maBa 15. Teopua bopa—-3ommepcenbaa

Teopust bopa, u3noxkeHHas: B IPEIBIAYIIEH TlIaBe, OTOXKASCTBISIET JUCKPETHOE COCTOSTHUE aTOMa C
SHEPTeTUYECKUM YpOBHEM. B IEeHCTBUTEIBRHOCTH aToM, KaK BCSIKas KBAaHTOBAsS CHCTEMa, MOXKET
HaXOJUTHCS B PA3IUYHBIX COCTOSHHUSX C OJHUM M TE€M XK€ 3HaueHueM sHepruu. C Takod cUTyaruew,
Ha3bIBAEMOU 6bipodicOeHueM, MBI yKe TIO3HAKOMWINCh B JIEBATOW TJaBe, paccMaTpuBas OJHOMEPHOE
JIBIDKEHUE CBOOOIHOW YacCTHITBI. BBIpOXKACHHE 3aKITI0YAOCh B TOM, UYTO YACTHIIA MOYKET IABUTATHCS C
OTHOH W TOH K€ CKOPOCTBHIO B JIBYX INPOTHBOIIOJIOXKHBIX HampaBlieHUsX. [IpaBma, TaMm ke IOKa3aHO
OTCYTCTBHE BBIPOKICHUS B ClIydae OrPAaHUUYEHHOTO OJHOMEPHOTO ABIKEHHUs. JlelCTBUTENBHO, B 3a/1a4ax
O IBW)KCHHH YaCTHUIIBI B MIOTCHITHANBHON SIME M €€ OTPaKCHHUS OT MOTCHIINAILHOTO Oapbepa BEIPOXKICHHE
HE MMeno MecTo. Ho BpaimieHue 3JeKTpOHA BOKPYT slipa HE SBISCTCS OJMHOMEPHBIM, M 3TO B KOpPHE
MEHSET CUTYallMIO: COCTOSHHSI aroMa MOTYT OBbITh BBIPOXKICHBI, HECMOTPS Ha TO, YTO JBHIKCHUC
CBSI3aHHOTO 3JIEKTPOHA B HEM OTpaHUYCHO.

HanmoMHMM HEKOTOpBIE OMNpeneieHrus: YWCIO pPAa3HBIX COCTOSHUHN, NPUHAMISKAININX OJHOMY
YPOBHIO DHEPTHH, HA3BIBACTCS CIMENEHbIO 8bIPONCOCHUs, UITH CHAMUCMUYECKUM 8eCOM, a TaKKe MPOCTO
séecom ypoBHA. Takum 00pa3oM, HEOOXOMUMO pa3IHuaTh KBAHTOBBIE COCTOSHHUS W DHEPreTHUYECKUE
YPOBHH aTOMOB. B Momenmu KpyroBBIX OpOHWT BBIPOKICHHE OTCYTCTBYET, Tak Kak, cormacHo (13.3.7),
MOMEHT BpPAIEHHS 3IEKTPOHA OJTHO3HAYHO BBIPAYKAETCS Yepe3 €ro IHEPIHUIO.

WHTepnperanust BHIPOXKIACHUS B paMkax Mojenu bopa Obina mpemnoxkeHa 3ommepdenbIoM: oH
BBEN MPEACTABICHUE O IJIOCKUX JJUIMINTHYECKHX OPOMTaX W O IPOCTPAaHCTBEHHOM KBAaHTOBaHWHU. B
KJIACCHUYECKOM MeXaHMKe OOoJIbIIasi MOIyoCh 3JUINIICAa OJHO3HAYHO CBA3aHA C SHEPrHel NBHKEHHS, B TO
BpeMs Kak ero gopma onpenensercs Takke ¥ MOMEHTOM BpauieHus. CrenoBaTenbHo, OTHONH M TOH XKe
SHEPruM NpH ABMKEHUH IO JUIMIICY MOTYT OTBEYaTh pasHble 3HAU€HHS MOMEHTa. B KBaHTOBOH Teopuu
3TO CBOWCTBO KJIACCHYECKOTO ABMKEHUS MPOSIBIIETCA Kak BeIpoxaeHue. Ilepeiiném k KonndecTBeHHOMY
U3JI0XKEeHHUI0 Teopun bopa—3ommepdennaa

15.1. Snnunmu4eckue opbumsl

W3BecTHO, YTO MeXaHWYECKas CHCTeMa C Kk CTEHCHSIMH CBOOObI OMKCHIBACTCS C IMOMOIIBIO K
0600uénnbIX KoopmuHaT ¢,;(i =1,2,...,k) 1 coOTBeTCTBYIOIMX UM 0OOOIIEHHBIX MOMEHTOB

— 1

o T ar

1

or . dg,
R

HpaBI/ma KBAaHTOBAaHUs BOpa—3OMM€p(1)CJ'II>ILa rjjacaT: peau3yroTCia TOJIBKO TC COCTOSAHUSA CUCTEMBI,
KOTOPEIC YAOBJICTBOPAIOT YCJIIOBUAM CTAIIMOHAPHOCTH, IIPH KOTOPBIX COXPAaHAIOTCA aZ[I/Ia6aTI/I‘IeCKI/Ie
WHBApHUAHTHI:

(12)  $pidg=n;-h, n,=0,1,2,3,..

