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B CUCTEME JABYXYPOBHEBBIX ATOMOB

B.B. Cemun, A.B. Topoxos

AnaHOTa U

B crathe paccMoTpema cucTeMa JABYX B3aMMOAEHCTBYIOMHWX IBYXYPOBHEBBIX ATOMOB.
B nipubsmzkennn KOpOTKOM MaMSATH TIOJIYYEHO HEMaPKOBCKOE OTEepaTOPHO-KHHETUIECKOE YPaB-
HEHHe, Ha OCHOBEe PelleHud KOTOPOTO MOCTPOeH KOHTYD JIMHUMN M3/Iy<UeHnd 19 paccMaTpuBae-
MO CUCTEMBI.

KuroueBbie ciioBa: 0mepaTopHO-KUHETHYIECKOE ypPaBHEHWE, HEMAapPKOBCKAas PeTaKCaIlns,
CHUCTeMa JBYXYPOBHEBBIX aTOMOB, KOHTYD JIMHUY U3/IyT€HUS.

BBenenue

SIBieHusT TEKOTepeHIIny U JUCCUTIAINY B IUHAMUKE OTKPBITHIX KBAHTOBBIX CHCTEM
YaCTO MOJEJUPYIOTCS C TMOMOIIBIO CTAHJIAPTHON TEXHUKU TEOPUU KBAHTOBBIX MapPKOB-
CKHX MPOIECCOB, B KOTOPBIX MATPHUIA TIOTHOCTH OTKPBITON CHCTEMbI YIIPABISIETCS OIe-
PATOPHBIM KMHETHYECKUM yPaBHEHUEM ¢ JInHA0J1a10BCKOi cTpyKTypoii [1]. Oxnako npu
OTMCAHUU CJIOYKHBIX KBAHTOBO-MEXaHUUYECKUX CUCTEM BO MHOTHMX BaYKHBIX CJIYUYAAX MBI
CTAJIKMBAEMCSI CO CJIOYKHBIM HEMAPKOBCKUM MMOBEIEHUEM, TAKUE CUCTEMBI HE MOTYT OBITH
OMMCAHBI TOCPEICTBOM CTAHIAPTHBIX METOIOB.

Knaccugeckum npuMepoM MapKOBCKOTO MPOIECCa ABAIETCs OPOYHOBCKOE JIBUKEHIE
MAJIbIX YACTHUI], B3BEIIEHHBIX B YKUIKOCTH WU raze. JleficTBUTENbHO, s T0CTATOYHO
JTATETLHOTO BpeMeHu HaOJII0AeHNs KOOPAUHATHI U CKOPOCTh OPOYHOBCKON YACTHUIILI He
3aBUCAT OT 3HAYEHNS KOOPAUHAT W CKOPOCTH B MPEeAbAyIInil MOMeHT Bpemeru. O 1HaKO
MPU YMEHBINIEHUU BPEMEHU HADJIIONEHNsST CTAHOBATCS 3aMETHBIMU MPOIECCHI YCKOPEHUsI
U TOPMOXKEHHsl YacTUlpl [2], 4TO CBUIETENLCTBYET O HEMAPKOBOCTH IIPOLECCAa OPOYHOB-
CKOTO JIBUZKEHWS JIJIsi KODOTKUX BPEMEH HADJIIOICHMS.

Henvio macrosmeil paboThl SBASETCS MOIYYEeHHE HEMAPKOBCKOIO KUHETHYECKOTO
YPABHEHUS IBYX WICHTUYHBIX JUTIOJb-IUTIOIHHO B3aNMOIECHCTBYIOIINX IBYXYPOBHEBBIX
ATOMOB B MPUOJINKEHUN KOPOTKOW TaMsITH.

Ha ocHoBe perenus moiy4eHHOTO YPABHEHUS CTPOUTCST KOHTYD CIEKTPAIbHON JIu-
HUU J[7I CHUCTEMbI JIBYX HJIEHTHYHBIX JTUTOJb-IUIOIHHO B3aUMOAEHCTBYIONMX JIBYX-
YPOBHEBBIX ATOMOB.

