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Onrryeckas KBAHTOBAs IAMSTH SIBJIACTCH OJHUM U3 0a30BbIX 3JIEMEHTOB KBaHTOBO-I/IH(bOpMaLII/IOHHBIX CHu-

CTeM, OJJHAKO CyIIeCTBYIOIIUEe METO/bl €€ XapaKTepu3allul He BCerJa ITO3BOJIAIOT B TIOJTHOM Mepe OII€HUTDH BO3-

MO2KHOCTH €€ IPaAKTUIECKOI'0 IIPUMEHEHUA B TaKUX CUCTEeMaX. B HaCTOHHleﬁ pa60Te MbI IIPOBEJIN TOMOI‘pa(bI/IIO

KBAHTOBOI NMaMITH KaK K8AHM068020 npouecca 8 A02U“eECKOM basuce n IPOAEMOHCTPUPOBaJIX, 9TO pPeEaJIn30-

BaHHasl HAMHU CXeMa, KBAHTOBOU ITaMATH JJI TTIOJIAPU3allMOHHBIX (bOTOHHbIX Ky6I/ITOB C BBICOKOII TOYHOCTBIO

COOTBETCTBYET €JUHUIHOMY HpeO6pa3OBaHI/IIO U IIepClIeKTUBHa JIJIgd UCIIOJIBb30BaHUA B 3aJa9ax KBAHTOBOIT CBs-

31 U KBAaHTOBBIX BBIYUCJICEHUA.
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1. BBenmenme. Paspaborka 3ddekTuBHOl onTH-
veckoii kBanToBoil mamsaru (KII) urpaer Bakaeiinryro
POJIb B PA3BUTUU KBAHTOBBIX MH(POPMAIMOHHBIX TEXHO-
goruit. [Ipu 3TOM coxpaHeHHe MOJIAPU3AIMOHHBIX K-
ourosB B onrudeckoii KII saBisercsa omHoit 13 6a30BbIX
3a/a4, aKTYaJbHBIX JJIs ONTUYECKUX KBAHTOBBIX KOM-
MYHUKAIMA ¥ KBAHTOBBLIX Bbruucjenuii [1,2]. Ucnosn-
30BaHue KPUCTAJLIOB ¢ pelrodeMesibubiMu (P3) nonamu
JIaeT MIIPOKUE BO3MOXKHOCTHU JIJIsi PEAJIU3AIUN OITH e~
ckoit KII B cujty mjiuTesIbHOrO BpEMEHU KU3HU OITH-
YEeCKOl W CHMHOBOU KOI'€DPEHTHOCTEH KBAHTOBBIX IEpe-
x0/10B [3,4]. Takue KpuCTaJUIBl, KaK IPABUIO, 00Ja1a-
10T AHU30TPOIHUEll MOIJIONIEHUS JIJIsi CBETOBOI'O M3JIyve-
HUsl, MMEIONIEr0 PA3jInIHyI0 HOJIAPU3anuIo [5], 4ro 3a-
TPYIHSET PEAJIM3AINI0 COXPAHEHUsI B HUX KBAHTOBBIX
COCTOSIHUI ITOJISPU3aIMOHHBIX KyOuToB. V3BECTHBI, 110
KpaifHeit mepe, aBa crmocoba peasm3anuu Takoit KII.
B nepBom u3 Hux oproronaibuble (“H” u “V”) mous-
PUBAIMOHHBIE KOMITOHEHTBI U3JIyYeHUs] 3aIUChIBAIOTCS
B PA3JIMYHBbIE POCTPAHCTBEHHBIE MOIBI OJHOTO U TO-
r0 K€ KPHUCTAJIIA, a 3aTeM OObeIUHSIOTCS B OHY IIPO-
CTPAHCTBEHHYIO MOJIy BOCCTAHOBJIEHHOTO CHTrHaJa [6].
B ajbrepHaruBHOM €My MeTOJle JJisi COXPAHEHUsl I10-
JIPU3AIMOHHBIX COCTOSIHUI CUTHAJIA UCIIOJIb3YIOTCS IBA
kpucrasuia [7,8]. IIpu 9T0M 0jiHA U3 KOMIIOHEHT II10JIsI-
pu3aluy cUTHaJja nosopadubaeTca Ha 90 % u 3amuch-
BaeTCsd B CBOI KPHUCTAJUI, OOJIAIAIONINI TeMH K€ Ia-
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pamerpamu ontudeckoir KII. PeannzoBannbie sxcnepu-
MeHTHI [6-8] moKa3aaM JOCTATOUHO BBICOKYIO TOYHOCTH
COXPAHEHUsI IOJISIPU3AIMOHHBIX KYOUTOB, OJHAKO JKC-
[IEPUMEHTAJbHBIE CJIOKHOCTU KCIIOIH30BAHUS PA3JIHI-
HBIX IPOCTPAHCTBEHHBIX MO/I, MJIN HECKOJTbKIAX KPUCTAI-
JIOB JIejIaeT HEODXOIMMBIM IIOMCK 60Jjiee MPOCTHIX IIy-
Teit peasm3arnuu onrtudeckoit KII mys mossipuzanmon-
HBIX KyOUTOB.

