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1. BBEAEHUE

B nacrosiee Bpemst muorne pyHIaMeHTaIbHbIE IT0-
HATHAS KBAaHTOBON M HEJIMHENHONW ONTHUKU, TaKUe KakK
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Puc. 1. YcnoeHoe nsobpaxeHune CnekTpa OTKPbITOW CUCTEMDbI
N ee OKpyXeHus

TOJITPU3aIisi, KOTEPEHTHOCTD, TIEPEITyThIBAHUE, CTAJIN
YHUBEPCAJIHHBIMI U UCIOJIB3YIOTCs B PA3HBIX 00JIACTSX,
npudeM He TOJbKO du3uku. OTUacTu 3TO CBA3AHO C
TeM, 9TO TPAJUIUOHHBIE 33aUN KBAHTOBOU OIITHKYN —
KOTEPEHTHBIE TPOIECCHI, CIIOHTAHHOE U3JIyIeHNe aTOMa,
nian aHcaMmOJIs aTOMOB, JIMHAMUKA MHKPOPE30HATOPOB
C TOTepsIMU Ha 3ePKaJIax, 3JIEKTPOMATHUTHBIE B3AMMO-
JIefiCTBAST KBAHTOBBIX YACTHUIL U MIYyMOBBIX [TOJIEH — Jia-
0T sIpKUE IPUMEPHI JIMHAMUKNA OTKPBITBIX KBAHTOBBIX
cucreM [1-11]. ITpu sToM Gosbast 9aCTh OCHOBHBIX [0~
HATHNH U TOHKUX HIOAHCOB TEOPUU OTKPBITHIX CHCTEM
HCYEPIBIBAIONIE WIIIOCTPUPYETCS TPUMEPAMHE U3 OITHU-
KU.

Jlsisi OTKPBITBIX KBAHTOBBIX CHCTEM XapaKTEPHO,
YTO B3aUMOJEUCTBHE OTKPBITON CUCTEMBI C OKPY2KCHU-
€M SIBJISIETCSI IOCTATOYHO CJIaOBIM, ITOOBI MpEICTaBIIC-
Hue 06 U30IMPOBAHHOI cucreMe (B OTCYTCTBHE B3aUMO-
JIeficTBUS ¢ OKPY2KeHUEM ) ObLIO XOPOIIUM <«HYJIEBBIM»
pubJIMKEeHneM J1Jis OTKPBITOi cucreMbl. Kpome Toro,
OKDY2KeHHE [IPEJICTABIISIeTCS] MHOTOMOJOBBIM (IIIMPOKO-
[IOJIOCHBIM) M B OIPEJEJIEHHOM CMBICJIE OJHOPOJHBIM,
TaK 9TO BJIMSHUEM OTKPBITOIl CHCTEMBI HA COCTOSIHHUS
OKDPY?KEHUsT MOXKHO MPEHEOPErarTh.

Co creKkTpaabHONl TOYKHU 3PEHUsI OTKPBITYIO KBaH-
TOBYIO CUCTEMY y/IOOHO IPEJICTABIATE KAK CHCTEMY, CO-
CTOSIIYI0, BO3MOXKHO, U3 HECKOJIbKUX IIOJICUCTEM, UNC-
JIO cTeneHell cBOOOIBI KOTOPOI MAaJjIo, & CIeKTp — JIHC-
KpereH. B TO 2Ke BpeMsi OKpyKeHHe OTKPBITOM CHCTEMBI
[IPEJICTABIISIETC 3HAYNTEJIBHO DOJIbINel CUCTEMON UIIH
COBOKYITHOCTBIO cucreM (¢ 6osbmmM, B npezene — Gec-
KOHEYHO GOJIBIIUM, YUCJIOM CTeleHel CBOGO/IbI), CIIEKTD
KOTOPBIX HEIIPEPBIBEH WM KBa3UHENPepbiBeH (puc. 1).
OTmyns B ONUCAHUN OJIHOIM OTKPBITON KBAHTOBOI CH-
CTeMbI OT JAPYTO#l KPOIOTCS B ajredpax OMepaTopoB,
[IPEJICTABJISIFOIIUX TIOJCUCTEMBI OTKPBITON CHCTEMBI U
ee OKpyzKeHnsl. Tak, aTOMHAas IOJICUCTEMA TIPE/ICTABIIS-
eTCsl NPOEKIMOHHBIME omepaTopamu |E;)(E;| nia co-
CTOSHHUA aTOMa, XapaKTephn3yeMoro sHepruamm I; n

OpTOI‘OHaJII)HI)IM pa3JIO}KeHI/IeM e,I[I/IHI/IHbI:
> IENE:| = 1,(Ei|Ej) = 6.
7

TamMunpToHNAH W30JIMPOBAHHOIO HOKOMAIIETOCH ATOMA
IIpeJICTaB/IAeTCd Yepe3 IIPOEKTOPhl B BUJE

H, =Y Ej|E;)(Ej|.
7

Bo MHOrEX THOHYHBIX 3a/1a9aX HEJIMHEHHO U KBAH-
TOBOW ONTUKM, B KOTOPBIX BO3HHUKAET MPUOINKEHUE
ATOMHOIO CIIEKTPA JBYMsI YPOBHSIMU, ajrebpa MpoeK-
IIHOHHBIX OIIEPATOPOB CBOJUTCS K ajrebpe yIrioBOro
Mmomenra SU(2) [12,13].

dororHAasT TOJICUCTEMA OTKPBITON CUCTEMBI OOBIYHO
XapaKTepU3yeTcs OlepaTOpaMu DOKJIeHUs C| nm yHu-
YTOXKEeHUsI ¢, (POTOHOB MHUKPOPE30HATOPHON (cavity)
MOJIBI, TomauHsAmuMucs anarebpe [eitzenbepra — Beii-

[cc,cl} =1

TaMunbroHMan Takoit pOTOHHON CUCTEMBI Oepercs B
Bune Ho = thclcc.
Aromuas u GOTOHHAS TOICUCTEMBI B HEKOTOPBIX 3a-

JIA:

Jlavax MOTYT BBICTYIIATH KaK eIuHBIA 00bekT [14] —
aTOMHO-(OTOHHBI KJIACTED, OIICHIBAEMBII TIOJTTHOMH-
asbpHBIME asreGpamn Kapacesa [15,16] u . .

B kagecTBe MHOTOMOIOBOTO OKPY?KEHUST OTKPBITHIX
KBAHTOBBIX ONTUYECKUX CHCTEM YACTO BBICTYIAET Ba-
KYYMHO€ 3JIEKTPOMArHUTHOE I10JI€, OLIPEJIEIISIeMOe Olle-
paTopaMu pPOXKJIEHUSI b; \ U yHmYTOXKeHus bg ) doro-
HOB C UMITYJILCOM hq, ToJigpu3alueit \ u sueprueit hw,
3aKOHOM JUCIEPCHH Wq ) = ¢C (37€Ch ¢ — CKOPOCTb
CBETa) U KOMMYTAI[MOHHBIMU COOTHOIIEHUAMU | elizeH-
6epra— Beitrs

|:bq7)\, bL/7)\/:| - 5q1q/6)\1)\/.

Tlamuabronnan MHOT'OMOJIOBOT'O OKPY2KEHUA MIPeI-
CTaBJIdeTCA B BHJIE

Hp = hwgabl \bga.
q,A

IIpu mepexojie OT CyMMUPOBAHUST
> = V(27r)_3/dq
q

(V. — obbeM KBaHTOBaHUS) K HMHTEIPUPOBAHUIO IO
HEIPEPBIBHOMY CIIEKTPY CJIEJIyeT HMETh B BUJLY, U4TO Ta-
Kasl 3aMeHa, OJJHOBPEMEHHO COITPOBOKIACTCS 3aMEHAMK
bg,x — bx(q) ¢ KOMMYTAIMOHHBIM COOTHOILIEHNEM

ba(a). by, ()] = 0(a — @)

14%
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TaK uTO onepaTopsl poskaeHus bl, (q') u yHmaTONKEeHMS
bx(q) 1puOGpeTaAT PA3MEPHOCTD, JJisl YCTPAHEHUS KO-
TOPOI HEOOXOIMM TIePeXo/] K ypaBHEHUSAM C be3pasmep-
HBIMM BEJIUYMHAMHU. JacTo Ha ITOM HE JIEJAeTCsl aK-
IIEHT, HO YYUTHIBAETCA B 3aKJIIOUNTEIHHBIX PE3ysIbTa-
Tax.

B npyrmx mpuMepax OTKPBITBIX KBAHTOBBIX CHCTEM
B KayeCcTBE MHOTOMOJIOBOTO OKDYYKEHHUsI 110 OTHOIIIE-
HUIO K JIAHHOMY aTOMYy MOIYT PacCMATPUBATHCS JIPY-
rue aToMbl TOTO ¥Ke WU JIpyroro copra. Takzke pac-
CMATPUBAETCA U (DEPMUOHHBIN TEPMOCTAT, CM., HAIIPH-
Mmep, [17-21]. B pesysnbrare anreGpa onepaTopos, Ipe-
CTABJIAIOIIUX MHOTOMOJIOBOE OKPYYKEHHE, TAKIKE MOYKET
OBLITH BeChbMa Pa3HOOOPA3HOM.

OTMeruM BazKHBIH ACIEKT MHOIOMOJIOBOCTH U/ M
[ITMPOKOIIOJIOCHOCTH — TIPU CTATUCTUIECKON HE3aBUCH-
MOCTH KOMITOHEHT UJIM TIOJCUCTEM MHOTOMOJIOBOTO 00b-
€KTa, HAIIPUMEP, CIEKTPAJbHLIX KOMIOHEHT 3JIEKTPO-
MAarHUTHOTO TIOJIsl, ¥ TIPU OTIPEJIETIEHHON OJJHOPOIHOCTH
CIIEKTPAJIbHBIX KOMIIOHEHT (IIOCTOSIHCTBA CIEKTPAJIb-
HOI1 IJIOTHOCTHU B ONPEJIEJIEHHOM CIIEKTPAJILHOM JIUalia-
sone — Teopema Haitksucra [22]) Bo3HEKaeT npeacTas-
JIEHUE O CJIyIafiHOM JIeJIbTa-KOPPETUMPOBAHHOM IPOTIEC-
ce, MOJIQJIUPYIONIEM MHOIOMOJIOBBIH 00bekT [11,22].

JuraMuKa ~ OTKPBITOM KBAHTOBON  ONTHYECKOM
CHCTEMbBI  OTJINYAETCA  COOTHOIICHHEM  XapaKTep-
HBIX BPEMEH, HaWMEHbIee M3 KOTOPLIX BEJUIHHA
107141071 ¢, mopsaka o6paTHON HYACTOTBI OII-
THYECKOTO KBaHTOBOro mepexoma |E;) — |Ej;). B
TEOPUSAX OTKPBITHIX CHCTEM, B TOM YHCJIE W ONTUIEC-
KAX, MHOTOMOJIOBOE OKPYZKEHHWE OTKPBITON CHCTEMBI
MOJIeJIUPYeTCst (esrbTa-KOpPETMPOBAHHBIM )
myMoM. B 3Toii MaTemMaTmaeckoil abCTpaKIuu BpeMs

OeJIbIM

KOPPEJAIUA CIUTACTCA PABHOM HYJIO, HO (DUSHYECKH
9Ta BEJIMYMHA JIJI TUINUIHBIX OTKPBITHIX ONTHICCKUX
crCTeM OOBIMHO CYIIECTBEHHO IPEBBINAET YKa3aHHbI
macirrab Bpemenu. VcciiemoBarenn oOHAPYKUIHM, UTO
KOPPEKTHOE KUHETUIECCKOE YPABHEHHE JJIsi KBAHTOBOM
OTKPBITOH ONTHYECKOH CHCTEMBI IIOJIydaeTcs IpH
IPUMEHEHUH CTAaHJAPTHBIX METONOB HE K HCXOIHOMY
raMHAJIBTOHUAHY OTKPBITOH CHCTEMBI U €€ OKpYzKe-
HUsl, a K npubiamkeHHoMy (cM., Hampumep, [23]).
Vcnonb3oBannoe NpuOJUKEHHE B ONTHKE H3BECTHO
Kak TpubImKeHWe Bpalaomelicss Boaubl [13, 24, 25].
MexK Iy TeM, OTMEYEHHOE COOTHOIIEHUE XapPaKTEPHBIX
BPEMEH OIITHYECKOH CHCTeMBI, BOOOIIE TOBOpPSI, BCETIA
00A3bIBACT TIPUMEHATD METOJBI BBIBOJA KHHETHICCKO-
ro ypaBHEHUS OTKPBITOH CHCTEMbI HE K HMCXOJHOMY
raMUIbTOHHAHY, a K 3(PdEeKTUBHOMY, HOIyIeHHOMY B
IPUOINZKEHIH, yYUTLIBAIONIEM OTMEYEHHYIO HEPAPXHIIO
XapaKTepHBIX BpeMeH. Torma B KadecTBe HAUMEHBb-
IIero XapaKTEepHOro BpeMeHH 3(peKTUBHON Moen
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MOXKET BBICTYIIATb BpPEMsi KOPPEJISIIUU OKPY2KAaIoIe-
o OITHYECKYI0 CHCTEMY JeIbTa-KOPPEJIUPOBAHHOIO
TepmocTtaTa. [locTpoerne 3MHPEKTUBHON MOIETN 1T
KBAHTOBOI Teopuu Hem30€KHO OJZKHO ONUPATHCA HA
dyHIaMeHTaIbHOE CBONCTBO KBAHTOBOI TEOPUU — €€
YHUTAPHYIO CHMMETPHIO.

Db dexTuBHAST KBAHTOBAA MOJIEJb XaPAKTEPU3yeT-
csl, TIPeXKJie Bcero, cBouM 3(p@eKTUBHBIM IMaMUJIBTOHU-
aHoM. 3BecTHBI pa3Hble CIIOCOOBI MOCTpoeHusT 3P dek-
TUBHOTO TAMUJILTOHUAHA U3 UCXOIHOTO, HAYMHASI C II€P-
BBIX pabOT 110 KBAHTOBOI Teopuu [26-49).

Ciiefyer OTMETHTD, UTO B YKa3aHHBIX paboTax yHU-
TapHOE IPeobpa30BaHue HUKAK HEe 0OOCHOBBIBAJIO TIPU-
OJIMKeHre BPAINAIONIECsT BOJHBI, & 3a9aCTyi0 IIpUMe-
HSLJIOCh K 33Jila9aM, B KOTOPBIX IIPeoOpa30BBIBAJICS I'a-
MUJIBTOHUAH, YK€ B3ATBIII B IPUOMKEHUN BPAIAIO-
mieiicsd BOJIHBI.

Ob6ocHoBanme NPUOIMKEHNST BPAIIAIOMIENHCT BOJI-
HBI JJd B3aUMOJENCTBUSI KJACCUYECKHUX IIOJIEH C
KBAHTOBBIME CHCTEMAMH JABAJIOCH B PaMKaX METOJa
ycpenuaenusi  Kpsuiosa — Borosobosa — Murpormosbc-
[50,51]. METOJ  YCPEJIHEHUsI
Kprourosa — Borosmobosa — MuTtpomnoibckoro puMe-
HUTEJIbHO K TaKUM 3aJadaM HeJIUHEHHOH OITUKN
n3JI03KeH B MOoHOorpadun [52].

KOI'O O6cTosATeaLHO

Hpyroit moaxon K 3¢ dHeKTUBHOMY raMUIbTOHUAHY
B CJIyvae BO3J/IEHCTBUsT HA KBAHTOBYIO CUCTEMY KJIACCHU-
YECKHX JIEKTPOMATHUTHBIX IOJIEH IIPEJIOXKEH B pabo-
tax [53-56] HA OCHOBe YHUTAPHOTO TPEOOPA30OBAHMS M-
XOZIHOTO raMUJIbTOHHAHA. B omymmdme ot pabor [26—49]
U MHOTHX JPYIHUX, IPEJIOKEHHBIH CHOCO0 OIMpaJics
Ha TpebOBaHWE OTCYTCTBUS OBICTPO MEHSIONIUXCH BO
BPEMEHU CJIAraeMbIX, UTO, O CyTH, SIBJSETCs ajreb-
panteckoit (popMysInpoBKOil MeToja ycpeaenns Kpor-
soBa — Borosobosa — Murpononsckoro. B padore [57]
PACCMOTPEH CJIydail MHUPOKOIOJOCHBIX KBAHTOBAHHBIX
moJieit, U yHUTApHOE IpeodpaszoBaHne IaMUJIbTOHUAHA
JIENJIO B OCHOBY METO/Ia IMOCTPOeHus 3(HEKTUBHOTO ra-
MUJIBTOHUAHA OTKPBITON OITUYECKOII KBAHTOBOI CUCTe-
MBI, aJIEKBATHOTO YIIOMSIHYTOI Mepapxun XapaKTePHBIX
BpeMeH OTKPBITON ONTHYECKO# cucreMbl. Pe3ybrars
[53,54,57] upuBenu xk HOPMyIMPOBKE TEOPUU OTKPbHI-
TBIX KBAHTOBBIX CHCTEM, B KOTOPOi MOHATHE 3PdPeK-
TUBHOT'O T'AaMUJIBTOHAAHA UT'PAET KJIIOUEBYIO POJIb B BbI-
BOJI€ KUHETHIECKOT'O YPABHEHMSI OTKPBITON OITHYECKON
KBAHTOBOI CHCTEMBI, ObecredmBasi JajbHeHInee Kop-
PEKTHOE ITPUMEHEHNE TPUOJINKEHNs OEJIOT0 TIyMa JIJIst
ONMCAHUsI OKPYKEHUsI OTKPBITON cucrembl. [Ipu sToM
HE TOJBKO ODOCHOBAHO IPHUOJIMKEHNE BPAIIAOIIECs
BOJIHBI B CJIydae KBAHTOBAHHBIX MTUPOKOIOJOCHBIX IO~
JIell U TI0JIy YeHbl JTIMOOBCKUE CIBUI'M KBAHTOBBIX YPOB-
Hell, HO ¥ MTIPOKOTIOJOCHOE MTOJIe TIPEJICTABIEHO KaK CO-
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BOKYITHOCTH IIIyMOBBIX UCTOYHUKOB W YITEHBI ITOMPAB-
KU 6oJiee BBICOKOTO MOPSIJIKA [0 KOHCTAHTE B3aNMOJIEH-
CTBHsI, KOTOPBIE IIPY BBIBOJE KUHETUIECKOTO ypaBHe-
HUsI OOBIUHO omyckasuch [58]|. YKasaHHBIE TOMPABKH,
HECMOTPSI Ha CBOIO MAJIOCTh, OIPEIE/ISAI0T MHOTO00pa-
31€e HOBBIX U COBCEM «HE MaJibix» 3ddekToB. B ciaytae
BO3JIEHCTBHsT HA KBAHTOBYIO CHCTEMY KJIACCHIECKUX W
KBAHTOBAaHHBIX TI0JIEl PA3ITUIHON IIPUPOILI PACCMATPU-
BaeMbIil cr1ocob mocTpoeHus 3HPEKTUBHOTO TAMUIIBTO-
auana [53,54,57] ciayKur TakxkKe CaMOCOIIACOBAHHON
dOpMyIMPOBKOit ajrebpandeckoii TeOpuu BO3MYIIEHU T
U JTaeT eJIUHBIN MOJIX0/ K TEOPUU OTKPBITHIX OMTHIEC-
KUX KBAHTOBBIX CHCTEM.

o cux mop cpeji MHOTHX CHEIUajIMCTOB-MaTeMa-
THKOB IT0 KBAHTOBOW TEOPUH OTKPBITBIX CUCTEM OBITyeT
MHEHUE, UTO pPa3pabOTAHHBIE UMU HOBBIE METOJBI IO-
JIyIeHUsI KUHETUIEeCKUX ypPaBHEHWII OTKPBITON CHCTe-
MBI B MApPKOBCKOM MPHUOJINKEHUN HEOOXOIUMO TIpUMe-
HSITh K WCXOJHBIM, KaK Obl «TOYHBIM», TaMUJIbTOHUA-
vaMm. [Ipumepom Takoro ybexKjaeHus: CIy»KaT MOHOI'Da-
dbuu [59,60].

O0630p OCHOBHBIX pPa3JIMYUNl PA3HBIX ITOCTPOEHUIA
3P PEKTUBHOTO TAMUILTOHNAHA HA OCHOBE YHUTAPHOMN
CUMMETPHUHU KBaHTOBOI TEOPUU COIAEPIKUTCS B pa3i. 2.
Kpome Toro, obcyxmaercst riioba bHBIN U JIOKAJIbHBIN
[TOJTXOJIBI K OTKPBITHIM KBAHTOBBIM CHCTEMaM

HeobxomuMocTh 1mepexojia 0T «TOYHOTO» HCXOIHO-
o raMUJIbTOHMAHA K 3(MDMEKTUBHOMY TaMUJILTOHUAHY
B JIOKAJIbHOM IIOJXOJIe K TEOPUU OITUYIECKUX OTKPbI-
TBHIX CUCTEM PACCMOTpEHa B pa3j. 3. Bo3MoxKHOIT 0CcHO-
BOIl TAKOTO mepexofa CIYKUT aJredbpandecKasi Teopus
BOBMYIIEHU, KOTOPYI0 MATEMATHKU MPUMEHUTETHLHO
K CHCTeMaM KJIACCUYECKHMX YPABHEHUI ¢ pas3ImIHBIMEI
MaciTabaMu U3MEHEHWsT BEJIMIUH PACCMATPUBAIOT KAK
ayirebpanvdecKuil BapuaHT MeTo/Ia yepeanerus Kpburo-
Ba— Boromobosa — Murponosnsckoro [61].

