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5. KBaHTOBaHMe nons N3Jiy4eHus

% /13 331241 O TEN/NIOBOM PaBHOBECUU U3/TY4EHUA C YEPHbBIM TE/IOM KNaccuvecKas
Teopua NpUBOAMUT K ,,ynbTpadmnonetoBon Katactpode” (N10THOCTb IHEpPrnum Ans
KOPOTKUX BOIH CTPEMUTCA K BECKOHEYHOCTH).

* 108 npeoaoneHna aTon TpyaHOCTH, MNnaHK A0NYCTUA, YTO SHEPTUA
MOHOXPOMAaTUYECKOWM BOJIHbI C YaCTOTOM V MOXET NPUHMMATb ANCKPETHbIE
3HaYeHwUs:

E=nhv (5.1)

e 30ecbn — Uenoe YUCNO, YUCO0 CBETOBbIX KBAHTOB UM ¢OTOHOB; 2Th = h —
YHUBepcasibHasa NocToAHHaA MnaHKa.

* B cooTtsetctBuM C (5.1) Ny4oK cBETA COCTOUT U3 HEKOTOPOrO YMcna GOTOHOB.

e C ApYyron CTOPOHbI, OH MOXET NPUBOANTbL K ANDPAKLMOHHBIM ABNEHUAM,
XapaKTEePHbIM AN KNaCCUYECKOro npecTaBaeHnsa O BOJHE.



5. KBaHTOBaHMe nons N3Jiy4eHus

% HEO6XO,£I,VIMOCTb KBAHTOBAHWA SNIEKTPOMATHUTHOIO NMNOSIA TaKXKE BO3HUKAET U3-34d
TOlo, YTO KBAHTOBbLIE CBOUCTBA YaCTULbl BbIPa*XatOTCA B COOTHOLWLEHUN
HeonpeaeneHHoCcTten mexxagy KoopanHaton U uMmnyibCom

AgAp~hc (5.2)

* 3TO COOTHOLLUEHUE bbl1o 6bl HEBEPHO, ecn Bbl AN NyYKa CBeTa BbINO/IHANACH
Knaccuyeckas Teopua. B aTom ciyyae BO3IMOXKHO TOYHOE onpeaeneHmne
KOOPAMHATbl YacTULbl C MOMOLLbIO CXOAALLEroca ny4yKka ceeTa, bes nepenayu en
MMMY/1bCa, MOCKONbKY MMMNY/IbC CBETOBOIO Ny4YKa MOXHO CAe/1aTb O4EHb MabIM.

* Moatomy, ecam 6bl UMNYALC P ObIN U3MEPEH paHee, MOXKHO Bbl10 Bbl y3HaTb
NONOXKEHME N MMIMYNbC C TOYHOCTbIO, BbiIxoaAlLlen 3a npeaensbl (5.2).

e [1nAa BbinonHeHuA (5.2) HeobxoaAMMO KBaHTOBaHME CBETOBbIX BOJIH.

* Torpga cBETOBOW MY4YOK, €CAM ero 4actota U popma NO3BONAIOT NPOU3BECTU
n3mepeHune KoopanHaTbl C TOYHOCTbIO Ag, ob6A3aTtenbHo byaet obnagatb
HEKOTOPbIM MUHUMANbHBIM MMMYALCOM, KOTOPbIM MMEET HeonpeaeneHHOCTb Ap.

* 3TOT UMNY/AbC byaeT nepenaBaTbCca YacTULLE CNOCOOOM, He AOMNYCKAOLWMM
KOHTPO/S1 9KCNEPUMEHTATOPa, U COOTHOLLEHUE HeonpeaeneHHocTewm (5.2)
COXPAHUTCA U NOC/E USMEPEHUA NONOXKEHUA YaCTULLbI.



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

* [1py nocTpoeHnn popmanmama KBaHTOBOWM 3NEKTPOANHAMUKN PYKOBOACTBYHOTCA
aHaNormen mexay KnacCu4yeckom mexaHMKom n Knaccuyeckomn
3NEKTPOANHAMUKOMN.

* I'IoaTomy ANA oNMCaHMNA NoNA UCNONb3YHOT Ha6op KaHOHUYECKUX NepemMeHHb>bIX.

* PaccmoTpum cBob6OAHOE NOMEe U3NyYeHUA, KOTopoe obpasyeTca cynepnosnumen
nonepeyHbIX BOSH.

* B cnyyae Ky/IOHOBCKOM KaZIMBpPOBKN HUKAKUX APYTMX BOMH HE CYLLECTBYeT .

e Takoe nose NonyvyaeTcs U3 BEKTOPHOro noTeHumana A, KOTOpPbIM MOXKHO 3anuncaTb
B BUAe psiga No NJOCKMM BOJIHAM:

A=) (@A +q;Ay),  divay =0 (53)
A

Ay =+ 47TC28;\Ci(K/1r)

* K, - BEKTOP, 3a4a0WMNIA HanpaBieHMEe PacNpPOCTPaHEHMUS; €) - HanpaBaeHue
nonspusauum



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

* BBOAA KaHOHUYecKue nepemerHble Q3 = q) + g, u Py = —ivy (g1 — q3), (5.4)
* MOKHO MOIYYNUTb A1 SHEPTUMN OTAENbHOMN BOJHbI
1
— 2 2 N*
H =5 (P +viQ3) (5.5)
* Ecam KBaHTOBas Teopua U3Ny4eHMA 3anncaHa B Tako popme, TO BOSMOMKHO
BBECTM KBaHT Aencrteus h.

