maBa 16. AToMm Bogopoaa B KBAaHTOBOU MeXaHUKe

B »sr1oif rnmaBe umzmaraercs pemenue ypaBHeHus Llpenunrepa B pamkax 3amaun Kemepa. Mer
yoeauMmcsi, uro 0e3 yuéra pensaTUBUCTCKUX 3(P(EeKTOB MONoKeHNe SHEPTeTHICCKUX YPOBHEH MOITydaeTcst
TaKUM Jke, Kak u B Teopun bopa—3ommepdensaa, HO ompezpessieMass BOJHOBOH ¢yHKuuer Qopma
opOuTaneil B KBaHTOBOM TEOPHM OTIMYAETCS OT KJIACCHYECKHX TpaeKTopuil. B ciydae KyJoHOBCKOro
HOJISI CYIIECTBYIOT AaHAJUTHYECKUE BBIPAKEHHS IJsI BOJIHOBBIX (YHKLUI, YTO NO3BOJSIET BBIYUCIUTH
cpeaHue 3HadeHHsd (U3NYECKHX ITapaMeTpoB M, HApUMep, MOJIYIHTh IpEeJCTaBlIeHHE O pa3Mepax aToMa
B PA3JINYHBIX COCTOSHUSIX.

AHanu3 3a7a4d C MO3MLUI KBAHTOBOM MEXaHMKHM IIO3BOJIAET BBUICHUTH IIPUPOAY OCHOBHOTO
COCTOSIHUSI JTFOOOT0 aToMa, MOHSATh MPUYUHY CTYLICHUS YPOBHEW BOJHM3M TPaHUIIBI HOHU3AIUH, a TAKKe
JlaTh OTBET Ha BOMPOC O BBIPOKACHUHN IHEPreTHUECKUX ypoBHeH. KBaHTOBbIE UKcia yIIOBOIO MOMEHTA,
KOTOpBIE OIPENENSIOT CTPYKTYPY BOJHOBOM (YHKIMH, HEOOXOAMMBI NPU KIACCH(PUKALMK CIEKTPOB
CJIOJKHBIX aTOMOB, 7151 KOTOPBIX aHAJIMTUYECKOE pelieHne ypasHeHus lllpenunrepa HeBO3MOXKHO.

[Mpobnema aToMa BojopoJa M, B OCOOEHHOCTH, BOAOPOAOMOAOOHBIX MOHOB C OOJIBIIMM 3apsiioM
anpa, Tpedyer yuéra penatuBucTckux 3¢dekros. OOUH U3 HUX — 3aBUCUMOCTb MAcChl 3JEKTPOHA OT
CKOPOCTH — B IM1aBe 13 pacCMOTPEH B KJIACCHYECKOM IPUOIMKECHUU. MBIl YBUAEIH, YTO NPH MEPEXOIE K
TSOKENBIM aTOMaM 3TOT (QEKT pacTéT GBICTPO, MPONOPUHOHANBHO Z', HO, TeM HE MEHee, OCTaéTCs
MaJbIM BIUIOTH JO OJJIEMEHTOB TpYMIBI JKeJe3a. AHAJOTMYHBIMH CBOWCTBaMH O00JaiaeT CHHH—
opbutansHOoe B3auMozneiicTBue. Ero posnb 3axiitodaercsi B CHATHH BBIPOXKICHHUS yPOBHEH, XapakTepHOTO
JUTS HEPENATUBUCTCKONW MOJIEH aToMa. 3ajiada 0 KyJIOHOBCKOM IOJIE IMEET aHAJIMTHYECKOE PEeIlIeHre U B
pensATUBHCTCKOM ciayyae. Ho 11 aToMOB BIJIOTH A0 3JEMEHTOB TpYMIbI kele3a 00a YHOMSAHYTHIX
3¢ dexra Manbl M0 CPAaBHEHMIO C 3JEKTPOCTATUUECKUM B3aUMOACHCTBHEM M MOTYT OBITH PaCCMOTPEHBI
KaK MaJible TIOIPaBKU K IOJIyUYCHHBIM B 3TOMH I1aBe (HopMyiam.

16.1 lNpueedéHHasi macca
PaCCMOTpI/IM B3aHMOHGﬁCTBH6 ABYX 3apsKCHHBIX YaCTHUI] IIO 3aKOHY Ky.]'IOHa. C HOTeHHHaHLHOﬁ

sueprueit (13.3.3) cranmonaproe ypasnenue Ilpenunrepa juist BOTHOBOH (QYHKIMH CUCTEMBI gys UIMEET
BUJ

2 5 2 82 2
h W;ys n h W;yg + Etot + Zi \Ifsys _ 0 ]
2m, or 2m, or, r

1.1

311eCh Iy U 'z —PaauyCc—BEKTOPBI, COOTBETCTBEHHO, JJIEKTPOHA U si/pa, Eyy — I0JIHAS DHEPTUS CUCTEMBI.
Beeném nonoxxeHue HEHTpa UHEPLUU YaCTHULL

1.2) R = MLt myr,
m,+m,

1 3JICKTPOHA OTHOCHUTEIIBHO A1pa
1.3) r=r,—r,.

[Be mocnenuue Gpopmynsl coOOTBETCTBYIOT ompenencausM (13.2.3) u (13.2.4) kmaccuyeckol MEXaHUKH.
BrimonmHNM 3aMeHy epeMeHHBIX B oreparopax nuddepeHnnpoBanus B ieBoit yactu (1.1):
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[Moncrasus (1.4) B (1.1), mpuxoauM K ypaBHEHHIO

(1 1 )\0vw, K 1 0y Ze*
1.5 | — RLEIRATN LI B 5 =0.
(1.5) 2\m, m,) or’ 2 m,+m, OR’ o Voys

e

Ono A0IyCKacCT pa3AC/ICHUC IICPEMCHHBIX. Hpe,[[CTaBI/IM BOJIHOBYIO (byHK]_[I/I}O B BUJC MPOU3BEACHUSA
(1.6) W =w(r)-y(R),

[JIe TIEPBBI MHOXKHTEIb HE 3aBUCUT OT R, a Bropoit — ot r. Pasnenum (1.5) Ha Ygys 1 BTOpOE craraemoe
cjeBa epeHecéM B MPaBYIO YacTh:

Lrfl 1oy (o Ze)_ 1 ® 1 yR)

1.7 - —_ n
@.7) yr) 2\m, m, | or oy y(R) 2 m,+m, OR’

JleBast u mmpaBast 4aCTH MTOCIEAHETO YPABHEHUS 3aBUCST OT Pa3HbIX IIEPEMEHHBIX, TOITOMY KaX</1asl U3 HUX
JIOJbKHA OBITH paBHA KOHCTaHTe. [lomHas sHeprus Ey,; CHCTEMBI CKIIaIbIBaeTCA U3 €€ BHYTPEHHEN SHEPTUU

E v sHepruu Ey,c IBUKEHUS LIEHTPA MAcC 3JIEKTPOHA U sIpa:
(1.8) E =E+E,
YpaBHeHue

2 2
U LS

=0
2 m+m, OR’ e

OIMUCBIBACT PABHOMCPHOC prIMOHHHeﬁHOG ABHUXXCHHUC LICHTPA MAaCC, 4 YPABHCHUC

2 2 2
(1.9) U‘Lﬁ% E+Z% lyr)=0
2m oOr r

ecTb ucKkoMmoe ypaBHeHue IllpenuHrepa sl OTHOCUTENbHOrO JBWKEHHMS. Kak W B KiaccH4YecKou
MeXaHHUKe, 3a7a4ya CBOAMTCA K ABIIKEHHUIO BOKPYT SApa YacTHIBI, 3aHMMAIOLIEH MECTO 3JIEKTPOHA, HO
Macca e€ paBHa npuBeAEHHON Macce cucteMsl (13.2.6).