B cioydae kpyroBoit opOMTHI MBI TOTydaeM mpexHee yciaosue (13.1.1). B camom gerne, npu 3agaHHOM
pamuyce IBIDKEHUE TIO0 OKPY>KHOCTH €CTh JIBMIKEHHUE C OJHOW CTemeHbI0 CBOOOIBI. B kadecTtBe
€IMHCTBEHHON 00O0OIEHHON KOOPAWHATEI MOXKET OBITh B3AT a3UMYT (, U3MCHSIONIMNCS B Tpeienax oT
HyJs1 10 27. KHHeTHYeCcKy 0 SHEPTUIO BRIpaKaeM uepe3 CKOPOCTh N3MEHEHUS yria:

2.2
_mreQ

13  T==—



O0600IMEHHBIN UMITYJTHC

or .
1.4 =—=
(1.4)  p, o Mo

mpeacTaBisieT coboil opOuTanbHbIE MOMeHT M. [lpu paBHOMEPHOM BpalIEHWH IO OKPYKHOCTA OH
COXpaHsEeT MOCTOSHHOE 3HAUCHHE, OTIINIHOE OT Hy . Y cioBus (1.1) cBomsTcs K

TMd(p:n-h.
0

Otcrona crnenyer (13.1.1). OOpaTrimM BHUMaHKHE HAa MPUMEHEHUE JIBYX 0003HAYCHUM ISl OJTHOWM M TOM Ke
BEJIMYMHBl — KBAaHTOBOTO YHWCIIa MOMEHTa BpalieHus. B rmaBe 12, rae uccieayroTcs KBaHTOBBIE
CBOHWCTBa OpOHMTAIILHOI'O MOMEHTA, MBI TOJIb30BaMCh OyKBoii /. Ho B Kiaccnueckoil MeXaHHMKE MOMEHT
HUMeeT UHbIe CBOHCTBA. [103TOMY MBI IPHHSIIM pa3Hble 0003HAYEHUS IS IBYX aCTIEKTOB MOMEHTA:

l’l(P — JJIA MOJTYKJIACCHUYCCKOro rnoaxoaa,

[ — B KBaHTOBOM TEOpHH.

[epetiném k 3amaue 00 »umnTUYeckux opbutax. [lomecTum saApo C 3apsaoM Ze B OAHOM U3
thoxycoB ammumca. Ha puc.15.1.1 npaBeiii pokyc mHaxomutcs B Touke F. B kauecTBe 0000IIEHHBIX
KOOpPJIMHAT MPUMEM PACCTOSHHUE 0 LIEHTpa ¥ U a3UMYyTalbHBIN yroia ¢. M3 aHanmuTu4eckoil reoMeTpun
H3BECTHO

a

Frc.15.1.1. JevHeHie 3NeETROHE NO 3nmuncy

YpaBHCHHUC 3JJIMIICA C OONBIION IMOJIYOChIO ad 1 SKCIICHTPUCUTCTOM &:

1 1 I+eg-cos
(1.5) —=—~—2(p.
r 1-¢

OKCLUEHTPHUCUTET paBeH paccTosHuio OF ot gokyca F 1o uenrpa smumnca O, nenéHHOMY Ha pa3mep
6onbw1oii momyocu. Ilepenuiem GpopMyity A KHHETHUECKON HEPIUH C YIETOM U3MEHEHHUS 7

(1.6) T=%@Mw%ﬁ.

Jlerko ybemuthes, 9TO ypaBHEHHE i OOOOLIEHHOTO MMITYJbCA P, CHOBA CBOIUTCS K YPAaBHEHHIO

(13.1.1). [lepenuiem ero, 3aMEHUB 71 HA Ng!



(1.7) M=n_-h.

¢

HamomanM, 9T0 MpH NBMKEHUH B NEHTPaThHO—CHMMETPUYHOM TIOJIE COXpaHIeTCs OpOUTATbHBI MOMEHT
Bpammenus. [Toaromy Bemmumaa M B jeBoit wacth (1.7) ocTa€Tcst MOCTOSTHHOM, KaK M B CITyvae BpalleHUS
MO0 OKPY>KHOCTH.

Brrancinm 0000mEHHBIIT MOMEHT P, COOTBETCTBYIOIINN PaTUAEHON KOOpIMHATE!

(18) pr:_.:ml;':

U1 3almmeM BTOPOC YCIIOBUE CTAIUOHAPHOCTU:

(1.9) q-)prdrznr-h.

[lenble MOJIOKUTENBHBIE YUCIA Ny U 1y HA3BIBAIOTCS, COOTBETCTBEHHO, a3UMYTAIBHBIM U PAJHaIbHbIM
KBaHTOBBIMHU unciamu. 13 (1.9) BEIBOAUTCSA MPaBUIIO KBAHTOBAHUS SKCLIEHTPUCUTETA:

2

1.10)  1-g=|-2|,

1€ BBEACHO 0003HaUeHNE

(1.11) n=n,+n,

Bemnunna n, paBHasd CyMMC a3UMYTAJIbHOI'O U paauaIbHOI'O YHUCCII, HA3bIBACTCA 2/IAd6HbIM KEAHMO6bIM
UYUCIIOM.

Brisenem ¢opmyiry (1.10). [lnst aToro B eBoit yactu (1.9) BEINOIHUM 3aMeHy NTEPEMEHHOM:

(1.12) g";p, dr = 2mjﬂﬂd<p
B 3amucu
dr = d_d(p
do

MBI BOCIIOJIB30BaJINCh 3aBHCUMOCTEIO (1.5) MOIyssi pannyc—BeKTOpa OT a3uMyTalbHOTO yria. OTMeTnMm,
YTO 3Ta 3aBUCUMOCTH HE SBIISCTCS B3aUMHO—OJHO3HAYHOMN: B CHIIy CHMMETPUU DJLUIUIICA CIPABEIITNBO
PaBEHCTBO

r2n-o)=r(e),



TO €CTh, IByM 3HAUEHHUSM yIJIa () OTBEYAET OJHO U TO K€ paccTosiHue 7. Bo Bpemst ABM)KEHUS AJIEKTPOHA
110 JUTHIICY TIPUPAICHUE d7 B TOUKE 27 — () MMEET JPYroi 3HAK, YeM B TOUKE (:

dr(2m— @) =—dr(o)

