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Mogenb aHcaMOJISI OMMHAKOBBIX aHTAPMOHMYECKUX OCLMLISITOPOB B MOJe OOIIEr0 IIMPOKOIIOJIOCHOIO
TepMmocTarta 6e3 (DOTOHOB CBeieHa K MOJEIN aHCAaMOJISI OMMHAKOBBIX N-YPOBHEBBIX YACTHULI IIPU TIOMOILIK
aredbpanyeckoil Teopuu Bo3MyllleHUid. Monesb B OmHOIT 00J1acTU apaMeTpoB NIEMOHCTPUPYET 3 heKT
cBepxusinydeHus Jluke, a B Apyroif 00JacT — OCHWUIMPYIOIIYIO 3aBUCUMOCTh MHTEHCUBHOCTHU KOJUIEK-
TUBHOIO M3JIyUeHMSI OT YMCJIa OCHULISITOPOB aHcamOis1. [1pu onpeneeHHOM 4uciie OCHULISITOPOB aH-
caMOJ1s1 KOJUIEKTUBHOE M3JIYyYeHUE OKA3bIBACTCS MOAABICHHBIM.

DOI: 10.31857/S0367676523702848, EDN: FYPTLU

BBEAJEHUWE

KBaHTOBBIII TapMOHMYECKUIT OCUMIUISATOD SIBJISI-
€TCsI OCHOBHOM MOMENbIO TSI OTIMCAHUST Pa3TMYHBIX
00BEKTOB KBAaHTOBOM OITTUKH. OH 3(hPHEKTUBHO MOJIE-
JIMPYET pe30HaTOPHBIE YCTPOICTBa [1, 2], cBepXIIpoBO-
JSIIMe CTPYKTYpbl Ha ocHOBe 3ddekra [Ixko3edcoHa
[3, 4]. Ceituac pa3nuHble MHOTOPE30HATOPHEIE CHCTE-
MBI IIPEIIararoTCs IISI YCTPOMCTB KBAHTOBOM ITaMSITU
[5, 6]. B kadecTBe ameKBaTHO MOAEIN TaKUX
YCTPOICTB paccMaTpuUBalOT aHCaMOJM HEB3aUMO-
NEeNCTBYIOIINX MEXIy COOOi OCLUIIISITOPOB, KOTO-
pbIe CBSI3aHBI C OOIEll Pe30HATOPHOI MJIM BOJIHO-
BOOHOIT Momoii. O0IIass Moga MOXET pacliagaThbcs B
TEPMOCTAT WM y4aCTBOBAaTb B MHBIX B3aMMOJCH-
CTBUSIX C BHEIIIHUM u3iaydeHuem. B pabortax [7, 8]
MOKa3aHO, YTO MOJEIM HEeB3aMMOICICTBYIOIINX
MEXIy COOOM TrapMOHNYECKMX KBAHTOBBIX OCIIMILISI-
TOPOB, KOTOPBIC JIUO0 HEPE3OHAHCHO CBSI3aHEI C 00-
LIeH 3aTyXallleil pe30HATOPHOM WX BOJTHOBOOHOM
MOMOIi, MO0 HAIpsMyIO (PE30HAHCHO) CBSI3aHBI C
OOIIIMM TEPMOCTATOM, B MAPKOBCKOM MPHUOJINKEHUN
OMUCHIBAIOTCSI  OAWHAKOBBIMM  KMHETUYECKUMU
ypaBHEHUSIMU. B 3TUX ypaBHEHMSX pa3IMIHBIMU
SIBIISIIOTCSI TOJIBKO ITapaMeTphl, OTBeYalolIe 3a B3a-
MMOJIEMCTBUE ¢ 0OIMM TepMocTaToM. Ilenb naHHO’
CTaTbU — PACCMOTPETh CIIydali OMMHAKOBBIX aHTapMO-

HUYECKMX KBAHTOBBIX OCUHWJUISATOPOB, pacHagaro-
IIUXCS B TT0JIE OOIIIEro TepMOocTaTa WIX CBSI3aHHBIX C
o011Ieli 3aTyxarlleil pe30HATOPHOU MU BOJHOBOI -
HOI MOIOM.

MBI paccMaTpuBaeM NpOCTEMIMe IIEpBbIE pe-
3yJIbTAaThl aHA/IM3a TUHAMUKKW aHCcaMOJIsI HeB3au-
MOJIEMCTBYIOIINX MEXIY cO00I1 KBAHTOBBIX aHTap-
MOHHMYECKUX OCLIMIISITOPOB, CBSI3aHHBIX C OOIIeit
3aTyxalouleit Moo, Kak B pabotax [5, 6]. st aT0o-
TO UCMOJIb3yeM MOMAEIb, OMUCHIBAIONIYIO B3aUMOIC -
CTBME aHCAMOJIS ¢ 00IIMM TepMocTatoM. B mpubnu-
KEHUM, KOTOPOE Mbl Ha3bIBAaEM IIEPBEIM MHOPSIKOM
ajreOpandyeckoii Teopun Bo3mylueHuit [9, 10], ata
3amaya paccMaTpuBaiach HeogHokpaTHo [11—13]. B
MPUOIVKEHUU OO0 BTOPOTrO MOpPsAKa BKIIOYUTEIbHO
9Ta 3ajada pelleHa Uil aHCaMOJIsi TapMOHUYECKUX
OCUMJUISITOPOB paboTax [7, 8].

B manHOIT pa®oTe pellieHa 3agaya O KOJIJICKTUB-
HOM pacmnaje JOKaJIM30BaHHOTO aHCaMOJIsSI aHTapMO-
HUYECKMX OCHMLISITOPOB B II0JIE OOIIETr0 TepMOCTaTa
0e3 (POTOHOB B ITPUOIMKEHNH a/lTeOpandecKoil TeCOPUH
BO3MYILIEHUII IO BTOPOIrO MOPSIAKA BKIIOYUTEIBLHO.
ITocKOIBKY CHEKTp aHTapMOHUYECKOTO OCLWLISATOPA
HE SKBUIVCTAHTHBIN, TO MPUBJIEKAs COOOpaKeHUS U3
PE30HAHCHOI ONITUKU MOXHO OXXMIATh, YTO, IOI00PaB
COOTBETCTBYIOIINE HAaYaIbHBIE YCJIOBHS, YIACTCS CBE-
CTH 3a7a4y K KOJUIEKTUBHOMY pacIiaay AByXyPOBHEBBIX
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cucteM. Torma Bo BTOPOM TIOPSIIKE aJlreOpandecKoi
TEOPHH BO3MYILICHHS OYIyT MMETh MECTO OCOOECHHOCTH
TAaKOTO KOJUIEKTUBHOTO pacrana, B KOTOPBIX TTPOSIBIISI-
€Tcsl TaK Ha3bIBacMasli HEBMHEPOBCKasl AuHaMuKa [9].

B Teopum KoJUIeKTMBHOTO paciiama AByXypOBHE-
BBIX CICTEM HanOoJiee U3BECTHON MOAEIIBIO SIBISIETCS
mopaenb Jduke [14—16], B paMKax KOTOpOil OBLIO
NpeacKa3aH BaxXHbI 3 dekT popMupoBaHuUs Kore-
PEHTHOTO UMITYJIbCA B KOJUIEKTUBHOM M3JIydeHUU. B
3amayaX KBAaHTOBOIO KOMITBIOTMHIA 3TO ITOOOYHBIM
HeXeJIaTeJIbHbIIA 3P (deKT, T. K. OH YCKOPSIET JeKOoTe-
peHuroo. C TOYKM 3peHMs ajreOpandecKoil Teopuu
Bo3MylieHuit [9, 10] momens Jluke y9uThIBaeT JUIIb
cjlaraeMble TIepBOTro MOPsIIKa MO KOHCTAHTE B3aMO-
JIeCTBUSI aTOMOB ¢ TepMmocTaToM. s omucaHusi
CBepXM3IydyeHUsl B Moaesin JIuke 1oCTaTOYHO 3HATh
JIMIIIb ITapaMeTphl Pe30HAHCHBIX YPOBHEN. YUeT cia-
raéMbpIX BTOPOrO MOpSIAKAa BaXXeH B aHCAMOJISIX U3
JIOCTATOYHO OOJIBIIOrO 4YMcjia 4acTUll U AJIs KOp-
PEKTHOTO OIMMCAHUS KOJUIEKTUBHOTO U3JIy4YeHUSs
HeoOXoAuMO 3HaHMWE IMapaMeTPOB IITApPKOBCKOTO
B3aMMOJICICTBUS YaCTUL] aHCAMOJISI C TEPMOCTATOM,
KOTOpBIE ONpeAelIsIIOTCS ImapaMeTpaMU BCceX KBaH-
TOBBIX ypoBHell yactunnl [17]. B padore [17] mpen-
JloxeHa o00oO1eHHass Mmojesb Juke, B KOTOpOIi
KOJUIEKTMBHAsl AWMHAMMKAa 3aBUCUT HE TOJIbKO OT
YuClIa OMMHAKOBBIX YaCTUII B aHCaMOJie, HO U OT Tapa-
METPOB, OIPEAC/ISIONINX B3aUMOICICTBAE YaCTULL C
BJIEKTPOMArHUTHBLIM IOJIEM BO BTOPOM ITOpSIAKE IIO
rnmapamMeTpy CBSI3M C 3TUM I10jieM (T.e. OT ITapaMeTpOB
IITAaPKOBCKOTO B3aUMOJIEHCTBUS).

