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Obiag xapakTepucTuka padboTbl

AkTyanbHOCTb TeMbl. lljesi UCHONb30BaHMS KBAHTOBBIX YCTPOUCTB
JJIsT TPUHIUTHAIHHOTO YBEIUYEHUS] CKOPOCTH KOMIBIOTEPHBIX BBIYHCICHUH
BO3HUKJIA €I§ B KOHIIE MPOIILJIOro BeKa. IIepBbIM 0 BO3MOYKHOCTY CO3AHUS TI0-
JIE3HOTO HA MPAKTUKE KBAHTOBOIO KOMIIBIOTEPA, OA3UPYIOMIEroCsd HA, IPUHIIATIE
BPEMEHHOI 3BOJIIONNN, KOTOPAsl SBISETCs KPACYyTOJbHBIM KaMHEM KBAHTOBOMN
MexaHuku, Bbickazascs B 1982 rony Ilon Benunodd [1]. Dro nosiekio 3a co-
GOii 1EJIBI TTOTOK MCCIEIOBAHUN TOTO, KAK «KBAHTOBBIE TEHTHI» (<«KBAHTOBDLIE
BEHTUJIN» ) MOI'YT ObITH NPEOOPA30BAHBI B «KBAHTOBbIE LIEMN», 8 TAKXKE KAK Ta-
KHe KBAHTOBBIE TEHTHI MOTYT OBITh PEAJM30BAHBI B TBEPIOTEIbHBIX CITMHOBBIX
cucremax. B pesysprare oitu u Exxa [2] nokasaim, 4T0 KBAHTOBbIE MAIIMHEL
MOTYT MPEBOCXOJIUTH 0 CKOPOCTH KJIACCHYECKHE KOMIBIOTEPHI [PU PEIIEHUN
HEeKOTOPbIX 3aza4, a nosauee Iop [3] mokazas, 4ro 3a/a4a pas3jioKeHuUs: 1ucesl
Ha TPOCTHIE JEJNTESN B CIydae KBAHTOBOTO KOMITHIOTEDA PEINTaeTcs 3a <IT0-
JMHOMEAIBHOE> BpeMs ¢ o n¥, rae n — Yuceao GUTOB B PACKIaIbIBAeMOM Ha
MHOXKHUTEe dncie, a k — xoHncranra. s cpaBHeHUsT Ta YKe 3a/1a49a Pernaer-
c KJIACCUYECKUM KOMITBIOTEPOM 33, «IKCTOHEHITMAJIBLHOE» BpeMs t X 60”1/3,
rae ¢ — KoHcTaHTa. II0CKOIbKY Ha CJI0KHOCTH PA3JIOKEHUST IHCEsT HA IIPOCThIe
Jenurend 6a3upyoTcs MHOTHE ANTOPUTMBbI MUMPOBAHUS JTAHHBIX, HHTEPEC K
MPAKTUYECKOM PeaTnu3ali KBAHTOBBIX BBIYUCJIEHUN CTPEMUTETHEHO BO3POC.

B 2000 roxy Hssuz JuBuruentio, mocie MHOTOUYUCIEHHBIX TOMBITOK CO-
31aTh KBAHTOBBIN KOMIIBIOTED, CHOPMYIHPOBAT TPeOOBAaHHSA K (PHU3MIECKOIt
mwrardopme, HEOOXOAMMbIE [Jisi CO3JaHUsl KBAHTOBOIO KOMIIHIOTEPA, KOTOPbIE
nosyuniu Haspanue kpurepues JuBunvenno [4]. Bo-uepsbix, B dusuueckoii
cucTeMe JIOJI’KEeH OBITh peaM30BaH KyOUT — 4ETKO OXapaKTEePU30BAHHAS Mapa
COCTOSIHWI, COOTBETCTBYIOIINX HYJII0 W €IWHUIE JJIs KOAUPOBaHUs WHMOpMa-
uuu. Ilpu 3ToM cucrema qoskHA ObITH MacmTabupyemoii. Bo-BTopbIx, mo/mkHa
OBITH BO3MOXKHOCTH WHUIUAJIMIAIUN COCTOsIHUSI KyOMTOB B HAa4aJIbHOE COCTO-
sduue. B-Tperbux, BpeMms [1€KOr€PEeHIUU CUCTEMBL JIOJKHO OBbITh KAK MOXKHO
0oJtee JIUTEHHBIM, MHOTOKPATHO MPEBBIMIAONINM BpPeMsi, HEOOXOIMMOE JIJIst
MPOBEIEHNUS BBIYUC/IEHNIT. B-4eTBEPTHIX, JJIs CHUCTEMBI JIOJI?KEH CYIIECTBOBATH
YHUBEDCA/IbHBIIT HAOOP KBAHTOBBIX reiiToB. Hakowmerr, mo/mkHA OBITH BO3MOXK-
HOCTb JIETEKTUPOBAHUS COCTOSHUS KYyOMTA 1IOCJIE€ BBIYUCJICHUN.

OHuME U3 CaMBIX MEPCIEKTUBHBIX KBAHTOBBIX OOBEKTOB IS PEATA3a-
I[[MY KBAHTOBBIX AJIFOPUTMOB HA CErOHAIIHMUIT TeHb canTatoTcs HOHBI [5]. Kybur
B moHE 00pa3yercsi 3JIEKTPOHHBIMU COCTOSHUSIMHU W MOYKET OBbITh MUKDPOBOJIHO-
BBbIM WJIU ONTHYECKUM. 33 CUET HAJIMYUs 3aPsijia UOHBI JIErKO 3aXBATHIBAIOTCS
[I€PEMEHHbIMY JIEKTPUYECKUMU 1IOJIAMU U MOL'YT yJAEP?KUBATHCH B JIOBYIIIKE HA
TIPOTSIZKEHUH JIJTUTETHHOTO BpeMenu. Hanmmame 371eKTpruaecKkoro 3apgaa TakxKe
TIO3BOJIAET IMEePEenyThIBATh BHYTPEHHUE COCTOAHUA HECKOJBbKHX MOHOB, 3aXBa-
YEeHHBIX B OJIHY JIOBYIIKY, Yepe3 obuiue Kojebarenabhble Moabl [6; 7).
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HecmoTpst HA MHOrOYHCJIEHHBIE JOCTOMHCTBA, WOHHOM TIAT(GOPMBI, Ce-
TOmHS BCE emmé OCTaéTcsd pam MpoOjaeM, CTOSIMUX Ha MYTH K CO3JAHUIO
YHUBEPCATBHOIO KBAHTOBOI'O BBIYUCIUTESI, O0JIATAMOMIEr0 TPAKTUIECKON 3HA~
auMOocTbi0. Kak mpaBuiio, /i peajqu3ain KBAHTOBBIX aJITOPUTMOB C BHICOKOIT
CTEMeHbI0 JOCTOBEPHOCTH HEOOXOAUMO OXJIAANTh MOHHBIA KBAHTOBBIH PErMCTD
JI0 OCHOBHOTO KosebaresbHOro cocrosiuust [8]. laxke B ciydae peasn3arun
MeHee TPeDOBATEILHBIX K TEMIIEpaType MOHOB AJTOPUTMOB, TAKUX KAaK TElT
Ménmepa-Copencena [9; 10|, cauIlIKOM BBICOKHE TEMIEPATYPbI KPHUCTAJLIA
OKa3bIBAIOT HEHYJIEBOE HEraTWBHOE BIMAHHE HA JIOCTOBEPHOCTDL omeparmii. Ilo-
3TOMY MPOOJIEMBI CO3/IAHMST JIOBYIIEK C HU3KUMHU CKOPOCTSIMHA HAPEBA, MOI00Pa
ONITUMAJIBHBIX TTAPAMETPOB JIA3EPHOTO OXJIAYKIEHHs, & TAKIKE ONpeIe/IeHUs TeEM-
TepaTyphbl HOHHBIX KPUCTAJIJIOB COXPAHSIOT CBOIO aKTYaJbHOCTb.

Cpenn 10BOJIBHO GOJIBIIOrO YKC/Ia IPUTOJHBIX /I Peajn3alul KBAHTO-
BBIX OIEpAIii MOHOB BbLIessieTcst noH urrepbusi (' Yb ™. Ero smekrponnas
CTPYKTypa MO3BOJIIET KOAMPOBAaTh HHGMOPMAINIO B KyOuTax, 6a3upyIOuMxcs
HA MHUKDPOBOJIHOBOM IIE€PEXOJIE MEXK/Yy CBEPXTOHKUMHE HO/YPOBHSMHU OCHOBHOI'O
cocrosiius [11] u Ha cusbHO 3anperéHHbIX onTudyeckux nepexonax [12]. Kpome
TOrO, JAHHDBIA MOH JIOILyCKAaeT B CBOE 3JIEKTPOHHOW CTPYKType KOAUPOBAHUE
Kyauros [13]. Mero/pt ja3epHOi CLEKTPOCKOIUY, 1OJLY YMBLIKE CYILIECTBEHHOE
Pa3BUTHE 34 MOCJEIHUE JIECATUIIETHS], SBJISIOTCA OIHUMHU U3 CAMBIX TOYHBIX W
MOIIHBIX HHCTPYMEHTOB MCCJIEI0BAHUSA CTPYKTYPbI JHEPreTUIECKUX EPEX0I0B
B aToMHBIX cucreMax. OHM MO3BOSIOT MCCIEIOBATH MEPEXOIbI, HEOOXOIUMBIE
JIJIsI TIOAITOTOBKK M KOHTPOJIsA KBAHTOBBIX COCTOSIHUI MOHOB, & TAKKE IEPEXOIbI
YYaCTBYIOIIME B PEATM3AIUMM KBAHTOBBIX AJIIOPUTMOB.

uccepranus MOCBAIIEHA WCCAETOBAHWIO METOJAMH JIA3€PHOU CIEKTPO-
CKOIIMH ONTHYECKUX MEPEXOI0OB B MOHAX UTTEPOUS 11 PEeATU3ANNH U TTOBbIIIIe-
HES JTOCTOBEPHOCTH KBAHTOBBIX JIOTHIECKUX OIEPAITii.

Iennbro 1anHOit PAOOTHI SIBJISAIOCH YTOYHEHUE JJIUH BOJH ONTHIECKUX TI€-
pexomoB B moHax m30tomoB 170, 171, 172, 174 u 176 urrepbus, onTUMU3AIAS
JOCTOBEPHOCTHU CYUTHIBAHUS KBAHTOBOT'O COCTOSAHUS MOHOB, a TaKXKe MOUCK HO-
BbIX 0OJIee TOYHBIX METOOB OIIPE/EIeHIs TEMIIEPATYPhl M CKOPOCTH HArpeBa
WOHOB B JIOBYTITKE, MPEIHAZHATYEHHON 7T PEATM3AIINA KBAHTOBBIX JIOTHUECKUX
omnepanuii Ha IENOYKe MOHOB.

s mocTuKeHusi TIOCTABIEHHON e/ B XO/e PabOThI PEMIAJINCh CIIeIy-
Iolnlge OCHOBHbIE 3aJadu:

1. Cozmanue 9KCIEPUMEHTAIBHON YCTAHOBKH, BKIIIOYAs PAa3pabOTKYy, IHC-
JIEHHOE MOJETUPOBAaHNE U COOPKY JTHHEHHON KBaAPYIIOIbHON JTOBYIIIKH
[Taymns nuist 3axBaTa, J1a3epPHOIO OXJIAXKIEHUS U CIIEKTPOCKOIINU HOHOB
urTepous.

