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Nekunna 7.

CranuoHapHble COCTOSIHUSI B IEHTPAJBHO - CHMMeTPU4YHOM noJie. 3ana4da Kemute-
pa.
3amagya 00 OMNpeNeNCHUH CTAllMOHAPHBIX COCTOSHUN YaCTUIBI B IICHTPAIBLHO-
CUMMETPUYHOM TOTEHIIMANE SBISETCS BaKHEUIEH Al aTOMHON (DM3UKH, MOCKOJIbKY JHO00M
aToOM, U B TOM YHCJIE€ TIPOCTEUIINNA — aTOM BOJOpPOJA, MPEACTABISIET COOOM CHUCTEMY C IIECH-
TpaJIbHOM cCUMMeTpUel. DTa ke 3a/1aya BaKHA U B (PU3UKE aTOMHOTO si/ipa, MOCKOJBKY B Iep-
BOM HpI/I6J'II/DKCHI/II/I HyKJ'IOHI)I B SII[pC TAKXC [[BI/DKYTCSI B IIGHTpaJ'H)HOM I10JI€C.
[TycTh mosie BHETHUX CUJI OMUCHIBACTCS

LEHTPaJbHBIM NOTEHUHUANIOM V = V(|F), 1o-

r TEHIIMAJl 3aBUCHT JIMIIb OT YJAJICHUS YaCTHIIbI
OT CHJIOBOTO IIeHTpa. B uacTHOM ciy4ae

2
yo_2 (7.1)

g r
TaKOW IMOTEHIIMAJI OMUCKHIBAET B3aUMOIEUCTBUE
3JIEKTPOHA C aTOMHBIM SIAPOM C 3apsoM Z .

s 3a0a4 ¢ HEHTPAIBHONW CUMMETpUEH

7 y yIOOHO HCHOJB30BaTh CHEPUUECKYIO CHCTEMY

X / KOOpJMHAT, B KOTOPOH IOJIOKCHUE YaCTHIIBI
OINMUCBIBACTCSl UTMHOW paauyc-BEeKTOpa 7 H

Puc.7.1. Chepuueckas cucTema KoopauHar. aByms yriamu 6 u @ (cm. puc.7.1). 3anuuem

MO03TOMY cTalMoHapHoe ypaBHeHue lllpenun-
repa B BUJIE:

hZ
—%Vz\y(r, 9, (P) + V(V)\If(l",e, (P) = E\lf(l", ea(P) . (72)

[Ipexe ueM NMpUCTYNHUTh K PEUICHUIO 3a7a4d Ha COOCTBEHHBIC 3HaueHUs (7.2) 0OpaTUM BHH-
MaHHME Ha TO, YTO B CIy4Yae MoJid ¢ NEHTPaJIbHONW CUMMETpuel onepatop ['aMuinbTOoHa KOMMY-

TUPYET C ONCpaTOPOM KBaJApaTa MOMCHTA KOJMYCCTBA ABUKCHUA L2 H OomiepaTopoMm €ro z -
IMpoeKUun iz , TO €CTh
17,17 ]=o0. |A.L.|=0. (7.3)
Ot PaBC€HCTBA JICTKO MOJYYaroTCA NPAMBIM BBIYHUCICHUEM KOMMYTATOPOB, €CJIM BCIIOMHUTD,
qTo
o, h*10° I’

fely IO L
2m 2m r Or 2mr
2
I2 =—h2A9q, :—hz[ _1 i(sin9£j+% 0 = |5 (7.4)
sin© 00 00) sin” 0 O
L, =—-ihd/de,

M y4ecTh, YTO MOTEHIIHAJ He 3aBHCUT OT yriioB O u ¢ . BcmomuuM Taxske, 4To omepatop L

KOMMYTHPYET € ONEPATOPOM JIFO0ON U3 MPOEKIUHA MOMEHTA, B TOM YHCIE, ¢ L. :
o
2.1, ]=o0.
9T0 3HAYUT, 4YTO B MMPOU3BOJILHOM LCHTPAJIbHO-CUMMETPUYIHOM I10JIC MOKHO HaWTH TaKHue co-

CTOAHUS, B KOTOPBIX Cpa3zy TpU (1)I/I3I/I‘ICCKI/IX BCJIMYMHBI, 4 UMCHHO 3HEPIrusd, KBaApaT MOMCHTA
KOJIMYCCTBAa ABWIXKCHUA W €TI0 HNPOCKIUA HAa OChb Z HWMCIOT TOYHO OIPCACIICHHBLIC 3HAYCHUS.
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NMeHHO K HaXO0XJIEHUIO TAKUX COCTOSHUHM MBI ceiuac u nepeiaem. [Ipu 3Tom HailieHHbIE Ha-
MU perieHus 3aaa4u (7.2) OyayT crpaBeUTUBBI 7S TF000T0 LIEHTPATLHOTO ToJisl. 3ateM Ooee
MOJIPOOHO MBI OCTAHOBUMCS Ha OCOOCHHOCTSIX PEIICHUS 3aJIa4M JIJIS CITydasi KyJOHOBCKOTO T10-
teHnuana (7.1)

Hanwuue meHTpasbHO CHMMETPUU TOTEHIMAIa TO3BOJIICT MCKATh PEIICHHUE 3aadd
(7.2) MmeTotoM pazfieneHus MepeMeHHbIX

y(r,6,0) =R(r)Y(6,9), (7.5)

I7Ie COOTBETCTBEHHO R(7) - paamanbHas, a Y (0,¢) - yrioBas BosHOBbIe ¢pyHKIMH. [TogcTaBum
pasnoxenue (7.5) B ypaBuenue (7.2). [lomyunm:

h? 1 d? h?
———Y(0,9)=— ("R(")-—
2m rdr 2mr
OTKY/Ia MOCJIC HECIOKHBIX MPEOOpa30BaHHUi HAXOIUM:

rood? 2mr? 4,,Y(0,0)
5 RO+ =5 (E-V(r) =——2—.
R(r) dr /) Y(6,0)
JleBast yacTh ypaBHeHHs (7.6) 3aBUCHT TOJBKO OT paJHaibHONH KOOPAMHATHI, B TO BPEMs Kak
npaBasi — TOJBKO OT COBOKYITHOCTH YIJIOBBIX KoopauHaT. ClieoBaTeIbHO, KaXKIas M3 dacTen

YpPaBHCHUA €CTb HCKOTOpPAs KOHCTAHTa A Torz{a NMEEM
_AO(pY(ea(P) = }\'Y(ea(P) (77)

Pemenue 3amaun (7.7) B MaTeMaTHKE XOpPOILO M3BECTHO: 3TO cepuueckue GyHkuuu Y, ,

R(r)4,,Y(8,0) +V(r)R(r)Y(6,9) = ER(r)Y(8,0),

(7.6)

npuueM A = /(£ +1). 3necy ¢ - moboe 1enoe HeoTpUulaTenbHoe uncio, 1.e. £ =0,1,2,..., a m
JUTSL KOKI0TO ¢ TipoOeraeT 1eIOYUCIeHHbI Habop 3HaueHud ot — /¢ 1o /: m=0,21,12,...+ 7,

Bcero 2/ +1 3Ha4eHHN.
C ¢usnveckoit Toukn 3peHus ypaBHenue (7.7) mpencraBiseT coOoi 3amady Ha coOCT-
BEHHbIE 3HAUEHMsI OIlepaTopa KBagpaTa MOMEHTA KOJMYECTBA IBUKCHUS:

*Y, =hn*0(0+1)Y, (7.8)

T.e. cepuueckass GyHKuus Y, oOInpenenseT COCTOSHHE C TOYHO ONPEAETICHHbIM 3HAYE€HUEM

m?

