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TpaanuLMoHHas TEXHWUKA YNPaBIEHNsI COCTOSIHUSIMUN OTAENbHLIX KYyOUTOB N KBAaHTOBbIX PerncTpoB ba3upyeTcs Ha
NCMOJIb30BaHNN BbICOKOYACTOTHBLIX MOAYUPOBaHHBIX MMMYbCOB, HECYLLAs 4acTOTa KOTOPbIX biM3Kka K YacToTe
nepexoaa Mexxay 6a3uCHbIMN COCTOSIHUSIMI K MICKYCCTBEHHBIX aTOMOB>» U «Mosiekyn» (TexHuka Pabwu). B gaHHoii
paboTe pa3BMBaeTCs afbTEPHATUBHAS KOHLEMNUWSH YNPaB/IEHNS CBEPXNPOBOSHNKOBLIMU KyGUTaMmn, OCHOBaHHast
Ha unpaee bbiCTporo Bo3bYKAEHUS KBAaHTOBOW CUCTEMbI MYTEM MPUMEHEHWS YELUHEHHbIX HEMOZAY/MPOBAHHbIX
umnynscos. Ha ocHoBe YncieHHOro MogenvnpoBaHusi NPOAEMOHCTPUPOBAHO (POPMIUPOBaHME 3aNyTaHHbIX COCTO-
aHnii Benna B gBYXKYBUTHOM CBEPXNPOBOLHNKOBOM PErMCTPE MOA AeNCTBUEM UMMYNLCOB MOJS, MONYYEHHbBIX C
MCMOAb30BaHMEM YCTPOICTB BbICTPOli O4HOKBAHTOBON NOruku. Tomorpadusi KBaHTOBbLIX COCTOSAHWY BbINOJIHEHA
Ha Ba3e peleHnsi ypaBHeHUs 415t MaTpuubl NAoTHOCTU. [Toka3aHo, YTO € NCNONBL30BAHNEM TEXHUKU «YHUMNOASIP-
HbIX UMMYJAbCOBY» MOXHO YCKOPUTb (hOPMMPOBaHME NEpenyTaHHbIX COCTOSIHWIA (Ha MUKOCEKYHAHbBIX BPeMeHax)
¢ poctosepHocTbio (fidelity) 95-98 %. MpogemMoHCTprpPoBaHO BbINONHEHNE OCHOBHbLIX KBAHTOBbLIX aJrOPUTMOB:

[Hoiiua —Voxn ¢ TounocTbio bonee 98 % u posepa ¢ TouHocTbo 93 %.

DOI: 10.31857,/50044451020100016

1. BBEAEHUE

B nemaBHeii padore [1] GbLIO POJIEMOHCTPUPOBAHO,
9TO IPOrpaMMHUPYEMBbII KBAHTOBBII KOMIBIOTED IIPHU
pEIeHNN CITEeIUAIHLHO Pa3pabOTaHHON TECTOBOI 3aia-
qu crocoOeH NMPEeB30HTH OJINH M3 CAMBIX MOIIHBIX CY-
[IEPKOMIIHIOTEPOB MUPa. DTO CBUIETEIHLCTBYET O CyTIe-
CTBEHHOM IIPOrpecce B Pa3BUTAU KBAHTOBBIX TEXHOJIO-
I'uii, HAIleJICHHBIX Ha CO3JaHHe KBAHTOBBLIX KOMIIBIOTE-
POB, HO3BOJIAIOIINX PENIaTh MUPOKAHA KJIACC IIPUKJIAI-
HBIX 3aja4. Kak M3BeCTHO, IPUHIUINAJIbHAS IPODJIe-

* E-mail: mar.denisenko@gmail.com
** E-mail: nvklenov@gmail.com
** E-mail: asatanin@gmail.com

579

Ma, BOZHUKAIOIAs Ipu paboTe KBAHTOBLIX KOMIILIOTE-
poB, obuanaromux HeGobM nciaoMm (50-100) ky6u-
TOB, CBsI3aHA C BO3/EHCTBHEM HA KBAHTOBYIO CHCTEMY
(ma perucTpbl KyOUTOB) OKPYZKAIOMIEH CpeJbl, BKJIIO-
qaroIeil yCTPOCTBA TPUTOTOBJIEHNS] COCTOSHII KyOu-
TOB, yUPABJEHUS UMU U UX H3MEPEHHs, KOTOPOe II0-
Ka He Y/IaeTCs YCTPAHUTD UM JTOJIKHBIM 00pa30M KOH-
TPOJIUPOBATh. B CBsI3W € 9TUM JJIsl OMMCAHUS TOI00-
HBIX CHCTEM BBEJICHO IOHSITHE 3AIyMJIEHHBIX KBaH-
roBbix ycrpoiictB (Noisy Intermediate-Scale Quantum
technology) [2], uTo oTpazkaeT BpeMEeHHYIO (DUKCAIUIO
JIOCTYITHBIX MACIITabOB, & TAKYKE YKA3bIBAET HAIIPABJIE-
HUE [TOUCKA ITyTeil JIJIsT CO3AHUS TIOJTHOCTHIO KOHTPOJIU-
PYEMBIX MACCUBOB KyOUTOB, HAIIPUMED, IIyTEM KOPPEK-
[IUU OMIMOOK C TIOMOIILIO BCTPAMBAHUS B YHITHI JIOTIOJI-
HUTEJBHBIX KOHTPOJUPYIONAX <«UCKYCCTBEHHBIX ATO-
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MOB». CTabMIbHAs MAHUITY/IANNS KBAHTOBBIMU COCTO-
AHUAMYI MMEET BaXKHOE 3HAYEeHWe I KBAHTOBOH 00-
paborku nndopmarun. HecMoTpst Ha 3a1yMI€HHOCTD
JIOCTYTIHBIX YCTPORCTB (CO371aBaeMbIX, HAIPUMED, KOM-
naausavu IBM wiu Rigetti), Obuin npeaupuHsaThl 10-
NBITKA TIOJIy9YeHUsT TTOJIE3HONW MHPOPMAIIUN TIPU MOJIE-
JINPOBAHUY JUHAMUAKY CIIMHOBBIX IEIIOYEK C PA3TUIHON
rorosiorueii [3,4].

Bwmecre ¢ Tem pazpaboTKa yCTPOMCTB KOHTPOJUPYE-
MO#i KBAaHTOBOH JIUMHAMUKYU CTABUT Pl IPUHIUIUAIHLHO
HOBBIX BOIIPOCOB, KOTOPBIE B TIOCJIEHEE BPEMSI AKTUBHO
obcyxatorcs B smreparype. Oaa u3 npobJeM cBsiza-
HA C METOJIOM KOHTPOJIsI HAJl COCTOSTHUSIMYA KBAHTOBBIX
perucTpoB. B HacTosiiee BpeMsi JijIst 3aIlMCA U yIIPAB-
JIEHWsI TPUMEHseTca TexHuka Pabu, KoTopas mpesrno-
JlaraeT WMCIOJIb30BAHME BBICOKOYACTOTHBIX MOJLYJIHPO-
BaHHBIX UMITYJIbCOB, HECYTIAsT 9ACTOTa KOTOPBIX HJIN3KA
K 9aCTOTE MEPEXOJa MEXK/Ly OA3UCHBIMU COCTOSTHUSIME
KOHTPOJIMPYEMBIX «UCKYCCTBEHHBIX ATOMOB» U «MOJIE-
KyJ» [5]. Hanpumep, 1jisi CBEpXIPOBOJAHUKOBBIX KyOu-
TOB HECYIIAs YACTOTA COCTABJISAET HECKOJIBKO TUTArePII;
ycuexu Texuukn Pabm i JaHHBIX KyOUTOB OTpazke-
HBI B padorax [6, 7], rje KOHCTATUPYETCsl, UTO OFHO-
KyOUTHBIE ONEPAINA MOTYT OCYIIECTBJSITHCSA C JOCTO-
BeprocTbio 99.9 % [7,8], Torma kax aBYyXKyOUTHDIE Teii-
ThI PEATTM3YIOTCH ¢ J0cToBepHOCTHIO 99 % [9,10]. Onna-
KO, HECMOTDsI Ha BIIEYATISIONINE PE3YJIbTaThI, BDEMEHA
JIEKOTEPEHITNH B COBPEMEHHBIX PETUCTPAX KyOUTOB J0-
CTHIaOT MOPsIJIKAa COTeH MUKPOCEKYH/I [6] u mpobiema
YCKOPEHUsT Peasin3alii KBAaHTOBBIX OJIHO- U JIBYXTeii-
TOBBIX ONEPAIMI MO-TIPEKHEMY SIBJIAETCH AKTyaJbHOM.

B cBsi3u ¢ 3TMM B HACTOsIIIEE BpeMsl aKTHBHO pa3-
BHUBAeTCs aJbTEPHATHBHAS CXE€Ma yIIPABJICHUS CBEPX-
[IPOBOJIHUKOBBIMU KyOUTAMU, B OCHOBE KOTOPO#i JIEXKUT
ujesi GBICTPOro BO30YIKIEHUsST KBAHTOBOW CUCTEMBI ITy-
TE€M TIIPUMEHEHNS YEAMHEHHBIX HEMO Ly TAPOBAHHBIX UM-
yJTbCOB. BBIJIO MOKA3aHO, YTO JJIsi CO3/IAHMS TAKUX M-
[yJIbCOB MMUKOCEKYHHON JIMTeNbHOCTH (UTO HA Tapy
MOPSITKOB MEHBIIIE, 9eM JITTATEILHOCTD TUINIHBIX OTTe-
panuii B Texarke Pabu) MOIyT HCIIOJL30BATHCHA CXEMbI
CBEPXITPOBOIHIKOBOM OBICTPOIT OJITHOKBAHTOBOM JIOTUKN
(BOK) [11-13]. ITepBoHavuaIbHO JaHHAS TEXHUKA pas3-
pabaTbhIBaIaCh IS CO3JAHAS OBICTPOAECHCTBYIONAX W
9HepPro3(HEKTUBHBIX KJIACCUIECKUX BBIYUCIUTETbHBIX
KoMIutekcos [14]. B mocsesiHee BpeMst ¢J1eJIaHbl IOMBIT-
k1 amantupoBaTh BapuanThl BOK-cxem jis ynpasiie-
HUSI PErUCTPAMU KyOUTOB C UCIOIB30BAHUEM TIOCIIETO-
BaTEJIbHOCTEN TIMKOCEKYH IHBIX YHUIOISPHBIX UMITYJIb-
COB, XOTsI OOIIast JITUTEJbHOCTh TAKUX OIEpaluii Bce
paBHO npesbimaer 1 He [15-17].