16.2. Hoeble napamempbi

B cBsI3aHHOM COCTOSIHHH OHEPrus 4aCTUlbI E, KaK HM3BCCTHO, OTpHULIATCIIbHA. Bwmecto Heé 6YI[GM
IMOJIB30BAaThCA «,HerOfIJ'IeBCKPIM)) BOJIHOBBIM UM CJIOM:

2mE
2.1) K =- o
Beeném macmrad UIMHBL
2
(22) p=Lme_2Zm
h a, m,

HamomuumMm, uto ay — 60opoBckuii paguyc (1.2.7). B atux o6o3Hayenusx ypasHenue (1.9) npuobperaer
Cenyoui BUL;

(2.3) A\V+(—k2+bj\p=0

r

VY 106HO nepeiTy k chepudeckuM KOOpAUHaTaM, B KOTOPBIX onepatop Jlamnaca paBeH cymme

24) A=A +1A

r 2 70,02
r

TI€ cJlaracMbIC

(2.5)

1 o(. ,0 1 o
00 = | SIMO— |+———,
sin© 00 00 ) sin” 0 0o

HA3BIBAIOTCS, COOTBETCTBEHHO, «PaJUaIbHBIM» U «YTJIOBBIM» JIallacHaHOM. HamoMHUM, 9TO yTIIOBOMA
narutacua, coriacHo (12.5.1), ¢ TOYHOCTBIO O 3HAaKa PaBEH ONepaTopy KBaJgpaTa MOMEHTa KOJIUYECTBA
IBIKEHUSA 2. [lepeiiném K peleHuro 3a1ayu.

16.3. Pa3deneHue cghepuyecKux rnnepemMeHHbIX

HOKa)KGM, 4TO B C(I)epI/I‘lGCKI/IX KOoOpAuWHaTax 3aJdava JOOITyCKacT J:[anLHeﬁmee pasaciieHuc
NEPECMCHHBIX. BOJ'IHOByIO (l)yHKLII/IIO HIIEM B BUJC IPOU3BCACHUA

G.D)  w(r)=R()-Y(6,0).

IToacraBum (3.1) B (2.3), pa3genuM TOMyYeHHOE ypaBHEHHE Ha \Y(r) U mepeHecéM B TMPaBYI0 YacTh
cllaraeMoe ¢ OIepaTopoM, JICHCTBYIOIIUM Ha YTIOBBIC IEPEMEHHBIC:

rz M_k2+é =_M
R r Y

CreBa u cnpaBa OT 3HAaKa PaBEHCTBA CTOAT (YHKIMM OT pa3HbIX apryMeHToB. CienoBaTenbHO, 00€ OHH
PaBHBI OJTHOM U TOH K€ KOHCTaHTE:



(32) AR 2 21 oy
R r
Ay Y

33 _Bet oy
3.3) v

VYpasuenue (3.3) copnamaet ¢ (12.5.3) u, Takum 00pa3om, IpeACTaBIsLeT co0O0i 3a7auy Ha COOCTBEHHBIC
3HaueHus KBanapaTta MomeHTa. CormacHo (12.5.5) u (12.6.2), oHa MMeeT OrpaHUYEHHOE M OJHO3HAYHOE
peleHue

Y=1,(6,¢)
TOJIBKO TIpU

A=I1+1), 1=0,1,2,...

[Moxcrasmsist 3to 3HaueHue A B (3.2), monyyuMm oObIKHOBeHHOE nU(p(EpeHIMAIbHOS YpaBHCHHE IS
paauaibHOM YacTH BOTHOBOU (DYHKITHH:

b I(+])

2
r r

(34)  AR+|-k+ R=0.

Hpexme, YEM NPUCTYIUTH K €ro peuICHuIo, HpOBe)Z[éM Ka4YC€CTBCHHBIC UCCIICJOBAHUA HEKOTOPBIX CBOICTB
paanajibHOTO ABUKCHUS.

16.4. Ceolicmea d8ukeHusl 8 KYJIOHOBCKOM roJie

Hannume oCHOBHOT'O COCTOSHHUS M CTYIIEHHE YPOBHEH BOJNM3M TpaHUIBI HOHU3AIUN — 00a 3THX
CBOMCTBA KyJIOHOBCKOI'O MOJIS SIBJIIOTCA CIIEICTBUEM COOTHOLIEHHS HEONPEAECTEHHOCTEN.

PaccMoTpuM BOJIHOBYIO (DYHKIIHMIO 3JIEKTPOHA, JIOKAJIM30BAaHHOTO BHYTPU Majiol cepsl paguyca 7.
HeompenenéHHocTs B 3HAYEHHUSIX €r0 KOOPAMHAT NPUOIU3UTEIBHO paBHA 7y, HEONPEINEeNEHHOCTh B

3HAaUYCHUU HMITYJIbCa, COOTBECTCTBCHHO, MOPAAKA h/l"o , @ CpCAHECC 3HAYCHUC KUHETHYICCKOU OHEPTruu T
2 2
cocraBnser /mro . Ilonnas OHEpTrUsd, paBHAasA CyMMC

2 2
/] Ze
2 - 2
mr, A

(41) E=T+U-~

HE MOXET HEOIPaHHYEHHO yOBbIBaTh IO Mepe yMeHbIUeHHs 7p. Clle0BaTeNbHO, AUCKPETHBIN CHEKTp
HAYMHAETCSI C HEKOTOPOTro OTPUIATEIFHOTO KOHEYHOro 3HaueHus. MIHBIMU CIOBaMH, B KyJIOHOBCKOM
10JIE UIMEETCS] OCHOBHOE COCTOSHUE.