* 1o aHaNoOrMmM c KBAHTOBOM MEXAaHUKOM CHUTAEM Tenepb KAHOHUYECKNE
NnepemMeHHble KaX40ro ocumMnnaTopa noas HEKOMMYTUPYIOLWLMMM OnepaTopamm C
nepecTaHOBOYHbIMW COOTHOLLIEHUSAMM:

[P2Qa] = P2Qs — QaPy = —ih, (5.6)
[PAQH] = [PAP/,L] — [QAQ/,L] =0,

 CobCTBEHHbIE 3HAYEHWA IHEPrUM AR TAKOTO OCLUMANATOPA PaBHbI
1
E, = (n,l + E) v, (5.7

* rae ny— uenoe 4Yncno.



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% B cootBeTcTBMM € runoTe3om MnaHKa (5.1) KaxKabi ocunnnatop nona obnagaet
SHepruen, KpatHom hv;,.

* O4HaAKO Noy4aeTca, YTO KaXKAblN oCUMNNATOP obnanaeT ewe HyNeBOW SHEPIrnen
1
ghVA Aaxe B HM3wem coctoaHum cny = 0.

* [MOCKO/IbKY YNC/I0 OCLUNNATOPOB NONA B HEKOTOPOM 33JaHHOM obbeme
6ecKoHEeYHOo, TO 3TOT BbIBOA, NMPUBOAMUT K HEOOXOAMMOCTU NPUNUCATb BaKyymy
H6eCKOHEYHYI0 HY/1IEBYIO SHEPTULO.



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% JTa TPYAHOCTb, popManbHaAa. [TpMMeHEeHHbIM MeTo, nepexoaa OT K1acCu4ecKkom
TEOPUM K KBAHTOBOM He eAMHCTBEHEH, MOCKO/bKY g U g~ ABNAOTCA
HEKOMMYTUPYIOLWNMU BEIMYUHAMM.

* famunbToHMaH (5.5), 3anncaHHbIN Yepes onepaTopbl g, UMeeT BUA

Hy =v*(q2q; + 9192)- (5.8)

* Ho (5.8) moXHO 6b1N10 6bl 3anMcaTb, He HapyLaa COOTBETCTBUA C KNAaCCUYECKOMN
Teopuen, C USMEeHEHHbIM NOPAAKOM CNef0BaHUA ONepaTopoB g, U g, B OAHOM U3
yneHoB. Hanpumep, HanncaTtb BmecTo (5.8)

1 1
Hy = 2viq3q2 = 5 (PF +v?QF) — 5 hvy. (5.9)
* Ho torpa rammnbsToHMaH (5.9) umen 6bl cOBCTBEHHbIE 3HAYEHUS
h
E) = myhv,, Sy =dq (510
VA

* U HYyNEBaA aHEPINA NCYHE3/1a Obl.



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

* COCTOAHME NONA U3/TYYEHUA ONUCHLIBAETCA TENEPb YNCAAMU Ny ANA BCEX
OCLUNNATOPOB.

* B Knaccuueckor Teopumn amnanTyabl Q; AN g, v q; 3aBUCAT OT BPEMEHM.

* B KBAHTOBOM TEOPUU OHU ObIIN 3aMEHEHbI ONepaTopamu, He 3aBUCALLLUMU OT
BpemMeHU. 3aBUCMMOCTb KaKoro-nmbo ABNeHnA OT BpeMeHU byaeT BbiparkaTbCs
Tenepb USMEHEHMEM CO BpEMEHEM BONHOBOWN QYHKLUUN.

* N3 (5.4) npon3BoaHbIE OT g3 U q; NO BPEMEHU NEPexXoAaT B onepaTopbl
* g5 = —iV g BMeCTO M §; = +iV;q;.

* OTctoaa cneayet, YTo HanpAaXeHHocT nonen (5.3) byayT npeacTaBAATbLCA

onepaTtopamu:
1

: L
E = —Z = +ZZ V;[(q,‘[A;[ - C[;A}), (5.11)

7
H =rotA = iZ(q/'l [K1A1] — g3 [k A5 D).
7



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% ,ﬂ,]’lﬂ raMmm2IbTOHUAHa Mbl MOAYYUM TOr4a

1
H = EJ(EZ + H?)dt = Z H) = Z nyhvy . (5.12)
A

A

* Takoe npeacTaBaeHMe, B KOTOPOM aMMINTYAbl BblparkatoTcs onepaTopamu, He
3aBUCALLIMMM OT BPEMEHMW, Ha3biBaeTcA npeacTtasneHuem LLpeanHrepa.



