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WNccneposana ponb BHYTpULLENEBbIX COCTOSIHUIA B NpoLLeccax NepeHoca 3apsifia BAOJb CBEPXMPOBOASILLENA Lienn
KutaeBa koHe4yHoi gnuubl. Npu paccmoTpeHnn 3Toii 3ajadn Mbl UCnosib3yeM hOPMasn3M HECTALMOHAPHbIX
byHkunii puHa, KoTopble COAepXKaT MOJHYIO MH(POPMALIMIO O HEPABHOBECHBLIX 1 HECTALMOHAPHbLIX CBOWCTBAaX
cucrembl. Mbl 0BCYyANM TYHHENbHBIA TOK M HECTAaLMOHAPHbINA NepeHoc 3apsifa B KoHevHon uenu Kutaesa Bo
BHYTpULLENeBOM pexume. B npegnonoxennn, 4to koHedHasi uenb KnTaeBa coefmHeHa Ha KaXKAoM Kpae co
CBOVM COBCTBEHHbBIM BHELLHUM KOHTAaKTOM (HOPMalbHbIM Pe3epByapoM), MOJy4UM 3aBUCSILLEE OT BPEMEHN MO-
BefleHNEe TYHHENbHOro TOKa NOC/ie BHE3aNHOro W3MEHEHNs HANpPsKeHUs CMELLEHUS HA OAHOM N3 KOHTAKTOB.
«MallopaHOBCKas MoAa» Ha OAHOM Kpato uenu pe-
arvpyeT nocjie TOro, Kak BHELIHee BO3MyLLeHMEe OeACTBYET Ha «MaliOPaHOBCKYHO MOAY» Ha APYroM Kparo.

nOJ'Iy‘-IeHHbIe PE3YNIbTaTbl NOKAXXYT, HAaCKOJZIbKO 6bICTpO

npep,CTaBﬂeHbl NONTHOCTbIO aHAJINTUHECKNE NPsAMbIE€ BbIHUCNEHNSA TOKa, B OTJINHMNE OT MHOIMX OPYyrnx mMeTonoB.
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1. BBEAEHUE

B mocieanme mecarmiaerns 60IbII0 BHUIMAHIE Y€~
JIsleTCsl CUCTeMaM, B KOTOPBIX IOSBJISIIOTCS COCTOSIHUS
C «TOIIOJIOTUYECKU HeOObIYHbIMEY cBoiicTBamu. OHa-
KO I TPAKTUYECKOI'O HCIIOJIb30BAHUS MBI JIOJI?KHBI
YMETb OICHUBATH KOHKPETHBbIC (DUBUTECKUE XapaKTe-
PUCTUKU paccMaTpPUBaeMOil CHCTeMBbl B JIONOJHEHUE K
MaTeMaTUYeCKO HHTEepHpeTalluil CBONHCTB OCHOBHOI'O
cocrosinus cucreMbl. OJIHOM U3 TPOCTERIITUX MOJIEIei,
JEeMOHCTPUPYIOIIUX CBOUCTBA, KOTOPhIE JOIIyCKAIOT TO-
IIOJIOTUYECKYIO MHTEPIIPETAINIO, SBJIAETCA aTOMHas I1e-
[I0OYKA C P-BOJHOBOW CBEPXIIPOBOIUMOCTHIO OECCIIMHO-
BbIX uacTul, npemiokenHass A. Kuraeseim [1]. Oc-
HOBHOW MHTEPEC K MOJEU B MOCJEIYIONINE TO/IbI ObLI
BBI3BaH HETPUBUAJIBLHON TOIIOJIOIMYECKON MHTEpIIpeTa-
et CBOMICTB e€e OCHOBHOT'O COCTOsSHUs. DbBIJIO TOKa-
3aHO, UYTO B CHJIy <«TOIOJOTMYECKUX IIPUYUH» BHYTPHU
CBEPXIIPOBOJAIIEH 11e/I BO3HUKAIOT KBAHTOBBIE COCTO-
sAHUsl, JIOKAJM30BAHHBIE HA KPAasX IEMOYKH. DTU CO-

* E-mail: ars@lpi.ru

CTOSIHHSI, 9aCTO Ha3bIBAEMble «MailOpAHOBCKMMH MO-
JlaMu», OOBIYHO CBSI3BIBAIOT C CYIIECTBOBAHUEM KBa-
3MYACTUIL [2], UMEOMUX POJICTBO € MAHOPAHOBCKUMHU
depmmonamu [3].