YueT aHrapMOHU3MAa OCLIUJUISITOPOB U KOJJIEKTUB-
HOE B3aUMOJCICTBUE aHCcaMOJIsi OMMHAKOBBLIX aHTap-
MOHMYECKUX OCLWJUISITOPOB C OOIIMM TePMOCTaTOM B
CTaTb€ PACCMOTPEHO IIPU ITOMOIIM aJIreopandecKoi
TeOpUU BO3MYyILIeHUI1. Torna ecrecTBEHHBIM 00pa3om
(M3 UCXOOHOIO raMWJIBTOHMAaHA) MOCTpoeHa 3¢ deK-
TUBHAsl MOJIe/Ib aHCAMOJIs aHTAPMOHUYECKUX OCLIVJI-
JIITOPOB, ITapaMeTPhl KOTOPOI BhIpaXKeHBI Yepe3 Iapa-
METPbl MCXOOHBIX aHTapMOHUYECKNX OCLMJUISITOPOB.
VYureHsbl cjlaraeMpie BTOPOIO MOPSIIKA BKIIOYUTEIHHO
M0 KOHCTAHTE CBSI3M, UTO MpPH JIIOOOI TTOCTAHOBKE 3a-
JJa9M C aHTAPMOHMYECKHUM OCLIMJUISITOPOM SIBJISIETCSI
HOBBIM. B MapKOBCKOM IIpUOIMKEHU OHU IIPUBOASIT
K 3ameHe ypaBHeHus lllpémmHrepa st orepaTopa
9BOJIIOLIMY BCEM CUCTEMBbI X OKPYKEHHUSI HA KBAHTOBOE
CIY (croxactuueckoe nuddepeHInanbHOe ypaBHE-
HUE), YIIPaBJISIeMOE BCEMU OCHOBHBIMY KBAaHTOBBIMU
CIIy4aifHBIMU TTPOLIECCaM — POXKAAIOIINM, YHUYTOXA~
IOIIMM U cUMThIBatovM [18]. KBaHTOBbBI CUMTBHIBA-
IOLIMIA TIpoliecC 00yC/IaBIMBaeT OCOOCHHOCTH HEBU-
HEPOBCKOM NWHAMUKM, aHAJOTMYHBIC MPEIbLIYIINM
HncclienoBaHHBIM cirydasM [7, 17]. A uMeHHO, TIpu 0O~
CTaTOYHOM YMCJIC ONMHAKOBBIX COCTABJISIONINX aH-
camM0J1s1 BO3OY:KIEHHOE COCTOSIHE aHCaMOJIsl OHa -
KOBBIX aHFapMOHWYECKUX OCUWLISITOPOB BMECTO
YCKOPEHHOTO 3aTyXaHUsl cTabuiansupyercs. Bo Bcs-
KOM CJIy4yae, B IIMPOKOM Aralia30He 3HAYCHUST YK CIia
OCLIMJIIITOPOB 3aTyXaHWE SHEPIMU aHCaMOJIsT 3aTOp-
MaXk1BaeTCs M OTIIMYAETCS OT pacrianaa, 00yCIOBICHHO-
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TO YYETOM TOJIBLKO MEPBOTO ITOPsSIIKa alredpandeckKoid
TEOPMM BO3MYIIECHNI. DTO OOCTOSITEIHLCTBO MOXKET
0Kazarhcs TMOJIE3HBIM B 33J1a4aX KBAHTOBOTO KOMITBIO-
TuHra. [1pn 3TOM, B OT/IMYME OT ciydasi rTapMOHUYe-
CKUX OCUWIISITOPOB, BO3HUKAET UMIYJIbC CBEPXU3-
JIydeHUsI aHCaMOJIs1 OMMHAKOBBIX aHTaApMOHMWYECKUX
OCHULISTOPOB. YKa3aHHOE CBEpPXU3IyYeHUE OTIU-
yaeTcsl OT TPAAWILMOHHOIO CBepxusiiydeHus Jlvke
[14—16], MOCKOBKY MMeeT CBOEOOpa3Hyl0 — HEBU-
HEPOBCKYIO — 3aBUCUMOCTbD OT YK CJia OCHULISITOPOB.

ITOCTAHOBKA 3AJAYA

l'aMunbTOHMAH aHcaMOJIs HEeB3aUMOAEHCTBYIO-
X MeXOy CcOo0O0i OCUMJIISITOPOB, TepMOCTaTa U
orneparopa B3aWMMOAEHCTBUSI OCLWIISITOPOB C TEp-
MOCTaTOM BO3bMEM B OOBIYHOM BUIEC

NP
— (@)
H - Z Hosc
i=l
}{U)

3neck H,,, — TaMWIbTOHUAH i-TO OCLMJUISTOpA (M3
o0lllero yuciia OCUHWIIATOPOB aHcamons), H,,, =

v

int*

+ Hbath +

_ +
= J.hcobwbwa’m — raMWIbTOHMAH TEPMOCTATa C oIepa-

TOpaMH, YIOOBJIICTBOPAIOIIMMHAN KOMMYTAllMOHHbBIM

cooTHoIeHusM [b,, b,] = 8(w— '), Vi, — oneparop
B3aUMOJIEHCTBUS OCLIMUIATOPOB aHCAMOJIsl C OCLIII-
JATOpaMu TepMocTaTa

ND
Vi = 2. [ 8@by + 5, + ) da

3nech g(®) — mapaMeTp CBSI3U MEXIY OCLMILISI-
TOpaMu aHcaMOJIsI U TepMOCTaToM (I ITPOCTOTHI
JIEACTBATENBHBIN), ¢ M ¢T — ONepaTopHl i-IO OCLIWII-
agropa: [c, ¢ =1, [N, c] = —c, [N, ¢*], N=c*c. Ux
KOMMYTATOPBI MEXIY Pa3HBIMHU OCHWIISTOpPaMHU U
OCLIJUIATOpAaMM aHCaMOJIsI M TepMoOcCTaTa paBHBI
Hyt0. 11 yKaszaHusl MpOCTpaHCTBa ASMCTBUSI Orle-
paTopoOB i-TO OCUUJUISITOPA UCTIOIb3YEM HYKHUE MH-

IEKCHI, ¢; U ¢;, KaK B dhopmyJie mis Vi, a Takke N, B
IaJbHEMUIIEM.

Kak ycranoBieHo B paboTtax [7, 8] 1 yKa3zaHO BO
BBenenum, mpencraBiieHHasT MOJIEIb OXBaThIBACT
TaK:Ke CIydaii, Korma aHcaMOJIb OCHLISITOPOB HEpe-
30HAHCHO B3aMMOJIEHICTBYET TOJILKO C OOIIIeli 3aTyXa-
foreit Momoii. Otiauaue ot [7, 8] COCTOUT B yueTe aH-
rapMOHMU3Ma OCUMWLIATOPOB aHcaMoOias. Cuuraem,
YTO TAMUWJIBTOHMAH OTIEJbHOTO OCUMJLISITOPA OTJIU-
YaeTcsl OT KBaApaTUYHOIO M YYUTHIBAeT aHTapMO-
HH3M CJICIYIOIINM 00pa3oM

HY =hQ e+ oe + ') +Bc + ¢ =
= H(()Is)c-Diag + Hc()’s)c—Non—D'

I1pu 3TOM IMAaroHaJbHYIO YaCTh OCLHUJIJISITOPHOTO
raMWIbTOHMAHa ygoOHee BhIpaXkaTh IIPU ITOMOIIU
oreparopa 4yucia KBaHtoB N = ¢*¢

HY = hQ [N +6B(N + N7)].

osc-Diag

Ne 11 2023



1644

OmepaTop N ynoOHO MCITOIB30BaTh U B IIPEICTAB-
JIECHUM HeAuaroHajabHOMI 4acTu

(i) (@) (i)
Ho%c Non-D I/21:)h + I/3pha
Vi = hoQy((3eN +¢) + H.c),
Vi = hBQ.((c" —2¢° +4¢’N) + H.c.).
bykBamn H.c. 0603Ha4YeHHI ciTaraeMble, 3PMUTOBO
COIIPSIKEHHBIC TTPEAbIAYILIEMY.
Panee IIpH OIIMCaHUU HEeJIMHEUHBIX IIpOoLECCOB B

KY6HqCCKOﬁ cpe€ac, HMCITOJIb30BaJIM TOJBKO OMUAaro-
HaJIbHYIO 4YaCTb OCHMJUIATOPHOrIoO raMuJbTOHHaHa

HO = hQ [N + 6B(N + N?)] [19—-21]. B npu6u-

osc-Diag
KEHUU “KJIACCUYECKUX” OCLIMJUISTOPOB U IIpeHeOpe-
XKEHUM KOPPEISIIUIMUA MEXIY aMIUIUTYIOI U YHC-
JIOM BO30YXOSHMHU, 3aJada CBOOUTCS K M3BECTHOM
MOMEIN TTOJIyYECHUST CBEPXU3TYIEHUST KITACCUUECKIX
OCLIMJIISITOPOB, CICAYIOLIEH M3 pACCMOTPEHMSI Kj1ac-
cuyeckoi nuHaMuKu [19], 6oJiee U3BECTHOI KaK MO-
nenb BaitHireitna—Koeesa [20]. B [21] npemioxkeHo
IIOCTPOEHNE KBAHTOBAHHOTO ABVKEHUSI aHTAPMOHM -
YeCKOIro OCHMJUIATOPA KaK KBaHTOBBII aHAJIOT KJ1ac-
CHUYECKOro MeToaa rnepeHopMupoBKu. [IpoBomumoe
HIMXE paccMOTpeHue 0600111aeT yKasaHHble padOThl
U MIPUBOIUT K CrieIM(UIECKUM TIPOSIBJICHUSIM B yKa-
3aHHBbIX 3aJa4ax 4yepT H@BVIHCpOBCKOﬁ JUHaAMHUKU.