KBaJ[paTa MOMEHTA KOJUYECTBA JBUKEHUS, IPHUEM
L =m0 +1). (7.9)
CaoiicTBa cepuueckux GpyHKIMN XopoIo u3ydeHsl. Obuiee npeacraBiaeHue s Y,
MMEET CIEAYIOLIUN BU]T
Y,, (0,0) = P (cos 0) exp(ime) , (7.10)
rae P (cos0) - npucoenunenHblil monunHom Jlexanapa. B wactHoM ciyuae m =0 npucoe-
JMHEHHbIE MOJIMHOMBI IPEBpaIlatoTcs B 00bIYHbIe oNMHOMBI Jlexanapa P, (cos0) . [Ipusenem
SIBHbIE BBIPAXXCHUS JJIS TIEPBBIX HECKOJIBKUX cheprueckux (yHKIMiA (0e3 yueTa HOpMHUPOBKH):
Yy (6,9) =1
Y,,(6,9) =cosb, Y,,,(6,0) = sin(6) exp(+i¢) ,

V.o (0.0) =2 (eos*(©)-1). 7,,,(0.0) = sin(©)cos(O)exp(ig)

. 2 .
Y, 1,(0,¢) = sin” (0) exp(£2i¢) .
Hexkotopeie cBoiicTBa cdepuueckux (yHKIMHA, a TakkKe MOIMHOMOB JlexxaHapa u mpucoenu-
HEHHBIX IMOJIMHOMOB 00Cyxnatotcs B [Ipunoxenun 4.
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Herpynno Bumets, uto chepruueckne GyHKIMH SBISIOTCS TAaKKe€ COOCTBEHHBIMU (PYHK-
[USIMU OTIepaTopa z - MPOEKIUU MOMEHTA KOJIMYECTBA ABMXKEHUS C COOCTBEHHBIM 3HAYEHHUEM
mh . JIeiCTBUTEIBHO

A 0
LY, (8,0)= —lhang (0,0) =hmY,,(6,9),

MO3TOMY KBAaHTOBOE YHCJIO 71 OMNPEAEISeT BEIMYUHY L. B COCTOSIHMH, ONUCBHIBAEMOM (yHK-
nueit Y, . Takum 06pa3oM, Mbl HAallUIM COCTOSIHUS, B KOTOPBIX BEJIMUYMHA KBaJpaTa MOMEHTA U
€ro z - MPOEKIUM MMEK TOYHO OIpPEICIICHHbIC 3HAUCHHUsA. TaKue COCTOSHUS OIMCBIBAKOTCS
cheprueckumu GpyHkmmamu Y, (0,¢), npu sTom
L =n*0(C+1), L, =mh,

npuuem ¢ =0,1,2,..., m=0,£1,+2,... £ 7.

BBenennsle Hamu cdepudeckue (QYHKLIUU YAOBIETBOPSIOT CIEIYIOIEMY YCIOBHUIO
HOPMHUPOBKH

[Y.,.0.9)Y,,0,9)d2=N 3,3

3mech
_An (L +m)!
20+ 1 (0=m)!
B nanprelimem HaM OymeT yI00HO MCIIONB30BaTh HOPMUPOBAHHBIC HA eIUHUILY chepruecKue
¢yHKUMY, T.€.

j|n,m(e,@)|2dg=1. (7.11)
TaKI/Ie (1)YHKIII/II/I OTJIMYAaKTCA OT BBCIACHHBIX paHee YMHO)KGHI/ICM Ha I-II/IC.HGHHI)II\/JI MHO>XH-
20+1(0—m)!
4t (L +m)!

TEb . B nmanmpHeiimeM MbI coxpaHUM Il 9TUX (DYHKIUH TO e 00O3HaYe-

nueY,, .

UYro kacaeTcs ABYX ApPYTuX IMPOEKIHMH MOMEHTa KOJIMYECTBA JBUKEHUS, TO B paccMar-
PHMBAEMBIX HAMH COCTOSHHUSX OHH HE HMEIOT TOUHO OMPE/ICICHHOr0 3HAYCHHS . B 5TOM CMbIC-
Ji€ B KBAaHTOBOH TE€OpHUM BEKTOpP MOMEHTa HE MMEET CTPOr0 OIPEIECIICHHOIO HAIpaBJICHUS B
npocTtpaHcTBe. TOYHO U3BECTHBI JIMIIb €0 JUIMHA U IPOEKIMs Ha OAHY U3 ocell (Hampumep,
och z)*. MOKHO IOKa3aTh, YTO JUIS JIFOOOTO COCTOSHHS Y, (0,0) cpeaHue 3HaueHUs ABYX

JApYTUX MPOEKLUM paBHbI HYJIIO:
(L)=(L,)=0.
Beruucnum teneps aucnepcuu <L2v> u <L2V> [Tonarasi, 4To BCIEACTBUE CUMMETPUU 3aJa4u
9TH IUCTIEPCUU PABHBI MEXKYy COOOM, M UCTIONB3YsI OYEBUIHOE COOTHOIICHHE
(2)+(2)+ L2 =1,
MOy YUM

(2)={8) =l o=

' I10 yTBepIKIEHHE CTIPABEUTMBO VIS BCEX COCTOSHMI C HEHYJIEBBIM 3HAYEHHEM OPOUTAILHOTO KBAHTOBOTO UHC-
na. B cinyuae £ =0 Bce Tpu npoekiu OpOMTAIEHOTO MOMEHTA UMEIOT TOYHO ONPE/IENICHHOE 3HAUEHHE, PABHOE
HYJTIO.

> MOXHO, KOHEUHO, ITOCTPOHTh HAGOP COCTOSHMIA C 3a1aHHOI BETMUMHOM MPOCKIMH MOMEHTA Ha JIO0YIO 0Ch,
HarpuMep, Ha och X. B 3ToM cirydae npoekmus Ha och z He OyAET UMETh TOYHO ONPEIEICHHOTO 3HAUCHHUS.
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Kak BHHO, MaKCHMaJIbHOE 3HAYEHHE JUCHEPCUM MU3MEPSAEMBIX 3HAYEHUM X - U ) - NPOCKUUN
MOMEHTA UMITyJIbCa pealu3yeTcs A COCTOsAHUA ¢ L =0, a MUHUMaJIBHOE — JIIsl COCTOSIHUS C

MaKCHMaJIbHO BO3MOXXHOM BeNMUMHOW L_ = /7 . B aTOM ciyuae:

(By=(5)=""r.

B cydae ¢ >>1 nns cocrosnus Y,, uMeem

e

|L ~—<<1.

Je

HOCKOHbe, KaK YK€ OTMCUAJIOCh, B 3TOM COCTOSIHUU <Lx> = <Ly> =0 , TO B IIPCACIIbHOM CJIYy-

yae />>1 u m=/{ peanusyeTcsi KIIACCUYECKHI CIIydail: BEKTOP MOMEHTa UMEET ONpPEIEIICH-
HOE HaIlpaBJIEHNE B IPOCTPAHCTBE (HAMpPaBJIEH BI0Jb OCH Z ).

JloroBopumcst Tereps 0 clieAyromeid TepMuHoiorun. KBantoBoe 4uciio ¢ OyeM Hasbl-
BaThb 0p6I/ITaJ'H>HBIM KBaHTOBEIM unciioM. OHO 3a1aCT 3HAYCHUC KBaJIpaTa MOMCHTA KOJIMYCCTBA
nBkeHus1. OOBIYHO COCTOSIHUS C PA3IMYHBIMU 3HAUYEHUSMH ¢ 0003Ha4ya0T OyKBaMM JaTHH-
ckoro andasurta. Cocrosaue ¢ ¢ =0 HaA3BIBAIOT §-COCTOSIHUEM, ¢ (=1 - p -cOCTOSTHUEM,

¢ =2 - d-coctossaueM, ¢ =3 - f -cOCTOSTHHEM, U Aaliee MO JaTUHCKOMY an(I)aBI/ITy3:
(=0, 1, 2, 3, 4, 5,..

s, p,d, f, g h,.

HaHpI/IMCp, KOoraa roBopsaT O p -3JICKTPOHE, TO 3TO O3HAYACT, YTO 3JICKTPOH HAXOAUTCA B CO-
CTOSIHHH C Op6I/ITaJ'IBHBIM KBAaHTOBBIM YHCJIOM pPaBHBIM €IWHUIIC.