BosMoxKHBIE  9KCIIEpUMEHTAJIbHBIE — PEAJIN3AIH
9TOil Mozenm OOBIYHO OCHOBaHBI Ha 3hderre OJn-
30CTH B IIOJIyIPOBOJHUKOBBIX IIPOBOMAX C CHJIHLHBIM
CIIMH-OPOUTAJIBHBIM B3aMMOJIEICTBIEM, Pa3MEIeHHBIX
HA CBEPXIIPOBOJHUKOBOH momiaoxkke [4-6]. Tlocaen-
HUEe JIOCTUYKEHUsI B 3KCIEpUMEHTe U 0OCYKJIeHUEe
BOZHUKAIOIINX TPYJHOCTEHl MOXKHO HafiTu B 0630pe [7].

[IpuasaTto cumrarh, 9TO MAJbHEIIEe DA3BUTHE B
3TOil 00JIaCTH MOXKeT OBITh CBSI3aHO C PaCCMOTpPEHU-
eM Mojeseit ¢ adderkTuBHbIM JeiicrBueM JIxkozedco-
Ha, YIUTHIBAIOMIM 3()dEKThl Tha KyJIOHOBCKOH 010~
kapl [8-13]. Ecrb Hagexk1a, U4To JAIbHOIEHCTBYOIee
KYJIOHOBCKOE B3aMMOJIEfICTBIE MOXKET IIOMOYb Iepeia-
BATh CUTHAJ B CHCTEME KOHEUYHBIX Ierovdek Kuraesa c
UCIIONB30BaHuEeM «cocTosgunit Maitopamsry. Ho addek-
ThI Iepe3apsiIKu HEM30€KHO BKJIFOYAIOT IIPOIECCHI I1e-
peHoca 3apsijia, IMOITOMY MBI JIOJI2KHBI OBITH YBEPEHHI,
9TO MPABWJIHHO ONKUCHIBAEM TYHHEJIbHBIA TPAHCIOPT U
3¢ dekThl IepeHoca 3apsijia CHavYaa B CaMOil IIPOCTOi
TYHHeJIbHOU cxeme. Teoperudeckue pe3ysibTaTbl MOXK-
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HO CPaBHUTH C SKCIIEPUMEHTAMU I10 TYHHEJIMPOBAHUIO
B Pa3MYHbIX ycjaoBugx [14,15].

HexkoTopsie Teoperndeckne MCCII€IOBAHUS IIPE/IITO-
JIararoT, 9TO «MaloOpaHOBCKUE COCTOSIHUSI» MOTYT OBITH
HCTOJIB30BAHBI B KAYECTBE BAIUINEHHOTO OT OMMUOOK
criocoba XpaHeHns W mepegadn WHQOpMAaIlnd B KBaH-
ToBoii Texnostoruu [16,17]. OxHaxo eciau cocrosiHue 3a-
IIUIIEHO OT IIPOU3BOJIbHBIX M3MEHEHUI U3-3a BHEIITHETO
IIyMa, Ta K€ 3aIUTa MOXKET CJIeJIATHb CTOJIb YKe CJIOXK-
HBIM U I1€JIEHAIIPABJIEHHOE N3MEHEHUEe COCTOsIHUSI CUCTe-
MBI, 9TO, B CBOI OY€PE/Ib, MOXKET CJIEJIATh HEBO3MOXK-
HBIM UCIIOJIb30BaAHUE CHCTEMBI JIJIs1 KAKUX-JIN00 TPaKTU-
qeckux npuiiozkennit. OUH U3 BO3ZMOYXKHBIX CIIOCOOOB
U3yYUTh, HACKOJIBKO XOPOIIO CHUCTEMa pearupyer Ha
CUTHAJI, — 9TO UCCJEIOBATH €€ HECTAIIMOHAPHDBIE TPAHC-
HOPTHBIE CBOUCTBA.

