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[ceBnocayyaiiHasi JBOWYHAS MOCICIOBATEIBHOCT
gt - 1) BoipabarhiBaeTcs B TeHEpaTrope
(I'TICIT). OmHOBPEMEHHO C TICEBIOCITYIaliHON IOCe-
JIOBATENILHOCTBIO, CTCHEPUPOBAHHON T€HEepPaTopoM,
nomaércs Ha  (a3oBbii  MaHumysTop  (PMHy)
ciryJaiiHas MOCJIE0BATEIBHOCTD X(1),
BhIpabaTeiBacMass B reHepatope (I'l) wu
npeoOpa3oBaHHast B KOMIIAPATOPE B KIUIITHPOBAHHbIH
wym. Ha ¢asoBom manumymstope (OMH)
OCYIIIECTBISICTCS OTIepanust iepeMuoxerust §(t— 7 ) u
X(t) u oObpasyercs [aBOWYHAS CKPEMOIHPYIOLIAs
MOCJIe/I0BATENHHOCT:

Y(t-7)=9(t- 7)-X(), (€

rae mojoca crektpa mocnenoBatensHocTd X(t)
OIPE/IENSETCS TAKTOBOH 4acToTol f, =1/7,,, 8 TAKKE

dbopmupytrommM GuIbTpoM, BKIOYeHHBIM B [T 1
Menbie nonocel cnekrpa [ICII, T, — AIUTETBHOCTD
anementa [1CIT.

CdhopmupoBaHHBIH CKpeMOIMPOBaHHBIN
YaCTOTHO-MOYJIMPOBAHHBIM CHUTHAJ, TMOJIYY€HHBIN B
pe3yibrare nepeMHoxenus B (PMH1), ycunuBaeTcs B
yewutene MomHocTd (YM), mogaércst B Ha MOIYJIb
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aHTeHHO-(unepHoro ycrpoiictea (ADY) u nanee B
a¢up.

CkpeMOTMpOBaHHBIN YaCTOTHO-MO T TUPOBAHHBII
CHUT'HAJI MOXHO TIPEICTABUTB!

S(t) = aoY(t-7 )-cos[(wpt + ¥ (®) + Bl (2

Ie do U Mg — H3BECTHbIC AMIUIUTYJa M YacToTa
CHT'HAJIA;

Y(@) = g(t— 7)-X(t) = {£1} — ckpembnupyromias
HOCJIEZIOBATENBHOCTD;
B — cmywalinas ©HavanbHas ¢as3a, pPaBHOMEpPHO
pacnpenenenHas B uatepsaie [0,27];
Y(t) — yacToTa curHana, MEAJICHHO W3MEHSIOMIASCS B
COOTBETCTBHH C TiepeaBaeMbIM coobnieareM A(t), rae

A(t) = d¥ (1) /dt .
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OLIEHKA SHEPI'MU COJIMTOHA BBJIN3U HOBEPXHOCTHU METAJIJIA
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benopycckuii hayuonanvuwiti mexnuueckuti ynusepcumem, Munck, Pecnybnuxa Benapyco

[IpobnemMa wu3y4eHHs KBAaHTOBBIX COJIMTOHHBIX
COCTOSIHUH, COOTBETCTBYIOIINX OJJMIHOYHBIM
JJIEKTPOHAM, SIBJISICTCST BEChbMa HEPCHEKTHBHOM C
TOYKHM 3peHMs 3a/1ad HaHoIeKTpoHWKH [1]. Takue
COCTOSIHMSL MOTYT OBITh OIHCAHBL TPH IOMOIIH
pewennii ypaBueHnust lllpenuHrepa, y4uTBIBAarOLIErO
HEJIMHEHHOe B3aMMOJICHCTBHE 3JIEKTPOHA,
HaXOJSIIETOCS Y OBEPXHOCTH METAJIIA, C MHIMBIMH
3apAfamMH, pAclOJIOKCHHBIMH — BHYTPH — MeTailla.
Mopenu ¢ MHUMBIMH . 3apifaMH  HIMPOKO
IIPUMEHSIOTCS IIPU M3yYEHUM KBAaHTOBBIX TOYeK. B
HacTosmell paboTe C MCMNONB30BaHHEM IOAXOJA,
pasBuToro B padore [2], mosyd4eHO NpPHOIMKEHHOE
BBIp@KEHHE  JUISl  OHEPrMM  PaccMaTpUBaeMOro
COJINTOHHOTO COCTOSTHHSI.