B Hacrosimeit paboTe MBI peasin30BaJid OINTHIECKYIO
KII st monsgpu3anuoHHBIX KyOWTOB B OIHON IIPO-
crpancTBeHHOM Mose kKpuctamia Tm3t : Y3Al5012 (¢ =
= 0.1ar. %), koTopbIil 061a18eT pasIMIHOl 3 dHEKTUB-
HOCTBIO BOCCTAHOBJIEHUsI JIJISI OPTOTOHAJIBHBIX KOMIIO-
HEHT moJjigpu3anuu (GOTOHHOTO KyomTa. s xapakre-
pusanuu uzy4daemoii KII Mbl pazBuBaeM MeTO KBAHTO-
BOIt TOMOrpad U, OCHOBaHHbIH Ha UCIIOJIb30BAHUY KEaH-
mosoz2o npouecca 6 ao2udeckom basuce [9,10]. Ksanro-
Basi TOMOTpadusi TO3BOJISIET ¢ BHICOKON TOYHOCTHIO BOC-
CTaHABJIMBATH [IAPAMETPBI BBIMOJIHSIEMbIX YCTPOCTBa-
MU KBAHTOBBIX MPEOOPA30BaHMiI, & 3aT€M IMPOBOJUTH
KOPPEKTUPOBKY PabOTHI 3TUX YCTPOMCTB W BBHIOOpa WX
rapaMerpoB Jjisi obeciiedeHusi HeOOXOMMONH TOYHOCTU
BBIIIOJIHEHNSI UMY KBAHTOBBIX orepariuii. Huzke MbrI 1po-
BeJII KBAHTOBYIO TOMOTDAMUIO COXPAHEHUS ITOJIAPU3a-
IIMOHHBIX KyOmToB B onrtuveckoit KII, ocHoBanHoil Ha
sbdexre dborornoro sxa [11,12] Ha omnTmueckoMm me-
pexoze moHOB Ty/umda B Kpucraaie Tm3t :Y3Als0q9
(¢ =0.1ar. %) ¢ HEOJHOPOAHBIM YIIIUPEHUEM, UMEIOIIIM
B aToMHOM yacrorHoit (AY) rpeGenku [13].
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IIponemypa Tomorpadun mnpoBOmMIIACE HA OCHOBE
KPUTEPHUEB IOJHOTHI aJIEKBATHOCTA U TOYHOCTH C HUC-
[I0JTb30BAHUEM KOPHEBOT'O IIOJX0/1a K IIapaMeTpPU3aIAn
XU-MATPHUIIBI, TO3BOJIAIONIET0 BAPHUPOBATH PAHI KBaH-
toBoro uporecca [9,10,14,15]. Kpome Toro, st Toro
4TOOBI PA3JIEJINTh HOIPEITHOCTh KBAHTOBOIO IIPOLIECCA U
[IOTPEITHOCTh TPUTOTOBJIEHNS] M U3MEPEHUsT KBAHTOBBIX
COCTOSIHUIL, B Ha4YaJje ObLIA IPOBEAeHA TOMOTrpadUs eu-
HUYHOTO IIPeobpa30BaHUsl, pe3yJIbTaThl KOTOPOIl Y UM ThI-
BaJIUCh [P BOCCTAHOBJIEHUH IIporiecca ornrudeckoit KIT.
B pesynbrare ObL10 TOKA3aHO, UTO MOJIYI€HHAST MATPHU-
IIa KBAaHTOBOI'O IpoIlecca ¢ TOYHOCTBIO 10 96 % cosma-
JIAEeT C UJIEAJIBHBIM €JIMHUYHBIM IIPEOOPA30BAHUEM.

st TOrO, 9TOOBI OIPEIe/IUTh UCTOYHUK OIIMHOOK,
ObLIa TIOCTPOEHA MOJIEJb KBAHTOBOI'O IIPOIIECCA B OIIHO-
KyOuTHOM 6a3unce, yINTHIBAIONIAS PA3HYIO0 KBAHTOBYIO
9 HEKTUBHOCTD JjIsl PA3HBIX IOJIAPU3AIMOHHBIX MO/I,
a Takke (POHOBYIO 3aCBETKY. BBLIO ITOKa3aHO, YTO pa3-
paboTaHHAas MOJIEb AJEKBATHO OIMACHIBAET IIOJTy YeHHBIE
pe3y/bTaThl U ee IPUMeHEHHEe [TOKa3bIBAET BO3MOXKHO-
CTH BBICOKOI TOYHOCTH BOCCTAHOBJIEHHSI KBAHTOBOT'O CO-
CTOSTHUS TIOJISPU3AIMOHHOIO KyOWTa B IIperaraemoit
cxeme ontudeckoit KII.

2. OnTuyeckasi KBAaHTOBAas HNaMSTh U IOAXO-
OBl K OlleHKe ee KadecTBa. OJHUM U3 BaXKHBIX IIPU-
JIO?KEHUIT ONITUYIECKON KBAHTOBOI ITAMSATH ABJISACTCS pea-
sm3arus 3OGEeKTUBHBIX OHO(MOTOHHBIX UCTOTHIUKOB II0
TPeDOBAHUIO HA OCHOBE YCJIOBHBIX MCTOYHUKOB C OIIO-
semenneM [2] (puc.1). OgHOdQOTOHHBIE UCTOYHUKU C
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Puc. 1. (Isernoii onmnaiin) Ilpumenenne onTuaeckoil KBaH-
TOBOM IAMSATH JJIst CO3LAHUS OAHOMDOTOHHOTO MCTOYHUKA
110 TPebOBAHUIO

OTIOBEIEHNEM OCHOBAHBI HA IPOIECCAX, B KOTOPBIX IO
JIefiCTBIEM MMITYJIbCA JIA3EPHOTO M3JIydeHus (HAKAUKY)
B XOJIe HEJIMHEHHO-OITUIECKOTo Tporiecca (CIIOHTAaHHOE
[apaMeTpPUIecKoe pAaCCessHue WM CIOHTAHHOE YeThI-
PEXBOJIHOBOE CMeIIleHHEe) C HEKOTOPOl BEPOSTHOCTHIO B
JIBYX KOPPEJIUPOBAHHBIX ONTHIECKUX MOJAX POXKJAET-
cst mapa doronos. Torma npu perucrpaiuu HOTOHA B
OJTHOM M3 KAHAJOB MOXKHO C BBICOKOH BEPOSTHOCTHIO
YTBEPKJIATH O HAJIUYIUU BTOPOrO (POTOHA B COIPSIZKEH-
HOM KaHaJsie. Ha ceroiHsImunil 1eHb Takast yCJaIoBHASI Be-
POSATHOCTH CPADATHIBAHUS OJHOMOTOHHBIX HCTOYHUKOB
C OTOBeIeHneM CymecTBenHo Boime (1o 97 % [16]) mo
CPABHEHHMIO ¢ UCTOYHUKaMK 1o Tpebosaruio (60 % [17]).

