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1.1. Knaccnueckne n KBaHTOBbIe MPUOOPHI
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YTO YAAJIOCh MOHITH KBAHTOBBIE 3aKOHBI CTPOSHHUS MATEPHH.
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JlazepHasi TeXHHKA OCHOBAHA HAa 3HAHUU KBAHTOBBIX CIEKT-
pPOB 2JIEKTPOHOB B ra3ax, MOJYIPOBOJAHUKAX U TUDJIEKTPH-
kax. KBaHTOBas Teopusi 30HHOU CTPYKTYPHI CIIEKTPOB
9JIEKTPOHOB B MOJIYNPOBOJHHUKAX CIYXHT 0a3ucoM (U3UKU
TPaH3UCTOPOB. ATOMHAsl SHEPTEeTUKA MOCTPOEHA HA MOHU-
MaHHM{ KBAaHTOBBIX 32KOHOB CTPOEHUSI ATOMHOTO SIAPA.

XoTq (YyHKUMOHUPOBAHHME Ja3€pOB U TPAH3UCTOPOB
OCHOBAHO Ha UCIIOJIb30BAHUU KBAHTOBBIX CBOMCTB MaTEpHH,
9T TpHOOPHI, TEM HE MEHee, 4Yalle BCero paboTaroT B
KJIACCUYECKOM pexume. JIeHCTBUTEIbHO, TOKA 3JIEKTPOHOB
U HAmpsDKEHUS Ha 3JICKTPOJAX TPAH3UCTOPOB SIBIISIFOTCS
KJIACCUYECKMMH BEJIMYMHAMHY, TOJIyYeHHBIMH B Pe3yJbTaTe
yCpEeAHEHUs 10 OOJILIIIOMY aHCAMOJTIO YaCTHIl. AHAJIOTUYHO,
KOTePEHTHOE JIa3epHOE U3ITyUeHHe OMUCHIBAETCS 3aKOHAMU
KJIACCHYECKOM 3JIEKTPOINHAMUKH.

"KnaccnuHocTs" 1a3epHOro M3IIyueHHs 06eceunBaeTCs
HaJIMY1eM OOJIBIIOr0 aHCAMOJIsl KBAHTOB JIA3€PHOIO U3JIyye-
Hus. [Ipu nepexoae B peKUM OJIMHOYHBIX (DOTOHOB (OOHO-
aTOMHBIE JIa3€Pbl) Ja3ep CTAHOBHUTCS KBAHTOBBIM IPHOOPOM
B TOM CMBICIIE, UYTO HE TOJBKO ero (yHKIMOHUPOBAHHE
OCHOBAaHO HAa KBAHTOBBIX 3aKOHAX, HO W €r0 H3JIyYCHHUE
IPEICTAaBJSCT CO0OM KBAaHTOBBIA OOBEKT, HAPUMEDP OOU-
HOYHBIH (GOTOH. TPAaH3UCTOP B OJHORIEKTPOHHOM PEXUME
MOJXET CTaTh KBAHTOBBIM IPHOOPOM, €CIIN AMHAMHUKA JJIEKT-
poHa OMHCHIBAETCS KBAaHTOBBIM ypaBHeHumeMm Llpéamurepa
(Tax Ha3bIBAEMBII OAJUTUCTHYESCKUHA PEKUM TPAH3UCTOPA).

Taxum 00Opa3oM, OIMH U TOT XKe MPUOOP MOXKeT pabo-
TaThb Kak B KJIACCHYECKOM, TaK U B KBAHTOBOM PEXKUME.
Bynem cuutath nousitue "Kiaccuueckuit mpubop" u "npu-
0op, paboTarolMii B KJIACCUYECKOM pexuMe", TOKIECTBEH-
HbIME. OYHKIIMOHUPOBAHHE KJIACCHYECKOTO MPHOOPA OTHCHI-
BaeTCsl YPABHCHUSIMH KJIACCHYECKON (DM3MKM JUIsl KiIacchye-
CKUX MEPEMEHHBIX.

TTox xBaHTOBBIM NMPUOOPOM OyJIeM MOHUMATH MPUOOP,
paboTtaromuii B KBAaHTOBOM pexuMe. KBaHTOBBII pexum
O3HAYaeT, YTO TUHAMHUKA IPUOOpa ONHUCHIBAETCS YpaBHe-
aueM pé€nuarepa mis BOTHOBOW (pyHKIMU. AprymMeHTaMu
BOJIHOBOW (DYHKIIUM BBICTYMAIOT KBAHTOBBIC MEPEMEHHBIC
(KOOPAMHATHI, UMILYJIbChI, CIUHBI YacTHl). BosHoBas QyHK-
IIUsT KBAHTOBOM CcHCTEeMbI 00JIaJlaeT KBAHTOBOW KOTEPEHT-
HOCTBIO B TOM OOBIYHOM CMBICJE, YTO OHa CIOCOOHA K
MPOSIBJICHUIO SIBJICHUM WHTEPPEPEHIINU TPH  CIIOXESHUU
Pa3JIMYHBIX KOMIIOHEHT BOJIHOBOW (QyHKIMU. CBOWCTBO
KOT'€pEHTHOCTH BOJIHOBOI (DYHKIIMU, OTIUCBIBAIOIIEH KBAHTO-
BbI TPUOOP, SIBJISETCS €r0o BaXKHEUIIECH OTJIUYUTEIIbHON
4yepToil. TepMun "kBaHTOBBIA IPUGOP" MBI MCIIOJIB3YEM KaK
COKpAIIEHHBI BAPUAHT TEPMHUHA "KBAHTOBO-KOT€PEHTHBIN
npucop" .

o cux mop Bce MAIlMHBI, UCTIOJIb3yeMbIe YEJIOBEKOM B
MPAKTUYECKOU AeSITEIbHOCTH, ObLIN KJIACCUYeCKUMHU. TeM He
MeHee TEXHUYECKYHO peBoJTroIHio XX Beka B UHPOPMATUKE U
3HEPreTUKe MPaBOMEPHO HA3BATH NEPBOM KBAHTOBOW PEBO-
JIFOTIMEH, HACTOJIPKO TECHO OHA CBSI3aHA C KBAHTOBOU (u3u-
xoi. [IpeacraBum cebe Temepb, YTO MbI IIPEOJIOJICIIH TEXHO-
JIOTMYECKHUE W JPYTUe TPYIHOCTH, CTOSIIME HA MyTH CO3/1a-
HHUSl KBAHTOBO-KOTE€PEHTHBIX MPUOOPOB, U CO3JAJH HOBOE

! 31ech BO3ZHHKAET HEOOXOAUMOCTH TOSICHATH COJIEPKAHUE TEPMHUHA
"npubop KBaHTOBOI 3JeKTPOHHKH". DTOT TEPMHH HE 3KBHBAJICHTCH
Tepmuny "KBaHTOBbIH mpubop". Kak mokaszano Bblilie, IpuGOp KBAHTO-
BOM 3JIEKTPOHHUKH (J1a3ep) MOXKET ObITh KaK KJIACCHYECKHM MPUOOPOM
(KJIaccuvecKuil pekuM), TaK W KBAHTOBBIM (KBAHTOBO-KOTEPEHTHBII
pexum). B COBpeMEHHOW ONTHKE OMUCAHME KBAHTOBO-KOTEPEHTHBIX
SIBJIEHUI 1 IPUOOPOB BLIIEJIEHO B pa3/es "KBaHToBas ontuka'.

[IOKOJIEHHE MAIlMH U TEXHUYECKUX CUCTEM, OOecHeYMBaro-
IIUX HMCHOJIb30BAHME KBAHTOBLIX TEXHOJIOTUI B MpaKTHYe-
CKOM JIeSITEJILHOCTU. DTO OBLIO OBI OCYIIECTBICHUEM BTOPOM
KBaHTOBOM peBosronuu [1].

3aKOHBI KJIACCHYECKOH W KBAHTOBOW (H3UKH HMEIOT
NpUHUUNKAJIbHBIE pa3andus. [103TOMy MOXHO OXHIATh,
YTO KBAHTOBO-KOTE€PEHTHBIE NPUOOPHI U KBAHTOBBIE TEXHO-
JIoruu OyAYT UMETh IPUHIMITUAIILHBIE OTJIMYHUS OT KJIacChye-
CKUX MPUOOPOB U TEXHOJIOTHI TOTO Xe Ha3HaueHus. Bpu1o
OBI B&XXHO C MPAKTUYECKON TOUYKH 3PEHHUS], €CJIA ObI OTIHYHSI
KBaHTOBBIX NPHOOPOB ¥ TEXHOJOTHA OT KJIACCHYECKHIX
aHAJOroB O3Havand WX 'mpeumyinectsa". MHbIME cllo-
BaMH, KBAaHTOBAsI TEXHUKA U TEXHOJIOTUU JOJKHBI IIOMOYb
MPEOJO0JIETh YCTAHOBJIEHHBIE [JIs1 KJIACCHYECKOH TEXHUKHU
"npenens" 1 orpaHAyYEHNs.

TeopeTnueckuii aHaIM3 W IKCHEPUMEHTBI JIEMOHCTPH-
PYIOT HaJM4yMe UMEHHO TAaKMX BO3MOXHOCTeil. Bo3MoxkHO,
HaIpuMep, NPeooIeTh AU PaKIMOHHBIA Ipeaes pasperie-
HUSI B KBAHTOBOUM ONTHYECKONH MUKPOCKOMUU M KBAHTOBOU
onrtuveckoir ymrorpaduu [2], moctpouth "aGCOIFOTHO
cexpeTHbIe" KBAHTOBBIE JIMHUM CBS3U (KBAHTOBAS KPUIITO-
rpadus) [3]. B kBaHTOBOI METPOJIOTUU BO3MOKHO yBeJINYe-
HUE YyBCTBUTEJILHOCTH UHTEPPEPESHIIMOHHBIX MPUOOPOB Ha
HECKOJILKO TIOPSIAKOB BEJIMUUHBI [2, 4]. 32 HeMMeHueM Mecta
9TH WHTEPECHbIE TEMBI OCTAIOTCS 3a MpeleslaMHi HaIlero
0630pa. O030p MOCBSIIEH KBAHTOBBIM KOMIIBIOTEpAM U
BBITIOJTHSIEMBIM Ha HUX KBAHTOBBIM BBIYHCIIeHHSIM. KBaHTO-
Bble KOMIIBIOTEPHI O00JIAJAIOT CYIIECTBEHHBIMU MPEUMYIIe-
CTBAaMH IO CPABHEHHUIO C KJIACCHYECKUMH KOMIIBIOTEPAMH U
MOI'YT OOECHEeYUTh pELIeHHE 3a/ad, CUUTAIOUIMXCS "Hepe-
maeMbpiMu" Ha KIAcCMYeCKMX Kommbrorepax. Cosmanue
KBaHTOBBIX KOMIIBIOTEPOB COMPSIKEHO C MPEOIOJICHAEM KaK
TEXHOJIOTMYECKUX TPYAHOCTEH, TAK M OTPAHUICHHUIA, CBSI3aH-
HBIX C IEKOTepeHTH3aLHUeN COCTOSIHAN KBAHTOBOT'O KOMIIbIO-
Tepa. DTU NPOOIEMbI pACCMOTPEHBI B MOCIICIYIOIIUX pa3/ie-
J1ax o03opa.

BypHbIi pocT HHTEpeca K IKCIIEPUMEHTAM O KBAHTOBOM
JIMHAMUKE YaCTHI B TIOCeHel yeTBepTH XX Beka CBs3aH C
MOSIBJICHUEM psiJla TPUHIUIHAIBLHO HOBBIX JKCIEPHUMEH-
TQJIbHBIX METOAMK, NAIOIIMX BO3MOXHOCTb YAEPKUBATH
OTJEJIbHbIE ATOMBI, MOHBI, 3JIEKTPOHBI, OXJIAXAATb HUX 10
CBEpXHU3KHX TeMIepaTyp (BILUIOTh IO YPOBHS HAHOKEIb-
BUH), IEPEMEINATh UX W, TJIABHOE, YIPABJISITH UX KBAHTOBOMI
MUHAMUKON. MeTOIbl ylIepKaHusl 3apsDKCHHBIX YacTHIl B
9JIEKTPOMATHUTHBIX ~ JIOBYIIIKAX IMO3BOJILIM  YBEJIMYUTH
BpeMs YAEPKaHUS 10 MHOTUX HeNeJb, OXJIAXIATh YACTHIIBI
JI0 CBEPXHHU3KUX TEMIEPATYP C MOMOIIBIO Ja3ePHBIX METO-
JIOB OXJIAXJICHWSI, MCCJIEAOBATh WX CHEKTPBI B YCIOBUSIX
MAaKCHMAJIbHON W30JSIMUM B IIEJISAX CO3MAHUS 3TAJOHOB
4acTOTBI U BPEMEHHU.

B noBymikax ITaynst ObUIM OCYILLECTBJIEHBI COCTOSIHHS
BEIIIECTBA, HA3bIBAEMbIE OJTHOMEPHBIMU MOHHBIMHU KPHCTAJI-
gJamu [5]. B HEHX memoyka WOHOB YOEPKHBAETCSI BMECTE
BHEITHUMHU CTATHYECKIMHU W TEPEMEHHBIMH 3JIEKTpHYe-
CKVIMH HOJIIMH OT pasOeraHusi, 00yCIOBICHHOTO KYJIOHOB-
CKUM OTTAJKMBAaHUEM HOHOB. [loyisi MOXHO BBIOpATh Tak,
4TOOBI PABHOBECHOE DACCTOSHUE MEXIY HOHAMM COCTa-
BIISJIO HECKOJIBKO MHKPOMETPOB, YTO IO3BOJISIET BO3[EH-
CTBOBATh HA KaXIBIA HOH OT/IEILHO, HAIPUMED CHOKYCHPO-
BAaHHBIM JIA3ePHBIM JIYYOM, YIPABJISi KBAHTOBOW 3BOJIIO-
nueil  cocTosiHMST WMoHa. Takas CTPYKTypa  CIIYXXHUT
MOMYJISIPHOM MOJIEJIbIO 711 9KCHEPUMEHTOB IO CO3JaHUIO
OJHOTO U3 MPOTOTHUIIOB KBAHTOBOTO KoMmbtoTepa [6]. T1pu
CO3JJaHUM 3TOW MOJENH HMCIOJIb30BAHBI JTOCTIDKEHUS TEX-
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HUKHU CBEPXBBICOKOI'O BaKyyma, OPUIMHAJIbHBIX 3JIEKTpUYE-
CKUX JIOBYIIIEK, JIA3€PHOTO OXJIAXIEHHsI, JTA3epHOTO YIpa-
BJICHUSI KBAHTOBOW JUHAMMKOM.

IMoxoxast oJHOMEpHAs HEMoYKa aToMoB (ochopa P
MOXET OBbITh MOTPYKEHA B OECCIMHOBBINA TUAJIEKTPUUSCKUN
KPHUCTAJI KpeMHHUsS 28Si, OXJaXOEHHBLIA 10 TEMIIEPATYD
nopsimka 1 MK [7]. KBaHTOBOW IWHAMUKOW SI/IEPHOTO U
SJIEKTPOHHOTO CIIMHOB aTOMOB >!P MOMHO YNIpaBIATH
METOAaMH HMITYJIbCHOTO $IIEPHOTO U 3JIEKTPOHHOI'O Mar-
HUTHOTO pe3oHaHca. CeNeKTUBHBIA JOCTYI K OTAEIbHOMY
aTOMY JOCTUTAeTCsl HACTPOMKOM €ro pe30HAHCHBIX YacTOT
MyTEM YIpPaBJICHUS JIEKTPOHHON CTPYKTYPOU aToOMa 3JIEKT-
pUYECKUMH MOJISIMU Ha HaHO3JeKTponax. s mocTpoeHus
TaKOU CTPYKTYpPbI HEOOXOUMO Pa3BUBATH U MCIIOJIb30BATH
METOABl TAaK HA3BIBAEMBIX HAHOTEXHOJIOTUH C aTOMHBIM
pa3pernienueM. JIpyrue npeaiokeHus o Co3JaHUI0 JIeMEH-
TOB KBAaHTOBBIX KOMIIBIOTEPOB Ha OCHOBE TBEPIOrO Teja
OCHOBaHbl Ha (U3UKE HUZKOPA3MEPHBIX JJIEKTPOHHBIX
CHCTEM B MOJIYIPOBOAHUKAX — JABYMEPHOTO 3JIEKTPOHHOTO
rasza, 3JIEKTPOHOB B KBaHTOBBIX IPOBOJIOKaX M KBAHTOBBIX
TOYKaX. DTU CTPYKTYPbI U3rOTABIMBAIOTCS METOAAMH MOJIe-
KYJISIPHOM SNMUTAKCUU U HAHOJUTOTpadui.

1.2. AropuTMBbI: KJIACChl HX CJIOKHOCTH

YtoObBl pemnTh 3a7a4y, KOMIBIOTEP, KIACCHUSCKUN WIU
KBAHTOBBIH, BBITOJHSIET OINpPEACIEHHYIO MOCIIEeI0BATEIb-
HOCTb onepanuii (MHCTpykuuid). Onrcanue 3Toi rnocienosa-
TEJILHOCTH OIepalyil Ha3bIBaeTCs aJITOPUTMOM pPELeHHS
3adaud. 3amaya XapakTepu3yeTcs ee pa3sMepoM 7, PaBHBIM,
HAIPUMeED, YACITY Pa3psiA0B IBOUYHOTO YUCIIA, HAJ KOTOPBIM
BEITIOJTHSIETCSI AJITOPUTM. AJNTOPUTM pean3yercss HEeKOTO-
poit cxemolt omepamuit N,, 3aBUCIIIEN OT 7; cxema N,
noJtyyaeTcst u3 N, Ha OCHOBE MPOCTHIX MPABHJI.

B TeopuM CIOXHOCTH aJITOPUTMOB ISl KJIACCHYECKUX
KOMITBFOTEPOB TIPUHSITO Pa3AeisiTh aJropuTMbI Ha 3pdek-
THBHBIE ¥ HEIDDEKTUBHBIE. AJITOPUTM OTHOCHTCS K KJIaccy
3G GEeKTUBHBIX, ecl cxemMa N, COCTOUT W3 TOJUHOMHAJIb-
Horo uucia onepamuit O(n?), rne d = const, n — pasmep
3agaud. Bpemst BbimosiHeHUs 3((GEKTUBHOIO aJropuT™Ma
BO3PACTAET C Pa3MEPOM 3aJa4H TOTHHOMHAIBHO: 1, o< 1%,
B nmaHHOM cilyyae MCHOJB3YeMBIM ISl PELICHUs 3aa4d
pecypcoM siBisieTcst BpeMsi paboThl kommbiotepa. K npyrum
pecypcaM OTHOCSITCS 00BeM MaMSATH KOMIbioTepa u (B
ciIyyae KBaHTOBOIO KOMIIbIOTEPA) TOYHOCTb BBLIMOJIHEHUS
onepanuii. IPGEKTUBHBIA AJTOPUTM JIOJDKEH HCIOJIb30-
BaTh MOJMHOMHAJIBHOE KOJIMYECTBO PECYPCOB, SIBIISIOLIUXCS
OTpaHNYeHHBIMU. D(H(HEeKTUBHBIE AITOPUTMBI HA3BIBAIOTCS
TaKXe MOJIMHOMUAJIbHBIMH (KJ1ace P).

DddexkTUBHBIM anropuTMaM kjacca P mpoTHBOmoCTaB-
JIsiroTCsl  HeAPEKTUBHBIE, TPEOYIOIIUE SKCIOHEHIUAIBHO
0O0JIBIINX pecypcoB (BpeMEHH, MaMsTH, TOYHOCTH). Hanpu-
Mep, €CJ ¢, o 2", aJTOPUTM TIPUUYUCISeTCS K HedPHeKTUB-
HbIM. [IprMepom 3agaun, 111 KOTOPOU He HaleHo b dek-
THBHOTO aJITOPUTMA PEICHUs Ha KJIACCHYECKOM KOMIIBIO-
Tepe, SIBJSIETCS 3a]1a4a O BBIYMCIICHUH TIPOCTHIX MHOXHUTEIEH
OOJIBIINX n-pa3psSAHBIX 4HUCeN (3amava O (PaKTOpH3ALUU
ypcen)?. JIydmmii M3BECTHBI BEPOSTHOCTHBIH aJTOPHTM
JUUIs KITACCHYECKHX KOMIBIOTEPOB Tpebyer 2 (" 1og: n'? omnepa-
nui [8].

B 1994 r. lllop mocTpous ajropuT™M pELIeHUsl ITOH
3aJa4d Ha KBAHTOBOM KOMIIBIOTEPE, KOTOPBIA OKa3aJics

2 JToKa3aTenbCTBO TOro, 4TO 3(P(EKTUBHBIA aJIrOPUTM ITOW 3a7auu He
CYLIECTBYET, HE HAlIEHO.

MOJIMHOMHUAJILHON CJIOXKHOCTU: HEOOXOJMMOE YUCIIO Olepa-
it O(n?log, (logyn logy¢7')), rae & — BeposTHOCTH
ommrbOYHOTO pe3ysibTata Bhruucienuii [9]. Pesynbrat lllopa
6bLT ceHcanmmOHHBIM. OH OITPOBEPraJ TAK HA3bIBAEMBI TE3HC
(amnupuueckuii 3akoH) Yépua—TrropuHra: BCe KOMIIbIO-
Tepbl 9KBUBAJIEHTHBI B TOM CMBICJIE, YTO IEPEXO/1 OT OJJHOTO
KOMIIbIOTEpA K APYTOMY HE M3MEHSET KJlacca CJIOXHOCTU
3agaun. Te3uc ObLT cHOPMYIMPOBAH TSI MHOKECTBA KJIac-
CHYECKUX KOMITBIOTEPOB. Te3nc Hapylraercsi, eCiIm MHOXe-
CTBO BKJIFOYAET KBAHTOBBIE KOMITBIOTEPHI.

PesynbraT He OKazascs HEOXUJAHHBIM Ui (DU3HKOB.
Nudopmanus He SBISIETCS TOJBKO MAaTeMATHYECKAM OHS-
tueM. OHa wuMeeT (U3MYECKOTO HOCHUTENS: KOJIUPYETCS,
XpaHuTCsl, OOpabaTbhIBaeTCs, IepeaaeTcs, 3alHuChIBACTCS,
CTUpAeTCs MyTeM M3MEHEHUsl COCTOSIHUSI HOCUTENsI HHPOP-
manuu. Mudopmanus pusnuna (information is physical [10]).
Hanuuue rirybokoii cBsizu Mex1y Gu3nukoid u nHbopMarmen
0OHapY>KUBAETCS MPU COMOCTABJICHUH TEPMOIMHAMIYECKON
SHTponuu B ¢pu3uke U uHPopmanuonHou suTponuu llen-
HOHA B T€OpUH HHGOPMAIIIH: OHH COBIAIAIOT C TOYHOCTHIO
JIO TIOCTOSIHHOTO MHOHUTEJISI.

[TpuHIMNUuAIbHBIE PA3JINYUs KJIACCUYECKUX U KBAHTOBBIX
3aKOHOB (PM3UKU OOYCJIOBJIMBAIOT M MPUHUUINAIBHBIE Pa3-
JIMYMST MKy KJIACCMYECKOW ¥ KBAaHTOBOW MH(popMaIuei, a
Tak)Ke METOJ0B UX 00padboTku. dusnueckas Teopus HHPOP-
MaIiH BKJIFOUAET B ce0sl KIIACCHIECKYIO M KBAHTOBYIO TEOPHHU
rHpOopMaIuH, a B 60Jiee IMMPOKOM CMBICIIE (C BKITFOUECHHEM B
COCTaB MOHSITUSI COOTBETCTBYIOLLMX TEXHUYECKUX CPEACTB)
KJIACCHYECKYIO M KBaHTOBYIO MHMopMaTuky. K 3ameuarens-
HbIM JIOCTIDKCHHUSIM KJIACCUUECKOH Teopuu WHGOpMAIHU
OTHOCHUTCSI PelIeHne Mapajokca ¢ IeMOHOM MakcBeiia,
HApYIIAIOMUIM BTOPOW 3aKOH TepMomuHamuku. [lapamgokc
HCUYE3aeT, ECJI YYeCTh CBOUCTBA Mpoliecca CTUpaHus HHPOP-
manuu [10]: ctupanue 1 6uTa nHGOPMAIUN COTTPOBOKAAETCS
3aTpaToil 3Hepruu kTIn2 u BO3pacTaHUEM SHTPOIHMH HaA
k1n 2 (mpunnun Jlangayapa, 1961).

2. KyoursI: cBoiicTBa
H MaTeMaTH4YeCKoe ONMHCAHHE COCTOSHMIl

2.1. BuTbl U KyOHTBI

Cinosamu "6ut" u "kyoutr" 0603HAYAIOT KAK €IUHULIBI
KJIACCHYECKON U KBAHTOBOM MH(GOPMAIUH, TaK U KJIACCHYe-
CKHE W KBAHTOBBIE CHUCTEMBbI, SIBIISIFOIIUECS HOCUTEISIMHU
1 6uta (kyouTa) uHpOpManUn.

B COBpeMEHHBIX KJIACCHYECKMX KOMIIBEOTEPAX CYIIECT-
BYIOT OMTBI IAMSTH, XpaHAIIUe UHPOPMAIIUIO, U yIPaBJIse-
Mble 6uTHI B "cxemax", o6pabaTeiBaroux uHpopManuio. B
MarHuTHO# namsatu DBM OUTOM sIBJISICTCS HAMArHUUCHHAS
00J1aCTh MATHUTHOM IUICHKM: JBYM HAIPABJICHUSM HaMar-
HUYEHHOCTH COOTBETCTBYIOT 3Hauenus "0" u "1" Gut undop-
manuu. [lepexirouenne "0" —"1" wim "1" —"0" Tpebyer
MPEOJOJIEHHsT JHEPrETHYECKOTO Oapbepa MeXIy IBYMS
COCTOSHUSAMHU HAMATHUYEHHOM IUIEHKU, MMEHHO HaJIMYMe
OGapbepa oOecrneuMBaeT HAJESKHOCTb XpaHEHHsS HH(pOpMa-
U,

B onepatuBnoii mamsatu DBM HocuTeseM nHpOpMaIun
SIBJIIETCSL TPUTTEPHAST TPAH3UCTOPHAS cXeMa. B onucaHHbIX
suelikax namsatu cocrosuus "0" u "1" pasnenensl snepreTu-
4yeckuM GapbepoM. Boliee TOro, COCTOSIHUSL ¢ MUHUMAJIbHOU
SHEPrUell SBJSIFOTCS ATTPAKTOPAMH, K KOTOPBIM CHCTEMA
9BOJIFOIIMOHUPYET U3 MHOKECTBA COCTOSIHUMN, OKPYIKAFOIIUX
aTTpakTtop. HagexHocTh XpaHeHus WHPOPMAIIUK B KJIACCH-
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Puc. 1. Cxema KJIaCCHYECKOTO MHBEPTOPA HA JIBYX MOJIEBBIX TPAH3UCTO- 729 am
pax (a) u mepenatouHas xapakrepucruka uasepropa (6). Cocrosaus "0" 1,0c
u"1" Ha Bxoze (Vin) 1 Bbixoze (Vout) KOAUPYIOTCS 3HAYCHUSIMH IJIEKTPH- ,
YECKOTO HATIPSDKEHUSL. 4781

- ! =172

Ey |

* [0) = <Po(1/2)

Puc. 2. Cxema kBaHTOBOrO 6uTa — KybuTa. Jlornueckue cocrosuust [0) u
[1) xybuTa COOTBETCTBYIOT COOCTBEHHBIM (DYHKLHSIM SHEPrHH CIIHHA
I = 1/2 vy npoekiuH 1. B IOCTOSIHHOM MarHuTHOM I0Jie B.

YECKUX KOMIBIOTEPAX 0OECIEUNBAETCS HATMUMEM SHEPTETH-
4eCKOT0 Gapbepa, KOTODPBI pasfelseT IBa aTTpakTopa,
npeacTasistronmx cocrosuus "0" u 1",

[puMepoM ympaBiasieMoro OWTa, WCIOJB3YEMOTO B
cucreMax oopadbotku nHDopManuu B DBM (mpomneccopax),
SIBJIIETCSL MHBEPTOP, MOCTPOEHHBIA HA JIByX TPAH3UCTOPAX
(puc. 1). B unBeprope BXoaHOe Hanpsbkenue Vi, "ynpasser”
HaNpsOKEHUEM Voy HA BBIXOJE: €ClM Vi, COOTBETCTBYET
saveruro "0" ("1"), 1O Vou "1" ("0"). HUuseprop
BbINOJIHSET Joruueckyro omneparnuo HE (NOT). ITpu atom
UCHOJIB3YETCs HEJIMHENHOE (DYHKIMOHAILHOE COOTHOIIEHUE

Vout :f(Vl ) )

onpezAessieMoe CBOMCTBAMU TPAH3UCTOPOB U UX CBSI3SIMHU B
cxeme.

BazoBbIM 371€MEHTOM KBAaHTOBOTO KOMIIbIOTEpa (HO-
CHUTEJIEeM KBAaHTOBON WH(OpPMAIMU) SIBJISIETCS KBAHTOBBIN
6uT — KyOuT. B cuctemax KBaHTOBOW CBsI3M MH(POPMAIHS
nepeaaercs nyTeM (U3NYECKOro nepeHoca Kyoura — HOCH-
TeJIs1 MHQOPMALIUH UITH METOIOM TEJIEIOPTALH KBAHTOBOTO
COCTOSIHUS KyOuTa.

B xavecTBe kyOuTa MOXeT OBITh U30paHa JTr00asi KBAHTO-
Basi CHUCTEMa C JABYMSI COCTOSIHUSIMH, XapaKTePHU3yeMbIMHU
OPTOHOPMHUPOBAHHBIMU BOJIHOBBIMU (DYHKIUSAME |¢)) U
|¢). Y1oOHBIM IpUMEpPOM KyOHUTA SIBIISIETCS sLACPHBIN (MK
9JIEKTPOHHBIH) ciivH / = 1/2, KOTOPBIii B MOCTOSIHHOM BHEIII-
HEM MAarHUTHOM ToJie B UMeeT ABa YPOBHSI SHEPTUU:

1 1
Ey=—=hyB E, =—-nhyB
0 5 B, 1 2h/ )

COOTBETCTBYIOIIUX HAMPABICHUSM CIHHA BIOJb MOJIS WM
npoTuB noJis (puc. 2). BosHoBbIe QyHKIIMN

1 1
[ =— =|]. = ——
z 2>7 |q)l> z 2>

SIBJISIFOTCSL COOCTBCHHBIMU (DYHKITMSIME OTlepaTopa IMOJHOW
9HEPrUHM CIIHA B MATHUTHOM I0JIe B:

lpg) =

H=—LB.

Puc. 3. Cxema xyOuTta B cucreMe COOCTBEHHBIX 3HAYCHUIN DHEPIrUU U
cobeTBeHHBIX (yHKImiA noHa Ca®t. B kauecTBe KyOUTOBBIX BBHIOPAHDI
cocrosimst [42S)2) = |0) m|32Ds)5) = |1). CnonTannsiii pactaz |1) —[0)
MPOUCXOTUT MeIEHHO (3a Bpemst 1 ¢).

Jpyrum nmpuMepoM KyouTa asisercs nod Ca’t B cocTase
OJTHOMEPHOT'0 HOHHOTO Kpucrayuia. Cxema ypoBHel JHep-
ruu nona Ca>* npupenena Ha puc. 3. B xauecTse cocTosHus
|0) Ky61uTa MOKHO BHIOPATH IOAYPOBEHD 4 %S /2> B KQUECTBE
|1} — momypoBeHb 32D5/2 BO30YXKICHHOTO METAacTaOuIb-
HOI'0 COCTOSIHUS MOHA. Mex 1y ypoBHSIMU S 1 D 3ampelieHbl
JIMOJIBHBIC M PA3PEIICHBI KBAAPYHIOJIbHBIC JJICKTPUYCCKUEC
HepexoIbl, Tak YTO BpeMs ku3HH noHa Ca’" B D-cocTosHuM
cocraBisieT | c.

O6paTuM BHUMAHKE HA TO, YTO MEX/1y cocTosiHuUsIMH |0)
u |1) KyOUTOB HET dHEPreTUIeCKOro H6apbepa: cocrosiue |1)
HEYCTOIYMBO MO OTHOLICHUIO K mepexoay B coctosiHue |0).
Ipyrue (kpome Ky6uTOBBIX) cocTosmusi mona Ca’t spis-
IOTCSL BCIOMOTATEJbHBIMU TIPU OPTaHU3AalUM [THHAMUKH
KyOuTa, HApPUMEP IPH €ro OXJAXICHHH W H3MEPEHHH
cocrosimst  [5]. Tlepexompl 43Sy, < 3°Ds); (auHamuka
KyOuTa) yOPAaBIISIOTCS JIa3epPHBIMU UMITYJIbCAMHE Ha 9aCTOTE
nepexona. JlasepHslil my4oK (HOKyCHPYETCS Ha OTACIBHOM
HWOHE B MIOHHOM KpucTaie [5].

Ectb 1 nHBIe BapuaHThI BIOOpa cocTosiHUM KyouTa. Eciin
OCHOBHOE COCTOSIHME MOHA BBIPOXK/CHO 110 criuny S = 1/2, B
MMOCTOSIHHOM MATHATHOM I0JIe B OHO PACILCILISCTCS Ha [1Ba
CIIMHOBBIX MOAYPOBHS | + 1/2), KOTOpBIE MOXHO BBIOpPATh B
kauecTBe coctosiHui |0) u |1) xyOuTa. YupaBisTh mepe-
xomamu |+ 1/2) < | — 1/2) MOXKHO C ITOMOIIBIO COBOKYII-
HOro JeiCTBUSl TOJIeH ABYX Ja3epoB, HACTPOCHHBIX IS
paboThI O Tak HA3BIBAEMOW paMaHOBCKOM cxeme. Pa3HocTh
94acTOT JIA3ePOB B PAMAHOBCKO# CXeMe paBHA YaCTOTE Iepe-
Xoma Mexay noaypoBHsmu |+ 1/2): doron OGosbliei
Y4aCTOTHI (JIa3epa HAKAYKH) MOTJIOIIAETCS MPU MEPEeXojie C
ypoBHs |0) Ha MPOMEKYTOUHBIH BUPTYaJbHBI YPOBEHb C
SHeprueil BOJIM3HM BCIIOMOTATENLHOTO YPOBHs |2), a Ha
MEHBbIIICH YaCTOTE CTOKCOBA Jia3epa MPOUCKXOANT BHIHYKICH-
HOe wm3jydyeHHe (POTOHA MpPU TEPEXOe C BHUPTYAIBHOIO
YPOBHS HA YpOBEHB |1).

B Ipyrux mOmyJISpHBIX —peaM3anusix COCTOSHUSIMU
KyOHuTa BBIOUPAIOT OPOHMTAJIbHBIE COCTOSHHUS 3JEKTPOHA B
KBAaHTOBBIX sIMax MM KBaHTOBBIX To4kax. Cocrostaust "0"
"1" 3J1eKTpOHA B KBAHTOBBIX TOYKAX MOI'YT OBITH pa3/IeJICHb
MOTEHIMATBHBIM 0apbepoM, KaK B peallU3allii KJIacCudie-
ckoro 6ura. Tem He MeHee B KBAHTOBOM CJIy4ae COCTOSIHME
"1" coxpaHseT HEYCTONYMBOCTH MO OTHOLIEHHIO K pacmay
"1" —"0" 6iarogaps BO3SMOXHOCTH TYHHEJILHOTO HIepexoa
CKBO3b Oapbep. YIpaBlieHHE TUHAMHKON KyOHTa BBITOJI-
HSICTCS JIA3ePHBIMH HMIIYJIbCAMHU 4Yepe3 BO30YKICHHBIC
YPOBHHM 3HEpruu 3jekTpoHa [11].
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Bonbloit nHTEpec BBI3BIBAKOT pean3aiuu KyOUTOB C
HCIOJIb30BAHUEM CBEPXIIPOBOJIHUKOBBIX CTPYKTYp. B 3aps-
JOBOM CBEPXIIPOBOJHUKOBOM KybuTe cocTosHusM |0) 1 |1)
COOTBETCTBYIOT OTCYTCTBHE M HAJIMYUE 3aPsiIa OJHON KyTie-
POBCKOI Mapbl HA METAJUIMYECKON CBEPXIPOBOISIIECH KBaH-
toBoil Touke [12]. Cocrosirusim |0) u |1) xyOuTa B CKBHE
(cBepXIPOBOTHUKOBOE KOJIBIIO C epexogamu [[xo3edcona B
MarHdTHOM TIOJIe) COOTBETCTBYIOT CBEPXIIPOBOJIHUKOBBIC
TOKH B IPOTUBOIIOJIOKHBIX HanpaBieHusx [13].

BoJbllioe 4uciio 3KCIIEPUMEHTOB BBIMOJHEHO HAa KyOu-
Te — oAMHOYHOM (oToHe. JIroObIe aBa cocTosiHUs (HOTOHA C
OPTOTrOHAILHBIMH TOJIIPU3ALUSIMH MOTYT OBITH BBLIOPAHBI
kak cocrosinust |0) u |1) xybura. Bo3amoxkeH Takxke BbIOOD
NBYX (DOTOHHBIX COCTOSIHHH, pasmuyarommxcs (a3oi .
CucrteMbl U3 (OTOHHOTO U ATOMHOT'0 KyOUTOB B Pe30HATOPE
COCTaBJISIFOT 0A3UWCHYIO CHCTEMY ISl JKCIIEPUMEHTOB B
paszesie KBAaHTOBOMl OINTUKHU, Ha3bIBA€MOIl pe3oHATOPHOMN
KBAHTOBOI 3J1eKTpoanHamMuKkoii (cavity QED) [14].

2.2. KyouT B rujib0epToBOM BEKTOPHOM

MPOCTPAHCTBE COCTOSIHMIA

Beolmie mpuBeneHbl IpUMephI BEIOOPA ABYX OPTOHOPMHPO-

BAaHHBIX COCTOSHUI Pa3IMYHBIX KBAHTOBBIX CUCTEM B Kaue-

cTBe 6a3ucHbIX coctosiHmii [0) u |1) kybura. ITo aTOMy 6asucy

MOXHO Pa3JIOXKHUThL JIF0O00e HOPMHUPOBAHHOE K CIUHHIIC

COCTOsIHUE | @) KyOuTa:
2 2

@) = al0) +b[1), la]"+[b]" = 1. (1)
Cocrosire (1) BeIpaxkaeT MPUHIUI CYNEPIO3UIMHA KBAHTO-
BOI MEXaHUKHU KakK JIMHEWHOI Teopun: ecim coctosiaus |0) u
|1) cyTh perienns ypasuenus Lpéauarepa 1ist CUCTEMBI, TO
Jrobasi CyNepro3ulus ITHX PEIICHUH TakKe eCTh pPeIlCHNe
ypaBHEHHS.

MHOXeCTBO BEKTOPOB COCTOSIHUIL |@) 0Opasyer ABymep-
HOE BEKTOPHOE MpocTpaHcTBO ['mibbepra xyoura. Kommo-
HEHTBI ABYMEPHBIX BeKTOpoB |0), |1), |) 3amuceiBaroTcs B
BUJIE CTOJIOIOB:

0

1 a
0’+b‘1

b

(2)

HERUEY

Cocrosiaust |0) u |1) ciry’kaT opTaMu B JByMEPHOM I'JIb0Oep-
TOBOM TIPOCTPAHCTBE KyouTa. [Ipoekmuu |y/) Ha OpTHI pABHBIL
AMILUIMTYIaM ¢ ¥ b B CyNIEPIIO3HH:

O)=a, (1) =b.

B o0mem ciyyae aMIumTynbl @ U b — HEKOTOpBIE
KOMILJIEKCHBIE YHCIIA:

a= |a| exXp (iq)a) ’ b= |b‘ exXp (l(pb) .

Torma
[) = exp (ip,) [|a\ + |b] exp (i(% - %)ﬂ .

OO6wnmii (pa3oBblit MHOXHUTENb exp (ip,) He BiMsSET Ha
pe3yJbTaThl U3MEPEHuil cocTosiHus Kybuta, n dasza ¢,
MOXET UMeTh HpOU3BOJIbHOE 3HaueHue. OTcrona cleayer,
4TO BEKTOp |f) ompejesiseTcss ABYMS BElIECTBEHHBIMH
NapaMeTpaMH, HanpuMep la| u (@, — @,). 3naveHus |a* u
|| |a|* onpesessIoTes MyTeM MHOTOKPATHOTO H3Me-
penus B 6asuce |0), |1) kyOuTOB U3 aHCAMOJIS, IPUTOTOBJICH-
HOT'O B COCTOSIHHHU |f/), KaK BEPOSTHOCTH Pe3yJIbTATOB

U3MEPEHMMN:

2 2

p(0)) =lal*,  p(I)) = oI

Pasnocts das (¢, — ¢,) aMIUTUTYZ MOXKET OBITh OpeesIcHa

W3 3KCIIEPUMEHTOB HHTEP(PEPEHIIMOHHOTO TUIIA (CM. HUXKE).
IIpeobpa3oBaHus BEKTOpa

_|a
W=
B BEKTOPD
!
v =]

SIBJISIFOTCS. OAHOKYOUTOBBIMU KBAHTOBBIMM OIEpaLUsIMU B
KBAaHTOBBIX BBIYMCIICHHSIX. [ €OMETpHUECKH Takoe mpeodpa-
30BaHUE €CTh BpAlllEHHE BEKTOpa

) =

a
b
JIO COBIIAJEHHS C BEKTOPOM
!

|‘//,>: Z/

Onepatop BpamieHus U mpencrasiseT coOO yHHUTApHYEO
MaTpHIly BTOPOTo mopsiaka 2 x 2:

a'| a
1l=uex2)|

W3 o611ero Buaa MaTpHIIbI

o~ ( e

cexp (i)
rae ¢, t, &, f — BEIIeCTBEHHbIE YUCINA, CIEAYeT ee YHUTAp-
HOCTb, eciit ¢ + 12 = 1.