B paGore [18] mHecranmonaphble 3(hheKThI, CBsi3aH-
HBIE C MOJLYJISIIIell IIPO3PadHOCTH TYHHEJIbHBIX Oapbe-
POB, PACCMATPUBAJINCH B KBA3UKJIACCHIECKOM ITOJIXO/IE.
B sroit pabore paccmarpuBasiach TpexTepMUHAJILHAS
cucreMa, B KOTOPOIl OJIUH U3 KOHTAKTOB (PaKTUIECKU
HCITOJIB30BAJICS [JTsi (DUKCAIINN XUMIIECKOTO ITOTEHIIN-
aJ1a CBepXIPOBOIHUKA. MbI OylieM pacCMaTpUBATD ABYX
TEePMUHAJIBHYIO T'€OMETPUI0, B KOTOPOIl CBEPXIIPOBOJI-
HUK CBS3aH TOJIBKO C JBYMsi BHEIIHUMH KOHTAKTAMI
U I UCCIEIOBAHUS POJIH JIOKAJTM30BAHHBIX COCTOS-
HUI B HECTAIIMOHAPHBIX TPAHCIIOPTHBIX CBOICTBaX BOC-
[10JIb3yeMCsi (DOPMAJIN3MOM HECTAITMOHAPHBIX (DyHKITUIT
I'puna st 9/1eKTPOHOB.

Huke 6ymer mokasano, ITO 9TOT MOAXO/, TIO3BOJISET
HaM I10JIy4aTh AHAJUTUIECKU sIBHbIE BbIPAYKEHUS JIJIsI
TYHHEJILHOTO TOKA U HECTAIIMOHAPHOTO TEPEHOCa 3apsi-
Ja B oTjimdne OoT 0oJjiee CJIOYKHBIX METOJIOB, OCHOBAH-
HBIX HA yPaBHEHWUU JIJIsi MATPUILI ILJIOTHOCTH, 0OCY K-
JaeMbix, HarpuMmep, B [19]. Takzke MbI HOsydaeM BO3-
MO>KHOCTH CPABHHUTH PE3YJIbTATHl KBA3UKJIACCHIECKUAX
pacdeToB ¢ MUKPOCKOIIMYECKUMU U HANTH CBS3b I1apa-
METPOB, UCIIOJIb3YIOIMIMXCS B 9TUX PA3HBIX HOIXOI0B.

