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AnaHOTa U

I/ICC.HQ,HyeTCﬂ JUHaMWKa KBAHTOBBIX CUCTEM Ha KOPOTKHUX BPpEMEHaX B KOHTEKCTE KBaHTO-
Boro 3¢ ¢dekra 3ernona. I[loka3piBaeTcs, 9T0 HETOKAIBHOCTH 3JIEKTPOMATHUTHOTO B3aWMOJIei-
CTBUS, KOTOPas [IPU ONUCAHUN BEJIUYIUH, CBA3AHHBIX C S -MaTPUIeil, CupaTaHa 3a mporemaypamMu
peryadapusanui U IIEPEeHOPMUPOBKU, ABHO TIPOABIAETCAd B IMpOoHecCaX, AIUTEIHBHOCTH KOTOPBHIX
9KCTPEMAJILHO MaJia. DTO IMPUBOIUT K TOMY, UTO KBAHTOBHIN 3(ddekT 3eHoHa He MMeeT MecTa
B C/Iydae PaJualliOHHOTO paciiajia HeCTaGI/IHbHOI‘O aTOMHOI'O COCTOAdHUA.

KuroueBbie cioBa: s3dbdexr 3enona, KBaHTOBas AUHAMUKA, PAIUANMOHHBIA PACIaJl.

BBenenue

Kak 661710 I0Ka3aHO TEOPETUYECKH, & [1032Ke SKCIIEPUMEHTAILHO IOATBEePKIeH0, Ya-
CTO MOBTOPSOIIMECS U3MEPEHHs BEAYT K 3aMOPasKUBAHUIO CUCTEMbI B HCXOIHOM COCTO-
AHAK. DTO sABJeHHe ObLIO BLIBEIEHO M3 KBAHTOBONW MEXaHMKM M Ha3BaHo Muspoil u
CynapriaHoM <«KBaHTOBBIM Tapajiokcom 3eHoHas [1]. B macrosimiee Bpemsi mocie ce-
PHH 9KCTIEPUMEHTAIBHBIX IeMOHCTpalnii [2—6] KBAHTOBBII MapaIoKe 3eHOHA CUNTALTCS
pPEeasIbHLIM SIBJIEHUEM, Ybe IPAKTHYeCKOe 3HAYEeHHUE COCTOUT, HALPUMED, B HOJABJICHUU
JIEKOI€PEHTHOCTU B KBAHTOBBIX BbIUMCIeHUdAX [7, 8] u moHuzKeHuu J03bl OOJIydeHus B
neiirponnoil romorpaduu [9]. Bmecre ¢ Tem g MHOrUX IPOIECCOB, B YACTHOCTH JJist
PAJMOAKTUBHOTO PACIIA/Ia COCTOSHIS aTOMa, HEOMPEIeJIEHHOCTh SHEPIUN PACTET C YBe-
JINYEHUEM YaCTOTHI U3MEPEHNUsl I, U JIJIs PACTaga HeCTAOUIHHOTO COCTOSTHUS TTOSBIISETCS
BCe OOJIbITIEe YMCJIO BO3MOXKHBIX KAHAJIOB. DTO MPUBOAUT K TOMY, YTO JIJIsi MTHPOKOTO
JMAana30Ha 4acTOT ¥V paclall aTOMHBIX COCTOSIHHI yCKOPSAETCs YaCThIMUA M3MEPEHUSIMU
[10], u 1pu yacToTax, /i KOTOPBIX 0KUIAETCs, YTO KBAHTOBbI apaaokc 3eHona Gy/er
UMEeTh MECTO, CTAHOBUTCS BO3MOYKHBIM DOXKJEHUE 3JIEKTPOH-TIO3UTPOHHON Maphl. DTO
03HAYAET, YTO CBOOOIHYIO SBOJIOIUIO CHCTEMbI MEXKY TAKUMU YACTHIMU U3MEDEHUSIMU
HEOOXOIMMO OMUCHLIBATL B paMKaxX KBaHTOBOM snekTpomunamuku (K9T). Oxmako KT
HE JlaeT HaM BO3MOXKHOCTHU OIMCBIBATH 3BOJIONUI0 KBAHTOBBIX CHUCTEM HA KOHEYHBIX
BpeMeHax. JleficTBUTENIbHO, KAK XOPOIIO U3BECTHO, YIbTPaA(UOIETOBbIE PACXOIUMOCTH,
KOTOPBIE UMEIOT MECTO B 3TO T€Opuu, MOIyT ObITh yCTPAHEHbI U3 S-MaTpuUllbl U PyHK-
nuii 'puHa, HO He W3 BEJWYNH, XapaKTEPU3YIOIMNX BPEMEHHYIO BOJIIOINIO TPOIECCOB.
Ota mpobema U3BECTHA C JTABHUX TOP, HO CErOIHS OHA CTAHOBUTCS OCODEHHO aKTyaJslb-
woit. /Ieno B Tom, 910 B OMmMzKaiiniee BpeMsi JOKHBI BCTYIATh B CTPOi CBEPXMOIIHBIE
Jla3epHbIe YCTAHOBKU HOBOI'O IIOKOJIEHHUS, KOTOPLIE IIO3BOJIAT YCKOPSTH 3JIEKTPOHbLI U
MOHBI 10 SHEPIHii, COMOCTABUMBIX C SHEPIHUSIMH, JOCTUIAEMbIMU B COBPEMEHHBIX yCKO-
purensax [11]. BaskHoit 0COGEHHOCTHIO 3THX YCTAHOBOK SIBJISIETCS TO, YTO JIJTUTEIEHOCTE
reHEPUPYEMbIX IMH HMITYJIHCOB SBJIAETCS Upe3BRIYaiiio Maoil, mopaixka 10718 ¢ n gawxe
10 1072! ¢. TIpu onmcanny SBOIONUH aTOMA, OJETOTO Ja3ePHLIM TIOJIEM, B CHIY MaJIo-
CTH BPEMEHHOIO MHTEPBAJa MeXK/y B3auMOJEHCTBUIMU aTOMA C JIA3ePHBIMU (POTOHAMU
(3TOT MHTEPBAJ MHOI'O MEHBIIIE JJIUTEJIbHOCTH UMILY/IbCA) HEOOXOAMMO YUUTHIBATD, YTO
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9BOJIIOIUS ATOMA HE SABJIsIeTcst CBOOOMHOII. [Ipu 3TOM HYKHO UMETH B BUIY, 9TO 3JIEKTPO-
HbI ATOMAa B3aUMOJICHCTBYIOT ¢ BAKYYMOM, U TIPH TAKOM MAaCIITabe BPEMEHHBIX HHTEP-
BaJIOB BO3MOXKHO JIayKe POXKJIEHHUE 3JEKTPOH-MO3UTPOHHBIX map. [ToCKONbKY mpuanHOM
yIbTPA(UOIETOBBIX PACXOINMOCTEH SIBJISIETCS JIOKAJIBHOCTh TEOPUN, BO3MOXKHO, HETIEpe-
HOPMHUPYEMOCTD YIbTPAMUOIETOBBIX PACXOAUMOCTEN ABJISIETCS CUTHAJIOM TOTO, UTO TIPU
OTMCAHUU IBOJIIONUN HA MaJIbIX BPEMEHAX aTOMA, B3aUMOJIEHCTBYIOIIErO C BAKYYMOM, B
[IPOTUBOIOJJIOKHOCTh MUKPOCKOIIUIECKUM IPOIECCAaM, CBI3AHHBIM C S -MaTPUIIEH, HEJIO-
KAJTbHOCTH (DYHIAMEHTATBLHOTO 3JIEKTPOMATHUTHOTO B3aMMOJEHCTBUS MPOsBIseT cebs
aBHo. B manmoit pabore MBI TOKakKeM, 9TO HEJOKATbHOCTDH (DYHIAMEHTATLHOTO JJTeK-
TPOMATrHUTHOTO B3aWMOIEHCTBUS, KOTOPAs B OMUCAHUNA MHUKPOCKOMMYECKUX TTPOIECCOB,
CBSI3AHHBIX C S-MATPUIEil, CIpsiTaHA B MPOIEIYPe MEPEHOPMUPOBOK, 3HAYNUTEIHHO BJIH-
€T HA JUHAMUKY KBAHTOBBIX CHCTEM HA MAJIBIX BPEMEHAX U, B YACTHOCTH, TPUBOINUT K
HAPYIIEHUIO YCIOBU, IPU KOTOPBIX KBAHTOBBIH 3(hderT 3eHOHA UMEeT MecTo.

