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[Monapusanuonusie cocToAHUA GOTOHA ABIAIOTCA Haubolee eCTECTBEHHBIMU CTENeHAMU CBOOOIB! I KOIU-
pOBaHUA KilaccuyecKUX 6uUT nHGopmanuu. [IByMepHOCThL IPOCTPAHCTBA COCTOAHUIM, CBA3AHHOIO C NOJAPU3aLH-
OHHBIMU CTeNeHAMHU cBo6oabl GoToHA, HeJOCTaTOYHA AJAA MHOTHX 3ajady Iepefadyu MH(GoOpMaunuy IpU IOMOIIU
KBaHTOBBIX cocTofHuil. B paboTe mpenmaraeTcs MCHOIL30BaTh [OAAPHU3AlHOHHBIE CTENEHU CBOOOABI KOMIIO-
3UTHBIX COCTOAHWI (POTOHOB (IONAPU3ALMOHHBIX KYTPUTOB) MIA CEKPETHOH Nepefayn KpUNTOrpaduvecKux

RIIOYei.

BBengenue. Ha ceropHaAmHuil JeHb KUCNONb30BaHUe
KBaHTOBBIX COCTOAHMI OTHeNbHbIX (DOTOHOB [ 3allu-
IIeHHO! nepejayu KMHGbOpPManuMu MO KBAaHTOBBIM KaHa-
JaM CBfi3U WHTEHCHUBHO HCClelyeTcA KaK TeopeTHh4Yec-
KU, TaK ¥ 3KcHepuMeHTanbHO. B pe3ynbTaTe BO3HUK-
JY IPOTOTHUIIBI CUCTEM KBAaHTOBOIO pacnpejeleHnAa KiIko-
yeli, CEKPeTHOCTb KOTOPBIX rapaHTupyerca GyHAaMeH-
TalbHBIMU 3alpeTaMi KBaHTOBOII MeXaHMKM Ha KONU-
pOBaHME M Pa3diUYMMOCTh KBAHTOBBIX COCTOAHMM [1—4].
Xora ¢yHOaMeHTalbHbIe 3aKOHBI NPHPOABI U rapaHTH-
PYIOT CTOMKOCTb TAKUX CUCTEM, CyL[eCTBYIOLIEe TeXHO-
JoruvyecKkue orpaHn4eHnsA, CBA3aHHbIE B OCHOBHOM C OT-
CyTCTBHEM OAHO(DOTOHHBIX MCTOYHMKOB M XapaKTepuc-
TAKaMU{ NTaBUHHBIX (POTOLETEKTOPOB, MOT'YT IPUBOAUTH
K yA3BHUMOCTU JaHHBIX CHCTEM IO OTHOLIEHWIO K PALY
arak [4]. YAsBuMocTh GbLIa OPOZEMOHCTPHPOBAHA A
HEKOTOPBIX CHCTeM 3KcnepumeHTanbHo [5]. Hortepu B
JMHUU CBA3M NPUBONAT K OCpaHMYEHUAM Ha Npeleib-
HYIO JUIMHY JUHUH CBA3U, IPU KOTOPOH rapaHTUpPyeTCHA
cekpeTHocTh Kiroueit. Hpu Gonpmux morepsax (coorser-
CTBEHHO, JJIWHE JIUHUU) M3-3a NMOTIoeHus (HOTOHOB B
KaHajle JOTOAeTEeKTOP HAYMHAaeT PerucTpPUupoBaTh CoOCT-
BeHHble TEMHOBbIE IIyMbl, KOTOPble NMPUBOJAT K OLIKO-
KaM B MH(MOPMAaIMOHHOH IOClel0BaTEeIbHOCTA Ha MpHU-
eMHO#1 cTopoHe. JI1060#i NpOTOKON KBAaHTOBON KPUIITO-
rpapuy rapaHTupyeT CeKPeTHOCTb, TOJIbKO €CIU Belu-
yyHa omMOKYM He NpeBbIlIaeT ONpeleleHHOro 3HaYeHUs
(o6bruno < 20%) [4]. Helto 3aTpaueHo HeMalno yCHIHiA
TEeOPeTUKOB N0 MoAu(HKaUU CUCTEM KBaHTOBOW KpuI-
Torpaduu C Lelbl0 yBeJIWUYUTb KPUTHUUYECKYIO OMHUOKY
[4]. HepBblit [OBOIbHO 0YeBUAHBIH 1 MOAPOGHO HccIeno-
BaHHBIN cnoco0 yBeln4YeHUA KPUTUYECKOH omubKU Cco-
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CTOUT B yBelMUYeHNH pa3MepHocTH N NpPOCTpaHCTBa CO-
croauuit N = dim# kBaHTOBOi1 cucteMbl. Hpu stom
npubnukeHne KPUTHYECKON OWKMOKM K TeopeTHdYecKu
mocTukuMoMy mpefeny B 50% NpoMCXOOUT HoCTaTOU-
Ho memienno (o< 1/+/N) [6]. BrTopoii cmoco6 ysemuue-
HUA KPUTUYECKOH OUIMOKM COCTOUT B yBeIUYEHUN UKC-
na 6a3ucoB, B KOTOPHIX [PUTOTaBIMBAIOTCA MH(OPMa-
LIMOHHbIE KBaHTOBbIe cocTofAHUA. HpubinmeHue K Te-
OpeTHYecKOMy Mpefielly MO KPUTHYEeCKOH omubKe mpo-
HCXOAUT MO JorapudMudeckoMy 3aKoHy OT uuciaa Oa-
3ucoB. OpHako mpu GonbIIOM yucie 6a3uCOB U3-3a OT-
GpacbIBaHMA MOCHUIOK ¢ HecoBmajaolumu 6asucaMu Ha
IpUEeMHOIl U Nepefaiolieil cTopoHe magaeT 3(deKTus-
HocTh nepegaun. Hpu mepepgaue Kiroueil depe3 OTKpbI-
TOe MPOCTPAHCTBO (B OTIMYKME OT ONTOBONOKHA, Ifie CO-
CTOAHME NONAPHU3aLNY He COXPaHAeTCA [P PacnpocTpa-
HeHuH) Haubollee yNOOHBIMU U €CTECTBEHHBIMH CTelle-
HAMM cBOGOJbI, B KOTOpble KOAUPYIOTCA KiIacCHYecKHe
OMTHI, ABIAIOTCA MOIAPU3ALNOHHbIE CTENeHH CBOGOABI
dorona. OkasbiBaeTcA, YTO AOCTUYb TEOPETUYECKOrO
npefena Mo KPUTUYECKOH omHUOKe MOMHO yiKe DU KO-
HEYHO} pa3MepHOCTH [POCTPAHCTBA COCTOAHUI KBaHTO-
Boii cucteMbl H = 3, a He acumMnToTU4eckyu mo N, Kak B
npocTpaHcTBax Goabmioii paamepHoctu [6]. OnHaro pas-
MEpHOCTH TPOCTPaHCTBA COCTOAHUI, CBA3AHHOIO C IO-
JAPU3aLMOHHBIMU CTENEHAMM CBOOOABI OZMHOYHBIX (o-
TOHOB, HEIOCTATOYHO, [OCKOIbKY OHO fABIAETCA BCETO
JuuIb AByMepHBIM (NP 3ajaHHOM HalpaBleHUH Pacripo-
CTpaHeHu).

