MockoBckuit rocynapctsennblit yausepcuteT umenn M.B. Jlomonocosa
QaKyJIbTET BBIYUCIUTE/IHHON MATEMATUKA U KUOCPHETUKHI

Kadenpa cynepkoMibioTepoB U KBAHTOBON WH(MOPMATHKI

Jlajgynos Buranuit FOpreBuy

TepMmuyieckn-craimoHapHble KBAHTOBbBIE COCTOSIHUSA
B Moaesn laBuca-KammMuHrca

MATUCTEPCKAA JMCCEPTAIIN A

Hayunblii pyKOBOAUTEJIb:

1..-M.H., mpodeccop
0. U. Oxwuros

Mocksa, 2018



Conepxkanne
AnHoTarus

1 Bseaenmne

2 TIlocTranoBka 3amaumn

3 I/ICI'IO.TII)SyeMbIe MaTeMaTnm4deCKue Moaejin

3.1 Ypasuenwne llpémunarepa . . . . . . . . ..

3.2 OrmepaTopbl POXKJIECHUS U YHUUTOKEHUS (DOTOHOB . . . . . . . o . o o o o v

3.3 CocrosiHUs TEIJIOBOTO PABHOBECHS . . . . .
3.4 Mopmens Txeitaca-Kammvunrca (JC) .. . .
3.5 Mogens TaBuca-Kammunrca (TC) . . . . .
3.6 Témunle cocroanuga B Monesu TC ¢ RWA .

3.7 MapkoBckoe TpuOIMKEHUE . . . .. . ...

4 Wcnosgb3yeMble YNCIEHHBbIE METObI
4.1 Pacuér HeyHuTapHoil TUHAMUKA . . . . . .

4.2 Tounoe pemrenne MacTep-ypaBHEHUSd . . . .

4.3 Merop [lage jjst BRIYUC/IEHUS MATPUIHON SKCIIOHEHTBI . . . . . . . . . . . . . . .

4.4 Busyaymsanus aTTpakKTOpoOB . . . . . . . .

5 IlosydyeHHBIE pPE3yJIHTATHI

5.1 DddeKTuBHOCTH METO/1a MOy IeHUsT TEMHBIX COCTOSTHI ¢ TTOMOIIBIo 3 dexTta [TTap-

Ka . . . . . 00000 s s s s

5.2  CranuoHapHOe COCTOSTHUE CUCTEMbI 3 OJTHOIO aTOMAa € IPUTOKOM U OTTOKOM (DOTOHOB

5.3 ArTpakTop /UIsT CHCTEMBI U3 JIBYX aTOMOB 0e3 MpUTOKa (DOTOHOB . . . . . . . . . .

5.4 CranmumoHapHOe COCTOSTHAE CUCTEMBI U3 JIBYX aTOMOB C IIPUTOKOM M OTTOKOM (DOTOHOB

6 3akJirodyeHue
7 Cnucok JimTeparypbl

8 IlpunaoxkeHus

8.1 @parMment KoJia UCHOJIL3YEMO OHOINOTEKN

o 0 1 =1 =

10
10
11

12
12
12
13
14

15

21

22

23
23



AHHOTaIIUA

B pabore paccmaTpuBaloTcs TEMHBIE U CTAIlMOHAPHBIE KBAHTOBBIE COCTOAHUS CUCTEM U3 MHOTUX
ATOMOB B IIPUCYTCTBHUU JEKOTE€PEHIINN, BBI3BAHHON ITPUTOKOM M OTTOKOM (POTOHOB U3 OITUYIECKO-
ro pe3oHaTopa, a TaKyKe aTTPaKTOPhl aTOMHBIX cocTosiHuil. 1IpeioxKeH TOUHBIN MeTo)i pacuéra
HEYHUTAPHOU KBAHTOBON IWHAMUKN W METOJ BU3yaJU3AIINN aTTPAKTOPOB ATOMHBIX COCTOSHUIA.
Hana kJraccudukalys CTalmoOHAPHBIX COCTOSHUN U aTTPAKTOPOB CUCTEM M3 OJHOTO U JIBYX aTO-
MoB. Kpome Toro, paccanrana 3h(HeKTUBHOCTH METO/IA IOJIyYeHNsT TEMHBIX KBAHTOBBIX COCTOTHUIT

¢ iomorbio 3dbdekra [Hrapka.



1 BBeaenme

WNuTepec B mccieoBaHUAX B 00JIACTU KBAHTOBBIX BBIUMCJIEHHUI NTPOIUKTOBAH JIBYMS TEHJICH-
IUsIME B BBIYUCJUTEIHHON TeXHUKe W B (pyHIaMeHTaJbHOI Hayke. IlepBasg m3 HUX cBdA3aHaA C
zakoHOM Mypa. CoracHo 3TOMY 3MINPUIECKOMY 3aKOHY, ¢ HadaJa 1970-x romos mo 2010-it rox
YUCJIO TPaH3UCTOPOB Ha KpuUCTaJlJIe I/IHTera.JIbHOﬁ CXEMbI yABanBaJIOCh IIPUMEPHO KaxK/IbI€ IBa
roja. C npyroit ¢cTOPOHBI, IO Mepe TPUOJINZKEHUs pa3Mepa 3JIeMeHTapHbIX BbIYUC/IATETbHBIX dJIe-
MEHTOB K JJINHE TOPAIKa OJIHOTO HAHOMETpa, CTAHOBUTCS HEBO3MOXKHO IIpeHeOperaTh KBAaHTOBbBI-
Mu 3pdeKTaMu, KOTOpble UMEIOT MECTO Ha TakKuxX Mmaciirabax. Takum o0paszoMm, ecTeCcTBEHHBIM
IpOoJOJIZKEHUEM TPEH/a MHWHHATIOpU3aIlUuN BBIYUCJIUTEIbHON APXUTEKTYPhbI CTaJla 6bI KBaHTOBaAd
BBIYHUC/IUTE/IbHAS MallliHa, KOTOpas Obl MCII0JIb30BaJa KBAHTOBbIE 9 MEKTHI KaK ITPEUMYIIECTBO.