Bpamenne BekTopa B npoctpancTse ['miapbepra Hempe-
PBIBHO: IIPH CBOEM BPAILIEHUH Ha KOHEUHBIH YTOJI BEKTOP [/)
IPOXOJIUT Yepe3 HeMPEepbIBHYIO MOCJEI0BATEIBHOCTb MPO-
MEXYTOUYHBIX OpUeHTalui. MaTpuua moBopoTa Ha KOHEY-
HBIN yroJj IpeJICTaBIsIeT OO0 YIOPSIIOYCHHOE TIPOU3BE/IC-
HUE MaTPHUIl TIOBOPOTOB HA OECKOHEYHO MaJible yrjibl [15].
HenpepbIBHOCTh TEPEXOJIOB SIBJISETCS MPUHIUAMHATBHBIM
OTJIMYMEM KBAaHTOBOW MEXaHHKH, TIOJIOKEHHBIM B OCHOBY €€
akcuoMaTu4yeckou GopmMyMpoBkH [16].

Ky6ur "xuBetr" 0HOBPEMEHHO B a0CTPAKTHOM ABYMEp-
HOM BEKTOPHOM NPOCTPaHCTBe [ mapbepTa u B TpeXMEepHOM
npocTpaHcTBe EBkima. (AHAIOTMYHOE YTBEPXKIACHUE CIpa-
BE/JINBO W B OTHOIICHWH KBAHTOBOTO KOMIBIOTEpA Kak
COBOKYIMHOCTH KYyOHMTOB.) BBbIUHCITUTENBHBIE —OTEpaIu
COBEPIIAIOTCS B THIILOEPTOBOM MPOCTPAHCTBE KaKk Mpeodpa-
30BaHMSI BEKTOPA COCTOSIHUS:

') =U@2x2) ).

cexp (—ix)
rexp (~if)

OnHOBpEeMEHHO, (U3UYECKHE IMPONECCHl B KBAHTOBOWM
cuctemMe, U30paHHOW B KavecTBe KyOWTa, ONMHCHIBAIOTCS B
TPEXMEPHOM E€BKJIMIOBOM MPOCTPAHCTBE. MBI JTOJIKHBI
YMETH BBINOJHATH (DU3NUECKHE OTEPAINU B J1aOOpATOPHOM
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cucteMe KoopauHaT Oxyz, MPUBOISINUE K HEOOXOIUMOMY
npeobpazoBanuto U BEKTOpA COCTOSIHUS KyOUTa B TUILOEP-
TOBOM MPOCTPAHCTBE. DTy 3aJady peliaeT Cieayromas
Teopema [15].

Martpuna npou3BOJIHLHOT0 YHUTAPHOTO peoOpa3oBaHus
kyouta U B ruib0epTOBOM IPOCTPAHCTBE MOXKET OBITh
MpeCTaBIICHA KaK IPOU3BEICHIE TPEX MATPHII, OMICHIBAFO-
[MX BPAILCHUS BEKTOPA COCTOSIHUSL:

U = exp (iz) Ra(B) Rm(y) Ra(9),

rJie N, m — JBa HEMApaJUICIbHBIX CIMHUYHBIX BEKTOpA B
cucteme koopauHat Oxyz, a R, () — martpuua (omepatop)
BpAllleHUs] BOKPYT OCH N Ha yroJ 6.

B ycioBusix peajbHOTO IKCIEPUMEHTA OCHU 1, 1M YAOOHO
COBMECTHTh C OCSIMH cuCTeMbl koopauHaT Oxyz. Toraa
BO3MOJXHBI Z)- ¥ Xy-pa3jioxenus [15]:

U =exp (i) R.(f) R, (y) R-(9) (zy-pazmoxenue), 3)
U = exp (i) Ry (B) R, (y) Ry (0) (xy-pasmoxennue) .

Martpuis! BpaieHuii BOKpYr oceii X, y, z umeroT Bup [15]

+is 0
R:(¢) = (C 015 c—is)’

rie ¢ = cos (¢/2), s = sin (¢/2). Iloacrasiisisi B zy-pa3iioxe-
HU€e MaTpulbl Bpamenuid R;, R, u mepeMuoxas MaTpuubl,
MOJIy4aeM

U = exp (ior) X

Y .p+0 LY .p=9
COSZeXp( i— ) sm2exp(1 5

.y ) Y .p+0
Sin 5 exp <1 2) cos 5 exp (1 >

Ecmu 3amats npeobpazosanme U B riibOepTOBOM HpO-
CTPaHCTBE MaTpULEN

U =exp (m)(

(5)

aexp (—iu)

—bexp (iv)
bexp (—iv) )

aexp (iu) (6)

¥ oTpeboBaTh ToXAecTBa MaTpuil (5) u (6), TO

b:siny 5:u+v

v 7u—v
2’ 2 a

p=" )

— cos L
a=cos 3,

Taxum 06pa3oM, MPOU3BOJIbLHOE MpeoOpa3oBaHUe BEKTOPa
COCTOSIHMSI KyOUTa ¢ mapaMeTpaMu COTrJIacHO (6) MOXKeT
OBITH BBITIOJIHEHO KaK MOCJIe0BATEIbHBIE BPAIEHUS ITOTO
BEKTOpa BOKPYI oceil z, y, z 1abOpaTOPHOU CHUCTEMBI
KOOPAMHAT Ha YIJIbI 0, , f§ coryacHo (7).

Bparenust R, (6), R, (6), R.(6) BexTopa cocrosiHust |¢)
KyOUTa paccCMaTpUBAIOTCS KaK 3JIEMEHTAPHbBIE OJTHOKYOUTO-
BEIC BBIUHCIMTENbHBIE oniepanun. VIX HeoOXoIuMo CBSI3aTh €
napaMeTpamMu (pU3MYECKUX TOJIeH, YIPABIISIOMNX IMHAMHE-
KO KBAHTOBOH CHCTEMbl, U30paHHOW B KayecTBE KyOHWTA.
Hanpumep, B ciryuyae kybuta — cnuHa [ = 1/2 Bpanienue ero
BEKTOPA COCTOSIHUSI B MATHUTHOM T0JIE

B = Byz + Bixcos (wi)

(yBo = wy, yB; = Q) onmceiBaetcst ypaBHeHHeM [15]

() =ex i

w — Wy

Z+QX) z} |0(0)) . (8)

3neck Z, X — matpunsl [laynu, z, X — opThI BAOJIb OCEH z, X
CUCTeMBI KoopauHaT Oxyz.
VpaBHeHue (8) COOTBETCTBYET BPALLECHHIO | () BOKPYT OCH

B Z+ /X
(l+)v2)]/2
Ha yroJ
1\ 20
H:Qz<1+f2> , A= .
A Wy — W

Ipu TouHOM pe3oHAHCE (W = () OCh BPAILECHHS N BEKTOPA
|@) coBmamaet ¢ ochrO X, a yrjioBasi CKOPOCTh BPAILICHUS —

C Tak Ha3bIBaeMoii yactoToit Pabu Q (cMm. pazaen 3.6):
0=20Qt.

n=x,

B kavecTBe CTaHIAPTHBIX OAHOKYOUTOBBIX OIEpalyii B
KBAHTOBBIX BBIYUCJICHUSIX YACTO MCHOJIb3YIOT IPeodpa3oBa-
HUSI BEKTOPA COCTOSIHUS, BEIpakeHHbIe MaTpunamu [laymm:

Ry(m)=X = (? (1)) 7

R,(m)=Y = <(1) _(1)) , ©)

R.(n)=27— (é _?).

Marpuna npeodpazoBaHus ¢ U3MEHEHHEM (pa3bl BEKTOpa
coctosiHus ((pa30BbIN BEHTHIIb) UMEET BU]T

U(p) = (é expo(iq,) > ,

a MaTpuua npeoOpa3oBanus Anamapa

(10)

H:\%(} _i) :\/%(X+Z).

Jlerko mpoBepuUTh, 4TO

(11)

Xy = b =NOT|y|,  Z|} :‘72",
VO3] =[xt |

HIO) = H| | = 5 (0) + 1),

Hin) = 1) = 50 - 1).

C TouHOCTBIO A0 o0Omero (a3zoBOro MHOXHUTEJS
X =NOT = Ry(n): omepanus orpunanusi HE (NOT)
BEITIOJTHSIETCSI BPAIIEHHEM (IOBOPOTOM) BEKTOPA COCTOSTHHS
KyOuTa BOKPYT OCH X Ha YTOJI T.

ITpuBeaeM Taxxe ONpenesieHue CKaJsipHOIo IPOU3Be/e-
uus pextopos |p;) = ai|0) + bi|1) 1 o) = [0) + b[1):

(@jl@;) = aa;+ bjb;.
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T'eomerpudecku oHo ompezeisier "yroa" 6 mexay BekToO-
pamu:

cos 0 = (¢;|p;) .

Coctosiue xybura |¢) = al0) + b|1) moxeT GbITH 0TOO-
paXeHO B TOYKY Ha MOBEPXHOCTU TPEXMEPHOU €IUHUIHOMN
cepsl biioxa B eBkimmmoBoM npoctpaHcTBe. Chepuueckue
KOOPAMHATHI (), » TOYKU HA TIOBEPXHOCTHU cephbl CBSI3AHBI C
aAMILUTATYIaMHU ¢, b paBEeHCTBAMHU

... 0
cos==ua, exp(ip)sin-=>
2 2
(aMIIUTYQy @ MOXHO CUMTATh NEHCTBUTENIBLHBIM YHCIOM
BBHIy HeHaOsrogaemoctu oOmied ¢as3er). Takoe B3aUMHO
OTHO3HAYHOE COOTBETCTBHE O3HAYAeT M30MOPGHU3M TPYIII
BpAIllCHUA B JIBYMEPHOM THMJIBOEPTOBOM M TPEXMEPHOM
€BKJIZOBOM IIPOCTPAHCTBAX:

SU(2) ~ SO(3).

2.3. KBaHToBasi KOrepeHTHOCTb BEKTOPOB COCTOSIHUS
CocTosIHUS] KBAaHTOBOM CUCTEMBI, OIUCHIBAEMbIE BEKTOPAMU
COCTOSIHHS |\, HA3BIBAIOTCS YUCTHIMU. VIM MPOTUBOIIOCTAB-
JISFOTCSl TaK Ha3bIBA€MbIe CMENIAHHBIE COCTOSIHUS, KOTOPBIE
HEJb3s ONMICATH BEKTOPAMU COCTOSIHHS. UUCThIE 1 CMEIIaH-
HbIe COCTOSIHUSI KBAHTOBBIX CUCTEM MPUHIMITUATILHO Pa3iIi-
YaroTCsl MO MPU3HAKY KOTEPEHTHOCTHU: YUCTBIE COCTOSHUS
KOT'€pEHTHBI, CMEIIIAHHbIE — HEKOT€PEHTHBI.

IMoHsiTHE KOTEPEHTHOCTH B KBAHTOBOW (pU3UKE Ompeje-
JISETCSl AHAJIOTUYHO MOHSITHIO KOTEPEHTHOCTH B OITHKE:
BOJIHOBBIE (DYHKIIMH (BEKTOPBI COCTOSIHHSI) KBAHTOBO-KOTe-
PEHTHBIX CUCTEM CIOCOOHBI K MHTEphepeHIINH. 3HAMEHUTHIN
9KCIEPUMEHT MO HAOJIIOCHUIO U(PPAKIMU 3JICKTPOHOB Ha
JIBYX IIEJISIX 11O CYTHU SIBJISIETCS SKCHEPUMEHTOM IO BBISIBIIE-
HUIO KBAHTOBOW KOTEPEHTHOCTU OPOMTAJIbHOW BOJIHOBOU
byHKIII W(l)> CBOOOJIHOTO 3JIeKTpOHA. MBI MPOAEMOH-
CTPHPYEM KOTEPEHTHOCTb BOJIHOBOUW (DYKIMH OJMHOYHOTO
¢orona Ha untepdepomerpe Maxa—3enmepa [14]. Cxema
uHTephepoMeTpa npuBeaeHa Ha puc. 4.

BosnHoByro QyHKIMIO POTOHA, MAJAFOIIETO HA JICIUTENb
BS| ropusoHTasibHO (BEpTHKAJBHO), MPUMEM 3a 0a3uUCHOE

EDDO

M,

D,
BS»

)

0) ¢ |
BS, PS(p) M:

Puc. 4. Cxema mnTepdepenmun (oToHa B mHTepdepoMeTpe Maxa—
3enmepa: BS;, BS; — nmemurenn myuka 50/50; M, M, — 3epkaia;
PS(¢) — da3zocuuratens; Di, D2 — 1eTEKTOPBI OMHOYHBIX (OTOHOB.
MurepdepeHnns BbISBISET KBAHTOBYIO KOT€PEHTHOCTb COCTOSIHUS POTO-
HA.

cocrosiame |0) (|1)). Henutens myuka 50/50 oTpaxaeT unn
npormyckaeT (OTOHBI C PABHBIMH aAMILUIUTyIamMu | /\/5 B
uHTEpPEPOMETPE OTPAXKEHHBIA M TPOIIeAINNA (OTOHBI
MPHOOPETAIOT BO3ZMOKHOCTD JIBUTATHCS IO PA3HBIM Iy TSIM,
T.¢. POTOH MPHOOPETAET HOBYFO CTEIIEHL CBOOOIBL.

BBesiem HOBbIe GasucHble cocTosiHus dotoHa [0) u |1),
COOTBETCTBYIOLIUE ABIKCHUIO IO ABYM BO3MOXKHBIM MY TSIM.
C yueroM pasHocTH (a3 m/2 MexIy OTPaXKeHHBIM H IPO-
IIIeIIIIM BOJTHAMH JCJUTENb Ty4ka BS; coBeprmaet mpeo6-
pasoBanusi cocrosiHuil |0) u |1) Ha BXoJe euTes:

02 Loy ), Lo ),

V3 N (12)

SKBUBaJICHTHBIC IIPe0Opa3oBaHnio Axamapa

=5 )

PaccmoTpuMm mponecc mHTepdepeHIIMn B HWHTEpdEpo-
MeTpe Maxa—3eHzmepa s BXonsmiero ¢Gorona B cocros-
Huu |0):

Bs, | PS(¢

0) — 7§(|0> +1) — —(|0> exp (ip) + 1)) =

:%exp {|O>6Xp +|1>6Xp< 1;")}

Henutens BS, cHoBa moasepraet cocrosiaus [0) u [1) B

(13) mpeobpa3zoBanuto Anamapa. B pesynbTaTte mojyvyaem
BOJIHOBYIO (DYHKIMIO (JOTOHA HA BBIXOAE AenuTelis BS:

%exp % [exp %‘P(|O>+ 1))+ exp <— %) (10)— \U)} -

S

(13)

=exX 0 cos—+ 1 1smf .
pz 2 2

(14)
NHTepdepeHIs KOrepeHTHBIX BOJIHOBBIX (QYHKIIHIA, MPO-
LIEJIIMX 1O IBYM IUIedyaM HHTepdepomeTpa, OmnpenessieT
BEPOSITHOCTH JETEKTHPOBaHUs (OTOHA HA IETEKTOPAX:

2@ 1+cosg 2Q 1 —cosg

Po = COS 5= 7 , p1 = sin > = >

(15)
MHTepdhepeHIus aMILUTUTYA COCTOSIHUI SIBIISICTCS TUINY-
HBIM IIPOLECCOM B KBAHTOBBIX BBIYHCICHHSIX. [IpoaeMoH-
CTPHUPYEM 3TO HA MPUMEPE MPOCTOrO BBIYKUCIICHUS HA BYX
KyouTax B HauyajgbHOM coctosinuu |00) (mepBblit 1 BTOPOit
HYJIM OTBEYAOT COCTOSHUSIM IIEPBOT'O M BTOPOTO KYOUTOB).
BbIuiCIIeHHS 3aK/IFOYAFOTCS B IOCIICAOBATEIBHOCTH Olepa-
L[I/IfI H]HzHlNOTli
NoT,

00) 2% [10) - = (01) = 1)) o) =

2 2000~ 1) (03) + 1)

H 1
e
+[01)(—=1+1)+

CyMMbI aMIUUTy 1 ipu cocTostausix |00) u [01) paBHBI HYJTIO,
[MOCKOJIbKY MHTep(QEPEHIUs aMIUIUTY] NeCTPYKTUBHAS,
Torga Kak juis ammiadtyn npu |10) u |[11) Habmronaercs
KOHCTPYKTHBHAS HHTEPHEPEHITHS.

[00)(1 = 1) +[10)(1 + 1)+

[11)(1+1)]. (16)
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3. I1puHIHMnBI OCTPOEHUsI U PadOThI
H/1€aJIbHOT0 KBAHTOBOI'0 KOMIbIOTEpa

3.1. N neanbHblii KBaHTOBBIN KOMIBIOTEP

Cxema KBAaHTOBOTO KOMIIBIOTEpA MpEACTaBiIeHa Ha pHcC. S.
ITo cymiecTBy KBAHTOBBINM KOMITBIOTED MPEACTABIISIET COOOH
perucTp u3 n KyOUTOB, YIPABIISIEMBIX BHEITHIMHU (KJIaCCHYe-
CKHMU) cuTHajaMu. KBaHTOBBI KOMIBIOTEp BCTPOEH B
KJIACCUYECKOE OKPY)KEHHUE, COCTOSIIEE U3 YIPaBJISIIOLIETO
KJIACCUYECKOTO KOMIIBIOTEpA U I'E€HEPATOPOB HMIIYJILCOB,
YIPABJISIOMUX 3BOJIIONUEH KyOUTOB, a TaKXe CPeICTBAMHU
U3MEPEHUN COCTOSIHUS KyOUTOB. B X0/J€ BBIUUCICHUU K
PETUCTPY 7 MOXKHO TOOABUTH IPYTHE PETHCTPHI, UTPAIOIITIE
BCIIOMOTAaTeNbHYIO poJib (ancillas).

100, W3mepenne
|0) Beimostaenue p
2 COCTOSIHUSL Perrenue
JIropHTMa KyOuTOB 3aJauu
“we=v@ <y, |77
0) peructpa
n

VipasieHue kyouramu
KJIACCHYECKUMU
cpeacTBaMu

Puc. 5. CxeMa KBAaHTOBOTO KOMIIBIOTEPA.

HazoBeM mieanbHBIM KBAaHTOBBIA KOMITBIOTEP, COCTOSI-
HUS KOTOPOTO BCErJa KOTEPEHTHbI. DTO O3HA4YaeT, BO-
MEePBbIX, OTCYTCTBHE B3aUMOJICUCTBUS KOMITBIOTEPA C OKPY-
JKEHHEM, CO3[AIOIIUM IIYyMbl U HAPYLIAIOLIMM KOT€PEHT-
HOCTb BEKTOpA COCTOSIHHSI KOMIBIOTEpa (IEKOTepeHTH3a-
[Us1); BO-BTOPBIX, B UIEAJIbHOM KBAHTOBOM KOMIIBIOTEDPE
BHEIITHUE CUTHAJIBI OCYIIECTBIISIOT TOYHOE yIIPaBJICHHE.

BekTop COCTOSHHS ||f) KBAHTOBOIO PETUCTPa H3 1
KyOMTOB IPEJICTABIISIET COOOH pa3iioxkeHue 1no 2" 6a3ucHbIM
COCTOSIHHSIM PETUCTPA |i] . .. in), i1, .., 0n = {0,1}:

(17)

31ech Cyneprnosunust i) sBISsIeTCss BEKTOPOM B 2"-MepHOM
BEKTOPHOM IIPOCTPAHCTBE, |i] ... I,) — 2" Oa3UCHBIX BEKTO-
poB (OPTOB) 3TOrO NMPOCTPAHCTBA, &, ; — IPOCKLUUH
BEKTOpA |/) Ha HAmpaBJIeHUS OPTOB |ij...I,). Bce, 4To
MOXHO 3HAThb O (PU3MYECKON CHUCTEME, CONEPKUTCS B €€
BEKTOpe cocTosiHus |Y/). Bce, 4TO MOXHO cenaTh ¢ CHCTe-
MO, — 3TO npeoOpa3oBaTh e¢ HAYaJIbHBINH BEKTOP COCTOS-
HUS [;,) B APYroii BexTop: [{;). [ToaTOMY Ipoiiecc BbYmCIIe-
HUU Ha KBAHTOBOM KOMIIBIOTEPE PACCMATPHUBACTCS KaK
peoOpa3oBaHue HAYAIBHOTO BEKTOPA COCTOSHUSI KOMIIBIO-
Tepa |Y;,) B KOHEYHBIH BEKTOP COCTOSHHUS |Y;) MyTem
YMHOXEHHSI BEKTOpa |;,) Ha yHuTapuyro Matpuiy U
pa3mepHoctu 2" X 2":

) = U2" < 2") [hyy) - (18)

V100HO mosarate, 4TO B HaYaJbHOM COCTOSIHHH KOM-
MBIOTEPA BCE €r0 KYOUTHI HAXOAATCS B COCTOSIHUH |0):

[Win) =101 ...0y) .

DTy olepanuio Has3blBalOT WHHNUaau3anueit. CocrosHue
[0;...0,) MOXHO MOJYYUTH OXJIAXKICHHEM KYOUTOB 110
CBEPXHHM3KHUX TEMIIEPATYD HJIH IIyTEM U3MEPCHUS U yIIPaBIIC-
HHUSl COCTOSIHHEM KyOWTOB. AJITOPUTM pEIICHHUS 3aaqu
3aKJII0UeH B MaTpuie npeobpasosanus U(2" x 2'). Knaccu-
deckast MHGOpMAIWsl O pelIeHUH 3aJa4d COACPKHUTCS B
KOHEYHOM BEKTOpE COCTOSHHUS [\f;); OHA MOJKHA OBITH
MOJTy4eHa U3MEPEHUEM KYOUTOB.

Jj1s1 peltieHns 3a/1a4 Ha KBAHTOBOM KOMIIBEOTEPE HAIIO
U3rOTOBUTH HEOOXOAUMOE KOJIMYECTBO KyOUTOB, HHUIIUAIU-
3UPOBATH X, YIIPABJIATH UX KBAHTOBOM 3BOJIFOIMEH, BBIIIOJI-
HUTD peobpasoBanue Uy, ) U H3MEPUTH COCTOSIHUS KyOH-
TOB, ONHUCHIBAEMBIX BekTOpoM [Y;) = Ul ). D1uM MbI
3aifiMeMCsI TI033Ke, a CeifIac PACCMOTPHM BOIIPOC O Pecypcax
KBAHTOBOTO KOMIIBIOTEPA, MAFOIIUX €My IPEUMYIIECTBO IO
CPaBHEHUIO C KJIACCHYECKAM KOMITBEOTEPOM.

AHanmu3 pecypca KBaHTOBOI'O KOMITBIOTEpa IMPOBEACM
ucxojs u3 ypaBHenus (18) paborsl komnbroTepa. Beegem
cHayasa Oojiee SKOHOMHBIE 00O3HAYEHUSI BEKTOPA COCTOSI-

Hus |y). BasucHoe cocTostHue i) . . . [,) IPeICTaBIseT COOOit
n-paspsiiHOE  TBOMYHOE YHCIIO |X), paspsiabl KOTOPOTO
COBMAJIAIOT C YUCIIAMH if,. .., I, = {0,1}. B atux o6o3Haue-
HUSIX
21—
W) = adx).
x=0

Cyneprio3unust |{/) comepxuT 2" craraembIx, IPeICTABIISIO-
mmx coboil pasyioxkeHue BeKTopa /) mo Ga3ucHbIM (yHK-
musM |x), 0 < x <2"—1. OrpaHuyeHHBI (u3nIecKuit
pecypc, T.e. HebGoubIIOoe KoamuecTBO 7~ 10° wactum
(kyOHUTOB), cO3mMaE€T SKCIOHEHIMAJIbHO OoJibmoni 2" =
=2100 ~ 1039  paremaTHvecknit  MHPOPMAIHOHHBIH
pecypc KBAaHTOBOTO KommbloTepa. MIMEHHO U3 3TOro
00CTOATENbCTBA BBITEKAIOT OCHOBHBIE HPEUMYIIECTBA
KBaHTOBOT'O KOMITBIOTEPA.

CrieicTBHEM TIPUHIMIIA CYIEPIIO3UIUU sIBJIsieTCss 2”-
KpaTHBIM KBAHTOBBIN MapasljieJIu3M BbIMUCICHUN. [lecTBuU-
TEJIbHO, U3MEHEHUE COCTOSIHUS TOJILKO OJTHOTO KyOuTa nepe-
cTrpauBaeT Bcro cynepnosunmio. (ITockosibky Habop Ga3uc-
HbIX (YHKIOUIA |X) MOCTOSHEH, IEPEeCTpamBaroTCs Bce 2"
MIPOCKIHH dy BEKTOPA |r).)

CpaBHEM 3TH (HAKTBI C BOZMOXKXHOCTSIMHU PETHCTpa KJIac-
cuyeckoro kommnerotepa. Kiaccuueckuit peructp us n Outon
MOJXKET HAXOIUTLCS TOJILBKO B OJHOM H3 2" COCTOSHMIA,
MMOCKOJIbKY OH HE TOTYUHSETCS] MPUHIMIY CYNEPHO3UIHM.
CocTosiHIe KJIACCHYIEeCKOTO peructpa ogHoMepno. M3mene-
HHUE COCTOSIHUSI OJIHOTO OUTA MEPEBOJUT PETUCTD B IPYroe
omHOMEpHOe (OJIM3KOe MO 3HAYEHHIO) COCTOsIHUE. Pecypcbl
KJIACCHYECKOT'0 KOMIIBIOTEPA 3JKCIOHEHUHUATILHO MaJjbl IO
CpPaBHEHHUIO C pecypcaMM KBaHTOBOTO KommbroTepa. ['Hib-
6epTOBO MPOCTPAHCTBO COCTOSIHUH |f) €CTh MPOCTPAHCTBO
KOMIUIEKCHBIX 4HCeNl. DTO O3HAYaeT, YTO aMIUIMTYIABI dy B
pasoXeHun |Y) =D ay|x) SIBAAIOTCS KOMILICKCHBIMHU
YHCTIAMU:

a, = |ay|exp (ip,) .
HpI/I CJIIOKCHUU BeKTOpOB
W)+ 1) = (ar+al) |x)

MPOUCXOAUT MHTEPEPEHIUST KBAHTOBBIX AMILUIUTYA, KOTO-
PYIO MBI IEMOHCTPHPOBAJM HA MpUMepe HHTepdepomMeTpa
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Maxa—3eniepa aj1si OJTHOTO KyOura:
a+a, = [(lay] + |a;]) cos o+

+i(Jay] — |ay]) sin @ ] exp (ip) (19)

(N
(pit: ‘c2 \.

B xo/1e KBaHTOBBIX BBHIYUCIICHHN WHTEPHEPEHIHS aMILTUTY]
MPOUCXOJAUT MOBCEMECTHO M aBToMaTuuecku. [losatomy
HEKOTOpBIE aBTOPHI IPEJCTABISIOT ceOe KBAHTOBBIA KOM-
NBIOTEP KaK CIOXHBIA HHTephEpOMETp A aAMIUIUTY]
BEKTOPA COCTOSIHUSI KBAHTOBOI'O KOMIIbIOTEPA.

Bo3nukaeT Bompoc: HeIb3sl JIM HCIOJb30BAThH SBJICHUE
rHTep(EPEHITNA 3JIEKTPOMATHATHBIX BOJIH JIJISI OCYIIECTBIIe-
HUS KBaHTOBBIX BbIYMCIEHWIA? JIpyrumMm clioBamMu, He
SIBJIIFOTCS JIM ONTUYECKHE KOMIIBIOTEPHI aHAJIOIOM KBAaHTO-
BbIX? CpaBHUM CYNEPHO3UIMIO ONTHYECKUX BOJH B ONTHYE-
CKOM KOMIIbIOTEPE C CYNEPIO3ULIUEH BEKTOPOB COCTOSIHUS B
KBAaHTOBOM KOMITIbIOTEPE:

i !

Y E=Y asin(oi+g),

=1 i=1

! [ 2"—1 ) 2" —1 ! )
Sy =33 ) = 2( a,w) ).

j=1 j=1x=0 x=0 \j=1

(20)

(1)

B onTuYeckoM KOMIBIOTEPE MPOUCKOIUT OAHOKPATHAS
uHTEePPEPEHIMST ONTHYSCKUX MO/ Ej; B KBAHTOBOM KOMIIbFO-
Tepe MPOMCXOMUT 2"-KpaTHas UHTEPPEPEHIUS AMILIUTY/T
JUTSL KaXXA0T0 BekTopa |x), 0 < x < 2" — 1. Bektop cocros-
HUS KBAaHTOBOTO KOMIIbIOTEpPA CONEPKHUT KaK HUPPOBYIO
(Ix)), Tax m aHamoroByro (ay) MHPOPMALMIO; ONTHICCKUIL
KOMIIBIOTEP COAEPXKUT TOJIbKO aHasIoroByro (E;) nHpopMa-
nuro. ONTHYeCKU KOMIBIOTEP HE CIOCOOEH MOIEIMPOBATH
KBaHTOBBIE BBIYHCIICHHS], OH JTOJDKEH OBITH OTHECEH K KJIACCY
KJIACCHYECKUX aHAJIOTOBBIX KOMITBIOTEPOB.

3.2. KBanToBblii KoMnboTEp —

1H(ppoBoil KOMIIBLIOTEP ¢ AHAJIOTOBbIM YNpPaBJieHHEM
Amnanu3 ypasaenust [/¢) = Uly;,) 1151 KBAHTOBOTO KOMIIBIO-
Tepa MO3BOJISIET YCTAHOBUTH IIPUHIAIBI paOOTHI U yIIPaBIIe-
HUS KBAaHTOBBIM KoMmbroTepoM. CocTostHEHE [|;,) =
=0;...0,) He COIEPXHUT HUKAKOH HMHPOPMALIUU HU O
3aJadye, HU o crnocobax ee peuteHus. Bero undopmanuro o
pemiaeMoil 3amade M AJIrOPUTME €€ PEIICHUs] COAEPKUT
Matpuia npeodbpazoBanus U. HakoHel, KOHEUHBIN BEKTOP

COCTOSAHUSA
2"—1

W) =Y alx)
x=0

COIEPKUT MHPOPMAIIHIO O pelreHnd 3a4a9u. [1oayduTs 9Ty
nHbOPMAIHIO0 MOXKHO, H3MepuB B 6asuce |0), |1) cocrosHue
KaXJ0ro U3 1 KyOMTOB KOMITBIOTEPA B COCTOSIHHHU |Y¢).
BEIOTHUB M3MepeHne, MBI HOJYYUM JIF000e U3 3HAYCHUIA
0 < x < 2" —1 c BeposITHOCTSIMHI |a,§f)\2, Kak 3TO CJIeIyeT U3
OOIIMX MPUHITUIIOB KBAHTOBOM (pU3UKH.

Kak pasHbple 4mcia X MOTYT TPEACTABISATH peIIeHHe
3a/1a4d, €CJIA PEIIeHre TOJDKHO OBITh e IMHCTBeHHBIM? [leii-
CTBHUTEJIbHO, 3TO TaK; TOJILKO OJHO 3HAUYEHHUE |s) SIBJISCTCS
pElIEHHEM, OCTAJIbHbIE 3HAYCHUSI |X) # |s) ommOOUYHbIE.
YtoObl HWjess KBAHTOBOTO KOMIIbIOTEpA HMMENA peasibHbIN
CMBICJI, KBAHTOBBII JITOPUTM JI0JDKEH IPUBOJUTE K TAKOMY
COCTOSIHHIO |/f), UTO BEPOSTHOCTb HAWTH MPAaBUIBHOE

2 .
peuienue ps = |a,|” ~ 1, Torma xax cymMma BepOSITHOCTEH
BCEX OIIMOOYHBIX PEIeHUI MaJa:

D la <.

X#s

Bce mpuaymaHHbIE K HACTOSIIEMY BPEMEHH KBAHTOBbIE
JITOPUTMBI 00JIaJTAFOT ONMMCAHHBIM CBOWCTBOM. VTak, KBaH-
TOBBII KOMIBIOTEP daeT IH(pPoOBOE pelleHHe 3a0a4d S C
ONpEIeJICHHON BEPOSTHOCTBIO, T.€. SIBJISIETCS IH(PPOBBIM
BEPOSITHOCTHBIM KOMIIBFOTEPOM.

Teneps BBISIBUM CHOCOO yHpaBJieHHS! KBAHTOBBIM KOM-
NbIOTEPOM. B X0J€ KBAaHTOBBIX BBIYUCIICHUN NPOUCXOAUT
mpeoOpa3oBaHUe HAYAIBHOTO BEKTOpA COCTOSHHS |Y;,) =
=>. a™ X) B KOHEYHBIH BEKTOD |Yp) = > . a§f>|x> Jepes
HEIPEPBIBHBIH psi cocTosiHMI. ba3nucHblil Habop cocTosHUN
X) COXpAaHSIeTCS] HEM3MEHHBIM. JIMHAMUKA COCTOSIHHSI KOM-
NbIOTEpA NEPENAETCsl U3MEHEHUSIMHI BO BPEMEHU aMILIUTY [
ax(t), KOTOpBIE SIBJISIFOTCSI AHAJIOTOBBIMU BEJIMYMHAMH, TIPH-
HUMAIOIIMMU HENPEPbIBHBIN psAJl 3HAYeHUN B HHTEpBaJe
0 < |ay] < 1. YupaBiarh KOMIBIOTEPOM, — 3HAYHUT, yHpa-
BJISITH POLIECCAMU dy (1), T.€. IO CIIOCO0Y yIpaBJICHHS KBAH-
TOBBII KOMIIBIOTED SBJISIETCS AHAJIOTOBBIM KOMIIBIOTEPOM.

Taxoe coueTaHne CBOUCTB — aHAJIOTOBBIN CIIOCOO yrpa-
BJICHHUSI, BEPOSITHOCTHBIN XapakTep MpeacTaBleHus nudpo-
BOTO peIIeHHs] — He MPUCYTCTBYET HU B OJHOM THIIE
KJIACCUYECKUX KOMIBbIOTEpOoB. KBaHTOBBI KOMIIbIOTED
BBITJISIAUT MHUHOTABPOM B MHpPE KOMIIBIOTEPOB, COYeTasl
HECOBMECTUMBbIE B KJIACCUUECKOM MHpPE CBONCTBA aHAJIOIO-
BBIX U IIU(DPOBBIX KJIACCHIECKUX KOMIIBIOTEPOB.

Ha 3ape passutusi BbruuciuTenbHON TexHUKH (1950 —
1960 rr.) aHayioroBble (KJIACCHYECKHE) KOMIIBIOTEPHI YC-
MEIIHO AOoNoJHsU IdpoBsie IBM. B mociemnne 1ol
OHU ObLIM BbITeCHEHBI IIU(PpoBbIMI DBM mn3-3a HEBBICOKOU
TOYHOCTH NOJIy9aeMBbIX peIIeHUN. AHAJIOTOBbIE IEpEeMEHHbIE
(TOKM M HaNpsDKeHUs) YAAaBajJoCh KOHTPOJUPOBATH C TIO-
rpemHocTb0 mopsaka 1072, ITo COBpeMEeHHBIM OLEHKAM
mapaMeTphbl YIPaBJSIFONIMX KyOHUTAMHU CUTHAJIOB (MMITYJIb-
COB) JOJKHBI KOHTPOJIHMPOBATLCSA C MOTPEIHOCTBIO 107> —
1074, Takyro mOporyio miaTy AOJUKHBI OYAyT 3amjiaTHThb
€O3/1aTeJIM KBAHTOBBIX KOMIIBIOTEPOB 3a CIOPIPU3 BCTPEUU
C MUHOTaBpOM — IU(GPOBBIM KOMIIBIOTEPOM C AHATIOTOBBIM
ynpasienueM. Kak mnoka3aHO HIXe, BbICOKas TOYHOCTb
onepanuii HeoOXOaUMa, 4TOOBI CIPABUTHLCS C MPOOJIEMOMR
JIEKOT€pEHTU3 AN KBAHTOBBIX COCTOSIHUI.

3.3. Kuaccuveckasi 1 KBaHTtoBasi uugopmanus

B KBAaHTOBOIi cucTeMe

PaccMmoTpum BekTOp cocTosiHus kyoura i) = o|0) + f|1) co
CJICAYFOIIEH TOYKH 3PEHHS: CKOJIBKO MH(DOPMAINU U Kakou
(kmaccuyeckor? KBAaHTOBOM?) COJIEPIKUTCS B KYOUTE, HAXO/I51-
LIEMCSI B 9TOM COCTOSIHUU?

ITocTaBUB 3TH BOMPOCHI, MBI CTAJIKUBaeMcst ¢ pyHIaMeH-
TAJILHBIME [IPOOJIEMAMH OTIPE/Ie/ICHUs] OHATUST HHDOpMa-
A (KJIaCCHYECKOH, KBAaHTOBO) MPIMEHHUTEIHHO K KBAHTO-
BbIM cucteMaM. He mMest BOSMOXXHOCTH B JaHHOM 0030pe
H3JIAraTh 3TH BONPOCHI IETAIBHO, MBI IIPEIaracM MpHUHSTh
HHTYUTHBHYIO HOPMY ONpeIeICHIS KIaCCUYECKOM U KBAHTO-
BOI MH(pOPMANUH, COIEPXKALICHCS B KyOUTE B COCTOSHUU
[¥) = |0) + B|1). OTHECEM K KITACCHYeCKOi YacTy Ty HH(OP-
Maluioo, KOTOPYEO MBI UMeeM B KJIACCHYECKOH (opMe mpH
U3MEPECHUH COCTOSIHUS KyOuTa. JleHCTBUTENbHO, TpU M3-
MepeHnu Kyouta B Gaswmce |0), |1) mbl momydaem 0 mmm 1.
CremoBaTeIbHO, HEU3BECTHOE HAM COCTOSIHUE KyOUTa coaep-
KUT MaKCHMAaJIbHO OIWH OUT KJIAaCCHYECKON HH(pOpMATIHH.
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3HayeHUs1 KOMIIOHEHT 0, § BEKTOPA |/} XapaKTepU3yIOTCsI
TpeMsl aHAJIOTOBBIMH BeJIMYMHAME: MoayJsiMu o, |f| u
pasHocTbio ha3 ¢ = arg (f/a).

Nudopmanmrio, comepxairyrocss B aMIUIUTyAax o, f3
MOXHO OTHECTH K KBAaHTOBOIf yacTn nHopmanmu, coaepxa-
nieiics B KyouTte B coctostauu [f) = «|0) + f]1) [18]. KBanTo-
Bas 4acThb HMH(OpManuum He MOXET ObITh MOJyYeHa IpHU
OJTHOKPATHOM M3MEPEHUU COCTOsIHUs KyouTa. UTOOBI OTIpe-
JenuThb |of, |f|, Hy)HO HpOBecTH GECKOHEYHOE KOJIUYECTBO
U3MEpeHU HaJl aHcaMOJIeM 4YacTHLl B COCTOSHUM |/) M
omnpeaenuth BeposiTHocTH p(0) u p(1) pe3ynbTaToB UCIIBITA-
HUI:

p0) =1laf*,  p(1) =B
Huist onpeniesiennst pasHocTH (a3 ¢ HeoOXOIUMBI U3MEPEHUST
uaTepdepeHnnonHoro Tuna. IToHOE onpeneneHne BeKTopa
COCTOSIHUSI NPUHSTO HAa3bIBaTh TOMOTIpadueil KBAHTOBOIO
coctostHus [15].

AHAJIOTOBBIA XapakTep KBAHTOBOH MH(POPMAINH IMeEeT
MPUHIMIHAIEHOE 3HAUYCHUE IS KBAHTOBOH TEOpHU. DTUM
BBIpaXkaeTcsi TOT (PaKT, YTO MHOKECTBO KBAHTOBBIX COCTOSI-
HHUI 00pa3yeT KOHTHHYYM: JIFOOBIC B COCTOSIHHS U3 3TOTO
KOHTHHYyMa MOTYT OBITH HpeoOpa3oBaHBI APYr B Apyra
HETPEePhIBHBIM 00pa30M MOCPEJICTBOM YHHUTAPHOTO MPeod-
pazoBaHHs. Xap/Iu IOKa3aj, YTO, IPHHSB B CHCTEME aKCHOM
TEOPHH BEPOSITHOCTEH BOSMOXXHOCTH HEIPEPHIBHOTO (conti-
nious) mpeoOpa3oBaHusl COCTOSIHUI JpYyr B Jpyra (BMeCcTo
CKa4YK00OPa3HOI 0 Mepexo/ia B KJIACCHIECKON TEOPHUHU BEPOSIT-
HOCTEil), MOKHO HHTEPIPETUPOBATH KBAHTOBYIO MEXaHUKY
KaK KBAaHTOBYIO TEOPHIO BeposiTHOCTEH [16].

