M3IYYCHHBIN (DOTOH YHOCUT €IMHUYHBI MOMEHT, OKa3bIBa-
eTcsl BO3MOXKHBIM U citydait 4j = 0. Takast cutyanust peanu3yercsi B pe3yiabTaTe TOTO, YTO U3-

MCHSCTC B3aMMHasl OpUCHTalsA BEKTOPOB /{nus B MMPOCTPAHCTBE TAK, YTO BCIMYMHA ITOJIHO-
ro MEXaHMYECKOTr0 MOMEHTA aTOMa OCTAETCsI HEM3MEHHOM.

CnexkmpanbvHvie cepuu amoma 6000pooa.

PaccmoTpuM Ha ocHOBe C(OPMYIMPOBAHHBIX IMPaBHJI OTOOpAa COBOKYNHOCTH paspe-
HIEHHBIX JIEKTPOMAarHUTHBIX NEPEXO0JI0B B aToMe Bojopoaa. OcTaHOBUMCS CHauyajla Ha Imepe-
X0/aX B OCHOBHOE coCTOstHUE ls, . B cooTBeTCTBMM C IpaBHiioM 0TOOpa MO OpOUTAIBLHOMY

MOMEHTY MEepeX0Jl BO3MOKEH TOJBKO M3 BO30OYXKIEHHBIX p - COCTOSIHUH C MPOHM3BOJBHBIM
3HaYCHWEM TJIABHOTO KBAaHTOBOTO 4Hcia. Bce p - COCTOSIHHS SIBISIOTCS TyOieTamu
(j=1/2,3/2). B cooTBETCTBUM C MPABHIIOM OTOOPA 110 j TEPEXO[ B ls,, paspewieH ¢ o6oux

KOMIIOHEHTOB 1y0JIeTa np,, 5, . Y Ka3aHHbIC IIEPEX0/1bl

> Tlox 0HOYIEKTPOHHBIM ATOMOM B JAHHOM CIIydae Mbl TIOHHMAEM JIF000M aTOM, Y KOTOPOTO CBEPX TOJTHOCTBIO

3aMOJHEHHBIX 000JI0YEK M MOJ000JI0YEK MMEETCS €IMHCTBEHHbIH 31eKTpoH. [Ipu 5TOM Mojpa3yMeBaeTcs, 4To

PaccMaTpUBAIOTCA TIEPEXO/Ib, CBA3AHHBIE C M3MEHEHHEM COCTOSHHS HMEHHO 9TOro jeKTpoHa. Hampumep, atom
2927 69,271

Al (snextponnas xoudurypauust 1s°2s°2p 35 °3p’ ) uMeeT omuH P DIEKTPOH CBEPX MONHOCTBHIO 3aIIOJI-

HEHHBIX MOA000J04eK. DJIEKTPOMArHUTHBIE MEPEXObl, CBI3aHHbIE C M3MEHEHHEM COCTOSIHUS 3TOTO BHEILIHETO
3JIEKTPOHA MOTYT OBITh TAK)K€ PACCMOTPEHBI B OJJHO3JIEKTPOHHOM IPHOIMKEHHH.
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NPz = 151/2
npuBeaeHbl Ha puc.12.1 u o6pa3ytor cepuro Jlaiimana. B yacTHOCTH TOJIOBHAsI JIMHHS CEpUs
Jlaiimana L, ecTb mepexon 2p,,y, —> Lsy,.

PaccmorpuMm Tenepp COBOKYII-
s p d HOCTb NEPEX0/I0B, 00PA3YIOLINX CEPUIO
banemepa. Ilpu o6cyxaenun monenu
aToMa bopa MBI yXe TOBOpDHUIIM O TOM,

e — | — 3d3f2,5f2
n=3 YTO 3TO MEPEXO0/bl HA YPOBEHb 1 =2
1 n3 0osiee BBICOKUX SHEPreTHUYECKUX COo-
p CTOsiHUi. B cooTBeTCTBUU C MpaBUIaMU
/ e 0T0Opa BO3MOXKHBI CIIEAYIOLINE IEpPE-
n:2 2p1f2 XOHLI
np — 2s,
4 ns —2p, nx3.
nd — 2p.