1. JdunHamunyeckue ycJioBuUs JJjisi KBaHTOBOro sddekra 3eHoHA

B macrositiiee BpemMsi canTaercs, 9To KBaHTOBBIN 3 derT 3eHoHa ABIgeTCs Hen30eK-
HBIM CJIEJICTBUEM EPBBIX MPUHIIUIIOB KBAHTOBON Mexanuku. [Ipu ero BBIBO/IE Mpe/ o ia-
rajioch, 9YTO JUHAMUKA CUCTEMbI OMUChIBaeTcsa ypasHenuem IlIpeaunrepa, u3z KOTOporo
caiezyer, 9ro amiuryaa sepograoctu A(t) roro, uro necrabusbuoe cocrosnue |Wo) e
pacraercd 10 MOMEHTa BpeMeHu ¢, Olpe/leJidercs ciaepyomum coorHomenueM: A(t) =
= (Polexp(—iHt)| Vo), rae H — raMmabTOHHAH. DTO, B CBOIO OYEPE/b, MPUBOIAT K
TOMy, YITO COOTBETCTBYIOMast BeposaTHOCTh P(t) = |A(t)|? npm mMambix Bpemenax Gymer
UMETH CJIE/IYIOIIEe MOBEICHHE:

P(t) =1 — AH?#* + O(t%), (1)

rae AH sBJsieTcst HEOTIPEIETIEHHOCThIO SHEPTHN CHCTeMbl B coctosiann |Wo). 3mech Mbl
HCIIOJIB3YEM eCTECTBEHHYIO CHCTeMy eJMHHMI, B Koropoil h = ¢ = 1. Ilpeanonoxnm,
9TO MBI UMeeM JIeJ1I0 C uAeaJbHBIMH MI'HOBEHHBIMU H3MEPDEHHUAMH, BBIIIOTHAECMBIMHA C
unrepBasamu 7 = t/N, TOrJa BEPOATHOCTb TOrO, YTO CUCTEMA OCTAHETCH B COCTOSHUU
|Wo), ompesenseTcss COOTHONUIEHTEM