Bropasi TeHzeHIus cBs3aHa ¢ MOJEJIUPOBAHHEM (PU3NIECKUX IPOIECCOB. BbramcimrebHas
TEXHUKA C CaMOI'0 MOMEHTa CBOEIO TOSBJIEHUs TTOKa3aJ/ia BBICOKYIO 3(D(MEKTUBHOCTh B PEIICHUN
3aja4 U3 Pa3/IMIHbIX 00J1acTell eCTECTBEHHBIX HAYK IIYTEM Mojie/inpoBanud. Ha coBpeMeHHBIX BbI-
YUCJIATEIbHBIX MAITHHAX MOTYT OBITH PEIIEHBI C BHICOKON TOYHOCTBHIO PA3IMUYHbIE 338491 KJIACCH-
JeCKOW MEXaHUKH, THIPO- U adPOTMHAMUKN, HEOECHOI MeXaHUKH, 1 MHOrHe Jpyrue. OiHaKo Ha I1y-
T MO/JIe/JINPpOBaHtA BCEX BO3MO2KHbBIX (1)I/I3H‘{6CKI/IX IIPOIECCOB CTOAT ABa CepbéSHbIX HIPENATCTBUA.
HepBoe IpendaTcreue — OTCYTCTBUE yCTOfI‘II/IBOCTI/I B HCIIOJIB3YEMbIX MaTEeMaTHYICCKUX MOJ/ICJIAX.
B s7oit curyanun HeOO/BbIIINE OTKJIOHEHUsSI HAYAJbHBIX YCJIOBUN 3384 MOT'YT HEIPEJICKA3yeMO
HOBJINATh Ha pe3ysabraT. [[o 9Toif nmpuynHe HEBO3MOXKHO IPEJICKA3bIBATH JIBUKEHUE aTMOChep-
HbIX d)pOHTOB Ha AJINTEJIbHbIE BPEMCECHHbIE NHTEPBAJIbBI. B JaCTHOCTHU, OJIMH U3 IIEPBLIX IIPUMEPOB
BO3BHMKHOBEHUsI XaOTUYIECKON JIMHAMUKHN B MaTeMaTHIeCKUX MOJIe/IsIX, arTpakTop JIopeHta, ObL1
NpUJIyMaH KaK MOJIEIb JIBUKEHHS BO3JYIIHBIX Macc. BTOpoil MpensTcTBHe CBI3aHO C MOJIE/IN-
poBaHUEM sIBJICHUII KBaHTOBON MeXaHMKHU. Ba30BbIM IPUHITUIIOM KBaHTOBOW MEAHUKU sIBJISETCS
IIPUHIOUII CYIIEPIIO3UIINHA. C.He,Z[CTBI/IeM 9TOI'O IPUHIIUIIa ABJIAETCA TOT (baKT, 9TO CJIOZKHOCTBL OIIN-
CaHN$ KBAHTOBBIX COCTOAHUI CUCTEMBI paCTéT 9KCIIOHEHIINaJIbHO B 3aBUCUMOCTHU OT YUCJIa YaCTHIIL,
BXOJIAINX B 3Ty cucteMy. [lo 9Toit nmpudnHe MojeMpoBaHUE CJIOKHBIX KBAHTOBBIX CHCTEM CTa-
HOBUTCS HEBO3MOXKHBIM HA KJIACCUYIECKUX BBIYUCIUTE/NIbHBIX MalmuHax. OJUH U3 1myTeil pereHus
9TOi 1IpobJIeMbl OBLT IpejTozxkeH B Hadase 1980-x P. @eitiMaHoM U ApyrUMHA. DTOT IIyTh 3aKJIIO-
JaeTCd B IIOCTPOCHUU KBAHTOBOI BBIYUCJINTEJILHON MalINHBI, I/ICHOJ’Ib3yIOH_[eIU/I KBaHTOBYIO ITaMATD,
COCTOsIHUE KOTOPOI MeHsieTCsi BO BpeMeHH coryiacHo ypaBHenuto I1Ipéunrepa.

C magasa 1990-x nHTEpEC K KBAHTOBBIM BBIUNC/IEHUAM 3HAUNTEIHHO BO3POC, TaK Kak B paboTax
[1. Topa u JI. I'poBepa ObLIa MOKa3aHa TEOPETUUYECKAS BO3MOXKHOCTD PENIATh HEKOTOPbIE MaTe-
MaTHYeCKHe 3a/1a49U CO 3HAYUTE/ILHO 00JIee HU3KOM CJIOYKHOCTBIO, YeM B U3BECTHBIX KJIACCUIECKUX
aaropurmax. B gacraocTn, asropurm daxropusanuu [llopa gaér Bo3aMOXKHOCTH (hbaKTOPU30BaTh
YUCJIO JIJIMHBL 7 Ha KBAHTOBOM BBIMUCJIUTEILHOM YCTPOiicTBe 3a BpeMd nopsjika n’lognloglogn,
TOI'Ja KaK .Hy‘lHleI KJIACCUYECKU AJITOPUTM HUMEET IMIOYTHU IKCIIOHEHIUAJIbHYIO CJIO2KHOCTDL IIO 7.
Takoe yckopeHnme CBOJIUT Ha HET KPUIITOTPADUIECKYIO CTONKOCTH COBPEMEHHBIX ACUMMETPUIECKUX

AJITOPUTMOB MU POBaAHNA, TaKUX, KaK RSA, Tak KaK OHM 3aBUCAT OT CJIOKHOCTH PEITeHUsT 3a/1a 1



dakTopu3aInm.

C MomeHTa ITyOIMKAIIIN [TEPEIUCTCHHBIX pabOT MIPEIITPUHUMAJINCH MHOTHE TTOTBITKU ITOCTPOe-
HUs YHUBEPCAJILHOIO MACIITAdMPYEMOro KBAHTOBOTO KoMITbioTepa. Ho cambie 6oibine KBAHTOBbBIE
KOMIIBIOTEPBI Ha CETOJHANIHUI JIeHb UMEIOT HEJIOCTATOYHOE YUCI0 KYOUT JIJIsi PEIIeHUs PaKTU-
qecKuX 3aJa4. [Ilpuunna 3akmodyaeTcs B JEKOIePEHINN, OBICTPOM Paciiajie KBAHTOBBIX COCTOSTHUN
U TI0Tepe 3allyTaHHOCTH MexK 1y Kyouramu. Ha cerogusiimauii geHb CymniecTByIOT KBAHTOBBIE KOM-
NbIOTEPhI, B KAaUeCTBE KBAHTOBOH MaMATHU HCIIOJL3YIONINE pPa3IudHble (DU3NIECKUE TPUHITUIIHI.
Hamnpumep, cyrectByioT (poTOHHBIE KYOUTHI, KyOUTHI Ha MOHAX B JIOBYIIKaX, KyOUTHI Ha JI2K0O3ed-
COHOBCKHX I1€PEX0/IaX.

Kpome Toro, oganM n3 mepereKTUBHBIX CHOCOOOB Pean3alini KYOUTOB SBJISIIOTCS COCTOSTHUST
ATOMOB B ONTHUYECKNX PE30HATOPAX. DJIEKTPOMATHUTHOE I0JIe B ONMTUYIECKOM PE30HATOPE SBJIs-
eTCsi OJTHOMOJIOBBIM, M II0 9TOH NpUIHHE 3aJa4a MOJIEJMPOBAHUA B3aUMOJICHCTBHUSA BEIIECTBA U
[0JIsE B ONTHYECKOM PE30HATOPE 3HAYUTEIBHO YIIPOIIAETCS U CTAHOBUTCS KOHEYHOMepHOil. B pa-
borax Pabu, /[xxeitnca, Kamvunrca, Tasuca u /Iukke ObLM BBEJEHBI KOHEYHOMEPHBIEC MOJIETH
KBAHTOBOI 3JICKTPOIUHAMUKU, KOTOPBIE 3aTEM OBLIU MTOTBEPK ICHBI MHOTOYHCICHHBIMU SKCIIEPU-
menTamu (Harnpumep, Pemme, Basbrepa u Kieiina), B ToM duciie, ¢ UCIOIB30BAHAEM ONTHYECKIX
IOJIOCTel O CBepPXBBICOKNM KoddduimeHToM oTparkerus. KonedHoMepHbIe MOJEIN KBAHTOBOI
9JIEKTPOIMHAMUKHI TaKKe MTPUMEHUMBI U JIJIsI OIMUCAHUST TaK HAa3bIBAEMbI MCKYCTBEHHBIX aTOMOB,
OCHOBAHHBIX Ha JIZKO3e(PCOHOBCKUX Iepexoiax. MurepecHbIM (heHOMEHOM, BO3ZHUKAIOIIMM B OIl-
TUYIECKUX ITOJIOCTAX, SABJIAIOTCS TaK Ha3bIBaeMble TEMHBIE KBAHTOBBIE COCTOSHUS. DTO TAKHE BU-
JIbI ATOMHBIX COCTOSIHUM, B KOTOPBHIX HEBO3MOYKHO B3aUMOJIEHCTBIE ATOMOB C 9JIEKTPOMATHUTHBIM
mojieM. Takum 0Opa3zoM, aTOMbI B TAKUX COCTOSTHUSIX SIBJIAIOTCS CBOOOJHBIMU OT TJIABHOTO BHUJIA
JICKOT€PEHITNHN, BBI3BAHHOI'O B3aUMOJIEHCTBUEM € (POHOBBIM 3JIEKTPOMAIHUTHBIM TTOJIEM.