bosee moapoOHO ocTaHOBUMCS Ha aHa-
JIM3€ TOHKOW CTPYKTYpPBI F'OJIOBHOH JIM-
HuM cepun banbmepa. Ona dopmupy-
eTcd CIEeIYIOIMUMHU IepexoaaMu (CM.
puc.12.2): 3pys 50 —> 285, 38y, > 2Pynsns 3dyy > 2Py, 3ds, > 2py, . OTMETHM, ¥TO C

n=1 1s

12

Puc.12.1. Cepua lNlaimaHa B cnekTpe aToma BOAOpOAa.

HIKHEH KOMIOHEHTHI Iy6reTa 3d;, BO3MOXHBI [IEPEXO/IbI HA 00€ KOMIIOHEHTHI ybrera 2p ,
B TO BPeMsl KaK JUlsl BEPXHEH KOMIIOHCHTHI 1y0uera 3ds, nmpaBuiio 0TOOpa 10 j pasperuact
ePeXo/1 JIMILb Ha BEPXHIOK KOMIIOHEHTY 1y0uera 2p,,. Kak BUAHO, BOSHUKACT CEMb JIMHU.
OpnHaxo, eciiu y4ecTb BBIPOK/ICHUE COCTOAHUM 1Sy, U np,, a TaKKe npy, U nd,, NOIy4nM,

d qTO JJINHBI BOJIH Mepexoa0B8

§ P
3Sl/2 - 2pl/2 > 3P1/2 - 2Sl/2 H

3p1f2,3;’2

3da s 3d3/2 - 2pl/2 s 3[73/2 - 2S1/2 MOoIapHo

copnanatT. [loatomy B mnpubmmKe-
HUM, OCHOBAaHHOM Ha PEJIATUBUCTCKOMN
teopun Jlupaka, TOHKas CTpyKTypa
H_, 1muHMM UMeEeT ISTh KOMIIOHEHT.

Cnenyer umeTh B BHIYy, uTO Ooinee
TOYHBIN aHAJIU3 CIIEKTPa BOJOPOAOIO-
JTOOHBIX HOHOB IOKa3bIBA€T, YTO BBI-
pOXJCHHE NS, U Nnp,, COCTOSHUH IO

n=I1 p——— 1s

12 KBaHTOBOMY YHCIIy j TakKyK€ CHUMAeT-

Puc.12.2. ToHKaa cTpyKTypa ronoBHOW NuHWKM cepum Banbmepa.  Cil. Cusarue BBIPOKICHUA O6yCHOBJI€HO

TaK Ha3blBAEMBbIM J3MOOBCKMM CIBH-
TOM aTOMHBIX ypoBHeH. DToT 3ddexr Oyner paccmorper B JI 13. Bennunna 13MO0BCKOTO
C/IBUTa CYIIECTBEHHO MEHbIIIE, YeM TOHKOE paciieruieHne. [103ToMy 4ToObI SKCIIepUMEeHTalb-
HO OOHAapyXXHUThb HaJIW4YME CEMHM KOMIOHEHT /  JUHHUU TpeOyeTcs CHEKTpalbHbIM MpHOop ¢

OombIel pa3penaronei CHocoOHOCTEIO.
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CnexmpanvHule cepuu amomos uei0uHblX Memaios.

Mpl ye TOBOPHJIM O TOM, YTO aTOMBI LIEOYHBIX METAJUIOB, Ha BHEIIHEH 000JI0uKe
KOTOPBIX HAXOJUTCSl €IMHCTBEHHBIN 3JIEKTPOH, SIBJISIFOTCS BOAOPOAONOA00HBIMU. [loaTOMY HMX
CHEKTpaJIbHbIE CEPUU BO MHOI'OM IOXO0XM Ha CIIEKTpaJibHbIE CEpUM aToMa Bojxopoja. Tem He
MEHEeEe OTCYTCTBUE «CIy4YallHOr0» BBIPOKICHHUS 1O OpPOUTAIbHOMY MOMEHTY BHOCHUT CBOIO
cneunuky B popMuUpOBaHHE CHEKTPOB 3THX 3JIEMEHTOB, K PACCMOTPEHUIO KOTOPOIl MBI ceil-
yac nepeiineM. B kauectBe mpumepa Ha puc.12.3 mpuBeneHbl CHEKTpajbHbIE CEPUU, BO3ZHU-
KalolllUe IPU IEKTPOMArHUTHBIX Iepexojax B arome Harpus. OCHOBHOE COCTOSHUE aToMa