Py(t) = [POIN =1 — AH?*2 + O(£*)]V. (2)

ITpn 70CTATOYHO YACTHIX W3MEPEHHsIX C YacToTOi v = 1/7 3TO COOTHOINEHHe MOXKHO
MPEJICTABUTDH CIEAYIOMUM 00pa3oM

Py (t) = exp(—Rut), (3)

rae R, = AH?*?. Kax cjeayeT u3 3TOr0 COOTHOIIEHNUS, CKOPOCTh PACTaga COCTOSHI
|[To) cTpemMuTest K HYJIIO B TIPEJesie v — 00. T apryMeHThI MTPUBOJAAT K TITMPOKO pac-
MPOCTPAHEHHOMY MHEHHIO, 9TO KBAHTOBBIM MapaJOKC 3€HOHA ABIAETCS 00sS3aTeTbHBIM
CJIe/ICTBHEM KBAHTOBOW TEOPHUH.

Jlas Toro aTo6B 310 GBLIO AelicTeuTenbHO Tak, AH? = (Uo|H2|Wq) — (Wo|H|¥)?
JTOJIZKHO OBITh KOHEUHBIM. IDTO BBITOTHSAETCS B CiAydae OOBIYHON KBAHTOBON MeXaHu-
KH, KOTOpasi NMeeT JeJI0 C XOPOIIO OMpeeeHHbIMI Ha THILDEPTOBOM TPOCTPAHCTRE
raMusgbToHnanamMu. Ho BO MHOTMX WHTEPECHBIX CIy4Yasx, HAMPUMep B CJIydae pes-
TUBHCTCKOIO pachajia aTOMHOIO COCTOsIHUSI, KOTJIa HEOOXOIUMO BBIXOJUTH 34 PAMKHU
HEpPeJIATHBUCTCKOH KBaHTOBOH Mexammku, AH? craHoBurcs GeckoHedHBIM. J0BOJIb-
HO CTPAHHBIM MOYKET MOKA3aThCs TO, YTO HEONPEIETEHHOCTh YHEPIHH HECTaOHUIHLHOTO
aTOMHOTO COCTOSTHWS paBHA OECKOHEYHOCTH B MepeHopMupyemoit Teopun. Ho 310 nuih
03HAYAEeT, UTO TOCJe TEePEHOPMHUPOBKH JIUHAMUKA CHCTEMBI SBJSETCS HETaMHUILTOHO-
BOI, M, KaK CJIJCTBUE, CPEIHss dHeprus cocrosuus cucreMbl AH He 00s3aTenbHO
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paBHa CpeJHeMy 3HAUYEeHHI0 HEKOTOPOTO TaMUJILTOHHAHA, OMPEIeIsieMOro COOTHOTIEHH-
em AH? = (Ug|H?|Uy) — (Ug|H|Vo)2. 10 o3HAYAET, 9TO B CIydae PaJHATTHOHHOTO
pacnaza aToMa MOBeJIeHHe BEPOSTHOCTH HEPACHAIA HPU MAJBIX BPEMEHAX MOXKeT He
Y/IOBJIETBOPSATH COOTHOIMEHN O (1).

Kax 651710 oTMeteHo BhITe, Teopus mepeHopMupoBok K9/ #e mo3BosisieT onuchBaTh
BPEMEHHYIO BOJIIOIUIO MPOIECCOB M, B YAaCTHOCTH, TOBEJECHHE BEPOSITHOCTH Hepacra-
Jla HeCTabUIBHOTO COCTOSTHUSI CHUCTEMbBI TIPU MAaJIbIX BpeMeHax. crounukom 3Toit mpo-
6J1eMbI, BO3MOXKHO, SIBJSIETCS TO, 9TO HEIOKAIBHOCTH (QYHIAMEHTATHLHOTO 3JIEKTPOMAT-
HUTHOT'O B3aUMOJIEHCTBUS TPOSABIAET cebsi siBHO Tpu paccMmorpennn guaamukn K9 JI-
CUCTEeMbl Ha MAaJIbIX BpeMeHaX. JTO yKa3bIBAeT HA HEOOXOIMMOCTDH MOCJeI0BATEIbHOM
Hesokanu3anun teopun. IlpescraBiisieTcst ecTeCTBEHHBIM DEITUTL 3Ty TMPOOJIEMY BBe-
JIEHNeM HeJIOKaIbHOTro (hopM-akTopa B MIOTHOCTH TAMUILTOHWAHA B3ANMO/IEHCTBHUS.
O1HAKO B KBAHTOBO TEOPUU TIOJIsl, €CITH B3aUMOJEHCTBUS PACCMATPUBAIOTCS HETTOKAJb-
HBIME B MIPOCTPAHCTBE, OHU TAK¥Ke JOJKHBI ObITH HEJTOKAJTLHBIMI U BO BPEMEHU, HHAYE
MBI MOTEPSiEM JINOO MPUYUHHOCTH, JIMOO YHUTAPHOCTH TEOPUU. ITO MPOUCXOAUT Ojia-
rogapst Tomy, uro ypasmenue Illpegmnrepa j0KalibHO BO BpEMEHW, a TaMHUJIHTOHHWAH
B3aMMOJIEHCTBHIS ONMMCHIBAET MIHOBEHHOE B3amMozeiicTere. Bmecre ¢ Tem B pabore [12]
OBLTO TOKa3aHo, 910 ypapuenne IlIpeaunrepa He ABASETCS caMbIM OOIMIAM THHAMUYTE-
CKUM yPABHEHHEM, COBMECTHBIM C OOIENPU3HAHHBIMU KOHIIEMIUAMEA KBAHTOBOM (husu-
Kn, u Oosee o0Iee ITMHAMHYIECKOE ypaBHEHHEe ObIIO MOMYyYeHO KaK HemoCpPEICTBEHHOEe
CJIe/ICTBUE YHUTAPHOCTH OTEPATOPA IBOJIONNUN W MPEJICTABICHNS