Pazmen 4 nocesitien popMyIupoBKe aaredbpandec-
KOI TeOpur BO3MYILIEHUs JjIsl OIUCAHUS IIPOIECCOB
¢ ydYacTHeM MIMPOKOTIOJIOCHBIX ToJjeil. B pa3BuBae-
MOM TIOJXOJIE TEPMOCTATHBIE KBAHTOBAHHBIE TIOJIST €CTe-
CTBEHHO paS6I/IBaIOTCﬂ Ha COBOKYIIHOCTH IITYMOBBIX HC-
TOYHUKOB, YTO [TOKA3AHO HA TIPUMEPE AHCAMOJIS ATOMOB
B MUKPOPE30HATOPE C MOTEPSIMH Ha 3€PKAJIax.

B pazn. 5 mokazamno, 9To mpu MpuMeHEeHNT MapKOBC-
KUX YCJIOBUIT K 3(DHEKTUBHOMY MraMUILTOHUAHY U BOJI-
HoBOMy BekTOpy ypasuenue lllpeaunrepa jst onepa-
TOpa IBOJIIOIUN OTKPBITON CUCTEMBI U €€ OKPYKEHUs
OKa3bIBAECTCS MATEeMATHIECKN HeolpeeaeHHbiM. Kop-
PeKTHBIN MaTeMaTudecKuii cratyc ypasuenme Illpe-
JIMHTEepa MOJIy9IaeT MPU BBEJIEHUU OCHOBHBIX KBAHTO-
BBIX CJIy9ailHBIX IIPOIECCOB — POXKJIAOIIEr0, YHAUTO-
JKAIOIIEr0 W CYUTHIBAIOIIErO, U OIPEJIEJIEHUN COOTBET-
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crBytomux nHTerpagoB Uro. Jlanee ypasuernue Illpe-
JuHrepa 1epedopMyIupyercss Kak KBaHTOBOE CTOXa-
crudeckoe fauddepeHnuaabHoe ypaBHEHHE.

B pazzn. 6 BeIBOASITCS KUHETHMYECKUE YPaBHEHUS U
omepaTopbl JInagbmama s OTKPBITBIX ONTHIECKHX
KBaHTOBBIX cucTteM. OCHOBHOH Te3nuc — KayKIOi OT-
KPBITOI KBAHTOBOW CHUCTEME CTABUTCA B COOTBETCTBUE
CBOE KHHETHYeCKOoe ypaBHeHue. Jlaxke eciiu OiHa ONTHU-
JecKasi CUCTEMa, SIBJISIETCS TIPEIEbHBIM CIIydaeM JIpy-
roi, HalpUMep, B JMCIIEPCHOHHOM IIpejesie OOJIbIINX
OTCTPOEK OT PE30HAHCA, KHHETUIECKOE yPaBHEHHeE, 110~
Jiygaemoe u3 3P (HEeKTUBHONO raMuJIbTOHUAHA, OTINYa-
eTCsi OT KUHETUYECKOIO YPABHEHUSI, SIBJISIFOIIETOCS pe-
3yJIbTATOM IIPEIEIbHOIO IIEPEX0la U3 KHHETUIECKOI'O
ypaBHeHusT ucxomHO Momesm. O6CYKIAI0TCI OCHOB-
Hble pusndeckne 3PdeKTh, 00YCIOBIECHHBIE YIACTUEM
I POKONOJIOCHBIX IIOJIEH.

2. VHUTAPHASI CUMMETPUA KBAHTOBOM
TEOPUN

2.1. YpaBHeHHE [Jis1 BOJHOBOTO BEKTODPA U
KWHETUYECKOE ypaBHEHUE

KpanroBas MexaHuKa sBJISeTCA CHUMBOJIMYIECKOl
dopmoit
MUKDPOCKOIIMYIECKOTO u3Mepenus (62, 63]. Pacimpen-
Hasl ajrebpa U3MepeHHuil COAEPKUT WHBapUAHTHBIE
IPOCTPAHCTBA, IPEICTABUMBIC KOMILICKCHBIM
OEpPTOBLIM IIPOCTPAHCTBOM U €MY  COIIPSIKCHHBIM.

BBIpAXKEHNsd 3aKOHOMEPHOCTEll ImpoIecca

I'Jib-

DJIEMEHTBIl 9TUX NPOCTPAHCTB IMPUHATO HA3BIBATH
BekTopamu cocrosiaust |U) u (¥|. Opmako mosHOe
OMUCAHNE CUCTEMBI JIAETCST MaTPUIEil JIOTHOCTH p, &
O COCTOSIHMSIX, ONHUCHIBAEMBbIX BeKTOpoM |¥), rosopsr
KaK O 4UCTBIX cocrosHusx. Torma p = |U)(¥|. Mar-
puIa IUIOTHOCTH CYTb SPMUTOBBIA omeparop p > 0
C eIWHUYHBIM cJefioM 1rp = 1, a umcToe cocTostHTE
XapaKTepHU3yeTcs CBOHCTBOM p? = p.

OusnaecKne XapaKTEPUCTUKHA CHCTEMBI JIAIOTCS -
HEeHHBIMI CaMOCOIpsiZKeHHbIMI orepaTopamu O = OF,
KOTOpBIE, C OJTHOI CTOPOHBI, SIBJISIOTCS JIEMEHTAMHA aJl-
reOpbl U3MEpEeHuil, a ¢ APYroil, — AEHCTBYIOT B IIPO-
crpancTBax ¢ Bekropamu |U) u (¥U|. Dtu onepaTops
Ha3BIBAIOTCs HabOIIOaeMbIMU. Pe3ybraThl geficTBus
oneparopa cyTb BeKTOp O|¥) UM CONPSKEHHBINA BEK-
top (¥|0, a permcrpupyemble 3HAYEHNUs (@ HAOIIONA-
eMOIl TIPM UJIeaIbHOM CEJIEKTUBHOM U3MEPEHUU JIAI0T-
e COOCTBEHHBIMU 3HadeHUAME «;, Olaj) = a;la;).
Cpenngs BeandnHa HAOJJIOTAEMOR B UHCTOM COCTOSI-
HUHM BbIpaykaeTcs OuimHeitHoN kKoMmGuHanueit (U|O|P),
a B obmmeM ciaydae — coorHorenueM Tr(pO). Bennun-



A. M. Bawapos

MITP, vom 158, Boim. 5 (11), 2020

ua Tr(O|o;)(e;|) 3amaer pacipenenenne BeposTHOCTEN
Ha crekTpe oreparopa O.

Camy HaOJIIOIAEMYIO MOXKHO 3aJIaTh €€ CIIEKTPAJIb-
upiM pasnokennem O = . ajla;){q;|, kak, na-
npuMep, raMUJIbTOHUAH M30JIMPOBAHHON TOJICUCTEMBI.
ITpoexTopsI |ar) (| HAIOT OPTOrOHAJILHOE PABIOKEHIE
eammen 1= 37, ooy |, (o) = 3y

[Moubrit HAGOP OJHOBPEMEHHO BO3MOXKHBIX CEJIEK-
TUBHBIX U3MEPEHUN MpeJICTaBIIsIeTCsl HabOPOM KOMMY-
TUPYIONNX MEXKTy coO0il HAOII0IAeMbIX, COOCTBEHHDIE
BEKTOPBI KOTOPBLIX 00pa3yioT Ga3UCHbIE BEKTOPHI yIIO-
MSHYTOI'O THJILOEPTOBA IIpocTpancTBa. [Ipu sToM roso-
PSIT O TIPEJCTABJICHUHA CHCTEMBI.

Paznauunbie mpescraBieHns OOYCIOBJIEHBI CYyIIE-
CTBOBAHUEM B3aUMHO JIOTIOJIHUTEIBHBIX BEJIMYUH, KO-
TOpBIE OJIHOBPEMEHHO HE MOI'YT UMETHb OIIPE/IeJIeHHBIX
snadennii. [Ipu mocsie1oBaTEIbHOM N3MEPEHUHN TAKUX
BEJINYUH PE3yJbTAT 3aBUCHT OT IODsIIKA M3MEPEHUI,
9TO MPUBOJIAT K HEKOMMYTATHUBHOI ajredbpe omepaTo-
pOB.

Pesynbrar p; u3MeHEHUs CHCTEMBI IIDH €€ H3Mepe-
HUU B TIPOU3BOJILHOM COCTOSIHUH O JIAETCsI TPOEKITUOH-
HbIM octyaToM ¢ou Heimana

o) eyglpley){ay]
PP T e(plag Yoy ))

BzaunmopeiicTBre ¢ m3aMepuTeIbHBIM ITPUOOPOM JAET

[IprMep HeoOpPaTUMOH JTUHAMUKN KBAHTOBOM CHCTEMBI,
IpeBpalas OOJIBIIYI0O YaCTh KBAHTOBBIX CHUCTEM B OT-
KPBITBIE CUCTEMBI.

Obparumasi TUHAMUKA KBAHTOBON CHUCTEMBI OIIPe-
JesideTcs raMAJIbTOHUAHOM U OIIMCHIBAeTCA YPaBHEHU-
em Ipegunarepa /I BOTHOBOTO BEKTOPA, WJIA SKBUBA-
JICHTHBIM €My yPaBHEHUEM JIjIsl MaTPUIIbI IJIOTHOCTHA

i

h[”’H} (1)

Heobpatumasi uHaMuKa OTKPBITON CHCTEMbBI OITH-
CBIBAETCS yPABHEHHEM IS MATPHUIBI [IJIOTHOCTU OT-
KPBITOH cHCTeMBI p° ¢ HEKOTOPBIM 3(DhEKTUBHBIM Ta-

L d d
th= V) = H|Y), —p

vuabronnanom HEPFf~5 u penakcanmonnbiv oneparo-
pom I':

dp® i 5

o =h (2)

B paborax [64,65] mokazano, 9To pu BecbMa 00IIUX

[IPE/IIOOMKEHISX PEJIAKCAIMOHHEIH oneparop I’ mveer

dopMy, KOTOPYIO IPUHSTO HA3BIBaTh (popmoit JImuIh-

{p57 HEff—S} — 1S,

Jaja:

I'p®

i

1
=[S HES| 4 SLILS 00 +

1
+ 5P LIL2 = L2p°LE, (3)
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rue Li — Tak HasbIBaeMble omepaTophl JInambiama
LY = (L%), a HE=% — nobasounoe craraemoe K a-
(bEeKTUBHOMY raMUJIbTOHUAHY CUCTEMBI, 00yCJIOBJIEHHOE
penakcarmonnoit guHamukoit. Ilpum sTom craraembie,
COJIepyKATIITe OTIePAaTOpbl LY, ONHCHIBAIOT peaKCAI-

OHHbBIE TIepexoJbl U Jea3supPOBKy B OTKPHITON KBaH-
ToBOIT cucrenme, a omeparop HLY~% ompenenser capu-
U SHEPIUU YPOBHE, 00YCJIOBJIEHHBIE PETAKCAIITNOHHBI-
Mu rrepexogamu. VIHoTia pacecMaTpuBatoTCs OEPaTOPhI
JIluunbmamga ¢ Apyroit HOPMUPOBKOIL, HAITPUMED, L'S =
= L%V2.

EcrectBennoit muTepmperarueit pegakcarnoHHOTO
omepatopa I'p B (2) aBJsIeTCS €r0 IPEeJICTABIEHNE, CBsl-
3arHOE ¢ nocrynaroM ¢hon Heiimana:

IS = in(p— UipUiT), A >0,

re UiT = Ui_1 — YHUTAPHBIE OMEPATOPHI, BOSHUKAIO-
e B CJIydae yCPeJIHEHHUsI M0 KJIACCHIECKUM IIyacCo-
HOBCKUM IIPOIIECCAM C MHTEHCUBHOCTSIMU \;, TPUBOJISI-
UM K yHUTapHBIM ckadkaMm U; BCJIEICTBHE yHUTAp-
HOIi 9BOJTIONAN MEXKJIy, HAIIPUMED, aKTaMU U3MEepPEHUsI
[66—69], win akTaMu CTOJKHOBEHMIA.

DBOJIIOIHUST CUCTEMBI IO IEHCTBUEM PeJIAKCAIIOH-
HOI'O OIepaTopa B CJIydae KBaJPATUYIHBLIX OIIEPATOPOB
nozaercs obmemy ucciaenosanuio [70].

BakHBIM TI0JIX0710M K HEOOPATUMOIl JTUHAMUIKE, KO-
TOPBII BIIOJIHE €CTECTBEH B KBAHTOBOU OITHUKE, ABJIS-
eTcs pacIIupenne OTKPLITOH CUCTEMBI /10 Hojtee 0bIIei
CHCTEMBI, BKJIFOYAOIIEN OTKPBITYIO CUCTEMY U €€ OKPY-
JKEHUe, IMHAMUKA KOTOPO y2Ke PACCMATPUBAECTCS KaK
obparuMmasi, mogdIuHsIOMAasica ypasaeruio IIIpeaumre-
pa. IloaTomy obIMe paccyXKaeHust MOXKHO ITPOBOJIUTH B
TepMUHAX BEKTOPOB COCTOSTHUI, 0OpaIiasich K MaTPHUIIE
IJIOTHOCTH JIJIsT TIOSICHEHUsT TAKUX TOHSTUH, KaK Kore-
PEHTHOCTH U HACEJIEHHOCTD (HeuaroHasbHbIe U JIUAro-
HAJIBHBIE 3JIEMEHTHI MATPHIILI IIOTHOCTH).

2.2. YpaBHEHUS ABUXKEHUS I
raMmuJabTOHHAHOB

CBob6osia B (pUBMIECKOM OIMHMCAHUU COOTBETCTBYET
[IPOM3BOJIy B BBIOOPE MATEMATHYECKOTO IIPeCTaBJIe-
HUsI — I€PexXoJ, OT OJHOIO IIPEJICTAaBJIEHUs] K JIPyIo-
My OCYIIECTB/ISICTCS YHUTAPHBIM omeparopom 1 TT =
= 71, Eco yHETApHO IPeoGpas0BaTh COCTOSHIS CHC-
TEMBI:

W) = T|w), (4)

TO pu3mIecKn HAOIIOTAaeMble BEJTHINHBI, XapaKTePU3y-
emble ckajspHbiMu npoussejgenusyu (V|0|¥), we uz-
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MEHSITCsI, €CJTH OJTHOBPEMEHHO C BEKTOpaMU Ipeobpas3o-
BaTh U BCE OllepPaTOPHI

O =ToTH.

ITockobKy JUHAMEUKA KBAHTOBOI CHCTEMBI OINMCHIBA-
erca ypasuenneMm Illpenunrepa ¢ ramuabronnanom H
(upencrasienue Illpeaunrepa), mepexom OT BEKTOPA
|¥) kK HOBOMY BeKTOpY (4) COMpOBOXKIAETCH M3MEHE-
HUEeM TaMUIbLTOHUAHA

H=T(H)=THT' - z’hTiTT, (5)
dt
TaK 9YTO SBOJIOIUs HOBOTO COCTOSIHHUS OIUCHIBAETCSI
yPaBHEHHEM TOro ke Buua, 4To u (1), Ho ¢ upeobpa-
30BAHHBIM TAMUJILTOHUAHOM (5):
o d = = =
ih—|U) = H|U). (6)
dt
Ob61mme BOIPOCHI, CBSI3aHHBIE C YHUTAPHBIM ITPEOO-
pasoBanuem (4)—(6), oupezmengoT npeacrasiaenue -
dEKTUBHOTO TaMUIBTOHUAHA, TJIOOAJBHBIA U JIOKAJb-
HBII MTOJIXO/IBI K TEOPUU OTKPBITHIX KBAHTOBBIX CUCTEM.
Yuurtapuble peobpa30BaHUs BOJHOBOTO BEKTOPA
(4) n ramuabroHnana (5) JexKaT B OCHOBE TaKux (byH-
JIAMEHTAJBHBIX TIOHATHI KBAHTOBOW TEOPUH, KaK IIpe-
obpa3oBaHue WM TpeicTaBjenune leizenbepra, KOTO-
poe caenyer u3 (5) u (6) npn

T = exp |\il> = |Ty),

u npeobpasoBaHue Win Tpejicrasienne Jupaka (pes-
CTaBJIEHUE B3AUMOJICHCTBYA) C OIEePATOPAME

()

1Hot

H =exp (iiot) Vexp (—i}éot) =V (),
|0) = T|Wo) = |¥(t)),

W) = VL), [20)) = W)

Tamunbronnan cucrembr H = Hy + V' BbIpaxkeHn 4depes
raMuabTOHuaH Hy «U30/IMpOBAHHbBIX> HOJCUCTEM (IIpHU-
mepbl Hy, He, Hp, X CyMMBI) U OEPATOD WX B3aUMO-
neiicreust V', a |¥Uy) — HaYAIbHBIA BEKTOD COCTOSTHMUSI
cucrembl. B mpuHmune, 3To He YAUBUTEIHLHO, TOCKOb-
Ky TaMUIJIbTOHUAH SBJISIETCS TEHEPATOPOM YHUTAPHOTO
Ipeobpa30BaHUsl CABUTa BO BPEMEHH, & B OTCYTCTBUE
n3MepeHuil BpeMsl CUNTaeM OJHOPO/IHBIM.
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CoBepIuB 0JIHO YHUTAPHOE IIPE0dpPa30BAHNE, MOXK-
HO TaKKe COBEPIIUTH HECKOJIBKO OJHOTUIHBIX YHUTAD-
HBIX IIPeo0pa30BaHUil TOAPSI;:

H(l)=T(H), [¥(1))="T(1)¥),
L dlP(1))
in == = ) (),
H(2)=T(H(1), [¥(2))="T(2)¥(1)),
md“l;f» = HQ)|T(2)),...

B ckobkax ormevuaeM KOJHMYIECTBO YHUTAPHBIX ITPEOO-
pa30BaHUil, TPUBEAIINX K JAHHBIM TPeoOpPa30BaHHBIM
raMuJIbTOHUAHY U BOTHON byukmmu. [1pu sTom

[T(n+1))=T(n+1)|¥(n)
=T(n+1)T(n)|¥(n—-1))=...
LT W),

EcrecTBen BOIpoOC, 9eM JIOJXKHBI 3aKOHYUTHCSA TAKHUE
yHUTapHbIe peodbpazoBanusa’! OUH U3 BAPUAHTOB OT-
BeTa Ha 9TOT BONPOC — CYUTATH, YTO MPUMEHSIEMbIE
peobpa30BaHUs 3ABUCAT OT HEIPEPBIBHOIO MapaMeT-
pa £:

T(0) =T(n+1)T(n)...T(1),
THOT () =1 =T@)TT(), T(0)=1,
[W(0)) = |¥), H(0)=4H,
[T () = T(O)|V), ih%l\lf(f» =H(O)[¥(), (7)
H(t) =T)HT(¢) - ihT(E)%TT(é). (8)

Eciu upoguddepeniuposars ypasuenus (7) u (8)
o mapamerpy £, TO HETPYJHO TOJIYIUTH «ypPaBHEHUST
JIBUZKEHUST» JIJIs TAMUJIBTOHUAHOB U IPe0OPa30BAHHBIX
BOJIHOBBIX (DyHKITHIA:

OH(() L OA(L)
o = AWHO) = HOAW) +ih=2=, (9
AYO) _ yopwe
) = (012 (0)), 10)
ih= | W(0)) = H(O)| ¥ (0)),
. Al [ .
A(f) = —T(¢) ‘9T8 g(g) = 6?—2@TT(6)~

IomuepkHeMm, uTo Ha renepaTop A({) ypaBHeHus 1Bu-
JKenus Jyist ramuibToananos (10), Boobie rosops, HeT
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HUKAKUX OTPAHUYECHUI, 38 WCKJIIOYEHHEM TPeOOBaHUs
€ro aHTUIPMUTOBOCTHU

A(l) = —AT(¢).

YpaBHeHUE JBUKEHUS /7T FAMIJIBTOHUAHOB (9) AB-
JIETCS  YCJIOBUEM COIVIACOBAHHOCTH JBYX JIMHEHHDBIX
ypaBHeHHil (8) — 4T0OBI peleHnst ypaBHEHHI CHCTEMBI
(8) BbLIA COBMECTHBI, HEOOXOANMO PABEHCTBO CMEIIAH-
HBIX [POU3BOJHBIX:

W) _ 9?|w(0)
oLot otoe

OTKyza Takxe cienyer (9).

Ecnu B kauecrse oneparopa A(¢) B3aTh oneparop,
He 3aBUCSIMI HE OT ramuibToHnana H(¢), Hu or ma-
pameTpa {, HE OT BPEMEHHM f, W BBIPA3UTh €ro 9epe3
spMuTOBEIT omreparop G = GT,

A(0)

iG,

TO ypaBHEHUE JBUXKCHUA ]I MaMUJILTOHUAHOB JIMHE-
HO U UMeeT IIPOCTONA BUJI:

OH (0)

ot

Ero pemenrne MOXKHO IIOJIYyYUTh KaK IO TeOPpUN BO3MY-

= iGH(t) — iH(0)G.

HIeHHfI, TaK U HEIIOCPEJACTBEHHBIM MHTEI'PUPOBaAHUEM:

H(f) = ¢S H(0)e % = H(0) +i [G, H(O)}u
(i)?

+7[G, [G,H(O)H€2+

orkyaa upu £ = 1 caenyer dopmyrna Kemnbesnta — beit-

[G, [G, [G,H(O)”]Z?’ -

kepa— Xaycaopda JiJisi TPou3BOJIbLHOTO oneparopa O u
spMuTOBOTrO omeparopa G:

(@)?

e fefed]]]+..