[Ipn nsydennn mMareMaTUIeCKUX MoJe/ei, 3alaHHbIX auddepeHuaabHbIMI YPABHEHUAMUI C
3aBUCHMOCTBIO OT BPEMEHH, IOJIE3HO 3HATH CTPYKTYPY CTAIMOHAPHBIX COCTOSHUI 9TUX ypaBHE-
Huil. YpaBHEHUE Ha CTAIMOHAPHBIE COCTOSIHUSI MOXKET OBITH IMOJIy9IeHO MPUPABHUBAHUEM II€PBOI
MIPOU3BO/IHON 3aBUCUMOI TepeMeHHoil K HyJo. Ecan cranmonapHble COCTOSHUSA CYIIECTBYIOT, TO
HEKOTOPbIE M3 HUX TaKXKe MOI'YT ABJATHCA IPEJEIOM PeIleHnust UCXOTHOro auddepennuaibHo-
ro ypaBHEHUS C IPOM3BOJIBHBIMU HAYAJIBHBIMEI YCIOBUSIME IIPU OECKOHEYHO OOJIBIIOM BPEMEHHOM
nHTepBasie. TakKe ypaBHEHHE MOXKET HE MMEThb CTAI[MOHAPHBIX COCTOSIHUN, HO UMETh aTTPaKTO-
pbl — TpaeKTopuu (WJIu Jpyrue MHOXKECTBA), K KOTOPbIM 3aBUCHMAs TePeMEHHasT TPUOIIHZKAETCST
CKOJIb YTOTHO OJIM3KO B CMBIC/IE HEKOTOPOI HOPMBI TP OECKOHEYTHO OOJIHIITOM BPEMEHHOM MHTEPBa-
jte. VI3ydenne craiimoOHAPHBIX COCTOSHUI M aTTPAKTOPOB OTKPBITHIX KBAHTOBBIX CHCTEM OCODEHHO
MHTEPECHO, TaK KAK B TAKNE COCTOSIHUSI KBAHTOBBIE CHCTEMBI TIEPEXO/ISIT MOCIe JIJTNTEIHHOIO BO3-
JECTBUA JIEKOTCPEHITAN.

OcHoBHast MOJIeJIb, UCIIOJIb3yeMas B JlaHHO# paboTe — Mojiesib TaBuca-Kammunrca wim Mojierb
HECKOJIbKUX JIByXYPOBHEBBIX aTOMOB B OITHYECKON moJiocT. B pabore mcceiemoBana 3aj1ada 10-
JIydeHusT TEMHBIX COCTOsiHUI B Mojienn TaBuca-Kamvunrca u 3a1a4a cTalimoHaApHBIX COCTOSTHUI B

9TOI MOJENN PN YCIOBUU ITOCTOSTHHOTO TEIJI000MeHa CO BHEITHEH cpeToil.



2 IlocraHoBKa 3a1a4m

1. Ilposectu pacuér 3dpdekTuBHOCTH CrIOcOOa MOIYyUYeHUsS TEMHBIX KBAHTOBBIX COCTOSHHUI B

mojiesin TC ¢ momompio 3ddekra [Mrapka.

2. N3yunTb CTPYKTYpY CTAIMOHAPHBIX cocTosgauit B Mojien TC u 10110 TEMHBIX KBAHTOBBIX

COCTOSgHUI B HUX.



3 I/ICHOJII)SyeMbIe MaTeMaTn4ecKmne MoJeJin

3.1 Ypasaenne llIpéaunrepa

ypaBHeHI/Ie I_Hpé,ZLI/IHI‘epa OIIMCBbIBa€T U3MEHECHHNE BO BpEMECHU (bHSI/I‘{eCKI/IX CUCTEM, B KOTOPbIX

3HAYNMBI KBAHTOBBIE 3((DEKTHI. DTO YPABHEHUE 3aIUCHIBACTCS CJICLYIONUM 00Pa30M:
0
iho, [U(t) = H|¥(1)), (1)

riae h — nocrosinuas [lnanka, |W(t)) — BosHOBas (DYHKIWS CHCTEMbI B MOMEHT Bpemenu t, H —
PaMIJIBTOHUAH CHCTEMBI (OIIepaTop MOJTHON SHEPIHUH).

J1s1 KonedHOMepHBIX KBaHTOBBIX cucreM |U(t)) € C, (U (t)|¥(t)) = 1, a H — spMuToB onepa-
Top, aeicrBytomuit Ha C". Jjig Takux cucreM MOXKeT ObITh 3alUCcaHo 00IIee peleHne ypaBHeH st
[Mpémuarepa:

(U(t)) = e i |0(0)). (2)

3.2 OmepaTopbl pOXK/JeHUsS U YHUITOXKeHIsT (POTOHOB

B kBaHTOBBIX MOIeJIdX BSaHMOﬂeﬁCTBHH aTOMOB C OJHOMOJOBBLIM 3JICKTPOMaI'HUTHBLIM II0JIEM
HCIIOJIB3YIOTCs OIlepaTOPbl POXKACHUA U YHUITOZKEHU A (bOTOHOB CLT ua. dTu OIIepaTOPhI ABJIAIOTCA
B3alMHO COHpH}KéHHBIMI/I 1 HE ABJIAIOTCA SPMUTOBBIMMU.

aMUIBTOHNAH 3JEKTPOMATHATHOTO TOJIS ONPEIENIAETCST BHIPAZKEHIEM
H = hwa'a. (3)

PaccMoTpuM 6ostee ToApobHO, Kak omnepaTopsl ¢l I a neficTBYIOT Ha IPOCTPAHCTBE COCTOSHMIT
9JIEKTPOMArHUTHOTO TIOJISI.

DOTOH ABJIAETCS YACTHUIIEH € IEJIBIM CIIMHOM, CJIe0BATEILHO, (POKOBCKOE IIPOCTPAHCTBO H. J1JIst
dborona mmeer 6azuc |0), |[1), ..., |n), .... OnepaTopbl poXKIeHUS W YHUITOKEHHsT (DOTOHOB

JIEHCTBYIOT Ha OA3MCHBIX COCTOSHUSX CJICTYIONUM 00Pa30M:

a'ln) =vn+1|n+1), (4)
aln) =/nln—1) upun #0, (5)
al0) = 0. (6)

Omneparop a'a masnBaeTca omepaTopoM 4HcIa (GOTOHOB U JEHCTBYET Ha OA3MCHBIX COCTOSHUAX

CJIEIYIOIIUM 00Pa30M:
a‘aln) =nln). (7)

OnepaTop qHUCJIa (1)OTOHOB ABJIAETCA S9PMUTOBBIM, a €ro COOCTBEHHDBIMU BEKTOPpaMU ABJIAIOTCA CbO—

KOBCKHE COCTOAHNMI.



3.3 CocTosiHUS TENJIOBOTO paBHOBeCUA

[laJiee, ecti He OrOBOPEHO MHOE, MBI OYJIEM PacCMaTPUBATHL TOJIBKO OJHOMOJIOBOE 3JIEKTPOMAr-
HUTHOE TI0JIE.
UcuaepnbiBatoree onmcanme COCTOAHUS II0JIS JAET ONEPATOP IUIOTHOCTH p, AEHCTBYIONUN Ha

npocrpanctee H. Omeparop p obajgaer CaeayoINuMu CBORCTBAMU:
p=r,
p >0, (8)
Trp=1.