OTOT pe3ynbTaT OTIAMYACTCS OT ABHXKCHUS B IOTCHLHUAIbHON sMEe OECKOHEUHOH IyOHHBI, TIe
OTpHLIATENIbHASL JHEPTHsl JUCKPETHBIX YPOBHEH HEOTpaHWYEHHO pacTéT Mo aOCONIOTHON BeNWYHHE.
Paznuume 0O0yclOBIEHO CTENEHBbIO KPYTU3HBI MOTeHIHManbHOH ¢yHkunu. Ecnmm B (4.1) BMmecto
KYJIOHOBCKOT'O TIOTCHIIMAJIa MTOJICTABUTh, HAIIPUMED

U~r*
C JIOCTATOYHO GOJBIIINM TTOKa3aTeIeM CTETCHH,

o>2,



TO SHeprus £ Tpu yMEHBIIEHUH Fy CTAHOBUTCS OTPHUIATENbHOW, HEOTPAaHWYEHHO YBEJIUYHBAsCh IO
abcomoTHO# BenuunHe. Ho eciu cpenHss SHeprus MOXKET MPUHUMATh TaKue 3HaYSHUs, TO 3TO 03HAYACT,
YTO CYIIECTBYIOT CKOJIb YTOJHO TyOokue ypoBHU. [loTeHIMa bHAs siMa UMEET CTCHKH, 0OJiee KPYyThIE,
geM JTr00ast cTereHHAs (GYHKITUS, CIeI0BaTeIbHO, ¢€ YPOBHU dHEPTUHU JIEHCTBUTEIHHO HE JOKHBI UMETh
HWKHEW TpaHuLIbI.

Emé pa3 oOparum BHHMaHWE Ha TO, YTO CYIIECTBOBAaHHE OCHOBHOTO COCTOSIHHS aTOMa SBISCTCS
YUCTO KBAaHTOBHIM SIBJICHHEM. B KilacCMYeckoil MeXaHWKe NpPH PaBHOM HYII0O MOMEHTE 00s3aTelbHO
HMMEET MECTO MaJIeHUE AJIEKTPOHA Ha SPO.

Tenepsr wccieayeM XapakTep SHEPTeTUUYECKOTO CIEKTpa JJICKTPOHA, HAXOMASAIIETOCS Ha OONBIITNX
paccTosSHUSIX OT sAapa. PaccMOTpUM BOJIHOBOW TMAaKeT, «3aIllOJHSIONIUID MIApOBON CIIOH OONBIIOTO

. 2
panuyca o 1 TonmuHbl Ar < 7, . Toraa nopsI0K BeTMINHbI KHHETHYECKOH SHEpTHu OyaeT h? / m (Ar) .

Tenepb YBCINYUBACM rp U, IPONMOPLHHUOHAIIBHO €MY, AI’O . I[J'ISI 3JICKTPOHA B KYJIOHOBCKOM MOTCHIHAJIC

IIpu J0CTaTOYHO OOJIBIIIMX 3HAUCHUIX ro CymMMa

2 2
(4.2) h—z_Zi
m(ArO) 7'0

CTaHeT OTpuIareNbHOW. TakuMm 00pa3oM, CYIIECTBYIOT CTAIlMOHAPHBIE COCTOSHHUS C OTPHIATEIHHOMN
SHEpPTrHUel, B KOTOPBIX YacTHIA MOXET HaXOIWUThCS Ha OOJIBIINX PAacCTOSHUAX OT siipa. Ho aTo o3Hagaer,
YTO CYHIECTBYIOT CKOJIb YTOAHO Majble 0 aOCOJIOTHON BEIMYMHE YPOBHH SHEPTHUHU. MHBIMHU CllOBaMH,
UCKPETHBIA CHEKTP COJEPX HUT OSCKOHEYHO MHOTO YPOBHEH, CTYHIAIOIIMUXCS K TpaHUIle WOHH3AIINU.
CHOBa MBI BHIUM KapJUHAIBFHOE OTIMYWE OT PEIIeHHUs 33Javl O MOTeHNHaIbHOH sime. [lpramaa Ta xe:
GoJbIiIasi KpyTH3HA MOTEHIHATbHON QyHKIMH. W3 (4.2) 1erko yOeauThes, 94To B ciiydae O > 2 HHUKaKOTo
CTYILEHHS YPOBHEH 0KUAATh HE IPUXOJUTCS.

Ilo cyru nema, MBI yOemuiIHCh, YTO y KaXKAOH aTOMHOM CHCTEMBI €CTh OCHOBHOE COCTOSHHE C
KOHEYHBIM 3HAUYEHUEM DHEPTHH, U € yPOBHH CTYIIAIOTCS M0 Mepe MPHUONKEHHS K TpaHuIle HOHU3AINH.
O0a 3T 3aKII0YCHHUS CIEeNYIOT U3 TOTO, YTO MOTEHIUANbHas (QyHKIMS T000r0 HOHAa M aToMa OJM3Ka K
3akoHy KyroHa kak BONH3M sifjpa, TaKk ¥ HA OYEHBb OOJNBIIMX PACCTOSHHSX OT Hero. BOmm3u sapa MOXKHO
peHeOpedh BIMSHUEM DIICKTPOHOB, M TOTCHIIMATBHYIO SHEPTHIO (OTPHUIATEIFHYIO) OMICHIBaET PopMyIia

2
Ze /I" . Bz[ann OT HCro CcCrhpaBcajinBa H3JIOKCHHAA B pas3aciic 13.8 MOACIb AaTOMHOI'O OCTaTKa.
HOTGHLII/IaJ'IBHaSI OHEPrus ONTHYCCKOI'O JJICKTPOHA B JTOH MOZCIN TAKXKXC OIIMCBIBACTCS 3aKOHOM KyJ'IOHa
2
U NMponopnuoHaJlIbHAa OTHOLIICHUTIO (Z —N+ 1)6 /l" , 1€ N — guncno 3JICKTPOHOB B MOHC UJIM aTOMC.

16.5. SpgpekmueHbIlU nomeHyuasn

[NokaxkeM, 4TO pelreHHe paguanbHOW YacTH (3.4) BOJHOBOTO YPaBHEHUS HE MMEET BBIPOXKICHHS.
Ha Bpems BepHEMCcS K 0003HAYEHHSM TIEPBOTO pasnena. BeiHeceM 3a CKOOKHM MHOMKHTEINb 2m/ B ouc
yuérom (2.1) u (2.2) momyqum:

ze 11+ )i?

(5.1 AR+| E+ — |[R=0
r 2mr
IToncranoBkoit
(5.2) R(r)= M
r
(5.1) mpuBOIUTCS K BUILY
d*y ze*  I(l+D)n’
5.3 —=+| E+ - =0.
(53) dr’ r 2mr’ x



ITocnenHee ypaBHEHHE OMUCHIBACT OJHOMEPHOE JIBIKEHUE B TOJIE C TOTCHIIMATLHON SHEPTHEH

2 2
ze 11+

2

54) U, =-
(54) eff r 2mr

Ha mepBoM MmecTe 31ech CTOWUT MOTEHIMANBHAS JHEPTHs AJIEKTPOHA. UHCIHTENh BTOPOTO CIIaraeMoro
paBeH cOOCTBEHHOMY 3HAYEHUIO KBaapaTa MOMEHTa. B CBA3M ¢ 3THM BeTHMUNHY

(DR

2

5.5 U
(5-5) of 2mr

B KBaHTOBOH TEOpHH, KaK M B KJIACCHYECKOW MEXaHUKE, NPUHITO HAa3bIBaTh «UEHTPOOEIKHBIM
MOTEHITHAIOM», a cyMMY (5.4) — «addextuBHBIM nIoTeHITaTOMY. [Ipodms 3dhdekTrBHOTO IOTEHINANTA
cxeMmaTuuecku m3o00paxEén Ha puc.16.5.1.