W3BecTHO, HYTO KyJOHOBCKOE OTTAJIKHBaHHUE
JIEKTPOHOB HE MO3BOJISIET (POPMHUPOBATH COMUTOHHBIE
cocrosHus. OJHAKO IJIsI OJHOTO 3JIEKTPOHA TAKOE
OTTAJIKUBaHWUE  OTCYTCTBYET, YTO  IO3BOJISIECT
TIOCTPOHUTH CaAMOCOTIIACOBAHHOE PELIEHHE TaK, YTOObI
WCKJIIOYUTh B3aUMOJICHCTBHE OJIEKTPOHAa C  €ro
COOCTBEHHBIM TIOJIEM. DTO MOXKHO CJHEJaTh IyTeM

BBCIACHUSA IIOTCHIIMAaJ1a MHHUMOI'O 3apsanaa,
NpEAroaras, 4To TaKo! 3apsi BOJIM3H MOBEPXHOCTH
MeTaJuia (anexTpona) pacrmpenensercs B

COOTBETCTBHH C PAcHpeIeleHHeM IOTHOCTH 3apsiaa
snextpoHa e?|W(#, t)|?, rae e — 3apsj BJIEKTPOHA.
Torma cooTseTcTBylolee ypaBHeHue IllpenuHrepa
FIMEeT BHJ

L G) h? — 5 5

lhT = —ﬁAq"(T, t) + VC(T', t)‘P(r, t), (1)
rae NOTCHIIAJIbHAs OHEPTUA B3aHMOHCﬁCTBHﬂ
3JIEKTPOHA ¢ MHUMBIMH 3apsaaMu (MHTETPHPOBAHNE
BEJIETCS 0 KOOPAWHATAM BCEX MHHMBIX 3apsJiOB)

OpeaeIACTCSI COOTHOIIECHUEM

ooy ez w@# D o
]/C(r' t) - ZKf |.’7:_?II dr 1 (2)
|# — 7| — paccTosHME OT MHMMOTO 3apsia A0 TOUKH
HaOmofieHns, d — pacCTOSHWE OT  3apsja

(MEHCTBUTENBHOTO WM MHHMOTO) JIO TOBEPXHOCTH
ANEKTPOJIA, K — TUAJICKTPUIECKast IPOHUI[AEMOCTh, M*
— o(pdekTuBHasT Macca JJIEKTpOHA, 4 — pPa3Mep
COJIMTOHA.

Iloctpoenne TouHOro pemeHus ypaBHeHus (1)
SIBIISIETCS. OYEHb CJIOKHOM 3aiadeil. OJTHaKO, MOXKHO
HaiiTn mpuOImkeHHoe pemieHue ypaBHenus (1). B
9TOM CIIy4ae yJaeTcsl TOCTATOYHO MPOCTO MOJIYYUTh
MPUOIIDKEHHYI0 OIIEHKY JHEPTrHI0O COCTOSHHS B
3aBHCHMOCTH OT pa3Mepa COJWTOHA, HWCIONIB3YS
COOTHOIIICHHUE
E(a) = = [IVWG, @)?d7 + [ 1%, )12V, @ 0)dF. (3)

C menpio YHpoOIICHUS BBIYUCICHUH pacCMOTPUM
3a/layy B ClIy4ae OJIHOM  IPOCTPaHCTBEHHOMU
nepeMeHHON. JlJis 3JIeKTPOHOB, JIOKAJIM30BAHHBIX B
KBaHTOBOM  TIPOBOJIE, TOTCHIMAIbHAS  SHEPTHs
B3aumozeicTus V, (X, t) IpUOIMKEHHO MOXKET OBITH
MpPE/ICTABIICHA B BUJIE