IIpencraBneHHOE BhIIIE pa30UeHIE He}II/Ial"OHaIIL—
HOI1 YaCTHU OCLHMJUIITOPHOIO TaMMJIbTOHUAHA Ha V Hph ¥
V;l;f] OoTpaKaeT MX MOCJIEAYIOLIYIO POjIb B ONTUYECKUX
addekTax B KOFepeHTHbIX 2JIEKTPOMATHUTHBIX TTOJISIX

[10]. OnepaTop V 2o OTBETCTBEHEH 3a TeHepaLuIo BTO-
pOI1 rapMOHUKU U “BBITIPpSIMJICHHE” TI0JIs1, TOrIa Kak

V;;,?l oIpeaenseT TeHepalulo TPETbeil TapMOHUKU U

aBTOMOIYJISILIAIO TTafaloIeli BOJHBI.

B xaptune JIupaka nepenuchiBacM raMujJbTOHU-
aH 3a/1a4 KaK

H(t) = exp(iH et /1) H\on p €XP(—iH ot /1),
H(t) =Vi(0) + V(1) + V3(2).
3nech

N,
Hopgg = > QLN + 6B(N, + NI+ Hy
i=1

Np . .
W) = j > s@)bge™ + b, + ) x
X (exp(zHDlagth )c exp(—iHp;th "+ H.c.)dw,
V,(t) = haQ, Zexp(lHDldgth YGe,N; + ¢) X

i=l1
X exp(—iH, Diagth_ )+ H.c.j,
N

Vi) = HBQ| D exp(iH gt ) @N, —2) + ) x

i=1

X exp(—iHpy,th™") + Hc)
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AJIEKCAIIHWH u np.

HpI/IHa}IJ'IC)KHOCTL OorIeparopoB M BEKTOPOB CO-
CTOSAHUA K KapTHUHE I[MpaKa MBI OTME€YacM SBHBIM
HanmmcCaHMEM BPEMCHHOI'O aprymeHTa. B npeacraB-
JICHHBbIX BBIpa)KeHI/IHX BMCECTO orieparopa H, Diag MOXKHO

IIOACTaBJIATDH H T.K. OHN HE ,[[CVICTBYIOT Ha OIIC-

osc-Diag»

patopbl TepMmocTaTa. [lpu sToM HOgC Diag ABJIAETCS
TepBBIM TIPUOIIDKEHEM, YIUTHIBAIOIIUM aHTapMO-
HU3M. JanpHelmii ygeT aHrapMOHM3Ma TTPOBOIUM
10 TeOpUM BO3MYIllleHU#. Hala 1uenp — rojydyeHue
3(pheKTUBHOIO raMIJIbTOHNAHA aHCaMOJISI aHTapMO-
HUYECKUX OCHMIISITOPOB 1 €T0 OKPYKEHUS U BBIBOI
KMHETUYECKOTO YpaBHEHUSI 1151 aHcaMOJIsl aHTapMO-
HUYECKNX OCIMJUISITOPOB, paccMaTpUBaeMOro Kak
OTKPBITAsI CUCTEMA, B3aMMOACHCTBYIOIIAS C OOIITUM
TEPMOCTATHBIM TTOJIEM.

AJITEBPAUYECKAA
TEOPHA BOSMYIIEHNN

Anrebpandeckast TeOpUsi BO3MYILIECHUU MPEnIro-
JIaraeT ImoctpoeHue 3(@OEeKTUBHOIO raMuIbTOHMAaHA
10 TEOPUU BO3MYIICHHUI C YYETOM BCEX MMEIOIINXCS
B cucTeMe B3auMmopelictBuii. Ecam otnenbHO cHava-
Jla TMaroHAJIM3UpPOBaTh YUCTO OCUMJUISTOPHBII Ta-

. N .
MunbToHMaH cuctemsl H)  un Z ‘;H(()’S)C, TO B
=

JalibHEMIIeM TepsSIoTCsl TaK Ha3blBaeMble MHTepQe-
PEHIIMOHHBIE KaHaJIbl B3aUMOACHCTBUH [22].

B paccmarpuBaeMoii cucteme ecth Tpu Ge3pas-
MEpPHBIX ITapaMeTpa B3aMMOICHCTBUS, OIpelelisie-
Mbl€ KaK OTHOILIEHWE COOTBETCTBYIOIIUX DHEPTUil K
SHEPIrMM KBaHTa BO30YXIEHMsT ocuujuisitopa 7€), .
JpyruMu clioBaMHU, €CTh OMHOPOMIHAS ITMPUHA CITEK-
TpaJIbHOM JTMHUM ocuwuisitopa Y, (bopmyna mis Y
OyzmeT moJiydyeHa jasiee), CABUT €ro 4acTOThI 3a CYeT
aHrapMOHM3Ma, OIpeaesiieMoro napaMmerpom 3, a
TakKe mapaMeTphl 0L U [J reHepaluy rapMoHUK. Yro-
OBI YIIPOCTUTH JJI HadaJla pacCMOTpeHMEe aHCcaMOJIs
aHTapMOHMYECKUX OCHWUISATOPOB, MOTPEeOyeM BbI-
MOJIHEHHE COOTHOIIIECHUS

Y<B (1)

Cnenyer 3aMETUTb, YTO NAPAMETP Y MOXET OBITh
OYeHb MaJICHbKUM JJISI aHCaMOJIs1 He3aBUCHUMBIX aH-
rapMOHHMYECKUX OCLIJIITOPOB, HEPE30HAHCHO CBSI-
3aHHBIX C OOIIIeH 3aTyxalolIeit MOJO.

Hpyroe mpenrmooxxeHe, 0 KOTOpoM Oojiee U He
OyneM yIIOMUHATh, 1 KOTOPOE OYEBUIIHO B PE30HAHC-
HOI1 OIITHKE, 3TO MaJIOCTh CABUTOB W IMVUPWH JTUHUMN
10 CPaBHEHMIO C XapaKTEPHOM YaCTOTOM IIePEXOIOB

B<Q..

Hrak, B npeanonoxenuu (1) paccMoTpuM auHa-
MUKY aHCaMOJIsI aHTapMOHUYECKHNX OCLIMIISITOPOB B
0o011IeM IenbTa-KOppeJIMpoOBaHHOM TepMocCTaTe. DTa
IMHaMMKa B KapTuHe lupaka onpenaensieTcss ypaBHe-
Ne 11
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aneM IlpémmHrepa T BEKTOpa COCTOSTHUSI CHUCTE-
MBI U OKpykeHus | W(7)):

ihd|P(0)) = H@0)| @),

2
H(t) = V() + V5 (1) + V3(0).
JonoaHUTENbHO TIpeajiaraeM JIOKAIbHOCTh aH-
caMOJIsI, YTO OTpaXkaeTcss B IPEeHEOpPEeXXEeHUU IMpPO-
CTPaAaHCTBECHHbBIMU 3aBUCUMOCTAMMU.

ITpumeHeHue IpuoaMKeHUs 0e10ro IrymMa (J1eib-
Ta-KOppPEeJIMPOBAHHOIO TEpMOCTaTa) TpeOyeT OTCyT-
CTBUSI B TaMUJIbTOHUaHe H(f) ObICTPO MEHSIIOIIMXCS
BO BPEMEHM CcJlaraeéMbIX, MOCKOJIbKY B MPOTUBHOM
ciydae npubivxeHue 6esoro myma OyneT He Kop-
pPEeKTHO 1151 paccmaTtpuBaeMmoii 3agauu. Ilepexon ot
HMCXOAHOIro raMujibToHMaHa H(f) K TaMUJIbTOHUAHY
0e3 OBICTPO MEHSIIOIIMXCSI BO BPEMEHM CllaraeMbIX

H(t) ectb mocTpoeHme 3 PEKTUBHOTO raMUIBTOHM-

aHa 3aJa4u, I 9ero OyaeM MCIToIb30BaTh ajireopa-
MYECKYI0 TeOpHUIo Bo3myleHuii [9, 10].