Nznydenune abcoIOTHO YEPHOTO Tejia WK MOJOCTU IPU TemiepaTrype 1T OImuchbIBaeTCs COCTOsI-

HIEM KaHOHMYIeCKoro ancamous (pacupesesenne Bosmbinvana-I'n66ca):

_exp (—H//{ZT) _ &Xp (_H/kT) (9)
P= [exp (=H/kT)] 1 —exp(—hw/kT)’

Taxoe cocTostHEE TIOJIS TaKzKe Ha3bIBAETCS COCTOSHUEM TeIlJIOBOro paBHOBecus. Haiiném cpemnee

qrca0 (POTOHOB U JUCIEPCUIO IUC/Ia (POTOHOB B TAKOM COCTOSHUMU:

B B nexp(—nhw/kT) 1
(n)y = Tr(pala) = nzzo 1= exp (—hw/kT) _ exp(hw/kT) —1' (10)
(An?), = (n)7+ (n)y. (11)

Cocrogausa TerjIoBoro PaBHOBECHA XOPOIIIO OIIMCBIBAIOT TaKKWe€ BUJbI M3JIYICHHA, KaK COJIHEY-

HBIIl CBET, CBET JIaMITbl HAKaJIUBaHKUA, (DOHOBOE TEILJIOBOE M3/IydYeHUE BHEITHEH CPEIb.

3.4 Mogens Hxkeiinca-Kammunrca (JC)

Hannast mojiesib, mpejinoxkennas Jxeitncom n Kamvuarcom B 1963 romy, sBjsgeTcd OHOIM
n3 0a30BBIX MoOJiesiell KBAHTOBOM ONTUKH. DPMEKTHI, MpejcKa3blBaeMble 3TOW MOJEIbI0, OBLII
[IO/ITBEP2KJICHBI SKcriepuMenTaabuo B 1987 romy Pewmie, Banbrepom n Kieftnom.

B monesm JC cpenoit, B3anMoaeiicTBYIOIIE ¢ OJIeM, sABISIeTCs UIeaIn3UPOBAHHBIN JIBYXYPOB-
HEBBII aTOM. DJIeKTpOMarauTHOe 1oJ1e B Mojesn JC sBiisieTcst 0ITHOMOIOBBIM. VICK/TIOUeHme IpyTux
9JIEKTPOMATHUTHBIX MOJI JIOCTUIAeTCsl 38 CYET TPUMEHEHUsI ONTHYECKON MoJI0CTH (pe3oHaTopa) —
JIBYX B3aMMHO HAIIPABJIEHHBIX 3€PKAJI, UMEIOIINX BBICOKYIO OTPaXKATEILHYIO CIIOCOOHOCTL. Moiesb
JC makzke j1omyckaer pasHooOpa3Hble MOIMMDUKAINN.

CocTostHIEe OJTHOTO aTOMa 33aéTCsd HOPMUPOBAHHBIM BeKTOopoM 13 npocTpancTBa C? = Haiom,
pu s1oMm Gasucuwie Bekropbl (1,0)7 u (0,1)T coorercTByIOT OCHOBHOMY M BO3GYKJIEHHOMY CO-
crostHusSIM aToMa (jgasee Oy/ieM 3aliChIBATh UX depe3 obosnadenus upaka [0) u |1), nim xe |g)
u |e), or annt. ground state u excited state).

CocTosgHre CuCTeMbI, COCTOAIIEN U3 MOJACUCTEM Hatom W Hfeld, 381aETCA HOPMUPOBAHHBIM BEK-

TOPOM, JIEXKAIIUM B IIPOCTPAHCTBE

Hsystem = Hatom ® Hﬁeldu (12)



6a3UCOM KOTOPOIO SIBJIAETCA JIEKAPTOBO IPOM3BEJICHNE 0A3UCOB IOACUCTEM Hatom U Hield-

Jly1sl onucaHua NEPexoJ/IoB MexKly dHEePreTUYeCKUME YPOBHAMHU aTOMA UCIIOJIL3YIOTCH Ollepa-
TOpPBLI POKJICHHA ¥ YHHUYTOMKCHHs BO3OYKICHHI, KOTOPBIE 3aJal0TCs Ha OA3MCHBIX COCTOSHHSIX
CJIEYIOIIUM 0OPA3O0M:

o 0y = 1), o' 1) =0,
(13)
0]0) =0, o|1) =10).
Tenepb MBI MOKEM 3alliCaTh TaMIILTOHHAH Mojaean JC, UCIoIb3ys BBeACHHbBIC 0003HAMCHUSL:

Hje = hwaoto + hweala + glo + of)(a + ah), (14)

rie hw, —Heprud Iepexojia Jijisd aroMa, W, — JacToTa JIEKTPOMAarHUTHOIO I10JIsd, § — WHTEHCHB-
HOCTDb B3auMOJIeiicTBUs aToM-11ojie. ['amMuibronnan H jo TPpUMEHUM TOJBKO B CJIydae TaK Ha3bIBa-
eMOro JIUIOJIBHOIO TPUOIMKEHUST, KOTIa W, — W,| <K We.

Ecsn narencuBnocTh BBaHMOﬂeﬁCTBHH ATOM-IIOJIE 3HAYUTEJIbHO MEHbIIE 9HEPTUU II€PEXOI0B,
g

hwe
rotating wave approximation). 9to npubamKeHne 1aéT BOSMOKHOCTD YIAJIATh 13 TaMIJILTOHUAHA

a MMEHHO < 1, TO MOXKeT OBITH HCIIOJB30BAHO Ipub/MKeHne Bpaiiarorieiics Boaabl (RWA,

YJIEHBI, HE COXPAHSIIONIIEe SHEPIHIO:
Hpwa = hwao'o + hwea'a + gloal + o'a). (15)

[lepenmcaB raMuJIBTOHHAH B IPEJICTABICHUN B3aUMOJEHCTBUS, MOYKHO YBHJETb, UTO YJIEHBI, HE
COXPAHSIOIIIE SHEPTUIO, OY/IyT UMETh OBICTPO OCIUJIIUPYIOIIE COMHOKUTE/IN, IIOITOMY MX BKJIA/I
B 9BOJIIOIUIO CUCTEMBI Oy1eT odenb MaJjl. Tak kak B RWA-npubimkennn MHOTHE COCTOSTHUST BeITe-
CTBa U TOJIA HE MOTYT OBITH JIOCTUTHYTHI, PA3MEPHOCTH 3a/Ia9l 3HAYNTE/ILHO TOHUZKACTCS.
Haiiném ananntuyaeckoe pertenne ypapaenus [Ipéauarepa ¢ raMuabToHHaHOM H gy 4 ¢ 9acTo-

TaMM aTOMa U IIOJIOCTH, HACTPOEHHBIMU B PE30OHaHC:

l

[9(2)) = exp(— Hrwat) [¢(0)) , (16)
0 0 O 0
0 hw g
Hepw s — , 17
0 0 0 2hw
1 0 0 0
71HRWAt 0 e*i(w+g/h)t;efi(w7g/h)t e*i(w+g/h)t567i(wfg/h)t 0
e h = . T . T (18)
0 TNl omiama/ht  ileta/Mipemitema/t
2 2
0 0 0 672iwt

HyCTI) aToOM B Ha4daJIbHBIM MOMEHT BpeMeHnun HaXO/JIuJICd B OCHOBHOM COCTOAHUN Ig), a IIoJie — B

cocrosinnu Poka, coorBercrBytomeM ogaoMmy dhorony |1). Torga HacenréHnoCTh YypOBHS aToMa |e)



B MOMEHT BpeMmeHu ¢ onpejessiercs u3 (18) kax

e—ilwtg/Mt _ o—i(w—g/h)t |?

