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B Akagemun xpuntorpaduu CBSTO YTYT UMEHA TeX, KTO
BHEC CBOW BKJIAJI B CTAHOBJICHHUE W PA3BUTHE COBPEMEHHOMN
Kkpunrorpauyeckoi CiyxObl CTpaHbI, T€X, KTO CBOWMH
TpyIaMu BHEC OOJIBIIION BKJIAJ B pa3BUTHE OTEYECTBEHHOU
kpunrorpaduu. Cpenu 3Tux UMeH ums Biagumupa Asiek-
canapoBuia KoTelbHUKOBAa — Ha OJJTHOM U3 MEPBBIX MECT.

PACS numbers: 03.67.Dd, 89.70.+ ¢

KBanToBasi kpunrorpadus
u Teopembl B.A. KoTe/ibHHKOBa
00 0/THOPA30BBIX KJIIOYAX H 00 0TCUYeTaX

C.H. MonoTkoB

KBanToBas kpunrtorpadus mnpeacTasiisiecT co00i HOBOE
HaIpaBJIeHUE B PA3BUTHU CPEACTB KOHDUACHIIMATBHON TIepe-
nayn wHGopManmu. TouHee, KBAHTOBbIE KPHIITOTpadmie-
CKHE CHCTEMBI MPEJICTABIISIIOT COOOM CHUCTEMBI pacmpeseie-
HUS CEKPETHBIX KJIF0Uel MeX 1y IPOCTPAHCTBEHHO pa3esieH-
HbIMU (yJAJICHHBIMHU) JIETUTUMHBIMH TOJb30BATEISIMH.
OObecneueHne CEKPETHOTO PACIPOCTPAHEHHS KITFOUeH MEeX Iy
TaKUMHU TOJIH30BATENSIMA UTPAET NMPUHIUINATHHO BAXHYIO
posib B kpuntorpadun. Ecim ObI cyliecTBOBasl crocob
pacupoctpaHeHus (Tepeayn) CEKPETHBIX KJIIOUEH OT
OJHOTO JIETUTUMHOI'O MOJIb30BATENS K APYTOMY MO OTKPBI-
TOMY (HECEKPETHOMY ) KaHAJTy CBSI3U C TApaHTHEH TOTO, YTO B
Tpo1iecce TMepeaaidn KJIFOUU He CTAaHYT U3BECTHBI IMOACITYIITH-
BaTelt0, TO B 9TOM cllyuae ObLta OBl BO3MOXHA Tepenada
3aM(pPOBAHHBIX C TMOMOIIBIO 3THX KJIIOYEH COOOICHUM,
KOTOpBIE MPHUHIUIHAAILHO HE MOTYT OBITh IemU(ppPOBaAHBI
(B3/10MaHbI) TPETHUMU JIMNAMHU. Takue TpUHIUNUAIBLHO HE
JeQpyeMble CUCTEMbI HA3bIBAKOT A0COFOTHO CTOMKUMH,
WM CUCTEMaMM IMU(PPOBAHUS B PEXMME OTHOPA30BOTO
6sokHOTa (one time pad). ITo3anee Takue mmdpbl cTaiu
HAa3bIBATh COBEPIIICHHBIMHU.

CHayaJja KpaTKO KOCHEMCSI ICTOPUH BOIIPOCa.

BriepBoie cTporoe o6ocHoBaHWe TOro (akrTa, YTO CHC-
TeMbl MA(POBAHKS C OJHOPA3OBBIMH KJIFOUAMHU SIBIISFOTCS
a0COJIFOTHO CTOWKHMH, OBLIO MOJy4eHO B padote Biamm-
mupa Anekcannposuya KortenpHukoBa. Jta paboTta, 3aK0H-
YeHHasl 3a HEeCKOJIbKO JHel no Havyaja Bemmkoit Oteuect-
BEHHOI BOWHBI 22 utoHs 1941 ., BoLI1a B OJUH U3 3aKPBITHIX
oT4YeTOB [1] M 4O CEroJHSIIHETrO [HS HE OMyOJMKOBaHA B
OTKPBITOU MEYATH.

IMapasureIbHO W HE3aBHCHMO BOIPOCHI TEOPETUUECKON
croiikoctn mmdppo m3ydanmch Kiomgom IlennonoMm
(C.E. Shannon). Pe3ynbTaThl ero wuccienoBaHUil ObLIN
OpeACTaBieHbl B 3akpbiToM orvere "A Mathematical
Theory of Cryptography", matupoBanHoM 1 ceHTAOps
1946 r. Ilocne OKOHYAHWS BOWHBI ITOT OTYET OBLI pac-
cexpeueH ' m omybimkosaH B 1949 . B Buje crathu "Com-
munication Theory of Secrecy Systems" [2], koTopas ctaja
IIXPOKO U3BECTHBIM KJIACCHYECKUM TPYAOM IO TEOPETHYe-
CKOU KpunTorpadpuu.

! 311ech MMeeT CMBICTT yIIOMSIHY Th BBICKA3BbIBAHHE OJHOTO H3 OCHOBATEJIEH
kpunrtorpaduu ¢ OTKpeIThIM KirouoM Y. duddu (W. Diffie), no mueHuro
kotoporo pabora K. IllenHoHa, BO3MOXHO, ObLIa PACCEKPEYEHA OIIM-
6041HO (cM. peauciIoBue kK MoHOTpadun B. Schneier Applied Cryptograp-
hy, John Wiley & Sons, Inc., 1996).

Wnes, oyeHb Oim3kas maee pexuMma IM(BPOBAHUS C
OHOPA30BBIM OJIOKHOTOM, OblLiIa BbICKa3aHa eiie B 1926 r.
B pabore Bepuama (G.S. Vernam) "Cipher Printing Tele-
graph Systems for Secret Wire and Radio Telegraphic
Communication" [3], rjie yTBepKAaJI0Ch, MPaBIa, 0€3 KaKuX
ObI TO HM OBLIIO MATEMATHYECKMX OOOCHOBAHUIA, UTO MM (PPHI
¢ "GerymmMm" ciydaiiHeiM KiirodoM (running key) OymyT
abcomrotHo He apemmdpyembimu: "..If, now, instead of
using English words or sentences, we employ a key composed
of letters selected absolutely at random, a cipher system is
produced which is absolutely unbreakable" 2.

Bnarogapss wuccinemoanusiMm B.A. KotenbHuKOBa U
K. lllenHOHa BO3HUKJIO YETKOE U CTPOTOE TIOHUMAHKE TOTO,
KaKUM YCJIOBUSIM JJOJDKEH YIOBIETBOPSITH A0COTIOTHO CTOM-
KHit udp.

Hedopmanbro, mmdp siBisieTcss aGCOJIOTHO CTOHKUM,
€CITH:

1) KJIFOY CEKpeTeH — HU3BECTEH TOJBKO JICTHTUMHBIM
MOJIb30BATEIISIM,;

2) IMHA KJFoYa B OMTaX He MEHbIIIE IITHHBI COOOIICHUST;

3) KJTIOY CITy4aeH;

4) KJIFOU MCIIOJIb3YETCS TOJIbKO OJUH pas.

B atom ciydae 3anmppoBaHHOE COOOIIEHHAE CTATUCTUICCKU
HE3aBUCHUMO OT UCXOJHOTO COOOIICHHUSI.

[MpunnunuaipHasi pobeMa MpH pean3anuy KPUIITO-
CHCTEM C OJHOPA30BBIMH KJIIOYAMH COCTOUT B Teperade
(pacpoCTpaHEHUN) CEKPETHBIX KJIFOUEH MeXIy yIaJieH-
HBIMH JICTUTUMHBIMU OJIb30BATEIISIMU.

Kirou Mexay TaKUMHU IMOJIb30BATEISIMU TOJDKEH mHepe-
JIaBaThCsl C MOMOIIBI KAaKOro-JIM00 (PU3MUecKoro curHaja
4epe3 OTKPBITHIA (T.€. JMOCTYIHBIA Ui MOJCTYIIMBAHUS)
kaHa cBsi3u. C TOUYKH 3pEHUS KIACCHYECKOM (pu3mku B 3TOM
cilyyae He CYIIECTBYET 3allpeTOB Ha M3MEpPEHHE NepeaaBac-
MOro curHaia 0e3 ero Bo3myieHus. [103TOMy NPUHIUITHI-
aJIbHO HEBO3MOXHO TapaHTHPOBATh CEKPETHOCTH KIIFOYA
[IPH €r0 PACIPOCTPAHECHHH.

Ecnm xe mepenaBaTh KJIFOYMA C IMOMONIBIO KBAHTOBBIX
COCTOSIHUI, TO BO3HUKAET MPUHIMIHUAJILHO Npyras, OoJiee
UHTepecHas cutyanus. KBantoBast kpuntorpadus, OCHOBaH-
Has Ha (DYHIAMEHTAJIbHBIX 3aMpeTax KBAHTOBOI MEXaHUKH,
OTKPBIBACT BO3MOXKHOCTh MEPEIAYd KJIFOYCH C MOMOMIBEO
KBaHTOBBIX COCTOSIHUH, CEKPETHOCTh NMPH 3TOM TapaHTH-
pyeTcst GyHIaMEHTaTbHBIMU 3aKOHAMU pupoasl. Ciemosa-
TEJIbHO, KBAHTOBasI KPUNTOT padusi MO3BOJISICT Peain30BaTh
abCOJIFOTHO CTOMKHE CHUCTEMBI IU(PPOBAHHS C OTHOPA30-
BBIMH KJIFOYaMH, MCTOKH KOTOPBIX BOCXOIIT K paboTam
I'. Bepuama, B.A. KotenpuukxoBa u K. Illeanona. Cobct-
BEHHO HJIesl KBAHTOBOW KpunTorpaduu Kak pa3 W Hampas-
JIeHa Ha pelleHne IEeHTPAJILHOW MpOoOJIEeMbl KPHIITOTpa-
¢buM — 3amaudm pPacHpOCTPAHCHHS CEKPETHBIX KIIFOYCH.

BrepBble nzest UCIOIb30BaTh KBAHTOBYIO MEXaHUKY IS
3ammTH nHGOpManu OblIa BeickazaHa S. Wiesner B 1973 .
(umest "kBanTOBBIX" JIeHET), HO ObLIA ONMYOIMKOBaHA [4] TUIITH
ciyctst mecsTiiietue. IHTEpecHO OTMETUTD, YTO HJIEH HC-
MOJIb30BAHUST KBAHTOBOW MEXaHUKH JIJIs 3aIUThI HHPOpMa-
UM TOSIBIIIUCH PAHBIIIE, YeM KJIACCHYECKasi KPUIITOTpadusi
OTKPBITBIM KJIFOUOM |3, 6].

Bo3HMKHOBEHHE KBAHTOBOI KpUNTOrpaduu CBSI3aHO C
onybOymmkoBanueM B 1984 r. 3ameuartenpHOl paboThl BeH-

2" . Eciu e, BMECTO MCIIOJIb30BAHMUS AHIJIMICKUX CII0B M IPEII0KEHUI,
MBI BOCIIOJIb3YeMCsl KJIFOYOM, COCTABJICHHBIM U3 OYKB, BBIOPAHHBIX
aOCOJIFOTHO CJIy4aliHBIM O0pa3oM, TO MOJIy4eHHas cucTeMa Idposa-
Hus OyzeT abcoroTHO cTolKOi". (ITepesoo ped.)
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Hera u bpaccapa, B kKOTOpoi ObLI TpPEIJIOKEH NepBbIA
kpunrorpaduueckuii mpotokon BB84, craBmmii Bnocien-
CTBUU KJIACCHYECKUM [7].

KBanTtoBast kpunrorpadusi, WA pacnpoCTpaHEHHe CEeK-
PETHBIX KJIFOUEH, B MPHHIHUIE MO3BOJIIET pPEaiM30BaTh
a0bcoroTHO cTolikue (He memmdpyemMble OACTYIINBATEIEM
JIaXKe TEOPETUYECKH) CHUCTeMbI IU(POBAHUS C OJIHOPA30-
BBIMH KJIFOYaMu. CeKpeTHOCTh KJIFoUell B KBAHTOBOW KPHII-
Torpadun OCHOBaHA Ha (HyHAAMEHTAJIbHBIX 3allpeTaxX KBaH-
TOBOW MEXaHUWKH: 1) HEM3BECTHOE KBAHTOBOE COCTOSHHE HE
MOXeT ObITh cCKonpoBaHo (no-cloning-teopema [8]); 2) mapa
HaOJII0JaeMbIX, KOTOPBIM OTBEYAIOT HEKOMMYTHPYIOIIHE
9PMUTOBBI OMNEPATOPBI, HE MOXET OBITb OJHOBPEMEHHO
JIOCTOBEPHO Pa3JIMIAMAa, UTO SIBJISIETCS CJIEICTBUEM COOTHO-
mmieHnid HeompeaeeHHocTu [ eisenOepra [9], wimm, ToBOpS
Oosnee (QopmalibHO, HEKOMMYTHUPYIOIIME ONEepaTophbl HE
MOT'YT UMETh OOLINX COOCTBEHHBIX BEKTOPOB. B KBaHTOBOM
kpunTorpaduu B kauecTBe HAOIIOTaEMBIX BHICTYNAIOT MaT-
pUIBl TIOTHOCTU HMHGOPMANMOHHBIX COCTOSHHM, COOT-
BETCTBYIOIIMX KiaccmieckuMm Outam 0 wm 1. sl 9mMCTBhIX
COCTOSIHUH OJTHOBpPEMEHHAsi HEHAOJIF0AaeMOCTh (JJOCTOBEP-
Has Hepa3IMYMMOCTb) MATPHIl IJIOTHOCTH 3KBHUBAJICHTHA
HEOPTOTOHAJILHOCTH HH(OPMAIIMOHHBIX KBAHTOBBIX COCTOS-
it [9]. Cxa3zaHHOEe O3HAYAET, YTO HE CYIIECTBYET M3MeEpe-
HUiA, KOTOpbIE C BEPOSITHOCTHIO | TO3BOJSIIOT Pa3IniaTh
OJIHO M3 Mapbl HEOPTOTOHAJILHBIX COCTOSIHUIN U Tak, YTOOBI
HOCJIe I3MEPEHNS CUCTEMa OCTaJIach B ICXOTHOM (HEBO3MY-
IIEHHOM) COCTOSTHUH.

Taxum o6pa3zom, JIr0OOE U3MEPEHUE, €CId OHO JaeT
uHQOPMAIUIO O TEePeIaBaeMbIX COCTOSHUSIX, HEM30EKHO
MPUBOJUT K UX BO3MYIICHHUIO, YTO IMO3BOJISET JETEKTUPO-
BaTh JIFOOBIC TOMBITKH MOACITYIIMBAHUS B KaHaje CBSI3H.
Jpyrumu clioBaMu, NOJCIYIIABAHUE (COOTBETCTBEHHO BO3-
MYIICHHUE TEPEIaBAEMbIX COCTOSHHM) JOJDKHO HEM30EXKHO
U3MEHSTh CTATUCTUKY PE3yJIbTATOB U3MEPEHHH HA MPHEM-
HOM KOHIIE 1O CPaBHEHHIO CO CTATUCTHKOW pe3yJIbTaTOB
M3MEPEHN Ha HEBO3MYILIEHHBIX COCTOSHHSIX. MckaxkeHue
KBaHTOBBIX COCTOSIHUII BO3HMKACT B HEUICAJTHLHOM KBAHTO-
BOM KaHaJle, YTO TAK)Ke IPUBOIUT K U3MEHEHUIO CTATUCTUKU
pe3yabTaTOB U3MepeHuid. B KBaHTOBOU kpumnrorpaduu
OPUHIUINAAILHO HEBO3MOXHO DPA3JIHMYUTh U3MEHHJIACH JIU
CTATUCTHKA PE3YyJbTATOB IO CPaBHEHHIO C TAaKOBOW B
neaIbHOM CiTydae 3a CUeT IlymMa B KaHaJjle I BCJICACTBHE
JIeCTBUN MOJCIYLIUBATENS, TOATOMY JHOOBIE M3MEHEHUSs
CTATUCTUKK IPUXOJUTCSI OTHOCUTD K I€HCTBUSIM MOACIYIIIN-
BaTEIIS.