2 o
Benmuunna pe(e):mm (6,(p)| OTIpE/ICNIICT YTJIOBOE pACHpPEICIICHUE SJICKTPOHHOM

IUIOTHOCTHU B COCTOSIHMM C 3aAaHHbIM ¢ . Kak BUIHO, 3TO paclpeseieHre XapaKTepU3yeTcs ak-
CHaJIbHOW cumMmeTpuen. Pacnipenenenus yrio-
BOH IJIOTHOCTHU JJIL S - U P - COCTOSIHUU C pas-

JUYHBIMH Z -TIpOEKIHsIMU MoMeHTa (m = 0,%1)

IpUBENEHBI Ha puc.7.2.

OTMeTuM ele OAHO Ba)KHOE CBOWCTBO
COCTOSIHUH B UEHTPAIBHO — CHMMETPUYHOM
noje. OTU COCTOSHUS TaKKe XapaKTepU3yIOTCs
ONPEAECTIECHHON YETHOCThIO. JIeHCTBUTENBHO,
WHBEPCHUS] KOOPAMHATHI 7* —> —7* O3HAYaeT, YTO
chepuyeckue KOOpAUHATHI TOYkU (7,0,0)

npeobOpasytores B (7,1 — 0,9+ 7). [lockonbky
cpepuueckas ¢ynkuus Y, (0,p) obOnagaer

CBOMCTBOM
_ 0
Y, (n=8,0+1)=(-1) Y, (5,0),
TO BCE COCTOSIHMS C YETHBIM 3HAa4€HHEM OopOu-  Puvc.7.2. YImnoBble pacnpefeneHus nnoTHOCTH
TaJIBHOTO KBaHTOBOTO YMcCla (S, d, g,...) Xapak- BEPOATHOCTA ANA § - U P - COCTOAHNNA.

TCPUIYIOTCA MOJI0XKUTEIbHOM YCTHOCTBIO, a

3 [poucxoxaeHHe Takoil TEPMUHOJIOIUU 00YCIIOBICHO HA3BAaHUEM CEPHil B CIIEKTPaX aTOMOB IIEIOYHBIX METall-
7I0B 1 OyzeT 00CcyKIaTbes TIO3XKeE.
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COCTOSIHUS C HEUETHBIM 3HaueHueM ¢ (p, f, h,...) — OTpULIATEIbHON YETHOCTHIO.

3aBepimviM TeTephb pPEelICHHE 3a1a49d Ha COOCTBEHHBIC 3HAUYCHUSI U COOCTBEHHBIC (DYHK-
1y oneparopa I'amunbroHa. C y4eToM CIENIaHHOrO Bbllle, U3 (7.6) MOIy4uM ypaBHEHHE IS
panuanbHOM BoHOM GyHKIMH R(r) :

—Kld—Z(rR(r)) MR( )+ V(r)R(r) = ER(r). (7.12)
2m r dr 2mr
BBonst HOBY1O PyHKITHIO
u(r)y=rR(r),
[IOJIy YM
n* d?
- d”"y) V,y (Mu(r) = Eu(r), (7.13)
rae
Vy (r)=V(r)+ —h “c+l (7.14)
mr

Takum obpazom, st GyHKUMU u(r) uMeeM oObIYHOE onHOMEpHOe ypaBHeHue lllpeaunrepa,
HO ¢ (G dexTuBHBIM HoTennuanom. Jlo6aBky 7’ /(f + 1)/ 2mr® Ha3BIBAIOT LEHTPOOEKHBIM TIO-

TenmanoM. Touno Takoe xe crnaraemoe L’ / 2mr’ BO3HMKAET U B PEIEHUH KIACCHYECKOH 3a-

Ja4dr O ABHXKCHUU B HCHTPAJIBHO CUMMETPUYIHOM IIOJIC. Hmenno sror IIOTECHOHUAJI KOTKUMACT»

YacTHIly OT LIEHTpa, MPENATCTBYS ee MaJeHHUI0 Ha cuiioBoi neHTp. KBanToBas cneunduka 3a-

KIIFO4YAaCTCA TOJIBKO B TOM, YTO KBaJApaT MOMCHTA KOJMYCCTBA ABUXXCHUSA NMPHUHUMACT CTPOTO
OTIpEICTICHHBIN TUCKPETHBI HA0Op 3HAUYCHU.

Kak BuAHO, BCIEACTBHE LIEHTPAIBLHOW CHUMMETpHUH 3anadyu d(H(HEKTHBHBIA MOTEHIIUAT

V,;(r) He 3aBUCHT OT MarHUTHOTO KBAHTOBOTO YHC/IA. DTO O3HAYACT, YTO COCTOSHHUS C 3a/aH-

HBIM / , HO pa3JIMYHBIMU 7 , OMIUCBHIBAIOTCS OJTHUM M TEM K€ pauaibHbIM BOJHOBBIM YpaBHE-
HueM. ClieoBaTeIbHO, TAKUE COCTOSHMS XapPAKTEPU3YIOTCS OJMHAKOBBIMHU PaJUAIbHBIMU
BOJIHOBBIMH (YHKIMSIMU U HUMEIOT COBMAJArOIIMi HaOOp SHEpreTHyeckux ypoBHeW. Takum
00pa3oM, COCTOSIHUS C 3aJJaHHBIM ¢, HO PAa3JIMYHBIMU M , OKa3bIBAIOTCS BBIPOXKJIEHBI MO MPO-
€KL OpOUTaIHLHOTO MOMEHTA, MPUYEM KPAaTHOCTh BBIPOKIAEHUS g =2/ +1. DTO OUeHb Bax-

v Hasi OCOOCHHOCTH pelICHUus 3agadu
eff

(7.2) B TpOU3BOIBHOM IIEHTPATHHO-
1=2 CUMMETPUYHOM IIOJIE.
[lepeiinem Ttemepr Kk Ooiee
»  TOAPOOHOMY OOCYXKIEHUIO Ciydas Ky-
JIOHOBCKOTO NoTeHlHana. B atom ciy-
yae 3¢ (HEKTUBHBIN MOTEHIIUAN, B KO-
TOPOM TPOUCXOJUT pPaJUAILHOE JIBU-
YKEHHE YaCTHIIbI, 3aITUCHIBAECTCS B BUJIE
Ze® hA(L+])
+ .
2mr®

I'paduxu GyHKUIMNE I8 pa3TMYHBIX
Puc.7.3. SthdekTUBHBIA NoTeHUKWan, B KOTOPOM NPOWUCXO T 3Havenni [ HPUBE/ICHBL HA pHC'7'3'
pafMansHoe [BIWKEHWS YacTULbI. Jns s -cocrostHUM 3¢ (eKTUBHBIN M0-
TEHI[MAJI COBMAJaeT C KYJOHOBCKHM,
JUISE COCTOSTHUI C HEHYJIEBBIM MOMEHTOM B OOJACTH MajbIX 7 BO3HUKAET IEHTPOOEKHBIN

Oapbep, TeM OOJBITNH, YeM 00JIbIIIe 3HAYCHHE OPOUTATILHOTO KBAHTOBOTO YHCIIA.

Vy(r)=-— (7.15)
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Hama 3amaga tenmepb nmpoaHalM3uUpOBaTh pelieHUE paauanbHoro ypaBHeHus (7.13) c
noteHuuanoM (7.15). Pemenue 3agaum MOKHO MCKAaTh KaK B 00JIACTH OTPHUIIATEIBHBIX 3HAYE-
Hull sHeprun E <0, Tak ¥ npu E > 0. MbI orpaHu4uMcsl pacCCMOTPEHUEM TOJBKO Clydas
E<0O , COOTBCTCTBYIOIICTO CBA3AHHOMY COCTOSAHUIO YaCTULIBI B KYJIOHOBCKOM HOTeHI_[I/IaJ'Ie4.