W3 cka3aHHOTO B IPEABIAYIINX pa3jeiax CIeayeT, 9To
HPOIECCHI KBAHTOBBIX BBIYHUCIICHUI TPOTEKAOT B IPOCTPAH-
CTBC aHAJIOTOBBIX MEPEMEHHBIX, T.C. AMIUTUTYA dy OpH
0a3UCHBIX COCTOSIHUSIX |X) CUCTEMBI.

KBanToBas Teopust MHGOPMAINH CTPOUTCI BO MHOTOM
0 aHAJIOTUU C Teopuel kiaccmueckoit mHpopmanuu len-
HOHA [15]: ananornyHo mHopMarmonHo# HTponmy Illen-
HOHA CTPOWTCSl KBaHTOBas sHTponus ¢oH Heiimana. Kak
sutponus llleHHOHA XapaKkTepu3yeT KOJIn4ecTBO uHpopma-
Uy, coaepikaiueiics (B cpelHEeM) B OJHOM CHTHAJIbBHOM
CHMBOJIE X, HOSIBJISIFOILEMCSI C BEPOSITHOCTBIO p(X), Tak U
suTpomms (on Heiimana xapakrtepm3yer mHpopmanmio B
KBAaHTOBBIX COCTOSIHUSIX p,, BBICTYNAIOIIMX B KavecTBE
CHTHAJIBHBIX CHMBOJIOB U TOSBIISIFOIIMXCS C BEPOSITHOCTHIO
p(p.) [15]-

CpoiictBa sHTponuu (o HeiimMaHa oOTJIMYArOTCS OT
cBoiicTB 3HTponmy llleHHOHA, ecy paccMaTpUBaTh KBAHTO-
BbIE COCTOSIHUS p, CO CBOMCTBaMH, OTJIMYHBIMH OT CBOMCTB
KJIACCHYECKHX CHCTEM, TAKUMH KaK HETOJIHAS PA3JINYMMOCTh
HEOPTOTOHAJIBHBIX COCTOSIHWH, 3amyTtaHHble (entangled)
COCTOSTHUSI KOMITO3UTHBIX CHCTeM U ap. [15].

3.4. Kak peajm30BaTh KBaHTOBBIil aaropurm?
VrpasieHue paboTol KBAHTOBOIO KOMIIbKOTEpA C 1 KyOu-
TaMHU ONHMChIBaeT npeobpasosanue [Y) = U(2" x 2")|Wiq)s
rae |Y,,) u |Yp) — BekTOopsl ¢ 2" xommoHeHTamu. [lpu
sHauenusix n = 103 ymuoxenue U|y,,) craHOBUTCS Hejlo-
CTYIIHBIM /ISl CAMBIX OBICTpHIX (mopszka 10'2 omeparuii B
ceKyHIy) KommbroTepoB. Emie OoJiee TpyaHOU mpencra-
BisieTcss ¢usnyeckas peajuzaunus InpeoOpazoBaHUS
Win) — (V)

ITyTh K peanu3anuy KBAaHTOBBIX aJITOPUTMOB OOHAPYKH-
BAETCsl, ECIU PACCMOTPETh BO3ZMOKHOCTb PA3JIOKEHUS MaT-

puiel U(2" x 2™) B ynmopsi04eHHOE TIPOU3BEICHHE MATPHI]
BTOPOIO M YeTBEPTOrO HOPSIAKOB:
U@2" x2") =[JUi2 x 2) ® Uy(2* x 27).

iJ

(22)

B03MOXHOCTh TaKOTO pa3JIoKeHUs (C TOYHOCTBIO, J0OCTa-
TOYHOM JIJ1s1 BBIYUCIICHUH) IeTaJIbHO 00cyxaaercs B [15].
MaTtpuia BTOpOro mopsiaKa

u=(5 1)

npeodpa3yeT BEKTOp

a

b

COCTOSIHUSI OJTHOTO KyOuTa:

(1 4)

T.e. Kaxaas Marpuna U;(2 x 2) B pasioxenun (22) ONUCHI-
BaeT OMNEpanuio Ha TOM WJIM JPYroM OTIEIHLHOM KyOuTe
kommbroTepa. MaTpurpsl U(22 x 22) npeo6pasyroT BEKTOPHI
COCTOSIHUS TTap KyOUTOB:

a/

bl

a

b

)

|l//m> = a00|00> + a10|10> + a01|01> + a11\11> —

— W) = ag|00) + afo|10) + ag,[01) + ajy[11).  (23)

CrnenoBaTeNbHO, YHCJIa COMHOXHTEJIEH BTOPOro H
YEeTBEPTOrO TMOPSJIKOB B pasjiokeHuu (22) ompenessitoT
YHCIJIO OJHOKYOUTOBBIX W JBYXKYOHTOBBIX OIEpALNid, HEOO-
XOOWMBIX ISl peayin3aliy adroputMa. UToOBl anroputm
6bl1 3pPEKTUBHBIM, HEOOXOAMMO, YTOOBI MOJIHOE YHCJIO
omneparuii ObIJIO MOJMHOMHUAIBHLIM OT umcia "3ameiicTBo-
BaHHBIX" KyOHTOB B Kommbtotepe: N = P(n). Ecnu uuncio
omepanuii BO3pacTaeT OJKCHOHEHIMAIbHO C pa3MepoM
3aaud  (YMCJIOM 3aJeHCTBOBAHHBIX B PpEIICHUHW 3aJa4d
KyOHMTOB KOMIIBIOTEpA), TO aJTOPUTM OTHOCHTCS K KJIaccy
HEI(P(PEKTUBHBIX.

3.5. YHuBepcasbHble HA0OPHI JIEMEHTAPHBIX oNepanuii
OmHOKYOHUTOBBIC OTEPANUH OMUCHIBAIOT BPAIICHUE OT/ACIIb-
HOT'O KyOuTa:

2|0) + B[1) — «'[0) + B'[1) .

XapakTep IBYXKYOHUTOBBIX onepaunuil TpeOyeT TOIMOJIHU-
TEIBHBIX pa3bsiCHEeHUH. [IByXKyOMTOBAs OmepaIus Mpeano-
JlaraeT B3aMMO3aBHCUMOCTH COCTOSIHMH NBYX KyOUTOB,
CBOETO poja ympasiieHue (control) oHOro Kyouta (KOHTp-
OJIIPYEMOT0) APYruM (KOHTpoJimpyromuM). Takoro poaa
B3aMMO3aBUCUMOCTb TpeOyeT HaJmuusi (U3MYECKOro B3au-
MOJACUCTBUS MEXAY KyOHMTaMmH, BKJIIOYAEMOI'O0 Ha BpeMs
BBITIOJTHEHUSI OTIEPAIINY UJTH CYIIECTBYIOIIETO TIOCTOSHHO.
Cpenu IByXKYOUTOBBIX ONEPAIU BBIACIISIOT OTIEPAIIIO
"kourposmmpyemoe HE" (Controlled NOT — CNOT).
IIycth KOHTpOJIMpYIOUIUI KYyOUT OyIeT NepBbIM, KOHT-
posupyembiii — BTopbIiM. Toraa onepanuss CNOT xapakTe-

pusyeTcsi TaOauield BXOMHBIX W BBIXOJHBIX COCTOSIHUUN
KyOHUTOB:
BxoxHoe |00) |o1) [10) [11)
COCTOSIHIE
BeixomHoe |00) |01) [11) [10)
COCTOSTHHE
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KBAHTOBBIE KOMIIBKOTEPbI 11 KBAHTOBBIE BbIYMCJIIEHUA 13

i)

W12)

2 @

Puc. 6. Cxema nByxkyouroBoil oneparmu CNOT. B pesyiibrate 3T0M
OIIePALHHU COCTOSIHHUE |/ |,) MOXKET OKa3aThCsl 3aIy TAHHBIM.

13 KOTopoil BuaHO, 4To B oneparmuu CNOT BTOpOii KyouT
HHBEPTHPYETCH:

0) = 1), 1) = 10),

ecJIM MepBblil HaxoauTcs B cocrosinuu |1). JlnarpaMMHBIN
CHUMBOJI OTIEpAllMU MPEACTABJICH Ha puc. 6 (TOPU30HTANb-
HBIMH JIMHUSIMH [TOKa3aHbl OCH BPEMEHM, BEPTUKAJIbHON —
B3aUMO/ICUCTBYE KyOUTOB).

Eciau

V1) =oal0) + Bill), W) = a0) + Bo[1),

TO C TOMOLIBIO TAOJIMIBI ONEPALNH JIETKO BBIYHCIHTD [/ ,):

[12) = 0102(00) + 01 8,[01) + Broa|11) + B 5,]10) .

OG6o061eHreM KOHTPOJIUPYEMOU ollepaIiuy SIBJIsSETCs onepa-
mus C-U, rae U — nmrobast ogHokyOouToBas onepanus. OHa
BBIMOJIHSICTCS. HAJl BTOPBIM KyOHUTOM, KOT/1a KOHTPOJIUPYIO-
il Kyout Haxomutcs B cocrostHuu |1). B wacTHOCTH,
onepanusi U MoxeT ObITh onepanueit "3MeHeHus Basbl:

u= ((1) GXP()(ieo))'

Tornma

W) = a]0) + A1) 2% 4]0} + exp (i) A1) -

OHoKyOUTOBBIE Onepanuu (KOHTUHYYM BpAIEHUI Bek-
TOpa COCTOSIHMS) TUTFOC ABYXKyOuToBas omepaius CNOT
COCTABJISIFOT YHUBEPCAJbHBI HA0Op OmMepaluii, HO3BOJISIO-
U OCYIIIECTBHUTH JIF0O0E MPeoOpa3oBaHue BEKTOPA COCTOS-
HUS KoMIbtoTepa. C TOYKH 3peHUs MPAKTUYECKO# pean3a-
MM HaJIM4YKMe KOHTUHYyMa ollepanuil B Habope Heya00HO.

MaxkcuMasIbHOM IPOCTOTOM UCIIOJTHEHU S 00J1a/1a€T HEKO-
TOpBI AUCKPETHBIA HAOOp omeparuii. B kauecTBe Takoro
Habopa mpejajaraeTcsi, Hanmpumep, HAOOp, COCTOSIIUN H3
OJHOKYOUTOBBIX OTepaIyii: mpeoopazoBanus Amamapa H,
(ha30BOro BEHTHIIS

Ulr) = <(1) 7?) =7,

¢dazosoro Bentmis U(n/4) u ABYXKyOMTOBOTO BEHTHIIS
CNOT [15].

®dusnueckas peaausanus KBAHTOBOW omepaluu BcCerjaa
COMPOBOXKIACTCS HEKOTOPOU MOTPEIHOCTBIO UCIIOJTHEHUS €.
C y4eTOM 3TOT0 0OCTOSITENBLCTBA TEOPHsI KBAHTOBBIX OIlepa-
LU JOJDKHA CTPOUTHCS KaK TEOPHUSs! AIIPOKCUMAIHI.

Omnpezenum ommbky E npH BbIIOJIHEHHH omepaimu U
[15]:

E(U, V) = ma (U= V)] 4)

3nece U — MaTpuia uUaeabHOTO mpeodpasoBanusi, V —
MaTpHIla peaJibHOro (C MOTPEIIHOCThIO) MpeoOdpa3oBaHusl,
|) — mpocTpaHCTBO BEKTOPOB COCTOSIHUN CHCTEMBI.
IMorpemmnoctr nocnenoBateabHocTu omeparmuid U, ... U,
CYMMUPYIOTCS B CMBICJIC HEPABEHCTBA:

m
E(Up... U, V... V1) < D> E(ULY)). (25)
j=1

Vb6enuMcss B yHUBEPCAJBLHOCTH JUCKPETHOro Habopa
oneparmuit H, T = U(n/4), U(n), CNOT, noka3aB BO3MOX-
HOCTb BBITIOJIHEHUSI C UX MOMOILBIO JIIOOOTO OIHOKYOHTO-
Boro Bpamienusi U ¢ 3aJaHHOM MOTPENTHOCTBIO &. BoimoHIM
nocienosatesnbHo onepanun HTH u T, npencrasistomme
coboii Bpatuenusi chepsl Biioxa Bokpyr ocu Ox Ha yroJi /4 u
BOKpyr ocu Oz Ha yron /4 [15]:

LT T
THTH = exp (—1 3 Z> exp (—1 3 X) .
ITpocToe BbIYKCIIEHNE TOKA3BIBAET, YTO /IBA TAKUX BPAILICHUS

9KBHBAJICHTHBI OIHOMY Bpatienuro R, (0) na yroi 0, onpene-
JICHHBIH PABEHCTBOM

(26)

0 , T
Cos = = cos” =
2

8 I

BOKpPYI' CIMHUYHOI'O BEKTOPA

n cosE sinE cosE l—s—cos2E o
8’ 8’ 8 8 ’

Bo BTOpoOll wacTH mOKa3aTenbCTBA YOEKAaeMCsl, YTO
Mo00i yroJl BpalleHHs o BOKPYI OCH R JIOCTUTAETCS C
HOTPEIIHOCTBIO HE BBIIIE £/3 MOCPEACTBOM /1 BPALICHUH Ha
yroJ 6:

E(Ra(2), R3(0)) <5 . (27)
Jloxa3aTeIbcTBO OCHOBAHO HA TOM, YTO PE3yJIbTHPYIOIINE
yribl k BpameHuid 0, = kO mod 21 3amoOJHSIIOT TPOCTpPaH-
cTBO yruoB Bpartenust (0, 21) paBHOMEPHO.

Hakosen, npou3BosibHOE YHUTapHOE peoOpazoBanue U
COCTOSIHUSI MOYKHO MPEICTABUTH TPEMSs BPAIIICHUSIMH BOKPYT
ocel n, m, n, KaX0€ U3 KOTOPBIX MOXKET OBITH ANMMTPOKCUMH-
DPOBAHO 711, Ny, N3 BPALEHUSIMU HAa JUCKPETHBIN yroi 0:

E(U, R} (O)HRZ (O)HR(0)) < e. (28)
YToOBI JOCTUYD MOTPENTHOCTH ¢ B BBIIIOJHEHUU OJTHOKYOH-
ToBOIt onepanuu, Hano 3atpatuth O(logs e ~!) onepanwmii u3
nuckpetHoro Habopa (teopema Cososeii—Kuraesa). 3a
JIeTaJIIMU BBIYUCJICHAN MBI OTCBLIAEM YUTATENIS K SHIUKJIIO-
neauueckoit Monorpadwuu [15].

Kpome oqHOKYOUTOBBIX Ollepanuii, IByXKyOUTOBAS OTle-
pammst CNOT npu ¢pu3MIecKOM HCIOJIHCHUN BKJIFOYACT B
cebst mporecc CBOOOJHOW 3BOJIFOIUM JIBYX KYOHTOB IIOJ
BO3/IeICTBHEM raMIJIbTOHHAHA UX B3auMozeiicTBus. B mpo-
necce CBOOOTHOM 9BOJIOIMHY OJMH KyOUT yIpaBJIsieT APYTUM,
TIPH 9TOM HCIOJIb3YETCs SHEPT sl B3aUMOICHCTBUSI.

B 3axiroueHne 0TMETUM, 4TO MMPOHU3BOJILHOE YHUTAPHOE
npeoOpa3oBaHue COCTOSIHUS TpeOyeT 0(n24”) omnepanuii u3
YHUBEPCAJIBLHOTO Habopa, T.e. YMCJIO OINepaluil 3KCIOHEH-
nuanbHo Beuko [15]. UToObl cuntaThesi 3PPEKTUBHBIMH,
KBaHTOBBIE AJITOPUTMBI TOJDKHBI MCHOJIHATHCS MOJIUHOMHU-
aJTbHBIM YHCJIOM OTIEPAIIHH.
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3.6. Ociuaasius PaGu Mexay cOCTOSIHHSIMH KyOuTa

1 OJTHOKYOHTOBBIE ONepamiu

B kavectBe KyOuTa BRIOEpEM uacThiy co cnmHOM [ = 1/2.
JIMCKpeTHBIE COCTOSIHHS CIIMHA B IMOCTOSIHHOM MAaTrHHUTHOM
noie B | Oz ¢ smeprusimu fiwg = —uB/2 u how; = +uB/2
BBIOEpEM B KauecTBe OA3MCHBIX COCTOSIHUI KyOUTAa:

0) =12, 1) =W i)

VupasieHne KyOUTOM COBEpIIAeTCsl C MOMOINBIO JIMHEHHO
MOJISIPU30BAHHOT O TIEPEMEHHOTO MAarHUTHOTO TOJISI TAMEJTb-
TOHHAHOM

Hin = —ud, hy(1) = —ul, ho cos (ot + @) .

Ione h,(f) paccMaTpuBaeTCs Kak KJIACCHYECKAs! MEPEMeEH-
Hasl.
Pemrenue ypasuenus Hlpéauarepa

ih () = (LB~ o cos (o1 + ) [§(0) (29)

uieM B Gopme cynepro3uimu cocrosiauit [0) u |1) ¢ mepe-
MerHbIME amiututynamu Co(2) u Cy(1):

[ (1)) = Co(1) |0) exp (—iwgt) + Cy (1) |1) exp (—iw; ). (30)

ITpoBoas crannapTHbIe BeruucaeHus, 1151 aMrmuty s Co u C)
MOJIy4aeM YpaBHEHUs

Co = iQC [exp (—idt + i) + exp (—i(w + @ — wp)t —ip)],
C1 =iQC [exp (—idt — i) + exp (i(w + w1 — wo)t +ip)] .
(31)

3nece Q = pg ho/h — wacrora Pabu (uy = p(0|1]1) =
=pu/2 — MaTpuWuHBI 3JEeMEHT mepexona), o=
= — (W] — ®y) — paccTpoilka YacTOThl BHEIIHErO IMOJIs
oT pe3oHaHca. CiaraeMble CrpaBa, OCHUJUIMPYIOLIUE Ha
BBICOKOW 4acTOTe ® + | — Wy =~ 2, OOBIYHO OTOpPACHI-
BAIOT KaK HECYILICCTBCHHBIE.

IIpu TounoMm pe3onance (6 = () U HAYATIBHBIX YCIOBHSX
Co(0) =1, C;(0) =0 pemrenne cuctemsl ypaBHeHuit (31)
UMeeT BHT

Co=cos(Q1), C;=—isin(Qr)exp(—ip). (32)
DTO pelieHre OMIChIBAET CTAIMOHAPHBIC OCIIILISINN Padu
JUIs 3aceJIeHHOCTel cocTosHuit kyouTa [0) u |1):

2 1 2
|” == (1 +cos (2Q1)), |

|Co(1) 3

|Ci(1) 3

(33)

Beixiitouas B 3alaHHBIE MOMEHT BPEMEHH YIPaBJISIOIIEE
oJIe, MOJIy4aeM JIFo0oe 3aJaHHoe 3HaueHne aMILnTyn Co 1
C|, a 3HaUEHUE Pa3HOCTH (a3 aMIUTUTY.T

C1 T +

arg —=—-+¢

Cy 2
ompeaeNsieTcsl HavyaJIbHOU (ha30il ympaBJISIONIEro IMOJIS.
IMosnHas mepekavyka 3acCEJICHHOCTH C OJIHOTO yPOBHS Ha
JPpYro# coBepIaeTcsi 3a Bpems t = 1t/2Q:

|Co(r)] =0, |Ci(r)| =1.

_1 (1 —cos (2Qr)) .

DTa onepamysi COOTBETCTBYET BBLIIOJHEHHIO OIEpaTopa
NOT:

NOTI0) = |1).

ITpu BBITIOJTHEHUU OTIEPAIN B KBAHTOBOM KOMITBIOTEPE
CTPEMSITCSl YMEHBIIUTD UX JUIMTEIbHOCTD. IIpocToil cnocod
JIOCTHYbL 3TOTO — YBEJIUYUTh HAMPSHKEHHOCTDH YIPABJISIO-
uiero moJist hy (wacrory Pabu Q = uhy/2h). B pexume
cunbHOrO ympasieHus (Q/w < 1) B ypasuenusix (31) mus
ammumtyn Co u C| Henb3si oTOpackiBaTh OBICTPO OCHUJILIH-
pyrolme ciaraeMmble cipaBa. Bo Bpaimaroreiicst ¢ vactoroit
 CUCTeME KOOPAMHAT AMIUIMTYABl BEKTOPA COCTOSHHS
Kybuta umerot Bu [17]

- ((1) exp (i(a())t +0)) ) ’ g?
- ‘Cl exp (ﬁgut—k(p))"

: :

C

(34)
3ammurreMm n3 (31) ypaBHEHUS TSI aMILTATY /T CouC, B

YCIIOBHSIX TOYHOTO pe3oHanca (§ = 0):
Co=(1+p(0)Cr, Cr=iQ(1+5'(1)Co,
B(1) = exp (—2iwt — 2ip) .

(35)

OO1iee perieHre CHCTEMBI UINIEM B BHUJIE Psiia MO CTEICHSIM

p(o):

+00 +00
éO: Z anﬁnv C~wl = Z bnﬁn~ (36)

[Toacrasnss (36) B ypaBHeHus (35), mojiyuaemM CHCTEMY
ypaBHEHUN

ay = 2inwa, +1Q(b, + by—1) , (37)

b, = 2inwb, +1Q(a, + a,—1) .

MajeiM HapaMeTpoM CHCTEMbI SBJISIETCS OTHOLICHHE
o=Q 2.

OrpaHuyuMcest 4acThio CUcTeMBbl |n| < 1, T.e. peleHneM
CHCTEMBI C COXPAHEHHEM WICHOB mopsika o. [1py HaYaIbHbIX
ycnoBusx ayp(0) = 1, by(0) = 0 mmeem [17]

Co(t) = cos (Q1) —iosin (Q1) (1), (38)
Ci(1) = iexp (—i(ot + ¢))[sin (Q1) + o cos (Q1) ' (1)] .

Bosee TouHble pellieHUs ypaBHEHHWH TSI OCIUJUISIIMN
Pabu 0O6HApYKUBAIOT BBICOKOYACTOTHYIO (2¢0) MOIYJISIHIO
3aceJICHHOCTeW COCTOSIHMIA KyOuTa (TJIyOMHA MOMIYJISIUN
6=Q/2w). Ecniu ¢ = Q/2w ~ 0,1, HOCTHKEHHE MOTPEIL-
HOCTH OJHOKYyOUTOBOH omepamuu mopszka 107+ Tpebyer,
OUYEBHIIHO, KOHTPOJISI [JIMTEILHOCTH WMIYJIBCOB At =
= 1/2w, uto ¢usudeckn Bpsa M ocyumecTBuMo. [loaTomy
MPEJICTABIISICTCS HEOOXOUMBIM OTPAaHUYUThL HAMPSHKEHHO-
CTH YIPAaBJISIFOLIUX OJIel yermoBueM Q/2m < 1.

3.7. Kyour, ynpas.isemblii

PaMaHOBCKHMH NepexoamMu A -THna

Kybut, ynpasJisieMblil paMaHOBCKUMHU Hepexo1aMu A-Tuma,
00J1a1aeT PSIZIOM JIOCTOMHCTB, OOECIICUUBAOIINX EMY TIOTTY-
JIIPHOCTH Y 9KCIEpUMEHTATOPOB. CxemMa ypOBHEH 3HEPruu
Kkyoura npuseneHa Ha puc. 7. Cocrosinus |0) u |1) xyoura
CBSI3aHBI C MATHUTHBIMH (CIIMHOBBIMHE) IOy POBHSIMHU OCHOB-
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12)

E, 1)

()

E o)

Puc. 7. Cxema ynpapiieHHs KyOHTOM C IOMOIIbIO ONTHYECKUX IEPEXOT0B
110 PAMAaHOBCKOH’ CXeMe.

HOTO ONTHYECKOTO COCTOSIHUS aTOMa (HOHA), pa3/IeIeHHBIMU
uaTepBaIoM E| — Ey IopsiaKa HeCKOJIbKuX rurarepil. Ilepe-
xousl [0) — [2), |1) — |2), HAIPOTHUB, ONTHYECKHE U BO3OYXK-
JTAFOTCSI JIA3EPHBIMU UMITYJIbCAMHE C 3aJJaHHBIMH TOJISIpU3a-
nueit m paccrpoiikoir J. Ecmm wactorel Pabu Qp =
=Q, =Q <5, o ansa nepexona |0) — |1) abdexTuBHAS
yactoTra Pabu Q. = 92/5. B stux ycmoBusx riyOuHa
MOJYJISINAA 3aCEJIEHHOCTEN COCTOSIHUSI HA BBICOKOU 4aCTOTE
Mana: 6 = Qepr/2mpy < 1. JlOCTHKEHUE BBICOKOI TOYHOCTH B
VIpaBJICHUA KYOMTOM A-THIIAa MOXET OKa3aThCsl €ro Bax-
HBIM IIPEUMYIIECTBOM B 9KCHiepuMeHTax [17].

4. CMelaHnblie H 3anMyTaHHbIE COCTOSIHHSI
KBAHTOBBIX CHCTEM

4.1. CmemanHbie COCTOSIHHSI KBAHTOBBIX CHCTEM
B skcnepuMeHTax 4yacTo UMEIOT AeNI0 ¢ aHcaMOJIsIMH KBaH-
TOBBIX CHCTEM, IPATOTOBJICHHBIX OIIPEIeJIEHHBIM CIIOCOOOM.
C TOYKM 3peHHs ONMCAHHS COCTOSIHUS YACTHI[ B aHCAMOJie
MPUTOTOBJIEHUE CUCTEM MOKHO OCYIIECTBUTD JIBYMSI CIIOCO-
O6amu: 1) ¢ mosyyeHHeM MOJTHOW MHPOPMAIIUU O COCTOSIHUU
KBAHTOBO CUCTEMBI; 2) C TIOJIyY€HHEM TOJIbKO BEPOSITHOCT-
HOU MH(POpPMAIIUU O COCTOSTHMM KBAHTOBOM cucTeMbl. [1pu-
Mep TaKHX CIOCOOOB MPHUTOTOBJICHUS MPUBEIEH Ha puc. 8.
IMeyb co3maet NOTOK aToMOB (Ky6uTOB) co cniurom I = 1/2;
cocrosiaus |0) (cnimu BBepX) ¥ |1) (CIIMH BHU3) BCTPEYAIOTCS B
aHcamMOJie aTOMOB C BEPOSITHOCTSIMU OOJILIIMAHOBCKOI'O
pacnpeaeneHusl.

B nepBoM crocobe mMpUroToBJieHUS aHCAMOJIb aTOMOB
mpoxomuT vepe3 cemapatop (mpubop Wltepna-—Iepnaxa),
KOTOPBIA MPOCTPAHCTBEHHO pa3[eIsieT €ro Ha JBa MOTOKa,

ATOMBI a
} B YUCTOM
f ? COCTOSTHHH

i i EAz{copGep

ITpubop
Mtepna—Tepiaxa

ATOMBI
B CMEIIAHHOM
COCTOSIHIH

Puc. 8. Cxema IpUroTOBJIEHHSI AaTOMOB B YHCTOM (2) B CMeIIaHHOM (0)
COCTOSTHHSIX.

cooTBeTcTBYIOMLIHE cOCTOSIHUSM |0) 1 |1). AHCaMOGJIb aTOMOB
B cocrosiauu |1) moriomaercs amcopOepoM; OCTaBIIHUIACS
aHcaMmOJIb ATOMOB HAaXOOUTCS B 4YHCTOM cocTostHum |0).
Takum 00pa3oM, MBI MMEEM TOJHYIO HHPOPMAIHMIO O
COCTOSIHUM aTOMOB B aHcaMOiie. Bo BTOpoM cmocoGe
CemapaTtop OTCYTCTBYeT; aHcamOJb aTOMOB COCTOHMT H3
aTOMOB B COCTOSIHMSAX |0) 1imn |1) ¢ BEPOATHOCTAMH p|gy M
p)1y- Taxkoe cocTosHme mpeacTaBisieT cOO0i CMeCh THCTBIX
cocrosauii |0) u |1).

MareMaTHYeCKH CMEIIAHHOE COCTOSHUE KBAHTOBOM
CHCTEMBI MOXHO OTICATH TOJBKO MATPHUIEH IIOTHOCTH

o = Py l0)0]+ py 1011, (39)
3mech
1 0 0 0
oo =g of. mar=[§ 9]

— mpoekTopbl Ha coctostaus |0) u |1). MoxHO Takxke
CKa3aTh, YTO KBAHTOBASI CUCTEMA B CMEIIIAHHOM COCTOSIHHH
He oOyaiaeT BoJIHOBOM (hyHKIMel [19]. MaTpumna mioTHoCTH
HE COJIEPKUT HHPOPMAIIHIO O (pa3ax COCTOSTHUIA, COCTABJISIO-
IIUX CMECh. DTO O3HAYAET, YTO CMEIIAHHBbIE COCTOSHUS He
SIBJISIFOTCS. KBAHTOBO-KOTE€PCHTHBIMHU; OHHM HE OOHapyXu-
BAIOT SIBJICHMU KBaHTOBOU HHTepdepeHuuu. CMeIIaHHbIe
COCTOSIHUSI MOYKHO KJIACCH(HUIIMPOBATH KaK OJIM3KHE K K1ac-
CHYECKUM COCTOSIHHSIM, TIOCKOJIBKY UX ONHUCAHHE MAaTpUIel
IJIOTHOCTH OJIN3KO K CTATHCTUYECKOMY OTMCAHHIO KJIacChye-
CKHX CHCTEM.

ITpoueccsl nepexoaa OT YUCTHIX COCTOSIHUN K CMeIIaH-
HBIM COCTOSIHUSIM MHOTHE aBTOPBI PACCMATPHBAOT Kak
mporecchl  kjaccunm3anuu (classicization) KBaHTOBO-KOTe-
peHTHBIX cucTeM. OJHAKO COCTOSHHS, COCTAaBJISIFOIIME
CMECh, SIBJISTFOTCSI KBAHTOBO-KOTEPEHTHBIMU, B YaCTHOCTH,
OHHU MOT'YT OBITh 3aIlyTAHHBIMH, U 3Ta 3aMyTAHHOCTh MOXET
OBITh U3BJICUCHA M3 CMEIIAHHOTO COCTOsIHMS (entanglement
purification) u mepemaHa ApPYroi KBAHTOBOW CHUCTEME B
YICTOM cocTosHuU [14].

[poriecc mepexo/ia CUCTEMbI OT KBAHTOBO-KOTEPEHTHOT'O
YHCTOTO COCTOSHHUS, OMUCHIBAEMOTO BOJHOBOMW (DYHKITUEH, K
HEKOT€PEHTHOMY COCTOSIHHIO, OIMCBIBAEMOMY MaTpHIEH
IUIOTHOCTH, HA3bIBACTCS TAKXKE IIPOIIECCOM JEKOTePEHTH3a-
nuu (decoherence) CHCTEMBI.

4.2. CmemanHble COCTOSIHHS KBAHTOBBIX MOJACHCTEM
KBaHTOBBIE CHCTEMBI 4aCTO SIBJISFOTCSI KOMIIO3UTHBIMU: OHU
COCTOAT U3 ABYX U OoJiee moacucTteM. Jlaxe ecym cucreMma B
[EeJIOM HAXOJHUTCS B YHUCTOM COCTOSIHUH (OTHMCBIBAETCS
BOJTHOBOU (pYHKIMEH), COCTaBIISIONINE €€ IOJCUCTEMBI
MOTYT HaXOJIHUTbCS B CMEIIAHHOM COCTOSIHMM U OTIMCBHI-
BAaTbCS MaTpHIEd MJIOTHOCTU. DTO UMEET MECTO TOIJa,
KOT'/Ia YMCTOE COCTOSIHAE CUCTEMBI IPEACTABIISIET COOOM Tak
Ha3bIBaeMoe 3amyTaHHoe (entangled) cocTosiHIe COCTaBIISIEO-
IIUX CUCTEMY MOACUCTEM.

ITpoaemoHCcTpUpYEM CKa3aHHOE Ha MPUMEPE KOMIIO3UT-
HOU CUCTeMBI, cocTosiIei n3 kyoutos 4 u B. [IpoBenem Haz
9TOM CUCTEMOI JBa MOCJIEIOBATEIbHBIX YHUTAPHBIX MPeod-
pa3oBaHus, B pe3yJbTaTe ABA KyOUTa OKaXyTCs B 3aIlyTaH-
HOM COCTOSIHUH:

1
V2

CNOT 45
—

W83 = 10.4)105) = <= (10.4) + 11.4)) 05)

CNOT,; 1
—

(10.)108) + [1a)[15)) = [v',) - (40)

NS}
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KoneuHoe cocrosinue

) =%(|0A>|03> L)

3aIyTaHo, TaK KaK OHO HE MOXKET OBITh IIPEICTABIICHO B BUIC
MPOMU3BEICHNUS BOJTHOBBIX (PyHKIUI KyOUTOB A U B:

W) # W) Ws) -

Henb3s mogobpath Takue

W a) = 2al0) + Ball), ) = al0) + Bpl1),

‘ITO6LI HUMEJIO MECTO PAaBEHCTBO
f)
W) = W) W) -

OnHAaKO MOXHO HAUTH MAaTPUIIBI INIOTHOCTH, OMUCHIBAIOIIINE
B OTJCIBHOCTU KyOUTBI A W B. Marpuna IJIOTHOCTH
KOMIIO3UTHOU cucTeMEI A B ecTh

1

f

pan= [Win) W] = 5 [10.0)(041105) (0] + [0.0[08) (La| (15l
L)1 18 (0.al(0a] + [ Lo} L5) (L (1] (41)
Hailinem npuBeneHHyro MaTpully IUIOTHOCTH IJISI Ky-

outa A:
pa=Trep. = (08lp4pl08) + (180 45/15) =
1

(10.4)(04] 4+ [14){14]) =

()

AHAJIOTHYHBIA pe3yJIbTaT MoJjyyaeM it Kyoura B:

1

=_1.
PB )

51, (42)

N —

Cocrtosinusi KyOUTOB 4 U B 0Ka3bIBAKOTCS CMEIIAHHBIMU;
CMeCh COCTABJICHA U3 YUCTBIX cocTosiHuii [0) u |1) ¢ BeposiT-
HOCTAMH pjgy = pjy = 1/2.

B xnaccnueckoii pusuke wHGOpMAIHSI, JAroas MoJTHOe
ONMCaHNE CHUCTEMBI KakK IIeJIOr0, JOCTAaTOYHA ISl IOJIHOTO
ONHMCAHMUS U YacTed LeJoro. B KBaHTOBOM MeXaHHMKE 3TO
MPABUJIO HE BBIMOJHSIETCS, €CIM IIeJI0e HAXOAMUTCS B Tak
HAa3BIBAEMOM 3aIyTAHHOM COCTOSIHUM: MH(MOpMAIus, Jaro-
asi MOJIHOE OIMCAHUE IIEJI0T0, HEJIOCTATOYHA JIJIsl IOJIHOTO
OTIMCAHUS YaCTEH, U3 KOTOPBIX COCTOUT IIEJIOE.

4.3. 3anyTanHble COCTOSIHAS KBAHTOBBIX CHCTEM
Teopus 3amyTaHHBIX COCTOSIHUNM KOMITO3UTHBIX KBAHTOBBIX
CHCTEM HaXOJUTCS B COCTOSIHUU Pa3paboTku. B oTHOIICHNH
CUCTEM, COCTOSIIIMX U3 NIBYX 4acTeil (A u B) IHOCTUTHYTO
6oJiee WM MEHee NOJIHOE IOHUMAHKE U OIMCaHUE 3aIllyTaH-
HocTHU. [lojoXeHusr Teopuu ABYXYACTHUYHBIX CHUCTEM HE
YIA€TCsl HEMOCPEACTBEHHO PACHPOCTPAHUTh HA CUCTEMBI,
YHCIIO 4acTel KOTOPBIX Oojiee nByX. ISl Takux cUCTEM
MOJIyYeH PsJl YaCTHBIX pe3yiabTaToB. HekoTopble m3 HUX
paccMOTpPEHBI HUXKeE.

3anyTaHHOCTb  SIBJIIETCSl CEPILEBUHHBIM CBOHCTBOM
KBAaHTOBBIX cucrteM. M3 cyliecTBoBaHUS —3allyTaHHBIX
CHUCTEM BBITEKAeT HEJIOKAJIbHOCTb KBAHTOBOIO OIHUCAHUS
npupoAs! [15]. 3anyTaHHOCTH CIIY’)KUT BaXXKHEUIIMM pecyp-

COM B KBaHTOBOW MH(OPMATHKE: HCIOJIH30BAHHUE 3AIyTaH-
HBIX COCTOSIHMI 00ecmevrnBaeT BBINOJHEHHE HPOTOKOJIOB
KBAaHTOBOW TeJEMOPTAIMH, KPUNTOIPAGUHA U BBHIYACICHHA.
ITosToMy sBIIEHHE 3aMyTAaHHOCTH TIPHBJICKAET OOJBIIOE
BHIMAaHME UCCIeAoBaTesIel. Y AMBUTENIBHO, YTO B CTAHAAPT-
HBIX y4YeOHMKAaX KBAaHTOBOW MEXaHUKH O 3aMyTAHHOCTH B
KBAaHTOBBIX CHUCTEMax Jaxe He yrnomuHaercs [19], xorts
3amyTaHHbIE COCTOSIHUS ObLTM OOHapyxkeHsl eme B 1935 1. B
3HaMeHuThIX paborax WIpémuurepa [20] u DitHmnTeliHA C
coTpynHukamu [21].

PaccMOTpuM JIBYXKOMITOHEHTHYIO KBAHTOBYIO CHUCTEMY
A1 B B YUCTOM COCTOSIHUH |/ ,5). IIycTh A U B pa3inyumMbl
(HETOXIECTBEHHbIE YACTHILI®) U IIYCTh PA3MEPHOCTH HO.-
cucreM A u Bpasuet M u N (M < N).

BekTop cocTosiHUSL |\ 5) MOXET OBITH DPA3JIOKEH IO
6a3ucHbIM QyHKIUSAM u; ¥ v; TOACUCTEM A U B (pa3iioxeHue
IMmuaTa):

Wag) = Y cilug)lv) -

i=1

(43)

Yucio He paBHBIX HYJIFO KOAI(QQUIIMEHTOB ¢; B pa3JIOKCHUU
ectb umcygo IImuara Sch. Ecmm Sch =1, cocTosinue
|V 45) = |u)|v) He 3amyTaHO, Tak Kak MpeicTaBisieT coOOM
MPOU3BEJICHUE COCTOSIHUMI 1 U v mojacucteM. Eciau Sch > 2,
COCTOSIHHE |/ 45) 3AIYTAHO.

Jnsa cucteMbl, ONMKUCHIBAEMON MAaTpHUIIEH NJIOTHOCTH p,
sHTponus pon Heiimana

S(p) = =Tr(plog, p) (44)
MOXKET JaBaTh Mepy (KOJMYECTBO) 3aMyTAHHOCTH B IBYX-
KOMIIOHEHTHOM cucteme [22]. Hucroe coctosiHue | p)
ONpE/CJICHO MOJHOCTBIO, Tak 4To S(p,p) = 0. OmHako
COCTOSIHHS TOACUCTEM A U B 10 OTIAENBHOCTH XapaKTepH-
3YIOTCS C HEOIPEIeICHHOCTBIO, BBIPAXKECHHOM BEPOSITHO-
CTSMHA |c,-|2 B MaTPHUIAX IUIOTHOCTH:

pa=Trgp,p= Z(UI‘PABM) = Z |Ci|2‘“i><“i| )
i i (45)
Pp = Z |Ci\2|vi><%‘|-

1

3navyenus sHTponuu GoH Heiimana juist momacucrem 4 u B
MOJIOKUTEJIbHBIL:

S(ps) = Slpg) ==Y _ lci*logy |ei* > 0.

1

(46)

HeomnpeneneHHOCTh B COCTOSIHUSIX, ONMUCHIBAEMBIX MaT-
pUllaMU IJIOTHOCTU P, U Pp, CYLIECTBYET A0 U3MEPEHUS
coctosiHuil noacucteM A u B. Uewm Oouibllie 3Ta HEOMpe/ie-
JIEHHOCTb, TeéM OOJIbIlle 3aMyTAHHOCTh B COCTOSIHHHU |/ ,p)
KOMITO3UTHO#M cucteMbl AB. Jlnsi kyOUTa B COCTOSIHWH,
ONHUCHIBAEMOM MaTPHULEH MJIOTHOCTU

p.4 = lco*10)(0] + [er [P 1)(1

I

2 2
makcumyM S(p,) = 1 mocturaercs npu |co|” = |¢i|” = 1/2.
DTO COOTBETCTBYET YUCTOMY COCTOSIHUIO

as) =5 (100) + 1)

3 TOX/ECTBEHHOCTb YaCTHIl BHOCUT HOBBIC 3JIEMEHTHI B TEOPHIO 3ally-
TAHHOCTH JUIS (JepMUOHOB B OO30HOB (CM. HIXKE).
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JIByXKYOMTOBON KOMIO3UTHOU CUCTEMBI, UMEIOILIEMY MaKCH-
MaJIbHYIO 3aIyTAHHOCTD B CHCTeMe KyOuToB 4 u B.