Oaun m3 cnoco6oB pelreHHsA Opo6GiaeMbl yBelnde-
HHA pPa3MepPHOCTH IPOCTPaHCTBa COCTOAHHUI 3aKI0YaeT-
cA B HCIOJIb30BAHUHM KBaHTOBBIX COCTOAHMI COCTaBHBIX



368 C.II. Kynux, C.II. MomoTkoB, U. B. IlagueHko

(kommo3uTHBIX) YacTuy — map (oToHOB (6UPOTOHOB-
KYTDHTOB).

Hama mpges coctout B ToM, 4To nHGOpPMAaLHUA 0 KIIO-
Yye KOJUPYeTCA B pasHble COCTOAHUA MONAPU3ANUU KOM-
IIO3UTHOH YacTHUObI KaK [eJoH, IpeacTaBilAmomeil coboii
napy GoTOHOB — monfgpusanuoHHbIf KyTpuT. Hasmep-
HOCTH NMPOCTPAHCTBAa COCTOAHUI KYTpPUTa Kak pa3 paB-
Ha dim(Horr) = 3. Takue napbl KOppenNpPOBAHHBIX
(OTOHOB BO3HMKAIOT B Ipolleccax CIOHTAHHOI'O mHapa-
MeTpUYecKoro paccefnus (KoHBepcuu) (OTOHOB BHU3
no sHepruu. BmnepBeie Takoil mpoliecc reHepauuu 6u-
¢oToHoB Gbin mpexackasaH Teoperuuecku I H.Kapimko
[7], a 3aTeM HccllefoBaH SKCIEPUMEHTANbHO B IpyIIe
A H.Henuna [8]. Hpouenypa uamepenus, kotopas ¢op-
MallbHO CBOJUTCA K NPOELUPOBAHUIO Ha Pa3ilN4HbIE CO-
CTOAHMA Napbl HOTOHOB, NONKHA OTINYATh pasHble MH-
¢opManoHHbIE COCTOAHUA KOMIO3UTHON YacTHUIBI, a
TaKsKe M00ble BO3MYIIEHUA 3TUX COCTOAHU, BO3HUKAIO-
M€ NpY BTOPKeHUU B KaHan cBA3u. CxeMa u3MepeHHIt
COCTaBHBIX YacTHI] ABIAETCA HEeTpUBHATbHOH. [leno B
TOM, YTO KOHEYHad CTagud U3MEPEHUA COCTOAHMI GoTo-
HOB, B TOM uucie 1 6M(POTOHOB, CBOOUTCA K (POTOLETEK-
TupoBanuio. CoBpeMeHHble GOTOAETEKTOPHI, paGoTaio-
mue B peuMe cUeTa OTAEILHBIX (DOTOHOB, He pa3nuya-
IOT 4uclIo (OTOHOB, T.e. He MOT'YT OTIMYUTH OJHO(DO-
TOHHBIE COCTOAIHUA OT ABYX(oTOoHHBIX U T.n. HoaTomy
IpUXOJUTCA NpuberaTh K cCXeMaM COBNAaJeHUA OTCUYETOB
npu GOTONeTeKTUPOBAaHUM U NPeIBapUTENbHBIM Mpeod-
pa3oBaHUAM KBaHTOBBIX COCTOAHUIL.