O6espasmepum ypaHenue (7.13). Beoas E=r/a, n € = |E|/Ry (3mech a, = if“zz/me2 -
6opoBckuii pamuyc, Ry = i’ / 2ma; ), nepenuuieM ypasaenue (7.13) B Buze
d*u(é) i+
u(g) + 2 u(€)=0. (7.16)
d&’ g’ é
VYCTaHOBHM, TPEXIEe BCETO, ACHMIOTOTHYECKOE TIOBEACHHE pPaIUaIbHOW BOJIHOBOM
bynakunu ©(E) B obOnacTu OoNbIIUX 3HaueHUU & —> . B 3Tol oOmactu ypaBHenue (7.16)

HMEET BU

u’(8) = eu(8),

OTKYJIa HAXOJIUM

u(& - 00) ~ expl—et). (7.17)
C npyroii croponsl, B obmactu manbix & (& — 0) Hanbonee CylIeCTBEHHBIM OKa3bIBAETCS
HEHTPOOCKHBIN moTeHual. [loaroMy B 3TOM 00/1acTH NMEeM:

y 1444 +1
w©-"C e 0.
OrpannyenHoe B Touke & = (0 penieHue 3Toro ypaBHEHHsI UMEET BU]]
u(e) ~&". (7.18)

C yuerom acumnToTuk (7.17) u (7.18) pemenue paauansHoro ypaBHenus (7.16) ciemyer uc-
KaTh B BUJIE

u(8) =" v(E)exp(-ag), (7.19)
rae a=+e . [Tpu sToMm pynKms v(E) goKHA OBITH TOJIMHOMOM KOHEYHOH CTETIEHH 7,
wE) =2 C8
k=0

Kak u B ciydyae rapMOHHYECKOT0 OCIHMIUIATOPA, 3TO YCIOBHE MOXKET OBITh BBINOJHEHO JIUIIb
JUISL CTPOTO OIPEIEICHHBIX 3HAYEHUN €, ONIPEACIIIEMBIX U3 YCIOBUS

n +0+1=2/e. (7.20)
3necy n, =0,1,2,...- cTeneHp NOIMHOMA U HA3bIBACTCSA paJUaJIbHBIM KBAaHTOBBIM 4HciIOM. M3
(7.20) nomy4aem

Z’R
E=-——="2 (7.21)
(n, +0+1)
BBogs riiaBHOE KBaHTOBOE uncio n =n, + /¢ +1, nepenumem (7.21) B Buze
Z°’R
E = nzy : (7.22)

31ech n MPUHUMAET TMOJIOKHUTENbHBIC LIeTIOUnCIeHHbIe 3HaueHus: n =1,2,3,... [Ipu 3TOoM BU-

HO, 4TO 3HA4YCHHA Op6I/ITaHLHOFO KBAHTOBOI'O 4YHCJIa U3MCHAIOTCSIA B CHGIIyIOH_II/IX Hpe):[enax
¢ =0,1,2,...,n—1. [lomy4deHHOe BBIpaKCHUE JJI YPOBHEH SHEPTUU BOJAOPOIONIOA00HOTO HOHA B

‘B ClIy4ae IOJIOKHUTEIbHOrO0 3HaY€HUsI SHEPIMM BO3HUKAET HENIPEPBIBHBIM SHEPreTUUECKUN crieKTp. Pemenue
ypasHenus (7.13) MoxHo Haiitu a1 moboro E > 0.
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TOYHOCTH COBHAJIO C IpejackaszaHusmMu teopun bopa. IIpu sToM coctosiHus ¢ pazauuHbMH £,
[IPUHAJICKALUMU OJHOMY M TOMY K€ 3HAQYECHMIO 71, OKa3bIBAIOTCS BBIPOXKICHHBIMH, T.€. B
cilydae KyJIOHOBCKOT'O TOJIsl BO3HUKAET JOMOJHUTENbHOE «CIy4aiHOE» BBIPOXKAECHUE IO OpOH-
TaJbHOMY KBaHTOBOMY YHCIY. YUYUTHIBas TaKXK€ BBIPOXKJIEHUE YPOBHEH IO MPOEKLHMHU OpOU-
TaJIbHOI'O MOMEHTA, JIETKO OIPENEINTh KPaTHOCTh BBIPOXKJIEHUS COCTOSIHUM C JaHHBIM 3Haye-
HUEM IJIABHOI'O KBAHTOBOI'O YMCIa

n—1
g=> (2l+)=n>. (7.23)
(=0

Takum 00pa3oM, OCHOBHOE COCTOSHUE ls sIBIISIETCS HEBBIPOXKACHHBIM, COCTOSIHUSL 2s U 2p

UMEIOT OJIMHAKOBYIO HEPrUI0, KPAaTHOCTb BBIPOXKICHUS paBHA YETHIPEM (CYILECTBYET TpH
P COCTOSIHMS, OTJIMYAIOUIMXCS 3HAYEHWEM MarHUTHOIO KBaHTOBOro uucia). Jlamee mumeercs

Habop coctosHuid 3s, 3p u 3d (ux
BCEr0 JEBATH — OJHO §-, TPU p - H ] P d J

AT d -COCTOSIHMI), TaKXe HMEIO-
IIMX OJMHAKOBOE 3HAYCHUE YHEPTUH.
DHepreruyeckass AuarpaMma HUX-
HUX COCTOSHMM B aTroMe BOAOpOAa
(w1 BOJOPOJONOIOOHOM  HOHE)
npuBesieHa Ha puc.7.4.

Bepuemcs Teneps k 00Cyxk-
JNEHUIO0  paJualibHbIX  BOJIHOBBIX
dbyukumii B 3amaue Kemnepa. [Tomm-
HOMBI V(§), yepe3 KOTOpbIe BhIpaXka-

Il
o,

23:33
V]

n=I

Puc.7.4. Qnarpamma aHepreTUIeckux ypoBHeR aToMa Bojopoaa.
ercst pemieHue ypaBuenus (7.16) Ha-

3bIBAIOTCSI 0000IIEHHBIMU MTOTMHOMaMHU Jlareppa, u X CBOWCTBa XOPOIIO U3yYeHbl B MaTeMa-
TUKE. DTU IOJIMHOMBI MOT'YT OBITh OIIPEICIIEHbI KaK

4 A (egus
L1(®) = exp@)5 ™ (6" exp(-D). (7.24)
Torpga oOiee BblpaskeHHE Ul pagvanbHOW BOIMHOBOM (yHKuuu R ,(r) HMEET ciexyromui
BUJL:
‘ Zr 20+1
R,(r)=N,, -r'exp| —— |- L.} (2Zr/na,), (7.25)
na,

rJle HOpMUPOBOUHBIH Ko3(pureHT N, onpeaesnsercst u3 yCioBHs HOPMUPOBKHU.

Taxkum o6pazom, 3a7aua 06 ONpeaesieHUH BOJTHOBBIX (YHKLUH CTAallMOHAPHBIX COCTOS-
HUI pemieHa. BomHoBast GyHKIMS 9aCTUIBI B IEHTPAIFHO CUMMETPUYHOM I10JIE XapaKTepu3y-
eTcsl TpeMsl KBaHTOBBIMH YHCIIaMU 71, {,m W MOXET OBITh ITPEJICTAaBICHA B BUJIE

\lln/,m (7", e’ (p) = Rn( (r)Y/fm (e? (P) s (726)
B Clly4ae KyJIOHOBCKOTO 1ot paauaibHble QyHkuuu R, () npenctasumsl B Buze (7.25). Ilpu

9TOM KBaHTOBBIE UKCJIa MOTYT IPUHUMATh CIEAYIOMUN HAaOOp 3HaAUECHUIN
n=1, 2 3,.,

=0,,2,..n—1,
m=—0 —(+1 ,.0-1 /0.
HopmupoBousslil koagpduuueHT N,, T0KEH ObITh ONPENIEIeH U3 YCIOBU:



97

[lwn| r2drd2=1. (7.27)

C yuerom mpencraieHus (7.26), MOCKOJIbKY MbI JOIOBOPHIMCH MCIOJIB30BaTh HOPMUPOBAH-
Hble Ha eIuHMLYy chepuyeckue (GyHKIMHU, YCIOBHE HOPMUPOBKH PagualbHBIX (YHKIMNA 3amu-
ChIBaeTCs B BUJIE

[R:(ryr2dr=1. (7.28)
0

31ech Mbl Y4Id, 4TO 00OOIIEHHBIE MOJUHOMBI Jlareppa sSBISIOTCS ACHCTBUTEIBHBIMH (YHK-
LUAMM.