Ecnm OBl 3aKOHBI KBAaHTOBOW MEXaHUKH ITO3BOJISUIH
OOHAPYXKUBATH TOJILKO caM (DakT BO3MYIICHUS TeperaBae-
MBIX COCTOSIHUH, TO 3TO ObLIO OBl MAJOWHTEPECHBIM JIJIS
nesied kpunrorpaduu, TouHee, nepeaauu kiroueit. Keanmo-
8451 MEXAHUKA NO360AACI HEe MOALKO 00HAPYIHCUBAMb 803 MY-
wenue coOCMoAHUL, HO U C6A3AMb U3MEHeHUe CIAMUCTUKU
Dpe3yAbmamos  uzMepenuti ¢ KoAuecmeom ungopmayuu,
KOmopoe Modcem 0blmb NoAy4eHo noocayuwiugamenem npu
HAOAH00AeMOM UBMEHEHUY CIAMUCIUKY OMCYenos no cpag-
HEHUIO cO CIMAMUCuKotl 8 UOeaibHOM cayude.

B xBaHTOBO# KpunTorpapuu KpoMe KBAHTOBOT'O KaHAJIa
CBsI3M (B PEAJIbHBIX YCJIIOBHUSX 9TO JINOO ONMTOBOJIOKHO, JTHOO
OTKPBITOE IPOCTPAHCTBO), II0 KOTOPOMY HepeTatOTCsl KBaH-
TOBBIE COCTOSTHHSI, HEOOXOIUM TAK)XEe OTKPBITBIN KJIacCHye-
ckuil xaHan cBs3u. [locienuuii TpeGyeTcst 111 BBISICHEHUS
JISTHTUMHBIMHU TIOJIb30BATENISIMH U3MEHEHHH CTATUCTHUKU
OTCYETOB M KOPPEKIIMU OIIMOOK B MEPBUYHOM KIFOUE, TIepe-
JTAHHOM T10 KBAaHTOBOMY KaHAJTY CBSI3H.

EnuncrBenHoe TpeOoBaHuE, IPEABIBIIIEMOE K KJIaccuye-
CKOMY KaHaJy CBSI3U, COCTOMT B TOM, YTO IMepeaaBaeMasi
OTKPBITO M IOCTYNHAsl BCEM, BKJIIOYAs MOJICITYIINBATENS,
KJIacchueckass MH(pOpManuss He MOXeT OBITb H3MeHeHa
MOACIIYIINBATENIEM — OHA JIOJDKHA COXPAHSATH IIEJIOCTHOCTD
(Tak Ha3pIBaeMbIil unjamable channel) [7]. Takoii OTKpBITHIN
KJIACCUYECKUH KaHaJl SIBJISETCs,, KOHEYHO, MaTeMaTHYeCKON
uneaymm3anueir. st coxpaHeHUs] LEJIOCTHOCTH OTKPBITO
nepeaaBaeMbIX KJIACCHYECKUX TAHHBIX B PEabHBIX YCIO-
BHSIX HEOOXOIMMO HCIOJIB30BATH MPOIEAYPHI Ay TeHTH(HUKA -
OUU U KOHTPOJISl LEJOCTHOCTH AaHHBIX. [{y1s momoOHBbIX
poLeayp, B CBOIO OYepeab, TPEOYETCs] CEKPETHBIM KIIIOY.
Ecnu B kauecTBe OTKPBITOIO KJIACCHYECKOT O KaHajIa UCTIOJIb-
3yetcs, HanpuMep, VIHTepHeT, TO [ mesell ayTeHTuduka-
UM BO3MOJXKHA TeHEpaIus KIItoYel 1mo cxeMe XeJuIMaHa —
Hubodu [5]. OmHako ecau sl OTKPBITOTO KJIACCHYECKOTO
KaHaJia UCIOJIb3YEeTCs Ta )K€ camasi ONTOBOJIOKOHHAS JIMHUS,
4TO U JJISI KBAHTOBOTO, TO TeHepanus KJItouel 11sl ayTeHTH-
¢ukarmu o cxeme Xeyuimana — J{uddu oxaspiBaeTCs HENMPH-
eMJIEMOM M3-3a OYEBUIHON TaK HA3BIBAEMOU aTakd "man in
the middle" (4eoBex mocpeaune).

B Takoil cutyanuu TpeOyercss HeOOJBIIONH CTAPTOBBIM
KJIFOY OJIMH pa3 Mpu NnepBoM ceaHce. [Ipu mociemyronmx
ceaHcax 3TOT KJIFOY BIOPACBIBAETCS, U ISl Ay TEHTU(DHUKAIIN
U COXPAaHEHHs UEJOCTHOCTH [aHHBIX, MEePeaaBACMBIX IIO
KJIACCHYECKOMY KaHAaJIy, UCHOJIb3YETCs 4acTh KJIFOYa, CreHe-
PUPOBAHHOTO 110 KBAHTOBOMY KaHAJIy B IPEIBLAYIIIEM CEaHCe
obMmena. OcranbHas, 60JbIIAs YaCTh KJIFOYa, MOJYYEHHOTO
10 KBAHTOBOMY KaHaJy, IpeIHa3HaYaeTcss COOCTBEHHO IS
muppoBanus nepegaBaemMoit unpopmanuu. Eciu ajis ayTen-
THQUKAIUU ¥ COXPAHEHHUs LEJIOCTHOCTH HAHHBIX IMPHMe-
Hsrotest iponenypsl Ha ocHoBe 'OCT P 34.11-94 [10], To
JUUTMHA CTAPTOBOTO KJIFo4a cocTasisieT 256 out. [Ipu atom B
TEUeHUE HECKOJILKUX CEKYHI OOMEHa 110 KBAaHTOBOMY KaHAJLy
MOXeT OBITh TOJIyYCH HOBBIM CEKPETHBIA KJIFOY, ropa3/io
0oJlee UIMHHBIN, Y€M UCXOIHBIMN.

Pazymeercsi, CTapTOBBIHA KJIFOY MOT OBl OBITH HCHOJIB30-
BaH Ui MH(POBAHUS HOBOT'O KJIKOYA WM MEpeavyd ero
BTOPOMY JIETUTUMHOMY I10JIb30BaTe k0. OIHAKO MIPU 3TOM
a0COJIIOTHASI CEKPETHOCTh HOBOI'O KJIFOYA T'apaHTHPYETCS,
JUIIb KOTAAa €ro [JJMHa He OoJjiee [JIMHBI KJIOYa, Ha
KOTOpOM OH mmudpyercs, T.e. Oojiee IIMHHOTO KJIF0Ya, YeM
WCXOJIHBIN, TIOJYYUTh HeNIb3s. B KBaHTOBOUW KkpunTorpadun
CTapTOBBII KJIFOY HE HCHOJIB3YETCSl HAINPSMYIO IS Tepe-
Jlaydl HOBOTO KJIFOYA, KOTOPBIA IeHEpUPYETCs MO KBAHTO-
BOMY KaHayy CBsi3u. [Ipu 3TOM 4YHCIIO OUT OTKPBITOU
nHbOpMAINH, TIEPEeIAHHON MO OTKPBITOMY KJIACCHYECKOMY
KaHaJIy Ha OOWH OUT HOBOTO CEKPETHOTO KJIFOYa, MOXET
OBITH C/IEJIAHO MEHBIIE SIMHUIIBI, IOITOMY BO3MOXHO pac-
IIMPEHHE KIIFoYa.

ITonxon ¢ HCMOJIB30BAHUEM HEOOJBIIOIO CTAPTOBOTO
KJIFOYa TPEANOUYTHTENbHEE MOIXOJ0B Ha OCHOBE aJITOPHT-
MOB aCHMMETPHUYHOI KPUNTOTpaduH C OTKPHITHIM KJIFOUOM,
TIOCKOJIbKY HO3BOJISIET CBECTH K MUHUMYMY YHCJIO CEAHCOB
0OMEHA 0 OTKPLITOMY KaHaJTy CBS3M B Iporecce "unctku" u
YCUJICHHSI CEKPETHOCTH KJroua (privacy amplification).

OcHOBHasl 3ajaya TEOPUM CBOJIUTCS K BBISICHEHHIO
JUTMHBI CEKPETHOTO KITF0Ya, KOTOPBIA MOXET OBITH MOJIyYEeH
MpH HAOJIIOTaeMBIX U3MEHEHUSX CTATHCTUKH pPe3yJIbTaTOB
W3MEpPEHN Ha MPUEMHOM KOHIIE 110 CPaBHEHUIO CO CTATH-
CTHKOW Ha HEBO3MYIIEHHBIX cocTosiHMsX. Kak mnpasuio,
BEJIMYMHOM, KOTOpash XapaKTepU3yeT OTKJIOHEHHE CTATHU-
CTUKM WU3MEPEHHUU OT WJICAJIbHOW, SIBJIseTCs HaOJIrogaemMast
BEPOSITHOCTD OIIMOKH HA MIPHEMHOM KOHIIE, TOYHEE, BEPOSIT-
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HOCTBb TOTO, YTO TepeAdaHHblid 6uT ObLI 0, a 3aperucTpupo-
BaH kak 1, u Haobopot. Takas cuTyanuss UMeeT MECTO B
IMAPOKO MpuMeHsieMoM TipoTokojie BB84, xoTst BO3MOKHBI
W JIpyrue KpUTEPHUH W3MEHEHUs CTATHCTUKU, KOTOpBIC
HCIOJIL3YIOT HECKOJIBKO MmapamMeTpoB. Ilepen BbISICHCHHEM
BEPOSITHOCTH OIIMOKU Yepe3 OTKPBITHIM KaHaJl MPOUCXOIUT
cpaBHeHHMe 0a3MCOB HA MPUEMHOW W TNEpe/Iaroledl CTOPOHe
(nns mpotokona BB84 [7]) uam packpbITe MO3UIMEA Ha
MPUEMHOI CTOPOHE, T/Ie UMEJI MECTO Pe3yJIbTaT U3MEPEHUI
C HeompelesieHHBIM HcxogoM (s mpotokosia B92 [9]).
BeposiTHOCTh  OIIMOKU OIICHUBACTCS MYTEM CpPABHEHHUS
4yepe3 OTKPBITHIA KaHAT YaCTU MOCIEAOBATEIbHOCTH, TOJTY-
YEeHHOU 1O KBAHTOBOMY KaHaJly MH(pOpManuu, ¢ COOTBETCT-
BYIOIIEH 4YacThIO HCXOJIHOW, B MaJIbHEHIIEM pacKpbITas
4acTh OTOpachIBaeTcsl.

Crenyroluii 3Tan JJr060ro KBaHTOBOI0 KpunTorpaduye-
CKOTO INPOTOKOJA DPACIPOCTPAHEHUS KJIIOYEH COCTOUT B
KOPPEKIUH OMMOOK B HEPACKPBITON 4acTU MOCIIEI0BATEb-
HOCTH y JISTUTUMHBIX ITOJIb30BaTeNel MOCPEICTBOM OOMeHa
nHpopMarmell 4epe3 OTKPBITHIA KaHal CBs3H. OOBIMHO
JIETUTAMHBIX TOJIb30BaTelieil HaseiBaroT Alice m Bob, a
MOACIYIIMBATENIO NpucBauBaroT uMs Eve (oT aHri. eaves-
dropper). B pesynbrate xoppekiuu ommbok y Alice u Bob
OCTAIOTCS TTOCIEA0BATEILHOCTH OUT MEHBIIIEH JJIMHBI U yKe
onuHakoBble. "OnuHakoBble" 376Ch 03HAYAET, YTO MOCIEN0-
BAaTEJILHOCTH COBMAJIAIOT C BEPOSTHOCTBHIO CKOJIb YTOJIHO
6mmkoit k  emmHmme: 1 —2' (manpumep 1 —27200 ~
~1—=10"7 HanmOMHHMM, YTO 4YHCJIO ATOMOB B BHAUMOM
yactu Bcenennoit onenmBaercs kak 1077). IMapamerp v
BBEIOMPAETCS JISTMTUMHBIMU MTOJIH30BATEIISIMH.

[Mocne "ancTkn" MEPBUYHOTO KIIFOYA Y MTOJICITYIIIABATEIS
AMEETCSl CTpOKa OWT WJIM PETUCTP KBAHTOBOW MaMSITH C
COCTOSIHUSIMH JINOO ¥ TO, U Ipyroe BMecte. [locneauuii mar
MIPH TOJIyYeHUH (UHATBHOTO CEKPETHOT'O KJIFOYa COCTOUT B
yCcuJIeHHu cekpeTHocTH (privacy amplification [11]) — cxa-
T "ounieHHoTo" KJIFOYa ¢ MOMOIIBIO TaK HA3BIBAEMOUN
YHHUBEPCAbHOW (DYHKIIUHM XIIMIMPOBaHUS 2-TO pona (two
universal hash function [12]), xoTopas cama sBiseTCs
CIy4yailHOW BEJIMYMHOW I YK€ OJMHAKOBBLIX IOCJIENOBA-
tenbHOCTEH y Alice u Bob. Ciyuaitno BeiOupaemas pyHKIus
X3UIMPOBAHUS OTKPBITO COOOIIAETCSI OTHUM U3 JIETUTUMHBIX
MOJIb30BATENIeH Yepe3 OTKPBITHIA KAHAJ CBSI3H U CUATACTCS
BCEM M3BECTHOM, BKJIFOUAs MoACTymuBaTes. Cxatas mocie-
JIOBATEJILHOCTb OUT SIBJISIETCS ISl JIETUTUMHBIX 110JIb30Ba-
TeJiel OOIIMM CeKPETHBIM KJIFOYOM, JIJIs1 KOTOPOT'O TapaHTH-
pYeTcsi, YTO MOICIYIIABATENb UMEET O KJIF0Ue CKOJIb YTOAHO
MaJlyro HHGOPMAIIMIO IO HEKOTOpOMY, 3ajaHHOMY Alice u
Bob nmapamMeTpy cekpeTHOCTH.

EctecTBeHHBIM TpeOOBaHUEM K MPOIEAYPAM KOPPEKIIUU
OIIMOOK U YCUJICHUS CEKPETHOCTH KJIFOUA SIBJISIETCSI COXpaHe-
HUE KaK MOXHO OOJIBIIIEro Yucja OUT B PUHATIHLHOM KIIFOYE.
Eme omHo TpeGoBaHWE COCTOMT B MHHUMU3AIMU UHCIA
ceaHcoB 0OMeHa 1O OTKPBITOMY KaHAJy CBSI3U B IepecyeTe
Ha 0JIVH OUT B (UHATILHOM CEKPETHOM KJTIOYE.

[Mpu xoppekImu OmMMUOOK B MEPBUYHOM KIIFOUE 3aIava
JISTUTUMHBIX MOJIb30BATEJIe COCTOUT HE TOJBKO B HMCHpA-
BJICHAU OIIMOOK, HO TaKXe B OIICHKE BEPXHEH TIpaHHIIbI
rHGOPMAIMH, KOTOPYIO MOXET HOJYYHTh 00 OCTaBIIEMCS
KJIFOUE TIOJICITYIIIUBATEIh U3 OOMEHOB IO OTKPBITOMY KaHAITY
cBsi3H. {71 KOpPEKIMU OIMUOOK MOTYT OBITh UCIOJIb30BAHBI
pas3jIMYHbIe IPOUENYPhI, BKJIIOYAs XOPOLIO pa3paboTaHHbIE
KJIACCHYECKHE KO/bI, UCTIPABIISIFOIINE OLINOKH.

Iepeiinem Tenepb K OOCYXKACHUIO IKCIIEPUMEHTATBHBIX
peam3anmii CHCTeM KBAaHTOBOM KpUNTOTpaduu.

PazpaboTku B oOjacT KBaHTOBOW kpunrorpaduu u
peaau3aniy pa3InIHbIX KBAHTOBBIX KPUNITOCHCTEM BEIYTCS
BO MHOTHX YHMBEPCHTETAX BCEX PA3BUTHIX CTPAH U MPAKTHU-
YEeCKH BO BCEX BEIYIINX TEJIEKOMMYHHKAIIMOHHBIX KOMIIA-
HUSX. 3a TMOCIIeJIHUE TSATH JIeT KBAaHTOBas Kpunrorpadus
MPOIIJIA MYTh OT YACTO TEOPETUUECKUX MCCICIOBAHUN 0 X
IPaKTUYECKON peajiM3alluil U CO3[1aHus MEPBBIX KOMMeEpYe-
CKUX TIPOTOTHUIIOB.

Nmeroryecs: IpOTOTUBI KBAHTOBBIX KPUIITOCHCTEM HC-
MOJIB3YKOT B OCHOBHOM CJIEITYIOIIHME MPHHIUITBI KOJTHUPOBa-
HUSl KJIACCHYECKOW HMH(GOPMAIH B COCTOSHHUSI KBAHTOBBIX
CHCTEM.