Ut
4

=Y

-

Puc.16.5.1. DhdexTHEHEIR NOTeHWWan
KENNepoROM 33034U ona
paAMANEHORD ABWMMEHWA.

Ha Oonpmmx paccTosiHUSIX OT sApa NpeBAIMPYeT KyJOHOBCKMH TOTEHIHMAld, a Ha MajblX —
neHTpoOexupiid. [losTromy »¢QeKkTuBHBIH MOTEeHIMad UMeeT MUHMMYM. Ero 3aBucumocTs OT 7
HallOMMHAET IMy KOHEYHOMH INTyOHHBI, HO B OTJIMYME OT SIMbI 3/1€Ch IIOJIOTHE Kpas.

VYpasuenue (5.3) mokassiBacT, 4To 3a/1a4a O paAHATILHOM JABIKCHUH B KyJIOHOBCKOM TIOJIE CBOJUTCS
K 3a7a4e 00 OIHOMEPHOM JBM)XCHHHM B 00JlacTH, OTPaHMYEHHOM ¢ onHOW cropoHbl. Kak mokasaHo Bo
BTOPOM Dpa3Jiesie JEBITOM IJIaBbl, OTPAaHUYCHHOE OJHOMEPHOE JABMKECHHUE SIBISETCS HEBBIPOJKIACHHBIM.
Otcroma cneayeT 3akilo4eHHe 00 OTCYTCTBHH BBIPOXACHHUS IO pagualbHOW KOOpAMHATE U B Clydyae
KYJIOHOBCKOTO TMoOJisl. TakuM 00pa3oM, BBIPOKICHHWE BOJHOBOM (YHKIMH KYJIOHOBCKOTO TMOJ
00yCJIOBJICHO UCKIIIOUHUTENIFHO €€ YIIIOBOH YacThIO.

IlepeiinémM K ONpENENEHUI0 3HEPreTHUECKMX YPOBHEH, ITOCTaBUB YCIOBUE OIPAaHUYEHHOCTH
BOJTHOBOH (D)YHKLIMH.

16.6. BbiyucneHue paduasibHOU Yacmu e0JIHO80U (byHKyUU

PackpoeM pafnalibHyI0 4acTh jariacuana A, :

2
AR=R"+ZR'.
r

[loncraBuB nony4eHHOE BhIpakeHHE B (3.4), IPUXOAUM K YPaBHEHHUIO

(6.1 R+ 2R 4| 24 210D
r

2
r r

R=0.



Ero, xak u ypaBHEHHE, ONUCHIBAIONICE JTUHEWHBIA OCHMIIISATOP, PEIIAE€M METOJOM Pa3JIOKEHHUS B PAIl C
MIPEIBAPUTEIIBHBIM BBIJICIIEHUEM OCOOBIX TOYCK.

OcobOble TOYKU

B paccmarpuBaemoli 31ech 3aaue MPUCYTCTBYIOT JIBE OCOOCHHOCTH: OECKOHEUHO yIaIEHHAS TOYKA
7 — o0 u Havano koopauHat ¥ =0 . Beeném ob6o3Hauenuss R, s BOMHOBOW (GyHKIMH Ha OOJBIIMX

paccTosiHUAX OT sifipa u Ry — BOMM3M Hero. [iis BeisicHenus 3aBucumoct R (7) omycrtum B (6.1) Bee

cjiara€MbI€, COACPIKAIMUE B 3BHAMCHATCIIC 7. Honyqafomeecsl B pC3YyJIbTATC YPaBHCHUC
" 2 _

R'—Kk’R, =0

HUMECT PCIICHUC

R, =C, e’ +C,,-e".

o0
3 YCJIOBHA OIrPaHUYCHHOCTU BOJIHOBO# q)YHKLII/II/I BBITCKACT Tp€60BaHI/Ie

C,,=0

o}

¥ OKOHYATEIhHO MPUXOANM K PE3yIbTaTy

(62) R,=C,-e"

0 oo}

IToBenenue BOMHOBOW (pyHKIHH BOMU3U SAApa OMpENEIsIeTCs] KaK pa3 TEMH ClIaraeMbIMHU, KOTOPBIC MBI
onyctunu npu moucke R . [Ipenmnonoxum, 4To opOUTATbHBIN MOMEHT OTJIIMYCH OT HYJIS: [>0.Tormas

KBaJpaTHBIX CKOOKax (6.1) MOxHO mpeHeOpeub MEPBHIM M BTOPHIM WIEHAMH II0 CpPaBHEHHUIO C
LHEHTPOOEKHBIM MOTECHINATIOM:

s 2, I+
(63) RO +;R0 —r—zRO

=0.

Pemenne nocnenHero ypaBHeHHS UIIEM B BUJE CTENICHHON (YHKIIUN
(6.4) R, = crt,

JUIE KOTOPO# HaJ0 HaWTH 3HAa4YeHHe MokasaTtens creneHu W. [locne moacranoBku (6.4) B (6.3) npuxoaum
K KBaJIpaTHOMY ypaBHEHHIO JUIS [L:

pu+D) =1(+1),

7IBa KOPHS KOTOPOTO PaBHBL:

w=14 py==(+1).

Taxum 00pa3om, perieHneM ypaBHeHus (6.3) sBisieTcs TMHeitHas KOMOUHALUS

_ i —(I+1)
R, =C,,-r+Cy-r )



W3 TpeboBanuMst OrpaHUUECHHOCTH BOJTHOBOM (PYHKIIUHU CIICAYET
C,, =0.

OKOHYATENLHO:

(6.5 R,=C,r.
B cinyuae [ =0 ypasuenue (6.3) umeer penieHne
R, =const,

91O (hopMaANBHO HE IPOTUBOPEUUT (6.5).
Urak, popmynsr (6.2) u (6.5) ONUCHIBAIOT MOBEICHHE BOJHOBOW (DYHKIIMH, COOTBETCTBCHHO, B
OCCKOHEYHO YJAIEHHOW TOYKE M BOJIM3U Havyalla KOOPAUHAT.