OcHoBHasI TIeJIb JAHHO CTATh — pa3paboTKa HO-
BbIX MeTO/I0B uMIniemenTanuun BOK-cxem syist ynpas-
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JIEHUSI B CBEPXITPOBOHUKOBOM IIOTOKOBOM JIBYXKYOHT-
HOM perucrpe (mapa cjiabo B3aUMOJEHCTBYIOIIUX KY-
GUTOB) J1JIsl YCKOPEHUSI KBAHTOBBIX aJrOPUTMOB. B 0T-
JMYUe OT YIOMSIHYTOrO Bbllle moaxoia [15-17], b
pPACCMATPHUBAEM BO3JEUCTBHE MAJOrO YHCIA HMILYIIb-
COB JIJIs peaJin3allid KBAHTOBBIX OIEpaIuili U ajro-
PUTMOB. DTO I03BOJISIET YMEHBIINTH HEXKeJaTeJbHOe
obpaTHOe BJUSHNE CUCTEMBI YIPABJICHUs Ha KYyOuT,
YMEHBIIATH XaPaKTEPHYIO JJIATEJHHOCTh OlepaIuii u
peasim30BaTh ONTUMAJBHBI KOHTPOJIb 33 CUET 000pa
apaMeTpoB YIPABJISIONETO YHUIIOJISPHOTO UMILYIIh-
ca. IIpu sTtom mepexom kK Oosiee 3HEProdHIEKTUBHOMN
a/InabaTUIeCKOl CBEPXIIPOBOIHUKOBON JIOTHKE I03BO-
JISIeT HEe TOJIBKO OCYIINECTBJIATH OJHOKYOUTHBIE I'efiThI,
HO M CO3/aBaTh IlepelyTaHHble cocTosguus (entangled
states) map Ky6UTOB ¢ BBICOKO TOYHOCTBIO.

B pabore Ha KJIacCHIECKOM KOMIBIOTEDE BBIIOJIHE-
HO YHUCJIEHHOE MOJIEJINPOBAHUE IIPOIECca TOMOTpadun
(BOCCTAHOBJIEHNSI) KBAHTOBBIX 3AILyTAHHBIX COCTOSIHUI
Bemra u peanam3oBanbl, YHUMOJSIPHBIMUA ITHKOCEKYH/I-
HBIMU MMITYJIbCAMHE, IPOCTENIINEe KBAHTOBBIE aJTOPUT-
mer ([oitaa—oxu u T'posepa) ma AByXKyGHTHOM
CBEPXITPOBOJHUKOBOM perucrpe. Ilokazano, aro mepe-
[IyTAHHBIE COCTOSTHUS MOXKHO PEAJIM30BATD HECKOJIbKU-
MU YHUIOJISPHBIMA HUMITYJIbCAMEU HA MUKOCEKYHIHBIX
BPEMEHAX, 9TO B HECKOJIBKO pa3 ObicTpee TexHUKN Pa-
06U Ha OCHOBE IPOTSI’KEHHBIX MOJYJIMPOBAHHBIX CUT'HA-
7108 [6]. IIpu 5TOM JIOCTOBEPHOCTH CO3/IAHUS COCTOSHMIT
Bemna cocrapisier 95-98 %, a ncnosHeHns KBAHTOBBIX
ajaropurmos 93-98 %.

2. OCHOBHBIE ITPUHIIUITBI PEAJIN3AIINAN
KBAHTOBBIX AJITOPUTMOB
YHUITOJIAPHBIMUN NMMITYJIbBCAMMU

B ciyuae ynpasieHHs M30JMPOBAHHON KBaHTOBOM
cucTeMoii (KBAHTOBBIM DETUCTPOM), HAXOJsIeHcs B
YUCTOM COCTOSIHUU, MOYKHO I'OBOPHUTH 00 yIpPaBJIAeMOi
yHHTapHOI sBosonuu. Ecam ke cucreMa He 3aMKHY-
Ta WK IIOJBEepPKeHa BO3JIEHCTBUIO IIyMa, TO OHA OIN-
CBIBA€TCSI MATPHIIEl IVIOTHOCTH, B OOIIEM CiIydae HOJI-
YMHSIOMENRCsS KBAHTOBOMY KUHETUYECKOMY yPABHEHMUIO,
KOTOPO€, B YaCTHOCTH, OIIACBLIBAET U IIPOIECCHI IIOTePU
KOI'€DEHTHOCTH COCTOsIHUII KyOUTOB.

IMycrs B HAYAIBHBIT MOMEHT BPEMEHH U30JIUPOBAH-
Has CHCTEMa IIPUTOTOBJIEHA B HAYAJILHOM COCTOSIHUM,
|1(0)), Torga BpemMeHHAs! IBOJIONUS CHCTEMBI, T.€. BCe
onepaiuu (refiThl), OMUCHIBAIOTCH YPABHEHUEM
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Tomorpadust cocTosiHuii KybuToB 1 peanusauus. ..

rae H(t) — raMujIbTOHHAH CHCTEMBI, 3aBHCSIIUNA OT
Bpemenu. B obmem Buge pemenve (1) 3anumercsa Kak
[(t)) = U(t) [1(0)), rme BBeseH omepaTop SBOIIONUN

t
7

h/dtlH(tl) ,

0

U(t) = Pexp (2)

rae P — omnepaTop XpOHOJIOTMYECKOTO yYIOPSIOUYEeHNUs.

CuadaJjia BBeJeM HEOOXOTUMBIE I aHAIN3a KBAH-
TOBBIX AJITOPUTMOB O003HAYEHUS U [IOHATHUSI Ha [IPUMe-
pe OMHOKYOUTHBIX omeparuil. JIuHaMuKa «yeIuHEeHHO-
ro» IMMOTOKOBOTO KyOWUTa BO BHEIITHEM TI0JI€ OITUCHIBACTCST
CTAHJAPTHBIM IaMUJIbTOHUAHOM [18] B aBYXYypOBHEBOM
TIPUOJIMKEHUH:

HO (1) = —% (Aoi” + a(t)ffi”) , (3)

rue e(t) — yupasJsioniee BHelIHee 1oJe, A — napamerp
TYHHEJIbHOT'O PACIHIEIJIEHAS, YTO COOTBETCTBYET THIINY-
HOM 9IacToTe Iepexoa (il CBEPXIPOBOIHIKOBOIO I10-
TokoBOro Kyoura A ~ 100 MT'i—10 I'T'w, em. [6]) mexk ity
6asucupivm yposrsayu ky6mra: [0) = (0) u |1) = (V);

m (1

oy, 0z  — Marpuns! [laymm.
Kaxk nsBectno, cocrosiame Ky6uta |1 (t)) = a(t) |0)+

+ B(t)[1) (e = cosh, B = €?sinf) zamaercsa BexTO-
pou R(t) = (W] o [w(t), o = {00l 0}, ma
cdepe Buoxa R? 1, mosoxKeHne KOTOPOTO OIpese-

JISIeTCsT TIOJISIPHBIM 0 M a3uMyTaJIbHBIM ¢ yriaamu. [Ipu
9TOM IIPOCTENIITNE OTHOKYOUTHBIE OIIEPAIAN MOYKHO WH-

TEPIIPETUPOBATH KAK HEePEBOJT KOHIA BEKTOPA U3 OJIHOM
Touku Ha cdepe Baoxa B apyryro. /lannbie oneparun
MIPEJICTABIISIIOTCST Ye€pe3 TPU HEe3aBHUCHMBIX BPAITEHUS
BOKPYT OCell B cliuHOBOM IipocTpancTie (Ha cdepe Biio-
xa): &, Y, z-Bparienus. Kombunanuu spamienuii [Taysm
[IO3BOJISIIOT CO3/IATh CYIEPIIO3UIUIO COCTOAHUN KyOuTa
IIN OCYIIECTBUTH omepanmio Anamapa [18]. B rexuu-
ke Pabu oHOKYOUTHBIE OIIePAITNT MOXKHO BBITIOJTHUTD C
HCIOJb30BAHUEM MUKPOBOJIHOBBIX UMILYJILCOB OIIPE/Ie-
JIEHHOM JIJTUTEIHHOCTH, KOTOPBIE «IIOJAIOTCST» Ha KyOUT
MOCPEJICTBOM CIIEITAIBLHOTO pe30HaTopa |7, 8).

Panee namu ObL1 pazpaboTaH MeTOJI, KOTOPBIH 103~
BOJISIET BBIMIOJHUTH OJTHOKYOUTHBIE OTIEPAITUH C UCTIOIb-
30BAHUEM OJMHOYHBIX YHUIOJSIPHBIX HMITYJIBCOB 0€3
pagmouactotHol Hecymeit [19-22]. Kparko msmoxum
OCHOBHYIO uzieto. IlycTh Ha KyOUT TOCTYIAET IIPSIMO-
YTOJBHBIA UMIYJIbC JINTEILHOCTH T, KOTOPBINA OIHCHI-
BaeTcs PYHKIEH BUIA

e(t) = Af(1), f(t) = ©(1)O(T — 1),

(4)
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rie O(t) — dynxius Xepucaitna, A — aMIumTyaa Bo3-
JeiicTBUs. YHUTApHAs SBOJIOIUS KyOUTa HA BPEMEHU
JefCTBUS UMITYJIbCA T OIIPEJIeTIsIeTCS BhIPayKeHNeM

2

UW =3 ) €7 (] =

k=1
Qr 1A . Qr 1A . Qr
cOSs 7+ﬁ sm? ﬁsm?
- 1A . Qr Qr A Qr |’ (5)
ESIHT COS7—HSIHT

e @ = VAZ+ A2 u HO(t = 0)|vp) = M\ |wi). B
9TOM CJIy9ae IBOJIOIUS CUCTEMBI CyIIECTBEHHO 3aBUCUT
OT J(BYX NApaMeTPOB UMILYJIbCA: aMIINTY A6l A u jmm-
TesibHOCTH 7. IIpH 9TOM BEpOSITHOCTD TIEPEXOIa MEXK LY
GasucHbIME cocTosiHusiMu |0) — |1) paBHa

2 L,0r
= _—_gin? —

02 27 (6)

