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ITpegucinoBue
K PYCCKOMY HU3JaHUIO

IIpeanaraemas pycCKOS3BIMHOMY YMTATENIO KHHIra HamucaHa GoibLIMM
KOMNEKTHBOM (44 uenoBeka) aKTHBHBIX HCCIECAOBATENICH M3 €BpPOMEHCKUX
cTpaH, paboraromux no nporpamme Esponeiickoit Komuccun «®Pu3uka kBas-
TOBOH HHbopMaHK». OHA MOCBALIEHA HOBOMY H YPE3BBIYAHO aKTyaIbHO-
MY HaIlpaBJIEHHIO — HCCIICJOBAHHIO QYHAAMEHTAIBHBIX KBAHTOBHIX CBOMCTB
uHpOpMaLHH, BO3HHKILIEMY Ha CThIKE €ABa JIH HE BCEX MEPEeAOBbIX obnac-
TeH COBpeMEHHOHN (PH3MKH — KBAHTOBOH MEXaHHKH, KBAHTOBOH OIITHKH H OII-
THKH aTOMHBIX Ny4YKOB, B3AHMOJACHCTBUS H3TYyYCHHS C BELISCTBOM, a TaK-
e TeOpHH HHGOPMALIUH H TPOrPpaMMHPOBAHHS, JUCKPETHOH MaTEMATHKH.

3HauMTEIbHBIH POCT HHTEPECA KO BCEM 3THM BONPOCAM B HAlIEC BpEMs
BIIOJIHE €CTECTBEHEH H ONPEACIIETCA BHYTPEHHEH TOrHKOH pa3BuTus GyH-
JaMEHTAIbHOH HAYKH, KaK MPABHIIO, ONEPEXKAOMEH NPHKIAJHBIE HCCIIE-
JOBaHHA, HO 4 0CODO CTUMYTHPYEMOH HYXCAAMH TEX U3 HHX, KOTOPbIE BBILITH
Ha peanbHbIE MPUMECHEHHA, B OONBLIOH Mepe ONMpEJCIAOMHE pPa3BUTHE
LIMBHIIN3aLIHOHHBIX MPOLECCOB B 00INECTBE, K KOTOPEIM, HECOMHEHHO, OT-
HOCATCA HH(OPMATHKA, KOMITb KOTEPH3ALHA H KOMMYHHKALIHS.

B xHHre paccMaTpHBaloTCA Kak ¢ TEOPETHYECKOH, TaK H € IKCIIEPHMEH-
TAJIbHOM TOYEK 3PEHUA BECh KOMILIEKC BOIIPOCOB, CBA3aHHBIX C 3THMH IpO-
61eMaMH — KBAHTOBBIC BHIYMCIICHHS, KBAHTOBAasi KpUITTOrpadus, nepenyTaH-
HBIE COCTOSAHHSA M T.M. M3NOXEHHBI MaTepHan OTPa)kaeT COBPEMEHHBIH
MHPOBOH YpOBEHb HCCIICAOBAaHMIA B Ha3BaHHOH oOnacTu. B Hel peanu3oBana
TPaAULMOHHAA CTPYKTypa H3AaHHH, HOCAIHX 0O30PHBIH XapaKTep Mo Hau-
Gonee coBpeMEHHBIM M akTyanbHbIM TeMaM. [lo cymecTBy, 310 HaGop nek-
LUH, CBA3aHHBIX OOLEH TeMOH MM MpoONIeMOH H MMEIOIIHX CMEIIAHHBIH
0030pHO-OpHrHHANLHBIH XapakTep. KHury Takoro THna BeIMyCKATHCh PaHb-
e LENbIMH CEpUAMH H IPHHECIH O4Y€Hb OONBUIYIO MONB3Y A O3HAKOMIIE-
HHS YYCHBIX C aKTyalIbHRIMH poOIeMaMH TeX HIIH HHBIX oOnacTeit 3HaHuA.
Kax npaBuio, ypoBeHb 3THX KHHT ONMpPEACAAETCS BHICOKOH KBanuduKkauuei
aBTOPOB U B TO € BPEMS ABIACTCA AOCTYMHBIM HE TONBKO CHEUHATHCTAM,
HO H acnHpaHTaM M Ja)ke CTyAEHTaM CTapliHx Kypcos. Bce ckaszanHoe B
MOJTHOM MEpe OTHOCHTCA M K mpejnaracMod kuure. Ee Moryr uurtats Te,
KTO OCBOHI 6a30BbIe Kypchl GH3HKH, OCOOCHHO KBAaHTOBOH MEXAHHKH.

ITonnMaHuio MaTepHana KHHTH, H3T0XXEHHOMY C a30B, CIIOCOOCTBYET
CTPOMHOE JIOTHYECKOE NMOCTPOCHUE COAEPXKAHMA, HAYMHAIOIIETOCK C OMnpe-
ACIECHHS OCHOBHBIX NOHATHI{ — KBAHTOBOH CyNIEPIIO3HLIMH, KyOHTOB M MX Nnpe-
obpa3oBaHHii, MepenyThiBAHUA H KBAHTOBOH HEPA3NIHYMMOCTH, napalokca
Auinmreiina-Ilogonsckoro-Poszena (JI1P) u nepasencte benna. Hdanee ¢
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TEOPETHYECKOH M, YTO OCOOEHHO BaXKHO, C SKCTIIEPUMEHTAIbHOM TOUCK 3pe-
HUS M31araloTcs Te npobneMbl, KOTOPbIE MOTYT OBITb KapAHHAIBHBIM 06-
Pa3oM Pa3BUTHI HA IPUHLMITHAIBLHO HOBOI — KBAHTOBOH OCHOBE. JTO — KBaH-
TOBas KpUNTOrpadus, KBAHTOBOE KOAMPOBAHHE H KBAHTOBAs TEICMOPTALIMA.
Ocob0€e 3HaueHHE MOXET MMETb NIPUMEHEHHE PE3yabTaToB, NONYYEHHBIX B
COOTBETCTBYIOLIMX 001aCTIX 3HAHHS, TPH NMOCTPOCHHH KBAHTOBOTO KOMIIBIO-
TEpa ¥ KBAHTOBBIX CHCTEM KOMMYHHKALHH (B TOM YKCJIE H 3aIIMINCHHRIX) HA
OCHOBE HOBBIX KBAHTOBHIX cxeM. Ha ux ocHoBe, BO3MOXHO, OyAyT CO3AaHbI
HOBBIE METOABI 0OpPaGOTKH TaKHX OrPOMHBIX 00beMOB HMHGPOpMALIMH, KOTO-
phi€ IPUHLIUITHAIBHO HEAOCTYIIHEI CYIECTBYIOIINM KIACCHYECKHM METOAAM.

KonnexTvs, MOArOTOBHUBIOMH K U3JAHHUIO PYCCKOA3GIMHBIA BADHAHT KHH-
TH, HaJEETCA, YTO €€ MOSBICHHE 3aKPOET CYLIECTBEHHbIH Mpobesn B oTeue-
CTBEHHOM HAy4YHOM JIHTEPATypE H MO3BOIUT BCEM HMHTEPECYIOMMMCA ITOH
3axXBaTHIBAIOLIEH BOOOpaXKeHHe 061aCThIO MONYYHTh CTAPTOBHIC 3HAHHS.

Ha pycckoM s3blke B IOCIEAHEE BPEMs CTalH MOABIATHCS 0030pHbIE
nyOnaMKalMH, PACCMAaTPHBAIOIINE OTACIBHEIC ACTIEKTHl YIIOMAHYTHIX MPO-
6nem. CIMCOK HEKOTOPHIX U3 HHUX NMPHUBOAMTCH B KOHLIC NPEAMCIIOBHA.
HenaBHo ¢Tano BEIXOAHTD B CBET U IEPHOAHYECKOE M3aaHHe «KBaHTOBBIN
KOMIIBIOTEP» MOA pemakuueii akagemuxka B.A.CagoBHuuero.

OcobeHHO XOTENOCH OBl OTMETHTHL COACHCTBHC MOSBICHHIO PYyCCKOrO
u3gaHus co croponsl uzgatenscrsa Ulnpunrep B muue r-xu Kaponuns
JIaBuc, peaaxkropa nutepatypsl no ¢usuke a-pa Kenuxa, a Taxke pepak-
TOpa ¥ OJHOTO U3 aBTOPOB aHIIHiicKkoro u3ganus npod. A lainunrepa.

C.I1. Kynuxk

E.A . lllanupo
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I'IpenucnoBue _
K U3JAaHUIO HA aHTJIUMCKOM SIZBIKE

Hudopmaunus xpanurcs, nepeaaércs H obpabaTeiBaeTca ¢ moMOWBIO (QH-
3MYECKHX CPEACTB. JHAYHT, KOHLENLHIO HHPOPMALIMH H BRIYHCIEHHA MOX-
HO c(OPMYTHPOBATh B KOHTEKCTE HHIUIECKOH TEOPHH, a H3yueHHE HHPOp-
MalMH, B KOHEYHOM cuete, TpeOyeT mpoBeAEHHsS 3KCIEPHMEHTOB. JTO,
6e306HaHOE Ha MEPBHI B3rNAJ, NPEATIOKEHHE BEACT K HETPHBHAIBHBIM
CIEACTBUAM.

CornacHo 3akoHy Mypa, CKOPOCTb MHKpOIMPOLIECCOPOB YBETHYHBAET-
cq BABOE NMpUMEPHO Kaxanie 18 mecsueB. [loxoxe, 4T0 eXHHCTBEHHBIH
cnocob aenath HX CyLIECTBEHHO 6oiiee OBICTPHIMH — 3TO A€NaTh HX MEHb-
me pa3mepoM. B He cimmkoM ymaneHHOM OyAyimeM OHH JOCTHTHYT TOM
OTMETKH, KOTAA JIOTHYECKHE 3JEMEHTH OyAyT CTONb Malbl, YTO KaXKABIH
H3 HUX OyJeT COCTOSTh BCEro JHIIb M3 HECKONbKHX aTOMOB. B ator mo-
MEHT CTaHYT Ba’XHHIMHM KBaHTOBOMexaHH4eckHe 3¢ dextr. Takum obpa-
30M, €C/TM KOMIBXOTEPH JOKHBI CTAHOBUTLCH OBICTpEE (2 3HAYUT, MEHb-
IIe pa3MepoM), TO HOBas, KBAHTOBAs TEXHOJOIUs AODKHA 3aMEHUTh MIIH
JOTIONIHUTD TO, YTO CymecTByeT celuac. Ho oxasmBaercs, 410 Takas Tex-
HOJIOTHS MOXET AaTh HaM ropasgo Oonsiie, yeM mpocto Oonee MaleHb-
kue u OnicTprie Mukponpoueccopsl. HeqaBHue TeopeTHueckue pesynbra-
THl MOKA3aJIH, YTO MOKHO HCIIOJIb30BaTh KBAHTOBBIE 3¢ GEKTHI, 4TOOHI CO-
3AaTh Ka4ECTBEHHO HOBBIC ITYTH BRIYHC/ICHHI H CBS3H — B HEKOTOPBIX C1y-
gasx ropa3fo 6omee MOIHEBIE, YEM HX KJIACCHYECKHE aHAJOTH.

JTa HOBasg KBAHTOBAasA TEXHOJOIHSA POXJIAECTCA CeHdyac BO MHOTHX Na-
6opatopusax. B mocneanne asa aecstHneTus ObLIH MPOBEACHB 3KCIEPH-
MEHTHI, B KOTOPHIX ¢ HEOBIBANOH TOYHOCTBIO YNIPABIAIH U MAHUITYTHPOBA-
M €AHHHUYHBIMM KBAHTOBBIMH YaCTHLAMM Pa3JHYHBIX THHOB. buiiu pe-
anbHO MPOBEJACHB MHOTHE «MBICICHHBIE)» JKCIIEPHMEHTHI, CTOIb 3HaMe-
HHUTBIC B NIEPBEIC JHH KBAaHTOBOH MexaHuKH. HoBBIE 3xCrIepHMEHTaNbHBIE
METOAMKH IO3BOJAIOT cefdac XpaHHTh M obpabaTeiBaTh HH(pOpPMaUHIO,
3aKOAMPOBAHHYIO B HHAMBHAYAIbHBIX KBAHTOBBIX CUCTeMax. B pesynsra-
T€ y HaC MOSBHIAcCh HOBas obnacTh 3HaHHH - 06pabOTKa KBAHTOBOH HH-
bopMauuH, — KOTOpas NpeACTaBIgeT COO0M HACHIMEHHEIH CIIaB KBAHTO-
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BOM (pH3MKH ¢ Hayko# 00 nudopmaunu u komnelorepax. EE oxsar npoctn-
paeTcs OT YCTAHOBICHMA HOBBIX B3MIAJ0B HA NPHPOAY GHU3MYECKHX 3aKO~
HOB [0 M3y4YeHHsS BO3MOXXHOTO KOMMEPYECKOTO MPHUMEHEHHS PE3YJIbTaTOB
B KOMITbIOTEPHOH U KOMMYHHKAa1lMOHHON HHAYCTPHH.

YacTs 3TOH paboTH, BeAylueHcs MO BCEMY MHPY, NMOAACPKHBACTCA
EBponeiickoit xoMuccueit, B pamkax mporpamMmsl TMR (Training and
Mobility of Researchers), yepe3 momaepXKy HCCIEAOBATENbCKOH CETH
«®Pu3nka KBaHTOBOH HHoOpMaL UK. [IaBBl 3TOH KHHIH HAIHUCAHBI, B OC-
HOBHOM, Y4aCTHHKAMH 3TOH CETH B Pa3MHYHBIX HOpPMAX COTPYAHHYECTBA.
Bce onn HanpasnieHs! Ha TO, YTOOBI AaTh AMAAKTHYECKOE BBEACHHE B BaXK-
HbIC, HOBbIC 00/acTH 3HaHusA. KpoMe TOro, B HECKOIBKHX pas3zaenax mnpea-
CTaBICHbl BAXHBIE PE3yNbTAThl, MIONYUYEHHBIE HCCIEAOBATENAMH, HAXOAM-
muMHcs BHe pamok nporpammel TMR. OgHako, Mbl HE CTPEMHIIMCh HaIH-
caTh MOHOrpa@ IO, JAIOIWYO MONHBIH 0630p HayKH O KBAHTOBOH HHOpMa-
uuu. MccnenoBanus B 3TOH 06nacTH BeqyTCA OUYEHb AKTHMBHO, M JTIO00MH
BCECTOPOHHHU# 0630p 04eHb ObICTPO GBI ycTapen. JTa KHHra OXBaThIBAET
TaKHE BOMPOCHI, KAK TEOPETHYECKHE H IKCIIEPHMEHTAJILHBIC ACIEKTHI KBaH-
TOBOrO NEpENnyThBAaHUS, KBAHTOBOH Kpunrorpaduu, KBAHTOBOH Tenenop-
TAalUHH, KBAHTOBBIX BBIYHCICHHH, ACKOrEPEHLHH KBAHTOBBIX COCTONHHH,
HCNPABJICHHA KBAHTOBBIX OLTMOOK M KBAHTOBON KOMMYHHKALIHH.

Mb1 HageeMCsl, YTO HAllA KHUrA CTAHET MONE3HBIM MOCOOHEM IS BCEX
yyTarenei, o6naaamux HEKOTOPEIMU NMO3HAHHAMH B KBAHTOBOH MEXaHH-
K€ M MCIBITHBAIOIIHX HEMOAAETbHBIA HHTEPEC K YIUBHTEIBHBIM BO3MOXK-
HOCTSM, KOTOphIE OHA HaM TIpEANaract.

Msl oueHp GnarogapHsl Tomacy JlkeHHEBEHHY 3a MHOTOYHMCIICHHBIE
PHCYHKH, HApHCOBAHHBIE HM AJIS 3TOH KHHUTH.

Oxkcdopa, Bena. Mapr 2000r. Huk Boymeiicrep

Aptyp Oxepr
Anrton Hainunrep
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Ddu3zrKka KBAaHTOBOM MHPOpMaLIUU:

OCHOBHBIC ITOHSATHS
. Boymeiicmep, A. I[atinunzep

1.1 KBaHTOBasi Cynepno3Huusa

IIpHHLMN CYNEPIO3ULIMK UI'PAET LCHTPATBHYIO PONb BO BCEX PacCMOTpE-
HHUAX KBAHTOBOH MHPOPMALIMH, KaK U B 5O LIMHCTBE MBICICHHBIX KCIIE-
PHUMCEHTOB M NapaJOKCOB KBAHTOBOH MEXaHHKH. BMeCTO TOro, 4To0H H3Y-
4aTh €ro TEOPETHYECKH HMIIH ONPEAENATh €ro abCTPaxkTHO, Mbl 06CyaUM
34eCh DKCNICPUMEHT, ABNAIOLIUICA KBHHTICCEHLIHEH IPHHLIMIA KBAHTOBOH
CYNepno3HUHH — 3kcnepumeHT ¢ aBymsa mensmu (Puc. 1.1). Cormacuo
Qeilinmany [ 1], oH «3akmrouaer B cebe cepaLe KBaHTOBOM Mexauuku». He-
00XOqHUMBIE COCTABIAIOLINE DTOrO IKCIIEPHMEHTA — 3TO MCTOYHHK, AHad-
parma u3 JBYX IIENCH, 1 3KpaH, Ha KOTOPOM Mbl Habmogaem uuTepdepes-
LIHOHHYIO KapTuHy. [Ipupoay 3Toii nHTEp PEepPEeHIIHOHHOH KAPTHHBI MOXHO
JE€rko NOHATb, €CTH MCXOAUTh M3 BOTHOBBIX CBOHMCTB YaCTHII, BBUIETAIO-
IMHUX M3 HUCTOYHHKA. 30ECh MOKHO 3aMETHUTb, UTO IKCICPUMEHT C JBYMS
IIENSIMH MPOBOJUICH € YaCTHI[AMH Pa3MHYHbIX THIOB, OT POTOHOB [2] M
3nekTpoHoB {3] a0 HeiTpoHoB [4] 1 atomoB [5]. C TOYkM 3peHUs KBAHTO-
BOH MEXaHHMKH, COCTOSHHE Ha 9KPaHE — 3TO KOTEPEHTHAs CYNEPIIO3UIIUS

|w)=—j7(|w,)+|wb)) , (1.1)

rae [¥,) u [|'¥,) OMHCHIBAIOT KBAHTOBOE COCTOAHHE B TOM CIydae, €C/U
OTKPBITA TOJNIBKO INENb @ WU INEIb b,

HnurepecHoe CBOMCTBO 3KCIIEPHMEHTA C ABYMA INENSAMH, TTOATBEPIKACH-
HOE BO BCEX DKCNEPHUMEHTAX, COCTOMT B TOM, 4YTO, HHTEP(EPEHLIMOHHYIO
KapTHHY MOXHO cOOpaTh M0 OAHO# YACTHIIE — TO €CTh, YCTAHOBHB HACTONb-
KO HHU3KYI0 MHTEHCHBHOCTb MCTOYHHKA, YTO KaXKIas YacTHua OyaeT HHTEp-
¢bepupoBath TONbKO caMa ¢ coboif. B 3ToM ciaydae y Hac nosBnseTcsa co-
6na3H cnpocuth ce0s, 4epe3 Kakyi H3 ABYX LIENCH YacTHIA MPOJICTAET
«Ha camoM aeney». CTaHAapTHAs KBAaHTOBAasd MEXAHMKA OTBEYAET HA 3TO,
YTO HEBO3MOXHO JaTh KAKOH-TMOO pasyMHBIH OTBET Ha BOIPOC «4epe3 Ka-
KyI0 Lieib MpojieTaeT yactuua’?y He MCNOJb3ys COOTBETCTBYIOIIHE JKCIIE-
pHMEHTaIbHBIE METOABI, CIIOCOOHBIE AaTh OTBET Ha 3TOT Bompoc. Ha ca-
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MOM fene, ecii On HaM Hazo OblIO MOCTABUTH HKCIIEPHMEHT, ONMpPEAEIAIO-
IHii, Yepe3 KaKyko Ielb MPOJIeTaeT YacTHLA, HaM Obl MPHIIIOCh TEM HIIH
HHBIM 00pa3oM B3aHMOJEHCTBOBATh C YACTHLEH, YTO MPHUBEIO OBl X AEKO-
TEPEHTHOCTH — TO €CTbh, K NoTepe nHTepdepeHunn. Mel MoxeMm HabmonaTh
HHTEPGEPEHIINIO TOILKO TOTAA, KOTAA AaxXe B MPHHIHUIE HET BO3MOKHOCTH
y3HaTh, Yepe3 KaKylo W3 meneil mposeraer yactuua. B kauecTse HeGonb-
HIOrO MPEJOCTEPEKEHHS, OTMETHM, YTO TAKKE HEBEPHO H TOBOPHTH, YTO
4YacTHUA mponeraer 4yepe3 obc MenH OAHOBPEMEHHO, XOTA TaKOE yTBEPK-
JEHHE MOXHO Hepeako ycnubimmath. [IpoGnema 3aeck B TOM, 4TO, ¢ ONHOM
CTOPOHDI, 3TO NMPEAIOKEHHE NPOTHBOPEYHBO, MOCKOIbKY YaCTHIA — 3TO JIO-
KaJIM30BaHHBIH 00BEKT, H, ¢ APYro# CTOPOHBI, TAKOE YTBEPKACHHE HE HECET
CMbICTIAa C TOYKH 3PEHHS paccMaTpuBaeMoil omepaiuuu. OTMETHM TaKke,
YTO MOXHO MOJYYHTh YACTHYHOE 3HAHHE O TOM, Yepe3 KaKyro H3 meneH
NpONETAET YaCTHLA, 32 CYET YaCTHYHOMH MOTEPH KOrEPEHTHOCTH.
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a b mep

* HcTouHrk

Puc. 1.1. Ilpynuun sxcnepuMeHTa ¢ AByMs inensmu. Hutepdepenunonnas xap-
THHA BO3HHMKaeT B IJIOCKOCTH HabMioNeHus 3a AByxinencBolt auadparmolt, naxe
€CJTH HHTEHCHMBHOCTb HCTOYHHMKA CTONTb Mana, YTO B annapaTe OXRHOMOMEHTHO Ha-
XOIUTCA TONLKO OfAHA yacTHua. ITokasaHHas 3fiech HHTEPhEPECHIIHOHHAS KAPTHHA
Oblsia MONyYeHa B peabHbIX 3KCIEPHMEHTAX Ha ABYX IUeNnsX ¢ HeliTpoHamu [4].
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1.2 Kyonrs!

Haubonee ¢pyHaameHTanpHas BEIMMHMHA B Hayke 06 HHGoOpMaLHH — 3TO
6uT. ITO CHCTEMA, KOTOpas MOXKET MPHUHUMATh ABA 3HA4YeHHH, «0» U «1».
B knaccuueckoit peanusanuu, 6UT, KOTOPbIH MOXHO ceG¢ NMPEACTaBHTS,
HanpHMep, MPOCTO MEXAHUYECKHUM MEPEKIIOUATENEM, €CTh CHCTEMA, HME-
IoIas ABa YETKO PA3NHYHMBIX COCTOSHHMA. Mexay HHMH JOKEH OBITH
JOCTATOYHO OONBUIONH HEPreTHYECKHH Gapsep, 4ToOBl CHCTEMA HE MOTr-
Ja CIIOHTAaHHO NMEPEXOAUTH U3 ONHOrO COCTOAHHS B JPYroe, 4to Ob110 Obl,
04eBUAHO, NaryOHsIM 3¢ PeKToM.

Kybum [6], kBaHTOBBII aHanOr 6HUTA, AOMKEH, CIEAOBATENLHO, TAKKE
6bITh cUCTEMOM u3 ABYX cocTtosaHMit: |0) u |1). KybuToM MoxeT cnyxuTs
NpPaKTHYECKH M06as KBAaHTOBas CHCTEMA, HMEKOLIAA, 10 MEHbIIEH Mepe,
JBA COCTOSHHSA. MOXXHO NpHAYMaTh MHOXXECTBO BAPHAHTOB TaKHX CHC-
TEM, H MHOTHE M3 HUX Yk€ ObLIH peaTH30BaHbl IKCniepuMeHTaabHo. Haun-
6onee HeoOxoauMas 4epTa KBAHTOBBIX COCTOAHHH, MCIIONb3YEMBIX B Ka-
yecTBe OHTOB, — 3TO CBOMCTBA KOrE€PEHTHOCTH H cynepno3uuuy. IIpu stom
NPOM3BOJILHOE COCTOSHHE BHIPAXKAETCH KaK

‘Q) = af0)+ A1) (1.2)

rae |al* + |B]?= 1. D10 03HauaeT HE TO, YTO 3HAYCHHE KyOHTa JEKHUT IAc-
TO nocepeguHe Mexay «0» 1 «1», HO TO, YTO KYOHT HAXOOUTCH B KOTE€PEH-
THOM CYNEPNO3HIIHH JBYX COCTOAHHMH, H, €CTH MBI €r0 U3MEPHUM, TO HaM-
JeM, YTO KYOHMT C BEPOATHOCTBIO |@|* HeceT 3HaueHHe «0», U C BEPOATHO-
¢TI0 |[|*~ 3HaueHue «1yn:

pCo=laf |, pC1=|[ . @.3)

HecmoTps Ha TO, 4TO, MO ONPEACIEHHIO KYOHTa, Ero CBOMCTBA KAXYyT-
€A HEONPEAEACHHBIMH, BAXKHO NOHUMATE, 4TO (1.2) onucsIBaeT xozepenm-
HYI0 CYNIEPNIO3HIHIO, A HE HEKOrepeHTHYIO cMech «O» H «1». BaxkHnoe or-
JHU4HE MEXKAY HUMH COCTOHT B TOM, YTO JUISl KOTEPEHTHOH CyNepno3HuHu
BCerga cyuectByer 06a3uc, B KOTOPOM 3HaueHHe KyOHTa CTpPOro onpene-
JICHO, TOrAa KaK HEKOTrEPEHTHAas CMECh — 3TO CMECh, KakUM Obl 06pa3om

MBI €¢ HH ONMHUCHIBAIH. [{1s NPOCTOTH, paCCMOTPHUM KOHKPETHOE COCTOS-
HHE

0") =-j-§—(yo)+|1)) . (1.4)

JT0, O4YEBHUAHO, O3Ha4aeT, YT0 ¢ 50% BepOATHOCTBIO KYOHT OymeT
HaiaeH B cocToaHUM AHO0 «O», mubo «1». UuTepecHo uto B Oasuce, mo-
BEPHYTOM B rHJIbOEpPTOBOM MpocTpaHcTBe Ha 45 %, 3HaueHue KyOuTa cTporo
onpeaeneHo. ATOT GaKT MOKHO YBHAETb, NIPHMEHHUB K KyOHTY COOTBET-
cTBylouee npeobpasosanue. OAHO U3 OCHOBHBIX Npeobpa3oBaHMil B Hayke
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0 KBaHTOBOI HH(}OPMALHH — 3TO TaK Ha3piBaeMoe npeobpazoBanue Ana-
Mapa, KOTQpO€ ACHCTBYeT Ha KyOHT CIEAYIOIHM 0Opa3oM:

1 1
H|o)—>—5(‘o)+|1)) , H|1)—)$(IO)—|1)) , (1.5)
IMpumeHuB ero k KyGuTy |Q’), MOJTY9HM
Hio)=p) 1

TO €CTb, CTPOTO ONpEJCIICHHOE 3HaueHHe KybuTa. JT10 ObLTO OB HEBO3-
MOXXHO CAEIaTbh C HEKOTEPEHTHOH CMECHIO.

1.3 IIpeo6Gpa3oBanmust OAHOro KyGouTa

Mo>xHo noHATE 0AHY M3 Hanbonee 6a30BBIX HSKCIIEPHMEHTANIBHBIX OTEpa-
uHH B ¢uszuke KBaHTOBOH MHPOpMaUHH, paCCMOTPEB ACHCTBHE MPOCTOrO
JEIHUTENA, KOTOPbIH AenuT ny4 B orHomeHUH 50/50. Takue aenureny 6u1au
peaNrH30BAHbI A1 YACTHL Pa3THYHBIX THIIOB, HE TONBKO ANs GOTOHOB. [ns
IPOM3BOMBLHOTO AETHTENS, HCCIEAYEM CIIyUaii ABYX BXOAAIIMX MOJ M ABYX
BBIXOAAIIMX — TaK, KaK 3TO MMOKa3aHo Ha Puc. 1.2.

10),, 10) ue

‘1>in ’1>oul

N

Puc. 1.2. Jlenutens 50/50 (BBepXy) U cOOTBETCTByIOINas AHarpaMma, o6o3Ha-
yajoias npeobpasoBanne Ajnamapa (BHH3Y)

YacTuua, nagawinas CBEpXy MM CHH3y Ha aenurens 50/50, moaBuTcs
160 B BEpXHEM, THOO B HHIKHEM BBIXOJAIUEM JIyde C OOAHOH U Tl xe 50%
BEPOATHOCTHIO. Toraa U3 yCIOBHA KBAHTOBOH YHUTAPHOCTH — TO €CTh, U3
YCIIOBHA, YTO 4aCTHLbI HE TEPAIOTCA, €CITH ACTUTENb HX HE MOTJIOLIALT, —
CIEAYIOT onpeAesieHHbIe (a3oBbie YCIOBHA Ha AcHCTBHE aenutens [7], ¢
oxHoH cBoboAHOM ¢da3oii. MoxHO oueHb npocTo onucath ¢azoBoe AcH-
CTBHE JenuTend, 3apuKcHpoBaB $a3oBhIE COOTHOLIEHHS TaK, YTO OHO Oy-
JET OnmUCHIBaThCA mpeoOpazoBanueM Agamapa (1.5).
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CHOBa MPEAMONOKHM, YTO COCTOSHHE HAa BXOX — 3TO MPOH3BONBHBIH
KyOHT:

0),, =al0), +A4[1), . (1.7)

JAns cnyyas ogHOH YaCTHIH 3TO O3HAYACT, YTO & — ITO aMIUIMTYAA
BEPOATHOCTH OOHAPYKHTH YAaCTHIY, NAJAIOIUYIO Ha JSIHTEIb CBEPXY, a [
— aMIUIMTYAa BEPOATHOCTH OOHApPYXHUTb YaCTHIY, MaJalolnyo cHU3y. Tor-
Aa B pe3yabTaTe ﬂCﬁCTBHﬂ ACTHTCNIA NONY4acTCId KOHCYHOC COCTOSHHC

0)..=Hlo), =%((a+ﬂ>|0>m,+(a—ﬂ>ll),,,,) , (1.8)

TaK 4TO aMILIHTYAA BEPOATHOCTH ﬁamn 4acTHLY B BEPXHEM BBIXOAALIEM
yuKe paBHa Tenepb (@ + B), a aMIIMTYAa BEPOATHOCTH HAMNTH €€ B HHX-
HeM nydke paBHa (@ — ). B yvactHocTH, ecnu @ = 0 unu B = 0, TOo BHAHO,
YTO YaCTHULY MOXHO C PaBHOH BEPOATHOCTBbIO OOHAPYXHTb B moboM H3
BBIXOAAIIMX NMY4KkoB. B apyrom wactHoM ciayvae, & = f, yactuua Oyaet
o6s3aTenbHO OOHapyXKeHa B BEpXHEM Iy4Ke, H HUKoraa He OyaeT oOHapy-
JKCHA B HHXXHCM.

HHTepecHO M MONe3HO pacCMOTpPETh MOCISAOBATENbHOCTH TAKUX A€-
JAMTeNeH, MOCKONbKY OHH OCYLIECTBISIOT MOCIENOBATENIBHOCTH NMpeobpa-
30BaHHH Anamapa. [lns AByX NOCIen0BaTeNbHBIX IpeoOpa3oBaHMii HCIIONb-
3yercsa uHTepdepomerp Maxa-llanaepa (Puc. 1.3) ¢ aBymsa oauHakoBbI-
MH ACIHTCIAAMH.

10)n 10) oue
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Puc. 1.3. Untepdepomerp Maxa-I{annepa (BBepXy) ¥ nocaeloBaTeIbHOCTb H3
JAByX npeobpa3zoBaHHi AnaMapa (BHH3Y)

ITokazaHHBICE HA PHUCYHKE 3€pKajia HYXHBI TONLKO AJS TOro, YTOOBI
nepeHanpasuth nyuku. Ilpeanonaraercs, 4To OHM OAMHAKOBO AEHCTBYIOT
Ha ABa My4Ka, U, CIEJOBATEIBHO, IPH AaHANH3E UX MOXHO HE YYHUTHIBATH.
Toraa nonHoe aeiictBHe HHTEpdEpOMETPa MOXKHO ONHUCATH NMPOCTO KaK JBA
MMOC/ICAOBATEIbHBIX IIpeobpa3oBanus Axamapa, ASHCTBYIOIUX HAa NPOU3-
BOJIBHOE COCTOAHHE Ha BXxoAE (1.7):
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9)... i @) =lo). . (1.9)

OtBer cneayer u3 Toro npocroro ¢akra, 4T0 ABOHHOE MPHUMEHCHHE
npeoOpaszoBanus Axamapa (1.5) ects TOXASCTBEHHad omepauMs. JTO 03-
HayaeT, YTo NnokalaHHbli Ha Puc. 1.3 unrepdepomerp Maxa-l{anaepa, ae-
JUTENH B KOTOPOM OCYINECTBIAIOT mpeoOpa3oBaHHe AJamapa, Ha BEIXOAE
BOCIPOM3BOAHT TO COCTOSHHE, KOTOPOE OH MONy4aeT Ha Bxoae. Paccmor-
PHM €IIe pa3 KpaiHUH YaCTHBIHA ClTy4aid, KOrAa BXOA COCTOHT TONBKO H3 OX-
HOro NMy4Ka — TO €CTh, IIPEANON0XKHM, 63 NoTepH OOIMHOCTH, yTo @ =1, a
HIDKHHH ny4ok — nycroi. Toraa, cormacHo (1.9), Ha Buxoae yactuna Oyaer
obsa3arenpHO OOHapykeHa HaBepxy. M, 4TO HHTEPECHO, 3TO MPOM30HAET
HMEHHO NIOTOMY, 4TO MEXTy AETMTENsAMHU YacTHu@a Obina 661 ¢ oxMHAKOBO#H
BEPOATHOCTBIO (C ONPERENCHHON OTHOCHTENbHOH (a30it) oO6HapykeHa B Kax-
oM u3 nyukoB. IMeHHO HHTepdepeHHa MeX Oy AByMS aMILTUTYAAMH, 1a-
JAIOLIMMH Ha NMOCICAHMI ACNUTEND, IPUBOAUT K TOMY, YTO YaCTHLA BCEraa
OKa3bIBAETCA B OAHOM H3 BBIXOJAIIHX IYYKOB, H HHKOIAA — B JPYTOM.

Ha s3p1ke kBaHTOBOH HMH(OpMaLuH, KyOHT Ha BRIXOAE HHTEpEpoMeET-
pa Maxa-Ilanaepa Oyaer uMeTh OnpeaeneHHOE 3HAYCHUE, €CNH KyOHT Ha
BXoAe OyAeT Takke HMETb ONMpPEACICHHOE 3HAYEHHE — H 3TO TOJMBKO MOTO-
My, 4TO B MPOMEXYTKE MEXIy AByMs npeoOpa3oBaHHAMH Ajamapa 3Ha-
yeHue KyOuTa GBIJIO MaKCHMaIbHO HEONPEACICHHO.

‘0>in IO> out
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Puc. 1.4. Baepxy: uutepdepometp Maxa-Ilannepa ¢ ¢asospamaresieM ¢ B
OHOM M3 JBYX IYYKOB. 3TO MOJHOCTHIO MEHAET pe3yibraT. BHH3y: 5KBHBa-
JIEHTHOE NPEACTaBICHHE ¢ Npeobpa3oBaHHAMH AZlaMapa H TOTHYECKHM 3/IEMeH-
TOM cBura ¢assl.

Eme OQXHHM Ba>XHBIM KBAaHTOBBIM JIOTHYCCKHM 3JIEMCHTOM, NMIOMHMO
aneMeHTa Ajgamapa, ssnserca (asospamarens. Ha Puc. 1.4 on aononuu-
TeNbHO BBEACH B HHTepdepoMmerp Maxa-Ilanaepa. Ero pynkuus cocrout
B TOM, 4TOOBI MPOCTO COBEPMIMTH CABHUT (Ha3bl ¢ y OXAHOrO U3 ABYX IYyYKOB
(6e3 norepu OGIIHOCTH, NPEANONAraeM, YTO 3TO BEPXHUH MyYOK, TOCKO/b-
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Ky Ba)KHa TONBKO OTHOCHTenbHad dasza). B namux oGosHaucHuax, mei-
cTBue (azoBpamaress MOXKHO ONHCATh YHHTAPHHIM NpeoOpa3oBaHHEM

ol)=€*lo) , of1y=)1) . (1.10)
CrnemoBarensHO, KYOHT Ha BRIXOAE MOXKHO BEIUHCIIHTS, MTOC/IEA0BATENb-

HO MPHMEHAA BCE COOTBETCTBYIOIUE NIpeoOpa3oBaHus K KyOHTY, KOTOPHIi
OBl Ha BXOJE:

0),.. = HoH D), . (1.11)

OcTaBHM YHTATENIO BEIYHCIEHHE OOLIEro BHIPAXKEHMS A/ IPOHU3BOJIb-
HOTO COCTOSHHS KyOHTa Ha BXOA€. Mbl %€ CHOBA OrpaHH4HUM O6CYXICHHE
ClydaeMm, KOrja eCTh TOJIbKO OJHH MYYOK Ha BXOAE, a HMEHHO =11 =10,
TO €cTb, |(J), = 0. Toraa xoHeUHOE COCTOAHHME CTAHOBHTCA

H®H|O)=%((ei¢+l)lo)+(e"” ~1)y) . (1.12)

VY 310ro BHIpaXeHHs €CTb O4YEHb MpocTas uHTepnperauus. CHauana
MBI 3amedaeM, monb3yack (1.12), uyro ana @ = 0 3HadyeHHe KyOura onpe-
AeneHHo H paBHO «O». C apyro# CTOPOHHI, ANs @ = 7, 3HaYCHUE KybuTta
cTporo paBHO «1». DTO moka3weiBaeT, 4To $a3oBBIH CABUT @ MOXET Iepe-
KIIIOYaTh COCTOSHHE BHIXOAHOro Kybura mexay «0» u «1». B uenom, Be-
POATHOCTB, 4TO KyOUT umeeT 3Hauenue «0» ectb Py = cos*(¢/2), a Bepo-
ATHOCTB, YTO OH HECET 3HaueHue «1» paBHa P, = sin®(¢/2).

B aTOM pa3zene Mbl 06CYIHIH HEKOTOPBIE OCHOBHBIE HIEH, KaCAIOIH-
ecs THHEHHBbIX MpeoOpa3oBaHuit kKBaHTOBEIX OuTOB. QGpaTHMCs TEmephb K
nepenyTaHHHM KyOuTam.,

1.4 IlepenyThiBanHue

PaccMOTpHM HCTOYHHK, KOTOPBIH MCITyCKAET Napy 4acTUL TaK, YTO OJHA U3
HHUX JICTHT HAJIEBO, a Apyras — HampaBo (Mcrounuk S Ha Puc. 1.5). Mcrou-
HHK TAQKOB, YTO YAaCTHLBI HCIIYCKAIOTCSA C IMPOTHBOIONOXKHBIMHM HMITYIIbCa-
mu. Ecnu vactuna, neramas Haneso (HazoBeM ee yacTHLEH 1), oOHapyxe-
Ha B BEPXHEM ITy4yke, TO YaCTHLA 2, NETAImas Hanpaso, Oyxer obg3arenbHO
obHapyxeHa B HHxHeM. M HaoOoport, ecnu uactiia 1 HalijcHa B HIDKHEM
my4ke, To Hactuua 2 Oymer oba3arenbHO HaiaeHa B BepxHeM. Ha Hamem
A3bIKE KyOUTOB MBI OBI CKa3aJIH, YTO ABE YaCTHLII HECYT IIPOTHBOINOIOXKHBIE
3HaueHud OuroB. Ecnu wactuua 1 Hecer «O», To yactuua 2 Hecer «1», u Ha-
obopot. Ha sa3bike KBaHTOBO#M MEXaHHMKH, ITO AByXIaCTHYHOE COCTOAHHE BHIA

o0, +e* 1 j),) (1.13)

daza y onpeaenseTcs BHYTPEHHHMH CBOHCTBAMH HMCTOYHHKA, H MBI
TIPEATIONOXKKUM JUIS TIPOCTOTH, uTo ¥ = 0. YpaBHeHnue (1.13) onuceiBaer 1o,
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YTO HA3bIBAKOT NEPENyTaHHEM cOCTOsHHEM [8]'2. OHO MHTEPECHO TeM,
YTO HU OAHH M3 ABYX KyOUTOB HE HECET ONMPEACNCHHOrO 3HAYEHU, HO, KaK
cleyeT U3 BHAA KBAHTOBOTO COCTOSIHHSA, KaK TONBKO OJHH H3 ABYX KyOH-
TOB OyeT NOABEPrHYT U3MEPEHHIO (PE3ynbTaT KOTOPOro GyaeT COBEPIIEHHO
cny4aifHbIM), TO Cpa3y OKaXKETCHA, YTO APYroil HECET ONMpEAEIEHHOE 3HA-
yeHue. [OBOPSAT, YTO B DTOM MpPOABIAETCA 3aralka KBAaHTOBOH HEIOKAJIb-
HOCTH, TaK Kak BO BpeMs M3MEpPEHHs ABa KyOHTa MOryT OBITH yaaneHbI
JApPYT OT ApYyra Ha MPOM3BOJILHO OONBINOE PACCTOSHHUE.

| H Y H —

Puc.1.5. HcrouHuk HenyckaeT ABa kybuTa B iepenyTaHHOM COCTOSHHH. Baep-
Xy: pOBEpKa C IOMOINBIO JBYXYacTHYHOro HHTeppepomeTpa. BHH3Y: TOT XKe
NPHHIHA B TEPMHHAX OJJHOPOTOHHBIX JIOTHYECKHX 3JIEMEHTOB.

Camas uHTEpeCHas CHTYal[Hs BO3HHKAET TOrAa, koraa ob6a kybura nox-
BepruyTh ¢a3zoBoMy cABHMry u npeobpazoBaHHMI0 AjaMapa, Kak IHoka-
3aHo Ha Puc. 1.5. Toraa, ans aerekTHpoOBaHus nocie 06oux npeobpaiosa-
HUH Axamapa — TO €CTb, B CIy4ae NMPOBEPKH C MOMOIIbIO ABYXYaCTHYHO-
ro untepdepomerpa [10] ans AeTeXTHPOBaHUA 32 ACTUTEISIMH, — MOSBIA-
IOTCS HHTEPECHBIE HEJIOKANBHEIE KOPPEIALMM, HapyIAOMMUE HEPABEHCTRA
benana [11]. He yrnybassce B TeopeTruueckue U ¢opManabHble AeTalH
(6onsire MHpopmauun Gyaer aaHo B pasaene 1.7), MOXKHO CKa3aTb, YTO
CYTb TAKOTO HapYMECHHUS COCTOHUT B TOM, UYTO HEBOZMOXHO OOBACHUTD KOP-
PENALMH MEXAY ABICHHAMH HabAI0MaEMBIMH Ha JBYX CTOpPOHaX mpHoopa
Ha OCHOBE OJJHHX JTHINb TIOKAJIbHBIX CBOMCTB KyOHTOB. Henb3st NOHATD KBaH-
TOBLIE KOPPENALHH MEXAY HUMH, €CIIH CYHTATh, YTO HA JECTEKTODP, PErH-
CTPHPYIOIIHH YacCTHLY HA OJHOM 3aJaHHON CTOPOHE, HE BIMACT BEIHYHHA
¢basel AN APYroH HaCTHIHL, 3aJaHHOH Kak mapamerp. EcTb MHOrO BO3MOX-

! Ot aummiickoro ciosa Entanglement — (cBoBoanoro) nepesosna cnopa Verschrankung,
BBegenHoro [IlpeaunrepoM B 1935 1., 4To6bl OXapaKTepH30BaTh 3TY CHELH PHUECKYIO Yep-
TY COCTABHBIX KBAHTOBBIX CHCTEM.

? MBI HCIONb3YEM TEPMHH «nepenymsigarue» KBAHTOBBIX COCTOSHHMH, IOCKONLKY OH Ha
CEroHAMHMUA ACHb YCTOANCA B pyccKossel4HOH nutepartype. (IIpum. nepesoduuxa).
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HOCTEH TOYHO BBIPAa3UTh CMBICI HEpaBEHCTB benna, 1 MoXkHO ux dopmans-
HO NpeACTaBUTb MHOTHMH criocobamu. Hekoropeie n3 Hux OyayT npeacras-
neHsl B pasgene 1.7, a ocraBmascs 4acTh MOXET ObITh HaiaeHa B COOT-
BeTCTByIOmEH nurepatype (cM., HanpuMep, pabory [12] u cceinku B Heit).

t
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Puc. 1.6. TpexyacTH4HOE nepenyThiBaHHE B TaK HasbiBaeMoM cocTosHuu I'XLI
3mech Mbl MOKa3bIBAEM TOJIBKO TNPEACTABIEHHE B TEPMHHAX E€MEHTAPHBIX JIO-
F'HYECKHX 31€MEHTOB. UHTaTesb JIerko MoxeT cebe npeacTaBUTh GU3HYECKYIO
peasM3allHIo TpeX4acTHYHOro HHTepdepomeTpa.

OdeHp HHTEPECHOE M O4Y€Hb YMECTHOE C TOYKHM 3pEHHA KBAHTOBOH
MEXaHHKH 00001eHHE ~ 3TO HCCIEAOBATh NEPENYTHIBAHHE AN Homee yeM
AByX kyburoB. Hanpumep, paccMOTpHM NPOCTOH Cly4Yai nepenyTelBaHUS
MEXIY TpeMs KyOuTamu, kak nokasaHo Ha Puc. 1.6. IIpeanonoxum, uro
HUCTOYHHK HCMYCKACT TPH YaCTHLbI, 10 OXHOH B KaXKABIH H3 MOKa3aHHBIX
Ha PUCYHKE NpUOOpOB, B ceU(pHUIECKOH CYyNEPIO3HIIUH — B TaK Ha3bIBaC-
MoM cocrosHuu ['punbeprepa-Xopua-lHaknuurepa (I'XI) [13] (cm. Tak-
xKe pasaen 6.3)

25 (90100, 10), + 1, ) 119

3TO KBaHTOBOE COCTOSHHME 00naAaeT O4eHb CreUPHUECKUMH CBOM-
CTBaMH. Taxxe xak u B nCpenyTelBAaHHHU I ABYX YaCTHL, HU OAHH H3
Tpex KyOMTOB He HeceT caM mo cebe MHGOpPMALMH, HH OAHH H3 HHX HE
HMEET CTPOro OmpeAeNeHHOro 3HaueHHsa 6ura. Ho kak Tonbko oauH M3
HUX OyaeT u3MepeH, ABa APYruX NpHOOPETYT CTPOro OnpeAcicHHOE 3Ha-
4YeHHE, €CIIH TONBKO H3MepeHue mpou3BoauTcs B H6asuce 0-1. U ator BHI-
BOA HE 3aBHMCHUT OT MPOCTPAHCTBCHHOIO Pa3MELCHHUA TPEX H3MEPEHHUH.

Camoe MHTEPECHOE TO, YTO, €CNIH NMOCMOTPETh Ha NMPEACKA3bIBAEMBIC
cocrosuueM I'X1] (1.14) cooTHOmEHNS MEXIY TPEMA U3MEPECHHUAMH MOC-
7€ MIPOXOXACHUA 3IEMEHTOB casura $a3sl 1 npeobpasoBanuit Axamapa,
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TO MOXXHO HaiTH 0ONbIIOE KOMTHYECTBO MOMHBIX KOPPEIALHUI ANd onpeae-
JIEHHBIX COBMECTHBIX HabOpOB mapaMeTpos [14] ¢ TeM HHTEPECHBIM CBOK-
CTBOM, YTO HEBO3MOXHO IOHATDH AAXKE aOCONIOTHO TOYHBIE KOPPENSLHH B
paMKax JIOKaNnbHOH MOAENH. DTO MOKA3BIBAET, YTO KBAHTOBAS MEXaHHKA
pPacxoJMTCA C JIOKAIbHBIM KIACCHYECKHM B3rIfJ0M Ha MHD HE TONBLKO B
0061acTH CTaTHCTHYECKHX NMPEACKA3aHUH TEOPHH, HO TAKXKE H AN Mpea-
CKa3aHMH, KOTOPBIE MOXHO CACNATh CO BCEH ONPENEICHHOCTEIO.

1.5 IlepenyrbiBaHHE H KBAHTOBAaSA HEPA3JIHYHMOCTb

Urto6Bl MOHATH KaK MPUPOAY NEPENyThHIBAHUA TaK M CIOCOOBI €ro co3ja-
HHA, HAAO0 OCO3HATh, YTO cocTosHMA oOmero Buaa (1.13) u (1.14) - 310
CYNEPnO3ULHH IPOU3BEACHUH HE3ABUCHMBIX COCTOSHHI. BcrioMHuM 006Cy k-
JeHHe ABNeHUs qudpakuuu Ha AByx mensax (pasgen 1.1), rae cynepnosu-
{s 03Hayaja, YT0 HE CYIIECTBYET Cnocoba CKas3aTh, Kakas M3 ABYX BO3-
MOXHOCTEH, GOPMHPYIOIUX 3Ty CYNEPIO3UIHIO, HMEET MECTO Ha CaMOM
Jene. ITO e NPaBUI0 HAA0 MPUMEHHTDb, YTOOBI MOHATh KBAHTOBOE MEpe-
nyteiBaHue. HanpuMep, ansg cOCTOAHUA

¥, =71_2—(\o)1 1), +[1),[0),) - (1.15)

HET crocoba cka3aTh, HeCeT I Kyout 1 3HaueHue «0» umu «1», U, aHano-
THYHO, HECET M KyOMT 2 3HaueHHe «0» unu «1». Ho, ecnu uameputh 0auH
KyOMT, BTOPOH HEMEAJICHHO MPHMET YETKO ONMPEACICHHOEC KBAHTOBOE CO-
CTOSHHE. DTH HaONIOACHHSA MPHBOAAT HAC NPSMO K YCIOBHAM TOrO, Kak
€O37aBaTh M HAONMIOAATh NMEPENYTaHHBIC KBAHTOBHIC COCTONHHSA.

Ectp MHOro cnoco6oB co3math nepenyTaHHbie COCTOSHHA. Bo-mep-
BBIX, MOXHO CO3JaTh TaKOH HCTOYHHMK, YTO, B CHIY €ro GHU3HUYECKOro yCT-
poiCTBa, NMOABIAIOIHUECS KBAHTOBBIE COCTOSHUS Yxe OyayT HMeTb CBOM-
CTBO HEPA3NHYHMOCTH, KOTOPOE OOCYKAANOCh BhILIE. JTO PEaTH3yeTCs,
HaNpUMEP, PacnaJoM 4acTHIbI ¢O CHHOM O Ha JBE YaCTHLEI CO CITHHOM
1/2 ¢ coXpaHeHHeM BHYTpPEHHEro MoMeHTa ummyibca [15]. B atom ciy-
4Yae CITHHBI BO3HHKAIOMMX YaCTHIl AOKHBI OBITh MPOTHBONONOXKHBIMH, H,
€CITM HET JalNbHEHIIMX MEXaHH3MOB, MO3BOJAIOMMX Pa3NHYHTh BO3MOXK-
HOCTH NMPSMO Y UCTOYHMKA, MOABIAIOIEESCS KBAHTOBOE COCTOSHHE €CTh

¥, = %QT)] ), -M’T)z) , (1.16)

rIe, HanpuMep, |T)1 obo3nauaer yactuuy 1 co cnuHoM BBepx. CocTosHHE
(1.16) obnanaer 3aMeyaTeIbHBIM CBOHCTBOM BpaIlATEIbHOH HHBapHAHT-
HOCTH — TO €CTb, ABa CIIMHA aHTHMNAPaJJIeIbHbI, OTHOCHTEIBHO KaKOro Obl
HaMNpaBJICHUSA Mbl HX HH H3MEPSIH.

Bropas BO3MOXHOCTh COCTOHT B TOM, YTO HCTOYHHK MOXKET Ha ca-
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MOM a€JI€ CO3JaBaTk COCTOAHHA B BHAC WHAMBHAYAJIBHBIX KOMIIOHCHT B
cynepro3unud (1.15), Ho cocTosHU%E MOTYT BbITH BCE paBHO KAKHM-TO 06-
pa3oM pa3’nHYUMBI. ITO NMPOUCXOAUT, HANPUMED, MPH MapPaMETPHIECKOM
pacceannn tuna-Il [16] (paznen 3.4.4), rae cocrosnus goronos Bromb
OnpeaeneHHOro BHIOpaHHOTO HANpaBICHHUA PaBHBI

E) ), v P)|H), - (1.17)

310 03Hayaer, 4yTo 1160 GoTOH 1 MONAPH30BaH rOpH3OHTANBHO, a Go-
TOH 2 — BEPTHKANTBLHO, M60 POTOH | nonspH30BaH BEPTHKANBHO, a GOTOH 2
— ropu3oHTanbHO. TeM He MeHee, H3-3a Pa3HOH CKOPOCTH CBETA BHYTPH
MapaMEeTpHYECKOTO KPHCTaIa-npeobpa3oBarens AAs FOPH3OHTANBHO H
BEPTHKANbHO TONSPU3OBAHHBIX (OTOHOB, BPEMEHHAA KOPPEMALIHA MEAKILY
AByMs (OTOHaMH B 3THX ABYX cny4asx pasHas. CnenoBaTenbHO, € OMO-
HibIO M3MEPEHHH BO BPEMEHHU MOYKHO pa3iH4uTh ABa uiueHa B (1.17), u, ua-
3a MOTEHUMANbHOM BO3MOXHOCTH Pa3NUYUTh 3TH ABA Cl1y4as, HE BO3HHKAET
nepenyTaHHoro cocrosuus. OJHaKo, JaXe H B TAKOH CUTyallMH MOXHO CO-
31aTh MEpENnyThHBaHHE, CMeUIas JABa CO3AaHHBIX (POTOHHBIX BOJTHOBBIX Na-
KETa APYT OTHOCHTENBHO APYra TakuM 00pa3oM, 4yToObl OHH nepecTanyu ObiTh
pa3nuyHUMbIMH Grarofaps CBOEMY IOJOXKEHHIO BO BpeMEHH. MakTHueckH
3TO 03HAYAET MPHMEHEHHE TEXHHKH KBAaHTOBOro ctupanud [17], B kotopoH
MapKep — B JAHHOM CITy4ae, OTHOCHTENbHBIN NMOPAAOK BO BPEMEHH — CTHpa-
€TCA, TaK YTO MOTYYaETCA COCTOSHHE C KBAHTOBOH HEPa3NHYHMOCTBHIO

¥, =~\/%()H)1|V)2+e‘r Py |H),) (1.18)

KOTOpPOE SBJISETCS MEPENyTaHHbIM.

TpeTse cpeaCTBO MONYYHTh NEPEMYTAHHBIE COCTOSHHA — 3TO CIPOEK-
THPOBAaTbh HEMEPENYTaHHOE COCTOAHHE Ha mepemyTtaHHoe. OTMETHM, YTO
NepenyTaHHOE COCTOSHHE HHUKOTJa HE OPTOrOHAJIbHO HH OXHOM H3 CBOHX
kOMMoHEHT. Hanpumep, paccMOTpHUM HCTOYHHK, CO3AAIOLIMI HENMEPENyTaH-
HOE COCTOSHHE

j0), |1, - (1.19)

IIpeanonoxumM, 4T0 3TO COCTOSHHE TENMEPh MPOXOAUT Yepe3 Ha GHbTD,
ONMHCBIBAEMBIH ONEPATOPOM NMPOHIHPOBAHHSA

P=|¥) (¥| (1.20)

rae [V),,— 310 cocrosnme (1.15). Toraa nosgBnaeTcsa Cneayomee COCTOAHHUE!

(03,1, 19, 10,) (¢l @, (1, 0oy, -

= (00, +1]9),) 121
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OHO 6onee He HOPMHPOBAHO HAa €AMHHLY, TaK KaK ACHCTBHE ONEpaTopa
NPOHIHPOBAHHA PUBOAMT K ITIOTEPE KyOHUTOB.

Toraa xak KaxAbIH U3 0OCY)KAaEMbIX BBILIE METOAOB MOXET ObITh, B
MIPUHLIHIIE, HCIIONBL30BAH IS CO3AAHHMA MEPEITYTAHHBIX COCTOAHMIA, BO3MOXHO
TaKXe H CO3JaBaTh INEPENYTHBAHUE MYyTEM HAOMIOACHUA COCTOAHHA. DTO,
B LIEJIOM, O3HAYAET, YTO Y HAC €CTh HEMEPENYyTAHHOE HIIH YaCTHYHO mepe-
MyTAaHHOE COCTOAHHE B TOM HIIH MHOM BHE, a TAKXKE MPOLEAYPa CAMOro
H3MEPEHH, KOTOpPas NMPOEKTHPYET KBAHTOBBIE COCTOSHHMA HAa MEpenyTaH-
Hble BO MHOTOM TaKHM € 00pa3oM, KaK 3TO TONBKO YTO O0CYKAANIOCH.
OTa mpoueAypa HCIOIb30BaNach, HAMPUMEP, MPH NEPBOH IKCIEPUMEHTAb-

HOH AeMOHCTpauuHu nepenyrteiBaHus Tpex ¢oroHoB B ['XI] (cM. paspen
6.3) [18].

1.6 JIlorm4veckHni 3j1eMeHT «ynpasjasnemoe HE».

a) @)

\ 4

’b) > <> |a+b>

Puc. 1.7. JnemenT «ynpasnsemoe HET» — 310 npeoGpa3zopanre, cBsizaHHoe ¢
JByMs KyOMTamH. 3HaueHHe KOHTPONLHOro Kybura (Ha pUCYHKE BBEPXY) BIH-
S€T Ha HHXKHHHA, YbE 3HAYCHHE «MEepeKIIoYaeTca» Ha oOpaTHOE, €C/IH BEpPXHHI
KyOUT HeceT «1», M He MEHSETCS, eCJIH BEPXHHH KyOUT HeceT «O». 3Ta onepauus
IKBUBAJIEHTHA COKEHHIO MO MOLYIIO 2.

o cux nop Mel 06Cy’KAaNH TONBKO OAHO-KYOHTHEIE JTOTHYECKHE 3EMEH-
Thl — TO €CTb, 3JEMEHTHI, KOTOPHIE ONEPHPYIOT TONBKO OAHHM KyOHTOM.
Jng KBAaHTOBBIX BBIYHCICHHH Haubonee BaXKHB JBYX-KyOHTHBIE 3IIEMEH-
Thl, B KOTOPBIX 9BOJIIOLHSA OAHOr0 KyOHUTa 3aBHCHT OT COCTOSHHS BTOPOTO.
Cawmslii IpocTOM U3 HUX — 3TO 3NeMEHT «ynpasuiemoe HE», noka3zanusiit
Ha Puc. 1.7. CyTs ero paborsl B TOM, 4TO 3HAaYEHHE TaK HA3bBIBAEMOrO
ueneBoro Kkyoura (KyOUT-MHIOEHB) MEHAETCS Ha 0OpaTHOE B TOM U TOJNb-
KO TOM Clly4ae, €CIM KOHTPOIbHbIH KyOHT HMEET IOrHYeckoe 3HAYCHHE
«1». Jlornyeckoe 3HaY€HHE KOHTPONBHOrO KyOHTa He MeHseTcs. MoxHo
OITHCATh JEHCTBHE KBAHTOBOTO JIOTHYECKOTO d1eMeHTa «ynpasnsemoe HE»
creayomuME npeobpa3oBaHHAMH

09,105,40),10), 103, 113,-40), 1),
1,100,541, 1), 1), 141,10}, (1.22)

rae |0) 1 |1) OTHOCATCA K KOHTPONBHOMY KYOHTY, a |0), 1 |1), — k eneBoMy.
BMecTe ¢ oqHO-KyOHTHBIMH NpeoOpa30BaHHUIMH, OIMCAHHBIMHU B pa3jaene



30 Q@usuxa keaHmoaol UHPOPMAYUU. OCHOBHbIE NOHAMUSR

1.3, kBaHTOBBIH JNIOrHYeCKMil 3neMeHT «ynpaBnsemoe HE» moxer Obith
HCIOJIb30BaH AJS MOCTPOEHHS KBAHTOBBIX BHIYUCIHUTENbHEIX ceTei. OHO
M3 MHTEPECHBIX ABHBIX MPUIIOKEHHIH 3THX 3JIEMEHTOB COCTOMT B CO3JaHUH
C HX IIOMOLIBIO ABYX-KYOHTHBIX H MHOrO-KyOHTHBIX NIEPENYTaHHBIX COCTO-
aHMit [19].

1.7 AprymenT JDIIP n sepaBeHcTBO benna.

Cpa3y nocne OTKpEITHS COBPEMEHHOH KBAaHTOBOH MEXAHHKH CTAJO ACHO,
YTO OHA COJCPKHUT HOBBIE, IPOTHBOpEYALIHE HHTYH LMK YepThl. Camoe npu-
MEYaTEeIbHOE TOMY CBHAETCILCTBO — 3HAMEHUTHIN auanor mexay Hunb-
com Bopom u Anbbeprom DitHinreiinom [20]. Toraa kak BHauane DiHu-
TEHH YTBEPXKJAAJ, YTO KBAHTOBas MEXaHHKAa HECOCTOATENbHA, MO3XKE OH
nepegopMyIHpoOBan CBOM JOBOABI, AOKa3kIBadg, YTO OHA HemonHa. B ceoeit
KIoueBoi crartbe [21] DitHinreiin, [Togonsckuit u Posen (II1P) paccmar-
PHBAIOT KBAHTOBBIC CHCTEMBI, COCTOANIHME H3 TAKUX JBYX YACTHL, YTO HH
KOOPAHHATA, HH UMMNYJIbC KAXA0H U3 YaCTHIL HE ONPEAETCHEI, HO CYMMa HX
KOOpAHHAT (TO €CTh, MX LIEHTP MACC) H Pa3HOCTb HX MMITYJIbCOB (TO €CTh,
HMITYNIbC LEHTPA MAcC CHCTEMbl) ompeaeneHsl abcomoTHO ToyHO. Toraa
HOJYYaEeTCA, YTO U3MEPEHHE KOOPAHHATHI MIIH HMIYNIbCA, CKAXKEM, YaCTH-
ubl 1 HEMEANIEHHO NMpHAAET YaCTHLE 2 TOYHOE 3HAYCHHE KOOPAHHATH HIIH
uMnynbca 6e3 B3auMoaeHCTBHs C 3TOM yacTtuue#. Micxoas u3 Toro, 4ro
yacTHIB! | B 2 MOryt ObITh pa3HECEHB Ha NMPOH3BOJBHBIC PACCTOAHHUA,
JITP npeamonaraior, YTO H3IMEPEHHE YACTHLBI | HE MOXKET HAa CAMOM AETE
MOBJIHATE Ha YacTULy 2 (YCIOBHE JIOKANLHOCTH); U, CIEAOBATENBHO, CBOH-
CTBa 4aCTHLH 2 HE JOJKHBI 3aBHCETh OT H3MEPEHHS, NPOBEACHHOrO Hax
gactuued 1. OHH CYHTAIOT, 4TO OTCIOAA CIEAYET, YTO KOOPAHHATA H HM-
MyNTbC MOT'YT OJHOBPEMEHHO ABJIATHCA XOPOLUO ONpeACICHHBIMH CBOHCTBA-
MH KBAHTOBOH CHCTEMBI.

B cBoeM 3nHameHHTOM oTBeTe [22] Hunsc Bop yTBepxkaaet, 4to ABe
yactuusl B cnydae OIIP Bceraa ABiflOTCA YAaCTAMH OAHOH KBaHTOBOMH
cucteMbl. M 310 3HauMT, YTO W3MEpeHHE HAA OAHOH H3 YACTHI MEHACT
BO3MOXHBIE NPEACKA3AHUSA, KOTOPHIE MOXKHO CIENATh A BCEH CHCTEMBI,
a 3HAYHUT M 711 BTOPOH YaCTHIIHI.

Huckyccuio OTTP-Bopa monaroe Bpems CHHTAIH YHCTO GHIOCOPCKOI,
noka B 1951 roay Jlasua bom [15] He BBen cucTeMBl, IEPENYTAHHEIE MO
cruRy, u B 1964 roay Jlxon benn [23] He moka3za, 4To, A1 TakHX IEpemny-
TAHHBIX CHUCTEM, H3MEPEHHUA KOPPETHPYIOMHX BETHYHH JOKHEI B ClIydae
KBAaHTOBOH MEXaHHKH NMPHBOAUTH K PE3yAbTaTaM, OTIHYHBIM OT TOTO, YTO
BBIHJET, €C/IM MPEANONOKHUTb, YTO CBOHCTBA CHCTEMMBI CYHIECTBYIOT OO
H3MEPEHHS ¥ HEe3aBHCHMO OT Hero. Jlaxe HECMOTPA HA TO, YTO KBAHTOBBIE
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npeacKa3aHMs MOATBEPKACHBI TENEPh BO MHOTHX IKCIIEPHMEHTaXx [24-26],
CO CTPOro JOrH4ECKOH TOYKH 3PEHHS BOMPOC A0 CHX IMODP HE 3aKpPHIT, MO-
CKOJIBKY, H3-32 HEKOTOPBIX «J1a3€€K» B IKCIIEPUMEHTAX, A0 CHX IOp, B IPHH-
L{MIIE, BO3MOX<HO JIOTHYECKH 3alIMIIATh TOYKY 3PEHHS JIOKAIBbHOTO peaan3-
Ma [27].

IMToxaxkeM KpaTKoO XOA PacCyACHHUH, NPUBOAAINMX K HEPABEHCTBY, 3KBH-
BaJICHTHOMY NEPBOHaYanbHOMYy HepaBeHcTBY benna. Paccmorpum mcrou-
HHK, ncnycxa}oumﬁ asa kybura (Puc. 1.8) B mepenyraHHOM cocTOSHHM

|@°),, = (|H> |H), +7),7),) (1.23)
])1 o ‘(D+>
Yo
Dzr\& PBS " Bs 3 QA

3IIP-cocTosHHMH

Puc. 1.8. Koppensuvionnsie HiMEpeHHs MEXNY ACTEKTUPYEMLIMH COOLITHAMH
Asmcel 1 bo6a npu pasnuuHblx BoiGopax GasHcOB AeTeKTHpoBaHHs (o6o3Ha-
YCHHLIX YIVIaMH @ W [ OpHeHTaUMil NONAPH3aUHOHHBIX CBEeTOAENHTeNeH PBS)
NPHUBOAAT K HapylLIEHHIO HepaBeHCTB Lenna.

Oaunn xybut nmoceinaercs Ammce (Haneso Ha Puc. 1.8), a apyroii —
boby (nanpaso Ha Puc. 1.8). Anuca u Bob npoussenyr usMepenue nons-
PH3alHH, HCIIOMb3YS MONAPH3ALMOHHBIE ACTUTEIHN C ABYMSA OAHO(OTOHHHI-
MM CYETYMKAMH Ha BEIXOAE. ANMCAa C OXMHAKOBOH BEPOATHOCTBIO MOY-
4HT pe3yabTar uamMepeHus «0» unu «1», COOTBETCTBYIOIMUI JETEKTHPOBA-
HHMs KyOHTa CYETYMKOM | MIIH 2 COOTBETCTBEHHO. ITO YTBEPKIACHHE OC-
TAHETCA BEPHBIM, B KakoM OBl monspusalHOHHOM 0asHce OHa HH Aenana
U3MEPEHHUE, U pe3ynbTaTr u3MepeHus Oyaer abGconmoTHO cny4aiiHeiM. Ho
ecnu bob Bribeper ans usMepeHHs ToT ke 6a3uc, OH BCEraa MOJyYHT TOT
xe pesynprar. Takum obOpasoM, cnenys nepBoMy Luary B pacCyXACHHH
OIIP, Anunca Bcerma CMOXET TOYHO MPEACKA3aTh, KAKOH pe3yasTar OymeT
y boba. Ha BTOpoM Inare npHMEHSETCS rHNOTE3a TOKANbHOCTH, TO €CTh,
NPEANONOXKEHHE, YTO HHKAKOe (PH3HYECKOE BO3ACHCTBHE HE MOXET MO-
MEHTAlIBPHO npobexats oT npubopa Anuce a0 npubopa boba, U 3HauwuT,
pe3ynbTaT, u3MepeHHbIH BoOOM M0MKEH 3aBHCETh TOIBKO OT CBOMCTB €ro
kybura u npubopa. CoeauHsas 3TH Asa mara, o benn uccnexosan Bos-
MOXHBIE KOPPEISLHMH AN ciydas, koraa Anuca u bo6 BeiGuparor 6a3ucs
H3MEPEHHUS MOA YITIOM APYT K ApYyry. MOXHO yBHAETD, YTO AN TPEX MPO-
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H3BONbHBIX YIIIOB OPHEHTANMH &, f3, ¥, ROIDKHO [28] BHINIONHATLCA CIEAYIO-
IEe COOTHOLIEHHE:

N(1,.1,)< N(1,,1,)+N(1,,0,)

a’>’y

rae ~ (1.24)
N,
N(1,, 1) === cos(a - f) (1.25)

€CTh KBAHTOBOMEXaHHYECKOE MPEACKA3aHHE AJS YMC/a CIy4yaeB, B KOTO-
pBIX AnHca nony4yuT «1» B cBoeM npubope, OpHEHTHPOBAHHOM MOX YITIOM
a, a bo6 nony4ur «1» B cBoeM npuboOpe, OpHEHTHPOBAHHOM IMOA YIJIOM [,
H N, — 4HCTI0 nap, HCIYIMEHHBIX HCTOYHHKOM. DTO HEPaBEHCTBO Hapylua-
€TCA NPCACKA3aAHUAMU KBAHTOBOH MCXaHUKH, HAIIPUMED, AJIA TAKUX Yrios,
uyto (@ —-f) = (B - y) = 30°. Hapymenue HepaBEHCTBAa O3HAYAET, YTO, IO
KpaiHeH Mepe, OAHO H3 NPEANONMKEHHI, Ha KOTOPHIX OCHOBAHO HEPaBEH-
cTBO benna, He cornacyercs ¢ KBAaHTOBOM MeXaHUKOH. IToT dakt oOBIIHO
CYHTAIOT JOKA3ATEIbCTBOM HEJIOKATbHOCTH, XOTH, KOHEYHO, 3TO HE €AUH-
CTBEHHO BO3MOXHOE OOBACHEHHE.

1.8 KommMmerTapuau

Bcero aecares ner Hazaxg obcyxaaeMmbie 34€Ch BONPOCH CUMTANHCh, B
OCHOBHOM, (HIOCOPCKHUMH, XOTh M HMCIOIMMMH OONBLUOE OTHOLIEHHE K
HaLHM NONbITKAM [TOHATh MHP BOKPYT H HAlUy POJib B HEM. 3a nocnaeaHUe
HECKOIIbKO JIET, K YAMBJICHHIO MHOTHX ONBITHBIX HCCIEROBaTeNci, 06a3o-
BBIC IOHATHA CYNEPNIO3HIMH H KBAHTOBOTO IIEPEMYThIBAHUSA OKa3aTHCh KITKO-
YEBBIMH COCTABJAIOIIMMH B HOBBIX CX€MaX KBAaHTOBOH KOMMYHMKALIMH X
KBaHTOBBIX BBIYHCIEHHH. 3A€Ch Mbl MPEACTABHIIM TOIBKO CKATOE BBEAC-
HHE B TeMy. MHOrue fetaiu JaHsl B pa3TUYHBIX IJ1aBax 3Toi KHUrd. Jans-
Helmyio HHopManHio MOxHO HaiTH B HTepHETE, HanpuMep, Ha caiiTe
www.qubit.org uiH www.quantum.at CO MHOTHMH CCHIIKAMHM HA ADYTHE
aapeca.

* MeTouueckas cTOpPOHA 3TOrO Bolpoca u3jtoxeHa B pabore H.B.Esnoknmosa, 1. H.Kibim-
ko, B.I1.Komonosa, B.A SIpoukuHa. «HepaBenctBa benna u koppensuuy SIIP-Boma: aeit-
CTBYIOINAA KJaccHueckafd pajdouacToTHas Mozenb». YOH, 166, 91-107 (1997). (ITpum.
nepegoouuxa).
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2.1 YUro He TAK B KJaccHiYecKod kpunrorpapuu?

2.1.1 Om CKHTAJIA x SGHUIME

Xenanue nrogeit CEKPEeTHO NMEPEMUCHIBAThCS ABIAETCA, MO KpaiiHe# Mepe,
HACTOJIbKO K€ APEBHMM, KaK H CaMO ITHCbMO, 1 BOCXOIUT K 3apPOKIACHHUIO
HameH LIMBHIH3ALHH. METONBI CEKPETHOH KOMMYHHKALUH OBIITH pa3BUTHI
BO MHOTHX LIMBHIM3AaLHAX, BKIr4as Meconoramuro, Eruner, Uaauio u
Kuraii, HO AeTanu, OTHOCAIIMECS K IPOUCXOXKACHMIO KPHIITONOTMHU!, OCTa-
IOTCS HEM3BECTHHIMHU [29].

Mzb1 3HaeM, yto B EBporne nepBbIMH NPUMEHHIIH KPUNITOrpadHIO B BO-
€HHBIX LIEJAX CIIapTaHIbl, CaMble BOMHCTBEHHBIE U3 IpekoB. Okomno 400 .
IO H.3. OHM MCNONb30BaiM ycTporcTso, HaspiBaeMoe CKUTAJL Yerpoii-
CTBO, KOTOPOE HCIONIb30BANOCH AN COOOIMEHHA MEXAy BOCHaYa bHHKA-
MH, COCTOAJIO U3 KOHYc000pa3HOH NyGHHKH, BOKPYT KOTOPOH MO CIIMpaH
HaMaThIBallach MOIOCKA H3 [IEPTaMEHTa HIIM KOXH, HeCcymas COOOLIECHHE.
CnoBa nucainuce BAOAbL NYOMHKH, 10 OAHON OYKBE Ha KaXJAOM BHTKE IIO-
nocku. Ilomydarenp coobmeHHs HamMaThIBAl MEPraMeHT Ha APYrylo Oy-
OuHKY TakoH ke (GOpMbI, M MOCIAHHOE COOOLIEHHE CHOBA MOXHO ObLIO
IIPOYECTh, KaK Moka3aHo Ha Puc. 2.1.

Ectb cBuaerenscTBa, uro FOnuii Ile3aps B cBOEH KOppPEeCHOHACHIIUH
MICIIOIb30BaJ MPOCTOH MeToA moAacTaHoBKH OykB. Kaxkaas Oyksa B muChb-
me Llezaps 3ameHsnachy Ha apyryio OykBy, cieayomyio 3a He#t no anda-
BUTY 4epe3 Tpu. JlaruHckas Oyksa A 3ameHsanace Ha D, B na E, u Tak
nanee. Hanpumep, anrnuiickoe cnroso COLD nocne noacranosku Llesaps
soirngauT kak FROG. 3tor meton a0 cux nop HaseiBarot umdpom Llesa-
P, HE3ABHCHMO OT pa3Mepa CMEUICHHS, KOTOPOE HUCIONb3YETCA AN MOA-
CTaHOBKH.

! Hayka 0 3amgiiieHHoM cooBIIeHHH Ha3hiBaeTCd KPUNITONOTHEN OT rPeYeckoro xpunmoc —
CNpATaHHbIH — M f020c cnoBo. KpHIIToNorus BrIOYaeT B cebs kpuntorpaduio, HCKycCcTBO
CO3/1aHHS KOJOB, H KPUNTOAHAIH3, HCKYCCTBO B3/1aMbIBAHHA KOJOB.
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Puc. 2.1. Tlepsas kpunrtorpadmnyeckas MalmuHa — CKHTal.

JTH JBa MPOCTHIX MPHMEpPA yxKe coaepxkat ABa 6a30Bbix MeToaa mudpo-
BaHHsA, KOTOPBIE IO CHX TOpP MCTIONB3YIoTCS MM(POBAIBIMKAMH, 3 HMEHHO
nepecmanogxy u noocmarnogxy. Ilpu nepecranoske (Hanpumep, B CKUTA-
JIE), 6yxBul omkpbimozo mexcma (Hayunslid TEPMUH, 0003HAYAIOMMHE Iepe-
JaBacMoc COOOIICHHE) CHELHATbHBIM 00pa30M MEPECTABIAIOTCA MO OTHO-
meHUIo Apyr  apyry. Ilpu noxcranoske (Hanpumep, B mudpe Lesaps) Oyx-
BBl OTKPBITOTO TCKCTA MEHAIOTCS Ha Apyrue OyKBBI, YHUC/A HIIH TPOH3BOINb-
HbIC CHUMBOIBI. JTH JBA METOJA MOXHO, B 00WIEM ciy4yae, KOMOWMHHPOBATS.

BnioTe 10 HEAAaBHETO BPEMEHH CIOXKHAS KpUITOrpadus NpuMEHsIIach
MOYTH UCKIIOYUTENBHO B BOCHHBIX LEIAX. Tonbko y BOGHBBIX ObIIO KOCTA-
TOYHO CPEACTB, 4TOOBI MPOU3BOAUTD CJIOKHBIE MEXaHHYECKHE MPUOOPHI —
Takue, kak npudop JHHUI'MA, koTOphIit HCITOTB30BANCS HEMLIAMH BO Bpe-
MS BTOPO#H MHPOBOH BOMHEI, HIIM €0 aMCpUKaHckui ananor M-209. ud-
pyt QHUI'MBI 6biniu B3nomansl nepex Boitnoi B Ilonsme, a BO BpeMs
BOitHBl — B bnerunu INapke B Aurnuu. Yto6bi BCKPBITh 3TH WHPHI, KO-
Mmauze u3 bnerunn INapka, B kotopyro Bxoaun AnaH ThIOPHHT, MpUINIOCH
€031aTh CHELHAIBHBIE JJIEKTPOMEXaHn4eckue ycrpoictea. [lodxe ato
MPHUBEJIO K CO3AAHHIO MEPBOTO HH(POBOro KOMIIBIOTEPA, KOTOPBIH Ha3bl-
Banca KOJIOCC. CospemenHas kpuntonords (BBEACHHUE B Hee CM., Ha-
npumep, B [30]-[32]) poaunnack 0fHOBPEMEHHO C BHIYHCIMTEIbHON TEXHH-
koit. [To seipaxenuio P. JI. Pusecta (ogHoro u3s uzobperarenei nonyisp-
HOM CHCTEMBI KOAMPOBAHHS C OTKPBITHIM KitouoM RSA) kpunroananus 6bin
«IOBUBABbHOMH 6A6KOM BLIYMCIUTENbHOH TEXHHKI.
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2.1.2 Knwouu u ux pacnpedeneHue

IlepBoHauanpHO 3aIMUTa KPUNTOTEKCTA 3aBUCENA OT CEKPETHOCTH 0OeHx
npoueayp wugpoBanus U pacirudposku. OJHAKO, CETOAHA Mbl HCIIONb3Y~-
€M WHPbI, B KOTOPBIX MOXKHO OTKpBITb airoputM ImudppoBaHHs H pac-
wH(POBKH KOMY YroaHO, 6€3 yrpo3sl Al COXPAHEHUA CEKPETHOCTH KOHK-
peTHoit kpunTorpaMMbl. B Takux mudpax, Habop cnenHanbHbIX MapaMeT-
POB, Ha3bIBAEMbIH KJIHOYOM, MOAAETCH, BMECTE C OTKPHITHIM TEKCTOM, Ha
BXOJ B aJIroputMe 3aiM(GpPOBKH M, BMECTE C KPHIITOrPAMMOM, Ha BXOX
anropuTMa pacmu(ppoBKH. JTO MOXKHO 3aIIHCATh B BUAC

Ek(P) =C , u, naobopor, ﬁk(C) =P, (2.1)

rae P o6o3Ha4yaet oTKpbITHIH TeKCT, C 0603HAYACT KPUNITOTEKCT HJIH KPHII-
TOrpaMMy, HHACKC kK — Kkpunrorpadudeckui ko4, u £ u D — onepanuu
mupoBaHus ¥ PaCITH(GPOBKH, COOTBETCTBECHHO.

Anroput™sl mH(poBaHHs U paciiu(POBKH H3BECTHBI M OTKPBITHI; CEK-
PETHOCTb KPHIITOrPaAMMBI IIOJHOCTBIO 3aBHCHT OT CEKPETHOCTH KJIIOYA, H
9TOT KJIKOY AOMKEH COCTOATh U3 CAYYAUHO 8bl1OPAHHON, JOCTATOYHO AJTUH-
Hou cTpoku 6uTtoB. [Toxanyii, Gyaer nerue Bcero oObSCHUTH 3Ty MpOLE-
AYPY, €CliM B3rIsSHYTh Ha koI BepHama, H3BECTHBIH TaKXKe Kak OAHOpa30-
BBl ONIOKHOT.

Ecnu Mp1 BeIGepeM npocToit Lu$poBoit andasuT, B KOTOPOM HCIOIb3Y-
IOTCS TONTBKO 3ariaBHble OYKBBI H HEKOTOPbIE 3HAKH MPEMTHMHAHMS, TO €CTh

A B C D E .. .. X Y Z ?
00 01 02 04 03 .. .. 23 24 25 26 27 28 29

5

TO MBI CMOXEM MPOHILTIOCTPUPOBATH MPOLEAYPY IHPPOBAHHUS C CEKPET-
HBIM KIIIOYOM Ha CJICAYIOLIEM IIPOCTOM MpHMeEpe (MMEETCSs BBHUAY MEHIO
aredra 007): UroObl mony4yuTh KPUOTOrpaMMy

S HAKEN NOT S TIRRED
18 07 00 10 04 13 26 13 14 19 26 18 19 08 17 17 04 03

15 04 28 13 14 06 21 11 23 18 09 11 14 01 19 05 22 07
03 11 28 23 18 19 17 24 07 07 05 29 03 09 06 22 26 10

(nocnemoBaTenpHOCTh UHGP B MOCHEAHCH CTPOKE), AOOABHM K 4HClIAM
OTKPBITOro TeKcTa (BEpXHHUH paa uudp) yucna u3 kimoua (cpeanuit paa),
KoTopbie BeIOpaHb! cny4yaiHo B obnacta ot 0 1o 29, 1 BO3bMEM OCTATOK
OT AeneHusA CyMMBI Ha 30, TaK YTO MBI BBIMIOMHAIEM CIHOXKEHHE [0 MOIY-
mo0 30. Hanpumep, nepBas GykBa cooOmeHus «S» 3amUCHIBA€TCA B OT-
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KPBITOM TEKCTE Kak «18», 3aTem Mbl npubasnsem 18+15 =33; 33 = 1x30+3,
CIIEA0BATENbHO, Mbl Tony4aeM B kpuntorpamme 03. [lludposanue u pac-
wudpPoBKY MOXKHO 3aHCATh, COOTBETCTBEHHO, Kak P + k(mod 30) =C u
C - k(mod 30) = P.

Onwucannbiii mudp 6611 H306peTeH B 1917 roay HHXKEHEPOM KOMITaHHH
AT&T Xunvbepom Bepnamom. Tlozxe Knoa Ilennon nokasan [33], uTo,
€CIIH KJIIOYW JEHCTBUTEIBHO CIY4YalHBIH, €CJTH OH TAKOH K¢ JUTHHBI, YTO H
caMoO coOOIneHHe, H eCIH OH HHKOIJa HE HCIOAb3YeTCs NOBTOPHO, TO OX-
Hopa3oBas mnepeaaya coodmeHus abcoM0THO 3amumeHa. Tak 4To, eCliu y
HacC ecTb AEHCTBHUTENBHO HEB3NaMblBa€Masd CHCTEMA, TO YTO XK€ HE TaK B
KJIacCHYEeCKO# KpunTorpadun’?

CywecTtyet ogna npobiaema. OHa Ha3bIBaeTCs pachnpedeneHuem
kawo4a. Kak TONbKO K04 YCTAHOBICH, MOCNEAYIOUICE COOOLICHUE npea-
[OJIAraeT MEPEChIIKY KPUIITOrPAMM IO HEKOEMY KaHAJy, BO3MOXHO JJAXE
110 KaHany, MOABEP>KEHHOMY IOJHOMY NIACCUBHOMY MPOCITYIIHBAaHHIO (Ha-
npHMep, NyOnH4YHbIE OOBSBICHHUA UEpe3 CPeACTBa MaccoBoH HHQopMa-
nuH). ITOT 3Tan ACHCTBUTENbHO 3amumed. OnHako 4TOObI ONPEACTHUTh
KJIIOY, JBa TIONMBb30BATENA, Y KOTOPbIX MCXOJHO HET HUKAKOH oOweH cek-
peTHO#H HHPOPMALIHH, JODKHBE HA KAKOH-TO CTaJHUH CBOEro OOUICHHS HC-
MOJb30BaTh HEKHH OUEHb HAJCKHBIH U CEKPETHBIH KaHal. Ilockonbky me-
pEeXBAT €CTh CEPHA U3MEPEHHUH, IPOBOAUMBIX TOACTYIIHRAIOLIHM ar¢HTOM
(kaxuM¥M Obl CIIOXHBIMH OHM HE OBUIH C TEXHHYECKOH TOYKH 3PEHHSA), TO
mobo€ KIaCCHYECKOE PACHpeAcICHHE MOXHO B NMPHHLHIE MOACTYIIATD,
MPHYEM €ro «3aKOHHBIE» IMONb30BATENH HE Y3HAIOT, YTO HMEI MECTO Ie-
pexBaT. 10 HE ObLIO Obl GONMbLIOH NPOONIEMOH, ecy OBl K04 ObLT yCTa-
HOBJICH pa3 M HaBceraa. B 3ToM ciyyae mons30BaTEIH MOINIH Obl 3aJCH-
CTBOBAaTh JOCTATOYHO PECYPCOB (TAKHX, KaKk XpaHEHHE B ceHde M oxpa-
Ha), 4TOOBl rapaHTHPOBATh, YTO K/IIOY NPUOYAET K aAPECATY B COXPAHHO-
cti. OxHako, NOCKONBKY K04 HEOOXOAHUMO OOHOBIATH C KaXKAIM HOBBIM
COODILIEHHEM, TAKOE PACNpPEACICHHE KIIo4Ya CTano Obi HEAONMYyCTHMO J0O-
poruMm. Ilo »Tolt npuunHe, B OCONBIIHHCTBE NPHIOXKEHHH, HEe TpebyioT ab-
COJIIOTHOH CEKPETHOCTH, HO BMECTO 3TOTO HCIIONb3YIOT MEHEE JOPOTHE H
MEHEE 3aIMHINEHHBIE CUCTEMBI.

Hns nepecrinku HHPoOpManuu ¢ 601e€ NpU3EMIIEHHBIMH HETIMH, OOBIU-
Ho nmpuMeHsoT crangapt DES (Data Encription Standart), koropriiit 6611
NpHHAT B 1977 roay, U KOTOPBIH A0 CHX TIOP HCIIONB3YETCA AN BAXXHOH, HO
HECEKpETHOH HH(OPMALHH, 0COOCHHO /I KOMMEPYECKUX TPaHCaKUHi. ITa
CHCTEMA HCIIONIB3YET KOPOTKUH KIIIO4Y, COCTOALINHA U3 64 6uTOB, 56 H3 KO-
TOPHIX HCIONB3YIOTCA HAMPSIMYIO B alrOpMTME, a MOocjaeAHHE § OUTOB
HCNONb3YIOTCH AN AeTeKTHpoBaHHA omnbox. OHa 3amudposriBact 610-
K4 H3 64 OUTOB OTKPHITOrO TEKCTa. B camoM mpocToM BapHaHTE, AJTHH-
HBIH OTKPBITBIH TEKCT pa3pe3aercd Ha ONOKH, M 3aTEM KIIIOY HCIONb3YET-
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ca np¥ wudpoBaHUH KaxAOro U3 Hux. B 6onee cnoxHbix (M O€30MacHBIX)
CHCTEMaXx KaXkJIblH 3ammH(ppoBaHHBIH 0JIOK 3aBUCHT OT NPEABIAYINHX, YTO
JOMOJIHUTEIBHO 3alHUINAET cooOimeHne. YacTo BOZHHUKAIOIHE CIYXH O TOM,
yto cranaapt DES B3nomaH, 10 cux nop He noarsepAunucs. [loxoxe, 4to
DES Ob11 pa3paborad Ha OCHOBE OTIHYHEIX KPUTEPHEB; MPH €r0 KOPOTKOM
KJII0YE, 3TO OYEHb XOpowwui anroput™m. JlanbHeiimee oOCykaecHUE €ro
MHOTOYHCJICHHBIX BO3MOXKHOCTEH BBIXOAMT 32 paMKH Hamero o63opa, H
MOXET ObITh HalieHo B nutepatype unu B MutepHere. Kak yxe o0bsac-
HAJIOCH BHILIE, HH OJHA M3 HUX HE SBJISETCS aOCOMIOTHO 3aIMHINEHHOM: TakK
KakK OAHH H TOT XK€ KJIOY HCNOJb3yeTCA MHOTO pa3, TO B KPHIITOrpaMme
npucyTcTByeT HHpopmamusa o6 oTkpeiToM Tekcte. Llens Meroauk mud-
POBaHHA COCTOMT B TOM, YTOOBI CIIPATATh €€ KaK MOXKHO ay4we. [Ipenan-
HbIH €1y KPHIITOAHATHTHK CMOXET CIOMaTh MHUQP U MPOYECTh COobe-
HHE, HO, €CJIM B3JIOM 3aiMET CIMIIKOM MHOI'0 BPEMEHH, TO HH(pOpMaLus
ycrapeer. B 6onpmMHCTBE NPHIOXKEHUH PEKOMEHAYETCH MOJIb30BaThCA
KJIIOYOM B TCYCHHE HECKOJIBKHX AHEH, MOCIE Hero 3aMeHAThb €ro Ha Ho-
Boiit. KoHeuHo, npobnema nepesauu Kioda MoIydaTeNio OCTAeTCs, HO
M1060# MPaKTHYECKOH TOYKH 3PEHHUSA OHA Y>KE HE TaK KDUTHYHA, IIOCKOIBKY
caM KJIIOY TENEPb ropasao MEHbIIHX Pa3MEPOB.

Takum 06pa3oM, BO3MOXKHA AOBONBHO XOPOIIas 3aLIMIIEHHOCTD, HO KaK
HacueT nonHo# cexperHocTn? U3 KpaTkoro o6cyaeHHUs, NpUBEAEHHOTO
BBILOE, CJIEAYET, YTO B MPHHLIMIE MBI MOXKEM AOCTHYb MOTHOH CEKPETHOC-
TH NPH KOMMYHHKALUH IyTEM OJHOPA30BBIX OIOKHOTOB, €CITH PELIHUM 11pO-
6nemy pacnpeaeneHus kimoda. Bonpoc: MoxeM M MBI pelmuTh npobaemMy
pacnpeaeneHus kmo4a? B nenom, orser Ha 3ToT Bonpoc — «aa». Cyiue-
CTBYIOT JBa OYE€Hb HHTEPECHBIX PELICHUS, OAHO MAaTEMaTHYECKOE H OLHO
tdbusnueckoe. MaremMaTHyeCcKkOe pELIEHHE HA3BIBACTCA Kpuhmozpagueil
C OMKpbIMbIM KAI04OM, 3 (GH3MYECKOE U3BCCTHO KaK K8AHMOBAA Kpun-
mozpagus. '

2.1.3 Omkpoimvie k1104U U K8AHMOBAA KpUnmozpapus

[Tpexxae yeM MPOAOKATH AANbIIE, MO3BONLTE MPEACTABUTb TPEX HAIIHUX
OCHOBHBIX IEpcoHaxci. 1o Anuca u bob6 — aBa nuua, xoTopuie XOTAT
cexpeTHO obmarecs, — u EBa, xoropas ux noacnymusaer. CrieHapHii Ta-
koB: Anuca u bob xoTaT ycTaHOBUTH CEKpeTHHIH K04, a EBa xouer nony-
YUTH XOTS OBl YACTHUHYIO HHGOPMALIMIO O KITIOYE.

KpunTtonoru o4ueHs crapainuck, 4ToOsl Aath Anuce H boOy mpeumy-
LIECTBO M pEeIIUTh NpodneMy pacnpeaeneHus kmoda. Hanpumep, 8 1970-x
NOSBHJIOCH XHTPOE MAaTEMATHYECKOE OTKPBITHE — CHCTEMBI C «OTKPBITBIM
karouom». CerofHs HUCHONB3YIOTCS ABE OCHOBHBIX KpHnTOrpadHueckue
CHCTEMBI C OTKPBITHIM KJIIOYOM — npOoTOKOT oOMeHa kmouoM Nuddu-Xen-
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nM3Ha [34] u cuctema mudposanns RSA. Oru O6blIH OTKPHITH B aKaje-
MHYECKOM cOOOmecTse, COOTBETCTBEHHO, B 1976 n 1978 ronax. OxHako
3TH MECTOAHKH 6I>IIIH H3BCCTHBI 6pHTaHCKPlM NpPpaBHTCIBCTBCHHBIM arcHT-
CTBaM H A0 TOro, XOTA 3TOT (aKT BIJIOTh A0 HEAABHETO BPEMCHH HeE OBl
opuunansHo noareepxaeH. Ha camom nene, 3tu Metoanl Gnuin Brep-
Boie oTkpeiThl B CESG B Hayane 1970-x JI)OHOM JNIHCOM, KOTOPBIH
Ha3Bal WX «HecekpeTHuM wudposannem». B 1973 na ocnose naeun Ai-
nuca K. Kokc paszpaGoran 10, 4to MBI ceifqac HassiBaeM RSA, a B 1974
M. BunbsaMcoH npeanokuia To, YTO MO CYIECTBY CEHuUac M3BECTHO Kak
npotokon obmena kmouoM Qudpdpu-Xennmana.
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Puc. 2.2. KpunTocHcTEMY ¢ OTKPBITHIM KIIIOYOM MOXHO O6BACHHTH € TIOMOIILIO
cnelylomeil MexaHuueckoil aHanoruH. IlpeacraBuM, uto o6 MoxeT U3roto-
BHTh MHOTO BHCSYHMX 3aMKOB, H MoOoH xenaiomui nocnate boby cexpeTHoe
coollIeHHe MOXET NMONYYHTh OTKPBITHIA 3aMOK, KoTopbld caenan bo6. OTkpbi-
ThIl BUCAYHIl 3aMOK MOXKHO paccMaTpHBaTh Kak OTKPbLITHIH K04, B yacTHOCTH,
opnH GepeT cebe Annca. Kak Tonbko Anica 3akphifia 3aMok, TojIbko o6 MoxeT
€ro OTKpHIThb, HOTOMY YTO TONbKO Yy B0o0a ecTh KMOY — CEKPETHBIA KJIIOY.
TakuM o6pa3zoM, Anu3a MOXET 3anepeTs MoOble AaHHBIE 10 CBOEMY YCMOTpeE-
HUIO ¥ nocnath UX Boby ¢ aTuM 3amkom. Korna AaHHble 3anepThl, TONbKO bo6
HMEET K HMM JOCTynl Onarofaps cBOEMY CEKpETHOMY KIIIOYY.

B cHCTeMax ¢ OTKPBITBIM KJIIOYOM IOJIb30BATENSIM HE HYKHO JOTrOBa-
PMBAaTBCA O CCKPETHOM KIIIOUE MEPEA TeM, Kak nocnatk coobmenne. OHu
paboTaroT no npuHUKNY ceiida ¢ AByMs KIIIOYaMH, TaK 9TO €CTh OJHH 00-
LU OTKPBITBIH KITKOY, YTOOBI €T0 3aNEPETh, H €IUE OAMH CEKPETHBIH KITIOY,
4T0OBI €ro OTHEepeTh. Y BCEX €CTh KIIIOY, 3alIHparomuH ceid, HO TONBKO Yy
KOTO-TO OJHOIO €CTh KJI0Y, KOTOPBIH CHOBA €T0 OTKPOET, TaK YTO KTO YTOA-
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HO MOXET IOJIOXKHTH B ceiih cooblueHne, HO TONBKO OZHUH YEOBEK MOXET
ero orryaa 3abpatp. Eme oqHO# ananorueii aBagercd npuMep ¢ BUCSIYH-
MH 3aMKaMH, TIOKa3aHHbIM Ha Puc. 2.2. DTU CHCTEMBI OCHOBAHBI Ha TOM
¢akTe, YTO HEKOTOPBIE MAaTEMAaTHYECKHE ONEPAaLlHM ropasao Jierde mpo-
BECTH B OJJHOM HaNpaBJIEHHH, YeM B ApyroM. [To3TOMy B TaKMX cHCTEMax
HET mpoOneMsl pacnpeaeIeHHs KIIIoUeH, HO, K COXAIECHHIO, UX HAAEKHOCTD
OCHOBaHAa Ha HEJOKA3aHHBIX MAaTEMATHUYECKUX (aKTax, TAKHX, KaK CIIOXK-
HOCTb Pa3/OXKEHHUS GOTBIIMX HETBIX YHUCET HA IPOCTHIE MHOXKHTEH (ak-
TopHu3auuH). To €cTh, BCeraa BO3MOXHO HalWTH CEKPETHbIM KI0Y MO OT-
KpBITOMY K4y, HO NPOCTO 3TO TPyAHO caenats. Hanpumep, Gezonac-
HOCTb RSA - oueHb monynsspHOH CHCTEMBI C OTKPBITBIM KJIFOYOM, Ha3BaH-
HOH B 4ecTb Tpex ee n3obperarenei, Pona Pusecra, Aau Mlamupa u Jle-
onapna Aanemana (Ron Rivest, Adi Shamir, Leonard Adleman) [35], -
OCHOBaHa Ha TPYAHOCTH akTopu3auuu Oonbmux uucen. MaremaTHku
yBEPEHBI (TBEPAO, XOTb OHH ITOTO M HE AOKA3ajH), UTO AJNS TOTO, YTOOHI
thaxTopu3oBaTh 4UCIO U3 N ACCATHYHBIX UHGD, KTACCHUECKOMY KOMIIBIO-
Tepy TPeOYETCs YHUCIIO AroB, KOTOPOE PACTET IKCIIOHEHUHMAIBHO B 3aBU-
CHMOCTH OT N: T0 ecTh, puOaBIEeHHUE ele OAHOH HUPHI K YHCITY, KOTOPOE
Haao (akTopH30BaTh, YMHOXKAET TpedyeMoe BpeMs Ha (PUKCHPOBAHHBIMH
MHOxHUTENb. TakuM 00pa3oM, Mpu yBETHUEHHH Yncaa uudp, 3aaa4ya Gvic-
TPO CTAaHOBHTCS HEPEIIACMOH.

ITO 03HAYAET, YTO €CNIH M KAaK TONbKO MAaTEMATHKH M KOMITbIOTEPIIH-
KH MIPHUAYMAIOT OBICTPBIE M XHTPBIE IpOUEAYpPHl AN PakTopH3auHH 60b-
[HX LEIbIX YHCEI, BCA CEKPETHOCTh H HAAEKHOCTh KPHUIITOCHCTEM C OT-
KPBITBIM KIIIOYOM HMCYE3HYT B OAHY HO4Yb. MeXay TeM, HEJAaBHUE HCCIIe-
JIOBAHHUS 110 KBAHTOBBIM BbIYHMCICHHSM TOKA3bIBAIOT, YTO KBAHTOBBIE KOM-
NBIOTEPHI CIIOCOOHBI, 10 KpaHeH Mepe, B IPUHUHIE, (aKTOPH30BATh IoO-
pazno ObiCTpee, YEM KIACCHUECKHE KOMMbIOTEPH [36]! 310 3HAYHUT, YTO
B HEKOTOPOM CMBICJIE KPHIITOCHCTEMBI C OTKPBITBIM KIIIOYOM YK€ HE3a-
muIeHsl: 1oboe coobmeHue, 3aundpoBaHHoe ¢ moMoueio RSA,| MoxkHO
OyAeT nmpovecThb Yepe3 HECKONBbKO MTHOBEHHH MOCTE TOro, Kak OyaeT BKIIO-
YeH NMEepBBIH KBAHTOBBIM KOMIIBIOTEp, H, CIEAOBATEIBHO, HENb3S HCIIONb-
30Batb RSA mnsa mmdposanus nHpopManuu, Kotopas B TOT CHACTIHBBIH
JeHb JOMkHA OyIeT BCE ele OCTaBaTbCa CEKPeTHOH. Bo3aMokHO, TOT A€HB
HACTYIHT Y€pe3 ACCATHIICTHS, HO pa3Be MOXET KTO-HHOyAb AOKa3aTh HIIH
JaTh HAAEKHBIE TAPAHTHH, YTO Tak OHO M 6yaer? Bce, Ha uem celuac
OCHOBBIBAETCA HaAC)KHOCTb CHCTeMbI RSA — 3TO yBEepeHHOCTb B MEANIEH-
HOCTH TEXHHYECKOTO Mporpecca.

KBantoBas kpunrorpadus mpexnaraet cCOBEpIIEHHO HOBHIH CIOcob
peweHus npobieMbl pacnpeaeIeHHs KIoua. To, YTO KBAHTOBOE BBIYMC-
JICHHE OTHHUMAET OXHOHM PYKOH, OHO BO3BpAINAECT, N0 KpaHHEH Mepe, Jac-
THYHO, ApYro#. OAHNUM U3 NPOCTEHINNX BHAOB KBAHTOBOTO BRIYHCIICHHS —
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BH/OM, KOTOPHIH TENEPb PYTHHHO BBLINOIHAETCS B TaOOPAaTOPHAX H MOXKET
CKOpPO CTaTh KOMMEDPYECKHM IPOEKTOM — ABISETCS KBAHTOBASA KPHIITOr-
padus. OHa obecnieurBaeT aOCOMIOTHO 31U IEHHOE PACTIPEAE/ICHUE KITIO-
4a, MMOCKOJIbKY, B OTJIHYHE OT KJIACCHYECKOM KpUIiTorpaduu, oHa OCHOBaHa
Ha 3aKOHax (H3MKH, a HE Ha TOM (aKTe, YTO AJIA YCNELIHOTO NMOACTYyLIH-
BaHHsA NOTpeOOBANUCH OBl OrPOMHBIE BEIYHCIMTEILHBIE MOILIHOCTH.

Ilepen TeM, kak obcyxaaTs kBaHTOByI0 kpunrtorpaduro (KK) B nera-
NAX, HAM CIEAYET KPAaTKO YNOMSHYTh €Ie OAHY TPYAHOCTh B A€NE 3aIUH-
UICHHOW KOMMYHHKALIHH, 3 UMEHHO UOeHMUPUKAYUIO.

2.1.4 Hoewmugpuxayus: xax y3namv 30ayuwky?

Jo CuX mop, MBI BEPHIM B YMCTOTY KaHala CBA3d: Mbl mo3Bonsnu EBe
MOACTYWMBATH COOOIMEHMS, KOTOPLIMU 0OMeHuBanuch Anuca 1 Bo6, HO
MBIl ObLIH yBEpeHHI, 4T0O EBa HE MOXET MX MOAIEIBIBATh HIH H3MEHATS.
To ectb, MBI npeanonaramu, 4to y Anucel U boba ecth pocTyn k coBep-
LIIEHHOMY OTKDLITOMY KaHalny, TO €CTh, KaHanly, KOTOPHIH MOXET NpocMart-
pHBaTh KTO YrOJHO, OAHAKO, JODKHO OBITh HEBO3MOXXHO M3MEHHUTb HMH-
({hopMaLHIO, MOCTAHHYIO N0 HEMY — HANPUMEDP, KAHAJIOM MOXET OBITh pa-
JuoBemanue. Bo MHOrMX peanMCTHYHBIX CLEHAPUAX ITO NPEANIONIOKEHHE
MOXET 0Ka3aTbCsA PUCKOBAHHBIM. B HekoTOphIX ciyyasx xurpas Esa Mo-
XKET MelaTth cBA3u Anuce u boba, pa3pe3as xaHan NOMoiaM ¥ BblAaBas
cebs 3a Amucy ais boba u HaoGopor.

Ilpu 3TOM yCIOBHHM OHa MOXET, HAaNpUMED, CAEIaTh ABE Naphl OTKPHI-
TO-CEKPETHHIX KJIIOYEH M AaTh OAWH OTKPLITHIH Koy Anuce ¥ oguH Boby,
coo0mHUB AnMce, 4TO JaeT ¢d oTKpuIThIH Kirod boba, u coobmus Boby,
YTO Y HEro TENEpb €CTh OTKPHITHIN ko4 Anucel. Y EBHI ocTarorcs coor-
BETCTBYIOIOHE CEKPETHBIE KIIIOUH, H C ITHX T0p BCE MOCIEAYIOLIES CO00- -
meHue Mexay Anucoit H BoGoM NpoHCXOaUT MOA €e MOMHBM KOHTPOIEM.

TodHO TakkKe M KPHIITOCHCTEMA C CEKPETHBIM KIIIOYOM, Takas Kak
OXHOPAz0BHIH OIOKHOT, HOMYCKAET MOAMAENKY, ECIIH BPAr 3HAET MOCIAHHOE
coobmenue. [Ipeanonoxum, 4To NocoaLCTBO HCMONB3YET ONNHCAHHBIH BHILIE
undp Bepnama ang cBsa3u co cBoeit ctpaHoii. Ecin EBa Touno 3Haer mo-
cnaHHoe coollieHue, HanpuMep, HEKOTOpElE HMEHA, TO OHa MOXET nepe-
XBaTHTb 3awWH(pOBaHHOE COOOMEHHE HA MYTH K €ro MECTy Ha3HAYECHHS.
Tem BpeMeHeM, OHa MONYYaeT COOTBETCTBYIOWMH K14 BepHama, BbI-
noNHAS M wrdpoBaHHOro TEKCTa COOOLIEHUSA BBIYHTAHHE MO MOIYIIO
30. Ilocne 3TOrOo OHa MOXET HCIOJNB30BaTh KIKOY MO CBOEMY YCMOTpE-
HHUIO, B MHTEPECYIOLUX €€ LIeNIX, HanpuMep Ae3uHdpopManuy. ITOT NpH-
Mep NMOKa3bIBAET, YTO AAXKE COBEPIUCHHO 3aLIUINCHHBIE KPHIITOCHCTEMBI
HE CIECAYET HCIOAb30BaTh BCIENYIO.

«Ceprudukanus» OTKPHITOrO KI04a Uy «uaeHTHGHKauma» coobiue-
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HHS — 3TO KPHOTOrpapuUECKHH METON COCYHTATh aTAKH BBHIICOMHUCAHHO-
ro THIA, Ha3bIBAEMbIC ATAKaMH C YEJIOBEKOM NOCEPEIHMHE HJH aTaKaMu
pa3AenbHBIX MHPOB.

Ecnu y Amucel u bo6a 1 B caMoM Jiene ecTh OOIHii CEKPETHBIH KIIIOY,
TO AJIS HHMX CyWIECTBYIOT 3¢ deKkTHBHbIE U yI0OHbIE METOABI HACHTH(HKA-
nuu. OxHaxo yaobHoro cnocoba cepTHHIHPOBaTh OTKPBITBIH KJIIOY 10 CHX
nop He CyIeCTBYET. EAMHCTBEHHDbIH HaAeKHBIH cocob MPOBEPHTL MACH-
THYHOCTB KJII09a COCTOHT B TOM, YTOOBI BCTPETHTHCS JIMLIOM K JIHIYY C €r0
BrajgenbleM. K CoXaleHHIO, KBAHTOBOE pacHpeAeICHHE KIK4a HE JaCT
HMKakux 6onee yao0HbIX cnocoGoB naeHTuHKAIMH, Hii OOpeOLI C aTaka-
MM 4ENOBEKA B cepeauHe kaHana. Amuca 1 Bo6 JomKHBI MO kpaMHEH Mepe
OJMH pa3 BCTPETHTHCA, YTOObI OOMEHATBCS HACHTHHUKALHOHHBIM KITIOYOM’.

B nanbHeiimeM Mbl 6yaem mpeanonaratb, uTo y Anuchl u boba ecth
JOCTYH K COBEPIIEHHOMY OTKPBITOMY KaHaly, HO BCE-TAKH BEPHEMCH, XOTb
H OYCHb KpPaTKO, K mpobieMe HACHTH(PHKAIHH.

2.2 KBaHTOBOE pacupeaejieHne KJIo4a

Mzl HauHeM 06CyXIEHHE KBAaHTOBOrO paclpeAelicHHs kioda ¢ 063opa
HEKOTOpPBIX OOLIMX MPHHIMIOB. 32 HUM MOCIEAYIOT 6011€€ AETAILHOE pac-
CMOTPEHHE U OMHUCAHHA IKCIIEPHMEHTOB B pasaenc 2.6.

2.2.1 IIpedsapumenvHbie 3aMeuaHUS

OTKpBITHIH KaHaJ
Bo

e
AR

Keanm. wugp Keanm. wugp

—

KsauToBbiit KaHan

Puc. 2.3. Cuenapuit pacnpeencHus KBaHTOBOrO Kiio4a. Aynca H bob cBszaHbl
JIBYMsl KaHalaMH, KBAHTOBbIM KaHAJIOM M KAaCCHYECKHM OTKPBITHIM KaHaIOM.

? B ofeux cuTyauusx Anuca v Bo6 MoryT TOBepHTBCA TPEThEMY JIMILY, TPETCHCKOMY CY-
Ibe, KOTopblii 0013aH cepTHULNPOBATL LM PPOBLIE KIIOUH.
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KBaHTOBOE pacnpeneneHue Kio4ya HAYHHAETCS C IEPECHITKH OAUHOY-
HOTO HJIH NTepEenyTaHHbIX KBAHTOB Mexay Anucoi u bobom. [Toacnymusa-
HHE, ¢ QU3NYECKOH TOYKH 3PEHHS, OCHOBAHO Ha CEPHH JKCIICPHUMCHTOB,
KOTOpBIC MOACTYIIMBAIOIIKH arcHT BBINOIHACT Ha HOCHTENAX HH(GOpMa-
L{H, B JAaHHOM Cllyyae Ha nepecninaeMsix kBaHtax. CornacHo mpasuiiam
KBAaHTOBOH MEXaHUKH, B 00IIEM cliydae 1000¢ K3MEPEHHE, BHIIIOTHACMOE
EBo#i, Hen30€XHO MCHSET COCTOSIHHE NEPEAABACMbIX KBAHTOB, U ANHCa H
Bo6 MoryT 3T0 BBIACHHTH B MOCIEAYIOWEH OTKPbITOH cBA3n®. Takum 06-
pa3oM, OCHOBHBIE COCTABJISIOLIHEC KBAHTOBOTO PACIIPEACIICHMS KIIKOYa Ta-
KOBbI: KBAHTOBBIH KaHaJl i1 OOMEHa KBaHTaMH M TaK Ha3bIBAEMBbIH OT-
KPBITBIH KaHaJl, KOTOPHIi HCIIONb3YETCs, YTOObI IPOBEPUTH, HCKAXKEHO JIH
coobmenue yepe3 kBantoBbii kanan (cM. Puc. 2.3). Ewe pas nosropum,
4TO NI0OOH OTKPHITHIH KaHaJ MOXKHO NPOCMAaTPHUBATh KOMY YTOAHO; OAHA-
KO, HE AOJDKHO OBITh BO3MOXHO H3MCHATh MHGOPMALHMIO, MOCHIIACMYIO
yepe3 Takol KaHam.

Bo BpeMs xBaHTOBOH MEpeCHIIKU KO JIMOO 3aKOAUPOBAH € HCIONb-
30BaHHEM 33aJaHHOTO Habopa HEOPTOTOHAJIbHBIX KBAHTOBBIX COCTOSHHI
OJMHOYHOW 4acTHLBL, JINOO OH MONyuaeTCs U3 33laHHOrO Habopa u3Mepe-
HHH, BBINOJIHAEMBIX HA IIEPENYTAHHBIX YACTHLAX IIOCJIE EPECHLIKH (B 3TOM
ClIy4ae BO BPEMS MEPECBUIKH KIIIOY CLIC JAaXe HE CYLICCTBYET).

2.2.2 3awuma nocpedcmeom HEOPMOZOHANbHbIX COCMOSAHUMN.
meopema o 3anpeme KIOHUPOBAHUS

Hneq ucrnonb3oBaTh HEOPTOrOHAIbHBIC KBAHTOBBIE COCTOAHHUSA AJI KOAM-
poBaHus cekpeTHOM nHpopmanuu npuxaanexut Credany Busuepy, npea-
JIOXKHBLIEMY «KBAaHTOBBIE ACHBIU» [37], KOTOpHIE HEBO3MOXKHO MOAACIATE
MYTEM KOMMPOBAaHMA. JTO TaK, IOTOMY YTO HEBO3MOXKHO KIIOHHPOBATh HE-
OpPTOTrOHAJIbHBIC KBAHTOBBIC COCTOSHMs (MM 1000 HEW3BECTHOE KBAHTO-
Boe cocTosiiue). UToObl 3TO yBHAETb, PACCMOTPHUM JBa HOPMHPOBAHHBIX
coctosHua |0) u |1), Takux, yro (0)1)20. ITpeanonoxuM, 4To CyECTBYET
KJIOHHPYIOIIAs MAIIWHA, KOTopas AEHCTBYET CIEAYIOIHM 00pa3oM:

? 3nech BOSHMKAET 3aKOHHBIH BONPOC: Kak MBI MOXEM GbITh YBEPEHBI, UTO IPaBHIIA KBAHTO-
Bol MeXaHWKH BepHbI? OTBET Ha HErO COCTOHT B TOM, YTO KBAaHTOBas MEXaHHKa MPOBEPS-
nach MHOrO pa3 ¢ OYECHb BLICOKOH CTENMEHbIO TOYHOCTH, H HAa JAaHHbI MOMEHT 3TO caMas
Ny4inas TEOpHR, KoTopas y Hac €cTh. He oueHb pasyMHO NPOCHTL QU3MKOB AOKA3aTh
3aKOHBI GH3HKH B 1I€JIOM U KBaHTOBOH MEXaHHKH B 4aCTHOCTH. KOHEUHO, HY OJJHO U3 9KCTle-
PUMEHTANbLHLIX NOJATBEPXKACHUR KBaHTOBOW MEXaHHKH He AenaeT ec Oonee «BEpHOR», HO
OJIHH €IHHCTBEHHBIA KCTIEPHMEHT MOXET OMPOBEPrHYTh BCIO TEOPHIO. PocT Halero Hayy-
HOTO 3HAHMA OCHOBLIBACTCA Ha NPEATIONOKEHHAX ¥ OMPOBEPKEHUAX, U HanGonee BEpPoAT-
HO, YTO O(HaXAbl KBAHTOBAas MeXaHHKa Oy/eT BbITECHEHA HOBOM TeopHeH, Ofliako B, JIH
9Ta HOBas TEOPUA AacT HOBBIE PE3yNbTaThl B COBPEMEHHOH 0ONACTH NMPHIIOXKEHHR KBAHTO-
Bo# MexanukHd. Ckopee, HoBble 3 dexTbl GyayT 06HApYKEHBI B 3KCTPEMAIbHBIX CHTYallH-
AX, KAKHE BCTPEYAlOTCH, HATIPAMED, B CHIAbLHBIX rPaBHTALlHOHHBIX ITOJAX.
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lO) |6naiix)| Mauunay —> 10>| O>| Mauuna, ) (2.2)

|1)|6nanx)| mawmuna) — |1)|1)| mawuna,) (2.3)

rae «OnaHk» 0DO3HaYaeT MCXOMHOE COCTOSHME YaCTHIBI, KOTOPOE Mocne
JEHCTBMS MAlHHBI CTAHOBHUTCA KIOHOM, M [J€ BCE COCTOAHHS COOTBET-
cTByIOIHM 06pa3oM HopMHEpPOBaHbl. OnepalHs KIOHHPOBaHHs A0/DKHA ObITh
YHMTApHOM M COXPaHATh BHYTPEHHEE MPOM3BEACHHE, TAK YTO Mbl TpeOyeM

(0[1) =(0|1) (0|1){ Mawuna, |MawuHal> ’ (2.4)

yT0 BO3MOXHO Tonbko mpH (0|1) = 0 (aABa COCTOSHMS B3aUMHO OPTOTO-
HanbHbl) UM npu (0|1) = 1 (aBa cOCTOSHHS HEPAa3NMHYMMBI H, ClIEAOBa-
TENBHO, HE MOTYT OBITh MCITOJIB30BAHBI A1 KOAHPOBAHHS ABYX Pa3IHUHBIX
COCTOSHHM OMTA), YTO MPOTHBOPEUMT HALIEMY HCXOAHOMY IMPEATIONONKE-
0. TakuM 06pa3oM, €CIH KTO-TO CEKPETHO NPHIOTABIHBACT Cly4daii-
HYIO TIOCTIEA0BATENBHOCTb cocTosi Ui THIa [1)[0){1)[1)... , rae |0) u |1) Br1O-
paHbl Clny4alHO, TO 3Ty MOCIEAOBATEIBHOCT HEBO3MOXHO AOCTOBEPHO
Bocnpou3sBecTH. Jlenbru BusHepa ¢ TaKMMH HEKJIOHMPYEMBIMH KBAHTOBbI-
MH TIOAMUCAMH NOTPeOOBaNK Obl XpaHEHHS HEOPTOrOHANIbHBIX KBAHTOBBIX
COCTOSHUM Ha OAHKHOTAX, YTO ropa3ao TPYAHEE, YEM IEPECHITIKA HEOPTO-
FOHATbHAX KBAHTOBBIX COCTOSHMI M3 OXHOrO MecTa B Apyroe. Bot noue-
My uzes BusHepa Gbiia azanTHpoBaHa K pacnpeacieHuo Kioua. Yapas3
Bennerr u Xunp Bpaccap npeanoxunu HCHONb30BaTh HEOPTOrOHANBHBIC
cocToaHusa GOTOHOB, 4TOOBI pacHpeAeIATh KPHNTOrpadHUUECKHE KIIOUH
[38]. ¥ nroboro, KTO MOACTYMHBACT M MBITACTCA Pa3NUYUTh HEOPTOro-
HanbHbIe cocTosnus |0) u |1), nosBnsercs mpobnema. Ilpeanonoxum, 4To
EBa NpUroTaBIMBaET CBOH M3MEPSIOLINH MPHOOpP B HCXOAHOM COCTOSHHH
|[m) u xouetr oTnuuuth |0) or |1), HE BO3Mywas 3TH ABA COCTOSHHA, TO
€CTb, OHA XOYET BBIMONHUTH CICAYIOIYIO YHHTAPHYIO ONEPALIHIO

|0)[m) > |0)|m,) 2.5)
|1)|m) —>|1)|m,) . (2.6)
YcnoBHe YHUTapHOCTH o3HauaeT, 4to (0|1){m|m) = (0|1){m |m ), To
ecTh, {m jm ) = 1, KOHEUHOE COCTOSHHE M3MEPAIOLICIO npubopa OJHO H
Toxe B 06oux cnyuasx. JIBa COCTOAHUA HE BO3MYIIEHHI, HO EBa He mony-
Y§1a HUKAKOH HH(OPMALIMH O 3aKOAUPOBAHHOM 3HAUECHHM OuTa. bonee 06-

uicc M3MEpeHHe (HO BCE €LIC HE CaMoro oOIIEro BuAa), BO3MYyLIAKoLiee
HCXOAHBIE COCTOSHHSA, Tak 4To [0)—>|0)u |1)—|1’), nmeeT BuA

|0){m) —>{0")|m,) Q.7)
|1)|m) —>[1)|m,) . 2.38)

Ycnosue yuutapHoctH gaet (0[1)=(0'[1"){m |m ). Munumym
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(mgy|m,), KOTOpEIH COOTBETCTBYET CHTyauuu, koraa y EBbl mossnsercs
CaMbIH JIy4UIMH WaHC Pa3THYHTh ABa COCTOSHHS CBOero npubopa, nony-
qaercs npu (0’|1')=1, T.e., xoraa gBa cocrosnus |0)u |1) mocne B3aumo-
,IICfr'{CTBH}I CTAHOBATCA HCPA3IHYHUMBIMH. XoTs TOMBKO YTO ONKUCAHHOE H3-
MEpEHHE H He MMeeT Haubonee obimero BHAa, OHO NMPEACTaBAAET COGOM
XOPOMLIYIO HAMIOCTPALIHIO TPOTHBOPEIYHBOH CBA3H Mexay HHGopMaruei, mo-
My4CHHOH NPH H3MEPEHHH, U BOMYILICHHUEM HCXOAHBIX cocTosHui. [Iporo-
KOJI PaCIpeJeIEHHUS KIII049a, KOTOPBIH HCTIONB3YET e¢, OyAET B AETaNAX ONH-
CaH IO3XE.

2.2.3 3awyuma nocpeocmeom nepenymol8aHus

KonnenrtyansHoe 0CHOBaHHE A KBAHTOBOH KpUNTOrpaduu, 0CHOBAHHOMN
Ha NepenyThIBAHUH, 00NAXAET COBCEM APYrod NMPHUPOAOH, H BKIIOYAET B
cebs mapanokc JitHmreitHa-IToxonsckoro-Posena. B 1935 roay Oitnmu-
Teitd, BMecte ¢ bopucom IMoxoneckum u Hatanom Posenom (II1P), ony6-
THKOBAJH CTaThIO, B KOTOPOH OHM CHAEIaNd HabpOCOK TOro, KakK AOIKHA
BHIMIAAETh «IIpaBUIbHAs» QyHAAMEHTaIbHas TeopHs npupoast [21]. [Ipo-
rpamma JIIP Bxnrouana B ce6s MoaHOTY («B MONHOM TEOPHH NPUCYTCTBY-
€T 3JIEMEHT, COOTEETCTBYIOIIHMH Ka’KAOMY 3JIEMEHTY PEaNnbHOCTHY), J10-
KaJbHOCTb («peampHas $aKTHYeCKas CUTyauus B CUCTEME A HE 3aBUCUT
OT TOTO, YTO NMPOMUCXOJHT C CHCTEMOM B, MpOCTpaHCTBEHHO OTACICHHOH
OT MEPBOII»), U ONPEACAIA INEMEHT (PUINUECKOH PEANBHOCTH TaK: «ECIIH,
HHUKaK HE BO3MYIUAs CHCTEMY, MBI MOXXEM C ONPEACICHHOCTBIO NMPEACKa-
3aTh 3HaYCHHEC PU3NYCCKOH BETHUHHBI, TO CYWIECTBYCT JJCMEHT PU3HIEC-
KOH pCaTpHOCTH, COOTBETCTBYIOLIUH 3TOH (PU3IHUYECKON BEIHUHMHEY. 3aTeM
OITP paccMOTpenH MBICICHHBIH 3KCICPUMCHT HA ABYX INEPEIYTAHHBIX
9aCTHLAX, KOTOPBIH ITOKa3a, YTO KBAHTOBHIC COCTOSHUA HE MOTYT BO BCEX
CUTYalHsaX OBITh IIOMHBIM ONTUCAHUEM PH3HYIECKOH PEabHOCTH. APTYMEHT
OINP, BnocneacTBUH BUAOH3MeHeHHbIH [[3Buaom Bomom [15], popmupy-
erca caenyoouum obpasoM. [IpeacraBum cebe CHHITIETHOE O CIIHMHY CO-
CTOSHME JBYX YaCTHL CO CriuHoM 1/2

)= (N1 -) @
re KeT-BekTophl oguHounbix yactuu |1) u V) o6o3nauaror criun BBEPX H
CIIHH BHH3 10 OTHOLICHHIO K HEKOTOPOMY BHIOPAHHOMY HAIIPABICHHUIO. JTO
cocTosHUE chepuueckd CHMMETPUYHO, U BbIOOp HANPABICHUSA HE UMEET
3HaucHus. JIBe yacTuubl, koTopeie Mbl 0003HaYuM A u B, ucnyckarorcs
OJHMM HCTOYHHKOM H pa3neTaioTcs B pa3Huie cTopoHsl. Ilocne Toro, kak
OHH PA3JIETATCA AOCTATOYHO AANEKO, TAK YTO OHH VK€ He OyAyT Apyr ¢
APYrOM B3aHMOJACHCTBOBATh, MBI MOXEM JOCTOBEPHO TPEACKA3aTh 3HA-
YEHHE X-KOMIIOHEHTBI CIIMHA YaCTHLB A MyTEM U3MEPEHUS X-KOMIIOHEHTHI
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cnuHa yactuun B. JleficTBHTENBHO, CyMMapHBIH CITHH ABYX YaCTHI| PaBEH
HYJIO, ¥ KOMITIOHEHTH CITHHA ABYX YaCTHI AOJIXKHH 00I1aAaTh HPOTHBOIO-
NOXHEIMH 3HayeHusMH. M3mepenne, BrnonHeHHOe Ha yactuue B He Bo3-
MyLHaeT yactuuy A (BBHAY JOKAaNbHOCTH), CICIOBATEIbHO, X-KOMIIOHEH-
Ta CIHMHA €CTh 3JIEMEHT peanbHoCcTH cornacHo kpurepHio JIIP. Touno tak
xe, Onaronapa cdhepHueckoll CHMMETPHH, ¥, Z H MoObIe APYTHE KOMIIO-
HEHTH CIIHHA TAKXKE ABIAIOTCA JIEMEHTaMH peanbHOCTH. OnHaKo, mo-
CKOJIIbKY HE CYIIECTBYET KBAHTOBOI'O COCTOSHHS YaCTHLBI CO CHHHOM 1/2,
B KOTOPOM BCE KOMIIOHEHTHI CIIMHA MMeENH Obl OnpeaeneHHbIE 3HAYEHHS,
TO KBAHTOBOC ONKCAHHE PEATBHOCTH HETONHO.

Ilporpamma IIIP TpeGoBana Apyroro onmucaHus KBaHTOBOH peasib-
HOCTH, OXHAKO, BILJIOTH A0 YCTaHOBJICHHS TeopeMnl [lxona benna (1964)
He OBIIO ACHO, BO3MOXKHO JIH TaKOE ONMCAHHUE, H, €CIH Ja, TO IPUBEAET
AU OHO K JAPYTHM MNpPEACKa3aHUAM pE3yJNbTaTOB JKCIEPUMEHTOB. benn
mokasaj, 4to npeanoysoxeHus 1P o 1okanpHOCTH, PEaNBHOCTH U MOI-
HOTE HECOBMECTHMBI C HEKOTODHIMH NPEACKA3aHHIMH KBAHTOBOH Mexa-
HMKH, KaCaloIMMMHCA nepenyTanHbix yactuy [23]. [IporuBopeune BBIAB-
AsgeTca MmyTeM BhBoAa M3 mporpammsl JIIP skcnepuMeHTanbHO nmpose-
pPAEMOro HEPaBEHCTBA, KOTOPOE HAPYINAETCA B HEKOTOPHIX MpeacKasa-
HHUSX KBaHTOBOH MexaHWKH. B pasnene 1.7 mpuBeaeH kpaTKHii BBIBOJ
3TOr0 HepaBEeHCTBA. PacliupeHue opuruHaabHOM TeopeMul bemna [lxo-
HoM Krnaysepom u Maiikinom XopHoM (1974) caenano BO3MOXKHBIMH 3KC-
nepuMeHTanbHbie TecTh nporpammbl JIIP [39], u HekoTophie M3 HHX
ObIIH BBINOMHEHB!. JKCIEPHMEHTH NOATBEPAKIIN PEACKa3aHHA KBAHTO-
BOH MEXaHHKH.