Pa3noxeHue B psag
Pemenne it mpoU3BOJIEHOTO AUaNa30Ha paTuaibHOW KOOPIWHATEI OyIeM UCKAaTh B BUC

(6.6)  R(r)=Ry(r)-f(r)-R,(r)=r"-f(r)-e",

npuuéM koucrautel Cyu C,; u3 (6.5) u (6.2) Bxmodensl B uckomyio (yHkumio f(r). EE Mbl

NpeACTaBIIsIeM B BUIE psila
67 f)=2A4r".

v
3anuineM BRIpKEHHE IS paianbHON QyHKINU:

(6.8)  R(r)=e > 4.

HcxomrounM U3 UCXOMHOTO ypaBHeHHsS (6.1) cimaraemoe ¢ mepBOM MPOWM3BOMHOM. ISl 3TOTO BBITOJIHAM
3aMEHY NIEPEMEHHOM:

(6.9) R(r)=P(r)/r.

®Oyukuus P(r) Moxer ObITh pasioxeHa B psijl aHaIorunvHo (6.8):

(6.10a)  P(r)=e " -F(r),
(6.10b)  F(r)=) A"

Omneparop Jlamnaca, npuMeHEHHbIN K QyHKIMH P(7) , COAEPKHUT TOIBKO BTOPYIO IPOU3BOIHYIO:

(6.11) AR : d( Ziﬁl— : i(rP’—P)=£.

=—|7r -
g r* dr dar r r* dr r

Teneps nepenumem ypaBHerue (6.1) B Buze:



2
r r

(6.12) P”+{—k2+é—l(1+l)}P=0.

IMoxcrasus B Hero P(r) u3 (6.10a), moayunM ypaBHeHue i GyHkiun F(7) :

2
r r

(6.13) F”—2kF’7{é—l(1+l)}F 0.

JBaxner nuddepenupys pax (6.10b):
F'=Y (v+l+1)4, "
F'=Y (v+l+D)(v+D)4, »**

U TojAcTaBisAs ero B (6.13), moayyuMm OECKOHEUHYH) CHCTEMY YPaBHCHUH i KOI(PQHUIIMEHTOB
Pa3I0KEHUS:

D (vHIHDV DA, T =2k (v I+ DA, T+
(6.14) )
+b- Y A =1+ A4, T =0

VBenuuuMm Ha CANHUIY UHACKC CYMMHUPOBAHUSA B IEPBOM U MOCJICIHEM YJICHAX CYMMBI, IOCJIC 4Y€TO

o +/
BBIHECEM 33 CKOOKHU OOIIMiIl MHOXKHUTEb ¥ '

SA(v+1+2)(v+i+1) =l +D) ] A4, —

—[2k(v+1+1)-b]4, }r* =0

(6.15)

HOCKOJ’IBK}/ nocjeaAHee paBCHCTBO BbBINMOJHACTCA IMPU NPOU3BOJIBHBIX 3HAYCHUAX HGpCMeHHOﬁ r,

+/
K02(QHUITMEHTHI TIPH BCEX CTEMEHAX 7~ JOJKHBI OBITH paBHBI Hymo. OTCIONA CleyeT peKyppeHTHOe
COOTHOIIICHHUE:

(6.16) A4 _ 2k(v+1+1)-b |
A, (vHI+D)(v+I+2)=I(1+]1)

3anaB 3HaUeHUE A, MBI MOXKEM BBIYHCIUTH KOAQQPHUIIMEHT Pa3IOKESHHUS C JTIFOOBIM HOMEPOM.

TonbkKo KOHe4YHast CyMMa naeTt orpaHun4eHHoe peLueHue

ITokaxem, 4TO, KaKk ¥ B cly4ae JMHEHHOro ocumisiTopa (riasa 11), ycIoBHIO OrpaHHYEHHOCTH
BOJIHOBOU (pyHKIMK R(7) yHOBIETBOPAET TOJIBKO KOHEYHAsE CyMMa, HO HE OECKOHEUHBIH psil. st 3TOro

. N kr
JIOCTaTOYHO YOCIUTHCS, UTO TAKO# psaj pacTéT ObicTpee, ueM € . B caMom jene, mpu HEOrpaHUISHHOM
BO3pacTaHUHU HOMepa vV OTHOIIeHHE KoddurreHToB psaaa (6.16) ctpeMuTcs K mpeaeny

617) e 2K

V—>00
\%



A B pa3noKeHUH IKCTIOHEHTHI:

&1, . k"
=3 L) = a8

v=0 v!

OTHOIIIeHUE K03(h(DUITMEHTOB PaBHO

6.18 vl — >
(6.18) B v+l V7%

A%

B,, k k
-

Cpasuenne (6.17) u (6.18) mokassIBaeT, 4To B cilydae OECKOHEYHOTO psifa BOJMHOBas (GyHkims R(r) He

CTpEMHUTCSI K HYJIO TPH HEOTPAHWYCHHOM yAajleHWHd OT Aapa. Dusmyeckuii CMBICT HWMEET TOJBKO
petenue ypaBHeHus (6.13) B BuIe KOHEYHOU CyMMBI.

YcnoBue KBaHTOBaHUA 3Hepruv

B KOHEYHOH CyMMe CyILECTBYET HOMEDP V = 1, TaKOH, 9TO
(6.19) 4, #0, A4,, =0.

HapaMeTp l’lr Ha3bIBACTCA paduaﬂbﬂbm KBaHTOBEIM 4ucjaoM. OH aHaJOTH4YCH BBECACHHON B Hpe/:[m;:[ymeﬁ

rJaBe BEIMYMHE 71, W, KaK Mbl YBUJIUM HW)KE, IPUHUMAET TOT ke paxa 3HadeHui (15.1.23). CormacHo

(6.16) u (6.19), permenune CymecTBYET TOJIBKO B TOM CITy4ae, €CIU k YIOBJIETBOPSIET YCIOBHIO

2k(n, +1+1)-b=0.
Takum 00pa3oM, BOJTHOBOE YHUCIIO JICKTPOHA KBAHTYETCS: OHO ONPEACISICTCs JIMHSHHOM KOMOUHAIUEH
(6.20) n=n,+I[+1,

Ha3BIBACMOM enasHbim Keanmosuim yuciom. CHOBA TPOCIECKUBACTCS aHANOTHS C KJIACCHYECKON MOJCIBIO
atoma: (6.20) nomysaercs u3 (15.1.11) samenoit n,, Ha [ +1. Dra 3amena 00ycIOBIIEHa IPUHLIUIINATIBHO

pa3HOl HMHTEpHpeTanrell COCTOSIHUM C paBHBIM HYJIFO MOMEHTOM B KBAaHTOBOH TEOpPUHU U KIIACCUYECKOU
MeXaHHKe. Brimuiem B siBHOW (popMe NpaBUIIO KBAHTOBAHHSI BOJIHOBOTO YHCHA:

621)  k=k,=—="2"

W3 coornomenwii (2.1) u (6.21) moayyum ycioBUEe KBAHTOBAHUS SHEPTUU:

(hkn)2 1 (znY 7% me'
E:Enz——z——— =——2 >
2m 2m | na, n- 2h

WJIH, BCTIOMUHAs onpenenenue pugoepra (13.5.3):
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622) E :—Z—zRy, n=1,23,...
n

n

Orta dopmyna na€r cobcmeenuvie 3nauenus Hamend 3amaun. CobcmeenHvle Gyukyuu (BOTHOBBIE
(hyHKIMH) 3aBUCAT OT TPEX KoopauHart (7, 0, ¢) u Tpéx mapametpos (n, [, m):

(623) Wn,l,m (l’, 6: (P) = Rnl (7‘) : Y}m (ev (P),

rae Y, — yrnoBas gacTh BONHOBOM (yHKINH, a R, — paananbHEIN MHOXKHTENb,PaBHBIH

m

n—I-1

(624) R, (r)=exp(~k,r)-r'- D A"r
v=0
KoaddummerTs cyMMBI CBSA3aHBI JPYT C APYTOM PEKYPPEHTHBIM COOTHOIIEHHUEM
(n)

(6.25) Lok Vo, .
A (V+I+1)(v+I+2)=1(+])

CymMma B (6.24) sBiseTcs 3HAKONEPEeMEHHONW. B 3TOM j1erko yOeauThCs, 3aMETHB, YTO YUCIUTEIb APOOH
(6.25) nmeeT OoTpULIATENBHBIN 3HAK.
K pamuansHON BONHOBOM (YHKI[MM MPUMEHHUMA OCIUJUIAIIMOHHAS TeOpeMa, O KOTOPOH Iijia pedb B

paszaene 9.3. Yucno y3noB Gyskuun R, paBHO KBAHTOBOMY YHCITy 71,..
VYTOYHMM JMana30H U3MEHEHHs KBAHTOBBIX uuceln 1, 11, u [. Cornacno (12.1), mapamerp / nomxen

OBITH HEOTpHUIIATEIbHBIM. Hymepanus cjaraeMbIX Ioj 3HAKOM CYMMEI B (6.24) HauwHAETCS C HYI,
IMO3TOMY I’Zr MMPUHUMACT LEJIBIC 3HAYCHUA:

n, =0,1,2,...

DHEPreTHYeCKU ypOBEHb OTHO3HAYHO OIPEAEISeTCS TJIaBHBIM KBaHTOBBIM uucioMm n. M3 (6.20)
CIIEYET, UTO NpU 3a0aHHOM 3Ha4eHuu n OpOUTaIbHOE KBAHTOBOE YHCIIO MOXKET OBITH paBHO OJHOMY H3
YuCel paa;

(6.26) [=0,1,2,.., n-1.

Ecnn B (6.20) paBHBI Hyr0 00a mapamerpa: 71, U [, — To n paBHO enuHuLEe. OCTaabHBIM IapaM 4HCEl

COOTBETCTBYIOT OOJIBINTHE 3HAYCHUS /. MITak:
(6.27) n=12,3,...

OO0patuMm BHUMaHUE Ha TO, YTO OPOMTAIbHOE KBAHTOBOE YHMCIIO BBIIAJIO M3 OKOHYATEIBHOI'O pe3yjibTaTa
(6.22), xots B ypaBHenuu lllpenunrepa (6.1) oHO mpuCyTCTBYeT. DTOT QAKT SBISECTCS CISACTBHEM 0c000
BBICOKOH CTETIEHH CUMMETPHHU KYJIOHOBCKOT'O MOJIsl — 0OoJiee BHICOKOM, YeM MPOCTO TOJIE C HEHTPaIbHOM
cuMMeTpueil. B olmeMm ciydae meHTpalbHO-CHMMETPHUYHOIO MOJIS, MOTEHHUAI KOTOPOrO MagaeT IIo

3aKOHY, OTJIMYHOMY OT 1/7" , QHCPIrUsd 3aBUCUT OT KBAHTOBOI'O YHCJIa L.

HopmupoBaHHasa BonHoBasi hyHKLUSA

Pasnoxxenue (6.23) BOMHOBOH (DYHKIIMM HAa MHOXHTEIH, KaXKIBIA M3 KOTOPHIX 3aBHCHUT JINOO OT
paauanbHOM, MO0 OT YTIIOBBIX KOOPJIUHAT, TO3BOJISET Pa30UTh 00IIee YCIOBUE HOPMUPOBKH
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,”\anm (l", e, (P)|2dr = 1

Ha aBa: 110 pa[[HaHLHOﬁ KOOpAWHATe

(6.28)  [R}rdr=1
0

U 110 YTJIOBBIM:

629)  [|%,(0.0)[ sin6dBdp=1.

4n

Jlns cpaBOYHBIX IIeJel BBIMUINEM TOJHBIC BBIPAXKCHUS JJIsl HOPMHPOBAHHBIX BOJIHOBBIX (DYHKI[HIA.
Cymma B (6.24) ¢ peKyppeHTHBIM coOoTHOIIeHHEeM (6.25) mis kodhPHUIMEHTOB MOXKET OBITh BBEIpaKCHA
yepe3 Tak Ha3bIBACMYIO cunepzeomempuieckylo @yuxyuio. PanuanbHas 4acTb BOJHOBOW (DYHKIUH C
y4ETOM YCIIOBHSI HOPMUPOBKHU paBHA

R = 1 (n+1)!
(6.30) QI+D)I\ (n—1-1)!2n

xF(-n,, 21+2, 2k,r).

(2k, )3/2 exp(—k, r) (2knr)l X

3neck I — BeIpOXKAEeHHAS (KOH(DIIORHTHAS) TUTIepreoMeTpudeckas QyHkuus (pyHkuus Kymmepa):

631)  F(a,p,z)=1+2Z4 oa+l) z afetle+2)z

p1l BB+ 2! BE+D(E+2) 3!

KOTOpasi CXOAMTCS TPH BCEX KOHEYHBIX z; MAapaMeTp o MPOM3BOJICH, a [3 MpennoyiaraeTcsi He paBHBIM
HYyJIIO WIM LIEJIOMY OTpHIATEIbHOMY 4nciy. Eciam o ecTh mesoe oTpumaresnsHOe YHCIO (WM HYIb), TO
F(a, B, z) cBoguTcs XK MONMHOMY cTerneHu |o|. PaguanbpHble BOJMHOBBIC (DYHKIMM BBIPAXKAIOTCS TaKXKe

gepe3 0600wEnHbIe nosmHOoMsI Jlareppa L)

(n—1-1)!
[(n+l)!]32n

m m ! X _—m a -x _n
Ln (x)=(—1) ﬁe X ™ (6 X )

R, (r)=- (2k, )" e (2k,r) 124 (2k,7),

n+l

(6.32)

YrmoBast yacTh BOJTHOBOW (DYHKITMH omucaHa B paznene (12.6).