B paccmarpuBaemoit Texuosiornn wagumane KII mozso-
JIIT COXPAHUTb (POTOH B MOMEHT CPabaThIBAHUS JIETEK-
TOpa U 3aTeM U3JIyIUTh €ro B JAPyToil 3aIaHHbIiI MOMEHT
Bpemenn. Takum 00pazoM, ¢ HCIOJIb30BAHHEM KBAHTO-
BOIl AMATH MOXKeT OBbITh pereHa mpobsema ddbdek-
TUBHOM CUHXPOHMU3AIMH OJHO(MOTOHHBIX HCTOYHUKOB 110
TpebOBAHUIO.

B 3aauax KBaHTOBOI CBSA3U KPUTUIECKYIO POJIb I~
PAIOT MTOTEPH B ONTUIECKOM KaHAaJIe, KOTOPbIE TTPUBOJISAT
K omuOKaM. Pemurs 9Ty mpobjemMy CMOTYT KBAHTOBBIE
nosroputesu [18]. OHU NPENCTABISIOT IENOYKY U3 MO~
CJIEJIOBATENIHHO COEJMHEHHBIX HCTOYHUKOB IE€PEIryTaH-
HBIX TTap GOTOHOB U JETEKTOPOB, MPOU3BOIANIUX H3Me-
penre B Gasuce Bemosckux cocrosiauii (puc. 2). Torma
[IpU yCJI0BUM cpabaThIBAHUS BCEX JIETEKTOPOB (DOTOHBI
HA TPOTUBOIOJIOYKHBIX KOHIIAX METIOYKN OKAYKYTCs B TIe-
PEIlyTAHHOM COCTOSIHUM W MOT'YT OBITH HCIIOJIb30BaHbI,
HAIIPUMED, JJjIsl PAclpelieieHus KJIF09a 10 IIPOTOKOJLY
Oxkepra. OHAKO TPOBJIEMOIl HA IYTH K peaTu3aliiu
TAKOM IEIIOYKU TAKXKe SIBJII€TCsI TOT (PaKT, YTO UCTOY-
HUKU I[IePeIlyTAHHBIX [ap (pOTOHOB, KaK IPaBujo, pabo-
TAIOT B CIIOHTAHHOM PEKUME, T.e. CpabaTHIBAIOT JIUIIIH
C HEKOTOPO# 09€Hb MAJION BepOATHOCTHIO. [lj1st cuaxpo-
HUBAIMNA STUX UCTOYHUKOB TAKKe MOYXKHO HCIIOJIb30BATh
KII. Ilpu stoM, B JaHHOM NPUJIOKEHUN HEOOXOINMO,
9TOOBI 9Ta MAMSATH HE MIPOCTO cOXpaHsjia (POTOH, HO U
COXPAaHs1JIa €ro MOJISIPU3AIUOHHOE Mid (ha30BOE COCTOSI-
HUE, KOTOPBIM KOJIUPYeTCs KBAHTOBAs MHMOPMAIIUSI.

OpmHOIl M3 caMbIX IIEPCIEKTUBHBIX (DU3HIECKUX
wiaThOpM Il Peau3aliil KBAHTOBBIX BBIYHUCJIEHUN
aBasgerca ¢oronnas mwrardopma. Ee nHecomHeHHBIM
[IPEUMYIIECTBOM SIBJISIETCSI BO3MOYKHOCTH IIOJIHOCTBIO
n36exkaTh JgekorepeHruu. Ho ee HEIOCTATKOM SIBJISI-
€TCs OTCYTCTBHE B3aMMOJEHCTBUST MeXKIY (DOTOHAMHU.
Tem ©He Menee, Ha 3TON IWIaTdOpPME yKe OBLIO IIPO-
JIEMOHCTPUPOBAHO KBAHTOBOE IIPEBOCXOJCTBO [19], a
JUIsT  PeaIM3allid  MPAKTUIECKH BaYXKHBIX KBAHTOBBIX
aJITOPUTMOB  I[IEPCIEKTUBHON  SIBJISIETCST  apPXUTEKTY-
pPa OJHOHAIIPABJIEHHBIX KBAaHTOBBIX BbIUKCJEeHUH. B
paMKax 3TOro IMOJAXOJA HA IEPBOM STAlle CO3/IAETCs
BBICOKOPA3MEpHOe IeperyTaHHoe (KJIACTEPHOE) COCTO-
sIHMe, a BeChb IIOCJIEIYIONUI aJrOPUTM CBOJIUTCS K
[OCJIEIOBATEILbHOMY U3MEPEHUIO U YHUTAPHOMY PEe0oh-
PA30BAHUIO OTIEIBHBIX KyouToB. [Ipmyem Tun Kaxaoro
VHUTAPHOIO IIpeoOpa30BaHusl 3aBUCUT OT PE3YJILTATOB
U3MEpEHUil HaJl BCEMU IIpeblIyuMu Kyouramu. Kak
UPAaBWIO, II€PElyTaHHbIE COCTOSHUS B ONTUKE (Jaxke
HHU3KOPa3MEPHBIE) IOJIyYalOTCsl BEPOSTHOCTHBIM 00pa-
30M, IIO9TOMY I[P CO3JIAHUU KJIACTEPHBIX COCTOSTHU
HEOOXOMMO CHHXPOHU30BATH MHOXKECTBO HCTOYHUKOB
HU3KOPA3MEPHBIX MEPEIyTAHHBIX COCTOSHUIA. A 3aTem
[IpU peajiu3allii BBIYUCJIEHWI HEOOXOIUMO CHHXPO-

TTucema B 2K9TO

ToMm 116 BoII.1-2 2022



Tomorpagust onTuvdeckori 0JHOKYOHUTHOH KBAHTOBOI MaMSITH 35

/ \
Alice ﬁ ?XV W Bob

Puc. 2. (IlperHoit onaiin) Vcronb30Banne KBAHTOBOH IaMsITH B KBAHTOBBIX IIOBTOPHUTEJISIX
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Puc. 3. (HBGTHOﬁ OHﬂaﬁH) Hcnonp3oBanre KBAaHTOBOM ITaMSTH JJIsL OﬂHOHaHpaBHGHHOﬁ APXUTEKTYPbl KBAaHTOBBIX BbIYHCJIC-

HUN

HU30BATh IIPOIECCH HM3MEpPeHUsi U IpeoOpasoBaHUS
OTAebHBIX KyOnuToB. lyisi BCex 9TMX HPOIEIyp TakkKe
neobxomma KII, mpudem B TaHHOM CJIydae OHA JTOJIKHA
00J1a1aTh HE TOJBKO BO3MOXKHOCTBIO 3aIllOMHUHATH OT-
JleJIbHBbIE KyOUTBI, HO U 3AIIOMAHATD IIeJIble KJIACTEPHBIE
COCTOSIHUSI C BO3MOXKHOCTBIO &JIPECHO TIOCJIEI0BATETHHO
U3BJIEKATH OJMH KybOuT 3a npyrum (puc. 3).

