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BBegeHue
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CeepxnpoBogumocTtb. IddekT [xo3eccoHa.
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KBaHTOBasa ontuka. AToMm B pe3oHaTope.
UcKycCTBEHHbIVN aTOM B KBAHTOBAHHOM 3J1IeKTPOMarHUTHOM rore.

KBaHTOBOE noBepeHune xo3echCOHOBCKOro Kyourta
CBfI3aHHOIo C pe3oHaTopoM. TeopUus N IKCNEPUMEHT.



Circuit Quantum Electrodynamics (CQE)
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KBaHTOBas onTuka ' CBepxnpoBogsiLme
: uenwu (circuits)
KBaHTOBas 3NeKTPOAMHAMMKA ¢ [>ko3e(pCOHOBCKMMU KOHTaKTamu

KYBUTbI

[xo3edcoHoBckun KYBUT | copgepxawmn munnmapabl aToMoOB, MOXET BECTU cebst
KakK OOWH — UCKYCCTBEHHbLIM atoM. CBOMCTBa KYyOUTOB 3amMevaTtesibHbl U NO3BOSMAIOT U3ydaTb
HOBbIE PEXMMblI KBAHTOBOMW OMNTUKWU, HE AOCTMXKMMbIE C OBbIYHBIMW aTOMaMW.

B HacTosiLee Bpemsa OonbLLION MHTEpeC NpuBreKaeT npobremMa “KBaHTOBOM ONTUKU UCKYCCTBEHHbLIX aTOMOB”

- noBefeHus [OXo03e(PCOHOBCKUX KyOMTOB B KBAHTOBAaHHOM 3fieKTPOMarHMTHOM none. Makpockonu4yeckas
ABYXypoOBHeBasi cMcTeMa nomewjaetcsi B BbicokoaoobpoTtHyto CBY-pe3oHaHCHYH NIMHUIO (KBAaHTOBbLIM pe3oHaTop) n
nsyyvarrcsa ahgekTbl poTOH-KyOUTHOro B3anmoaemcTemusi. bonbLion AUNONbHLINA 3NIEKTPUYECKUMA UITU MarHUTHLIN

MOMEHT Ky6VITa, B OTIiIn4ne ot MUKPO aToMa, No3BOJNIAeT U3y4artb Qq)(*)EKTbI CUJTIbHOW CBSI3N KBAHTOBOW CUCTEMBbI C

KBAHTOBAHHbLIM 3J1IEKTPOMAarHUTHbLIM MoOJieM.
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CBEPXIPOBOANMOCTD

MaKPOCKOINuU4YeCcKoe KeaHImoeoe Ae6JieHue



Ha pyoOeske XX u XXI BekoB B (pH3HKe BOSHHKI0O HOBOE
HanpaBJIeHHe - Me30CKonnYecKasi GpH3HKA , H3y4damas
NposiB/IeHHe cnenH(p HIeCKHX KBAHTOBbIX SIBJIeHHH
(kBaHTOBasi HHTepdepeHIHs H CYNEePNO3HIIHSA BOJHOBBIX
Y ¢ysrkunui, nepenyrbiBaHHe KBAHTOBBIX COCTOSIHHH) HA
HPOMEKYTOYHOM MesKIy MHKPO- H MAKPO- YPOBHSIMH.
KBanToBasi Mexannka ''BbillJIa HA J1aA00OPATOPHBIH cTOa".

W) =aly,)+b|w,) [ =af" +[bf +2]al|p|cos¢
Heobxodumbi:

-Marnble (cybMUKPOHHbLIE) pa3mepsl
-Huskne temnepartypbl (MUNINKENbBUHDI)

*HoBble NpuHUMIbI, HOBbIE 3PdEKTbI
N y [NpuHyunuarnbHO Hosbkle rpubopskl
*BbICOKMI ypOBEHb TEXHOMNOMNU

*KBaHTOBbIE KOMIMbIOTEPDLI

'CBer‘-IyBCTBI/ITeJ'I bHbl€ OETEKTOPbI

MbICneHHble 3KCNepuUMEHTbI 1 NapagoKcbl KBaHTOBOW MexaHukn (SIP napsl, «LpeguHrepoBckuii
KOT») YK€ 3KCnepuMeHTarnbHO peann3oBaHbl B ME30CKONMMUYeCKUX Axo3ed)COHOBCKUX CTPYKTypax.