IpU TeX K€ CaMbIX M3MEHEHUsX df u dp. BmecTe ¢ dr cTaHOBATCS OTpULATENBHBIME 00€ MPOU3BOHEIC:
dr/ dt u dr/ d ¢ . CrnenoBatensHo, MOAbIHTETpaIbHAst GYHKIHUs B mpaBoil yactu (1.12) coxpaHseT cBOE

3Ha4YCHHUEC IIPU 3€pKaJIbHOM OTpaXKCHUU (P —> 2w — 0. 9T0 OIMpaBAbIBACT CACJIAHHYIO HAMU 3aMCHY

2n b
J...d(p=2j...d(p
0 0

MHTErpaja mo nonHomy npomexytky 0 < @ <21 ero yaBoeHHbIM 3HaueHHEM B poMexyTke 0 <@ < 7.
B Bepxueil mnonymiockoctd (GyHKIMS F(() CTAHOBHTCS B3aMMHO—OJHO3HAYHOM, YTO obJyieryaer
JaJIbHEHNIINEe BBIKJIAIKH.

CKOpOCTh U3MEHEHHUSI ¥ BEIPa3UM 4epe3 MPOU3BOIHYIO d¢/dt:

dr dr _(drY do
dt do \do) dt’

kortopasi, cornacHo (1.4), pasma M/(mr®). B pe3yinprare BBIYHCICHHE BTOPOTrO aaMabaTHUCCKOrO
HMHBapHaHTa CBOAUTCA K HHTCTPHUPOBAHUIO 10 YTIIY:

2
dinr
de

q‘)prdr=2M]E do
0

Hpoussoauyto d Inr/d¢ seraucnsem no popmyse (1.5) U MPUXOAUM K OKOHYATETHHOMY BBIPAKEHUIO
mutst meBoit wactu (1.9):

(1.13) <_|'>prarr=21\4s2 J(e),

rae
T .2

(1L14)  J(e)=[——"—do.
0(1+8COS(p)

yHPOCTI/IM NOABIHTCTPAJIbHY O (l)yHKL[I/I}O. CHavajla MOHU3UM CTCICHb 3HAMEHATeId & HYTéM
HWHTCTPUPOBAHUS 110 YaCTAM,

judV:uV—deu,



IIOJIOKUB

u =sinQ, dV:%.
(1+scos<p)

B pesynbraTte yaaéTcs HOHU3UTh CTENIEHb 3HAMEHATEIS:

J(e)= —lJTE&d(p = iz{—n+ j[‘d—(Pj

ey l+ecosp € , L +ecoso

I[Mocneanuit MHTErpal B CKOOKaxX BBIYUCISETCS TOACTaHOBKON V = tg((/2). OH paBen

]3 dp _ m
o L+ecoso \/1_82’

OTKy/JIa CIeayeT

J(8)=£2( ! —1}.
1-¢°

IMoxcrasnss B (1.13) monydennoe Boipaxenue mis J(€), yoexmaemes, uro u3 (1.9) nelcTBUTENBHO

m

noiyuaetrca (1.10).

EH_IG OJHO aﬂre6panquK0e YpaBHCHUC BBITCKACT U3 YCJIOBHA MOCTOAHCTBA TIOJTHOM SHEpruun E.

. .oar .
UToOB!I BEIYUCINTE KHHETHYECKYTO DHEPTHIO, B (1.6) 3aMeHNM 7 Ha (- d—, a () BBIpa3UM Yepe3 MOMEHT
¢

BpaieHus M:

2 2
(1.15) T= M Ite +€-cosQ |.
maz(l—sz)2 2

B dopmyny miis moteHmmanbHo# 2Hepruu (13.3.3) moacraBum » u3 ypaBHeHHsI dyumwrca (1.5):

2
(1.16) U=_Ze 1+ecosg

a 1-¢*

Craoxwus (1.15) u (1.16), momyuum BelpakeHHe s £

E - M? '1+82_ Ze’ N
ma2(1—82)2 2 a(l—sz)

(1.17)




KOHG‘IHO, IIOJIHas SHEPIUsd UMECT ITOCTOSAHHOC 3HAYCHUE, HE 3aBUCAIICE OT BPDEMCHHU, a, CJICA0BATCIIBHO, U
OT yrja Q. HOZ-)TOMy MHOXUTECJIb B KBAIPATHBIX CKOOKax nepen COS(p HOJIKEH PAaBHATHCA HYJIIO. OTCIO,I[a

MOJIy4aeTCd CBA3b MCKAY SKCUCHTPUCUTETOM, OOIBIIIONH TMOJIyOCBhIO 3JIJIMIICAa 1 MOMCHTOM Op6I/ITaJ'II:HOFO
BpAaLICHUA 3JICKTPOHA:

(1.18)  M*=amze* (1-¢7).

IToactasus (1.18) B (1.17), noay4uuM OKOHYATEIHHOE BBIpaXKEHUE IS E:

2
119y E=-2
2a

Takum 00pazoM, ToOJIHAas PHEPrHs, KaK W B CIy4ae KIACCHUECKOTO IBIDKCHUS, 3aBHCUT TOJBKO OT
00JIBIIOM MTOTYyOCH.