1 + cos(2¢gt/h)
p‘e} (t) = 2 : (20)
Benmmauna ) = 279 HasbiBaeTcd dactoroit Pabu. /[ns mosioctu, nMmeroreir o0béM V', BBITIOIHAET-

cd ciieayroilad 3aBUCUMOCTb MHTEHCUBHOCTU BSaHMO[LeﬁCTBHH aToOMa C IIoJIeM OT PacCIIOJIOZKeHU A

aToOMa B IIOJIOCTH:
fuw Wl

—d g 21
g9(z) 2oy (21)

rje d — JUIOJIBHBIA MOMEHT Iiepexojia |g) <> |e).

3.5 Mogens TaBuca-Kammunrca (TC)

Monens TC asnserca obobmennem monesm JC. B 9T0oil Momenn B3auMoeiicTBOBATE € IIOJIEM
MOXKET aHcaMbJIb JIByXYPOBHEBBIX aTOMOB. Kcim st KaykI0ro aToMa BBITTOTHSIETC JUIOJIBHOE

HpI/I6JH/I}KeHI/Ie, TO I'aMMWJIBTOHMaH MOJIEJIN TC zanucoiBaerca B 153491 (§]

n n
Hpe = Z hwgoloy, + hvata + Z gr(ox +ab)(a + ab), (22)
k=1 k=1
rie hwy — 9HEprum mepexo/ioB IS aTOMOB, U — 9aCcTOTa 3JEKTPOMArHUTHOIO IIOJIA, () — WHTEH-

CUBHOCTH B3amMojleiicTBuii k-it atoma ¢ 1moJieM, paccauTbiBaeMble 1o (opmyste (21).

3.6 Témunbie cocrossuus B moaeaun TC ¢ RWA

Paccemorpum mogzenis TC ¢ aByMmst aTromaMu ¢ yCIOBHEM BBITIOJHEHUsT pubmkennss RWA, ¢
JaCTOTAMHU aTOMOB U I10JIsl, HACTPOEHHBIMI B PE30HAHC, U C OJMHAKOBBIMUA WHTEHCUBHOCTSIME B3a-
I/IMO,ZLGI’ICTBI/IH aTOMOB C IIOJIEM. B TaKOM MOZeJIM MOT'YT CylIeCTBOBaThb TaKHUE€ COCTOAHNA aTOMHOI'O
aHcam0J1s1, KOTOpbIe He Oy/IyT B3alMO/IeiCTBOBATH ¢ 1oJieM. B caMoM jiejie, pacCMOTPUM COCTOsTHIE
\%(|01> —|10)) u mozeiicTByeM Ha HEro YacThIO raMUJIbTOHNAHA Hpe, OTBEYAOIIel 3a B3anMO/IeHi-

CTBHUE:

1
g(ola+ ofa + oal + UzaT)—Q(IOUQ In), — [10), In),) =
— %(\/mma In—1), +Vn+1[00), |n+1), —
—Vn11), |n—1), — Vn+1[00), |n+1),) =0. (23)

[Ipu 3TOM TaKOe COCTOSTHUE sIBJISIETCA COOCTBEHHBIM JIJId ramMuibronnana Hpo. Hecmoxkuo mpose-

PUTH, ITO 9TO COCTOsSTHUE OyaeT TEMHBIM U Oe3 npubmKkennst RWA.
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3.7 MapkoBcKoe ITpubJim>KeHmne

Onrudeckne MOJIOCTH, BOOOIIE TOBOPSI, HE SIBIAIOTCA M30JIMPOBAHHBIMHU CHCTEMAMHU U MOTYT
B3aMMOJIEICTBOBATE C OKpY2KeHneM. [IpuMepnl mporeccoB B3auMOJIENCTBUS ¢ OKPYKEHUEM — ITPU-
TOK U OTTOK (POTOHOB BO BHEIITHIOIO CPEJy 3a CUET HEUIeaTbHOCTH 3ePKaJl, IMOIJIoneHne poToHOB
3epKaJlaMy, B3aUMOJIEHCTBUE C TEIIOBBIM pe3epByapoM. MapkoBckoe HpuObJ/IMKEHHEe COCTOUT B
TOM, YTO IPEJIIOJIaraeTcs OTCYTCTBHE TIAMATH Y BHEITHEl cpeJibl. B cydae MapKOBCKOTO ITpHO.JIN-
JKEHUs JIMHAMUKA CUCTEMBI I1epecTaéT ObITh YHUTAPHONM, HO OHA COXPAHAET CTPYKTYPY KBaHTOBOII

,ZLI/IHaMI/I‘{eCKOﬁ IIOJIYI'PYIIIIBI B CJIEAYIOIIEM CMBbICJIE:

No(p) = p, (24)
As—i—t(ﬂ) = (AS © At)(p)v t,s > 0. (25)

Hawubosiee obiee onmcanne KBAHTOBOW JTUHAMIYECKOH MOJYTPYIIIBI JJAET OCHOBHOE KUHETHYECKOEe
ypastenue B ¢popme l'opunu-Koccakosckoro-Cynapmana-J/Iunabdraga. Ono umeer B

) i

P h[H, p] + Z Ak (Ckpﬁk - Eﬁkﬁkp - épﬁk»ck) ) (26)
k

rje A\, — MHTeHCUBHOCTb k-ro HeoOpaTmmoro mporecca, L — oneparop Jluuaadiaama k-ro Heobpa-
THMOTO ITPOTIECCA.

[Ipumepsr oneparopos Jlunao.1a,1a:

a — HeoOpaTUMBIHl OTTOK (POTOHOB;

a' — HeoOpaTHMELT TPUTOK (POTOHOB;

O'TO' — ,ZLe(baBI/IpOBKa aTOMHOI'O COCTOAHUAI;

|7) (i] — HeoGpaTUMBIl OTTOK aMILIUTY/IBI U3 §-TO COCTOSIHUS B j-€.

Kak Oyner nokazano B jaJibHEMIIIEM, pelieHrne OCHOBHOTO KHHETUYIECKOTO YPABHEHUS CBOJIUTCS

K PEIIeHnio MaTpuaIHoro juddepeHnnaabHOro ypaBHeHus JIJId BEKTOPU30BAHHONW MaTPHIIHI .

11



4 I/ICHOJII)SyeMbIe qncJieHHble MEeTOAbI

4.1 Pacuyér HeyHUTApHOI JUHAMUKNA

Macrep-ypasuenne jjisg Mogenn Tasuca-KaMmMunrea ¢ mpuToKoM B OTTOKOM (POTOHOB BBITJISI-
JUT creyomum obpasom (A = 1):

1 1 1 1

p = —ilHrc, pl + pin(a’pa = Saa’p = 2 paa’) + pow(apa’ — Salap - pala), (27)
Hye = weala + Z <wka£ak + gka,ia + gkakaT) . (28)
k=1

[IpoBommnch pacdérsl HEYHUTAPHOU JWHAMWUKH JJI HAYaJIbHOM MATPHUIIHI IJIOTHOCTH, BBI-
OpanHoii ciryuaitno. Beibop cirydaiinoit HauabHOM MATPUIIHI IJIOTHOCTH TTPOBOJIUJICS CJIELYIOITUM

o0bpa3oM:
A = (amn), (29)

TI€ Qmp = Tinp + Zym’m Tmny Ymn = unlf<_17 1)
A*A

Prand = m (30)

4.2 TouHoe pereHnne MacTep-ypaBHEHUs

,HIIH HpI/I6JII/I}KéHHOI‘O peueHnd MaCTep-ypaBHEHUA UCIIOJIb3YETCA paSHOCTHbIﬁ METO/ WJIN €ro
KOM6I/IH&HHH C TOYHBIM pelieHueM JIJIsd yHHT&pHOfI gacTu. Ecian MaTpulla ITJIOTHOCTHU He60.HbH_IaH,
TO BO3MOXKHO TOYHOE peHieHrue MaCTEP-ypPpaBHCHUA I€PE3 BEKTOPU3AIUIO MaTPpUIbI IIJIOTHOCTH.