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% PaccmoTpum Tenepb MMNyAbC NOAA, ONpeaenaembli B KN1aCCUYECKOW Teopmm
dbopmynou

1
G =— [ |EH]d
4m [EH] dz
* Umnynbc G TaKKe MOXKHO NpeacTaBUTb B BUAE CYMMb
1
G= Z G;\, G)\ = Ef[EAHA] dt, (5.13)
A

* rae G — MmMnNynbC NIOCKOU BOHBI.
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5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

x VA
Gy = 2vacKaqqa K =—, (5.14)

rae K) — BEKTOp, HanpaB/IEHHbIN NO HaNpPaB/AEHMIO PAaCNPOCTPAHEHUA BO/HbI,
N/IMHA KOTOPOro paBHa 06paTHOMY 3HaYEHWIO AJIMHbI BO/HbI.

Mopsanok onepatopoB g 1 q@* B (5.14) BbibpaH TakMum 06pa3om, YToObI He
NOABWUIOCb HY/IEBOr0 MMMY/bCA.

BoipaxkeHue (5.14) ans nmnynbca coBnagaeT C TOYHOCTbIO A0 YNC/IEHHOTO
MHOUTenNs ¢ BbiparkeHmnem (5.12) ana sHeprun.

[To3TOMY MMMYNbC KOMMYTUPYET C SHEPTUEN, @ €0 COOCTBEHHbIE 3HAaYEHMSA PABHbI

G, = CK)\TL)\h = n;\k;\, |k;\| = hV)\, (515)

roe K, — BeKTop, coBnagatowmii o HanpaBAEHMIO C BEKTOPOM PaCNpPOCTPaHEHMUS.

11



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% Takum 06pa3om, sIHeEPrma 1 MNyAbLC CBETOBOW BOJIHbI ABAAIOTCA LLe/IbIMU
KpaTHbIMK BennynH K.

* C TOYKM 3pEHUS CBONCTB €€ IHEPTNM N UMNY/IbCa NJIOCKaA BOHA BeAeT ceba Kak
Ny4yoK n cBO6OAHbIX YacTuUL, C aHepruen hv n umnynbcom K.

* DTW YaCTULbI HA3bIBAKOTCA CBETOBbIMM KBAaHTaMM, NN (I)OTOHaMM.

e DHeprus NoOKoAa CBETOBOro KBaHTa pasHa, B cnay (5.10) n (5.15), Hyato

Gi — E; = 0. (5.16)
e C Apyrov CTOPOHbI, KBAHTOBAHHAA BO/IHA NO-NPEKHEMY COXPaHAET KnacCnyeckmne
BO/IHOBblE CBOUCTBA, T. €. MOXKET UHTepdepnpoBaTh.

* [lyanuctnyecKkaa npmpoaa cBeTa KaKk BOIHbI U Ny4YKa cBOOOAHbIX YacTu,
aHa/IorM4yHa AyaancTMYeckom npupoae nyyka cBo6oaHbIX 3/1eKTPOHOB (KOTOPbIM
CBOMCTBEHHA U NPMUPOAA YacTuL, U Npupoaa BonH ae-bponns).

12



5.2 KBaHTOBaHMe cBO60OAHOro NONSA U3Ny4YeHus

% /105 TOro 4tobbl NpU nepexoae K KNnacCMYecKom TeoOpmun KBaHTOBaA
31eKTPOAMHaMMKa NpeBpaLLaiacb B TEOPULO Nonsd, Heobxoanmo, 4Tobbl CBETOBbIE
KBaHTbl NOAYNHANUCL CTaTUCTUKe bo3e—InHWTENHa.

* CBeTOBble KBAHTbl MOABNAKOTCA B TEOPUN KAaK KBaAHTOBbIE YNC/1a OCUUNNATOPOB
NnonA.

* [ToaTOMY A1Ba CBETOBbLIX KBAHTa HENb3A OTAIMYUTL APYT OT Apyra. Kpome Toro, 4nmcno
CBETOBbIX KBAHTOB, MPUMUCAHHbIX Ka*KA0MY OCLUNNATOPY, HE OrPaHUYEHO.

* Ecnm paccmaTpuBaTb OCUMANATOPbI MONA KaK ,,KBAHTOBbIE AMEMKKN'", TO cCOCTOAHME
BCEro nona n3snydyeHua byaet onpeaenatbCsa 3aaHMEM YNCEN HEPA3TUYMMbIX
YACTUL, B KaXKA0M KBAHTOBOM aYemnke. [NpumeHAA CTaTUCTUYECKME MEeTOAbl, MOXKHO
nony4yntb dopmyny pacnpeaeneHma lNnaHka.

* Ecnun 6bl cBEeTOBbIE KBAHTbI YA0BNETBOPAAN cTaTUCTUKE Pepmu— [Inpaka, T.e.
Ka*KablM OCLUMNNATOP NONs Mor bbl coaepsKaTb He 6onee oAHOro KBaHTa, TO AaxKe
NN PaANOBOJIH UHTEHCUBHOCTb HE Mmoria bbl npesbiwaTb AV 1 ybbiBana bbl ¢
BO3pacTaHUEM A/MHbI BO/IHbI. [T03TOMY A/IMHHbIE BOJIHbI HE MOT/IN Obl
CyLLecTBOBaATh.