HpaBI/IJ'IO KBaHTOBAaHUA I OOJIBIIION nojgyocu

—n
2
" mZe

(120) a

BeiTekaer u3 (13.1.1), (1.10) u (1.18). Comocrapnss (1.20) ¢ (13.5.1), Bunum, 9TO OONBIINE MOTYyOCH
3JUTUIICOB COBIMAJAIOT C PaJlyCaMH COOTBETCTBYIOLIUX KPYTOBBIX OpPOHUT, & BMECTO €IMHCTBEHHOIO NpPHU
KPYTrOBOM JIBUKCHHU KBAaHTOBOTO YHUCIIA 7 CTOMT CyMMa a3MMYTaJbHOTO M PaJUAIBHOTO KBAaHTOBBIX
yucen — IJIABHOE KBAaHTOBOE YHCIO. Manas moiyoch b 3aBUCHT OT OOOMX KBAHTOBBIX YHCEN B
OTJECNBLHOCTU. B camoM jiene, mpuHUMAas BO BHUMaHHE, YTO

b=avl-¢*,

2 .
Y [IOJICTaBIISAS. BMECTO pasHocTh 1 — €~ e€ 3Hauenue u3 (1.10), Haxoaum:

(1.21)

BripakeHune a5 SHEprum CTalMOHAPHBIX OpOUT MmoiydaeM, nmoAactaBuB B (1.19) BMecTo a ero 3HadeHue
u3 (1.20):

me*Z? Z?
1.22 F=———=——"Ry,
( ) 2h°n? n’ Y

TO €CThb, Ty ke camyto ¢opmyny (13.5.2), uTo U Ui SHEPrUU CTAMOHAPHBIX KPyroBbIx opout. Ho
BMECTO YHCJa, CBSI3aHHOTO C OpOUTAIILHBIM MOMEHTOM, CTOMT IJIaBHOE KBaHTOBOe 4ncio. [lomuepkuém,
YTO UX CMBICII Pa3IN4aeTcsi KOPEHHBIM 00pa3oM, HECMOTPs Ha TO, YTO OHM 0003HAYAIOTCSl OAHOM M TOU
e OykBoil n. OCHOBHOE pasiMyHe 3aKII0UaeTcsi B TOM, YTO IJIABHOE KBAaHTOBOE YHCJIO B Teopuu bopa—
3ommepdenbaa He CBA3aHO OJHO3HAYHO C MOMEHTOM BpameHus: ¢opmyna (13.3.7) ansg Hero siuiieHa
CMBICIIA.

OnmunTH4eckue opoUThl HE MEHSIOT 3HAUYEHUI SHEPTUH CTAllMOHAPHBIX COCTOSHUMN. BMmecTe ¢ Tem
OCTalOTCS B CHJIE W BCE MOJYyYEHHBbIC M3 aHalu3a KPYroBbIX OpPOMT BBIBOABI, Kacarolluecs CHEeKTpa



BOJIOPOJIa U CXOJHBIX C HUM HOHOB. TOJBKO KaXKJOMY BO3MOXXHOMY 3HAU€HHIO SHEPIUu £ COOTBETCTBYET
HE OJIHa, @ HECKOJIBKO OpOUT, pa3IHUaIONINXCs IKCIIECHTPUCUTETOM. B cilydae KpyroBeIX OpOUT SHEPTHUS U
MOMEHT ONpEIENAIOTCA OAHMM M TEM K€ KBAHTOBBIM 4McIOM. [IpH ABMIKEHUH MO 3JUIMIICY MOMEHT

3aBUCUT OT I’Z(P, a JHEprust — OT n, U MCXKAY HUMH HCET OZ[HO3Ha‘IHOﬁ cBs3u. Takum 06p3.30M,

OpeAcTaBlIeHHEe 00 UIIMNTHYECKMX OpOMTax IMO3BOJIAET OOBSICHUTH  SIBJICHUE  BBIPOXKACHUS
JHEPreTHYECKUX YPOBHEN B aTOME.

HyneBoMy 3HaueHHIO a3UMyTaJbHOTO KBAaHTOBOI'O YHCJIAa COOTBETCTBYET IpsiMas JIMHUS,
mpoxonsmas 4yepes sapo. B kmaccnueckoidl MexaHHKe IBH)KEHHE 110 TAKOW TPaeKTOPUU HEBO3MOJXKHO,
IO’TOMY MBI IMPUXOIUM K BBIBOAY, YTO 7, IPUHUMAET TOJBKO MOJOKUTEIbHBbIE 3HaueHusa. OTcrona B
cuny (1.11) mpuxoauM K BBIBOAY, YTO TpH (UKCHPOBAHHOW BEIMYMHE KBAaHTOBOI'O 4YHUCIA 71
a3UMYTaJbHOE U paANaIbHOE KBAHTOBBIE UNCIIa MOTYT IPUHUMATh CIEAYIOIINE PsIbl 3HAUEHUI:

= 1, 2, 3, eee, n—1, n,

(1.23) "o
' n n-1, n-2, n-3, ..., 1, 0.

Cpasuenue (1.23) ¢ popmymnoii (12.1) n3 gBeHagUATON TTIaBBI TIOKA3BIBACT Pa3IHYNe MEXIY BETHIHHAMH
ne U [, MO—pa3HOMY ONHUCHIBAIOIIMMH OJHO M TO ke (usnyeckoe siBaeHHe. B kBaHTOBON Teopuu, B
OTJIMYKE OT KJIACCHYECKON MEXaHHKH, MOMEHT 3JIEKTpOHAa Ha OpOHMTE MOXKET OBITh paBeH HyIo. B cumy
COOTHOIIICHHsI HeompeneiaEHHocTel ["aif3eHOepra HUKAKOTO TMAJCHHUS DJIEKTPOHA HA SAPO TIPH STOM HE
MIPOUCXO/INT.

Wrtak, npu 3agaHHON 3HEPrUM E BO3MOXHBI 77 OPOUT pasHOi QopmMbl. UUCTO KPyroBoe IBHIKEHHE
UMEET MECTO, €CNIU 7, TNPHHUMAET MaKCHMMaJbHO BO3MOJKHOE 3HA4YCHWE, paBHOE 7, a Hauboiee

BBITSHYTBI  OJUIMIIC  mojydaercss npu ne=1. Ha puc.15.1.2 mnpencrasnensl Tpu  OpOWTHI,

cooTseTcTBYIOME 11=3. Llndpamu ykasaHbl 3HAYEHHS A3UMYTAILHOTO KBAHTOBOTO YUCIIA 7.

ne | n. | bla €

L1213 B3

Puc.15.1.2, OpbuTel anekTpoHa npW n=3.