Vo(x,t) = —%I‘P(x, £)]2In (g) @)
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Ecnu B cootHoweHnu (4) onycTUTh MHOXKUTEJb,
coJieprKaIuii JjorapudmM, U MOJCTABUTH MOITYUYCHHOE
Belpakerne it V.(x,t) B ypaBHenme (1), TO
MOCIIETHEE MOXKHO TPUBECTH K BUIY HEJMHEIHOTO

ypasHenus lpenuarepa (HY1I) [3]
h? d?w  e? L, 0¥
—ﬁm—?I‘PIZ‘P= lﬁ; (5)
CONUTOHHOE PCIICHUE HEIMHEHHOrO YpaBHCHUS
(5), onmceIBarOIEe JTOKATU30BAHHOE B MMPOCTPAHCTBE
COCTOsSTHHE, U3BeCcTHO [4]. OHO MMeeT BH

Wx,t) = J2a/v exp[i(kx—Et*/h)] (6)

cosh[Va(x—hkt/m*)]

e a=k?*—-2m*E/h?, v = 2m*e?/xh?.
Hopmuposka Bosnosoi ¢yuxiua W(x, t) mo3Bosser
3amucath COOTHOmeHME a = 1/v/a u TeM cambiM
YCTAaHOBHUTH CBSI3b MEXKIY pPa3MEpOM COJIMTOHA,
OIHUCHIBAIOIIETO 3apsil, C MapaMeTpaMHU JCKTPOHA.

YroObl  OLICHUTh  KHHETHYECKYID  DHEpPruio
COJINTOHHOTO COCTOSIHHSI, TOJICTABMM COOTHOILICHUE
(6) B IepBoE citaraeMoe B PaBOM YaCTH COOTHOIICHHUS
(3). BpruuciieHuss HOCAT JOCTATOYHO TPOMO3IKHMA
XapakTep, HO B Pe3yJbTaTe HHTErpaj yIaeTcsi CBECTH
K IBYM TaOJMYHBIM HHTETpanam [5]:

+0o0
h2 d 2
Ey = — —W¥(%,a,t)| dx =
Kk me |dx ( )
R e 2 Lo (X ke
~m Rkt [ES‘“ (5‘7)+

- yqg2cosh* (g 7
hkt)] d 2h%(a’k? + 1) 4h?
—Vdx =

m*va3 T 3m'va®

6h%(a’k?+2)

e )
3m*va

Beraucnenne NoTeHIUAIbHON YHEPTUH COCTOSTHUS
OCYIIIECTBIISICTCSl AHAJIOTHYHBIM 00pa3oM, IS 4Yero
HE00XOMMO MOACTABUTH BO BTOPOW WEH B IPaBOM
yacTu cooTHomeHus: (3) BelpaxeHus (4) u. (6).
Wurerpan taxke ynaercs cBecTH K TabaumuyHoMy. B
pe3ynbTare MoJy4aeM BhIpakeHUE BUIA

Eq = f WCx, a, 017V, (x, O)dx =

4e? a +oo dx 16e? a
T nE f_°° cosh4(£_ M) PN ll’lE. (8)
a a

Pemenne (6) ypaBHeHU (5) sBAsSETCS TOYHBIM. B
TOXKEe BpeMs, YTOOBI TONYYUTH ypaBHeHHWE (5) W3
ypaBHenus (1) B pabore [2] ObulO crenaHo
NPENONIOKEHHE O TOM, 4To MHOKkHTens In(a/d),
BXOAAIIMA B  cCOOTHOMIeHWEe (4),  sBiseTCS
HECYIICCTBEHHBIM, T.€. IO TOPSAAKY BCIHYMHBI
CpaBHUM € eanHuLed. Ha 3ToM OCHOBaHUUM JaHHBII
MHOKHTEITh OBLIT OTOPOIIICH TAKKE U MPU BEYHCICHUH
MPUOIIDKCHHOTO 3HAYEHHS SHEPTUH  COJUTOHHOTO
coctosHMA.  OnHaKo  yKa3aHHBIE  JOMYIICHHS
MO3BOJIIIOT PacCMaTPUBATh COOTHOIIEHHE (6) Kak
NpuOIIDKeHHOE pemieHne ypaBHeHHs (1).  3Oto
O03HAaYaeT, 4YTO, ©CJIM  y4eCcTh  yKa3aHHBIH
JIOrapu(MUUCCKHHA MHOXKUTEIb TPH BBIYUCICHUU
OHEpruv, TO TOYHOCTb TIIOJYYCHHOI'0 3HAYCHUA
OHEprum JOJDKHA 6LITI) BBIIIC 110 CPAaBHCHUIO C
TOYHOCTBIO PE3yJIbTaTa, TIOJy4eHHOTO 03 y4eTa 3TOro
MHOHTEJIS.