t to

(Wl U to) 1) = (althn) + / dts / by (18 (b, 1) 1), (4)

to

rjie OrepaTop §(t2,t1) OTMCBHIBAET BKJIAJ B OTEPATOP IBOJIOIUK OT MPOIECca, B KO-
TOPOM B3aMMO/IEHICTBYUE B CUCTEME HAYMHAETCS B MOMEHT BPEMEHU (1, 3aKAHIMBAETCS
B MOMEHT BpeMeHu to. YpaBHenue (4) sBJsleTcs MPeICTABJIEHUEM OCHOBHOIO 3aKOHA
KBAHTOBOI MeXaHUKH (B TEDMHHAX OIEPATOPA IBOJIIOIUK ), COLJIACHO KOTOPOMY BEPOSAT-
HOCTH COOBITHS, KOTOPOE MOYKET MPOU30NTH HECKOJIBKUMY AJTHTEPHATUBHBIMU CIOCO0A-
MU, PABHA KBAJAPATy MOIYJsl OT CyMMbI KOMIIJIEKCHBIX AMILJIATY BEPOSTHOCTH, KAXK-
Jlast U3 KOTOPBIX COOTBETCTBYET PA3JIUIHBIM AJbTEPHATUBAM OCYIIECTBJICHUsT COOBITHS.
B sToM mpescraBieHnn MpONECChl, B KOTOPBIX ONpeJe/eHbl BpeMeHa Hadala U KOHIA
B3aMMOJIEHCTBYsI, B CUCTEME UCMOJB3YIOTCA KaK AJTbTePHATHBHBIE IIYyTH OCYIIECTBICHIS
cobbirus. Ilepsbiii uien B npasoil yacru ypashenus (4) orBedaer ajbTePHATUBHOMY
MPOIIECCy, B KOTOPOM B3aWMOJIEHCTBIE BOBCE HE MPOUCXOAUT B cucteme. [IpenmyIiecTBo
UCTIO/Ib30BAHNS TAKUX AJbTEPHATUB 3AKIIOUAETCS B TOM, UTO YIIOMSHYTHIH BBIIIE 3aKOH,
BBIPAXKAIOIIHH BOJTHOBYIO TIPUPO/TY BEIIECTBA, HEMOCPEJICTBEHHO TPUBOIUT K JTHHAMUYE-
CKOMY ypaBHEHUIO 0€3 KaKux-J1ub0 JONOTHUTENbHBIX [penoaoxenuii. (B dopmyaupos-
ke DeifHMana KBAHTOBOW TEOPUU UCTOPUS CHCTEMbI [IPEJICTABIAETCS HEKOTOPBIM 1Ty TE€M
YACTHUIBI B MPOCTPAHCTBE-BPEMEHN. 3aKJIAIbIBAETCS TAKKe JIOMOJHUTEIHHOE MTPEeIo-
JIOXKEHUE, COTJIACHO KOTOPOMY BKJIAIBI OT KAaKJOW aJIhTEPHATUBBI OJUHAKOBKI 10 abCO-
JIOTHOH Besmunne, a ha3bl paBHBI KJIacCHUecKoMy neficTeuio B eqununax fi.) Kak 6b11o0
nokaszano B pabore [12], urobbl oneparop ssosonuu B popme (4) ObLI yHUTAPHBIM 115t
BCEX BpeMeH 11 | T2, onmepaTrop g(tg,tl) JOJIZKEH yHOBJIETBOPATL YPaBHEHUIO

to

(ty — t1)S(ta, 1) = /dt4/dt3(t4 — t3)S(t2, t4)S (ts, t1). (5)

t1

VYpasuenwue (5) mo3BosisieT HaM TONYUYUTh orepatop S(te,t1) mjs M0OBIX BpeMeH ¢y
u t2, a cleJoBaTebHO, U ONePaTOP 3BOJIONUHN, eCIH H3BeCTEH BKJAI B 9TOT ONepaTop
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OT TIPOIECCOB, ACCOMMUPYEMBIX C OECKOHETHO MAJIbIM WHTEPBAJIOM BpEMEHU T = to — t
JTATETHHOCTH B3AaMMOIeHCTBHA. KCTeCTBEHHO acCOMMUPOBATH ITH MPOTIECCH ¢ (PyHIa-
MEHTabHbIM B3auMoefcTBueM B u3ydaemoii Hamu cucreme. O003Hauast 3TOT BKJIAL
onepaTopoM Hing(t2,t1), MBI TIOIYIUM IDAHWYHOE YCJIOBHE it ypaBHeHus (5):