UucneHHbIC 3HAYEHUS MapaMeTpoB coOpaHbl B Tabmmie. [IBeT cTpoku TaOJIMIBI COOTBETCTBYET IBETY
KPHUBOU Ha PUCYHKE.

WTtak, sHEprusi aToMa BOJOpPOJia B PACCMATPUBAEMOM MPHUOJIMIKEHUH HE 3aBUCUT OT OPOUTAIBHOTO
MoMeHTa. [lonydeHHbIl pe3yJibTaT HE PacHpOCTPAHIETCS Ha BCE OCTaJbHBIE aTOMbI, HO CIpPaBEIJIUB
TOJILKO TP JABMKEHUH B YUCTO KYJOHOBCKOM Iojie. UTOOBI TMOJYEPKHYTH 3TO OOCTOSATENHCTBO, B
JUTEPAType TMPHHATO TOBOPUTH O KYIOHOBCKOM, WIW cayuaiinom BbeipoxaeHun. Ocobas poib
KYJIOHOBCKOT'O ITOJIsA, KaK MbI Y6CILI/IMCH B CHC}Z[YIOHleﬁ TJ1aB€, IPOABIIACTCA U B KBaHTOBOU MECXaHHUKE, T'AC
SHEPrUs aToMa TakKe HE 3aBUCHT OT MOMEHTa. KylnoHOBCkoe BBIpOXkJEHUE (B HEPEISITUBHUCTCKOM
NpUOTIDKEHUN) BBIACTSICT aTOM BOJOPOJa M BOAOPOMOMOMOOHBIE HOHBI CPEAM BCEX APYTHX aTOMHBIX
cucteM. C Qu3HIecKoi TOUKHM 3peHUS 3TO OOBSICHAETCS O0Jiee BEICOKOW CHMMETPHEH IBIKEHUS B IIOJIE,
r7ie MOTEHIMAN MajaeT o0paTHO MPOMOPIMOHATIBHO PACCTOSHHUIO OT IICHTPA, [0 CPABHEHUIO C OOIINM
CIly4aeM IEHTPATbHO—CUMMETPUIHOTO TIOJISI.

KyJloHOBCKOE BBIPOXJICHHE CHHMAETCS HECKONbKMMH mporieccamu. OIWH HW3 HHX —
paccMOTpeHHas B T1aBe 13 3aBUCHMMOCTH MAcChl JIEKTPOHA OT CKOPOCTH B MHOT'03apsAHBIX HOHAX. B



Puc.15.1.3
MNpelUscoupyLLan opouTa

KJaccuueckor 3amade Keruiepa oHa NPHBOAWT K BO3ZHHUKHOBEHHIO npeyeccuu: DICKTPOH HayMHAET
JIBUTATHCS TI0 HE3aMKHYTOM TPaeKTOPHU, HMEIOIIEH BHJl pO3ETKH, Kak Ha puc.15.1.3. Takas Tpaekropus
BO3HHKAET MPH MEAJICHHOM BPAIICHUH 3JIIUIICA BOKPYT (GOKYCa ¢ OCTOSHHOMN YIIIOBOM CKOPOCTHIO.

Ho cymiectByeT BBIpOXKICHHE, KOTOPOE HMEET MECTO Y BCEX ATOMOB, — BBIPOXKICHHUE 110 TIPOCKITUH
MOMEHTA Ha MPOM3BOJBHYIO OCh. B camom jene, eciau aroM HE MOMENIEH BO BHEIIHEE II0JIC, TO €ro
SHEPrUs HE JOJDKHA 3aBUCETh OT OPUEHTAIMH B MPOCTPAHCTBE U, CICOBATENLHO, OT MPOCKIUU TH000r0
BEKTOpa, B TOM YHCIIe, BEKTOpa OpOMUTAIBPHOIO MOMEHTa. B momykmaccumueckoit Teopun 3omMmepdennbaa
BBIPOKACHUC 1O MPOCKIIUHN MOMECHTA 00BSICHSIETCS B paMKax MOACIIHU NPOCTPAHCTBEHHOI'O KBAHTOBAHU .

15.2.[lpocmpaHcmeeHHOe KBaHMo8aHue

Ilon BnMsSHMEM BHEIIHETO IOJNS — MAarHUTHOTO MM 3JEKTPUYECKOro, — OpOUTa 3JIEKTpOHa
nepectaér ObITh IUIOCKOW. JIBM)KEHHE AJIEKTPOHA CTAHOBUTCS TPEXMEPHBIM M CTAllMOHAPHBIE OPOHUTHI
JOJDKHBI YJIOBIIETBOPATH YK€ HE IBYM, & TPEM KBAaHTOBBIM YCIOBHAM. sl yZ0OCTBa COMOCTABICHUS C
(opMynaMu mepBoOil IVIaBbl, ONMCHIBAIOLIMMU MAarHUTHBIC CBOMCTBA aTOMOB, B 3TOM pa3leiie CUMTAeM
A1p0o OECKOHEYHO TSDKEIBIM M, TaKUM 00pa3oM, HE AejlaeM pasIndusl MEXIy MaccoW 3JIeKTpOoHa 7, U
MpUBEAEHHON Maccoi m.