Takum o00pasoM, Jisi MOHUMAHUS BO3MOXKHOCTEIH
npumMenenus ontudeckoit KIT B 3a/1auax KBaHTOBOM MH-
dopMaImn HeOOXOIUMO HCCJIEI0BATh €e CBOUCTBA KaK
OJTHOKYOHTHOIO MM MHOTOKYOHTHOIO KBAHTOBOTO IIPO-
mecca. Kak mpaBmiio, OJHAKO, OIPAHUYUBAIOTCS JIUIITH
OIIpejieJIEHNEM HU3KOYPOBHEBBIX TEXHIIECKUX XapaKTe-
PHUCTHUK, TAKAX KaK BpeMs KHU3HU/3aIIOMUHAHULA, -
dexruBHOCTD, HasMUKMe HIyMOB. B paborax [20, 21] npo-
Boauiaach Tomorpadust KII kak 0lHOMOIOBOrO KBaHTO-
BOI'O IIpolecca B OECKOHEYHOM 0a3nce KBaJIpaTypPHBIX
i (POKOBCKUX COCTOSIHMIT CBeTa. TaKoil MOIXO I03-
BOJISIET BBISIBUTH HewjieasbHOCTU Ipu peasimsanun KII,
HO ero 000OIIeHre /1aXKe Ha JIBYXMOJOBbIN CJIydaii, co-
oTBercTByIommit omnokyouTtHoit KII, kpuruaecku yBe-
JITYUBAET PA3MEPHOCTD 3/1a9M U JIEJIAET €€ TPYIHO pe-
IaeMoOi, KaK C TOYKHU 3PEHUs KOJIMIEeCTBA M3MEPEHUN,

IIucbma B 2KOTP® Tom 116 Bpm. 1-2 2022

TaK W II0 BBIYUCJIMTEILHON ciioxkHOCTH. [Ipm 3ToMm ¢
MPaKTUIECKOW TOUKN 3PEHUsT HET HEOOXOIUMOCTH Pac-
CMaTpUBaTh OECKOHEYHOMEPHBIE MHOI'OMOIOBbIE (DOKOB-
CKHUe MPOCTPAHCTBA, & JOCTATOYHO OIPAHUYUTHCS Pac-
CMOTPEHUEM ITOIPOCTPAHCTBA, OTBEYAIOIIETO JIOTTIe-
CKUM 3HaIeHnaAM KyouTos. Torma 3ajada CyIeCTBEHHO
VIIPOIAETCS U IMO3BOJISET B MEPCIIEKTUBE IIEPEXOIUTH K
xapakTepusarun MaorokyonTaoi KIT.

3. DKCOepuMeHTAJIbHAS Ppeajim3anusi IIPOTOo-
KOJIa KBAaHTOBOM HaMSTA HA aTOMHO-YaCTOTHBIX
rpebeHkax. B kauecTBe 9KCIEpPUMEHTAIHHOTO 00pa3Ia
MBI ucrosrb3oBasm ontuieckyio KII na dporonnom sxe B
kpucrasuie Tm?t : Y5Al;015 ¢ KOHIEHTpaIelt puMec-
ubix noHoB 0.1 at. %, rae co3maBajgach aTOMHAS 9aCTOT-
nasg (AY) rpeberka ma omrumueckom tmepexose SHeg(1)—
3H4(1) ¢ aymmoit osubl 793.37 M. Kpucramn Haxo-
muicst npu Temneparype 3.4K um B crmabom BHerHeM
marauTHOM noste (BJ][001]). AY rpeberka cocrosiia u3
11 mukoB ¢ mepuomom Mexxiay mukamu A = 2.5 MI'm.
[Tponecc nannMau3anuy OB AHAJOTUYHBIA METOIAM,
omcaHubM B paborax [13,22,23]. Coxpansemble on-
THYECKHE UMITYJIChI UMEJIA TayCCOBY BPEMEHHYIO pOp-
My C JUIMTeNBHOCTBIO Oty = 150Hc (mosiHast MmupuHa

3*
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HA [OJIOBHHE BBICOTHI). HelocrarkoM Takoro mpoToKo-
Jla SIBJISIETCSI 3apaHee 3aJ[aHHOE BpPEMsi COXPaHEHUS —
tocho = T = 400 HC, a MPEUMYIIIECTBOM — OTCYTCTBUE OII-
TUYECKUX IIYMOB, TaK KaK II0CJe MHUIUAIM3aIud (Ui
coznanus) AY rpebeHky u repejt 3aIyCKOM COXPaHIeMO-
IO UMILYJIbCA CYIIECTBYeT UHTEPBAJ BPEMeHM, KOTOPbIi
3HAYUTETHLHO OOJIbINE, Y€M BPEMsi KU3HU OIMTHIECKOTO
BO30OYK/IEHHOTO COCTOSHUS, U CIIOHTAHHOE M3JIyJI€HUE C
BO30OYKJIEHHOI'O COCTOsIHUSI HE3HAYUTEJIbHO. Bmecre ¢
TeM U3BECTHO, 4TO ucnosb3ys addexr Hlrapka (3eema-
Ha) Jy1s P3 HOHOB BO BHEIHUX UMILYJIbCHBIX 3JIEKTPUYE-
CKUX (MATHUTHBIX) TIOJISIX, MOYKHO BBI3bIBATH KOHTPOJIH-
pyemyio jieda3supoBKy U pedasupoBKy BO30YKIaeMOii
OUTHYECKOIT 1 CIIMHOBOI KoreperTHOCTH [24, 25]. TakmM
00pa3oM, MOYKHO KPATHO yBEJUINBATH BPEMS W3JTyde-
HUsI CUTHAJA (DOTOHHOIO 9Xa techo = NT (R =1,2,...) u
peam30BaTh CINTHIBAHNE BXOJHOIO CUTHAJA 110 TPebo-
BaHMIO [26, 27].

