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BBE/JIEHHE

Hackosibk0 MOKHO MOBBICUTH MPOU3BOJUTEIHLHOCTh KOMIbIOTEpA? COTJIACHO 3aKOHY
Mypa, ecnu  TPOU3BOIUTEIBHOCTh  MPOJOJDKAET  YJIy4dlIATbCs €  MOMOIIBIO
TEXHOJOTUYECKUX WHHOBAIUM, KOTOpPhIE OBUIM CJelaHbl 3a IOCJIEIHHE HECKOJIBKO
JECITUIIETAN, KOJTMYECTBO TPAH3UCTOPOB HA MUKPOCXEME MOKET YJIBAUBATHCS Kaxbie 18
MecseB. Kpome Toro, TaktoBas yactora npoueccopa Moxet gocturath 40 I'T'1 B TeueHue
10 ner. K TomMy BpeMeHHM OJIMH aTOM MOXET TMPEJCTaBiIATh oauH Out. OjHa wu3
BO3MOXXHBIX MPOOJIEM MOXKET 3aKJo4aThbCsi B TOM, UYTO, ITOCKOJBKY 3JIEKTPOHBI
OTMMUCBHIBAIOTCS HE KJIACCHUYECKOM (PU3MKON, a KBAHTOBOM MEXaHMKOH, KBaHTOBO-
MEXaHHUYECKOE SIBJIEHUE MOKET IMPUBECTU K “TYHHEIUPOBAHUIO MNPOUCXOASAIIUE HA YUIIE.
B Takux cnydasx 5SJ€KTpPOHBI MOTYT BBITEKAaTh M3 lieneil. I[IpuHuMas BO BHHUMaHUE
KBAaHTOBO-MEXAaHWYECKUE XapaKTEPUCTUKU YPOBHS OJUH aTOM Ha OWUT, KBAHTOBBIC
KOMITBIOTEPHl OBLIM TMPEJIOKEHBI B Ka4yeCTBE OJHOTO U3 CIoco00B 3(D(PEKTUBHOTO
pelIeHus 3TOM MPOOIEMBI.

KBaHTOBBIN KOMIBIOTEp — BBIYHUCIUTEIBHOE YCTPOMCTBO, KOTOPOE HCIOJIb3YET
KBAHTOBO-BBIYUCIUTEILHYIO JIOTUKY, JJISl Mepenadn, 00paboTKu, XpaHeHUs UHPOpMaIuu
naHHbIX. W ucnonb3yer oH He oObIYHBIC OWTHI, Takue Kak 0 m 1, a KyOHWTBI, KOTOpbIC
Onaromapsi cymneprno3uiuu umero cpasy 1 0 m 1, 4To Mo Teopuu JaeT HEBEPOSTHYIO
CKOPOCTh BBIYUCJICHHUS alTOpUTMa, a TOYHEE MTHOBEHHO IepedupaTh BCE BO3MOXKHBIE
HCXO/IBL.

Takum 00pa3oM, KBaHTOBBIE KOMITBIOTEPHI MOTYT OBITh MCHOJIb30BAHbBI JJI PEIICHUS
OTIPENICIICHHBIX BBIYMCIUTEIBHO CIOXKHBIX 3aJlay, KOTJla KIJIACCHYECKHE KOMITbIOTEPHI
TpeOyYIOT OOJIBIIOTO KOJTUYECTBA BPEMEHU 00pabOTKH.

KBaHTOBBIE KOMIBIOTEPHI YAaCTO MNOHUMAKT. Korma maoau CAasIaT CJIOBO
«KOMMBIOTEPY», OHU JYMAIOT O HOYTOYKax Wiu TeiaepoHax, HO JIeJ0 B TOM, YTO ITHU
YCTPOWCTBA W Jake cambie OOJbINNE CYMEPKOMIBIOTEPHI B MHUpPE paboTaroT Mo
OJHOW W TOM Xe (PyHIaMEHTaJIbHOW cxeme. B HCMOIb30BaHHBIX MCTOYHUKAX H
JUTEepaType KBAHTOBBIE KOMMBIOTEPHl UMEIOT (yHIAaMEHTAJIbHBIC OTIUYUS U HX

HCJIb3d HAa3blIBAaTh KOMIIBIOTCPpAMH B IPUBLIYHOM IIOHHUMAHHNH 3TOTO CJIOBA.



1 UICTOPUS PABBUTHI KBAHTOBOM ®U3UKHU

Uctopust pa3Butus KBaHTOBOM (u3uku HaumHaeTcs B 1900 roxy 14 nexabps,
omarogapsa oTkpbiTuio Makca Ilnanka. B To Bpems Obina mpobiema, yabTpadroneToBoit
KaTtacTpo(bl - Mapagokc, B KOTOPOM, IMOJIHASL YHEPTHsI TEIUIOBOTO M3IYYEHHUS, IO 3aKOHY
Panesi, nomxkHa ObITh OECKOHEYHOM, 4yero He MoxKeT ObITh. [lmaHk Kak 3aHsICsS ee
pelieHueM, BbiBen Gopmyny ais pacnpenenenus suepruu (E = h v), u BBen 3HaMeHUTHIN
KBaHT JICHCTBUS, MOCTOSIHHYIO IDIaHKa, N. UeM ¥ CIIOHCHpOBan pa3BUTHE KBAHTOBOM
¢busuku. PaboTy miaHka MpoI0JHKUI BETUKUANA HEMEUKUHN yueHbI AbOepT DUHINTEIH, OH
BOCITOJIB30BaJICS OTKpbITHEM [lmaHka aiis peiieHrus HEKOTOPbIX acnekToB GoTodddexra -
3TO B3aWMOJCHCTBHS CBETAa WJIHM 3JIEKTPOMATHUTHOIO H3JIy4EHHMS C BELIECTBOM, INPHU
KOTOPOM 3HEprus MnepeaaeTcss MEIKUMHU MOpLUUSIMHU (KBaHTaMH) AJIEKTPOHAM BELIECTBAX.
Ectp BHemHu# u BHyTpeHHUd hoTodddekxt. BHemHnuii - 3To korga GOTOHBI MOMAJAI0T B
METAJIJI WIM MOJYIPOBOJHUK, U NEPEAAIOT CBOIO DHEPTUIO IEKTpOHAM. HacTh dHepruu
YXOIUT, 1 OCBOOOXKJECHMS 3JIEKTPOHA OT aTOMHOM CBSI3M M IO3BOJISIET €My YWTH C
MOBEPXHOCTU MeETajla, a OCTAaTOK YXOJUT Ha YCKOpeHHe »3JeKkTpoHa (popmyra
cootHomeHus: dHeprumit: h * f = Ekin + Wa). BHyTpeHHmii - BO3HUKaeT B
MTOJIYNIPOBOJHUKAX — MATEPHAIAX, AJIEKTPONPOBOJHOCTh KOTOPBIX MEHBIIE, YEM Yy
MPOBOJAHUKOB, U OOJIbIIE, YeM Y U30JATOpOB. TyT nelicTBUE (POTOHOB CXOXKE C BHELUIHUM
dhoToaddexToM, TOIBEKO BOT TYT OJiarogapsi oooraiieHuio 3Heprueid GOTOHOB, IJIEKTPOHbI
MEHSIOT CBO€ COCTOSIHUE U CIIOCOOHBI MPOBOIUTH ANEKTPUUECKUI TOK. DTOT IKCIIEPUMEHT
MTOATBEPANI KapIIOCKYJISIPHOE CBOMCTBO CBETA.

Haneie no rpadguky uaet Hunbsc bop, co cBoeit Teopueit atoma. OH npesmnonarai,
KBAaHTBI U3y4YalOTCs JIHUIIb MPU NEPexojie ¢ OJHOM opOUTHI aToMa Ha apyryro. W BoiBen
dbopmyiny sHeprun kBanta hv= En — Ex. rae En m Ex - sHeprus sjekTpoHa Ha €ro
HayaJbHOW M KOHEYHOM opOutax. Tam ecTh 1aBa MOCTyjata, KOTOPhIE TJIACAT YTO O
CYLIECTBOBAHHE CTALIMOHAPHBIX COCTOSIHUM, U 00 M3ITy4aTENbHBIX MepexoaoB ¢ opout. Ho
BCKOPE 3Ty TEOPHUIO OINPOBEPIVIM, TAK KAaK PE3yJbTaTbl SKCIEPUMEHTA PACXOAWIHNCH C
TEOpHEN, 1 OHA HE MOTJIa MOJIHOCTBIO YTOYHUTh pupoAy uznydeHnus. Ho Onarogaps stoi

“HeynadyHoit Teopun” yueHHK 6opa BepHep ['eitzeHOepr, aHanmu3upysi HEIOYEThl YUUTENS,