G016 = O +¢[G, 0} n
(1)

T

c.[c.0]]+
(1)

Eciu caumrars oneparop A({) 3aBucAmuM oT Ta-
MmuibToHnaHa H ({) u B3sTh €ro B Buje

A(t) = [Hp(0), H ()] (12)

e Hp(¢) — amaroHasbHAsl 9acTh TaMIJIBTOHHAHA
H(¢), T0 B CTAIMOHADHOM CJIyuae He 3aBUCSIIETO OT
BpeMeHU raMuibToHuaHna H

o Hin (0 =

k#n

Yepez Oy, 0003HAYUEHBI MATPUIHBIE JIEMEHTBI
uekoroporo oneparopa O B 6azuce, B koropom Hp ()
SIBJISIETCS JIUATOHAJIBHBIM OlIepaTopoM. BuiHo, 4To 1pn
{ — 00 HeAMArOHAJIbHbIE MATPUIHBIE SJIEMEHTHI Mpe-
00pa30BaHHOTO TAMHJIBTOHHAHA CTPEMSATCH K HYJIIO,
rak uro H({) — Hp(f), ® B KOHEYHOM WTOTe Ipe-
006pa30BAHHBIN FAMUJIBTOHUAH CTAHOBUTCS JIUATOHATb-
HbIM. Takoe TIpefCTaBIeHHE HA30BEM JIMATOHAJIBLHBIM
peJICTAaBJICHUEM UCXOJHOTO raMuibTroauana. OHo ecre-
CTBEHHO J1JTsl 3PMUTOBBIX OTIEPATOPOB U BIIEPBBIE TAKOI
HOZXOJ [IPOJEMOHCTPUpOBaH B paborax [71-73|. Jlu-
HelfHOe ypaBHEHHE JIBUKEHUS JJIs TAMUJIBTOHUAHOB HC-
crenoBaHo B MoHorpadmn [32], rae Takike TPOIEMOH-
CTPUPOBAHBI €I0 IPUMEHEHHSI.

Takum o06pa3oM, OJHUM M3 OTBETOB Ha BOIPOC,
YeM JIOJKHBI 3aKOHYUTHCsI YHUTAPHbIE TPe0Opa3oBa-
Hus, I 1peobpazoBanuii (9), (12) odeBumen — moJy-
qeHre IUAroHaJbHOIO raMubTOHHaHa. JlagpHeiimmmit
yueT 3Toro pakTa — IUATOHATUZAIUNA UCXOTHOTO MO
HOIO IaMUJIbTOHUAHA — HABJIFETCs COAEPIKAHUEM TJIO-
6aJIbHOTO MOJIX0/IA K TEOPUU OTKPBITHIX KBAHTOBBIX CH-
cTeM. 3aMeTUM, YTO JAUArOHAJU3AIUI0 TAMUILTOHUAHA
MOKHO TaKKe IIPOBOJUTH Ha OCHOBE IIPEOOPa30BaAHUS
Boromo6osa [74, 75| n mabx noxxomos. B paGore [76]
mpeobpaszoBanus BoromoboBa MpoaeaaHbl COBMECTHO C
YHUTApHBIM IIpeoOpasoBaHueM, a B [77] obcyxmaercs
CMBICT TTpeobpa3oBanus BoroaoboBa B KOHTEKCTE YHU-
TapHBIX TTpeoOpa30BAHMUIL.

2.3. Teopuu Bo3MYyIllleHUiI HA OCHOBE
npeodpa3oBaHNs raMHJIBTOHHNAHA

OTKpbITasi cuCTeMa ¢ UCXOJHBIM TAMUJIBTOHUAHOM
H = Hy+V usHava/IbHO OIIPEIEISIETCS MAJIOCTHIO OTIe-
paTopa B3auMoeicTBus V. DTO MO3BOJISET TOCTPOUTH
TEOPUIO BO3MYIIEHUN II0 KOHCTAHTE B3aUMOJICHCTBUA
Ha OCHOBe YHHTAPHOI'O IIpeoOpa30BaHus:
T=e" S=451
13
H:e—iSHeiS_ihe—isieiS (13)
dt
TaBUM 11 BAHHBII TAMWJIBTOHMAH B
IIpencra: e0bpazoBa; a OHUA,
BHUJE psJia [0 B3aUMOIENUCTBUIO, UCIOIB3Ysd (POpMyITy
Kewmmbesna — Beitkepa— Xaycaopda:

ff:Ho—z'[s,Ho] —%[5, [S,HOH —
(14)

_Z'he—isieis

+V-is, V]—% [s.[s.v]]- it

Yacto TpebyeTcst, ITOOBI 3 DEKTUBHBIN raAMUIBLTO-
HUaH ObLI JUATOHAJBHBIM U B TIEPBOM HOPSIIKE IO B3a-
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umoielicTBuio [32], HalpuMep, B CTAIMOHAPHOM CJLy4ae
— [S, HO} +V = 0. Tora

)51-
= 1> [s.[s.v]]+

11
12!

‘(5‘5
—|—i( )[s [S,[S,vm—...

B cirydae onTuueckux cucTeM Takas IIpoleaypa, Ha-
IIPUMeEP, IIPU 0JHO(OTOHHOM pe30HAHCe KIACCUIECKOTO
IIOJIA C COCTOSHMAMH HEIPEPLIBHOT'O CIEKTPa, IIPUBO-
JIIT K HEIPMUTOBOMY IaMUIIbTOHHAHY [78-81], uTo ceii-

H:Ho—i(

1 1

vyac akTUBHO n3ydaercs [82,83]. Camo mpeobpazosanue
nepectaeT ObITh YHATAPHBIM.

OO6brunast Teopusi BOBMYIIEHUHA B CJIydae ONTHMUE-
CKHX CHCTEM IIPU BBIIOJIHEHUH YCJIOBUI PE3OHAHCA TIPH-
BOJUT K pacxomgmmMcs pagam [25, 52, 54, 84]. Asb-
TEePHATHBHBIC MOAXOMbI, U3BECTHLIC B KBAHTOBOH TEO-
pun [85], cocTosT B pasyioKeHNN MPEOOPAZOBAHHOTO Ta-
MUJITOHUAHA W T€HEPATOPa NPeOOpPA30BAHNA B PSAIBL.

Pasoxkum S u H B Dsifpl 0 KOHCTAHTE B3AMMO-
JIefiCTBUS:

S=8M4 5@ 4
(16)
H=H9 4+ M + g® 4

Bnecs S u H™ — cnaraemble, mveromme n-it mopsi-
JIOK II0 KOHCTaHTe B3auMojelicTBus. Eciau mpemmoso-
JKUTH, YTO OIIEPATOP B3aUMOJIECHCTBUA MMeeT IIePBbIi
HIOPSIJIOK 10 KOHCTAHTE B3aUMO/IEICTBUSI, TO IOJCTaB-
nsist (16) B pasnoxenue (14) u npupaBHUBast BeIpazKke-
HU$ OJTHOTO MOPSAJIKA, MOXKHO IOy YU Th

HO = H, (17)

am — _¢[5<1>,H0] + z’h%S(l) +V, (18)

H® = —z'[S(?), Ho] + z’h%s(z) - %[sm, V} -

_ %{3<1>7g<1>} (19)
H® = —i[$®, Ho| + m%sw’) - %[S@’), v]-
_ £[5<1>,g<2>} _ % [5(1, {Smyﬂ _
_ _%[507 {5(1)7;[(1)”,__,

AHaJOrMYHYI0 TEOpPUIO BO3MYIIEHHII MOXKHO MO-
CTPOUTDH, UCXOJA M3 IIpEJICTaB/IeHUus B3aMMOJCHCTBUS
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T(t) = 750, 5(1) = ste),
20
f/(t) = e—iS(t)V(t)eiS(t) _ ihe—is(t)%eis(t), (20)
d s - i
S8 =V, 190) = %), (1)

rjie yKazaHueM Ha BpeMEHHOU apryMeHT IOJYepPKHYTa
CBA3b TAKOI TEOpUU BO3MYIIECHUN C HUCXOAHBIM IIpe-
CTaBJICHUEM B3aUMO/IeCTBUA.

Pazsozenne S(t) u V(&) B psapl 10 KOHCTAHTE B3aH-

MojeicTBuUd,

_ s @
iS*(t)_k?l(1t)+s~’2(t)+..., (22)
Vity=VO@R) + V@) +...,

U UX IOACTAHOBKA B (POPMYILY
V() = V() ~i[ 5, V()] - 5[5, [s00,v ()] -
_ihe=i50 Lgis) (93
HpI/IBOﬂ;ﬂT K COOTHOIIIEHUAM
V(1) = h%s(l)(t) +V (), (24)
7O () = h%S@)(t) - % [s0@), V()] -
- % [500), VO] (@9)

Buech rakxke S (t) u V™ (t) — craraemsre, mmeronue
N~ MOPAA0K 110 KOHCTaHTe B3aUMOJACHCTBUS.
®opmyna Kemmbesna— Beiikepa — Xaycmopda wmc-
MOJIL3YETCA HE TOJBKO 1T (POPMYJTUPOBKH TOTO WJIH
MHOTO pubMKeHust. Hampumep, eciin BBIYUCIATh Olle-
PATOPBI OTKPBITOH CHCTEMBI B TIPEJCTABICHUN B3au-
MOJICHCTBHSI, TO JJIsl ONEPATOPOB YHUUYTOXKEHUST MMe-
eM To4Hble BbluuciaeHus 1no dopmyne (11). IIpu S =

= Q.cfet, O =, [S, O] =Q.t [CTC, c} = —Q.tc nmeem

@)?

or |9 [5.0]] +

[s.[s.[s.0]]] +-.

AHAJIOTUYHO HETPY/IHO MOJIyYUTH

e¥ee ™ =0+ {S, O} +
(i)°

_|__

o—iQ0ct
3!

= Ci

eS| E;){(Brle™ = | Ej)(Brle™ ",

ij = (Ej - Ek)/hv
ecm S =) Ejth='|E;)(Ej|.
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IMpumenenus dbopmynnbl (11) HACTOJLKO OOUIUPHBI,
YTO YIIOMHHAHUE 3TOH (DOPMYJIBI YaCTO 3aTyIIEBLIBA-
€T Pa3HUIly B UCHOJIb3yeMBIX MATEMATHYECKHUX Alllla-
parax. Mexky TeM, JaJbHelnme IpeoI0KEHnsT 0-
cie ipumenenust (11) pasju9aHbl 1 IPUBOAAT K PA3HBIM
pesynbraraM. OIHAKO IPU MOCTPOCHUU TEOPUU BO3MY-
HIEHHI, KOTOPBIE MOTYT OBITH TAKXKE PA3HBIMU, IIEPBbIE
MOPSIJIKY 3a9ACTYIO MOy Ial0TCsI BEChbMa, CXOXKUMU B CH-
Jiy camoii cTpykrypbl hbopmysibl (11) — Hugero uxoro B
CJIaraeMbIX IEPBOTO TOPAIKA MOy YUTh HEJIb3sI, KPOME
KakK

_ihe-is L isw)

V(t) o

V() —i [S(t), V(t)}
(ecsin nupumensaTs, Hanpumep, (22)).

Paznoxkennst, cxomuabie ¢ (22)—(22), HEOTHOKPATHO
UCIIOJIb30BAJIUCH PA3HBIMU aBTOpamu. [Ipu sTom ObLin
UCIIOIB30BaHBI PA3HOOOPA3HBIE IPUHITAIBI OTOOPA C1a-
raembix. HanboJsiee 9acTo aBTOPHI PYKOBOJICTBOBAJIICH
ujeil mpocToro 0TOpaChIBAHUS CIAaraeMbIX EPBOTO IO~
psiJiKa, HAIPUMED, IPU PACCMOTPEHUH JBYX(MOTOHHOTO
u MHOroOTOHHBIX pe3oHancoB [37,46-48]. Torma no-
JIy9aloTCsl BBIpayKeHus, aHagornauere (15), HO mamee
BCE PABHO MPUXOIUTCSI TPUOEraTh K METOY yCpeIHe-
Hust [52] MOJIyUYeHHBIX ypaBHEHUI JJI MATPHILBI IIJI0T-
HOCTH.

BBumay pacxomumMocTn OOBIYHON TeOpWH BO3MYIIE-
HUP TIPUMEHUTETHHO K 33J1a9aM PE30HAHCHOM ONTUKH
nogxozpt [34-37,46-49, 53-57| momyTHO pemanu u 3Ty
pobIeMy.

B reopun Bo3MyIeHui B KBAHTOBOI MexaHuUKe [85]
YHHTapHOE IPeoOpa30BaHne HMCIOJIb30BAJIOCH LIS HC-
KJIIOYEHUsT CJIATAEMBIX TIEPBOTO TOPSIIKA 10 B3aMMOJIEH-
CTBUIO U JIJIsI TIOJIy9YeHUs] UArOHAJILHOTO TaMUJIBTOHU-
aHa aHaJorndHo (15).

To ke MMeET MECTO U ITPH MEPEXOJIE K HEIPMUTOBBIM
ramuibToHraHaM [81,86]|. Horna B KadecTBe Iuaupy-
IOIEro MPHUHIMIIA OepeTcsi MPABUJIO, UTO OIPEIEJISIIo-
e 3G dEKTUBHBINA TaMUTBTOHUAH CJIATAE€MbIE JTOJIK-
HBI KOMMYTHPOBATH ¢ HEBO3MYIIEHHBIM TaMIJIHTOHUA-
HoM Hj [43]. B pa6orax [34-37] npu npumeHeHnn yHu-
TapHOTrO MPeobPA30BAHUST TPOCTO OCTABJISIACH CJIAra-
eMble, COIVIACYIONIMECs] ¢ TOJyIeHHBIMEA [52] MeTomom
yepeauenns: Kporrosa— Boromo6osa— MuTtpormoabeko-
ro.

Yacro B TeOpUSX TUATOHAIM3AIIS TAMUTBTOHIAHA,
[P TIOMOIIY YHUTAPHOTO IIPe0bPa30BaHUS IIPOBOIUTCS
HE JJIsl KICXO/IHOTO TaMUJIBTOHUAHA, & JIJIsl TAMUJIBTOHU-
aHa, yzKe HAIMCAHHOTO B MPUOIIKEHNN BPAIIAIONIEHCs
BOJIHBI, CM., HAIpUMED, [3,39-42].

YuurapHoe npeobOpa3oBaHMe TaMUJIBTOHHAHA KaK
HEeOTbeMJIEMOe CBOMCTBO BCeil KBAHTOBOI TeOpuU HC-
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[IOJIB3YETCs B CAMBIX Pa3HOOOPA3HBIX BOIIpOcax. L pKum
[IpUMepOM siBJjisieTcsi npeobpaszoBanune Posmu — Baiir-
Xay3eHa, yCTAHABJUBAIOIIEE CBA3b MEXKJy yDaBHEHU-
em Jlupaka n ypasuennem [llpemmurepa [29]. Ilpuse-
JIeM TaKKe npuMepbl u3 Teopun sinpa [30, 31], du-
sukn TBepporo rena [32, 33]. MHorme u3 HHUX MOXK-
HO PACCMaTPUBATH KAK DEIIeHUs JUHEHHOrO ypaBHe-
HUsI JJTsl TAMUJIBTOHMAHOB [32]. B ocranbHOM, MBI 371€Ch
OTMETHJIU JIUIIb Te pabOThl, KOTOPble TAaK WU HHA-
g€ CBA3AHBI C JIMHAMUKON OTKPBITHIX ONTHIECKUX CHC-
TeM C TOYKU 3DEHUs IOJIyJYeHNsT KHMHETHIECKOrO ypaB-
HEHUsl JIJIsi OIMCAHUsI KBAHTOBBIX IIEPEXOJIOB U W3JIY-
qaTebHBIX 3(PPEKTOB, TAKUX KaK CIIOHTAHHOE U3JIy-
YeHne W CBEPXU3JIydeHHe. Y UeT DPA3IUIHBIX YCJIOBUI
pe3oHaHca HauboJiee MOTHO 1 3(DPEKTUBHO OTPAKAET-
cs1 B KoHTIenuu 3¢ dekTuBHOro ramusabronnana. Camu
pe3oHaHCHBIE 9PPEKTHI PACCMOTPEHBI B MOHOTPapUIX
[1-11,13,25,52,84,87-89].

[Tepeauncstennbie paboOThI, 3a HMCKJIOYEHHEM PabOT
[62-57], He CTABHIM LEBIO [OCIEAOBATEILHOE UCKIIIO-
qeHne OBICTPO MEHSIONIMXCS BO BPEMEHH CJIAraeMbIX B
TIpeICTaBIeHNN B3anMo,ieiicTBus. IMenno cobirronenme
JIAHHOTO TPEeOOBAaHUs OTBEYAET, KAK [TOKA3aHO B CJIEIy-
IOIeM pasJierie, JIOKAJIHHOMY IIOJIXO/Y TEOPUH OTKPbI-
TBIX KBAHTOBBIX CHCTEM, IIOCKOJIBKY ODECIIEeINBAET IO~
CTPOEHNe MOJIENH C 9P HEKTUBHBIM MraMUJIBTOHHAHOM, B
KOTOpPO#t Oyer bU3nIecKn OmpaBIaHO BBEJIEHHE Map-
KOBCKOT'O MPUOJINYKEHNST W HCIOJIb30BAHNE TPUOIIKE-
HUsi OEJIOr0 TMIyMa Jjisi MOJEJIMPOBAHUS OKPY2KAIOIINX
OTKPBITYIO cucteMy mojieit. [Ipu stom sadpdexTuBHbIi
raMUJIbTOHUAH, BOODOIIE TOBOPSI, HE SBJISIETCS JIHArO-
HAJIbHBIM.

3. TPEBOBAHUS K P PEKTUBHOMY
TAMUJILTOHUAHY B JIOKAJIBHOM
IIOJIXO/JIE, OITPEJIEJISIEMBIE
XAPAKTEPHBIMU BPEMEHAMMJ
OIITUYECKUNX CUCTEM

Onruyeckne CHUCTEMBI OTJINYAIOTCH TPUHAJIEIKHO-
CTBIO XapaKTepHBIX YacToT jauanasony 10'3-10'° T'm.
DTOT [rana3oH 00si3aH JIMING MPOIECCAM BHYTDHU dJIe-
MEHTOB OITHUYIECKON CHCTEMbI, TAKMNX KAK aTOMBI, MO-
JIEKYJIBI, KBAHTOBBbIE TOYKH, MUKDPOPE3OHATODHI, U HE
CBsI3aH HENOCPEJICTBEHHO C IIPOIECCAMHU B OKPYKEHUHU
KBAHTOBOI cucTeMbl. MexKy Tem, 9To0bl MOIEIuPO-
BaTh OKPYy?KEeHNE KBAHTOBOW CHCTEMBI OEJIBIM IIIyMOM,
OKPY2KEHHUE J0JI?KHO HAXOIUTHCS B PABHOBECHOM COCTO-
siHuU. BBUy OTHOCHTEIBLHOI MAaJIOCTH OTKPBITONM CH-
CTEeMbI BPEMsI KOPPEJISIUA TAKOTO TEPMOCTATA OIIPeIe-
JsteTcs (PU3NIECKUMHU IIPOIECCAME B OKpy2KeHunu. Ec-
JID B3sTh pas3Mep 00/IacTU OKpYyKeHUsi mopsiika ¢ =
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= 1 cM, TO MUHUMAJIBHOE BPEMsI KOPPEJISAINNA B OKPY-
JKEHIH MOYKHO I'Dy0O OIeHNTH Kak (¢/c), T.e. Kak Bpe-
M mopsika 10719-1071 ¢. Taxum obpazom, B oI-
TUYECKUX KBAHTOBBIX CHCTEMAaX CYIIECTBYIOT Xapak-
TEPHBbIE BPEMEHA, KOTOPbIE HUYTOXKHO MAJIbI ([IOPAI-
ka 10713-1071% ¢) u HuKax He MOTYT pacCMaTPHBATLCS
KaK IPEBBIIIAIOIIIE BPpeMsI KOPPEJSIun H6eI0ro MyMa.
TTosromy HEmocpencTBeHHBII TIEpexo K (hOPMYJIAPOB-
K€ MApKOBCKOTO TPUOJIMKEHUS W WCIOJIH30BAHUI0 Oe-
JIOTO TIIyMa, PABHO3HAYHBIN PABEHCTBY HYJIIO BPEMEHH
KOPPEJISANINN OKPYKEHUsI OIITHIECKOH CUCTEMBI, IIPOTHU-
BOpeunT (hU3NKe ONTUIECKON cucreMbl. [Ipu aTom, ipu
OTIEHKe BPEMEHU KOPPEJISIUU B 3allace eCTh eIle, Kak
MUHUMYM, JIBa [TOPSIJIKA.

Yr0o06b! MOHATH, KaKas HepapxXus BPeMeH HeoOXO-
JUMa ST BBEJIEHUSI TPHUOJIMKEHUsT OeJioro Imyma B
dusnvueckoil cucreMe, pacCMOTPUM CAMYIO IIPOCTYIO
cucrteMy — OpOYHOBCKYyIO dwacTuily. Bocmosib3yemcs
[IPEJICTABIEHUSIME U3 KJaccu4ieckoit padorsl Jlamxkese-

Ha [90].

3.1. YpaBHeHue Jlan>keBeHa U XapakKTepHbIE
BpeMeHa OpPOYyHOBCKOTO JBU>KEHUS

st omrmcanmst BO3IEHCTBUS IITyMa, Ha OPOYHOBCKYIO
vyactuily B ypasHenue HpioroHa Jijisi KoopausaTst ()
OPOYHOBCKOI YaCTHUIIBI MacChl 1 J0DABUM IIyMOBOE
ciaraemoe X (t), KoTopoe 3aTeM u OyJieM alllpOKCHUMU-
pPOBaTh GEJIBIM Iy MOM:

A2z

m— =
dt?

