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I'maBa 1
OcHOBHBbBIC TIOHATUY

1.1 KBaHTOBag mpupoja MUKpoMupa.

B ocHoBe okpy:Karomero Hac MPUBBIYHOIO HAM MUPA KJIACCUYECKUX SABJICHUN JIEXKUT KEAHMOBAA
Pusura. B 3T70M MHpe TpOSBIIEHUsT KBAHTOBBIX SBJICHUI MAaj03aMETHBI — OHU CTAHOBATCS CyIIe-
CTBEHHBIMU B MUKPOMUpE, HA MacCIITadax, 3aJaBaeMbIX HOBOU (hyHIAMEHTAJIbHOI KOHCTAHTON,

o
nocrosguuoi Ilnanka:

h
= =1.05-10"27 .
h 5 05-107" ape - cex

Tunwuanble MacTadbl (PU3NIECKUX BEIUINH B MUKPOMUPE:
e Macca JIeKTpoHa M. =9.1- 10~282,
e Macca npoToHa m,=1.67-107%*1z,
e pasuyc nporona r,~ 10" B em = 1epmu,
e semenrapubrii 3apan e =4.8- 107 %, CGSE =1.67- 10~ Yxy.on,

®  EIUHUIA SHEPTHUH - IeKTPOHBOALT 198 =1.6-10""29p2 =1.6-10"2dorc, npuuem m.c? =

0.512M>s, mp02 =938Ms6 ~11s6.
 =0.529-10 %, (10~ Bem = 1A),

Me

e OOpPOBCKUI paauyc ap =

1.1.1 AroMu3M u JUCKPETHOCTh, YCTOWYMBOCTh aToMa.

OcobGeHHOCTBIO MHKPOMHDa  fBJSETCH OJUCKPEMHbLIT XapaKTep CBOHCTB MHUKDPOYACTHIL.
Hanpumep, JUCKPETHBIM fABJISETCH CIHEKTDP MAcC JEMEHTAPHBIX YaCTUll, UX 3apsji, CIUH (BHY-
TPEHHUII MOMEHT UMILYJIbCA), & TAKXKE TAKUe XapaKTEePUCTUKU, KAK U30CIHMH, CTPAHHOCTD U T.1.

JINCKPETHBIMU ABJIAIOTCS XaPAKTEPUCTUKU U COCMA6HHLT TACTHUI], TAKUX KaK f/Ipa, ATOMBI U
MOJIEKYJIbl. B 9acTHOCTH, U3 CHEKTPOCKOINYECKUX OIBITOB M3BECTHO, YTO HEPIUs TAKUX CHCTEM
TaK>Ke IPUHUMAaeT JUCKPETHBIN Habop 3Ha4YeHuil. B pamkax Kiyaccumdeckoil (pU3NKH ITO HEOObsC-
HIMO.

C ToYKM 3peHHs KJIaCCHYeCKO# (DU3MKU MHHUMAJIHHO BO3MOXKHBIM pasMep aroMma BOJOPOJA,
COCTOAIIETO U3 IMOJIOKUTEIBHO 3aPAYKEHHOIO IMPOTOHA W OTPHUIATENHHO 3aPAKEHHOTO 3JI€KTPOHA
paBeH HYJIIO, a HANMEHbIIAs SHEPIUs CBI3aHHOI'O COCTOSHUS TaKOW CHCTeMbl paBHa MUHYC bec-
koneynoctu 1. Bosee TOro, ¢ 9Toi TOYKM 3peHUsA CaMO CYIIECTBOBAHME YCTONYMBOIO COCTOSHUS
B aTOMe BOJOPOa SBJISIETCS NApaJOKCOM: JIEKTPOH B TAKOM CHUCTEME JBUKETCS YCKOPEHHO U (B
COOTBETCTBUM C KJIACCUYECKOH 3JIEKTPOJNHAMUKON) Tepsisi SHEPIMI0 HA W3JIydYeHUe, JOJIKEeH
najarh Ha Sapo.

B neitcrBuTesbHOCTH 9TO He Tak: OJlarojapst KBaHTOBBIM 3(hdeKTaM aToM BOJOPOJA HMeeT
BIIOJTHE KOHEYHBIE W MUHUMAJIBHBIM pa3Mep, W JHEPTHUIO HAMHU3IIEIO COCTOAHUA, HA3BIBAEMOTO
OCHOBHBIM COCTNOAHUEM .

3agaua 1.1. Vcnonb3ys coobpakeHusl pa3sMEpPHOCTH, OIEHUTH Pa3sMep aToMa BOJOPOJA W YHEPTHUI HUBIIEro
COCTOSHUS.

1.1. Eciiun He paccmarpuBaTrh PEIATUBUCTCKUX 3PP EKTOB.
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Pewerue: pasMepHBIMI HapaMeTpaMH 3aJadl SABJIAOTCS Macca JIeKTPOHA M, 3apsj] € U IMOCTOSHHAs
ITnanka h. ExnHcTBeHHas KOMOMHAINS STUX TapaMeTPOB, UMEIOI[as Pa3sMePHOCTH JJIMHBI, OIpeesseT GOPOB-
ckuit paguyc ag = h%/me?
e2/ap = mee*/h? = 27.2 3B HasbBaeTCca MoCTOAHHON PunGepra. DHeprus (CBA3AHHOTO) OCHOBHOTO COCTOSHMUS

. KOM6I/IH3,IH/I$I, nMemIlad pasMepHOCTb 3HEPprum, MOXKeT OBITH IIoJIydeHa KakK R =

OTpHIATEIbHA U MMeeT JOMOJHUTEeNbHbI MHOXKATENb 1/2: Eg=— R/2.

Te xe KBaHTOBbIe Y(DEKTHI OTBETCTBEHHBI U 33 T.H. HYALEbLE K0AeOQHUA B OCHOBHOM (HaM-
HU3IIEM) COCTOSHUYM TAPMOHUIECKOTO OCIMJLIATOPA.

1.1.2 Aromuble conekTpbl. JIucKpeTHOCTh cBeTa m (POTOHBI, (opmMysa
Ilnarka. Kopmycky/isspHO-BOJIHOBOI Iyaan3M.

K momenTy cosmaHus KBAHTOBOU MEXaHWKHN Hambosiee SpKO KBAHTOBBIE 3 (EKTHI MPOSABUIN CeOst
B CIEKTPOMETPUYECKUX HCCIIEIOBAHUSAX Hadaja XX BEKa, MMOCBAIMEHHBIX H3YYE€HUIO CIIEKTPOB
U3JIyIeHUs] aTOMOB, BXOJIANIAX B COCTAB PA3JINIHBIX BEIIECTB.

B ciaygae dunuTHOrO nBM2KEHUST HEPrUs KBAHTOBOHM CHCTEMBI IPUHUMAET AUCKPETHBIE 3HA-
qeHus. J{yis BBICOKOIEXKAIUX YPOBHEH

AE = hw, (E)
Jljis MAKPOCKONIMYECKUX CUCTEM JUCKPETHOCTH He3ameTHa, T.K. AF/E < 1.

lepamHeHue 1.1. OLLeIIPIM TUNMAYIHYIO BEJIUYINHY AUCKPETHOCTU B MAaKPOCKOIIMYECKOM MU B MHUKPOCKOIHUYIE-

CKOM CJiyvae.

1

a) B MaKpOOCHUJUIATOpe XapakTepHas macca M = lz, gacrora 2 = lcek ™! u ammunryza A = lem, Torga

2 A2
E:%:Oﬁapeg AE=h2=1.05-10"2"3pe, uro maer AE/E=2.1-10"27.
6) UIg MHKPOOCHMJLIATOPA BO3bMEM M = Me =9 - 107282, JacToTy W =15 - 1010cex 1 u aMILIATYyda a4 =

ap=0.5-10"3cum, OTKY/1a E:%%=2.7 2107 Mspe u AE =hw=5.25-10"1spe, uro maer AE/E~1.

B 1914 rony pmarckum dusukom Humbcom Bopom 6bL10 chopMymnpoBaHo MpaBMIO, B COOT-
BETCTBUH C KOTOPBIM 9YaCTOTA CBETA, U3JIYIAEeMOTO aTOMHOU CHCTEMOI MPHU IMEPEXOjie U3 COCTO-
auud ¢ speprueii E’ B cocrognume ¢ sHeprueit £ pasna

QakTHYeCK! 3TO IMPABUJIO IPEIIOoJaraeT, 4TO CBET H3JIyYaeTcsd B BHAE HEJNEINMOrO KBaHTA
(cborona), mpuuem sueprus E, sroro KBaHTa CBA3aHA C €ro YaCTOTOMH Kak

By = hw

Ora Ke TUIOTE3a JEKUT B OCHOBE (DOPMYJIBI JJIst CHEKTPA PABHOBECHOIO TEIIOBOIO M3JLy4eHMUSs
(Ilmank, 1900):
Fiw3 1
plwT)=—F5—F7+—
7263 hw /KT _

B kmaccuueckom mperene hw < kT dopmyna [lnanka nepexonut B dhopmyay Panes-/Ixxunca:

UJ2

(Pameit 1900r., Txunc 1905r.). dxcrpanonsanus xaaccuveckot'? dopmynst Panes-Txxunca B
06y1acTh OOJIBIINX YACTOT BEJET K abCyp/y: MOHas (IPOCyMMHMPOBAHHAs IO BCEM YACTOTAM)
SHEPrus TEIIOBOTO M3JIydeHHus obparmaercs B 6ECKOHEIHOCTS !

B neiicrBurensaocTu, B obsactu 6osbmux dactor fw 3> kT dopmyna Ilnanka nepexogut B
dopmyny Buna:

3 hw
P, T)= 550 ™

r7ie SKIMOHEHUAIbHBIA MHOXKHUTEIb OTpaykaeT GakT, 9T0 (POTOHBI C YaCTOTON w BemyT cebst Kak
HedeauMble JACTHUIBI C SHepruei hw.

1.2. OrMeTuM, 9TO OHA He 3ABUCHT OT KBAHTOBOrO mapamerpa h!
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Tem campiM, B Hadase XX BekKa MOSBUJINCH HOBBIE apI'yMEHTHI B IOJIB3Y KOPNYCKYAAPHOU
TEOPHUH CBETa, KAK O ra3e CBETOBBIX YACTHUIl. BIepBble Takas TEOPHs PACCMATPHUBAJIACH €IIe BO
BpeMeHa HploTOHA, HO MO3/HEE OTKPBITHE SIBICHUU Jupparyuu U unmeppepenyuu JEeraun B
ocHOBY 6oanosoti Teopun ceera ([tofirenc, ®@penenn). Cozmanme MakKCBeIOM KJIACCHIECKON
9JIEKTPOMHAMUKY U ONBITH ['epIia MO3BOIMIIN OTOXKIECTBUTH ITU BOJIHBI C BOJTHAMU JIEKTPOMAT-
HATHOI'O TOJIsl, 9TO PACCMATPUBAJIOCH, KaK TpuyMmd Kiraccudeckoit dwusuku. [losTomy HOBBIE
Cepbe3HbIEe apPryMEHTHI B IOJb3y KOPITYCKYJISPHOU TEOPUU CBETA SBUJIACH IIOJIHONH HEOXKUIAHHO-
CTBIO 71 (DU3UKHN Hadaaa XX BeKa.

Taxum obpazom, B Hayasle XX Beka (pU3MKa CTOJKHYJIACh C COBEPIIEHHO HOBBIM SBJIEHUEM -
KOPITYCKYJISIPHO-BOJTHOBBIM 1yaju3MoM cBeTa. C OHON CTOPOHBI, OBLIO YCTAHOBJIEHO, YTO CBET
[IPEJICTABJISET COOON BOJIHBI 3JIEKTPOMATHUTHOLO II0JIs, OMICHIBAEMOrO ypaBHeHuAME MaKcBesia.
C mpyroit CTOpOHBI, OH COCTOUT U3 HEIEJUMBIX JACTHUIL - (DOTOHOB, IHEPIUs U UMITYIHC KOTOPBIX
ONPEENIAIOTCA YACTOTON W M BOJTHOBBIM BEKTOPOM Kk JIEKTPOMATHUTHOW BOJIHBI:

e=hw, P=hk.

Koauvecmeennvim TOATBEPIKICHUEM 3TUX COOTHOIIEHUN TMOCTYKUIO OTKPbITHE (HoTodIDdhEKTa U
IKCIEPUMEHTHI [0 PACCESHUIO cBeTa Ha 3eKTpoHax (3dpdekr Komurona). B gacrHOCTH, M3Y-
genne porodddexTa M0Ka3aao, YTO 3aBUCUMOCTh TOKA OT YaCTOTHI HOCUT IIOPOI'OBBIH XapakTep:
HOTOTOK BBIOUTBHIX CBETOM 3JIEKTPOHOB MOSBJIAETCS JIUIIbL KOI/Ia Heprus (oroHa € = hw mpe-
BBICUT paboTy BbIXOHA Upyy 7EKTPOHA U3 MaTepraJa Karojaa. He3aBHCHMOCTD IOI0XKEHHS ITOTO
[IOpOTa OT UHMEHCUBHOCMU CBETa SIBJISLETCS IPIMBIM JIOKA3aTeJIbCTBOM JUCKPETHOH NPUPOJLI
cBeTa: HEJOCTATOYHOCTH SHEPIUU OT/IEJLHOIO (POTOHA He MOXKET OBITh KOMIIEHCHPOBAHA KOJIAYe-
crBoM 3THX doroHOB. B cBOIO 0Ouepens, mzydenue sddekra Komirona mossosisier IpoBepUTDH
CBA3b M€Ky BOJIHOBBIM BEKTOPOM U UMIIYJIbCOM (bOTOHa.

Bagaua 1.2. dna paccesnus poroHa HA CBOOOJHOM JIEKTPOHE HANUTHU CBA3b MEXKJY YaCTOTOIl M yIJIOM Dpacce-
AHHOTO (POTOHA.

1.1.3 BoanoBble cBoiicTBA MUKPOYACTMUII.

OnBITEI ¢ €CTECTBEHHON PaJMOAKTUBHOCTBIO W € KATOAHBIMH JIydamu!- NMpUBEIM K OTKPBITHIO
IDPAKIIMOHHBIX U UHTEPMEPEHIIMOHHBIX CBOMCTB i JacTull. TeM cambIM, OBLIO yCTAHOBJIEHO,
9TO KOPITYCKYJISIPHO-BOJTHOBOH yaJjin3M SBJIseTCS (DYHIAMEHTAJIBHBIM CBOMCTBOM MATEPHUAJBHBIX
9aCTHUIl, & He TOJIBKO (POTOHOB.

1.1.4 TIIpogBjeHuss KBAHTOBBLIX 3(Pp(HEKTOB B MaKkpomMupe.

B peiicTBuTEeIbHOCTN KBAHTOBas MPUPOJA MUKPOMEUPA UMEET BIIOJIHE HAOJIOJAEMbIE MTPOSBICHUS
u B Makpomupe. B wacTHOCTH, K HUM OTHOCSATCS:

—  9JIEKTPOHHAS YKHUJKOCTb B METAJLIE,

—  CBEpPXIIPOBOJUMOCTD,

—  cBepxrekyuectb He* u ee orcyrcrue B He3,
— 3¢ deKTh TOKAECCTBEHHOCTH YaCTUIL B ra3ax,

—  TeMIIepATYPHBIA XOJ[ TEIJIOEMKOCTH MHOTOATOMHBIX Ta30B, "BbiMep3anue" cremeneil cBo-
6O/l TPY HU3KUX TEMIIEPATyPax,

—  pelIeTovYHas TeIJIOEMKOCTb TBEpAbIX Tejl, 3akoH lrosonra u [Itu C' = 3Nk, nupu HU3KHX
TeMIepaTypax Iepexomamuil B 3akon Jebaa C' o< T3, xapaKTepucTHdecKas TeMIePaTypa

Hebas (Pb - Tp=88°K, amva3 - 1860°K)

— QJIEKTPOHHAA TEIIJIOEMKOCTb METaJIJIOB CxT.

1.3. IlyukamMu 9JIeKTPOHOB.
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1.2 Bouansl ge Bbpoiing. IIpuanun cynepmno3unnuu. BosHoBBIE
nakeTbl. CooTHOIIeHne HeolipeaesieHHOcTell [eiizenbepra.

1.2.1 IlpoxoxkjaeHue Uepe3 IIEJN B dKPaHE KJACCUYUYECKNX M KBAHTOBBIX
9aCTHII,.

a) ITpoxoosicoenue Kaaccumeckur wacmuy, PacCMOTPUM IPOXOXKIEHHUE depe3 00Hy Y3KYyIO LIeJIb
noroka Kjaccuueckux dacturl. [lless BbIpesaer m3 moToka ero 4actb. EciM MOCTaBUTH 3KpaH
6/IM3KO K 1eu, To popMa MOTOKa MOBTOPseT (opMy Ineju. Ecim »Ke IKpaH HAXOIUTCA JOCTa-
TOYHO JAJIeKo (HAIIPUMED, [0 CPABHEHUIO C Pa3MepaMM IIEIN U T.II.), TO HAYMHAIOT MPOSBJISTHCS
Jaxe caabble 3PpdeKThl B3aUMOACHCTBUA YACTUIL, C KPaeM IIeJu U MeXKJIy Co0Oil, HaJmdIne
(MaJsIBIX) HAYATBHBIX MONEPEYHBIX UMITYJILCOB. B pe3yibrare pacipejesieHre JacThIl 10 CeIeHUTO
nydka "pasmasbiBaercs, U pacrpeesieHue 9acTUll Ha KPaHe CTPEMUTCS K IayCCOBCKOMY:

n(x) = const - Ne~ /27"

BeposgTHnocts TOTO, UTO JaHHAS YACTHUIA MTONAJAET B UHTEPBAJ dX BOJU3U TOUKHU T

n(z)dx —22/202

AW (z) = N = const e

rae N — IOJIHOEe YHCJI0 MPOIIEAIINX YacTHUIl. YCJIOBHE HOPMHUPOBKH PACIIPE/IEIEHUS BEPOATHOCTH
MO3BOJIAET OIPENe/IUTh KOHCTAHTY HOPMUPOBKNA

° 1
/ dW(z)=1; const=——+=
—0 2702
IInorHOCTH BEeposaTHOCTH

w(z) = n(z) 1 —22/202
N \2r02

PaccMoTpuM Teneph mpoOXOKJIeHHe YACTHIL UYepe3 /Be menan. Ecam paccTogHue 0 9KpaHa Io-
[IPEXKHEMY JIAJIEKO, TO PaCIpee/ieHre YaCTUll, IPOIIEIIINX depe3 KaXK/IyIO IIeJib, TaK XKe Oyer
rayCCOBCKHM, a IIOJIHOE pacIpejiesieHne OyJeT ONUChIBATHCA CYMMON 3TUX PacIpeeseHmi:

n(x) =nq(z) + na(x) (1.1)

Ecnn paccroguue d mexnay measMu Maio (d < o), To CcyMMapHOe pacipejesenue OyIeT Tak:Ke
GJIM3KO K IayCCOBCKOMY

.2 2

n(z) ~2const Ne~*"/27
6) ITpoxoosicoenue Keanmoswvixr wacmuy. B ciydae KBAHTOBBIX 4aCTHUL, CYMMAPHOE Pacupejielienne
YACTHI[ HA IKPaAHE MOXKET 3HAYUTEHHO OTJIMYATHCS OT CYMMBI PACIPEIEICHU Yepe3 KasKLyTo
1eJ1b
n(z) #ni(x) +na(z)

Ecmu orkpoiTa onHa W3 Iiesieil, TO pacupeesieHre YaCcTHIl OKA3bIBAeTCs OJU3KUM K KJaccude-
ckoMy rayccoBckoMmy. OJHAKO OTKPBITHE BTOPOII IIEIM B HEKOTOPBIX 0DJIACTAX IKPAHA IMPUBOJIHAT
He K YBEJIUYEHHUIO, & K YMEHbWEHUNW BEPOATHOCTA OOHADYXKEHHd dYaCTHUIl. B onTuke Takoe
sBJICHHE M3BECTHO KaK BOJIHOBasg HMHTepdepeHIusd cBeTa. B KBaHTOBOI (DU3MKe MBI yKe HMeeM
JIeJIO He TOJIbKO ¢ nHTepdepeHniueil GpOTOHOB, HO U APYIUX MATEPHAJBHBIX YaCTHUIl, HAIIPHUMED,
9JIEKTPOHOB. JIpyruMu cjaoBamu, ¢ TOYKHM 3PEHUs] KBAHTOBOHW (DU3MKHM BOJHOBBIMU CBONHCTBAMU
00J1aJ1A10T HE TOJIBKO (DOTOHBI, HO M APYTUE MaTepPUAIbHbIE YACTUIIDI.

1.2.2 Boaubl ne Bpoiing. BepogaTHocTHas nmuTepnperanus BopHa.

B 1924 roay me Bpoitmem 0Oblia BBIABUHYTA THIOTE3a, UTO KaXKJOH MaTEPHAJIHHON YACTHUIE
MOXKEeT OBITH COIMOCTABJIEHA T.H. BOJHOBasg (DYHKIHUS, KOTOpasd s CBOOOIHO JBUXKYIIEHCS
YaCTHUI[bI UMEeT BUJ,

Y(7,t) = const - e~ (Wt—kT) (1.2)
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cTE!l T'EABEHBEPTA. 7

rJle 9aCTOTa BOJIHBI CBsI3aHA C ee dHeprueil kak w = F/h (B HepenaTuBucTckoM npepene FE =
p?/2m), a BOMHOBOI BEKTOP C MMIYJIBCOM KaK k = P /h. Jlerko BUOETH, UTO B KAGCCUMECKOM
npedese h — 0 BonHOBad (MYHKISA CTAHOBUTCSH CTAHOBHUTCH OBICTPOOCIMIIINDYIONIEH QyHKINEH -
HeOOJIbIIAs TOIPENIHOCTh B M3MEPEeHNN (PU3NIECKUX [TapAMETPOB YACTUIBI JIeJIAeT IKCIIOHEHIU-
AJIBHBI MHOXKHTEJIb HEOIPEIEJIEHHBIM, DPEe3YJIbTAT YCPEIHEHUs KOTOPOro [aKe IO HEeDOJIBIION
00JIaCTU IPOCTPAHCTBA CTPEMUTCH K HYJIIO.

B ormsmunum ot pacupeiesieHnsi BEpOSTHOCTH BOJHOBas (DYHKIMS HE SIBJISIETCS MOJIOKUTEIbHO
ONIpPEeeIeHHON - (DAKTUIECKU ITO O3HAYAET, YTO HPHU CJIOKEHWH JIBYX BOJHOBBIX (DYHKIUI OHH
MOILYT HE TOJIbKO yCHJIMBATH, HO U OCJIA0JATH JAPYr [Apyra: TeM CAMbIM, IPUA TAKOM OINUCAHHUH
YACTHI[ 3aJI0’KEHa BO3MOXKHOCTbL HX uHmep@epenyut,. BomHOBYIO (YHKIHUIO HA3BIBAIOT TaKKe
amnaumydoti 6epoAMHOCIMU, TIOIEPKUBAs TEM CAMBIM IPOM3BOJIBHOCTL ee 3Haka (dhazoBoro
MHOXKHUTEJIS).

lunoreza ne Bpoitnisa mo3Bosisier Bce pe3ysibTaThl, U3BECTHBIE I AU@PPAKIUU 1 HHTEpde-
peHuun cBeTa, 0600MIUTD U Ha CJIydail OOBIYHBIX (KBAHTOBLIX!) yacTul. AMIUIATYIA BEPOATHOCTH
OpY 3TOM UTPAET TY KE POJib, YTO ¥ AMIJIATY/IA JIEKTPOMATHUTHONW BOJIHBI (B CIydae CBETA), a
[JIOTHOCTb BEPOSATHOCTU YACTUI] SABJISIETCS AHAJIOTOM WHTEHCHBHOCTU CBETOBOI'O ITOTOKA.

DPynryus pacnpedeseHus 8ePOAIMHOCIU, COOTBETCTBEHHO, NOAOHCUMENBHO ONpedeseHa,
U CBsI3aHA C AMILIUTYI0NH BEPOSITHOCTU KAK

w(F, t)=[¢(F, ) (1.3)

(Bopw, 1924). CrapmaprHoe yCIoBHe HOPMUPOBKH JJIs [IOJIHON BEPOATHOCTH JIAET YCJIOBHE HOD-
MUPOBKH U JJjIsl BOJHOBOU (DYHKIIAN:

1:/dfw(f,t):/df (7, t)]? (1.4)

1.2.3 IlpumHOUO Cyneprno3uInm.

B kitaccuyeckoM ciydae npuHumn cyneprnosuimn (1.1) npuioXKuM HeImocpeCTBEHHO K PACIIPEJIe-
JIEHUIO BepodATHOCTell. B KBaHTOBOM Ciydae NPUHIMII CYIEPIIO3UIUU TPeOyeT CIOXKEHHs yKe He
BEPOATHOCTEH, & aMnAuUmMyd 6EPOAMHOCMEN:

IIpu sTOM JIA BEpOATHOCTEN MBI MMEeM:
w(F 1) = [P, )= a7, 1) +a(F )P =
,f.‘

= wy(7,t) +wa(7, t) + (nHTepdEPEHIMOHHBIN BKIIAY)

TIoMuMO CyMMBI BEpOATHOCTEH 37€Ch NPUCYTCTBYIOT IIEPEKPECTHBIE cjlaraemble, T.H. HHTepde-
peHIMOHHBIH BKJIad. B knaccuueckom npesese h — 0 9TOT OBICTPO OCHUIUIMPYIOMIANA BKJIAJL IIPO-
rajiaeT Ipy yCPeJHEHUH, U MbI IIOJIy4daeM OOBIYHBIN KJIACCHYECKUN PE3YJIbTAT:

w(?vt) :wl(?at) +w2(?at)

1.2.4 BoanoBble makeThl, (pa30Basg U IPynnoBas CKOPOCTh.

ITnockas Bosa (1.2) onuceiBaeT 0eaokasu306antoe COCTOSHNAE YACTHIBL, T.K. IJIOTHOCTH BEPOAT-
nocru w(7, t) o [(7, )| =1 mocrosmma no seemy npocrpancrsy. PaKTIUECKH 9TO 03HAYACT,
YTO KOOpJMHATA YaCTULBI HeonpedeaenHad, INOCKOJIBKY BEPOATHOCTb ODHAPYXKHUTh €€ B JII00Oi
TOYKe IIPOCTPAHCTBA OJJHA U Ta JKe.

HaHOMHI/IM7 YTO B KJIACCUYECKOM (1)I/I3I/IK€ IIOJIO2KEHUE YaCTHUIIbl OIHNCBIBAETCA €€ mpaekmo-
puetli, OIpeNesdIOlIell ee IIOJIOXKEHNE B IIOCJIEIOBATEIbHbIE MOMEHTBHI BpeMeHU. B KBaHTOBOII
du3nKe MOHATHE TaKOH TPAEKTOPUU OTCYTCTBYET, M COCTOSHHUE YACTHIBI IOJHOCTHIO OIHCHIBA-
€TCS COBEPIIEHHO HOBOM (DyHIAMEHTAIBHON XapaAKTEPUCTUKON - €€ 60AH06801 Pynryuetil-4.
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Boiiee NOPpUBBIYHBIE C TOYKU 3PEHUA KJIaCCUYECKOU (1)1/131/IKI/I JIOKaJIN30BaHHbIE COCTOAHUA CBO-
60,CLHOI71 KBaHTOBOI YaCTHUIbI OIIMCBIBAIOTCA BOJJIHOBBIMM IIaKe€TaMM - cynepn03HuHeI‘/’1 IIJIOCKHX
BOJIH:

W0 =C [ dpa(@)e * P00~ [ apagoyigre PO (1.6)
Vao6uo nonoxurs C' = m , TOrJa OYHKIII
oy 1 ip7

HOPMUPOBAHBI YCJIOBUEM
/ A7 3 (7) s (7) = 6(F — ). (1.8)

Oynkmun Vg () onmMCHIBAIOT KBAHTOBOE COCTOSIHUME YACTHUIBI C 3aJIAHHBIM MMILYJILCOM . B CBOKO
odepesb

a(p) :/ A g5 (7 ) (7t = 0) (1.9)

ABJIACTCA aMILIATYI0U BEPOATHOCTH JAHHOIO 3HAYECHUA UMILYJIBCA, & CaMa BEPOATHOCTbL HACTCS
KBaJApPaTOM MOIYJIA 3TOW aMILIATYIbI

w(p)=a(p)? (1.10)

B ciyuyae cBobomHOIO JBUKEHHS MMITYJIBC YACTHUIBI COXPAHSETCH, II0ITOMY JIaHHAsI BEPOSTHOCTD
He 3aBHCHT OT BpEMEHU.
Tak ke Kak U B 3JIEKTPOJJUHAMUKE, MOKHO OIPEIENINTh (ha306Yy10 CKOPOCMb BOIHBI

E
P

v(b:% (1.11)

KOTOpasi OIpEJeJIsieT CKOPOCTh IMepeMelneHns (bpOHTa IOCTOAHHON daswl. o HeperaTUBUCT-
ckoit wactunpl (E = p?/2m) ona pasHa vg, = p/2m =v/2. CKOPOCTb PACIpPOCTPAHEHUs BOJIHOBOTO
NaKeTa ONPEIENAeTCs 2pYnnosoti CKOpOCmbIo

Ow OF
ok 0P

KOTOpad COBIIaJaeT C KJaCCUIECKHUM OIIpe/eJIeHnEM CKOPOCTHU YaCTUIIbI. DaKTUIECKH ITO OTpa-

=7 (1.12)

Urp ==

2KaeT TOT d)aKT, 9TO ABUXKEHHNE KJIACCUYIECCKUX YaCTHUI] €CTb HU YTO MHOE, KaK PacCIIpOCTPpaHEHUue
y3kux (B npezene h— () BOJTHOBBIX ITAKETOB.

ITockoIbKY T'PYIIOBasi CKOPOCTh BOJHBI 3a6UCUIM OT WMILYJIbCA YACTHILI, COCTABJISIIOIIUE
MaKeTa, OTBEYAIOIINE PA3IMIHBIM 3HAYECHUAM HUMITYJIbCA, OyIyT PACIPOCTPAHSITHCA C PAZHBIMU
CKOPOCTSIMH. DTO JOJKHO TPUBECTH K "paciibiBaHuio" makera - 3aBUCUMOCTH €0 MIMPUHBI OT
BpEMEHN
Ap-t

Azr o Avyy -t =
m

3agaua 1.3. Ilycts HavanbHas BosiHOBast MDYHKIUS JIJId CBOOOIHOI YaCTUIBI UMEET BIL

exp(— (¢ — 20)?

1
U(z,t=0)=
\/27rag 20(2)

+idz)
Haitru:

a) BOJHOBYIO (DYHKIHUIO B IOCJEAYIONIEe MOMEHTHI BPEMEeHN;

b) 3aBHCMMOCTB IOJIOXKEHUST [EHTPa I1aKeTa OT BPEMEHH;

C) 3aBUCUMOCTH HIMPUHBI ITaKeTa OT BPEMEHU.

VKazanue: Pa3loXKUTh UCXOAHYIO AMIUIATYLy Ha IUIOCKHE BOJHDLI, yMHOXHUTb KaXKAyI0 BoJIHy Ha (asoBbLil
muoxurens exp( —iF(p)t/h), E(p)=p?/2m u BBIUHCIATH COOTBETCTBYONIYIO CYMMaPHYIO aMILIHTY/LY.

1.4. TlockoabKy KBaHTOBas (pHU3MKa JIEXKUT B OCHOBE KJIACCUYECKON MEXaHUKH, UMEHHO BOJIHOBas (DyHKIUs
ABJIeTCHA boaee PyHlamenmaavHoli XapaKTePUCTUKOI, deM Gosiee NpUBBIYHAS HAM TpaeKTopust (KOOpJAMHATA, CKO-
POCTH) YaCTHILBL.



1.2 Boaubl AE Bproitng. IIPUHLIMNO CYIEPNO3UIMU. BOJHOBBIE MAKETH. COOTHOIIEHUE HEOMNPE/EJEHHO-
CTENl ['ENI3EHBEPTA. 9

1.2.5 CpenHme 3Ha4YeHUd KOOpPAWHATHI u wuMnyabca. CooTHoIIEeHUE
HeonpeaeaeHHocreii [eiizenbepra.

3HaHUe pacupeesieHns BEPOATHOCTEN CIIyJaifiHON BEJUYIUHBI IIO3BOJISIET BBIYHUCISATH €€ CPEIHUE.
B wacTHOCTH, TPOCTpAHCTBEHHOE DACIIPE/Ie/IeHUIE BEPOATHOCTEN MO3BOJIAET BBIYUCIUTEH CPETHIOIO
KOODJWHATY YaCTHUIIbI

(z(t)):/ dzw(x,t) ~z:/ dz |\P(x,t)|2~:c (1.13)
a TaKKe CPeJHWH KBAaJApaT MUPUHBI AL ee BOJHOBOIO MAKETA:

2\ _ 2\ _ /.2 2
((Az)?) = ((z — (2))?) = (2?) — (=)
AnanorndnbiM 06pa3oM 3HAHNME AMILIATYAbI BEPOSATHOCTH PACIHPEIEICHUS 110 UMILYJILCY q)(p, t)
HO3BOJIAET BBIYUC/IUTL COOTBETCTBYIOIINE CPEeJHUE JIJId UMILYJIbCA YaCTULbI:

(p(t)) = / dpu(p,t) p= / dp [B(p, 1) p (1.14)
((Ap)2) ={(p—(p)*) = {(p*) — (p)*

B wactaOCTH, "uMnynbcHas" ammiuryna ®(p,t) MoKeT OBITH moMydeHa U3 "IPOCTPAaHCTBEHHOH"
pa3JIoKeHHneM II0CiIeJHell 10 WIoCKUM BosiHaM (cpasuu ¢ (1.9)!)