Aurebpaunyeckasi Teopusi BO3MYILIEHUI UCTIOJIb3Y-
€T YHUTapHYyl0 CHMMETPUIO KBAaHTOBOW TEOpUU U
MpennojaraeT Mmepexol OT MCXOJHOTO BEKTOpa CO-
CTOSHUS CUCTEMBI U OKPYXKEHUH |‘I’(t)) K Tipeobpazo-
BaHHOMY BEKTOPY COCTOSIHUSI |‘i‘(t)>. Takoii miepexon
MOXKHO COBEpILATH B JTIOOOM yIOOHOM MPEACTABICHUM.
B xaptuHe lupaka Hanbosee mpocTo GOpMyTUPYIOTCS
TpeboBaHUsI K OTOOpPY cCiiaraeMbIX psiia ajaredpauye-
CKOI1 TeOpUM BO3MYILIEHUI, CyMMa KOTOPBIX M COCTaB-
ssteT 3 deKTUBHBII raMWIBTOHMAH 3ama4u [9, 10].

Omeparop 7(?) npeo6pasoBaHI/I${| ‘i’(t)) =T@)|¥@®)
BBIpakacM Yepe3 3pMUTOBEII TeHepaTop:

T@) =™, S't) = S@).

C TOUYKM 3pEHUS OIUCAHUSI OTKPBITOI CUCTEMBI U
€€ OKpYXeHMsI YHUTapHOe Mpeodpa3oBaHie HUYETO
HE MEHSIET B U3MEPSIEMBIX B 9KCIIEPUMEHTE BEJTNIM-
Hax. 11t aToro ypaBHeHue Ilpénunarepa s mpeo6-

Pa3soOBaHHOIO BEKTOPa COCTOAHUIA |‘I’(t)> JTOJKHO
OIIPENENATbCA COOTBETCTBEHHO IIPEOOpPa3OBaHHBIM

raMIIBTOHUaHOM H (1):

ihd| W) = H@n)| @),

i + . d (3)
O =TOVOT @) =i TOL T .

Mmeem crenyiomuii BapuanT dopMynbl Kemi-
oemna—beiikepa—Xaycoopda

H(t) = H(t)—ilS(1), H®)] —%[S(t),[S(t),H(t)]] e

_ he SO d SO
dt
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Hanuuue mManbix mapameTpoB Y, o 1 [3 mo3BosisieT
HCITOJIb30BATh CJICAYIONINE PA3IOKEHUSI:

S(t) = S(l,O,O)(t)_I_S(O,l.O)(t) + S(O,O,l)(t) + S(z,o,O)(t)+ e
Ay = B 00 + A0 + B0+ B0 +
" ﬁ(l,o,l)(t)+ ﬁ(o,l,l)(t)+ ﬁ(2,0,0)(t)+_”,

IIe KaXXIOMY B3aUMOJIEICTBIIO OTBEYAeT OMHO MECTO
B TPOIKE BEPXHUX UHIEKCOB, Tak uyTo S¢/ X onuchl-
BaeT i-bliA MOPSIOK IO NEPBOMY B3aUMOAECHUCTBUIO
V\(¢) (unu ), j-blii TOPSIIOK MO BTOPOMY B3aUMOJIE-
ctButo Vy(f) (Mnm o) U k-blii TOPSIIOK MO TPETHEMY
B3aumozeiicteuo V;3(f) (wim ). KoHkperusarius
3TUX (OPMYJI B pa3IUIHBIX IIPUJIOXKECHUSIX JaHa B pa-
oorax [7—10, 17, 22]. IlpuMmeHeHMEe HOPMYII IJIST OTTH -
caHus aHcaMOJIsI aHTApPMOHUYECKUX OCUMLUISITOPOB
paccMmoTrpeHo Huxke. I[lomuepkHeM, 4TO Bemylieid
naeeil anredpanmyeckKoil TeOpruyu BO3MYILIEHM, MO3-
BOJISIIONIEH TIpU aanadaTUYEeCKOM BKJIIOUSHUM B3au-
MOACHUCTBUIA OMHO3HAYHO OIIPEOC/INTh CcllaracMble
(4), sABIsIETCS TIOC/IENOBaTE/NbHOE HCKIIOYEHUE U3
BCEX cJIaraeMbIX MPeoOpa30BaHHOIO raMUJIbTOHUAHA
cllaracMbIX, OBICTPO MEHSIIOIIMXCS BO BpEeMEHHU B
kaptuHe dupaka. /I cnaraeMBIX TIepBOTro ITopsiaka
110 KOHCTAHTaM CBSI3U UMEEM

_ (10.0)
A0 = %Dy,
3 (0.10)
A0 =0 Ly,
3 ©.0.)
A ) = 950 — D 4 vy,

BTN popMyJibl, KaK U (POpMYyJIbl IJIsI ClaraeMbIX
BTOPOTO MOPsIAKA IO HapaMeTpaM B3aMMOIEICTBUIA,
HEOITHOKpaTHO npuBommimch [7—10, 17, 22]. I1puse-
JIEM JIJISI TIpUMepa CIeIYIOIIe BhIpasKeHUST:
4a
dt

i o(1,0,0) 75(1,0,0)
_E[S (t)aH (t)]a

A%ty = in yw%%ﬂﬂwmxmk

ﬁ“%n:miﬁww%éB“Wmnmk

—émM%mﬁme—

=280 V01 - LIS, A,

TpeboBaHue MeaJIEeHHOTO U3MEHEHUST BO BpEMEHU
7 (i.J.k)
cimaraembix H () IpUBOIUT K TOMY, YTO OIEPATO-

pbI S([’j’k)(t) “BOMparoT” B ce0sT Bce ObICTpOIIEpeMEH-
HEIE BO BpeMEHMU ciiaracMbie. B pe3ynbrare, B 3aBUCH-
MOCTHU OT HaYaJIbHBIX YCJIIOBUIA, COOTHOILIEHMS IIIMPUH
JIMHUM, OTCTPOEK OT PE30HAHCOB U SHEPIUii B3aUMO-
neiicTBrsI, GOPMUPYIOTCS MEIJICHHO MEHSIIOIIUECS BO

ik
BpeMeHH ciaraemble oneparopos A (7).
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CBEAEHMUME 3AJAYU K AMHAMUWKE
AHCAMBJIA IBYXYPOBHEBBIX YACTULL

IMpoananusupyeM dopMuUpoBaHUE MEMICHHO Me-

HSTIOIIMXCS ClaraeMbIx A (1’0’0)(1) +H (0’1’0)(t) +H (0’0’1)(t)
3(GEeKTUBHOTO raMUJIBTOHMAHA TIEPBOTO ITOpsiAKa Mo
napameTpaM B3auMOICHCTBUMA.

IMockonbky V,(f) u V5(f) ueamkom cocTosiT U3
OBICTPO OCUMJUIMPYIOILIUX CllaraeMblX, TO COIJIAaCHO
TpeOGoBaHUSIM ajiredpanuecKoil TeOpUU BO3MYILIECHUIA
TTOJTOKVIM

A0 = A1) = 0.

D10 no3BoJgeT onpeaeauts BenunauHbl SO L0 (1) u
SO 0. D(7), a Takxke B TIEpBOM NPUOIMKEHUN TIPEHE-
Opeub MpoleccaMy reHePaLuy TADMOHUK U CBA3aH-
HBIMU C HUMU MTOTEPSAMH.

B npenmonoxxenuu (1) mpu ciabblx HavYaIbHBIX
BO3OYXKIEHUSIX aHTapMOHUYECKUX OCLUJIISTOPOB,
KOTJa CpellHee YMCIO KBAHTOB OCIHWIISITOPOB MaJlo,
a umMeHHo 0 Wi 1, aHrapMOHUYECKHE OCIUILISITOPHI
aHcaMOJIsI 3acelIsIIOT TOJAbKO dHEPTreTUYeCKUe ypoB-

au | 0)” u D™, DT ypoBHM cTaHOBSITCS pe3oHaHC-
HBIMM OKpYXawllleMy TepMocTaTHOMYy mnoJio. M3
CITEKTpPa OKPYKAIOIIIETO TEPMOCTATHOTO IO aJire6-
panyeckasi TeOpUsl BO3MYIIECHUI BBIIEISICT 00J1acThb
4acTOT C UEHTPAJIbHOM YaCTOTOM

Q =Q.(1+12p) 5)

¥ IIMPKHO# nopsiaka yQ, . COBOKYITHOCTb YaCTOT Ta-

o Al
Kot obslactu obo3HavaeM (€2.). KBaHTHI ¢ 9TUMU Ya-
CTOTAMM OKAa3bIBAIOTCSI PE30HAHCHBIMU MEPEXOAY

1D — [0)”. Eciu mioTHOCTb KBAaHTOB TepMocTaTa
paBHa HYJIO, TO IPYTUX KBAHTOB TeEpMOCTaTa, pe30-
HAHCHBIX KAKUM-JINOO YPOBHSIM, HET.