13



5.3 AMI'IHVITy,D,a COCTOAHUA NOJNA N3NYyHEeHUA.

% [locne KBaHTOBaHMA nNonesble Besi4nHbI A, a cheposatenbHo, U E n H ctanoBAaTcA
onepaTopamm, KOTopble AO0MKHbI AENCTBOBATb HA BOZIHOBYIO PYHKLUMIO (MK
amnautyay coctoaHmsa) .

* AmnauTyaa coctosHuA yaosneTsopseT obwemy ypasHeHuto LWpeanHrepa
ih'Y = HY (5.17)

* rne H—ramunbToHnaH cuctemsol. Ana ceobogHOro nons nsnyvyeHusa raMmabToHuaH
naetca BbiparkeHnem (5.12)

1
H = gJ(EZ + H?)dr = z H, = anhvl. (5.12)
A A

* Mbl UMeem Aeno ¢ 6eCKoHEeYHbIM YUCNOM CTeneHen cBoboabl, KaXK 40N U3 KOTOPbIX
COOTBETCTBYET OAUH OCLUNNATOP NOAA.

* Toraa B3aumMoAencTBue MexKay OCUUNNATOPAMM NONA OTCYTCTBYET U cOHBCTBEHHOE
COCTOAHUE onepaTopa H AONXKHO NpeacTaBAATbCA NPOn3BeAeHUEM
(‘P(l)‘P(‘Z) LYW ...) HOPMUPOBAHHbIX COOCTBEHHbIX aMNINTYA, COCTOAAHUA yW)
oTAeNbHbIX Hj.

14



5.3 AMI'IHVITy,D,a COCTOAHUA NONA N3ryyvYyeHus

% [1OCKONbKY COOCTBEHHbIMM 3HAYeHNAMM onepaTopoB H) sasnatoTca E; = nyhv,, 10
BO3MOXXHO XapaKTepu3oBaThb pasanyHble coctoaruna ¥ unucnamu sanonHexus ny:

Y=y, n=012,..
H;tLIJn/1 = n,lhv,ﬁ}’n/l (518)
e Obuee peweHune ypasHeHua (5.17), Toraa byaeT npeacTtaBAATbLCA B BUAE
W(t) = Z e (OW W Wy, (5.19)

2
roe |Cn1 .1y ... (t)|” — BepoaTHOCTb HaiiT 1y doTOHOB TMNa 1, Ny HOTOHOB TMNa A

CobcTBeHHbIM peweHnem (5.17) ¢ nonHow aHepruen E = ), E; 6ynert

— — —iEt/h — —lEt/h
Y(t) = | “me (t) = | |e at/ ¥, =e / | “tpnl (5.20)
A A A
Echn none B3anmogemncTsyeT c YacTULLaMMU, TO B raMUNbTOHMAHE H AonXKHbI
coAeprKaTbCA YNeHbl, ONUCbIBAOLME B3aUMOAENCTBME.

15



5.3 AMI'IHVITy,D,a COCTOAHUA NONA N3ryyvYyeHus

% Kpome npeacrasneHus LpeanHrepa (B KOTOpOmM onepaTopbl HE 3aBUCAT OT
BpemeHu, a W 3aBUcKUT), cnonb3ytoT npeacrasneHmne bopHa-famnseHbepra, B
KOTOPOM BpeMeHHana 3aBUCUMOCTb nepeseaeHa Ha onepatopbl n W He 3aBUCUT OT
BPEMEHMU.

* [pun paccMOTpPEHUUN B3aUMOAENCTBUSA MEXKAY CBETOM M YAaCTULLAMM, YACTO
NCMO/Ib3yeTCA NPOMEXKYTOYHOE NpeAcTaBAeHUe, Ha3biBaEMOE NpeacTaBleHne
B3aMMOAENCTBUA, e BPEeMEHHAs 3aBUCMMOCTb OTHECEHA K onepaTopam U1 K
aMNNTYAe COCTOAHUA.

16



5.4 CBeTOBbI€ KBaHTbI U (ha3bl

* BennymnHbl, onucbiBatoWme nosae u3nydyeHma (HanpsaKeHHOCTU Noen, YMCAa
CBETOBbIX KBAHTOB U T. A1.) 06n1aaatoT onpeaeneHHbIMU YUCNEHHBIMU 3HAYEHUAMMN,
HO ABNAIOTCA KBAHTOBOMEXaHNYECKMMU BEIMYNMHAMM, KOTOPbIE HE KOMMYTUPYIOT.

* Kakas-nnbo napa Taknx BeNNYUH byaeT yaoBAeTBOPATb HEKOTOPbIM
nepecTtaHOBOYHbIM COOTHOLUEHUAM, KOTOPble byayT onpeaenaTb UX NoBeAeHMUE.