CxemMa KBaHTOBOIO pacnpejejleHUA KIOYell Ha
KyTputax. Huxe npuBegeHa cxeMa KBaHTOBOI KpHII-
Torpaduu Ha KyTpUTaX, B KOTOpPOU NOCTUraeTcA Teo-
peTuyecKUil mpeden Mo KpuTudeckod omubxe B 50%.
KBaHnToBOe cocTosHMe ofmero BHAa ANA KyTpUTa B
YaCcTOTHO-BBIPOMAEHHOM CIy4yae UMEET BUJ

3
®) = 1 [HH) + c2|[HV) + ¢s|VV), D |eif* =1,
i=1
(1)

roe |uv) = afa;|vac) — GozeBcKUe OmepaTOPhI Poje-
HUA (DOTOHOB B MONAPU3ALUOHHBIX COCTOAHUAX, W,V =
H,V — ropusoHTaibHasa ¥ BepTHKAIbHaA NOIAPU3ALNL
¢orona. HasMepHOCTb IPOCTpPaHCTBA COCTOAHMUM, CBf-
3aHHOTO C MONAPU3ALUOHHBIMY CTENEHAMU CBOOOABI (Po-
ToHa, paBHa dim(H) = 2. [lua mapei ¢(OTOHOB B
YacTOTHO-BBIPOKIEHHOM Cilyyae (4acTOThl M Hampabile-
HUA pacnpocTpaHeHWs COBNAAIOT) IPOCTPAHCTBO CO-
CTOAIHMI IpejcTaBiIfAeT co00i CMMMeTPU30BaHHOE TEeH-
30pHOe mpou3BeleHHe (KaK CIEACTBHE CUMMETPHU OT-
HOCUTENbHO NepecTaHoBKu dwactun, |HV) = |VH)):
dim(Horr) = dim[Sym(H ® H)] = 3.

NudpopmainrionHbie cocTOAHUA. B cxeme ucnoib-
3yerca 4 Gazuca. B wammom 6asuce mMeeTcd MO ABa
OpTOroHANbLHBIX cocTofaHuA, oTBevaromux 0 u 1. Cocro-
AIHNA U3 pa3HbIX 6a3ucoB nonapHo HeopToroHanbHbl. 06-
Iee yKcia0 MHPOPMALMOHHBIX cOCTOAHuU paBHo 23 = 8.
CocTofiHUA MUMEIOT BU[

1
e s | 0= T )
lai) = ?UHH) — [HV}));
0v4) = —=(VV) + |HV)),
bazuc V + . ‘{i
ly4) = E(WV) — |HV));
(2)
1 .
I 0mx) = ?(lfﬂﬂ +Z.|HV>),
Ilax) = ?(l—’ﬂ{) —i|HV));
Ovx) = —=([VV) +i|HVY),
e ¥ 0w ) «{iﬂ ) +i|HV))
[lvx) = —=(VV) —i|HV)).

2

S5

(3)

BaskHO MOJUYEepKHYTh, UTO COCTOAHUA U3 Pa3HBIX 0a3u-
COB [I0IIAPHO HEOPTOrOHANbHBI, T.€. JOCTOBEPHO HEe pas-
JTUYUMBIL.

Anuca cnyuyaifHo M paBHOBEPOATHO BBIOMpPAeT OOUH
u3 6asucoB, H unu V. [lanee BHyTpu Ga3uca oHa Tak-
JKe paBHOBEPOATHO BbIOMpaeT mopbasuc, “+” uam “x”.
" naronen, ona Boibupaer 0 unu 1. Ha npuemHoit cTo-
pOHe cIy4yailHO U PaBHOBEPOATHO BLIOMpAETCA OJHO U3
yeThIpeX uaMmepeHuit B 6asucax H+, Hx unu V+, V x.
RKanoe u3 yeThIpex M3MepeHUIl ONMCHIBAETCA Pa3iIokKe-
HUEM eIVHUIIB] B IPOCTPAHCTBE COCTOAHUIN KYTPUTOB:

Iorr = [HH)(HH| + |[HV)(HV| + [VV)(VV] = (4)

= 081 ) Orz+ | + L) (L | + [VVY(VV] =

= 0mx)(0mx| + [Lax)(1ax| + |[VV)(VV]
= |0y )(Ov4| + Ly )(lv4| + |HHY(HH| =

= [0y )(Ov x|+ [lvx){(lvx| + |HH)(HH|.

Rampoe pasnoskenue enuuuuer (4) omuceiBaer om-
deavHoe usmepeHnue B cOOTBeTcTBylomeMm Gasuce. Hpwu
BbIOOpE OmpeneneHHOro Gasuca KaiJAoMy 3lIeMeHTapHO-
My ucxony (Hampumep, Og4, 1y, VV) B Hamewm cayyae
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COMOCTABIAETCA OPTOrOHANbHBIM IPOEKTOP Ha Ompee-
NleHHOe KBaHTOBOE COCTOAHHE KOMIO3MTHOH YacTHIBI —
HOJAPHU3aHOHHOTO KYTPHTa. 3aMeTHM, YTO B OTCYT-
CTBHUe MOACITYLIMBATeNf, eCld COCTOAHUA MOCBLIAIOTCA,
Hanpumep, B Gasucax H+,x, To HUKOrJa He MOABUTCA
OTCYETOB, CBA3AHHBIX C perucrpaunueit cocroanuii |VV)
(ranan usamepenuit VV (4)). Ormerum nna ganbHeiiie-
ro, uto B 6azuce H+ ucxonsl Op4, 1y ABIAIOTCA UH-
¢dopMalMOHHBIMY, T.e. UHTepnpeTupyoTca kKak 0 u 1, a
OTCYeThl B KaHale usmepeHuit V'V — KOHTPOIbHBIMAU.
IKcnepuMeHTalbHble CcXeMbl MPUIOTOBIIe-
HUA U HU3MepeHUA KBAaHTOBBIX cocToAHWUi. [ia
IPUTOTOBIEHUA ceMelcTBa COCTOAHUII 6UDOTOHOB-
KYTDUTOB UCIONb3YeTCA cXeMa, [okazaHHad Ha puc. l.
CroHTaHHOe TapaMeTpPUYecKOe paccefiHfe ¢ CUHXPOHU3-

B OKDPECTHOCTH IEHTPAlTbHOU 4YacTOThl TIeHepanuu
ws = w; = wp/2. Horepu, BHOcuMbIe 3epramoM M2,
HEeCYIIeCTBEHHbI, INOCKOJIbKY OHU BIHAIOT TOIbKO Ha
CKOPOCTh TreHepalUU HUCXOAHBIX cocTofAHuil. Taras
cXxemMa IpeNCTaBIAETCA MNPEANOUYTUTENLHOU B CUIY
HIPOCTOTHI SKCIIEPUMEHTAaNbHOM peann3anuni.