Wioy-1)
910 (HOPMATHLHO COBITAJAET ¢ OOIEN3BECTHON (HopMy-
Jjioii Pabu. O1/imdme COCTOWT JIUIIbL B TOM, YTO POJIb
qacTOTHl Pabm B CiIydae yHHUIOJISPHOTO MMITYJILCA WI-
PaeT ero aMILIUTYJa, a OTCTPOMKA MO YaCTOTE MEXKLy
PE30HATOPOM U KyOMTOM 3aMEHeHA TYHHEJbHBIM Pac-
memienueM, A. Vcnonb3yss TEXHWKY yTPaBJICHUS CO-
CTOSTHUAME KyOWTa YHHUITOJSTPHBIM WMITYJIbCOM, MOK-
HO OCyIIeCTBUTDH Jioboe Bparenue Ha cdepe bioxa,
T. €. BBITIOJIHATD JIIOOYIO OJTHOKYOUTHYIO OIEPAInio, eC-
JI1 BBIOJHAIOTCS CJISIYIONUe YCJOBHUA JJIS IapaMeT-
pos mmmysbca: A > A u At < 1 [19-23].
Jl1s peanu3anuy KBAHTOBBIX aJTOPUTMOB TpeOyeT-
Cs1 BBITIOJIHEHUE HE TOJBKO OJHOKYOUTHBIX, HO U JIBYX-
KyOMTHBIX KBaHTOBBIX Ollepalmii. PaccMoTpuM ux Ha
pUMepe IPOCTEHNIEro KBAHTOBOIO PErUCTPa, COCTOSI-
IIEr0 U3 JABYX B3aUMOAEHCTBYIONMX KyouTos Q1 u Q2
[6, 24]. TaMuiIbTOHMAH TAKOI CHCTEMBI OIPEIEIISIETCSI
KaK TEH30PHOE MTPOU3BEICHAE FaMUJILTOHUAHOB TIO/ICH-
crem (emuamunpix xKyGuros) H® (i = 1,2), onpemes-
eMbIX BbIpaskeHueM (3), u ciaraemoro Hj,:, oTBevaro-
Mero 3a B3aMMOJIECHCTBHE JBYX IMOJCUCTEM C HapaMeT-
puuecku repecrpauBaeMoit ¢Baspio J(t). Tlonmbiii ra-
MUJIBTOHUAH JIBYXKYOUTHOW CHCTEMBbI UMEET BIH/I
H(t)=HY) @I® + 1V @ HA(t) + Hip,  (7)
e I — epHIYHBIE MATPHUIIB! B JIBYMEPHOM IH/IBOED-
TOBOM TIPOCTPAHCTBE, @ — TEH30PHOE IPOU3BEJIECHNUE.
ITapameTpuieckoe B3auUMOJIEHCTEHE MEXKly KyOWTamm
BoIOpano B Buge Hip, = —%J(t)ag(gl) P, em. [6]. BoI-
paxkenue (7) /IS HATVISIHOCTA MOXKHO TPEJICTABUTH B
MATPUIHOM BH/IE:
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H(t) = —% X
Al +A2 Eg(t) El(t) J(t)
1<) (t) Al—AQ J(t) El(t) (8)
€1 (t) J(t) —A1+A2 Eg(t)
J(t) El(t) Eg(t) —Al—Ag

Hamee mpejimmosiaraeM, ITO yIpaBJIeHNEe COCTOSHUSI-
M KyOUTOB M OpraHuU3anys B3aUMOIECHCTBUS MEXKLY
HUMH OCYIIECTBJISAETCS BHEITHUMU HEMOYJIMPOBAHHbBI-
MU UMIIyJIbCaMH, KOTOPble MOXKHO allIPOKCUMUPOBATH
IPAMOYTOJbHBIMHI UMITYJIbCAMU BHU/IA

E; (t) = Alg(t — tin,i)g(toff,i — t), (9)

J(t) = J@(t — tin,J)(”)(toff,J — t),
rjue A; — aMIUIUTYIbI YHALOJIAPHBIX OJIEH, JeHCTBYIO-
X Ha KazKJIbI U3 KyOUTOB B Iape ¢ JJIATEeTbHOCTIMA
Ti = Toff,i — Tin,i; & J — AMIUIATYJa IEePECTPAUBACMO-
ro B3aMMOJIEHCTBHA MeXK Iy Kyburamu. OTMeTnM, 4TO
JIAHHOE B3aUMOJICHICTBHE MOKET ObITH PEaJn30BaHO, Ha-
IpHMep, HA OCHOBE aJua0aTHYeCKOr0 KBAHTOBOTO Ia-
pameTpoHa [25,26] B BH/e IIyHTUPOBAHHOTO UHJYKTUB-
HOCTBIO CBEPXIIPOBOIAIIEro naTepdepomerpa [27]. Tlpu
3TOM IIPOUCXOJMT Hepeada MArHUTHOI'O IOTOKA, OT Ky-
6uTa K KyOWUTY JIMIIB TIOJ JIEHCTBUEM YIIPABJISIIOIIETO
HMITYJIbCA.

IIpu OTCYTCTBMM BHEIIHErO BO3ACHCTBHS M CBSI3U
(e;(t) = 0, J(t) 0) cucrema kyb6uroB Q1 u Qs
opeJcTaBageT co0oil 9eThIpeXypPOBHEBYIO KBAHTOBYIO
CHCTEMY, COCTOSIHIE KOTOPOH yJI06HO ONPEIe/IUTh B BbI-

qucauTeabHOM 6asuce [18] Kak TeH30pHOE IMpOU3BEIE-
HUE BOJHOBBIX (DYHKIHUiT 0TaebHbIX KyouTos [1);(0))
= ;]0;) + B; |1;) (magekc i = 1,2 coorBeTCTBYET HOME-
by KyGura), a mvero: [4(0)) = [¢1(0) & 52(0)). Tipn
9TOM COCTOSIHHSI B3ANMOIEHCTBYIONUX KyOUTOB MOKHO
NPEJICTABATD B BUJIE

[¥(t)) = x1(t) [0102) + x2(t) [0112) +
+x3(t) [1102) + xa(t) [1112),

e Y5 () =1,

B cay4ae nByx KyOHTOB BarKHOIT 3a/1a4€il CTAHOBUT-
Cs1 Opra’u3aliysl KOPOTKOH I10CTIe/I0BATeIbHOCTH YIIPaB-
JISIOMUX YHUNOJIAPHBIX UMITYJIbCOB (9) IJisi BBIIOJIHE-
HIsl KOHTPOJINPYEMBIX MAHUILYJIANWi B cucTeme. IIpm
9TOM BaykKHO HANTHU 00JIACTU TTAPAMETPOB BO3/ICHCTBUSI
(aMIATYy 1, JIUTENBHOCTE) [l peasusalun Tpedy-
€MBbIX JIByXKYOUTHBIX OIl€panuii, B 4YaCTHOCTH, JJIsI
CO3/IaHUS [EePeIlyTaHHBIX (OEJUIOBCKUX) COCTOSTHHMIA, a
TaKKe J[JIs BBIIIOJHEHNST KBAHTOBLIX aJiropuTMoB Jloii-
va — Moxu u ['posepa.
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Koryia na cucremy CBsSI3aHHBIX KyOUTOB IIOCTYIIAET
HECKOJIBKO YIIPABJISIONIUX UMITYJIbCOB, BOSHUKAIOT MH-
TepdepeHmonubie 3 deKTol. JJaHHbIe IBICHUS MOXK-
HO NPOMJLIIOCTPUPOBATDH CJIEYIONUM 00pa3oM: MyCThb
B HAYAJILHBIA MOMEHT BPEMEHHU Ha KyOuT (1 mocTyna-
€T UPSMOYIOJIbHBI UMITYJIbC €1(t) JUIMTEIBHOCTBIO T1
(ipu oM e5(t) = 0 u J(t) = 0), B 9TOM Caryuae orme-
paTop IBOJIONNN JIBYXKYOUTHONU CHCTEMBI UT(I1 2 ompe-
neren xak USL? = UW @ U rre UD — yrnrapuas
marpuna Kybura Qq suma (5), U = e~#A7%: — one-
PATOD 9BOJIIOIUU BTOPOro Kyburta (Jo IpU OTCYTCTBUU
BO30Y XK ieHusl. SIBHBII BUJI MATPUIBI UTIQ) NpUBEJIEH B
Tpuoxkenun A.

Hamee Oyaem moJiararh, 9TO MEXKJIy KyOuTamMu
BKJIIOUaeTca B3aumozeiicrsue J(t), corsmacuo (9), Ha
BpPEMEHHOM wuHTepBajie 7j. Ilpu 3ToM obyacth ompe-
JIEJICHUST 9eTHIPEXKOMITOHEHTHOW BOJTHOBOM (OYHKITIH
JIBYXKYOUTHON CHCTEMBI MOYKHO Pa30OUTh HA TPU MOJI-
obnacru: t < tin,J; tin,J <t < toff)J ut> toff)J, B
KaXKJIOW M3 KOTOPBIX KOMITIOHEHTHI BOJHOBON (OYHKIHH
[IPEJICTABISIIOT COOOI CYNEepIO3UIINIO0 YeThIPEX BOJIH,
PACIIPOCTPAHSIIONINXCS BIIEPET U HA3aJl BO BPDEMEHU:

4
—idpt
Xi () = cjpvpe™ M, (10)
k=1
rie A\ — COOCTBEHHBIEC 3HAYEHUSA W UV}, — COOCTBEH-

Hble BeKTOpHI raMmibronnana (7). Kosddunnenrsr ¢y
OLIPEJIEJIAIOTCH IIyTeM CIIMBKHA BOJIH Ha <«IDAHAIAX»
HMILYJIBCA, T.€. B MOMEHTBI €r0 BKJIIOUEHHS M BBIKJIIO-
4yeHust. Boipazkenne (10) mokasbiBaeT, 4ro IHOcJe Jieii-
CTBHS WMILYJIbCA T; KaXK/asg KOMIIOHEHTa (yHKIINH
OIIPEJIEIISIETCS CYIEPIIO3UIHEil YeThIpex HHTephEPUpy-
OIIUX CJIAraeMBbIX, CJIE/I0BATENIBHO, HACEIEHHOCTh Kazk-
JIofl HOpMAaJIbHON MOl OyseT ocrusumpoBarsb. Ilpu
STOM OIIEPATOP IBOJIIOIUNA JBYXKYOHUTHOMN CHCTEMBI TTOC-
Jle BKJIIOUEHUS! B3AUMO/IEHCTBISI MOXKHO 3aIllUCATh B BI-
Ae 4
UG =" i) e (1] (11)
k=1

Asubiit Bug oneparopa (11) mpusemen B ITpumioxe-
o A.

ITociie BBIK/IIOUEHUS B3aNMOEHCTBUS MEXK Y KyOn-
TaM{ Ha UHTEpBAJIe BPEMEHU Toff1 < t < Toff,2 Ha
Kyour ()2 AeficTBYeT NPSMOYTOJIBHBIN MMITYJIbC £o(t)
(¢ ammmrynoit As = A). Ha ocHOBe aHAJOIMIHBIX
paccyxenuit, cormacuo (10), (11), Haiizien saBHbIH Bu
ollepaToOpa IBOJIIOIUN UT(21 ?) B xome BoseficTBIA Ha Q.

CorsiacHO ONMCAHHON CXeMe yIpaBJIEHUs TOJ Jeii-
CTBHEM TPeX YHHUIIOJISAPHBIX UMITYIbcOB — €1 (71 ), J (),
€2(T2) — JMHAMIKA COCTOSIHUS IByXKYOUTHO CHCTEMBI
MOXKeT OBITh OIIpe/IeIeHa KaK
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(1)) = USPUEDULD [9(0)) = UM [4(0)) .