Fy,. = —6mna
W3 pemenns ypasaenus HbioToHA HETPYIHO MOJTYYIATD

#(0)0 X (£) =2 (0) T~ e X (1)) —

t

{x(t)X (1))

0
t

+m*r4/aumwwwﬂ (26)
0
31ech yrioBble CKOOKHM ODO3HAYAIOT YCPEIHEHHE II0
BPEMEHU, HAIIPUMeD,
t+7ay
()X (") dt’,
t
Tay — MacmTab Bpemenn ycpemaenus. [lapamerp I' =
= 6mnam ! (n — xoabdurEenT BAZKOCTH, @ — pasMep

GPOYHOBCKOIi YaCTUIIBI) OLPEIEISeT MACIITad BpeMeHH
IUMHAMUIKE OPOYHOBCKIX UACTHIL Tg ~ [~ 1.
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IIponienypa ycpeiHeHUS TO3BOJISIET TOBOPUTH O KOP-
PEJISIITUOHHON (DYHKITUH ITyMa U BPEMEHU KOPPEJISIIIT
Tav KK XapaKTepPHOM MacITabe n3MeHEHUsT CITy YaHOM
sesimuanabl X (t). Econ

Teorr K Tav K Td, (27)

TO

(x()X (1)) = —m—lr—l/e—”<X(t’)X(t)>e“’dt’+

0
t

-wa*/@wm@wﬂ(%)
0

Torma MOXKHO JTOTIOTHUTETHHO TOTPEOOBATH BHITION-
HEHME CBOMCTBa JEIbTa-KOPPEINPOBAHHOCTH BEJTHUU-
uel X (1),

(X ()X () = Xgo(t —t'),

u nosyunth, uro (z(t)X (t)) = 0. D1oT pesyabrar ObLI
BazKeH Jylsl aHAIn3a JIaHKeBeHa [IPU BBEICHUI UM CJLy-
vaiinoil Besmuuubl X (f) — OH OTBEYaAJ €CTECTBEHHBIM
[PEJICTABJICHUSIM O POJIM IIYMOBOTO CJIAraeMOro. DTo
u morpeboBas JlaHKeBeH TIpH JT00ABJIEHUN CJIaraeMo-
ro X(t), u umeHHO 3TO TpeGOBAHME HAPSLY C YCJIOBU-
eM (27) 1pUBEJIO €ro K Pe3ysIbTaTaM, CONIACOBAHHBIM C
JIPYTUMHI UCCJIETOBAHUSIMU.

VYpasuenus (26) u (28) HAISEAHO NOKA3BIBAIOT
HEeOOXOMMOCTE ycsioBust (27) jJis HAJIOXKEHUs! Ha Be-
JIMIUHY TPeGOBAHUS JIEJIbTa-KOPPEJINPOBAHHOCTH H 110~
nydenns pasencrsa (z(t)X (t)) = 0.

3.2. YpaBHeHUE JJis BOJIHOBOTO BEKTODPA
OIITUYECKOI CHUCTEMBI U XapaKTepPHble BpEMeEHAa

AHasormuHBIl aHAIM3 MOXKHO IIPOBECTH W IS
ypasHenus (21), TouHee, Jyisi HHTEIPAJILHOIO yDaBHE-

HUA
t

5 [arvene),

(1)) =

/ (29)
| (0)) = [¥(0))
WK ypaBHEHUsl JJisi oneparopa sosonuu U ()
o
) ~
Ul(t :——/dt’Vt’Ut’,
)= [arvauw) )

0
[T(1)) = U6)|(0)),

Wi ero (POpPMAaJIbHOTO PEIeHUsI.

L

U(0)

B ortnaue ot ypasuenus Jlam:keBeHa 1mryMoBoe ciia-
raemoe B (29) mpucyrcrByer B omepaTope Vi (t') m
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[IO3TOMY C y9ETOM HMCKOMBIX BEJUYWH IITyM SIBJISIETCSI
MYJIBTAILUINKATUBHBIM, B TO BpeMs Kak y JIaH:keBeHA —
ajymruBEBIM. B mymosom craraemom Vi, () mpucyT-
cTByeT OLICTPO MEHSIONMic MHOXKUTEIb eXP(i§)jmt),
B KOTOPOM MacITab BeJMInHBI {2, KaK pa3 B ONTHIe-
ckoM jiarnasone cocrasiger 1013-1015 ', Muoxurens
exp (i€, t) cBA3AH ¢ 0COBEHHOCTHIO OITUYECKOl cucTe-
MBI B IIpEJICTaBIeHNN B3auMoelicTeus. Cam onepaTrop
MOXKET MMETh CBOU BPEMEHHBIE U TaK YKe OBICTPO MEeHsi-
OIIHECsT MHOYKUTEJIN, OTHAKO B CUJIY SPMUTOBOCTHU YKa~
3aHHBIE MHOXKUTEJIN HE CMOTYT TOJHOCTHIO CKOMIIEHCH-
poBaTh JApPYT Apyra W OBICTpOE M3MEHEHWE BO BpeMe-
HI MATPHIHOTO d/1eMenTa Vi, (t') ocramercs. Ipn srom
XapaKTEePHOEe BPEeMsT MI3MEHEHUsI BEKTOPA COCTOSTHUST 10~
pPsZIKA Ty U MOXKET OBITh IOCTATOYHO BEJIUKO, IIOCKOJIb-
Ky ollpe/iesiseTcd MaJlofl HHTEHCUBHOCTBIO B3aUMO/Ieli-
CTBHs, KOJb CKOPO pedb HJET 00 OTKPBITON CHUCTEME.
B pesynbrare, ocHOBHOE OT/IMYME ONTUYECKOW CHCTE-
MBI COCTOUT B YTBEPKJEHUU, YTO MUHUMAJbHOE XapaK-
TepHOE BPeMsI U3MEHEHHsI B CHCTeMe, TOUHee, N3MeHe-
HI€ OLIepaTOpPa B3auMOJIEHCTBUS f/jm (t'), 6yner ompe-
JeJIAThCS 00PATHOM YacTOTON Qj_nll

B ciyuae oTKpBITOIt onITHYeCKO#t CUCTEMBI IIPH TPH-
MEHEHUHU TPUOJIIMKEHUsT 6€JIOTO IIyMa K OIUCAHUIO B3a-
UMOJEACTBUS JOJI?KHO BBITOJTHATBCS YCIIOBUE Teoory <K
< Q!

jm> € YUETOM IPYIUX XapaKTePHBIX BPEMEH

Teorr K Tav < Q1 T4

Ho B peasbHOl dbusmdeckoit cuTyarun OTKPBITOMN
KBaHTOBOHU ONTUYECKON CUCTEMBI 3TO YCJIOBUE 3KBUBA-
JIEHTHO BBITIOJIHEHHIO, OYEBHJIHO, HEBO3MOXKHOIO HEpa-
Berctea 10719-1071 « 107 13-1071°. Takum o6pas3om,
BBIIIOJIHUTH COOTHOIIEHNE THIIA (27), 4T00bI GBICTPOME-
HSIOIAECsT MHOYKUTEJIN BEIHECTH M3 3HAKA YCPEIHEHUS
U TOBOPUTH O KOPPEJSIUOHHON (DYHKIINN XapaKTepu-
CTUK OKDY2?K€HUsI, HEBO3MOXKHO. B pesysbrare He KOp-
PEKTHO NMPUMEHSTH MapKOBCKOE MPUOJIMKEHNe U MPHU-
GukeHne 6es1oro Tryma (M UM 9KBUBaJIeHTHBIE [54])
K UCXOJHBIM M KakK Obl TOYHBIM IaMUJIBTOHHAHAM OT-
KPBITOI CHCTEMBI U ee OKpyxKeHus. Heobxogumo cHa-
qaJj1a KaK-TO N30aBUTHCSI OT OBICTPOMEHSIOIIIXCS TIepe-
MEHHBIX — MHOXKuTesel exp(£i€djm,t). 1 mums morom
BBOJIUTH MapPKOBCKOE IPHUOJIMKEHUE U IIPEJICTaBJICHNE
OKpyKeHust besbiM mymoMm. 36asienne or 66IcTpOMeE-
HSIIONMXCH MHOXKUTeNeil exp(+if);,t) cocTour B 1O-
CTPOCHUU TAKOM MOJICJIU OTKPBLITON KBAHTOBOI CHCTE-
MBI U ee OKDPY:KeHUsl, TaMIJIbTOHUAH KOTOPOil B IpeJi-
CTABJIEHUN B3aMMOJICHCTBUST HE COJEPIKHUT HU OJIHOTO
OBICTPO MEHSIOIIErocsl BO BpeMeHn cjaraemoro. Torja
Gy/ZleT BO3MOXKHO BbINOJIHeHne TpeboBanus (27). Ta-
Kasl IporpaMMa JIJIsl TOJIyYeHIsT KHHETHIECKOIO ypaB-
HEHUsT OTKPBITONH KBAHTOBOII CUCTEMBI HE CTABUJIACH HU
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B OJIHOI M3 KJIACCUYECKUX MOHOI'pacumii 1o Teopun oT-
KDBITBIX KBaHTOBBIX cucreM [11,58-60]. Ormernm Tax-
JKe, 9TO IPUMEHEeHne MeTOJIOB ycpeaHenust Kpbiiosa —
Boromobosa — MUTpOIOIECKOTO B 33/1a9aX TEOPUH OT-
KPBITBIX KBAHTOBBIX OINTHYECKUX CHCTEM, CM., HAIPU-
Mep, [52], ocymecTBisiocs B yxke (heHOMEHOIOTTIECKH
HAIMCAHHBIX KHHETUYECKUX YPABHEHUsIX, 9TO B IIPUH-
[IUIIE HE OTBEYAET IIPE/ICTABIEHHON IIPOTPaMMe.

B ypasuenusix (29), (30) snauurcsa npeobpasoBan-
HBI OIIepaTop B3auMO/IEHCTBUS f/(t), HO TaKasl 3aIiCh
OXBATHIBAET U WCXOJHBIN OIEepaTop B3aMMOJEHCTBUSI,
€CJIM OIEPATOP YHUTAPHOTO MPeoOpPA30BAHUS TOXKJIe-
CTBeH eJuHuIHOMY oriepatopy. C Jpyroif CTOpOHBI,
TpebOBaHMEe OTCYTCTBHUS OBICTPO MEHSIIONIUXCS BO Bpe-
MEHH CJIAraeMbIX B IIPe0OpPa3oBaHHOM OI€pATOpe B3au-
MoieiicTBust V (1) MOYKET GBITH HCIIOTB30BAHO JUTS OTpe-
JICJICHISI TAKOTO OIEPATOPa, Ipeobpasosanus 1’ (t), Ko-
TOPBIT 06ecnieunT nocTpoeHne 3HHEKTUBHOTO TAMHUITb-
TOHUAHA, COCTOSIIIEr0 TOJIBKO U3 MEJJIEHHO MEHSIIOIAX-~
Cs1 BO BPEMEHHM CJIaraeMbIX B omepaTope 3 (HeKTUBHOTO
B3aMMOJEHUCTBHS 10 CPABHEHHUIO C OBICTPO MEHSIIONU-
MUCST BO BPEMEHHU CJIATAEMBIMU, COJIEPIKAIUMEI IKCIIO-
HEHIMAIbHBIT MHOXKUTENb exp(+if;,t). Takaa mpo-
rpaMMa KCIOJIb30BAHUs YHUTAPHOTO MPeoOpa30BAHUS
JI71s1 TocTpoenust 3 HEKTUBHOTO TaMUILTOHHAHA HATA~
JIa peasm30BBIBAThHCS B paborax [53-57,89).

Cy1riecTBOBaHHE CJIATA€MbIX, MEJJIEHHO MEHSIIONUX-
Cs1 BO BPEMEHHU B MPEJICTABJICHIN B3AUMO/JICHCTBHUS, MO-
JKeT WMETh MeCTO yiKe B HCXOJHOM TaMHIJIbTOHUAHE,
HAIIpUMED, B CJIydae JIEKTPO/UIOIBHOTO B3aMMOJIel-
CTBU4 JIBYXYPOBHEBOII KBAHTOBOU CHUCTEMBI C IIUPOKO-
[TOJIOCHBIM 3JIEKTPOMATHUTHBIM OKpy2KeHueM. Vcxoji-
HBIl OTIepaTOpP B3AMMOIEHCTBIS MOXKHO 3aIIUCATDH B BU-
Jie

V(t) = VEV (1) + Ve BW (4),

e

VAW () — / dwg(w) expli(w — Qo1 )] Er)(Ba| +
+ /dwg*(w) exp[—i(w — Q21)t]|E2)(E1|, (31)

snecy VA~ EW () — sro caraembre, comeprxarmue sKc-
noHeHTh! exp|+i(w + 21)t], mapamerp g(w) onpemens-
€TCsl IJIOTHOCTBIO COCTOSIHUI 3IEKTPOMATHUTHOTO 110~
JIS 1 MATPUIHBIME 9JIEMEHTAMHI OLEePATOPA JTUITOIBHOIO
MOMEHTa JIBYXyPOBHEBOH dacTuil. IIpenonoxKeHo, 4ro
KBAHTOBbIE COCTOSIHUS JBYXYPOBHEBOI YACTHI[BI HMEIOT
IPOTUBOIIOJIOXKHYIO Y€THOCTb.

O6brano oneparop VW (t) maswaercs omepato-
POM B3aMMOJIEHCTBUS B HMPUOJIUKEHUN BPAITAIONIEHCS
BoutHEl, a omepatop VW (1) mmu ero cocrapnaronue
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HA3BIBAIOTC AHTUBPAIIAIOIIUMI. 1101X0/] K TEOPHH OT-
KPBITBIX KBAHTOBLIX CHCTE€M, B KOTOPOM BMECTO HC-
XOJTHOTO OTIEPATOPA B3AUMOJIEHCTBUSA OEPETCS OIIEPATOD
VEW (1), masmBator moxkaabHbIM HozxogoMm. OHaKo ¢
TOYKH 3PEHHs OBICTPO U MeJJICHHOMEHSIIOIIUXCS CJla-
raemeix [52-57,89], omeparop VEW (t) 6yner cocrosTs
U3 MEJJICHHOMEHSIOIIUXCS CJIAra€MBIX, TOJIHKO €CJIH J0-
HOJHATEBLHO IIPEIoJaraTh CHEKTPaJbHYI0 00JIacThb,
o KOoTopoii mpomcxoaut maTerpuposamme B VW (t),
JIOCTATOYHO Y3KOit, TaK IYTOOBI €€ XapaKTePHBII pa3Mep
YIOBJIETBOPSLI yCIOBHIO

|o.) — le| < Qo1 (32)
DTOT BaxKHBIN (HAKT JacTO 3a0bIBAETCS, U TOTIA MyO-
JIIKYIOTCs UCCIIEJIOBAHNS, B KOTOPBIX 00CYKaeTCsl Ha~
pYIIEHHE BTOPOrO 3aKOHA TEPMOJWHAMUKHU JIs OT-
KDBITBIX KBAHTOBBIX CUCTEM B JIOKAJIBHOM IOJIXO/IE 110
CPaBHEHUIO C IVIODAJIBHBIM IIOAXO0JIOM (CM., HAIIPHMED,
[91]). BameTnMm, YTO TEPMUH <«BPAIIAONIASICS BOJTHA
(«IpaBHJIBHO MEHSIIONIEECs BO BPEMEHH CJIAraeMoe C
exp[i(w—Q21)t] B MaTpmanom snemente VEW (1), saty-
meBadl pakT BayKHOCTU ydeTa YHOMSAHYTOH HMepapXuu
BPEMEH.

Takum 06pa30M, FOBOPsI O JIOKAJILHOM HOJIXOJIE, Ha~
JI0 TOBOPHUTDH HE TOJILKO O TaMuwibToHnane (31) B mpu-
GJIMKEHUH BPAINAIONIEicss BOJHBI, HO MMEThb B BHILY
yeaosue (32). Bue pamox ycsiosusi (32) ciiaraeMble ¢
exp[ti(w — Q91)t] JOKHBL OBITH OTHECEHBI K I'DYIIIeE
anTUBpamaronumxcs ciaaraembix Ve W (¢). Torma Jo-
KaJIbHBIA [OJIXO0J OYIET COrIaCOBBIBATHCH € TJIOOAJDL-
HBIM IIOAXOJ0M U OyJleT [pOIle HEro, IOCKOJbKY pea-
JIM3AIs HEIPEPBIBHOIO YHUTAPHOTO IIpeo0pa3oBaHust
(9), (12) 3auacTyio BecbMa IPOMO3JKast, & B YCJIOBUSIX
MapKOBCKOTO ITPUOJIMKEHNUS SBJISETCS W M3JINIIHEH, ec-
JI TOJIBKO II0JIy4YaeMble Pe3yJIbTaTbl He OKAaXKyTCsl J10-
CTATOYHO [IPOCTBIMH.

Ob6cyx mast nepapxuio XapaKTePHBIX BDEMEH OTKPbI-
TOW OITHUYIECKON CHCTEMBI, HE CJIe/IyeT 3a0bIBaTh (hak-
TBI, ycTaHOBJIEHHBIE emie B 50-x rogax [92,93]. Mapkos-
CKO€ TIPUOJIMZKEeHNE TIPUBO/IUT K SKCIIOHEHIINAJIbHOM JTi-
HAMUKE OTKPBITOI CHCTEMBI, KOTOpasi He MOXKeT ObITh
«BeYHOI». 3a MacmTaboM BpeMeH MHOI'O OOJIBIIUX T4
HACTYTIAET NAPCTBO PEJIKUX COOBITHUIA.

4. AJITEBPAUYECKASI TEOPUS
BO3MYVYIIIEHUN

DopmyaupoBKa 3HHEKTUBHOTO TAMUJIBTOHAAHA HA
OCHOBE TPEDOBAHUSI OTCYTCTBUS OBICTPO MEHSIONUXCS
BO BpeMeHHn ciaraeMbix u dopmyn (22)—(25) orimua-
€T TaKoe TIOCTPOEHNE OT JPYTHUX, OCHOBAHHBIX HA, YHU-
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TapHoM npeoOpasoBanuu. [Ipu nepexoje K mpemcras-
JieHU 0 3 (HEKTUBHOrO TaMUIBTOHUAHA, U3 TPEICTABIIE-
nust IIpeauHrepa HeguaroHaJbHBIE MATPUIHBIE Je-
mentsr H (™) OyIyT coepKaTh OBICTPO MEHSIIOIINECs
BO BPEMEHH MHOKHUTEM, THHa expli(w — Qa1)t], mc-
KJIIOYAIOIIIECs PH IePexXoJie K IPEeJICTaBICHUIO B3a-
nMmogeiicTBus. [loaToMy MX yCIOBHO HA3BIBAIOT «IIpa-
BUJIbHO MEHSIFOIITUMUCS BO BPEMEHU». Y Ka3aHHBIE ITPE/I-
craBJieHns 3(pPHEKTUBHOTO FAMIIBTOHNAHA IKBUBAJICH-
Tl Jpyr apyry. OTHOIIEHNE SKBUBAJEHTHOCTH YCTa-
HaBJINBAET YHUTAPHOE [IPe00pa30BaHue

V(t) = entlot fre=iHot/h, (33)

[To KOHTEKCTY U 1O BUJY BPEMEHHBIX SKCIIOHEHT
BCerJa siCHO, O KaKOM TpejcTaBjeHnn 3(HdeKTUBHOIO
raMUJIBTOHUAHA UJIET PeYb B KAXK/IOM KOHKPETHOM CJIy-
qae. rorma, 9T1obbl OMYEPKHYTh, O €M HJET Pedb,
GyaeM roBoputh 0 (22) kak 00 3bdEKTUBHOM raMuIb-
TOHUAHE B MPEJICTABJICHUN B3aNMOICHCTBUS.

Hapsiny ¢ HenmpepbIBHBIM YHUTAPHBIM ITPeodpa3oBa-
uueMm (9), (12) u fuaroHaJLHBIM IIPEICTABICHUEM , KAXK-
JBIA U3 JPYTUX YIOMSIHYTBIX [PEICTABICHUI KBAHTO-
BOIl Teopuu, MOJy9IaeMbIX YHUTAPHBIME TPeobpasoBa-
nugmMu — upeacrasienus leizenbepra u Jlupaka, u
3 DEKTUBHOIO TaMUJIBTOHUAHOB — SBJISETCH <«HEIO-
JIBI2KHBIM» U 3aMKHYTBIM B CJIeJIyIomeM cMbicite. [Ipe-
00pa30BaHHbBIN TAMUJIHLTOHUAH H , OTBEYaIoNUii COOT-
BETCTBYIOIIEMY IPEJCTABJICHUIO, SIBJISIETCS HEIOBUXK-
HOIl TOYKOI cooTBercTBYIOMEro npeobpasoBanus (5),
T. €. PEIIeHNeM YPaBHEHUSI

T(H(n)).

H=T(H), Hn+1)=

Jlpyrumu cioBamu, H MOXKHO paccMaTphBaTh Kak
pe3ynbTaT OECKOHETHOMH MEMOYKNA YHUTAPHBIX Tpeodpa-
sopanmit H = limy, oo H (n). Oanako aBTOpY HE H3-
BECTEH COJIePXKATE/IbHBIN aHAIN3 TAKUX HEIIOIBUXKHBIX
TOYEK, XOTs JIO CHX IIOP Pa3jInYHble YCJIOBHUS CAMO-
COTIJIACOBAHUS U KOHTPOJISI IIPU IIOCTPOEHUH TOrO UJIA
MHOIO TAMWJIBTOHUAHA SABJIAIOTCS OOBEKTAMU HU3YUe-
HUsI, CM., HanpuMep, [94].