[IpuBenem siBHbIC BBIPA)KEHUS TS PAUAIbHBIX BOJTHOBBIX (DYHKIIMHA HECKOJIBKUX HHUXK-
HUX DHEPreTUYECKUX COCTOSTHUMN:

Is R, (r)= Z(Z/a0 )3/2 exp(— Zr/a,),
2s Ry, (r) =2(2/2a,)” (1= Zr/2a,) exp(- Zr/2a,), (7.29)
2p R,,(r) =%(Z/2ao )3/2 - Zr/2a, -exp(- Zr/2a,).

I'paduku >TuX dyHKIMMU TpUBEACHBI HA pUC.7.5. BaxkHON 0COOEHHOCTHIO pACCMOTPEHHBIX Ha-
MU COCTOSIHH SIBJIIETCS TO, YTO BCE COCTOSIHUSI C OTJIMYHBIM OT HYJII OpOUTATEHBIM MOMEHTOM
oOparmraroTcs B HyJIb B Hayajie KOOPJIMHAT, MPUYEM, YeM OOJIbIlIe 3HAYECHUE OPOUTAIEHOTO MO-
MEHTa, TeM OOJIbIIIe AIIEKTPOHHAS TUIOTHOCTh OKA3bIBACTCA «OTXKAaTa» OT sapa IEHTPOOEHKHBIM

25

2p

Puc.7.5. PagnansHble BonHoBble dhyHKLMK aToMa BoAopoAaa.

MOTCHIUANBHBIM OapbepoM. i s - COCTOSHUUN MOTCHIMAIBHBIA Oaphep OTCYTCTBYET, B pe-
3yJbTaTe BOJIHOBAS (YHKIMS OKa3bIBAETCS OTIIMYHA OT HYJIA B Hayaje KOOPAUHAT. DTO IPUBO-
JUT K TOMY, 4YTO UIMEHHO CTPYKTYypa § - COCTOSIHMI OKa3bIBaeTCsl HauloJiee UyBCTBUTEIBHOM K
0COOEHHOCTSIM NOTEHIMada BOJU3U LEHTPAIbHONW TOUKH, OCKOJIBKY CYILECTBYET HEHyJeBas
BEPOSTHOCTb OOHAPYKHUTh YACTUIYy B MaJOH 00JIaCTH MPOCTPAHCTBA BOJIU3U CHIIOBOTO LIEHTPA.
DaKTUYECKHU B TAKUX COCTOSHUAX aTOMHBIN 2JIEKTPOH C HEKOTOPOM BEPOATHOCTBIO MOXKET OKa-
3aThCsl BHYTPU aTOMHOTO SI7[pa, YTO JIeNaeT HEOOXOAUMBIM YUUTHIBATh €r0 HETOYEYHOCTh MPH
TOYHOM pacyeTe MOJIOKEHUS § - ypOBHEH. B panbHelieM Mbl pacCMOTPUM LENbIN psilt 3 dex-
TOB, O0YCJIOBJICHHBIX, B KOHEYHOM CYETE, 3TOH OCOOEHHOCTBIO COCTOSIHUI C HYJIEBBIM 3Haue-
HUEM OpOUTAIbHOTO MOMEHTA.

Beinuiem B IBHOM BUZE TaKKe BOJHOBYIO ()YHKIHIO /S COCTOSIHUS JIEKTPOHA B BOJIO-
poaomnonoOHOM HOHE ¢ 3apsaaoM Z. IlpuHumas BO BHUMaHHE, YTO HOPMHUPOBaHHas cdepuye-
cKasl ()YHKLUSA § — COCTOSIHUSA €CTh

1
Yoo(ea(P) :E:



98

¢ yuerom (7.29) nomyuum
. A
Voo () =W, (1) = [ =5 expl=Zr/a, ).
na,
Kak HaliTH BEpOSATHOCTH OOHAPYX HUTHh AICKTPOH Ha HEKOTOPOM PACCTOSIHUH OT sipa?
Jlyis oTBETa HA ATOT BOIPOC BCIIOMHUM, YTO BEJIMYMHA

p(F)d’r =y, (P d*r (7.30)

TIpescTaBaseT co0oii BEpOATHOCTH OOHAPYKUTh YACTUILy B dIeMeHTe o0beMa d 7 BONH3H
TOukH 7 . Ecnu Hac MHTEpecyeT TOJNBKO yAajeHHe OT EHTPa, HO He UHTEpeCcyeT HamlpaBiIeHHE,
MO/ KOTOPBIM OTPEIEISIETCS BEPOSITHOCTh, MBI JTOJDKHBI TTpouHTerpupoBath (7.30) mo BceM
yTiiaM, OCTaBUB 3aBUCUMOCTH TOJIBKO OT paJAHaibHOM KOOPIUHATHI:

P(r)dr = j 1 () A2 72dr
0

oTKyJ1a ¢ yuetoM (7.26) u (7.11) nns paguanbHON IIIOTHOCTH BEPOSTHOCTHU MOTY4YaeM
2 p2
P(r)=r"R,,(r). (7.31)
Pacnpenenenust paiuagbHOM 3JIEKTPOHHOM IUIOTHOCTH BEPOSTHOCTU 1A ls, 2s m 2p co-
CTOSIHWI TIpUBEICHBI Ha puc.7.6. Kak BUIHO, TeoMeTpudecKuil (pakTop, MPUBOANUT K TOMY, YTO

2p 2s
1s

Punc.7.6. Pa,u,uaanble pacnpejeneHusd nNnoTHOCTU BEPOATHOCTH B aToMe BoA40poaa.

paauajibHas IMJIOTHOCTb BEPOATHOCTU B TOUKE 7 = 0 06pa1uaeTc;1 HOJIb JJIA BCEX, B TOM 4HUCJIIC
U §-cocTostHUU. [Ipy 3TOM MPOCTO#l pacueT Mmoka3bIBaeT, YTO HauboJee BEPOSTHOE YAalCHHE
9JICKTPOHA OT s/pa B BOI[OpOI[OHOI{OGHOM HOHC B OCHOBHOM COCTOSIHUH OHPCACIIACTCA BbIpa-
KEHUEM
r=a,/Z,
YTO COOTBETCTBYET pajinycCy NepBoi OpOUTHI B OOPOBCKON MOJIEIH aToMa.
CrauuoHapHbIe COCTOSIHUSA, onpeaesseMsle GyHKUUAMUA . (), IO aHAJIOTUU C MO-

nenpio bopa MHOrIa Ha3bpIBalOT KBAaHTOBBIMU OpOMTaMu. B KBaHTOBOW XMMHMM BMECTO CJIOBA
opOHTa UCIOJB3YIOT NMOHATHE opOuTanu. dakTUUEeCKH aTOMHAas WM MOJIEKYJISIpHas OpOUTallb
— 3TO HEKOTOPOE CTALMOHAPHOE COCTOSHUE DJIEKTPOHA B aTOME MJIM MOJIEKYJIE, XapaKTepu3ye-
MO€ ONpEJENCHHBIM 3HAYCHHWEM SHEPrMM M BOJHOBOH (DyHKIMEH, SBISIOMICHCS pelieHHeM
cTanMoHapHoro ypasHeHus llIpenunrepa.