IIpeamosaranock, 9TO B HAYAJBHBIH MOMEHT BpeMe-
HU CUCTEMa IPHUTOTOBJEHA B OCHOBHOM COCTOSTHUM
[t)(0)) = |0102), a manee pPaCcCINTHIBAIOTCSI BEPOSITHO-
CTH TEPEXOJIOB MEXKJTy OA3UCHBIME COCTOSTHUAME JIBYX-
KybuTHOH cucrembr W, = ’<x|U(12)|0102>’2, rae |z) —
o7iHO u3 GasucHbix cocrostHmUit |0102), [0112), |1102),
[1112), a uumekc «x», x = 1,2,3,4, mymepyer mis
KPATKOCTHU JaHHble cocTogHus. [Ipu 3ToM HaMu ObI-
JI1 HailJIeHbl AHAJUTUYECKUE BbIPAXKEHUsI JIJIsI BEPO-
ATHOCTEH HACEJIEHHOCTEH YeThIPEXYPOBHEBOM CUCTEMBI,
KOTOpbIe npuBesensl B [Ipunoskennn A. KpaTko mpo-
AHAJIU3UPYEM TIOJIYIEHHBIE Pe3yJIbTaThl. KaK moKazaHo
BBIIIE, JI0O BKJIOYEHUsS] B3aUMOJIEHCTBUSI MEXKJY KyOu-
TaMU yIPaBJIAOMuUil uMIryabe £1(t), meficTByomuii Ha
(1, peajusyer IOJHBIN HAOOP OIHOKYOUTHBIX OIEepa-
muit (Hacenennoctu |0102) u |1102) ocnmmpyror co-
riacao dopmyie (6)). s peanuzanum aByXKyOUT-
HBIX OTepalii HEOOXOMMO OCYIIECTBJIATH BHIOOP OII-
TUMAJIbHBIX aMILIATYJ, U JJIUTEIBLHOCTEH YHUIIOJISIP-
HOrO BO3zeiicTBUsA. COINIACHO MOJIYYEHHBIM AHAJIUTHU-
yeckuM Bbipazkenusm (cM. [Ipunoxkenne A) ocumis-
UM HACEJIEHHOCTEH ypOBHEll KyOUTOB 3aBUCAT OT CJIe-
JAYIOMUX KoMOuHanuii napamerpos: 7128}, 7707, 7;5J
(rme Q@ = VA2 + A2, Q5 =+ J? + 4A?). Paccmorpum
IPOCTOll Citydail BYX MIEHTHYHBIX UMILYJIBCOB €1 2(t)
(A1 = Ay = Aum =1 = 7). lIpoBong npeobpazo-
BaHus BeIpaxkeHnil (A.1)—(A.3), MOXKHO 3aMeTUTH, UTO
[IPY JIAHHOM TIOCJIEI0BATELHOCTU UMITYJIbCOB TI0JIABIIE-
HbI UHTePGMEPEHIIMOHHBIE CJIATaeMble, OTBEYAOIIHE 34
BO30YXKJIEHUsI HA TMPOMEXKYTOUYHBIEC YPOBHU, & BEPOSIT-
HOCTH WUMEIOT BUJL

AQ
= Q%+ A%+ A% cos
Wa 3 4Q4QJSIH 2( +A%+A” cos 7')
x (J?(1 = cosT,) + Q5 cos T, J) (12)
At rd 01
W4:mCOS TSIH 7

Cunras TyHHeJbHble SHEPIUU KyOUTOB MaJIbIM I1apa-
merpoM (A < A, J), Boipaxkenus (12) MOXKHO npuBe-
CTH K TIPOCTOMY BHLY:
4 AT

2

4TI
) sin

W3 = isinQ(Ar) n Wy = cos
ITony4aennble BbIpaskeHUs] HAIVISITHO JIEMOHCTPUPYIOT
TOT (PaKT, YTO MAKCUMAJIHLHOE 3HAYEHUE HACEJEHHOC-
Teil IPOMEXKYTOUYHBIX COCTOAHHMI KyOuToB paBHO 1/4:
max [Ws 3] = 0.25. D10 03HAYAET, UTO [P UACHTHIHDIX
uUMITysIbcax €1,2(t) HEBO3MOXKHO CHOPMUPOBATH IIEPe-
nyTaHnHble cocrosinus Besra. OHako, Kak Oy/ieT moka-
3aHO Ha 0a3€e YNCIEHHOTO MOJIETINPOBAHUS B Pa3/l. 3—H,

YHUIIOJIAPDHBIC WMITYJIHCBI pa3J’II/I‘IHOI71 JJINTEJIbHOCTH,
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T # To, MO3BOJISIIOT PEATN30BATE MOJIHBIH HAGOD JIBYX-
KyOUTHBIX OIIEepAIHil.
st yaera 3dpdEKTOB NEKOTEPEHINH, BJIMSAIONIAX
HA Pe3yJIbTaThl 9BOJIIOIUN B KBAHTOBOW CHCTEME, MOK-
HO OIPAHUYUTHCH PACCMOTDPEHUEM IIPOCTERIIIeN MO/esIH
myMma ¢ majkuM cruekrpoM. Ilpm stom OyayT crena-
HBI CTaH/JAPTHBIE TPUOIMKEHUST [IPU BBIBOJIE yPaBHE-
HUSI Il MATPUIB] IWIOTHOCTH [28]: 1) MapKoBCKOe IIpH-
6mKeHne: OO30HHBIE PE3ePBYapPhl HACTOJIBKO OOJIBIIHTE,
910 3P PEKT BIUAHHE COCTOSTHHUS KyOUTa Ha COCTOS-
HUE pe3epByapa MUHUMAJIEH, T.€. BPEMsl KOPPEJIsIHii
TEpMOCTaTa MHOTO MEHBIIIE BPEMEH DEJIAKCAIINN KazK-
JIoro u3 Kyouros; 2) GOPHOBCKOE NPUO/IMIKEHHUE: B3au-
MozeiicTBre nojacucTeMbl (KybuTa) ¢ TepMOCTATOM Ma-
0 (y4eT BO BTOPOM IIOPSJIKE 110 TEOPUM BO3MYIIEHHUIA ).
IIpu sToM nostyuaeM ypaBHeHHE JIJIsI MATPHUIIBI IJIOTHO-

)+

+ 2 (1 @ o@p1V o~ p), (13)

CTHU JIBYX KyOUTOB:

zha— =

5 [H, p] +

Ris (Ug) ® I®po) @

rJle p — MATPHIA ILIOTHOCTH JIBYX CBSI3aHHBIX KYOUTOB,
~; — CKOPOCTH peJIaKCaIllnH ¢-ro Kyoura, H — raMu/ib-
ToHMAH crucreMbl B popme (8). Ypasuenue (13) moxer
OBITH PEIIeHO YUCIEHHO, CM. TOJIpOOHEee O METOoJe pe-
menus B [Ipuoxenun B.

3. UHULIMAJIN3AIINSI 1 TOMOTPA®UST
COCTOSTHUU BEJIJIA

JIJ1s1 leMOHCTpAIK BO3HUKHOBEHNS] KBAHTOBOM 3a-
Iy TAHHOCTH B PACCMATPUBAEMOM JIBYXKyOUTHOM KBAH-
TOBOM IIPOIECCOPE, YIIPABJISEMOM YHHUIIOJISPHBIMA M-
IyJTbCAMH, OIHUIIEM IIPOTOKOJI IIPUTOTOBJIEHHST COCTOSI-
uust Besna [18]:

|Boo) = 7 (100) +[11)),
|Bo1) = —= (|01) + [10)),
01 \/— "
|B10) = 7 (101) —[10)),
1B11) = (|00> —[11)).

Sl

Jlanubie cocTostHust 0OpPa3yioT OPTOHOPMUPOBAH-
HBI 0a3:UC, MO KOTOPOMY MOKHO PA3JIOXKUTDL J1I000e
9HUCTOE COCTOSIHME JIBYX KyOmToB. KBaHTOBBIN Xapak-
Tep KOPPEJIANNY UMEET BaKHOE CBOMCTBO: IIPU IIPOEIIU-
DOBAHUM OHON YaCTU CHCTEMbBI B OJIHO U3 JIBYX Oa3mc-
HBIX COCTOSIHUH, JIpyrasi 9acTh KaK Obl «MIHOBEHHO»
IpuobpeTaeT ONpe/ieIeHHOe 3HAYEHIe, HECMOTPST Ha TO,
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Puc. 1. a) KeaHToBas cxema, cosgatowas coctosiHne Benna.
6) BeposiTHoCTM HaceneHHocTeid yposHeli W;(t) aByxkybuTHol
cuctembl (A1 = 0.1 Ty u Az = 0.12 I'Ty) npu peannsayun
coctosinust Benna |Boo). Ha pucyHke Bbigenen BpemMeHHONR nH-
TepBan gnsi peanusaumm reiita Agamapa «Had» yHunonsp-
HbIM uMnynscoMm £1(t) ¢ amnantygoni A1 = 0.75 Ty v gan-
TenbHOCTbIO 71 = 2.1 NC, a TaKXKe BblAeNeH BPEMEHHON UHTep-
Baj AN BbinosiHeHust aByxkybuTtHoi onepauun « CNOT », npu
3TOM napameTpbl YHUMOASPHbIX umnynscos: A; = 2.2 [T,
Ay = 1.5 Ty, 1 = 1.3 nc, 2 = 4.95 nc, tin,1 = 10 nc,
tin2 = 15 nc, J = 0.1 Ty, 77 = 10 nc, ’yfl = ’y;l =
= 100 mkc

9TO OHA MOIVIA OBITH yJIaJIeHa Ha ITPOU3BOJIBHOE PACCTO-
sTHUE.

Cocrosinus Bejuta MOXKHO MOJrOTOBUTD, UCTOIL3Y ST
KOMOMHAIMIO OJHOKyOuTHOrO reiita Ajnamapa «Had» u
aByxkyouTHoro reiita «CNOT», 4ro cxeMaTu4HO 110-
KazaHo Ha puc. la. [IpuHIUIBE peayn3auu ¢ UCIOJIb-
zoBanneM BOK-cxem 0/1HOKYyONTHBIX refiTOB OBLIN TIO-
JPOOHO HAMU U3yUeHbI B padorax [19-21], a aByxky6ut-
ubeix — B [21,22]. B macrosimeii pabore B KauecTse 1pu-
Mepa TIOJPOOHO TIPOJIEMOHCTPUPYEM PEaU3AIINI0 CHH-
riieTHOTO cocrostHust Besuta (14) |Boo), nemonb3yst yHI-
[TOJISIPHBIE TTHKOCEKYH/THBIE UMILYJIbCHI.