3aMeTI/IM, 4TO eCau Obl B HaYaJbHOM COCTOSIHUM
IIPpUCYTCTBOBAJIN ObI AHIrapMOHHNYCCKHNEC OCITUILIIATO-

pBI, BO30YXIeHHBIE HAa YPOBEHb 127 10 B CIIEKTpE
OKPYKaIOIIEeTO TEPMOCTATHOTO TTOJIST BBIIEIMIACH OBl

HOBast 00J1aCTh YaCTOT (Q'C') C LIEHTPAJIbHOM YaCTOTOM
Q. =Q.(1+24pB)

o "
v mwMpuHoi nopsaaxa y€2.. Ecniu BeimonneHo (1), To
yKazaHHBIe 00JIACTH YacTOT He TIepeKPBIBAIOTCS, TTO-

ckonbKy Q. — Q. = 12BQ, > yQ,.. C pocToM yncna
BO30YXKIEHU clieAyeT 3aMEeHUTh MPUHSATYIO MOIC/Tb
aHTapMOHM3Ma Ha IPYTYI0, HAIIPpUMED, UCIIOJIb30BaB
noteHIMaia Mopae [23].

Takum o0Opa3oM, eciii YMCJIO BO30OYXKIAESHUIT oc-
LUJIJIITOpPAa HEBEJIUKO, TO ajrebpanmyecKasi TeOpus
BO3MYIIEHUI OCHWUIITOPHYIO MOJIEJNIb B ClIyyae aH-
rapMOHM3Ma 1 B3aMMOJIEICTBUS OCLMIIISITOpA C IO~
JIEM IIHPOKOIIOJIOCHOTO TepMocTaTa B yciaoBusx (1)
cBoauT K N-ypoBHeBo# dactuiie. [Ipm 3ToM pe3o-

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

HaHCHOC€ KOI€pCHTHOC OJJICKTPOMArHMTHOC IIOJIE B

cJiyyae ero Hecyllleil 4acTOThI, paBHOM Q'C U Q'c', u
Mpu MaJjioil yactore Pabu mo cpaBHEHUIO CO CHEK-
TpaJbHBIMM IIWUPUHAMU IIEPEXONOB IIPUBOIUT, CO-
IJJaCHO ajireOpanyeckoil Teopuu BO3MYIIEHUM, K
BO30YXI€HUIO TOJIBKO Maphl COOTBETCTBYIOIINX HU3-
KOJIeXKalllMX 9HEPreTUYEeCKUX YPOBHE.

B nanwpHeliniem OymeM paccMaTpuBaTh IIpPOCTEii-
LIYIO CUTYallI0, B KOTOPOI B HAYaJIbHOM COCTOSTHUM
OCUMJUISITOP WU HEBO30YXIEeH, WJIN OTHOKPATHO
BO30yxKIeH. Torna ObICTpOMEHSIIOIIMECS] BO BDEMEHU
wieHsl reHepaTtopa S % 9(f) takue:

S(I,O,O)(t) _

N, oo ) ) o t
=y goWn| E?)(E? | be ™ de
_ ;; (IQ') o+, 1) "

O (=82
N, oo

lh((D - Qn,nfl )

4 | g@Nn| EP)(ED [be™ " do
1

1 n

0z(Q)

311eCh MbI BBEJIM BEKTOPBI COCTOSTHHSI i-T0O OCLIMJLISITO-

pa, Kotopbie, B ommue ot o603Hauenmii | 0, 1) u mp.,
CTAIM 3aIUCHIBATh C UCIIONBb30BaHMEM sHeprun E, =
=nQ [n+ 6P(n+ n’) wm E = hQ [n, + 6B(n, + n))].
En,k

[Mpusrtom Q, , = ,E, \=E,— E,.

B 310 ke BpeMs1 MelJIEeHHO MEHSIIOIIMECS ciiarae-
F-(1,0,0)
Mmble H (¢) comepKaT TOIBKO MPOEKTOPHI HA Tapy

HM3KOJIEXAIUX YPOBHEMN |O>(i)|E0>U) u |1>(i)|El>(i).

[ToaToMy y1o6GHO BBECTU ONEPATOPhI
Ry = EZ(l E1>(l) Ell(l) - |E0>( ) Eol(l))z
i

R = Z|Eo>(i) (E|”, R = Z|E1>(i) (E,|”

1 1

C KOMMYTAaIIMOHHBIMY COOTHOIIIEHUSIMU aJITeOphI su(2):
[R,R.]=2%R,, |R,R]=2R,

B sT1X 0003HaYeHUSIX UMEEM

A1) = j dwg(o)b, + d, R e "do + H.c.
0= ()
Y1006l MOAYEPKHYTh CXOACTBO MOJYYEHHOTO Ta-

MWIbTOHMAHa € aTOMHBIM TaMWJIbTOHMAaHOM, HC-
MMOJIb30BAaHO OOO3HAYeHUE MaTpHU4YHOTO OJOJICMCHTAa

OUIIOJBHOTO MOMeHTa d, | ,=d, , | = Jn.
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~(2,0,0
Cnaraemoe BToporo nopsiaka H ( )(t) MoJIy4yaeT-
cs1 OOBIYHBIM 00pa3oM B BUJIEC

H(Z,0,0)(t) — HLamb + HSl(t) + HEX,

h (ij
_ J‘g(OJ) |d10|
o+ Q)

H (1) = jdmdm’ 2(@)g(0)b bye ™ x

Lamb

| E)",

&R.R, +RR - N,,

N,
X {H+(co, 03')7" + I (o, oo')R3},

((0) — |d01| 1 , 1( ) — |d12| 1 +
h QO] - (D h QO] - (1)
2
F— j+ il 1 , ()=

= %{Ho(w) + ITo(') £ (IT,(w) + T (@)}

Takum o6pazoM, 3¢bHeKTUBHBIN raMUITBTOHUAH
sagauu HEM() monydaercst B BUAe CyMMBbI FaMUJIb-
ToHMaHa V3S(f), KOTOpBIIi OTHOCUT K aHCaMOJIIo
HEeB3aMMOIEMCTBYIOIIUX OCLUISITOPOB, U ollepa-
TOPOB Pe30HaHCHOTO Nepexona H'(f) u mTapKos-
ckoro B3aumopeiicteus H5(7):

H ) =Vv™0) + H" @)+ H* (),

VSys(t) — HLamb + HEX, HTr(f) — ﬁ(l’O’O)(t).

HNmeeM oueBHIHOE OOBSICHEHUE 3TOIO pe3yiibTa-
Ta, MOJYYeHHOrO ajredOpandecKkoii Teopueit Bo3my-
meHuit. M3-3a yuera aHrapMoHuM3Ma CIIEKTP KBaHTO-
BOI'0 OCLIMJIISITOpA CTAHOBUTCS HEIKBUAMCTAHTHBIM.
Anrebpanueckasi Teopusl BO3MYIIECHHUIT ITO3BOJSIET
BBIACIIUTh M3 OTKPBITOI CUCTEMBI U €€ OKPYXKCHUS
MOJEIb OTKPBHITOM KBAHTOBOM CUCTEMBI C KOHEUHBIM
YHCJIOM YPOBHEN U pa3dbUTh OKpyXeHHEe KBAaHTOBOM
CHCTEMBI Ha COBOKYITHOCTh HE3aBUCUMBIX UCTOYHM-
KOB KBaHTOBOTO IlTymMa. Takoe IpencTaBieHue 3aB1-
CHUT KakK OT HayaJlbHbIX YCJIOBUI, TaK U OT 3HAYECHUI
mapaMeTpoOB aHTAapMOHM3Ma U ITapaMeTpa CBSI3U OC-
MUISITOPA C KBAaHTOBAaHHBIM 3JEKTPOMAarHUTHBIM
IoJIeM OKpYXeHHUs. BhIllle MbI IIPEAIIONOXIINA, YTO
KaXKAbl OCLHUJISITOP B HA4YaJIbHbIII MOMEHT BpEMEHU
MMeeT He 00jiee OMHOro KBaHTa BO30YKIIEHUSI, a Ma-
paMeTp aHrapMoHHU3Ma [} JOCTaTOYHO BeIMK (Hepa-

(6)

BeHCTBO (1), 7 ~ 2Ttg2(£210)h_1). B stom cnyvae, wnc-
XOIOHBIE OTIEPATOPhI 321241 MBI IIEPETUCATIN B BUIE,
CXOOHOM C BUAOM OIIEpPaTOPOB aTOMHOM OTKPBITOM
cHCTeMBI, mojiyueHHOM B [ 17]. Takoe nipencrasieHue
raMujbTOHMAHA aHTAapPMOHMUYECKMX OCUMLISITOPOB
yepe3 reHepaTophbl ajareOpsl su(2), IMpoBeaecHHOE U3
“IIepBBIX IIPUHIUIIOB”, TaJIeKO HETPUBUAIBHO U HE
ouyeBMIHO. OOBIYHO ITOCTYNAIOT HAO0OpOT, KaK B
npeoodpazoBanuu XomureitHa—IIpumakoBa [24] niam
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B IpPEACTaBIICHUM T'€HEPaTOPOB IIOJIMHOMMAJIHLHOM
anre6psl [25, 26]. [ToguepkHEM, YTO 3TOT “O0paTHBII
rnepexon”’ Kak Obl “aBTOMaTUYeCKU BBIITOJTHUIIA aJI-
rebpandeckasi TeOpHs BO3MYIICHUN ¢ TpeOOBaHUEM
OTCYTCTBUS B 3(P(PEeKTUBHOM TaMUJIbTOHMAHE OBICT-
POMEHSIOIINXCS BO BPEMEHU cllaraeMbIX. AHAJIOTAY-
HO, aJireOpandeckast TeOpUs BO3MYILIEHUI pa3ouBaeT
IIMPOKOIIOJIOCHOE OKPYXEHUE OTKPBITON CHUCTEMBI
Ha COBOKYITHOCTb HE3aBUCUMBIX IITYMOBBIX UICTOYH -
KOB. B aTOM mposiBuIics crietmguyecKuii yHuBepca-
JIM3M ajre0pandecKoil TeOpUMU BO3ZMYILIEHUIA.
CrnenyeT NMOMYEPKHYTH OTIMYNE aHTapMOHMYE-
CKOTO OCHMJLIATOPA OT N-ypOBHEBOM MOIEIN aTOMa.
OHO COCTOUT BO BKJIaJlaX B TapaMeTphl IITAPKOBCKO-
ro B3aumoneiicteus I1,(w). B cnyyae anrapmonuue-
CKOTO OCHWJIISITOpPA BKJIAJ JAIOT TOJIbKO PEe30HAaHC-
HBIE YPOBHU, B TO BpeMsI KaK B aTOME BKJIaJI JAlOT BCE