®(p, 1) :/ A g5 (7 ) (7 1) (1.15)

11 BOJIHOBOTO TakeTa CBOOOIHON YACTHIHI 3aBUCUMOCTDH ITOM aMIUIUTYIbI OT BPEMEHH TPUBU-
aJbHA

B(p,1) —a(p) - e E@H

2
U COOTBETCTBYIONIAA BEPOATHOCTD HE 3aBUCHUT OT BpeMmeHu: w(p,t) — |a(p)]
U3 5/1eKTpOAMHAMUKY U3BECTHO, UTO IS BOJTHOBOTO ITAKETa UMEIOTCH COOTHOIIEHUS BUJIQ

Aw-Atz1, Ak-Azz1

HAKJIQIBIBAIOIINE OIPAHUYEHNs Ha Pa3bpoCc BPEMEHHBIX U IPOCTPAHCTBEHHBIX YacToT Aw u Ak B
3aBUCAMOCTH OT JINTEJBHOCTH IakeTa oT Bpemenu At u ero padmepa Az. CooTBercrByonue
OrpaHUYEHNs], W3BECTHBbIE KAK COOTHOIIEeHus [eiizenOepra, BO3HUKAIOT W JJisd KBAHTOBOI
YaCTUIIBI:

AE-At>

| St

; (1.16)

Ax-Ap>

| St

. (1.17)

IlepBoe o3navaer, 3a Bpemsa Al HEBO3MOXKHO H3MEPHTbH JHEPIHIO YaCTUIBI TOUHee, yeM AFE =

h/2At. 13 Broporo cieayer, 4To JIOKAJIU3AlHs YACTUIBI B 00JIaCTH pa3MepoM AL NPUBOIUT K
HeolpeieleHHOCTH ee mMmiyabca Ap > h/2Az. JIpyrumu ciaoBaMu, Jyist KBAHTOBOI YaCTHIBI
HEBO3MOXKHO OJJHOBPEMEHHO CKOJIb YI'OJHO TOYHO HM3MEPUTh M KOODJAMHATY, M CKOPOCTb - T.€.
HOHATHE TPACKTOPUH /Il KBAHTOBOH YaCTUIIBI HE CYIIECTBYET.

Coornontenust (1.16),(1.17) cocraBiasior cyTb npunyuna donosnumenvrocmu Bopa. Homom-
HUTEJILHBIME ABJISIOTCS BEJIMYNHBI, KOTOPBbIE He MOIYT OBITH M3MEPEHBI CKOJIb yrOJHO TOYHO B
OJIHO M TO K€ BpeMs. YBeJn9eHne TOYHOCTH 3aaHNs (DU3NIECKOH BEJMYNHBI IPHBOJUT K POCTY
HEOIPEJICJICHHOCTH CONPSI?KEHHON €ii JOMONHUTENbHOM BejumduHbl. s dbukcannum KBaHTOBOTO
COCTOAHMA JOCTATOYHO 3a/JaTh U3 Ka)}(ﬂoﬁ Hapbl COIIPAXXKEHHbIX BEJIMYNH TOJIBKO OJHY.






I'naBa 2
BonnoBag pyHKnus u omepaTopsl

2.1 Omnepartopbl KOOpJAWHATHI M uUMIyJibca. KoopamHaTHoe m
UMILyJIbCHOE IIpeJiCTaBJIeHUeE.

AMmuTya BEPOATHOCTH YaCTUIBI IIOJHOCTHIO 33JIa€T KBAHTOBOE COCTOSIHUE YaCTHIIbI. Bbirie
MBI BHJIEJIM, 9TO OHA MOYKET OBITH OIMpEJIe/IeHa IBYMs CIIOCOOAMMT:

—  kak dyukuua xoopounam u Bpemenu V(7 ¢), 4TO NO3BOJILET HAXOIUTH IPOCTPAHCTBEHHOE
pacupenesieare BepodTHOcTH (1.3) M BBIYMC/IATL CpeJHUE 3HAYEHUsI KOODJUHAT U UX

bynkumit (1.13);
—  kak yHKIEs umnyavca u Bpemenu P (P, t), UTO MO3BOJISET HAXOIUTH MMILYJIBCHOE Dac-

IIpeJieJIEHNE BEPOATHOCTH U BBIYUC/IATH CPEJHME 3HA4YEHHs KOODAMHAT M UX (OYHKIHIT

(1.14);

IlepBblit criocod oTBEYaET KOOPIUHATHOMY TIPENICTABICHNIO AMIUINTY/ Bl BEPOSATHOCTH, & BTOPOIL -
umnyavcromy npejacrasiennto. O6a mpeicTaBieHUs SKBUBAJEHTHbI M CBS3aHbBI JIPYT C JAPYyTOM
JINHEeHHBIM TpeobpasoBanuem (1.15):

q)(p,t):/ d?w;‘g(?)\ll(?*,t) (2.1)
mwmz/zg%%wm@w (22)

Kak MbI Buzien BbIIIE, 3HAHWE AMILUIATY/IBI BEPOSTHOCTA B KOODAWHATHOM IIPE/ICTABJICHUU I103-
BOJISIET BBIYUCIUTH CPE/HEe 3HAYEHUE KOOD/JUHATHI, & B MMIIYJILCHOM IIPEJICTABICHUN - CPEIHee
3HAYEHUE MMIIYJIBCA.

Ob6a mpencTaB/ieHUsI COIEPKAT 00HY U MYy sce HHPOPMAIMIO O KBAHTOBOM COCTOSHUU
qacTulbl. B 9acTHOCTH, CpemHWIl UMITyJIbC MOYXKET OBITh BBIYUCJIEH C IIOMOIIBIO BOJIHOBOIA
GYHKIUN B KOOPAMHATHOM IPEJCTABICHUN

<i)’>:/ dit UH(7 ) FU(F 1) (2.3)

LJe ONepamop UMNYAbCA B KOODAUHATHOM NPEICTABJIEHUN uUMeeT Bui § = — AV = — thd/or.
CoBepIIeHHO aHAJOIMYHO CPEJHSsT KOODJUHATA MOYKET OBbITh BBIUMC/IEHA C IOMOIIHIO BOJIHOBOM
GbYHKIUN B UMITYJILCHOM IIPEJICTABICHNN:

)= [ ap o707 25,0 (2.4)

I7le, COOTBETCBEHHO, ONepamop Koopouramo, ¥ = mvp: ihd/0p.

Vnpasxkuenue 2.1. lokasare (2.3), (2.4), ucrnonas3ys cBsA3b MeXKay IpejcraBieHusMu (2.1).

2.2 OmepaTopbl AMHAMUYECKUX BeJIMYUH, UX CBOMCTBA.

06006111251, MOXKHO 3alllCaTh, YTO CpeJHEee 3HaYeHHe JII0OOW JUHAMUYECKO BeuduHbI F MoOXKeT
OBLITH BBLIYMC/ICHO KaK

(F):/dF U ) PO 1) (2.5)

11
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riae F' - xBauToBbI orrepaTop 9TOW BEJIMYUHBI. OHepaTOpr O6J‘Ia,ZLaIOT CBOHCTBOM AUHETHOCTNU:
F(Clq/l—i-CQ\IfQ) :Cqu/l—i—CgF\IfQ (26)

Cpennee 3nauenue Habarodaemolr (A3MEPUMBIX) BEJIMYUH JOJKHO OBITH BEMIECTBEHHO - OTCIOIA
(F)* = (F) :/ a7 (0, )W)
/d? (\IJ*(F,t))*(F)*(\I/(F,t))*:/d? W ETU( )

= /d? \I/*(F,t)(ﬁ*)T\II(F,t):/dF (7 ) PO 1)

. L B
onepamop Haba00aemoti 8EAUNUHDL JOJKEH ObITh 3pMUTOB: F'~ = F'.
Han kBarTOBBIMEU OIEpATOpaMU OIPEIEIEHBI ONEPAIUN CIOXKEHU U YMHOXKEHUST

(Fy+ )0 = FU+F0  (agaurusHOCTD) (2.7)
B = Fy(Fy0) (TpPaH3UTUBHOCTD ) (2.8)

B obmem ciiydae ymHOKeHUE nekommymamueho: F1Fo =+ Foly | n xommymamop, onpenesseMblii
KaK

(£ B =iy BoF (29
OTJIMYeH OT HyndA. JIjIs onepaTopoB OLpesesieH TaKXKe U GHIMUKOMMYMamop

RAR N (2.10)

IIpumep 2.1. IIpumepoM nDapbl HEKOMMYTHPYIOIIUX OIIEPATOPOB SBJISAIOTCA OIEPATOPHI
UMILYJIbCa U KOODAUHATHI:

[, ] = iy, (2.11)

B obmem ciaydae omeparopbl MEXaHMYECKHX BEJIMYWH SBILAIOTCH (DYHKIUSAMI OIEpaTopa
UMITYJIBCA M KOODIMHATBI

F(#,p)—F(F,p)=F

K Takmm omeparopam oTHOCATCSA

L = %[7‘:’ X ] — omeparop MOMEHTA HMITY/IbCA (2.12)
22

H = §—+ U(7) - oneparop sxepruu (2.13)
m

Ormerum, 49TO ompezeneHHblii B (2.12) omeparop MOMeHTa WMILyJbca GespasMmeped. [Ipuunna
BBIOOpA TAKOI'O OIIPEJIeJIEHNs CTAHET IIOHATHA HUXKE.

2.3 CobcTBeHHble PYHKINU U COOCTBEHHBbIe 3HaYeHUd ollepa-
TOPOB.

Hucniepcust HaOII0IaeMON MEXaHMIECKON BEJIUIUHBI F' MOXKeT ObITH BBIYUCIEHA, C TTOMOIILIO OIe-
partopa

(AR = (F — (F))2.
Ee Besmmunna xapakTepu3yeT TOYHOCTH, C KOTOPOU MOXKET OBITh B MPHUHIIUIIE U3MepeHa HabJIro1a-

eMas B JaHHOM KBaHTOBOM cocrosuuu V. Cocrosuus V,, B KOTOPBIX 3HAYEHHE MEXAHMIECKOI
BEJIMYUHBI F' OIIPeIesIeHO mouHo, ABIIAIOTCA COOCTBEHHBIMU COCTOSHHUAME Olleparopa F':

FU,=F,0,.

B srom ciyuae BomHoBBIe yHKIMn V,, HA3BIBAIOTCH cOGCMEEHHLIMY PYHKYUAMU omepaTopa F,
a guciaa F, - ero cobemeennbvimu 3HAMEHUAM .



2.4 OBIIIASI TEOPUS TPEACTABJIEHUI. MATPUYHASI KAPTUHA ['E3EHBEPTA. COOTHOINEHUE HEOIPE/JEJEHHO-
CTEN ['EA3EHBEPTA. 13

J1j1s1 5PMHUTOBBIX ONEPATOPOB (KAKUM B JIAHHOM CJlydae siBJISeTCs oneparop nabarodaemoti F')
cobcrBennble 3HaveHus I, eewecmeennn. CobcrBeHHble 3HAavMeHUs F), MOryT MMeTh W Helpe-
PBIBHBIN, U JUCKPETHBIA CIIEKTP.

s cobecrBeHHBIX (DYHKIMN BBIIOJHAIOTCHA COOTHOLIEHUS OPMO20HAALHOCTIU U TOAHOMDL,
KOTOpbBIE B C/Iy4dae JUCKPETHOI'O CIIEKTPpa IIPUHUMAIOT BU/L

/dF\II;*n(?)\Iln(F) = mn
S UG = 6 -7
a B CJIydae HelPepbIBHOTO cneKTpan
/ GO (F) = 5(F — F)

/dF\I/j}(F)\IIF(F’) = o7 -7

IIpumepoM siBjIeTCA ONEPATOD UMIyJabca P U (B KOODAMHATHOM IIpeAcTaBjeHuun!) ero cob-

i

— —p7 —
creennble GyHxuun ¢z (7 ) = G eh’ | oIepaTop KOODJMHATHI ¥ M ero coOOCTBeHHbIe (PDyHKIINN

5(7 — 7).
Hpyrum npumepoM SBJIAETCS ONEPATOP MPOEKIINH MOMEHTa HMITYyJIbCa, KOTOPBIA B KOODIH-
HATHOM IIPEJICTABJIEHUN UMEET BU/I

fmite? Dy

—_— ) — — Z—
dy yaz) op
CobcTBeHHBIE (DYHKIIUU 3TOrO OIIepaTopa I:Z\I/m =mW,, UMeT BUJ,

v,,= 1 eime
V2T
TpeboBanne OFHO3HAYHOCTH BOJTHOBON (YHKINHM KaK (DYHKIMH YIJIA (0 OPUBOIUT K KEAHMO-
60HUN0 COOCTBEHHBIX 3HAYEHWIT MPOEKIIMY MOMEHTA, YCJIOBUIO U3 yesouuciennocmu: m=0,£1,+

2

yene
W3 anrebpbl M3BECTHO, 9TO KOMMYTHUDPYIOIIAE MATPHUILI MOIYT OBITH OJHOBPEMEHHO IPUBE-

JeHBbI K JUaroHaJbHOMY BUIY, U I HUX MOYKET OBITH MOCTPOEH OOImmilt 6a3muc COOCTBEHHBIX BEK-
topoB. Ha arom 6a3uce jelicTBre MaTPUIBI CBOJAUTCI K YMHOXKEHHUIO BEKTODA Ha YHUCI0. AHAJO-
TUYHO, I KOMMYTHDPYIOIIMX ONEPATOPOB CYIIECTBYeT oOmuit HabOp COOCTBEHHBIX (YHKIIWIA,
OTBEYAIONUX COCTOSHUSAM, B KOTOPBIX COOTBETCTBYIOIINE (DU3MIECKUE BEJIUIUHBI OTHOBPEMEHHO
M3MEpPUMbI CKOJIb YTOIHO TOYHO.

2.4 OO6mag Teopusa Tnpeactapienuii. MaTpuyHag KapTuHa
I'eitzenbepra. CooTHommeHne HeonpeaejdeHHocTell [eiizeH-
Oepra.

Kak mbr yxe Bumenu B 1i1.2.1, ogHa u Ta ke nHMOpPMAIUsd O KBAHTOBOM COCTOSHUHU YACTHUIBI -
KBAHTOBAas AMILIUTYa MOXKET OBITH IIPEJCTABJICHA DPA3IUIHBIMU CIIOCOOAMU, B JACTHOCTH, U B
KOOPOUHAMHOM, U B UMNYAbcHOM TpeicTaBiaeHnn. PakTUdecKn, pedb HJIET O IPOEKIUUA KBaH-
TOBOIT MH(MOPMAIINK HA TOT WX WHON 0a3MC KBAHTOBBIX COCTOSHHUI: B IEPBOM CjIydae, Ha Oa3uc
COCTOSHUI C OIPEIEJIEHHON KOODAWHATON, BO BTOPOM - Ha 0A3WC COCTOSHUIL C OIPEIeIeHHBIM
nMiryabcoM. Hambosiee BbIpasuTebHO 3TOT (DAKT MPEACTABJIEH B T.H. MaTPUIHON (OpPMYJIH-
POBKe KBAHTOBOI MeXaHWKH, mpejioxkernHont B. Tefizenbeprom.

MHOKeCTBO KBAHTOBBIX COCTOSHUI IPeCTaB/IgeT coboi HECKOHEYHOMEPHOE BEKTOPHOE (IHUJIb-
6epTOBO) MPOCTPAHCTBO, M KAXKJ0€ KBAHTOBOE COCTOSHUE SBJISETCH B TAKOM IPOCTPAHCTBE BEK-
TopoM, obo3HadaeMbIM Kak |U). JlaHHOE IPOCTPAHCTBO SIBJSIETCS YHUTAPHBIM, T.e. CKAJSPHOE
npousBesieHne 1ByX BeKTOpos |V, ) u |W;) B HEM OIpelesieHO Kak

Tab= (‘Ila|qu>a
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e apMuToBo conpszkenusii Bekrop (U] = (|U))Y; B obmem ciyuae ckansproe npomsseenue
Komnaexchodnauno. Tem cambim, cymecrsyior "esoie" (U] u "mpassie" |V) BekTOpa, CBA3aHHBIE
MKy CODOIO omeparyeil SPMUTOBCKOTO CONpsizKeHudA. [lo Tpagunuu, B KBAHTOBOW MEXAHUKE
IPUHATO UX HA3BIBATH Opa U kem BekrTopamu (0T aHrjmiickoro ciosa brackets - ckobkm).

Tak ke, KaK ¥ B OOBIYHOM IIPOCTPAHCTBE, B IMPOCTPAHCTBE KBAHTOBBIX COCTOSHUN MOYKET
OLITH BBIOpAH OPTOHOPMHUPOBAHHEIN 6a3uc - HAOOP BEKTOPOB |&), IO KOTOPBIM MOXKET OBITH pas-
JIO>KeH JII060i BEKTOP MPOCTPAHCTBA!

(0)=3 " vala)
(o7

rjle MHJIEKC (v MOKET IIpO0erarb Kak JUCKPETHBIH, TaK U HelpepbIBHbIA Habop 3uadenuit. Coor-
BETCTBEHHO, KOI(D(UIMEHTD!I PAa3JI0KEeHNs MOI'yT OBITH IIOJLydYeHbl, KaK IIPOEKINs BEKTOPa COCTO-
aaus V) Ha 6Ga3sUCHBIR BEKTOD |a):

Vo= (a|V) (2.14)
151 OpTOHOPMHUPOBAHHOIO 6a3nca BEKTOPOB |(v) BBIIOIHAIOTCH COOTHOIIEHUSA OPTOrOHAIBHOCTH
(a]F) =dap

1 IIOJIHOTBI:

Ecnu B (2.14) B34Th B KadecTBe 0a3WCHBIX BEKTOPOB BEKTOPa COCTOSHUN |Z) C ONPEJeJEHHBIM
3HAYEHUEM KOODJIMHATHI, TO MOJIYIYUM BOJTHOBYIO (DYHKIMIO B KOODAMHATHOM IIPEICTABJICHUN:

U(x)=(x|¥). (2.15)

Anajiorn4npiM 00pa30M, B3dAB B 0Oa3UCHBII HAOOP BEKTOPOB COCTOAHMI |p) € OIpeJesIeHHBIM
HAMIIYJICOM, IIOJIYYHM BOJHOBYIO (DYHKIMIO B MMIIYJIbCHOM IIPEJICTABJIEHAN

®(p) = (p|¥).

Ucnonbsys cooTHomtenne momHOTHL y - |z) (x| =1, 0TCI0Ma JIETKO MONYYUTh CBA3b MEXKJy STUMH
IPeICTABICHAAMI

o(p)=>_ (plz)(z|¥)

x

Cpasnusas ¢ (2.1), oToxaecTsigem: », — [ dz, (plz) — e~ "P%/P B paMKax MATPHTHOIO

V2rh
OoAXOoma IIepexoa OT KOOPAMHATHOI'O IPEACTaBJICHUA K HMIIYJIbCHOMY Oa€TCAd YMHOXKEHUEM 634-

mozo 8 Koopdunamuom npedcmasaseruy Bekropa (x|V¥) Ha yHETapHy0 MaTpUly (p|T).

VYnpaskuenne 2.2. /Joxazars, uro marpuna U = (p|x) yHuTapHa.
Joxkazarenncreo. Ut = (z|p), (UTU)ze = >, (@lp)(plz’) =dza d

Takum 00pa3oM B MaTPUYHON KAPTHHE CBA3b MEXKJy IIPEICTABJIEHUSIMU OKA3BIBAETCS 3HAYTM-
TeJIbHO 0OOJiee HAIJISIHON: MHTEerpajbHblEe IPEoOPA30BAHNSA CBOAATCS K IIPOCTOMY IIEPEMHOXKEHUIO
MaTpHIL.

Cpemtee 3HaU€HNE ONIEPATOPA F no KBaHTOBOMY cocrostuuio |U) ompezessieTcst Kak

(F) = (V|F|w) (2.16)

IIpocTpaHcTBEHHAs] TJIOTHOCTH BEPOSITHOCTH YACTHUIBI JAeTCsl KBAJIPATOM MOJYJIsl MPOCTPaH-
crBenHoi ammuryasl U(x) (2.15):

2 .
w(z) =¥ (@)|" = (V]r)(z|¥) = (V][5 (2)[¥), (2.17)
OTKyJa JJId OoIepaTopa IIPOCTPAHCTBEHHON IJIOTHOCTH BEPOATHOCTU MMEEM:

p(@) = o) (al. (2.18)

Vnpaxkuenue 2.3. [locTpouTs oneparop UMIYJAbCHON IIOTHOCTH BEPOATHOCTH P(P).



2.5 YUCTBHIE U CMEIIAHHBIE COCTOSIHUSI, MATPUIIA TJIOTHOCTH. 15

Cpeznee 3HaY€HNE OIIEPATOPA KOODIUHATEI

(@)= zw(@)=>_ (V|z)z(z|V). (2.19)

x x

OueBuHO, YTO OMEpPaToOp KOODJMHATHI PaBeH & = ‘x>x<x’ O60b61mas, i TPOU3BOIHLHOTO
OTIePATOPa UMeeM

F=>2 101 (2.20)
f

rae {|f)} - mOJHBI OPTOHOPMUPOBAHHBIH HAOOP cOGCMEEHHBIT BEKTOPOB OIEPATOPA fif [f) =
f1f). Ormernm, uro 6ud Bbipakenns (2.20) He 3aBUCUT OT KOHKPETHOI'O [PEICTABJICHHS.

MarpuuHblil s;leMeHT omnepaTopa f OmpelesieH Kak

fav=(alf |b).
B wacTtHOCTH, B34B B KadecTBe "00KIanoK" BekTOpa cocroauuii |a) = |z) u |b) = |z'), ¢ onpexe-

JIEHHBIMA KOODJMHATAMM & W Z', TIOJyYnMM BBIDAsK€HUE I Omeparopa [ B K00pOuHamMHOM
IIpeJICTaBJIECHUN.

B menom, maremaruyeckuit popMasm3M KBAHTOBOI MEXaHWKH B TPAKTOBKe [eitzeHbepra cBo-
IUTCH K ajredpe YHUTApPHBIX BEKTOPOB M MATPUIl. BeKTOpa OMUCHLIBAIOT KBAHTOBBIE COCTOSHIUS
CHCTEMBI, & MATPHWIIbI, HA3bIBAEMBIE OIEPATOPAMU, MO3BOJISIOT BBIYUCIUTH HAOIIOmaeMble (Hu3n-
YecKre BeJIMYMHBI U, KaK Mbl YBHJIUM BCKOpE€, KBAHTOBYIO JUHAMUKY CUCTEMBI.

B kagecTBe miutrocTpanun pacMOTPHUM JI0KA3aTEIBCTBO OOIIEr0 COOTHOIIEHUS HEOIIPEIETEHHO-

creit T'eitzenbepra. Ilycts @ u b - onmepaTropbsl HAOIIOLAEMBIX (DU3UUECKUX BEJIHYHH, IPUIEM

a, b} =4 C # 0, Torga Ipu yCpeJHEHUH 0 JI0O0MY KBAHTOBOMY COCTOSIHHIO |¢) BBIIOIHSETCS

(@) (- (5)2) > (¢ o

Vnpaskuenne 2.4. [lokasars coornomenne (2.21).

HEpaBEeHCTBO:

JokazarenbcTBo. Begem maia npocrorst A =d — (d), B =b — <b>, TaK 4TO <A> = <B> = 0. Hauee,
MOCTPOUM BEKTOpP |p) = (A + iaB)|¢), e @ — BellecTBeHHOe duciao. Mcmomb3ys odeBHIHOE HEPABEHCTBO
<<p|<p>2 >0, ¢ yueToM 3pMUTOBOCTU onepaTopoB A u B, sanumem

0 < <¢|(A - mB)(A +m1§)|¢>> = (¢\A2+a232+ia(AB - E}A)\@ =
= (¢14%[¢) +a(6|B?|9) —a(9|C |¢) = (A% ) +a?(B?) —a(C)
KBaJIpaTHqHaﬂ cb()pma IO @ TIOJIO2KUTEJIbHO OIIpe/iesieHa IIpu yCJIOBUU, 9TO J€TEPMUHAHT!:

4<A2 ><E§2 > — <C’ >2 >0. Orcroga cienyer, 9T0

(42)(84)= (6= @) (6~ (5)) () 1

49TO U Tpe6013anocb JOKa3aTh. O

2.5 Ywucrtble u cMellaHHbIe COCTOAdHUA, MaTpHUIla IIJIOTHOCTNA.

W3 Bekropa cocrosiHus |¥) MOXKHO IIOCTPOUTH MATpHILy (OIEpaTop) IUIOTHOCTH, HPEICTABIIS-
IOILYI0 CODOI ¢ MATEMATHIECKON TOYKM 3PEHUS T.H. MEH30PHOE TPOU3BEIEHNE IBYX BEKTOPOB:

p=|0)(V] (2.22)

C mOMOIIBIO 9TON MATPHIBI IJIOTHOCTH cpefHee 1o cocrosauio |U) ot omeparopa F' MoxeT ObITH
BBIUNCIIEHO Kak (cpaBHu ¢ onpezenenueM (2.16))

(F)Y="Tr pF (2.23)

rae Tr obo3Hadaer omepanuio B3ATUs clefa (CyMMbl JUANOHAJIBHBIX JIEMEHTOB) OT MPOU3BE-

neHusd martpur p u F'.



16 Bo/iHOBASI ®VHKIINST U OTIEPATOPHI

CocrosiHue u304Up06aHHOTI KBAHTOBOW CUCTEMBI MOJHOCTHIO OIMCHLIBAETCS BEKTOPOM €€ KBaH-
TOBOIO COCTOSIHUSI, 3aBUCANIErO JIUIIb OT BEKTOPa €€ KBAHTOBOI'O COCTOSHUS B HEKOTODBIN
HAYAJbHBIH MOMEHT BPEMEHHU tp, U COOTBETCTBYIONAsl MATPUIA IJIOTHOCTU CBOIUTCA K TEH30P-
HOMY NPOU3BEJIEHUIO BEKTOPOB cocTostHus (2.22). B 3aroM citydyae roBopsT O wucmom KBAaHTOBOM
COCTOSTHUU.

B peanbHOCTH, J1t06asi KBAHTOBAsl CHUCTEMAa BCEJIa WCIBITHIBAET BHEIHEE, B TOM YUCJIE U
HEKOHTPOJIMPYEMOE BO3JIEHCTBHE, OKA3BIBAIOIIEE HEKOTOPOE BJIMAHNE Ha JUHAMUKY €€ IBOJIIOIUN
BO BpPeMEHH. BeKTOp COCTOsIHMsI TAKOW CHCTEMbI OKA3BIBAETCs 3aBUCSIIUM HE TOJBKO OT ee Co0-
CTBEHHBIX JUHAMHYECKUX IIEPEMEHHBIX, HO M OT COBOKYIHOCTH BHENIHUX IapaMeTpoB {q}: |¥) —
|¥, {¢}), wu coorBercTByIOmAad MATpHIA IUIOTHOCTH €CTb DPE3YJILTAT YCPEJHEHUS IO STUM
BHEIITHUM [IaPAMEeTPAM:

p— p=1¥{a})(¥.{q}]

Ie depra CBepxXy OOO3HAdMaeT yCPeIHEHWEe O aHcaMOo 3Hadenmii mapamerpoB {g}. B srom
Caydae MaTpUa I[IOTHOCTH HE MOXKET ObITh MPEJCTABJIEHA B BUJE€ TEH30PHOIO IPOW3BE/ICHHUS,
IIOCTPOEHHOTI'O U3 OJHOI'0 BEKTOPA COCTOAHULA - JIPYTHUMH CJIOBAMU, KBAHTOBOE COCTOAHUE CUCTEMBI
HE MOXKeT OBITh OXapaKTEePU30BAHO KAKUM-TO 00HUM BEKTOPOM COCTOSHHA. B TakoMm ciydae
TOBOPAT O CMEULGHHOM COCTOAHUU KBAHTOBON CHCTEMBI.



I'maBa 3
KBanTroBag nmuHammka.

3.1 KBaHTOBBIII NOpUHNIUN NOpUYMHHOCTU, ypaBHeHue Illpe-
JAUHTEpa.

B kunaccuueckoit usvke TPUHIUI TPUIXHHOCTH O3HAYAET, UTO 3AHUE HAYAILHBIX YCJIOBUI
(MMITyJIbCA, KOOPJMHATHI) MO3BOJISET ONPEIE/IATh JAJbHERIYI0 TPAEKTOPHUIO CUCTEMbBI. B KBaH-
TOBO}I MEXaHUKE aHAJIOIMYHOE yTBEPXKJEHUE CIPABEIJINBO, HO JUIS 604H0600 dynkyuy (6exmopa
COCMOAHUA) CHCTEMBL: YBOJIIONHA KBAHTOBOI'O COCTOSIHUS JI€TEPMEHMPOBAHA ¥ OLMCHIBACTCH Ypa6-

nenuem Ilpedunzepa:

m%l’zﬁqf (3.1)

rme H - oneparop l'amuibToHa, I raMUIbTOHHAH CUCTEMBIL.
B koopmunataoM npencrasienuns! ypasnenuwe Illpeauurepa, ONUCHIBAIONIEE IBOJIOIUIO
KBaHTOBOM HJacCTHUObI B IIOTEHIIMAJIBHOM II0JIEe UMEeT BU/I
OV
th——

o = [ﬁw(f‘,t)}lf (3.2)

2m

= [ e V2+U(?,t)}\ll

S 2m

rae COOTBeTCTByIOHII/Iﬁ TaMWJIBbTOHHAH

A= s uEn=— v ium (3.3)
©2m T 2m ’ '

B JaCTHOCTH, TaAaMUJIbBTOHUAH CUCTEMDbI ABJIAETCA OII€ePaTOPOM dHEPIUH CHUCTEMbI:

(B)=(V|H|¥)
BosnoBast GyHKIMS JOKHA YI0BJIETBOPATD YCIOBHAM:
a) OJHO3HAYHOCTH;
b) HempepsIBHOCTHU (J/1J1s1 TOTO, YTOOBI CPEIHSIS SHEPIHUs OblIa KOHEYHA);

N S
C) KBaJIPATUYHON UHTEIPUPYEMOCTH: f d7 |V|” = 1, gys Toro, 9TOOBI IOJIHAS BEPOSITHOCTD
pasHa 1;

d) koneunoctn: ¥ < oo.

3agaua 3.1. Haiitu ckavox npoussoguoii Bosnosoi dyukuun na norennuasne U(z)=— Go(x).

3.2 3akKoH coXpaHeHHUs YNcJia YacTull, ypaBHEeHUEe HelIpepbIB-
HOCTU.

IImoTHOCTE BEPOATHOCTH, KAK MBI yKe OTMedasd Bblle, paBHa w = U*W. Brraucasda ee mpons-
BOJIHYIO 110 BPEMEHU, MOJIYIUM YPaBHEHUE HENPEPHLEHOCTAUL,

Qoo g OV Oy ey ¢ (A0 0 = (34)

Zh * *
= ATV - (V20 U}

ih . ST 1 T
= %V{\P VU — (VU)U} = —divj

3.1. Bb160p KOHKPETHOTO (KOOp,U,MHaTHOI‘O) npeacraBJIeHUA IJId BEKTOPpa KBAHTOBOI'O COCTOAHHA HE CHUXKaET
()6IILHOCTI/I Hamero paCCCMOTpeHUA. (DaKTI/I‘-IeCKI/I, 3TO TO 2Ke caMoe, 9TO BBI60p KOHerTHOﬁ CHUCTEMBI KOOpAWHAT
npu olucaHumu OOBIYHBIX OpOCTPpaHCTBEHHBIX BEKTOPOB.

17



18 KBAHTOBASI IUHAMUKA.

- ih
roe j = — %{\II*V\II — (VU*)U} - nomox BeposrHOCTH. [J06aBHM, 9TO IPU BBIBOZE MBI HCIIOJIb-
3oBanu ypaBHenme Illpennnrepa 1jsl KOMIUJIEKHO COIPS?KEHHONH aMmnTyapl W* moydeHHOe
KOMILJIEKCHBIM COIpsi2KeHneM ypasBHeHus (3.2):

ov*

. _ ok h2 2 = *
—’Lh at —H ‘I’ —[—%V +U(7‘,f):|‘1’

WNurerpupys (3.4) mo obbeMy, IOy IrM

dw ow
rT /dVE*

= f/dVdivf:fjgdg j
S

T.K. MHTErpaJl 10 OECKOHEYHO yIAJEHHOU MOBEPXHOCTHU S HCUE3AE€T, €C/IM COCTOSHUE MOJHOCTBHIO
JIOKAJTM30BaHO BHYTPH 00bEMA, OXBATBIBAEMOI'O IIOBEPHOCTHIO S.

3.3 3aBucCHMOCTb CpeaHUX 3HAYEHHNII MeXaHN4YeCKNX BeJINYNH
ot BpeMmeHu. Teopembl DpeHdecTa.