BamnuiieM MacTep-ypaBHeHne B HauboJiee obiiem Buje, h = 1:

p=—i[Hpl+> (Lkak — 5 LiLip — ékaLk) : (31)
k=1

[TycTs v, — BexTOpP-CcTOJOEI, TOTA 1), — BEKTOp-cTpoKa. Torma, ecim

p= hrvi=) o W) (32)
k=1 k=1

OIIpeAEINM BEKTOPU30BaHHYIO MaTPUILy IIJIOTHOCTU Pye. KaK
Pvec = Zwk 02y ?ﬂf (33)
k=1
PaccmoTpum neiicTBre crie/iyioniero cyneporepaTopa Ha MaTPHILY ILIOTHOCTH p:
L(p) = ApB = A (Z U ® (g >T) B=>Y Ay @ (B"y)", (34)
k=1 k=1

TOIJIa OTIEePATOp, KOTOPBIH aHAJIOIHYHBIM 00pa30M Oy/eT JIeicTBOBaTh Ha BEKTOPHM30BAHHYIO MaT-

pHILYy ILJIOTHOCTH, UMEET BUJ

Luce(puee) = Y Aty ® BT9f! = (A® B ) puec. (35)
k=1

12



Ucnonbays (34) u (35), MOXKHO Mepernucarb MacTep-ypaBHeHMe il BEKTOPU30BAHHON MATPHUIIBI

IIJIOTHOCTH:

pvec - Lvecpveca (36)

. . - 1, 1

Lyee=—i(HRI)+il@H)+ ) <Lk ® LT - sLilk@ 1) = (I @ LZL,?)) . (37)
k=1

Tounoe pemeHne MaCTep-ypaBHEHUA MO2KHO 3alliCaTb 9€pe3 MaTPUIHYIO 9KCIIOHEHTY Ollepa-

TOpa OJId BeKTOpI/IBOBaHHOﬁ MaTpHUIlbl IIJIOTHOCTH:

pvec(t) = eXp(Lvect)pvec<O)- (38)

Tak KaK Lye. siBAsI€TCSA MaTpuUIieii ooIero Buia, Jijist BBIYUCIEHUS €€ SKCIIOHEHTbHI UCIIOJIb3YeTCsI

MEeTO/I, palfoHaJIbHOMI annpokcumarun [lae.

4.3 Meton Ilane njss BeIMucIeHNS MATPUIHON SKCIIOHEHTHI

Nzyuenne muornx busmdecKux, OMOJOTMIECKUX U SKOHOMUYECKHUX ITPOIECCOB YacTO TpedyeT
[IOUCKA PEIIeHUs] CUCTEMBbI JIHHEHHBIX OObIKHOBEHHBIX JTM(DPEPEHITNATBLHBIX YPABHEHU € TOCTOSH-
HBIME KO3 DUIMEeHTaMU:

X(t) = AX(t), X(0) =1, (39)

rie A, X (t), X(t) — marpuibl nopsjaka n X n, a I — eJuHIIHAST MATPUIIA.
EIMHCTBEHHBIM PeIeHneM 3TOil CHCTEMBbI SIBJIAeTCS MaTPUYHAs SKCIIOHEHTa, 0003HadaeMas et

KOTOpas MOXKeT OBbITh BbIpazKeHa Yepe3 CTEIeHHOM psi/l

o!

O,ILHI/IM 13 HauboJIee TOYHBIX METOJ0B pacqéTa ManHqHOﬂ 9KCIIOHECHTDLI ABJIACTCA METO/ Ha;Le.

[Iycts A — marpuna n X n, torga amapokcunMmanus [lage mrs e? zamaéres BbIpazKeHUEM
qu(A) = [qu(A)]_l Npq<A)v (41)
riae
P — NIp! ,
Npg(4) =3 0ra=ill (42)
— 9l —J)
1 q
(p+q—13)'q :
D,o(A) = : _(—A). 43
i) = (p+Q)!J!(q—J)!( ) 43)
Ciy4ail, B KOTOpOM p = ¢, Ha3bIBAeTCsd JMaroHajbHON amnnpokcumarueit [lasge, npu koro-

poil JocTUraeTcs MaKCUMAJIbHBINA MOPAI0K alllPOKCUMAIUN TTPU (DPUKCUPOBAHHOM YHCJIE MATPUY-
HbIX yMHOKeHuit. Kpome toro, mpu pacuére Ry (B) mOrpemHocTs amipoKCHMAIH BO3PacTacT

A

10 Mepe BO3pacTaHus HOPMbI B, 110 9TOil NpuduHe 1e1ecoodbpa3Ho pacuuThIBaThL € 10 (hopMyIe

[Ryq(A/m)]™ , rie m — MuHEMAaJIBHOE HATYPaJIbHOE YUCIIO0, IIpu KoTopoM ||A/m||; < 0.5.
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2g+1
Metoz ITaze umeer Tounocrs O(|A[7*"!), 1o ecth ero mopssok TouHOCTH B /1Ba pasa BLIIIE,

YeM MOPSAJIOK TOYHOCTU MeTojia Teiljiopa mpu TOM 2Ke Yucjie MaTPUIHBIX YMHOYKEHUI.
Taxum obpaszom, meros [lajie jij1g BeIYUCICHUST MATPUYHON SKCIOHEHTHI ITPOU3BOJIBLHON MaT-

purpl A MOXKeT ObITh 3a/IaH CIIEYIOMUM 00Pa30M:
1. Ecam ||Al]; < 0.5, To mepeiitu K mary 4.
2. Haiitn MuHIMAJIBHOE T1€JI0€ 9UCI0 M, Ipu KoTopoM |[A/ml|; < 0.5.
3. Haiitu A := A/m.
4. Boranciutb Ny (A) u Dy,(A).

5. Beraneanrs e = [Dpg(A)] ™" Npy(A) myrénm pemerms cucrempr Dy (A)e? = Npo(A) meTomom

laycca.

6. Ecim marn 2 m 3 He GBUIH MPOIYyTIEHbI, BeAUCIATH e = (e4)™ ¢ momompio GuHAPHOTO
BO3BEJICHUA B CTEIICHHU, BBIOpaB IpH 3ToM m = 2F, 4T06BI M36€KaTh JIUITHIX MATPUIHBIX

YMHOXKCHUH.

4.4 Bugyajgusamnusi aTTPaKTOPOB

g Bu3yasimsaIum aTTpakTOPOB BBIOJIHAIACH CJIEIYIONIas OC/Ie/I0BATEe/IbHOCTD JIEHCTBUIA:

1. Bwibupasicst moctarotdno O60/IBINON MOMEHT BpeMeHu 1, B KOTOPBIH He HaOJII0IAI0Ch PE3KOr0
n3MeHeHnd 4ncjia GpoToHOB. B KadecTBe 1mepBoil TOYKM aTTpakTOpa BhIOMPAJIOCH 3HAYUEHHUE

MaTPUILI IJIOTHOCTH B MOMEHT BpeMenn ti: Attr; = p(tl).