1. KogupoBanue uHpopmManmum o KJIIO4e B TOJISIpH3a-
IIMOHHbBIE CTETeH! CBOOOBI [13].

2. ®a30BOE KOAMPOBAHKE C TIOMOIILIO HHTEp(epoMeTpa
Maxa—Lannepa, B KoTOpoM HH(pOpManus KOIUpyeTcs B
pa3HocTh (pa3 Ha MPUEMHOM W TIEPEIAIOIIEM TUIeUYaX HHTEP-
(depomertpa [14, 15].

3. KonupoBanue Ha OCHOBE 4YacTOTHON MOAYJISIITUKN
HecyIei 4acToThI [16].

4. KBanToBas kpunrorpadus Ha KOTepeHTHBIX COCTOS-
HUSX C UCTIOJIb30BAHUEM F'OMOJJMHHOTO JETEKTUPOBAHUS Ha
npueMHoM KoHue [17].

HaubGobpmmii mporpecc JOCTUTHYT B KPUIITOCUCTEMAX C
(a30BBIM KOAMPOBAHUEM M camMoKoMmImeHcanueit [18] ¢ uc-
moJIb30BaHueM dapaaeeBckux oTpaxateneil. [lepsrrit ma6o-
PATOPHBIA MPOTOTUI KBAHTOBON KPHUIITOCHCTEMBI, CO3/IaH-
Helif B 1989 1. B MccnenoBaTebCcKOM LIEHTPE KOMITAHUU
IBM, umen IJiMHYy KBAaHTOBOTO KaHana cBs3u 1 M [19].
JlaGopaTopHBIif BApDUAHT KPUIITOCUCTEMBI Ha Oa3e nHTepde-
pomerpa Maxa—Ilanaepa ¢ pasaesieHueM BpeMeHH (time
division interferometer) ObLI peaym30BaH C WCIOJB30BA-
HHEM OITOBOJIOKOHHOHW JIMHWM CBsI3M JUIMHON 30 KM B
UCCIIeIoBATENIbCKOM stabopatopun (upmer "British Tele-
com" B 1995 r. [20] ¥ ¢ cyMMapHO# [UIMHOW ONTOBOJIOKOH-
HbIX JuHUM 48 kM B Jloc-Anamocckoii tabopatopuu [21]. B
9TUX CXeMaXx MPUMEHSJICS TPUHIHI (Ha30BOT0 KOAMPOBAHUS.
B 2003 r. B uccnenoBarenbckoit naboparopuun NEC gocrur-
HyTa gaJpbHOCTh 100 kM [21], a B 2004 . — yxe 150 xm [22].
JIaHHBIE CXEMBI SIBJISIFOTCS YCJIOXKHEHUEM U Pa3BUTUEM UIEU
($ha30BOro KOOAUPOBAHUS C CAMOKOMIICHCALIUEH C TIOMOILBIO
(dapameeBckux oTpaxaTeseil. YIOMSHYTble KPUITOCUCTE-
MBI, OCOOCHHO CXeMBbI ¢ ()a30BBIM KOJUPOBAHAEM U CAMO-
KOMIICHCAIIUEH, TOCTATOYHO CJIOKHBI B pean3anuu. Pe3yiib-
TATOM TEOpPETHYECKO# pa3paboTku rpymnmbl B JKeHEBCKOM
YHUBEPCUTETE CTajla MPaKTUYeCcKas peajn3anus KBaHTOBON
KPUITOCUCTEMBI C BOJIOKOHHO-ONITHYECKUM KabejieM IIIMHON
23 KM, IPOJIOKEHHBIM 10 THY JKEHEBCKOTO 03epa MEXIy
ropogamu Huon u >KeneBa. Jlunus, nymHA KOTOpoW Ha
CEerO/IHsI TOBeIeHa 10 67 KM, PEACTABISICT COOOM CITOXHBIN
ONTOBOJIOKOHHBIN MHTepdepoMeTp ¢ Pa3oBbIM KOAUPOBA-
HHEM M CaMOKOMIICHCAIIEH ¢ MCMOJIb30BaHuEM (apajiees-
ckux otpaxarteneid [I18] (mepBas Tak Ha3bIBaeMas
plug & play-cucrema kBaHTOBOW Kpunrtorpadum). AKTHB-
HbIE WCCIICIOBAHMSI BEYTCS B UCCIIE0BATEILCKON Jabopa-
topun IBM (Almaden) [23, 24]. AnpoOupoBaHa mnepBas
JIOKaJIbHAsI KBAHTOBAs Kpunrorpaduyeckas cetb B boctone
NI PACTIPOCTPAHEHMS CEKPETHBIX KIIFOUEH MEXAY MOJIb30-
BaTeJISIMHU Ha PACCTOSTHUH B 10 KM (IIPOEKT BBITIOJHSETCS TTO
3akasy DARPA — Defense Advanced Research Projects
Agency) [25].

Henasno nnHoBanuonHoi ¢gupmoii "MagiQ" 6bu1 aHOH-
CHUPOBAH IEPBBI KOMMEpYECKHl BapMaHT KBAHTOBOH BO-
JIOKOHHOU KPUITOCUCTEMBI, IEUCTBYIOIIECH HA PACCTOSIHUMA
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120 kM, B KOTOpPOH WCIOJIB3YETCS NPHUHIMI (Ha30BOrO
koaupoBanus. Cxema pean3yeT KBaHTOBO-KpunTorpaduye-
ckuit mpotokost BB84.

ITo muenuro crnenuaaucToB u3 "QinetiQ" u "Toshiba
Research Europe" (BenukoGpuTtanus), MUPOKOE MPUMEHE-
HHE KBAHTOBBIX KPUIITOCUCTEM HAYHETCS B OJIVDKAIIE TPU
rofa, MEPBBIMH Ha OYEPEAM CTOAT INPABUTEILCTBEHHBIC
YUPEKIACHUS U OAHKH.

HmeroTes peam3anyy IpOTOTUIIOB KBAHTOBBIX KPUTITO-
CHCTEM, OCYIIECTBISIONIMX MepeIadyy CEeKPETHOTO KJIova
4yepe3 OTKPBITOE MPOCTpaHCTBO [26 —28]. Pexopa 1o nanbHO-
ctu (1o onyOJIMKOBaHHBIM JTaHHBIM [28]) coctaBiisiet 23,4 kM
Kak B JHEBHOE, TaK M HOYHOe BpeMs. Takue KBaHTOBBIE
KPUITOCUCTEMBI TpEJHA3HAUYEHBI [JIs TeHEepald W Iepe-
JTaYy CEKPETHBIX KJIFOUYEH MEXIY Ha3eMHBIMH OOBEKTAMU H
HU3KOOPOUTAJIbHBIMH cHyTHUKaMH (70 BbICOT B 1000 kM)
WM MEXAY Ha3eMHbIMU OObeKkTamu uepe3 cnyTHHkH. ITo
OIlEHKaM pyKoBoauTesss npoekrta u3 "QinetiQ" muanu-
PYIOTCSl 9KCIIEPUMEHTHI 0 MepeAaue KPUNTOrpaduuecKux
KJTFOUYel Ha HU3KOOPOUTAJIbHBIE CITYTHUKH, & JIET Yepe3 CeMb
C X TOMOIIIBIO MOKHO OYET MOChLUIATH CEKPETHBIE KITFOUH B
JIFOOYIO TOYKY ILJIAHETHI.

Ha Ommkaiiiee Bpemsi NPOTHO3UPYIOTCS CJIEAYIOLINE
mapaMeTpbl KBAaHTOBBIX KPUNTOTpadUUecKuX BOJIOKOHHO-
OTTHYECKUX JIMHU CBSI3U:

1. KommmuecTBO OImMMOOK, HE MPEBBIIIAIONIEe HECKOJIbKUX
MPOLEHTOB TpU IPPEKTUBHON CKOPOCTH Tepenayn uHPOp-
Malli{ 0 ONITOBOJIOKOHHOMY KBAHTOBOMY KaHAJIy.

2. JInrHa KBAaHTOBOI'O ONTOBOJIOKOHHOTO KaHaJjla CBSA3U
~ 100—150 xm.

3. Ywncio noaKaHaIOB IPH pa3/ieIeHIH O JJIMHAM BOJIH
(MynbTUIUIIEKCUpOBaHUK) — 8 — 16.

Hecmompas na eneuamasiowuti npozpecc Kak 6 NOHUMAaHuu
Kpunmoezpaghuuecxoii cmoiikocmu (cekpemuocmu) K6anmogulx
Kpunmocucmem, mak u 6 ux peaiuzayuu, mu CUcrmemvl
codeparcam 00CMamouto CA0NCHbIC ONIMNOBOAOKOHHbLE, I ACKI-
POHHBIC U NPOCPAMMHBIE KOMNOHEHMbL, PAOOMA ¢ KOMOPbIMU
Ha ce200HA npedcmagaiem coOoil, cKopee, npogedeHue MoH-
K020 HAYYHO20 IKCHEPUMEHMA U OeMOHCIMPAYUIO IKCHEPUMEH-
MAAbHO20 UCKYCCMBA, YeM NPAKMUYEecKyI0 0eAmeAbHOCb ¢
UCNOAB30BAHUEM 0OWEYNOMPEOUMEAbHO20 U CINAHOAPIMHO20
06opyodosanug. JIpyruM BaKHBIM OOCTOSITEJIBCTBOM, CHEP-
JKUBAIOIIIM TMOKa IMUPOKOE PACIPOCTPAHEHUE KBAHTOBBIX
KPUITOCUCTEM Ha OCHOBE IpuHIMIA (a30BOro KOAUPOBA-
HUS, SIBJISIETCS TO, YTO KBAHTOBBIE KPUIITOCUCTEMBI MOKa
IJIOXO BCTPAMBAIOTCS B CTAHJAPTHBIE ONTOBOJOKOHHBIE
TEJICKOMMYHUKAIIMOHHBbIE TEXHOJIOTHH, IOCKOJIbKY COJIep-
KaT crenudpuyeckue KOMIOHEHTHI (MHTepHEPOMETPBI), Tpe-
Oyrolue TOHKOH rocTUpoBKH. HakoHer, mocie THU# mpuHI-
NUAJIbHBIE MOMEHT COCTOMUT B TOM, YTO KaX/blii KBAHTOBBII
KpunTorpaduueckuii MpOTOKOJI PACHPOCTPAHEHUSI CEKPeT-
HOro Kioua (axtuueckn TpedyeT "TeMHbIX" OnTOBOJIOKOH-
HBIX JIMHAN (CBOOOIHBIX JIMHUI).

CyliecTByeT Tpu 6a30BBIX MIPOTOKOJIA MEPEIAUN CEKPET-
HOTO KJIF04a, KOTOpbIe KpaTko Ha3biBaroTcs BB84 [7], B92 [9]
u BB84(4 + 2) [29]. IIpoTokon BB84 wucnonb3yer uerhipe
KBAaHTOBBIX COCTOSIHUS: IBa OPTOTOHAIBHBIX COCTOSHUSI JIJISI
0 m 1 B omHOM 0asmce u 1Ba OPTOTOHANBHBIX st 0 u 1 B
IpyroM. Mexmy 0a3ucamMu COCTOSIHUSI TIOTIAPHO HEOPTOTO-
HaJIBHBIL, YTO HEOOXOIUMO JIJIs 0OeCIieueHHs CEKpEeTHOCTH. B
npotokoJie B92 ncnosnp3yercs napa JroObIX HEOPTOIOHAJIb-
HBIX KBAHTOBBIX cocTosiHUM, oTBevaromux 0 u 1. [IpoTokon
BB84(4 + 2) sBnsieTcst npou3BoaHbIM 0T BB84 u otyimuaercst
OT MOCJIETHETO TE€M, YTO BHYTPHU OA3HCOB COCTOSHHS TAKXKe

JIEJTAFOTCS HEOPTOTrOHANTbHBIMUA. OUEBHIHO, 4YTO pa3HbIC
MPOTOKOJIbI OOMeHa TPeOYIOT pa3JInYHbIX (PU3HUYECKHUX YCT-
pOMCTB s (opMHUpOBaHUS KBAHTOBBIX COCTOSHUN Ha
nepeJaroeM KOHIIE U COOTBETCTBEHHO PA3HBIX YCTPOUCTB
IUIS. KBAHTOBO-MEXaHHYECKUX HM3MEPEHUA Ha IPUEMHOM
KOHIIE.

Kpunrorpaguueckass CTOMKOCTh (CEKPETHOCTH) JaHHBIX
MMPOTOKOJIOB JIOCTATOYHO NOAPOOHO uccienaoBaHa [29 —36].
C y4eToM peaJIbHbIX TapaMeTPOB — HECTPOT Ol OTHOPOTOH-
HOCTH UCTOYHHUKA, HEUICATbHOCTH JIABUHHBIX (POTOIETEKTO-
POB U 3aTyXaHWs B ONTOBOJOKOHHOM KaHalle CBSI3H, Tepe-
YUCJIEHHBIC TPOTOKOJIBI TAPAHTUPYIOT CEKPETHOCTD PACIPO-
CTpaHEHUsl KJIIoYa A0 OMpPENeJICHHOW KPUTUYECKOM IIMHBI
onToBoJIOKOHHOUW nuHuU cBs3u [29]. [Ipotoxon BI2 smms-
eTCsl caMbIM MHHUMAJIBHBIM, B CMBICIIE YHCJIA HCIIOJb3Yye-
MBIX COCTOSIHUY ¥ I3MEPEHHIA, OTHAKO OOECTICUMBACT CEKPET-
HOCTh TOJIbKO 10 mymH ~ 15—20 kM [33]. Haubonee nom-
po6HO wuccienoBaHHbI NMpoTokos BB84, mcnosb3yrommit
YeThIpe KBAHTOBLIX COCTOSIHMS, SIBJISIETCS O0JIee CIOKHBIM B
peanu3anyy U OCTAeTCs CEKPEeTHBIM 10 JJIuH ~ 50 kM [29].
Haxownen, B mpotoxkosie BB84(4 + 2) npuMeHsIroTCsl 4eThIpe
MOTIAPHO HEOPTOTrOHATIBHBIX COCTOSHUS. JJaHHBIH TPOTOKOJT
eIlle CJIOKHEE B PeajIM3alii U HACTPOIKe ONTOBOJOKOHHOTO
uHTEPPEPOMETPA, OJHAKO B CMBICIE CEKPETHOCTH "BBLIKU-
Baet" 10 mmH ~ 150 kM [29].

J7151 9KCIepIMEHTATBHON pean3anuy TPeOyTCsl OJTHO-
¢doTonnble ucTOUHUKU. [lomUepKHEM, YTO C TOYKH 3PEHHS
TEOpUH He 0053aTeJIbHO WCIOJIb30BATh OJHOPOTOHHBIC
KBaHTOBBIE COCTOSIHUSI [UIsl mepefadu kiroueil. OmHako B
MHOTO(OTOHHOM CiIyyae KBAHTOBO-MEXaHHUYECKUE M3Mepe-
HUSl Ha TPUEMHOM KOHIE ISl AETEKTUPOBAHMS MOIBITOK
MO/ICTYIIIMBAHNSI U U3MEHEHNS! KBAHTOBBIX COCTOSIHUH (Hop-
MaJbHO JOJKHBI OBITh pPEeaIM30BaHbl KaK MPOEKTOPHI Ha
COOTBETCTBYIOLIME BEKTOPHI MHOTO(OTOHHBIX KBAHTOBBIX
coctosiHuit. [T0100HBIX M3MEPUTEIBLHBIX YCTPOUCTB MOKA HE
CYIIECTBYET, XOTS HUKAKAX TEOPETHMYECKUX 3alpeTOB Ha
peam3anuio TAaKUX KBAHTOBO-MEXaHHUYECKHX HW3MEpPEHHI
HeT. To ecTh UCTIOIb30BAHKIE HMEHHO OJTHO(DOTOHHBIX KBAH-
TOBBIX COCTOSHUI OOYCJIOBJICHO CYIIECTBYIOIINMH JIETEKTO-
pamu (peayibHO 3TO JIaBUHHbIE (DOTOJETEKTOPHI C MEJIbThe-
OXJIAXKICHHEM, paboTaroIIue B CTPOOUPYEMOM PEXKIME).