TpaaunuoHHO /I BBHIBOJAA KUHETHYECKUX 3329 HCIOJb3YIOT MOIX0J KBAHTOBOI
TEOPHM OTKPBITHIX CHCTEM [3], IPH 9TOM KJIIFOUEBBIM SIBJISIETCS TPEINOIOKEHNE O Map-
KOBOCTH MPOIECCA B3AWMOJIEHICTBHS aTOMOB CO CBOMM OKPYJKEHHEM, TO €CTh TpeHe-
opexenne 3ddekramn mamMaru. V3BecTHbIE W3 JIUTEPATYPHI HEMAPKOBCKHE KHHETH-
JecKre ypaBHEHHS He JHIIeHBI HeJ0CTATKOB, Hanboee obmee ypapuenne Hakammma —
IIsannura [4] upencrasiser, ckopee, bopMabHbLI HHTEPEC, HOCKOIBKY €r0 HEBO3MOXKHO
Pa3perinTh, YpaBHEHUs YKe JIPYTUX THUIIOB ABJIAIOTCS JU00 CHPaBEIIUBLIMUA JIUIIL IS
OYeHb Y3KOTO Kjacca Mporeccos [5], anbo dbernomenomornuecknmn [6], abdexTsr mams-
TU B KOTOPBIX ONHCHIBAIOTCS BBEJIECHUEM JIOTIOJTHUTEbHBIX MHOXKUTETeH B ypaBHEHHE
Junaonaza [1].
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Jetextop
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Puc. 1. Mozens AByX ABYXyPOBHEBBIX aTOMOB B TEPMOCTATE

1. Mogensb u onnepaTopHO-KNHETUYECKOE YPaBHEHUE

B pamkax kBaHTOBOIl Teopuu pesakcanuu [7] paccMaTpuBaeMylo KBAHTOBYIO CUCTE-
My JETAT HA JBE B3aUMOEHCTBYOIMINE MOICACTEMBL: GOBITYIO (TMCCATIATUBHYTO) W Ma-
ayio (munamuyeckyro). Juccunarusuas cucrema (TepMOCTaT) MOAEIUPYETCs OECKOHed-
HBIM HabOPOM HEB3aMMOAEHCTBYIOMNAX TADMOHUIECKUX OCHUJLIATOPOB, HAXOIAMINXCSA B
TEPMOINHAMWYECKOM PABHOBECHH, XapakTepuiyemoM temmeparypoiit 7. C moMombio
MOAXOAAIIEH TPOIEAYPHl «MCKIIOYEHNsT» TTEPEMEHHBIX TEPMOCTATA TOJyTai0TCs ypaB-
HEHUA [/ NePEeMEHHBIX JUHAMUYECKON ITOJCHCTEMbBI, B KOTOPBIX BIUAHHE OKPY KCHHA
YUUTBIBACTCA Yepe3 CPeJHIE 3HAYCHH MePEMEHHBIX TEPMOCTATA 110 COOTBETCTBYOMIEMY
PABHOBECHOMY PaCIIpPEIeIeHUIO.

PaccMOTpuM IBa MAECHTUIHBIX IATOL-IATOILHO B3ANMOIEHCTBYIOIIAX IBY Xy POBHE-
BBIX aTOMa B TEILJIOBOM PE3epByape Ha paccrosauu R apyr ot apyra (cum. puc. 1). Ha cu-
CTeMy IaJIaeT BOJHA HAKAYKH ¢ BOJTHOBBLIM BEKTOPOM K, KOTOpasg MHIyIMpPYeT JUIOb-
HBIE MOMEHTBI Y ATOMOB M aTOMbI HAYMHAIOT B3aMMOJEHCTBOBATH IUIIO/b-TUIIOIbHBIM
00pa3oM, Toc/Ie 4ero BOJIHA HAKa4KM 3aTyXaeT. Hac mHTepecyoT crneKkTpaabHbIe CBOii-
CTBa, CBETA M3JIy9IE€HHOTO CHCTEMOI.