sHeprus, 3B
s p d
5.12 /
7 S12 p 1252 5d s, 5f5/2, 72
—06s
" 5p1 /23/2 4d 3/2,5/2 4f5/2, 772
4.0
fundamental
4p1/2,3/2
3d3/2,5/2
3.0 diffuse
sharp
2.0
principle
1.0}
0t 3s

12

Prc.12.3. CnekTpanbHble cepumn aToMa HaTpus.



167

HaTpus - 32S1/2. [Tepexonibl B 3TO COCTOSIHME CO BCEX BBIIIE JIekKamux P - cocTosHui oOpa-

3yIOT OCHOBHYIO WJIH TJIaBHYIO CEPUIO
2 2
nBs, »3°S,, nz3.

Bce nmuHum 3TOM cepun UMEIOT TyOJIETHYIO CTPYKTYPY. AHAJOTUYHO MEPEX0IbI
2 2

00pa3yroT Pe3KyI0 CEpUI0 B CIieKTpe aToma HaTpus. OYeBHIHO, BCE JIMHUU PE3KON CEpHH TaK-
*Ke SIBISIFOTCsI AyOsneramu. Jlanee umeem cepun

n’D—3*P,  n2x3,

n’F >3’D, nx4,
KOTOpbIe Ha3bIBAIOTCS AH(Qy3HOH U (yHIaMeHTATbHON cepusmu’. HeTpyaHo BHAETH, 4TO
TOHKasl CTPYKTYpPa JIMHUW 3TUX CEPUN COCTOUT U3 TPEX KOMIIOHEHT.

HasBanus cepuil «riaBHas», «peskasy, «iupdysHas» «hyHIaMEeHTaIbHAs» B aHIJION-
3BIYHOM JINTEpaType 3BydaT Kak “principle”, “sharp”, “diffuse” u “fundamental”. CoGcTBeHHO
HiepBbie OYKBBI B HA3BAHHSX ITHX CEPUIl HCTOPHUYECKU M OBUIM MCIONIB30BaHbI ISl CHCTEMATH-
KA aTOMHBIX COCTOSTHHUM 10 BEJIMUHNHE YIJ10BOIO MOMCHTA.

INeKmpoMasHUMHbLE NePexo0bl 8 MHO20INIEKMPOHHBIX AMOMAX.

B cirydae aneKTpOMarHuTHBIX EPEXOI0B B MHOTOIEKTPOHHBIX aTOMax CUTyalus OKa-
3bIBAETCSl HECKOJIBKO 0oJiee CI0XKHOU. J[eCTBUTENbHO, JUMOIBHBINA ONEpaTop, KOTOPbI OTBe-
YaeT 3a AIEKTPOMAarHUTHBIN epexo/l, sIBIAETCsl HeUEeTHOM (PyHKIUI KOOpUHAT, TO €CTh MEHSI-
€T CBOW 3HaK IpH 3aMEeHE 7 — —7 . DTO O3HA4yaeT, YTO aTOMHBIE TEPMbI, MEXIY KOTOPHIMU
IPOUCXOAUT TEPEeXoid, NOJKHBI 00JafaTh pPa3IU4YHONM MPOCTPAHCTBEHHOM YETHOCTHIO. ODTO
TPaBHIIO 0TGOPA M3BECTHO Kak mpaBuio Jlanmopra’. B 0HO3IEKTPOHHOM aTOME 3TO IPABHIIO
BBITIOJIHACTCSA aBTOMATUUYCCKH, IMOCKOJIBKY YCTHOCTH BOJTHOBOM q)yHKIII/II/I OIPCACIIACTCA KakK