" Kakoe 310 Bce nmeeT oTHouweHue K 3amuTe AaHHbIX? Kak HU yauBu-
TenbHO, 60npmoe! Oka3piBaeTcs, YTO TOT CaMBIH TPIOK, KOTOPHIH OBIN
HCNOJB30BaH bennoM A NpoBEpPKH OCHOBAaHHN KBAaHTOBOHM TEOPHH, MO-
KET 3aLIHTHUTh nepeaavyy AaHHbIX OoT moAciaymuBanus! BoamoxkHo, 310
OyaeT 3By4aTh HE TaK YAMBHTEIBHO, €CIIH €IIE pa3 BCIIOMHHUTH ONpeaene-
HHE 371eMeHTa peanbHOcTH cormacHo JIIP: «ecnm, HHKak HE BO3MymIas
CHCTEMY, MBI MOXEM C OINPEAEICHHOCTBIO MPEACKA3aTh 3HAYCHHE PU3H-
YECKOM BEIHYMHBI, TO CYLIECTBYET 3JIEMEHT (QH3UYECKOH PEaNbHOCTH, CO-
OTBETCTBYIOLIMH 3TOH Qu3nyeckol BenuyuHe». Ecnu 3Ta KOHKpeTHas pu-
3UYeCKas PeanbHOCTh MCIONb3yeTCA AN KOAMPOBAHHA JBOHYHBIX 3HAYeE-
HUIi KpHITOrpaduueckoro Kiro4a, To BCE, YETO XOUET NOACTY IIHBAIOIIHHA
AreHT — 3TO 3JEMEHT (QUINYECKON PealbHOCTH, COOTBETCTBYIOIIHHA KOIH-
pyoweit nepemenHoi. Takum o6pa3om, kBaHTOBas KpunrorpadHs Ha oc-
HOBE NEpenyThIBAHUA NPAKTHYECKH MCIOIb3yET KBAHTOBOE NEPEMYTHIBA-
HHE ¥ TeopeMy benna, mokasbiBas, 4TO rpaHHMLA MEXAY BO3BRILUIEHHBIM H
NPHU3EMJICHHBIM HCCIIENOBAaHHEM BeCbMa pa3MbITa. [IpoTokon onucaH HHxke
B ACTalAX.
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2.2.4 Kax Hacuem 3auyMNeHHbIX KEAHMOBLIX KAHAN08?

be30THOCHTENBHO K THITy KBAHTOBOH CBSI3H, BHIBOJ TAaKOB: COBEPLICHHbIH
KBAaHTOBBIH KaHal (T.€. KBAaHTOBBIM KaHan Oe3 myma) 3amuureH. Jlioboe
BO3MYIIEHHE B KaHAJE €CTh 3HAK TOTO, YTO KTO-TO MBITANCH TyAa NPOHHK-
HyTb. Takum 06pa3om, 3alIyMIICHHBIE CEAHCHI CBSI3H HAJO OTOpPacHIBATh.
K coxxaneHHIo, KBAHTOBBIE KaHaJbl CBA3H OYEHDb XPYIKH, H HA MPAKTHKE
HEBO3MOXKHO H30eXkaTh HEKOTOPOrO KOJTHYECTBA BIOJIHE HEBHHHOTO LIyMa
H3-32 B3aUMOJEHCTBUA C OkpyxkeHHeM. IloaTOoMy, BMECTO TOro, 4TOOHI
orOpachiBaTh M100YI0 3aLIYMICHHYIO NEpeaavy, «3aKOHHbIE) MONb3oBaTe-
JTH KOMKHBI HAHTH NPOLEAYPY M H3BICHEHHS CEKPETHOTO KJII0Ya, JAXKE B
INPHCYTCTBHH HEKOTOPOTrO KONMHYECTBa myma. [lng Hadanma, Anuca u bod
JOMKHBI OLEHHUTH, CKOJIbKO HH(POPMALMH MOIJIO YTe4Yh K MOACTYIIHBAIO-
meH EBe, kak QyHKUHIO NapamMeTpoB, KOTOPbIE OHH MOTYT U3MEPHTL. ITO
KOJHYECTBO HHPOPMALIMH MOXET ObITh IPHEMIIEMBIM, HONYCTHMbIM, HIIH
HegonycTumbiM. Ilog AOMyCTHUMBIM MBI HMEEM BBHAY, YTO C MOMOIIbIO
HEKOTOPBIX MOCIEIOBATEIBHBIX NMPOLEAYP, TAKHX, KAK YCHICHHE CEKPET-
HOCTH MJIH KBAaHTOBOE YCHIJIEHHE CEKpPEeTHOCTH (cM. pasaen 8.4), ero Mox-
HO YMEHBLIHTh A0 M00OOro *KenaeMoro NmpHEMIIEMOro ypOBHs, 33 CYET
6onee xoporkoro kmroya. CymecTByeT, OAHAKO, IOPOT, H €CIH CIHIIKOM
MHOro nHpopMaumuH ytekno Kk EBe, To HUKakoe MOCHEAYIOmEE YCHICHUE
CEKPETHOCTH HEBO3MOXHO, M CeaHC CBA3M cneayet orOpocuts. Heobxo-
IUMOCTb B OOliee TOYHOM KPHTEpHH Obliia BiEpBbi€ BHIABHHYTA XaTTHE-
poM u OkeproM [40]; ¢ Tex NOp KBAaHTOBOE MOACIYLIHBAHUE PA3BHUIOCH B
CaMOCTOATENIbHYIO HAaydyHYHO 00NmacTs.

Ecnn kBaHTOBas mepeaada no 3aimyMJIEHHBIM KaHallaM OCHOBaHa Ha
pacnpeAcIeHHH NEPENYTAHHBIX YaCTHL, TO YCHICHHE KBAHTOBOH CEKPET-
HOCTH OINPEAENAET KPHTCPHH 3aLIMThI, C YUETOM CaMOi oOweH aTaku, Ko-
TOPYIO MOXET MPOBECTOH MOACTYITHBAIOIIMH areHT. YCHICHHE KBaHTOBOH
CEKpPETHOCTH Npeodpa3yeT YaCTHYHO MepenyTaHHBIE YaCTHIH (M3-3a NOA-
CIYIIMBAaHHS HIIH JTIOOOr0 BHEIIHErO BO3MYILICHHS) B IOMHOCTBIO NeEpe-
MyTaHHbIE, H H3BECTHO, KOTAA TaKOE OYMINECHHE KBAHTOBOTO NEPENyTHIBA-
HHUS BO3MOXHO. OAHaKO, C TOUKH 3PCHHUA MPAKTHKH, TEXHOIOTHs, HE00XO0-
JAHUMasd 1)1 BHIOTHEHHS KBAHTOBOrO OYHINEHHS, aHAIOTHYHA TOH, 4TO Tpe-
OyeTcsa AN KBAaHTOBOTO KOMIIBIOTEPA, H, CICAOBATEIbHO, MOKA HEIOCTH-
KHUMa.

JIuteparypa o 3amute HHPOPMALHH CEKPETHOCTH NPH NEpegadye oau-
HOYHBIX YaCTHL ZOBONbHO oOmupHa. B Havane, 06Cyxaanach TONBKO 3a-
IIHTA OT TaK HAa3bIBAEMBIX «HEKOTEPEHTHBIX aTakKy, NPH KoTopbix EBa umeeT
JeNo ¢ KaKAOH JacTHueH no otAcnbHOCTH. HO KBaHTOBas MEXaHHKa A0-
nyckaer Oonee oOmuit 1 6onee MOMHBIHM THN aTaK, N3BECTHBIH KaK «KOre-
PEHTHBIE aTaKH», MPH KOTOpBIX EBe pa3dpemaercs HCMOnNb30BaTh KBAHTO-
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BbIii xommnbioTep. HexaBHO OblH mpeanoxeHbl CpeACcTBa 3alMUTHL OT Ta-
kux arak. OnHako, yeM 6osiee MOIMHBIMH SBISIOTCA pPacCMaTpHBaEMble
aTaku, TeM 6ojee XKECTOKMMH JODKHBEI OBITh YCIOBHS 3aIIUTHI. TO ke
€aMO€ OTHOCHTCA K ONTHMH3AILHH BCETO MPOTOKONA, KOTOPas KPUTHYECKH
Ba)KHA AJIS MPAKTHYECKUX MIPHIIOKCHHM.

2.2.5 Ilpaxkxmuueckue 3ameuanus

KsanTosoii kpunrorpaduu (KK) npensarcTayior eie HECKONBKO MpobeM.
Ilepsas, o6was Ansg OOMBIIHHCTBA MPHIMKEHUH, KPOME TEX, B KOTOPBIX
NPUMEHSIOTCS MepenyTaHHbIe Mapsl GOTOHOB (pa3aen 2.4), COCTOMT B TOM,
YTO MBI A0 CHX MOP HE YMEEM CO3JaBaTh YHCTHIE OXHO(POTOHHBIE HM-
nynscel. O6p1yHO McTOuHHMKOM cBeta ana KK seaserca mpocto ocnab-
NEHHBIH Ny4 nasepa. [na Takoro THma cBera 4Hcio GOTOHOB B MMITYIbCE
€CThb Cy4aiiHas BEIHMYHHA C ITyaCCOHOBCKMM pacnpeleiIcHHeM. JTO 3Ha-
YHUT, YTO HEKOTOPHIC HMITYJIbChI MOT'YT BOOOILE HE COAEPKaTb (HPOTOHOB,
TOrJa Kak B APYrux Moxer ObITh 1, 2, u gaxe 6onsme ¢oronos. Mmnyns-
coB ¢ Gonee yeM oaHUM (POTOHOM Ha UMIYNBC CIEAYeT U30eraTh, Tak Kak
M3 HUX MHQOPMALMA MOXET YTEKaTh MOACIYUIHBAIOWEMY areHTy. YroOsl
caenarb BEPOATHOCTh Oonee uem oxHOro ¢poToHa Ha MMIMYIbC AOCTATOY-
HO HH3KOHM, NPHUXOAMUTCSA HCIONB30BaTh OYeHb c1abble HMIYIbCHI, YTO, B
CBOIO OYepeab, YMEHBIIAST OTHOLIEHHE cUrHana K wymy. OOmenpunsaTas
BenuynHa pasHa 0.1 ¢oroHa Ha uMmynsc (3TO Ha CaMOM JAEJIEe O3HAYAET,
4TO TOABKO OZMH umnyinsc u3 10 comepxut (HOTOH), YTO AAET BEPOAT-
HOCTb MOJy4YHTh Gosee, ueM OAMH HOTOH B UMNyNbCE, mopsaka S5x1072.
9TO BCe eie 3HAYMT, 4TO U3 5% MPHUTOAHBIX UMIYIbCOB (TEX, B KOTOPHIX
€CTh, [0 KpaifHei Mepe, oauH GOTOH) HHPOPMALIMA MOXKET YTEKATH K MOA-
cnywmuBarmemMy areHTy. Paspaborka xopomero oxHoGOTOHHOrO MCTO4Y-
HHKa NpPEACTABJIACTCA ACJIOM TEXHHYECKH BO3MOXHBIM, HO MOKa YTO 3Ta
LEIb HE JOCTHIHYTA.

Bropas, Gonee ceppe3nas npodiaeMa I NPaKTHYECKOTO MPUMEHEHHS
KK cocToMT B TOM, YTO KBAaHTOBBIH KaHAJ HENb3s YCHIUTh O€3 morepH
ero KBaHTOBbIX cBOMcTB. CleqoBaTeNbHO, H3-32 MOTEPL NMPH NEpPEAAUE,
KK mosxer onepupoBaTh TOILKO HA OFPaHHUYEHHBIX pacCTOAHMAX. [hnd Bcex
CYLIECTBYIOLHX CHCTEM, OCHOBAaHHBIX Ha HH(paKpacHBIX (OTOHAX B KBap-
LUEBBIX CBETOBOAAX, MHHHUMAJbHBIH YPOBEHb MOTEPh COCTABIACT MOPAIKA
0.2 ab/km. Tak gto, noxoxe, uro cuctemMsl KK Ha paccroaHHsaX, NpeBbl-
waromux 100 kM (¢ motepsamu B 20 aB, u yposHem nponyckanus 0.01) B
0603pumom OyaymeM HeBo3MOxHBI. CieaoBaTenbHO, TPAHCATIAHTHYECH
kuil kabenb ¢ cucTeMo cexkpeTHOCTH Ha ocHoBe KK moka ocraerca mon-
HOH yTONHEH.

TpeTbs npobiaema cocTouT B ToM, 4To KK xopowo npuiaoxuma K CBs-
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3M MEXAY ABYMA TOYKAMH, HO FOPa3fo XyX¢ NMPUMEHHMA IS APYTUX TH-
noB cered. HemaBHO ObINM MpeaNoXE€Hbl HEKOTOPHIC YIYYIIECHHUS B 3TOM
HanpaBieHuH [41], HO OHH BCe eme OrpaHH4YEeHbI CBA3bIO OJHOTO I0b30-
Bartend ¢ HeckonbkuMH Apyrumu. Mcnone3oBanue KK ang cssa3u or nqoMa
K OMY BCE€ emme HeBHMOMHUMO. OXHAKO, CBOETO poAa JIOKaiAbHYIO CETh, C
LEHTPAIbHONH BEINATENBHONW CTAaHLHEH (HANpHMEP, OCHOBHOE OTACICHHE
GaHKa) U HEKOTOPBIM YHCJIOM NMPHEMHHUKOB (Hampumep, punuansl 6aHka)
BIIOJTHE MOXHO ce0e MpeNCTaBHTh.

2.3 KBaHTOBOE pacunpeaejieHHE KJI09a
C OMHHOYHLIMHA YACTHIAMHA

2.3.1 Ionspuzosannvie omoHbl

B xBaHTOBOM pacnpeneIeHHH KIIKo4a ¢ MONIPH30BAHHBIMH (OTOHAMH, ITEp-
BonayanbHo npeanoxeHHoM Y. X. bennerom u I'. bpaccapom [38, 42],
HCIIONb30BATHCh HMITYIIBChI 3€JIEHOTO CBETA, HA paccToaHuu B 40 cM. 3nech
MBI 0OCYAMM 3Ty CXeMy B HEKOTOpPbIX AeTanax. OueBHIAHO, YTO TOT 3KC-
NEPUMEHT ObLIT OECITONE3EH C TOUKH 3pEHHS MPAKTHYESCKOH MEPEAAYH KTI04a,
HO mpeacTaBnsn coboil nepssle 3kcriepumentansusie mard B KK. Ilepeoe
MPaKTHYECKOE BOIJIOMIEHHE 3TOr0 KOHKPETHOTO MPOTOKOJIA C ONTHYECKH-
MH CBETOBOAAMH (Ha PaCCTOSHHH OKOJIO | KM) GbLIIO OCYINECTBIEHO B YHH-
Bepcutere JKenersl [43]. B Hamu AHH pacCTOSHHMA AOCTHTAIOT BETUYHHBI
JAECATKOB KHIOMETPOB. B 3TOM pasnene mbl obcyaum npuHmunnt KK ¢
MONIAPH30BAHHBIMH (JOTOHAMH, OCTABUB IKCIIEPUMEHTAIbHBIE peaTH3aLHU
ans pasaena 2.6.

PaccMOTpHUM HMIYNbCH MONSAPHU3OBAHHOTO CBETA, NPHYEM B KAXKIOM
HMIYJbCE COACPKHUTCA MO OAHOMY (PoroHy. MBI HAYHEM C TOPHU3OHTANDb-
HOM THOO0 BEPTHKAIBHOM Monspu3anuy, koropsie Oynem 0603HauaTh KBaH-
TOBO-MeXxaHuueckuM cumsonamu Jupaka (<) u (I), coorBercTBEHHO.
Yro6m nepexaBars MHGOPMALHIO, HAM HYXXHA KOJUPYIOINAs CHCTEMA, CKa-
xeM, (I) xomupyet 0, u («<>) xoaupyer . C moMOmp1O0 >TOH CHCTEMBI
OTIIPAaBHTENb, U3BECTHBIM Kak AJlMCa, MOXET NOCHaTh Mt000e coobiieHue
nony4yartenioo, u3BectHoMy kak bo6. Hampumep, ecnm Anmuca moceinaer
cepuio umMnynscoB (<), (1), (&), (&), (T); To cooTBETCTBYIOLIEE ABO-
nuHoe yucio paBHo 10110. Korna ona moceinaer Tonbko («>) nubo (I),
MBI TOBOPHM, 4TO Anuca miuet cBod ¢oronel B D-6a3uce. Kak u Tpebyer-
cd, KoY JOJDKEH ObiTh caydaitubiM. Anuca 6yaer mocoinare 0 u 1 ¢ pas-
HO#M BEpOATHOCTbIO. UTOOH mpouuTars coobmenue, bob Gyaer ncmonn3o-
BaTh Monspu3auuoHHeii ceeronenurens ([1CJI), mponyckaromuit BepTHKaib-
HYIO HOMAPH3ALHIO H OTPAXKAIOIIHHA FOPH3OHTANBHYIO. 3a HHM CIEAYIOT OA-
HOOTOHHBIE ACTEKTOPHI, KaK MMoka3aHo Ha Puc. 2.4. Orcuer Ha nerexTo-
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pe 10 (1) oznasaer, uro Anuca nocnana 0 (1). B atom ciayqae, mbr Oy-
JIeM TOBOPHUTH, 4T0 Bo0 nMpon3BoauT AeTekTHpOBaHHKE Takke U B @-6a3u-
ce. [TockoneKy JeTEKTOpbl HECOBEPLICHHBI, a TAKXKE M3-32 MOTEPh MpPH Ie-
penaue, yacto oba aeTekTopa He perucTpupyior ¢oroH. B sToM ciyuae
bo6 6yner coobmarb Anxce, 4TO OH HE CMOT HHYEro 3aperMCTPHpPOBATh,
H YTO COOTBETCTBYIOINMH OUT JoimxeH ObiTh oTOpomeH. ClenoBarenbHO,
TONBKO YacTh MCXOAHBIX OMTOB OyAeT peanbHO MCIONAb30BAaHA, HO TE€, YTO
OCTaHyTCs, AO/DKHBI ObITh 0OmMMH y Anuchl U boGa. Takum obpasom,
3Ta cUCTEMa OeCroe3da A1 NEPEChIKK COOOLIEHU, HO OHA MOXET OBITh
UCIIOIB30BaHA A1 MEPECHUIKH KPUNTOrpadU4ecKoro Kio4a, Jjis KOTopo-
ro €AMHCTBEHHBIE TPEOOBAHHUA — 3TO CIYYAMHOCTh U KOHPHUACHLMATBHOCTD.

Al
12

i

ch

AflHca bo6

Puc. 2.4. Tlonapusannonnas cxema: OTIpaBHTENb, AlTHCa, ocnaeT boby oueHb
ciabblie HMNYIbCH! NONAPH30BaHHOIO cBeTa. Jlondpusanus ynpasnsercs Ayei-
koit ITokkenwca (SII), koTopas JaeT AnHce BO3MOXHOCTb BhIOHPaTh MEXAY
YeThIpbMS BOIMOXHBIMH Nofspusauusmu: |1), [€>), D, ND. Ha ctopoHe boba
eme ofHa Aveiixa [Tokkenbca KOHTPONIUPYET MOBOPOT ¢XeMbl: 0° COOTBETCTBYET
H3MepeHHI0 B ©-6asuce, 45° cooTBETCTBYET H3MepeHHIO B ® Gasuce. ITonspH-
3auHoHHbIH cBeTopenuTenb (IICJ]) pasaenseT syd Ha JBe OPTOrOHalbHbIE KOM-
MOHEHTHI, KOTOphie AeTekTHpYIoTCA THE0 JI0, mn6o J1 (BbI6paHHas cXeMa cooT-
BETCTBYET H3MepeHHIo B D).

Brnnots 10 3TOro MecTa, Hallla CXEMa OCTAeTCA COBEPIICHHO HE3almH-
wenHoM. [ToacnymmuBaromas cTopoHa, H3BecTHas kak EBa, Morna Ob1 Tak
e U3MEPATh UMITYJIBCHI C MOMOLIBIO TAKOM ke cxeMbl, kak y boba, u me-
penochiaTh Takue xe uMnyabchl boOy. Toraa Esa 6b1 y3naBana Bce 6uThI,
KOTOpHBIE pa3aensaoT Anuca U bo6. YUro6s1 noOuThcs kKOHOHICHLMATBHOC-
T4, Anuca aoGasnser eme OAMH cily4alHbld BHOOp: OHa Temepn Oyaer
NOCHLIATh TUOO0 Npe bl yIIHe rOPH3OHTAIbHO-BEPTUKAIBHBIC TTOMIPHU3aLIHH
(©-6a3uc), nu6o oaHy M3 AByX AMArOHANbHBIX JIMHEHHbIX MOISPH3ALMH,
npuuem ") Gyaer o603nauats 0, a |\) 6yaer o603nauats 1. Kak u npesx-
ae, Anuca taxxke 6yaer nockuiath 0 B 1 ¢ OAMHAKOBOM BEPOSTHOCTBIO. DTH
HONApH3aIHHU COOTBETCTBYIOT ®-0a3ucy. [ToBopaunsas cBoro cxeMy Ha 45°,
Bob6 Takxe MOxeT pemuTh MPOBECTH CBOE HM3MepeHHe B ®-Gasuce. Cek-
PETHOCTh BO3HHKAeT Onmaroaaps (yHIaMEHTaNbHOMY CBOHCTBY KBaHTOBOH
MEXAHUKH. HHACTEPMHUHHU3MY. OMHO4HBIH QOTOHHBIH MMITY/IbC, IPHIOTOBNCH-
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Hblit B ®-6a3uce u u3mepeHHbId B P-6a3uce, MOXKET ¢ OAMHAKOBO#H Bepo-
ATHOCTBIO NonacTb Ha mobo# U3 aerexkropos, J0 unu 1. U stor BriOOp
COBEPIIEHHO CIYy4aeH: HUYTO B (OTOHE HE NOKA3BIBAET, IO KAKOMY NYTH
oH nonget. [losToMy, ecm Anmnca npurorasiauBaeT HOTOH, CKAXKEM, B CO-
crosuuu |y, ¥ Bo6 (M kTO-MH60 APYTOH) MHITAETCS H3MEPHUTD €ro B ®-
6a3uce, TO OH MOXKET C PAaBHOM BEPOATHOCTHIO IIONYYUTh OTCYET Ha N0O0OM
u3 gerekropoB, 10 mwnu J{1. TloauepkHeM, uTO 3TO BOBCE HE O3HAYAET, YTO
B nyue |”') monoBMHA GOTOHOB MOASAPH3OBAHA FOPH3OHTAABHO, 3 APYyras
MOJIOBHHA — BEPTHKaIbHO. ITO OblIO ObI HECOBMECTHMO C TeM (akToM,
4to, Koraa bo6 ucnonszyer ®-6asuc, on sceraa momyyaer 0. dakruyec-
KM, CUCTeMa BeJCT cebs Tak, Kak ¢CciiM Osl B MOMEHT U3MEPCHHS OHa Ciy-
yaiHBIM 00pa3oM BHIOHpANa, O KAKOMY MYTH € MOWTH.

OueBuaHO, YTO BCE BHIIIECKa3aHHOE Tak xe npuMeHumMo H k Ee. Ilo-
CKONIbKY AnHca cnydaiHeiM 00pa3oM BeIOMpACT TOT WiIK WHOH Oasuc, A
EBbl He cymecTByeT cnocoba OnpeAcanTh, B KAKOM 0a3Hce NMPOBOAHTH
n3mepenue. Koraa oxHa BeiOupaeT HeBepHBIH 6a3uc, OHa MOMY4YacT CIy-
yaWHBIA pe3yabTaT, KOTOPHIH He koppenupyer ¢ Boibopom Anucel. Ewe
OJHH BAXHBIH MOMEHT COCTOHT B TOM, 4TO EBa He MOXET y3HaTh, 4TO
MoJIyYyusia HeBepHBIH pesynbrat: orcder B 10 MoxeT o3Hayats, 4yto $HoTOH
6bLIT IPHTOTOBIIEH B COCTOSHMH |] ), HO MOXET TaKkXke M 03Ha4aTh, uTO GOTOH
6bin B cocTosHum i) wmu |\i) u mpocto «BbIGpany momacts Ha JI0. Bor
MO4YeMY HaM HYKHbI OJHO(OTOHHBIE HUMIYIbCHI. UMIyIsC ¢ Oonee, uem
oJHHUM (GOTOHOM, NMOCNAHHBIH B HEBEPHOM 0a3uce, MOKET AaTh OTCUET HA
oboux merexropax 10 u 1, Takum obpa3om coobwas EBe, uto ona Hc-
nons3oBana He Tot 6a3uc. Toraa oHa CMOXET NPOCTO OTOPOCHUTD BTy MEpe-
Jaqy, ¥ TakHMM obpa3oM H30exaTe omnbku. OgHaKO KOrga OHa INoay4acT
Bcero oauH GOTOH, TO Yy Hee HET APYroro BeIOOpa, KpOME Kak IEpeciiaTh
ero boOy B TOM COCTOSHHH, KOTOPOE OHa H3MEpHIa. ITO HEH3OEKHO CO-
3aacT oWHOKH B CTPOKE, KoTOpyio moay4daer bob. Brimeonucannas crpa-
TEerus MOACTYIIHBAHHUA, H3BECTHAA KaK CTPATErHs IepexBaTa U MOBTOPHOTO
OTHpaBICHHUS, ABJISETCA TOIBKO OXHHUM U3 BAPHAHTOB, KOTOpHIC €CThb Y EBHI.

Teneps y HacC €CTb OCHOBHBIE OJIOKH 1S TPOTOKO/IA MONSAPH3aLIMOHHON
kpunrorpadun, npumMep koroporo npuseacH B tTabauue 2.1. Becs nporo-
KOJI MPOHJLTIOCTpUpOBaH Ha Puc. 2.5. Ero MoxHO pe3ioMHpoBaTh ClEnyI0-
UM 06pasom:

1. Anuca cnyvaiiaeim ofpa3om BriOHpaeT 6a3uc ¥ NONIIpu3aLmIo CBO-
HX OJHO(OTOHHBEIX HMIYJILCOB M MOChIIAaeT UX Boby.

2. s xaxporo uMmnyinsca, bob Takxe cnyyadHbsM o6pa3oM BbIOHpa-
eT 6a3uC, KOTOPBIM OH OyAET HCIIONBL30BATh, U H3MeEpseT uMmysbe. OH n1ubo
peructpupyet orcuer Ha JI0 unu Ha {1, nn60 HHUYEro He PErHCTPHPYET,
H3-3a MOTEPh NPH CBA3M HIIH NMPH JCTEKTHPOBAaHHH. AHCaMOIb BCEX MOy-
YEHHBIX OUTOB HA3BIBAE€TCA CBIPBHIM KIIFOUOM.
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3. bo6 ucnoap3yer OTKPHITHH KaHal, YT0Ob COOOMUTD ATHCE, KaKue
($OTOHBI OH 3apErHCTPHPOBAN, H Kakoi 6a3uc mpH 3ToM ucnonb3oean. Pa-
3ymeercs, bob He coobumaet pesynbrar uaMeperus (orcuet Ha J0 umm
JI1). Anuca orBeuaer, coobmas, kakoif 6a3uc UCIoOaIb30Bala OHa. B Tex
cnyudasx, korga Anuca u bobO ucnons30Banu OAMH H TOT XK€ Oasuc, © unu
®, OHH JOMXKHBI NONY4UTh a6COMOTHO KOppenupoBaHHbe 6uTH. OxHAKO,
H3-32 HECOBEPIICHCTBA YCTAHOBKH H M3-3a MOTEHLHANBHOrO MOACIYIINBA-
HHS, BOSHMKHET HEKOTOPOE KOIHYECTBO OMIMOOK. AHCaMOIb 3THX OHTOB
Ha3bIBAETCS MPOCEIHHBIM KIIIOUOM.

4. Yro6rl npeoOpa3oBaTh CBOM YaCTHYHO MCIIOPUYCHHBIE H, BO3MOXHO,
HE BITOJIHE CEKPETHBIE CTPOKH B IPUTrOAHBIN K HCIIOIB30BaHHIO K04, AlTH-
ce u boOy Tenepr HykHa Hekoropas obpaborka. PakTHUECKH, CTaAMA
obpaborku oxnHakoBa BO Bcex BepcHsx KK ¢ oaMHOUHBIMH dacTHLAMH.
OcCHOBHBIE LIard TaKOBHI: OLICHUTh YPOBEHb OIIHOOK NMpH mepenaye; cue-
JaTh MPEANOIOKEHHE O MAKCHMAJIbHOM KOJIHYECTBE HH(OpMaLHH, KOTO-
pas Morna yTeys HM3-3a NMOACIYLIMBAHHA; H 3aTEM CKOPPEKTHPOBATh BCE
omuOKH, B TO XKE BPEMs yMCHbIIAs KOMUYECTBO HHPOPMALMH, NOTEHLH-
anpHO goctynHoe Ese, 1o moboro Tpebyemoro yposus. Octasiascs cTpo-
ka OUTOB H €CTh CEKPETHBIH KIIIOU.

Tabnuua 2.1. IlpuMep nonspu3aLHOHHOroO NpoTOKONa. AJMca cllyyajiHeiM o6pa3oM BLIOH-
paeT 6asuc (@ uau ®) u 3nauenne 6uta (0 UK 1) U LIIET COOTBETCTRYIONEE MONAPH3ALH-
oHHoe cocTosHHe o6y, o6 Takxke cnyyaiiHo BhiGHpaeT GazHC M3MepeHHS W Moayyaer
JaHHBIR GUT. AHcaM6ib 3THX GHTOB ecTh chipoil Kiwod. 3aTem Annca 1 bo6 no oTkpeiToMy
KaHay coobmaloT Jpyr Apyry, kakoi 6a3Hc OHH HCNOJbL3OB&IH, H OCTABIAIOT TOJLKO
6MTHI, COOTBETCTBYIOIME OJHOMY H ToMy xke Ga3ucy. 1o — npocesHHbIH K04, OHU cny-
4aiHBIM 06pa3oM BLIOMpAlOT HeCKoJILKO GHTOB, YTOObl MPOBEPHTL, HeT JIM EBLI, M oTOpa-
cBIBalOT HX. B HallleM cnyuyae olHGOK HET, YTO IOKA3LIBACT, YTO CBA3b OblJIA CEKPETHOI.
OcraBuiuecs 6UTH 06GpasyloT oblmii KoY.

Basuc A ® @ @ ® @ ® ® @ ® ® &
3uayenne 6uta A|| 0 1 0 1 1 0 1 0 0 0 0
A TochLIaeT (2 @ ) RN @ & I e D
Baszuc B ® ® ® @ (7] ® ® ® ® & o
bur B 0 1 0 0 1 0 1 1 0 1 0
Tor e 6azuc? na na HET HeT Ja na na HeT HeT HET jJa
Y A ocrtaetcs 0 1 1 0 1 0
¥ B ocraertcs 0 1 1 0 1 0
IIpoBepxa EBbl na HeT Aa HEeT HeT HET
Kiou 1 0 1 0
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Iepenaua

doToHOB

ChlIpbie KIIOYH
N, y Anucn

N, y Bo6a

IIppcensanue

7.

npOCeﬂHHble KJIHOYH

N Guros 5
IlepBas oueHka Onuenka
BCPOATHOCTH BEPOATHOCTH
omHnOKK omubxH I XapaKTepHCTHKH
HCTOYHHKA
TpoceaHHbIE KIIOYH
nocjie OLeHKH OmMHOKH Tpebosanus

TouHsl# ypoBeHs omHGOK

n GHTOB Tounas oneHxa GezonacHOCTH

BEPOATHOCTH OMMEKH
HuTepakTHBHOE
HCOpaBJIeHHe
omn6ok
VYTedka BO BpeMs
HCIpaBJIeHHs OmMHG0K
BrIBepeHHbBIH KJIIOY (ecnu ecTh)
n 6uToB Teopus

ITapaMeTp cxaTusg T

Ycunenue
CEKPETHOCTH

il

o 3apaHee yCTaHOBJICHHBIH
CekpeTHBIH KIIOY

HACHTHOHKALIHOHHBIH K04
n-t 6HTOB / J
Hnentudukanus

HapgeXxHb1ii cexpeTHRIH KI10Y

n-t 6UTOB

Puc.2.5. luarpamMa npoTtokona pacnpeie/ieHds KBaHTOBOTO KJiO4a, OCHOBAH-
HOro Ha OAUHOYHBIX POTOHAX.

TMonApu3auuOHHbBIE CXEMBI OYEHb NPHBIECKATEIBHB B CBOOOJHOM Npo-
CTPAHCTBE, [ COXPAHAETCS MONAPH3ALHUS, HO UX TPYJHEE OCYLIECTBHTD
B ONTHYECKHX BOTHOBOAAX, U3-3a JCMONAPH3ALMH H Cy4yaitHo GuykTyuHpy-
IOLIETO ABYIy4YenpenomieHus. Jlenonapusanus He SBISETCE OCHOBHOH Npo-
Onemoit: ee meficTBHE MOXHO NMOAABHUTH NOCPEACTBOM JOCTATOYHO KOIe-
PEHTHOrO UCTOYHHKA. BpemeHHa'.sx mkana ¢aykryauui apynydenpeaomue-
HHS IPH CTALHOHAPHBIX YCIIOBUSX SBIJETCS AOBOJILHO MeANeHHOM (1 yac).
OaHako, BO BpeMsl DKCIICPUMEHTA HAa YCTAHOBJIEHHOM ONTH4ECKOM Kale-
ne, Mbl Habmroaamu u ropa3go 0onee KOPOTKHE BPEMEHHBIE LIKAJNbI, KOTO-
phle Aenanu nepejady Kiax4a HEBO3MOXHOH. DIEKTPOHHAS CHCTEMa KOM-
NEHCALHH, OCYIECTRIAOMAN HEMPEPLIBHOE OTCIEXHUBAHME H HCIIpaBIie-
HHE NONSPU3ALHH, HABEPHAKA BO3MOXHA, HO OHA TpeOyeT npoueaypsl Co-
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rnacoBalus Mexay Anucoit 1 BoboM. 910 MOXeT caenaTh cxeMy uepec-
Yyp TPOMO3RKOH Al MOTEHIIHANIBHEIX ITONB30BATENCH.

2.3.2 Cucmemvl, K0OupogarnHvlie no ghase

BMeCTO TOTo, ITOGHI MONAraThC Ha MOMSPHIALHIO, KOTOPYIO HENETKO KOHT-
PONHPOBATh B ONTHYECKHX BOJNHOBOAAX, MOXHO Gasuposate cHcreMy KK
Ha xoaupoBanuu no ¢ase. [lepBoHauansHO (pa3o0Boe KOZUPOBAHHE C ONMTH-
YECKHMH BOJIHOBOJaMH M uHTepdepomerpamu Maxa-llanaepa 6510 BBe-
JCHO B KOHTEKCTE KBAHTOBO# KpHITTOrpadMu Ha OCHOBE NEpeNTy ThiBaHHA [44],
HO €T0 TaKXKe MOXHO HCTIOIb30BaTh H B CHCTEMAaX C OAMHOYHBIMM HaCTHIA-
MU [45]. Teopernueckas cxema nokasana Ha Puc. 2.6. Ona npeacraBmser
‘coboil pa3aBuHYTHIM MHTEpdepomeTp Maxa-Llanaepa, ¢ Anucoii ¢ neBoit
croponsl ¥ BoboM ¢ nmpaBoii u ¢ AByMs CBA3BIBAIOIIMMH UX BOTHOBoAamMH. U
y Anuce, 1 y BoGa, ectb mo ogHomy ¢azoBomy Moxynsaropy (PM), xoro-
pbie TIO3BOISIOT UM OCYIIECTBATh KOAMPOBaHHE M aexoauposanue. [Ipea-
nmojioxuM, 4to bo6 He ucnone3yer cBoit ®M, 1 YTO cxeMa HaCTPOEHA Tak,
4yTOOBl CO3AaBaTh KOHCTPYKTHBHYIO HHTepdepeHuio Ha JI0 U aecTpykTHB-
Hyo Ha /1. Ecnn Anuca ucnonssyer cBoit @M, utoOn co3xaBaTth CABHUT
¢asn B 0 unu © (coorBercTByIOMMIi 3HaYeHHIO O6uTa 0 Mnu 1), To Bo6 mony-
yut oTcueT 160 Ha J10, mubo Ha [{1. 310 3xBHBaNCHTHO NpeALIAYIUEH CcXe-
M€, B KOTOPOM HCIOIb3YIOTCA BCEro ABE NONAPH3aUMH. YT0OH OCTHYb KOH-
GHaCHIHATEHOCTH, MBI A00aBIseM CiydaitHbii BEIOOp Oa3nca. Annca gon-
’KHa BHIOpaTh OOUH M3 4eTHIpeX cABHroB aswi: 0, T, (4TO COOTBETCTBYET
@-6a3ucy), unu /2, 3n/2 (coorsercreyromue ®-6asucy). Co cBoeit cro-
poHnl, Bob Taxke BHGepeT MeXAy HyAEBHIM cABMroM ¢asul, T.., H3Mepe-
HUeM B ©D-Oaszuce, u casuroM daskl B T/2, T.¢., H3MepeHHEM B ®-6azuce.
910 OGyAeT IKBUBAIEHTHO MPEABLAYILICH MOMAPHIALHOHHOM CXEME.

Anuca .« ~..'.\' O BOG,.I
oM 1o
| o O

Puc.2.6. ®azoBas cxeMa c pa3BHHYThIM HHTepdepoMeTpoM Maxa-Ilanaepa.
OrHocuTensHulll BulGop daszsl B 1Byx dazoBeix Moayastopax (OM) cozpaet
HHTepEPEHILHOHHYIO KADTHHY. AJlHca BLIGHpaeT oAHy H3 yeThipeX da3: 0 uiu
%, 4To cooTBeTcTBYeT P-Gazucy, nubo n/2 unu 37/2, yto cooTBeTCTBYET @-
6asucy. Bo6 BLGupaer 1u60 0 (cooTBeTcTBYeT ®-6a3HCy), 16O ©/2 (cooTBET-
cTByeT ®-6asucy). Korna Annca u Bo6 1cnonb3yioT ofHH H TOT xe Oasuc,
otcueT Ha JI0 o6o3Havaet 0, a otcyet Ha J{1 ofo3HavaeT 1. B Tex xe cnyyasx,
Korzia 6a3uchl pa3IHYHbI, HET HHKAKUX KOPPENALHA MexXy OHTOM, TOCNIAHHBIM
Anucoli u TeM, xoTopsiH monyyun Bob.
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Anuca Bob

Puc. 2.7. dazoBas cxeMa ¢ nepeaenaHHbIM HHTepepomeTpoM Maxa-I{anacpa:
BwmecTo Toro, 4yTo6el MpoxXoAMTh MO ABYM Pa3jIMYHBIM NYTAM, JBa UMIylbca
TENepb paclpoCcTpaHAIOTCA N0 ONHOMY U TOMY X€ CBETOBORY, XOTh U C 3aJ€p-
Kol 1o BpeMeHH. Takas cxeMa yBennunBaeT cTabHibBOCThL HHTEpdEpOMETPa,
Ho npubaenseT 3 o6 noteph B ycraHoBke Boba.

K coxaneHuo, cOxpanuTbh pa3HoOCTh (a3 B TAKOM Pa3ABHHYTOM HH-
tepdepomerpe (anuHOM 6onee 20 kM) oueHb TpyAHO. CneAOBATENBHO, C
IPAKTHYECKOH TOYKH 3pPEHHS, JNy4lle NepeaenaTs HHTepEepoMeTp, Kak
nokasano Ha Puc. 2.7. Oqun uMnynsc, Bxoasumii B ML co ctoponst Anu-
chl, AenuTcA Ha ABa. [TonyuuBInHECS ABA HMMYILCA PACIIPOCTPAHIFOLLH -
ecs OfMH 3a ApyruM, oT Anuce K BoOy, BIONB OXHOrO mepeaaroiero
cBeToBOJA, obo3Hayarorca kak K (mns xoporkoro mytu) u 1 (ans gnuH-
Horo nyTH). [Tocne mpoxoxaeHus depes vacth ML, Haxomsmyrocs y
boba, u3 HUX noay4alwTcs TpU uMmynbca. JIBa U3 Hux, 0003HaUYaCMbIe
kak KK (koporko-koporkuit) u JIJ] (1THHHO-AMUHHBIN) HE BAXXHBI, TAK KaK
OHH HE NPHUBOAAT K HHTEp(depeHun. B TO ke BpeMs, HEHTPANLHBIH UM-
IYJIBC COOTBETCTBYET ABYM BO3MOxHBIM myTsM: KJ[ mau JIK, xoTophie
HEPA3NMHYMMBI H, ClexoBaTenbHO, HHTEPdepupyloT. Kak H B mpeapiay-
meM naparpade, Bpibop (pa3oBbIX CABUIOB, co3aaBaeMbix Anucoit u bo-
OoM, maeT KoAHpOBaHHE U AcKoAUpOoBaHUE. Takas cxeMa 6osee cTabub-
Ha, YeM MpeAblAYIAs, MOCKONbKY 00a uMmynbca HakTHHECKH HAYT MO
OXHOMY M TOMY XK€ MyTH B Gonbineit yactu uHTEepdepomerpa. Hexocra-
TOK €€ COCTOHT B TOM, 4YTO MBI TEPAEM INOJOBHHY CUTHaNa B UMITyJIbCAX
A u KK.

B cxeme, npeanoxennoi Y. bennerom [45], HCIOMB30BaNHCh TOIBKO
Ase ¢a3sl y Anuchl. 3a AeTaNdbHBIM OOBSCHEHHEM MBI OTCBUIAEM YHMTATE-
N5 K OpUTHHANBHOH cTaThe. OCHOBHOE MPEHMYLIECTBO CHCTEM 3TOrO THNA
COCTOHT B TOM, YTO A/ HUX, B IPHHLIMIIE, HE TPEOYETCA KOHTPOIb MOMSAPH-
3anuu. OaHAKO Ha MPAKTHKE, H3-32 HEKOTOPOH 3aBUCHMOCTH MONSPU3ALHH
OT YCIOBHH B KOMIIOHEHTaX CHCTEMBI, MPEATNIOYTHTEIbHEE €€ KOHTPOIHUPO-
BaThb. Bosee Toro, B 3THX cxeMax Bce elle HEOOXOAUMBI TIIATENbHAS Ha-
CTPOHKA H KOHTPONb JUIMHBI MYTH MEXAY ABYMs CTOPOHaMH HHTepdepo-
MeTpa.



Keanmoeoe pacnpedenenue k1104a c ROMOWbIO NepenymanHlx COCmoanuil 55

2.4 KBaHTOBOE pacupeaejieHHE KJII09a
C NOMOINBIO HEPENYTAHHLIX COCTOSAHMHA

2.4.1 Ilepeoaua cuipozo kawoua

Pacnpeaenenne xniwo4a BBIMOMHSAETCS YEpe3 KBAHTOBBHIA KaHal, KOTOpbIi
COCTOMT M3 HCTOYHHKA, HCIYCKAIOWETO napy GOTOHOB B CHHITIETHOM IO-
JSPHU3ALHOHHOM COCTOSHHM:

= (D)) @10

@DOTOHEBI pa3neTaloTCs B pa3HbIE CTOPOHHI BAOJb OCH Z MO HaIpaslie-
HHUIO K JBYM 3aKOHHBIM IONb30BaTeNsIM KaHana, Axuce U boby, kotophie,
NIOCIIE TOTO, KaK (OTOHBI PAa3ETENHCh, BHIOMHAIOT H3MEPEHHS U PETHCTPH-
PYIOT pE3y/IbTaT 3THX H3MEPEHHH B OJHOM M3 TpeX OA3HCOB, MOMYYAEMBIX
BpameHneM ®-6asuca Bokpyr ocu z Ha yriwl ¢,°= 0, ¢,°= 1/4n, ¢,°=1/8n
ans Anuce u ¢°=0, ¢,°=-1/8x, ¢.,>=1/8 & 1ns Boba.

Hunexcol «a» 1 «b» OTHOCATCA K aHanu3atopaM Anuce U bo6a, coor-
BeTCTBEHHO. [lonp3oBaTenn BrIGHpaOT CBOM 6a3HChl HE3ABUCHUMO M Clly-
YaiHO AN Kax Aol nmapsl nmpuxoasmux dacTHu. Kaxnoe namepenune naer
JBa BO3MOXHBIX pe3ynbraTa, +1 (GoTOH M3MepeH B NEPBOM MOIAPH3aLIM-
OHHOM COCTOSHHH B BbIGpaHHOM 6a3uce) u —1 (OH U3MEpeH BO BTOPOM
NONAPH3ALHOHHOM COCTOAHHH B BHIOpaHHOM 6a3Hce), M MOTEHIMAIBHO
MOXET OTKPBITh OJHH OMT HHOpMaLHH.

Benuunna

E(¢.0))=P.(¢:.6,)+P_(¢7.4.)-
-P._(¢7.¢")-P.(¢r.4") @2.11)

ecTb K03 QPHUIUHEHT KOPPENALHH H3MEPEHHH, BRIIOMTHEHHNX AnHcoii B Ga-
3uce, MOBEPHYTOM Ha ¢°u bobom B 6asuce, moBepHyTOM Ha ¢” 3nech
P _(¢° ¢”) o6o3HavaeT BEPOATHOCTH, YTO B Oasuce, onpe,ueneHHOM @2
6511 nonyqeﬂ pesynbrar =1, u B 6a3uce, ONpeacICHHOM ¢” ObL1 nonyueH
pe3ynbrat 1. CornacHo npasunaM KBaHTOBOH MEXAHHKH,
E(¢7.97) = —cos[ 247 - ¢%)] . 2.12)

HAns nByx nap 6a3ucos oaHO#H ¥ ToH xe opueHTauuH (¢,% ¢, v ¢,° ¢,°)
KBAaHTOBasl MEXaHHKA MPEACKA3bIBAET MOJHYIO aHTHKOPPE/LHMIO Pe3yb-
TaTOB, NONyYeHHBIX Anucoit u BoGom: E(¢,° ¢,°) = E(4,%, ¢,%) = -1.

Mo>xHO onpeaenuTs BETHYHRHY S, COCTABICHRYIO H3 K03 (HULHEHTOB

KOppPENALHH, AN KOTophix Anuca # bo6 ucnonp3oBaiu aHanu3aTOPHL pas-
JUYHOHN OpPHEHTAIIHH

S=E(¢.8 )+ E(4°.8; )+ E(¢5.8)-E(8.45) . (2.13)
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ATo Ta ke camas BEMMYHHA S, 4TO H B 00001meHHOH Teopeme Benna,
BhLABHHYTOH Knayzepom, XopHom, IIumMoHH 1 XONbTOM H H3BECTHOH Kak
HepaBeHcTBo KXIIX [12]. KBanToBas MexaHHka TpeOyeT 4TOOHI

S=-2J2 . (2.14)

ITocne Toro, kak mpousomna nepeaada, Anuca u bod Moryt ny6nu4yHo
00OBSBHUTB, KAKHE OPHEHTALMH AHATH3ATOPOB OHH BRIOMPAJIH B KAXKJ0M KOH-
KPETHOM JKCIICPHMEHTE, H Pa3AeaHTh IKCIICPHMEHThI HA JBE Pa3IHYHbIC
rPYNIBL B NEPBOM rpynne OyAyT 3KCIIEPHMEHTRI, B KOTOPBIX OHH HCIIONB30-
Ba/IH OTIHYAIOIIHECH OPHEHTALIHH aHATH3ATOPOB, a BO BTOPO# — T€, B KO-
TOPBIX OPHEHTALMH aHAINU3aTOpoB coBnaaand. OHH Takxke 0oTOPAaCHIBAIOT
BCE DKCIIEPUMEHTHI, B KOTOPBHIX OAMH M3 HUX HIH OHH 00a Boob1e He cMor-
M 3apeTUCTPHPOBATHL HU 0AHOM yacTuusl. [Tocne atoro Anuca u bo6 mo-
I'YT OTKPBITO NOKA3aTh PE3yNbTaThl, KOTOPHIE OHH MOJYYHIH B paMKax OXHOH
TONBKO MEPBOH TPynNNkbl IKCICPUMEHTOB. DTO MO3BONAECT UM YCTAaHOBHTD
3HaYEHHE S, KOTOPOE, €CIIH YaCTHILIBl HE OBITH NPAMO HJIX KOCBEHHO «BO3-
MYLICHBI», AOMXHO COBMAcTh CO 3HauyeHHeM (2.14). Taxoe coBmaaeHue
JIAeT 3aKOHHBIM IOB30BATENAM IaPAHTHIO, YTO PE3YAbTATHI, MOJyYCHHBIE
HMH BO BTOPOI rpyIine H3MEPEHUH, aHTUKOPPETHPYIOT U MOryT OBITH TIpe-
obpa3oBaHbl B CEKPETHYIO CTPOKy OMTOB — KITIOY.

TMoacnymusarowmuit arent, EBa, He MOXET H3BJIEYp U3 YACTHL HUKa-
KO MH(QOPMALHH Ha MX MYTH OT HICTOYHHUKA K 3aKOHHBIM MOJb30BATENAM,
MPOCTO NMOTOMY, YTO TaM HHKakoil HH(opMmauuu He 3akoaupoBaHo! MH-
bopMauus «POXKIAAETCA» TONBKO IOCIE TOro, KaK 3aKOHHBIE MOJb30Ba-
TETH BBIMOJHAIOT U3MEPEHHSA U MOCIE 3TOr0 OTKPHITO obmarorcsa. Esa
MOJXET MOMBITATHCA MOACTABHUTh CBOM COOCTBEHHBIEC MPHUI'OTOBIICHHLIE
naHHble Anuce u boOy, 4ToOBl WX 0OMaHYTh, HO Tak KaK OHa HE 3HAET,
Kakasd OpPMECHTALHs aHATH3aTOpoB OyaeT BhOpaHa A1 JAaHHOH maphl
4acTHI, Y Hee HET XOPOLIeH CTpaTeruu, KOTopas no3sonuna Osl eif oc-
TaThCAd HE3aMEUYEHHOH. B 3TOM cnyuae ec BmemarenbcTBo Oyaer k-
BHMBAJICHTHO BBEACHMIO 3JIEMEHTOB QuU3UUECKOU PealbHoCmuy B HaNpaB-
JCHH MMOAPH3ALMH ¥ MOHKU3UT BEINIHHY S HHKE €€ (KBAHTOBOTO» 3Ha-
yeHus. Takum o6pa3oM, Teopema benna MoxeT BoIABUTE (pakT moxacay-
IIHBaHHA.

2.4.2 Kpumepuu 3awumor

Mb1 nyyine BCero NpoaHaIu3HPYeM NOACTYITHBAHHE B CHCTEME, €CJTH MPH-
MeM caMblil ya0OHBIN AN NOACTYIMBAHUSA CLICHAPHH, @ HMMEHHO, 4To EBE
pa3peIIeHO NpPUIrOTOBUTH BCE mapsl, kotopeie Anuca u bob 6yayt B no-
CNEACTBHMH HCTIONb30BaTh A4 YCTaHOBIEHHUS Kmoda. TakuM 06pa3om, Mbl
MPHHUMaeM Haubonee KOHCEPBATUBHYIO TOYKY 3PEHHA, KOTOPasi NPHUITHCHI -
BAcT BCC BO3MYIICHHE B KaHa/E MOACTYIMIHBAHHIO, AAKE €CTH HA CAMOM
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aene Gonemas ero yacte (eciM He BCE BO3MYLIEHHE) MOXET MPOHCXO-
JAHTb OT HEBHHHOTO ITyMa, OTHOCALIETOCS K OKPY»Kalowei cpeae.
HauneMm Hamm aHanu3 MoACHyIIHBaHHS B Ayxe Teopemnl benna u pac-
CMOTPHM NIPOCTOH ciy4a#, B kotopoM EBa TOuHO 3HaeT, B KakOM cOCTOSI-
HHH HaXOJHUTCS Kaxkaad 4acTHua. Benen 3a paboroit [46] npeanonoxum,
yro EBa mpuroraBnuBaer kaxpoe cocrosuue B JIIP mapax pasaensHo,
TaK YTO KaxJAas OTAE/NbHAA YacTHLA B KaXA0#H mape obnaxaer 4eTko omn-
peAcICHHOMN MoaspH3alHeH B HEKOTOPOM HaNpaBICHHH. JTH HaNpaB/ICHUS
MOTYT MEHATBCA OT MapHl K Mape, H MOXKHO CKa3aTh, 4T0 EBa ¢ BeposTHO-
cteio p(6, 6,) npuroraBnuBaeT 4acTuly ANHCH B COCTOSHHHM |6) u 4ac-
tuny boba B cocroanum |6,), rae 6 u 6, — 310 ABa yria, OMHCHIBAKOLIHE
MOMAPH3ALMH, OTIMKEHHKIE OT BEPTHKANBbHOM ocH. Takoi THn npHrorosne-
Hua gaet EBe monHbii KOHTPONB HaA COCTOSHUAMH UHOUBUOYANbHbIX Y-
crun. MMenno B aToM cnywae y EBni Bcerga ecth npeumyinecTeo, 1 Anu-
ca U bob momxkHbl U30eraTh YCTAHOBICHHS KJII0YA; OHH Y3HAIOT 06 3TOM,
OLICHUB BEIHYHHY |S|, KoTOpas B JaHHOM ciyuae O6yaeT MeHbLIe V2. Yro-
6B 3TO YBHACTD, 3aMHINEM ONEPATOP INTIOTHOCTH AN KOXKAOH Napsl B BUAC

8.)(@.

7l2

p= | p@,8,)

~-xl2

®16,)(6,|d6,46, . (2.15)
VYpasuenne (2.13) ¢ coorBeTcTBYIOIIHM 00pa3oM BHAOH3MEHEHHBIMH

k03 pHIHEeHTaMH KOPPETALHH BHITISAUT TaK

n/2

S= | p(6.,6,)d6,48, {cos[ 24 ~8,) cos| 24 ~6,)]
+ cos[2(¢," -0, )]cos[2(¢§ -0, ):|
+ cos[2(¢2“ -6, )] cos [2(¢3b - 91,)]

~cos[ 2(¢5 ~8,) Jcos[ 2(4? —e,,)]} , (2.16)
M IPUBOJMT K
/2
S= [ p(o..6,d6,d0,J2cos[2(8,-6,)] , (2.17)
-al2
YTO O3HA4YaACT
L<s<\2 (2.18)
AJIA KAXKA0ro CoCTodHHUA, OMHUCBIBAEMOrO paCl'lpC}ICHCHHCM BCpOHTHOCTH

p(6,.,6,).

Scno, uto EBa MOXET OTKa3aThCS OT MOJHOTO KOHTPOISA KBAaHTOBBIX
COCTOAHHH HHAHMBHAYANbHBIX YACTHI B I1apax H NEpenyTaTh N0 KpaiHeH
Mepe HekoTopeie U3 HuX. Eciin Op oHa cobHpanack MpUroTOBUTE BCE NAphI
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B NOJHOCTBIO NIEPENYTAHHBIX CHHIVIETHBIX COCTOSHHAX, TO OHA Obl OTEpP-
7a BECh KOHTPOJIb ¥ BCE 3HaHME O AaHHbIX Anucel ¥ boba, koropele nerko
cMornu OBl Teneph YCTAHOBUTb CEKPETHBIN KIMIOY. JTOT ClIy4aH HE peau-
CTHYeH, MOTOMY 4TO Ha mpaxtuke Amuca u bob HHkorga He 3aperucTpu-
pytor |S]=2 \/2. Ognako, ecin Esa IIPUTOTABIUBACT TOMBKO YACTUYHO Ie-
penyTaHHsie maph, To Torga Amuca 4 bob Bce eme MOryT yCTaHOBMTD
abCOIOTHO 3aLMUINEHHBIH KITIOY, IIPH YCIOBHH, YTO OHH MCIIONB3YIOT aJro-
pHUTM keanmoeozo ycunenus cexpemnocmu (KYC) [47]. Cnyuaii vac-
TH4HO nepenyTanHbix nap,V 2 <|S|< 2V2, sBnseTcs HanGoIee BaXHbIM, H,
4TOOBI YTBEPXKJAaTh, YTO y HAC €CTh ACHCTBYIOWAsA CXeMa pacnpeacne-
HHS KJII04@, Mbl AOJDKHBI JOKA3aTh, YTO U B 3TOM KOHKPETHOM Cl1y4ae MOXHO
yCTaHOBHTD K04, Onyckas TEXHHUECKHE ACTATH, MBI NPEACTABHUM TOIb-
ko ocHoBHY10 uaeto KYC; aeranu MoxHo Haittu B pabore [47] u B pa3ze-
ne 8.4.

Bo-nepBeix, 3aMeTHUM, YTO HUKAKHE JBE YaCTHLIbI, HAXOAALMECT COBME-
CTHO B YHCTOM COCTOSIHHH, HE MOTYT OBbITh IIEPENYTAaHBI HH C KAKUM TPETh-
uM ¢u3udeckuM oonrexToM. CreaoBatenbHo, mobast puzuyeckas npouesy-
pa, xoropas npeaocrapiaser HaM 1P mapsl B 4HCTBIX COCTOAHHAX, JOJ-
*Ha ObIJIa TaXKe YCTPAHHUTD NEPETYThIBAHHE MEXAY MI000H U3 3THX map
u moboit apyroit cucremoii. Cxema KYC ocHOBaHa Ha MTEpauMOHHOM
KBaHTOBOM aJrOPHTME, KOTOPBIH, €CIIH €ro BLINONHATb C abCONIOTHOH
TOYHOCTBIO, HayaB ¢ Habopa JIIP map B cMEIIaHHBIX COCTOSHHAX, OT-
Opocui 651 HEKOTOPHIE U3 HUX H NPHUTOTOBHI OBl OCTABIIMECS B COCTOA-
HHUAX, CXOAAIMXCS K YUCTOMY CHHIJIETHOMY cocTosHuIo. Ecnm xe (kak
JOJDKHO OBITh B PEaJbHOCTH) aATOPHUTM BHIIIOIHSAETCA HE BIIOIHE COBEP-
WEHHO, TO ONEPATOpP TUIOTHOCTH NS Map, OCTAIOLMXCA IOCHE KaXKJOH
UTEPALUH, OYAET CXOAUTHCA HE K CHHITIETHOMY COCTOSHHIO, HO K HEKOTO-
poMy OIHM3KOMY K HEMY COCTOSHHIO; OJHAKO CTENEHb NEPEMyThIBAHUA C
M100bIM NOACTYIIMBAIOIIMM ar€HTOM OyIeT, TeM HE MEHEE, NMPOJOIXKATD
NajaTh, ¥ €6 MOXHO JOBECTH A0 MPOHM3BOIBHO MAJIOH BEIHYHHB. AnHca
u bo6 moryr sumonansare KYC, naxomsich B ymaneHuu Apyr OT Apyra,
NyTEM NOCIEAOBATEABHOCTH JIOKAIbHBIX YHUTAPHBIX ONEPaLHH H H3Me-
pEHHH, cornacoBbiBas MX uepe3 orkpeIThi kaHan. KYC moxHO ocyme-
CTBUTb C NMOMOINBIO METOAMK, KOTOPBIE B HACTOsALIEE BpeMs paspabathl-
Batorca (cm. [48]).

CymecTBeHHbiM 351eMeHTOM npoueaypbl KYC aBnsercs cxema «oum-
eHus nepenytbiBaHus» [49] (cm. rnaby 8). HeaaBHo 66110 oka3aHo, 4To
MOXXHO OYHCTHUTH NIOObIE YACTHYHO NEPENMyTaHHbIE COCTOSHUA YaCTHL[ C
asyms coctosHusamH [50]. Takum oOpa3oM, ecnu TOIBKO ONEpaTOp IIOT-
HOCTH HE MOXET ObiTh 3aITMCaH KaK CMECh ITPOU3BEACHHUH YUCTHIX COCTO-
AHHUH, T.€., OH HE umeeT popmy (2.15), Anuca 1 bob MoryT nepexuTpuTh
Esy!
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2.5 KBaHTOBOE NOACJTYININBAHHAE

IMpouenypa KYC tpebyeT TexHONOrHH, KOTOpas Ha CErOAHSLIHHHA ACHb
ewe He BNoOnHEe pa3Burta. [losTomy aaBaiite oOcyaum ApyrHe MeETOABI,
ropa3no bonee OMH3KHE K IKCHEPUMEHTANTBHOMY OCYIIECCTBICHHIO. DTH
METOAB! BaXKHBI, TAK KaK MBI XOTHM IOCTPOHTH NMPOTOTHMBI pacmpencie-
HHA KJII049a Ha OCHOBE HMEIOIIEHCA ceifuac TEXHOIOTHH, M HaM Ha 0 Ompe-
JEITUTD YCIIOBHA, MPH KOTOPbIX OHH OyAyT ACHCTBHTENBHO 3aLIMINECHHBIMH.
TIpuBEACHHOE HUXKE PACCYXKACHHE ABIAETCA OOIIMM, H €r0 MOKHO IIPHME-
HHTb KaK K OJHOYACTHYHOMY, TaKk M K OCHOBAHHOMY Ha INEpenyThIBAHHH
pacnpeaeneHHuIo kiroueii. OAHaKo, B YHCTO MEAArOTHYECKUX LENAX, HALIe
onucanue OyaeT npeanonarate OJHOUYACTHYHYIO CXEMY, B KOTOpO# AnHca
nocsnaetT boby ¢oroust.

2.5.1 Hcnpaerenue owubox

IlockonabKy BaxXHO, 4TOOBl Y ATHCE H BoGa GBIIH MACHTHYHBIE CTPOKH
OHMTOB, OHH NOMKHBI HCIIPABIIATH PACXOXKACHUSA B CBOMX IPOCESHHBIX KITIO-
4ax. JTOT IIar, Ha3pIBAa€MbIH COrTACOBAHHEM HMJIH HCIIPABICHHEM OIUOOK,
MOJXKET HCIIOIB30BATh OTKPBITHIH KaHA, HO OH AOJDKEH NpeaocTaButh EBe
HACTONBKO MaJl0o HHPOPMALIHH O COTNIACOBAHHOM KJIIOYE, HACKOIBLKO BO3-
MOXKHO (HITH HCIIONIB30BaTh HACTONBKO MAJIO CEKPETHBIX OUTOB, HACKOIbKO
BO3MOXHO, ecid Anuca u bo6 pewar zamudpoBate HauGonee BaKHYIO
4acTh CBOETO OTKPBITOr0 OOLIEHHA C NOMOIUBIO PAHEE YCTAHOBIEHHOTO
CEKPETHOro Kiro4a). MHHHMaIbHOE YUCNIO F OHTOB, KOTOPBIMH AJIHCA H
bo6 nomxHBI OTKPBITO OOMEHATBCA, YTOOBI HCNIPABHUTh CBOH JAHHBIE, OTI-
peaenserca teopemoi lllennona o xoaupoBanuu [32]: B HameM cny4ae,
KOTAA KaXKIblH OUT mepesaeTcs HEKOPPEKTHO ¢ BEPOATHOCTBIO OLIMOKH €&,
HE3aBHCHMO AN KaXKAOro NepeAaBacMoro OHTa, TeopeMa YTBEPXKIAET,
4TO .

r =n(-¢log, & —(1-¢&)log,(1-¢)) (2.19)
rae n 0603HaYaeT NIHUHY NMPOCESHHOTO KIIIOUA.

VY Tteopemnl IlleHHOHA €CTh HEKOHCTPYKTHBHOE AOKAa3aTENbCTBO, KO-
TOPOE O3HA4aeT, YTO MBI 3HAEM, YTO CYLUECTBYET CX€Ma HCIPABJICHHUA,
OTKpBIBAIOLIAsA BCCrO # OMTOB CEKPETHBIX AAHHBIX, HO TEOpEMa HE JAeT
HaM sBHOH npoueaypsl. OGBIYHbIE THHEHHBIE KOABL, HCIIPABIAIOLIHE OMIHO-
KM, OKa3bIBAIOTCH B 9TOM OTHOLIEHUH AOBONbHO HEIpdekTHBHbIMHA. OaHA-
ko, bpaccap u Canssiin [S1] npuaymany npakrH4eCKyr0 HHTEPAKTHBHYIO
CXEMBI KOPpEKLHH, KoTopas 6mu3ko nmoaxoauTt k npeaeny Llennona. Ita
cxema paboTaeT CAeAyIOWHNM 0Opa3oM:

Anuca u bo6 rpynnupyror cBou GHTH B GI0KH ONPEACIICHHOTO pa3Me-
pa, KOTOPBIH A0/KEH ObITh ONTHMH3UPOBAH KakK (PYHKLHA YPOBHA OmIHO0K.
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Onn o6MeHHBaIOTCS HHPOPMALHEH O YETHOCTH KaXX0ro 6110Ka 10 OTKpPHI-
TOMy KaHany. Eciu ux 4eTHOCTH COrnacyiorcs, TO OHH IEPEXOAAT K Clie-
aywomeMy 6yoky. EciM 4eTHOCTH HE COINIacylroTcs, TO OHHM 3aKIIO4aloT,
4YTO B COOTBETCTBYIOLIEM OJIOKE OBIJIO CAEMAHO HEYETHOE KOJIHYECTBO OLIH-
60K, ¥ MIOYT OAHY M3 HUX PEKYPCHBHO, pa3pe3aB 6J10K Ha ABa NOAONOKA H
CpaBHHBAas YETHOCTH B MEPBOM MOAONOKE. €CJIH YETHOCTH COBMAAAIOT, TO
BTOPO#i MOAOJIOK COAEPAKHT HEYETHOE YHCNO OITHOOK, a €CITH Pa3NHYaloTCs,
TO HEYETHOE YHCJIO OIHOOK COAEPKHTCA B NIEPBOM O10ke. ITa mpoueaypa
PEKYPCHBHO NMPOO/DKACTCA B MOAOIOKE C HEUYETHRIM YHCIIOM OLIHOOK.

ITocne sToro mepBoro mara xaxablii paccMaTpUBaeMblii 610K coxep-
XHUT 1060 4YeTHOe uncno omubok, nubo HU oxHoM. 3aTtem Anmca u bob
NEPETaCOBbIBAIOT MOJOXEHHA CBOUX OHTOB H MOBTOPAIOT TY XK€ MPOLIEAY-
py ¢ 6nokamu Gonpmero pa3mepa (3TOT pa3Mep TAaKXKE ONTHMH3HPYET-
ca). OgHaKO €CnM UClpaBasercs omuoka, To Anuca ¥ bob MoryT 3akinro-
YHTb, YTO B HEKOTOPHIX pAHEE PACCMOTPEHHBIX OI0KaX TENEPh COAEPIKUTCA
HedeTHOe yucno omu6ok. OHU BEHIOMPAIOT HAUMEHBIIUH H3 3TUX 6JIOKOB H
PEKYPCHBHO, KaK M paHblIe, UCIIPABIAIOT OAHY omubKy. Tak oHM mocTymna-
IOT IO TeX IOp, MOKa B KAXJAOM paHee PACCMOTPEHHOM OJIOKE HE OKaXeT-
¢4 MuO0 YeTHOE YMCTI0 OIIHOOK, THOO HH OJHOMH.

Jlanee npoaoxalOTCA aHANOrHYHBIE IHATH, 1 HHTCPAKTHBHOE HCTIPAB-
neHue OlKO0K OCTAHABIHBAETCA ITOCHE ONPEAENEHHOr0 YHUCIa Iaros, 1o
YHUCJIO MAroB JOJKHO OBITH ONTHMMH3HPOBAHO, YTOOBI MAaKCHMH3HPOBATh
BEPOATHOCTH, YTO HE OCTAJOCh HUKAKUX PACXOXKACHHUH, H, B TO XK€ BpEMH,
MHHHMH3HMPOBATh YTEYKY CEKPETHBIX JAHHBIX. B oTiaMuMe oT cxeMmr Hc-
NIpaBNEHHU A, UCIIONL30BAHHOM B OpUruHanpHoi pabote [42], 3Ta cxema Hc-
MpaBJICHUA He oTOPAachIBAET HH OAHOro OHUTA U3 MPOCESHHOrO KJIKO4a.

2.5.2 Ycunenue cexpemrocmu

K atomy moMenTy y Anuch 1 bo6a ecTb, ¢ BLICOKO# BEPOATHOCTBIO, HIACH-
THYHBbIH COTIacOBaHHBIH K04, OHH TaKXKe TOYHO 3HAIOT YPOBEHb OLIHOOK
£, KOTOPbIH JAa€T O4E€Hb XOPOIIYIO OLEHKY AN BEPOATHOCTH OIIHOKH &.
Amuca v bo6 mpeanonaraort, 4To Bce OIIHOKH OBINMM BHI3BAHBI MMOTEHIIM-
anbHBIM NMOACHYIIMBalOMMUM areHToM, EBoit. Kpome Toro, onu yuurtbiBa-
10T YTEUKy BO BPEMs LIara MCIpaBJCHHs OMMOOK, €K OHH ecTb. OTCIO-
Jla OHH BBIBOAAT T, YHCNO OMTOB, HAa KOTOPOE HAaAO COKPAaTHTh COINIACO-
BaHHBIH K104, 4TOOB YMEHBIIHTD HHPOpManHio EBB 0 KOHEYHOM KiTIO4E
HWKE 33AaHHOro 3Ha4yeHus. ToyHee roBopd, B OONBIIMHCTBE MPOTOKONOB
KBAHTOBOro pacnp€aciCHHA KaK4a, A1 AJAHHOro LEIoro t Anuca Cl1y-
yalHo BeIOHpaeT Matpuny K pasmepa (7 — t)xn (co 3HaueHusamu 0 unu 1)
H oTkphiTo nepeaact K boby (ne 3amudporiBas ee). KoneuHsiit cexper-
HBIH KJI04 TOrAa paBeH
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kxoue'muﬁ = K ' kcm‘nacmam-mrﬁ (mOd 2) (220)

rae ko= Kk, k), k.€{0,1} obosnavaeT cornacoBaHHRIH KITKOY.

OcymecTBHTh YCHICHHE CEKPETHOCTH JIErKO, HO JOKa3aTeNbCTBO 3a-
IIMIIEHHOCTH BCEr0 MPOTOKOJIAa KBAHTOBOIO PacHpee/icHHA KIo4Ya sABIf-
€TCs TPYAHOM TEOpEeTHYECKOH 3aja4yei kBaHTOBOM Kpuntorpaduu. IToaro-
My AOKa3aTeJbCTBA 3aMHIEHHOCTH NPEJIaraainuch o HapacTalomei npo-
THB Bce Oonee u 6onee MomHmX atak. OOBYHO MBI AETMM 3TH aTaKH Ha

ABC KaTCropHuH:

~ r
)
Annca Bo6
KpanToBbIif Xanan B
Keanm. wugp Keanum. wugp
: '““1 U —] |
doronsl [Tj -
AnHcs LY — -

’ Era
! [ KBantosas namsrs | p—
ITpo6sI

EBbl r h—l[ [ Keantoras namsrs | D—
- ﬁr— —1] '| KpanTopas naMath l | o

Puc. 2.8. HekorepeHTHble aTaku: Kaxabli GOTOH HE3aBHCHMO NEPENyThIBAETCS
¢ 2-kyOuTHOI# npo6oii. ITpo6bl xpaHATCS B KBAHTOBOH MaMATH BIJIOTh A0 06 BAB-
neuus 6asucoB uaMepeHHii. Torna kaxaas npoba u3MepsAeTCs HE3ABHCHMO OT
JpYTHX.

1. Hexorepentusie ataku (Puc 2.8). B HekorepeHTHBIX aTakax, HJIH
OQHOYACTHYHHIX aTakax, EBa orpaHM4yeHa NepenyThiBAHHEM KBAHTOBOH Npo-
651 7, ¢ onauM (oToHOM 3a oaMH pa3. OHa MOXET COXpaHATs 7, 10 TeX
nop, noxa bo6 He uamMepuT nepenyTaHHb# GOTOH M HE 3aBepIIATCS BCE
OTKpBITBIE COOOImEHMs Mexay Amucoit 1 BoGom. Pasymeercs, Anuca u bo6
He MOTyYT cka3arb, xoraa EBa uamepser cBoH mpoOsl — JO HIIH MOCIE TOTO,
kak bo6 usmepser cBou porons. CrexoBaTensHo, HAaWAy4IIeH cTpaTerHei
ans EBn 6yner noxoxaats, moka Anuca U bo6 orkpeito 06paBAT 6a3uchl
HU3MEPEHHMS, ¥ TOrAA MO-YMHOMY H3MEPHTD CBOH MPOGHI, YroOB H3BIEYD KAK
MOoxHO Gonpie uHpopmanuu. OAHAKO B HEKOTEPEHTHRIX aTakax EBa orpa-
HH4YCHA TEM, YTO AOJDKHA U3MEPAThE BCC .'?x HHINBHAYAJIbHO.
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Bonee neranbHO, NpHHMUMas B pacyeT CLEHApPHH, NPEACTABICHHKIA B
pazaene 2.3.1 u obo3Hayas HawanbHOE cocTosHHME npobe y EBu uepes
|E),, nanbonee obmee yHuTapHoe npeobpasosanue {4 mepemyThIBaroLIce
P, ¢ poronoM Anucel Burasgut (B D-6a3uce) xak

|E), |3)—4—|ES)|T) +|E2) ) @.21)
|E), | ) —£—|ES)|T) +| ER ) o) 2.22)

FAC CHMBOJIBI IE,.J.“’) 0603Ha4al0T HEHOPMANH30BaHHBE COCTOAHUA 7. [lo-
CKONbKy MOXHO BhIOpath |E), M3 nOKpHITHA {IEi‘®>}iJ’ MBI MOXEM MpPEATIO-
NIOXHTb, YTO 7, ONHCHIBAIOTCS 4-MEPHEIM runbdepToabe MNPOCTPAHCTBOM,
T.€., KaXaad npoba OnMMCHIBAeTCA ABYMs KyOHTamH.

Ecnu Anuca mner cBoit potoH B ®-6asuce, To AeiicTBHe £ BEHIBOAMT-
caus(2.21, 2.22) ¢ noMOWBIO JTUHEHHOCTH

|E), | 7)== EQ) )+ | )™ (2.23)

|E),[N) | E)O) +|ER)N) (2.29)
rae

152) - E&%)+|E3§);|E§§)+]Eﬁ) 025

|£3) = E3>+1E3>;|E3>‘|Ef‘7> 0226

SRR .

|E3>=|E$>‘|E$>;|E$>+|Eﬁ> | 2.2%)

EBa nomxua BeOparh Taxoe npeoOpazoBanue &, uto

1. moacnymuMBaHHe OCTAETCA OCTOPOXKHBIM, T.€., HAalpUMeEp, BEPOSAT-
HOCTB, uT0 B06 namepser |I), Torna xak Anuca oTnpasuna |[¢), He aon-
XHA MMPEBBIATD AOMYCTHMOrO YPOBHA OOk, MOXHO YBHAETH, YTO 3TO
TpeGOBaHHE IKBHBAJIEHTHO TOMY, YTO HOPMBI (EU,@IEU‘") H <Ez;r®lEu®>’ i#j,
JOJDKHBI OBITh MaJEl (ITH BEPOATHOCTH OOBIYHO HA3BIBAIOT MOMEXAMM).

2. nogcnymuBanue 3¢p¢pexTuBHO, T.e. EBa JO/MKHA MAaKCMMH3HPOBATH
BEPOATHOCTH YraJaTh IPaBUJIbHOE 3HAYCHHE OHTa, 3HAS MCIIO/Ib30BAHHBIi
fa3uc (oHa y3Hama ero M3 OTKPHITOrO KaHala) M, COOTBETCTBEHHO, H3Me-
psas csoro npoOy. Hanpumep, npeanonoxum, uro EBa y3Haer, uro i-biit
¢oron 6b11 nocnaH B @-6asuce. Toraa oHa 3HAET, YTO €CAM 3HAYEHHUE CO-
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orBeTcTByOmEro 6ura y Anuce pasuo 0, To y EBu npoba 7, nomina
OBITH B CMELICHHOM COCTOSHHH:

Po = Trora| (U1}, |3) (U] 2),[3))'] 2.29)
=| Eo){Ea|+ | Ea)E| - (2.30)

AHanoru4Ho, eciu AnHca OTOpaBHia CBOH (POTOH B COCTOSHHH <>
(cooTBeTcTBYIOmEM 3HaYeHH1O GUTa 1), T0 y EBBI poba fomKHA OBITL B
CMEILIAHHOM COCTOSIHHH!

P =Tr,. [(UlE)i () (@E) ) | @.31)

SENCINE @

CnenosatensHo, EBa nomkHa pemuTh, HACTONBKO BEPHO HACKOIBLKO
3TO BO3MOXHO, HAXOAMTCH JIH €€ Npoba 7, B COCTOAHHH p, HIH p,. Usse-
¢THO [52, 53] uTO 3TO pelweHHe JOCTHIAETCA ¢ TOMOIIbIO M3MEPEHHS HA
npobe 7. MaMepeHHasd NMEpeMEHHAs ONMpPEAENseTCs €€ COOCTBEHHBIMH
BEKTOpAMH, KOTOpbIE, B JAHHOM Clydae, COBNAJAIOT C COOCTBEHHBIMH
BEKTOPaMH p, — p,.

I id
R
Anvca bo6
Keanm. wugp KpanToBBIf kaHan Keanm. wugp
QoTOHbI MioBoe ’-
AnHCHE yHHTapHOE -
npeobpaloBakHe -

e

OrpomMHas npo6a
EBsi, moboit
Pa3MEPHOCTH H B
J1060M COCTOSAHHH

OrpoMHas
KBaHTOBas
NaMAThb

KBautoBblii
KOMIBKOTED

Puc.2.9. KorepeHnTHbie aTak: EBe paspemeHo Hcnonb3oBath npofy noGoit
pa3sMepHOCTH B J11060M HayajbHOM COCTOSHHH M NMEPENyThIBaTh e ¢ GOTOHOM,
nocnaHHLIM AnHcolt, mo6bIM YHHTapHEIM 06pa3om. J1a npoba XpaHuTed BIUIOTD
o o6LaBieHH s Ga3zHcoB

OnTuMH3aLHs 3TOro MepenyThBaHHS TWATENLHO 06CyXaanace B pa-
6orax [52]-[56] ans pa3nHyHBIX NPOTOKOIOB OAHO(OTOHHOTO KBAHTOBOTO
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pacnpefeneHds kno4da. Pe3ynsraTthl 3THX paboT CBA3BIBAIOT BEPOATHOCTD
OIIHOKH B KBAHTOBOM KaHale (MM MOMEX) C MAaKCHMAaNnbHOH HHpopmaLu-
eil, koTopyro Morna nony4uts Esa. 3Has 3Ty BenHMYHHY (TOYHEE rOBOpS, CBA-
3aHHYIO C HEH BEIHYHHY, Ha3biBaecMyl0 uHbopmauuel PeHbH) MOXHO HC-
HONb30BaTh 0DOOIIEHHYIO TeopeMy 00 YCHICHMM CEKPETHOCTH [57], uTo651
BBIYHCIIHTh MAapaMeETP CXKaTHs T, FAPAHTHPYIOIHH OXHAAEMYIO CTENEHb
koH(puaeHUHANBHOCTH. Y Teuka HHGOPMALHH CYHTAETCA JOITyCTHMOM, €ClTU
T AOCTAaTOYHO MAJIO MO CPABHEHHIO C Pa3MEPOM COINIACOBAHHOTO KJIKOYA.

2. KorepenTusie araku (Puc. 2.9): npy KOrepeHTHBIX HJIH COBMECTHBIX
arakax EBa Moxer mi00bIM yYHHTapHHIM 00pa3oM mepenyTeiBaTh npoOy
mo0boif pa3MepHOCTH H B 11000OM COCTOSHHH CO 6celi nOCIe008amenbHO-
cmoio nepeaasaemeix ¢oroHoB. OHa yaepxkuBaer 31y Sonsiyio nmpody xo
TEX MOp, MOKA HE 3aKOHYATCH OTKPHIThIE OOCYXAEHHSA, U 34TEM MPOH3BO-
AMT Haubonee obmee H3MEPEHHE MO cBoeMy BhIGOpy. CaMbrit 06muii knace
H3MEPEHHH Ha3bIBACTCS MOJOXHUTEIBHO ONPEACICHHBIMH ONEPATOPHBIMH
mepamu (IIOOM), ux H6onee noapobHOE ONMMCAHHE MOKHO HAHTH, HAMPH-
Mmep, B pabote [58].

I

-« v
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AJinca Bob6
Keanm. wugp KBaHTOBBIH KaHa Keanm. wugp
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Mpo6ut —[—__jr m } KBanToBasg namare
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Ksaurossiit

KOMITLIOTED

Puc. 2.10. KonnekTHBHbIEC aTaKM: aHAJIOTHYHO KOTEPEHTHBIM aTaKaM, HO TeNephb
Ese paspemeHo caenats mobaisHoe 0606meHHOe H3MepeHHEe Ha Beex npobax,
paccMaTpHBAaEMBIX K&K €JIHHas KBaHTOBasA CHCTEMa.

Konnexrusueie araxu (Puc. 2.10) oOpa3syior noakmacc KOrepeHTHBIX
aTak, B KOTOPOM KaxJblH GPOTOH ATHCH | HHIUBHAYabHO EPENYThI BACT-
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ca ¢ oTaenpHOU npoboi 7. Cnenosatensno, Epa nmonyyaer npoOsl B Ta-
KHX XK€ COCTOSHHAX, KaK M IPH HEKOTEPEHTHHhIX arakax. OZHAKO mocie
TOTO, KaK 3aBEPIICHBI BCE OTKPHITHIE 00CyxaeHus, EBe paspemaercsa npose-
ctu moboe ITOOM Ha Bcex npobax, paccMaTpHBacMbIX Kak Oonbluas eau-
Hast KBAHTOBAasi CHCTEMA. 3aMETHM, 4TO NIPH KONNCKTHBHOM aTake nepea 3TUM
TTOOM, unuBHAYanbHEE TPOOBI 77, HEMEPEMYTaHbl M HE3ABHCHMBI JPYT OT
apyra. TpyaHo moka3aTh yTBEpXKIEHHS O 3alUTE OT KOrepeHTHbIX arak. Ha
CErOJHAIHUM ACHb PaCCMOTPEHBI TONBKO JTHHECHHBIE MPOTOKOJIBI UCIIPABJIC-
HUA omuOOK, a HE MHTEPAKTHBHOE ucnpaBicHue omuOoK. Jloka3aTenscTBo
HaJC)KHOCTH TAKHX ITPOTOKOJIOB NPH 3alUTE OT KOJUIEKTHBHBIX aTak MOXKHO
Haiitu B pabore [59], a nporuB o0mux KorepeHTHBIX arak — B pabore [60].

Hnentndukanus: Kak Mbl yxe rosopunu, Anuca u bo6 aomkHb
HAEHTH(HLUHPOBATH CBOIO CBA3b, YTOOBl COCYUTATh BO3MOXHBIC aTaAKH CO
CTOPOHBI 4YenoBeKa MexAy HUMH. OHM JOMKHBI TakXke YOEAUTHCH, YTO
oHH 3¢ ECKTHBHO BIAACIOT HOBBIM CEKpeTHbIM KimodoM. K cuacteio, cy-
HICCTBYIOT K/I1aCCHYECKHE KPUNTOrpa(pHueCKUe METOAUKH, PELIAIOIIHE ITH
3aJa4H C IMPOM3BOJIBHO BBICOKOH BEPOATHOCTBIO. 3AECh MBI JaEM CXATOE
ONMCaHHE aJTOPHTMA WACHTH(OHUKALUU. 3a JAATbHEHIIMMH ACTANAMH OT-
cei1aeM yutatens k pabore [61]. Obmee obcyxaenue uaeHTHGHKAUM
MOXXHO HalTH B pabote [30].

Ms! npeanonarany, 4to y Amucel 1 boba ects o0mmit uaeHTHOUKALH-
OHHBIH KJI04 A, KOTOpPHIH ABJIACTCSA CEKPETHOH CTPOKOH JBOHYHBIX YHUCE].
TOT K104 KOPOY€E, €M HOBBIH CEKPETHBIN KJIIOY, CO3JAHHBIH C MOMOLIBIO
KBAaHTOBOT'O PACNpEEeNCHMs K/IK04a, HO MBI MPEANONAracM, 4To €ro Ju-
HbI JOCTATOYHO I HeNCH HACHTH(HKAIHH.

Bribpano nenoe uucno ¢: 3to napamerp 3amuthl. [Ipeamonoxum, 4ro
Anuca xouer uaeHTuuumuposatsh A1 boba nanneie M. Hanpumep, aso-
MyHas cTpoka M cOAEpXHT 3apaHee ONMPEACIEHHBIE KYCKH MX OTKPBITBIX
coobwennii. Crpoka M anuub m aenutcs Ha noabnoku P, AmuHEL 25, Tae
s =1t + log,log,m (nocneanuii noabnok npu HEOGXOAUMOCTH 3aNONHACTCS
Hynsmu). Anuca 1 bo6 GepyT nepBbie 25 GHTOB U3 A, KOTOpBIE ONpEAEs-
10T yucio a. Cneaywiye 2s 6UTOB U3 A onpelensioT 4ucino b. Itu 4s
6utos otOpackiBatoTcsa u3 A. 3ateM Anuca u bob ana kaxaoro noado-
Ka P, BOIYUCIAIOT

pl=ap,+b (mod2’) , (2.33)

rae p, 0603HaYaeT YUCIO0, NPEACTABICHHOS ABOMYHOH CTPOKOH P,

[NonyunBunecs uucna p, npeobpasyioTcs B NOTOKH OUTOB JTHHBL § U
COCTBIKOBBIBAIOTCA, BMecTe 06pa3ys M. Orta onepauus nosropsercs (¢
HEU3MEHHBIM §) r pa3, noka M He CTaHET ANUHBI . [ GUTOB HU3LIErO Mo~
psaaxa u3 M_o6pasyror apaeix 7. OcTaBwascs yacte A orbpachiBaeTcs
U HUKOrJa 00JIbIIE HE HCHONB3YETCA.
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Haxkoneu, spasik 1" noceinaerca boby, koTophlii mpoBepseT HACHTHY-
HOCTb M, MPOJENAB TE KE BBIYHCICHUS M CDABHHUB PE3YJIbTaThI.

MOoXHO OCYLIECTBUTD MACHTH(UKALINIO B IPOTOKOIE KBAHTOBOIO pac-
IpeAeICHHs KIIIoYa cleayomuM obpazoM. Anuca naeHTHQUUIUPYET 3apa-
HEE OMpEAe/ICHHBIC KYCKH OTKpPHITHIX coobmeHuii. bo6 aenaer 1o xe ca-
MO€, ¢ APYTUMH 3apaHee ONpPEACICHHBIMH KyckaMu. Ecnu ata naeHtudu-
Kalus MPOXOAUT YCHELIHO, TO KBAHTOBOE PACIPEACICHHE KITI04a CYHTACT-
¢Sl YCMEIIHBIM, H MOXKHO HCIIONB30BaTh HEOONBINYIO YaCTh HOBOTO KITIOHA
B XauecTBE MACHTH(HHKAWMOHHOTO KIIoua s CIEAYIOLIEro ceaHca pac-
npeaencHus. Takum obpasoMm, Anuce H boOy He Hano ewme pa3 BcTpe-
4aThCs, YTOOBI YCTRHOBUTDH HOBBIH HACHTH(PHKAIMOHHBIH K104, [Ipeanono-
XHM, 410 EBa MpeanpUHAIa aTaKy KaK 4CI0BEK, HAXOAAIHICI MEXAY HUMH.
VY EBnl €cTh 0011IMif CEKPETHMH K04 ¢ ATHCOH, U ele OAUH o0Imui cek-
pernbii xmoq ¢ bo6om. Ona 3naer nabop manneix M, naenTuduunposan-
HBIA A THCOI, Tak Kak OHa H3o0paxkana nepea Anucoit boba B Teuenue sce-
ro nporokona. OIHako, MOXHO NMOKa3aThk, 4To, nony4yus I u 3nas M, Esa
MOXET yrajgarh HACHTH(GHUKAIIMOHHBIA KII0Y ¢ HUYTOXKHOH BEPOATHOCTDBIO.
CnenosarensHo, EBa He CMOXKET npOMTH TECT HAa HACHTHQHKALHIO.

2.6 JDKCOEepMMEHTAJbHbIEC PEATIH3IANHUM

IMocne Toro xak rpynnamMu u3 Monpeans — IBM [42] (pacnpeaenenue kmo-
Ya C UCIOb30BAHHEM TOIAPH3OBAHHBIX (POTOHOB H PACHIPOCTPAHEHHS CBETA
B cBoOoaHOM mpocTpaHcTse) B Okcdopaa — DERA [44] (nmepenyrannbie
¢bOTOHBI, PACIPOCTPAHECHHUE 110 ONITHYCCKUM BOJIOKHaM, (pazoBasi KOZUPOB-
Ka) OBINM BBHIMOJIHCHBI MMOHEPCKUE IKCNIEPHMEHTHI, Pa3BUTHE KBAHTOBON
KpHUnTorpaduy NpoaoIKanoch no AByM HanpasncHUsIM. C OQHOH CTOPOHBI,
CTaBHIIACh 3aJa4a ONTHMH3ALHH CHCTEM, OTHOCHTEIBHO PACCTOSHUS CBA-
3H, CKOPOCTH FE€HEpALHH K042 ¥ BOSHHKHOBCHHS OIIMOKH B KBAHTOBOM
oute (QBER). C apyroii cTopOHBI, OXHOBPEMEHHO C 3THM NpPEANPHHUMA-
JUCh MOMBITKH TOCTPOCHUSA CTAOUIBHBIX CHCTEM, 6OJEe MPOCTHIX € TOUKM
3PEHHs MOTEHLMAbHBIX [T0Jb30BATEIICH, OONbIIE HHTEPECYIOMMXCS 3aIH-
IIEHHOCTBIO CBA3H, HEXKEIH KBAHTOBOH MEXAHHKOH M NMpOOIEMaMH ONTH-
yeckoro cornacoBanusd. Kak Obuto mokazaHo B MPEABIAYINUX pasacnax,
o01iue HACH, CTOAIIKUE B OCHOBE Pa3IMYHBIX PEATH3aLUi, OUCHb [TOXO0XKH,
3a uckmouecHneM OIIP-cxeM, OTIHYAKOMMXCS, MIABHBIM 00pPa3oM, THIIOM
MOAYIALMH HIH HCTOAb3YEMBbIM aHaNnu30M. Jlanee MBI paCCMOTPHM HEKO-
TOpBIE YCOBCPLICHCTBOBAHMS KIIO4EH, Ha KOTOPBHIX OCHOB2HAa COBPEMEH-
Hasg KBaHTOBasg Kpunrorpadus.

KpoMe nocTHXEHH MaKCHMAIbHOH HAIEKHOCTH NEPEAIOIIMX H NPU-
HHMAIOIIUX MOAYJICH IIaBHOHM LIENBIO SBIAETCA YBEIHYCHHE PACCTOAHHA
cBsa3yd. BooOume rosops, 3gech UMEETCH ABE BO3MOXHOCTH. IlepBas co-
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CTOUT B YCTAHOBJICHHH MPAMOrO ONTHYECKOrO KaHana Mexay ANHCOH H
BoboM u mepeaauyd curHana B CBOOOAHOM MPOCTPAaHCTBE MYTEM HCIOJb-
30BaHHA TENECKONOB. Bo BTOpPO#l — MPHMEHAIOTCA ONTHUYECKHE BOJOKHA,
IO KOTOPbIM CBET NEPEAAETCS M3 OAHOH TOYKH B Apyryio. Breibop mMeToxa
Nnepejady B TOM MIIM MHOM CTENECHU AHKTYETCS UCMONb3yeMOH JIHHOH BOM-
Hbl. OnTHYECKHE BONOKHA HMEIOT BECbMA MAJIOE MOTJOUWEHHE B TaK Ha-
3bIBAEMBIX TEIEKOMMYHHKAUHOHHBIX OKHaxX B AuanasoHe okoio 1300HM
(0.3505/km). OaHako, HEOOXOAMMBIE ANA 3TOro pexkxuma (GOTOHHBIE Ae-
TEKTOpBI, MOKa HeAocTaTouHo 3 dekTuBHb [62]. Kpunrorpadus, wuc-
nonbp3yromas nepeaady yepe3 cBoOOJHOE MPOCTPAHCTBO MOCPEACTBOM
CHYTHHKOB, HAaXOAAIMUXCA Ha OGIH3nexaIUX OKONO3EMHBIX OpOHTaX, MO-
KET OXBATHIBATH JIIOOBIE paccTOSHUA. [lepBHUHBIE TECTHI, BHIITOIHEHHBIE
Ha 3€MJIE, MTOKA3bIBAIOT, YTO TAKOrO poja KBAHTOBO-KpHITOrpaduyeckas
nepeaava B MPUHIKIIE, BOZMOXHA, N0 KpaHeH Mepe, 15 HEBBICOKHX 3HA-
YEHHAX YHCEN MepeJaBacMbiX OHUTOB.

2.6.1 Koouposanue nonspuzayuu

B nepBo¥i ycTaHOBKE O KBAHTOBOH KpHnTorpaduu B POTOKOJIEC pacrpe-
JCIEHHUS KITK0Ya MCIIOIb30BANUCh PA3THYHBIE MONSPH3ALUOHHBIE COCTOA-
Hus. Ha cranaaprHoO# onTuueckoi ckaMbe AMHHOH 1M Anuca reHepupo-
Baja cnabple CBETOBBIE MMIYJABLCHl IIPH MOMOIIM OOBIKHOBEHHOrO CBETO-
auoxaa (CJ1) n mponyckana KOMTHMHUPOBAaHHBIH CBET Yepe3 HHTEp hepeHLH-
oHHB# QuabTp (550+20HM) M monspusarop. Mcnonsays nBe sueiiku
ITokkenbca, oHa Morsa BHIOpaTh OXHO H3 YETHIPEX COCTOSHHH MONSIpU3aAUUH
(ropuzoHTaNnbHOE, BEPTHKAIBHOE, IEBO- H MpaBo-UHpPKYIsApHOe). B sueiike
INokkenbca BeNMYHHA ABYTY4EHPENIOMICHHS OMPEACICHHOrO KPHCTANLIa 3a-
BHCHT OT NPHJIOKEHHOrO 3JeKTpHUeckoro nonst. Kak npasuno, Heo6xoxuMat
JOCTATOYHO BBICOKHE HAMpsHKEHHs nopsaka 2-4kB ans nmosopoTa moaspu-
3auuH Ha 90°, Cka)XeM OT rOPU30OHTAIBHOM MONSIPU3AUNH K BEPTHKAILHON
(4TO Ha MpaKTHKE OTPAHHYMBAET CKOPOCTb mepekmtoueHus). Ha Brixoxe
KBaHTOBOrO kaHana JiuHOH 32cMm Bob Mor aHaTH3HPOBaTh COCTOAHHUE TO-
NSAPHU3ALKH, HCTIONb3Y CBOHU s4eHKH [Tokkenbca u aeTekTUpys GOTOHBI IPH
oMoy OTOYMHOXKUTENEH, paCTIONIOKEHHBIX MOCNIe Mpu3Mbl Bonnacrona.

ITo MHEHHIO aBTOPOB 3TOM PabOTHI, AAXKE €CITH MOACTYLIMBAKOLIEE YCT-
POHCTBO MOTJIO pa3pyLINTb CUCTEMY IIPH MOACTYLIMBAaHHH IIyMa, CO3aBae-
Moro siueiikamu [1okkenbca, BCE PaBHO B 3TOM NMEPBOM AEMOHCTPALIMOHHOM
JKCIIEPUMEHTE Y>K€ MPOABIACTCA MHOXECTBO NMPHBIEKATENbHBIX OCOOEH-
HOCTEH kBaHTOBOM KpHIrTorpaguu. C camMoro Hauana OGBIN0 MOKa3aHO, KaKOi
MOJXET OBbITh M AOJKHA OBITH MPOCTas 3KCHMEPHMEHTANIbHAA peaau3alus
KBaHTOBOH KpunTorpa¢uu s Toro 4robsl 1000k MoNb30BaTENb KBAHTO-
BOH KOMMYHHKAaLIHOHHOH CHCTEMBI cMor 6onee 3P (HeKTHBHO ee TPUMEHSATD.
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Bonee Toro, 6pina gocTUrHyTa OTHOCHTENBHAS OlKMOKa Ha ypoBHe 4.4%,
YTO INO3BOJIMIO PACIPEAENATh, MOCIe KOPPEKUHH omubku, kiod mo 219
HaAeXHbIM OUTaM 3a BpeMs 85 cekyHA.

Hna toro urobsl obecneuuts GONbIIEE PACCTOSHHE CBA3H MEXAY
Anucoit u bobom, B axcniepumente Mronnepa u ap. [43] 6s110 Hcnons3o-
BaHO ONTHYECKOE BOMOKHO JauHOH 1kM. OaHako, npu pabore ¢ nonspusa-
LHMOHHOHN KOAMUPYIOLIEH CHCTEMOH, OCHOBAHHOH Ha ONITHYECKOM BOJIOKHE,
HeoOxoauMo npeononeTh psaa npenatcTBUid. C OQHOH CTOPOHBI, aHATH3a-
Top boba nomKkeH ocTaBaThCsA COINIACOBAaHHBIM C MONAPH3ALHUCH CBETa,
nocelIaeMoro AJIMCOH; C APYroi CTOPOHEL, NOMSPH3aLUs CBeTa Oyaer u3-
MEHATHCA NPU HPOXOXKASHUH 10 ONTOBOIOKOHHOMY Kabento. Tononoruuec-
KHeE 3¢ EeKTHI, BHI3BAHHBIE TEOMETPHEH CBETOBOTO NMyTH, OYAYT BIHATb Ha
KOHEYHOE COCTOSHHE MOMAPHU3ALHH CBCTA, BHIXOAALIETO H3 OMTOBOJIOKHA
co cropount BoGa [63]. K Tomy xe, ABynyuenpenoMicHue, HaBEACHHOE
MEXaHHYECKHMH HANPSDKCHUSIMH, BHI3BIBACT M (IIYKTyaLIHH KOHEYHOM I10-
JASPU3ALMH, ¥ YMEHBINEHHE CTENICHHM NONSPH3ALHH H3-33 AUCTICPCHH MO~
PH3aLHOHHOHK MOABL. DTO NPUBOAUT K HEOOXOAMMOCTH HCIIOTB30BAHHA O~
HOMOJOBBIX JIa3€POB RS NMONYYCHHUS JOCTATOYHO OOMBIIOrO BPEMEHH KO-
FEPEHTHOCTH ¥ AKTHBHOM CTAaOHIM3aLHH NONAPH3ALMH MEKAY ATHCOH H
bo6om. U HakoHew, HEOOXOAHUM TIIATENIBHBIK OTOOP Pa3MHYHBIX KOMIIO-
HEHTOB NEPEAAIOIINX ¥ IPHEMHBIX MOYNCH AN MHHUMH3ALHH TH000H BHYT-
PEHHEH MONIpU3aALIHOHHON 3aBUCHUMOCTH.

HenaBsHo B cucTeMax ¢ pacnpocTpaHEHHEM CBeTa B CBOGOJHOM mpo-
CTPAHCTBE HA4al0Ch HCIIOIb30BAHHE BEICOKOH CTabMIBHOCTH monspu3a-
LIMOHHEIX KOAUPYOmMuX Moayneid. [Tockonbsky B aTMOcGEpe OTCYTCTBYET
JABYJIY4ENpEIOMICHHE, HE HYXKHO 3a60THTBCS O PaykTyalMsx B cornaco-
BaHHH MEXAy MOoAynaMu Anuchl 1 boba. KesantoBas kpunrtorpadus, ocHo-
BaHHAag Ha OTKDBITHIX ONTHYECKHX NyTax [64], B OCHOBHOM, CTalKHBa-
eTcs ¢ npoOiaeMoH MpPOXOXACHHA CBETAa 4epe3 TypOyIEHTHYIO aTMOC-
depy U AETEKTHPOBAHUSA €AUHHYHBIX POTOHOB HA (JOHE CHIBHOTO LIYMA.
CoueTaHue y3KOMONOCHOH YAaCTOTHOH H MPOCTPAHCTBEHHOH ¢HnbTpa-
IMH C HAHOCEKYHIHOH TEXHHUKOH AOMKHO NMO3BOIHUTb OCYINECTBUTH Ie-
HEPALHIO KII0Ya C MPUEMJIEMbBIMH BETHYHHAMH OTHOCHTEIbHOMN OIIUOG-
kH. B mposeaecHHOM HenaBHo rpynnoi u3 Jloc-Anamoca 3KCHEpPHUMEHTE
6vina pocturuyta 14%-as 3¢ ek THBHOCTD CBA3M Ha paccTOSHHH 950M
B CBOOOAHOM NPOCTPAHCTBE, B HTOTE IMOJNY4YEHA CKOPOCTh MEpEAadH
6utoB B 50I'u (4acTOoTa MOBTOPEHHS HMIIYIHCOB NEPEAATYHKA ATHCH
cocrabasna 20kI'u) ¢ omrnbko# nopsaaka 1.5 [65]. DT1OT 3kCnepUMEHT
JAEMOHCTPHPYET OCYLIECTBUMOCTh CO3JaHHA CEKPETHOTrO KII4a € IMOo-
MOIIBIO CNYTHHKA, HAXOAALIETOCA HA HH3KOH OKOMO3eMHOM opbuTe, mo
KpaHHEH Mepe B HOYHOE BpPEMs H C NPHEMIEMOH CKOPOCTHIO Nepena-
44 OGUTOB.
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2.6.2 Koouposanue gpasw

Kak yxe ormeuanocs B pa3a.2.3.2 ¢azoBas KOAHPOBKA MOXET OHITH pea-
NMM30BaHA aHAIOTHYHO MONLpH3aLMOHHOH. KpaiiHe BhICOKas YyBCTBUTENb-
HOCTb K JTIOObIM BHEIIHUM BO3AECHCTBHAM YCTAHOBKH Ha OCHOBE HHTEpde-
poMeTpa Maxa-llanaepa, nokazaHHO# Ha puC. 2.6, MOXeT OBITh MPEOAO-
JIEHa MPH UCIONb30BaHUH pa3banaHCHPOBAaHHOH KOH(Urypauuu HHTepde-
poMmerpa Maxa-Hanaepa, npeanoxennoi bennerom [45]. Ilockonsky aBa
KOTEPEHTHBIX BKJIAJa BIOCICACTBHH Pa3ACIAIOTCA JIHIOL Ha HECKONbKO
($eMTOCEKYH, paCIIPOCTPAHAACH IIPH 3TOM IO OJHOMY BOJIOKHY, TO OHH HE
MOABEPTHYTHI HUKAKUM TEMNEPATYPHBIM HIIH MEXaHHYECKUM QNYyKTyamu-
aM. PazHOCTb ONITHYECKHX MyTeH B pa3balaHCUPOBaHHOM HHTEpdepoMeTpe
Boba aomxHa ObITh Tako# ke, Kak U B HHTEpdepoMeTpe AJIHCH H OCTa-
BaThCA MOCTOAHHON C TOYHOCTBIO A0 AONEH AMHHBI BOAHH. JTO, OAHAKO,
TpebyeT, THUIIb TIMATENbHOH JIOKaTbHOH TEMIIEPaTYPHOH CTabHIH3aLMH JBYX
HHTEPHEPOMETPOB.

B HacTosmee BpeMs KOMMEDPYECKH BBIMYCKAKOTCA (a30BEHIE MOAYIA-
TOPBI ANA ABYX TEJIEKOMMYHHKALHOHHBIX JUIHH BOJH, YTO MO-BHAHMOMY,
JenaeT BhIOOpP B MONb3Y CTAHAAPTHBIX (Pa30BBIX KOAHPYIOIHX CHCTEM NPH
peanu3anuH KaHaJloOB Ha OCHOBE onToBoNOKHAa. OAHAaKo, B TAKMX CXeMax
TaKxe HEOOXOANMO TIHATEeNbHOE MONAPHU3ALHOHHOE cornacoBanue. Pasy-
MeeTcs, B ABYX pa3banaHcupoBaHHbIX HHTepdepoMeTpax Maxa-Ilanaepa
NOJAPHU3aLUs AOKHA YCTAHABIMBATHCA TakK, YTOOB HMHTEp(epupyromue
KOMITOHEHTBl HMEJIH OJHHAKOBYIO NMONAPH3ALHI0 Ha BHIXOAHOM CBETOJC-
murenc boba. Ilocne ucxoanoro cornacosauns 6nokoB Amucu 1 boba Bce
JOJKHO ObITh CTAOHIIBHO H HE BRI3BIBATh HUKAKUX npobneM. bonee cepres-
Has TpPYAHOCTh obycnoBneHa TeM akroM, uto Ga3oBbic MOAYIATOPH CAC-
JaHBI U3 EKTPOOINTHYECKUX KPHCTAJIOB, KOTOphle 00ECIIEUMBAIOT JHIIE
OAHO U3 ABYX HaNpaBJICHUH nonspu3auuu. J{ns toro, 4roOsr n3bexars Guyk-
TyallHH HHTCHCHUBHOCTH Ha BeIxoze y Boba, uepe3s MoxynsaTrop MOXHO mpo-
NyCKaTh JIMIIb OAHY CTPOTO OMPEACNICHHYIO NONAPH3ALMIO. ITO BO3BpalIa-
€T HaC K HEOOXOAHMOCTH YIIPABICHHS NMPOIICAIICH MONAPH3aLHEH.

B cBoux skcriepumeHTax TayHcana u ap. [66] BrepBme pacmenuiH
BXOAHOM na3epHbId umnynsc (1.3 y, 80 nc) Ha ABa, pacnpocTpaHgIOMUXCA
mo AByM muie4aM pa3banaHcHpoBaHHOro uHTepdepomerpa Maxa-lanne-
pa Anucel. B coorBercTBHHM ¢ mporokonoM BB84, dasoswiit MoaynaTop,
HaXOAAMHUICA B OAHOM M3 IUIEY, BHI3BIBACT OJWUH M3 YETHIPEX BO3MOXKHBIX
¢dazoBeix casuroB. [longpusanusg B APyroM mjede MOBOPAYMBAETCA TaK,
yYTOOBl HAa BHIXOAHOM CBETOACNHTENE AJIMCHI JBAa BKJIAaAa HMETH OPMoO2o-
HanbHble noaspusauuu. BxoaHoit ceerogenurens boba 3ameHeH Ha nmong-
PH3aLHOHHBIH CBETOAETUTENDb, YTOOB 0GECNEYHTh NPABHILHYIO MONAPH-
3aIMI0 B IUIede, coAcpxkameM ¢a3oewiid Moaynatop boba. Konrponnep
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NONSAPU3ALUH B KOHIIE THHUH EPEAAYH YCTAHABIHBAETCS TaK, YTOOB 3TH
JIBA HANpaBICHUS MONAPH3ALMH OBIIH COrIACOBAHBI C OCAMH BBIXOJHOTO
ceeropenutens boba. He cMoTps Ha TO, 4TO cTabMIH3auus NOMIpH3ALHH
No-NpexHeMy HEoOXOAMMA, COTNacOBaHHE HE ABISAETCS TAKHM CTPOTHM,
MOCKO/IbKY MaJible OTKIIOHEHHS BBI3bIBAIOT UMb HEOOIBIINE QIIyKTyaLHH
B KOHEYHOH HHTEHCHBHOCTH. JIOCTHrHYTHE YPOBHH OWIHOOK COCTaBHMIH
Menee 4% mnpH yacTore MOBTOPEHHs uMnynbcoB 1MI. BceBoaMorkHbie
YCOBEPIICHCTBOBAHHMA CXEMBI TIPH MepeAaye Ha paccrosHue Gonee 48km ¢
NOMOLIBIO NOA3eMHOro kabens, BrinoaHeHHbIE rpynnoit u3 Jloc-Anamoca,

MO3BOMHIM JOCTHTHYTh YPOBHS OIHOOK 0k010 1% npH 4acToTe HMIYIb-
coB 30Kl

NCA Koporkoe mueudo

Puc.2.11. Tlpuuuun xBaHToBOW Kpuntorpaduu plug & play. bo6 mocsinaer
CBETOBOH MMMYIbC YEPe3 LHPKYAATOP. DTOT UMMNYIbC pacllenaseTcs Ha ACTH-
tene Jlen.l. Tleppas nonosHHa HanpaBiseTcs no kopotkoMmy nytH. Konrtpos-
Jiep NoJispU3alMy yCTaHaBIMBaeTCA TaK, YTOObI 3TOT HMMY/bC MONTHOCTBIO Npo-
XO[HUI Yepe3 NonaspulauuoHHblll cBeTopenuTens IIC]I. 3atem, oH pacmpocTpa-
HAeTcs K ANMce, e pacluenasercs cHoBa Ha aenutene Jlen.2 ans obecneyenns
CHrHasa cuHxpoHu3auuu. Jlanee, OH MPOXOAUT Yepe3 annapatypy AJIMCH U
otpaxaetcs obpatHo k BoOy. Bnaronaps aeficteuio dapaneesckoro sepkana,
KOMITEHCHPYETCS ABY/Ny4enpesloMJIeHHE ONTHYECKOro 3B€Ha H HMIYJbC BO3-
BpalllaeTcs Ha3ajJ OpPTOroHaJIbHO MOJAPH3OBAHHBIM. 3aTEM OH OTpa)kaercd Mo-
JspH3alMoHHbIM cBeToaenuTeneM IICT U uaeT B AnHHHOE Mieyo, rae bob BRo-
nut $a3osblii cABHI ¢ moMombio Moayastopa OM. Bropoit uMnynsc pacnpoc-
TpaHseTcs Mo ABYM IiedaM B oOpaTHON nocniefoBaTeIbHOCTH. AnKca BBOLUT
¢asoBbIit caur. Ilockonpky 06a MMNynbCa pacHpOCTPaHAIOTCSA BAOIL OAHHUX H
TEX XK€ ONTHYECKUX NYTEH, OHH OKa3bIBalOTCA Yy AenuTens Jen.1l oxHoBpeMEHHO
¢ UACHTHYHBIMY MOSAPHU3ALMAMH, YTO IPUBOIRHUT K uHTEphepeHunn. Jlunusg xpa-
Henus JIX BBefcHa B cHcTeMY ANHCH, YToObl H36€XaTh Mpo6eM, CBA3AHHBIX ¢
PJIEEBCKMM pacCesHHEM Ha3a.

B Tak Ha3biBacMoii cHcTeMe «plug & play» HeT HEOOXOAMMOCTH MOCTO-
SIHHOTO COTTIACOBAHUSA NONAPU3AIMK B BOTOKOHHOM nepeatomeit miuuun. Mnes,
JIEXKALIAsA B OCHOBE, COCTOMT B TOM, YTO CBETOBOH HMITYIbC H3/Iy4acTCs HE
Anucoit, a boGoMm; HMMynbC cHavana pacnpocTpaHseTrcs K ANMce, TAS OH
MOAYIHPYETCS, a 3aTeM OTpa)kaeTcs Hasax X boby. Ecnu orpaxarenn Bbi-
TIONIHEHBI HA OCHOBE (apaodee@CKux 3epkan, TO MOAAPU3ALHH MHTEpEpU-
PYIOILIHX KOMIOHEHT Ha Bbixoae Boba Bceraa cormacoBaHsl MexAy COOOH.
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dapaneeBckoe 3epkano, T.c. 45%biit porarop Papaznes u orpaxaro-
mee Ha3ah 3epKaio, GOPMHPYET OTPAXKCHHYIO MOMAPHU3ALHIO OPTOrOHaJb-
HYIO TOJISPH3allMH CBETA, HANPABISEMOro B BOJIOKHO; TaKHM oOpa3om
JI00BIE U3MEHEHHUA MONAPH3ALHH BAONb THHHY NEpeAavyH WM BHYTPH HH-
tepdpepoMeTpa 3PpPEKTHBHO NMOAABISIOTCS.

Cucrtema, peanusyiomas Ha OCHOBe 3TOH uaeu nporoxon BB84 ¢ ue-
THIPbMs COCTOSIHHUSIMH, TIOKa3aHa Ha puc.2.11 u paccmarpusaercs B [68].
B sToM akcnepumerTe Anuca 1 bo6 6111 pa3HeceHbl Ha PaCCTOSHHE 23KM
[pPH MCHOIB30BAHHH CTAHAAPTHOrO TEJIEKOMMYHHKALIHOHHOTO OMTTOBOJIOKOH-
HOro kabe s, UrpaBLIEro polb THHKUHM nepeaaydd. bes kakoi 6b1 TO Hu 610
AKTHBHOM CTabHMIH3alMH Ol JOCTHUIHYT YPOBEHB OLIHOKH MeHee 1% npu
ypoBHe hopMHpoBaHus ceTeBoro kimoya B 210I'1. Bo Bcex atux akcnepu-
MEHTax Ha JIHHAX TENCKOMMYHHKAIIMOHHBIX BONH mopsaka 1300HM, oc-
HOBHAs 4acTb LuyMa Oblia BbI3BaHAa BBICOKUM (POHOM TEMHOBBIX OTCHE-
t0B B ofHO(oToHHbIX AerekTopax (InGaAs/InP naBunHbie QoTOoxHOADI,
oxnaxaaemeie a0 173K, T.e. B mpeaenax BO3MOXKHOCTEH OXTIaXXACHHA Jie-
menramu Ilensre). Mcnonb3oBanue CHHXpPOHH3AIMH H CTPOOHPYEMOH 3nek-
TPOHHOMH NMPHUEMHOH CHCTEMBI NIO3BONAET YMEHBUIHTh YPOBEHD LIyMOB, OA-
HAKO HA MOCEAYIOIIEE NPAKTHYECKOE HCIONb30BAHHE KBAHTOBOHM KpHI-
Torpa¢y OrpOMHOE BIMSHHE OKaXXET COBEPLIEHCTBOBAHUE JETEKTOPOB.

2.6.3 Keanmosasa xpunmozpagyus, 0OCHOBAHHAS HA NePenyMbvi8aAHUU

Tlpn ucnonb30BaHMHM HEKIACCHYECKHX CBOHCTB NEPENYTAHHBIX Map 4vac-
THI CTAHOBHUTCA (CM. pa3a.2.4) BO3MOXKHOH peanu3alus paaa HOBbIX OCO-
6ennocreii xpunrorpadun. OaHaxo, Ha OCHOBE CYLIECTBYIOIIEH TEXHONO-
MM MOCTPOHTb TaKHE £XEMbl OKa3bIBAETCSA 3HAYMTENBHO TPYAHEE, 4EM
PacCMOTPEHHBIE BHILIE, OAHOYACTHYHBIE, B OCHOBHOM, H3-32 HEO6XOAUMO-
CTH FE€HEPHPOBATb COCTOSHHS C BHICOKOH CTENMEHbIO nepemyToiBaHus. He-
MOJIHOE TEPENMyThIBAHHE MEXAY (HOTOHAMH, MOCTYMAKOIHMH K ANHCEe H
BoOy, MOoxeT OBITh YIYUIIEHO TOIBKO NMPH HCMOAb3OBAHHH TEXHHKH O4UH-
IEHHS NIEPEMy ThIBAHUA, KOTOpas, IPH COBPEMEHHOM YPOBHE Pa3BHTHSA TEX-
HOJIOTMH, HE MOXET ObITh peann3oBaHa. Takum oOpa3om, o000l mwymM, co-
MPOBOXAAIOIIMH NepenyThIBAHHE, HEMOCPEACTBEHHO BIUACT Ha XapaKre-
puctuku cucreMbl. C MOMEHTa nepBoit aeMoHcTpauuu [44] ocHOBHOM Lie-
JibI0 OBIJIO YCOBEPLIEHCTBOBAHHE HCTOYHHKA NIEPENTYyTAHHBIX (POTOHHBIX Map.
B Hacrosiiee BpeMs TaKHM HCTOYHHKOM Map (OTOHOB CIY>KHT NPOLECC
napaMeTPHU4ECKOro paccesHus ceera. M3-3a Hu3kol 3 dexTuBHOCTH 3TO-
ro npouecca JUis NoJxy4eHHs JOCTATOYHOrO ypOBHA OMTOB IPHXOJUTCS HC-
I0/1b30BaTh LTMPOKONONOCHOE HanyueHue. Orcrona, HeoOXOAHM MOMCK KOM-
npoMHcca, MO3BONUBLIEro Obl H36exaTh MpobieM, BOHHKAIOIUX NPH Te-
peaade GOTOHHBIX Map 4epe3 AUCHEPrUPYIOLIEE ONTHYECKOE BOIOKHO.
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B GonbmuHCTBE MOAXOXOB HCIONB3YETCA NMEPENMYTHIBAHUE MEXKAY
aHepruei u BpeMeneM (actanu cM. B [69, 70]). Ecnu napa poToHOB pox-
JaeTcsa B IPOLECCE MapaMETPHUYECKOrO PACCEsHHA, TO MOXET BO3HHK-
HyTb HEJIOKalbHast HHTEphEPEeHILIUs MEXAY BEIXOAAMH ABYX paszbanaHcHu-
POBAHHBIX, HO IIPH 3TOM HACHTHYHBIX, HHTEpEepomeTpoB Maxa-Ilanae-
pa unu Maiikenbcona. IIpy 3TOM pa3HOCTb ONTHYECKHX MYTEH B KAXKAOM
HHTEpbEpOMETpE JOMKHA OBITH MEHBLIEC, YEM AJNIMHA KOTCPEHTHOCTH
na3epa Hakaukd. J{na pa3gencHUs BKIagOB HHTEP(GEPHPYIOIHX U HEHH-
TepEPUPYIOLINX KOMITOHEHT TPeOyeTCs BpEMEHHAS CeneKus. MHUHUMANb-.
HOE BpeMs pa3peUICHHS CYIIECTBYIOMIMX CUETUHKOB (POTOHOB COCTaBNA-
et nopsaaka 300nc; COOTBETCTBYOMAA Pa3HOCTh ONTHYECKHX MYTEH OKa-
3piBacTCs 0kono 30cM. JkcnepumeHTtnl no npobneme IMIP-Benna, Bu-
nonHeHHBIe B JKeHeBe, MOKa3BIBAIOT, YTO BO3MOXKHO PacHpEACIUTH Ie-
peNyTaHHbIC MaPHI 10 CTAHAAPTHBHIM TEJIEKOMMYHHKAIIMOHHBIM THHHAM U
HabnoaaTh BEICOKYIO CTCIICHb MEPENYTHBAHHA Ha PHIUYECKHUX PACCTO-
AHUAX MEXAY AeTekTopaMu oxono 10kM (meficTBUTETbHAS AMHHA OINTH-
YECKHX BONOKOH MEXIY HCTOYHHKOM H JETEKTOPAMH COCTaBnaNa 8kM u
9xMm [71])

B npouecce mapaMeTpH4ECKOro paccesHHsA CBETA MOXET OBITH MONy-
YEHO U MONsipu3auHOHHOe NepenyTteiBanue (Tun 11, [16]*). HempaBHo, B 3kc-
nepuMeHTe HabmoAanocs HapyuleHHEe HEpPaBeHCTBa benna takke v ans
He3aBHCHMBIX HaOmiopatenei [72). B aTom akcnepuMmeHTe JBa Habnwoaa-
Tens —~ Anuca U bob — pasHecensl Ha paccrosuue oxono 400m (u coeau-
HEHB! OIITHYCCKHUM BONOKHOM JnuHOH 1kM). Ho B 3TOM 3KCIIepuMeEHTE Bce
HU3MEPEHHUSA, OT FEHEPALIHU Cy4aiHBX OPHEHTALUH AN aHanu3a A0 Ae-
TEKTHpOBaHHUA GOTOHA, BHIMOMHATHCH 32 BpeMcHa (~80Huc) ropasao 60-
Je€ KOPOTKHE, HEXKEIH BpeMs, HEOOXOAMMOE Jid mepeaauyu CooOINeHUS
Mexay HuMH (~1300Hc). BeicTpas 371eKTPO-MOAYIALUMOHHAA CHCTEMA U
perucTpupymolLas annaparypa, pa3paboTaHHas A 3TOr0 IKCIEPHUMEH-
Ta, -MOXKET OBITh HEMOCPEACTBEHHO HCITONB30BaHA JIS pealu3al iy KBaH-
TOBOH KpHNTOrpa¢uu Ha OCHOBE COCTOSHHH CAMHUUHBIX GOTOHOB U PH
HapyUIEHHH HepaBeHCTBa benma, 4yTo CayXuT rapaHTHed 3alMIICHHON
CBA3H.

* HepasHo, B paGore [*] 6b110 M0OKa3aHO, KaK reHEPHPOBATH MAKCHMAIILHO MEpENyTaHHbIE
NOJIAPH3ALHOHHBIE COCTOAHHA B CaMoM OOIIEM Cilydae — [IpH J1I0OGOM THIIE CHHXPOHH3Ma
(I unu II), B none uMnynbcHolf HakadykKM M [IPOM3BOJILHON ANMHE KpucTaios. B pabore
[**] TakHe cocTOAHHA GBLIIH NPHTOTOB/IEHLI H B HEBLIPOXACHHOM 110 YaCTOTE Cllyyae.
[*TY.H.Kim, M.V.Chekhova, S.P.Kulik, M.Rubin, and Y.H.Shih. Interferometric Bell state
preparation using femtosecond pulse pumped spontaneous parametric down-conversion.
Phys.Rev.A 63, 062301 (2001).

[**]Y.Kim, S.PKulik, Y.Shih. «Bell state preparation using pulsed nondegenerate two-
photon entanglement» Phys.Rev.A 63, 060301 (2001).
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2.7 3aKJHUYHATEJIbLHBIC 3AaMEeYaHHusA

HccnenoBanus no kBaHTOBOH kpunrorpadHH BO BCEX €€ BO3MOMKHBIX MPO-
ABJICHHAX CTAHOBATCA BCE OOJice aKTMBHBIMH U 1000 CaMBblii MOJTHBIH
0030p B 2TOi 0b6nact OyzeT OBICTPO OTCTABATh OT PEANBHOTO COCTOAHHSA
nen. [ToaToMy, MBI PEIIHIIH JaTh 3A4ECh JIMIOb HEKOTOPBIE OCHOBHBIE MOJIO-
KEHHA, B HAAEXKAE HA TO, UTO OHHM MOCIYXKaT OTIIPABHOM TOYKOH AJIS BBE-
JEHUS B 3TOT pas3aen 3HaHUH. Mbl HCXOAHIIH H3 TOTO, YTO KBAHTOBAs KPHII-
Torpadus CEroAHs NMPEACTABIAET PEATbHYIO ANbTEPHATHBY TPAAULHOHHRIM
KpUNTOrpaMYECKUM METOAaM H B HEAAJEKOM OyaymeMm, ObITh MOXET,
MBI OyJEM BBIHY>KAEHBH JOBEPATbh KBAHTOBOH MeXaHHMKe OOnpIne, uyeMm Te-
OpHH YHCEJl IPU HAeM KOH(DHUACHIIHAILHOM OOIIEHHH.

YuTtaTens AOMKEH OBITh NPEAYNIPEXKACH, YTO MBI JTUIIb OYEPTHIIH KPYT
IEATEILHOCTH, BEAYIICHCSH B HACTOSLIEE BpeMs, NMpeHeOperas TakHMH
paszenamH, Kak HaJeKHOE ABYX-T'PyIIIOBOE BHIYHCIICHHE, AECTAIAMH KBaH-
TOBO# HACHTH(UKALMH, ACTATbHBIM aHAJIU30M TEXHHKH NMOJCTYIIMBAHHUS H
KPHUTEPHEB HAJCKHOCTH, a8 TAKIKE HEKOTOPEHIMHM AJBTEPHATHBHBIMH METO-
JUKaMM pacnpeleneHus kiwoua (Hanpumep, cxeMoi Baiiamana u Ionaen-
Oepra, OCHOBaHHOH Ha INOCBUIKE OPTOTOHANBHBIX COCTOSHHHM B ABYX Ha-
npasieHUsAX). MHOro HHTEPECHBIX CTaTeH 06 3THX M O APYTHX aHaJIOTHY-
HBIX pa3fenax MOXHO Haitu B e-print apxuse Jloc-Anamocckoi Hanuo-
HanpHOM nmabopatopuu (http://xxx.lanl.gov/archive/quant-ph) n apyrux
www-CepBepax, Hanpumep, http:/www.qubit.org.
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KraHTOBas MJIOTHAsE KOAUPOBKA
1 KBAHTOBAasl TeJEenopTaLus

3.1 BBeaenme
. Boymeiicmep, X. Batingpypmep, A. llaiinunzep

B rnaBe 2 6110 MOKa3aHO, KAK MOXKHO MCIIONB30BaTh KBAHTOBOE IEPENy-
THIBAHHE [ PACTIPEACICHHA CEKPETHBIX KaroueH. B 3Toi rmaBe Mbl 06-
paTHMCs K APYFHM OCHOBaM KBaHTOBOIi nepeaadd HHGOPMALUH, KOTOPbIE
HCIIONB3YIOT NEpEnyThiBaHue. B pasaene 3.2 onHCHBAETCA «KBAaHTOBASA
NIOTHas KOAHPOBKA», KOTOpas npeacTasiaseT coboit crocod nepeaars asa
6uTa nHpOpMALIMH IIPH MAHUITYIALMH TOJIBKO OZHOH M3 ABYX NEPEMyTaH-
HBIX YaCTHL, KaXJas U3 KOTOPBIX MHAMBHUAYAJIBHO MOXET HECTH 1 OuT
uHdopmauuu [73]. Cxema «KBaHTOBOH TEIEMIOPTALIMHMY, H3HAYAIBHO NPEa-
noxenHas bennerom, Bpaccapaom, Kpano, Jxko3coii, Ilepecom u Byr-
TepcoM [74] usnaraercs B pa3a. 3.3. OcHOBHas ujes KBAHTOBOM TeJIenop-
TallMU — NEpPeJada COCTOAHHA HEKOTOPOH KBAHTOBOH CHCTEMBI HA APYTYIO
YAAICHHYIO KBAaHTOBYIO CHCTEMY.

KBaHTOBas nyioTHas KOAHPOBK2 H KBAHTOBAs TENENOpPTALMs OBIIH yC-
TIEMTHO TPOAEMOHCTPHPOBAHEI B KBAaHTOBOH onTHKE. IIpu onruueckoi pea-
JM3aLHH ABYMS CYIIECTBEHHBIMH KOMIIOHEHTaMH ABIAIOTCS HCTOYHHK ITe-
penyTaHHBIX POTOHOB, ONMHCHIBAaEMBIi B pa3a.3.4, u aHanu3atop Oennosc-
KHMX COCTOSIHHH, paccMaTpHBaeMbii B pa3x.3.5. B pasa. 3.6. npeacrasne-
Ha 3KCTIEpMMEHTAIbHAS JEMOHCTPALH I KBAHTOBOH IJIOTHOM KOAMPOBKH [75].
B pa3a. 3.7. pacckassiBaeTcsa 00 3KCIIEPHMEHTE IO KBAaHTOBOH TEJIETOp-
TallMH, BRINOTHEHHOM B MHCOpyKe [76], B KOTOpOM NONSpH3aLIHOHHOE CO-
CTOSTHHE €JHHHYHOro (JOTOHA TENEMOPTHPYETCA NPH MOMOIIM BCIOMOra-
TEJIbHOM Mnaphl nnepenyTaHHeX ¢oToHOB. B pazx. 3.8 onuceiBaercs skcne-
puMeHT, npegnoxenHsrit [lonecky [77] u BononueHHslit B Pume, B koTO-
POM IONSAPH3ALHNOHHOE COCTOSHHUE, MPUTOTOBJIEHHOE HA OMHOM GOTOHE U3
TepENyTaHHOM 110 HMITY/IbCY Naphl YOTOHOB, EPEAETCH YAATEHHOMY NTapT-
Hepy. B pa3n.3.9 obbacHseTCa Tenenoprauys HEMpephIBHBIX KBAaHTOBBIX
MEPEMEHHBIX, TMEPBOHAYAIBHO NpPEANOXKEHHas BafiamManom [79], B pans-
HeHmeM ycoBepmeHcTBoBaHHas Bpaynmreitnom 1 Kum6bnom [80] u sxc-
MEpUMEHTANBHO npoaeMoHcTpUpoBaHHas B Kanrexe (Caltech) [81]. Kax-
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JIBIH 3KCIIEPHMEHT MMEET CBOH NPEHMYIIECTBA H HEAOCTATKH, ¥ A CPaB-
HEHUS pa3HblX METOJOB MBI OTChillaeM YMTATENs K auteparype [82-84].

Ecny HayanbHOE KBAHTOBOE COCTOSSHHE MPOTOKOJIA TENCIOPTALUH 3TO
YacTh MEPENMYTAHHOTO COCTOSHMS, TO PE3YIBTAT MPOLECCA TENCHOPTaLHH
COCTOHT B TOM YTO, JBE CHCTEMBI, KOTODbIC HE B3aHMOACHCTBYS ApYr ¢
JAPYroM HETIOCPEACTBEHHO, CTAHOBATCH NMEpenyTaHHbIMU, Takoit npouece,
H3BECTHBIH Kak «oOMeH mepemyTbiBaHHEMY, OyAeT paccMOTpeH B pasA.
3.10, a pa3nu4HbIE IPUMEHEHHA — B pa3a.3.11.

3.2 IIpoTOKOJI KBAHTOBO¥ NJOTHOH KOAMPOBKH

B cxeMe a1 nnoTHOM KBAHTOBOH KOAMPOBKH, TEOPETHYECKH MPEATIOKEH-
Ho# bennetom u BucHepom [73], ucmonb3yercs mepenyThIBaHHE MEXAY
AByMs KyOMTaMH, KaxXJIbli M3 KOTOPbIX IO OTACTLHOCTH HMEET ABa Op-
TOTOHATbHBIX COCTOAHHA [0> K |1>. C xNacCHYECKHX MO3HUUMH MOXHO CKa-
3aTh YTO CYIUECTBYET YETHIPE BOZMOXKHBIX MOMIPH3ALHOHHBIX KOMOHHALUH
i naps Takux dactuu; 00, 01, 10 u 11. TlpucBauBas xaxaod koMOMHaLHK
pa3nH4yHbe *HHOPMALHOHHBIE COOOINEHH S OKa3bIBACTCS, YTO MAHHITYITHPYS
obeumu 4aCTHUAMH, MOXHO 3aKOAHPOBaTh ABa OnTa HHpOpMaLuHH.

KBaHTOBas MexaHHKa MO3BOMAET TAKKE 3aKOJHUPOBaTh HHGOpMAIHIO
B CYNEPMNO3HLUHAX KIacCHueckux komOuHauui. Takue cynepno3uuuu co-
CTOAHHH ABYX (Mmu GoNiee) YacCTHI HA3bIBAIOTCA MEPEMYTAHHBIMH CO-
CTOSHHAMH (cM. pa3a.l.4), a yao6Hbiit 6a3uc, B KOTOPOM MPEACTABIAIOT-
Csl TAKHE COCTOSHHA ABYX 4YacTull (¢ HHAeKcaMH 1 u 2), o6pa3oBaH MakcH-
MaJbHO NEpEenyTaHHbIMH COCTOSHUAMH benna

), =5 (04, +11) o)) 6.
), = 7500010, [0),) 62
@), Z%(lok 0), +[1),[1),) (33)

[07),, = 75 (0 10) =11, 11),) 6

IlpucBanBas kaxxaoMy O€NIOBCKOMY COCTOSHHIO pPa3sHble HHPOPMALHOH-
HBIE COOOIEHHUS, ONATH JKE MOXHO 3aKOAHPOBaTh ABa 6MTa HHOOPMaLHH,
TENepb» NPH MAHHITYJIAIUU TONbKO OOHOU U3 IBYX YAaCTHL,.