FaMWILTORMAH TAKOW CUCTEMBI 3ATUINEM B BHJIE:

H=Hp+ Hr + Hing + Haa + Hyr. (1)

3necn
A = hwy) 0 — raMuabTOHMAH CB HBIX ATOMOB, Wy — YACTOTa MEPEXO/I0B
H hw b a OHHAH CBOOO, aTOMOB, W acToTa TEPEexoI0

B aToMe, o, — JUATOHANBHBIA reHepatop Tpymmsr SU(2) — TPYNIBI 3HEPreTHYecKOoro
CTIMHA;
Hy = thkbgbk — raMHJIBTOHMAH TepMocTara (TeIIOBOr0 pe3epByapa), wy —
k
gacrora k-ro pOoToHA, b;: " by — OmepaTopbl POXKJIEHUST U YHUYTOXKEHUS k-T0 (POTOHA;
Hing = 1Y (grpbroy exp (ikR,) + h.c.) — raMmibronuan B3amMOzeiicTBas aToMa u
k,p
TEPMOCTATA, (kp — KOHCTAHTA B3ANMOJEHCTBHS aTOMa ¢ T€PMOCTATOM, a;t — TMOBBIIIA~
IO U MOHHMIKAIOMNI ATOMHBIE OIepaTopsl, R, — paguyc-BeKTOp p-TO aTOMA.

Han = >, Vp,,/a a — TAMWJIBTOHHUAH JIWTIOJIh-TUMOJHHOTO B3aMMOIEHCTRUA,
p#p’
Vppr — KOHCTaHTa JTUTOIb-AATOTHHOTO B3aNMOICHCTBHA.

Hap =0 (fp(t)az‘f + h.c.) — raMIJIbTOHHAH B3aUMOJEHCTBHSA aTOMa U IOJd, TIe
P

&p(t) = & exp(iRyk — iwt) mpomopImoHaIbHa AMIIUTY/IE OIS U OUPEIEsAeT TacTOTy
Pabu 2£y mna aromHOrO mepexoma.
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[TyTem mTepwpoBaHWs 10 KOHCTAHTAM B3aWMOIEICTBAS ATOMOB M TE€pMOCTATa W3
KBAHTOBOIO ypaBHeHus JIluyBuiis ¢ ramuiabronuadom (1) Jjierko mosydaercs ciemyro-
miee unrerpo-auddepennuaibHoe ypasaerue [8]

000 ) L), par ()]~ LU (1), par (0)]-

- %/[H’(t%[Hf(t—t’)mAT(t—t’)]] at', (2)

rae H! (t) — raMUIBTOHNAH B3aMMOIEHCTBHUS, B KOTOPOM MBI TIEPEIIIIN B MTPEICTABIEHIE
B3aUMOJEUCTBUA, pAT — MATPUIA MJIOTHOCTU aTOMa W TEPMOCTATA.

[TockobKY MBI MHTEpPECYeMCsT TMHAMUKON TOJHKO aTOMHOM MOJACUCTEMBI, BO3bMEM
cries IO MEePEMEHHBIX TEePMOCTaTa; Oy/eM MPE/oiararb, YTO COCTOAHUS TEPMOCTATA,
pacupeneaeHbl 10 HEKOPPEJIUPOBAHHON TEMJIOBON CMeCU COCTOAHUMI, TOrIa CpeJIHUe 3Ha-
YeHUsl TIEPEMEHHBIX TepMocTaTa OyayT [8]

(bj) = (b]) =0,
) =

(bbh) = (N +1)d;,

(b7by) = N&j50,
(bF65) = (bybyr) = 0,

-1

rme N = [exp (Z%{) — 1] — cpefHee 9InUcI0 GO30HOB B pe3epByape Ha JacCTOTE Wj
b

npu temmeparype 1, k, — nocroganas bonbnvana.

Tak Kak TepMOCTAT SABJIAETCA TPOTSAKEHHON CHCTEMOI CO MHOYKECTBOM CTETIeHeH CBO-
60IbI, MOYKHO MTPEINOJIOKATH, 9TO HUKAKAE W3MEHEHN T, TPOUCXOIAIINE ¢ TNHAMAIECKOI
MOJICUCTEMOH, HE MOTYT 3aMETHLIM 00pa30M U3MEHUTL COCTOSHUE TepMOCTaTa, (mpubiiu-
JKEHNEeM HeOOPATHMOCTH It MATPHUIIBI IJIOTHOCTH), TO ecTh pAr(t') = pa(t') @ pr(0).
Ypasuenue (2) coBMecTHO ¢ (3) CBOAUTCH K yPABHEHUIO, KOTOPOE OIUCHIBAET TOJIBKO 1=
HAMUYECKYIO CHCTEMY, BIMSHUAE TEPMOCTATA YIUTHIBAETCA Yepe3 cpejuue 3uadenus (3).