Brrauciimy mpou3BogHyIo 10 BpeMeH! OT CPeTHEro 3HAUEHUs OIepaTopa

d<F> _ d * ; = —
5 = @ | FYEDFYE.) = (3.5)
= /df{a\lf*g,t)m(ﬂt)+\I/*(F,t)%F\IJ(F,t)+\I/*(F,t)ﬁ—a‘1’g’t)}

— /dF\IJ*(F,t){aaf = H}}\P( )

roe, KaK W BBIIEe MBI HCIONb30Bajd ypaBHeHnwe Illpemwnrepa i IPOM3BOSHON BOJIHOBOM
dyuknun no Bpemenu. CorsacHo (3.5), onepaTop TPOM3BOAHON MO BPEMEHH OT HAGJIIOIAAEMON
MOXKET OBITH OIIPEJIEeJIEH KaK

FH} (3.6)

Juist Toro, aTobpr Habmonaemast (F') Obliia MHTEIDAJIOM [JBIXKEHUSI — OTBEYAJIA COXPAHSIOMIEHCs
BO BPEMEHH BEJIMYUHE, JOCTATOYHO YTOOBI COOTBETCTBYIONIHWII omeparop F He 3aBUCET SBHO OT
BPEMEHU, 1 KOMMYTATOP 9TOr0 OIEPATOpa ¢ TAaMUJIBTOHHAHOM H ObLI paBeH HYJIO:

%1; 0. [, =0

3agaua 3.2. Vcnoas3ys ramuiabroHuas (3.3) juisl ABUKEHUS B NOTEHIUAJBHOM I10JI€, BBIYUCINUTH

d
a) omeparop CKOPOCTH v =3
2

b) omeparop yckopenus a :@x‘

VYpasuenue (3.6) M03B0OJIAET NOLYUUTH ONEPAMOPHHLE YPABHEHUA ['aMUIBTOHA

i = %[mH} (3.7)

p = %[pH} (3.8)
KOTOpI)Ie JId IBU2KEHHNA B IIOTECHIMAJIBbHOM II0JIe HpI/IHI/IMaIOT B

i = lﬁ (3.9)

b= " (3.10)

Cdx



3.4 BPEMEHHOE U CTAIIUOHAPHOE YPABHEHUE [IIPEAUHTEPA. 19

Vcepemusas 9TU ypaBHEHHsI 10 KBAHTOBOMY COCTOSIHHIO, TOJIYYIUM YpasHenus Ipendecma s
HabJII0AeMBIX

%<$>=<f>=%<ﬁ>, %(p>=<ﬁ>=%<—%>=%<ﬁ> (3.11)
dU

rpe J =~ oneparop CHIIBL

3.4 Bpemennoe u crammonapHoe ypaBHeHue Illpenunrepa.

VYpasuenue Hlpenunrepa (3.1) onmcbiBaeT IMOMHYIO BOIIONHUIO BOJIHOBOW (DYHKIUM BO BPEMEHU
I MPOU3BOJIBLHOIO KBAHTOBOI'O COCTOSHUS W HA3BIBAETCA Gpemerubim ypaBHerueMm [lpeamn-
repa. B obmeMm cirydae ra 9BOMIONUA JTOBOJBHO CIIOXKHA.

OH
B ClIy4dae, Korga dBHad 3aBHUCHUMOCTHL TI'aMHJIBTOHHMAaHa OT BPEMEHH OTCYTCTBYET: B = 07

d
CpeHAA JHEPIUd COXPAHAETCH (E<E )= O) U SBJIFETCS WHTErpajioM JIBUKeHUdA. B aTom ciaydae

BO3MOXKHBI KBAHTOBbIE COCTOAHUA C MOYHO OIPENEJeHHLIMU 3HAYCHUAMMU SHEPIUM, U BOJIHOBa
GYHKIUSA TAKUX COCTOSHHUI MOXKET OBITH IIPEJCTaBJIEHA B BUIE

U(z,t) = p(x)e "t (3.12)
oncrapisas (3.12) B (3.1), monyaum cmayuonaproe ypasuenue [IIpeaunrepa:
i (x) = B (x) (3.13)

OueBnIHO, YTO B 9TUX COCTOSHUSX IIOTHOCTH BEPOSTHOCTU HE 3aBHUCHT OT BPEMEHH, T.K. 3aBU-
CUMOCTh OT BpeMeHH u3 ypabHenus (3.13) Bbmana. DTO ypaBHEHUE SBJSIETCS YPABHEHWEM HAa
COOCTBEHHBIE COCTOSIHHSA oneparopa ['amMuipToHa H. IIockonbky omeparop 'amusabToHa SPMUTOB:
H" = H, ero coberBennble COCTOSHMS 0OpA3ylOT NOMHBIA GA3MC B IPOCTPAHCTBE KBAHTOBBIX
COCTOSHMIA:

/dxw:;(x)wm(x) = Onm (3.14)
> n(@)gn(z) = dz—2) (3.15)

U TIPOM3BOJILHOE COCTOSHIE MOYKET OBITH MPEACTABICHO KaK CYHEPIIO3UINs CTAIIMOHAPHBIX COCTO-
SAHUN

U(x,t)= Z cne " Ent/hy (1) (3.16)
B cBowo o4epenp, koadbdunmenTst pa3non>KeH1/1ﬂ MOT'YT OBITh BBIYHCIEHBI KAK
cn:/ dz ) (2)¥(z,t=0) (3.17)
Ioxcrasisas ux B (3.16), momydnm
Wat) = [ da’ S e @) i) Bt =0) =
= / deG(x,z’,t)¥(z’,t=0)
rze onepamop seomoyuy (byukuus ['puna)

G(z,a',t)=> e Ent/h (z) s () (3.18)

MO3BOJISET O 3aJaHHONH HAYAJBbHONW AMIUIMTYZE IOCTPOUTH AMILUIATY/Y BOJHOBOH (yHKIHN
U(z,t) B IPOU3BOJIbHDI MOMEHT BPEMEHH t.

3amaua 3.3. ITocTpouTs omepaTop IBOTIOIUN JJIsI BOJHOBOH DYHKIMH CBOOOTHON TACTHIIHI.






I'maBa 4
JIBu>KeHUe B NOTEHIIMAJIHBHOM II0OJIE.

4.1 OOmue cBoiicTBa JaBUXKeHUd, JUCKPETHBIA ©W HeIlpe-
PBIBHBII CIIEKTP.

E>U,0x

/\ U <E<U
min max

\ 0<E<U,,.

Ui E<0 x

K
1

Pucynok 4.1. Paznmuunsie Bapuantsl dunuraoro (E < 0) u undunuraoro (E > 0) aBukeHus.

PaccmoTpuM JBUzKeHHe YaCTHIBI B NPOU3BOAbHOM norennuasie U(x) (puc.4.1). s oupeme-
JIEHHOCTH TOJIOXKUM, 410 Uz — 00) =0 u U(x — — 00) = Up > 0. Kak u B Kiaccu4eckoil JuHa-
MUKE, IBUKEHUE JACTHUIBI B NOTEHIMAIE BO3MOXKHO JIMIID IIPH YCJIOBHUHU, UTO €€ SHEPTUS

E>2minU(z) =Upin

Ecin E < 0, neuxKeHue 4acTUIbl @uHumHo, U COEKTD 3Ha4YeHWil snHeprun F muckpernsiii. B
cnygae > 0 oHO ungurummHo, U CcrieKTp 3HadeHuil sneprum F HenpepsiBHbIA. Koopauuars! z,
YJIOBJIETBOPAIOIINE YPABHEHHIO

Ulx)=FE
HA3BIBAIOTCS KJIACCHIECKIMH TOYKAMH IIOBOPOTA.

Cramuonapuoe ypasuenune lllpemumnrepa g ABUKEHWS YaCTUIBI B MOTEHIINAJLHOM IIOJIE B
OJTHOMEPHOM CJIydae MMeeT BUJL

2 2
Y Uy =By, (4.1)

U ABJSETCHd JIMHEHHbIM nuddepeHuaIbHbIM ypaBHeHneM BTOporo mnopsiaka. Obimee pernenue
9TOr0 yPaBHEHUSI €CTh CyMMa 06YyZ HEe3aBUCHUMBIX PEIeHUl, ACUMITOTUKA KOTOPBIX IPU T — -+ 00
nU(z)—0

P(x) = Ap(k)e™ ™ + By (k)e ™+,

rorya Kak upu z — —oo u U(x) — Uy

P(x) — A_(k)e'*"® 4 B_(k)e~tkn=

e KBaJpaT BOJHOBOTO BekTopa k? = 2m F /h? u kBajpar "mokazarens mpenomiaenns" n? =1 —
Uo/E. B coorsercrBun ¢ puc.4.1 paccMoTpuM 4 BO3MOXKHBIX CJIydasd:

21



22 JIBUYKEHUE B TIOTEHIIMAJIBHOM ITOJIE.

a) E < 0. Ilpu atom k =ik, tne ~%>=2m|E|/h® u n?> 0. Tpebopanne HOPMUPYEMOCTH
.. 2
BonHOBOM dymkuun: [ dz|y|” < oo mpeimonaraer OTCyTCTBHE CIAraeMbIX, SKCIOHEHI[HAILHO
pacTyIyX IpH || — 00, 1 BolHOBas MYHKIUS JJOIKHA BeCTH cebs Kak

1/)(z){ Ay(k)e ™ ®  upm x— 400 (4.2)

B_(k)e*™* upm x— — 00

B xaaccuuecku memocTynHON 00aCTH BOTHOBas (DYHKIMS 3aTyXaeT KCHOHEHIMAILHO 110 Mepe
yIaJeHusl OT KJIACCUYECKM JIOCTYIHOM obsiacTu. TeM caMbIM, JIBHKEHHE OI'PAHUYIEHO TIJIABHBIM
00pa3oM KJIACCUYIECKH JIOCTYIIHOU OOJIACTBIO, M OHO (HUHUMHO.

VesoBue (4.2) UPUBOIUT K KEGHIMOBAHUIN YPOBHEH, T.e. K JUCKPETHOMY HabOpy oIy-
CTUMBIX 3HadeHMi dHeprunm FE. JleficTBUTEIBHO, YCJIOBHE OIPAHUYEHHOCTH BOJIHOBON (DYHKIMH
wnr nomarast A_(k) =0. Oxnako
[IPOJIOJIZKEHUE TAKOT'O PEIlleHusI B 00JacTh T — + 0O HPHUBOJUT B OOINEM CIIyYae K IOSBJICHIIO

opu & — — 00 3acTaBisder Hac BeIOparh ¢(z — — 00) = B_(k)e

deyr cnaraembix P(x) = Ay(k)e " + By(k)e"®. TpeboBaHue OrpaHHYEHHOCTH BOJHOBOMN
byHKIUN 1 B 001aCTH T — + 00 BEIET K YCJIOBUIO

Bi(k)=0 (4.3)

Ho rak kak xoadbdunument Bi(k) He gBisercd npousBoibHbIM, yciaosue (4.3) npeicrasisger
co60I0 ypaBHEHHE, UMeIolee TUCKPEeTHBIN Habop pemenuil. TeM caMbIM MBI IPUXOJUM K BBIBOLY,
4YTO B CAYMAE GUHUMMHO20 J6UINCEHUA CNeKmp sHep2ull cucmemb, JucKkpemen.

b) 0 < E < Up. B srom cinyqae k? >0, n?=Uy/E — 1 < 0; BBeIeM 11 yao6cTBa v n = iv, e
v? = Up/E — 1. Kak u B IIpesibjIyIeM ciydae, BOJHOBasA (DyHKIUSA OCTAETCsS SKCIOHEHIUAILHO
3aTyXaIOMIed TPU T — — 00, HO IIPU T — 0O OCHUJIINPYET, OCTABAsACH KOHEYHOI:

A (k)et*® 4 B, (k)e™"** mpu 2 — + oo
B_(k)elve upu T — — 00

Y(x) = (4.4)
O4eBUIHO, YTO B JAHHOM CJIydae IBUKEHUE UHEUHUMHO. YCIOBHUE CTAIIMOHAPHOCTU COCTOSHUS —
HE3aBUCUMOCTH DPacCIpeesieHIs BEePOATHOCTH OT BPEMEHH, U COXPAHEHUs BEPOATHOCTH IOIPa3y-

MEBaeT OTCYTCTBHE IIOTOKa BepoaTHocTH: j(2) =0, OTKyAa ciemyer
[A4] = |B4]
Y(x—o00) = C(k)cos(kz+9),
rae daza 6 = %arg(A+/B+), C(k)=2|A4|=2|B4|.

IIpu © — — 0O yCJIOBHE OrPAHUYEHHOCTH BOJHOBOH (byHKUMM IpU & — — OO U3 JBYX HE3aBHU-
cumbix pernennit A_(k)e™ ' * u B_(k)ek* ocrapnser Tonbko ommo, Tpebysa A_ (k) =0.

¢) Up < E < Unax. lpu arom k%2> 0 u n?>0. Kak u Bblle, IBHXKeHHIe UHMOUHUTHO, HO B 0be
CTOPOHBL: T — + 00 U & — — 00. TpeboBaHNE OrPAHMYEHHOCTH BOJHOBON (PYHKIMU HE HAKJIAJbI-
BaeT KaKMX-JUOO0 yCIOBUil, 1 paboTaroT 00a HE3aBUCHUMBIX PEIIEHHs: UMeeTCHA J6yKkpamHoe BBIPO-
JKJIEHUE CIIEKTPA.

PaccmarpuBas cirydaii, Korjja IOTOK 4acTHIL 1a1aeT CIeBa, NMeeM

Ay (k)etke upu & — —+ 00

¥l(z)= A_(k)e'kv® 4 B_(k)e™ "™ npm x — — oo

(4.5)
B nmannOM citydae MBI mMeeM YHCTO KBaHTOBBIN 3ddekT — nogbapbepHOe IPOXOXKIeHNEe YaCTHUIL,
WIA MmyHHeAuposaHue. HamoMHNM, 9TO 3TO dBJIEHHE HE UMEET aHAJIOra B KJIACCHYECKOH (u3ukKe.
B kBanTOBOM Citydae K03 PUIMEHT OTPaKEeHN U IIPOXOXKIEHNS

: 2 . 2
polirl _[B-[" ol 1]A4]
. ) . )
ljol — |A_|? ljol  n]A_|?
TOrZ[a KAaK B paMKaxX KJIACCUYECKO# (u3uku oTpaxkeHme dactull oT dapbepa npu F < Uy .y gBiIs-
erca momHbIM: R=1, T'=0.
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Venosue coxpaneHust anciaa qacTur gaer j(z — — oo) = j(z — 00), oTKyaa

R+T=1

d) E > Upax. Tax ke Kak u BbIllle, aCAMITOTUKA BOJHOBOM (dpyHKIun umeer Buj, (4.5), u Bce
CKa3aHHOE O MOBEJICHUN BOJHOBON (DYHKIIMU BBIIIE OTHOCUTCH M K JJAHHOMY CJIy9al0 TOXKe. 37eCh
TaK 2Ke BO3MOXKHO paccesnue Ha 6apwvepe: R >0 u T <1, 6 omauyuu OT KJIACCHIECKOTO CIIydasd,
Juist Kotoporo npu F > Uy, .x OTpaxkerue oT bapbepa orcyrcerByer coscem (R=0u T'=1).

3amaua 4.1. Ucxona us asuoro suga ypasnenus Ilpenunrepa (4.1), nokasars, 4To BomHOBag QYyHKIUA U €€
NPOU3BOAHASA JOJKHBI ObITH HENPEPLIBHBIMU (DYHKIUAMA KOOPJUHATHI.

JTokazaTenbcTBO. HenpepblBHOCTH BOJHOBOH (GDyHKIUM W ee MepBOil MPOM3BOJHON CeJyeT W3 OrpaHHYeH-
HOCTH 2-fi NpOU3BOAHON BOJMHOBOW pyHKuuu B ypaBuenuu (4.1), KoTopas B CBOIO O4epelb MMEET MECTO, €CJH
E wu norennnan U(z) KOHEYHDI.

s 6ojiee CTPOTOTO J0KA3aTENbLCTBA HENPEPLIBHOCTH MEepPBOit TPOU3BOAHON B HEKOTOPO#l TOYKE T MPOMHTE-
rpupyem ypasuenne (4.1) mo 6eckoneuno masoii obaactu (z — €,z +¢€), € — 0:

r+e€ hQ de r+e€
L dz%W = L dz (U — E)Y

—€ —€

2

G /
ﬁ%w’ (z+e)—¢'(z—€)] ~ 2 (U—-E)Y—0
Verpemnss € — 0, noxyuum ' (z+0) — ¥’(z — 0) =0, npu ycaosuu, aro U(x) KoHETHO. d

3amaua 4.2. /loka3arb, 4TO BOJHOBbIE (DYHKIUU YACTHIBl B IOTEHIIMAJBLHOM II0JIE MOTYT OBITH IPEICTaB-
JICHHBI B BEIIECTBEHHOM Buue: ) = ™.

JokazaTtenbcTBO. IlpuMeHsisi Olepanuio KOMIUIEKCHOIO coupsizKeHusi K ypasHenuto I[Ipegunrepa (4.1),
BHJUM, 9TO KOMIIJIEKCHO CONPsI?KeHHasA (YHKIHUS Y™ TaKyKe sBJISETCH PEIIeHHEM TOrO YK€ CAMOI0 YPaBHEHHUS:

h? d2 * . . .

~ om d:/; + U(z)y* = Ey* ¢ roit xe sneprueit E. B cuny auueiinoctn ypasuenusi (4.1), B TakoM ciydae

mapa He3aBUCUMBIX PENICHUA MOXKET ObITh IpeCTaBIeHa B BUJE JBYX BEIeCTBEHHBIX QPYHKIWIL: 1 = ¢ + 9™,
— *\ /7
po=(¢ —¢*)/i.

IIpumeuanue. Kax MBI BuZeu BbIIIE, I JACKPETHBIX YPOBHEH, OTBEYAIOIINX GUHUMHOMY IBUKEHUIO,
peumenne ypasuenus (4.1), ymosierBopsiomee TpeGyeMbIM TI'DAHUYHBIM YCJIOBHUAM, €IUHCTBEHHO. B 3rToM
caydae 1 u 2 OyIyT JIMHEHHO 3aBUCUMBI. O

3apgaua 4.3. [lokazarb, 4TO B OJHOMEDPHOM CJydYae BCe YPOBHH HEPIUHU, OTBEYAIOL[UE JUCKPEMHMOU TaCTH
cuekTpa (GUHATHOMY JABHIKEHUIO), HEBBIPOXK ICHDI.

HokazarenbcTBo. IlycTts mMmerorcs aBa pemreHns ypaBHeHusl IllpeamHrepa, oTBedaromuX OJHON M TON 2Ke
sHeprun E:

R? 4y

" 2m da?

R? %y

" 2m daz?

YMHOXKAs cjieBa IepBOe Ha )2, BTOPOE HA )] U BBIUUTAs U3 IIEPBOTO BTOPOE, MOy IUM

+U(@)yr = By

+U(@)p2 = By

h2 " 1 h2 d / A
- %(wal — Y1) = — %@(1&2% — P193) =0,

/ /
orkyzna (Y21p1 — P113) = const. B cayuae dunnTHOrO nBHKeHUs const =0, T.K. Ha JOCTATOYHO OGOJBIIUX PAC-
CTOSTHUSIX M BOJIHOBasl QYHKIWSA, U ee IPOU3BOAHAS 0OpaIaloTcs B HyJIb. B TakoM cirydae:

W vh_d, ()
o 2 dz1n<w2) 0

TeM caMbIM GYHKIUH %] U 12 IPONOPIUOHAILHBL APYT APYTY, T.e. JiHHeHHO 3aBucuMbl. C yd4eToM HX HOpMH-
POBKH U BEINIECTBEHHOCTH f day? = f dzvp3 =1, BuAMM, 9TO OHE IPOCTO PABHBI APYT APYTY. d

4.2 JIBu>KeHmWe B MOPAMOYTOJIbHOIW TOTEeHINAJBHOI saMe.
CocTosgHUS C ompeaeeHHOl Y4eTHOCTHIO.

Paccemorpum norennmast
0, upu |z|<a/2

Ulw)= o0, mpu || > a/2
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BuyTpu obsactu | x| < a/2 pemenue ypaHenus (4.1) uMeeT BHJ IIOCKHX BOJIH

’lp((E) — Cleikz + Cgeiikx
B obnacts | 2| > a/2 yactuna ne nponukaer, nosromy ¥P( £ a/2) = 0. 3anuceiBasg 3TH yCIOBH,
UMeeM CUCTEMY IBYX OJHODOJHBIX yPaBHEHMUI:
P(a/2) = 1’2 4 cemR2 =0
’lb( _ a/2) — Cle—ika/Q +02€ika/2: 0

HaJingue HETPUBUAJIBHOI'O DEIIeHNd BO3MO2KHO IIPU YCJIOBUH, 9YTO JA€TE€PpMHUHaHT CHUCTEMBI ypaB-

HeHU obpalaercs B HyJIb:
ika/2 efika/2

e .
det oika/2 gika/2 =2isin(ka)=0
oTkyna ka=mn, n=1,2,...; IOACTABJIAA B CUCTEMY YPaBHEHU, IOIYyINM /IBA HAOOpa PelIeHuit:
Y(x) = ccos(mnz), n=2j+1,7=0,1,... (4.6)
Y(x) = esin(mnzx), n=2j, j=1,... (4.7)
h’k%* _ (whn)?
2m  2ma? (48)

Jlerko BUIETH, YTO MEPBBIH HAGOD COOTBETCTBYET CUMMETPUIHBIM pemenusm ¢( — z) = (x), a
BTOPO# — anTHCHMMeTpraHbIM: ( — ) = — ¢(x). JIpyruMu cioBaMu, pelleHus] UMEIOT ompee-
JIEHHYIO 4emHOCMb.

JlanHOE CBONCTBO HE CIyYalHO, OHO SBJISIETCs CJIEJICTBUEM CUMMEMPUL UCXOJHONW CHCTEMBI.
JleiicTBUTEIBHO, ONepalus OTpaXkKeHWsl KOpauHAT © — — ¢ (omepamnusi umeéepcuu) HE MEHsIeT
raMHUJIBTOHUAHA CUCTEMBI, T.K. (pOpMa MOTEHINAIa CAMMETPUYHAsI, 8 KUHETUJYEeCKas JHEPrus He
3aBUCUT OT HalpaBjeHus JBuKeHus. CJeZ0BATENBHO, IPU OTPAYKEHUW KOODIMHAT PACIpejie-
JIeHWE BEPOSITHOCTH U3MeHWThCsi He noikHO: p(x) = p( — z). T.kx. p(x) = |1/J(gc)|27 BOJIHOBasI
dyHKIMA B pe3yabraTe OTParKeHUsl KOOPAMHAT MOXKeT mpuobpectn Toabko dasy: ¢ — x) —
P(z)e'™. Ommako JByKpaTHOE OTpasKeHWe SKBUBAJTEHTHO TOXKIECTBEHHOMY IPeobpa3oBaHHUIo,
II03TOMY (em‘)2 =1, u ¢ =4 1. Takum 0Opa3oM, BoHOBad (DYHKIHA MOXKET OLITH JIIOO MOJIO-
JKATEJIBHOM, JINOO OTPHUIATEIbHON YeTHOCTH.

C popMaNbHOIl TOUYKH 3peHHs] B 9TOM CIydUae TaMHJIBTOHHAH [ KOMMYTHpYET ¢ OmepaTopoM
wernoctn P: Pﬁw = I%Pm T.K. (Pﬁ )= H. Pasencrso KOMMYTaTOpa HYJIIO O3HAYAET, YTO OIle-
paTOp UYETHOCTH U TaMUJIbTOHHAH MOIYT OBITH 00HO8pEMEHHO IIPUBEJEHBI K IHATOHAJILHON
dopwme, T.e. cocTosiHUS € ONpenesIeHHOl sHeprueil mozym? ! UMeTh ONpeIeIeHHYI0 YeTHOCTD.

PaccMoTpuM Teneph 331849y ¢ TMOTEHIUAIOM IIPSMOYTOIBHOM sIMBbI KOHEUHOM TIyOUHBIL:

— Uy, upn |z|<a/2

Ulz) = 0, mpu |z|>a/2

Kax w B mpenpiaymeil 3a1ade, MOTEHIMAT CAMMETPHYEH OTHOCUTENHHO OIEPAIAN OTPAKEHUS:
U( — x) = U(x), 109TOMy €CTECTBEHHO OXKUJAThH, YTO PelleHre Oyler TakxKe 00JIaaTh CUMMET-
pueit Y( — x) = £ ¢(x). OrpaHUIUMCA TOUCKOM TOJBKO CUMMEMPUUHLLET DeleHuit P( — z) =
Y(x), I8 KOTOPBIX BHYTPU SIMbI

Yr(x) =cycos(kix), k?=2m(Uy+ |EY)

e TakyKe YJTeHO, UTO NI paccMarpuBaemoro ¢uuaurHOro msmxkenus F < 0. Bue smbr BOJI-
HOBasg (PYHKIUSA JOJKHA IKCIOHEHIINATHHO 3aTyXATh:

Yn(z) =coexp( — kz), K2=2m|E|
Ha rpanune = = a/2 nomxkHa 6bITH HelpepbIBHA W BOJTHOBasA (DYHKIHSA, U ee TPOM3BOIHAA:
Yi(a/2)=1r(a/2),  Pnla/2)=vi(a/2),
4‘1. B O,LLHOMepHOM C‘Hy"iae 8ce COCTOodHUudA IIeBprO)K,lLeIIbI7 n JaJisd CI/IMMGTpI/I‘IHOI‘O raMuJabTOHUAaHa BCE COCTO-
AHUA UMEIT Ollpe,LLeHeHHyIO TOYHOCTb. O,LLIIaKO B ,LLByX n TpeXMepHOM CJIy'*[ae l\/iOI‘yT Cy]_U\eCTBOBaTb ebl,poofcdeHHbl,e

COCTOAHUA C paaanHoﬁ YEeTHOCTBIO. O‘-IeBI/IJIH(), qTO cMech TAKUX COCTOSHUN TaKrKe sBJISETCS COOCTBEHHBIM
COCTOAdHUEM raMUJIbTOHHUaHa, HO onpe,aeneuuoﬁ YEeTHOCTBHIO MOXKET U He O6JIa,ZLaTb.
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IlonenuB BTOpOE ypaBHEHUE HA TEPBOE, TOJIYIUM

vn(a/2) _ ¥ila/2)
= — kltg k/’la 2) =K (49)
Unlaf2) ~ Uiaf2) (e
JlaHHOE TpaHCIEH/IEHTHOE ypPaBHEHUE MOXKHO PeIWThb JIMIIb NpubJMKeHHO. B ciiyuae, Korua
k1< Kk, MBI TIOJTy9aeM 3aja4y, OJU3Ky0 K npeabayiieil. 3anuceiBas ypasHenue (4.9) B Buje

ctg(kia/2)=k1/r <1 (4.10)

B HYyJIeBOM IpUOJIKeHnH uMeeM kia = g(2] + 1), uro coBmanaer ¢ pesyabratoMm (4.6) mpembl-
Aylieil 3a1a4u.

3anaua 4.4. a) Haiitu crekrp ypoBHeil B IpSMOYTOJbHON siMe B JMHeiHOM npubimkennu 1o ki/k.
6) Haiitn anmucuMMeTpudHbIe pelieHusl.

Sanaua 4.5. lcnonb3ys COOTHOIIEHUE HEONPENEJCHHOCTE, OLEHUTh YHEPTUI0 OCHOBHOIO COCTOSHUS B OLHO-
MepHOiT sfMe. PaccMoTperh ciydail, Korja pasMep CBA3aHHONO COCTOSIHMSI MHOTO GoJblie pasMepa SMbl
(cnywait "menkoit" aMmbr).

4.3 T'apMoHUdYeckmii oCINJIJISITOP.

Tamunbronunan TapMOHUYECKOI'O OCHUJIJIATOPa UMEET BUJL

~ P2 mwiE?
H — b7 Mot 4.11
5 T (4.11)

Vno6HO BBeCcTH Ge3pa3MepHbIe ITePpEeMEHHBIE

_E _ 0, &
= T’ §=\ 5 = (4.12)

B KOTOPbBIX I'aMUJIbTOHNAH IPUHUMAET BUJ (B KOOpAMHATHOM Hpe,ZLCTaB.HeHI/II/I)

o hwof  d
H==22(02+¢%) = 20( d§2+§2)

VYpasuenne lpenunarepa cBomuTcsad K JUHEHHOMY OOBIKHOBEHHOMY AuddepeHnraaIbHOMYy yPaB-
HEHUIO BTOPOT'O IOPAIKA

Hy=FEy =>< dd€2 +§2>¢=2gw

Ioncrasnas B ypasnenne (&) = exp( — £2/2) (&) cBemem 310 ypaBHenne K Buy

"—28p"+ (26 —1)p =" —26p" +2np =0

PeIlIeHneM KOTOPOTO SIBJISIIOTCsI TTOJMHOMBL dpmuta Hy(€), n =0, 1, .... B pesysnbrare ypoBHU 1
BOJIHOBBIE (DYHKIIMH OCIMJLIATODA

En = hwoszhwo(n+1/2)

Wa(§) = Coe S HL(©), Cum (T0) 212

LUt Tpex HU3MIMX COCTOSHUI:

1 ) 1w \1/4 — g2

3 1 mwo\1/4 2z ( —a? )
—hwo; Yi(z)= I ——

2 0 1( ) \/51{/7_(_ ( h ) h/mwo xp 2h/mwo

5 B 1 mwo 1/4 4£C2 _‘T2
=gt o =5 (50 (s 2)7 (g

CrereHb MOJIMHOMA, OIIPEJIEIISIET YHUCI0 HyJIeil BOJIHOBON (DYHKIMHM M PABHA HOMEDPY COCTOSIHUS.

OTMeTI/IM7 9TO B OJHOMEPHOM Cay4Yae IJjid IOPOU3BOJILBHOI'O IIOTEHIIWaJIa CIIpaBedjnBa T.H.
OCIIMJIJIATOPpHadA TeopeMa:
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3apgaua 4.6. /Joka3aTb, YTO B OJHOMEDHOM Cjyd4ae JJjs HPOU3BOJBHOTO HNOTEHIMAJIA YHUCI0 HyJeil BOITHOBOI
dyuxnuu pasao (n—1), rme n=0,1,2,... — HOMep COCTOSHUSI.

JokazaTenbcTBo. Jljis 9aCTHBIX CJIYYaeB - OCHUJISATOPA U IPAMOYTOIbHOI SIMBI 9TO BUIHO SABHBIM 00pa3oM.
IIpencraBuM Temepb, 9TO MBI HENPEPBIBHO AedOpMHpYeM IOTEHIHA]I OT TapMOHHYIECKOrO OCHHUJIATOpa K
moboMy 3amanHOMy U(x). DTOT mpomecc He MOXKET NPHUBECTH K CMeHe IOPSAJKA CJIe0OBAHWS yPOBHEIl, T.K.
JJI 9TOTO HeOoOXOAMMO, 4TOObI B KAKOH-TO MOMEHT SHEPIHUH ABYX YpPOBHEH coénaau. OTO HEBO3MO3MOXKHO
(cm. Bagaay (4.3)), 94T0 U DOKA3LIBaeT yTBEPXKJAEHUE B OOIIEM CIIydae. |

OTMeruM TakKe, 9TO YHEPrusd HAMHU3LIEIO COCTOAHUSA MAPMOHUYECKOro ocuusuisaTopa Fg > 0
Jla’Ke B HAMHUBIIIIEM COCTOAHUM, B OTJIMYUM OT KJIACCHYECKOIO OCIUJIIATOPA, KBAHTOBBIA OCIHII-
JIATOD MCIBITBIBAET T.H. HyAeebie Koaebanus. VIX HajIudMe CBA3AHO C COOTHONIEHUEM HEOIIPEJIe-
JIGHHOCTEl - XOTsd NPOCTPAHCTBEHHAs JIOKAJIM3AIMS YACTULBl BOJM3M MUHUMYMa IIOTEHIHAJIA
HOHMKAET ee IOTEHIHAIBHYIO sHepruio (U) ~ mwQ(A:I:)2 /2, COMyTCTBYIONMI pa3sbpoc MMILYJILCOB
Ap ~ h/Ar TPUBOIAT K HAJMYUIO y YACTHUIBI KMHEeTHIecKoi sueprun K ~ (h/Ax)?/2m, a nan-
HU3IIee COCTOSHUE OTBeYaeT MUHUMYMY IIOJTHOU SHEPIHH.

3a,/:[aqa 4.7. I/ICH().HB3y$I COOTHOIIIEHNE HeOl’IpeJIe.T[eHH()CTeP’I, OIIEHUTH 9HEPIrUI0 OCHOBHOT'O COCTOAHHIA OJHOMED-
HOTO TapMOHUYECKOTI'0 OCIUJIJIATOpA.

Pemnenne. [Tycrs pasmep BOJIHOBOM (GYHKIMM OCHOBHOTO COCTOsIHMS paBeH AX, TOrJa JJIsi OLeHKHU MOTeH-
2 2
mwi(Ax)

nuanapHoil sHeprun umeeMm (U) ~ 5

. I3 coornomenus uenpeenennocreit Ap~ h/Azx, u coorBercTBy-

2
jomas KnHeTHdeckas sHeprus (K) ~ ﬁA B ocHOBHOM cOCTOSIHUU TIOJIHAS HEPTUs JOJKHA OBITH MUHU-
MaJibHa:
d d 9 h2
() =5=(U K))=mwiAr — ————==0

2 2
Orciona (Az)® = (h/mwo)”, u nomuas sueprus (E) ~ hwo. Pasymeercs, BOCIpou3BeieHIe YHCIEHHOTO KOI(D-
dbunuenTa jeXKUT 3a HpeJeJaMyi TOYHOCTH Halleil OIeHKH.