PaccMoTpum citydaii, Korjia BHENTHEE MOJIe MOKHO CYHTATh MAJBIM [0 CPABHEHHIO C MOJIEM sIpa, a
CIIeIOBATEIIbHO, HEBEITUKO U M3MEHEeHHe opOuThl. Torma opOuTa mpeacTaBisieT coO00i MPeXHUHN IUTUIIC, a
MIOJIOKEHHE TIOCKOCTH DJLIUIICA B POCTPAHCTBE ONMPEACISACTCS BEIMUMHOW U HAINIPABIICHUEM BHEITHETO
nojisi. Ha puc. 15.2.1 BBeném cepudeckne KOOpAUHATEI 7, O, .

Puc.15.2.1. MNpocTpaHCTEBEHHOE KBAHTOBAHWE OpbWUTEI.

ITIycte ON — HamnpaBieHue BHEMIHETO moJs; OM — HOpMallb K 3JICKTPOHHOM opOuTe AB, COCTaBISIOMAS
yron a ¢ npsmoi ON. Kpome Toro, BBenEM a3uMyT (p, OTCUMTAHHBIA B IUIOCKOCTH OpOWTHI. [lomaras
BO3MYIIIEHUE CIIA0BIM, COTJIACHO CIIEIAHHOMY IPEIIOI0KEHHUI0, OYJeM CUNTATh CIIPABEIJIUBBIM MIPABUIIO



KBaHTOBaHWS MoMmeHTa (1.7), BBIBeIeHHOE HAMH I IUIOCKOH opOuTh.. C HApyroit CTOPOHBI, B
C(i)epI/I‘IeCKI/IX KOOpArHaTax JOJIKHBI BBITTOJIHATHECA KBAHTOBBIC YCIIOBUS:

(2.1) Cﬁprdr:nrh, @pedezneh, (ﬁpwdw:nwh.

3,I[€CI> p‘l’ — MOMCHT, COOTBGTCTBYIOI]_II/Iﬁ a3UMyTy Y, OTCUUTAHHOMY B 3KBaTOpPIaJ'IBHO[>i mIockoctu. 13

PHCYHKa SICHO, YTO D, CCTb HPOCKLHs BEKTOpa OpOHUTaIBLHOrO MOMEHTa M Ha HalpaBJCHHE BHEIIHErO
o ON:

(2.2) p, =Mcosa.

Kak ¥ MOMEHT, ero MpOEKIHs COXPaHSIEeTCs BO BpEMsl IBHIKCHHS, MOITOMY MOCICIHEES W3 MPaBHI
kBaHTOBaHMA (2.1) maéT:

v

h
(2.3) p\v:nw%=n h.
CpasuuBas (1.7), (2.2) u (2.3), HaxomuM:

I’lw =I’l(pCOSOL .

Vromaun IpoCeKUuUsaA MOMCHTA p‘l’ BBIPAXXAarOTCs 4CPEe3 I’ZW CJICOAYIOIINM 06p8.30M1

n v
(2.4) coso=—, p,=—p,.
n
Tax kak [cosa[<1, To 7, TpH 33JaHHOM 7, MOJKET IPUHUMATH CICAYIOLNHA PsiJ| 3HAYCHUIA:

(2.5) n,=-n, —n,+1,...,0,..n

Taknum 06pa3’oM, MOMEHT BpAIIEHHS MOXKET pacrosaratbcs poso 27, + 1 pasnuunbivMu ciocobamu 1o

OTHOLICHUIO K HCKOTOPOMY BBIJACJICHHOMY HAIIPAaBJICHUIO, HAIPUMEP, K BEKTOPY MHAYKIHUU MarHuTHOI'O
I1OJIA. HpI/I OTCYTCTBUM BHCHIHETO IMOJA COCTOSHHUE C HU3BECTHOM BEIMYMHON MOMEHTA SBISCTCS

BBIPOXK/ICHHBIM C BecoM 27, +1. IlonyueHHblii pesysibTaT HE 3aBACAT OT (OpPMbI NOTEHUHMANA W, B
OTJIMYKE OT KYJIOHOBCKOTO BBIPOXKACHUS, UMEET MECTO Y Ka)JIOTO U30JHMPOBAHHOTO aTOMA.

CpaBuuMm ¢opmyiy (2.5), MONyYEHHYIO MONYyKIacCUYeCKUM NyTéM, ¢ pesyibratoM (12.3.5b)
KBaHTOBOW Teopuu. Jlerko ybeauTses, 4T0 HepBas MOIy4acTest 3 BTOPOI IPOCTON 3aMeHOU 7, Ha [ u
N, HAa MAarHUTHOC KBaHTOBOC YMCIO m. B 9TOM IyHKTE pe3yibTaThl KIACCHYECKOIO M KBAHTOBOIO

HOXO/OB MOYTH COBIAAAIOT. Pasnuume 3akimroyaeTcs B CIEMYIOMIEM: KJIacCHUECKas TEOPHs OMUCHIBACT
Masbie BO3MYILEHHS TUIOCKOH OpOUTHI, a B KBAHTOBOM MexaHuKe cBsi3b (13.3.5) opOuTanbHOr0 MOMEHTA C
€ro TMPOEKIHeN cnpagedusa cezod.

15.3. Aphekm 3eemaHa.

CHATHE BBIPOXKACHUS 10 MPOCKIIMM MOMEHTa TIPUBOAUT K 3¢hhekmy 3eemana — pacIICIUICHUIO
CIEKTpaJbHBIX JIMHUH BO BHemHeM MarHuTtHOM mone. U3 (1.3.3), (2.4) u (2.7) cmemyer mpaBmiio
KBaHTOBaHHS MOTCHIMAILHOW SHEPTHU NP B3aHMOJICHCTBUHM aTOMa C MArHUTHBIM TIOJIEM:



(3.1 AU =mpH, m=0,£1L£2,... +n,

M3noxum kimaccndeckuil acrekT 3ddekra 3eemana. s 3TOro cHavama IOKaKeM, YTO BHEITHEE
MarHUTHOE TIOJIE€ BBI3BIBACT JIAPMOPOSCKYIO Hpeyeccuto — BpalleHUuEe 3JICKTPOHHOH OpPOUTHI BOKPYT
HANPAaBJICHUS IOJIS C IIOCTOSIHHOM YTI0BOH CKOPOCTHIO

32 o, -4
2m,c

Harnsaroe mpencraBieHue o mpereccuu opouTsl aét puc.15.3.1.
I's H

—

rd

Puc.15.3.1. Npeueccun opoMTEI.