BOCCO3/1aJT HOBYIO TEOPHIO KBAaHTOB — KBAHTOBYIO MEXaHUKYy. Bckope mosiBHIIach HOBas
0COOCHHOCTh KBAaHTOBOW TeOpHH, KoTopas Obuta 3acimyroid Jlym ne bpoiinsa. Kortopsrit
BBIJBUHYJI THUIIOTE€3y O BOJIHOBOW IMPHUPOJE MATEPUM, €CIU DJICKTPOMArHUTHBIE BOJIHBI,
TaKue KaK CBET BEIyT ceOsl Ha MOJOOMHU YaCTUIII, YTO JI0OKa3ajdl DUHIITEWH, TO 3JIEKTPOH,
MOJKET BECTH ce0sl KaK JIEKTpUYECKasi BOJIHA, UTO MePEBOpaUMBalia B3IJIsII HA KBAHTOBBIN
MUp U MUD B 1esioM. B ¢popmynupoBke ne bpoiins gacTora, COOTBETCTBYIOIIAS YaCTHUIIE,
CBs3aHa C e€ PHepruel, Kak B ciydae ¢GoToHa (YaCTHIBI CBETA), HO MPEIOKEHHOE e
Bbpoitiem Maremathyeckoe BBIpaXKEHUE OBLIO SKBUBAJCHTHBIM COOTHOIICHUEM MEXKIY
JUIMHOM BOJIHBI, Maccoil 4YacTUIlbl U €€ CKOpocThio (uMiyibcoM). CylecTBOBaHUE
AJIEKTPOHHBIX BOJIH OBUIO JKCHEPUMEHTAIbHO JoKa3zaHo B 1927 1. Tak xe mop
BIICUATIICHUSIMA TPOYUTAHHBIX KOMMEHTapueB ODWHINTEWHa Haj pabotamu ne bpoiins,
Opuect lllpenunrep mnombITalcs MTPUMEHHUTH BOJIHOBOE MPEACTABICHUE 3JIEKTPOHOB K
KBAaHTOBOW MOCJEN0BaTENbHON Teopuu. OH NpEeANpHUHS MOMNBITKY CBSI3aTh KBAaHTOBYIO
(GU3MKY W KJIACCHYECKYI0, MyTeM JOJTHX MaTeMaTHYEeCKUX OIMHMCAHWK BOJH, HO OH
notepnen Heynauy B 1925 r. CkopocTb aekTpoHoB B Teopuu [lIpeaumnrepa tpedoBanu
BkmtoueHust CTO, M yuuThIBaHHE NPEACKA3bIBAEMOr0 €0 3HAYUTEIBHOTO YBEIUYECHUS
MacChl AJIEKTPOHA MPU OYE€HBb OOIBIIUX CKOpocTax. OaHa U3 OCHOBOMOJIOKHBIX MPUYMH
MpoBayia OBLJIO BHIMyCKAaHWEM W3 BUJa cruHA. [103e OH MCHpaBHII OMMOKHA TPOILIOTO,
MyTeM TMOJCTaBJICHUS MaJIbIX CKOpOCTeH, 4To mocmocoocTBoBaio otmnananuio CTO,
Oyiarogapsi 5TOMy OH TOJIyYWJI BOJIHOBE ypaBHEHHE, KOTOPOE HAa3Baju B YECTh YYEHOTO.
JlaHHBIE BBIYMCIICHHUS OKA3aJld BJIMSHUE HA Pa3sBUTHE KBAHTOBOM Teopuu. B Hacrosmiee
BpeMs BOJIHOBash (YHKIMS JIGKUT B OCHOBE KBAaHTOBO-MEXaHUYECKOTO OIHMCAHUS
MUKPOCHUCTEM, TTOJA00HO ypaBHEHHUSM ['aMHIIbTOHA B Kjaccuueckoil mexanuke. O0e 3Tu
TEOpHH OBLTM SKBUBAJEHTHBI, W JlaJli KPEMKYK OCHOBY JUIsl OMHCAHUS KBAHTOBBIX
sSBJICHUW. [Iponuto HEMHOro BpPEMEHH TOCIE CO3[aHUs KBAaHTOBOW MEXAHUKH,
Mpeauarepom u I'eitzenbeprom, kak TyT ke Ha apeHy BeixoauT llomb Jupak, koTopbIii
MIPEIOKIIT OOITYI0 TEOPHIO JUTsl OMTMCAaHUsI KBAHTOBOTO MHPA, B CBOEH paboTe OH MPOBEI
napamienb Mexay CTO m BOJHOBOW MEXAaHMKOW, W chenan ux coderaembiMu. CnivH U
MarHUTHBIE CBOMCTBA 3JIEKTPOHA ClieoBaIu u3 Teopuu Jlupaka, 6€3 kakux Obl TO HU OBLIO

JOITIOJTHHUTCIIBHBIX HpC,Z[HOJIO}KeHI/If/'I.



2 PASBBUTHUE KBAHTOBOI'O KOMIIBIOTEPA

[lepBoe ymoMHHAHWE O KBAHTOBBIX BBIUMCICHHUSIX BBICKa3aJl HAIl COBETCKUU
yuaenblit FOpuit Manuna(1980), Ho 0 Hel 3aroBOpHIIHM TOJIBKO MOCIIE JOKIIaaa HOOEIEBCKOTO
maypeara Puuapnma ®deliHMaHa TpOBEACHHOM B MaccadyyCeTCKOM TEXHOJIOTHYECKOM
yauBepcuteTe(1981), OH TNPEANONIOKWI, YTO HAa JJaHHBIA MOMEHT MOJCIUPOBAThH
KBAaHTOBYIO CUCTEMY Ha OOBIYHBIX KOMIIbIOTEpAX SBISETCS HEBO3MOXHBIM. [loTrom B 1982
[Tayns bennodd npemnoxun TeopeTHUECKyr0 cXxemy paboThl KBAHTOBOT'O KOMIIBIOTEpA,
Byrrepc u 3ypek 0oka3and TEOpeMy O 3alpeTe KIOHHMPOBAHMS, YTO JIETJIO B OCHOBY
kBaHTOBOW Kpuntorpapuu. B 1984 Yapns3z bennerom u XKunem bpaccapa npemnoxunu
MPOTOKOJ KBAaHTOBOTO pAacCIpe/elieHus KJtoua, TOJHOIEHHBIN Kpunrorpaduueckuit
croco0 mepegadyu JaHHBIX, OCHOBAHHBIM Ha KBaHTOBOW (usuku. B 1985 JleBun Jloiiu
omucaJl KBAaHTOBYIO MaliuHy ThIOpHMHIra, 3TO aOCTPAKTHBIM KBAaHTOBBIM KOMIIBIOTED,
KOTOPBIM MOYKET MPOBECTH JIFOObIC KBAaHTOBBIC BhIYMCICHHUA. 1991 ApTyp Dkept omucan
0e30MacHyl0 CUCTEMY CBA3M Ha OCHOBE 3(dexra KBaHTOBOU 3amyTaHHOCTH. 1994 Tlutep
[Ilop OTKpBLI BaAXXHEUIINWNW KBAHTOBBIA aJTOPUTM, HOCSIIMU IOPAOE HA3BAHUE AITOPUTM
[Ilopa. DTOT anropuT™M OJIHOBPEMEHHO pEIIMJI JBE€ BaXXHbIE 3aJaud — MPoOJIeMy
(haKkTOpU3aINU LETBIX YUCEI U 33/1a4y TUCKPETHOTO JIOTapu(MUPOBAHUS.

Cnucok noctuxenuit 21 Beka:
1. 01 rox. IBM npencraBun Beinosinenue anroputma lllopa pist uuncna 15.
2. 07-16 romst D-Wave cozmaer xommberoTep u moaupummpyer ero ¢ 128-2000

KyOHUTOB.

3. 12 roa. B Yuusepcurere Kanudpopuuu peanuzonanu airoput™ Lopa mmns 21.

4. 16roxa. Google co3man Mosekyy BOAOPOAa Ha IEBATH KyOUTHOM KOMITBIOTEPE.

5. 1/ron. IBM co3nana ruapun 6epuuius BeH?2.

6. 19romy. IBM Q System One. /IBaniiati KyOUTHBIM KOMIBIOTEP B OOJIaKe.

7. 19rony. Google Sycamore. [TaruaecaTu-Tpex KyOUTHBIN KOMITBIOTED.

MOXHO yBUIETh HACKOJIBKO MPOABHUHYJIUCHh KBAHTOBBIE BBIUYMCICHHS, XOTh U HE
3HAYUTEIBHO, HO OHU UMEIOT OTPOMHYIO IIEHHOCTh ISl PA3BUTHS YE€JIOBEUYECTBA, BEAH 3TO

JOBOJIBHO HOBasA TEXHOJIOTHUA



EcTb 1Ba OCHOBHBIX HAIIPaBJIECHUS PA3BUTUS KBAHTOBBIX MAIIIUH:

1. CneuuanbHble KBAaHTOBBIE KOMIBIOTEPHI, KOTOPhIC MpPEIHA3HAYCHBI JI PEIICHUS
OJTHOW KOHKPETHOM 3a/1aud, KaK MPUMED, 3aa4H ONTUMHU3ALINH.

2. YHuBepcadbHbIE — CIHOCOOHBI BBITIOJIHUTH KBAHTOBBIC AQJITOPUTMBI, HAIPUMED
[Iopa.

3. [pyrue BeTku pa3BUTHS:

— KBaHTOBBIE CEHCOPBI

— KBaHTOBAsl CETh - OCHOBA KBAHTOBOM KpunTorpahuu

— UT.I.