OTMeTHM, UYTO YK€ CO3/IaHbI POTOIETEKTOPHI HA OCHOBE
CBEPXIIPOBOJIHAKOB, KOTOPBIE B OTJIMYUE OT JABUHHBIX (GOTO-
JIETEKTOPOB HA TETEPOCTPYKTYpax pa3nyaroT COCTOSIHUS C
Pa3HBIM YUCIOM (POTOHOB.

OnHOMOTOHHBIE KBAHTOBBIE COCTOSIHUS (TOYHEE KBa-
3U0AHO(DOTOHHBIE) MOJYYAIOTCS MYTEM CHJIBLHOTO ocjiabJie-
HUSI KOTEPEHTHOTO COCTOSHHSI — JIa3epHOTO W3YUYEHUS,
KOTOpOE Jaxe Mocje JFO0ro ocIabyieHns: COAEPKUT MHO-
roOTOHHBIE KOMIIOHEHTHI.

Hecmpoeas oonogpomonnocms  ucmounuxa emecme ¢
3amyxanuem 8 KeaHmMogoM Kanale c8A3uU NpugoodAam K momy,
UmMo CeKpenHoCb nepedagaemvly Kawuell eapanmupyemc,
AU K020a O0AUHA KAHAAQ He NPegocxo0um HeKomopoi
KpUmuuecKou 6eAUUUHbL.

HeratuBnas posb 3aTyxaHus (Ipu HeCTporo omHodo-
TOHHOM HCTOYHUKE) B KBAHTOBOM KaHaJIe CBSI3U COCTOUT HE
CTOJILKO B TOM, YTO 3aTyXaHHE, OUYEBUIHO, CHIDKAET CKO-
pOCThb TiepeAaud KJIroya H3-3a TOTO, YTO HE Bce (HOTOHBI
JIOCTUTAlOT TPHUEMHOTO KOHIA, CKOJIBKO B TOM, H 3TO
ropasgo 0OoJjiee KPUTUYHO, YTO HAYMHASL C HEKOTOPOU
BEJIMYMHBI 3aTyXaHUsI yXKe HeJIb3s TapaHTHPOBATH CEKPET-
HOCTb MEPETAHHOTO KJIF04a. 3aTyXaHHe B ONTOBOJIOKOHHBIX
JIMHUSIX CBSI3M OMPEEIISIeTCs IIIMHON KaHasa cBsi3u. OTHaKO
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KpUTHYECKas JJIMHA, BIUIOTh JO KOTOPOI cucteMa ocraercs
CEKPETHOM, 10 CHX TOp CTPOro HemsBecTHA. OLEHKH BapbH-
PYIOTCSL OT HECKOJIBKUX AECATKOB KUJIOMETpPOB 10 150 km
[29].

Benyrcss paboThl MO WCHOJIB30BAHUIO B KBAaHTOBOI
KpunTorpaduu UCTOYHUKOB U3JIyYEHUs, HAIPUMED HA OCHO-
BE HAHOYACTHI[ ajiMa3a, KOTOPbIe MO CBOMM MapaMeTpam
MPUOTIKAIOTCS K 0 JHOPOTOHHBIM [37].

Ecnu npoaHanm3npoBaTh OCHOBHBIE KBAHTOBBIE KPUTITO-
rpaduyeckue MpOTOKOJIbI U TOKA3aTEIbCTBA UX CEKPETHOCTH
B KaHaJIe C 3aTyXaHHeM (OCHOBHBIMU SIBJISIFOTCS TPOTOKOJIBI
BB84 u B92, ocranbpHble mpeAacTaBisSIFOT COOOW TOTO WJIU
WHOTO BHJA MPOU3BOAHBIE OT HUX), TO CTAHOBUTCS OYEBU/-
HBIM, 4TO TpebyeTcs (M HCHOJIB3YeTCsl SIBHO WM HESIBHO)
anpuopHas uHpopmalmsa o nmortoke omubok (Quantum Bit
Error Rate, QBER), oOycnoBiieHHbIx 3atyxanueMm. Hanpu-
Mep, €CJIM 3aTyXaHHEe B KaHAJIE CBSI3U U3MEHSIETCSI B TEUCHUE
BpEMEHM NPOTOKOJA TMepetauyd KJIro4a, TO H3MEHSeTCS U
MOTOK OIIMOOK (J1a)ke B OTCYTCTBHME TOJCIYIINBATEIIS).
Kpome Toro, ecm mpOTOKOJ MOAPA3yMEBAET MOCTOSIHCTBO
QBER, TO HHKaKkyl0 CEKPETHOCTh MEpPEIaHHOTO KJro4a
BOOOILIE HEBO3MOXXHO TapaHTUpOBaTb. Ecim B onToBosIO-
KOHHBIX KBAHTOBBIX KPUIITOCUCTEMAX 3aTyXaHHE e1Lle MOXXHO
CUUTATH MOCTOSIHHBIM (IIOCITIETHEE COCTABIISET IJIsl OJIHO-
MOJIOBOTO OIITOBOJIOKHA Ha AJMHE BOJHBI 1550 M 0,17 —
0,25 16 xM~!), To mpy Hepeaye Uepe3 OTKPLITOE IPOCTPAH-
CTBO 3TO yKe SIBHO HE TaK, IOCKOJIbKY COCTOSIHIE aTMOC(hHephI
HEBO3MOXHO KOHTPOJMPOBAThb. [l03TOMY XOTenoch Obl
AMETb MNPOTOKOJIBI PACIPOCTPAHEHHS KJIFOYa, KOTOpBIE
ObUTM OBl YCTOWYMBBIMU WM TapaHTHPOBAIU CEKPETHOCTH
KJIFOYa IPY U3MEHEHUH 3aTyXaHUS B KaHAJIE CBSI3U B TEUCHHE
BPEMEHHN MPOTOKOJIA M CEKPETHOCTh KOTOPBIX HE 3aBHCEIA
ObI OT aNMPUOPHOTO 3HAHWS BEJIMYMHBI 3aTyxaHus. JlaHHas
npobJieMa, Ha Halll B3IJIs/I, JJOCTATOYHO CEPbE3HA U TpeOyeT
peleHnsi, MOCKOJbKY B NPOTHUBHOM Cllydae MOTYT BO3-
HUKHYTH COMHEHHUSI B 0€3yCIIOBHOW CEKPETHOCTU KBAHTOBOM
kpuntorpaduu (CeKpeTHOCTH, KOTOpas MOJHOCTBIO TapaH-
TUpYeTCsl PyHIAMEHTAILHBIMU 3aIpeTaMU KBAHTOBOU MeXa-
HUKHM, @ HE TEXHUYECKUMHU OIpPAHMYECHUSIMU IOJCIIYILUBA-
TeJs).

Bce ymoMsiHyThIE BBILIE TPYJHOCTH CBSI3AHBI C TEM, YTO
CEKPETHOCTh TPOTOKOJIOB Oasupyercs, MO CyTH, JIMIIb Ha
TEOMETPUYECKHX CBONCTBAX BEKTOPOB COCTOSHHI KBaHTO-
BOH cHCTeMBI B I'iIbOEepTOBOM npocTpancTse H. Tounee, Ha
HEBO3MOXHOCTH KomupoBaHusi (no-cloning-treopema [8])
HEM3BECTHOTO KBAHTOBOTO COCTOSIHHSI U TMPUHIMIHUATILHON
JIOCTOBEPHOW HEPa3JIMYMMOCTH HEOPTOTOHAJLHBIX KBaH-
ToBBIX coctosiHu (Teopema C.H. Bennett [9]). I'py6o
TOBOPSI, JAHHBIE POTOKOJIBI HOPMYJIUPYIOTCS B THIIHOEPTO-
BOM mpocTpaHcTtBe H. To, YTO Bce U3MEPEHHS] U PaCIpo-
CTpaHeHHe KBAHTOBBIX COCTOSIHUM MPOUCXOIAT B MPOCTPAH-
CTBE-BpEMEHH, HUKAK SIBHO He UCHOJb3yercs. [1pu pacmpo-
CTpaHEHUH KBAHTOBOT'O COCTOSIHHSI 3aTyXaHUE UMEET MECTO
HE B THWJILOSPTOBOM IIPOCTPAHCTBE, a B IMPOCTPAHCTBE-
BPEMEHH, TO3TOMY JUIsl YCTPAaHEHUS TPOOJIEeM MOTepH
CEeKPETHOCTH BCJIEACTBHE 3aTyXaHUsl TPeOYIOTCS nOpyrue
JIOTIOJIHUTENbHbIE PyHIAMeHMAAbHble OTPAHUYEHHS], TPOUC-
TEKAIOIINE N3 CBOWCTB KBAHTOBBIX COCTOSIHUHN, W MOJIyUYeHHE
rHbOPMAIMKA O HUX B MPOCTPAaHCTBe-BpeMeHH. OrpaHuye-
HUS1, TUKTYEMbIE JIMIIb TeOMETPUUECKUMHU CBOCTBAMU KBaH-
TOBBIX COCTOSIHMM B TMJIbOEPTOBOM HPOCTPAHCTBE, IS
MOCTPOCHUSI KBAHTOBBIX KPHUNTOIPAGUIECKUX MPOTOKOJIOB,
MO-BUAMMOMY, HCUEPITAHEI.

TakuMu AONOJHUTEILHBIMU (YHIAMEHTAIBHBIMU U
€CTECTBEHHbIMHU OTPAHUYECHHUSIMU SIBJISIFOTCSl OTpaHUYEHUS,
JIUKTyeMbI€ CIIEUATbHON TeopHueil oTHocutenbHOoCcTU. Kpo-
Me TOro, (POTOHBI MPEJCTABISIOT COOON UCTHHHO PEIISITH-
BUCTCKHE 0€3MAacCOBBIE YACTHUIIBI (COCTOSHUS H€3MacCOBOTO
KBAaHTOBAHHOT'O I0JIs1), KOTOPBIE PACIPOCTPAHSIOTCS C IIpe-
JIeIbHO JIOMYCTUMOMN CKOPOCTBIO, TO3TOMY IIpU pa3paboTke
W pealu3alyy KBAaHTOBOH KpunrTorpaduém B OTKPBITOM
MPOCTPAHCTBE OBLIO OBl HEECTECTBEHHO HE BOCIOJIB30BAThH-
Csl JTOTOJIHUTEJIbHBIMHA BO3MOXHOCTSIMH, IPEIOCTABIIsIE-
MBIMH NIPUPOJION.

Hwxe kpaTko 06cy1uM KBAaHTOBBIE KPUIITOCUCTEMBI IS
nepeaayy KJIrouei yepe3 OTKPhITOEe MPOCTPAHCTBO, KOTOPBIE
KpOMe OTpaHMYEHWI Ha M3MEPHUMOCTh KBAHTOBBIX COCTOSI-
HUH, CIEIyIOMMX W3 KBAHTOBOH MEXaHUKH, HCHOJB3YIOT
JIOTIOJTHUTENIbHBbIC 3aMPEThl, TUKTYEMbIC CIEIMAJIBHON Teo-
pueil OTHOCUTELHOCTH.

ITockoavKy 8 06CyIHcOaeMbIX HUIICE KEBAHIMOBBIX KPUNIMOCU-
cmemax A6HO YUUmvleaemcsa Gaxm pacnpocmpanerHus KeaH-
moewvix cocmoanuil (KAoua) 8 Npocmpancmee-gpemenu, mo
mpebyemcsa 3apanee 3HaMb 0AUHY KGAHMOB020 KAHAAA C8A3U
Medncoy nepedarowyeti u nPUHUMArOWeil CropoHamu.

PensiTHBUCTCKHE KBAHTOBBIE KPUMTOCHCTEMbBI OCTAFOTCS
CeKPETHBIMH TpPU JIOOOM 3aTyXaHHH B KaHale CBS3M.
BenmunHa 3aTyxXaHUS CHMKAET JIMIIb CKOPOCTh Mepeaavd
KJIFOUa, HO HE BIIMSET Ha ero cekpeTHocTb. Kpome Toro,
rapaHTUPYETCs CEKPETHOCTh KJIFOYa Jaxe ISl HeOJTHO(O-
TOHHBIX cOCTOSIHUI. CXxeMa ocTaeTcs CeKpeTHOM IpHU JIFoO0M
cpenHeM 4ucie (POTOHOB B KBAHTOBOM cocTosiHuM. Kaxk
MOKAa3bIBAKOT pacueThl (cM. moapodHoctu B [38]), HaubOJIb-
masi 3pPEeKTUBHOCTD TOCTUTACTCS TIPH HEOOIBIINX CPETHUX
ynciaax (poToHoB, u = 1—3. [lpm Takux CpemHHX dYHCIaX
3aI0JTHCHUS TPAKTUYECKA OTCYTCTBYIOT XOJIOCTBIE MTOCHLIKA
(ot BakyyMHOM KOMIIOHEHTBI B KOTE€PEHTHOM COCTOSIHUU
mana). Ilociennee o3HayaeT, 4TO CKOPOCTh TeHEPAIMU
KJIFOYa, KaK MUHHMYM, Ha TIOPSIIOK BBIIIE, YEM B CXeMax,
0a3upyIOMMXCS TOJILKO HAa TEOMETPHYECKHX CBOWMCTBAX
KBAHTOBBIX COCTOSIHHM, TAe TpedyeTcs ociiabiieHne Jiasep-
Horo u3nydyenus 1o u = 0,1—0,3. JlonosHuTEILHOE YBEIH-
YeHHEe CKOPOCTH BO3HUKAET 3a CUET TOrO, YTO OIPAHUUCHUS
CHeuuaIbHOW TEOPHH OTHOCHTEIBHOCTU MO3BOJISIOT HUC-
MOJIb30BaTh AK€ OPTOTOHAJLHBIE COCTOSIHHS, UTO HE Tpe-
OyeT MPOBEpKH cOTJIacOBaHMS 0a3MCOB M3MEpPEHMId, KaK B
npotokojie BB84. Kpome Toro, mockosibky Bce JeicTBUS
YYaCTHHUKOB (KaK JISTHTUMHBIX, TaK W MOACTYIIHBATEIIS)
OCYILIECTBIISIFOTCS. B IIPOCTPAHCTBE-BPEMEHU U COCTOSHHS
OPTOTOHAJILHBI, TO KOJIJIEKTUBHBIE U3MEPEHHUS IO ICTyIIINBA-
TeJlsl He JAIOT €My HUKAKUX MIPEUMYIIECTB MO CPABHEHUIO C
WHVBHUyaIbHBIMU HU3MEPEHUSIMU B KaxJ0d mocbuike. U
HocJieIHee, CUCTEMA FAaPAHTUPYET CEKPETHOCTD KJIIOYA JaXKe
IIPU YPOBHE OIIMOOK B IPUHSATON JBOMYHOHN MOCIEI0BATEIb-
HoCTH, 6;1M3KOM K 50 % (cM. netasm B [38]). OT™MeTHM, 4TO,
HampuMmep, s npotokoia BB84 cekperHocTh TapaHTH-
pyeTcst b 10 ypoBHs ommbok B 11 % [30, 32].

Hanomnum, umo meopemuuecku de3ouubounas nepeoaua
uHgopmayuu, Gakxmuuecku uUcnpagieHue owudbox 8 npeoee
aAcCUMNMOMUYECKU OAUHHBIX NOCAC008AMEALHOCHIEN 8 KAACCU-
YeCKOM OUHAPHOM CUMMEMPUYHOM KAHAAE, BOZMOICHA, eCAU
sepoamnocms ouwluoku He npesviiaem 50 %. B peaamusucm-
CKOIL K8AHMOBOU KpUnmoz2paghuu npu yposHe ouud oK 0.Au3Kom
K 50% 603M0xCHO He MOALKO UCNpagumv OWUOKU, HO U
2apanmuposams ceKkpemnocme ungopmayuu (Kaouei), nepe-
0a8aeMoti ¢ NOMOWbIO K8AHMOBHIX COCMOANHUI Yepe3 OMKPbl-
moe npoCmpancmeo.
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EnuncTBEHHOE TOMOJHUTENbHOE TPeOOBAHUE B PENISITH-
BUCTCKHX KBAHTOBBIX KPHITOCHCTEMAaX IO CPABHEHHIO C
HEPEISITUBUCTCKIMHI KBAHTOBBIMH KPHUIITOCHCTEMaMH Ha
HEOPTOTOHAJIBHBIX COCTOSIHUSIX — 3TO 3HAHME JUJIMHBI KBaH-
TOBOTO KaHaJla CBS3W, 4TO, HA HAIl B3IJISA, SIBJISETCS
HEOOJIBIIION TIATON 3a T MPEUMYIIECTBA, KOTOPbIE MOXKET
JIaTh PEJISITUBUCTCKASI KBAHTOBAS KpunrTorpadusi.