ToBopst 0 B3aMMOIEHCTBHUSIX, BAXKHO OTMETUTD, YTO
4acTO B3auMOLeiicTBHE MEXKLy 3JIeMEHTaMU OTKPBLITON
CHUCTEMBI SIBJISIETCSI CJIEJCTBHEM B3aUMOIEHCTBUS MEXK-
JIy CUCTEeMOM 1 OKpy2KeHrneM. [IpumMepoM 311eCh CIIyKUT
JIATIOJIb-IUIIOJIBHOE B3aMMOJEHCTBIE MEXKJy aTOMaMU
ATOMHOI'O aHcaMmOJis, pacCMaTPUBAEMOr0 KaK OTKPbI-
Tasl CUCTEMa B 3JIEKTPOMAIHUTHOM IIHPOKOIIOJIOCHOM
okpyxkernn [95]. TlosTomy ofHa 3 nzeil ryobaabHO-
ro IOJXOJ@a K OTKDPBITHIM cucTeMaM [96, 97] — Heob-
XOJIUMOCTD JIMArOHAIU3alliid aMUJIbTOHMAHA OTKPbI-
TOI CHCTEMBI IepeJ ee JAJbHEHIITNM U3y9eHUeM, BO-
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001I1e TOBOPSI, B OTKPBITHIX ONTHIECKUX KBAHTOBBIX CH-
creMax He akTyasbHa. IIpum sTom mHeHme 00 «ymiepo-
HOCTH» JIOKQJIBHOTO IOAXOJa HAXOJUT OIOPY B OIIH-
GOYHBIX BBIBOJIAX, IIOJOOHBIX IIPEJCTABIEHHBIM B Da-
6ore [91], Te BMeCTO UCHIOIB30BaHUSL ANrebpPaMIECKOl
TEOPUH BO3MYIIEHUI U aHAIN3a XaPaKTEPHBIX BPEMEH
3a/1a4H, NPUOIIZKEHNEe BPAIAIOIIEHCS BOIHBI UCIIOIb-
30BaHO 32 PAMKAMHU €ro MPUMEHNMOCTH. 1eM He Me-
Hee, ajrebOpautveckasi TEOPHUsI BOZMYIIEHHUI B JIOKAJIb-
HOM TIOJIXOJIE JOCTATOYHO T'MOKA, ITOOBI yIECTh U BO3-
MOXKHO€ Ha4JaJIbHOE B3aMMOJIEHCTBIE MEK /Ty dJIEMEHTAa-
MU OTKPBITOH CHCTEMBI.

4.1. MeajeHHO- U OBICTPOMEHSIOMINECS
cJjiaraeMbie

Paccyvorpum BapuanT anrebpanteckoit TEOpUU BO3-
mymienuii (22)—(25), Korma moMUMO B3auMOeHcTBUSA
OTKDBITOH CHCTEMBI ¢ OKpyzKeHneM Vs_p(t), B camoii
OTKPBITOI CuUCTeMe CYIIEeCTBYeT B3aUMOJICHCTBIE MEZK-
ny ee anementamu Vg(t), Tak 9T0 UCXOIHBIA OIEpaTOpP
B3aMMOJICHCTBAST B TIPEJICTABJICHAN B3aUMOICHCTBUS
uMeeT BUJL

V(t) =Vs_p(t) + Vs(). (34)

Bumecro (22), paziiokenue reaepaTopoB Ipeobpaso-
BaHus BO BpeMenn V (t) i yHHTAPHOIO MPE0BPA30BAHIIST
S(t) ocymecTBisieTcs B psiJi 110 JBYM KOHCTAHTAM B3ay-
MOAeNCcTBUI:

St) = ST () + SOV + SEO@) + ...,
V() =VE0 @) + VO @) 4 vED () 4
+VEI @) VOB +

(35)

JIeBBIiT MHIEKC KaKJIOW Mapbl BEPXHUX WHJIEKCOB
OIIMCBHIBACT IIOPAJOK CJIAraeMOI'0 II0 KOHCTAHTE CBA3U
MEXKJIy OTKPBITOIl CHUCTEeMOII W OKpY2KEeHHeM, a Ipa-
BBII MHIEKC — IOPAJOK II0 KOHCTAHTE MEXKIY dJICMeH-
TaMH OTKPBITOU CUCTEeMBbl. PealbHO MOpsIOK B3anMO-
JeficTBUS ¢ TIOJIAMU TPYOO ONpeiesIsieTCsl OTHOIIEHEM
SHEPrur B3aUMOJEHCTBUA MEXKJy MNOJIAMU K SHEePrun
KBaHTa OCLHULIATOPA, & IIapaMeTPOB B3aUMOICHCTBUA
MOKET OBITH HECKOJIBKO B CHJIY BO3MOXKHOCTHU YIaCTHSI
HECKOJILKUX II0JIeH /WU Pa3/IMIHbIX JIEMEHTOB CH-
CTEMBI.

C yuaerom dopmyssr Kemmbesia— Beiikepa — Xayc-
Jopda HETPYIHO MOy IUTh
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L dSH0 (¢
[ﬂmKU:zh—jﬁil+V§F@%
77(0,1) . ds(o’l)(t) 77 (1,1)
HY™ (t) = ’LHT + VS(t)H ’ (t) =
L dSD@y g
= ZFLT() ~3 {3(1’0) (t), Vs(t)} -
_ % :S<1,o> (t)7g<o,1>(t)} _ (36)
S[sOP @ Ver®)] -5 [V @, B0 @),
dSE0(t) i
H(Q’O) =ih i ( ) — 5 [S(l’o)(t), VS_F(t):| —
ir -
—Eﬁ@me“Wﬂ,”

TpeboBanme TPUCYTCTBUS TOJBKO MEJJIEHHO MEHSIIO-
IIIIXCST BO BpEMEHH CJIAraeMbIX OJTHO3HATHO OIIPE/IeIIseT
(B IPEIIIOIOKEHN A rnabaTUIeCKOr0 BKIIIOUEHUsI 110
steit) Bemmranmsr S(+7) i HaksaIpIBAET OrpaHEUCHIE HA
CHEKTDP MOJT IIMPOKOIIOJIOCHBIX IOJIEH, YIUTHIBAEMBIX
B 3ddexkTuBHOM ramMmmiibTonnane. Hanpumep, ¢ ToUHO-
CTBIO JI0 BTOPOI'O TIOPSIKA 110 KOHCTAHTAM CBS3U UMEEM

VEIR () = v (1) + VO @) + VD (1) +
+ VEO(#) 4+ VO (1)

Torzna sesmaunsr S (t) Béupalor B cebs Bee GbICTPO-
MEHSIONIHECs BO BpeMeHn Beananns, 1o cytu S (),
TaK UTO MOYKHO YIPOCTHUTB BbIpazkeHust (35), mpejcra-
BUB UX B BUJE

‘7(1,0) (t) — Vé—F(t)7 ‘7(071) (t) == Vé(t)a
VD () = % [S“’O) (1), Vsll(t)}/ -
_ % {3(0,1)@), VS”_F(t)}I, (37)
720 (t) = _% [5(1,0) (1), Vé/_F(t):|/7
7(0.2) (t) = %[S(O,l)(t)7 Vb/j(lg)}/7

OpHuM MITPEXOM O0O3HAYEHO BBIPAYKEHUE, ITPEICTAB-
JIEHHOE B BUJIE CyMMBI CJIAaraeMbIX, U3 KOTOPO UCKJIIO-
YEeHBbI BCE CjlaraeMble, COojepKane ObICTPOMEHSIONII-
eca pyHKIMM BpeMeHH. JIByMs IITpUXaMu OTMEYEHO
BBIPaKEHUe, MOCJIe OTOPACHIBAHUS U3 €r0 COCTABJISIO-
IUX BCEX ME/IJIEHHOMEHSIIOIIUXCS CIAraeMbIX.

Cunaraempie V10 (1) u VO (1) B coryuae ommodo-
TOHHBIX pe3oHaHCcoOB [54,89] orBevyaroT NPUGIUKEHUIO
BPAIAIONIENCS BOJIHBL, T.e€. 3(Pp(EKTUBHBIN TaMUIIBTO-
HUAH, OTPAHUYEHHBI STUMU CJIATAEeMBIMH,

VEII (@) = VA0 @) + VO = VEV (1), (38)
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U €CTb UCIIOJIb3yeMblii B MHOTOYUCIEHHBIX MTO/IX0IaX K
TEOPUM OTKPBITHIX CHCTEM.

OpnHako, eciim B KadecTBe 3(PEKTUBHONO TaMUJIb-
TOHUAHA BBIOPATH, HAIIPUMED, TAKO

VEI @) = VO (1) + VO () 4 VD (1),

TO OH Oy/IeT ONMCHIBATH HOBBIN KAHAJ B3AUMOIEHCTBUSI
U PEeJaKCalu OTKPBITON cucTeMbl. [Ipumepsr GyyT
PACCMOTPEHBI JIAJIee.

AnayioruaapiM 06pa3oM MOXKHO CTPOUTH PA3JIOZKe-
HUS HE TOJIBKO [0 OJHOMY UJIH JIBYM MIAPAMETPaM, HO U
110 60JIbIEMY YUC/IY KOHCTAHT CBA3H C BHEIIHUMHU I10-
JigMu, oM., Harnpumep, [98]. Jpyroii npumep paccmMor-
pUM HUXKE.

CoBpeMeHHbIE KCIIEPUMEHTAJNbHbBIE CPEJICTBA O3~
BOJISIIOT PEAJIM30BbIBATH CUTYAIIUH, KOTJa B3aUMOJICH-
CTBHE C OITUYECKOU CHUCTEMOI IIPOTEKaeT 38 BpeMeHa
[IOPsA/IKA 00PATHON YaCTOTHI Qj_n{b KBaHTOBOH CUCTEMBI.
B Takom macmTabe BpeMeH HET CMBIC/IA TOBOPUTD O Be-
JIMYUHAX, OBICTPO UJIM MEJJIEHHO MEHSIIONIUXCS BO BPe-
MEHH 10 CPABHEHUIO C SKCIIOHEHTAMUI exp(:l:in_n{Lt). Dro
IMEET MECTO B CJIydasX B3aUMOIEHCTBUS TaK HA3LIBA-
€MBIX TIPEJIETBLHO KOPOTKAX UMITYJIHCOB ¢ KBAHTOBBIME
cucremamu [99-102]. TlocTaHoBKa ONTHYIECKOH 3a7a1H
3/1eCh MOXKeT ObITh pazymasoii [101,103] B 3aBucuMO-
CTH OT BEJIMYUHBI HHTEHCUBHOCTH 3JIEKTPOMATHUTHOTO
IOJIsI TIPEJIEJIBHO KOPOTKOTO UMILYJIbCa. Psisi BOIpOCoB
TaKyKe MOXKeT OBbITh PEIIEeH C IMPUBJIEIEHUEM, KAK MU-
HUMYM, YHUTAPHOI'O IIPEOOPA30BAHUS AHAJOITIHO JPY-
UM OTMEYEHHBIM CJIyqasiM.

4.2. 9dDeKTUBHLIN raMUJIBTOHUAH

TunuaaOl MOIE/IBIO, OMUCHIBAIOIIEH B3anMOIeii-
CTBHE BHYTPHU OTKDBITOM CHCTEMBI HApALy C B3aUMO-
JeliCTBHEM C OKPYZKEHHEM, sIBJIdeTCd MOJeJIb KBAaHTO-
BOM 4acCTUIIbI, IIOMEIICHHON BHYTPb MUKPOPE30HATOPA.
YacrHble cIydan 9TOM MOJIEIN JAIE BCET'O UCCIIETYIOT-
cd KaK 3KCIIEPUMEHTAJbHO, TAK U TeOPETUIECKU.

B ycnoBusax pe3oHaHCHOTO B3aNMOJIEHCTBUST AaTOMOB
1 MUKPOPE30HATOPHON MOABI U B OTCYTCTBHE IIUPOKO-
TOJIOCHBIX II0JIe — TOJIBKO JIByXYPOBHEBBII aTOM BHYT-
PH OJHOMO/IOBOI'O MUKPOPE30HATOPA — 3Ta MOJEJIb U3-
BecTHa Kak Mozesb Jkeiinca—Kammunrca [104]. An-
caM0Jib aTOMOB BHYTPH MUKPOPE30HATOPA OIMCHIBAET-
cst Mogiesibio Tasuca — Kammunrca [105]. B atux moe-
JISIX 33/1efiICTBOBAHBI OCHOBHBIE OObEKTHI KBAHTOBOM OII-
THKHJ — KBAHTOBBIT 1 aTOMHBII ocimyisTops! [106]. Ec-
JIN Yy9eCTb Pa3JHIHbIE CJIydad PEe30HAHCA — OJHOMO-
TOHHBIN, ABYX(OTOHHBIN, KOMOMHAIIMOHHBIN, & TaKXKe
NOTEPHU Ha 3epKaJjax U B3aNMOJAECUCTBUA aTOMOB C Hepe-
30HATOPHBIM BaKYYMHBIM 3JIEKTPOMArHUTHBIM IIOJIEM,
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TO HMCCJIEJIOBAHUST 371€Ch TPEJICTABIISIIOT 3HAYUTENbHYTO
4acTh paboT 10 KBAHTOBOI onTuKe (yKazKeM MOHOTDa-
dun [1-11]). OrMernm Jumb HeTpUBHAIBEHOE 00001Ie-
HUE MOJIEJIU Ha cJlydail g-ocuussaropos [107,108], mosmu-
HOMHUAJBHBIX ajrebp [14-16,109] u HenaBHEE PAGOTHI
o kBaHTOBOI Tepmogunamuke [111]. Huxe mbr pac-
cMoTpuM 60JIe€ TPOCTYIO MOJIENTb B OTHOIIEHUH B3au-
MOJICHACTBHS ATOMOB U MUKPOPE30HATOPHON MOJBI, HO
y9TE€M TEPMOCTATHBIC IIOJIsA, B3AUMOJEHCTBYIOMUE OT-
JIETTHHO C MOJION M OTJIEIBHO ¢ aTOMaMM. 'Takasi cucre-
Ma OIIUCBIBaETCA TpeMd KOHCTaHTaMHN CBA3U, XapaKTe-
PU3YIOIIUMU KarKJbIil U3 IIepedlrCcIeHHbIX BUJIOB B3au-
MoaeicTBuUil.

B 3amagax B3auMomeiicTBUS KBAHTOBOTO UJIH ATOM-
HOIO OCIMJLISTOPa € KBAHTOBAHHBIM [IHPOKOIIOJIOC-
HBIM 3JIEKTPOMATHUTHBIM TOJIEM OOBIYHO HCIOJIb3YeT-
CST SJIEKTPOJIANIONLHOE TPUOJINKEHHE, 8 OIEpaTop Ha-
MPSI?KEHHOCTH 9JIEKTPUIECKOTO TI0JIs B TIPEICTABICHIN
B3aUMOJICHCTBH GEPETCs B BUJIE

E(t) = > Tugbgareqare “a'e’d + He.
q,A

(39)
3/ecb q — BOJIHOBOII BEKTOD, Wq — YACTOTA, CBA3AH-
Hasl ¢ BOJIHOBBIM BEKTOPOM JIMCIIEPCUOHHBIM COOTHOIIIE-
HHEM, HAIPUMEP Wq = |q|c, €q,x — €AUHUIHBIN BEKTOD
MOJIIPU3AIE BOJIHBI, ONPEJEISIEMbI MapaMeTpoM A,
bg,» — omepaTop yHHUTOXKEHH:A (POTOHA C OOBITHBIMI

KOMMYTAIIMOHHBIMU COOTHOIITEHUSIMU {bqﬁ X bL, /\/} =
;

= 0q,q'0x,\', I'w, — Teomerpuyeckunii hakTop, onpese-

JIIEMBIl cpejioi, HAIPUMED, B OOBITHOM ITPOCTPAHCTBE

6e3 ydueTa TOJISIpU3AITH (DOTOHOB

Loy = \/2mwq/V,
V — oObeMm KBaHTOBaHUdA. B jjasibHeiineM mosiaraem

V=1

Cpenu pa3IMIHBIX CIy9aeB PACIIOJIOKEHUST ATOMOB,
B3aUMO/IEHICTBYIONINX C MIMPOKOIOJOCHBIM II0JIEM, BBI-
JeJisieTcsl cJaydail JJOKaJM30BaHHOI'O aTOMHOIO aHCaM-
6. Torma aToMmbl pacmoJiaraioTcss B 00JaCTH ¢ pas-
MepaMt, MEHBIIUMU JJIMHBI BOJIHBI U3JIyYEHUsI, C KO-
TOPBIM OHHU B3aUMOJIEHCTBYIOT. B 3TOM ciiydae MOXKHO
npeHebpedb MPOCTPAHCTBEHHLIMI 3aBUCHMOCTSIMI OITe-
paTopa B3auMOJAEHCTBUS U, JJOCTUTHYB YIIPOIIECHUS MO-
JIeJTh, TIOCTPOUTD 3 (PEeKTUBHBIN raMUILTOHUAH OTKPbI-
TOIf CHUCTEMBI, BKJIIOYAIOIIEN JIOKAJM30BaHHBIE aHCAM-
6JI1 ATOMOB, C yYETOM KBaJIPATHUIHBIX 110 KOHCTAHTAM
CBsI3U caraeMbixX. [lepeiiTu K omepaTopam poKIeHUs U
YHUUTOXKEHUSI, 3aBUCSIINM TOJIHKO OT OJITHOMEPHOTO T1a-
paMeTpa, HalpuMep, 4aCTOTHI, YIaeTCd IIPU UCTIOJIb30-
BaHUM MOJIEJIM TPEXMEPHOTO MOJIsA, B KOTOPOit oniepaTo-
PBI POXKIIEHUS U YHUUITOYKEHNUS yCPETHEHBI IO Pa3JIMI-
HBIM OPUEHTAIASIM BOJTHOBOT'O BEKTOPA q [1 10]. Hpyroit
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BApUAHT JIa€T OJTHOMEPHAS MOJE/Ibh KBAHTOBAHHOTO TI0-
Jisl.

IIycts ancamOib HEPE30HAHCHDLIX, HEBO30YXKJIE€H-
HBIX, HEIIOJBUKHBIX OJMHAKOBBIX ATOMOB B KOJTMYECTBE
N, MTyK JOKaIN30BaH BHYTPU OTHOMOJOBOTO MUKPO-
pe3oHATOpa C MOTEPsIMU Ha, 3epKaJiaX. ATOMBI HEpe30-
HAHCHO B3aUMOJEUCTBYIOT HE TOJBKO C MOJOH MUKPO-
pe30oHaToOpa, HO U C BaKyYMHBIM 3JIEKTPOMATHUTHBIM
[I0JIEM, €CJIU IIPE/IIOIAraTh B HEM HYJIEBYIO IJIOTHOCTD
doronoB. Mcxomublit raMu/IbTOHNAH OTKPBITOI crCTe-
MBI TaKOIi:

Hg=Hs+ He + Vs,

Ha=Y Ej|E;)(E;]",

2%

He = hQCclcc,

Vs = ge(cl +cc) Y duj|E) @ (B
ikj
1 B IIpeJCTaBJICHHUN B3aI/IMOﬂeI./JICTBI/IH XapaKTepI/ByeT—

Cd TOJIBKO OIIepaTOPOM B3aUMOJICUCTBUS ¢ KOHCTAHTON
CBA3U (!

Vs(t) = ge (cle™" + coe™™ ") x

XY dige et B O (B D). (40)
i,kj

OTKpbITasi cucreMa B3anMOJIEHICTBYeT C JIByMsI Ba-
KYYMHBIMHI 3JICKTPOMAIrHATHBIMU IIOJIAMI OKPY>KCHUA:
OJTHO W3 HHUX CBA3aHO C aTOMaMH, APYyroe Ha 3epKaJie
CBsI3aHO ¢ (DOTOHHOI MOJI0i MUKpOpe3oHaTopa. Ouepa-
TOP B3aUMOAEUCTBUSA OTKPBITON CUCTEMBI C OKPY KECHU-
€M eCTb CyMMa OIIepaTOPOB, OIUCHIBAIOININX YKa3aHHbIC
B3aUMOJIEHCTBULA:

Vs—p(t) = Va(t) + Ve (1),
Va(t) = /dwl"A(w) (al,e™" + aye™™") x

« Z dkjeiﬂkjt|Ek>(i) (Ej|(i),
i,kj

(Cieiﬂct_'_cce—lﬂct) X

X /dw To(w) (ble™! + bye™") .

Ve (t)

CunraeM, 9TO aTOMHBIE YPOBHU XapaKTEPU3YIOT-
Cs1 OTIPeJIeJIEHHON JeTHOCTBIO, Tak uto (Fj|d|E)) = 0.
Bepxuunit nnjekc y BEKTOPOB COCTOSHUI OTMEYAET IIPO-
CTPAHCTBO COCTO{HHUI ¢-TO aTOMa, & CYMMHPOBAHHE 10
i BRITIOJTHAETCA 10 BeceM N, aToMaM 00Cy»K1aeMOTo aH-
cambuisi. OniepaTopbl YHUUTOXKEHUS W POXKIEHUST (POTO-
HOB MHKPOPE30HATOPHOI MOJIBI ¢ IaCTOTOIt (. mafoTcst
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BeJIMMUHAMHE ¢ U ¢ [ce,cl] = 1. Oneparopsl yauuro-
JKEHUS U POXKJIeHHA (DOTOHOB BHEIITHETO ITHPOKOIIOJIOC-
HOTO HOJISI ¢ YaCTOTOH (BOJIHOBBIM BEKTOPOM) W JIAIOTCH
BEJTUYIUHAME dy,, b, 1 a) , bl :

[aw, al,] =(w—w), [bw, bl,} = 0w —uw'),

[IpUYeM BCe KOMMYTATOPHI MEXKIY OIEPATOPAMU POXK-
JIeHUsl U YHUYTOXKEHUs, OTHOCAIUMUCS K PAa3HBIM II0-
JIsIM, paBHBI HYJ0. VcXonHBII raMuJIbTOHMAH OKDPY-
JKEHNS TPeJCTaBJIAETCA omepaTropamu tuna Hp. -
dexTaMy OT/Ia9U U MOJIAPUIAIMOHHBIMUA OCOOEHHOCTSI-
MU TIpeHeOPEKEHO.