I'naBHas nmpobiema mpu peanusanuy M3MepeHHil co-
CTOMT B TOM, YTO KOHEYHOW cTajguell perucTpanuu co-
cToAHMI (OTOHHOTrO noiA ABnAerca orcuet (click) doTo-
nerektopa. Ha ceromHAMmHMIT [eHb NeTeKTOphI, paboTa-
Iolmye B pekuMe cueTa (POTOHOB, He pas3lUyalOT YHC-
10 doroHOB, a nua uaMmepeHuil (4) TpeGyercsa pasnu-
yaTh pa3inyHble JBYX()OTOHHBIE KOMIO3UTHBIE COCTOA-
HuA poronHoro mona. CxeMma JeTeKTUPOBaHUA, pealn3y-
1omas u3Mmepenus (4), npeacrasiena Ha puc. 2. Obman

k9

ITuc. 1. CxemMa NpPUrOTOBIEHUA KOMIIO3UTHBIX COCTOAHUI
()OTOHOB-KY TPUTOB.

MOM IIepBOr0 THIa POAaeTcA B HEIMHEHHOM KpUCTalile
NC (Gera-GopaT Gapus) B HEKONINHEAPHOM BBIPOKIEH-
HOM II0 YacToTe pekumMe. Hpu 5TOM BONHOBBIE BEKTOpa
CUT'HAIBHOr0 U X0JIOCTOro GOTOHOB OTINYAIOTCA TONBKO
no HanpaBnenuio: ks # ki, ki = |ki| = |kp|/2, kp —
BONIHOBOI BeKTop ¢oToHa Hakauku. Ha BeIxome Kpuc-
Tajmna mnoiaApusanuu ob6oux (HOTOHOB, COCTABIAIOMIUX
6ucoToH, napannensHsr: |Vs) = |V;). 3eprara M2 u M3
BHIOMpAIOTCA  MONAPU3aLUOHHO-HEUYBCTBUTEIbHBIMU,
a 3epkamo M1 cnyskuT [nA GIOKMPOBKU MOIHOIO
U3IYy4YeHUA I1a3epPHOIl HaKaudKHU. HonsapusanuonHsie
npeobpazoBatenu RP1 u RP2 yuutapHo mpeoGpa3yioT
UCXOJHbIE MONAPU3ANNYN KamIoro u3 GoToHOB B MO0y
Hanepel 3alaHHyIO (IPOU3BOILHYIO), Tak YTO MOCIE
oTpakeHudA OT 3epKana M2 nmongpusanroHHOe COCTOAHUE
6udorona |¥) = |P;) @ |Q;), rae |Ps) = a|V;) + B|H,)
u |Q:) = v|Vi) + n|H;) — npousBoibHBIE COCTOAHUA
CUTHAIBHOTO ¥ XO0JOCTOro (hOTOHOB COOTBETCTBEH-
HOo. Hutepdepenuuonnniit ¢unbtp IF cnymut piaa
BhIIEJIEHUA Y3KOr0 CHeKTpalbHOro [uanazona Aw
5 IIucema B ARIITD
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PBS |
') |H)
RP1 EBS4
rp2 [ [+45% D5
J|+45°> BS5
D6
-
1
3 | 4 | s [ 6 | 2 1]
Double-coincidence 6-input scheme |

Iuc.2. Cxema uaMepeHus coctogHuit KyTpuToB. OnTuyec-
KUe IIyTH NOKa3aHbl KUPHBIMH IMHUAMH, BAaKyyMHBbIE OIl-
THYeCKHe BXOAbI — IITPUXOBBIMHU, 3IEKTPUYECKUE COeqU-
HEHUA — TOHKUMU

uesl peall3alnyl COCTOMT B Pa3ielleHNH KOMIO3UTHOIO
IBYX(OTOHHOrO COCTOAHKA Ha Napy OTAENbHBIX (POTOHOB
C IpeABapUTeNbHBIMA NPeoGpasoBaHUAMY NMONAPU3aLU-
OHHBIX M (a30BbIX cTemneHedl cBoGonbl. BoamosHbl cu-
Tyauuu, Koraa o6a (oToHa MONajaioT B OLUH JETEKTOP.
[lns pasnuueHUA TakuX COOBLITMH HCIONB3YeTCA cXeMa
COBNAZIeHUi OTCYETOB. YYUTHIBAETCA TONBKO 4acTh TeX
COBBITHHN, KOTOPBIE JAIOT OTCYETHI B IBYX Pa3HBIX JETEK-
Topax. Hpocnexnum npeo6pa3oBanus Ha IpuMepe BbIGopa
Gasuca H+, Koria ¢ nepenarouieil CTOPOHbI MOCKITAETCA
+ gt
0, 0mg+) = azm*’%ﬁwmc). Yno6Ho mpeo6pa3oBLIBaTh
HE COCTOfIHWfA, @ ONepaTopbl, KAaK 3TO OObIYHO [elaeT-
cA B KBaHTOBO# onTuke [9]. VYmobHo Taksme mnpencra-
BUTb ONEPATOPHI, OTHOCAIINECH K OOHOMY COCTOAHUIO B
Kayk[IOM ONTHYECKOM IYTH, B BUZe cTONOLA AIA CyIep-
MO3ULVH [OPU30OHTANLHON ¥ BEPTHUKAIbHOM KOMIIOHEHT
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omnepaTopoB POMMIOEHUS: M — 2 a?{ Hpu
paTopoB p P Vil g ) HP