S(t27t1)t2:>t1 int(tQ;tl) + O(TE)v (6)

rme 7 = to — t1. [lapaMeTp € ompemensieTcss yCJIOBWEM, COTJIACHO KOTOPOMY Omepa-
T0p Hint(t2,t1) MOJIKeH OBITH TOCTATOYHO GJIM30K K pEIeHnto ypasHerus (5), 4ToObI
9TO ypaBHEHWE UMEJIO €IMHCTBEHHOE peIlleHue, uMeroniee nosenenue (6) B OKpecTHO-
cTu TOYKU o = t1. YpasHenue (5) ¢ rpaHudHbIM ycaoBueM (6) MOXKHO pacCMaTpUBATh
KAK ypaBHEHHE IBUKCHUA JIJIs COCTOSHHI KBAHTOBOM CHCTEMBI. JTO YPABHEHUE CBOIHT-
ca kK ypasuennio [Ipenmarepa B caydae, Korga GpyHIAMEHTAIRHOE B3aWMMOIECHCTBIAEC B
crcTeMe MTHOBEHHO, W OTiepaTop B3amMoaeicTBus Hing (tg, t1) MMeeT CemyronTmii BUT:

Hint(t27t1) = —27T’L'5(t2 — tl)H[(tl), (7)

rae Hj(t1) — ravuabronnan B3ammMozeiicTeusi. Bmecte ¢ Tem ypasHenue (5) MO3BOJIs-
eT PACHIMPUTH KBAHTOBYIO NWHAMHUKY Ha CIydail HEJTOKAJbHBIX BO BPEMEHH B3aWMO-
nedictuii (cM. paborer [12-14]), Korga AuHAMEMKA CUCTEMbI OIPEJIENIAETCs HOBEJICHUEM
omepartopa Hin (tg, tl) C BpeMeHeM JTUTETHLHOCTHA B3AUMONECHCTBHUSA T = to —t1 B OECKO-
HEYHO MaJIOi OKpeCTHOCTH TOUKK 7 = (. DTO 03HATAET, YTO HEJOKAJIHLHOCTH OKA3hIBAET
3HAYUTEIHHOE BIUSHAE HA IBOJIONUIO CUCTEMBI TTPU MAJILIX BPEMEHAX, W BBIIIE YIIOMS-
HYTbIE aPIYMEHTHI /IJIsi KBAHTOBOTO MapaoKCca 3eHOHA He MOTYT OBIThH MPUMEHEHBI B
9TOM CJTydae.

2. PajamarnumoHHBI pacnaj aTOMHBIX COCTOSTHUIA

OnpeneanM BEpOATHOCTH TOTO, UTO HECTAOMILHOE COCTOSHHE BOIOPOIOTOIOOHOTO
aToma He PacrmaIeTcs MpH 3KCTpeMaJbHOo Manibix BpeMmenax. B K9/l mpeamomaraercs,
q9T0 BSaI/IMO,HeI'/JICTBI/Ie ABJIAETCAd JIOKAJIbHBIM U OIIHUCBHIBAECTCA FaMUJIBTOHUAHOM B3aUMO-
TeCTBUS

Hi(t) = /d3xA“(x,t) U (t,x)U(t,x) -, (8)

rae V(z) — KBAHTOBaHHOE IMPAKOBCKOE mMojie B mpejactaraennn @appu, AX(x) — ome-
paToOp MOTEHINAJIA JTEKTPOMATHUTHOTO TOJIs, «: :» 0003HAYAET HOPMAJIBHOE YIOPSI0-
qnBanne. Permasg 0000IeHHoe TUHAMAYIECKOE YPABHEHNE MyTeM Pa3/I0:KeHNsT OTIepaTopa

S(t2,t1) 1O cTemeHAM KOHCTAHTBI CBA3H, MOXKHO JIETKO TOMY4IuTh [12], 910

S(t, to) = —2i(5(t — tO)H[(tO)+

t

) t1 tn71
+ Z(—i)”/dtl dts . .. / dtn_o Hy()H;(t1) ... Hi(tn_2)Hi(to). (9)
n=2 i i i
0 0 0
IMoacranoska sToro coorHouienus B ypapenue (4) NPUBOAUT K CJEAYIOIIEMY BbIDazKe-
HUIO [IJIs OIEePaTOPa 3BOJIIOIUN:
t to t
U(t,to) =1+ /dtg/dtl §(t2,t1) =T exp —i/H[(tl)dtl R (10)
to to to
rae T obo3HaYaeT yHnopsI0YNBAHNE 0 BPeMEeHU. DTO COOTHOIICHNE CTh HU UTO MHOE,

kak pasjoxkenne Peitnvana — Jlaiicona, KOTOpoe B KAHOHUYIECKOI (hOPMyTHPOBKE KBAH-
TOBO# Teopum sABJsieTCs pernernem ypasuenns [IIpemsumrrepa.
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Puc. 1. Ynopsmodennbie B0 Bpemenn PefiHMAaHOBCKHE JUArPAMMBbI, JAMOIIUE BKJIA B MACCOBBIM
omeparop. /IBoiiHas JIMHASA ONMUCHIBAET ATOM, BOJIHUCTas — (DOTOH, XKUPHAs JIMHASA — JIEKTPOH,
B3aMMOJENUCTBYIOIINI C TIOJIEM s/Ipa