B KBaHTOBBIX KpUNTOCHCTEMAX OOHAPYXKEHHE JFOOBIX
TONBITOK TOJCIYIINBAHUS TapaHTUPYETCS CJIEAYFOIIUMU
IBYyMSl (DyHIIaMEHTAJIbHBIMH, TECHO CBSI3AHHBIMH MEXIY
c000i1 3anpeTaM KBAHTOBOW MEXaHUKHU.

1. HeBo3MOXHOCTB IporLecca

po) @ [A4) = |@g) @ |@g) @ [Ao)
(@oloy) #0. (1)
lp1) @ [4) = |o1) @ [@y) @ |41),

Takoif 3amper Ha KONMUPOBAHUE HEU3BECTHOTO KBAHTOBOTO
COCTOSIHUS Ha3bIBaeTCs no-cloning-Teopemoii.

2. HeBO3MOXHOCTB TOJTydeHHs] HHpOopMAaIu 00 OTHOM
73 HEOPTOTOHAJBHBIX COCTOSHUIA 6e3 MX BO3MYIIECHUS, T.C.
3amlpeT Ha mpolecc

lpo) ® [4) = U(lpg) @ [4)) = [pg) @ |4o) ,
|[4o) # [41), (2)
lp1) @ [4) = U(loy) @ 4)) = o) @ |41),

rje |A) — cocrosiaue npubopa Habmogaresst, U — HEKOTO-
pBIf YHUTApPHBIA OMEpPAaTOp, OMUCHIBAIOIINI COBMECTHYIO
9BOJIFOIMIO HCCIIEIYEMOTO COCTOSIHUSI M COCTOSIHHS TPH-
6opa. JlaHHBIC 3aIpPETHI, IO CYTH, SBISIOTCS OTHHUM U3
HPOSIBIICHUH (YyHITaMEHTAJIbHOTO HMPUHIMUIA HEOIpeaesIeH-
HocTH I'eiizenbepra o HEBO3ZMOXHOCTU OJHOBPEMEHHOTO
u3MepeHnst HabIIoIaeMbIX, KOTOPBIM OTBEYAIOT HEKOMMY-
THPYIOIINE ONEPATOPHL.

J11 OpTOroHaIbHBIX COCTOSIHUM 3alpeThl Ha KOIHUPO-
BaHNE W W3BJICUCHHME HHPOpMAInM 0Oe3 MX BO3MYIICHHS
OTCYTCTBYIOT. B pamMkax HepeJsiTUBUCTCKON KBAHTOBON Me-

XaHUKH HAaOIIOIaeMbIM py = |¢o){(@o| 1 p; = |@){@,| oTBe-
YAIOT KOMMYTHPYIOLIAE U3MEPSIOLIUE ONEPATOPBI, SIBIISIO-
IIMeCs OPTOrOHAIBHBIMH HPOEKTOpaMu Py 1 = |y ){(®g 1]

([Po,P1] = 0). Orpannuenust (1), (2) sIBASIOTCS, MO CYyTH,
T€OMETPUYECKIM CBOHCTBOM BEKTOPOB COCTOSIHUI KBAHTO-
BOH CHCTeMSBI |, ;) B THJIbOEPTOBOM IPOCTPAHCTBE CO-
crosumii. Ecim He MCNONBb30BATH KAKHX-TO JOTOJHHTEb-
HBIX (YHIAMEHTAJIbHBIX OrPAaHUYCHHH HA H3MEPHUMOCTH
OPTOTrOHAJIBHBIX KBAHTOBBIX COCTOSIHHI, TO MOCJICAHUC B
CIUTy JOCTOBEPHOM Pa3IMYUMOCTH HE MOTYT MPUMEHSIThCS
TS TieJieit KBaHTOBOM kpuntorpadun. TakuMu TONOJHUTE-
JIBHBIMU (DYHIAMEHTAIBHBIMU O PAHMYCHUSIMHU SIBIISFOTCS
OTpaHMYCHUST HA H3MEPHUMOCTh KBAHTOBBIX COCTOSIHUIA,
HaJIaraeMBbIe CIIENUAJIBHON TEOPUEN OTHOCUTEIIBHOCTH.

JJ1s1 OpTOTOHAJIBHBIX COCTOSIHUM HET 3ampeTa Ha T0CTO-
BEpHOE pa3jimueHne 0e3 ux Bo3MyleHus [9], TouHee roBopsi,
TeopemMa [9] o6 atom cimyyae HUUero He rooput. Yacrto
MPOU3HOCHMBIC TPH HWHTEPIPETALUH [TAHHON TEOpPEeMbI
CJI0BA O TOM, 4YTO OPTOrOHAJbHOE cocTosiHue "mpoxoaut"
4yepe3 BCIOMOTATENIbHYIO CHCTEMY |A4), B3aUMOJEUCTBYET ¢
HEell 1o Mepe MPOXOXKICHUS U M3MEHSET ee COCTOsIHUE, He
COOTBETCTBYIOT COJIEPKAHUIO TEOpPEeMBI. B Teopeme Humdero
HOJOOHOrO HET, B TOM CMBICNIC, YTO OHAa HOCHUT YHCTO
FEOMETPUYCCKUIl XapaKTep U YTBEPXKIACT, UTO BEKTOP
COCTOSIHMSI BCIOMOTATEJIbHOI CHCTEMBI |A) MOXeT ObITh
YHATAPHO TIOBEPHYT B 3aBHCUMOCTH OT BXOJHOTO BEKTOpa

|@o ) ¥ mepeBeneH B HOBOe cocTosiHue |Ap) wim |4,) Ge3
H3MEHEeHHUs BXOJHOTO BeKTOpa. [Ipy 3TOM HESBHO IpEIIo-
JIATAETCsl, YTO BXOJHON BEKTOD | @ ;) HOCTYNEH KAK LEJIOCT-
HBbIi OOBEKT, T.€. I COBEPIICHUS] YHHTAPHOTO Mpeodpa-
3oBaHusi U HYXHO UMETh JOCTYI KO BCEMY MPOCTPAHCTBY
cocrossauid ‘H,, ,, B KOTOPOM OTJIHMYEH OT HYJs HOCHUTEIb
COCTOSIHUS, B IPOTUBHOM cllyyae npeodpa3oBaHue He OyieT
yHuTapHbIM. TOT (hakT, 4TO B JOKA3ATEIBLCTBE PUIYPUPYET
JIMIIL BEKTOP COCTOSIHUSA KaK NEJIOCTHBIN OOBEKT |, 1) Oe3
BHYTpEHHEH KoOpAMHATHON "HaunHku", KaK pas u moapasy-
MEBAeT, YTO BEKTOP COCTOSIHUS MPH YHHUTAPHOM Mpeodpa-
30BaHUM y4acTBYyeT "'cpasy ueiaukom".

Huist mro6oit peasibHON (PU3MUYECKON CHCTEMbI THIIBOEP-
TOBO IIPOCTPAHCTBO H, , HEU30EXKHO IPUBA3AHO K HPO-
CTPaHCTBY-BpeMeHI MHHKOBCKOTO, B KOTOPOM COCTOSTHHE
AMeeT aMIUTUTY1y (CTJIa)KUBAFOIIYIO BOJHOBYIO (DYHKIIUIO).
HocTtyn x ruib0epTOBY MPOCTPAHCTBY COCTOSIHHIA, TAaKUM
00pa3zoMm, oIpa3yMeBaeT JOCTYII K TOH 00JIaCTH POCTPaH-
CTBa-BPEMCHHU, B KOTOPOW OTJIMYHA OT HYJIS aMIUIATYIa
(BostHOBast (DyHKIUS) cOCTOSIHUS. Eciy ke TOCTYIHA JIUIIH
YacTh TaKOH OOJACTH, TO TOTAA JaXke OPTOTrOHAJIbHBIC
COCTOSIHUSI HEBO3MOXHO JOCTOBEPHO CKONUPOBATh WM
pasnmunth. [locienHee OoJsiee MJIM MEHEe OYEBHIHO, IO-
CKOJIbKY HHKAKOH MPOIECC, B TOM YHCJIe KOMUPOBAHKE UM
pa3inveHne, He MOXET MMETh BEPOSATHOCTb Ucxoga O0OJIib-
Y0, YeM JIOJIi HOPMHPOBKH COCTOSIHHIA, KOTOpas HaOu-
paeTcst B JOCTYIMHOM MPOCTPaHCTBEHHO-BPEMEHHOI 001acTH
U TEeM CaMbIM aBTOMAaTHYECKU B JIOCTYIHOW YaCTH HIIBOEp-
TOBa TpoCTpaHCTBA. [ pyboO roBops, 4TOOBI C JOCTOBEP-
HOCTBIO CKOMHUPOBATh WM PAa3JIMYUTh OPTOrOHATHHBIC
COCTOSIHUSI, OHU HYXHBI CPa3y U IEJTHKOM.

[TosToMy, ecii aMILUTUTY/1a COCTOSTHUSI OTJIMYHA OT HYJIS
B HEKOTOPON KOHEYHOMN 00J1aCTH TPOCTPAHCTBA-BPEMEHH, TO
CJIOBA O TOM, YTO COCTOSIHME TOCTYITHO IEJIMKOM, O3HAYAFOT
JIOCTYIl K 3TON oOJyiactu. B HepeasiTUBMCTCKOW KBAHTOBOU
MEXaHHKe, TJIe HeT OTPAHWYEHN Ha MPEIeTbHYI0 CKOPOCTb,
JIOCTYT K JTFOOO¥W KOHEYHOH 00JIACTH MOXET OBITH MOJIyYeH
MTHOBEHHO. B KBaHTOBOW TEOpUU MOJIS, TIE CYIIECTBYIOT
OTrpaHMYCHUS] Ha MPEICNIbHYI0 CKOPOCTb, AOCTYI K COCTOS-
HUFO [EJIMKOM MOJXET OBITh IOJIYYCH TOJBKO B TOM Clydae,
€CJIM MPOTSDKEHHOE COCTOSIHUE IPEIBAPUTEILHO YHUTAPHO
mpeoOpa30BaHO K COCTOSIHHUIO C aMIUTATYIOW, OTJIMYHON OT
HyJIS JIMIIb B CKOJIb YTOJHO MaJjloi MPOCTPaHCTBEHHON
o6mactu. ITocie 3TOro MOXHO IOJIL30BAThLCS TeopeMoit [9].
CorJIaCHO TPHUHIUIY PEJISITUBUCTCKON NpUYMHHOCTH [39]
TaKOe YHUTAPHOE MPeoOpa30oBaHUE COCTOSIHUS, 38TaHHOTO B
KOHEYHOU MPOCTPAHCTBEHHO-BPEMEHHOM 00J1aCTH, B COCTOSI-
HHe, JIOKAJIM30BAHHOE B CKOJIb YTOJIHO MAaJIOi MPOCTPaHCT-
BEHHON O00JIACTH, MOXET OBITh OCYIIECTBJICHO JIUINb 3a
KOHEYHOEe BpeMsi. MUHIMAaJIbHO HE0OX0AMMOe BpeMsl Ompe-
JIENIAETCS U3 YCIIOBUSI HAKPLITHS "IPOIILIOi" YacThIO CBETO-
BOrO KOHYCa HCXOJHOW MPOCTPAHCTBEHHOW 00JacTH, B
KOTOpO#l ObLIa OTJIMYHA OT HYJIS aMIUIATYAA COCTOSIHUS
(puc. la). BepmmHa 3TOrO0 KOHyca HAXOIUTCS B CKOJb
YIOJIHO CHJIBHO JIOKAJIM30BAHHON 00J1acTH (TOYKE), B KOTO-
PYIO YHUTapHO mpeoOpa3yeTcs WCXOMHAS aMIUIATYIa
coctostHusl. Kaxxmoe 3 mapbl OPTOTrOHAIBHBIX COCTOSIHHM,
yHuTapHO mpeobpasoBanubix ("coOpaunwix") B JoKamu30-
BAaHHO#M 00J1acTH, MOXET OBITH IOCJIE 3TOTO JOCTOBEPHO
CKOTIMPOBAHO WM pasjmieHo. [ToCKONbKY pedb HACT O
0€3MacCOBBIX COCTOSIHUSIX KBAHTOBAHHOTO 10JIs ((POTOHOB),
KOTOpBIE PACIPOCTPAHSIOTCS C MPEACIbHO JOMYyCTHMOU
CKOPOCTBIO, TO TAKOE YHUTAPHOE MPeoOpa3oBaHue U [ajlb-
Heillliee KOMHMPOBAaHWE MpPHUBEIST K CIOBUTY (3aJepiKKe)



KOH®EPEHIIMM U CUMIIO3MYMBbI 783

T. 176, Ne 7]
a
p Komnuposanue |¢) U(L)|)
-~ x=ct
- ~
L L
L/2
/ T
L/2
l)
L
X
6
! x=ct U(L)|o)
e ~ ~
L
%—\~ <
L
)
X
Puc. 1.

COCTOSIHUM B IPOCTPAHCTBE-BPEMEHM IO OTHOIICHUIO K
TaKOBBIM B CJIy4ae MX CBOOOTHOW IBOJIIOIMHU (PacIpocTpa-
Henust). JJaHHOe 00CTOSITEIbCTBO MO3BOJISIET IETEKTUPOBATD
JIFOObIE MOTBITKA MOACTYIUBaHUusA. OTMETUM, YTO OTpaHU-
YeHMsI, HAKJIAbIBaeMble Ha M3MEPEHHS! B PEISTUBUCTCKOMN
obacTu, ucciaenoBainch Buepsbie B padore JI. . Jlannay u
P. Tatiepnca [40], a Bnociencrsuu B padore H. Bopa u
J1. Posendennaa [41]°.

WNHave roBops, AJIsl OPTOTOHATIBHBIX COCTOSHUM Ge3mac-
COBOr'0 KBAaHTOBAHHOTO I10OJIS1 TEOPEMA O 3aIpeTe KOMUPOBa-
HUSI 3BYYHT CJIEyIOIIIUM 00pa3oM. OpTOroHaJIbHbIE COCTOS-
HUSI MOTYT OBITH C BEPOSITHOCTBIO, CKOJIb YTOIHO OJIM3KOM K
e/IMHUIIE, CKOTIMPOBAHBL. B pe3ysibTaTe KOMUPOBAHUS TOJTY-
YaroTCsS COCTOSIHUSI C TOH xe (GOopMOH aMIUTUTYI, HO
CABUHYTBIE (TPAHCIUPOBAHHBIE B IPOCTPAHCTBE-BPEMEHN).
To ecTb paspelien 6osiee ciabblil, 4eM B HEPEJISITUBUCTCKOM
ciyvae, ipottecc B (1). Takum obpazom, umeem

l90) = (ULlgo)) ® (ULlwy)) ,

lp1) = (ULlpy)) @ (ULlgy)) -

3necy Up — omepatop TpaHCISUUM B MPOCTPAHCTBE-Bpe-
MEHHU BJOJb BETBH CBETOBOro KoHyca, L =A(x—1) —
pasMep o0JacT, B KOTOPOW OTJIMYHA OT HYJSl aMILTUTYIa
COCTOSIHUH (cuuTaeM JjIsi KPaTKOCTH, YTO 00a COCTOSIHUS
OTJIMYHBI OT HYJIS B OJHOM M TOW e MPOCTPAHCTBEHHO-
BPEMEHHOHN O0JIACTH, HO pa3nvaroTcs (HOopMOil aMITUTY
®o,1(x — 1))

AHanornuHo Momuduuupyercs teopeMa [9] o pasimde-
HUH OPTOTOHAJBHBIX COCTOSHUI — pa3pellleH JIUIIb 0ojiee
CJ1a0bIi MPOTIECC MO CPABHEHUIO C TAKOBBIM B HEPEJISI TUBUCT-

3)

3 BaXHBIM SIBJISIETCSI BOIIPOC O JIOKAJM3ALME COCTOSIHUM B PEJISITHBHUCT-
CKOlt 00J1acTH (B CBS3H € 9THM cM. [42—47]).

cKkoM ciyvae (2):

|90) @ |4) = (ULlgy)) ® |4o) |do) # |41).  (4)

1) @ [4) = (ULley)) @ |41)

CkazaHHOE YAOOHO MOSICHUTBH C TMOMOIIBIO JHArpaMM,
MPUBEACHHABIX HA puC. 1.