CBEPXINPOBOOAMMOCTb

= CBepxnpOBOﬂHVIK nMmeeT HyJneBoe JJieKTpuieckoe ConpoTnBrieHne Hunxe HeKOTOpOFI KpVITVI‘-IeCKOﬁ
TeMmnepartrypbl T; . TokB cBepxnpoBoasilliemM KonbLle Te4dYeT He 3aTyXas be3 notepb.
- MarHuTHOe norne BbITankMBaeTca U3 cBepxXnpoBoaHUKa (M,ﬂeaanbIVI JJ,VIaMaI'HeTVI3M).

CBepxnpoBoAMMOCTb — MaKPOCKONMUYECKoe KBaHTOBOE siBlieHne VY = \Poel¢

Adb ekt xo3edcoHa
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KBAHTOBbIA KOMNbLIOTEP

KYBUT = kBaHTOBBIii OUT o|0)+ B|1)

Cynepno3uuus n nitepcepeHUmsa KBaHTOBbIX COCTOSSHUW = napannesiu3amMm KBaHTOBbIX BbIYUCIIEHUNA

Vv ¢

KBAHTOBbIN

.s '»I KBaHTOBBII MO3r?

KOMMBIKOTEP

dakTopmnsaums (pasdbneHne Ha NpocTble COMHOXUTENN) 250-3Ha4yHoro yncna:

Kitaccnueckuii KoMmbroTep t~2" 800000 et

KBaHTOBBIN KOMIIBIOTED t~N* CEKYH/bI



Jltobas KBAHTOBO MexXaHn4eckas
KOrepeHTHasa cMctema MOXET ObITb
ncnonb3oBaHa aAnga peanusauun naeun
KBAHTOBbIX BbIYNCIIEHUMN.

OOUHOYHbIEe (POTOHDI

AAepPHble CMMUHDbI

MOHbI B JIOBYLUKaX

AJIEKTPOHbI B KBAHTOBbIX TO4YKaX

cBepxnpoBsoasiime KBaHTOBbI€ Lelnu

IBM 7-qubit kBaHTOBbLIN MOMEKYNAPHbLIN KOMMNbLIOTEP

[ L. M. K. Vandersypen, et al. Nature 414 , 883 (2001)

MpenmyulecTBa TBepAOTENbHbIX

peanunsauumn O>KO3E®COHOBCKUE
* MacLuTabnpyemocTb — KYBUTDI

* UICMNOJb30BaHME COBPEMEHHON NUTOrpadun



KYBUTbl OCHOBAHHbIE HA X KO3E®PCOHOBCKUX KOHTAKTAX

©

[1>X03e(PCOHOBCKNIN KOHTAKT SIBAAETCA CYLLECTBEHHO HENTMHENHbLIM 3I1IEMEHTOM . JTO
MCNosb3yeTcs Ang UHXxXeHepum cuctem [aMnnbsTOHMAH KOTOPbIX 3KBUBANIEHTEH ABYX
YPOBHEBOW KBAHTOBOW CUCTEME, HaNpuUmep CNnHy %2 B MarHUTHOM Morie.

Ha HblHELLHEM YypOBHE MUKPOTEXHOSOMMIM BO3MOXHA UHXeHepus [1>ko3edCOHOBCKMUX
CTPYKTYpP C XOPOLUO onpeneneHHbIMmM cBONCTBaMn =

MacLTabmpyemMocTb : NOTeHLUMabHO BblCOKas
CBSA3b MexXay Kybutamu (ctatmyeckas, nepecrpamBaemMas, Yepes pe3oHaTop)

[>x03edCOHOBCKME CUCTEMBI MOTYT YNPaBrsaTbCH 3NEKTPOMArHUTHLIMU CUrHanamm
= Manunynauus: MarHutHoe none, HanpsbkeHne,MMKPOBOHOBbLIE NMIMYIbChI

Xopowue getektopbl: CuntbiBaHne coctosHus : SQUIDbI, SET

“Bonbliune cucteMbl” = OTHOCUTENbHO KOPOTKME BPEMEHa AeKOrepeHTHOCTH (4 ps)
© MUHMManbHbIA YPOBEHb NEKOrePEHTHOCTU cpeaun TBepaoTENbHbIX KyOUTOB

OxnaxaeHue = Marble SHEPrum TPeobyIoT oxNaxaeHus 1o << 1 K
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3MEPI ITENbHBIIT
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SQUID

3um

Cxema n dootorpacms TPEXKOHTAKTHOIO NOTOKOBOIO KybuTa.
Kybut nomelteH B ABYXKOHTaKTHbIM SQUID namepsaowmm coctosiHne KyouTa.