P=(-1)" u neiictByer nmpaBuio or6opa A/ =+1. B MHOro>1eKTpOHHOM aTOMe YeTHOCTh
TepMa ecThb
P=(-)x", (12.41)
r/e anrebpandeckas cyMMa 6epeTcst 1o BCeil COBOKYMHOCTH aTOMHBIX 3MeKTpoHOB'. [TosTomy
JUISL TOTO, YTO OBI OIPEIENINTh, yIOBIETBOPSETCS JIM mpaBmwio Jlamopra, HEOOXOIUMO 3HATH
opOUTaIbHBIE KBAHTOBBIE UMCIIa BCEH COBOKYITHOCTH aTOMHBIX 3JIEKTPOHOB, TO €CTh (pakTHye-
CKM HEOOXOJMMO 3HATh AJIEKTPOHHYIO KOH(HUTyparuio. YeTHOCTh TepMa B CIPABOYHOU JIUTE-
paType 4acTo yKa3bIBalOT C MOMOIIbIO MaJeHbKON OYyKBbI «0» (OT aHriuickoro «odd» — He-
*5*11, . Hanpumep,
o6o3HaueHne * P’ MokasblBaeT, YTO peyb HAET O TPUILIETHOM TEPME C OTPHUIATEILHON YETHO-
cThi0. Eciim OykBa «0» OTCYTCTBYET, TO YETHOCTh TE€PMa CUHTACTCS TOJIOKHUTENBbHOH. OTMe-
TUM, YTO BCE TEPMBI B Mpeeaax 0JHONH KOHPUTypaly XapaKTepU3yoTCsl OJJMHAKOBOW YETHO-
CThIO. DTO O3HA4yaeT, YTO B JUIOJBHOM MPHUOIMKEHUU MEpexXoibl MEXIY TepMaMu OIHOMN
KOH(UTrypaluu 3anpeuieHsl npasuiom Jlamopra.
B cnydae ecnu nepexon paspelieH mpasuwioM Jlanmopra (KOTopoe MOKa3bIBaeT, paspe-
IIEH JIU MEePeXod MEXIy 3JEKTPOHHBIMH KOH(QUIypalusMH), MOXKHO CHOpPMYJIHpOBaThH Clie-

quHLIﬁ), KOTOpas MULIICTCA CIIpaBa BBEPXY OTHOCUTCIIbHO CUMBOJIA TEpMa

% DyHIaMEeHTaIBHYIO CEPHIO HA3BIBAIOT TaKxke cepueil beprmana.

7 0.Laporte (1902-1971) - amepukaHCcKuii hU3HK.

¥ B 1m0JHOCTBIO 3aIIONIHEHHOM 1101060I0YKE YUCIO SIEKTPOHOB BCEIJIA SIBJISETCS YETHBIM, TO €CTh MHOTO3JIEK-
TPOHHAs BOJHOBas (DYHKLHSI ITONOOOJOUKH BCETa XapaKTepH3yeTCsl IIOJIOKUTEIIBHOIM YeTHOCThI0. ClieioBaTeb-
HO, B (12.41) cymmupoBanue (pakTHIECKH CIEIyeT MPOBOAUTH IO OPOUTATFHBIM KBAHTOBBIM YHCIIAM DJIEKTPOHOB,
HaXOAIIMMCS B HE ITOJHOCTBIO 3aII0JIHEHHBIX OZ000I0YKAX.
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JyIolllie IpaBuiia 0TOOpa, KOTOPbIE ONPEAEISIOT, pa3pelleH JU Mepexo] MexX1y TepMamMH 3a-
TaHHBIX KOH(PUTypanuii. DTH NpaBuiIa UMEIOT CIIETYIONINA BUI;