ITockopKy aMIUTMTYAa COCTOSTHUIA 0€3MacCOBOTO KBAaH-
TOBAHHOTO TMOJIS, PACHPOCTPAHSIONIMXCS B OJHOM Ha-
NpPaBJICHAN OCH X, 3aBUCUT JIMIIb OT Pa3HOCTH X — f, TO
MOXHO (PUKCHPOBATH BPEMS M CUUTAThH MEPEMEHHOU KOOD-
IUHATY, JIn00 HaobopoT. PaccMoTpum 00a ciyvyas. dtumu
IByMsI CIIy4asiMA HCYEPIILIBAIOTCS Bce cHTyanmu. [IycThb
3a/1aHO OJTHO M3 OPTOTOHAJIBHBIX COCTOSIHUI C aMILIATYIOU
@(x — 1), PACTIPOCTPAHSIFOLIMXCS CO CKOPOCTHIO cBeTa (¢ = 1,
unpaexc cocrosuus 0 umu 1 AyIst KPaTKOCTU MOKA OIYCTUM).
IIycte cocTosiHME COCPEJOTOYEHO B OOJacTH L, B TOM
embicre, uto [, [¢o(x — 1o) |2 dx ~ 1, ¢y, (x — fy) ecTh amMILIH-
TyJia Ha BPEMEHHOM cpe3e /.

YToOBI UMETh CpaA3y 8cCe 3HAUCHUA AMNAUMYObL COCMOSA-
HUA NpU 6cex X 8 MOMeHm ty B TOW o0JiIacTH, B KOTOPOH OHA
OTJIMYHA OT HYJIs, HEOOXOAMMO COBEPIIUTHL YHHUTapHOE
npeoOpa3oBaHue cpa3zy HaJl BCeM COCTOsiHUEM. [1ycTh yHU-
TapHOe MpeoOpa3oBaHWE HAJ AMIUIMTYIONW COCTOSIHUS —
Uy 1 (x — 1) = @o 1 (x" — 1) (t>1), Torma ammuryna
HOBOTO cOCTOSIHUS (@ (x' — f) MOXeT ObITb OTJIMYHA OT HYJIs
YK€ B MEHbIIIEH MPOCTpaHCTBeHHOM 00acTu. 1o cymecty,
MUHHMAJIbHBIA pa3Mep o0jactd mo x’ K MOMEHTY ! K-
TyeTCs PEJIATHBHCTCKUM IPUHIMIIOM TPUYMHHOCTH, KOTO-
pblii 0BT cHOPMYJUPOBAH B OKOHYATENBHOH (opme
H.H. Boromro6oBsiM [39]. MaTpuuHble 3j1eMEHTHI YHHUTAP-
HOTO OmepaTopa OTJIMYHBI OT HYJIS TOJILKO TOTAa, KOorja
Toukn (x,fp) u (x’,¢) jexar BHyrpm "mporuroi" uactu
CBETOBOT'O KOHYCA, BHIMYIIIEHHOTO U3 TOYKH I, M HAaKpbIBato-
meil 061acTb, B KOTOPO#M OTJIMYHA OT HYyJSl aMILTUTYIa
COCTOSIHUSI B MOMEHT fy. K MOMeHTYy He OoJiee paHHEMY,
yeM L, aMIUIMTyJa UCXOJHOTO COCTOSIHUS MOXET OBbITh
YHUTapHBIM 00pa3oM IpeoOpa3oBaHa B COCTOSIHUE CO
CKOJIb YIOOHO CHJIBHO JIOKAJIM30BAHHOW aMIUIUTYA0N B
okpectHocTH [. TIpMHIMIHUAILHO BaXXHO, YTO 3TO OyIeT
yXkKe dpyeoe COCTOSIHUE, OTJIMYHOE OT MCXOIAHOTO (X — 1p).
K MomenTy I' 1OCTYIMHBI 3HAYEHUS] AaMILTUTYBI COCTOSHIS
IpU BCeX X cpa3y (MTHOBEHHO). Tenepb MOXXHO MTHOBEHHO
MOJIYYUTh MCXOJ M3MEPEHHUS] U UMETh IMOJIHYIO (C BEpOsT-
HOCTBIO 1) nHpOpPMAIIHIO O COCTOSTHUH. EClin mapa MCXOTHBIX
COCTOSIHUI OPTOTOHAJIbHA, TO MOKHO YHUTAPHBIM IIpeodpa-
30BaHHEM TOJIYYHTh TAKXKE MApy OPTOTOHAIBHBIX COCTOSI-
HUT K MOMeHTY [ 1, ciieJoBaTeIbHO, TOCTOBEPHO OTJIUYUTH
OAHO OT JPYroro (Temepb y>XKe MOXHO BOCIOJIb30BATHCS
TeopeMoii [9] 0 TOCTOBEpPHOW Pa3IMYMMOCTH OPTOTOHAJIb-
HbIX cocTosinuit). [ToguepkHeM errie pa3, 4To 3TO OYAYT yxke
Opyeue OPTOTOHAIBHBIE COCTOSIHUS, OTJIMYHBIE OT UCXOIHBIX.
"BoccraHoBieHre" WM KOMUPOBAHHUE COCTOSIHUSL TaKKe
MOXET OBITh PEaIn30BaHO OOPATHBIM YHUTAPHBIM MPE0O-
pazoBanueM, "HanpasiieHHbIM" Bnepen Bo Bpemenu. Co-
CTOSIHME C TOH xe (POpMOIN aMILTUTYAbI, YTO U HUCXOJHOE,
MOXET OBITh MOJIYYEHO K MOMEHTY He 0oJiee paHHEMY, YeM
MOMEHT, ONpEACIIEMbIA PEIITUBUCTCKOW MPHIMHHOCTHIO.
AMILTATYIA COCTOSIHUS C TO# ke POpMOI, KaKk y UCXOTHOTO,
HAXOJIUTCS B IIEPEIHEH YaCTH CBETOBOI'O KOHYCA, BBIMTYIIICH-
Horo u3 Touku I'. TToslydeHHOE COCTOSIHUE TAKKEe Opyeoe 1o
CPaBHEHUIO C UCXOJHBIM, B TOM CMBICJIE, YTO OHO 3ama3/Ibl-
BaeT MO BPEMEHH MO OTHOIIIEHUIO K KICXOTHOMY COCTOSHHIO,
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KOTOpO€ YCmejao Obl PACHpOCTPAHUTHCS BIEpPEd MO X K
MOMEHTY L Kak pa3 Ha BeJuuuHy L, eciu Obl He ObLIO
TOTBITOK KOMMPOBAHUS WJIN TIOJTyYeHHs] HHPOPMAIIH O HEM
(puc. la). Iloka peub IUIA O MOJIydeHUH HHOOpPMAIUU O
COCTOSIHUSIX B KaHalie ¢ BeposiTHOCThIO 1. Te ke camble
pacCyXIeHusT TOASTCS [UIsl TOJydyeHusT HHOpMAIUU C
BEPOSITHOCTBIO, MEHBIIEH eIUHMIBI. 3aJepXXKa MPU 3TOM
Oynet Menblie L (cMm. puc. 1).

IMonmo6ubBIe paccyxaeHUsT pabOTAIOT U B HEPEISATUBUCT-
cKoM city4yae. Eciii HTHOPHPOBAThH OrpAHUYCHHUSI CIICINATb-
HOW TEOPUH OTHOCUTEIBHOCTH, TO B MIPEIBIIYIIEM PACCMOT-
PEHHMU HYXHO OTOPOCHUTH Ty YacTb, KOTOpasl anesIupyeT K
CBETOBOMY KOHYCY. [Ipu 5ToM yHUTapHBIE TPe0oOpa3oBaAHUS
MOXHO AeJIaTh (POPMaIbHO MTHOBEHHO, U M3 PACCMOTPEHUS
MOJHO HCKJTIOUUTH JIaXe SIBHOE MPUCYTCTBHE KOOPAMHATHI,
OCTaBUB HESBHO TOJLKO TO, YTO NMPU YHUTAPHOM Tpeodpa-
30BaHUU COCTOSIHUSI JOCTYIHBI LEIMKOM (LIEJMKOM MIHO-
BEHHO JIOCTYIIHA BCSI TPOCTPAHCTBEHHASI 00J1aCTh).

AHAJIOTHYHO MOXHO TPOBECTH PACCYKICHHsI, KOTIa
COCTOSIHME YHHTApHBIM 00pa3oM mpeoOpa3yeTcsi B COCTOSI-
HUE BCIIOMOTaTEJIbHOMU JIOKAJIA30BaHHOU cucTeMsl. [Ipumep
Takoro YHHUTApHOTO NpeoOpa3oBaHUsI UMEET MECTO INpHU
"ocranoske" cera [48]. [JaHHOEe yHUTApHOE NMpeodpazoBa-
HUE TIEPEBOAUT COCTOSIHME (POTOHHOTO TOJSI B BaKyyMHOE
COCTOSIHUE BCJIEJICTBUE ero 0e3MacCOBOCTH U HEBO3MOXKHO-
CTH UMETh HYJIEBYIO CKOPOCTh PACIPOCTPAHEHHUSI, & COCTOSI-
HUE aTOMHOM CHCTEMBbI — B HEKOTOPOE HOBOE COCTOSHHE.
IIpeoOpa3oBanue, OyAyud YHUTAPHBIM, TaKXkKe TpeOyeT
JOCTyHa KO BCEM 3HAYEHMSIM aMIUTUTYAbl (OTOHHOTO
TakeTa B TOYKE JIOKAJU3alMM aTOMHOU cucteMbl. Takoi
JIOCTYI JOCTUTAeTCsl €CTECTBEHHBIM 00pa3oM Mo Mepe
pacIpoCTpaHEHHs MAKETa CO CKOPOCTBIO CBETA M JTOCTHIKE-
HMS MM JIOKQJIM30BaHHOM aToMHOM cucteMbl ("Bxoxaenue"
MaKeTa IeJIMKOM B aTOMHYIO cHcTeMy). JlaHHBIA mporece,
€CIIU pevb UAET O MOJYyIeHIH Pe3yIbTaTa C BEPOSTHOCTDIO 1,
Taxke TpedyeT BpeMeHH L (0AHOMDOTOHHBIN MaKeT AOJIKEH
nesmkoM "Boittn" B atomMuyro cuctemy). [lpu 3TomM GoTOH-
HOE TI0JIE OKA3BIBACTCS B OpYeOM — BAKYYMHOM — COCOSA-
Huu, a BCIIOMOTATEJIbHAS CHCTEMa OKa3bIBACTCS B HOBOM
COCTOSIHUH B 3aBUCHMOCTH OT BXOAHOTO ()OTOHHOTO COCTOS-
Hus. K MomenTy BpemMenm L ¢ BEpOSITHOCTBIO 1 MOXHO
BBISICHATD, YTO 3TO 3a COCTOSIHUE W IIPUTOTOBHUTH TAaKOE K€,
HO ¢ 3a/IepXKKOi Ha L, koTopasi HeM30eXHa B 9TOM CiIyyae B
OTJIMYME OT CJiydasi CBOOOJHOIO PACIpPOCTPAHEHUS] UCXO[I-
Horo nakera (puc. 10).

Taxum 06pazom, 40boe noayueHue uHghopmayui 06 00HOM
U3 OPMO2OHAALHBIX COCMOAHULL NPUBOOUNM K HEU30ECHCHOI UX
MOOupuKayuu — MPAHCAAYUU 6 NPOCIPAHCINGE-8DEeMEHU
(3adepacke).

J1st najpHEeNIIero TakkKe BaXHO, YTO HUKaKasl 3BOJIFOLMS
6e3MaccoBOr0 KBAaHTOBAHHOTO MOJISl, B3AUMOIEHCTBYIOIIET O
C OKpYXEHHEM (OPYTUMH KBAHTOBBIMH M KJIACCHYECKIMU
CTENeHsIMA CBOOOJABI B KaHaje), HE MOXET IMPHBECTH K
"cxaTuro" COCTOSHUS, B TOM CMBICIE, YTO HOPMHPOBKA
cocTosIHUSI OyJeT HaOupaThCcsi B MPOCTPAHCTBEHHON 00Jia-
CTHU, BBIXOJISIIIIEH 32 CBETOBOM KOHYC, KOTOpasi MEHbIIIE, YeM
TakoBasi Ipu CBOOOAHOM pacnpoctpaHenuu (puc. 2). Kax
MPaBUJIO, TAKOE B3aMMOJNEHCTBHE NPUBEAET K TOMY, YTO
COCTOsIHME OyAeT CMENIaHHbIM, HO HOCHUTEIb MAaTpPHIIBI
MJIOTHOCTH B TPOCTPAHCTBE-BPEMEHU HE MOXET ObITh
"cxxat" ¥ BIBEIEH 3a CBETOBOM KOHYyC (cM. puc. 2). B mpo-
THBHOM CJIydae 3TO MO3BOJISIIO ObI mepesaBaTh MHPpOpMa-
IO C TOMOUIBIO KBAHTOBBIX COCTOSIHUH OBICTpee CKOPOCTH
cBeta. JIeHCTBUTENIbLHO, MYCTh HMMEETCS OJHO W3 Maphl

<L

Puc. 2.

OPTOTOHATBHBIX KBAHTOBBIX COCTOSIHHH (CM. puc. 2). Ydact-
HUK A MOXET W3BJIeYb KJIACCHYECKYIO HH(POpMAIMIO W3
KBaHTOBOTO COCTOSIHUSI HE paHee, YeM B MOMEHT BPEMEHH,
OTIpeIeIISIEMBbI YCIIOBHEM HAKPBITUS AMILIATY Il COCTOSTHHUS
"nmpouutoit" yacTero cBeTOBOrO Komyca. Ilocie 3Toro o
MOXET MepPelaTh YKe KIACCHICCKYI0 HH(DOPMAIMIO y4acT-
Huky B. Takas nmepemaua He MoxeT OBITh cellaHa OBICTpee,
4eM CO CKOPOCTBIO CBeTa (HAOIIOJATE N COSIMHEHBI BETBBIO
CBETOBOI'0 KOHYca (cM. puc. 2)). Eciiu ObI B pe3ysibTaTe cBOCH
9BOJIFOIIUM KBAHTOBOE COCTOSIHUE B KaHaJIe MOTJIo "ckaThes”
TaKUM 00pa3oM, YTO IPU HAKPLITUU COCTOSHUS "ipounioi”
4aCTBIO CBETOBOTO KOHYyCa BEPIIMHA KOHYCA OKAa3bIBAJIACH B
00J1acTH, MPOCTPAHCTBEHHOMOIOOHO! CBETOBOMY KOHYCY C
BEPINMHOW B TOUKE A, OJTHA U3 BETBEH KOTOPOTO MPOXOTUT
yepe3 TOuky B, To HaOmomatenr B mor Obl u3BjcYb
KJIACCHYECKYI0 HMH(OPMAIMIO M3 KBAHTOBOIO COCTOSIHUS
paHbllle, 4eM MOTI OBl MepenaTh €e CO CKOPOCTBIO CBETa
YYACTHHK A, TOCKOJIBKY BEPIIIMHA CBETOBOT'O KOHYCA, HAKPBI-
Baroniero "cxkatoe" KBAaHTOBOE COCTOSIHME, BBIXOOUT B
IIPOCTPAHCTBEHHOIIOJOOHYIO O0JIACTD.

C mouku 3peHus Kpunmozpaguu CKA3aHHOe 03Haudaem,
UMo wym 8 Kama.e He 0aem noocAyuUamero 603 MONCHOCU
HU CKONUPOBAMb, HU NOAYUUMb UHPOPMAYUIO O COCMOAHUU
panvuie, yem Mo OUKMYemcA 02PAHUYeHUAMU PeASMUSUCHI-
CKOTl NPUYUHHOCINU U K8AHMOBOU MeXaHukol (gpakxmuuecku
K8aHmMosoti meopuei o).

IIpuBseuyeHne HOBBIX (HYHIAMEHTAIBHBIX (DU3UUCCKUX
MPUHIUIOB B KBAHTOBYIO KPUOTOrPa(uIo MO3BOJISIET chop-
MYJMPOBATH HOBBIN MOAXOJ K OOECHEUEHHIO CEKPETHOCTH
nepeavd KItoYel, KOTOPBId CHEMAeT TPYIHOCTH, UMEIO-
IHecs: B HEPEJIITUBUCTCKON KBAaHTOBOM Kpuntorpadun (cM.
nertasm B [38]). ITomoOHBbIE KBAHTOBBIE KPHIITOCUCTEMBI
€CTECTBEHHO HA3BIBATH PEJIITUBUCTCKIMH.