* PaCCMOTpMM Takne COoTHoWweHMA, B KOTOPbIX YH4aCTBYHOT YNC/1a CBETOBbLIX KBAHTOB.

* Yncno cBeToBbIX KBAHTOB A-ro OCUMNNNATOPA NOoNA NpeactaBnAeTCA

ZV;L .
ny === 092 (5.23)

17



5.4 CBeTOBbI€ KBaHTbI U (ha3bl

*% /13 KaXK40ro KBaHTOBOMEXaHNYeCKoro nepecraHoBoO4YHOro COoTHoweHuA sceraa
MOXHO BbIBECTU COOTBETCTBYIOLWLEE COOTHOWEHNE HEOI'Ipe,EI,EI'IEHHOCTEﬁ.

* Echu aBe pusnyeckne BennymnHbl A n B ynoBneTBopatoT ypaBHEHUIO

AB— BA = C, (5.24)

* rae C —yuncno, To A n B nOMKHbI YA,0BNETBOPATH COOTHOLLEHUIO
HeonpeaeneHHOCTEN
AAAB = |C|, (5.25)

® CMbIC/1 KOTOPOrO COCTOMUT B CAeAytowem: ecnm 3HayeHUAa A u B n3secTHbl anLb
NnpUbANXKEHHO, N ecnun BenndnHa A onpeaensaetca ¢ HeTodHocTbio AA, To
BeNMYnHa B moKeT ObiTb M3BECTHA TO/IbKO C HETOYHOCTLIO, Npesbiwatowen C /AA.

* Jltobaa akcnepumeHTasibHaA NONbITKA 060NTM 3TK Npeaenbl C NMOMOLLBIO TOYHOTO
N3MepeHna HEBO3MOXKHA BCNeACTBME B3aUMOAENCTBMA MeXAY U3SMEPUTENIbHOM
annapaTtypou n CUCTEMOW.
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5.4 CBeTOBbI€ KBaHTbI U (ha3bl

*e BMmecTo HanpaXkeHHOCTM aneKTpuyeckoro nona E moxHo BBecTn ¢pasy ¢ BONHbI,
nonaras (A4na KaXxxaoro A)

ho. h .
q= |—e'"’n, q* = |—+ne ¥
2V 2V
N N
* Toraa ANA @ MOXHO NONYYUTb U3 NEPECTaHOBOYHOIO COOTHOLEHUA ANA q U q°
e'?n —ne' =e'?, (5.26)

* KoTopoe 6yaeT BbINONHEHO, €C/IN @ U N YA0BNETBOPAIOT NEPECTaHOBOYHbIM
COOTHOLLEHUAM

pn—ne =— i (5.27)
* 1 COOTHOLWEHMAM HeonpeaeneHHoCTeN
AnAgp = 1. (5.28)

* N3 (5.28) cheapyet, 4TO €CAM YMCNO CBETOBbIX KBAHTOB B BO/IHE 33/1aHO, TO $a3a
3TOM BOJIHbI MONHOCTbLIO HEeonpeaeneHHa, n HaoboporT.

* Ecnn ana nByx BONH U3BeCTHbI pa3HoCcTU $a3 (Ho He abcontoTHbie Ppasbl), TO
MOXHO onpeaenTb NONHOE YMUCI0 CBETOBbIX KBAHTOB, HO OCTaHeTCH
HeonpeaeneHHbIM, K KaKOW 13 BOJIH OHU OTHOCATCA.



5.4 CBeTOBbI€ KBaHTbI U (ha3bl

*e [TOKaXkem, 4To A/19 KBaHTOBAHHOWN CBETOBOM BOJIHbI, BbINO/IHAETCA COOTHOLWEHMWE
HeonpeaeneHHocTen (5.2).

AqAp~hc (5.2)

* N3 (5.2): echm ny4ok ceeTa BbIOpPaH TaKMM 06pa3om, YTO OH MOXKET AaTb
n3obparkeHne TOYKM (3NeKTPOHA) NO KoopAMHaTE X C HETOYHOCTbIO Ax, TO X-
COCTaBANAIOLLAA UMNYNbCA 3TOrO Ny4YKa A0MKHA 061aaTh HeonpeaeneHHOCTbIo, He
meHbwen AG, =~ ch/Ax.

* CornacHo Knaccm4yeckom onTuke, n3obpaxKeHne TO4KM MOXKeET bbiTb 06pa3oBaHO
CXOAALWMMCA MOHOXPOMATUYECKMM NMYYKOM CBETA C TeIECHbIM YI/IOM anepTypbl 6
N AMHOM BONHbI A, 0oaHaKo bharogapsa agnddpakumm pokyc byaet obnanathb B x-
HaMpPaBAEHUUN KOHEYHbIM NPOTAXKEHMEM, onpeaeniembiMm GOpPMy/I0M

Ax = . 5.29
sin © ( )
* (5.29) onpepnenaet pasamepbl NU306paKEHUA, T. €. HETOYHOCTb B USMEPEHUN

NOJTOXKEHUA INEKTPOHA.