AL = 0,11,

A5 =0.
[IpaBuiio oTOopa MO CIMHY YacTO HA3BIBAIOT 3apPETOM HHTEpKOMOMHAIMKA. OTMETHM 4YTO, B
OTJINYHE OT OJHODJIEKTPOHHOW aTOMHOM CHCTEMBI, CYMMAapHBIM OpOUTAIBHBI MOMEHT JJIEK-
TPOHHOW OO0OJOYKM MHOTOZJIEKTPOHHOTO aToMa MOXET M HE MEHSThCS TpU MEepexoje
(AL =0). C ¢pusnueckoit TOUKH 3pEHUS ITO CBA3aHO C TE€M, YTO B MHOTORJIEKTPOHHOM aToMe
IpU U3ITy4eHUU (HOTOHA, YHOCSIIETO AUHUYHBIII MOMEHT, MOXET MPOU30UTH NEPEOPUECHTALIUS
OpOUTATLHBIX MOMEHTOB OTJ/CIBHBIX aTOMHBIX JJICKTPOHOB TaK, YTO CyMMAapHBIH OpOWTaIIb-
HBIIi MOMEHT 3JIEKTPOHHON 000JIOUKH HE MEHSETCSI.

Kpome Toro, ykakeM eme mpaBmiio 0TOOpa, yKa3bIBAIOUIEE Pa3pelICHHBIC TEPEXOIbI

MEX1y aTOMHBIMH COCTOSIHUSIMU.

AJ =0,%1.

DTO MpaBUII0O UMEET TOYHO TaKOH kK€ BHJ, KaK U B OJHORJIEKTpPOHHOM atome. [Ipu 3ToM mo-
MOJTHUTENILHO HEOOX0AUMO y4ecThb, uTo nepexoa J =0 — J =0 (tak HazpiBaembiit «0-0 - me-
pexoa») sBISETCs 3alpelleHHbIM. JTOT 3allpeT CBSI3aH C HEBO3MOXKHOCTHIO YJIOBJIETBOPHUTH
3aKOHY COXPAaHEHHsS MOMEHTa KOJMYECTBA IBW)KCHHUS, KOTJla B HAYAJIbHOM M KOHEYHOM CO-
CTOSIHUM y aTOMa MOMEHT OTCYTCTBYET, a B CUCTEME IMOSBUJICS (POTOH, HECYIIUH €AMHUYHBIN
MOMEHT.

B kadecTBe mpmMepa MCTOIB30BaHUS CHOPMYIUPOBAHHBIX MPABHI OTOOpa PaccMOT-
pPUM BO3MOJXKHBIE TIEPEXO/IbI B CIIEKTpe aToMa renwus (cM. puc.12.4). OCHOBHOE COCTOSIHUE aTo-
Ma renus 'S, B KoHGUrypauuu ls’. DTO COCTOAHME XapaKTepU3yeTcs MOI0KHUTETLHON YeTHO-
CThI0. UETHBIMU SIBIISIFOTCS U BCE TEPMBI (M COCTOSIHUS) B KOHpuUrypamuu 1s2s . B aToit kondu-
rypanuu umerorcs Tepmbl 'S u S . Tlepexo/sl U3 9THX TEpPMOB B TepM KoHpurypauuu s 3a-
npemeHsl npauioM Jlamopra. Kpome toro, mepexon 1s2s(*S) — 1s>('S) 3anpemen Takxe 1o

CHUHY. 3HAUYUT, COOTBETCTBYIOIINE aTOMHBIE COCTOSIHUS SIBJISIIOTCS JOATOXKUBYIIUMU. CoCTOSA-
HUSI, IEPEXO0]] U3 KOTOPBIX BO BCE HMXKE JISKAIIUE COCTOSIHUSA, ABISIETCS 3alPELCHHBIM IPUHS-
9
TO Ha3bIBaTh METacTaOMIbHBIMU . Bce TepMbl KoHQUrypamuu 1s2p SBISIOTCS HEUYETHBIMHU.
[osTomy mpasuio Jlamopra paspelnaer mepexosl B TepMbl koHburypamuii 1s® u 1s2s . Ox-
HAaKO, U3 TpuIeTHoro TepMa ls2p(*P) BO3MOXKEH TOJBKO MEPEXo[ B TPUILIETHBIA TepM
1525(’S), B TO BpeMs Kak M3 CHHIJIETHOTO T€pMa PacCMaTPUBAEMON KOH(HUIYpaluu BO3MOK-
9] 2
HBbI TIEPEXO0/Ibl B CHHIJIETHBIE TEPMbI 000MX HMXKE JIeKAIIUX KoHpurypauuit 1s” u 1s2s :
1
1s2s(°S),
2,1
Is*(S).
OTMeTuM, 4TO MOCKOJIBKY B OJHORJIEKTPOHHBIX BO30YKAEHHBIX COCTOSHUSAX aTOMa Tejus YeT-
HOCTh KOH(HTYpamuu ¥ CyMMapHBIi OpOWUTAILHBIA MOMEHT OIPEIEISIOTCS OpOUTAIEHBIM
KBaHTOBBIM YHCJIIOM BO30YXKIEHHOTO JJIEKTPOHA, JJIsi aToMa He OKas3bIBaeTCs BO3MOKHBIM