2. TIpoBemenme CHEKTPOCKOIMH TIEPEXOI0B 25 /2 = 2p, 2 B 2Dy /2 =
3[3/2}1/2 noHoB u3oronos 170, 171, 172, 174 u 176 urrepbusi, UCIOTH-
3yeMbIX JJIf WX JIA3ePHOr0 OXJIAXKIEHUS.
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3. MoaenmpoBanue MpOCTPAHCTBEHHONW KOH(MUTYPAIUYA U JWHAMUKU JIU-
HE{HOTO MOHHOTO KPHUCTAJLJIA B CEKYJISIPHOM TPUOIMKEHUHN IS OIpe-
JeJieHus IapaMeTpOB I0Jid JIOBYLIKW, COOTBETCTBYIOIIUX PaBHOMY
PacCCTOAHUIO MEXK/Iy UOHAMU B KpuUCTaJlle.

4. UccnemoBanme W ONTUMU3AINS JOCTOBEPHOCTH MPOIEAYPHI CINTHIBA-
HUSI ONTHYIECKOr0 KyOUTa HA KBAJAPYIOJIHLHOM IMEPEXOIE B HOHE 1Mypt.

5. Pa3paborka MeToJa ONpEeIeeHus TEeMIIEepaTyPbl MHOrOYaCTUIHBIX
JINHEHHBIX MOHHBIX KPUCTAJIJIOB IIPK TEMIEPaTypax, OJu3KuX K J0ILTe-
POBCKHUM, U €ro 3KCIepUMEHTaJIbHAA Pealu3aliud.

6. OupejeiieHre XapakTePUCTUK MOHHOW JIOBYIIKU: CEKYJISAPHBIX 4ACTOT
¥ CKOPOCTH HArpeBa 3aXBAYEHHBIX MOHOB.

Hayuynasa HOBu3Ha:

Coszmana nepBas B Poccun sxcniepuMeHTaibHas yCTAHOBKA JIJTsl 3aXBaTA,
JIA3EPHOI'O OXJIAXKJIEHUsI, CIIEKTPOCKOIIMY U PEAJIM3ALMK KBAHTOBBIX Olepaluil
Ha noHax uTTepOus. CMOmeMpOBaHa U M3TOTOBJIEHA MOHHAS JIOBYIIKA C OOIh-
IIIAM ONITUYIECKUM JIOCTYIIOM, TO3BOJIAIONIAS 3aXBATHIBATH 0 5 HOHOB UTTEPOUs
U PeaTn30BbIBATH OXJIAXK/IEHHE O OCHOBHOTO KOJIEDATETHLHOrO COCTOSHHS MO
AKCHATHLHOMY HAIPABJIEHUIO.

3Mepens! ¢ yIydIIeHHO# TOYHOCTBIO JJIWHLI BOJH TIEPEX0a0B 25, /2 —
2P1/2 u 2D3/2 — 3[3/2]1/2 B 170Yb+, 171Yb+, 172Yb+, 174Yb+ u 176Yb+. Tlo-
Jly9eHHbIE 3HAYEHUS UMEIOT B TPU PAa3a MEHBIIYO MOrPEITHOCTD 110 CPABHEHUIO
C UpeAbLIyIIUMU OILyOJIMKOBAHHBIMU JTAHHBIMH.

Brepebie mokazamo, 9TO TPHU KCIOJH30BAHUU IMPOIELYPHl CUNTHIBAHUS
COCTOSIHIS ONTHYECKOrO KyOura B mome mrrepbuss ' Yb' ¢ momompro masep-
HOI CHCTEMBbI OXJIAXKJEHUsI METOJOM KBAHTOBBIX CKAYKOB M3-33 MAPA3UTHON
[EPEKAYKU CBETJION0 COCTOSHUS B TEMHOE (DyHIAMEHTATIHLHOE OIPAHUYEHUE J10-
CTOBEPHOCTH CUMTHIBaHWA cocrapaser 99.4%. Bneprbie mposemeHa anciaeHHas
ONTUMU3AINSA TAPAMETPOB TTPOIEYPhI CINTHIBAHUS B 3aBUCAMOCTH OT SKCITEPU-
MEHTAJIbHBIX YCJIOBU, BKIIIOUAIONIUX MTaPA3UTHYIO 3aCBETKY (POTOIETEKTOPA.

[Mpemoxker u SKCIEPUMEHTATHHO ampOOHPOBAH HOBBI METOH, OImpe-
JICJICHUS] TEeMIEePATYyPbl MHOIOYACTUYHOIO HOHHOIO KPHCTAJLIA [0 AHAJIUA3Y
3aTyXaHus OCHuIsAnuii Paowu.

IIpakTuyeckas 3HAYUMOCTb:

[lonydennble yTO4YHEHHBIE 3HAYEHUS JJIMH BOJIH II€PEXOIOB B HOHAX
“30TONOB UTTEPOUST MOrYyT OBITH HCIOJIH30BAHBI /I yBEJUYEHUS TOYHOCTU
BBIUMCJIEHUH XAPAKTEPUCTUK JIEKTPOHHOW O0OJOUYKYM MOHOB WTTEPOWS, TAKUX
KaK TIOJIIpU3YyeMOCTh YPOBHEH, a TaKxKe JJIg ONTUMHU3AINNA ¥ aBTOMAaTU3AIINN
IIPOIIECCOB JIA3€PHOI'0 OXJIAXKJIEHUSA U IOJATOTOBKHU COCTOAHMIT MOHOB IIEpe/T IPOo-
BeJIeHHEM OIIPOCa 4acOBOI'O IIEPEeX0/ia B Pelepe 4acTOThl Ha OJWHOYHOM HOHE,
¥ 1epej NPOBeIeHNeM KBAHTOBOJOTMYECKUX OIEePAIUil HA MOHHBIX KyOHTax.

PesynpTaThl TEOPETHYECKOTO MCCIIEIOBAHNS JTOCTOBEPHOCTH CUUTHIBAHUS
KBAHTOBOI'O COCTOSHUSI ONITUYECKOTO KyOnTa B MOHE MTTEPOMS BAYKHBI JJIs OIl-
TUMHU3AINN TaPAMETPOB SKCIEPUMEHTA 10 KOAWPOBAHWIO WH(MOPMAINE KAK B
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ONTHUYIECKOM KYOHWTE, TAK U B ONTUYECKUX KyIUTAX HA OCHOBE KBAIPYIOJIHLHOTO
nepexona 435.5 um B 3ToM moHe. [loceaHee, B CBOIO 0Yepeib, OTKPHIBAET BO3-
MOXKHOCTb YBEJIMY€HUsI KBAHTOBOTO 00béMa O€3 HapaliuBaHWs YUCIA WOHOB B
KBAHTOBOM DPErUCTPe KOMIIBIOTEPA.

[IpenmoykeHHbBIT METOM ONpeneeHusT TeMIepaTypbl MHOTOYACTHUTHOTO
WOHHOTO KPHCTAJLIa MO HAOJIONEHUIO 3aTyXaHus ociuuisainuii Pabu naér Bo3-
MOYKHOCTb OMPEJEIUTh KaK TEMIEPATYPY WOHHOTO KPUCTAJA, TaK W CKOPOCTH
€ro HAarpeBa B JIOBYIIIKE, PACHINPSS AUANA30H IMOATAIOIINXCS N3MEPEHHIO apa-
MEeTPOB KPHCTAJIJIOB W JIOBYIIEK.

MeTtonosorug u MeToabl uccjaegoBannd. Padora nposoauiacs ¢ uc-
TMOIb30BAHNEM KBAIPYITOIBHBIX JIOBYIIeK llaysis pa3iaudHbix KOHMUrypammi
J7d 3aXBaTa OJWHOYHBIX WOHOB W MHOTOYACTUYHBIX HMOHHBIX KPHUCTAJLJIOB
urTepbus. [IpuMensinch METOmBI AOMJIEPOBCKOTO JIA3EPHOrO OXJIAXKIECHUS U
MPEII3UOHHOM JIA3EPHOM CIIEKTPOCKOINN. DKCIIEPUMEHTATBHBIE PE3YIHTATHI All-
MPOKCHMHUPOBAJIUCH TEOPETUIECKUMU MOJIEISAMU U BbIYUCIIAINCH HEOOXOIMMbIe
mapamMeTpbl. UucjaeHHble PACUYETHI OCYIIECTBISINCH METOIOM KOHETHBIX 3JIe-
MEHTOB.

HOJIO)KQHI/ISI, BbIHOCHMMbI€ Ha 3allluTy:

1. YTouHeHbI 3HaUEHUS JJIUH BOJTH TIEPEXOI0B 251/2 — 2P1/2 n 2D3/2 —
3[3/2}1/2 B MOHAX M30TOMNOB uTTepOusa-170, 171, 172, 174, 176 meTomom
JTA3EPHOIl CITEKTPOCKOIUYU OAMHOYHOrO WOHA B JjoByIike. [lomydennnie
3HAYEHUs JJINH BOJIH [IEPEXO/IOB B TPU Pa3a MPEBOCXOAAT 110 TOYHOCTH
W3BECTHDBIE TAHHBIE U BAXKHBI JJI TOYHBIX PACIETOB ATOMHOM HOJISAPU-
3yYEMOCTH.

2. Ilpemen mOCTOBEPHOCTH CYUTHIBAHUS COCTOSIHUSI OMTUYECKOTO KyOmTa
Ha KBAQJPYIOJBHOM IEPEXOne B HMOHE uTTepOus-171 MeTomoMm KBaH-
TOBBIX CKadKOB cocrasnger 99.4%. Orpammuenwe B 0.6% cBsizaHo C
[IEPEHOCOM HACEJIEHHOCTU MEXK/Iy CBEPXTOHKHMU IOy POBHSAME OCHOB-
HOI'O COCTOSiHUS B HAYAJIE U3MEDPEHUS.

3. IlpemoskeHHBIH METOM aHAIN3A 3aTyXaHUs OCHUIANi Pabu mo3Bo-
JISIeT W3MEPUTh TEMIEPATYPY MHOTOYACTHIHOIO0 MOHHOTO KPUCTAJLIA
10 3aCEeTEHHOCTH KO/1e0aTeNTbHBIX MO W ODECIEeYnTh OMMOKY MeHee
5% BOMM3M JOIIEPOBCKOrO TPEIEIA.

4. Ucnonb3oBaHne METOAA aHAIN3A, 3aTyXaHusa ociuisannit Pabu mo3so-
JISIET W3MEPUTH CKOPOCTh HArpeBa MOHOB uTTepbus-171 B co3mamHOi
nosymke [Tayss, cocraBusiiyio 8 + 2 HOHOHOB/MC BJIOJIb OCH JIOBYIII-
KH.