J2x03e)COHOBCKHIT KYOUT — MAKPOCKOMMAYECKHH “aTom”

K KOmopomy MOIHCHO npucoeduuumb npoeodu
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KBAHTOBAA OMNTUKA

KBaHTOBasA aneKkTpoanHamMmka
ATOMbI + QOOTOHbI

- CNOHTaHHOE n3ny4veHune
 JlambBoBCcKkun caBur

* Pe3oHaHcHasa driyopecueHUns
* JlazepHasa reHepauus

 ATOM B KBAHTOBOM pe3oHaTope



CnoHTaHHOe usny4yeHue

ATOM B BO36y>K,EI,eHHOM COCTOAHNN nepexoanT B OCHOBHOE COCTOAHUNE

28 === 7p

HeobpaTtmmoe cnoHTaHHOe 3aTyxaHne B (OOTOHHbIN KOHTUHYYM:

N\~ 2p — 1ls + v 17 ~ Ins
1s

Teopusa Bankondgoa-BurHepa

Paa = Ica(t)lz — eXp("Ft)v

0i; = e(l|r]§) — MATDHYHBL HTEMEHT SIEKTPHYECKONO JHIONBHOO IEPEXOA




JIlamboBCcKkun caBur

e ’ ~A BakyymHble doniykTyaumu:

nanyyeHune n peabcopodbumns BUpTyanbHbIX OTOHOB
JTamBoBCKMM cOBUT CHUMAET 2S - 2p BbIpOXOAEHUE

CornacHo Teopun [upaka ypoBHU 2S 1 2P OOmMKHbI Obl UMETH O4MHAKOBbLIE 3HEPTUMN.
OpHako nsnyyatenbHble NonpaBkM, BO3HMKaOLWmMe bnarogaps B3anMOAENCTBUIO MEXAY
aTOMHbIM 3IEKTPOHOM M BaKyyMOM, NPUBOAAT K YBESIMYEHNIO SHEPTUN YPOBHSA 2S
OTHOCUTESNBbHO ypoBHSA 2P Ha 1057 MIu,.
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Pe3oHaHCcHaa donyopecueHuUsA

ATomHubBIT
Iy 90K
\LL; /M,V [BYXypOBHEBLIA  atoM  BO30YXOaeTcA  HenpepbiBHbIM

s PEe30HAHCHbLIM NnasepHbIM nonem. MamepsitoTcs cnektTpanbHble
M KBaHTOBble CTaTUCTMYECcKMe cBolcTBa (nyopecLieHTHOro
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JlTazepHas reHepauus
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ATOM B KBaHTOBOM pe30HaTope

Im 3aXBAT/M DOTOHBI KaK AMCKPETHBIE ML NOMOCTH

1 nomecTm B pe3oHaTop atom

K— 3aTyXxaHue nossd B NosiocTu
/g\ K Y- penakcaums atoMHbIX COCTOAHUN
\_/ g -4acTtota Pabu ocumnnaumm
J ¢ cunbHas cBaAsb: g >k, y

Jaynes-Cummings [[@aMunsToHmaH

H=hw(a'a+3)+ ™26, + hglate_ +6.a)
> o ®

KBaHTOBaHHOE Mnore 2-X YpOBHeEBas cuctema aToM-POTOH B3anMOL.



UckyccTBeHHbIV aToM - KYBUT
B KBAHTOBaHHOM 3J1IeKTPOMarHUTHOM norie.