TaKXe UCIOJIb30BaTh MPaBUiIa 0TOOpPa, CHOPMYIUPOBAHHBIC HAMH IS IIEPEX0JI0B B OJHODJICK-
TPOHHBIX aTOMaX.

1s2p('P) -

? MeracTabuiibHble COCTOSHUS TPEICTABIIAIOT OOJIBIION HHTEPEC B PA3IHUHBIX 00/1ACTAX (BPH3MKH, XUMHH U OHO-
JIOTYH, TIOCKOJIBKY OHU MOTYT SIBJISIThCS PE3€pBYapoM, B KOTOPOM MOXHO 3amacaTh 3Hepruto. Hampumep, Bo30y-
JKJICHHE METAacTAOWIIBHBIX COCTOSHMH B Ta30BOM paspsifie IIUPOKO HCIIONB3YETCs B IMPOIECCE HAKayKH Ta30BbBIX
Ja3epoB.
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PaccmoTpum eie oauH mpuUMep KCIONb30BaHUs MpaBuia JlamopTa ans onpeneiaeHus
pa3pelIeHHbIX aTOMHBIX nepexonoB. IlycTs y Hac umeetcs arom yriepona. TepM ¢ MUHUMAb-

HOIt SHeprueil ° P mpuHamIexKuT KoHurypamun 1s”2s>2p*. DTa KoHQHUTypamys XapaKTepH-

3yeTcsl TIOJIOKUTEIIbHON YeTHOCTHIO. PaccMoTpuM eliie HeCKoJIbKO KOH(UTYpaluii aToMa yriie-
poJia, a UMEHHO

157252 p3s

1s*2s*2p3p

1s*2s>2p3d
[IepBast u TpeThs U3 ITHUX KOHPUTYpAIUi SBISIOTCS HEYETHBIMHU, MTOATOMY TpaBuio Jlamopra
pas3peliaeT nepexosl B T€PMbl 3TUX KoHpuryparuii. Pa3peiieH, uim 3amnpemnieH KOHKPETHBIN

3B

24 15

22 -
1s2

1525

20 — {525

18 —

Puc.12.4. PaspelueHHble nepexogbl B CNEKTPe renms.

nepexo/], HaJl0 OMpPEAeNsATh, UCIOJb3Ysl MpaBuUiia 0TOOpa /g KBaHTOBBIX uucen L, S u J. B
TOKE BpEMsI YETHOCTb KOH(uUrypauu 2p3p Takxke SBISETCS MOoJoKuTenbHOU. [loaToMy me-
PEXO0IBI BO BCE TEPMBI 3TON KOH(DUTYPALIUH SIBIISTIOTCS 3aIPEIICHHBIMU.