OINTUYECKU pa3pellieHHbIE EPEXO0Ibl C YPOBHS | E,E’)>.
IToaTOoMy, B cilydyae aHrapMOHUYECKOTO OCLIUJIISTO-
pa yuutbiBaeM caur bimoxa—ae Currepra [10], B TO
BpeMs Kak B CIydae aTOMOB UM MOXHO MPEHEOpEeYb.

KMHETHUYECKOE YPABHEHUE AHCAMBIJIA
AHTAPMOHUWYECKHWX OCHUIIJIATOPOB

IMonyuenHbI 3 EKTUBHBIN raMUIbTOHUAH (6)
MOCTaBJAEHHON 3a/lauu MOXET ObITh TepernucaH B
MapKOBCKOM MPUOJUXEHUU B TEPMUHAX OCHOBHBIX
KBAHTOBBIX CJIy4YalHBIX ITPOLIECCOB. DTHU CIydyaliHbIe
MPOLIECCHI HETTOCPENCTBEHHO CIEAYIOT U3 CTPYKTYPHI
COOTBETCTBYIOIIMX oTlepaTopoB. Hanpumep, Oynem B
rmosiyueHHoM orepatope H'™(f) adpdeKTuBHOro ra-
MUJbTOHMAHA CUYUTaTh BBIMOJHEHHBIM OMHO U3
YCJI0BUIT MapKOBCKOTO NMTPUOJIMKEHUS: CUMTaeM, 4TO

napameTp cBsi3u g(M) B 4aCTOTHOI obnacTu ® € (L2,)
nocrosaHeH g(m) =~ g(Q.) = g(Q,). Torna

i(—Q

H™ (1) = g(Q.)d\ R j b, + e o+ H.c.

0= (€2)

B noxyyeHHOM MHTeTpajie MOKHO CUMTATh Ipee-
JIbl THTETPUPOBAHUS IO BCEil OCH OT —o° [0 +oo,
EctecTBeHHBIM 00pa30M BO3HMKAIOT ONIEPaTOPhI

oo t
(-0,
b(r) = - [ bue @, By = [bs)as
N2m Y 9

Eciu ydecTb ycioBue aeibTa KOppeJIUpOBaHHO-
CTU TepMOCTaTa C HYJIEBOI IJIOTHOCTBIO (DOTOHOB
bmbm,+ >d(w — '), To B(f) npencrasisgeT coboil KBaH-
TOBBIIf YHMUTOXAIOIIUII mpoluecc ¢ nuddepeHiia-
Jnom Uto dB(f) = B(t + df) — B(?).

AHanornuyHo, B omneparope H5() ymnomsiHyToe
YCIIOBUE M3 MapKOBCKOTO TMPUOIMKEHUS BBOIUT B

paccMoTpeHue omepartop A(f) — cuuTamuii (MIu
CUMTBIBAIOIINII) KBAHTOBEIN IIPOLIECC.

A(t) = j dsb* (s)b(s), dA(t) = A(t +dt) — A@D),
0
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IIOCKOJIbKY oOI€paTop INTAapKOBCKOIO B3aMONEH -
CTBUA OIIPEALTIACTCA MHTErpaJioM

HSt(t) = gz(Qc){ +(QwQ ) D + 11 (chg )R3}

xj dodw b;bm.e*"“"'*""”.

CornacHo pa6ote [18] nuddepenumanst Mrto
dB(f), dB(f) n dA(f) noguuHsIOTCS anredpe Xamco-
Ha—Ilapracapatu

dA@AA() = dA(?), dB(t)dB*(t) =
dA()dB*(t) = dB*(t), dB(H)dA(t) = dB(?),
dAN)dB(t) = dA(t)dt = dBT(t)d A(t) = dB* (t)dB(t) =
= dB*(t)dt = dB(t)dt = dtdt = 0.

IIpu »Tom cpenHue ot auddepeHuuanoB Mto
BBEACHHBIX CJIyYailHBIX IIPOLIECCOB — HYyJIEBEIC:

Tren (P ™ ()dB(t)) = Trgy, (0 " (VB (1)) =

= Trn (p° " (DdA®2) = 0

Crnen OepeTcsl IO COCTOSIHMIO TE€PMOCTATHOTO
9JIEKTPOMArHUTHOIO MOJisi C HYJIEBO IIOTHOCTBIO
doronoB, p3+EMV(7) = | \P(1) ((P()|.

CrenmyeT IMOOYEepKHYTh, YTO IJIsI pabOTHI C anreo-
poit Xagcona—ITapracapat He0OXOIMMO BCE BEJIM-
YUHBI 00e3pa3MepUTh U 3aTEM, B TTOJyUSHHBIX KUHE-
TUYECKHNX YPABHEHUSIX OMSTh, IPH HEOOXOIMMOCTH,
BEPHYTHCS K pa3MEPHBIM BeIUYMHAM. DTa IIPOLEeay-
pa obcyxnanacse B [17].

ITpuMeHeHne MapKOBCKOTO MPUOIUKEHUS U BBE-
JIEHIE€ KBAHTOBBIX CTOXaCTUYECKUX ITPOIIECCOB IIpU-
BOOUT K CJICAYIOLINM Ba>KHBIM CJISACTBUSIM.

1. ¥YpaBHeHMe IJIsI BEKTOpa COCTOSIHUSI WJIM IS
orepaTopa 3BOJIOLMHU B JIIOOOM IIPEACTaBACHUM CTa-
HOBSITCSI MaTeMaTUUECKU HeonpeaeJeHHbBIMU U KOp-
PEKTHBIII MaTeMaTUYEeCKMI CTaTyC MOJy4aloT Kak
KBAaHTOBBIE CTOXacTUYeckKue auddepeHINaITbHbIC
ypaBHeHus [27].

2. DddeKTuBHBIN TaMUJIbTOHMAH BBIpAXKaeTCs
yepe3 KBAHTOBBIE CTOXAaCTUYECKHUE IIPOLICCCHI CIICIY -
IOILIIMM 00pa3oM

H"(tdt = V3 ()dt + Y dB() +
+ YdB (1)) + Y\dA(),
Y, = m%ﬂl_& (7
= (@120 £ T,
Y =%R, Vng@ody

., X = o

I[MomuepkHem, uto (7) He MOXET OBITh IIOICTaBJICH
B ypaBHeHue llIpémmurepa. CormmacHO HEBHMHEPOB-

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

CKOM TeOpHHY KBAHTOBBIX CTOXaCTUIECKUX Tu(pdepeH-
LIMaJIbHBIX ypaBHeHUI [9] BeipaxkeHue (7) moacTaBiIsi-
ercsa B muddepeHuman Mto omeparopa 3BOIIOLUN
U(f), monyyaemoro u3 (hOpMaIbHOTO MHTETPaIbHOIO
npencraBiaeHus peineHus ypapHeHus Lpénunrepa

dU @) = [exp(—H™ (t)dr) - WU @). (8)

M3 pasinoxeHUsI SKCHOHEHTHI BBIPpAXKEHUS IJIst
dU(?) B psii C y4ETOM BCEX WICHOB PA3JIOKECHUS U ajl-
reopsl XagcoHa—ITapracapaTtu cieayeT yHUBepcalb-
HbIi BUa [9] cTroxacTudeckoro auddepeHnaibHOTO
YpaBHEHMSI 151 OIIepaTopa 3BOJIIOIUM B Cllydae yueTa
KBaHTOBOTO CUMTHIBAIOIIIETO IIpOlIecca:

dU @) =[ r Bt My ey Y gy +
(YA) Yy
e )
+ )Y/—AYdB*(t) + YA (0).