3 OCHOBOIIOJIAT AIOIIME KBAHTOBBIX MAIIINH

3.1 KBaHTOBBIE KOMIIBIOTEPHBIE CHCTEMBI

KBaHTOBBIN KOMIMBIOTEP BMECTO OOBIYHBIX HOCUTENEH WHGOPMAIMU HCHOIb3YET
KBaHTOBbIC OOBEKTHI, a JJIS1 BEIUMCICHUNA KBAaHTOBBIE OOBEKTHI JOJKHBI OBITH COOpaHbI B
€IUHYIO0 KBAHTOBYIO CUCTEMY.

KBaHTOBas cuctema - MaTepualbHbIA OOBEKT, KOTOPHIA OMUCHIBACTCS C MOMOIIBIO
CIIEIHAIBHOTO anmnapaTa KBAaHTOBOM MEXaHUKHU.

KBaHTOBBII 00BEKT — OOBEKT MHMKpoMHUpPAa (KBAaHTOBOTO MHpa), KOTOPBIN
IIPOSIBIIIET KBAHTOBBIE CBOMCTBA:

1. Wmeet onpeneneHHOEe COCTOSIHUE C IBYMSI KOHEYHBIMU YPOBHIMHU

2. HaxoauTcs B Cyneprio3uiliuy CBOETO COCTOSIHUS 0 MOMEHTA U3MEHEHUSI COCTOSTHUSL.
3. 3amyTeiBaeTcs ¢ 0OBEKTAMU JJISl CO3/IaHMsI KBAHTOBBIX CUCTEM

4. Bocrpou3BoauT TEOpeMy 3amnpera KJIOHUPOBAHHUS .

Cocrosane Cynepno3nnuu B KnacCu4ecknx KOMIBIOTEPAaX dJIEKTPUUECKUE CUTHAIIBI,
TaKUe KaK HaMpsHKEHUs, MPEACTABISIIOT cocTosiHu 0 1 1 B BUie 0AHOOUTOBOM HHPOPMALIUU.
JIBa 6uta ykazeiBatoT Ha yeThipe coctosinus 00, 01, 10 u 11, a n GuTOB MOTYT NPEACTaBIATh
2n cocTosiHUM. B KBAHTOBOM KOMITbIOTEPE KBAHTOBBIN OWUT, HA3bIBAEMbIN “KYOUT”, KOTOPBIN
MpeJICTaBIsIeT COOOM CUCTEMY C IBYMSI COCTOSTHUSIMH, MPEACTABISET OJHOOUTOBYIO
uHpopmanuio. Hampumep, BMECTO 3JIEKTPUUYECKOTO CUTHAJIA B KJIIACCHUYECKUX KOMITbIOTEPaxX
B KaueCcTBE KyOUTa MOXHO HCIIOIb30BATh AJNEKTPOH. Y BETMUEHUE U YMEHbIIIEHUE BPaAIlICHUS
ANIEKTPOHA MPEACTABIIAIOT ABa cocTosiHUA: 0 1 1 cooTBeTCTBEHHO. TaKkxe MOXKHO
HCIIOJIb30BaTh (DOTOH KaK KyOUT, TaK U TOPU3OHTAIbHAS ¥ BEPTUKAIbHAS TOJISIPU3ALIMS
($boTOHA MOTYT UCIIOJIL30BATHCS AJIsl IPECTaBICHUs 000uX cocTosiHUM. Mcnonb3ys KyOuThl,
KBaHTOBbIE KOMITBIOTEPHI MOTYT BBIIIOJIHATH apU(PMETHUECKUE U JIOTUYECKUE OTIEepaliu, KaK
ATO JIEJIAET KIACCUYECKUIN KOMITbIOTEp. BaskHOE OTIMYME, OJTHAKO, 3aKIIFOYAETCSA B TOM, YTO
OJIMH KyOUT TaKkKe MOXKET MPeACTaBIsATh cynepno3unuio coctosuuit 0 u 1. Korna mbi
npeacrasisieM coctosiHust 0 u 1 B Bue BeKTOpoB cocTosiauit |0) u | 1) coOOTBETCTBEHHO,

TaKOE COCTOSIHHME CYIEPIIO3UIIMH BBIpaXKaeTCsl Kak JuHelHas komOunarus |0) u |1)



W) = al0) + b|1).“|)” naseiBaercs “ket-Bekrop” B lupake 0003HAUCHUS U

K03 (PUIMEHTHI a U b HA3BIBAIOTCA AMILTUTYIaMH BEPOATHOCTH. |a|? ykas3biBaeT Ha
BEPOSITHOCTH TOTO, YTO MBI osTyduM |) = |0)B pe3ysibTaTe U3MEpPEHUS Ha KyOUTe
|y ) = al0) + b|1) . Ouu Taxxke ynosneropsior|al? + |b|? = 1. Hanmpumep, korna
aAMILTUTYIBl BEPOSITHOCTH: a M b paBHBI \/—15, MBI MOKEM BBIPA3UTh COCTOSIHUE CYIIEPIIO3UIIHH

JIBYX COCTOSIHHH CIICTyIOITUM 00pa3oM: |lIJ ) = \/—15 |0) + % | 1), rie BeKTOPBI |0) = (1,00)T u

|1) = (0,1)T. Kopoue roBops, Koraa Ml n3mMepsieM coctosaue |i), coctosHue Oyner

1

2 2
1 1 1
HaOmroaaThes Kak |0) ¢ BEpOSTHOCTHIO (—) = - ¥ KaK |1) ¢ BeposSTHOCTBIO (—) ==

V2 V2

OTa mpudyIBas XapaKTepHUCTHKA KBAHTOBBIX KOMITHIOTEPOB JICTIACT MapajiieIbHbIe
BBIYHCIICHUS] BO3MOXKHBIMHU B PEAIBHOM CMBICIIE 3TOTO ci10Ba. [10CKOIBKY Kaxblii KyOUT
MIPE/ICTABIISIET JIBA COCTOSIHUS OJTHOBPEMEHHO, /IBa KyOHUTa MOTYT MPEJCTABISATh YETHIPE
COCTOSIHHSI OTHOBpPeMEeHHO. Hampumep, Korjia Mbl HCIIOIB3YEM JBa KyOUTa, KOTOPBIC
SABJISIFOTCS Cyneprio3uiireit coctosiuuii 0 u 1, B ka4ecTBE BXOIHBIX JJAHHBIX ISl OTlepalu,
MBI MOKEM TTOTYIUTh PE3yJIbTaT YEThIPEX OIepaIiuil AT YEThIPEX BXOAHBIX JAHHBIX BCETO
3a OJIMH BBIYMCIUTEIBHBIN ITIAT 110 CPABHEHUIO C YETHIPHMS OTIEPAIMAMHU, HEOOXOIUMBIMHU
KJIACCUYECKOMY KOMIIBIOTEPY. AHAJIIOTUYHO, TIPU UCTIOIH30BAHUU N KyOUTOB MBI MOXKEM
CO3/1aTh CYNepHo3uIio 2" coCTOsHUI B Ka4eCTBE BXOIHBIX JaHHBIX U 00paboTaiiTe
BXOJIHBIC JJAHHBIEC BCETO 3a OJIUH IIar, YTOOBI PEHIUThH POOJIEMY, I KOTOPOU KIIACCUYECKUM
KoMITbtoTep TpedyeT 2" maros. B 3ToM cBeTe KBAaHTOBBIN KOMITHIOTEP MOKET 00pabaThIBaTh
N BXOJHBIX JAHHBIX TOJBKO C OJTHUM BBIYUCITMTEIIHHBIM IIArOM TI0CIIC TIPUHATHS COCTOSTHUS
CYTIEPIIO3UIIMH N BXOJIHBIX JTAHHBIX.

OpHako, MpeXxae 4eM Mbl CMOYKEM HCITOJIB30BaTh ATY YPE3BBIYAMHO IIEHHYIO
XapaKTEPUCTUKY KBAHTOBBIX KOMITHIOTEPOB, OCTAeTCs pematomas rmpodiaema. 13 BBosa
OJTHOTO COCTOSIHHSI CYTIEPIIO3UIINHY, TIPEICTABIISIONIETO YE€ThIPE COCTOSIHUS, M 00pabOTKU 3a
OJIMH IIar MBI TIOJTy9aeM CYTIIEPIO3UIINIO U3 YEThIpEeX pe3ysbTarhl. Korma Mer m3mepsem
BBIXOJTHBIC KyOUTHI, KBAHTOBO-MEXaHNUYECKAs CYTEPIIO3HIIHSI Pa3pyIIaeTCs, U KXl KyOuT
Oynet HabmoaaThes 160 kak 0, 1100 Kak 1, TOCKOIbKY KyOUT MpeICTaBiIsIET cOO0M

CUCTCMY C ABYMs COCTOSAHUAMM. CJ'I@I[OBEITCJ'IBHO, MbI ITOJIYYaCM TOJIBKO OJIMH M3 YCTBIPCX



BO3MOXHBIX pe3ynbraToB: 00, 01, 10 wu 11(ans n=2) c To# xe BEpOSITHOCTBIO.
Co0TBETCTBEHHO, CYyNEPIO3UIUs KyOUTOB OIpeNesieTCs] BEpOSTHOCTHIO, U H3MEPEHUE
HEOOXOAMMO AJIs1 ONPEEIIEHUS TOr0, KaKOe U3 BO3MOXKHBIX COCTOSIHUI MPEACTABICHO. JTa
TPYJIHOCTh BO3HUKAET M3-3a UCIIOJIb30BaHNs KBAHTOBO-MEXAHUUYECKOTO CYNEPIO3ULH.
OpnHako, eciii MBI CMOKEM YBEJIUYUTh BEPOATHOCTD MOJYUYCHHSI OKUIAEMOTO pPe3yJIbTarTa,
pa3palboTaB aJIrOPUTM, MBI MOKEM BOCIIOJIb30BaThCs (PYHKIIMEN KBAaHTOBO-MEXaHUUECKOMN
cyneprno3uiuuy. Takum o0pa3om, Kak 00CYyKIan0Ch BbIIIE, Mbl MOKEM HCIOJIb30BAThH
BO3MO>KHOCTH KBaHTOBBIX KOMITBIOTEPOB JJIsl pELIEHUs TPOOIEMbl, KOTOpasi TpedyeT
YpE3MEPHOr0 KOJIMYECTBA BEIYMCIUTEILHOTO BPEMEHHU U SHEPTUU JI ONPEIETIEHHBIX

KJIACCOB 3a1a4 Ha KIIACCUYICCKUX KOMIIBIOTCpaAX.