JLoCTOBEPHOCTH MOy YEHHBIX PE3YIBTATOB ODECIIEYNBACTCS UCIOIb30BaA~

HHEM IIOBEPEHHOrO O0OPY/IOBAHMUS, COTJIACOBAHHOCTHIO PACYETOB U PE3YJIHTATOB
MOJIEJIMPDOBAHUS C PE3YJIbTATAMU IKCIEPUMEHTOB, a8 TAKXKE [OBTOPSEMOCTHIO
pe3yIbTaTOB JKCIIEPUMEHTOB.

JImanbiii BKJaa,. [lpu HemocpecTBEHHOM yIacTHu aBTOPA OBLIA CMOIE-
JINPOBAaHA KOHCTPYKIIHS U COOPAHA YCTAHOBKA ISl TPOBEIEHUS IKCIIEPUMEHTOB
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C YJIBTPAXOJIOIHBIMUA WOHAMU WTTEPOWS, & TaKKe BBHIMOJHEHA €€ HACTPOUKA.
DKCIEePpUMEHTATLHAST YCTAHOBKA BKJIIOYAET B ce0sl TA3€PHYIO0 CUCTEMY, HOHHYTO
smosymiky Ilaymns, cucremy JeTeKTUPOBAHUSI COCTOSTHUI MOHOB.

ABTOp JIMYHO TIPOU3BEN U3MEPEHUsI METOIOM JIA3E€PHON CIIEKTPOCKOIHH
JUTAH BOJTH OXJIAXKJAIOIIMX MEPEeX0JI0B OJUHOYHBIX HOHOB M30TOMNOB UTTEPOUS,
3aXBAYEHHBIX B JOBYIIKY Ilaysis; mpeiyioKuia aHATUTHIECKY IO MOJENb POIEC-
Ca CYUTHIBAHUSA ONTUYECKOro Kybwura B moHe mrrepbus-171 B 3aBuCcHMOCTH OT
SKCIIEPUMEHTAJIBHBIX TAPAMETPOB; MPEIJIOKUI W IKCIEPUMEHTATHHO TIPOBEPHUIT
HOBBII METO/T W3MEPEHUsT TEMIIEPATYPhI HOHHOTO KPUCTAJIIA; M3MEPUJI CKOPOCTH
HarpeBa WOHA B CO3JaHHOM JioBymiKe llaysms.

Anpobamnusa paborsi. OCHOBHBIE PE3YIBTATHI PAOOTHI JOKJIATHIBAINACE
ABTOPOM JINYHO HA 4 MEXKIyHAPOIHBIX U POCCUNCKUX HAYIHBIX KOH(DEPEHIIUIX,
u cuMmnosuymax: «JlazepHbie, MJIa3MeHHbIe UCCIIeA0BaHus U TexHojoruny (Jla-
[Tna3-2022), 22 mapra — 25 mapra 2022 roza, r. Mocksa, Poccus; «Merposorus
BPEMEHHU U IPOCTPAHCTBAY, 6 OKTA0Pst — 8 okTsa0ps 2021 roxa, r. 1. Meneneeso,
Poccus; VI International Conference on Quantum Technologies (ICQT-2021),
12 utosist — 16 mrosis 2021 roga, r. Mocksa, Poccus; IV International Conference
on Ultrafast Optical Science (UltrafastLight-2020), 28 cenrsabps — 2 okTa0ps
2020 roma, r. Mocksa, Poccus.

IMy6aukamuu. OCHOBHBIE PE3YJIHTATHI IO TEME PAOOTHI OMMUCAHBI B 5 Ha-
YUIHBIX pabOTaxX B PEIEH3UPYEMBIX HAYUIHBIX JKYPHAJIAX, HHIEKCUPYEMBIX Da3a-
mu ganubix Scopus u Web of Science. Ccbuiku Ha TyONMKAIINN TPUBEIEHDI
Ha crp. 21-22.

O6bem m crpykTypa paborsi. /luccepranust COCTOUT U3 BBEIECHUS, Te-
THIPEX raB u 3akmiodeHus. [lomubrit 00béMm auccepraruu cocrasiser 106
CTPAHUII,

OcHoBHOe coaepkaHue PadboTbI

Bo BBeeHnm 000CHOBBIBAETCS aKTYaJbHOCTH HMCCJIEIOBAHMUMN, TPOBOIM-
MBIX B PaMKaxX [JAHHOW HAy9IHOU paboThi, (HOPMyJHPYETCs Iejlb, CTABITCSI
3a1a41, YKA3bIBACTCSA HAyIHAs HOBU3HA M MPAKTUYECKAST 3HAYUMOCTb.

B mepBoii ruiaBe guccepranyy IpUBOAATCS aPIyMEHTHI B ITOJIb3Y BHIOOPA
MOHA UTTEPOUS /I UCIOIb30BAHNS B KAYECTBE KyOUTa B KBAHTOBBIN BhIYHCITE-
HU$X, OIUCHIBAETCS MIPOIE/IyPa 3aXBaTa HOHOB B JIoBYIKY [laymns, ocobennoctu
JIA3EPHOI'0 OXJIAXKJIEHUS UOHOB UTTEPOUH.

OHOKPATHO 3apsKEHHBIA HOH UTTEPOUst 00JIaJaeT OTHOCHTETHHO MPO-
CTOl CXeMOIl JIEKTPOHHBIX YPOBHEHl (CxeMa 4YacTu MCHOJIb3yeMbIX B pabore
ypoBHeii upusesena Ha pucysnke 1). B orimuue or 60sblunHcrBa ucc/iej0BaH-
HBIX HA CEerofiHs MOHOB, (doromonusanusa (398.9 HM), JIa3epHOE OXJIAKICHUE
(369.5 HM) W BO3BpAT MOHA WUTTEPOUS W3 TEMHOIO COCTOSTHUS B IUKJI OXJIAXK /e
Hus (935.2 uM u 760.1 HM) MOXKET OCYIIECTBIIATHCS IIPU TIOMOIIM KOMMEPYECKH
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JOCTYIHBIX TUOIHBIX JIa3epOB 0€3 reHepaTOPOB BTOPOl TAPMOHUKH. JTO OT-
KPBIBAET BO3MOXKHOCTH Il CO3JAHMS KOMIIAKTHBIX, HAJAEKHBIX U HEJOPOIHX
ycranoBok. B cayuae mona usorona 'Yb', ofsazatomero nemysiesbiM siiep-
HbiM cuuHoM [ = 1/2) y 9JIeKTPOHHBIX ypPOBHEH HabJII01AeTCsd CBEPXTOHKOE
pACIIeTIeHne, YTO TO3BOJSAET KOAWPOBATHL WH(MOPMAIWI0 W B MHKPOBOJIHO-
BOM KyOwuTe, 0OPA30BAHHOM CBEPXTOHKUMU MOy POBHSIMHU OCHOBHOTO COCTOSHUS
25 /2, U B ONTHYECKOM KyOHTe Ha KBaJPYTOJHLHOM TEpexo/e ¢ JJIMHON BOJHBI
435.5 am. NoHbl 9€THBIX M30TOMNOB HTTEPOMS, 0OJAJTAMONME CXOIHON CXeMOit
3JIEKTPOHHLIX yPOBHEl, MOXKHO KCIIOJIb30BATh B KAYE€CTBE OXJIaXKIAI0IIIX HOHOB
B 3aJ1a49€ CUMIATUYECKOIrO OXJIAXKICHUSA.

-.l' I ; 7 3 [3/2] 142

zp g £ 935.2 M
! ey ! 42 Ml
| ' F=2 3
vt Day
369.5 um : I
20 Ml |
: 435.5 HM
i E2,3.1Tx
2g Pl =
12 Fof) ek
12.6 I'T1
Puc. 1 — Yactp 3ameiicTBOBAHHBIX B paboTe 3JEKTPOHHBIX YPOBHEH B HMOHE

1Yh T, Crutormsble TpsiMble JTHHAN TOKA3BIBAIOT JIA3€PHBIE IOJIS, HEOOXOIH-
MbI€ JIJIsI OXJIAK/I€HUsI HOHA HE3aBUCUMO OT u3orona urrepbus. IIpepoiBucroie
TpSIMbIE JINHUU TTOKA3BIBAIOT TOTOJHUTEIbHBIE JIA3ePHBIE TOJIsl, HEOOXOINMbIE
Jist oxytazK qernst m3oroma T Yb T 06/1a1a101ero cBepXTOHKIM pacIeIieHneM
yposHeit. BosaucTbie TuHIN 0003HAYAIOT JOMOTHUTEILHBIE TIYTH CIIOHTAHHOTO
pacmaga cocrosuunii. TpoitHas u ABOAHAS TUHIN 0D03HAYAIOT MUKPOBOTHOBDIH
¥ ONTHYECKUN IePeX0/Ibl, COOTBETCTBEHHO, KOTOPbIE MOXKHO HUCIIOIH30BATH [JIs
KOJMPOBKY NHMOPMAIAH.

Jlamee OMUCHIBAETCS HKCIEPUMEHTATbHAS YCTAHOBKA, CO3/IAHHAS B PaM-
Kax JUCCEPTAIMOHHON PAbOTHI U MPUBOJIUTCS ONUCAHWE MPUHIMIA e€ paboTh
(pucynok 2). Bo Bcex ounmuchIBaeMbIX 9KCIEPUMEHTAX UCIO/Ib30BAIACH CXOXKas
9KCIIEPUMEHTAIbHAS YCTAHOBKA C HEKOTOPHIMY MOANMDUKAINSIME, KOTOPBIE OIH-
CBIBAIOTCSI B COOTBETCTBYIONINX Pa3/iesiax.

st yrOYHEHUs JJIMH BOJIH IIEPEXOJIOB, MCIIOJIb3YEMbIX sl JIA3€PHOIO
OXJIAXKIEHWST, OIWHOYHBIE HOHBI PABIUYHBIX H30TOMOB HUTTEPOUs 3aXBATHI-
BaJMCh B TpéxmepHyio JoBymky Ilayns [14]. ArcnanbHas W pajuaibHas
cekynsgpubie 9acToThl coctapiasnu 2.3 MI'n u 1.15 MI'n, coorsercrBenno. s
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Puc. 2 — Cxema 3kcrepuMeHTaNbHON ycTaHnOBKU. CHCTEMa COCTOUT W3 JTUO/I-
HBIX JIA3€POB, U3JIyYeHUe KOTOPHIX CTAOUIM3UPYETCs TP TIOMOIIU W3MEPHUTEIS
pimH BosiH (\) M Momysupyercs akycroourudeckumu mopyisropamu (AOM)
u 37ekTpoonTudeckumMu Momayiaaropamu (JOM). asee nasepHoe U3/IydeHue
MO ONTHYECKUM BOJOKHAM HAINPABJISETCA B BAKyyMHYIO KaMepy C HOHHOM
soBymkoit [layns BHyTpru. 3aXBav4eHHBIE B JIOBYIIKY WOHBI JETEKTUPYIOTCS BBI-

cokouyBcrBuTeabHON Kamepoit (EMCCD) u dorosieKTpoHHbIM yMHOXKUTEIEM

(@IY).

‘ aom | _ [9oM | _ [ AoM |
j_%_'\ 14.7 [Ty ,H\Z.l Iy 1350 qur%:
L]

g {30

—_—

| AOM | <
350 Mly/ N

obecriedennss 6OIBIIONO BPEMEHH >KU3HM NOHA B JIOBYIIKE B BAKYYMHOI KaMepe
MOIAEPKUBAJIOCH JIABJIEHUE MeHee 1010 Mbap.