s xopumpoBanust WHMOOPMAIUN HCIOIH30BAJIACDH
[IOJISIPU3aIMOHHbBIE cTerieHn cBOOOoIbI. JlornaeckoMy co-
crostauio |0) COOTBETCTBOBAJIO COCTOSIHME ONHOTO (ho-
TOHa B MOJI€ C TOPU3OHTAJIbHOU IOoJdgpu3anuei, a co-
CTOsHIIO |1) — B BEPTUKAJIBHO MOJISAPU30BAHHON MOJE.
HeocraTkoM Takoii KOAMPOBKHU JIJIsI PEAJIABAIIE OIITHU-
IeCKOIl KBAHTOBOM IIAMSATH sIBJISJIACH PA3HAS KBAHTOBAS
s dbekTuBHOCTD. TaK, JJI rOPU30HTAIBHON TOIAPU3a-
mun 3 deKTUBHOCTD cocTrasisia Ny = 13.8%, a ms
BepTUKAJIbHON — 1y = 7 %.

DKcIlepUMeHTaJIbHAsI yCTAHOBKA 110 TOMOTpaduu o1l
tuaeckoit KII mpeacrasnena na puc. 4. Bxoanbie cocros-
HUsI IPUTOTABJIMBAIOTCS C TIOMOIIHIO OCIAOJIEHHBIX C 10~
MOIIbIO aTTEHI0ATOpA (Att) JIA3ePHBIX UMILYJILCOB, II0-
Jigpu3alus KOTopbix (ukcuposasiach nospousom (P),
a 3arTeM Ipeobpa3oBbiBasach noJysosHosoit (HWP1)
u derBepTbBosHOBOH (QWP1) dasobiMu miacTunka-
mu. Takum obpazom, B KII M0xKHO OBLIO 3aIMCHIBATD
IIPOM3BOJIBHOE TOJIIPU3AIMOHHOE COCTOsSHIE cBeTa. M3-
BJIEYEHHBIE U3 [TAMSITUA OINITUYECKHE UMITYJIbChI OTPaXKar-
Jack 3epkasioMm (M), npoxoauiu Yepes MmoJIyBOJIHOBYIO
(HWP2) n gerBeprsBosiHOByI0 (QWP2) daszossle mia-
CTHHKH, & 3aTEM PA3JIeJIsJINCh MOJISIPU3AINOHHBIM CBe-
romesnreneM PBS Ha aBa Kanasa, B KaxXJI0M U3 KOTO-
PBIX ycTaHaBmBanCh gerekTopsl D1 u D2. Msmepenust
[IPOBO/IMJINCH KAK B MHOTOMOTOHHOM, TaK U B KBA3MOJI-
HOPOTOHHOM pekuMe. B MHOrOOTOHHOM pexKuMe KO-
s durmenT ocyiabyieHusi ATTEHI0ATOPA OAOUPAJICS Ta-
KAM 00pa30M, 9TO CpejHee IUCI0 (DOTOHOB B HUMITYJIb-
ce OBbLIO MHOrO OOJIbIIE eIUMHUIIBI, U JIJI PErUCTPAIlAN
TaKUX UMITYJIbCOB UCIIOJIb30BaJIUCh JIMHEHHbIE (DOTOIE-
TeKTOpbl. B KBa3snmomHOMOTOHHOM pEXUME HMITYJIbCHI
ocytabuisyinch 10 cpenuero dncsa Goronos p = 0.88 u B
Ka4vecTBe JIeTEKTOPOB UCIIO/Ib30BaINCh KPEMHUEBHIE JIa-

BUHHBIE (DOTONUOIBI, paboTaIONINe B pesKUMe cIeTa Po-
TOHOB. IlpuMep cueTHOIl rucrorpaMmbl 3xXa Ha OCHOBE
AYT npw s3anmucu m BOCCTAHOBJEHMH COCTOsiHUS |1) B
MoMeHT BpeMeHH (.4 MKC IIpeCcTaBJIeH Ha PUC. .
nporecca
namMsaTu. B obmeMm ciydae OTHOKYOUTHBIN KBaHTO-
BBIIl IIPOIECC MOXKET OBITH OIPEIEJIEH C IIOMOIIBIO
XU-MATPUIBI, KOTOpast obecrednBaeT  CJE/yIOoIiee
peobpa3oBaHe MaTPUILbI JIOTHOCTH:

4. PexoHCcTpyKIN=A KBaHTOBOM

pout = Y XapAapinAl, o, B=1,XY,Z, (1)
a,f

rjae
L) L3 % L3

ecTb HOpMHUPOBaHHBIN 6a3zuc marpull [laymu. Cama xke

Ar = Ax = Ay = Az =

XU-MaTPHUIIA C JIEMEHTAMHI X3 PAa3MEePHOCTH 4 X 4 mme-
er cJiejl, PaBHbIHM 2, 1 MOXKeT ObITh IIPeICTaB/IeHa B BUJIE
X = eel, rae e — Marpuna pasmeprocTn 4 x r, v € [1,4] —
PAHT KBAHTOBOI1 oneparuu. Bapbupyst paHr, MOXKHO TO-
JIYYUTh MaKCHUMAaJIbHYH TOYHOCTH BOCCTAHOBJIEHUSI I1a-
pPaMeTpoB IPOIECCa, U MPU ITOM ODECIIEYUTH AJIEKBAT-
HOCTH MOJIETH SKCIIEPUMEHTAIBHBIM JAHHBIM.

st moJiHO ToMOrpadun KBAHTOBOI'O IIPOIECCA
HY>KHO MOJIaTh HA BXOJ| HEKOTOPBLI HADOD COCTOsI-
HUI W T[pPOM3BECTH HAJ BBIXOJHBIMEU COCTOSHUSIMEI
HAOOp B3aMMHO JIONOJIHUTEJIbHBIX U3MepeHwii. B
Hacrosiieii pabore ObLT BBIOpaH “TIPOTOKON  KY-
6a”’. lcmoab30BaJioch IMECTb BXOIHBIX COCTOSTHUIL:
b;) = {l+)l=) +i),| =2),0),[1)}, a ma sexoxe M3-
MepsUINCh IPOeKTOpsl P; = |b;)(b;], coorBeTcrByIomue
nabmogaembiM X, Y u Z. YKa3zaHHbIE COCTOSIHUSI U
HabJoaemble 0003HaYeHbI Ha cdepe Bioxa Bo BcTaBke
Ha puc. 4.