x
+ k?cosh? (= —
a a
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I/I3BeCTHO, 4qTOo INOTCHIIMAJIbHAsA OHEprus
OJICKTPOCTATUYECKOT'O B3aHMOHeﬁCTBHH B TMPUHIHUIIC
3aBHCHT OT pa3Mepa COIIMTOHA CIEAYIOIUM 00pa3oM:
Eqp~1/a® [6]. B Toxe Bpems, Kak BHAHO W3
cooTHomreHus: (8), B maHHOH paboTe TMoIydeHa
3aBucuMocth Buaa In(a/d)/a®. OnHako naHHBII
pe3ysIbTaT He NMPOTHBOPEYUT H3BECTHOMY M MOXKET
OBITh KOPPEKTHO OOBSICHEH CICIYIOIAM 00pa3oM.
YpaBHenue (5) ABIseTCS HEMUHEHHBIM OTHOCHTEHHO
HEWM3BECTHOM (YHKIIMH, B TO BpeMsS KaK YpaBHECHHE
Ipenuarepa (1) sBisercs nuHeHHBIM. Ecmm ke
[peJICTaBUTh JorapubMudeckuii Muokutelb In(a/d)
B BujIe psina Teiliopa v OrpaHUYUTECS TOJILKO MTEPBBIM
YJICHOM PpAa3loXKEeHMA(T.€. PAcCMOTPETh JHHEIHOe
NPUOIIMKEHUE), TO B BEAYILEM ITOPSIIKE Pa3JIOKEHUs
3aBUCHMOCTh JHEPIMU B3aHUMOJICIHCTBHSL OT pasmMepa
conuToHa IpuHUMaeT Bux 1/a?.

MOXHO 3aKJIFOYUTh, 4YTO  OIEHKA OHEPTHH,
COOTBETCTBYIOUICH DEIICHHIO B BHIE COJUTOHHOTO
COCTOSTHHS, OIHCHIBAIONIETO OJMHOYHBIN 3JIEKTPOH
BONM3M IIOBEPXHOCTH METaIa, pPealn30BaHHAS B
pabote [2], MeeT MEHBIITYI0 007IaCTh TIPUMEHIMOCTH,
YeM IOJTydeHHAasl B TJaHHOH padoTe.