Marpuunsrit snement (U, |U(t,0)|¥,,) oneparopa ssomonuu (10) erme He onpezens-
er aMmusuTyy Bepogrnoctu Ay p(t) Toro, uro aromuoe cocroguue |¥,,) He pacuanercs,
nockosbKy B ammuryny (U, |U(t,0)|¥,,), oupenensemyto ypasuenuem (10), kpome cBs-
3aHHBIX HArPAMM, BKJIAJ JAIOT TAKKE TUArPAMMBI, ONIMCHIBAIOIINE BAKYYM-BaKyyMHbBIe
[epexo/bl. JTH JUArpaMMbI TAIOT BKIaI B BepoatHocTs (0|U(¢,0)|0) Toro, uro Bakyywm
we pacnazercsa. Coorsercreenno, (U, |U(t,0)|¥,,) dakropusyercst coraacHo COOTHOIIE-
HHUIO

(Wn|U(t,0)[¥r) = (0|U(t,0)[0)AnD(t).
Takum 06paszom, [7ist BeposiTHOCTH Py p(t) TOro, 9mo aTOMHOE COCTOSTHUE He pacra-
JIETCsI, MBI IMEEM CJIETYIONee COOTHOIIEHNE:

(W |U (2, 0)[Fn)[*
(01U (2,0)[0)[?

Pnp(t) = (11)

13 ypaBuenmns (10) CJIeAYeT, 9TO Ha MaJIbIX BpeMeHaX MaTPUIHBIE 3JIEMEHTHI ONepa-
TOpPa 3BOJIIOIINHU, OTINCHIBAIOIIINE ,I[I/IHaMI/IKy 9JICKTPOHA B KyJIOHOBCKOM IoJIe A1apa, MOFyT
OBITH MIPEICTABICHBI B BUIE

t to

(na|U (¢, 0)[n1) = (nslny) — i / it / dty (| HO) (1, 1)) + ., (12)
0 0

rae [n) — cobCTBEHHBIE BEKTOPHI TNPAKOBCKOrO FaMUJIBTOHWAHA, N OMMCHIBAET BCE JIMC-
KDPETHBIE W HENpPEephIBHBIE TTepEeMeHHbIe, MOJTHOCThI0 XapaKTePU3yIOIIHe COCTOsSHNE |n),

H (tg, 1) :i/d4x1/d4x2;W(xg)z(zz,zl)wm) ;X
X (5($8 — t1)5($? — tQ) + (5(Ig — tl)é(I? — tg)) . (13)

Braech (2, 21) — MaccoBbIii 0MepaTop 3J1€KTPoHa B 11oJie sapa. OTMeTHM, 9To onepaTop
H (t2,t1) OMMCHIBAET BKJAJ B OMEPATOD IBOJIONNN OT (DefHMAHOBCKHUX IHATrpaMM,
MTOKa3aHHbBIX Ha puc. 1.

Moxncrasngas (12) B ypasuenue (11), mua Bepogrnoctu Py p(t) Toro, 4ro cocrosaue
|i) me pacmamercs 40 MOMeHTa BpeMeHHU ¢, [OJyd4aeM BbIpaXKeHUe

t to 2

Pnp(t) = 17i/dt2/dt1 (U |H O (b, t) || +...=
0 0
t to

= 1+2/dt2/dt1 (W, |Tm H®) (tg,11)|¥,) + ... (14)
0 0
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I/ICHO.HBSYH npeacTaBICHUE

1 .
E(IQ,Il) = % /dE exp{—zE(t1 — tl)}zE(Xg,Xl),

coornomenne mus (U, |H®) (ty,t1)|V,,) MoxuO 3ammcars B Buge

(W [H (b2, 1) Wny) =
1 . .
=5 /d%l /d3$2/dE exp{—iE(t1 — t1)} exp(—iEy,t2) exp(—iEy, t1)X

X (W, (2, %2) 5 (B, %2, %1) U, (t1,X1) + Ui, (1, %1) (X1, X2) Wi, (£2,%2)). (15)

Kak =xopormo wu3BecTHo, (opMaabHOE BBIpayKeHne s MAaCCOBOTO OTEpaTopa
Y p(X2,X1), K KOTOPOMY MpuBOANT passoxkenne Deiinmana — TaiicoHa, He MeeT CMbIC-
Jia 0e3 peryiaspu3aluyd U IePeHOPMUPOBKU K3-38 yJIbTPa(UOJIETOBBIX PACXOIUMOCTEH.
Heobxonumast npu 5TOM perysspusalus 3/€Ch CBOAUTCH K 3aMeHe Y pg(Xo,X1) Lepe-

HOPMHPOBAHHBLIM MAaCCOBBIM OIIEPATOPOM Eg) (x2,%1). Ho nockomnbky E(ET)(XQ,Xl) ~
~ EIn(1 — E?/m?), |E| — oo, uarerpan B (15) pacxomurcs npu Gombmux |E|.