[IpencraBiennass MoOm€e/b OXBATHIBAET XapaKTep-
HBIl U BecbMa OOIMiI TPUMEpP OTKPBITON CHCTEMBI, y
KOTOPOU HECKOJIBKO B3aMMOJECHCTBYIOIMUX MEXKJIY CO-
6ol moscucTEeM, KaXKiasi U3 KOTOPBIX TaKXKe B3au-
MOJIECTBYET C IMMPOKOIIOJIOCHBIM OKpy2KeHueM. [Ipu-
9eM MOJCUCTEMBI MOI'YT OBITH PA3HBIMHU, HAIPUMED,
KBAHTOBBIH U aTOMHBIH octmsuisToper [112-114], a mo-
ryT OBITh OMMHAKOBBIMU, HAIIPUMED, MUKPOPE30HATOPHI
[115-117]. IToxcncreMbl TaKKe MOXKHO PACCMATPUBATD
KaK HOBBIIT OOBEKT — Hampumep, aTOMHO-(DOTOHHBII
kiacrep [14, 118]. Tepmocrarbl MOMKHO paccMaTpu-
BaTh KaK B3aMMHO-KOppesmpoBanuble [119] nin obmue
[87,88,110,114,120-127].

O6cyuMm citydait, KOTOPBI panee He 00CYKIAJICH,
HO KOTOpBI 06obiaer uccienosannyio B [114] cury-
AlMIO Ha CJIyd4ail MOTEPh B MUKDPOPE30HATODE HA 3€ep-
Kayiax. BHyTpuUpe30HaTOpHBIE ATOMBI ABJISIOTCS HEBO3-
Oy2KJIEHHBIMU, UX B3AMMOJEHCTBIE ¢ MUKPOPE30OHATOP-
HOI MOJOU dABJIAETCA HEPE30HAHCHBIM, & TEPMOCTAThI
HE3ABUCHUMBI JIPYT OT Jpyra U XapaKTEePU3YIOTCA HY-
JeBoit Temneparypoit. O TepmocTaTe, B3aHMOICHCTBY-
IOIEM C ATOMaMHU, FOBOPUM KaK O TEPMOCTATE, & O
TepMOCTaTEe JJI ATOMOB, B3aUMOJIEHCTBYIOIIEM C MO-
JI0fl MUKPOPE30HATOPA Ha €ro 3epKaJjie, FTOBOPUM KakK O
TepMocTaTe Jjisi MUKPOpPe30HaTopa. | aMuIbTOHUAH CHU-
crembl (40), (41) npeobpasyerca corsiacuo hopMysiam
(13) u (14), omHAKO PA3JIOXKEHUE B PsiJ TaMUIBTOHHUA-
HA U TeHepaTopa Ipeobpa3oBaHuUs 1AeTCsl BbIPAYKEHUsI-
MM, YIATHIBAIOIIUMI HAJUYINE TPEX PA3IUIHBIX B3aU-
MOJICHICTBUI B OTKPBITOI CUCTEME U €€ OKPY2KEHUI:

(t) = SH00 (1) 4 SO0 () 4 §O0D (1) 4
+8@00 @) 4.

V(t) = V()00 1 v (1) 010 4 (1) 001 1

+ V()00 4

JIeBbIlT WMHJEKC KaKJIOW TPOMKU BEPXHUX WHJEKCOB
OIIMCBHIBACT HOPAJIOK CJIAIaeMOI'0 II0 KOHCTAHTE CBd-
31 MeXKJy aTOMHBIM U KBAHTOBBLIM OCLULJIATOPAMH, &
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oCTaBINAasCs Mapa UHIEKCOB — IMOPSJIOK MO KOHCTAH-
Te CBSA3U MOJICUCTEM C OKPYKEHHEM — CHavaja aToOM-
HOTO OCITIJIIISITOPA, 3aTeM (CaMBIil IPaBbIil MHIEKC) —
KBAHTOBOTO ocnmastopa. @opmynst (37) mo3BOIAIOT
HOJIyIUTh cjaraeMble 3(pdEKTUBHOIO IaMHIbTOHNAHA
BIUIOTH JI0 BTOPOTO TOPSJIKA MO KOHCTAHTAM B3aH-
MOJIeficTBUs BKJIIOUNTEbHO. PaccmorpuMm ciraraemble,
onpeessomue 3p@OEKTUBHLIIN raMIJILTOHNAH U DeHe-
paTop Ipeodpa30BaHusl, B PA3IMIHBIX HUBIINAX ITOPS/I-
Kax.

Ilepswiti nopsdox. B niepBoM mopsijike 110 KOHCTaH-
TaM CBS3H ATOMOB C KBAHTOBBIM OCIHJUIATOPOM H C
ATOMHBIM TEPMOCTATOM cJjaraembie 3OdEKTUBHOrO ra-
MUIJILTOHUAHA PABHBI HYJIIO, IIOCKOJIBKY (B CHILy Hepe-
30HAHCHOCTHU B3aMMOZEHCTBYS U OTCYTCTBUU (DOTOHOB)
Bee caaraemble B popmynax (40) u (41) GeicTpo ocrmi-
supytor. IIpu 3T70M B TepMocTaTe Ipu HYJIEBOH TeMIre-
paType HeT (POTOHOB, TaK UTO HET U IPUYUNH JJIs KBaH-
TOBBIX IIEPEXO/IOB B aTOME:

E[(I,0,0)(t) _ E[(O,I,O) (t) =0,
SO0 (1) = ih™" " diy | Bi) (5] x
i,kj
. r e (Qe )t e e~ HQe—Q%;)t
P\ agas T Tag -0 )
SOL0) (1) = jp~ /der )>  dijl Ex)
i,kj
) i(w+£2kj)t e—i(w—ﬂkj)t
< (Bl <w9ka+w R >

B mepBom mopsigke mo KOHCTaHTE CBA3U (DOTOHOB
MHUKPOPE30HATOPA U TepMOCTaTa (POTOHBI MUKPOPE30-
HATOPHOM MOJBI Ha 3€pKaJie PE30HAHCHO B3aUMOEH-
CTBYIOT C BaKyyMHBIM IIOJI€M, YTO OIINCBHIBACTCH BbIpa-
JKEHUSIMU, OIPEJIEJISIIONUMU 3/1eCh TPUOJIMKEHNE BPa-
IAIOIECs BOJIHbBL

A0 (p) = / dw To(w) x
we (@)
X (ccble (Qe—w)t 4 clbwei(ﬂf_w)t) ,
b e—i(w-{—Qc)t (42)
SO0 ) = dwTo(w) = —
®) wlolw) =Zpo oy *
W&(_UC)
,,,wae—i(w—ﬂc)t
WQ(GC)

15 2KO9T®, o 5 (11)
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B1ech IPEIIIoIoKeHO, 9T0, a4, = al,,w > 0,b_,, = bl |
w > 0. Torma oneparops! (41) MOXKHO IepenucaTb Kak

Va(t) =Y diye' [ Ey) ) (B |
i,kj
/ dwT g(w)age ™t
Vo(t) = (cletet 4 c et / dwl o (w)by,e ™.
a oneparop S(O10) (t) xak
SOLO(#) = ih™" Y~ dij | Ex) D (E;| W x
i,kj
x d F e—i(w—ij)t
/ wT g (w)ay, 7(2]“ —

BazkubiM oTimanemM OT TpUOINKEHUST BPAIIAIONeii-
csl BOJIHBI $IBJISIETCSI sIBHOE YKa3aHue ODJIACTH WHTe-
rpuposanus — B H(O01 () s10 0obnacrs wacror TEp-
MocTaTa Il MUKPOPE30HATOpa (W.) ¢ HEHTPAJIBLHOM
qaCTOTON W, W IMUPUHON MOPsiIKa OOPATHON BEJINIU-
HBI CKOPOCTH 3aTyXaHHsT MUKPOPE30HATOPHOM MOJIBI 32
CYEeT MOTEPh Ha 3epKaJie. DTy BEJUUUHY OIPEJICIIIM
B pesyJsbrare JAJbHEHINX BBIYUCIEHUNR. AHAJIOIMYHO
olpe/ieJisieTcs U mupuHa obsactu (—w.) BOIU3M IEeHT-
pasbHoit qacTorsl —w,. B Bemramme SO0 (1) B ey
OTCYTCTBHUsI KAKOr0-TUOO PE30HAHCA BO B3aMMOJIEHCT-
BUU HEBO30YKJIEHHOTO ATOMA C TEPMOCTATOM 00JIACTHIO
WHTEIPUPOBAHUSI SIBJISIETCS BCST BEIIECTBEHHAS IIPSIMast.

Bmopoti nopsadok. Ilo dbopmymnam (37), 06obien-
HBIM Ha pacCMaTpUBaeMbIil ciaydall, HaXOOUM cJlara-
eMble 3P PEKTUBHOTO TAMUJILTOHHAHA BO BTOPOM IIO-
psiJiKe O KOHCTaHTaM B3ammojeilicTeus. Oneparopb
H@00) (), HO20)(#) u H©:92)(t) umeror ciaraemsre,
OTIMCHIBAIONINE TPU PA3JINIHBIX IPOIECCA.

[TepBblit 13 HUX — CABUT SHEPIUU KBAHTOBOTO YPOB-
Hsl, KOTOPBIl IO AHAJIOTUU CO CJBUTOM ATOMHBIX YPOB-
Heil B BAKYYMHOM 3JIEKTPOMATHUTHOM IIOJIE TIPUHSITO
HA3BIBATH JOMOOBCKUM caBUroM [128]. D1u craraembie
o6osnauum coorsercrsenno H5emb, Hhamb - pLamb,

1’\2
WQ(_DC)
(w)dg;d ; ;
HEkemb — _p-1 / Z kJ Jk| Ep) D (B @,
i,kj
2drjdjk
Lamb _ -1 c J J (1 (@ )
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Tepmocrat
ISl MEKPOPE30HATODA

Tepmocrar
JIJIsT ATOMOB

Puc. 2. YcnosHoe nsobpakeHue pa3bueHusi cnekTpa noneii
OKPY>XEHWS1 OTKPLITO CUCTEMbI

Bropoit k1acc mporeccoB — IPOIECCHI MITAPKOBCKO-
ro B3aMMOJEHCTBUA MKy IIOJICHCTEMaMU U BHEIIHU-

Mu mosisivu H Stark
Stark.
HRRr

(") u MEXK/1y CAMUMU IOJICUCTEMaMU

HStark(c) _

_ / / dw dw'T ¢ (W)L e (w') X

43
we(We) we(we) ( )
X + L b bei@=e )t
2h(w+ Q) 2R + ) ) |
HStark(a) — _ / / dw dw FA( )
we(we) w'e(We)
% FA(WI)aLaw’el(w_w )t
(14)

XZ

Stark __
HCA -

w) + g (w Z'Ek |
Czﬂk Z|Ek> E;|Y

IIpouecchl BTOPOro HOPSAIKa B ONTHKE C y9aCTHEM aTo-
MOB XapaKTepu3yTcst napamerpamu [53, 54, 89|:

> )

J
Buipazkenns aus H51 k() g # @, ¢ TOJTy9aroT-

1
Qpj +w

1
ij — W

|dg; |
h

Hk (w) =

cst w3 HSR@) g HStark(©) anvenoit obmacreil mH-
rerpupoBanus Ha (W,). B majabheiiniem yBumuMm, 9TO
B JIMHAMUKY OTKPBLITOM CHCTeMBI BKJIaJ H Stark(r) ppp
r % a, c Oy/eT HyJIEBBIM.

O6u1acTh MOJIOXKUTETBHBIX YACTOT CIIEKTPA IITPOKO-
IIOJIOCHBIX T10JIell pa3buTa Ha HellepeceKaroIecs: ooa-
¢ty (W,) ¢ IEHTPAIbHBIMY YACTOTAMH W, U MIUPUHAMHA,
[TO3BOJIAIONIAMH COOTBETCTBYIOIIUE OIEPATOPHI IITaAP-
KOBCKOT'O B3aWMOJEHCTBUsT CINTATH MEIJICHHOMEHSIIO-
mumncst GyHKIwsiMu Bpemern (puc. 2). O6nacrs (W, )
IIpU 7 = ¢ BBIJIeJIEHA CPeJI HUX XapaKTePHOH 4YacTo-
TOM OTKPBITOI CUCTEMBI — JacTOTOM ). M OTCyTCTBUEM
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KaKUX-JTI00 PE30HAHCHBIX [POIECCOB, KPOME PE3OHAHC-
HOIi CBsI3M KBAHTOBOI'O OCIIHJIISITOPA CO CBOUM TEPMO-
crarom. ITockosbKy BepxHuii nuujgekc «(r)» y omeparo-
POB IITAPKOBCKOI'O B3aHMMO/IEHCTBHS [IEPEHYMEPOBBIBA-
eT eJIMHBIM 00Pa30M yKa3aHHbIe 00JACTH B PA3INIHBIX
TepMOCTaTAX, yI0GHO CHHTaTh, AT00bI mytst H 51 k() (1),
7 = ¢ yKa3aHHas 06J1aCTh IMEHOBAJIACh Kak (W), a JJ1s
HSWrk@) (1), 1 = a — xak (@), X0Ts Gy = Ge = Qe

B3anMoCBs3b MeXKJly OHEpaTOPaMH ITAPKOBCKO-
IO B3aMMOJIEHCTBHS U IITAPKOBCKUM CIBHIOM SHEPIUH
KBAHTOBOI'O YPOBHS B KJIACCHYECKOM 3JIEKTPOMATHUT-
HOM TI0JIe pacCMOTpeHa B padore [122].

Tpernii Kj1acc MpoIeccoB BTOPOro MOPsiJIKAa — B3a-
UMOJIefiCTBIE aTOMOB, COLPOBOXK/JIAIONIEECST OOMEHOM
BO30Y2K/IeHHI, KOTOPOE IIPU YBEJINIECHNH PACCTOSHUS
MEKJLy aTOMAMH IEePEeXOJUT B OOBIYHOE JIUIOJIb-II1-
HOJIBHOE B3aUMO/ICHCTBHE.

Dopmysbl (37) ¢ yaeToM 0COBGEHHOCTEl CUCTEMBI ¢
TpeMsT KOHCTAHTAMH CBS3U HI03BOJISIOT TAKXKe OIpeie-
stk craraemoe H(L1-0)(#). Do craraemoe memomcTpy-
pyeT HOBBIIl — MHTEep(MEPEHIIMOHHBIA — KaHAJ Pejiak-
canny (POTOHOB MHKPOPE30HATOPHONH MOJIBL:

HLO(¢) = / dwT a(w)a,e™ ! x

we(wWe)

1 . _
X Z gcclemctg (Hk (Qe)+11, (w)) Z |E) (B 4
k
+ / dLUFA zwt Z GeCol —iQet >

we(wc)

< %(Hk(ﬂc) () 3B (B, (15)

K2

Braronaps ciaraemony H(11:0) () omeparopst poze-
HUS U YHIITOXKEHN (DOTOHOB MIKPOPE30HATOPHOIM MO-
JTBI OKA3BIBAIOTCS CBA3AHHBIMI C TEPMOCTATOM JIJIS ATO-
MOB, IPHYEM Pe30HAHCHBIM 00pa3oM. B 3ToM oTHOTITE-
mmm oneparop H (110 () amamormaen H (0 (t), omn-
CHIBAIOTIEMY PE30HAHCHYIO CBSI3b MUKPOPE3OHATOPHBIX
doTonOB co conM TepmocTaToM. CyIecTBeHHO PasJIn-
JaIOTCA TOJIBLKO BETMYINHBI yKa3aHHBIX Tporeccon. Ta-
KM 06pa3oM, Jaxke ecn 3epKasa MUKPOPE30HATOpa
HjleaJbHbI, HO BHYTPH IPUCYTCTBYIOT HEPE30HAHCHDLIC
ATOMBI, CBA3AHHbBIE C TEPMOCTATOM JIJIsT ATOMOB, (hOTO-
HBI MHKPOPE30HATOPHON MOIBI BYIyT MOKUIATH MUK-
popes3oHaTop. JTO U ecTh HHTeP(EPEHITHOHHBIH KaHA
pesakcaruu (pOTOHOB MHKPOPE30OHATOPA.
NnTepdepeHnIoHHbIi KaHaT PeIaKCcaIul — J0CTa-
TOYHO OOTHUiT KJIACC KAHAJIOB CBA3H MOJICHCTEM OTKDBI-
TOU CHCTEMBI C OKPYXKEHHEM, KOTODBIIl €CTEeCTBEHHO
BOBHMKAET W JIETKO OMMCBIBACTCA aJrebpamdecKoit Teo-
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pueit Boamyreruii [98]. Takoil KaHaJ peslakcaiuy Jis
[OJICACTEMBI OTKPBITOH CHCTEMBI, COCTOSAMIEH U3 JBYX
HEPE30HAHCHO CBS3AHHBIX KBAHTOBBIX OCIUJLIATODOB,
uccyeioBal B paborax [115-117).

Tpernii MOPsiIOK MO KOHCTAHTAM CBSI3U PACCMAaT-
pusarh He OymeM. OTMETHM JIHIIb, YTO CJIATAEMOE
HMLD(4) onmcsiBaeT OTOK SHEPIUE U3 OIHOIO Tep-
MOCTATa B JPYTOii, KOTOPBIi HA IIPAMEPE APYTHX 33,7141
ob6cyx1ascs B paborax [129].

OddeKTuBHBIN TaMUJIBTOHUAH PACCMATPUBAEMOI
OTKPBITOH CHCTEMBI ¢ TOYHOCTBIO JI0 BTOPOTO MOPSIJIKA
BKJIIOUATEIHHO MOYKHO PACCMATPHBATDH B BH/IE

VELI(t) = HT (t) + H5k (1), (46)

31ech caaraeMble MIPEJICTABIEHBI TI0 UX TVIABHOMY DU~
3HaKy — OCYIIECTBJISETCS KBAHTOBBIN IIepexo] B CHUC-
TeMe ¢ peaJbHBIM U3MeHEeHHeM dHepreTUYecKOoro KBaH-
TOBOTO COCTOSIHHS WJIM HET. B mocyieaeM ciydae ecTb
TOJIBKO BUPTYaJIbHBIE IIEPEXObI, (POPMUPYIOIITHE IIITAP-
KOBCKO€ B3aHMOJIEIICTBUE:

HY (1) = 3 H™O)

r=a,c

[ Stark (t) — Z HStark(r) (t)

r=a,c,...

(47)

OcrasbHbIe IOy YeHHBIE CJIAraeMble BTOPOTO MOPSIKa,
[0 KOHCTAHTAM CBSI3M MOKHO JINOO BKJIIOYUTH B II€-
PEHOPMUPOBAHHBIE SHEPIUU KBAHTOBBIX YPOBHEH, 1160
peHebpedb, TIOCKOIBKY UX POJIb 110 CPABHEHUIO C TIPE]I-
craByieHHBIMH B (46) Masa. Kak yBuanm Huke, orepa-
TOPBI MTAPKOBCKHUX B3ammMoieiicTsuit H 341 (1) me-
0T CBOEOOPA3HYIO aJIredpamvIecKyio CTPYKTYPY, KOTO-
pas TO3BOJISIET UM UI'PATh POJIb B aHCAMOJISX OJMHAKO-
BBIX QTOMOB WJIM KBAHTOBBIX OCIMJIISITOPOB U3 JIOCTa-
TOYHO OOJIBITIOTO YUCJIA TACTHI] IPU YCJIOBUHU, ITO PO-
TOHBI CIEKTPAJIbHON 06acTu (W, ) y4acTBYIOT TaKXKe B
peabHBIX KBAHTOBBIX MEPEXOJaX OTKPBITONH CHCTEMBI.
Hwmxe mokazkem, uro Bee caaraemble (46) u (47) mox-
HO TPEJICTABATH B MAPKOBCKOM TIPUO/INKEHNN B BUJIE,
KOTODBIH sIBJISIETCsT OOIIUM JIJIsI CAMBIX PA3HOOOPA3HBIX
MOJIesieli KBAaHTOBOU ONTUKM.

B pesymprare Takoro mpeobpasoBaHUs IOTyTAEM
crannaprioe ypasuenue [IIpeauarepa mjis BOJIHOBOI
BekTopa cocrognug |¥(t)) = U(¢)|¥(0)) u oneparopa
sposmonuu U () Bcelt CHCTEMBI B IPEICTABJICHUN B3a-
umoieficTBug (3HAKU TUIbJa OyJeM OIyCKaTh). Y paB-
HEHUs JJId ONEPATOPA IBOJIONUK U ero (hOPMAIHLHOTO
pEeIlleHnsT UMEIOT BUJL

dUu(t)

; _yESf
ih == = VP U t),

Ut) =1+ <—%) /tVEff(t’)dt’ - (—%)2 X
0

t t
X / / VEIL@YVEL yat'dt” + ... =
0 0

t
=T exp | — / VE(at | (49)
0
¢ adderruBabIM rammibToHnaHoM (46), (47). 3aech
1 — eMHWYHBIH OTIEPaTOP.

IlomaepkaeM, 9TO mepexosd K IMPEICTABICHUIO d(h-
GbEKTUBHOrO TaMHJIBTOHHAHA, B KOTOPOM 3aIlMCAHO
ypasrenue (48), Jaj CUCTeMaTHYECKHH IyTh K HIPEJ-
CTABJIEHUIO BHEIITHUX IMTUPOKOIOJOCHBIX KBAHTOBAHHBIX
9JIEKTPOMArHUTHBIX [OJIel (TepMocTara JIjisd aTOMOB K
TEPMOCTATA Il MUKPOPE3OHATOPA) B BUJE COBOKYITHO-
CTH HE3aBUCUMBIX KBAHTOBBIX IIIyMOBBIX UCTOYHUKOB (C
[EeHTPAIBHBIMEA YacToTaMu (0, ) ). [Ipu 3ToM 1rymMoBbIe
HCTOYHUKHU, KOTOPBIE CTAJN 0003HAYATHCS KaK (Wy) U
(W), ABJISMIOTCS BBIIEJIECHHBIMUA JIJIS PACCMATPUBAEMOIL
MoJtesn. VIX mpropuTeTHast poJib, KaK TOKAXKEM B JIAJIb-
HeiieM, 06yCJIOBIEHa PE30HAHCHBIM B3aUMOJICHCTBIEM
KBAHTOBOTO OCITIJLISITOPA CO CBOUM TEPMOCTATOM U C
TEPMOCTATOM JIJIsT ATOMOB, UTO OMHUCAHO CJIAraeMbIMU B
3 PEKTUBHOM raMUIbTOHUAHE

H(O’O’l)(t) — HTr(c)(t) u H(l,l,O)(t) — HTr(a)(t).