4.4 TapmoHHYecKuii OCHUJIJIATOP B MNOpPeACTaBJIeHUU UUCe]
3aMoJTHEHUS .

4.4.1 OmnepaTopbl POXKIAEHUA U YHUUTOXKEHUS, JHEPTETUYECKUil CHEKTP
U CTAMOHAPHBIE COCTOAHUI.

3anuieM raMUIbLTOHMAH TAPMOHUYECKOIO OCUUJLIATOPA B BHUIE
. a1
H =hwyl a a—i—i (4.14)

I7le BBEJEHDBI ONEepamopb, YHUYMONCEHUA U POHCOEHUs DIEMEHTAPHBIX BO30YXKIEHUI, OIpeje-
JIEHHbIE KaK

~ 1 mwo . . 1 A\ 1 o . a
é E( CIE nwomp>‘ﬁ<“’")’ (4.15)
1 .

% ,/m,;”%—z-@ﬁ = (€ i, (4.16)

U KOMMYTaTOP KOTOPBIX PaBeH

at

[6,4+]=1. (4.17)

9TI/I OonIepaTopbl UMEIOT DA ITOJIE3HBIX CBOI‘/JICTB7 CYLIECTBEHHO YIIPpOIIAIOIIUX OIMCaHHNE€ KBaHTO-
BOI'O TAPMOHUYIECKOTO OCIMJLIATOPA.

PaccMoTpEM HEKOTOPOE CTAIMOHAPHOE COCTOSHUE |n), COOCTBEHHOE COCTOSHHE TaMUJIBTO-
nuana: H [n) = En|n). HeiicrBue omeparopa @ NIepeBOIUT 3TO COCTOAHUE B HEKOTOPOE HOBOE
cocroguue |P) = d|n). IlokazkeM, 4TO HOBOE COCTOSHHE TAKKe ABJIACTCA COOCMBEHHbIM COCTOA-
HUEeM TraMUJILTOHHAHa C dHepruei (En — hwo). HeiicTBUTETHHO, TOMIEMCTBOBAB Ha HErO OIepa-
TOpoM ['aMUIbTOHA, TTOJIY THM:

ﬁ|q>>:ﬁd|n>:([ﬁ,d] +dﬁ)|n>:(fhwod+dEn)|n>:(Enfﬁwo)|<1)>,
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Hpyrumu ciioBaMu, OnepaTop d YMEHBIIAET HEPrHi0 KBAHTOBOI'O COCTOSHHUS HA KBaHT hw,
[I09TOMY OH WM HA3BIBAECTCH NOHUNCAIOULUM OIIEPATOPOM. AHAJIOTMYIHO MOXKHO MTOKA3aTh, YTO OIle-
parop 41 yBenmuusaer suepruio Ha fiwp:

H(a*|n)) = (En+ hwo)(@*in))

7 Ha3bIBAETCs, COOTBETCTBEHHO, NOBLLULAIOULUM ONEPAMOPOM .

ITockoIbKY 3HEPTUsl OCHMJIATOPA OrPpAHWYeHa CHU3Y (110 MEHbINel Mepe, OHA IOJIOXKU-
TeJIbHA), JOJDKHO CYIIECTBOBATH HamHum3mree cocrosume |0), JasbHeillllee MOHUKEHHE SHEPIUH
KOTOPOTO HEBO3MOXKHO — M ITOOBI TIPOIIECC “TIOHMKEHUS MPEPBAJICS, HEOOXOIUMO

|0y =0. (4.18)

Takoe cocTogHHE HA3BIBACTCA OCHOSHLIM WA 6AKYYMHbIM COCTOSHHEM — COCTOSHHEM 0e3 3aje-
MeHTapHbIX BO30Oy:kaenuit. IlepenmchiBag 3TO ycjoBHE B KOODAMHATHOM IIPEJCTABJIEHUU,
TIOJIy UM

QWo(€) = (& 1) Wo() =i(s+i>wo<£>=o. (4.19)

V2 V2 dg
Emuncreennoe pemenne 3roro auddepeHnuansHoro ypaBHeHns IePBOro MOPSIIKa

Po(§) =C-exp( - £2/2), (4.20)
rie HOpMHpOBlKa onpegensiercs yenosueM [ dx(Wo(€ = z/ zo))2 = 20C?\/m = 1, OTKyza clemyer
C= (ﬁ%zo)_gz (mwo/hﬁ)1/4.

HeiictByss Ha BeKTOp OCHOBHOrO cocrosiius |0) noevwaowum omnepaTopoM 41, MOXKHO
[IOCTPOUTDH BeCh HAOOP BEKTOPOB KBAHTOBBIX COCTOSTHUI

|®n) = (d*)"]0) (4.21)

C 9K6UIUCTNAHMHbLM CIIEKTPOM COOCTBEHHBIX SHEPTUN
1
FE, = hwy n+§ . (4.22)

ITockosbKy Bce 3j1eMeHTapHble BO30YKIEHH: HMEIOT SHEPruio fuwg, OIepaTop YHCIa 3SJIEMEH-
TapHBIX BO30YKAEHUI

An=dta (4.23)
Bexropa {|®,)} xorg u 06pa3yoT OpTOroHaJIbHBII Oa3uC, MOKa elle He OTHOPMUPOBaHBI. KBa-
apar gusel (D, |P,) = (0[(a)"(aT)"|0) = (0] dd;l..d d+d':l...d+|0>. IlepecraBissa KpaliHuil MpaBbIii
orepaTop d ¢ n oneparopamu 41, moayuum
(0]dé...aga*ra*...a+10y=n(0|dd...a ¢*a*...a*|0) + (0] dd...g aTa+...a*a|0)
n—1 n—1 n—1
IMocnentee ciaraemoe ucdesaer, T.K. ¢|0) =0, MBI IOIy4aeM PEKKYPEHTHOE COOTHOLICHUE

<(I)n|q)n> :n<q)n—1|q)n—1>;

orkyna (®,|®,) = n!(0|0) = n!l. OxonuarespHO, IJisI HOPMHPOBAHHOI'O BEKTOPA COCTOAHUS
HOJLY YUM

(@"
)=o) (4.24)
Vnl
B koopamsaTHOM Ipe/CTaBIEHUM JIETKO IIOJIYYATH BOJIHOBBIE (DYHKIMU CTAI[MOHAPHBIX COCTO-
AHNAHN, X HOPMUPOBKY

()" Bor) = ( P0) o) 2 H (6), £= L (4.25)

Lo
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_le2
a TaK’Ke BBIPA3UTH IOJIUHOMBI JPMUTA U€Pe3 MPOU3BOAAILYI0 PYHKINIO @ = € 2t , C TOYHOCTBIO

JI0 HOPMHUPOBKH COBIAIAIONIYIO C BOJHOBOM (DYHKIMEH OCHOBHOI'O COCTOSTHUSI:

H,(€) e252( d%) e 2% (4.26)
Bripazkenue onepaTopos (bU3NIECKHX BEJUIWH 9epe3 d n a7
h 1
T = — (@t +a 4.27
o 5l ) (4.27)
b = ivimhag ——(d* —a) (4.28)

JIerko BBIMUC/IUTDL PE3YyJILTAT JAEHCTBH ONEPATOPOB ¢ W 4T Ha HOPMUPOBAHHBIE CTAIIMOHAPHDIE
COCTOSAHUA

(n—1ld[n)=vn = aVn(z)=vn¥,_1(2)
(n+1ldatn)=vn+1 = 4tV (z)=vn+1V, ()

COOTBETCTBEHHO B CTAIMOHAPHOM cocTosgHuu (n|p|n) = (n||n) = 0, 9T0 JErKo 0XKHUIATH BBUILY
CUMMETPUA FAPMOHUYIECKOTO OCIUJLISITOPA II0 OTHOMIEHUIO K OTPAKEHUI0 KOOPJIUHAT T — — .

4.4.2 KorepeHTHbIE COCTOAHUA W KJIACCUIECKUII mpeaeJ.
Paccemorpum coberBeHHOE COCTOsIHME OIIEPATOPA YHUUTOXKEHUA:
dla)=ala), (4.29)

KOTOPO€ Ha3BbIBAETCA K02EPEHMHbIM COCNOAHUEM.
B xoopamHaTHOM TIpeCcTaB/IEHUN PeNIeHne STOTO yPaBHEHUST

\Ila(:n):c(a)-\lfo(x— \/W-a), (4.30)

rae Uo(z) Bomnosas dyukuusa ocuosHoro cocrosuus (4.13),(4.20), c(«) — HOPMUPOBOUHBLH MHO-
JKUTEJIb:

1:/dx|\Ila(:c)|2:/dz
c(e) =exp( — (Ima)?)

Jlerko Bugerh, 9To npu o =0 KOrepeHTHOE COCTOSHUE COBIAAAET ¢ OCHOBHBIM COCTOSTHUEM.

Aeubiit Bux (4.30) u onpenenenue (4.29) MO3BOJAIOT JIEMKO BBIYHCINTH IIPOCTPAHCTBEHHBIE
XapaKTePUCTUKH KOTePEHTHOro cocrosinus. IIpexae Bcero oueBunmo (d) = (a|d|a) = «, a Takxe
(@T)y=(a|aT|a)=a*, orkyga

(r) =g ({d) + (@) =VEroRea, {p)=iy/ 20 ((d) — (@+))=VapoIma,  (431)

c(a)

7h h/mwo

2mwo
a TakKe
2 h i+ a+)> R 424 (6+)2+24+4
(%) = 2mw0<(a+a ) >:2mwo<a t@n Hatatl)=
_2h 2 a2, 1o
~ mwo (Rea)”+ 2mwy )+ 210
(17) = (G ) = - I g2 (2 nata 1) =
12} 1
= 2hmwy (Im Oz)2 4 R0 <p>2 + §p3
CpenHue 1ucnepcnu KOOPAUHATHL U UMITYJIbCA
1
(A2)?) = (22) — (2)*= Lad

((Ap)?) = (p*) —(p)’ =51}



4.4 TAPMOHUYECKUI OCHUJIJIATOP B INPEACTABJIEHNU YHUCEJI 3AIIOJIHEHUSA. 29

npeBpaljaroT COOTHOIIIEHUE HeOHpeILeJ'IeHHOCTefI U3 HEPpaBEHCTBa B PaBEHCTBO:

((A0)?){(Ap)?) = gudph =1, (132)

38,M€TI/IM7 9TO IIPpOU3BEJACHUE HeOHpe,ILeJIeHHOCTefI B KOI'€PEHTHOM COCTOAHUU HE 3aBUCUT OT v, U
OPpUHUMaEeT MUHUMAJIbHO BO3MO2KHOE 3Ha4Y€HNE, TaKOE K€ KaK 1 B OCHOBHOM COCTOAHHNMU.
Cpe,ZLHHSI QHEPIrusd B KOT€EPEHTHOM COCTOAHHUU PACTET C (&

(E) :hw0<|a|2+%> (4.33)

Pacnpe,ueneHHe IO HEPrudaM JaeTCd pa3J/IoZKeHHEeM KOI'€PEHTHOI'O COCTOAHHA IIO CTallMOHAPHBIM
COCTOAHMAM:

o) = e 3y %W (4.34)

2n n
_ef|a\2:@ef<n>

wa(n) = n! n!

2 2
U onmchIBaercd pacupeseienueM Ilyaccona. ducnepcus <(An) > = |a|” = (n), onnako orHocu-
TeJIbHbIE (DIYKTYAUN SHEPIUH yOBIBAIOT ¢ () KaK

(e’
) = <n>:m<<1 opu |a|>1 (4.35)

Paszjioxxkenue no CTallUOHaAPHBIM COCTOAHUAM II0O3BOJIAET ONIMCATh IBOJIOIUIO BO BpEMEHU

—iBEnt/h

la(t)) = e 2l ;QT|R>:

0 —iwot n
ae _jwot .
E uhﬁ =e 2 |a— e iwot) (4.36)
vn!
n=0
Takum 06pa30M, BOJIONUS [0 BPEMEHHM CBOJIUTCA K BPAIIEHUIO (Da3bl MapamMerpa o — e
DakTUIECKN PACCMaTPUBAEMOE COCTOSTHUE HA3BIBAETCA KOMEPEHTHBIM IMOTOMY, YTO OHO SIBJISIETCS

cocrosgHueM ¢ onpedeaennoli asoti xkonebanusa. B uwactHocru, mogcrasias B (4.31) «(t), momy-
qaeM

L2t
= e 5‘04 v 2

—1twot

(z(t)) = V2zoRea(t)=v2z0|a|cos(wot + ¢)
(p(t)) = v2poIma(t) =—v2po|alsin(wot + ¢),

MOBeJIeHNEe CPEIHUX KOODAWHATHI W HMIIYJIbCA COBHaJaeT C KjaaccmiyecKuM. llockombky mmc-
IIEPCUM UMILYJIbCA W KOODJMHATHI HE 3aBUCAT OT ( M, COOTBETCTBEHHO, OT BPEMEHHU, Pa3Mep BOJI-
HOBOIO TIAKETA HE MEHsIeTCsl — B KOPE€PEHTHOM COCTOSHMU BOJIHOBas (byHKIuUs He "pacnbiBa-
erca". Tlo 3TuM TpUYMHAM KOIE€PEHTHBIE COCTOAHUS ABJSIOTCS HANOOJIEE TTOIXOIANINM IPEICTAB-
JIEHUEM JIJIsi ONUCAHUS MOBEICHUS FAPMOHUYIECKOTO OCHUIISATOPA B KAGCCUUECKOM NPEIeE.

3anaua 4.8. BeiBectu pasinoxenne (4.34).
Pemenue. 3anuceiBas |a) =3 > cn|n) u upumenss (4.29), noxyunm

oo oo

ala) = Z acp|n) = Z cny/nin —1)
n=0 n=1
IIpupaBHuBas K03pHUIMEHTH NPH OJWHAKOBBIX BEKTOPAX COCTOSHHUHN, NMeeM Cn41 = acp/v/n+1 oTkyzaa

cn=coa™/vn!. Ocrasoch JUMb BLIYUCIATE HOPMUPOBKY:

(ala) = leo2 S (Y% ) ey Pexp(jaf?)

n!

cp = e 2






I'maBa 5
KBa3ukaaccudeckoe npubiamxeHue

5.1 Kuaaccuueckuit nipenen ypaBHeHus Illpemumnrepa. CBga3b
C YpaBHEHUSAMMU KJIaCcCUYeCKOll TUHAMUKU.

B knaccuyeckom mpenesie y1o0HO IpeCTABUTD BOJTHOBYIO (DYHKIMIO B BUIE

U7, ) = |07, £))er " (5.1)
Iloncranoska B ypaBuenue [lIpeaunrepa maet s Moay/isd u (a3bl
S N\2
oo (YO) o ma o,
EﬁLWﬁLU(T,t)ﬁL%mVPIﬂ—O (52)
Al . aVO,

IlepBoe ypaBHeHUE onpefesseT 3aBUCHUMOCTE (ba3bl OT BPEMEHH, BTOPOE — YPAGHEHUE HEeNpepble-
HOCTU — BBIPAXKAET 3aKOH COXPAHEHUs] BEPOSITHOCTH.

B knaccuueckom npegesie h =0 dasza nepexoaut B Kiaaccuueckoe geiicrsue: O(7t) — S(7, t),
a ypaBHeHUe [iid Hee - B ypaBHeHHe ['amunbrona- dxobu:

- 2
§+@+U(F,t)=0

ot 2m
npu4geM
= oS
=0 _——_—= H
VS=p, 5

VYesoBue MasocTu OTGPOIIEHHOrO 4ieHa TpebyeT 4roObl JUIMHA BOJHBI A = fi/p Gbuia Masa 10
CPaBHEHUIO C XapaKTepPHbIM MaciuTaboM 3ajgaun [: A\ < [. AHajorudHoe TpeGoOBaHME HaKJIaIblBa-
ercsi B IPUOJINYKEHN IeOMETPUYECKON OIITUKU, IJle, KaK U3BECTHO, PACIIPOCTPAHEHME BOJIH HAIIO-
MUHAET PACIPOCTPAHEHNE YACTHII.

B ciyyae cranuoHapHBIX COCTOSIHUN 3aBUCHMMOCTH (pas3bl OT BPEMEHU CTAHOBUTCS TPUBH-
aJIbHOM

o7 ,t)=0O(F) — Bt

1 COOTBETCTBYIOIINE YpaBHEHUA JIJ1d MOIAYJId U (1)&3])1 YIIpouarnTCcAd:

N 2
—(VG) +U(F t)+h—2LV2|\I/|fE
2m ’ 2m |¥| N
aiv(| 22V ) =0

B onTuke 3TO COOTBETCTBYET PACHPOCTPAHEHHWIO B CPee MOHOXPOMATHYECKOTO W3JIyUeHWs; B
KJaccuaeckoM npegesie dbasa O(7) nepexoaur B T.H. "ykopouennoe" zneiticrBue S(7), 3aBucsdinee
JIUIIB OT KOOPJIMHAT.

5.2 IIpubnuxkenue BKB nssg crarimoHapHBIX COCTOSHUIA.

31
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Hnga cranmmonapubeix cocrosguuit  Bentnenem, Kpamepcom u Bputossnom ObLIO0 pa3BUTO
3ddexkTrBHOE NPHUOINKEHUE I ONMCAHUSA KBAHTOBBIX 3(P@PEKTOB B KBA3UKJIACCHUYECKOM IIpe-
zesie B odnomeprom cirydae. SamumeM (5.2),(5.3) B Buge

<d@> e L VY e U)) = pa), (5.4)

dx || daz?

( Qde) 0 (5.5)

KBasukiaccmyeckoe pelleHne ITUX YPAaBHEHUH BJAIM OT KJIACCHYECKHX TOYEK IOBOPOTa
(p?(z) > 0 B paccmaTpuBaeMoil 06J1aCTH T) UMeeT BHT

[ x ’ ’
1 +— | "p(a’)dx
L7) ) (5.6)
p(x)
IlepBoe ypaBHEHHWE ONPEIENAET 3aBUCHMOCTH (ha3bl OT KOODAMHAT, BTOPOE - MPEIIKCIOHEHI-
AbHBIIT MHOXKHUTEb. B mepBoM ypapHenunm Mbl mpenebpersu ciaaraembiM O(h2), uro orpamman-
BaeT NPUMEHUMOCTH pernenus (5.6) yciaoBuem

dA

dx

2
p2 L d |\Ij| L ‘ d _1 <1 (5.7)

gz <P = @)

T.e. M3MEHEHHe JUIMHbI BOJHBI A\ Ha DPACCTOSHHUSAX MOPSJIKA JJIMHBL BOJHBI A\ JIOJKHO OBITH
MaJIo.

B ofmem ciaydae pacHpoCTpaHeHHe KBa3WKJIACCHIECKOH YACTHIBI OMHMCHIBACTCH CYIEPIO3H-
nueii peutenuit (5.6), COCTABIAIONIMX BOJIHOBO MAKeT

1 e%f Zp(m')dx'e—%Et
V(@)

Oyukuus npobuns f(E — Ey) - MeIJIEHHO MEHSIOMAsCs, TOT/Ia KAK COCTABJIAIONINE IIPEICTaB-

\I/(x,t):/ dEf(E — Eo)

JIAI0T cO00it OBICTPO ocnmyuIHpyomue MYHKIUME ¥ TacdaT APYT JIpyra 3a HUCKJIOYEeHHEM OKPeCT-
HOCTH TOYKH — YeHmpa NaKeTa, rie ¢a3a CTalMOHAPHA:

d /i [* o, N
dE<FL/ p(z’)dz Et>—0

OTKyJa BU/HO, YTO IEHTD IaKeTa JBUXKETCH 110 KJIACCUYECKO TPaeKTOPHUHU

™ dz
t:¢;/vﬁ—ma

5.3 BKDbB-pemenusa npu HaJIU4IUM KJIACCUYECKUX TOUYEK TMOBO-
porTa.

B kmaccuuecku HeJoCTyTHBIX obstactax (p?(x) < 0) aMmuTyIa BOITHOBOH (byHKIHM GBICTPO (3KC-
HOHEHIMAJIBHO) 3aTyXaeT, Toraa Kak dasa O mocrosuua. Ilomaras © =0, u3 (5.4) umeem

A2 K3z
gm0, w(e)= - 2.

Pemtenne sToro ypaBHeHus, BKIIOYAIONee MOMPABKY MEPBOrO MOPSIKA 10 A:
1 px
b EgS
k(x)

C yCJIOBUEM NPUMEHUMOCTH, aHAJOrmYHbIM (5.7):

’d L (5.8)

dz k(z)




5.3 BKB-PEMIEHUSA MPU HATUYUU KJIACCUYECKHUX TOYEK MOBOPOTA. 33

Ooiriee perenne Bener cebsi Kak

i / / _ iz / /
U(x) 4 eﬁf p(a’)dz +—B e r) plel)de (5.9)
p(z) p(z)
B KJIaccHuecku foctymHoit obmactu (p?(z) >0), u
1, ’ ’ _1lrz / /
() = C ehf k(z")dz n D o = Tr(a’)da (5.10)

r(x) r(x)

B KJjaccmieckn Hegoctymuoit obmactu (p?(z) < 0). Jlerko BujeTh, 9TO BOIM3H KJIACCUYECKOLt
Toukn mosopoTa p2(r) = 0 3TO pemteHue HEMPUMEHMMO, T.K. OOpamiaeTca B GECKOHEYHOCTH C
OJJHOBPEMEHHBIM HapymieHueM ycjaoBuit npumenumoctu (5.7) m (5.8). Tem cambiM, npsmas
cimBka pemenuii (5.9) u (5.10), mompasyMmeBarolnas HENPEPLIBHOCTL BOJHOBOH (bYHKUMM U ee
IIPOU3BOIHON, HEBO3MOXKHA.

QakTruuecKH Hallel 3ajadeil sABJseTcsd HANTU CB3b MEXKIy napoit koaddunuenros A, B B
KJIACCUYECKHU JIOCTYIIHOM objiacTu ¢ cooTBeTcTByMOLIEil mapoit C'; D B KJIaCCMYECKU HEJIOCTYITHOM
obsactu. Ham mgocTaTovqHO MOMYyYIATDH ABA JIIOOBIX JIMHEHHO HE3aBUCUMBIX COOTHOIIECHWS, CBA3DI-
BAIONINX 3TH HAPHI.

Cuetyer 3aMeTuTh, 9TO HapyuleHue yciouit npumenumoctu (5.7) u (5.8) cBsI3aHO MMEHHO C
obparnenneM IMIyabca P(r) B Hylb: p(x)|z=q = 0. IlosTomy, ecu U(z) BOIU3H TOUKU MOBOPOTA
T = a HE WMeeT OCOOEHHOCTEH, TO MOMKHO IIONBITATHCA OODONTH 3Ty TOYKY, BBIXOAA B KOM-
NAEKCHYIO NAOCKOCTM® KOOPIUHATHI L.

Byzaem 1y ONpeAeNeHHOCTH CYATATh, UTO KJACCHYECKH JOCTYIHAsS OBJACTH PACIIONAraeTcs
ceBa oT TouKM moopota: p2(z) > 0 mpu x < @, a KJACCHYeCKH HEJOCTYIHAsl, COOTBETCTBEHHO,
cnpasa: p*(z) <0 npu = > a.

Paccmorpum ciay4gait C' =0, D # 0 u nonbitaemcst oupejeiuTsb coorsercrytone A u B, npo-
JIOJIZKAsT aHAJIATHIECKU (DYHKITAIO

(5.11)

B KJIACCUYECKH JIOCTYIIHYIO 00JIaCTh.

B6smsu Touku nosopota norenimast U(x) MOKHO IPUOIMAKEHHO CUUTATH JIMHEHHBIM:
U(x)~U(a)+U'(a)(x —a)=E+U'(a)(z — a),

T.K. B Touke nosopora U(a)=F. IIpu sTom

K(x) ~ (U/(a))l/Q((x B a))1/2 _ (U’(a))1/2 pl/Qeiggp’

e (2 —a) = pe'?. Coorsercrsento,

/ k(z’)dz’ = const + / k(z')dz’ =const +e 2 /O k(p")dp’
a

Pacemorpum noeenenue dyuxiuu (5.11) npu 06xoje TPOTUB YaCOBO CTPEJIKUA B BEpXHEH MOJTy-
wiockocru. [Ipu ¢ = /3 byHKUMA U3 IKCIOHEHIUABHO 3aTyXAIOIell MPeBPATUTCH B OCLUJLIA-
PYIOILYIO, 3aTeM IIpU = 277/3 B 9KCIOHEHUUAJIBLHO GOJIBIIYIO, & IPU ¢ = T CHOBA B OCLUJLIADPY-
IOILY IO
V(r=a—p)= De—i7/4 e—%f pn(p’)dp’: D o = “p(x)da'—in /4
k()] p(z)

Amnajiornano, 06X0/is TOYKY OBOPOTA B HUKHEH MOJIYIIOCKOCTH, TIOJLY 9UM

Dei’r/‘l_e%f Pr(p")dp’ D %f “p(z)dx’+in /4

=———c¢e

Ye=em0=1m @)
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Hamuume nByx pa3inaHBbIX OTBETOB OOBLSACHSETCS TE€M, UTO MPH KAXKJOM BapuaHTe o0Xoja pac-
CMATPUBAEMOE CJIAraeMOe CTAHOBUTCH IKCIOHEHIIMAIBLHO OOJBIINM, U Ha €ro (poHe SKCIOHEHITH-
aJbHO MAJIBIA BKJIAJ, BBIXOAUT 13 1oj KoHTpossa. PakTudeckn KaxKIblii U3 BapHAHTOB 00X0a
JIaeT JIMIIb I[IOJIOBUHY BKJIaJA, W IOJIHBIA OTBET ecTh ux cymMMa. OKOHYATEIBHO COOTBETCTBUE
pelreHuii B IByX 00JIACTAX BBITVISIIAT KaK

—p(x) cos(% /z p(z)da'+7/4)  x<a
U(x)= D e*;ffﬁ(x’)dz’ (5.12)

k(x)

xr>a

B ClIydae, Korjga KJIaCCUI€CKU HEeIOCTYIIHAA 00J1aCTh HaXOJUTCHA CJIeBa OT TOYKHU IIOBOPOTa I = b,
a KJIaCCUYIEeCKHU JOCTYIIHad CIIpaBa, COOTBETCTBUE pelHeHI/Iﬁ noJIydJaeTcCd aHaJIOI'MIHbIM 06pa30M

L =7 x
p(x)cos(ﬁ/b p(z’)d /4) >b
D e*éfﬂffﬁ(l")dl"
r(x)

Hakowner, ciegyer ynoMsiHyTh ClIy4ail, KOTJa B TOYKE IIOBOPOTA IIOTEHIMA/ CKAYKOM OOpallaeTcs
B OECKOHEYHOCTD CJIeBA:

U(z) = (5.13)

r<b

0 r<a,U(x)=00
U(x)= Lsin(l/ p(m’)dx’) x>a,U(x)<E
pla)  \NJa
WV CIIpaBa
0 x>a,U(x)=00
V(z)= A sin<l/ p(z’)dx’) x<a,U(x)<FE
plz)  \N /e

5.4 JIBM»KeHWe B KBa3UKJIACCUYECKOIl TMMOTEeHIUAJbHOU dMe 1
npaBujia KBaHToBaHusa Bopa-3ommMmepdennbaa.

PaccMoTpuM JBMXKEHNE B KBa3WKJIACCHYECKON MOTEHIMANBHOW SIME C KJIACCHYECKHMHU TOYKAMHA
nosopora a > b. IlorpeGosas, 4robbl BosHOBas bynkuua (5.12) u (5.13) B Kiaccuyecku
JIOCTYITHOM 0BJIACTH COBIIAIAIIA, IOy INM YCJIOBHE KBaHTOBaHus Bopa-3oMmmMepdenbna:

%/ba p(a)dz = (mn+7/2) = %P(x)dx:27rh<n+%>

®DazoBbIit 00bEM, OXBATHIBAEMBIN TPAEKTOPHUENl, OKA3BIBAETCS IMPOIIOPIIMOHAIEH HOMEDPY KBAHTO-
BOI'O COCTOSHUA. B COOTBETCTBUM € KBA3WKJIACHIECKON WMHTEpIpeTamueil, Ha KaXKJI0e KBAHTOBOE
COCTOsIHIE TPUXOAUTCH Adeiika oobemom (27h)%, Tie d — |ameno cremeneit cBOGOILI.

OmnpemenuM paccTosHIE MEXKIY COCETHUMH YPOBHSAMUI TIpu 1> 1:

j{ dz\/2m(En11—U(z)) — 7{ dz+/2m(E, —U(z)) =27h

Cuurasi pasHUIly OTHOCUTEJIbHO MAJIOH, pa3JI0KuM

o _ dz _ P
. AE% dxa—En\/Qm(En ~U(x)) = AE}{ o(2) AET(E)=2nh
AE =21h/T(E) = hw(E)

Banaua 5.1. HaiiTu KBa3suKJIacCHYeCKHEe yPOBHU SHEPrUu I dacTunsl B norexuuate U(z) = alz|.
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3amaua 5.2. HailiTn KBa3uk/jacCHiecKne yPOBHH YHEPTUN I YaCTUIBI B IOTEHI[HAJIE:

oo, <0
Ulz)=
ar, x>0
Bamaua 5.3. HaiiTu kBasukIaccuIecKne ypoOBHH SHEPIUH Jid 4acTuIbl B norennuane U(x) = — e2/|x|.

3anaua 5.4. Ilonp3ysach KBa3sUKJIACCHYECKHM IIPHOJIMKEHHEM, HAHTH KOODAUHATHOE pacIpelesieHHe ILJIOT-
HOCTHU BEPOATHOCTU Wy () s CUIBHOBO30Y XK AEHHOrO (1 >> 1) rapMOHUYECKOr0 OCIUILIATODA.

5.5 IlpoxoxkgeHue dYepe3 KBa3sHUKJIACCUUYECKUII  IMMOTEHITH-
aJbHBIA Oapbep.

Paccmorpum nmaseHne KBaHTOBOI YacTHIlbl Ha OTeHIUaNbHbIA 6apbep (Puc. 5.1). Kak MbI yike
3HaeM, KBaHTOBas 4YacCTHUIA CIOCOOHA IPOHUKATH M B O0JIACTb, KJIACCUYECKU HEJOCTYIHYIO —
IpaB/ia, TaM ee BOJIHOBas (DYHKIIHS SKCIIOHEHIIMAJIBHO 3aTyXaeT, KaK

by o IPE@IA’

Ulx)
E
a b X

PucyHok 5.1. TyHuesnpoBanue 4acTUIBI CKBO3b MOTEHIIMAJILHBII Oapbep.

Eciun riraccumaeckn HemocTymHasi 00JIACTH — NOTEHIIMAJBHBIN Oaphep — HMMeeT KOHEYHYIO
mmHy: a < ¢ < b, To 3a 3TMM 0aphepOM HAYHETCs PACIPOCTPAHEHUE AMILIMTY/Ibl BEPOATHOCTH
yxke 0e3 IKINOHEHIMAIbHOTO 3aryxaHus. OTHOIIEHWE aMIUIATYIbl HPOIIEAIneil K aMIIUTYIe

o 1 b
[aJaoIeil BOJHBI JAeTCsl SKCIIOHEHIIMAIbHBIM (PAKTOPOM exp{ /. |p(x)|dx}, a BEpOSATHOCTH

TYHHEJIHOIO IIepeXojla — IPOHUIIAEMOCTh Oapbepa — [aeTcsd KBaJPATOM OTHOIIEHUSI 3ITHUX
aMILIUTY I

b
D =exp —%/ |p(x)|d (5.14)

Ba,qaqa 5.5. Bbruucaurs mja0THOCTH TOKA XOJIOLHOI 3MUCCUU QJIEKTPOHOB U3 MeTaJlIa.

Ulx)

PucyHok 5.2.
Pemenne. Iorennuan suyrpu meraiana U(z) =0, z < 0, sue merasna U(z) = Ug — ez, tae Up — pabora
BBIXOJIA, £ — MPHIOKEHHOE snekTpiaeckoe mose ( ~ 1098 /cm), e — 3apsan snexrpona. Kosdbduument npomnna-
emocTu 6apbepa, BelancieHHblii mo dpopmyse (5.14), pasen

4 vV2m (Up— E)3/?
DeXp{_s hm( Oes)
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ITorox »1neKTpOHOB, HajeTAIOWUX Ha Oapbep, jo = n(v) ~ nV2mE, n — NJIOTHOCTb IEKTPOHOB B MeTaJlIe,

. . . 42 Uo — E)3/2
OTKYy/Jda IIJIOTHOCTh TOKa XOJIOJHOM SMHUCCUU ) = joDNn\/m exp{ 3 \/th (o & ) } .

5.6 KBaBI/ICTaI_[I/IOHaprIe COCTOdHMA.

Paccemorpum caydait, korma obsacTs (PUHATHOTO JBHM2KEHUs OTIEJEHA OT OCTAJIBHOM YacTH Ipo-
CTPaHCTBa INOTEHINAJbHBIM OapbepOM KOHEYHOU IPOHUIIAEMOCTH

Ux)

4

/)

Pucysnok 5.3.

