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Abstract: npeﬂ.CTaBJ’leHbl NPUYUHbI 1 cneacTena CBOWCTB YacCTuLbl U BOJIHbI, npu NpoxoXaeHna KBaHTa NpoCTpaHCTBa-martepumn
ONEeKTPOHa, (*)OTOHa, 4yepes OgHYy 1 ABe wenu. an/IHI/IHbI N cneacTBnAa TyYHHENbHOro NpoxoXaneHua KBaHTa Yepes no6on
noTeHuuanbHbIn 6apbep. 7 npeactasieHbl cBONCTBA 3anyTaHHbIX YacTul, KaK KBaHTOBbIEe cBouncTBa npocCTpaHCTBa-MaTepun.
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CyLuecTByeT MHOXKECTBO MHTEPNPETALMI NPOXOXKAEHUSA GOTOHA U SIEKTPOHA, KaK KBAHTOB, Yepes ABe Lenu.
B ogHOM cnyyae Ha akpaHe HabatogaeTcs aMdpakUMOHHAA KapTUHA. B gpyrom ciyyae, npu puKcaumm npoxoKaeHmsa
KBaHTOB Yepes LLe/b, Ha 3KPaHe ecTb ABa NATHA HANPOTUB KaXKA0M Wenun. ECTb TakKe GaKTbl POXKAEHUA 3anyTaHHbIX
4acTuL, C yaMBMTENbHbIMM CBOMCTBAMM, HA OCHOBE KOTOPbIX CTPOATCA CaMble HEBEPOATHbLIE CBOMCTBA, NEPCMNEKTUBDI.
EcTb yKa3aHHble $aKTbl, €CTb MaTeMaTUYECKOE MX ONUCaHWNe, HO HET OTBETOB Ha Bonpockl: MOYEMY 31o Tak? Mol
npeacTaBUM 3TU 3KCNepMMeHTabHble GaKTbl, C 0OTBETaMM Ha Bonpockl MOYEMY, B pamKkax akcMOM AMHAMUYHOTO
NPOCTPAHCTBA-MATEPUMN.
1. [Byx wenesBoi Npoxopa KBaHTa
PaccMOTPMM 3KCNEPUMEHT NPoXokaeHua asyx wenei keaHtom HOJI(Y £+ = e) anekTpoHa, aHanormyHoro
kBaHTy HOJI(Y+ = ¥) poToHa. Mbl cXOAMM U3 CBOWCTB, KBaHTa AMHAMMUYHOTO NPOCTPaHCTBa-maTepun. HanomHum,
YTO peyb O NPOCTPaAHCTBE-MATEPUN B Npeaenax AMHaMUYHOrO yria napaniesibHoCTU NPAMbIX IMHUIA. [lBUrasch
BA0/b Nyya, AC, Mbl HE BUAUM AMHAMMYHOIO NPOCTPAHCTBA BHYTPU ANHAMWUYHOrO yraa napannenbHoctn OX. Mol
roBOPMM O APYroi TEXHOIOrMK Cammx Teopuii. EBKIMA0BOE NPOCTPAHCTBO B 0CsiX XYZ y»Ke He paboTaer.
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Puc.1 aMHamMUYHOE NPOCTPAHCTBO Ny4YKa NapannefibHbiX NPAMbIX ANHUIA
CBoiicTBa TaKoro NPOCTPaHCTBa-MaTePUM Mbl y3Ke paccmaTpmsanu. MpocTpaHCTBO-BpeMs, 3TO YaCTHbIN ero
cnyyan GUKCMPOBAHHOTO UK HYNEeBOTO yrna napannensHoctu. Torga: (Yt=e7) = X+=v. )Y —=yHX+=v;),
[N151 37IEKTPOHA NOJIYYMM MOZENb TaKOrO KBaHTa, C BUPTyasibHbIM GOTOHOM () ¥ C onpesesieHHbIMU NapameTpamMu.
TouyHo Takasa mogens potoHa (Yx=y*) = X+=v)(Y—=y;)(X+=v{) B dpu3nyeckom Bakyyme.

Pnc.2 mopenb KBaHTa 371eKTpoHa (PpoToHa)
We _ 1

c = 137.036

Kax Aol duKcnposaHHowm BosHoBoM pyHKUumK (P;), onpeaenaetca (—,;) «nesaa» uam (+1P;) «npaBasa» BoNHOBaA

bYHKLMA, N0 OTHOLLEHMIO K ABUNKEHUIO K 1I€BOM M NpaBol wenu. Mpu dukcaumm(—y,)«nesoi» BOAHOBON GyHKLMN,
Mbl FOBOPUM O ee KoJ/11ance, U NP1 STOM Mbl TOYHO 3Haem coctosiHue (+;) «npaBoi» BonHoBOW ¢GyHKLMMK Be3 ee

dukcauum. [ina (£§) sonHosoi (P=Y-Yo) dyHkumu, iy = /(+) (=) nonyuum  ipe®®e'®t = j1he* @t byukumio

X .
ypasHeHua Qupaka u ee {e2X) = ch (Y—)} , MapameTpbl ¢ Hem3meHHbIMM aKkcTpemanamm (a’(x) = 0) guHammuHoM
0

3pech: (Y—) none napannenbHblX, C npeaesibHbiM  COS Py max = = a, yrnom napannenbHoCtn, n e
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dyHKumm (a(x) # const), 6e3 ckansApHbix 6030HOB KaMBPOBOYHbBIX Nosei. OTHoWeHWe naowaaen (p = %)

max

cevenma (Y —) Tpaektopumn 3snekTpoHa (nam GoToHa), 3TO BEPOATHOCTb COCTOAHMA KBAHTa B GUKCUPYEMO TOUKeE,
npu konnance (P;) BonHoBow dyHKLMK. [0 CyTH, Mbl FOBOPUM O BEPOATHOCTM HAaXOXKAEHUA NAOWAAM Kpyra:

(s = mP?), c npeaenbHbLIM YrIOM NapannenbHoOCTH, COS Oy max = = @, B 4OMYCTUMOM MAKCUMaNbHOM

137.036
— 2 _ _
ceyeHmn (s = s, .x) TPaektopum (Y —). B auHamuuHom ceveHnm (Y —) TpaekTopuu, T ecTb B MIOCKOCTM Kpyra

AvHammnyHoro pagnyca (Wmax = Wo = Wmax) = (Ky) B KBaHTOBOW pPeNsaTUBUCTCKON AMHAMUKE AMHAMWYHOM
(aa(X) —

= f'(x) = 0) dyHkummn a(X) # const, BonHosas GpyHKUMA iPe'®t = i(cos wt + i Sin wt) BLINONHAET elue
n nosopoTsl. Mpu atom: (i sinwt) = \/(+ sin wt) (— sin wt)) . Mbl rOBOPUM O CMIMHE B KBAHTOBOW PENATUBUCTCKOM
AnHamuke. U npyn anHammike (Wpax = Wo = Wimax) BOHOBOM GYHKLMK, Mbl FOBOPUM O AMHAMUKE yria
napannenbHocT (Cos @y max) Ha (Y —)Tpaektopum kBaHTa (Y= e™) anektpoHa nnm GpoToHa, Kak obaKa

BEPOATHOCTM Ha ero AAWHE BOJIHbI. NP1 OKOIO HyNEeBbIX yraax napannenbHoctu cos (@y — 0) = 1, B KBaHTOBOM
PenATUBUCTCKON AMHAMMKe, ucuesaeT anekTpuyeckoe nose (Y+ = e) anektpoHa Ha maccosoli (Y—=¢) ero

oxy

. i . i X
TpaekTopuu. Mpu 3TOM, KBaHT MPOCTPaAHCTBA-MaTepum iPe¥el@t = [1hed* 10t ggppe: e = ch-, u
0

el“t = cos (@y ), Hepenumoit O6nactn Jlokannsaumum o6naka BEpOATHOCTM, OCTAETCA HEM3MEHHBIM B KBAHTOBOI
X o

HOJI = (chy—T - 1) (cos (py — 0) — 1), penatusmcrckoit auHamuke. U B Takom, okosio Hynesom (Y +) — 0,
0

3apPAL0BOM COCTOSIHUM SNIEKTPOH MOXKET NPOoXoAmTb Ntobble noTeHuuanbHble 6apbepbl. B EBKIMA0BONM aKCMOMATHKe,
c Hynesbim (cos (@y = 0) = 1) yrnom napannenbHoctut, auHamuku Takmux (Y +) 3apagosbix noneit HeT 1 Takoe
npeacTaBieHne HeBO3MOKHO.

Tenepsb yske B Takmx Kputepmax Isontoumnm keaHta (Y + = e) aneKTpoHa, pacCMOTPMM ero CBOMCTBa Npu
NPOXOXKAEHUN O4HOM UK ABYX Weneir. OTMETUM TO, YTO BOJIHOBAA GYHKLMA XapaKTepusyeT AMHAMUKY BCEX
napamMeTpom, B TOM YMC/Ie SHEPTUIO U UMNY/bC. M OHa AaeT BEPOATHOCTb NPOABAEHMUS TEX UM UHBIX (C TPUHLMNOM
HeonpezeneHHocTH) Kputepures dBontoumnn. UTak, BoNHOBas GYHKLMA 3N1EKTPOHA, U3 ypaBHeHWA [Mpaka naert

CHavana K ogHow wenu. OHa (Y;) Konnancupyet B Nt06bIX KpUTepuax u ganbe uaet Kak iY = / ((—=y,) (+¢y)
4aCTUL,A-BOJIHA, B «CMIAPEHHOM» COCTOAHMUM «3anyTaHHbIx» (—,)(+1,) BonHOBbIX GyHKUMIA. Lanblwe keaHT (Y +)
aneKTpoHa (PpoToHa) NonagaeT Ha 3KpaH BAO/b OCU MPOEKLMY LWEN, HA LUIMPUHE MAKCMMasIbHON BOJIHOBOM
bYHKUMM, C BEPOATHOCTbBIO (p = ;}%‘2 * 0) .Tenepb (Y+ = e) KBaHT HaNpPMMep 3NEKTPOHA, MOAXOAMT K ABYM
max
wenam c «neson» (—ip;) u «npason» (+,) ceoert yactbio Y =/ (=Y,)(+y¢y), B nmobom (Yg = U = PYnax)
o
T[lp?nax
TpaekTopun. Cama Tpaektopua (Y —= e) anekTpoHa (Kak u GoToHa) MMeeT HeonpeaeNeHHOCTb B NPOCTPaHCTBE B
npegenax iy = /(=) (+;) BonHOBOM DYHKUMUM, KOTOpan HaxoauTcs B cynepnosvumnu (—,)(+,) nesbix n
NpaBblxX YacTei B HanNpaBAeHUM ABUKEHUA KBaHTa Ha TpaekTopun (Y —) nepeg, 1eBoit 1 NpaBoii wenbto. Mpum 3Tom,
npamoit Esknngosoit (@ = 0) amHum Ha (Y —) TpaeKkTopum HeT 1 3To pewatowmii pakTop. Ectb mobas gpyras (Y;)
AnHMA ¢ HeHynesbiM (@ # 0) yrnom napannensHocty, 8 npegenax (Y —) Tpaektopmu. NMostomy 31eKTpoH (GoToH)
BCeraa, nponaet mbo B neByto, iMbo B NpaByto Wenb, ¢ kKonnancom (P;) BonHoBowW GpyHKUMK. Ecam ByaeT konnanc
«nesoi» (—1P,) BonHOBOM dyHKLMM, KBaHT (Y + ) anekTpoHa ($poToHa) MAET B NIEBYIO LWE/b, U SNEKTPOH MAET B