> out

Blais, Huang, Wallraff, SMG & RS, PRA 2004



Wave scattering by an atom: MW scattering by a macroscopic
elastic and inelastic quantum scatterer (10° Al atoms)
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Weak continuous monitoring of a flux qubit using coplanar waveguide resonator

Phys. Rev. B 81, 172505 (2010)

G.Oelsner,S.H.W.vanderPloeg,P.Macha,U.Hubner,D.Born, S. Anders, E. I’ichev, H.-G. Meyer, M.Grajcar, S.Wunschand,
M.Siegel, A.N.Omelyanchouk, O.Astafiev

We study a flux qubit in a coplanar waveguider esonator by measuring transmission through the system. In our system
with the flux qubit decoupled galvanically from the resonator, the intermediate coupling regime Is achieved. In this
regime dispersive readout is possible with weak backaction on the qubit.The detailed Theoretical analysis and
simulations give a good agreement with the experimental data and allow to make the qubit characterization.

Quantum behaviour of the flux qubit coupled to resonator

Fiz.Nizk.Temp, 10, (2010)

A.N.Omelyanchouk, S.N.Shevchenko, Ya.S.Greenberg, O.Astafiev,and E.II'ichev

The detailed theory for the system of a superconductingqubit coupled to the transmission line resonator is
presented. We describe the system by solving analytically and numerically the master equation for the density
matrix, which includes dissipative Lindblad term. We calculate the transmission coefficient,which provides The way
to probe the dressed states of the qubit.Thetheoretical resultsare related to the experiment with the Intermediate

coupling between the qubi tand the resonator, when the coupling energy is of thesameorder as the qubit relaxation
rate.
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FIG. 1: (a) A micrograph of the cental part of the resonator. The cen-

tral wire and the ground plane are tapered. (b) Electron micrograph
of the qubit and the central line of the resonator
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Fig. 1. (Color online) (a) Scheme of the qubit (denoted by blue
box) coupled to the transmission line resonator. (b) Equivalent
circut for the description of the infinitesimal piece of length Ax of
the transmission line. (c) Flux qubit with 3 Josephson junctions.
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H = hw(afa+ 1) +

Hpp = Hj+ Hin.
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(a) Energy levels versus energy bias &.
Avoided level crossing is shown as a close-up in the inset. Para-
meters for this and the subsequent figures: A/h=18 GHz,
g/2n=3 MHz, ®,./2n=25 GHz (b) Contour lines of the
energy difference versus bias & and the driving frequency o, .
Green (lower) line is for fiog = E_ g — Eg; and the black (upper)
line is for fimg = E4 g — Eg - (¢) Same as in (b) — in the very

narrow vicinity of the resonator fundamental frequency o,..
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YpPOBHM 3HEPrNN Kak OyHKLMS
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’e/g,n>:’e/g>®‘n> |g)= N

/4

(a)= Sp(ap)

21.]'[5[ HaxoXacHUA AHAJIUTHYCCKOIO PEIICHUA OrpaHUYIUM
(dhoToHHOE TTPOCTPaHCTBO 10 N=2

mpeanosaras, 4to cpeiHee 4ucio (hOTOHOB
B PE30HATOPE POXKIAEMOE YIPABISIONINM I0JIEM aMIUTUTYIbI

MHOT'O MEHBIIE €TUHUIIBI.
OTO NPEAON0KEHNE OTBEYAET YCIOBUSAM IKCIIEPUMEHTA
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A/h=1.8 GHz, g/2n=
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3aTyXaHHus CIEKTp MIPOXOXKACHUS JEMOHCTPHUPYET
Pabu-pacmieruieHHbIe MUKU (kpacHas KpuBas)
B COOTBETCTBUU co CTPYKTYpOi OJIEThIX COCTOSTHUU.
Juccunanus MIPUBOAUT K Pa3MBITHIO PE30HAHCHBIX MTUKOB
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FIG. 5: (Color online). Normalized transmission amplitude |{| as a
function of the bias ¢ for wy = w, calculated with Eq. (46), red line,
and obtained experimentally, blue line.
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a) Normalized transmission amplitude of the
resonator as a function of the qubit energy bias € and the driving
frequency. The data were measured at a nominal temperature of
the mixing chamber below 10 mK, ensured k7T < qu,h—a),.. The
calculated frequencies of the lowest photon transition in the qubit-
resonator system are depicted as white solid lines. b) Theoretical cal-
culations. The number of photons is taken to be less than one. other
parameters are taken from the experiment. 7 is adjusted for better
correspondence of the transmission in vicinity of anticrossings.
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