B orcyrcrBum KBaHTOBBIX 3p(PEKTOB ABMKEHNE B 00gacT 0 < T < b OBLIO OBl CTAITMOHAPHBIM,
YaCTUIA OCTABAJIACH OBl BHYTPH 3TOI 0bjacTu OECKOHEYHOe BpeMs. B KBAHTOBOM ciiydae mpu
KaXKJOM OTpaKeHuu or Gapbepa (TOUKM HOBOPOTA b) CymIecTByeT MaJias, HO KOHEUHAs BEPOST-
HOCTH D pOXOXKIeHus depe3 bapbep

p=exp{ -3 [ Inwac}

[I09TOMY BEPOATHOCTDH HAlTH dacTuily B obsactu a < x < b OymeTr co BpeMeHeM yMEeHbIIAThCH, CO
CKOPOCTBIO, IPOHOPIMOHAJIBHON BeposaTHOCTH [ TYHHEJIBHOIO II€PEXOJia U cpedHemy UCITY
HONBITOK TAKOro mepexona (V) ~w/T>1:

dw D
—=—-D{)~—Fw
dt T
D
VuursiBas, 94T0 KO3(PDUUUEHT — He 3aBUCAT OT BPEMEHH, B PE3Y/IbTaTe MHTErPUPOBAHUSA IIOJIY-

T
qaeM 3KHOH€HL[I/I&JIbelﬁ 3aKOH pacClla/la KBa3UCTAIIMOHAPHOI'O COCTOAHUA

w(t)=w(0)e It

D .
rae I'= = — nasbiBaeTcs wupunoli KBa3UCTAIMOHAPHOTrO (CBA3aHHOrO) cocroanus. Ilepuoz nomy-
pacnama onpenensiercst kak 1In2/T, a spems xkusau 7 = 1/I'. TTocKoabKy BEPOSITHOCTH HAXO-
JKJIEHNAd YaCTHIIBI BHYTPH sIMBI IIPONOPIMOHAIbHA KBaJIPATy MOJYJIs BOJHOBOH (DYHKIWUM, 3aBH-
CHMOCTb BOJIHOBOI (DYHKIIMU OT BPEMEHU

— L Eot—21¢ —LEt

U(r,t)=U(r)e h 27" =U(r)e h
. "

rae E' = Ep-i5]" — "komiulekcnas" 9HEprus KBasuCTallMoHapHOro cocroanus. Pasmaras U(r,t) no
COCTOAHUAM C OIIPeJIeJICHHON dHepruei

[ e—i(E—E)t: h
¢<E)_/o dre i((Eo— E) —iaT)

5.1. CpexHee 49HCIIO IONIBITOK BHIXOJA MPOMOPIHOHAJBHO BEPOATHOCTH W HAXOXKJEHUS YACTUIBI BHYTPHU SMBI
1 06pATHO MPONOPIUOHAJIBHO Iepuony GUHUTHOrO aBuKeHus 1.
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MIOJIYYUM PAaCIIPEJIeJIEHNE 110 IHEPTUAM

1 5y
) h
w(E)x|p(E)]"— = 2 =

T (Bo— E)* 417

1
Takum 06pasoM, sHeprerudeckas (IO )IIMPUHA KBa3UCTALMOHAPHOrO ypoBHa AE = EFLF. Her-
PYAHO YBUIETH, 9TO JJjis mpousBenenus AFE U T BBINOIHSIETCS COOTHOIIEHUE HEOIPeIeJIleHHOCTEN

h
AET—§






I'naBa 6
JIBu>keHne B MeHTPaJbHOM MOJIE.

6.1 3amada aByX TeJi: cBelleHHMe K 3ajJlade O ABUXKEeHUN
4acTHUIlbl B IIeHTPAJbHOM IIOJIE.

PaCCMOTpI/IM YpaBHeHue I_Hpe,uHHrepa IJIA CUCTEMBI IBYX B33.I/IMO,IL€I71CTB}/‘IOHLI/IX JaCTHUIL
H\I/(Tl, 7“2) = E\IJ(Tl, 7“2),

rae raMruJIbTOHHaH COOEPXKHUT IIOTEeHIIAJI, 3aBUCAIINN JIUIIb OT PaCCTOAHUA MEXKAY JaCTHUI[aAMU:

3 h2 2 h2 2
H=- Vi——V3+U(|F1 -7 6.1
omy 175 5 2 (| 1 2|) (6.1)
Hepexo,n K OTHOCHUTE/JIbHBIM KOOpAWHATaM 7_” = ?1 - ?2 1 KOoOpAumHaTaM II€HTpa MacC é =

mi71 + mar's
mi1+ ma
n3 KOTOprX ﬂef/’ICTByeT TOJIBKO Ha CBOHU HepeMeHHbIe:

opeBpamaeT raMIJIBTOHHAH B CyMMY ABYX HE€3aBUCHUMbIX I'aMUJIBTOHUAHOB, Ka)K,IH:IfI

5 [ " oo

IlepBoe craraemoe oTBedaeT CBOOOMHOMY IBUKEHHIO yenmpa macc M = my + ma, a BTOpOe, B

burypHbIx CKOOKaX, IpEICTaB/IsAeT COOON raMUJIBTOHHAH YaCTUIbI ¢ "TpuBegeHHon" Maccoit p =
mi1im .

#7 ONMCBHIBAIONINI 0OmHOCUMeAbHOE IBUYKEHNE YaCTHI B IEHTPAJILHOM mosie. BosHoBas

1 2

GYHKIUS B TAKOM CJIydae PACIAJaeTCs Ha IPOU3BEICHUE BOJTHOBBIX (OYHKIIHIA:

(R, 7)=p(R) (F),

a ypasuenue lpenunrepa pacnaiaercs Ha JIBa:

hQ 2 g g
- WVR ¢(R)=E19(R)

{57+ U0 o) = Batr) (63)
E=FE+F,

IlepBoe omuchbiBaeT CBOOOIHOE JIBUXKEHME IEHTPA MAacC, a BTOPOE - JIBUKEHNE YACTUIBI C MPUBE-
JEeHHOII MacCoil m B LEHTPaJIbHOM II0JIe U(r).

6.2 YpaBuenue llIpeaunrepa B 1eHTpaJIbHOM II0OJIE.
C yuerom cdepuueckoil cummerprun moTeHuas a ypasuenue [llpenuarepa B meHTPAIBHOM II0JI€

yIoobHO 3amucarb B cEpPUYECKHX KOOpAMHATAX. lIpm 3TOM omeparop KHHETHYECKON IHepruu
pacraiaeTcs Ha PaJuajbHyIO U YIJIOBYIO YaCTh:

Koo  H2[10( ,0 1 [o(.,0 1 92
“aY __E[EE(TE *7me ) 96\ ) T e 07 (6-4)

39
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OnepaTop KBaJIpaTa MOMEHTa KOJUIECTBA JBUKEHUs (HA3BIBAEMBINA TAKXKe ONEPATOPOM 2406020
MomeHnma) B cpepUIecKuX KOOPANHATAX TIPUHUMAET BU/L

52 1 of . ,0 1 02
L== —smo{@(Sl‘w@) e 372} (6:5)
U TaMUJIBTOHUAH B CPepUIecKuX KOOPIMHATAX IPHOOPETAET BU/L
- B2 1 9( ,0 h? 22

52
Ilockombky omepatop L comepxkut omeparun auddepeHnnpoBanms TOJIHKO MO YTJIOBBIM Iepe-

MEHHBIM 0, , ero KOMMYTATOP C TaMHUJIbTOHHAHOM PaBEH HYJIIO:
352 A
{L H} —0,

T.e. yIJIOBOI MOMEHT ¢BJIA€TCA HHTErPajiOM JBUXKEHHd, T.€. OH COXPAHAETCd, YTO OYEBHUHO B
cuity cepudecKoil CUMMeTpUH cUCTeMbI. Kpome TOro, 3To 03HAa4YaeT, 9TO CTAIMOHAPHBIE COCTO-
SAHUsI MOTYT OBITH BHIODAHBI M KAK COOCTBEHHBIE COCTOSTHUS OIEPATOPA yIJIOBOI'O MOMEHTA.

6.3 CsoiicTBa omeparopa MOMEeHTa KOJMYECTBA JBUMKEHUS
(yrsioBoro MoMmeHTa).

HenocpencrBennbiM BbIYUCIEHEEM JIETKO YOEAUTHCS, 9TO OMEPATOPHI YIJIOBOI'O MOMEHTA Y/ IOBJIE-
TBOPAIOT CJIEAYIONINM II€PECTAHOBOYHBIM COOTHONIEHUAM:

{LAz, I;y} :iﬁz; {ij, I;Z} :Uim; [EZ, LAz} :iﬁy; AN [LA“ LAJ} =igijk Li (6.7)
TOrJa KaK KaxKJasd U3 KOMIIOHEHT KOMMYTUPYeT C KBaJIpaTOM BEKTOPa yIJIOBOTO MOMEHTA.
. 22
[Li,L }:0 (6.8)

DaKTUYeCKH 3TH COOTHONIEHUS O3HOYAIOT, YTO OJHOBPEMEHHO U3MEPHUMBI KBaJIPAT BEKTOPA yIJIO-
BOro MoMeHTa u oxHa (mobast) w3 ero KoMmoHeHT. OOBIYHO BHIGUPAIOT 62;L31/1Ac2 COOCTBEHHBIX
byHKIEH ¢ OIpee/IeHHbIM 3HAUCHIEM OIEPATOPa, KBAJAPATA TOMHOr0 MOMEHTa L 1 omeparopa
L. — ero npoexnuu ma och z:

52

L Yim(0,9)=11+1)Yim(0, ¢), L.Yim(0,¢) =mYim(0, ¢) (6.9)

rze !, m IpUHEMAIOT JUIIb UeJoduciennbie 3qadenns: [=0,1,2,... um=—1,— (1 —1),..., (I — 1),
l.

CobcTBeHHbIE (YHKIHUH OMEPATOPA YIVIOBOTO MOMEHTA BBIPAXKAIOTCS Yepe3  MOJMHOMBI

Jlexkanipa, Kak

Husmwne chepuaeckue rapMOHUKE paBHBI

1
Yoo =—=;

\/471"

Yio= i(:osé’7 Yi 1= isiner”"/’;
\ 4r ’ \V 87
Yo0= /_127r (3(:052 — 1), Yo41=7F/ g sinf cosfe¥, Yo 1o="7F 1/ —3125;_ sin%fe*2i¥,

Cob6erBennbie byHKUUU Yy, (0, ¢©) YIAOBIETBOPSIOT YCIOBUIO OPTOHOPMUPOBAHHOCTH

/ AQYi50(0, ) Vim0, 9) = 611G (6.11)
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IIpur orpaxkeHum KOOpAMHAT ¥ — — 7, yIJIOBBbIE IIEPEMEHHBIE TPEOOPA3yIOTCA KaK @ — T + @, a
0 — 1 — 6. Yernocts chepuaeckux QyHKIMA paBHA

Ylm(W7977T+50):(71)l}/lm(9790> (612)

T.e. 3aBUCHUT TOJILKO OT [.

6.4 PaaumaabHoe ypaBHeHue Illpeamurepa

52 .
Hust cocrosiams ¢ onpeneneHubiM MomenToM [, m (L ¢ =1(l + 1)¢ u L) = ma)) 3anmmem Bos-
HOByI0 dyHKImIO (7, 0, ©) Kak

(1,0, 0) = R(r)Yim(0, ©)

Torga ypasuenune [IIpeaunrepa B 1eHTPAJIHLHOM I0JIE HPDUMET BU/T
A 1 0 0 h? 32
H 0 =< —— == r2= ——L Yim (6 =
’l/)(?", 550) { 2# 20 (7’ o >+2,LLT2 +U(T>}R(7’) l ( 790)

{ o )+ R V) RO (0. 9) = ERG)Yin0. )

Cokpammasi B IOC/I€HEM yDABHEHUM OOMIUil MHOXKUTENb Y., (0, ¢), moayuum ypasrenue HIpe-
JUHTepa JJIA PAJIUaIbHOIO JBUXKEHUS

10 (TQag«E»T) ) + Usgpgp () R(r) = ER(r), (6.13)

riae Sd)d)eKTI/IBHaH NOTEHIMAJIbHAA dHEPTUA PaJUaJIbHOTO JBU2KEHUA

CRA(+1)

T +U(r). (6.14)

Usqa(7)

cKyIaspIBaeTcs 3 "meHTpobexkHoro nmorennuana” u ucxoasoro norennumana U(r). Tlogcranoskoit

R(r)=X) (6.15)

r
ypasrenue (6.13) cBogurcs k ogHoMmepHoMy ypasrenuio IIpenunrepa B norenuunasne Usgg (7):

h? 0%x(r
- 5 I 4 U () = Ex(r), (6.16)
TpeboBanue, 4TOOBI paguabHAST BOJHOBad (DYHKIUS OCTABAJIACH KOHEYHOH B Touke 7 = 0,

HakJIapIBaeT Ha X (7) yciaoBue
x(r=0)=0. (6.17)

DakTUIECKH MBI JOJIKHBI PelIaTh OJHOMEPHYIO 3a1ady Jjid X (r) B HOTeHuuaie

00 r<0;

= 2,
Uoo(r) i+l l(ltl) +U(r), r>0.
2ur

BaxkHO OTMETUTb, 9TO B UeHmpasvHo cummempuumnom utoue U(r) ypaBuenme Ilpemunrepa He
3aBUCUT OT IPOEKIUU YIJOBOIO MOMEHTA 1M, 4T0 o3Hadaer Hajgudue (2] + 1)-KparHoro BbIPO-
JKJIeHMsl: KBAHTOBBIE COCTOdAHMs, OTBedaiomue 3Hadenuam m = — [, — (I — 1), ..., 0, ..., (I + 1), I,
OLIUCHIBAIOTCA OJHOW M TOW Ke panuasbHoil dbyHkuueil x(r) u coorBercTByIOIUM e€fi cO6-
CTBEHHBIM 3HAYE€HHEM dHeprum L.

3agaua 6.1. Ilycrs U(r) = — v/r®. Ioab3ysach COOTHONIEHUEM HEOIPEIEIEHHOCTE!, OIEHUTh IHEPIUI0 OCHOB-
HOT'O COCTOSIHUS.

Pewnenne. [TockosbKy 1eHTPOOEKHBII MOTEHIMAJ yBEJIMYUBAET SHEPIHUIO COCTOSAHUHA, B OCHOBHOM COCTO-
aaun | = 0. Ilycrs pasmep BoaHOBOH (DYHKIHU B OCHOBHOM cOCTOAHHU (AT) ~ p, 9TO COOTBETCTBYET OLEHKE
151 moreHnuanbHoil sueprun (U) ~ — «/p®, a mus xusermdeckoit (K) ~ 52/2;1;)24 B ocHoBHOM cocTOssHUM
TOJIHAsI SHEPTUs

(E)=(U) +(K) ~1?/2up* =5/ p°
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JOJIZKHa OBITh MUHMMAaJIbHa. Jlerko BuaeThb, 9TO 9TO BO3MOXKHO JIUIIL IIPDU S < 2, T.K. B CJjay4dae s > 2 dHeprud
HeOrpDaHWYeHa CHU3Y, U MBIl IMeeM TaJeHue Ha I_LeHTp("'lA IIpu s <2 ycaoBue MuHEMyMa
2 1_
L, H(K)=—h /up®+s7/p° =0
1/(2— _ _ 2
naer p=(h?/syp) /@=9) 4 OTIEHKY /I SHEPTHH E:%ss/(2 $)y2/(2 S)(M/FLQ)S/( 9,

JIJ1sl OTeHNMAIOB, PACTYIIUX B Ipejene r — ( MeljeHHee YeM 7~ 2, TOBeJeHIe PanaabHOM
BOJIHOBOW (PYHKIIMK B 00JIACTH MAaJIbIX I yHUBepcasbHO. B camom nese, npu 7 — 0 BKJIaJ EHTPO-
RA(L+1)

272
JIOIYCTUMO TIpeHeGpedb U MOTeHIMaNbHOl sHeprueit U(r), u sueprueii E:

OexKHOI dHepruu B U, () CTaHOBHTCS HACTONBKO GObIINM, 4TO B ypasHenun (6.16)

R? ?x(r)  RA(+1) B
C2u Or? 2ur? x(r)=0

Hoxcrasass B 910 ypasHerue X (r)=cr®, nonyanm s(s —1)=1(l+ 1), orkyzma

x(r)=cir!t 4 cor !

VYesosue (6.17) koneqnoctn BosiHoBON (yukuuu npu r — 0 Tpebyer ¢ = 0, 9TO B CBOIO 04epeb
naer, ¢ yaeroM (6.15) mua Bosnosoit dyukmu ¥ (7):

1/)(|F|*>O)O(R(T*>O)O(MO(TI. (6.18)

r

Ha 6osbmux paccroguugx (r — 00) B3auMOeficTBUe MeXKJly JaCTHLIAMU, KAK [PABUIIO, UCIE3aeT.
Bes norepu obmpoctu MoxkHO Bbibparh U(r — 00) = 0. CoOTBETCTBEHHO, MOBEIEHHEe BOJHOBOIA
(BYHKIIM CTAHOBUATCH YHUBEPCAJIBHBIM U B 3TOM mpezese. [Ipu E < 0 BosmHOBas QyHKIUs OMUCHI-
BAET CBA3AHHOE COCTOSIHUE JIBYX YACTHI[ U JOJKHA 3aTyXaTh KAK

Y(|F | — 00) x R(r — 00) m@ocexp( — k1) /1T, K=\/2p|E| (6.19)

Torga Kak npu E >0 OTHOCHTENbHOE JBUKEHNE YACTHUIL CTAHOBUTCS CBOOOIHBIM:
P(|7 | — 00) x R(r — 00) O(M xsin(kr — %T +o)/r, k=+2uE (6.20)

rae dasoebiit casur §; (cpasuu ¢ (6.21)) oOyciOB/IEH HAJMYMEM MOTEHIMAJA B3AUMOJIEHCTBHS

U(r).
3amaua 6.2. HaiiTun pemenme paguaJbHOTO YPABHEHHS U CIydasl CBOOOJHOTO OTHOCHTEIHHOTO JIBUIKEHUS
(U(r)=0).
Pemnenne. 3anumenm ypasaenue Illpeannrepa st cBOOOJHOrO pajilajbHOTO JBUKEHUS:

R 92  RAI+1)
2p Or? 2ur2

Ex

mepexoj; K 0e3pa3MepHBIM IepeMeHHbIM p=k7r, rje k= 1/ 2mE’/h27 n x =+/p ¢(p) naer ypasuenne Beccens
1

P 1de 1—7(l+5> =0
dp? " pdp 2 |PT

HopmupoBanublie paguasibHble GYHKIUE CBOOOJLHOTO JABUKEHU S

k 2 rt/ d \lsinkr
Rp(r) = \/;JLH/Q(kr):(—l)l\/;ﬁ(W) ;

/0 2y Ryi(r) Ry () = 8k — k)

141
Ha mansix paccrosnuax Ry (r — 0) ~ %hrl, Torga Kak Ha Gosbmiux paccrosnuax (cpasuu c (6.20))
. %3
9 sin(kr — —
Rut(r— o0y~ [ 2 52T = 5) (6.21)
™ r

6.1. Ciyygait s =2 Tpebyer 0coOOro pacCMOTPEHUS.
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Ha 6osbmnx PaCcCTOAHUAX pemIeHue IIpeacTaB/IideT coboit Cyneprno3unuio CXO}IHIILeﬁCﬂ n pacxonﬂmeﬁc;{ 1o
OTHOHICHUIO K II€HTPY BOJIH. BBI6I/Ipa$I ACUMIITOTUKY

&
expy £ (kr — =)
Rfl(rﬂoo)zi,/%{—Q}’

T

IIOJIY9IHNM COOTBETCTBYIOIIINE PDEIIEeHUdA, BbIpazKaeMble Iepe3 (byHKIU/II/I Tankens IIepBOro M BTOPOTO poaa:

k
Rkil(r) = \/;Hl(i’f/)z(kr)-






I'nmaBa 7
Teopus aToMOB U MOJIEKY.I.

7.1 Arom Bomopoza.

AToM BOOpOIIa SABJISIETCS IPOCTElilIeli KBaHTOBON CHCTEMON, CBONCTBO KOTOPOW XOPOIIO U3Y-
9eHBbl YKCIEPUMEHTAJIBHO M MOHATHI Teopermdecku. OH mpezicTaBiiser COOON CBSI3aHHOE COCTO-
dHUE IBYX YaCTHUIl — JIeKTPOHA M IPOTOHA, KaKIYIO U3 KOTOPBIX MOYKHO C XOPOIIeil TOYHOCTHIO
CYHATATH TOYEYHOU, TprdyeM Macca djaeKTpona npuMmepHo B 2000 pa3 MeHbIIle MacChl IPOTOHA, TaK
9TO IPOTOH B IMEPBOM IPUOJIMKEHIUN MOXKHO CIYUTATH OECKOHEYTHO TSXKEJIBIM.

Tl'aMupTOHAH CHCTEMBI B KOODJIMHATHOM ITPEJICTABICHUN IMEET BUL

52 2 2 2

5 p e h* =2 e

H=— _ [ - 7.1
2m r 2mv r (7.1)

rje m — IpUBEeJEHHAd Macca (C XOPOUIeHl TOYHOCTHIO COBIAJAIOIIAsS C MAaCCON JIEKTPOHA), €
3apsiy iekTpoHa. Huzke MBI HaiijieM TOYHOE peIleHre 3TO# 3a/Jadi — B CBOE BPeMs 3Ta 3aJada
ABMJIACh "MPOOHBIM KaMHeM' 1J1si KBAHTOBON MEXaHUKH B IIEPUOJL €€ CTAHOBJICHMUS.

Haunmem ¢ mpocreiinieil OIEHKN XapaKTEPUCTUK ATOMa BOJOPOJA, OCHOBAHHOW Ha COOTHO-
IIeHuu HeolpeJesleHHocTell. B ocnosnom cocmoAanuu MOMEHT KOJIMYECTBa JBHXKCHUS DaBeH
uyao (I = 0), ¥ noJHAs SHEPrUsi CKIAIBIBAETCS U3 KUHETUYIECKON IHEPIUU PaJUAJbHOIO JIBU-

2KeHud u HOTeHL[HaJH;HOfIZ
p2 62

2m r

U3 coorHomenus Heonpeeentocreit p ~ h/r, orkyna E ~ h/2mr? — €2/r. Yenosue munumyma
JaeT IS PaJIyca aToMa

h2 o
ap=——s=5.29-10"% cn,
me

n [Jid QHEPIruy OCHOBHOI'O COCTOAHUA

_1me* met 1 met 1 5

=——a‘mc°~—13.698,

Er=572 2 2 B2 2

TIe BBeJleHA T.H. NOCMOAHHAA MOHKOT CMPYyKmMypot

e? 1

— ~

he 137

1 m m v 1
TMockonmbKy KuHeTHdeckas sueprus 5 o mc? = 2 (ac)? = Z v?, orcioa — = a = o7 < 1, aro
O3HAYAET, ITO ATOM BOJOPOAA ¢ XOPOUIEH TOTHOCTBIO HEPeAsMUBUCTCKAA CACTEMA.
BecbMa €CTECTBEHHBIM IIPH M3Y9IEHHM ATOMA ABJSETCA IIE€PEXOJ K T.H. ATOMHBIM €JIMHUIAM,

njan K 6e3pa3MepH1)1M eqmHuOaM JJINHBI 1 Q9HEPruu

_r. I 7
p - a/B7 - Ry 9
rne Ry = % mh—fl ~ 13.6 9B — mocrosgaHas Punbepra. Torma pammansuoe ypasuenue Illpemgurrepa
(6.16) npumer Bu
0?x 2 I(1+1)
_— — = O
Rl 2 |x

45



46 TEOPUSI ATOMOB U MOJIEKV/I.

C yueroM TOro, 4ro Ha MajabiX paccrogmmax X o< p'T! (6.18) m Ha GOILIIMX PACCTOAHHAX X X
e " (6.19)(mpuvyem B Hammx Ge3pa3MepHBIX eIMHUIEAX Kk = \/|e|), pemenne ymobGHO nckarh B
BUJE X = pl+1e_””v(p). IloxcraBisas ero B ypaBHEHUE, IOy IIM

pv" +2(1+1—kp)v'+2[1 — k(14 1)jv=0.

[pencrasss v(p) B Buge paga v(p) =S cxp®, momyunM a1 ko3 BUIMEHTOB ¢} PeKyPPeHTHOe
COOTHOILIEHUE

SR k(E+1+1)—1 .

TS e ) (k+20+2)

[pu Gonbmux k> | ono mepexomut B cx+1 — [26/(k+ 1)] ¢k, otkyma cp~ (2k)*/k!. Ecn ps ne
0b6pBIBAETCA, TO MIPH p — OO TAKOH A CXOAUTCA K (PYHKIUI v ~ e u B pesyibrare byHKIUA
X(p) OKasBIBAETCs IKCIOHEHIMAIBHO DPACTYIEl mpu p — 00, YTO HempuemseMo. YITo0bl Ha
Gonpmmx paccrosuusx x(p) — 0, HeoGxoauMO 06OPBATH P HA HEKOTOPOM Kk =1, ITO TIPUBOJUT
K YCJIOBHUIO

k(ny+1+1)=1; (7.2)

B TAKOM CJiydae v(p) — MOJMHOM CTENeHH N, IMEMIuii n, Hyjaeil. Paspemas 310 ycaoBue OTHO-
CUTEJIBHO K =+/— €, JJI1 SHEPTUU IIOJIydaeM

1
=—— 7.3
€ 2 (7.3)
rae n=(n,+1+1) — 2ara6mo0e xkBanTOBOE YNCIO, N =1,2, ..., Torna kak n, =0,1,2, .... Bonnosag
dyHKIUS UMeeT BUIL
2 [(n—1- 1) 2p\ - 2l+1
R, = T3 p/"L 2 7.5

rae L™ (x) - mommom Jlarrepa.

OTMernM, 9TO HEPIUs ATOMA BOJOPOIA € 3aBUCHT TOJBKO OT IVIABHOTO KBAHTOBOI'O JHCJIA N,
U COCTOAHHUSA ¢ (DUKCUPOBAHHBIM 3HA4YeHHEM N HO pasymyHbiMEu [ =0, 1,...,n — 1 oTBeyaroT 0HOIA
n Toit ke suepruu €. IloguepKHeM, UTO ITO BBIPOXK/IEHUE JONOTHUTEIHHO K YK€ MMEIONEMYCs B
HeHTpaigbHoM norennuase (20 4+ 1)-KpaTHOMY BBIDOXKIEHHMIO NO IIPOEKUUM MOMeHTa L. npu
KakJ0M durcupoBaHaoM [ m = — [, ..., 0, ..., [. Takum obpa3oM, IIOJIHOE YNC/IO BBIPOXKIEHHBIX
COCTOSHHI IIPU KazKJIOM 7 COCTaBJIAET Ztg_ (20+1) =2n2

JononnurenbHoe BbIPOKIEHHE (HA3BIBAEMOE TAKIKE CAYUATIHOLM 6bPOHCIeHUEM) CBI3AHO C
HaJIMYMEM B KYJOHOBCKOW 3aJiade JONOJIHUTENbHON CcrMMeTpun, Oojiee BBICOKOH, YeM IIPOCTO
cdepuyeckass cuMmerpus. B KiraccmuecKoM ciIydae 9Ta CHMMETDHS I[IPOSIBJISETCA B TOM, UTO
[IEPUOJ, PA/MAJIBHOIO JBUKEHUS COBIAJAET C IEPHUOJOM JBUKEHUs II0 YUy, M TPaeKTOPHS
3aMKHYTa (JUIMIC) B OTJIMYUK OT ODILEro Cirydasi, KOIJIa ITU HEePUOJbI HE COBIAJNAIOT, U TPAEK-
TOpHS He 3aMKHYTa.

s mpumepa mpuBegeM BOTHOBBIE (DYHKIIUN HECKOIBKUX HUIIIUX COCTOSHUIA.

= —_2 o - —_ L ar
1L.n=1 RIO_\/EG P’ }/00(9)(10)_\/@7 wIOO(paea(p)_\/@e p’ (18)
2. n=2. Rzozﬁ@_l))eﬂ)m Yoo(‘ga@):#a
Ya00(p, 0, ) = Ve (2 ple” ol (2S)

Rzl—z\/G—Pe P2, Ym(@,(p):\/%cos& Ylil(H,@):\/%sineeiW7
Po10(p, 0, ) = \/32 T e —r/2¢0s0; (2P)

Yaraa(p,0, ) = ——==pe™ " sing e (2P)
Pacnpe,neneHI/Ie BEPOATHOCTH ,HJIH KOOpAWHATHI JJIEKTPOHA B aTOMe

dwnim(r, 0, @) = |nim|*r?drdQ = R%l( )r2dr [Yim (0, o) [2dQ
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a pa3Mep aToMa p ~2 = n?/2. Jlpyrumu coBaMu, aToM B BO30YKJIEHHOM COCTOSHUM CHITHHO

1
2le]
"pazmysaerca". YrioBoe pacipejiesieHue Olpejessercs YriaoBoi dacteio |V, (0, ¢)|?, zaBucu-
MOCTH OT YIVIOB KOTODPOH OIPEIESseTCs BEJUINHON OpOUTAJIBHOIO MOMEHTA KOJIMYECTBa JIBU-
>xeHud | m ero npoekmueit m. g kinaccudukanuy JIeKTPOHHBIX COCTOSHUI C HU3MIMMU [ IPHU-
HaAThbl obosHauenus: s ([ =0),p (I=1),d (I=2),f (I =3) u 1.1. B ciygae, korja 31eKTpoH
€JIMHCTBEHHBIA (aTOM BOZOPOJA), OPOUTAIBHBIA MOMEHT JIEKTPOHA COBIAJIAET C MOAHbBLM OPOU-
TaJIbHBIM MOMEHTOM aTOMa, JJId O603HaquI/IH KOTOPOT'O MCIIOJIb3YIOTCA IIPOIIMCHbIE 6yKBbI, COOT-
BercrBerHo S,P,DF,... Takum obpasoM, HampuMmep, cOCTOossHUE aToMa Bomopoma cn=2u | =0
obosHagaercs Kak 25, ¢ n=2 u [ =1 obo3Hauaercs Kak 2P, u T.11.

YeTHOCTh COCTOSHUI C ONPEIE/IEHHBIM [ OIpeIesieTCs YeTHOCTHIO €ro yIJIOBOM dacTw,
pasHOlt ( — l)l. Kaxk y2ke oTmMedasioch BbIIE, COCTOSHUS C OJHUM M TE€M K€ TJIABHBIM KBaHTOBBIM
qucyioM n pazaunaabiMu [ = 0, ..., n — 1 BBIPOXK/IEHBI, T.€. OTBEYAIOT OJHOW M TOH Ke SHEPTruu
("cyaaiinoe BbipoxkaeHne", cM. Bbime). Cyneprnosuiusi TAKUX COCTOSTHUN TAKKe sIBJISETCS CTa-
[IMOHAPHBIM COCTOAHUEM. B OT/IMYUU OT COCTOSHWII C ONpeHeseHHBIM | TAKOe COCTOSHUE y2Ke He
“MeeT HU OIIPEJeJIEHHOIO 3HadeHud [, HU ompeneseHHOil derHocTn. Hampumep, paccMoTpum
CyIEPIO3UIUI0 CAMMETPUIHOIO COCTOSHUSA 25 U aHTUCUMMEeTpUIHOro 2P:

1 1

ﬁ[YOO(ea )+ Y1000, ¢)] :E 1+ \/gcos(é’) .

B To Bpemsa Kak KaK/0oe M3 ITUX COCTOAHHI COOTBETCTBYET CHMMETPUYHOMY DPacHpelesIEHUIO
BEPOATHOCTH OTHOCHUTEJIBHO OIl€PAllU OTPaXKEHUd 2 — — 2, UX CYIIePIO3UINd aCCUMMeTPUYHA, U

Y=

00J1a/1aeT HEHYJIEBBIM JUIOIBHBIM MOMEHTOM:
(d2) = (Plez|p) =7(0]ez]0)

(dlez|y) =
r{(0le cosf|0) + (1|ecosf|1) 4 (0|e cosB|1) + (1]e cosf|0)} =

(d-)

cosf icosH:L

1
A4 4 \/g

2r(0|ecosd|1) :r/ df - 2w

7.2 HNsznyuyenue aroma Bogopoaa, ¢popmyna Baabmepa.

Ilepexon m3 OIHOrO CTAIMOHAPHOI'O COCTOSAHUS B JAPYroe ¢ M3MEHEHHEM IVIABHOIO KBAHTOBOT'O
quciaa n— n' TPUBOANT K UCIyCKaHMIO pOTOHA ¢ 3ueprueit hiw = E,, — E,» 1 9acTOTOI:

. met( 1 1
TSR\ 2 n2
popmyaa Baavmepa, npencrasismoneil coboio pa3HOCTh ABYX mepmoe 1, — T/, ompeneieHHbIX
KaK

E, 1
Tn=" =2 Rys
4
rue nocrogunaa Punbepra-Purna Ry ompenenena xax Ry = % =3.27 - 10'5cex . B cmexTpo-

CKOIIMU B 3aBUCHMOCTH OT KOHETHOT'O COCTOSAHMSA 7/ CIEKTPAJbHBIE CEPUM UMEIOT HA3BAHUS:
n'=1 — cepusa Jlaitmana (yabrpaduoser),

n'=2 — cepua BasbMmepa (BuauMasg 4acTh COEKTpa),

n'=3 — cepus Purna-Ilamena (nudpakpacHasa 9acTb).