PaccMOTpUM KpaTKO TEOPETHUYECKYIO IPEICIbHO JOCTH-
KUMYIO CKOPOCTh TeHEPAIUU CEKPETHBIX KJIFOUEH B KBAHTO-
Boil kpunrorpaduu® uepes KBAHTOBBIA KaHAT CBSI3M C
KOHEYHO! 4acTOTHOM MOJIOCOM mpomyckanus W.

B kjaccudeckoM citydae, KOT[a CUTHAJ OMMCBIBACTCSI
GbyHkimei BpeMenu x(), 4ucio 6ut uHbOpMAIUH, KOTOPOEe

4 Ceityac CKOPOCTb PACIIPOCTPAHEHHUS! KJIFOYEH B KBAHTOBOI KPUNTOrpa-
Gun onpenessieTcss OTHIOAb HE NPUHIMIHAIBHBIMU OrPAHUYCHUSIMH, &
YPOBHEM TEXHOJIOTMH, TOYHEE, BpDEMEHEM BO3BPALLECHHs JIAaBUHHBIX (OTO-
JIETEKTOPOB B HCXOJHOE COCTOSHHE IIOCNIE perucTpauuu (PoToHa u
addexramu adrepnancunra (afterpulsing).
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MOXKeT ObITh MEPEIAHO Yepe3 KaHaJl C KOHEYHOW YaCTOTHOU
TOJIOCOM, COTJIACHO 3HaMeHuTou Teopeme B.A. KotenbHu-
KoBa 00 oTcyerax, qoka3zanHoi B 1933 r. [49] (cm. mpuito-
xeHnue k goxany H.B. KoTelbHIKOBOI B TaHHOM BBITYCKE),
OTpEICIIAETCS YUCIOM HE3aBHCHMBIX CTEMEHEHl CBOOOIbI
CHTHaJla, B 3HAYEHUE KOTOPOr0 MOXHO KOAWPOBATH Iepe-
naBaeMyro nHpopMmaimio. B Hair mudpoBoii Bek TeopeMa 06
otcueTax "paboraer" B 11060M yCTpOIicTBE, 00padaTHIBALO-
IIEM HJTH TiepeaaroieM HHGHOPMAIUIO B UG POBOM BH/IE.

Krnaccuyeckuii CUTHaI ¢ KOHEYHON 4aCTOTHOM IMOJIOCOM
omuceiBaeTcst GyHKIMed BpeMenu x(¢). Ha koHeuHOM Bpe-
MeHHOM uHTepBatie (— 7, T') curaai x(¢), Kak BOepBbIe ObLIO
noka3zano B.A. KoteiabuukoBbM [49], onpenensercs 2WT
CTETEHSIMH CBOOOTBI B TOM CMBICIIE, YTO IIPH PA3JIOKESHUH 110
OPTOTOHATBHON cucCTeMe (DYHKITHIA,

x(l) = anen(l)v (5)

JIOCTATOYHO OTrpaHn4uThCs 2 WT ciiaraeMbIMu, JJ151 KOTOPBIX

JT 0,(2) 0 (£) At = Spi(WT), In(WT) 2 1. (6)
-T

B pabote [49] B kauecTBe 6a3ucHbIX QyHKIM 0, (1) UCIOITb-
30BAJIUCh TAK HA3BIBAEMbIE OTCUETHBIE (DYHKIIH

_ sinW(t—nn/W)

A T 7

Basuc u3 orcueTHbIX (QyHKIME oOJiamaeT 3amMevaTebHbIM
CBOMCTBOM: 3HAYEHHS KOIPPUIUEHTOB PA3IOXKEHHUS IO
9TOMY 0a3ucy X, paBHbI 3HAYCHUSIM CAMOTO CHrHaja x(7) B
OTCYETHBIE MOMEHTBI BPEMEHH. DTO O3HAYAET, YTO JIJIS
OTIMCAHMS HEMPEPHIBHOTO CHTHAIA B JIFOOOW MOMEHT Bpe-
MEHHM TOCTATOYHO 3HATh €ro 3HaueHus Juillb B 27T Toukax
110 BpEMEHH.

Hwxe mam 6ynet yaoOHee UCTIOIB30BaTh Apyrue 6a3uc-
Hble (QyHKnmu. Yucno Takux QyHKIMHA, HauboJee CHIIBHO
JIOKaJIM30BaHHBIX B okHe (—7,7), MpH 3TOM OCTAETCs
npexHuM. Kpome Toro, nansble yHKIMU BO3HHUKAIOT U B
KBaHTOBOM cJly4ae, IJe OHM UTPAIOT POJIb OJHOYACTHYHBIX
aMIUTUTYT (BOJTHOBBIX (YHKIHMN) 1JIsi (POTOHOB, KOTOpPBIC
HamboJiee CHJIBHO JIOKAJM30BAHBI BO BPEMEHHOM OKHE
(=7,T).

OpTOroHajJbHOCTh Oa3UCHBIX (YHKIMHA C HOCUTEJEM B
KOHEYHOU 4acTOTHOM moJjioce W NpuBOJUT K YCIOBUIO

JT 0,(1) O (1) dt =

-T
1

STt
Tk < w) Jer < |w)

oo 8
:%J 0,(1) exp (—ike) dt. ®

—00

On(K)

BasucHble (yHKIMM OPTOTOHAJIBHBI, €CJIM OHU YIOBJETBO-
PSIIOT CJIeYIOIEMY MHTErPaJIbHOMY YPABHEHUIO:

1 sin(k —k")T
wornyow =1 [ =g wac. o)

CoOCTBeHHBIE YHCIa 3aBUCST TOJIBKO OT mpousseaeHus WT
u 00pa3yroT OECKOHEUHYIO CEPHIO

1>M0(WT)>WL(WT)>...>0.

7Y®H, 1. 176, Ne 7

CreneHb JIOKANIU3AIMU KBApaTa n-ii QyHKINK BO BpEeMeH-
HOM okHe (— T, T') ompezessieTcs COOCTBEHHBIM YHCIOM

JT 02(r)dt = 2,(WT). (10)

n
-T

WuTerpanbHoe ypaBHeHHe (9) onpe/iesisieT TaKk Ha3bIBaeMbIe
(¢ysakimu BeITSHYTOrO chepouma (prolate spheroidal func-
tions) [50]. CoOGCcTBeHHBIE UHCIa 00JIATAFOT TEM 3aMevaTelb-
HBIM CBOMCTBOM, uTO npu Oonbmux WT, WT > 1, pa3ou-
BAIOTCS Ha JIBE I'PYMIbL: OJHA ¢ HOMepamu n < 2WT, s
KOTOPBIX A, (WT) = 1, u apyras ¢ Homepamu n > 2WT, nis
KoTOpBIX A,(WT) =~ 0. PazMmep mepexomHOH OT OZHOTO
MOBE/ICHUSI K NIPYroMy OO0JACTH 1O HOMEpaM COCTABIISET
~In (4nWT), 1.e. s mr0bOrO £ > 0

W171£r»10c ;“2WT(1—8)(WT) =1, WlTiEloo i2WT(1+L~,)(WT) =0.

(11)

D10 03HauaeT, yTo npu Oompumx WT mmeercss He Ooliee
2WT(1 —¢) OpPTOrOHANBHBIX (Pa3JUYUMBIX) (QYHKIHIA,
BKJIA[T KOTOPBIX BO BpeMeHHOM okHe (—T, T') cTpeMHuTcs K
enunune. Ecim ucnonb3osats Gomee uem 2WT(1 + ¢) creme-
Hell CBOOOMIBI, TO CpPeIud HUX OYIyT COCTOSIHHS, KOTOpPbBIC
Jal0T BO BpeMeHHOM okHe (—7,7) ucuesarolie Majblil
Bkaaa. Ipu Gonpiux WT curHai x(f) B KOHEYHOM 4acTOT-
HOM MOJIOCE HA KOHEYHOM BpPEMEHHOM HMHTEPBAJIe OIMCHI-
BaeTcsi He Oosiee ueM 2WT He3aBUCUMBIMHU (OPTOTOHAJIb-
HBIMH ¥ PA3JIMYUMbIMU) CTETICHSIMHU CBOOO/IbI U MOXKET OBITh
3aad 2WT He3aBUCUMBIMU KO3(D(DUITUECHTAME Pa3JI0KEHUS
Xy

Ecmm xnmaccmvecknii NCTOYHUK C KOHEYHONW YaCTOTHOU
nojiocoi W reHepupyeT CHUTHAJIbI, JIOKAJU30BAHHBIE BO
BpeMeHHOM okHe (—7,7) Takum odOpa3zom, 4To Ko3du-
LUEHTHI PAa3JIOKEHHS] 3aJal0TCS B COOTBETCTBHM C 3aJaH-
HBIM PACIIPE/ICIICHUEM BepOsITHOCTEH p(x,) HA MHOXKECTBE
9TUX KOAQPUIUEHTOB X, (3HAUCHUI aMILIUTY/I CHTHAJA), TO
SHTPOMHS UCTOYHHUKA ONIPECIISICTCS BETUIMHON

I(WT7 p(xn)) = ZWTH(p(xn)) 5
H(p(x’l)) = Z p(xn) 10g p(xn) .

n

(12)

Janee, eci 3TH CUTHAJIBI NEPEJAIOTCS Yepe3 MIeaIbHbII
(6e3 myma) gusmueckuii KaHaJ CBSI3U, HAIIPUMEP C TOH ke
YaCTOTHOHU MOJIOCOU mpomyckaHust W, To SHTpONUs UCTOY-
Huka (12), mo cyiecTBy, COBIAIAET CO B3AUMHOU UHPOpMa-
Ueil MEeXJIy BXOJIOM M BBIXOJIOM TaKOTO KaHalla CBSI3U.
Torpa mpomyckHasi CHOCOOHOCTh B €JIWHUIY BPEMEHU
(MCTOYHUK + (PU3UUYECKUI KaHATI CBSI3U + IPUEMHUK ) OTIpe/ie-
JIIETCS KaK

1
C= lim — max I(WT, p(x,)) = W max H(p(x,)) .
=00 2T {p(x,)} (WT, plo) {p()} (peen)
(13)

JJj1s1 cpaBHEHHUsI KJIACCHYECKOTO U KBAHTOBOTO CJIy4YacB
HaM NOTPeOYIOTCS CJICAYIOIINE KaueCTBEHHbIE COOOpaxke-
Husi. B pamMkax Kiaccmueckoil (DM3WKM HET HUKAKux (op-
MaJIbHBIX 3alpPEeTOB Ha W3MEHEHHe 3HAYeHWH K03 UImeH-
TOB Pa3JIOKEHUS X, (AMILUIUTYIT OPTOTOHABHBIX OA3UCHBIX
¢byuakimit 0,(1)) co CKOJIb YrogHO MAaJOH JUCKPETHOCTBHIO
(renipepbIBHO). [TOCKOJIbKY MHTEHCHMBHOCTH KJIACCHUYECKOTO
CHTHANA X2, HATIPUMED [UIs SJEKTPOMATHHTHOTO TIOJS, B

KaxI0il otnenpHOi Moxae 0,(f) mpencraBisier coboit ¢
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TOYHOCTBIO O MHOXHUTENS = filW umuciao GOTOHOB B ITOMH
MoOJie, TO I3MEHEHNEe YPOBHS CUTHAJIAa MOXET POUCXOIUTH C
KOHEYHO! TUCKPETHOCTHIO. JI1si KoaupoBaHus ”HGOpMATIHA
B 3HAYCHUS X, HEOOXOIUMBI, IO KpaifHeil Mepe, IBa 3HAYCHHS
(xn2 X Nmax, Nmax MakCHUMaJIbHOE YHCJIO BO3MOXHBIX
sHavenuii x). TToJIHOE YMCIIO Pa3HBIX 3HAYEHMH [ BCEX
MoJ ecTh (v/Nmax )2WT. Eciu xaxoe 3HaueHne BEIOUpaeTcs
C paBHOU BEPOSITHOCTBIO, TO SHTPOMNHS HCTOUHMKA (12) paBHA
I(WT, p(xy)) =2WT log (\/ Nmax ) - (14)
ITponyckHas crnocoOHOCTH (8) B €AUHUIY BPEMEHH TpU
MHHHMAaJIbHOM YpOBHE curHaia (Np,x = 2) ecThb

C=Ww. (15)

Dopmyaa (15), qeasa0wasca no cywecmsy opy2oi 3anucvro
meopemvl B.A. Komeavnuxosa 006 omcuemax, onpedeadem
KoAuuecmeo ungopmayuu 6 oOumax Ha OOHy CMeneHv C8o-
00001, KOMOpoe Moxcen OblMb NEePeOaHo 8 eOUHUYY 8PEeMEHU.

CTporo roBopsi, MPUMEHITh (HOPMYJIBI, KOTJA YHCIa
3aI0JIHEHAS] MOJT MaJIbI, HEJIB3SL.

Hanee Hac OyneT MHTEpecOBaTb MPOIYCKHAsI CHOCO0-
HOCTb B OJHO(OTOHHOM pexxume (Yucia 3aMOJHEHUST MO
paBHbI enuHuUIEe). VIMEHHO 3Ta BEeJMYMHA U OyleT ompeje-
JIATH CKOPOCTH TeHEPAINU KJII0Ua B KBAHTOBOW KPHIITOTPa-
(um yepe3 KaHaJ C KOHEYHON YaCTOTHOM moJtocoi W.

IIpuBeneHHBIE paCCyXXIACHUSI ObUIA HYXXHBI JIJISI Ka4ecT-
BEHHOT'O CPAaBHEHHS KJIACCMYECKOTO M KBAHTOBOTO CJIYYaes.
Hamma 3agava Oyaert (pakTHUECKU CBOJIUTHCS K MOJICUETY IS
HCTOYHMKA C KOHEYHOM 4YaCTOTHOM mojiocol W umcia
BO3MOXHBIX OPTOTOHAJILHBIX MHOTO(GOTOHHBIX COCTOSIHHUH,
JIOKQJIN30BAaHHBIX BO BpeMeHHOM okHe (—T,T). Paccmor-
pUM cHavaJia OTHO(POTOHHBIE COCTOSHUS Ha BBIXOJIE UCTOYU-
HUKa, KOTOPBIE 3aTEM PACIIPOCTPAHSIOTCS] B OJJTHOM HAIPaB-
neanu (k > 0) 1 UMEIOT HOCHTENb B KOHEYHOW YaCTOTHOMU
nosioce W (k € [0, W]). ByaeM HTHOpHpOBATH MOJISIpHU3a-
[IMOHHBIE CTETIEHU CBOOO/IBI TIPU KOJUPOBAHIH B PA3JINIHbIE
(bopMBI aMIUTUTY T COCTOSIHUM, ONAThH paau OoJiee OJM3KON
QHAJIOTUH C KJIACCUYECKUM cliydaeM. JlJIst ypoleHust BbIKJIA-
JIOK TMOJIOKUM ¢ = i = 1. ImeeMm

oy = | %
(p - 0 k

o0

dzo(7)l7) ,
(16)

o(k,k) (k>0) nu ¢(t) — aMIIATYABl OAHODOTOHHOTO
HakeTa B MMIYJIbCHOM M MPOCTPAHCTBEHHO-BPEMEHHOM
MIPE/ICTABJICHUH COOTBETCTBEHHO,

1 JW dk
=—| —exp(—ikt)@(k,k),
o v p (—ikt) (k, k)

o) = L j—’; exp (ike) [K)

J1s1 6e3MaccoBOTO MOJISL T = X — ¢ 3aBUCHUT JIMIIb OT Pa3HO-
CTH KOOPAWHATHI M BPEMEHH, CJIEIOBATEIIBHO, €CIIH Pe3yJIb-
TaT U3MEPEHHUs MMEI MECTO B OKPECTHOCTH TOYKH X B
MOMEHT BPEMEHH !, TO TAKOH )K€ PE3yJIbTaT MOXET ObITh
HOJIy4eH B Touke x’' B MoMeHT t' =1+ (x' — x). Humxe,
yIIOMHHASI O BPEMEHHOM OKHe, OyJeM HMeTh B BHUIY, UTO
(=T, T) o3nauaer (—(x — 1), (x — 1)).