Taxum 00pa3om, Mepoi 3aIy TAHHOCTHU B YUCTOM COCTOSI-
HUH |/ 45) KOMIIO3UTHOM CUCTEMBI A B CITyKUT Mepa Heolpe-
JIEJICHHOCTH COCTOSIHMU mnoacucteM 4 u B — sHTponus
(on Hetimana. [{J1s pa3uuuMBbIX ITOJICUCTEM BCsl HEOTIpEIe-
JICHHOCTb B p 4 U pz OOYCJIOBJICHA 3aIIyTAHHOCTBIO B COCTOSI-
HIH Y ).

B ciryuae ToxaeCTBEHHBIX YacTull 4 U B B COCTOSIHUSX p 4
U pp BO3HUKAIOT JOIOJHUTEJIbHbIE HEONPEAEIEHHOCTH,
00YCJIOBJIEHHBIE UX TOXAECTBEHHOCTBIO. st (pepMHOHOB
co cnuHoM [ pasinoxenue llIMuara BegeTcst 1o aHTUCUMMET-
pPU30BaHHBIM KOMOMHAIMsAM Oa3ucHbIX GyHKuui [2i — 1) u
|2i) [22]:

21+1

Wan) = @ % (12— 1) 42y — [20) 120 = 1)) . (47)

i=1

HerpyqHO HAaWTH NPUBEACHHYIO MATPUIY IUIOTHOCTH p 4
(unm pp) u auTpomnmo poun Heiimana S(p,) = S(pp) B aTOM
cityuae:

ps=Trp (|l//AB><l//AB‘) -

21+1

[ . \ n
Z 2 |a,~| (|2l - 1>A<2l - 1|A + |2l>A<2l|A) ) (48)

1
S(pa) =Tr(palog, ps) = =5 _laif log, [ail* =

1= |ai* log, |ail* .
i

U3 (48) ciaenyert, uTo SHTDOMHA ¢on Heitmana S(p ) > 1
mpu Beex |a;|* € [0, 1], >/lail” = 1. MunumanbHOe 3HaUCHHE
S(p4) = 1 00yCIIOBIEHO HEOMPEIEICHHOCTHIO B COCTOSHUU
0 4> CBSI3AHHOM C TOX/IECTBEHHOCTBIO YacTull. B aToM ciryuae
yucio [lImuara Sch = 1, cocTosiame

Was) = = (11)128) — 124)]15)

HE 3aI1yTaHO!:

1

P4 :§(|1A><1A| +1240Q24l),  Slpg)=1.

Wrorosblii pe3yibTat ajist (GepMUOHOB: €CIIN [T COCTOSIHUSI
| 45) uucao IMImunra Sch =1, wim, YTO SKBHBAJIEHTHO,
S(p4) =1, TO cocTosiHue |\, p) HE 3aIyTaHO; €CIU XKe
Sch > 1, wmm S(p,) > 1, T0 | 45) ONUCBHIBACT 3alyTaHHOE
cocTosiHue (PEpMUOHOB.

J1st 6030HOB TOJIyYEHBI CJIEAYIOIINE pe3yJbTaThl [22]:
COCTOSIHHE | ,5) HE 3aIlyTaHO, ECIIA

S(p4) = S(pg)
S(p4) =S(pp)

COCTOSIHHE | ,5) 3aIlyTaHO, ECJII

1) Sch =2, S(pA) = S(pB) € (Oa 1)7
2) Sch>2, S(p,) = S(ps) € (0,In (25 +1)).

1) Sch =1,
2) Sch =2,

0,
L;

OTcrona BUOHO, YTO KPUTECPUHU 3allyTAHHOCTHU COCTOSHHS
|WAB> TOXIACCTBECHHBIX YAaCTHUI[ BKJIKOYAKOT KaK 3HAYCHUA

2V®H, 1. 175, Ne 1

yucna Mmuara anst | ,p), TaKk ¥ 3HAYSHUS] IHTPONUU
¢on Heiimana st moacuctem S(p ) = S(pp).

4.4. Tlpeodpa3oBaHusi 3ayTAHHBIX COCTOSIHHUIA
PaccmaTpuBasi 3amyTaHHOCTh KaK PECypC, MbI JTOJIKHBI
YMETh €€ CO3/1aBaTh (FEHepUPOBATH), XPAHUTH, IIPeodpa3o-
BBIBAaTh, UCIOJIb30BaTh. [lepeiieM k Bompocy o mpeoOpa-
30BaHUSX 3aMyTaHHBIX cocTostHniA. [lycTh wactu 4, B, C, . ..
3aMyTaHHOW CHCTEMBI PACIIOJIOKEHBI B PA3JIMYHBIX TOYKAX
MPOCTPAHCTBA B PACHOPSKEHUU CyOBeKTOB Sy, Sz, Sc,. ..
Kaxaplii u3 cy0OBbEKTOB MOXET COBEPINATH JIOKAJIbHBIE
onepalyy HaJl CBOCH 4aCThIO CUCTEMBI M COOOIIATh 00 3TOM
JpyruM cyObeKTaM Mo kjaccuueckomy kanaiy csizu LOCC
(Local Operations — Classic Communications). Pazputuem
unen LOCC sBnsiercs croxactuueckuit LOCC (SLOCCO),
Korga mpeobpa3oBaHue |Y) — |@) BO3MOKHO C KOHEYHOMH
BEPOSITHOCTbIO. [Ipy 3TOM HMeEIOTCSl B BUIY ONEpALUU C
eIMHCTBEHHOM CHCTEMOIA, a He C aHCaMOJIEM CHCTEM.

IMocpenctBom oneparnuii Tuna LOCC (SLOCC) MoxHO
npeobpa3oBaTh HAYAJIBHOE 3alyTAHHOE COCTOSHHE CHC-
TEMBI |{/) B Apyroe 3amyTaHHOE COCTOsHHE |¢). BakHbIM
OPUMEPOM TaKUX IpeoOpa3oBaHUil sBJSIETCS HpPOLECC
JUCTWUISIUM  3allyTAaHHOCTH, T.e. OOpa3oBaHME MaKCH-
MaJIbHO 3aIyTAaHHBIX CUCTEM M3 YACTHYHO (HE MaKCHMaJlb-
HO) 3alyTaHHBIX cHUCTeM. [locpencTBOM omepanuii Tuma
LOCC BbInoHSIETCS IPOTOKOJI TEJIETOPTAIINN KBAHTOBOTO
COCTOSIHUSI, KOTJIa B PacCIopspDKeHUH CyObekToB Sy u Sp,
BBLIMOJIHSIIOILUX MPOTOKOJ, MMEETCS MAaKCUMaJIbHO 3ally-
TaHHAsl apa KyOuToB. [IBa COCTOSIHUSL /) U |¢) KOMIO3HT-
HO# cHCTeMBbl TpeoOpa3yroTcs APYr B ApYra MOCPEACTBOM
LOCC, ecnu oHM cBSI3aHBI APYT C JOPYrOM JIOKaJIbHOU
yHHTapHOH Matpureil: |¢) = Uloc|).

J1st AByX4acTUYHOM CUCTEMBI 4 B 3anuIem:

ny,

0.45) = Ua® Uglhip) = > Vi

i=1

ia)lip) - (49)

3neck Uy u Up — MaTpUIbl JIOKAJIBHBIX TPeOOpa30BaAHMIA, B
npaBoi wyactu (49) mpeacrtasiieHO B (GopMe pas3IOKEHHS
IMmunra, ny — uaBapuanTHoe B LOCC 4yucimo MImMuara
JUTSL BEKTODA [ ).

Jis IByX4aCTUYHOM CHCTEMBI Hif) ®Hg") (n<m —
pPasMEpHOCTH NOACUCTeM A u B) 3Havenusa ny = 1,...,n.
DTO 03HAYaeT, YTO CYLIECTBYIOT # KJIACCOB HEIKBUBAJICHT-
HBIX (HE MpeoOpasyrolMxcst ApYr B Apyra MOCPeACTBOM
LOCC) coctosinuii |\ 4).

Cuctema u3 IByX KyOUTOB (n = m = 2, ny = 1,2) umeer
JIBA HE3KBHBAJICHTHBIX KJIACCA COCTOSTHHNA:

[V 45 = [14)|15) (me3amyTanHoe),
AP B) + 221240 [25)  (3anyrammoe).

S
N
)
z
I

SlcHO, UTO He3amyTaHHOE COCTOSHHE HEJIb3sl MPEBPATHTHL B
3anytaHHoe nocpeactsoM omnepanuit Tuna LOCC. Cocros-
HUS1, IPUHAJJICKAIINE K HEOKBUBAJICHTHBIM KJIACCAM, MOTYT
OBITH CBSI3aHBI MOCPEACTBOM HEJIOKAJIbHBIX ONepaluil (Tuna
CNOT) unu HeoOpaTUMBIMH JIOKAJTbHBIMH OTICPAIUSIMU,
BKJIFOYAIOIIAMHU, HATIPUMED, U3MEPEHHE.

Cucremsl, cocrosiue u3 Tpex yactuil A, B, C, UMEIOT
IIECTh KJIACCOB HEIKBHUBAJICHTHBIX COCTOSIHUHU [23]: Hesamy-
TaHHOE cocTosiHue | ,)|Wg)|W); xmacest A — BC, AB — C,
CA — B, B KOTOPBIX 3aIyTaHbI JBE YACTHIIBI U3 TPEX; ABA
HEOKBHUBAJIEHTHBIX KJIACCA COCTOSIHUIA, B KOTOPBIX 3aITyTaHbI
BCe TpW vacTHOBL. s Tpex KyOUTOB COCTOSIHUSI MOXHO
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3alucaTb KakK

|GHZ) = —= (|000) + |111)) ,

7
W) = (|100 +010) + [001)) .

IIpr paccMOTpeHUM 3aMyTAHHBIX COCTOSHHMA TpeX W
OoJiee YacTWI] BO3ZHMKAET BOIPOC: B KAKOH Mepe OOBEKT
(xyOuT) MOXeT ObITh 3alyTaH OJHOBPEMEHHO C NByMS (U
6osee) apyrumu oobekTamMu? OKa3bIBAETCS, YTO KBAHTOBAS
3aMyTaHHOCTh (KBAHTOBBIC KOPPEJISIIIMUA) HE MOXKET CBO-
0O0IHO BO3HUKATH (CO3/1ABATHCS) MEX/Y OJTHUM OOBEKTOM U
MHOTHMH APYTUMH (B OTJIMYHE OT KJIACCHYIECKHX KOPPEJIs-
nuit). Hanpumep, B cucteme u3 tpex yactun 4, B, C Hannune
3aMyTaHHOCTU A ¢ B OTpaHNYUBACT CBEpPXY 3aMyTAHHOCTh A
c C[24].

O6061mmast cocrostaue |GHZ) Ha ciy4ait n > 1 xyouTos,
[OJIy4aeM COCTOsIHME TUIA "péIMHrepoBCcKOro Kora':

|lﬁn>: (|OI~»0n>+|11'-'1n>)7

1
V2
SIBJISIFOLLIEECS] MOJIEJIBIO COCTOSIHUSI MAaKPOCKOIHMYECKOI' 0
TeJla B CyNEePHO3ULIMOHHOM KBaHTOBOM cocTostHuu. Mcce-
JIysl TIPOIIECCHI EKOTEPEHTU3AINK COCTOSIHUS |/,,), yIaeTcs
OTBETUTb Ha BONPOC KapAUHAJbHOH BaXXHOCTH: IOYEMY
MaKpOCKOIMYECKUE Tejia BeAyT ceOsi KaK KJIacCU4ecKue,
TOT'Ia KaK IO CYILECTBY OHU KBAHTOBBIE (B TOM CMBICTIE, UTO
HET 3ampeTa Ha KBAHTOBOE OIMCAHWE TeJ OOJIBIIOTO pas-
Mepa). B paznene 7, mocBAIeHHOM ITpoIieccaM AeKOTepeHTH-
3al1, JaH OTBET HA 3TOT BOIPOC.

4.5. 3aHyTaHHOCTB B CMCHIAHHBIX COCTOSTHHUSIX
KOMIIO3UTHBIX CHCTEM

CMelIaHHbIe COCTOSTHUS I[ByX‘IaCTH‘IHOﬁ CUCTEMBI OITHCHI-
BarOoTCs ManHHCﬁ IIJIOTHOCTHU BUJa

= Z Pi PiAB = Z Di |‘piAB><‘//z‘AB| )

TJIe p; — BEPOSITHOCTh OOHAPYXHUTh B aHCAMOJIE CHCTEMY B

AB _ |, AB\ /1 AB AB g,
coctosHun p/¥ = ’l//,. ><z//, | Ecmu Bce p/'® daxrtopu-
syemsl (p/8 = pA @ pB), cmemannoe cocTosuue He comep-
KUT 3anyTanHoctu. Eciu xe HekoTOpble 3 cocTosuumii p;12
He (aKTOpHU3yeMBbI (3aMyTaHbl), TO U CMEIIAHHOE COCTOSIHHE
0 4p B IIEJIOM COCPKHUT 3aMyTAHHOCTH, KOJIMYECTBO KOTOPOIA
MOYHO OTpPEeIeIUTh (hopMmytoii [14]

~min Y piS(o/")

3nech S(p/!) — snrponus pon Helimana st moacucteMsl A
B coctostann p;! = Trp p/ 8

UnTepec K 3amyTAaHHOCTH B CMENIAHHBIX COCTOSIHHSIX
CBSI3aH C BO3MOXHOCTBIO OYHCTKH (purification) aToit 3amy-
TAHHOCTHU ¥ 00Pa30BaHMs 3a €€ CUeT MAKCUMAJIbHO 3aIyTaH-
HBIX MAP B YUCTOM COCTOSIHMU. [1pe/IOKeHBbl MPOTOKOJIBI
Takou ouucTku [14].

(50)

E(p4p) (51)

4.6. DxcnepuMeHTaJIbHbIe MEeTOAbI NOJIyYeHHs
3anyTAHHBIX COCTOSIHMIA

3anyTaHHOCTh KaK Pecype SIBJSETCS PACXOAYEMbIM (hakTo-
pom. CienoBaTeiabHO, HEOOXOAUMBI METOIBI "M3rOTOBIIE-
Hust" 3amyTaHHbIX nap. Mcnob3yst yHUTApHOE IBYXKYOUTO-
Boe mpeobpazoBanre CNOT, 3 HaYaILHOT'O HE3aNyTAHHOTO

COCTOSIHUSI IBYX KYOUTOB

1
7 (10.4) +11.4))[08)
MOJIy4aeM MaKCUMAJIbHO 3allyTAHHYIO Mapy KyOUTOB:

CNOT 45
) —

Vel (|0A>IOB> +114)[08) (\0A>|0A> +114)[15)) -

(52)

<[~
Nl

Takoii criocod MOXHO Ha3BaTh AJITOPUTMHUYCCKUM, TaK Kak
HCHOJb3yeMbIe OIECPALUU B3SITHl U3 YHHBEPCAJIBHOTO
Habopa, UpeAHA3HAYCHHOTO [JISl BBIMOJHEHHUS KBAHTOBBIX
AJTOPUTMOB. ANTOPUTMHUYECKHIM CHOCOOOM TOJTyYeHBI
3amyTaHHbIe KyOUTHI HA MOHAX B JIOBYIIKE [5] M sIIEpHBIX
criuHax B IMP-kBanTOBOM KOMIBIOTEDE [25].

B GoJbIIMHCTBE IKCIICPUMEHTOB C 3aIlyTAHHOCTBIO HC-
MOJIB3YIOT Mapbl (POTOHOB, MOJIyYaEMble B PE3YJIbTATE CIIOH-
TaHHOTO pacmaja yJIbTpaduoyieToBoro GoToHA HAKAYKU B
HEJIMHEWHOM KPHUCTAJLIE, — TaK HA3bIBAEMYIO BHU3-KOHBED-
cuto (down-conversion) [26]. B mporiecce BHH3-KOHBEPCUU
00pa3yroTcsl CHUTHaJIbHBIA (S) W XxoJjocToit (i) ¢goton. U3
3aKOHOB coxpaHenus cyenyet kpn = Ky + ki, wpn = s + o;.

BosHoBas pyHkIms POTOHOB MOXKET OBITh 3aNUCaHa KaK
CYIEPIO3UIHsl TPOU3BEACHUI OMHOMOTOHHBIX YUCTHIX CO-
CTOSIHHH |ws)|wph — s); B YACTOTHOM TPEICTABICHHN C
aMImATyIaMu @ (wpn, s, i) [27]:

W) on = M|vac)|vac);+
Y B(@ph, 05, 01)|0s) | oph — @3); (53)

Wy

rae no € 1 — koaddunueHT koHBepcuu. B orcyrcTBHE
HAKAYKH OCIHUIATOPBI M5, j HAXOMSITCS B BaKyyMHOM
cocrostHUM: M ~ 1. Bapbupys ycjaoBusl TeHEpAId, MOXHO
MOJIYYUTh Mapbl (OTOHOB, 3aIMyTAaHHBIX MO MOJISIPU3AIINH,
AMIIYJIbCY WM BpeMeHHu [27].

B Gomnee mmMpoKoM CMBICIE pacmaj JIF00OW YacTUIBI B
CHHIJICTHOM COCTOSIHUH Ha [IBE YaCTHUIIBI POXKIACT 3aMyTaH-
HBIC 10 KOOPAMHATE, UMITYJILCY WU CIMHY Maphl YACTHIL:

1
[Win) = 6(x) — 72 (‘X1>A‘x2>3 + |x1>B‘x2>A) )
Win) = 6(p) — 7—(Ip1> Alp2) g+ 1) plp2) 4) s (54)
|
Y= 180) — —= (10.0)]15) + [08)]1.4)) .
[¥in) = [S0) \/E(‘ A1) +108)[1.4))
MCTO,E[[)I, OCHOBAHHBIC Ha pacnaﬂe YaCTUIl B CHUHIJICTHOM

COCTOSIHUH, MOXHO Ha3BaTh "pusnueckumu".

5. I1pobGaembl u3MepeHuii COCTOSIHUS KYyOUTA

5.1. 3mepenue cocTosiHust KyouTa

W3mepenne cocTosiHus KyOUTOB B KBAHTOBOM KOMITBIOTEPE
CYMTAETCSl OJHOW M3 CTAaHIAPTHBIX omnepauuil. Hampuwmep,
HHHUIUAIU3AIHS KYOUTOB KBAHTOBOTO PETHCTPA MOXET
OBITH BBIMOJIHEHA AJITOPUTMHUYECKU: KaXKIbli KyOHUT B
HEM3BECTHOM COCTOSIHHH Perucrpa /) = > a.|x) moasep-
raercst u3mepenuto B 6asuce |0), |1). Ecam nosyuaercs |0),
HHUNUAIN3aMs KyOuTa 3aBeplieHa; eciau mostydaercs |1),
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npumensieM oneparuio NOT|1) = |0). Oneparus uamepeHust
BBIMIOJIHSIETCS B XO/I€ IPOIIECCOB KOPPEKIIUK OIIHOOK (YTEHHE
CHH/IpOMa OIIMOOK) M BO3BpallleHust B cocTosinue |0) KyOu-
ToB-aHIMWILI. HakoHeln, u3MepeHHe BceX KyOMTOB KBAHTO-
BOro perucrpa B 6asuce |0), |1) BbImOJHSETCS 1O 3aBeplIIe-
HHUU BBIYHCIICHUH B [EJISIX MOJTYYeHHsI KJIACCHYeCKON HH(OP-
Manud (JBOMYHOTO YUCHA ji,...,J, = {0,1}) o perienun
3a1aun.

C TeopeTHIecKOi TOYKA 3PEHUST HET HUKAKUX CIIOXHOC-
Teil B IIPOIIE/Iype U3MEPEHUsI COCTOsIHUSI KyOuTa B 6a3uce |0),
[1). Onnako Qusmueckas peajau3alds U3MEpeHUs] KyOuTa
COMPSDKEHA C PEeleHNeM BECbMA CIIOKHBIX TEXHOJIOTHYECKUX
mpobJieM, CBA3aHHBIX C PEOI0JIEHHEM TPYAHOCTEN H3Mepe-
HUSI COCTOSIHHS OT/IEJIBHOM ATOMHOM YaCTHIIBI: ATOMA, HOHA,
9JIEKTPOHA, CIIMHA JJIEKTPOHA MM ATOMHOTO siapa, GOTOHA.
ITo cymectBy misi KaxI0H peanu3anuu KyOuTa Hy»XKHA
pa3paboTka CBOero (hM3MYECKOro METOJa U3MEPEHHs €ro
cocrosiaus. [TokakeM, Kak 3TO MOKHO BBIIOJHUTH IS
KyOUTOB Ha ONITHYECKUX YPOBHSX HOHA B JIOBYIIIKE [5].

B kauectBe cocrosinus |0) KybuTa BeIOEpEM 1101ypOBEHb
OCHOBHOT'O COCTOsIHUSI 42S) />, B KauecTBe COCTOsIHMS |1) —
HOAYPOBEHb BO30YKIEHHOIO METACTAOUILHOIO COCTOSIHUSI
32Ds; (em. puc. 3). "Onpoc" HOHa 0 COCTOSIHUM €ro KyouTa
MOYHO OCYIIECTBUTb JIA3€POM C JIJTUHOM BOJIHBI A = 397 HM,
BO30YXK/IAIOIIMM JHIONBHBIC Tepexombl 47|, — 42Py ).
Ecmu xy6ur Gbun B cocrostamn |0) = [42S ), To mox
JICHCTBUEM JIa3ePHOTO U3JIYYCHHS OH TEPEH/IeT B COCTOSIHIE
|2) = [4%P) ,). Ipu Bo3BpalueHun KybuTa B cocTosHue |0)
(CTIOHTaHHBIN MEPEX0/1) MPOU30UIET U3JTydeHrue (OTOHA, YTO
" JaeT uHPOPMAIMIO O TOM, YTO KyOMT B MOMEHT Havaja
n3MepeHnsi Haxommics B coctostHud |0). Ecim ke 1o
M3MepEHNsl HOH ObLI B cocTositmi |1) = [32Ds ), usnyueHus
dorona ne 6yner. U3 cocrosaus 4 2P, /2 MOH MOXET CIOH-
TaHHO MepeiTH Ha MeTACTAOUILHLIH yPOBEHD 3 2D; /2. YTOOBI
HE IPOMCXOauIo "tuleHeHus" HOHA B 3TOM COCTOSIHHHU, [IPH
M3MEPEHAN BKITFOYACTCS eIl OJIMH Jla3ep Ha YacTOTe Tepe-
xoja 32D3/2 — 42P1/2 (A = 866 HM), TpeaOTBpaIArOIIHii
IUICHEHHE 3aCEIICHHOCTH Ha ypoBHE |3 2D; ).

JeTeKTop CHOHTAHHO W3JIyYeHHBIX (OTOHOB HMEET
MaJIplil yriioBoit pasmep (Q < 4m), noatoMy 3¢hQexTHs-
HOCTb JETEKTUPOBAHUS eAUHUIHOrO hoToHa 1 < 1. [TycTh B
pesyibTaTe LMKJIMYHBIX mepexomos |0) — |2) (mon neict-
BHEM J1azepa C UIMHOM BosiHbl A = 397 HM) u |2) — |0)
(coHTaHHBIN TIepexo/) u3inydaercss N GOTOHOB, HA JETEK-
Tope 3adukcupyercst B cpeaneM n = yN ¢horonoB. Beposrt-
HOCTb TOTO, 4YTO U3 N (OTOHOB HU OAMH HE OyneT 3aduk-
CHpOBaH JeTekTopoM, paBHa py(0)= (1— Y =exp (—n).
Ipu n = 10 BeposTHOCTH py(0) = 4,5 x 107>, T.e. mpu n > 1
BEPOSITHOCTH OIIMOKK IIPU U3MepeHnu maia (cocrosiaue |0)
npuHATO 32 |1)).

Eciu kyOUT B MOMEHT HaYajla M3MEPEHHs HAXOMUTCS B
COCTOSIHHY cynepno3unui [) = «|0) + f|1), To B u3MepeHnH
Gyner paboTath 3aceneHHoCTs ||* cocTosmms [0): N oc o’
3acenennocts |f|° cocrosmms |1) mieHeHa Ha MeTACTAGHIIb-
HOM ypoBHe 1 "He akThBHA".

OTMETUM CTATUCTUYECKUI XapaKTep U3MEPEHUS U HEOO-
XOJIUMOCTh YIJIMHEHHSI BPEMEHHM WM3MEPEHHsI HACTOJBKO,
4TOOBI YHCIO METEKTHPOBAHHBIX (HOTOHOB 1 = NN cTANO
cratucTHiecku GospimuM. K coXkalleHHio, 3TO CBOWCTBO
(HE06X0IMMOCTD HAKOIUICHUS CUTHAJIA) TPUCYIIIE OOJIBIINH-
CTBY pa3pabOTaHHBIX METOJOB M3MEPEHHs COCTOSIHHS OT-
JIEJTbHBIX ATOMHBIX YaCTHII.

B npuHIMIe KeTaTeNbHO, YTOObI JTUTETLHOCTh H3Mepe-
HAsL ObLIA COMOCTABMMOM C [UINTEILHOCTHIO KBAHTOBBIX

2*

onepanwmii. Torma nu3MepeHre MOXHO ObLIIO ObI MCHOJIB30-
BaTh KaK CTAHOAPTHBIM BBIYMCIUTENbHBIN mnpueM. llpu
JIUTUTENBbHBIX HU3MEPEeHUsIX (METOABl C HAKOIUICHWEM CHT-
HaJa) JTOJDKHBI IPUHUMATBCS MEPhI [ COXPAHEHUsI KBaH-
TOBOH KOTEPEHTHOCTH U3MEPSIEMOTO COCTOSIHUSI.

He Bxons B IeTajill, paCCMOTPUM BO3MOXHBIE METOIbI
U3MEPEHUsI COCTOSIHUSI KYOMTOB HA €IUHMYHOM CIHHE
I=1/2. AxtuBHO pa3pabaThIBACTCS TEOPUS METOdA C
WACIOJB30BAHMEM  MArHUTHO-PE30HAHCHOTO  CHJIOBOTO
Mukpockona [28]. MarHuTHOe AMIOJNb-AUINO0JIBHOE B3aUMO-
JIeCTBHE OJMHOYHOTO CIIMHA C JUIMOJIEM (GeppOMArHUTHOTO
30HJa Ha KOHIIE MEXaHMYECKOTO pe30HATOpa-KaHTUIIEBEpa
HCIIOJIb3YETCS IJISl PE3OHAHCHOTO BO30YXK/ICHHS KOJIeOaHUU
kaHTHiIeBepa. [Ipu BO3MEHCTBUHM HA CHUH MEPUOIUIECKON
JIOCTATOYHO [JIMHHOM IOCIIEOBATENILHOCTH T-HMITYJIbCOB
BO30YXJAIOTCS KOJICOAHMSI KAaHTHWJIEBEPA, JIETEKTUPYEMbIe
ONTHYECKUMHU METOIAMH.

Onst comHOB B TBepAaoM Teie (crmubl [ = 1/2 siaep
dochopa 'P B GeccIMHOBOM MOHOKpHCTAJUIE KPEMHHS
28Si) mpemIOKEHBI MHOTOCTAIUHHBIE METO/bI M3MEPEHHS
COCTOSIHUSI SIICPHOTO CIUHA: WHpOpMAIMS O COCTOSHHU
AZIEPHOTO CIIMHA TIEPeaeTCs CIIUHY S dJIEKTpoHa atoma 3! P;
oT ciiHa S uHGopManus nepeaeTcs K 3apsiiy J1eKTpoHa e.
Hanuuue (oTCcyTCTBHE) 3apsiia OJMHOYHOTO 3JIEKTpOHA B
OKPECTHOCTH HAHOTPAH3HUCTOPA JETEKTHPYETCsS H3Mepe-
HHEM TOKa Yepe3 HaHOTpaH3ucTop [29].

XOTs Kaxaasi U3 MePEUUCIICHHBIX CTAUN U3MEPUTEIIb-
Hoii "acraders" BBINISLAAT OCYILECTBUMOM, BCE CTaIUH
BMECTE ellle HUKeM He ObUIM ocymiecTBieHbl. B SIMP-
KBaHTOBBIX KOMITBIOTEPAX, B KOTOPAX HCIOJIb3YETCS TeX-
HUKa MMITYJIbCHOTO MAarHATHOTO Pe30HAHCA Ha MOJIEKYJISIP-
HBIX XXHJIKOCTSIX IPH KOMHATHOM TeMIiepaType, IeTeKTUpye-
MBIl cuTHai oOpas3yercs MaKpOCKONMUYECKHMM aHCaMOJIeM
(mopsimka 10'®) mosexyn. OIeHKM TOKa3bIBAIOT, 4TO B
TexHuke uMnyibcHoro SIMP na TBepmom Tesle mpu HU3KUX
temriepatypax (7 < 0,1 K) BO3MOXHO HeTEeKTUPOBAHHE
curHaNa oT aHcamb.1a mopsaka 10° aTomos [30].

N3MepeHust cocTOsIHUSL KYOUTOB Ha CBEPXIPOBOJHUKO-
BBIX ME30CTPYKTYpax (KBAaHTOBBIE TOUKHM C KYHNEPOBCKHUMU
TapaMy WU CKBHUJIBI CO CBEPXTOKAMU) CBOASITCS K DJICKTPH-
YeCKIM M3MEPEHUsIM ¢ HaKoTuIeHneM curaadnia [31, 32].

MoxHO yTBEepXKAaTh, YTO MPOOJIEeMa U3MEPEHUSI COCTOSI-
HUS OTACITBLHBIX KYOUTOB — OJTHA U3 CAMBIX TPYIHBIX C TOUKH
3peHust HU3NIECKOl peau3aluy KBAaHTOBOTO KOMIIBIOTEPA.

5.2. Tomorpadusi KBAHTOBOr0 COCTOSIHHSI

Ipouenypa onpeneaeHuss MATPULBI INIOTHOCTH p HEM3BECT-
HOTO COCTOSIHHSI CUCTEMBI Ha3bIBaeTCsl ToMorpadueil kBaH-
ToBoro cocrosiHus [15]. Tomorpadus KBaHTOBOTO COCTOSI-
HUS SIBJISIETCS CYILECTBEHHBIM Pa3BUTHEM HIEH M3MEPEHHs
COCTOSIHMSI CUCTEMBI B HeKoTopoM Oasuce. M3mepenue
COCTOSIHHSA |Y) = ) cy|x) B Oa3uce |x) BBHINOJHAETCS Ha
eJMHAYHOM 3K3eMILLIpe CUCTeMBI. Pe3ybraToM H3MepeHus
C BEPOSTHOCTBIO | ¢, |* By/IeT HEKOTOpOE GA3MCHOE COCTOSIHUE
x). B eIMHUYHOM M3MEpPEHHH BEPOSITHOCTH |c,|* ocTaroTcs
HEH3BECTHBIMU.

ToMorpadus coCTOsIHUS O3HAYAeT, YTO HYXKHO OIpejie-
JIATh BCE 3JIEMEHTHI MAaTPHUIBI p WK (B ClIydae CHCTEMBI B
YICTOM COCTOSIHHH [}) = > cy|X)) Bce aMIIMTYIBI cy,
BKJIrO4ast uX Gassl. Tomorpadust COCTOSHUS €CTh CTATUCTH-
deckasi npoueaypa, TpeOyrolasi Hajau4usi (M3rOTOBJICHUS)
HEOIPDaHUYEHHOTO AHCAMOJI 4YaCTHL B COCTOSHHUH p U
BBIIIOJIHEHUS] U3MEPEHUI Ha YaCTHUIAX M3 3TOT0 aHCaMOJIs.
PaccMoTpum Ha mpuMepe KyOnuTa, KaKie H3MEPEHHS HyKHBI.
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Martpuiy IIOTHOCTH p KyOUTa MOXKHO Pa3JIOKHUTh MO
CTaHJIapTHOMY Ha0OpY MAaTpHII ONEPATOPOB IIpeoOpa3oBa-
nus kyouta I, X, Y, Z:

p=Tr(Ip)I+Tr (Xp)X+Tr(Yp)Y +Tr(Zp)Z. (55)

Besmmuuna Tr (Ap) npencraBiisieT coGoOi cpeiHee 3HAYECHHE
HabIroaeMon A.

W3 ypaBuenus (55) cimeayeT, 4TO ISl OMNpEACTICHHS
MAaTpPHIBl TUIOTHOCTH p HEM3BECTHOTO COCTOSIHUSI HEOOXO-
UMbl CTATUCTHYECCKUE WM3MEPEHHS, TMO3BOJISIONINE HAUTH
cpenHue 3HaYeHUs (MOMEHTHI IIEPBOTO MOpsiIKa) HaOJIroaae-
MbiXx X, Y, Z:

00 =Tr(xp) = fim (1 3°x).

i=1

(56)

Haiinennsle u3 u3mepenuii (mpuOIMKEeHHbIE) 3HAYESHUS 3J1e-
MEHTOB MaTpPHIBI p KyOUTa UMEIOT BU[T

pu=1+(Z), pp=p5=X)-i{Y), pn=1-(2).

(57)

Pacnpenenenue (X) u 3HAUCHHE CpeIHEKBAIPATHYHBIX
oTKJIOHeHUH (X) BBITEKAIOT U3 LEHTPAJBHON HpelesIbHOMN
Teopemsl [15].

OueBuaHO 0600MICHUE TPOTIEAYPBI TOMOT pad K KBAHTO-
BOTO COCTOSIHWSI Ha CHCTEMBI, COCTOSIIUE U3 7 KYyOUTOB
(KBaHTOBBII KOMITBEOTED):

p=2""Tr(0;®...20,8p)(0;®...00,), (58)
0¢e(LX,Y,Z).

Ha ocHoBe mponenypsl Tomorpapuu KBaHTOBOTO
COCTOSIHUS TIpeIJIOKEHA mpoueaypa "ToMorpaduu KBaHTO-
Boro nporecca". Hanpumep, npu paboTe KBAHTOBOI'O KOM-
MbIOTEPa KYOUTHI MOJBEPralOTCS MPOIeccaM JeKOTePEHTH-
3ammu, omepatop E kxoTopbix HemsBecTeH. Mmero mMeTtoma
ToMOrpadpur KBAHTOBOTO Mpolecca IPOIeMOHCTPUPYEM Ha
npuMepe ogHOTo Kybuta. Buibepem d”> =4 (d =2 — pas-
MEPHOCTh MPOCTPAHCTBA COCTOSIHUN KyOUTa) Mo IaHCcCaMOJIst
KyOUTOB B OA3HMCHBIX COCTOSIHHSAX Py, - . ., P4t

p1 =)Wl o Py = ) (Wl -

B pe3yibpTaTe HEM3BECTHOTO IpoIEcca IEKOIepeHTH3a-
WU, XapaKTepu3yeMoro omepatopoM E, cocrosHES p;
TpaHcHOpPMHUPYIOTCS:

pi—pi =E®p;.

CocTOosIHHSI p; U3BECTHBI, @ COCTOSIHHS C OLIMOKOH p/
ONpeAes M, UCTOJb3Ysl HNPOoLeaypbl ToMorpaduu KBaHTO-
BOI'0 coCTOsIHUSA. Torna paBeHcTBa

pi =E@p;

MPEACTABIISIFOT COOOM CUCTEMY YpaBHEHUH [JIsl ONIPEACIICHUST
3JIEMEHTOB HEU3BeCTHOU MaTpuIlbl E. 3a MaTeMaTHYeCKIMU
MOJIPOOHOCTSIMU OTChLIaeM YuTaTess K [15].

6. KBanToBbIe arOpuTMBI

6.1. KBanToBbIe aaropuTMbl (hakTOpH3ALHH YHCE

W NOHCKa B 0a3e JaHHBIX

K HacTosimieMy BpeMeHH OTKPBITHI M IOIPOOHO HCCIEIO-
BaHBI TPH KJIACCA KBAHTOBBIX JITOPUTMOB: 1) aJITOPUTMBI C

KBAHTOBBIMHU CKPBITBIMU MOJrPYHIaMK TpPeoOpa3oBaHUi
abeneBbIX rpymi (k HUM oTHOcHTCS anroput™m llopa dakro-
puzanuu yucen [9]); 2) aJIropuTMbI ¢ YCUJIICHUEM aMILTUTYT
(MX mpe/CcTaBUTENIEM SIBIISIETCSl aTOPUTM [ poBepa moucka
00BeKTa B HECTPYKTYypHUpOBaHHOW 06a3e maHHBIX [33]);
3) aJrOpUTMBI JJIs1 MOJICJIMPOBAHUS KBAHTOBBIX CUCTEM Ha
KBAaHTOBOM KoMibroTepe [15, 34—36].

AJropuTMBI KJ1accoB 1) U 3) mpe1ycMaTpUBarOT MpUMe-
HEHMe IUCKPETHOTO (ypbe-nipeodpazoBanus. [1pu BeImoJIHE-
HUH (yphbe-IpeoOpa3oBaHus Ha KIACCHYECKOM KOMITLIOTEPE
TpebyeTcs IKCIOHEHITUATILHO OOJIbIIIOe YKo onepanmid. Ha
KBaHTOBOM KOMIIbIOTEpe (ypbe-IpeoOpa3oBaHue BBINOJ-
HAETCA 3a IOJMHOMMANbHOE umcio (n?) omepamuil.
ITosToMy KBaHTOBBIE alTOPUTMEI KjiaccoB 1) m 3) neMoOH-
CTPHUPYIOT SKCHOHEHNUAIBLHOE YCKOPEHUE PEIeHUs 3aa4u
M0 CPABHEHUIO C aJITOPUTMAMH, BBIMOJIHIEMbIMH Ha KJIACCH-
YeCKUX KOMIIbIOTEpaXx.

IMpunnun anropurma ['poBepa — ycuiieHrne aMIIUTY OB
COCTOSIHUSI, COOTBETCTBYIOIIETO0 HCKOMOMY 00BbekTy. [1ycTh
[eJIOE YHCIIO X SIBJISIETCSl MHIEKCOM HCKOMOTO OOBEKTa.
ITocTaBUM eMy B COOTBETCTBHE Oa3MCHOE COCTOSIHUE |Xs) B
BEKTOPE COCTOSIHHUS |ff) = ) Cy|X) KBAaHTOBOI'O PETHCTpA.
WTepanmoHHbIii mpouecc MpH BBLINOJHEHUM aAJTOpUTMaA
I'poBepa mocTpoeH Tak, YTO HMHTEPQEpPeHIUs] aAMIUIUTY]
YBEJIMYMBAET AMIUTUTYY Cy,; OCTAIBHBIC AMIUIUTYABI Cy £
ymenbiiatotest. [Tocie /N utepanuii (N — 4nciio o6beKTOB
B 0a3e MJaHHBIX) AMIUINTYAA Cy, [JOCTHTAeT 3HAYCHUS
lex | < 1.

W3MepeHne cocTOSHHUS perncTpa mocie /N ureparmii
(omeparuii) ¢ BEpOSITHOCTBIO |y, | ~ 1 ompeaessieT HHACKC X
ACKOMOTO 00BbekTa. [TONCK 00BbEKTa B KJIACCHIECKOM CITydae
TpebyeT N omepanumii (mepebop Bcex 00BekTOB). [ToaTomy
TOBOPST, YTO B KBAHTOBOM aJroputme [ poBepa HOCTH-
raeTcsi KBaApaTHYHOE YCKOPEHUE PELLCHNUS 3a/1a4H TIOUCKA.

MaTemMaTuku HUCCIEIyIOT BO3MOXHOCTH MOCTPOCHUS
HOBBIX KJIACCOB 3(p()eKTUBHBIX KBAHTOBBIX AaJTOPUTMOB,
HANpUMeEp, I pelleHHs TaK Ha3bIBAeMON MPOOIIEeMbI
m3omoppuzma rpados [37]. Uem Gompine Oyaer HaiieHO
3((eKTUBHBIX KBAHTOBBIX AJITOPUTMOB, TeM OoOJIbllEe OyIeT
CTUMYJIOB K pealn3alii UAEeH KBAHTOBBIX KOMIIBIOTEPOB.
Bo3MoxHOCTh 3(pekTuBHOTO pelieHus: 3a7a4 KBAHTOBOU
(U3MKH SBIISETCS JOCTATOYHBIM OCHOBAHUEM JIISI CO3IAHS
KBaHTOBOTO KOMIIBIOTEPA.

Hwxe mnoka3aHel HOpUMepbl KBAHTOBBIX AaJIrOPUTMOB
TeJIENOPTAIMU M MOAXObI K aJITOPUTMaM MOJIEIUPOBAHUS
KBaHTOBBIX cHucTeM. [lepBblil mpuMep MO3BOJSET OLIYTUTH
JIeTalf, W3 KOTOPBIX CTPOSITCS KBAHTOBBIE AJTOPUTMBL
BTOPO# MPE/ICTaBIIIET HAMOOIBIINNA HHTEPEC ISl YATATEIIS-
¢usnka.

6.2. AaropuTm TeJienopTaNuN

HEU3BECTHOI0 KBAHTOBOI'O COCTOSIHHUS

[MoyuuTenbHBIM MPUMEPOM MAJIOPA3MEPHOTO AJITOPUTMA
SIBJISIETCSI TIPOTOKOJI KBAHTOBOW TEJICMOPTAIIMA HEU3BECT-
HOT'0 KBAaHTOBOTO coctosiHus [38]. Cxema mpoTokoJia Tele-
MOpTALUU MpeCTaBieHa Ha puc. 9. B HavanbHBIT MOMEHT
TPU yYaCTBYIOLIUX B IPOTOKOJIE KyONTa HAXOASTCS B TOUKE
A, UX COCTOSIHHE He 3aIyTaHO:

Win) = [@1)]02)[03) .

