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JIEKIINS 5

KBanToBasi pmnsmuka

MpbI Hay4In/IMChH peraTh 3aJla9u PO MOJIOXKEHIE YaCTUIIbI B ITOTEHITMAJILHOM sive. Mbr
BBISICHIJIN, YTO B TPEXMEPHOI CUMMETPUYHON siMe MOYKeT He OBITh CTAIlMOHAPHOTO COCTO-
gHUd JUtd dacTurbl. Ho eciin MBI 1mepexo/iuM B OJITHOMEPHBIN WJIM JABYMEPHBIN cirydail, To
BCErJa CyLIECTBYET CBA3aHHOE COCTOAHUE [JIs IaCTHULBL.

Ho mbI X0THM omnucaTh peasibHble KBAHTOBbIE CUCTEMBI — aTOM, MOJIeKy1a, aapo. [lo-
TEeHIaJ TaM HE TaKOW TPUBUAJIBLHBIM.

Haunewm ¢ aTtoma. Ecim B3aTh JaMIly HaKaJauBaHWUS W IPU3MY, TO Mbl YBUJIUM HeIpe-
PBIBHOE pacipejiesieHre 1o JjinHe BoJIHbL. Ho ecim BMecTO OOBIYHON JIAMIIbI B3ATh T'a-
30pa3psAIHYIO, TO TOTJA IMOJIYUUTCs JIUCKPETHBI CIeKTp (JMHeHYaThlil). DTH aTOMHBIE
CHEKTPbl aKTUBHO U3y4YaJUCh, HO OTBETa JIaTh HE MOIJIU.

Puc. 5.1.

B 1885 romy Baiabmep m3ydast crieKTp BOJOPOJIa U MOJIYHUM POPMYJIY:

I R 1 1
A\ 22 w2
Ho o6bsicauTsb oH 5Ty (hopmysty He MOr. DTO Ha3bIBAJIACH cepusi BajbMepa.
O6bsicauTh criekTpbl cmor Hunibe Bop. Mogesns aroma man Pesepdop,t, kKoTopsrit moka-
3aJ1, ITO ATOMBI — 9TO Ha CAMOM JIeJie TycToe MecTo. Pasmep sipa Ha 4 mopsijika MeHbIIe,
YeM pa3Mep aToMa, KOTOPBIil 0O6pa3yeTcs pasMepoM JIeKTPOHHO 0bosiouku. Ho ¢ Toukn
3peHUs KJIACCUIECKON (DU3UKHU TAKOIO OBITH HE MOIJIO, IOTOMY YTO B KaKONH-TO MOMEHT

9JIEKTPOH CBaJIMJICA ObI Ha SAJIPO.

Puc. 5.2.

Bop npuexan xk Pesepdopy u mombitaics 00bsaCHUTb 3Ty Moaeab. OH cKazaj, uTo
MOMEHT JIOJIZKEH KBAHTOBATHC: MUr = nh. DTO HUOTKY/IA HE CJIeJI0BAJIO, HO C TIOMOIIBIO
9TOI popMyJIy 0ObsICHSIICS aToM Bojopojia. [Ipu mepexojie MexKIy pajuycaMu IIPOUCX0-
JIJIO U3JIyYeHne CBeTa W JIETKO 000CHOBBIBaIach popmysia babmepa.

YpaBHeHue i1 3JIEKTPOHA:
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Puc. 5.3.
mv? €2 nh R
_— v = —, Tn = —FXN
2 2
r r mr me

[Tony4aercs, 910 opOUTA JIEKTPOHA KBAHTYETCS.

mur = nh, 2mrmu = nh2m = nh,

h
— = \B, 2mr = n—-.
muv muv

[Monywaercs, aro jginHa OpOUTHI paBHA IEJIOMY YHCIY JJINH BOJH je-Bpoiiisa. DT1o
TOYHO TaK K€, KaK U JJIsi IMbI ¢ OECKOHEYHO BBHICOKMMU CTEHKAMHU.

h? h hc e? 1 .
rr=——s=——, = — = —— — IOCTOsIHHAsI TOHKOH CTPYKTYPHI,
I™ me? ™ mee? hc 137 Py®1yP
h A
— = — — KOMIITOHOBCKAas JIJINHA BOJIHBI.
mc 2
Torna
Ac 11 -9 A
rp=—=3x10"" %137 ~4x 107" = 0.4A.
2mo