JlortepoBcKOoe  OXJlaKJeHHe KOHOB OCYLIECTBJISJIOCH HA  IIEPEXOJIe
25, /2 — 2p, )2 Ha J7mHe BOJMHBI 369.5 HM C €cTecTBeHHOW INMMPWHON Jn-
anm 20 MI'm. I BO3BpaTa MOHOB B IUKJ OXJIAXKJAEHUS B CIydae pacmajia
BEPXHETO COCTOSHUS OXJIAXK/IAIOMIEr0 TMepexoja B TEMHOE COCTOSHUE 2D3/2
HCITOJIH30BAJICS JIAa3€p MepeKadku Ha jinHe BosaHbl 935.2 uMm. B ciyuae oxia-
KJAEHUs HEYETHOTO W30TONA HCIOJIb30BAJIUCH JIONOJHUTEbHbIE JIA3epPHbIE
TIOJIsT, TIO3BOJIAIONINE CBSA3ATh CBEPXTOHKWE KOMTIOHEHTHI 3JIEKTPOHHBIX YPOB-
Heill, BOBJIEIEHHBIE B TIPOIECC OXJIAXKICHUSI.

3arpys3ka JIOBYIIKH OCYIIECTB/ISAIACh METOIOM Ja3€pHOi (HOTOMOHM3a-
LMK, KOTOPbIA SBJSETCA H30TOIHO CeJIEeKTUBHBIM. Perucrpanus duoopec-
LEHIUM MOHOB BbinojHsaachk upu nomomu EMCCD kaMmepsbl, O3BOJISMOIIEH
paspeliarb OTAe/bHble YaCTULbL, U (POTO3JIEKTPOHHOIO YMHOXKUTEJIS.

Jlasee B TJ1aBe OMMCHIBAECTCS TIPOIEIYPA W3MEPEHUs JJIUH BOJH TIEPEXO-
JIOB B MOHAX PA3JIUIHBIX M30TOMOB UTTEepOus. JImuubt BOIH ja3epos 369.5 HM u
935.2 HM ONpeesIsiiuCh IO U3MEPHUTEI0 AIUH BOJIH WS8-2, KOTOpbIi BHOCHII
OCHOBHO# BKJIaJ1 B OIMNOKY m3MepeHus. I3mepuresns AUH BOTH KaIuOPOBAIC
10 JIa3€PHOMY U3J1yY€eHUIO Ha JyInHE BOJIHBI 1140 HM, HCIOIB3yEeMOMY B 9KCIIEPU-
MEHTE 110 HPEeUU3UOHHON CHEKTPOCKOIIUU aTOMOB TYJIMd U 4aCTOTOU U3BECTHONR
¢ TounocThio gydumie 1 kI'n. Ilpu cmekTpockonmu mepeKadmBaloiero mepexosia,
CKAHUPOBAJIACH 9aCTOTa Jiazepa 935.2 HM M MaKCHMU3UPOBAJICH CUTHAJ (DJIIO-
opecrieHnnu Ha JAanHe BOMHBI 369.5 M. IIpu cnmeKTpoCKOmnm OXJTarKIAroIero
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TIepexo/ia OMpeIe/IaIach 9acToTa ja3epa 369.5 HM, mIpH KOTOPOM CHTHAJ (DIII0-
OPECIIEHIINH, TIePEeX0isa depe3 MaKCHMaIbHOe 3HadeHne, ncae3an. Ilomydennbe
3HAa4YEeHUs JJIUH BOJIH [15] B cpaBHeHMM C [PEIbLAYHIUMME OIYOJUMKOBAHHBIMU
nanubivu [16] upusesenst B Tabnuue 1.

Tabanma 1
U3Mepennble 3HAYEHNs JUIMH BOJIH HEPeXoioB 25y /s — 2P/ u
2D3 /5 — 2[3/2]1/2 B monax '°Ybt, 1IYbH(F =1 — F =0), 12Yb™,
174yht 176Yb u npenpiiymme omyGInKOBAHHbIE 3HAYCHIS [16].

Nsoron JlmHa BOTHBI B BaKyyMe, HM
28175 — 2Py)s *D3sy — *[3/2]1)2

HamHas Pamee ony6- | lannas Panee omy6-

pabora JINKOBaHHAs | paboTa JINKOBAHHAS
170yht | 369.52363(2) | 369.52364(6) | 935.19729(6) | 935.19751(20)
17yht | 369.52300(2) | 369.52304(6) | 935.18753(6) | 935.18768(20)
172ybhT | 369.52438(2) | 369.52435(6) | 935.18726(6) | 935.18736(20)
174y b T | 369.52496(2) | 369.52494(6) | 935.17977(6) | 935.17976(20)
176y ht | 369.52551(2) | 369.52550(6) | 935.17252(6) | 935.17252(20)

Bo BTOpoOii ritaBe npuBegH aHain3 KojebATeNIbHBIX COCTOSTHU MOHOB
B JIMHEITHOM KpHCTaJlJIe, a TakKyKe PACYéT MOTEHIHAJa JIOBYIIKH, O0eCcIevn-
BAIOIIUIl SKBUAWCTAHTHOE MPOCTPAHCTBEHHOE PACIpeeieHne MOHOB. Takke
MIPUBOAUTCS ONMMCAHUE PACCIYNTAHHON M M3TOTOBJEHHOHN B PAMKAaX JIMCCEPTAIIN-
OHHO# pabOThI JUHEHHON KBaJAPYHOJbHOHN JoByIiku llayns misa mpoBeaeHus
KBAHTOBBIX JIOTHYECKUX OTepanuii Ha MOHHBIX KyOHTax.

KioueBoit 0c00eHHOCTHIO KyOUTOB HA OCHOBE HOHOB SIBJISIETCS HAJUYINAE Y
TIOCTIETHUX 3JIEKTPUIECKOrO 3apAad, UTO IPUBOJUT K CUIBHOMY KYJIOHOBCKOMY
B3aMMOIEHCTBUIO MeXKy JacTHUIaMu. B ciywae, Korja B JIUHEHHYIO JIOBYMIKY
[Maynsa 3axBarbiBaeTCs HEGOJIBINOE KOJIMIECTBO HOHOB (KaK mpasuiio, Mexee 50),
a yIepKUBAIONINIl IOTEHIINAJ BIOJIb OCH JIOBYIIIKKA HE BEJIUK, HOHBI (DOPMUDPY-
10T JIMHeHHbIH Kpuctas. Torna noubt MOryT ObITh BOBJI€YEHBI B KOJIJIEKTUBHbBIE
KoJIeOaHMs, TTOXOXKWEe Ha KOJIeOAHWS aTOMOB B Y371aX KPHUCTAJIITNIECKON PeréT-
KW B TBEPJIOM TeJie, & IPY NPUJIOYKEHUHN CIIENUATIBHBIX Ja3epHbIX ToJeit [17] aTn
KoJIebaHUs MOT'YT ObITH KOHTPOJINPYEMbIM 00PA30M CBSI3aHBI C UX BHY TDEHHUMHA
cocrosausivu. ITockoIbKY B Takme KOjeOaHusi BOBJIEKAIOTCS BCE MOHBI KPUCTAJI-
Jla, MOXKHO MPOBOJAMTDH OMEPAIMH C yIACTHEM JIIOOOH mapbl HOHHBIX KyOHTOB,
9TO HEBO3MOKHO, HAILIPUMED, B CIIy4ae CBEPXIIPOBOJAAIIMX KyOuToB uiau Kybu-
TOB HA OCHOBE HEHTpaJbHBIX aroMoB. OHAKO, TPY YBEJIMUYEHNN UHCJIA WOHOB
B IIEIIOYKE CHJIBHOE KYJIOHOBCKOE B3aHMOJEHCTBHE MerK/ly MOHAMU IPUBOJIUT
K YMEHBIIEHUIO PACCTOSHUS MEXKIy COCEeTHUMH HMOHAMHU B IIEHTPE IEeMOYKU,
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9TO 3aTPYAHSAET WHIWBUIYAJBHYIO aJpecaruio chOKyCUPOBAHHBIMY JIA3€PHbI-
Mu nonsgmu. Kpome Toro, Koraa 4ucjo HOHOB B KPHUCTAJLIE CTAHOBUTCS OOJIbIIE
HEKOTOPOTO TpeJiesia, OMPeaeseMoro KOHCTPYKIIAell JIOBYIIKHA U €€ MOTEeHITNa-
samu, hOpMa KPUCTAJLIIA TEPECTAET ObITh JIMHEHHON. DTO ABISeTCs ONHON 13
CYIIIECTBEHHBIX TTPOOJIEM MACIITAOMPOBAHMS MOHHOTO KBAHTOBOTO PETUCTPA.

B riare onmcwrBaeTcs mpoBeIEHHOE YUCIEHHOE MOJETMPOBAHNE IS OTIpe-
JleJIeHnsT PABHOBECHBIX TOJIOKenuit moros ' Yb™ B kpucrasie npn nx uncie
70 10 mTyK B ciydae, KOr/Jla MOHBI 3aXBaThIBAIOTCA B TADMOHUYECKUN U Herap-
MoHmrYecKuil norennuasbl (pucyrnok 3). Kak BujHO u3 pucyHka, ¢ yBeaudeHueMm
4HCJIa UOHOB B KPHUCTAaJljle, PACCTOAHUE MEXK/ly HUMHU YMEHbIIAETCH, & B CIydae
rapPMOHUYECKOI'O [IOTEHIMAJIA CTAHOBUTCA HepaBHOMepHbIM. g mocrmkenus
peknMa, B KOTOPOM PACCTOSHUE MKy NOHAMH OCTAETCS TTPAKTUIECKH OTNHA-
KOBBIM MOXKHO HCIIOJIb30BATH OMKBAAPATUIHYI0 (DOPMY MTOTEHITHAJIA, JIOBYIIIKA
0 aKCcHuaIbHOMY Hanpasienuio. Ha pucynke 3 cipaBa moka3aHo pacipeesienne
HMOHOB B JIOBYIIKE, B C/Iy4ae, KOrJa Jjid yJAepKaHud UOHOB 110 OCH 2 MCIOJIb3Y-
ercs OMKBAJPATUYHBIN [MOTEHIUAJ BHUIA:

k2 2 | K4 4
P(z) = =24+ —=z2 1
() = 222 4+ ot 1)
e k; — KO3 DUIMEHTHI, OMpeaesISioNiie MOTEHINAJ JIOBYIIIKA W DaB-
HBIEe Ky = 4.66 x 10> B- M2 w k4 = 3.49 x 10'2 B - m—*. Taxue mapameTpst
MTOIONPATACD [JTs1 JOCTUKEHUS IKBUAUCTAHTHOIO KPUCTAJIJIA, U3 CEMU MOHOB.