JlaHHBII BBIBOA MMEET U NPSAMOE OTHOUIEHHE K
OIICHKC pa3Mepa COJMTOHA (G B CPaBHCHUH C
paccTosiHEEM J0 3JekTpona d. Eciu momoxXure, kak
9TO caeaHo B pabore [2], uro In(a/d)~1, To Torma
mojydaeM a~ed, Tae e — OCHOBaHHE HaTypaJbHOTO
norapuma. Takum 06pa3oMm, TOITy9IaeTcs, 9To pasMep
conuToHa B 2-3 pas3a OoJblle, YeM pPacCTOSHHUE IO
DIIEKTPOZa.  DTOT  pe3yibTaT  COIJIACYeTCs  C
TMOJLy4EHHBIM B BBIILIECYTIOMSIHYTOU pabore
YTBEPIKACHHEM O TOM, YTO pa3Mep COJMTOHA JOJDKEH
MPEBBIIATH PACCTOSHUE 110 AIeKTpoaa. OqHAKO, TaKas
OLIEHKA pa3Mepa COJIMTOHA SIBIISIETCS JOCTATOYHO
rpyboit. Ecim  He  TpeOoBaTh  BBIMIOJHEHUS
BBIIIEYKA3aHHOTO orpanuueHuss Ha In(a/d), 1O
MOJXXHO, TPUMCHHUTH Pa3UYHBIC PA3IIOKCHUS JUIS
¢yHKIME JorapudMa B psAApl. OTO B TIPHHITUIIC
MTO3BOJISIET, BO-TIEPBBIX, HAXOIUTH Pa3Mep COIUTOHA B
TeX JWana3oHaX 3HaueHWd aprymenra a/d, mnpu
KOTOPBIX JOITYCTUMO TO UJIKM HHOC TaKOE€ PAa3JI0KCHUEC,
a BO-BTODPBIX, OMNpEACIATh pa3Mep C Tpedyemoi
TOYHOCTBIO. B mocnennem ciydae OyJaeT JOCTaTOYHO
Y4eCTh HE0OX0AUMOE KOJIMIECTBO WICHOB psizia Ooiee
BBICOKUX IIOpSAAKOB. B ToXe BpeMs, IOCKOJIbKY
paccMaTpuBacCMbIC BBIYHCIICHUS HOCAT
MPUOJIVDKCHHBINA XapaKTep, OYCHb BBICOKAsk TOYHOCTD
OIIpeIeJICHUsI pa3Mepa COJMTOHA HE MOXET OBITh
MOJy4eHa, TaK KaK B HEKOTOPBII MOMEHT TOYHOCTB
HCTIONIb3yEMOTO  MPUOJIKCHUS  OKaXETCSl  HIKE
TOYHOCTH PA3IIOKCHHUS B PSI.
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YPABHEHHE JUIs1 NOITPABKU BTOPOTI'O ITOPSIIKA K IIVIOTHOCTH
KOHAEHCATA BO3E-ODOUHIITENHA
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HccnenoBanne  koHpaeHcaTta  bosze—Diimreitna
(BEC) HaxoquT mIMpoKoe MPUMEHEHHE TIPH PELICHUH
3aj1a4 B TaKUX 00J1acTsX (PU3MKU Kak aToMHas (PH3HKa,
(¢u3MKa MarHWUTHBIX SBJICHHMH, ONTHKA,  (u3MKa
KOHJIEHCUPOBAaHHBIX cocTosiHmiA [1-3]. CymiecTBeHHO
HEJMHEHHBIN XapakTep MOJENH, MPUMEHSEMON ISt
ONMMCAaHUS CBOHCTB JaHHOW (OPMBI MaTepuw,
o0yclaBnMBaeT TMOsBJICHHE B HEll pelleHWid B BUE
JIOKAJIN30BAHHBIX COCTOSHHUN THIIA COJMTOHOB FUTH
COJIUTOHOMOJOOHBIX ~ O00BeKkTOB. [l  ommcaHws
comutoHoB B BEC mpumensiercs ypaBrenue ['pocc-
[TuTaeBckoro, KOTOPOE NOMYCKAaeT MPEICTaBICHHUE B
BUjJe ypaBHeHWH ruapoauHaMuku [4]. Tlockombky
peleHne HEeJHMHEHHBIX YpaBHEHHHA B 0OIIeM cirydae
SIBIIETCA  CIIOKHOM  3ajaued, [uid  TOJy4YeHus
AHAJIMTUYECKOTO PElICHHs PUMEHSIOT DPa3JInyHbIe
npubmmkeHus. Tak, B pabore [5] mig momydeHHs
pEeIICHWH THIIA CBETJIOTO0 COJIMTOHA B KBa3W-
omHomepHom BEC wucnonb3oBaHa INOCTpOcHHAsl B
pabore [6] cucTema  ypaBHEHHI  KBaHTOBOM
THAPOANHAMHMKN C YYETOM ‘TPEThero IopsiaKa IIo
pamycy B3anMOJCHCTBHUSL. DTa CHCTEMa JUIsl aTOMOB,
HaxXOJAIIMXCSA BO BHEINHEM ToTeHImane Vo, (7, t) u
B3aMMOJICHCTBYIOIIMX MEXIY CO00H C IOTCHIHAIOM
U(r), nmeeT BUA