A

I1pu aTOM, B OTIIMYME OT CTOXacCTUYECKUX TUdPe-
pEeHLMANTBHBIX ypaBHeHUi#l [27], B KO3(hOUIIUEHTbI
nepen quddpepennmaniamu Uro dB*(r) n dB(r) pox-
namouiero B*(r) u yanuroxarouero B(f) mpoleccos,

Yy
KakK " 1epea dt BOIIUIM MHOXMWTCJ/IN TUIIA —— Y A
A

—iY,
=¢ '"* — 1, OTpaXaloIIMeE POJIb IITAPKOBCKOTO B3aMO-
JIeCTBUSI KaK KBAHTOBOT'O CUMTAarolLIero npoiecca A(f).

KBanTtoBoe cToxacTnaeckoe nnddepeHIInaaIbHOe
ypaBHeHME (9) CIIy>KUT OCHOBOM JJISI TIOJIYYEHUS K1~
HETUYECKOTO YpaBHEHMUS I MATPULBl TUIOTHOCTHU
OTKpHITOM cuctemsl [9, 17, 27]. Ha ocHoBe yka3aH-
HBIX pabOT MOXHO cpa3y HallMcaTb KMHETUYECKOe
ypaBHEHUE aHCcaMOJIsi aHTaPMOHUYECKHUX OCILIVJIISI-
TOpPOB B BUZE

S e .
%3[ s“]+|x|[ RIEIA R 55y +
: ot (10)
+p(t)R ’YAR +§ARp(t)RI;A]
A A A

B KOTOPOM HOBEIM SBIISIETCSI TOIBKO KOHKPETHBIM
BUJI, BXOASIIINX OTIepaTOPOB M 3HAYECHUS KO3 hunm-
eHTOB. B ocTajbHOM BUJ KWHETUYECKOTO YpaBHEHUS
ocCTaJICsI IPEXXHUM (ITOCKOJIBKY OH YHUBEPCAIbHbIIA),
KoTophiii B [9, 17] Ha3Baiau HeBUHEPOBCKUM. KuHe-
TUYECKOE YpaBHEHME MOXHO MEPEIMcaTh ¢ UCIIOJIb-
30BaHUEM peJlakcallioHHOoro orepartopa I' B hopme
Jlunn6nama

dp*(t) _
dt

_ Qs HL—
h[P @,

%[ps, V1 -Tp’0),
Tp’(f) 5+ %L“Lspsm +
+ %ps(t)Ls+LS _ Lsps(t)LH
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HEBUHEPOBCKAA IMHAMUWKA AHCAMBJIA

¢ orteparopamu JImHOOIama

5= Y_AeY’ HYS — vt sin YAz_ Y,
Y/\ YA

C OYCBUJIHBIM PaBCHCTBOM

Y,

378 = oyt l-costy
Y,
YpaBuenue (10) HeTpyTHO TakxKe IIepenurcaTh IS
npencrapineHud péamarepa.

0sY,
> Ay,

HEBMUHEPOBCKAA JUHAMHUKA

Kunetnueckoe ypaBHeHue (10) siBasieTcst OCHOBOI
JIJIS1 pACCMOTPEHUST IMHAMUKHU JIOKAJTU30BAHHOTO aH-
camOJIs1 HE3aBUCHMbIX aHTADMOHUYECKUX OCLIAILISTO-
POB, HEPE30HAHCHO CBSI3aHHBIX C 00111 3aTyXatoleit
MOJION WM HampsIMylO B3aMMOIEHCTBYIOIIMX C 00-
MM TepMocTaToM. HeTpynHo BBECTH NOTIOMHUTENb-
Hble caraeMble B V5 sl onucaHus pe3oHaHCHBIX
B3aMOJEUCTBUI KOT€PEHTHOIO TMOJISI C YPOBHSIMU

| Eé’)> u | El(’)> M pa3BUBAaTh Jajiee TEOPUIO KOTEPEHTHBIX
nepexomHbIx mpoiieccoB [10] B mpeHeOpexkeHU 1H-
TeppepeHIIMOHHLIMI KaHajlaMU B3aMMOJCUCTBUIA.
3Iech XKe OTMETUM SIPKOE CJIEACTBUE MOCIIeI0BaTEIb-
HOIO IPUMEHEHMs ajJredpandeckoil TeOpun BO3MY-
IIeHUI K aHCAaMOJII0 aHTApMOHUYECKNUX OCLIMLISITO-
poB B yciaoBusx (1). DTo ciaencTBue meMOHCTPUPYET
3¢ dEeKT CBepXU3TydSHUS U €T0 HEBUHEPOBCKHE OCO-
OEHHOCTH B 3aBUCUMOCTH OT Yucia N, aHTapMOHU-
YeCKMX OCHIUISITOPOB B aHcamOJje (B aHcaMOye u3
JIOCTATOYHO OOJIBIIIOTO YMCJIa OCIUIIIISITOPOB).

Bocrnionb3yeMcs Teopueit, 060011at011yI0 MOJIEb
Jlvke Ha yJeT BTOPOTO TIOpsIIKa ajreopandecKoit Teo-
puu Bo3myiieHui [17]. B orinuwme ot [17] ocHOBHBIMU
napaMeTpaMM TEOPUM CTAHOBSITCS ClIeIyIolINe

ol 1
h QOI - (l)’
L7 S W U 7 W
h Q]2+(D le_m h Qlo+m

Ecnau ouieHMBaTh 3TN BbIpa>X€HUWA, TO BUOHO, YTO

I1,(Q,) ~ 1 Bro Bpems Kak I, (w) ~ 1
20 0—Q,

C

yro IT,(Q.) ~ 1

IMy(w)

() =

, TaK

1
> —. [1o5TOMy MOXHO CYATATh, YTO

C
n, = -M.. (11)
B OTOM COOTHOIICHHMH IIPpOABMHJIACH POJIb CABUIA

broxa—ge Currepra u oTJIMdme OT Ciaydass aTOMHBIX
CHUCTEM.

s aHaIMTUYECKOM OLEHKU WHTEHCUBHOCTU
KOJUIEKTUBHOTO U3JIYYEHUSI PACCMOTPUM JIPYrou
KpalHUM ciiy4yail, KOTOPbIA HE MOANAAAET IO/, yCI0-
BUS pPa3BUTOI B JAHHOI CTaTbe TEOPUU BO3MYIE-
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Huit. [Tycth aHTApMOHM3M OYEHB CHMJILHBII 1 TaKOM,

yto Q,, = (x/i +x/§)§210. Mbel He OyneMm OOCYyXIaTh,
BO3MOXHO JIA peaIbHO peaaIn30BaTh TAKWE YCIOBUSI.
C Touku 3peHUsT PEe30HAHCHOM ONTUKU U B IIPEHe-
OpexXeHUU MHTep(epeHIIMOHHBIMI KaHaJIaMU, MOX-
HO TaKXXe pa3BUTh aIre0pandecKyio TEOPUIO BO3MY-
IIEHW 1JI1 OAHHBIX YCIOBUI U MOJY4YUThb, YTO

IT,(®) = IT,(w). Tora
n. = 0. (12)

B sTux YCI0BUAX UHTECHCHUBHOCTD KOJIJICKTUBHOTIO

usnyyeHud [ (f) B ciydyae, KOrgja B HAYJIbHBIA MO-
MEHT BpeMeHU 7 = () Bce aHrapMOHUYECKUE OCLIAILISI-

I, ... N

p>

TOPBI BO30YXKIEHBI Ha YPOBEHb |El(i)>, i
MOXHO Ipy00 OLIEHUTH TaK:

e —E%Tr(hglo&ps), T4) = vinz sechx

(13)
x [V%Npa - 5)}, o = (TN, In{yN,,
1- N
7 = 20°eh QY &gp) (14)
(M.N,)

Texnuka pacyera onmcana pabdorax [15—17]:

31ech BUOAHO OTJIMYME OT ClIydasi KOJUIEKTMBHOTO
U3JTy4eHUs aHCaMOJIsI TapMOHUYECKUX OCLMILISITO-
poB. B ciygae anrapmoHusma (popMupyeTCs yemu-
HEHHBIN COJIMTOHOMNOTOOHBIN MMITYJIbC, TOINA KakK
KOJUIGKTUBHOE M3JIy4eHHE TAPMOHUYECKMX OCLIMJILISI-
TOPOB ITOJOOHO 3KCHOHEHIIMAJIBHOMY pacnany ¢ KOH-
CTaHTOM peJiakcalliu, MPONOPLMOHAIBHON YUCITY OC-
LWLUISITOPOB. B cilyyae He oueHb OOJIBIIIOIO YKMCJia aH-

FrapMOHMYECKHUX OCUMIIIATOPOB 1 << N, < 21t/n o
XapaKTepPHbIA MHOXUTEb B (14)

1 —cos(Mm,N,)

M.N,)’

paBeH equHuIe. CaM MHOXUTEIb Mbl Ha3bIBa€M He-
BUHEPOBCKUM, ITOCKOIBKY OH OIIpEAeiIsieTCs] KBaH-
TOBBIM CUMTAIOIIMM CIIy9alHBIM IIPOLIECCOM, KOTO-
PBIN BO3HUKAET IIPU yUETE B aJIreOpandecKoi TeOpun
BO3MYIIIEHUI clIaraeMBIX BTOPOTO MOpsAKa 1o Iapa-
METPY B3auMOACUCTBUS ¢ TepMocTaToM. Ero paBeH-
CTBO €IMHUIIE O3HAYaeT, YTO CUMTAIOIIMI KBaHTO-
BBIi1 TIPOLIECC MaJl U ce0sI B CKOPOCTU KOJUISKTUBHOM
penakcanuu He IIposBirsieT. CBepXu3aydeHre B 9TOM
00J1acTU Ha3blBaeéM BUHEPOBCKUM.