2. IIpoBoauniics MOoMCK MOMEHTa BPeMEHH ty, COOTBETCTBYIOIIErO JOKAJIbHOMY MaKCUMYMY CJle-

JIOBOrO paccTosaust 10 Attry.

dist(p(te), Attry) > dist(p(ts + €), Attry), Ve > 0, (44)

dist(A, B) = %tr <\/(A —B)(A— B)) . (45)

B xagecTBe BTOPOiT TOYKM aTTpaKTOpa BBHIOMPAJIOCH 3HAYEHUE MATPUIIBI IJIOTHOCTH B CPEJI-

HIIT MOMEHT BPpEMEHH MeXKIy t1 U to: Attry = p(%)

3. Crpowicst napamerpudeckuii rpaduk, neppasi 0Cb KOTOPOIO COOTBETCTBOBAJIA PACCTOSHUIO
dist(p(t), Attry), a Bropas — dist(p(t), Attrs).

14



5 IlosydyeHHbIe pe3yJabTaThl

5.1 DddekTuBHOCT, MeTOJIa MOJy4YeHUs TEMHBIX COCTOSHHUI C ITOMO-

mbio 3¢ddekrta IITapka

Db dexr [lTapka 3ax/nmovaeTcss B pacIIUPEHUN CIEKTPAJIbHBIX JIMHUNA ATOMOB B IPUCYTCTBUU

IIOCTOAHHOI'O JICKTPUYICCKOI'O I10JIA.

w

)

Puc. 1: [eiicTBre TOCTOSIHHOIO 3JIEKTPUYECKOTO TIOJIA Ha JIBYXYPOBHEBBIH ATOM B ONTHUYECKOi

IIOJIOCTH.

On MoxkKeT ObITh YUTEH MyTEM Creyionieit moaudukarmn ramuabrornana TC:

H?ntefraction = ffkwlcU;LUk + 4/ /fkgka;ga + \/ffkgkakaT. (46)

Témuoe cocrognue mapbl ATOMOB MOXKET OBITH TOJIYYEHO TIPU PE3KOM MPEKPAIEHUN JICHCTBUA

IIOCTOAHHOI'O IJIEKTPUYICCKOI'O II0JId Ha OJHUH U3 aTOMOB.

Puc. 2: Tlonyvenne TéMHBIX COCTOSIHUI B ONTHYIECKOi mostocTu. [10]
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Bt iposeién pacuér acdhdexkruBnoctu ganuoro merosa. Ha cireyiomnem rpacduke nzodbpazkena
J0JIsl TEMHBIX COCTOsIHUI, KOTOPYIO MOXKHO IOJIyYUTh, OTK/JIIOYUB 3JIEKTPUUIECKOe 110J€e, JNeiCTBY-

Io1ee Ha O/JiMH U3 aTOMOB, B COOTBeTCTByIOH_H/Iﬁ MOMEHT BPEMEHMU.

0.6 F —

0.2 .

JoJist TEMHBIX COCTOSTHUIA

Bpemsa

Puc. 3: 9ddextuBHOCTS METO/ A IOy IeHNS TEMHBIX KBAHTOBBIX COCTOSHU ¢ TIOMOIIBIO 3hderTa

[rapka, w =100, g1 =1, go =1, k1 = 1, ke = 1.1, g1 ¢t ot 0 g0 10.

5.2 CrammoHapHOe COCTOSTHUE CHCTE€MbI 13 OJHOTO aTOMa C IPUTOKOM M
OTTOKOM (POTOHOB
TaK KaK CucreMa M3 OJHOI'O aTOMa HE HMeeT TEMHDBIX COCTOHHI/IIU/I, CymecTByeT JIMIb OIJHO

CTallMOHAPHOE COCTOAHUE B CjIy4dae IIPUTOKa U OTTOKaA CbOTOHOB — IIOJIHOCTBIO CMEIIaHHOE TePMO-

JUHaAMWIYECKH PaBHOBECHOE COCTOAHUE:

psteady = (P0 19) (9] + € ¥ po |€) (e]), (47)

ryie T’ BbIpayKaeTcs 9epe3 i, U oyt CIAEIYIOMUM 00Pa30M:

hw

= k: ln Hout *
Hin

T (48)
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0.8 .

Paccrosinue mo p(100)
o =
i o
| |
| |

e
o
\

\

\ \ \ \ \
0 5 10 15 20

Bpewms

Puc. 4: Jlunamuka cjieJOBOr0 PacCTOAHU JIO MATPHILLI IIJIOTHOCTH B Touke ¢ = 100 ja Momen

TC ¢ omaum atomom ¢ w = 10, g = 1, i = 1, i = 0.25, myrsa t ot 0 g0 20.

5.3 ATTpakTOop AJid CUCTEeMBbI U3 ABYyX aTOMOB 0e3 mMpUTOKa (pOTOHOB

ITo asropuTMy, ONHCAHHOMY B HPEIBLIYINEM pasjese, ObLT MOCTPOCH aTTPAKTOP JIJIsA CHCTEMBI
U3 JBYX aToMOB 0e3 nputoka (oronos. I[lapamerpsr Moze/n yKa3aHbl B IIOAINCAX K IpaduKam.

[TostyueHHDIN Pe3yILTAT COIVIACYETCS C TEOPETUIECKHIM IIPECKA3AHIEM: KAK BAKYYMHOE COCTO-
suue |00), tak u Témuoe cocrosmue |Dark) = \%(\Ol} — |10)) aBISIIOTCS CTAIMOHAPHBIMHE, €CJIN

IMEeT MEeCTO TOJBKO OTTOK (hoToHOB. CJie/10BaTEIbHO, aTTPAKTOP MMeeT BUT

p = po|00) (00] + cvexp(iwt) |00) (Dark| + aexp(—iwt) |Dark) (00| + py |Dark) (Dark|.  (49)
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0.5 .

041} .

0.3 .

0.2 .

Yucio poroHoB

\ \ \ \ \
0 10 20 30 40

Bpema

Puc. 5: unamuka uwncia ¢oronoB g momean TC ¢ aByms aromamu ¢ w = 10, g1 = 0.85,

go = 1.29, pioye = 1 nna t or 0 j10 40.

—
§ 0.1 |
<
o
X
(]
=
s
3
Q
Q
)
A
0 |
| | | | | | |

20 20.5 21 21.5 22 22.5 23
Bpema

Puc. 6: Iunamuka cjaegoBOro paccTOSHUALA 0 MATPHUIIBI IJIOTHOCTU B TOuke t = 20 11 MOjIesn

TC ¢ Temn ke napameTpamu.
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0.2 |- .

S

[t

ot
\

Paccroanue no Attr2
o
Py o
> =
\ \

0 0.05 0.1 0.15
Paccroganue no Atirl

Puc. 7: lunamMuka cjeJJ0BOrO pacCTOdHU JIO MATPUIL IJIOTHOCTH B TOYKax t; = 20 u ty = 20.157

st mogenun TC ¢ remu ke mapamerpamu. Pacuér s ¢t or 6 go 40.