Y1CNO MOHOB B LIeMNOYKe
=
;
.
-
& 4 w b ok
H
L ]
T

YMCI0 MOHOB B LenoUKe
i

T T T T T

T T T T
T T T T T T T T T
100 35 50 25 0 % 50 25 100 -100 75 50 25 0 25 50 T8 100

PaBHOBECHOE NONOXKEHMNEe MOHa [MKM] PaBHOBECHOE MONOXKEHME MOHA [MKM]

Puc. 3 — (CsieBa): paBHOBeCHbIE MOJIOMEHH 115 1enouxu uonos "1 YbT, za-

XBQYEHHBIX B TAPMOHNYECKNI TOTEHINAI ¢ AKCHATBHOI 9aCTOTOI MO/IBI IIEHTPA

MacC Menoukn w, = 27 X 19.3 x['m. HepaBHOMEpHOCTH TTPOCTPAHCTBEHHOTO

pachpee/ieHnsi MOHOB CTAHOBUTCS 3aMETHOH It OOJIBIEr0 YHC/IA YaCTHIIL.

(Cupasa): paBHOBeCHbIE HOJIOXKEHMs JIJIs LEINOYKH UOHOB 1Myht, 3axpauen-

HBIX B HETAPMOHHYECKHH HOTEHIHAT € kg = 4.66 x 103B - M2 u Ky =
3.49 x 102 B-m~ 4,
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Jlasiee npuBOAATCS PE3YJIHTATHL YUCIEHHOTO MOIETUPOBAHUS 9aCTOT HOP-
MaJIbHbIX (AKCUAJIbHBIX U PAJAUAIBHBIX) MO/, JMHEHHOIO KPUCTAJLIIA JJIsl YUCIIA
noHOB OT 1 10 10 misi mpUBEIEHHBIX 3HAYEHWH KO3(hOUINEHTOB K;. [lpu
WCIIOTb30BAHUN JJI AKCHAJHHOTO yAepKaHus OWKBAIPATHIHOIO MOTEHITHA-
Jla ¢ POCTOM HYHC/Ia YaCTHI] B KPHUCTAJIIE MEHSAETCH YacTOTa MOIBLI IEHTPa
Mace, 4ero He HabJIIOmAeTCs Uit FapMOHUYEeCKOoro norennuaia. CruekrpaabHas
IUIOTHOCTD PAJAUAJIBHBIX MO/l OKa3aJaCch CYIIECTBEHHO MEHbIEe, YeM B CIIydae
rapMOHMYECKOTO MoTeHImana (B ciaydae 10 HOHOB 4aCTOTHI PAIUATBHBIX MO
MoKpbIBalOT auamna3oH B 116 kI'm m 41.8 x['1m g5 HEerapMOHWYECKOrO W rap-
MOHMYECKOIO TIOTEHIMAJIOB, COOTBETCTBEHHO). Takum obpasom, hhopmupoBanue
HErapMOHUYECKOTO YIAEPKUBAIOIIEr0 MOTEHINAIA BJOJIb OCH JIOBYIIIKH OOJer-
YaeT peasiM3alui0 PAMAaHOBCKOI'O OXJIAXK/IEHWsl, KOIJa Tpedyercs pa3periarb
cocemune mMombl. [locaenree HEOOXOMUMO JJIsi JOCTUKEHUST HOHAMU OCHOBHOTO
KO0JIE0ATEIHHOTO COCTOSHYS, KOTOPOE O0ECIIeYnBAET BO3MOKHOCTD TTPOBEIEHUS
ps/la KBAHTOBBIX Te€UTOB.

anee B TEKCTe AUCCEPTAITUU OMHUCHLIBAETCA IKCIEPUMEHTATbHAS BEPH-
duKaImsa MOIyYeHHBIX PE3yJIbTaTOB YUCJIEHHOTO MOmeaupoBanus. st 3Toro
WCIIO/IH30BAJIACH paHee paspaboTanHas JawHelHas JgoBymka llayss, mo3Bo-
JIAIONIAsA 3aXBAaTbIBATh, KPHUCTAIN30BATh M OXJIAXKIATh HOHBI UTTEPOus 110
Temmeparyp Huxke 100 MK. Bwimo mpoBenaeno cpaBHEHME PaBHOBECHBIX TMOJIO-
JKenmit cemn moHOB '*YbT B rapMommueckoM MOTeHImAse, MOIydYEeHHBIE B
SKCIIEPUMEHTE U B PE3yJIbTaTe YHUCJIEHHOrO MozeaupoBanus (pucynok 4). U3
TAKOTO CPABHEHUS MOYKHO OMPEJETUTh CTelleHb HETAPMOHIIHOCTHU TTOTEHITUATIA
JIOBYIIIKH. Y YUTHIBas IONPEITHOCTD OIPeeIeHNs TOJI0KEHNs NOHOB B SKCIIEPU-
MeHTe, ObLTO NosTyueHo orpanumyenue |rz| < 3.89 x 107 B - m—3 [18].

PasHuua B paBHOBECHOM MONOXEHUN [MKM]

Puc. 4 — (CueBa): uzobpaxkenue JIMHEHHOrO HOHHOIO KPHUCTAJLIA, COCTOs-
mero u3 ceMu uoHOB *Yb', 3axBaueHHBIX B JMHEAHYIO JOBYWIKY llayss.
MN300paxkeHne MOMYyYEHO TPHU TOMOIIK BBICOKOAIEPTYPHOU CHCTEMBI DPErH-
crpanuu ¢ wucnosb3oBanrnem EMCCD kamepnr. (CopaBa): pasiuune MexIy
PABHOBECHBIMH MOJIOKEHUAMHE JJ1s KAKI0r0 U3 HOHOB 1 4Y bt B rapmonmdeckoM
MOTEHIIAAJE, TTOJIYYEHHBIMU U3 SKCIIEPUMEHTA U B PE3YIbTATE MOJCTUPOBAHMS.

Jlamee ommchiBaeTCd JuHEHAs KBAAPYyHOJbHAas JOBymiKa Ilaysmsi, KoTo-
pas 6pLTa paspaboTaHa B paMKax AUCCEPTAIMOHHON PAOOTHI [/ BBITOTHEHHUS
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KBAHTOBOJIOTHIECKUX OMEPAINi C BHICOKOH TOCTOBEPHOCTHIO. OOOCHOBBIBAETCS
BBIOOD KOHCTPYKIIWH JIOBYIIIKH, MATEPHUAJIOB 3JIEKTPOIOB U KPEITeKa.

JloByIiika, nCIOIb30BaHHAS B IKCIIEPUMEHTAX, OIMUCAHHBIX BbIIIe, 00J1a1a-
Jia XOPOIIUM ONTHYECKUM JIOCTYIIOM 33 CYET CBOEro OOoJibIIoro obbéma u pac-
CTOSTHUN MKy 3JjieKTpomaMu. HemocTaTkoM JIOBYIIIKU SIBJISIIUCH HEBBICOKUE
CEKYJISIPHBIE YACTOTHI, YTO OTPAHUYINBAJIO CKOPOCTH BBITTOJTHEHNS BHIYUCICHUH.
B mHOBOIT pa3zpaboTaHHOi MOIE/N MOHHOW JIOBYIITKY SJIEKTPOLI ObLIN M3TOTOB-
JIEHBI U3 MOJINO/IEHA, KOTOPBIN $BJISETCSI HEMATHATHBIM ¥ CJ1ab0 OKHUCIISeTCs
Ha BO3JLyXe, YTO [O3BOJIAET He IIOKPBIBATH 3J1eKTPobl 3010ToM [19]. TIpu arom
MOIOEH XapaKTepu3yercss BbICOKOH TBEDIOCTHIO, YTO IIO3BOJIET IIOJIy4aTh
MTOBEPXHOCTU C HU3KOI IMIEPOXOBATOCTHIO M, KAK CJIEICTBUE, YMEHBIIUTH CKO-
POCTb HarpeBa 3aXBAaYE€HHBIX MOHOB.

B moBoi#t pa3paboTaHHON JTOBYIIKE yIAEPXKAHWE B PAAAATLHOM HAIIPaB-
JIEHUU OCYIIECTBJISAETCH YeThIPbMs JIE3BUEBHIMHU 3JJIEKTPOIJAMH TOJIIMHON HA
kounax 0.1 MM, pacnosoKeHHbIMH Ha paccrogHuu (0.3 MM OT LEHTPA JIOBYII-
ku. J[yinHa 37I€EKTPOIOB B 0OJIACTH yAep:KaHUsi COCTaBiser 1.5 MM. Yaep:kaHnue
BIOJIb OCH JIOBYIIKK ODECIeYMBAETCS ABYMS IUJUHIPUIECKUMU KOHIEBBHIMU
9JIEKTPOJAMHU C OCEBBIM OTBEDPCTHUEM JJisd OOECIEYEHUsST ONTHIECKOTO TOCTYIIA.
BricokoyacToTHOE HANpsizKeHWe TPUKJIAIBIBAETCS K MIPOTUBOIOJIOXKHON mmape
JIE3BUEBBIX 3JIEKTPO/IOB IPHU 3a3EMJIEHHHU OCTABIIENCd mapbl, 9T0 (opMupyer
TICEBIOTIOTEHIINA ¢ (DOPMOiT B 0OJIACTH yIAep KAHWsT OJIM3KON K TAPMOHUIECKOM.
JI1s KOMIIeHCAIIMY BHEITHUX TTAPA3UTHBIX JJIEKTPUIECKUX MOJIEH UCIOIb3yeTCst
JIBA [TOTIOJIHATE/ILHBIX JIEKTPOIA.

Pesynbrar 4ucieHHOrO MOIETWPOBAHWS Y/IEPKUBAIOIIETO MMOTEHITAAIA
BJOJIb JIBYX OCeil JIOBYIIKH METO/IOM KOHEYHDLIX 3JIEMEHTOB IIPEICTABJIEH HA
puUCYHKe .

B6u3u menTpa JIOBYMIKY yIePKUBAIOIINI TOTEHITHAJ OBbLIT ANPOKCUMU-
pPOBaH KBAJpaTUYIHOI (yHKIHE:

Hrvac 2
r= "5 I, 2
U 27‘(2) " (2)

r7e K, — 0e3pa3MepHbIil FeOMETPUIECKH TTApAMETD, a I — PACCTOSHUE OT
[EHTPA JOBYIIKU. VI3 anmpoKCHMAaIuu MOy YeHbI CJIEIYIOIIe 3HAICHUS:

fr = 4.8 x 1062,

2r§ -
Qgee, = \/g%;nraf =3.8 x 1012% {Bp%ﬂ} . (3)

s npoBejieHns KBAHTOBO-JIOIMYECKHUX Oll€panuii ¢ noHaMmu urrepbus,
KaK IPABHUJIO, TPEOYIOTCA DaJHAJbHLIE CEKYJIAPHBIE YACTOTBI (g, ~ 27 X
3 MT'rg [20], a0 npu wacrore wyy = 27 X 20 MI' a5 pa3paboTaHHOM JIOBYIIKK
COOTBETCTBYeT aMILIATY/e HANPAKEeHusT Ha dmekTponax Vi, = 620 B.
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U (B) u(B)
0.14:_ .