9,n(#t) 4+ 0%, Yv*(#,t)) = 0, 1)
1
mn(#, t)0,v* (7 t) + Emn(?, £)0%v2(7,t) —

h? h? %n(#, t)oFn(# t)
- pa 2 g )
4m6 An(7,t) + o d < ) >

1
—Yn(#,t)d,n(# t) — EYzaaAnz #t) =

= —n(#, )0V, (7, 1), 2

- arz
rae n(r,t) — KoHueHTpauus wuactum, v*(7,t) -
noJieBast CKOpocTb, A - onepatop Jlamiaca, m — macca
41T 3 0U(r) 41 5 0U(r)
gactuuel, Y = — [ r° ——=dr, Y, = — [ r>——=dr.
1B, 3 / ar 12 15f or
B pabote [5] B (1+1)-MepHOM ciiydae A1t CHCTEMbI
ypaBHeHui (1)—(2) nosry4eHo SBHOE BBIpaXKEHUE IS
nonpaBku Ny = Ny(X,t) K BEIMYUHE PABHOBECHOM

koHneHtpamn dactun BEC  n,.  Beruncnenus
NPOBEJICHBl HAa  OCHOBE TEOPHHM  BO3MYILICHUMH
C WCIOJIb30BaHUEM _IOAXO0JA, = MPEIUIOKEHHOTO B
padore [7].

B pamkax 1aHHOTrO ogxo/a y100HO BBECTH HOBBIE
He3aBHCHMBIE TIEPEMEHHBIE, HCIONB3YS CICIYIOLIHe

(hopMyIIBL:
E=e2(z=ut), v = £3/%ut, )

rae uw — (asoBas CKOPOCTh BOJHBI, & — MaJbIi
Oe3pasMepHBIi ~ mapameTp.  BwlpaxkeHus A
KOHLEHTPAI[MH YacTHII W TOJEBOH  CKOPOCTH
3aITUCHIBAIOTCS B BUJIE CICAYIOMINX Pa3I0KEeHHUH:

n=ny+en, +&%n, + -, (4)
V=gV + 20, + . ()

Cuuraetcs, 4TO paBHOBECHAas KOHIICHTPAIUS T
SIBJIIETCS IIOCTOSHHOM BEJTHYMHOM.

Bceaencrsue ocobOeHHOCTEH HEJIMHEHHOTO
XapakTepa 3aJauyd  OOBIYHBI MpUEM  TCOPUH
BO3MYILICHHAH, OCHOBAaHHBIM  Ha  IIOJICTAHOBKE
cootHoutennii (4) u (5) B ypaBuenust (1) u (2) u
MOCIEAYIONEM  NPUPAaBHUBAHUHM  APYT  JPYTY
BBIpQKCHUH C OJMHAKOBBIMH CTCTICHSAMH &, HE
TNPUBOINT K MCKOMOMY pe3ynbTary. Ecim BeImmcath
YpaBHEHUS TIEPBOTO MOPSI/IKA TI0 €, TO YAACTCS HAWTH
TOJIBKO CBSI3b MEXKIy IMOMpPaBKaMH N; U V;, KOTOpas
UMeET BUI N, = Ny, /U. JIJIA TOro, 4T00b! HOJYYHTh
SIBHOC BBIpOXCHHE JUIA N, IOHAN00ATCS TaKKe
YpaBHEHHUsI BTOPOTO Tmopsinka mo &. OmHako 3TH
YpaBHEHUS yXe OyIyT BKIIIOYATH MOMPABKU Ny U V.
Tem He MeHee, paccMaTpuBaeMas 3a/1adya TakoBa, 4To
W3 TIEPBOTO ypPaBHEHHS BTOPOTO TIOPSAKA MOKHO
BBIPA3UTh IONMPAaBKH BTOPOIO TMOPS/AKA  uepes
MOTMPABKH MEPBOTO TOPSIKA, & 3aTeM TIOJICTABUTH UX
BO BTOPOE YpaBHEHKE BTOPOro Nopsiaka. B pe3ynprare
MOJYyYaeTCsl ypaBHEHHE, KOTOPOE COACPIKUT TOIBKO
n,. OTo ypaBHCHUE UMeeT BUIl ypaBHeHus Kopresera-
ne @puza v ero peneHne Xopoio u3BecTHO [8]. mest
BBIpKEHHUE IS N4, MOYKHO HAWTH TIOTIPABKY V; .

IlpencraBnser wHTEpec HalibHElIIee H3IyUeHUE
[TOBEIEHUS BEC B THJIPOAMHAMHUIECKOM
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