Takum 06pazoM, BeposTHOCTh Pyp(t) coxpaHsieT pacXoauMOCTh JayKe Mocje Tie-
PEHOPMUPOBKHY, W, CJIEIOBATEIHLHO, TEOpUs MepeHopMupoBOoK KIJI reprmur Kpax mpu
ONMUCAHUU TOMOOHBIX MPONECCOB. B CBsA3W ¢ 3TUM OTMETHM, 9TO JUHAMUKA, KOTOPAas
PEHEPUPYETCs HJTEKTPOMATHUTHBIM B3aUMOIEHCTBUEM, JIOJIKHA OMUCHIBATHCST 0O0DIIEH-
HBIM JIMHAMUYECKUM yPABHEHWEM, MOCKOJBKY TOJBKO B 3TOM CJIydae TEOPWUs MOYKET
YIOBJIETBOPSTH OCHOBHBIM MPUHIIAIIAM KBAHTOBOW TEOpPWH. B KAHOHMYECKOM IMOIXOJIE
MPEJINOIATAeTCs, UTO 3Ta JUHAMUKA T€HEPUPYETCs JIOKAJHHBIM BO BPEMEHU OMEpaTo-
POM B3aUMOJIEHCTBHS, KOI/IA perierre 0000IEeHHOr0 TUHAMAYECKOTO YPABHEHUS MOYKET
OBITH mpeacTaBaeno panom Peitnmana — Jlaficona. YkazanHoe B3auMoaeiicTeue O1aroa-
Pst JIOPEHIEBCKOI MHBAPUAHTHOCTH TAKKe JIOKATHHO U B TPOCTPAHCTBE, YTO U SABJISIETCS
MPUYUHON yIHTPAMDUOIETOBBIX PACXOIUMOCTEH. DTO 03HAUALT, UTO JIEKTPOMATHUTHOE
B3aMMO/IEHCTBHUE JTOJI?KHO OBITH HEJIOKAJTBHBIM KaK B TPOCTPAHCTBE, TAK W BO BPEMEHH.
Takasi HEJIOKATBLHOCTH, KOTOpAs MPU OMUCAHUE S-MATPHUIIBI CIHPSITAHA 33 MPONEIypa-
MU PeryJisipusalii U MepeHOPMUPOBKH, POSIBJIsIET ce0s1 SsBHO MPU OMUCAHUY JIMHAMUKA
K9/I cucrem Ha MasibIx BpeMeHaX: MACCOBBIH OMepaTop, MOIydaeMblil TOCJIe TEPEHOPMHE-
POBKH oneparopa Y (X2, X1 ), K KOTOPOMY MpUBOANT pasioxkenne Peitamana — Taiicona
¢ nokambHbIM KDJI raMiIbTOHHAHOM, CJIMIITKOM OBICTPO pacrer ¢ poctoM |E|, arobe!
uarerpan B (15) mo E cxommics. Yuer nemorambrocTn KDJI B3ammomeiicTBus m0i-
JKeH TIPUBOJUTH K TOMY, 9TO MaCCOBBIH OniepaTop He OyAer yBeInduBaThCs Tak OBICTPO
upu |E| — oo u unrerpan (15) 6yner cxomurbea. C apyroit cTOpoHbI, KakK CJieiyer
U3 TPUHINATA COOTBETCTBUS, OTJIMYNE UCTUHHOTO MaCCOBOTO OMEpaToOpa OT OMepaTopa
Eg)(xQ, X1), KOTOPBIH ObLI MOJIy9€H € MOMOIILIO TEOPUU TIEPEHOPMUPOBOK, MOYKET TIPO-
ABJIATHCA TOJBKO MMPU 3HAYeHusAX F > m,.

Takmm o6pa3om, MaCCOBBIH OMEPATOp AOTKEH UMETh BUT,

il xt) = 2 e, (). (16)

rae f(s) — wekoropas QyHkuug, ygaosiersopsiomas ycaosuto f(0) = 1, napamerp A
MHOTO GOJIbIIE MACCHI ITEKTPOHA M . [IocTaBsAs 3TOT MACCOBBIN ONEPATOP B ypaBHe-
ure (15) u yunteiBas ypasHenus (3) u (4) u 1o, uro Im ¥ p(x2,%x1) ~ E B MUPOKOM
nmrarnasone sHepruii m, < F < A, MOXXHO TTOKa3aTh, YTO aCHMIITOTHYECKOE MOBEICHIE
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CKOpOCTH pacmazma R, aTOMHOTO COCTOSHWS B COOTBETCTBYIOIIEM IMATIA30HE U BEIET
cebsa Kak
R, ~civ, me << v <A, (17)