PaccMOTpeB KBaHTOBOMEXAHMUYECKYIO TEOPHIO CTPOCHHUS aToma, OOCYAMM Tenepb BO-
IIPOC, KaK B paMKaxX BOJIHOBOM KAPTHUHBI YBHIETh IPEIENbHBIA MEPEXOM K KIACCUYECKOMY
aToMy, B KOTOPOM IPOMCXOAUT ABUKCHUE IJIEKTPOHA 110 HEKOTOPOM TPACKTOPUU BOKPYT
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aTOMHOI'O Hﬂpa?,ﬂﬂﬂ OTB€TA HA 3TOT BOIIPOC BCIIOMHHUM O KBAHTOBOMCXAaHHUYCCKOM BCKTOPC
IJIOTHOCTHU TOKa BEPOATHOCTU, BBEACHHOM HAMU B .H_4I

- h * *
J=7— Vy—-yVy ).
2mi

[Tockonbky 4TO B chepHyecKOl CHCTEME KOOPIMHAT BEKTOP TPAaIUCHTa UMEET CIICAYIOIIHe
npoekuuu (cm. puc.7.7)

~dJ 10 . 1 0

V=e —+eé——+é,————,
" or r 00 rsin O o0

U TpUHUMasi BO BHUMaHHE, YTO PaaUalibHbIC BOJHOBBIC ()YHKIIMU U MPUCOCIMHECHHBIC IMOJIH-
HOMBI JIekaHapa SIBJISIOTCS ACHCTBUTEIBHBIME (PYHKIIUSAMH, HAXOJAUM, YTO TOJBKO () - KOM-

IIOHEHTA TOKA BEPOSITHOCTH OTIMYHA OT HYJIA. DTO 03HAYaeT, YTO B CTALMOHAPHOM COCTOSIHUU
. 5

B aTOME I COCTOSIHUN C HEHYJIEBBIM 3HAYEHHEM MarHUTHOIO KBAaHTOBOI'O YUCJIA™ BOKPYT s-

pa LUPKYJIUPYET TOK BEPOATHOCTU

. h " N N, )
J¢=m n,(r)(P (cose)) GXP(—lmgcp)%eXp(lmf@)+eXp(lmécp)%exr>(—lmI<P)

hm
=y [ (7.32)
mrsin(0)
PaccmoTpuM Teneph cHIIbHO BO30YKICHHOE cocTosiHHE (72 >>1) ¢ MaKCUMalIbHO BO3MOXKHBbI-
MU KBaHTOBbIMM uuciamu ¢ u m, ({ =n—1, m, = =n—1). Jlns 3T0r0 Cily4as yrioBoe pac-

MNpeaAcICHUEC IIJIOTHOCTH BCPOATHOCTHU

Z
AMEET BU/I
A 2 2 Y
pO) ~ [, | ~ ~sin’’(0).
j [Ipu Oonpumiux 3HAYeHHSAX ¢ JIaHHOE
.,

pacrpesielieHue  OKasbIBaeTcs  «IUIo-
CKUM», TO €CThb TOK LUPKYJIUPYET BO-
KpyT sapa B miaockoctu z =0, yqu pa-

JIMAIbHOTO  pacmpenenenus R, (r)

MPUBOAUT K TOMY, YTO 3TOT TOK JIOKAJIU-
30BaH NPEUMYIIECTBEHHO B 00JacTH,

y/IaNieHHO} Ha paccTosiHue n’a, OT -

HuUM ¢ opOuTanbHbIi MOMEHT L = #l,

I
I
|
I
|
I
|
I
I pa. YuuTsiBasi, 4TO JyIsi OOJBIINX 3HAYE-
I
I
|
I
|
I
I
I

Vi > BbIpaxkenue (7.32) MOKXHO MepenucaTh B
Y sune
7 e
Jom————,,| = pv
¢ mrsm(6)| "“| ’
P - TMIOTHOCT BEPOATHOCTH, a

X

Puc.7.7. K BbIMUCIIEHUIO NITOTHOCTU TOKa BEPOATHOCTM B aTOMe. v= L/mr - CKOpOCTDL ABIDKCHUA 110 Op-

oure. Takum oOpa3oM, paccMmaTpuBae-
MO€ HaMH COCTOSIHUE IMPEICTABISET COO0M KOJBIEBOW TOK, IUPKYJIUPYIOMINN BOKPYT sIpa, U
IO CBOEH CTPYKType HamoMuHaeT koiblo CaTypHa. [[BH>KeHHE BOKPYT sSApa XOPOULIO JIOKAIH-
30BaHHOTO MAaKeTa MOJYyYUTCS, €CIM Mbl PACCMOTPUM CYIEPIO3UIMIO OONBIIOTO YUCIa CO-

> 3nech BO n36ekaHUe MyTAHULB! B 0003HAYEHHUSX MATHUTHOE KBAHTOBOE YHCII0 0603HAYEHO KaK 1, .
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CTOSIHUH C pa3JIM4YHbIMU 3HAYEHUSIMHM 7 U (, HO TAKUMH, YTO BCE OHU YJIOBJIETBOPSIIOT COOT-
HoweHuto ¢ ~n >>1. To ecTb Kiaccuueckasl KapTUHA JBM)KEHUS IOJIY4YaeTcs ISl BOJIHOBOIO
nakeTa, 00pa30BaHHOIO M3 OOJIBIIOTO YUCIA CTAMOHAPHBIX COCTOSHUM ¢ BBICOKUMH KBaHTO-
BBIMU YHCJIAMH.

OTmeTHM, YTO CaMbIMU «HEKJIACCHUECKUMH» SIBIISIOTCSA S - COCTOSIHUS JJIEKTpOHA B
aTOME€, TO €CTh COCTOSIHUS C HYJIEBBIM 3HAaUYE€HUEM OpOUTAIILHOTO MOMEHTa. J[elCTBUTENBHO, C
KJIACCUYECKON TOYKM 3PEHUS B TAKUX COCTOSIHMSX TPACKTOPHUS DJIEKTPOHA B aTOME SIBJIAETCS
OTPE3KOM IPSMOM M IIPOXOAMT Yepe3 TOUYKY CHUHIYJSIPHOCTHM MOTEHIMaNa. B paMkax KBaHTO-
BOI TEOPUH COOTHOILLEHUE HEONPEACIECHHOCTEH HE JOIYCKAaeT CYLIECTBOBAHME TPAEKTOPUU
9JIEKTPOHA B aTOME, M B COCTOSIHMU C HYJIEBBIM OpOHMTAIBHBIM MOMEHTOM 3JIEKTPOH ONHCHIBA-
eTcs chepruuecKkd CUMMETPUYHON BOJHOBOM (PyHKLHMEH, JOKAIU30BAaHHOW BOIM3M NPUTATH-
BAIOIIETO LEHTPA, U XapaKTEPU3YIOIIECHCsS HYJIEBBIM 3HAYEHHEM BEKTOpa IUIOTHOCTH TOKA Be-
POATHOCTH.

B 3akimodeHune 3Toro paszaena o0CyIuM ele BOIpoc: moueMy MoJelb bopa, OCHOBaH-
Hasl Ha MPeJICTaBICHUIX KJIaCCUUECKOW (PM3MKU (IBM)KEHHUE 3JIEKTPOHA I10 33JaHHOM TpaeKTo-
PHUU C TOUYHO ONpPEAEIEHHbIMUA 3HAUEHUSIMU KOOPJANHATHI U CKOPOCTH B 00O MOMEHT Bpeme-
HHM) U HE UMeEIoIas, Ka3aJloch Obl, HUYEero oOIIero ¢ KBaHTOBOMEXaHWYECKOH Teopueil, 6a3u-
pytomericsa Ha ypaBHeHuu lllpenunrepa, naer, TeM He MEHee, IPABWIBHOE NPEACKa3aHue I0-
JIO’KEHUS DHEPTE€TUUECKUX YPOBHEN?