3.2 Kyout

CoBpeMeHHBbIE KOMIBIOTEPHl HUCIOIB3YIOT OUTBI — TIOTOK DJEKTPUYECKUX WIH
ONTUYECKUX MMITYJIbCOB, TpeactaBiastonux lc wmm Oc. Bce, oT Balux TBUTOB H
AJIEKTPOHHBIX MHceM 10 Bammx mnecedH i1Tunes u Bugeo YouTube, mo cytu, SIBISIOTCA
JUTMHHBIMU CTPOKAaMH 3TUX JIBOUYHBIX [TUGDP.

C apyroit cTOpOHBI, KBAHTOBBIE KOMITBIOTEPHI UCIIOIB3YIOT KYOUTHI, KOTOPHIE OOBIYHO
MPECTABIIAIOT COO0M CyOaTOMHBIE YaCTHUIIbI, TAKHE KaK 3JIEKTPOHBI Ui (POTOHBI. ['eHepaius
W yIpaBlieHWe KyOWTamMHu - 3TO HaydHas M WHXEHEpHas 3a7ada. Hekoropble KOMIaHUW,
takne kak IBM, Google u Rigetti Computing, HCHONB3YIOT CBEPXIPOBOMASIINE CXEMBI,
OXJIQXKJEHHBIC JI0 TeMIlepaTyp XOJIoAHEe, YeM B TIIyOOKOM KocMoce. Jlpyrue, Takue Kak
IonQ), 3axBaTBHIBAIOT OT/ICJIBHBIC aTOMbBI B JICKTPOMArHUTHBIX IMOJISIX HA KPEMHUEBOM YHUIIEC B
CBEPXBBICOKOBAaKYyMHBIX KaMepax. B o00oux ciyyasx I1eJb COCTOMT B TOM, 4YTOOBI
M30JIUPOBATh KyOUTHI B KOHTPOJIUPYEMOM KBAaHTOBOM COCTOSTHUH.

KyOuThl UMEIOT HEKOTOPBIE MPUUY/JINBbIC KBAHTOBLIE CBOMCTBA, KOTOPBIE 03HAYAIOT,
YTO CBs3aHHAs TPyNIa U3 HUX MOXKET 00eCleunuTh OOJBIITYI0 BBIUYUCIUTEIbHYIO MOIIHOCTD,
9eM TaKoe JK€ KOJHUYECTBO JBOMYHBIX OHMTOB. OIHO M3 3THX CBONCTB H3BECTHO Kak

CYTIEpIIO3UILIMSI, & IPYTOE - 3AIyTAHHOCTb.



Pucynok 1 — Kyowur.

3.3 Cynepno3urus

KyOuTel MOTyT MpeacTaBisATh MHOXECTBO BO3MOXHBIX KoMmOumHammii 1 u 0
OJIHOBPEMEHHO. JTa CIOCOOHOCTh OJHOBPEMEHHO HAXOJUTHCS B HECKOJIBKHUX
COCTOSIHUSIX ~ HasbIBaeTcsl  cymepro3uiueil. YToObl MOMECTHUTh KyOHTHI B
CYyHEPHO3ULINI0, UCCIEIOBATENN MAHUIYJIUPYIOT UMUA C IMOMOUIBIO MPEHU3UOHHBIX
J1a3€pOB WJIM MUKPOBOJHOBBIX JIy4€EH.

bimarogaps sTomMy mnapaJaoKCaJbHOMY SIBJICHHIO KBAHTOBBIM KOMIIBIOTEpP C
HECKOJBKHUMH KyOWTaMH B CYIMEPIIO3UIIMA MOXET OJTHOBPEMEHHO 00pabaThIiBaTh
OTPOMHOE KOJMYECTBO TMOTEHIHUANBHBIX PE3yibTaTOB. KOHEUYHBIM pe3ysbTaT
BBIYHMCIICHUSI TIOSIBIISIETCS TOJIBKO TIOCJIE M3MEPEHUS KyOWUTOB, YTO HEMEJICHHO

IIPUBOJMT K TOMY, UTO MX KBAHTOBOE COCTOSIHUE “‘Koyutancupyer” 1o 1 wm 0.



Pucynok 2 — Cynepno3unus.

3.4 3anmyTaHHOCTb

HccnepgoBarenn MOryT T€HEpUpPOBATh Mapbl KyOUTOB, KOTOPBIE ‘‘3allyTaHbl’,
YTO 03HAYAET, YTO [[BA YI€HA Napbl CYIIECTBYIOT B OJHOM KBAaHTOBOM COCTOSIHHH.
H3MeHeHrne CcOCTOSIHUSL OAHOTO M3 KyOMTOB MTIHOBEHHO HW3MEHUT COCTOSIHUE
APYToro mnpeackazyeMblM o0Opa3zoM. DTO MPOUCXOIUT, JaXKe €CIIM OHU Pa3/eICHBI
OUY€Hb OOJIBIIMMU PACCTOSIHUSIMH.

HuxkTo He 3HaeT, Kak ¥ moueMy paboTaeT 3alyTaHHOCTh. DTO JJaXKe 03a1a4HIIO
OWHINTENHA, KOTOPBIA KJACCHO OIKCal €ro Kak ‘“KyTKoe JeHCTBHE Ha
pacctosinun”. Ho 3TO K04 K MOIIM KBAHTOBBIX KOMIIBIOTEpOB. B 0ObuHOM
KOMIIBIOTEPE YABOCHHUE YMCIIa OMTOB y/IBAMBAET €0 BBIYMCIUTEIBHYIO MOIIHOCTD.
Ho 6narogaps 3amyTaHHOCTH 100aBJI€HUE JOTMOIHUTEIbHBIX KYOUTOB B KBAHTOBYIO
MallMHy MPUBOAMT K OHKCIOHEHLIMAJIbHOMY YBEIMYEHHIO €€ CIIOCOOHOCTH K
COKpALICHHIO YHCIIA.

KBaHTOBbIE KOMITBIOTEPHI HCIOJIB3YIOT 3allyTaHHbIE KyOUTHI B CBOEro poja
KBaHTOBOH LIeNIOYKe, YTOObI TBOPUTH CBOIO Marui. CriocOOHOCTh MAIlIMH YCKOPSTH
BBIUHUCIICHUSI C HCIOJIb30BAHUEM CIICLIMAIBbHO  Pa3pa0OTaHHBIX KBAaHTOBBIX

AJITOPUTMOB - BOT ITIOYCMY TaK MHOTO ITyMa 00 ux IIOTCHIHAJIC.



9T0 Xopomuias HOBOCTb. I110Xxas HOBOCTBH 3aKII0OYACTCS B TOM, YTO KBAHTOBBIC
MaIlIuHEl OoJiee IMOABCPIKCHBI OHII/I6KaM, YCeM KIACCHYCCKHUC KOMIIBIOTCPLI, HM3-3ad

JEKOTePEHIIHH.

PucyHnok 3 — 3anyTaHHOCTS.

3.5 Jlexorepenius

B3anMopeiicTBue KyOUTOB C OKpYKaroIIeH cpefoi TakuM 00pa3oM, 4TO HX
KBAaHTOBOE ITOBEJEHUE pACIaJacTCsi M B KOHEYHOM HTOI€ HCYE3aeT, Ha3bIBACTCS
nekorepeHunert. MIX KBaHTOBOE COCTOSIHUE YPE3BBIYANMHO Xpymnkoe. Mareiimmas
BUOpaLMsg WM M3MEHEHUE TeMIEepaTypbl—HapYIICHUs], U3BECTHbIE KaK “IIymM” B
KBaHTOBOW peuu, -MOT'YT NNPUBECTH K TOMY, YTO OHH BBINAAYT U3 CYNEPIO3UIINH 10
TOro, kKak ux pabora OyJeT BBHINIOJHEHA JOJDKHBIM o00pa3oM. Bor mouemy
MCCIIEIOBATeNN JENaloT BCE BO3MOXKHOE, YTOOBI 3aIUTUTh KYOUTHI OT BHEIIHETrO
MHpa B 3TUX MEPEOXIIKICHHBIX XOJOAMIbHIUKAX U BAKYYMHBIX KaMepax.