3naech |a1) = «|0;) + f|1;) — HeuszBecTHOE COCTOsIHUE KyOu-
Ta 1. IMEHHO OHO J0JDKHO OBITh TEJICOPTUPOBAHO B TOUKY
npocTtpaHcTBa B. CoOBITHS, MPOUCXOASIINE B TOUKaX 4 U B,
3aKJIFOUCHBI Ha PHC. 9 B COOTBETCTBYIOIINE PAMKH.
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Kkyowur 1:
lay) H, [r1) H,
0,0 11
CNOT | (210105) + Bl1113)) ra) — o
H 1(|01
) — 1 Fr—-—{n)] S = (6 (4),03) + Bl 1)) ) "
2 2] i s | ’ M (101))
. ! —" ([0s) + BI13))[01) r2) . (61)
103) © X3 @ |as) rae () =|0) £ |1). Eciu pesysibraTt usmepenus M Oyzaer
[11), To B Touky B 00 3TOM mepenaeTcs KJIACCHYCCKas

Puc. 9. Cxema IPOTOKOJIA TEJICIOPTALMKE HEM3BECTHOTO COCTOSIHUS |d) )
"3 TOYKd A B TOUKy B. B mpouecce TeaenopTanuu co3maeTcs 3aIyTaH-
HOCTb, KOTOpPas 3aTeM YHUYTOXKAETCS B XOJE M3MEPEHUH COCTOSHHS
KyouToB. Kpome Toro, oiuH u3 KyOUTOB 3aIly TAHHOMW NMAPBI TPAHCIIOPTH-
pyeTtcs U3 TOUKH A B TOUKY B.

B niepBoii oneparyu co3maercs 3ayTaHHOCTh KyOUTOB 2
u 3. Onepanus BBIIOJIHSICTCS B ABA 3TANA: HA COCTOSHUEM
KyOuTa 2 BBIMOJHSETCS peobpa3oBanue Amxamapa H, 3a-
TeM — CNOT)»3:

1 CNOTy 1

H,
0,)]0
02)]03) — 5

S

2
(59)

3amyTaHHOCTH KyOUTOB 2 11 3 MOKa3aHa Ha CXeMe CIIAPaTLHOM
CBSI3bI0 MEXAY JIMHHUSIMU 3BOJIOLUH BO BpeMmeHH. Ilocie
reHepanuu 3amyTaHHOCTH KyOuToB 2 u 3 KyOuT 3 TpaHc-
MOPTUPYETCSl B TOUKY B, yAajeHHOe OT TOUYKA A Ha CKOJb
YroaHO OOJIBIIIOE PACCTOSIHHIE.

Hanbueiimue omnepanmun jokaibHoro Ttuna (LOCC)
coBepiiaroTcsl Haa kyoutamu 1 m 2 B Touke A, Hajg KyOu-
ToM 3 — B Touke B. UITpuxoBbIMU JHMHUSAMHU TMOKa3aHA
nepefaya B TOYKY B Kiiaccmueckoil HHYopManuu o pe3yib-
TaTe M3MEPEHUsI COCTOSIHUS KyOuTa B Touke A. D1a mHDOP-
MaIys UCIOJIb3YeTCsl Uil BBIOJIHEHUsT onepanuit (X3 wim
Z3) Hag KyouToM 3 B TOUKE B.

Bo BTOpOIi omepamuu 3amyTaHHOCTb KyOMTOB 2 U 3
npeoOpa3yercst B 3alyTaHHOCTb KyOuToB 1 U 3 ¢ ydacTuem
BCEX TPeX KyOUTOB:

1 CNOT),

ﬁ(“|01>+ﬁ\11>)(\0203>+|1213>) —

CNOT, Mz(|02))
— (OC|010203> + O(|011213> + ﬁ|111203> + ﬁ|110213>) —

M (410,05) + Bl1115))(02) - (60)

Eciu pesynbrat usmepenust M, 6yner |1,), To nadopmarust
00 3TOM coo011aeTcs B TOUKY B IO KJIACCUYECKOMY KaHAIy U
TaM Haj Kyoutom 3 BeimosiHsieTcss omepanus X = NOT.
PesynbTaToMm 3TOTO NIpeobpazoBanHust Oy IeT

M (210,05) + B1113)) 1) -

O6Go3Hayas cocTosiHME KyOuTa 2 mOcie M3MEpeHHUs |r),
3aIMIIEM COCTOSHIE KyOUTOB Ha 3TOM JTAaIle:

W) = (2/0,03) + B|1113))

l‘2> .

Ky6utsr 1 u 3 cTanu 3anyTaHHBIMH.

W3mepenue M,, npousBeieHHOE HaJ KyOUTOM 2, OCBO-
6omuio ero ot 3amyTaHHocTd. Mcmonb3yem emie pa3 3To
CBOMCTBO M3MepeHHsl, YTOOBI OCBOOOIUTD OT 3aIyTAHHOCTH

(102) + 112)) [03) "= —= (10203) + [1213)) .

rHpOpMAIHS U TaM HaJl KYOMTOM 3 BBITIOJIHSETCS ONepaIus
Z. KoHeuHBIM COCTOSIHUEM TpeX KyOuToB Oyjer

We) = (l03) + Bl13))[r1)Ir2) - (62)

KaxoB pe3ynbTaT Beex onepanuii? HenssectHOE cOCTOSI-
Hue |a;) = |0;) + f|1;), npuHamIeKaBliee BHaYaIe KyOu-
Ty 1 B TOUKE 4, Tenepb NPUHAIJICKUT KyOuTy 3 B TOuKe B —
TEJICHOPTAIMsl HEU3BECTHOTO COCTOSIHUSI — CBEPIIMJIACH.
Ky0ut | uiimiicst cocTosHus |a; ): COXpaHEeHHe ero y Kyoura
1 03HAYAJIO OBI KIIOHUPOBAHKME HEU3BECTHOTO COCTOSIHHUSI, UTO
3ampeiieHo no-cloning-teopemoii. Koneunoe cocrosiHue
Tpex KyOMTOB He 3allyTaHo. 3amyTaHHOCTb, CO3JaHHAsl B
HavaJie ONepalii, H3PAcX0JI0BaHA HA BBITOJIHCHNUE TEJICIOP-
tarun. M3 popmyiiet (62) crieayeT, YTO 3alyTaHHOCTh €CTh
pacxoJIyeMblil pecypc KBaHTOBOW HH)OPMATHKH.

"Uynom" 31ech ABISETCS TEJIENOPTALMS UMEHHO HEU3-
BECTHOI'O KBAHTOBOT'O COCTOsIHHS. TeJeHOpTaIlHIO H3BECT-
HOT'O COCTOSIHHSI MOXXHO peajin30BaTh Oe3 KBAHTOBOI 3aIly-
TAHHOCTH, WCIOJb3ysl TOJBKO METOIbl KJIACCHYECCKOM
¢m3uku. [lycts cocTosiane kybuTta | W3BECTHO: HAIpUMED,
|ai) = |0). ITepenaaum HHGOPMALHIO O COCTOSIHUY KybuTa 1
B TOUKY B. Vcnosb3ys moJiydeHHyI0 HHPOPMAIIHIO, onepa-
TOp B Touke B mpuBezeT kyout 3 B cocrosinue |0). TakoBa
cXeMa TeJISIOPTALUH B KJIACCHIECKOM MUpE: MOJIHAsI HH(OP-
manusi 06 00beKTe mepemaeTcst U3 Touku 4 B TOUKY B, rie
O0OBEKT BOCCO3/IACTCHL.

6.3. MoenpoBaHie KBAaHTOBBIX CHCTEM

HA KBAaHTOBOM KOMIbIOTEpPE

PaccmoTpuMm 3amady o MomeIMpoBaHMM HAa KBAHTOBOM
KOMIIBLIFOTEPE KBAaHTOBOMI CUCTEMBI, 33[[’(1HHOI71 raMHUJIbTOHHA-
HOM

P>
H=—++V(x).
2m (x)
CraTuueckas 3ajava 3aKJIIOYaeTCs B OMpeesIeHuU coO0-
CTBEHHBIX 3HaYCHUI E 3Hepruu u cOOCTBEHHBIX (GyHKIMI |u)
CUCTEMBI COTJIACHO YPABHEHUIO

Hl|u) = Elu) .

I[I/IHaMI/I‘IeCKaSI 3agava 3aKJIFOYacTCAd B U3YUYCHUHU IUHA-
MUKU CUCTEMBI COTJIACHO YPAaBHCHUIO Hlpéz[I/IHrepa

0
i) = HIY)

(mocTosiHHAs /i BKITFOUEHA B TaMIUTbTOHHAaH H). Wcnonb3ys
onepatop sBosronmu U(f) = exp (—iH), ypaBHeHue nuHa-
MUKHJ MOXHO CBECTH K TPe0OPa30BAHUIO BEKTOPA COCTOSIHUS
CHUCTEMBL:

(x, 1)) = U(1) (x,0)). (63)
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Eciu 3aaua 0 COGCTBEHHBIX 3HAYEHUSIX PellieHa, T0 E u |u)
U3BECTHBI U

E

lu(r)) = exp (—i 7’) 1u(0))

JJ1st MoeIMpoBaHust KBAHTOBOM CUCTEMBI HA KBAHTOBOM
KOMIIbIOTEPEe HeoOxoauMo "BBecTu" BEKTOP COCTOSHHUS
(BOJIHOBYIO (DYHKIIMIO) CHCTEMBI B KBAaHTOBBIN DETHCTD,
cocrositumii u3 kyoutos [15]. Ilycts Gyukims Y (x) onpene-
JieHa B uHTepBaJie —d < x < d. JluckpeTuzupyeM HenpephIB-
HYIO IEPEMEHHYIO X C IIarom A:

w=kA, —S<k<

d
A A
JluckpeTHass QYHKIMS COCTOSIHUS |1L(xk)>, 3aJaHHas B
2d/A + 1 Toukax, npencrasisier coboit Bektop ¢ 2d/A + 1

KOMIUJIEKCHBIMH KOMIIOHEHTAMM, KOTOPBIE MOXHO OTOXIC-
CTBUTH C KOMIIOHCHTAMHU € BEKTOPA COCTOSAHUA

2"—1

W= alkh. n=tog (23+1),

k=0

n-KyGHTOBOTO PETHCTpa KBAaHTOBOTO KOMIbIoTepa. Tou-
HOCTb IIPENCTABJIeHUs /(X)) 3aBUCHT OT 4mcia KyOHTOB B
perucTpe: mar AMCKPeTH3alMK SKCTIOHEHIMAILHO Mas O1a-
rojgaps SKCHOHEHIMANLHO GOIBIIOMY HHCIY H3MEpPEHHI
COCTOSIHHSI KBAHTOBOTO perucTpa. KBAHTOBBIE CHCTEMBI C
JUCKPETHBIM HA60POM COCTOSIHIIA TaKxkKe HETPYAHO OTO6pa-
3UTH B COCTOSHUS PETHCTPA U3 KyOHTOB.

IepeiineM K 3a/1a4e BEIYICICHAS HA KBAHTOBOM KOMIIBIO-
Tepe COOCTBEHHBIX 3HAUeHNH F TaMHIbTOHHAHA KBAHTOBOIL
cuctembl. Onepatop 3Bosroruu U = exp (—iH?) — yHuTap-
HBII OmEpaTop, ero co6CTBeHHbIe 3HaueHns [exp (ip)| =1,
HO3TOMY

Ul) = exp (i) [ (64)

C yueToM paBeHCTBa

. . h
(ulexp (—iH1)|u) = exp (—iwt), E=g¢ -
paccMoTpuM aIropuTMm omnpeaesieHus ¢assl ¢ (phase estima-
tion) KBAaHTOBOW CHCTEMbI Ha KBAHTOBOM KOMIIbIOTEPE.
BbigennM B KOMIIBIOTEPE J[BA PErUCTPa U3 KyOUTOB:

Win) = 0)]u) -

KyOuThl mepBoro perucrpa Bce MHUIMAIM3UPOBAHBI (BCE B
coctosiaud |0)), BO BTOPO#M PerucTp 0TOOpaKkeHo coOCTBEH-
HOE COCTOSIHHUE |u) MCCIIeyeMO KBAHTOBOM CHCTEMBI.
Crienyrolneid omepanyeil sBJIsSeTCS KBaHTOBOe (Gyphe-
npeobpazoBanue QFT cocrosius nepsoro perucrpa. QFT-
npeoOpa3oBaHue UICHTHYHO AUCKPETHOMY (hypbe-nipeoOpa-
3oBanui0. Pypre-06pa3 N-MepHOTo BeKTopa (X, ..., Xy_1)C
KOMILJIEKCHBIMU KOMIIOHEHTAMH X; €CTb N-MepHBI KOM-
IUIEKCHBIHA BEKTOP (o, . . ., YN—1) C KOMIIOHEHTaMH [15]

1 = 2chk)
P = —— exp(1i—— ) x;. 65
Yk \/szo p( N ] ( )

Brimosinsiemoe B xBaHTOBBIX peructpax QFT-npeobpa-
30BaHHE OTOOPakaeT BEKTOP COCTOSHUS

N-1
=>_xl/)
j=0
B ero ¢ypbe-o0pa3s:

N—1
= Z yk|k> )
k=0

rae yx 3amganel paseHcTBoM (65). IMoxacrasiss B QFT|y)
cripaBa y, coryiacHo (65), HaxoauM BeipaxxkeHnue st QFT-
npeoOpa3oBaHust OA3UCHBIX COCTOSHHL:

QFT|y)

2mjk on
QFT|j) = \/_Z ( >|k) N=2". (66)

®aza @, = 2njk/N cnaraemoro |k) onpesensercs koMOGuHa-

1ueil 3HaYeHui j U k 6a3UCHBIX COCTOSIHUM | /) U |k).
OmnpenenuB QFT, Bepaemcs k Halelt 3agaue. Bermoaaum

QFT-mpeo6pasoBanue coctosiaust |0) HEPBOro perucrpa:

101)|uz) Z

Cymma B (67) pacnamaercst Ha TPONU3BEIeHUE CYNIePIIO3UIIANA
(1/v2)(|0) + |1)) mnst xaxaoro u3 n KyOGUTOB NEPBOTO
perucrpa:

=

(67)

(|01>+|11>) L(|oz>+\1z>)-

S 11

(10) + 1)
(68)

\)

7

ITon kKOHTpOJIEM KyOMTOB MEPBOrO perucrpa (Iocieno-
BaTEIbHO KYOUTOB 1,2, ..., 1) neiicteyeM onepatopom U Ha
sTOpoii peructp 2°,2%,...,2"! pa3 coorBercTBenHO. Ipe-
obpa3oBaHus

U2 ), U Ju), ..., U Ju)

BBIJACIIAROT q)a3OBbIC MHOXUTEIIN

exp (ip), exp (2%ip),..., exp (2" 'ip)
MPUCOEAMHEHHbIE K COCTOSHHUSIM |1) KOHTPOJIUPYIOLINX
KyOUTOB:

\/L]_V(m) +exp (2" 2mig)[1)) (|0) + exp (2% 2mig)[1)) ...
N-1

Z exp (2migk)|k) .

.. (10) +exp (2° - 2mip)|1)) \/1_ 2

(69)

O6patHoe QFT-peobpa3oBaHue HAJ MEPBBIM PETUCT-
pPOM BO3BpAIIlaeT ero B coctosiHue |¢). [IpoBonas u3mepeHue
COCTOSIHUS IEPBOTO PETUCTPA, MOJyIaeM 3HAYCHUE HCKOMOM
($asbl @ B n-KyOMTOBOM NPEICTABJICHUN.

Bbliiie npeamnosiarajgoch, 4To coOCTBeHHAsT (DYHKIUS |u)
omepatopa U u3BectHa. OgHAKO HA MPAKTUKE MBI MOXEM
HMETh HEKOTODPYIO ANNPOKCUMAIMIO |u), IOJy4YeHHYIO,
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HampuMmep, U3 MPHUOKCHHBIX BBIMHCICHHI Ha KJIaccHye-
CKOM KoMmrbroTepe. HazoBeM 3T0 mpubimkeHne mpoOHOU
byaxmmeil |u,). Ecim mpmbnmkenwe |u,) HE CIHUIIKOM
IUIOXOE, TO TIPOM3BENCHME (up|u) HEe OYyNET SKCIIOHEHIIH-
aJIbLHO MaJIo.

ITOBTOPHM BBIYHCIICHHS 1O OMPEICTICHUIO (Ba3bl, BBOIS
BO BTOPOU peructp |u,) BMecto |u). Eciu npeacTaButs |u,) B
BUJIE PA3JIOKEHHS 110 |u):

|”p> = Zc»\"u& ’

TO BCE MPOBEJICHHBIE BHIIIE BHIYUCIEHUAS MOXKHO TIOBTOPHUTD
6e3 n3Menenuii. EMMHCTBEHHBIM H3MEHEHHEM OY/IET COCTOS-
HHME BTOPOTO PETHUCTPA: BMECTO |ug) OymeT Cymeprno3Huus
>, ¢s|us). I3MepuB cocTOSTHIE BTOPOTO PETHCTPA, C BEPOST-
HOCTBIO |¢;|” MBI IPUIEM K PereHuto |u;) [39].

6.4. Moae/impoBaHue JHHAMHKH KBAHTOBBIX CHCTEM
Ha KBaHTOBOM KOMIBIOTEpe
KBaHTOBYIO NMHAMHKY CHCTEMBI MOXHO TPEICTABUTH KaK
npeoOdpa3oBaHrue HAYAIBHOTO BEKTOPA COCTOSIHUSI CUCTEMBbI
|¥(x,0)) omepaTopom kBaHTOBON 9Bomromun U =
= exp (—iH1):

|lﬁ()€, Z)> = eXp (7th)}l//(xa 0)> . (70)
IlepBasi mpobiiema, KOTOpas BOBHHKAET B 3TOM Ipeodpa-
30BaHUU, HAJIN4UE B H HEKOMMYTUPYIOLINX YacTel; HAIIpH-
Mep, B CiIy4ae OJTHOMEPHOTO IBH)KCHUS YaCTHUIIBL:

H=H,+ Hy,

omnepaTopbl KUHETUYECKOW M TMOTEHUHAJLHOU >HEPTUH
YACTHUIIBI HE KOMMYTHUPYIOT.

YTo0BI IPEeICTABUTDH ONEPATOP IBOJIFOIMU KaK TPOU3BE-
JICHHE ONepaTOPOB IBOJIOIUU, MOXHO BOCIIOJIB30BATHCS
OTHUM U3 CJIeIyroIuX npubianxenui [15]:

exp (i(4 + B) At) = exp (i4 Ar) exp (iBAt) + O(At?), (71)

exp (i(4 + B) At) = exp (i4 At) exp (iB At) x

X eXp (—% [4, B AZZ) + O(AL?), (72)

exp (i(4 + B)t) = Jim. <eXp <i %) exp (i %))” - (73)

B Hamem mpumepe OJHOMEPHOTO IBUXXEHHS YaCTHI[bI
MOHO BOCIOJIb30BAThCs NpuoOImkeHnem (71).

7. Hpoueccm JACKOI'CPEHTU3 alluM COCTOSTHMIA
Kyﬁl/ITOB U KBAHTOBBIX KOMIILIOTEPOB

7.1. JlexkorepeHTu3amusi COCTOSIHMI KBAHTOBBIX CHCTEM

B u3joxeHHOH BbIlIE TEOPUM HEAJIBHOIO KBAHTOBOIO
KOMIIBIOTEPA CYUTAJIOCh, YTO KBAHTOBBIE CYNMEPHO3ULIUU
[¥) = > cx|x), omuchIBaromue COCTOSHME perucTpa u3 L
KyOHTOB, OCTAIOTCSl KOTEPEHTHBIMH B IIPOTIECCE BHIYUCIICHUI
CKOJIb YTOAHO 10Jir0. OIHAKO B3aMMOJCHCTBHE PErucTpa ¢
HEKOHTPOJIMPYEMBIM OKPY>KEHUEM, HETOUHOCTH B 3HAUECHUSIX
napaMeTPOB YIPABIISIFOIIMX UMITYJILCOB, 4 TAKXKe HEKOHTPO-
JIUpyeMoe B3aUMOJEHCTBUE KYOMTOB MexXay coOoi
SIBJISIFOTCS. MCTOYHUKAMU JIEKOTePEHTU3AIMA KBAHTOBOT'O

COCTOSIHHS ) = D cx|x). JlekorepeHTU3auUsl O3HAYACT,
YTO KOTEPEHTHOE COCTOSHHME CHCTEMbI NPEBPALIAETCS B
CMEIIIAHHOE, OMKCHIBAEMOE MATPULEH IUIOTHOCTH

p=>lex)x]-
X

B onucanuu cucremMbl MaTpuIlei JIOTHOCTH HET UHPOP-
Manua o (¢azax 0a3MCHBIX COCTOSIHUH, YTO JIMIIAET CUCTEMY
cBOICTB HHTEP(EPUPOBATH U 3aNyThIBaThCs. [10 cyTH nexo-
TE€PEHTHU3ALUS COCTOSHUSI KBAHTOBOM CUCTEMBI O3HAYAET €e
KJIACCULIU3ALNIO, T.€. IEPEXOJ B COCTOSIHUE, OMUCBIBAEMOE
3aKOHAMU KJIACCHYECKOH (DUBHKH.

BaxapiM mapamMeTpoM KBAaHTOBOW CHUCTEMBI SIBJISIETCS
BpeMsl IEKOTEPEHTHU3AIMH T4, €€ COocTosHuU. Huxe Mbl
PACCMOTPHM Tq ULl OAHOTO KyOHUTa M T4, juist perucrpa us
L xy6uToB. MBI OKaXeM, YTO perucTp u3 L KyOuToOB TepsieT
KOI'€pEHTHOCTb COCTOSIHUS OBICTpEE:

Td
L _ Ude _
Te=-,, o=12.

Bpemst ngexkorepeHTH3anMM HEOOXOAMMO CPABHHUBATH CO
CpeIHUM BPEMEHEM BBINIOJHEHUSI BBHIYUCIUTEILHONU omepa-
UK Top: OTHOLIEHHE Nop = r(f‘c/rop MMOKAa3bIBAET, CKOJBKO
BBIYUC/IUTEIbHBIX OIMEpAii yIACTCS BBIMIOJHUTH, ITOKA
KBAHTOBBII KOMIILEOTEP COXPAHSIET KOT€PEHTHOCTh COCTOS-
Husi. C y4eTOM COOTHOIIICHUS rdLC = 14./L* umeem

Tde

Nop = ol (74)
3HaYEHNUs Tdc, Top MOTYT CUJILHO PA3/IMYATLCS AJIS PA3Jid4-
HBIX pea3anuii KyOuTa, HO MX OTHOIICHIE MaJIO 3aBHCHT OT
peasm3alun: e /Top = 10°—106.

W3 dpopmyuinl (74) ciieayet, 4TO HA KOMIBIOTEPE, COACP-
xameM L = 10° kyOuToB, 3a BpeMs JeKOTepeHTH3AINH
yIacTCs BBIOJHUTD JIUIIL HEOOJIBINOE YICIIO BEIYUCIUTEb-
HBIX oneparmit. Hampumep, anroputm Mlopa dpaxTopusarm
L-paspsanbix uucea Tpebyer L° oneparmit. Heobxonumas
JUTUTEJILHOCTh BBIYUACIIEHHU IPEBBIILIAET BPEMSI KOT€PEHTHO-
CTU KOMIIbIOTEPA HA MHOTO OPSIIKOB BEJINYMHBL:

ropL3

TShor Top (3+)
=——=—01=9L . 75
th e/ T (75)

Ipu L =103, 74/7qc = 107>, o = 1 momyqaem Tspo/tk ~
~ 107

W3 mpuBeICHHBIX OLEHOK CJIEAYET, YTO MPOILECCHI IeKO-
repeHTU3aIMM KBAHTOBBIX COCTOSHUI KOMITbIoTEpa "3ampe-
marT" CylecTBOBAHME MOJHOMACINTAOHOIO (COCOGHOTO
pemiath OoJibllve 3a7a4Md) KBAaHTOBOIO KommbioTepa. I e
BbIXOJ U3 curyauuu? EcTh OueBHIHBIC MPEIIOKCHHUS, CIe-
nyromme w3 Gopmysbl (75): 1) HEOOXOTUMO COKpPATHTh
BPEMs OTEPAIAH Top; 2) HEOOXOANMO YBEIMYNTH BPEMS
JIEKOTEPEHTU3ANNY T4 KyOUTA.

VMeHbIIATh BPEMsI Top, MOXHO, YBEJIMYUBAsl MHTEHCHB-
HOCTb (HANpPSKEHHOCTB) YHpaBJSIFOIIUX Tojieid. OgHako
HANPSDKCHHOCTH YIPABIISFOLINX MOJICH OrPaHUYCHBI CBEPXY
BO30YXKXJCHUEM HEPE30OHAHCHBIX IEPEXOI0B M BO3HUKHOBE-
HUEM JIPYTUX HeJIMHEHHBIX 3 (exToB. VBenmniueHne BpeMeH!
Tde TpeOyeT TIIATEIHLHOTO W3YYCHUS BCEX BO3MOXKHBIX
MEXaHU3MOB JICKOTCPEHTU3ALNK KyOUTa B TAHHOW KOHKPET-
HOIi peayu3anuu ¥ pa3paboTKi KOHKPETHBIX Mep MO U30JIs-
UM KyOUTA OT OKPYXKEHHS, YBEJIMYCHHUS TOYHOCTH YIPaB-
JISIFOIIIMX CHTHAJIOB U T.II.
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OpnHako BCe 3TH MEpbl MOT'YT OKa3aThCsl HEAOCTATOY-
HBIMU 117151 oOecrieueHnss HeoOXOAUMOTr0 BpeMEHH BBIUHCIIe-
Huii. [To cyiiecTBy HEOOXOIUMBI CIIOCOOBI CTAOMIM3AIAN
KOTePEHTHOTO COCTOSIHHUSI KOMIIbIOTEpa Ha CKOJIb YTOIHO
JUTUTEJILHOE BPEMSI, YTOOBI MOXXHO OBLJIO 3aBEPIIUTH BbIUH-
citeHust r06oi 3amauu ¢ "601bmuM" (HO OJMHOMUAILHBIM)
AJTOPUTMOM BBbIYHCIEHUH. TakuM MeTOJOM  SIBIISETCS
METOJT KBAaHTOBOI KOPPEKIUH OIIHOOK.

Meroa mpeanojiaraer  mepuoanueckyro  "ouncrtky"
COCTOSIHUSI KBAaHTOBOTO KOMIBIOTEPA OT MaJIbIX OIIMOOK,
BO3HUKIIINX B BEKTOPE COCTOSIHUS B PE3yJbTAaTe MPOIECCOB
JIEKOTEPEHTU3AUN 32 BpeMsl TMOCJe TMOCJIEAHEH OYHMCTKH.
Ipennoxensl Takxe "akTuBHBIE" METOIBI IOAABJICHHS IIPO-
neccoB ekorepeHTu3anmu. OqHaKo KBAHTOBBIA METOT KOP-
PEKINH OIMIMOOK MPEACTABISAET COOON TJIaBHYIO HAaHEXKIy
ncciegoBaTtesieil Ha BOSMOXHOCTB IMTOCTPOCHHUSI MOJTHOMACIII-
TaOHOIrO KBAaHTOBOI'O KOMIIbIOTEpA, PabOTAIOLIETO B KOTe-
PEHTHOM COCTOSIHAM CKOJIb YTOAHO [UINTEIHHOE BpEMS.
IMocnenyromme pasaensl 0030pa MOCBSILEHBI MPOIECCAM
JIEKOTEPEHTU3ANNN U METOJIaM KOPPEKIIMH OIMUOOK.

HccnenoBanusi JEKOTePEHTH3AUH KBAHTOBBIX CHCTEM
SIBJISIFOTCSI €CTECTBEHHBIM Pa3BUTHEM HCCIIEJOBAHUN peJlak-
CALlMOHHBIX TPOIECCOB B MHOTIOYACTHYHBIX CHUCTEMaX,
aKTHBHO pa3BuBaBIIMXCsl B TeueHne XX Beka. [Ipormeccsr
CNIMH-CIIMHOBOM W CHHUH-PEIIETOYHON peJlakCalluyd MO CyTHU
COBIIAJIAIOT C IIporieccamMy (pa30BOH M aMIUTUTYJHOM JeKore-
PEHTH3AIMNA CIUHOBBIX KyOUTOB. PU3MKH, 3HAKOMBIE C
JIUTEPATYpOM MO mpoleccaM pejlakcalluu, B TEOPUU JeKOoTe-
peHTH3aIMu OOHAapyXXaT MHOTIO 3HAKOMBIX 3JIEMEHTOB.
JlexorepeHTU3annio MOXXHO TOHUMATh KaK PpeIaKCaIHio
KOTepEeHTHOCTH: B TpOIEcce MeKOTEPEHTU3ANUN CHUCTEMa
JIBUXKETCSI OT HEPABHOBECHOTO (KOTEPEHTHOTO) COCTOSHHS K
pPaBHOBECHOMY (CMEIIAaHHOMY); IPOILECC CONPOBOXKIACTCS
BO3pPACTaHUEM SHTPOIHHU CUCTEMBI.

IIporneccsl 1eKOTepeHTU3AINN KBAHTOBBIX CHCTEM HCCIIe-
JIYFOTCS B PA3JINYHBIX TPHOJIDKEHUSIX U Moiesisix. Hamboree
aJIeKBATHOM SIBIISIETCSI MOJIENIb, TJIe OKPYXEHHE CHCTEMBI
(xybuta, perucTpa) OUCHIBAETCSI KBAHTOBO: IEKOIePEeHTH3a-
1Sl BO3HMKAET KaK CJIEJCTBUE 3alyThIBAaHUS COCTOSIHUM
CHCTEMBI C COCTOSIHUSIMH OKpYXeHHs. bojiee mpocTsl
MOJIEJIH, TJIe OKPYKEHHE OMUCHIBAETCS KaK (DIyKTyHpyromme
KJIACCHYECKHE TOJIL. B 3THX MOMeNIsIX 3allyTaHHOCTh C
OKpYXXEHHEM B SIBHOM BHUJIe HE BO3HUKAET, HO YIPOIICHUE B
OIMCAHUM OKPYXKEHHUs MO3BOJISIET ONHUCATh JEKOIepeHTH3a-
LU0 B MPOIIECCe KBAHTOBBIX BhIUMCIICHUH (onepariuii) [40].

7.2. ®a3oBas IeKorepeHTH3aIUs KyOouTa

DJIeMeHTbl KBAHTOBOW TEOPUHU JEKOTEPEHTU3AIUHN BBISIB-
JISTFOTCS TIPH PACCMOTPEHUH MPOCTENIIEH CHCTEMBI, COCTOSI-
1Iel U3 IByX KyOUTOB: KyOUT ¢ — KBAaHTOBAs CUCTEMA, KYOUT
e — KBaHTOBOE OKpYXeHHe cHcTeMbl. IlycTb KyOUT ¢ B
CyNepIO3UINOHHOM cocTostHIN | ) = «|0,) + B|1,) B3ammo-
JIEUCTBYET C OKPYXXEHHEM ¢ B COCTOsIHUH |(,) ¥ 31Ty ThIBASTCS
B pesynbrate onepanud CNOT ,:

(#10g) + BI1))106) " 50,)]0) + Bl ML) = o) (76)

BerunciinM TpUBECHHYIO MATPHUIly ILIOTHOCTH KyOuTa ¢
(KBaHTOBOM CUCTEMBI), YCPEIHUB P, IO COCTOSHUIO OKPYXKe-
HUSL:

PaelLe) = 1710600 + B[ 14) (14

(77)

Pq = <Oc pqe|0€> + <lé

3anyThIBaHUE C OPTOHOPMHUPOBAHHBIMHU COCTOSHUSIMHU
OKPYXXEHHSI TIPUBEJIO K IOJHON JAEKOrepeHTH3aINH KyOuTa-
CHCTEMBI: TeTephb €ro COCTOSHUE OMHCHIBACTCS AMATOHAJb-
HOM MaTpuIeil TMJIOTHOCTH, HEIUArOHAJIbHBbIE JJIEMEHTBI
(KOTepEeHTHOCTH) pPaBHBI HYJIO0. XOTS COCTOSIHUE \l//[ﬂ)
cucTeMBbI ge B (76) KOTepeHTHO, TOJICUCTEMA ¢ HAXOIUTCS B
CMEIIAaHHOM COCTOSIHMM. B M3J105K€HHON yIPOIIIEHHOM Tpak-
TOBKE [IEKOTEPEHTU3AIMS IIOSIBJISIETCST KaK OBl BHE3AIHO,
OTCYTCTBYET ONHCAHME IEKOTepEeHTH3AlUN KaK IpoIrecca.
Ha camoMm pene mpomecc cHpsiTaH BHYTPH ONEpaluu
CNOT,,, BbINOJHAEMON 3a KOHEYHOE BpPEMs, B TEUCHUE
KOTOPOTO KyOHUTHI ¢ M e B3auMoAeilcTByroT. Korga onepa-
s CNOT,, 3aBepiaercs, 3aBepIIaeTcsl U MPOIece JeKore-
peHTH3anMu KyouTa .

Heckonbko pacnmpuM MoJeidb AeKOTepeHTH3AINH KY-
OuTa ¢ B KBAHTOBOM OKPY)XCHWH e¢. B Ha4aIbHBIIT MOMEHT
t = 0 KyOHUT g U OKPY>XECHHUE e HE 3aIyTAHBL:

|l//qe(0)> = (“|Oq> + ﬁ|1q>) "(0)> .

Bxarounm B3aumoieiicreue. I1o ucreuenuu BPEMCEHU [ Ky6I/IT
1 OKPYXCHHUEC 3aIllyThIBAFOTCH:

[We(1)) = l0g)|eo(1)) + Bl1y)

el(t)>.

Eciu t < t4e, COCTOSIHUS }eo(t)> u }el(t)> HOPMHPOBAHBI, HO
HE OPTOTOHAILHBL:

<€0(l)’€0(l)> = <€1(l)’€1 (l)> =1, <€0(Z)|€1(l)> =cosf.
"Vroa" 0 Mexy BEKTOpAMHU COCTOSIHUSI OKPYKEHHSI XapakK-
Tepu3yeT mpoliecc aekorepentusanuu. [Ipu ¢ = 0 cocTosHus
oxpyxenns |eg(0)) = |e1(0)) = [e(0)), {eo(0)]e(0)) =1. B
mporecce AekoreperTuzanuu cosf — 0, 6 — /2, T.e. Bek-
TOPSI |e(1)) 1 |e1(¢)) oproronanmsyroTes.

Beenmem BeKTOD |eg-(f)), OPTOTOHANIBHBIA OTHOCHTEIBHO
leo(2)); BBIGEPEM BekTODSI |eo (1)), |eg (1)) B KauecTBe Gasuca.
Ecnu (eo(1)]e1 (1)) = cos B, To (eg-(¢)|e1(r)) = sin 0. ITpencra-
BJISIS MATpPULY IUIOTHOCTH CHCTEMbBI M OKPYKEHHsS Kak

Pe(1) = [V (1)) (W4 ()], m0 bopmye

py(1) = (eo(D)]pgelen()) + (eg (D] pyeleq (1))

HAaXOJIUM NPHUBEACHHYIO MaTPHUILY IJIOTHOCTH KyOuTa:

pq(t) = |a|2|04)<0(]| +af[14)(04] cos 0 +
+ 0" Bl0g) (14| cos 0 + |BP[15)(1,],

WK B MaTPUYHO# popme:

|t afi* cos 0(1)
wfeosdr)  |BP

HeauaronasjapbHble MaTpUYHBIE 3JIEMEHTBI NMPUBEICHHON
MAaTpHIBl IUIOTHOCTH HAa3BIBAFOTCS KorepeHTHOCTsiMu. C
TeyeHHeM BpeMeHH cos (/) — 0 U KOTepeHTHOCTH HCUe-
3aroT. Tepmun "nexorepentusanus” npuodperaer OyKBajb-
HBIA CMBICIT: 3TO MPOIECC UCYC3HOBEHUSI KOTEPEHTHOCTEH B
MIPHUBEICHHOM MaTpHIe IUIOTHOCTH KyouTa. [{pyroit ocoben-
HOCTBIO IIpOIecca, OMHCBIBAEMOT0 MAaTpHIeH IUIOTHOCTH
(78), sBIETCS MHBAPUAHTHOCTH MOJYJIEH aMIUTUTYA o, f;
U3MEHSIFOTCS TOJIbKO X (asbl. [loatomy martpuna (78)
OMHUCHIBACT TAK HA3BIBAEMYIO (PAa30BYIO JIECKOTEPEHTU3ALUIO
Kyoura.

py(1) = (78)



T. 175, Ne 1]

KBAHTOBBIE KOMIIBKOTEPbI 11 KBAHTOBBIE BbIYMCJIIEHUA 25

7.3. Onepartop JexkorepeHTH3aNMH KyOuTa

B Mopenp aexkorepeHTH3anuu KyOWUTa ¢ B KBAHTOBOM
OKPY>KEHHUHU ¢ MOXHO BKJIFOYATDh U aMIIIUTYTHYIO ICKOTCPECH-
THU3AIHMIO, TIOJIyYUB COBMECTHOE OIMCAHUE MporeccoB dazo-
BOU M aMHJ’[HTyI[HOﬁ JCKOTEPEHTU3aAUU, MPOTEKAOIIUX
OJTHOBPEMEHHO:

dc
[W4e(0)) = (l0) + I1))le) =
d
= 00)leoo) + af1)leor) + BID)enn) + Fl0}lero) . (79)
AMILTHTY 1A |ep1) OMHUCHIBACT MEPEXO/] U3 COCTOSIHUS KyOuTa
|0) B cocTosiHme |1); 3a cueT 3TOro HavYaIbHAsI AMILTUTY/IA o
cocrosinust |0) ymeHbIIaeTCs OO 3HAYCHUs olegg). CMBbICIT

aMIUTATYA flejo) U ffle1;) aHAIOTHYEH.
3anuitieM npeoopaszoanue (79) B MaTpuuHO# hopme:

2[0) | _ (leoo) leor) )| [0)
/3\1>‘ (lfflo) |€11>> BI1)

Paznoxenne MaTpHIBI JEKOT€PEHTH3AMN (|e;;)) IO MaTpH-
nam Ilaymu o; Ha30BeM onepaTopoM JexorepenTuzanuu E:

£ (|

en.1) =3 (leo0) £ fer),

. (80)

tﬁ)zmm+MWHw@@+mm,
(81)
les3) = % (leor) £ lew)) . (82)

ITpeoOpazoBanue

3

E[y)le) = lejajl)

Jj=0

(83)

ONHUCHIBAeT B 000OIICHHON (hopMe IpoIiece AeKOTepeHTH3a-
MU KaK cymMmy onepanuii undo (TOXAeCTBEeHHOE mpeobdpa-
30BaHUe 0y), nepeBopauumBanue kyoburta (o, = NOT,
|0) — |1), |1) —]0)), m3menenme ¢a3er (0., |0) — |0),
[1) — —|1)), mepeBOpOT ¢ n3MeHeHHEM (a3l (ioy).
HackoJIbKO CHUIBHO JeKOTePEHTH30BAHHOE COCTOSHHUE

3
() = lejai|w(0))
j=0

OTIIMYACTCS OT HAYabHOro coctosiHmst i(0)), mepemacrces
napameTpoM cooTBeTcTBus (fidelity)

Fy (1) = O)() @ (0)](0)) =
= 2 WO |a¥ ()W Oloilw(0))(es(n)]ei(n) . (84)

Mapametp Fy(f) 3aBucut oT HauanbHOro cocrosaus |(0)),
4TO OTMEYEHO HHAEKCOM Y. Boliee mpejacTaBUTENbHbBIE
3HaueHus F(f) MOJy4aroTcsl Kak CpeIHHE MO HEKOTOPOMY
HAOOPY COCTOSHHI Y/

Fo =23k, 0.

s=1

(85)

BBeneHHbIe BEHINNIE MOHSATUS W ONEPATOPHI JIETKO 00-
o611aroTcs Ha cityyaid 7 KyOUTOB (KBAaHTOBBII KOMIIBIOTED).
ITapaMeTpsl, XapakTepU3YIOIIHe BpeMsl IeKOTepPEHTU3ANN
(CKOPOCTb JICKOTePEHTH3ALMH Y = T,.'), IOJDKHBI OBITH [OJTY-
YeHBI JIMOO U3 IKCIIEPUMEHTA, JINOO IyTEM pacueTa Ha OCHOBE
MUKpoOcKonuiueckux wmojeneid. Ilpumep Takoro pacuera
TIpUBE/IEH B pasjese 7.4.