0.12;

150 -100 50 0 50 {00 -400  -2000 0 200 400

T (MKm) Z (mKm)
Puc. 5 — (CaeBa): duciieHHOE MOIEIMPOBAHUE YIEPXKUBAIOLIErO [OTEHIMAIA

B ILJIOCKOCTH, HEPHEHJUKYIAPHON OCU JIOBYIIKHU U IPOXOJLIIEN depe3 HeHTDP

JIOBYIITKU TIPDU TIPUJIOKEHUU K HpOTI/IBOHOJIO}KHOﬁ mape JIE3BHUEBBIX 3SJIEKTPO-

JIOB OJIMHAKOBOrO Hampsizkenus +1 B (Toukm) m annpokcumarus napaGoiioit

(simams). (CrpaBa): YHCIIEHHOE MOJIEJINPOBAHUE Y/IEPXKUBAIOIIETO TOTEHIAIIA,

BJIOJTb OCH 2 JIOBYIIIKHW TIPHU MPUIOKEHNN OTUHAKOBOrO Hampskenus +1 B k mm-

JIMHJIPUYECKUM KOHIIEBBIM 3JIEKTPOJAM (TOYKM) U alupoKcuManus 1napabosioi
(smHMsT).

AHAJIOrMYHO TOJYyYeHO 3HAYEHUE JIJisi AKCUAJBHON 4acToThbl KOJeOaHuit
WOHA, KOTOpas COCTABWJIA!

Q, = %;ﬂ = 27 x 884/ Ve k1, (4)
z§m
[Ipu NpuIOKEHNN K IUJINHIPUIECKUM 3JIEKTPOJAM HaNpsiKeHus Vi, =
44 B obecreanBaeTcss 9acTOTa aKCHAIBHOM MOALI £, = 27 x 580 kI'1r, uT0 mocTa-
TOYHO JIJIsl IPOBE/IEHNs KBAHTOBBIX OIE€paluii ¢ BBICOKOI JOCTOBEPHOCTHIO [21].
Tperbsd ryIaBa NOCBAIIEHA HCCAEIOBAHUIO JTOCTOBEPHOCTH IIPOLEIY PbI
CUYMTHIBAHUS KBAHTOBOI'O COCTOSIHMsI OIITHYECKOro Kybura Ha moHe urrepbus
1T1Yh" MeTomoM KBAHTOBBIX CKAYKOB ¥ €6 ONMTHMU3AINA TS MUHIMU3AIINT
omubku. B Hauajie OMUCHIBAETCS TEOPETUUYECKAs MOJEIb, JeyKallas B OCHOBE
uccaemopanusa. Onrudeckuii KyOuT Ha MOHe UTTEepPOUs OCHOBAH HA KBAIPYIIOJIb-
nom mepexone 2S1,5(F = 0) — 2Dj/o(F = 2) ¢ ammnoit Bommsl 435.5 nm
(pucynok 1). B nuxkuem cocrosinuu uon 3(pQekTuBHO pacceuBaer u3JlyudeHue
Ha JJIMHE BOJHBI 369.5 HM, TO3TOMY OHO HasbiBaeTcst «cBeTabiM» (bright). B
BEPXHEM COCTOSTHUM KyOWTa PACCESHUE HE TIPOUCXOIUT, COCTOSHUE HA3BIBAIOT
«rémubiMy (dark). Perucrpanus dboronos (BJr00OpecueHImy mo3BoIseT OMpe/ie-
JIUTH KBAHTOBOE COCTOSTHUE HMOHA.
Onmcanne TMHAMMKY IPOIECCA JIETEKTUPOBAHKE OCHOBAHO HA (POPMAJIHU3-
M€ CKOPOCTHBIX YPABHEHHUil, 4TO CIPABEIMBO B CJIy4ae, KOT/JAa KOr€PEeHTHbIMU
addexTamMu MOXKHO MpeHeOpeUbD.
CHauajia TIpeInoJaraeTcs, 9TO HWOH HAXOIUTCS B CBETJIOM COCTOSHUU
251 /2(F = 0). CamMonpom3BO/ILHBIH MEPEX0 MOHA M3 CBETJIOTO COCTOSHUS B
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TEMHOE TPUBOINT K BOSHUKHOBEHUIO OIMMUOKM cuuThiBaHus. Jlasee paccmarpu-
BAIOTCA JBa ITANa YCTAHOBJEHUS PABHOBECHUS B CUCTEME TIOCTE TMPUIOKEHUS
snazepHbIx moseit. IlepBoIit aTanm — B3auMOIEHCTBHE C OXJIAXKIAIOMMM HU3JIyde-
HHEM Ha JJjuHe BOJHBI 369.5 HM, B pe3yibTaTe KOTOPOTO IPAKTUYECKH BCs

HACEIEHHOCTH Tlepenocutcst Ha 251 o(F = 1) u 2Py )5(F = 0) 3a Bpemena
1
20 Mt

HaceJseTcs cocTosiHme 2 P /2(F' = 1), c KOTOPOTO Pa3pemén Mepexos B TEMHOe
cocrosrme 2Ds s2(F' = 1). Takum 06pa3oM CyIIecTByeT KOHeIHas BepOATHOCTD
M0 OKOHYAHUH TIEPBOTO TAIa 0KA3aThCs B TEMHOM cOCTOsiHUU. BTopoii sram —
YCTAHOB/ICHHE DABHOBECHS B IMKJIMYECKOH cucreme yposHeil 2S5 2(F = 1),
2P1jo(F = 0), 2D3/o(F = 1) u 3[3/2]12(F = 0) ¢ y4éroM nepekadupaomie-
TO M3JIyYeHHus C JIUHON BOMHLI 935.2 uMm. /lanee aHATUTUYIECKN BBIBOISITCS
BBIPAYKEHUS JIJI HACEJEHHOCTEN yPOBHEH M PACCMATPUBAETCS CUTYAIUs HEpe-
30HAHCHBIX ME€PEXO/I0B, MPUBOIAININX K 3ACEJIEHUIO TEMHOrO COCTOsHMsA. Ecan
M3HAYATLHO MOH HAXOJUTCS B TEMHOM COCTOSTHWH, TO CYIIECTBYET JIBA MEXAHU3-
Ma yXO7[a MOHA B CBeTJIoe cocrosinue. [lepBoiit — HepesoHaHCHOE BO30YKIeHUE
cocroanus 3[3/2], /2(F = 1) 1 noceayionuii yXo HOHA B OXJIA2K TATOIIMIT K.
Bropoit — mpsaMoit KBaIpymonbHBIA pacram co ckopocthio I'g ~ 3.1 I'm. C
Y9IETOM BBINMECKA3AHHOTO BBIBOJIUTCS CKOPOCTH PACIIA/Ia TEMHOIO COCTOSHUS
u crarucruka GoroHos s TéMHOro (pg(n)) u csersmoro (py(n)) cocrosmuuii.
Takke yuurbiBaeTcs KOHedHAs 3PPEKTUBHOCTH cOopa (POTOHOB 1) U HATUIUE
3aCBETKHU, KOTOPas XapaKTEPU3YETCsl IYACCOHOBCKOM CTATHCTUKON CO CPEIHUM
KOJINYIECTBOM (DOTOHOB Apc X Tp, TIe Tp — BpeMst peructparmn. VTorosast
CTATUCTUKA TPEIACTABISET CODON CBEPTKY:

~ 50 nc. Bo Bpemda 3Toro mporecca, ¢ HEHYIE€BOH BEPOSATHOCTHIO

e

(5)

n
Pa(n) = 37 palm) "B
— (n —m)!

Ananorngysoe BbIpaXKeHHE BEPHO U JJIs CBETJIONO COCTOSHUS.

B skcrepumente i OnpesiesieHHs COCTOSIHHSI WOHA, B KOTOPOM OH
HAaXO/IWJICS TIePEe/T HAYAJIOM MIPOIECCA PErUCTPAINH, OACIUTHIBACTC IUCIO0 (HO-
TOHOB, PEFUCTPUPYEMBIX 32 BPEMS Tp, U CPABHUBAETCH C JUCKPUMUHATOPOM —
TTOPOTOBBIM YHUCJIOM [ COOpAHHBIX (POTOHOB, BBIMIE KOTOPOTO COCTOSTHUE OITpe-
JleJisieTCsT KaK CBeTJIOe, B MPOTHBHOM ciydae — Kak Témuoe. Teopermueckast
JIOCTOBEPHOCTh KOPPEKTHON HAeHTH(MHUKAIUNA TEMHOIO COCTOSHUS KyOWTa CO-
craBaser Fy = 2713:0 pl(n) u ceermoro F, = 1 — Zf:o py(n).

Jlanee B ryilaBe ONMCHIBAETCS MPOIEALYPA ONTHMHU3AINNN [1APAMETPOB JIJIsk
MUHUMU3AIMUKA OMMOKYA CYUTHIBAHUSI KBAHTOBOTO cocTostHust nona. Obias 1no-
CTOBEPHOCTH CYUTHIBAHUSA PABHA MUHMMAJIBHON U3 IBYX JocroBepHocreit Fy
u Fy u gocruraer makcumyma npu ux pasencrse. Ha pucynke 6 npuseeHbl
3aBUCUMOCTY OITUOKY CUYUTHIBAHWUS OT BPEMEHW PErnCTPAIUU Tp TMPU PASHBIX
3HAUEHHUAX JUCKPIMHUHATOPA D. B3aTh 3 GeKTHBHOCTD CInTEIBaRIA 1) = 1073
n KO3 PUIMEHT 3aCBETKH, PABHBIM OTHOIIEHUIO YHCTA (POTOHOB 3aCBETKU K
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CPeJIHEMY HYHCIY COOPAHHBIX (POTOHOB HA JJIMHE BOJIHBI OXJIAKIAIOIIErO Hepe-
xona, N = Apc /Ao = 0.3. Kak BugHO U3 pUCYHKA, 32aBUCUMOCTD ONTHMAILHOM
1o Tp oumbku oT D ABASETCS HEMOHOTOHHOM, 9TO TOBOPUT O CYIECTBOBAHUU
orrruMasbHOrO 3uadenus D. Takum obpa3om, /s Pa3HBIX 3HAYEHUH IKCIIEPU-
MEHTAJILHBIX MapaMerpoB 7 1 N MOXKHO BHIODATH ONMTHMAIbHYIO napy (7p, D)
¥ BBIYUCJIUTH MUHAMAJIBHOE JJIs 9TOTO HAOOpa MapaMeTpOB 3HAYEHUE OITHOKH.

T (MC)
Puc. 6 — Omubka cYuThIBaHUS KBAHTOBOIO COCTOSIHUSI MOHA B 3aBUCHMOCTH
OT BPEMEHU PErUCTPAUHU Tp MPU PA3NIAIHBIX 3HAYEHUAX AUCKpuMuHATOpa D.
I'paduru g1 cBersioro m TEMHOrO cOCTOsHHMIT 0O03HadeHbl OykBamu b u d,
coorBercTBeHHO. ToukM mepecedenus rpahuKOB COOTBETCTBYIOT MUHUMAIBHOMN
OmuOKe CINTHIBAHUS.