rJIe TIOJIOXKUTENbHBI TapaMerp ¢; 3aBUCHT OT Buaa GyHKIMH f(s) W 3HAYEHMS Tapa-
merpa A. U3 (17) ciemyer, 4To CKOPOCTH pacnaja pacTer JUHEHHO ¢ POCTOM 9acTOTHI
U3MEpEeHHuil B MIUPOKOM JTHANTA30HE ITUX YaCTOT. V3 CKA3AHHOrO BBIIIE CJIEIYeT, 9TO Ya-
CThIe W3MEPEeHUs TOJIXKHBI YCKOPATH TpOoIece pacnaaa. MHbIME c0BaMu, B MPOIEccax
pacrmaja aTOMHBIX COCTOSTHUI JOJIKEH UMEeTh MecTo obparinenusiii a3 dert 3enona. [Ipu
JacTorax udMepenuii v ~ A Benmumna R, IOJKHA TaKKe PACTH, XOTS U DOJIEE MeJIJIeH-
HO, W, CJIEIOBATENILHO, 0OpaIeHubii 3 derkT 3eHoHa, T0IKeH UMeTh MECTO TPH JII0OBIX
JacTOTAX M3MEpPEeHHuil OoIbIIe My, .

3akJiroueHue

Mbr mokasajm, 9T0 TPH ONUCAHUEM JWHAMWKHA CHCTEM Ha Majblx Bpemenax KOJI
CTAJIKMBAETCS C TTPODJIEMOI HETTEPEHOPMUPYEMOCTH PACXOIUMOCTENH. DTH MPOOIEMBI siB-
JISIOTCST CJIEJICTBHEM TOTO, YTO B ITOM CJIYYIae HEJIOKAIBLHOCTDH 3JIEKTPOJIMHAMUYIECKOTO
B3aMMOJIEHCTBUsI, KOTOpas MPHU OMUCAHUK S-MAaTPHUIIBI CIPATAHA 34 MPOIEIyPAMU Pe-
DYJISPUBAINT W IEPEHOPMUPOBKH, MposiBiisieT cebst siHO. [Ipu 310M MBI OKa3aiu, 910
KBaHTOBBIN 3(dekT 3eHOHa MOXKHO PACCMATPUBATH KAK CTPOrOE CJIEJICTBHE MEPBBIX
MPUHIIATIOB KBAHTOBOW TEOPHUH, TOJBKO €CJIU B3aUMOIEHCTBIE, TeHEPUPYIOIee THHAMIU-
Ky CHCTEMBI, sIBJIT€TCSI MIHOBEHHBIM. [103TOMY TIpU paJnaimoHHOM pACMale aTOMHBIX
COCTOSTHWIT KBAHTOBBII 3 ekT 3eHona He TOIKEeH UMETh MecTo. Bojiee Toro, MbI TOKa-
3aJId, 9YTO OYEHDb YACTHIE UBMEPEHUS UV > M JOJKEH YCKOPATH MPOIECC PACHIAIa TAKHX
COCTOSIHU#, TO €CTh JOJIZKEH UMeTh MecTo obpatiennbiii adpdexrr 3enona. B nacrosiee
BpEMSI TAKWE YaCThle U3MEPEHUs KaXKyTCs HeocymecTBUMbIMU. OTHAKO MapagoKCcasIb-
HbIE OCOOEHHOCTU KBAHTOBOH ITWHAMHUKHU, KOTOPHIE TPOSBIISAIOT cebsd B KBAHTOBOM (-
dexTe 3eHOHA, MTOJKHBI MPOSABIATHCS W B JIPYTUX MPOIECCAX, B KOTOPBIX CBOOOIHAS
JIMHAMUKA CHCTEMbI TIPEPBIBACTCS YACTHIMU BHEIHUMEU Bo3jeiicreusavu. K takum mpo-
[eCCaM OTHOCSITCS, HATIPUMEP, MPOIECChI, B KOTOPBIX CBOOOIHAS TUHAMUKA 3JEKTPOHOB
WU MOHOB TPEPBhIBAETCs B3auMoieiicTBuem ¢ gazepubivu porornamu. Eciu cpesree Bpe-
M MEXKJIy TOCJIeI0BATEIHHBIMU MOTJIOMIEHUSIMU UJIA W3JIYY€HUSIMU JIA3ePHBIX (DOTOHOB
Oyner menbiie m_ !, To ecth Menbme 10721 ¢, To GyayT NPOABIATLCA PACCMOTPEHHbIE
Hamu 3dderTor yekoperus K JI-npomeccos.

Pa6ora Boimosinena npu noaaepkke rpanrta [Ipesugenra PO HIIT-2965.2008.2.

Summary

R.Kh. Gainutdinov, A.A. Mutygullina. Quantum Zeno Paradox and Dynamics of Systems
at Short Time Scales.

The short-time dynamics of quantum systems is investigated in the context of quantum
Zeno effect. Nonlocality of the electromagnetic interaction, which in describing the quantities
associated with the S-matrix is hidden in the regularization and renormalization procedures,
is stated to manifest itself explicitly in processes at extremely short time scales. This results in
the fact that the quantum Zeno effect does not take place in the radiative decay of an unstable
atomic state.

Key words: Zeno effect, quantum dynamics, radiative decay.
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