IPOXOKIEHNUU COCTOAHMUA 4Yepe3 MONAPU3aLUOHHbBIN CBe-
tonenurtens (PBS) oneparops! mpeoGpasyoTca cienyo-
muM o6pa3oM:

1 [ ay IR o L0
+ +
v2\ay ), V20U 0 /0 v2\ay /i

Hocue atoro cocrosnue nonagaer Ha (asoBble MOAYJIf-
topel PS1 u PS2 B Kanane pacnpoctpanenus |H) u |V):

1 [ af; 1 0
VAN °Blar ) 7
|H) w /vy
N 1 ew’Ha}} ® 1 0
NG NG idy -+
ﬁ 0 PSI ﬁ eVay PS2

Hpu stom B Gasuce H+ oTHOCHTENbHbIe (ha3bl MEMIY
KOMIIOHEHTaMH IOIAPU3aLNY He HaKlIaablBaloTcA (pg =
= ¢y = 0). B 6asuce Hx ¢asa usmenserca Ha (¢g =
7/2, ¢y = 0), B V+ (¢pg = ¢y =0), BV X (¢g =0,
¢v = m/2). HocronbRry mus mpummepa paccMaTpuBaeT-
ca 6asuc H+, mocie npoxomaenun ceerogeautens BS3
nMeeM

1 eitn a;}
V2 0 -
PSI
1 eitn a}} 1 eitn a}}
2 2
0 BS3 0 RP1

Hocne mpoxosaeHus ciegyiolnero cBetogenutensd, BS4
coctoaHuA nepepn aerekropamu D1 u D2 onuckiBamoTca
omnepaTopamu

i+
1 e'PHay

= —
2
0 BS3
N 1 eitn aE ® 1 eitn aE
2/2 0 2v/2 0

D1 D2
Btopasa “monoBuHA” cymepmo3WlMU COCTOAHWM MocCie
cBeTofenuTensa BS3 mpoxoquT uepes monApuU3anuOHHBIN
npeobpasoBaTeib (HampuMep, YeTBEPTHBOIHOBYIO ILIaC-
TuHKy). Hro npuBoguT K mOBOpOTY moaApu3anuu Ha
yrox 45°. OHa cTaHOBUTCA paBHOMU

1 eitn aE 1

— —
9 idm ,+
V2 0 PSI e™ay RPI

o 1
e ar

Hockonbry nesoe (|V)) u npaBoe (|H)) mueun mHTEp-
(epomeTpa cUMMETpPUUHbI, IPe06pPa30BaHKfA ONepPaTOPOB

aHaloru4yHel paccMoTrpeHHbIM Bhimte. Ha Bxome cBeTone-
autena BS5, pacmonoseHHoro nepei BXogoM B ¢doTofe-
tekTopbl D5 u D6, Bo3HUKaeT uHTepepeHUA COCTOA-
HUi, pacIpPOCTPaHAIONINXCA 110 IEBOMY U IIPaBOMY ILIe-
yaM UHTepdepoMeTpa:

eitn a;} 1

. ® = .
ld)H + 2 z¢v +
€77y /) rpr €70/ Rrpo

idy o,
e ar

N | =

1 (€8 + etv)aj;
7 2v2 \ (e¥# + €%v)a], ®
vV /D5

1 (efH
—~= )
22 \ (=

AnanoruyHo npousBogATcA npeobpa3oBaHUA omepaTopa
a‘g, ONHCchIBAIOLIEro BTOPOil GoToH B cocToAHMU |Ofy ).
Bo3MosHBI pa3nnuHble KOMOMHANU OTCUETOB (OTOE-
TeKTOpPOB B cxeMe coBnajgeHuil. O6a ¢oToHa U3 KOMIIO-
3UTHOI'O COCTOIHUA MOTYT IONacTh B OAUH U3 NETEKTO-
poB. Tarue cobeiTua orGpaceiBaioTca. POTOHBI MOTYT
HonacTh U B pa3Hble AeTeKTopbl. YacTb TaKuX cCOObITHU
Takme orOpackiBaeTcA. HoIe3HBIMU ABIAIOTCA TONBKO
Takne coObITUA (HAOMHKMM, YTO peYb HUAET O COCTOf-
Huax B Gasuce H+), Korga cpabaThiBaeT OOMH M3 Je-
TeKTOpoB B Kamjoil mape (D1 uan D2 u D5 unu D6).
JefcTBUTENBHO, €CId BXOJHBIM COCTOHUEM ABIAIOCH
|0H+>, TO Ha BXOJe AeTeKTopa D5 MoABUTCA COCTOAHUE
|[H) + |V) (c TOYHOCTBIO JO HOPMUPOBOYHOTO MHOMKHU-
Tenfd), a Ha BXoge geTekTopa D6 u3-3a mecTpyKTUBHON
uHTepdepeHUY COCTOAHUI, PacIpOCTPaHAIOMIUXCA MO
JeBOMY ¥ NpaBoMy IledaM HHTepdepoMeTpa, oTcyeTa
He Gyzmetr. BTopoii doTon ¢ monapusanueit H nonapa-
€T paBHOBEPOATHO Ha oquH u3 AeTekTopoB D1 unu D2.
Ha Bxopgax »TUX JeTeKTOPOB MOABIAETCA COCTOAHUE (C
TOYHOCTBIO [0 HOpMupoBouHOro Muoxurens) |H). Ec-
JU BXOZHBIM ObLIO cocTofHME |1 y), TO KOHCTPYKTHUB-
HafA uHTep(depeHIUA BO3HUKHET B JeTekTope D6, a B 1e-
TekTope D5 u3-3a 3Haka “MuHYyc” mepei KOMIIOHEHTOH
|[HV)Y (|11g+) = %(|HH> —|HVY))) 6ymet HabntoxaTbca
mecTpyKTUBHaA MHTepdepeHuua (OTCYTCTBUE OTCYETa).
BamHO oTMETHTb, YTO K3-3a HEPa3NMUYUMOCTU (TOM-
IeCTBEHHOCTH) (POTOHOB HEBaKHO, KaKafd U3 KOMIOHEHT
cocroaHuA ¢oToHa ¢ H-monAapusanueil noiifet B AeTeK-
topel D1 u D2, a rakasa — B gerextopsl Db u D6. Ta-
KUM obpa3oM, cobeiTud B geTekTope D5 B 6asuce H+
IpH YCJIOBUU OTCYETa B OJHOM U3 AeTeKTopoB D1 uau
D2 untepnperupyiorca kak 0. Orcuer B nerextope D6
(Tarsme npu ycnosuu orcuera B gerexropax D1 unu D2)
HHTepInpeTHpyerca Kar 1.