OTH cepum OTHOCATCA K CIEKTPY H3JIydeHUsl aTOMOM BOAOPOJA. B cilydae MHOTO3JIEK-
TPOHHBIX ATOMOB KBAaHTOBAsl CUCTEMa 3HAYUTENHHO YCIOXKHSAETCS, T.K. NMPEBPAIACTCA B 3aJaTy
MHOTMX TeJI. B ciaydae, KOrma pacCMATPUBAETCHA CHJILHOBO3OYZKIEHHOE COCTOSHUE IIEJIOTHOTO
aToMa, KOT/la BHENTHU{l 3JIeKTPOH HAXOJUTCA Janeko p~ n?>> 1 (cpeiHee paccTosHUe 70 TEHTPA
MHOr0 GOJIbllle pa3Mepa aToMa), OCTABINAsCA YacTh ATOMA UIPaeT Posib diupa "BOIopomonomos-
HOro" aroMa, M IHEPreTHIECKUil CIeKTDP COCTOSHUN BHEITHEro 3JeKTpoHa mpuobperaer "Bomopo-

nononobuprit" BuI;
1 me? 1

En==5% Ay
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rJle MoIpaBKa Ha KOHEYHBIH pasmep "sapa', Boobie roBopsi, 3aBucut oT [, u "ciydaiiHoe BBIPO-
Kaenne" cHUMaeTcs.

7.3 Koaebanusa ABYXaTOMHBIX MOJIEKYJI.
Jpyroit npuMep KBaHTOBOI CHCTEMBI JIBYX TeJI fABJIAETCH JABYyXaTOMHAas MojeKyJsa. B oramyum ot

aToMa BOJOPOMA, IOTEHIMAJIbHAS SHEPIUs B3aWMMOIEUCTBHS B ITOM Clydae uMeeT Oosee
CJIOZKHBII BU:

U(x)

napabona

Pucynok 7.1.
Paznoxkenne nmoreHuabHON SHEPrUN BOJIU3M MOJOKEHNUS PABHOBECHS

ldQU(r)
2 dr? o

(r— r0)2 + l—d3U(T) (r— r0)3 + ...

U(r)=Ulro) 31 dr?

B nmonoxenunu ycroituusoro pasuosecus k = U’(rg) > 0. Kpagparudnoe ciaraemoe Jaer I10TEH-

Al TADMOHUIECKOTO OCHIIIIATOPA ¢ IacTOTOH w = \/k/m, a KyOudeckoe caraemMoe TIPUBOIHAT
K aHTapMOHUYHOCTH KOJIeOaHWI, IPOSABJIAIONIECA B 3aBUCHMOCTH YaCTOTHI KOJIeOAHWT OT aMILIH-
Tyabl. XapaKTepHble YHCIa JIJId TUIMAYHOIO ITOTEHINAJIa B3AMMOJEHCTBUS NBYX MOJEKYJ: TJIy-
6una amer Ug~ 10 38 — T~ 10° °K, a paccTognme MexXay ypOBHSAMHE B HIKHEH JaCTH CIIEKTpPa

AE =hwy~0.138 =T~ 103 'K

IIpr komuarnO#t Temmeparype T ~ 300°K < AFE xonebanus oO6bIMHO "BBIMOPOXKEHBI" - OCIINJI-
JIATOP HAXOJWTCS B OCHOBHOM COCTOSIHWH, OTBedaolieMy "HyseBbiM KosebaHusM" ¢ sHeprueit

E=hw/2.

7.4 BpamnieHue IByXaTOMHBIX MOJIEKYJI.

l'aMuIbTOHMAH, OMMUCHIBAIOIIAI BpallleHNEe JIBYXaTOMHBIX MOJIEKYJT

2p

rae g = mr? — MOMEHT WHepIUH MOJIEKYJbl (1M — NpUBeJeHHas MAacca aTOMOB), ' — PACCTOSHUE

MeXKJy aToMaMd. Tak 2Ke, KaK U B CJIydae JIBHUKEHHUS B IEHTPAJIHLHOM IIOJIe, DENIEHUEM ypPaB-
uenus IIpenunrepa H® = E® naer © = Y;,(0, ¢), 3mech 0, ¢ — yIubl, ONnCHIBAIONE OpUeH-
TAIMIO PaIUyC-BEKTOPA T, COEIUHSIIONIEr0 IEHTPhI ATOMOB. JHEPIrUs BPAIEHUsI

h2
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U PACCTOSHUE MEK/y yPOBHSAMH PaCTeT JIMHEHHO C j:

h?
AE=—j,
L
npuveM Kaxkplil ypoBeHb (2 + 1)-KpaTHO BBIPOXKIIEH.
XapakTepHble PACCTOSHUA B HHMXKHEH 9acTu crekTpa Jis aByXaroMHbIX Mojiekysa (O, No u

T.IL.)
AE;~10"%98 — 1°K

Takum 06pa30M, MOJIHAS YHEPIUA MOJIEKYJIbl (IIPU 3aJaHHOM JIEKTPOHHOM COCTOSIHUM) COCTOUT
U3 CyMMBI KOJIEOATEIbHON U BpAIIaTeIbHON SHEPIUn

G+1)

h? .
E,jj:hwo(l/ﬁLl/Q)ﬁLT]]

7.5 Cuapl Ban-nep-BaaJjbca, mpocrag ocnLIgTOpHAad
MOJIEJIh.

Paccmorpum B3ammojeiicTBHe IBYX aTOMOB HAa PAaCCTOSAHUAX, OOJIBIIMX II0 CPABHEHHIO C Da3-
MepoM aroma. Kaknplii U3 aTOMOB HEWTPAJIEH, IIO3TOMY KYJIOHOBCKOE B3aMMOJIEHCTBUE MEXKILY
HAMH OTCYTCTBYyeT. THIMYHBIM fABJIS€TCA TaK>Ke U OTCYTCTBHE cpedHez0 ITUIOIBHOI'O MOMEHTA Y

KazKJI0OI'0 U3 aTOMOB: <d1> = <d2> = 0, XoTd M2HO6eHHOe 3IHAYUEHUE UIOJBHOI'O MOMEHTa

OTJIMYHO OT HyJd. HenysieBoit TuIONBHBIN MOMEHT d; CO3A€eT II0JIe

- 1 L2l -

51(7") = ﬁ[-?)( dl)n - d1:|7
KOTOpOe TOJIAPU3YyeT JAPYyroil aToM, U HaBeAeHHBIA JUIIOJIbHBIA MOMEHT d2 BTOPOro aTomMa B3aH-
MOAENCTByeT C JUIOJbHBIM MOMEHTOM II€PBOI'0

— — 1 - 2 =7 -7
Urz == E1(r)da = —[ dida — 3(id) (d) |

TakK 2Ke, KaK U B 00paTHYIO CTOpOoHY. Perienne KBaHTOBOMEXaHUYIECKON 3aJa4d I B3aUMOJEH-
CTBYIOIIUX JUIMOJHHBIX MOMEHTOB B ODIIEM CJIydae HEe COBCEM TPHUBHUAJIBLHO, MOITOMY IS WJIIO-
CcTpaIuu 00CYKIaeMOTO SIBJIEHUS BOCIIOIb3YEeMCs IIPOCTENIIelt TOIHO PEeIIaeMoil MOJIEbIO.

PaccMorpuMm Ba OMHAKOBBIX OJIHOMEDPHBIX OCHIJLISATOPA, OPUEHTUPOBAHHBIX BOJbL OITHOI
IpSAMO#l U CBA3AHHBIX MEXKJy COOOU JIMHEHHOU CBA3BIO

2¢?
Ulz = — Fx1$2 =QT1T2.
FaMI/I.HI)TOHHaH CUCTEMBbI
a2 A9 2 2 9 9
I1ocJjie HepeXO,ZLa K HOpr[a.HI)HI)HV[ KOOp;LI/IHaTaM
f1=—=(m1 1) | ;= —=(614 &)
1=— (21 + 22 1=—=(&+ &
V2 V2
1 1
bo=—(x1—22) | T2o=—F=(&1 — &2
Lo | 2= - @)

pacnajiaeTcd Ha CyMMY JBYX FaMUJIBTOHHAHOB OMUCBIBAIOIINX JIBA HE3GEUCUMDIL OCIUAIIIATOPA

gL, mag A mdd
2m 2 2m 2

. . 2 D
rJjie UMYyJbC 7r; OIPEJEJIeH KaK Ty = — zh%, a JacCTOTBI
i

wi=Vwi+a/m, wy=+/w§—a/m.
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DHEpPrus CUCTEMBI

1 1
E:hwl(n1+§)+hw2(n2+§); ny,ne=1,2,...

1 1 .
B ocuoBHOM cocrostium  Fy = 5h(w1 +wy) <2 x Ehwo = iwy. DHEPrus B3auMOIEHCTBUS

a? e2h 1
AE = Ey— o — —% hwg=— 11
0 0 sSmwd " 2m2wg 6

(rie ao/m < wp) yobiBaer kak r~° (3akon Ban-mep-Baasbca).



I'maBa 8§

Cnun, o6immume NOHATHA, /ABUXKEHIE B
MATHUTHOM IIOJie, CJI0KeHUe MOMEHTOB.

8.1 JIBm>KeHme dYacTuUIlbl B MArHUTHOM TIIOJI€, OIIBITHI
IITepra-I'epaaxa.

Tamunbronunan 38,p5{)K€HHOﬁ JaCTHUILbI B JIEKTPOMAarHuTHOM I10J1€

ﬁ—i<$—gf_f)2+e (8.1)
“om\P T ¢ ¥ '
o,
] e (=23 ieh . e? 22
2m mc( p)—i_chd1 +2m A ey
B oxnopomroM MarmuTHOM TOJIE
i :%[ﬁﬂ (8.2)

BTOpOE CjlaraeMoe MOXKHO 3aIlluCaTb KaK

%(Aﬁ): € [ﬁf]ﬁ: ¢ [fﬁ]ﬁ:iﬁﬁ

2me 2me
rme Q—ﬁ_ ch l F 7 =_° hfj: - NIaFHHTHbIﬁ MOMEHT YaCTu n
7 T 2mc h p = 2me 1,
e
_ 8.3
9=5— (8.3)

=

TUPOMArHUTHOE OTHOmIeHne. MarHUTHBIT MOMEHT MPOMOPIIMOHAJIEH MOMEHTY HMITyJabca L ; Tak
2Ke KaK W TOCIeIHNI, OH KBAHTOBAH: €ro abCOIOTHOE 3HAUYEHNEe MPUHUMAET IUCKPETHBIN HAOOD

suavennit: 10 = ppl, KAK U ero nNpoexknus Ha JIOOYIO BLIJIEJIEHHYIO OCh, B YaCTHOCTHU, Ha, HAIIPAB-

eh
JIEHWE MaTrHUTHOrO mons® ! nmpuanmaer muckpernbie 3Havenns: 20, = upgl,, ¢ marom pp=-—— =

0.927-1072° spr/spcren, HazpiBaeMbIM MarseTonoM Bopa. ame

Oror dakr Obur nogrsepxkaed omnbitamu repua u Tepnaxa (1921), rae usydanoch pacce-
sSIHUE HEOIHOPOIHBIM MATHUTHBIM TOJIeM HEATPAJIbHBIX ATOMOB, HECYINIUX HEHYJIEBONH MArHUTHBIH
MoMeHT. Eciu Obl MAHUTHBIA MOMEHT NPUHUMAJ Obl HENpEPbIBHbIE 3HAYEHUs, COOTBETCTBY-
IOIUY YyroJl OTKJIOHEHNSI HEIPEPBIBHO 3AIIOJIHSII Obl BECh [IMAIA30H, TOIJ/IAa KAaK OIbITE J1ajl HAbOp
[I0JIOC, YMCI0 KOTOPBIX COOTBETCTBYET YUCIY JMCKPETHBIX 3HAYEHUI MATHUTHOTO MOMEHTA.

Jng OOBIYHOrO MOMEHTa KOJUYECTBA JIBUXKEHHS YHUCJIO JUCKPETHBIX 3HAYEHWI MPOEKINU
paBuo 2] + 1, tme [ = 1, 2, ... , T.e. HEYETHO, U COOTBETCTBEHHO, ITOMEIIEHNE B MATHATHOE II0JIe
NPUBOJIUT K PACHIEIIEHUIO BBIPOXKIEHHBIX 2] + 1 cOCTOSHUI Ha HEYeTHOE HUHCIO yPOBHEN,
pasHoe 2] + 1.

Bri1o obHapy)keHo, 9T0 HEKOTOPBIE ATOMHBIE CUCTEMBI IIPU PACCETHUH JTAIOT YEMHOE IUCIIO
pACIIEILUIEHHBIX YPOBHEH. DTO ABUJIOCH HEOXKUIAHHOCTBIO, T.K. COOTBETCTBYIOIIEE ITOMY UUCILY
abCoMIIOTHOE 3HAYEHNE MOMEHTa MMITYJibca | (BbpaskeHHOe B equHUNaX A) JOJKHO ObITh "moury-
nespiM", B TO BpeMs KaK YCJIOBHE KBAHTOBAHWS MOMEHTA UMITyJibca Tpebyer, 4robbl [ ObLI
yeavtm aucaom® 2. QaKTHIECKH 3TO O3HAYAET, YTO B JAHHOM CIIydae MBI UMEEM JeJO C sBJje-
HUEM, HE CBOJANMMCS K TPOCTOMY BPAIIEHUIO YACTHUILI BOKPYI €€ OCU: pedb HUIET O 6HY-
mperHem MOMEHME UMNYACE TACTUALDL.

8.1. Ochb 2z BCcerga MOXKHO BBI6paTb BIOJIb HAaIIpaBJE€HUA MarHUTHOTO IIOJIA.

8.2. Tlom4yepkHeM, YTO IPOEKINs MOMEHTa Ha BBIJEJIEHHYIO OCb B 3TOM CJIydae NPHHUMAET MOJYyIesible 3Ha-
YeHHU C HeJIbIM maroM (B exuaunax h).

51
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8.2 CruH 3JIeKTpoHAa.

Hanmenbiniee 4deTHOE YHCIO pACHIENJIEHHBIX YPOBHEH DPaBHO JBYM O3HA4YaeT, YTO abCOIIOTHOE
3HAYEHNE MOMEHTA MMIIYJIbCA PABHO § = %7 C JABYMsSI BO3MOXKHBIMU IPOEKIIUSAMU S, = i% (B eau-
nunax fi). B gacTHOCTH, K TAKMM CHCTEMAM OTHOCATCH HOKOSIUNACH JIEKTPOH, IIPOTOH, HEHTPOH
u T.I.

KBanToBoe cocTosiHre ONUCHIBAETCA JBYXKOMIIOHEHTHOM aMILTUTYION — CnUuHOpom

o=(1)

1
2

a oIeparTop CIruHA
a

g:

BBIpaxkaeTcsd depe3 T.H. Marpuns! [laymm:

5:(000)0:01 J:()fi 0:1 0
z,0y,0z), Ogx 1077; ’L'O’Z 0 —1

KOTOpBIE BMECTe C eqUHUYIHOI MarTpuieil I obpaldyror moiaHblil Habop MaTpulr pazMepa 2 X 2 co
cBoiicTBaMU

{0i,0;}=20;; — aHTUKOMMYyTATUBHOCTH
Tro;=0 — "6ecciregoBocTs" (8.4)
ol =0y — 3PMHUTOBOCTH

a TaKzKe
[O’i, O’j] = QZEijkO'k
yTo obecrnednBaer JJis olepaTopa CIIMHA, KaK s BCAKOIO OlepaTopa MOMEHTa HMILYJIbCa, Ipa-
BUJIbHBIE KOMMYTAI[HOHHbBIE COOTHOIIEHUS [$;, § 5] =1€; 55k
Cpeasee oT onepaTopa CITHA PABHO

(i) =5
3agaua 8.1. Ucnonbsysa csoucrsa marpun [laynu, nokasarb, uro miad jawob6oit dynkuun f(fAdz) = %[f(z) +
f(— x)]]—l—%[f(a:) — f(—)](7id), rae & — 4mc0, W — NPOM3BOIBHBIN €IMHIYHBIN BEKTOP.
[Ipu BparieHnn CUCTEMBbl KOOPJAUHAT BOKPYT IIPOU3BOJILHOI OCH 7i Ha YIOJl (¢ CIIMHOD TaKXKe
npeobpasyercss Kak

v =exp(22 o) b= cos(£) + i(d sin(£)

o6

a

B

COUHOP IIPpU IIOBOPOTE CUCTEMBI KOODAUHAT BOKPYT OCH Z Ha yIroJ (p?

3agaua 8.2. IlycTh cnmHOBOE COCTOsIHME WMeeT BUJI P = < ), la|? + |8]2 = 1. Kak 6yjger BBITIAIETDH

1
3apgaua 8.3. IlycTp cnimHOBOE COCTOSIHHE MMeEET BUI P = ( 0 ; Kak OyJeT BBIIVISJIETh CIIMHODP 1) DU IIOBO-

poTe BOKDPYT OCH X: a)Ha yrou /2, 6)ua yroa w7
@ "
3agaua 8.4. [lycTh cimnoBoe cocroguue uMeer BUL :( 3 >, |a|?2+|6|?=1. Haiitn npeo6pasoBanue moBo-

1
pora (ocb 7o U yroJ ), B pe3yJabTaTe KOTOPOILO CIIUHOD COCTOSHU#A NpUMET Buj ¥’ = o )

C y4eToMm cnmHa ypaBHEHWE ABUZKEHHsS B JIEKTPUIECKOM M MATHUTHOM TOJIE IS 3JEKTPOHA
npuobperaer Buj, (ypasuenue [laysmn):
O 1 /5 e=\2 eh ,_-
th—=|— —A) —ep+—(0H
ot {Qm(p—’—c ('0+2mc( )}/}

3ameTuM, YTO IPHU ONEepaTope CIMHA 'MPOMATHUTHBIN (akTop B 2 pa3a OoJblle, YeM MpHU onepa-
TOpE MOMEHTa

eh
2me

(37) = (57) =205 (3F0)

Paccmorpum gBrrkenme crimHa MOKOAIIETocs JIEKTPOHA B MOCTOAHHOM MATrHUTHOM IIOJIE, HAIIPaB-
JIEHHOM BIONb ocu z: H ||z. B arom cayvae ypasuenue IllpenuHrepa mjis civHa IPUMET BUJL:

O
zh%: usH o, .
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10,

Pemenne storo ypasuenns ¥(t) = exp( — iupHto.)(0) = exp( — <= ¢(t))¥(0) onmcpiBaer Bpa-
wenne (IIpeneccuio) cimua BOKpYT ocu z: p(t) = Qt, riae wacrora npeneccun =2 ppH.

8.3 OmepaTop NMOJIHOTO MOMEHTa UMITYJIbCA.

TlonHbIit MOMEHT MMITYJIbCA JIJIA JJIEKTPOHA JTAeTCs CyMMO# ero opOMTaJbHOIO MOMEHTA M CIIMHA

- — Py

J=L+S5

-

O61iee IpaBUIIO CIOXKEHUA ABYX MOMEHTOB ji WM jo BBINVIAJAT CJIeAyOmM o6pa3oM (T.H. BeEK-
TOpHAs MOJIEJIb):

e AbGcomroTHOE 3HAYEHME TIOJTHOIO MOMEHTA MPUHUMAET OJHO U3 3HAYEHUI:
J=g1+j2, i+ ja— 1, |51 — Jol (8.5)
e IIpoexkIus MOJTHONO MOMEHTA €CTh CyMMa, IMPOEKITNil KazKI0i U3 COCTABJIAIONINX:

m=mi+msy, upumieM — j<m<j (8.6)

. . 1
B wactooctu, ecu j1=1u jo=3s =3, T0

. 1
j:li§ upu [ £ 0,
j=1/2 upul=0.
CoOTBETCTBEHHO, COCTOSHMS ATOMA BOAOPOLA KIACCU(PUIMPYIOTCS Kak 1 L, 3a1aHueM IJIaBHOIO

KBaHTOBOI'O 4HC/Ia 7, OPOUTAILHOIO MOMeHTa L M HOMHOrO MOMeHTa j, Hampumep: 2Si/2,2P3/o,
2P1/2 m T.1L.

8.4 CunoxXeHUe MOMEHTOB, BOJITHOBbIe PYyHKITUU.

Paccemorpum cucreMy, cocrosiryo u3 aByx cyabo B3aMMOIEHCTBYIONINX IIOJICUCTEM, C MOMEHTOM
nMiyiabca J; u Jo, coorBercTBenHO. B 00Iem citydae nx B3amMOJIECTBHE MPUBOIUT K TOMY, ITO

COXpaHdeTCd JUIIb ITOTHBIA MOMeHT cucteMbl J = Ji + Jo. B KBaHTOBOM cydae 3TO O3HAYAET,
9TO CODCTBEHHOE COCTOSHWE TaMUJIBTOHHAHA Oy/IeT XapaKTepu30BaTbCs abCONIOTHBIM 3HAYEHHEM
IIOJTHOTO MOMEHTA. J :

52
J1g,m)y=j(j+1)|j,m)
n HpOGKHI/IefI ™M IIOJTHOI'O MOMEHTa Ha OChb KBaHTOBaHUA Z:
J:lj,m)=m|j,m)
rme m=—7j,...,0,..., j. Ecniu B3aumoieiicTBre MEXK/Iy MOACUCTEMAMHI JIOCTATOTHO MAJIO, MOYKHO
0XKUJIATh, ITO COXPAHAIOTCS aDCOJIOTHBIE 3HAYEHUsT MOMEHTOB j1 U Jo KaXKJION U3 MOJACUCTEM, HO

He MX IPOEKIUH HA OCb Z. B 9TOM Ciydae COCTOsSHHE |§, M) sBJAETCA CyNepHo3uuueil cocro-
SIHUI C Pa3JIMIHBIMA M1 U Mo (M1 + me=m):

|7, m)= Z C§$1j2m2|j1,m1)|jz,m2>
mi+mao=m

U cooTBeTcTByIomue Kodddunuentsl pasnoxenua CI17 Ha3bIBAIOTCA KOd(DdUImeHTaMu

Jimaijama
Kanebma-2Koppana

8.4.1 Brruucaenne ko3ddunuenros Knedma-2Kopaana.

8.4.1.1 Tlouwm>karIiye U NOBBIMAKIIUE OMMEPATOPHI IPOEKIUN MOMEHTA J 4.

Paccemorpum oneparopsl

Jy= (jziz'jy) (8.7)
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N3 KOMMyTAIMOHHOIO COOTHOIIEHUS JIJIsi MOMEHTOB, [JZ-, jk} =1k jk, clleyeT, ITo
[ o] = e
IozxeitcTBOBaB Ha COCTOSIHEE |j, M) OIEPATOPOM J4 HOIy<HM HEKOTOPOE HOBOE COCTOSIHHE
|Ws) = Jilj,m) (8.8)
HeticTBys omepaTopom J 2, TIOJIY UM
T\ W i) = Jodeljom) = (Jed. + J2)|j,m) = (m+1)| W),

T.e. cocrosane |Uy) sBisgeTcs COOCTBEHHBIM BEKTOPOM olepaTopa J,, ¢ COOCTBEHHBIM 3HAYEHHEM
(m £ 1)h. Opyrumu ciosamu, onepatop Ji SABJISETCS MOBBIIAKOMNM, & J_ — MOHUKAOIIAM
poeKnuio MoMenTa J, Ha 1, T.e.
Jelismy = (J+) - lime)
m+1,m

Jolgom) = (J2) | lime)

Broraucienne nopmupoBku Bekropa |V, ) maer
(o), B= (0l = Goml T m) = (= m) (G m o+ 1)

A A f2 ., .
2 2
rae ucnonb3osano J_Jy = (J —J; —J,). Tem cambim,

(Je),,,, = @mtddim) = /G =mG+m+ D) (8.9)

Ananoruano

(7-) . =tm=1ljm) =G —m+ D +m) (8.10)
Orcrona, KCTaTu, ClIeayeT j+|j,j> =0umu j_|j, —j)=0.

8.4.1.2 CuaoxkeHue MOMeHTOB j1 =1, u jo=1/2.

HauHeM ¢ MOCTPOEHHsI COCTOSHMI ¢ MAKCHMAaJbHBIM MOMeHTOM j = | + 1/2. OueBnzgno, 4UrO
COCTOsIHME C MaKCUMAaJIbHOM MPOEKIINEN j, €IMHCTBEHHO:

j=14+1/2m=1+1/2)=|L,1)|3.5)

IlonmeficTByeM Ha JeByI0O YacTb 3TOIO PABEHCTBa OleparopoM J_, a Ha IpaByl0 — 3KBHUBa-
JIEHTHBIM OIlepaTopoM [ _ + §_:

VAT =14 1/2,m=1-1/2)= V2,1 - 3.5 +11,0]5.-3)

2

Ilomenus wa v2l+1 mOIYyINM HOPMUPOBAHHBIA BEKTOP COCTOSHUA C MPOEKIMEN Ha eIUHUILY
MeEHbIIIEe MaKCUMaJbHOKI

21

li=14+1/2,m=1-1/2)= ST

1
11
|lﬂl7 1>’§7§>+T+1|l,l>

IoBTOpsisi, TOCTPOUM BCE COCTOSIHUS MYJIBTUILIETA TIOMHOrO MoMmeHTa j = [ + 1/2. Kpome storo

. 7é> (8.11)

MyJIBTHUILIETA, CYIIECTBYET €llle MyJIbTHUILIET, OTBevdaromuil noasomy Momenty j =1+ 1/2. Cocro-
sIHUE 9TOr0 MYJIBTUILIETA ¢ MAKCHUMAJBHON npoekiweit m =1 — 1/2 cTpouTcst Kak OPTOrOHAJIBHOE
cocroguuio (8.11):

g g 1 1oy 2l 11
i=1=1/2m=1-1/2) =—==ll. 1= Df3.5) = /577 L D3~ 3)

a oCcTaJIbHbIe — JEefCTBHEM MTOHUKAIOIIEr0 OIePaTopa j_ M €ro SKBUBAJEHTA [_ + S_.
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8.4.1.3 Cno¥eHue OByX cnWHOB j1=1/2, m jo=1/2.

JBa cnmHa MOXKHO CJIOXKUTH B mpunaemuoe coctoguue j =1, m=0,£1 u cuneaemnoe cocro-
aane j =0, m=0. ag TpUIIeTHOro COCTOAHNS ¢ MAKCUMAJIHLHON TPOEKInei

L=l a3

JleficTBys IIOHMZKAIOIIUM OIIEPATOPOM, JIETKO ITOJIYYUTH

1 1 1\(1 1 1 1\|1 1 1 1\|1 1
10 J5 s 3-8 4) = == -l

CuHIJIETHOE COCTOsIHAE CTPOUTCH KaK OPTOrOHAJIHHOE K COCTOSHUIO C HYJIEBOI MPOEKIred:

10,0y = ([, 1)[2 1y _[1 _1\[11
’ \/5 2'°2/|2" 2 27 2/|2°2
OTMernM, 9TO BOJHOBas (DYHKIMSA TPHUILJIETHOIO COCTOSHUSA CUMMEMPULHAE, TOTIA KAK BOJHOBA
GYHKIUSA CUHIVIETHOTO GHIMUCUMMEMPUYHA .
3apgaua 8.5. CucremMa COCTOUT U3 JBYX IIOJICUCTEM, KaKjas M3 KOTOPBIX MMEET MOMEHT HMMIyJabca j = 1.

Haiity BO3MOXKHBIE 3HAYEHHS IIOJHOIO MOMEHTAa, BBIYHCJIHUTH COOTBeTCTByMOIIMe Kodddunuentsr Kiebua-
Kopnana.






I'maBa 9
CranmoHapHas Teopus BO3MYIIEeHNIi.

IlycTh raMuIbTOHUAH COCTOUT M3 JIBYX YacTel
H— A0 g7 01)
rne gV — noGaska k rammnsrornany H () mekoropoii Touno pemaenmoii 3a1axdm:
0 3 0
1/]7(1)>:H(0)’w7(1)>, (9.2)

0 0
a ET(I ) u ‘1/}7(1 )> — cOOCTBEHHbBIE 3HAYEHHUS W BEKTOPA COCTOSHUS, OTBEYAIOIINEe HEBO3MYIIEHHOMY

PO

raMunabToHnany H ), IpuYeM ¢ — BBIJEJEHHBIN SBHO MaJIbIi mapaMmeTp. Pemrernme TogHOTO ypas-
wenud [IIpegunrepa

En|tpn) =H ) (9.3)

npu ycaoBum Mayioctd ¢ <K 1 MOMKHO OBITH OJM3KO K PEIIEHUI0 TOYHO PEIIaeMoil 3a1adu,
IIO9TOMY €ro yJI0O0HO IIPEJICTABUTH B BUJE

|wn> = Z Cmn

a 3HadeHus sHeprun F, u K03I(DOUIMEHTHI C,, UCKATh B BUJIE PA3JIOXKEHUsS [0 MAJOMY Mapa-
METPy g:

), wre emn= {050 |6n). (9.4)

E,=EY+EMN 4+ EP 4 (9.5)
cmn:c$2+c§1}+cﬁﬁ... (9.6)
rJie KaxKJIbIi 4JIeH Pas3JIozKeHNsd ES)7 cg?n UMeeT IOPAJOK MaJIOCTH O(gi).

Moncrasnsaa B (9.3) pasnoxkenue (9.4) W yMHOXKAs NOJNydYAIONIeecs ypPaBHEHUE CJIeBa Ha

BEKTOD COCTOSIHUSI <¢,§0)’, IIOJIy JaeM
Bucin = Y ema{ 07| HO[0) 4937 cnn(wl”|V]el) =

= S a3 ][0~

= EI(CO)Ckn + g Z Vkmcmna

e MaTPUYHBINA 3J1eMEHT ollepaTopa BO3MyIeHus Vi, = <¢,(CO)‘V‘1/J7(,S)>. OxoHYATENBHO, ypaB-
nenue (9.6) 3anuiem B BHe:

(En—E,(CO))c;m:gZ VimCmn, n=1,2,... (9.7)

IMosacnenue. HamoMHuM, 9TO Halla 1eJb — MOUCK COBCTBEHHBIX COCTOAHUI raMu/IbToHnaHa H (=
HO 4 gV)7 HO3TOMY Crpyp = (€)m — KOMIIOHEHTBI N-TO COOCTBEHHOTO BEKTODA Cp, B Has3mce COCTO-
AHUH HEBO3MYIIEHHOIO TaMUJIbTOHHAHA. B 3TOM Oasuce ramunbToHUAH Hpp = E,(CO)(Skm + 9Vim,
u ypasaenus (9.7) npeiacraBiagiorT cobor, 0O CyTH, MATPUYHOE YDABHEHHUE OUpee/Idiolee cob-
CTBeHHOE 3HadeHnune F,, m COOCTBEHHBIN BEKTOP ¢, MATPULBl Hym: He, = Encp.

o7
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Jlanee mMbl 6y/1eM UCKATh PEIEHUs TUX yPaBHEHUIl B BUJE PsIOB 10 IapamMerpy ¢ IJist co0-
cTBeHHBIX 3HaveHuit (9.5) W cooTBeTCTBYIOMMX COOGCTBEHHBIX BeKTOPOB (9.6) “BO3MyIIeHHOrO”

raMuabToHnana H .

9.1 Hesbipoxkaennsiii cayuait (EL) E,(eo) npu n# k).

Byusem pemars ypasaenue (9.7) MeTOIOM IOC/IEIOBATEIbHBIX NpUOKeHuii. B HyseBoM 1pu-
OGJIMKEHNN OHO ITPUHUMAET BUJL

(Bu—EL )ern=0

0 0
B HEBBIDOXKIEHHOM Cilydae (E,(L) + E,(C) opu n # k) 9TO ypaBHEHHE MMeET OYEBUIHOE eduH-
cmeennoe pelleHre

C](CO,,z = 5kn

B nepsom, smuHeHOM 10 g IpUO/INKEHNN uMeeM 1pu n % k:
(Ba= B )ell) = (BY = B +0(9) )il =9 > Vimelon=gVin, (9.8)

1 . .
OTKY/I&, C YI€TOM TOTO, 9TO c,(wz ~ O(g), B JIeBOI YACTH B PA3HOCTH SHEPIHUil cjaraeMoe MOPSIKA
O(g) B paMkax JiuHEHHOro NpUOIMIKEeHHs JIOJRKHO ObITh 0TOpomieHo. B pesysbrare mosydaew,
9T0 HeguaroHajbHble (K # n) seMeHThl BO3MyIeHns V IPUBOLAT K IIOSABJICHUIO IIPHMECH COCTO-

STHUS w(o) K HCXO, ) i
L JIHOMY (HEBO3MYIIEHHOMY) COCTOSIHUIO |1, ), C aMILIUTY IO

[IPONOPIMOHAJIBHON MaTpPUYHOMY 31eMeHTy Vi,. Omcymcmeue Takoil npumecu TpebyeT paBeH-
CTBa COOTBETCTBYIONIEIO MATPUIHOTO JI€MEHTA Vi, HYJIIO.