JTO JOCTHraeTcs B CIEAYIOWE KBAHTOBOH KOMMYHHKAaIIMOHHOM cxe-
me. B Hauane, Annca u bob nony4aror mo oqHOI YacTHIIE H3 NEpenyTaHHOM
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napel, CKaxeM, B cocTosHuH [\V*) ., onpeaenennoM B (3.1). 3arem, bo6 -
HOJHAECT OJHO M3 HMETHIPEX BO3MOXKHBIX YHHTApHBIX NpeoOpa3oBaHUi Hag
cBoci yactuueH (yacruua 2). ITH YeThipe Npeobpa3oBaHHA TaKOBbI:

1. ToxaecTBeHHas onepauus (He H3MCHSOMAsA Ha4YaIbHOrO ABYyX4ac-
THYHOrO cocTosHHA |'F*) ) ).

2. O6men coctosuuaMu (|0>,—{1>, u |1>,—(0>,, Hamensomuit AByx-
HaCTHYHOE COCTOSHHE K BHAy |D),.).

3. 3aBHCHMBIH OT COCTOAHHA (Pa30BBIH CABHr (OTIHYAIOLIUACA HA 7T
Ans [0>, u |1>, u npeoBpasyromuii cocTosHuE k BUAY [¥7),,).

4. ObMeH coCTOSHHAMH H (a30BbI CABHT OAHOBPEMEHHO (ZarOLIHE
cocrosHue |®*), .

ITockonpky 4eTHIpE ONEpalHU MPOH3BOAATCA HAA 4YETBIPbMS OCIIOBC-
KHMH COCTOSHHAMH, TO YETHIPE Pa3NMYHBIX cOOOIEHH s, T.e. 2 bura HHpOp-
MalHH, MOTyT OBITE MEpeAaHsl mocpeacTBoM uactuubl boba (umeromeit
JBa COCTOSHMA) K Anuce. AMCa, B UTOTE, YUTAET 3aKOAMPOBAHHYIO HH-
¢dopmanHIo, MyTEM ONPEAEICHHS COCTOSHUSA banna aByx4acTH4YHOH Cuc-
Tembl. Takas cxeMa yBeITHUHBaeT HHOOPMALMOHHYIO IIIOTHOCTh KaHana
nepeaa’u A0 ABYX OHTOB, MO CPAaBHEHHIO C KJIACCHYECKHM MaKCHMYMOM B
oauH Our.!

3.3 IIpoTOKOJ KBAHTOBOM TeJenNOPTANHH

B 3TOM pasaene MBI pacCCMOTPHM CXEMY MO KBAHTOBOM TEJIECMNOPTALMH,
npeanoxeHHyo bennerom, bpaccapaom, Kpens, xo3coi, [lepecom u
Byrrepcom [74]. Cxema noka3aHa Ha pucyHke 3.1.

Haes cocTOHT B TOM, 4TO Y ANHCH HMEETCA 4acTHUA B ONPCACICH-
HOM KBaHTOBOM COCTOSHMH ~ Kybut |¥) =a|0),+41), rae |0> u |1> npea-
CTaBJAIOT JBA OPTOrOHANBHBIX COCTOSHHA C KOMILIEKCHBIMH aMIUIHTYAa-
MH a U f, yIOBICTBOPAOIIUMH ycinoBHO | |2+ [#|?= 1. Anuca xouer
nepeaaTh 370 KBAaHTOBOE coctosHue boOy, HO cunTaeTcs, ¥TO OHAa HE MO-
XET AOCTABHTh €My YaCTHIy HEMOCPEACTBEHHO. B cooTBercTBHM C mpo-
€KLIHOHHBIM IOCTYJIATOM KBAHTOBOH MEXaHHKH MbI 3HAEM, YTO JII060€ KBaH-
TOBOE M3MEPCHME, BRINONHEHHOE ANHCOH HajJ €€ YacTHLEH, HEMHHYEMO
pa3spyuIHT KBaHTOBOE COCTOSTHUE 03 MonyHeH s NONHOH HHQOpMaLUH, He-
obxonumoii boby ans Bocco3maHus ucxoAaHoro cocrosuus. Kak xe oHa
MoxeT nepeaates boby 310 kBaHTOBOE cocTossHHE? OTBET COCTOMT B HC-
MO/b30BaHHUH BCIIOMOTATEIbHOM Napsl nepenyTaHHsx yactuy 2 u 3 (JI1P
napa), korza yactuua 2 Bpydaerca Anuce, a yactiua 3 nocenacrcs boby.

! B 10 BpeMs KaK COBEpIIEHHO IOHATHO, YTO 3TA CXEMA YBEIHYHBACT IUIOTHOCTL HHOpPMa-
LMK KaHana nepejayu, foctynHoro boby, 10 AByx GHTOB, Mbl JOJKHBI 3@METHTh, YTO Ka-
Han, nepeaaiomui aApyro# dotoH, nponyckaet 0 6uT undopmauuu M, Takum obpasom,
nepefaHHas uHdopMalLus He npeBbinaeT 2 OGuT.
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Paccmorpum cnyuaii npu KOTOpOM NepenyTaHHas napa 4yacTHu 2 u 3, pac-
npeaeneHHas Mexay Anucod 1 boboM, HaxoaUTCA B COCTOSHHH

[7),, =75 (0 10,-[1),]0),) 65)

BaxkHoe CBOHCTBO 3TOr0 NEPEMyTaHHOTO COCTOSHUSA COCTOHT B TOM, YTO
KaK TOJIbKO H3MEPEHHE OJHOH H3 YacCTHL NMPOEKTHPYET €€ B ONPEACICHHOE
COCTOSIHME, KOTOPOE€ MOXET OBITh 11060H HOPMHPOBAHHOMH NTHHEHHOH CyTiep-
no3uuueit [0> u [1>, qpyras yacTHua JO/DKHA OKa3aThCAd B OPTOrOHAIbHOM
coctosuuu. Crneunduyeckoe $Ha3oBoe COOTHOIIEHHE MEXIY AByMs 4JIECHa-
MH B npaBo# yacTH (3.5) (3aeck pa3nocTh a3 paBHa 77, YTO NMPOABIIETCS B
3HaKe «MHHYC») MOAPAa3yMEBAET, YTO YTBEPXKACHHE 00 OPTOrOHaIbHOCTH
He 3aBHCHT oT 06a3uca, BHOpaHHOTO AN NONSAPH3ALHOHHOTO H3MEPECHHA.

TenenopTHpoBaHHOE
COCTOAHHE

Knaccuueckas
HHopMalHi

IlepenyTanHasn
napa

HagansHoe
COCTOSIHHE

3I1P-HCTOYHHK

Puc. 3.1. IlpuHuMn keaHTOBOR TenenopTauMu. Y AJTHCHI HAXOAHMTCA KBaHTOBas
cHCTEMa — YacTHLa 1 B HayalbHOM COCTOAHHMM, KOTOPYIO OHa XOueT [epeaaTth
Boby. Anuca u o6 Takke HMeIOT o OfHON YacTUIE U3 BCIIOMOTATEIbHON Naphl
yacTHll 2 ¥ 3, UCTTYIIEHHON HCTOYHMKOM COCTOAHH I DitHmTeHHa — ITogonLckoro
— Po3sena (3I1P). 3ateM, Annca BHITONHAET COBMECTHOE H3MEPEHHE COCTOAHHSA
Bensa Hap HayanbHoOH yacTHUEH H HMelomeHCs Y Hee YacTHIEH H3 BCoMora-
TebHOM napel. Pe3yTbTaToM H3MepeHHs ABIAETCA POEKTHpPOBAHHE OOCHX ua-
CTHL B NepenyTaHHoe cocTosHHe?. [locne aToro Anuca nocsinaet BoGy no knac-
CHYeCKOMY KAaHAaJly CBA3H pe3ylbTaT CBOEr0 H3IMEPEHHA, H OH BLINONHACT YHH-
TapHoe npeoGpa3soBanue (U) Hap apyro#t (cBoeit) HacTHuel BcnoMoraTenbHOH
napel, 3Ta YacTHIla TENEPb HMEET B TOYHOCTH TAKOE XKe COCTOAHHE KaK H y
HavanbHOM yacTHubl. B ciyyae kBaHTOBO# Tenenmopralluu kyOuTa, AjnHca BbI-
NONHAET NPOCKLIMOHHOE H3MEPEHHE B YETHIPE OPTOTOHANLHBIX COCTOSAHHS (Oe-
JIOBCKHE COCTOSHHS), koToprie o6Gpa3yioT nonHslit Gaszuc. Coobumenne Boby
pe3ynbTaTa H3MepeHHs AJHChI, T.e. ABa OHTa KiaccHueckol HHopMaLHH, naeT
€MY BO3MOXHOCTb BOCCO3AaTh HauaJlbHLIA KyOHT.

? 3nech nop uamepenneM (MBC) nmoHMMaeTcs He CTONbKO aKT PU3MMECKOH perHCTpaluH
4acCTHIl, CKOJIbKO HeKas ofepalus, B pe3ylbTaTe KOTOPOH MPHroTaBIKBacTCa fEpenyTaH-

HOE COCTOSHHME JBYX YacTHL, T.€. OHO M3 4eTbipex cocTosHMi Benna (3.1 — 3.4) (ITpum.
nepesoduuxa).
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XoTd nepBoHa4YaNbHO YACTHLUBL 1 U 2 He ABAAIOTCA NEPEIyTAHHBLIMH,
MX COBMECTHOE NOJAPHUIALHOHHOE COCTOSHHE MOXET BCEraa ObiThb mpea-
CTaB/IEHO B BHUAE CYNCPMO3ULMH YETHIPEX MAKCHMAJBHO MEPEMyTaHHBIX
coctosuii Banna (3.1) — (3.4), nockoiabKy 3TH COCTOsHHA 0Opa3yIOT Mo-
HBIi OPTOHOPMHPOBaHHBIH 6a3uc. ObO1ee COCTOSHUE YACTHLBL 3 3aTUCHI-
BaeTCA B BHAC:

) =19, 019), L), (a0, o1,
+#°), (~al0), + A]1),)
+@7),, ([0, +8l0),)
+|or), (@), -plo), ) - (3.6)

Tenepy Anuca Beimonsser uaMepende 6emnosckux cocrosuuit (MBC)
yacTHl 1 U 2, T.€. IPOEKTHPYET ABE HAXOASAIHUECH ¥ HEC YACTHLIBI B OZHO U3
yerbipex cocTosHui Benna. B pesynerare 310r0 M3MepeHHs OKazhiBaeTCH,
4yt0 yactHua boba Gyner oOHapykeHa B COCTOSHHH, KOTOPOC B TOYHOCTH
COOTBETCTBYET HaualbHOMY cOCTOsHUIO. Hanpumep, ecnu uamepensoe
Anucoii cocroanue benna cosnagaer ¢ [@),, , T0 4acTHua 3, HaxXoAAWAACH
y boba, HaxoAHTCS B COCTOSHHH (:41)3 + A0),. Bee, 4to momxHa caenars
Annca — 310 npounpopmupoBats boba uepes KiiacCHYECKH KaHal CBA3H O
pe3ynbTarte ee HaMepeHHs, a bob 10MKeH BBINOIHHUTL COOTBETCTBYIOLIEE YHH-
TapHoe npeobpasoBanue (U) Hag yacTULEH 3, 4TOOHI MOAYYHUTh HAYAIBHOE
" cocTosHHE yacTHUbl 1. 3THM 3aBepuiaeTcs TENEMOPTALMOHHBIH POTOKO.

3aMeTHM, YTO BO BpeMs MPOLEAYpHl TEACMOPTALUMH 3HAYCHUS @ U f
ocTaloTcs Heu3BecTHsIMU. M3 cBOMX HaMepenui coctosuuii benna Anuca
HE MO/Ty4AET HUKAKOH HH(OPMALIMH O TENENOPTHPYEMOM cocTosHuM. Equn-
cTBeHHO€, 4to gocturaerca npu MBC — ato nepegaya kBaHTOBOro €OCTO-
AHHA. 3amMeTHM Taxxke, 4to BO Bpems UBC gactuua 1 Tepser cBoe Havamb-
HOE KBAaHTOBOE COCTOSIHHE, T.K. OHa nepenyThiBaerca ¢ yactuueid 2. [Toato-
My cocrosnue [\V), paspymaercs AnucoH npH TENENOPTALMH, YTO YAOBJIET-
BOpAET TPEOOBAHHIO TEOPEMBI O 3ANPETE KIOHMPOBAHHUA B KBAHTOBOH Me-
xaHuke [88]. bonee Toro, HauanpHOE COCTOSHHE HAcTHULBI 1 MOXET ObITH
COBEPILICHHO HEH3BECTHO HE TONBKO AjHce, HO H BOoOIIEe, KoMy 6Bl TO HH
68110. CocTosHHe MOTIO Obl OBITH KBAHTOBO-MEXaHHYECKH MOJHOCTHIO HE
OMpeAglICHO B TO BpeMs, KOIAa MPOUCXOAMT u3MepeHHue coctosnue benna.
910 cny4aii, korga, kak 6pui0 orMedeHo bennerom u ap. [74], wactuua 1
SBJIAETCA YACThIO MEPEITyTAHHOM Maphl M MO3TOMY caMa 1o cebe He UMeeT
ONpPEACICHHBIX CBOMCTB. ITO HEM30€XKHO MPUBOANT K OOMEHY NepenyThiBa-
HHEM, kotopoe OyaeT obcyxmatscs B pa3a.3.10 [85, 87].
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DKCHNEpHUMEHTAIbHAA PEaTH3aLMs KBAHTOBOH TENEIOPTAL[HH I KBAaH-
TOBOH NJIOTHOH KOAMPOBKH U OOMEHA MEPENyTHIBAHMEM MOAPA3yMEBAaET
HaJH4HE NEPENnyTaHHBIX YAaCTHIl M NMOCTPOCHMA aHANIH3aTOpa COCTOAHHUM
benna. B cneayrowux gByx pasgenax OyoyT onucaHbl 3KCIIEPUMEHTANb-
HBIC KBAaHTOBO-ONTHYECKHE METOABI, MO3BONAIOILINE TOTOBHTD NIEPENyTaH=-
HbI¢ QOTOHBI U aHATU3UPOBATh (YAaCTUYHO) cocTosHUA benna.

3.4 UCcTOYHHKH NepenyTaHHbIX (GOTOHOB
H.)Ku3zau, [[xc.Paspumu, I Beiixc

CyImecTBYET HECKONbKO HCTOYHHMKOB NEPENYTaHHbIX KBAHTOBBIX CHCTEM.
HcTouHnk nepenyTaHHBIX aTOMOB, OCHOBaHHBIH HA KBAaHTOBOM 3JE€KTPO-
auHaMmuke pe3oHatopoB (KOQP), 6ymet obeyxaarsca B pasa. 5.2.3. Ile-
penyTaHHbIE HOHbI IPUTOTABINBAIOTCA B JJICKTPOMArHUTHBIX JIOBYLIKAX
IMayns, cm. pasa. 5.2.11. YnpasngeMoe mepenyThlBAHHE MEXAY AACP-
HBIMU CIIMHAMHU B €JHHHUYHOM MOJIEKYJE PEANH3YyeTCd B METOMAE AACPHO-~
ro MarHUTHOTO pEe30HaHCa, MPEACTaBIeHHOro B pasa. 5.3. U3yuyalorcs
TAKXKE MCTOYHHMKHU NEPENYTHIBAHUA U B (QU3UKE TBEPIOro TENA; OZHAKO
CErOAHS €ue CNUIIKOM PaHO rOBOPHUTb 00 ynmpaBisfeMOM NEpEenyThiBa-
HHMH B 3TOM Ciaydae. B HacrosweM pasgene Mbl pacckakeM o6 HCTOY-
HUKaxX NepenyThIBAHUA B KBAHTOBOH OINTHKE, KOTOPHIE OKa3anHCh, Ha Ce-
FOAHAUIHUIN AeHb, Haubonee yIauHbIMHU AN co3AaHus 3¢ QEKTHBHOTO me-
penyThIBaHHSA.

B kBaHTOBOH ONTHKE CYILICCTBYET ABAa KlIacca CHCTEM, B KOTOPHIX
MOJET ObITh OCYLUCCTBIICHO MEPENyThIBAaHHE (0OLIME BONPOCH CO3AaHUA
nepenyTelBaHuA obcyxparorcs B pasa. 1.5). Ilepseiit k1acc xapakrepu3y-
€TCH IEepenyThIBAHUEM MEXAY OTAENbHbIMHU QoToHaMH M Oyder omHcaH B
HacTosmeM pasaeine. JApyroi nmyTk COCTOUT B YCTaHOBJICHMH IEPENyThiBa~
HUS MEKAY KBaAPATYPHbIMH KOMIIOHEHTaMH (T.€. BO BXOAHBIX H BBIXOAHBIX
(azax KOMIIOHEHT 3NEKTPOMArHUTHOrO IO/ 110 CpaBHEHHIO ¢ $a30i orop-
HOrO I'€HEpaTopa) CBETOBbIX MYYKOB HIH MEXAY ABYMS OPTOTOHATbHBIMH
HONSPU3ALMOHHBIMH KOMIIOHEHTAMH CBETOBBIX Iy4KOB (CM. pa3a. 3.9.2).

3.4.1 Hapamempuueckoe npeobpaszosarue 4acmomst 8HU3

HenuueliHbie ONTHYECKUE NPOLECCHl UCIIONBb3YOTCA BO MHOTHX 3KCIEPH-
MECHTaX KBAHTOBOM onTukH. HenuHelHas onTHKA IBNACTCA YaCThIO KJac-
CHYECKOM 37CKTPOAMHAMMKH, OOBEKTOM KOTOPOH Cy>KaT CHJIbHBIE IO,
HEYIPYro pacceMBaroLIMecs B Pa3nu4HbIX cpeaax. Heynpyroe paccesnue
B ONTHYECKOM AHANA30HE O3HA4YaET, YTO HE TONBKO HAIpPaBICHHE, HO H
4acTOTa CBETA M3MEHACTCA HPH B3aUMOACHCTBHH C BELICCTBOM, KOTOPOE
ONHUCBHIBAETCHA 3JIEKTPOMArHUTHOM BOCTIPHHMYMBOCTHIO. Bo BpeMs Takux
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B3aMMOACHCTBHH, KaK NpaBUio, POXKAAIOTCA HOBbIE nons. Pa3noxkenue no
MOPAAKaM BOCIPHHMYHMBOCTH AAET Pa3NHYHBIC ONTHUYECKHE HEIMHEHHBIE
NIPOIECCHI: TPEX-BONHOBOE (TapaMEeTPHUECKHE B3AUMOACHCTBHA) U YEThi-
pex-BonHoBoe cMmemeHue. OTaenbHbIE KOMIOHEHTh P, 31€KTPOMArHHUT-
HOH nonspu3anuy P BHyTpH BeniecTBa ONPEACHAIOTCH M3 COOTHOLICHMS

P=x"E +yPEE +yQEEE +.. , (3.7)

rae £, —~KOMNOHEHTHI 37IEKTPHYECKOTO MO,

HAns Toro 4robbl UMETh BO3MOXHOCTb HaOMOAaTh HEMMHEHHBIE NPO-
Hecchl B 00beMe B3aHMOACHCTBHS, pa3MeEpbl KOTOPOro CHIIbHO NpEBbIiua-
10T JUIHHBI BOJH Y4YacCTBYIOLIMX B MPOLIECCE NOJEH, Mbl AOMKHBI paccMar-
pHBaTh BKHaAsl OT Bcero oomema kak uenoro. Murepdepenins mexay
9THMH BKJIaJaMH NPUBOJAMUT K TAK Ha3bIBACMbIM yCI0BHAM (Ha30BOro CHH-
XPOHH3Ma, KOTOPHIE NMPEACTaBAAIOT coboi OnpexencHHbIE COOTHOMIEHUA
MEXJy BOTHOBLIMH BEKTOPaMH COOTBETCTBYIOLIMX JJCKTPOMarHHUTHBIX
NoJIcH. .

Ecnu B3risHYTh Ha 3TH MPONIECCH C TOYKH 3PEHHS KBAHTOBOH DNEKT-
POAMHAMHKH, MBI OOHApYXXHM, YTO CYIWIECTBYIOT HE TOJBKO BBIHYXAEH-
HBIE, HO ¥ CIIOHTaHHBIE () dEKTHI, MOX0XKHE Ha B3AUMOACHCTBHS 3ICKTPO-
MarHHTHOTO 110Jisi ¢ aToMoM. CrioHTaHHbIH pacnal GOTOHOB IPH HENHHEH-
HBIX B3aMMOACHCTBHAX BIEpBHIE OB MCCIEAOBAH TEOPETHYECKH
O H.Knnixko [89] u axcnepumentansHo Bypuxamom u Baniubeprom [90].
OcobbiM MpHMEPOM TaKHX NPOLECCOB ABISETCHA MPOLECC CIIOHTAHHOrO
apaMeTpHYECcKOro npeodpa3oBaHus (4acTOThi) BHH3®. DTO HENMHECHHBIH
MPOLIECC, BRI3BAHHBIM HajanuveM ¥, B KOTOPOM Ha BXOAC B CpeAe U3HA-
YanbHO NPUCYTCTBYET ML OAHO NOJIE € 4aCTOTOM @ . M3-3a HenuHekHHo-
ro B3aMMOACHCTBHUA M IPUCYTCTBHS NOMS HAKAYKH @), TPOUCXOAHUT CTIOH-
TaHHOE POXACHUE POTOHOB B ABYX APYTHX MOJAX € 4acTOTaMH ®, U @,. B
pe3ynbTaTe 3aKOHA COXPAHEHHs YHCPrHH OKa3bIBAETCS, YTO

wl+a)2:wp‘ (38)
Bwmecte ¢ ycnoBuem Ga3oBoro CHHXpoHU3Ma'
ki+k,=k, (3.9)

3TO MPUBOAMT K PA3IHYHBIM PEIICHUAM B JHHAMHKE B3aHMOJACHCTBHA, 3a-
BHUCAIIMM OT BEIIECTBA CpeAbl U oT HabmwomaeMbix 4actoT. D deKTHB-

3 B pycckoa3bIuHON AXTEPATYpPE STOT NPOLECC U3BECTEH 1O HA3BAHUEM CIIOHTAHHOE Napa-
MetpHueckoe paccesnue (CIIP) caera [JI.H. Kubluko. DoTOHBl M HeNHHEHHAs ONTHKA.
M.«Hayxa» 1980r. 256¢.]. B nanvHeiliinem Mbl Gyznem NpHaepXHBaThCd UMEHHO 3TOTO TeEp-
muHa (ITpum. nepesoduuxa).

43nech ¥ Be3le Jaiee NpelnonaraeTes TOYHOE BbINOMHEHHE YCJIOBHI CHHXPOHH3MA, KOTO-
poe cTporo ropops, HMCeT BHJL k k — k,= A, rne BonHoBas paceTpoiika A ~ onpeAenser-
cs B CTALIHOHAPHOM Cllydae HpochaHCTBCHHLlMH pa3mepaMy 06/1acTH HeJIHHEHHOro B3au-
MofeRcTBHSA TpeX BosH ([Tpum. nepesodwuxa).
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HOCTb NpeoOGpa3oBaHUs 3aBUCHT OT MOAYNS COOTBETCTBYIOLIMX KOMIIOHEHT
x® 4, KaKk MpaBUIO, O4eHb HHU3KA. ECIH, HanpuMep, H3TydeHHEe HaKa4KH
MONanaeT B BEWIECTBO C BLICOKOM HENHHEHHOCTbIO (quruapodocdar ka-
aust, f-6opar 6apus), B npeobpa3oBaHHOM CBETE MOXHO HabmoaaTe mno-
paaka 10'° GoTOHOB B CEKYHAY BBIXOAAMMUX H3 HEOONBIIOro (HECKOIBKO
MHJUIHMETPOB B ANMHHY) oOpasua. M3 coobpaxeHuit CHMMETPHH CACAy-
€T, YTO BOCTIPHMMHYHMBOCTb BTOPOro nopsaxa ¥» oTau4Ha OT HYIS TONb-
KO B HELICHTPOCHMMETPHYHBIX BEIIECTBAX — CBOHCTBO, NPHCYIIEE TOJNb-
KO HEKOTOPBIM KpHCTaJAaM.

IIpu napaMeTpHueckom npeodpa3oBaHHH YaCTOTH B BUAMMOM AHamna-
30HE MBI pa3jH4aeM ABE BO3MOXHBIE CXeMBl ()a30BOro CHHXPOHH3MA.
Cunxponusm «runa [» Bo3HHKAET, KOraa ABa poXxAaroluXcs POToHa HMEIOT
OJIMHAKOBLIE MOJAPHU3ALIMH, B TO BPEMS KaK PU CHHXpOHH3ME «THna II» ux
NOJISIPH3ALMH OPTOrOHAIBHEI B 0A3HCE, KOTOPBIH ONPEAEACTCS OPHEHTALH -
eit kpucTania. Bo3MOXHOCTb MPUrOTOBJIEHHA H HAOMIONCHHUSA MEPENyThIBa-
HHS 33JI0KEHA B OJHOBPEMEHHOCTH POX/JCHHS ABYX (POTOHOB B MpOLECCE
npeoGpa3oBaHHs, YAOBIETBOPEHHH (a30BEIX COOTHOILIEHHH, @ TAKXKE HAaAJIE-
KALEeH NpOCTPAHCTBEHHOH H BPEMEHHOH CEJICKIHH H3]1y4aEéMOro CBETA.

3.4.2 Ilepenymvieanue 60 6pemeHu

a
1
7

——

S 4
; v D
DZS OIIP-HCTOYHHK 2])4

Puc. 3.2. CxeMa akcnepuMenTa Tna OpaHcoHa, 10 NpoBepke HHTEpEpeHLHH
nepenyTaHHbIX BO BpeMeHH GoOTOHHBIX nap. M3Mepenus npoBoasTCs ¢ 1OMO-
WbIO JIBYX YJaNeHHbIX pazbanancHpoBaHHbIX HHTepdepoMeTpoB Maxa-Ilanne-
pa. ®aza kaxjaoro HHTepdepoMeTpa U3MeHseTcA (asoBpallaTeneM, pacnoo-
JEHHBIM B JIIHHHOM (L) nneye.

KoppenupoBaunsie napel GOTOHOB, pOXKAAOHECA B MPOUECCE CIIOH-
taHHOro napamerpuueckoro paccesHus (CIIP), obnaaaoT HECKOIBKHMH
csoiicreamu. [Ipu CITP ¢ cuaxponnsmom tuna I u Tuna Il moxuo nabmo-
JaTh TO, YTO MHOTAA HA3BIBAIOT NEPCIYTHIBAHMEM BO BPEMCHH. JTO CBOM-
CTBO OTpaxaeT (PaKkT OJHOBPEMEHHOIO POXACHHSA (POTOHOB MaphI, H, 4YTO
OHH YAOBJIETBOPAIOT 3aKOHY COXPAHEHHs SHEPTHH, KOTOPBIH NPHBOAMICH
Bhime. Tlocneqnee 03Ha4aeT, YTO BPEMA H3NydeHHs Mmool mapsl HE Om-
PEJENEHO B npeAeiax BPEMCHH KOTEPEHTHOCTH Ja3depa Hakadku. Kpure-
pui OAHOBPEMEHHOCTH BO3HHKACT M3-32 TOTO, YTO OTAEIbHBIE POTOHBI Na-
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Pbl MMEIOT LIMPOKUH CIIEKTP (MOPAAKAa HECKOIbKHUX HAHOMETPOB) H BpeMe-
HEM KOrepeHTHOCTH okoio 100 dcek. Takoit BUA nepenyThiBaHHS OBII HC-
MOJIb30BaH B TaK Ha3eiBaeMoH aByxhoronHon naTEpdepomeTpun Ppauco-
Ha (cM.puc.3.2), rae oba poroHa nmpoxoasT yepes pas3aenbHBIE pazbanaH-
cupoBaHHble HHTEpepomerprl Maxa-llanaepa {91]. [IBa onMHaKOBBIX HH-
TepdepoMeTpa NOCTPOCHBI TAK, YTO JJIHHA KOTEPEHTHOCTH OTACHBHBIX GO-
TOHOB MEHBIIE, YEM PA3HOCTb ONTHYECKHUX NYyTEH B KaxAoM HHTEpdepo-
Mmetpe. Kak crneactBue — HEBO3MOXKHOCTh HabmoaeHHs HHTEpdEpEeHUHH
npH HAOMIOKEHMH HM3JyYCHHUS OAHHM JETCKTOPOM, PACIONIOKECHHBIM Ha
BBIXOZE TOr0 1k Apyroro uurepdepomerpa. OaHaKo, €CIM HHTEPECOBATHCS
coBNaJeHUsMH (HOTOOTCUETOB ABYX ACTCKTOPOB, CTOALIMX IOCIE MHTEP-
bepomeTpoB, HaOMIOAAKOTCS OCLMIIIALNYM B CKOPOCTH CYETA COBNAACHUH
pH BHECEHHH cABura das Mexay mieuamu uHtepdepomerpos. Cocros-
HHE BHYTPH HHTEPGHEPOMETPOB MOXKET OBITH MPEACTABICHO B BHAE

1 (¢ +
#)=38)8), +e "

L)L), +

+e%

S)|L), +e* |L)|S),1 (3.10)

rAe UHAEKCH | U 2 oTHOCATCS K GOTOHAM, ABMXKYIUMMCS, COOTBETCTBEHHO,
BJICBO H BNpaBoO, Kak nokaizano Ha puc.3.2. Cocrosuue (3.10), B aeiicTeu-
TENIbHOCTH, IIPEACTaBNISET coO0H axTopusoBanHOE cocTosHue. OxHako, pe-
FHCTpalMs TONBKO COOBITHH, OTBEYAIOLIMX TOMY, 4TO 06a oTOHA MpOoLLTH
JmuHHBIMYA NYTsMH (L — L) nnn koporkumu nysamu (S — S), naet ucTUHHBIE
coBnianeHus ¢oroorcueroB. Jlpyrue COOBITHS MOT'YT ObITh HCKIIIOUEHBI IIPH
MpaBHJIBHOM BbIOOpE OKHA CXEMbI COBMAAECHHH. B mepBbix 3kcrepuMeHTax
[91] BO3MOKHOCTP BappHPOBaHHS Pa3MEPOB OKHA HE HCIOJIb30BAJIACh H MO-
3TOMY MaKCHMaJjbHasi BAAHOCTB, KOTOpas Obliia 3aperucTpupoBaHa, okasa-
nack orpaHuueHa ypoBHeM 50%. B Gonee mo3mqHHX 3KCNEPHUMEHTAX C HC-
MOJIb30BAaHMEM Y3KOT'O OKHA CXEMbl COBIAJCHUH AJIA MOCT-CENEKLHH TOIBKO
MEPEeNyTaHHOIO COCTOSHHSA, BHAHOCTb OKa3anach Bbie 90% [92].

3aech HEOOXOAUMO YIIOMSHYTh 00 OHOM MHTEPECHOM Pa3BHTHH MAEH O
NepenyThIBAHHH 10 BpeMEHH. MO)XHO 3aMEHHTb HEMPEPBIBHBIH J1a3ep HaKad-
KH Ha IMITYJIbCHBIH M HAIIPaBUTh NMy40K B HHTEP(EPOMETp Tak, YTO pa3HHLA
JUIHH TU1ed HHTepdepoMeTpa OKaxeTcs O0sblIe YeM JIHTEIbHOCTh HMITYJIb-
ca [93], ecm. puc. 3.3. Takum oOpa3som, ecnu GOTOH HAKAYKK PACTIAAAeTCs Ha
napsl GOTOHOB B KPHCTAILIE [TOCIIE MPOXOKACHHSA YEPE3 MHTEPHEPOMETP, CTO-
AIMHA B My4KEe HAKAYKH, TO BPEMS pacnaja MpHoOpeTaeT HEONPEAETEHHOCTS.
HeicTBUTENbHO, HECOATaHCHPOBaHHBIH HHTEpdepoMeTp Mpeobpa3yer cocTo-
siHHe (OTOHA HAKAYKH B CYNEPHO3HIHIO & |short)Pump+ Bl long),,, 1 mpouece
CIIP B xpucTanne npeobpalyer 3T0 COCTOSHHE B

a|short) ®|short). + B|long). ®llong> (3.11)

i
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Puc. 3.3. Cxema uMnynbcHoro AByx¢$pOTOHHOrO HCTOYHHKA, JAIOLIEro COCTOA-
HHA, IEPENYTaHHbIE M0 BPEMEHH M €ro BO3MOXHOIO NPHMEHEHHUS B KBaH TOBOI
kpuntorpadHH. IlapHsie poToHbI, 06pa3oBaHHbE H3 GOTOHA HaKaYKH, MpoO-
IeALEro Yepe3 AJHHHOE HJIH KOPOTKOE MJe4o HHTepdepoMeTpa, KOrepeHT-
Hbl. AnMca U Bo6 perucTpupyioT GOTOHH Uepe3 TPH pasHble HHTEpBana Bpe-
MEHH (OTHOCHTEJILHO MOMEHTa BPEMEHH H3JTYYEHHA): KOPOTKOro, NPOMEKY-
TOYHOTO M AJIHHHOro. PoTo0TCYETh!, COOTBETCTBYIOLINE PErHCTPALMH Nocie
KOPOTKOIO ¥ JJIMHHOIO MHTEPBaNoB NpoaBisAoT 100%-yio xoppensnHio.
ITocne mpomexyrouHoro uHtepBana GoTOOTCYETHl OTBEYAIOT AOMONHHTEND-
HoMy Ga3zucy {short) + |long), U Takke NONTHOCTLIO KOPpPEIHpOBaHb! { B MpeAno-
TIOXKEHUH, 4To @ + 5, + 5, = 0). 3aMeTHM, YTO B CXEME HE HCMOMBL3YETCA HH
reHepaTop cay4YaiHbIX YHCEN, HH aKTHBHBIH ONTHYECKHH IEMEHT.

B ornuune ot mepenyTaHHbLIX BO BpEMEHHM (QOTOHOB, MONYYaEMbIX OT
HEMPEPLIBHOTO 1a3epa HaKauykKH ANHHA KOTEPEHTHOCTH HMITY/IbCHOTO N1a3e-
pa He HMMEET 3HA4YCHH, T.K. HeoOX0aMMas KOTEPEHTHOCTh CO3AAETCA pa3s-
OanancupoBaHHbIM HHTEpDEpoMeTpom. Jpyrumu cnoBaMu, HEOTIpEAEICH-
HOCTh BO BPEMEHH NpuOBITHS (OTOHA HAKAYKH (B MpeAenax ANMHHBI KOre-
PEHTHOCTH J1a3epa) 3aMEHSETCA Ha ABAa OCTPBIX BPEMCHHBIX NMHKA, OTBE-
YAIOUHX NPOXOHKACHHIO POTOHA HAKAYKH MO KOPOTKOMY {short) niu anuH-
HoMy |long) myTH; o6pa3yercs 6a3uc Hamwero KyOHTOBOTO MPOCTPAHCTBA.
Orcroa clneayer, 4To B Ka4e€CTBE HAKAYKH MOXKET ObITh HCMONB30BaH, K
npumepy, M000# cTaHAapTHBIH nasepHbId AHox. bonee Toro, Ga3ucHsie
COCTOSIHHS MOXCHO Pa3IM4yaTh [0 UX BPEMEHH NpUObITHA, 6€3 HCronb30Ba-
HUs KaKMX-TMO0 JOMONHHUTENBHBIX ONTHYECKHX cXeM. M3MeHss cooTHO-
LIEHHE MEXAY MPOMYCKAaHHEM M OTPaXXEHHEM HMHTEP(HEPOMETPA, a TAKXKE
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a3y pasbanancupoBaHHOro HHTEpPEPOMETPA, MOKHO PHUI'OTABIHBATh BCE
2-KyOMTOBBIE NMEPENYTAHHEIE COCTOSHHUA. DTO O3HAYAET, YTO MOXHO pea-
JH30BaTh BCE 2-KyOHTOBBIE KBAHTOBBIE KOMMYHHKAIHOHHBIC ITPOTOKOIHI.

3.4.3 Ilepenymvisanue no umnyavcy

M]
"' :. ! ~~ 1%4
.ﬂ-';'x:” ~....\\\\\ RS 4
Haxauka J-;”;] \a "*-._. S~aet ”)J\ Dpy
—>—l‘.’,.} A=t BS
KD*p A 7 P“\ e T e TN Dy
a2."’T._ ~ _"",” .*}‘l’
[ R Py D
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Puc. 3.4. CxemMa skcnepuMeHTa Poputn-TancTtepa no uMnyabcHOMY nepenyTol-
BaHuio npu CIIP ¢ cuHxpoHusmom THna 1. J[Be koppenupoBatHble napbl MoA
BbIPE3a10TCA U3 NPOCTPAHCTBEHHOro criekTpa u3ayyedys CIIP npu nomomu
IBYX ABOWHbIX Avadparm A. HanyyeHue ¢ pa3sHbIMU JUIMHAMK BONIH NepeMeiiu-
BaeTcs Ha cBeTofenuTene BS. JleTekTopsl Daj, D,, D“ ] DM HCIONb3YIOTCS
A0 H3MEPEHHSA B BLIXOAHBIX MOJIaX CBETOLCTHTENS.

Jpyroii B nepenyThiBaHUS —~ NEPENYTHIBAHHE M0 HMIYJIbCY — IPOHCXO-
aut npu HexonnuuneapuoM CIIP. Venosus ¢asoBoro cuHxpoHH3ma xomyc-
KalOT HU3Jy4YEHHE MOJICH C Pa3HBIMH YaCTOTaAMH B Pa3HBIX HAIPABICHHSX.
Hcnonwsys auadpparmer A (cm. Puc. 3.4), MoXXHO Bhipe3aTh ABE OTAEIb-
HHEE MOAbI (HampaBieHus) B uanydeHun uctounuka CITP [94]. Cenexuus
NPOHCXOAUT TAaKUM 00pa3oM, 4TO KaxJasd napa COCTOMT U3 POTOHA LBETA
a (4acToTa HEMHOTO BHIILIE [TOJOBHHBI 4aCTOThl HaKa4kH) H GOTOHA LBETa
b (c 4acTOTOH HHMXKE MOMOBHHBI 4acTOThl HakaukH). [lapel u3nyuarorcs
nubo B Moasl al, bl nubo B moanl a2, b2, xax nokasano Ha Puc.3.4. o
cseToxenuteas BS Mpl monywaem cocTosHue

)= [e% a) ), +e* o), 1) 312
KOTOpO€ SABJIAETCS NEPENyTaHHBIM, XOTS MOABI, Ha 3TOH CTaAHH, MOTHOC-
ThIO pa3nuuumsl. [lepenyTeiBaHNe NposABNsETCA, KOrAA A-MOAbI H H-MOABI
nepeMeIInBaoTCs Ha ceeToaenutene. Ilo mpaByio CTOpOHY OT JenHTENd,
BEPXHHE M HHXHHE NYTH npuxona HOTOHOB HEPA3THTHMBI, HYTO BEAET K
untepdepenunu. 50%-piii cBETOACTHTEND NPEOOPa3yeT NaJaroHE Ha HETO
MOJIS K BULY

[in)x—)jl—i[lout>3+i|out>4] ,

lin), —)—\/%Dout)“ﬂ]out)}] | (3.13)
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CocTosHHE mepea ASTEKTOpaMH, TAKMM 00pa3oM HMMEET BUA

'lP> :—;‘[(9% —e%) a>4 |b>3 +(ei¢” —ei"") a>3|b>4 +

+1(e"’“ +e* )\a>4 |b>4 +1(e"’“ +e* )|a>31b>3 i (3.14)
YeTbipe cnaraeMbixX AAIOT aMIUTHTYAbl BEPOATHOCTEH PErHCTPALMH CO-
BINAJCHHMI B KQXIOHM M3 YETHIPEX BO3MOXHBIX KOMOHWHaUMil map AeTeKTo-
poB. UToObl MONYy4HTh BEPOSTHOCTh PETHCTPALIMH COBIAJCHHIA MEXAY Ae-
TEKTOPAMH, CTOAIUMH B d-MOAAX U b-MOAax, Hy>KHO HalTH KBaJpaT Mo-
Ayl OT 3THX aMIUIHTYd. BepoaTHOCTh OyaeT M3MEHAThCA rapMOHHYEC-
kuM 06pa3oM NMpH U3MEHEHHH Pa3HOCTH a3 untepdepomerpa ¢ = ¢ — ¢,
HnTepdepeHunonHbie 3¢ ¢dexTsl MEPBOro NOpAAKa MEXAY NepeMeLlaH-
HBIMH a- ¥ b-MOJAMH HE BO3HHKAIOT, TOTOMY 4TO (pa3sl oTACABHBIX $OTO-
HOB B Pa3HBIX napax ciydainsl. CoxpaHeHHe ¢a3bl NPH NapaMeTPHYECKHX
MpoLeccax BOZHUKAET KaK CICACTBHE 3aKOHA COXPAHEHHS JHEPTHH, O YEM
uia peds Beile;, cymma ¢a3 noned B a- U b-MOAax B TOYHOCTH paBHA
thase mons HaKa4YKH.

Hnrepdepomerp ¢ Moaoii a (b) nossonser mmepmb «Q)aay» MEXAY
ABYMs BO3MOXHBIMH aKTaMH M3/Ty4eHHs B Gasuce, 3amaBacMoM ¢a3oi ¢,
(4,). 100%-as xoppenauus (aHTHKOPPESUXA) IPH NAPHOM H3MEPEHHH ITOH
da3er Beakmi pas, xoraa ¢ = ¢, — ¢, = 0 (4/2), NOATBEPKAAET HENTOKATb-
HyI0 npHupoay 3Toro 3¢ dexra®. IToT pesynbraT HE MOXET ObITH BOCIpO-
H3BEACH NPH HATHYHH pPeanbHOH NoKkanpHOH (a3bl (yaoBneTBOpsAIOMEH
NPHBEJCHHOMY BBILIE YCIOBHIO Ha CyMMY (a3), CBA3aHHOH € KaXKIbIM U3
tdoroHoB B nape Ha BhIXOAE M3 KpHcTamna. B asxcnepumente [94] Obina
H3MepeHa BHAHOCTb MHTepdepeHuHH 82%, 4TO NMpPEBLIITAET PE3YNbTAT,
npeAackassiBacMeli m000# nokanbHOH Moaensio 3kcnepuMenTta. OxHako,
H3-3a TPYAHOCTEH B FOCTHPOBKE YETHIPEX My4YKOB, BUAHOCTb HHTEPEPEH-
LMK HH3KA [0 CPAaBHEHHIO ¢ HAOMIOAAEMOH B MONAPHU3ALHOHHBIX 3KCIIEPH-
MEHTax.

3.4.4 Illepenymuieanue no noaspusayuu

Henasuo Ob11 Haligen Hosbid THO ucrouHuka CITP, B kotopoM ocymecTs-
nseTcs HekoutMHeapHbii cuuxporuam tuna Il [16]. Ilpu onpeaenennbix
yriaax Mexay My4YKOM HaKa4KH H ONTHYECKOH OChIO KPHCTa/Ia-npeobpa-
30BaTeNg yCOBHS ()a30BOro CHHXPOHH3MA TAKOBbI, YTO (JOTOHBI H3NTy4a-

$ Ucrionb3oBaHKe aBTOPAMHM TEPMHHA «HENOKANLHOCTbY HE MMEET YETKOrO QH3HYECKOro
060CcHOBaHUA, T.K. MOXET ObITh CBA3aHO C HAaNHYMEM HEKMX CBEPXCBETOBBIX B3aHMOJICH-
cTBUit. J{ng nposcHeHUs 3TOro Bonpoca oTchilaeM uuTatens k pabore [JI.H. Knsimko.
KBaHToBas ONTHKA: KBaHTOBbIE KNaccHUecKHe ¥ MeTadu3auueckue acnektsl. YOH, 164, Ne 11,
1187 — 1214 (1994)] lIpum. nepesoo4uxa.
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IOTCS BAOJb KOHYCOB, HE MMEIOIIUX 00Imel ocHy, Kak rmokazano Ha Puc.3.5
H Puc.3.6. Baonb onHOro u3 KOHyCOB U31yUeHHE MOASPHU3OBAHO KAK OOBIK-
HOBEHHBIC BOJHBI, BAOIb JPYTOro — KaK HEOOBI KHOBEHHEBIE. DTH KOHYCHI, B
obueM craydae, NEPECEKAIOTCS BAOMb ABYX HampasineHui. Ecnu Temeps
BCIMOMHHTB, UTO NpH CHHXpOHH3Me THna II, aBa ¢dorona B mape Bceraa
NOIAPH30BAHBI OPTOrOHANBHO, TO OKAXKETCS, YTO B 3THX JBYX HaIpaBJje-
HHUAX TIEPECEYCHUS HU3TyYacMbIH CBET HE TMOJAAPHU3OBAH. ITO MPOMCXOAUT
MOTOMY, YTO MBI HE MOXXEM ONPEAETUTh KAKOMY M3 KOHYCOB IPHHAIEHKHUT
naanHbii poron. Ha caMoM gmene 3To HE COBCeM Tak, MOCKOIBLKY B ABYJY-
4enpeIOMISIOIEM KPHCTalIe OOBIKHOBEHHBIE H HEOOBIKHOBEHHBIE (POTO-
HBI PaCIIPOCTPAHAIOTCSA C Pa3HbIMH CKOPOCTAMH, ¥ MBI MOTIIH Obl, MO Kpaii-
HEH MEpe, B IPHHUHMIIE, Pa3THYHTh ITH ABA C1y4as O BpEMEHHU NPUOBITHA
cootBeTcTByIOIErO hoToHa. BoaMoxxHO, 0AHAKO, CKOMIIEHCUPOBATh JTOT
«CHOCY, TIOMEILIAs B KX/l H3 MyYKOB TOYHO TAKOW K€ KPHCTALI MOJO-
BHHHOH TONWMHBI U MOBepHYTHIH Ha 90°. Takas mpoucaypa MOAHOCTBIO
ctupaet m00y0 mogobHyr HHGOPMALMIO U MbI MONYHYacM CIEAYIOLIES
HACTOSIICE NEPEMYTAHHOE MO MOJMAPH3ALHNH COCTOSHHE

fDV |H), +e®|H), V), ] . (3.15)

Heo6siknosennas

(BepTHRAAbHAN)

Y nakauka .
N r——

12=]

Kpucraar BBO
O6mnxnosennas
(ropusonranbuan)

4

v

=‘§ fV +€ (V/ H/

Puc. 3.5. Hekonnuneapnoe CIIP ¢ cunxpoHusMoM tuna Il MoxeT nath 1Ba Ha-
KJIOHEHHBIX KOHYCA CBeTa C ONpeACIeHHOMH ANuHOMN BOHBL. B 10 e BpeMs u3ny-
4aloTcsa U IPYrue AJMHBI BOJH, HO [ HabmiofeHUS NMONSpH3aLHOHHOIO nepe-
NyThIBAHHA HeOOXOJMMO BhIpE3aTh LEHTPaNIbHYIO JMHBI BOJIHBI, MCHONb3Ys
Y3KONONOCHBIE ONTHYECKUE PUIBTPBI.

Bonee Toro, Mbl MOXEM HCINONb30BaTh 3TH KOMIIEHCALMOHHBIE KpUCTATI-
JBL A7 u3MeHeHUs ¢asbl @ MEXAY ABYMS KOMIIOHEHTAMH MMEPENnyTaHHOIO
cocrosnus. [ Ipu HCoMs30BaHUH AOMOMHHUTEILHOHN NOTYBOTHOBOH MMIACTUHKH
B OAHOM M3 ABYX ITy4KOB MOXHO MONYYHTH JBa APYTHX cocTosAHMA bemna

1) == ()17, 21} ),] (3.16)
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U cHoBa, uTOOBI yBUAETh HHTEphEPEHUHOHHBIE 3)EKTHI, COCTOA-
HHE HUCClieqyeTcs B ToM Oa3uce, re BEPTHKAJIbHbBIE M TOPH30HTAJIbHEIE
NOJIAPH3ALMH HE PA3NIHYAIOTCA. DTO MOXKHO CAENIATh OYEHBb POCTO, MNe-

peMemaB COCTOSHHSA NMONAPH3ATOPOM, OPHEHTHPOBAHHBIM MOJ YTJIOM
45°

Puc. 3.6. CnoHTaHHOE NapaMeTpUUECKOe paccesHHe ¢ CHHXpOoHH3MOM THna II,
KaK €ro BHIHO 4Y€pe3 Y3KONMOoNOCHbIN GUNbTp. J(Ba KO/bIia - 3TO ce4eHHA oOblk-
HOBEHHOTO M HeoObIKHOBEHHOTO KOHYCOB CBETOBBIX Jyuelt. Bronb Hampabne-
HMi nepecedeH s HabMoNaeTCs HEMONAPH3OBAHHLIH CBET.

3.5 Anaauzarop cocronnui beana
. Boymeiicmep, X. Batinggypmep, A. Llatirunzep

®opmanbHO roBops, aHaau3 OEIOBCKHX COCTOSHHH, HEOOXOAUMEBIH MPH
KBaHTOBOH IJIOTHOH KOAHPOBKE M KBAaHTOBOH Tejaenoprauuu (cM. pasa.
3.2 u 3.3) He aBnserca npoGaemoii. Bece, uTo HyXHO caenats — 3TO
CMPOEKTHPOBATb BXOAHOE COCTOAHHE HA Oa3uc OENNOBCKHUX COCTOSHHM
(3.1 -3.4) ¥ nIpH MHOrOKPaTHOM MOBTOPEHHH ITOTO IKCIIEPHUMEHTA ON~
PEAEIHTE BEPOATHOCTH, C KOTOPHIMH HAYaJIbHOE COCTOSHHE MOXET OBITDH
HaiigeHo B oaHoM u3 coctosHuii Benna. Cocrosnus Benna, koHeuHo,
3aBHUCAT OT THIIA NMEPENYTHIBAHUS, KOTOPbIM XapaKTEPU3yeTCA Hadyalb-
HOe cOCTOsHME. B cnyyae nepenyTrBanus Mex Ay MONAPH3aLHOHHBIMH
¥ UMIIYIbCHBIMH CTENEHSIMH CBOOOABI, IPOHMIIHPOBAHHE HA MOJIHbIH Oa-
3uC¢ 6ENNOBCKHX COCTOSHHH BO3MOXHO IPH MOMOINH MPOCTHIX JIMHEM-
HBIX ONTHYECKHX 3JIEMEHTOB. B ciiyuae nepenyTeiBanHs MO MONAAPU3A-
UMM MEXAY POTOHAMM CHTYaLHs BBIMIAAHT rOpPa3ao CI0XKHEE U A0 CHUX
MOp NPOMLHPOBaHHe ObIIO peanu30BaHO TOJNBKO Ha JBa COCTOsHMA ben-
na. Jlpyrue aBa COCTOSSHHS OCTaBaJIUCh BHIPOXJACHHBIMH MPH UX ACTEK-
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tupoBaHuu®. Takoil yacTHuHBN aHanu3 coctosuuil Benna o6vacuseTc
B CIEIyIOWEM pasfaele.

3.5.1 Cmamucmuka ¢pomoHoe npu npoxozxicoeHuu
yepe3 cgemooderumens

YacTruuxeli aHanu3 cocTosHUi benna npu nonspH3aiHoHHOM NEpenyThiBa-
HHM HCTIONIB3YET CTATHCTHKY ABYX KyOHMTOB NPH NPOXOXKACHHH X Yepe3 CBe-
ToAenuTenb. OCHOBHOM NPHHIMIT aHAIH3ATOPA OMHPACTCA HA TO, YTO U3 Ye-
ThipeX GennoBckux coctosHu# (3.1 — 3.4) TONBKO OQHO ABISETCH AHTHCHM-
METPHYHBIM TIPH NEPECTAHOBKE ABYX HacTHU. JTO cocrosHue [¥), (3.2),
KOTOpPO€, OMEBHIHO, H3MEHAET 3HAK NpHU cMeHe UHAekcoB 1 u 2, OcraBlunecs
TPH COCTOSHHSA CHMMETPHUHBI. TauM 0Opa3oM, BHAHO, 4TO HAXOAICh B CO-
croanuu [V, ,, KyGHT moauuHseTCa PEPMHOHHOH CHMMETPHH, a BO BCEX OC-
TANBLHBIX TPEX COCTOAHHAX — 0030HHOH. [0 CHX NOpP MBI HE YTOUHSAIH ABIS-
IOTCS JIM 4aCTHIBI, TIEPEHOCAIME KYOUTEI, PepMuoHamMu Ui 6030HaMu. ITO
MIPOHCXOAMIIO NIOTOMY, YTO COCTOSHHUSA, 3anucaHHbie B BuAe (3.1 — 3.4) He aB-
JSI0TCA NOMHBIMH COCTOSHHMSMH YaCTHI], @ OIMCHLIBAIOT TOJMLKO BHYTPEHHEE
(mByx-ypoBHEBOE) cocTosHHe yacTun. OOiee e COCTOSHHE MOXHO MONy-
4YHTh, J0OABNAS K HEMY IPOCTPAHCTBEHHOE COCTOSHME YACTHII, KOTOPOE TaK-
e MOXKET OBITh CHMMETPHYHBIM HIIM aHTHCUMMETPHYHBIM. B crnyuae 6030-
HOB, IPOCTPAHCTBEHHAA YaCcTh BOJMHOBOH QyHKUMHM AOMKHA OBITH AaHTHCHM-
METPUYHOH Ana cocrosuus [¥) , u cUMMeTpUYHO# And TpeX ApYrHX, B TO
BpeMs KaK AN (PEPMHOHOB, BCE JOMKHO ObITE HA0OOpPOT.

Paccmorpum s wauana asa GoroHa, KOTOpHE ABIAKTCS DO30HAMHU,
H MPEAnOI0XKUM, 4TO cocTosHud benna onuckisarot nonspusanuio ¢oro-
HOB, T.€. BHYTDEHHIOW CTeneHb cBoboam. Jlanee, oueBMAHO, uTO Obuiee
cOCTOsHHE JBYX HOTOHOB JOKHO OBITh CHUMMETPHUYHBIM. B ciy4ae, kor-
Aa JB€ YaCTHLbl MafaloT CHMMETPUYHO HA BXOAbI CBETOJACIHTENS, T.C.
KaxcAas 4acTHLA NMPUXOAUTCS HA OQHY M3 BXOAHBIX MoJ |a> u [b>
wHHE (MPOCTPAHCTBEHHBIE) COCTOSHHA NPUHHMAIOT BHI

1.0 =5 [),~[8)[a),) 6.17)

BHEC-

H

1

I‘Ps>12=$(|a>1|b>2+|b>1|a>z) > (3-18)

$Yixe moc/ie BLIXO[a HACTOALLErO H3AaHHs B CBET OBLIO OCYILECTBIECHO IPOCKTHPOBAHHE B
noHbli 6a3uc MONSpH3aUMOHHBIX cocTosHUH Benna. [Jns sToro Henonb3oBajcs nmpolece
napaMeTpHyeckoro npeobpasoBaius yactoTsi Beepx [ Y. H. Kim, S.P.Kulik, Y. Shih, Quantum
Teleportation with a Complete Bell State Measurement. Phys. Rev. Lett. 86, Ne 7, 1370 -
1373 (2001)] (/Ipum. nepesoouuxa).
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rae [¥,),, u ¥y, — aHTHCHMMETPHYHOE ¥ CHMMETPHYHOE COCTOSHHMS,
cooTBeTcTBEHHO. M3-3a TpeOoBaHuil, HaKIaABIBAEMBIX CUMMETpHEH, 00-
mue AByX(OTOHHBIE COCTOAHHSA B UTOr€ MMEIOT BHA:

[ )Y, YN, L [0 )s) u |o)| %) (3.19)

3aMCTPlM, 4YTO TOJbBKO COCTOSIHHEC, AHTHCHMMCTPHYHOC BO BHCUIHHX
NCPEMCHHBIX, ABJISCTCA TAKXKC AHTHCHMMCETPHYHBIM BO BHYTPCHHHX IC-
PEMEHHBIX. I/IMCHHO 3TO COCTOAHHE BBIXOAHUT H3 CBCTOACIHUTC/IA BO BHEII-
HEM aHTHCHMMETPHYHOM COCTOSHHH. JTO MOXHO IPOCTO NMOKa3aTh, €CIIH
NpCANnONOXKHTD, 4TO ACIHTCIIb HC BIIHACT HA BHYTPCHHCC COCTOAHHC H IIPH-
MEHss ONEPATOP, OMHCHIBAIOUINI CBEeTOAENHTENb (Mpeobpa3oBaHue Ana-
Mapa) K BHEIIHeMY cocTosHuIo. Mcnonssys

H la)=j15(lc>+ld>) (3.20)

H(b) = (e)-|) (3.21)
MOJIY4YaeM, 4YTO

H[¥,), =7 () la), ~la)[e),) =¥, 622)

ITo3TOMY MPOCTPAaHCTBEHHO AHTHCHMMETPHYHOE COCTOSHHE ABIISAECTCA
cOOCTBEHHBIM /I ONEpPaTopa, OMHCHIBAIOIIETO CBETOACHUTENb [95, 96].
HaoGopot, Bo Bcex ApYrux Tpex ClydasX CHMMETPHYHOIO BHELIHETO CO-
crosHus |\¥y), aBa GoTroHa OKa3BIBAIOTCA B OQHOM M3 JABYX BBIXOJAOB CBE-
ToaenuTena. MMEHHO MO3TOMY, O4EBHAHO, YTO COCTOSHHUE [\Y~) MOXKHO o-
HO3HAYHO OTAENHTH OT BCEX APYrUX. ITO CAMHCTBEHHOE H3 YeThipex Oen-
JIOBCKHUX COCTOAHHUMH, KOTOPOE MPHBOAUT K COBNAACHUAM (OTOOTCUETOR AC-
TEKTOPOB, TIOMEIIEHHBIX B KKAYIO BBIXOAHYIO Mony aenutens [{97-99].
Kak >xe MO>xHO HAEHTHOHUHMPOBATh TPH APYTHX COCTOAHMA? ITOT BOIPOC
BO3BPAINAET HAC K TOMY, YTO Pa3NIH4YHE, C OAHOH CTOPOHBI, Mexay V') u
|®*) u, ¢ apyroii ctopons, Mexay [V ) u |®~) OCHOBaHO Ha TOM, YTO TONb-
ko B |V¥") ABa GOTOHA UMEIOT ACHCTBUTENLHO pa3NMUHbIE TIOJIAPH3ALIHH, B
TO BPEMs KaK B JBYX APYTMX COCTOSHHSX OHHM HMEIOT OAMHAKOBHIE IOJA-
pmauuu. Takum 06pa3oM, BEITIONTHEHHE NOJIAPH3ALMOHHBIX H3MEPEHUH H
HabnroaeHue 3a POTOHAMH MO OAHY CTOPOHY OT CBETOACIUTEA MO3BOJS-
er pasau4uTs cocrosHue [V*) or coctosaumii |@*) u |®). Heobxoaumo
OTMETHTb, 4TO NMPOCTOe 00OOIEHHE ITOH MPOUEAYPH BEAET K TOMY, 4TO
Mo6bIe JBA OPTOrOHANBHBIE MAKCUMAIbHO TIEPENYTAHHBIE COCTOSHUSA MOX-
HO pa3IM4YUTh APYT OT APYra TeM K€ CrocoOOM, IOCKOIBKY IPH JIOKAb-
HBIX YHUTAPHBIX NPeoOpa3oBaHHAX HYKHO MPOH3BOAMTH ONEPALIMH ITOBOPO-
Ta B ABYMCPHOM TI'HJILOEPTOBOM IPOCTPAHCTBE.
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Paccmorpum Teneps Takoi xe 3xciepuMeHT ¢ hepmuonamu [100], rae
CHOBa GCIIOBCKHE COCTOSHHS OMHCHIBAIOT BHYTPEHHHE cocTosHUsA. Ha-
MpHMEp, €CIH ABa KyOUTa nepenyTaHsl 10 CIIMHAM, HAXOAHM, YTO YETHIPE
BO3MOXHBIX COCTOAHHA UMCIOT BHA

[N [F)ES) L@ ) ,) w07, (3.23)
MOCKOJIBKY TPEOYeTCsl aHTHCHMMETPHYHOCTb obwmero cocrosHus. Iloaro-
My A (GEPMHOHOB TONBKO OAHO M3 COCTOSSHHH NMPOCTPAHCTBEHHO CHM-
METPHYHO, TPH APYTHX ABJSIOTCS NMPOCTPAHCTBEHHO aHTHCHMMETPHYHbI-
mu. Takum o6pa3oM, TONBKO B OJHOM cliyuae, a uMeHHo ans [\V-) asa dep-
MHOHa OyAyT MOKHAATH CBETOAETHTENb, HAXOA’ICh B OOQHOH Moze. B oc-
TaJbHBIX TPEX CIy4asiX OHH OyAyT BHIXOAUTH B PA3HbIE BBIXOAHBIE IPOCTPAH-
cTBeHHbIe MOABI. IIpHMeyaTenbHo, YTO TAKOE COCTOSHHE OMSAThH XK€ MOXKET
OBITb OTJENEHO OT APYTHX H3-32 ONpEACICHHBIX CBOHCTB CHMMETPHH.

3.6 DKcnepMMEeHTAJBHAA NJIOTHANA
KOAHPOBKAa KyOHTOB

KBanToBO-onTHYECKas AEMOHCTPALHUA CXEMBI KBAHTOBOH IUIOTHOH KOAH-
poeku [75], obcyxnmaemoi B pa3a.3.2, TpebyeT NIpUCYTCTBHS TPEX OTAENb-
Heix 3eMeHToB (Puc.3.7): ucrounnka JI1P cocTosHmii, reHepHpyoLIEro
nepenyTaHHbie GOTOHBI, cTaHUHH boba Ans xoaupoBaHus cooOleHHH C
MOMOUIBIO YHHTApHOTO npeobpa3oBaHus HaJ €r0 YaCTHLEH H aHaIH3aTopa
OeNIOBCKUX COCTOAHMH, HAXOAAWETOCA Y ANMCHI, YTOOB PaCcIO3HATh CHUT-
Han, nocelnaeMeiit bo6owm. Ilepenyrannrie no nonaspu3anuy GOTOHE roTo-
Batca B npouecce CIIP ¢ cunxponusmom tuna Il (pasa.3.4.). Yusrpaduo-
neroBbif ny4ok (A = 351 HM) aproHoBoro nasepa npeobpasyercs B naps
toronoB (A =702 HM) c OPTOTOHANBHBIMH MOJSPHU3ALIUIMH.

Bo6 AnHca

BBO
TAN 11 ,JZDV
uv

QI1P-

HCTOYHHK

Puc. 3.7. OxcnepuMeHTanbHas yCTaHOBKA /1A KBaHTOBOM MIIOTHOH KOAMPOBKH
[75].
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[Mepenyrannoe cocrosuue [V*) nomyuyaercs nocne KOMINEHCAUUHU ABY-
aydenpenoMiaeHus B kpuctanane BBO Bmons onpeaeneHHbBIX HanpaBieHUId
U31y4eHHUs (TIATENbHO BBIACICHHBIX IPH IOMOUIM 2-MM UPUCOBBIX Auad-
parm, pacIiOIOKCHHBIX Ha paccTosAHHH 1.5 meTrpa ot xpucranna). Oaud
Iy4YOK HamnpasIsiacs K kogupyromen cranuun boba, apyroii — Henocpea-
CTBEHHO K aHAJNH3aTOpPy OCIIOBCKMX COCTOSHHH, HaXomseMmycs y Anu-
col. [Ipn 10cTHPOBKE CXeMBI OBbLI HCMOIB30BAH  KONTHYECKHH TPOMOOHY.
Onrtuueckuii TpoMOOH npeacTasigeT cob0H yCTPOHCTBO, BO3BPALIAKOLICE
H3IyYCHHUE HA3ad B TOM )K€ HANPaBJICHHH, HO 110 APYTOMY MyTH. DTO A3ET
BO3MO)KHOCTb IIJIABHO MCHSATDH 33aJEPXKKY B MpEAENax JIHHBI KOTEPEHTHO-
CTH CHTHAIIbHBIX H X0OJN0CTEIX hoTOHOB ([ ~ 1001)

ITpyn xoaAMpOBaHHH NONAPHU3ALNH YaCTHILIBI, HMeroLIeics y boba, 6bin
BBINIOJTHEHBI HEOOXOAMMBIE NMPe0Opa3oBaHUs. JTO OCYIIECTBIAIOCH € HO-
MOIIBIO MONYBOJHOBOH MIACTHHKH, H3MCHSIOIIEH NONAPH3ALHIO, H YeT-
BEPTHBOJIHOBOM MJIACTHHKM /s BHECCHHS (a30BOro CABHIa, 3aBUCALIC-
ro oT noaspu3auuu’. YnpasnseMblii TakuMm 00pa3oM My4YOK B CTAHIHUH
boba, sarem nepememupancs ¢ APyrdM Ny4KoM y AJIMCHI Ha aHanTH3a-
Tope GENIOBCKMX COCTOAHHH. AHAIHU3aTOP COCTOSI H3 CBETOACIMTCISA,
H TIOMCULICHHBIX 33 HUM ABYXKAHAJIbHbBIX MOIAPH3aLIHOHHEIX YCTPOHCTB, B
KQXXAOH M3 JBYX €ro BHIXOAHBIX MOA. B 3akcnepHMeHTEe mpoH3BOAHICA
aHaTH3 COBNAaACHHH (POTOOTCUETOB MEXAY YETHIPbMs CUETUMKaMH do-
TOHOB.

IMockonbky TOnbKO cocTosiHue |'V~) MMeEeT aHTUCHMMETPHYHYIO TIPO-
CTPAHCTBEHHYIO YacTh, HMCHHO 3TO COCTOSHHE M PETHCTPHPOBANOCH
NPH U3MEPECHHH YHC/Ia COBNAACHUH MEXAY Pa3HYHBIMH BHIXOAAMH CBE-
ToAeNUTENA (T.€. COBNAACHHA (OTOOTCHETOB MEXAY AcTekTOopaMu D
u D, unu mexay D, u D). [nga ocTaBmuxcsa Tpex CocTOsHMH 06a
(hoTOHa BBIXOAAT B OAHY U TY XKE BBIXOJHYIO MOAY CBECTOACTHTENA.
Coctosnue |\W') MOXHO MPOCTO OTIMYHTH OT ABYX APYrux Gmaroaaps
Pa3NHYHBIM NMONSAPH3ALUAM ABYX HOTOHOB, JAIOIMM MOCIE ABYXKAaHAb-
HOTO MOJIAPH3ALHUOHHOTO YCTPOHCTBA COBMAJEHHS MEXAY OTCUETAMH
aetexropos D, u D, win mexay D, u D, [Ia cocrostnns |®*) u |®-)
npeoGpas3yroTcsa B Takoe AByX(OTOHHOE COCTOSIHHE, KOTOPOE IMOrIoma-
€TCs OTACNBHBIM JETEKTOPOM H, TakuM oOpa3oMm, UX HE yAaeTcs pas-
JTHYHT. :

B ta6nuue 3.1 npuBeacHa CBOAKA Pa3nMYHBIX MAHUIYISALIMH KOTUPOB-~
muka bobGa u BEpOSATHOCTEH HCXOAOB, PETHCTPHPYEMBIX AJTHCOH.

" KoMMnoHeHTa, MONSpU30BaHHAas BJO/IbL OCH YETBEPTBOJNHOBOH MNacTHHKM, npHobpeTaeT
caBUr (asbl Ha /2 OTHOCHTENLHO Apyro#. IlepeopHEHTalHA ONMTHYECKOH OCH ¢ BEPTH-
KanbHOro MOJ10XKEH!S Ha FOPU30HTAILHOS BLI3LIBAET TOUHOE U3MEHEHHE (asbl Mexay [H>
H|V>narm
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Tabnuua 3.1. CBoAKa BOIMOXHBIX MaHHNYIALHUA H PETHCTPHPYEMbIX COOBITHH B 3KCIEPH-
MEHTE 110 KBaHTOBOMH TIOTHOH KOZHPOBKE C KOPPEIHPOBAHHLIMH HOTOHAMH.

YcranoBkH bo6Ga: | Ilochinaemoe Co6bITHA, perHCTpHpyeMble AJIHCOH
A2 A4 COCTOAHHE
0° 0° ¥+ cosnanenns Mexay D, u D, umn D, u D,
0° 90° ¥ copnasenus mexay D, u D, nan D, u D,
450 0° [@*) 2 ¢oroHa nubo B D,, D,, D,. yiu6o s D,,
45° 90° | D) 2 dorona mbo B D, D,, D,, mmbo s D,,.

CHayaja 3KCMEPUMEHTHI BBHIMOJHAINCH MPH CACAYIOUIECH YCTaHOBKE
napameTtpos cTanuuu boba: cocrosuue P ucrounuka BeIOHpanoce Tax,
yto U3 craHuuu bobGa Bmixoauno cocrosHue V'), T.e. xorma ocu obeux
($a30BBIX MJIACTHHOK YCTAHOBJCHBI BEPTHKAABHO;, APYrue cocTosuus ben-
Jla MOTJIM F€HEPHPOBATHCA NPH COOTBETCTBYIOLIHMX YCTAHOBKAX IMJIACTH-
HOK, [MOKa3aHHHIX B Ta0n. 3.1. Jlng Toro, yrto6sl Habnonate untepdepeH-
L{HIO Ha aHAJIM3aTOpe AJIMChI, MBI M3MEHSJIM PA3HOCTD I11e4 A MEXAY ABY-
M Iy4KaMH ¢ NOMOMUIbIO onTHYecKoro Tpombona. Korna 4 >> [ untepde-
PEHIMA OTCYTCTBOBana W Habmoaanace KMacCHYECKas CTATHCTHKA B CO-
BrniaaeHuax ¢oroorcueros aerekTopos. [lpu onTumanbHOM HacTpoiike pas-
HoctH me4 (A = 0) untepdepeHLna BOZHUKAIA, YTO AABAIO BO3MOXHOCTh
pacrno3HaTh 3aKOJUPOBAHHYIO HH(OPMALIMIO.

Ha Puc. 3.8 u 3.9 nokazass! 3aBUCUMOCTH CKOPOCTEH CUETA COBHAJE-
nuit C, () u C,, (°) oT pasnocTu anuH B ciyqae ['V*) u |¥°), cootser-
CTBEHHO (CckopocTu cuera cosnaaenuit Cp .. u C, , BenyT cebs ananoruy-
HpIM 00pa3oM; Mel Hcronb3yeM obosHauenue C . A1 COBNAJCHUI MEXTY
Aetextopamu D, u D;). Ilpu A = 0, C, nocTvraer Makcumyma Ans Co-
crosuus |V*) (Puc.3.8) u ymenpmaercsa (BIUIOTh A0 YPOBHA CHydamHBIX
cosnaaenuii®) ana V) (Puc.3.10). C,,, nposBaseT NPOTHBOMOIOXHYIO 3a-
BHCHMMOCTb H COOTBETCTBYET cocTosHuIO [V~). Pesynsrarel 3THX H3Mepe-
HHI 03HAYAIOT, YTO €CIIM PErUCTPUpPYIOTCs 00a $oToHA, TO HACHTHOHUMPY-
etcs cocroaHue [*) ¢ nocrtoBepHOCTLIO 95%, a cocrosnue [V) — ¢ 93%.

*Ecnu W, u W, — CKOPOCTH CUETa HEKOPPETHPOBAHHEIX CBETOBKIX CHTHANOB, PETHCTPHPY-
€MBIX J€TEKTOPaMH 1 H 2, TO CKOPOCTDb cHETa CJIyuaiHbIX COBNAJCHUH MEXKAY ITHMH AETEK-
TOpaMH OKa3bIBaETCH Wcm_ woen= W, W,T, rie T - BpeMEHHOE OKHO CXeMEI coBNasenuit. (Ilpum.
nepesoduuka.)
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PasHocTh onTHYeckHX myTei A(/l)

Puc. 3.8. Cropocts cuerta conafeHuit Cy, (oM C,-(o) Kak dyHkuuy pasHocTH
ey A, npu nepeaade coctosHus [V*). IIpu uaeansHo# Hactpoiike (A = 0) npo-
MCXOJIMT KOHCTPYKTHBHAA HHTepdepeHnus M C,, , MO3BOINAIOWAL HACHTH -
LIMPOBaTh 5TO COCTOSHME.

10000
\V -_f—' a3

7500 1 o ‘;
7 o )
3 o o
S 5000- o
p Sutyetegtes .m
N L ] )
= ®
£ 2500 .
§ [ I ]
3 LX)
Q [)

300 -150 0 150 300
PasnocTh onTHUECKHX myTel A(/l)

Puc. 3.9. CkopocTs cueta cosnaacHuit Cpy(®)u C - (°) xak byHKUMH pa3HOCTH
miey A, npH nepenave coctoanus [¥-). KoHcTpykTuBHas uHTepdepeHIHA 1t

CHV’ AA€T BO3MOXHOCTbL NPOYHTATH HHCbOpMBuPlIO, CBA3aHHYIO C 3THM COCTOSA~
HHEM.

Ilpu ucrnonb30BaHNH KPEMHHEBHIX TIaBUHHKX PoToanonos, pabora-
IOIMX B redrepoOBCKOi MoJE B pexkume cuera GOTOHOB, HEOOXOAMMO
MOAHHIHPOBATh AaHANH3ATOP OENNOBCKHX COCTOSHHI, MOCKONBKY HYX-
HO CYMETh 3apErHCTpHpPOBaTh JABa (JOTOHA, MOABIAIOIOUXCA B OAHOMI
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BRIXOAHOH MOJE aHAMHU3ATOPA M COOTBETCTBYIOIMX COCTOAHHAM |D*)
u|d-)° '

Onna u3 BO3MOXHOCTEH MOTHOCTBIO H30€XaTh HHTEPHEPEHIMH TAKHX
COCTOSIHHIT COCTOMT BO BBEJCHHH IEPEA CBETOJACINUTENEM ANHCH 3aBHCA-
IeH OT MONMAPH3ALMH 3aACPHKKH, NMPEBHIIAIOMEH BPpEMS KOr€pPEHTHOCTH.
Hanpumep, 310 10CTHraercs ¢ NOMOMIBIO TOJCTHX IJIACTHH U3 KPUCTA-
JVYECKOTO KBapla, 3aAepkuBaomux |[H) B oqHOM mydke H |V) B Apyrom.
JApyrof MeToa COCTOMT B PaCIIEIUICHHH MOIYyYHBIIErocs ABYX(OTOHHOrO
COCTOSTHHA IIPH MOMOINH AOMOIHHUTEIBHOTO CBETOACTHTENA € MOCaeAyoImeit
peructpauneit (¢ 50%-0if BEPOATHOCTHIO) COBMANCHHIH OTCUETOB AETEKTO-
POB, MOMEINEHHBIX B KAXKAYIO BRIXOAHYIO MOAY 3TOro cBeroaenutens. Uro-
OBl MPOAEMOHCTPHPOBATh NMPHHIUIIHAIBHYIO BO3MOXKHOCTh TAKOr0 METOAA,
MBI Pa3MECTHIIH TAaKOE YCTPOHCTBO BMeCTO Aerekropa Dy, Ha Puc. 3.10 no-
Ka3aHO, KaK yBEJIHYHBAETCA CKOpocTh cueta coBnaneHuit C, - (0) npu pas-
HocTH nied 4 = 0, mo cpasHenuio ¢ curHanamu C,, u C,,., COOTBETCTBYIO-
mumH GOHOBOMY YPOBHIO, Koraa bo6 mockunaer cocroanue |P-).

¢—f—‘|n:

1500 4 n "

~ a

5 o "

Q n

°

= 1000 1 'n "

5 lth;b'm" Lr,—[--”'l:t.l:!
o

z

s 500

q

=

2 . o

3- $900meRe00e 0000 C3E veestery

300 -150 0 150 300

PaznocTs onTHueckHx nyTrei A(,U)

Puc. 3.10. Cxopocts cueta copnanennit Cypp, (9), C ~(0) Cpp(0) xax
$byHKuMH pasHocTd ey A. Makcumywm B curuane C m—,'g;ﬂaqaeT niepefayy Tpe-
Thero cocTofHHA D), 3aKOAHPOBAHHOIO B JBYXYpOBHEBOH 4acTHle. CHrHaN
C,;; B YeTHIpE pa3a MEHbINE CUTHANOB, NokazaHHLX Ha Puc. 3.8 u 3.9, us-3a

YMEHBINCHHS BEPOATHOCTH perHcTpanHu |[@~), cM TekcT.

3aMeTHM, OAHAKO, YTO AN OOOHX METOAOB B IOJOBHHE BCEX MCXOAOB
06a $HoToHa BCe XKe MOrjIomAITCA OAHNM JETEKTOPOM; IIO3TOMY, MOCKOIBKY

® HeobxoauMa cneuanbHasd HACHTHOHKALHUA ABYXGOTOHHOTO COCTOAHHA: KPEMHHEBbIE
$hOTOAMOAB AAIOT OAKHAKOBBIE UMNYILCH (oToTOKA AnNs oanoro u Gonee GOTOHOB, €ciu

OHH NMONARAIOT B AHOJA OAHOBPEMEHHO; TAKHM 06pa3oM TONBKO PEerHCTpauHs coBlaneHHH

no3sonset oGHapyXHTb JBYX($OTOHHOE cocTOAHME. B onpeencHHbIX THIIAX GOTOYMHOXKH-

Teneit oano- U AByxdoTOHHOE norsiomenue PoTOKATONA JAIOT Pa3NHYHBIC BEIXOJHbIC CHI-

nanel. OHako B HacTosmmee BpeMs 3G PEKTHBHOCTL TGKHX AETCKTOPOB KpaliHe HHM3Ka.
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MBI MCIIOJb30BAIH TONBKO OAHY NOAOOHYIO KOHGHIYPaLHIO, MAKCHMAIb-
Has CkopocTb cyera Ans C,z COCTAaBIAET AMIIb OKOJIO YETBEPTH OT Mak-
cumyma sennuusn C,, wmu C,, (Puc. 3.8 1 3.9).

TTockOnbKy TENEPb MBI MOXXEM Pa3NTHYHTbL TPH Pa3HBIX COCTOAHHA, TO
MOJXXHO CUHTATh, YTO MMEIOTCA YCIOBHS Ui Nepeaady cooOmeHuH, nepe-
JaBaeMbIX METOJOM KBaHTOBOI nnoTHoM koauposku. Ha Puc. 3.11 nokasa-
Hbl Pa3IMYHBIE CKOPOCTH CYETAa COBNAAEHMI (HOPMHPOBAHHBIE K COOTBET-
CTBYIOIEN MAKCHMAJIbHOH CKOPOCTH IEPEAaBaeMOro COCTOSHHA) MpH Ie-
peaaue ASCII xonoB «KM® (t.e. xomoB 75, 77, 179) ¢ nomompio numb 15
TpHUTOB BMECTO 24 knaccuueckux 6uToB. M3 3Tix 3MEpeHHH MOXKHO NOTy-
YHTh OTHOIICHHE CHIHAJI-UTYM, CDAaBHUBas YPOBHH IOJIE3HOTO CHIHaNa C CyM-
MO JByX APYTMX PETUCTPHPYEMBIX CHTHAIOB. JTH OTHOIIECHHS NPH niepeaa-
4e TpeX COCTOSHHH OTIMYATNCh U3-3a Pa3IH4HI B BHAHOCTH COOTBETCTBY-
10IMUX MHTEP(EPEHLIMOHHBIX KOMITOHEHT ¥ COCTAB/ISLITH

SINg.,=14.8, SIN,, =13.0 uSIN, =8.5.

Cumson K | M [}

75 77 179
ASCII-xox]0 2:2,1'0{0:2:2 1 2/2 0 1:2}2

lmﬂwo‘ﬂwpo'@ambge

0,5

HOPMHPOBaAHHBIC
COBIIAACHHS

0,0-

Puc.3.11. KanTtoBas mioTHas kofupoBka «1.58 6UT Ha dpoTon». ASCII-koae!
ans cumponoB «(KM® (1.e. 75, 77, 179), 3akognupoBaHHbIX B 15 TpuTax (koraa
«Or = |@) 40, «ln = P> 2 & 2» =q¥> = ), BMecTo 24 GuTOB, 06BIYHO
MCNONB3yeMbIX. JaHHbIE UIA KAXKLOTO TUNA 3aKORMPOBAHHOTO COCTOAHMA HOP-
MHPOBAaH:I Ha MAKCHMYM CKOPOCTH COBMIAJCHHH 1% 3TOTO COCTOSHUA.

3.7 DKCnepHMEHTHbI IO KBAHTOBOM
TeJIEmOPTANMHE KyOHTOB.
M. Boymeiicmep, [xc.-B.Il>u, X.Baungypmep, A.Llajinrunzep

B 31OM pa3saene 6yaeT paccMOTpeHa IKCIIEPUMEHTANIbHAA AEMOHCTPALUS
KBAaHTOBOM TEIENOPTALXH KYOUTOB, 3aKOAMPOBAHHAIX B MOJISPH3ALIMOHHOM
COCTOSHUU eqMHUYHEIX (poToHOB [76]. [Ipu Tenenopramuu BXoAHOMH (OTOH,
KOTOpHIii HAXOAWTCS B ONPEAETEHHOM IOISPH3ALUOHHOM COCTOAHMH (HMEH-
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HO 3TO NOJIAPHU3ALIHOHHOE COCTOAHUE H KKOMHPYETCA» NPH TEIENOPTALMH),
H 11apa NEPEnyTaHHbIX (POTOHOB ABJIAIOTCH OOBEKTAMH H3MEPEHHMS, TAK YTO
OHH U3 OTOHOB NepenyTaHHOH napsl NPUOOPETAET MOAAPUIALUIO HCXO-
Horo ¢orona. Ha Puc. 3.12 cxeMaTuuHO H306paxceHa 3KCHEPUMEHTAb-
Has ycTaHoBka. Kak ofmsicHsinocs B pasa. 3.3, npu 3KCnepUMEHTAIbHOM
peanu3anuy KBaHTOBOH TEJNEMOPTaLUH TPEOYETCA Kak NPUIOTOBJICHHE, TaK
H M3MEPCHHUE NEPENYTAHHBIX COCTOAHHIA, MPHTOTOBICHUE 3aKNIOYAECTCA B
CO3JaHHH HCTOYHHKA COCTOAHMH JHHwTelHa-Tlogonsckoro-Posena
(3I1P), a namepenue — B uaeHTHHUKALHM GTIOBCKUX cocTosHuit, JIIP —
HCTOYHHK MEPENyTaHHbIX NONAPH3ALHOHHBIX COCTOAHMIA OBl PACCMOTPEH
B pa3a. 3.4, a ananusarop Gennosckux cocroanmit  [¥-), - B pa3n.3.5.

Annca

'1§f2

Knaccuueckas
HHpOpMaUHA: COBNAafcHHE

Haganshoe
COCTOAHHE

YO-umnynsc .-
J’§.4 @ o

“ACTOYHHK

TenenopruposaHHoe
COCTOSHHE

éJd : ARajH3

Puc. 3.12. CxeMaTHUHOE H306paKeHHE SKCIICPUMEHTAILHOMH YCTAHOBKH 110 KBaH-
TOBOH TesenopTauu KyGuta. HMnynec ynsTpaduoneToBoro nasepa, npoxoss-
Ui yepes KpucTajul, obpasyeT napy nepenyTaHHbix ¢otoHoB 2 u 3. ITocne
OTpa’KCHHA, BO BPEMA NOBTOPHOIO MpPOXoJia YePe3 TOT KE KPHCTALI, MMNY/bC
AaeT Apyryio napy $pOTOHOB, OMH M3 KOTOPBIX GyAET MCNO/L30BAH AN MPH-
FOTOB/ICHHA HAaYaNbHOrO COCTOAHUA PoToHa 1 (NONAPH3AHMOHHOE COCTOSHHE
KOTOpPOro Nnpeaua3uaueHo Ang tenenopraunu). J{pyroli ciyXuT B xauecTBe HH-
AHMKATOpa, CHTHAJIM3UPYIOIIETO O TOM, HTO TenenopTHpyeMuid doTon (Tounee
€ro COCTOAHHE), IPHCYTCTBYET B cXeMme. AnHca HabmoAaeT 3a cOBNaJCHUIMH
nocne cBetofenutens (BS), rae nepeMeinuBaloTcs HauyanbHbil GoToH 1 4 ofHH
M3 BcrnioMorarensHEX. Bo0, mocne nonyyeHHs kjaccHueckod MHGOPMAaUUH O
TOM, YTO AnHca 3aperMcTPHpOBala COBNAJCHHE OTCYETOB AeTekTopoB f1 m
f2, 4to HAaeHTHOULMPYET GeNOBCKOE COCTOAHHE [¥7),,» 3H8ET, 4TO ero GpoToH
3 MMeeT TOYHO TAKOE XKE COCTOSHHE, KaK U MCXOAHBIH GoToH 1. OH MOXeT npo-
BEPUTH ITO, UCNONB3YS MOJIAPUIALKOHHBIH aHANM3, NPOBOAMMBIH NPH MOMOIMM
nonspusauuonnoro aenuteis (PBS) u netexroposd 1 u d 2. Jlerekrop P oGec-
neyuBaeT HHGOpMaLHIO O TOM, YTO GOTOH | JeHCTBUTENLHO MPHCYTCTBYET B
cxeme.
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DKCnepUMEHTANbHAS JEMOHCTpALMs KBAHTOBOH TeJaenopTauMy Kyou-
TOB, PEACTABJICHHAsA B 3TOM pa3Jeie, OrpaHHUYHBAETCA HCIOJb30BAHUEM
NPOEKTHPOBAaHHUA TONBKO B GenoBckoe cocTosHue |V),,. YHUTapHOE npe-
06pa3oBaHHe, KOTOPOE AOTKEH BHIIIOMTHUTDL Bo6 nocne uamMepenus Anucou
doTonoB 1 u 2 (6AMHCTBEHHOE H3MEPEHHE, AOCTYNHOE AJIHCE B 3TOH CXe-
M€ — 3TO M3MEPEHHE COCTOAHMA [¥7) ,) — ITO MPOCTO TOXKAECTBEHHOE Mpe-
obpasoBanue, T.. bo6 momkeH 3aperucTpupoBaTh GOTOH B TOM XK€ CO-
CTOSHHUH, 4TO U GoTOH 1'°.

Yr1oObl HE AONMYCTUTHh FEHEPALMH HE3aBUCHMBIX (POTOHOB 1 M 2, OT/IH-
YaIOLIUXCA N0 BPEMEHH PErHCTPALIMU ACTEKTOPAMH, 4TO He Jano 6b1 BO3-
MOXHOCTH U3MEPHUTh COCTOSHME benna, nenonp3oBanace caeaymouas Me-
toauka. DOTOH 2, COBMECTHO C €ro mepenyTaHHbIM NapTHEpoM — (oTo-
oM 3, renepupoBanucs B npouecce CIIP ceera. UIMnynpcel Haka4vkH, mo-
ny4YaeMble MOCIE YABOCHHS YaCcTOTHl TUTAaH-can(upoBoro gasepa ¢ MOAy-
nsauuer o6porHocTH, HMenH JnurensHOcTh 200 dc. UMnynbcel Hakauku
Noclie OTPaXKCHHS OT 3¢pKaja MOBTOPHO NMPOXOAHJIH YEPE3 KPHUCTALIT H
BbI3BIBAJIH POXKACHHE BTOPOH napsl GpoToHoB 1 1 4. PoToH 4 HCnoNb30Ba-
Cs KaK CHTHall, MOATBepxAaromuii Hamuune porona 1. Takum obpasom
¢oToHsI 1 U 2 OKa3bIBATHCh JOKAIH30BAHHBIMH B MPEAEIAX JIMTCIBHOCTH
uMmnynsca 200 ¢c. Mx, Bo3aMoxkHO Oonee 110IHOE, EPEKPRITHE BO BPEMCHH
Ha JETEKTOpaxX AOCTHIajoCh C MOMOMIBIO PEryIHPYEMOH 3aAepKKH. ITO,
OJIHAKO, €lIe HE rapaHTHPOBAIO HEPA3THYHMOCTH NPH PETHCTPALHH, T.K.
nepenytaHHbie GoroHs! npu CIIP, 06b1MHO HMEIOT ANHHY KOT€PEHTHOCTH,
XapaKTePHYIO AJIs BOJHOBOrO mnakera JuuHOH 50 ¢c, 9To MeHbIue ANH-
TETLHOCTH MMIYIBCOB Hakauku. [ToaTomy, peructpaims copnaacHui ¢ho-
TOOTCYETOB OT GOTOHOB | H 2 ¢ MX mapTHepaMu 3 H 4 C BDEMEHHBIM pas-
pemennem nydme, yeM 50 ¢c, Morno 6bl, B NIPHHLUIIE, MOKA3aTh, KAKHE
¢doToHbI cocTaBasH Mapy. Jna JOCTHXKEHHA HEPA3THYUMOCTH MPH pEruc-
TpaLMH BOJHOBBIE NMAKETHl JOKHBI OBIIH OBITH PACTAHYTHI A0 JTHTENb-
HOCTH, IPEBOCXOASLICH JUTHTEIbHOCTh HMITYJIbCA HaKa4ukH. B axcriepumenTe
3TO AOCTHIANO0Ch C MOMOLIBIO Y3KOMOIOCHBIX HHTEP(EPEHIIMOHHBIX (PHIIBT-
poB (4 HM) NOMELIEHHBIX Nepex AeTekTopaMu. Takas ¢uabTpaLus AaBana
BOJIHOBBIC MAKEThl C AMMTENLHOCTBIO Okono 500 ¢¢, 4To NMPHBOAMIO K
CTENMEHM Hepa3nHIUMOCTH (oToHOB nopsaxa 85% [101].

19 B ykcIepHMEHTE, KOTOPhIH paccMaTpHBacTCs B HacToswmeM pasfiene, Bo6 1eHCTBHTENbHO
BBLIOJIHAET TOX/eCTBEHHOE npcobpa3opanue, T.e. HUYero He Acnaet ¢ hoToHoM 3. B opu-
rHHaIbLHOM Bepcuu [74] Bo6 He H3MepseT MoJAAPU3ALHOHHOE cocTosHHE GoTOHA 3, a Bbl-
NOJIHAET OJHO U3 YEThIPEX YHUTAPHBIX NpeoGpa3oBaHHil, HIMEHAA NOJNIAPU3ALMIO POXOAK-
mero poTona. To/bKO NPH HACHTHOHKALIMM OJHOTO H3 YEThIpeX OE/NIOBCKHX COCTOAHMI, &
uMenHo ['-), uTo mpoucxoauT B 25 % ciyyaeB, boby HyXHO COXpPaHHThL MONSPU3ALHIO
doTtona 3 6e3 namenenus ( cM Takxe [JL.H Knsimxko. K Teopuu untepnpetanuu sbdexta
«xBaHTOBOH TenemopTauuuy, JKIT®, Buin. 4 (10), 1171 — 1187 (1998)]). (ITpum. nepesoo-

yuxa.)



98 Ksanmoeas nromuas KoOuUpogKa U K6AHmMoeas merenopmayus

Bce cymecTBeHHbIE KOMIIOHEHTHI IKCIIEPUMEHTAIbHON YCTAHOBKH 10
KBaHTOBOH Teaenoprayuy ObIIH 006CyxacHs! BoIe. Takum oOpa3oM, Msl
noAOMNH K BOIIPOCY O TOM, KaK C NNOMOINbIO TaKOH YCTAQHOBKH JKCIECpH-
MCHTaIbHO NMOATBEPXKIAAETCH YTBEPKACHHE O TOM, YTO HEH3BECTHOE KBaH-
TOBOE€ COCTOSHHE MOJXET OBITE TENENOPTHPOBAaHO. /I 3TOro, HyXHO J10-
Ka3aThk, 4YTO Tenenoprauus paboraer ana Habopa HEH3BECTHBIX HEOPTO-
FOHAJIbHBIX COCTOSAHHH. IIpoBepka ¢ MOMOIIBIO HEOPTOrOHATBHBIX COCTOS-
HUH HEOOXOAMMa AN AEMOHCTPALMH PeLIaoLIeH pOTH KBAHTOBOTO Mepe-
NyTBIBAHUS B CXEME TEIENOPTaLHH! !,

3.7.1 Dxcnepumenmanensle pe3yromamei

B nepsom skcnepumeHTe GOTOH 1, B KOTOPOM GBI 33aKOAHPOBAH HAYalb-
HbIH KyOHT, MPUIOTaBIHBANCA B COCTOSHHH C THHEHHOM MONApU3aLueii mox
yriom 45°. Tenenopranus 10/KHA MPOUCXOAUTE, KAK TOIbKO GOTOHHI 1 1 2
ACTCKTHPYIOTCA B COCTOSHHH [¥7), .. DTO 03Hayaer, 4TO €CIH PErHCTpH-
pyeTcs COBMaACHHC OTCYETOB Mexay aerektopamu flu 2 (Puc. 3.12),
T.¢. GOTOHH 1 ¥ 2 npoekTHpyIoTCS B cocTosHue [¥-),,, TO HOTOH 3 AOMmKEH
OKa3aThCA MOJAPHU3OBAHHBIM MOA yrioM 45° (C TOYHOCTBIO IO HECYIIE-
CTBEHHOTO 3HakKa, ¢M. (3.6)). [lonapusaums Gorona 3 aHanusupyerca npu
€ro MPOXOXACHUH YEPE3 NMONAPHIALMOHHBIH CBETOACTHTENb, BBIACISIOIMH
nonspu3auuu + 45° u — 45°. J[ns 1eMOHCTpALMH TENENOPTALIHH HEOOX01H -
MO, 4TOOBI TONBKO AeTekTOp d2, HAXOASIIMIACS B BBIXOAHOM MOJIE MOMAPH-
3aLIMOHHOrO CBETOACANTENS «+ 45°), 3apeructpuposan GOTOH, KaK TOJb-
KO mpoHn3oizaeT coBnaaeHue orcueroB Mexay fl u f2. Herexrop dl, pac-
MOJIOXKEHHBIH B MOAE «— 45°), MpH 3TOM HE JOKEH PErHCTPHPOBATh (po-
ToH. IToaTomy, 3anmucek TpoiiHoro copnaacuus d2-f1- £2 (+ 45°- ananus) sme-
CT€ € OTCYTCTBHEM TpoHHOro cosnaacHus d1-f 1-f2 (— 45°-ananus) cay-
XHUT J0K23aTEJbCTBOM TOro, 4TO monspu3anus ¢porToHa 1, npeacrasnsio-
IIETO Ha4YanpHEIH KyOHT, Obina mepesana Gorony 3.

Yr106b1 YAOBIETBOPUTD YCIOBHIO HEPA3IMYMMOCTH MeEXAy (POTOHA-
mMu 1 ¥ 2 (cM. npezpiaymui pasgen), BpeMs npuxoaa ¢GoroHa 2 Bapbu-
POBAJIOCHh MYyTEM BHECCHHA 3aACPHKKH MEXKAY NMEPBHIM M BTOPHIM aKTa-
MH CHOHT2HHOTO M3Ty4CHHs 1ap $OTOHOB. JTO AOCTHUranoCh ¢ MOMO-
IbIO MEPEMEIICHUA OTpaxalrowero 3epkana (cMm. Puc.3.12). Tenenopra-
LUHs AOXKHA MPOHCXOAHTh BHYTPH OOJNIACTH BPEMEHHOIO NEPEKPHITHUA
¢otonoB 1 u 2. -

Bne sroit obnactu dotonsl 1 u 2 He3aBucHMO monaaawoT aH60 B Ae-
textop f1, 1ubo B £2. BeposATHOCTD MONyYEHHS COBNAACHHA MEXAY Je-

! 3Ta NpUYMHA AHANOTHYHA TOH, KOTOPas BO3HHKAET NPU MOTHBALMM MCIIONbL3OBAHUA He-
'OPTOrOHAJILHLIX COCTOSHUM AJiA NMOCTPOCHHS HepaBeHCTB Benna (cM. paszn.1.7 u npuBoau-
MbI€ TAM CCBLIKH).
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tektopamu f1 u f2, nosatomy okaseiBaerca 50%. 1o 3HaueHHE BABOE
NPEBHIACT BEPOATHOCTh BHYTPH 00NAaCTH TENENOPTALHH, T.K. TONBKO KOM-
noHeHTa |W™) ABYX)OTOHHOro COCTOSHHA, MOMAAAIOLIETO HAa CBETOACTH-
Tenb, OyaeT npuBOAUTH K coBmaAeHHusM. Ilockonbxy ¢oToH 2 sBnsercs
YaCThIO MEPENYTAHHOrO COCTOSHUSA, OH CaM Mo cebe He uMeeT monspu3a-
LMK, H COBMECTHOE COCTOSHHE GOTOHOB 1 H 2 COCTaBNSIET paBHOBECOBYIO
CYMEpIO3HLMIO BCEX YETHIPEX COCTOAHHMH benna, He3aBUCHMO OT COCTOS-
HuA porona 1. PotoH 3 Takke HE AOKEH MPOABIATh NOIAPHIALMOHHBIX
CBOHMCTB, T.K. OH ABJIACTCA MepenyTaHHbM ¢ QoroHoM 2. IloaTomy, 06a
perektopa d1 u d2 umerot 50%-yi0 BEpOATHOCTh perucTpanui GoToHa
3. DTOT NpOCTOi apryMeHT NPHUBOAMT K 25 %-0i BEpOATHOCTH COOBITHH,
Kak qiag —45°-ananu3a (cosnmaaeHus d1-f1-f2), Tak u ansa +45°-ananusa
(d2-f1-f2) BHe 0OnacTH TEACIOPTALIMH.

Teopus: +45°%Tesenopranus
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Puc. 3.13. TeopeTuyeckoe NpeAcKasaHHe MOBEACHHA BEPOATHOCTH TPOHHBIX
COBMAJICHUH MEXy ABYMS ACTEKTOpPaMH B aHaiu3aTope cocTosnuit bemna (f1
U 2) M OJHUM M3 JICTEKTOPOB, AHANIH3HUPYIOIHM TENCIIOPTHPYEMOE COCTOSHHE.
[Npu3Hak TenenopTalH NOAAPH3ALMOHHOrO cocToAHUA doToHa (+45°) — npo-
BaJ 10 HYNA CKOPOCTH cieTa TPOHHLIX COBNAACHHHA NpH HYNEBOH 3aJiepXKKe B
—45°apanu3se (d1-f1-f2) (a) ¥ NOCTOSAHHBLIH YPOBEHb CHTHAaJIa IPH +4 5°-aHalH-
3e (d2-f1-£2) (b). 3aTenennas obnact o6o3HayaeT o6nacTh TeIENOPTaLHH.
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Ha Puc.3.13 noka3sanbl BEpOATHOCTH TPOHHBIX COBNAACHUH KaK (yHK-~
LMH 3aA€PKKH. YCNEIHAs TENEnopTauus +45°-ro noaspH3alHOHHOIO CO-
CTOAHHA XapaKTEPHIYETCA YMEHBINEHHEM BEPOSTHOCTH A0 HyJA NpH — 4 5°-
apanuse, cM. Puc. 3.13a 1 mocTossHHO# BEPOATHOCTBIO MPH BBHIMTOJHEHHH —
45%ananu3a, cM. Puc. 3.13b. 3amMeTHM, 4TO MPHUBEACHHBIC BHIILIE apTyMEH-
Thl OTHOCSATCA K BEPOATHOCTH HabmoacHus cobbitus d1-f1-f2 (d2-f1-f2) mpu
YCIOBHH cpabaTriBaHHsS KOHTPOJIBHOrO AeTekTopa p (cM. puc.3.12).

Teopus: Teopusa:
+45°- TenenopTauus +90°- TenenopTauus
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® 2 @
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3anepxka (u) 3agepxka (u)

Puc. 3.14. DxcnepuMeHTaIbHAS JEMOHCTpalHA TelenopTalui kyouTos. Mime-
PEHHBIE CKOPOCTH cueTa coBnaieHui d1-f1-f2 (—45°) d2-f1-f2 (+45°) B cnyuae,
KOI/la COCTOAHHE TeNenopTHpoBaHHOro otoHa coctasuser +45° (a) u (b) Hin
+90° (¢) u (d) NpH YCNOBHH A€ TEKTHPOBAHHUA BCTIOMOTATENbHOIO GOTOHA AETEK-
TopoM p. CKOPOCTH CYETA YETBEPHBIX COBNaJIcHUN HaHECEHBI KaK (QYHKIHH 3a-
JEPXKKH (B MKM) Mexy NpHObITHEM GOTOHOB 1 H 2 Ha CBETOAEIHTENL AJTUCHI
(cM. puc.3.12). OTH naHHBIE B COBOKYMHOCTH ¢ pHe. 3.13, noaTtBepiaaloT dpakt
TENENOPTALHU TPOH3BOJIILHOIO COCTOSHHA KyOuTa.

OKCNEpHMEHTANbHbBIE PE3yNbTaThl 110 TEIENOPTALHH (OTOHOB, MOs-
PH30BaHHBIX MTOA YraoM +45°, npeacraeieHsl B nepBoi koiaonke Puc. 3.14.
Pucynxu 4.14a u 3.14b HaO CpaBHMBATHL C TEOPETHYECKHMMH MPEACKA3A-
HHUAMH, IIOKa3aHHBIMH Ha Puc. 3.13.

Peakoe ymMeHBINEHHE YHCIA COBNaAeHUH npH —4 5°-aHann3e U nocrTo-
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AHHBIH YPOBEHb CUTHAJa NpH +45°-aHanu3e NOATBEPKAAET, YTO GOTOHH 3
MONAPHU30BAHLL BAOIL HANIPaBIeHUA nojaspu3anuu ¢oTtoHoB 1, B cOOTBET-
CTBHM C MPOTOKOJIOM KBaHTOBOH Tenenoprauuu. OTMETHM eme pas, uTo B
3THX JKCIICPUMEHTAX HMCIOIb30BAIHCh YETBEPHBIE COBIAACHMS, TAE YET-
BEPThIi (OTOH ABNAJICSH BCMOMOTATENbHBIM, NOATBEPKAAIOMMM HaTHYHE
¢dorona 1.

UrobBl NpeAOTBPATHTE JIIOObIE HMOIKITKH OOBLACHEHHSA IKCIIEPUMEHTAb-
HBIX PE3YABTATOB C KIACCHUECKOH TOYKH 3PEHH, ObIITH ITPOBEAEHBI H3MeEpe-
HHS YETBEPHBIX COBIIQACHUH B CIIydac Teaenoprauuu +90°-bix monspusanu-
OHHBIX COCTOSIHUI, T.€. JJIS COCTOSHHMH HE SBJIAIOMMXCS OPTOTOHANBHBIMH K
+45°-r0 cocTOAHHA. IKCIEPUMEHTAIIbHbIE PE3YIBTATH MOKa3aHul Ha Puc. 3.14¢
" 3.14d. buina 3apeructpuposaHa BUAHOCTb 0kono 70%+3% npu namepe-
HHH «IIPOBAJIOBY B C1y4ae OPTOrOHAIBHO NONAPHU30BAHHEIX COCTOSHHH.
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Puc. 3.15. KauecTBO TenenopTallui KyOUTa, 3aKOAMPOBAHHOIO B NOJISPH3aLHH
ogHodoToHHOrO cocTosHHA. CTeneHb HaloXEHHA HavaibHOro KybHTa ¢ Tene-
NOPTHPOBaHHBIM, ONpeAciAcHHas NPH NMOMOIIH TEXHHKH YETBEPHBIX COBMaje-
HHIi, coctaBuna 80%.

W3 peaynbraTos, nokasaHHeix Ha Puc. 3.14, MOXXHO HEmocpeaCTBEHHO
MONYYUTh «KAYECTBO» TEJIEMOPTALUH KYOHTa, 3aKOAUPOBAHHOTO B MOJIAPH-
3auuu oaHodoronnoro cocrosuus. «Kauecrsoy (fideliti) onpenensercs kak
MEpa COBMAJCHHI HAYAILHOTO KYOHTA C TEICNOPTHPOBAHHBIM, U TTOKA3aHO
Ha Puc.3.15. B sxcnepuMeHTe perucrpaunus TeenopTHPOBaHHBIX (POTOHOB
Hrpana XBOHHYIO PONb. C ONHOH CTOPOHBI 3TO HCHONb30BANOCh B KAUECTBE
(UIETpaLMH TONBKO TEX COOBITHH, B KOTOPBIX Obl 3aJ€HCTBOBaH Hayalb-
HBIH KyOMT, a ¢ Apyro# — Ans U3MEPEHHA KaYeCTBa MPOLIEAYPHl TENENOopTa-
1y, [To noBoxy punbTpaumu 3aMeTHM, 9TO aHaIU3aTOp OEMIOBCKUX COCTO-
SHUH AJTHCBI MOT 3apErHCTPHPOBATH ABA COOBITHA, BRI3BAHHBIX reHEpalHei
JBYX [ap KOPPENHPOBaHHBIX (JOTOHOB IPH MOBTOPHOM ITPOXOXEHHH (OTpa-
’KEHHOTO0) UMITYJIbCA HAKAYKH Yepe3 HeTMHEHHbIH KpucTani. B stom cnyqae
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bo6 Boobuie He Oyaer Habmonare doronos [83], a y aerexropa P okaxyT-
cs aBa porona. Takue Hcxoabl MOTyT ObiTh HACHTHGHLMPOBAHBI, H CIEHO-
BaTENbHO, MCKIIOYEHBl H3 PACCMOTPEHHA C MOMOLIBIO ACTEKTOpA P, KOTO-
PBIH MO3BONAET PA3NUYHUTh OJHO- U ABYX-(GOTOHHBbIE cOCTOsiHuUA [102].

HesaBucHMO OT TOro, HCIONB3YETCS Takas MOAU(HULMpPOBAHHAA CXe-
Ma PErMCTPaLHH HIH HET, H3MEPEHHOE Ka4e€CTBO OYAET OAHHM H TEM XKe
[84]. I'maBHEIM 006pa3oM OHO OMPEAENAETCA CTENEHBIO HEPAITHYUMOCTBIO
¢OTOHOB, perucTpupyeMbIx Anucol B aHanu3aTope cocrosuuil benna. Mepa
HEPa3IMYMMOCTH HEMOCPEACTBEHHO CBS3aHa C COOTHOLICHHEM MEX/Y CIIEK-
TpanbHOM IIMPHUHOI HMITYTbCA HAKAYKH ¥ MHTEP(EPEHIIHOHHBIX (HITBTPOB.
Yem Gonble 3T0 OTHOIIEHHE, TEM BbIIIE KAYECTBO, HO MEHbIIE MONE3HBIE
-CHUTHAMBI.

3.7.2 Tenenopmayus nepenymsi8anis

B paccMOTPEHHOM 3KCIIEPHMEHTE, BMECTO HCIOJNIb30BAHHUA YETBEPTOrO
¢oroHa, KaK BCIIOMOraTeNbHOr0, OKa3bIBAOLIETO, 4TO oTOH | MMeeTcs
B HaJM4YKH, MOXHO MOIBITaTbCA HCCIEAOBATh TOT akT, 4to poToHs! 1 1 4
TAK)XC MOTYT ObITh IPUIOTOBJICHBI B EPENYTAHHOM COCTOSHHH, CKAXEM,
B COCTOSHHMH, KaK MoKa3aHo Ha Puc.3.16.

Hepenytan ¢ 1

Knaccuueckas
uHdopManus

IMepenytannas Ilepenyrannas

Hceroanuk IIIP- HUcrounuk DIIP-
COCTOAHHH COCTOSAHHH

Puc. 3.16. Ilpuniun o6MeHa nepenyTthiBaHHeM. J[Ba nctounuka OIIP-coctos-
HUH AaloT ABe maphl NepenyTaHHbIX (GoTOHOB — napy 1-4 W napy 2-3. Jlpa
¢$oToHa, 110 O\HOMY M3 Kaxo# napsl (potoHbl 1 K 2), H3MEPAIOTCSA B aHaNH3a-
Tope GenoBckoro coctosHusA. B pesynsrare apyrue jBa ¢oToHa 3 u 4 npoex-
THPYIOTCS B NMEPENYTaHHOE COCTOSHHE.

CocrosHue ¢oToHa 1, MOITOMY, MOMTHOCTBIO HE ONPEAEIEHO H BCA HH-
(dopMauus 3aKIIOYEHa B COBMECTHBIX cBOMcTBax (oroHor | u 4. Ecnu do-
TOH | moxBepraeTcs KBAaHTOBOH TENEMOPTALMH, KaK PacCMAaTpPHBAjIOCh B
npeasiAymeM paszene, Goron 3 npuodperaer cBoicTa GoToHa 1 M MO3TO-
MY CTaHOBMTCS HepermyTaHHbM ¢ oroHoM 4 (cM. Puc. 3.16). MurepecHo,



Dxcnepumermsl no kKeanmogol meaenopmayuu Kybumos 103

410 (POoTOHBI 4 M 3 MONYUYEHB! OT Pa3HBIX HCTOYHUKOB H HHKOTAA HE B3aHMO-
JCHCTBOBATH HEMOCPEACTBEHHO APYT C APYTOM; TEM HE MEHeEE, B PE3y/bTa-
Te MPOLEAYPHl KBAHTOBOH TENEMOPTALMH, OHH 00pa3yioT mepenyTaHHYIO
napy. JxkCcnepUMEHTaNbHAA MPOBepKa Takoro 3¢ieKra mepeaadH mepemy-
ThIBaHHA [86], H3BECTHOrO Kak OOMEH MEpEenyThIBAHHEM, H HECKOJIBKO €T0
BO3MOXHBbIX mpuMeHeHHi [85, 87], Oyayr paccmorpens B pa3a.3.10 n 3.11.

3.7.3 3aknwouumenvhvie 3amMevanus u nepcnekmubbl

ITpu nepeHoce kyOuTa, 3aKOAMPOBAHHOTO B MONAPHU3ALIMOHHOM COCTOSHHH
oaHoro oToHa Ha ApYyroi KyOHT, HCIIOAB30BANHCh Maphl (POTOHOB, mepe-
MNyTAHHBIX MO MOJSAPH3ALHMIM, H METOAB ABYX(poTOHHOH HHTEp(depoMeT-
pun. Tenenoprauus Taxke 6b11a peasn30BaHa B JPYrHX ONTHYECKHX CHC-
TeMax, KOTopbie OyayT obcyxaatbcs B ABYx creayrowmux pasgenax. Ox-
Hako 3¢ (dexT KBaHTOBOH TENEMOPTALHH HE OIPAaHHYHBAETCHA TOJBKO OI-
THYECKHMH dKcnepuMeHTaMu. Hapsay ¢ mapamu nepenyraHHeix ¢oTo-
HOB MOXXHO NPHIOTaBIHBaTh mnepenyTaHHbie atombl [103], a Takxe, B
NPHHIMIIE, IEPENYTHBATh GOTOHHI C aTOMAaMH HIH (GOHOHBI C HOHAMH H
T.A. Toraa Tenenopranus mo3eronuia Obl MEPEHECTH, HAIPHUMEDP, COCTOS-
HHE KOPOTKO-)XXHBYIIEH, OBICTPO pacnaaromencs YaCTHIb Ha KaKHe-HH-
Oyar Gonee cTabUIBHBIE CHCTEMBI. ITO OTKPHIUIO Obl HOBBIE BO3MOXHO-
CTH AJIs KBAHTOBOH maMsATH, rae HHPopMaLus BXOAAIHX GOTOHOB PETHCT-
pHpoBanach Ob Ha HOHaX (aTOMax) B JIOBYIIKAaX, TIIATEIbHO H30JHPOBaH-
HBIX OT OKPY>KEHHSA.

Bonee Toro, npu HanHMYHH MEXaAHH3MOB (OYHIICHHS) NEPENMyTHIBAHHA
[49] (cm.rn. 8), T.e. cXeMBI MO YAYYLICHHUIO CTETIEHH NEPENyThIBAHHUSA, KOT-
Jla OHa YMEHBIIAETCA H3-3a JEKOTCPEHTHOCTH INPH YAEPKAHHH HIH MpPO-
MyCKaHUH YaCTHI YEPE3 3alIyMJICHHBIH KaHAJI, CTAHOBHTCSA BO3MOXHBIM
NepeaaBaTh KBAHTOBOE COCTOSHHE YACTHIIBI B ONPEAETICHHOE MECTO. DTO-
ro MOXXHO ZOOHUTBCS, AaXKe €CNH JOCTYMHBIE KBAHTOBBIE KAHANBI HMEIOT
OTPaHHYEHHOE KA4Y€CTBO, T.€. MOCHIJIKA YACTHIBI KaK LENOro, Moria Obl
Pa3pymHTh XPYNKOE KBAHTOBOE COCTOSHHE. ECIH KBaHTOBOE COCTOSHHE
NepeaaeTCs Yepe3 3alyMICHHbIH KBAHTOBBIH KaHAN Ha CIHIIKOM 00b-
IOE PAaCCTOSHHE, TO KAYECTBO MEPEAAYH CTAHOBHTCSH CIHIIKOM HH3KHM
H HCIONb30BAHHE CTAHAAPTHBIX METOAOB BHIACICHHS CHrHAaNa 3aTpyd-
HUTENBbHO. B Tako# CHTyally METOA KBAHTOBOIrO MOBTOPHTES MO3BOJIS -
€T Pa3AenuTh KBAaHTOBBIH KaHAN Ha KOPOTKHE YYACTKH, KOTOPBIE OYHINA-
IOTCA MO OTAENBHOCTH, a 3aTEM, OOBLEIHHAIOTCS METOAOM OOMEHa me-
penyteiBanueM [104] (pa3x.8.7). CnocoOHOCTh COXPAaHHTh KBAHTOBBIC
COCTOSHHSA B YCJIOBHAX HEONAronpHATHOrO OKPY>XEHHS JACT OTPOMHBIE
OPEUMYIECTBA B 00IaCTH KBAHTOBOH KOMMYHHKAL[HH H KBAHTOBBIX BbI-
YHCJICHHUH.
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3.8 CxeMma KBAHTOBOH TeIenNOPTANHHA
ABYX 9ACTHI
. Boymeticmep

CxeMa TenenopTauuu, pacCMOTPEHHAs B pa3a. 3.3, COACPXKHT ABE HOBBIE
KOHUCITIIIUH. BO-HCpBHX, NOKa3aHO, KaK MOXXHO HCIIOAb30BaTh NCPCITYTHI-
BaHHE B KA4EeCTBE COCTABHOTO 3IEMEHTA KaHAJa KBAHTOBOH Mepenayd
uH(popmauuu. Bo-BTOpHIX, NPOAEMOHCTPHPOBAHO, 4TO HH(OPMALIHA, CBA-
3aHHas ¢ COCTOSHHEM KBaHTOBOH 4acTHIb!, $HU3INIECCKH MOXKET OHTH pa3-
JOXKEHa Ha KJIACCHYECKYI0 KOMIIOHEHTY H YHCTO KBAaHTOBYIO, a 3aTEM BOC-
CTaHOBJICHA u3 HHUX 0OpaTrHO. HU 0aHA M3 3THX KOMIIOHEHT HE COJACPXKHUT
HHUKaKOH HH(}OpMaLUH 0 HAYaIbHOM KBAaHTOBOM COCTOSHMHM, HO Oyay4H co-
€AHHEHB BMECTE, OHH ONPEACNAIOT 3TO COCTOSHHE IOMHOCTBIO.

B npeapiaymem pasaene 3TH KOHUENIHHA JEMOHCTPHPOBAIIHCh B TPEX-
U 4eThIpeX(POTOHHBIX IKCHEpUMEHTaX. HeA0CTaTOK ITUX IKCIEPUMEHTOB
COCTOAN B TOM, 4UTO Anuca He MOrjia BhINIOIHHTD ITOTHOE H3IMCPCHHUC oen-
JIOBCKHX COCTOSTHMH, 4TO yMeHbIIaNO0 3¢ PEKTHBHOCTL TENENMOPTALMH KBaH-
TOBOrO cocTtosHms. [Tonnoe usmepenue cocroanuii benna noapazymenano
Obl ynpasiseMoe B3aUMOACHCTBHE MEXAY AByMA ()OTOHAMHM, YTO 4Ype3-
BbIYAHHO TPYAHO OCYIUECTBHTHL Ha mpakTuke'?, B aToM pasgene paccmar-
puBaercs cxema, npeanoxennas C.Ilomecky [77] ¥ s3kxcnepuMeHTanbHO
peanu3oBaHHas B Pume, nHmmena 3Toro HEAOCTaTKa, HO HAKJIAABIBAET HeE-
KOTOPLIE OTPaHHUYEHHS HA MEPEAABAEMbIE KBAHTOBLIC COCTOSHMS.

B opuruHanbHOM BapMaHTE CXEMBI TEJIENOPTALMH 3aACHCTBOBAHbI TPH
yacTULbl. [IBe U3 HUX HAXOAATCA B MEPENMYTAHHOM (CHHIIETHOM) COCTOA-
HHH, IPHYEM IepBas NOCHIIAETCA Anuce, a BTopas — boOy; onu obpa3syror
«HEJIOKQJIbHBIM KaHall CBA3H». TPeThs YacTHLA H3HAYAILHO HAXOAUTCSH B
COCTOSHHHU ¥, HFMEHHO 3TO COCTOAHUE H AODKHA nepeaars Anuca. MoxHo
MPEANOIOKHUTD, YTO YACTHHA ObIJIa MPUTOTOBJIEHA B 3TOM COCTOSHHH Tpe-
TbUM YYACTHHUKOM — «ACCHCTEHTOM», HIIH, YTO AJHCa NONY4YHJIA €r0 He-
nocpeacTBeHHO u3BHe. CxeMa, paccMaTpuBaemas 34€Ch, COACPIKUT TONBKO
JIB€ YaCTHLbI, MPHUYEM OJHA U3 HUX NMPHUXOAUT IO HEJOKAIbHOMY KaHAIYy.
«ACCHCTEHT» AOMXKEH NOMOYb ANMCE 3aKOAMPOBATh # NPAMO B €€ KOM-
NIOHEHTE CHHIJICTHOM Naphi, BMECTO TOTO, YTOOBI KOQUPOBaTh #'B TPETbEH
qyactuue. [[ns 3Toro «ACCHCTEHT» HCNONB3YET KaKyIO-TO CTENECHbL CBOOO-
bl 9aCTHI(BI AJTHCHI, OTIIMYAIOIIYIOCH OT TOM CTEIEHH CBOOOABI, [10 KOTO-
PO yacTULA MepenyTaHa ¢ Apyroi, Haxoasmeiics y boba. 1o otHION® HE
obneruaeT 3agayy ANHUChl. Anuca IO MPEXKHEMY HE MOXET paclo3HaTh,

12 Takoe B3aHMOJAEHCTBHE, OCHOBAHHOEC Ha HEJIMHEHHO-OIITHUECKOM NpOLecce MeHepaluH
CyMMapHo#i 4acToThl, Gbls10 HeparHO ocyllecteaeHo B pabote [Y. H. Kim, S.P.Kulik, Y. Shih,
Quantum Teleportation with a Complete Bell State Measurement. Phys. Rev. Lett. 86, Ne 7,
1370 — 1373 (2001) (IIpum. nepesoduuxa).
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4To U3 ceba npeacrasnser ¥. ITosTomy, eciu G5 OHa HE CMOTIa BOCTIONb-
30BaThCA KJIACCHYECKHM KaHAJIOM, OHa U He cMorna 65 noMous Boby npu-
FOTOBHTb €r0 YacTHLy B COCTOSHHM ¥. OaHaKO, HCNIOIB3ys HEIOKANIbHBIM
KBaHTOBBIH KaHal, ATHCa B COCTOSHHH BBIIIOMHUTH CBOIO 33]a4y, nepeaa-
Bas KBaHTOBOE cocTosiHHe BoOy.

B Takoi AByX4aCTHYHOM CXEMe ACHCTBHSA AJMCH IPOIIE, YEM B TPEX-
YaCTHYHOH cxeMe. JTO CBA3AHO C TEM, YTO 3aCTaBHTb B3aWMOJAEHCTBO-
BaTh pa3HbIE CTEMEHH CBOOOABI OAHONH YaCTHIBI MPOINE, YEM 3aCTaBHTD
B3aHMOAEHCTBOBATh JBE Pa3HbIC YAaCTHIIBI.

Kaaccuueckan
m
AAHCA p& BOB

Hauaabnoe
cocTonHme

Teaenoprapopannoe
COCTOSHHE

Puc. 3.17. DkcnepMMeHTaNbHAs cxeMa ABYXYaCTHYHOTO NPOTOKOJIA KBaHTOBOM
TeNenoprauuu. YcTaHoBKa cocToMT U3 McTouHUKa CITP ¢ cuHxpoHM3MoM Tuna II
(xpuctann BBO) a1 reHepaluy NepenyTaHHbIX MO MOAApH3alid (OTOHOB;
nonspusauuoHHoro ceerogenutens (PBS); 50/50 caeroaenuteneit (PB); onHo-
doToHHBIX AeTekTOpoB (D); MiacTHHOK, O0BOPaYHBAIOIIHWX NONAPH3ALHIO Ha
90°% «AccHcteHTay (P) HCXOAHOrO KBAaHTOBOTO COCTOSHMS W Npeobpa3zoBartenei
nonspusauuu (C).

Mur Gyaem paccMaTpHBaTh NMPOTOKOJN JBYXYaCTHYHOH KBaHTOBOH Te-
JENnopTaLMH ABHrasch Iar 3a MaroM Mo ONTHYECKOH IKCIIEPHMEHTANbHOM
yCTaHOBKE, NpeAIokeHHOM B pabote [77]. [TepBsiit mar COCTOUT B PHUro-
TOBJIEHHH ABYX (POTOHOB, MEPEMYTaHHBIX B HAMPABICHHUH HX PAcIpoOCTpa-
HEHH4, T.€. o umnynscaMm. [Tonapusanns kaxaoro GoToHa HMeeT onpeae-
JCHHOE 3HavyeHHe. B mpsaMoyronbHHUKeE, 3aKIIOYAIOIIEM B ce0¢ HCTOUHHK
SITP-cocrosuuti (Puc. 3.17), mokasaHo, kak 310 MOXHO caenats [78]. Uc-
nons3ys CIIP ¢ cuuxponusmom tuna II, cHayana npHUroraBnMBaeTCs mo-
NAPHU3ALMOHHOE IEPENYTAHHOE COCTOSHHE

[#) = (=), + ) 1)) (3.24)



106 Keanmoeas niomhuas xooupoexa u KeaKmoeas mejenopmayus

rae MHACKCH | 1 2 0603HaYAI0T HAMIPABIEHH PACTIPOCTPAHEHHU KOPpelu-
poBaHHBIX (pOoTOHOB. POTOHBI MPOXOIAT YEPE3 MOMAPU3ALHOHHBIE CBETO-
JEMUTEIH, KOTOpPBbIE OTPa)karT (IMPOMyCKaloT) FOPH30HTAIbHYIO (BEPTH-
KaJbHYIO) MOJAPU3ALMIO. DTOT mpouecc npeodpasyeT moispu3auuoHHOe
MIepENyThIBAHKUE B NEpelyThHIBAHHE 110 UMITYJIbCAM, H COCTOAHHE OTOHOB
npuobpeTaer BHA

1

75‘(\“1>|a2>+’b1>‘b2>)]H>1‘V>z ~ (3.25)

Teneps unAekcs 1 U 2 0003HaYaKOT ClIApEHHBIE KAHANbI, BEAYILHE K AnH-
ce u boby, coorBercTBeHHO. POTOHBI ¢ HHAEKCOM | 0043aTeNBHO HMEIOT
H-nonspuzauuto, a GOTOHBI ¢ HHIAEKCOM 2 — V-nongpusanur. [lepenyTsi-
BaHue GOTOHOB IO UMITYAbCY U 0Opa3yeT HENOKaNbHbIA KAHAN TepeJadH.

Ha nytu x Anuce ¢oron 1 nmepexsarbiBactcs «AccucteHTOM) P, KO-
TOPBIH H3MEHAET €ro MOAAPH3ALHUIO C H Ha MPOH3BONbHYO KBAaHTOBYIO CY-
TICPIIO3HULIHIO

|'P), =a|H) +B|V), (3.26)

«ACCHCTEHT» BO3AEHCTBYeT Ha monsApu3anHo obeux JacTedt kaHana a, u
b, cosepmenno ogunakoBo. Cocroanue ') — 3T0 KBAHTOBOE COCTOAHME,
kotopoe Anuca xouer nepeaats boGy. 3aMeTM, UTO HCIIONb30BAHKE ABYX
CTeNEeHeH CBOOOAbI —~M0NAPU3ALHOHHON U UMITY/ILCHOM — MPUHUHMMHAIBHG'?,
[Tonnoe cocTosnue |®) aByx HOTOHOB MOCHE TPUTOTOBICHUS UMEET BHA

) =5 (e} ()] #) 1), 627
uTo ABaAAeTCS GOpPManbHLIM aHANOrOM COCTOAHHA B (3.6).

Crneayromuii mar npoTokona COCTOMT B TOM, YTO AnKcCa BBIIOTHAET
COBMECTHOE u3MepeHHe (cocToaHusa benna) navyanbHOro cocrosuus [\V)
¥ ec (AJIHCBI) YaCTH MEPENYTAHHOTO [0 UMIYNbCY cocTosuus. [Ipeamnona-
ras, 4To CyIeCTBYeT Crocob cnpouuupoBath GoToH 1 Ha YeTsipe GennoB-
CKHE COCTOSHUSA [T €r0 MMIY/IbCA M MONSAPH3ALMH, MbI [I0JIy4YaeM SKBHBA-
JeHT cooTHolneHus (3.6):

1

| |¢>=$l(lax>|V>l+|b1>|H>1)(ﬂ|a2>+a1bz>)|V>2+
@) V), -lo)lH),) (Bla) -alp) V), +
(la)l#), +[8) V) Walar)+ Blb)) V), +
(Il &), - [6)V), Nelar) - BlE))IV),1 (3.28)

+

13 M. KykoBcKu# 11peI0KHUIL 3a4eHCTBOBATh NIPOCTPAHCTBCHHLLE U TIOJIAPH3ALHOHHBIE CTE-
neHd cBo6Obl YAaCTHL, IPH reHepaunH «TpexdyacTuyHoroy ['XII-nepenyTbiBaHHA, HCIOJb-
3ys TONbKO ABe yacTUUb! [105]
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[lepBbifi COMHOXHUTEND B K2XKJAOM CaraéMoOM COOTBETCTBYET COCTO-
sHuo benna ¢orona 1, a BTopoil COMHOXHTENb — COOTBETCTBYIOIIEE CO-
crosHHUE poTtoHa 2. B oriinune oT Ciyyas TpeX4aCTUYHOrO IMPOTOKOIIA, MPO-
ekTupoBaHue JacTHlbl 1 B O0asuc coctoauui benna He npeacrasaseT ce-
pbe3HOM poGieMsl 1 MOXET ObITh BhInONHEHO cO 100%-0# 3¢ dexTuBHO-
¢Th10. JI1s BHITIOMHEHUA ONEpALMH IPOULIMPOBAHHA HEOOXOAUMO Tiepeny-
TaTh TOJSAPU3ALMOHHLIE U UMIYIbCHEIE CBOMCTBA Qorona 1. 310 mena-
€TCA C HUCIONB30BAHHEM IOJNSPHU3ALMOHHBIX CBETOACIMTENIEH B Iedax
a, n b, v nepememmBas V- KOMINOHEHTSI, nocTynatomue u3 a, (|a)|V))) ¢
H-xoMnoHeHTaMH, nocTynawomuMu U3 b, (|b,)|H,)) u Haobopor. Kondury-
paius, 9yBCTBUTENbHAS K OTHOCHTENbHOM a3e, nmojydyaercs, €Clu Hanpa-
BHTb (OTOHBI C OXMHAKOBOM MONsiPU3aLMEi HA HENONAPU3ALMOHHBIH CBETO-
JETHTENb W JaTh MM NpouHTepdepupoBath. Perucrpauus ¢oroHoB ae-
tekropamu D, D,, D, unu D, HENOCPEACTBEHHO OTBEYAET NPOULIHPOBA-
HHIO B OJHO H3 YETHIpEX OCIIOBCKMX COCTOAHHH.

[Mocnenuuil war nporokona COCTOMT B TOM, YTO Anuca WHGOPMHpPYET
Boba, kakoit u3 AerexTopoB 3apeructpuposan ¢orodH. Obnaxas Takoit HH-
tdopmanueii, Bob MoxeT BOCIIPOM3BECTH HAYAIBHOE NONAPH3ALMOHHOE COCTO-
sHUE caeayromuM obpasom. CHauana oH mpeoOpasyeT UMIYIbCHYIO CyIep-
no3uLiuio poroHa 2 (cM. (3.28)) B Takyi0 e NOMAPU3ALMOHHYIO CYTIEPIIO3H-
LIMI0, IPOCTO NOBEPHYB MOJLAPH3ALMIO B Iieuax b, (wmm a,) Ha 90° ¢ nomomp10
($a30BOii MIACTUHKH U COBMECTHB 002 ITy4Ka NOISpU3aLIHOHHBIM JCTTHTEIIEM.
[Nocne 310r0, OH MPOCTO NEPEKITIOUAET ABA ONTHYECKHX 3JIEMEHTA, B 3aBHCH-
MOCTH OT TO#t nadiopMaLHH, KOTopylo eMy nepeaaer Amuca. [lepexmoueHns
COCTOAT B CMEHE Noyspu3annii H Ha V' ¥ Bo BHECEHUH OTHOCHTEIIBHOTO CABH-~
ra ¢pas Ha 7 Mexay H u V. Itn MaHUIynsauuH npeoOpasyoT NoIApU3alHoH-
Hoe cocTosHue GOTOHA 2 B NOIAPHIALHOHHOE COCTOSHHE, IPUTOTOBICHHOE HA
¢orone 1, u, Takum 06pa3oM, 3aBEPLIAOT KOTTHPOBAHHE.