Ha snexTpoH, IBIXKYIIHUNACS B MATHUTHOM I10JIE CO CKOPOCTBIO V, IeUCTBYeET cuia JlopeHna

f, =—§[VH].

Bynem cumraTh, 9TO BenmmumHA )y 3HAYMTENHHO MEHBIIE YaCTOTHI OOpAaIIeHus dJIEKTpoHa Ha opoOwuTe.
Ilepeiiném B cucTeMy KOOpAWHAT, Bpamiamomrytocs Bokpyr H ¢ yrimoBoit ckopocteio Q. B

o o 2
HeHHEPINAIbHOM CHCTeMe Ha SIIEKTPOH JAeHCTBYIOT IIeHTpoOekHas cina m, 7 n cuna Kopromuca
f, =2m, [VQH] .

IToncraBus croga (3.2), momyuum
f, =<[vH]=f,,
c

TO ecTh cuiia Kopuomnuca ypaBHoBemuBaeT cuiny Jlopenma. CaenanHoe BhIIIE MTPEANONIOKEHUE O MaJIOCTH
Qy TO3BOJIAET MpeHEeOpedh IEHTPOOCIKHON CHIION, MPOIOPIMOHATHFHOM KBagpaTy Majod BEIIMYUHBL.
Wrtak, BO Bpamaromieiicss CUCTeME KOOPIWHAT OpOHTA DJICKTPOHA OCTAHETCA TMPENKHUM DIUTUIICOM, a
OTHOCUTEIHHO HETIOABMYKHOU — 3JUTUIICOM, MPELUECCUPYIOIIUM C YaCTOTOM Q.

PaznmenuB snepruro B3ammopericTBus (3.1) Ha mocrosHHyIO [lmaHka, MPUXOIUM K BEIBOIY, YTO
CTIEKTpabHAs JTUHUS B MarHUTHOM IIOJI€ PACIIEIIAETCS Ha HECKOJBKO KOMIOHEHT. CMeleHne 4acToT
MEXLy KOMIOHEHTaMU A® paBHO 1ienomy unciay Qp. s Am =1 Bennunna A® pasHa

(33) Ao=+—2

+ H.
2m,c




CMelleHre JUHUNA B ONTHYECKOM JMANa30He MPUHSTO BhIpaXkaTh B IIKae JUIUH BOJH. VI3 dopmysl (3.3)
cyuétom A =c/Vv cnenyer:

(3.4)  Ah=2 lzisz.
4nc” m,

Benmuunaa AL B yclOBHSAX 3BE3MHBIX aTMOC(ep W MEK3BE3THON Cpelbl 3HAYMTEIHHO MEHbIIE JITHHBI
BOTHBL. Hampumep, B cpemHeM 1Mo coiHeIHOUW (orocdhepe MOXKHO TpHHATH omeHKy H=1000 I'c. s
JIMHAH ¢ TTHHOM BoHBI 0Koo S000A pacmennenne coctaBut AA=0.01A.

KonuyecTBo HaOMIOJaEMBIX KOMIIOHEHT OIPEICISICTCS BECOM HIDKHETO M BEPXHEr0 YpPOBHEH
nepexona, a Takke npasuniom omboopa. CaMbIMU SIPKUMHU SIBISIOTCS TEPEXOJIbI, YIOBICTBOPSIOIINC
npaguiam oméopa U AUIONIBHOTO H3ITydeHusi. CBeIeHUs 0 HUX MpuBeleHb! B Ta0n.15.3.1:

Tabmuua 15.3.1. IlpaBuna orOopa 1uisi MAaTHUTHOTO KBAHTOBOT'O YHCIIA.

Am O0603HayeHne [Tonspuzanus
0 T JIunelinas B1OJIb BEKTOPAa MAarHUTHOTO MOJIS
+1 o O
7 Kpyrosas B miockocTH, neprneHaukysipHoit H

Takne mepexoAbl Ha3bIBAIOTCS  «pa3pelICHHBIMU». [IHTEHCHMBHOCTh KOMIIOHEHT C JApPYTHMH
KOMOMHAIIMSAMU MArHUTHBIX YHCEN 3HAYUTEIhHO HIKE — HAa HECKOJIbKO MOPSIKOB BenwuyuHbl. Ha
puc.(15.3.2) mpuBeaéu ciaydail, Kora a3uMyTaIbHOE KBAHTOBOE YHCIIO HIDKHETO YPOBHS PaBHO IBYM, a
BepxHero — Tpém. [Ipu HabmoieHny B HaNpaBiIeHUH, TEPIEHANKYISIPHOM K MAarHUTHOMY TIOJIO

ng m

+2
+1
2 0
=]
-2

+1

1 * - r 0
' : ; -

H O
O | O IH o

— I *—"LH E]

—...;L

v

Puc.15.3.2. PacwenneHne cnekrpansHoKW NMHWK B MarHMTHOM none.