7.4. Mukpockonnyeckasi Teopust

npoiecca aMIUTHTY/THOI J1eKorepeHTH3 AN

HarnsimHoe m moJsiHOEe ommcaHue Mmporecca aMIUTUTYIHOU
JCKOTCPECHTU3AIUU MOXHO IIOJIYUUTH, pEUIasd YpaBHCHUC
HIpénunarepa

)
ih ) = HIW)

JUJISl CACTEMBI C raMuJIbTOHUaHoOM H = H, + H, + Hy,. 31ech
raMmibToHNaH H, = hiwg|1)(1| omuceiBaeT KyOHT c 3Hep-
rusimu ypoBHeit Ey =0 u Ey = liwy, H, =Y, fiwo,aan —
TaMUJIbTOHUAH CHCTEMBI OCHUJIISTOPOB OKPYXEHHUs, ra-
MUJILTOHAAH B3aUMOIEHACTBHS

Hye = Zﬂvm|0><1|a:;1 + 2 1) {0l am

OIMCBIBAET IEPEXO/IBI C OOMEHOM SHEPruel Mexx 1y KyOUTOM
U OKPYKEHHUEM:

[0} [72) — 1)1 — 1), [1) 72 —

3agaauM HavajibHblE ycyioBus: npu ¢ = 0 KyOUT Haxo-
autess B cocrosHuM |1,), T.e. ¢1(0) =1, ocumuisTopeI
OKpYXeHUSI — B BakyyMHOM cocTostHuu |07 ...1;...0,).
brmaromaps B3ammopeictsuro Hy mpu ¢ >0 BO3HHMKAaeT
COCTOSIHUE

|lpl> = |Oq>|01 110m>7

1) — 10)|n) -

I=1,...,m,

C HeHYJICBO# aMILIUTY IO ¢;(1).
Uckomoe peltieHre TpeacTaBiseT co0Oil 3alyTaHHOE
COCTOSIHHE KyOUTa U OKPYKEHUS:

(1)) = er(r) exp (ipt) ) + zn: ci(r) exp (i) ), (86)
=1

01(0) = l, C[(O) =0.

IMocne craHAapTHBIX BBIMUCICHUH U3 ypaBHeHus LIpénun-
repa MoJiyyaeM ypaBHeHUs! A1t aMILIHTY X ¢ (1) u ¢/(1):

m
ifié; = Zﬂ,}‘c;exp (—i(w; — wo)1),
=1

(87)
ini¢ = ey exp (i(wr — wo)1) . (88)

Uckmouast u3 (87) ¢(t), IPUXOAUM K ypPABHEHHUIO IS

C](I)I
¢ (t) = Jtcl(z’)k(t —t')det’,

0

(89)

rac

m

k(=) = %Z il exp (=i — wo)(t — 11)).
=1

(90)

Jlis BpemeH ¢ < 27t/ (w; — @), TAKHX 4TO
exp (—i(w; — wo)t) = 1,
npunumasi ¢ (t') = ¢;(0) = 1, umeem
m m -1
P 1
len(n]” =1 _?szﬂ, t? <h2(z W) . (91)
=1 =1

Pesynbrat (91) uaTEpeceH ¢ GU3NUECKON TOUKU 3PCHUS: B
HAYAJBPHOM MEpPHOAE I[polecca aMILTUTYAa HAvYaabHOTrO
COCTOSIHUSI YOBIBA€T TOJBKO KBAJIPATUYHO IO MAJIOi BEJH-
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yune ¢2. T1o35e MbI BOCIIOJIb3YEMCS 3THM Pe3yJIbTaTOM HpH

OOBSICHEHUM TaK Ha3bIBAEMOTO KBaHTOBOTO 3(ddekta
3eHOHa.
[lepenuiiem cootHomenue (89) B Bue
t
a(t) ~—e(OF(@), T :J k(7) de. (92)
0

OcHoBHO#1 BKJIaj B uHTerpas I'(7) maer ciaraemoe w; = .
OTO MO3BOJISIET PACHPOCTPAHUTH HHTET PUPOBAHHUE TIO T JI0 0O
U OJIy4uTh (cM. [41])

L= 1(00) = 35 it (93)

c1(1) = exp (—é t) : (94)
;1 —exp (i(w; — wf +1y/2

o) =3 IZOE (—wc]oé : ?«;27/ o ®3)

rac

!
Wy =wy+0,

P
o0=P
Z o 760/

7.5. ®a3oBasi M aMILIMTY/JHASL ICKOT €PEHTH3 AL
CNHHOBOI0 KyOHTa B CJIY4aiiHOM KJIacCH4YeCKOM HoJe

Jjist CIUHOBOTO KyOUTa — YaCTHIBI cOo cuHoM S = 1/2 B
MIOCTOSIHHOM BHelIHeM mMarHuTHoM mnoJie B(0, 0, B,) petenue
ypaBHeHus: llIpénuurepa mnpM HAYaJBHBIX YCIOBHSIX
|¥(0)) = «|0) + B|1) mmeet Bun

(1) =ex (5 Har) ) =

= exp (% Eot> {oc|0> + Bexp (% (E1 — EO)I> |1>} ;

rae Ey = —lw/2 u E; = fiw/2 — ypOBHH 3HEpPruu CIUHA,
cooTBeTCTBYIOIIUE cocTosiHusIM |0) 1 |1) cimHOBOTO KyOHTA.

B ycioBusSIX MAarHMUTHOTO pE30HAHCA B KHUIKOCTAX K
nocrossHaomMy oo B(0,0, B,) moGasisieTcs ciyudaiinoe
BHyTpeHHee MaruutHoe mosie AB(AB,,AB.), cozmanHoe,
HANpUMeEp, COMHAMH BCEX APYIMX YaCTHIL, OKPYXKAFOIIUX
CIMHOBBIA KyOuT. BpOyHOBCKOE MABMIXKEHHME YACTHUII B
cuctemMe (TocTymaTenbHass W BpaimateiabHass auddysus)
nenaet AB cnydaiiHoW (yHKIMEH BpeMeHM CO BpEeMEHEM
KOPPEJISIUH T.

ITpomoJsibHAsT KOMIIOHEHTA CiIydaiiHoro moJjis AB, maet
Bkiang AE = gf AB. B pa3HOCTb 3HEPTUN MEXAY YPOBHSIMU
CIIMHOBOTO KyOWMTa W cClydailHOe mpupalieHue (asbl
Ap(t) = AEt. Ciyuaitnsle npupatuenust Gpasst Ap(z) o6ycio-
BJIMBAIOT (PA30BYIO JIEKOTEPEHTU3AIMIO CIMHOBOTO KyOuUTAa.
AHAJIOTHYHO, TIONIepeYHasi KOMIIOHEHTa CIYYalHOTO IMOJIS
B (#) IpUBOIUT K AMIUIMTYAHOU (JIMCCHIIATHBHON) JIeKOTe-
PEHTH3ALMK CIUHOBOTO KyOuta. W3JI0XKEHHAsT MO[eIb
MO3BOJISIET JATh MPOCTOE ONMUCAHUE ITHX BAXKHBIX MIPOIEC-
COB.

Cayuaiinbiit npouecc Ag(t) = Aw(t) t MOXHO Tpencra-
BUTH CTYNCHYATHIM C XapaKTePHbIM BPEMCHHEIM HHTEPBa-
JIOM T:

Ap(te) =

(96)

Aw;ite, i=1,...,n,

rae Aw; — TOCTOSIHHBIA B TEUYEHHE BPEMEHH T, CIBUT
YacTOTHI pe30oHaHca kyouTa. Torma

Z Ag, = (Z Aw,-) Te.

i=1 i=1

Ap(t) = Ap(nte) =

J 151 3HAKOIIEPEMEHHOT O MpoIecca

ZA(p,—:O, ZAw,-:O,

omnako Ap? = t2nAw; = Aw? 1ct. UepTa CBEpXy O3HAUYAET
yCpe/ IHeHHe:

i=1

CpeHekBaIpaTHIHOE MpUpalneHue (hassl KyouTa mpomop-
MOHAJBLHO JUTUTENLHOCTH CITyYaifHOTO IpoIecca.

Omnpeneum Bpemsi (a30BOH IEKOTEPEHTHU3ALUU Idc, ph
KyOMTa Kak Bpems, HEOOXoaumoe, YTOObI [JOCTHYb
A@? =1 pan®. Torma us paBenctBa Ap? = Aw? T lye. ph=1
nosty4aeM BpeMs (hazoBOi IEKOT€PEHTH3AIUN:

1

w? 1,

ldc,ph = (97)

B ciayuae Aw?, onpenenasieMoro IUIOjIb-AUIOJILHBIM B3aHU-
MOJIEUCTBIEM OJUHAKOBBIX CIMHOB, pa3JeI€HHBIX PACCTOS-
HUEM I, IMEEM

C yueToM 3TOr0 U3 cooTHoIeHus (97) ciemyer, 4To

1 3yh
=55 T

tdc, ph

JUiIst sLICPHBIX CIMHOB B MOJIEKYJISIDHBIX JKUIKOCTSIX 3Have-
HUE f4c ph ~ 1 C.

PaccMmoTpum Tenepb B MO N CITy4aiHBIX MTOJIEH aMILITH-
TYAHYIO JEKOrepeHTH3anuio kybura. B cocrosHmm |f/) =
= a|0) + exp (ip) f|1) HAMarHUYEHHOCTb CIMHOBOT'O KyOHUTa

+1/2

=yh Y ps.S.=3 yh(lﬁ\

S.=—1/2

o)

(98)

W3 pasencrta (98) cireayeT, 4TO JIF0OOM MpoIEce, U3MEHSIFO-
Uil HAMATHAYEHHOCTh M, SIBJISIETCSI aMILTUTYIHBIM IIPO-
[[ECCOM, M3MEHSIFOLIIMM aMILTUTY bl |o), |f3].

ITokaxem, 4TO HaJIU4KME MOMEPEUYHOrO CIY4YaifHOTO Mar-
HUTHOTO TO0JIs1 AB| IPHBOIUT K CIIy4alHBIM HPUPAIICHUSM
HaMarHMYeHHOCTH M. (1) M, 3HAYMT, K CJIy4YailHBIM HU3MeHe-
HUSM aMIUTATY/.

BBenmeM ABe cuCTeMbI KOOPAMHAT: OXZ C OChIO Z BIOJIb
noctossHHoro nojit Bu Ox 'z’ c ocwvro z' Bpons nons B + AB |
(puc. 10). Vroa 0 mexny ocsimu Oz u Oz’ onpenensercs
paBeHcTBoM tan = AB, /B < 1. B momeHT Bpemenu ¢ = 0

MPOEKIUN HaMarHWYeHHOCTH Ha ocu Oz', Ox' ompenme-
JIIFOTCA KaK
M. (0) = M.(0)cos 0
(0) = M-(0) cos ), (99)

M, (0) = —M.(0)sin 0.
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N

Ny

B B+ AB,

B,

Puc. 10. CucteMbl KOOPMHAT, CBSI3aHHbIE C BHELIHUM HOCTOSIHHBIM (B) 1
noJsibM (B + AB | ) mossimu.

B MOMEHT BpeMeHH ¢ = T, 3TH K€ IPOECKLIUU UMEIOT BUJ
M. (t.) = M.(0)cos0
(ze) = M(0) cos 0, (100)

M, (1) = —M,(0) cos (wpt.) sin 0.
MuoxuTesb cos (wyT.) 00ycioBIeH mpeneccueit M,: BOKpYT
ocu Oz’ ¢ 4acToTOl ). B TeueHue BpemeHu 1. CilydaiiHoe

nosie AB, cunTaercst moCTOSHHBIM (CTYHEHYATBIHN MPOIIECC).
Haiinem M. (t.):

M_(t;) = M, (tc)cos 0 — My (1) sin =

= M.(0)[1 —sin® 0 (1 — cos (mo7c))] - (101)

IMpuaumas wot. < 1 u 3amenss B (101) sinf ¢ ydeTrom

tan 0 = AB, /B, nosny4aem
M_(z.) _1_ AB? wit?
M_(0) B 2

N3 (102) cnemyet ypaBHEHHE ISl peaKCAIIMU TPOJIOJIbHON
HamarauueHHoctu M. (ammautyn |«|, |f]):

(102)

M_(z.) — M-(0)
.M, (0)

d M. 1 AB?y*t.
S == 22T (g3
dr M.0) 2

PenakcammonubIil mporiece myisi MPOJOJIbHON HaMarHM-
YEHHOCTH CIMHA

M.(1) = M.(0) exp <— ti) +MP, (104)

M:

BEIIET K 3HAYCHUIO HaMaramiennocta M B mpu 6ombmanos-
CKOM pacIpe/elIeHUN 3aCeJICHHOCTel ypOBHEH JHEpruu
Kyouta. Bpemsi pellakcanuy mpoJ0IbHOW HaMarHUYEHHO-
CTH CIIMHA OJHOBPEMEHHO €CTh BPEMS aMIUIUTYIHOMN JIEKO-
repeHTHU3aluu KyOouTa:

2

tde.amp = Iy, = ———— .
© amp : ABiyzrc

I[J'Iﬂ JUITIOJIb-AUIIOJIBHOI'O B3aI/IMOJ:[€I710TBI/I$[ JABYX OJWHAKO-
BBIX CIIMHOB, PAa3JACJICHHBIX PACCTOSHUEM ¥, UMEEM
1 3940

—_— == —1.
tdc,amp 2 70

B MaJIOBA3KUX XKUIKOCTSIX BPEMEHA fdc amp U ldc,ph COBHA-
nmarot [42].

7.6. [lexorepentusanus BcJieJCTBHE

MeKKYOHTOBBIX B3aHMOJeCTBHIl: KBAHTOBBIl Xaoc

C ToukM 3peHuss paboThl KBAHTOBOTO KOMITBKOTEPA HJICAJTb-
HOW ObLIa OBl CHTyalus, KOTJa B3aUMOJCHCTBHE MEXIY
mapoil KyOMUTOB [ M j BKJIFOYAETCS TOJbKO B MOMEHT
BEITIOJTHEHU ST IBYXKYOUTOBO onepanuy TAma

(Control),;—Uj;;

B TEUEHHE BCETO OCTAJbHOTO BPEMEHH B3aMMOIEHCTBUE
MEXIy KyOMTaMH OTCYTCTBYeT. B peasIbHBbIX CHTyaIlmsx
HEKOTOPOE OCTATOYHOE B3aMMOAEHCTBHE H;; Mexay KyOu-
TaM¥ [ U j CyIIECTBYET BCEr/a, T.€. BO BPEMs BBIIIOJIHEHUS
OAHOKYOUTOBBIX omepanuil u cBOOOIHON 3BoJIFOIMU (IIPO-
CTaWBaHUsl) KOMIIbIOTEPA.

B pasnene 7.4 moka3zaHo, YTO, €CJIU BBIACIUTH OJIMH KyOUT
¥ pAaCCMaTPHUBATH €r0 JEKOTEPEHTU3AIMIO BCIIECTBUE B3aH-
MOJEUCTBHUS C IPYTUM, 3TOT MPOIIECC AHAJIOTUYEH MIPOIECCY
JIeKOTepeHTU3aluu KyouTa, oOyCIOBIEHHOMY €ro B3auMO-
JIeCTBUEM C KBAHTOBBIM OKPY)XEHHEM. 3/1€Chb MBI PACCMOT-
pUM JIMHAMHKY KBAaHTOBOTO KOMIIBIOTEPA, COCTOSIIETO M3
GOJIBIIIOTO YKCIIA B3AaUMOJICHCTBYIOIIUX KyOuTOB [43]:

H= Zn:wicz(i) + ZJU-GS)Gy) .

i=1 i<j

(105)

Pe3onancHble 4acTOTBl ; KyOMTOB M mapamerp Jj;
B3aUMOJICUCTBUS paCIpe/IeIeHbl PABHOMEPHO B MHTEPBAJIAX
[0,54¢, 1,54¢] u [—J, J] cooTBeTcTBeHHO. CpejiHee paccTosi-
HHE MEXy YPOBHSIMH 3HEPTUM Kommbiotepa 4, = ndy/2",
rae 2" — 4unMciao Oa3UCHBIX COCTOSIHUM KOMIIBEOTEpa W3
n xyoutoB. CpenHee paccrosiHue A, SKCIOHEHIUAIBHO
Majo, Tak 4yTo 4, < J. CHIIbHBIE MeXKKYOUTOBBIE B3AUMOIEH-
CTBUS B KOMITBIOTEPE COOTBETCTBYIOT YCJIOBUIO

J

—>1.
A()/n>

B stom ClIydyac KOMIBIOTCPHOC MOICIUPOBAHUC BBISABIIACT
XdO0TUYCCKYIO TUHAMUKY KBAHTOBOT' O KOMIIBROTEPA.
HpI/I MaJibIX 3HAYCHUAX SHCPIUU B3aHMOL[eI710TBPIS[I

Ao/n <1,
HaOJro1aeTcsl NeTEPMUHUPOBAHHASL TMHAMHUKA KOMIIBIO-
Tepa. B nerepMUHUPOBAHHON IMHAMUKE BEKTOP COCTOSHUS
COACPXKUT MaJioe ynciio 6a3ucHbIX QyHkmil. B xaotuyeckoi
JUHAMHKE CYNEpIIO3ULUs COCTOUT U3 OOJBIIOr0o Yucia
0a3UCHBIX COCTOSIHUN ¢ MaJIbIMK Becamu. [1pu nepexoae oT
CHCTEMBI C JICTEPMUHUAPOBAHHOW AWHAMHUKON K CUCTEME C
Xa0TUYECKON JUHAMUKON U3MEHSETCS CTATUCTHKA UHTEpBa-
JIOB § MEXIY YPOBHSMH 3HEPIUU CUCTEMBI: MPOUCXOIUT
HEPEX0JT OT IYaCCOHOBCKOT O

Pp(s) = exp (=)

K BUTHEP-JTalICOHOBCKOMY

. 2
PWD = % €Xp (— %)

pacupeaeeHuro.
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Pe3ynbTaThl TeOpHUH KBAHTOBOTO Xaoca MO3BOJISIOT
OIIEHUTH MPEIIOKEHHBIE PEATN3AINN KBAHTOBOT'O KOMIIBIO-
Tepa ¢ TOYKM 3PEHIS X OTJAJICHHOCTH OT KBAHTOBOT'O Xa0Ca.
UTOOBI B KOMITBIOTEPE HE BO3HUKJIA KBAHTOBAS XaOTHYECKAS
JMHAMUKA, B3aUMOJICHCTBHE MEXAY KyOuTamMu J TOJIKHO
OBITh MEHBIIIE IOPOTOBOTO 3HaueHus J, [43]:

Vil
J<KJ.=—.
n

7.7. [lexorepeHTH3anusi, 00yC/JI0BJIeHHAs] OLIMOKAMHU
ynpasJieHHs] KyOuTamu

I"aMuiabTOHMAH yInpaBjag€MOI'0O BHCIIHUM KJIACCUYECKUM
nojem h(7) kybuTa MOXHO 3amucaTh Kax

H(t) = woo- + o(h(r) + 8h(1)) (106)
rae h(f) — vyacTp ympaBisIFOIIEro moJisi, odecrneYnBaroas
KellaeMoe ujeajbHoe ynpasieHue, a oh(f) — ommbka
YIPABJICHHS], BHI3BAHHASL TEM, YTO I10JIe KOHTPOJIHUPYETCSI C
HEKOTOPOH 3KCIMEPUMEHTAIbHON MOTPEHIHOCThIO O//h.
OmmbKy yIpaBJICHUS PACCMATPUBAIOT KaK eIle OJIUH HCTOY-
HHK OIIMOOK B KBAHTOBBIX BBIYUCIICHUSX HAPSTY CO B3AUMO-
JIEHCTBUEM KyOUTOB C OKPYKEHHUEM U MEXTy COOOii.

OreHUM BIIUSIHAE OINMMOOK YIPABIICHUS C MOMOIIBIO
napametrpa cootBercTBus (fidelity) kBaHTOBOTO BBIYHUCIIE-
uust. KOHEUYHbIe COCTOSIHUSI KOMIIBIOTEpA B CIydYasix Hiie-
AJIbHOTO M PEaJIbHOTO YIPABIICHUS BBIYUCICHUSMU UMEIOT
BUJI

9 (1)) = U9y (0)),
W) (1)) = U |y (0)).

(107)
(108)

IIpoekiuu |1//(t)> Ha Oa3WCHBIC COCTOSIHUS KBAHTOBOTO
KOMIIBIOTEPA OIPE/ICIISFOTCS] PABEHCTBAMHE

Ci.id) — <X lp(id>(l)>7 ngre) _ <ij(re)(l)> )

(109)
N3 ycnoBus HOpPMUPOBKH UMEEM

>l =3

RY

c’("e)|2 =1.

X

B xauecTBe KpUTEPHUS TOUHOCTH KBAHTOBOT'O BBIUKCIICHHUS]
BHIOEPEM YCPEIHEHHYIO HOPMY CKAISPHOTO HPOU3BEICHHUS
2L -MepHBIX BEKTOPOB cx ) U el

)

P= (|5 e = (s ou)

id
CS: )C
(110)
Bremrnaee YCpE€AHCHNE TPOU3BOIUTCA MO PACIPEIACICHUIO

x=0
CJIy4aiHbIX HPUPALICHUH, OTIMIAIOLINX A or Y. Ecom
BbIUKCIIEHHE naeanbHo, To ¢ = Y u F = 1.

IMpeacrasum U™ B Biie ymopsiioueHHOro mMpon3BeIe-
unst M varpun: UM = U UM, kaxpas us koTopsix

COMIEPKUT OIUOKY &, Py

(re)*
X

U;{re) _
cos (O + &)
—iexp (—i(gx+ @) sin (O + &)

exp (i(@x+ @) sin (Ox+ &)
cos (O + &)

(111)

(re)

Paznaras U, ~ mo maneiM npupaituenusm &y, @, umeeM

M
F=1- < ST + Ve + c,iw)qﬁﬂ> :
Py

Ju1st HeKOppeIupoOBaHHBIX &, @) MOXKHO 3aMUCATh

F=1-— M(F(§5)§2 + FEP e 4 1:(‘1"1”)(p2)7
FU) = ()Y

(112)

®opmyna (112) cBumereabcTByeT 00 aKKyMYJIMPOBAHUU
OIIMOOK yIPaBJICHUS: OIIMOKU B BBIYMCIICHUSIX PACTyT MpPO-
MOPIUOHAIBHO YUCIY M 3J€MEHTAPHBIX BBIYMCIUTEIbHBIX
ornepanuu.

ITpuaumast B xkauecTBe TpeOOBAHUS K KaueCTBY KBaHTO-
BBIX BBIYMCJICHUH HEKOTOPOE YUCIIOBOE 3HauyeHue F, MoJry-
YaeM COOTHOILIEHHE

1
2
() =~ (1-F)
MEX/]1y JAOMYCTUMBIMH OLIMOKAMU YNPABJICHUS <é2> U 4uc-
JIOM BO3MOJXHBIX BBIYMCJIUTENBHbIX onepauuit M. Ilycts,
Hanpumep, F = 0,99, (52>1/2 = 1072, Tora umco onepanuit
M =10. TIpn yMeHBIIEHNH TOTPEITHOCTH KOHTPOIS 0
(E2)2 = 1074 (0,01 %) uncio onepauuii M = 106

Taxum 06pa3oM, BHICOKHI YPOBEHb TOYHOCTH KOHTPOJIS
SIBJISIETCSl HEOOXOIMMBIM YCIIOBUEM peaIn3allii KBAHTOBBIX
KOMIIBIOTEPOB. B UMy IbCHOM TEXHUKE C BHICOKOU CTETIEHbIO
TOYHOCTH KOHTPOJIMPYIOTCSI YaCTOTHI T€HEPATOPOB; B Oymy-
eM HEOOXOAMMO MOBBICUTH TOYHOCTH KOHTPOJISI aMILTUTY T
YIPABJISIONIUX HOJIEH.

7.8. [lexorepeHTH3anust KyOMTOB

B MHOI'OYPOBHEBBIX CHCTEMAX

Yacro B KayecTBe KyouTa BEIOUparoT aBa "moaxoasmux" mo
CBOMCTBAM COCTOSIHUSI MHOTOYPOBHEBOI cuctemMbl. Hampu-
Mep, TIpH paboTe C MOHAMU B JIOBYIIKE B KAYECTBE KyOUTOBBIX
MOXHO BBIOPATH OCHOBHOW U BO3OYXKIEHHBIA ONTHYECKHE
YPOBHHM 3Hepruu uoHa [5, 44]. Hanuuue qpyrux ypoBHe# gaet
JIOTIOJTHATEbHBIE BO3MOXHOCTH: HX MOXHO HCIOJIb30BATH B
KA4€CTBE BCIIOMOTATENbHBIX TIPU BBIMOJHEHHH JIOTHYECKUX
onepanuii 1 K3MePEHUN COCTOSTHUS KyOuTa.

Bmecte ¢ Tem "HekyOuTOBbIE" YPOBHM HEPIHH MOTYT
06pa3oBaTh JOMOJIHUTENBHBIA KaHAT AEKOT€PEHTU3AINH,
o0ycioBieHHbii "yTeukoit" kBaHTOBON MH(pOPManuK (3ace-
JIEHHOCTH) C KyOMTOBBIX YPOBHEM IIPH BBIMOJHEHUH JIOTHYE-
ckux omeparnuii. Ilepexoapl ¢ KyOMTOBBIX YpOBHEH Ha
HEKYOUTOBBIE YPOBHU OCYLIECTBIIIFOTCS KaK HEPE3OHaHC-
HbIE TIEPEXO/BI, BEPOATHOCTb KOTODPBLIX BO3pACTAeT NPHU
YBEJIMYEHUH HAMPSDKEHHOCTH YIPABJISIFOIIUX KyOUTOM pe3o-
HAHCHBIX moJiell. HekyGUTOBBIE YPOBHHU SHEPTUH BBICTYIIAIOT
KaK Obl B KAYECTBE [JONOJIHUTEILHOrO "oKpyxenus", BbI3bI-
BAOIIETO IEKOTEPEHTU3AINEO KyOuTa. BO3MOKHBIE CIIOCOOBI
MOJABJIEHUS JEKOTEPEHTU3ALMM ONMMCAHHOrO THIA MPEJIJIO-
XKEHHI B [45].

7.9. llexorepeHTu3anusi B KBAHTOBBIX ONepanusix

[Ipu BBIYMCIICHUSAX YHPABJISIONINE CUTHAJIBI U3MEHSIOT
coctosiHusT KyouToB. [TockONbKY MpoIece TeKOTrepeHTU3a-
1 E|f) 3aBUCUT OT COCTOSIHMSI CHCTEMBI | 1)), MOJIyqaeTcsi,
4TO NMPOLECC BBHIYUCICHUN CaM BJIMSET Ha MpoLecc AeKore-
pentuzanuu. [1oaTomMy cienyeT paccMOTPETh BOMPOC O
JIEKOTepEHTHU3AIMN B XOAe KBAHTOBBIX omeparuii. B kaue-
CTBE IIPUMeEpPa PACCMOTPHM, KaK MIPOTEKaeT JeKOTepeHTH3a-
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1Ml IPY BBIIOJTHEHUH ByXKyouToBOo# oneparu CNOT [40,
47].

IIpencTaBUM raMIJIBTOHUAH CUCTEMBI U3 KyOUTOB a 1 b
B BUJIC

H(t) = [(wn + 80,)0 + (J, + 8J,)0]+

z X

+(g+8g)(cc” + 6oy, n=ab. (113)

®IyKTyUpyIOLIue YacTH TaMUIbTOHHAHA S,G"), 5,6
MOT'YT ONHUCHIBATE (PA30BYIO M aMIUIUTYIHYIO JIEKOT€PEHTH-
3a1uio, 0OYCIOBIICHHYIO KaK B3aUMOJCHCTBHEM C OKpYKe-
HHUEM, TaK U HETOYHOCTBIO YIIPABJISIFOIIUX CUTHAIOB ), U J;,.
Tpetuii YieH CyMMBI YUUTHIBACT B3aUMOJICHCTBUE KyOUTOB,
crocoOHoe BBI3BATH mepexo el Tuna flip-flop.

JIJ1s1 MAaKCUMaJILHOTO YIIPOIIEHUS BBIYUCICHHIA TIPUMEM,
YTO CpeOHHE 3Ha4YeHHs (UIYKTyallMii paBHBI HYJIIO U O-
KOPPEJIMPOBAHBIL:

(Bawn (1)) = (8Ju(t)) = (8g(1)) =0,

(8cwn (1) 8wm(t")) = 790md(1 — 1'),

(8, (1) 8 (t")) = 710w (t — 1),

! !

(3g(r)8g()) = p2d(1 —1").
3HaYCHUS TAPAMETPOB Vg, 1, V2 JUISI KOHKPETHON CHCTEMBI
ONPEEISAIOTCS W3 M3MEPEHUIH WM BBIYUCIISIOTCS C TO-
MOILBIO MUKPOCKOTIMYECKUX MO/IENIEN B3aUMOIEHCTBHII.

Xorts oneparnust CNOT siBiisieTcst 3JieMeHTapHOM KBAHTO-
BOM oOllepanueil, BXOISIIEH B COCTAaB YHUBEPCAJIBHOTO
Habopa onepanuii, OHA BBITIOJHSAETCS ¢ IOMOIIBIO TTOCIIE0-
BaTesbHOCTH BpatueHuil U, (o), Uy(o) BekTOpa COCTOSIHHS

OJIHOTO KyOUTa BOKPYT OCEH Z M X HA YT OJI o U IBYXKYOUTOBOIM
onepamuu Uj;(o) Tuna flip-flop Ha yrou o [40]:

—_ue (™Yo T yo_ (_T
Ucenor = US <2> U; < 2) UY( TE)UJ( 7%

x U@ (— g) U (g) u® <— g) U@ (— g) . (114)

B ¢popmye (114) BBeseHbI 0003HAUCHHUS:

Uff’)(oc) = exp (i x

Y
a
BN
~

U (a) = exp (i

N R
Q

o
N———

Uj(2) = exp (ioc(cs@cs(f’) + G(j’)c(f))) .
Onepamss U (x) BBIMONMHSAETCA BKIIOUEHHEM (), =
= —gysigna Ha Bpemst T =o/2g, omepamms U (a) —

X

BKJIFOYeHHeM J, = —Jj sign o Ha BpeMst T = o/2J, oneparst
Uj(¢) — BKITIOUEGHNMEM g = —gsigno Ha BpeMs T = a/go.
ITpu satom signa = 1, ecima o > 0, signo = —1, ecim a < 0.

IMonnoe Bpems BoinosHeHus oneparmu CNOT ectb

Romm
TeNOT = 7—+—+—.
2e  Jo 8o

IMapameTp kauectBa BbImosiHeHUsI omepanuu CNOT
onpeaensieTcst Kak

F([¥(0))) = (¥(0)]penor ¥ (1)) - (115)

31ech

(1)) = URor¥(0)) .
penor(f) = Uenot [¥(0)) (¥(0)| Ugnor »

UcNoT — MATPHIIBL, COJAEPIKAIINE HETOYHOCTH, 00YCITOBIICH-
Hble QuykTyanusMu B ramuiibToHuaHe (113).

Hapamerp F(|(0))) sBusieres dyHKumeii HauanibHOro
cocrosimst cucrembl  |(0)). Bomee mpeacraButenbHbI
pesysbTar monyuaercs myteM ycpemuenns F(|i(0))) mo
HEKOTOPOMY HabOpy HavaJIbHBIX COCTOSHUIT {wij(O) :

F=3 %F(wa_/<0)>) :

i,j=1

B pabGote [40] BbIOpan ciemyromuii HAGOP HAaYAJIbHBIX
COCTOSIHUI JJIs1 TEPBOTO KyOuTa:

|W1(O)> =10), |‘//2(0)> =11),

1 1

(amayoruyHo nipu j = 1,...,4 a5 BTOporo kyoura).

MeToAaoM KOMIBIOTEPHOTO MOAETUPOBAHUS TTOTYUEHBI
rpauku 3aBUCUMOCTH oMok E(y) = 1 — F(y) npu BbIIOJ-
HeHnH kBaHTOBOW omepanuu CNOT oT cpemHekBaapaThy-
HBIX 3HaueHudl ¢paykrammit y. [pu wy = Jy = go = 1 nuHei-
Has 3aBUCUMOCTD E o y mpocTtupaercs 1o 3HaueHuit y ~ 0,05
(pexxuM crabbix 1IymoB). HaOnromaercs aaiMTHBHOCTH
abdekTa B pexxume caadbIx mrymos [40]:

E(}'07y177'2) = E(VOvoaO) + E(07?170) + E(0,0, V2) .

(10) +i[1))

(116)

Ommbka E(y) nocturaet 3HaueHus 0,75 B peKMMe CHIIBHBIX
[IIyMOB, KOT/a COCTOSIHHE CHCTEMBI CTAHOBHUTCS CMELIaH-
HBIM.

7.10. 3aBHCHMOCTBH CKOPOCTH JIeKOTePeHTH3ANH

OT 4HC/Ia KyOUTOB B KOMNbIOTepe

B paznesne 7.9 Mbl BBIYUCIMIIM CKOPOCTb }; AEKOTE€pPEHTHU3a-
UM COCTOSIHUSI OAHOTO OTHeNbHOro Kyouta. [Tosnomaci-
TaOHBI KBAaHTOBEBIN KOMITBIOTEP COCTOHMT W3 OoJjiee 4eM
ThICI4a KyOMTOB. 3aBUCUT JI CKOPOCTH JIeKOTePEHTU3AINA
¥, COCTOSTHUI KOMIIbIOTEPA OT YUCIIA 77 KyOUTOB B HeM? OTBET
noJioXkuTeNeH. Eciii okpyKeHus: pa3HbIX KyOUTOB HEe KOppe-
JIMpOBaHBI (HE KOTEPEHTHHI), TO maxy, = ny,. Ecau Bce
KyOHTBI IOTPYXEHBI B OJTHO H TO e (KOTePEHTHOE) OKPYKe-
HHUe, TO maxy, = n’y;.

Crtporoe 10Ka3aTeIbCTBO ITHX YTBEPKACHHHN ITOJIYYCHO B
[48] nmnst Momenu kyOuTa B OKPYXKEHHUU OCIHMILISTODPOB.
IIpuBeaeM 31ech A0KA3aTeNbCTBO Ha OCHOBE IpPEACTAaBJIe-
HUMH, PA3BUTHIX BBIIIE JJIs1 €AMHUYHOTO KYyOHTA.

HauvanbHoe He3amyTaHHOE COCTOSIHAE KOMIIBIOTEpa M
OKPYXXEHUS eCTh

2"—1

|¥(0)) = (Z% cx\x>> |E(0)).

B peE3yIbTaTEC B3‘dI/IMO,IICI71CTBH$I KOMIILIOTEPA C OKPYXCHUEM
UX COCTOSHUA 3aIlyThIBAFKOTCS:

(117)

271

W) =D exkd) [ Ex(x).

x=0

(118)
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HenunaronasbHble MATPUYHBIE 3JIEMEHTBI IPUBEICHHON MAT-
puts! wiotHocTH Trg (’l//(l)><l,0(l) D MMEIOT BHU/]I

P (1) = exc (B0 B (1)) (119)

JlexorepeHTH3anus 3aKIOYACTCS B 3aTyXaHHH (HMcCues-
HOBEHHHU) HEAMATOHAIBHBIX MATPUYHBIX 3JIEMEHTOB MAaT-
PHIIBI ILIOTHOCTH p /() (KOTEPEHTHOCTEH ¢yC)/) B PE3YIib-
TaTe OPTOTOHANM3AIME COCTOSHUII Okpykemnms E.(f) u
E\/(), COOTBETCTBYIOLMX DA3IMYHBIM Oa3UCHBIM COCTOSI-
HUSM |x) | |x') koMIbroTepa. Eciii okpyXeHus pa3IMiHbIX
KyOHTOB B KOMITBIOTEpE HE KOPPEIUPOBAHBI, TO

eler . e¥) =

(EO|E0) = (efe . eplei’es e,
= <el)“|ei"’><g£"|gi~c’> o <e,',x|e;,> _

= (eoler)(esles)"™ = (eolen)”.

B dopmyste (120) MBI peANIONIOKUIN, YTO COCTOSTHUS d
KyOMTOB B |X) =ij...0y) ¥ |x')=|j1.../,) pa3IMUHBI
(is # Js), @ mast n — d KyOGUTOB OHHU COBNAJAIOT: iy = js (d —
paccrosiare XeMMUHTa MEX Ty Ga3HCHBIME COCTOSIHUSIMHE | X)
u |x’) kommbrorepa). Jus  egMHMYHOrO  KyOHTa
(eoler) = exp (=7, 1), mosromy

(Ex(1)|Evi (1)) = exp (—dy1) .

ITockobky max d = n, TO maxy, = ny;.

B Gosee obuieit popme pe3ysbTaThl paboThl [48] mis
CHCTEM C HEKOTEPEHTHBIM M KOTEPEHTHBIM OKPYKCHHUEM
AMEIOT BT

pe () = po v (0) exp (—Z i —jswlz) , (121)

s=1
2
ylt) .

n

> (=)
s=1

JUIst CHCTEMBI ¢ KOTEPEHTHBIM OKPYXECHHEM COCTOSIHISI

tina "mpénuareposckoro kora" |0...0,) £1...1,) mox-

BEPraroTCs MAKCHMAJIbHO OBICTPOM AeKOT€PeHTU3AINM:

2
Z(l\ _js)

2
Y1 Yo =n"71-
s

(120)

(122)

px,x’(t) = pxﬁx’(o) exXp <_

Yn =

B 10 e BpeMst 00HAPYKUBAKOTCS CBOOOIHBIE OT JIEKOT€PEH-
tusamuu (decoherence free) cocrostausi. TaKOBBI COCTOSIHUS,
B KOTOPBIX I OJHOM MOJIOBMHBI KYyOMTOB iy =0, ji, =1, a
JUls Ipyroii mojaoBuHbl iy = 1, j; = 0 (n ueTHOE); TOrAA

Z(is _js) = 07

N

1, =0.

IIpnMepoM TakHUX COCTOSIHHUI SIBIISIFOTCS cocTosHHUS besuta
|01) & |10) st 1BYX KyGUTOB.

OOHapyXeHHOE C POCTOM YHCJIa KyOUTOB B KOMITbIOTEPE
IO 3aKOHy }, = ny (MM y, = n’)) YyCKOpeHHe NeKOrepeHTH-
3aIUH SIBJISICTCSI, TIOXKAITY, CAMBIM TJIABHBIM MPES TCTBHEM
K TIOCTPOCHHIO MOJIHOMACHITAOHOTO KBAaHTOBOT'O KOMIIBO-
Tepa. Eciam BBINOJHEHWE HEKOTOPOTO BBIYHCIICHHS (ajro-
pUTMA) Ha KBAHTOBOM KOMIIbIOTEPE TpeOyeT BPEMEHHU Z, TO
BEPOSITHOCTh MOJIyYCHUs] MPABHIBHOIO pPE3yJbTaTa BBIYHU-
CJICHUH YOBIBAET C YHCIIOM 7 OKCIIOHEHIIHAJIBHO:

P=exp(—an), o=ryt.

YTo6BI MOJTYYUTh XOTsI ObI OAMH Pa3 NPAaBUJILHOE PEILICHHUE,
BBIYHCJICHUS] HAJTO HOBTOPUTH k = exp (an) pas.

B ycioBusx OBICTpOIl JEKOTepEeHTHU3AlUU KBAHTOBBIN
aJTOPUTM HE MOXET BBIMTOJHATHCS 3()(DEeKTUBHO, T.e. 3a

MOJIMHOMHUAIbHOE BpeMsi. BoimosHenue anroputMma Ilopa
(pakTOpHM3ALMK N-pA3PSAHBIX YHCEN TPEOYET BPEMEHN 1 Ty,
KOTOPOE TOJDKHO OBITh MEHBIIIC BPEMEHH IEKOTePEH TU3AIIA
COCTOSIHHMI 1-KyGUTOBOI'O KOMITbIOTEPA T1 /1!

3 2
n Top<;7

/I T) — BpeMsl IEKOTePeHTU3AUK OHOTO KyouTa. OTcrona
BBITEKAET YCJIOBHE YCIIEITHOTO BBIOJTHEHHS AJITOPUTMA:

Lt

Top

IMpu n=10° Heobx0AUMO 0OECHEYNTH BHIMOJTHEHHE
HEPABEHCTBA T1/Top > 102, 4TO Ha MHOTO HOPSAKOB
GoJTBbIITe 3HAYCHUS T /Top 10°—10° B IPaKTHYECKN HCCIIe-
nyeMbIx cirydasix. [To cyiecTBy cka3aHHOE O3HAYAET, YTO MbI
JOJDKHBI HAaWTH CIOCOOBI CTAOWIIM3AIMHA KOTE€PEHTHOTO
COCTOSIHUSI KBAaHTOBOTO KOMIIBEOTEPA B TEUYCHHE JFOOOrO
3aIaHHOTO BPEMEHHM, [OCTATOYHOTO ISl BBHIMOJIHCHUS BbI-
YHCJICHUS 1O 33aJaHHOMY QJITOPHTMY HOJHHOMHUAILHON
ciaoxHocTH. K TakuM MeToJaM OTHOCSITCSI KBAaHTOBBIC
MeTO/Ibl KOppeKnuu omuookx. [IpenioxkeHsl Takxke pas3ind-
HbIC aKTUBHBIC METO/IbI ITOIABJICHUS MIPOIECCOB JICKOT€PEH-
TH3amud. DTHM METOAAM IOCBSIIEHBI IIOCICIYFOIINE Pas3-
JieJel 0630pa.