[IpenmymecTBO NpeaACTaBIIEHHON CXEMBI COCTOMT B TOM, YTO BBINOJI-
HSETCS ITOJIHOE M3MEPEHHE COCTOSHHH benna M 3aAeiCcTBOBaHO TONBKO
ABe yacTUUbl. [Ipy 3TOM AEMOHCTPHPYIOTCS ABE OCHOBHBIE KOHLCTILIUHU TE~
JICTIOPTAlMM. AOKA3hIBAETCA, YTO KBAHTOBasA HHGoOpMaLMs paciueniseTcs
HA KJIACCHYECKYI0 H YMCTO KBAHTOBYIO YaCTH H, YTO IPOHUCXOAHT HENO-
KanpbHas nepeaada. bonee Toro, Takas cxema umeeT ropasmo Oomee BbI-
COKy10 3¢ GEKTHBHOCTh IO CPAaBHEHHUIO C TPEX-YaCTHYHOH, pacCMOTpEH-
HOH B IpEABIAYINEM pas3icie.

HemocrarkoM mpeaaraeMoro MeToAa ABISETCA TO, YTO AnMca HE MO-
KET TENCMOPTHPOBATh COCTOAHHE YaCTHIIBI, IpUxoadmeH uiBHe. [Toatomy H
Tpebyercs noMoLb «ACCHCTEHTa». Ha4alIbHOE NOJSAPU3ALIMOHHOE COCTOSHHE
JaHHOE AJHCE, JIO/DKHO GBITH NMPUrOTOBJICHO HA YACTHLE, MEPEIYTAHHON 110
HUMITYJIbCY C TOH, koropas umeercs y boba. Kpome toro, cocrosuue ¥ pomxsHo
OBITb YHCTHIM, T.€. OHO HE MOXET OBITh YACTBIO MEPEMYTAHHOIO COCTOSHHUA.
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Msi orceiniaem unrarens k pabore [78)], B koTopol npuBoxsrcs Aera-
JIM DKCNEPMMEHTANBHON peany3alMH YCTaHOBKH, pACCMOTPEHHOH BBIIIE.
Tam ke 00Cy»xJaloTCS IKCIIEPUMEHTAIbHBIE PE3YIbTATH, MOATBEPKAA0-
LIME Mepenady KBaHTOBOrO cocTosHus ot Anucel k boOy.

Mmu kpafine npussarensisl C.Ilonecky 3a moMoums nNpu NMOATOTOBKE
9TOTO pasjena.

3.9 TenenopranHs HenpepbIBHbIX KBAHTOBBIX
nepeMeHHBbIX
H.bLoymeiicmep

3.9.1 llpumenenue nepenymvl8aAHUs KOOPOUHAMbBL U UMNYNILCA

B 3TOM pa3agene Mbl pacCMOTPHM OCHOBHYIO HJAEK APYrOH CXEMbl KBaH-
TOBOH Tenenoprauuu, npeanoxeHHoi J1.Baiamanom [79], pazpaboranHoi,
Brniocneactsuu, bpayHncraiitom u Kum6bnom [80] u peannsosanHoOM sKkcne-
puMeHnTansHo B Kanteke [81]. B 3T0# cxeme ucnons3yercs nepenyTsiBa-
HHE MEXKIY KOODOHHATOH H UMIIynscoM. B pe3dynbrare, B 3TOM BapuaHTe
KBAaHTOBOH TEJENOPTALHH KOOPJAHHATA U UMNYIBC (ONpeaensolme BHeul-
HEE COCTOSHHE) KBAHTOBOM CHCTEMBI NEpPEAAOTCS K APYroH — yaalcH-
HOH KBaHTOBO#H CHCTEME, B OTIHYHE OT cXeM, 00cyxkaaemsix B pa3a.3.7 u
3.8, rae nepenasanochk BHYTPEHHEE COCTOSAHUE (nonsipu3aums). BaxxHoe or-
NHYHE MEXKAY KOOPAMHATON M HMITY/IBCOM, C ONHOH CTOPOHBI H MO PH3ALIHH
— C JpYroi, 3aKkj04aeTCs B TOM, YTO OHM MO-Pa3HOMY NpPEACTaBIAIOTCA B
TEPMHUHAX CYNEPHO3HLHH ONPEACICHHBIX 6a3uCHBIX cocTostHuM. Jlng onuca-
HHUS KOOPAMHATH ¥ HMITyNIbCa TPeOyeTcst GeCKOHEYHOE YHCII0 6a3UCHBIX CO-
CTOSIHMHM, T.K. JTIOOBIM JBYM pa3iiM4HbIM KOOPAHHATAM H HMIIyIbCaM OTBE-
YaIOT ABA PA3HBEIX OPTOTOHANBHBIX COOCTBEHHBIX COCTOAHMS (COGCTBEHHBIE
COCTOSHUS KOOPAMHATBI U COOCTBEHHBIE COCTOSIHMS HMMIyIbCa 0GpasyroT
OECKOHEYHOMEPHOE THIBOEPTOBO NMPOCTPAHCTBO).

Paccmorpum cnyuai, koraa y AJnuUChl HMEETCS KBAHTOBAsl 4acCTHLA C
OMpEAENEHHEIMH KOOPAHHATO! X, H uMIynbcoM p, (cm. Puc. 3.18) u Annca
XO4ET OTIPABHTH 3Ty KBAHTOBYIO HHpopMauuio boby, koTopbii HaxoaAUuTCs
HAa HEKOTOPM PacCTOSHHH OT Hee. B cleACTBHE NPUHLHIA HEONIPEACIEH-
HocTu ['eii3enGepra B OTHOLIEHHH K X U P, (T.€. M3-3a TOTO, YTO ONEPATOPHI
KOOPAMHATH H HMIYIbCA HE KOMMYTHPYIOT [X, P] = i), Anuca He MOXeT
H3MEPHTb OJHOBPEMEHHO X, H P, C NMPOU3BOJBHONH TOUHOCTHIO. [loaToMy
KBaHTOBAasA MEXaHHKa 3ampemaect Anuce y3HaTb Ty HHGOpPMaLHIO, KOTO-
pyio oHa nepeaaer. Criocob mpeoaoneHus 3T0i MpoOnEMBl KOHLIENTYIbHO
TaKoOM e, KaK U B IIPOTOKOJIE, pacCMOTPEHHOM B pa3a.3.3. TouHo Tak ke
BCIIOMOTaTebHas Napa NepenyTaHHbiX 4acTul, nonydennas u3 J1P-uc-
tounuka (Puc.3.18) nomxna GeiTh pacnpeaeneHa Mexay Anucoi u bobom.
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OaHako, BCIIOMOTATENbHBIE YACTHI[K AO/DKHBI OBITH MEPENyTaHbl MO HX
KOODAMHATE W HUMNynbcy. PaccMoTpuM ciydal, B KOTOpOM NEpenyThiBa-
HME 4aCTHL 2 U 3 ONpPEACIACTCA YCIOBHAMH:

x2+x3:0,ﬂ pZ_p3:0 (329)

BOB

Knaccuueckas
HHpopManHs

IepenyTaHHbIE
HauvanbHoe pemy

COCTOsAHHE TenenopTHpoBaHHOE

(x, » D3 ) COCTOSIHHE

(xl’pl)

HcTouHnk
SIIP cocTosHHHA

Puc. 3.18. CxemaTuuHOe H306paxKcHHE KBAHTOBOH TENENOPTALMH HEMPEPLIB-
HBIX IEPEMEHHBIX.

U3 (3.29) caenyer, 4T0 CBOHCTBA X,, X,, P, U p, OTACTbHEIX 4aCTHL
COBEPIIEHHO HEONpEAEICHB. BMECTO 3TOro OmnpeacneHsl HX COBMECT-
HbIC CBOMCTBA. 3aMETHM, UTO XOTS AT KAXK/OH 4aCTHLbI ONIEPATOPHI X H 1’)\
HE KOMMYTHPYIOT, onepatops (X, + x,) u ( p, — p,) KOMMYTHDYIOT, H3-3a
3HaKa MHHYC B CyMME HMIIYJIbCOB MO CPAaBHEHHIO C CYMMOH KOODJAHHAT.
TTo3TOMY /U1 IEPEMYTAHHOTO COCTOSHMA COBMECTHBIE CBOMCTBA M (X, T X,)
u (p, — P,) MOTYT OHITb OHOBPEMEHHO H3MEPEHBI C NPOM3BONBHOM TOY-
HOCTBIO.

Crneayrommii war npoTokoia COCTOMT B TOM, YTO AJHCa BBIMONHSAET
JeMCTBHE, 3KBUBANCHTHOE M3MEpPEHMIO cocTosHMi benna gactun 1 u 2.
T.e. cocTosHUE yacTUL | M 2 MPOEKTHUPYETCA HAa NEPENYTAHHOE COCTOA-
uue. [Ipu Tenenoprauuy BHYTPEHHETO COCTOSHUS YaCTHLIBI (MONAPH3ALIUH)
CYIIECTBYET TONBKO 4 BO3MOXHBIX HCXOAA NPH H3MEPEHHUH OEIIOBCKHMX
COCTOAHMH. JIeHCTBUTENBHO, MEPEMYTHIBAHHE 110 MOAPH3IALUU MEXKY ABY-
Ms YaCTHUAMH, KaXXAas U3 KOTOPbIX HaXOAHTCH B ABYMEPHOM THIIBOEpPTO-
BOM NIPOCTPAHCTBE, MPEACTABHMO B BHAE Cynepno3uuuu 4 6a3ucHeIX co-
crosHuit. B HameM cnyuyae uaMepeHue ANUCH JaeT

(x,+x)=a,u (p,—p;)=b, (3.30)

rac a 1 b — nBa AEHCTBUTENBHBIX YHUCNA, IIPHHUMAIOIINE HEMPEPBIBHBIM
psaA BO3MOXHBIX 3HaueHH#H. OTcioma ClEeAyeT, YTO MU3MEPEHHE CYMMBI
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KOOpPAMHAT U Pa3HOCTH HMITYNbCOB ABYX YaCTHL TPeOyeT MpOHLHpPOBAHHS
B 00-MEPHOE F'HJIbOEPTOBO MPOCTPAHCTBO.

B pesynesrarte ucxoaHoro nepenyTteiBaHUA (3.29) U H3MepeHHA ATHCH
(3.30), undopMaums, NOTyUEHHAS O KBAHTOBOM COCTOSHHH M HaXOAsIIas-
csa B pykax boba, nmpeacraBnsercs B BHAE

X, =X,—a@ u p,=p—b. (3.31)

J1nsl 3aBepIIEHHUS NPOTOKONA KBAHTOBOM TENENOPTALMH, EAHHCTBEHHOE,
4TO OCTaeTcs cAenaTh AnHce — 3To mociaath boOy mo kmaccudeckomy
KaHaJy pe3y/nbTaT €¢ H3MEPEHHUH, T.6. ©3MEPEHHbIC 3HAYEHHUA d U b, U TOr-
Ja bob npocto 06HapyKHUT 3HAUEHHE KOOPAHHATHI H UMITYJIBCA CBOEH 4a-
CTHLbI, COOTBETCTBEHHO, paBHEIMHU ad U b. B utore yactuua 3, Haxoasaimas-
csa y boba, oka3biBaeTCa B TOM K€ KBAHTOBOM COCTOSHHH, YTO M MCXOX-
Has sacTuua 1.

3.9.2 Keanmoso-onmuueckas peaiu3ayus

JKCIEpHMEHTANbHAS peanu3alisi KBaHTOBOH TEICIOPTALHH HEIIPEPHIBHBIX
KBaHTOBBIX IEPEMEHHBIX Oblta ocywectBaeHa B Kanreke (KanudopHus,
CIIA) [81]. B 3Ttom axcriepuMenTe OblIH 3aJeHCTBOBaHbI HE KOOPAMHATA
X U UIMIYIBC p YaCTHI], 4 NYYKH CBCTA, KOTOPHIC XapaKTCPHU30BAJIHUCH Na-
paMETpaMH, YAOBJICTBOPAIOIMUMH TAaKHM XXC KOMMYTAaLHOHHBIM COOTHO-
IIEHMAM, KaK MEXAY X H p. AHATIOTHMA OCHOBAHA HA TOM (aKTe, 4TO OXHA
(nonepeyHas) Moaa KBAHTOBAHHOTO I1OJIS H3TydEHHS OMTHChIBAETCS TaK XKe,
Kak ¥ rapmMonudeckuii ocuumasrop [106-1091.

Knaccuueckuit rapMOHHYECKHH OCLHILIATOP ¢ MaccOi m, 9acTOTOH W,
KOOpIIHHaTOi"I X H UMIIYJABCOM p ONMHCHIBACTCA TaMHJIBTOHHaAHOM

2
H=L +Zp (3.32)
2m 2

Jnsg nony4eHns KBaHTOBO-MEXaHH4YECKOrO raMHJIBTOHHAHA, X H D HYXK-
HO MHTEPIIPETHPOBATh KaK ONEpaTopl ( x—>p, U x— P =ihd/0x), yaoser-
BOPAIOHIME KOMMYTALMOHHOMY COOTHOMIEHHIO [%, Pl=ih

£= /2:1w(af+a) , (3.33)

n h a4

b= (aT _a) _ (3.34)
2mo

Toraa raMUIbTOHHAH KBAHTOBAHHOTO FapPMOHHYECKOTO OCLIMIIIATOPA IIPH-

HHMAcCT HpHBbI‘{HbIﬁ BHUA

H=ho a*a% . (3.35)
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Hau6onee BaXxHbIE COOTHOLICHHS MEXAY d U @' TAKOBHI:

alny=+n|n-1) , alo)=0, (3.36)
a'lny=Vn+1|n+1) , (3.37)
[a,a"|=1, [aa]=[4",a"]=0 (3.38)
ala=N , (3.39)

rae |n) 0603HaYaeT n-0e BO3BYKACHHOE COCTOAHHME FapMOHHHECKOrO OC-
LUIIATOpA U N- oneparop unciaa sactuu. Cornacuo (3.36) u (3.37)auna!
MOT'YT HHTEPIPETHPOBATHCS KaK ONEPATOPhl YHHUTOXKEHHUA (IIOHHKAIOLIHA
onepaTop) M poXJACHHUA (MOBHINAKMMIMHA ONEpPaTop) AMS rapMOHHYECKOTO
OCLHIIATOpA.

Oana nonepeyHas Moaa (C 4aCTOTOH @) KBAHTOBAHHOTO MOJI M3/Ty4e-
HHUS MOXET OBITh IIPEACTABICHAa B TEPMHHAX ONEpaTopoB a u a'. B Hau-
6onee obmeM BHAE, BKIIOYas BCE HECYLICCTBEHHBIE MHOXHTEIH B OJUH
k03 punueHT E ¥ yUuThIBas TONBKO OAHY MOJAPH3ALHIO, OTIEPATOP JJIEK-
TPHUYECKOTO NONd B GUKCHPOBAHHOM TOYKE MPUHUMAET BHJ

E@)=E,(ae™ -a'e) (3.40)
ric @ u a' Temeph MHTEPNPETHPYIOTCS KaK ONEPATOpPhl YHHUTOKCHHUA H

poxacHus poToHoB. [1o aHanoruyu ¢ rapMOHHYECKHUM OCLIUIIIATOPOM, MOXKHO
OonpeAeIHuTh onepaTopsl X u P:

x=(a"+a), (3.41)
P=i(a'-a). (3.42)
Onepatop 3/1EKTPHYECKOTO MOt MOXXHO IIEPENUCATh B mpMpmaxX up:
EQ@) =E, (X cos(wr) + ﬁsin(wt)) . (3.43)

Co6creennnie 3Havenns X u 13, Ha3bIBACMBIC KBAAPATYPHEIMH aMIIIH-
TyAAMH I10JIs1, HHTEPIPETHPYIOTCA KaK aMILUTHTYAb CHH(}A3HOH U MPOTHUBO-
$a3HOH KOMIOHEHT JIEKTPHUCCKOTO MO (10 OTHOLICHHIO K JIOKAIBHOMY
ocuumnaTopy). M3 koMmyTaunoHHOro coortHomeHus [ X, P]=2i cneayer, 4To
AXAP=1 ({AA4)*=(A?)-(A)?); 310 03HauaeT, 4yTo CHH(}a3Has u nporuBodas-
Has aMIUTUTYABl HE MOTYT OBITh M3MEPEHHB OAHOBPEMEHHO C MPOH3BOJb-
HOHM TOYHOCTBIO, AHAJOTHYHO TOMY, KaK 3TO HMEET MECTO AJis KOOpPAHHA-
ThI X H UMNIYJIbCA D KBaHTOBOH YaCTHULBI. CJICI{OBaTCJIbHO, Mbl YCTAHOBHITH
COOTBETCTBHE MEXAY X U p YacTHubl U X H P 0AHOMOIOBOTrO CBETOBOIO
oIS,

Cnenyommii war B peaqn3allii CXEMBI KBAHTOBOM TENCMOPTALHU HE-
NPEPBIBHBIX KBAHTOBBIX NCPCMCHHBIX COCTOHT B rIOCTpOCHHH nepenyran-
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HRIX CBETOBHIX mousieii. Jnsg 3TOoro HaM Hy>HO BBECTH TNMOHATHE CXKATOTO
ceera [108]. 310 mone3Ho A1 BU3yaaH3ALHHU KBAHTOBOTO COCTOSHHUS OA-
HOMOJOBOTO CBETOBOrO Mmons Ha ¢a3oBoii mockoctu XY. BakyymHoe co-
CTOSIHME MPEACTABIIETCA KpyKkoM 1 B Hauane koopauHar (Puc.3.19). Kpy-
ok 2 Ha Puc.3.19 nmpeacrasnser «KOrepeHTHOE MOJE», KOTOPOE ONpeae-
NSETCS KaK CMELIEHHOE BAKYYMHOE Moje. OTH KPYXKKH XapaKTEpH3YyIOT
MHHHMMATbHYIO HEOTPEAEIEHHOCTS BennaiH X 1 P. HeonpeaeneHHocTs cuM-
MeTpuyHa no X i P, 0OAHaKO Takas CHMMETpHS HeoOs3aTeNbHA NPU BHIION-
HeHuH ycnoBus AXAP=1. Dnnunc Ha Puc.3.19 npeacrapnser cxaroe co-
crosuue, Ans koroporo (AY)? < 1, cnepoBatenvHo (AX)? >1.

Puc. 3.19. IlpenctaBieHue oqHOMONOBLEIX CBETOBLIX NOJICH B KoopAuHaTax X
(cuHasHas aMnIKTYaa) M P (npotuBodaszHas aMIUIHTYAa) Ha $a30Bo# Miocko-
cti. Jluck 1 B Havane KOOPAMHAT H300paXkacT CHMMETPHYHOE BaKYyMHOE CO-
CTOsIHME ¢ MHHUMAJILHOH HeonpelelieHHOoCTbio. JMck 2 npeAcTaBiseT KOrepeH-
THOE COCTOSHHE, KOTOPOE ONPENENAETCA KaK CMEIICHHOE BaKYYMHOE COCTOA-
HHe. DiMnc u3o6paxaer CXKaToe cocTOHUE (CXKaToe B P HanpaBiicHHH).

Teneps paccMOTpHUM Clydaii, KOrAa ABa CBETOBBIX MONA A M B Mak-
CHMAJIbHO C)KaThl B HANMpaBJICHUAX X H Y, COOTBETCTBEHHO, H HANPaBHM
3TH My4KH Ha ABa Bxoxa 50%-oro cBeToxenHTENs, Kak MOKa3aHO Ha
Puc.3.20. Tlocne ceerogennTens mojis, NMOMEYCHHBIE HHACKCAMH 2 M 3,
YAOBJIETBOPAIOT COOTHOIICHHAM

X, +X;=0,n £-H=0, (3.44)

YTO KaK pa3 CBOHCTBEHHO HEOOXOMUMOMY NEPEIYTAHHOMY COCTOsTHMIO [81].
(1151 cBETOBBIX TOJCH, IEpEeNyTAHHBIX TIO MONspH3anuy, cM. [110-112].)
IIpUroToBJICHHE CXKATHIX COCTOSHMIA, TaK XK€ Kak M reHepauys nepemny-
TaHHBIX COCTOSHHH, OCHOBAHO HA NMAPAMETPHYECKOM YCHIIEHHH B HETHHEH-
HoM kpucTamae [107, 112, 113]. BxogHo# curHan — mnose ¢ 4acTOTOH @,
B3aUMO/JCHCTBYCT B HCIMHEHHOM KPHCTAUIC C CHIIbHBIM MOJEM HAKAYKH
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Ha yactoTe @, (cM. Puc.3.21). B pesynbrate HENMHEHHOrO B3aMMOJICH-
CTBHSA BO3HHKAET TPETHE MMOJIE ¢ YACTOTOH @, = W;—®@,, & CUTHAJIBHOE MOJIe
ycunuaeTcsas. Mel OGyzeM paccMaTpHBaTh NpPOCTEHINHMA Ciay4a#, B KOTO-
POM YUHMTBIBAETCS TOJIbKO OJHO HANPaBJICHHE MONAPH3ALHH H KOJTMHEAp-
Hbiil pexxuM Ga30BOro CHHXpOHH3Ma. JTO MPEANONAracT, YTo BCE MO
PacmpoCTpaHsIOTCS B OAHOM HampasineHHH. Kpome Toro, 6yaem paccmar-
pHBaTh BHIPOXKACHHBII Clyuail, KOraa, @, = @, = O 1 @, = 2@,.

(x.B) (*5,R)

IlepenyTannsle
NYYKH

X, +X,=0
P-P=0

A g\ (¥:0)

Puc. 3.20. [IpHroTosnenue nepenyTaHHbIX CBETOBBIX MojicH. J[Ba CBETOBBIX 101
A ¥ BB, MBKCHMaNbLHO cxatblie 1o X u ¥, nopatoTtes Ha Bxof, 50%-ro cBeTOACHTE-

ns. Ha BbIXOJ€ CBETOACIHTEA oGpasyeTcx napa nepenyTaHHBIX CBETOBLIX MyY-
KOB.

Hakauka
- N e
1 1
> X 2 »——p
L W; =0; 0,

Puc. 3.21. [TapameTpuueckoe ycunenue. BxonqHoe CHTHaNLHOE NOJIE C YaCTOTOM
®, B3aMMOJCHCTBYET B HENMHEHHOM KpHCTale (BeliecTBO ¢ 7¥) ¢ MOMmHbBIM
noneM HakaukH ¢ 4acTOTOH ®,. B pesynbTaTe Takoro HETMHEHHOrO B3aHMOZAEH-
CTBHA POXKAACTCA TPEThE NOJIE HA YACTOTE ®, = ©, — ®,, & CHTHANbHOE Nole
YCHIHBAThCS.

3BOH101.IH51 H3JIYYCHHOT'O Ha 4aCTOTC @ NOj4, BBaHMOlICﬁCTBy}OHlCFO B

KpPHACTAJJIC C CHIBHBIM MOJIEM HA YacCTOTC 260, OIMHUCBHIBACTCA raMHJIBTOHH~
AaHOM

H=ho &T&+% +Scos(2a>t)(&7—&)2. | (3.45)

Bropoe cnaraemoe B npaBoi 4acTH (3.45) yMHUTHIBACT B3aMMOJACHCTBHE
MEXKAY MOIEM HAKAYKH, KOTOPOE OMHCHBAETCA KIIACCHUECKH, H ABYMS 110~
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JISIMH C BBIPOXJACHHOM 4acTOTOH @. S — 3TO NOCTOAHHAA CBA3H, 3aBHCAIIAS
OT HEJTMHEHHOCTH KPHUCTAJIa U HHTEHCUBHOCTH Hakadku. [IpuHuMas BO BHE-
MaHHE 3aKOH COXPAHEHHUS DHECPTHH, 3TO ONPEACIAIOUEE B3aHMOAEHCTBHE
cnaraemoe B (3.45) MOXHO CBECTHM K BHAY

n R N 2 .
S((a)Z ethul _(aT) e 1210!) - (346)
3aBMCUMOCTE OT BPEMEHH omepaTtopa nojs (Ms paboraem B npen-

crasnenun [ei3enbepra, rae onepatopsl SBAAIOTCA QYHKUHAMH Bpeme-
HH) YYHTBIBAETCA YEPE3 YPABHEHHSA IBOJIOLHHU ONEPATOPOB d M 4

2. -4 |=-iva-isile ™, (3.47)
AT . " )
_d;‘_t _ _%['*, f | =i +iSae™™. (3.48)

31oT HabOp CBA3ZAHHBIX YPABHEHHMH PACINEIUILETCH, €CJIH NMOACTABUTE
onepaTops Xu P, koTopbie Obuin onpenenenst B (3.41) u (3.42). Ypasue-
HHS 3BOJIOLHH AJIS ONEPATOPOB KBAAPATYPHBIX AMILTUTYA NOJIL HMEIOT BHU

~

X s dp A
ekl o) '¢ - =_-SP 3.49
dt ’ dt (3.49)
H HMEIOT CIEAYIOIHUE PELICHUS
X (@)= X(0)e*, P(t) = P(0)e™ . (3.50)

ABagsch QyHKUMSIMU BpEMEHH B3AUMOACHCTBHS, ONEPATOP cunpas=oH
aMOnMTYAB X 9KCIOHCHI{MANbHO PACTET, B TO BPEMA Kax omnepatop P 3k-
CIIOHEHUHAJIBHO YMEHbLIaeTcs. Takum 00pa3om, BHIPOXKICHHOE MapaMeT-
puueckoe ycuineHHe paboraer kak ()a30BO-4yBCTBUTEIbHBIA YCHIIMTEIb,
obecneunBaromuit ycunenue cudasusix curianos (¢ =0modz) u noxas-
neuue npotusodasueix (@=(7/2)modz). [Ipyrumu ciosaMu, napamMeTpH-
9EeCKOE YCHJICHHE CUTHaa OyAET CKUMATh P-KOMIIOHEHTY CBETOBOTO MOJIS.

Hns yBenuyeHHs BpEMEHH B3aHMOACHCTBH, a CIEA0BATENbHO, H CTe-
NEHY CXKATHA, HEJIMHEHHBIE KPHUCTAUTbI OOBYHO NIOMEAXOTCA BHYTPD Ofi-
THYECKOTO PE30HATOPA, HACTPOECHHOTO HA YaCTOTY @. Takoe yCTPOHCTBO
Ha3blBaeTca napaMmerpudeckuM reuepatopom ceeta (I1I'C). Iing Toro, uro-
Obl HE MepeiTH B peskUM (J1a3epHOH) reHepaurH, MOTEPH B PE30HATOPE J0JI-
XHBI CIETKa NPEBbIIIATh YCHIICHHE. B POTHBHOM Clly4ae, BO3HMKAIOT HH-
TEHCHBHBIE CBETOBHIE OIS, KOTOPbIE NPHBOAAT K HACHILLICHHIO BHYTPH KPH-
cTania (4epe3 HEMMHEHHOCTH BHICUIMX MOPSAAKOB). B akcnepumente [81]
BHewHee noine, nogasaeMoe Ha Bxox III'C Ha yacrore @, He HCHOAB30Ba-
J0Ch, T.€. YCHJIHBAJAch TONbKO BaKyyMHas KOMIIOHEHTA.

Paccmorpes npurorosienue ceroBeix nojei tuna 1P, npx ucnonsao-
BaHHH JBYX CXATHIX NOJICH H CBETOACIUTENS, BEPHEMCS TENeps K npobie-
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ME OCYINECTBICHHS U3MEpeHHs cocTosHui benna. B To BpeMsa kak cozna-
HHE aHaMM3aTopa OEMIOBCKHUX MOIIPH3AMOHHBIX COCTOSHIH CTaNKHBAET-
CA C OIIpENENCHHBIMH TPYAHOCTAMH (CM. pa3a.3.5), B HameM ciyyae npo-
UITMPOBAHHUE HA IEPETIYTAHHOE COCTOSIHHE BHIMIONHAETCSA 04eHb npocto. CMe-
IIMBas Ha CBETOACIMTENIC MCXOAHBIM MYYOK, XapaxkTepHU3yIOLUHCcsa napa-
meTpami (X, P)), ¢ onHuM U3 My4koB, npuxoasiux u3 AIP-ucrounuka, ¢
napameTpamu (X,, P,), MbI IOJTy4aeM Ha BHIXOAE CBETOAETHTENS ABA Myd-
K4, XapaKTEPHU3YEMBIMH COOTHOIIEHHSIMH

(Xe. B)=(X, - X,,B-B) u (X%,P)=(X,+X,,BE+P,) (3.51)

Hcnons3ys meroa 6anancHoro romoaunupoBanus (cM. [107]), Anuca
H3MepAeT X-KOMIIOHCHTY ny4ka 2 H P-koMnoHeHTy G, H mony4aeT 3Haue-
Hug a = X+X, u b = P —P,, COOTBETCTBEHHO, KaK H TPeOyeTCs MPOTOKO-
JIOM KBAaHTOBOH TenenoptTanui. Meroa 6ai1aHCHOrO roMOAMHHPOBAHHS OC-
HOBAH Ha CMELIEHHH CHIHAJIBHOTO MOJIs € MOJAEM OMOPHOTO réHepaTopa Ha
50%-0oM CBETOAEAMTENE W 3AMHCH Pa3HOCTHOro (OTOTOKA ABYX AETEKTO-
POB, MOMEINEHHBIX B BHIXOAHBIC MOABI CBETOACIUTENS ((HOTOTOK KaXkAOTO
JETEKTOPa NPOMOPIHOHANCH HHTCHCHBHOCTH NAAAIOIIEro Ha HEro CBETA).
Pa3nocTh U3MEPIMBIX HHTCHCHBHOCTEH saBaseTca ¢pyHkuuen ¢asn onop-
HoOro rexnepartopa ¢ [107]:

I(¢)=C(Xsinp+Pcosp), (3.52)
rae C - nocTosHHAs, 3aBHCAIIAs OT HHTEHCHBHOCTH OMOPHOTO reHepaTopa
U cBoMcTB actekTopoB. IlepecTpanBas ¢aly onopHoro renepaTopa, MOX-
HO H3MEPATH MI0OYIO CyNEpPIIO3NIHIO KBAAPATYPHBIX KOMIIOHEHT.

Creays nmpoTokony KBaHTOBOIH Teiaenoprauuu, Anuca mocsinaet boby
H3MEpPEHHBIE 3HaYeHN a U b, a o6 A0MKEH H3MEHHUTDb CBOE ONTHYECKOE
MOJIE COOTBETCTBYIOHM 00pa3oM. T0 H3MEHEHHE 3KCHEPHMEHTAJIBHO
BHIMOJTHAETCA MyTEM OTpaxkeHus cBeroBoro moias (y bo6a) ot wactuuno
oTpaxarmux 3epkan (ckaxem, npu 99%-om orpaxenuu u 1%-om npo-
XOXACHHH) H BBEACHHA YEpPE3 3€PKAJIO XOMOTHUTEIBLHOTO MO/, TPOMOAY-
JMPOBAHHOrO NO (aze ¥ AaMILTHTYAE B COOTBETCTBHH CO 3HAYCHHAMH a H b.
B npuniune, bo6 3aBepiuaeT npoTokos, UMes MOYTH COBEPLUIEHHYIO KOITHIO
CBCTOBOTO IO, H3HAYAJBHO HAXOAUBLICTOCA Y AHHC]:I.

B peansHoM 3kcnepumenTte [81] Tpe6oBanock HCHONb3OBAHHE HEKO-
TOPBIX CIOXKHBIX IKCIIEPUMEHTANIbHBIX [IPOLIEAYP, TAKMX KaK reHepalus cxa-
TBIX COCTOSHHH C BBHICOKOH CTEIEHbIO CXKATHA M TOYHOEC BHIPABHHBAHUE
NpPOCTPAHCTBEHHBIX MOMOXKECHHUH K (a3 cBeToBrIX myukoB. Hecosepmen-
CTBO 3THX IPOUEAYp OTPAHUYHBANO KAYECTBO, OMPEACIAEMOE KaK H3Me-
PEHHOE MEPEKPHITHE BXOAHOTO COCTOSHUS Y AJIHCHI H TEIENOPTHPOBAHHO-
ro coctosauus y boba; ono cocrtasuno 0.58 + 0.02. 310 KaueCTBO, OAHAKO,
npesocxoaut npeaen 0.5, KOTopsIi MOXKET OBITH AOCTHTHYT (B MpeANoso-
KCHHH, 9YTO BBIXOAHOC COCTOAHHC IMOMNAJACT B KIaCC KOTCPCHTHBIX COCTO-
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SHUH) IPH MCTIONB30BAHHH TOJILKO KJIaccudyeckoro obmMeHa nHdopmauuei
Mexay Anucoit u Bobom.

Mpui kpatine npusnamenvuvl I [Jorc. Kumbny u E.C.Iloayuky 3a no-
Je3Hble 3aMeYaHus.

3.10 O6men nepenyThIBAHHEM:
TeJIenopTAUNsA NepenyThIBAHHA
H Boymeticmep, [oc-B. Ilsn, I Baiingypmep, A.Llairunzep

[TepenyTriBaHHe MOxeET ObITH pEalM30BAHO, €CAH HMEIOTCA ABE YaCTH-
L(bI, HCITYLICHHBIE H3 OOHOTO HCTOYHHKA [94, 114] (pa3a.3.4), unu eciu oHU
B3aUMOAEHCTBYIOT Apyr ¢ apyrom [103,115]. (pa3n.4.3, 5.2.4 n 5.2.11).
Jpyras BO3MOXHOCTD AJIS ITOJYYEHH S MEPENyThIBAHHA COCTOHT B MPOHIIH-
POBaHHH COCTOSTHHA ABYX YaCTHL Ha MEPENnyTaHHOE cocTosHue. Takoe nmpo-
€KIIHOHHOE M3MEpPEHHE HE 0043aTeNbHO MPEAMNONAraeT NpsMOro B3aHMO-
ACHCTBHS MexAy AByMs dyacTHuaMu. Koraa xaxkaas u3 yactun nepemyra-
Ha ¢ KakoH-HHOyAb ApYroit yacTHIEH, COOTBETCTBYIONMEE H3MEpEHHUE (Ha-
npuMep, u3MepeHue COCTOSHUM benna), BRINMONHEHHOE HaJ 3TUMH APYTH-
MH 4YacTHLAaMH, OyZeT aBTOMaTHYECKH PEJyLHPOBAaTh COCTOSHHE OCTaB-
IIMXCS ABYX YaCTHI B IEPENMYTAHHOE COCTOSTHHE. JTO 3aMEYaTENbHOE NPH-
MCHEHHE MOCTyJ1ara peAyKIUH NMONYYHIIO Ha3BaHHE 0OMeHa IepenyThiBa-
HueM [74. 85, 87].

Hsmepeune

Heronnmx

IO cocvonanir I

Puc. 3.22. TIpuvuun oGmeHa nepenyThiBaHueM. J[Ba DITP-ucTouHHKa H3nyya-
IOT Napbl nepenyTaHHbX ¢oToHoB 1-2 ¥ 3-4. Tlo ogHoMy ¢oTOHY H3 Kaxw ol
naphl ($poToHbl 2 M 3) yyacTBYET B npoliecce W3MepeHns coctosHus benna. 3to
MPHBOAUT K NMPOHIUMPOBAHHIO ABYX ApPYrux ¢oToHoB 1 M 4 Ha mepenyTaHHOE
cocTogHHe. M3MeHeHHe HachILICHHOCTH IMHAH o6o3HauyaeT H3MeHeHHe B Habope
BO3MOXHBIX NpeACKa3anui, KOTopble MOTYT ObITh CAENAHBI O COCTOAHHH YacTHL.

Paccmorpum aea IITP-ucTouHHKA, KakABIH U3 KOTOPBIX CIIOHTAHHO
H3Jy4aeT naphl nepenyTadHeix qactui (puc.3.22). Mmea B Buay skcnepu-
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MEHTBI, PACCMATPHBAEMBIC HHIKE, TIPEATIONOKHM, YTO COCTOSHHA NEpeny-
TaQHHBIX I10 NONAPH3ALHH POTOHOB HMEIOT BHL!

¥ e =%(|H>1|V>z “PUH)H), V), =P, 1H),) (3.33)

OGmee cocrosnue orpaxaer ToT ¢akt, uto ¢orous 1 u 2 (3 u 4)
HAXOAATCA B NEPENyTAHHOM I10 MOIAPH3ALMH AHTHCHMMETPHYHOM COCTO-
aHuH. KpoMme Toro, cocrosHue mapel 1-2 GakTOPH3YETCS C COCTOSHHEM
naps 3-4, T.e. mepenyThBaHUA MEXAY ¢oroHaMH 1 unu 2 ¢ poronamu 3
HITH 4 HE IPOUCXOIHT.

Brinonnum teneps coBmecTHOEe H3MepeHHe cocrosHMM bemna doro-
HOB 2 1 3, T.e. cripoekTHpyeM oToHb! 2 U 3 Ha 0AHO K3 YeThIpex Oennos-
ckux cocTosHMM (cM. pasn.3.5). Takoe usmepenue Oyaer TaKkke IMPOHLH-
poBath ¢oToHbI 1 H 4 Ha BeNNOBCKOE COCTOSHHE, TAKOE, KOTOPOE 3ABHCHT
OT pe3ynbrara Oe/10BCKOro usMepenus ¢oronos 2 u 3. fcHo, yto npu
BBIOOpE HA4YaIBHOTO cOCTOsiHMsL B BUAE (3.53), koHeuHOE cocTosHUE $oTOo-
HOB | u 4 OyAET HAEHTHYHO TOMY, HA KOTOPOE NPOCKTHPYIOTCA GOTOHHI 2 H
3. 310 cneactBHe Toro dakra, 4to cocTosHue (3.53) MOXKHO mepenHcaTh
B dopme

L ; - -
|qj>1234 :E(|qj >l4’qj >Z‘}—'Iqj >14|qj >Z3_

@), [97), +@), |90, G349

Bo Bcex cnyuasx ¢oToHb 1 B 4 0ka3pIBalOTCA NEPENYTAHBl, HECMOTPA
Ha TO, YTO OHM HHMKOTAA HE B3auMoAeicTBOBamH B npounioM. [locne npo-
WULMPOBAHMA YACTHI 2 U 3 CTAHOBUTCA M3BECTHO O MEPEMYTHIBAHHH MEXKIY
yacTHUuamH | u 4.

Kakx yxe ormevanocs B pa3a.3.7.2, oOMeH nepenyThIBAHHEM MOXKHO
paccMaTpuBaTh M Kaxk TEJIENOPTALHIO MEPENYTAHHOIO COCTOSHHs. JTOT
¢dakT Obl1 MPOAEMOHCTPHPOBAH C MOMOIIbLIO 3KCIEPHMEHTANLHOR yCTa-
HOBKHM (puc.3.23), noxoxeH Ha YCTAHOBKY AJIsl KBAHTOBOH TEJICMIOPTALIHH,
noka3aHHO# Ha puc. 3.12. Mu1 oTchuiaeM ynuTarens k pasa.3.7, rae npuso-
JUTCA AETANbHOE OMUCaHue 3TOH ycTaHOBKH. CyIEeCTBEHHOE OTIHYHE
MEXAY ABYMs 3KCIICPHMEHTAMH COCTOMT B TOM, YTO B CXEME TEIENOpPTa-
LMK OTAENBHBIX KyOHUTOB (puc.3.12) doTon 4 urpan poib HHAHMKATOPA, YKa-
3piBaoLIEro Ha Hanuyue GoroHa 1, B TO BpeMs Kak 3aeck (puc.3.23), non-
HOCTBIO MCIIONIb3YETCA NEPENyTHIBAHHE MEXAY KaxaoH napoi ¢oToHos.

O6MeH mepenyThBAHHEM MOXKHO PACCMaTPUBATh KaK TENCTIOPTALHIO
nubo cocrosuua ¢orona 2 Ha ¢oron 4, nubo cocrosuus ¢poroHa 3 Ha
¢oToH 1. ITH TOYKHM 3PEHHS MOMHOCTHIO SKBHBAJICHTHEI. 3aMeyaTenbHas
OCOOCHHOCTh ITOH CXEMBI COCTOHMT B TOM, MTO B ACHCTBHTCIBHOCTH, TE-
JETIOPTHPYEMOE COCTOSHHE — 3TO COCTOSHHE (POTOHA, KOTOPOE HE ABNACT-
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sl TIOTHOCTBIO ONPEAEIEeHHBIM. XOPOLIO U3BECTHO, YTO COCTOSHUE YACTH-
L(bl, MAKCHMAJILHO NMEPENYTAHHOH € APYTrOH, AOMKHO ONMMCHIBAThCA MaKCH-
MalbHO CMEIIAHHOH MaTpuuei muoTHocTy. [loaTomy, TO, YTO TeaenopTH-
pyeTCd IPH AAHHOHK CHTYallHH HE ABIAETCA KBAaHTOBBIM COCTOAHHEM ¢o-
TOHA, a IPOCTO CHOCOOOM NEPEeNnyTHIBAHHS €ro ¢ APYrUM GOTOHOM.

H3mepeHHe
cocTosHu# Benna

T

CaeToaenuTess

> I <' A2 IonspH3aLlHOHHBI K

Y®-umnynsc
HceTouHHK CBETOAEJINTEND
4 STIP 1

J‘(_ onspomz COCTOSHHH ),1/

I1&1
@ + -
Dy D é-/ Dy

Puc. 3.23. OxcneprMeHTAIbHAS YCTAaHOBKA. YbTpadHOIETOBbIH HMNYIbC Ha-
KauyKH, NPOXOAAIIHH Yepe3 HeJMHEHHBIH KPHCTAMLI, BbI3bIBAET POXKAEHHE NMaphl
1-2 nepenyraHHbIX $oTOHOB. DOTOH 2 HanpaBigeTCs Ha cBeToAENMTeNb. ITocne
OTpaXXeHHA, BO BPEMA NOBTOPHOro Mpoxofia 4epe3 KPHCTAN, MMNYIbC HaKay-
KH JlacT BTOpYIO napy 3 — 4 nepenytaHHblX gotoHoB. DOTOH 3 Takxke HanpaB-
nsetcs Ha cperofenuTens. Korna GoToHs! 2 M 3 BbI3BIBAIOT HMITY/ILC COBMaje-
HHA MEXJY OTCYETAMH JIBYX AETEKTOPOB, IOMEIIEHHBIX M103aJlH CBETOACIHTENS,
¢doToHbLI npouLKpytoTes B cocTosuue'F™),,. CexcTBHEM TAKOTO H3MEPEHHS CO-
cTosAHHs benta sBnseTcs 10, 4TO ABa OocTaBmIHXCA GoTOHA 1 U 4 Takdke OKa3bl-
BAalOTCA CIPOMLHPOBAHHBIMA B NepenyTaHHOe cocTOsHME. J[14 aHanu3a ux ne-
penyThHIBaHMS MOXKHO HabmoAaTh 32 COBNaICHUAMU MEXJY OTCUETAMM ACTEKTO-
poB D1* u D4, u Mexay aextopamMd D1- i D4, npH pa3Hbix yriax © Hanpasie-
HuA nonspusauuH. [ToBopoTOM MoNYyBONIHOBOH MIACTHHKH TNEPEA NOJNSPH3aLH-
OHHBIM CBETO/JEC/THTENIEM MOXHO aHaJIM3UpOBaTh Nosspu3anHio GoroHa 1 B u-
HelHOM nonspu3alioHHoM Gasmce. 3aMETHM, YTO, T.K. PETHCTpallui COBNaje-
HHU# Mexay oTcueTamu AetexktopoB D1* u D4 u D1-u D4 ycnoBHas ~ B 3aBUCH-
MOCTH OT peructpauus cocTosHus ‘¥~, HeoOxoaUMO cneAuTh 3a YETBEPHBIMH
COBMaICHHAMH.

B coorBeTcTBHH CO CXeMOH OOMEHA MEPENnyThIBAHHEM, IIPK IPOEKTH-
posanuu GpoToHOB 2 1 3 B cocroanue [V7),,, otonst 1 u 4 gomxHel cipou-
uupoBatbca B cocrosuue V) ,. Jlna mpoBepku TOro, 4To MONy4aeTcs
HMEHHO 3TO NEPEITYTAHHOE COCTOAHHE, MBI JOJDKHBI MPOaHaTH3HPOBATS I10-
AAPU3ALHOHHBIE KOPPEISILHH MexXay GOTOHaMH 1 H 4 OZHOBPEMEHHO C CO-
BNAACHUAMM MEXIY OTCUETAMH AETCKTOPOB B aHANMK3ATOPE COCTOAHHH



ObMmen nepenymeoteanuem: meienopmayus nepenymoiganus 119

Benna. Ecnu doronst 1 u 4 naxonarcs B cocrosuuu [¥7),,, ux nonspusa-
MU JOMDKHBI OBITh OPTOrOHAIBHBIMY [TPY H3MEPEHUH B TI0O0M MOAApU3a-
unoHHOM Gasuce'®. Mcnons3ys nonyBOTHOBYIO IITACTHHKY, ODHEHTHPOBAH-
Hy!o oA yriaom 22.5° u aBa aerexropa (D1* 1 D1) nozaau nonspusauuoH-
HOTO CBETOJCIUTENS, aHAIU3UPyETCs nonspu3anus ¢porona 1 sxons +45°
ocu (D1*) 1 Baoas —45° ocu (D1-). doroH 4 aHaNMU3UPYyETCA ACTEKTOPOM
D4 npu m00bIX HanpaBIeHUAX MOIspU3aLHU ©.

175

150+

125

3a 4000 cexyHAa

100+
754

50

Yncnio 4eTBEPHBIX COBMaAcHHH

25

Buanocts 0.65

T T T

0 45 90 135 180
O (rpan)

Puc. 3.24. TIposepka nepenyTbiBaHuA. YeTBEPHbIC COBMAJAECHHS, BOSHHKAIOIHE H3
JBOHHbIX coBnafeHuit D1* D4 u D17 D4 npu ycnosun JBoHHLIX cOBNajcHUH npu
H3MEPEHHH cocTosHUA benna — kak GyHkuuH yria nonspusatopa ©. JIBe nonosHu-
TeJbHBIE APYT K JPYry KpuBhie ¢ BUAHOCTbIO 0.65 + 0.02 J1eMOHCTpUPYIOT, 4TO
doToHb! 1 U 4 HaXOAATCA B COCTORHUM, NEPENYTaHHOM MO MONAPU3aLHH.

Ecnu oOMeH nepenyThiBAaHHEM ACHCTBHTEIBHO NMPOUCXOAMT, TO YET-
BepHBIC coBMmaacHus Mexay D1™ m D4, a taxxe mexay D1~ u D4, mpu
YCJIOBHH ACTEKTHPOBaHMS [\F"),., JOMKHBI MPOSBJIATH ABE CHHYCOMAANb-
HBIX KPHUBBIX, KaKk QyHkuuit aprymenra ©, casuHyThIX 1o dase Ha 90°,
Kpusas D1* D4 nomxHa, B npuHuMne, najath 40 Hyas npu © = 45° 8 1o
BpeMsa kak kpuBasg D1~ D4 - umeTh npu 3TOM NONOXKEHHH MaKCHMYM.
Ha pwc.3.24 noka3aHsl 3KCNIEPUMEHTANbHBIC PE3YNBTATH AN COBNajc-
Huit mexay D1* u D4, u mexay D1- D4, npu ycnoBuu 4to poTOHH 2 U 3
OBIIM 3apETMCTPHPOBAHBI ABYMS ACTCKTOPAMH B aHanu3aTope OennoBc-
KHX COCTOSIHHH.

3aMETHM, 4YTO TaKOH METOA MOAPa3yMEBACT PErUCTPALMIO YETBEP-
HBIX COBIIAJCHHI. Pe3ynbTaTh 4eTKO AEMOHCTPHUPYIOT OXKHIAEMBIE CHHY-

4 B nefiCTBUTEILHOCTH, B 00CYXJAEMbIX DKCIIEPHMEHTaX IPOBOAMIIACH IPOBEPKA WHBAPH-
aHTHOCTH COCTOAHUA [F7) | TONLKO MO OTHOWEHHIO K IIOBOPOTY HHEHHOIO OPTOTOHANLHO-
ro Gasuca (Ilpum. nepesoduuxa).
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COMJANbHBIC KPHBHIE, AONONHUTENbHEIE A ABYX Aerexropos (D1 u D1°)
IpH perucTpauuu GoToHa | B HANPaBICHUAX C OPTOTOHAILHBIMH MOJIAPH-
sanuamu. [Ipu nposeeHMH KONOTHUTENLHBIX HIMEPEHHI ORII0 TOKa3aHoO,
YTO 3TH KPHUBBIE HE 3aBHUCAT (C TOYHOCTHIO KO ¢a30BOro casura B apry-
MeHTe @) ot 6a3uca, B KOTOPOM perucTpupyercsa GoToH 1, T.e. HE3aBUCH-
MO OT yTiia MoBOpOTa MOMyBOAHOBOM muacTuHky. Habmonaemas BuaHOCTD
0.65 3ameTHO MPEBOCXOAUT MPEAEI, NOTYHAIOLIHHCS U3 KTACCUYECKOH BOTI-
HOBOM TEOpHH, H cocTaBngomuii 0.5, 3aMeTHM, YTO ITOT pe3yALTAT BN~
€TCA pealiH3auMeil KBAHTOBOH TENENMOpPTALMH B YHCTO KBAHTOBOM CHUTYya-
UHH, T.K. MEPENYTHBAHHE MEXIY AByMS 4aCTHUAMH, HE HMEIOWHUMH 00-
IEr0 MCTOYHHKA H HE B3aHMOJACHCTBOBAaBIUUMH APYr C APYrOM B IpO-
IUJIOM, BO3HHKAET TONBKO B PE3YNbTATE paccmannBaemou npoueaypsi. B

CleAyromeM pasaene GyAyT pacCMOTPEHBI HEKOTOPHIE MPHIOKEHHS -
tdekra 0OMEHA MEpENnyTHBAHUEM.

3.11 IlpuMenenue oOMeHAa nepenyTHIBAHHEM
C.bo3ze, B.Bedpan, I1.J1 Haum

QO6MeH nepenyTHBaHHEM MOXET OBITH MCNONL30BAaH AJS LENOro paia
NPaKTHYECKUX LENCH: NOCTPOCHUS KBAHTOBOTO MeneqOHHO20 KOMMYyma-
mopa, yCKOpeHus pacrpeicieHHs MEPENyTaHHbIX YaCTHL MEXAYy ABYMs
4aCTAMH, B Pa3HOBUAHOCTAX NOCNE008aMENbHO20 OYUUjeHUs U AN NO-
CmpoeHus nepenymaHHulX COCMOAHUL oxeamwlgaruux 6orvwoe xo-
auvecmeo yacmuy [87]. Huxke MBI aeTanbHO paccMOTPHM 3TH IPHIO-
WKEHUSA.

3.11.1 Keanmoewii menegponnbvlit KOMMymamop

IIpeanonoxum, uro HMeeTca N noas3oBareneil B HEKOTopor mHpopMa-
UHOHHOM ceTH. /[N Havyana KaxABIH MOIb3OBATENb CETH JONXEH
00BEAHHHTHCA NMEPENMYTAHHBIMH MapaMM YacTHIl C LEHTPAJbHEIM KOM-
myrtaropoM. Paccmorpum Puc.3.25: 4, B, C u D - 3710 nmons3oBareny,
HMEIOIHE B CBOEM PaCNOPAXKCHHHU NEPENYTAHHBIE YACTHIBI, HAXOAA LK~
€Cq COBMECTHO C UeHTpanbHuM koMMyTaTopom O B cocTosHuax benna
(1, 2), (3, 4), (5,6) u (7,8) coorBercrBenHo. [Ipeanmonoxum Tenepnb, 4To
A, B u C xorat cocrasurb I XII-rpunner. Torga kommyTtatop O nonxeH
CYMETH BHIMIOTHHUTb H3MEPEHHE, KOTOPOE MPOEKTHPYET YaCTHUH 2, 3 U 5
Ha I'XII-cocrosnus. HemenneHHO nocie 3TOro NpoM30HAET peayKuus
yactuy 1, 4 u 6, npuHaanexamux, coorsercreeHuo, 4, B u C 8B I'XI-
cocrogHHue. [TonoOHBIM xe 00pa3oM MOXHO NEpenyTaTh YaCTHLB, IPH-
Haanexamue MoObiM N NMONs30BaTENsIM CETH H CO3JaTh N-4aCTH4YHOE
cocrosHue tuna LK.
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Puc.3.25. Kondurypauus, ucnonsyemas AJis pacnpeieeHUs NepenyThiBa-
Hus. M3navansho nons3oearenu A, B, C u D obneauneHsl nocpeacteoM Gen-
JIOBCKMX Nap ¢ LCHTpabHLIM koMMyTaTopoM O. ClieJOBaTeNLHO, JTOKAILHOTO
H3MepeHHs B T. O JocTaTouHo, U Toro 4tobni nepenytars 4acTHLULI, TpUHAA-
nexamue moboit BuiGopke nons3osaTenel cocrapneHnon us A, B, C u D.

OCHOBHOE MPEUMYILECTBO MCIOIb30BAHUA TAKOH METOAUKH AJIL YCTa-
HOBJICHHS NEPENYTHIBAHUSA HaJ reHepauued N-4acTHIHbIX NepenyTaHHBIX
COCTOSHHHM OT OJHOTO MCTOYHHKA C HX MOCICAYIOUIMM Mepepacnpenene-
HHEM COCTOHT B CJICAYIOLIEM.

(A) Bo-nepBhx, kKaxxAplH NMOJIB30BATE/Ib MOXET CHavYajla OYUCTHTH
Gonbioe KOTHYECTBO YACTHYHO ACKOTEPEHTHHIX OC/IOBCKHX nap, obbe-
AUHCHHBIX C LICHTPAIbHBIM KOMMYTATOPOM, AN TOrO YTOOR MOIYYHUTH
MEHbLIEE KOIHYECTBO, HO YHCThIX OemnoBckux nap. Takas onepauus Mo-
XKCT HCNIOJB30BATHCA KaK HaYa/lbHaA NNPH rCHEpALHH .HIO6BIX THIIOB MHO-
ro4aCTHYHBIX COCTOSHMH THna mpeaunrepoBckoit komku (LK), umero-
muxca y nonb3oBarened. Ilpeacrasnsercs, uto TakuM obpasom Oyayr
peLICHBI HpO6.HCMbI, CBsA3aHHBIC C BO3BHHKHOBCHHCM JCKOICPCHTHOCTH IIPH
pacnpocTpaHEeHHH YacTHL (MO KpaifHei Mepe, B npuHuune). Tak ke, noi-
HOCTBIO yRAeTCs H3bexkaTs npobaeMbsl HEOOXOAUMOCTH OYHIIEHHA N-4a-
cruunbix [IK-cocrosuuii. OunmeHne CHHITIETHIX COCTOSHHM, paccCMOT-
PEHHBIX B HAaIIEH CXeME, MO3BOJIMT FEHEPHUPOBATh N-4aCTHYHBIE COCTOA-
HHs B HX Hanbolee YHCTOM BHJAE.

(b) Bo-BTOpsIX, NpH HEOOXOAMMOCTH, HAIl METOA JAET ONPEACNICH-
HyI0 CBOOOJAY B NEpenyThiBAHHH YaCTHL, NPHHALISKAIUX JTIOO0OMY Ha-
Oopy nons3oBartencid. BoamoxHo, uTo 3apaHee He OyaeT TOYHO H3BEC-
TEH TOT Habop mojb30BaTENnEH, KOTOPRIX HYXHO 00bEAMHUTE N-4acTHd-
HBIM cocTosHHeM. UToOwl a-priori ydecTp BcE BO3MOXHOCTH, noTpedo-
BajoCh OBl BBIAEIHMTH BCE MBICIMMbIC KOMOMHALIHH MONBL30BATE/ICH H
pacnpeaensdeMbIX MeXAY HHMH YacTHL, HaXOAAIMMXCA B MHOrodac-
THYHBIX COCTOSHHAX. DTO NPEACTABILETCS O4EHb HEBHTOAHMM. C aApy-



122 Keanmoeas niomnas KOOUPOBKA U KEAHMOBAA MENenoOpMayus

TOH CTOPOHBI, TEHEpALlHA NMEPENyTaHHbIX N-IAPHBIX COCTOAHMM B HYX-~
HEI MOMECHT BPEMCHHM H DACHPEACICHHE MX MEXAY MOJb30BATEIAMH,
HYXJAIOIMKMHCA B OOIMEHUH — 3TO npouecc, Tpedyromuit Goabux 3aT-
paT BPEMEHH.

Baiixam, Xarrep u Mop [116] pazpaGoranu aHaIOTHYHYIO CXEMY KPHII-
TOrpagH4ECKOH CETH C KOMMYTATOPOM, KOTOpAas MCIONB3YeT OGpalneH-
Hyto OIP-cxeMy ans ycTaHOBKM COEMMHEHMH.

3.11.2 Yckopenue pacnpedenenus nepenymol8aHus

Tenepr Mb1 06BbACHHM, KaK CTAHAAPTHBIH OOMEH MEPENyTHIBAHUEM TIOMO-
raeT COXPaHUTb 3HAYHTEIbHOE BPEMS, KOTAA HYXHO 00eCrnednuTh JBYX yAa-
JICHHBIX MO/Ib30BATENEH TAPOH aTOMOB MIIH 3JICKTPOHOB (MM MOOKIMH 4a-
CTHIAMH, UMCIOIMMH MacCy), HAXOAAMWMMHUCA B COCTOAHMM bema u uc-
IIyIEHHBIMH HEKHM LICHTPAAbLHbIM HCTOYHHKOM. METOL COCTOUT B IOME-
INEHHH MEXKAY HHMH HECKOJIBKHX, MPHUTOTOBIAIOMUX OeNIOBCKHE COCTOA-
HH M H3MEPAIOIIHX TAKHE COCTOSHHA, noacraHumi. Paccmorpum Puc.3.26a.
A v B - 370 aBa nonb30BaTeNs, pasAcieHHbIe paccTosHueM L. B Touke O,
PacMoI0oKEHHOM TOYHO MEXKAY HUMH HAXOAUTCS UCTOUYHHK OeII0OBCKUX nap.
Bpemsa, HeoOxoaumoe ang TOro, 4TOOS! YaCTHIB AOCTUIIH TodeKk A U B,
10 KpaiHe# mepe, paBHo £,= L/2v, rae CkopoCcTs 4acTHl L < ¢ (CKOpOCTS
ceera). Paccmorpum tenepr Puc.3.26b, na xotopom ae cranuuu C H
D, npurorasnuBaroomie 6€110BCKHE Naphl, YCTAHOBIEHB NMOCEPEAHHE
mexay AO u BO, coorBetcTBeHHO, H O Tenepp ABIsSeTCS MpOCTO Gen-
AOBCKOM H3MepHUTenbHOU craHuuei. [pu £ = 0, o6e cranuuu C 1 D nocel-
narot Oennosckue naps (1,2) u (3, 4), coorBercTBeHHOo. YacTuus! 2 u 3
npubsisaior B T. O, 1 nonagaer B T. 4, a 4 —B T. B. Bce oHH npubsiBatoT
K IYHKTaM Ha3HA4YE€HHA TOYHO 3a BpeMms f= L/4v. B ator momenT B 1. O
BBINIONMHACTCA H3MepeHHue coctosHus benna Hax wactuuamu 2 v 3. Jto
H3MEPEHHE HEMEICHHO NPUBOAMT K PEAYKLHH YacTHL 1 u 4, nonagao-
mux B A 1 B, COOTBETCTBEHHO, B cocTosHuE Benna. Ecnu o6o3nauuTs
BpEMs H3MEPCHHS 4€pe3 f , TO Bpems, HEOOXOAMMOE a1 TOTO, UTOOHI
cHabauTh GennoBCkoi mapod Touku A U B (KOraa MMEIOTCA JOMNONHHU-
tensHblc noAcTaHuu C u D), paBHO t,= Lidv+ t . OueBHaHO, YTO {, MEHB-
wme, 4eM f,, ecnu £ < L/4v. KOHEYHO, K 3TOMY BPEMEHH HYXHO X00aBHTBH
BpeMs, HeoOXoauMoe [is KIaCCHYECKOH CBA3M MexAy cranuuei O u
nonb30BaTensIMu A U B (Y KOTOPBIX U IPOUCXOAUT IMPOULIMPOBAHHE YACTHI]
1 n 4 B Kakoe-To 6ennoBckoe cocroanue). Tak, uto Ans HOTOHOB, HaxO-
Admuxcs B cocTosHUAX benna, Takas npoueaypa, B A€HCTBHTENbHOCTH,
HE 3KOHOMHT BpeMeHU. Ho Ans MacCMBHBIX 4acCTHL, 3TO ONPEAEICHHO,
€AUHCTBCHHBIH NMyTh YMEHBUICHUS BPEMEHH, HeoOxoauMoOro 1 obecne-
YEHMA JBYX YAAJEHHBIX N0ab30BaTeneH Oenosckoi napoi. Takum xe 06-
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Pa3oM, MOXKHO YMEHbIIATh 3TO BpeMs, momelnas Bce Oonbluee KOIHYE-
CTBO AOMONHHTEABHBIX MOACTAHLMH, [J¢ IPUTrOTABIHBAIOTCA H H3MEPA-
10TCA cocTOodHUg benna.

— —>

Puc. 3.26. HnnocTpauus MeToAa YBEIHYEHHS CKOPOCTH paclpesie/icHHsA nepe-
MyTaHHbIX Map YacTHIL (C HEHYAEBOH Maccoit) MEXy ABYMSA YAQJICHHbIMH MOJIb30-
BaTesisMU A H B (a). Jlo6apneHs! AononHuTENbHBIE MoAcTaHUMU (b), ocymecTB-
NSO HE TeHepaluio 6e/UI0BCKHX cocTOosHHIM. DTH nopctaH UK C H B noMemeHbl
Mexay A u B. B 1. O ocyluecTBiseTcs JOMOJHUTEIbHOE HIMEPEHHE COCTOAHHIA
benna.

3.11.3 Koppexyus amnaumyoneix owubox,
B03HUKANOWUX NPU PACNPOCMPAHEHUU CUSHAN08

Ham xorenock Obl oKa3aTh, KaK MOXKHO HCIIONB30BaTh OOMEH NepeIyThIBaHH-
€M, C HEKOTOPO# BEPOSTHOCTBIO, KOTOPYIO MBI OLIEHHM, JJI1 KOPPEKLIMH aMILITH-
TYAHBIX OLIHOOK, KOTOPHIE MOTYT HAKAIIIHBATLCA TIPH PaCIIPOCTPAHEHHH MaK-
CHMAJIBHO MEpEeNyTaHHbIX cocTosHUH. [Tpeanonoxum, uro Ha Puc. 3.26b Gen-
noBckue mapsl, ucmyineHHsie U3 C u D, npuobperaror aMIuTyaHbIe OlING-
KH M CTAHOBSATCS HE MaKCHMAJIbHO TIEPENyTAHHBIMH:

]‘P>=0059|01)+sin9|10) . (3.55)

Torga obiiee cocTosHHE ABYX NEPENYTAHHBIX Nap, KOTAA YaCTHIE 2 H
3 nonazawoT B T. O, HMECT BHA

|®) = cos® §|0101) +sin § cos#(|1001) +|0110))+sin® |1010) . (3.56)

Ecnu Teneps BBINOMHUTbL U3MePEHHE cocTosHua benna vactuu 2 u 3,
KOTOpBI€ nonany B T. O, TO BEPOATHOCTH POHLIMPOBAHUS HX B OEINOBCKHE
cocrosHus |[00)+11) unu |00)—|11) oxasmsaercsa 1/2 sin?2 6, Toraa xax Be-
POATHOCTb HAWTH HX CIIPOHULIHPOBAHHBIMH B OJJHO M3 IBYX OCTaBIIMXCA Oe-
JIOBCKUX cOCTOSHHH paBHa 1/2(1+cos?26). B mepsoM ciydae (T.e. korga
yactuusl 2 ¥ 3 npouuupytorcs B [00) + |11) uan [00) — |11)) yraneHHsIe
yactuusl 1 u 4 npouuupyrorcs Ha Gemnosckue cocrosHus [00) + |11) umn
|00)—|11). TTpn 3TOM, HECMOTPA HA AMILIUTYAHBIE OLIHOKH, BBI3BAHHBIE PAC-
NPOCTPAHEHHEM YaCTHLI, 0Nb30BaTeaH B A U B B uTore npHobperaioT co-
BMecTHOe cocroanue benna. KonedHo, B ciywac AByX ApPYrHX HCXOJOB,
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cocTtosHue YacTul 2 ¥ 3, yactul 1 U 4 mepexoJuT B COCTOAHHUS, UMEIOLIHE
MEHBUIVIO CTENEHb nepenyThiBaHus, YeM (3.55). MMeHHO mo3ToMy MBI H
paccMarpuBacM OOMEH MEpPENMyThIBAHHEM B KaueCTBE METOAA, HCIPaBIA-
JOLIEro aMITIUTYAHbIC OWHOKY, TUUIb C BEPOSTHOCTHOH TOUKH 3peHus. Be-
POATHOCTB ycmexa B 3TOM ciy4ae B 1/2 sin?2 § MeHb1ie, yeM BEpOATHOCTD
HeyzauHoro ucxoga 1/2(1+cos?26). OnHako, H3 pe3y/lbTaTOB M3MEPEHHS
OENIOBCKHX COCTOSHUH U3BECTHO, B KAKHX CYy4asX KOPPEKLHA 0Ka3anach
ycnemHoR, TaxoH METOX MOMET paccMaTpHBAaThCA Kak BHJ IIOCHENOBA-
TEILHOrO OYHIICHHUS, B OTJIHYHE OT CTAHAAPTHON METOAUKH OuHIneHus [47,
117] (cM. pa3x.8.2), kKOTOpOE MPOHCXOAUT NapaineabHo. MOXHO noka3arb,
YTO CYWECTBYET TaKasl CTEIEHb MEPEIYTHIBAHHSA, KOTOpAas COXPAaHAETCA
npH 3ToM TuIe npoueccos ouninenus [118] (cm. Taxke pasza. 6.4, r,ue on-
peaenseTCcs CTENEHb INMEPEMyTHIBAHHSA).

3.11.4 Ilepenymannvie cocmoaHus ¢ 60abuUM YUCIOM HACMUY.

Hcnons3ys Hamy cxeMy, MOXXHO I'CHEPHUPOBATh NEPEIYTAHHBIE COCTOSHHS C
BONBIIMM KOMMYCCTBOM YACTHI M3 MEPENYTAHHBIX COCTOSHHH C MEHBIIHM
gucioM Yactul. OcHOBHBIE HEOOXOAUMBIE KOMIOHEeHTHI, 310 I X1] coctos-
HUs (TPEeX-4aCTHYHBIE MAKCHMAJIBHO MIEPENYTAHHBIC COCTOSHHS) H YCTPOH-
CTBO 1O H3MEPEHHIO cocTosHUH benna. PaccMorpum, kakuM o6pa3oM Mox-
HO NMPHTrOTOBHTH (N+1)-4yacTHUHOE MAaKCHMAJNBHO NMEPENYTAaHHOE COCTOA-
HHE U3 N-4aCTHYHOrO MaKCHMAIbHOIO NEPENYTAHHOTO COCTOAHHS. HyxHO
B35Th OAHY YACTHIly W3 N-4aCTUYHOTO MAKCUMANBHOIO NEPENyTaHHOrO CO-
CTOsIHHSA, a ApYryI0 — H3 ['X1] COCTOSHHUSA H BBINIOIHHTH H3MEPCHHE O€IIIOB-
CKOTrO COCTOSHHS 3THX ABYX yacTHL. B pesynawrare, 3TH ABE 4acTHIB OKa-
XyTca B cocTosHHH benna, a ocraBmuecs uyacTHu N+1 — B MaKCHMaabHO
nepenyTaHHoM cocToaHuu. Takol cnocod NPUroTOBIICHUA AAETCA CXeMOH

| E( N)) ®) E (3)> usmepenue cocmosanus bewa *l E( N+1))®] E(2)) ‘

IMpumep mpHroTOBICHHS 5-TH YACTHYHOI'O MAaKCHMAJIbHO MEPENyTaH-
HOTO COCTOSIHHA M3 4-X YACTHYHOrO NPH NOMOUIH PACCMOTPEHHOH TOIBLKO
4YTO MpOUEAYPHI OKa3aH Ha puc.3.27.

Jnsa paccMoTtpenus Bornpoca o reHepauuy I X1-cocTosHus, SBNSIOIHM-
Cs OCHOBHBIM KOMIIOHCHTOM B PACCMOTPEHHOH CXEME, MOXHO HMCIIONb30-
BaTh MeToA, npeanoxeHHeld Ladinunarepom u ap. [119] (cm. Taxxke
pa3zn.6.3.4, rae paccMOTpPEHA reHepalus Tpex-QoToHHOro nepenyThBaHHA).
Hao6opot, MoxxHo nipuroroButh I X1{-COCTOAHHSA HCMONB3yS HAII METOZ,
HauuHag ¢ Tpex OeuroBckux nap u seimonuas ['X1-u3mepenue, spiOupas
o OAHOM yacTHIE U3 kaxaoi napel. [logpobHas cxema AnA MPHUTOTOBIIE-
Hus 3-vactuubix ['X1I-cocToanuii u3 Tpex nepenyraHHbIX nap Obina npen-
noxHa panee JKykosckum u ap [101].
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1

or—

Puc. 3.27. ITocTpoeHHe NATHYACTHYHOTO NEPENYTAHHOrO COCTOAHMA H3 HCThI-
PeX4acTHYHOTrO MpPH MCIONb3IOBAHHH I'XI]-cOCTOSHHA H H3MEPECHHA COCTOAHHA
Benna.
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KoHI1ieniimsas kBaAaHTOBBIX
BBIYUCIICHUM

IIpHHIMOEI KBAHTOBBIX BRIYHCICHHH MOXXHO OOBACHATH MHOTHMH CIIOCO-
6aMH H Ha Pa3aHYHBIX YPOBHAX. JTOT QAKT HAIIEN CBOE OTPAKEHHE B
JanHoH rnaee. OHa COCTOMT M3 TpeX CaMOCTOsTENbHBIX uacTe. [lepBas
IpeACTaBaseT COOOM 3IEMEHTAPHOE BBEACHHE B NPEAMET C aKUEHTOM Ha
¢yHIaMEHTaNbHbIE NOHATHS, IPH 3TOM H30eraeTcs UCIONIb30BaAHHE MaTe-
Mmaruueckoro ¢opmanusma. nst MHOrHX 3TOT ypoBeHb 0OBsicHeHHs Oy-
JET COOTBETCTBOBATh HMX LEMaM. Te, KTO xodeT pasoOparbcs B AeTansx,
MOTYT MEPEXOAHTE KO BTOPOH wacTd. B Heii uutaTens cHaudana no3Hako-
MHTCS C CAMBIMH TICPBBIMH KBAHTOBBIMM airopuTMamu. 3arem obcyxaa-
€TCS BBIYHCIIMTENbHAA CIIOKHOCTb H 00Jee NMPOABHHYTHIE TEMBI, TAKHE
Kak KBaHTOBas ¢axtopu3auns. HakoHew, B TpeThei yacTH, nocieaHeH no
CYETY, HO HE MOCIe HEH N0 3HAYUMOCTH, NPE/ICTABICHBI IIPOEKTHI NPETBO-
PEHHS CIIOXKHBIX TEOPETHUECKHX HAEH B peanabHO paborarouue ycTpoii-
crBa. B rnaBe 5 o6cyaa0Tcsa AOCTHrHYTbIE HAa CETOAHSWHMHA ACHDb 3KC-
NEPHMECHTANbHBIE PE3yABTATH H NPOJOMKAIOIIKECS YCHIINA MO AaJIbHEH-
IIEMY Pa3BHUTHIO KBAHTOBBIX BbIYMCIICHHH.

4.1 BBejaenue B KBAHTOBDbIC BHIYHMCJICHHMS.
A Hotiv u A. Dxepm

4.1.1 Hogwviti chocob ucnonb308anus npupooOHviX pecypcos

MHorne BeXH B HCTOPHH TEXHOJIOTHH ObLIM CBA3aHbI C OTKPHITHEM HOBBIX
nyTeH OCBOCHHS NPHPOABI — TO €CTh, C HCIIONB30BAHHEM Pa3IHYHbIX PU3H-
YECKHX PECYPCOB, TAKHX, KAK MaTE€pHaIbl, CHJIbI, © HCTOUHHKH 3HEpruy. B
ABAALIATOM BEKE, KOrJa H300pEeTEHHE KOMIBIOTEPOB NO3BONMIO oOpaba-
TBIBATh CJIOKHYIO HHPOPMALIHIO BHE YEIOBEYECKOrO MO3ra, K 3TOMy CIIHC-
Ky pobasunace uxH@opmayus. UCcTopHs KOMIBIOTEPHOH TEXHOIOTHH, B
CBOIO OYEPEAL, COCTOAIA M3 MOCICAOBATENLHOCTH NEPEXOAOB OT OAHOH QH-
3HYECKOH pEaNH3aLHH K APYroH — OT WECTEPEHOK K pPelle, K INICKTPOHHLIM
JaMnaMm, TPaH3HCTOPAaM, HHTErpajlbHbiM MHKpocxeMaMm H T.A. CerogHsiu-
HHE THTOrpa(HyecKie TEXHOJIOrHH MO3BONIAIOT BLITPABIHBATL HA NOBEPX-~
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HOCTAX KPCMHHCBHIX IINIACTHHOK JTOrHYCCKHE JJICMCHTHI H l'IpOBOIlHPIKH
MEHEE YE€M MHKPOH B Ce4eHHH. CKOPO MCIONB30BAHHME 3THX TEXHOIOTHI
OPHBEAET K MOSBICHHIO €IIC MEHBIUMX JACTANCH, MOKA HE HACTYIHT TOT
MOMCHT, KOrjaa JIOrH4¢CKHC 3JICMCHThDI 6y11y’1‘ HAaCTOJbKO MAJICHBKHMH, 4YTO
KQKIBIH H3 HUX OyJEeT COCTOSTh BCEro M3 HECKOJIBKHX aTOMOB.

B MacmTabe 4eI0BEUESCKOro BOCIPHATHS M B GONBIIHX Macimrabax
KJIACCHYECKHE (He KBAHTOBBIC) 3aKOHBI (PM3HKH ABNAIOTCA Xopomum ¢Pe-
HOMEHOJIOTMYECKHM NPUOIHKEHHEM, HO B @TOMHBIX MacuITabax HadMHa-
I0T AOMHHHPOBATb 3aKOHBI KBAHTOBOH MEXaHHKH. UTOOB KOMIIBIOTEpH!
CTAQHOBHITHCBH GhICTpEE (2 3HAUMT M MCHBIIE PA3MEPOM), HOBAS KEAHMO-
645 TEXHOJIOTHS JO/KHA 3AMCHHTDb MM AOIMONHHTD CYIIECTBYIOMIYIO CEH-
gac. Ho okaseiBaercd, 4TO Takas TEXHOJIOTHSA MOXKET NMPEATIOXKHTb ropas-
A0 Gonblie, 4YeM MPOCTO MEHbIIHE H Oonee ObICTPBHIE MHKPOMPOLIECCOPHI.
Ona MoxeT obecrnieyuTh peanu3auuio abCOMIOTHO HOBBIX BHIYHCIHUTE/b-
HBIX MOIICJ'ICﬁ, HCIOIb3YOIMHX HOBBIC KBAHTOBRIC AJITOPHUTMBI, KOTOPBIC HE
HMEIOT KJIaCCHYECKHX aHaiIoros. bosiee TOro, KBaHTOBass TEOPHA BHIYHC-
JeHMH urpaer gaxe O6onee PyHAAMEHTANBHYIO PONb, YEM €€ KJIaCCHUYEC-
Kas NpeJiueCTBEHHHUIA, TIOITOMY TOT, KTO XOUET MONy4HTh PyHAAMEHTAb-
HOE NOHMMaHHE QH3UKH HITH MPOLECcCOB 06paboTku HHPOPMALHH, JOIDKEH
BKJIIOYHTh 3TH HOBBIE HACH B CBOE MHPOBO33pPEHHE.

4.1.2 Om 6umos x Ky6umam.

Yro K€ TaK CHIbHO OTIMYAET KBAaHTOBBIC KOMIIBIOTEPHI OT KiaccHYec-
kux? JlaBaiiTe BHUMATENbHEE MOCMOTPHM HA 3NEMEHTAPHYIO €AHHHLY
uHpopMauuu: 6um. Xotd NOHATHS OUTOB H KYOHTOB Y€ OOBSACHANHCH B
I'mase 1, MBI PCITHIIH AJId NOJHOTHI H HC3ABHCHMOCTH H3/I0XKCHHA CHOBA
YIOOMSAHYTH HX. :

C ¢du3nyeckoi TOYKH 3PEHHA OHT — 3TO CHCTEMA C ABYMS COCTOSHHA-
MH: OHa MOXET OBITh MIPHIOTOBJICHA B OAHOM H3 JABYX PAa3lIHYHMBIX COCTO-
HHHﬁ, NPEACTABIAIOIIUX ABA JOTHYCCKUX 3HAUCHUA — HET HJIH Aa, HCBEPHO
unu BepHO, uu npocto 0 unu 1. Hampumep, B uudpoBhX KOMNBbIOTEPax
Hanpsa>XKCHHUC MEXAY INIIaCTHHKaMH KOHACHCATOpPA MOXKCT NPCACTABIATD
6ut nHdopMaLuu: 3apaA Ha KOHAEHCATOPE O3HA4YaeT 1, a OTCyTCTBHE 3a-
paaa o3na4aer 0. OquH OHT HHPOPMALMH MOXKET OBITh TAKXKE 3aKOIHUPO-
BaH, HAIIPUMED, C HCIIONIb30BAHHEM JABYX Pa3IHYHHIX NONAPH3ALMM CBETa
HIIM JBYX Pa3IHYHBIX 3JIEKTPOHHBIX COCTOAHHH atoma. Kpome Ttoro, co-
riacHO KBaHTOBOH MCXaHHKEC, CCIIH OHT MOXET HaxOoaAUThCA B OAHOM H3
ABYX Pa3IHYIHMBIX COCTOHHHﬁ, TO OH MOXCT TAaKXC HAaXOAHUTHCA H B HX
KO2epeHMHOU Cynepno3uyuu. ITo HOBBIC COCTOSHHA, KOTOPHIE B 0OIIEM
Clly4ae HE UMEKOT KJIaCCHYECKHX aHAJOroB H B KOTOPBIX aTOM ORHOBpE-
MeHHO npeactasiser 06a 3HaueHHs 0 U 1. UToObl MpPHBBIKHYTE K TOMY,
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410 (U3MYECKAS BETHYHHA MOXKET OJHOBPEMEHHO NPHHHUMATD JBa 3HAYE-
HHA, TIOJIE3HO PAacCMOTPETh SKCIIEPHUMEHT, NTOKa3aHHbIH Ha Puc. 4.1.

A
£
A\
OTnenbHas
YacTHIIA H
————) D B

Puc. 4.1. [TonynpospayHoe 3epkano OoTpaxaeT MONOBHHY MaJaloWero Ha Hero
ceeTa. Ho oTaensHeI# hoTOH He paciiennsercs: Koraa Ml nocsliaeM GotoH Ha
TAKOE 3€PKAJo, OH ¢ PAaBHOH BEPOATHOCTBIO perHcTpupyercs IM60 JeTEKTOpOM
A, nubo netekTopoM B. D10, TEM HE MEeHEe, HE 03HAYAET, YTO GOTOH MOKHAAET
3epkano B ropuzoHTalnbHoM (H) nin BeptukansHom (V) HanpaBieHHH crydait-
HbeIM o6pa3om. Ha camom aene, poTOH OAHOBPEMEHHO NETHT 1O ABYM NyTiM!
3710 MoXxeT ObITh TOKA3aHO ¢ MOMOIIBIO HEMHOTO 60Jiee CI0KHOro IKCIEPHMEH-
Ta, H306paxceHHoro Ha Puc. 4.2.

ITonynmpo3pauHoe 3epkano OTpakaeT MOJOBHHY MAJAIOIIETO0 Ha HETO
CBETA, IPY 3TOM OCTABINASACS MOJOBHHA NMPOXOAUT CKBO3b HEro 0€3 name-
Henuid. Ilycts oaun GoToH HaneTaeT Ha Takoe 3€pkajlo, Kak MOKa3aHO Ha
Puc. 4.1. Yro npu 3Tom nponsotizer? YTo Mbl TOYHO 3HAEM, ITO TO YTO
($OTOH HE pacHmieIUIAETCS Ha ABA. MBI MOXKEM IOMECTHTh (POTOAETEKTOPHI
B MOOBIX TOYKaxX YCTaHOBKH, M 3anyCTUB GOTOH, yOEAWTHCA B TOM, YTO
€CJIH OAHH U3 POTOAETEKTOPOB 3apErUCTPUPYeT NonaxaHue GoToHa, TO HU
OJMH K3 OCTANbHBIX HUUYETO He 3apeructpupyert. B uacrnoctu, ecnu nome-
CTUTH (OTOAETEKTOPHI 32 3€PKANIOM B TOYKAX, YEPE3 KOTOPHIC MPOXOAAT
ABa BO3MOXHBIX BBIXOAAIMMX Myuka, TO (oToH OymeT 3aperucTpupoBan ¢
PaBHOH BEPOATHOCTBIO KAXABIM U3 AeTekTopos. [lonyuaerca, uro doToH
MpOJICTACT 3¢PKANO B OAHOM M3 ABYX HANpaBIeHUH cayuyaiiHeiM oGpaszom?
Her, 310 He Tak! MoxeTt nmoka3arbcs OUEBHIHBIM, MO KpakHel Mmepe, To,
470 (HOTOH B KAKJAOM KOHKPETHOM 9KCIIEPHMEHTE HAXOAUTCSH UIY B MPO-
meameM nyuke H, unu B orpaxennom myuke V. Ho 310 Toxe He Tak. Ha
caMoM gene, GOTOH OAHOBPEMEHHO ABMIKETCS IO ABYM MYTAM, KaK 3TO
MOXeT OBITh MOKA3aHO C MOMOIIBIO YCTAaHOBKHM Ha Puc. 4.2. JIBa o0bIu-
HBIX 3EpKajia PacMONIOKEHB! TaK, YTO 002 MyTH NMEPECEKAIOTCS HA BTOPOM
nonynpo3padHoM 3epkane. C nmoMompio 3ToH YCTAaHOBKM MOXXHO Habmio-
JaTh YAUBHTEIbHBIH, YHCTO KBAHTOBHH 3ddexT oonovacmuyrol unmep-
Qepenyuu.

Ilpeanonokum, 4TO0 KOHKPETHBIH (POTOH ABHTaJCs MOCIE MPOXOXKAE-
HUs 3epKaia BAONb nyTH, o6o3HaueHHoro H Ha Puc. 4.2. Torga (u3 cpas-
HeHHUA ¢ Puc. 4.1) MBI foiKHBI HAHTH, YTO JBA ACTEKTOPA PETHCTPHPYIOT
(OTOHBI C OAMHAKOBOH BEPOSTHOCTHIO. B TOUHOCTH TO e caMoe Habmo-
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aanock 6b1, ecnu Obl GOTOHBI ABMralmMCh BAONbL BEPTHKAIBHOTO MyTH V.
CrnenoBatenbHo, ecnu Obl GOTOH AEHCTBHTENBHO ABHIAJICA CTPOro 1o OA-
HOMY MyTH BHYTPH NpubOpa —~ HEBAXXHO KAKOTO — KaXKIbIH U3 JETCKTOPOB
A u B B cpeanem cpabateiBan Obi B NONOBHHE NPOBEACHHBIX JKCIIEPHMEH~
toB. OaHako Ha caMoM Aene mpoucxoauT uHade. OkasmiBaercs, YTO B
Cllyyae MPUBEACHHOM YCTAHOBKH, GOTOH 6Cce20a MONMAAAET Ha ACTEKTOp A
M HuK020a Ha AeTeKTOp B. ‘

Puc. 4.2. OagnoyactuyHas uHTepdepeHna. Breraiomu#t B HHTEpepomeTp
$OTOH Bcerma JOCTUraeT AETEKTOpPA A H HUKoOrAa - AeTekTopa B. JIio6oe o6bac-
HEeHKEe, B KOTOPOM MpexArnoiaraercd, 470 GOTOH ABHXETCA MO ONpEAEIECHHOH
TPacKTOPHH BHYTPH HHTepdepoMeTpa —~ H WK V — NPHBOMHT K 3aKTIOUEHHIO,
4T0 AeTeKTOpPH A M B nonxHbl cpabaThiBaTh B CpeAHEM B NIOJIOBHHE NIPOBE/CH-
HBIX KcriepiMeHToB. Ho onbIT moka3biBaeT MPOTHBOMOJIOXKHOE.

Hen3bexxHBIM ABIAETCS BBIBOA O TOM, UYTO (OTOH AOMKEH ObIT B He-
KOTOPOM CMBICJIE ABHIrAaThCA BAOAL OOOMX MyTeH OAHOBPEMEHHO — MO-
CKOJIbKY, €C/TH OAMH M3 NyTEi NEPEKPHIBACTCSA MOrIOIIAIOIIHM KPAHOM, TO
nonaxauue Gorona B geTekTop A 1 B HEMEANEHHO CTAHOBUTCA PaBHOBE-
postabiM. [lpyrumu cnosamu, 610kHpoBanue mo0oro U3 nyTei NnpuMBOIUT
K ocBeweHuIo B; kxoraa ke o6a myTH OTKPHITH, (GOTOH KAKUM-TO CIOCO-
6om nonydyaeT uHGOpPMaALIUIO, KOTOpas HE MO3BONAET €My nonacTs B B, -
HH(POPMALHIO, KOTOpPass PacnpoOCTPaHAETCA BAOIb APYroro mNyTH O CKoO-
POCTBIO CBETA, OTPAXKAACh OT 3€PKal, B TOUHOCTH TaK XK€, KaK pacmpoc-
Tpausercsa GOToH. ITO CBONCTBO KBAHTOBOH HHTEPEPEHLHH — KOTOPOE
MOXHO ONMCaTh KaK CYyLIECTBOBAHHE HEBHAMUMBIX ABOHHHKOB, OKa3hIBa-
OLMX BIUSHUE HAa ABHXKCHHE HAONMIOAAEMBIX YACTHI[ — OTHOCHTCH HE
TOJIBKO K (OTOHaM, HO U KO BCEM YAacTHIAM H GHU3HYECKHM CHCTEMAM.
Takum 06pa3oM, KBaHTOBasA TEOpHs OMUCHIBaeT HamHOro Gonee Gora-
TYI0 peanbHOCTh, YEM Ta BCEIECHHAdA, KOTOPYIO Mbl HaOmioaaeM BOKpPYT
Hac. Oka3piBaecTCA, YTO 3TA PEANBHOCTh HMEET MPHOTHIKEHHO CTPYKTY-
Py COCYLHECTBYIOLIMX H BIHAIOMMX APYr Ha APyra TOIBKO Yepe3 sABIE-
HUE MHTEp(EPEHLIMH pa3NTHYHEIX BAPHAHTOB 3TOH BCENECHHOH — HO BCE,
YTO HaM MOHaAoOuTCA OT PHIOCOMHH CYIECTBOBAHHA MapaniacabHBIX



130 Konyenyus xearmoawlx @bliucieHuii

«BCEJICHHBIX)» B 3TOH CTaThe — 3TO (aKT, YTO TO, YTO MBI BHUJIHM Kak OT-
ACIBHYIKO HaCTHIY HA CaMOM JCJIC ABJIACTCA OOHUM M3 aCICKTOB HCBCPO-
ATHO CIIOKHOH CYIIHOCTH, OCTANbHYIO YacThb KOTOPOH MBI HE MOXEM He-
MOCpeACTBEHHO Habmiogath. KBaHTOBEIE BRIYMCIEHHA — 3TO crmocob 3ac-
TaBUTb HEBUAHUMBIC ACICKTHI YaCTHLHI — ¢€ JBOMHHUKH B JPYTHX BCCIICH-
HBIX — paboTaTh Ha Hac.

Puc. 4.3, CTexnsHHas NiacTHHKa, MOMEIIECHHA’ Ha NEPECEUEHHH C OJHHM H3
nyTeil B HHTEpdepOMETpE, MOKET NEPEHANPaBHTh POTOHBI OT OXHOIO AETEKTO-
pa k apyroMy. Bee GoTOHbI, BXOAAUIHE B JIEBbIH HHTEphEpOMETp, NonajaoT Ha
netekTop A. B npaBoM untepdepoMeTpe HHTepbEepeHLIHS H3MEHIETCH 3a cUeT
NpPUCYTCTBHA CTEKIAHHOMN MJIACTHKM Ha BEPTHKaNbHOM NYTH. B pesynbTate
¢doToHbl OKazbiBaloTcs Ha aeTektope B. CienoBaTenbHo, TO, 4TO [POM3OLLIO
TOJNBLKO HA OJHOM H3 [YTeH, JOCTOBEPHO M3MEHHIIO KOHEUHEIH pe3y/bTaT 3Kcne-
pHMeEHTa. 3TOT 3P peKT 0COBEHHO NOJIE3EH B KBAHTOBBIX BHIYHCIICHHAX.

OnuH 13 0coOEHHO MONE3HBIX Uit KBAHTOBBIX BBIYHCICHUH 3P dekToB
MOXET ObITh MPOAEMOHCTPHPOBAH, €CIIH MBI 3aJ€PKHM (OTOH Ha OXHOM
u3 nyteil H wn V. Dtoro MoxHo A00HMThCS, MOCTAaBUB HA IYTH CTCKJIAH-~
HYIO IUTACTHHKY, KaK noka3aHo Ha Puc. 4.3. Tak xak HHTep(depeHLIHs MEX-
Ay GOTOHOM H €ro HeBHAMMBIM ABOHHHKOM 3aBHCHT OT TOYHBIX BPEMEH
HX MPHUOBITHA, MBI MOXXEM BHIOHPATh TOMIOUHY NJIACTHHKH H, COOTBETCTBEH-
HO, BpeMs 3aAEpPXKKH Tak, 4ToOb (POTOH AOCTOBEPHO (TO €CTh BO BCEX
«BCENEHHBIX») OKa3miBancA Ha jgerexrope B Bmecto aerexkropa A. Ta-
KHM 00pa3oM, To, 4TO MPOM3OLIJIO TONBKO Ha OMHOM M3 IyTeH (H, Kak ciea-
CTBHE, TOJIBKO B OJHOH H3 (BCEJCHHBIX») 0Ka3allo BIMAHHE Ha 00a MyTH.
MBEI BEpHEMCA K 3TOMY BOMPOCY MO3XKE.

TouHo Tak xe, kak POTOH MOXET HAXOAMTHCA B KOTEPEHTHOH Cy-
NEepno3ULMH pacnpocTpaHeHus Baons nytd H u Baone nytu V, tak u
no0oil KBaHTOBHIH OUT, UMM kKy6um, MOXKET OHTh NPHUIOTOBIEH B CY-
Nepno3ULUHH ABYX JorH4eckux coctosHuid 0 u 1. UIMeHHO B 3TOM CMBIC-
e KyouT moxet Xxpanuth 0 H | OZHOBpPEMEHHO, B NPOHM3BONBHOMN NpO-
nopuuu. Ho cneayer 3aMeTHTS, YTO, TaK XK€, KaK U (OTOH NpH H3MeEpe-
HHH OyAeT 0OHAapYKEH TONBKO Ha OAHOM H3 ABYX NMyTEH, IPH H3MEPCHHH
Ky6uTa GyaeT 3aperuCTpupOBasoO CaydaiHeM 06pa3OM TONBKO OAHO H3
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ABYX XpaHAmuxcs B HeM uucen. Camo mo cebe 3T0 CBOHCTBO HE OYEHDb
NOJIE3HO.

Ho naBaiiTe pa3zoBbeM HACIO CYNMEPNO3ULHH YHCE] HEMHOrO AajiblOe.
PaccMOTpHM perucTp, nocTpoeHHBIH U3 Tpex pusmueckux 6uros. Knac-
CHYECKHUH 3-OUTHBIH PErMCTP MOXKET XPAHHUTh B TOYHOCTH OJHO U3 BOCBMH
Pa3IMYHBIX YHCEJ, T.€. PETHCTP MOXET OBITH B OAHOM M3 BOCHBMH BO3-
MOxHBIX coctosnuii 000, 001, 010, ..., 111, npeacrasasomux uucna ot 0
no 7. Ho xBaHTOBBIH pEerucTp, COCTABICHHBIH H3 TPEX KyOHTOB, MOXET
OJAHOBPEMEHHO XPaHHTh A0 BOCbMH YHCE B KBAHTOBOH CYNEPNO3HUKH. 3a-
Me4yaTeNbHO, YTO BOCEMb PA3THYHBIX YHUCET MOTyT GHU3UYECKH MPHUCYT-
CTBOBaTh B OAHOM PErHCTPE; HO 3TO He OoNee YAHBHTENBHO, YEM MPHCYT-
crBue yucen 0 1 1 B ogHoM kyoure. [Ipn nobasneHun KyOUTOB K perucTpy
€ro €eMKOCTh IO OTHOIIEHHIO K XpAaHEHHIO KBAHTOBOH MH(OPMaLHH pacTeT
3KCIOHECHUHAABHO: YETHIPE KYOHUTA MOTYT XpaHHUTh 16 pa3nuyHbIX 4HCEN
OJHOBPEMEHHO, U, B 00wmeM ciydae, L KyGHTOB MOTYT XpaHHTb 10 2L uu-
cen oqHOBpeMEHHO. Peructp u3 250 kyOHTOB — MO CYIECTBY COCTOALIMIA
H3 250 aTOMOB — CMOXET XpPaHUTh OAHOBPEMEHHO OONbINE YHCEN, YEM
KOJIHYECTBO aTOMOB B BUAUMOH BCeneHHOH. (B moboM ciayuae, 3To 3aHu-
JiCeHHas OLEHKA KOJIMYECTBA KBAHTOBOH MH(OpPMAIHH, KOTOPYIO OHH MO-
TYT XPaHUTh, TAaK KaK B 00IIEM ClTy4ae 3JEMEHTHI CYMEPIO3HILIHH MPHUCYT-
CTBYIOT B HETIPEPHIBHO H3MEHAEMOM NPOIOPLIMH, IIPH 3TOM KXKABIH CO CBO-
UM ¢a3oBeiM yrioM.) HecMorps Ha 3T0, ecid Mbl H3MEPHM COACPXKHMOE
PErHCTpa, TO YBHAUM TOJIBKO OAHO M3 3THX 4ucen. OqHaKko, MBI MOXEM Ha-
YaTh NPOU3BOAMTH HETPUBHAIBHBIE KBAHTOBBIE BBIYMCICHHS, TAK KaK, €CITH
PErHCTp NPUTOTOBJIEH B CYNEPNO3UIHMH GOJIbIIOTO YMCIIA PA3TMYHBIX YHCE,
MBI MOXKEM BBIMIOIHATH MATEMATHYECKHE ONIEPAL{HH OJHOBPEMEHHO HaJl HUMH
BCEMH.

Hanpumep, ecnu xyOUTBI — 3TO aTOMBI, TO COOTBETCTBYIOIMM 0Opa-
30M NOAOOpPaHHbIE Ta3epHBIE UMIYIbCH BIHSIOT HA HX 3JIEKTPOHHBIE CO-
CTOSHMS, M HavaJIbHas CyNEePNO3HLIHs 3aKOAMPOBAHHBIX YHCE PA3BUBACT-
¢4 B APYTYIO Cynepno3uuuio. B npouecce Takoi 3BOMIOLHH KaXKA0E YHCIIO
B CYNEPHO3UIHUH MOABEPraeTcs BO3ACHCTBHIO, TaK YTO Mbl NMPOH3BOAHM
Oonbuod 00beM mapannensHbIX BoiUHCIeHHH. CliezoBaTeIbHO, KBAHTO-
BHIH KOMITBIOTEP MOXKET 33 OAHH LIAr BRIYHUCICHHI NMPOU3BECTH OAHY OIle-
PaLMIO HaJZ, CKaXeM, 2L pa3auYHbBIMH BXOAHBIMH YHCJIAMH, M PE3YJIbTaT
OyAeT Cynepno3nIHeH BCeX COOTBETCTBYIOIMX YHCEN HA BRIX0AE. [lng TOro
9TOOBl BBIMOJIHUTD TAKYIO XK€ 3aJady, MIOOOH KIaCCHYECKHH KOMMBIOTED
JOJKEH MOBTOPUTH BRIYHCIICHHS 2L pa3, MM HCIONb30BaTh 2L pa3nudHBIX
rapanienbHoO paboTaromux npoueccopos. Takum 06pa3oM, KBAHTOBBIH KOM-
NBIOTEP NMPEAOCTABIIAET OTPOMHBII BHIMTPHILI B HCTIONb30BAHHH BRIYHCIIH-
TENbHBIX PECYpPCOB, TAKHX KaK BPEMSA H MaMATb — XOTA OB TONBKO AA
OIpPEJECIEHHBIX THIIOB BRIYHCIICHHH.
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4.1.3 Keanmosuvie arzopummel

Kaxkoro Tuna? Kak Mb1 yxe roBopuin, 310 He OOKYHOE XpaHeHHE uHPOP-
MalMH, MOCKONbKY, XOTs KOMMbIOTEP TENEPb COAEPIKHT BCE Pe3ynbTaThl 2-
BBIYHCIICHHH, 3aKOHBI (PH3HKH MO3BOIAIOT HAM YBHJETb TONBLKO OAUH U3 HHX.
Tem He McHee, Tak k€ KaK OJHH OTBET «A» B 3KCIEpHMEHTE Ha Puc. 4.2,
3aBHUCHT OT HH(OPMALHH, PACIPOCTPAHABIICHCA BAOIb KAXAOTO U3 ABYX
nyTeH, KBAaHTOBAs MHTEp(EPEHIIHs MO3BONAET HAM TENEPh NOTYIUTh OJUH
OKOHYATENbHbIA OTBET, KOTOPHIH JIOTHYECKH 3aBUCHT OT BCEX 2L mpoMexy-
TOYHBIX PE3YILTATOB.

HWmenHo Takum obpasom HeaaBHO oTkpHITHI JloBom I'poBepoMm u3
AT&T Benn naboparopun B Hero-/xepcu [120] 3ameuatensHuiit anro-
PHTM JOCTHracT NOPA3UTEIbHOTO PE3YNbTaTa, MPOU3BOAA NMOHCK B HE-
YHOPAAOYEHHOM CITUCKE M3 N 3JICMEHTOB 32 BpEMs BCEro MHIUb MOpsA-
xaVN maros. PaccMmorpuM, HanpuMep, MOHCK ONPEAEICHHOrO Tene(oH-
HOro HOMEpa B aApECHO KHUTE, COACPKALICH MHIIHOH 3aNUCeH, XpaHs-
IMHXCA B MaMATH KOMObloTepa B andaBuTHOM nopsaxe. Jlerko aokasats
(1 3TO OUEBHAHO), YTO HU OAHMH KJIACCHUYECKHH aNTrOPHTM HE MOXKET Yly4-
IIHTh METOJ MpAMOro nepebopa 3amuceil oaHA 3a OAHOH, MOKa JaHHBIH
HOMED He Oyaer HaiaeH, uTo B cpeaHeM norpedyer 500000 obpawmenuii B
namaTh. KBaHTOBBIH KOMNBIOTEP MOXET NPOBEPUTD BCE 3TH 3aMMHCH OXHO-
BPEMEHHO, MYTEM OAHOro oOpawmeHus B namsatb. OQHAKO, €CIH IMPOCTO
3anporpaMMHpOBaTh €ro BBHLAATh PE3YJABTAT B 3TOM MECTE, TO HHUKAKOIO
yAYYIOEHUS MO CPAaBHEHHIO C KIACCHYECKHUM AJTOPHTMOM HE MONYYHTCS:
TONBKO B ONHOM H3 MHJUTHOHA BRHIYHCIHTENbHHX MyTeH (T.€. B OXHOH U3
MHIIJTHOHA BCENCHHBIX) OblNIa MPOBEPEHA 3aMMCh, KOTOPYIO MBI HIIEM, TaK
YTO BEPOSTHOCTh TOTO, YTO MBI MOMYYHM 3TY HHOOPMALHIO NIPH H3MEpE-
HHH COCTOSHHS KOMINBIOTEPA €CTh BCETO JHINb OAHA MHANHOHHad. Ho ecan
MBI OCTaBHM 3TY KBaHTOBYI0 HH(OPMAIHIO B KOMILIOTEPE HE H3MEPEH-
HOM, mocneayomas KBAaHTOBAsA ONEPALHd MOXET NPUBECTH K TOMY, YTO
3Ta HHGOpPMALHS MOBIHAECT HA APYTHE MyTH — TaK € KaK B OMIHCAHHOM
BBILLE IPOCTOM UHTEPHEPCH LIMOHHOM HKcnepumenTe. Takum o6pa3om HH-
¢popmanus 06 HHTEPECYIOLIEH HAC 3aMHCH PACIIPOCTPAHAETCS ¢ TOMOIIbIO
KBaHTOBOH MHTEp(EpPEHLHH HA APYrHe «BceNeHHBIE». OKa3bIBaeTCA, YTO
€CNM MOBTOPUTH ITY MOPOXKIAIOILIYI) HHTEPPEPEHUHIO MPOLEAYPY OKONO
1000 pa3 (B oOmem ciyuae, pa3), TO uapOpPMALA O TOM, KaKas 3aMuch
COACPKHUT AAHHbIH HOMEp, OyAeT AOCTYNHA MUl H3MEPEHHS C BEPOATHOCTHIO
0.5, — TO ecTh OHA PaCIPOCTPAHUTCH HA GOJIEE YEM NONOBHHY (BCEICHHBIX).
IToaTOMY NOBTOPEHHE BCErO aJIrOPHTMA €LIE HECKOIBLKO Pa3 MO3BOIHT HAHTH
HCKOMYIO 3aITHCh C BEPOSTHOCTHIO, YPE3BBIMAHHO OIH3KOH K 1.

B pononHeHue K HAXOKISHUIO 3aNIUCH C 33JaHHBIM CBOHCTBOM, BapHua-
LMK anropuT™Ma noucka I'poBepa MOTYT TaKkoke HAXOAUTh HAMMEHbLICE HITH
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HauOONbLIEE YHCIO B CIIHCKE, MOAANLHOE 3HAYEHHE M T.JA., TAK 4TO 3TO
O4eHb rHOKHI HHCTPYMEHT. TeM He MeHee, Ha NMMPAKTHKE MOUCK B pu3nyec-
KOH 6a3e naHHbIX BpsA 1 OyIeT OCHOBHBIM MPHMEHEHHEM anroputMa ['po-
BEpa — IO KpaHHEH Mepe A0 TeX mop, MOKa KIacCHYecKas maMsaTh OyaeT
OCTaBaThCA JCIICBIC KBaHTOBOH namMaTH. [lockoneky omepaunus nepeHoca
6a3bl JaHHBIX U3 KJIACCHYECKOH B KBAHTOBYIO MaMATb (OMTH B KyOHTbI)
cama norpebyet O(N) maros, anroput™ [poBepa B nyqimeM ciydae yCKo-
PHT BpPEMS NMOMCKA HAa MOCTOSHHBIA MHOXHTEb, YEr0 MOXKHO JOCTHIHYTh C
TIOMOIIBIO HCTIOIB30BAHMS KINACCHYECKHX MapalieabHBIX mpoueccopos. Io-
HacToseMy anroput™ I'poBepa HalIET NMPUMEHEHHE TOIBKO B AN20pum-
MUYECKUX TOMCKAX, — TO ECTh, IOUCKAX B CIIHCKAX, KOTOPHIE HE XPAHATCA B
MaMATH, a CaMH Ha XOAY FeHEPHPYIOTCH KOMMBIOTEpHO# nmporpammoii. Ha-
MIPUMED, UTPAIOIMHH B IIAXMaThbl KBAHTOBLIH KOMIIBIOTEP MOXKET HCIONb30-
BaTh €ro A HCCICAOBAHHUA TPHIJTHOHOB BO3MOXHBIX I'IpOlIO.TDKCHPlﬁ H3 TC-
KYWEH MO3HIHH 32 MPUMEPHO TO K€ YMCIIO 1Iaros, KOTOpoe morpedyercs
KIaCCHYECKOMY KOMIBIOTEPY (HCIIONB3YIOMEMY CIENOH MOMCK «B JI0O») ANg
HCCJIEJOBaHH BCEro MHILTHOHA nmpoaonkeHui. HecMoTps Ha Gonpinue Bo3-
MOXKHOCTH IO «OTCEYCHHIO BETBEH AepeBa» B KIACCHYECKHMX INAXMATHBIX
aaropHTMax, 3TO JODKHO MPHUBECTH K OUYEHb CYIIECTBEHHOMY YIIYYINEHHIO.

Kak HemaBHo noka3an Xunp Bpaccap u3 yHusepcurera Monpeans
[121], apyrum Ba>kHbIM MpHMEHEHHEM anropuT™a I'posepa OyaeT ucnons-
30BaHHE €r0 B KPMNTOAHAIM3E JUIS aTaKH KJIACCHYECKHX KpHnTorpadu-
yeckux cxeM, Takux kak DES (the Data Encryption Standard, cM. rnasy 2
1o KBaHTOBOH kpunTorpadun). Banom DES no cymecTBy Tpebyet noucka
cpeau 2°°=7x10'® BoaMoxHBIX Kmodei. Ecniu ux nepeGupaTts co Ckopoc-
ThIO, CKQXKEM, B OAMH MHJUIHOH KJIIOYEH B CEKYHJY, TO KJIaCCHYECKOMY
KOMIIbIOTCPY HOTpe6yCTCﬂ OKOJIO TBICAYH JICT AJIA OTBICKAHHA IpPaBHJIb-
HOTO KJIIOYA, B TO BPEMS KaK KBAHTOBBIH KOMITBIOTEP HCIOMB3YIOLIHH -
roput™ [poBepa caenmaer 310 MeHee yeM 3a 4 MHHYTHI!

ITo cTpaHHOMY COBMaJEHHIO, HECKOIBKO OCHOBHBIX CBOMCTB KBaHTO-
BBIX KOMITBIOTEPOB MMEIOT MPHJIOXKEHHS B KpunTorpadpuu. OaHO K3 HHX -
310 anroput™ [posepa. [Ipyroe — 310 kBaHTOBHI anroput™m Ans 3 dex-
THBHOH (akTopu3anuy GONBIIMX LENBIX YHCEN, OTKPHITHIH B 1991 roay
IMurepom opoMm, Take n3 AT&T Benn naboparopun B Hero [Ixepcu
[36]. 3aech pasnuvHe B NPOU3BOAUTEIBHOCTH MCXKAY KBAHTOBHIM H KJ1ac-
CHYECKHMH alnropuTMamMu eue Oonee BhnevaTaswomee. MaTeMaTHkU Be-
pAT (TBEPAO, XOTA OHH Ha CaMOM JeJIe 3TO HE JOKa3anH), uro Ans ¢axro-
pH3anus yucaa ¢ N JeCATHYHbBIMH 3HAKaMH JII0OOMY KITaCCHYECKOMY KOM-
IbIOTEPY TpeOyeTcs YHCIO IIAroB, KOTOPOE PACTET 3KCIMOHEHIHATIBHO C
N. Unaue roBops, no6aBieHHEe OAHOrO JECATHYHOTO 3HAKa K YHCTy B 00-
WEM Clydae yMHOJcaem BpeMs, HEOOXOAUMoOe AN ero pakTOpH3aLHH,
Ha NMOCTOSSHHBIA MHOXHTENb (cM. pasaen 4.2). Takum obpasom, npu yBe-



134 Konyenyus xeanmogwlx gbl4UCAeH U]

JHYEHHH YHCIa 3HAKOB 33Aa4a OBICTPO CTAHOBUTCA HepeansHoi. Haubons-
1Iee YHCII0, KOTOPOE OBINO Pa3NoAKEHO HA MPOCThIE MHOXKMTEIH B KAUYECTBE
MaTEMAaTHYECKOTO COPEBHOBAHHUA, T.€. YHCJIO, YbH ITPOCTHIE MHOXKHTEH ObLIH
BTakHe BBIOPaHBI MaTEMaTHKaMH, YTOOBI COCTaBHTH 3ajady AJA APYTHX
MaTEMaTHKOB, coctoano u3 129 snakoB. Hukro He MoxeT maxe mpeacra-
BHTb Cebe, KaK MOXHO (PaKTOPH3OBATh C MOMOMLIbIO KJIACCHYECKOIO ajlro-
PHTMA 4YHCIIO, CKAKEM, M3 THICAYH 3HAKOB; BRIYHCICHHE 3aHMET BpeMA BO
MHOTO pa3 Gonbluee, 4eM BO3pacT BCeMeHHOH. HanpoTus, KBaHTOBbIE KOM-
MBIOTEPBI MOTYT (PAKTOPH30BATh YHCIO C THICAYBIO 3HAKAMH 32 AOJIO CE-
KYH/JBL — ¥ BpeMs pacyeTa OyaeT pacTH TOJbKO Kak Kyb 4mcia 3HaKOB.

Kpome TOro, HeBHINOMHUMOCTD (PaKTOPH3ALIHH JIEKHT B OCHOBE CTOH-
KOCTH Haubosee HaAe)KHBIX Ha CErOAHAITHHH A€Hb METOAOB K dpoBanuA,
B 4acTHOCTH cucTteMbl RSA (Rivest, Shamir u Adleman), xoropas 1acTo
HCIIONB3YETCA ANS 3aILMUTH 3ICKTPOHHBIX OaHKOBCKHX c4eroB [122] (ze-
Tanu cM. B raaee 2). Korna 6yaer mocTpoeHa MammMHa AJid KBAaHTOBOH
¢akTopu3alH (KBAHTOBBIH KOMIIBIOTEp CIELMANbHOrO Ha3HAYEHHS ANA
¢dakTopH3alMK OONBIIMX YHCEN), BCE TAKHE KPHNTOrpadHU4ECKHE CHCTE-
MBI CTAaHYT HEHAJCXKHBIMH.

IlorennnansHas MOIb HCIONb30BAHHA KBAHTOBBIX ABJIEHHH IS BbI-
MOJTHEHHS BRIYHCICHHUH Oblla BEpBbIE NPEACKa3aHa B 00mux yeprax Pu-
yapaoM deitnmanom Ha Ilepsoii Kondepennnn no dusuke Briuucnenuii,
nposeaennoi B MIT B 1981 roay. On 3ameTn, 4To B 061mEM cliydae oka3sl-
BAETCA HEBO3MOXKHBIM 3((EKTHBHO CMOAENIHPOBATh PAa3BUTHE KBAHTOBOH
CHCTEMBI Ha KyaccudeckoM kommbiotepe [123]. KommerorepHoe Mozenm-
pPOBaHHE KBAHTOBOH 3BOJIOLIHH OOBIYHO CBS3aHO C KCIIOHEHUMATIBHbIM 3a-
MEAJICHHEM IO CPABHEHHIO C €CTECTBEHHOH 3BONIOLMEH, IO CYLIECTBY 3a
CYET TOTO, YTO KOMMYECTBO KIIaCCHUECKOH HHpopMaLuH, HEoOX0MUMOMH 1is
OMHCaHHA IBOJIOLHH KBAHTOBOH CHCTEMBI 3KCIIOHEHLIHAIIBHO OONbIIE, YEM
KOIMYECTBO HH(OPMALIHH, HY>KHOH A5 OTIHCAHHUA C TOH JKE TOYHOCTBIO CO-
OTBETCTBYIOLIEH KiIaccHueckoH cucreMnl. ([lns mpeackasanus s¢dexro
HHTEpEPEHLIMH HYXKHO ONHCATh BCE IKCIOHEHLIHAILHO OOMNbIIOE MHOMXKECTBO
JBOHHHMKOB CHCTEMEI B MapajicNbHbIX BCENEHHEIX.) TeM He MeHee, Deiin-
MaH PacCMaTPHBAJI 3TO HE Kak MPENMATCTBHE, a KaAK MOTCHLHAIBHYIO BO3-
MoxxHOCTh. OH yKa3al, 4To, €CJIH AJs BHISCHEHHS TOTO, YTO MPOH3OHIET B
9KCHEPHMEHTE C MHOrOYacTHYHOM HHTepdepenLueii, TpebyeTca Tak MHO-
TO BHIYUCICHHH, TO caMa MOCTAHOBKA TAKOTO 3KCMEPHMEHTA U H3MEpPEHHUE
pE3yabTaTa 3KBHBAJICHTHLI IPOBEAECHHIO CIIOXKHOTO BBIYHCIIEHHU.

KBanTOBbBIE BHIYHCICHHA YXKE ObIIH HCIIOIB30BAHBI JUIS MPEACKa3aHHA
MOBEAECHHS KBAHTOBBIX CHCTEM B MPOCTHIX Clydasx. B kakoi-To MOMEHT
B 0603puMoM OyaymeM onu OyayT UrpaTh HOBYIO H HE3AMEHHMYIO POJb B
CTPYKTYp€ HayKH, MOCKONbKY BO3MOXKHOCTb HayKH AENaTh MpEACKa3aHHA
OyaeT OCHOBBIBATHCA Ha KBAHTOBBIX BbIYHCICHHAX.
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OCHOBBI KBAaHTOBOH TCOPHHM BBIYHCICHHH (koTOpas Temepb JOKHA
paccMaTpPHBAThCA Kak 00uyas TEOPHs BBIYHCIECHHH — KIacCHYECKasA Teo-
pus TrIOpHHra 3TO TONBKO HMpHOMkeHHE) OblH 3anoxeHs B 1985 roay,
xoraa leeua Joitu u3 Oxcdopackoro yHusepcuTeTa onybnukosan onpe-
AETSIOUYI0 TEOPETHUECKYIO CTAaThiO, B KOTOPOH OH OMHCAJ YHUBEPCANb-
Hbuli k6anmoswili komnsiomep [124). C Tex mop Hauanach 0XOTa 32 HHTE-
PECHBIMH BEINAMH, KOTOPHIE MOTYT AENaTh KBAHTOBBIE KOMIBIOTEPHI, H
OQHOBPEMEHHO MOHCK HAayYHBIX H TEXHONOTHYECKHX PELICHHI, KOTOphIE
MO3BONAT HaM MOCTPOHTh KBAHTOBBIE KOMITBIOTEPHI.

4.1.4° Ilocmpoenue K8aHMOBHLIX KOMNbIOMEDOS

B npuHIMne, M 3HaeM, Kak TIOCTPOHTh KBAHTOBBIH KOMIIBIOTED; MBI Ha-
YHHAEM C TIPOCTHIX KBAHTOBHIX NOTHYECKHX 3JIEMEHTOB (CM. rnaBy 1) u
3aTEM COCAHHACM HX B KBAHTOBBIC CCTH.

Kak u knacCHYECKHH, KBAHTOBBIH JOTHYECKHH 3JIEMEHT — 3TO OYEHb
MpPOCTOE BHIYHCIIHTENBHOE YCTPOHCTBO, KOTOPOE 3a OMpPEACIECHHOE BpEMs
OCYLIECTBIAET OAHY 3JEMEHTAPHYIO KBAaHTOBYIO OMEpaLHIO, OOBIYHO HAX
aBymsa kyOutamu [125]. KoHeuHO, KBaHTOBBIE TOTHYECKHE IJIEMEHTHI OT-
JAMYAIOTCA OT HX KJIACCHYECKHX aHAJIOTOB TEM, YTO OHH MOTYT CO34aBaTh
KBAHTOBBIC CYNICPNOZHLIMH M NPOH3IBOAHUTHL ONCpPALHH HAd HHMH. TeMm He
MEHEe, C YBEIIHYCHHEM YHC/Ia KBAHTOBBIX YJIEMEHTOB B CETH MBI OBICTPO
HATAJTKHBAaEMCA Ha CEpbEe3HbIC NpakTH4Yeckue mpobnemsr. Uem ¢ Gomb-
IMHM KOJIHYCCTBOM BSaHMOﬂeiCTBleLHPIX K}’6HTOB MBI HMCEM ACNIO, TEM
TpyAHEE OKa3mBaeTcd pa3paboraTh B3aUMOACHCTBHE, IPH KOTOPOM TpPO-
ABNSACTCA KBAaHTOBas HHTEP hepeHInA. [IToMHMO TEXHHYECKHX CTOXKHOCTEH
pa6oThI Ha MacinTabax OAHOTO aTOMa M OZHOTO (GOTOHA, OAHOH H3 HanGo-
Jiee CEphE3HBIX NPOOJIEM IBIAESTCA NPEAOTBPALICHHE BIIHAHHA B3aHMOCH-
cTBHS, 00€CIEUHBAIOIIETO KBAHTOBYO HHTEPEPCHLIHIO, HA OKPYKAOIIYIO
cpeay. Yem Gonbime HCHoONb3yeTCs KOMIOHEHTOB, TeM C Gonbimed Bepo-
ATHOCTBIO KBaHTOBasg MHQOpMaLHs pacnpOCTPAHUTCA 32 MPEACTBI KBaH-
TOBOrO KOMIBIOTEpa H OyAET NOTEpSsHA BO BHEIDHEH cpeae, Takum obpa-
30M, MCKa)kas BRIYHCICHHA. JTOT MPOLECC HA3BIBAETCH OeKO2epeHMHOC-
mbio ¥ AeTanbHO oOcyxaaercd B rnase 7. CnexoBarenbHO, Hamma 3ajavya
— pa3padoTaTh CyO-MHKPOCKOITHYECKHE CHCTEMBI, B KOTOPHIX KyOHTHI OKa-
3BIBAIOT BJIHAHHE APYTr Ha Apyra, HO HE Ha OKPYXKaIOIyIO Cpeny.

Hexkoropsie ¢H3HKH C nECCHMH3MOM OTHOCATCA K IEPCIEKTHBAM Cy-
IIECTBEHHOIO MPOrpecca B KBAHTOBOH KOMIIbIOTEPHOH TEXHOMOrHH. OHH
CUHTAIOT, YTO JCKOTEPEHTHOCTh HA MPAKTHKE HHUKOTAa He OyaeT yMeHbloe-
Ha JO TaKOro YpOBHS, YTO MOXHO OyAeT mpou3BecTH 601ee YeM HECKOIBKO
MOCJIEAOBATEAbHLIX IIArOB KBAHTOBOTO BRIUKHCICHH. (Mexay mpounm, yxe
3TO MO3BOMHIIO OBI CO3aTh HECKONBKO OYEHb MONE3HBIX YCTPOKCTB, CM. HHXE
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tabmuuy 4.1). Jlpyrue accneaosarend ¢ GOnbIIMM ONTHMHU3MOM CYHTAIOT,
YTO peajbHblE KBAHTOBBIE KOMIMBIOTEPH TIOABATCA YEpPe3 roAnl, a He ue-
pe3 AecATHIETHA. Mbl CKIOHAEMCA K ONTHMHCTHYECKOH TOYKE 3PEHHA -
OTYAaCTH IOTOMY, YTO TEOPHA OBOPHT HaM, YTO HE CYIRECTBYET QyHOaQ-
MEeHMANbHbLIX TPENATCTBHA Ha 3TOM IYTH M YTO BO3MOXHBI KBaHTOBas
KOPPEKLHA OITHOOK H 0TKA30yYCTOHYHBHIE BHIYHCICHHSA (CM. rnasy 7), orT-
YacTH, H3-32 YAMBHTEIBHOIO TallAHTAa H CIIOCOOHOCTH pemaTts npobaeMul
paboTaromux Hax 3THM MPOCKTOM (PH3IHKOB-IKCIIEPHMEHTATOPOB, U, HAKO~
Hell, MOTOMY, YTo 6aroAaps ONTHMH3MY, 33aAYMAHHOE CBEpIIACTCA.

Tabnuua 4.1. Bexd pa3BHTHA KBaHTOBOH KOMNBIOTEPHOH TEXHOJIOTHH

Yucno Yucno maros 1o
Tum o6opyaosanus Tpe6yeMbIX| HacTyNJeHHS Cratyc
KyOHTOB | A€KOre¢peHTHOCTH
KsanTopas KPHHTOFPBQ)H}I 1 1 PeanuizoBpaHo
KBanToBas xpHnTorpagms,
OCHOBaHHasA Ha MepenyTbIBaHHH 2 1 IponeMoHcTpHpOBaH
KBaHTOBLIH noruveckui
anement C-HE 2 1 IlponeMoncTpHpoBaH
KoMmmnnekc norudeckux
3JIEMEHTOB 2 2 IlpoxeMOHCTPHpPOBAH
Anroput™m [loitda 2 3 IIponeMOHCTPHPOBAH
VABOEHHE €MKOCTH XaHaja 2 2 bBansxo x peanuszanun
TenenopTauus 3 2 IIponeMOHCTPHpPOBAaHA
O6MeH mepenyThIBaHHEM 4 1 IIponeMOHCTPHPOBaH
CTaHUHA MOBTOPEHHA AIA
KBAHTOBOH KpHOTorpaduu He CKOJILKO HECKOJIbXO TeopHs enre HENOJHa
KBaHTOBOE Mone/lHpoBaHHE HECKOJIbKO HECKOJIbKO ITpocTeie 3KCNepHMEHTHI
Anroputm [porepa TIponeMOHCTpHpOBaKBI
C HTpYWEeYHbIMH JaHHbIMH 3+ 6+ c SAMP
CrepxTodHbie CTAHAAPTHI
4aCTOTBI HECKOJIBKO HECKOJIbKO O6o3puMoe Gynymee
OYHImeHHe nepenyThiBaHHA HECKOJIbKO HeCKOJIbKO O6o3puMoe Gynyumee
Austroput™ Illopa
C HIPYHIEYHBIMH AaHHBIMH 16+ THICAYH+
KsasToBast Mamuna
anst $HaKTOpH3ALHH COTHH COTHH
YHHBepcalbHbIi
KBAHTOBBIH KOMILIOTEP TBICAUH+ ThICAYH+




Beeoenue ¢ xkeanmosvie gvivucnrenus 137

Tem He Mmenee, oaHMM PHIBKOM mpobnembl He OyayT peweHsl. Teky-
Ias 3a4a4a COCTOMT HE B TOM, YTOOBI MOCTPOUTH NOTHOCTHIO 3aBEPLICH-
HBIH YHUBEPCANbHBIH KBAHTOBH M KOMIIBIOTEP, @ B TOM, YTOOKI NEPEATH OT
JKCIICPHUMCHTOB, B KOTOPbIX MBI MOXKCM Ha6H10}laTb KBAHTOBBIC ABJICHHSA K
9KCIIEPUMEHTAM, TAE MBI MOXKEM MX HYXHBIM 00Pa3oM KOHTPOIHPOBATh.
IpocTbie KBAHTOBHIE JTOTHYECKHE IIEMEHTHI, COCTOSMME U3 JBYX KyOM-
TOB, Y€ peanu3oBanbi B 1abopatopusax B Espone u 8 CLIA. Cneayromee
ACCATHIICTHC OJOKHO IIPHHCCTH KOHTPOIb HAA HCCKOJIBKHMH KYGHTaMP[, H
6e3 cCOMHEHHs, HAID HOBRIM CNIOCOO HCMONb30BaHHS IPHPOXLI ZOMKEH OY-
JIET Ha4aTh NPHHOCHTD mioAsl. Hanmpumep, H3BeCTHO, 4TO MPOCTHIE KBaH-
TOBBIE CETH MOTYT NpeAOCTaBUTh Oonee cTabHIbHBIE CTAHAAPTH YacTOT
[126] (cM. pasgen 7.6). HexkoTophie BO3MOXHBIE BEXH B Pa3BUTHH KBaHTO-
BOH KOMITBIOTEPHOM TEXHOJOrHH NPEACTABICHH B Tabnuue 4.1.

4.1.5 bonee a2nyboxue npunoxiceHus

Koraa ¢u3uka BHYMCICHHI BIIEPBBIE CHCTEMATHYECKH HCCIEA0BANACE B
1970-x, OCHOBHBIM ONaceHHEM OBIIO TO, YTO KBAaHTOBO-MEXaHHYCCKHE
3¢ dexTh MOTYT NMpHBECTH K PyHAAMEHTAaIBHBIM OTPAaHHYECHHAM Ha TOY-
HOCTb, C KOTOpPO# (u3nyeckue 0OBEKThI MOTYT PEaNTH3OBRIBATL CBOHCTBA
OHTOB, TOrMYECKUX AYEEK, KOMITOZHIIMIH ONEPaLMii U T.J., KOTOPHIC TOABIIS-
1I0TCS B aDCTPakTHOH H MaTEMaTH4YECKH CIIOXKHOHW TEOpHH BBIYMCICHHH.
Tlo3ToMy OBITH ONAacEHHS, YTO MOIIb U 3JIETaHTHOCTh TEOPHH, €€ OCHOBO-
MOJIAraloIHe KOHLEIIHH — TAKHE KaK BHIYHCIHTENIbHAS YHUBEPCAIbHOCTh
— €¢ Ba)KHHIE PE3YJIbTaThl — TAKHE, KAK TEOPEMA OCTAHOBKH ThIOPHMHIa M
Gonee COBpeMEHHas TEOpHs BHIYHCIHUTENBHON CIOXHOCTH — MOTYT OKa-
3aThCA BCErO JIMIOb IJIOAAMH YHUCTOM MAaTEMAaTHKH, HC HMEIOIIMMH B JEH-
CTBUTENIbHOCTH OTHOLICHHA K YeMY-THOO0 B MPHPOJAE.

Hccnenosanus, xoropbie MBIl 00CYXAalH, HE TOIBKO RKOKA3alH, YTO
3TH OnaceHHUs GeClOYBEHHBI, HO M B KQXJOM ciydae 6nectsame obocHoBa-
JIH JIeXalHe B OCHOBE COOOpakeHHs, — TaK MOJIHO, KaK ABAAUATH JIET Ha-
3aJ{ HUKTO He Mor U Me4tath. Kak yxe 06psSCHANOCH, KBaHTOBask MEXaHH-
Ka HE YCTAHABJIHBAET OrPAaHHUYCHUIA HA TO, KAKHE KIACCHYCCKHE BRIYHCIIE-
HHA MOTYT OBITh OCYIIECTBJICHHI B IPHPOAE, a pa3pelIacT UX BCE, H K TOMY
XKe MPEeJOCTABIACT HOBbIE PEXKHUMbI BBIYMCICHHH, B TOM YHCJIE aarOpHUT-
MBI, BHIMOJHAIOINHE 3aAa4H, KOTOPHIC HE MOTYT ObITh BRITIONHEHB HUKA-
KHMM KJIACCHYCCKHM KOMITbIOTEPOM (Takue Kak abCOMOTHO HaACKHASA KPHUII-
Torpadus ¢ OTKPHTHEIM KI04oM). YTO KacaeTrcs CTPOIHOCTH TEOpHH, TO
HCCIICAOBATEIN B 3TOM 001acTH NPHMBHIKIN K TOMY (pakTy, 4TO0 peanbHas
TEOpHs BBHIYMCICHHH Oonee camMocorinacoBaHHa M ropas3go Oomee ecre-
CTBEHHA, YeM MOXHO OBIIO KOrAa-mub0 OXMAATh OT €€ KJIaCCHYECKOro
npubnukeHus, cornacyercd ¢ QyHIaMEHTANIbHBIMH TCOPHAMH B JPYrux
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obnactax. [laxke Ha caMOM MPOCTOM YPOBHE, CJIOBO «KBAHTOBBIH» 000-
3HAYAET TO XKE, YTO H CIOBO «OUT» — DIEMEHTapHAas MOPLUHs — K 3TO OTpa-
XKAET TOT (PAKT, YTO MONHOCTBIO KJIACCHYECKHE CHCTEMbI, TTOABEPKEHHbIE
obmeit HecTabMIBHOCTH, M3BECTHOM KakK «Xaoc», abCOMIOTHO HE moaaep-
AKHUBAOT UH(POBLIE BRHIYMCICHHU (TaK YTO Aa’ke MaumuHbl ThIOpUHTa, TEO-
PETHYECKHE NMPOTOTHIB BCEX KIACCHYECKMX KOMIIBIOTEPOB, BTaiiHE BCe-
raa 6bp11u kBaHTOBO-MexaHH4eckuMH!). [unoresa Yepua-Triopusra B xiac-
CHYECKOH TEOPHH (O TOM, YTO BCE «ECTECTBEHHBIE» MOMAEIH BBIYHUCICHHUH
IO CYIECTBY 3KBHBAJICHTHBI) HUKOrAa He Obina gokazana. Ee aHanor B
KBAHTOBOH TEOPHH BHIYUCICHHH (npuHIMn ThiOpHHra, rnacamuii 410 yHH-
BEPCabHBIH KBAHTOBBIH KOMIIBIOTED MOXET CMOACTHPOBATH IOBEICHHE
m060H KOHEYHOH (QU3NMUECKON CHMCTEMBI) Obl1 HANPAMYIO AOKA3aH B CTa-
The [oitua B 1985 roay [124]. B xBaHTOBOM Cniyuyae OBLI JOKa3aH €uUie
fonee CUNBHBIH pe3ynbTaT (TAKKE BHICKA3aHHBIH B Ka4e€CTBE CHIIOTE3BI,
HO HHKOTJA HE JOKa3aHHBIM B KJIIACCHYECKOM CIydae), a HMEHHO 4TO Ta-
KO€ MOAETHPOBAHHE BCErJa MOXET OBITh OCYLIECTBICHO 32 BPEMs, KOTO-
poe sBnsercs, caMmoe 60IbIIOe, MOTHHOMHAaNLHOHN QyHKIIHEH BpEMEHH, TpE-
6yromerocs Ang QU3UYECKOH SBOTIOLHUH.