(cmywaii a), KpyroBble KoJeOaHHS NMPOEKTHUPYIOTCS B BHJIC JIMHEHHBIX, TaK YTO CHEKTPaJIbHAsl JIMHHS
paciieruisieTcss Ha TpU JIMHEHHO TOJIAPU30BAHHBIX COCTABIAIONIMX — CPENHIOI, C JJIEKTPHUYECKUM
BEKTOPOM BOJIHBI BAOJIb IOJISI, M KpaiiHue, ¢ KojeOaHusMu nonepek noist. [Ipu HabmoaeHuH BAOIb OIS
( cmyuaii ©) cpenHss cOCTaBIIAOLIAs IPOMAJaeT, a IBE OCTABIINECS MOJISPU30BAHBI [T0 KPYTY: CMEIIEHHAS



B KPAacHYIO CTOPOHY CIIEKTpa — MPOTHB YaCOBOM CTPENKH M CMEIIEHHAs B (DHOJIETOBYIO — II0 YaCOBOM

CTpEJIKeE.
XapakTep TONSAPU3ANAN KOMIIOHCHT B KIACCHYECKOW MEXaHWKE OOBACHSICTCA B MOJICITH
MPOCTPAHCTBCHHOTO OCIHWJUIATOpPa — MEXaHHMYECKOW CHCTEMbI, COBEPHIAMONMECH TrapMOHUYECKHUE

KoJieOaHMsI IO TPEM KOOpAMHATAM: X, ¥ ¥ z. J{s onpenenéHHOCTH OyieM UMETh B BHILY 3JIEKTPOH B TOJIC
YOpYruxX Ccwi. Bekrop r OTKIOHEHHS 4YacTUIBl OT TIOJOKEHUS PAaBHOBECUS YAOBIETBOPSET
UG hepeHITnaIbHBIM YPaBHEHUSIM:

F+o, r=0,

e @y — COOCTBEHHAs 4acToTa ocuuuisiaTopa. [loMecTuM OCIMILISITOp BO BHEIIHEE MAarHUTHOE TOJIE,
KOTOpO€ MBI OyJieM TojaraTh OJHOPOIHBIM M MOCTOSTHHBIM. OCh z HallpaBUM BIOJNb MOJSA. YpaBHEHUS
BBEIHYKJICHHBIX KOJIeOaHUH OCITIIIIATOPA UMEIOT BHI:

topx =-0,7,
(3.5)  Fropy =ouf,

2+(x)(2)z =0.

3,I[GCB MBI BBCJIM HUKJIIOTPOHHYIO YaCTOTY Wy, PABHYIO

_eH
0, =—.
m,c

IlepBrie nBa ypaBHeHus (3.5) He comepXkaT z, a B TPETbeM OTCYTCTBYIOT x U y. OTCioza ciemyer, 4To
KoJieOaHHs BIIOJIb TIOJNSI OCTAIOTCS HEU3MEHHBIMU. PaccMOTpuUM IBHXKEHHE B IUIOCKOCTH Xy. BBeném
KOMILIEKCHYIO TIEpEMEHHYIO

E=x+1iy.

YMHOXKas BTOPOC YpPaBHCHHWEC HA MHUMYIO €IMHULY, U CKJIaAbIBasd €ro € repBbIM, IIOJTy4acM
%Hﬂéiz —ioy EJ

I[MocneaHee ypaBHEHHE CBOAUTCS K alreOpandeckoMy MOICTaHOBKOM
& = exp(iot),

OIMCBHIBAIOIIEH BpalieHne ¢ 4acToToil >0 mpoTHB 4acoBOiM cTpenkd. s MckoMoro mapamerpa
HOJIy4aeTcs KBaJpaTHOE ypaBHEHHE

2 2
o +o;0-0,=0,

MOJIOXKHUTENLHOE PEIICHIE KOTOPOTO PaBHO

_ + 2_|_1 2
0)+—EO)H ®, Z(DH .

OTtpunaTenbHbli KOPEHb OTBEYAaeT BPAIlEHUIO 10 YacOBOW CTpeiKe. DTOMY HaNpaBiIeHHIO OTBEYaeT
Jpyras KOMIUIEKCHas IepeMeHHast:

n=x-iy.



HpOBOI[S[ AHAJIOTUYHBIC BEIYUCIICHHUA, ITOJIyYacM IMOJIOKUTCIIBHOC PCIHICHUE

_ n 2+1 2
w_ = E(DH ®, Z(X)H.

Ecmn Oy 3HAYUTCIbHO MCHBIIIC COOCTBEHHOU YaCTOTHI ocnuiuIATOopa, TO
0, =0, Q.

Mser nmoBTopmin pesyibTar (3.3), HO ¢ Apyroil TOYKH 3pEHHs, MOMYTHO OOBSICHUB MONSIPU3AINIO
KOMITOHEHT JINHHU.

Pacuienyienre JTMHUHA B MarHWTHOM IoJie OBIJIO MpencKa3aHo JIOpEHLOM 3afoiro A0 MOSBICHUS
KBaHTOBOW TEOPUHU U SKCIIEPUMEHTANbHO MpoBepeHo 3eemaHoM. CxeMa ombiTa 3eeMaHa IMpHUBeIeHa Ha
puc.15.3.3.

_~>;_f;.

Sp

Puc.15.3.3. Cxema onbira 3EeMana.

3neck J — UCTOYHMK CBEeTa, INOMEMIEHHBIM MEXIy IOJI0CAaMH »JJIEKTPOMAarHura, Sp — IIeJb
cnekrporpada. Ha pucynke HabnroneHust BeIyTcsl B HalpaBICHUH, MEPICHIUKYISIPHOM MoJo0. B aTom
cilydae HaOJIONAIOTCA JIMHEHHO MONSPU30BaHHBIE T— M G—cocTaBistomue. Ecnm ke HabaronaTh
U3IIy4E€HHE BJIOJIb JUHUU Ja, TO BUIHBI IBE LIUPKYJISIPHO NOJISIPU30BAHHBIE G—KOMIIOHEHTBI.
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