B 3akiroueHne HACTOSIIETO pa3jesia OTMETUM BaKHEMH-
YO POJIb JIEKOTEPEHTU3AIMH B TMOSIBJICHAN Y TeJT KJIacChye-
CKHUX CBOHUCTB. IlpuBenemM kjacCU(pUKALUIO TeJ O YUCITY
YACTHIl, pa3MepaM U BPEMEHH ICKOTECPEHTH3AIMU COCTOS-
HUl OPOUTATIBHOTO ABIKCHUS 3JICKTPOHOB, BBIYUCICHHOTO
T10 TIPaBHILY T, = 71 /n:

Macmrab cucteMbl Yucno O6beMm, Bpems
4aCTHIL om? JIEKOTePEHTH3ALMH, C
ATOMHBIIH 1 1073 10~
Me3ockonuueckuit 103 10-20 10712
MUKpPOCKOTIYECKH it 102 10712 1072
MakpOoCKONH4ecKuit 103 1 10—

Bpems cymiecTBOBaHUSI KOTEPEHTHBIX COCTOSIHUNA aTOM-
HBIX U Me3ockormiecknx cucteM (107°— 10712 ¢) mosBomser
HAOJII0/IaTh KBAHTOBBIE KOTEPEHTHBIE COCTOSIHUSI COBPEMEH-
HBIMH 3KCIIEpUMEHTAJbHBIME MeToAaMu. BpemeHna cyiect-
BOBAaHUSI MHKPO- M MaKpPOCKOIIMYECKUX T€JI B KBAHTOBO-
korepeHTHBIX cocTostHusX (10721 — 10732 ¢) TakoBHI, 4TO 3TH
COCTOSIHUSI HE MOTYT OBITh HAOJIOJEHBI B COBPEMEHHBIX
akcriepuMenTax. C TOYKH 3peHHsl (U3UKU KaueCTBEHHOU
Pa3HUAIBI MEXIY aTOMAMU U MaKPOCKOMYECKIMU TeJIaMU
HET, MOCKOJIbKY M T€ M Opyrue MOAYMHSIIOTCS 3aKOHAM
KBaHTOBOW MeXaHUKU. PazHuIa YMCTO KOJMUECTBEHHAS: IS
HAOJIO/ICHNASI MAKPOCKOTIMYECKUX TeJl B KBAHTOBO-KOT€PEHT-
HBIX COCTOSTHUSIX HYKHBI JKCIEpUMEHTAJbHbIE METOIBI C
BpeMenHEM paspemtenneM 10720 —10730 ¢. Takux meTomoB
MMOKa HeT.

8. MeToan! npeoao.ienus 3pdexTon
JIEKOTePeHTH3allul B KBAHTOBBIX KOMIIbIOTEPaxX

8.1. KoanpoBanue undopmanmu U KoppeKusi ommnooK

B KJIACCHYECKOM KaHalie

MeTo/bl KOAUPOBAHKS U KOPPEKIUH OIKUOOK B KBAHTOBOM
KOMITBIOTEPE SIBJISIFOTCSI PA3BUTHEM METOOB, pa3paboTaH-
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T.175,Ne 1]
l1—p
0 0
p
p
1 1
l-p

Puc. 11. Cxema KJIaCCHYECKOro OMHAPHOTO CUMMETPUYHOTO KaHaJa ¢
BEPOSITHOCTBIO OIIMOKH p.

HBIX B IEJISIX KOPPEKIMH OIIMOOK MpH mepeaade Kjaccuye-
CKO¥ MH(pOpPMAaIUK 1O Ki1accuieckoMy kaHairy. CyTb 3TOro
METO/1a MOKaXeM KPATKO Ha IPIMEPEe KJIACCHYECKOr0 OMHAP-
HOTO CHMMETPHYHOTO KaHaja, CBOMCTBA KOTOPOIO MOKa-
3aHbl Ha puc. 11. Cxema omuchIBaeT TakXke XpaHEHUe
MHQOPMAIIMHU: B 3TOM CIIy4yae HAYaIbHOE K KOHEYHOE COCTOSI-
HUsI Pa3/ICJICHBI TOJIBKO BPEMECHEM XPaHCHHUS.

Kitaccnueckuit TpexOUTOBBIN MaXOpUTAPHBIA KO/ T03-
BOJISIET OOHAPYXKXUBATH M KOPPEKTHUPOBATH ONHY OILIMOKY B
Tpex OuTax, BO3HUKAFOIIYIO IIPH TIepeade mo kanay. [lycts
HeobOXxoauMo mepenath 3Havenue 6uta "0". BozbMeM erne
JBa Oura W3 pesepBa u 3akomupyem "0" B Tpex Owmrax,
coctaBuB Kozmosoe cioso "000". Ilpu mepenave KOJOBOIrO
CJIOBA I10 KaHAJIY C OIIIMOKAMM KaXIbIH U3 TPeX OUTOB MOXKET
HHBEPTUPOBATHCS C BEPOSTHOCTBHIO p. IIpeamoaoxum, 4To
WHBEPTHUPYETCS TPETUH OUT. DTO O3HAYAET, UYTO HA MPHUEM-
HBIi KOHENl KaHaja OWUTHl TpUAyT B cocTosHud "001".
N3mepenneMm Bcex Tpex OUTOB OOHApYKMBaeM OIIMOKY B
TpeTheM OuTe (1Mo MaxkoputapHomy npuHiuny). Koppektu-
pyeMm oIInOKy, HHBEPTUPYS TpeTuii Out. Jlekoaupys ucnpa-
BIEHHOE KomoBoe ciaoBo "000", moJiydaeM IpaBUIILHOE
cocrostaue "0". AHAJIOTHYHO MPOUCXOUT KOPPEKIHUS OLIM-
OOK mpu Tiepe1aye OUTa B COCTOSHUM 1.

BuaHo, YyTO KOAMpOBaHUE OIHOrO OuTa MHDOPMAIMHU B
Tpex (u3mueckux OuTax (TpPeXKpaTHOE pe3epBUPOBAHUE)
MO3BOJISICT OOHAPYXKHUTh U YAAIUTH OMHY OLIMOKY B Tpex
outax. Takum KOJIOM He OOHAPYKUBAIOTCS U HE KOPPEKTH-
pytoTcst nBe (TpW) OImMOKU. BeposTHOCTH OmmMOKH mpu
nepegaue OJHOro OWTa MHpOpMAIMU Ui JTAHHOTO KoJa
paBHa pe; = 3p> + p3, per < p (ommbku B 6utax 1 u2, 1 u3,
2u3,1,2,3). OTHOILICHUE p/per TOKA3BIBAET, BO CKOJIBKO Pa3
YMEHBIIIAETCSI BEPOSTHOCTh OINMOKU TMPH HCIOJb30BAHIH
MPUBEICHHOT O KO/IA.

8.2. TpexkyOMTOBBIii KBAHTOBBII K0T
IMonpoOyemM mpUMEHUTH COCOO KJIACCHYECKOTO KOJIUPOBa-
HUS COCTOSIHUSL OJTHOTO KyOUTa B COCTOSIHUE TPEX KyOUTOB:

) = al0) + Bl1), ) = «[000) + f[111).

DTO Jerko BBINOJHUTH, mpuMenss omepanun CNOT;, n
CNOT, ;. [lepenaaum KOZOBOE CIOBO |if,) MO KaHAIy C
ommbkamu. [1o MPeamoIoXeHUIO, MyCTh WHBEPTUPYETCS
TpeTuil KyOuT. B pe3ynbpTaTte Ha MpUEMHBINH KOHEIl KaHATa
npuzet KooBoe cioBo |{) = «|001) + f|110). Usmepss
Kyours! B 6azuce |0), |1), naxomum "001" (c BepoSITHOCTBIO
o) mmm "110" (¢ BeposTHOCTBIO ||Y). XOTs Hammume
OIIMOKH B TPETheM OUTE yAaeTCs yCTAHOBUTD, IIPU U3MEpE-
HUHM GE3BO3BPATHO TEPSIFOTCS 3HAUCHUS o M § ¥ TEM CAMbIM
TepsieTcs epecblLiaeMoe ciioBo ) = a|0) + f|1).

B HaunboJee 0sm3K0# K K1accuueckoi opMe nporeaypa
kBaHTOBOU koppeknuu omubok QEC (Quantum Error
Correction) BKJIFOYAaE€T BOCEMb 3TAIOB:

1. 3agaercs n-paspsiiHoe 4YHCIO |X), KOTOpOe HeoO-
XOOUMO TiepelaTh IO KaHAJdy C aMIUITYJHBIMH U (a3o-
BbIME olMOkaMu. YHCII0 |X) MOXET ObITh CyHepHO3ULuei
0a3UCHBIX COCTOSIHUIA, HampuMep [UIs OJHOTO KyOuTa
) = 2/0) + BI1).

2. KonupoBaHue n-pa3psiiHOTO KBAHTOBOTO COCTOSIHUSI
|x) B cocrosiaue (n + k)-pa3psqHOTo perucTpa BbIIOJIHSIETCS

KoaupyromuM onepatopom C:
C[x)[0...0) = |C(x)). (123)

3. KomgoBoe cioBo ]C(x)> nepegaeTcs ¢ OMMOKaMH IO
KaHaJly, KOTOPbI XapaKkTepu3yeTcs: ONepaTopoM OIINOOK
E= Z,. E;, neficTByromum Ha KOJ10BOE CJIOBO:

(Z Ef) |C(x)) = Z]Ei C(x)).

4. Cuagpom ommbku E; n3BiiekaeTcs aeicTBAEM orepa-
TOpa S CUHIpOMA OIINOKU:

SZ\E,- C(x))|0...0) = |E; C(x))li) -

(124)

(125)

l

IIpr 3TOM BO BCIIOMOTATEJbHBI PETHCTP B COCTOSIHUH
|0...0) 3amuchIBarOTCsI MHACKCHI i onepaTtopoB E; onmbku.
CocrostHUSL |i) perucrpa CHHAPOMA OIIMOOK W COCTOSIHUSI
]E,— C(x)) perucrpa, XpaHsIIEro KoJIOBOE CIOBO C OLIHO-
KaMH, CTAHOBSITCS 3a1Ty TAHHBIMU.

5. B BBIYHCIIMTEIBHOM 0a3MCe M3MEPSIFOTCS COCTOSHUS
KyOUTOB PErucTpa, XpaHsIero CHHIpoMsl i ormubox E;:

D [ C))li)y — |Es C(x))ls) -

1

(126)

N3mepenne uneHTHGUIIPYET OMMOKY, MPOU3OIIEAIIYIO B
KaHaJie (MHAeKc ommoKH s, onepatop Ey).

6. Halinennas u3 u3MepeHuii ommbka B KOJOBOM CJIOBE
JIUKBUOMPYETCS AEHCTBUEM HA PErUCTP B  COCTOSIHUU
|ES C(x)) oGpaTHOro orepaTopa omuoKn E "

E;'|E; C(x))]s) — |C(x))]s). (127)

TeM caMbIM KOTOBOE CJIOBO OCBOOOXKIACTCS OT BHECEHHBIX
KaHaJIOM OILIHOOK.
7. BoInoJiHsieTCsl IEKOIUPOBAHUE:

CC@))ls) = |x)ls) -

8. BcrmomoraTenbHBI PErucTp |s) BO3BpallaeTcst B
ucxojnHoe cocrosiue |0...0) neiicTBHEeM Ha KaXablil H3
KYyOUTOB pErucTpa oOmepaTopoMm, KOTOpBIH mpeobpasyer
Isi) — 10s).

Cka3aHHOE BBIINIC BBITJSIIAT HECKOJBKO aOCTPAKTHO H
TyMaHHO. [IpocToit mpuMep ¢ mepemadeit KyouTa B mpou3-
BOJILHOM COCTOSIHUM 0 KaHAJly C aMIUIMTYIHBIMU OIIUO-
KaMH [O3BOJISIET OLYTUTh CMBICI HPOLEAYP Ha BCEX dTaax
IPOTOKOJIA KBAHTOBOM KOPPEKIMH OLIHOOK.

1. B kauectBe "wmcia" |x) BeIGepeM CYMEPIIO3HIHIO
|x) = a|0) 4+ B|1) cocrosHumit ognoro Ky6uTa (1 = 1).

2. 3akommpyeM coCTOsiHEE |x) omHOro "mormueckoro"
ky6uta B cocrosue |C(x)) Tpex (n+ k = 3) "¢pusnyecknx"
Ky6uTOB. [lJ1s 3TOrO K KyOHUTY |X) 106aBUM B BCIIOMOTa-
TesbHbIX (ancilla) ky6ura B cocrosiauu |00):

|x)|00) = %/000) + B|100) .
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Boimonusist Hay cocrostauem |x)|00) yHUTAapHBIE Tpeobpaso- ) & W)
Banuss CNOT,;,CNOT, 3, o3Havaromue KOJAUPOBAHHE
cocrostHus C|x), MOJIy4aeM KOJOBOE COCTOSIHHE |} peru-
CTpa U3 Tpex (PU3UYECKUX KyOUTOB: 0) —O Avmmatynnas | A
J
[be) = |C(x)) = CNOT, 3 CNOT, 5 (+]000) + ]100)) = AeKoreperiaLA
= «|000) + B|111). (128) [¥23)
10) © ©

Iponecc koauposanus "uncia"
KyOUTOB 3aBEpILIEH.

3. 3ammem B siBHOM Brjie onepatop ook E = E;,
XapaKTepU3yroMi kaHal. JJomycTum, 4To OIMOKH, BHOCH-
MBbI€ KaHAJIOM, 3aKJIFOYAIOTCS B IIEPEBOPOTE OJHOTO U3 TpeX
KyOHTOB (aMIUTUTYAHAS JAeKorepeHTn3anms). Torga omepa-
TOP OLIHOKHU

X) B COCTOsIHUE |Y.) Tpex

3)

E= ZE,— =eo(?) CY(() 082 GO +el( )o (”082)00‘ +

+ex(1) Gg o%s (3)+e3(t) 05)1)6(()2)653). (129)

3nech G(k) — KOMIIOHeHTE! onepatopa [Taym, oTHocsmecs
K Ky6I/ITy k, onePaTop O NEPEBOPAYNBACT COOTBETCTBYIO-
it Kyour, cro — eAMHHMYHAsT MaTpHIA, Z |e,| =1

Beimuiiem siBHO KOJOBOE CIIOBO C OLIAOKAMU:

Elyhe) = eo(t) [Ye) + e1(1)(2[100) + B[O11))+

+ e2(1)(2/010) + B|101)) + e3(z) («|001) + B[110)) .  (130)

Ecii BpeMs ¢ MaJIo [0 CPaBHEHUIO CO BPEMEHEM JEKOT€peH-
TH3ALMH COCTOSIHMSI KyOuTa B KaHaye T4., TO |ei], |ea,

les| <1, |eg] ~ 1. B cynepnosuumu (130) Bce cocrosiHuUs
|x1x2X3), Kpome |y.), comepkar OIHY AMIUIHTYIHYIO
OIINOKY.

4. lob6aBuM K Tpem KyouTtam B coctosiauu E|ij,) eme Tpu
BCIIOMOTaTe/IbHBIX KyOuTta B cocrosiuuu [000): E|y.) —
— E[y.)|000). OnepaTtop S n3BJIeUeHUS] CHHAPOMA OLIMOOK
OIIpeIeIUM PABEHCTBOM

S|X1X2X3000> = |X1X2X3CNOTXIYXZCNOTX1_X3 CNOTXLX}) .

(131)

Omnepatop S NPEANHUCHIBAET CPABHUTH MOMAPHO (BBIYUACIISIS
CNOT) 3HaueHus MepeMeHHbIX X| ¥ Xy, X| ¥ X3, Xp U X3 B
KaXIOM M3 cjlaraeMeix cymeprnosuuuu E|.) n 3ammcathb
pesynbTaT Bhrumciaenui CNOT,, , = x; @ X; B COCTOAHUS
KYyOUTOB perucTpa CHHIpOMA OMIHGOK. Ecnu, manpumep,
|x1x2x3) = [100), To S|100000) = [100110). DTO O3Hauaer,
YTO aMILUIUTyAHAs oImoka B mepBoM kyoute (1 Bmecto 0)
umeeT cuHapom |[110) B peructpe, XpaHsIIeM CHHAPOM.
CHHIPOMBI PA3JIMYHBIX OIIMOOK, BBIYMCICHHBIE COTJIACHO
(131), mpeacraBuM B BUAE TAOJIMIIBL:

E; E;{000) | SE;000000) | Ej111) | SE;|111000)
Eo 000) 1000000) [111) 111000)
E, 100) 1100110} o11) 011110)
E, 010) 010101) [101) 1101101)
E; 001) [001011) [110) 1110011)

5. BemomHUM HM3MeEpeHHe COCTOSIHUM TpexX MOCIIEIHUX
KyOUTOB, Hecylmux MH(POPMAIUIO O CHHAPOME OILIMOOK, B
peructpe u3 mectu kyoutos B cocrosiuuu SE[.). Ipu ux

Puc. 12. Cxema mnpoToKojJa KOPPEKIMHM KBAHTOBOW aAMILIMTYIHOM
OIITHOKH.

U3MEPEHNH TOJIyYHM OJHO U3 YEThIPEX BO3MOJXKHBIX 3HAUe-
HUM cuHapoma y;y,y3: 000, 110, 101, 011, ¢ BeposiTHOCTSIMI
leol®, |e1|. |e2| |e3|* cooTBeTcTBeHHO. PesynbTaT H3MepeHus
OIIpenieNisieT, Kakoi u3 onepaTopoB E co3maeT ommoKy.

6. [TpoBeieM KOpPEKIUIO HAMIEHHOH OIITNOKY:

E;IES‘I//C> = |‘Pc>|J’1y2y3> .
7. Z[CKOL[I/IpyeM KOIOBO€ CJIOBO:
C'e) = («/0) + BI1)) -

8. BepHeM KyOWTBI, B KOTODBIX 3allUCaH CHUHIAPOM, B
cocrosiaue |000), nedcTBYsi omepaTopoM Gy Ha KyOHUTHI,
HUMeEroLIue cocTosIHuE J; = 1.

B npornecce koppeknuu ommboK B 0JHOM KyOUTE MOXKHO
He mpuberaTh K AOMOJHUTEIbHBIM KyOMTaM JUIsl 3aIUCU
cuaapoma ommbku. CxemMa NpPOTOKOJA TpHBE/ICHA Ha
puc. 12. Ipeanucanuple CXeMOW MpeoOpa30BaHUS HAYAIIb-
HOTO COCTOSIHHSI TPEX KyOUTOB

[1(0)) = («/0) + B11))10)[0)
NpUBEAYT K KOHEUHOMY COCTOSIHUIO

(1)) = («[0) + BI1)) [eo(1)]00) + €1 (£)[11)+
+ e2(1)[10) + e3(1)[01)] .

(132)

(133)

Hexonqupyromee mnpeobpaszosanue CNOT,; | ocBobo-
JIAJIO TEepPBBbIA KYOUT OT AaMIUIUTYJAHOW OIIMOKH U OT
3aIyTAHHOCTH CO BTOPBIM U TPeThMM KyOuTamu. BHeceH-
uele onepatopoM E ommbku "cobpaubl" B KOHEUHOM 3arty-
TaHHOM COCTOSHHM BTOPOTO ¥ TPEThEro KyOMTOB: K HX
HavanbHOMY coctosiuio |00) mobasieHsl cocrosiaust |11),
[10) u |01), conepxkarue ommbku. Onpenesans COCTOSIHIE
9THX KyOUTOB H3MEPEHHEM, CJICIyeT BEPHYTh UX B HAYAIbHOE
cocrostaue |00).

8.3. Koppeknusi ¢pa3oBbIx ommook

B pasnmene 8.2 mpeactaBiieHbI MPOTOKOJBI KOPPEKIIMU
AMIUIMTYJHBIX OLIMOOK B COCTOSIHMM KYOWTa, BHECEHHBIX
onepatopoM (129). Teneps paccMoTpuM (a30BbIe OIMIUOKH,
BHOCHMBIE OIIEPATOPOM

E = ey(1) G(I)Gg )Gé (1) G§1)082)6é3)+

(1)

Y+ (1) o) 6(()2)0<3) .

z

(134)

Ormnepatop ¢pa30oBoll OIMMUOKK OTIMYAETCS OT ONEpaTopa
AMILUTUTYTHOW OmMMUOKUA 3aMEHOM ol — o). dazosbie
OIIMOKHU SIBJISIFOTCS YACTO KBAHTOBBIM SIBJICHHEM U OTCYT-
CTBYIOT B KJIACCHYECKUX BBIYUCIICHUSIX.

ITpoTokon koppekiuu (Pa3oBbIX OMIMOOK B COCTOSHUU
KyOuTa B TpEeXKyOMTOBOM KOJI¢ TPEJICTABJIEH CXeMOW Ha
puc. 13. K npeasiaymieii cxeMe KOJUPOBAHHS COCTOSHHS
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Puc. 13. Cxema mpoTOKOJIa KOPPEKIIMU KBAHTOBOI (ha30BOii OLINOKY.

MEPBOro KyOWTa B COCTOSIHUE TpeX KyOUTOB J0OABHIIUCH
npeobpazoBanns Anamapa H Ha xaxaom xyoute. Pe3ynb-
TaTOM KOJMPOBAHUS OyJIeT KOJIOBOE COCTOSTHIE
|lpc> = OC| + ++> +ﬁ| - __>7
1
7 (0 +11),
(10) = 11).

1
H|+) = 0).

(135)

[+) = H|0) = 136)

) =HI1) =

H|-) = 1), (137)

Onepatopsl dazoseix oumbok 6 B Gasuce |+), |—)
BLICTYNAIOT KaK aMIUTUTY/IHbIE ONEPATOPhI, HHBEPTHPYIO-
IIYe COCTOSIHUSA |+), |—):

o:+) =1-), o) =]+

C y4eTOM 3TUX CBOWCTB IMPeoOpa30oBaHUIA JIETKO MOKA3aTh,
YTO MpHUBEJeHHAS Ha pHC. 13 cxemMa mpeodpa3yeT HaYaIbHOE
COCTOSIHUE TpeX KyOuToB

(2[0) + B[1))]00)

B KOHCYHOC COCTOSHUC

(OC|0> +ﬁ|1>)(€0|00> + 61|11> -+ ez|10> + €3|01>) .

Ecnu B xoMIbIOTEpE BO3ZHUKAIOT U AMIUIUTY IHBIE U (ha30BbIE
omnOku TaK, YT0 E = Eump + Eph, TPOTOKOJ KOPPEKIUH
OIIMOOK JOJKEH MPeIyCMAaTPUBATDH BBIOJHEHUE MTPOTOKO-
JIOB TIO CXeMaM, TIpeACTaBJIeHHbIM Ha puc. 12  13.

JJ1s1 MpOCTOTHI U3JIOKEHUS MBI IEMOHCTPUPOBAIIH IIPUH-
IUNBI  TIOCTPOEHMSI HPOTOKOJIOB KBAHTOBOH KOPPEKLUU
OIMOOK Ha MpUMeEpe NMPOCTEHIIEr0 TPeXKyOuTOBOTO KOJA.
Taxoii Ko TO3BOJISET ONPEACIIUTD U YIAIUTh OJHY OIIUOKY
(ammmatyaHyro wim (a3oByro) B Tpex Kyourtax. Paszpabo-
TaHbl KOJbl HA TSITH W CEeMHU KyOHWTax, IO3BOJISIOIINE
KOPPEKTHPOBATH JIFOOYHO OIINOKY (AMIUTMTYTHYFO WK (ha3o-
BY10) B ojiHOM KyOuTe [49, 50]. Koa lllopa Ha eBsiTH KyOuTax
MO3BOJISIET KOPPEKTUPOBAThH JBE OIIMOKM — (Ha30ByHO U
aMIUTyIHyo [15].

8.4. TTomexoycToiiunBble KBAHTOBbIE BHIMHC/ICHHUS

W3 aHaim3a KBaHTOBOTO METOJa KOPPEKIMU OLIMOOK Clie-
JIyeT ero YHHUBEPCaJIbHOCTb IO OTHOIICHHUIO K JIFOOBIM
HWCTOYHUKAM OIIMOOK. Bce ommbku moapasaensitoTcs Ha
aMIUITYAHBIE U (a30Bble; 00a BHOA OMIMOOK KOPPEKTH-
PYIOTCSI KBAHTOBBIMH METOIAMHU KOPPEKIIMHU OIIAOOK.

Ilpy BBINOJHEHHU TPOTOKOJIOB KBAHTOBOM KOPPEKIIUH
OIIMOOK MPUMEHSIFOTCS TE XKe dJIEMEHTAPHbIE OTIEPAIUH, YTO
U TIPU KBAHTOBBIX BBIYHMCIICHUSIX. KBAHTOBBIA KOMIIBIOTED
JTOJDKEH paboTaTh, mepemMeskasi BHIYMCICHHUSI U IPOTOKOJIBI
KOPPEKIUU ONTHOOK.

3VOH, 1. 175, Ne 1

BO3MOXHOCTH MeTOJa KOPPEKIUH OIIMOOK ompesie-
JISSFOTCSI BBIOPAHHBIM KOJIOM: KOJ TO3BOJISIET KOPPEKTUPO-
BaThb TOJIbKO T€ OMIMOKH, JJISI KOPPEKIUH KOTOPBIX OH
CKOHCTpyHpoBaH. Hampumep, TpexkyOUTOBBII KOJ ITO3BO-
JISET KOPPEKTHPOBATH OJIHY OIMMOKY B Tpex kKyourax. [Be
OIIMOKU B TpeX KyOMTax He MOTYT OBITh KOPPEKTHPOBAHbI
3TuUM KoJ1oM. Koz goJikeH ObITh U30paH Ha OCHOBE U3YyUYEHUS
WCTOYHUKOB OIIMUOOK (MEXaHU3MOB JCKOTEPCHTH3AINU) B
KBaHTOBOM KOMITBIOTEDE.

Koapl, ncronbp3yembie B KBAHTOBBIX METOIAX KOPPEKIIHA
OIIAOOK, TPEOYIOT TOMOJHUTEIBHBIX PECYPCOB: YBETHMICHHS
yucia KyOWUTOB (pe3epBUPOBAHME) M YKCJIA KBaHTOBBIX
onepamuii. [Ipu oaHOCTYymEHYATOM KOJMPOBAHUM HYHCIIO
HEOOXOIMMBIX KyOHMTOB yBeJIMUMBaeTCsl mpuMepHO B 10 pas.
Ilpu MHOTOCTYHEHYaTOM KoAupoBaHuM (concatenated
codes) uncio kyouToB Bo3pacraer npumepro B 107 pas, rae
t — uucio cryneneit komuposanus [55]. Tak xe ObICTpoO
BO3pAacTaeT YMCJIO KBAHTOBBIX ONEPAllUil, HCIOJIb3YEMBIX B
MPOTOKOJIAX KBAHTOBOW Koppeknuu omubok. Bompoc
COCTOUT B TOM: YAAcCTCS JIM CTAOMIM3UPOBATH KBAHTOBO-
KOTePEHTHOE COCTOSIHHE KOMIIbIOTEpa MPH MPAKTUYECKU
npuemiieMbIx "pacxomax" KyOMTOB M olepandii B IEJAX
KOPPEKIUHU OIuO0K?

Onepanuy Mo KOPPEKIUHN OMUOOK CAaMH BHOCST JOTOJ-
HUTEJIbHBIE OIIMOKM KaK BCJIEACTBHE HETOYHOCTEW B UCIOJI-
HEHHUU KBAaHTOBBIX OTEPAIHiA, TAK ¥ B PE3YJIbTATE MPOIIECCOB
JIEKOTEPEHTU3ANNN B KBAHTOBOM KOMITBIOTEPE.

KBaHTOBbBIE BBIYUCIIEHHS] HA3bIBAIOTCS MIOMEXOYCTONYM-
BbiMH (fault-tolerant), eciin oHM oOecreUMBAIOT HAJICKHBIN
pe3yJIbTAT BBIYUCIICHHH MPH YKA3aHHBIX BBIIIE OTpPaHUYeE-
HUSIX METOJOB KOPPEKIUH OIMMOOK. Bbrumcienus OymyT
MOMEXOYCTOWYMBBIMH, €CJIM MPOUEAYPHl KOPPEKIMU OIIIH-
0OK yHaJIIIoT U3 KOMIIbIOTEpa OOJIbIIE OMMOOK, YeM IPUB-
HocsAT. Ocoboe BHHMMAHHUE YIEJSETCS TOMY, 4YTOOBI He
MPOUCXOIUIIO PA3MHOXKEHHS OIIMOOK, BHOCHMBIX B IPOIIe-
nypax Koppekimd. [lepnoAnIHOCTh TPOLEeAyp KOPPEKIHU
JTOJDKHA OBITH TAKOM, YTOOBI OMIMOKA, HAKOTLJICHHAS] MEXTY
nByms nporneaypamu QEC, He mpeBblaia ypoBHS KOPPEK-
TUPYEMBIX OLIMOOK.

ITo cytu momexoycTOWYMBOCTbL BBIYUCIICHU O3HAYaeT
CTAOMIM3AIMIO KBAHTOBO-KOTEPEHTHOTO COCTOSIHUS KOM-
MBIOTEPA B TEUCHHE BPEMEHH, HEOOXOMMOTO JJIsI BHITIOJTHE-
HUSl TOJMHOMHAIILHOTO QJITOPUTMA. YCJIOBUS TMOMEXO-
YCTOMUYUBBIX BBIYMCIIEHUH Ha KBAHTOBOM KOMIIbIOTEpE (HOp-
MYJIMPYIOTCSL B HACTOsSIILIee BpeMs CJIEIyIoIuM oOpa3om:
KBAaHTOBBII KOMIIBIOTED MOXKET paboTaTh CKOJb YTOAHO
JIOJITO, €CJIA BEPOSITHOCTH OIIUOKH & B OJTHOM 3JIEMEHTAPHOI
KBaHTOBOW OTEpaIlMd MEHbIIIE MOPOTOBOTO 3HAUCHHS & .
UncnoBoe 3HAUCHHE & ONCHUBAETCS METOJAMH MaTeMa-
THYECKOI'0 MOJEJIMPOBAHUS PabOThl KBAHTOBOTO KOMIIbIO-
Tepa; COBpeMeHHbIE OIIEHKHU JAF0T 3HAUEHHs &, < 107> —1074
[52].

8.5. CB0o0oaHbIE OT JIeKOrepeHTH3alNH

COCTOSIHASI KBAHTOBOI'0 KOMIIbIOTEPA

B smTepaType ak THBHO 06CYKIA€TCSI BO3MOXHOCTD HCIIOJb-
30BaHHUS B KBAHTOBBIX BBIYHMCJIICHHUSAX TAaK Ha3bIBA€CMBIX
CBOOOJHBIX OT AEKOTepeHTH3ann cocTosiHmiA (decoherence
free states) KBAHTOBOTO KOMIIbIOTepa. JlOmMycTUM, 4TO U3BE-
CTCH MEXaHU3M JACKOICPCHTU3 AU Ky6I/ITOB, Z[CﬁCTBy}OH.[PIﬁ
B KOMIIBIOTEPE: MYCTh, HAIPUMED, OH 33]]dH OIEPATOPOM

E= |e0>c5§)])0(()2) + |el)c§1)of‘,2) .
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Ecii 3ak0qupoBaTh COCTOSIHHUS Joruyeckoro ky6uta |0);,
[1), B cHMMeTpPHYHBIE COCTOSHUS JBYX (QDU3MUECKIX KyOHTOB:

00 = 5 (01 +110)) . 1), ==

V2 V2
TO TaKHe COCTOSIHHSI OKaXXyTCsl MHBAPUAHTHBIMH IIPU ACH-
cTBuM onepartopa ommodku E.

OueBr/HA OTPAHMYCHHOCTH MPUBEICHHOTO BBIIIE CIIO-
coba ocBOOOMUTECS OT AekorepeHTu3anuu. KogoBoe moj-
NPOCTPAHCTBO COCTOSIHHIA CBOOOIHO OT IEKOT€PEHTU3AIMH
TOJIBKO 0 OAHOMY MEXaHHM3MY; B PEAbHBIX (PU3MICCKUAX
cHCTeMaXx TaKMX MEXaHH3MOB HeCKoJibko. HakoHern, Bcerma
IOPUCYTCTBYET MEXaHHU3M, CBSI3aHHBIN C KAHAJIOM YIIpaBJIe-
HUSI KyOUTaMU: OIIUOKY yIIPABJICHMUSL.

(100) +[11)), (138)

8.6. YcToiiunBble K AeKOrepeHTH3aMuH KYOHTHI

B pabore [53] npeaioxkeHO KOHCTPYUPOBATh KYOUT TaKUM
0o6pa3oM, YTOOBI JAEKOrepeHTH3alus ObLIa 3ampeleHa Io
sHepreTuieckuM coobpaxenusm ("cylnmepKorepeHTHBIM
kyout"). PaccMoTpum cuctemy crmHOB S = 1/2, momapHo
CBSI3aHHBIX OOMEHHBIM B3aMMO/ICHCTBHEM

(139)

o _4 { Z (SOSW) 43 a1
=2 i

ij=1

lamunbronuan (139) MoXHO IpencTaBUTh Kak

A
H(n) _ = S(H)Z
2 b
rae S™W =3, SO — cymmapubiit cnun cuctembl. Co6-

CTBEHHBIE 3HAYEHHS U coOGCTBeHHBIe (GyHKrmu H ") mpn
YETHOM 1 UIMEIOT BUJ

E, =
=

|l//Jn> =

(4 — BBIPOX/ICHHE COCTOSIHHSI).

OcHoBHO#l ypoBeHb Ejy =0 cucremsl npu n =4 naBy-
KPATHO BBIPOXIEH (A = 2); COCTOSIHUS 3TOTO Iy0JieTa mpe-
Jlaraetcss u30paTh B KauecTBe KyOMTOBBIX. HeoOxomumo
HEKOTOPOE [ONOJHHUTEIbHOE B3aUMOJAECHCTBUE B CUCTEME,
4TOOBI CHSTH BBIPOXKICHUE U CEJIATH COCTOSHHS KyOUTOB
pasnuuumbiMu. biwkaiiimii K OCHOBHOMY BO30YKICHHBIN
ypoBeHb E| cuctemsbl umeer sHepruto E; = A. Onepartop
JIEKOTEPEHTU3 AN O0IIero BUaa

(140)

Doy Iy m) (141)

E =ey59 +e¢,0, +¢,0,+e.0;,

IeCTBYIOLIMIA HA CIIMH OT/ACIbHOM YacTuIpl B cucteme H "),
BBI3BIBACT MEPEXOAbI MO Mpapuity orbopa AJ, = 1 ¢ OCHOB-
HOTO ypOBHS, T.€. iepexoabl £y — F). [Ipn HU3KUX Temrre-
patypax (kT < A) BepOSITHOCTb TAKHX [EPEXOJOB IKCIIOHEH-
LUaJbHO MaJla:

(i)
wo 1 X EXp _ﬁ .

[pu Beeil MpUBJIEKATEIBHOCTH HIEN O "CyNepKOTepenT-
HOM KyOuTe" OYEBHMIHO CYLIECTBOBAHUE IPYIUX, KPOME
YIOMSIHYTBIX BBIIIE, KAHAJOB IEKOTEPEHTU3AIMH KyOHUTa.
ITockosbKy B cUCTEMY BBOJUTCS B3aUMOEHCTBHE, PACLLETI-
JISTIOIIlee  OCHOBHOW JIBYKPATHO BBIPOXIEHHBIH YPOBEHb
SHEPIUH CUCTEMBI, IIIyM, COIPOBOXKAAIOIINN 3TO B3AUMO 1K~
CTBHME, COCTAaBUT HOBBIM KaHaJ JeKorepeHTuszanuu. s

BBINIOJIHEHUS OJHO- U ABYXKYOUTOBBIX OIEPALMH MBI J10JI-
JKHBI OTKPBITH KaHAJIBI YIIPABJICHAS OTAEIbHBIME KyOUTAMU
U B3aUMOJIEHCTBUEM MEX/Y HUMHU. DTO O3HAYAET OTKPBITHE
HOBBIX KaHAJIOB JIEKOTEPEHTU3AIMK U3-3a (PIIYKTYaImil Cur-
HaJoB yrupasiieHus. C y4eTOM CKa3aHHOTO MOXHO 3aKJIFO-
YUTh, YTO "CyNepKOTepeHTHBINH KyOuT" MOXET OBITH CBOGO-
JIEH TOJIKO OT YacTH KaHAJIOB IEKOTE€PEHTH3AINH; JAPYTHeE
KaHaJIbl COXPAHSIOTCS.

8.7. MeToanbl npeaoTBpaIleHNs] OMIHOOK:

KBaHTOBBII 3¢ dekT 3eHOHA

B pabotax [54, 55] npeasioxkeH Tak Ha3bIBAEMBIN MPOTOKOJI
npeaoTBpaiienuss omunbok. ITo cymecTBy 3TO cierka
BUOM3MEHEHHBI MPOTOKOJI KBAHTOBOI KOPPEKINH OIIH-
Ook. Brimmimem cHOBa COCTOSIHME CHCTEMBI HA 3Talle H3BJIE-
YCHUSI CHHPOMA OIINOKN:

SZ\E, C(x))[0...0) = "|E; C(x))]3) .

i

(142)

Ha stom srtame cocrosausi cuctemsr |E; C(x)) 3amyThbl-
BAIOTCSI C COCTOSIHUSIMH |i) pErUCTpa CHHAPOMOB OIIUOKH.

Omnepatop ommbox E =3, E; mnpeacraBisercs Kax
cymMma E = ", ¢;(¢) E;. 3nech E; — coOCTBEHHO OmepaTops!
o1MOOK, ¢;(f) — aMIUIUTYAbl BEPOSITHOCTH, 3aBUCSIIUE OT
BpemeHu ¢ nelcTBusi omepatopa E Ha cuctemy. B cymme
BhIIEIsIeTCs ciaaraemoe ey (t) Eg, rae Eg — omepatop uneH-
THYHOCTH, @ aMILIATYIa

(,’()(t), 60(0) =1 5

OTIPEIENISIET BEPOSITHOCTh BbDKUBAHMS CHCTEMbI B HAYAJIb-
HOM (6e3 ombok) cocrostaun C(x):

psuV(t) = |60(t)|27 pSUV(O) = ’60(0)’2 =1.

HanpoTus, aMILUIATY JbI
8,‘#0(!), eiio(o) =0,

BO3pACTalOT CO BpeMeHeM ! JeiicTBust onepatopos E; ..o Ha
CHCTEMY.
C y4eToM CKa3aHHOTO
ISEC(x))[0...0) = > ei(t)|E: C(x))]i) - (143)
i
IIpu M3MepeHUH COCTOSIHUSI KYOMTOB PErucTpa CHHApPOMA
ommbok |i) 3amytanHoe cocrtosiaue (143) pemyuupyercs: B
OJIHO U3 HE3AIyTAHHBIX COCTOSIHUIA |ES C(x))|s). Beposit-

HOCTb COOTBETCTBYIOLIEIo pe3yibrata paBHa |e(7)|”. Ecim
BpEMsI  MaJI0 HACTOJIBKO, YTO

o <1, |en)) <1, i#0,

TO B pe3yJIbTATe U3MEPEHHs] COCTOSHHUS PEerucrpa |i) ¢
BEPOSTHOCTBIO, OJIM3KON K eIuHMIE, OyIeT MOJIydeHO Ha-
yaJpHOE, CBOOOTHOE OT OIMHUOOK, COCTOSHHE EO}C(x)> =
= |C(x)> DTUM 3aBEPIIAETCS TPOTOKOJ IPETOTBPAIIECHIS
omu6ox. (HeobxoauMo TOJIBKO BEPHYTH PErUCTp |i) B
ucxonHoe cocrosirue |0...0).) [TockobKy cTaguu KOppeK-
UM OUIMOOK B MPOTOKOJIC HET, Pa3psSOHOCTh PErHcTpa |i)
MOXET OBITh CHIDKEHA O MHHUMYMa; IMEET MECTO IKOHO-
MU 9UCjIa He0OXOUMBIX KyOUTOB [55].

I1poTOKOJ MpenOTBpPAIICHNS ONIMOOK OJIM3KO COOTBET-
CTBYET KBAaHTOBOMY 3(ppexTy 3eHOHA, KOTOPOMY NOCBSIIIIEHA
obmpHas auTepatypa [54 — 59]. KBanTosbii addexT 3eHoHa
OTHOCHTCSI K TaK Ha3bIBAEMBIM AKTUBHBIM METO/aM IIOfa-
BJICHUSI JEKOT€PEHTHU3AINH: IKCIEPUMEHTATOP BBHIOJIHSICT
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IPSIMOE U3MEPEHUE COCTOSIHUSI CHCTEMBI, YTOOBI MOJABHTh
JIEKOT€PEH TH3AIIHIO.

Pemass ypaBuenue IIpénuurepa (cm. pasmen 7.4), Mbl
MOJIYYMJIM  JUISE  BEPOSITHOCTU BBDKMBAHHS HAYAJILHOTO
COCTOSTHUS }eo(t)| JIBA Pa3JIMIHBIX BBIPAXKCHUS:

21

-
2
eo(t)| =1—at*, t< o h(Z |7»1|2) o (144)
7

2n

-2
2 2
= — ~ 11— /] 2
leo(1)|" = exp (—7) LR v (ZI A) ;
(145)

e
2
a:hd(Z A/) .

li

TMapabosuyueckast 3aBUCUMOCTb pgyy (1) = 1 — at?, xapak-
TepHas ISl OYeHb KOPOTKUX BPEMEH {, SIBJISIETCS HEOOXOTH-
MBIM YCJIOBHEM HaAOJIIO[CHUS KBAHTOBOTO 3(pdekTa 3eHOHA:
HEePHOIMIECKOe M3MEPCHUE COCTOSIHUSI CHI'HAJIa CHCTEMBI C
WHTEPBAJIAMU {, YIOBJICTBOPSIOIIMMU HepaBeHCTBaM B (144),
COXPAHSET CHCTEMY B HAYaJIbHOM COCTOSIHUM.