5.4 CralmoHapHOe COCTOSHME CHUCTEMBI U3 JIBYX aTOMOB C IIPUTOKOM U

OTTOKOM (bOTOHOB

Cucrema u3 JIByX aTOMOB B IIPHCYTCTBHU TaK»Ke U IPATOKA (POTOHOB He NMeET aTTPAKTOPa, TaK
KaK BHEMArOHAJIbHBIE 9IeMeHThI MaTpuIls! totHocTH Bua |00) (Dark| ve 6y/1yT cTanonapHbIMu

1 Oy/IyT YHUUITOXKATHCA B XOJI€ JIEKOT€PEHIIHH.

CTaHI/IOHapHOG COCTOdHHE B TaKOM CJiydae 6y,ZLeT NMETb BI/

Psteady = Po [00) (00] + py([01) + |10))((01] + (10]) + p2 [11) (11| + ppark | Dark) (Dark| . (50)
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Puc. 8: Jluramuka cJIe0BOTO pacCTOSHUALA 10 MATPUIlLI II0OTHOCTH B Touke t = 1000 mra mojiesrn

TC ¢ gByms aromamu ¢ w = 10, g = 0.85, go = 1.29, it = 1, ptin, = 0.25, myrsa t ot 0 g0 400.
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6 3akJrouyeHue

B mporiecce 110/Ir0TOBKM MAaruCcTepCcKoil IuccepTaiui ObLIU Oy YeHbI CJIEIYIONIIE Pe3YIbTaThI:

1. Uccnenosan KII/I meTo/1a mosryvdennsi TEMHBIX KBAHTOBBIX COCTOSHUI C TOMOIIBIO 3 derTa

[MIrTapka.

2. Jana kjgaccuguKamms CTaIMOHAPHBIX COCTOSHHI OTHOATOMHON cucteMbl B Mojgenun 1C u

JIByATOMHOI CHUCTEMBI Oe3 MPUTOKa (POTOHOB.

3. ChopmyupoBaHbl IPEIITOIOKEHNsT O CTPYKTYPE CTAIMOHAPHBIX COCTOSIHUN CUCTEM U3 MHO-

rux aroMoB B mogeaun TC.

4. TIpenjoxken MeTO TOYHOTO pacuéTa HEYHUTAPHON JTUHAMUKN KBAHTOBBIX CUCTEM JIJIsI OY€HD
OOBIMUX BPEMEHHBIX WHTEPBAJIOB C ITOMOINBIO BEKTOPU3AINKA MATPHIIGI IIOTHOCTU U All-

npokcumaru Ilae.

5. Ilpenmoxker MeTo Busyaausanun arTpakTopoB mojean TC.
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8 IlpujoxxkeHus

st ynobcTBa MOJIETMPOBAHNS TMHAMUKN PA3JIMIHBIX KOH(MUTYPAIUil BEIIECTBA U TOJI B OII-
THYECKUX MOJIOCTAX YaCTO UCHOJIb3yeMble (DYHKINMHU ObLIN CIPYIIIMPOBAHBI B CJIEYIONIYI0 OnbJ/IMO-

TeKy Ha s3bike Python 3.

8.1 @PparmMeHT KoO/ia MCIIOJIb3yeMoOii OMOIMOTEeKN!

1 ||#!/usr/bin/env python3
2 ||# —*— coding: utf—8 —x—
3
4 || import functools
5 || import numpy as np
6 || import random
7 || from scipy.linalg import expm
8
9
10 || error = le—10 # JlonycTuMasnorpenrHoCcTb
11
12
13 || def tensor(xargs):
14 " "BozBpalllaeT TEeH30PHOENPOU3BeJeHNeapryMEHTOBMAaTPUIl  —.
15 e
16
17 return functools.reduce(np.kron, args)
18
19
20 || def geye(n):
21 """ "BozBpalaerT eIuHUIHYIOMATPUIYy  NIN .
22 e
23
24 return np.eye(n)
25
26
27 || def create(n):
28 """ "Bo3BpalllaeT OIepaTOpPOXKICHUS  NIN .
29 e
30
31 return np.diag(np.sqrt(np.arange(1l, n)), —1)
32
33
34 || def destroy(n):
35 """ "Bo3BpaIaeT OMEPATOPYHUTITOXKEHUST NN .
36 e
37
38 return np.diag(np.sqrt(np.arange(l, n)), 1)
39
40
41 || def num(n):
42 """ "Bo3BpalmaeT OMIE€PATOPUUCIATACTHLL nTn .
43 e
44
45 return np.diag(np.arange(n))
46
47
48 || def basis(n, i):
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
929
100
101
102
103
104
105
106
107

def

def

def

def

def

B T 1 H— VICHBIITBEKTOPB MEPHOM— IT TPAHCTBEHYM ns
" "BozBpalaer 1 Gazuc EKTO NMEpPHO OCTPAHCTBE epa.

( cmyns ).

nnn

psi = np.zeros(n)
psi[i] =1

return psi

unit (psi):
" " 'TIpuHIMaeT HEHOPMUPOBAHHBIABEKTOD P S% HBO3BPAlaeTHOPMUPOBAHHBII

mnimnn

return psi / np.linalg .norm(psi)

density assert(rho, error):

" TIpOBEPSIHT HEOTPULIATEBHOCTD , 3PMUTOBOCTBUEINHUIHOCTHCIIEAAMATPUIIBITIIIOTHOCTH

mnimn

w, = np.linalg.eig(rho)

assert np. all (np.real(w) >= —error), \
assert np.linalg .norm(rho — rho.T.conj()) < error, \

assert np.abs(np.trace(rho) — 1) < error, \

hamiltonian _assert(H, error):

" 'TIpoBepsieT IPMHUTOBOCTHIAMUJILTOHUAHA

mnimnn

assert np.linalg .norm(H — H.T.conj()) < error, \

random rho(n):
""" "BozBpalaeT CiIydYaiHyoMaTPUILY IIJIOTHOCTH nrn .

mnimnn

rho = np.zeros((n, n), dtype=np.complex)
for i in range(n):
for j in range(n):
rho[i][j] = random.uniform(—1, 1) + 1j * random.uniform(—1, 1)
rho = np.dot(rho.T.conj(), rho)
rho = rho / np.trace(rho)
density assert(rho, error)

return rho

lindblad (H, rho0, t, c_ops):

"""Toynoe pelleHueMacTepyPABHEHUS — .

mnimnn

hamiltonian _assert(H, error)
density assert(rho0, error)
n = len(H)
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108 1 qeye(n)

109 A = —-1j % (tensor(H, I.T) — tensor(I, H.T))

110 for L in c_ops:

111 Lc = L.T.conj()

112 LL = np.dot(Lc, L)

113 A 4= tensor (L, Lc.T) — 0.5 * tensor(LL, I.T) — 0.5 % tensor(I, LL.T)
114 rho0_vec = np.resize (rho0, (n * n, 1))

115 rho_vec = np.dot(expm(t * A), rhoO_vec)

116 rho = np.resize(rho_vec, (n, n))

117 density assert(rho, error)

118 return rho

119
120
121 || def partial trace(rho, signature):
122 " M acTUYHBIA  Clles, .

123 e

124
125 left =1

126 right = np.prod([i for i, _ in signature])

127 rho_old = rho

128 for subdim, flag in signature:

129 right //= subdim

130 if flag — O0:

131 rho _new = np.zeros((left x right, left x right), dtype-np.complex)
132 for i_x in range(left):

133 for i_y in range(left):

134 for j in range(subdim):

135 for k x in range(right):

136 for k_y in range(right):

137 rho new |

138 i_x x right + k x

139 11

140 i y * right +k y

141 ]+ (

142 rho_old|

143 i_x x subdim * right + j * right + k x
144 1

145 i_y * subdim x right + j x right +k y
146 ]

147 )

148 rho old = rho new

149 else:

150 left x= subdim

151 return rho old

152
153
154 || def entanglement(rho, photon bath):
155 "3 any TAHHOCTD MEXK /Ly CBETOMUBEIECTBOM
156 e

157
158 matter dim = len(rho) // photon bath

159 matter = partial trace(rho, [(matter dim, 1), (photon bath, 0
160 light = partial trace(rho, [(matter dim, 0), (photon_bath, 1)
161 return np.linalg .norm(rho — tensor(matter, light), ord= )
162
163
164 || if name —

)1
1)

165 import doctest
166 doctest . testmod ()
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