[Iycts B HAYAIBHBII MOMEHT BPEMEHU KyOUTBI
@1 v Q2 MHUIUATU3UPOBAHBI B OCHOBHOM COCTOSTHUMN:
[)(0)) = ]0102) (mokasano Toukamm Ha puc. 16 1o
BKJIIOUEHUS YHUIIOJISIPHOIO BozelicTeus ¢ < 2 1c). a-
Jiee Ha MEPBBIi KyOuT (1 TOMAETCS OUH YHUITOJISPHBIIH
umiyabe £1(t) Ha Bpemenax 2 < ¢ < 4.1 nc, upu sTom
J(t) = 0. JanHoe BHEIIIHee BO3/IEHCTBIE PEAJIN3YET Bbl-
nonuenne reiira «Hady», Cyeq = \/ié (} _11). ITony4gen-

HOE IIPU ITOM COCTOSIHUE JIByXKYOUTHOI cucTeMbl |1 )
(oTMEYEHO BEPTUKAJIBHON CTPEIKON HA puc. 1) MOXKHO
OIIPEJIESITE KaK

91) = <= (00) + 1)) @ [02) = %

S = O =

Jlajlee ¢ TOMOIIBIO OBYX YHUIOJISPHBIX HMIIYJILCOB
e1(t) m e2(t), meiicrByromux Ha Kyoursl Q1 u @2, u
oiHOro UMITYJIbca J(t), BO3HeCTBYONIEro Ha JIeMEeHT
CBSA3M MEXKJy KyOmTamu, OblIa peajn30BaHa JIBYXKY-
ournasa onepamus «CNOT» ¢ coorBercTByIOmEH MaT-
putieit Conor Ha Bpemenax 10 < ¢ < 20 mc, B pe3yiib-
TaTe 9ero FOTOBHTCA CHHIJIETHOE cocTognue bBeina:

Cenor V1) =
100 0\ (1 1
11010 0]]o 1o
=2lo oo 1||1]|Tva]0| P
001 0)\o 1

IlomaBast Ha «BXOd» KyOUTOB pa3MIHbIE KOMOU-
HAIW HAYAJbHBIX COCTOSTHHI, MOXKHO MOJTOTOBUTD
s0boe Tpebyemoe cocrosiame Bemta. Tak, mampuwmep,
1¥(0)) = [0112) — |Bo1), [¥(0)) = [1102) — [Bio),
[(0)) = |1112) — |B11). IIpu m3ydyeHUn 3amyTaHHBIX
COCTOSTHMI Ba’KHO aHAJM3UPOBATH HE TOJBKO HACEJICH-
HocTH ypoBHelt W;(t), T.e. AuAroHAJIbHBIE SJIEMEHTHL
maTpuibl wiotHocTu (cMm. Bhipaxkenwe (B.2) B Ilpn-
JioxkeHnu B), HO ¥ HeJAMArOHAJILHBIE 3JIEMEHTBI, KOTO-
pble KaK pa3 M OTBEYAIOT 3a 3allyTAHHOCTh B CHCTE-
me. /It aTOTO B paboTe ObLIa TPOBEICHA PEKOHCTPYK-
st (Tomorpadust) KBaHTOBBIX cocrosianii Besura (14).
Marpuia I0THOCTH BOCCTAHABJIMBAETCSI IIyTEM HU3Me-
PeHIs BCEX «JIBYXCIMHOBBIX» BEPOATHOCTEil B Gasmce
ol¥ (1 = 1,2). HeficTBuTe IbHBIE KOMIOHEHTBI BOCCTa~
HOBJIEHHBIX 9JIEMEHTOB MATPHIIBI INIOTHOCTH JIJIs T€ThI-
pex cocrosiauii Besa (14) nokazansl Ha puc. 2. Ilpu
9TOM JIOCTOBEPHOCTH CO3/aHusi cocTosinuit bBerura Fi; =
= (Brilp|Bri) (k,1 = 0,1) Mexy usMepeHHONU MaTpH-
el IUIOTHOCTH p U TEJIEBBIM COCTOsIHNEM Besuta | Bk ),
cornacno (14), Bapwupyercs ot 95 % o 98 %, uTo cBu-
JIETEIBCTBYET O 3allyTAaHHOCTH B CHCTEME M XOPOIIEi
TOYHOCTHU CO3JIAHUs COCTOsIHMUI Beta ¢ momotpo yHu-
OJISIPHOI'O BO3/CUCTBUS.

4. KBAHTOBBII1 AJITOPUTM
JONYA —~O2XKH

PaccMoTpuM Iponece peau3aluu KBaHTOBOIO ajl-
ropurma oitua—Woxu [18] B CBEPXIIPOBOIHUKOBOM
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-0.5 [l

o>

Puc. 2. Keantoeas Tomorpacus coctosiiuii Benna (|Boo) — a, |B10) — 6, |B11) — 6, |Bo1) — 2) Ans pelicTBUTenbHON KOM-

MOHEHTbI MaTpuLbl nioTHocTn Relpi;], dhopMnpoBaHme KOTOpPbIX peannsyeTcsi yHUMNONSIPHBIM MMAYILCAMM COMIACHO CXEME Ha

puc. la. TouHocTb cospanus coctosHuii Benna: Foo = 95 %, Fio = 98 %, Fo1 = 97.5% un Fi1 = 96.5 %. MNapameTpbl cucrembl
W MMNYNbChI MAEHTUYHBI TEM, 4TO NpUBeAeHbl Ha puc. 1

JIBYXKyOuTHOM peructpe (Q1 u Q2) 10 cpeicTBaM yHU-
noJisipHOro BozeiicTBust. CyTh JIAHHOTO aJIrOPUTMAa CO-
CTOUT B OIPEJIeIeHnu KJacca OyneBbIX (byHKnuit f;.
IIpu sTom gBe dyHKImMuM f1 U fo TPUHEMAIOT JUOO
suadenue 0, 6o 1 mpum JrOOBIX 3HAYEHUSX apIyMeH-
Ta ¥ HA3BIBAIOTCS IOCTOSHHBIMHU, & JiBe Jpyrue fs u
f4 11 TOJIOBUHBI 00JIACTU OIpEIeSICHsT TPUHIMAIOT
suadenue 0, Juisd Ipyroii IOJOBUHBL 1 U MMEIOT Ha3Ba-
Hue cOayiancupoBanubie. KBanTtoBeiil aaropurm Jloii-
ua,— VoKu I03BOJISET PEIUTH 33121y 06 Ope I ICHIT
Turna GYHKIMA 33 OJHO JEHCTBUE Ha IBYXKYOHTHOM
perucrpe, Torja Kak KJIACCHIECKHl aJrOpUTM TpPedy-
eT JIjisl BBIIIOJIHEHUSI B JIEHCTBUS.

s HAavYaa MHUIUAJIA3APYEM HAYAJILHOE COCTOsI-

e [(0)) = [1¥1(0)) ® |12(0)) maper KyGuTOB, Tax
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YTO, HATIPAMED, MEPBBI KyOUT ()1 B OCHOBHOM COCTO-
stanu |191(0)) = |01), a BTOpOit Q2 — B BO30YXKJAECHHOM
[12(0)) = |l2). Hasee na HAYaIbHOE COCTOSIHUE CH-
CTEeMBI BO3JIEHICTBYET IMOCJIeI0BATENHHOCTD TIaPhl yHU-
HOJISIPHBIX HMITYJIbCOB €1 2(t) Buma (9), peanusyormas
napy reifros Ajgamapa:

1 1 1 1
1 1 -1 1 -1

C%2, = Ctaa ® Crrad =
Had Had Had 2 1 1 -1 -1
1 -1 -1 1

B pesynbrare aToro mosmygaerca paBHOBEPOATHOCTHASL
CyIIepro3uIinst BCEX BO3MOXKHBIX 3HAYEHUN Ky6I/ITOB.
Hauee na cucremy sozzeiicrsyer Opaxyit O, , KOTOPBIIl
1 OTBevaeT 3a pacrio3naBanne tuna eyskiyn f;. [Tocie
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BozzeiictBus Opakyiia ToMorpadus KBAHTOBOTO COCTO-
STHUSI TIO3BOJIUT OIPEJIETUTD TUI (DYHKIUN: TTOCTOSTHHAST
win cHbajancupoBanHast. Eciim yHKIust f mocTosTHHASI,
TO Of1 = C; mm Of2 = C; ® Cyor, tne Cyor =
(3 %) — ommokyburnas onepamus «NOT», a C —
omeparus, He W3MEHSIONasd COCTOSHUS CHUCTeMbl. B
ciiydae cOAIAHCUPOBAHHON (DYHKIINN YHUTAPHBIN OIre-
paTop npeobpazoBaHns nMeeT caemytomuit sua: Oy,
= CeNoT 1 Of4 = OCNOT(CNOT & I). s mpoek-
THUPOBAHUS PE3YJIbTaTa HEOOXOIMMO CHOBA IIOJIENCTBO-
BaTh reifrom Amamapa C?}i 4- B pesyibTaTe m3Mepenus
[10CJIe BHEITHErO BO3MEUCTBUS €CJIU HACEJIEHHOCTb CHU-

CTEMBI HE M3MEHMJIACH, TO (PYHKIIUS TOCTOSTHHASI, THA~
41e pyHKIMT — cOaTaHCUPOBAHHAS U COCTOSTHIE KyOUTa,
Q1 naBepTHpoBasock: |1(0)) = [0112) — |1112).

Ha puc. 3 nokazaHna JuHAMUKa ITOBEJIEHUS HACEJIEH-
HOCTeH ypOBHe#l NByX B3aUMOJEHCTBYIONINX KyOHUTOB
[IPU JIMArHOCTUPOBAHUM TuUIla OyseBoil dbyHKIUU: 110-
crosiiHas (puc. 36) nin cOajaHcupoBaHHas (puc. 36).
Peasmzarust asropurma Joiiva — Mozkn 6b11a 1poBeie-
Ha C MOMOIIBIO YHUIIOJSIPHOTO BoO3zeiicTBus. BbImos-
HEHHUe ONUCAHHOTO BBIIIE aJI'OPUTMA OCYIIECTBIISIIIOCH
3a cueT BO30YXKIeHus KyouToB (1 m (Jo WMMITyIbCa-
mu €;(t) Buma (9), a nepenyThIBAHWE COCTOSHUI IIPO-
BOJIMJIOCH 34 CYeT JEeHCTBUSA YHUIIOJISPHOTO UMITYJIbCA
J(t), IMTeLHOCTh KOTOPOTO COBIIAIAJA C JJIATEIHbHO-
CTBIO BO3OYKJIAMONUX KYOUTHBIX UMITYJIbCOB, T; = Tj.
B ocranbrOe Bpems BzaumopeiicTBre MeXK Ty KyOuTamm
BBIKJTIO9AJI0Ch, J(t) = 0 (cM. cxeMy [oavuy NMIIYJIbCOB
Ha cucteMy Ha puc. 3a). IIpum aTtom juisi IpoBeseHUsT
JByX TeiToB Amamapa C%id Ha CHCTEMY B3auMOJIEeii-
CTBYIOIUX KyOUTOB TOCIE0BATENBLHO BO3AEHCTBOBAIH
JIBa, YHUIIOJISIPHBIX UMITY/IbCA, CJIBUHYTHIX JPYT OTHOCH-
TEJBHO JIPyTa Ha OCH BpeMeHH. B pesyiabrare cucreMa
[epenuia B 3allyTaHHOe COCTOSHUE, KOTJa BCE YeThIPe
YPOBHsI 3aCeJIeHbI ¢ paBHbIME BepoaTHOCcTsMu: W (t) =
= 0.25 (i = 1-4). [Tasee B pe3ysbrare yHUTAPHOTO BO3-
JIEHCTBHSA, XapaKTePU3yIOMEro NOCTOSHHYIO by HKITAIO,
KBAHTOBOE COCTOSHHME CUCTEMbI IIpeTepiesio (hasoBblii
[IOBOPOT, B Pe3yJbTaTe KOTOPOrO MOCJE TIOCIIELYIOIIE-
ro npeobpasoBaHust AjaMapa HACEJEHHOCTb CUCTEMBI
He u3MeHmsach (cM. puc. 36). IIpu 3T10M HaceIeHHOCTH
BTOPOI'O COCTOSIHUSI CUCTEMBI KYOUTOB MOCJIE MMITYJThC-
Horo BoszeiictBust cocrapuina Wo = 0.98. Anajormy-
HBIE ONlepanuy ObLIH TIPOBEIEHBI U JTs1 COATAHCUPOBAH-
HOI (PYHKIMH, IPH STOM ITPOU3OIILIO ITE€PEPACIIPEIeIe-
uue Hacesennocreii (onepanust «CNOT» ), Tak uro Han-
BBICIINH yPOBEHb 3acesieH ¢ BeposaTHOCThI0O Wy = 0.98
(cM. puc. 38).