K uncny MHOTHX OTBETBICHHI TEOPHH KBAHTOBBIX BHIYHCICHHH B O4e-
BHIHO JaNeKHUX 00IacTaX OTHOCUTCA UX CBA3b ¢ GHUIoCoPHEH U NpaKkTHKOH
MaTEMaTHYECKHX JoKa3aTeabCTB. IIpoBeaeHHE BBHIYMCIEHHUSA, KOTOPOE
MNPHBOIUT K OMPEACICHHOMY PE3y/bTaTy, 3KBUBAICHTHO 00KA3AMeNbCmey
TOTO, 4TO HabmoJaeMbiil pe3yabTaT SBIAETCS OJHHM M3 BO3MOXKHBIX PE-
3yabTaTOB BRIYUCIEHHA. [loCKONbKY MBI MOXXEM OITHCHIBATh OTIEPALIHH KOM-
NBIOTEpa MATEMAaTHYECKH, TO TAKOE AOKA3aTEIbCTBO BCErJa MOXET OBITH
NEPEBEACHO B A0KA3aTENbCTBO HEKOTOPOH MAaTEMAaTHYECKOH TEOPEMBI.
310 OBINO BEPHO H B KIACCHYECKOM Cllydae, HO B OTCYTCTBHE HHTepde-
peHUHOHHBbIX 3¢ dEKTOB BCETAa MOXHO NMPOCHEAUTD ary BBIYUCICHUA, H
TakuM 0Opa3oM NMPOM3BECTH AOKA3aTENbCTBO, KOTOPOE YAOBIETBOPAET
KJIACCHYECKOMY OMPEAEIECHHUIO. MOCIEA0BATENbHOCTb NPEITOKCHHIH, Kax-
JI0€ U3 KOTOPBIX €CTb TH00 akcuoma, 160 CleaAyeT U3 NPEABIAYIUX NPen-
NIO)KEHUH B MMOCIEAOBATEIBHOCTH B COOTBETCTBHH CO CTAHAAPTHBIMH Ipa-
BUJIaMH JIOTMYECKHUX YMO3aKIIo4eHUH. Teneps Mbl JOMKHB OCTABHTb 3TO
onpeacneHue. B nanpHeHmeM moka3aTeabcTBO ACIKHO PacCMaTpPHBATH-
€A KakK MPOLECC — CaMO BBIYMCICHHE, a HE €ro 3aluch — MOCKOIbKY MBI
JOJDKHBI IPHHATH, YTO B OyAylIEM KBaHTOBBIE KOMIBIOTEPH OyayT AOKa-
3bIBATh TEOPEMBI METOAAMH, KOTOPHIE HH YEI0BEYECKUH MO3r, HH KaKOH-
au6o Apyroit apouTp He OyAET B COCTOSHHM NMPOBEPHTH IIAr 32 IIAroM, Mo-
CKOJBKY €C/H Obl «IOCIEAOBATEILHOCTD MPEATOKEHHIH), COOTBETCTBYIOIIAS
TaKoOMy AOKa3aTenbCTBy Obia Obl pacmedarana, To Oymara MHOro pas 3a-
nonuuna 6sl HaGnoAaeMywo BeeneHHYW0. bonee aeransHoe obcyxaeHue
riryOOKHMX CBOMCTB KBAHTOBBIX BBIYHCICHHUH MOXET ObITh HaiaeHo B [127].
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4.1.6 3axnouumenvHvie 3ameuanus

JKCHNEPUMEHTANIBHBIE H TEOPETHYECKHE HCCIEA0BAHMA KBAHTOBEIX BRIYHC-
JEHHH B HACTOAIIEE BPEMS MPHBIEKAIOT BCE BO3PACTAIOLIEE BHUMAHHE,
KaK CO CTOPOHH aKaJAeMHUYECKHX HCCIEAOBATENEH, TAK U CO CTOPOHK HH-
AYCTPHH 1o BceMy Mupy. Maes o ToM, 4TO MpHpPOAY MOXKHO KOHTPOJIHPO-
BaTh U MAHUMYJIHPOBATh €H Ha KBAHTOBOM YPOBHE SBIAETCA MOILIHBIM CTH-
MyJOM A BooOpaxkeHHA GHU3HKOB U HHXKEeHEPOB. [104TH exeHEBHO NpO-
HCXOAHMT mporpecc B pa3paborke Bce Oonee o0eImaromux TEXHONOTHH,
PEATM3YIOIMX KBAHTOBBIE BHIYHMCIICHUSA, H HOBBIX KBAHTOBBIX aJITOPHTMOB,
HMEIOIUX Pa3NHYHBIE MPEUMYIIECTBA MO CPABHEHHIO CO CBOMMH KJIacCH-
YECKMMH aHaJIoraMHu. 34eCh €CTh MOTEHLHAN AN ACHCTBHTEIBHO PEBO-
JIOLHOHHBIX HHHOBALIHIA.

Ota ctarhs ABNAETCA nMepepabOTaHHOM BEPCHEH BBOAHOH CTAaTbH IO
KBaHTOBBIM BBIYHUCICHHUAM, KOTOpAas IMOSBHIACH B MAapTOBCKOM BBIMYCKE
3a 1998 rox B xypHane Physics World [128].

4.2 KBanToBbBIC AJITOPHTMBbI
P. Jlxcosca

4.2.1 Begeoenue

KBaHTOBHII anroput™ — 310 M060H PU3NUECKHIT NPOLIECC, HCITOJb3YIOIIHM
XapakTepHble KBAHTOBBIE 3 )EKTHI AN BHINOTHEHHS ITOJIE3HBIX BRIYHCIH-
TENbHBIX 3aJa4. YA00HO $OopMaNH30BaTh OMHCAHHE ITHX KBAHTOBBIX BhI-
YHCIIMTEILHBIX MPOLIECCOB B TEPMHHAX MOAEIH, BHICTPAHBAIOLICH Mapai-
nens ¢ GopManTu3MOM KiaccuyecKux BeyucieHui. ITo cyTn, B kBaHTOBOM
Clyyae 3JIEMEHTH MaMATH B KOMIBIOTEPE — 3TO KyOHTHI, a He OHTHI, a
NIOTMYECKHE ONEPaLMH — 3TO YHUTapHbIE npeobpa3oBaHud, a He OyneBn
omepauuH KJIaCCHYECKOro BBIYMCICHHA. MoxHO yTBepxkaath [124], uro
MOZEIH TAKOro poJa JOCTATOYHO, YTOOR! ONUCATh M000H KBAHTOBHIH Mpo-
uecc. OT moboro koMmeioTEpa TPEeOYETCH, YTOOBI OH ONMEPHPOBAN (KO-
HEYHBIMH CPEACTBAMMU», TO €CTb, YTOOBI OH HMEN BO3MOXKHOCTh HCIOJb-
30BaTh TONbKO HEKOTOPBIH KOHEUHBIH Habop 6a30BBIX YHHTAPHBIX ONEpa-
uwmii. JIroGas Apyras onepaums, KOTOpas MOXET HaM MOHAZOOUTHCA B ai-
ropuT™e, A0JKHA ObITh MOCTPOEHA (MIIM aNNpOKCHMHPOBAHA C AOCTATOU-
HOH TOYHOCTBIO) U3 ITHUX 0A30BHIX CTPOHMTENBHBIX OJIOKOB COEAMHEHHEM
UX AEHCTBHA Ha BbiOpaHHbie KyOuTH. MOXHO moka3ate [129, 130], uro
JOCTAaTOYHO HCIOJAb30BATh PA3NUYHBIE MANCHLKHE HAOOPH YHHTAapHBIX
omepaumii (Tak Ha3bIBaeMbIE «yHHBEPCalIbHbIE HAOOPH») YTOOB anmpok-
CHMHMPOBATh JIIOOYI0 YHHTAPHYIO ONEPALIHIO HaJ JIOOBIM YHCIIOM KyOHTOB
€ IPOH3BOJIBHOM TOYHOCTBIO.

Oxno u3 HauboNEE MONE3HBIX U BAXHBIX CICACTBHI M3 3TOrO hopMa-
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Au3Ma COCTOHUT B TOM, YTO OH AAET CIOCOO OLEHUTH CI0XKHOCTb BHIYHCIH-
TEJNbHOI 3a1a4H (ONATH-TAKH, BEICTPAUBas Mapaljiesb MOHATHAM KIacCH-
qe'cxoi«i Teopuu caoxkHocTH). Hac Oyner 0coOeHHO HHTEPECOBATL BpEMEH-
Has CJIOXXHOCTb, TO €CTh, OLIEHKA YHCJIA 3JIEMEHTAPHBIX onepauui, HeoO-
XOAHMBIX ANS PEIICHHS BHIMHCAMTENbHOHM 3agauM, kak QyHxuus obneMma
BXOJHBIX JAHHBIX.

Ecnu aBa xommerorepa 4 u B obnaaaror [pa3HbIMH (yHHBEpCaIbHBIMH)
Ha6opaMu 6a30BbIX ONEPALHKH, TO BPEMEHHAS CJIOXHOCTD UI TPOU3BONb-
HOM BbIYHMCIIHTENbHOM 3aAauu Oyzet, B obmeM ciyyae, pa3nuyHoi. OaHa-
KO, MOXXHO CIIEpPBa 3alporpaMMHpOBaTh B B BLINOTHEHHE KaxAOH H3 6a3o-
BBIX onepanui 4 ¢ MoMoueIo ero cobcTeeHHOro Habopa, a 3aTem 3amyc-
TUTb M00YIO MPOrpaMMy, HalTHCAHHYO Ha sA3bIke Habopa onepauuii 4. [Tycts
k obo3nayaeT MaKCHMaNbHOE YUCJIO OTIEPAUHil, HEOOXOAUMBIX B 4TOOBI
BOCIpOM3BECTH J1100y10 u3 6asossix onepauuii A. Toraa BpemeHHaﬂ CJIOX-
HOCTh Ha B Oyxer, camoe Gonbiuee, B £ pa3 Gonbuie CIOKHOCTH Ha A, TO
ecTb cMeHa Habopa 6a30BbIX onepauuit MPUBOAMUT, camoe Go:bLIEe, K paB-
HOMEPHOMY 3aMEANeHHI0 (HE3aBHCHUMO OT pa3Mepa BXoja) Ais ioboi
BHIYHCIMTENIbHOM 33Ja4d. B TeOpHM CIOXKHOCTH BHIYMCICHUH HAC, B LE-
JIOM, HHTEPECYET HE TOYHOE YHCJIO LIAroB B BHIYHCIICHHH, a TONbKO Xapak-
TEPHBIH TEMIT POCTA YHCAA LIATOB IIPH YBEIHYEHHUH 00bEMA BXOJHbIX JaH-
HBIX. B enom, Mbl HHTEpECYEMCS TONBKO TEM, OFPAHHYEHO JIH YHCJIO HIArOB
MOMMHOMHANbHOH PyHKUHMEH OT 00bEMa BXOAHBIX AAHHBIX (IIPHBOJA K TaK
Ha3bIBAEMBIM MOJHHOMHAJBHBIM 110 BPEMEHH, HIIH 3P PEKTHBHBIM, anro-
PHTMAaM) HJIH XK€ OHO PacTET YKCIIOHEHUMANbHO (MIIM CBEPX-MOJTHHOMHAb-
HO) ¢ ux obvemMoM. CornacHO CAEMaHHBIM BBILIE 3aMEYAHHAM, DTO pa3iin-
YHe HE 3aBHCHUT OT BhIOOPa KOMITBIOTEPA, OHO ABIIAETCS BHYTPEHHHM CBOI-
CTBOM CaMOM BBIYHMCIHTENbHOMN 3aJa4H.

Haur ocroBHO#M MHTEpEC ITPH H3YYCHHH KBAHTOBBIX aJTOPUTMOB BBI3HI-
BAET BO3MOXKHOCTb HANTH NMOJIMHOMHANBHBIE 110 BPEMEHH aJIFOPHUTMBI AJIS
TaKHX 3a4a4, AJIs KOTOPBIX HE U3BECTHO KJIACCHYECKHUX MOJTMHOMHANbHBIX
10 BPEMEHH aIropuTMOB. TO €CTh, Mbl XOTHM MPOAEMOHCTPHPOBATH, 4TO
KBaHTOBbIC 3(PPEKThl MOT'YT NPHUBECTH K IKCIIOHEHIMAIbHOMY YCKOPEHHIO,
MO CPaBHEHHIO C KlIaccHueckoi obpaborkor mHpopmaumu. Ml onumeM
Pa3IMYHbIE CHTYalHH, B KOTOPHIX 3TO MPOMCXOAMUT — anropurmsel Joi4a,
Caiimona u llopa. Mbi Takke onuuieM KBAaHTOBBIH anropuTM moucka I'po-
Bepa, KOTOPLIH AQET, MO CPABHEHHMIO C JfOOBIM KJIaCCHYECKUM aJrOpHT-
MOM, YCKOPEHHE B KBaAPaTHbIH KOPCHb U3 YHCA LIATOB, 4 HE 3KCITOHEHLIH -
anpHOE yckopeHHue. TeM He MeHee, OH mpeactasiserT OOnbIIOH NMpakTH-
yeckuil uHTEpec. AnroputMm ['poBepa mpeactasnser Takxke u Gonbmoi
TEOpPETHYECKHH HHTepec Oaaroaaps CBOEH CBSA3U C KIACCHYECKUM KIac-
COM CJI0XXHOCTH, Ha3biBaeMbiM NP [131,132].

ME1 yBHANM B riiaBe 5, 4TO BO3MOXHOE IPHMEHEHHE NHOOOro JocTa-
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TOYHO 0OJIBIIOrO KBAHTOBOIO AJrOPMTMA B HACTOAILIEE BpeMs IPEACTAB-
nseT coboit upe3BrIYANHO CIOKHYIO IKCIICPHMEHTANbHYIO 3a4a4y. TeM He
MeHee, CYIeCTBOBAHHE MHTEPECHBIX KBAHTOBBIX JITOPHTMOB, XOTA Obl Ha
YPOBHE TEOPETHIECKHX NIOCTPOEHHH, O4EHb BAXKHO CaMO MO cebe, IMOCKONbKY
OHO YKa3bIBA€T HA HOBHIE CYIIECTBEHHbIC OTIHYHSA B KODEHHOH CTPYKType
MEXAY KIaCCHYECKOH H KBAaHTOBOM (pu3nkoi. C TOUKH 3peHHUs nepepabor-
k1 HH(poOpMaLKH, BpeMEHHas DBOMIOLHS B KBAHTOBOH (HU3MKE, TOXOKE, CIIOK-
Hee, YEM KJIaCCHUYECKAs SBOMIOLHS BO BpEMEHH, IIPHUEM 3TO OTIHYHE MOXHO
ONHCaTh B PAaMKaX TEOPHH CIOXHOCTH BBIYHCIICHHH.

MOXXHO YBHAETb, YTO KOPHH KIIOYEBBIX KBAHTOBO-MEXaHHYECKUX -
($exTOB, MPHBOAAIINX K IKCIIOHEHIHAIBHOMY YCKOPEHHIO B IIEPEYHCIICH-
HBIX BBIIIE KBAHTOBBIX AIITOPHTMAX, JI€XKAT B PA3IHYHBIX CBOHCTBAaX KBAHTO-
BOTO nepenymuiganus. Mt HauHeM ¢ 06CY>KICHUS ABYX OCHOBHBIX yCKODS-
romux 3¢ ¢dexToB; MBI OyAeM HX Ha3bIBaTh «KBAHTOBOE NApaENbHOE BHI-
yncaeHHe» (pa3zgen 4.2.2) ¥ «IpHHLIMII TIOKATIBHEIX oniepauuii» (pasaen 4.2.3).

4.2.2 Keanmosoe napanienvHoe 8blHUCNEHUE

Paccmorpum ¢ynkumo 1 A > B, rae A 1 B - kOHeuHble MHOXECTBA.
O6nuHO A ¥ B - 310 HabOpH U3 BCex 2" CTPOK U3 1 OUTOB (419 HEKOTOPO-
ro n) — KaKk, HanpuMmep, B anroputMax Jloiua u CakiMona, ~ unu Z,, MHO-
MKECTBO LIEJILIX YHCEN 110 MOAYIIO N (11 HexoToporo N), — KaK B aJIrOpHT-
me [lopa. B namux npunoxenusx A u B Oyayr takke AGeneBbIMH rpyn-
namu. [lycrs %, (cooTBercTBEHHO, ¥, ) OyaeT runs6epToBbHIM NPOCTPaH-
CTBOM C OPTOHOPMAJIBHBIM Da3HCOM, COCTOSINMM H3 31eMeHTOB A (COOT-
BETCTBEHHO, B). B KOHTEKCTE KBAaHTOBOTO BHIYHCIICHHS, BHIUHCICHHE [ CO-
OTBETCTBYET YHHTApHO#H 3Bomouuu U,, KOTOpY10 0OBIYHO ONPEAENSIOT KaK
onepauuio Ha %, ®7, , nepesoaamei |a)|b) B [a)b® f (a)) (cm. Puc. 4.4).
3necs © obo3nauaer abeneBy rpynmoByIO ONEPALMIO HA B.

|a) —— ——|a)

Ur

[b>——>——— _——p——-|b®f(a)>

Puc. 4.4. KapTHHa KBaHTOBOIO JIOTHYECKOIO 3/IeMEHTA A/11 YHUTaAPHOTO npeob-
pa3oBaHHA Uf, COOTBETCTBYIOIIEr0 BLIYUCICHHUIO QYHKIHHU f. BepXHAA U HUX-
HAS JIMHHHA MPERCTARNAIOT, COOTBETCTBEHHO, BEpXHUH U HUXHUN PETUCTPBI.

J{, — 3TO MPOCTPAHCTBO COCTOSHHH BXOAHOrO PErHCTpa, a J, — mpo-
CTPaHCTBO COCTOSAHMIA BbIXOAHOro peructpa. CocrodsHHe Ha BXOAE |a) He
MEHSETCH, 4TODBI Uf Obl1a rapaHTHPOBAHHO YHHTAPHOM onepauued s
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o608 Bosmoxno# f. Ecnu uzHavansho b 6s110 paBHo 0, 10 fla) MOXHO
CYHTATh HENMOCPEACTBEHHO C BBIXOAHOTO PErHCTPA C MOMOLIBIO CTAHAAp-
THOTO M3MEPEHHA B JaHHOM Oa3uce.

[IpeanonoxuM Teneps, YTO BXOAHOH PErHCTP YCTAHOBICH B BHIE Cy-
TNEPTIO3HLIMH 3HAYEHUH, CKAXEM, B BUAC PaBHOM cynepnosuuuu & _ |a) (rae
MBI OITYCTHJIM HOPMHPOBOYHBIH MHOXKHTENB). Toraa, NpUMEHHB Ufc b=0,
MBI MIONy4aeM Ha BeIXoAe, Onarogaps MHMHEHHOCTH KBAHTOBOH 3BOMIOLHH,
cynepnosuuuwo |a)| fla)) (cMm. Puc. 4.5).

> ia)y —s— S
Ur }Z @)l (@)

0) ——

Puc. 4.5. KpaHTOBOE NapaniensHOE BBIYHCIIEHHE

3anycTuB Uf BCEro OOuH pa3, Mbl BHIYHCIHIH gce 3HAYCHHA [ B Cy-
MEPTIO3HIMHK. ITO ¥ €CTh MPOLECC KBAHTOBOrO MapalieibHOTO BHIYHCIIE-
Hus, BBeacHHbIH JoitueM B [124]. 3aMeTHM, 4TO COCTOSHHME HA BHIXOJE
Zla)| fla)) - 3t0, B 0O1EM Cliydae, MEPenyTaHHOE COCTOAHHE BXOAHOTO W
BBIXOJHOTO perucTpoB. Pasymeercs, penHoMeH cynepno3uuuu — 310 CBOM-
CTBO TAKXKE H KJ1ACCUYeCKUX MUHEHHBIX CHCTEM, H noboH 3ddexT, 3aBu-
CAUTHH TONBKO OT CYNEPIIO3ULIHH, MOXET ObITH JIErKO IPHMEHEH H B K/ac-
cuueckoit cucteme. OaHako, y peHoMeHa KBAHTOBOrO NEPENyThIBAHUS HET
KJIACCHYECKOro aHanora, u ero ¢pyHIaMeHTanbHas polib B KB2HTOBOM BBI-
yHCICHUH OblNa mOJUYEepKHyTa ¥ HccnenoBaHa B [133, 134].

ITycts B={0,1} o6o3HauaeT aAAMTUBHYIO IPYIIYy LENBIX 10 MOAYIIO 2,
H B o603HavaeT runbbepTOBO MPOCTPAHCTBO OAHOTO KYOHTA, TO €CThb, ABY-
MEpPHOE FHIbOEPTOBO NPOCTPAHCTBO C 3aJAAHHBIM CTAHAAPTHHIM 6a3HCOM
o6o3navaemeiM {[0), |1)}. B" Gyaer obo3Hauars 2"-mepHOE TUILOEPTOBO
npoctpaHcTBo B ® ... ® B n kybutos ¢ 6asucoMm {| x):€B"}, 3anaBae-
MBIM BCEMH n-OUTHBIMH cTpokamH. Ilyctes H ob6o3HauaeT hyHIaMeHTaNb-
HYIO OZHO-KYOHMTHYIO YHHTApHYIO ONEpaLHio

1 (1 1
Hz—ﬁ(l _J. @.1)
Toraa
H10) = () +[1) w ] =—(0)-]1) . (42

Paccmorpum dynkumio /: B*—>B. B xauecTBe npuMepa BbHIYHCICHHA
C TOMOIBI0 KBAHTOBOrO MapasleNu3Ma, MBI MOXEM 3a4aTh CyNEepHoO3U-
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LMIO BCEX BXOAHBIX 3HAYCHMIH, a 3aTe€M BBIYMCIHTb BCE 3HAYCHHA [ Ans
3TOMH CYNmepno3HLHH CleaylomuM o6pa3om:

(i) HauneM co CTaHAAPTHOTO COCTOAHHA 71 (BXOAHEIX) KyOHTOB |0)...|0),
U npuMeHuM H 1o OTAEILHOCTH K KaXAoMy Kyouty. B pesyasrare mony-
YUM BO BXOJHOM PErHCTpE coc*roamle

L (10} +19)--(J0)+ 1) =1 T 3

xB”
(ii) JobaBuM eauHCTBEHHbIH (BLIXOAHOMH) KyOHT B cOCTOsHHH |0) ¥ nIpH-
MEHHM U . Honyan COCTOSHHE!

ZI M) (4.4)

n/2
2 xeB"

3ametuM, uto Ans (i) Tpebyerca Tonsko O(n) omepauuii, — TO €CTh,
NOJHHOMHAIBHOE YHCIIO MO M, — HO 3TOT 1HAr MPHBOIUT K CYNEPIO3HLHH
3KCUOHCHI[MATLHO 6ONbINOro YHcna 3HadueHu#H [ B (4.4).

KBaHTOBOE mepenyThHIBAHHE HIPAET TAKXKE M €IIE OJHY POab B Mpel-
CTaBJCHHH Cynepno3uumii. Ecx 61 MBI X0TENH NOCTpouTh 00MmyIo cynep-
MO3MIHIO 2" MO KIaCCHYECKH, HaM OBl MOHALOOHUIIOCE MO 0OHOU CHCTEME
U KKAOM MOABI, Hampumep, 2" xonebaTenpHBX MOA konebmiomeiics
CTpyHbI. DTH MOAbl OyAyT COOTBETCTBOBaTh BCe Oonee u Golee BHICOKUM
YPOBHSAM HEKOTOPOro (pH3MYECKOro pecypca, HalpUMep, SHEPTHH Kone6-
MouEHC CTPYHbI, U, NIPeACTaBICHHE 00ImEH Cynepno3uuuu 2" MOA NOTpe-
6oBano 6b1 3xCHOHEHIHANbHOTO (N0 n) obveMa pecypca. B nportusomno-
JIOXKHOCTb 3TOMY, B KBAHTOBOH TEOPHH MBI MOKEM IPEACTABHTL CYIIEPIIO-
3HUHIO 2" MOA C TOMOLIBIO 1 ABYXYPOBHEBBIX CHCTEM — 6nrazooaps 3¢h-
gexmy nepenymuiganus. [{ns npeacTaBleHHs TakoH obmei cymepmno3u-
IUH HEOOXOAMM BCEro JHIIL AuHelHbld 00beM PHIUUECKHUX PECYpPCOB,
MIOCKOJIbKY HEO0OXOAMMO BO30YAHTh HE3ABHCHMO HE OONEe 4eM 71 CHCTEM.
CrnenoBareibHO, XOTs CyNEPMO3ULHSA ¥ BCTPEYACTCA B KIACCHYECKHX CH-
CTEMax, (I)CHOMCH KBAaHTOBOTrO NNCPENYThIBAHUA NPHBOAHUT K 3KCIIOHCHLH~
anbHOM IKOHOMHH (H3HYECKMX PECypcoB, HEOOXOAMMBIX AN paboTh ¢
60NbITMMH CYTIEPIIO3HLIHAMH.

4.2.3 Ilpunyun noxanvHulx onepayui

B n1o6oM BeiYHCNEHHH, OyAb TO KJIACCHYECKOE MM KBaHTOBOE, oOpaba-
ThiBacMas MH(pOpMaLHs BOMIOIAETCA B HACHTHYHOCTH (HHU3HMIECKOrO CO-
CTOsAHUS KoMmbiorepa (ero yactv). CpaBHHM ONMMCAaHHE HACHTHYHOCTH
COCTOSIHHSA N KJIACCHYECKHX OHTOB C €r0 KBAaHTOBOH aHANOTHEH, COCTOsA-
HHEM 1 xkyOMTOB. XoTH # OUTOB MOryT HaxXOAMTHCA B JIOOOM M3 3KCNO-
HEHLHATbHO GONBIIOro YKUCIA COCTOSHHH, MOXKHO MOTHOCTBIO OTITMCATh KaX-
IO COCTOSHHE, 3a1aB BCero auub n OuroB uHdopmanuu. Hanporus, B
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ob1ee (nepenyTaHHOE) COCTOSHHE 77 KYOHTOB MOXET BXOAMTb HKCIIOHEH-
LHaTbHO 6ONBINOE YHCIIO YAaCTEeH CYyNepno3HIuy. B 3TOM cMbICTE, KBAaHTO-
Bas CHCTEMA MOXET COJAEPkKaTh IKCIOHEHIHANbHO Oonbe HHGOpMaLUH,
4YeM KjIaccHdeckas. JTa depTa — He CIEACTBHE TOro (pakra, 4ro KBAHTO-
BbIC aMILUTHTYJbI MOI'YT IPHHHMATh HENPEpPBIBHBIH HAOOp 3HA4YEHHH, - OHa
COXPAHAETCA, JaXE €CNTH Mbl OTPAHHYHM aMILIHTYAbBl HEKOTOPBIM IIPOCTHIM
JUCKPETHHIM MHOXECTBOM 3HaucHui. Hanpumep, coctosHue (n+1) xybOu-
TOB | f ) B (4.4) conepxut HHPOpMALHIO 000 BCEM 3KCIIOHEHLHAIBLHO 00JTb-
moM Habope 3HaueHHU# BHAA HOMbL/OZKH Ans pyHKuMH [ 3aMETHM, YTO HH-
dbopmauus, HeoOXoaHMAas Al OTIHCAHHS HEMEPENyTAHHOrO COCTOSHHUA (T.€.
HMPOU3BEZEHHUA HE3ABUCHMBIX COCTOSHHH) 1 KyOHMTOB, pacTeT JHHEHHO C
pOCTOM 1, H OHa B 1 pa3 Oonsine uHGOpMaLUH, HEOOXOAUMOH s onHca-
HHS OJHOTO €HHCTBEHHOIO COCTOSHHS.

dopManu3M KBAaHTOBOM MEXaHHKH NO3BONsET 3¢ dexTHBHO 0OpabaTsi-
BaTh OOMHMPHYIO HHPOPMALIHIO, COAEPKALLYIOCH B KBAHTOBOM COCTOSIHHH,
CO CKOPOCTBIO, KOTOPYIO HEIb35 JOCTHYb HUKAKHMH KIaCCHYECKMMH Cpea-
CTBaMH. JTO 3aME€YaTeIbHOE CBOMCTBO KBAHTOBOH TCOPHH OBLIO BIICPBLIC
ormeueHo @eitnmanoMm B paGore [123]. IIpeanonoxuM, 4yTo y HAC €CThb
busnveckasd cucteMa U3 7 KyOMTOB B HEKOTOPOM NEPENYTAaHHOM COCTOS-
HHH |Y), 1 MBl A€HCTBYEM OQHO-KyOUTHOI onepanueit U Ha nepBuiii KyOuT.
910 cuHTanocL Gbl B KBAHTOBOM BBLIMHCICHHH OJHHMM IuaroM (Mn, TO4-
HEe, NOCTOSHHBIM YHCIIOM LIaroB, HE3aBUCHMBIM OT 1 — ecad U Hago co-
CTaBNATh H3 APYrux 0a3oBHIX OMEpALMH, 3aTOMEHHBIX B KOMIIBIOTEPE).
PaccMOTpUM Tenmepbp KIaCCHYECKOE BbIYHCIEHHE, COOTBETCTBYIOLIEE 3TO-
My npeobpa3oBaHHIO HHPOPMALIMH B KBAHTOBOM COCTOSSHHH. MOXHO onu-
cath |) NOKOMIIOHEHTHO (OTHOCHTEIbHO Oa3uca # OMTOB) aMILIUTYAaMH,
rae kaxxabii HHAekc paeeH 0 unm 1, u U npeacraBiseTcs YHUTapHOH Mart-
puneit 2x2 U/. Ilpumenenne U COOTBETCTBYET YMHOXEHHIO HA MATPHILY

al™ = ZUH a, . . 4.5)

Takum 06pa30M, HeOoOX0AMMO BBINMONHHUTD YMHOXECHHE Ha MaTpHUY
2x2 2" pas, no oAHOMY pa3y AJs KaXJOH BOIMOXHOH CTPOKH ... , UTO
norpebyeT BBIYHCIHTENbHBIX PECYPCOB, KOTOpbIE OYAyT 3KCcnOHeHyuanb-
HO pacTH ¢ poctoM n. Ha xBaHTOBOM € kOMIBIOTEpE, Onaronaps mepe-
NyTBIBAHHIO, 3TH 2™/ IOBTOPEHMIA HE HYXHbI. B 3TOM COCTOMT Hal «IIpUH-
LM IOKJIbHBIX ONEPaLMi»: CAMHCTBEHHAs JIOKaIbHas OniepaLus, AeHCTBY-
oIMag Ha MOACHCTEMY OONBINOH MEpenyTaHHOH CHCTEMBI, epepabaTsiBa-
eT undopMalIMIO B TakoM 0GbeMe, KOTophiil noTrpeboBan Obl, B 00uieM ciy-
4ae, IKCIOHEHIMAILHO GONBIINX PECYPCOB B KJACCHYECKOM BHIYHCICHHUH.

B BHIEYKa3aHHOM CMBICHE, 7 KYOHTOB 001aAaI0T 3KCIOHEHIIHANBHO
Gonbieit eMKOCTBIO, YeM 1 6uTOB. OAHAKO, Y NMOTCHLHAILHO OrpOMHOM
HH(pOpMaLHH, 3aKTIOYEHHOH B KBAHTOBOM COCTOSHHH, €CTb €1IE OAHO MpH-
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MedaTeIbHOE CBOHCTBO: GOIbIIAA €€ YACTh HUKOMM 06pasoM He docmynHa
ans yteHus! TeopHs KBaHTOBOro H3MEpPEHHMS HaKIaJbIBAET CTPOrHE Orpa-
HHUYEHHS Ha KONHYECTBO MHPOPMALIHH, KOTOPOE MOKHO MOTY4HTh O HEU3-
BECTHOM KBAaHTOBOM COCTOSIHHH. JTy M3HAYaJbHYIO HEJOCTYNMHOCTb MH-
dbopMaLi MOXHO OIHCATh KOMKM4eCTBEHHO [135, 136] B TepMuHax Teopuu
uHbopmanuu llennona [137]. B cayyae obumero cocTosHus 1 KyOMTOB,
Hecyulero o6seM HHopmanuu nopsaaka O(2"), Oka3eIBAETCA, YTO H3 OA-
HOM KOMMH TAaKOTo COCTOSHMS C MOMOINbIO KAKHUX OBl TO HHU 6BITO du3nUec-
KHX CpeACTB MOXeT ObITh mony4eHo He Gonee, 4eM 1 KIacCCHYECKHX Ou-
TOB MHpOpManuu. ITO COBNaAaeT ¢ MaKCUMANbHOH MHPOPMALMOHHOM
€MKOCTBIO 71 OMTOB.

INonxoe (B OCHOBHOM, HEAOCTYNMHOE) HH(HOPMALIHOHHOE COACPIKAHHE
JAHHOTO HEHU3BECTHOTO KBAHTOBOIO COCTOSHHS Ha3blBaeTCsd KBAHTOBOM
uHpopmanueii. EcrecTBeHHYI0 KBAHTOBYIO (PH3HYECKYIO 3BOIOLHIO MOX-
HO cuuTarh 06paboTkoit kBaHTOBOH HHOpManuH. Takum o6pa3oM, B3I
Ha MHMp C TOYKH 3PEHHS CJIO)KHOCTH BBLIYHMCICHHH OTKPLIBAET HOBOE HEO-
ObIYHOE pa3nTH4He MEXAY KIACCHYECKOH M KBAHTOBOH (PH3UKOH: 4TOOHI
OCYLIECTB/ISATh €CTECTBCHHYIO KBaHTOBYIO 3BONIOLMIO, [IpHpoaa momkHa
ob6pabaTsIBaTh OrpOMHOE KOJTHYECTBO HHPOPMALIMH CO CKOPOCTBIO, KOTO-
PYIO HEMb3s% AOCTHYb HUKAKHMH KIaCCHICCKMMH CPEACTBAMH, H, B TO XKe
BpeMs, Ooabias yacTbh 310 o6pabarsiBaeMOi HHPOPMALUH ACPKUTCA
ckpbiToit ot Hac! Hazo, oqHako, OTMETHTh, YTO BHYTPEHHE €i npucyLIas
HEIOCTYMHOCTh KBAaHTOBOH HHOpMAanMH He OTMEHAECT BO3MOMHOCTH HC-
MOB30BATh 3TH OTPOMHBIE BO3MOXKHOCTH 0 06paboTke HHOpManuu Ans
MOJIE3HBIX BBIYMCIHMTEIbHEX Lened. U60, MoxHO momy4aTs HeOonbmmue
06BveMbl HHPOPMAIIHH O TOTHOM BHAE KOHEYHOrO COCTOSHHA, AJIA MOTy4e-
HHS KOTOPOro BCe paBHO MoTpeboBamuch Obl S9KCIOHEHIHATLHO Gonbiune
KJIACCHYECKHE PECYpChl. MOXKHO 3TO NPOHILTIOCTPHPOBATh NPHMEPOM H3
OMHMCAHHOM BHILIE TEXHHKH MMAPanNeIbHOrO BHIYUCIEHHA: OMHAA KBAHTO-
Bas uHpopManus cocTosHud {f ) B (4.4) BkIroyaeT B ce61 nHPOpMaLHIO
000 Bcex oTaenbHbIX 3HaYeHUAX PyHKUHUH f(X), HO €€ HENb3s BHIACHHTD
HUKAaKuM H3MepeHueM. OJHAKO, MOXCHO ONPEACIUTb HEKOTOPbIE IJIO-
6anbHble YEPTH COOpaHMs BCEX 3HAYCHHH (QYHKIHMM C MOMOWIBIO COOT-
BETCTBYIOLIUX M3MEPEHHUH HAJ COCTOAHHEM |f ), HEAMArOHANbHBIX B CTaH-
aaptHoM 6Gasuce {| x)| y)}. Hanpumep, ecnu f — nepuoaudeckas GyHk-
HMsi, TO MBI MOXEM OTNpPEACTUTh 3HAYEHHE MEPHOAA, KOTOPOE, KOHEUHO,
€CTh JAJICKO HE MOMHAA XapaKTCPHUCTHKA BCEH QYHKIUH, HO I/ OLIEHKH
KOTOPOro C MOMOIIbIO KJIACCHYECKHX CPEACTB BCE paBHO MoTpeboBanoch
Obl 3KCIIOHCHUHAJIBHO 0onpIIOE KOMTHYECTBO pa3 BBIYMTHCJIHUTh 3HAYECHHC
dyuxuuu. dtor dakr Gyxet knroueBbiM B pabore anropurma Ilopa (pas-
aen 4.2.6).

O6chIHB HCKOTOPBIC OCHOBHBIC BLIYHCITHTCIbHBIC AOCTOHHCTBA KBAaH-
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TOBOH TEOpHH B 00IIEM BHJE, MBI TENMEPb ONMHIIEM paboTy pasmHYHBIX
OCHOBHBIX KBAHTOBBIX QJITOPHTMOB.

4.2.4 Opaxyavr u azecopumm [Joiiva

Anroput™ [lokiua [124, 138] 6b11 nepBbIM ABHBIM MPHUMEPOM BBIYHCIIH-
TEJBHOH 33Ja4H, KOTOPYIO C MOMOIIBI0 KBAHTOBHIX 2((PEKTOB MOXKHO pe-
IOUTh IKCIOHCHLUHAIBHO ObICTPEE, Y€M C MOMOINBIO MIOOBIX KIaCcCHYEC-
KHX cpeacTs. 3ateM oH Obin ynyuineH B pabore [139], u MbI 3aech onu-
1IEM €ro CaMyl0 HOBYIO GopMy.

PaccMoTpuM Bce ueThipe BO3MOXKHBIX OAHOOMTHBIX QyHKUHI f-B—B.
Cpeau HUX eCTb ABE MOCTOSHHBIX QYHKUHH:

f(0)=0 - f(0)=1
fH=0 J=1 (4.6)
H ABe «cbanaHCHpOBaHHBIX» QYHKUHH (C6aNaHCHPOBAHHBIX B TOM CMBIC-
ae, 4yTo BMXoAHbIE 3HaueHHs 0 U | nosBasIOTCA C OAMHAKOBOH 4aCTOTOM):
f(0)=0 f0)=1
WIH
fH=1 fH=0. 4.7

[Ipeanono>xuM Tenepsp, YTO y HAC ECTh «IEPHBIH AMMK» HITH KOPAKYI,
KOTODBIH BHIYHCISAET OAHY (HEH3BECTHO, KOTOPYIO) U3 3THX pynkuui. Opa-
Ky MOXCHO H300pa3uTh Kak 3anedaTaHHBIH smuk (cM. Puc. 4.4), xoropsiii
BBIAACT 3HAa4YeHHE QyHKUMM AN M000ro 3HaYCHHUs, 3aJaHHOTO HA BXOAC
(M cynepmo3sHuuH, 3aJaHHOH Ha BXOAE, kak Ha Puc. 4.5). Unu xe Mur
MOXEM NpPEACTaBHTH CeOEC Opakyna B BUAC KOMITbIOTCPHOM MOANpOrpam-
MBI, KOTOPYIO MBI MOXKEM 3aIyCKaTh, HO YEH TEKCT HIIH BHYTPEHHHH NpHH-
uHn pabotsl Mbl y3HaTh HE MOXeM. (Ilozxe MBI 06CYAHM BaXXHOCTb 3TOTO
OTPaHMYCHHS HALIETO AOCTyna K ouexke f ). Hama 3azaua — y3Hats, uto
BBIYHCIIAET OpPaKyl, — COaaHCHPOBAHHYIO QYHKIIHIO HIIH KOHCTRHTY.

B pamkax knaccHyeckoid MEXaHHKH HaM, pasyMeeTcsa, HeoOXoAMMO
3anmyCTUTBh OpaKyn ABaXAbl, 4TOOB HAaBEPHAKA PEIIHTH 3aaady. Bexp ecnu
HaM H3BECTHO TONBKO OAHO 3HaYeHue pyHkuuu (Hanpumep, f(0) unn (1),
TO Y HaC COBCEM HeT MHGopMauud o ToM, cbanancupoBana nu GyHKUHSA
WM ke OHa paBHa koHcTaHTe! Temepb MBI MOKaXkeM, YTO Ha KBAHTOBOM
KOMNIBIOTEPE MPOOIEMY MOXHO PEMIMTh TOYHO, OOPaTHBIOMCH K OpPaKymly
BCETO OJHH pa3.

Mh HCNOJIB3YyEM BO3MOXHOCTE KBAHTOBOTO NTAPANNICABHOr O BBIYHCIC-
HHs (KaK OMHCAHO BhIINE) C OAHMM JOMOMHHTEAbHBIM TPIOKOM — B CAMOM
HaJale YCTAaHOBHM BBIXOAHOH PETHCTp Ha 1/\/3([0) - |1)). KanToBoe
BBIYHCIICHHE HIET ciaeayromum obpazom. Hauas co cranzaprHoro cocro-
anus |0) |0) BO BXOAHOM M BBIXOJHOM PETUCTPE, Mbl IPHMEHSIEM ONEPALHIO
HE x BeixogHOMYy peructpy, 4 3ateM H k o6ouM, uto aaer
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oi0)>lo- (L) 12

0)-(1
- Ly (el

3aTeM MBI JaeM 3TO COCTOAHME OpaKyily, TO €CTh, npumensem U,
Benomunas, uro U, npeobpasyer |x)| y) B |x)| y @ f (x)), MBI BHAUM, YTO

| [£)(0)- 1) ecmn £ () =0
Uf-|IX)(|°)‘|1)) T 0 ((0) - 11)) ecnn £(x)=1.
Takum obOpazom

PR =B ey (1) B

B TeueHue Bcero mpouecca BhIXOAHOH PErHCTp OCTaBajiCAd B COCTOSHHH
1/7/2(|0){1). Bxoaso# peructp ocTabicH B cocrosuuu 1/ 2 2% . (-1)x).
Ecnu f— noctosunas dymkuus, To Mel nomygdaem =14/ 2(/0)+H1)), a ecmu f
c6anancuposaHa, To norydaeM + 1/+/2(|0)-|1)). Jlerko mposepuTs, UTO OME-
pauus H obpatHa camoii cebe, To ects, uto HH =I. B 3aximoyeHHe npoueay-
pBI, mpuMeHHM H KO BXOXHOMY PErHCTPY, H NOTy4uM (C yuetoM (4.2)) cocto-
sHue * |0), ecnu f — nocrosHHas Qyukumsa, U + |1) ecnu f cOanaHcupoBasa.
OTH 3HAYCHHA JIETKO PA3IHYUTh C IOMOINBIO H3MEPEHHS B CTAaHAAPTHOM Oa-
3uce, TAKUM 00pa3oM HaBEpHSAKA Pa3TH4UB COAIAHCHPOBAHHYIO H NMOCTOSH-
Hy0 GyHKLHH IT0CNIE BCETO IMLIb OQHOTO oOpameHus k opaxyiy. [Tonnas roc-
JIEIOBATEIBHOCTS ONEPALMI NPUBEAEHA HA CETCBOH auarpamme Ha Puc. 4.6.

oA R 1)
o

Puc. 4.6. Anroput™ Joitua qns 1-6utHeIX PyHkumii. M3mepeHHoe 3Hauenne 0
(coOTBETCTBEHHO, 1) 03HauaeT, UTo PYHKLUHSA f— MOCTOSHHAA (COOTBETCTBEHHO,
cbanaHcHpoBaHHAaA).

4

Camo 1o cebe pa3nHuHe MEXAY OAHHUM H JBYMsA 00paImEHHAMH K opa-
Kylly HE MMEET 3HAYECHHS NpH pacCMOTPEHHH (OPManbHOH CIOXKHOCTH.
OJHako MACI0 OMHCAHHOrO BBILIE MPOLIECCA MOXHO JIETKO 0000muTh Ha
clyyai, KOrja ACHCTBHTEILHO NMPOSABIACTCA IKCNOHEHYUANbHOE Pa3lH-
YHE MEXJY KJIACCHYECKHM M KBaHTOBBIM IPOLIECCAMH.
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BMmecTo paccMoTpeHHs QyHKUMH, 0TOOpaXaoWKX OAHH OMT HA OJHH
OMT, IPEAMONOKHM, YTO Y HAC €CTh OPAKYJI, KOTOPhil BHIYMCISET HEKOTO-
pyio dyHKuHIO OT 7 GUTOB HA OJUH GHUT:

f:B"—>B
(1 MBI TaKKe 3HaeM 3Ha4eHHE n). Ilycth H3BECTHO, YTO 3Ta PyHKLUHMS €CTD
nubo xoHCTaHTa (T.€. BCE €€ 2" 3HAUYCHHH OLHOBPEMEHHO paBHH 1160 0,
nubo 1), 160 oHa c6anaHCHpOBaHA, rAe noa cGaJTaHCHPOBAHHOCTBIO NO-
HHMMAETCA TO, YTO POBHO NOJOBHHA (T.€. 2"') ec 3HaueHwmii pasHa 0, a Apy-
ras noJoBMHa paBHa 1. 3amerumM, uTo an4 n > 1, B o0wmeM ciayuae pyHKuus
U3 n 6UTOB B | OUT He ABNIACTC HH cOANaHCHPOBAHHOM, HH TOCTOSAHHOM, HO,
TEM HE MEHeEe, CYLIECTBYET OrPOMHOE KOJIHYECTBO cOaaHCHPOBaHHEIX QyH-
xuui. Hamma 3azaga cHoBa cocTout B TOM, 9T00H ompeaenurs (C MOMHOM
OIPEAEIEHHOCTDIO), ABIAETCA NH [ KOHCTaHTOH MM cOanaHCHPOBaHHOM
¢ynkuueit. Cnyyait n = 1 — 310, B TOYHOCTH, 334a4a, pACCMOTPEHHAS BHILIE.

B xnaccuueckoM CreHapHH, €CH Mbl 06paTHMCA K opakyny 2™! pas,
yT06B! NONy4HTH 2™! 3Ha4YeHui f, T0, kakuM On 006pa3oM mocneayomue
3anmpochl HH 3aBHCEIIH OT OTBETA HAa MPEABIAYIIHE, Mbl BCE PABHO HE CMO-
KEM PELIMTDH 33134y B KA¥COOM Clydae. JIeHCTBUTEIBHO, MPEATIONOXHUM,
41O BCE 2"! OTBETOB OKA3aMHCh PaBHH MeXAy co0oi (4TO BCeraa BO3-
MOXKHO, XOTb H MaJIOBEPOATHO, B Ciay4ae c6anaHCHpOBaHHOH QYHKLHH).
HezaBucumo ot BeIGOpa apryMeHTOB Ha BXOAE, BCEraa HalayTcs mocro-
siHHas U cOanaHcupoBaHHasA QYHKLUMH, TOTHOCTBIO COrMACYIOIIHECS C CO-
6pannoi uHpopmauueii. CnexosarenbHO, M1060€ KIACCHYECKOE PEILICHHE
3aja4H JOMKHO CoaepxaTh Gonee, uem 2*! oOpaweHHit k opakyny -
€CTh, 110 MEHBIIEH MEpPE, SKCIMOHEHIHAIbHOE (110 n) ux yucno. Ha camom
Aene, Nerko BHAETh, uto 2™'+] obpameHnuii 6yaer Bceraa aocrarodHo. B
KBaHTOBOM ClIy4ae, npobieMy MOXKHO PELIUTh C ONPEACAEHHOCTHIO C M0~
MOIIBIO BCErO JIHIIb 00HO20 OOpalieHus K opakyny. Merox pemeHHs —
3TO mpsiMmoe obobimeHne cnydas oaHOro Oura.

Haunewm ¢ psaa u3 n (BXOAHHIX) KyOHTOB H OZHOTO (BBIXOAHOrO) KyOu-
ta. [lycTs BHayane Bce KyOHUTBI B HaXOAATCA CTAHAAPTHOM COCTOSHHH
|0). TIpumenum H k xaxaomy u3 Bxoauux Kyburtos. Cornacuo (4.3), 310
IIPMBEAET K pAaBHOH CyNEpNO3HLMH BCEX BO3MOXHBIX 3HAYCHHI Ha BXOJE B
nepBuix n Kyburax. To4HO Takke Kak M B PEABLAYIIEM ClIy4ae, MPHroTo-
BHUM nOCHCAHHN (BHIXOAHOH) KyOUT B COCTOSHMH l/\/_2(|0>—|1>). 3arem
NPEATOXKHM MOJy4YMBIIEECS COCTOAHHE n+l KybuToB opakyny. 3To dop-
ManbHO coBnagaet ¢ (4.9) ¢ Toit pasHuueH, 4To Teneps x mpoberaer Bce
3HaueHus u3 B”, a ve u3 B. Ilocne paGorw opakyna nepesie 71 KyGHTOB
6yayT B COCTOAHHMH

l¢,)= \/_Z( Py | (4.10)
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(ITonyTHO 3aMeTHM, YTO B OPHrHHANBHOH BepcHH anropurma Joiua
[138] 1992 roaa 6110 HEOGXOAHMMO OOPAaTHTLCA K OPaKyly ABa pa3a, YTo-
Obl IPOM3BECTH COCTOSHHE |§f)). Hanee, ecu f 6bi1a NOCTOAHHOH QYHK-
uueH, TO | &) OKaXETC B TakOH JKE PaBHOM CyNEPIO3HLMH BCCX BOIMOX-
HBIX |X) ¢ OOLHUM 3HAKOM IIIIOC WM MHHYC. B TO 5xe Bpems, ecnu f Oblna
cbanancHpoBaHa, To |& f) OKaXeTCs CYNEPIO3HLHEH, B KOTOPYIO ITOIOBHHA
4IeHOB OyAET BXOAMTH CO 3HAKOM ILTIOC, a Apyras — CO 3HAKOM MHHYC.
OTH ABE CyNEepHO3MLUHH B3aHMHO OPTOrOHANbHAI, H CYIECTBYET COOTBET-
CTBYIOILIEE H3MEPEHHE Haf | & f), KOTOpOE C ONPEACIEHHOCTBIO OTIHYHT cba-
NaHCHPOBAHHYIO () YHKIHIO OT ITOCTOSHHOM.

MBI JOMKHBI ONKMCATh B SBHOM BHAE, KAK MOXKHO BBINMOJHHTH JTO H3-
MepeHHe. MBIl HE MOXKEM MpEAnonaaraTh, YTO MOXKHO BBHIIOJHUTH IPOM3-
BOJIbHOE M3MEPEHHE B MPOM3BONBHOM KBAHTOBOM QJIrOPHTME 32 OXHMH
BBIYHC/IHTE/IBHBIN mar (TOYHO TaK XKe, KaK Helb3sd MpEeAnoaaraTh, 4to 3a
OJHH IIar MOXKHO BBIITOTHHTH ITPOH3BOIBHYIO YHHTAPHYIO Onepanuio). Yro-
Obl OLICHUTD CIIOXKHOCTb MPOU3BOJIBHOIO BHIYHCIICHHA, TPEATIONIOKHM, YTO
MBI MOXKEM TOJIBKO ACTEKTHPOBaTh coctosHug |0) unu {1) moboro kybura
B BBIMHCIHTEIBHOM 0a3Huce, H 3TO CUMTAETCA OJHHM BHIYHCIMTEILHBIM
maroM. JIroboe obuiee H3MEpEHHE MOKHO CBECTH K MOCIEAOBATEIbHOCTH
TaKHX CTAHAAPTHBIX H3MEPEHHH, €CIIH CHAaYa1a YHHTAPHO NEPEBECTH COO-
CTBEHHBIH 6a3MC M3MEPEHHs B BHIYHCIMTENbHBIN Oa3uc, a 3aTeM mocne-
JOBaTEIbHO CYUTaTh OMTHI. CI0KHOCTD HM3MEPEHHS TOTAA ONpPEAEIACTCA
KaK YHCJIO LIAroB, HEOOXOAUMBIX, YTOOH! BHIMIONHUTh YHHTapHOE NMpeobpa-
30BaHMeE, MIOC YHCIO KyOMTOB, KOTOPBIE HAJO CUHTATD.

B HameM ciay4yae u3MEpPEHHE, KOTOPOE OTIHYAaeT COanaHCHPOBAaHHBIE
|&,) OT IOCTOSHHBIX, MOXHO OCYIECTBUTD CICAYIOIIHM obpasom. Berom-
HHM, 4TO onepauus H obpaTtua camoii cede (HH = I), u uro H, npuMeHeH-
Has K KaxaoMy Kyouty cocrosuus |0)|0)...]0) naér pasHyio cynepnosu-
uuio Bcex |x) (cM. 4.3). CrenoBaTtenbHo, ecnid H MPHMEHHTH K 3TOH Cy-
MEPHO3HLIMH €lle pa3, To noxyuurcsa cocrosuue |0)]0)...|0). [Toaromy Mu
npumensem H k KaxaoMy kyOuTy coctosHus |§) (Ha 310 Tpebyercs n
maroB). Ecniu ¢yHkuus f Gpiia MOCTOSAHHOH, TO MOJNYYHTCA COCTOSHHE
£|0)|0)...|0). Ecnu xe f Obira cbanaHcHpoBaHa, TO MOMYYHTCA KaKOE-TO
OPTOrOHaJIbHOE COCTOSIHHE, TO €CTh, CyNEPNO3MUMs |X), BKIIOYAIOIasA B
ceba kakoe-to x # 00...0. Takum oOpa3oM, Mbl CUHTBIBAEM KaXKABIH H3 M
KyOHTOB M CMOTPHM, BCE JIH OHH paBHbl 0, MM HeT (ewie » WaroB), H Ha
3TOM M3MCpPEHHE 3aBepiiacTci. B uenom, kBanrosomy anropurmy Jloiua
tpebyercs O(n) maros (BKJIKYas OXHO oOpaIneHHe K OpaKyny) And TOro,
4yToObl HaBEPHAKA OTIHYHTb COANTAHCHPOBAHHYIO QYHKUMIO OT IMOCTOSH-
HOH, TOrAa Kak 11000My KIacCHYECKOMY alrOpHTMY Al AOCTHXKECHHS TOH
xe uenu tpedyercs O(2") maros.

Anropur™ [lofiua ABISETCA TaK Ha3bIBACMBIM «PE3YJIbTATOM Opa-
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KyAa» HJIH «OTHOCHTEJIbHBIM)» PE3YyIbTaTOM (110 OTHOLICHHIO K OPaKyiy).
OH He gaer aGCOMIOTHOrO IKCIIOHCHLMAIBHOTO Pa3EICHHS MEXAY KJac-
CHYECKHM M KBAaHTOBBIM BBIYHCJIEHHEM, HO AA€T TAaKOE PA3AECICHHUE, TOIb~
KO €CJIM CAENaTh HEKOTOphIE JajbHeimue (MpaBIonogo0HbIe, HO HEAOKA-
3aHHBIC) BHIYHCIIHTEIbHBIE PEANOI0OKEHHSI OTHOCHTENILHO TOrO (akra, 4To
y HaC HeT AOCTyIa K BHYTPEHHEMY YCTPOHCTBY opakyna. BeneactBue aToro
MPEANOIOKEHHS, €CIIH HAaM JaHa NMporpaMma, BRIYUCIAIOMAs f, TO HE Cy-
IECTBYET MEXAaHHYECKOro Crnocoda MUCroap30BaTh 00U CHHTAKCHC Ta-
KOH IporpaMmsl, 4To6BI y3HaTh, cOanaHCHPOBAaHHA f HIH MOCTOSHHA, Ohi-
CTpeE, YEM 3aNyCTHB 3Ty MPOrpaMMy AOCTATOYHOE 4YuCio pa3. Koneuwo,
JJS BBIYHCIICHHS NMOCTOSHHOH pyHKuHH TpeOyeTcsa TONBKO O4YEHb KOPOT-
Kas MporpaMma, KOTopyIo Jerko pacrno3Hats. Ho MOXHO CTONKHYTBHCH H C
O4YEHb CJIOXKHOM H 3alyTaHHOH NPOrpaMMOi, KOTopas Takxke OyAeT BBIYHC-
NATHh TMOCTOSHHYIO QYHKLHMIO — TaK, 4TO 3TOT (paxkr OyAeT O4EHb TPYAHO
YBHAETh M3 €€ CHHTAKCHCA. XOTd Hale MPEANOIOKEHHE BEChMA NPaBIO-
noxo0GHO, OHO OCTAETCA HEAOKA3aHHBIM, IIOCKOJIBKY OYEHb TPYAHO aHAIH-
3MpPOBaTh TAKHEC AJITOPUTMBI, KOTOPBIE B KAYECTBE BXOAHBIX AaHHBIX pac-
CMaTPHBAKOT CHHTAKCHC NporpamMmul! 3aMeTHM, UTO, €CciH ObI MOXXHO 6b1710
J0Ka3aTh abcontomHoe IKCIOHEHIHAIBHOE PA3JCICHHE MEXAY KIIACCH-
YECKHM M KBAaHTOBBIM BBIYHCICHHSIMH, TO 3TO OB pa3pelINIO HEKOTOPHIE
crapsie GyHAAMEHTAIBHBIE BOIPOCH B KJIACCHUYECKOH TEOPHH BBIYHCIIH-
TEIbHOH CIOXKHOCTH (HanmpHMep, 310 Ol 03Hauano, 4ro P # PSPACE; cm.
onpeaeneHue 3TuX TepMuHOB B [131]). Tloxoxe, uto ouens Tpyano ¢op-
MaNnbHO A0Ka3aTh IKCIIOHEHI[HAIBLHOE NMPEBOCXOACTBO KBAHTOBOT'O BBIYHC-
JICHHSA HAJ KJIaCCHYECKUM.

Ewe oana BaxcHas 4epra anroputMma Jloiua COCTOHT B CIEAYIOIIEM.
Ecnu ne Tpebyercs, 4ToOsl anroput™ paboTan COBEPLIEHHO, TO €CTh, €CITH
MBI JOIYyCKaeM HEKOTOPYIO (ITPOM3BOIBHO MANyi0) OIIUOKY, TO rOKa3aH-
HOE 3JECh IKCIOHEHIIHAILHOE Pa3Je/ICHHE MEXAY KIACCHYECKHM H KBaH-
TOBbBIM BBIYHCJICHHAMH HC4e3aer. J[eno B ToM, uto s Jwodoro & > 0
CYLIECTBYET KIACCHYCCKHH (BEPOSTHOCTHBIH) aJITOPHTM, KOTOPBIH 3a QHKCH-
pOBaHHOE (HE 3aBHCAINEE OT 1!) YHCIIO WAroB AJis JX0OOH 3a1aHHOM f oTIH-
4uT cOanaHCHPOBaHHYIO QYHKIHIO OT MOCTOSHHO € BEpOoATHOCTRIO (1 — &).
JT0T anropuT™ paboTaer ciaeayowmuM obpasom. Mur oueHuBaeM f A He-
koropsix K cnyyatino BbIOpaHHBIX BXOAHBIX 3Ha4eHHH. Ecin Bce OTBETHI
OAMHAKOBBI, TO CYHTAEM, YTO f — (KOHCTaHTa». B MPOTHBHOM Cily4ae CUH-
TaeM, 4ro oHa cbanaHcupoBaHa. HeGonsinoe pa3MblICHHE NOKA3bIBAET,
41O OTBeT «cOanaucupoBanay Oyaer BepeH BCErAd, a OTBET (KOHCTAHTa»
Oyzer BEpEH C BEPOATHOCTHIO olKMOKH, He npessimaromeii 1/2X. Takum 06-
pasom, ais ao6oro 3agaHHoro £ > 0 BoibupaeM K HacToneko GONBLIMM,
y1o6n Obn0 (1/25) < £ 3amerum, uto K He 3asucur ot n, Tak 4ro K 3an-
POCOB OpakyJia MPHUBOAAT K MIOCTOSHHOMY YHCJy LIArOB B aJITOPHTME.
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JKCIOHEHIMANBHOE Pa3AeIeHHE MEXAY KIACCHYECKHM H KBAHTOBBIM
BHIYMCJIEHHEM MIPOHCXOAMT TONbKO B NpelaenbHOM ciydae € = 0. Moxuno
BO3pa3uTh, YTO MpPEACIbHAS CHTyaLlUs HE MMeEET (HPHIMUYCCKOTO CMBICTA,
Tak Kak m11000# koMnbrotep, Oyay4d (GHU3HUECKHM IMPHOOPOM, HE MOXET
OBITh aBCOMIOTHO H30JMPOBAH OT CBOEro OKpyxeHHs. CneaoBaTenbHO,
Bceraa ecTh (HeGoNbImas) BEPOATHOCTb TOrO, YTO OH cpaboraeT Hempa-
BHJIbHO — HATIPUMEP, B KAKOH-TO MOMEHT KaKOH-HHOYAL OHT MOXET MOMe-
HSATb 3HAYCHHE TOA BO3ACHCTBHEM KocMHueckoro nyua. IToatomy Gmiio
OBl OY4EHbP HHTEPECHO HAWTH TAKyIO 33Jady, BLIYHUCIHTENbHAA CIOXKHOCTD
KOTOPO# B KBAaHTOBOM H B KJIaCCHYECKOM Clydac pasmuyanach OBl 3KCro-
HEHLHAIbLHO, AAXE €CIM AonmycTuMa HeGonbmas omubka. Ilepsbii Takon
npumep 6bin gan BepHcraiinom n Bauupanu [140]. C nomomsio pexyp-
CHBHOH KOHCTPYKIIHH OHH OITHCAJH BLIYUC/IMTEIbHYIO 33Ja4y, KOTOpas MOrjia
Ob1 ObITH pelIcHa Ha KBAHTOBOM KOMITBIOTEPE 32 IIOJTMHOMHAIBHOE BpEMH,
HO KOTOpOH moTtpeboBanoch Ob1 O(n'°8") maroB Ha KJaCCHYECKOM KOMIIb-
totepe. 3areM CaiiMoH [141] onncan Gonee mpocTyro 3a4a4dy, KOTOPYIO Ha
KBAHTOBOM KOMITBIOTEPE MOXHO Obu10 Obl pewnts 3a Bpems O(n?), HO
KOTOPOH Ha KJIaCCHYECKOM KOMITBIOTEPE TPeOOBaJOCh MOTHOE IKCIOHEH-
uuanbHoe BpeMs (1.e. O(27)). Anodeo3oM 3ToH THHHUH Pa3BUTHS CTAN al-
roputy™ [lopa [36] ans dhakropu3anuy, KOTOPHIH YCTPAHHII TAKXKE U 3aBH-
cumocTh ot opakyna. Anroput™ Illopa naer Meron GpakTopH3aKH LENO-
ro yucna N 3a 4MclIO IIaros, NOMTHHOMHAIbLHOE (C MEHee, YeM KyOHuecKkok
3aBHCHUMOCTBIO) OT uncaa udp (log N) B N, U AaeT npaBHIbHBIH PE3YIib-
TaT ¢ BepoaTHOCTLIO (1 — €) ana moboro 3azanHoro £ > 0. HecMoTps Ha
MHOFO‘IHCJICHHBIC NONBITKH, KOTOPBIC ACAATHCE B TCUCHHC HCCKOJbKHX
COTEH n1eT (TAaKUMH BbIJAIOIMMHCS MaTeMaTHKaMH, kak [aycc, Jlexanap,
depMa, U JPYrHMH), MBI HE 3HAEM KJIACCHYECKOTO TOJHHOMHAJIBHOTO 110
BPEMEHH BEPOSATHOCTHOTO aJITOPUTMA IS peuIeHus 3ToH 3agaun. B oriu-
yue ot anroputMoB Jloiua u CaiiMona, anroputyM lllopa He cBsa3aH ¢ opa-
kynoMm. OJHAKO 3TO HE AOKa3bIBacT aOCOMOTHOrO 3KCIIOHEHIIHAIBHOTO Mpe-
BOCXOACTBAa KBAHTOBOTO BbIYMCJICHHS HaJ KJIACCHYECKHM, MOCKOIbKY HET
J0Ka3aTeIbCTBA TOTO, YTO HE CYLIECTBYET KJIACCHYECKOTO MOJHHOMHAJb-
HOTO 110 BPEMEHH aIropuT™a Ais $HakTopH3aLuH (2 €CTh TOMIBKO OTPOMHOE
YHCJIO HEYAABUIUXCS TIOMBITOK CKOHCTPYHPOBATh TaKoH anroputm!)

4.2.5. IIpeobpaszosanue Pypve u nepuoov:

KsanToBsiit anroput™ dakropusauuu llopa u arroput™ Caiimona Gyayt
CYLIECTBEHHBIM 0OPa30M 3aBUCETh OT 3aMEYATEIbHOH CIIOCOOHOCTH KBaH-
TOBOTO KOMITIBIOTEPA ONPEAEIATh NIEPUOJA 3aJAHHOH MEpHOAHYECKOH QyHK-
MH. Mbl MPOHIUTIOCTPHPYEM HCIIONb3YEMbIE MPH 3TOM HIACH B CIEAYIO-
meM 6a3oBoM mpumepe. IIpeanonokuM, YT0 y HaC €CTh YEPHBIH SILIHK,
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KOTOPBIH BBHIYHCIAET 3aBEAOMO NEPHOANUECKYIO dyHKuMIO f 1 2, —Z ne-
puoza r :

f(x+r)=f(x) ans Bcex x. (4.11)

BenomunM, uro Z,, 0603HauaeT rpynmny neabix Y4HCEN no Moxymo N, u
CIIOXEHHE 3AECh JenaeTcs no moaymo N. Mu Takxe npeanonaraeM, 4To
J/ He NpHHMMACT ABaXKAH 32 MEPHOJA OAHOTO M TOTO XE 3HAYEHHA. 3ame-
THM, 4TO (4.11) MOXET BBINMOMHATHLCA, TONBKO ecnH N aenurcsa Ha r 6e3
ocTaTkKa.

Hama uens — onpeaenuts 7. B xmaccuueckoM noaxoae (mpu orcyT-
CTBHH JanbHeHmei HHbopMauuu o f), Mbl MOXEM TONIBKO NMOACTABIIATh B
YEPHBIH AIMHK PA3NTHYHBIE 3HAYEHKS X B HAAEKAE MONyYHTh JBA OJHHAKO-
BHIX OTBETA, H, 4e€pe3 HHX — HH(}opManHIo 0 nepuoae pyHkuuu. B obmem
ciry4ae, 4TOOh C BHICOKOi BEPOSTHOCTBIO MONYUHTh JBAa OAMHAKOBBIX 3HA-
ueHHs, norpedyerca O(N) cnyqaiiHux nonkITok. C NOMOIIbIO KBAHTOBLIX
a¢dexToB ME cMoxkeM HalTu r Bcero nuub 3a O((log N)?) waros, 4to
npeacTasnseT cob0i IKCMIOHEHIHAIBHOE YCKOPEHHE 110 CPAaBHEHMIO C KJIac-
CHYECKHM aJIrOPHTMOM.

Jna Hauana, HCNONB3yeM KBAHTOBOE NMAPAIENbHOE BHYHCIEHHE, YTO-
6Bl MONYYUTh BCE 3HAYECHHUA [ B paBHOH Cynepno3uuuu. B pesynsrare no-
Ny4HUM COCTOSIHHE

N =g ZRlre) @12

x=0
XoT4 3TO COCTOSHHE COAEPKHT B cebe BCe CBOMCTBA MEPHOAMYHOCTH
byHKUHH f, MOKa HESCHO, KaK H3BJe4b U3 Hero HHpopmauuio o6 7! Ecnu
MBI H3MEPHM COCTOSHHE BTOPOrO PETHCTPa H OOHAPYXUM, HAPHUMED, YHCIO
Y,» TO COCTOSHHE B NEPBOM PErHCTPE COKPATHTCA A0 PaBHOI Cymeprno3u-
UMH BCEX TaKHX [x), Tak 4T0 f{x) = y,. Ectn x,, — onHo u3 Takux x, u N=Kr,
TO MHI MOJY4¥M B NEPBOM PErHCTPE NEPHOAMYECKOE COCTOSHHE

IW)=~J%§lxo+kr) - 4.13)

3meck BaXHO OTMETHTS, 4TO uHCI0 O <X, <7 -1 GRLIO CreHEPHPOBaHO
cny4aiHbiM 06pa3oM, MOCKONBKY BCE 3HAYEHHA Y, QYHKIHH f MOINH Bbi-
nacTh C paBHOH BEpPOATHOCThIO. [103TOMY, €CNK Tenepbs H3MEPHUTH 3HAYEC-
HHE 3TOr0 PEruCTpa, pe3ynbTaToM OYAET CIy4aifHO BRINABIIEE YHCIIO MEX-
Ay 0 1 N--1, 1 oH He sacT HamM abCONMIOTHO HHMKaKO# HHpOpMauuH o6 7!

Paspemenne 31oH TPyAHOCTH COCTOHT B MCTONB30BaHHH NMpeoOpa3oBaHHs
®ypre, OTOpPOE, KAK M3BECTHO, AAKE B KNACCHYECKOM CNy4ae CIIOCOGHO BHI-
NOBHTH H3 Habopa AAaHHEIX NEPHOAWYECKHE HOPMEI, HE B3HPas Ha TO, KAK 3TH
¢opmet cauHyTH. [luckperHoe npeobpazosanne Pypbe F Wid HEMBIX YHCEN
no moxymo N — 310 yauTapHas Marpuua NxN, aIeMEHTH KOTOpOH paBHBI
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=—e W (4.14)
ab \/N

Ecnu MBI NpHMEHHM 3TO YHUTAapHOE Ipeodpa30oBaHMe K COCTOSHHIO | i),
ormcamiomy BhIIE, TO Mony4uM [144]

r! 2:rlﬂ
_> . A (4.15)

Flw)= Ze

BaxxHbIi MOMEHT, KOTOpHIif 3A€Ch HAZI0 OTMETHTD — 3TO TO, YTO B METKAX
KET-BEKTOPOB onbiie He MOABAACTCA CMydalHbIi casur X, (cM. Puc. 4.7).

A »

A Nir Nir Nir Nir'

v
v

(a) (®)

Puc. 4.7. Tpaduueckoe npeacTaBICHHE IEPHOAHYCCKHX AMINJIMTYA () COCTOS-
HHA |y), H ero npeobpasoBanus Oypsbe. [Tocne npuMeHeHHs F K |\y) nepHoA r
npeBpaTuiics B N/r, 8 ciyuaHHbIH caBHT x, HCYE3.

Ecnu MBI Teneps H3MepHM KBaHTOBOE COCTOAHHE | /), TO MONYYHM BEK-
TOp MOA HOMEPOM ¢, KOTOpHIH 0bsa3arenbHo Oyaer xpareH N/r, TO ecTb,

c=AN/r. Toraa MOXXHO 3amHCaTh

LA (4.16)

N r
rae ¢ H# N — H3BeCTHBIC HaM 4HCna, a 3HaueHud 0 < A < r — 1 ¢ paBHoiA
BEPOATHOCTBIO MOTIH GBITh Cy4aifHO BBIOPaHBI B 9KCNIEPHMEHTE (IIOCKOb-
Ky BCE aMILTHTYABl B COCTOSHHH F|Y) OAMHAKOBH MO BenH4yHHe). Teneps,
€ClH cny4aiHO BHOpaHHOE YHCIO A 0Ka3an0Ch B3aHMHO MPOCTHIM C 7, (TO
€CTH, Y HHX HeT o0IHMX MHOXKHTENEH) TO Mbl MOXEM HaHTH 7, COKPaTHB
Apobs ¢/N no HecokpaTumoii. KakoBa BEpOATHOCTB, YTO Cly4aiHO BHIG-
paHHOE A okadcemca B3aMMHO MpocThiM ¢ r? CornacHo TeopeMe O mpo-
ctom uncine (cM. [142, 143] u [Tpunoxenue A B [144]), xonuuecTBo mpo-
CTBHIX YMCEJ, HE NPEBHIIAIOIMUX 7, pacTeT Kak r/logr npu Gonpmux r.
Takum 06pa3oM, BEPOATHOCTD TOTO, YTO HAWIE CIy4alHO BHOGPaHHOE YHC-
J0 A OKaXKeTCs B32aHMHO NPOCTBIM C F, paBHa, N0 MeHbINEH Mepe, 1/logr,
yto Gonbue, ueM 1/logN. CnenoBaTenbHO, €CTH MBI TOBTOPHM OIMHCAH-
Hyio Bhie npoueaypy O(log N) pa3, To cMoxeM onpeaenuts r ¢ moboii
Hamepea 3aaHHOH TOYHOCTBIO (1-¢), HackonbKO YroaHo 6MH3KOH eAHHHLIE.

Kak 68110 OTMEUEHO BHIIIE, MBI XOTHM, YTOOBI HalEMy KBRHTOBOMY
anropuT™my Ans ompeaencHus r tpebosanock ans pabornm poly (log N)
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IDaroB — TO €CTh, YHCIIO WAroB, MOJTMHOMHAILHOE 1O log N, a He o caMo-
My N. Torga on 6ymer 3kcnoHeHUHaIbHO OBICTpEE, ueM 1000 H3BECT-
HbIH KIaCCHMYECKHUH anropUT™M AA ONMpPEACICHHA NEPHOAUYHOCTH. Bhime
MBI [IOKA3aJIH, 4TO AJA onpeaeneHus » gocrtatouso O(log N) noBTopeHH#,
HO B HalIHUX AOBOJAX BCE eme ocTacTcsa 6onpioii npoben: nmpeobpa3osa-
HHe DPypbe F KOTOPOE MBI HCIIOIBL30BANH, — 3TO OONbLIAS YHUTAapHAA One-
pauus, pasMepa NxN, H Mbl HE MOXEM U3HAYANbHO TIPEANIONAraTh, YTO
€€ MOXHO OCYImECTBHTb Bcero Juiub 3a poly (log N) 6a30BbIX BEIYMCTH-
TENbHBIX maroB. Mo)kHO MMoka3aTh, YTO JIIOOYI0 YHHTApPHYIO ONMEPALIHIO
pasMmepa dxd MOXHO OCYWECTBHTb Ha KBAHTOBOM KoMmbiotepe 3a O(d ?)
maroB [124, 144]. 9710 Takke U YHCIIO 1IAroB, HEOOXOAUMOE KIACCHYEC-
KOMY KOMIIBIOTEDPY IS YMHOXEHHS MAaTpHUbI pa3mepa dxd Ha d-MEepHHIiH
BexTOp. B HameMm cayuae Bhiunciaenus % sta rpaiuua O(N?) neynosner-
BoputenabHa. K cyacTeio, y npeobpa3zoBanns Pypne ecTb HEKOTOpHIE CIIE-
HH(HIECKHE NOMOMHHTEIbHbIE CBOHCTBA, KOTOPBIE MO3BOIAIOT OCYLIE-
ctBUTb ero 3a O((log N)?) waro. OTH CBOHCTBA BBITEKAIOT M3 KJIACCH-
yeckoH TeopuH OsicTporo npeobpasoBanus Oypne (BIID) [145], koropas
MOXa3bBACT, KAk YMEHbWHKTb YuCciO B O(N?) waroB, HYXHBIX ANIA MaT-
pHyHOro yMHoxeHHs, 10 O(N log N) waros. Eciu npumenuts Te xe ca-
MBI€ HJEH B KBAaHTOBOM CJIy4ae, TO MOXHO yBHIeTb [134,144], kax npuH-
LIMIT JIOKAJbHBIX ONEepaluii Mo3sonsger ceectu vuco waros k O((log N)?),
4TO0 HaM H 6bLI0 HeoOx0arMO. OTMETHB 3TOT BaXKHbIf MOMEHT, Mbl OMYC-
THM MHOTOYMCIICHHBIE TEXHHYECKHUE AeTanH KoHcTpykuuH bBI1® u ero mpu-
MCHEHHS B KBAHTOBOM Clly4ae. DTH AeTalu pa3dpaboransl B paGore [134],
K KOTOPOH MBI OTCHIJIaEM 3aHHTEPECOBAHHOro yurartens. OTMETHM Tak-
XKe, 4To, corjacHo (4.14),

fl0>=-j;§|x> : | @1

TaK 4YTO, UMes IQPGEKTHBHYIO peann3aunio F, Mbl CMOXeM d(PGEKTHBHO
co3xath 60IbIOE PABHOMEPHOE PACHPEAENCHHE, YTOOB MONYYUTh |f) B
(4.12).

Hrak, KBaHTOBBIH alTOPUTM AJIA ONPEACICHH Neproaa GYHKUHH f, C
N xybutamu Ha BXOAE, HAQYMHAETCS C IPHMEHEHHS KBAHTOBOIO N1apaiieib-
HOTO BBIMHCIIEHHS, YTOOBI BEIYHCIHTD BCE 3Ha4YEHHUA / B paBHOH cyneprno-
3unuH 3a O(log &) maros. 3aTteM npuMeHseTcs npeobpasoBanue Oypee,
4TOOBI B MONYYHBLIEMCS B PE3YJIbTATE COCTOSHHH IPOSABHNACH IEPHOLH-
yecKas CTpykTypa. [IpuHIHN TOKanbHEIX ONepaLuii, MPUMEHEHHBIH K KBaH-
TOBOMH Bepcuu anropurma bI1®, rapaHTHpyeT, 4TO MOXXHO poAENaTh Mpe-
obpasosanune Dypre 3a poly(log N) waros. AHaTOTHYHOMY KIaCCHYECKO-
My BbIYHCIEHHIO noTpeboBanock 6n1 O(N) pa3 Bm3BaTh QyHKUHIO [ Ans
BBIYHCICHHS TaGNHIBI e€ 3HA4YCHHH, a 3aTeM eme O(N log N) waros ans
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Beinonsenus bI1®. Takum o6pa3oM, KBaHTOBHH aNrOPUTM CO3AQET IKC-
MOHEHLIHANIbHOE YCKOPEHHE.

HHTEpEeCHO OTMETHTDb, YTO NOHATHE NEPHOAHMYHOCTH H NOCTPOCHHE
npeobpasosanus Oypbe MOxKHO 060OHTE HA Clydai NPoOuU3EONLHOU KO-
HeyHO#H rpynnsl G. Hame npeasiaymee o6cykaeHHE OTHOCHTCS K OMHOMY
YaCTHOMY CIIy4ar0 aJAMTHBHOM IpymIibl LEAbIX Yucen no moaymo N, 0606-
IEHHAs TOYKA 3PEHHA OMOTraET Jy4me MoHATh pabory npeoOpa3oBanus
®ypre. Janee MBI KpaTKO OMMIIEM HEKOTOPHIE BAXHBIE HCIONb3yEMBIE
IpH 3TOM HMJCH, OTPAaHHYMB Haime BHUMaHHE clnydaeMm abeNneBbIX IpyIIIL.
(OcraBmyrocs 4aCTh 3TOrO pasjeia MOXHO, NIPH XKEIAHHH, PONYCTUTD.
CBa3b ¢ M3NOKECHHEM MOCICAYIOUMX Pa3AcioOB NMpH 3ToM He Oyaer more-
psHa.)

IMyctes G — npoussonsHas abenesa rpynna. Ilycts /1 G — X — dpyHk-
s Ha rpynne (IpHHUMAKoIas 3Ha4EHUS U3 HEKOTOPOTO MHOXKECTBA X), U
paccMoTpHuM

K={keG: f(k+g)= f(g) ansscex geG} . (4.18)

(OT™eTHM, YTO MBI 3aIHCANIH IPYNIIOBYIO ONEPALHIO C MIOMOIUBIO aA-
OUTHBHOro 0603Hauenus). K — 31o noarpynna G, Ha3biBacMas ctabunu-
3aTOpPOM, HJIH rpynnoi cumMeTpud f. OHa XapakTepusyeT CUMMETpHIO f
10 OTHOWIEHHIO K rpynnoBoii onepauuu G. B HameM npeasiaymeM npume-
pe rpynna G aBnsanace Z,, a K 6bi1a UMKIH4ECKOH MOATPYNIIOH BCEX YH-
cen, kpaTtHbIX #. ITycTs cymectsyer annapar, Beraucnstomui f. Hama nens
— naitu K. TouHee, mbl xoTuM BeiuHCIHTh K 3a Bpems O(poly(log |GY)),
rae |G| — pa3Mep rpynnsl, ¥ BBIYHCIECHHE f Ha BXOAEC CUMTAECTCHA OAHHMM
BBIYHCIIUTCABHBIM maroM. (3aMeTHM, 4T0 Mbl Morau Obl HaliTH K 32 Bpe-
M O(poly(|G|), npocTo BEIYMCIMB U MPOBEPHB BCe 3HaueHHs f). Haunem,
'KaK M B NPEABLAYILEM MIPUMEPE, C CO3JAHHSA COCTOSHHS

/)= J—Zlg /(@) (4.19)

geG
M 3aTEM CUMTaeM BTOpOM peructp. IIpeanonoxus, 4To f HEBHIPOXKACHA —
B ToM cMbIcie, 4to f(g,) = f(g,) iff g, - g, € K, nonyauM B nepBoM
perucrpe

w(g,)) g tk). - (4.20)
| J—ZI k)

keK
4TO COOTBETCTBYET 3HAYECHHIO f(g ) BO BTOPOM PETHUCTPE MPH CIy4aiHOM
sriGope g,. B (4.20) sanucana paBHas Cyneprno3uuus COCTOSHHH U3 CIy-
4aiiHO BrIOpanHOro noaMuoxecrsa K u3 G. Ilpu atoMm, G — 310 06BCAMHE-
HHUE HENEPECeKAIOIUXCH MOJAMHOKECTB, TaK YTO, €CITH MBI CUHTAEM MET-
Ky coctoanus B (4.20), To yBUAMM CiiydaiiHbIi 31€MEHT cnydaiHO BHIG-
PaHHOTO NOAMHOXKECTBA. 10 €CTh, ¢ pABHOH BEPOATHOCTHIO GyaeT BrOpa-
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Ha NMpOu3BOJIbHAS ClTydalHasg MeTka U3 (7, KOTOpasi HE COOOIUT HaM HUKa-~
ko uHopmanmuu o K.

OOwmas xoHCTpykuHus «npeobpasosanus ®ypre G» gact Ham cnocobd
YCTPaHHTb g, H3 METOK COCTOSHHH, TOYHO TaK €, KaK H B BHIIICOIHCAH-
HoM npumepe. [lonyuusineecs B pe3ynprare COCTOSHHE AACT HETIOCPEX-
cTBeHHY0 HHopMmaruio o K. Ilyctb # 0603HavaeT runibOEpTOBO MPOCTpaH-
crBo ¢ 6azucom {|g):ge G}, nomeueHHbM 3neMeHTaMu G. Kaxastii 3ne-
MEHT rpynnel g, €G cO31aeT YHUTApHbIN onepaTtop «casura» U(g,) Ha
OIpEACIAEMBIH KaK

Ulg)|g)=|g +g) anascex g (4.21)

3ameruM, 4To cocTosiHue B (4.20) MOXHO NPEACTaBUTh KaK CABHHY-
TOE Ha g:

218 th)=U(go)| 2 1k) | - 4.22)

keK kekK

Hama ocHoBHas uaes COCTOMT B TOM, YTOOBI BBECTH B % HOBHIH Oa-
3HC {l;(g):geG} CTICLIMANBHBIX COCTOSHUH, UHBAPUAHMHBIX OMHOCUMENb-
HO €O08u2A B TOM CMBICIIE, 4YTO

U(g)|z,,) = "=

TO €CTh, COCTOAHHA | ;(g) — 370 oburHe coOCTBEHHBIE COCTOAHHSA BCEX OIe-
paropoB caBura U(g). 3amerum, uto Bce U(g) KOMMYTHPYIOT MEXAY CO-
6oii, Tak 4TO TaKo# 6a3zuc OOIMMX COOCTBEHHBIX COCTOSHMIH rapaHTHPO-
BaHHO CymecTByeT. ECtu Mul Teneps, cornacHo (4.22), 3anumem |y(g,)) B
HOBOM 6asuce, TO TOoraa cyneprnosuuuu X, , k) u Z, _, |g,+k) OyayT conep-
KaTh COCTOAHHA C METKaMH OJHOrO M TOrO XK€ THIA, ONPEACICHHBIMH
Tonbko noarpynnoi K. CuurblBaHHE METKH B 3TOM 0a3uce AacT Teneps
HanpaMyo HHOOPMALHIO O COCTABIAIOMIHX daeMeHTax K.

Ipeobpa3zosanue Pypre F na G ompenensercs NpocTo KaK yHHUTAP-
Hoe npeoOpa3oBaHHe, KOTOPOE MPHBOAUT 6a3uC, HHBADHAHTHBIH OTHOCH-
TEXBHO CABHIOB, 0OpaTHO K CTAHAAPTHOMY 0a3ucy:

f'lg>:|g> J1sl BCEX . (4.24)

CnenosarensHo, 4To6bl CUHTATh |YA(g,)) B HOBOM 0a3uce, MBI MPOCTO
NpHMEHseM 7 H MPOU3BOAUM CUHUTBIBAHHE B CTAHAAPTHOM Oa3smuce.

YroObl B IBHOM BHJE 3aJaTh 7, AOCTATOYHO BHIMHCATh COCTOAHHUSA ];(8)
yepe3 KOMIIOHEHTH cTaHgapTHoro 6asuca. CymecTByeT CTaHAApPTHBIH
croco0 BBIYHCIEHHS 3THX KOMIIOHEHT, OCHOBAHHbIH Ha MOCTPOCHHUAX H3
TEOPHH MpPEACTaBACHUI rpynn. MbI 3€Cb ONyCTHM JETANH; 3aHHTEPECO-
BAHHbIH YUTaTENh HAWJET uX B paborax [134] u [146]. [lna rpynnet 2,
MoJay4aem

Zg1> Ans mobwx g, &,, (4.23)
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2m1—

| 2) = J—Ze ahe (4.25)

YTO MPHBOAMUT K popmyine qna npeobpazosannus Pypse, nanHoi B (4.25).

H3anoxeHHas 30€Ch TEOPCTHKO-TPYNNOBas CXEMa CyXHT ais 0606-
IIEHHA U PaCITHPEHHA CTENIEHH IPHMEHHMOCTH KBAaHTOBOI'O aJI'OPHTMA U1
onpeaenenus nepuoguuHocTy. Hanmpumep, kBanToBHi anroputm Caiimo-
Ha [134, 141, 146, 147] oxa3nBaeTcs MPOCTO HAXOKACHHUEM NIEPHOAHTHOC-
TH Ha rpynne (Z,)" — rpynne Bcex N-6HTHBIX CTPOK C MOKOMIIOHEHTHBIM
cnoxeHdeM 1o Moaymo 2. CaiiMOH paccMaTpHBai CleAyOmMyo npobne-
MY: NIPEATIONOXHM, YTO y HAC €CTh YCPHHIH AIMUK, BHIYMCIAIOMHUI yHK-
UHIO f, NEPEBOAAINYIO n-OHTHBIE CTPOKH B n-OMTHHIE CTPOKH. Takke H3Be-
CTHO, 4TO 3Ta PYyHKUHA — BHJA «ABA K OMHOMY» B TOM CMBICJIE, YTO CyIle-
CTBYET Takas (PMKCHpOBaHHag »-OHTHas CTpOKa, & UTO

f(x+&)=f(x) ansg Bcex n-GHTHBIX CTPOK X. (4.26)

Hama 3aaasa — onpeaenuts &

Yrobbl YyBHAETD, YTO 3TO MPOCTO 060OMEHHE 334a4H O HAXOXKJACHHH
NEPHOAHYHOCTH, 3aMETHM, 4TO B rpynne (Z,)” n-GUTHHIX CTPOK KaXablH
3JIEMEHT YJOBJICTBOPSAET cooTHomeHuo x+x=0. CnenosarensHo, yTBEp-
xacHHe (4.26) IpOCTO 0O3HAYAET, 4TO PYHKLMA f TIEPHOAUYHA HA TPyNNeE, C
noarpynnoi nepuoguunocta K = { 0, £ }. Takum o6pazom, 4ToOs HalTH
£, MBI KOHCTpPYHpYeM nmpeolpa3oBanue Pypee Ha rpynne #-GHTHHIX CTPOK
M 3aTEM NPUMEHAEM CTAaHZAPTHBIH anroput™, onucaHHmit Buime. Coor-
BETCTBYIOINEE THILOEPTOBO MPOCTPAHCTBO ¥ ¢ 6a3HCOM, MOMEYEHHBIM
n-OMTHBIMHM CTPOKaMH — 3TO IPOCTO MOCIEAOBATEIBHOCTh H3 1 KYOMTOB.
Hcnonsays ofluue KOHCTPYKLMH U3 TEOPHH NpeAcTaBiaeHH# rpyan [134],
MOXHO YBHAETh, YTO npeobpasosanne Pypre — 310 npumeneHue H (43
(4.1)) x xaxaoMy u3 n kyouroB. KBaHTOBHI anroput™ onpeacnser £ 3a
O(n?) waros, Torga Kak MOXHO yTBepxaath [141] uro mobomy kmaccu-
4ECKOMY aJITOPHTMY mOTPeGoBanock Ol AN 3TOr0 BHIMHCIHTE f Kak MH-
HuMyM O(2") pa3. [lonHoe onucaHue 3TOr0 aJIrOpUTMa MOXHO HAHTH B
paborax [141, 146, 147].

dopmaniiam npeobpazosanus Pypre okazancs caMoi BaXXHOH cocTas-
AAI0MEH YaCThIO OTKPHITHIX HA CETOAHAIMHUM JE€Hb KBAHTOBBIX aNrOpHT-
moB. Hexoropoe ero nanbHeiimee pa3putue, BKIouas o6o0menne Ha ciay-
yait HeaGeneBBIX rpymnmn, MOXHO Haiitu B paborax [148, 149].

4.2.6 Keaumoewiii arzopumm Illopa ons gpaxmopusayuu.

CaMblii 3HAMEHHUTHIA Ha CETOAHAIHUA ACHb KBAHTOBHIH AJTOPHTM - 3TO
anroput™ [Hopa ans 3anayu pakropusanuu (To €CTh, pa3NnoXKEHHA Ha IIPO-
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cTeIe MHOXHUTENH) [36, 144, 146]. B Heit Hago Ana 3agaHHOTO 4yHcna N
HalTH 4ucno k (He pasHoe 1 u N), Ha xotopoe N genurtcs 6e3 ocratka. B
3TOM pa3fesie Mbl KPAaTKO OITHIIEM, KAaK MOXKHO CBECTH 3Ty 3a4ady K 3axa-
Ye HaxOoXKJACHHS NepHoja HekoTopol nepuoauueckod ¢ynkuuu f. Torma
KBaHTOBBIH aJrOPHTM, ONMUCAHHBIN B MPEABIAYLIEM pa3aeie, peIHT 3a4a-
yy dakropu3auun yuciaa N 3a poly(log N) maros, To ecTb, 32 BpeMs, NO-
JUHOMHANIbHOE 10 YuclTy uudp B yucne N.

Jng Hawana, OTMETHM, YTO MOKA HE HAHACH TaKOH KJIACCHYCCKHH al-
FOPHTM, KOTOPBIii OBl hakTopH30Bat N 3a BpeMs, NOJTHHOMHATBHOE 10 YHCITY
uudp B N. Hanpumep, camblfi HAHBHBIH BO3MOXKHBIH aJITOPHTM OCHOBAaH Ha
npo6HoM aenennu N o odepead Ha Bee yncna mexay 1 uyV/ N (Tak xak
noboe coctaBHoe N JOKHO pa3faraTbCs Ha MHOXHTENH U3 3TOrO JHa-
na3zoHa). Ha 3To Tpebyercs, mo kpaitHe#l mepe, \N maros (o xpaiiHe#
Mepe, OJHMH WIAT Ha KAXAOE AeNCHHE), a VN =212V 3kcroHeHIMaNbHO
Benuko no log N. IlpH Bcex ZOCTHXEHHAX COBPEMEHHOH MaTEMaTHKH,
caMoMy ObICTpOMY HM3BECTHOMY HaMm alroputmy tpelyeTcs Bpems Io-
paaxa exp((log N)' (log loghN )*?).

Yro6bl cBeCTH 3agauy GaxToOpH3aLMH K 3a4a49€ HAaXOXKACHUS NEPHOAA,
HaM NOHaJO00ATCS HEKOTOPBIE OCHOBHBIE PE3yNbTaThl H3 TCOPHH YHCEIN.
Bonee yrnybneHHO OHM OmMCaHs B MpUIkeHHU paboTsl [144], a monxoe
HX 00BSICHEHHE MOXXHO HaHTH B CaMbIX CTAHAAPTHBIX TEKCTaX 110 TEOPHH
yucen [142, 143]. Msr HauHeMm c Toro, uto Bhibepem cayvaiinbiM obpa-
30M yucno a < N. C nomomeio anroput™ma EBkinnaa BeIYHCIHM, 32 BpeMs
poly(log N), HauGonpiuit obmuit Acnurens a u N. Eciniu oH oxa3sancs 60b-
1€ CAMHHIBL, TO, 3HaYHT, Mbl HAIJTH JEIHUTEND N, H aNrOPUTM 3aBepiicH!
OnHaxo, ¢ NOAaBNAOLIEH BEPOATHOCTHIO, BRIOPaAHHOE Hayra YHCIO 4 OKa-
xkeTcd B3auMHO npocteiM ¢ N. U3 TeopeMsl 0 nmpoctoM uucie (o Hel yno-
MHHaNO0Ch B MPEABIAYIIEM pa3ACie) CIEAYET, YTO 3Ta BEPOSTHOCTb INpe-
Boinaet 1/log N npu 6onpnx N. Ecnu a 83auMHo npocTo ¢ N, 10, coriac-
HO TeopeMe Jiiicpa U3 TEOPUH YHCEN, CYWECTBYET Takas CTENEHb d, KO-
Topas gemurcs Ha N ¢ ocratkoM 1. llycts r o6o3Hauyaer HaHMEHLIOYIO
TaKyQ0 CTENCHb:

a =1 mod N ur - HauMeHbINas Takas CTENCHb. (4.27)

(Ecnu a He B3auMHO nmpocTo ¢ N, TO TakoW CTENMEHU HE CYLIECTBYET).
Yucno r HasbiBaeTcsa nopadkom a no moaymio N. Jlanee MbI MOKaxeM,
yto urbopmauus 00 ¥ MOXET AaTh HaM genurensd N,

IlpeanonoxuM, YTO MBI 3HAEM, KaK OMPEACTUTS 7 (CM. HUXKE) U, KPO-
M€ TOro, MHPEANONOXKHM, YTO YHCIIO ¥ OKa3alloch YemHbiM. TOraa MOXKHO
nepenucars (4.27) B Buae @ — 1 = 0 mod N, u paznoxure NEBYIO 4acThb
3TOro BLIPAXKCHHSA KaK Pa3HOCTb KBaJpPaTOB:

(@”?-1)@"?+1)=0 mod N . (4.28)
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Nycts @ = a?-1u B =a™+1. Toraa npousseseHue af AenuTcs Ha
N. Ecnu Hu @, H4 § 1O OTAENBHOCTH HE AENATCA Ha N, TO y KaxXAOro u3
HUX €CThb ¢ N 00mue MHOXHUTENH. B 3TOM ciyyae, BHIIHCIHB HAaHOONBIIHIA
obmuii aenurens N ¢ au B (cHoBa ¢ noMombio anroputMa EBkinaa) Mel
HalJieM HETPUBHANBHHIHA ACTHTENDb Yucaa N.

B kayectBe mpumepa, Bo3bMeM N = 15, u BrOepeM B3aHMHO MpocToe
¢ HUM uucio a = 7. Buuncnas crenedu 7 mo moaynro 15, Halizem, 4To,
74 = 1 mod 15, 10 ecTh, yt0 Mopaxok 7 mo moaymo 15 paBen 4. 3Hauur,
gucno 15 gomkHo 6e3 ocraTka AenuTh npousseacHue (742 - 1)(742 + 1) =
(48)(50). Brruncnas Haubonbume obmue aenurenu 15 u 50 u 48, Haxonum,
YTO OHH PaBHH, COOTBETCTBEHHO, 5 M 3 — TO €CTh, JBYM HETPHBHAJILHBIM
JenutenaM yucna 15.

Ham metoa aact aenurens N NpH YCIOBHH, 4TO ¥ OKaXETCA IMPOCTHIM
YHCJIOM, H YTO HH OAHO H3 umcen (@7?+1) ne genurca Ha N 6e3 ocrartka.
Y1068 rapaHTHPOBATh, YTO TH JBA YCIOBHS BHIIONHAIOTCA JOCTATOYHO
4acTo (AN CNy4aifHO BHIOpaHHBIX YHCEN @), BOCMOIb3YEMCS

Teopemoii: [Tycts N — HEYeTHOE YHCIIO, H MPEATONOKHM, UTO a < N
B3aHMHO npocto ¢ N BuOpaHo cny4aitHem obpazom. [lycts r — nopaaox
a no moaynto N. Torga BepOATHOCTh TOrO, YTO YHCIO ¥ — YETHOE, H YTO
(a’? £ 1) , He aenarca Ha N 6¢3 ocrarka, Bceraa >1/2. (0

Joxa3zaTenbcTBo (IOBOABHO AMHHHOE) 3TOH TEOPEME MOXXHO HAaHTH B
npunoxeHud B x pabore [144], k KOTOPOH MBI OTCHITAEM YHTATENd 32
JETaNAMH.

B nenoM, Hamr METOA MO3BOIHUT HAHTH AEIUTENs N ¢ BEPOATHOCTHIO,
no KpaiHe# Mepe, 50% B kaxaA0oM caydae. DTy BEPOATHOCTb yCHEILIHOTO
BBHIYHCJIEHHS MOXHO CACNIATh HACKOJABKO YTOAHO OIH3KOH K €XHHHLE, MO-
cKonbKy nocie K noBropeHuit Beeit npoueaypsl (¢ koHCTaHTOH K HE 3aBH-
cameit ot N) uucno N okaxercs GakTOPHIOBAHO C BEPOATHOCTDIO, MpeE-
pumawomeit 1 - 1/25.

Bce maru B 3TOH npoueAype — HampuMep, NPHMEHEHHE aJlrOPHTMaA
EBxknnaa unu apudmerHdecKkue ONMEpalHH ¢ YHUCIAMH, — MOXHO IPOAE-
naTh 3a BpeMs poly(log N). ExuHCTBEHHBIH CIOPHBIH 37EMEHT aJIrOPHTMA
- 370 cnocob Haiitu r 3a Bpemsa poly(log N). PaccMOTpHM 3KCNOHEHIH-

anbHyI0 GYHKIHIO
f(x)=a" mod N . (4.29)

Teneps (4.27) yTBEpXKAAET, B TOYHOCTH, YTO QYHKIHS / — NEPHOAH-
4ecKas ¢ MEPHOAOM F, TO €CTh, uTo f( x+r) = f(x). 3HaYHT, MOXKHO HCIIONb-
30BaTh KBAHTOBBIH aJrOPUTM AJIS ONPEACNICHUA NMEPHOAA, ONHUCAHHBIH B
NpeAb AyLIeM pa3zaene, 4To6s1 HaiTH 7. UTOOB IPUMEHHTB 3TOT AJITOPHTM,
HaM Ha/J0 OrPaHMYHTh AHAIa30H 3HaueHUH x B (4.29) koneunoti 06nacTeiO
0 < x < g ans Hexotoporo q. Ecnu g He AenuTcs Ha (HEU3BECTHOE) YHCIIO
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r, TO €CTb, q =Ar+tnns Hexotoporo 0 < ¢ <r, To nonyyHBascs QyHKLHS
He OyAET B TOYHOCTH NEPHOANUECKOH ~ OJUH NOCIEAHUM EPUOI, COCTONA-
mui U3 f 3HaveHu i, Oyaer HenonusiM. OxHako ecnu Gyaet BeIOpaHo goOC-
TaTo4HO Oonbimoe g, coaepxkaiee OONbIIOE KOMHYECTBO NEPHOAOB GyHK-
LHH f, TO BIHUSHUE MOCIEAHETO HEMOIHOrO NepHoAa Ha npeobpasoBanue
®dypoe pa3mepa g x g OyaeT npeHeOpeUMO MaI0. ITO HHTYUTHBHO ACHO.
Ha camom pene, MOXHO moka3aTs, 4TO, ecnu BuOpath g nopsaxka O(N ?),
TO MOXHO ONpPEAETUTb ¥ JOCTATOYHO TOYHO. bonee moAapoOHbii aHanu3
3TOH HENONHOMN NEPHOAMYHOCTH (BKJIIOYAIOMMHA TEOPHIO HENPEPBIBHBIX APO-
Ocii) uuTarens cMoxeT HaiTu B {36, 144]. B kauecTBe uncna g oObIuHO
BBIOHPAETCA HEKOTOpAas CTENEHb ABOMKH, YTO OCOGEHHO XOpPOLIO COrjiacy-
ercs ¢ Gopmanusmom GbicTporo npeobpa3osanus Oypee (cm. [134, 145}1).

4.2.7 Keanmoewtii nouck u NP

IMpeamonoxuM, 4TO y HAC ecTh $a3a JaHHBIX, NpPEACTaBIsAOWAs COOOH
HEYMOPAXOYCHHBIA HECTPYKTYPHPOBAaHHBIH JTHCT U3 N 3amucel, o kpaii-
HEH Mepe, OfHA M3 KOTOPHX YAOBJETBOPSET HEKOTOPOMY 33A2HHOMY HMH-
TEPECYIOIIEMY HAC CBOHCTBY. MBI XOTHM HaHTH 3Ty 0COOEHHYIO 3aIHCh.
JIrofoMy KmaccHYeCKOMYy METOAY, ONPEACIAIOWEMY MECTOHAXOKACHHE
3TOH 3alMCH C HEKOTOPOH MOCTOAHHOM (He 3aBUCALIEH OT N) BEpOsATHOC-
ThIO TOTpEOyeTcs O(N) maros. Mi6o, cormacHo 2/MEMEHTapHOR TEOpUH
BEPOATHOCTEH, €CNIH MBI MPOBEPUM k 3amUCed, TO HAHAEM HYXHYIO C Be-
posaTHOCTbIO k/N. Dta BeposaTHOCTh cTpemuTtcs kK 0 npu yBenuuyeHuu N,
€CJIM TOMBKO CAMO YHCIIO k — HE mopsaka N. ANrOpUTM KBAaHTOBOI'O MOMC-
xa I'posepa [120, 150] pemaer 3amauy Bcero mumsp 3a 0(V V) maros. B
3TOMH 3a4aye KBAHTOBHIE 3G PeKThl yCKOPAIOT PELICHHE B KOPEHb M3 YHCaa
ILAroB, B OTJIHYHE OT HAMHOTO 00JIee CHIIBHOI'O 9KCIIOHEHLHAILHOTO YCKO-
PEHHS B KBAHTOBBIX aJIrOpHTMax, KOTOpLIE Mbl 00CykAany Beilue. B anro-
put™e I'poBepa Ham morpebyercs BO3ZMOXKHOCTH MPOBEPATH CYHMEpPIO3U-
UM 3anuceif, TOYHO TaK K€, KaKk B NMPEAbLAYIIMX aNropuTMax OLEHHUBa-
JUCH 3Ha4eHHA QYHKUHMHA OT CyIeprno3HLMi BXOIHBX JaHHBIX.
[IpeanonoxkeHue 0 HECTPYKTYPUPOBAHHOCTH 0a3bl JAHHBIX OYEHb BAXK-
HO Ans Hawero pe3ynsrata. Hampumep, ecnu Ob1 6a3a AJaHHBIX cocTOsfIa
U3 N cnyvaiHbIX YHCENl, OMCOPMUPOBAHHBIX B BO3PACTAIOWEM NOPSIKE,
To Ham noHaxobunocek 6s1 Beero O(log N ) maros, 4ToOBl KNACCHYECKH (C
TIOMOIIBIO CTAHAAPTHOrO METOAA ACNICHUS TMOMONAM) OThICKaTh J1060€ U3
3THUX YHCEN. AHAJOTHYHO, MOKHO ObIIO Obl MCHONMB30BaTH MOOYIO 3apa-
HEE U3BECTHYIO CTPYKTYPY Oa3sbl AaHHBIX, YTOOB YMEHBUIMTb BPEMS TO-
ucka. [Ipeanonoxenue 0 HECTPYKTYPHPOBAHHOCTH aHAJOTHYHO TOMY, KaK
MBI PaHEE HCTIONMb30BANH OPaKy/bl (M YCPHBIE SIMKH), BHYTPCHHSS CTPYK-
Typa KOTOphiX Oblna HaM HemocrynHa. Ha camMom Jene, MOXHO Cieayio-
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muM oOpasoM Oonee akkypaTHO nepeopMyIHpoBarh 3amady MOHCKA B
6a3e AaHHBIX HA A3BIKC OPAKYyJOB: HaM AAaH YEPHHIH AIMMK, KOTOPBIA BHI-
yucaseT QyHKuHo oT N BXOAHBIX JaHHBIX, CO 3HAYEHHAMH Ha Beixoae 0
unu 1. KpoMme Toro, uzsectHo, uto f(x) = | TONBKO A/1E OAHOrO BBOAHOIO
3HayeHus x,. Hama 3agaua — Haitu X,

Ceituac MBI KpaTKO OMMIIEM aJrOPUTM KBAHTOBOro noucka I'posepa
Ans HaxoxAcHHUs X, 3a O( VN ) waros. (/[lanpHelKe TEXHHYECKHE JETA~
JIH MOXHO TPH XKEJTaHHH NPH NEPBOM YTCHHH nponycTHTs. Crenyer Tons-
KO 3alIOMHHThb YEPThI HTOrO AIrOPUTMA, ONHCaHHbIE Bhime). Kak u npu 06-
CyXAeHHH anropuT™a J[ofiya ¥ KBaHTOBOTO MapaJICIbHOTO BRIYHCICHH,
MPEATIONOKUM, YTO OPAKY! 33/1aH KaK yHHTapHOe npeobpasosanue U, ko-
Topoe mpeobpasyer |x)|j) B x)|j@f (x)). 3aech 1Sx <N, j=0mm 1, u ®
obo3nauaer cnoxeHue no moaymo 2. Byaer Taxoke yaoOHO OrpaHHYHTD Hale
BHHMMaHHE ciay4yaeM, koraa N = 27, To ¢cTh, korga N - cTeneHs JBOHKH,
TaK 41O f €cTh PyHKLUHS OT # OUTOB CO 3HAYCHHAMH Ha oaHOM OuTe. ITycTs
Z"ecTb rHIBOSPTOBO MPOCTPAHCTBO /7 KYOHTOB (T.€. BXOJHOTO PETHCTPA)
CO CTaHIAAPTHHIM 0a3ucoM {|x)}, MOMEYEHHBIM BCEMH N-OMTHBIMH CTPO-
kamu x. B cBoeii nepBonauansHoii ¢popme anroput™ ['posepa ocHOBaH Ha
ABYX YHHTApPHBIX ONIEpauHsx, Ix,, 1 D, KaxxJas U3 KOTOpHIX JCHCTBYET Ha "
I, - 5T0 ynuTapHas onepauus, KOTOpas NPOCTO HHBEPTHPYET aMILIHTYAY

0
o)

; |x) ecu x = x,

Xo

x) =

Ee nerko ckoHcTpyHpoBath ¢ nomompsio U, 3apaHee yCTaHOBHB €€
BBIXOHOH perucTp (nocnesuue n+1 kyobuTos) B cocrosHue 1/ \/2_(l0)— 1),
Kak 3TO MH genanu B anroputMme [oiua. Toroa npumeHeHHne Uf Gyaer
JKBMBAJICHTHO ACHCTBHIO Ha BXOJHOM PErHCTPE, B TO BPEMs KaK BBIXOX-
HOI PErHCTp OCTAHETCS B COCTOSHHH 1/\[2_(|0) — |1))(cM. Puc. 4.8).

—|x) ecmu x = x, (#30)

| 1Y Oy = 1, x)

| U,

A 4

|0>— |1>+

j0)-11)

Puc. 4.8. Cospanue I ¢ nioMoupio Uf. 3aecsh f o6o3HavaeT opakysa, KOTOpbii
noMevaeT x,. ’

Oneparop D onpeaensercs cneayromuM obpasom. Ilycrs H o6o3na-
yaer npuMeHeHne H (cm. (4.1)) x kaxaoMy u3 n KyOHTOB, M mycTs I
6yaer oneparopom I ¢ x = 00...0. Toraa D onpeaensercs kak

D=-HIH 31)
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IIpsaMoe BerauciaeHue MaTpuuHbix 3neMeHToB D [120, 150] noka3seiBa-
€T, 4YTO BCE HEAMATOHATIbHBIE MATPHUHBIC 3IEMEHTH paBHHI 2/N, a Bce au-
aroHajabHBIE paBHbI —1+2/N (HanoMHuM, uto 3a¢ck N = 27). CnenoBarenbHO

Dlx):—lx)+—]zvzy:|y> . (4.32)

Y D ecth npocTtas reoMeTpHYECKas MHTEPIPETALUA. (HHBEPCHUS OT-
HOCHTENBHO cpeanero». Jing moboro cocrosuus |y) = Za |x), NOT0XHM
D|y)=Zd' |x), u nycts a=(1/N)Za_o603Ha4aeT CPEAHIOI AMILTHTYRY ANs
coctositus | ). C momomero (4.32) nonydaem

, 2 - _
axz_ax+ﬁzay:a—(ax—a) . (433)
¥y

O6o3nauuB Aa_= a - a, MOIy4uM, 4TO ax=5 +Aa, ma' =a-Aa,Tax
YTO 3HAYCHUA AMILUTHTYA MPOCTO OTPAXKEHBI OTHOCHTENBHO CPEAHErO 4.

Yr1oOb1 BHIOIHATE aIrOpUT™M I'poOBEpa, HAYHEM ¢ paBHOM Cynepno3u-
MU | Y,) = (IA/N)Z|x) , KOTOPYIO MOXKHO MPHUTOTOBHTh, HATIPUMED, TTPUME-
HuB H x [0...0). 3TO COCTOAHHE COOTBETCTBYET MPOBCPKE BCEX IIIEMEH-
TOB 0a3bl JAaHHBIX B paBHOH cynepno3unuyu. Hama uens — Tak H3MEHUTH
|W,), 4TOOBI CKOHLIEHTPHUPOBATH BCIO AMIIMTYAY Ha X = X,. AITOPUT™ CO-
CTOMT U3 MHOT'OKPATHOrO. MPUMEHEHHUA onepatopa DI, 9To MpHBOAUT K
TOCIIEA0BATENBHOCTH COCTOAHHUH | ¥, ): ’

)= = )

Wea)=DI, |w,) - (4.34)
C nomMowmbio BRIpaXCHUH ansg D u Ix , JIETKO BUAETH, YTO AMILITHTYABI
0

BCEX [X) C X #X, OCTAIOTCA PABHBIMH APYT APYTY, TaK 4TO KaXAO€ COCTO-
AHHE |, ) UMEET BHI

i) =a. D |%)+ B %) » | (4.35)

X£Xq

rae, Taxkke, @, u B, - nedcTBuTenbHbIE yHcna. Mcnonb3ays BhlpaxeHus
/11 MATPUYHBIX 3JIEMEHTOB D 1 I:D, MOJXXHO BBIBECTH PEKYPPEHTHBIE COOT-

HOLICHHA !

= f, = TN
e, = (hf,—)ak —%ﬂk , (4.36)
2 2
,Bku = (l—ﬁ)ﬂk ‘*’(N_l)ﬁak .

Hopmuposka aaer

Bl +(N-Da} =1, 4.37)
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M3 4Yero cieayet, 4To 6b110 Ob1 y10OHO BBeCTH 0003HAYECHHA

e — Y
VN -1

H f =sing,

Toraa moxno ybeaurncs [151], uyto pexkyppeHTHBIE cooTHOmEHUA (4.36)
BBITIOJIHAIOTCS NIPH

@, = cos2k +1)0 . B, =sin2k +1)0 | (4.38)
VN -1 _
rae yron 6 onpeaeneH pasenctsom sin 6 = 1/ VN.

Takum 06pasoM, nIpu U3MEHEHHUH K, B, MEHAETCH TI0 CHHYCOMJANBHOMY
3akony. ¥ Hac nony4utcs B, = 1, nanpumep, ecnu (2k +1)0 = /2 — 1o ecTs,
npu k = (71— 26) /46. 1na 60m>mnx N MoxHO cunrtath sind=1/VN = 0, u
Toraa k = /4N - 1/2, uro nopsaka VN. N. 3HauuT, ecnu MBI mpoAenacM
HTEPALMH TAKOE YUCIIO pa3, KOTOpOe OYAET paBHO LENOMY YHCY, Onmkai-
EMY K 3TOMY 3HAYEHHIO K, TO CMOKEM C BBICOKOH (M HE 3aBHCAIICH OT
N) BepOATHOCTBIO HAHTH X, NPOU3BEAA CYHTHIBAHHE KOHEYHOTO COCTOA-
HHA B cTaHaaptHoM 6Gasuce (cm. {151] ans aansHeimero aHanusa pac-
cMaTpuBaeMbix BepoATHocTeH). Ha 3Tom anroput™ 3aBepiueH.

Co BpeMeHu nosBlieHH nepBOH paGotsl [ poBepa OCHOBHBIE HACH, HC-
MOJIb30BAHHbIE B OIHCAHHOM BBIIIE AJITOPHUTME, ObINM AalNee Pa3BUTHI B
OONBIIOM KOJHYECTBE APYTHX MPHIIOKEHUH — TAKUX, KAK OLIEHKA CPEAHETO
u MeaHaHsl B Oa3e JaHHbX U3 N uucen [152], nnu ananus cnyyas Gonee
YyeM OJHOH NOMEYCHHOH 3anmucH B 6ase nanHbix [151, 153]. Ucnons3oBas
OpHMIHHATbHYIO koMOMHauuIo anropurmos I'posepa u Illopa, Bpaccap, Xoiie
H Tann noxa3amnu [153], 4TO BO3MOXKHO TAKKE Y3HATH KOAUYECMEO TIOME-
YEHHBIX 3anucelt (He ompenaensasa ux nonoxenue). He BaaBasce B aeTaiy,
HJes, 1examas B OCHOBE HX NOAX0Aa, COCTOHUT B TOM, YTO aMILIHTYARI Q,
H B, OHCaHHBIE BHILIE, H3MEHAIOTCS EPHOAHYECKH C IEPHOAOM, 3aBHCA-
MM OT YHClIa IOMEYEHHBIX 3anucei. ITa NepHOAUYHOCTb OLIEHHMBAETCA
C NIOMOILIBIO KBAHTOBOrO NpeobpasoBanus Pypbe, kak 3TO OBIIO OTMEUE-
HO B IpeAbLAyIMX pa3aenax. Takxke 6110 nokasano {151, 153, 154], uro,
XOTb 3TO M YAMBHUTEIBHO Ha NEPBBIH B3rIsd, €CIH 3aMEHUTh B Onpenele-
HuM D yHuTapHyo onepauuio /| Ha noyTH yHUTapHyIo onepauuo U, To
aNrOpPUTM C M3MEHEHHBIM onpe,uenenueM D BCe paBHO CMOXET HAXOAUTh
X, 3a O(/N) maros. -

Anroput™m I'poBepa aaer HaM BO3MOXXHOCTb IPOBOJUTD MOHCK B 3KC-
MOHEHLHaNbHO OOJIBIIOM MPOCTPaHCTBE AaHHBIX. [Ipobnema 3xcnoHeHH-
aJIBHOTO IOMCKA OYEHb BAXKHA JJIs MHOTHX 005acTeil MaTEMaTHKH M IIPO-
rpammupoBanus. C NpakTU4ecKOH TOYKH 3PEHHA, HHTEPECHA CHTyaLHs,
KOT 12 MOKHO TPOBEPHUTH, BBIMONHAETCA I AN AAHHOM 3aIIMCH JKEIaeMOe
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CBOICTBO (TO, IO KOTOPOMY MTPOBOAUTCS NIOUCK) 33 HONUHOMUANbHOE BPEMS
— NpoLIe roBOp#, KOTAQ, «BLIYHCIHUTENbHO JIETKO» NPOBEPHTD, BHITIOIHSACT-
Cs JIM 3TO CBOMCTBO J1s OAHOTO KaHAMAATa, HO ITOHCK HAJO BECTH CPEeaH
3KCIIOHEHLHaNbHO OonbImoro ux yucaa. Hanpumep, Npeanonoxum, 4to HaM
JaH rpad, KOTOpeIi COCTONT M3 Habopa BEPLIMH, a TAKXE pebep, COcAHHA-
IOIUX MEXAY coboit HexoTopsie BepwuHbL. [pad ¢ # BepluMHAMU MOXKHO
3anHcaTh B BUAC MATPHUBI /1 X 1, COCTOALICH U3 HYJICH M €IHHHL, B KOTO-
PO 3EMEHT ij paBeH | Toraa ¥ TONBKO TOTAa, KOrAa B rpade e¢ctb pedpo,
COCMMHSIOLICE BEPUIMHY | C BEPWHHOH j. MBI XOTHM y3HaTh, CYLUECTBYET
JH 3aMKHYTBIH ITyTh, [0 KOTOPOMY MOXHO ODOHTH BCE€ BEPIIMHBI, TIOOBI-
BaB Ha Ka)XAOH POBHO OAMH pa3. ¥ 3TOH, Tak Ha3bIBacMOii, 3aAa4H O ra-
MHJIBTOHOBOH LIETIH, €CTh MHOTO BaXKHBIX NIPHJIOKECHUH. B o0meM cirydae,
ecnH AaH rpad, To Ha HEM CYLIECTBYET S3KCIIOHCHLIHATBHO MHOIO BO3MOX-
HBIX Lenel (TO €CThb, IKCIOHCHUMAIBHO MHOIO, Kak QyHKLHs OT pa3mepa
MatpHusl, onuceiBatomei rpad). Ho ecim JaHa uens, To JIETKO 3a MOIHHO-
MHAJIBHOE BPEMS MPOBEPHTH, YAOBICTBOPIECT OHA TPEOYEMOMY YCIIOBHIO,
WM Het (Haxo npocto oOOHTH 3Ty LENb H MOCMOTPETD, IOOLIBAET IH OHA
Ha KaXA0H BEPUIMHE POBHO OAMH pa3). B Teopuu BLIYMCIHTENLHOH CIIOXK-
HOCTH KJIacC 3ajad Taxkoro tumna HaseiBaercs NP (cM. Gomnee rnybokoe
obcyxaenue B [131, 132]). C uHTyHTHBHBIX NO3MLMIA, B 3aAa4ax Kiacca
NP «TpyaHO» HAaHTH 31EMEHT, YAOBIETBOPSIOIHN YCIOBHAM, HO (JIETKO)
MPOBEPHUTD, YAOBJICTBOPICTCS YCIOBHE HIIH HET.

MHorue o4eHb HHTEPECHBIE C TOUKH 3PCHHUS KaK MAaTCMATHKH, TaK
M NPAKTHKH BBIYMCIHTEIbHBIC 3aJa4d NpHHAANEKAT Knaccy NP (cM.
JIHHHBIA H pa3HooOpa3Hbiii nepeueHbs npuMepoB B [132]). Iloxanyii,
caMas 3HaMEHHTas HepelleHHas npobieMa B K1acCHYECKOH TEOPHH BBI-
YUCIUTEIBHON CI0KHOCTH — 3T0 npobiiema P # NP | koTOpas COCTOUT
B BONPOCE, BO3MOXXHO JIM PCLIMTE 33 NMOJMHOMHANBHOE BpeMs JTH00Y10
3agauy u3 NP. MotuBupywomas uaes 34€Cb COCTOUT B TOM, YTO €CIIH
BLINIOTHEHHE CBOHCTBA MOXHO «BRIYUCIHTEILHO JIETKO» IIPOBEPHTS, TO,
MOXeET OBITh, Ha BONPOC, COAEPAKHUTCS M OHO B AAHHOH CTPYKTYpE, TaK-
€ MOXHO OTBETHTD 32 MOTHHOMHANBHOE BpeMs. 3aMETHM, YTO MBI 3A€Ch
JAyMaeM He O TIOJTHOM NPOCMOTPE 3KCIIOHEHLHAIBHO 6OABIIOro YHCIa KaH-
AMAATOB (4TO rapaHTHPOBAHHO NOTPeGOBanO Obl 3KCIIOHEHIHATBHOTO
BPEMEHH), HO O HEKOEM XHTPOM QHAIIU3€ CaMOH CTPYKTYphl, IOPOAHUB-
e 3KCIIOHEHLIMANIbHO OonbLoe YHCIo Bo3MoxHocTed. Hanpumep, ans
3afa4d O raMHJIBTOHOBOH LIENH — CYLIECTBYET JIH CIIOCOO KaK-TO MpOBe-
PHUTb OIHCAHHE CAaMOro rpaga, 4ToObl yBHAETb, COAEPHKHUT JTH OH TAMHIIb-
TOHOBY LIETIb, BMECTO TOTO, 4TOOB IIPHMHTHBHO MPOBEPATH BCE LIETIH 110
ouepeau.

YyuTHIBasg CIOKHOCTh U MaciITab HEKOTOpPHIX 3aja4 M3 knacca NP
[132], ManoBepOATHO, UYTO MX MOXHO PEWHUTH 33 NOJIHHOMHAIBHOE Bpe-
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M. OgHako, HECMOTPS Ha OrPOMHOE BHHMAHHUE, 3TOT (PAKT A0 CHX MOP
He noka3aH! 3aMETHM, 4TO B KaXAOM CIy4dae IMPHXOIHTCA NPHBIEKATDH
T€ MM MHBIE OCOOCHHBIC MAaTEMAaTHYECKHE CBOHCTBA AAHHOH CTPYKTY-
pPbl — HANPHMEP, PEIIEHHE 3a4a4H O FaMHJIBTOHOBOMH LEenH ObNO OBl paB-
HOCHJIBHO JOKa3aTClIbCTBY HEKOEH HOBOH riyOokoHl TEOpEMBI B TEOPHH
rpados.

BepHemcsa tenepsb k anroput™my noucka ['posepa. 3xeck TpeboBanoch,
yToOBl 6a3a AaHHBIX Oblna HecmpykmypupoeanHot (B IMPOTHBOIONOXK-
HOCTb TOMY, YTO TOIBKO YTO OBLIO ONMHCAHO), H, TEM HE MEHEE, C IOMO-
INbIO KBAHTOBBIX METOXOB, MBI HOCTHITH YCKOPEHHS B KBRAPATHBIA KO-
PEHb YHCIa MAroB 110 CPABHCHHIO C TIPAMBIM IOMHBIM KIaCCHYECKHM I10-
HCKOM. JTO YCKOPEHHE MOXHO NPHMEHHTh K TOHCKY BCIENYIO B moboi
3ajgade u3 kjaacca NP. Kpuruueckuii BOpoc 34€Ch TAKOB. MOXKHO JTH YCKO-
PHTE MOMCK B HECMPYKMYpupo8anom NPOCTPAHCTBE C IKCIOHCHLHAb~
HO OONBIINM YHCIIOM 3JICMCHTOB eiye CUAbHee, UCTIONb3Ys KBAHTOBHIC
3¢ dekTsl KaKuM-TO eume Gonee xuTpuiM obpasom? Hanpumep, mMbl BHAE-
MM, YTO MOXHO CO34aTh 3KCIIOHECHI{HAIBHO O0NBIINE CYTIEPIIO3UIIHH 32 JTH-
He#Hoe BpeMs (4.3), ¥ 4TO MOXHO HUCNOIb30BATh 3TH CYNEPIO3HLIHH, YTO-
6Bl 32 OZMH 3aNPOC IPOBEPHTH FKCIIOHEHLMANBHO GOBIIOE YHCIO 3HAUE-
HHH ¢QyHkuuH (cM. (4.4)). B nepBrie IHH TEOPHH KBAHTOBBIX BHIYHCICHHH
6bina Hagexaa, 4To 3TOT 3(PPEKT MOKET MPUBECTH K METOAY IIPOCMOTpPA
3a MOJTMHOMHANBHOE BPEMs SKCIIOHCHI[HAIbHO OONBLIOrO NMpPOCTPAHCTBA
BO3MOXHOCTEH, YTO MPHBEIO Obl K KBAHTOBOMY METOAY peIICHHs 1000k
3aga4yu u3 NP 3a nonuHoMuansHoe Bpems. Hanpumep, ecnu aaH rpad, to
MBI MOXCM PacCMATPHBATH CYNCPHO3ULHU THOOBIX BO3MOXHBIX LEMEH —
HO MOXKHO JH HCNONb30BaTh 3TOT 3¢ ¢eKT, 4ToObl ¢ BHICOKOH BEpOATHOC-
TBIO ONPEACIHTD, CYLIECTBYET HIIH HET raMHIIBTOHOBA Lienb? JTa Hagex-
na Oeina pazbura B pabore [155] Bennerom, BepucraitnoM, Bpaccapom u
Banupanu, xoTtopsie cTpOro Aoka3alu, 4YTO HUKAKOH KBAHTOBBIH IpoLece
HE MOXET YCKOPHTb HECTPYKTYPHPOBAHHBIH MOUCK CHIIbHEE, YEM YCKOpE-
HUE B KBaAPaTHHIH KOPEHb, KOTOPOE AOCTHraeTcs B anropurme I'posepa.
T'pybo rosops, ux uaes COCTOHT B CICAVIOLIEM. XOTH MBI U MOXXEM IIPO-
BEPHTh 32 OJHH 3aNpPOC SKCIOHCHI[HAIbHO GONBIIOE YHCIIO KaHAHAATOB,
HaXOASIMXCH B CYTIEPIIO3UIHH, HO, B 0OIIEM ciyyae, pericTparus xeiae-
MOr0 CBOHCTBA IPOH30HACT C IKCIIOHCHIIHANBHO MAJIOH aMILTHTYAOH H3-3a
3KCIOHCHUMAIBLHO GOJIBINIOro YHCa 3IEMCHTOB B cyneprnozuuuu. Cnsao-
BaTCAbHO, YTOObI 3apPErHCTPHPOBATH CBOHCTBO C NIOOBIM IOCTOSHHBIM
YPOBHEM BEPOSTHOCTH, MPHACTCS MOBTOPHTb BECh MPOLIECC IKCIIOHEHIH-
albHO OONBIIOE YHCIO pa3.

Takum 00pa3oM, B KOHTEKCTE KBAHTOBOrO BLIYHUCICHHA, TOYHO TAK XK€,
KaK M B KJIACCHYECKOM BBIYMCICHHH, €CIH Mbl XOTHM PELUIHTh 3aAady H3
knacca NP 3a MOMTHHOMHABHOE BPEMS, TO MBI JOJIXKHBI KAKHM-TO XHTPBIM
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obpa3oM HCHONB30BAaTh CTPYKTYpYy 3ajauu. Hampumep, 3KCIIOHEHLHANb-
Hoe yckopeHue B aaroputmax CarvimoHa u Lllopa gocturaeTcs ¢ HCIOJIb-
30BAHHEM CIELHANBHBIX MAaTEMAaTHYECKHX CBOHCTB TCOPHH NEPHOAHY-
HOCTH uepe3 TexHUKy Dypre-ananusa. K coxxanenuio, okaselBaercd, 4To
pelIeHHEe Ba)XXHOTO BOIIpOCAa O CBs3M BCero kinacca NP ¢ BBIYHCIHMOC-
THIO 32 IOJIMHOMHAJILHOE BPEMS BBITTISAIHT B KBAHTOBOM KOHTEKCTE HH-
9yTh HE OJHKE, 4EM B KOHTEKCTE KJIACCHYECKOH TEOPHH BRIYHMCIHUTENbHOM
CIIO’KHOCTH.

4.3 KBanrosenie JID U KBaAaHTOBOE BhIYHCJIEHHE
C 3AXBAYEHHBIMH MOHAMH
o X, upax, 1. Honnep, O.D.Ilosmoc

4.3.1 Beedenue

H3 Toro, uto 06Cyxkaanoce BhlIIE, SICHO, YTO KBAHTOBOE BBIYMCICHHE.
MOXET OBITh YAMBHTEIBPHO MOIIHBIM HHCTPYMEHTOM. Beck BONpoOC B TOM,
MOXEM JI Mbl BOTJIOTHTB B PEATLHOCTh OCHOBHBIE 3JIEMEHTHI KBAHTOBOIO
BBHIYHCIICHHA — TAKHE, KaK, HAMPUMEDP, KBAHTOBBIC JIOTUYECKHE IEMEH-
THl — M, €CNH Ja, TO B KaKUX GHU3HUECKHX cHcTeMax. Bmecto obuero o6-
CyXJicHHE npoOneMbl, Mbi COCPEAOTOUYNMCS Ha OJHOM KOHKPECTHOM MpH-
Mepe. Mbl onuiIeM B HEKOTOPHIX AETAdSAX MPOEKTHI, CBA3aHHBIE C CO3aa-
HHEM KBAHTOBOTO KOMINBIOTEPA HA OCHOBE CHCTEMBI 3aXBauY€HHBIX HOHOB
[156, 157]. B aTo#t cxeme Kaxxabiii KyOMT — 3TO CyNEPno3HLUsI OCHOBHOIO
3nexrTpoHBoro cocrosuus ((0)) u BO3OYKACHHOro (METACTAOMNBLHOIO) CO-
ctostHus (|1)) nona B nosymxe (cM. Puc. 4.9). Byaer noka3ano, uro Habop
HOHOB, ABHTalOMUXCA B IMHEHHOHN JOBYILIKE H B3aUMOACHCTBYIOIMX C fa-
3EpHEIM CBETOM — 3TO peanbHasd (PU3HUECKass CHCTEMA, HA OCHOBE KOTO-
poit MOXET OBITh CO3AaH KBAHTOBBIH KOMIBIOTEP.