Ho, HecMoTpst Ha uX yCuius, IIYM MO-TIPEKHEMY BBI3bIBAET MHOMXECTBO
OmUOOK B BHUHCICHUAX. HTEMIEKTyaabHbIE KBAaHTOBHIE AJITOPUTMBI MOTYT
KOMIIEHCHUPOBaTh HEKOTOpbIE W3 HUX, W J00aBieHUE OOJBIIEr0 KOJIUYECTBA
KyOuTOB Tarke momoraer. OgHaKo, BEpOSITHO, TOTPEOYIOTCS THICSYM CTaHIAPTHBIX

KyOUTOB, 4TOOBI CO3/1aTh OJMH, BHICOKOHAJCKHBIN, U3BECTHBIA KaK ‘“‘TTOTMYECKUMA”



KyOuT. DTO TNpUBENET K CHIDKCHHIO BBIYUCIUTEIBHOW MOITHOCTH KBaHTOBOTO
KOMITBIOTEPA.

N BoT B ueMm 3arBo3ika: 10 CHUX TMOp HCCIENOBAaTEIN HE CMOIJIU
creHepupoBaTh Oonee 128 craHmapTHBIX KyOuToB (cM. Ham cuetumk KyOWTOB
3nech). Takum oOpa3oM, HaM €€ MHOIO JIET J0 TIOJy4YeHUS KBAaHTOBBIX
KOMITBIOTEPOB, KOTOPBIE OYIyT IIUPOKO MOJIE3HBI.

DOT0 HE pa3pymwio HaaexkAbl IMHOHEPOB HAa TO, YTOOBI TEPBHIMHU

MPOIEMOHCTPUPOBATh “KBAHTOBOE ITPEBOCXOJ/ICTBO .

Pucynok 4 — JlekorepeHuus.

3.6 KBanToBOE ITPEBOCXOICTBO

ODTO TOYKa, B KOTOPOM KBAHTOBBIM KOMIIBIOTED MOXET BBINOJHUTH
MaT€MaTUYECKHE BBIYMCIEHHUS, KOTOpPbIE SIBHO HENOCTYIHBI JAXe CamMoMy
MOIIIHOMY CYTIEpPKOMITBIOTEPY.

J1o cux mop HesICHO, CKOJIbKO UMEHHO KyOUTOB MOTpeOyeTcs i JOCTUKECHHUS
ATOM LN, TOTOMY YTO MCCJEN0BATENN MPOAOHKAIOT HAXOAUTh HOBBIE aJTOPUTMBI
LISt MOBBIILICHUS MPOU3BOAUTEIILHOCTU KJIACCUYECKUX MaIluH, a

CYNEPKOMITBIOTEPHOE 000PYAOBaHUE MPOIOIDKAET yiyqmaTbes. Ho nccnenoparenu



M KOMITAHWHM YIIOPHO Pa0OTaioT, YTOOBI MPETEHJ0BATh HA THUTYJ, MPOBOMAS TECTHI
MIPOTHUB HEKOTOPBIX U3 CAMBIX MOIIHBIX CYMIEPKOMIIBIOTEPOB B MUDE.

B Mwupe wuccienoBaHuii MHOTO CIOPOB O TOM, HAaCKOJBKO 3HAYUTEIbLHBIM
OyneT MJOCTWKEHHWE OTOW BexW. BmecTo TOro, dYroOBl KAaTh OOBSBICHUS
MIPEBOCXOJICTBA, KOMITAHUHU YK€ HAUYMHAIOT AKCIEPUMEHTHPOBATH C KBAHTOBBIMU
KOMITbIOTEpPaMH, CO3JaHHBIMM TaKuMH KommnaHusMmu, kak [IBM, Rigetti u D-Wave,
KaHajckoil ¢upmoit. Kutaiickue gupmbl, Takue kak Alibaba, Taike mpenmaraior
JOCTYIl K KBAaHTOBBIM MalllMHaM. HekoTopble KOMMaHUM MOKYHaloT KBaHTOBBIC
KOMITBIOTEPHI, B TO BpeMs KakK JAPYTHE UCIOJB3YIOT T€, KOTOPHIC JOCTYITHBI Yepe3

00J1aYHbIC BEIYUCIIUTEIHHEIC CCPBHCHI.

Pucynok 5 — KBaHTOBOE MPEBOCXOCTBO.



4 CUMVYJIATOPBI KBAHTOBBIX KOMITBIOTEPOB

Kak Ob110 cKa3aHO BBIIIIE, YHCIO KOMITAHUH, TBITAIOIINXCS PEaTN30BaTh
¢bu3HIecKue KyOUThl, yBEIIMUMUIIOCHh B TIOCTEAHEE BPEMsI, OJJHAKO IIPOUET €IIe MHOTO JIET,
IPEXKe YeM KBaHTOBBIC BEHTWJIH OYyT JOCTYITHBI IJIsl UCTIOIB30BAHUS KOMITBIOTEPHBIMH
YYCHBIMHA/MH)KCHEpaMU. A TIOKa HaM HY>KEH KBAaHTOBBIN KOMIBIOTEPHBIN CUMYJISTOD IS
TIOMCKA HOBBIX aTOPUTMOB. KBaHTOBBIE KOMIIBIOTEPHBIE CUCTEMBI MOTYT OBITH
MaTeMaTUYECKH MPECTaBICHBI C TOMOIIBIO BEKTOPOB U MaTpull. Korna Mel oripezernsem
|0)=(1,0)T u [1) = (0,1)T , onepauus HE myist omHOro KyOuTa MOXET OBITh BRIpaXKEHA C
MOMOIIIBIO 2X2 YHUTApPHON MaTPHIIbI KaK :

© Do=C HE-G-O-n
1 0 1 0/\0 0 1
MBpbI MOXeM MPEICTaBUTh ONEPAINIO IPeoOpa3oBaHusl HAYaIBHOTO yCioBHs |1) B

CYTIEPIIO3HUILIMIO COCTOSHUS |0) — + — |1) C TIOMOIIIBIO MATPHUIIBI:

H:\/ii(—11 D

1 1 1 1
H'|1>=5(_11 1)((1))=5((1))+\/—7((1))‘? \/—|0>+—|1>

B wactHOCTH, 3Ta onepanus U3BECTHA Kak MpeodpazoBanue Anamapa.

Heckonbko KyOUTOB MpeICTaBICHBI Kak TEH30pPHOE MPOU3BEICHHUE IBYX BEKTOPOB
|0) u |1) . duis, HanpumMep, IBYX KyOUTHBIX PE3UCTOPA OHU MPEICTABICHBI CIICTYIONTIM
obOpazom:
100)=10)®[0)=(1 0 0 O)F, [0)=|0)QI1)=((0 1 0 0)F
110) = |)®[0)= (0 0 1 0T, [1)=|1)QI)=(0 0 0 DT
Onepanusa «ymnpasisiemoe HE»
|00) — [00), |01) — |01), [10) — [11),]11) — |10)

[lepBbiit OUT HA3BIBAETCS YIPABIIEMbIM OUTOM, @ BTOPOIl OUT — I1€JIeBBIM OUTOM.

VYuurtapHas matpuna ynpasisembix HE-onepanuii ayist 1Byx KyOUTOB UMEET BU/L:
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Jlst pe3ucTopa u3 n KyOUTOB HY)KHA MaTpulia 2n X 2n. Mbl Takke MOXXeM
OTIPEIETUTh BIMSHUE OMMUOKA Ha KyOuTe (T. €. IepeBOPOT OMTA, CABUT 3HAKA, KaK

NEepEBOPOT OMTA, TaK U CABUT 3HaKa) Kak cymma Matpuusl [laynn:

T R (i SR

TakuM 00pa3oM, UCHOJB3Yys BEKTOPbl U YHUTApHBIE MaTpPUIbl, MOXHO CO31aTh
TEOPETUYECKUN KBAaHTOBBIM KOMIBIOTEP. KOTOPBIN MOAENINpyETCS MaTeEMaTUYECKU. bbL1o
IIPEUIOKEHO U PEAIM30BAHO MHOXKECTBO CHUMYJIATOPOB KBAHTOBBIX KOMIIBIOTEPOB.
HexoTopele uccnenoBaTeny CMOAETUPOBAIM KBAHTOBBIM KOMITBIOTEDP C KOMMEPYECKUMU
MakeTaMu IpOrpaMMHOro obecnedeHus MareMatuku. Hanpumep, YunesiMc npegoctaBui
CUMYJIATOP 3allMCHOM KHM)KKM MaTEMaTHKa. DTOT CHUMYJISITOP IOKa3bIBAET HEKOTOPBIE
OCHOBHBIE OIEpallid Ha KBAHTOBBIX KommbioTepax W Aunroput™ [llopa. 3arem ObLI0O
CO3/1aHO  KOMMEpPUYECKOE MPOrpaMMHOE  OOECHEeUEHUE «CUMYJSTOpP KBAHTOBOTO
KOMITbIOTEPA». ITO MPOrpaMMHOE 00eCTIeUeHHE MO3BOJISET MOJb30BATENAM MOJAEIHPOBATh
MHOKECTBO THUIOBBIX aJIrOpuTMOB (Hampumep, anroput™ Illopa, anroputm I'poBepa) u
pa3paboTaHHbBIE TOJIH30BATENIEM CXEMbI ¢ Tpaduueckum nu3o0pakeHnem ckanbiBaress. C
rpaguueckuM  MOJb30BaTEIbCKUM  HHTepdeiicom.  Teopernueckue  CUMYISITOPBI
KBAaHTOBBIX ~ KOMIIBIOTEPOB, KaK IPAaBWIO, BBIIOJHAKT B  BBICIIEH  CTENEHU
UJCAIM3UPOBaHHbIE YHUTApHbIE orepauuu. Ha mnpakThke yHUTapHbIE ONEpAalMM HaJ
¢usnueckoit cucremoit Oonee cioxHbie. [losTomy Obu1 pa3paboTaH Apyroud TuIl
CUMYJISITOpAa KBAaHTOBOTO KOMIIBIOTEpA, Kak OMYJSATOpP amnmapaTHOro obOecreyeHus
KBaHTOBOT'O KOMIIbIOTEpPA. DTOT THUII SMYJISITOPA UMUTUPYET OoJiee pealuCTUYHbIE MOJIEIH,
CTPOTO CIEAYIOIINE 3aKOHAM KBAaHTOBOW MEXaHUKU. MUXWIBCEH MOJEIUPYET KBAHTOBBIN
KoMIiptoTep, MomA00HBIE NMR. AmnmapatHas 4acTh CUMYNATOpa CMOJEIMPOBAaHA B
TEPMHUHAX KBAHTOBBIX CIIMHOB, KOTOPBIE IBOIFOLIMOHUPYIOT BO BPEMEHHU B COOTBETCTBUU C
3aBHCSIIMM OT BpeMeHHu ypaBHeHueM [lpénunrepa. OOmiast u cymiecTBeHHas mpodiiema

CUMYJATOPOB KBAHTOBBLIX KOMIIBIOTCPOB 3aKIOYACTCAd B HX HECIIOCOOHOCTH JJIA



MOJCIUPOBAHUSI KBAaHTOBBIX KOMITBIOTEPOB C OOJBIIMM  KOJMYECTBOM KyOWTOB
(manpumep, 500, 1000 u 6omee, OUTHI, HEOOXOAUMBIC I alropuT™Ma mudpoBanus RSA).
Jlis mpenacTaBieHus OOJBIIOTO KOJUYECTBA KYyOHTOB TpeOyeTcsi 3KCIOHEHIIMATBHO
Oonpimas mamsaTh. [loaTOMy, KOrma Mbl MOJEITMPYEM KBAHTOBBIN KOMITBIOTEP ¢ OOJIBITUM
KOJIMYECTBOM KYyOWTOB, HaM HYXXHO HCIOJb30BaTh IapaJJICIbHBI  KOMITBIOTED.
Hanpumep, kBaHTOBBI KoMmmboTep 10 30 KyOMTOB OBUT CMOJCIHMPOBAH C

HUCIIOJIb30BaHHUECM 8-HpoueccopH0r0 MMapaJuICJIbHOIO KOMIIBIOTCPA



5 AJI'OPUTM HIOPA 1 YPABHEHUE HIPEHIMHI'EPA

OTOT aJITOPUTM CO3/aH, [Jis (hakTOpU3alMK IUCKpeTHOTO Jorapudma. [Ipoire
rOBOpsI, pa30MEHNs, KAKOT0 TO YUCJIa HA COCTABIIAIONIME MHOXUTENH, Harpumep 15, 3To 5
n3,wm3usSuT.m
Anroputm I'poBepa.

AJNTOPUTM pellieHUs 3a/1a4uu MeToioM Tiepedopa. T.e. moucka pelieHust ypaBHEHUS.
F(X) =1, rne F — ectb OyneBa ¢hyHKIMS OT h IEPEMEHHBIX.

Anroputm ['poBepa MOXKET OBITh HCIOJIL30BaH JJi1 HAXOXJCHHUS MEAWaHbl U
CpelHero apu(pmMeTHIecKoro 4ucioBoro psga. Kpome Toro, oH MOXKET NMPUMEHSTHCS IS
peumieauss NP-monHBIX 3a7ad IMyTE€M HCUEPNBIBAIOLIETO IMOWCKA CPEId MHOMXKECTBA
BO3MOKHBIX PEHICHUH. OTO MOXKET IMOBJIE€Yb 3HAYUTEIBHBIN MPUPOCT CKOPOCTH IO
CPaBHEHHI0O C  KIACCMYECKHMMHU  aTOPUTMAMH, XOTS M  HE  MPEIOCTaBIISISA
«MOJIMHOMUAJIBHOTO PEIICHUs» B 00IIEM BUJIE.

VYpasuenue lllpenunrepa — onHOMEpHOE cTanMoHapHOe ypaBHeHue lllpenunrepa —
CaMbIil IPOCTOM. 371€Ch X - PACCTOSIHUE WJIM KOOPAMHATA YAaCTHUIlbl, M - MAacca YacCTHUIIbI,
E wu U - COOTBETCTBEHHO €€ MOJHAs W MOTCHIUAalbHAasi >HEpruu. Pelienue 3Toro
ypaBHEHUSI — BOJHOBas (QyHKIUS (mcu) BonHoBas (QyHKIUA — emie OJHO
(dbyHIaMEeHTaIbHOE MOHATUE B KBAaHTOBOW MexaHuke. Tak, y m1000il KBAHTOBOM CUCTEMBI,
HaXOJIAIIEHCS B KaKOM-TO COCTOSIHUU, €CTh BOJHOBas (DYHKIIMSI, OMUCHIBAIONIAS JAHHOE
cocTtositHue. Hampumep, mpu pelIeHUH OJAHOMEPHOTO CTAlMOHAPHOTO YpaBHEHHS
[Ipenunrepa BoJHOBasE (YHKIMS OMKMCHIBAET IMOJOXKEHUE YacCTUIIBI B IPOCTPAHCTRBE.
TouHee TOBOpsl, BEPOSATHOCTh HAXOXKICHUS YaCTHUIIBl B  OINPEICICHHONW TOYKE
npoctpadcTBa. MubiMu cinoamu, [lIpeaunrep mokaszaj, 4TO BEPOATHOCTh MOXKET OBITh

onrcaHa BOJIHOBBIM YPABHCHUCM.



6 UMUTALIA U BU3YAJIM3ALIUA 9JIEMEHTOB KBAHTOBOI'O
KOMIIBIOTEPA C ITOMOIIBIO UTPbI

[Toctpoerne MocTa MEXIy KOHEYHBIMUA TIOJMB30BATEISIMH W KBaHTOBBIMU
BBIUMCIICHUSIMA C TIOMOIIBIO BU3YalbHBIX, MPOCTHIX B HWCIOJIB30BAHWU WHCTPYMEHTOB
pa3paboTKu MPOTPaMMHOTO 0OeCTIeYeHHUSI.

B 3T0i1 urpe ucnonp3yroTcs Takue dJIEMEHTHI Kak: Jla3ep, IeTEKTOp, BCCHANPaBICHHBIH
nerekTop, ROK (momexa), muHa (ommOKa), 3epKajo, YIrJIOBOW KyO, pa3JIeiuTelb JIyua,
MOJISIPU3AIIMOHHBIA  pa3BETBUTENb JIyda, pacTBOp caxapa, Bpamarens Dapajes,
NOJISIPU3aTOp, BOJHOBAs IUIACTHHA, BaKyyMHas OaHka, absorber (¢puibTp, moriomarommi

50% cBerta).

6.1 Jlazep

OnHOOTOHHBIE HCTOYHUKH IIO3BOJISIOT IMPOU3BOAUTH OTACIbHBIC (DOTOHEI.
OnuHouHBbIE (POTOHBI MMEIOT XapaKTepHOE KBAHTOBOE MoBeneHue. OAUMHOYHbIC (DOTOHBI
ObUIM co3/aHbl coBceM HemaBHO, B 1970-x romax. OHM SBISIOTCS “‘KBAaHTOM , WU
HAMMEHBIIEH €IUHUIEH 3JIEKTPOMArHUTHOTO TOJIS.

B OonblMHCTBE CydaeB CYIIECTBYET CHUCTEMa, KOTOpash MCIycKaeT oAuH (HOTOH
MpU OMpeNesICeHHOM Tpolrecce. HekoTopble cUCTEMBI, KOTOPbIE MOTYT MPOU3BOIAUTH
OJIMHOYHBIE (DOTOHBI, SIBJISIFOTCS 3aXBaYCHHBIMU HOHAMHU, OCJIA0JICHHBIMHU ITy4YKaMHU aTOMOB
HATpHs, MOJICKYJIaMU TICHTAIleHa U 0oJiee TO3THUMH IIEHTPaMH BaKaHCUH a30Ta B aaMmase,
KBAHTOBBIX TOYKAaX U JIBYMEPHBIX MaTepHUaliax.

OmHuUM W3 MPOIECCOB, C MOMOIIBI0O KOTOPBIX MOTYT OBITh CO3JaHbl OJUHOYHBIC
(hOTOHBI, SBISICTCSA TapaMeTPUUYSCKOE MOHMXKaroIIee mpeodpa3zoBanrne. B aToM mporecce
oauH (OTOH, KOTOPHIA B3aWMOJICUCTBYET C HEJIMHEHHBIM KPHUCTAJNIOM, MOXET OBITh
pazjienieH Ha Ba ¢oTOHA, 1 HA0OOPOT.