B mporecce ImMCIEHHOTO pEIEeHHs! YPABHEHUS JIJIST
MaTpuibl wioTHoctr (13) st peanusanum KBaHTOBO-
ro asropurMa Joiida — V0KN yHAIOMSPHBIMI AMITYITh-
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Puc. 3. KBaHToBasi cxema nogaym yHUNONSIPHbIX WMMY/IbCOB
Ha cucTeMy ABYX B3aumogelicTsytlowmx Kybutos (a), peanu-
sytowast anroput™ [Joiiua —Mloxun. BpemenHbie 3asucumoctu
HaceneHHocTeli ypoBHeli AByx KybuTOB nog AeicTemem yHu-
NONSIPHBIX WMMY/LCOB, PEaNM3YIOLNX KBAHTOBbIV anroputm
Doiiua —Vioxu gns noctosikoii (6) w cbanancuposanHoii (6)
yHkunii. Mapamerpsbl kybutos n umnynscos: Ay = 0.1 My,
Ay = 012 Ty, J = 0.01 My, nmnynec Ha Q1 — A
=12y (I nc<t<5ncu8nc<t<12nc) n umnynsc
Ha Q2 — A2 =1.15TTy (2nc <t <6ncm9nc<t<13nc),

Yt =5 =100 mke

camu HaM# OblLia mpoBeseHa ToMorpadus (BOCCTaHOB-
JIeHUE) KBAHTOBOI'O COCTOSHUS JBYXKYOUTHOI cucTe-
mbl. Ha puc. 4 mokasana JeiicTBUTE/IbHAS JaCTh OIe-
paTopa MaTPUIIBI IJIOTHOCTU B MOMEHT MHUIUAIU3AIUN
(a), nociue reiiroB Anamapa (6), B KOHIe Bo3zeicTBUs
Opaxkysa 1yis1 TOCTOSTHHOM (8) 1 cbamaHCupOoBaHHOM (0)
dyuknuit. Takke pesCTABIEHBI PE3YIBTATHI MOJE/IH-
POBaHUA B MOMEHT IIPOEKTUPOBaHUs (M3MEPEHUs) KO-
HevyHOro cocrostuust (2, e). Jo Bozzeiictus Opaxysa
[IOBEJIEHNE CUCTEMBbI IIOJIHOCTHIO WJIEHTUIHO JJisi 000-
ux tunos dbyskmuu (puc. 4a, 6). OTMeTnM, 94TO XOTHA
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Puc. 4. KeaHtoBas Tomorpacbusi CoCTosiHMIA LeliCTBUTENbHON KOMMNOHEHTbI MaTpuLbl NaoTHocT Re[p;;] B HavyanbHbIi MOMEHT

Bpemenu (a), nocne reiitos Agamapa (6), nocne sosgeiicteusi Opakyna Oy, (6) n Oy, (d), npoekTpoBaHNe COCTOSIHNS Nocne 3a-

BEPLUEHUSI aNiroOpuTMa A5t NocTosiHHOM (2) n cbanancupoatHoii (€) yHkuuii. MapamMeTpbl CUCTEMbI U NMMYALCOB aHANOMUYHbI
TeM, 4TO npueefeHbl Ha puc. 3
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COCTOSIHUE JIBYXKYOWTHOI CHUCTEMBI M XapPaKTEPU3YeT-
Csl PABHBIMU HACEJIEHHOCTSIMU yPOBHEH (JuaroHajbHbie
9JIEMEHTBI OIIEPATOPA MATPHUIIBI TIOTHOCTH ), HA PHUC. 3
9TO BpeMeHHO# nHTepBaJ ot 6 nc 7o 8 nc. OHaKo pe-
KOHCTPYKITMS KBAHTOBOI'O COCTOSIHUS TTOKA3bIBAET UX
CyIlIecTBEHHOe pasjuuue Ha puc. 46,0. VImeHHo OJa-
royapsi BKJIa/1aM HeIMarOHAJIBHBIX 9JIEMEHTOB, OTBEYa-
IOIUX 3a IeperyTaHHble COCTOSHUS B JIBYXKYOUTHOM
cucTeMe, TIOBTOPHOE YHUIIOJISIDHOE BO3JEHCTBHUE, pea-
Ju3yioriee refiTel Ajamapa, «paciyTbIBaeT» COCTOsI-
HU€ KBAHTOBOI CHCTEMBI U JUATHOCTUPYET TUI (PYHK-
nuu. [Ipm 3TOM dYwMC/IEHHOE MOJIEIMPOBAHUE ITOKA3a-
JIO, YTO JIOCTOBEPHOCTH BBIOJHEHHUSI KBAHTOBOT'O aJI-
ropurma Jloitaa — VoKi yHATIOISPHBIME HMITY/THCAMI
cocrasiser 98 %.

5. KBAHTOBBII AJITOPUTM I'POBEPA

Anropurm I'posepa periaer 3aj1ady HECTPYKTYPHU-
POBAHHOTO ITOWCKA, KOIJIA €CTh HEyHOPSIOYeHHbIH Ha-
60p JaHHBIX U TPeOyeTcst HAWTH B HEM KAKON-TO OJIH
3JIEMEHT, Y/IOBJIETBOPSIONINIT OIIPEeeIEHHOMY TpeboBa-
uuto. /[aHHbBIM aJrOPUTM UCIOIB3YEeT CBOMCTBO KBAHTO-
BO MHTEPMEPEHINH TSI TOTO, 9YTOOBI HANTH 3HATEHUS
HEKOTOPOT'O IIapaMerpa, Ha KOTOPOM 3a/laHHas (yHK-
st 06JIaIaeT OTIpeIesIeHHBIME cBolicTBaMu [18].

Kparko onmmem cyth ajropurma noucka ['posepa,
KOTOPBIIT 00eCIIevnBaeT ONTUMAJIbLHBI METOM /I Ha-
XOXKJI€HUsI YHUKAJBHOTO apryMeHTa &y OyJsieBoit hyHK-
uu oT 1 nepeMeHHBIX f(z), Takoro uro f(zg) = 1 u
f(z) = 0 ana Beex ocranbHbIX 3HA4YeHnit x. Kiaccn-
9ecKue aJITOPUTMBI ITOJOOHOIO MOMCKa TPEOYIOT IMpsi-
Moro mepebopa Bcex BapuaHTOB N = 2", B TO Bpe-
Msl KaK HCIIOJIb30BaHNE KBAHTOBOI'O IMapasljiesin3Ma U
BEPOSITHOCTHOT'O XapaKTepa KBAHTOBBIX BLIYHCJICHUI
COKPAIAeT KOJUIECTBO IepeOupaeMblXx BApUAHTOB 10
(m/4)V/N.

Jlng paccMaTpuBaeMOro JABYXKYOUTHOTO PErucTpa
(Q1 u Q2) ectb uernipe 3nauenus z € {00,01,10,11}
U B pe3yJbTaTe YeThIpe BO3MOXKHEE dyHKImE fi;(T) ¢
1,7 € 0,1. Peasmzanuio KkBaHTOBOrO ajroputma ['po-
Bepa MOYKHO IIPEJICTABUTH KaK IOUCK <«IIOMEYEHHOTO»
KBaHTOBOT'O COCTOSTHUSI, TPUIEM OIPEIETICHIE «METKI»
nposogutcs Opaxynom Olz) = (—1)7®)|z), npu sTom
JIJTsT TIOMEYEHHOT'O COCTOSTHUST IIPOUCXOJIAT ITOBOPOT (ha-
3bl fij (CL‘) =1.

CxemMaTuIHO JAHHBIA aJrOPUTM B BUJE MeHATOBBIX
omepanuii MOXKHO MPEJICTABUTH COLJIACHO CXeMe Ha
puc. 5a. CHadajia TPOBOIUTCS WHUIUAJIABAIMASA CUC-
Tembl [1h4) = [4(0)) = (1 0 0 0)7 (momenr orme-
YeH CUMBOJIOM A Ha puc. 5), majee HEOOXOIUMO IIOJI-
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Puc. 5. a) KeaHToBas cxema AByx B3avMOAEACTBYIOWUX Ky-
6utos, peanusyrowas anroputm [posepa. 6) 3aBncumocTb oT
BPEMEHU HACENEHHOCTEN ypoBHeli ABYXKYOUTHOI cMcTeMbl Nog,
LEACTBNEM YHWUMOMSIPHBIX NMMYbCOB, PEaNN3YIOLWNX KBAHTO-
BbIli anroputMm [poBepa Asisi nomcka «MNOMEYEHHOro» COCTO-
aHus o = |10). Mapamertpbl KybutoB 1 umnynscos: A; =
= 0.1 Ty, A2 = 0.12 I'Ty; mnynbcbl, AelicTByOWME Ha
Qi1: Ay = 1.2 TTy (1 nc <t <205 nc), Ay = 1.6 Ty
(6 nc<t<792ncwu9nc<t<9.92 nc); umnynscsl, Aeii-
creytowme Ha Q20 Az = 1.3 Ty (2.05 nc < ¢ < 3.25 nc),
Ay =16TTy (6 nc<t<792ncu9nc<t<992nc)
xapaktepuctukm ceszn: J = 0.01 Ty (1 nc <t <325 ncwn
7.92 nc < t < 9 nc); napameTpsbl WyMa 71_1 = 72_1 = 100 mkc

FOTOBHUTH PABHOBEPOSTHOCTHYIO CYTIEPIIOZHUITHIO COCTO-
sHUIT KyOUTOB. DTO JIeJIAeTCs P [IOMOIIY IIPUMEHe-
HUS cOOTBeTCTBYIoMero reiira Anamapa Cgr2, [18]. Io-
CJIE TOrO COCTOSTHME KBAHTOBON CHCTEMBI MOZKHO OIIpE-
JICTIATH KaK

W) =Ch2glva)==01 1 1 17T

DN =

(cumBosi B ma puc. 5 COOTBETCTBYeT MOMEHTY Bpe-
menu dbopmupoBanus cocrosaus |g)). Baok O mHa
puc. 5a onpeuensier jeiicreue Opaxysa, KOTOPBIA BbI-
Jesisier («IOMeYaer») B KauecTBe IPUMEpa COCTOSTHUE

2o = |10), uTo orpazaerca Ha ¢daze JAHHOIO COCTOs-
HUS:
1
ey =Olgp) =50 1 -1 1T

Hamnee wuner reiir muddysun ['posepa,
MIpeJICTAB/IsIET CODOM coeluHEHne Tpex TIeHTOB, JIBa
U3 KOTOPBIX — reifiTel Ajlamapa, a MexKJy HUMH

KOTOPBINA
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Puc. 6. KsaHToBasi Tomorpadusi COCTOsiHNIA A5 [AeiCTBUTENBHON KOMMNOHEHTbI MaTpULbl MioTHOCTM Relpi;] npu BbinosHeHnn

anroputMa nowncka [poBepa B MOMEHTbI BpeMeHM, ykasaHHble cTpenkamu Ha puc. 56: A (a), B (6), C (s), D (2), E (9), F (e).