Ham mnotpebyercst BbIOpaTh aMIiuTyay (BOJHOBYIO
(yHKIMIO) OTHOPOTOHHOTO TIAKEeTa C HOCHUTEJIEM B KOHEY-
HOW 4acTOTHOM moJioce W Tak, 4ToObl OT Hee HaOMpasach
MaKkcHMallbHasi HOPMHPOBKA B IPOCTPAHCTBEHHO-BPEMEH-

o (k, ko = K|} a* (K)[0) = j

—00

Pt
(17)

|k) = a* (k)|0).

HOit obsmactu — okHe (—7, 7). PopMajbHO CTENEHb JIOKA-
JIM3alUK OIHMCBIBAETCSl U3MEPEHHEM B 3TOM OkHe. JIro6oe
u3MepeHue HaJ OZHO(OTOHHBIM IIAKETOM BO BPEMEHHOM
OKHE OIUCHIBAETCS PA3JIOKEHUEM €AMHHIBI B OTHOYACTHY-
HOM IOJIIPOCTPAHCTBE, KOTOPOE UMEET BHT

m _ ["dk (1) () (7
= W)k = 10(T) +10(T) =
dz

T
dr J
= — |T)(T| + — |T)(7]|.
L ) 2 0

C yueroMm (12), (13) omepatop, COOTBETCTBYIOLIUN BPEMEH-
HOMy okHy (— T, T'), IpeACTaBISICTCS B BUIE

(18)

1) = Y ], 1) = [ 00,

n= 0
: (19)

Camu byukuun 0, (k) ABIsIEOTCS COOCTBEHHBIMU (DYHKIASIMHA
MHTETPAJILHOTO YpaBHEHHsI, OTJIMYAroNIerocs ot (9) TOIbKo
TEeM, YTO HHTErpUPOBaHUe BesieTcsi 1o oTpesky [0, W]. Uucio
GbyHKIMH, JTOKAIN30BAHHBIX BO BpeMeHHOM okue (—7,T),
6ynmer paBHo WT. o cytu, BekTopsl |0,) siBisitoTCST COO-
cTBeHHBIME BekTopamu onepatopa 1) (T) — B Gasuce 3Tux
BEKTOPOB omepaTop AuaroHajeH. Jlroboe m3MmepeHne Haj
HCXOJHBIM COCTOSIHUEM, KOT/1a TOCTYITHbI UCXOABI JIUIIb BO
BPEMEHHOM OKHE, 3KBHBAJICHTHO U3MEPEHUSIM HaJl CJIeIyO-
et 3¢ (peK TUBHOM MaTPHUIIECH IJIOTHOCTH:

p(T) = Z’ln(WT) It (WT)[02)(0n]0) (@0r7) (O |+

+Te{IY(TD)lo) ol }7)(?).

3nech BBeACHO (opmalibHOE COCTOsiHHE |?), KOTOopoe
SIBIISICTCS. OPTOTOHAJIBHBIM BCEM COCTOSIHHSIM U OIHUCBHIBACT
HCXOJbl BHE BPEMEHHOrO OKHA. Takue MCXOIbI OTBEUYAFOT
CHTyalud, B KOTOPO# BHYTpH OKHaA BooOIe He OBLIO
cpabaTpiBanms anmapatypsl. DddexTuBHAS MaTpUIA TUIOT-
HOCTH C YYETOM TAKUX HCXOJIOB, KOTOPBIM JTOJDKEH OBITh
MPUIKICAaH HEOTpeIeJICHHBIH (inconclusive) pe3yIbTaT, UMeeT
enuHnYHBIN ciief. [Ipu 60ombiiux WT MOXHO BBIOpATh OTHO
u3 WT opTOroHaJIbHBIX (pa3JIMYUMBIX) OJHO(POTOHHBIX
COCTOSIHII, KOTOPOE C BEPOSITHOCTBIO, CKOJIb YTOHO OJIm3-
xoii x emuaune (4,(WT) = 1), noxammszosano B okue (— 7, T')
U KOTOPOE HMEET B 3TOM OKHE I(D(PECKTHUBHYIO MATPHILY
IUIOTHOCTH

(20)

pu(T) = An(WT)|02) (0] + (1 = 2u(WT)) )2, (21)

1<n<< WT.

ITycTb MCTOYHMK T€HEpUpPYyeT B pabouyeM BPEMEHHOM OKHE
(N = WT)-poToHHBIE COCTOSHHUS BUAA

|9nl§- . -;611,y> =
w W dk dk
:J J S N, (ky) O (k) K K
0 o ki ky
ki, ... k) =a* (k) ...a"(ky)|0), (22)

rac O606H_ICHHLI€ 0Ga3nCHLIE BEKTOPBI IMMOJJHOCTBKO CUMMET-
PUYHBI 110 NICPECTAHOBKAM YaCTHUIL!

kiky... k -
kv, k) =/ TNZb(kl =) -

' {7}

. 5(kN - qjN) y
(23)
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CHMBOJI {j } 03HA4aeT, 4TO CYMMHUPOBAHUE MPOUCXOIUT 110
BceM InepectaHoBkaM. CkoHcTpyupyem tenepb (N = WT)-
(hoTOHHBIE MATPHUIBI IUIOTHOCTH. UHUCIO 3aIOTHEHHS KaXK-
JIO¥ OJTHOYACTUYHOW MOJIBI IPH 3TOM paBHO 1. MHOXeCTBO
BeKTOpoB B (17) C pa3nuMyHBIMU MHJEKCAMH O0pa3yroT
coberennble BekTophl onepatopa I[N (T) B (N = WT)-
(OTOHHOM TOINMPOCTPAHCTBE, AHAJOTHYHO OJHO(OTOH-
HOMY ciryyaro. Mmeem

w 7% k k
1<N>:J J de A ks ] =
0 o ki ky
= 19(7) + 19(T), -
! T dr dt
IN(T :J J an oo SN oo
(T) ) 2 [t T (T s Tl
B Z j'nl(VVT).../ln“V(I/I/T)‘()’“;''';0’1N><0n|;---§0;l,v|'
ny,..ny=1 (25)

IMoncunraem uncio opToroHaNbHbIX (N = WT')-hOTOHHBIX
cocrosiunii. Ecm 661 N = WT GOTOHOB SIBJISITACH OBl
pPa3sIMYUMBIMHU, TO YUCIO OPTOroHaNbHbIX (N = WT)-ho-
TOHHBIX BEKTOPOB B okHe (— 7, T'), IOKATN30BAHHBIX B HEM C
BEPOSTHOCTBIO TOYTH €IMHUIA, paBHsUIOCh ObI NV (6e3
y4yeTa MoJIsIpU3aIMOHHBIX CTeneHel cBoO0Ib1). B cumy mpuH-
IUITa TOXIESCTBEHHOCTH 0O30HOB ((DOTOHOB) UYHMCIO TAKHX
BEKTOPOB, KOTOpOe 0603HA4YMM st yao6eTBa kak 2MWT)
paBHO unciy criocoboB pasmerenuss N = WT TOX1eCTBEH-
HbIX vactul no N = WT cocrosausiM. Takum oOpazom,
nmeeM [51]

HMWT) _ (N+N-1)!

—_— N=WT 26

(N-=1)IN! ’ (26)

npu Oonpmux N ¢ yuyetom ¢Gopmyabl CrupiauHra
(N! ~ (N/e)NV/2rN)

log2M"T) = 2Nlog2 = 2WT. (27)

ITycte B KaxaoM paboyeM BPEMEHHOM OKHE HCTOYHMK
FeHepHPYET C PaBHOIl BepOSTHOCTHIO ommo u3 2MWT)
oproroHaibHbix (N = WT)-bpoToHHbIX cocTosiHmiA. Ecim
HCTOYHHUK paboOTaeT JOCTATOYHO JOJITO, TO CTATUCTUYCCKUI
aHcaM0Jib, B KOTOPBI MOXET ObITh 3aKOJAMPOBAHA KJIACCH-
yeckast HHHOPMAIHsl, ONMICHIBACTCS MATPULEH INTOTHOCTH

1
P(M(WT)) = Sy > 0us- 50,0050,
ny,..., NN (28)

MaxkcumanbHas sHTponus o Helimana ancamOis qoctu-
raercs Mpu PaBHOBEPOSTHOM BbIOOpe BekTOpoB. MHpopMma-
1Sl B KOHEYHOM BpeMeHHOM okHe (—7, T') u3BjeKaercs u3
3(hGEKTUBHON MATPHUIIBI TUIOTHOCTH

1

p(T) = ZM(WT) X
XY (WT) o g (WT) |05 00) O -5 O |+
Ay N
1
+ 3T S (= dn (WT) e (WT))2)(2]. (29)

Ny eIy

IMpu Gonbiux WT Henb3si CKOHCTPYUPOBATH CTATHCTHYEC-
ckmii aHCAaMO6IIb, TIOCTpOeHHsIH 13 6ostee uem 2 MW7) opTo-

7*

roHanpHbIx (N = WT)-poToHHBIX cocTosiHuid. Kiaccnye-
ckasi nHpopmManus, KOTopas MOXET ObITh 3aKOJUPOBAHA B
ancam6ib p(M(WT)) u ussneuena u3 p(T) (29), naercs
BEJIMYMHON ;{(p(T)), cienyromeil n3 GpyHIaMeHTaIbHOTO
HepaBeHCTBa, moJyueHHoro BrepBble A.C. XosieBo (cMm.
noapo6HocTH B [52]). [TockonbKy cocTOSHUS |0y, . .. ; Oy) 1
|?) sBaisiroest wnetbivu, TO ¥ (p(7')) coBIagaeT ¢ SHTPOIHeH
¢don Heiimana uist p(7'), oTcrona umeem

1(p(T)) = =Tr {p(T)log p(T)} =
_— i (WT) Iy (WT)

2 M(WT)

Ny, NN

log (zm (WT). ..i,,N(WT)>_

2 M(WT)

oy <1—in1(lfzz\;2[;/.T.))»m(WT)>X

Ay ey

< log (1 — Iy (WT). ..AM(WT)) |

X

2 M(WT) (30)

IIpomyckHasi CHOCOOHOCTb B €IUHUILY BPEMEHH OIpene-
JISIETCSI TIpeIeIoM, KOTOPBIN aHajorudeH gopmyJie (15) mis
Kyaccriyeckoro ciydasi. C y4eToM TOTro, 4TO BKJIAJ BTOPOW
cymMBlI B (30) cTpeMHTCS K HYJIFO, TTOJIyYUM

_log (2MYD))  M(WT)

C= lim C c =
T ST 2T 2T

=w. 31)

HcTouHuK reHepupyeT BO BpeMeHHOM okHe (N = WT)-
(DOTOHHBIE COCTOSTHHSI TaK, YTO YHCIO (POTOHOB Ha BBIXOJIE
HACTOYHHMKA B CIUHMIY BpeMEHH ~ W W 3HEprus Ha OIHH
(¢otoH ~ hW. CoOTBETCTBEHHO, YHCJIO (POTOHOB BO BPEMEH-
HOM okue (—T, T) paBuo WT (MMEHHO 4UCIIO, & HE CPEIHEe
4UCI0 (OTOHOB, MOCKOJIBKY COCTOSIHUS |0y, ; .. .5 0,,) B (22)
SIBJISFOTCSI COOCTBEHHBIMH BEKTOPAMH OIIepaTopa 4ucia
(GOTOHOB, OTBEYAIOIUX COOCTBEHHOMY YHCJIY YaCTHIL
N = WT)’. MoIHOCTb Ha BBIXOJIe HCTOYHMKA IIOCTOSIHHA U
nponopimoHanbHa (i) W. MuHEMaIbHOCTh UCTOYHHKA B
KBaHTOBOM CJIy4ae O3HAYaeT, YTO YHCIO OPTOrOHAIBHBIX
OJHOYACTHYHBIX aMIATY[ 0,(f), U3 KOTOPHIX CTPOHTCS
CUMMETpHUYHAS IO MEPECTAHOBKAM YaCTHIL (N: WT)-
(doTonHas ammutyna, paBio W7, u uucio GOTOHOB —
WT, T.e. 4UCJIO 3AIIOJIHEHUS! B INEpecuyeTe Ha OTIEJIbHYIO
OJHOYACTUYHYIO AMIUIMTYAY PaBHO 1.

Nudopmanus B KJIacCHUECKOM clydae KOIUPYETCS B
3HAUCHUs aMIUTUTYH (Tpy0o, B 4MCiIO (OTOHOB) B OPTOrO-
HAJIbHBIX MOJaX, B KBAHTOBOM JKe CJIy4ae — B pa3JInYHbIC
OpTOTrOHaJIbHbIE MHOTO(GOTOHHBIE cocTosiHus [53]. TTocnen-
HUE H3-32 TOXAECTBEHHOCTH (HOTOHOB NPUHLIUIHAIBHO
SIBJISIFOTCSL  3aIyTAHHBIMUA BHYTPU KaXIOTO BPEMEHHOTO
okHa 27. Takoe KOOMpPOBaHWE KBAHTOBOTO HCTOYHHKA
MOXHO PAacCMaTPHUBATL KaK KBAHTOBBIN aHAJIOT TEOPEMBbI
B.A. KoTenbHUKOBa 00 OTCUETAX, KOTJA YUCJIA 3AMIOTHCHHUS
OJHOYACTUYHBIX MOJ AOBEACHBI 10 OAHO(DOTOHHOTO YPOBHSI.

VY IUBUTENBHBIM SIBIISIETCS TO, YTO MPOIMYCKHASI CIIOCO0-
HOCTb B €IWHHIy BPEMEHM HAa OJHY CTENeHb CBOOOIBI B
kiaccmyeckoM ciydae (15), criemyromasi U3 TEOpEMBI
B.A. KorenpHukoBa 06 orcuerax, "6ykBeHHo" coBmamaer ¢
AHAJIOTUYHON TPOMYCKHOH CHOCOOHOCTBIO B KBAaHTOBOM

> Ctporo roBops, Bcroy 1o W1 HyXHO OHAMATb Lyt 4actb [WT'].
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ciyqae (31). OnmHako crtocoObl KOJMPOBAHUS B KJIACCHYECKOM
7 KBAHTOBOM CJIy4YasiX OKa3bIBAIOTCS PA3HBIMU.

B 3aksrouenue cienyeT OTMETHTb, YTO MOSIBJICHUE HOBBIX
HaINpaBJieHH! B 00JAacTH KOH(UICHIMAJILHON Iepeaavn
HHPOPMAIMH SIBJISICTCS] €CTECTBEHHBIM JIOTHYECKHM Pa3BU-
THEM W[, BO3ZHUKIIUX B pabOTax OCHOBATeJieH TaHHOU
obmacru.
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PACS numbers: 01.60. + q, 84.40. —x

B.A. KoTe/IbHUKOB H €ro poJib
B PA3BUTHH 0T€4€CTBEHHOU
KOCMHYECKOIl Pa/JI03JIeKTPOHUKHA

B.E. UepTok

Bxnan Bragummupa Anexcannposuia KotenpHuKOBa B KOC-
MOHABTHUKY, B KOCMAYECKYIO TEXHUKY BOOOIIIE U B KOCMUYE-
CKYIO PAIMOTEXHUKY B YACTHOCTH, HACTOJILKO BEJIMK, 4YTO Ha
3Ty TEMY MOXHO MUCATh OYEHb MOJIPOOHO M MHOT0. 3/1ECh XKe
s KOPOTKO TMEPEUNCITIO OCHOBHBIE pabOTHI CACTIAaHHBIE B 3TOU
o0JlacTd MO ero PYKOBOACTBOM M IIO3K€ CO3aHHON MM
mkos1oi. KpoMe T0ro, ocTaHOBIIFOCH HA HEKOTOPBIX YEJIOBE-
4yecKuX ocoOeHHOCTsIX Brmamummupa AnekcaHapoBHYa Kak
BEJIMKOI'0 YYE€HOT'0, ¢ KOTOPBIMHU MHE NPUXOAUIIOCH CTAJIKH-
BaTbCS B MPOILIECCE OYCHb JJIMHHONW MHOTOJIETHEH paboThl HA
9TOM HOIPHIILE.

Heno B TtoMm, yTto Bragmmup AJjekcaHApOBHY OYEHBb
4acTO yIMpeKal MEHsI B TOM, YTO 3TO Sl BTSHYJI €ro B paboTy
B 00JIACTH KOCMOHABTHUKH. Jles1aJl OH 3TO OYeHb BEXJIUBO U
TOHKO, TaK YTO sl M HE MOHUMAJl, IEHCTBUTEILHO JIU OH
9TUM HEIOBOJICH WJIM TAaKUM 00pa3oM JAejaeT MHE KOMILIH-
MEHT.
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