NpaBylo Wesb, Npu Koanance «npasoi» (4+1,) BonHoBOW dyHKUMK. HeT HUKakoro pasgenenus iy = /(=) (+¢y)
BO/IHOBOW PYHKLMM, HEAENMMOTO M CTabUNbHOrO KBaHTa 3N1eKTPoHa (PpoToHa). B 06omx ciyyasx nesow v npasoi
wenu, ato 6yaet npoxoa, (P;) BONHOBOW GpYHKLMM B BUAE BOSHbI BEPOATHOCTU, C OTKIOHEHUEM Ha TOT UK

nHoli(@ # 0)yrnom napannenbHoct, opmMUpys TOUKY Ha KpaHe. MHOXKECTBO TOUEK Ha 3KpaHe JatoT rpadumk
pacnpeneneHus NAOTHOCTU BEPOATHOCTU. Yron napannensHoct (¢ # 0) cooTBeTcTBYET BEpoATHOCTU (Y;)
BO/IHOBOW PyHKUMM. PasHble (¢;) yrabl NapannenbHocTu, 3To pasHble BePOATHOCTM (1;) BONHOBOM dyHKUMKU. U B
060MX CIy4anX U3 KaXKAoW Wwenun 6yaeT BbIXOAWUTb BOAHA C 3ddPeKTOM nHTepdepeHLMN MeXaHUYECKUX BOAH. U 3To He
du3mnyeckan BonHa c KonebaHnem nonei. ITo mMaTemaTUMYeCcKan BOAHA KOAnanca BOAHOBOM GyHKUMKU. Ha camom
aene, addeKkT nHTepdepeHLn 3aecb, 06yCNOBNEH HE COKEHMEM IKCTPeManen rpebHA BONHDbI, Kak B C/lyYae Ha
BoAe, a yrnom napannensHoctu (@ # 0) kaHToBOM (Y —) TpaeKTOpMK, KOTOPbII B CBOKO OYepesb onpeaenseT
BEPOATHOCTb (YP;) BONHOBOM GYHKUMU. 34eCb HET HANOXKEHWUIA MAaKCUMYMOB AN MUHUMYMOB CAMOWM BOJIHbI,
noao06HbIX HAaNOXKeHUAM rpebHei BoNH Ha Boge. ECTb nonagaHua B TOYKY 3KpaHa OAMHOYHbIX KBAHTOB C TOM UK
MHOM BEPOATHOCTbIO Npu Konance (P;) BONHOBOM GYyHKLUMKU. MHOMKECTBO 31€KTPOHOB (GOTOHOB), MPOXOAMT Wesb C
paznnuHbiMm (P;) BONHOBbIMU QYHKLMAMM BLOb ANMHBI BOJHbI KBaHTa NPOCTPAHCTBA-MaTepun. M Ha aKpaHe, 3To
UHTepdepeHLMn BOMH BEPOATHOCTH, Kak Konnanca (dukcauyun) (Y;) BonHosow GyHKUMU. [pn 3TOM, BEPOATHOCTb
nonasaHuWA Ha LEeHTPabHYIO OCb 3KpaHa OT 1eBOW W NPABOWA LWen Kak Bbl yaBanBaeTcsa, Npy NPOXOXAeHUM yepes

COCTOAIHWW, C BEPOATHOCTbIO (P = # 0). Bonpoc, B KaKyto WeJb U Kak NPoiaeT 31eKTpoH, Ha (Y —= e)



NeBYI0 MW NPaBYIO Wesib BOJHOBOW GpYHKLMM B 3anyTaHHOM cocToaHun i = /(=) (+y) . Mpn makecumanbHo
BEPOATHOCTU (Y qx ) BOHOBOM dyHKUMK, ecnn nesas (—,;) vacTb ysoauT (Y —) TpaekTopuio Hegemmon
SHEepruun, UMNynbca KBaHTa B /IEBYIO LLE/b, TO NpaBan YacTb (+1P;) , TOM Ke SHEepPrumn, UMNynbca, NPoABAAETCA Ha
LLeHTpa/IbHOM OCK 3KpaHa, M HAaobopPOT € NPaBOI YacTbio, B MPaBOM Wenn. 34ecb Mbl 0OTBedaem He Ha Bonpoc KAK, B
MaTeMaTUYECKMX Moaensax, a Ha Bonpoc NMNOYEMY, To ecTb B Yem GU3NYECKUIA CMbICA, COAEPIKAHUE, MPUYNHA U
cnepcteue. MNoaTomy LeHTpanbHas OCb BCErga Apye NeBoit AN NPaBoOM YacTu BCEM KApTUHbI, € 3pdeKkTom
NHTepdEepPeHLMU «BOHbI BEPOATHOCTM». CmelteHmns (Y —) TpaeKTopuil BNeBO MM BNPAaBO OT LEHTPa/ibHOM OCK Ha
3KpaHe, 06ycnossieHo yraom napannenbHoctn (@ # 0) kBaHToBOW (Y —) TpaeKTopMK, Koianca TObKO «/1€BOM»

(=) wnm TonbKko «npasoi» (+1;) BONHOBON GYyHKLUMM, B «3anyTaHHOM» i) = /(—y,) (+y) , (oaHOBpemeHHOM)
WX COCTOSIHUW.