Ipeanonoxum [9], uro ¢ < t, To ecTh BpeMsi HAGIIOJEHUS 3a CHCTEMOI 3HAUN-
TEIHHO OOMBITE, YeM XapaKTepPHBI BPEMEHHOH WHTEpBAJ maMaTh. Torma Mbl MOKEM
PAa3I0KUTDL B Pl MATPHUILY MJIOTHOCTH MO MHTErPAJIOM B OIPAHUYUMCS TOJTBKO ABYMSI
YTIEHAMU:

plt—t) = plt) = L. (4)

[TepBoe ciraraemoe B 3TOM pa3JI0yKEHUH COOTBETCTBYET MAPKOBCKOMY TPUOIHKEHUIO,
yPaBHEHHUE [JIsi KOTOPOTO X0poIo n3sectHO [10], Bropoe ciaraeMoe y4nTbIBaeT MOsABIe-
HHE KPATKOBPEMEHHOMH MaMSITH.

[Moxpcrasngas (4) B ypaBaenue (2), ¢ y4eToM BCEro BBINIECKA3AHHOIO HOCJE JI0CTa-
TOYHO TPOMO3JKWX MpeobpazoBannii misgs N = 0 MoJyunM cleayolee ornepaTopHoO-
KWHETHYECKOE ypaBHEHNe:

. = ~ 0
p=1i[Haa,pt) + Lap(t)+ Lnm a_fa (5)

rae Ly w Ly — cymeponepaTophl, OMACHIBAIOIINE MAPKOBCKYIO M HEMAPKOBCKYIO pe-
JIAKCAITNIO COOTBETCTBEHHO.
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K coxajiennio, MeToIbl OTHICKAHUST AHAJIUTUIECKUX DPENIeHUil JAHHOTO ypPABHEHUS
He M3BECTHbI, 109TOMY B pabore [9] GbLIO MPEJIOKEHO 3aMEHUTh IPOU3BOAHYIO B IIpa-
BOIl 9acTH MapKOBCKUM 9jIeHOM, 9TO sBjsgercsa nogodbuem TCL-meToqa mpoeKkuoHHOro
orneparopa [5]. B pesyabrare nomyuaem:

i’ _
p=iY [o)o,. plt gpp/*z 2 (pofo, +ofonp—oppo))+
p#p’
87 _ _
+ 2 Z pp <,2(g;r/ 0,0 ipoh —o” 1pap ;r o,)+ [0 o}, a;j,ap ,p]), (6)
ii/ pp/
rie
3 cos(kR
gi12 = g21 = % {— [mimy — (Myeg)(maer)] %—F

sin(kR) cos(kR)) } |

+[m1m2—3(m1e3)(m2e3)]( R)? + R)?

Y11 = Y22 = 70,

3 sin(kR)
Y12 = Y21 =70 - 5 [mimsy — (Mieg)(Mmaer)] WJr

cos(kR) sin(kR)\ |
e )

+ [m1m2 — 3(m1eR)(m2eR)] <

2 3
w
303 ho — CTaH/IapTHasd KOHCTAHTA peaKcallni, KOTopas MOJyvaeTcsa B Teo-
c
pUM OIHOTO aToma, [T — paccTogHMe MeXKIy aToMaMu, M, — eAUHUYHDLII BEKTOp JH-

MMOJIBHOTO MOMEHTa p-TO aTOMa, €r — eﬂHHH‘IHbII';I BEKTOp B HallpaBJICHUU R.

31ech yg =

2. KoHTyp crneKTpajibHOUN JINHUU

Kak 6b110 nokasano B crarbe [11], KOHTYD JuHuM U371y YeHus onpejesnsgerca Gopmy-
JI0#

5,819 = ZRe { [ (<of (o7 (0) > + < o (0o 0) ) et +

+ cos(AkR) / (< o5 ()o71(0) > + < o ()og (0) >) e dt 3,
0

rie Ak = k/ — k pasHocTh BOJHOBBIX BEKTOPOB Hajaloleil u usaiydeHHoi soiH, R —
BEKTOD, HATIPABJIEHHBINA OT OJHOIO 4TOMa K JAPYyroMy (ero MOMAy/b PaBeH PaCCTOAHUIO
mexay aromamn). Ciaraemere, npornopionasnbubie cos(AKR), onucsiBaor naTepde-
PEHIIMIO U3JTyYeHUs], UCXOSIIEro OT PA3HBIX ATOMOB.