[Ipexme ueM OTBETUTH Ha ATOT BOIMPOC, PACCMOTPHM CIIEAYIOMINN MPHOIMKEHHBIH Me-
TOJI pellIeHus cTaloHapHoro ypasHeHus lllpeaunrepa.” PaccMoTpuM 0JHOMEpPHOE ypaBHEHHE
[lIpenunrepa

n d*y
- +V(x)y(x) = Ey(x).
Y () (x) = Ey(x)
IIepenumem ero B BUz€
d2
B = m(E =V )W) = p* (). (7.33)

3nech p(x)=+/2m(E -V (x)) - «OOBIYHBIIN KIACCUUECKUN UMITYJIbC YACTHUIIBI.
Bynem uckats pemenue ypasaenus (7.33) B Buje

() = exp(%mx)], (7.34)

rae ¢(x) - Hekoropas HoBas HewsBecTHas (ynkmus. [loacramsas mpencrtaBieHue (7.34) B
ypaBHenue (7.33), moydum

ap\ . d’%
(dxj in I =p (x). (7.35)

[lepexon K KIacCHUECKOMY MpeJeNy IMPEeIroyiaraeT MajocTh BTOPOTO CIaraeMoro B JICBOH
yacTu ypaBHeHus (7.35). B atom ciydae nmeem

do/dx = p(x),
OTKyJ1a

y(x) = exp(% | p(x)dxj . (7.36)

B cnyugae, ecnu ABMKEHUE YaCTUIBI HOCUT TIEPHOANYECKUI XapakTep, B CUIIy OJHO3HAYHOCTH
OTIpeieJIeHUs] BOTHOBOM (PyHKIMH (X) HUMeeM

® dakrruecku 00Cy)XTaeMBIif METOJI IPEACTABIIET COO0H Tak Ha3bIBaeMOE KBa3HKIACCHUECKOE IIPUOIIDKEHIE B
KBAaHTOBOM MEXaHUKE.
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Efp(x)dx =2nnh , n=123,... (7.37)

[Tokaxxem, uto cooTHoweHue (7.37) B ciaydae ABMKEHUS 1O KPYyroBOi OopOMTE SKBHBaA-
JICHTHO KBAaHTOBOMY ycJIOBHIO bopa. J[eicTBUTENBHO, TIPU ABHKEHUU IO KPYyTroBOW OpOWTE
(cMm. puc.7.8)

p=mv=const, dx=rdo.
[TosTomy
§p(x)dx = mvr§ do =2nmvr

OTKyJa noiy4daeMm mvr = nh, T.e. OOpOBCKOE YycC-
JIOBUE KBAHTOBaHMA MOMEHTa KOJIMYECTBA JIBH-

KEHMSL.
d B oOmiem cinydae TpeXMEpHOTO IBHXKCHHS

Y P MY aHanornyHeIM 00pa3oM JIETKO MOJIYYHUTh
§>pidqi =2nnh, (7.38)

rae g, - o0oOIIeHHbIE KOOPAUHATHL, COOTBETCT-
BymolMe 00001meHHOMY uMItyibey p, (i=1,2,3).
CootHourenus (7.38) M3BECTHBI KaK KBa3UKJIIAC-
CHUYECKHUE yCJIOBUS KBaHTOBaHUsA bopa — 3omMmep-
¢denpaa u ObuM modyuyeHbl A.3oMMmepdensbaom
Puc.7.8. elle 0 COo3JaHusl KBaHTOBOI TEOpUHU, HA OCHOBE

MoJenu aroma bopa.

VYcnoBust kBanToBanuss bopa — 3oMMepdenbaa mo3BOJISIOT JIETKO 0000IUTH MOJIETh
atoma bopa Ha cityuail 3;uiMnTHYecKuX opOUT. JleHcTBUTENBbHO, BEIOpAB CUCTEMY KOOpIMHAT
TaK, 9TOOBI OpOUTA IMEKTPOHA HAXOAUIIACH B INIOCKOCTH z = (), 3amuIIeM yCIIOBUS KBAaHTOBA-
Hus bopa — 3ommepdenbaa B Buae

f#;p,dr =2nnh, (7.39)
§podo=2mn (7.40)

. 2.
rae p, =mr i p,=mr-Q - paaHaibHas ¥ a3uMyTallbHas POCKIUU 0OOOIIEHHOTO UMITYIIb-
ca, n, U n, - COOTBETCTBYIOIIME UM PaJUAIbHOC U a3UMYTaIbHOE KBAaHTOBbIE Yncia. Tak Kak

B LICHTPAIBHOM II0JIE p, = mr’(p = const (3aKOH COXPAHEHHS MOMEHTA KOJHYECTBA JIBHIKE-

HU$), TO U3 yciosus (7.40) nomyyaem:
p(p = nq)h 2 n(l) = 1,2,3,...

T.C. YCJIOBUC KBAHTOBAaHHA MOMCHTA KOJIMYCCTBA ABUIKCHUA. TOFIIa MOXHO IIOKaszaTb, 4TO
KBaHTOBOE YCJIOBHE IS PaJAHAIbHOW KOMIOHEHTHI uUMITynbca (7.39) maeT BwIpakeHHE IS
SHEPTrUu
4 52
me" Z
E:—zhz—z, (7.41)
n
rae n = n, + I’l(P . HpI/I 9TOM 3HAYCHUS paddaJIbHOI'O KBAHTOBOI'O 4YHCJIA 7, HpOGGFaIOT Ha60p

3Hadenuil n, =0,1,2,..., npudem ciryuail n, =0 COOTBETCTBYET KPyroBOU opOHUTE.

ComocTaBnsisi OTy4eHHOE BbIpakeHue (7.41) ¢ KBAHTOBOMEXaHUYECKUM PE3yIbTaTOM
(7.21) 3amedaem, uTo B oTiau4re oT Mojaenu bopa — 3ommepdenbaa B KBAHTOBOM TEOPUHU CY-
IIECTBYIOT COCTOSIHUS C HYJICBBIM 3Hau€HHEM OpPOMTAIBbHOIO MOMEHTA, YTO B NPHHILHUIE He-
BO3MOXHO B KJIACCUYECKOM 3a/1aue O ABMKEHHH IEKTPOHA B KYJIOHOBCKOM IOJIE.
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B 3axnroueHue 3Toro paszgena 0OCTaHOBUMCS Ha MOHSITHH «KPYTOBOW» OpOUTHI B KBaH-
ToBOI MexaHuke. Kak BumHO, B pamkax monenu bopa — 3ommepdenbaa cyiecTByeT LeIbiid
HabOp OpOUT ¢ OIMHAKOBOM 3HEpruei (0IMHAKOBBIM 3HAYEHHUEM IJIaBHOT'O KBAHTOBOI'O YKCIIA),
HO Pa3IUYHBIMHU 3HAYCHHUSIMH OPOUTAIBHOTO MOMEHTa (a3MMYyTAJIbHOTO KBAHTOBOTO UHWCIA).
Ciy4aro KpyroBoi OpOUTHI COOTBETCTBYET COCTOSIHME C MAaKCUMAJIbHBIM 3HAYEHUEM BEJTMUYUHBI
MOMEHTa UMITYyJbca. AHAJIOTHYHO, B KBAHTOBOMEXaHUYECKONH TEOPHH aTOMa BOJOPOAA KPYyro-
BOIl OpOUTE COOTBETCTBYET COCTOSIHME C MaKCUMalnbHbIM /, T.e. / =n—1. «Kpyrosoi» opou-
TOM B KBAHTOBOU TEOPUHM CIIEYET CUUTATh Ty, ISl KOTOPOU TUCHEPCHUS paguaIbHON KOOPAU-
HaTHI IBJISEeTCSI MUHUMAIBHOM. 3Ty BCJIIMYMHY MOKHO BBIYUCIIUTH KaK

D = <r2>—<r>2,

o0 o0

(r*)=[r'Ry(dr,  (r)=[r'R,(r)dr. (7.42)

0

rac

Wuterpans! (7.42) MOTyT OBITh BBIYMCICHBI AHATUTUYECKU 11 IPOU3BOJIBHOIO COCTOSIHUS 7l

(r) =§—;(3n2 —ue+n), ()= ?Z’f (5n> +1-30(0+1)),
[Toaromy

2
aO 2 2 2 2
=——\n(n"+2)=-0("(L+1)").
422( ( )—L7( ))

r

OueBnaHO, MUHUMANIBHOE 3HaUeHue D, pocruraerca anst { =n—1: D, = ag n’ (2n+1) / 4z*

a OTHOCUTCIIbHAasA HCONMPCACICHHOCTDb paHHaHLHOﬁ KOOpPAWHATBI

Ar \/D—,,_ 1

() () 2+
Jlns GonpIIMX 3HAYEHMH 7 3Ta HEONPENENEHHOCTh CTPEMHTCS K HYJIO, YTO COOTBETCTBYET
JBUKEHHE DJIEKTPOHA I0 KIACCHUECKOM TPAeKTOPHH pajauyca <r> [Ipu 3TOM CcocTosiHuE C

MaKCUMaJIbHO BO3MOX>XHBIM 3HAQYCHUCM IIPOCKIHMHM MOMCHTa KOJMYCCTBA AOBHKCHUA

m={=n—1 XapaKTepu3yeTcs MOYTH TOUHBIM OIPEICICHHBIM HANPABICHHEM BEKTOpa L B
npoctpancTBe (cM. (7.11)), uro emie 6ombiie cOMMKAET MPEACTABICHUS 0 KBAHTOBOMEXaHUYE-
CKHUX U KIJIACCUYECKHUX 3JEKTPOHHBIX opOuTax. CoctosiHus ¢ m =/ = n—1 Ha3bIBAIOT LUPKY-
JSIPHBIMU COCTOSTHUSIMH. VIMEHHO OHM SIBIISTIOTCSI @aHAJIOTOM KPYTOBBIX OPOHT B KIIACCHYECKOM
TEOPHH.