Ec/iM Mbl GUKCUPYEM AaTYMKOM NPOXOXKAEeHUe KBaHTa npocTpaHcTea-matepun (Y+= e™) anekTpoHa nnau
peanbHoro (He supTtyanbHoro) (Y+= y) doToHa cBETOBOro Nyya, B I€BOM MM NPABOM LLLEN, MPOUCXOAMUT KOAMaNC

(dvKkcauma) Hepennmoim sHeprum, uMmnynbca, Bcen Y = / (—y,) (+,;) BonHOBOW GyHKUMKN. TO €CTb INEKTPOH
(dboToH) y:ke onpeneneHbl Kak HeAeArMble YacTULbl, C NOCAeAYIOWEN TPAEKTOPMEN Y3Ke KaK YacTuLbl. TOHKOCTK
BOMPOCa COCTOAT B TOM, YTO BOIHOBAA QYHKLMA GUKCUpyeTca (B Koaance) ogHOBPEMEHHO U eBon (—Y,), u

npasoin(+yy,) ceoein iy = /(=) (+y,,) yactbio. Mpu 3tom, (Y —) TpaekTopwmsa BbICTpanBaeTcs BAO/b OCU
COOTBETCTBYIOLLEN LN, U AaNblue KBAaHT MPOCTPAHCTBA-MaTepyu NoNajaeT Ha 3KpaH B BUAE IEBOIN UM NPaBoO
TOYKM Ha 3KpaHe. [lpyrnx BapMaHTOB 34€eCb HET, U 3TO HE NPOTUBOPEUYUT CUMMETPUSAM B3aMMOLENCTBUMN, KaK
aprymeHTam. Camoe MHTepecHoe To, 4To nocsie GUKcaL MK B NEBOW KN NPABOW LLE/N C NOCNEAYIOWNM ABUNKEHUEM

4acTuL, B IEBYHO MM NPABYIO TOYKY Ha 3KpaHe, 3NeKTPOH uan GoToH coxpaHseT ceoto i = /(=) (+y,)BONHOBYIO
bYHKLMIO, KaK BOSIHY BEPOSATHOCTU C/eAytoWwmx B3aumogenctamii. U neno He B TOM, CMOTPE/IM Mbl HA YacTULY UK
He cmoTpenun. Ecnam «koT LWpeguHrepa ymep, 3HaUuUT, OH MepTBbIi», 6e3 BapMaHToB. Takne CBOMCTBA He 3aBUCAT OT
TOrO «CMOTPMM» Mbl HA CUTYaLMIO UK HET, U He 3aBUCAT OT CO3HAHUA HabtoaaTens. 3To CBOWCTBO CAaMOro KBaHTa

NPOCTPaHCTBA-MaTepPUM, NPUYEM C ONpeseIeHHOM BePOATHOCTbIO «3anyTaHHbIX» cocToAHUn Y = /(=) (+yY,)
BONHOBOM PYHKLMU. COXPaAHAOTCA UAN CTUPAIOTCA GUKCUPYEMbIE AaHHbIE O TOM, YTO 3TO €CTb YacTULa,
3adMKCMPOBAHHAA B LLLEN, UK BOJIHA HA 3KpaHe. To eCTb, MEHAIOTCA YC/IOBUA KONANCA BONHOBOM GYHKLMMU, HO
OCTaloTCA HEM3MEHHbIe CBOMCTBA CAaMOW BOIHOBOM GYHKLMU, Kak «0b1aKa BEPOATHOCTU» ee CBOMCTB. Mbl roBopuMmM
0 HEM3MEHHbIX M HEYHUUTOXMUMbIX CBOMCTBAX CAMOro KBaHTa NPOCTPAHCTBA-MaTepumn. VX Henb3a «cTepeTb», U ecnm
3anuncbIBatoOTCA OA4HM CBOMCTBA, ApYyrMe He ucyesatoT. MaTepusa He MOXKeT UcHesHyTb. U 34ecb HEBO3MOMKHbI
NPUBOAMMbIE aHANOTMUM, TUMA: CBOMCTBA U/IN ABJIEHME «CYLLECTBYET TO/IbKO TOr4a, Koraa Mbl CMOTPUMY, UK
«BUPTYyasibHaA peasbHOCTb» U NpoYMe HeobocHOBaHHble PpaHTasmMm. CBOMCTBA KBaHTA NPOCTPaHCTBA-MaTepuM,
CYLLLeCTBYIOT BCerga. 3To MaTepus, U OHa He ucyesaeT. Bonpoc, rae, Koraa, Kak, U ¢ Kakon BEPOATHOCTbIO, 3TO Apyrue
BOMpPOCHI.