B 3akmioueHue pasznena oTMETUM emie pas, uTo chopMyJIMPOBAHHBIE MpaBHia 0TOOpa
SIBJIAKOTCS HpI/I6J'II/I)KeHHI)IMI/I. Onu MOJIYYCHBI AJIA SJICKTPHUICCKOI0 AUIIOJIBHOI'O HpI/I6J'II/I)KeHI/I$I
B NIEPBOM MOPSAJIKE TEOPUHM BO3MYILIECHUW MO TUIIONBHOMY B3aumonencTtsuio. Kpome toro, B
MHOT'O3JICKTPOHHLIX aTOMax 3allpClICHHBIC MEPEXO0Abl MOTYT IMPOUCXOAUTH BCJICACTBHUC TOIO,
4710 NpuOIMKeHne LS - CBSA3H, B paMKax KOTOPOTO 3TH IMpaBWIa 0TOOpa CPOpPMYITUPOBAHBI,
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ABIISICTCA HEAOCTATOYHO TOYHBIM. q)aKTquCKH, B 3TOM cnyqae KBAHTOBBIC YU CJIa L u S BBC-
JICHBI JINIITH MPUOJIMKEHHO, ITOCKOJIBKY CTAI[AOHAPHOE COCTOSIHHE aTOMa HE MOXET OBITh OXa-
paKkTEepU30BaHO TOYHO ONPE/ICIICHHBIMY 3HaYeHUSAIMH L u S . IMeHHO Takas cuTyanus Xapak-
TEpHa I TSOKENBIX aTOMOB, HAIIpUMED, I aTOMa PTYTH, Y KOTOPOIr'o JIMHUS C HapyILICHUEM
UHTEPKOMOMHAIIMOHHOTO 3ampeTa SBJISCTCS MOYTH TAKOH jK€ WHTCHCUBHOW, KaK M MEPEXOIbI
0e3 U3MEHEHHS CITMHA.

12.1.

12.2.

12.3.

12.4.

12.5.

12.6.

12.7.

3agaun.
DNEKTPOH HAXOJIUTCS B OECKOHEUHO TITyOOKOH MPsSMOYTOIbHON MOTEHIIMAIBHOMN Me B
OCHOBHOM COCTOSTHUHU. OTpeeNTuTh BEPOSTHOCTh IMEPEXoa 3a UMITYJILC B IIEPBOE BO3-

OyXKJIeHHO€ COCTOSIHME TIOJ] JEeHCTBUEM JIa3epHOrO0 HUMITyJbca TrayccoBOM (OpMbI
2

E=FE;exp —;7 cos(®yt) . Cumurarp, 4T0 ®,T>>1, ®, * ®,,. Kak n nouemy Bepo-
ATHOCTb BO30Y’KIECHUS 3aBUCUT OT JJIUTEIBLHOCTH JIA3€PHOT0 UMITYyJIbca?
CcdopmynupoBath npasuiia 0TOOpa Ui 3apsHKEHHON YaCTHIIBI, HAXOSIIEHCS B OJHO-
MEPHOU MPAMOYTOJIHHON OECKOHEYHO TITyOOKOU IMOTEHIIUATIBLHOM sMe.

OnpenenuTts JUIMHBI BOJH TOJIOBHBIX JIMHUM cepuu Jlalimana u cepun banbmepa B ciek-
Tpe aToma BOJOpOJa.

CriekTpasbHble JUHAU KaKUX CEpUi MOTYT BO3HHKHYTH IPH BO30Y>KJICHUU aTOMOB Ha-
TpHsl U Kallusl B COCTOSIHUE Ss 7

CKOJIBKO KOMITOHEHT MMEIOT JUHUU Auddy3HON cepuu B aTomMax ILIEJIOYHBIX MeTall-
10B?

Kakue u3imydarenbHble Mepexo/bl BO3MOXHBI IpU BO30YXKJIEHHUM aTOMa Teius B CO-
CTOSIHUSA, IPUHAJIeKaIue kKoHdurypanuu 1s3d ?

Omnpenenuts BCce BO3MOXKHBIE TEPMBI aTOMa YIiepona Ui 3JCKTPOHHBIX KOH(UTypa-

muit 1s°2s*2p'4¢ (/ - moboe BO3ZMOKHOE OpOMTAIbHOE KBAHTOBOE YHCIIO). YKas3aTh
BCE BO3MOYKHBIEC JJIEKTPOMATHUTHBIE MEPEXOAbl MEXIy TepMaMH 33JaHHBIX KOH(HTY-
parmii ¥ OCHOBHBIM TepMOM KoHdHryparmu 1s°2s°2p” .