MapameTpbl KYONTOB 1 MMMYJILCOB aHANOTMYHbI TEM, YTO MpuBeAeHbI Ha puc. 5a; useToBas wkana Relps;] npeactaenena Ha
puc. 4

reffT, OCYIECTBJIAIONIUI MEPEBOPOT KyOUTOB OTHOCH-
TeJIBHO cpeiHero 3uadenus G 21(0))(y(0)] — T
(6o Mexkay cumponamu D u E ma puc. 5a). ITo-
CJIEJIOBATEILHO  NPOCJIEUM 33  TIPeobpa3oBaHUEM
COCTOsiHMsl IBYXKYOUTHOH cucrembl: 1) mocse 6ii0-
koB Ajamapa |¢p) 1 -1 1 17T, 2) nocue
JeiicrBust omeparopa I'poeepa |Yg) G|Yp)

i1 1 -1 1T, 3) mocne Grokop Anamapa

[Yoss) = I¥F)=(0 0 1 0)T.

Ha puc. 56 nokazana guHaMuKa MMOBEIEHUS HACE-
JICHHOCTE! ypOBHeHl (/[MaroHA/IbHBIX JJIEMEHTOB MAaT-
puiisl wioTHocTH Wi(t) = pii) JBYX B3aUMOJEHCTBYIO-
muX KyOHTOB IPU BLIIOJIHEHHN KBAHTOBOIO AJTOPUT-
Ma I'poBepa yHHUIOISIPHBIMU HMILYJIBCAMHI JJIS [IOHC-
K& «IIOMEYEHHOIO» COCTOSIHUS (JIs IPHMepa «METKa»
ObLIa HA COCTOSIHHI I [10)). 3amerum, 4TO TOY-
HOCTDb BBIIIOJIHEHHST AJTOPATMA IIPH STOM COCTABUIIA
F = (Yopr|pltboss) = 93%. Crpenxamu u cuMBOJIa-
vu A-F ma puc. 56 nokaszanbl MOMEHTBI BPEMEHH, KO-
[/l IHCIEHHO OblLia IPOBEJEHA PEKOHCTPYKINS KBAH-
TOBOrO cocTosHus (ToMOorpadus), M300parkeHHAs Ha
puc. 6. Ilomyiennble 3aBUCHMOCTH COTVIACYIOTCS C FIMe-
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IOIIMUCS TAHHBIME 110 Peajmu3aluu ajropurMa I'po-
Bepa B CBEPXIIPOBOJHHUKOBBLIX KyOHTax Ha OCHOBE TEX-
aukn Pabu [10]. Kak BUAHO U3 YMCIEHHOrO aHaIN3a
OJIHO- U JIByXKyOHTHBIX Ollepaiuii, n3MeHeHHe TeXHU-
KU YIIPaBJICHUS COCTOSHUAME Ha YHUIOJSPHOE BO3I€ii-
CTBHE I03BOJIsIET CYIIECTBEHHO YCKOPUTH BBIIIOJIHEHIE
JIOTUYEeCKUX OIepAalnil, & TAKKe BBIIOJHUTH OCHOBHbIE
KBAHTOBBIE aJIF'OPUTMBL C BBICOKOI TOYHOCTBIO.

6. SAKJIFOYEHUE

[IpoBesennoe Ha KJIACCHYECKOM KOMIIBIOTEDE MO-
JiesupoBaHie (OYHKIIMOHUPOBAHUS OJIHO- U JIBYXKY-
OUTHBIX TEATOB JIEMOHCTPUPYET BO3MOXKHOCTH YCKO-
penns (Kak MUHMMYM Ha JIB& IODSJIKA) BBIIOJHEHUS
KJIIOYEBBIX oreparuii 1 ajaropurmoB. Tpebyembie nm-
MyJIbCHI TIOJIS MUKOCEKYHHON JJINTEIbHOCTU BIIOJIHE
MOI'YT OBITH Peain30BAHbI C HCIOJIb30BAHUEM U]~
POBBIX YCTPOHCTB CBEPXIIPOBOHUKOBOM 3JIEKTPOHUKH,
[IPH 9TOM CYIIECTBEHHO CHUXKAIOTCS TPeOOBaHUS K
CJIOZKHOCTU W KOJUYECTBY WCIIOJIb3YEMBIX yCTPOWCTB
CBY-3/1eKTPOHUKY JJIs PeAIN3aIuu pabu-UMITyJIbCOB.
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TTokazano, 9TO MUKOCEKYHTHBIE YHUIIOJISIPHBIE UMILYJIh-
CBI TIO3BOJISIIOT OCYIIECTBUTH (DOPMUPOBAHUE 3AITyTAH-
HBIX cocTOosHUN Besuta B IByXKyOMTHOM CBEPXIIPOBO/I-
HHUKOBOM PErucTpe. BBINOJHEHO MMUTAIMOHHOE MOJIe-
JINPpOBAHUE MIPOIIE/Iy PhI TOMOIpahUi KBAHTOBBIX COCTO-
SHUII HAa OCHOBE DEIIeHUs yPABHEHUS JJISI MaTPHUIIBI
mwiorHocTu. Ilokaszano, 4ro ¢ ucnonab3osannem BOK-
YIIPABJIEHUS MOYKHO OCYIIECTBUTH ObIcTpoe (Ha HUKO-
CeKYH/IHBIX BpeMeHax) (POPMUPOBAHME IIE€PEIY TAHHBIX
cocTosHmi ¢ gocToBepHOCTHIO 95-98 %. Ha ocHoBeE unc-
JIEHHOT'O MOJIEJTUPOBAHUsI pa3pabOTaHbl IPOTOKOJIBI BbI-
oJTHeHNsT 0A30BBIX KBAHTOBBIX ajropurmos: Jloiiaa —
Noxku ¢ Tounoctsio 6osee 98 % u I'posepa ¢ TOYHOCTHIO
93 %. PaspaboTannble METOBI YIIPABICHAA C HCIOJIb-
zoBaaneM BOK-1eneil mo3BOJISIOT OCYIIECTBUTH ITPO-

rpaMMHUPOBAHUE JIBYXKYOUTHOIO KBAHTOBOT'O IIPOIIEC-
copa.

BaaromapHocTtu. Asropsr
JI. H. Ilypy 3a BHuManme K padbore.
dunancupoBanue. Pabora BbiosHeHa 1pu hu-

IpU3HaTEJIbHbI

HaHCOBOI moep:kKke Poccuiickoro domaa dymmamen-
TaJbHBIX nccstenoBanuit (rpant Ne20-07-00952). Briasx
B pabory H. B. KjiéHoBa BbIIIOJIHEH B paMKax I'DAHTa

IIpesupenta M/1-186.2020.8.

ITPMNJIO2KEHUE A

s caydast maeHTHIHbIX Kyouros (A; = Ag = A)
onepatopsl ssosmonun U (), U(7y), U(m2) B MaTpud-
HOM BHJE OIIPEIe/ICHbI KaK

(12) _
Un” =
iATy ) iATy
— 719 _ iA 710 _ 1A _— 710
e 2 (cos 5 5 sin 5= ) 0 e 2 sin’g 0
8Ty ne A Q iA A Q
T13¢ (ZAN 71 _wmAa Tl
0 e 2 (cos 5 & sin 5= ) 0 e 2 sin
- . inTy _iATy
—%e 2 sin % 0 e "2 (cos 1% + = ‘ sin %) 0
. iAT TAT
A 5 10 1 Q| iA 7
0 Ge 2 in 5 0 e 2 (cos 5 —|—Qsm 5
Q Q iJ Q
cos D=L — 2S§A sin T4 0 0 —% sin T4
0 cos 1% —isin % 0
U2 —
I s TS0y T ’
0 —isin 5= cos —5= 0
—é—" sin T"?J 0 0 cos TLS2s | 204 i T’?']
J J
(12) _
U~ =
— 1872 0 iA Q A 572 Q
20 _ iA 20 _iA 9
e 2 (cos : S sin =3 ) e 2 sin 0 0
AT _iAT
—%e 2 sin 7229 e 2 (cos 720 —|— 2 sin 729) 0 0
= iATy ATy
0 0 e 2 (cos % ‘é sin 7229) —%e 2 sin %
. i AT TAT
PA 22 . Q) 2 20 | A 20
0 0 —5e 2z sin 3= e 2 (cos Z=+'5 sin 2 )
roe Q =VA2+ A2 u Q5 =+/J2 +4A2.
BepOHTHOCTI/I HepeXO,ILOB Mexiy ~ Oa3WCHBIMH  COCTOSHUSIMU — JBYXKyOWTHOI  cucrembl W, =
12 12
= (z |U( U ( )|OO>‘ , e = 1 cooTBercTByer GasucHOMy cocrostauio |x) = [0102), © = 2 — |z) = |0112),

xr=3—|z)= |1102>, x =4 — |z) = |1112), oupenereHbl Kak
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A2 1Q Q J . nQ kY Q 2
W2 = 94—(2‘2] <sin2 D) <2AQSIHTSI TJ2 J + <—ASiHTJTSi T+Q OSIT STJ2 J) QJ) +

10 Q Q Q Q Q Q 2
(2ACOST s1n% sin TJ2 oS sinﬁT (Acos TJ2 J sin% + cos TQT sin %]Q) QJ> ) , (A1)

A? Q Q Q J 0\*
W3 = 94—93 (sin2 TQT (JQcosﬁTsin TJZ J —i—AQJcosJTsin T12 ) +

Q TQQ . TJQJ JJ TQQ
+ sin® - (JA stm 5 —QQJCOSTCOST) ), (A.2)
_ 1 2 ( (42 2 (m-m)2 o (n+m)Q\°  ,(n-—n)A 70
W4_4Q4Q?] <J ((A +2A )cos 5 + A” cos 5 sin 5 sin 5 +
2
+ 4 cos? % (—AZQ cos%sm%sin% — JAQsin (n _2T2)Q sin TJ§J> ) . (A.3)