2. KsaHTOBasA 3anyTaHHOCTb

BonHosas GyHkuma i) = /(= )(+¥ ) B3anyraHHOM cocTOAHUM, UM e+t g ypapHennn Aupaka

. oplX _ . OalX)_
i1, TE g (o) 7, X )=

K u
yO0BNEeTBOpPAET BOJIHOBOW (I)yHKLI,MM (_l/)ﬂ = 6_) 9/1EKTPOHA A (+l/)n = €+) NO3UTPOHa O4HOBPEMEHHO, B «MOpE€E

i
i —(Wt+
Oupaka» ) = Ae'®t = Ae RWEHPT) Yy [npak 6bi11 yBepeH B CYLLEeCTBOBAHMUM NO3UTPOHA, O YEM FOBOPUT ero

ypasHeHue. Ckaxkem 6onbLue, ecnn BoaHOBasA GpyHKumA i) = / (—l/)ﬂ)(-l—l/)rl) ONMUCbIBAET MNPOTOH, TO CYLLECTBYET U
aHTUNPOTOH, U TaK ganee. Mpuuem, B «mope [npaka», 3/1eKTPOH-NO3UTPOHHAA Napa CyLWeCcTBYeT, UK poXKaaeTcs,
KaK cerogHsa roBopsT, B «3anyTaHHOM», 04HOBPEMEHHOM COCTOAHUM. BaxKHO 34eCb MOHUMAaTb, YTO 3aMnyTaHHble
4acTUUbl POXKAATCA B OAHOM KBAHTOBOM NOE, MO YC/JOBUAM A0MYCTUMbIX CUMMETPUIA.

A) CcKpbITble NapameTpbl.
Bysem roBopuTb O CBOMCTBAX 3/IEKTPOHA U NPOTOHA, KaK HeA.e/IMMbIX KBAHTOB NPOCTPaHCTBA-MaTePUN B UX MOAENSX.
AnektpoHa: (Yx=¢e") = Xt =v,)(Y+=y")(Xt=v. ), nnpotoHa: Xx=p*) = ¥Yt=yH)XF=v, )Y xt=yi) un
¢oToHa (Yx=y") = X+=v)(Y—=y5;)(X+= vS). Ux BonHOBble GYHKUMU 2(Xt= V] )HEUTPUHO AN SNEKTPOHA U
2(Y+= yi)«TeMHbIx poTOHa» ANA NPOTOHA, BpalatoTtca roty G(X+= v, ) nam rotXE(Y+= yg) BoKpyrocu (Y—)u
(X—) TpaekTOpuM KBAHTa COOTBETCTBEHHO. ITO KaK CMMH BCEro KBAHTA 3/IEKTPOHA MM NPOTOHA B J@aHHOM Cay4ae.
BaykHO TO, UTO ABa KBaHTa 2(X+= v, ) HEUTPUHO ANA aneKTpoHa unn 2(Y+= yf)«TemHbix GOTOHA» ANs NPOTOHa,

370 «ABe cTopoHbI» (—,)(+1;) «3anyTaHHbIX» BONHOBbIX GyHKUMIA, B BUAe (Y = /(= )(+y ) nonHoit

BOJIHOBOM PYHKLMM 3NEKTPOHA MAKM NPOTOHa. Kaxaana us 3anyTaHHbIX BONHOBbIX dyHKumi (—Y,) (+1,), umeet
CObCTBEHHYIO BEPOATHOCTb NPOABAEHUsA cBOWCTB Ha (Y—) uam (X—) TpaeKTopuM KBaHTa, COOTBETCTBEHHO, KaK bbl C



NPOTUBOMNONOXHBIMW CMMHAMWN OTHOCUTEIbHO EBK/IMA0BOM NPAMOWN, KaK TPAEKTOPMUM KBaHTA. ITO KacaeTca u
(Y+=e™) anektpoHa, n (Y+= y*) doToHa. B kpyre ceuenus ip(e'®t = cos iwt + isin iwt) 3TUX TpaeKTopuii, B

onbitax benna, uKcnpytoTea UK HeT, npoasneHuA caoiicTs obweit i) = /(= )(+_ ) BonHOBOI dyHKLMK
3/IEKTPOHA MM MPOTOHA. U GUKCUPYIOT 3TW CBOWCTBA, C BEPOATHOCTLIO «3anyTaHHbIX» (—Y,)(+1,;) BoAHOBbIX
bYHKUMIA. U 3Ta BEpPOATHOCTb BYAEeT pa3/IMuHOM, B PA3/IMYHbIX Yr1ax NOBOPOTA AAaTYMKOB B 3KCMEPUMEHTE. ITO KaK
6bl «CKPbITblE MAPaMETPbI», O KOTOPbIX Mbl HUYETO HE 3HAaeM Hanepea. TO 3anyTaHHble BOHOBbIe GYHKLUUKN. Mbl He

MOXEM CKa3aTb, YTO B TOUKY GMKCALMM, MM KOSNANCA 3aNyTaHHbIX BOHOBbIX GYHKUMIA, KBaHT i = /(= ) (+¢_)
ypasHeHus Aupaka, npuget (—y,)) wam (+1,;) BonHosasa yHKUMSA, B Hanepes U3BECTHOM COCTOAHUU. Mbl 3TOrO
He 3HaeM, 1 3HaTb He MOXEeM B MpUHUMMEe. ITU NapameTpbl CKPbITbl, HO HE MOTOMY, YTO UX HeT. OHU ecTb Bceraa
(9MHWTEeNH npas, «/lyHa ecTb Bceraa»). ITo CBOMCTBA KBaHTa NpoCTpaHCcTBa-maTepun. OHM He ncyesatoT. Ho mbl He
MOYXEM CKa3aTb TOYHO, YTO 3TU NMAapPaMeTPbI NMPeAoNpPese/ieHbl B MOMEHT Kosiianca obueit (1)) BosHOBOM GyHKLMK.
M Mbl HMYero He 3Haem onpegeneHHo, nonoxenuve (—,) uam (+,) B npocTpaHcTe-BpemeHu, Ha (Y—) nam (X-)
TPAEKTOPMM KBAHTA, 3/IEKTPOHA M NPOTOHA COOTBETCTBEHHO, B L@aHHOM C/ly4ae. 9To MoXKeT bbITb W toboit apyroi