Ucnonb3ysa kBauToByio Teopemy perpeccuu [12], u3 pemenus ypapuenus (6) MOXKHO
HAWTH KOHTYD JIMHUW U3J1y4eHusi, KOTOPBI UMeeT BU/I:

8i (D — 4we)pss + (C — 4we) pun) cos? ()

Sw) = Re (W(A —4g15 — 2i70(¢ + 1) + dwe) (— B + 4g1a — 2i0(¢ + 3) + 4we)

B 8i sin® () psa )
’/T(A — 4g12 — 22"}/0((725 — ].) — 4wc) ’
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S(w)

(w=wo)/yo

Puc. 2. KoHTyp JMHUM U3/IydeHHs B3aUMOEHCTBYIONMX /IBYXyPOBHEBBIX aTOMOB B HeMap-
koBCKOM ciyqae. [Tapamerper B cucreme kR = /5, v = 1, AkR = 7/6, pss = 0.8,

0
puw = 0.1, paa = 0.1, pas = 0. Crytomrnast Kpupas — 70_8’)’0 = 0 (mapxkoBckmii caywaii),
w
o o
WITPHX-LYHKTUPHAS KPUBAZ — Y0 5~ = 5, NyHKTUDHAs KpUBAs — NG = 2

rie
A =0, + 7120072, B = —70.7 + 71200712,
C = A+ 270,72 + 2712070 + 4912 — 6i(70 — 712),
D =B —4g12 + 2i(370 + 112), «a=AkR/2, w.=w — wy.
Cooreercrryiomue rpadhpuku MpeacTaBIeHbl HA PUC. 2.

0
XopoIi1o BUIHO, UTO C POCTOM TTapaMeTpa HeMapKOBOCTH 'yo% KOHTYD aedopmupy-
w

eTCsl W €r0 MAKCUMYMbI CMEIAIOTCsI. DTO CBA3AHO, 10 BCEH BUJAUMOCTH, ¢ jedopMaruei
CTPYKTYPbI 9HEPreTU9eCKUX YPOBHEH, K KOTOPBIM TPUBOAAT P DEKTHI MaMsITH.

3akJiroueHne

B pabore paccMOTpeHBI IBA WAEHTUYHBIX JIUMOJIb-IUMOJIHHO B3aMMOIEHCTBYIONIINX
JIBYyXYPOBHEBBIX aTOMa, KOTOPBIE CJIa00 B3aMMOJEHCTBYIOT CO CBOUM OKPYKEHUEM.
B npubnmxennn KOpOTKOH MaMATH TOCTPOEHO HEMAPKOBCKOE ODODIIEHHE OTepaTOPHO-
0 KHHETHYIECKOrO ypaBHeHus. [losiydeHHoe ypaBHEHHE COXPAHSIET BCE MPHUBJIEKATEb-
HBIE YEPTHI COOTBETCTBYIOMIErO0 MAapPKOBCKOTO YDPABHEHWs, & WMEHHO: COXPAHSIET CJIe]
MaTPHUIIBI TIJIOTHOCTH, UMEET JOCTATOYHO MPOCTYI0 CTPYKTYPY TO CPABHEHUIO C TPAJIW-
[IMOHHBIMY HEMAPKOBCKUMHU YPABHEHWSIMU, UTO MO3BOJISET MOJyYaTh AHAJUTHYECKUE
pereHus.

Ha ocHoBe pernreHus mory4eHHOTO ypaBHEHUs AaHATUTHIECKH TTIOCTPOEH KOHTYD JIH-
HuU u3ydenns. [JokazaHo, 9T0 HEMAPKOBOCTH MPUBOIUT K 3aMETHBIM 1eOPMAIHIM.
Jlanubrii (hakT MOXKET HADIIOAATHCSA B MPEIMU3NOHHBIX IKCIEPUMEHTAX C ATOMAMU B JIO-
BYIITKAX.

Summary

V.V. Semin, A.V. Gorokhov. Quantum Non-Markovian Relaxation in a System of Two-
Level Atoms.

The article examines the system of two interacting two-level atoms. In a short memory
approximation the non-Markovian master equation is obtained. Spectral line shape is
determined on the basis of the solution of this equation for the system under study.

Key words: master equation, non-Markovian relaxation, system of two-level atoms,
spectral line shape.
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