B nureparype MOXHO YBHUAETh pa3iuuHble (HOPMYNbI AL BOJHOBOW (PYHKIMH B KYJIOHOBCKOM
nosie. OHM OTIMYAIOTCS APYr OT Jpyra KOMIJIEKCHOW KOHCTAaHTOM, KBaJIpaT MOZYJS KOTOpPOW paBeH
eAuHHULEe. DTO pa3jiuyhe He SBISIETCS CYLIECTBEHHBIM, TaK Kak B JIOOOM (M3MYECKOM SKCHEPHUMEHTE
U3MepseTCS BEPOATHOCTh OOHAPY)KEHUS] YaCTHLbl, paBHAas MMEHHO KBagpaTy MOXYJS BOJHOBOH
¢GbyHKINU.

o —d/2
3aMeTuM, YTO pa3MEepHOCTh BOJHOBOH (pyHKIIMM paBHA CM /

, Thae d — pa3MepHOCTh 3afauu. B
32
HallleM ciydae pasMepHbIM MHoxwuTeneM B (6.30) sBisercss KOMOWHAIMS (2kn) . OcranbHbie

MHOXXHTEITH — 0e3pa3MepHBI, BKIIoUas chepraecKyro (QyHKITHIO Ylm .
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16.7 Cmamucmud4eckuli ec 3Hep2emu4YecKo20 YpPO8HSs

CobepéM BOEIUHO OCHOBHBIC pe3yJbTaThl, MOJYYCHHBIE B 3TOW TlaBe. YPOBHU SIEKTPOHA C
OTpHLIATEIILHOM SHEPTUEH B KyJIOHOBCKOM I10JI€ KBAaHTYIOTCS:

2

622) E :—Z—zRy, n=1,23,..,
n

n

HpI/I‘-IéM OHEPIrusg 3aBUCUT TOJIBKO OT TJIABHOT'O KBAHTOBOI'O 4YHCIa 7. KBaI[paT MoAayJjsdi MOMCEHTa
OMpeaACIACTCA Op6I/ITa.]'IBHI:IM KBaHTOBBIM YHCJIOM Z, KOTOpPOC MNpH 3aJaHHOM YPOBHC DHEPIrUU MOKET
IIPUHUMATh N pa3HbIX 3HAYCHUI:

(626) 1=0,12,...,n—1.

Hanomuum (pazgen 13.5), uro s KpaTKOCTU / 4acTO Ha3bIBAIOT aOCONIOTHOW BETMYMHOW MOMEHTA.
CymecTByeT crienuanbHas cucreMa 0003HaYeHUH I COCTOSHUN C ONpeAeIEHHBIM 3HaUYCHHEM [:

Ta6u. 16.7.1. O603HaYeHUsI COCTOSHHUI ¢ ONpeaeJéHHBIMY 3HAYECHUSAMHU /.
3Hayenue / 0112134567 |8|9 1011|1213 |14 |15|16 |17 |18 |19
O6oznauenne | s |p |d | flglh|i k|l |m|n o |q |r |t |u |v |w]|x |y

[Ipoeknus BeKTOpa MOMEHTa Ha OJHO M3 HampaBjicHHH (0OBIYHO 0003HAYAEMOTO z) MPOMOPIMOHAEHA
MArHUTHOMY KBaHTOBOMY 4uciy m. [Ipu (QUKCHpOBAaHHOM 3HAYCHUH [ OHO MOXET MPUHSTH OJHO W3
2[+1-ro 3HaueHwMii:

m=.—1,—[+1,....,—-1,0,1,...,[-1,1.
2[+1

I/ITaK, BOJIHOBas ®YHKHHH ONpeACIACTCA TPEMA KBAHTOBBIMU 4YHCIAMU: 7, I u m, — B TO BpEM:A Kak
SHEPrUsl YPOBHS TOJIBKO OAHUM U3 HUX — 71. Clle10BaTENbHO, B KYJIOHOBCKOM II0JI€ CYIIECTBYIOT Pa3HbIe
COCTOSIHMSI, KOTOPbIM OTBE€YAaeT OJWH U TOT K€ YPOBEHb JHEPIuu. MHBIMU CIIOBaMHU, MUMEET MECTO
BBIPOXACHNE SHEPreTUYECKUX YPOBHEU. B mATOM pasnerne Mbl MOKa3alnu, 4YTO PAJUAIbHOE ABUKECHUE HE
BBIPOXKIICHO, CIIEIOBATENbHO, BCE BBIPOXKICHHE OOYCIOBICHO YTJIOBOW YacThbl0 BOJHOBOW (DYyHKIHH.
Craructuueckuil Bec g(/) cCOCTOSHHA C ONpeAciEHHBIM 3HAUYE€HHEM / paBeH YHCIy Pa3HbIX 3HAYECHUH
IIPOEKIMM MOMEHTA Ha OJIHY U3 OCEH:

(7.1)  g()=21+1.

OTIUYUTENBHBIM CBOWCTBOM KYJIOHOBCKOTO IIOJISI SIBJISIETCS BBIPOXKICHHE 110 a0CONIOTHOW BEIUYMHE
YTJI0BOTO MOMEHTA.

BbuucnuM cratucTHYecKHid Bec g(71) HSHEPreTHYECKOro YPOBHS B KyJIOHOBCKOM moje. OH
CKJIaJbIBACTCSl U3 BECOB OTHACIBHBIX /~COCTOSIHUI:

n—1
gCoul(n) = IZ: g(l)
=0

Ioacrasmss crona (7.1) u BEIYUCISS cyMMY apu(pMeTHIeCcKOi Iporpeccru, MoryyaeM

(72 geulm=n".

DTO CTaTHCTHYECKHWH BEC JJEKTPOHA B KYJIOHOBCKOM IIOJIE, HO, CTPOTO TOBOps, €mIé HE BEC aroMa
Bojiopona. B ciywyae peampHOro aroma HEOOXOOMMO YUYECTh €m€ BBIPOXKACHHE IO CIUHOBOM
TIepeMeHHON, KOTOPYIO MBI 3/IeCh He paccMaTpuBaiid. J{7s cipaBku mpuBeIEM OKOHYATEIbHBIN pe3ynbTaT
JUTSL aTOMa BOAOPO/Ia M BOJOPOIOTIOIOOHOTO HOHA:
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(7.3) gy (n)=2n".

MHuoxuTeIb 2 nepen I’l2 OTBCYACT ABYM BO3MOXKHBIM OPUCHTAILIUAM CIIMHA 3JICKTPOHA.