OpuHouHbIE (HOTOHBI OOBIYHO WCIIONB3YIOTCS B KBAaHTOBBIX HH(OPMAIMOHHBIX
71a00paTOPHUAX, OHHU SIBJISIIOTCS TJIABHBIMU TE€POSMHU HKCIEPUMEHTOB IO TECTUPOBAHUIO

benna u kBaHTOBOM KpunTorpaduu.



6.2 lerexTop

On oOHapyxuBaeT 000N (OTOH, KOTOPHIM MaJaeT Ha HEro, npeodpasys €ro B
AJIEKTPUYECKUN CUTHAI.

Hekoropsle mr0au yTBEPKIAIOT, YTO MBI, JIIOAW, €CIM MBI JEHCTBUTEIBHO
pacTsIruBaeM HallM TIJa3a, MOXEM OOHAapyXWUThb Jaxe OAMHOYHbIE (OTOHBL “Camoe
YAUBUTENBHOE, YTO 3TO HE MOX0KE HAa BUAEHUE CBETA. DTO MMOYTH OLIYLIEHUE, HA TIOPOTe
BooOpaxkeHus”. [loiimath onuH poToH - orpomMHas 3anaya! K cuacTtelo, yueHble paboTanu
Ha HaC U IPUAYMaIX MHOKECTBO YCTPOMCTB, KOTOPBIE MOTYT BOCIIPUHUMATB BCETO OJIMH
¢dboToH.

OnHuM U3 HamOoJiee paclpOCTPAHEHHBIX OJHO(POTOHHBIX JAETEKTOPOB SBISETCS
TpyOKa (POTOYMHOXHTENA. IDTO YCTPOMCTBO, KOTOPOE MOMKET MEPEBOAUTH (POTOHBI,
KOTOPBIE SBIISIIOTCSA CBETOM, B DJIEKTPUYECTBO, KOTOPOE MOYKHO TOYHO U3MEPUTH.

Bpsa 1M KTO-TO U3 HAC HYXKIAETCA B TAKOM YCTPOMCTBE B HAIIEW MOBCEIHEBHOU
KU3HHU, 0OBIYHO BOKPYT HAC CIUIIKOM MHOT'O CBETa, YTOOBI Mbl MOTJIM BUAETh OJIMHOYHbBIE
¢otonbpl. TeM He MeHee, AETEKTOPbl OJMHOYHBIX (POTOHOB IIUPOKO HCHOJB3YIOTCS B
nabopaTopun KBaHTOBOUM pu3uku. C Ipyroil CTOPOHbBI, Mbl HAXOAUM YCTPOMCTBA, KOTOPHIE
[IPEBPAILAIOT CBET B AJIEKTPUYECTBO BOKPYI HAC, HAIIPUMEP, 3TO UMEHHO TO, YTO JEIAI0T
COJIHEYHBIEC [TAHEIIN.

DOTOYMHOKHUTENH, Takke HasbiBaecMble PMTS, MoryT ymHOXaTh HCXOIHBINA TOK B

100 MuIMOHOB pas.

DOTOYMHOKUTENbHBIE TPYOKH OBUIM TEPBBIM ‘‘AIEKTPUYECKUM TJa3oM~ U Ha
CErOJHSLIHUN JCHb SBJSIOTCS OJHUM M3 HanOoJiee YacTO MCHOJIb3YEMbIX YCTPOUCTB IS
noacuera (oroHoB. M TOT akT, YTO MBI MOXKEM cyuTaTh (OTOHBI, eIme pas
JEMOHCTPUPYET, 4YTO OWHIITEHMH OBbUT MpaB, CBET-3TO HE TOJbKO BOJIHA, HO H
KBAaHTOBAHHAS 4aCTHULA.

PMTS, nHapsny ¢ ApyruMu TUNAMHU JETEKTOPOB cyeTa (POTOHOB, TAaKUMHU Kak
(OTOXMMHMUYECKHE M TEIUIOBbIE JETEKTOPBl, WIMPOKO MCIONb3YIOTCS B (U3MUYECKUX
naboparopusx. Bo MHOrMX 3KCIIEpUMEHTaX MO KBAHTOBOW (PU3UKE MBI JOJKHBI YMETh

CUUTAaTb HUCIIYCKACMbIC (1)OTOHBI. M oHu Takxke HCITIOJIB3YIOTCA OJIA O6Hap}7)K€HI/IH O4YCHb



c1a0bIX CUT'HAJIOB, HAIIpUMCpP, OT HPOXOIAINIHNX HeﬁTpHHO, TAKUX KaK B JKCIICPUMCHTC

superkamiokande, koTopslii mpeAcTaBigeT COOOH OTrPOMHYIO TOI3EMHYIO Kamepy,

Pucynox 6 — [Tog3zeMHas kamepa, 3amoJTHEHHAsT BOJOW | MOJTHOCTHIO MOKphIiTass PMTS.

6.3 MuHna (ommoka)

Muna — QorouyBcTBUTENBHAS O0MOa, KOTOpas, B ciydae momaaaHus (OTOHa,
BBIJIACT OIINOKY.

B 3aBucumocTH OT Baliero MHUPOBO33PEHHS, JTUOO €CTh CIIy4alHBIM IIAaHC, YTO
O6omMOa B30pBETCS WM HET (HANpPUMEpP, B KOTMEHTareHCKOW WHTEPIpPETAlid U3MEPEHUs),
7100 eCTh JBa SKBUBAJICHTHBIX MHpa - OJWH, B KOTOPOM OHa B3pHIBACTCS, W OJWH, B

KOTOpPOM OHa HE B3pbIBAETCs (HaIlpuMep, B MHOTOMUPOBOW MHTEPIIPETALUN DBEPETTA).

6.4 3epkano

3epkano - 3T0 OOBEKT, KOTOPBIA OTpaXkaeT NaJaloIIMi CBET, COXPAHSsl CBOH

CBOMCTBA.



3epKajio OTPaXKaeT CBET, IPUYEM YTOJI MMAJI€HUSI COBIAJAET C YIJIOM OTPaKEHUS.

Pucynox 7 — 3epkaiio.

6.5 Paznenurens myya

Onrtryeckre ycTpoNUCTBa, UCHOIb3yEMbIE Ul Pa3/ieieHUs] OJTHOTO Jy4a Ja3epHOro
CBETa Ha J[Ba JIy4a WIH JUIsl peKOMOMHALIUY ABYX JIydel B OJIMH.

CBeTonenuTeNu - 3TO ONTHUYECKHUE YCTPOICTBA, HCIOJIb3yeMble AJS pa3esieHUs
OJIHOTO JIyda JIa3epHOr0 CBETa Ha JBa Jy4a, HE3aBUCUMO OT MOJISPU3ALUHU BXOSIIETO
cBeta. Eciu nBa ucxoasmux jiydya UMEIOT OJMHAKOBYIO HHTEHCUBHOCTb, 3TO Ha3bIBACTCS
50-50 beamsplitter. 9T0 COOTHOIIEHHE MEXAY UHTEHCUBHOCTBIO JIBYX JIy4eil MOXKET ObITh
HAaCTPOEHO MPOU3BOJIBHO, YTOOBI TMOJY4YUTh OOJbIIE CBETa, MPOXOIALIETO, YEM
OTPa)KEHHOT0, MJIM HA000pOT. CBETOJENUTENN TaKKe MOXKHO HCIIOJIb30BaTh B 0OpPaTHOM
nopsizike, 4T00bl PEeKOMOMHHUPOBATSH JIBA JTy4a B OJIUH.

CBeToaenuTeNny UCHOIb3YIOTCS B MHTEp(hepomeTpax.



Pucynok 8— Paznenutens nyya.

Cetonenutenu SBISIIOTCA (DyHIaMEHTAIbHBIM ONTHYECKUM DJIEMEHTOM BO BCEX
7a00paTOPUAX ONTUKHU M KBAaHTOBOU (m3uku. OHU OOBIYHO MCIOJIB3YIOTCS JI CO3AaHUs
OOJIBIIIETO KOJMYECTBA JIydel M3 OJHOTO BXOMSIIETo Jyda, TaK YTO JIBa UCXOJSAIIUX JIyda
MOTYT OBITh PEKOMOMHHMPOBAHBI MO3KE TOCIE TOro, Kak OJWH W3 HUX IOJBEPrcs

JTATbHEUIIIUM MaHUITYJISIUSIM.



6.6 IlpumeHeHrEe 371EMEHTOB B UTPE

PucyHok 9 — DiieMeHTHI.

[IpumepHO 3TO BBl YBUAUTE Ha OJHOM M3 ypoBHEW. B 511000M M3 ypOBHEH IaHbI
pa3HbIE 3JIEMEHTHI I PEUIEHUS TOJIOBOJIOMKH. OHUM pacnoJioKeHbl XaoTHYHO. HykHO

PaCIIOJIOKUTH DJIEMEHTHI, TAKUM 00pa3oM, 4YTOObI (DOTOH JOIIET A0 MPUHUMATEIIS.

Pucynox 10 — IIpaBuiibHOE pacnosioKeHHE.



Pucynok 11 — Xoa BBINOJIHEHHS alTOpUTMA.