Cay4gait kK = n Tpebyer 0coboro paccMoTpeHusi. B cuiy yciioBUsi HOPDMHPOBKH, B paMKax
JINHEHOTO IPHUOJINKEHUS

k

2
=1- O(g2) U B paMKaxX JAHHOIO IPUOJIMKEeHUs cgg =

1)

OTKYyJa ’1 + Chn (1)

2
=1- Zk%n Ckn

O(g?) ~0. Torpa ypasuenue (9.7) mpu k =n IpUHAMAET BU/

1
EW =gV, (9.10)
T.€. nepeasA NOIPaBKa K IHEPIrMyd paBHA COOTBETCTBYIOIIEMY AUATr'OHAJIBHOMY MATPUYIHOMY 3J1€-

MeHTY V., — CPeIHEMY IO HEBO3MYIIEHHOMY COCTOSHHIO

1/17(10)> OT omepaTopa BO3MyIIeHud V.

JloBOMbHO YacTO TepBas MOMPaBKa OKA3BIBAETCA PABHON HYJIIO, IOITOMY HMeET CMBICT pac-
CMOTPETH MONPABKY M BTOPOrO TOPsiaKa mo ¢§. Pemenue ypasaenus (9.7) BO BTOPOM MOpsiJIKe
JaeT

2 2
@ _ 9% Vien|
E) _%: 20 _ g (9.11)

n

HHTepeCHO OTMETUTDH, 9TO BTOPad IIOIIPpaBKa K OCHOBHOMY COCTOAHHUIO BCErJa OTpuIlaTe/IbHa, T.K.

0 0
Efl ) E,(C ) <0 st Beex k (n — HamHu3mIee cocrosinue). OKOHYATENBHO, BBIINIIEM DELICHNE

2 2

L(0) L0 T
& B0 B

n

9Vin__ | (9.13)

Ckn = Okn+ —ro——rov
ET(lO) _E](CO)
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VcoBue NIPUMEHNMOCTH IIPEIIoIaraeT MaJoOCTh IONPABOK, /I Yero HeoOXoIuMO

ngn

3amaua 9.1. meercs rapMoHUYIECKHI OCHUJIIATOD C FaMUJIBTOHUAHOM

. 2
- p2 + mwiz?
2m 2
nycTh BO3MyIeHue mmeeT Buj V. = awx. HaiiTu monpaBKM K BOJHOBBIM (DYHKIMAM U YPOBHSAM, OOLACHUTD

HOJIy‘{eHHbeI pe3yabTrarT.

3amaua 9.2. Haiitu mompaBku K JBYyM HEPBBIM yPOBHSIM TapMOHHYECKOTO OCIIHJIISTOPA, BHI3BAHHBIE AHTAp-
MOHHYECKUMHT I0BaBKaMu K moTennuany: a) V = 4z3; 6) V = ya?.

Vrasarue: pemuTs 3aady, UCIOAb3YS OIE€PATOPbl BTOPHIHOTO KBAHTOBAHHS (OIEPATOPBI POXKICHUS U
YHHUTOKEHHUS ).

9.2 Teopusa BoO3MYyIIeHUI PN HAJIUYUU BBIPOXKIEHUS.

. 0
Hasinune BBIpOXK/IEHUA O3HAYAET, YTO MMEETCS I OPTOTOHAJIBHBIX COCTOSHUIT ‘1/12 )> (s =mn, ...,

0) — E,(P_Zl =..= E,(Loj_r_l = E©. Bes norepu obmuoctu

n 4+ r — 1) ¢ odunaxosoti sueprueii E
0
moxno nonoxuts £ =0. Ecin coorsercrByomue neduazonaabtisie MATPUIHbIC SIEMEHTHI BO3-

n
Mmymenus Vsgr # 0, TO yCIoBHE NPUMEHMMOCTH Teopuu Bo3MmylneHwii (9.14) okasblBaeTcss Hapy-
LIEHHBIM.

OpmHako Bcerma MOXKHO BBIOPATH HOBBIM 6a3UC IS BRIPOXKIEHHBIX BEKTOPOB, TAKON YTO BO3-
MmymieHue gVy,s Oyaer B HeM nmaroHajibHO: ¢V,s — Vpdps. Bexropa HOBOro 6asmca sBJISIOTCS

n+r—1 b
qs

JIMHEMHON KOMOWHAIIMEN MCXOIHBIX: ’1/15(0)> = Zq:n

(0) “ )
ty "’ ), YAOBJIETBOPSIIOIIEH T.H. ceky
AAPHOMY YPABHEHUIO

Vpgbgs = Ebps p,¢,$=n,...,n+r—1
CyiiecTrBOBaHHE HETPUBHUAJIBLHOIO PEIIEHUs] OHOPOJHONW CHUCTEMBbl YDPABHEHHUN IPEIIIOIaraet
PaBEHCTBO ee JeTepPMUHAHTA HYJIIO:
det |Vpg—E-I||=0

HaGopy r kopreit E; =v;, (i =0,...,7 — 1) 9T0r0 ypaBHeHUsl 7'-Olf CTEIIEHN OTBEYAIOT T PEIIeHu

(@)
bpss

. - 1,3
OJIHOPOZIHON CHCTEMBI, WM T BEKTOPOB HOBOIO basuca ‘7,/}7(32» =yt b(z)n+1‘1/}((10)>7 ISt
KOTOPBIX MATpUIa BO3MyIIeHus V'

( )

vp 0 ... 0
qu;} 0 Un+1 --- 0
0 ver Un4r—1

3adacTyio Bce JUArOHAJIbHBIE JIEMEHTBI ¥; OKAa3bIBAIOTCH PA3JIMIHBIMUA. U BBIPOXKJEHHWE CHHMa-
erca. OnHako, Jgake €CIM [IMArOHAJIbHBIE HJIEMEHTBI JJIs KAKUX-TO COCTOSHUN COBIIAJIH, HEIHa-
FOHAJIbHBIE MATPUYHBIE JJIEMEHTBI MEXKJIY ITUMU COCTOSHHUAME TOXKJIECTBEHHO PAaBHBI HYJIIO, U
B3aumuoe cMemuBanre (9.9) 1uid 3TUX COCTOAHUI OTCYTCTBYeT. DTO O3HAYAET, YTO B HOBOM
6asuce yciopue (9.14) He HapPYIIEHO, U IPUMEHUMA TEOPUs BO3MYIIEHUH I HEBBIPOXKIEHHOTO
Cydasi, PACCMOTPEHHAs BBIIIIE.
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9.3 Ilepeceuenue TepMOB.

PaccmorpumM cirygail, Korma ABa YpOBHS B CHCTEME, B OTJIHYUU OT OCTAJILHBIX, HAXOIATCA OYEHD
6/IU3KO APy K apyry: Emi1 — En < Epq1 — By 11 Beex no# m. Dddexr (9.9), BbI3BaHHbIH
cnabbim BosmynenueM gV, 6yzger mada (~ O(g)) misa Bcex ypoBHeit

O 9Vin
Cin = 0 0
EY — EY

3a nckimoverneM (n=m,k=m+ 1), a rakxke (n =m + 1, k =m), i KOTOPBIX B3aHMHOE CMe-
[IMBaHHE MOXKET ObITh BEJHKO M3-3a OJN30CTH ypoBHeH F,, u Fpy1 (MagocTdn 3HaMEHaTeNs

7(723_1 E(O)). B TakoMm cirydyae BimsiHMEM IPYIuUX COCTOSHUI Ha 3TH YPOBHU MOXKHO IIDEHEODeUb,
PaCcCMOTpPEB B3aUMHO€ CME€IINBaHUE TOJIbKO 3TUX ABYX YPOBHEU, OCTaBUB U3 BCEU CUCTEMBbI ypaB-
HeHuit (9.7) uib JBa yIOMSHYTHIX YPOBHs. IIOCKOMBKY U3 BCEX COCTOSIHUN MblI pACCMaTpUBaeM
TOJIBKO 7B, mepeobosHadmm m — 1, (m + 1) — 2; B 3TuX 00O3HAUEHUSAX OCTABIINECS U3 yPaB-

Henuii (9.7) upuMmyT B

Eci = (E§O) + gV11)C1 + gVisco=Hiic1 + Hizeo

o (9.15)
Ecy= 9V2101+(E2 +9V22)02=H2101+H2202

IIpencraBuM, 4TO CBOMCTBA KBAHTOBOI CHCTEMBI 3aBHCHUT OT HEKOTOPOro mapamerpa A: Hj; =

Hi1(\), Hys = Hy(\) Tak 4T0 IpU HEKOTOPOM A = g JMArOHAJbHBIE MATPUYHBIE JIEMEHTHI
raMuwiIbTOHnAaHa coBnanaror: Hij(Ag) = Haa(Ng). B OTCyTCTBUM HEAMATOHAJBHBIX JIEMEHTOB
His=Hy =0 3Heprm/1 cocrosiamit Fq(\) HU( ) u E2(A\) = Haa(\) npu A = A\ coBmagaror —
npoucxoauT T.H. "nepecedenne TepmoB", cm. Puc.9.1.

E

Pucynok 9.1.

Pemenne ypasuenuit (9.15) naer

Hy+ H Hi1— Hy)?
Eis = 112 in\/( 11 . 22) +|H12|2

1 1 Hyy — Hyiy \/(H11H22)2 2
Uy = —o  IHe r1g= + FH
1,2 1+r2( r1o ) € 71,2 2 4 | 12|

IIpenmnonoxxum msa onpepenennoctu, uro Hiy < Hsg, TOrmA

1
Ey— Hy — |H12|2/|H11 — Hjs|, ‘1’1—>( 0 )

a) mpu A << Ao, 0
E2HH22+|H12|2/|H11*H22|, ‘I’2H< >

1 » 1
By=HutHn g @1%<1>
b) mpu A=A, - )
By ==+ |Hy2|, ‘IIQ—E< 1>
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Ey— Hyy — |H12|2/|H11 —Hyl, ¥i— 1

c) mpu A>> Ao, )
E2HH22+|H12|2/|H11*H22|, ‘I’2H< 0 >

Ha Puc.9.1 coorercrBytomue 3aBucuMocTr dHeprun oT A 1uist F1(A\) u Fa()\) mokasaHbl cooTBeT-
CTBEHHO HUXKHEN n BepxHeil kpupoil. IIpu A\ < \g cocTosinme, orBevaioniee COOCTBEHHON SHEPTHH
E1(X\) 6nusko K cocrosuuio |1), mpum A = A\g OHO IpeicTaBIAeT CMech COCTOsHuM |1) u |2)
PaBHBIX IPOIOPIHUAX, & IPH A 3> Ao OHO HEPEXOAUT B COCTOAHUE |2). AHAJOIHIHBIM 0OPa3OM
npu A < Ao cocrosiHMe, OTBedalomiee coOCTBEHHOM sHeprun Fo(A) GiaM3KO K COCTOAHMIO |2), Ipu
A = )¢ OHO TaK JKe€ IIPEJCTABJISIET CMECh COCTOSHUM |1) 1 |2) B paBHBIX IPONOPIUSX, a IPH A >
Ao OHO IepexomutT B cocrosiHue |1). B To BpeMs, Kak B OTCYTCTBHM HeIHArOHAIBHBIX MATPUIHLIX
snemenToB Hpo, Hy) BO3MOXKHO IepecedeHne TepMoB, orauuue Hio, Hop npusomur K "pacranku-
BaHUiO" ypOBHEl: MUHIUMAJILHOE PACCTOSHUE MEXKIy YPOBHAMU, OTBEYAIONIEE A = \g, PABHO

Bs(\) — Ey(\) =2|His.

Curenyer TakyKe OTMETHTDH, UTO €CJIH COCTOSHUs |1) m |2) mMeloT, HAIIPHMED, IPOTHBOIIOIOXKIYIO
YeMHOCMSb, TO TIPU TEepexose oT A K A\g K A > \g YeTHOCTDb Kax#d020 U3 COOCTBEHHBIX COCTOSHUIL
ramujibronnana H MeHsieTcs Ha MPOTUBOIMOJIOXKHYIO.

9.4 Atom B 3jekTpuveckom mnoJie, adpdekr Illrapka.

Ilonublit 3apAn aTroMa paBeH HYJIO, IIO3TOMY CHJIA, AEMCTByIOIIad Ha aTOM, HAaXOAAIIUicA B
OJIHOPOJIHOM 3JIEKTPUYIECKOM IIOJIe, PaBHAa HyJ/I0. B3ammozmeiicTBHe HEATPAIBHOIO aTOMa C OITHO-
POOHBIM 3JIEKTPUIECKMM II0JI€M BO3MOXKHO JIAIIL IIPY HAJUIUU Yy HETO 3JIEKTPUIECKOIO JUIIOJIb-
HOI'0O MOMEHTA!
V=d¢&

B omcymemeuu BHemHero mosist cpejHMi IEKTPUYECKMI JUIIOJIBHBIE MOMEHT aToOMa B COCTO-
AHAU C ONPedenerHiM NOAHM MOMEHMOM UMNYAbCG TaKKe pabeH Hymo. llpuumna mpocta —
€IMHCTBEHHOE BbIJIECJIEHHOE HalpaBjeHUe B aTOME 3aJaeTCd aKCUAAbHbM BEKTOPOM IIOJIHOI'O
MOMEHTa HMITYJIbca J, TOrJa KaK AUINOJIBHBIA 3JIEKTPUYECKUIl MOMEHT d fABJIACTCH NOAAPHIM
BEKTOPOM — IIPHM OTPaKe€HWH OCeil KOOPAWHAT IIPOEKIUM Ha OCH IIOJAPHOIO BEKTOPa MEHIIOT
3HAK, TOrJa KaK IPOEKIUN aKCHaJIbHOI'O BEKTOPa OCTAIOTCS HEM3MEHHLIMMU.

ITockosbKy B OTCYTCTBHU BO3MYyINeHHdA V COOCTBEHHBIX IUIIONBHBIA MOMEHT <d> =0, B
IIEPBOM IIOPsJAKE TEOPUU BO3MYIIEHUI IIOIPABKa K SHEPIUM PaBHa HYJIIO:

AE=EY =(n|V|n)=(n|d€ |n)=(n|d |n)E =0,
rlie |n) — HEBO3MYIIEHHOE COCTOSHIE ATOMA.
Hasoxenne BHEIIHErO 3JIEKTPUYECKOTO TOJs CO3/JaeT B aTOMe HABEJICHHBINA 3IeKTPUIECKUit
MOMEHT <d >, [IPOTIOPIINOHAJBHBIN HAMPSIKEHHOCTH JIEKTPUIECKOro mojs & : <d >H5 OHeprus

B3anMojieiicTBug E o< <d5> o £2, T.e. KBaApaTWIHA [0 BHENIHEMY IIOMI0. BO BTOPOM IIOpsIKe

TEOPUH BO3MYIIEHAN 3HEPIUsl B3aMMOJEHUCTBHS aTOMa C 3JIEKTPHUYECKUM IojieM — afidexm
IlImapxa
AE=E® Z ’(k|J§|n>’ 152
0 0 9=
i B -pY 2

rje JJis ONpeeJeHHOCTH IPEIONaraeTcs, 9TO JIEKTPUIEeCKOe II0JIe HAIPABJIEHO BIOAL OCH Z:
£ =(0,0,&,). onapusyemoctsb

HGIEI] .

2 _ 3

=2e é E(O Ok apfn. (9.16)
k#n

n



62 CTAIIUOHAPHASI TEOPUSI BO3MVIIIEHUI.

st aroma BOJIOpPOZA B OCHOBHOM cocrostHuu (3, = 4.4. Buramciienue sroro ko3 duimenTa
3aJlada HENpOCTasi, HO OIEHUThL JJisi Hero TIPaHUIly CBEPXY U CHU3Y JOCTATOYHO IIPOCTO.
Hanpuwmep, 3amensisa B (9.16) 3HaMeHaTe b Ha MUHUMAJIBHBIA (E,(CO) — E%O)) — (Eéo) — Eio)) u pac-
[POCTPaHss CyMMHPOBaHKE [0 BceM cocTosHusaM (T.K. (1]z|1) =0), moay4nm OneHKY CBepxy

1 16
a < 2e? E<0> O)Z n|z k) k|z|n):§1_l(1|7’2|1>a3:?x3a3 5.33a%

=

IS

AHAJIOTMYHO JJId OLIEHKU CHU3Y (E,(co) — E§O)) — (- E§O)) u

1 4 4
> 2€QWZ (n]z k) (k|2 [n) = 5 (1r* [)ap = 3 x 3af = dak
- k

Takue OLEHKH, TJIe CyMMa [0 MHOXKECTBY (BOOOIIE rOBOPsi, MAJIOM3BECTHBIX) COCTOSHWUI 3aMeHsI-
eTCs Ha HEKOTOPOE CPeJIHee II0 XOPOIIIO OIIPEIeJIEHHOMY, B JJAHHOM CJIydae, II0 OCHOBHOMY COCTO-
SHUIO, Ha3bIBAIOTCA NPABUAGMU CYMM.

Paccmorpennbiit 3 dekT KBagpaTudeH 110 IPUIIOKEHHOMY 3j1eKTprdeckomy oo €. Omgaako
y aToMa BOJOPOJA MMEIOTCH BBIPOXKJIEHHBIE COCTOSHHUS C PA3JIMYHON YEeTHOCTHIO, B YACTHOCTH,
Ipu 1 = 2, OJIHO YETHOE COCTOsiHUE 2S M TPU HedeTHBIX cocrosinusd 2P ¢ mpoeknumeit momenTa [, =
(—1,0,1)h. Ecsu ssekTpudeckoe mosie HAIPABJIECHO BJOJIb OCU Z, IIPOEKIUs MOMEHTa [, COXpaHs-
eTCsl, M CMENIUBAITCs Jullb aBa cocrositusi: 25 u 2P ¢ [, =0. s atux cocrosituit Vi1 = Voy =0
u Vis = Vo1 = 3eapf,. Pemas cexyisipHoe ypaBHEHUE, IOJYyYUM [IJIsi SHEPIUU U JJIsl BEKTOPA
COCTOSHUS

Er=3eagt., |h+)=——(25)F|2P))

1
V2
Hna aroma Bomopona 3ddext IItapka ajs COCTOAHUN € TJIABHBIM KBAHTOBBIM UHUCIOM N, > 2
OKA3BIBAETCS AuHetiHbM 110 E.

9.5 CnunH-opbuTaJjJbHOE B3anMMoO/IeiicTBUeE.

DJIEKTPOH, ABUXKYIIUACA B 3JIEKTPUIECKOM I10JIE aTOMa CO CKOPOCTBIO U, WCIIBITHIBAET BO3Eii-

CTBHUE€ HE€ TOJIbKO 3JJIEKTPUYIECKOT'O II0JIdA g, HO MW BO3HUKaIOIIEI'o B €ro COOCTBEHHOII cucTeMme
OoTcC4YeTa MarHUTHOI'O IIOJIA

B 2o xE]—- 2 ) (400

r emc \ dr

Bonee axkypaTHblit pacder, yUIUTHIBAIONINN HEUHEPIHUAJIHHOCTL COOCTBEHHON CHUCTEMBI 3JIEK-
TPOHa, NPUBOAUT K IIOABJIEHUIO JOIIOJHUTE/JILHOI'O MHOXKHUTEJIA 1/2 C €ro y4deTom B3a1\lOILeI>‘I—
cTBHUE COOCTBEHHOI'O (CHMHOBOIO) MAaHMTHOI'O MOMEHTA JIEKTPOHA — CNUH-0POUMAALHOE 63GUMO-

Vis=—2up3B ZMQB;—T(%)(éf)Zﬁ- (55)

deticmeue

=

re = p? B ! (ig) Cpensnee ot (‘A’L JIETKO BBIYUCIUTD CJIEAYIOMNM 00pa3oM:
e N 22 S a\2 32 4o 45
J=L+3,=1] :(L +3 ) — [ 4324930
ir 1( 32 72 32
OTKY/1a (s ) E(J - L — § ) Ycpenusass MO COCTOSHUIO C OIMPEJIEJIEHHBIM TOJTHBIM

MOMeHTOM J 1

T l> - j(j+1>‘jj zl>
b 72 b z) 72 9
352
Eljatg) = 00+D]did )
oJIy yaem
<j PR ATE zl>=1{j(j+1>—1<l+1>—§} (9.17)
9 zZ ,2 b z) 72 2 4 b




9.6 ATOM B MAMHUTHOM IIOJIE, S®®EKT 3EEMAHA. 63

OTKY 1A

(sy= 21 [iG+ -1+ -3

2 4
B obmem ciaygae () 3aBUCHT U OT IVIABHOIO KBAHTOBOI'O YHCJA 7, X OT OPOUTAJILHONO MOMEHTA
l, Tax 4TO pa3nuYHblE 3HAYEHHUS j M | OTBEYAIOT Pa3/IMYHBIM 3HAYEHHsAM dHepruu. Tem cambIM
cHuMaeTcsa ciydaiiHoe BbIpoxKjeHue" 1o [, uMerolee MecTo JJIsi BOJOPOIOIOAOOHBIX CUCTEM,
NIPUBOJA K PACIIEIJIEHUIO BBIPOXKIEHHBIX YPOBHEH M IOSBJIEHUIO TOHKOH CTPYKTYpbl. Ilopsamox

BEJINYNHBI
2 2
eh 1 e? e?\” e? 5 €2 9
ol — ] 5——==(+ ) —=a*~—=a"Ry
mc ) eap a% he ) ap ap

T.e. pacIIelIeHue B ATOMHBIX €JUHHUIAX HMeeT MOPIIOK MAJTOCTH a2, TOe o = Z—z ~ 1/137 naswbr-
BaETCs NOCMOAHHOT MOHKOT CMPYKMYPbL .

B Taxkenblx aroMax MOTEHIMAJ s BHYTPEHHUX JIEKTPOHOB lpounopuuonased U(r) ~ Z/r
(Z — 3apan agpa), r~ag/Z, CKopocTb v~ Za, oTkyna 3~ Z*a?Ry.

9.6 ATom B MmarHuTHoM moJie, 3cpdekt 3eemana.

PaccMOTpEM aTOM B IOCTOSHHOM MarauTHOM moste H ||Z. BsaumopeficTBHEe BHEIIHErO JIEKTPOHA
€ MarHUTHBIM IIOJIEM MOKET OBITh 3allUCAHO, KaK

V =up(L +25)YH = pup(J +3YH = pupwH,

rae M = (J + §) — BeKTOp MArHUTHOIO MOMEHTa. B HAMHU3IIEM NODPsJKE TEOPUH BO3MYIIEHUI

SHEpPIUs B3AMMOJIEMCTBHUSA aTOMa C MarHUTHBIM IIOJIEM PaBHA cpegHeMy V 1O HEBO3MYUIIEHHOMY
KBAHTOBOMY COCTOSHUIO aToMa (B JAHHOM CJydae M0 CTANUOHAPHOMY COCTOSHUIO C OIIPE/e-

52 52
JIEHHBIM IIOJTHBIM MOMEHTOM j: <J >:j(j+1), l: <L >:l(l+1)):

By jarly8) =4y darly 8|V |y Gasly8) = usH (G, jur 1, 8|04, Gor 1, 5)

=

BekTop MarHuTHOro MOMeHTa M CKJaJblBaeTCs U3 BEKTOpa IIOJIHONO MOMeHTa J U BeKTopa

cnvHa §. B HEBO3MyIIEHHOM aToOMeé BEKTOp M MOXKET ObITh HANPABJEH BJOb €IMHCTBEHHOTO

BbBIJEJIEHHOI'O HallpaBJI€HUA B aTOME€ — BEKTOPa IIOJIHOI'O MOMEHTa J7 IIO9TOMY [IJId BBIYUCJ/ICHUA

BEKTOpa ﬁ’l JOCTATOYHO BBIYHCJIUTDH €r0 CPEAHIOIO IIPOCKIUIO Ha BEKTOP IIOJIHOI'O MOMEHTA J:

(ﬁi> = <j7jzalﬂ5|ﬁ:‘|ja.jz;l;5>:

(G gz by 8T g, gz, 8) (G, gz b 8| TG, gz, 1, 8)
J+1)

913, g b8\ T 15,11, 8) = gL,

rae dakrop Jlanme

gL — <j,jz,l,s|:]ﬁ:‘|j,jz,l,s>:

i +1)
.. 22, . . .o Foy - -
— <.75]Zalvs|‘] |ja]27175>+<]5]27175|<]5 |ja]25155>:
3G +1) 3G +1)
_ 1+j(j+1)+s(s+1)—l(l+1):§7Z(l+1)75(s+1)
2j(7+1) 2 2j(G+1)

3 R 52
BBIUHCIsgeTcs anajormdano (9.17) ycpemnenuem toxkaectsa (J — §)? = L . OxkoHvaTesbHO, IPH
NOMEIIEHNN B MarHuTHOe 1ose 1uist (27 + 1) BBIPOKIEHHBIX COCTOSIHUH, OTBEUAIOIINX PA3IMIHBIM
[IPOEKIUSAM NOAHOZ0 MOMEHMG, BO3HIUKAET PACIIEIUICHNe YPOBHel, Ha3biBaeMoe afihexmom 3ee-
MAHA:

AE:ngza ]2:7‘755077]






I'maBa 10
ToxK 1ecTBeHHBbIEe YaCTHUIIHI.

10.1 TokmecTBeHHOCTHL YacTuil, 6030HbBI U (pepMUOHBI, CBA3b
co cinmaoM dactuil. Ilpuamun Ilaynn.

B kiaccuieckoil MexaHuKe OJMHAKOBBIE YACTHUIIBI CUNUTAIOTCS PA3IMIUMBIMU, T.K. TPAEKTOPHIO
KaKJI0H MOXKHO IPOCJIEIUTH SIBHBIM 00pa3oM. B KBaHTOBOM cilydae MOHATHE TPAEKTOPHUU HCUe-
3aeT, BOJIHOBBIE IIAKETHI, OTBeYAloIne KarK/I0il U3 YacTUl, ObICTPO PACIIBIBAIOTCH W II€PEKPbIBa-
I0TCs, U JIOBOJIBHO CKOPO y’Ke HeJjIb3sl CKa3aTb, IJie IlepBasi, IJie Bropas dacTuua, u T.1. Jpy-
TUMH CJIOBaMH, OJINHAKOBBIE YACTHUIIbl B KBAHTOBOW MEXaHUKE NPUHUUNUAALHO HEPA3AUNUMDL.

B wacrHocTu, BonHOBast GyHKIMs 1 napbl 4actull (g1, ¢2) IPU NePECTAHOBKE IIEPEMEHHBIX
q1 M @2 JIO/IKHA OTIPEIeNIATH TO e KBaHTOBoe cocrosnue (g2, q1) = e'® ¥(qi, q2), ¢ Tem xe pac-
npedeaenuem eepoammuocmu |V(q1, qo)|>. Jpyrumum cioBamu, omepaTtop MepecTAHOBKH HaCTHIY
Pr29¥(qu, q2) = ¥(q2, q1) BOMKeH MMETh COOCTBEHHBIE 3HAUEHUS e!®, JIByKpaTHas IIepecTaHOBKa
ABJIAETCS TOXK/IECTBEHHBIM IpeobpasoBanueM: e =1, orkyma e'“ =4 1.

Takum obpa3oM, MO OTHOIIEHUIO K IE€PECTAHOBKE IBYX TOXKIECTBEHHDLIX YACTHI] BOJHOBAaS
dysKIUA 00 CUMMETPUYHA, MO0 aHTHCHMMETPUYHA. B 1epBoM ciIydae JacTHIbI HA3BIBAIOTCS
6030HaMU, BO BTOPOM — (HepMUOHAMU .

B. Ilaynu mokaszai, 94T1o K 60O30HAM OTHOCATCS YACTHIBI C TEJbIM (M HYJIEBBIM) CIOUHOM
(dboTonbl, POHOHBI, (-YACTHUIBI, JEHTOHBHL,...), & K (PEPMUOHAM — C MOJIYUEJbIM (3JEKTPOHBI,
[IPOTOHBI, HEWTPOHBI, sIZIPa TPUTHUSI, ... ).

Jlis mapbl pa3anauMbix (TIOYTH) HEB3aUMOJEHCTBYIONIUX YACTHUI, BOJHOBasi (DYyHKIUsS Pacla-
JlaeTcs Ha IPOU3BEJICHIE

Y(q1, g2) — ¥1(q1)2(qz)-

,D;JIH TOXKJAECTBEHHBIX YaCTHUI]

_, (g a(g2) £ ¥1(g2)P2(g1)
V2

w(qla q2)

rae (4 ) — st 6030HOB, ( — ) — miig HEePMUOHOB.

g dbepMnoHOB BoHOBasg (DYHKIMSA NIPU g2 = ¢ OOpaliaercs B HyJb, T.e. HMEET MECTO
npunyun Iayaiu:

B oaHOM KBaHTOBOM COCTOSHUH He MOXKeT HaXOAWThCA JABa W 0Oojiee TOXK/e-
CTBEeHHBIX pepMHUOHA.

3agaua 10.1. B cocrostHum ¢ KakKuM OpOUTAIbHBIM MOMEHTOM MOIYT HAXOIUThCS 2 9acTHIBI co cnumHoM 07

3amaua 10.2. /IBe yacTtuupsl co cnuHOM 1 HAXOAATCA B COCTOAHMU ¢ opburanbubiM moMenToMm 0. Kakue 3ma-
YeHUs MOJIHOTO CIIUHA JIOIYCTUMBI JIJIsI 3TOH cucTeMbl?

3agaua 10.3. To ke, 4TO B npeJbLayIIell 3aja4de, HO JJIsd JBYX JE€KTPOHOB.

10.2 O6mMeHHOe B3auMoaelicTBUeE.

B orcyrcrBun (HEOMHOPOIHBIX) MATHAUTHBIX TOJIEHl BOJTHOBas (DYHKIMST MOXKET ObITH MPEICTAB-
JIeHa B BHJIE NIPOU3BEJIEHNA KOOPIUHATHON M cinHOBOI dyacTu. Hanpumep, 114 mapbl 3J1eKTPOHOB

_ (r)iba(re) ¢ (ra)vha(ry)  xa(s=1)xa(sz2) £ xa(s=2) x2(s-1)

\I/(qla Q2) \/5 \/5
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66 ToOYKIECTBEHHBIE YACTHUIIHI.

YerHocTs (hepMUOHHON BOJHOBOW (PYHKIIMM IO OTHOIIEHHWIO K IIEPECTAHOBKE (] <> (2 JOJKHA
Gpite (-1). s gByX COMHOB S12 = 1/2 derHocTh cnmHOBOH 4dactu pasHa (+1) masd mosHoro
cuuHa s = 1 (B TpumierHoM cocrostuuu), u (-1) mus nosmsoro cumHa § = 0 (B CHHIVIETHOM COCTO-
aunn). COOTBETCTBEHHO, B TPUILJIETHOM COCTOSHHMN KOOPJIMHATHAA YACTh JIOJZKHA ObITh AHTHUCHM-
METPUYHA, a B CUHIVIETHOM — CHMMETDHYHA.

PaccMoTpuM moTeHImAa B3anMOJEHCTBUS MEXKIY JAByMs dyeKTpoHamu V(r) = CEraike 0.
Cpenss sHeprus B3auMozeicTBusd

(V) = (Y|V|¥) =
(V1(r)Pa(r2) |V (r1, r2) [1(r1) Ya(r2)) £ (P1(r1)b2(r2)|V (11, 72) [¥1(r2) Pa(r1))

rJge 3aBUCAIee OT IIOJIHOI'O CIIMHa BTOPOE CjlaraeMoO€ Ha3bIBaeTCdA 0OMEHHBIM 63AUMOJETCNEUEM:

3HaK (+) Hepe] BTOPLIM CJlAraeMbIM OTBEYAET CHUHIVIETHOMY COCTOSHHIO (CHHHBI "aHTHIIApas-
aeabubl", s=0), a (-) — TpumernoMy (cnuHbl napasuresnbhbl, s = 1). [TockonbKy morennuas B3a-
UMOJEACTBUS MeXKJy 3JIEKTPOHAMM IIOJIOYKUTEJIEH, TPUIUIETHOE COCTOdHUE 00JIa/aeT MeHbIlei
sueprueil. Taxum o6pa3oM, OOMEHHOE B3aMMOIEHCTBHE CTPEMHTCH BLICTPOUTH CIIMHBI B OJHOM
HAIPaBJIEHUU — MUMEHHO 9TO U [IPOMCXOAUT B (peppoMarteTHKax.

BameTuM, YTO OOMEHHOE B3aMMOJEHCTBHE XOTs U 3aBHCHT OT CIHMHA, OHO HE MMEET HUYEro
00IIIero ¢ MarHUTHBIM B3anMojeiicTBueM — Gojlee TOro, Kak IIPAaBHJIO, OHO OKA3BIBAETCS IOPA3JIO0
CHJIbHEE.



I'maBa 11
Hecranmuonapuas Teopusd BO3MYIIEHNIA.