A us 9KCIIEPUMEHTOB IIO0 pacCCeAHUIO OBLIIO N3BECTHO, 9TO pa3MEpP aTOMa BOIAOPO/1a —
IIOpdaKa ITIOJIOBUHbBI aHI'CTpEMa.
Tenepb MbI MO2KeM 3alliCaTb 1 9HEPI'uiO, KOTOpasd TO2KEC KBAHTYETCH.

mv? €2 e? e2me2  me®> metl

E = = = —— fnd — J—
2 r 21, 2 n2h?2  n2h?2  2h2 n?

To ectb IIOJIYyHIUJIA, 9TO YPOBHU SHEPIUU B aTOME BOJOPOIAa KBAHTYIOTCA IIPOIIOPIINO-

HaJIbHO # .

Puc. 5.4.

Yacrora cBeTa 1pH epexo/jie 3JEKTPOHOB ¢ OPOUTHI HAa OpOUTY OyIeT:
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2m2 \n2  m?2

[To-xoporreMmy, HyKHO ITepeiTH K JIJIMHE BOJIHBI, KOTOPYIO U3MEPSIOT B KCIIEPUMEHTE:

1 B me* 1 1
A dnch? \m2 n?2)’

me*

M _ Ry = 13.69B.
onz W
— 39Ta BeJIMYMHaA Ha3bIBAETCA PI/I,Z[6epI‘OM.

Hpyras sanuce Punbepra:

11
hwmanm—En:E( ——).

2
mc? et mc? [e? mc?

2 h2c2? 2 he 2
To ecTb 3TO SHEPrus MOKOs JIEKTPOHA Ha KBAJIPAT IIOCTOSHHON TOHKOI CTPYKTYPHI.
Bajiaun Ipo HAXOXKIeHNe YaCTHUIIBI B IIPOU3BOJIBHOM IIOTEHITATE HEOOBIYAHO TPY/IHbI.
Hac Gyzmer unTepecoBaTh TOJBLKO KadeCTBeHHAs KapTUHA.

5.1. KBasukiaaccuuaeckuii meroj (Mmero BKB — Benriiensi, Kpamepca, Bpuii-
JIFO9HA)

Korma Mbr pacemarpuBa/in 66CKOHETHYIO SIMY, TO JIBUKEHEE ITEPEXOJIUT B KJIACCUIECKOE
[IpU YBEJIUYEHUH TJIABHOIO KBAHTOBOI'O YHCJIA. DTO HA3BIBAETCs MPUHIIAIIOM COOTBET-
CTBUSI.

Paccmorpum 11pon3BoJIbHBIN TIOTEHIMA U IIYCTh €CTh CBsi3aHHOe cocTosiHue F,. Ka-
JeCTBEHHO MOXKHO CKa3aTh Kakasi Oyjer BOJHOBas (pyHKIMsS — THla cuHyca. A Korma
SHEPI'Usl MEHBIIE IMOTEHITUAILHOMN, Oy/IeT SKCIIOHEHIINAIbHBIH CITaI.

Puc. 5.5.

BenomuauM 1ipo mpsiMoOyTo/IbHY 10 O6CKOHEYHYIO SIMY 1 AllITPOKCUMUPYEM ITPOU3BOJILHBIN
MIOTEHINAJT 3TOH siMoil. Pasmep 9TOil gAMbl JIOJIKEH ObITh TaKUM K€, KaK JIBUKEHUE B
peaJbHON aMe.

Tenepb MBI cpa3y HaiijleM, KaK KBAHTYETCS SHEPTH:

h N
AB = —=—==  — /JIJINHA BOJIHHI Jie-Bpoiis.
2mkb
L,(E,) = ng - COOTBETCTBHE n-0if TPAEKTOPUH.

3/1ech TOJIOBUHA JIJIMHBI BOJIHBI, IIOTOMY 9TO y Bopa OblLia BCs TpaeKTOpHsS Tyjia-
obpaTHO, a y HAC TOJBKO ITOJIOBUHA.
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Puc. 5.6.