7 IPUMEHEHUE KBAHTOBBIX BEIUMCJIEHNM

1. KBaHTOBBIEC BBIUUCIIEHUS B KOMMYHUKAILIUH

Ceronnst 0€30IaCHOCTh JTAHHBIX SIBJIAETCS OOJIBIION MPOOJEMONl W JJIA UX 3aIIUThI
JaHHBIE B 3alIM(POBAHHOM BHJIE MEPEIAIOTCA MO BOJOKOHHO-ONTUYECKUM KaOesiM W
ApYTUM KaHajlaM BMecTe ¢ LU(POBBIMU KIIIOYaMH JUIsl pacmm@poBku data Ha KOHIE
npueMHHKa. J[aHHBIE ¥ KIIOYM OTIPABISIOTCS KaK KJIACCHUYECKUE OMTHI, M 3TO JIENaeT UX
YSI3BUMBIMH JJIs1 aTaKU. Y MHBIE XaKEpbl MOKET YUTaTh U KOMUPOBATh OMTHI MEXAY HUMH,
HE OCTaBJIsIsl HUKAKUX cienoB. KBaHTOBBIE BBIUMCICHUS HCIIONB3YIOT 3aKOHBI KBAHTOBOU
¢bu3ukM g 3aMThl JaHHbIX. MHpopManus uinu JaHHbIE B KBAHTOBBIX BBIUMCIICHUAX
OTIIPABJISIIOTCSL C TIOMOIIBIO KyOMTOB. DTH KyOWUTBI MOTYT HAXOAUTHCS B COCTOSHHUH
CYTIEPIO3HIIMSI, YTO O3HAYAeT, YTO OH MOXKET MPEJCTaBISITh HECKOJIbKO KOMOWHAITHIA
HyJIeH U €IMHULBI OJTHOBPEMEHHO, €CJIM KaKOH-TH00 XaKep MOIbITAETCS MOJIYYUTh K HUM
JOCTYIl MEXIY WX CBEPXUYBCTBUTEIHHBIMH KBAHTOBOE COCTOSIHME KOJUIAIICHPYET M0
€IMHHULIBI WK HYJIA. DTO 03HAYAEeT, YTO XaKep HE MOXKET YKPACTh JJaHHBIE B MEX]Ly HUMH,
HE OCTaBJIsIsl HUKAKUX CJIEJIOB.

2. KBaHTOBbIEC BHIYHCICHUS B TEICMOPTAIUH

Tenenopranus — 3To Ha3BaHUE, JAHHOE HAYKOW MucaTenn-PaHTacThl K aKTy 3aCTaBUTh
OOBEKT pacmanaThCs B OJJHOM MECTE, B TO BPEeMsI KaK COBEPIICHHBIN KOMUS MOSBISETCS
rie-To emie. OTO OCHOBAaHO Ha SBJICHUHU, HA3bIBAEMOM KBAHTOBBIM. 3allyTaHHOCTb.
KBanroBas tenenopraius paboTaeT myTeM CO3[aHMsl 3allyTaHHOM Mapbl OTOHOB U 3aTEM
OTIIPaBKa OJHOTO IOJIydaTelso, a JApyroro moiydaremo. Korma ormpaBuTens moiydaer
CBOM 3aIllyTaHHbIE (DOTOH, OH IMO3BOJISIET €My B3aMMOJAEWCTBOBATH C KyOWTOM MaMsTH,
KOTOPBI COJCPKUT JaHHBIE, KOTOPHIE OH XOYeT OTMPaBUTh B MNPHEMHHUK. ITO
B3aMMOJICHCTBHE M3MEHSET COCTOSIHHE (POTOHA OTIPABUTEINSA, a TaKXKe MOTOMY, YTO OH
3amyTaH. C¢ ToMmomibio perenrtaver's @OTOH Takke OyneT H3MEHEH u3-3a 3TOro
B3aumoeiicteuga. B B 2014 roxy y4eHsble yCHENIHO MPOAEMOHCTPHUPOBAIM KBAHTOBYIO
TenenopTanuio Ha pacctossHuM 10 GyTOB ¢ HE3HAYUTENBHON MOTPEUTHOCTHIO.

3. KBaHTOBBIE BBEIYMCIIEHUS AJIs1 OTKPBITUA JICKAPCTB



KBaHTOBBIE KOMITBIOTEPHI HCMOJB3YIOT KYOUTBHI, KOTOpPbIE MOTYT OBITh YaCTHYHO
HYJICBBIM W YaCTUYHO EIUHUIICH OJHOBpeMEHHO. Bmecto TOro urtoObl paboTaTth B
U30JISIUU, 9TU KyOWTBI 3allyThIBAIOTCS U JACHCTBYIOT Kak TIpyIa, 3TO JAaeT 3TUM
KOMITIBIOTEpaM OKCIIOHEHIIMAIbHO OoJiee BBICOKAas CKOPOCTh, YEM Y KJIACCHUECKUX
KOMITbIOTEpOB. MojieTupoBaHie MEHUIWUIMHA Ha KJIACCMYECKOM KOMIIbIOTEpE TyOiib
1086 6uT, 1 3TO MOXKET OBITH Bcero 286 KyOMTOB Ha KBAHTOBOM KOMITBIOTEPE.

4. KsanToBas kpunrorpadusi-

KBanToBast kpunrorpadus - Kpunrorpadus - 3To nporecc muppoBaHus TaHHBIX WU
npeoOpa3zoBaHusi OOBIYHOTO TEKCTa B 3alIU(PPOBAHHBIN TEKCT, YTOOBI €r0 MOT MPOYUTAThH
TOJIBKO TOT, Y KOTO €CTh MPaBWIBHBIN KU JJIs1 paciippoBKH TekcTa. KBaHToBas
Kpurnrorpadusi UCIoJIb3yeT MPUHIIUIBI KBAHTOBOM MEXaHUKHU JIJIsl ITUGPOBAHUS TAHHBIX U
nepeayu JaHHBIX CIIOCOOOM, KOTOPBIM HEBO3MOXKHO B3JIOMaTh. UTOOBI MOHSATH, Kak
paboTaeT kBaHTOBas KpunTorpadus WIM KBAHTOBOE MmHM(poBaHUE, HaBalTe BO3bMEM
npuMep ABYX Jpy3ei mo umeHu Anuca u bo6. Amuca - 3T0 OTIpaBUTENb, KOTOPBIM XOYET
OTHPABUTH CEKpeTHOE coodieHne booy.C momoIibpio KBAaHTOBOTO paclpeieSICHHs KITIoue
(QKD) Aunuca mochuUiaeT CEpHI0 MOJSPU30BAHHBIX (POTOHOB MO BOJOKHYONTHYECKUN
kabenb K boOy. DTOT BOJIOKOHHO-ONTHUYECKUN Kabellb He 00s3aTelbHO JOJDKEH OBITh
0e30macHbIM, MOTOMY 4YTO (DOTOHBI UMEIOT PAaHIOMH3UPOBAHHOE KBAHTOBOE COCTOSHUE.
Ecnmu xakep mo mmenu EBa mombiTaercss TaiiHO MPOYMTATh COOOIICHHWE, €M MpuaeTcs
MPOYUTATh KK (POTOH, YTOOBI MPOYUTATh COOOIIEHUE. 3aTeM OHa JOJDKHA MepelaTh
sToT doToH boOy, mosTomy EBa HeoCO3HAHHO M3MEHSET KBAHTOBOE COCTOsIHHE (DOTOHA,
YTO BHOCHUT OIIMOKHM B KBAaHTOBBINA KJIHOY. DTO Npeaynpexaaer boda u Aigucy o Tom, 4To
KTO-TO YHUTAae€T MX COOOIEHWEe M KIOY ObUT CKOMIPOMETHUPOBAH, MO3TOMY OHHU
orOpaceiBaloT KoY. Temepp Aunca OTHpPAaBIS€T HOBBIM KIIOY, KOTOPBIM HE

CKOMITPOMETHPOBaH, 4T00bI B0O MOT MpouYnTaTh CEKPETHOE COOOIIECHHE.



3AKJIIOYEHUE

Tak kKak KBaHTOBbIC BBIYHMCICHHS, MOTYT MPHUHECTH YEJIOBEUECTBY HEBEPOSTHBIN
MOJbEM B TEXHOJIOTHYECKOM MPOTPECcce, X M3ydaloT MHOTHE KOMIIAHUW THUTAHTHI, TAKWE
kak: Google u IBM. B 2019 roay xomnanus Google, 00bsiBHIIa, 4TO JOCTHUIIA KBAHTOBOI'O
MPEBOCXOJCTBA, YTO O3HAYAJI0 BIEPBBIC KBAHTOBBI KOMITBIOTEP, TMIPEB3OIIEI
KjIaccuueckuii. Ho 3To JHUIIb MO BBRIYUCIUTENHHON MOIHOCTH, KOTOPYIO TTOKa HE MOTYT
MPaBUJILHO UCIOJIb30BaTh. KBaHTOBBIE KOMIIBIOTEPHI, TOJBKO POAMINUCH, U HE JOCTATOYHO
CO3peNid, W WM TOTPEOYIOTCS MHOTHE MACCATHICTHS IS CMEHBI, KIIACCHYECKHX

KOMITBIOTEPOB.
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