16.8 [Jea e3ans10a Ha ghopmy opbumbi

Bhilie MbI JBaKABI pEIIMIN 3aqady o0 aToMe Bojaopojaa: MeronoMm bopa—3ommepdenbaa u
metogoM lllpeaunrepa. B oOomx ciydasx NpPUCYTCTBYIOT KBAaHTOBBIC YKCIA, OMUCHIBAIONIUE MOMEHT

BpalleHus: ny — B Mogenu bopa-3ommepdensaa u [ — B ypaBHenun Illpenunrepa. Bennunna [

MCHACTCA B AHAIIA30HC OT HYJA OO I’l—l, a I’l(P — OT €IWHHIBI JO 7. HpI/IHLII/IHI/IaIIBHBIM OTJIINYHUEM
ABJIIACTCA TO, YTO B KBAHTOBOU TCOpUHU Op6PIT3JIBHBII>i MOMCHT MOXCET IIPUHUMAThL HYJICBOC 3HAUCHHUE, UTO

OOBSICHAETCS NPUHIMIIOM Heomnpenenénocreii [aiisenbepra. Bennanna ng onpenenser popmy opOUThI
3JIEKTPOHA: CaMbIE BBITAHYTHIE OPOUTHI OTBEYAIOT 3HAYCHHUIO Ny = 1, B TO BpeMs, KaK IS KPYTOBBIX

opouT ny = n. CxkazaHHOe HILTIOCTPUPYET puc. 15.1.2 pasnena 15.1.
WHas cutyanus B KBaHTOBOW TEOPHM: HYJIEBOMY MOMEHTY COOTBETCTBYET M30TPOIHAs BOJIHOBAS
Gyukius, a 1mo Mepe yBenmuenus [ yrmosas 3aBucumocTh ®(0) mnocrenmenno ycnoxusercs. Ha

o 2 . o
puc.16.8.1 npuBenéubl mnonspHble rpadMKd IUIOTHOCTH BepositHocTH O (0) s Tpéx 3HaveHmii

[=0,12.

Z z z
J'=D_.___‘_ ., =1 I(.- -
J/’ 'il))ﬂ £ z,-—-»_‘l \[ )'I

B N
m=0 Im=1 “L'‘m=0

\—Y—f
S-aNeKTPOH p-anesTpom
Z F4

-~ | —
a ‘;—’_“w, (‘H-ﬁ{f/
SRS

Im=2 — '|m|=1
d-aneKTpoH
Puc 16 8. 1_ ¥Yrmoras 338 WCWMRAAOCTE MIOTHOCTA

BEPOATHOCTH.

X0pouIo BUIHO OTJIMYHE OT KJIACCHYECKUX OPOUT AIIEKTPOHA.
BeposarHocTh 00HapYKHUTh 3JIEKTPOH B €IMHUYHOM 00bEME MPOCTPAHCTBA

8.1)  W(r,0,9)dr=R: 2 dr|Y, [ dQ,

KaK ¥ BOJTHOBas (ZYHKIIHSI, pacragacTcs Ha paaualbHbBIN U yTI0oBoW MHOXHUTENH. [IponaTerpuposas (8.1)
M0 BCEM HANpPAaBJCHUSIM, TOJIYYUM BEPOSATHOCTh HAWTH JIEKTPOH B IIAPOBOM CIIO€ MEXIY cdepamu
panuyca rur+ dr:

W, (rydr=Rr’

PaccmoTpum kpyroByio opOuTy, eif COOTBETCTBYET 71, =171, [=n-1u n,=0. PaguanpHas BOIHOBas

(yHKIHUS B 9TOM cliy4dae He UMEEeT Y3JI0B
-1
R, ~exp(—k,-r)-r"

U el COOTBECTCTBYCT BEPOATHOCTD
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W, .. ~exp(=2k,r)-r*".

MaxkcumyMm 3Toi QyHKIMN TPUXOTUTCS Ha

IToacrasmsist croga Beipakenwue (6.21) mis &, momydaeMm
a,

TO ecTh, OOpOBCKH pamuyc n—i opbutel. Ha puc.16.8.2 mpuBenensl npodwim BeposiTHocTH W(r) mns
OTJIENIbHBIX KBAHTOBBIX COCTOSTHUIA.

IRIr 2
0.6 7
1n n= '1
15
D4 || 12) 1=C
[ _
| n=2
0.2 L (2g) n=3
_| I:I-' “..'\.\ ) |35]
"'.‘-n-'-l"\.";-_ M ) ""I

ﬁZr’au

e 4d -3
g i \H‘_“--h..m

04 8 16 24 32 rz/a,

Pur 16 8.2 PaauansHan SapMcaincTs MNOTHOCTH BRROSTHOCTH
Yucno kacaHUi TOPU30HTAIBHON OCH TPaMKOM IIJIOTHOCTH BEPOATHOCTH B KaXKJIOM CIIydae paBHO 71,.. Y

coctosiHUui 1s, 2p u 3d, rae OCIMUIAINNA OTCYTCTBYIOT, 3aMETHO YIAJICHHUE JJICKTPOHA OT spa 1Mo Mepe
YBEIUYECHUS MOMEHTA BpalllCHHUS.

Wrak, pacu€rbl, OCHOBaHHBIE Ha peleNnTax KBAaHTOBOH TEOPHH, TOJATBEPKAAIOT BEIBOJIBI
KJIACCUYECKOM MEXAHUKH II0 BOIIPOCY O MOJIOKEHUU 3HEPreTUUECKUX YpoBHEH. IIpuHIMIINANBHO HOBBIM
JIOCTH)KCHUEM KBaHTOBOTO TIOJXOJa SBISCTCS IOHSITHE BOJHOBOW (YHKIMU. ATMIMapar BOJHOBBIX
(hyHKIIMI MO3BOJIIET BBIYUCIISATH MampuuHsle djiemMeHmsl BeeX omepatopoB. [locpeacTBoM MaTpUYHBIX
3JIEMEHTOB BBIPAKAIOTCS BCE DPENSATHBUCTCKHE TOIMPABKH, OTPAXKAIOMINE BIMSHUE TaKNX (HU3MIECKUX
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(hakTOpOB, KaKk 3aBUCHMOCTh MAcCChl 3JICKTPOHA OT CKOPOCTH, CITUH—OPOUTAIbHOE B3aUMOJCHCTBHE, a
TaKXe B3aUMOJCHCTBHE HOHA WM aToMa C TI0JIEM H3IyUYCHHSI.

Marpuynble 3J€MEHTBl aroMa BOIOpPOJa M BOJOPOJONOJOOHBIX HOHOB  BBIYHCISIOTCS
AHATTUTUYECKH. BO3MOXHOCTH aHAMTHYECKOTO TMOJAXO0Aa K JPYTUM aTOMHBIM CHCTeMaM Oolee
orpannueHbl. Ho, monb3ysich pelieHusIMH JAJsl BOJOPOJOMONOOHBIX CHCTEM, JUIS KaXKIIOTO CIIOKHOTO
aToMa MOXKHO COCTaBHTHb CXEMYy YpPOBHEH, NpaBHJIBHO OTPAXKAMOIIYI0 POJb Pa3JIMYHBIX THIIOB
B3aUMOJICUCTBHSL.
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