* CXQ,[I,FIIJ.I,VIVICFI Ny4OK CBETA MOXHO NOCTPOUTDb U3 Ha6opa NTOCKUX BOJZIH C OAHOVI U
TOU e ANTMHOU BOJIHbI, HO PAa3/IMYHbIMU HaNpaB/1eHNAMU PaCNPOCTPaHEHUA K.

e Cynepnosunumsa 3TUX NAOCKUX BOJIH A0KHA NPOM3BOAUTHLCA C 3a4aHHbIMU
pasHocTamu pas, MHaye Ny4yoK He byaeT obnagaTtb onpeaeneHHbiM GOKYCOM.




5.4 CBeTOBbI€ KBaHTbI U (ha3bl

% HeonpeaeneHHoCTb B 3HaYeHUU G MOXKHO OUEHUTb U3 NPEANON0KEHUSA, YTO
NO/IHOE YNC/I0 KBAHTOB B Ny4YKe paBHO eAnHuLe, Toraa HeornpeaeneHHbImM
OCTAHEeTCA TO, K KAKOM N/IOCKOWN BOSIHE OTHOCUTCA 3TOT €AUHCTBEHHbIW KBAHT, T. €.
HanpaB/ieHMe KBAHTA.

e KBaHT MoXeT bbITb HanpasBaAEeH NPOMN3BOJIbLHO B Npeaenax anepTypbl ny4yka g.
CneposaTtenbHo, owmnbKa B G, 6yaeT paBHa

AG, = ksinf = aivsin6  (5.30)

* Ho n3 (5.29) n (5.30) nony4yaeTcsa cCOOTHOLIEHME HeoNnpeaeNeHHOCTEN
AG,Ax = hc (5.31)

* aHanorunyHoe (5.2).

* CooTHOWeHMe HeonpeaeneHHocten (5.31) saBnaeTca cheacTtBMeM TOTFO, YTO
MMMYNbC HE MOXET ObITb MeHblLue AV.
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6.1. nepeCTaHOBOHHbIe COOTHOLWIEeHUsA Ans Hanpfl)l(eHHOCTeﬁ nons

* B 0Ouem cnyyae BEKTOPHbIN NOTeHUMan A nepactasum B BUAE pAAQ, aMNANUTYAbI
KOTOPOro MOXHO PAacCMATPUBATb KaK HEKOMMYTUPYIOLLIME ONepaTopbl.

* Ecnn paccmaTtpuBaTtb A Kak QYHKLUUIO KOOPAWUHAT, TO A B KaXKA0W TOUYKe
NPOCTPaHCTBa byaeT onepaTtopom 1 He byaeT B 0bLLeEM Ciyd4ae KOMMYTUPOBaATL C A
B APYron TOYKe NPOCTPaHCTBA.

* Ecnm ncnonb3yetca npeacraBieHne B3aumoaenctema, To A asnsaetca GyHKUMEN
TaKXe U OT BpEMEHMU, N 3HAYEeHUA A, B3ATble B ABYX PAa3HbIX NPOCTPAHCTBEHHO-
BPEMEHHbIX TOYKaX, ABAAIOTCA ABYMA PA3/IMYHbIMU GU3NYECKUMU BEIMYUHAMM,

* B npeacrasneHnn B3aumoaencTsma HanpaAXeHHOCTU NoAs 3a4atoTcs
BblpaXKeHUAMMU

E=iV 47IZ V), e;\{q;\ei(“ﬂ“"l) — q;‘\ei(“lr“"ﬂ} (6.1)
A
H = i/ 4mc? Z[K)\ e ]{gre'ar—va) — gretlar-val (6.2)
A

C ychosnamwm
h r 1
_ . _ %k

n £ M\
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6.1. nepeCTaHOBOHHbIe COOTHOLWIEeHUsA Ans Hanpfl)l(eHHOCTeﬁ nons

* Ecnn paccmoTtpeTb gse coctasnatowme sektopa H, H; n Hy, B ABYX
NPOCTPaHCTBEHHO-BpeMeHHbIX TouKax Py (ry, t;) u P,(1y, t;), Toraa
NnepecTtaHOBOYHOE COOTHOLLEHME AN 3TUX COCTABAAIOLWMX NPUMET BUZ,

[H, (P (P,)] = 4mific (— " s "), 6.4
P2 = ST 25 0, T 9%, 0%y (6.42)

A S(r—ct) —6(r + ct) A .
= , r=71, — 71, =t, — :
. 2 2 —t; (6.5)
* A -PpyHKUMA 3aBUCUT OT apryMeHTOB
1, —1| — c(t; — t)u|r,—r | + c(t; — tq). (6.6)

* A -pyHKUMA OTINYHA OT HYANA, TONIbKO €C/IN ABEe NPOCTPAHCTBEHHO-BPEMEHHDbIE

TOYKMU, NMNONA B KOTOPbLIX PACCMaTPUBAKOTCA, MOXKHO COEAUHNTb CBETOBbLIM
CUTHA/IOM.