ITomuepkHeM, UTO U B paCCMOTPEHHBIX B CTaThe
yenoBusix (1) m (11), Bobmactu 1 < N, < 21t/n+, M-
NyJbC KOJUISKTUBHOIO M3JIyYeHUSI aHCAaMOJIsI aHTap-
MOHMYECKMX OCUWUISATOPOB TaKXe OITMChIBACTCS
dopmynoit (14) ¢ HEBUHEPOBCKMM MHOXKUTEJIEM,
PaBHBIM €IVHUIIE.

B obmactu N, ~ 1/ 7. B KpaiiHeM ciyyae (12) Hauu-
HaeT CKa3bIBaThCsl 3aBUCMMOCTD ITIEPEHOPMUPOBAHHOM
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Puc. 1. be3apa3MepHasi UHTEHCUBHOCTb CBEPXU3JYUSHUSI
B BUHEPOBCKOM (ITyHKTHP) U HEBUHEPOBCKOM (CIUIOLIHAS
JmHYs) ciydasix. [lonoxeHo My = —n_ = /4, N, = 8.

(IT0 CpaBHEHUIO CO CIydaeM CBepxusiaydeHus Jluke)
KOHCTAHTBI Y OT YMCJIa aHTAPMOHUYECKUX OCLIMILISITO-
poB N, (bopmyisi (13), (14)). HeBuneposckuit pakTop
3[eCh MPOSIBIsieTcs Tak. Bo-mepBbIX, 3aBUCUMOCTD
KOHCTAHTHI Y OT YHCJIA AHTAPMOHUYECKUX OCLIAJLISI-
TOPOB CTAHOBUTCSI HEMOHOTOHHOM; BO-BTOPbIX, CYy-
IIECTBYET “KPUTUUECKOE YMCIO” BO30OYKIEHHBIX aH-
TapMOHUWYECKUX OCLIMJIISATOPOB, KOIJIA KOJJIEKTUB-
HO€ WU3JIyYeHUE TOJHOCTbIO MonasiseTcs. BoOnusu
KPUTHUYECKOTO YMCJIa YaCTUL MOXKHO TOBOPUTH MPO-
CTO O TIOJABJIEHUU KOJIJIEKTUBHOIO U3JIyYeHUSI.

B cnyyae (11) “"HTEHCMBHOCTD KOJUIEKTUBHOTO M3~
JIydeHMST aHCaMOJIsT aHTAPMOHWYECKUX OCITUIUISITOPOB
uccienoBaHa yrucieHHo. Ha pucyHke 1 BUIHO, Kak 1o
CPaBHEHMIO BUHEPOBCKUM CBEPXU3ITydeHHeM (TTyHK-
TUP) HEBUHEPOBCKOE CBEpPXMU3IyYeHUE (CIUIOIIHAS
JIMHUST) TpocenaeT W caBuraeTrcs. Takum obpaszom,
Kak 1 B KpaitHeM ciy4dae (12) mmMeeT MecTo I1o1aBiie-
HUE KOJIJIEKTUBHOTO U3TyYeHUSI.

SAKIIIOYEHHWE

Anrebpandeckast TeOpusI BO3MYIIIEHUI He TOJIBKO
BBIICJISIET B IIIMPOKONOJIOCHOM TePMOCTaTe HEe3aBU-
CUMBIE IITYMOBBIE MCTOYHUKM, KaXIbIiA 13 KOTOPBIX
PE30HAHCHO B3aMMOJAECMCTBYET C COOTBETCTBYIOIIUM
KBaHTOBBIM IIEPEXOAOM OTKPBITOII CUCTEMbBI, HO U B
cllygae aHTapMOHMYECKOIO OCHMUISITOPA B OIIpee-
JIEHHBIX YCJIOBUSIX 3a7a4yy O B3aMMOAENCTBUU aHTap-
MOHUYECKOTO OCLUMJIISITOpa C IMMPOKOIOJIOCHBIM
TEPMOCTATHBIM II0JIEM CBOAUT K IMHAMUKE B IIIyMO-
BOM II0OJIe KBaHTOBOU N-ypoBHEBOM cucteMbl. I1o-
STOMY KOJIJIEKTUBHBII pacnan aHcaMOJIsi OMMHAKOBBIX
¥ HeB3aMMOJICHICTBYIOIINX MEXIY COO0I aHTapMOHU-
YEeCKHX OCLWUISITOPOB CYIIECTBEHHO OTIMYAETCS OT
KOJUIEKTUBHOIO pacliaja aHcamOsi rapMOHMYECKUX
ocuWLIITOpOoB. Pacmanm Bo30yXIE€HHOIro aHcamoOJs
TapMOHMYECKUX OCLUWUISITOPOB BO BPEMEHM OITHCHI-

N3BECTHUA PAH. CEPUA OUBNYECKAA

AJIEKCAIIHWH u np.

BaeTCsl 9KCIOHEHTOM exp(Yr). B cayyae aHrapmMoHu-
YeCKMX OCUMLIITOPOB (popmupyetcs umiryiabe ((13)
u puc. 1). IllpyHIUNIMAIbHOE pa3nuyre OyaeT U Tpu
JIPYTUX HAYaJIbHBIX YCIIOBUSIX.

IToMuMO OTIMYMS €CTh U CXOJICTBO B pacriaae aH-
camOJieii OMMHAKOBBIX KBAHTOBBIX OCLHWLISITOPOB. 1
B OTCYTCTBHE aHTapMOHM3Ma 1 IIPU €TI0 MPOSIBICHUN
MPpU JOCTAaTOYHOM YK CJI€ OCLIJIISITOPOB ITPOSIBIISIIOT -
¢Sl 0COOEHHOCTU HEBUHEPOBCKOM TMHAMUKM, COCTO-
SIIUe B IIOJABJIEHMM KOJUICKTUBHOIO W3IyYeHMSI.
Ddu3nyecKoil MPUUYNHON SIBIIETCSI MOSBICHUE ajlb-
TEpHATUBHBIX KaHaJIOB II€PEU3IydYeHUsI KBAHTOB,
onpenensIeMbIX IMTApKOBCKUM B3aMMOAEHCTBUEM U
KBaHTOBBIM CIy4yaiiHbIM CUYUTHIBAIOIIIMM MPOIIECCOM.
DTO OOCTOSITEILCTBO aHAJOTMYHO APYTUM CIydasiM
HEBMHEPOBCKOM JMHAMUKU [9].

CrenyeT TakKe OTMETUTh, YTO B CHJIY (DyHIAMEH-
TaJIbHOCTU 00BEKTAa IT0J Ha3BaHUEM “KBaHTOBBII1 OC-
IUJISATOP” TIPOBOASTCS MHOTOYMCIIEHHBIC MCCIIEN0-
BaHUS yXe CGHOPMYIUPOBAHHBIX KWHETUYECKUX
ypaBHeHMi1 B popme JImHa6aama. MareMaTHUKK UIITY T
pelIeHus pa3HBIMU METOIaMU, ICCIIeIYS CIIEKTPaJlb-
HEBIE CBOMCTBA CyIIepOIIepaTOPOB, CBOMCTBA CUMMET-
puM, M3y4aloT KBAHTOBbIE TpacKTopuu. Pu3nku
ONMCHIBAIOT pa3nndHble pusnmdeckue 3¢pOEeKThI, B
TOM 4YMCJIe TIepenyThiBaHUE KBAHTOBBIX COCTOSIHUIA,
JIEKOTePECHIINIO, pa3IudHbie OMEHUS W3IyYCHUI,
MIIYT KJIacCMYecKue aHajaoruu. Mbl moOaBMIM HO-
BYIO MOJIEJb B KOJUIEKLIMIO YPaBHEHMIA IJIST TAKMX MC-
cJieJOBaHUWM.

ABTOpHI BeIpaxKaloT oarogapHocth KanaueBy A.A.
u Cazonoy C.B. 3a moyie3Hbie 00CYKICHUSI.
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The non-Wiener dynamics of an ensemble of identical anharmonic oscillators

M. K. Aleksashin“, A. M. Basharov® *, A. 1. Trubilko¢
“Moscow Institute of Physics and Technology (National Research University), Dolgoprudnyi, 141701 Russia
b National Research Center Kurchatov Institute, Moscow, 123182 Russia
¢St. Petersburg University of State Fire Service of Emercom of Russia, St. Petersburg, 196105 Russia
*e-mail: basharov@gmail.com

The model of an ensemble of anharmonic oscillators in the field of a common broadband photon-free ther-
mostat is reduced to a model of an ensemble of identical N-level particles in terms of the algebraic pertur-
bation theory. In one region the model describes the Dicke superadiance, and in the other one—oscillating
dependence of the collective radiation intensity on the number of the ensemble oscillator. The collective
radiation proves to be suppressed with a certain number of oscillators.
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