2>
le> (I1>)
JlazepHoe oxnaxacHHE Iepexoant B xybute
HamepeHue PabueBckne mepexosst
lg> (10>)

Puc. 4.9. ]lBoiiHas pe3oHaHcHas CTPYKTypa BHYTPEHHHX YPOBHEH OJHOrO
HoHa. [IBa U3 3THX ypOBHeii, BMecTe co ciabbiM NEPEXOJOM MEXAY HUMH, JAci-
cTBytoT kak KybuTt (|0), |1)), Torna kak TpeTH{ YpOBEHb, |2), CBA3aHHBLIA C
cocTossHHEM |0) AMMObHO-pa3pellcHHbIM TEPEXO0A0M, CIYXHUT /18 0XJIaXIACHH S
U U3MEpEHUA, C MOMOUILIO METOla KBAHTOBOIO CKauKa.
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4.3.2 Keanmoesie no2uyeckue sneMeHmvl ¢ 3aX6AYEHHbIMU UWOHAMU

Mmu paccMOTpHM CHTyauHIo, Koraa N HOHOB COAEPKATCA B TMHEHHOH 10-
Bymke ITayns (co ckpemmeHHBIMHM MOJAAMH), KOTOPas MOXET 3aXBaThIBaTh
H ACPXKATh UOHBI C NOMOIMBIO KOMGHHaHHH CTATHYCCKOTrO0 U NCPEMCHHOTO
3nexkTpu4eckux nonei (cM. rmasy 5). MoHbl, B OCHOBHOM, ABHTAKOTCS BAO/b
OCH JTOBYLIKH, TaK KaK B 3TOM HaIllpaBJICHHH 3axaa’rbma}omnifl NMOTCHIIHA
JOBOJIILHO €1a0, U B3aMMOJCHCTBYIOT C PAa3JIMYHBIMH JIA3¢PHBIMHU MOIAMHU
(Puc. 4.10). '

DeKTpoa
Jlazep

v

100 Mx

Puc. 4.10. N HoHOB B JIHHEHHOM NIOBYlIKE, B3aHMOACHCTBYIOMMUX C JIa3ePHBIM
noneM. JIBH)KEHHE HOHOB HCIOJL3YETCA B KAYECTBE IIHHBI JAHHBIX MEXAY KY-
6uTaMH.

B3anMHas ¢BA3b B JBHXKEHHH Pa3THYHbIX HOHOB CO3JA€TCA KyJIOHOBC-
KHM OTTaJTKHBAHHEM, KOTOPOE CHIBHEE BCEX OCTANBLHBIX B3aUMOJEHCTBHHA
MPH THIHYHBIX PACCTOSHHUAX MEXKAY HOHAMH B HECKOIBKO ONTHYECKHX JUTHH
BOJTH.

- OaHO H3 NPEUMYLIECTB CUCTEM 3aXBAYCHHBIX MOHOB NEpPEA APYTHMH
CHCTEMaMH COCTOMT B TOM, YTO MHOrue HEOOXOAMMBIE METOABI YIpaBle-
HHS KBAaHTOBBIMHM COCTOSHHSMH M HX MPUTOTOBJICHHS K HACTOAIOEMY MO-
MEHTY YK€ XOPOILIO Pa3BHThl B UCCIEAOBAHUAX MO BBICOKOTOUHOH CIEKT-
POCKOIIMH M CTaHJapTaM "actotsl. Hanpumep, nepexoas: Pabu u usmepe-
HUS DJIEKTPOHHBIX COCTOSHHH MOHOB ABJIAIOTCH XOPOIIO pa3paboTaHHBIMH
HHCTPYMEHTaMH. JTH METOAH! OyayT OCHOBHBIMH COCTaBJIAIOIIUMH KBaH-
TOBOTO BbIYHCIEHHS. B TO BpeMs kak mepexoab Pabu, To €CTh KOrepeHT-
HBIE MEPEXOAbl MEXAY BHYTPEHHHMH COCTOSHHAMH, OCYIMECTBISIOTCA C
MIOMOIILIO J1a3ePHOTO UMINYAbCA GHKCHPOBAHHOM JUIUTETbHOCTH (HarpuMep,
-HMITYJIbC MOJHOCTBIO MEPEBOAUT aTOM € BO3OY>KJEHHOrO COCTOAHHS Ha
OCHOBHO€ M HAa000pOT), H3MEPEHHA BHYTPEHHETO COCTOSHUA MPOU3BOASAT-
¢ ¢ MOMOILIBIO TaK Ha3bIBAEMOH TEXHHKH KBaHTOBOTO cKauka. PaccMor-
pUM CHTYyalMIO ABOHHOIO pE€30HAHCA, FAC OAHH PE30HAHCHRIH NMEpexon —
O4YeHb CHIIBHBIH, a BTOPOH HaMmHoro ciabee. B aToM cnyyae, MOXHO U3Me-
PHTb COCTOSHHME U3OpPaHHBIX YPOBHEH, peaNu3yIolmux KyOUTH. JTO Aena-
€TCs C NMOMOINBIO ABYX JIA3€PHBIX HMITYJIbCOB, HACTPOCHHHIX B PE30HAHC,
COOTBETCTBEHHO, Ha KaXAbl# U3 AByx nepexonoB. CocrosHue xydura Oy-
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JET U3MEPEHO 10 MPHUCYTCTBHIO HITH OTCYTCTBHIO CIOHTAHHO HCIYUIEHHO-
ro oToHa, COOTBETCTBYIOIIErO CHABHOMY (AMITONbHO-PA3PEIIEHHOMY) Me-
pexoay, cM. Puc. 4.9. Oxa3anoch, 4to 3(pGeKTHBHOCTh ITOH CXEMBI AE-
TEKTHPOBAHHA MOYTH JOCTHraeT equHHULB. C Npyroi cTopoHbl, Mbl Oyaem
TAKKE MCMNOJb30BATh METOJBI JIA3€PHOTO OXJAXACHHUA, YTOOB CBECTH
JBHXCHHE HOHOB K MAaJIBIM KOJEOaHHIM OKOJIO IMOJOXKEHHS PABHOBECHSA.
T'oBOps BKparLe, Na3epHOE OXJIAXKJICHHE OCHOBAHO HA 3G (ECKTHBHOM HC-
NONb30BAHUH JAABJICHHUS H3JyYEHHS - HMITyIbCa, KOTOPHIM oOnajaer mio-
60 cBeTOBOH ny4. Takoi UMIyIbC, MPEHEOPEXKUMO MaJibIii HA MaKPOCKO-
IMHYCCKOH MIKAJIE, MOXKET, TEM HE MEHEE, AEHCTBOBATh HAa ATOMBI C CHJIOH
JOCTAaTOYHO GONbIION Jist TOTO, YTOOBI 3aMETHO YMEHBIIUTb MX CKOPOC-
TH (3Ta cHia Moxet gocrurarb 10%g, rae g — 310 yckopenue cBOGOIHOrO
najacHus). MoxHO 3g PexTHBHO HCIIOIB30BATh TAKHE CHIIBI C TIOMOLIBIO -
texra lonnepa: TakuM 0Opa3oM, HOHBI, ABUTAIOIIMECS B CTOPOHY, IIPOTHBO-
TOJIOXKHYIO HANPABJICHHIO PACIIPOCTPAHEHHS JIa3€PHOTO My4Ka, OyayT HCITbI-
TBIBAaTb CHIIY, CIIOCOOHYIO CYLIECTBEHHO 3aMEAMTh HX ABHIKCHHE.

TlpeanonoxuM, 4T0 HOHBI OXJIAXACHHI JIA3€POM BO BCEX TPEX H3MEpe-
HHAX, TaK YTO OHH MOTYT COBEPIIATh TOJBKO MaJble KONeOaHHs BOKpYr
MOJIOXKEHHS PAaBHOBECHS. B 3TOM cllyyae ABMKEHHE HOHOB ONMUCHIBAETCS B
TEPMHHAX HOPMAaNbHBIX MOJ, YTO 3KBHBAJICHTHO HAOOpY HECBA3AaHHBIX OC-
LUIATOPOB, KOTOPBIE MOTYT OBITh NPOKBaHTOBAHBI OOBIMHBIM 0Gpa3oM.
Jns 3Toro ans KamaoH MOAB! JOMDKEH ObITh JOCTHTHYT TaK Ha3bIBAGMBIH
npeaen JIamb6a-Iuxe, koTophiii PU3MYECKH O3HAYAET, YTO MOH COACPHKHT-
cs B 001aCTH, HAMHOTO MEHbIUCH, ¥eM AJIMHA BONHBI HCIONb3yEeMOTO H3-
AYYEHUH.

3ajaya NOCTPOEHHSA KBAHTOBOTO KOMIBIOTEpA OYyAET SKBHBAJICHTHA
BOTIPOCY O TOM, KakK CO3JaTh OAHO- U ABYX-KYOMTHbIC JIOTMYECKHE 3ie-
MeHThl. Co3aaTh OQHO-KYOHMTHBIE 3IEMEHTH OyAET IMPOCTO, TaK KaK BCE,
YTO JJIS STOrO HY)XHO — 3TO NPUMEHHUTH nepexoanl Pabu mexay BHYTpeH-
HHMH COCTOSHMAMH KyOuTa. Kak MBI yXke OTMEYanH, 3Ta TEXHHMKA AJIs
3aXBa4YEHHBIX HOHOB XOpowro H3secTHa. OCHOBHAS! TPYAHOCTb COCTOMT B TOM,
4TOOBl KBAHTOBOMEXAaHHYECKH CBA3aTh ABA KyOHTa — TO €CTh, YTOOBI CO-
31aTh UX KOTEPEHTHYIO CYneprio3nmio. Yrobbl 310 caenarh, Mbi paccMoT-
PHM BHEIOIHHE CTEIECHU CBOOOABI, CBA3aHHBIC C ABHKCHHEM BCEH LICTIOUKH
UOHOB. B 9acTHOCTH, MBI HCTIOMB3YEM CAMYIO HU3KYIO KBAHTOBAHHYIO MOIY
— npuxeHHe ueHTpa Macc (LIM), onuceBaKOIIYIO ABMXKEHHE BCEX HOHOB TaK,
Kak €ci 651 OHH NpeACTaBIAIN cOOOM OHY OOBEIUHEHHYIO MacCy. Janaya
34ECh COCTOMT B TOM, 4TOOBI niepeHECTH HH(OPMALIHIO C OMHOrO BHYTPEH-
HEro KyOMTa Ha «keéaHmosulili npogod» — aswxeHue LIM. Kak Tonnko 3to
O6yaeT BHIMONHEHO, OYJET TakkKe BO3MOXKHO MEPEHECTH HHGPOPMALHIO C
«KGAHMOBO20 NPOGOOa» Ha APYrodl BHIOpaHHBIA KyOMT, OCYWIECTBMB Ta-
KUM 00pa3oM KOTEpEeHTHOE B3aMMOACHCTBHE MEXKAY ABYMS KYOMTaMH.
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4.3.3 N x0100HbIX UOHOS, 83AUMOOEUCMEYIOUWUX C N1A3EPHBIM CEEMOM.

Jtot pasgen OyAeT coaepaxaTh HECKONBKO 0olee TEXHHYECKHI MaTepHu-
an. 3aece Oyaer Gonee AeTaNnbHO MOKAa3aHO, KakK OMHCATb CUCTEMY HOHOB
M J1a3€pOB, a TaKXKe €€ CIOCOOHOCTh BHIMOJNHATh KBAHTOBBIC BHIYHCICHHS.
PaccmoTpHM B3aHMOAEHCTBHE AAHHOTO HOHA I CO CTOSYEH 1a3epHOM BOI-
HOM (TakuM e 00pa3oM MOXKHO OMHCaTh M Oerymyo BonHy). 'amunbsro-
HHMaH, KOTOPBIM OMMCHIBAETCS 3Ta CHTYaUMs, B CHCTEME OTCYeTa, Bpalna-
. IOLIEHCS ¢ NIa3epHOM 4acTOTOH, 3anuchiBacTca kak H = H_+ H_ + H|,
rae (A = 1)

N
_ 1
H,= kaakak >

k=1

Hiim :._é‘ig-i >
2
O v,
H,, :7'5"1(]&’2 +¢)o] +0o7) . (4.39)

3mecy 8= w)— @] - 370 paccTpoiika nasepa (3mech @ °, 0603HaYaeT
4acTOTy Na3epa, a @’ — YacToTy, CBA3aHHYIO C NMEPEXOAOM B KyOHUTE), v, ~
YaCTOThI PA3THYHBIX HOPMABHBIX MOJ, {2, — yacTota Pabu' (ckopocTs Kore-
PEHTHOH 3BOJIOLMHM, BHI3BAHHOH J1a3EPHBIM T0JIEM), k; — BOJIHOBO# BEKTOD
Na3epHON BOMHBI (KaK MPaBHIIO, Ja3ePHBIH Tyd IIOAAET [0 YIJIOM K OCH JIO-
Bymkd. B stom cmywae k Gyner pasen k,= k, cos(D), cm. Puc. 4.10), ¢, -
(asa, ONMHUCHIBAIOIAA [OJO0XKEHHE HOHA OTHOCHTEIBHO CTOSYEH BOJIHBI, H 7
— KOOpAWHaTa HOHa (B 00IIEM ClTyyae, BBIpaXKeHHas Yepe3 IHHEHHYIO KOM-
OMHaUMIO HOpManbHbIX MoA). KpoMe Toro, Mbl HCITOJIB30BaIH ONEPATOPI
Taynu, oTHOCSIMUECA K AByXypOBHEBOMY aTOMY CO CIMHOM 1/2; a Taioke
onepaTopsl POXACHUS (YHHUTOXKEHHA), OTHOCAIIHECS K KBAHTOBAHHOMY
rapMOHHUYECKOMY OCUHJLIATOPY.

Koraa nasepHslii nyu AeHCTBYET Ha OQHH M3 MOHOB, OH BHI3BIBACT IE-
pexoasl MexAay (BHYTPEHHHMH) OCHOBHBIM M BO30Y)KJICHHBIM COCTOSTHHS-
MH, a TAK)K€ MOXKET UBMEHUTD COCTOSIHUE KOJIEKTHBHBIX HOPMATbHBIX MOJ.
Ogxnaxo, B npeaene JIamba-/luke, u ¢ ydyeToM AOCTaTOYHO cnabo¥ HH-
TEHCHUBHOCTH M3J1y4EHHUs Na3epa, OyaeT H3MEHEHO ToabKOo ABmkeHue LIM.
B 3tux npeaenax, B3aHMOAEHCTBHE € Na3cpOM MOXHO NPEACTABHTH B
BH]E

i i
zHa+H,,

H
las

! D10T TepMHUH cBsi3aH ¢ uMeHeM M. M. Pabu, koTophlit pa3spaboTan METOA HCMOJb30BaHHUA
OCI{HJUTMPYIOLITO MAarHHTHOT'O 1TOJIS, YTOOBI BLI3BaTh MEPEXOAbl MEXAY BHYTPEHHHMH ypOB-
HSMH B aTOMax M MOJIEKy/ax.



170 Konyenyus xganmoavix gviducienui

'(ja (o] +o, )+'q ‘/Ll"d_(am\do;.+ +aE1Mof) (4.40)

rae 7, — 91o napametp JIamba-[luke, CBA3aHHBIA € 4aCTOTOH 3axBaTa B
aKCHMAJIbHOM HANpPABICHHM V,, KOTOpas COBNaAacT ¢ yactorod LIM monwr.
MoxxHO HCNIONB30BaTh MPUBEACHHBIN 316Ch FAMHUIBTOHHAH, TOJBKO €CIIH
20°#0(6,=0)umm 2 °# 0 (5, ~-v,). ITo 3HaUMT, 4TO MBI HalijeM aBa
BO3MOXHBIX B3aUMOACHCTBUS, MO0 u3MeHsomMX (b), 10O HE M3MEHSIO-
mux {(a) ABUXKEHHE HOHOB.

TMokaxxeM Temeps, Kak Ha OCHOBE 3THX B3aHMOJCHCTBHI MOXHO pea-
JIN30BaTh KBAHTOBHIC JIOTHUYECKHE 3NIEMEHTHI C OAHMM H ABYMS KyOHTaMH.
MOXHO JI€TKO €O34aTh OAHO-KYOMTHBIE KBAHTOBBIEC JIOTHUECKHE 3IEMEH-
ThI, IOCKOJBKY OHHM CBA3aHBl TOJILKO C BPAUICHUAMH BEKTOpa COCTOSHHUSA
OTAEIBHOTO HOHA, 0e3 H3MEHEHHS COCTOSHUS €ro nepememenus . Mx MoxHo
peanu3oBaTh ¢ MOMOLIBIO 1a3¢pa, HACTPOCHHOrO B PE30HAHC 10 OTHOLIE-
HHIO K 4aCTOTE BHYTpeHHero nepexoaa (8,= 0). Ilpu 3Tom non nokanu3o-
BaH B IYYHOCTH CTOsAYCH na3epHOi BOMHBI. MBI BUACTH, YTO B ITOM CIIy-
4ae IBOTIOUMS 3aJaHa TaMUJIBTOHHAHOM H ', ¥ BKIIO4aeT B cebs cneny-.
OLEE BpPAIICHUE

lg). > cos(kLﬂ/Z)[g) —ie”sin(kLﬂ/2)|e>_,
|e). — cos(k, 7 /2)] ) —ie " sin(k, /2)|g)..

C Apyroit cTOPOHBI, peanu3oBaTh ABYX-KyOHTHBIE TOTHYCCKHE DIEMCH-
Tl Oyaer Tpyasee. [Ans Hauana, mycThk JlazepHas 4acTora BeiOpaHa Tak,
4TO 8‘_= —~ V,, TO €CTb, OHa BO30yXaaer Tonbko oxHy mMoay UM, u uon
JIOKA/IM30BaH B Y3/IC CTOAUCH BOMHBI JIA3CPHOTO JTy4a. B3aumoneiicTBHE C
Na3epoM 3aJaHO Teneph raMHUIbTOHHAHOM H,'. Tlocne BKIIOUEHHS nasepa
Ha QUKCHPOBAHHEBIH OTPE30K BPEMEHH [ = k7r/ (£2° 7, ~N) (km mmynbc)
COCTOSIHMSL H3MEHATCH CICAYIOIUM 06pasoM:

|8).[2) = cos(k,x /2)|g).|1) —ie? sin(k, 7/ 2)|e") |0),
le") |0) —> cos(k, 7 /2)|e"). |0) —ie ™ sin(k,x /2)|g) |1},
|8)[0)—>[g)[0) . | (4.41)

rae |0) (J1)) o6o3nauaet moay LIM ¢ vynem ¢oHoHOB (0gHHM HOHOHOM), ¢
- 9710 da3a nasepa, u le’) Mmoxer ObiTh 6O cocTostHueM |1) paccMmarpH-
Bacmoro kybura (06o3HauaeTcs Kak |e)), THOO CENEKTHBHO BO3OYXKICH-
HEIM BCIIOMOTATENbHBIM 3IEKTPOHHBIM COCTOSHHEM. (JTO CEIEKTHBHOE
BO30YKIEHHE MOXKHO CO3aTh C MOMOIIBIO PAa3MHUHBIX MONSIPH3ALKHHA HIH
gacToT. C TOYKH 3PCHHA IKCIEPHUMEHTA, MOX0XKE, YTO YaCTOTAMH yAAETCS
NydYie ynpasBisTh, YEM Nonspusauusamu). JIByx-KyOHTHBIH JTOrHUeCKHH
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KBAHTOBBIH 3JIEMEHT MOXET OblTh CO3JaH cieayiomuMm obpasom: (i)
chOKyCHpPOBaB Ha NEPBOM HOHE 7-HMIIY/IbC, MBI MEHIEM BHYTPEHHEE CO-
CTOSHHE NEPBOTO MOHA Ha COCTOSHHE ABHXEHHA B Moje LIM, (ii) nposo-
JUM YCIOBHYIO NEPEMEHY 3Haka, CHOKYCHPOBAB 27-UMITYIsC Ha BTOPOM
MOHE M MCIOIb30BaB BCIIOMOTaTEIbHBIN YPOBEHSD |e'),, | (ill) 7-HMITyIbC
noMessieT coctosHue Moasl LM o6paTHO Ha BHYTpEHHEE COCTOSHHE IEp-
Boro uoHa. [lTonHas 3BomoLus GyaeT BhIPaXaTbes Kak

Q) () (i)

8),18),100 = [&)l&),10). — g)lghl0) — g)lg),10).
8),1e),10) = [g)le),[0) - lg)le),|0) > &) le),]0),
le).|8),100 - —ilg)le), ) — ile)le),l) - e)]g),0),
le)]e),10) — —ilg)le),|1) - —ilg)lehl) > —le)e),]0).
(4.42)

TakuM 00pa3oM, KOHEYHBIM Pe3yJIbTaTOM JIBOMIOUHH OyAeT mepeMeHa
3HaKa B TOJbKO TOM Ciiy4ae, ecnu 06a HOHA HaXOAATCA B BO3DYKAECHHOM
(BHYTPEHHEM) COCTOAHHH. 3aMETHM, YTO A0 H IOCIE JOTHYECKOTrO dJe-
menTta [IM Mozaa Haxogurca B cocrosHuu Bakyyma |0). Hakowneu, ¢ nomo-
IIbIO 3THX OMEpPaLHi MBI MOXEM pPEaTH30BATh JIOTMYECKHE INEMEHTHI C
HCIOJB30BAHUEM N-KyOumos B mobOOM Habope HOHOB.

4.3.4 Keanmogvie n02udeckue nemMeHmul HPU HEHY1€60U memnepamype

B npeapiaywieM pasiene Mbl BUAETH, YTO CHCTEMa, coctosmas u3 Habo-
pa MOHOB B THHEHHOH JIOBYLIKE, MOXET OKa3aThCsi MHOrO00EIAIOIUM KaH-
JUJATOM AJIS PEaNbHOrO OCYINECTBICHHS KBAHTOBBIX BBIYHCICHHH B JKC-
nepuMmente. [loxoxe, 4TO OCHOBHBIE TPpeOOBaHHUSA I BBIYHUCIEHHH C Ja-
3CPHO-OXJIAKJCHHFIMH HOHAMH B JIOBYIIKAaX — 3TO TOYHOE YIpaBJICHHE OMe-
pPauMAMH C FAMHJIBTOHHAHOM, BBICOKAsl CTENEHb JEKOTEPEHTHOCTH, H OX-
JaKACHHUE HOHOB JO OCHOBHOIO KOJEOATENIBHOIO COCTOSHHA, UTOOBI MPH-
FOTOBHUTH YHUCTOEC HAYaIbHOE COCTOSHHE KOJJIEKTHBHON (OHOHHOH MOJBI.
Mm1 He 6yaeM yriybnaTbesa B EpBbIE ABE MPOOIEMBI, TOCKOIBKY OHH 60J1b-
IIE OTHOCATCHA K TAKHM TEMaM, Kak HUCIpaBjcHHE OMOOK U AEKOrepeHT-
HOCTB, KOTOpbie GYAYT 06CYXAaThca B rnaBe 7. 3mech Mbl MOKaXkeM, Kak
MOXHO NPEOAO0ETh OrpaHHYEHHE, TPEOYIOIUEE B MPEAEIE OXJIAXKACHHS A0
HYJEBOH TEMIIEPATYpPBHI.

PaccMoTpuM ciyyaii ABYyX HOHOB B TUHEHHO#M noBy1uke. OpHUrunans-
Hasg uaes 3AeCh COCTOMT B TOM, uTOOBl HCIOJIB30BAaTh ABMIKEHHE IPO-
CTPaHCTBEHHOrO BONHOBOIO IIAKETA OJHOrO HOHA Hanpaso THO0 HajleBo,
B 3aBHCHMOCTH OT IOTJIOIEHHS JIa3ePHOro (JOTOHA MM BBIHYXJICHHOIO
WCIYCKaHUS, MOC/IE YEro MoJI0KEHHE BTOPOTO HOHA B JIOByLIKe OyaeT 3a-
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BHCCTh OT AUHAMHKH IIEPBOroO. Taxum 06pa30M, MOXHO BbI3bIBATh H3~
MCHCHHEC COCTOAHHA BTOPOro MOHA, B 3ABUCHUMOCTH OT KOOPAHWHATEI. B
pE3yNbLTATE MONYUAETCA HEOOXOAUMEIM /11 BEIYUCIEHUA KBAHTOBBIH JIO-
FUYECKUH 3JIEMEHT, B KOTOPOM KOHEYHOE BHYTPEHHEE COCTOAHHE BTO-
pOro MOHA 3aBHCHUT OT HA4aJbHOTO BHYTPEHHErO0 COCTOAHHUSA IEPBOIO
HOHA.

B HexoTOpOM CMBICIE, MBI HCIIONB30BANH HAEH U3 aTOMHON HHTEp-
(pepoMeTpuH, B KOTOPOI aTOMHBIE BOJTHOBBIE MTAKETHI OOBIYHO pa3ieis-
IOTCS Ha HECKOJNBKO YaCTEeH, KaXAas 4acTh y4acTBYET B CBOEM JHMHA-
MHYECKOM NPOLECCE U B KOHUE HX 00BbEAHHAIOT, YTOOBI H3YYHTEL UX NpE-
ABLAYIYIO 3BOJIIOLHIO MYTEM CBOEIO pOJa aHANH3a ONTHYECKOH HHTED-
(epeHLHH.

1
Jlazep ~> ﬁ\

YcaosHelii 1azep

Puc. 4.11. Jlazepu ¥ kOHO®HUIypallis BOJIHOBEIX 1aKETOB I/ ABYX-KyOHTHOro
JIOTHYECKOro 3IeMEHTa pUH HeHYlneBol Temmnepatype. Ilociie npoxoxiaeHUS
JIOTHYECKOrO 3MEMEHTa, BHYTPEHHEE COCTOAHUE KyOHTa-MHIIeHH (MOH 2) n1ubo
H3MeHHTCA, TH60 HeT (0603HauYeHO THNLAOH), B 3aBUCHMOCTH OT BHYTPEHHETO
COCTOSIHUS KOHTPONbHOro KybuTa (HOH 1) — TO €CTh, TOJIYKA HalpaBo MK Halle-
BO H3-3a NOMIOMIEHNS HIIM BBIHYXAEHHOro H3nyyeHus ¢oToHa. 3aeCh TEMHBIH
(cBeTbIH) LBET MakeTa 0603HayaeT Bo306yxaAeHHOE (OCHOBHOE) BHYTPEHHEE CO-
crosaue. Cm. 6onee noapobHOE U3NIOXKEHHE B TEKCTE.

ITokaxeM, B 4aCTHOCTH, KaK MOXKHO OCYLIECTBHTh ABYX-KYOHTHYIO J10-
ruyeckyio onepauuio. CHavana, ¢ MOMOLIBIO 1a3€PHOTrO Jy4a, HOH 1 To-
Ka€TCs HAJIeBO MNIM HANpPaBO, B 3aBUCHUMOCTH OT €r0 BHYTPEHHEr0 COCTOSA-
HHs, Onarogaps u3ny4denuto (mornoumeHuio) porona. Takum ob6pasom, BTO-
POt MOH MOTYYHT TOTYOK, YEPE3 KYJIOHOBCKOE OTTANIKHBAHUE, 3aBHUCIIUMI
OT BHYTPEHHEr0 COCTOSHUA HoHa 1. CoOTBETCTBYIOIIMI BOTHOBOM MaKeT mpe-
BPAaTUTCA B B2 BO3MOXXKHBIX BOJTHOBBIX MIAKETA, NEPENYTAHHBIX C BHYTPEH-
HHM COCTOSHHEM yNpaBAomero noHa (obosnadeno I, 1, ... ang uoHa 1
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JBUTaOIIErocs HAMpPaBO M HANEBO, U T. A.). Ecnu npocTpancTBEeHHOE pa3-
AENEHUE ITHX BOMHOBBIX NMAKETOB (B HEKOTOPbIH MOMEHT f,) AOCTAaTO4HO
BEIIHKO, TO MBI MOXXEM MaHHIYITHPOBAaTh HOHOM-MHIIEHBIO, HOHOM 2, B 3a-
BHCHMOCTH OT €ro IOJIOKECHUS B NPOCTPAHCTBE (TO €CTh, B 3aBHCHMOCTH
OT COCTOSIHMS YIPABIAIOIIEro HOoHA (MoHA 1)) ¥ TakuM 06pa3oM npou3sBe-
CTH JNOrMYECKYIO Oomepauuio Ha Kyburax. B jpanpHeiimeM 3TH aTOMHbIE
BOJIHOBBIE€ MAKETHl HAYHYT OCLHNIHPOBATh B JIOBYIIKE, H, C IOMOIIBIO CO-
OTBETCTBYIOLIEH NOCIEA0BATENBHOCTH JIA3€PHBIX UMITYIbCOB, MOXHO Oy-
JET YHHYTOXKHTH 3TOT UMIIYNIbC, IEPEAAHHBIA ABYM HOHAM, H BOCCTAHO-
BUTh (B MOMEHT BPEMCHH ! ) HAYaIBHOE COCTOAHUE MPOCTPAHCTBEHHOrO
asmxenusd, cM. Puc. 4.11. Toraa cocTosHHE NPOCTPAHCTBEHHOIO JBHXKE-
HUS HOHA [0 M NOC/e ACHCTBHS JTOrMYECKOro deMeHTa Oyaet paxropuso-
BAHO 10 OTHOIIEHHIO K BHYTPEHHEMY ATOMHOMY COCTOSHHIO, HE3aBHCHMO
OT TOrO, CMEIIAHHOE 3TO COCTOSHHE WM YHCTOE — TO €CTh, HE3ABHCHMO
OT TEMIIEPATYPHI.

B aToH rnaBe GbIH paccMOTPEHBI NEPCMEKTHBHBIE CHCTEMBI IS BbI-
MOTHEHHS KBAHTOBBIX BhIYHCICHHH. OOCYXAaIHCh CIEACTBHS, BHITEKAIO-
IHe U3 YCJIOBHOH AHHAMHMKH HOHOB, KOTOPBIE IIPHBOASAT K ABYM IPOTHBO-
TIOJIOAKHBIM CHTYalHAM, 3 HMEHHO, K PEKHMaM HyIEeBOH H HEHY/IEBOH TEM-
nepatyp. O6ocHOBaHME HCIIONB3OBAHMS PEXXHMMA HYICBOH TeMmepaTypsl
6b110 caenano rpynnoii [, Baiinnmanaa us NISTa [158]; mokasano, uro no-
CTPOECHUE KBAaHTOBBIX KOMIIBIOTCPOB Ha MEIKOMACIITAOHBIX MOHHBIX JIO-
BYLIKaX CTAHET BIONHE peanpHbIM B Onuxkaiimem Oyaymem. B cneayro-
el rinase OyAyT mpencTaBieHbl HEKOTOPHIE aCMEKThl 3KCIIEPHMEHTANIb-
HOM peaju3anyy KBAHTOBBIX JIOTHYECKUX 3JIEMEHTOB.



,l”““l

J

i

Ha nonctynax x KBAHTOBBIM
BBIYUCJIICHUSIM: SKCIICPUMEHT

S.1 BBeaneune

B npenviaymeii rnase GuTH H310XEHB OCHOBHBIC TCOPETHYECKHE HJEH
KBAaHTOBBIX BBHIMHCICHUH. Ho Hackonbko BEposTHO Ha camoM aene moct-
pouTL KBaHTOBBIH KOMNbloTep? Peanu3anms maxe 0AHOrO KBaHTOBOrO
JIOrMHeCKOro 3MeMeHTa TPEOyeT, 4TO6H ABE CHIBHO B3aUMOACHCTBYIO-
IHE KBAHTOBBIE CHCTCMBI OBIIM aGCOMIOTHO HM3OMHMPOBAHBI OT BHEIIHMX
BO3MYILCHHH, 49TO CACPKHUBACT HALI ONMTHMH3M. B 3Toif rase NpeacTas-
JICHBL HECKOJIBLKO IKCNICPUMEHTANbHBIX MIPOLEAYP H PE3yABTATOB, KOTOPHIC
NTIOKa3bIBAKOT, YTO BO3MOXXHO CO3JAHMC HEOONBINOTO KOJHYCCTBA B BHICO-
KOH CTENEHH yNPABJAEMbIX, CHIbHO B3AUMOACHCTBYIOMMX KBAHTOBBIX CH-
creM. He GyneM, oanaxo, 3aragsiBaTh NsxeT M 310 B OCHOBY IIpaKTHYEC-
KUX KBAHTOBBIX BHIMMCIIEHUH.

IIpeanoxeno Tpu skcriepUMeHTaNbHBIX METOAA, B KOTOPBIX JOCTHTHY-
TBI NIOAXOAAME YCIOBHS AN PEANU3ALUU METKOMACIITAOHBIX KBAHTOBO-
JIOTMHECKHX ONEPALMH. ITO — KBAHTOBAs INCKTPOAUHAMHMKA PE3OHATOPOB
(K3P), axcniepuMEHTHI ¢ HOHAMH B JIOBYLIKAX H SIACPHBIA MAarHUTHBIN pe-
3oHaHC (JMP). Ilepsric aBa MeToma MCnONBL3YIOT NpOCTEHINYIO CBA3AH-
HYIO KBAHTOBO-MEXAHMYCCKYIO CHCTEMY: ABYXYPOBHEBYIO CHCTEMY, B3aH-
MOJCHCTBYIOILYIO C KBAHTOBBIM OCIMIIIATOPOM. UTOGHI NOAYEPKHYTH ITY
obwmyio 0cOGeHHOCTS, B pasaene 5.2 sxcnepuMenTsr no K9P pacemarpu-
BalOTCS napajjenbHO ¢ COOTBETCTBYIOIIMMHU 3KCIEPMMEHTAMH 110 HOHAM
B JIOBYILKaX.

Oxcnepumentsl 1o KOP 6s1ti 0cobeHno YCHEIIHBIMH NIPH AEMOHCT-
pauuu GyHIaMEHTaNbHBIX 0OCOGEHHOCTEN KBAHTOBOM MEXAHHKH, TAKUX KaK
KBAaHTOBRIC OCUMIIIALMY Pabu, npeacrasiacHHbIC B pasa. 5.2 .3, coctosHus
WIPEAMHICPOBCKOrO KOTA U KBAHTOBOH JEKOTEPEHTHOCTH; OHH PacCMOTpe-
HBI B pa3A. 5.2.4. DTH 3KCIEPUMEHTHI JEMOHCTPHPYIOT PEKPACHBIH CIIO-
c00 peanM3alMM OCHOBHBIX KBaHTOBBIX JOTMUECKHMX onepauui; OAHAKO,
TIpEACTABIACTCA, ITO MCMIONB3Ys ITH METOABI OyAET TPYAHO OCYLIECTBHTS
BonbLIOE KOTHMYIECTBO TAKMX OMEpaI(Hii.

ro xacaercs mpobneMb! yBenuueHus MacwTaGoB, TO IKCITEPUMEHTEI
[0 HOHAM B JIOBYIIKAX BBIFIAAAT Gonee 00CMAtOmMMH, T.K. BOSMOXHO NPH-
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FOTOBHTb M OXJIAAMTh LIEMOYKY HOHOB B IMHEHHOM JIOBYIIKE. DTy LIEMIOYKY
MOXHO pacCMaTpHBaThb KaK PErucTp KyOHTOB, B KOTOPOM K KaxJIOMY Ky-
OuTy (BBINIOJIHCHHOMY Ha OJHOM aTOME) MOXKHO 00€CneuHuTh JOCTYH Iy-
TEM >KECTKOH HOKYCHPOBKH Ja3epHbIX My4ykoB. B pasgenax 5.2.5 - 5.2.12
JEMOHCTPHPYETCA, KaK OCYLICCTBIAETCA KBAHTOBAA JIOTHKA HAa YPOBHE €AH-
HHYHBIX HOHOB, a B pa3a. 5.3 npeacraBieH o0muH 0630p IKCIIEPUMEHTOB
1O KBAaHTOBBIM BHIYHCICHHSM C LIENOYKOH HOHOB.

TpeTuit METOA KBAaHTOBBIX BHIYHCJICHHH OCHOBaH Ha AA€PHOM MAarHHuT-
HOM pe3oHaHce (AMP). 3aech yxe ObliH NpoAEMOHCTPHPOBAHBI PE3yib-
TaTbl O BHINOJHEHHIO HEOOMBIIOH NOCIEAOBATENLHOCTH MPOCThIX KBAH-
TOBO-Toruueckux onepauui. AMP noapasymeBaer nepexoast Mexay 3e-
€MaHOBCKHMH MOAYPOBHAMH aTOMHBIX AA€p B MArHUTHOM noje. YacTorTel
AMP curHanos saep BHYTPH MOJICKYN 3aBUCAT OT ACTANbHOTO XUMHYEC-
KOr0 COCTaBa OKPYXKEHHs AAep. ITO OTKPHIBAET AOCTYN K Pa3JIMYHBIM
ANCPHBIM CTIIMHAM BHYTPH OTAEIbHBIX MONeKyl. CIOHHBI HIPAOT PONb KY-
OHTOB, KOTOpLIC CBA3aHBI APYr C APYrOM MOCPEACTBOM CHIBHBIX CHHH-
CIIHHOBBIX B3aHMMOACHCTBHH BHYTPH MONCKyld. Takas CBsi3b COCTaBIAET
OCHOBHOH 37IEMEHT KBaHTOBOTO BhIYHCIEHHA. B pazaene 5.4 onuceBawr-
CA MPHUHUMIIBI KBAHTOBbIX BHIYHCICHHI Ha ocHoBe SIMP.

Bonee U30mMpeHHbIE MYTH NOAXOAA K MOCTPOECHHIO KBAHTOBOH JIOTMKH
OCHOBaHBI Ha TBEPAOTENbHBIX ycTpoHcTBax. Ho XoT4 mpopeis B mocTpoe-
HHH TaKuX YCTPOHCTB Gbin Obl Upe3BbIYaiHO BaXkeH, 0061acTh Takoro poja
HCCIEAOBAHUN HE ABNAETCA AOCTATOUHO pa3BUTOH, YTOOR 00CYyKAaTh €e
B 3TOH KHHTE.

5.2 OxcnepumMeHTbl no KIP:
ATOMBbI B Pe30HATOPAX H HOHBI B JIOBYIIKAaX

X.C.Hozens, J].JIetubppuo, ®@.LUmuom-Kanep, Juc.Jwnep, P.Eramm,
M. Bpyns, l»c.M.Paimono, C.Xapow.

5.2.1 Jeyxyposnesas cucmema, 83aumodeiicmgyrouas
¢ K8AHMOBLIM OCYUNIIMODOM

ATOM B ONITUYECKOM PE30HATOPE HJIM HOHBI B JIOBYWIKE MOTYT PacCMaTpH-
BaTbCA B XOPOLIEM NpPHOMMXEHHUH, KaK ABYXypOBHEBas CHCTEMA, B3aHMO-
ACUCTBYKOmMAas C KBAaHTOBHIM TapMOHHYECKHM OCLHINATOPOM. B oaHoM
cllyyae ABYXYPOBHEBBHIM aTOM CBA3BIBAacTCA C MOAOH pe3oHaropa. B apy-
rOM — JBa BHYTPEHHHX COCTOSHHA HOHA (CBEPXy3KHE MIIM METacTabHIb-
HBIC YPOBHH JHEPTHH) CBA3BIBAIOTCA C KONEOATENbHBIMU CTENICHAMH CBO-
6oab1 MOHOB B NoByHIKe. [1o3TtoMy 00e cHCTEMBI XapaKrepH3yloTCs OA-
HHM H TEM XKE B3aUMOACHCTBUEM. ['aMuIIbTOHHAH B3auMoAeHCTBHA ([ka-
Hca-KamMuHrca) Moxet OBITh 3alIUCaH B BHAC:
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rae g* ¥ a ~ ONepaTropsl POXJACHHA W YHHUYTOXEHHS AN KBAHTOBOTO OC-
LHIIATOPA, C* M G MOBBILIAOLIKE U MOHHKAIOLIKE ONEPATOPHI IS ABYXY-
POBHEBOI CHCTEMBI, {2 — IIOCTOAHHASA CBA3H. TaKOH raMHILTOHHAH OITHCHI-
Ba€T H3Ny4eHue H nornoumeHue ¢potoHoB (B cinyyae KOP 3xkcnepuMeHTOB)
UM (GOHOHOB (B Clly4ae IKCIEPHMEHTOB C HOHAMH B JIOBYIIKAxX), CONpPO-
BOXJAEMbIC AaTOMHBIMH HJTH HOHHBIMHU repexoxamu. Koraa moaa rapmo-
HHUYECKOTO OCLUINATOpAa HAXOAUTCS TOYHO B PE30OHAHCE C YaCTOTOMH IIepe-
X0Ja ABYXyPOBHEBOH CHCTEMBI, FTAMHITOHHAH OIHCHIBAET PEANbHBIH 00-
MeH 3Hepruci. Eciu ke cucTteMa BEIBeA€HA M3 PE30HaHCa, TO NMPOLIECCHI
nepenayd dHEPrHH BHPTYalbHbl H B3aUMOAEHCTBHE NPHBOIUT K CABHIY
(a3bl aTOMHBIX YPOBHCH.

KiroueBoi MOMEHT 3aKJIIO4aETCS B PEATH3ALHH PEAKHUMA CHIILHOH CBS-
3H, KOrAa npoctoe BlaumozeicTeHe (5.1) ZOMHHHDYET Hax BCEMH IIpO-
LIECCAMHU PENAKCAllHH, TAKHMH KaK CIIOHTAHHOE H3JyYe€HHE aTOMOB, (o-
TOHHOE/()OHOHHOE 3aTYXaHHEC U AECKOTEPEHTHOCTDb, BBI3BAHHAA TEIJIOBHIM
mymoM. YOexuTeabHas IKCIIEPHMEHTaIbHAS peanu3aius NpocTeHIICH CH-
CTEMBI TOJIE-BEUICCTBO MO3BONACT NPOACMOHCTPHPOBATH 3JIEMCHTAPHLIC
onepauyH KBaHTOBOH JOrHKH. B TO e BpeMs 3TH 3KCTICPUMEHTHE PH3Ba-
HBI CIIYKHTb TECTAMH B HAalllEM OHUMAaHHH HEKOTOPHIX ACIIEKTOB KBAHTO-
BOH TEOPHH, HAMMEHEE BCETO NMOAJAIOIMXCS HHTYHIHH, TAKHX KaK HENO-
KaJIbHOE NMEPENYTHIBAHUE U "1€30CKOTIMYECKHE CYNIEPIIO3HIIMH COCTOSHHH.

KOP pa3ssuBanach kak B ONTHYECKOM, TaK H B MHKPOBOJTHOBOM JHA-
[IA30HaX — OCHOBHBIE IPHHIIUIK IPOBEACHHS IKCIIEPHMEHTOB OY€Hb OIMH3-
kH. O630p 3THX ABYX THIIOB 3KCIIEPHMEHTOB MOXHO Haiitu B [160]. B on-
THYECKOH 00NacTH aTOMHBIE NEPEXOLb! TPeOYOT HaNMYHS BBICOKOAOOPOT-
HBIX pPE30HATOPOB. 3AECh PEXHM CHIBHOH CBSA3H yke ObLI HCCIENOBaH H
peanu3oBaH. B 3ToM pasgene MbI yeIMM OCHOBHOE BHUMAHHE MHKPOBOJI-
HOBOMY JHANa30Hy. JIONTOXUBYIIUE, IETKO PETUCTPHPYEMbIE LHPKYIAPHBIC
PHAOGEPrOBCKHE aTOMBI CHIBHO CBSA3BIBAIOTCA C M3NYYEHHEM MHILIMMET-
POBOTO JHana3oHa, HaXOAALIUMCS B BHICOKOROOPOTHOM CBEPXIPOBOASILEM
pe3oHaTtope. ATOMEI C TEIUIOBBIMH CKOPOCTAMH, TPOXOAS 4Yepe3 pe3oHa-
TOP, OKa3bIBAIOTCSA B NEPENYTAHHOM COCTOSHHH C MOAOH noxs. Bpemena
MH3HH MOJIA B PE30HATOPE H B AaTOMHOMH ABYXYpPOBHEBOH CHCTEMBI HAMHOTO
MPEBHILAIOT BpeMst B3ammoaeicTeug. [1o3ToMy, mone ¥ aToM OCTaroTCH
NepEnyTaHHbBIMH JaXe MOCJIE TOrO, KaK aTOM INOKHHET pe3oHaTop. Takum
o6pa3om, obiiee KBAHTOBOE COCTOSIHHME TOJI M aTOMa, MOXET OBITh HC-
CJIEAOBAHO HMJIM HCIIONB30BAHO yXKE MOCJE TOTO, KaK aTOM IOKHHET PE30-
HaTOp. ‘

Bo BTOpOM THIIE 3KCIIEPHMEHTOB, pacCMaTPHBAEMOM B 3TOM pasje-
ne, 00CYKAQAIOTCA HOHBI, 3aNEPTHIE B TAPMOHHYECKOH 3/IEKTPOMarHHTHOR
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nosymke. KBaHTOBBIH ocuuIsTOp mpeactasnseT coboit cneunpuueckyio
konebaTensHYI0 MOAY HOHOB. Moza cBsf3aHAa MOCPEACTBOM J1a3€pHHIX
HMIYJIECOB ¢ BHYTPEHHHM COCTOSHHEM HMOHHOH ABYXYPOBHEBOM CHCTEME.
IIpu TO4uHOI HAacTPONKE CBETOBHIX JA3€PHBIX HMIYIbCOB B3aHMOACHCTBHE
JBH)KEHHS HOHA C BHYTPEHHHM COCTOSHHEM € XOPOWIEH TOYHOCTBIO OIH-
CHIBACTCS raMMIbTOHHAHOM tuna [xkeiinca-Kammunrca. boasmue Bpe-
MEHA KOrepeHTHOCTH HOHHOM ABYXYPOBHEBOH CHCTEMBI H KonebaTenbHOR
MOJBI YAAETCA MONYYUTh C UCIIONb30BAHMEM METOAOB, IPUMEHAEMEIX NPH
CO3AaHUH MOHHBIX CTAHAAPTOB YACTOTHI.

HecMoTtps Ha cymecTBeHHBIE pa3nuyHis B IKCIEPHMEHTAIbHBIX METO-
Jax, aTOMHO-PE30HATOPHBIE H HOHHO-JIOBYIIEYHbIE IKCIIEPUMEHTH OITHUCHI-
BaIOTCA B paMKax €AHHOH mpoctoi mozenu. [Posromy mobok skcmepu-
MEHT, npoexrupyeMbiii 1n1 KOP uMeer aHanor B TEXHUKE HOHHBIX JIOBY-
mek ¥ HaoOopot. Bonee Toro, pe3ynsraTel, JOCTHTHYTHIE B 3THX ABYX Me€-
TOAAX, TaKXXe NPUOIN3HTENBHO COOCTaBUMBI. B nmocneayomux pazaenax
onmuceiBatorcs KQP-akcnepumentsl B pesonaropax B CBU gmanasowne, a
TaF K€ DKCMEPHUMEHTH C HOHAMH B JIOBYLIKaX IpH B3auMoaeHcTBHH JDkei-
Hca-KammuHrca. B 3aknioueHue gaercs 00630p NEPCIEKTHB HCIMONb30Ba-
HHSA ITHX METOAOB B KBAHTOBHIX BHIYHCJICHUAX.

5.2.2 KOP ¢ amomamu u pe3oxramopamu

B sroMm pasaene mpeacraBneHa obimas cxema 3xcnepumenToB o KOP ¢
aTOMaMH B MHKPOBOJHOBBIX pe3oHaTopax. JleTanbHOe paCCMOTPEHHE, KaK
B TEOPETHYECKOM, TaK H B JKCIIEPHMEHTA/IBHOM IUIAHE COACPXKHTCS, Ha-
npumep, B [160, 161].

I{npkynspHeie pHAOEPrOBCKHE aTOMBI CIY>KaT HCKIIOYHTEIBHO IEH-
HBIM HHCTPYMEHTOM B 3KkcnepuMeHTax no KOP. Takue atomsl ¢ ux monro-
JKHBYIHHMH SHEPreTHYECKHUMH YpOBHAMH [162, 163], HMEIOIMMH rIaBHbIC
KBaHTOBBIEe 4yHcla # mopsaka 50 U MakcuMmanbHble OpOHTANIbHBIE H Mar-
HHUTHbIC KBaHTOBBIE YHCJA, BEAYT Ce0d KaK OrPOMHBIE aHTEHHBI, CHIBHO
B3aHMOJEHCTBYIOIHE C HITYYEHHEM MHIUIHMETPOBOro auamna3oHa. Mar-
PHYHBIH 3JIEMEHT AHIMOIBHOTO MOMEHTA MEPEXOAA MEXAY LIHPKYISPHBIMH
cocrosHuamu 1 = 51 (le)) u n = 50 (|g)), uro cocraBmser 51.099 I'Tw,
okassiBaeTcs nopsaka 1250 aromusix eaunnn. Ilpn nomemennu B cnaboe
HaNpaBJIEHHOE JJIEKTPHUECKOE MONE, KOTOPOE HE BO3ACHCTBYET HAa ApYrue
YPOBHH, OHH XapaKTEpPH3YIOTCA OONbLIMM BPEMEHEM >KH3HH, JOCTHralo-
muM 30 Mc, u BegyT cebs Kak XopouHe AByXyPOBHEBbIC CHCTEMEL. K Tomy
K€ 3TH YPOBHH MOTYT OBITh HaJ€XKHO H C OONBLION 4YBCTBHTEIBHOCTBIO
3apEeTHCTPHPOBAHBI C IOMOINBIO HOHH3ALIHOHHO-TI0JIEBOrO METOAA.

B MuimnMerpoBOM AHMana3oHe MOXHO MOCTPOHTb KaYECTBEHHBIE pe-
30HaTOPHl HA OCHOBE CBEPXIPOBOJAAINHX MaTepHanoB. B akcnepumeHTax
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HCIOJb3YIOTCA pe3oHaTopel Tuna Pabpu-Ilepo ¢ HHOGHEBLIMH 3epKaTaMu
M pa3Mepamu nopsaaka caHTUMeTpoB. [Ipy HHU3KKX TeMnepaTypax, Takux
kak 0.6 K, no6porHocTs nexur B aAuanasone ot 10® go 10°, uro coorser-
CTBYET BPEMEHH YACP:KaHHA (OTOHA OT HECKONBKHX COTEH MHKPOCEKYHJ
A0 HECKOJIbKHMX MHIITHCEKYHA. ITO Bpems ropasao Oonbiue, 4eM Bpems
B3aUMOJEHCTBHS aTOMa C MONEM, COCTABIAIOLICE HECKOIBKO AECATKOB
MHMKPOCEKYHJ I ATOMOB, MMEIOIHX TENIOBbIC CKOPOCTH. [1pH Takux Hu3-
KHX TEMIIEpaTypax TEIIOBOE IONE NMPEHEOPEKHUMO Man0 M BEPOATHOCTh
HaWTH PE30HATOD B €10 OCHOBHOM COCTOSIHHH OKa3bIBaeTcs nopaaxa 98%.

Vv

Puc. 5.1. CxemMa ycTaHOBKH B 5KCIIEPHMEHTE ¢ aTOMOM B PE30OHATOPE.

CxeMa 3KCNEpUMEHTANBHOH YCTaHOBKH, HCIONb3yeMOH B YHUBEPCH-
tete Jxonb Hopmans (Ilapux) [164-168], nsobpaxena na Puc.5.1. Cepa-
ueBuHa oxnaxaena a0 temneparyps 0.6 K B renuesom (*He - “He) xpu-
octare. ATOMBI, HCIYIIEHHBIE NeYkol O, OTOMPaIOTCA MO CKOPOCTAM B
30HE V' METONOM ONTHYECKOH HAKAUKH JIA3CPHBIM IYYKOM, OPHEHTHPOBaH-~
HBIM I10J] OTIPEAENIEHHBIM YITIOM K HallPaBJICHHIO PAaCIPOCTPAHEHHS AaTOMOB.
OTcenekTHpOBaHHBIE MO CKOPOCTAM aTOMbI 3aTEM NPUTOTABIUBAIOTCA (B
B) B 01HOM M3 COCTOSAHHH |e) UK |g) TPy NMOMOWM OCHECAOBATEIbBHOCTH
Ja3epHBIX MMITYyIbCOB M agHabaTHYECKUX NMEPEXOAOB B PaIHOYACTOTHOM
auanasoHe [163]. Ilpuroroenenne NpoucXoauT B HMIYIbCHOM PEXHUME, TaK
4TO LMPKYJIAPHBIE ATOMBI F€HEPUPYIOTCA B ONPEACICHHBIE MOMEHTH BpE-
MEHH M C OINpPEACICHHBIMA CKOPOCTSAMH, PACIPEACIEHHBIMH B MHTEPBAIe
Mexay 200 u 400 m/c u ¢ TouHOoCTBIO +2 M/C. [TOoNOXCHNE ATOMOB H3BECT-
HO B m060€ BpeMs ¢ TouHOCThIO 1 MM, Takum 0Opa3oMm, aToMsl, Ipoxo-
JAIIHE Yepe3 CHCTEMY, MOTYT OBITh NMOABEPKEHBI CEJICKTHBHBIM Mpeod-
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pasoBaHusM. CpeAHee YHCIIO aTOMOB, TEHEPUPYEMBIX 32 KAXKAYIO BCIILIIIKY,
MOJAAEPKUBACTCS MEHBIIE €AMHHLIBI, TAK YTO BEPOATHOCTH MPHTOTOBJIE-
HHA ABYX aTOMOB OAHOBPEMCHHO O4YCHBb Malja.

CeepxnpoBoasumuit pesonarop C H3roTOBIECH M3 ABYX CHEPUYECKHX
HHOOHEBBIX 3epkal, pazmepoM 2.7 cM kaxaoe. B pesonarope nmoaaepxu-
BAcTCS MOMEPEYHAs NEKTPOMArHUTHAs rayccoBa MoAa ¢ JHAMETPOM Ie-
petskkd 6 MM. IIpH HEOOXOAUMOCTH PE30HATOP 3AMONHAETCA MoJeEM MO0
OT CaMHMX aTOMOB — 4epe3 MPOLECC PE3OHAHCHOM CBA3M, MO0 OT MHKpPO-
BOJIHOBOTO HCTOYHHKA .S, H3y4aloLIEro KOorepeHTHoe mnone. Pe3onarop
MOXET OBITh HACTPOEH B PE30HAHC, THOO BBHIBEACH M3 PE30HAHCA C ATOM-
HBIM NIEPEXOAOM MyTEM MOoAOOpa PACCTOSHHA MEXIY 3€pKalaMH HIH MpH
H3MEHEHHH YaCTOTHI MEPExoJa C MOMOLIbIO HANOKEHHS 3JIEKTPHYECKOro
TIOJIA 4epe3 3epKana.

Ho Bxoaa B pe3oHarop C aTOMBl NPOXOAAT 4Yepe3 HU3KOAOOpPOTHHIMH
BCIIOMOTaTEIbHBIA PE30HATOp R, B KOTOPOM KJIaCCHYECKHH MHKPOBOJIHO-
BBbIH MMITYJIbC MOXET MEPEMEIINBATh YPOBHH |e) 1 |g). Kaxxamit atoM mpo-
xoaut C 3a BpeMs HECKOIBKO AECATKOB (PEMTOCEKYH[, B TEUHEHHH KOTOPO-
ro MPOHUCXOAUT CHIbHOE B3aUMOACHCTBHE MEXAY aTOMOM H DE30OHATOp-
HbiM noneM. [locroanHas cBa3u aToMa ¢ roneM ({2 MpH B3aHMOAEHCTBHH
Hxeitnca-KamMMuHrea) cocrasnser (227 = 50 xI'u ana atoma, Haxoxd-
IETOCs B LEHTPE PE30HATopa. JTa BEIHYHHA COOTBETCTBYET CKOPOCTH
oOMeHa eAMHHYHBIM (OTOHOM MEXAY aTOMOM H PE3OHATOPHOH MOJOM.
Koraa atom aBuraercs uepe3 pe3oHaTop, cBs3b (X(r) BepaXaeTcsd 4epes
rayccoBy (pyHkIHIO oT ero nojoxeHus. [Tocne pezonatopa C UMIynbC Kiiac-
CHYECKOr0 MHMKPOBOJHOBOTrO IIOJI1 MOXET CHOBA IEPEMEMIATh COCTOSHHS
le> n |g> BO BcOMOraTenbHOM PE3OHATOPE R,. Hakoneu, aTOMBI JOCTHra-
IOT ABYX CENEKTHBHBIX [0 COCTOSHHAM MOHHU3ALIHOHHO-TIONEBRIX AETEKTO-
poB D, u D_, ¢ NOMOIIBIO KOTOPbIX MOACYUTHIBACTCA YHCJIO ATOMOB B CO-
crosuusX le) ¥ |g) ¢ 40%-0# 3¢ eKTHBHOCTBIO.

Bcs nocnenoBaTeNbHOCTh IKCIICPUMEHTANBHBIX AEHCTBHH COCTOMT B
MOCBINIKE OZHOrO WM JBYX aTOMOB, Pa3ACICHHBIX TOYHO ONpeAeNeHHBIM
HHTEPBAJIOM, Y€PE3 CHCTEMY M JACTEKTHPOBAHHE X B D, 1 Dg. 3Tta nocne-
JAOBaTENbHOCTh IIOBTOPAETCS MHOTO pa3 ¢ mepHoaoM 1.5 mc, xoropuit
HaMHOrO MPEBHILIAET BPEMS 3aTyXaHHs PE30HATOPA, TAK UTO MPH 3aIMyCKe
Ka)l(ﬂOﬁ IOoCJICAOBATCIBbHOCTH IIOJIC B C HaXOAHUTCA B OOHOM H TOM XC
Ha4YaJIbHOM COCTOSHUH. Pe3ynbTaTel MHOTOKPATHBIX MCIBITAHUM MOABEDP-
ramwrcs craTucTuueckoi obpaborke. PacnpeaeneHus cOBMECTHHIX ABY-
XaTOMHBIX BEPOATHOCTEH, Kak npaBuio, cocrasisatorcsa u3 15000 ucnura-
HHﬁ, 3aIMMHUCBhIBACMBIX I'IpH6IIH3HTCIIbHO B TCUCHHUC ABYX 4aCOB. Beino BHI-
MIOJTHEHO JBa THIIA KCIIEPUMEHTOB. B nepBoM, paccMOTpEHHOM B pasaene
5.2.3, aToMBl M pe30HATOpHas MOJA HAaXOAATCA TOYHO B PE3OHAHCE, YTO
NPHUBOAHUT, IIOCPEACTBOM OOMEHA JHEPrHH, K MEPEMyTEIBAHHIO JHEPTreTH-
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YECKHX COCTOSHHMH nons 1 atoMoB. Bo BTopoM, paccMOTpeHHOM B pa3zae-
ne 5.2.4, aToMBI H 1I0JIE HE HAXOAATCA B PE30HAHCE H M03TOMY B3aHMOJCH-
CTBHC IIPUBOJHUT K CABHIY YHEPTETHYECKHX YPOBHEH aTOMOB H PE30HATO-
pa, T.€. IEPEHYTHIBAaHHIO COOTBETCTBYOMMX (a3.

5.2.3 Pesonancnasa cea3v: ocyunrayuu Pabu u nepenymarnHnvlie amombi

PaccMoTpHuM cayuail, korga pe3oHaTop HACTPOEH B PE30HAHC C ATOMHBIM
nepexoaoM le) —> |g). B HenpepbhIBHOM NOTOKE aTOMOB, OTACIbHBIM aTOM
MOXET H3/1y4aTh HJIH NOMIOWATh eAHHH4YHbIE doToHbl B C [161-169]; Ta-
KO€ K€ COBOKYMHOE H3JIy4EHHE IPOMCXOAMT npH pabore MHKkpoma3sepa
[170]. ITo B3aHMOICHCTBHE B CUCTEME HA YPOBHE €AMHUYHBIX ATOMOB H
¢oTOHOB Ob1J10 HCIONB30BaHO NPH ACMOHCTPALMH KBAHTOBBIX OCLIMJUIALHH
Pa6bu [171], nepenyThiBanus Mexay AByMs atomamu [168] u petexrupo-
BaHHA OTACHbHBEIX GOTOHOB Oe3 mornoumeHus [169].

ITpocTteimuii 3KCNEPUMEHT BBITIOMHACTCS IPH NOMELIEHHH aTOMa, Ha-
XOISIIETOCS HA YPOBHE |¢), B PE30HATOP H U3MEPEHHH BEPOATHOCTH TOTO,
YTO COCTOAHHE aTOMA U3MEHHTCA C [e) Ha |g) ( 30Hb R, H R, HE HCTONB3Y-
fotcs) [165]. U3mepenue noBTOpseTCs A1 Pa3inu4YHbIX BPEMEH B3aHMO-
JCHCTBHA ! MEXAY aTOMOM H P€30HATOPOM, KOTOPOE BapbHpPYETCS B Te-
YEHHE TNPOJECTHOrO BPEMEHH JIHOO H3MEHEHHEM CKOPOCTH aToMOB, iubo
LIITaPKOBCKOH HAaCTPOMKOH 4YacTOThl aTOMHOTrQ INEPEXOJa B PE30HAHC C
MOJOH IOJIA 32 4acTh NPOJETHOTO BPEMCHH.

Ha Puc. 5.2(A) nokasaH cursan ocummisuuii Pabu, kax pyukuus 3¢-
(EKTHBHOrO BPEMEHU B3aHMOACHCTBMA { B Cilydae, KOrAa Pe30HATOPHOE
T0JI€ H3HAYaTbHO HAXOAMJIOCH B BAKYYMHOM COCTOSSHHH. JKCIIEPHUMEHTAIb-
HBIE JaHHbIE H300paXKeHbl TOYKAMH, CIUIOIUHAS JTHHHA —~ TEOPETHYCCKHH
pacuer. OddexTHBHOE BpeMs B3aHMOACHCTBHSA !, PACCYUTAHHOE HMCXOAA
H3 MapaMeTPOB DKCIEPHMEHTA, YYHTHIBACT rayCCOBO H3MEHEHHE CBA3H
BHYTpH pe3oHaropa. Habnronarorcs uerbipe nonubie ocunmnsuun Padu ¢
yactoror 6au3koH k £2/277=50 kI'u. OHH COOTBETCTBYIOT OCHOBHOMY NPO-
ueccy moaenu JDxeinca-Kammunrca: oGpaTtiMas 3BOJNIOLKA aTOMa MEX-
ay |e) u |g), compoBokaaeMas HCNyCKaHHEM H MOrIoLeHueM ogHoro do-
TOHa. 3aTyXaHHe OCUH/IIAMUN BHI3BAHO HECOBEPIICHCTBOM JKCIIEPUMEH-
Ta. Bo BpeMeHHOMH 1mKane 3TOT CHrHal BaKyyMHBIX oclHInsauuid Pabu 8-
nsaercsa JBOHHHKOM BaKyyMHOro pacimienieHus PaOu, Habnromaemoro B
CIEKTPE CHCTEMBI aTOM — MYCTOM pe3onarop {172, 173].

Ha Puc. 5.2(B-D) u306paxeH cursan OCHUIIALHiA, KOraa nepBoHavaib-
HO B PE30HATOPE MMEETCSA KOTEPEHTHOE IOJE CO CPEAHHM YHCIOM (oTo-
HOB PaBHBIM, COOTBETCTBEHHO Ha KaXA0M U3 PUCYHKOB, n = 0.40(£0.02),
0.85(x£0.04) 1 1.77(0.15). Ocuunnsuun coaepkar HECKOIBKO YaCTOTHBIX
KOMIIOHEHT, OTBEYAIOLIMUX PA3JHYHBIM uHciaaM (oToHOB B none. buenus
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MEXAY HUMH BHI3BIBAIOT UCUE3HOBEHHE U MOSABJICHHE ocumuisauui [171].
®ypre — o6pa3sl curHanos Pabu, nokazanusie Ha Puc.5.2(a - d), conep-
XaT MUK Ha yacTorax 2V n+1, coorsercrByromux yacrore Pabu B n-
¢dboronnom none (n =0+ 3). Yacrora Pabu, nponopunoHanbHas aMILIHTY-
JIe KJIACCHYECKOTO MO, ABIIAETCA, TAKHM 00pa3oM, JUCKPETHOH BEIHYH-
HOH. ITOT PaKT CINYKHUT HpAMLIM OOKA3AMENbCMBOM K8AHMOBAHUS
nons. Ha Puc. 5.2(a - 6) nokazausl @ypre KOMIIOHEHTH aMILIHTY/, KOTO-
pble HENMOCPEACTBEHHO AAKT pacnpeneneHus yucen doronos. Hebonnb-
IIOH THK NpH N/ 2 Ha Puc.5.2(a) Bo3HHKaeT Gmaronaps oCTaTOYHOMY
TEIJIOBOMY IOJTI0, KOTOPOE MMeeT cpeanee yucio ¢oronos 0.06 npu tem-
nepatype 0.8K.
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Puc. 5.2. KsanTtossle ocuunnsiuu Pa6u. (4), (B), (C) u (D): HyTauus cursana
Pa6u. (4): mone oTCyTCTBYET M CpefiHee YHco TersoBbiX doToHOB 0.06 (£0.01),
(B), (C) v (D): xorepeHTHOE MOJNE CO CPEAHMM HHcsoM ¢oToHOB 0.40 (+0.02),
0.85(20.04) u 1.77 (£0.15). Touku — sxcniepHMEHTaNbHbIE JaHHBIE, CILIOMHBIE
nHHUM- TeopHd. (a), (B), (c), (d): cootBeTcTBYIOWMME DYypbe-06paskl. YacToThl,
NpoNOpLUHOHATIbHbIE KBAJPATHHIM KOPHAM H3 NOCJIEI0BATENbHBIX LEJILIX YHUCeN,
NoKa3aHbl BEPTUKAILHBIMH THHUAMH. (), (f), (¥), (§): pacnpeneneHus yucen
(OTOHOB, IOCTPOCHHbIE HA OCHOBE IKCMEPHMEHTANTLHBIX IaHHEIX (ToukH). Crutom-
Hble TMHUH: TEOPETHUECKHE TernoBoe (&) UnH korepeHTHoe ((B), (7), (H)) pac-
npeaeneHus.

Kpome mokasaTenbCTBa KBAaHTOBAHHS SHEPTHH IONA ITOT IKCIEPHMEHT
AEMOHCTPHPYET, YTO PE30HAHCHOE B3aHMOJCHCTBHE aTOMa ¢ MOAOH 1O
JOMHHHPYET HaJ NPOLECCAMH pelakcauuH. Pe3ynpTupylomee nepemnyTsli-
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BAHHE ATOM-IIOJIE MOXKET OBITh UCIIONB30BAHO A1 CO3AAHMA MIH MaHMITY-
TMPOBAHUA KBAHTOBBIM NEPEMYTHIBAHUEM, OOCCICUMBas, TaKKUM 0Opa3oMm,
OCHOBY J/15 3ICMCHTAPHBIX KBAHTOBHIX BEIYHUCIIMTCIbHBIX ONCPALHH.

IlepenyTeiBaHUE MEKAY aTOMOM M IIOJICM BIIEPBHIE HCIOJIb30BANOCH
IIPH NOCTPOCHUH OYEHb NIPOCTOrO YCTPOHCTBA: KBAHTOBAsA NaMsATh, HA OC-
HOBE OAMHOYHOro Ky6uTa B pe3oHarope. Takas mamsaTh peanusyeTcs 3a-
MHChIO MEPBHIM ATOMOM H YTEHHEM BTOphIM. B mpocteiimei cutyanuu
MEPBBIH aTOM NOMAajJaeT B MYCTOH PE30HATOP B COCTOAHHH |e). DddexTus-
HOE BpeMs B3aumoaeicTsus f takoso, uto {f = 7. Iloatomy, atoM nokn-
paet C B cocrosHus |g), ocravass ogHodoronnoe cocrosuue B C. [Tocne
3aaepkKkH I BTOpOi aTOM, BXOASIIMI B PE30HATOP B COCTOSHHH |g), norno-
maeT 3TOT POTOH, U NpH 0OECnEeIEeHUH OTCYTCTBHS CIIOHTAHHOTIO pacnaja,
MOKHAAET PE30HATOP B COCTOSHHH |e). YMEHbIIEHHE BEPOATHOCTH HANHTH
BTOPOH aTOM B |g) IPH YBEITHYEHHH 3aJePKKH T 1103BOILET H3MEPHTH BpE-
Msl )KM3HH CAMHHYHOTO (OTOHA B pe3oHarope. HeyauBHTENBHO, YTO 3TO
BpEMs COBNAAACT C KIACCHYCCKHM BPEMEHEM 3aTyXaHus suepruu 1 [167].

Mo3KHO HanpaBHTh B MyCTOH PE30HATOP aTOM, IPUTOTOBJICHHBIH B Cy-
NICPIIO3NLMHK COCTOSHU |e) 1 |g) C OAMHAKOBBIMY BECAMH, NMyTEM IIPHIIO-
XKCHHM MHKPOBOJIHOBOrO uMINynbca 77/2 B 30He R, (¢ yactoro#t v). Komno-
HEHTA |e) aTOMHOr0 COCTOSIHHS HMCMYCKACT ¢ €AMHHYHOHW BEPOSTHOCTHIO
tdoron B 30He C, B TO BpeMS KakK |g)—KOMIIOHEHTA OCTACTCA HEM3MEHHOM.
Cyneprno3uLHOHHOE COCTOSHHE aTOMa MEPEXOAUT, TakuM 06pa3om, B €O-
CTOSIHHE CYNEPIIO3ULIHH 110N, T.€. cMech 0- 1 1-PoTOHHBIX COCTOSHHH; aTOM
nokugaer C B coctosuuu |g). Cpeanee uucio GOTOHOB B MOAE IO PE30-
Haropa C paBHo 1/2, ¢a3a nonsg 3ajaHa U ONpesenseTcs MUKPOBOJHOBBIM
nonem B R, Mudopmanus o pase nepenocurcs atomom u3 R, B C.

Tlone cumTrIBa€TCA BTOPHIM aTOMOM, NMPHIOTOBJICHHBIM B COCTOSHHH
|g) mocne 3amepxkku 7; aTOM BHOBb NOABEPracTCs BO3ACHCTBHIO 7-HM-
nynbca B C. KBaHTOBas KOr€épeHTHOCTb NPH ITOM NMEPEHOCHUTCS Ha BTOPOM
aTOM, OCTaBIIAS PE30HATOP MYCTHIM, B BUJE CYNEPIIO3HLIHH COCTOSHHUH |e)
u |g). B 30He R, x aTomy npuKIaasBacTcs 7/ 2-HMITy1bC MHKPOBOHOBOTO
nons ¢ TOM ke $a3oi U 4acTOTOH V, KOTOpBEIE BO3AEHCTBOBANM HA MEPBBIH
atoMm B 30He R,. PesonaTop R,, BMECTE C IOCAEAYIOIUMMH 3a HUM D, 1 Dg,
ABJISETCH, TAKUM 00pa3oM, AETEKTOPOM CYNEPHO3HIHHM COCTOSHHH, CUH-
THIBAIOWMM U MHbopManmio o $ase. BeposTHOCTH perucTpanuu atoMa B
|e) unu |g) ocummIMpyeT ¢ 4acTOTOH v, Kak npu oObIYHOH MHTEpdEPEHIHH
Pam3es. B ornuuue or 3TOro ciaydas, JBa MMNyjlbca BO3ACHCTBYIOT Ha
pa3HbIC aTOMBl MU KOTEPEHTHOCTb MEPEpPaCIpPeaensieTcs MEXKIAYy HUMH 4e-
pe3 pesoHatopHoe noxe B C. Pucynku 5.3(a-c) aeMoHCTpHpyYIOT HHTEpE-
PEHLIMOHHBIE CHIHAJIBI, MOKA3bIBAIOLIHE NIEPEPACTIPEACIEHHE KOTEPEHTHO-
CTH JNs TpEX Pa3NHYHBIX BPEMEHHBIX HHTEPBAJIOB MEXAY ABYyMS aToMa-
MH. IIpu yBennueHHH 3TOro HHTEpBaNa NEPHUOA U AMIUIMTYAQ MOIYJISLIMH
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YMEHBIAIOTCA. YMEHBIICHHE KOHTPACTa MOAYJISHHH OTPa)KacT 3aTyxa-
Hue nons B C. BpeMs 3aryxanus B ABa pa3a npeBnimact I, T.K. B 3TOM
3KCIIEPHMEHTE MPOABJIAETCSA CYNEPHO3HIHA POKOBCKHX COCTOSHHH C ompe-
JeneHHbIM yuciioM GoTonoB |1) u |0); BTOpoe COCTOAHHE 3aTYXaHHIO HE
MOABEPIXKEHO.
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Puc. 5.3. IlepepacnpeaeneHne KOrepeHTHOCTH MEAly IByMA aTOMaMH: YCJIOBHas
BEPOATHOCTb JI_(v) ICTEKTHPOBAHHA BTOPOTO ATOMA B COCTOAHHH |e) npu yc-
JIOBHH, YTO NEPBbIH aTOM ObLI 3apErHCTPUPOBAH B COCTOAHHH | @), Kak QyHKLHA
4acTOTHl v MMKPOBOJIHOBOIO MMIY/LCA, NPHUIIOKEHHOTO K NEPBOMY ATOMY B
30He R, ko BTopoMy B R,. 3allepxxi MExay AByMA MHKDOBOJIHOBLIMH HM-
nym,caMH B R ¥ R, paBHbI 301 436, u 581 MKc, COOTBETCTBEHHO, OT (@) Ao (¢).

B 3TOM 3kcnepuMeHTE KYOMT pacnpeaciseTca MExAy AByMA aTroMa-
MH [OCPEACTBOM OAHO(DOTOHHOrO Mons. B NMpOMEXYTOYHOM COCTOAHHMH
PE30HATOPHOE MO ABNAETCA CYLIECTBEHHO HEKJIACCHYECKOH CyNneprno3u-
uel BaKyyMHOro M oaHOGOTOHHOrO cocTosHMi. Tako# mponecc, B KOTO-
POM NPOABIAETCA COBMECTHOE COCTOSHHE MONA H aTOMA, ABJIAETCA KITIO-
YEBHIM B PEaM3alMH KBAaHTOBBIX JIoruyeckux anemenTros KOP [174}].

AHaNoruyHas cxeMa, pH HE3HAYUTENbHOM MOAU(HKAIIH, MOXET OBITh
HCIIOIE30BaHa JJIs MPUTrOTOBICHHA U MAHUITYTHPOBARUA HEJIOKAJIBHOTO I¢-
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pEMyThIBAHMA THIIA aTOM — MMONE MM aTtoM — aroM [175]. TlepBriit aToMm,
HaXOASIMUICA B COCTOSHHH |€ ), MOABEPracTCs BO3AEHCTBHIO T/2-HMIY/Ib-
ca (2t = x /2) u HanpaBaseTcA B MycTOH pe3oHarop. [lepenyTuiBanue
aToOM — aTOM MOXET ObITh AOCTHIHYTO MPH MPOXOXKACHUH BTOPOTO aTOMA,
NPHUTOTOBJICHHOTO B COCTOSHHMH [g), uepe3 pezoHaTop C, ¢ XapaKTEpHuIM
BPEMEHEM B3aUMOACHCTBHS, COOTBETCTByIomMM (2f = 7 . DoToH, Hemy-
IIEHHBIH [TEPBBIM ATOMOM, IIOTJIOINAETCSA BTOPHIM ¢ EAMHUYHOM BEpPOATHO-
CTBIO; TAKHM 00pa30M, PE30HATOP OKA3BIBAETCA MYCTLIM, 3 ATOM — B Ie-
PEIYTAaHHOM COCTOSHHU:

1
ITEPR>:Tg(lel’g2>"!gpez>), (5.2)

FA€ MHACKCH OTHOCATCHA, COOTBETCTBEHHO, K IIEPBOMY M BTOPOMY ATOMY.

VYpaeuenue (5.2) onucupaer P (inmreitn-Tlogonsckuii-Posen)-
napy nepenyTaHHsiX 4actun [21]. AToMbl MOryT OBITH MPEACTABICHHE B
BHJE YaCTHI[ CO CIIMHOM 1/2 ¥ COCTOSHMSMH |e) H |g), COOTBETCTBYIOIH-
mu +1/2 1 —~ 1/2 cOCTOAHHAM, KBAHTOBaHHBIMH BAOJb HanpasieHus Oz.
|Wppr) TPEACTaBASET COOOM COCTOSHME C HYNEBBIM CIIHHOM U SBIAETCH
HHBapPHaHTOM OTHOCHTEIbHO BPAIIEHHI; 3TO O3HAYALT, YTO JBA CIIKHA 4O~
XKHbI OBITb aHTHKOPPETHPOBAHDI, T.€ OHH BCETAA ACTCKTUPYIOTCS C IPOTH-
BOIOIOXHBIMH 3HAYCHUAMH, OTHOCHTENBHO MPOH3BOJIBHOIO HAIIPABICHHSA
OCH KBaHTOBaHHsA. YToObl MpOMITIOCTPHPOBATDh 3TOT daxT, BHIGEPEM OCh
B m10ckocTH xOy B HANPaBICHHH NOA yriaoM ¢ ¢ ockio Ox. CobcTBEHHbBIE
BEKTOPH! CIMHA BAONB ITOH OCH UMEIOT BHA |€) + e™ |g) u cocTosnue |\, )
MoxeT ObiTh 3amucaHo B dopme (¢ 0606weHHOM $a30il), oTpaxaromet
CBOMCTBO aHTHKOP PEMALUH:

¥ e ) = (lel>+ei¢ ng>)(l62>"ei¢ lg2>)
~(la)-€*|g))(le:) +e* |g2)) | (5.3)

Hns Toro, 4To6H MpoaHaIH3HPOBATH NEPEMYTHIBAHUE B IHEPrETHUEC-
koM Gasuce (saons ocu Oz), OnpeseTuM COCTOSHHE aTOMOB IOCJE TOTO,
KaK OHM BhIIUIH H3 pe3oHatopa C. B maeanbHOM cnyyae coBMecTHas Be-
POSATHOCTb 3aPErHCTPUPOBAThL ATOMEI B Pa3NHYHOM KOMOHHALMH |e) U g)
JOJKHA 6bITl>P P =12,P, P 1/2 . BMecTo 3TOr0 Mbt 06Hapyxu-
BaceM, uTo P, = 0 44, P =0. 27 P = 2 0. 06, P, =023 OTnauyue BO3HHMKA-
eT 6naro,uapx pacnany (bOTOHOB Haxo,cummxcx B C, 3a BpeMs MexAay no-
ABJICHHEM JBYX aTOMOB, a TaKXKE H3-332 HECOBEPIUICHCTBA 3KCIEPHMEHTA.
KonuuecTBeHHHH aHANM3 JAaHHBIX NOKa3bBaeT, 4yto IIIP-nape! Bo3HHKa-
10T ¢ 63%-01 BeposaTHOCTHIO [168].

AHTHKOPpPENALHOHHBIE CBOUCTBA, KOTOPHIE CIAEAYIOT M3 (5.3), aHanu-
3UPYIOTCA PH BO3ACHCTBUM Ha 00a atoma 7/2-ummnynscom 3ome R,. Tle-
PEBOPOT CMHA B R, MpH perucTpauuu BAoab ocH Oz, 3KBHBAJICHTEH Tepe-
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BOpPOTY NPM perucTpanvy BAOJIb FOpH30HTANbHOM ocH. Bonee Toro, peruc-
Tpauus B 6asuce |e) uim {g) nocie R, COOTBETCTBYET aTOMHO# Cymepro-
3uLmMH |e) £ ' |g) 10 R,, rae ¢ — 370 (a3a uMNynbCa, MPHIIOKEHHOTO B
30HE R, (3HaK + BHOMpPAETCs A1 COCTOSHUA |€)). AHTHKOPPEIALMSA NPHBO-
JUT K TOMY, YTO COCTOSHHE BTOPOTO aTOMa IMpPH 3TOM H3MEPEHHH JOIKHO
OBITh CIPOMLIMPOBAHO HA CYNEPIIO3ULIMIO, B KOTOPOi «HAMPaBJICHHUE CIUHAY
MPOTHBOIONOXXHO «HAMPABJICHHIO CIHHA» nepsoro aroma. Ecau 661 06a
aTtoMa nepecekau R, OTHOBPEMEHHO, TO Ao/kHA Obina 6b Habmogarses
MOJHAs AHTHKOPPEIALHS MEXAY NMOKa3aHUAMH ACTEKTOPOB |e) u |g). Ha
CaMOM Jelie KOTEPEHTHOCTb MEXAY BTOPHIM aTOMOM, 3aJCpP>KAHHBIM Ha
Bpema T, u nonem B R,, npeueccupyet B TeucHue 1. KoHeynas Bepost-
HOCTBb PErHCTPalMH BTOPOTrO aTOMA B |€) WM |g) 3aBHUCHT OT ¢a3bl, Habe-
XKABUWICH MEXY COCTOSHHAMH aTOMa ¥ MHKPOBOJIHOBOTO 1oJis B R,. ITOT
Haber (a3pl NPONOPLHOHAJICH Pa3HOCTH MEXAY NPOJICTHBIM BpeMeHeM T H
PaM3ECEBCKUM YaCTOTHBIM CABHUIOM «aTOM-TIOJIE». 34ECh OMATH BO3HHKA-
€T aHajnorusa ¢ uatepdepenuuer Pamies. OgHako, 34eCh ABA MHKPOBOIN-
HOBBIX MMIY/IbCA MPHKIAABIBAIOTCA K PAa3HbIM aToMaM, a (asza nepepacmn-
pelenseTcs MeXAy HUMH MOCPEACTBOM HENOKaJbHBIX KBAHTOBRIX KOppe-
NSIUHA.

Ha Puc. 5.4 noka3aHbl YCIOBHBIE BEPOATHOCTH I'Ie]’ez(l'lgl‘ez) JACTCKTH-
POBaHUA BTOPOrO aTOMa B COCTOSHMH |e), eClM MEPBbIii HAXOAUTCH B CO-
crosHuH |e) (|g)), kak PyHKIHM YacTOTH v B 30Hax Pam3es. Moaynauus
CBHJETENbCTBYET O KOTEPEHTHOCTH COCTOSHHMSA BTOpPOro aroma. Beposar-
HOCTH, TIOKa3aHHBIC HA PUCYHKE, HAXOAATCA B nnpotuBodase, T.k. ¢pa3a BTO-
pOro aToMa M3MCHACTCS Ha 7, €CJIM TIEPBHIM aTOM 3apETHCTPHPOBAH B CO-
CTOSIHHH |g), BMECTO |e).

OKCNEepUMEHTaIbHBIC AaHHBIC JEMOHCTPHUPYIOT (pakT MPHUroTOBIIE-
HUS YIpaBiaseMOro MepenyThiBAaHUA MeExAy AByMs kyburamu (3aech
JBa aTOMa Pa3HECEHHl Ha paccTosHue nopsaka 1.5 cm). [Ipu obvenu-
HCHHUH PE30HAHCHBIX W JAUCIEPCHOHHBIX B3aUMOJCHCTBHUH, 3Ta cXema
MOXET OBITh PacmpoCTpaHEHa JAA NPHTOTOBJCHHS TPUMJIETOB aTOMOB
BBHAC |e,e,e) — |g,g,8) [175-17T7].

Pe3oHaHCHOE B3aUMOACHCTBHE MEXAY aTOMOM U IIOJIEM MOXET OBITH
TaK K€ MCIO0JIb30BaHO NMPH OECIOrIoWAaTeIbHOM ACTEKTHPOBAHUH GOTOHA,
Haxoasamerocs B pezoHarope [169]. CymHocTs 3TOrO0 METOAa COCTOHT B
TOM, YTO aTOM, HAXOAALIUIICS Ha YPOBHE |g) M NepeceKalOIHi pe3oHaTop,
npuobperaeT yca0BHBIN (a3oBbIi CABHI M HCNBITHIBAET 27T-nepexoncoa-
Hue Pabu B ognodoronHoMm mone. Koraa arom nponeraer uepes nmycTo
pe3oHaTop (HayanbHoe cocTosHue |g, 0)), OH He NoABEPKEH B3AMMOACHCTBHIO.
Ecnu xe B pe3oHaTOpe HaXOAMTCH OAMH (POTOH, TO cHCTEMa aTOM-TIONE HC-
neiThiBaeT npeobpaszosanue |g, 1) — - |g, 1) Pa3oBmit caBur obuei
BOJHOBOH (PYHKLMM Ha 7 aHAJIOTHYEH NMOBOPOTY Ha 27T B peaJbHOM IMpPO-
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CTPAaHCTBE YacTHLB co cnuHoM 1/2. Takol ycnosHblit da3oBbiit caBur
MOXeT OBITh BHIABIEH HHTEpPepoMerpueit Pam3es npu nepexoae, HE CBs-
3aHHBIM C PE30HATOPHBLIM IOJIEM — C YPOBHS g Ha OMOPHBIH YPOBEHbD i.
Habnronenne pazoBoro casura paBHOZHaYHO ACTEKTUPOBAHHIO POTOHA B
pe3onaTope. B otnuune ot GonpiHHCTBA GOTOAETEKTOPOB, POTOH MOKH-
JlACT PE3OHATOP IMOCNIE B3aUMOACHCTBHA CO «CUHTHIBAIOLIMM» ATOMOM.
JTOT IKCNEPUMEHT, TaKUM 00pa3oM, SKBMBAJICHTEH KBAHTOBOMY Hepas-
pyII2IOEMY H3MEPEHHIO OAHODOTOHHOTO MO, TOKATU30BAHHOTO B MOA-
MPOCTPAHCTBE, COCTOAIIETO H3 CMECH BaKyyMa H OAHO(OTOHHBIX COCTOS-
HH#. KpoMme Toro, ycnoBHas AuHaMHKa, nexamnas B OCHOBE 3TOr0 METOAA,
MOXET PacCMaTPUBAThCA KaK NPEANOCBUIKA K CO3JAHHIO KBAHTOBOIO JIO-
THYECKOTO 3JIEMEHTA.
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Puc. 5.4. AtomHoe DIIP-nepenyToiBanue: ycnoBHble BeposTHoCTH [1(e, e, ) (kpy-
xo04km) u I1(g,,e,) (KBaApaTHKH) H3MEPHTL BTOPOH aTOM B COCTOSHHH |e), €l
nepbil Obl1 3apeTHCTPHPOBAH B |e) WU |g), COOTBETCTBEHHO. BeposTHOCTH
TMoKa3aHbl Kak QYHKIMHM 4aCTOTBI v MMIY/ILCOB, MPHNOKEHHBIX B R,. JIuHuy,
COE/IHHAIOMHE IKCIEPUMEHTANLHBIE TOYKH, HAHECEHbI 1A YA00CTBa BH3Yanb-
HOTO BOCTPHATHA.

5.2.4 Jucnepcuonnas ceasn:
wpeOuH2epo6cKkan KOWKa U Oex02epeHmHoCmb

PaccmoTpuM Teneprs ciyvaH, NPH KOTOPOM 4YacTOTa aTOMHOIrO IEpEXoAa
@, ¥ 4acTOTa MOJBI MOJA @ OTIMYAIOTCA Ha BEIMYMHY J, NPHYEM pac-
CTPOMKA J BEJIHKA, TI0 CPAaBHEHHIO C {2 U LIMPHUHOM TUHHH pe3oHaropa. [Ipu
3THUX YCIOBHAX, B CHJy 3aKOHA COXPAHEHHS IHEPTHH, IIPOLECCHI NOTJIOLIE-
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HHS U M3TY4eHHS QOTOHOB ATOMAMH 3aNpELICHBI ¥ B3aUMOJAEHCTBHE C pe-
30HATOPOM SABIAETCS YHUCTO AMCIIEPCHOHHBIM. JHEPreTHYECKOE INEpEmy-
THIBAHHE QTOMa M MO, PACCMOTPEHHOE B MPEABIAYILEM pa3Aene, 3aMe-
HAETCA Ha MEPENyTHIBAHHE ATOMHOIO COCTOSHHA ¢ ¢a3ol mons u3myue-
HHA, KOTOPOE MOXET PacCMaTPHBATBCA KIACCHMYECKH. TakuM o6pa3zom,
MHKDPOCKOMHYECKAA CTENEHb CBOOOABI YMPABIAET «MaKPOCKOIIHYECKOH»
BETHYHHOM. JTO NMEPENYTHIBAHHE CIIYXXUT MPOTOTHIIOM KBAHTOBOTO H3ME-
PEHHS H MO3BONIAET HCCICAOBATh TAMHCTBECHHBIH MHP KBAHTOBOH MEXaHH-
KH C HEOOBIYHOM TOUYKH 3PECHHA.

[TycTs uupkynaspHbiid puaAOEProBCKHH aTOM B3aHMOJACHCTBYET CO Cla-
6bIM KOrepeHTHBIM nonieM B C'; aMmuiuTyay pe3oHatopHoro nons o6o3na-
UMM Yepe3 @, CpeaHee YHCI0 HOTOHOB ||? OOBIMHO PacHpeaeneHO B HH-
tepBane oT 0 xo 10. Tak kak BakyyMHas dactota Pabu npeacrasnsercs
rayccoBoi GyHKIHEH OT MOI0KEHHS aToMa BHYTPH pe30HATOPA, TO BO3MY-
IICHUE BKIIOYACTCS M BhIKIIOUaeTcs aauabarudecku. CreqoBaTenbHo 00-
MeEH () OTOHOM MEXKAY aTOMOM H PE30HATOPHBIM II0JIEM MANIOBEPOSATEH JAXE
npu HebopuX pacctpoikax (/27 =100 + 700 xI'u). [TooTomy B3anmo-
JCHCTBUE MPOSBISETCS TONBKO B CABMIE YacCTOTH ypoBHs. Pe3onaropnas
MOJa CABHMTACTCA Ha BEIHYHHY £(22/45 nis aTroMa, HaxXOAALIErOCs B LICH-
TpE pe30oHaTopa. ITOT CABHT, BbI3bIBacMblil 3 dexTOoM «rmokasaTens npe-
JIOMJICHHA» EAMHUYHOTO aTOMa, HMEET NMPOTHBOMOJIOKHDIE BETMYHHBI A
aToma B COCTOAHHAX |e) u |g) [161]. Benuunna casura ZOCTHraeT 3Have-
Hua = 6 xI'uy npu &/27 = 100 xI'y, oTBevaromeMy yaeabHOMY (Ha OAHH
aTOM) MOKA3aTE/0 MPEIOMIICHHSA Ha 15 MOpsAAKOB NMPEBBINAIOLIEMY 3Ha-
YCHHE, XapaKTEPHOE AN «OOBIYHBIX aTOMOBY.

YacTOTHBIN CBHT, BOZHUKAIOIIMI IPH NPOX0XKICHUH €IHHHIHOTO aTO-
Ma 4epe3 pe30HATOp, NPOSBIACTCS B CABUIE (a3bl KOrEPEHTHOrO pe30Ha-
TOPHOTO mons Ha + @ = + £2?1/44, rae t — 23ddexTUBHOE BpEMs B3aHMO-
aeiicTBus . Da30BBIA CABUT OGBIYHO OKA3BIBAETCS MOPAIKA OAHOTO pajaHa-
Ha. Takoe B3aUMOAEHCTBHC MEXJY aTOMOM H IOIEM MOXET OBITh HC-
MO/Ib30BAHO AN FCHEPALMU HEKTACCHYECKOH CYNEpIIO3HLIHH COCTOSHHH
nojis C pasnuYHbIMU Ga3aMH. ATOM NIPHTOTABIHBAETCSA B CYNEPNO3HIIUK
coCTOsHMH |e) u |g) myTeM moaaun ummnynsca 7/2 B 3one R,. [Ipu nepece-
YCHHH aTOMOM PE30HATOpa, MO0 OAHOBPEMEHHO NPUAAIOTCA ABA IPOTH-
BONONOXHBIX Pa3zoBeix caBura + @ CocTosHHE KOMOHHHPOBAHHOH CHCTE-
MBI ATOM — TIOJIC, TAKUM 00pa30oM, IPHHHUMAET BHI

|‘P>=-—\/%( e,ae‘°>+|g,ae"“’>). (5.4)

ITO COCTOsIHHE SABIACTCA NMEPENYTAHHBIM — 3HEPTHS aTOMa KOPDEIH-
poBaHa ¢ ¢a3oil pesoHaTropHoro mons. KorepeHTHoe mone MoxeT ObITh
MpPEACTaBIEHO KaK BEKTOP B $a30BOM NPOCTPAHCTBE, ANMHA W HaNpasJe-
HHE KOTOPOTO CBA3aHBI C aMIUTHTY0H U (a3oif, kak nokasaHo Ha Puc. 5.5(a).
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Konen Bexropa nexur B Kpyre eAMHUYHOIO PaHycCa, OMUCHIBAIOIIErO KBAH-
TOBYIO HEOMPEAENCHHOCTh COCTosHuA monsa. M3 ypaBuenus (5.4) BugHo,
YTO ITOT BEKTOP BEAET ceOa Kak «cTpenka npudopay, MpHHUMAKLAA ABa
Pa3HBIX HANPABIEHHSA, OTBCYAIOMMX 32 COCTOSHHA aTOMa, KaK IMOKa3aHo
Ha Puc. 5.5(b). B3aumoneiicTBHe OCYIIECTBIAET «U3MEPEHHE», B KOTO-
POM  «BEKTOpP MOJI» HCIONb3YETCS A ONMPEACICHHUS DHEPIHH aTOMA.
3aecsr ymectHO HanomHuTs Metadopy lpeaunrepa [178]: koMmnoHeHTHI
nons + @ u —@ aHaIOrUHYHBl COCTOAHUAM 3HAMEHUTOH (OKMBOH» M «MEPT-
BOMH» KOUIKH, NCPCNMYyTAHHBIMH C aTOMOM, HAXOAAIIUMCA B Cyneprno3nuuH
BO30Y>XAEHHOTO H OCHOBHOT'O COCTOSHHMA.

(@)

Puc. 5.5. (2): Harnaguoe npeacrasineHue B $a3’oBOM NPOCTPAHCTBE KOMEpEeHT-
Horo coctosuu s mons. (b) Komnonenth mons B (5.4), KoppenHpoBaHHLIE ¢ aTOM-
HBLIMH COCTOSIHUSIMH |e) 1 | g).

Ilocne BrIXOna M3 pe3oHaTOpa, HO A0 ASTEKTHPOBAHHSA, aTOM MOABEP-
raeTcsi BO3ACHCTBHUIO APYroro 7/2-uMmnynbca B 30HE R,, KOr€peHTHOMY ¢
uMIyasCOM B 30H¢ R,. BeposTHocTs aerextnposanus P atoma B co-
CTOSIHUH |g) H3MEPSAETCS, KaK QYHKLHA YACTOTH V MO, IIPHIONKEHHOTO B R,
4 R, Ha Puc. 5.6(a) noxasan 3kCrepMMEHTANbHBIH PE3yabTaT IS ClIydad,
KOraa B pe3oHarope He Obu1o (oToHOB M npH paccrpoiike 627 = 712 xI'u.
Cocrosune aToMa MOXeET GbITh PeoOPa30BaHO U3 |e) B |g) mubo B 30HE
R, (npoxoxnenue uepes C B cocToanuu |g)), mu6o B R, (MpoxoxaeHue
yepe3 C B cocTosHHH |e)). Tak kak aTOM He OCTaBJIAET HHKAKUX CJIEIOB
CBOEr0 MPHCYTCTBHSA BHYTPH PE30HATOPA, 3TH ABa CIIOCO0A HE MOT'YT OBITH
UAEHTH(HLHPOBAHBI H COOTBETCTBYIOLIME aMIUTUTYABI HHTEPPEPHPYIOT, YTO
U IpHBOJHUT K ocuunasuusaM (uarepdepernuus Pamzes) B P

Ha Puc. 5.6(b — d) noka3aHs! 3kCrepHMEHTaNbHBIE PE3yAbTATHI AN
KOTF€pEHTHOTO PE30HATOPHOYO IOAA CO CPEAHUM 4HCcIOM GoTOHOB 9.5 u
YMEHBUIAIOMUXCA paccTpoek. YeM MeHbLIe paccTpoika, TeM Gonblue pas-
Aenenne koMnoHeHT nois B C. Bpe3ku Ha Puc.5.6(b — d) unroctpupyior
¢a3zoByio HHGOPMALHMIO O MOJE, KOTOPas 3alMHCaHa B AaTOMHOM COCTOSTHHH.
Takas «kakum-nyrem» (which-way) undopmauus, naxe He Oyay4H mpo-
YMTaHHOH, AOKHA pa3pymath 3PPeKT HHTEpPEPEHLINH, B COOTBETCTBHH
C IPHHIIMUIIOM AONOIHUTENBHOCTH. KONMHYECTBEHHBIH aHATN3 TOKA3bIBAET,
4TO HHTEP(PEPEHLIHOHHBIH CUT'HA ONPEAEAAETCS HHTErPAJIOM NEPEKPBITHSL
MEXAY ABYMS KOMIIOHCHTaMH IOJS; €ro0 MOAYIb OTBEYAET 33 KOHTPACT
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uHTEpdepeHLHH, a pa3a — 3a pam3eesckyro Moaynauui. s Gonpmux @
[EPEKPHITHE MAN0 U MOAYNALMA Hcde3aeT. Peaynbrarel ybeauTennHo mo-
Ka3blBAIOT, YTO PE3OHATOP ACHCTBYET KAK CYETYMK ATOMHOTO COCTOSHHA.
Kpome Toro, $ha3oBelif CABUr B MOAYNALMH IpH OONBIIMX paccTpoiikax,
obecneynBaeT TOUHYIO HHGOpPMaLHIO 0 YHCIe GOTOHOB.

Curnan Moaynsuuu Pamses

v (xI')

Puc. 5.6. Pam3eeBckas MoaynsAlius B BEPOSTHOCTH PErHCTPAaliMH aTOMa Ha YPOBHE
|g) xak ¢yukiuu v : (a) pesonatop C - nycroit, 627 = 712 kI'y; ot (b) no (d)
B C uMeeTcs korepeHTHOE Nojie ¢ |a]|=+/9.5 =3.1, 6727 =712,347 u 104 xT'u,
COOTBETCTBEHHO. TOUKAMH OTMEYEHHI 3KCIIEpHUMEHTANIbHbIE aHHBIE, CIUTOLIHEIE
KpHBbIE — CHHYCOHJlaIbHas annpokcHMalus. Ha Bpeskax noka3saHbl npexncras-
JIEHUS KOMIOHEHT moJis, Buixoasamux U3 C, B $pa30BOM NpOCTPaHCTBE.

KsaurtoBas Cynepno3n g ME30CKOIMHUYCCKOro nmoas, BO3HHKAKIIAA B
MPOLIECCE TAKOro IIPHTOTOBJICHHS H AETEKTHPOBAHHA aTOMa, IPOXOASIIErO
4Y€pE3 pE€30HATOp, BEChbMA YYBCTBHTCIbHA K BHCIIHHUM BO3IlCﬁCTBHHM H
NoJABEP:KEHA AEKOrEPEHTHOCTH; 0COOEHHO Koraa |a|? u/unn @ cTaHoBATCA
6onbumumu [179-186]. UroOn mpocneauTh 3a 3BONIOLHEH OT KBAHTOBOH
CYNEPIO3ULHH K KJJACCHYECKOH CMECH, «COCTOSHHE KOLIKH» AJIA IO amn-
poOHpyeTCsS Ha BTOPOM aToME, NPOXOASINEM 4Yepe3 pe30HaTop mocne 3a-
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aepxka T {166, 188]. IIpoOubIi aToM HCHBITBIBAET TakoM ke (ha3oBbIi
CHABHT, Kak M nepsbiif. Kaxknas U3 AByx KOMITOHEHT NONs, BEI3BaHHAs Nep-
BbIM aTOMOM, PacCIIEIUIAETCS Ha JBE YaCTH. JTO O3HAYAET, YTO KOHEYHOE
COCTOSHHE IIONISE COACPKHUT YEThIPE KOMIIOHEHTHI, JBE U3 KOTOPHIX COBIIA-
Ja1oT npH HyneBoi ¢asze. B kakux 6p KOMOMHALUAX COCTOAHHUIH JBAa aTOMA
He nepeceknn C — nubo B (le), |g)), nubo B (Ig), |e)) da3za Bozspamaercs x
HCXOAHOMY 3HaueHHU10. [locne nepeMeurnBaHua aTOMHBIX COCTOSHHUMH B 30HE
R, unopmauus 0 HavyanbHOH KoMOMHauMH Hcue3aer (le), |g) uau |g), |e)),
[MOCKONbKY BTOPOH aToM wacTH4HO «ctep» [187] undopmauuro o none,
OCTaBHIYIOCH OT IEPBOro aroma. Bkiazasr 3TUX AByX KOMOHHALHMH, TaKHM

00pa3oM, NPUBOAAT 4Yepe3 COBMECTHBIE BEPOATHOCTH P, P, Pge, ng u

KOPPENsSLMOHHBIE CHrHansl 171 =P /(P + Peg) - sz/ (Pg‘+ ng) K HaJTHYIHIO
HHTEPEPEHLIHOHHBIX 4/ICHOB.
0.2 . . :

N KOPPE/SILTMOHHBIU CUTHaI

JBYyxXTOMHBbI

0 1 T/T, 2

Puc. 5.7. JlekorepeHTHOCTL IIPEAUHTEPOBCKOH KOIIKH: CHIHAN JABYX-ATOMHOU
Koppesanuu kak ¢ynkuus I/T, ans 8/2x = 170 xI'n (xpyxku) u 8/27 =70 k'
(tpeyronbHuKkH). IIYHKTUP W CNJIOIIHA JIMHHUA — TeOpHA. Bpe3kH: HarnsaHoe
NpeACTABICHHE, COOTBETCTRYIONIEE KOMITOHEHTAM MO, pa3jiesIeHHbIM Ha 2.

Ecnu coctoanne cynepnosnuuu BbKMBAET 32 BpeMs 1, TO 77, B MACab-
HOM clly4ae, IPHHHUMAET 3Ha4YeHHE 1/2; ecnH ke COCTOAHHE MONA CTAHO-
BUTCS NPOCTOH CMECBIO, 7] OKa3bIBAETCA PaBHOMH HYTIO. JKCIIEPHMEHTAlb-
HBIE 3HaYeHHA 7, Kak QyHkuun T, nokasansl Ha Puc. 5.7 ans aByx pasnuy-
HBIX COCTOSTHH# THIIa «KOWIKH» (0003HAUYEHHBIX HA Bpe3kax). ToukH npex-
CTaBJISIOT 3KCIIEPUMEHT, CILTOWIHAA NHHHUA — TeopHio [ 188). Makcumans-
Hoe 3HaueHHe 0.18 orpaHHYEeHO TONBKO HEBHICOKMM KOHTPAaCTOM MCIO/b-
3oBaHHOrO HHTEpdepomeTpa Pam3es. [lekorepeHTHOCTh BOSHMKAET Ha Bpe-
MEHax, ropa3no 6oiee KOPOTKHX, YEM BPEMsS 3aTYXaHHMsS pe3OHaTopa, H
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Gonee 3aMeTHA, KOTAa PAaCCTOSHHE MEXIY KOMIIOHEHTaMH «(KOIIKH» YBeE-
nuumnBaeTca. BuaHo, uto HabnogaeTcs HETPUBUABHBIM MEXaHU3M DElaK-
CalMH, NOCTOSHHAA BPEMEHH KOTOPOH OYEHb CHIIBHO 3aBHCHT OT Hadyallb-
HOT'O COCTOSIHHMA.

JlekorepeHTHOCTh BbI3BaHa norepei GoroHOB B pe3onarope. Kaxawri
MOTEPSAHHBIH HOTOH MOXKET ObITh ONTMCAH KaK MAJICHbKHI «UIPEAMHICPOB-
CKHMH KOTCHOK», KOIHPYIOIHUH B OKPY>KAIOLIEe MPOCTPAHCTBO (TEPMOCTAT)
uHpopmauuio o dase, sanacennyro B C. [Ipoctoii daxr Toro, 4ro Takas
«yTeukay MHPopMauuu mMorna Obl OBITh MPOYHUTAHA, YHHUUYTOKAET HHTEP-
¢pepeHUMOHHbIE 3 PEKThI, BHI3BAHHBIE KBAHTOBOH KOTEPEHTHOCTHIO (KOLI-
KH». B 3TOM CMBICNE, AEKOT€PEHTHOCTD SBISETCS AOMOMHUTENBHBIM SB-
neHueM. Manoe Bpems JEKOrepeHTHOCTH COCTOSHHS LIPEIHHIEPOBCKOMH
KOLUKH, PACCMOTPEHHOE BbILIE, OKa3biBacTca nopsaaka I /n, uto obwsac-
HUMO npu TakoM roaxoae. Yem Goapiue YHCI0 HOTOHOB, TEM KOPOUE Bpe-
Ms, TpeOyeMOe i1 YTEUKH EAMHHYHOH «(POTOHHOM KOMHUH» B TEPMOCTAT.
B 3TOM 3KCNEpHUMEHTE MPOBEPSAIOTCA OCHOBHBIE OCOOEHHOCTH JEKOTEpPEH-
THOCTH M ICHO BUJHA HECTOMKOCTh KBAHTOBOH KOr€PEHTHOCTH B OONBIIHX
cucTeMax. DKCTPANONALHA KBAHTOBO-MEXaHHYECKOH CYNEPIIO3HIHH COCTO-
SHHH K MaKpOCKOMHYECKOMY MacmTalby MpHBOAUT K NMOYTH MTHOBEHHOMH
JEKOrepeHTHOCTH, YTO MOATBEP)KAAET KONEHIare HCKYI0 HHTEPIPETALHIO
KBaHTOBBIX H3MEPEHHH AN NIOOBIX MPAKTHYECKUX LEeH. DTOT 3KCme-
PHMEHT TAaKXK€ MOMOTAET MOHATh H T€ TPYAHOCTH, KOTOPBIE BO3HHKAIOT
NPH CO3JAaHHMH H YIPABICHHH KPyITHOMacITaOHbBIM KBAHTOBBIM MEPEMy -
THIBAHHEM, & UMEHHO, YTO KBAHTOBAas ACKOTEPEHTHOCTH ABJAETCA OC-
HOBHOH JTHMHTHPYIOIIEH NPErpajor MpHu peajn3alli NPOLECCOB KPYITHO-
MmacwtabHo# 06paboTku kBaHTOBOM HHOopManuu. JlanbHeHnas JUCKYC-
cHg 00 OrpaHUYEHHUAX, BOSHHKAIOLUIMX IIPH KBAHTOBEIX BBIYUCICHUAX O€3
PaccMOTPEHHS CXEM KBAHTOBOH KOppeKuuu omubok, OyaeT mpoaoskeHa
B pasgene 7.3.

5.2.5 Oxcnepumenmul ¢ UOHAMU 8 NOBYULKAX

OauH MM HECKONIBKO HOHOB, HAXOAALIUXCS B PAAHOYACTOTHOH JIOBYIIKE
Ilayna, aBasA0TCA MACaIBHbBIM O0BEKTAMH IS MU3YYCHHS JUHAMHUKH MpPO-
CTBIX KBAHTOBBIX CHCTEM, H C NMIOMOIIBIO JIA3EPHBIX HMITYJIbCOB IKCIECPH-
MEHTATOp MOXET OCYWIECTB/IATh B3aMMOACHCTBHE TAKHX NPOCTBIX CHC-
TeM B Gosbiuei crenenH o csoemy BbIGopy. OCoGEHHO HHTEPECHBIH Clly-
yaii COCTOUT B npeAcTasicHun noist poronos B KIP, o uem roBopunock B
IOpPEeAbIAYINHUX pa3Aenax, MOJEIbI0 FAaPMOHHYECKOTO OCHHILIATOpA, KOTO-
pas ONMCHIBAET ABHXKEHHE HOHA (HOHOB) BO BHEUIHEM MOTEHLMAJE JOBY LI~
ku. ITogxoasmee cBETOBOE MOJIE MOXKET CBA3bIBATH BHYTPEHHHE 3JIEKTPOH-
HbIC YPOBHH HOHA |g) U |e) C BHEITHUM KoneOaTebHbIM JBHIKCHHEM C Yac-
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ToTOH @. [IpH 3TOM ramMunLTOHHMAH B3aUMOACHCTBHA UMeeT BUA [189-192]:

H :__hG(0_+ eiq(a*+a)—i5t+a_— e—iq(a++a)+i5t)’ (55)

mt

rae 1 = 6k\ h/(2mw) — napamerp JIamGa-Iluke ¢ Moaynem &k BONHOBOrO
BEKTOpa (MJIM Pa3HULEH BOJHOBBIX BEKTOPOB €CIIH CHCTEMA CBs3aHA TO-
CpEeACTBOM PaMaHOBCKHX NEPEXOAO0B), (@ + a) — onepaTop KOOpAHHATH B
TEPMHHAX NMOHHXKAIOIHKX ONEPATOPOB FAPMOHHUECKOTO ocuumasTopa u G —
KOHCTAHTa CBA3H, NPONMOPLIHOHATbHAA AMITMTYAE CBA3BIBAIOLWIETO CBETO-
BOro nons. Takoi raMuIbTOHHAH B3aUMOACHCTBHA sABngeTcs Gomee 06-
LIIHM, Y€M FaMHJbTOHHAH B Moaenu JxeiriHca — Kammunurca (5.1), Ho
CBOAMTCS K MOCTEAHEMY BHIGOPOM PacCTPOHKH 4aCTOThI CBETOBOTO MO
M Pa3HOCTH SHEPTHH ABYX BHYTPEHHHX COCTOAHHH: ¢ § = — @ U B mpeaene
n\ {((a*+a)?y <<1. B ob6wemM, mbas pacctpoiika 1 = (n'- n)w, (n', n -
Lenble YHcna) 6yaeT pe30HAHCHO BBI3BIBATh IICPEXOABI MEKAY COCTOSHH-
SIMH |g,n) U |e,n’) u, TakUM 00pa3oM, OCYLIECTBIAETCS MEPEXoq K APyro-
My 3¢ HEeKTHBHOMY raMHIIBTOHHAHY B3auMozaeicTsusa. Bno6aBok, koHCTaHTa
cBsa3u G He 3aJaeTCA MATPHYHBIMH 3NEMEHTAMH JHIIONBHOTO MOMEHTA M
o0BeMHOH MOAOH pEe30HATOPA, KAK B CIIy4ac IKCIIEPHMEHTOB, O KOTOPBIX
mna peds B npeaslAymux pasgenax. OHa MOKET MEHATbCA NIPH COOTBET-
CTBYIOIIEM BeIOOPE HHTEHCHMBHOCTH CBETA.

Crnioco6bl nabopaTopHO¥H peanu3aiuy 3TUX UAEH BO3HUKIIM IIPH MOMBIT-
Kax MOCTPOCHHS CTAHAAPTOB YaCTOTHl HAa HOHAX B JIOBYLIKAX M OXJIAXKICH-
HHX atomax [193-195]. Jlunamuueckoe 3axBaTbiBAaHHE 3aPAKEHHBIX Yac-
THI B paguovacToTHhX (BY) nosymkax ObljIO BIIEpBHIE MPEAIOKEHO H K-
crnepuMeHTaasHO peanu3osBaHo B.Ilaynem B 1958 roay [196]. BY anexrpu-
YECKOE I10J1€, FEHEPHPYEMOE JIEKTPOAAMH C MOAXOAALEH KOHPHUrYypaLlHeH,
CO3Ja€eT NCEBAO-TIOTEHLHAI, OTPAHHYHBAIOIIUHA JBH)KEHHE 3apsDKEHHOM Ya-
ctaubl [197]. [lns yaepxaHus eAMHHYHOIO HOHA 31EKTPOABI JOMKHBI HMETD
XapaKTEPHbIE Pa3MEpbl OT HECKOJbKHX MHJ/UTMMETPOB A0 COTHH MHKPOH.
Yacrorel BU-none# nexat B auanasone 10 — 300 MI'y, a ammauTyas! co-
CTaBJISIOT COTHH BOJbT. JIBHIKEHHME YAaCTHLIBI, OTPAHHUYEHHOE TaKHM IIO-
JeM, HMEeT B AHHAMHYECKOM ICEBAO-TTOTEHIIHANE OBICTPYIO KOMITOHEHTY,
CHHXPOHHYIO ¢ HaCTOTOH NMPHIOXKEHHOro BO30Y)XJAIOLIero mnonas (MUKPO-
JBYIKCHHE), U MEAJICHHYIO (CEKyNapHYI0). [{Nd KBaAPYMONbHO! FreOMETPUH
BY-nons nceBao-moTeHUMaN SBISETCA FAPMOHHYECKMM H KBaHTOBAHHOE
CEKY/SPHOE ABHXKEHHE 3aXBaY€HHBIX HOHOB C XOpOWIEH TOYHOCTBIO OIH-
CBIBAETCS MOJENbIO KBAHTOBOIO rapMOHHYECKOro ocuuaiastopa. bomee
JETaNBHOE OIMCAaHKE pa3nuyHbIX THIIOB NoBymek [Tayns u ux cnenndnyec-
KHX CBOHCTB OyJeT paccMorpeHo B pazgene 5.3.2.

Jns cranzapToB 4acTOTH MOHBI B JIOBYUIKAaX JOMKHBEI COAEPHKAThH ITO
KpaiHeH Mepe OAMH JONTOXKHBYIMHI Y3KHH YPOBEHb, KOTOPBIH MOXET Jie-
*aTh TH60 B MHKPOBOIHOBOM (HanpHMeEp, OCHOBHOE COCTOSHHE IEpexoaa
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B CBEPXTOHKOMH CTPYKType) THOO0 B ONITHYECKOM AMana3oHe (Harmpumep, mne-
pexoasl B MeTacTabuiIbHOE BO30YxAEHHOE COCTOSHME). s YMEHBIICHHS
JOTIIIEPOBCKHX CABHTOB M APYTHX HEXeNaTeNbHbIX 3 (EKTOB, CBA3aHHBIX
C JBH)KEHHEM, HCIONB3YETCH Ta3epPHOE OXJIAXICHHE, ABNSIOMEECS OUCHD
yAOOHBIM HHCTPYMEHTOM. MexaHH3M TaKOro OXJa)XACHHS ObII mpeano-
»eH Bunnsunom u Jamenrom [198], a sxcnepumenTanbao 3ddext Habmio-
nancs B 1978 roay [199]. TpeboBanus k ycaoBHSM 3KCIIEPHMEHTOB € PyH-
JaMEHTAIbHBIMH KBAaHTOBBIMH CHCTEMaMH U HCIIOIb30BAaHHEM KBAHTOBOM
JIOTMKH NOYTH HACHTHYHBI. B Hacrosiee Bpems y3kas JHHHA NEpPEXoaa
MOJIY49aeTCs B XOPOILIO H30IHPOBAaHHOM JByXyPOBHEBOH CHCTEME, B TO Bpe-
M5 KaK J1a3epHOE OX/IaXACHHE CIYXHT KIIOYEBLIM HHCTPYMEHTOM 11O HHH-
IIHaTH3aLHH ABHKCHHS TAPMOHHYECKOTO OCHHILIATOPA B YCTKO ONpPEACICH-
HOM COCTOSIHHH.

5.2.6 Buibop uoHo6 u 0onnepoeckoe oxaaxcoexue

XoTs HOHHAs JIOBYIIKA ABIACTCA OYCHb IMYOOKOMH (BHICOTA CTEHKH MOTEH-
HHajna HECKONbKO 3B) M yaepxHBaeT MOYTH BCE HOHBI, TOJLKO HEKOTOPHIE
H3 MOHOB IOAXOAAT AN pe3oHaTopHbix KOP-nmoxoOHBIX 3KCIIEpHMEHTOB.
OTH HOHBI JOMKHBI HMETh CTPYKTYPY YHEPreTHYECKHX YPOBHEH, NpUIroa-
HYIO AJS MOCTPOEHHA JBYXYPOBHEBOH CHCTEMbI C NMPEHEOPEKHUMO Maloi
ACKOTCPCHTHOCTBIO, BBI3BAHHOH CIIOHTaHHBIM pacnaaoM; OHH TAKXC A0/~
KHBI 6bITl> NPHTOAHBIMHA AJIA ONTHYCCKOrO OXJNAXACHHA H ACTCKTHpPOBa-
HusA. Takue HOHBI AOIXKHBI HMETh OAHH 3JICKTPOH HA BHEIIHEH 060.]'10'-1](6
(BoaopomonoaoOHbIE HOHBI) H, COOTBETCTBEHHO, IIPOCTYIO CTPYKTYPY 3/1EK-
TPOHHBIX YpOBHEH. [[ByXypoBHeBas cHCTeMa JO/HKHA MTHOO MMETh ABa
CBEPXY3KHX OCHOBHBIX COCTOSHHS, MO0 AONTOXHBYLIEE METACTaOHIbHOE
3nexTpoHHOE cocTosHHA [200]. BonpnMHCTBO NOAOOHBIX 3KCIIEPUMEHTOB
6sn0 BeimonHeHo ¢ ‘Be* B HaumonansHom HMucTHTyTe CTaHaapTOB M
‘Texuonorwuit (Boynaep (NIST)) B rpynne nonsoro yaepxanus [201]; apyrue
TPYNINbI TaKXKe YCKOPSIOT paboThl MO KBAHTOBO#H JIOTHKE M KOTEPEHTHOMY YTI-
paBieHuMIO, HanpuMep, B AnbManene — IBM (1*¥Ba*), B Jloc-Anxenece — JPL
[202] (***Hg*), B 'apunnure — MPQ [203] (*Mg*), B Jloc-Anamocckoii Ha-
unoHansHOH Jlaboparopuu [204] u B yuusepcurete Maiinna [205] (“°CaY),
B 'am6ypre [206] (***Ba*, '"'Yb*) u Unc6pyke [207] (“°Ca*, '*8Ba*). IToc-
neayoee obcyxaenue Oyaer kacatocs *Be*, cBepXTOHKHE OCHOBHBIE CO-
CTOSHHUS KOTOpPOro obpa3yior AByXypoBHEBywo cuctemy u °Ca*, rae uc-
MONBb3YETCA ONTHYECKH BO30OYXKAaeMblit MeTacTabunbHbIi ypoBeHb. Cxe-
Msl ypoBHe# °Ca* u *Be* noxazauel Ha Puc.5.8.

OxnaxxaeHne HeoO6x0AMMO, 4TOObI peanu30BaTh YETKO OMPEACICHHOE
HavyalbHOE KonebaTenpHOE cocTosHME yaepkupaeMbix HoHOB. Hambonee
O4EBHAHBINH BHIOOpP MPEACTABIAIOT OCHOBHbIE cocTosHHs [208], oanako
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Oblnu npeasokKeHsl U NOByLedHbie cocTosHus [209]. HauGonpinas yacts
KHHETHYE CKOH DHEPrHH YAANAETCSA YXKE NPH AOMICPOBCKOM OXJIAXKAEHHUH.
MeTton ocHOBaH Ha ToM GaKTe, YTO ATOMBI, ABHULAIOLIUECS HABCTPEUY Ja-
3€pHOMY HCTOYHHKY, MOr'yT BO30Y»XJaThCi, €CIH 4acTOTA l1a3epa Clerka
OTCTPOEHA B KPacHYIO 061acTh (JOMICPOBCKHI CABHUI) MO CPABHCHHUIO C
4acTOTOH mepexoxa. [lBuxenue atoMoB Oyner 3amennsTbhes Onaronaps
paccesHuIo ¢oToHOB. [lepenaBacMblii H3-3a MOMNOIWEHHS UMITYIBC OCTO-
SAHHO CYMMHPYETCS, B TO BPEMs KaK U CIIOHTABHOTO W3NY4YEHHS YCpea-
HEHHBIH YHOCHMBIH HMIYJIBC CTPEMHUTCS K HYITIO, H3-32 pABHOMEPHOH IH-
arpaMMbl HanpaBJICHHOCTH B TENECHOM yrie 47 crepaauan. Takum obpa-
30M, JHEPrusA ABHXXEHHSA HIH, YTO SKBHBAJICHTHO, TEMIEPATypa HOHOB
YMEHbINAETCS. 3JHAYECHUE KOHEYHOH JHEPTHH, JOCTHXKHMOE MPH 3TOH Me-
TOAMKE, OMPEAENACTCA NPEAECIOM JOMAECPOBCKOTO oxaaxaeHus £ = hl'/2,
rae I” 0603HaYaeT ECTECTBEHHYIO IIHPUHY BO30OYXACHHOTO COCTOSHHS OX-
JaxjaeMoro nepexona. Takas e mpoueaypa NPHMEHAETCS H K HOHaM B
NOBYIIKaM, €C/IH konebaTenbHas 4acTora (CexynspHas 4acToTa @, BAONb
COOTBETCTBYIOIIEH OCH) MEHbIIE, YeM €CTecTBeHHas wmupuHa . B 3TOoM
ciaydae TpebyemMoe ABHKCHHE M0 HANPABICHHUIO K JIa3¢PHOMY HCTOYHHKY
obecreunBaeTCs NEPHOAHYESCKHAM KONEOaHHEM HOHOB B JIOBYLIKE, TaK KaK
A1 CBOOOJHBIX aTOMOB KOHEYHAsA TEMIEparypa Aas TAKOro mpouecca ox-
naxnaenus pasHa I, = E, /k [210] (o6eruHo nmopsaka Heckonpkux MK).

989+

Par P12

Py/2 854 [

866 R1/R2, 313

D2
397 nm

D2
729 (Dg33,.D5/2) = 1s IF.mp> = [1,1>

S112

|IF.mp> = [2,1> |F.mg> = [2,2>

Puc. 5.8. Cxema yposueii **Ca* v °Be*. Ykazanbl JUIMHBI BOJIH pa3/IMYHBIX NMepe-
xo108. [{ns ‘°Ca’ Takxe noxazaHbi BpeMeHa XudH# BO30YKACHHBIX COCTOAHUIA.

Jnst 60IBIUMHCTBA HOHOB ONTHYECKHH MEPEXOA, HCTIONB3YEMBIH NPH JOIM-
NIEPOBCKOM OXJaXACHHH, nexHuT B YO auanaszone. Jns *Be* ucnonssyer-
ca mepexox Mexay °S,, u °P,, ¢ anuHOH Bonuel 313 HM, Torma kak Ans
“Ca* gnuHa BOonHH mnepexoaa coctaBaser 397 HM. COOTBETCTBEHHO, B
o6oux uonax Be* u Ca* mupuna nunuu nopsaaka 20 Mru. Oxnaxjaaromui
CBET TEHEPHUPYETCS MYTEM YABOCHHS YACTOTHl THTaH-canHpoBOro jase-
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pa. B Ca* yposensb P, MoxeT pacnazatecs B METacTabUIbHOE COCTOSHHE
D, , ¥ HEO6X0MMM AONOTHUTENbLHBIH Ta3EPHBIN MO, U3NYYAIOIHA HA JTH-
He BOIHBI 866 HM, 4yTOOBI MOAKAYMBATH HOHBI. B 0boux ciayyasx momne-
POBCKOE OXJIaXXACHHE MPUBOAUT K COCTOAHHIO TEIIOBOIO ABMXKCHHA C TEM-
neparypoi nopsaka 1 mK, Ho 3HaueHHME yucna konedaTeIbHBIX KBAHTOB
<n,> rapMOHHM4YECKOIO OCLMIATOPA 3aBHCHT OT YACPXHBAIOLIECH cnocob-
HOCcTH noBymkH. Jlng noymku u3 Be*, ucnons3osannoii B NISTe, w/2w co-
crapmano 11.2 MI'y, te. <n> = 1.3 [211], B TO BpeMsa Kak Ajd ropasuo
MEHee CUMMETPHYHOM nuHeiHoH nosywku ¢ Ca* 8 UncOpyke, (w27~ 100
- 180 xI'u) <n,>= 50 [212]. KoHCTpyKIMs JOBYLIEK ONpPEAENSETCS, HCXO-
A% M3 KOMIIPOMHCCA MEXAY PacCTOSHHEM MEXJy MOHaMH, KOTOpPOE Kella-
TEAbHO BRIOMpaTh MOOOABINIE, YTOOB MMETH AOCTYN K KaXJAOMY Ja3ep-
HBIM JY4YOM, H THIIOM OXJaXJAIOHIEH CXEMBI, KOTOPYK) MpPEANOYTHTENb-
Hee Aenatbh Bo3MOxHO mpome. MonHas nosymka B MHCOpyke maeT BO3-
MOXHOCTb MMETh PAaCCTOSHHUE MEXAY HOHaAMHM mopsaaka 15 MxMm, a noBymi-
ka B NISTe — okono 1 — 2 mMkm.

J1 e AMHUYHOTO HOHA MOHATHE TEMIEPATYPhl UCMOAB3YETCA B SPTOAH-
YECKOM CMBICIE, T.€. CPEAHEE MO MOBTOPSIOIHUMCS M3MEPEHHUAM, B KOHCY-
HOM cuere, OyleT AaBaTh OKOHYATEIbHYIO TeMmeparypy. Jns cexynspHbix
4acToT @, Gonbmux yeM I, MydIne HCMONb30BaTh CIEKTPAILHYIO CTPYKTY-
Py oxnaxaaemoro nepexoaa. bnaroaaps xonebaTeIbHOMY ABMXKCHHIO HOHA
B JIOBYINKE CTIEKTP MOIIOMEHHs PHOOPETaET caTeuTh (@, * nW ), Tae @,
o603HavaeT yacTory nepexoaa. IHTEHCHBHOCTb TaKMX CaTE/IUTOB OMNpe-
aensercsa konebaTenpHo# sHeprueid. MoXHO HCONMB30BaTh 3TH CATELIHTHI
7S MONYYCHUS ONTHYECKOrO OXNAXACHHSA HHUXKE JOIJIEPOBCKOTO MpEAeNna.
ITOT MeToa OyAET U3NOXKEH B CIACAYIOMEM pasaene.

5.2.7 Camennumnoe oxaaxcoenue

B xopomem npHOIHAKEHHH HOH B JIOBYIIKE MOXET PaCCMaTPHBATbCH Kak
KBAaHTOBO-MEXaHHYECKHI rapMOHHUeCKui ocuunaatop. Kak nokaszaHo Ha
Puc. 5.9, npu ABMXEHHH BAOIB OAHON OCH BHYTPEHHHE COCTOSHHS €IH-
HHYHOTO JBYXyPOBHEBOTO aTOMa HMEIOT CTPYKTYPY YPOBHEH rapMOHHYEC-
KOrO OCLIMJIIATOPA, MOXOXYI0 Ha MONEKYJISPHYIO CTPYKTYpy, rae koneba-
TENbHBIE COCTOSHHUS ONPEHENAIOTCA YaCTOTOM JOBYIIKH BAOAbL 3TOTO Ha-
NpPaBICHUSA. DTH YPOBHH MOTYT OBITh MOAXOAALIMUM O0pa30M OTHECEHH K
BHYTPCHHHM CTENEHIM CB0OOAN |e), |g) (OMHChIBAIOIIMMH 3EKTPOHHBIH
Iepexo/]) U BHEIIHHMH CTEIICHAMH CBOOOAHI |1) (T.€. BO3OYXKACHHUSIMH rap-
MOHHYECKOTO ocuuisTopa). CnekrpanpHas CTPYKTYpPa LIENOYKH HOHOB ro-
pa3zo Gorave, HO METOABI, YIIOMAHYThIE B 3TOM Pa3Aelie, MOCIe COOTBET-
CTBYIOIUX YCOBEPIICHCTBOBAHUH, IO-NPEKHEMY IPHTOAHEI M A71s paboTsl
¢ HeH (cm.pazn.5.3.3).
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BHYTpeHHee COCTORHHE BHelmHee COCTOAHHE
(uoH) (nopymxa)
7 |e> \ ]
Q r 13)
@ ® 12)
Jlazep CrioHTaHHblE 1
Iepe Xoapl ¢v 1)
_j lg) [0 ®onomnst
le,2)
le,1)
le0) §v .-
1
2
“o l8.2)
lg.1)
|20)

Puc.5.9. CxeMa ypoBHeit elHHHYHOTO JIBYXYPOBHEBOI'O HOHA, 3aMe€pTOrO B rap-
MOHHYeckoM NoTenuuane. CaTe/UIMTHOE OX/1aXJeHHE NOCTHraeTcs Npy Nomo-
meHHH $OoTOHA, BhI3BIBAIOLIETO Nepexol, |g,n) —> |e, n —1) o6o3HayeHHbIH cTpen-
Koi 1, U nmocNenyoImMMUM pacnalioM (Hepe3 CIOHTAHHOE H3/yYeHHe WIH Npouecc
¢ JOTOMHUTENLHO! ONTHYECKOH HakauKoit) B cocTosHMe |g, n —1) (cTpenka 2).