* [Mo3TOMY HanNPAXEHHOCTM HONA B ABYX MPOCTPAaHCTBEHHO-BPEMEHHbIX TOYKaX,
KOTOpble He MOryT BbITb COeAMHEHbI CBETOBbIM CUTHAZIOM, KOMMYTUPYIOT APYT C
ApYyrom.
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6.1. nepeCTaHOBOHHbIe COOTHOLWIEeHUsA Ans Hanpﬂ)l(eHHOCTeﬁ nons

% [lepecTaHOBOYHbIE COOTHOLLIEHUA APYIMX HaNPAXKEHHOCTEN NONA:

[E;(P1)ER(P,)] = [H;(P)H(P2)],  (6.46)

[E;(Py)H;(P,)] =0, (6.4B)

2

9
[E;(P)H, (P,)] = —4mih PTETS A (6.4r)

* (i # k; i,k ul obpasyroT 4eTHYO NepecTaHOBKY U3 X,V U Z).

* M3 yncna yHMBepcasibHbIX MOCTOAHHbIX B N€PeCcTaHOBOYHbIE COOTHOWeEHUA (6.4)
BXOAAT TO/IbKO C U A, HO HE BXOAUT HUKAKUX NOCTOSAHHbIX, OTHOCALLMXCA K
aTOMHOM CTPYKTYype matepuun (m nnm e).
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

% /13 KBAHTOBOMEXaHMNYECKMNX NepecTaHOBOYHbIX COOTHOWEHUN (6.4) MOXKHO
NO/IY4YNTb COOTBETCTBYHOLLME COOTHOLEHNA HeonpeaeNeHHOCTEN.

* Echn aBe pusmnyeckue senmdnHbl A u B ynoBnetBopAoT ypaBHEHUIO

AB —BA = C,

* rne C — obblyHOEe yncno, 70 A n B byayT yaoBNeTBOPATb COOTHOLWEHUIO

HeonpeaeneHHOCTEN
AAAB ~|C]|

* Mony4yaemble TaKMM 06pa30oM COOTHOLLEHMS HeonpeaeNeHHOCTEN ABNAIOTCA
COOTHOLLUEHUAMM MEXKAY HaNPAKEHHOCTAMM NOJIEN B 3aJaHHbIX TOYKaX
NPOCTPAHCTBA U BPEMEHMU, B TO BPEMA KaK USMEPUMbIMU BENUYUHAMMU ABNSIOTCA
3HaYeHUA HaNpPAXEHHOCTEN NoNs, ycpeaHeHHble Mo 06/1acTAM B NPOCTPAHCTBE U
BPEMEHM.
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

* YTO0ObI NONY4UTb COOTHOLIEHMA ANA TaKUX YCPEeAHEHHbIX 3HAaYeHNIN, HeobxoaAMMOo
NnpouHTEerpupoBaThb (6.4) No ABYM NPOCTPAHCTBEHHO-BPEMEHHbIM 061acTAM LiTl n
L% T, pna aByX BXOAALMX B KaXKA0€e YpaBHEHME HAaNPAXEHHOCTEN NONA.

* byaem Ha3biBaTb 3T 061aCTU COOTBETCTBEHHO I1 U I, @ OTHOCALLMECA K HUM
cpegHWe 3HaueHWA HanpaKeHHoCcTen Nona Eyy nn Eyg 1.

* Pe3ynbtaT MHTErpUpoOBaHMA Npasomn Yactu (6.4) byaet 3aBuceTb oT
OTHOCUTE/IbHOIO PACMONOKEHNA ABYX TAaKMUX 0b61acTen, TOYHee OT TOro, MOXKEeT Nn
BbIXOAAWMM U3 [; CBETOBOU CUTHAN AOCTUTHYTb ToYeK I,, M HaobopoT.

26



6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

'0 Ol'paHMLIMMCFI HECKO/IbKUMU CNYyHaAMMWA:

* a) O6e BpemeHHble obnactn cosnagatot: Ty = T5.
* CornacHo (6.5) u (6.6), A-dyHKUMA QaHTUCMMMETPUYHA B ABYX BpeMeHax t; u t,.

e C apyron CTOpoHblI, (6.42) CUMMETPUYHO B NPOU3BOAHbIX MO 3TUM ABYM
BpemeHam. [1o3aTomy BpeMeHHOM UHTerpan ot npason yactn (6.4a)no Ty =T,
obpaTtntca B Hynb. CnenoBaTeNbHO:

AEiLlTAEkLZT = AHiLlTAHkLzT =0 (6.7)

* Torpa cpegHue 3Ha4YEeHUA ABYX COCTABAAIOLLNX SIEKTPUYECKOrO UM MAarHUTHOTO
nons, B3ATble N0 COBMNagaloWmMm BPEeMEHHbIM, HO Pa3/IMYHbIM MPOCTPAHCTBEHHbIM
obnacTtaAm, KOMMYTUPYIOT APYT C APYrOM U MOTOMY MOTYT ObITb U3MEpPEHb
OZlHOBPEMEHHO.
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

% 6) O6e npocTpaHcTBEHHbIE 06nacTn coBnagatoT: Ly = L,. Toraa nHterpan ot
npaBon YacTtu (6.4r) obpawiaeTca B HY/Ib U Mbl MOSIy4aem

AE iLT, AH KLT, — 0 (6.8)

* Torpa cpegHue 3Ha4YEHUA HANPSAXKEHHOCTU SNEKTPUYECKOTo NoaA U
HaNPA*EeHHOCTU MarHUTHOTO NOAA, B3ATbIE NO OAHOMW U TOM Ke
NPOCTPAHCTBEHHOM, HO Pa3HbIM BPEMEHHbIM 061aCTAM, KOMMYTUPYIOT W,
cnefoBaTeNlbHO, MOryT BbITb M3MeEpPEHbI 0OJHOBPEMEHHO.