KBaHT NpocTpaHcTBa-matepum, ¢ i) = /(= )(+1_) BonHOBOM dyHKumeit | = Ae'®t = Ae” FWEHPT),

B) 3anyTaHHble YacTMUbI.
O Tom KAK 310 «paboTaeT», ckazaHo 1 HanucaHo mHoro. Mbl 6yaem oteeyaTb Ha Bonpoc, MOYEMY 370 «paboTaet»
TaK. Mbl roBopuan o «3anyTaHHbix» (—P,;) (+1;) BonHOBbIX yHKLUMAX. ECIM Mbl TOBOPUM, UTO KaXKA,0M U3 HUX
COOTBETCTBYET 4acT1LLA, TO Mbl TOBOPMM O 3aMnyTaHHbIX YaCTULLAX. M 34eCb ecTb K/HoUYeBbIe YC/I0BUA POXKAEHUSA U
3BOJIIOLMM 3aMyTaHHbIX YacTuL,. lMepBoe ycnoBue — 3anyTaHHbIe YacTULbl POXKAAIOTCA B OA4HOM, 4MHOM KBaHTOBOM
none. BTropoe — KpUTepUN UX AUHAMMKK, NPOTUBOMOJ/IOXKHBI B AOMYCTUMbIX CUMMETPUAX. 3TO FNaBHOe.
PaccmoTpum, Hanpumep, aHanor KBaHToBoro (X—) nons npoToHa, ¢ 3anyTaHHbiMK (Y1) TeMHbIMKU dOTOHaMK nan
anekTpoHoB B eanHom (X— = Y+) npocTpaHcTBe-maTepun. byaem roBoputb ans npumepa o AByx (Y1) KBaHTax B
PO AEHHbIX B 0a4HOM (X—) KBaHTOBOM Mnosie B Toukax 1 u 2, B coepe.

Puc. 3. Mogenb 3anyTaHHbIX YacTumL,
Myctb (Y1) KBaHTbI NpOCTPaHCTBa-MaTepPUK, PoRAalTCA B O4HOM KBaHToBOM (X—) none c EBkAnaoBoi
nsotponueli napaanenbHbix (L;) npambix avHui B coepe (ry < R) HecTaumoHapHoro EBKMA0BOro npocTpaHcTBa-
mMaTtepuu, c AMHamudHbim (@ # const) yrnom napannensHoctu. 3tn (Y1) kBaHThl, B (X—) none, Hanpumep GpoToHa
WU 3/1EKTPOHA B IaHHOM CJ/Iy4ae, POXKAEHbI B HEKOW A0MYCTUMOM CUMMETPUN 06LLEero cocToAHMA. 3HaA COCTOAHME
(Hanpumep, cNUHa) oA4HOro KBaHTA, 3HAA UX AOMNYCTUMYHO CUMMETPUIO, Mbl TOYHO 3HAEM M FOBOPUM O COCTOSIHUU
ZpPyroro KBaHTa. [OBOPAT Npu 3TOM, 4TO Npu Konnance oaHol (—1P;)BONHOBOW GYHKLMU «MHDOPMALMA MTHOBEHHO
nepefaeTcA» APYromy 3anyTaHHOMY KBAHTY, KOTOPbIV y3HaeT, 4TO eMy HaZ0 KoinancMpoBaTh B coctosiHue (+1);)
BO/IHOBOM QYHKLMM, KaK MO MOAY/IH0 BEPOATHOCTM, TaK U «MO HanpaBAeHUO» B A0NYCTUMON CUMMETPUK. Mpuyem
«y3HaeT» MFHOBEHHO Ha «4ya0BULLHBIX (R — 00) paccToaHUAX” B AuHamMU4HOW cdepe c EBKAnA0BON U30TpONMEN.
370 TO, UTO HabMAAIT U PUKCUPYIOT B IKCNEpPUMEHTaxX. KaoueBo MOMEHT B TOM, YTO 3anyTaHHble YacTULbl
HMKaKOM MHbOpMaLMM Apyr APYry He NepeaatoT. ITO 3a/10XKEHO B UX CBOMCTBAX, BUAUM UAN PUKCUPYEM Mbl UX B
NpPOCTPaHCTBE-BpEMEHMU UAN HeT. Haao ckasaTtb, 4To B EBKIMA0BOM NPOCTPAHCTBE Mbl HE BUAMM HUYErO, U3 CBOMCTB
AVHaMWYHOrO NPOCTPaHCTBa-MaTePUU, KpoMe «0obnaka BEPOATHOCTUY.