Ecnu yanrbiBaTh BO3MOXKHOCTD KAKUX-JIMOO APYTUX Pe-
30HAHCHBIX KBAHTOBBIX ITEPEXO/IOB C M3MEHEHUEM JHED-
TUU B OTKDPBITOH CHCTEMe WJIM ee IOJCHCTEeMax, Ha-
IpuMep, B aTOMe, TO IOSIBSITCS HOBBIE BbIJIEJIEHHBIE
nrymoBble ucrodnuku [57, 98, 129, 130]. Dro BakHoe
CJIEJICTBHE TIPE/II0YKEHHOTO OTpeiesieHns 3h ek TuBHO-
ro raMuJIbTOHMAHA HA OCHOBE OTOOpa MEJJIEHHO Me-
HAIOIUXCS BO BpeMmeHn ciaraeMbix. OHO JaeT cTpo-
roe obocuoanue npemoxenus Jlakca [131] o pasbu-
€HNU BAaKyyMHBIX I10JIell HA COBOKYIIHOCTH HE3aBUCHU-
MBIX IIIyMOBBIX UCTOYHUKOB. [losiB/IeHME IyMOBBIX HC-
TOYHUKOB 3/IECh — CJIEJICTBUE MHOT'OMOJIOBOCTH BbIJI€e-
JIEHHBIX CIIEKTPAJBHBIX obsacreit (W.) B paccMaTpuBa-
€MBIX TEepMOCTaTaX. B yCJI0BUSAX MapKOBCKOTO IPUOJIU-
JKEHUsI BO3HUKAET TPEICTABJICHNE O KBAHTOBBIX CIIy-
YalHbIX IIPOIleccax, MOJCJIUPYIOMNX B3anMOeicTBUe
OTKPBITON CUCTEMBI C TEPMOCTATOM.

5. KBAHTOBOE CTOXACTUNYECKOE
JANOPEPEHIIMAJIBHOE YPABHEHUE

CraHjapTHOE MPEJTOJIOKEHNE TEOPUH OTKPBITHIX
CHCTEM — MapKOBCKOe pUOJImKeHne — chopMyTupyeM
B cuenyromeM suge [11].

15%
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1. HawanpHOe COCTOSIHME OTKPBITOH CHCTEMBI U €€
okpyzkenus. CanTaem, 9T0 HATAJIBHBIA BEKTOP COCTOSI-
Hust Beeit cucremer |U(0)) dakropusosan:

[W(0)) = [Wac(0)) ® [Vra(0)) @ [¥rc(0)),
rie |U ¢ (0)) — HAUATBHBIN BEKTOP COCTOSIHUSI ATOMOB
u dhororos mukpopesonaropa, |V ra(0)) u |¥re(0)) —
HAYAJBHBIE BEKTOPBI TEPMOCTATA JJTsl ATOMOB U MUK-
POPE30HATOPA, TIPHIEM

(Ura(0)a(w)al ()| ¥ra(0)) = 6(w — '),

(Ura(0)]a’ (w)a(w)|¥ra(0))

= (Vra(0)a(w)[¥ra(0))

0,

(U rc(0)[b(w)b! (W) T rc(0)) = d(w —w'),

(U e (0) b (w)b(w')[¥re(0)) =
= (Yrc(0)[b(w)|[¥rc(0)) = 0.

2. BzamMogeiicTBre € TIyMOBBIMU HCTOYHUKAMI.
CunraeM, 9TO IHAPAMETPBHI CBA3H C IIyMOBLIMHU HCTOY-
aukaMu [ g(w), TPo(w) u i (w) sBasiorcs MemiieH-
HOMEHSIOIMUMUCst (BYyHKIUSME 9acToT B obsacth (@)
U MOryT OBITH 3aMEHEHBI HOCTOSHHBIMU BEJINYNHAMH,
OLIPE/IENISIEMBIMI  [IEHTPAJIBHBIMI 9aCTOTAMU BBEJICH-
HBIX HE3aBHCHMBIX IIYMOBBIX HCTOYHUKOB, & UMEHHO

I'a(w) =T a(w,) = const,

T'o(w) =T 4(wW.) = const,

I (w) = k() = const,

3. Ilpenessr uHTErpUpPOBaHUS B MHTErpPAJIaX, OIpe-
JEJISIONNX ciiaraeMbie 3(PEKTUBHOTO TAMIIBTOHNAHA.
CunraeM, 94TO HA TOJCUCTEMbBI OTKPBITOW CHCTEMBI IITH-
POKOIIOJIOCHBbIE HE3aBUCUMBbIE UCTOYHUKH 3P DHEKTUBHO
BO3/IEHICTBYIOT COCTABJIAIONIUMI BOJU3U UX IEHTPAIIb-
HBIX 9aCTOT, TaK YTO IIPEJIe/Ibl HHTEI'PUPOBAHULA B yIIO-
MSAHYTBIX HHTErpajiax MOXKHO PaCIIPOCTPAHUTDL OT — OO
J0 0O.

Beemem ciienytomnue 6e3pasmMepHbie BEJININHBIL:

bau = \/Q_cafw; \/Q_cbw

u 3anunieM ypashenue (47) B Buje

T=Qg, v= w/QC, bey
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:_ZZY

/ bl e VT Ay U () dr —
ve(l)
—i Y YT\/_ / e DT AU () dr —
r=a,c ve(l)
—i Y Yaro— / / bl by e dud) U (1) dr —
r=ac 1/6(1 v'e(l)

/ / b bulezu V)T

ue(zT)l/ (g

x dvd/'U(r)dr. (50)

BBe,ILeHbI cieayromue BeJIMIUHbI:

Y. = V21l (Q)Q; /201

Yo = V279l a ()220 Y T TL(Q) X
k

~ Z|Ek>(i)<Ek|(1)

Yae = —nT4(Q)h 201,

Yag = 2072 (Q)h ! an Z | Ep) O (B | @
Ilpu r # a,c
Ya, = =272 (wT)QC;
¢ h2(@, + Q)
b0

Ya, = 2715 (@) Y

i (@) > 1Bx) ™ (| .
k i

B cumy yenosuit paccmaTpuBaeMoil MOEIN U HEN3MEH-
HOCTH 3aCeJIeHNUsI aTOMaMU HUXKHEro SHEPreTUIeCKOro
yposas |Ey), oneparopst Yy, Yo, u Besmaunst Yy, CBs-
3aHHBIE C TEPMOCTATOM JJIsi ATOMOB, I # @, C, MOYKHO
OTOXKJAECTBUTH CO CJIC/IYIOIIAMU:

Yo = V2mg.Ta(Q)

Yaa = 27024 (Q0)h I, Q) N,
Y, = 27T% (@, )h L, (@, ) N,,.

Q7Y MIL,(Q0) N,

P

Ecnu B unrerpasiax

/ brpe VT4 r=a,c

ve(l)

1
V2T
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peJiesibl UHTETPUPOBAHUS PACIPOCTPAHUTH HA BCIO
YHUCJIOBYIO IPAMYIO U paccMaTpUBaTh

o0

/ brpe " Tdy,
o0

1
V2T

B KOTOPOM b, _, SIBJISETCSI TAKXkKe OLEPATOPOM yHH-
9TOXKEHUst, TO ypasHeHue (50) craHeT MAaTeMATHIECKH
HEOIIPEJIe/IEHHBIM — €r0 MHTErPaJIbHOE pelleHue (THia
(49)) Gyzer 3aBuceTs 0T BBIGOpA TOYKY HA [IOIBIHTEPBA~
Jlax pa3buenus MpoMexKyTKa uarerpuposanus [11,12].

Ho unrterpan
/d’ 1 /b e T dy
T —F/— TV )
V2T
0 —00

Kak 1 mHTerpasbuoe pemenne (50), MOryT GBITH OIpe-
mesenbl B embicae Uto [11,132-134]. Yao6ro BBeCTH
KBaHTOBBIE Tiporiecchl B,.(T), B;F (1) u A,.(7):

be(T) = % / dv exp ( — ’LVT)bTV,
B.(1) = /dT b (7"), B (1) = (51)
0
= /dT/bI(T/), A (7) /dT/bT( )br ()
0 0
Nx muddepennuasns: Uto,

dBr(T) = BT(T + dT) - B’I‘(T)7
dB) (1) = B (t +dr) — B} (1), (52)
dA (1) = A (7 + dr) — A (7),

yaoBserBopsior ajarebpe Xagncona—Ilapracaparu [134]

AN (T)dA s (T) = dAM (T)brm,s

dA(7)dB (1) = dB ()6 m,

dB,(7)dA (1) = dB-(T)0rm,

dB,.(1)dB (1) = dT5:m, (53)
dA(T)dBp, (1) = dA,(7)dT =

— dBF (r)dAm (1) = dB,(1)dBu (1)

= dB} (1)dr = dB,(7)dr = drdT =0

Kpome Toro, cpegmme BeInuuHBI YKa3aHHBIX Tudde-
penrmaioB ITo paBHBI HYJTIO.
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B cirydae IIyMOBBIX MCTOYHHKOB Pa3HBIX 9ACTOT B
pabote [115] ncrosb3oBaHa CJI0KHAS CHCTEMA TIPHBEJIe-
HUsI K 6e3pa3sMepHOMY BUJLy JijIst 3amuc aireSpsr (53).

IMepermmmenm ypaprerune (50) mast omeparopa 3BO-
JIIOIUH, TIOCKOJIBKY B CJIGJAHHBIX BBINIE CTAHIAPTHBIX
upe/osiokenusax ypasuenue (50) siBiisiercss Marema-
tudecku HeonpenesaeHusM [11]. Oupenenum dU (1) =
= U(r+dr)—U(7), ucnosb3ysi 6e3pasMepHbIii BADUAHT
UHTEerpaJIbHOrO npezcranienns (49) [98,122,123]

aU(7) = [exp (VP (7)dr) ~1|U(r),  (54)
B KOTOPOM
VEIS (r)dr = BP9 (7)dr +
+ 3 [vrdB () + vaBt ()] +
+ Y YadA(r). (55)

r=a,c...

Huddepennnasnt Uto (52) onpenensior B BbIpazke-
o VETS (T) omepaTopbl B3aMMOAEHCTBHsI OTKPBITOM
cucreMbl ¢ OKpyzkeHuneM. OHEM IPHUIAIOT KOPPEKTHBIN
MaTeMaTUYECKAN CTATyC BbIPAXKEHUAM THUIIA

oo

/ bre T AL (1) dr.

— 00

1
Y, —
V2T

Iono6uas 3amena B ypasaenun (50) He TOUHA U JTOIK-
Ha OBITH TpOBeJieHA B ypasHeHHH (54), TOCKOJIBKY B
KBAHTOBOM CTOXACTHIECKOM UCUUC/IEHNN [IEPBOHATAII b
HO OIPEJENIAITCs] KBAHTOBbIE CTOXACTUUECKUE HHTe-
rpaJibl. Cjiaraemble, He cojepKarliue JuddepeHIaibl
Uro dB,(7), dB;f (1) u dA,(T) KBAaHTOBBIX CJTyJalHBIX
IIPOIIECCOB, OTHOCUM K 3(D(HEeKTUBHOMY raMUIbTOHUALY
cucremsl HP7f=9(7)dr. Takoe npejicrasienue ncrois-
sosano B (55). Besmaunst B (1), B,(7) u A, (T) nasbl-
BalOT COOTBETCTBEHHO DOKIAIOMINM, yHUITOXKAIOIIIM
U CYUTHIBAIONINM IIPOIECCAMH, HO YaCTO UX YKAPT'OHHO
Ha3bIBAIOT BUHEPOBCKUMI U IIyaCCOHOBCKUM IIPOIECCa-
Mmu [11], MOPOKIAEMBIMEI 7-M IILYMOBBIM HCTOYHHKOM,
XOTsI CTPOT'O€ OIIpe iesIeHre KBAHTOBBIX BHHEPOBCKOTO 1
ILyaCCOHOBCKOI'O IIPOLECCOB HECKOJIbKO MHOe [133-136].
B paccmarpuBaemoil MozeH OCIEe UCKJIIOYEHHUA JISM-
OOBCKHUX CIIBUTOB U omepaTopa HZ St‘”k OyaeM MMeTb
HFPFf=5 = 0. Onnako 970 caraemble MBI COXPAHIM B
nocsreayomux GopMysIax, MOCKOJIBKY MOy I€HHbIE De-
3YJILTATDI SIBJISIIOTCS BECHMa OOIIIMU.

U3 ypasuenuit (54) u (55) ¢ yuerom (53) momyua-
eTcsl KBaHTOBOE CTOXacTudeckoe auddepeHIinaIbHoe

ypasuerne (KCITY)
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dU (1) = —iHEHI =S (1) dr U(7) + Hapyzkennoe XaJjcoHoM u Ilapracaparu, XapakTepHoe
ye + iV ve JIIS KBAHTOBBIX CJIy9aliHBIX Iponeccos. CUnThIBaONee

+ A r + 1A
+ Z [Y A Yar)? Yodr +Y; YA: dB,(7) + CBOICTBO, Kak OKa3aHo B paborax [110,114,122-126],
= CYG orpesensieT HoBble 3(P(EKTH — MOJABIEHUE KOJIEK-
Yir Y,dB} (1) + YerAr(T)} U(r) + THUBHOI peJaKCAIlMd aTOMHOIO aHCAMOJIs, PEIaKCAIU-

T

Z Yi, dA(T)U(T).

r#a,c...

(56)

—iYAr

3aece Y =e — 1.

IMonyuennoe KCIIY (56) yupasisiercst Kak BUHE-
POBCKHMMH, TaK U CUYUTHIBAIOINME Iporeccamu. Erre
B paborax [132-134, 136] nokazaHo, 9T0 pPOXKIAIONIHI
U YHUYTOXKAIONUI IIPOIECCHI, & TaAKXKE CUUTHIBAIOIINN
KBaHTOBBIII MIPOIIECC UTPAIOT (DYHIAMEHTAJIHHYIO POJIb
B CJIy9ae yJacTus B KBAHTOBBIX IIPOIECCAX IMTHAPOKOIIO-
JIOCHBIX 6030HHBIX mosieli. IlepBbie nBa (BUHEPOBCKHE
LIPOIIECCHI) B TPAJUIMOHHBIX 3a/1a9aX aCCOIUUPYIOTCs
¢ omeparopaMu POXKJEHUS U YHUUTOXKEHUS KBAHTOB
U y2Ke JOCTATOYHO MIHPOKO BOILIM B alllapaT KBaH-
ropoit onruku [11]. KCIIY, comepkamue TONBKO BU-
HEPOBCKHUE TPOIecchl, HazoBeM BuHepoBckuMu KCILY.
CuuThIBAIONINIT IPOIECC U €r0 POJIb B IIPOIECCAX U3-
MepeHus u GoToperucTpanun o6CyKaaanch B pabdo-
rax [68,137]. Takke 6bLIN TPOBEAEHBI UCCIIEOBAHMUA
[I0 TPOSIBJICHUIO KBAHTOBOT'O CUUTBIBAIOIIErO IIPOIIEC-
Ca B CTOJKHOBUTEJILHBIX MOJIEIAX KBAHTOBBIX YACTHII
[138]. YUro kacaercst 31€KTPOMATHUTHBIX B3AUMOJEH-
CTBHUIi, TO ¢ OOBIYHON TOYKU 3PEHUS] KBAHTOBBIE CUUTDI-
BAIOIIUE IIPOIECCHl MOTJIA ObI IIPOSIBUTHCSI TOJIBKO BO
BTOPOM TIOPsIJIKE TEOPHUU BO3MYIIEHUA, U, BO3MOXKHO,
[I09TOMY HM3HAYAJILHO OTBEPrasiach KaKas-JH00 pOJIb
TOJIOOHBIX CJIATaeMbIX BTOPOI'O IMOPSIIKA B OIMTHIECKUAX
JIEKTPOMATHUTHBIX MIPOIECCaX, B YACTHOCTH, B OCHOB-
HOM YIIPaBJISIONIEM KuHeTuIecKoM ypasuenuu [58]. Xo-
Ts1 OOINUI BUJ| KWHETUYECKOTO YPABHEHUS [IPU yIaCTUH
BCEX TPEX KBAHTOBBIX CJIYYARHBIX IIPOTIECCOB TIOJIY Y€H B
1991 r. [136], mo pabot [122,123] He 6511 sgcen dbusngec-
KUl MeXaHU3M, JIEXKAIUA B OCHOBE IPOSIBJICHUs] KBaH-
TOBOI'O CYUTHIBAIOIIETO IIPOIECCA B DJIEKTPOMATHUTHBIX
B3aUMOJIENCTBUAX.

B pa6orax [122,123] 6610 HOKa3aHO, 9TO KBAHTO-
BBIil CUMTBIBAIOIINI IIPOIECC, BO-IIEPBBIX, OIPEJIEIsieT
IMTApPKOBCKOE B3aUMOJIEHICTBHE ATOMOB C KBAHTOBAH-
HBIM BAKyYMHBIM ITHPOKOIMOJIOCHBIM 3JIEKTPOMATHUT-
HBIM I10JIEM, U, BO-BTOPBIX, HECMOTPsSI HA MAJIOCTh BTO-
pOro MOpsIIKa MO KOHCTAHTE B3aWMOIEHCTBUsI, UTrpa-
€T PaBHOIMPABHYIO POJIb ¢ POXKIAIONUM U YHUITOIKAIO-
UM TIPOTIECCAMU TIEPBOTO MOPSIJIKA, B aHCAMOJISIX OJIU-
HAKOBBIX KBAHTOBBIX YACTHUI[ IPU JOCTATOYHOM UUC-
Je gacTulr aHcaMOus ([Opsiika COTHH). 3JIECh IIPO-
SIBJISIETCST 3aMeJaTeIbHOE CINTHIBAIOINIEE CBOMCTBO, 00-
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OHHBIN CIABAT YaCTOTHI U 3aMOPAKMBAHHME COCTOSTHUST
CHCTEMBI B YCJIOBUSX, KOTJIA YUCJIO ATOMOB OIPEJIeJIs-
eTcsl OlpejieJIeHHbIM KpuTudeckuM 3Hadenuem. KC/IY,
B KOTOPBIX CYIIECTBEHHA POJIb CUUTHIBAIOIIETO KBAHTO-
BOroO mporiecca, HasbiBaeM HepuHepoBckumu KC/TY.

B ciydae 0MHAKOBBIX KBAHTOBBIX OCIUJLISITOPOB
IITAPKOBCKOE B3aUMOJIEHICTBIE IPEJICTABIEHO B paboTe
[126] KBAHTOBBIM CUUTHIBAIOIIAM IIPOIECCOM.

Hesuneposckue oneparopubie Muoxuresu B (56),

Yy, Yo +iYa,
) )

YA’I‘ (YA’I‘)2

orimyaror KC/IY HeBHHEPOBCKOrO THUIIA OT BUHEPOB-

ckoro KCJTY.
XapakrepHas CTPYKTypa Bbipaxkenus (56) 1o3Bo-

Yo (57)

jsier onuckiBatb KCJIY 1151 omepaTopa BOJIIOIUN
Jutst 3 OEKTUBHBIX TAMUJIBTOHUAHOB IIMPOKOTO KPY-
ra OTKPBITBIX CACTEM B IIHPOKOIIOJOCHOM OKPY>KEHUHU
6030HHOTO THMA. B TakoMm 00ImeM ciydae CymMMa IO
HUYKHEMY HHJEKCY T° [T0JIPa3yMeBaeT CYMMUPOBAHHE 110
BCEM HE3aBUCHUMBIM IIIYMOBBIM KCTOYHUKAM, BBEJIEH-
HBIM B PaCcCMOTpeHUe IIpejcraBjieHneM 3hdeKTuBHO-
ro raMUJIbTOHUAHA, IPUIEM BCE IMPOM3BEJICHUS JTIOOBIX
aByX auddepeHnaioB BUHEPOBCKAX WJIA ITyaCCOHOB-
CKUX TIPOIECCOB IjIsi PA3HBIX IIYMOBBIX HCTOYHUKOB
paBHBI HyTI0. epes Y, 0603HaYEHBI OTIePATOPHI, XapaK-
TEepU3YIOIINe OTKPHITYIO KBAHTOBYIO CHCTEMY B IIPOTIEC-
cax mepexojia ¢ yYaCTUEM 7-TO IMIYMOBOI'O UCTOYHUKA W
onpeiensiembre ciaraembiM H ') (t). DT omepaTops
POIOPIMOHAIIBHBL (JIMHEHHBI 1 OUIINHEHHBI) TapaMeT-
paM CBSI3M KaK C IIUPOKOMOJOCHBIMU BHEITHUMHU TIO-
JIAMHU, TaK U C JPYTUMHU TOJAME 33ja4u. depe3 Ya,
0003HAYEHBI OTIEPATOPHI, XapaKTePU3yOIue MOACUCTe-
MBI OTKPBITO# KBAHTOBOI CHCTEMBI B MPOIECCaX BTO-
pOro MOPSIIKA C yYaCTHEM 7-I'0 MIYMOBOI'O MCTOYHHKA
i onpejessiembie ciaraembiv H SR (), TIpencras-
senne 3bdeKTUBHOrO raMuibronnana (55) KBaHTOBBI-
MU CTaIMOHAPHBIME rporieccaMu (51) cry?KuT OCHOBOIA
st agbHeitero noaydenans KCIY mist omeparopa
9BOJIIONAN U KHHETUIECKOT'O YPABHEHHUST JIJIST OTKPBITOM
CHCTEMBI.