* U3 (6.7) n (6.8) cneayet, 4To cpeaHMe 3HaYEHUNA KaKNX-TMOO ABYX COCTABAAOLWMX

HaNPAXXeHHOCTEN NOAA NO OAHOM N TOM e NMPOCTPaHCTBEHHO-BpeMeHHOM 0bnacTu
BCeraa MOXHO U3MePUTb OAHOBPEMEHHO.
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

% B) [1ee obnactn I; u I, BbibpaHbl TaKMM 06PaA30M, YTO CBETOBbIE CUTHA/bI U3
HEKOTOpPbIX TOYEK [{ MOryT A4OCTUrHYTb I, HO HEe HaobopoT.

* Toraa BTopasa u3 A-pyHKuUmMM B (6.5) He AaCT HMKAKOro BKNaAa B MHTerpan.

* PaccmoTpum gBa cnyvyasa O4HOBPEMEHHbIX U3MEPEHMUN: X-COCTaBAAIOLLLEN
HaNPAXeHHOCTU a1eKTpuyeckoro nona E, 8 I1 n 8 I, u cnydam uamepenuna k£, 8 I

7 Hy B Iz.
* YpaBHeHUA (6.4) npuBeayT K COOTHOLWEHMAM HeonpeaeneHHocTen ana
AExllAHylz 7 AExllAExlz

* YT0b6bl OLEHUTb NOPAAKM BEIMUYUH HEONPeaeNEHHOCTEN, AONYCTUM, YTO Lq~L,,
T;~T, n 4TO paccToaHne mexKay 06enmmn NPoCTPaHCTBEHHbIMKW obnactamu L4 n L,
PaBHO 7.

* bygem cumtaTb, YTO pasmepbl TOM YacTh [,, B KOTOPYIO MOTyT NONAAATb CBETOBbIE
CUrHanNbl U3 I; TOro e nopaaka, 4YTo u cama I,.

* [lopAaaoK BeNMYMHbI HeEoNpeaeneHHocTen byaeTt 3asucetb o1 10ro, Yyto L > ¢T nan
L < cT. Torpa
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

(
) (L > cT)
2
AEy AHy ~{ 7 ffT (6.9)
oy (L < cT)
\

* AHanorunyHble BbipaxkeHus nonyyatotca u gna AE,; AE,, .

* OKa3bIBaeTCA, YTO ABE COCTABAAIOLME HANPAXKEHHOCTEN NONA B ABYX TAKUX
obnactax moryT 6bITb U3MEpPEHbI TEM TOYHEE, YeM DO/IbLLE PACCTOAHUE MEXAY
ABYMSA NPOCTPAHCTBEHHbIMK 0bnacTAMM.

* YpaBHeHue (6.9) naeT KpUTepuii Toro, Korga CTaHOBATCA CYLLECTBEHHbI KBAHTOBbIE
CBOMCTBA NONA U KOTAA MOXXHO NPUMEHSATb KNAaCCUYECKYIO TEOPUIO.

* Knaccuyeckan Teopus MUMeeT MecTo B TOM C/ly4ae, Korga HanpaKeHHOCTU Nons
BE/INKU NO CPaBHEHMUIO C NpaBoM YacTbio (6.9).
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6.2 CooTHOWEHUS HeonpeAaeneHHOCTen AN Hanps)XXeHHOCTen Nons

% EC/iM HanpAXXeHHOCTU NOMIA COCTABAAKT NO NOPAAKY Be/IMYUHbI E, TO Mbl
nony4yaem (Aonyckas, YTo paccToaHUe mexay ABymAa obnactamm nopsaka L)

EZL3¢T » hc (L > cT). (6.10)
* M03TOMY TUNUYHOW KBAHTOBOM 061acTbio ABNAIOTCA cnabble nons.

e [1nAa cBETOBOW BOJIHbI YAacCTOTbl V popmyna (6.10) BbiparkaeT ycnoBue, YTo YMCna
cofepsKalLmxca B L3 cBETOBbIX KBAHTOB 1l OMKHO ObITb BEAUKO.

* NMockonbky E4L3 = nhv n nockonbKy BpemeHHoM nHTepsan T f0MKeH 6biTb
BblOpaH meHbwum 1 /v (B npoTMBHOM cnyyae cpegHee 3HaveHue E obpaTtunoch
6bl B Hy/1b), nony4aem m3 (6.10):

n>1
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