Ha mepBom stame mpom3Boamiach KaauOPOBKA W3-
MepuTeibHOI cxeMmbl B orcyrcTBur KII B MHOrOdOTOH-
HOM pEXKHUMe, T.e., TI0 CYTH, MPOBOIUIACH TOMOTpaust
€IMHUIHOTO Tpeobpa3oBanns. BbLTo 0OHAPYKEHO, 9TO
sepkasio (M), npucyTcTByIONee B U3MEPUTEIBHOMN cXe-
Me, BHOCHUT JIOIOJTHUTEIbHYIO PA3HOCTD (ha3 MexK Iy ro-
PU30HTAJBHO U BEPTUKAJIHHO MOJIAPU30BAHHBIM U3JTy de-
HUEM, YTO IPUBOJUT K JIOMOJHUTEILHOMY YHUTAPHOMY
IpeoOPAa30BAHMIO MOJIAPU3AIMOHHBIX KyOUTOB C MaTPH-

0.36 +0.93: —0.08 —0.03¢

0.08 —0.03¢  0.36 — 093:
IIPUMEPHO COOTBETCTBYET MOBOPOTY KyOuTa Ha cdepe
Baoxa Bokpyr ocu Z [28] na yroa —137°. C y4yerom s1o-

ueit Uy = , KoTopas

ro HAOJIIONEHUs] IPOTOKOJI U3MEPEeHMl OBl CKOPPEKTH-
POBaH, U PE3Y/IbTATHI M3MEPEHUN NHTEPIPETHPOBAJINCE
/7t
Kak usMepenus nupoekropos P = Uy P;Un.
TTucema B 2KOTO
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Puc. 4. (sernoii onnaiin) Cxema 9KCIEPUMEHTATIBHONR yCTAHOBKH 110 TOMOrpadun OJHOKYOUTHO! KBAHTOBON MAMSTH U IIPO-

TOKOJI TOMOTpaduu KBAHTOBOI'O IIPOIECCA

— Vertical polarization
— Horizontal polarization

0.00121
0.0010
0.0008

0.0006

0.0004

Count number (per 1 ns)

0.0002

02 04 0.6
£ (ps)

Puc. 5. (Ipernoit onnaiin) [Ipumep cueTHOl rucTOrpaMMBel
oxa Ha ocHoBe AYI' mpwu 3ammcu m BOCCTAaHOBJIEHUU COCTO-
stamst |1), B MomeHT Bpemenu 0.4 MKc

Ha Bropom 3rane Tomorpadust Ipoucxoauia B KBa-
3n0HOPOTOHHOM pexkuMe. Jljisi BOCCTaHOBJIEHWS I1a-
pamerpoB mporecca KII mcnosp3oBaiace Momiesb paH-
ra 1, mpu 3TOM, ITOCKOJIBKY TAKOl IaMsATH CBOWCTBEH-
HBbI HECUMMeTPpUYHbIE 3(P(MEKTUBHOCTH IT0 OTHOIIIEHHIO K
KOMIIOHEHTAM BEPTUKAJBHONU W TOPU30HTAJIBHON IOJIs-
pU3anuu, PacCMaTPUBAJIACH MOJEJb HE COXPAHSIONIErO
caiey; poriecca. Ilpu namepenun B KBa3snoIHOMDOTOHHOM
peKuMe CYIECTBEHHYIO POJIb UI'PAIOT TEMHOBBIE IIIY MBI
nerekTopoB. CTaHIAPTHBIN OIXO0/ 3aKIIOIAETCS B IIPO-
CTOM BBIYUTAHUY TAKUX IIIyMOB U3 CTATUCTUIECKUX JIaH-
HbIX. Bostee KOppekTHBIN moaxon Tpedyer MoauduKa-
MM CaMOM MOJEN M3MEPEHU. DTa MOANMUKAII CO-

OTBETCTBYET KOPPEKIMHU OIEPATOPOB U3MEPEHUS: P](' =

Pl+~I
= S g7 Ae Y - koaddunuent 3acserku. g Boibopa

OIITUMAJIbHOT'O 3HaAYCHUSA 7y OBLIIO MHUHUMHU3UPOBAHO 3HA-

IIucbma B 2KOTP® Tom 116 Bpm. 1-2 2022

m
"eHne BeJMduHbl Xu-KBagpar X2 = > (0; — E;)?/Ej,
j=1
rie O; ecThb 3aperNCTPUPOBAHHBEIE HUHCJA OTCIETOB, &
E; — nx oxnnaemble sHadennsd. Ha pucynke 6 moxasa-

16

14

4 L L " L
0 0.02 0.04 0.06 0.08 0.1

Y

Puc. 6. (IIBeTHoit oHaiin) 3aBUCHMOCTD BEJIMIMHBI X2 or
3HaYEeHUs [TapaMeTpa 3aCBETKH Y B MOJEIN U3MepPEeHUN

HA 3aBUCHUMOCTD 9TOW BEJIMIMHBI OT PACCMATPUBAEMOTO
mapameTrpa 3acBeTkr. MuHnMyM JaHHo# (pyHKIIN 06ec-
neunBaeTcs 3HadenneM 7 = 0.052. DTo 3HaUeHnE COOT-
BETCTBYeT DacueTHOMY 3HAUEHUIO 7y = % = 0.050,
rime d = TR = 0.0023 — BEpOSITHOCTh TEMHOBOTO Cpaba-
TBIBAHUSA [IETEKTOPA 32 BPEMs CUUTHIBAHUS HUMILYJIHCA.
Takum obpazoM, ucrob3yembrit mporokos KII ma oc-
nose AYT" neiicTBUTEILHO HE BHOCHUT JIOIIOJIHUTEIHHBIX
ONTHIECKUX MTyMOB. VIMEHHO 3TO 3HadeHne u OyIeT nc-
ITOJIb30BAHO HIKE [IJIs IOCTPOEHUSI JIEKBATHON MOIEJIN