Ouenp 3¢ dexTHBHOE OXITAKACHHE NMONYYaeTCA NPH HACTPOHKE YacTOTHI
na3epa Tak, 4TO MOrIOUIEHHE BOSHHKACT HAa HHXKHEM caTterure konebarens-
HOro ABMXEHHA. Taxoe MOrIOIIEHHE BEI3BAHO NIEPEXOAOM g, n) —> le, n — 1)
(ctpenka 1 Ha puc.5.9). Tlocneayromee cnoHTaHHOE MCyckaHHe Hanbo-
Jee BEPOATHO BO3HHMKACT HAa 4acCTOTe mepexoda e, n — 1) — |g, n — 1)
(crpenxa 2 Ha puc. 5.9) u, Takum obpa3omM, cpenHee Bo3OyKICHHE Mexa-
Huueckoro konebanus 3¢ peKTHBHO NPUTYLIEHO KONeOaTeNbHEIM KBAHTOM.
MoxHO Takxe aKTHMBHO MOA3ACENUTh YPOBEHbD |g, n — 1) uepe3 GricTphIi
pacnaj ¢ Tperbero yposHs. Ecnu doron ornaer snepruio £ mpu pacna-
J€ W 3Ta YHEPrHUs MHOrO MEHBIIE YEM JHEPrUs OCUHIIIATOPHOTO KBAaHTA,
TO COCTOSHHME H3MEHAETCA TONBKO C BEPOATHOCTRIO £ /(Aw). B cpeanem
OTAaYya He MepeaaeTcs ABHKCHHIO HOHA, HO MEPEXOJHT HA JIOBYLIKY Kak
uenoe. Koraa Takue mard moBTOpAIOTCS B TEYEHHE AOCTATOYHOro 60ib-
IIOTO BPEMEHH, HOH, C BEICOKOH BEPOSTHOCTBIO, B KOHLIE KOHLIOB, OKa3bIBa-
€TCH B OCHOBHOM COCTOSHMH, NMOCKONBKY coctosHue |g, 0) 6pino pocrur-
HYTO, OHO NEPECTAET OBITh CBA3aHHBIM C 060MMU J1a3€PHEIMH MONIMH (TEM-
HOE COCTOSHUE).

B skcniepAMeHTaX, BHINOTHEHHBIMH Ha PAMaHOBCKHX nepexoaax B Be”,
T.€. MEPEXOAAX BHI3BIBAEMBIX ABYMs Na3epHeMH nmyukamu R1 u R2, obo-
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3nayeHHbIMH R1/R2 Ha Puc. 5.8, cBassiBaroTcs ABa (CBEpXTOHKHX OCHOB-
HBIX) COCTOSIHHS C Pa3HOCTBIO 4aCTOT @, /(27) ~ 1.25 I'Tu uepe3 BupTy-
anbHBIH TPETHH YPOBEHBb. PaMaHOBCKME My4KH MONYYarOTCs MPH OTCTPOM-
Ke YABOCHHOH 4aCTOTHI a3epa Ha KpacuTene or nepexoaa °S, , — 2P, , (npu-
6musutensHo 12 I'T') M nocneayomuM paciienIeHHEM Ha ABE KOMIIOHEH-
THI ¢ pa3HOCTBIO 4acToT 0kono 1.25 I'T' ¢ moMoIbI0 aKyCTOONTHYECKOrO
moaynaTopa (AOM). Takum oOpa3om, pa3HOCTE 4acTOT H OTHOCHTENb-
Has dasza AByX KOMIIOHEHT MOXeT ynpasusthcs ¢ BU-rouHocTsio M mpH
3TOM abConoTHAA CTabHIBHOCTD nasepa He AOMKHA GBITh CITMIIKOM BEI-
coka. B skcnepumenTax, BeinonHeHHbix B NISTe, He nmpeagnpuHumManocs
MOMBITOK CY3HTb JIHHHIO F€HEPAallHH Ja3epa Ha KpacHTene, KoTopas co-
- crapnsna npubaudnrenbno 1 MI'n. Ilpu catennuTHOM OXNaXKAEHHH pa3-
HOCTBb HacTOT MOACTPAHBACTCA K BETHYMHE @, — @ (KPaCHEIH CaTeIuT).
Hukn oxnakJeHHA 3aTeM NPOJOKAETCSA MO CXEME, ONMHCAHHOMN BhHIIE, C
JOTOIHUTEIBHOM MOJKAYKOH, BBI3bIBAIOIIECH BO3OYXAEHHE JUIONBHOTO I1e-
pexona ¢ ypoBHs 28, Ha ypoBeHb 2P, KOTODBHIH TaKiKe HCIONb3YeTCA
HPH JOIIEPOBCKOM OxJyaxkaeHuHu [211].

Hns Ca* meracrabunbHeiél yposens D,,,, nokasanuwid Ha Puc. 5.8, ¢
BPEMEHEM CIIOHTAHHOTO MEPEXOAA NOpPAJKa OJHOH CEKYHABI, MOXET OHITb
MCIO/B30BaH B METOJAE CATE/IMTHOTO OXJAXKACHHSA BMECTE C OCHOBHBIM
coctosHHeM. Kak M B npeAbiaymieM ciy4yae, KBaHTH ABMXKEHHS YAANAIOT-
cq npu BO30YXACHHH NMEPEXOAOB IYTEM OTCTPOMKH Na3epHOM 4acCTOThl @
‘B JNITHHHOBOTHOBY10 06/acTb OT y3KkOH pe30HaHCHOH nuHUH. B mporuBo-
MOJIOKHOCTh PaMaHOBCKHM INEPEXOAAM, J1a3ep JOMKEH HMETh BHICOKYIO
CcTabHUNIBHOCTD YaCTOTH IS TOTO, YTOOBI PA3pPEUINTh CATEITHTH JBHMKE-
HHA, T.€. 0c000€ BHUMaHHE CICAYET YAENATh cTabHUIH3anMy. YCTaHOBKa,
Hcnonb3yeMas B yHuBepcutete MHCOpyka, COCTOMT H3 THTaH-can(upoBo-
ro nasepa ¢ AMHHOMN BOMHBI 729 HM, CTaGHIN3HPOBAHHOTO C IOMOIIBIO OTIOP-
HOTr0 pe30oHaTopa, MOMEIEHHOr0 B BaKyyM M H30JTMPOBAHHOrO OT TEMIE-
paTypHbIx U BUOpallHOHHBIX Bo3aeicTBuil. [JoOpoTHOCTH pe3oHaTopa co-
crasaser 250 000 ¥ mpeaBapUTENbHBIE TECTHl MOKa3ald, YTO WIHPHHA
TMHHUH Ja3epa okasbiBaeTcs yxe yeM | xI'n. B npunnune, Bo3spar 6e3
OTAAQ4YHd B OCHOBHOE COCTOSHME MOT OBl CIY)XHTh NMOAKAYKOH, HO BpeMs
KH3HH METacTabUIBHOrO COCTOAHMA lc Aenano 6bl mMpoOHECC OXIaxie-
HHS O4YE€Hb MeANCHHBIM. YTOOH YCKOPHUTE HHKI OXJTaXACHHS, OCHOBHOMN
YPOBEHb MOHOB TMOAKaYMBACTCs YE€PE3 KOPOTKOXKHBYIIMH ypOBEHb P, ..
Takum MerogoMm B 1989 roay B NISTe Ovin oxnax/JaeH eXMHUYHBIH HOH
Hg* B 0oCHOBHOM COCTOSHHH npH ogHOMEepHOH reomerpuu [214]. B Ca*
NMOAKaYMBAaEMbIH Nepexol Bo30ykaaeTcs Na3epPHBIM AHOAOM C AIHHOMN
BONHH §14 HM. OxnaxaeHHE CAMHUYHBIX HOHOB B OCHOBHOM COCTOSHHH
H HEAABHO PEalU30BaHHOE OXNaXKJCHHE pa3HbIX KonebaTeTbHbIX MOA ABYX
HOHOB, Habmonanock B cepuucckoit nosyuke Iayns B yHuBepcHTETE

3/2°
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Hncbpyka [215]. O nepBoM OmbITEe MO OXJNAKACHHIO OCHOBHOTO COCTOSI-
HHs KOJUICKTHBHBIX MOJ JBH)KCHHS JBYX HOHOB °Be* B noByIke coobuia-
noce B [216].

OueBHHO, YTO OXJAXKACHHE OCHOBHOI'O COCTOSHHUS PEanu30BaTh Mpo-
1U€E, €CIH AOTUIEPOBCKOE OXIaKACHHE MPOUCXOAUT IPH HU3KHX Konebarens-
HBIX KBAHTOBBIX uHcnax. B 3Tom cinywae, 4yToObl JOCTHTHYTh OCHOBHOIO
konebaTeIbHOr0 COCTOSIHHS, HEOOXOAMMO BBITIONHHTH TONBKO HECKOIBKO
LHKJIOB CaTe/UTMTHOrO oxjaxaeHu. s xecrkoii toBywmkH B NISTe natu
PaMaHOBCKHX LIYIKJIOB OXJIaXXACHHA 0Ka3aji0Ch JOCTATOYHO YTOOBI CHCTE-
Ma OCTaBaJlack B OCHOBHOM cocTOAHHH 98% Bpemenu [211]. B cayuae
Ca*, B chepuueckoi noBymke, Hcrnonb3yemoit B MHcOpyke, Obiia 3aperu-
CTPHPOBAaHA OTHOCHTE/IbHAS HAaCEIEHHOCTh B OCHOBHOM COCTOSHHH JBH-
xeHusa 99.9%, nocne oxnaxaeHus 3a 6.4 Mc [215] (cobcTBeHHad wacToTa
aoBywaky 4.5 MI'n). 3aeck CkOPOCTh MEPEXOAOB MPH OXJIANKICHHH COCTaB-
asna Heckonbko k', B cayuae nuneiinoit nosymku B UHCOpyKe, umero-
e ropa3ao Gonee HU3KYIO YaCTOTY H, C/IEAOBATEIbHO, OOee BBICOKHE
KosnebarebHbIE KBAHTOBBIE YHCIIA MOCTE JOMIEPOBCKOTO OXJIaKACHU A, BO3-
HHKaJI4 TPYAHOCTH NPH OXJIAXKACHHUH OCHOBHOTO coctosHuA. OnHako, npe-
HMYIICCTBOM JHHEHHOH JOBYLIKH, KaK Y)K€ YIIOMHHAIOCh BBIIIE, ABISIOT-
cq OonbiIHe paccTOAHHA MEXIAY MOHAMHM, YTO YHPOLIAET HHAMBHAYaJb-
HYIO aJpecalyio B KBAHTOBHIX onepauusx. bonee toro, vabmoaancs Hu3-
KHH ypOBEHBb Harpesa ~ nopsaka oqnoro ¢onona 3a 190 mc, no cpaBHeHHIO
C AOCTaTOYHO OONBIIHMH pa3sMepaMH JOBYWIKH — okoiao 1.4 mMm [215].

5.2.8 Pasmewenue 35ekmpoH0O8 U Oemexmupoeanue
xonebamenbHO20 OBUNCEHUS

KBaHTOBaHHOE ABH)KEHHE MAJIOTO YHCJIa HOHOB OYEHb C1a00 CBA3AHO C
TEPMOCTATOM H €r0 TPYAHO 3aperucTpupoBaTh HemocpeacTseHHo. Haobo-
POT, BHYTPEHHEE 31EKTPOHHOE COCTOSHHE MOXHO 3apETHCTPHPOBATH OYEHD
yROOHBIM crocoOOM — B Tak Ha3bIBAEMOM, METOAE «PA3MELICHHUS 3JIEKT-
pOHOBY», mpeanoxeHHoM [[3mentom [217]. Ota cHTyauus O4eHb MOXOXa
Ha «knaccuueckue» 3xcnepumentn no KJP, rae horonnoe mone nokanu-
30BaHO BHYTPH CBEPXIIPOBOAAINCTO PE30HATOpAa H TPYAHOAOCTYIHO, HO
KOCBEHHO MOXET JETEKTHPOBAThCA MPH H3MEPEHHH PUAOEPrOBCKHUX aTo-
MOB MOCJIE HX B3aHMOJAEHCTBHA C OCHHIUIATOPHON MOJOH.

OcHOBHas Hzed METOAa «Pa3MEIIECHHUA IJIEKTPOHOB» OYEHb NPOCTA.
HeoOxonuMa TpexypoBHEBas CHCTEMa, COCTOSIAsd U3 OCHOBHOrO COCTOA-
HHA |g), METacTabUIBLHOrO BO30YXAEHHOIO COCTOAHHA |€> H KOPOTKOXHUBY-
mwero coctosHus |p). OCHOBHOE COCTOSHHE Ha HEKOTOPOE BPEMs CBSA3bIBA-
€TCA C COCTOSHHEM |e) — CHCTEMA OKa3blBACTCA B COCTOSHHH CYNEpHO3U-
uuM alg) + fle). Ecnu Teneps ocymecTBUTS NMEPEXOA |g) —|p), KOPOTKOXKH-
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BYIIEE COCTOAHHE |p) BO3OYXKIAeTCA M pacnajercs, HO TONbKO €CIIH CHCTE-
Ma nepeiiaeT B cocrosuue |g). Tor dakrt, yto doron usnyuaercs npu pac-
Nafe COCTOSHHA [P), 4TO MOXKHO ObLIO Obl HAONIOAATH B MPHHLIKIE, H CO-
CTaBIAECT U3MEPEHHE CYNEPNO3MLHH. Takoe H3MEPEHHE JAET pe3yibTar |g)
C BEPOATHOCTBHIO |@?, COOTBETCTBYIOMIEH BO30YKACHHIO H pacnaiy coCTosd-
HHS |p), M pE3yNbTarT |e) C BEPOSATHOCTHIO |f°, OTBEYaloOEH OTCYTCTBHIO
BO30YX/ACHHS H pacnaja coctosHuA [p). Jaxe ecau 3¢dexruBHOCTD AeTek-
THpOBaHHs GOTOHA NpH OAHOM pacnaze |p) oueHb Mana (00biuHO 1073), MOX-
HO NOBTOPHTH BO30YXIACHHE CHCTEMbl M PAaCCESTh MH/UTHOHH (OTOHOB, B
KOHLIE KOHLIOB 3apErHCTPHPOBATh HECKOILKO M3 HHUX M YOCAHTBCS, YTO CHC-
TEMa IEpelIa B COCTosHHE |g). Ecnu coCTOAHNE CHCTEMBI «(Pa3MEIICHO» B
OCHOBHOM METacTabH/ILHOM COCTOAHHMH |e) pacCesHus GOMbINE MPOUCXOANTD
He Gyner. B kaxzaoMm oraenpHOM 3xcniepumeHTe oteet Oyaer nubo |g) (pac-
cestHHbIE ()OTOHBI 3apErHCTPUPOBaHHI), NMHOO |e) (paccesHHbie HOTOHBI HE
PErHCTPHPYIOTCS); TaKHM 00pa3oM M3MEPEHHE 3TUX COCTOSHHMM MOYTH CO
100%-o0#t 3¢ (peKTHBHOCTBIO MOMHOCTHIO PA3PyLIACT KOTEPEHTHOCTD MEXIY
lg) u le).

2500 T T T T T T

)by o i i

500} b

CurHan gayopecueHHH
(4Hcno orcuetoB 3a 0,1 cek)

BpeMms (c)

Puc. 5.10. KBaHTOBBIE CKaukH eXHHHYHOro HoHa “°Ca’. Eciu MoH coBepmaeT
nepexop B MeTacTabunbHoe cocTognue Dy, , dnyopecuenuus nponaaet. Ilocne
MPOMEXKYTKA BPEMEHH, COBNAJAIOLIETO ¢ BPEMEHEM XH3HH BO3OYXACHHOrO co-
cTosHHA (7= 1 ¢), CIOHTaHHbII NEpexoX cOpackIBacT HOH B OCHOBHOE COCTOSHHE
H ¢iyopeclicHIIMs BO3BpalNacTCA K NMEPBOHAYAILHOMY YPOBHIO.

IMocne ycpeAHEHHs MO MHOTHM SKCIIEPUMEHTAM, KOJTMYECTBO HCTIBITA-
HHUH, B KOTOpbIX HabmomaroTcs paccesuusie Gorons, Oyaer nmponopuuo-
HanmpHO |a|?. B kauectBe npumepa, noarBepxaar0meEro 3gpPeKkruBHOCTD
Takoro MeTozaa, Ha puc.5.10 nokasan curuan GOTOYMHOXKHTENSA, PETUCT-
PHPYIOILEro CBET, PacCesHHbIH Ha oauHOYHOM HoHe Ca' nmpH HempepsB-
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Hom B030yxaeHuu nepexoaa S, ,, — P, , ¢ amunoit Bonubt 397 um. Koraa
HoH Ca* HaxoAUTCA B S, ,-COCTOAHMH, OH paccenBaeT okono 2000 doronos
3a 100 Mc u oHH perucTpHpyloTca ¢poroymHOxkuTeneM. Hepes HekoTopoe
BpeMs, CkaxeM, nmopsaAka /= 20 c, non Bo3byxaaerca B cocrosnue D,
c1abbIM MYyYKOM CBETA C JNHHOM BOJHBI 729 HM H CKOPOCTb OTCYETOB
Jaerexropa majgaet o 150 coburthii 3a 100Mc, uTO CKIAABIBAETCA U3 TEM-
HOBBIX OTCYETOB (DOTOYMHOXHTENS U HEKOTOPOrO KOJIIHYECTBA PACCEAHHO-
ro Bo30y»/JaI0Iero u3NnyueHH ¢ JIMHOH BOJHE 397HM, monagaowero Ha
aerexrop. QueBHAHO, YTO ABAa COCTOSHHUSA MOTYT OBITH PAa3MTUYMMEL C XO-
pouiel TOYHOCTBIO 32 IMC H Npu CpefHEM TEMHOBOM BPEMEHM IOpAJKa
lc, onpeaenseMbimM H3Ty4aTEIbHBIM BPEMEHEM JKM3HHM COCTOsHMA D,

C He6oMBIMIMMH YCOBEPIICHCTBOBAHUAMH METOA KBAHTOBOI'O pa3Me-
IICHHUA MOXCET TAaKXEC HCIONb30BATHCA AJIA pA3pPCLICHHA CBCpXTOHKOﬁ
CTPYKTYpPbl OCHOBHBIX COCTOSHHH, KaK 3TO HEOOXOAUMO B DKCIIEPHUMEH-
Tax ¢ °Be*. ITockonsky |g) BbIOMpaeTcs B COCTOAHHH C MAaKCHMAJbHBIM
m, (F=2, m,=2), MOXHO BO30yX/aTb UNKIMYECKHH MEPEXOA B COCTOA-
nue ’P,, (F =3, m_ = 3) ucnons3ys 6* UMPKyIApHO-NONSAPH3OBAHHbIH N1a-
3epHbiii ceT (D2 Ha Puc. 5.8); Takoi cnocob He OCTaBIgET HOHY APYTHX
nyTeil BO3BpalEHHs B OCHOBHOe coctosHue |g). HecoBepmeHcTBO 3KC-
MEPUMEHTATbHOH NPOLIEAYPHI IPUTOTOBJICHHS NOJIAPH30BAHHOrO CBETA C* H
HETOYHOCTDb NONAJaHMA B PE30HAHC MOT'YT BO30yAHTh HEPACCEHBAIOLIME CO-
CTOSHHA, YTO YMeHbIIAET 3¢ PexTHBHOCTD perucTpaumu [218].

5.2.9 KocepenmHuvie cocmosHus O08UNCEHUA

ITpHroToBNEHHE KOrEPEHTHBIX COCTOSAHMI CBeTa ¢ Hcmonb3oBaHueM KOP
obcyxaanock B pasa.5.2.3. B atom pasaene mbl Oymem paccMarpuBaTth
MPHTOTOBJICHHE KOTEPEHTHBIX COCTOAHHUH JBHXKEHHSA HOHa (1OHOB) B IO-
Byuike. HaunHasg oT OCHOBHOTO COCTOAHHS, KOTEPEHTHBIE COCTOSHHUSA JBHIKE-
HHUS MOTYT OBbITb NPUTOTOBJIEHDBI NPH BO3AEHCTBHH HA HOHBI KJIACCHYECKOMH
PE30HAHCHOM CHIIBI ¢ OCHMIATOpHOM yacToroit. Hanbonee yaobublii cro-
€00 COCTOMT B BO3ACHCTBMM HA HOHBI 3JIEKTPHYECKO# CHIIBI C 4acTOTOM . B
3aBHCHMOCTH OT aMILTUTYAbI, (assl U JIHTEIbHOCTH BO3MYINEHHA BO3HUKA-
IOIN}E KOTEPEHTHBIE COCTOSHHA OMUCHIBAIOTCS KOMIUIEKCHEIM [ApaMeTPOM
@, npu4eM |af> = n, — 3HauYEHHE KBAHTOBOTO YHMC/IA OCLIMLIATOPA.

B ciyyae Gonee 0AHOro HOHA, HOPMAJIbHBIE MOABI MOTYT BO30YXAaThCA
NpH HACTPOMKE HA UX pe30HaHCHBIE YacToThl.. Heobxoqumo 3a6oTuThCA 0
TOM, yToOBI BO30Yy)KAaloImee Moie HMENO MPaBUIIbHYIO reoMeTpuio. Mozxa
HeHTpa Macc Oymer BO30yXIAaThCd OXZHOPOAHRIM INOJEM, AN BHITAHY-
THIX MOA HEOOXOAKMA OMpeaCICHHAA KPHBH3HA MO/, NMPH BO30YXACHHH
MOZ BBICIIHX NIOPAAKOB HY>KHBI BRICIIHE MOMEHTBHI noJiA. Heckonbko ¢uins-
MOB, B KOTOPBIX MOKAa3aHbI KOTEPEHTHBIE COCTOSHUA C CONBIIHMH YHCIIA-
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mu (7 = 100000), B MacCHBE IO CEMH MOHOB, MOXHO HaiTH Ha web-cTpa-
Huuke rpynmsl 13 UucOpyka [207]. OauH H3 KaapoB nokasaH TakkKe Ha
puc. 5.11. HeoqHOPOAHOCTD MO B ITOM IKCIEpUMEHTE OblsIa JOCTATOY-
HO 60nbIION As1s BO3OYXACHHA ABYX HHM3WIHKX HOpManbHBIX MOA. Ha pHuc.
5.11(a) noka3aHsl BHITAHYTHIC HJIH AKIIAINKE MOABI, a HAa pHc.5.11(b) mo-
kasaHa wmoga IIM. Kaprunku Obiin noaydeHs! cTpOOOCKOITHYECKHM Me-
togoM CCD-kamepoii mpu MeAJIEHHOM CKAHHPOBAHHH.
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Puc. 5.11. DkcnepuMeHTanbHad AEMOHCTpalKa Animaimel MoAbl (a) H ABHXKE-
HHA HeHTpa Mace (b) MaccHBa H3 7 HoHOB. Ha pHcyHkax npHBejeHn doTtorpa-
¢HH, caenaHHble 11 MacCHBA HOHOB 3a GHKCHPOBaHHBIH HHTEpBA BpeMEHH (KO-
POTKHH, MO CPAaBHEHHIO ¢ BpeMEHHLIM MaclTaGoM xonebaTenbHOro ABHKCHHA).
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BmecTo nenonb30BaHHS 31EKTPUYECKOTO 3aPsiia HOHOB H BHELIHHX JIEK-
TPHYECKHX CHJI AJIA MPHTOTOBJICHHS KOTEPEHTHBIX BO30YXIAEHHH KonebaTens-
HBIX MOJ, MOXHO HCIIOJIb30BATh BHYTPCHHCC COCTOAHHEC HOHOB, BSaHMOﬂCﬁ-
CTBYIOIHX C JIa3€PHBIMH CBETOBbIMH NOIAMH. JBa nazepHbIX (PaMaHOBCKHX)
My4Ka C Pa3sHHLIEH YaCTOT paBHOH @ HE OyAyT HHAYLIMPOBATb EPEXOABI MEX~
Ay BHYTPEHHHMH COCTOSHHSAMH, 3aTO OyAyT KOT€pEHTHO BO30yxaath BCe 6o-
nee BHICOKHE KonedDarenbHble MoAbl. B pesynbrate mou(pl) Oyaer (komnex-
THBHO) OCLIMJUIHPOBATD € YaCTOTOH rapMOHHYECKOTO OCLIMILIATOPA @, BO30YX-
JaeMOT0 ABYMS CBETOBBIMHM MOAAMH. IlOCKOMbKY 4acTOTH OOOMX MYYKOB
6nu3ky K yacTore nmepexoxa mexay S, u ?P,,, Ha HOH AEHCTBYET CHNa CO
cTopoHbl konedmromerocs aunons. [lpuaas paMaHOBCKMM IMydKaM O*-mosi-
PH3ALMIO, MOXKHO CJENATh 3Ty CHIY 3aBHCALOCH OT BHYTPEHHETO COCTOSHMS:
ATSL |g) CBA3AHHOTO COCTOSHHS BHYTPH CBEPXTOHKOH CTpyKTypo# yposus 2P, ,
HE CYIECTBYET, MO3TOMY TONLKO |e)-COCTOSHHE OyaeT 4yBCTBOBATh BO3AEH-
CTBHE €O cTopoHm aunond. Kak roBopunocs B pa3a. 5.2.1, mpu cuHTese co-
CTOSHMH THNA IOPEAWHIEPOBCKOH KOIIKH 3TOT MOMEHT SBJIAETCH PEIIAIO-
muM. O6e METOAMKH TeHEpaliH KOTEPEHTHBIX COCTOSHHI yke ObLIM HCIIOMb-
3osanbl rpynmnoi 13 NISTa npu pabore ¢ equHHYHBIME HOHaMH Be* B JI0By1IKE.

L1 KOrepeHTHBIX COCTOSHHH € MajbIMH 3HAYCHHUSAMH KOJIeOaTenbHBIX
KBAHTOBBIX YHCEN aMILUIUTYAa KONeOATeIbHOTO ABHXKCHHS CITHIIKOM MaJia JUist
TOrO, YTOObl PA3PEMUTD €10 C MOMOMIBIO KAMEPHI: ABMKEHNE MOHOB O4EHb TPYA-
HO 3apErHCTPHPOBATh HEMOCPEACTBEHHO. BMECTO 3TOr0 MOXHO CBSI3aTh KOJNE-
HaTenbHOE JBHXKCHHE C BHYTPEHHHM JBYXYPOBHEBBIM COCTOSHHEM CHCTEMBbI,

Yrobs M3MEPUTH KONEOATENBHOE ABHIKEHHE, T.€. ONMPEACIHUTh Hace-
JIEHHOCTH COCTOSHMH C OTIpEAENCHHBIM YHCIOM (DOTOHOB |1), MbI CHavana
HHAYLUHMPYEM «CHHHE CAaTEITHTHBIC» NEPEXOABI Ia3€PHbIM CBETOM, OTCTPO-
€HHBIM II0 4aCcTOTE B CHHIOK 001acTh CrekTpa Ha O = +@. ITH NEPEXOaB!
Mexay |g, n) u je, n + 1) u3o6paxenn Ha puc. 5.12. [Ipu ncnonnr3zosanun
HEMPEPHIBHOTO PEXKHUMa reHepaLuu a3epa, ocuuansuun Pabu Bo3Oyxaa-
IOTCA MEXAY YPOBHSIMH, ITOKa3aHHBIMH CTpenkamu Ha Puc.5.12.

le,2)

le,1)

|g,2)

12,0

Puc. 5.12. CxeMa ypoBHel OJHHOYHOr0 ABYXYPOBHEBOrO HOHa B JIOBYLIKE B
BHJle TapMOHHYECKOTO NoTeHI{Hana. CTpenKaMi nokasaHbl OCHHJINIAUHH Pabu
MEXJy YPOBHAMH |g, n> H |e, n + 1>. Yactora PaGH 3aBHCHT OT n.
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P()

Bpemsa (p Mkc)

Puc. 5.13. P ans korepeHTHOro cocTosHus. CIomHas JHHHUA ~ alNlpoOKCHMa-
UMA A2HHBIX (TOYKHM) CYMMO# cOCTOSHHIA, HMCIOIUX KOrepeHTHOE paclpeacie-
Hue. [TlapaMeTp anmpoKCHMAlMH — 3HAYEHHE KBAHTOBOroO uucna n = 3.1 £ 0.1.
Ha Bpe3ke noka3aHbl aMILIMTY/bl KOMIIOHEHT cocToAHHUH (cTon6Guku) ¥ annpok-
cHMallM A TyaCCOHOBCKHM pacnipefienicHueM ¢ i1 = 2.9 £ 0.1. (Bocnpou3sBoauTcs
u3 [220]).

IIpu BKIIOUEHHOM na3epe ¢ OTCTPOHKOH B CHHIOIO 001acTh, BEpOAT-
HOCTB P (t) TOro, YTO MOH M3HAYAJIbHO HAXOJHUBIINHACH BO BHYTPEHHEM CO-
cmxmm |g), cycTa BpeMs ¢ Bce euie HaXOAMTCA B HeM, naetca popmy-
JIOH:

P,(t)= 2 1+ZP cos(2Q, ,.)e ™ |, (5.6)
n=0
rae P, — BEpOATHOCTb HAWTH aTOM B COCTOAHHHM C YHCIOM 1 M £2 .| — 4acTo-

n+l
Ta Tepexoqa MEXAY YPOBHSMH |g, n) u |e, n +1). B npeaene, o6CyxAaB-

memcs B cBa3M ¢ dopmynoi (5.5), 2 =27 Vn+1. Knio4eBoii MOMEHT
COCTOHMT B TOM, YTO YaCTOTHI Pa3TMYAIOTCK MIA BCex map (1, n +1) u, Ta-
kUM o6pazom Dypse-npeobpa3oBaHue OT Pg(t) Aaer BepoATHOCTH P . Jk-
CIICPHUMCHTAJIBHBIC JAHHBIC TMOJYUYCHBI IIPH OCBCIICHHH CHCTCMBI CHHHM
CaTCNIUTHBIM H3IYYCHHEM B TCUCHHE BPEMEHH ! M 3aTEM — H3MEPEHHH
BHYTPEHHETO COCTOAHMA HOHA MTPH MOMOINH TEXHHKH «PasMCIICHHA», KOTO-
pas o6cyxaanace B npean ayineM pasaene. [locnie MHOrHX NOBTOpEHMH JK-
CIIepUMEHTa ANA Ka)xaoro MoMeHTa BpemeHu ¢ (1000 pa3) moxkHO onpene-
JHUTD Pg(t). BpemeHHBIe CHIHAIBI MOXKHO 3aTEM MOABEPrHyTh Pypbe-mpe-
o6pasoBaHuIO, YTOOBI MOMYYHTh pacnpeAcneHHe ypoBHeH P . Jkcrepu-
MEHTAJIbHO 3apErHCTPHPOBAHHBIH CHIHAJ Pg(t) u ero @ypse-npeobpazo-
BaHHME /I KOTEPEHTHOIO COCTOAHHUA CAUHHUYHOrO MoHa Be* ¢ mokasaHm Ha
Puc. 5.13. DTOT curHan O4€Hb MOXOXK HA PE3YNLTATHI, MOMYYCHHBIE METO-
aoM KOP u nokasannsie Ha Puc. 5.2, Ilocne GsicTporo cnaja 3a BpeMms



204 Hanodcmynax K K8aHmMo8biM GbIHUCAEHUAM. IKCREPUMEHM

nopsaxka 6 MKC, CHTHall HapacTaer 3a f ~ 12 Mkc. Jlpyro#i cnaj v moaseM
3aMeTeH Ha BpeMeHax OT 32 MkC g0 45 MKC mepes TeM, Kak KOTepeHT-
HOCTb MOJHOCTBIO MCYE3acT.

5.210 @yuxyus Bucnepa o0noghononnozo cocmosnus

®yukuus P, onpeaencHHas B NPEAbIAYIIEM Pa3fene, HEMOCPEACTBEHHO
COOTBETCTBYET AHATOHAJbHBIM 3JIEMEHTAM O, MATPHLBI IIOTHOCTH P H
Ha IEPBBIA B3MNIAL KaXETCH, YTO 3TO CAHHCTBEHHOE, YTO MOMXHO Onpeac-
autbk. Ho oxasmiBaeTcs MoxHO oboiiTi 3Ty mpobieMy, BBOAS KOTEPEHT-
HBIH CABUI B HayallbHOE COCTOSHHME ABHXKEHHS. DKCIEPHMEHTANBHO 3TO
JAEeNaeTcd TOYHO TaK €, KaK H NIPH CHHTE3€ KOTEPEHTHBIX COCTOSHHH. Bme-
CTO CABHra OCHOBHOTO cocTosHHusA () = U()|0), Teneps caBuraerca Ha-
4aNbHOE COCTOSHHE ABIXKEHHUA: |y, ) = U(a)|y, ). 3aTteM H3MepAIOTCS
HACENEHHOCTH Pa3nu4HbIX cocTosnuit Kn|U(a)ly, )I°, Kak paccMaTpuBanocs
B pa3a.5.2.9. IlpoaensiBas 3Ty ONEPALHIO C JOCTATOYHBIM KOTHYECTBOM
pa3’auyYHbIX TAPAaMETPOB CABUIa @, MOJKHO BOCCTAHOBMTH HEAKArOHALHLIE
3MEMEHTBI MaTPHLbI TUIOTHOCTH B 0a3uce OMpEAEeNCHHOrO YHCNA YaCTHII,
HJIH BUTHEPOBCKYIO QYHKIHIO HAYAJIBHOTO COCTOSHHS ABMXKEHHUA {219].

Puc. 5.14. IToBepxHOCTh H KOHTYp BOCTIPOH3BeACHHOH dyHkIHH Burnepa W(a)
B npuOnuxeHuy cocTosnius ¢ n = 1. OtpuuarensHblie 3HaueHus W(a) sbnusu
HYJIA BBIABIAIOT HEKJIACCHYECKYIO NPHPOAY Takoro coctosHus. (Bocnpousse-
JAeHo U3 [219])
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HMes 0CHOBHOE COCTOSHHE ABHIXECHHSA M BHIIONHAA BCE HEOOXOAUMBIE
OmnepaurH, NpeAOnpeASACHHbIE BUAOM raMuIbTOHHaHa (5.5), MOXKHO CHH-
TE3UPOBATh MOUTH IOGKIE COCTOAHMS ABHXKEHMS. [IpaKTHUECKH, TPYINOH
u3 NIST yxe Obinu peanu3oBaHbl M MPOAHATH3HPOBAHHI TEMNOBLIE COCTO-
SIHHS, COCTOSHHA C ONPEACICHHBIM YUCIOM YacTHL (POKOBCKHE), CxKAThIE,
THTIA IIPEAMHIEPOBCKON KOIIKH H JPYTHE CYNEPIO3HIIHH N-9aCTHYHBIX CO-
CTOAHUH €UHMYHEBIX HOHOB [219-221].

CocTosiHHS C 33JaHHBIM YHCIOM YaCTHL CHHTE3HPYIOTCS U3 OCHOBHBIX
COCTOSIHHH C NMOMOINBIO BO3AECHCTBHA MOCIECAOBATCIBHOCTRIO Z-HMITYJIbCOB
Ha CHHHE H KPACHBIE CaTENNMThI. Takasd MOCIECAOBATEIbHOCTh 32CTaBIACT
HOH ABHraThcd No cnepyromemy mytu: |2,0) — le, 1) — |g2) —... ¥ Tax
panee. Takum obpazoM OBIM NMOMy4YeHbl COCTOSHHS C YMCIAMHM BIUIOTh 4O
n = 16. CHrHai oT HUX MPEACTABNAETCA MPOCTOH CHHYCOUIOM, 4acTOTa KO-
TOpOH BO3pAcTAaET MO 3aKOHY V7 + 1 ¢ HEKOTOPBIMH OTKJIOHCHHSAMM, BBI3-
BaHHBIMH TeM, 4TO 77 HE paBHO Hymo (77 = 0.202, cm. puc. 1 B [220]). Bonee
HHTEPECHO, YTO BUTHEPOBCKAs (PYHKI(MSA NPHHHUMAET OTPHLIATENbHEIC 3HAYE-
HHA JJ1 COCTOSHHH C HEYETHBIMH /1. DKCIIEPHMEHTAIbHO H3MEPEHHAS BUTHE-
poBckas GpyHKUMA COCTOsHu ¢ [1) = |1), mokasana Ha Puc. 5.14. OHa orpuua-
TenbHA BOMM3HM HYNIA, YTO HAXOAUTCSA B XOPOIIEM COIVIACHH C TEOPHEH.

5.2.11 Cocamuvie cocmosHus u cOCmoAHUs muna
WPpeouH2epoBCKON KOWKYU ONS UOHOS

CocTosHHS CKATOrO BaKyyMa MOT'yT ObITh IIPHI'OTOBJIEHHI [0 aHAJIOTHH CO
CIy4aeM ONTHYECKOr0 MapaMeTPUUYECKOro reHEPaTopa, Koraa HOH Bo30yx-
JaeTcs NEKTPHUECKHM TIONEM Ha 4acToTe 2w, TH60 ABYMA paMaHOBCKH-
MH Ny4KaMH C COOTBETCTBYIOLICH paccTpOHKo# yactor. B akcnepumente
YK€ MOTYyYEHBl COCTOSHHMSA CKATOr0 BaKyyMa C OTHOLUCHHEM KBaJpaTyp-
HbIx KOMNIOHEHT 40 (YpoBEHb MOAABICHHMS IIyMa B CXKaToOH KBaapartype 16
ab) [220]. K coxaneHHI0, B IPOTHBOMONOKHOCTh CXKATOMY CBETY, A0 CHX
IIOp HE HAXOAMTCA YyBCTBHTEIBHOIO H3MEPHTEIBHOIO IPHIOKEHHU A, B KO-
TOpPOM MOJXKHO OBlIO 6B HCIIONB30BATh COCTOSHHSA, 0ONajalomue CTONb
BIICUAT/ISAIOWEN CTENIEHBIO CKATHA.

Cocrosauus tuna IHK, umeromue Bua (5.4), HO BKIOYAIOMHE ABHKE-
HHE HOHA BMecTO GOTOHHOro nois, 6nun noaydeHs B Be* [221]. Tlocne
Na3epHOro OXJNAXACHHS B COCTOsIHHUE |g, n = 0), moka3anHoe Ha Puc. 5.15(a),
cocroaune HHIK cuHTe3npyercs npu noaade HECKONBKHX IOCICAOBATENb-
HBIX HMITYJIbCOB PAMAQHOBCKHX NMMYYKOB CBCTA.

T/2-MMIyJBC PACKIAABIBACT BOJHOBYIO (PYHKIHIO B CYNIEPIO3HLIMIO CO-
crosuuii |g, 0) u le, 0) c OMUHAKOBHIMM AMILJIMTYAAMH, KaK ITOKa3aHO Ha
Puc. 5.15(b). 3aTem, nonsapu3oBaHHKE PAMaHOBCKHE IIY4YKH, OTCTPOCHHBIE
JAPYT OTHOCHTENBHO Apyra Ha @, BO30OY)KIAIOT TONbKO ABHIXKECHHE B KOre-
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PEHTHOM COCTOAHHH |0L), KODPETHPOBAHHOM C |e) — KOMIIOHEHTOH, KaK
06BacHANOCH B pa3x. 5.2.9 u nokazanHoe Ha Puc. 5.15(c). Ha Puc.5.15(d)
H306paxKeHO, KaK T-HMIYJIbC MOJNA 3aTEM MEHSAET MECTaMHM BHYTPEHHHE
cocTtosHuA cynepno3uuun. Puc. 5.15(¢) unnrocTpupyer Kax BTOPOH HM-
MyJIbC MOMAPH3OBAHHBIX PAMAHOBCKHMX MYYKOB BO30y’KZaeT APyroe Kore-
PEHTHOE COCTOSIHME ABMIKCHMS |ae’?), kKoppenHpoBaHHOE C HOBOH |e) — KOM-
noHeHToH. [Tocae 3Toro mwara COCTOAHHE MPHHUMAET BHJI

|‘P)=71_5(|e)‘aei¢>+| g)|ac™)). 5.7

F, F,
DAYV SNV W,
75/21 nT'

|g) \l/ NVARNVIRNY AN
@ - () (c) (d) (e)

Puc. 5.15. npuroroBnenue coctosuuii [IIK Ha HoHax. (a) HayalIbHOE COCTOS-.
Hue |g, n=0). (b) #/2-uMnynbc roToBUT cocTosHKE |g, 0) 1 |e, 0). (¢) Boabyx-
JIEHHE KOFEPEHTHOIO COCTOAHHS KosebaTeTbHOTO ABMXKEHHSA Yepe3 onTHyec-
KO€ B3aHMOJICHCTBHE MEXJY NOJIAPH30BaHHBIMH PaMa8HOBCKHMH NYYKaMH H
le). (d) 7-uMnynbc WHBEPTHPYET BHYTPEHHEE COCTOAHME HacelleHHOCTel. (e) B
uTore Bo3byxaaeTcs Apyroe KOrepeHTHOE COCTOAHHE LI HOBOH |e)-KOMIMOHEH-
Thl K NpHBOAALLEE K cocTosHHIO THTK.

OtHocutensHas ¢asa ¢ onpeaensercs ¢as3oi konmeOaHHg HA pa3Ho-
CTHOM 4aCTOTE PaMaHOBCKMX NMy4KoB, nexawei B B4 quanasone; oHa npo-
CTO ynpaBiseTcs ¢ MoMoubIo Ga3oBoit cuHxporusauu BY ucrounuxos. [Tpu
PacCMOTPEHHH JEKOTEPEHTHBIX CBOHCTB TAKOIO COCTOSHHUS HYXKHO HMETH B
BHAY, YTO OHH HE OMHMCBHIBAIOTCA H HE MOAETHPYIOTCA TAKXKE XOpOLIO, KAK
IIPH pacnaje pe3oHaTOpHOH Moapl. C Apyro# CTOpoHsI, OOHIIHE BO3MOXKHBIX
B3aMMOJCHCTBHH MO3BOIAECT IKCIEPHMEHTATOPY KOHCTPYHPOBATh «TEPMO-
CTaT» MO CBOEMY YCMOTPEHHIO. TaKkoi MCKyCCTBEHHBIH TepMocTar OyaeT B
OCHOBHOM OMNPEAENATh JEKOTEPEHTHOCTD IPH YCJIOBHH TAaKOH CBA3M, YTOOEI
XapaKTepHbIC BPEMEHA HMHAYLHPOBAHHBIX MOTEPb OKa3bIBAJIUCH ropa3fo
MEHBIIIE, YEM BPEMEHa penakcauuu, HabmogaeMsie Oe3 TepMocTara.

5.2.12 Keanmosas nozcuxa na eounuynom uowne *Be* & nosywxe

OxnaxaeHHbIE HOHBI B JIOBYLIKE, B3AHMOACHCTBYIOIHE C Ta3€pPHBIMM I10-
JAMH, ABISIOTCA JOCTOMHBIMH KaHAMJATAMH AJIs SKCIEPUMEHTANbHO#H pe-
aJH3alMY KBAHTOBBIX JJOTHYECKHX YCTPOHCTB, PACCMOTPEHHBIX B pa3n.4.3.
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Bnepsrie 310 G110 OTMeueHO Llupakom u Llonnepom [156]. KanToBas
HH(OPMALHA COAEPIKUTCA B KyOUTaX, MOCTPOCHHBIX HA BHYTPEHHHX yPOB-
HSAX HOHOB, B TO BPEMS KaK HOPMalbHBIE MOABl BHELIHETO ABHXKEHHS, 00-
IKe A BCEX MOHOB B JIOBYIIKE, MOT'YT CIYXXHTb «PEFMCTPOM JAHHBIX)
NS TOrO, YTOOH MMEpeMEaTh BHYTPEHHHE COCTOAHHUA (cM. pa3a. 5.3.7).
K HacTosmeMy BpeMEHH HECKObKO TPYIII NPOU3BENH OXIXKACHHE HOHOB
B TMHEMHBIX JIOBYIUKAX A0 COCTOSHMs, KOrAa OHM 00pasyroT KpHCTalIH-
yeckue uenoyku (cMm. Puc.5.11). brino nocTHrayTo oxnaxaeHHe B OCHOB-
HOE COCTOSIHHE JBHXEHHS. JTa AEATENbHOCTh HAXOAHTCA B MOCTOSHHOM
Pa3sBHUTHH, IS TOrO, YTOObI MPOAEMOHCTPHPOBATh OXJIAXACHHE OCHOBHO-
ro COCTOSHHS LIETMOYEK, COAepXaIuX OonbIee KOMMYECTBO HOHOB.

B skcnepumenTe, BoinonseHHoM B 1995 roay rpyrinoii u3s NISTa 6ein
peanH30BaH KBAHTOBBIH JIOTHYECKHH 31eMEHT «koHTpomnupyemoe-HE»
MEXY BHYTPEHHEH ABYXYPOBHEBOM CHCTEMOM HOHA (|g) U |e), GUT-MHIIEHD )
H ero ABM>KeHHeM B JOoBY1uke (| = 0) v |n = 1), ynpaBasiomuit OuT); TaKUM
o6pa3oMm, ObLJIO MPOAEMOHCTPHPOBAHO, YTO BO3MOXKHO YTEHHE U3 «pErHC-
Tpa AAHHBIX» rapMOHHYeCKoro ABkeHus [223]. Yrobbr noruueckuit ane-
MEHT YHKUHOHHPOBAJ, HMCMNONb30BANACh MOCIEIOBATEIBHOCTD TPEX Ja-
3€PHBIX HMIYJIbCOB:

1. 7/2-uMnynsc, reHepUPYIOWHI THHEHHYIO CYTIEPIIO3HLIHIO |g) H |e).

2. 2 7-AMIYIbC AN MPOM3BOIBHOrO NEPEXOAA CHHErO CaTeNHTa, CBA-
3bIBAIOLIETO |e) U |aux) ¥ BeI3bIBAIOIIHH 00ycoBneHHbIH (a3oBbIH CABHT B
le)-uacTi cyneprnoszuumu. Takoi caTeIINT CBA3LIBAET TONLKO |e> H |aux>;
ecM ABMXKEHHE xapakrepu3yercs |1 = 1), To pa3a |e)-KOMIOHEHTHI HHBEp-
THpYETCH.

3. B 3aknoueHue, —/2-UMNyasC NPHBOAUT K KOHCTPYKTHBHOM HITH J€C-
TPYKTHMBHOH HHTEP(EPEHLIMH OAHOTO U3 ITHX COCTOAHHH, B 3aBHCHMOCTH OT
TOro, UMeN MeCTO 00YCIOBICHHBIH CABUT (a3 B |e)-KOMIIOHEHTE HIIH HET.

Jas nonyuenus Gonee HarasAAHONW KAPTHHBI MOXKHO MPEACTABHTb BCIO
NOCJIEA0BATEAbHOCTb ITHX ONEpALVil TakxKe, Kak M NPH paM3eeBCKUX pe-
30HaHCHBIX dKCriepumenTax. IlycTs |g) — 3TO HCXOQHOE COCTOSHHE, TOrAa
nepseli 77/ 2-UMNyAbLC CO3JaeT Cynepno3uuup |g) + |e). 3areM, B 3aBH-
CHUMOCTH OT TOTO BBIIMOIHAETCA K 1 = 0 MIIM HET, CYyNEPNO3HLHA OCTAB-
JA€TCS HEU3MEHHOM MO0 BBOAUTCA (a30BBIA CABUT AN BO30OYXKAECHHOMH
yactu ( T.€. |g) — |e), Tonsko npu n = 1). [locnegHui war — Bo3acHcTBHE
—7/2-umnynbca. Takum obpasom, B OTCyTCTBHE (pa3oBOro casura BHYT-
PEHHEE COCTOSIHUE BO3BpAIIACTCS B |g), HO €CNIH €CTh CABHTr ¢a3s (n = 1),
TO COCTOSHHME MEpeKIoyaeTcsa B |e). Ynpapnsomui KyOHT ocTaerca 6e3
H3MEHEHHs B TeueHue 3toro npouecca. ITo takoi cxeme rpynmoii u3 NISTa
Obl1a M3MEpeHa TabIMLa KICTUHHOCTH A1 onepaiuu «koHTpoaupyemoe-HE»,
a TaKXe NPOAEMOHCTPHPOBAHBI KOTEPEHTHBIE CBOMCTBA 3TOrO JIOTHUECKO-
ro aneMenTa (cM. Puc.2 u 3 B [223]).
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53.2.13 Conocmaenenue pe3ynomamoé u danrvHeliuuue nepcrekmMuesl

B npeasiaymux pasgenax o6CYyKIanHCh SKCIEPHMEHTHI [0 KBAHTOBOM
MHbOpMAlMK H KBAHTOBBIM BhIYHCICHHSAM Ha npumepe KOP u uoHOB B
nosymkax. Hecmorps Ha 1o, yro KOP M HOHHO-IOBYyIIEYHBIE SKCIIEPH-
MEHTHI B OCHOBHOM OIHCHIBAIOTCS raMunbToHHaHoM Tuna [xeiinca-Kam-
MHHICA, T.€. XapaKTEPH3YIOTCA MOXOXKEH NHUHAMHKOH, KaKAasd METOIHUKA
HMEET CBOH MPEHMMYINECTBA H HEJOCTATKH,

[TpuroroBneHne HaYaTBHOTO COCTOSHHS OCYINECTBIISETCS MO CTaAHAAp-
THOM MeToauke MHKpoBonHOBOH KIJP, T.k. ocHOBHOE cocToaHHE pe3oHa-
TOpa MOXET OBITh JOCTHTHYTO NPH KPHOTEHHOM OXJIXKACHHH 10 TEMIIE-
paryp *He. I'eHepauust ny4koB ZONTOXHBYLIHX LHUPKYIAPHBIX pHAOEPTOBC-
KHX aTOMOB, OTOOpaHHBIX 110 CKOPOCTSM, IIPOMCXOAMT IIPH MCIONb30BAHKUH
CTAaHAAPTHHIX MH(}PAKPACHBIX J1a3€pOB H paaHO4acTOTHHIX monaei. [Ipu
Na3epHOM OXJIAKACHHH HOHOB, B OCHOBHOM, HCTIONB3YIOTCA HCTOYHHKH CBETA
ynaerpaduoneToBoro auanasona. B skcnepumenrax no KOP peanusyercs
TouHOe B3auMoeicTeue [Dxeiinca-KaMMuHrca, B To Bpemsa Kak B dKcIe-
PHMEHTaX C HOHHBIMH JIOBYIIKaMH — JTHIIb NPUOIHKEHHOE, T.€. B IIpEaeie
Masoro 3HadyeHHus mapamerpa JIamba-/Iuke. C apyro¥t CTOpOHBI, CBA3bIBA-
HHE HOHOB B JIOBYIIKAX C OCLUH/UIATOPHOH MOoxoH AaeT Gonbine cBOOOAbI H
MOXET ObITh OnmucaHo 6osee WHPOKMM KIAacCOM QYHKLHH, YeM TIPH TOY-
HOM B3aumopneHcTeuH Jlxennca-Kammunrca. JlexorepeHTHOCTE aTOMOB
(MOHOB) IPAKTHYECKH IIPEHEBPEKNMO MaNa, Kak 411 PHAOEPrOBCKHX aTo-
MOB, TaK H JJI1 CBEPXy3KHX (MeTacTabMIBHBIX) COCTOSHHH atomoB. [lpn
PacCMOTPEHHH MOJB TAPMOHHYECKOTO OCLHMIIATOPA, HCTOYHHKH TOTEPH
B CBEPXIPOBOJAAINEM PE30HATOPE XOPOIIO M3BECTHHI H MOAJAIOTCH MO-
JAenHpoBaHMIO. ENHHCTBEHHBIH perynupyeMpiil mapaMeTp JEKOTEPEHTHO-
CTH — AOOpPOTHOCTb PE30HATOpA — ONPEAENSIETCS HE3aBHCHMO MpPH IIOMO-
my knaccHyeckux meronos CBU-auanazona. Jins MOHOB B NOBYlUKAX HC-
TOYHHKH KONeOaTenTbHOH AEKOrEPHTHOCTH IOKA HEJOCTATOUYHO H3YYEHBI.
Vuer «dyHAaMEHTAIBHBIX» HCTOYHHKOB AEKOFEPEHTHOCTH, TAKHX KaK 3a-
TyXaHHE, HHAYLHPOBAHHOE H300pa)keHHEM 3apAaa HOHA B CTPYKTYPE DJIEK-
TPOAOB HIH (POHOBBIE CTONKHOBEHMS B rase, JacT Ha MOPAAOK MEHbIUHH
Harpes, yeM Habmromaemblii B 3xkcniepuMmenTax [215, 218]. Tako# «aHo-
MalbHBIH» Harpes OyaeT MCCIEAOBATHCHA B AANbHEHINIEM H B KOHEYHOM
cuere npobnema Oyaer peweHa, T.K. HET GyHAaMEHTaNbHbIX IPUYHH A
€€ CYLIECTBOBAHHA.

JAns BHIOTHEHHS ONEpPALHii, MIPEACTABNAIOMHX HHTEPEC AN KBAHTO-
BBIX BHIYHCICHHH, HEOOXOOMMO MAaHMITY.IHPOBaTh, IO KpaiHel Mepe, He-
CKONBKHUMH KybuTamu. [Ipy HCIIONB30BaHHH CYINECTBYIOIUX TEXHOMOTHH
KJP-3xcniepHMEHTHI ¢ My4KOM HHPKYIAPHBIX PHAOEPTOBCKHX aTOMOB, II€-
PECEKAIOITHX PE30HATOP, OKA3BIBAOTCA BEChbMA TPYAHOBBITIOMHHMBIMH 114
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HOCIEAOBATENbHOCTH M3 ABYX HUIH Tpex atoMoB. Kax yxe obcyxaanocs
BBHIIIE, CPEAHEE YHCJIO ATOMOB 33 MMIYJIBC JO/KHO OBITH CYIIECTBEHHO
MEHBUIE EAUHHULIBI, YTOOBI M30eXkaTh COOBITHH C y4acTHEM ABYX aTOMOB.
HanoxeHne BO BpEMEHH TPEX HIIM YETHIPEX ATOMOB IMPOHUCXOAUT YPE3BBI-
4aiHO peAKO U BPEMS HAKOIUIEHH, TAKMM 00pa3oM, HApacTaeT IKCIOHEH-
L(HAILHO C POCTOM YHCJIa ATOMOB. JTOMY OTPaHHYEHHIO HE MOABEPKEHEI
3KCMIEPHMEHTBI C HOHAMH B JIOBYIIKaX. YAEPKaTh HECKOIBKO HOHOB B JIH-
HEHHOH JIOBYHIKE CPaBHHTENIBHO NpocTo. MHauBHayanbHas aapecanus K
OTAENBHBIM HOHAM IIPH ITOMOILIH KECTKO CHOKYCHPOBaHHBIX HMITYNbCHBIX
na3epHBIX NYYKOB BIIONHE AOCTHXHMA. IIpH COXpaHEHHH OXJIaXACHHBIM
OCHOBHOTO KOJIEOATEIbHOTO COCTOSIHH S, KBAHTOBBIE JIOTHUECKHE ONEPaLHH
Ha HECKONbKMX KyOHTaX NpEeICTaBISIOTCA Pealn3yeMbIMH.

Jlpyroe HeManoOBaXHOE AOCTOMHCTBO IKCIIEPUMEHTOB C MOHHBIMH JIO-
ByIIKaMH cOCTOMT B noutH 100%-o# kBaHTOBOM 3 deKTHBHOCTH AETEK-
THPOBAHHA COCTOSAHHH HMOHOB IPH MCNOJIb30BAHHHX METOJAOB KBAHTOBOTO
pasmeweHus. Hanpumep, axcriepuMeHTH 0 npoBepke HepaBeHCTB banna
WM C IEPENYTaHHBIMH HOHAMH MOTJIH OBl O4eHb MPOCTO PELIMTh Npobie-
My 30 PEKTHBHOCTH AETEKTHPOBAHHS, OCTAIOLIYIOCS I10KA OTKPLITOM B ApY-
IMX 3KCIIEPHMEHTAaX, IA€ UCHOb3yIoTCs GOTOHBI WM AAXKE aTOMEI (TIpea-
crasasercs, 4to B KOP-3kcnepumenTax He CylmecTByeT NEPCHEKTHB yBe-
NMYEHHS KBaHTOBOMH 3¢ dexTnBHOCTH Oonee 90%).

Taxum o6pazoM, mpeacTasasercs, 4To «kinaccuueckue» KIP-akcne-
puMeHTHI Gonee MOAXOAAT AN HCCICAOBAHMSA ACKOTEPEHTHOCTH M Iepe-
NyTBIBAHHS C OTPAHHYEHHBIM YHCJIOM ATOMOB (BIIOTH A0 YETHIPEX) B OYECHD
XOpouIo KOHTPONIHPYEMBIX cHCTEMaxX. B HacTosiuee BpeMs HAYT IKCHEPH-
MEHTBHI [0 NPUTOTOBJICHHIO NIEpENyTaHHbIX TpumieToB atoMoB [ XI[-Tumna.
Hccnenosanue npoueccoB AEKOTEPEHTHOCTH OyAeT NPOAOIKATHCS U AAb-
me. B 4acTHOCTH, MOXKHO HENMOCPEACTBEHHO ONPEAETHTbh BUTHEPOBCKYIO
(bYHKLHIO Pe30HATOPHOro nois [224]. 3T0 N03BONHIO Obl NOHATH CYLIHOCTD
npouecca aexorepenTHocTH cocrosuud IIK. Hakonen, B akcnepuMenTax
C ABYyMS OTAETbHBIMH CBEPXNPOBOAAILIMMH PE30HATOPAMH MOTIIH OBl OBITH
[PHUTOTOBJICHBI HEJIOKAJIbHBIE ME30CKOMMHYECKHE COCTOSHHSA, OOBbEANHAIO-
mue ABe Hanbonee HHTPHTryomMHe 0COOEHHOCTH KBAaHTOBOTO MHpA.

B HOHHBIX JIOBYIKax yxe OblJIO NPOAEMOHCTPHPOBAHO BOCCTAHOBIIE-
HHe QYHKUHH BHurHepa, HO OTCYTCTBHE TEOPETHUECKHX MOAEICH M HedO-
CTaTO4YHO MOHATAs MPHPOAA NPOLECCA ASKOTEPEHTHOCTH B HOHHBIX JIOBYIIKAX
YCIOXKHAET €ro NoHUMaHHue. JIOBYITKH Takxke SBIAIOTCA MHOroobemaro-
IMMMH B Ka4€CTBE HHCTPYMEHTA IO MCCICAOBAHHIO KBAHTOBOH JIOTHKH B
YMEpPEHHBbIX MacinTabax, T.€. IPH BOBJIEUYECHHH A0 JECATKA KyOHTOB H BhI-
TNOMHEHHH HECKOIBKUX COTEH onepaumit. OaHako, peanu3auus anroputma
Ilopa mo ¢akTopHU3auuu Ha MPOCThIE MHOXKHTEIH I Pa3pyLICHHA KIac-
CHYECKHMX KpHInTorpaduueckux kogos TpedyeT, no kpainei mepe, 400 ky-
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OHTOB, YTO BBIXOAHT, KaK NMPEACTABIACTCA, 32 TPAHULIBI MMEIOLIMXCA 3HA-
HHH H CYINECTBYIOIMMX TEXHOIOTHYECKHX BOSMOXKHOCTEH.

JomxkHsl OBITh HalIEHB! HOBBIE IYTH IIPEOAONCHHS QyHAAMEHTAAbHbIX
IpeJeNoB, TAKUX KAK CIIOHTAHHOE M3IY4YEHHE, B TOXE BPEMS pecanu3anus
aNropUTMOB KOPPEKLHH OIMHOOK H cTaOHIM3aLMH KOAOB MOria Obl yKa3aThk
crocobnl pemenns 3Tux npobiaem. Ha nmyru ux npeoaoneHus npeaBUauTCS
MHOTO HHTEPECHBIX 3aa4 N0 06paboTke KBaHTOBOH HHPOPMALIMH, KOTOPHIE
YK€ peIICHb B METOAHKaX, ONEPHUPYIOLINX C HECKONbKHMH KyOHTamu, Ha-
NpHUMEP, B METOAE OYHINCHUM NEpenyThIBaHUA. Takue «MHPOpMALIMOHHO-
oboraleHHBIE)» COCTOSHUA TAKXKE MOTJIM ObI OBITh HCIIONB30BAHBI AJIA YIyY-
IMEHHUA CYWECTBYIOIMX CTAHAAPTOB HACTOThl HA MOHHBIX JOBYIMKAaX
(pa3a.7.6).

IToMHMO BCEX BO3MOXHBIX NPUMEHEHHH, IKCIIEPUMEHTHI HA TPOCTHIX
(byHIaMEHTANbHBIX B3aUMOACHCTBHUAX B CHCTEMAX C XOPOLIO KOHTPOIHPY-
€MBIM OKPYXEHHEM JAIOT BO3IMOXHOCTb HCCIEJOBATh CaMbl€ COKPOBEH-
HblE 0COOEHHOCTH KBAHTOBOM MEXaHHKH.

5.3. JUHEWUHBIE UOHHBIE JIOBYIKHA
AJIsA KBAHTOBBIX BBIYMCJIEHUMA

X.C.Hozeno, @.1lImuom-Kenep, Jloc. Junep,

P.Enamm,B./Ianze, X BEanoayg), X.Yonmep

5.3.1 Beeoenue

ITocne Toro, kak 6171 AOCTHTHYT NMPAKTHYECKHU MOTHBIH KOHTPOJb HAJ KBaH-
TOBBIM COCTOSSHHEM €AMHMYHOrO MOHA, Kak OblI0 mokasaHo B pa3x.5.2.,
BHHMaHHe ObIJIO MEPEKTIOYICHO HA CHCTEMBI HECKOJIBKHX HOHOB € XOPOILO
KOHTPOJIHUPYEMBIMH B3aUMOACHCTBUAMH MEXAY HUMH. MaHHNyILMH C HX
COBMECTHBIM KBAHTOBBIM COCTOSIHMEM CTaBAT LCJBIO MPUTOTOBJICHHE IIE-
pENyTaHHBIX COCTOAHHH, HE HMEIOIUX KJIacCHYecKoro aHanora. bonee
TOr0, BO3MOXHOCTh NMEPEINYThIBAHNA MACCHBHBIX YaCTHULl OTKPBIBAET MeEp-
CIICKTUBBI OJId HOBBIX IKCINCPHUMCHTOB, BKJIIKOYasd H3MCPCHHC COCTOSAHMH
Banna, u I'’XI] -cocrosnuii [176], koToprie no3sonuny 6sl BHINONIHHTD HO-
BbI€ KBAHTOBO-MEXaHHYECKHE TeCThl. IlepenyThiBaHHE YaCTHI AAET BO3-
MOX>XHOCTB ACTAJIBHOI'O H3YUCHHA NMPOLECCCAa KBAHTOBOro H3IMCPCHHSA U HC-
CIIeAOBAHHS SBJICHUA ACKOTEPCHTHOCTH.

Jns peanu3anuu KBAHTOBHIX JIOTHYECKHUX 37eMEHTOB [156] — oCHOB-
HBIX OJIOKOB AJI MOCTPOCHHUS KBAHTOBOTO KOMINbIOTEpA — Oblna Mpeaso-
XeHa, 6narojaps CBOMM YHHMKaJbHBIM CBOMCTBaM, LIENOYKA MOHOB B JIH-
HeiHo# noByuwke. Jloruyeckue ycTpoiCTBa ONIEpPUPYIOT C KBAHTOBBIMH pe-
THCTPaMH, IPHTOTOBJICHHBIMU U3 KBAHTOBBIX OHTOB (KYOHTOB), KOTOPBIMH
MOXKHO MaHMIYJIHPOBATh AHAJOTHYHO KJIACCHYECKHM OHTaM, HCMONBL3yA
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peanu3yeMble NOrHYECKHMH 31EMEHTaMH onepauri. KBanToBbIe noruyec-
KHE 3NIEMCHTH! HA OCHOBE HOHHBIX JIOBYIIEK OCHOBaHbl Ha MEPENYThlBAHHH
BHYTPEHHHX cTeNeHEH CBOOOAbI HOHOB (3MIEKTPOHHBIE BO3OYKACHHA) H KOJ-
JIEKTHBHOTO ABMXEHHUA (KOneOareapHOro BO3OYKIACHHUS) 3aNEPTHIX B JIO-
ByLIKE Lienoyek. KBaHTOBO—MEXaHHMYECKHM aHAIOrOM KJ1aCCHYECKOTro 3Jie-
meHTa XOR sBAsgeTca Tak Ha3biBaeMas onepauus «koHTponupyemoe-HE»,
KOTOpas MOXeT OBITh pean3oBaHa C HCMONb30BAHHEM CTPOTO 3aJaHHOIM
MOC/IEA0BATEIBHOCTH Ja3ePHEIX HMITYJIBCOB, HANPaBAAEMBIX K JBYM pa3-
HEIM HOHaM B ueno4ke. Brno nmoka3aHo, 4TO 371€MEHT «KOHTPOIHPYEMOe-
HE» aBnsercs yHHBEpCaIbHBIM JOIHYECKHM 3JIEMEHTOM, TaK 4TO, B IPHH-
uune, 1000e BHIYHCICHHE MOXET ObITh BBHINOJTHEHO, HCIOIb3YS TOJIBKO
TaKO# ABYX-HOHHBIH KBAHTOBBIH 3JIEMEHT U OTIepaLlu OZAHOOHTOBHIX Bpa-
weHui [227]. Peanu3anus Takux Onepauuii ¢ JOrH4eCKMMH 3JICMEHTaMH,
OCHOBaHHBIMH Ha LIETIOYKaX HOHOB, MPEACTABAET QyHAAMECHTANbHBIN HH-
TEpeC, TaKk KaKk BCE OCHOBHBIC aJTOPHTMbI MOIIIH OBl OHITH NMPOBEPEHBI
TOJIBKO Ha THHEHHBIX HOHHBIX JIOBYIIKAX.

B aToMm pazaene obcyxaaiorca cneuruyeckHe CBOHCTBA THHEHHBIX
HOHHBIX JIOBYLIEK, a TAKHKE HX HCIOIb30BAHHE /11 KBAHTOBBIX BEIYHCIICHHH.
B pa3n.5.3.2 npuBoauTcs 0630p onepaluii Ha g HOHHbBIMH JIOBYIKAMH H pac-
CMOTPEHBI BCEBO3MOXKHBIC CIOCOOB! peaTH3aLiH IHHEHHBIX N0oByLIEK. B pa3a.
5.3.3 mpeacraBneHsl METOAHKH, TpeOyeMble AN OXJAXKICHHA B OCHOBHOC
COCTOSAHHE ABHXKEHHS H BO3MOXKHBIE IIPEATOCHIIIKH AJIS peaH3alHH KBaHTO-
BHIX JIOTHYECKHX JJIEMEHTOB Ha LEMOYKAX HOHOB. YNOpPAJOYCHHBbIE CTPYK-
TypBI HOHOB KpaTko oOcyxaatorca B pasa. 5.3.4. B 5.3.5 — 5.3.9 npusoaur-
¢ 0030p ¥ 06Cy)ACHHE CIEHPHYECKHX IPHEMOB, HCOOXOAUMBIX TIPH OIIE-
pauMsx Hax KBaHTOBBIMH JIOTHYECKHMH JIEMEHTaMH, T.€. IPHIOTOBJICHHE
COCTOSHHH H MaHMITYIMPOBaHHE HMH, BO30OyxAeHHE 0OLIECH MOIBI M YTEHHE
BHYTPEHHETO 3JIEKTPOHHOT'O COCTOSHHA C €AHHHYHOH 3 PEKTHBHOCTBIO.

5.3.2 Yoepxcanue uonog 6 nuneinot nogyuixe

3apsaxeHHBIC YaCTHIBl, TAKHE KaK HOHEl aTOMOB, MOTYT YIAECP>KHBAaThCA
3MEKTPOMATHHTHBIMH MOJIAMH MO0 NPH HCIIONb30BaHUH KOMOHHALHH CTa-
THYECKOrO 3MEKTPUYECKOro ¥ MarHuTHoro noned (nosymka IlenHunra),
Au60 3aBHCALIErO OT BPEMEHH HEOZHOPOAHOTO EKTPHUECKOro noius (J10-
sywika [Tayns) [197]. JloBymxa INaynst u, ocobeHHO e NTHHEHHBIH BapHaHT,
NPEACTABISETCA NPEANOUYTHTEIBHOM [228] 1 npHMeHEHHA 3apsikeHHBIX
HOHOB B KAUE€CTBE KBAHTOBBIX GHTOB M PETHCTPOB.

Yro6sl yaepxkaTh 4acTuUy, TPeOyeTcs MPHCYTCTBHE BO3BPALIAIOLIETO
nons F, nanpumep, F o — r, rae r — paccTOAHHE OT Hayajaa KOOpAHHAT
nosyuwkH. Takue cHibl MOryT OBITh IONY4EHBI B KBaAPYHNONbHOM IOTECH-
unane @ = @ (ax? +fy*+yz?)/r 2, rae @, 0603HAIAET HATIPSIKEHHE, IPHITO-
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HKEHHOE K KBaJPYMONbHOH KOH(HUIYypaLuH 3NEKTPOAOB, 7y — XapaKTEPHBIH
pa3Mep OBYWIKH, & KOHCTAHTH @, f, y ompeaensior ¢GopMy moreHuHana.
Hanpumep tpexmeproe yaep:xanue B nosywke Ilayns onuceiBaerca napa-
Merpamu @ = f=-2y, eciu xe @ = —f, y = 0, nonyuaercs KBaApYNONbHbIHA
¢unerp maccel. TpexmepHas nosywka Ilayns obecrneuuBaer yaepxHuBaro-
UIYIO CHITY, IPHJIOKEHHYIO K OTASIBHON MPOCTPAHCTBEHHOM TOUKE, H IMOJTO-
My B OCHOBHOM HCIIOJIB3YETCA B JKCIIEPHUMEHTAX C €AMHHYHBIMH HOHAMH
WM ANs yAepKaHus OONbUIMX LEHTPAaTbHO-CHMMETPHYHBIX HOHHBIX 0ONa-
koB. Jlmst Toro, urtoOBl CO37aTh KBAHTOBBIH PErMCTP Ha HOHAX B JIOBYIUKE,
TpebyroTcs uenouku uoHoB. ITo3dTomy, B OONBIIMHCTBE ClyuaeB NMPHUMEHS-
eTcsl TMHEHHBIH BapHaHT noByku Ilayns, KoTopslil OCHOBaH Ha MOTEHLHATE
bunsTpa KBaAPYNONBHOK Maccsl. Tako# noTeHIHan o6eCeYHBaET yAEPKH-
BAIOIHE CHIIBI B IBYX HANPABNCHUAX, IEPHCHANKYTIPHBIX OCH Z, HO HE OKa-
3BIBACT BIMAHHA HA ABMXKCHHE BAONb OCH z. [[1g akcHaNbHOro yaepxaHus
HY>XHO HCIONB30BaTh JOMONHHATEIBHBIE JNEKTPoaAbl. PaguaneHoe yaepxa-
HHE HOHOB TPeOyeT MOCTOSHHOTO HanpspkeHus U, 1 nepemenHoro ¥ cos(£2),
IPUJIOKEHHOTO K 3nekrpoaaM. IloreHunan 1oByky BOIH3HM OCH UMEET BUI
U, +V, cos(Sd)
2r}
rae 3a 7, 0003Ha4€HO PACCTOSHHE OT OCH JIOBYLIKH IO MOBEPXHOCTH OJHO-
rO M3 3NEKTPOAOB. ECIH MPHIOXKEHO TONBKO MOCTOSHHOE HAIPSDKEHHUE, TO
(5.8) omuchIBaCT CEANOBON MOTEHIHMAN, KOTOPHIH MPUBOAKT K CTaOMIBHO-
MY YZAep>KaHHK) TONbKO B OJHOM HAMpPAaBlICHHH, KaK Noka3aHo Ha Puc. 5.16.
Onuaxo, MpH NMoAa4YE HEPEMEHHOTO HATIPSKEHHUE (4C) BO3HUKAET JIOBYLIKA.
Kaxk Bunno 13 Puc.5.16, u3McHeHHE 3HAaKa HEPEMEHHOIO HANIPAXKECHHUS BE-
JET K YACPKAHUIO YACTHLb! B HANIPABIEHHH, BJOIb KOTOPOTO PaHEE HUMe-
nace HectabunsHocTh. BriOupas Haanexamum obpasoM yactory (2, uac-
THLBl MOXXHO YAEPXHBaTh B NOBymKe OeckoHeuHO aoinro. Kak BHAHO M3
(5.8), uaeanbHbli NOTEHLHAN MOXKHO CO3aTh IPH UCIIOIB30BAHHH JJIEKT-
ponos runepbonuueckoi dopmsr (cM. Puc. 5.17a). {ns ynpowenus oHu
OOBIYHO H3rOTABIHBAIOTCSH MPUOIU3HTENLHO B BUAE HHNHHAPHYECKHX CTEP-
»HeH, kak Ha Puc. 5.17b, unu 6onee cosepmentoit popmer (Puc.5.17¢),
KOTOpas 3aBHCHT OT TPEOOBaHHUH, NMPEABABIAEMBIX K KOHCTPYKLHH Ans
JOCTYMA Na3ePHOro My4Yka ¥ JUArHOCTHKH. AKCHANBHOE yAep kaHHe obec-
MEYMBACTCS AOTIONHHTEIBHBIM CTaTHYECKUM noTeHuuanoM U, npuio-
SKCHHBIM BJOJb OCH Z, HCIIONB3Ysl AOMOTHHUTENBHBIE KOJbLEBBIE 3MEKTPO-
ast (Puc.5.17b) unu cermeHTaMu cTep>kHEBbIX anexktpoaos (Puc. 5.17¢).
ITO CO3JaET CTATHUECKYIO FAPMOHHYECKYIO CTEHKY B HAaNPaBJICHHH Z, KO-
TOpas XapaxkTEpH3YETCA NMPOAONLHOM YacTOTOH JIOBYLIKHA

= 2qucap/2. (59)

mz;

= =52, (5.8)
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BY - norenpman (yea. ea.)

yi, §>\\“' oy 2

Puc. 5.16. Cemnooii noreduuan BU-nosymxu Ilayns. YaepxkaHHe 3apaxeHHOH
YacTHULI 0KON0 X =Y = 0 gocTHraeTcs GhICTPLIM YEPEIOBAHHEM 3HaKA IOTCHI{HANA.

(a)

(c)

Puc. 5.17. PasnnuHble BapHaHThl pealH3alMH NHHEHHBIX HOHHBIX JIOBYLIEK.
() nuHelHan KBaJpynonLHas NOByIIKa;, (b) ueThIpex-cTepKHeBad JIOBYINKA,
(c) ocTpokoHeuHas NHHeiHas nosymka; (d) noBymka Ilayns ¢ yaTMHEHHEIM
KOJIBIIEBBIM 3/IGKTPOAOM.
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3necy, m u g 0603HAaYAIOT MACCy H 3apsj HOHA, Z, — [OJIOBHHA PacCTo-
SIHHSA MEXAY aKCHAJbHBIMH 3JIEKTPOAAMH M k — SMIIMPUYECKH ONpeaense-
MBI reOMETpHYECKHi (PaKTOp NopsaKa EAHHMIEI, KOTOPIH YYHTBIBAET OCO-
6eHHOCTH KOHHTrypaumu 31€KTpoRoB. B npuHuune, TouHOE 3HAYEHHE k
MOXeT OBITh rony4eHo 1160 YHCIEHHO, THO0, B HEKOTOPHIX Clly4asx, aHa-
nuTHYeCKH. OZHAKO, C NPAKTHYECKOH TOUKH 3PEHHUs, UCIIONb30BAHME H3-
MEPEHHOTrO 3Ha4€HHs kK AOCTaTOYHO A OMHCAHMS IKCIEPHMEHTANbHBIX
JaHHBIX. B HanpaBNeHHAX X H y ypaBHEHHS ABHXXCHHS, [IOJTyYaIOMMEC U3
(5.8), npeacraBnsiorcs B Buae ypaBueHui Matse [228)]:

d’u

y, = +(a, +2q,cos(2r))u, =0 (5.10)
:
dzuy
g;l_+ (a, +2q,cos(27))u, =0 , (5.11)
rac
_ 49 (U, WU,
T mQ? [ r z (5.12)
a4 (U, WU,
0 Zp
2qV,
q=-g,="Tm (5.14)
0
_— (5.15)

2

O6mee pemenue ypasaennit (5.10, 5.11) moxeT ObiTh HARACHO B BHAC
6eCKOHEYHOTrO psaa rapMOHHK 4yactor JoBywkH f(2[197]. Ha camoMm aene
YCIOBHE 4TO a,<q% <1, i =X, ), z OGBIYHO BBITIONHACTCS, YTO NMO3BONAET
HaiTH aHaNHTHYECKOE MPHOIKEHHE PEIIECHH A YpaBHEHHI ABkeHHd. OHO
COACPXKHT FAPMOHHYECKOE CEKYNAPHOE ABHIKEHHE (MaKpOABHKEHHUE) C Ya-
CTOTaMH @, ¥ HAJIOXEHHBIM HAa HETO MHUKPCABH)XCHHEM C 4aCTOTOH BO3-
Oy>XAEHHUS IOBYIIKH (2,

u(t)=A4 cos(a),.t+¢,.)|:1+%cos(ﬂt)], i=xy. (5.16)

AMmnnutyas A, v da3el @,3aBHCAT OT HAYaIBHBIX YCIOBHH, a CEKynap-
HBIC YaCTOTHl AAKTCA BBIPAXKCHUAMH
2

wi=ﬂi% , Bi= ai+12i_ . (5.17)

B atom npeaene u npu U, = 0 (410 06bIYHO BHIMOTHAETCA), MUKPO-
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JBHIKEHHE NMPEHEOPEKHMO MaJo H MOH OCUHMJLIHPYET TaK, KaK ecliu Obl OH
ObIn 3anepT B rapMOHHYECKOM ICEBJONMOTEHUMANE ¥ B paaHanbHOM Ha-
NPaBJICHHUH:

vef

q¥ = q4 O =—2—mco 2(x*+y%) (5.18)
C pagHanbHOM CEKYNApHOH yacToTol @ = gV, /( \/Z_mQroz).

OcHOBHOE MPeUMYINECTBO JHHEITHOI NoByuku [Tays (no cpaBHEHMIO C
TpexMepHoii noBymkoi Iayns, ucnons3yMo# ansa XpaHEHHS €AUHHYHAIX
HOHOB) COCTOMT B TOM, YTO MHKPOJBH)XCHHE 3aXBaUY€HHLIX B Z-HanpaBlie-
HHH MOHOB MCYE3a€T MONHOCTHIO. TakuM 00pa3oM, TaKOe ABHKECHHUE ABNA-
€TCA FapMOHHMYECKHM KONEOaHHEM B CTAaTHYECKOM NOTeHuMane, obecme-
YHMBAKOIIEM aKCHAIBHBEIH 3aXBarT.

XoTs NpUMEHEHHE TMHEHHBIX JIOBYIIEK 11 KBAHTOBBIX PETHCTPOB HA
HOHAX MPEACTABIAETCA NMPEANOYTHTENLHBIM, BAPHAHT BBITSHYTOH Tpex-
MepHo#i nopywku [layna moxeT ObITh MCMIONB30BAH NI CO3LAHHSA LEMO-
YeK U3 JBYX HITH TpeX HOHOB [216]. Takoe ycTpOHCTBO COCTOHT M3 KONbIIE-
BOTO JJIEKTPOAA LIHNTHYECKOH GOPMBI M JBYX OKOHEYHBIX INEKTPOJOB
(puc.5.17d); uenoyka HOHOB OPHEHTHPOBAHA BAOMb ATHHHOH OCH KOJbLE-
BOTO 3JIeKTpoAa. B aToi reoMerpun Bo3MOXXHO A0OHTBCA 60Nee BBICOKHX
YacTOT JIOBYIOKH, Y€M B JIMHEHHOM BapHAHTE, YTO MPCAMOYTHTEIbHEE C
TOYKH 3PCHHS ONTHYECKOrO OXnaxkaeHus (cMm. pasa. 5.2.7u 5.3.3). C apy-
rof CTOPOHBHI, BCETrZa CYIIECTBYET OCTATOYHOE MHKPOABMXKECHHE, KOTOPOE
MOxeT Bbi3BaTh BU-Harpes nenouxw.

5.3.3 Jlaseproe oxnadcOeHue u K8aHmoeoe O8udCeHue

Hna Toro, uro6sl HagnexamwuM 06pa3oM COXPaHATbh KBAHTOBYIO HHGOP-
MAaIIHIO, KBAHTOBOE COCTOSHHE KaXJO0ro OTAEIbHOIO HOHA B LETIOYKE AO0J-
7KHO OBITh TINATENbHO MPUTOTOBJIEHO. ITO JOCTHIAETCA NPH a3€PHOM OX-
NaXJEHUH C MCIIONb30BAaHHEM METOJA, NMOXOXKEr0 Ha PAaCCMOTPEHHBIH B
pas3a.5.2.7 nna eauHUYHOrO HOoHA B JoBynke. [locmeanas cTaaus oxmax-
JEHHA TakKe OYAET CAaTEIMTHBEIM OXJIAXIACHHMEM, KOTOPOE, B KOHEYHOM
CYETE, MPUrOTABIMUBACT LEMOYKY HOHOB B OCHOBHOM COCTOSHHMH ABHXKE-
Hug. OaHaKo, MOABACHHUE OTACIBHBIX KOJCOATENbHBIX MOA LIETIOYKH C pa3-
JIUYHBIMH YaCTOTAMHU H3MCHACT HpOHCCC OXJTAXKXIACHHUA . B YaCTHOCTH, xap-
THHA CATENIMTHOTO OXJIAKACHHUS, IPEACTABJICHHAS B pa3A. 5.2.7, He OTHO-
CHTCA, BOOOINE roBops, K ABYM HIH Oonee moHaM. Baxxnoe ornuuune co-
CTOMT B TOM, 4YTO HCCOH3MCpHMbIC YaCTOThI KOJ'IC63TCIIBHBIX MOO HpHBO'
JAT K KBa3UKOHTHHYAlIbHOMY 3HEPIeTHYECKOMY CIIEKTPY AUCKPETHBIX K-
BUANCTAHTHLIX YPOBHEH, KaKk AJMA OAHOH KOJeOaTENbHOH MOALI. YPOBHH
9HEPTHUH CHCTEMbl TENEPh OTHOCATCA K BHYTPEHHEMY COCTOAHHMIO |g) MM
le), a Taxke ABHraTENLHOMY COCTOSHHIO (1), TAe 1 = (N, N, ...) — BEKTOp
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4HCEN KonebaTeNbHBIX MOJ € YacToTaMu @ = (@,, @,, ...). CoorBeTcTBEH-
HO, B p€30HAHCHOM CNEKTPE AL NEPEXONOB U3 |g, 1) B |e, m) IpOABIAIOT-
Cs CaTE/IMTHI, KOTOPbIE PACIHONIOXKEHbI ropasfo 6onee TECHO, YEM y €AH-
HHYHOTO MOHA, M IPH HACTPOHKE Ja3epa Ha OAHY BHIACICHHYIO 4aCTOTY,
OJHOBPEMEHHO BO30YXIAIOTCS BCE CATEC/UIMTHBIC NEPEXOAL! BOKPYr STOM
4acTOThl B HHTEPBAJIC, ONPEACIIEMOM IUHPHHOM THHUH Y MEPEXOAA.

T'oBopsa Oonee KOHKPETHO, MOXHO BLIACIHTH ABa chayvas [229]. Ecnu
CaTEIIMTHOE OXJIAXKACHHE MPOUCXOAMT B pexkume JIamba-/luke, T.€. ecnu
TONBKO JBa KONEOATENbHBIX COCTOAHUA n; M N, OKashlBAKOTCS 3aMETHO
CBA3aHHBIMHM MOCPECTBOM OTAAYM NPH CBETOBOM B3aUMOACHCTBHH, BKIIAJ
JAIOT CaTEJIUTHI MEPBOro MOPAAKA, B TO BpeMs Kak mpouecc obMeHa 6o-
nee YeM OJHHUM KonebaTenbHbIM KBAaHTOM noxarieH. CrexTp CaTenInTOB
npoct (cM. Puc. 5.18a) u HacTpoiika Ha OAHH H3 CaTEITIUTOB NPHUBOJHUT K
OXNaXACHHUIO COOTBETCTBYIOLICH MOABI, TaK XK€ KaK H 11 €AHHHYHOTO
wona. IIpaBja KapTHHA HE COBCEM TOYHO COBIAAAET CO CIyYaeM €AMHMK4-
HOTO HOHA, M3-332 HAJIHYMA JPYTMX MOJ, KOTOPHIE HE B3aMMOACHCTBYIOT C
nasepom, a HarpesaroTcd Hrarogaps CIOHTaHHOMY u3ny4deHuo. [ToaTomy
ZAnd TOoro, 4To0sl AOCTUrHYTh OCHOBHOTO COCTOSHHSA A BCEX MoA Tpeby-
IOTCS BapbHPOBaTh PACCTPOHKM MIIM HCHOIB30BaTh CYLICCTBEHHO Oonee
IIMPOKHMH CIIEKTD ¥.

1 @ 0.1
1(5) | 1(8) ()
05 0.05
0 - of
- : 0 -
5 S, 10 0 8/@110

Puc. 5.18. PesonancHuii ciekTp ABYX MOHOB B JIOBYHiKe BHYTpH (a) u Bue (b)
pexuMa JIsmGa-uke. OnTuueckuit nepexon 6€3 N3MEHEHHS COCTOAHUA JABHXKE-
HHUA NIPH HYNEBOH paccTpolike NOKa3aH BMECTE C €Fo KojieGaTenLHbIMH CaTEIH-
TaMH NpH COOTBETCTBYIOLIMX paccTpoiikax. BHYTpu pexuMa JIamba=/luke (a)
CYIIECTBEHHB! TOMBKO QyHIaMEHTANLHBIE CATEUIMTH NPH 6 = @, ,, KOTOPhlE
BO3HMKAIOT NpH Bo36yX/EHHH UL oaHOrO KonebaTesibHoro keaHTa. BHe pe-
xuMa JIsmba-Juke (b) nosBaAeTCI MHOXECTBO CaTE/UIHTOB, KOTOPbIC BJICKYT 38
coGoii uaMeHeHua B Bo3OyxaeHUM 06edX Mol Ha oauH UM bonee xBaHT. Boc-
npousBeneHo U3 [229].

Hdpyro# cnydai, T.€. CaTeNNMTHOE OXJaXJCHHE BHE pexuma Jlamba-
JuKe, NPUMEHSETCS B HACTOALIEES BPEMS NPH MOCTPOCHHH GONBUIMHCTBA
YCTPOMCTB KBAHTOBO#H JIOTMKH HAa TMHEHHBIX HOHHBIX NOBYINKaxX. s 3T0ro
Cllyyas MPHMEP CAaTENIMTHOrO CHEKTPA LCMOYKH M3 JBYX HOHOB INOKa3aH
Ha Puc, 5.18b. OueBnano, 4TO €CNM Na3€p HACTPOCH HA ONMPEACICHHYIO
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4aCTOTy HHXKE PE30HaHCa, BO30Yy)XaaeTCs PAA NEPEXOAOB, YTO MPHBOAHT K
H3MEHEHHIO B BO30OYXKACHHH 00CHX MOJ, T.€. AOMOIHHUTENbHO Tpebyercs
oJuH U1K Gonee KBaHTOB. B 3TOM ci1ydae, B IPOTHBOMOIOXKHOCTD PEXKUMY
JIamGa-/Iuke, 06e MOABI OXNAXAAKOTCA OAHOBpeMEeHHO. K ToMy e noss-
AS€TCA Apyras 3aBUCHMOCTb CKOPOCTH OXTaXKACHHSA OT INHPHHBI THHHH IE-
pexoaa y: CKOpPOCTb OXJAXKACHHSA YBEIHYHBAETCA HEIMHEHHO C IIMPHHOM
JMHMH, TIOCKOBKY, BO-TIEPBBIX, CKOPOCTB LIHKJIA MOTJIOMIEHHA ~ HCIYCKAHHSA
MPONMOPLHOHANBHA Y, M BO-BTOPHIX, HHCIIO YPOBHEH, C KOTOPLIMH CBA3BIBa-
€TCs Ha4aIbHOE COCTOSHHE, A, CIEAOBATENbHO, H YHUCIIO KAHAJIOB 10 KOTO-
PHIM LIEMOYKA MOHOB MOXET OXJAXKAATBHCS, TAKXKE PACTET C Y. YHET CKO-
POCTH OXJIAXACHHUA, T.€. OOLIEr0o BpEMEHH OXJIAXCHHS BAXKEH, €CJIM NPH
JOTIJIEPOBCKOM OXJIAXAECHHUH BCE €LIE OKA3bIBAIOTCA BO30Y>KICHHBIMH MHO-
rue KonebaTenbHbIE CTENEHH CBOOOABI. TO XapaKTepHO AJIsA 3KCIIEPUMEH-
TOB C TMHCHHBIMHM HOHHBIMH JIOBYIIIKAMH.

B pesynasrare YHCICHHBIX PacyeTOB OBLIO YCTAaHOBJIEHO, YTO B 00OHX
cnydasx — BHYTPH H BHe pexuma JIsmba-[luke — caTennuTHOE oXimaxae-
HHE MOXXHO HCIONb30BaTh AJA MEPEBOJA JBYX MOHOB B HX OCHOBHOE CO-
crosHue aABuxkeHuA. BHe pexxuma JIamba-/luke cupHas 3aBUCHMOCTD CKO-
POCTH OXJIaXXA€HHS OT ITMPHHBI JINHHUH NEPEX0aa Y MOXKET ObITh HCIIONb30-
BaHa JJIs ONTHMHM3ALMH BPEMEHH OXJIAXAECHUA MOAOOPOM Y B X0A€ Npolec-
ca OXJIaXACHHS.

THIIBI HFOHOB, HCTIONB3YIOLUXCS AMA OXTKICHUS, HE 0043aTEIbHO A0~
XHbl COBNAJAaTh C TEMH, KOTOPHIE NPHIOAHBL JJIsi KBAHTOBBIX BBLIYHCIIE-
Huii. B uHcTHTYTE XBaHTOBOM onTHKHM UM. M .IInanka BeImONHAETCA IKCHIE-
PHMEHT, B KOTOPOM 3a¢HCTBOBAHbI THHEHHBIE LIEMOYKH, COACP>KAIHE HOHBI
mMarHus ¥ uHaus. MHauit MOXkXHO 0ueHb 3 (PEKTHBHO NMOABEPTHYTh CaTel-
MUTHOMY OXJIQXJCHHUIO B OCHOBHOE coctosHue [230], B To BpeMs kak mar-
Huit Mor Obl ObITH HCIIONIB30BAH AN NEPEHOCA KBAHTOBOH MH(QOpMAaLMH.
PasfeneHue npoLeccoB OXIaXACHHS U BHIYUCICHUS NO3BOIAET HEMPEPHIBHO
OXJIaXXJaTh BCE HOPMaJbHBIE MOABI 6€3 BO3MYILEHHA COACPXKAHHA KBaH-
TOBOTO PETHCTPA.

B 3aknroueHue pasbopa I3KCIEPUMEHTANBHBIX OCOOEHHOCTEH 1a3epHO-
ro OXJaXXACHHUS B OCHOBHOE KosiebaTenbHoe cocTosHuE B ToBymkax Iayns
OTMETHM, YTO JIOOBIE CTYHaHHO OCTABIIHECA JJIEKTPHUECKHE MOJIA, AOJ-
XHbI OBITh TINATENBHO CKOMIICHCHPOBaHb. Takue Mo MOryT ObITh BBI3-
BaHBI HEOJHOPOAHOCTBIO MOJIEH Ha 3NMEKTpoAax M OyAyT BO3ACHCTBOBATDH
Ha MOHBI, BHITAJKMBasg HX ¢ OCH JoBywkH. CreqoBaTenbHO, HOHB OyayT
HCIBITHIBATh OCTATOYHOE MHKPOABMKEHHE, KOTOPOE NMPEMATCTBYET Hal-
NexaIeMy ONTHYECKOMY oxnaxaeHHI0. CydyaiHble M0 KOMIIEHCHPYIOT-
A MPHUIIOKEHUEM MMOCTOSHHBIX MOTECHIMAIOB K JOMOTHHTEIBHBIM 3JIEKTPO-
AaM Jis TOro, 4ToObl BTOJNKHYTh MOHBI Ha3aj K OCH JOBYIIKH. JTO nocie-
JOBaTEIbHO MPOAEBIBAETCS C SAUHUUIHBIM HOHOM, 3amEPThiM B OGBHIMHEIX
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nosymkax ITayns, npaueM Bo BCex TPeX NPOCTPAHCTBEHHBIX HANPaBICHH-
ax. Takas >xe TEXHHKa MOXET OBITh HCIOJIb30BAaHA U B IMHEHHBIX HOHHBIX
JoBywkax. B ciyyae 11enouKy HOHOB, TIHATENbHOE PA3MEILEHHE BCEX SIIEK-
TPOAOB CIYXXHT BaXXHOH IIPEAOCHUIKOH THKBHAALHH MHKPOABHKEHH,

5.3.4 Honnole yenouku u HoOpManoHbvie MOObI

B nuHEHHON HOHHOH JOBYHIKE HOHBI MOTYT OBITH 3amEPTHI H ONTHYECKH
OXJIaXACHEI TaK, YTO OHH 00pa3yIoT ynopsA04EHHbIE CTPYKTYphI [212, 231].
Ecnmu pagnansHoe yaepxaHHe JOCTAaTOYHO CHIIBHOE, HOHBI Pa3MEIaoTCs
caMHu coOOH B JTMHEHHYIO LETNOYKY BAOJIb OCH JIOBYIIKHM HA PACCTOAHHAX,
ONpEAEIACMBIX PABHOBECHEM MEXKAY KYJTOHOBCKHM OTTAJIKHBAHHEM H TIO-
TEHIIHAIOM, 06eCreuHBaIOMNM aKCHAIbHOE yaepkanue. Ha pucynke 5.19
NOKa3aH NMPUMEP LeNO4YKH HOHOB Ca* B HOHHOM NIOBYLIKE.

Puc. 5.19. TIpuMmep HoHHOM Nenoykd B nuHelHoW nosywke layns. Cpeaunee
paccTosHME MeXAy ABYMS MoHaMHM NpubamsutenbHo paBHo 10 MkM. Bpems
sxcnosuuuu CCD-kaMephl — 1¢c. MaMepenHoe pazpeiieHue cucTeMsl H306paxe-
HHU3A, cocToswel U3 nuH3e U CCD-kaMeph! Jiyumne He Xyxe yeM 4 Mxm. Jlus
cpaBHeHHA, cM. [231].

TTonoxeHHsa paBHOBECHA HOHOB MOT'YT OBITh OLIEHEHBI YHCIEHHO. Ecnn
NOTEHUMA JOBYMKHM OIU30K K FrapMOHUYECKOMY, 3TH MOJOXKEHUS MOTyT
ObITh OMHMCAHBI CAMHCTBEHHBIM NapaMETPOM — AKCHANBbHOM HacTOTOH @),
(5.9) [212, 232]. Manbie cMEIECHHA HOHOB U3 MONOXKECHHUS PABHOBECHS HE
OMHCHIBAIOTCA B TEPMHHAX JBH)KEHHA OTACIBHBIX MOHOB, T.K. KyJOHOBC-
KO€ B3aHMOJAEHCTBHE CBAZBIBACT 3apsAKECHHBIC YAaCTHLH. BmecTo 3tT0ro
ABHXKCHHUC HOHHOH LICMMOYKH JO/IXKHO HpeIICTaB.IIHTbCH B TEpMHHAX HOpMaJib-
HBIX MOJ LEMOYKM YACTHI{ KaK LENOro, KONeOmomecs ¢ onpeaeaeHHEMHU
yacroraMH. B kauecTBe mpuMepa, pacCMOTPHM JBa MOHA, 3alEPThIX B
JMMHEHHOW HMOHHOH nosymke. Ilepeas HOpManbHas MOAa COOTBETCTBYET
KOIe0aHHIO LIETOH LIENOYKH HOHOB, JBHTAIOLIMXCA BIIEPEA H HA3a ], Kak Oya-
TO OHH XKECTKO CBA3aHbl. TakoMy KoneOaHUIO OTBEYAET T.H. MOOA yeHm-
pa macc (MLIM) uenouku [232]. Bropas HOpMaabHas MOAA COOTBETCTBYET
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TaKOMY KONeOaHHIO, KOT/a HOHBI JBHIAIOTCS B MPOTHBOIONOXHAIX HANpaB-
neHusax. B Gonee obmeM cinydae 3ta T.H. Ovimawas mMo0a ONMUCHIBACT
Leno4uky N HOHOB, IBHUTAIOIMUXCSA C AMIUIHTYAOH, MPONOPLHOHANBHON HX
paccTosHUIO Jo ueHTpa nosywku. Ha Puc. 5.11a u b B pa3a. 5.2.9 noxka3a-
Ha CTpOOOCKOMHYECKas KapTHHA AbINAIMMEH MOABI H ABHXXECHHA LEHTPA
Macc, caenanHas B yHuBepcutere MHcOpyka ans nenoyku H3 7 HOHOB.
ITpsMoit pacuer HOpMaNbHBIX MOA (COOCTBEHHBIX MOI) H COOTBETCTBY-
IOIMX COOCTBEHHBIX YaCTOT HOHHOM LIEMOYKH JAET CACAYIOLIHE MPOCTHIC
peayneratst [200, 232]: (i) Ans OXHOMEPHOI LIEMOYKH, COCTOSIIEH U3 N HOHOB
CyLIECTBYET TOYHO N HOPMalbHBIX MOA H HOPMANbHBIX 4acToT; (il) 4acTo-
Ta MO/bI LIEHTPA MacC B TOYHOCTH COBMAJAET C YACTOTOH EIMHHYHOTO HOHA,
(iii) YacCTOTBI BBICIIMX MOPAAKOB c1abo 3aBUCAT OT HOMepa N, U NpeacTas-
nsrores pagom (1, 1.732, 2.4, 3.05(2), 3.67(2), 4.28(2), 4.88(2), ...)w,, rme
yycna B Ckobkax 0603HaYalOT MakCHMAabHOE OTKJIOHEHHE YaCTOTHI NMpH
yBenuueHud N or 1 g0 10 uoHoB, (iv) OTHOCHTEIBHBIC aMITUTYAbl HOP-
MaJbHBIX MOJ AOJDKHBI OBITh OLICHEHBI YHCICHHO (IO KpaiHed Mmepe Ans
LEnodueK, coaepxamux Oonee ueM 3 HoHa, cM. ypaBHeHue (28) B [232]).

Puc. 5.20. KonebatenbHoe Bo30yxk/IeHHE LIENOUYKH H3 NATH HOHOB NPH HAJTMYHH
BEIIHETo NepeMEHHOro HanpskeHus. Cresa HanpaBo: Bo36yX/ACHHE OTCYTCTBY-
eT. Cna6oe u cunpHoe Bo3byxaenne MIIM (158.5 xI'u), Bo3byxaenue Abima-
mei Moasl (276.0 kI'n).

INocne 3arpy3ku JOBYIIKH LEMOYKOH HOHOB, HOPMAJIbHBIE MOJBI MOTYT
ObITh BO30OYXACHHI IPUIIOKEHHEM AOTOJHUTEIBHOTO NIEPEMEHHOTO HaNps-
XKEHHS THO0 K OMHOMY H3 KOJIBLEBBIX 3IEKTPOAOB, THO0 K KOMIIEHCHPYO-
wuM 3nexrposaM [212]. Bo3GyxaeHue HOpManbHOH MOBI MOXKHO Habmro-
JaTh Kak yBenuueHHe IMpuHH naria B CCD-kamepe 3aaonro 10 nossie-
HHs IpOBaja B CHrHane GpiyopecUeHIHH, pETHCTPHPYEMOro GOTOYMHOXH-
tenem. M3MepeHne 4acTOTH Ablmameil MOABI cornacyercs (C TOYHOC-
TbIO HE Xyxke 1%) ¢ 0KHOAEMBIM 3HAYCHHEM, OTIHYAIOIMMCS B V3 pa3 or
4yacToTh MOAn uLeHTpa Macc. Ha Puc. 5.20 npeacrasneno Bo3byxacHHE
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Moabl HeHTpa Macc (158.5 k') aAns 5 HOHOB U JBYX BEAHYHMH aMILTHTYJ
BO30yxacHUA. Jins Toro 4Tobnl BO30yAMTH ABIIOALNYIO MOAY HECOOXOAHMO
NPHIIOKHTh HANpsKEHHE, OOLIYHO NpeBbiIatomee npudau3uTeasHo B 300
pa3 To, KOTOPOE HYKHO s BO30yxAcHHA MOAb neHTpa mace (3B o cpas-
Henuio ¢ 0.01B). Bo36yxaeHus MOX BBICIIMX MOPAAKOB He Habmoaanmuch
IIPY YPOBHAX HANPSXKEHHH, JOCTYMHBIX B ycTaHOBKE [212]. D10 06BACHS-
eTcs TeM (GakToM, 4TO BO30YXKJAIOWICE MONC MPAKTHYCCKH OAHOPOAHO
BJONb HOHHOH HEMOUKH, T.€. 3 (HEKTHBHOCTh BO3OYHACHHS BHICUIMX MOJ,
JJ151 KOTOPBIX HEOOXOOUMBI PaJUECHTHI MO, MPOXOASIIErO Yepe3 HOHBI,
ObIna KpaliHEe HHU3KA.

Konebanue MIIM B036yxaaeTcs npu MOMOIH OZHOPOAHOIO IONS U
MO3TOMY OUEHb YYBCTBHTEIBHO K (PJIyKTyalMsM Mois, NPOCTPAHCTBCHHOEC
H3MEHEHHE KOTOpOro oOBMHO Maso HAa MacmrTabax, 3aJaBaeMbIX PaccTo-
STHUEM Mexay noHamH. HaobopoTt, Bo30yxaeHHE MO BRICIIHX MOPSAKOB
TpeOyeT Gonbiuux rpaaueHTOB mojs. [loaToMy HexenarenbHoe BO30OYyMK-
JEHHE TPOMCXOAUIO HAMHOIO PExe A MOJA BBICIIMX TOPSAKOB. 3ame-
THM, YTO BO BPEMsI KBAHTOBOTO BHIYMCIIEHH S, KBAHTHI KOIcOaHHI B HOHHOMH
HENOYKE TCHEPUPYIOTCA PAMAHOBCKHMH CaTELIMTHBIMH NEPEXONAMM, HH-
AYLHPOBAHHBIMH JIa3¢PHbIM B3aUMOACHCTBHEM C CAHHHUYHBIM HOHOM.

5.3.5 Honwe xax xeanmoewiii pecucmp

KBanToBas nHGOpManHs MOXET XPAHHTBCS B HOHE, €CJIH €70 PHIOTOBHUTD
nu60 B OJHOM H3 ABYX PA3MHYHBIX IMEKTPOHHBIX COCTOSHHUIX |g), [€), nubo
B BHJ€ J000H Cynepno3uiuy 3THX ABYX coctosHUi. OueBHaHOE TpeOOBa-
HUE NIpu BHIOOPE ITHX COCTOAHHII COCTOUT B TOM, YTO M3NTYy4aTENbHOE Bpe-
M XKM3HH 000MX COCTOSHHH JOMKHO ObITh 3HAYHTENBHO OOMBINE, YEM Bpe-
Msi, HeOOXOAMMOE A/ BBINIOJIHEHHS BHIYUCIIEHHUA, T.€. JO TOr0, KaK CIOH-
TaHHBIH pacmaj pa3pylMT KOrepeHTHOCTb. OJHAa M3 BO3MOXKHOCTEH CO-
CTOHUT B HCINOJIb30BAHHH OCHOBHOIO COCTOSHHS MOHA M METACTAOHIBHOTO
BO30YXKACHHOTO COCTOSHHA HIIM JAXE ABYX METACTAOHIBHBIX COCTOSHHIA.
BpemeHa >xu3HM MOTyT OBITh NOpsAKA CEKYHA (HAMIpUMeEp, MPH HCIOIB30-
BanuH yposHei *D B “°Ca*, Puc.5.21b), uro a0/mKkHO OBITH JOCTATOUHO
JUTS IPOCTBIX KBAHTOBBIX BhIYHCICHHIA. Bo3mMOXxHBI gaxe Gonee anuTens-
HbBIC BPEMEHA XXH3HH MPH MCMONb30BAHHH ABYX KOMIOHCHT CBEPXTOHKOM
CTPYKTYPbl OCHOBHOTO COCTOSHHS, KOTOPbI€ CTAOHJIBHBI 110 OTHOWIEHHIO K
SNMEKTPOAMIIONLHOMY pacniany {216, 228). [Ipumepsl Bxmo4aroT HoHb °Be”,
BMg* u ®Ca*; cny4an ¢ 6epuninuem nokasad Ha Puc.5.21c. Kpome Toro, B
Cly4ac MOHOB, He O0NaJaloMMX CBEPXTOHKOH CTPYKTYpoH, HHbOpManus
MOXET XPAHUTBCA H B OCHOBHOM COCTOSHHH, CCJIH HCINONB30BATh 3eEMa-
HOBCKYIO CTPYKTYpPY. 3AMETHM, YTO MOCKOJIbKY HOHBI OOBIMHO MMEIOT ABa
3€eMaHOBCKHX OCHOBHBIX NOAYPOBHS, DTOT NMOAXOA 3aMpelIacT T¢ onepa-
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MM ¢ KyOUTaMH, KOTOPHIE HCHONb3YIOT BCIOMOTaTeNbHbIE YPOBHH, Kak B
($a3oBbIX IOTHYECKUX DIEMEHTaX, OMHMCHIBAaEMBIX HIXKE. Bee BHyTpEHHHE
cocToanua N MOHOB B NOBymKe 06pa3syior 2N-MepHOE rHIbOepTOBO Mpo-
CTPAHCTBO, B KOTOPOM HMPOHMCXOAHT KBAHTOBOE BRIYHMCICHHE.

(a) A (b) P, =g 40Co*

Ky6ur

17 WUBOOR———
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(C) 2P CEE— BBe+ (d) 2P1 NS 24Mg+

12 e n - -

0, @,

ZS": F,M-1|1 zslﬂ

= m=-1/2
F,m =22 § m,= +12

Puc. 5.21. CxeMa ypoBHelf HOHOB B JIOBYIDKE HCMONb3YEMBIX JUIS KBAHTOBMIX
BhIYHCIIEHHH. (a) TpeXypoBHEBas cxeMa ¢ MEJUICHHBIMH NepexonaMu KyGHTOB U
6LicTpLIMH NepexonaMu s 3¢peKTHBHOrO CYHTHIBaHHS, (b) KyOHT B OoCHOB-
HOM COCTOSHHMH H MeTacTabuibHOE COCcTOSHHE; (C) KYONT B CBEpXY3KHX OCHOB-
HBIX COCTOAHHAX; (d) KyOHT B 3eeMaHOBCKUX NMOAYPOBHAX.

5.3.6 Ilpuzomoenenue eOUHUYHO20 KyOuma u MAHURYAAYUU C HUM

J10 BBIMOTHEHHA KBAHTOBOrO BEIYHC/ICHHS BXOJHEIC JAHHBIC JOKHEI OBITH
3aTPyXCHB B KBAaHTOBHIH PErHCTP. DTOT MPOLECC COOTBETCTBYET BO3-
OyKACHHIO KaXA0ro H3 N HOHOB B ONpPEJCICHHOE KBAHTOBOE COCTOSHHE.
Haun6onee npocTo 310 JOCTHraeTca NMPH BO3ACHCTBHH J1a3€PHOrO M3jTyde-
HHs Ha BHYTPEHHHE COCTOSHHA HOHOB. [IpeaBapHuTenpHOE TpeGOBaHHKE CO-
CTOHT B TOM, YTO KaXAbIH JIa3€PHBIN JIy4 AOJKEH HMETh HHAMBHAYaib-
HBEIH JOCTYN K KaXAOMy HOHy. PaccTosHue Mekay COCEIHUMH HOHAMH B
JOBylIKE COCTABISET MopaAka 10MKM, 3HAUHT Ja3€PHBIH MMYy4OK AO/IKCH
ObITh CHOKYCHPOBaH B MATHO TAKOrO pasMepa AJd MPEAOTBPALICHHA M-
pexpecTHbIx B0o30yxacHHH HOHOB. Iloaxoasmas cxeMa i AOCTyna K
HOHAM COCTOMT B OTKJIOHCHHH JIa3€PHOTO IyYKa C MOMOLIbIO aKyCTOONTH-
YECKOro MJIH 3JIEKTPOONTHYECKOro 3¢ dekra, NoCaEAOBATENBHO K KaXA0-
My HOHY B LIEMOYKE. ITOT METOJ OBl 3KCTEPHMEHTAIBLHO MPOACMOHCT-
pupoBaH rpynnoii u3 Muc6pyxa [213].

INpuroToBieHHE BXOAHOTO COCTOSHHS AaHHOrO KyOMTa BK/IIOYAET ABA
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3tana. B nepBoM - kyGHT cTHpaeTcs npH NMOMELIEHHH HOHA B OJHO M3
AByx 6a3uCHBIX cocTosHMH (|2) U |e)), HANMPHUMED, C MOMOIIBIO O THYECKOH
HakaukH. M3 3Toro xopomo onpeaeneHHOro Ha4aabHOTO COCTOAHHA MPOU3-
BOJIBHOE CYNEPNO3HIHOHHOE cocTosHME (alg) + PBle)) kyOuta Moxer GpITh
NOJTy4EHO C MCMOIb30BAHHEM PE3OHAHCHOIO JAa3ePHOro HMIYNbCa mepe-
MEHHOH JJIMTEIBHOCTH, MyTeM BO30YxAeHH A ocumnsuuii Pabu mexay asy-
M3 COCTOSHHAMH KybuTa. Eciu ucrons3yerca 7-uMnyisc, To KyOHT nepe-
KIIIOYa€TCA B OPTOrOHAIBHOE COCTOSHUE U B CIIy4ae KOPOTKHX HMNYILCOB
TakUM 00pa30M MOXHO MPUTOTOBHTH CYNMEPHO3HMLIHOHHOE COCTOAHHE KY-
6ura. Texuuka nepexmoueHui Pabu Taxke ucnonbsyercs, ecnu Tpedy-
I0TCA NOJTHBIE NIEPEBOPOTHl EAMHMYHLIX KYOUTOB BO BpEMS KBAHTOBOTr'O BhI-
YHCJICHHA A1 06eCMEYeHHA KOTePEHTHON NMEPECTPOMKH KOMIIOHEHT KBaH-
TOBOT'O PETHCTpA.

Jeranu TOro, Kak MPOMCXOAMT mepekatoucHue Pabu, 3aBUCAT OT uc-
NoJIbL3yeMOit CTPYKTYpH. Ecu cocTosnns kyOuTa pa3aeneHs ONTHYECKH-
MM YaCTOTaMH, HCHONB3yeTca OAHOGMOTOHHBIH mepexon. B ciaywae xe
CBEPXTOHKOH HJIH 36€MaHOBCKOH CTPYKTYDPHI JJIEKTPOHHBIX YPOBHEH npH-
MEHAIOTCA ABAa PaMaHOBCKHX My4Ka, O0BbEAUHAIOIIHE KBAHTOBLIE COCTON-
HHUSl 4€pE3 NMPOMEKYTOUHBIH BUPTYaJbHBIH YPOBEHb ONMM3KHH K BO30YXK-
JICHHOMY COCTOSIHHIO MOHA.

5.3.7 Konebamenvnas mo0a 6 kayecmee K8AHMOBOU WUHbBI OAHHbBIX

B onepanuax, paccMaTpuBaeMBIX JO CUX MOP, CAMHHUYHbIE KYOHTH ObiiH
3aAeiCTBOBAHE HE3aBHCHMO APYr OoT apyra. OaHako, IpH BHIYMCICHHAX
(norudeckux onepauMsax) HEOOXOAMMO OOCCIEUHTh CHIBHYIO CBA3b MEX-
Ay KyOMTaMH, Tak YTO AHHAMHUKA JIF0OOr0 HOHA B LIEMH MOXET CYHTATHCA
00yCIOBIEHHOH COCTOSIHHEM ApYrHx MOHOB. I'opa3no Gonee cunsHOE B3a-
HMOJEHCTBHE MEXAY MOHAMH B JIOBYIIKE NPOMCXOAMT Onaromaps KyJao-
HOBCKOMY OTTaJIKMBAHHIO, KOTOPOE B COCTOSHHH paBHOBECHA cOanaHcHupo-
BAaHO BHEIIHHMM 3amuparomuM noteHumuanoMm. Kak 6rino mokazano B
pa3a.5.3.4, HOHBI COBEPIUAIOT CHIBHO KOPpPEIHPOBaHHBIE KOoNeOaHUs BOK-
pYr nonoxxeHus pasHoBecHs. OcOOCHHbBIH HHTEPEC NPH CBA3BIBAHUH HOHOB,
HaXOAIUXCA B PA3UYHBIX MOJOXKEHHIX B MOHHOM JIOBYIUKE, BHI3BIBAET
mMoza uenrtpa macc (MLIM), koraa Bce HOHBI OCHMJUIHPYIOT CHH(}A3HO B
HanpasjaeHuu ocH JoBymku. Lupak u Lonanep [156] nokasanu, kak MOXHO
ucnons3oBath MIIM ans nepenaun kBaHTOBOH HHGOPMALIMH MEXAY HOHA-
MH, KOTOPBIE MOTYT HaXOAUTHCA B AAJIEKO OTCTOSLIHX TONOXKECHHUIX BHYT-
PH LETOYKH.

Ilpexae Bcero, koneSanne MLIM nomkHO ObITH OXNAXAEHO B OCHOB~
HOE€ KBAHTOBO-MEXaHHUYECKOE COCTOSHHE. DTOr0 MOXXHO JOOUTHCS NMPH NO-
MOIIM TEXHHKH CATE/ULINTHOTO OXJIAXACHHS, OITHCAHHOM B pa3a.5.3.3. Ksan-
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TOoBas MHGOpPMALUA 3aTEM MOXeT ObITh mepeaaHa ot moboro HOHa B 1ie-
nouxe k MLIM ¢ nomonsio cneayromeii npoueaypsi. OAHH HOH CEEKTHB-
HO 06ny4aeTcs cOKyCHPOBAHHBIM JTa3epHBIM MYYKOM H MOCIE Z-HMITYIIb-
ca, HaCTPOEHHOrO Ha PE30HAHC MEPBOro ATHHHOBOIHOBOrO KonebaTenpHO-
ro caTelIuTa, BHYTPEHHEE COCTOAHHE 3TOr0 HOHA 3alTHChIBAETCA HA BHEII-
Hee (konebaTenbHOE) COCTOAHHE HOHHOM Lemodku (cM. Puc.5.22a). B pe-
3yNBTAaTE OCHOBHOE M NEPBOE BO3OYKACHHOE COCTOSHUA konebanus MLIM
OKa3bIBAIOTCS B CYNEPNO3HLIHH HHXXHEr0o H BEPXHEro COCTOAHHH KyOHTa,
KOTOpHIi M3Ha4YaIbHO NpeAcTaBnsa coboit HoH. bnaroaaps koppenuposaH-
HOMY ABxeHHIO B MLIM BCce HOHEBI IENMOYKH COBEPIIAIOT OQHHAKOBOE KO-
nebaTenbHOEC JBHXKCHHE U, CICAOBATENbHO, HECYT OAMHAKOBYIO KBaHTO-
BYI0 HHQOpMaIHIO. 3a1a4a MOCTPOCHHA KBAHTOBOTO JIOTHYECKOTO JIEMEHTA,
T.€. H3MCHEHHS COCTOSHHS HOHA B COOTBETCTBHH C COCTOSHHEM JPYroro
HOHa, TakuM 00pa3oM, CBOAMUTCA K 3aJade M3MECHEHHA HOHHOIO COCTOS-
HHA, B COOTBETCTBHH C KoinebarensHBM cocTtosHHueM MLIM (cMm.
Puc.5.22b). Iloapo6Hee 310 Oyaer oOBACHEHO B CIEAYIOIIEM pasjeie.
KoneGanne HOHOB MOXHO MPEACTABHTb KAK KBAHTOBYIO LIHHY, CBA3bIBAIO-
Imyo KyOHTOBbIE PErHCTPHI BAONb Leno4ku. ITocne Toro, kak 3aBepuicHa
Takas ornepauus Ha BTOPOM HOHE, 3Tan (a) JoyxeH ObTh 0OpaineH, 4ToOb!
BO3BpPaTHUTb KOJIcOATENbHYI0O MOAY B €€ OCHOBHOE COCTOSHHE H B TOXC
BpEMs BCPHYTH l'ICpBbIﬁ HOH B €rO HAYAJIbHOC COCTOSHHE.

(b)
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Puc. 5.22. KonebatensHad Mozia HOHa KaK KBaHTOBas IMHHA AaHHLIX. (&) ¢ mep-
BBIM JIa3€PHBIM MMNOYJILCOM COCTOSHHE HOHa | 3anuchiBaetca B MIIM; (b) co-
CTOSHHE HOHA 2 U3MEHAETCA B COOTBETCTBHH ¢ cocToaHHeM MI[M.

5.3.8 Jlayx-6umoevie nozuueckue sneMmeHmol U K8AHMOBbI
KOMNblOmep HA UOHHBIX J1OGYUIKAX

CymecTBexHbIi mar npeanoxenus L{upaka u Llonnepa no mocTpoenuio
HOHHO-JIOBYIIIEYHOTO KBAHTOBOIO KOMITBIOTEPA COCTOHT B pEaH3aLlHH JBYX-
GHTOBOrO KBAaHTOBOTO JOruyeckoro anemMeHTa (JI9) Ha konebarensHOM co-
crogsHur MIIM M BHYTpeHHEro COCTOSHHA HOHA, KaK BHYTPCHHHX KyOH-
ToB. B manpHelimeM OyayT paccMaTpHBaTbCA JIOTHYECKHE JJICMEHTH, B
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KOTOPBIX KoyiebaTenbHas MOAA CIY)XXHUT KOHTPOIbHBIM GHTOM, 0OyclaBin-
BAIOIUM HU3MECHCHHE COCTOSHUSA HOHA — MUIICHH,

Haubonee npocteiMu cauratorces JIJ, y KOTOPHIX TONBKO OAHA KOMOH-
Hauusa Ga3sHCHBIX COCTOSHUH MPUBOAHT K U3MCHEHHMIO COCTOAHMSA BBIXOAA.
JT0 cny4yaii Tak HasbiBaeMBiX Ga3oBbix JI9, B KoTOpHIX BONMHOBAsS QyHKUHUS
CHCTEMBI MCTIBITHIBAET CABUT (a3 HA 77 (M3MEHEHHE 3HAaKa), ecnu oba BXoa-
HBIX KyOHTa HaXOAATCA B BEPXHEM COCTOSHHH H OCTAETCA HEH3MEHHOH BO
BCEX APYrux ciaydasx. YroOsl oCyiECTBHTh H3MEHEHHE 3HAaKa BOJHOBOMH
GYHKUHH, JOCTATOYHO NPHJIOKHTb K HOHY 2 7-MMIyNbC. [l1s mony4eHus Tpe-
OyeMoif yCITOBHOMH AMHAMHKH HMITYAbC AOMKEH OBITH HACTPOCH B PE30HAHC
C NMEPEXOAOM, CBS3bIBAIOILHM TONBKO BEPXHEE BHYTPEHHEE COCTOSHHE HOHA.
910 TpeOyeT HATUIHUA AOTIONHHTENBHOTO 3IEKTPOHHOTO YPOBHS, HMEIOLLETO
APYTYIO 36€MAHOBCKY10 CTPYKTYPY. YCIOBHAA 3aBHCHMOCTB OT KonedaTenb-
HOTO COCTOSIHHS JOCTHIaeTCsA MPH HACTPOHKE Ha NEPBbIH KOPOTKOBOJIHOBEIH
MIIM-care/nuT, 94TO BEI3BIBRET NEPEXOA, €CIH HMEETCS O KpaiHEH Mepe
OOuH koneOaTeNnpbHEIH KBAHT. 3aMETHM, YTO NPH NMOCTPOCHHH TaKHX CXEM
MOXET ObITh BO3OYKJECHO HE OONee OAHOro KoJMEOATENBHOrO KBAHTA.

Bo3moxubr ¥ apyrue JIJ npu coderanuu ¢asosoro JIO ¢ mepesopo-
TOM eAMHHYHOTrO KyOHTa. B kauectse mpumepa npuseaeM JIO koHTponu-
pyemoe-HE (CNOT) (cM. pa3n.5.2.12), rae Out-muwmeHs obpamaer cBoe
COCTOSIHME, B 3aBHCHMOCTH OT COCTOSIHHA yINpasjsiomero bura. 1o Mo-
KeT OBITh JOCTHTHYTO IPH BO3AEHCTBHH 7/2-UMIylbCca A0 U nocie daso-
Boro JI9, YTO COOTBETCTBYET BPEMEHHOMY H3MEHEHHIO BHIYHCIHTENbHO-
ro 6asuca Ha |g) + |e). Jloruueckuit anement CNOT ans eAMHHUYHOTO Ky-
OuTa, IPH HCIONBL30BAHHH €r0 KOIebaTeNbHOH MOAB! B KA4YECTBE YIIPaBIA-
foniero 6ura, OB IKCIEPHMEHTAIBHO IPOAEMOHCTpUpOBaH B [211].

B Hexoropbix cayyasx Moxer ObiTh nonesssiM noayyenue JI9 CNOT ue-
MOCPEACTBEHHO, HATPHUMED, KOTAZ B HATIHYMM HET NOAXOJSAILHX BCIIOMOrare/ib-
HBIX YPOBHEIf B CTPYKTYPE 3JIEKTPOHHBIX COCTOSHUH. J{J 9FOro MOXHO HCIONb-
30BaTh TOT ()aKT, YTO CBA3b BHYTPEHHHX U BHEIMHHX CTENCHEH CBOOOAb HEMH-
HEIHO 3aBHUCHT OT YHCNIa BO30YkAcHHbIX konedarensHberx kauToB [233]. Ipu
MOIXOSLINX NapaMETPax PE3OHAHCHBIH HMITY/IbC OyaeT BO3ACHCTBOBATH THGO
Kak 2 7-HMIIYJbC, €CITH CHCTEMA HAXOAUTCS B HHIKHEM KONeOaTeIBHOM COCTOSI-
HHH, THOO B KAYECTBE 7-MMITYIbCa, KOI[a HMECTCSA OMHH KOIeOarenbHbIH KBAHT,
DpPHYEM TONBLKO B NOCIIEAHEM CIydae COCTOAHHE HOHA Oyaer obparneHo.

5.3.9 Umenue xybumoe

Ilpu 3aBeplICHHMH KBAaHTOBOTO BHIYHMCIEHHSA HEOOXOAHMMO MPOYHTATE peE-
3y/NbTaT 3TOrQ BBIYHCIICHHS, T.€. ONPEACTHTb COCTOSHHE perucTpa Kyou-
ToB. QYEBHAHO, YTO 3TOT LIAr NMOAPA3yMEBAET MPOHLHPOBAHHE COCTOS-
HHA HOHOB B 06a3Hce COCTOSHMIA, HCIIONB3YEMOM ISl AETEKTHPOBAHHS.
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KBaHTOBBIH KOMIBIOTED HA MOHHBIX JIOBYIIKaX HMEET TO MpPEHUMYIIE-
CTBO, YTO YTCHHE POUCX0oauT nouTH ¢0 100%-0# BEPOATHOCTBIO AETEK-
THPOBAHHA NPH HCHOIB30BAHMH METOAA, KOTOPLIH BIEPBHIE MPHMEHANICA
A1 AETEKTUPOBAaHHSA KBAHTOBBIX CKaYKOB B €AHHHYHHIX HOHax [234]
(cm.paza. 5.2.8). Kaxabpiii HOH mocnenoBaTenbHO OCBEMIAECTCS 1a3€POM,
HAaCTPOCHHHIM Ha OBICTPHIH NMEPEXOA, CBA3AHHBIN TOIBKO C OMHUM COCTOA-
HHEM KyOHTA; IPH 3TOM PETUCTPHPYETCA BO3HHKAIoOMas GiyopecleHIHs
(puc.5.23). Hannuue paccessHHOro ¢Be€Ta CBHAETENLCTBYET O 3aCENICHHO-
CTH CBA3aHHOT'O COCTOSHHSA, OTCYTCTBHE (IyOpECUEHIIHH — O 3aCEICHMH
OpPTOroHanbHOro cocTosHus. Cynepno3uus COCTOAHHN MOXET ObITh HC-
cleaoBaHa NpH NEepeBOpoTe KyOHTa mepes ACTEKTHPOBAHHEM.

HeTexTop

Puc. 5.23. MaMepeHHe cOCTOSHUHA HOHHBIX Ky6uTOB. K KaxaoMy HOHY HMeeTcs
JOCTYN Na3epHOro My4ka, HACTPOCHHOTO Ha MepeXoR YTeHUA (cM puc. 5.21a) u
3anuch QnyopecueHIHH.

5.3.10 3axnwuenue

B NpeABLAYINHX pa3aciax Mbl OCTAHOBHJIHCh Ha MPHUHIHIIAX JICflCTBHH HOH-
HBIX JOBYIICK H HX NPHUMCHCHAX B 3aJa4vaX BBHINOJHCHHA KBAHTOBLIX Bhi-
YUCIIEHHH.
B HacTosInEee BpeMs LIEN0oYKa HOHOB B JIMHEHHOH JIOBYLIKE NMPEACTABIIA-
" ercqa Haubonee obewarOIIMM KaHAHWAATOM JUid ACMOHCTPALMH OCHOBHOM
KOHLICMIIIMH KBAaHTOBOIO KoMNnbioTepa. [ maBHEIE MPEHMyINECTBA TaKOH CHC-
TeMbI — OONBIINE BPEMEHA AEKOTEPEHTHOCTH BHYTPEHHHX COCTOSHHUN HOHOB
¥ BO3MOXXHOCTB IIPHTOTOBJICHHA, KOTEPEHTHOTO KOHTPONA H YTEHHA COCTOA-
HH# KyOMTOB C MOMOLIBIO JIA3€PHBIX HMNYAbCOB. CpEaH KBAHTOBBIX BBIYHC-
JUTEIBHBIX CXE€M, HEAABHO PEAIM30BAHHBIX 3KCIIEPHUMEHTAILHO, HOHHBIC
JIOBYIKH MMEIOT, 110 KpaiiHeil Mepe TeOPETHYECKH, HanOONbIIKi MOTEHUHAT
JUIA BHIMOJIHEHHS MacIITaGHPOBaHMS, YTOOBI CO3JaTh AOCTATOYHO JJIHH-
HbIE KyOHTOBBIC PECHCTPHI A/ 3anyCKa MONE3HbIX KBAHTOBBIX aJITOPHTMOB.
B peanbHO OCYIIECTBHMOM HOHHO-TOBYIIEYHOM KBAHTOBOM KOMIIbIO-
Tepe pa3Mep BBIYHCIICHHH, KOTOPHIE MOTYT OBITh BBIMOIHEHH!, OTPAHHYH-
BAeTCA YHCTO NpaKTHYECKUMH mpobnemamu. dnykryanuu snexrpomar-
HHUTHOTO IOJIS H CTOJKHOBEHHS C OCTATOYHBIM razoM B BAKYYMHOH Kame-
PE€ MOTYT IMPHBECTH K CKOPOCTH MOTEPH KOTEPEHTHOCTH GonbumeH, ueM
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CKOPOCTH paIMOaKTHBHOIO pacnaja BHYyTPEHHHX COCTOsHM# noHa. Eme 6o-
nee paspyIIHTEIbHBIM (PAKTOPOM SBIACTCH AEKOIEPEHTHOCTh KoseDaTe/b-
HBIX COCTOSHUH MOHHOH u1eno4ku. g equHuyaHOro nona '"*Hg* nepexox ¢
OCHOBHOIO KojiebaTenbHOro yposus npoucxonut 3a 0.15¢ {214}, B To spems
Kak B ciayuae Be*, uamepennoe BpemMs xu3HH coctaBisier 1mc [211]. Oxe-
HNEPUMEHTANIbHBIE Pe3ynbTaTsl Ansa HOHOB “°Ca* cM. B [215]. Takue nmpouec-
CHl YCTaHAB/IMBAIOT BEPXHHH NMPEJEN HAa KOJIMYECTBO ONIEpALIHi, BBITOIHSE-
MBIX KBAaHTOBBIM KOMIIBIOTEPOM A0 MOTEPH KOrepeHTHOCTH. OAHAKO, C TOY-
KH 3pEHHS HEJaBHUX YKCIIEPHMEHTabHBIX pe3yasTatoB [212, 216], HekoTo-
pHI€ CEpPbE3HbIe TEXHUUECKHE OrPAHUYEHHUS MOTYT OBITh MPEOJOJIEHBI C HC-
MOJMB30BAHHEM ABIIIAMMX MOA B Kau€CTBE KBAHTOBOH IIMHBI AAHHBIX.