ITPMNJIO2KEHUWE B

JIJist 9UCJIEHHBIX PACYETOB MaTPUILy IJIOTHOCTH YJIOOHO IIPEJCTABUTH B BUJE PA3JIOXKEHUS IO ITOJHOMY HabO-

py Marpur rpyunst SU(4), npeiacraBisionux co6oil KpOHEKepoBO (IpsMOe) IPOU3BEIEHNe MATPHIL JJisi TPYIIIbI

SU2): p = >, 5 Ra, ﬁag}) ® o',((3 ). R, B = Tr( ¢ )®0'[(32)p) — KOMIIOHEHTHI BeKTopa (16 ss1eMeHToB), ol =

(4) (z)} (i)

= {00 ,01 ,O'y ,0%  } — Habop MaTpHIl, TIe 06) =19 — epunmanas MaTpura 2 X 2 1 0y y,» — Marpuisr [aym.
VYpasuenue (13) m1s MaTpPHIBI IIOTHOCTH SKBUBAJICHTHO yPaBHEHNUSM /IS KOMIOHEHT BeKTOpa Ry g (15 memyie-
BBIX KOMIIOHEHT, Ry = 0):

Ry =4(JRy,. — Reomi + Ryoe1(h)),
Ryo=—4(JRy. + Ryom1 — R. 01 + R pe1(t)),
R.o=—4R,0A1,

Ry =4(JR., — Rouye + Royea(t)),

Ro, = —4(JR. . + Royy2 — Ro. A2 + Ry zea(t)),
Ro. = —4Rg Ay,

Ry o = A(= Ry o(71 + 72) + Ry a1 (t) + Rayea(t)),

Ry = —4(Ruy(y1 +72) — RusAs — Ry ye1(t) + Ry nea(t)), (B.1)
Ry . =4(JRyo— Ru:m — ReyDo + Ry e1(1)),

Ry .= —4(Ryo(m +72) — Rew1 + Ry e2(t) — Ry yea(t)),

Ryy = —4(Ryy(y1 +72) = ReyAi — Ry Do + Ry ye1(t) + Ry wea(t)),

Ry =~4(JRoo + Ry:y1 — RenOy + Ry Do + Ry e1(1)),

R.. =4(JRoy — R.0v2 — Ryaldi + R, yea(t)),

Roy = —4(JRox + Royyo + RyyA1 — Ro Do + R 5(1)),

R..=—A(R,.A1 + R. ).

B nava/bHbIl MOMEHT BpeMentu 1ipu ¢ = () cucreMa JIByX KyOHTOB HAXOJUTCS B OCHOBHOM COCTOSIHUH, T. €. MaT-
pUIa IJIOTHOCTH MOCTPOEHA Ha COOCTBEHHBIX (DYHKIUAX HEBO3MYIIEHHOro rammuibronnana (7), korga A1 = Ay =0
u J =0 8 (4), u onpenenena seipaxkenueM p(0) = 3. |¥in(0))(¥in (0)|. Kommonentsr Bekropa Ry, g OnpeseeHst
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Kak R, 3(0)

Hoct W;(t) = ps;) IpU 9TOM PACCUUTHIBAIOTCH Yepe3 KOMIIOHEHTBI BeKTOpa Ry 3 U UMEIOT BuJ

Tr (0’&1) ® 0'[(32) p(())). HacenenHoctn ypoBHeii KyOUTOB (JuaroHabHbIE JIEMEHTHl MATPHIIBI [LJIOT-

. 1+R,0+Ro.+ R

(2014).

592

Wi(t ,
1(t) 1
1+R,0—Ro.— R
Wg(t) _ 2,0 1 0,z z,z,
(B.2)
1+Rp,—R,0o— R
Wg(f) _ 0,z . 2,0 z,z,
1-R,0o—Ro.+R
W4(t) _ 2,0 0,z 1 )
4
JINTEPATYPA 8. J. M. Chow, J. M. Gambetta, L. Tornberg, J. Koch,
L. S. Bishop, A. A. Houck, B. R. Johnson, L. Frunzio,
1. F. Arute, K. Arya, R. Babbush, D. Bacon, S. M. Girvin, and R. J. Schoelkopf, Phys. Rev. Lett.
J. C. Bardin, R. Barends, R. Biswas, S. Boixo, 102, 090502 (2009).
F. G. S. L. Brandao, D. A. Buell, B. Burkett,
Yu Chen, Z. Chen, B. Chiaro, R. Collins, 9. Y. He, S. K. Gorman, D. Keith, L. Kranz, J. G. Kei-
W. Courtney, A. Dunsworth, E. Farhi, B. Foxen, zer, and M. Y. Simmons, Nature 571, 371 (2019).
A. Fowler, C. Gidney, M. Giustina, R. Graff, 10. L. DiCarlo, J. M. Chow, J. M. Gambetta, L. S. Bi-
K. Guerin, S. Habegger, M. P. Harrigan, .
shop, B. R. Johnson, D. I. Schuster, J. Majer,
M. J. Hartmann, A. Ho , M. Hoffmann, T. Huang, . . ..
. A. Blais, L. Frunzio, S. M. Girvin, and R. J. Schoel-
T. S. Humble, S. V. Isakov, E. Jeffrey, Z. Jiang, kopf, Nature 460, 240 (2009)
D. Kafri, K. Kechedzhi, J. Kelly, P. V. Klimov, P ’ '
S. Knysh, A. Korotkov, F. Kostritsa, D. Landhuis, 11. D. V. Averin, K. Rabenstein, and V. K. Semenov,
M. Lindmark, E. Lucero, D. Lyakh, S. Mandra, Phys. Rev. B 73, 094504 (2006).
J. R. McClean, M. McEwen, A. Megrant, X. Mi, ) o
K. Michielsen, M. MOhSGHi, J. Mutus, 0. Naaman, 12. A. Fedorov, A. Shnlrman, G. SChOGH, and A. Kldlya—
M. Neeley, C. Nelll, M. Y. Niu, E. OStby7 rova—Shevchenko, PhyS Rev. B 75, 224504 (2007)
A. Petukhov, J. C. Plat‘t, C. Quintana, E. G. Bief‘fe, 13. A. Herr, A. Fedorov, A. Shnirman, E. Ilichev, and
P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger, G. Schon, Supercond. Sci. Technol. 20, S450 (2007).
V. Smelyanskiy, K. J. Sung, M. D. Trevithick,
A. Vainsencher, B. Villalonga, T. White, Z. J. Yao, 14. K. K. Likharev and V. K. Semenov, IEEE Trans.
P. Yeh, A. Zalcman, H. Neven, and J. M. Martinis, Appl. Supercond. 1, 3 (1991).
Nat 574, 505 (2019).
arure ’ ( ) 15. R. McDermott and M. G. Vavilov, Phys. Rev. Appl.
. J. Preskil, Quantum 2, 79 (2018). 2, 014007 (2014).
_A. A. Zhukov, S. V. Remizov, W. V. Pogosov, and 16. E. Leonard, M. A. Bec.k, J. Nelson, B. G. Christensen,
Yu. E. Lozovik, Quant. Inf. Proces. 17, 223 (2018). T. Thorbeck, C. Howington, A. Opremcak, L. V. Pe-
chenezhskiy, K. Dodge, N. P. Dupuis, M. D. Hut-
. A. A. Zhukov, E. O. Kiktenko, A. A. Elistratov, chings, J. Ku, F. Schlenker, J. Suttle, C. Wilen,
W. V. Pogosov, and Yu. E. Lozovik, Quant. Inf. S. Zhu, M. G. Vavilov, B. T. Plourde, and R. McDer-
Proces. 18, 31 (2019). mott, Phys. Rev. Appl. 11, 014009 (2019).
LY. Nakamura, Y. A. Pashkln, and J. S. Tsai, PhyS 17. K. Ll, R. MCDGI‘IHOH}, and M. G. Vavilov, PhyS Rev.
Rev. Lett. 87, 246601 (2001) Appl. 12, 014044 (2019).
. G. Wendin, Rep. Prog. Phys. 80, 106001 (2017). 18. M. Huibcen, . Yaur, Keanmosovie 6vivucieHus U
xeanmosas ungpopmayus, Mup, Canxr-IlerepOypr
. R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank, (2006).
E. Jeffrey, T. C. White, J. Mutus, A. G. Fovaler, 19. N. V. Klenov, A. V. Kuznetsov, 1. I. Soloviev,
B. Campbell, Y. C‘hen, Z" Chen, B. Chiaro, S. V. Bakurskiy, M. V. Denisenko, and A. M. Satanin,
A. Dur?svvorth7 C. Neill, P. O’Malley, P. Roushan, Low Temp. Phys. 43, 789 (2017).
A. Vainsencher, J. Wenner, A. N. Korotkov,
A. N. Cleland, and J. M. Martinis, Nature 508, 500 20. M. V. Denisenko, N. V. Klenov, and A. M. Satanin,

AIP Conf. Proc. 1936, 020009 (2018).



MITP, Tom 158, Beim. 4 (10), 2020

Tomorpadust cocTosiHuii KybuToB 1 peanusauus. ..

21.

22.

23.

24.

M. V. Bastrakova, N. V. Klenov, and A. M. Satanin,
Phys. Sol. St. 61, 1515 (2019).

M. B. [lenucenko, H. B. Kienos, A. M. Caranun,
ZK9TP 155, 258 (2019) [M. V. Denisenko, N. V. Kle-
nov, and A. M. Satanin, JETP 128, 227 (2019)].

N. V. Klenov, A. V. Kuznetsov, I. I. Soloviev,
S. V. Bakurski, and O. V. Tikhonova, Beilstein J.
Nanotechnol. 6, 1946 (2015).

M. Grajcar, A. Izmalkov, S. H. W. van der Ploeg,
S. Linzen, E. Il'ichev, Th. Wagner, U. Hiibner,
H.-G. Meyer, A. Maassen van den Brink, S. Uchaikin,
and A. M. Zagoskin, Phys. Rev. B 72, 020503(R)
(2005).

2 2K9T®, Bem. 4 (10)

593

25.

26.

27.

28.

N. Takeuchi, D. Ozawa, Y. Yamanashi, and N. Yoshi-
kawa, Supercond. Sci. Technol. 26, 035010 (2013).

I. I. Soloviev, N. V. Klenov, S. V. Bakurskiy,
M. Yu. Kupriyanov, A. L. Gudkov, and A. S. Sido-
renko, Beilstein J. Nanotechnol. 8, 2689 (2017).

A. E. Schegolev, N. V. Klenov, I. I. Soloviev, and
M. V. Tereshonok, Beilstein J. Nanotechnol. 7, 1397
(2016).

M. O. Ckamnu, M. C. 3Bybaiipu, Keanmosas onmuxa,
Dusmaraut, Mocksa (2003).