KBaHTOBOTI'O IIpOIIecca.
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Re (y)

Im (y)

Puc. 7. (IIsernoit onnaiin) Xu-MaTpuna peKOHCTPYUPOBAHHOTO IIPOIECCa KBAHTOBON IaMaTh B npecrasaennu 1laymu. s

UZCATHLHOTO €JMHUTHOTO IPEOOPa30BaHUsl BCE HJIEMEHTHI XM-MATPUIBI PABHBI HysO, Kpome xi1 = 2 (B dToMm caydae (1)

06eCIIeunBaeT €JMHNTHOE TPEOOPA3OBAHIE)

B pesysbraTe pekoHCTpyKIMu mporecca panra 1 Obi-
JIa TIOJTyYeHa, CJIEIYIOINasi HeyHUTapHAsT MATPUIIA!

< 0.8234 — 0.00914

—0.0564 — 0.0824: @)
—0.0149 — 0.0783¢

1.1426 + 0.0127:

KOTOPYIO MOXKHO HWHTEPIPETUPOBATH KAaK MATPUILY
JI>xoHCA TpoIecca, BBIIOJHSIEMOTO KBAHTOBOW MaMsi-
TBIO. 3aMETUM, YUTO MOJIyUeHHAsT MATPUIA OIlpeIesieHa
C TOYHOCTBIO JO OOIMUX TOTEPHb BCEH M3MEPUTETHLHON
cxembl. Ee mopmmposka Tr(JTJ) = 2 cosmamaer c
HOPMUPOBKOI IIPOU3BOJIBHOA YHUTAPHOHR MAaTpUIIBL,
B TOM 4YHCJE €JMHUYHOI. DTO MO3BOJISET aHAIU3U-
poBath crnocobHocTh KII K coxpaHeHHIO JIOrmIecKuX
COCTOSIHUI TOJIAPU3AIMOHHOrO KyOura. Xu-mMarpura
nupeobpasosanus (2) nzobparkeHa Ha puUC. 7.

ITonesno TakxKe paccMOTPETb MATPHUILYy IIEPEHOCA,
Maynu (Pauli transfer matriz) nagsaoro nporecca:

1 —0.0636 —0.0209 —0.3156
| —0.0770 09480 —0.0177  0.0539
B 0.0288  0.0240  0.9334 —0.1580

—0.3120 -0.0277 0.1576  0.9837

Jamrast MaTpuIia SKBuBajgeHTHA MaTpuiie Mrosiepa mo-
JISIPU3AIMOHHOro Ipeobpas3oBanust. [lepBas crpoka man-
HOIl MATpPHUIII OIKMCHIBAET CTEIleHb COXPAHEHUs CJie-
Ja mporecca. JJist COXpaHsIoNero cJel] mporecca mep-
Bast crpoka ectb (1000). Ilepssiii crosber; marTpu-
bl R XapakTepusyer CTelleHb YHUTAJBHOCTH IIPOIEC-
ca. /Iy yHUTAJIBHBIX IPOIECCOB IEPBBIil CTOJIOET] PaBeH
(1000)7. I mmeasbHOTO TOXKIECTBEHHOTO MPOIECCa
MaTpuia R sBiseTcs eIuHIIHOM.

TodHOCTH IOJIyYEHHOTO IPEeOOPa30BaHUS II0 OT-
HOIIEHUIO K TOXKJECTBEHHOMY IIPOIECCY COCTaBUJIA
96.63%. Ha pucynke 8 TOKa3aHbl TEOpPETHIECKUE
UHTEHCUBHOCTH B CPABHEHHM C KCIIEPUMEHTAJbLHBIMU
orcueramu. Kosdpdurment Koppensamun [Tupcona mek-
my srumu aByms Habopamu cocrasmi 0.9806. Bimskoe
COOTBETCTBUE MEXK]Iy IKCIEPUMEHTAJIbHBIMY JIAHHBIMU
U IOCTPOEHHOW TEOpeTHYeCKOl MOJIEJIbIO, HAIJISITHO
MIpeCTABIEHHOE Ha, PHC.7, TOATBEPKIAETCST TaKXKe
KpUTEpHUEM XHU-KBaJIPaT.

Ecnu paccmorperh 60stee CIIO2KHYIO MOJIETb, UMEIO-
IO paHr 2, TO PeKOHCTPYHUPOBAHHAs XU-MaTpHUIa Oy-
JIeT uMeTh cobcTBennble 3Hadennd 1.9733 u 0.0267. One-
paropsl Kpayca umeroT BuI

—0.8201

b =
0.0157 + 0.0769:

0.0572 + 0.0819i
—1.1331—0.0248i |’

B — -0.1117 —0.0363 — 0.0209¢
? —0.0813 — 0.0039z  0.0759 4 0.0087: '

SamMernM, 9TO BKJIAJ, BTOPOIl KOMIIOHEHTHI COCTABJISIET
Bcero okoso 1.3 %.