3agaun.

7.1.  OnpenenuTs CpeaHUE 3HAYEHUS] KHHETUYECKOW U MOTEHI[MAIbHON SHEPTUU B OCHOBHOM
COCTOSIHMM aTOMa BOJOpO/a.

7.2. OnpenenuTh CpelaHee U HanOoJiee BEPOSITHOE yAAJICHHUE AJICKTPOHA OT siipa B aTOME
BOZIOPO/1a, HAXOASIIEMCS B COCTOSIHUSX 18, 25 u 2p .

7.3.  HapucoBath paguaibHble BOJHOBBIC (YHKIIMM W PACHpPENETICHUS BEPOSTHOCTH OOHa-
PYXUTH SJICKTPOH Ha PACCTOAHUU » OT Apa B aTOMC BOJA0OpPOAA, HAXOAAIIUMCS B CO-
CTOSHHUSAX C IJIaBHBIM KBAaHTOBBLIM YHCJIOM 1 =4 .

7.4. B cdepuyeckoii cucreMe KOOpAMHAT 3JEKTPOH B aTOME BOJOPOJAA XapaKTepU3YeTCs
BOJIHOBOH (yHKIMeH y(r,0,0) = (\|1211 +Vy,, +2\|;200)/\/g, 31ech ,,, - BOJHO-

Basi (DYHKIMSI CTAllHOHAPHOTO COCTOSIHUS C KBaHTOBBIMH uuciamu n, ¢ ,m. Kakue, u c



7.5.

7.6.

7.7.

7.8.

7.9.

7.10.

7.11.

7.12.

7.13.

7.14.
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KaKOW BEPOSATHOCTHIO 3HAYEHUS DHEPIUH, KBAJpaTa MOMEHTAa KOJIUYECTBA JBWKCHUSA U
€ro Z — MPOEKIUH MOTYT ObITh U3MEPEHBI B 3TOM COCTOSIHUU?

B HauanpHbIN (HyJ€BOW) MOMEHT BPEMEHHU COCTOSIHHME 3JIEKTPOHA B aTOME BOAOPOJA
3a71aHO BOJIHOBOU (yHKuuMeH y(7) = (\Vu + \/E\st )/ V3, 3nech Y,, B Y, - BOJIHOBEIE
(GYHKIIMM CTallMOHAPHBIX coCTOssHUMN. Kakue, U ¢ Kakoil BEpOsSTHOCThIO 3HAUEHHUS dHEP-
MM MOTYT ObITh U3MEpPEHBI B 3TOM cOCTOssHUU? Kak 3aBUCUT OT BpeMeHH pacipenerne-
HUE MJIOTHOCTH BEPOATHOCTH OOHAPYKHUTh YACTUILy B Pa3IMYHBIX TOUKAX MPOCTPAHCT-
Ba.

VYrioBas 4yacTb BOJTHOBON (yHKIIMM HEKOTOPOM CUCTEMBI B CHepUUECKUX KOOpAUHATAX
ornpenensercs BoIpakeHHeM ( A - HOpMHUPOBOUHAs KOHCTAHTA):

a) y(0,0)= A4sin(20)cos(yp),

0) W(6,p) = Acos(0)(1+sin(B)sin(p)).

Kaxue 3HaueHuns kBajgpara MOMEHTA KOJIMYECTBA JBMKEHUS M C KaKOW BEPOATHOCTHIO
MOTYT OBITh U3MEpEHBI B 3TOM cocTOsIHUK? KakoBbI cpellHee 3HaUE€HUE U JTUCTIEPCHs
BeMuuHbl L’ ?

Jloka3aTb, 4TO B COCTOSIHUM ONUCBHIBaeMOM cepuueckoit pynkmueit Y, (0,¢) cpeanne
3HAYEHUS X - U ) - IPOEKUUI OpOUTATILHOIO MOMEHTA PABHBI HYIIIO.

Onpenenuts BEKTOp IUIOTHOCTH TOKA BEPOSTHOCTH [UISI LUPKYJSIPHOIO COCTOSIHMS
(m, =/, { =n-1) aroma Bonopona. IloxydeHHOE BBIpa)KEHUE CPABHUTH C KJIaCCHYE-
CKOM BEJIMUYMHOM 3JIEKTPUUECKOI0 TOKA, CO3/1aBAEMOI0 IEKTPOHOM B aTOME BOAOPO/a,
JBIDKYIIUMCS 110 KpyTOBOW opoure.

Haiitu ypoBHM 5HEpriy U BOJHOBBIE (DYHKIIMU CTAIIMOHAPHBIX S — COCTOSIHUH B cepu-
yecKoi cheprueck CUMMETPUYHON OECKOHEYHO ITyOOKOW MPSAMOYTOJIHOW MOTEHLIU-
aJbHOM siMe pannyca R .

Omnpenenuts yClIOBHE CYIIECTBOBAHUS XOTS ObI OJHOI'O CBA3aHHOTO S — COCTOSTHHS
Y4acTUIBl B CPEpUIECKA CHUMMETPUYHON MPSMOYTOJILHOW MOTEHIMATIBHOHN sIME pany-
coM R u riryOunoit V), .

Onpenenutb 3HEPreTHUECKUI CHEKTP M BOJIHOBBIE (DYHKIMM CTALlMOHAPHBIX COCTOS-
HHI TPEXMEPHOTO H30TPOITHOTO TAPMOHNYECKOTO OCIIIIIATOpa V = ma’r’ / 2.

Bonnonas Q)YHKHI/IH YacTUILLI MacCcou m , HaxoJsIieucs B TPEXMCPHOM H30TPOIIHOM
TapMOHHUYCCKOM OCHUILIIATOPE C 4acTOTOM ® WMEET BUJI:

a) y(x,»,2) = A exp(-3/2a%),  6) w(x,3,2) = dyzexp(-r?/24),

re ¥ =+/x> +y’ +z°, a=./h/mo . Onpenenurs, Kakue 3HAYEHUS SHEPTHH, KBApaTa

MOMEHTa KOJMYECTBA JBMKECHHS M €r0 MPOEKLUUU HAa OCb z MOTYT OBbIThb U3MEPEHBI B
ITUX COCTOSTHUSX.

Jlig dactuipl, HaXoAAILIEHCs B HEHTPaIbHO-CUMMETPUYHOM IOJI€, OCTPOUTH OOIIUi
BUJI BOJIHOBBIX (PYHKIIMII ¢ OpOHMTANBHBIM KBAaHTOBBIM YHCIOM (£ =1) M eAMHUYHOI
MPOEKITMEH OpOUTATLHOTO MOMEHTa Ha OCH X (K )).

B atome Tputus sapo ;H MCHBITHIBAET P - pacmaj ¢ obpasoBanueM siapa ; He. Ompe-

JIEUTH BEPOSITHOCTh TOTO, YTO 00OPa3yIOIIUICS BOIOPOIOTIONO0OHBIA NOH Tenus Oyner
HaXOAHWThCS B OCHOBHOM COCTOSIHUU. KakoBa OyaeT BEpOSITHOCTh €ro BO30YXKIACHUS B
2s u 2p cocrosiHusA. Ykazanue: TlockonbKy oOpasyromuiics pu 3 - pacranae dJek-

TPOH SABJIACTCA 6BICTpI>IM, HU3MCHCHUC 3apsAaa MOKHO CHUTATb MI'HOBCHHBIM.