Tounsre snexTponnsie Gyukiun ['pura 1a O6ecko-
Heunoit e Kuraesa B paBHOBECHN MOTYT OBIThL Haii-
Jienbl anasmTaaecku [20]. VIX MOYKHO UCIIOIB30BAT /st
HaXOXKJIeHUsI HecTalnoHapHbIX GyHKIuii ['puHa KoHeu-
HOM IIeTH, KOTOPBIE MO3BOJISIOT HAM yBUJIETh, KAK CHU-
creMa pa3BUBAETCsl BO BPEMEHU, €CJIU Mbl IPUMEHUM K
Hell HeKOTOpoe Bo3MyIieHue. U iest Halero paccMorpe-
HUsI COCTOUT B TOM, 9TOOBI PACCMATPUBATH KOHEUHYTO
nenb KuraeBa Kak paspe3anHyio O€CKOHETHYIO IIeIb
WM LElb ¢ CUIbHbIMEA Jedekramu (i e ¢ of-
HUM Da3pe3oM CM., Hampumep, [21]). DTor Tpiok mos-
BOJISIET HAM HCIOJIB30BaTh dyHKInn ['puHa GeckoHed-
HOMl IEIOYKY JIJIsI UCCJIEIOBAHUSI BCEX OJIHOYACTHUIHBIX
cocTosiHUil B cucreme. Haiu BeraucjieHusi He Tpedy-
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0T Kakoi-1ub0 MHTEepIpeTanun 0COOEHHOCTe! B OIHO-
qacTuaHON QyHKIMn ['prHa Kak HEKOTOPHIX OCOOBIX
«COCTOSIHUIT». 3aMeTUM 3/1eCh, YTO IIOJIFOCA OJIHOYA-
CTUIHBIX (pyHKIUN ['prHa, KOTOpBIE MMOSIBJISIIOTCS B IIIe-
JIN CBEPXIIPOBOJIHUKA B ITOW MOJIEJIH, BP JIU MOXKHO
WHTEPIPETUPOBATH KAK OJHOIACTUIHBIE BO30Y K ICHUS.
Hacrostinpe maifopaHOBCKHME YaCTHIBI, 0OCYKIaeMble
B nuoHepckux paborax [3]|, sBisioTca XOpoio oupe-
JIEJIEHHBIMU 9acTUIaMU (KBa3Uu4acTUIAMK) ¢ OObIYHOl
aJIredpoil OIEPaTOPOB POXKJIEHUsI W yHUITOXKeHusl. B
JIF0001 pusnIeckoil 3aj1aue TaKue peaJibHbIe JaCTUIlbI
BHOCSAT BKJIQJ[ B OJHOYACTUYIHYIO (DYHKIHWIO ['puHa c
BBIYETOM, PABHBIM euHwuIle. 1I3BeCcTHO, YTO CBsI3aHHbBIE
COCTOSIHUSI, JIOKAJIN30BaAHHBIE BOKPYT J1e(DEKTOB, TAKUX
KaK napaMarHnTHbIE [22]| nian pe3oHaHCHBIe [23] mpume-
CU C SHEPTUSIMH, JIEXKAIUMU BHYTPHU IIEJIA, YACTO BO3-
HUKAIOT B OOBIYHBIX CBEPXIIPOBOJIHUKAX. TaKue cocTo-
SIHUS SABJISIIOTCH MCTUHHBIMU OJHOYACTUIHBIMU COCTO-
duusiMu. B paccMaTpuBaeMoil 3a/lade Mbl BUIIUM, UTO
TIOSIBJIGHHE TIOJIFOCOB B 3JIEKTPOHHOU (byHKImu ['puHa
B IIEJU C BbIYETAMU, PABHbIME 1/2 gBJisiercs cKopee
apredakTOM MOJE/U, UMEoIIeil BbIpOxkKIeHHOe (B Bbl-
COKOCUMMETPUIHOM CJIy9ae) OCHOBHOE COCTOSTHHE, TeM
[TOsIBJIEHIEM HOBBIX KBa3UYACTHII.

B macrosimeit pabore Mbl IIPUMEHSIEM IIOJIXO, OC-
HOBAHHBII HA HEPABHOBECHBIX JIEKTPOHHBIX (DYHKIIU-
ax 'pura xomeunoit memoukn Kwnraesa. Mbr maunna-
eM C raMUJIbTOHUAHA, BBIPAYKEHHOI'O 4epe3 3JIEKTPOH-
HBIE OIIEPATOPbI, KOTOPBI MOJTHOCTHIO OIUCHIBAET CHU-
cremy. Vcmosb3ys ompejesieHne 3JeKTPOHHOTO TOKA,
MBI JIeJIa€M TOYHBbIE BBIUUC/IEHUs 0e3 KaKUX-JIu00 Mpu-
oJsmmkeHnii. B paMkax 3Toro mojxoaa HeT HEOOXOIIMO-
CTH BO BBeJIeHHU O1epaTopoB MaltopaHbl u yCJIOXKHE-
HAU AWarpaMMHBIX npaBmi. [losrydennbie BhIpakeHust
it yHKui ['puHa 1eoYKu KOHEYHOI JJIMHBI HC-
MTOJIB3YIOTCS JIJIs BHIYUCJICHUS CTAIMOHAPHOTO U 3aBU-
CSIEro OT BPEMEHHW TYHHEJHHOrO TOKa. V3 9Tux BbI-
paXKeHuii BUJHO, YTO TYHHE/IbHBIA TOK Yepe3 «Maiiopa-
HOBCKHE COCTOSIHUS» BHYTPH IEIU BCEra SKCIIOHEHIU-
AJIBHO MAJI JIJTsl JJTMHHBIX IETIOYEK.