5. BeiBoabl. Ha ocHoBe 0630pa objacreit mpume-
HEHHUSI ONTUIECKON KBAHTOBON MAMSATH W IOJXOJ0B K
ee XapaKTepu3alud ObLIO BBISBJIEHO, 9TO CYIIECTBYIO-
e METOJIbl XapaKTepPU3allui OINTUYECKON KBAHTOBOI
[aMsITA He II03BOJISAIOT B IIOJIHON Mepe OIeHHTH BO3-
MOYKHOCTH €€ NpPHUMEHEHUsI B 3aJadax KBAHTOBOW WH-
dopmarukn. s Haubosiee aleKBATHON OIEHKH HEOO-
XOJIUMO PacCMaTPUBATh KBAHTOBYIO IAMATh KaK KBaH-
TOBBIIl IIPOIECC B JIOTUIECKOM 0a3rce KBAHTOBBIX OU-
ToB. B paMkax mJaHHOTO momxoja ObLI MPOBEIEH IKC-
[IEPUMEHT 110 TOMOI'PaPUU ONTUYIECKONH KBAHTOBOM ITa-

TTucema B 2KOTO
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Puc. 8. (LigerHoit onuaitn) Teopernueckue (Ha OCHOBE PEKOHCTPYHUPOBAHHOIO IPOIECCA PaHra 1) U 9KCIepUMeHTAJIbHbIE 3HA-

JeHusT Incsia, POTOOTCUETOB B KaXKIA0M 3 36 m3MepeHuil mpoToKoa ToMOrpadu KBAHTOBOTO MIPOIIECCa

MATH Ha OCHOBe 3ddeKrTa (POTOHHOrO 3Xa B KPUCTAJ-
jge Tm3t : Y3Al5015. IIpu 3TOM 18 KOIMPOBAHHUSA KY-
OUTOB MCIIOJIb30BAJINCH IIOJISIPU3AIIMOHHBIE CTEIEHH (PO-
TOHOB C Pa3JINYHON 3(PDEKTUBHOCTHIO BOCCTAHOBJIEHUSI
JJIs OPTOTOHAJIBHBIX KOMIIOHEHT IMOJIAPU3AI (hOTOH-
Horo Kybura. Ha nmepsom srane Oblia mpoBe/ieHa KaJmo-
POBKa SKCIIEDUMEHTAJIbHON YCTaHOBKH, COOTBETCTBYIO-
mast ToMorpaduu eIUHIIHOTO MPEoOPA30BAHNSA B MHO-
roOTOHHOM PEe)KHMeE, U OBLIO BBISBJIECHO, UYTO B U3Me-
PUTEJIBHOI CXeMe IPUCYTCTBYET JIOMOJHUTEIbHOE YHIU-
TapHOe IpeoOpa3oBaHue, KOTOPOe ObLIO yUITEHO B IO-
CIIYIOMUX dKcIepuMenTax. Ha BTopoM srarre mpomns-
BOJUJIACH TOMOTrpaUst OIHOKYOUTHOI KBAHTOBOM IaMsI-
TH B KBa3UOIHOMOTOHHOM pexkume. [Ipu sTtom mis mo-
CTPOEHUS aJICKBATHON MOJIe I U3MEPEHNIT IIPOU3BOINII-
Csl y4eT TeMHOBBIX IIIyMOB OJIHO(POTOHHBIX JETEKTOPOB.
B pesynbraTe 6bLIO TTOKA3aHO, UTO JIJI ONUCAHUS OJI-
HOKYOUTHOII KBAHTOBOW MaMSITH MOXKHO HCIIOJIb30BATH
nporecc panra 1. Takast MOjie/Ib aJIeKBATHO OIMCHIBAET
SKCIIEpUMEHTaJIbHbIE JaHHbIE ¢ KOI(DMDUIUEHTOM KOppe-
ssanmn 0.9806. IIpu sToMm MaTpua mosry 9eHHOro IPOIec-
Ca COOTBETCTBYET €IMHUIHOMY IIPEOOPA30BAHUIO C TOU-
HocThio 96.63 %, 4TO rOBOPUT O BOZMOXKHOCTHU IIPHME-
HEHNs PealM30BAaHHOM ONTHUYECKON KBAHTOBOU IAMATH
B 3ajJadaxX KBaHTOBOH mupopmaTuku. Takum obpa3om,
6bL1a pa3paboTaHa W YCIHENHO alpobUpOBaHA B IKCIIE-
PUMEHTEe MpoIlejypa ToMOrpaduu KBAHTOBON MaMsTH
KaK OJIHOKYOMTHOIO KBAHTOBOI'O IPOIECca. BbUIO Mo-
Ka3aHO, YTO COOTHOIIEHUE aMILUIUTYJ U Pa3HOCTHb (a3
KBa3UOIHO(DOTOHHBIX COCTOSIHUII He IIpeTepIieBaeT Cy-
IIECTBEHHBIX M3MeHeHuil. B masbHeiiem pazpaboran-
HBIIT METOJ, MOYXKeT OBITH 000DIIEeH HAa MHOTOKYOWTHBIH
cJIydaif, 9YTO I03BOJIUT, B YaCTHOCTH, MCCJIEIOBATH TOY-
HOCTBH COXPaHEHWS II€PEIly TAHHOCTHA KBAHTOBBIX COCTOSI-
uuit. OTMeTnM, 910 ToBbIeHne 3hdHEKTUBHOCTH KBAH-
TOBOIl TAMSITH HapPsAy C TOYHOCTHIO BOCCTAHOBJIEHUSI

IIucema B 2KOTD Tom 116 Bbm. 1-2 2022

CUTHAJILHOTO UMITYJIHCA MOYKET OBITH JIOCTUTHYTO ITyTEeM
[OMeEITeHNsT pabOvYero BeIecTBa B PE30HATOP C OITH-
MaJIbHBIME nTapaMerpamu [25]. Vcnosb3oBaHne cucTeMbl
U3 HECKOJIbKUX B3aUMOJIENCTBYIONUX PE30HATOPOB TaK-
2Ke BO3MOXKHO [29,30], 4T0 OTKpBIBAET HOBBIE BO3MOXK-
HOCTHU B peaJii3allui KBaHTOBOM IMaMsTh U B pacIiupe-
HUU ee pabO4Yero CIeKTPAJIbLHOIO JUAIIA30HA.

Pabora BbeimostHeHa npu mojiepxkke Poccuiickoro
nayunoro donga (rpant # 19-72-10069). Pesysnbrarsi,
[IPEICTABJICHHBIE B pazfese “OKCIePUMEHTAIbHAS pe-
aJIm3alus MMPOTOKOJIa KBAHTOBOM IAMSTH HA ATOMHO-
JaCTOTHBIX TpebeHKax’, ObLIN MOJIydeHbl 1pu (puHAH-
coBoit mommep:kke MwuHoOpHayku Poccum, Per. momep
HNOKTP 121020400113-1.
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