Jlanee TPUBOAATCS PE3YJIbTATHL ONTUMUBAINN 3HAYEHWH [OPOra JIHC-
KPUMWHATOPA W BPEMEHW JIETEeKTUPOBAHUS I PA3HBIX YPOBHEH 3aCBETKU
u 3pdEKTUBHOCTH CUNTHIBAHUS. J[eMOHCTPUPYETCS CYIECTBOBAHWE BEPXHEH
IPAHWIbBI JOCTOBEPHOCTH CUMTHIBAHUS ONTHYECKOro Kyomrta B 99.4%, coor-
BETCTBYIOMIEH BEPOATHOCTH IO OKOHYAHUU B3aMMOJEHCTBUS C OXJIAXKIATOIIAM
J1a3epoM TIepEefiTH U3 CBETJION0 B TEMHOE COCTOSHME, KOTOpasl siBJisieTcst (DyH1a-
MEHTAJIbHbIM OUPAHUYEHMEM LIPU JAHHOM MeToje cuuTbiBanus [22]. B pabore
TPETATAI0OTCA MOAMDUIINPOBAHHBIE METOIbI CIUTHIBAHUS ONTUYECKOrO KyOu-
Ta, TIO3BOJISIIOIINE TTPEOOJIETh JTAHHOE OrpaHHYeHHe.

B ueTBepTOil riraBe MpUBEIEHO OMMCAHNE TTPEIIOKEHHOTO METOIA N3Me-
PEHHUA TeMIEepPATypPhl MHOTOYACTUYHBIX MOHHBIX KPUCTAJJIOB, OCHOBAHHOI'O HA
WCCIIeIOBAHUY UHAMUKHU OCHUIIsAil Pabu Ha y3KOM ONTHYECKOM Tepexose B
OT/IeJIbHOM MOHE KPUCTaJLIa, a TaKKe Pe3y/ibTaTbl U3MEPEeHUs CKOPOCTU Harpe-
Ba OCEBOIT MOIBI KOJIEDAHMIA, UTO SBJISIETCS BAYKHOM XaPAKTEPUCTUKON JIOBYIIKA
U OrPAHUYUBAET JOCTOBEPHOCTH NMPOBEIEHNA KBAHTOBBIX OIlEPAIU.

B rnaBe mpoBeéH aHaaM3 CyIIECTBYIONINX HA JAHHBI MOMEHT METOIOB
U3MepeHus TeMIlepaTypbl U CKOPOCTU HArpeBa MOHOB IO PETMCTPAINN CUTHAJIA
rroopecrieHU IPU €ro JOIIEPOBCKOM OXJIaxKIeHuu [23], 10 CiieKTpocKonuu
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GOKOBBIX KOJIEOATENFHBIX 9acToT [7], MeToma WHAYIMPOBAHHON MPO3PAvHO-
cru [24], mo TMpOCTPAHCTBEHHOMY DACTpE/IESIEHUIO 3aXBAYEHHONO HMOHa [25].
[lepBoIit 13 METOIOB MPUMEHUM TOJIBKO [1JIsi OOJIBITNX 3HAYEHWI CPETHErO KOJTe-
Garenproro wncna (7 ~ 10* — 10°). CrekTpockomms GOKOBBIX KOT6ATETHHBIX
YaCTOT HANPOTHB, JAET TOYHBIE PE3YJIbTAThI TOJBKO MPU MAaJbIX 3HAYEHUSX
7 < 1. KorepenTHble METOIBI yI0BJIETBOPUTENBHO PABOTAIOT B MPOMEXKYTOY-
HOM CJIy4ae, OJHAKO TPEOYIOT HAJWYMS KAK MWHUMYM JIBYX KOTE€DEHTHBIX
JIa3epHBIX T0JIell C Pa3HBIMU YaCTOTAMM, UTO JIEJAeT TaKhe SKCIEPHMEHTHI
TEXHUYECKHU 0OJiee CIOKHBIMU U JTOporuMu. st aHamm3a TpOCTPAHCTBEHHOTO
pacmpesesieHnsa 3aXBAaUE€HHOIO HOHA TpedyeTcss OOTbINasi pa3pelaronias CIo-
CcOOHOCTDL CHCTE€MbI CUYMTHIBAHHSA M, KAK IPABHUJIO, TpeOyioTcs Oosee Hu3Kue
CEeKYJISIPHBIE YACTOTHI, 10 CPABHEHUIO C TEMHU, UTO UCTOIB3YIOTCS B KBAHTOBBIX
BBIUMCJIEHNSX. B cBoIO ouepesp, MpemjioXKeHHBIH B paboTe MEeTOJ OIpejese-
HUsl TEMIIEPATYPbl KPUCTAJIJIA HA OCHOBE N3MePEeHNs apaMeTpoB Jeda3zupoBkn
PE30HAHCHBIX ocmLisuit Pabu wa Hecymieil 4acrore y3KOro OnTHYECKOro Ie-
pexo/ia ropa3io MeHee TPeDOBATENIEH K IKCIEPUMEHTATHHON YCTAHOBKE W HE
TpebyeT MOTOTHUTENHHBIX Ja3ePHBIX MOl TTOMUMO TEX, UTO WMCMOIb3YIOTCSA
JIJIS YOPABJIEHUS OMTUYECKUM KyOHUTOM.

Yacrora Pabu ocruananuii jid pa3iudHbIX KOJIEOATETbHBIX yPOBHEH
HEMHOI'O OTju4aercs. V3-3a 3Toro 4yepes HEKOTOPOE BpeMsl KoJjieOaHus C pas-
HBIMH 7, II€PECTAT ObITh CHH(PA3HBIMKA M BHUJIHOCTH HWTOrOBOM OCUMJLISALAN
YMEHbIIAETCs, KAK 9TO [I0KA3aHO HAa PUCYHKe 7. AHajiu3 HabJI0J1aeMOoro 3ary-
XaHWS MO3BOJISET ONMPEJEJUTh 72 B MOHHOM KPHUCTAJILIE.

Hacenéunocrn

8] 20 Al a0 BO 100 120 140
Bpews (ve)
Puc. 7 — Wumocrpanus 3aryxanus ociuiisingn Pabu. Cepbim 0603HA4EHBI KO-
JlebaHus HACEJIEHHOCTH 1151 TIepBhIX 10 KoJIe0aTeIbHbIX TIOAYPOBHEH, YEPHBIM —
B3BEIIeHHAA CyMMa II0 MojaM 70 n ~ 103.

,Z[anee B IUVIaB€ IIPUBOJUTCA BBIBOJ aHAJUTHYIECCKOI'O BbIPDaXKEHHA, OIIHN-
CBIBAIOIIIEr0 3aBUCHUMOCTDH HACEJIEHHOCTH BEPXHEr0 COCTOAHHA II€EpexXoaa OT
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BpeMeHU BO30YKJIEHHS C YIETOM TEIJIOBOTO paclpe/iesiennsi (POHOHOB 110 KOJie-
6GaTeTbHBIM MOJAM KPUCTAJIA C TPOU3BOIHHBIM YHCJIOM HOHOB. 3AUCHIBAETCS
BBbIPayKeHUeE sl 9ACTOTHI Pabu mpu MPUIIOKEHUH K IEIIOYKN NOHOB U3JIy 9€HNUs,
HAIPABJIEHHOI'O B/IOJIb PACCMATPUBAEMON OCH U PE30HAHCHOI'O C IepexooM. B
ciaydae, KOTJa WOHHAS Termovka Oblia OXJayKIeHa J0 TeMIepaTyp OJIM3KNX K
JOILJIEPOBCKOMY TIPEZIeNly U BbINOJIHsETCS pexkum JIamba-/luke, gacrora Pabu
MOXKET OBITh 3aIMCAHA KaK:

N

Q{nk} ~ QO 1- Z(nk + 1/2)77]% ) (6)
k=1

C TOYHOCTBIO JIO WJICHOB TIOpsI/IKa 1), Tae ) — 9acTora Pabu ay1s mokosimerocs
WOHA, Nj — IUCI0 POHOHOB B k-it MOze, a 7, — mapamerp JIsmba-/luke.

,Z[aﬂee 3allUCBhIBAIOTCA BbIPDaKE€HUA 1A HaCGHéHHOCTI/I BEPXHEro u HUZK-
HEro COCTOSHUM, BKJIIOYAIOIIUE 3aBUCUMOCTh OT BPEMEHH C y4YE€TOM TOrO, 4TO
rIyOMHA HOHHON JIOBYIIKHU, KAK IIPABUIIO, CYIIECTBEHHO OOJIBIIE TEILJIOBBIX CKO-
pocTeii MOHOB Jayke 0 Tamna oxJaxKaeHus. [locse JomIepoOBCKOTr0O OXJIAMK ICHUS
TEMIIEPATYPHI BCEX MO/ OKA3bIBAIOTCSI PABHBI U CPEIHUE KOJIe0aTeIbHbIE YUCIa,
BCEX MOJ, MOT'YT OBITh BBIPAsKEHbI 4epe3 CpeaHee Jucjao (GPOHOHOB B MOJIE IEH-
Tpa Macc fi, Tak 4To N = N/rg, TAe napamerp Ty = wg/wi, a wp — 4acrora
KoJiebanusi MOnbI 1eHTpa Macc. OOIas HACETIEHHOCTh BEPXHEIO YPOBHS B pe-
3yJIBTATE YUETA TETLIOBOTO PACTIPEIETICHUS CO CPEIHIM KOJIE0ATEIHHBIM YACIOM
I KaxKJI0M MOJIBI Tij IOCJE psja MpeoOpa3soBaHuil MPUHUMAET BUIL:

o2
) N iy 5 e ) i0m
Re |:ez$lot l Ik e iQonit/2 <1 (n/’g;}zi : k ):|

21 I (/e + 1) = 2(0/m) cos(Qut) + ()

(7)

Omna 3aBUCHT OT TPEX TAPAMETPOB: a, 71, g, TJIE a = Zf\il (Zf::o p{nk}) —
HACEIEHHOCTH OCHOBHOTO YPOBHA B HA4aJbHBIA MOMeHT Bpemenu. Koaddu-
IUEHTBL 7)), U T) ONPEIENAIOTCA FeOMETpHeil JIOBYIIKU M YaCTOTOH KoJeOaHumit
MOHOB W MOTYT OLITH HE3aBUCHMO W3MEPEHBI C BBICOKOH TOYHOCTHIO.