Hocronbry coctoanua us 6asuca H+ u 6a3uca H x
HEOPTOTOHANbHBI, MOACIYIINBATENb MPUHIUNAAILHO HE

— elov )a;

_ pldv),T
e*v)ay, -
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MoeT ux pasnnuuth. Hocunennee o3Hauaer, 4TO eciu
BMecTo cocTofAHuA u3 6asuca H+ Oymer mocnaHo nro6oe
u3 cocTofHu B Gasuce H X, TO 3TO NpUBeIeT K HEMOJN-
HOM JeCTPYKTUBHOH MHTep(depeH N B OOHOM U3 JeTeK-
TopoB D5 unu D6, uto Bei3oBeT omubru. CocTosHUA U3
6asucoB H+, x u V+, X Take nonapHO HEOPTOrOHAIb-
Hel. HoaTomy, KpoMme omubok npu oTcyeTax B HHGOPMa-
IUOHHBIX AeTekTopax D5 m D6, HensbeHO BOZHUKHYT
oTcueThl B AByx nerektopax D3 u D4. Taxue cobpiTusa
C HEKOTOpPOil BepOATHOCTLIO Becerja Oy Ly T NPOUCXOJUTh,
IOCKOJIbKY €Clli BMeCTO JI000ro cocTOAHUA 13 6a3ucoB
H+, X nopcnyumuBaTelb IepenouieT no60e cOCTOAHNE
u3 6azucoB V+, X, To BOBHUKHYT OZHOBPEMEHHbIE OT-
cueThl cpa3dy B AByX nerekropax D3 u D4. Hocuen-
Hee OyJeT MMeThb MeCTO U3-3a TOro, YTO TaKKe COCTOf-
HUA HeW30eHO cojepkaT KOMNOHeHTH! |V V'), KoTopble
nocie pasjeieHnsA Ha N0JNAPU3alMOHHO- Yy BCTBUTEIbHOM
cBetogenuTene PBS Ha Bxome unTepdepomerpa ¢ HeKo-
TOpOIl BEPOATHOCTHIO MoMaxyT B geTexkTopkl D3 u D4.
Takue cobbITHA UHTEPNPETUPYIOTCA KaKk KOHTPOIbHbBIE
orcyeTbl. OHM NPUHIUNINATBLHO BaKHbI JIAl JOCTUMEHUA
TeopeTUYecKoro npepena mo omubke B 50%. Anansorunu-
Haf cUTyallus UMeeT MecTO U B Jpyrux Oasucax.
Hocne mnepemaum cepuu cOCTOAHUN JNeTMTHUMHbIE
[oJb30BaTeln 0TOpachlBalOT NOCPEACTBOM COOOLIEHUM
yepe3 OTKPLITHINM ayTeHTUYHbIN KaHall CBA3U Te MOCHLI-
KU, B KOTOpPbIX Ga3uckl He coBnajganu. Or6packiBaioTca
TaKKe nocklIKK (ye OpU coBnajgamomux Gasucax), B
KOTOpPBIX ObLIK OTCYEThI, He COOTBETCTBYIOLIMe UH(OP-
ManuoHHO# Tabnune. OcTaBiinecA NMOCHLIKU COLep:kaT
[ocJefoBaTelbHOCTh COObITHI, KOTOpble MHTEpPIpeTH-
pytorca Kak 0 u 1 1160 Kak KOHTPONbHbIE OTCYETHI.
Honfi KOHTPONBLHBIX OTCUYETOB TaKKe pacKpbIBaeTCA.
HycTb nonAa KOHTPONBLHBIX OTCUETOB B COXPaHEHHOH IO-
cleioBaTelbHOCTH ecTh §. YacTb mocieqoBaTenbHOCTH
U3 NOCBIJIOK, B KOTOPBIX Gb1nK oTcueThl 0 unu 1, packpsbl-
BaeTCAl, U POU3BOJUTCA OlleHKAa BEPOATHOCTU OUINOKU
Q). Ianee packpeiTaa 4yacTb orGpackiBaeTcA. B utore
Ha Nepejalolleil CTOPoOHe UMeeTcH MO0CIe0BaTelbHOCTh
0 u 1, a Ha npuemHoit — nocnegoBatenbHocTb 0 1 1 (Ho ¢
omrnbKamK), a TaKkKe MO3ULUU C KOHTPOIBHBIME OTCYE-
tamu BMecTo 0 u 1. JlaHHBI! DPOTOKOJ pacmpeleieHUs
KIIouell ABIfleTcA JByXIlapaMeTpPUUEeCKUM: BTOp:KeHUe
B KBaHTOBBIIl KaHal CBA3W NPUBOAUT HE TOIbBKO K
omubKaM Ha MPUEMHON CTOPOHE C BEPOATHOCTHIO (), HO
¥ K KOHTPONbHBIM OTCUETAaM C BEPOATHOCTHIO § B TeX
KOHTPOIBHBIX [JeTeKTOopax, I'le X HUKorga He JOOMMHO
ObITh B OTCYTCTBHE NOACIyMIHBaTeldA. Mbl NpuBOguM
Tabnuly OJA MHTepnpeTaluy pa3iuYHbIX COOBITUII B
cxeMe coBHajeHuil GoTooTcueTOB B pa3HbIX Oasucax.
Kputnueckaa ommnbka KBaHTOBOro NPOTOKOJa
pacnpenejleHUA Kialoueili Ha KyTputax. Hokamewm,
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| [Mut/6azuc H+, x V+, x |
0 D5 D5
1 D6 D6
KouTponabHeiit orcuer | D3 wam D4 | D1 wam D2