Bamernwm, ato B (56) npucyrcreytor quddepernna-
JIBI CYUTHIBAIOIIUX IIPOIECCOB HEKOTOPBIX UCTOYHUKOB,
a IIPU 3TOM B3aUMOJICHCTBUE OTKPBLITO! CUCTEMBI C TE€P-
MOCTATOM HE 3aBUCHT OT JuddepeHnnaioB BUHEPOB-
CKOT'O MPOIECca ITUX Ke UCTOIYHUKOB. Takue cantbiBa-
IOIIHE [POIECCH] U CAMU UCTOYHUKH, KaK MOKA3bIBAIOT
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PE3yILTATHl BLIBOIA KHHETHIECKOTO YPABHEHHS, MOT'YT
B JIAJIbHEHINEM He yIUTBIBATHCA B ONMMCAHUYN JTUHAMUAKA
OTKDBITOH KBaHTOBOI cuctemsr [122]. TosTomy B pao-
rax [110,114,123-126] onu cpasy OIyCKAINCH.

Vpasuenue (56) 11 KOHKPETHOIO BUIA ONEPATO-
POB OXBATHIBAIOT U3BECTHBIE caryuan [114,123-126] B3a-
UMOJIEHCTBUSI JIOKAJN30BAHHBIX OTKPBITBIX CUCTEM C
TEPMOCTATAMY [P HYJIEBOH 110THOCTH (hoTOHOB. st
TepMOCTaTOB Ipu HeHynepoii Temmeparype KCIY kop-
PEKTHO YJAETCs 3aIMCaTh TOJBKO B OTCYTCTBHE CUU-
ThIBatorero nporecca [11,139]. B paGore [124] npen-
soxkeno obobmenne KC/IY HeBUHEPOBCKOrO THIIA Ha
ydeT TeEPMOCTaTa C HEHYJIEBOH IJI0THOCTHIO (poToHOB. B
pabore [140] o6cyzK1aeTcs MOeIb HEOKAIN30BAHHBIX
OIITUIECKUX KBAHTOBBIX CUCTEM U JIAHO 0000IIEHUE aJl-
rebposl Xajcona—[lapracapaTtu j1s1 oepaTopoB, CBsI-
3BIBAIOIIAX [MTUPOKONOJIOCHBIE KBAHTOBAHHBIE TIOJIST HA
IPAHUIAX PA3JIEJIOB IIOJICUCTEM OTKPBITOH KBAHTOBOIL
CUCTEMBI.

6. KNHETNYECKOE YPABHEHUNE J1JI4
OTKPBLITOM CUCTEMEBI

Kunernueckoe YpaBHEHUE JIJId MaTPUITHI INIOTHOCTU
OTKprTOfI CUCTEMBI 1 OKPYZKECHUA NMeeT BUJ

P () = W ()) (U ()]

(3HAKW <«THJIBJIA» OIYIEHBI, MMUPOKOMOJOCHBIE TOJIST
MBI ACCOIMUPYEM C OKPY?KEHHEM, OTCIofa WHAEKC F'),
IIOCKOJIBKY JI0 CHX IIOP OIUCAHUE OTKPBITOH CHCTEMBI
U OKPY?KEHHsl BEJIOCh B TEPMUHAX BEKTOPA COCTOSHUS.
Omnpenensaa dp°+(t) kak qudbdepenmuan Uto

dp>TH(t) = p® T (t + dr) — pSTE (1),

nMeeM

dp T (t) = dU (t)| ¥+ (0) (¥ + ()| (¢) +
+U @) (@F(0)|dU” (1) +
+dU ()T () (T (0)|dU (1),

oTKyZia ¢ yueroM (56) MOXKHO II0JIy9UTh UCKOMOE YPaB-
HEHUEe JIjIsI MaTPUIIHI TIJIOTHOCTH OTKPBITOU CUCTEMBI I
ee «TepMOCTATHOrO» OKpyKeHus. 13 Hero cienyer Ku-
HETUYEeCKOe ypaBHEHHE JIJIs MATPHUIIbI INIOTHOCTHU pS (t)
OTKPBITO! KBAHTOBOM CHUCTEMBI IOCJIE B3ATHUHA CJela
Trr MO COCTOSTHUSIM OKPY?KEHUsI C YIeTOM COOTHOIIIE-
HUAN

Tep (p54F (1)dB, (7)) = Trr (o5 (0dB; (7))

=Trp (pS+F(t)dAT(T)) =0.

999

31ech HET KAKUX-JIMOO MPUHIIAIIAAIBHBIX TPYIHOCTEMH,
KpOMe BOIIPOCa O IIepeyThIBAHNN HAYAJbHBIX COCTOS-
HUW U KOPPEJIUPOBAHHOCTU T€PMOCTATHBIX moJieit. O -
HaKO B CHWJIy HPUHATHIX MapKOBCKHAX IPUOJIMKEHUH,
HETPYAHO IOJIYyYUTH

dpS(T) = —q {HEff_S(T), p(T)] dr +
Ye Yyer YE +iYa,
+ (A’I‘}/TSTK,"'AT_F}/TJ"AT }/TST—F
; oY (DY G Yr° )
YT —iY)y
+p5 TYJMYT) dr. (58
p°(7) Var)? (58)

DT0 KMHETHIECKOe YPABHEHNE HETPY/IHO [IEPENNCATh B
dopme JTuaabnana (2) u (3) ¢ oneparopamu JIuam6Ia~
na

dp® (1 ) _ .
T i[5 ), 5] - B, (59)
.
. X 1
Ip® = —i[pS,HSf”ft‘S}nL > (§Lf+prS +

r=a,c

1
QLI S LPLE )L (60

L8 =ty
ar (61)
e inYp, — Yp
gShift=s — Ny + S Ar 7 HAr
2 " (YAT)2 ’
[P 9TOM
1 — cos Ya,
L5+L5 = 2YT+$YT. (62)

B npenebperkeHIN IMITapKOBCKUME B3aHMOJIEHCTBH-
simu orniepaTopsl JIuaabaaza (25) n (26) npuoGperator
IPOCTOI BUJI:

LY =—iY,, LJYL} =YY, H"=%=q.

Bamernm, 9TO cuuTHIBarOmue npouecchl A, (1), r #
# a, ¢, Oupee/igeMble He3aBUCUMbIMU IIIyMOBBIMU UC-
TOYHUKAMHU, POXKIAOMUA 1 yHUYTOXKAIOMINNA IIporec-
CBl KOTOPBIX HE YYIaCTBOBAJIM BO B3AMMOJICHCTBUN C OT-
KDBITOW CHCTEMOH, He JAMW BKJIAJ@ B KHHETHUIECKHE
ypasuenus (59), (60), B ommuue oT CTOJIKHOBUTEJIb-
HOIt aTOMHO# muHAMUKE B Momesan [138].

VYpasuenus (59)—(62), mo cyru jgena, SABIISIOT-
csi OOmUMM  ypaBHEeHHsiMU (HEBHHEPOBCKOIO THIIA)
B MapKOBCKOM I[IPUOJIMKEHUHU, OLMCHIBAIOIIUME Pa3-
JIMYHBbIE OTKPBITBIE CHUCTEMBI, COJEpXKAIIUE aTOM-
HYIO/3JIEKTPOHHYIO TI0JICHCTeMY U Haxojsmmecss B 60-
30HHOM IIIPOKOIIOJIOCHOM OKpy2KeHuu. I[Ipu sToM B jiu-
HAMEKE OTKPBITOH CHUCTEMbBl CYIIECTBEHHYIO POJIb HI-
paroT B3aMMOJIEHCTBUSI THIA IITAPKOBCKOTO, KOTODHIE
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OTPAXKAIOTCH B HAJMYUUA HEBUHEPOBCKUX MHOXKHUTEJIEH
(57) 1 06yCIOBIMBAIOT CBOCOOPA3HE HEBUHEPOBCKOM /11~
HAMUKH. B3anMoseiicTBust TUIA MITAPKOBCKOIO UMEKOT
BTOPOI MOPSIJIOK MAJIOCTH [0 KOHCTAHTE CBSI3U C IIH-
POKOIIOJIOCHBIM TIOJIEM, U WX DPOJIb BO3PACTAET C POC-
TOM YUCJIa YaCTHUIl B @TOMHOMI / 3JICKTPOHHOI I10/ICUCTe-
Mé€ HE3aBUCUMO OT aHAJOTHIHOTO POCTA IIPOIECCOB MEP-
BOIO TIOPSJIKA 110 KOHCTAHTE CBSI3U ¢ NIMPOKOIOJIOCHBIM
nostem [111,115-122].

Ypasuenus (59)—(62) B cirydae OAHOro IIyMOBOTO
ucrouHnka (W,) nin (W.) COBIAJAIOT C yPAaBHEHHEM
o0Imeil KBAaHTOBOH JUHAMUKY, YIPABJISEMON POXKIA0-
UM, YHUYTOXKAIOIIAM ¥ CUYUTHIBAIOIIAM TPOIIECCAMU,
nostyueHHbIM B [136] u3 o6mux coobparkennii, 6e30THO-
CHTEJIFHO K (DU3UKE OTKPBHITON KBAHTOBOI CUCTEMBI.

Hesuneposckue MHOKUTenn (57) OTIMIAIOT ypas-
nenus (59)—(62) or xpyrux [11,58-60]. B murOroarom-
HBIX JIOKAJIM30BAHHBIX CUCTEMAX UJIM [OJCUCTEMAX OHU
MPOSIBJISIIOTCSL B 3aBUCHMOCTH OT YHUCJIA OJMHAKOBBIX
gactul, N, Koaddunuenra 3bHeKTUBHON KOHCTAHTHI
cBaszu 7. Ilycrsb v onpezensier, HAPUMED, IKCIOHEH-
[UAJIbHYIO PEJIAKCAIUIO BUAa exp(—7T), HACEJEHHOCTH
KBAHTOBOI'O YPOBHSI CHCTEMBI (MOJEJb PE30HAHCHOIO
B3aUMOJICHCTBUSA JIOKAJIM30BAHHOIO aHCAMOJIS OJUHA~
KOBBIX JIBYXyPOBHEBBIX cucreM [122-124]). Vuer cun-
TBIBAIOIIErO Iporecca, coracHo (59)—(62), npusomut
K [IEPEHOPMUPOBKE

rae 7(2) < 7y ompezessieT MacCIITad BEJMYUHBI IITap-
KOBCKHOTI'O B3aUMOJEHCTBUSA C IIYMOBBIM HCTOYHUKOM.
Bosmoxkna Takasi nmea msnpoBaHHasi CUTYAIMs, KOTIa
7(2)Np = 27 ¥ KOJUJIEKTUBHBIE IIPOIECCHI BTOPOI'O IIO-
Ps/IKa TOJIHOCTBIO II0JIABSAT IIPOIIECCHI IEPBOI'O IOPSIKA
[110,115,122-127]!

B paccmoTpenHO#t MO Y KBAHTOBOTO OCITUJLIISI-
Topa JiBa KaHaJa pesnakcanun (Wy) u (W.). Takoit MHO-
JKATEJIh OYJIET CYIIECTBEHHBIM JJIsI PACIIa/a KBAHTOBO-
o OCIMUISITOPA B TEPMOCTAT I ATOMOB, ITOCKOJIb-
Ky €ro poJib 3aBHCHT OT 4ucJja aToMos IN,. B kanaje
B3aUMOJIEHCTBHUs OCIIUJIISTOPA CO CBOMM TE€PMOCTATOM
«Np = 1». 11 BO3pacTaHns POJIU MOTOOHOTO MHOXKH-
TeJIst HeOOXOIUM aHCaMOJIb OMHAKOBBIX KBAHTOBBIX OC-
NUILIATOPOB, B KoTopoM N, > 1 [126]. Jpyras Bo3MOK-
HOCTb — IIPSIMOE B3aUMOJIEHCTBIAE aTOMOB C TEPMOCTa~
TOM [IJIsi MUKpOpPe30oHaTopa. B oleHke peasbHOI cuTya-
M7 HEOOXO0IMMO TOMHHUTD TaKKe O CIeJIAHHOM MapKOB-
CKOM IIPUOJIMKEHNN U TIPOIIELy PE BBEIEHUS] KBAHTOBBIX
CJLy4alHbIX IIPOLIECCOB.

Asnrebpanveckasi Teopusi BO3MYIIEHUI BBISBUIIA B
OTKPBITBIX CHCTEMAX J[Ba CBOCOOPA3HBIX KJIACCA NHTEP-

depenrmonubix 1poreccos. OJUH KJIACC OIpPeJIessier
nHTEePMEPEHITMOHHBIN KaHa l pejlakcaruu. B paceMor-
PEHHOM IIpUMepe OH COCTOUT W3 peJIaKCAllnl KBAHTO-
BOI'0 OCIMJLISATOPA B TEPMOCTAT isi aroMoB. Jlpyroit
KJIACC COCTOUT B MHTEP(MEPEHINH IIPOIECCOB U3JLyUe-
HUSI ¥ IIEPEN3JIyUeHHUsI B CJIydae KOJIJIEKTHBHOI'O Tep-
MOCTaTa.

BrisiBiiennasi mepeHOPMUPOBKA KOHCTAHTHI PeJIaK-
CaIlill OTKPBITO CHCTEMBI U €CTh PEe3YJIbTAT CBOEOD-
pas3Hoit MHTEPMEPEHIUN MIPOIECCOB PEATHLHOIO H3JTy-
genmsi KBaHTa, onpesiensiomero H ()| g mporecca
BUPTYAJHLHOIO MEePEN3IydeHns] KBAHTA, OIMPeeIsIONTe-
ro HS%"k(r) B KoieKTHBHOM TepMocTaTe KOHKYDH-
PYIOT, Ka3aJ10Ch ObI, HECOPA3MePHbIE IIPOIIECCHI IIEPBOI'O
U BTOPOTO TOPSJIKOB aJreOpamdecKoil Teopreit BO3My-
IIEHUIT, HO BCE K€ IMPOIECC BTOPOTO MOPsiIKa 0bJraia-
€T CUYUTHIBAIOIINM CBOHCTBOM U «BCTPAUBAETC» B IIPO-
[IECCHI IEPBOTO TOPS/IKA. DTO HAIIO OTPAYKEHNE NMEH-
HO B TaKOI MEPEHOPMUPOBKE KOHCTAHTHI 7.

Hpyrum  ciencrsuem
OJIMHAKOBBIX KBAHTOBBIX YACTUIL C KOJJIEKTUBHBIM TEP-

B3aNMOJIECTBAA CHUCTEMBI

MOCTATOM SABJISIETCS IIEPEIy THIBAHIE KBAHTOBBIX COCTO-
stamit [120,121,141,142] B pozkaatomeM u yHIITOXKAKO-
[IEM TIPOLECCE, TIPOSBJICHUE B KOTOPOM CYUTBIBAIOIIETO
IpoIecca MOKa He MCCJIETOBAHO.

7. BAKJIFOYEHUNE

Asnrebpanveckasi TeOpUsi BO3MYIIEHHUN JaeT IMyThb
peleHust mpobJIeMbl JIOKAJIBLHOIO TIOIX0JIA, CBIA3AHHOM
C COOTHOITIEHUEM BPEMEHU KOPPEJIAIUU CIYYaiHbIX O~
Jieil, MOJIEJTUPYIONTINX TEPMOCTAT, U HAJHINEM OBICTPO-
[IEPEMEHHBIX CJIATaeMbIX B ONTHYECKUX CHCTEMAX, Xa-
pPaKTepHOE BpeMsl U3MEHEHUsI KOTOPBIX MHOIO MEHbBIIIE
BPEMEHU KOPPEJISIUE IIyMOBBIX 1oJieii. [Ipu sTom BO3-
HUKAIOT HOBBIE ACHEKTBI, KOTOPHIE HE yINTHIBAJIUCH Pa-
Hee 6e3 NpUMEHEHUs AJreOpPanIecKoil TeOpUu BO3MY-
meHnii. BaxkKHbIM CJIeJICTBHEM TI€PEOCMBICJICHUST YPaB-
wmerus Illpennarepa Kak KBaHTOBOI'O CTOXACTUIECKO-
ro ypaBHEHUS SIBJISETCS HEOOXOJIMMOCTDH ydeTa CJara-
eMbIX 60Jjiee BBICOKOTO HOPSJIKA B OTKPBITHIX ONTHYE-
CKHUX CHCTEMaX, MIOCKOJIbKY UMEHHO OHU OTBETCTBEHHBI
3a CBOEOOpa3HbIf HOBBIA Tun nHTepdepenimn. Hako-
Hell, KBAaHTOBOE CTOXacTudeckoe ypasuenue (56), Ko-
TOpOE TOJIYYaeTCsl B PAMKax ajredpamdeckoil Teopun
BO3MYIIEHNH, sIBJsieTcst yHUBepcaabHbiM (98], ympas-
JISIeTCSl BCEMU OCHOBHBIMHU KBAHTOBBIMU CJIyYadHBIMU
[IPOIIECCAME — POYKIAIOIINM, YHAUITOXKAIONUM U CId-
reiBatoruM [132-137], gero mer B moxxozmax [11,59,60].

I'mobabHbIi TT01X0 T, HA OCHOBE HEIIPEPBIBHOTO YHU-
TapHOIO IPeoOPA30OBAHUST OKA3AJICS YCIEITHBIM B CJIy-

1000



MITP, Tom 158, Beim. 5 (11), 2020

«nobanbHbIRY 1 «NOKaNbHLIAY NOAXOAbI. . .

Jae 3J1eKTPOH-(DOHOHHBIX cucreM [143] u nazke Moean
cunyc-Topaon [144], onHako ero npuMeHeHusl K ONTHU-
YECKUM CHCTEMaM JI0 CUX IIOp HEeM3BECTHBI U KaK pe-
maeTcs mpobJeMa HyJIeBOTO BpeMEHM Koppessiun Oe-
JIOTO NIyMa U HAJUYUS CIIe <«MEHBIIErO» XapaKTep-
HOT'O BPEMEHHU ONTUYECKOW CHUCTEMBbI aBTOP He 3HAET.
3amMeTuM TakyKe, UTO ypaBHEHUE JIBUXKEHUsI JJIs Ta-
MUJILTOHUAHOB (9) eCTh JIOKAJIbHBIH BapuanT npeobpa-
soBanust Ipuddepa—Boada [145], ncnonbayromero
[IPOEKTUPOBAHNE Ha MHTEPECYEMOE IO IIPOCTPAHCTBO.
31ech nMmeercs: rIyboKast CBsi3b ¢ MeTomoM llBamiura —
Mopu nostyueHns: KUHeTHIECKUX ypasHeHuit [146-150].

ITomumo pojcTBEeHHOTO MeToqa ycpemqHeHus: Kpbl-
JioBa— Boromro6oBa— MUTPOIIOIBLCKOTO ¥ Pa3BUBAEMO-
ro MeToJla €CTh U ApPYrue aHAJOrd. B Kjiaccudeckoin
MEXaHUKE AHAJOTOM SIBJISIETCSI TEOPUsl BO3MYIIECHUI
HA OCHOBE CBEPXCXOJAIIUXC PsZOB (CM., HAIPHUMED,
[151,152]). B muddepennuanbHoii reomerpun — 3T0
TeOpUsT SKBUBAJICHTHOCTH AP PEPEHITUATBHBIX CTPYK-
Typ [153]. B Teopnn qudpepennmaabHBIX ypaBHEHWI —
MeTo/| KaHOHMIeCcKoro orneparopa Macsosa [154, 155].
Wssecren rakzke Meron Maruyca [156,157], ogmako B
OCHOBY BBIJIEJIEHHS CJIAraeMbIX 9acTO OepyTcs coobpa-
JKEHUsI CUMMETPHUH, & He OTCYTCTBUE OBICTPO MEHSIO-
mUXcst BO BpeMeHu ciaraeMbix. Merog @uioke B code-
TAHUU ¢ METOJIOM Marmyca UCIONb3yeTCs It IOCTPO-
€HMsl YCPEJHEHHBIX TaMUJILTOHUAHOB B 33Ja9aX, y9Iu-
THIBAIONIUX JIONOJHATEIbLHbIC BO3IEHCTBHS Ha, CHCTEMY
HEePHOJMIECKUX Kiraccnaeckux mosieit [158]. Hakowerr,
yKaxKeM aInabaTUIecKyI0 TEOPUIO BO3MYIIEHWHA, TaK-
K€ YCIIEITHO UCIHOJIb3YIONLYyI0 YHUTAPHOE IPeobpa3oBa-
HEEe raMuIbToHnaHa [159].

Hasnaue #e TOBKO BHEIMHUX, HO U IVIyOOKUX aHa-
JIOTHIT U3JIOXKEHHOT'O TIOAX0/Ia ¢ METOJAMU JPYTUX MHO-
FOYACTUYHBIX 3329 CJIYXKHUT, I[10-BHJIAMOMY, KOCBEH-
HBIM CBHJIETEJLCTBOM B II0JIb3Y HEOOXOIUMOCTU ITe-
pexozia OT TOYHOTO TaMWIJIbTOHMAHA K 3MQEKTUBHO-
MY, BO BCSIKOM CJIyYae, €CJIU PeUb UJET O MaPKOBCKOM
npubynKennn. B ciiydae ONTUYIECKUX CHCTEM 3TO yia-
JI0Ch pU3UIECKH 0OOCHOBATH. AHAJIOTUIHYIO CUTYAIIHIO
MOYKHO YBHJIETh U B TEOPHH CBEPXIIPOBOJMMOCTH, OJl-
HAKO BMECTO OOCY’KJEHWsI 37[eCh COIILJIEMCs JIUIIh Ha
HobesieBckyo Jiekimio Jladmua [160].

BaarogaprocTtu. Asrop BbIpaxkaer OJiaromap-
mocts A. U1. MaitmuctoBy u A. 1. Tpybunko 3a mo-
JIe3HbIE OOCY¥KJIEHUST, COTPYIHUIECTBO U TOJIEPKKY.

®dunaHcupoBanue. Pabora
qacTHIHON (DUHAHCOBOM  IOJIEPIKKE
douma yHIAMEHTAIBHBIX — UCCJIEIOBAHUI

Ne19-02-00234a).
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