W 3pecb mbl oTBe4aem Ha Bonpoc, MOYEMY 310 TaK «paboTaeT». Knaccuyeckan cxema roBOpUT O TOM, 4YTO
€c/in Mbl HeKoW Yyactuuen (3), BosaeincTeyem Ha yacTuuy (1), KoTopas U3MeHSEeT Npu 3TOM CBOW CBOICTBA, TO «3Ta
nHdopmalma MrHOBEHHO NepeaaeTca» 3anyTaHHOM YacTuue (2), KoTopan y»Ke CUHXPOHHO, TO eCTb MTHOBEHHO, TOXe
MeHSeT CBOM CBOMCTBA Ha NPOTMBOMNONOMKHbIEe. CKarKem cpasy, YTo 3To GpaKTbl peasibHOCTM U CBOCTBA AUHAMMUUYHOIO
npocTpaHcTBa-maTepun. OHM ecTb. Bosiee Toro, ecnum Kaxk4ow 3anyTaHHOM YacTULEe COOTBETCTBYET CBOA TPAEKTOPUSA
(L;), To TaKMx 3anyTaHHbIX YacTul, B KBaHToBom (X—) none, byaeT MHOXeCTBO. BOT TO/IbKO HET HUKAKOM nepesayn
MHbOPMaLMU MeKay 3anyTaHHbIMM YacTULaMW. ITO peanbHO paboTtaeT, ecamn Yactmua (3), MeHsAeT cBOMCTBa
yactuubl (1) nsmeHeHnem obuero n eamHoro (X—) noss, B KOTOPOM POXKAEHbI 3aMyTaHHble YacTuupl (1) n (2), Toraa
MEHSIOTCA Ha NPOTUBOMOJIOXHbIE (B CUMMETPUAX) U CBOMCTBA U YacTulbl (2). Tpybo roBops, 3TO Kak €CAn Mbl TAHEM
HEeKMM nNpeameToM (3) ckaTepTb Ha cToNe, NoAoABuUras K cebe yallKy (1), CKaxem TaKk: MeHAeM CoCToAHUe Yallku (1).
Mpw 3TOM CBOE COCTOSIHWE ByZeT MeHATb M YallKa (2) Ha aTom e ctone. Hukakoi uHbopmaLmm Yalwka (1) He
nepeaaeT yallKke (2), U HET HUKaKoro Bo3aelcTemA npeamerta (3) Ha valKy (2). MHaue rosops, Bo3aencTeys
yacTtuueit (3) yepes kBaHToBOe (X—) nosie Ha yacTuuy (1), meHsAs ee CBOWCTBA, HANPUMEP MEHSS ero NOTeHUManN
(yckopeHue Ha anvHe). Torga camo KBaHToBoe (X—) noJsie, MeHSEeT 1 CBOWCTBa YacTuubl (2). Henb3sa meHATb
cBOWCTBa KBaHTOBOrO (X—) Mo/, TONbKO B IOKaLUK YacTuLbl (1). 9TO KBaHTOBOE MOJIE, OHO He AennTcA. B akcMomax
ANHAMUYHOTO NPOCTPAHCTBA-MaTePUN Mbl roBopuM o Hegennmori Obnactu Jlokannsaumm KBaHTa NPOCTPaHCTBa-
MaTepuun. ITo HeloKanbHoe aas vactu, (1) v (2) nsmeHeHue nx cBOCTB, nocpeacTsom Bcero (X—) nons. Bot
MOYEMY «3T0 Tak paboTaeT». Bcakne MHTepnpeTaumm B «EBKIMA0BOM» NPOCTPAHCTBE-BPEMEHW O TENENopPTaLmnsX,
nepepgavyax CBEpXCBETOBOM MHDOPMaLUKN, KOHTAKTax U TaK Aaiee, MATKO roBOps, He KOPPEKTHbI, U HE UMELOT
aprymeHToB. Mbl paccmaTpuBaau CBOWCTBA NPOCTPaHCTBa-maTepun BceneHHol. Mbl paccmaTpuBaam CBOMCTBA
MHOTrOYpPOBHEBOro $GM3UYECKOro Bakyyma, 1 no Gpopmyiam Teopumn JMHWTENHA U KBAHTOBOM PeNaTUBUCTCKOM
ANHAMUKM (MOAHO roBOPUTb O KBAaHTOBOW TEOPUM OTHOCUMTENBHOCTM), TaK BOT B 3TUX TEOPUAX A0MNYCKatOTCA
CBEPXCBETOBbIE CKOPOCTM B MHOTOYpPOBHEBOM GU3MYECKOM BaKyyme. M 3To Te peasibHOCTU, KOTOPbIX Mbl €LLE He
BUAUM. Ho ecTb HeNpoTMBOpEUYMBbIe TEOPUU, U eCTb GOPMY/Ibl PacyeTos.

1. KsaHTOBbIE BbIUMCNEHUA

PaccmoTpuMm, YTO NPaKTUYECKU, Ha CBETOBbIX CKOPOCTAX Nepeaayn MHbopMaLmm, UAU BO3AEUCTBUA, MOXKHO
caenatb C 3anyTaHHbIMM YacTULLAMW. KaKne yCNoBUA HYXKHbI ANA CO34aHMUA TaKMUX 3anyTaHHbIX YacTUL, U BO34eNCTBUA
Ha 3anyTaHHble YacTuLbl. 3TO KoAbl, WKdpPbI, KBAHTOBbIE KOMMbIOTEPbI, KaK 3TO paboTaeT U HAaCKONbKO 3TO BCe 3TO
peanbHo. Kak y»Ke oTmeuanu, 3anyTaHHble YacTULbl AO/XHbI POXKAATLCA B OAHOM KBaHTE NPOCTPaHCTBa-MaTepUN.
Kpome cTabunbHbiX pOTOHOB, 3NEKTPOHOB, MPOTOHOB, AAPO0 CTabUABHOIO aToMa, Kak M CaM aTOM, 3TO TOXKEe KBaHTbI
NpocTpaHCcTBa-maTepmu. BTopoit MOMeHT, pOH COCTOAHMA U BO3AENCTBMA Ha 3anyTaHHble YacTulbl. Hanpumep,
opbUuTanbHble 3NEKTPOHbI OAMHAKOBbLIX aTOMOB, Ha OAWUHAKOBbIX OPOUTAX, UMEIOT OAUHAKOBbIE YPOBHU 3HEPIrnK. ITO
MHOKeCTBO BONHOBbIX GYHKUMA. O61yYan rpynny aTOMOB KorepeHTHbIMK doToHamu (nasepa) u aobusanch
HEKOTOPbIX 3MEPAKEHTHbIX CBOMCTB 04HOI0 0P6UTaNbHOMO 3/1eKTPOHA, Mbl TOYHO 3HaeM COCTOSHUA BCEro
MHOKeCTBa BO/IHOBbIX PYHKLMI OpbUTANbHBIX SNEKTPOHOB BCel rpynnbl aToMoB. Takoe cocTosHMe OpbUTanbHbIX
3N1EKTPOHOB rPYMMbl aTOMOB, MOXXHO NMPOrpamMmMmnpPoBaTh aHepruein obaydyeHns nasepa. Mbl MOXKem AenaTb 3TO B TOM
WUAN MHOM NPOCTPaAHCTBE, ceivyac UAN NOTOM BO BpeMeHU. MHOXeCcTBO APYrnX rpynn aToOMOB, 3TO MHOeCTBO
APYr1X Nporpamm nx ob6aydeHmns. Mbl MOXKeM 3anuncbiBaTb 1a3€POM M CHUMATb TakMe SMepAKEeHTHbIe CBOMCTBA, KakK
MHbOPMaLMIO, U peUb MAET YXKe 0 KBAHTOBbIX KOMMblOTEpPax, B GM3NYECKM A0NYCTUMbIX CBOMCTBAX.