Jlanee B TeKCTe JAUCCEPTAIINE ONHCHIBAETCA HCIOMb30BAHHUE HMPEITOKEH-
HOTO MeToma B 3IKcmepuMenTe. CXemMa WM3MepeHHWH MapaMeTpoB 3aTyXaHUs
ocruianmit Pabu, BKII0OYAeT HECKOILKO TIOCTIEI0BATENLHBIX sTanos. CHagaa
MOHHBIA KPHCTAJI OXJIaXKIAeTCA 10 TeMIEepPaTyphl, OJM3KOH K JOMIEPOBCKO-
My mOpejieily. 3areM I[POU3BOAMTCS ONTHYECKAas HaKadyKa MOHOB B OCHOBHOE
cocrogrme. Janee TpeaoKeHHBIM MeTOJOM OIpe/ieNdeTcsa TeMIepaTrypa KpH-
cTaJLla u CKOpOCTh Harpesa MOHOB B jiopylike. Oba napaMerpa UrpaloT BazKHyIo
POIb JJIl OLEHKHW KAadeCTBA JIOBYIMIKA M €€ TIPUMEHWMOCTH JJI KBAHTOBBIX
BLIMHCJIEHUH. B cilydae OIeHKH CKOPOCTH HAarpeBa, BCe JIA3EPHBIE MOJIA BBIKJIIO-
Jal0TCA W CHCTEMAa B TedeHHe HEeKOTOPOTO BAPBUPYEMOrO BPEMEHH 3aeprKKH
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B3amMoOzeiicTByeT ¢ OKpyzkeHumeMm. Ilocie 3TOro Ha HEKOTOPOM BBIODAHHOM
noHe (POKyCUpPyeTCcss PE30HAHCHOE W3JIyUeHue Ha JJIrHe BOJHBI 435.5 HM, KOTO-
poe Bo30yKTaeT KBaAPYIOIbHBIH mepexom. I IuTebHOCTD 3TOro BO30Y XK IeHU s
Takke Bapbupyercd. Hakonerr, 3,IeKTPOHHOE COCTOSIHME HOHA PErUCTPUPYETCs
MeTOIOM KBAaHTOBBIX CKavykoB [22]. TIpn GpuKCHpOBaHHOM BpEMEHM 3a/epKKH
OTIpesieNAeTcda 3aBUCHMOCTb HACEJEHHOCTH BEPXHErO COCTOSHHUS OT BPEMEHN
BO30Oyxk1eHus. [lomydennas kpuBas annpokcumupyercss byHKImeR 7 u onpeie-
Jgercsd Beswyauna 7i(7), rae T — BpeMs 3a1epxkku. s onpeesienus CKopocTu
HarpeBa JaHHbBIH SKCIEPUMEHT [TOBTOPSAETCS [Jis HECKOJIbKUX 3HAYEHUI T, I0-
CJI€ 9€ero TOJYYEeHHAsT 3aBUCHMOCTH ATMTPOKCUMUPYETCs JUHEHHON dyHKIneit
(pucyHOK 8).

(a) sanepacka; ) me (0) JanepiKKd: 2 Me
ki1 1
a
o 06
I
3 Y s O
G o e v
[+]
]
T
0.2
0.0 T . e
! 0 an a0 Al 100 120 140 1] 20 4an Ll BO 100 120 140
Bpesta (mic) Bpens (vkc)
1.0 o
FanepHKa; 5 Mo (r) sanepaka; 7 me
0.8 4
a
&
2006 o
52 o o 5 {
LU i S = o
. ' go- {
s
0zl P
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0.0 = - : ; T ; . ] *—.»': : - : : : : .
i} 20 &0 ] BO w0 120 140 o 20 a0 &0 8O wd 120 140
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o
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L] I'I
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.._.' &« |
: 0 20 40 &0 B0 lOD 120 140 A ‘ & L d .
Bpems (vke) 3anepaka (MKe)
Puc. 8 — (a)-(x): 3aBUCHMOCTH HACETEHHOCTH BEPXHETO YPOBHS OT BPEMEHH

B036y2KAenus npu 3azepxkkax 0,2,5,7 u 10 mc, coorBercrBenHo; (e): cpeanee
KOJIe0aTEJIbHOE YUCJIO OJMHOYHOIO MOHA IIPU PA3JIMYHBIX BPEMEHAX 33/I€PXKKHU.
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Temiieparypa HOHHOINO KPHUCTAJIIA ONPEIEIsercs MpU HYJIeBON 3a/1epK-
Ke 10 ¢opmyIe:
hw
T = L
kpIn(1+1/n(0))

(8)

e wp — 9aCTOTa MOJbI IIEHTPA MacCC, kp — mocrosgHHas BoabiMana.

DKCIEPUMEHT TIO OIPEEIEHUI0 CKOPOCTH HAPEBA MPOBOMIICS JJIS OJIU-
HOYHOI'O MOHA UTTEePOus 1pu BO3AeifiCTBUE HErO BIOJIb OCU JOByKHU. s 3Toro
cirydas:

1 h
1= = — r = 1 g
g AV 2my’ ’ )
rme A = 435.5 HM, M — Macca MOHa, IV — YaCTOTa AKCHATIHLHOW MOIHI.
Ckopocrb Harpesa MOHa paBeH KO3(P@UIMEHTY HAKJIOHA AIIPOKCHMHUPY-
omel JuHedHoit QyHKINN:

n = 8 + 2 dononos/mc. (10)

Temmeparypa onpeensnach s KpUCTALIA U3 5 HOHOB. DG PEKTUBHOE
cpesiHee KoJiebaTeIbHOEe YUCII0, TOIYYeHHOe AIIIPOKCUMAIINEH, 0KA3aI0Ch PAB-
ueiM 71(0) = 75, UTO coOTBETCTBYeT TeMmeparype kpucraina I = 1.69 +
0.08 MK, 4TO CpaBHMMO C JOMJIEPOBCKHM IPEIeoM JJIf Tepexona 2.5 /2 —
2P1/2, pasapiM Tp = 0.5 mK.

B 3akJaioueHun npuBe/ieHbl OCHOBHBIE PE3YJIBTATHL PADOTbHI, KOTOPbIE 3a-
KJTIOYAIOTCS B CJIEIYIOIIEM:

1. MeTomoMm mpenu3noHHON Ja3epHOM CIEKTPOCKOINY OJUHOTHOIO 3aXBa-
YeHHOro B JIOBYHIKY llayis woHa W3MepEeHbI 3HAYEHWSs JIJIUH BOJIH
[IePEX0/I0B 251/2 — 2P1/2 B MOHAX u30TOLa urTTepbus-170, 171 (F' =
1 — F =0), 172, 174, 176, koropbie cocrasisior: 369.52363(2) M,
369.52600(2) um, 369.52438(2) um, 369.52496(2) um u 369.52551(2) Hw,
coorBercTBeHHO. [lorpemnocTs n3mMepennii yMEHbINEHa B TPU Pa3a 1Mo
CPABHEHWIO C IPEAbLIYIIAMA U3MEPEHUSIMU, TPOBEIEHHBIMU JPYTAMI
9KCIIEPUMEHTAJIBHBIMY IPYIIAMU. Y TOYHEHHE JIOCTUTHYTO 33 CUET TIpe-
[U3UOHHON KAJIMOPOBKU CUCTEMBI W3MEDPEHHUs] W XOPOINeH CTATUCTHKE
U3MEpPEHU.

2. C moMmOIIbI0 TOTO K€ IKCIEPUMEHTAIHLHOTO METOIA YTOYHEHBI 3Ha-
YeHus JUMH BOMH mepexonoB 2Ds, — 3[3/2]1/5 B moHax msoroma
urrepbus-170, 171 (F =1 — F = 0), 172, 174, 176, koropbie cocrapJisi-
1o1: 935.19729(6) um, 935.18753(6) um, 935.18726(6) um, 935.17977(6)
HM 1 935.17252(6) HM, coorBercTBeHHO. ITorperHoCTh n3MepeHnit Tak
JK€ YMEHBINIEHA B TPHU Pa3a M0 CPABHEHUIO C MPEIbIIYIIUMU U3MEDEHNU-
SIMU, MPOBEJIEHHBIMY JPYTUMHU IKCIEPUMEHTATHLHBIME TPYIIIAMU.
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3. MeromoM 4YuCIEHHOrO MOIEIUPOBAHUA PACCUYUTAHBI KOOPIUHATHI
MOHOB B YCTOMYMBBIX KOH(DUIYPALUAX OIHOMEPHBIX KPHUCTAJIOB U
HAIEHbI YaCTOTHl HOPMAJBHLIX (PAIUANBHBIX U AKCUAILHBIX) KOJIE-
GaHMit B TIOTEHIMAJIE JUHEHHOW KBaAPYOIbHON JoBymKy 1layss.

4. Paccunran u SKCIEPUMEHTATBHO DEAJTM3IOBAH YAEPKUBAIONINN TOTEH-
[MaJI BJIOJIb OCH JIOBYIIIKU BHA %zz + %24 IS CO3/TaHUS KPUCTAJLIA
u3 7 MOHOB UTTEPOUS C PABHBIMH PACCTOSHUAME MEXK/Ly MOHAMH.

5. CmomenmpoBana u cobpaHa dKCIepUMEHTATbHAS YCTAHOBKA, BKJIIOYA-
1o1ast B cebst JIMHEHHYI0 KBaAPYyNoIbHyo JoBymKy Ilayns ¢ momu6-
JIEHOBBIMHU 3JIEKTPO/IAMU-JIE3BUSIMU, JIA3E€PHYI0 CHCTEMY OXJIAXK/EHW
WOHOB UTTEPOUS U CUCTEMY JIETEKTUPOBAHWS UX COCTOSHUM.

6. [Ipenioxkena anaauTUYecKasi MOJIEJb MIPOIECCA CIUTHIBAHUS COCTOS-
HIst ONTHYECKOTO KyonTa B nore 71Yh ™' MeTomom KBaHTOBBIX CKavKOB
C y4éTOM HEpPE30HAHCHBIX U TEPEXOAHBIX 3(PDEKTOB, CIIOHTAHHOTO
pacnajia, a TakKe Imapas3uTHON 3acBeTkn doromerekropa. [loryuena
3aBUCUMOCTH [TOCTOBEPHOCTH CUYUTHIBAHUS COCTOSHUS KyOuTa OT Tma-
pPaMeTpOB IKCIIEPUMEHTA, TAKUX KaK 3MMOEKTUBHOCTH PErucrpauu
doronos ¢uroopectiennnn, KO3PUIUEHT 3aCBETKH, IOPOr IUCKPHU-
MHUHATOpa U Bpemsi cuuTbiBanus. C WMCIOMB30BAHUEM 3STON MOIEIN
MOKA3aHO, YTO (YHIAMEHTAJbHBIA MPeJesl JOCTOBEPHOCTH CUYUTHI-
BAHMSI COCTOSIHHS OLTHYECKOro Kybmra B mome ''YbT wmeromom
KBAaHTOBBIX CKAYKOB coctapiser 99.4%.

7. Buepsble 1pe/iioyKeH 1 IKCIEPUMEHTAIBHO PEATH30BAH METO/ OlIpeie-
JIEHUST TEMIIEPATYPhI U CKOPOCTH HATPEBA MOHOB B MHOTOYACTUIHOM
JIMHEHHOM WOHHOM KpHCTaJie B pexknme JIamba-/Inke 1o amHamm-
3y 3aryxanus ocumiiauuii Pabu. [lpuMenenwe storo meroja s
nonos 'Yb™, 3axBaueHHDBIX B CO31aHHYIO B 1aHHOII pabOTe JIOBYIIKY,
[IOKA3aJI10, 9TO TeMIePATypPa KPUCTAJJIA U3 [sTH HOHOB IIOCJE JOILTe-
poBckoro oxaaxKaenus coctapmaa 1.69 + 0.08 MK u ckopocTh HArpeBa
OZIMHOYHOTO MOHA BIIOJIb OCH JIOBYIIKHU 8 +2 (horoHOB/Mc. OCHOBHBIMI
MIPENMYIIECTBAMH MPEJTIO?KEHHOTO METO 1A SIBJISIFOTCS €r0 OOIIHOCTD OT-
HOCHUTEJIbHO KOJMYECTBA MOHOB B IENOYKEe M Hu3Kas omubka (MeHee
5%) BOMIM3H 1OILIEPOBCKOro npejena oxnaxaenus (0.1-100 mK).
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