B sro6oMm morennnagie OyneT sHEPrus

mht
n”.

" 2mI2

HOCMOTpI/IM, KaK 9TO peaJIbHO MO2KHO IIPUMMCHHUTDL B HACTOAIIINX CHCTEMaX.

5.1.1. KBanToBbIil ociiniiisiTop (AByXaTOMHAsI MOJIEKYJIA)

ITo Teopeme Bupnasa

1
§mw2Li ~ F,,

[ [2F, mnh
"V mw? 2E,m’

E, = const(nhw).

Puc. 5.8.

[Toyamiock, 9T0 B rapMOHUYIECKOM OCIUJIIATOPE CIIEKTP SKBUINCTAHTHBIN ¢ JIUCKpe-
Tu3anuein iw.
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Ho erre Hy»KHO y49ecTh, 9TO €CTh HyJIeBasi SHEPIHUsI, KOTOpas BOSHUKAET M3-38 COOTHO-
menus: HeonpeaeaenHocreii. Ouennm ee:
O6aacts jokaymsanun: Ar = 2.
N3 coorHOIEHNST HEOIPEILIeHHOCTE:
h ka? h?

Ap~ — = E? = )
P 2x 2+8ma:2

Y100B!I HATH MUHUMAJILHYIO SHEPTHUIO:

dFE h?
—=0=k, — =0
dx = Amax3
9 h
‘T — —7
2vVEkm
B, — W e
4 4 2

E,=(n+1/2)hw.

WcTunHBI CIIEKTP BBIIVISIUT CJIELYIOMNIM 00Pa30M.

Puc. 5.9.

O600mIIM.

KymnonoBckmit morenmuast: F, n%

DHeprus ocouiigTopa: F, x nhw

Ho nmyxna eme BparmareibHas sHeprus. [Ipexie dem pemuTsb 3aj1ady Jjisd Hee, elre
pa3 obpaTuMcs K KyJOHOBCKOMY MOTeHIua y. Ero perenune ¢ moMoribio mojixojia bopa me
COBCEM BEPHO, 3TO JIMIIIh IIOIX0/, JAIOIIIH TPAaBUIbHBIN pPe3y/IbTar.

Haiinem KyJ0HOBCKMiT TIOTEHITMA B KBA3UKJIACCUIECKOM IPUOINZKEHIH.

Z?2 72
U=—-—-—=, E,| ===,

r B L,

I Ze? mnh

" E,  \2mE,’
Z*me* 1
|E,| = constTE.
Orkyma Haittn koucrauTy? [Ipocto cpaBanM ee ¢ dpopmystoit Bopa n 3anmmem const =

1/2.
3amMmedaHme: KOT/1a Mbl TOBOPHUM IIPO KYJIOHOBCKHII ITIOTEHIIHAJI, TO MbI JIOJIZKHBI 3aMe-
HUTb MacCy 3JIeKTPOHa& Ha IIPUBEJIEHHYIO MacCy
Me

TS

I+ 55
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[TosToMy TOBOPAT, YTO

m
Ry = Ryso(1 — M) (mocsie pasoKeHust)
— 9TO HA3BIBAETCHA U30TOMUIECKUM CJBHUIOM, KOTOPBIH JIETKO HAOJIIOIaeTCs.

Ho mam HY»KHO 3HATH, KaK KBAHTYETCsl SHEPIHUs MOJIEKY/Ibl. ATOMHOE BO30YIKICHHE
COCTOUT M3 TPeX THUIIOB: 3JIEKTPOHHOE BO30YKJeHMe, KojiebaTesbHOe BO30YKIeHNe, Bpa-
IMaTe/IbHOE BO30YKICHNE. DTO TPHU CUCTEMBI YPOBHEH.

Yr00bI pa3obpaThcs ¢ BpallleHneM, HyKHO TIOHATDH, KAKOI OllepaTop éMy COOTBETCTBY-
er. P

Dy = —thV = —ih—.
Ox
st BpaleHust aHaJIoroM MMITYJIbCA SIBJI€TCS MOMEHT UMITY/IhCa
- 0
M, = —ih—.
dp
DTO MPOCTO COOTBETCTBUE OOBIMHOTO JIBUKEHHUS — BPAIATETHLHOMY.
Hy:xno naiitn cobcTBeHHBIE 3HAYMEHUS OIIEPATOPA MOMEHTA KOJINYIECTBA JBUYKEHUSI.