Tema MCKYCCTBEHHOrO MHTENIEKTa KBaHTOBOrO KOMMbOTEPa BECbMa MHTepecHan. KAloueBo MOMEHT, 3TO
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3anyTaHHOro COCTOAHMA, KaK CBOMCTBaMM KBaHTOBOTO Noss. Kpome dpr3nyecknx NpMHLMNOB CO34aHNA 3anyTaHHbIX
BEPOATHOCTEN KBAHTOBbIX COCTOAHMUI B MHOXECTBE UCXOAHbIX MapaMeTpoB, C BbIBOPOM NpPaBUIbHOFO peLleHns ann
BBOAMMOW MHPOPMALMU, HYXKEH eLle U MaTeEMATUYECKUA GOPMaNN3M TaKoM AMHAMUKN («MbILLIEHUAY), AalOW M
YeTKUI 1 04HO3HAYHDbIN pe3yabTaT B Makpocucteme. Maes B TOM, YTO TaKyo BOJIHOBYHO PYHKLMIO HAZO0
«BblIPaLLMBATL» B MHOMECTBE BOJIHOBbIX QYHKLMUIN MHOXKECTBA MCXOAHbIX NAPaMeTpPoB. ITO MOXKHO AenaTb, Co34aBan
BOJIHOBYHO GYHKLMIO BCErAa MEHbLUE eANHULDbI, KaK OTHOLIEHWE AO0MYCTUMOro ANana3oHa pacnpeseneHHom B
No6bIX ANTOPUTMAX SHEPTUM K MAKCUMAIbHOW, BBOAA WX, KaK Hanpumep, KO3pPULMeHTbl «6a3UCHbIX BEKTOPOBY»
MaTpuLLbl COCTOAHMA. Mbl Kak-6bl GOpMUPYEM «CO3HAHUEY, HAX0AACh PALOM C 3HaHMEM). 3a 6a3ucHble
MHOIOMEpPHbIe «eANHUYHbIE BEKTOPbI» MOXHO BbIOMPATb YTO yrogHo. Hanpumep, MHOMKECTBO BaJIHOT, MHOXECTBO
mogeii. Ecnv mbl roBoprm o dpu1smnKe nam MHGopMaumm KBaHTOBOTO KOMMbIOTEPA, TO 3TO, CKaXKeM, COCTOSHWNE
MHOKeCTBa 3aMyTaHHbIX (B O4MHAKOBbIX aTOMaX, Ha OAMHAKOBbIX OPOUTAX) OPOUTANbHbBIX 3/IEKTPOHOB (MX BOIHOBbIX
bYHKUMIA) MAK KCHUMAEMBbIX» UX NPUOBPETEHHbIX SMEPAMKEHTHbIX CBOMCTB, MOC/e BO34ENCTBMA Ha HUX BBOAMMOM
nasepom nHdpopmaumn. Ho Beognumas BonHoBan GYHKUMSA, KaK MHPOPMALMSA, K PE3OHUPYET» C «MPABUIbHBIMY
3/1EMEHTOM TaKOro, HanpUMep MHOXECTBA MMHOPOB MATPMLbl UAN APYTUX aATOPUTMOB BblYMCIEHUI COCTOAHMS,
AaXKe C Mano BEPOATHOCTbIO. XOTS B MHOXECTBE BOJAHOBbIX QYHKLMIA MOXKHO BblIOpaTb M MaKCMMabHYHO (Mo



3Heprnn) n paboTaTb C TaKUM IKCTPEMYMOM. B pe3oHaHce, ux oTHoWeHMe AaeT «1», KoTopas nepeBogunTcs B
0ObIYHYIO ABOMYHYIO CUCTEMY KaK Y¥Ke YyNpaB/ABLIMA CUTHAN B MHOXKECTBE KOMOMHALNI yXKe MaKpOCUCTEMbI
06bI4YHOrO KOMMbIOTEPA, YIKE CYETKMM M OAHO3HAYHbIM pe3yabTatom. Camo pacnpeseneHune sHeprum rno snemeHTam
MHOeCTBa COCTOAHUS CUCTEMbI, BBOAUTCA AaTYMKaMM UM PACCHMUTLIBAETCA NO a/ITOPUTMaM pacnpeaeneHuns nam
YCNOBUA COCTOAHMUA. Hy, 3TO Kak naes, KOTopyto KOHEYHO e Hado elle npopaboTaTb A/ KOHKPETHbIX C/ly4Yaes.