11.1 OO6muit moaxo.I.

Ilepeitiiem K M3ydeHUIO ABJIEHUI B CHCTEMaX C TaMUJIBTOHUAHOM, 3aBHUCAIIEM OT BpemeHU. llycThb
raMUJIbTOHUAH OPEJCTaBIIAeT COOON CyMMy CTAIMOHAPHOrO (HE 3aBUCALIEIO OT BPEMEHU) FaMUJIb-

tonnana Ho M 3aBHCSIIETO OT BPeMEHN BO3MYICHHS V( )
H=Hy+V(t), (11.1)

BKJIIOYAIOIIErOCsd € KAaKOro-TO MOMEHTa BpeMeHH to ([ ompeesieHHOCTH IojoxkuM, to = 0).
IIpennonoxuMm, 9TO AJjIs CTAIMOHAPHOIO TraMujbTOHHMaHa H( M3BecTeH MOIHBIN HAOOpP CTAIHO-
HaPHBIX PeIIeHui

{BusIns In@) =y~ 2t/ (11.2)
Hac unrepecyer perenne Hectanuonapuoro ypasuenus [IIpeaunrepa
ihcuq;—ff)):(ﬁo—i—V(t))N/(t)). (11.3)

Bynem nckarp ero peienve B BUJe Da3JIOKEHHS 10 CTAIMOHAPHBIM DPEIIEHUsAM TaMUJIbTOHHAHA
ﬁo:
U(8) = an(®)ln(t)) (11.4)
n
IMoncraBiisis pas3ioyKeHUe U yMHOXKAsl [IOJIydaloleecs ypaBHEHUe cjleBa Ha Opa-BeKTop (m(t)],
MOJIyJaeM CACTEMY ypPaBHEHUNA

dnll) S Vnlt)anlt) (11.5)

Vin(t) = <:)’L(t)|‘7(t)|n(t)>:an(t)eiwmnt

ih

rie wWmn = (Fm — En)/h, n
Vinn(t) = (m|V (t)|n).
B obmem ciydyae pemenwe 3TOil cucreMbl — 3ajada HeTpuBHMasbHasg. Jlajee Mbl M3yduM ee

pelleHre B PaMKaxX TEOPUM BO3MYIIEHUU, IpejrioJarad, 9TO BeJMYMHA BO3MYIIEHUA J1OCTATOYHO
MaJIa.

11.2 Pemntenme B paMKaX TeOpuUU BO3MYIIeHUIA.

ITycTs 1o BKIIIOYMEHUsT BO3MYIIEHUST KBAHTOBAs CHCTEMa HAXOAUIACh B HAYMAJIHHOM COCTOSIHUH |i),
u ag(t) = d; upu t < to. Eciim Bo3MylIeHHE JOCTATOYHO MAaJIO, TO HEBO3MYIIEHHOE PEIIeHHe IO
BO3elCTBIEM an(t) MEHSIETCS MAJO: | (t) — dmi| < 1, n B mpaByto acte (11.5) MoxkHO moj-
CTaBUTH HEBO3MYIIIECHHOE DeElIeHue:

ih dam Z

n
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68 HECTAIIMOHAPHASI TEOPUSI BO3MVYIIIEHUIA.

Murerpupys«, nomyvyaem
-
an(t) =+ / Vii(t')eiomit’ ', (11.6)
0

OTKY/a BEPOATHOCTD Ilepexo/la B HOBOE COCTOAHNE

t 2
i) =)= 75| [ Vi(telont'a

11.2.1 BoawmymnieHnue, JeiicTBYIOIee KOHEYHOE BpeM4.

Hycrs Vipn(t) — 0 mpu t — 0o, Torma mocse BBIKJIIOYEHUS B3aUMOJEHCTBH Mbl IOJydaeM CHOBA
HEBO3MYIIIEHHYIO CHCTEMY, U HOBOE COCTOSHHE OyJieT CyLepHO3HIHedl CTalMOHAPHBIX COCTOSHII
|n) ¢ mocrosuuBIME KOddduimenTaMu. BeposaTHOCTD Iepexona U3 HAYaJIbHOIO COCTOAHUS |i) B
KOHEeTHOe cocTosiume |f) paBHa

1 2

oo
wfi:|afi|2:ﬁ /0 Vmi(t)ewT"'itdt

11.2.2 Boswmymnienue, ocramomnieecss B npeaeje t — oo.

Ilycrs BO3MYyIIEHUE, BKIOYUBIIICL npu ¢ = 0, npu t — 00 CTPEMUTCSI K HEKOTOPOMY MOCMOAH-
nomy mpeneny: Vi i(t) — Vs B takom caydae uarerpan B (11.6) pacxomures npu t — oo.
IIpeo6pasyem urrerpan B (11.6), B3AB €ro o 4acTsIM:

.t
am(t) = —%/ Vmi(t’)ei“mit/dt':
0
Vi ot 1 [ AVii(t) o
- _ T W i TWm i 11.
—hwmie 0+ﬁwmi | T dt (11.7)

Tenepr mHTErpas BO BTOPOM ciraraeMoM cxomurTcsd. llockonbky Bo3Mymenwe mpu ¢ — 0O He
BBIKJIIOYAETCs, & CTPEMUTCH K HEKOTOPOMY IIOCTOAHHOMY IIPeesy, U COOTBETCTBYIOMIUN TaMUJIb-
TOHHAH ﬁo + V™ ne 3aBucur or BPEMEHH, IIPHU ¢ — 0O CHCTEMa CHOBA OINCHIBAETCH HADOPOM CTa-
[MOHAPHBIX perrenuii |[n°°). McHomp3ys CTAMOHAPHYIO TEOPUIO BO3MYIIEHHUIA, JIEIKO MOJIy4YUTb,
qTO B €e IIePBOM IIOpsJIKe

Vinn Vinn

—m|m>= n) —mm>

OTKyJla BUJHO, 4TO IiepBoe cjiaraemoe B (11.7) onucehiBaeT nepepasiioKeHue acCUMIITOTHIECKOTO
opu t — oo cocrosiHud |i°°), W Ipu Iepexoze K HOBOMY HabOpY CTAIMOHAPHBLIX pelreHumit |n)
ucyesneT. B pesysbraTe BEPOATHOCTH HEPEXOLA M3 UCXOMHOIO COCTOAHUSA |i) B cocrogHme |f°°)
HOBOTO (ACHMIITOTUYECKOTO IpH t — 00) 6a3uca CTAMOHAPHBIX COCTOAHUM JAETCsl BTOPBIM CJIara-

embiM B (11.7):
2

__1 5 dAV5i(t) et
W= h2w%i‘/0 dr € dt

Ilpn memmentHoM (anmabGaTHIeCKOM) BKJIOYEHHM BO3MYIIEHHS C XapaKTePHBIM BpeMmeneM 1
CHCTE€Ma M3 COCTOAHUA |i) HEPEXOAUT B COCTOAHME |i°°), ¢ TOYHOCTBIO O MAJbIX IOIIPABOK
nopsika 1/ (w12

dVip,i(t i £
ITpu 6bicTponM (Tl < 1) BKIIOYEHNN BEJIMIUHA %“ MeHseTcs TaK GpIcTpO, uTo e/t — 1,
u
2
Wt = Vfoio
.=
U fi

4910 (PAKTHUYECKH NPUBOJUT IPOCTO K IIEPEPAIJIONKEHUIO HMCXOIHOI'O BEKTOpa KBAaHTOBOI'O COCTO-
sAHMsl IO BEKTOpaM 6a3uca HOBBIX (ACMMOTOTUYECKOIO IPU t — 00) CTAMOHAPHBIX COCTOSHUIA.
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11.2.3 Ilepexoabl moa BO3aeiiCTBMEM MEPUOANYECKOTO BO3MYIIIEHUS.

P i V(t) = Vo0 it
ACCMOTPUM MePeXObl MOJ, BO3JEHCTBHEM MEPHOANIECKOro Bo3MyineHus V (t) = e”™ B
COCTOSIHUsI HENPEPBIBHOTO CIEKTpa, Jiexkarnue B uarepsase (f, f + df). Beraucienne narerpana

(11.6) maer
¢

) , i(wpi—w)t _
arimd [ arvpaten-ar = Ly L

Wi — W
0

U COOTBETCTBYIONIAs BEPOATHOCTH IIEPEHTH B KAXKJ/I0€ KOHKPETHOE COCTOsfHMEe f paBHA!

1 2 4sin?[(w; — w)t/2]
() =— |VF;
wyi(t) 52‘ i (Wpi —w)?
HUcnonb3ys uzsecTHyio hbopMyry
sin?at

im =d(a)

t—oo T
HOJTy IIM

/2 1012 4sin?[(wr — w)t/2) 27 <0 (2
wpi=lim S VA =0 omr VA O —9)

BeposiTHOCTD mepexona B KOHEUYHble COCTOSIHUs f, HaxOIsIIWecs B 3aJaHHOM HHTepBase dvy,
pasHa wy;dvy. Buano, uro npu 6osmbmux ¢ ona mponoprmonasbna t. Ilomenus ma t mosmydaem
BEPOATHOCTD IEPEX0/Ia B €INHUILY BPEMEHH

. 2 2 21 2
dwy; = ﬁ’VfOZ’ 0wy —w)dz/f:?]vfoij 0(Ef—E;—hw)dvy (11.8)

Dta dpopMmyJia U3BECTHA KAK 3040MOE NPasuso DPepmu.

11.3 KgaHTOBaHUe 3JeKTPOMArHUTHOTO MOJI.

Paccmorpum mpocreiinnyio KapTrHy KBaHTOBAHUSI JIEKTPOMATHUTHON BOJTHBL. AMIUTHTY/IA 3JI€K-
TPOMArHUTHON BOJIHBI UMEET BUJ,

A(7,t)=Re Aget k7 —iwt,
Buibupem kamubposky ¢ =0, A L k , Torma aneKTpudeckoe U MATHUTHOE ITOJI€ BOJIHBI BhIpayKa-
F0TCs uepe3 BeKTop-norennman A (7, t) kak

—

& :—ZE, H:I'OtA:Z[k/’ XA],

Torpa KIacCUYeCKUil raMUJIBTOHUAH JIJIsi BEKTOD-IIOTEHIMA 8 (COBIAJAIONINEA C ee SHEpruei B
obbeme V nmpuHHMaeT BUL

y
H=55

2
2 k 2| _ L 52 202
COBIIQAIONIAN C FAMUJIBTOHUAHOM IapMOHUYIECKOI'O OCIMJLIATOPA JJIs OOOOIIEHHON KOOPAMHATHI
Q=+/V/c*A. KpanroBanue 3T0Oro OCIUJIIATOPA JaeT
E=hw(n+1/2),

T.€. dHEprud SHOKTpOMaFHHTHOﬁ BOJIHbI IIPpUHUMaET AUCKPETHbIEe 3Ha4YeHU. BBO;LH o1rnepaTOophbI
POXKIAEeHNA U YHUITO2KEHNA KBAHTOB, IIOJIYYUM

i =\/o]2h(0 +£c§): SV 2h(A +£j),
d“‘z«/w/Qﬁ(Cj féQ:): \/Vw/QHCQ(J{ —%.Z{)

OTKyZJa
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—

rae BekTop nosgpu3anuu € 1 k. CooTBeTCTBEHHO, IS 9JIEKTPUIECKOrO MOJIst

E = —in/o]V (G e R =it _ G+ omikTtivty (11.9)

Takum 06pa3oM, aMIUIUTYIa JIEKTPOMATHUTHOW BOJIHBI COJIEPXKUT OIIEPATOPHI POXKJIEHUA U YHU-
YTOXKEHU . HI/I)KG MbI YBUJAUM, 9TO OHU OIUCHIBAIOT HU3JIyde€HHE U IIOIVIOIIIEeHUEe CI)OTOHOB.

Yucao m00 KoaebaHuli 8 NPAMOY20AbHOM Pe3OHAOPE .

ITycrs pazmeps! pesonaropa Iy, ly, .. Torma 114 npons3BoabHOI MOJBI B pe30HATOPE

w?= Ak + Ky + k2),

rae ki =mn;/l;, ¥ n; 9UCJIO TOJYBOJIH BIOJb KAXKIOI0 HAIIPABJIEHH { =, Y, 2. 'Torga 9ucio mMox
C 9acTOTOll, Jekameil B uaTepBase w,w + Aw pasao Av = An,Any,An, = Ak, Ak, Ak.V /73, tie
V =1.lyl,. Yerpemnss Iy, 1y, 1, — 00, n gomyckas Takke oTpHIaTeabHble 1y k11 mveem

dkdk,dk. d3k

dv=V (2r)° :V(27r)3 (11.10)
B cdepuueckux koopmauHaTax
dQk2dk
dv = VW

11.4 /IumoabHOEe M3JIydeHne aTOMOB.

CuekTp M3JIydYeHrns ATOMOB JIEXKUT B OCHOBHOM B ONTHYECKOM JHAIIA30HE, JJis KOTOPOIO JJIMHA
BOJIHBI MHOTO OOJIbIlle pa3MepoB aTtoma: A > ap, wmm kap < 1. Ilosromy mose mHa pasmepax
aTOMa MOXKHO CYHATATH OJHODPOJIHBIM, U OCHOBHBIM MEXAHU3MOM SIBJISETCs B3aUMOJIEUCTBUE IJIEK-
TPUYIECKOT'O TIOJIS BOJHBI C JIEKTPUIECKUM JIUIIOJIHLHBIM MOMEHTOM aTOMA!

N - =

V=d& (11.11)

PaccmorpuM mepexon atoma W3 COCTOsHHSI |i) B cocrosmme |f) ¢ wmsimydenmeMm ¢OTOHA C
9aCcTOTON

w=(E,—FEn)/h

Havasbabrit BEKTOP COCTOAHUA CUCTEMbI aTOIVI+3JIeKTpOMaFHHTHO€ 110J1e UMeeT BT

|l>a|n7‘>ph

rJle UHJEKC @ II0OMeYaeT BEeKTODP COCTOAHUS aroMa, a uHuekce ph — doroda (n; uucio GOToHOB B
HAYAJIBbHOM cocTognud, n; = 0 o3nadaer orcyrcrsue dhorona). g BeKTOpa KOHEYHOIO COCTO-
AHUA UMeeM

|f>a‘nf>ph
Torga MaTpUYHBIN JIEMEHT
Vi = (sl (FldE ) ni) = (Fld [3) (ng|€ |ni) =
= dpi-@(—iv/hw/V)((ngldlni) + (nyla*|n:)) (11.12)
S,ILGCI) sz — Ma,TpH‘IHbIﬁ 9JIEMEHT OUIIOJIBHOI'O MOMEHTa aTOMa MeXKAYy HavdaJbHbIM M KOHEYHBLIM

cocrogauaME aroma. OTimaue ero ot Hy/s TpeGyeT BBLITOJHEHUsI ONPEIEIEHHbIX YCJIOBHN, HA3bI-
BaeMbIX npasuaamu ombopa. Ilpexkme Bcero, NPOCTPAHCTBEHHAs YETHOCTh ITHX COCTOSHWH,
pasrag ( — 1)! (I — opOUTATLHBIH MOMEHT 3TEKTPOHA), JOJKHA OBITH ITPOTHBOIOIOXKHA, OTKY/Ia
CJIEyeT, 9TO OPOUTAIBHBIA MOMEHT B HAYAJLHOM M KOHEYHOM COCTOSTHUEM aTOMA JOJI?KEH Pa3/I-
yaThbcst. Boslee aKKypaTHBIH aHaIu3 JaeT:

lp=1;+1. (11.13)

11.1. ,ZIJISI u30eKaHUST JIBOfIH()I‘() cgeTa IIpU 3TOM HaJAO0 pe3yJjabTaT IIOAC/JIUTH Ha 23, 9TO 3KBUBAJICHTHO B 3Ha-
MeHaTeJie 3aMeHe 7 — 2.
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MaTpudHblil 37eMeHT JJid 9IeKTPOMarHUTHOIO IOJIS OTJIMYEeH OT HyJd, eclid ny = n; + 1 nm
ny =mn; — 1. B nepBoM citygae peds uger o6 usirydenun GoToHa (YHCIO POTOHOB yBEIHIHIIOCH
HA eJIMHUILY ), BO BTOPOM CJIydae — O MOIVIONEeHn! (HPOTOHA.

Korna mavyanbaoe 4ucio (OTOHOB DPABHO HYJIIO, TOBOPAT O CROHMAHHOM, WJIA CAMOIIPOU3-
BOJIBHOM HcIlycKaHuu ¢oroHoB. Ecim B HauaabHOM cocrostHUM yxke ecTb 1 £ 0 POTOHOB, TO MaT-

DUYHBIN 3JEMEHT Ui W3JIyYeHHs] OKA3BIBAECTCs MPOIMOPIMOHANEH /1 + 1. BepoarHocts mu3iy-
YeHWsI TPOMOPIIOHAIbHA KBAJIPATY MOJYJIs MATPUIHOTO JIEMEHTa M, COOTBETCTBEHHO, MPOIIOP-
muonasbia (n+1). Jpyrumu coBamu, HAJUYUE B JAHHOM COCTOSHUY YBEJIMYUBAECT BEPOSITHOCTDH
B (n + 1) pa3. OGbIYHO rOBOPAT, YTO JAHHAS BEPOATHOCTb €CTh CyMMa BEPOATHOCTEH CHOHTAH-
HOT'O WU3JIy9IE€HUA+BEPOSATHOCTh BBIHY?KIEHHOTO W3JIyUEeHNUsl, MPOMOPIHOHAIbHAS 7 THUCITY MMEIO-
UXCsl B JAHHOM KBAHTOBOM COCTOSIHUU (DOTOHOB.

OrMernM, 9TO MATPUYHBIA T€MEHT IOIVIOMEHHs] (OTOHOB TAKKe IPOIOPIMOHATIEH /M; M,
COOTBETCTBEHHO, BEPOSITHOCTH MPOIOPIMOHANBHA 7; — YUCIY MMEIOIUXCA B JAHHOM COCTOSTHUM
dboToHOB

Ioacrapnsisi Marpuunbiii mement (11.12) B "somoroe upasmio" Pepmvu (11.8), mjst usiry-
YEHUs] UMeeM

2 dQw3dw

2w 2 o7

WJIN, BEPOATHOCTD IIepexo[a B €UHUIy BpEeMEeHU

- |2
w?"é'dfi

- (2m)2c3h

BeposATHOCTE CHOHTAHHOTO PAJUAIIMOHHOTO PACIafa COCTOSHUS ¢ B €IMHUILY BPEMEHU

(n;+1)

3 2
w

ed i
(2m)2c3h
Ha3bIBACTCHA €CTeCTBeHHON MUPUHON CIeKTPAJIbHONW JINHUM.

3agaua 11.1. Bel4uciuTs BepOATHOCTD 3JEKTPUUECKOI0 JUIIOJLHOIO Iepexoja B aroMe Bojgopoga 2P — 1S.

3agaua 11.2. [dns sToro e nepexojia Haiitu yrioBoe pacupegenerune qjusg Am =0, u juag Am==+1, m —
MPoeKIsl OpOUTATBLHOTO MOMEHTa Ha OCh Z.






I'naBa 12
Teopus paccesanng

NudunnrHoe IBUKEHWE CHUCTEMBI JBYX YACTHUI[ NMPU HAJUYUAUN B3AUMOJAEHCTBUA MEXKIY HUMHI
NIPUBOJUT K UX pacCesdHUIo npyr Ha japyre. Panee, B 171.6.1 MBI Bujesnn, 9T0 33/a49a O JBUKEHUH
ILByX TeJI CBOAUTCA K ABUZKEHHNIO YaCTHUIIbl BO BHEIIHEM IIOTEHIIUAJIC.

Ciydail mpocToro paccesiHusl JACTUIl MIOTEHIMAJIbHBIM MojieM (06e3 W3MEHEeHUsI WX IOJHON
SHEPIrUM) HAa3BIBAETCA YnpyauM PACCEsTHMEM. B NPUHIUIE, SHEPrUsl HAJETAIOMIEH YaCTUIbI
MOZKET U He COXPAHSThCs, 38 CYeT M3MEHEHUs BHYTPEHHEro COCTOsIHUS paccemBaronieil (wim pac-
cerBaeMoii) JaCTUIBI — B TAKOM CJIy4Yae TOBOPAT O Heynpyzom paccesHur. OUeBHIHO, K CIIYyUA0
HEYyIPYIOro pacCesiHus CJIeJlyeT OTHECTU M CJIydail MOIJIONMIEHUs MaJAfoluX YacTUll ‘paccenBa-
fomeit” cucTeMoii.

12.1 PaccessHue yacTuIibl Ha BHEIIHEM IIOTeHI[UAJIe.

Urak, mycTh MMeeTCs MOTOK YaCTHIL ¢ uMmimyabcoMm p = ik = h(0,0, k), neukymuxcs u3 GeCKOHeU-
HOCTH, OIIMCBHIBAEMBIX IIJIOCKON BOJIHOM
__nikz
Ynay =€"%%.
BzanmoneiictBue ¢ paccemBaommM IEHTPOM MPUBOAAT K TIOSIBJIEHUIO PACCESTHHON BOJIHBI:

Yip(r) = Yuax + 1/11():[0)7 U pe3yJIbTUPYIONAs BOMHOBasg DyHKIus 4 (r) JODKHA YIOBIETBODATDH
ypasuenuto IlIpemunarepa:

(A +E2) ¢ (r) = (2m/B*)U (r) 4 (r), (12.1)

,D;JIH IIOUCKa pelIeHnd y,ILO6HO BOCIIO/Ib30BaThCAd 3KBUBAJICHTHBIM HHTEI'DaJIbHBIM YPDaBHEHUEM:

R ; 2m L " =
vili)=eiter 3 [ G U ). (122)
rae dbyskuusa Ipura Gi(F — 7') ynosnersopsier csobomsoMy ypasaenuto IIpeamsrepa c 4-
dyHKIIHEH B IpaBOil YacTH:

[Ar—i—kQ}Gi(F—F’):é(F—F’). (12.3)

IIpsMoit TOACTAHOBKO# JIETKO yOEIUThCs, ITO PEIIEHIE ITOT0 YPABHEHUS €CTh

1 ol k (7 =7) 1 efik|F—7|

Gif -7 | Pl — & 12.4
i(r r ) (27‘(‘)3/ kQ—kIQiiE A7 |7—:_7—;/| ( )

3uaxk (+ ) orBevaer pacxogsmeics (paccesHHON) BOHe, a 3HaK (— ) — CXOAAIIEHC.
Vnpasxkuenue 12.1. Jokasars sxBuBaieHTHOCTh auddepennnanproro (12.1) u narerpassuaoro (12.2) ypas-

uennit llpexunrepa.

Pacemorpum ypasaernue (12.2) Ha GONBHIMX PACCTOSHUSAX T 3> G, TIe ¢ XAPAKTEPHBIH pa3Mep
obylacTu, rjie MOTEeHIMaJ OTndeH OoT Hysd. llogcrasnsgs B (12.2) acuMuToTuKy mist (DYHKIUH
I'puna (12.4) B npezgene r — 00, MOIYyIUM

_ o9m 1 etik|F—7|
7\ — atkz _ 3./~ =3 771
"/)Jr(r) = € K2 r47r |7—;77—:/| U( )1/}+(7’)
~ eihr o dSr'—eikr_in(F')w (7) (12.5)
2mh? r +

73
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S = = )
e B IOKa3aTese SKCIOHEHTHI Mbl HCIIONB30BAIN pasioxenue: k |7 — 7/| =kV 72— 277 + 7" ~

Sy oy . . =1l
k(r—77'/r)=kr — k 7/ (r.K. BOJIHOBOI BEKTOD PACCESHHON BOJHBL Kk ||7 — pajuyc-BEKTOPY B
TOUKY HabOJIIOfeHNus), a B 3HaMeHarese nojoxkuan 7/ = 0 . B wurore, ypasuenue (12.2) moxKHO
NIPEJICTABUTEL B BHJIE
eikr
)
r

V(7)) ~etkz + f(k,0) (12.6)

e aMIUIUTyAa cpepruuecKoil PacXoadIeiicsas BOJIHBL — GMNAUMYIG PACCEAHUA — OIPeeseHa KaK

_m
2mh?

fk, cost) = B’ e~ K T UF) (7). (12.7)

a 0 — yroj Mexjy BeKTOpaMu kuk'.

BoraucimM moToK BEpOSATHOCTH Ha OOIBIINX PACCTOSHUAX, VIAEPKUBas claraeMble, Hamdbosee
MEeJ[JIEHHO YOBIBAIOIINE B IIpeese r— 0O:

e ih =] = % - - -

J =—%[w+vw+ —w(vm)} = Jnan T Junr + Jpac- (12.8)
IIe IMOTOK IaJAONIX fnaﬂ = hE/m U IIOTOK PACCEeSHHBIX YACTHII ]_"pac = (hE/mr2)|f(k:, 9)|2, a
unmepPepenyuoHHb i HOTOK

Fuwe = (B 2mr) (B + K )| £k, 0)e! %7 =F 70 4 f (R, ) kr =K' (12.9)
Ionublii MOTOK YACTHI, PACCEAHHBIX B 3aJaHHbIil TesecHpiii yroa d (me Briogas yroa 0),
ac hk 2 9
paBen JP*¢ = H| f(k, 0)]"r?dS?; ero oTHOlEHME K IUIOTHOCTH IIOTOKA HAJAIONIAX HYACTHULL AAET
dudpdepenyuarvroe cevenue PacCesiHUs:

doe; = JP* /| juan|dQ = f (k, 6)|?d2 (12.10)

WMurerpasn mo yriaam ot muddepeHnaabpHoro CedeHnsl PacCesiHus TOJHOE CeYeHUe YIpPyroro pac-
CesTHUS:

ael:/ £ (k, 0) (12.11)

P HAJIMYUU TIOIJIOUIEHUs] YacTh YaCTHUI[ MOXKET IIOIVIOMIAThCH — OTHOIIEHWE II0TOKA IIOIJIO-
MIEHHBIX YaCTHI] K ITOTOKY MMaJAIONIUX YaCTUIl ONPEe/IIeT CeUeHUE HEYNPYy2020 Paccearus Oin. B
TaKOM CJIydae IIOJIHOE C€YeHHE eCThb CyMMa YIPYIoro M HEIPYIoro CeYeHUs:

Otot = Oel + Oin-

12.2 Onruyeckasa TeopeMa.

IIpounrerpupyem norok (12.8) mo cdepe S Gonbrnoro paguyca r — 00. [TocKoIbKy mporecc pac-
CedHUsI CTAIIMOHAPEH BO BPEMEHW U BEPOSITHOCTH HE HAKAIJIMBAETCS, WHTErPAJ OT IIOJIHOTO
[IOTOKA PaBeH HYJIIO:

0=J= % jdg - Jna;( + JI/IIIT + Jpac
S
OueBunuo, Jyan =0, otkyga Juur + Jpac =0. Borauemaum Juyy necmonnsys (12.9):

Junr = %iﬂlmdg:
S

1
— 27‘(‘7‘2/ dcos [%g(cose)e—i(kr—krcose)_,’_%g*(cose)ei(kr—krcose)
-1
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I

rae g(cos 0) = (h/2m)(k + k') f(k, 0). Tlepexoas K IepeMeHHOMH z = oS f, HHTErpUpPYeM 10 Z IO

qaCTAM:
27‘(‘ . _ % . _ z=1
Junr = ﬁ{g(z)e i(kr krz)ig (Z>ez(kr krz):|Z:_17
_ 2m I —i(kr—krz) */ i(krfkrz):r:l
T [g (2)e + g*(2)e z:—1+
27 ! ; ;
: d |: " —i(kr—krz) *11 z(krfkrz):| e —
+ s [ ae[a e +97(2)e +
2mh —2ikr * * —2ikr
~ m[f(k,())—f(k,ﬂ')e _f(k50)+f(ka77)e ]
OTrbpaceiBas OBICTPOOCHUJIIUPYIONINE CJIAraeMble U CjlaraeMble, YOBIBAIOIINE C I — 00, HOJIydIaeM
Juwr = — (dnh/m)Im f(k, 0). YuaureBag Jpac = (Ak/m)o = — Jyur, DOXYIHM IOLYIHM ONMUYE-
CKY0 meopemy), CBI3bIBAIONLYIO aMILIATY/Ly PACCESHUS HA HYJIEBOU yIrojl C HOJHBIM CEeYeHUEeM
o= 4r/k)Im f(k,0) (12.12)

12.3 BopHoBckoe nNpubINKeEHUE.

Cucremy ypasuenuit (12.6) u (12.7) MOXKHO pElIMTb, PACCMATPUBAZA MOTEHIUAIBHYIO IHEPIHIO
KakK BO3MyIneHme. J[J1s MoyvYenust pelenns 6 nepeom nopadke TEOPUH BO3MYIIEHHH JOCTATOTHO
nozcTBuTh B Bhipaxkenue (12.7) mia ammmrynet  f(k, 8) Bmecto t4(7) Hysesoe npubiuzkenue

Ui (F) — et

f(k,cos) = f(q)=

om
2mh?

m

3pnikz—ik Frr() —
dsretrz—t TU(?“)——Qﬂ_h2

d3re 14T U(7) (12.13)
Oto npubsmkenre HazbiBaeTcsa dopmysoit BopHa, ninn npubsmkennem Bopra. Amminryna pac-
CesTHUs 3aBUCUT B 9TOM NMPUOJIMIKEHUN TOJILKO OT BEJIUIUHBI § = k' — k, nasbisaemoi nepedaved
UMNYABCA, CBI3AHHON C yIJIOM paccesiHust Kak ¢ = 2k sin(6/2).

s cepudeckn CHMMETPUYIHOIO MOTEHIUAIA MOYKHO, IEPeiijis K MOJSIPHBIM KOODIUHATAM,
BBIMTOJIHUTD WHTEI'PUPOBAHUE 110 yTJIAM:

2m [

f(q):*th ; rdrU(r)sin gr (12.14)

BopHoBckoe npubinrKkeHue sBJISETCd XOPOIIUM, €CJAM Ha PACCTOAHUAX a (MOpAIKa pa3Mmepa
[OTEeHIMAIa B3aMOJEHCTBUS) aMIUINTYAa PACCedHMs MaJjia [0 CPABHEHUIO ¢ aMILUIATYZOH naja-
IOIIei BOJIHBI, T.€.
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Pacemorpum mo ormesnbHOCTH Citydail MeIJIEHHBIX U CIydail OBICTPBIX YACTHII.

s caydas MeJUIeHHBIX YacTHUIl JJIMHA BOJHBI BeJIMKa IO CPABHEHUIO C PAa3MEePOM pacCenBa-
resd, modromy ga < 1, u (12.15) 9KCIOHEHTY MOXKHO 3aMEHUTH Ha €JIUHUILY, 9TO HEMEIJIEHHO
JaeT OIEHKY
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nm
3h2
Ula) < -

PaKTUIECKH ITO O3HAYAET, UYTO IIOTEHIIHMAJ JIOJKEH OBITh MaJjl II0 CPABHEHUIO C SHEPIHeil JIoKa-
JIN3AIUU Ha pa3Mepe 00JIacTU B3aUMOJEHCTBUS.

Jl1s1 6BICTPBIX YaCTHIL JJIs OIEHKH HCIosb3yeM dhopmyry (12.14). B kauecTse oneHKH cBEpXy
[IOJIOXKMM CHHYC PaBHBIN €IUHUIE, TOrJa MHTErPAJ MOXKHO OIEHUTH KaK
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B pe3yJbraTe yero yciaosue (12.15) npuHUMAET BUL

2m aUl(a
fq) =—5-aU(a) ~aUla) <1
a h?q
rze ucnoiab3oBano fig/m < hk/m = v - CKOpOCTb YacTUIBl. DTO YCIOBUE COOTBETCTBYET MAJIOCTH
[IOTEHIINAIA 110 CPABHEHWIO C HEOIPEEJIEHHOCTh B SHEPIUU 3a BPEMs MPOJeTa YACTHUILI depe3
006JIaCTh B3aUMOIECHCTBUS.

12.4 ®dopmyna Pezepdopmaa.

Paccmorpum paccesinue B noreHnuasie
2

U(r)= %e"”

IIpocroe Bbrumcienue no Qopmyne (12.14) naer mia ammauryast f(q)|—o = 2me?/(h%¢%),
OoTKy1a muddepeHnuajibHoe CeaeHmne
do me? 2
— = = 12.16
dQ (2p2sin2(9/2) ) ( )

MuTepecHo, 4TO pe3ynbTaT COBIANAET KAK C KJIACCUIECKON (DOPMYJIOH, TaK U C Pe3yJIbTaTOM TOY-
HOro pactdera. Kpurepuit mpuMeHUMOCTH OOPHOBCKOTO MPUOJINKEHNS TPUHUMAET BU/T

v>>e?/hea

OTMernM, 9TO MOJIHOE ceYeHre OECKOHEYHO.

12.5 ATomusbiit popmdpakTop

TMoreHnpan B aroMe CO3JaeTCs PaCIpeIesIeHHeM 3apsAlIoB, COCTOANIMX U3 3apsaia fapa Zed(r) u
pacipesieleHns IIOTHOCTH 3apsAfoB a1eKTpoHoB — en(r): p(r) = Zed(r) — en(r). Iorenumasn
CBA3AH C Heil ¢ momompio ypasuenns [lyaccona

Aep =AU = —4rep

Pemast ypasuenue B Gypbe IpPeICTABICHNN, UMeeM @, =4mp,/ ¢, oTKyza

2me? 3pa—iqr,
fle)=— e [Z—-F(q), F(q)= [ d®re *n(r) (12.17)
Dyukuuio [Z — F(q)] naspBaoT aroMHbIM (HOPpMQMAKTOPOM.
IIpn qa < 1
2
F(q):/ dgrn(r){liq’? +%(Q’F)2+..l =(4%/6)(r?)
Orcrona

do 2
_ 2
a0 (<T >/3a3)
Takum 0bpazoM, TOHOE cedeHrne KOHETHO.

IIpu ga > 1 BkIag B MHTErpaj OT IJIOTHOCTH JIEKTPOHOB MaJl, W HAJETAIONIUI JIEKTPOH

BUJIUT B OCHOBHOM $JIPO - CEYEHHE COBIAAET C Pe3epdOPIOBCKUM.