: L O dip i
M) = M, —ih— = M v, — = -M._dyp.
=M, b =M, = pM.de
[Tocsie maTerpupoBanus _
Y = AeiM=¢,

Ho nipm Bpammennu coctosiare MOJTHOCTHIO MTOBTOPAETCS TTPHU TOJTHOM ITOBOPOTE:

Y+ 27T = @,

exp %Mz(go—l—%r) :exp%[Mz 1,

2r M,
h

To ecTn npoeknud yrjioBoro MOMeHTa Ha BbIACJICHHYIO OCb KBaHTYETCHA.

= 2mm, M, = mh, m=0,+1,£2, ...

B kmaccuke, MOMEHT UMITyJIbCA 3aBUCHAT OT pPajUyC-BEKTOPa, & K KBAHTOBOH hu3u-
Ke — OH BCErjia CIYUTaeTcsl OT IeHTpa Mmacc cucreMbl. [losTomy M, Ha3BIBAIOT YTJIOBBIM
MOMEHTOM, OH 3aBUCHUT TOJILKO OT YIJIA.

KBaHTOBaHI/Ie YIVIOBOI'O MOMEHTa OY€Hb Ha IIOX02KE Ha KBaHTOBaHUE UMITYJIbCa B aTOME
BoJiopoja: pr = mh.

MbI HalllJIn TOJIBKO KBaHTOBaHHE IITPOCKIINN. Tenepb HY2?KHO IIOHATDL, KBAHTYETCHA JIU
caM MOMeHT. Ec/ii B cucreMe HeT BbIJIEIEHHBIX HAlpaB/ieHuil (anu3arporun), To M MozkeT
IPUHUMATD JIFOO0Ee 3HaYEHHE.

<M>? = <M,>* + <M,>* + <M.>* = 3<M.>*,

M, =0,%h,£2h--- £ 1h, [ = max{m}.

(20+1) 3navennit M,
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Ho yriioBoit MoOMeEHT He MOKeT OBITh HAIPABJIEH TOYHO MO OCH, TIOTOMY YTO MHAYE, MbI
Oy/eM 3HATH TOYHOE 3HAUEHUE U MOMEHTA, U BCEX €ro MPOEKINil. DTO HEBO3MOXKHO B CHITY
COOTHOITIEHUsT HeomnpeaeaeHHocTeil. Mbl 3HaeM TOJIBKO MpoeKIuio 1mo ocu z. Ilockoabky
YIJIOBOII MOMEHT MOXKET IPUHUMATH TOJIBKO (DUKCUPOBAHHBIE 3HAYEHUs, TO NOBOPIT O
MIPOCTPAHCTBCHHOM KBaHTOBAHUMU.

Puc. 5.10.

h? 5N 2R I(1+1)(2l+1) R+ 1)
204+1° 4 2041 6 3 ’

M? = RA(1+1).

[Tony4gaercs, 9T0 U caM MOMEHT TOKE€ KBaHTYETCs, IOTOMY 4TO [ — 1esioe duco. To
€CTb KBaAaHTYE€TCA U MOMEHT M €ro IpoeKIud Ha OCb Z: Mz =mh. U OTCIOJa BHUIHO, 9TO
|M.,| < M.

Bcee 310 MBI Jestanm it TOro, 9ToObl IOCMOTPETh, KaK OyJ/IeT KBaHTOBAThCs Bpallla-
TEeJIbHOC JIBU>KCHUEC. BpaHLaTeﬂbHaH QHEepPIrud:

hQ
L=+,  AE =E. - B,

J
h? h 2
—|l(l+1)—=1l(l—-1)==2 Eoporn = =11+ 1).
S+ D =10= D] = 22 B = 10+ 1)
1t MOJIEKYJTBI:
T oo A B oaPmPe
Bp_?MaTaQ_a_TB_ a 2M R
2
%J:Ry.
1 TOTJIA TOJTydaeTcs
m
Ty ~ Ry——.
P = YL

Dueprusg MajeHbKas, Ha yposre 1074,
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