JeicTBUTEIbHO, BBIOEPEM MPOU3BOJILHO 0OJIBIIIOE Bpe-
Mst T ¥ ¢ MHTEpBaJlaMu ! NMPOU3BeIeM HaJ cucreMoit T/t
n3MepeHnid. Toraa BEpOSITHOCTh BBIKMBAHMS HAYAJLHOTO
COCTOSIHUSI CHCTEMBI

psuv(T) = (1 - at2)T/f =1—alt, 111’1’%) psuv(T) =1. (146)
t—

HanpoTus, eciii poU3BeCTH U3MEPEHHUS YePe3 HHTEPBAJIBI 7,
TaKHe YTO 3BOJIOIUS CUCTEMBI MPOUCXOJUT TO YCIOBUSIM
(145), apdexT 3eHOHA OTCYTCTBYET:
T/t
psuv(T) = (1 — 1) LRy —9T—0,

=1 4
/

OueBUAHBI OIpaHUYEHHUS] BO3MOXHOCTEH peannszanuu
3¢p¢dexta 3eHOHA B KBAHTOBBIX KOMIbIOTEpax. Jimtelb-
HOCTH H3MEPEHUH T, TOBTOPSIEMBIX Uepe3 MPOMEKYTKU
BPEMEHH {, IOJDKHBI YIOBJIETBOPATH YCIOBHIO T < f. [lapa-
METPBl KOPOTKHAX HMIIYJILCOB OYeHb TPYIHO KOHTPOJHUPO-
BaTh; (QUIYKTyallun TMapaMeTpoOB HUMIIYJbCOB OOpas3yroT
HOBBII KaHaJ JI€KOrepeHTu3auuu. Bo MHOTHMX coveTaHMsIX
MapaMeTpOB BO3HHKAET HUMEHHO YCKOPEHUE TeKOTepPEeHTU3a-
nuu (anTu3eHoH-3¢¢exT) [59]. He scHa BO3MOXHOCTH TPO-
BEJICHUS BBIYUCIIUTEIHLHBIX YHUTAPHBIX OlNlepanuii Ha (oHe
MEPUOAMICCKUX U3MEPEHHUIA COCTOSIHHSI CHCTeMBL. ekt
3eHoHa ObLT OBI MOJIE3eH KaK METO/ XpaHEeHHUsI HHPOpPMAIIUU
B KBAaHTOBOW MaMSATH KOMIIBIOTEpA, €CJid Obl OH ObLI
JIECTBUTEIHLHO PEeaIM30BaH.

8.8. /IunamMuveckue MeTOabI

10/1aBJICHHsI IEKOTePeHTH3alHI

JuHamMuueckuii MeToJ NOJaBJIEHUs IE€KOTe€peHTHU3allNH,
OJM3KMI 1O TEXHUKE HCIOJHEHUS K METOIY KBAHTOBOI'O
abdexTa 3eHoHa, MpemoxeH B padote [60]. HacTele uzme-
PEHHUS COCTOSIHUS CHCTEMBI B METO/Ie 3€HOHA 3/1eCh 3aMEHEHBI
YaCTHIMH YIPABJISIOMUME UMITYJIbCAMH, MOIIHOCTD (TLIO-
manab) KOTOPBIX BbIOpaHa Tak, YTO KAXIBIH HUMIIYJbC
WHBEPTUPYET COCTOSTHUE KyOuTa (CriMHa, KBa3UCIMHA). DTOT
crioco6 3d¢dexTuBeH npu (HazoBOU AEKOTEPEHTHU3ALNU
KyOHWTa, KOTIIa JHEPTHsl B3aHMOICUCTBHUS C OKpPYXEHHEM

3*

uMmeeT popMy
Hipe = ho—sz

rjie 0, — KBA3HUCIUH KyOuTa, B — MepeMeHHbIe OKPYKEHHSL.
Ipu nHBEpCUsIX KBA3UCIIUHA KyOUTa ¢, SHEPTUsl B3aUMOIEH-
cTBUsl Hip M3MEHSET 3HAaK, TaK YTO CpPEHEe IO BPEMEHH
3HaueHne (Hiy) =0, T.e. MHOTOKpaTHOE MHBCPTUPOBAHUE
CIIMHA U30JIMPYET KyOUT OT OKPYKCHUSI.

Bo3MmoxHa apyrast TpakToBka 3TOro 3dhexra: u3meHe-
HHE 3HaKa SHEPTUM B3aMMOICHCTBHSI SKBUBAJICHTHO U3MEHE-
HHIO 3HAK4 BPEMEHH B 3BOJIFOMMOHHOM omepatope U(r) =
= exp (—1Hjyt); B ABYX IPOMEXYTKaX BPEMECHH, CJICTYFOLIUX
3a IByMsI HHBEPTUPYIOIIUMH CIIHH UMILYJIbCAMH, IBOJIFOIIUS
UAET B HPOTHUBOIOJIOKHBIX HAIPABJICHUSIX, KOMIICHCHPYS
Ipyr apyra. IIpe/ioeHHBI METOJ SIBJSIETCS IPSIMBIM
pa3BUTHEM METOOB CIIMHOBOTO 3Xa W METOIOB peOKyCH-
poBKH, pa3BuThiX B IMP-criekTpockonuu.

Teopwust MO3BOJSICT YCTAHOBUTD KPUTCPUH IPUMEHCHUS
METO/1a: OTCOCAMHCHUE KYOUTA OT OKPYKECHHSI IPOUCXOAUT
ACHMITOTHYECKH, KOTAa YUCI0 UMIysibcoB N = T/At — oo,
rjie At — MHTEepBaJ BpEMEHU MEXK 1y UMITyJIbcaMu. B ripezesie
OBICTPBIX NEPEBOPOTOB CHHMHA ICKOTCPEHTH3AIUs MOCIEH-
HEro TMOJaBJISIeTCS HpH JIF0OOH Temmepatype U CIEKTpe
OCIILISITOPOB OKpYysKeHusi, eciu At < 1., TIe T, — Bpems
KOPpEJISIIUA  TIEPEMEHHBIX OKPYXeHHs. Boobie roBops,
yciaoBue At < T, TPYOHO OCYIIECTBUMO B HPAKTHYECKUAX
ciydyasix. JIOCTOMHCTBOM MeETOZa SIBJISIETCSL OTCYTCTBHE
HEOOXOIMMOCTH JOTIOJIHUTEILHOTO YHCIa KYOUTOB.

8.9. KBanroBasi koppekuusi olMOOK MeTOA0M

cJ1a0bIX HempepbIBHBIX H3MepeHHil 1 00paTHOIl CBsA3N

B pabotax Muib0OypHa ¢ COTpyTHHKaMH HCCIIEAYETCS MPO-
TOKOJI KBAHTOBOW KOPPEKIMH OMIMOOK, OCHOBAaHHBIA Ha
c1a0bIX HEMPEPBHIBHBIX M3MEPEHUSIX U YHPABICHUH COCTOS-
HUEM KYyOUTOB IPHU MOMOIIM CUTHAJTIOB 00paTHOM CBsi3H [61,
62]. B xitaccmiecknx cUCTeMax CXeMbl YIpaBJIeHUs ¢ 00part-
HOW CBSI3bIO OOHAPYXKXUBAIOT BBICOKYIO 3(()EKTUBHOCTH;
IIO3TOMY IIeJIECOOOPA3HO HCCICIOBATH TaKUE CXEMBI U JUIS
KBAHTOBBIX CHCTEM.

Kak 1 B OIMHCAHHBIX BBIIIIE IPOTOKOJIAX C TUCKPETHBIMHE
CHJIbHBIMHU U3MEPEHHSIMHE, COCTOSIHUE /1 KYOMTOB KOAUPYETCs
B COCTOSIHUE 1 > N KyOUTOB B KOJ10BOM noAnpoctpanctse C.
W3 onepatopos Ilaym oy, 6,, G: C(OCTE})B.H?IIOTCSI cTabuimm-
3upyronme reHepatopel g =[] csi“) q](- ) ..., Takme 4TO
gy = |¥.). JduckpeTHbIe CUIbHBIE U3MEPEHUSI g HCIOJIb-
3YEOTCSI ISl OTIPE/ICJICHUS] CHHAPOMOB OILIHOKH.

CXOJHBI MPOTOKOJI KOPPEKIMU OMIHOOK C IMOMOIIBIO
C1a0BbIX HEPEPHIBHBIX H3MEPEHUH CTAOMIN3HPYIOIHX TeHe-
paTopoB M OOPATHOM CBS3M BKJIFOYAET CJIETYFOIINE IpOIie-
JypBI:

1) KoaMpOBaHKe COCTOSHUS 1 KyOUTOB |i/) B COCTOsIHME
m > n KyOuToB |y/);

2) HempephIBHBIC ClIa0ble H3MEPEHHUS g;

3) ¢puIbTpaIMIo TOKOB U3MEPEHHUSI C MOMOIIBIO QUIBTPA
HU3KHX YaCTOT B IEJISIX YMEHBIIICHUS ITYMOB B U3MEPHUTEITb-
HOM CHTHaJIE;

4) onpenenenue 3aka "+" wim "—" crioaxeHHoro cur-
HAJILHOTO TOKA M BBIPAOOTKY CHTHaJIa OOpATHON CBSI3M IS
KaXXIO0T0 KyOHTa ¢ yueToM HH(POPMAINH O 3HAKaX CHTHAJIA;

5) mpUMEHEeHNe CUTHAja OOpPATHOW CBS3M K KaXXJIOMYy
Kyoury.

MaTteMaTH4eckoe MOJCIHPOBAHKE, BBIIOJIHEHHOE ISl
TpexkybuToBoro koga (n = 1, m = 3) mokasao, 4To Uccie-
JlyeMBIil TPOTOKO 3P PeKkTUBEH pH MaJIbIX YPOBHSX IIIyMa
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(y <0,1). Hpu Gonpmmx ypoBHsx myma (y > 0,3) meTon
HeadexkTuBeH. bojee TOro, B YCIOBUSAX CHJIBHOTO IIyMa
MIPOTOKOJI MPUBOAMT K O0Jiee OBICTPOMY, YeM B OTCYTCTBHE
[IPOIIEYPhl, Cady HapaMeTpa kadectBa F(f). JluckpeTHbIe
METOABl KOPPEKIMH OmHuOOK Oosiee 3PPEKTUBHBI, YEM
METO/IbI C HEMPEPHIBHBIMHE CJIA0BIMU U3MEPECHUSIME 1 00paT-
HOI CBA3DIO, IPH YaCTOM IIOBTOPEHUH mpoueayp: Ar < =L
Ipu At > y~' MeTox ¢ AUCKPETHBIME H3MEPEHHSIMHI TAKKE
Hed(h(heKTUBEH.

[IpoTOKOJBI C HENPEPHIBHBIMU HM3MEPEHUSIMU MOTYT
0Ka3aThCs MOJIE3HBIMU JIJIsI XpAHEHHSI COCTOSIHUN KYOUTOB B
CHCTeMaX MaMsTH KBAaHTOBBIX KOMIBIOTEPOB. MOXHO JH
COBMECTHTbD HEMIPEPHIBHBIC U3MEPEHHUS C BBIYUCIIUTEIbHBIMA
YHATapHBIMU MPe0OPa30BaAHUSIMIE, IOKA HEM3BECTHO.

8.10. ITomexoycToiiunBbIE

TONOJIOTHYeCKHe KBAHTOBbIC BbIMHC/ICHUS

HUcnonb3yss reomeTpuyeckue CBOWCTBA MPOCTPAHCTBA
COCTOSIHMI KBAHTOBBIX CUCTEM, MOXHO IIOCTPOUTH YHUBEP-
CaJIbHBIA HAOOp KBAHTOBBIX OIEpaIUi, YCTOHYHMBBLIX IO
OTHOIIICHHIO K OmmMOKaM ymnpasieHusi [64]. Dtu cBoiicTBa
HAIJISIIHO TPOSIBJISIFOTCS. IPU OMMCAHUM COCTOSIHUI KyOuTa
MaTpulel MIOTHOCTH

1 .
p(S)Z(I+ZSiGi>7 i=x,p,z.

YucTble COCTOSHHS KyOUTa ONpPE/IeICHbI ¢JMHUYHBIM BEKTO-
pom Bitoxa s ¢ peabHBIME KOMIIOHEHTAMH Sy, Sy, S-.

IMpaBuia nepexona OT HAPAMETPOB Sy, Sy, S K MapaMeT-
pam |al, |b|, |@| B BexTOpE cocTOSHUS

(148)

=]

4 o]
bl exp (i)

YCTaHABJIMBAXOTCA U3 PABCHCTBA

o=l = (1+ s

U UMCHOT BU

145 =2[a?, s¢+is, = 2ab*,

(149)
1—s. :2\17\27 sy —is, = 2a"b.

B cocTrosnun

1

|0>: 0

)

cooTBeTcTByromeM BekTopy bioxa s(0,0,1), ¢a3za ocra-
€TCsl HEONpEACJICHHOM; €l MOXHO TpHAaTh JIF00Ooe 3Ha-
yeane 0 < ¢ < 2n. [loBepXHOCTb eAWHUYHOU chepsl
s2+ sf + 52 = 1 eCTb UCKPUBJICHHOE (HETIOCKOE) MPOCTPAH-
CTBO YHUCTBIX COCTOsIHMIA KyOuTa. KpuBu3Ha mpocrpaHcTsa
k=r72=1.

VICKpUBJICHHOCTD MPOCTPAHCTBA COCTOSIHUI 00YCIIOBJIH-
BA€T BO3HUKHOBEHHME TaK HA3bIBAEMON TIeOMETPUYECKON
($a3el pH NHUKJINYECKAX (3AMKHYTBIX) TPACKTOPHSIX B MPO-
CTpaHCTBe cOCTOsiHMU. BpiOepem, Hampumep, TPaeKTOPUIO
OT CeBepHOro mnoJiroca cdepbl bioxa BHU3 0 9KBaTOpa IO
MepUIMaHy B INIOCKOCTU O)z, BIOJIb 9KBATOPA 110 TNIOCKOCTHU
OXxz ¥ BBEpX 10 MEepUAUAHy 4O CEBEPHOTO moJtoca (puc. 14):

$(0,0,1) — s(0,1,0) — s(1,0,0) — (0,0, 1).

\/

Puc. 14. CxeMa BO3HHKHOBEHUS] T€OMETPHYECKOM pa3HOCTH (a3 B KBaH-
TOBOM COCTOSIHUM KyOuTa, 0OYCJIOBJIEHHOI KPUBH3HOI IPOCTPAHCTBA
COCTOSIHMIA KyOuTa.

BekTop (a3pl HayaJbHOTO COCTOSIHMSI BBIOEpEM Kak
eIMHUYHBINA BEKTOP B MJIOCKOCTH PUCYHKA BIIOJIb KacaTelb-
HOU (B TOYKE CEBEpHOIO TMOJItOCA). B XOJie IMUKINYECKOTO
TpoIecca COBEPIIASTCS] MapasulebHBIA MEepeHOC BEKTOpa
(da3pl: BEKTOP MPOJIOIKAET COXPAHSATH HAIPABICHUE IO
KacaTeJIbHOM B KaXJ0W U3 TOYEeK TPpaeKTOpuH. BepHyBIIHCH
B HayaJbHYIO TOYKY, Mbl HAXOAUM BeKTOp (a3bl KyOuta
HOBEPHYTHIM Ha Yroj y = /2 10 OTHOILCHHIO K IEpBOHA-
qaJibHOW opueHTanuu. [lepBonpuunHON BO3HUKIIIEH pa3HO-
ctu (a3 SBISETCS TE€OMETPHIECKOE CBOMCTBO MPOCTPAHCTBA
COCTOSIHUI: €ro KpUBU3HA (ICKPUBJICHHOCTD); OTCIO/Ia Ha3Ba-
HUE BO3HUKIIEH (Ga3bl: reoMeTpuueckas dasa.

B oOmem ciyuae y = kQ, tne Q — TeJeCHbId Yrou
BHYTPU 3aMKHYTOH TpaeKTOpHH, k — KPUBHU3HA IIOBEPXHO-
cTH cocTosiHui. B Hamem cayuyae k=1, Q =n/2, y = /2.
®da3zy y yIoOHO TpeACTaBUTh Kak

Y
aexp( 12)

-7
bexp (1 2)

B ajmabaTtiyeckoM mporecce, BIEPBBIE PACCMOTPEHHOM
Beppu [65], paza
d

1= {0 |5 v o

3nech s — mapaMeTp CUCTEMbI, KOTOPBIM UCTIOJIb3YeTCs s
yIpaBJIeHUs] aauadaTUYECKUM LUKJIMYECKHIM IPOLECCOM.
3HaueHUEe TeOMETPUUECKON (ha3bl MOXHO BBIYUCIHTH IO
dbopmyne [MTanyaparrama:

‘ ‘ -

(150)

Y= arg{<<ﬂ1|(ﬂ2><<ﬂz|(ﬂ3> e <(P4|(P1>} )

€CJIM ITUKJI 33/I1aH COCTOSTHUSIMH B JTUCKPETHBIX TOUYKaX [64].
CoortHomrenne y = kQ o3HayYaeT, 4YTO B NMPHUHIUIE TeO-
MeTpuueckas pa3a 3aBUCHT OT POPMBI TPAEKTOPHH CUCTEMBI
B NpocTpaHcTBe cocTosHuil. ITomexoycroitunBocTh ¢azo-
BBIX BEHTUJIEH (Omepalnuii) ¢ UCIOJb30BAHUEM I'€OMETpHYE-
CKOU (ha3bl 3aKJIFOYAETCS B TOM, 4TO (QIIyKTyaruu (HOopMbl
TpaekTopuu (M3-3a OIIMOOK YNPABJICHUS) YCPETHSIOTCS K
HYJIFO TIPY COXPAHEHNUHU 3HAYeHUsI TeJIECHOTO yria 2 [64].
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Unero Gouee cuibHoro ("romosioruveckoro') uMMyHH-
Teta (a30BOro BEHTHJIS K OIIMOKAM YIpABJICHUS JIETKO
MOSICHATh HAa TpuMepe (a3oBOTO BEHTHIISI C UCIOJIb30Ba-
HEeM pa3HocTH (a3 Aaponosa—bBoma. Ecim anekrponnas
BOJIHOBASI (PYHKIIUsI OOTEKAET MATHUTHBIN OTOK @, 3aMKHY-
TBHI B TOHKHI COJICHOHJ, TO Pa3HOCTh (pa3z Mexay ABYMs
YACTSMHU BOJHOBO# (hyHKIMHU paBHA y = e /fic 1 HE 3aBUCUT
oT (GOpMBI OOTEKAIOIIMX KOMIIOHEHT BOJIHOBOW (DYHKIIUU
9JIEKTPOHA. DTO TOIOJOTHYECKOE CBOWCTBO AeyiaeT (aszo-
BBIil BEHTUJIb IOMEXOYCTONYMBBIM MO OTHOIICHHUIO K OIIHO-
KaM yIpaBJICHUS.

Kommytnpyrorme (exp (iy;) exp (iy,) = exp (i72) exp (ipy))
reomMeTpuueckue (a3bl Ha3bIBatOTCS abesieBbIMH. UTOOBI
MMOCTPOUTH YHHBEPCAJIBHBIE TOIOJOTUYECKUAE BBIYMCIICHUS,
YCTOHYUBBIE K OIMMOKAM YIpPaBJIeHUs], HEOOXOAUMO MMETh
(azoBble omepanuu HeabeseBOro THma (HEKOMMYTHPYIO-
me). IlpeasioxeHbl clOCOOBI MOCTPOEHHs] HeabeseBbIX
(ba30BBIX omepaluii ¢ UCMOJIb30BaHUEM ApoOHOTro 3ddekta
Xoiuta (anuoHbI) [66]. PaccMaTpuBaiuch Takxe BO3MOXKHO-
CTH TOCTpoeHMs (a30BBIX OIlEpaImii C TeOMETPUUYECKON
(ha3oii Ha MOHAX B JIOBYIIKAX [67].

8.11. O B0O3MOKHOCTH KOMOHHHPOBAHHOTO MPHMEHEHHSsI
Pa3/IMYHBIX METOI0B KOPPeKIHH OIHNOOK

BaxHBIM BOIIPOCOM B TEOPHUH METOAOB KOPPEKIMA OIIAOOK
B KBAHTOBBIX KOMITBIOTEPAX SIBJISIETCSI BO3MOXHOCTH KOMOH-
HUPOBAHHOTO MPUMEHEHUsI 3TUX METOJO0B B peaJIbHBbIX
CHUTYyalusiX, MOCKOJIbKY HET YBEPEHHOCTH, YTO KakKoH-1ubo
OJMH U3 HUX, B3ATBIA B OTAEIHLHOCTU, CMOXET OOECIEeYnTh
JIOJITOBPEMEHHYIO cTaOMIM3anuio BeYucHeHnid. Het Taxxke
SICHOCTH B BOIIPOCE O BO3MOXHOCTH IPUMEHEHUS TeX WA
HWHBIX MPOLEAYP TOJABJICHUS JEKOTEPEHTH3AIUHN OJHOBPE-
MEHHO ¢ Bbuuc/ieHAIMHU. C TOUKH 3PEHUS] YCKOPEHUS BBIYH-
CJICHUH KeJaTeNbHO, YTOOBI MPOLEAYPHI MTOAABICHUS JICKO-
TepeHTHU3aIUN LI OJHOBPEMEHHO C BhIYMCIeHUsIMU. Oue-
BHJTHO, YTO 3TO HE BCETJIa BO3ZMOXHO.

Beiie MBI BHZIEIH, 4TO B MPOIEIypax KBAaHTOBOI KOp-
PEKIIMU ONTUOOK UCTIOIB3YIOTCS TE JKe IJIEMEHTAPHBIC BBIYH-
CIIUTEJIbHBIE OIEpAallUd U TE€ XK€ YCTPOMCTBA YIpPaBJICHUS
KyOuTamu, 4TO U B COOCTBEHHO KBAHTOBBIX BBIYHMCIICHUSIX. B
9TUX YCIOBHSIX MPOIEYPHI KBAHTOBOM KOPPEKIUHU OLINOOK U
BBIYUCIICHUSI BHIIOJIHSIOTCSI B pa3JIMYHBIE POMEXYTKH Bpe-
MEHH, HO oTiepeMeHHo. B paboTe [68] ncciiemoBaHbI yeIoBUS
OJHOBPEMEHHOI' O IPUMEHEHHSI METOJOB KBAHTOBOI KOPPEK-
UM OIMOOK M AMHAMHYECKHX METOJIOB C KOPOTKHUMU
AMITYJIbCAMH, H3OJIMPYIOMIUMH KYOHTBI OT OKPYXKECHUSI.
AKTyanbHOU 3aa4eil SIBJISIETCS ONpE/eJICHUE YCIOBHUI PH-
MEHEHUs JPYTUX COYETAHUN METOIOB KOPPEKIINU OIMHOOK U
TIO/TaBJICHUST IEKOTEPEHTU3AIINY.

9. IMoncku myTeil pea/m3anuu
KBaHTOBBIX KOMIbIOTEPOB:
IKCHEePUMEHTAJIbHbIE HCC/Ie0BAHNUS

B pamkax gaHHOro 0630pa HET BO3MOXHOCTH JaTh U3JI0XKe-
HHUE JKCIIEPUMEHTAJbHBIX Pe3yJIbTATOB MO MOMCKY MyTeil
peanu3anyy UAed KBAHTOBBIX KOMIIBIOTEPOB. YKaKeM B
KauecTBe IKCIEPUMEHTAIBLHBIX paboT MoHorpaduu [14, 30]
1 0030pbI IO OT/ACJILHBIM HAIIPABJICHUSIM TTOUCKA [5, 25, 44].
31ech Ke OrpAaHMYMMCS TMEPEYUCIICHHEM HalpaBJIeHUH
MOUCKA C KPATKUMH KOMMEHTAPHUSIMH.

Meroa sSiAepHOr0 MAarHUTHOTO PE30HAHCA B XKHUIKOCTSIX
Opu KOMHATHOH TeMIlepaType Aal BO3MOXHOCTbH JIEMOH-
CTpalluu 3KCHEPUMEHTAJIbHOTO BBINIOJHEHUSI OCHOBHBIX

KBaHTOBBIX aJTOPUTMOB U METOJOB KOPPEKIMH OIIHOOK C
UCTIOJIb30BAHNEM 10 CEMU KYOUTOB B aHCAMOJIEBOM KBAHTO-
BOM KoMmbroTepe [25]. OqHako nocie yCTaHOBJIeHUS akTa,
4TO 4YUCIO KyOuToB B SIMP-KBAaHTOBOM KOMIIBIOTEpE B
KHUJIKOCTSX NP KOMHATHON TEMIIEpaType OrpaHUIEHO YUC-
JioM nopsinka 10, ycuidst Mo pa3BUTHIO 3TOTO HAMPABJICHUS,
[10-BUMMOMY, OCJIA0JIH.

BosbIioe 4uciio 9KCepruMeHTOB M0 Pean3aliy KBAaHTO-
BBIX BBIYMCIIUTEIHHBIX OMNEpPAlil BBHIMOJIHEHO HA MOHAX B
OTHOMEPHOM MOHHOM KpucTtajuie B jJoBytike [layms [5, 44].
OmHakoO W B 3TOM BapHaHTEe KBAaHTOBOTO KOMITbIOTEpA
OOHApYXIWINCh CEpbe3Hble MPENSITCTBUS K YBEJIUYECHUIO
yucia KyOMTOB (MOHOB B OJTHOMEPHOM KpHUCTAJLIE) M3-3a
HEYCTOWYMBOCTH OJJHOMEPHOTO HOHHOTO KpucTasuia. ObHa-
pYyXKEHHbIE OTPAaHUYCHHUS YHCIAa KyOHMTOB MOTYT OBIThH IIpe-
OJIOJICHBI, €CJT UCIOJIb30BaTh aHCAMOJIb MHOTHUX JIOBYIIICK.
B aTOoM ciyuae He0OX0aUMO pa3padoTaTh METOIbI OBICTPOM
(3a BpeMsi, CPABHUMOE C BPEMEHEM KBAHTOBBIX OIEpAIIMii)
TPAHCIOPTUPOBKH HMOHOB U3 OJHOHM JIOBYIIKH B IPYIYIO.
IMokazana TpHHOUNHUAIBHAS BBITOJIHAMOCTb TPAHCIOPTH-
pOBKH HOHOB [69].

CxoJ1Hasl C MOHHBIMU KPUCTAJIJIAMHU apXUTEKTypa pacro-
JIOKEHUsI KyOUTOB MOXET OBbITh peajn30oBaHa B MOJYIPO-
BOJHHMKOBBIX KPHCTAJJIaX OECCIMHOBOTO MOHOU30TOITHOTO
Kpucramia kpemuus 28Si, B koTopom atombl docdopa 3P
(xyOUTBI) pACHOJIOKEHBI B JIMHEMHOW Ierouke (MOJeb
Keitna [7]). Kybutom ciyxut saepueii (I =1/2) wim
anekTponublid (S = 1/2) cimu atoma docdopa 3'P. Uucno
KyOuTOB, "U3roTOBJIEHHLIX" B TAKOW apXUTEKType, HE Orpa-
HUueHo. Temn pa3BUTHS 3TOTO HAMpPaBJICHUs, MpU3HABAeE-
MOT0 BCEMH BeChbMa MEPCIEKTUBHBIM, ONPEEIISIETCS TEMIIOM
HAaHOTEXHOJIOTHIECKUX Pa3paboTOK, HEOOXOIUMBIX JIJISI CO3-
JTAHUS CTPYKTYP C HEOOXOMUMBIMHE apaMmeTpamu. TpynHbIM
BOIIPOCOM B TakKoO#l peanu3anyuy KBaHTOBOT'O KOMIILIOTEPA
SIBJISIETCS. M3MEPEHUE COCTOSIHHSI OJAMHOYHOTO CIHMHOBOTO
kyouta. IIpobrnema m3MepeHHsI COCTOSIHUSI KyOuTa o0Jier-
YaeTcs, €CJIM NMPUOETHYTh, KaK ITO MPEIJIOKEHO HaMH, K
aHcamb0iieBoMy BapuaHTy Kybura [30].

Mper akTUBHAS 3KCIEpUMEHTaJIbHAs paboTa Mo co3na-
HUIO KYOHTOB Ha 3JIEKTPOHAX B MOJIYNIPOBOJHUKOBBIX KBAH-
TOBBIX TOouKax [70, 71]. B kauecTBe KyOUTOBBIX UCCIIEAYIOTCS
opOuTAJIbHBIE HITU CIIMHOBBIE COCTOSHUS OJTMHOYHOT O JJIEKT-
pOHa B KBaHTOBOW Touke. B 3TOM MeToze 4YHciIo KyOMTOB
(KBAHTOBBIX TOYEK C OJAMHOYHBIM 3JIEKTPOHOM) TakXe He
OTPAaHUYEHO.

M3roToBieHBI U MCCIEAOBAHBI KyOUTHI HA CBEPXIPOBOI-
HHUKOBBIX Me30CTpyKTypax [71]. 3mech co3maHbl mBa Ba-
pHaHTa KyOUTOB: B IEPBOM BapHaHTE KBAaHTOBasi MHpOpMa-
Ul KOJUPYETCS YHCIIOM CBEPXIPOBOISIIMX Map B KBAHTO-
BOH TOUKE, BO BTOPOM — HAIIPABJICHUEM CBEPXIIPOBOISILETO
Toka B ckBuae. JlIsi M3rOTOBJIEHHUS! CTPYKTYp KyOHTOB
HCIIOIB3YETCSI UMEIOIINICS apCeHA TEXHOJIOT HIECKIX METO-
JTIOB MHKPOJJIEKTPOHHUKH. UNCIIO N3roTaBIMBAEMBIX KyOUTOB
Ha "yune" B MpUHIKMIIE HE OrPAHMYEHO. B TaHHOM HampasJie-
HUM TIOUCKA TYTell peaju3aluil KBAHTOBOTO KOMIIbIOTEpA
HaOJro1aeTCs OOJIbINAS AKTUBHOCTD 3KCIIEPUMEHTATOPOB U
MOCTOSIHHBIN mporpecc.

Bobimoe KOoIMYeCTBO 3KCIEPUMEHTOB IO Pean3alliu
KBaHTOBBIX OIEPAIMI BBITIOJHEHO HA OJWHOYHBIX ATOMax B
MHKpope3oHaTopax (cavity quantum electrodynamics).
Mopeipro KBaHTOBOM CHCTEMBI BBICTYIACT IBYXYPOBHEBBII
aTOM-KyOUT, CBSI3aHHBI C OCHMJUISTOPOM-(POTOHOM B
OJHOM M3 MOJI KoJiebaHu# pe3oHaTopa. M3ioxeHue sKkcme-
pUMEHTAIBHBIX paboT mMeercs B MoHorpadum [14]. K



38 K.A. BAJIUEB

[V®H 2005

CO’KaJICHUIO, B 3TOM METO/I€ HE SICHO, KAK MOXXHO YBEJIHUYUTh
4UCIO KyOUTOB. BO3MOXHO, 3TOT METO OKaXXeTCs MOJIe3-
HBIM NIPHU pa3padboTKe CIOCOO0B TPAHCIIOPTUPOBKU ATOMHBIX
“ (POTOHHBIX KYyOHMTOB, a TakXke MpH Neperaade KBAHTOBOM
“HPOPMAIIH OT ATOMHBIX KyOUTOB K (POTOHHBIM, U OOPATHO
(aToM-(pOTOHHBIN KBAHTOBBIN HHTEPEIC).

HHTepecHa BOZMOXHOCTb peajiM3aluil KBAHTOBBIX OIle-
pamuii ¢ TOMOIIBIO JIMHEHHBIX ONTHUYECKUX JJIEMEHTOB
("omrnueckunit kBaHTOBBI Kommbrorep") [72]. B arom
METOJIC YHCJIO ONTHYECKUX 3JIEMEHTOB BO3PACTAeT IKCIIO-
HEHIIMATILHO C YUCJIOM KYOHUTOB B KOMITBIOTEPE. DKCIEPH-
MEHTBl B O9TOM HANpPABJICHUU peaIM3alid KBAHTOBOTO
KOMIIBIOTEPA, MO CYTH, CIMBAIOTCSI C JKCHEPUMEHTAMH B
o06sacTu KBaHTOBOM onTuku [73].

IlepeuncnieHHbIe BRI HAMPABICHUS TIOUCKA ITyTel
peanM3ani KBAaHTOBBIX KOMIIBIOTEPOB OMHPAOTCS Ha
pa3BUTbIE C UHBIMH LEJISIMU TEXHOJIOTMM (TE€XHOJIOIMU
MOCTPOCHUSI CTAHIAPTOB BPEMEHH, MHKPOIJIEKTPOHHBIE,
KBaHTOBO-ONTHYECKUE TEXHOJIOTHX). BBIIBHHYTHI Takxke
Ipyrue TepCHeKTHBHBbIE WAEH, TpeOyrolye, BO3MOXKHO,
Pa3BUTHS CYIIECTBEHHO HOBBIX TexHoJoruil. Ilepeuncimm
HEKOTOPBIE U3 HUX:

1) IBYMEpHBIl 3JIEKTPOHHBIA KPUCTAJLI B MOTEHIHAIIb-
HOH JOByIIKE (sSIM€) BOJIM3U TOBEPXHOCTH JKUIKOTO TeUs
[74] (pu3uka 3TUX KPUCTAJIJIOB XOPOIIIO U3yueHa, KyOUTaMu
MOTYT CIIY)XUTbh CIUHBI OJUHOYHBIX 3JICKTPOHOB B KpH-
crajie);

2) nByMepHas perieTka aToMOB B OIITHYECKOI JIOBYIIIKE,
00pa30BaHHOM CTOSYEH BOJIHOW MHTEP()EPUPYIOIIMX JIa3ep-
HBIX IYYKOB [75];

3) aHHOHBI B IBYMEPHOM 3JIEKTPOHHOM Tra3e B MOJYIPO-
BOJHHMKAaX B YCJIIOBUSAX JIpOOHOTO KBAaHTOBOTO 3ddekTa
Xouna [66];

4) KBaHTOBBIE KJIETOYHBIE ABTOMATHI B (peppOMAarHUTHBIX
(aHTH(hEPPOMATHUTHBIX) CTPYKTYpax B KpucTasuiax [76].

Vcenexu mocnemHUX JIeT B OKCIIEPUMEHTax ¢ 0o3e-3iH-
MITEHHOBCKUMH KOHICHCATAMH MPEIOCTABIISIIOT BO3MOX-
HOCTh IMOWCKAa KBAHTOBBIX OMNEpAIMid C WCIOJIb30BAHUEM
9TUX HOBBIX KBAHTOBBIX cUcTeM [77].

10. 3akarouenue

10.1. KBanTOBble KOMIILIOTEPLI: MEUYTA WJIH PeaJbHOCTH?
CoBpeMeHHBII 3Tan ucciaegoBaHuil B 00JACTH KBAHTOBBIX
KOMIIBIOTEPOB U KBAHTOBBIX BBIYHMCIICHUI SIBJISETCS 9TAIIOM
pa3paboTku (yHIAMEHTAJIBHBIX MpoOJsieM. Torom 3Toro
JTamna JI0JDKeH OBITh BHIOOP OJTHOTO U3 MyTed pean3aluu
KBaHTOBOTO KOMIIBIOTEpA Kak IJIaBHOTO. BeposiTHee Bcero,
MPUIETCS CO3ATh HECKOJIbKO MPOTOTUIIOB KBAHTOBBIX KOM-
NbIOTEPOB IO Pa3HbLIM TEXHOJIOTHSIM, CPAaBHUTH UX U
BBEIOPATH OJIUH ISl TAJTbHEHIIETO pa3BUTHSI.

IToka e B OTHOIIEHHU OyIyIIEro KBAHTOBBIX KOMITBIO-
TEPOB CYIIECTBYET INUPOKWHA JMANa30oH MHEHWA — OT
MpeICKa3aHuil rpsayieil (HEeMIHYEMO) KBAHTOBOM TeXHIYE-
CKOM PEBOJIFOLIMU 10 TACMYPHOTO CKeNTUIIM3MA. B KOHIIEHT-
pupoBanHoM Buae MHeHust "pro" m "contra" BbICcKasbIBa-
JINCh, HAIPUMeED, B Ae0daTax yYaCTHUKOB KOH(EpeHIHH 1o
KBaHTOBBIM BbruucieHusiM (utoHb 2003 1.) [46]. [Tepeuncinm
aprymentsl "contra".

1. KBaHTOBBIIl KOMIIBIOTEP HE HYXEH: HET 3alad, CTOs-
LIUX TOTO, YTOOBI IIATh U CAEIaTh KBAHTOBBIN KOMIIBIOTED.
3a wucTexiiee Bpems HaiiieHbl TOJLKO 1Ba 3(PQHEKTHBHBIX
kBaHTOBBIX ajroputma (Illopa m I'posepa). He crout

JIEJIATh KBAHTOBBIA KOMIIBIOTEP TOJILKO PAId TOTO, YTOOBI
B3JIOMAaTh COBPEMEHHYIO TOMYJSIPHYIO KPUITOCHCTEMY
RSA: oHa cama yiigeT B HeObITHE KO BPEMEHHU CO3IaHUS
KBaHTOBOT'O KOMIIBIOTEPA.

2. KBaHTOBBII KOMIIBIOTEP — 4HAJOrOBas MallldHA
CICIMAJM3NPOBAHHOTO THIA, KOTOPYIO TPYIHO peasin30-
BATh.

3. Ilpupona He m3Opaja KBAHTOBBIH METOJ| BBIUUCIIC-
HUI — B MO3I€ HET KBAHTOBBIX OIEPALUI.

MBI He BOCIIPOU3BOIMM apryMeHTsl "pro", mosaras, yto
BECh HAIl 0030 CIYXUT apryMenTanuei "pro".

10.2. YUrto mansme?

Homyctum, pueT Bpems, Korja OyJIeT 0CBOeHA KBAHTOBAS
JIMHAMHUKA CUCTEM Ha aTOMHOM YPOBHE M MOCTpOEHA KBaH-
ToBass mHpopManuoHHas TexHuka. Uto manpme? Kakwne
HOBBIE PECYPChI MPUPOJIBI MOTYT OBITh UCIOJIL30BAHBI IS
CO3/IaHUST HOBBIX TMOKOJIEHWH HH(POPMAIMOHHOW TEXHUKH?
Crernenu cBOOOIBI CUCTEM B MEHBIIUX, YeM aTOM, 0ObeMax
(aToMHBIE Sipa, 3JIEMEHTAPHBIC YACTHIIBI) CBSI3aHBI ¢ 00JIb-
[IAMU SHEPTUSIMHU, YTO 3aTPYIHSET UX UCIOJIB30BAHUE IS
KoaupoBauus wHPopMmanuu. O3HAYaeT JU ITO, YTO HA
aTOMHOM YpOBHEe OyAyT HCUEpHaHbl HHPOPMAaIUMOHHbBIE
pecypchl mpupPOABI?

10.3. O coaep:kaHuM U CTPYKTYype

COBPEMEHHOI0 Kypca KBAHTOBOH MeXaHUKH

Ecim cpaBHUTB CTaHAAPTHBIE YUeOHUKH KJIACCHUYECKOM MeXa-
HUKY 1 KBAaHTOBOM MEXaHMKH, TO JIETKO YBUAETH PA3JINYUs B
UX COAepXaHUU U CTPpYKType. Kypc kiaccnueckoit MexaHuku
pa3zelieH Ha CTaTUKY W NWHAMHKY, TOTJa Kak B Kypce
KBAaHTOBOW MEXaHHKH TAaKOTO pa3jesieHus HeT. B Hem
JIOMUHHPYET CTAaTHKa (3a/1a4dl O COOCTBEHHBIX 3HAYCHUSX U
COOCTBEHHBIX (PYHKIMSAX CHCTEM); TUHAMHUKA 3aHUMAET
MaJIbIil YACJIbHBINA BeC (33/1a4u O B3aMMOJICHCTBUM aTOMA C
H3JIyYCHUEM M PACCESTHUH 9acTUI). MeXTy TeM B COBpeMeH-
HBIX UCCJIEJOBAHUSIX KBAHTOBBIX CHCTEM JOMHMHUPYET KBaH-
TOBasl TUHAMUKA, KaK 3TO BUJHO W3 U3JIOKEHUS TEOPUU
KBAHTOBBIX MH(GOPMANMOHHBIX cucTeM. [lo-BuaumMoMmy,
1IeJIeCO00Pa3HO CTPOUTH COBPEMEHHBIN KypC KBaHTOBOU
MEXaHUKHA W3 JBYX IMOJHOICHHBIX TOMOB, ITOCBSIIIEHHBIX
KBAaHTOBOI CTaTHKE M KBAHTOBOW AuHamuke. MOXHO
lyMaTh, YTO TaKO# Kypc KBAHTOBOW MEXaHUKHU MOSIBUTCS B
HEIaJIEKOM OyAyILIEM.
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