YTO KpUTHUYeCKasd omuOKa MpoToKona ()., OO KOTOpOW
rapaHTHPYeTCA CEKPeTHOe paclpefeneHue KIOYel, Mo-
JKEeT INocTUraThb TeopeTudeckoro mpemgena B 50%. Ho-
JAy4YUM MIMHY CEKPETHOro Kiioda B acCUMITOTHYECKOM
npefene GeCKOHEYHO MIMHHBIX MepelaBaeMbIX MOCIeno-
BaTenbHocTeil. Kak usBectHo [10], Hanbonee obieit aTa-
KOil AIBIAETCA KOJIEKTHBHAA aTaka: MOACIyLINBaTelb B
Ka/[0fl MOCBLIKE MCIONb3yeT BCIOMOraTelbHOe COCTO-
auue (ancilla — |E)g), KoTOpoe MPUBORUTCA BO B3au-
MOJeHCTBHE C IlepeJaBaeMbIM COCTOAHUEM. Baammopneii-
CTBUE ONMKUCHIBAETCA yHUTapHbIM oneparopoM Upg. 3a-
TeM, HaKallIUBasg CBOM BCIOMOTaTelbHble COCTOAHUA B
KBaHTOBOW MaMATH, MOJACIYIINBATENb MPOU3BOIUT U3-
MepeHus cpa3y Haj Bceil mocliefoBaTelbHOCThIO. ¥I00-
HO CUMTaTb, YTO KOMWIO MOCIAHHOTO COCTOAHUA Anu-
ca coxpaHsfeT y cebs, mpuueM 3Ta KOMUA He JOCTYIHA
A nojciaymuBaTensd. McXoQHoe cOCTOAHME UMEEeT BUJ
|z)a ® |z)p = |Y)aBe = |v)a ® Upe(|r)s © |E)E),
rie |z)4,p — OAHO U3 MHOPMAILIMOHHBIX COCTOAHMM (2),
(3). Hocue uamepeHnuit Ha npueMHOi CTOPOHE U COXpaHe-
HMA MOCBUIOK C coBmajamomumMu Gasucamu Ajnca uMeeT
6utoByto ctpory X = {0,1}", a Ho6 — nmocnegoBarens-
Hocte Y = {0,1,c}". HockounbKy cuTyauus cuMMmer-
puuHa o Gasucam, uHaekc Gasuca ganee omyckaem. Hoc-
Jie 3MepeHuil Ha MPUEeMHON CTOPOHe W MHTepIlpeTalnu
ux pesynbTraToB Anuca u Hob cBA3aHbl KiacCHUECKUM
KaHalloM C MepPexo/iHbIMU BePOATHOCTAMHU Px |y (Z|y):

pX\Y(wkU) =
=Tre{a(z| ® B(y|¥R)aBE aBE(YR|Y)B ® |T)4}, (5)

rue
|z)a = {0V H) 4, [TV 43 — {0,1}
u
ly)p = {|0V ) g, 1V ) [VV) g
nmubo
|HH)p} — {0,1,c}.
CI/ITyaLII/IFI OIMuChIBaeTCAHa COBMECTHBIM COCTOAHUEM

Anuca—Ho6—EBa:

OXYE =

g OzyE,

zeX,yeYy
0oy = A(T| ® B(YIY)aBE ABEY|Y)B ® |T) 4.

5*
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JlanHa ceKpeTHOro KiYa B aCHMITOTHYECKOM Mpeje-
ne GECKOHEYHO MIMHHBIX [I0CIEI0BAaTEIbHOCTER N — 00
(TouHee, HONA CEKPETHBIX OUT B [lepecyeTe Ha MOCBLIKY)
paBHa (metamu cMm. B [10])

Tseer < H(X|E) - H(X|Y) (6)

®opmyna (6) yuuTeiBaeT Kak KOppeKuuio omuboK, Tak
M CiKaTHe OYHIIEHHOTO KiloYa yHUBEpPCANbHBIMH X3II-
¢byurnuAME BTOporo mopagka [11,12].