CyumecTByIoT U Apyrue mpoOleMsl NPH BHIIIOJHEHHE KBAHTOBBIX BbI-
YMCACHHI BO BpeMsl JIOTH4YEeCKHX onepauuii. [Iponeccamu, yxyamaroumumMu
Ka4eCTBO JBOJIOLMH CHCTEMBI, ABJISIOTCA HETOYHOCTb BPEMEHHBIX Xapak-
TEPHUCTHK JIa3€PHbIX HMITY/JbCOB, MOrPEMIHOCTH B YACTOTHBIX PAaCCTPOHKaxX
a TaKX€ HHTEHCHBHOCTAX M (a3ax nazepHbIX MY4YKOB, OTKJIOHEHHS OT do-
KaJIbHOH IJIOCKOCTH MOJOXEHHH HOHOB. OHAKO, TaKHE MOrPELTHOCTH MO-
ryT OBITh B KOHEYHOM CHYETE MOCJICAOBATEIBHO YYTEHBI C IMOMOMIBIO MeE-
TOAOB KOPPEKLHH OIIHOOK H CIIELHAIBHBIX TPOTOKOJIOB,

XOTH KOJIMYECTBO HOHOB, KOTOPOE MOXET OBITh YAEPKaHO B JIOBYLIKE,
JOJKHO OBITH OrpaHHYEHO Pa3MEpOM JIOBYIIKH M MOIIHOCTBIO ja3epa, HcC-
MOJB3YEMOrO JUIsl OXJIKIACHHS, IO CHX IOP LIEMOYKH TOIBKO M3 ABYX MOHOB
ObLTH YCIIEIIHO OXJIaXAEHbI B OCHOBHOE COCTOSHHE ABHxkeHHA [216]. B 6nu-
kKaimeM OyayieM XoTenoch OBl YBEIHYUTb 3TO YHCIO JO HECKONBKHX Ae-
CATKOB HOHOB, HO HEODOXOAMMBI THICSYM KYOHTOB M MHJIIHApABI JTa3ePHBIX HM-
Iy7IBCOB JUTS BBINOJIHEHUS, K puMepy, aropurMa Llopa no ¢axropu3armu 60ib-
mux yucen. Ham mpeacrapnsercs, 4To B HACTOAMIEE BPEMS 3TO HAXOAHTCA
BHE SKCMEPUMEHTAIILHBIX BO3MOXKHOCTEH. OIHAKO, HOHHBIE JIOBYLUKH CIIyXKaT
JAYYIIMMH MOZAEISIMH AJIS TECTHPOBAaHHA HEOONBIIMX CETeH KBaHTOBHIX JIO,
TAK)KE KaK ¥ CXeM KBAaHTOBOH Koppekuuu ommbok. B aToM HanpasneHu# HOH-
HbIE JIOBYLIKH MPEACTABIAIOT COOO0H HaealbHBIi OObEKT AN CHHTE3a, MAHHITY-
JHILMHA 1 anpoOHPOBAHHA IEPEITYTAHHBIX KBAHTOBBIX COCTOSIHHH LIENOYEK HOHOB.

5.4. D KCIIEPUMEHTBI ITO S AEPHOMY
MATHUTHOMY PESOHAHCY
Lo A Qowconce

5.4.1 Beeoenue

IMpu saepHom mMarHuTHOM pe3oHaHce (SIMP) usywarorca nepexoanl Mex-
Iy 3¢eMaHOBCKHMH NOJYPOBHSMH aTOMHBIX SAep B MarHHTHOM none. Ha oc-
HOBE 3TONO MPOCTOrO ONPEACICHUS TPYAHO NMpeAcTaBUTh cebe, kak SIMP Mo-
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XKeT Koro-nubo saurepecoBats. OaHako B aeiictBuTenbHocTH, AMP ne-
XHUT B OCHOBE OZHOrO M3 Hanbonee BaXKHBIX CIEKTPOCKOMHYECKHX METO-
JOB, HCIIONb3YEMBIX B HayKaX, 3aHUMAaIOMMXCA U3y4eHHEM Monekyn [235,
236]. DTO NPOUCXOAMT NOTOMY, UTO YacToTh curHanoB IMP kpafine uyB-
CTBUTENbHBI K AETATbHOMY XHMHYECKOMY OKPYXXEHHIO AAEP, H TaKHM 06-
pa3oM, TmarenbHoe H3yueHue AMP-cnexrpa Monekyn mo3BongeT ompe-
JENATh HX CTPYKTYDY.

AMP naBHO paccMaTpHBaeTcs Kak BO3MOXKHAs TEXHOJIOTHS I pea-
JAM3aLUHH KBAHTOBBIX KOMIIBIOTEPOB. Ha mepBbif B3rIsAA, 3Ta HAEA NPEA-
CTaBIAETCH OYCHb NMPHBJIEKATEIbHOM, TaK KaK AACPHBIE CIIMHBI JAIOT XO-
POLIHI HCTOYHUK KyOUTOB, M Ka3a/10Ch ObI COBEPIICHHO HETPYAHO MOCTPO-
HTh KBAaHTOBbIC JOIHMYECKHE 3IEMEHTHI. B 3TOM, OHAKO, COCTOUT OCHOB-
Has npobneMa: O4eHb CIOXKHO YCTAaHOBHTh KBaHTOBBIH SIMP-komnbrorep
B (HKCHPOBAHHOE OCHOBHOE COCTOSHHE, KOTOPOE CYIECTBEHHO HEOOX0aH -
MO s M0ObIX HHTEPECHBIX BHIYMCIACHHH. JTa mpobiaeMa Owlsia HEAABHO
peleHa ¢ HCIONb30BAHMEM JABYX Pa3HBIX moaxonoB [237-239], uto cno-
co6GCTBOBaNO OBICTPOMY MpPOrpeccy B 3TOH 001acTH.

U3-3a Baxxnoctu SIMP ang Hayk o Mojekynax, IPOMCXOAHIIO MHTEH-
cuBHOe TexHuueckoe passutue AMP cnexrpomerpos. OrpoMHsIE CYMMBL
JeHer OBIIM 3aTPaveHBl HA ONTHMH3ALHIO KX J0H UX KOMIIOHEHTHI. B Ha-
CTOAIEE BPEMS KOMMEDPYECKH NOCTYNHBIE CIIEKTPOMETPHI LIMPOKO pac-
HNPOCTPAHEHBl H UMEKIOT mapaMmeTpbl, OAH3KHE K TEOPETHYECKHM INpene-
naMm. CoBpeMEHHBIE CIEKTPOMETPHI — 3TO YPE3BHIYANHO CIOXHBIE YCT-
POICTBA, HO YIIPABJAAIOTCS OHU KpPaHHE MPOCTO ¥ IPH HHYTOXXHOH MOMOIIH
Jaxe camMbie OSCTONKOBHIE TEOPETHKH AO/KHBI OBITh B COCTOSHHH BHI-
noaHUTL npocteie IMP-3kcnepumMeHTHI.

5.4.2 TI'amunemonuan AMP

B nanxyamem cnyuyae ramunsronnad AMP umeet 10BONbHO CIIOXKHBIM BUI
[236, 240, 241}, HO BO MHOrHX cliy4asx OOJIbLIMHCTBO CIIOXKHOCTEH MOTYT
6b1Th NpourHOpHpOBaHk . Bo-nepBeIx, 1 Gyay paccMaTpHBaTh TONBKO AP
co cnuHoM 1/2 (takme, xak 'H, 3C, N, F u 3'P), tak kak 3TH sapa He
HCMBITHIBAIOT MHOTHX B3aHMOJACHCTBHH, KOTOPEIE MPOHCXOAAT B d1pax C
60/1ce BEICOKMMH 3HAUEHHSMH CIIMHOB. DTH SApa Takxke Haubonee BaXHBI
1A peann3anud kBaHToBbIX AMP kOMNBIOTEPOB, TaK Kak ABYXCIHHOBHIE
COCTOSIHUS AAEP CO CMHHOM 1/2 mpeacTaBiasfIOT €CTECTBEHHYIO JBYXYPOB-
HEBYIO CHCTEMY AJd MOCTpPOoeHHUs kybura. Bo-Brophix, s Oyay npeanona-
rats, uto SIMP-o6pazeny — 310 XHAKOCTh (OOBIYHO NMHOO YHCTAsA KUA-
KoCTb, MH60 pacTBOp). bricTpoe MOnEKynIpHOE ABHXKCHHE B XKHAKOCTH
CHIBHO ympoiaer raMunbToHHad AMP, Tak kak aHH30TPONHBIE B3aUMO-
JEHCTBHS MOTYT OBITh 3aMEHEHBI HX H3OTPOIHBIM CPEAHHMM 3HAYCHHEM,
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KoTOopoe 4acTo oOpawaercs B Hyab. SIMP-curHansl ot aaep co cruHoM 1/2
B XKHAKOCTAX OObIMHO 00JaJalOT JOBONBHO Y3KHM CIEKTPOM, IOITOMY
TakHE UCCNIEAOBAHHUA 4acTO Ha3bIBAKOTCA MeToaoM SAMP ¢ BricokuM pas-
peweHueM [242].

ITpu SIMP BbIcOKOrO pa3pelmeHns 0COOEHHO BaXKHBI ABA THIIA B3aHMO-
AeHcTeui. IlepBBIii H3 HUX — 3TO, KOHEYHO, 36EMAHOBCKOE B3AHMOAEHCTBHE.
B npucyTCTBHM MarHUTHOrO NonA B, HanpaBIEHHOrO BAONb OCH 2, BBIPOX-
ACHHE IBYX CIIHHOBBIX cocTosnui (I, = +£1/2h) cHuMaeTca u3-3a 3eeMa-
HOBCKOTO B3aHMOJACHCTBHA

H=-yLB, , (5.19)

rae y ("HpOMarHHTHOE OTHOLICHHE) — IOCTOAHHAS, XapaKTepH3yowLas sapo.
3eecMaHOBCKOE paCINEIICHHE COOTBETCTBYET YacToraM nopsaka 500 MI'n
ans sapa 'H B tunuuseix ans IMP marautax; takum obpaszom, AMP-
3KCIIEPHMEHTHI BHIMOJIHAIOTCA B PaJHOYaCTOTHOM AHMAIIAa30HE.

Hcnons3oBaHne TpaJMUHMOHHBIX METOAMK TPOCTPAHCTBEHHOMH JIOKAIH-
3alMH AN Pa3AeieHHA BKJIAJOB OTAEIbHBIX MONEKYJ MPAKTHUYECKH HeE-
yA0OHO, Tak KaK PacCTOAHHE MEXAY MONCKYJIaMH (HECKOJbKO aHICTPEM)
MaJIo 10 CPABHEHHIO C JIIMHOH BOJHBI PaJHO4YaCTOTHOrO U3JIy4YEHHA, KPO-
ME TOro, OTAENbHBIC MOJNEKYJIH COBEpWaloT OBICTpPOE ABHXxEHHE. BmecTo
3TOro ACTEKTHpyeTca OOIHH CHrHana OoT BCEX Moiaekyn cpasy. Orciona
caeayer BaxkHoe ciaeAcTBHe Hiud SIMP-3kciepHMEHTOB — OHM BBINIOJHSA-
IOTCA HE C OTAC/IbHBIMH CIIHHOBBIMH CHCTEMAaMH, a CO CTATHCTHYECKHMH
aHcamOnamu Takux cucreM. OQHAKO, MOXKHO Pa3sTH4YHTh BKIAAbI Pa3HBIX
A1Ep B OXHOH MOJIEKYJIE. DNEKTPOHHI, OKPY)KAIOLIHE SAPA, SIKPAHHPYIOT HX
OT MarHUTHOTO MOJIA, H3MEHsA FTHpOMarHuTHoe oTHoweHue' . CreneHs Ta-
KOH 3KPaHHPOBKH 3aBHCHT OT XHMHYECKOTO OKPYXXEHHS AApa, CIEA0BATEb-
HO, AJpa B Pa3IHYHOM OKPY>KEHHH HMEIOT CJIErKa OTITHYAIOLIHECS 4acTo-
Thl TIEPEXOJ0B.

Bropoii BaxcHeIH THII B3aumoaercTeusa AMP Bricokoro paspemenus —
ckansgpHas cBa3b (J-cBA3b). ITO HE MPOCTOE AUMONB-AHMONBHOE B3aUMO-
JCHCTBHE, KOTOPOE YCPEAHEHO MO OBICTPOMY XaOTHYECKOMY JBHMKCHHIO
Monekya, a 6onee ToHkuH 3¢ deKT, CBA3aHHBH ¢ KOHTAKTHBIM B3aHMOACH-
creueM Pepmu. Koraa B3aumoaeiicteue Mexay AByMs sapamu I u S Mano
[0 CPAaBHEHHUIO C pa3HOCTbIO UX SIMP-uacror, (cnabas cBa3b) raMuabTO-
HHAaH B3aHMOJACHCTBHA IPHHHUMACT NPOCTOH BHUA

H=JlS, , (5.20)
rac J,S — KOHCTaHTa CIIHH-CIIHHOBOTO B3aUMOACHCTBH A, 3aBHCALIAA OT 0CO-
OEHHOCTEH MONEKYIAPHOH CTPYKTYphl. JTa CBA3b HEMOCPEACTBEHHO Ha-

! Yame ropopsaT 06 H3MCHCHHH M08, ACHCTBYIOLETO Ha SApa, KOTOPOE B Clyvae SKpPaHH-
POBKH oTamuyaeTcs or BHewHero nons H (IIpum. nepesoduuxa).
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6monaerca B AMP-cnexrpax B BHIAe pacuienieHHs (BeIMYHHA pacuien-
neuus J, ) curnanos SAMP, orsevaromux Kaxaomy aapy.

ND,

H l \N

H IT/KO
D

Puc. 5.24. CTpykTypa 4acTHYHO AEHTEPHPOBaHHOrO LUMTO3HHA, MOMYYECHHOTO
NpH pacTBOPeHHH UUTO3UHA B D, O; TpH NpoToHa, CBA3aHHbIE C IAPAMH A30T4,
3aMEHAIOTCS Ha HOHBI JeHTEpH, ocraanmomue aBa sapa 'H B kauecTBe H30/H-
pPOBaHHOH CIIHHOBOW CHCTEMBbI (BCE APYrHe s/pa HTHODHPYIOTCH).

Puc. 5.25. SIMP cnextp 'H 8 yacTHuHO AelTepupoBaHHOM LKTO3KHe. Kaxas
napa nuHUi 310 SIMP-crHan ot AByx saep ‘H.

IlIpocroii mpumep: Ha Puc. 5.24 nokasaHa xuMu4eckas CTPYKTypa
JAEHTEPHUPOBAHHOTO LMTO3HHA. LIUTO3MH 3TO OMH M3 YeThIpeX «Ba3HCHBIX)
3TEMEHTOB, KOTOPhIE HCIIONB3YIOTCA NpH Koauposke undopmanuu B JHK
U HeAaBHO ObLT HCMOMB3OBAH AJIA PEATH3ALMH KBAHTOBOTO KOMIIBIOTEpA
[243]. Ing aTOro TpH sApa BOAOPOAA B MOJEKyNe ObLIH 3aMELICHbI ACH-
TEpHEM, 4YTO NPOCTO AOCTHraeTcs NMPH PacTBOpeHMH uurosuHa B D,O.
Crnekrp 'H Tako# Monexynsi, nonydeHHbH Ha 500-merarepuosoM SAMP-
cnekrpoMeTpe, nokasaH Ha Puc. 5.25. Kaxzgoe u3 asyx 'H axep naer napy
CHrHANOB, Ha3biBaeMbIx Aybnetom. JIBa aybnera HaxoaaTCs Ha YaCTOTax
nopsaka 500 MI'u, paccrosHue Mexay HUMH pasHo 763 I'n; ToHKoE pac-
WETJICHUE BHYTPH Kaxaoro aybnera (7.2 ') BLI3BaHO CIHHOBLIM B3aH-
MOJACHCTBHEM MEXKIAY SApPaMH.

5.4.3 llocmpoenue keanmoeozo xomnviomepa na SIMP

Haubonee oOimui moAXoA K BHIIOTHEHHIO KBAHTOBEIX BRIYHCIEHUN OCHO-
BaH Ha KBAHTOBBIX JIOTHYCCKHX CXCMAX, XOTA paCCManPlBaJ'IHCb H HCKOTO-
pyie Apyrue momenu. TakoH KBaHTOBBIH KOMIIBIOTEP AOKEH MMETh YEThI-
pe OCHOBHBIX 31eMeHTa. [lepBhiii H3 HUX — KYOHT — 3TO MPOCTO ABA CIIMHO-
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BBIX COCTOSHHA AApa (co ciuHoM 1/2), mpeacTaBnsionHe HACaNbHYIO ABY-
XyPOBHEBYIO CHCTEMY. OCTaBIIHECH 3NEMEHTHI BHIIISAAT HECKONBKO CIIOXK-~
HEe.

KsanToBble nornueckne anemeHTbl. KBaHTOBBIE TOrHYECKHE CXE-
MBI MONYYalOTCs NPH B3aHMOACHCTBHH KyOHTOB ¢ kBaHTOBHIMH JIO. Xota
CYHIECTBYET MHOXECTBO pa3nuuHbix JIJ, xopomo H3BECTHO, uTo 11060
JID MoXxeT ObITh MOCTPOCH C HCIIONB30BAHHEM COOTBETCTBYIOLICH KOMOH-
HalHH OZHO- M ABYX-KyOuTOBHIX JID [224]. OgHO-xyOuTOBBIE JID CoOT-
BETCTBYIOT MOBOPOTaM EIHHHYHOIO CIIMHA B €r0 FHIbOEPTOBOM IPOCTPaH-
CTBE, YTO MpocTo ocymectauserca ¢ momowmbio BU noneit. syx-kyOuro-
Beie JIO, takue kak JI9 «xontponupyemoe-HE» — Gonee cinoxHsie, Tak
KaK MpEANONaraloT HAJIHYHE HEKOH AMHAMHKH H, CIIEJOBATENbHO, TpeOy-
10T ONPEAENCHBOIO B3aUMOACHCTBUS MexAy AByMs Outramu. CranspHoe
AMP-B3anmoneiicreue (J-cBa3p) npu AMP xopowo mogxoauTt Ans 3TOH
LCJIH: NOCKOJIbKY OHO HE HMEET TOYHO TOr0 BUAa, KOTOPbIH HEOOX0MUM AJist
TPaAHLIHOHHBIX ynpasiuseMmsix JI9, oHO MoxeT ObITh MONY4YEHO H3 OJHO-
kybutossix JIO [245]. Hanpumep, JI9 «xonrponupyemoe-HE» nonyuaer-
ca mpu nomeuienuy JIO «ynpasasemoro dha3oBoro caura» (KOTOphIi ocy-
mecTBaseT npeobpasosanue |11) — — |11), ocrasnsas apyrue GaszoBbie
COCTOSHHUS HEM3MEHHBIMH) MEXIY napoi oaHo-kyOuToBbix JID Anamapa,
JEHCTBYIOIMHX Ha KyOUT-MHUIICHb. YpasnseMblii a30BbIH CABHT, CaM MO
cebe, MOXHO MONYYHTb, COBMEIIAA CBOOOAHYIO 3BOMIOLIMIO MPK CKasp-
HOM B3aHMMOJEHCTBUH (KOTOPOE OCYECTBASET BpameHue $has3bl ABYX Ky-
6nToB), ¢ oaHO-kyOuTOBHIM JIO dazosoro casura [245].

Oneparop c6poca. KsanToBbie JIQ npeobpa3yloT KyOHTbI H3 OZHOTO
cocTossHus B Apyroe. O4YeBHAHO, YTO NMPEANOYTHTEIbHEE, €CTH KyOHUTHI
HayHHAIOT ABH>KEHHE U3 HEKOTOPOTO YHCTOTO0 BXOAHOTO cocTosiHUA. [Tpak-
THYECKH, JOCTATOYHO HAUTH KaKOH-HHOYAb METOA, MO3BOIAIOIMA JOCTHT -
HYTb KaKOe-HHOyAb OAHO YHCTOE COCTOSHHE, TaK Kak APYrHE HayajbHBIE
COCTOSIHHSL TOIJa MOXHO MOJIYYUTh C MOMOLIBIO 0gHO-OuTOBBIX JID. Oue-
BHIHBIH BIOOp Ha4aIbHOTO COCTOSHHS COCTOMT B YCTAHOBJICHHH BCEX KY-
6utos B |0), yTo ¥ OTBeYaeT onmepaunuH copoca.

B npunuune, cOpoc noMKeH OCYMECTBIATECA IPOCTO, TOTOMY 4TO
OH MEPEBOAUT KBAHTOBBIH KOMIIBIOTEP B €r0 OCHOBHOE 3HEPTETHYECKOE
COCTOSHHE, YEr0 MOXHO NOOHMTBCS KaKMM-HHOYAb MPOUECCOM OXJax-
aeHus. K coxanenuio ator moaxon He roautcs Ans AMP, tak kak
3HEPreTHYECKOE PACLIENICHHE MEXJY 3€€MaHOBCKHMH MOAYPOBHAMH
MaJlo, o CpaBHEHHIO C OONBIIMAaHOBCKOH 3HEPrueH, Npyu M00bIX pasyM-
HbIX Temmneparypax. IIpy KOMHaTHOH TeMIepaType IHEpreTHYecKas
menb Tak Majna, 10 CPaBHEHHIO C kT, YTO HACEIEHHOCTH BCEX 3THUX CO-
CTOSHHUH MOYTH OAHHAKOBbI MPHU HEOONbIIOM OTKIIOHCHHH OT YCPEAHEH-
Ho#l (nopsaka 10%). Ot ycpeanenHoii nacenennoctu curuan AMP ue Ha-
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6m0aaeTCs, T.K. CHTHAJIBI OT Pa3HbIX MOJIEKYJI KOMIIEHCHPYIOTCS, HO Cla-
OBl cHrHam, BHI3BAHHBIH OTKJIOHEHHAMH OT CPEIHEH HACEICHHOCTH, BCE-
TaKH NPHCYTCTBYET.

Jnsa Monexyinbl, coaepxaieii eAMHUYHOE H30TMPOBAHHOE AAPO, T.€. KOM-
MbIOTEPA C EXHHHYHBIM KyOuToM, 3¢ dexrurnoe cocrosnue |0) mocrura-
€TCsl CPaBHUTENBHO NpocTo. IIpn TepMoAMHaMHYECKOM PaBHOBECHH OT-
KJIOHEHHE OT PaBHbIX HACEJIEHHOCTEH Iulb cierka 6oibiue B (HU3KOIHEP-
FeTHYHOM) cocTossHuH |0) o cpaBHEHHIO ¢ (He3HauuTENbHO Gonee BHICO-
KHM II0 3Hepruu) coctosHueM |1). K coxanenuro, ato npocroe npubnmke-
Hue He paboraer a1 GOompLIMX CHCTEM, T.K. B HUX KapPTHHA H3MEHCHUSA
HACENCHHOCTEH ropas3xo 0ojice CIOXKHAsS ¥ HE COBMAAACT C XKEAAECMOH.
Takas oueBnxHas HECTOCOOHOCTD BHINIONHEHH S ONepaLuu copoca CTaBH-
aa SIMP B psix HEOCYINECTBUMBIX KBAHTOBBIX KOMITBIGTEPHEIX TEXHOJIOTHH
B TCYCHHE MHOTHX JIET.

K xonnuy 1996 roaa 65110 BripaboTaHO ABa HE3aBHCHMBIX ITOAXOAA A
peweHus 3Tod mpobinemsl. B mepsoM moaxozxe, uccienosanHoM Kopu u
coasropamu [237, 238], ucnone3yeTcs CNOXKHAs MOCNEAOBATENBHOCTD
AMP-uMnyascoB, 4ToOB U3MEHUTH HACEIEHHOCTH PA3THYHLIX CIIMHOBBIX
COCTOSHHH, B KOHEYHOM CUETE PEANIH3yeTCs Hy)KHas KapTHHA M, TaKUM
06pa3oM, COCTOSHHE PaBHOBECHS CBOAUTCA K KEJIAEMOMY HA4YaJbHOMY
cocTosHHIO. B anbrepHaTHBHOM noaxoae paszpaboranHom Uyanrom u I'ep-
meHPEnbIOM, OCYINECTBIACTCS Pa3AcIcHHE CTHHOBOM CHCTEMBI HA MHO-
ro pa3au4HeIX noacucteM {239, 246]. B npeaenax 3THX MOACHCTEM Kap-
THHA PaBHOBECHS HACEJICHHOCTEH HMEET HEOOXOAMMBIH BHJ, T.€. AOCTHIa-~
€TCA )KEIaeMO€ HadaJbHO¢ cocTosHHe. HecMoTps Ha TO, 4TO 3TOT MOA-
XOJ TEOPETHYECKH OONee INIETaHTEH, C NMPAKTHUYECKOH TOYKH 3PEHHS OH
TPYAHO PEATM3yCM, MOITOMY MIHPOKO HE HCMOTL3OBANCS. Hpyrue noaxo-
JBI, HAPUMEP, BPEMEHHOE ycpeaHeHue {247], kOHUuenTyanbHO OIH3KH K
noaxoay Kopu u ap. u He OyayT B AanpHeHmeM 34€Ch pacCCMaTPHBATHCS.
JletanbHoe CpaBHEHHE PA3IMYHBIX METOAOB OBINO MPOBEACHO XIBEJIOM H
coasTopamu [248].

Boixoa. B utore HeoOxoquMo UMETh KakoH-HHUOYAbL COCOO A yTe-
HHS OKOHYATENILHOTO pe3ynbrata. OOBIUHO 3TO MOTYYaeTCs MPH YTCHHH
3HAYEHHH OJHOTrO MIIM HECKOJBKHX KYOUTOB, KOTOPBIC 32KOHY UJTH MPOLIECC
BBIYHCIICHHSA B OCHOBHBIX COCTOSHHAX. B KBAaHTOBOM KOMIIBIOTEpPE Ha
SIMP 3710 COOTBETCTBYET ONPEACIEHHUIO TOTO, SBISETCA JIM HACEICHHOCTD
cocrosiHus |0) BhILue, YeM B cOCTOAHUH |1), unu Haobopor. Ha npakruke
HEBO3MOJKHO ONPEACIHTD 3TH HACEICHHOCTH HENOCPEACTBEHHO, HO MOX-
HO MPOCTO BHIMOJIHKTh 3IKBHUBAJICHTHOC U3MEPEHHE, NPHKIAAsIBas 7/2-
umnyinsc BY nons. Ilpu 3Tom co3paercs xorepeHTHas CyNeprno3uLHs CO-
crosHui |0) u |1), KoTOpas 3areM ocLMIHPYeT B MarHuTHOM none. OTHo-
CUTE/IbHBIE HACEIEHHOCTH MOTYT OBITh ONpPEACNCHEI IPH HAOMIOACHHH Be-
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JMYHHE M (a3bl TAKOrO OCLMANMpYIOIEro curiana. AGcontornas ¢asa ero
CMEICTIA HE HMEET, HO MOXHO JOOABHTh ONOPHBIH CHrHAN, TaK YTO OCTa-
HETCA M3MEPHTH JIHIOb OTHOCHTENbHbIE a3kl

B HEKOTOpBIX KBAHTOBHIX aJITOPHUTMaxX HCMONB3YETCA ABA U Oonee Ky-
OHTOB M B 3TOM Ciy4yae CyIeCTBYeT ABa pa3HbIX moaxoaa. IlepBriit moa-
XOJ COCTOMT B BO30OYKICHHMH TONBKO OJHOTO M3 COOTBETCTBYIOIUHX CITH-
HOB; IIPH 3TOM COCTOSHHA APYTUX CIHHOB MOTYT OBITh BBIABJICHBI IIPOBEP-
KOH MyIBTHILIETHOR CTPYKTYpPhI HAGMIOAaEMOro cliiHa. B nporuBononox-
HOCTB 3TOMY, MOXHO BO30OYAHTh BCE CIMHBI M HAONIOAATh UX OJHOBPEMEH-
HO; B TaKOM Clly4ae COCTOSHHE KaXXAOro CIIMHA ONPEACNACTCS HEMOCPEa-
cTBeHHO M3 (asel IMP curnana.

KeantoBrie kommnbiotepsl Ha AMP umelor noreHIManbLHOE npeuMye-
CTBO NEpeA APYTHMH TEXHOIOTHAMH, KOTOPOE COCTOMT B TOM, YTO HET HYX-
Jb1 paboraTh ¢ COOCTBEHHBIMH COCTOSHHUAMH. BMECTO 3TOr0 MOXHO HENIOCPE-
CTBCHHO HabmIOAaTh HEKOTOPBIE CYNEPIIO3MIIMOHHBIE COCTOSHHA. Takas BO3-
MOXHOCTE BO3HHKAEST H3-3a MOITHOr0 aHcaMOneBoro ycpeaueHus B nrodom SIMP-
H3MepeHHH. B TO BpeMs KaK H3MEPEHHS CUCTEMbI EANHIYHBIX KYOUTOB BBI3BI-
BAET PEAYKIHIO CYNEPIIO3HLIHOHHOTO COCTOSHHU A, TAKOrO HE MPOUCXOAUT MpPH
aHcaMOneBOM ycpeaHEHHH. TakuM oOpa3oM, HarpuMep, MOXKHO HaOMIOAATH
JBE JOTIOTHATELHEIE BETHIHHBI HEIPEPIBHO H OQHOBPEMEHHO. JTOT THII OTIE-
paifuif Mor Obl OKa3aThCA MONE3HBIM B OYAyIIUX IKCTICPUMEHTAX.

5.4.4 Ilpobrema [otiva

Unen, o6cyxaasmmecs BolIe, MOTYT OBITh NP OMITIOCTPUPOBAHbI IIPH HC-
MONb30BaHMH KBAHTOBOro komnsiorepa Ha IMP, cipoexrupoBanHoro ana
BBIMIOTHEHH S aNropuTMa, pemawpomero npobnemy oitua [138, 249]. Jta
npobnema moapo6Ho o6cyxanaerca B pasa. 4.3.4 u 34eCh MBI JMIIb Ha-
IOMHHM ee cyTh. PaccMoTpuM OuHapHYIO QYHKI{HIO

f(x):B—B , (5.21)

M NIPEANONOKHM, YTO CYMECTBYET COOTBETCTBYOmHMIE oneparop U, Takoi,
4YTO

|x>|}’>—f>|x>|y@f(x)> . (5.22)

OueBHAHO, YTO BO3MOXHO NMOCTPOHUTh KBAHTOBBIE CXEMBI MO OMNpeAe-
nenuio f0) u f{1), xak noxasano Ha Puc. 5.26a. Ilpo6nema [oiiva cocro-
ut B onpeaencuun f{0) © A1) npu oqHOKpaTHOM NMPUMEHEHHUH ONEpaTopa
Uf, (COOTBETCTBYIOIUMM €IMHCTBEHHOMY aKTy ONpeAcacHHA f). DTO He-
BO3MOKHO CAENAaTh Ha KJIACCHYECKOM KOMIIBIOTEpPE, HO BLIMOJHACTCA HA
KBaHTOBOM IIPH HCTIONBI0OBAHMH CXEMEI, TIOKa3aHHOM Ha Puc. 5.26b. Takas
cxeMa Onlna peanus3oBaHa Ha HawmeM AByX-kKyOwrosom SMP-xBaHTOBOM
KOMITbIOTEPE, OCHOBAHHOM Ha YaCTHYHO ACHTEPHPOBAHHOM LIMTO3HHE [243]
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(noxoxxue pe3ynbTaThl OBITH TAKXKE ITONYUEHB YyaHroM H Ap. NPH HCHOJIb-
3oBaHHH JIMP-kBaHTOBOro KOMIBIOTEPA, OCHOBAaHHOrO Ha XJjiopodopme
{250]). B HameMm KOMIbIOTEPE KaXABIH AyOneT OTBEYaET CHrHany oT OA-
Horo kybuta. 3HaueHue KyOHTa ompeaenseTcs U3 (passl COOTBETCTBYIO-
IIETO0 CMTHANA: MOJOXHUTEIbHBINA CHIHA COOTBETCTBYET KyOUTY B COCTOS-
HuH |0), Torza Kak oTpuLATENbHBIH CHIHAM — KyOUTY B COCTOAHHMH |1).

[0) 10) 1) 1)
(a) Uy Uy
10) - 1 £(0)) 10) Lf(1))
10) H H | £(0) ® (1))
(b) Uy
By H H 11)

Puc. 5.26. (a) KpautoBsie cxemsl Jis onpeaenequs f(0) u f(1) ansa 6uuapHoi
¢byuxuuy. (b) kBaHTOBas cxeMa AJs onpegencHus f(0) @ f(1) npu ofHOKpaTHOM
Bo3AcicTBUM oneparopa U , (npobnema [loiiua). H npeactapnseT eAUHUYHBIR
kybut JIS Apamapa.

Kak yxe rosopunocs, abcomotHas ¢aza AMP-curnana cMmeicna He
HMEET, TaK KaK 3aBUCHT OT MHOXECTBA 3KCIEPHUMEHTaNbHBIX (aKTOPOB.
OTtHocuTenbHbIe (ha3bl, OAHAKO, OUYEHb BaXkHBI. MOXHO nony4uTs «abco-
moTtHbIe» ¢a3sl HaCTPOIKOH cnekrpa TakuM 06pa3oM, uTo dasa OnopHOro
CHrHana craHer npaBuabHOH. OTHOCHTENbHEIE (a3l CHIHAMIOB B ABYX pa3-
HBIX 3KCIIEPUMEHTAX TOXE MOTYT HMETb CMBICII, ECIIH 3TH 3KCIIEPUMEHTHI
BBINOJHAIOTCA B HACHTHYHBIX YCJIOBHUAX, TaAK 4YTO MOXHO HCHOJIb30BATH
OIIOpPHBIA CHIHAM U3 OJHOrO 3KCIIEPUMEHTA /11 KOPPEKTHPOBKH CHI'HAJIOB
u3 apyroro. UMeHHO Takoil Moaxoa HCIIOMB3yETCA NPH NONY4MEHHH PE3yib-
TaToB, 00CYXIaEMBIX HHXKE.

(a) foo (b) fox (¢) fio (d) fir

Puc. 5.27. DkcuepuMeEHTabHbIE PE3YNbTATHl, NonyvcHHbIe Ha SIMP-kBanTO-
BOM KOMMbIOTEpe no onpeaeneHydro f(0), pesynbTar NnokasaH 1S Kaxao# u3
JeThipex BO3MOXHEIX GuHapHubix GyHKUMH f1 |
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OKCNEPHMEHTANIbHbBIE PE3yNbTaThl JJs KJIACCHYECKOrO ajJrOPUTMa IO
onpeaenenuto f(0) nokasans Ha Puc. 5.27. B 3tom anroputme 1eBas napa
JTUHHUH (COOTBETCTBYIOLIAS NEPBOMY KYOHUTY) MOKa3BIBACT BXOAHOE COCTO-
siHME, a Impapas (COOTBETCTBYIOLIAS BTOPOMY KyOHMTY) [OKa3bIBacT 3HAUC-
HHE BbIxoa. Pe3ynbrarbl AEMOHCTPHUPYIOTCS AJIA YEThHIPEX BO3MOXKHBIX
OuHapHbIX QYHKIMHA, nepeuncieHHbx B Tabnuue 5.1. Kak u oxxuganocs,
CHTHa/lbl, PAcrONIOKEHHBIC B Iapax CJCBa, BCErAa MONOXKHUTEIbHBI — OHH
yKa3bIBaIOT Ha 3HaY€HHE BXOAHOH Benuyunsl (0), B TO e BpeMs CHTHa-
JIBl, PaCIOIOKEHHBIE B IAPaXx IO MPABYIO CTOPOHY, MOJOKHTEIbHbI, KOTAA
f0) =0 (ans f, u f,) u orpunarenshsl, xoraa f0) =1 (ana f, u f))).
A6comoTHas $a3a CEeKTPOB HEH3BECTHA, HO 3Ta mpobieMa pemaeTcs npH
noAacTpoiike (asel crexkTpa (a) TakuM oOpa3oM, YTOOB! BCE NEBBHIC CHTHA-
7Bl B 1apax CTa/H MOJOXKHTEIbHBIMH, @ 3ATEM UCIONB3YETCH TOYHO TaKas
xe (a3zoBas KOppeKUHs BO BCEX OCTAIBHBIX CIIEKTPAX.

Tabnuua 5.1. Yetsipe Bo3MOXHBIe GHHAapHbIe PYHKUHH, OToOpaXxaromue OAHH OMT Ha
APYroH.

X | fool®) Ja® | o) fu)

Ha obcyskaaeMbIx pHCYHKax He Ioka3aHa TOHKas CTPYKTYpa KaxJI0ro
Ay6nera, HO 3TO HE OYEHD BAXKHO, TAK KaK NPH JAHHOM peanu3anuy KBaH-
TOBOTO KOMITBIOTEpPA BCE IMHHM MYABTHUIINIETA JOKHBl HMETh OXHH H TOT
e 3HaK, 4To U HabmogaeTcs B ACHCTBHUTEIBLHOCTH. B maeane 3ToT 3Hak
6b11 OB IPOCTO NOTOXKXHUTEABPHBM HIIH OTPHLATCIBHBIM, HO HA MPAKTHKE,
Habnrogaembie GOpMbI IHHHH BHITIAAAT HEMHOro cnoxsee. Kpome Toro,
BCE JIMHHH JOJKHBI OBUTH OBl MMEThb OAHY H Ty XK€ BBICOTY, TOTAa Kak
3KCIEPHMEHTAIbHBIE PE3yNbTaThl NOKA3BBAIOT HX CYyMECTBEHHBIEC Pa3jH-
uyus. Takue BoaMymeHHs GOPMBI IHHHH H BBICOT BO3HHKAIOT H3-3a OIIH-
6ok B komnbiotepe. BonBIIMHCTBO 3THX OMHMOOK — 3TO CHCTEMATHYECKHE
omHNOKH, KOTOPHIE NOABIAIOTCSA H3-32 HEUACATBHOCTH BBINOIHEHH A ONepa-
1M KBAHTOBBIMH JIOTHYECKHMH 3/1¢MEHTaMH . BiusaHHe Takux omHO0K MOX-
HO YMEHBIIHTbD Iy TEM TINATEIbHOH ONTHMH3ALHH NTOCIEAOBATEIbHOCTH HM-
nynbcoB AIMP, ucnonb3yemsix npu pabore TOrHYECKHUX NIEMEHTOB.

Tako# e anropUT™ MOXKET GBITH HCIIONB30BaH AN onpeneneHus f(1):
BCC YTO HYXXHO CACNIAaTh — ITO H3MCHHTh BXOAHYIO BETHYHHY. PesynabraTsl
TaKoro noaxoaa nokasaHn Ha Puc. 5.28. B 3ToM cnyyae neBrle CHTHAIBI
nap BCcerAa OTpULATENbHBI — OHH MOKa3bIBAIOT HOBYIO BXOAHYI0 BENHYHHY
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(1), npaBbIe e CHrHaab! nap MOryT 6bITh THOO OTpHLATENBHBIMHU, THOO
MONOXKHUTEIbHBIMH. Kak H 0XXHAANOCh 3TOT CHTHAJ MOJIOXKHTEICH, €CIIH
A1) =0 (ans f, u f,)) v orpunatenen, ecnu A1) = 1 (ans £, n f))). 3ame-
THM, 4TO Oblia MCIIOMB30BaHA TaKasd ke (pa3oBas KOPPEKLHS, KaK U B IIPH-
Mepe, noka3aHHoM Ha Puc. 5.27; 310 MOATBEPKAACT, YTO OTHOCHTEJILHEIE
¢a3ssl MOryT GBITH ONIPEAENCHBI A ABYX Pa3AHYHBIX IKCIICPHMEHTOB, BbI-
[OTHEHHBIX NIPH HACHTHUYHBIX YCIOBHSAX.

(a) foo (b} for () fio (d) fu

Puc. 5.28. DKcnepHMEHTATbHbIE PE3YIbTAThI, NONyYeHHbIe Ha SIMP-kBanTO-
BOM KoMINbloTepe Nno onpeaeaeHuio f( 1), pe3ynsTar nokasaH A/ KaxIO# M3
YeThIpEeX BO3MOXHBIX GHHAPHBIX GYHKUMH f.

(a) foo (b) for () fio (d)

Puc. 5.29. DkcnepHMeEHTAIbHbIE Pe3yabTaThl, MojayycHHble Ha SIMP-xBanTto-
BOM KOMINBIOTepe o onpeleiennio f(0)® f(1) (npobnema Johua), pe3yabtat
MOKa3aH JJIS KaXJ0i U3 YETbIPeX BO3MOXHBIX OHHApHBIX GYHKUMH f.

W, nakoHeu, TakoH KBaHTOBBIH KOMIIBIOTCP MOXHO HCIMOIb30BAaTh U
NpH peanu3auuy aaropuTMa, pemarpomero npobnemy Jloiya (onpeaene-
uue fl0) @ f(1)). PesynpraTts mokaszansl Ha Puc. 5.29. B arom cayuae
BXOAHOrO OMTa HET, TaK KaKk KBAHTOBBIH KOMIBIOTEP HCIONB3YET CyNepmo-
3HLHIO ABYX BO3MOXHBIX BXOAOB, M OTBET 3alHCHIBAcTCA B BHAE (a3bl
JIEBBIX U IIPABbIX CUTHANOB nap. Bropoii kyGHT aBnseTCS NPOCTO BCIOMO-
rateJasHbIM OuTOM, 003 HAYMHAIOT M 3aKAHYHBAIOT BBIYHCICHHE B COCTO-
suum |1). Kak 1 0xxupanocs, npaBbie CHrHaBI BCEraa OTpHLATENbHBL. B 10
BpeMs KakK JICBbIC — MOJOXHTENbHBIE ANs f, U f,, (ana koroprix f(0) ©
F(1) = 0), v orpunarensrbie 414 f, 1 f,, (ans xoropsix f(0) @ f(1) = 1).

5.4.5 Keaumosbiit nouck u opyzue anzopummbi

ITocne oTKpBITHS BO3MOXHOCTH 3§ (PeKTHBHON rEeHEPALMH HaYalbHKIX CO-
CTOSSHHM, KBAHTOBBIE KOMIBIOTEPHI, OCHOBaHHbIe Ha SIMP, ctanu 6nicTpo
pa3BHBaThCA. J[ByX-KyOMTOBBIC KOMIIBIOTEPH! YXKE€ HCMONb30BAIUCH MPH
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peanu3aliii KBAHTOBOIO aJIropuT™Ma OHCKa [ poBepa B NpoCTpaHCTBE ABYX
kyburos [251, 253]. Dror anropurm rno3sonset 0OHAPYKHUTb OJHH OOBEKT
IIPH TIOKUCKE CPEAM UYETHIPEX 0OBEKTOB 110C/Ie €AMHCTBEHHOIO 3ampoca; KBaH-
TOBBIH KOMIBIOTEP HAYUHAET BBINOJHEHUE AJITOPUTMA B COCTOsiHUH [00) u
3aKaHYHBACT B COCTOSHHUH, COOTBETCTBYIOLIEM OAHOMY U3 BO3MOXHBIX (|00),
{01}, |10) uam |11)). Takoit anroput™ ObLa peann3oBaH B HaIMeM KBAaHTOBOM
KOMIIBIOTEpE HA UMTO3HHE [252]; pesynbraThl npuBeaens! Ha Puc. 5.30. Itn
PE3yIbTaTHl HEMHOTO AY4INE, 4YeM OnybIuKoBaHHBIE paHee [252]; onu OblIH
MOTYdYEHBI TIPH MCTIONB30BAHHH MOAU(HLIHPOBAHHOM, 10 CpaBHEHMIO C [254],
HMIYIbCHOH IOCIEAOBATENEHOCTH.

|
oL L,' . . T .

(a) | 00) (b) j01) (c) 110) (d) 111)

Puc. 5.30. DkcniepUMeHTaNbLHbIE PE3yNbTaThl, MonydcHHble Ha SIMP-kBaHTO-
BOM KOMIIbIOTEPE, BHITOIHAIOILErO KBaHTOBbII roMck I'posepa B npocTpaHcTRE
ABYX KYOHTOB; pe3ylbTaT OKa3aH AJIA KaXAO0TO U3 YeThiPEX BOIMONKHBIX HCXO-
J0B.

Tloxa kBaHTOBBIC KOMIbioTEpH Ha SAMP cnocoOHbl BHINMONHATH MpoO-
cToii nmouck ['poBepa, nmpu KOTOPOM MOXET OBITh HAHICH TONBKO OAMH
obbext. TpyaHOCTH BOZHHKAIOT B OOIIEM Cllydae, KOrJa KPUTEPHIO MOHC-
Ka JOJKHO YAOBJIETBOPATE Gonee oaHoro oowexra. B atom cnyyae oObru-
HBIF KBaHTOBBIH KOMIIBIOTEP OyAeT BHIOMpPATh OXHH M3 BO3MOXKHBIX BapH-
aHTOB ClIy4aiHBIM 00pa3oM, Toraa kak komnsiorep Ha SIMP — HexoTophiit
BHJ aHCAMONEBOro yCpeIHEHHS MO BCEM BapHaHTaM; 3Ty npobiaemy Oy-
JET TPYAHO HJIM AK€ HEBO3MOXKHO INPEOJONETh HMes aHcamOneBbid pe-
3ynpTaT. BO3MOXHEIH YTk €€ PEIIECHHS JIEXKHT B HCIIONb30BAHHH aHAJO-
THYHOrO NOAX0Ja —~ NPHOAHIKEHHOr0 KBAaHTOBOrO cuera [254].

Beinn Takke HCCIEROBaHbBI H TPEX-KYOHTOBBIE CHCTEMBI, OHH, B OC-
HOBHOM, HCNOb30BAIUCh IIPH AEMOHCTPALMH HHTEPECHBIX KBAHTOBBIX AB-
nenuit, Takux kak [ X1{-cocroaumii [255, 256}, npocThix NpoTOKONOB KOP-
pexuun omwrnbox [257, 259] u renenoprauunu [259]. Oanaxo, oHu OBIIH HC-
MOJIb30BaHbl M MPH PEANM3aALMH TpeX-KyOutoBoro amroputMma Joiua —
Jbko3ca [260]. YacTHuHas AEMOHCTPALIMA 3TOTO aNrOPUTMA B NATH-KYOH-
TOBOH CHCTEME NPHUBOANTCA B [261].

5.4.6 Ilepcnexmuswi

CymecTByeT HECKOIBKO OCHOBHBIX NMpobneM, KOTOpPHE MPHBOJAT K orpa-
HHYEHHIO Pa3MEPOB PEalbHLIX KBAHTOBLIX KommbloTepos Ha JMP, ocHo-
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BaHHLIX Ha uMewomuxca nogxoaax. Haubonee ocrpo 3tu npobnemnr cBs-
3aHBI C 9KCIOHEHHANbHBIMH MOTEPAMH HHTECHCHBHOCTH CUT'HANIA MPH yBE-
NMMYEHHH YHUCNIa KYOMTOB, CONpoBOXAacMbIMH 3 deKkTaMu JeKOrepEeHTHO-
cTH. B A€HCTBUTENBHOCTH 3TH 3G (PEKTH BPSA U ABISAIOTCS CyLIECTBEHHO
BOKHBIMHU TaK KaK UMEIOTCS APYTHeE, BLICTYIIAIOIIHUE, MO BCEH BUAUMOCTH,
Ha nepBuiit miaad. Ilone3Ho, TeM He MeHee, OOCYAUTh U TE€ M ApPYTHE, a
TaKKe MYTH UX YCTPAHCHHS.

JKCMNOHEHIHAIbHOE yMeHbIIEHHEe CHIHaJia. JKCIOHEHIHAIbHEIE
MOTEPH CHUTrHaNa C YBEIIMYCHHUEM YHCIIa KyOUTOB BOSHHKAIOT B PE3yIbTaTE
HEOOXOAMMOCTH BhIACIEHHS 3P PEKTHBHOrO YUCTOTO COCTOSHUS M3 TEMIO-
BOH paBHOBECHOH MaTpHIIbI MIOTHOCTH. JJ06aBIeHHE AONOTHUTETBHOTO Ky-
6ura o3HayaeT 100aBIECHHE JOMONHUTEIBLHOTO CIUHA, YABOCHHE YHCIA CITH-
HOBBIX COCTOSSHMH CHCTEMBI H, TAKUM 00pa3oM, YABOEHHE YUCIIA MyTEH, MO

' KOTOpBIM MOJKET TIPOU3OHUTH MEPEBOPOT COCTOAHMA Moboro cnuHa. Beiae-
nenHe 3¢ PEKTHBHOTO YHCTOrO COCTOAHHUS 3KBHBAJICHTHO CEJIEKLIHH TOJIbKO
OZHOTO M3 3THX BO3MOXXHBIX MEPEXOAOB € MOCICAYIOWEH NOTEpEeH HHTEH-
CHBHOCTH cHrHana [262]. 3aMeTuM, 4T0 3Ta MpobneMa OTHOCHTCS HE TOJIb-
ko k Metoay SIMP, a BosHukaeT u nmpu moboM aHCaMOIEBOM KBaHTOBOM
BBIYMCICHUH, PabOTAIOWIEM NPH BLICOKUX TeMnepaTtypax (AE<<kT).

OueBHAHO, YTO TaKOE SKCMOHEHIHAIBHOE NMAJCHHE CHTHAJIA ABJIACTCS
MOTEHLMATBHBIM NPEAETIOM, HO Ha MPAKTHKE €ro BaXXHOCTb IpEyBENHYE-
Ha. Cnexrpsr SIMP MoryT ObiTh MONMYy4EHBl MPH OYEHb BLICOKOM OTHOLIE-
HMH CUTHJI-1IyM (CHeKTp, noKa3aHHbIi Ha Puc. 5.24, xapakrepusyercs ot-
HOmEHHEM curHan-myM 800), u TakuM 06pa3oM, MOTEPH CHIHANA CTAHO-
BATCA cepbe3HOH mpobnemMol ang SIMP-xommbroTrepos, coaepaxamux Je-

-caTb unu 6onee KyOuTOB. MOXHO YBETHYHUTh OTHOIIEHHE CHTHAN-LIYM
O4YEHb MPOCTBIM CNMOCOOOM — YCPEAHEHHEM CHTHAjA, YBENHYEHHEM pas-
Mepa oOpa3ua MM PH HCHOIb30BAHUH D0NIEe TOHKUX METOAOB, TAKHX KaK
onrtuyeckas Hakauka [263]. Ilpyroii moaxoa, npeanoxenusii [lyrsmanom
u Bauupanu [264] cOCTONT B NpUMEHEHHH BBIYHCIHTENBHBIX METOIOB AJIS
OuHINEeHUs Habopa KyOMTOB ¢ HHU3KHUM KauecTBOM [264]. IlpakTuuecku
HEPEATbHO MCMONB30BaTh 3TOT MOAXOA HEMOCPEACTBEHHO MJIA TEIUIOBBIX
aHcamb6bnei; HO Npu KOMOMHHPOBAHHMH C APYrUMH METOAAMH IO YBENIHYE-
HHUIO CTEMECHH HAYaJbHOH MONSPH3ALUH, HAIPUMEDP, C METOAOM OINTHYEC-
KOM HAaKayKH, OH MOXXET OKa3aThCH MOJIE3HBIM.

JexorepeHTHOCTL. JIeKOr€peHTHOCTSD, (T.€. MPEBPAIEHHUE KOTEpPEH-
THOM CYIIEpPNO3UIMH B HEKOrEPEHTHYIO CMECh NPH CIy4aWHBIX mpouec-
cax) ABILETCA APYroM MOTEHUMANbHON nMpobneMol, kKoTopas NMpeACTaB-
nsercs obweid Ang BCeX peanu3auuil KBAaHTOBHIX KoMIbioTepos. Jlrobas
KBaHTOBAs CYMEPIO3HILMS HMEET XapaKTEpHOE BPEMS JCKOTEPEHTHOCTH
M Haxo OBITb YBEPEHHBIM, YTO NIOOBIE BBHIYHUCICHHS BBIMONHAIOTCA 3a
BpEMS, HE CIMIIKOM OONBINOE, IO CPABHEHHIO C BPEMEHEM JEKOTEPEHT-
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HOCTH (XOTS TEXHHKA KOPPEKLHH OIUMOOK [MO3BOJIAET PACIIHPHUTD 3TOT Bpe-
MeHHOHN MacmTab). B kBaHTOBHIX KOMNBIOTEpPaX HAa SAMP 310 Bpemi, Bo-
o6wie roBops1, CBA3aHO C BPEMEHEM CTIMH-CITHHOBOM penakcauueit I, xors
3TO H SABJISCTCS yNPOLIEHHEM, Tak Kak I, — 3TO BpEMs AEKOT€PEHTHOCTH
€AMHUYHOTO CITMHA, & BPEMS JEKOr¢PEHTHOCTH MHOIO-CIIMHOBOH CHCTE-
Mbl MOXET CHJIbHO OT HETO OTIH4YAThCA. Tem He MeHee T, NCHCTBHTENb-
HO JaeT AOCTATOYHOE NPUOIHKEHHE AN COOTBETCTBYIOLICH BpEMEHHOM
IIKaJbl, KOTOpas AdsA COBpeMeHHbIX SMP-koMnbOTEpOB (OCHOBAHHBIX
Ha HEOONBIIMX MONEKYIaX B PacTBOPE) COCTABIAET NOPSIKA HECKOIb-
KHX CEKYHJ.

ITone3HrIM AN KBAaHTOBOTO KOMIIBIOTEPA NMapaMETPOM CIYKHT He
caMmo 110 cebe BpeMs JEKOr€pPeHTHOCTH, a OTHOLIEHHE MEXAY BPEMEHEM
JACKOTEPEHTHOCTH H BPEMEHEM, TpeOyeMbIM AN BBITIOJTHEHHS KBAHTO-
BOH JIOTHYECKOH omepauuH. [[ns npocTteix aByx-kyoutoBsix JIJ, Takux
kak konTponupyemoe-HE, 310 Bpems cpaBHuMO ¢ oOpaTHON KOHCTaHTOM
CBA3M CKAIAPHOTrO CIIMH-CIIMHOBOIO B3auMoaeHcTBHA (0komo 5 — 150 mc);
AAICHO, 4TO 3a 3TO BPEMS MOXXHO BBIITOJIHHTD THICSYH JIOTHYECKUX Olepa-
IMH. B 1eHCTBHTENBHOCTH CyIECTBYIOT CHCTEMBI € ropas3ao 0OabIIMMH
3Ha4YE€HUSMH T, HO TAKHE CHCTEMBI HENb3s HCIONB30BaTh AJA MOCTPOE-
HHS KBAHTOBBIX KOMITbIOTEPOB Ha AMP, T.K. OHH He 0013 aX0T CIIMH-CITH-
HOBBIMH B3aHMOJACHCTBHAMH, HEOOXONHMBIMH A PEANHU3ALHM KBAHTO-
BHX JID.

JApyrue npobaemsi. 'opazno Oonee BaxHpIMH, YeM qr00as u3 06-
CYyXKAaBIIMXCS BBILIE NMpoOIIeM, ABNAIOTCS ABE APYrue npobneMsl — ce-
JICKTUBHAS apecalus CIIMHOB Y pOCT cNoxkHocTH JID ¢ yBennueHueM uncna
CITHHOB.

ITpo6neMy ceneKTUBHOH aapecalMy pa3iH4YHbIX CIIMHOB MOHATH JAO-
BOJIBHO TIPOCTO. B TPAAMIIHOHHBIX KBAHTOBBIX KOMITBIOTEPAX OTAEABHELIC
KYOHMTBI pa3nu4aroTCcs MO NPOCTPAHCTBEHHBIM IOJIOXKEHHSM B COOTBET-
CTBYIOIUX PU3NUECKHX CHCTEMAX, HO TAKOH MOAXOA HE MOXKET OBITH HC-
nonb3oBaH B SIMP. BmecTo 31010 KYOMTHI (COOTBETCTBYXOIIME UM CIIH-
HBI) pasnuyarorca mo yactoram SMP-nepexoxos. K coxanenuo 3Tot
YaCTOTHBIH AHANAa30H JOBOJBHO Y30K (0OBIYHO 1Opsaka HECKOIBKHX KI'1r)
H TPYAHO OCYIECTBHTb aDCOMIOTHO CENEKTHBHbIC BO30Y>KACHHS CIIMHOB
¢ 6mu3kumMu yacroramu [265]. D10 ofMH M3 IIaBHBIX HCTOYHHKOB BO3-
MYILOEHHH, 4YeTko Habnromaromuica B 9KCIEPHUMEHTAIbHBIX CHEKTpax
(Puc.5.27 — 5.30). OueBnaHo, uTo 3Ta npobneMa craHeT Oonee cepbes-
HO# B cHcTeMmax ¢ OONbIDMM YHCIOM CIHHOB, T.K. TpyAaHee Oyaer ybe-
OUTBCA, YTO BCE CIMHHBI OTACIEHB AOCTATOYHBIMH YaCTOTHHIMH WHTED-
BaJlaMH.

H3-3a 3T70r0 60NBIMMHCTBO aBTOPOB MPEAIIOYHTAET HCCIEAOBATH re-
TeposACpHBIE CMIHHOBBIE cucTeMbl. Takue kak SIMP-koMmbroTephI, OCHO-
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BaHHbIe Ha ciuHOBOM mape 'H - 13C B xnopodopme. 1o ropasao npoie,
YEM COOTBETCTBYIOILMHM rOMOSAEPHBbIH BapHAHT, T.K. YaCTOTHI NEPEXOAOB
JABYX CIIMHOB TEIIEPb OTACNECHBI Ha COTHH MI'L, U CEICKTUBHOE CLIMHOBOE
BO30y)XXACHHE CTAHOBHTCA TPHBHANbLHBIM. Tako#d moAxond COZEHCTBOBAN
YCKOPEHHOMY TPOTPECCY ABYX- M TPEX-CIIMHOBBIX CHCTEM, HO HE MOMXKET
OBITH ABTOMAaTHYECKH PACLIMPEH, T.K. CYIIECTBYET TOJNILKO HEOOIBIIOE KO-
JTHYECTBO PA3NMUHBIX MOAXOAAMMX sacp. B mobom cayuae AMP-cnekr-
poMeTpsl He MoryTt paborare Oonee 4eM ¢ AByMS — TpeMs pa3lIMYHBIMH
aapaMu OAHOBpeMeHHO. Takum oOpa3oM, m000i KBAHTOBBIH KOMIBIOTED
Ha SIMP, Bx1r0uaromuii Goab1I0E KOTHYECTBO KyGHTOB, CTONKHETCA C MPO-
6neMoii CEIEKTUBHOHN aApecalii CIIHHOB.

Bropas npobnema — Gonee TOHKadA; OHA KacaeTCA YBEIUYCHUS CIIOX-
HOCTH KBAaHTOBHIX JID B MHOrOCIHMHOBHIX cucTeMax. B maeane Gbito 6w
BO3MOXHO B34Th ABYX-KyOuTOBbIH JIO, paspaboranHblil And ABYX-KyOH-
TOBOTO KOMIIBIOTEPa M HMCIIONb30BaTh €r0 B TPEX- MIM YeThIpeX-KyOHTO-
BOM KOMIIbIOTEpE 6€3 CEPhE3HBIX YCOBEPIIEHCTBOBAHMM. JIsl KBAHTOBBIX
xoMmnbroTepoB Ha SIMP 310 MoXHO cTporo Aokasath. Biaumome#cTBus,
obpasyromue 6asuc JI9, B OCHOBHOM CHHH-CIIHHOBas CBS3b, ABJIAIOTCA
4acThIO NOMHOro raMunbTonHana AMP, mox BosaelicTBHEM KOTOPOH Criu-
HOBas CUCTEMA DBOJTIOLHMOHMPYET MPH OTCYTCTBHM CIELU(HUIECKOrO BO3-
oyxaeuns. Ksanrorsie JID obpasyrorcs npu MOAYISLHH BKIIAJa pa3ind-
HBIX KOMIIOHEHT IOJIHOIO raMUJIbTOHUAHA, 4TO AaeT 3 PEKTHBHBIN raMHIIb-
TOHHMAH, KOTOPBHIH HMEET JKEeMaeMbId BHA. DTOT NMPOLECC, OAHAKO, CTAHO-
BUTCA 60Jiee CIOXHBIM MPHU HAJTHYMM AOMOTHUTEIbHBIX KyOHTOB, T.K. He-
00Xx0qMMO MOAYIHPOBATbh HE TOJALKO B3aUMOACHCTBHA MEXAY CIMHHAMH,
BKIIOYEHHBIMHU B 370T JI3, HO U M0ObIe B3aUMOACHCTBUA C AOTIOJIHUTENb-
HbBIMH CIIMHaMH, 4ToObl 3¢dekTHBHO MX Hckiodars [266]. B Hanmenee
GnaronpuaTHOM ciyuae cucteMa u3 N ciuHOB coaepxur 1/2 N(N+1) onHo-
U JBYX-CIIHHOBBIX B3aUMOJEHCTBHIH B F’AMUJILTOHHAHE, U3 KOTOPLIX TOJIBKO
TPH OTBEYAIOT 33 00pa3oBaHue TH000Oro OTAEIBHOTO ABYX-KybuTosoro JI3.
Xors 3Ta npobnemMa He ABNAETCA CTONb CEPbE3HOM, Kak 3TO MOINO IOKa-
3aTbca CHauana [267-269], Bce ke HCKIIOUEHHE ITHX HEXKENaTEIbHBIX
B3aHMOACHCTBHI MOXET OKa3aTbCA CaMOM TPYAHOM 3ajJavyci MpPH MocTpo-
€HMH KBAHTOBBIX koMmnbIoTepoB Ha SIMP, paboTaromux Ha 3aMETHOM YHC-
ne KyOHUTOB.

AnbTepHaTHBHBIE MoAx0oabl. ViMes B BUAY T€ MOTEHUHANBbHBIE NPO-
GneMbl, KOTOpPbIE OBIIM MEPEYHCIICHBI BBILIE, HEKOTOPBIE HCCIIEAOBATENH
HaAYya/ld JyMaTh O IPHHLUMIIHATBHO HOBBIX MOAXOAAX NP MOCTPOCHHH KBaH-
TOBBIX KOMIIBIOTEPOB Ha cucteMax ¢ SIMP. Jlo cux nop Hu oaHa M3 Takux
uaci He Oblna MPOAEMOHCTPHUPOBAHA; BCE OHM MMEIOT Mano obmero ¢
«TPaAMLIMOHHBIMK) KBAHTOBBIMH KOMITBIOTEPAMH.

Oana ob1as 0coGeHHOCTh OOMBIIMHCTBA TAKUX YMO3PUTEIbHBIX CXEM
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COCTOHT B HCIOJIb30BaHHH TBEPABIX TE] BMECTO XXHAKOCTEH. ITO HMEET
MHOTO CYINECTBEHHBIX CIEACTBHMH, Ba)KHBIX NMpH HccaenoBanuu SIMP, npu-
YeM Kak MONE3HbIX, TaK H He oueHb. MHAuBHAYyaNbHBIE MOJIEKYJIBI B TBEP-
JBIX obpa3uax 6yayT ocTaBaThCs MPHOMH3UTENBHO B CTALHOHAPHBIX CO-
CTOSHHSAX H MO3TOMY AJIS CENEKTHBHOrO BO30OY)KAECHHS OTAC/IBHBIX CIIH-
HOB, B IIPHHLIMIIE, MOTIIa OBl HCIONIBL30BATHCA TEXHHKA MPOCTPAH CTBEHHOH
nokanu3auuu. bonpmas anuHa Bomas BY u3nydeHus npensarcTByeT nps-
MOMY JAOCTYINY, HO METOABI, pa3BUThIe I nonydeHus AMP-uzobpaxe-
Huii? [270], AeHCTBHTEILHO O3BOJIAIOT IPOBOAUTD MPOCTPAHCTBEHHYIO AUC- -
kpumuHanuio cnuHoB. [Ipu Takom noaxoae, oanako, OyAeT TpyAHO AOCTHr-
HYTh aTOMHOTO pa3peUICHHs, OTYACTH H3-3a TPYAHOCTEH MPH MOTYYECHHH
JOCTATOYHO CHJIBHBIX 'PAJNECHTOB MOJA, a TAKKE W3-3a HU3KOH YYBCTBH-
TenbHOCTH SIMP, Heno3BonsAOmEH HEMOCPEACTBEHHO AECTCKTHPOBATH OT-
zenbHele cnuHbl [270]. PacueTs mokasrmBaror, 9yTo mpeaensHOE pa3pelie-
HHE JOJDKHO COCTaBIATL | MKM, NO3TOMY NPHAETCA MCIONB30BATh Kilac-
TEPbl CIHHOB, a HE OTAEIbHBIC AApa.

BTopoe cieacTBHE MPOABHIKEHHS B CTOPOHY TBEPAOTENBHBIX CTPYK-
TYp COCTOHT B 3HAYHTECIbHOM H3MEHEHHH BHAA raMuibToHHaHa SIMP, tax
KaK aHU30TPOIIHHIE B3aWMOAEHCTBHA 3/eCh OOJblIE HE ycpeAaHswoTcs. B
YaCTHOCTH, NPAMBIEC AUMOJb-AUIIONBHBIE CBA3H MEXIY CTHHAMH JAIOT HaH-
6onpLIMH BKJIaJ B CIHH-CIIHHOBOE B3aHMOACHCTBHE. TaKHe CBA3H ropasno
CHIIbHEE, YEM CKAJIAPHOE B3aMMOACHCTBHE H IO3BOJISIOT pPeajH30BHIBATD
6onee GsicTphie JID, HO HMEIOT TOT HEXOCTATOK, YTO KAXABIH CIIMH CBA-
3aH CO BCEMH OCTAJIbHBIMH OJlM3NnexamuMH cnuHamu. Bce 310 cosmaer
TPYAHOCTH NPH HCIOIb30BAHUU TAKHUX B3aUMOJCHCTBHH B CEIEKTHBHBIX
cnocobax, HEOOxoAUMBIX A paborsl JID, U KpOMe TOrO, MOXKET MPHUBO-
JUTH K OBICTPOH AEKOrepeHTHOCTH.

Keitn [271] nenaBHO copMynupoBan BeCbMa OPHTHHAIBHEIH MTOAXOA,
TO3BONAIOMHET PEUIHTD 3TH MPOGIEMBI, KOMOMHHPY TBEpAOTENbHBIH SIMP
C TPaJAHLHOHHOH TEXHOJIOTHEH, TPUMEHAEMOH ITPH H3rOTOBJIICHHH KPEMHH-
€BBIX MHKPOCXEM. JTOT IOAXOA IMpPEAyCMATPHBACT HCIIOIb30BAHHE aTO-
moB *'P B KpEeMHMEBOH MaTpHie ¢ djJexTpoctatHueckuMmu JIJ, kak ais
KOHTpONs 3a BO30OY)KJEHHEM OTACIBHBIX CIIMHOB, TaK H JUIS MOAYIALHH
B3aHMOJAEHCTBHI MEXy HUMH. JIeTEKTHPOBAaHHE OTAENIBHOrO CIIHHA MOT-
710 61 6BITH OCYLIECTBIIEHO ITPH HCIIONb30BAHHH AAEPHOrO CIIHHA A/ KOH-
TPOJIs 32 MPOLIECCOM MEPEHOCA EAMHHYHOrO IEKTPOHA. XOTS 3TO NPEAJIO-
JKCHHE CHIIBHO OIIEPEXACT BO3MOXHOCTH CYLIECTBYIOIMHX TEXHOJOTHH,
MOXO0XE, YTO MHOTHE TpeOOBaHMs, KOTOPHIE K HEMY NpPEABABIAIOTCH, Oy-
AYT BBIIIOJTHEHBI B TEYCHHE CICAYIOMHX ACCATH JICT.

2 T.u. SIMP-tomorpadus (ITpum. nepesoduuxa).
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5.4.7 Ilepenymviganue u cmeuwanHbvle COCMOAHUSA

Hepnasuo Owina Bricka3zaHa MBICIB O TOM, 4To SIMP BOOOWE HE MOXET
paccMaTpuBaThCA B Ka4€CTBE KBAHTOBO-MexaHu4deckoro merona! Koraa
BBIHOCHUTCS TaKOH BEPAUKT HEOOXOAMMO MOMHHUTH, YTO TEPMHH «KBAHTO-
BO-MEXaHHYECKHIl» HCIONb3YETCSA 3AECh B CMBICIE «IPOABIAIOMMH He-
KJIacCHYECKHE CBOMCTBa». SIMP-3kcnepUMEHTH MPOBOAATCSA NMPH BRICO-
kux temneparypax (k7 mmeer OONMbIIOE 3HAYEHHE, MO CPABHEHHIO C pac-
IIETICHHEM MEX]Y YPOBHSAMH), MAaTpHILIA INIOTHOCTH, ONMCHIBAIOIAA CHUC-
TEMY SACPHBIX CIIMHOB, Bceraa OnMM3ka K MAaKCMMAIbHO CMEIIAHHOMY CO-
CTOSIHHMIO, 3 TaKHE COCTOAHHMSA BCETAQ MOTYT OBITh NMpeAcTaBieHbl [272] B
BHJE CMECH HE3aBHUCHMBIX COCTOAHMH (T.€. COCTOSHMI, HE COAEpIKALIUX
MepenyTHIBAaHUS MEXIY Pa3NHYHBIMHU sapamu). Tak kak SIMP-cocrosuus
NpPEACTaBIAIOTCA Ge3 MPHUBICUCHHS NEPENyThIBAHUA, OHH MOTIH OblI OHITH
OMHCAHbI KJIACCHYECKMMM MOACTIAMH (XOTS TaKHE KIACCHUECKHE MOAEITH
Oyayt oueHb cnoxHbiMu). ORHAKO, XOTS KIACCHYECKHE MOAEIH M MOTYT
NpPUBIIEKATbCS AN ONUCaHus OTAeNbHOro IMP-cocTosHMS, HEMOHATHO Kak
Takue MoJenu OyAyT OmMChIBAaTh 3BONIOLHIO COCTOSHHS BO Bpems SAMP-
skcnepumenTa [273]. MoTHBHUPOBKA TAKHX 3aKJIIOYEHHI OCTACTCA CIOp-
HOH M HEMOHATHOM.

5.4.8 Cnedywwue neckonvro nem

Metox SIMP naer Hanbosee MOIHYIO TEXHONOT HIO A peanu3alnui KBaH-
TOBBIX KOMITBIOTEPOB, AOCTYIHBIX B HACTOSALIEE BPeMs M, BO3MOXHO, Oy-
JET OCTaBaThHCH TaKOBOM B Ommxaifiue roasr. Heckonbko HeOGONbIIMX KBaH-
TOBBIX KOMIbIOTEPOB Ha SIMP yxe GBIIM MOCTPOEHbI, HA X OCHOBE pea-
AM30BaHbl KBAHTOBHIE AJNITOPHTMBI.

B nocneaymoiiue HECKOJBKO JET KaXK€TCs BEPOSTHBIM, YTO KBaHTO-
Bbie KOMNbIOTEpEl Ha SIMP c Tpems — nsaTeio KyOMTamMHM CTAaHYT TPHBH-
aNnbHBIMH M 4TO MCCIIEAOBaThC OyAyT Bce Gonee cnoxHbe cuctemnl. On-
Hako, 0€3 KapAMHANbHBIX U3MCHEHHUH B MMEIOLIUXCA NMOAXOAAX, BPAA X
Oyayt ckoHcTpyupoBaHs SIMP-cuctemsl, cocrosigue Oonee yem M3 ge-
ciatyu kyOuTtoB. Takue moaxoabl, xak TBepaoTenbHbli SIMP-kommnbiorep
Keiina, B OyaymeM obemaroT o4€Hb MHOTO.
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KpaHTOBBIE CETU U
MHOTI'O4YaCTUYHOE IEPECIIYyThIBAHUE

6.1 Beenenmue

B npeapiaymux rinasax ObLTH pacCMOTPEHB OCHOBHBIE KOHLEITIHH KBaH-
TOBOrO nepenyTeiBaHug. B HacTosmei rmase Mel 06cyanm Gonee AeTanb-
HO HECKOJBKO BOTPOCOB, CBA3aHHBIX C KBAHTOBHIM MEpEnyThiBaHHeM. B
paszeae 6.2. pacCMaTPHBAETCs CXEMa IO YCTAHOBJICHHUIO MEPENYThIBAHUA
MEXJy aTOMaMH H IIPOCTPAHCTBEHHO PA3HECCHHBIMH Y3/1aMH, TOCPEACTBOM
obmena doronamu. C MOMOIMIBIO TAKOrO METOAA MOXKET OBITh MOCTPOE-
Ha KBAaHTOBasd CETh, 0ObEAMHAIOWAA B cebe JOCTOMHCTBA CHCTEM 3aps-
JKEHHBIX ATOMOB (MOHOB), XapaKTePHU3YIOMMUXCA OONBIIMMH BPEMEHAMHU
XPaHEHHA H BO3MOXXHOCTBIO OCYHIECTBJIATD JIOKATbHBIH AOCTYN K KBaH-
TOBBLIM COCTOSHHSAM, C MPEUMYLIECTBAMH KBAaHTOBOH ONTHKH, OCHOBaH-
HBIMH Ha GbICTPOM H HaJAeKHOM oOMeHe HHdopManueit Ha 6onblUKX pac-
CTOSTHHAX.

Pazaen 6.3 mocBsueH nepenyTaHHBIM COCTOSHMAM Oolee yeM ABYX
yacTHLl. TakHe COCTOSHHA BakHbl HE TONBKO B OGIACTH KBAaHTOBOH HH-
dopmanuu. OHu OblnM BBEACHH H3HadanbHO [ punbeprom, Xoprom u Llaii-
muHrepoM (I'XL), 4ToOBI paccMOTpeTh KOHGIIMKT, BOZHHKLIHH MEXAY JIO-
KaJbHBIM PEAJIM3MOM H KBAHTOBOH MEXAHHKOM, ¢ HauOoee KOHCTPYKTHB-
HOH TO4KH 3peHHs. (Takoil KOHDIHKT MOABNAETCA IPH HHTEPIIPETALUH Na-
pajokca DiHwreiHa — Ilomonbsckoro — Posena (OITP)). Iokazano, kak
MOXHO resepuposath Tpex-poronHoe I’ X1{-nepenyTriBanue U nouemy ne-
peryThIBaHHE MEXAy OoJiee 4eM JBYMS 4YAaCTHUAMH NPOSBIAET KBAHTO-
BBIE CBOHCTBA, MOJIHOCTbIO HECOBMECTHBIC C T1000H (KnaccH4eckoit) Tou-
KOH 3pEHHA, OCHOBAHHOH Ha JIOKAJIbHOM pEaIu3MeE.

B pasaene 6.4 noka3biBagTCs, YTO MEpENyThIBAHHE MEXAY 0oiee ueM
JABYMS 4aCTHIIAaMH MPEACTABIAET COO0H BECbMa HETPHBHANIBHOE ITOHATHE.
B meHCTBUTENIBHOCTH, TAKOE MEPEMYThHIBAHHE HE MOXET ObITh YCTAHOBIE-
HO OJHO3HAYHO. BBOAATCS KONHUECTBEHHBIE MEPHI EPENYTHBAHMS, @ TAKKE
paccMaTpuBalOTCA OIH3KHE TCMbI KaK, HAPUMED, OYHIICHHE NEPENYThI-
BaHHS M OTHOCHTEJIbHAS DHTPOIHUA NEPEITYThIBAHUS.
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6.2 KBanroBbie ceru I;
nepenyThbiBAHHE YACTHI,
HaAXOAAIIMXCH B Pa3HbIX
NPOCTPAHCTBEHHBIX O00JI1acTaAX

X.-Hxc. Bpuzens, C [xc. ean DOux, Joc.H.Lupax, I1.LJonnep

6.2.1 Cesszviganue amomos u Gomornos

KBaHTOBBIE CETH COCTOAT M3 NMPOCTPAHCTBEHHO PA3HECEHHBIX Y3/0B, B
KOTOpBIE MOMEIICHBI HHAUBUAYANbHO YIPABASEMbIC KyOHTHI, U KBAHTOBBIX
KOMMYHHKAITHOHHBIX KaHAOB, COCAHHSAIOIMX 3TH y3nsl. OOMeH HHpopma-
LIHEH BHYTPH CETH BBIMOJHSIETCSH NyTEM IEPEChIKH KyOHTOB IO KaHAIaM.
®u3HyecKH TAKHE CETH MOTJIH OBl COCTOATH, HANPHMED, U3 KIaCTEPOB HIIH
3aXBavuE€HHBIX B JIOBYIUKH HOHOB, NPEACTABAAIOMIMX COOOH y3/bl, a TAKXKE
ONTHYECKHX BOJOKOH HIIM KAKUX-HHOYAb YCTPOMCTB, nepeaammux $poto-
HBbI, 4TO 0OecreunBano Obl peanTu3aLMI0 KBAHTOBbIX KAHAJIOB, KAK IIOKa3a-
HO Ha Puc.6.1.

Jlazep Jlazep

Puc. 6.1. DneMeHT KBaHTOBOH CETH. ATOMBI B BLICOKOOGPOTHLIX pe3oHaTOpax
HCIOL3YIOTCA ANIA JIOKAJLHOrO XpaHEHHA M MaHUMYIHPOBaHHMA KBaHTOBOMH
HHbopMalHed MeXAy NPOCTPaHCTBEHHO pa3/ic/IecHHBIMU «Y3/laMH» CETH.

st xpaHEHUS KYOMTOB XOPOIIO TOAXOAST aTOMBI H HOHBI, HAXOASAIIH-
€csa B JOJrOXXHBYIIMX BHYTPCHHHX cocTosHUsx. HenasHo Gwinm mpeano-
JKEHBI CXEMBI /IS BHIOJHCHUS KBAHTOBBIX JIOFMYECKHX ONEpALUii Ha aTo-
MaXxX B JIOBYIUKaX HJIH HOHAX, YTO AAJO NMPHBJICKATEIbHYIO BO3MOXHOCTh
JUTsl BBINOJIHCHHS JIOKAJIbHBIX MAHUITY/ISLIMH B IIpeAe/iaX aTOMHBIX (MOHHBIX)
y3n0B [156, 274, 275]. C apyroii cTOpoHHI, 41 OBICTPEIX U HAAEXKHBIX CIIO-
co6oB nepenauu HHGQOpMaLMH Ha GONbLIKE PACCTOSHHS, O4EBUAHO, HMEH-
HO (OTOHBI ABIAIOTCH TYHIIUMH HOCUTEIIMHU KyOuTOB [276, 277]. B 3T0M
paszene Mbl paccMOTpUM cxeMy [278], B koTOpo# peanu3yercss HHTEp-
tekic Mexay aToMaMH B (OTOHAMH, T.€. MEXKAY CETEBBIMH y31aMHU H KOM-~
MYHHKAaLHOHHBIMH KaHanamu. Takas cxeMa Mmo3BONSET OCYLUECTBIATh
KBaHTOBYIO CBS3b C CAMHUYHOM 3} (PEKTHBHOCTHIO (B MPHUHLHIE) MEXAY
yaaneHHsIMH aToMaMH | u 2. CoueTaHHe JOKaIbHBIX KBAHTOBBIX MAaHHITy-
JAAUUHA C KBAaHTOBOH CBA3BIO MEXAY CETEBBIMH y3laMH OTKPBIBAcT BO3-
MOXHOCTb ISl HOBBIX Pa3HOOOpa3HbIX MPHIOKEHHUH — OT kpunrorpadux
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Ha OCHOBE NEPENYTaHHBIX cocTosHUH [279] u Tenenoprauuu {280], xo Go-
7Ie€ CJIIOXKHBIX, TAKHX KaK MHOTOYACTHYHBLIE CPEACTBA CBA3H M pacnpenc-
JICHHBIC KBAHTOBBIC BIUKCIICHHUA [281, 282].

OchoBHas% HAEA ITOH CXEMBI COCTOUT B UCNOJIL30BAHHH CHIIBHOrO B3a-
HMOICHCTBHSI MEXIY BBICOKOZOOPOTHBIM ONMTHYECKHM PE30HATOPOM H
atomamu [276], obpasyoIMMHI OTAEIBHBIH y3en KBaHTOBoM ceru. [lpu
BO3ACHCTBUH JIA3EPHBIX IYYKOB MOXHO npeobpa3oBaTh BHYTPCHHEE CO-
CTOSIHHE ATOMa IEPBOro y3ia B ONTHYECKOE COCTOSHHE PE30HATOPHOH
moabl. BosHukaromue npH 3ToM (QOTOHBI BBIXOAAT M3 PE30HATOpPA, pac-
HPOCTPAHAIOTCA KaK BOTHOBOH MaKeT N0 THHHUM NEPEAAvH H MONajaioT B
pe3oHaTOp BTOPOro y3na. B xoHeuHOM cueTe, ONTHYECKOE COCTOSHHE BTO-
poro pe3onaropa npeobpasyeTcs BO BHYTpPEHHEE cOcTosHHe atoMma. [lpu
HOCJIEA0BATEIBHOM JOCTYIIE K TapaM aTOMOB (OJHH ATOM B KaXXAOM y3Ji€)
MOXKHO J0OHTBCS MHOrO-KyOMTOBBIX MEPEAad, MOCKOAbKY B MPOLECCE 3a-
ITHCH COCTOSHHS COXPAHAIOTCS MEPEMYTHBAHUA MEKAY NMPOH3BOJBHO pac-
NoNOXEHHBIMH atoMaMu. OTnHyuTeNnbHAs 0COGEHHOCTH 3TOTO TPOTOKONIA
COCTOHT B TOM, YTO ynpaBiis B3aUMOACHCTBHEM MEXKIY aTOMOM M PE30-
HATOPOM, MOXHO H30€xaTh OTPAXXEHHs BOIHOBHIX MAaKETOB OT BTOPOro
pe3oHaTopa. ITO ZOCTHraeTcs NpH noMowmH 3P PeKTHBHOrO HCKIKOYECHHUS
TEX NOMHHHPYIOLUIMX TOTEPh B KaHaje, KOTOpbie OTBedan Obl 3a Aekore-
PEHTHOCTDb B NPOLECCE Nepeaaiv HHGOPMALHHY.

6.2.2 Moodenv nepedavuu K8aHmMOBO20 COCMOAHUSA

IIpocras xondurypaums s KBAaHTOBOH MEpefavyu MEXIY ABYMs y3laMH
BKIIOMAET B ces ABa atoma 1 U 2, KOTOPBIE CUIIBHO B3aUMOAEHCTBYIOT CO
CBOMMH PE30HATOPHBIMH MoZamHu, cMm. Puc.6.2.

['aMunpTOHHAH, OMUCHIBAIOIIMEH B3aUMOJCHCTBHE KAXKIOTO aTOMa C CO-
OTBETCTBYIOLIEH PE30HATOPHOM MOAOH (Mbl monaraeMm h = 1), UMEET BUA:

H, =w,dla,+w,|r), i<r|+g(|r)i {gla, +3.c.)+

1 - g (1) , -
+EQi(t)[e ). (e]+ 3.0_] (i=1,2). (6.1)

3necs ‘?,- H c?j— OnepaTopsl YHHYTOXKECHHSA U POXKIACHHS ANl pe30HATOP-
HOH moamt 1 ¢ wactoroit @, (Puc.6.2). Cocroanus |g), |r) u le) obpasyror
TPEX-yPOBHEBYIO CHCTEMY C 4aCTOTOM BO30YXKAEHHS @,, & KyOHT npeacras-
JSETCs CYNepro3HuMen IBYX BEIPOXIEHHBIX OCHOBHBIX cocTosHuH. CocTos-
HMA |e) ¥ |g) cBa3anbl Onarojaps paMaHoBCKOMy nepexoxny {274, 275, 283],
KOFJa fa3ep ¢ 4acToTOH @, BO30YXIAET aTOM H3 COCTOAHHSA |e) B COCTO-
SIHHME |7) C 3aBUCALIMMY OT BpeMEHH 4acToToH Pabu (2 (f) u dasoit ¢ () u
NOC/CAYIOUINM 33 3THUM NEPEXOAOM |7) —>|e), CONPOBOXKAAEMBIM HCITyCKa-
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HHEM (DOTOHA B COOTBETCTBYIOINEH PE30OHATOPHOM MOAE C TOCTOSHHOH CBS-
34 g. JlNs noxaBNEHHs CIIOHTAHHOTO HU3NYYEHHs, [TPOUCXOASAIIETO H3 BO3-
OyXKIEHHOTO COCTOSHMA BO BPEMs PaMaHOBCKOTO MPOLIECCA, MBI IIPEATIONA-
racm, 4TO J1a3€p CHIBHO OTCTPOEH IO YaCTOTE OT ATOMHOrO Nepexoaa
[A>>Q, (1), & 1@, ,| (rac A=w, — @ ). B aTOM CyHae moxHO aauabaru-
4ECKH HCKITIOYHTh BO3OYXaAeHHBIE cOCTOAHUA |r) . HOBBIN raMHIbTOHHAH,
OIMMMUCHIBAIOMUK JUHAMHUKY JBYX OCHOBHBIX COCTOSHHHM B TEpPMHHAX YaCTOT-
HBIX PacCTPOEK, NpHOOpeTacT BUA:

2
ﬁFﬂmﬁ+%wM@Jﬂﬂ%ﬁW%@F

—igi(t)[ei‘”‘(’)[e)i {gla, —3.0.] , (i=1,2) (6.2)

IlepBoe cnaracMoe COAEPXHT PaMaHOBCKYIO PacCTpolky 6 = @, — @,
JBa cieayromMX ClIaraeMelX NPEACTABIAIOT JUHAMHYECKHE IITAPKOBCKHE
CABMT'H OCHOBHBIX COCTOSHHH |€) U |¢), BO3HHKAIOIHE H3-3a IPUCYTCTBHA pe-
30HATOPHOM MOJIBI M 1A3€PHOTO NOJISA, COOTBETCTBEHHO, C 0w (f) = 2*(1)/(4A).
[MocneaHee cnaraeMoe H3BECTHO Kak B3auMoaeicTBHe [efiHca-KaMMuH-
rca, ¢ 3 dexruBHOM KOHCTaHTOM CBA3H g (1) = g42(1)/(2A) . 3mech MbI Bpe-
MeHHO npenebperaem cnadbbimu 3¢ ¢exkTamMu, BEHI3BAHHBIMH CITIOHTAHHBIM
H3Jy4CHHEM BO BpPEMs paMaHOBCKoro mpouecca. 06o3HaueHus le) ~ Bo3-
Oy>KACHHOT'O COCTOSHHA H |g) — OCHOBHOTO COCTOSIHHSI MOTHBHPYIOTCS aHa-~
norueii ¢ mogensio JxeiHca-Kammunrea.

Hama uens cocTOHT B 0TOOpE 3aBUCALIMX OT BPEMEHH 4acToT Pabu u
nasepHbiX a3' ans KOCTHXKEHHMSA udeanbHOUu K8aHMOBOU nepeoavu,

e}, )lg), ®[0), o), vac)

e),)®|0), [0}, vac) 6.3)

TAE C,, — KOMILICKCHBIC YHCIa, BoOOIIE rOBOPS, OHH JOIKHH OBITH 3ame-
HEHbBl Ha HECHOPMHPOBAHHBIC COCTOSHHSA IPYTHX aTtoMOB — «Habnmiozare-
neiy, BXOAAMMX B KBAHTOBYIO ceTk. B (6.3) |0), u |vac) npeacrasnsior
BAKYYMHOE COCTOSHHE PE30OHATOPHBIX MO H CBOOOIHBIX 37€KTPOMATHHUT-
HBIX MOJ, CBA3aHHBIX C pe3oHaropamu. [lepesaya 6GyzeT mpoucxoauTsh
nyteM obMeHa GoToOHAMH uYepe3 3TH MOJIHIL.

B TakoM KoHTEKCTE yAOOHO (OpMYyTHpOBaTh 3ajady Ha S3bIKE KBaH-
TOBBIX Tpaekropui (284, 285]. IlpencTaBuM MBICIEHHBIH 3KCIIEPHMCHT, B
KOTOPOM BBIXOJHOE IOJ€ BTOPOrO pe30HATOpa MOCTOSHHO NMPOCMAaTpHBa-
eTca GoToaeTekTopoM (cM. puc.6.2). DBOTIOL NS KBAHTOBOH CHCTEMBI MPH

(c.le), +e.

—)1g>1(08|g>2 +c¢

! MoxHO Takxe MOAYAHPOBaTL NPONYCKAHHE pE30HATOpA, HO TEXHHYECKH 3TO ropasno
CJIOXHEC.
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HenpepbIBHOM HAOMIOACHUH, YCIOBHAS 110 OTHOLIEHHO K HAOMIOAEHHUIO CIie-
LHAILHOH TPACKTOPHH OTCYETOB, MOXET ObITH OMMCAHA YHCTHIM COCTOA-
HHEM C BOMTHOBOH QyHKuueH |y (1)) B runbsbepToBOM MPOCTPAHCTBE CHCTE-
MBI (rae npeHeOperaercs CymeCTBOBAaHHEM PaAMAaLMOHHBIX MOJ BHE pe-
30Haropa). B TeyeHHe HHTEPBAIOB BPEMEHH, KOTAa OTCYETA HET, 3Ta BOJ-
HOBasi GYHKUHS 3BOIOLHOHHPYET B COOTBETCTBHH C ypaBHeHHeM lllpe-
JUHrepa, CoAep Kammero HEAPMHUTOBbIH 3 PEKTHBHBIM raMUIBTOHUAH

H,(0)=H,(0) + H,(t) - ik(&la, + ala, + 2a}4) . (6.4)
3aecs, k — MOTEpH B PE30HATOPE, KOTOPHIE MPEAIIOaraiTcs OAHHAKOBbI-
MH JJIs IEPBOTO M BTOPOrO PE30HATOPOB. Perucrpauus orcyera 3a Bpems !
acCONMHUPYETCA C KBAHTOBBHIM CKA4KOM, B COOTBETCTBHH C |y (f +di))c

cly (), rae c=a +a [285, 286]. IIn1oTHOCTE BEPOATHOCTH TOrO, YTO CKa-
40K (OTCYET AETEKTOpa) MPOH30HIET B MHTEPBAN BPCMEHH OT ! J0 ¢ + dit

paBHa (y (f)ctcly (£))dt [285, 286].
JeTexTop
PesonaTtop | é ) Pesouatop 2

lr)l ag)(t) a’()?lt(t) |T>2

4 EUAN
—— —O-

le)s |g 1, S,l)(t —7) _'3)(t) l(;‘)g lg)2

Puc. 6.2. CxeMaTHuHOE NPEACTABICHUE HENPSAMON KBAHTOBOM NEPEAAUN MEXKTY
JLBYMS aTOMaMH B ONITHUECKHX Pe30HATOpax, COEAUHEHHLIX KBAHTOBAaHHOM /M-
HUEH nepefaqu.

6.2.3 Jlazepuvie umnyavcol Onsi UOANbHOU hepeoavu

Mb! x0oTHM NOAOOpPATh a3ePHBIC UMITYNLCH B OOOMX PE30HATOPaX Tak,
4T10OBI YAOBIETBOPUTD YCIOBHAM HAEANBHOH KBAaHTOBOH mepexauu (6.3).
Heobxonumoe ycinoBHe As 3BONIOMH BO BPEMEHH COCTOHT B TOM, YTO
KBaHTOBBIH Ca4oK (OTCUET AeTekTopa, cM. Puc.6.2) Hukoraa 6bl He mpo-
uexoaun, T.€. cly (£)) = OV £, u Takum o6pa3om, 3G PexTUBHBIH raMUIBLTO-
HHUaH ctan Ol 3pMHTOBEIM oneparopoM. Jlpyrumu cnosaMu, cuctema 0Oy-
JET OCTaBaTbCs B MEMHOM COCTOSHMH KacKaJHOH KBaHTOBOH CHCTEMBI.
Du3nyeck 3TO O3HAYAET, YTO BOTHOBOH NAKET HE OTPAXKAETCs OT BTOPO-
ro pesonaropa. PainoxuM COCTOSHHE CHCTEMBI Kak

w.(0) = c, |gg)|00) +
+ ¢,[a (e ]eg)|00) + a, () | ge)| 00) +

+5,(1)| gg)[10) + B,(r)| gg)|01)] . (6.5)
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UneanpHas kBaHTOBas nepeaaya (6.3) npousoiaer npu
o (o) =a,(+0) =1, ¢ (-0)=¢,(+0)=0. (6.6)
1
Iepsbiit uneH B (6.5) HE H3MEHSAETCA IPH BPEMEHHOH 3BOMIOLIMH, TEHE-
pupyemoii H . Onpexenss CHMMETPHYHBIC M AHTHCHMMETPHYHEIE KO3d-
duuuents S, ,= (B F B)/V 2, Mbl HaxoAUM CIEAYIOLHE YPAGHEHUS 360~
RIOYUU

a()=g0B,0/N2 | (6.7)
ax(t) = -g,(0B,O/N2 (6.8)
B.() =g ()/N2 +8,()a,()/N2 (6.9)
rae Mbl BoIOpanu na3epHbIe 4acTOTH a)L+;.bl’2(t) TaK, 4T0 6 = g%/A u
4.51,2(0 = ow,(7) (6.10)

JIs TOro, 4ToOB KOMIEHCHpOBaTh AuHamudeckui 3¢dexr Ilrapka; Ta-
KHUM obpasoMm, (6.7 — 6.9) craHOBATCS HE3aBHCHMBIMH OT a3, Yeaosue
memHO20 cocmosKus noapasymenaet, uto B (f) = 0, u nostomy

B.(0)=g O, )2 + g,y () N2 +kB,()=0 (6.11)
IPH HOPMHPOBKE
o, () +le, O + |8, =1 (6.12)

3ameTuM, 4TO KO3GPHIIHEHTHI a]'z(t) u f(t) — AEHCTBUTENBHEIE.
MareMarnueckas 3ajavya TEIepb COCTOMT B OTBICKAHHHM (GOPMBI HM-
nyascoB Q, (f) xg, ,(¢), TakoH, 4T0 GyAyT BHIMOMHEHB! yca0BHs (6.6 —
6.9, 6.11). B obwem ciyuae 310 AOBOMBHO CI0XKHAA 33Aa4a, MOCKOIBKY
ycnosus (6.6, 6.11) npexonpeaenstor B pemeHusx AudepeHHanbHEIX
ypaBHeHHH (6.7 —-6.9) byHKIHOHANbHEIEC OTPaHHYUEHH Ha GOPMY HMIYIIb-
COB; TaKHE PELICHHS HE BIOJIHE OYCBHAHBI. MBI MOCTPOHM KIacC TaKHX
pelIeHHH, KOTOPHIE YAOBIETBOPAIOT ciacAyomed GH3HYeCKOH MOAENH.
Ipeanonoxxum, 4To GOTOH BBIXOJUT M3 ONTHYECKOrO PE30HATOpA M pac-
MPOCTPAHAETCA OT HErO B BHAE BONHOBOrO maxera. [IpeacTaBum, uto
MBI B COCTOSSHHH «OOpaTHTb BO BPEMEHH» 3TOT BOJTHOBOH MAaKET M Ha-
MPaBHTEb €ro o6paTHO B p€30HATOP; 3TO BOCCTAHOBHIO OBl HCXOAHOE (He-
H3BECTHOE) CYNEPNO3HLIHOHHOE COCTOSHHE aTOMA, B NPEANIONIOKEHHH, YTO
MBI Takxe 0OpaTHIH BO BpEMEHH H na3epHuie ummnyascel. C apyro# cro-
poHBI, ecnu Obl MBI OBIIH CIIOCOOHBI MOMECTHTh aTOM B NEPEAAIOLIHI
PE30HATOP TaK, YTO BBIXONAIIHH HMIyabC OB OBl BCEraa CHMMETPHYUEH
BO BPEMEHH, TO BOTHOBOM MAaKET, BXOAAIIHHA B MPUHUMAIOLUIHHA PE30HATOD,
«ckonupoBan» Obl TakoH mpouecc oOpalleHHs BpEMCHH H, TaKHM o0pa-
30M, «BOCCTAHOBHI» OBl COCTOSHHE mepBOro aroMa Ha BtopoM. Crnexo-
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BaTENIbHO, OyJeM HCKaTh PEIICHHS, YAOBIESTBOPSIOLUIHE YCIOBHUIO CUMMET-
PHYHOCTH UMITY/IbCA

gz(t):gl("t) (v1) . (6.13)

710 noapasymeBaceT, uto a,(f) = a,(-t), u B,(f) = B.(-t). Hocnexuee
COOTHOLICHHE MPHBOAMT K CHMMETPHYHOM $OopMe BOTHOBOro nakera ¢o-
TOHA, PACHPOCTPAHAIOIErOcs MEXAY PE30HATOPAMH.

Hpeanonoxum, 4o Mbl yTouHHIH GOpMy HMnynbea (2, (F) o g, (1) ans
BTOPOH MOJOBHHBI MMITyJIbCa B NMEpPBOM pe3oHarope (1 = 0)?. Mul xotum
ONpPEAEIUTD NEPBYIO MONOBUHY 2, (~f) o g (~f) ana (¢t > 0), Tak uTO BHI-
nonHawrcs yenosus (6.3) ang nuaeansHoH nepeaayn. M3 (6.6, 6.11) nony-
qaeM

VAL a0a®  (150) (6.14)
a,(f) )

Takum o6pa3om, GpopMa HMIYNIBECA NONHOCTHIO ONIPEACICHA, IPH YCIIO-
BHH, UTO MBI 3HaEM 3BOJIIOLHIO CHCTEMBI A4 ¢ 2 0. Oanako, npy nonsITKe
HaMTH 3Ty 3BONIOLHIO BO3HHKAIOT ONPEAEICHHBIE TPYAHOCTH, T.K. HCH3BECT-
HOH eme ocTaeTcs BenuunHa g,(t) = g,(-1) ana t > 0 [em. (6.7 - 6.9)]. Jlna
TOro, urobni 060MTH 3TY NMpobiaeMy, Mel Hcnonb3yeM (6.11) ans yHHuTO-
JKCHHA TAKOH 3aBHCHUMOCTH B (6.7, 6.9). 310 maer

gl(—t)z

a () = g,()B,/2 | (6.15)
B.(0) =B, (1) 28,0, (1) (6.16)
Jans ¢t 2 0. ITH ypaBHEHHS HY>KHO JOMOTHHTh Haua bHBIMH YCIOBHAMH
267 2
= e et et . 1

%0 [gf(O) P } ’ €17
1

B0 =[1-2a}(0) ], (6.18)

KOTOpEIE HEMEANEHHO creayoT u3 &, (0) = a,(0) u (6.11, 6.12) npu £ = 0.
Haiina pemenne (6.15, 6.16), Ma MoxeM onpeaenuts a,(0) u3 ycnosus
HOpMHpOBKH (6.12). JIBurasce TakHM MyTeM, Mbl MOJHOCTHIO pelliaeM
3ajauy, T.K. BCEC BENH4MHBI, uMmeroinuecs B (6.14) tenepb U3BECTHBI AnA
t 2 0. Takum 06pa3oM, HEMOCPEACTBEHHO HAXOAUTCS AHATHTHYECKOE Bhi-
paxeHue 114 GOpMbI MUMIYIBCOB, HanpuMep, nonaras £, (f) = const ans
t>0.

2Ql(t) AoikHa ObiTh TakoBa, 4To6s1 a, (®) = 0. 310 BLnOAHSETCS, ecnn Q (1)>0, uTo Takke
rapaHTUpYeT OTJINYNE OT Hy/s 3HaMeHaTens B (6.14) npu 0.
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6.2.4 Hecosepwennvie onepayuu u Koppexkyus owmubox

MzI npeanonarany, YTo BCE ONEPALHH, BKIIOYEHHBIC B TPOLECC NEPEAAYH,
T.€. 3aIIHCh COCTOSHHSA C aTOMa HA PE30HATOPHOE IOJE MOCPEACTBOM Ja-
3€pHBIX MMITYIbCOB, ABIAIOTCA coBeplieHHBIMU. KpoMe Toro, Mbr HE yae-
JA7TH BHHMAaHHSA [TOTEPAM 32 CYET MOITIOIECHHUS H JEKOTEPEHTHOCTH B KOM-
MYHHKallHOHHOM kaHane. Ha camoM aene, ¢ onpeaeneHHOR BEpoOATHOC-
TBIO TaKHE Npouecch Bcerga 6yayt npoucxoauts. CHcTEMa pe3oHATOp —
ONTOBOIOKHO, pacCMaTpHBacMas BMECTE C PAMAHOBCKHMH HMITYIbCaMH,
NPEACTABIAIOT COO0M MPUMED 3auyMIeHHO20 K8aHMOB020 kanana. Bo-
obLie roBops, KBAHTOBBIH IIYM NPHBOAMT K YMEHBIUICHHIO KAYECTBA Nepe-
Aa4M U Pa3pyliaeT KBAHTOBBIE KOPPE/ISALHH, YCTAHOBICHHDIE MEXAY Y3/1a-
M. IToT 3ddexr, B 0cOOEHHOCTH, CTAHOBHUTCA JOMHHHPYIOLIHM, KOTAA
y3/Ibl YOANEHH APYr OT Apyra Ha Oonbluue pacCTOSHHSA, NMPHYEM Mepa
JUTHHBI ONPEAEISETCA B CPABHEHHH C AJIMHOH KOTEPEHTHOCTH M/MIH JIH-
HoH mornowenus® kanaiga. K cuacteio, 6marogaps MerogaM KBaHTOBOI
koppekuuu omwrnbok [287] u ouniueHus nepenythiBaHus [288], cymecrByer
PAA NPHEMOB, MO3BOJISIIOLIHX POTHBOCTOATH BIUAHHIO 3((HEKTOB KBAHTO-
BOro IIyMa H AekOorepeHTHocTH. B pa3saene 8.6. Oyaer noka3ano, KakHM
06pa3oM MOXHO peann3oBaTh 3¢ GEKTHBHYIO KOPPEKLHIO OIHOO0K, HCIIpaB-
Ag0mMyo oHOKH B Iepeaayax BCEX THIIOB, B IPHMEHEHHH K PAaCCMOTPEH-
HOH BBILIE KBAHTOBOH CETH. JTO NMO3BOJIHUT OCYLIECTBIATb CBA3b BBICOKO-
ro kayecTBa Ha HebonpMX paccTosHusax. Jns nepenad Ha Gonpue pac-
CTOSHHA, KOrAa BEPOATHOCTH OIHOKH PacTeT IKCIIOHEHLIHAIBHO C ATHHOM
KaHala, Mbl Pa3BHBAEM KOHLEMLHIO KBAHTOBOTO NOBTOPHTENA, KOTODHIH
BBITIOJHAET POJib, AHATOTHYHYIO YCHIIMTENSAM B KJIACCHUECKHX CHCTEMax
CBS3H.

6.3 MHOro1acTru4Hoe nepenyrbiBanue
M. boymeiicmep, [oxc.-B.IlIsn, M.[anusne, X Batingpypmep,
A Lainuneep.

6.3.1 Cocmoanua I'punbepza-Xopna-Llainunzepa

[MepenyTbiBaHuEe MeXAy OONBIIHM KOMHYECTBOM HACTHI] HIPACT ONpPEAECIA-
IOLLYIO POJIb B GONBIIHHCTBE KBAHTOBBIX KOMMYHHKAUHOHHBIX CXEM, TAKUX
KaK CX€M KOPpEeKLMH OmHOOK, pacnpeaeNeHHsA CEKPETHOrO KIK4Ya M INpH
KBAaHTOBHIX BbYHCIeHHsX. QOHAKO, HCXOAHAA NOoTpebHOCTL B 00CYKACHHH
H CO3JaHHMH TAKHX NEPENyTaHHBIX COCTOAHMH Oonee yeM AByX 4acTHL, T.H.

3 meeTcs B BHAY ANHHA Npobera, kotopas ofpaTHO NMponopuHoHaIbHa K03 GUIHEHTY
nornouieHus. (Ilpum. nepesoduuxa)
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coctoauui ['punbepra-Xopua-Ilainunrepa (I'XL]), Bo3nuxna coBepineHHO
U3 qpyrux obnacreit 3Hanus (289, 290]. A UMCHHO, H3 PACCYXKACHUH O TOM,
SBJIAETCSA M KBAHTOBAad MEXaHHKA NOTHOH TEOpHEH HMau Her. XOTS MBI H HE
CTaBHM CBOE€H 3a1aueH AeTanbHOE OCBELUEHHE 3TOH PyHaaMeHTanbHOH (U~
710co¢CKOIM AUCKYCCHH, KPATKOE ONUCaHHE NPOOIEMBl BCE-Taku OyaeT AaHO.
DTO MOMOXKET YHTATENIO TyYIlE IPCACTABIATh MPOLIECCH XPAHCHHS KBaH-
TOBOH MH(}OPMALMH B CHCTEMaxX C MHOTOYaCTHYHBIM IEPENyThIBAHHEM, A
TaKXE OTBETHTb Ha BOMPOC, IOYEMY KBAHTOBHIC CBOHCTBA TaKUX CHCTEM
HAXOMATCA B PE3KOM MPOTHBOPEYHMH C SHHIITCHHOBCKHM IMPEACTABICHHEM O
nokanbHOCTH. M3noxenne 6a3upyercs Ha SKCIIEPHMEHTATbHOH peanu3aluy
Tpex-(hOTOHHOTO NEPEMYThIBAHHUS, KOTOPOE, 10 NMPAaBY, 3aHUMACT OYEHb BAaX-
HOE MeCTo B 061acTH KBaHTOBOH HHbopMauny [291].

6.3.2 Ilpomueopeque ¢ NOKANbHBIM PeaAnU3MOM

I'punGepr, Xopu u LaiinuHrep nokasany, YTO KBAHTOBO-MEXaHHUYCCKHE
NpeACKa3aHHsd HCKOTOPBIX PE3yNbTaTOB H3MEPECHHUH Ha TPEMS NIEpEnyTaH-
HBIMH YaCTHLAMH NPOTHBOPEYAT JOKaIbHOMY PEaTH3My B ClIyyasx, KOraa
KBAHTOBas TEOPHs AACT AOCTOBEPHBIE, T.€. HECTATHCTHYECKHE NpeIcKa-
3aHHuA [289-294]. Cutyanus 3aech OTAHYAETCSA OT Clydas ¢ IKCIICPHMEH-
TaMH THNa JiHuTeiHa-Iloxonsckoro-Posena ¢ aByMs mepenyTaHHBIMH
4aCTHLIAMHU MO MPOBEPKE HepaBeHCTBA benna, rae NpoTHBOpEYHE C NO-
KaJlbHBIM PEaji3MOM BO3HHMKAET TOJBKO AJIS CTATHCTHYECKHX MpPEACKa-
3anui (21,23, 295, 297).

ITouemy xe Tpex-¢poronusie coctosuus I'X1] naxogarcs B 6onee CHIb-
HOM HPOTHBOPEYHH C JOKANbHBHIM PEaTH3MOM, YeM JIBYX-(OTOHHEIC CO-
crossHUA?* UToOBl HAHTH OTBET HA TOT BOIMPOC, PACCMOTPHM COCTOSIHHE

S P),) .19

rae H u V 0603Ha4a10T rOpU30OHTANBHYIO ¥ BEPTHKANBHYIO MONAPHIALIHH.
ITO COCTOSAHHE MOKA3bIBAET, UTO TPH (HOTOHA HAXOAATCS B KBAHTOBOH Cy-
NEPNO3HLHH COCTOsHuUA | |H),|H), (Bce TpH POTOHA HMEIOT FOPH30HTAIb-
Hy10 nonspusaumio) u cocrosuus |V),[V),|V), (tpu poTtona umeror pepru-
KalbHYIO nonspH3auuio). Takoe cneunduyeckoe COCTOSHHE CHMMETPHY-
HO 11O OTHOLIEHHIO K NEPECTAHOBKAaM BCeX POTOHOB, UTO YIIPOLIAET apry-
MEHTAIHIO, MPUBOAUMYIO Huke. OJHAKO BCE PACCYXACHUS OCTAOTCA Cripa-
BCIATHBBIMH M JUIS APYTMX MaKCHMalabHO NEPENYTaHHBIX TPEX-(POTOHHBIX
COCTOSIHHH.

4 Insa 1ByXoTOHHBIX cocTosHUM Xapau [298] Hawen cHTyauuH, Koraa JIoKa/ibHbli pea-
JIM3M Mpeficka3biBaeT, 4TO HEKOTOPLIH pe3ynbTaT UMEET MECTO HHOTAA, a KBAHTOBas MeXa-
HHMKa NpeJcKa3blBacT, 4TO TOT e caMblif pe3ynbTaT He OyleT MMeTh MecTa HHkoraa [209].
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Paccmorpum Teneps HEKOTOpbIE CEUM(PHUYECKHE TPEACKA3AHHUA, ClIe-
AyIOIHUe U3 BUAA cOcTOssHUA (6.19) U oTHOCAIUMECS K MTONAPH3AHOHHBIM
H3MEPEHHUSAM, TIPOBOJHMBIMH Hajx KaxAsM poTroHoM nubo B Oasuce, mo-
BepHyTOM Ha 45° otHOCHTENBHO H/V 1 0603HauenHoro H'/V', nubo B uup-
Ky1spHoM ba3uce, o603HaueHHOM L/R (1€BO-UHpPKYIApHBIH, MPaBO-LUPKY-
JAPHBIN). DTH HOBBIC NOMAPH3ALMOHHBIC 6a3HChl MOXKHO MEPEMUCATD B TEP-
MHHaX UCXOAHOro basuca:

1

)= (). ) =(H)-17). (6.20

R)=—= (1) +il9), |1)=(1#1) 1)) (621)

O06o3nauuM cocrosHue |H) BekropoM (1, 0), a cocrosanue V) BekTo-
pom (0,1); 3TH BexTOpa NPEACTABIAIOT ABAa COOCTBEHHBIX COCTOSHHSA OIe-
patopa Ilaynu o, ¢ COOTBETCTBYIOMMMH COOCTBEHHBIMH 3HAYEHHAMH +1
u —1. MoxHo nerko ybeautscs, uro [H') u |V') umn |R) u |L) asnsrorcs
COOCTBEHHBIMU COCTOSHHAMH oneparopos Ilaynu o, 1 o, ¢ coGCTBeHHbIMH
3HayeHusMH +1 u —1, coorBercTrBeHHo. byneM Ha3biBaTh H3MepeHHe B Oa-
3uce H'/V" — x-uamepenueM, a B Oasuce L/R — y-u3MepeHHeM.

ITocne npeacrasiaeHus cocrosuus (6.19) B HOBrIX DazHcaxX MOXHO ITO-
JTyYUTDb NPEACKA3AHHSA H3MEPEHHH 3THX HOBBIX Oa3HCHBIX nonspu3auii. Ha-
IpUMEp, IPH H3MEPEHHH LIHPKYAAPHOH NMONIPU3ALHH, CKaXeM, 06oux ¢o-
TOHOB | ¥ 2 ¥ U3MepeHHH NHHEHHOMH nonspusauuu H' u V' dporona 3, 0bo-
3HAYCHHBIX KaK yYX-H3MEPEHUH, COCTOSHHE MTPHHUMAET BUA:

L)), + 23 ), 1))

+(IR>1iR>2|V,>3+|L>1\L>2|V’>3)' (6.22)
N3 31010 BeipaxeHus MOXHO MOMYYHTb P CYLUECTBCHHEIX CIEACTBHM.
Bo-nepBhix, ero cneuupuka COCTOMT B TOM, 4TO JI0OOE OTACIBHOE HIH
JABYX-OOTOHHOE M3MEPEHHUE UMEET aBCOMIOTHO cny4aitHbiii pe3ynbrar. Ha-
npuMmep, potoH 1 Oyaet oGHapyxeH nubo ¢ R, mubo ¢ L nonapH3aLuaMH ¢
OAMHAKOBOH BepOATHOCTBIO 50%.
Bo-BTOpBIX, 3TO BEIPAXXCHHE COAEPIKUT TOIBKO YJIEHBI, COCTABICHHBIC
M3 NPOH3BEACHUH, MPUHHMAIOMMX 3HAYCHUE — 1 NpH yyx-U3MEpeHHH. ITO
JIACT BO3MOXHOCTb JHOCTOBEPHO NpEACKa3aTh pe3ylnbTaT M3MEPEHHs Tpe-
Thero (OTOHA, 3HAA Pe3ynbTaT H3MEPEHHS HaJ ABYMS APYTMMH (OTOHa-
mu. Hanpumep, npeanonoxum, 4To B pe3yasrate H3MEpeHUs Haa ¢oroHa-
mu | 1 2 nonyynnacs npaBo-uMpkynspHas nonspusanus (R) (1.e. oba cob-
CTBEHHBIX 3HAY€HHs paBHbl +1). M3 Tperbero craraeMoro BhIpaXKEHHA
(6.22) naxoaum, 4yto $HOTOH 3 HOCTOBEPHO HMeeT V'-nonspu3aunHio (T.€.
cobcTBEHHOE 3Ha4YeHHe —1).
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IlpH uMKITHYECKOH EPECTAHOBKE MOXCHO MOJMYYHTh aHAIOTHYHBIE BbIpa-
KEHHUS s NIOObIX THIOB H3MEPEHHS LHPKYIAPHOH NMONApH3anUH AByX ¢o-
TOoHOB U V-, H'-nonspusanuit ocraswmerocs ¢orona. ¥ cHosa Te cnarae-
MBIE, KOTOPBIE MPEACTABIAIOTCS NPOU3BEACHHUAMH, AAIOMMMH 3HAYEHHE —1,
SIBJISIOTCS Pe3yAbTaTaMH yxy- WM xyy-usmepenuil. Takum oOpasom, pe-
3yJbTAT U3MEPCHHS H LIUPKYIAPHOM Monspu3anuy, 1 nuHeHou V', H' Mo-
xeT OBITh MpeAcKa3aH C AOCTOBEPHOCTHIO Ais nroboro oTAenbHoro ¢o-
TOHA NPH YCIOBHH, YTO HMEETCS COOTBETCTBYIOIIHH pE3yNbTaT H3MEpe-
HHSA JBYX APYrux GOTOHOB.

ITonpobyeM mpoaHaTH3IHPOBATh CICACTBHA TAKHX MMPEACKA3aHHH C
TOYKH 3pCHHUA JOKanbHOro peanusma. Crnepsa 3aMETHM, YTO OTH MpeEX-
CKa3aHHUs HE 3aBHCAT HH OT NPOCTPAHCTBEHHOTr 0 MONOXEHHS GOTOHOB, HH
OT O4EPEAHOCTH BBHINONHEHUA U3MEPEHUH BO BpeMEHH. PaccMoTpuM 3k-
CIIEPHMEHT, B KOTOPOM TPH H3MEPCHHS BBIONHAIOTCS OJHOBPEMEHHO B
JAHHOH CHCTEME KOOPAMHAT, CKa)XeM — AJIA HPOCTOThl — B CHCTEME KO-
opaunar ucrouHuka. IlpuMencHue 3HHIITCHHOBCKOrO NOHATHS JIOKANb-
HOCTH 03HA4aeT, YTO HH(QOPMALHI HE MOXET PacCIpPOCTPAHATLCA OBICT-
pee cxopoctH cBeta. Orcroga, peyabTaT cnenH(pHUIECKOro U3MEPEHHUS,
BBITTOJIHEHHOT'O HaJl OTAENbHBIM (POTOHOM HE JOKEH 3aBUCETh HH OT TOTO,
BBIIOJHEHO M cnenuduyeckoe H3MEPEHHE HAJ ABYMA APYrUMH (POTOHA-
MH OJHOBPEMEHHO, HH OT HCXOAA TaKHX u3MepeHHH. ExuHCTBEHHBIH CcITO-
c00 00BACHUTD 006CYAaEMbIC MOJTHbIE KOPPENALMH C TOUYKH 3PEHHS JIO-
KaJbHOrO PeanucTa COCTOHT B IPEAIMONOKEHHH 4TO KaKAbIH (HOTOH He-
CET 3NEMCHT PEANbHOCTH BCEX PACCMOTPEHHBIX HM3MEPCHHH H YTO 3TH
3JIEMEHTHl PEaTbHOCTH OMPEACISIOT PE3YyJNbTAT CIELH(PHUECKOro U3Me-
peHus [289, 290, 294).

Teneps, naBaiiTe pacCMOTpHM U3MEPEHHE NHHEHHOH V', H' nmonspu3a-
LUK BCeX Tpex (PoToHOB, T.e. xxx-u3mepeHus. Ecnu aneMeHTH peanbHoc-
TH CYIIECTBYIOT, TO KAKHE HCXOABI BooOwE BO3MOoxHbI? CocTosuue (6.19)
H €ro BCEBO3MOXHBIC IHMKIMYECKHUE NMEPCCTAHOBKH MOAPA3yMEBAET, YTO
kakoi 6v1 pesynbrat V', H' HH Obln nony4eH Aas mobdoro exMHHYHOro ¢o-
TOHA, ABa APYrue AOJKHbI HECTH NPOTHBOIMONOXKHbIE [HACHTHYHbIE] LTHP-
KyaspHbic nonspu3anuy. [Ipeanonoxum, 4To U3 KaKHX-TO TpeX GOTOHOB,
¢dotoHst 2 u 3 Obinu oOHapyxeHw B coctosiuuu V. Ilockonsky ¢otoH 3
uMeeT V-nonspusanuio, 70 GoTtoHsl 1 U 2 JOMKHBI HMETh HACHTHYHBIC
UHPKYAAPHBIE MONAPU3ALKH, A MOCKOIBbKY (POTOH 2 UMEET V' -nonspH3anuIo,
¢orons! 1 u 3 OnATh AOMKHBI HECTH UACHTHUHbIE THPKYISPHBIE 10O:1pH3a-
1iMH, SICHO, YTO €CNIU 3TH LHPKYISAPHEIC ONAPH3ALHH ABISIOTCA JIEMEHTa-
MH PEaNbHOCTH, TO BCE TPH POTOHA AOIKHBI NEPEHOCUTb HACHTHYHBIC LIMP~
KyJIsipHbIe rongpu3auuy. Takum oOpasoM, ecnu GoToHs! 2 U 3 HMEIOT HACH-
THYHBIC LHPKYIAPHBIE NOAAPH3ANUH, TO GOTOH | JOMKEH JOCTOBEPHO HMETh
NUHEHHYIO MONAPHU3ALHIO V7. 3HAYHT, CYIIECTBOBAHHE 3JIEMEHTOB PEANbHO-
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CTH TMPUBOAMT K 3aKTIOYEHHIO O TOM, uTO pedymstar |V') [V') |V'), aBns-
€TCS OJHHM H3 BO3MOXHBIX HCXOAOB, €CIH BhIOpaHo usMepenue V-, H'-mo-
JAPU3ALUU BCEX TPEX YACTHIL, T.€. BBHIMONHASTCA M3MEpPeHHe xxx. Boimon-
HSIs AaHAIOTHYHEIE PAaCCYKACHUA, MOXHO MPOBEPHUTD, YTO CYLIECTBYET TOIb-
KO YETHIpE BO3MOXHBIX HCXOAa

L) . HDH)IVS).
|H) V)| Ha) w [VHHS)HS) (6.23)

Kakum 00pa3oM MOXHO CPAaBHHTb 3TH NMPEACKa3aHUA JOKaIBHOTO pe-
anuM3Ma ¢ MpeACKa3’aHWsAMH KBaHTOBOH Tcopuu? IlepemucaB cocTosHue
(6.19) B repmuHax V-, H'-monspu3auuii, moay4yum

1 1 ! f ! ! 4
Ly, )+

L), ), (6.24)

CpaBHuBas cnaraemsle, 3anucanHsie B (6.23), co cmaraemsiMu u3 (6.24) -
MO>XHO 3aMETHUTb, YTO BCAKMH pa3, KOTAa NOKANbHBIH peanu3M MpEeACKa-
3BIBACT JOCTOBEPHHIH crienuduuecknil pe3ynbrat HaMepeHUs oxHoro do-
TOHA MPH JaHHOM PE3yIBTATE H3MEPCHUH HaX ABYMA APYrMMH GOTOHaAMH,
KBaHTOBas (hU3HKa AOCTOBEPHO MPEACKA3BLIBAECT NPAMO IPOTHUBOMOIOXKHBIH
pe3yabrar. TakuM obpa3oM, B TO BpeMs Kak B ciy4yae HepaBeHcTB ben-
na ans AByx (GOTOHOB, pa3HHLA MEXAY JIOKaAbHBIM PEATH3MOM H KBaH-
TOBOH (PM3MKOH COCTOMT B CTaTHCTHUYECKHX NPEACKA3aHHAX TEOPUH, TO
3aech mo0as CTAaTHUCTHKA BO3HUKAET TOJABKO Onarogapsi Heu3OeKHBIM
omHOKaM B H3MEPEHUAX, CBOMCTBEHHBIX M KJIACCHYECKOH M KBAHTOBOH
dusmke.

6.3.3 Hcmounux mpex-pomonnozo I'’XI]-nepenymviganus

[lepenyTbiBaHHE Mexay Oonee ueM AByMs YacTHLAMH ObIIO nmpeanoxe-
HO OCYILIECTBHTb B 3KcmepuMeHTax ¢ ¢oroHamu [300], aromamu [301],
HoHaMHU (cM. pasa. 4.3) u TpeMs AAepHBIMH CITHHAMH BHYTPH OAHOH MoJIe-
KY/bl, NPUTOTOBICHHBIMH TaK, YTO OHH JIOKaJIbHO NMPOSBIAIOT TpPeX-4ac-
THuHHE koppensuuH [302]. B aTtoM pasaene paccmaTrpHBaercs nepsas
peanu3alus MONSPH3aLHOHHOIO MEPENYTHBAaHHS TPEX HPOCTPAHCTBEHHO
pasaeneHHbix ¢oroHos [291]. JxcnepuMeHTanbHas METOAMKA, MO CYTH,
ABNSAETCA AaNbHEHIUMM Pa3BUTHEM TOH, KOTOpas OblJIa HCIONB30BaHA B
3KCIIEPHMMEHTAaX 10 KBaHTOBOH Tenenoprauuu [76] (pasa. 3.7) u obmeny
nepenytboiBaHdeM {86] (pa3a. 3.10).

Kax npeanaranocs B [300], ocHOBHas uaes COCTOMT B npeobpa3oBa-
HUH Nap nepenyTaHHBIX 10 NONAPU3aUUH POTOHOB B TPH NMEPEMYTAHHBIX U
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oauH (4eTBepThiil) HezaBucHMBIi GoTon®. MaeiiHas cxeMa SKCIEPUMEHTAIb-
HOIf YCTaHOBKH noka3ana Ha Puc. 6.3. [Tape! mepenyTaHHbIX 110 OIS PH3ALHH
doTonos renepupyrorcs 200-heMTOCEKyHAHBMH HMIYILCAMH YbTpaduone-
TOBOrO AHATIa30Ha, MpH NpoxoxAcHuH depe3 kpuctamwt BBO (pasa. 3.4.4). B
pe3yibTaTe NepenyTaHHoE MO MONSIPH3AIHHA COCTOSHHE HMEET BUA [26]:

)., e ),

D, D,

H),). (6.25)

<] Y®-umnynnc

Puc. 6.3. CxeMaTH4HOE H306paXKeHHE SKCMEPUMEHTAILHOM YCTAaHOBKH JUIs Jie-
MOHCTpaLHH nepenyThiBaHUA I puHOepra — XopHa — LlaiinnHrepa 11 npocTpaH-
CTBEHHO pa3HEceHHbIX GoTOHOB. IIpH YCIIOBHH perHcTpauiH oJHOro $oToHa
CHTHaNLHbIM JieTekTopoM T, Tpu npyrux ¢oToHa, perucTpupyembix B D, D, u
D,, npossnsioT uckomble I'XI]-koppensuuy.

OTO COCTOSHHE MPEACTABIAET COOOH CynmEPHO3HLHIO BO3MOMXKHOCTEH
TOTO, 4TO OTOH B IIeYEe d HMEET TOPH3OHTANIBLHYIO NMONAPH3ALHIO, a Go-
TOH B TIEYE b ~BEPTHKANBHYIO MONApU3auuio |H) |V), u naobopor |V) |H),.

Hspeaka B kpHCTaNIe BOZHUKAET Cpa3y ABE Mapsl OT OAHOrO JIa3epHO-
ro MMMy/bca. YCTaHOBKA MOCTPOEHA TaK, YTO perucTpauus ogHoro ¢oro-
Ha B Ka)XJOM H3 YETHIPEX AETEKTOPOB (YETBEPHOE COBMAJCHHE), COOT-
BETCTBYET HAOMIOAEHHIO COCTOAHHA

T+ ), ), 1)) (626

¢ nomomso Aetekropos D, D, u D,.

$DTOT METOA NMONMYyYEHUS TPeX-4aCTHYHOTrO NePeNyThiBaHHA OT HCTOYHHKA 11ap nepenyTaH-
HbIX YacTHL MoxeT ObiTh 0600IeH Ha cyyalf cO3)aHHs NMepenyThIBAHHA MEXAY ropasio
GonbLIHM YHCIIOM YACTHLL.



MHnozouacmuunoe nepenymoviganue 255

Ilonats 3To MoxkHO Tak. Korma mponcxoauT ueTBEpHOE COBMAaACHHE,
onuH (QOTOH B ILIEYE @ JOKEH MPOHTH YEPE3 MOMAPH3ALHOHHEBIMH CBETOAC-
autens (PBS) B 3TOM nedye ¥ MO3TOMY AODKEH MMETh TOPH3OHTANBHYIO
IIOJIAPU3ALHIO MPH perHcTpanuu CHrHansHeiM aerekropoM T. Toraa, kop-
penupoBaHHbIH ¢ HUIM (OTOH B Mueue b, JOMKEH HMETh BEPTHKAIbHYIO
nonspusauuio H ¢ 50%-0if BEPOATHOCTHIO MPOXOOUTb HYEPE3 CBETOACIHM-
Tenb (cM. puc. 6.3) nuGo B cTopoHy aerekropa D,, nu6o B cTopony oxo-
HEYHOTO IONSIPH3ALHOHHOrO CBETOAETHTE NS, OT KOTOPOTO OH OTPA3UTCS H
nonafet B D, B ocTanbHbix cnyuyasx otrcueTsl B Aetektopax D, u D,
BbI3BaHbI HanH4HeEM napsl. Oaus U3 GOTOHOB 3TONH BTOPOH Mapsl pacnpoc-
TpPaHAETCA MO ITUIEYY @ U AOJDKEH 00s13aTeNbHO UMETh V-IONSIPH3ALHIO,
JUTS TOTO, YTOOBI OTPA3UThCA OT MOJSAPH3ALHOHHOIO CBETOACIUTENS B IIEUE
a. KoppenupoBaHHBI# ¢ HUM (JOTOH B nede b gomkeH okasaThes H-nons-
PH30BaHHEIM M IIOCTE OTPaXKEHHA OT ¢BeToAenuTeNd B mede b (¢ 50%-oit
BEPOATHOCTBIO), NPOHJET Yepe3 OKOHEYHBIH CBETOAENAMTENb M OyaeT 3a-
peructpuposan aerekropoM D, . Ilostomy, ¢poron, saperucTpupoBaHHBIH
aerexropom D, nomxeH nmeTs H-NONApU3anMIo, T.K. OH NPOXOIMT TIO IIEUy
a KB JOMKEH OTPa3UThCS OT NOCICAHErO CBETOACTMTENSA. 3AMETHM, 4TO
3TOT GOTOH M3HAYAJIBHO MMEN V-TIONSAPH3aLHMIO, HO MOCHE NMPOXoaa Yepe3
IOJYBOJHOBYIO TUIACTHHKY (OpHEHTHPOBaHHYIO mod yrioM 22.5°) oH cra-
HOBHTCS NMOJNSAPH30BaHHBIM 10x 45°, uto maet emy 50%-y10 BEpOATHOCTD
GBITh 3aperucTpUpPOBaHHBIM B AeTekTope D, kax A-¢otoH. Takum obpa-
30M, MOXXHO CAEJAaTh BHIBOJ, YTO €CTH (QOTOH, 3apETHCTPHPOBAHHBIN Ae-
Tekropom D, xoppenuposan ¢ HOTOHOM, 3aPErHCTPUPOBAHHBIM CHTHATIb-
HBIM A€TEKkTOpoM T, TO perucTpauuns cosnaaeHus aerexkropamu D, D, u
D, oTB€YaeT ACTEKTHPOBAHHIO COCTOSHHA

|H),|H), V), . (6.27)
Paccyxaas Takum e 06pa3oM, IPUXOAMM K BHIBOAY, YTO €C/H (POTOH,

3apeructpuposaHHubiii D, xoppenuposan ¢ poroHom B T, To peructpauns
cosrnaaeHus mMexay D,, D, u D, orBedaer cocrosauio

LV )IH), . (6.28)

Boo6me rosops, asa cocroauua (6.27) u (6.28), COOTBETCTBYIOMIHUE
YETBEPHBIM COBIIAJACHHAM, HE 00pa3ylOT KOTEPEHTHOH CYIIEPIIO3HILINH, T.€.
I'XII-cocToAHHUSA, MOTOMY YTO OHH, B IPHHIIXAIE, MOTYT OBITh pa3nu4HMbI-
MH. COCTOSHHS MOTYT HE NEPEKPHIBATHCS BO BPEMEHH Ha AETEKTOPaXx, U K
TOMY )K€ TOYHOE BpPEMs AECTEKTUPOBAHMS KaxxA0ro (OTOHA IOKa3BIBAET,
Kakoe COCTOSHHE B HACTOSIIMH MOMEHT 3apeructpHpoBaHo. Hampumep,
cocrosuue (6.27) pacnosnaercs, xoraa aerexkropsl T u D, unu D, u D,
cpabaTriBaloT oAHOBpeMeHHO. [ cTupaHus 3ToM HHpopMauuu HeoOxo-
AMMO, YTOOBI BPEMsS KOTEPEHTHOCTH (POTOHOB 3HAYMTENBHO MPEBHIIIAJIO
JTUTEIBHOCTD YILTPAa(HONETOBRIX HMITYIBCOB HAKAYKU (COCTAaBIIAIOLLYIO
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npubnusutensHo 200 ¢c) [304]. 3To MOXKHO caenaTh, €CAH PErHCTPHPO-
Barb ({OTOHBI MOCNIE TOTO, KAK OHH MPOHAYT 4epe3 Y3KOMONOCHbIE (GHIIBTPHL
(c wupHHOH 3.6 HM), YTO YBENHYHBAET BPEMS KOT€PEHTHOCTH nons xo 500
¢c. Takum 06pa3zoM, B OCHOBHOM, Pa3NHYHMOCTh MEXIY COCTOSHHSMH
(6.27) u (6.28) ncuesaer. CornacHo OCHOBHOMY NpaBHJIy KBAHTOBOH Me-
XaHHUKH, COCTOSHHE, ACTEKTHPYEMOE NPH PETUCTPALMU COBNAAcHHH B D,
D, u D, npu ycnosuu cpabateipanus T, SBIAETCS KBAHTOBOH CyNeEpNoO3H-
ueit (6.26). Crporo ropops, Takoi croco6 ctupanuus 