Beiuncnenne — yclOBHBIX — KBaHTOBBIX
nuii  ¢pon HeililMana m[OCTaTOYHO MPOBECTH  TOJb-
KO Ui MAaTpHUIbl [UIOTHOCTH OXYE- Nmeem
H(X|E) = H(oxg) — H(og), oxg = Try{oxvr},
o = Trxy{oxve},roe Hloxg) = —Tr{oxglogoxg}
u H(og) = —Tr{oglogog} — surponuu don Heiimana.
Bennunna H(X|Y) cdakrtuueckn ABIfAeTCHA Kiaccuvec-
Koii ycioBHo# sHTponueil llleHHOHa ANA pacnpeneineHusd
BepositHocTeit (5). JInA BbIYMCIEHUA 3HTPONUU (HOH
Heiimana H (X |E) ynoGHO BOCHONb30BaThCA SHTPOMUMA-
HBIMY COOTHOIIEHHUAMH HeonpezpeneHHoctei [13]:

BHTPO-

1
H(X|B) + H(X|Y) 2 2log . (7)
C yuerom (2), (3) wxoumcranta C B (7) paBHa
C = |A<OH+,><|0V+,><>A| — |A<OH+,><|1V+,><>A| _
= |a(1EEX|1IVEX) 4] = 1/2. C yueTom cummeTpuu

Mexay 0 u 1, a TakKe cUMMeTpuu Memnay Oaszucamu
nmocie W3MepeHUH, [UIA [IUHBl CEKPEeTHOro Kirova
HaxoAuM

1
Psecr < 2log ol 2H(XY). (8)

Hocne m3MepeHuii Ha NMpUEeMHOI CTOpOHEe, KOppeIALUA
MeMy TNOClIeI0BaTelbHOCTAMU CUMBOIOB X y Anucel
n Y y Hoba onuceiBaeTc CUMMETPUYHBIM Kiaccuyec-
KM KaHajJoOM CBA3HM C [JBYMfA COCTOAHHAMU Ha BXOIe
u Tpemsa — Ha Beixoge (puc.3). C ydyeTom cumMmeTrpun

(1-8)(1-0)
0 0
(1-38)0
C
5 (1-8)0
1 1
(1-8)(1-0)

[Tuc. 3. CxemaTuyeckoe n3o0pakeHHEe KIACCHYECKOT0 Ka-
Hana cBasu Anuca—Ilo6

U YCIOBUI HOPMHMPOBKH YCJIOBHBIX BEPOATHOCTEH ma-
paMeTpu3aluf ocyIlecTBIfAeTcA ogHo3HauHo. Hocruen-
HIOIO yn00HO BbIOpaTh B ClIeLyIOMEM BHUIE: pX‘y(0|0) =
pxy(11) = (1 -6)(1 - Q), pxy(0]1) = pxy(1]0) =
(1-9)Q, px|y(0lc) = px|y(1]c) = 6. Benuuunst 6 u Q
UMEIOT CMBICI BEPOATHOCTH OTCUYETOB B KOHTPOIbHBIX
nerektopax (D3 u D4 mus 6asucos H+, x, D1 u D2 nua
GaszucoB V+, X) u BepoATHOCTH omuGKKM B MHGOpMALH-
oHHBIX AeTeKkTopax D5 u D6. OxkoHuaTenbHO IiIA ANUHBI
CEKPEeTHOro KiloYya HaXoauM

Tseer < [1 - (1 - 6)h(Q) - h(é)] )

h(z) = —zlogy z — (1 — z) log,(1 — 2).

(9)

Hpu mHeroroprix Kpuruueckux 3HaueHuAX (d.,Q.)
AIVHA CceKpeTHoro Kmoua (9) ofpamaeTcai B HYIb:
Tseer(0c, @c) = 0. HaGmiopaembie mapametpsr (6, Q)
HaxogATcA “ B pyKax” MOACIYLIMBAaTENA. OgHako
Anuca m Hob6 moryT o6BABUTH, UTO MpPOTOKON GyneTr
NpepeIBaThCA, €CIA BEPOATHOCTb ¢ KOHTPOIBHBIX
OTCUETOB INPEBBICUT HEKOTOPYIO BEIMYMHY, OIU3KYIO
K Hymo (§ ~ 0). B srom cayyae mopciyummBaremnio
0CTaeTCA TOMbKO BO3MOMHOCTh PErylUpoBaThb BeIUYU-
Hy Habmonaemoit omunbku (). Kaw Buguo us (9), npu
0 — 0 kpurnyeckan omunbka nporokona Q. — 1/2, r.e.
CTPEMUTCA K TEOPETUYECKOMY Mpeeny.

3axaiouyenue. B pabore mpeanoseHa mpakTHUuec-
Kafl cXeMa KBaHTOBOI'O pacipe/eleHu KIoYei, UCIoib-
3ylolasa KOJMpOBaHKe KI0Ya B MONAPU3alUOHHbIE CTe-
neHu cBOOOJbI KOMIIO3UTHBIX COCTOAHMI mapbl HOTOHOB
— monApu3anuoHHOro Kytputa. Kputuyeckas omwubka,
0 KOTOpOi rapaHTHpPyeTCA CeKpPeTHOe pacrpefeieHue
KIIIOYeil B JaHHON cxeMe, JocTuraet Beanuubl 50%, 4yTo
CYLIECTBEHHO MNpPEBbINIAET KPUTUYECKYIO OMUOKY [iA
BCEX M3BECTHBIX MPOTOKOJIOB.

Ha6ora yacTuuHo momgnepskana mnpoektamu HOPOU
# 10-02-00204 u 11-02-00455.
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