2. CBOICTBA N30JINPOBAHHOM
LIEIIOYKHN KUTAEBA

B sroM paziesie Mbl KpaTKO BOCIIPOM3BEIEM HEKOTO-
pble pe3yJIbTaThl, KACAIOIINECS CIIEKTPAJIbHBIX CBOWCTB
KOHEYHOI 1emnu, ucoJib3ys dopmaan3m dyskimit ['pu-
Ha, KOTOPBIN MbI OY/IeM HUCIIOJIb30BaTh B JaJIbHEHIINX
paszenax.

Hagnem co cBobGojiHOMN mieasibHOM menmoukn Kura-
€Ba, IOJIHOCTHIO U30JIMPOBAHHON OT JIFOOBIX BHEIIHUX
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CTaLI.I/IOHaprIﬁ n HeCTaLI,I/IOHaprIVI TOK B KOHEYHbIX LLeno4YKax Kutaesa

cucreM. MoXKHO 3amucaTbh MOJIEIbHBIA IaMUJILTOHUAH
TaKOII cuCTeMbI KaK

. N N-1
H = —u Z 1/1111/% —t Z ("/)jﬂ/}nJrl + wjrl-lwn) +
n=1 n=1

N-1
+ Z (A?pjﬂ/}j1+1 + A*"l}n—i-lwn) . (1
n=1

31ecb 1/);5 u 1, — ONEPATOPBHI POKICHUA U yHUITONKE-
HUsI 9aCTHI[ HA y3JIe N [ — XUMUIECKUN IOTEeHIUaJ;
t — mapaMeTp IepecKOKa MEKJIY JIBYMsI COCEIHUMU Y3~
gamu; A — mapaMerp MOPsIKa CBEPXIIPOBOIMMOCTH,
KOTOPBII B JAHHO 3aJiade Mbl CUATAEM 3aJaHHbBIM I1a-
pamerpom; N — obIriee IHCJI0 Y3JI0B B PEIIeTKe.

Jlu1st HaXOXKIeHnsi TOYHBIX perreHnit dyukmmii I'pu-
Ha Jyig raMmibToHmaHa (1) ymo6HO HCHOJIB30BATH
dyuknuu ['puna 6eckonetnoit nenoukn Kuraesa. /leit-
CTBUTEJILHO, MOYKHO CMO/JICJTUPOBATE MOBEIEHIE KOHEY-
HOMl IEMOYKY, UCIOJIb3ys OECKOHEUHYIO MEMOUKY C bec-
KOHEYHO CUJIbHBIMU TOYeYHbIMU JjledperTamu U — +00,
nobassiennbivu B y3iax 0 u N + 1 (em. puc. 1). B pe-
3yJIBTATE YACTHUIIBI, HAXOMSIINECT MEXK Ty STUMU JBY M
y3J1amMu, OyIyT MOJHOCTHIO M30JIMPOBAHBI OT BHENTHUX

qacTeil 1enovku, a dyuknun ['puna Oy/1yT UIEHTUIHBI
byukmuam 'puna konedHoit mnernodku IiauHbl N, 10-
Ka apryMeHThl — HOMepa y3JI0B — JiezKaT Mexy 0 u
N + 1. Takum 06pa3oM, MOBEJCHUE CUCTEMBI OIHUCHI-
BAETCs CJIELYIONUM TaMIJIBTOHHAHOM, COOTBETCTBYIO-
M CHCTEME Ha, PUCYHKE:

H=Hy+V, (2)

rae

- MZ Din — tz (wiwnﬂ + "l}jl_l,_lwn) +
+ Z (AW ¢n+1 + A*%Hd}n) ,

V= U (9o + 0l 1w )

DTOT raMUIBTOHHAH HWJEHTHYEH raMuibToHnany (1)
upu U — oo. Urobbl Haiitm dusnmdeckne CBOHCTBA
[ETIOYKH, MBI BOCIIOJIb3YeMCst (hOPMATU3MOM HOPMAJTh-
HBIX U aHOMaJjbHbIX (yHKImi ['puna, 0603HAYEHHBIX
KaK G (6,1'), Fum(t,t') coorBercTBenno. B aroii pa-
60Te MBI OyJIEeM HUCIOJb30BATH CJIEIYIOIINE OIpeesie-
nust dpyukiuit ['puna:

R / _ Gfm(t’t/) F,,ﬁ”(t,t/) . {’l/)n(t T)'L } {wn(t)vwm(t/)} _
Fonll )_<Ff£(t,t’) Gﬁ&(t,t@)_ ’<<{wz(t Ut} {w*(t,wm(t’>}>> e @
A o [GRL ) Fo () {vn(@®), 5,0} {n(t), Ym(t)} B
F’””(t’t)_<Fﬂ(t t) Ga, t’)>_ <<{w L)k @) {el ), et }>> — W
- Gom () Fr,t) )\ Yh ) n () Y (t)hn (t)
Font:0) = (Fni,t(t v et >> - <wnt L) m<t'>w;2<t>>> ®)

31ech {d, 13} = ab + ba, (a) = Tr(pa). Napmekesr R u A
0003HAYAIOT 3AlIa3/BIBAIOIIIE U OllepeKaIomue QPyHK-
nuu ['puna.

Ucnons3ys ypasuenne [laticona /ijisi raMiIbTOHIA-
Ha (2), MBI MOXKEM BBIPA3UThH 3alasjblBaromine OyHK-
mmm [puma TF (¢,
dbynxumit puna TOF (t,¢') 6eckoneunoit memoukn. B
[punoxkennu nokasano,aro dbyuknun ['E (w) umeror
HOJIIOCBI B TOYKAX W = Fwy, IJe

[A] (427 — p?)

') KOHEYHOI IIEIOYKU B T€PMUHAX

_ XﬁJrl Xllerl) (6)
zt\/4t2 IA[%)
31ech
— A in/4t2 — (u? + 4|A|?
o ChENIPGEAAD)
2(t + |A])
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Tockomnbky |x+| < 1 (cm. 52), Beipaxkenue (6) 3aiicaso
qutst caaydaast [x+| < 1. Jast gocrarouno 6osbimx N
Wo MAaJIO TI0 CPABHEHUIO C JPYTHMH HAPAMETPAMHU CH-
CTeMBI U yOBIBAET SKCIOHEHIIMAJIBHO TIPH yBEJIUICHUN
JUIMHBL 1ienouku N.

Hust cayqaes |A| << t u |A] < t,|A| = t «3Kcmo-
HEHIIHAIbHAs MaJOCTh» BbIpaykeHns (6) mo N mozxKer
OBbITH TI0KA3aHA SBHO:

4|A e~ NUAIY |A| << t,

(t

OKCIIOHEHINAJbHOE YObIBAHUE W) IIPU YBEJIMICHUN
JITUHDBL TIETIOYKH O0bICHSIETCsT SKCIIOHEHITNAIBHO CJia-
OBIM TIEPEKPBITUEM JIBYX CBSI3aHHBIX COCTOSTHUN HA ITPO-

Wy =
2te_N1“< 2t/(t—|A\))’ _jA) <t

TUBOIIOJIOXKHBIX Kpagx Ienodku. Mcmonbsys (8), Mbl
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MOZKEM OIIEHUTH JIJINHY JIOKAJU3AIMU CBA3aHHBIX CO-
CTOAHUI KaK

alt/ A),
o/ n (VE/E=TAD), (~1A) <1,

Al << t,

9)

~
loc —

IJle @ — MOCTOSTHHAST PEIIEeTKH.
Takast IKCIHOHEHIUAJIBHAS 3aBUCHMOCTH HAOJIIO-
Jajach B
HCITOJTb30BAHIEM
omcaHHoM B [15].
B mpenene N — oo cocTosgHusi BOKPYT KarKJIO0TO

9KCIIEDUMEHTE II0 TYHHEJIUPOBAHUIO C
METOJIOB KYJIOHOBCKON OJIOKA/IBI,

Kpasl e HAIMHAIOT BECTH cebst TaK, KaK OYATO Iemb
nosryoeckonevna. [Ipu sToMm 3T JiBa moJrroca ¢ BbIueTa-
MM, PABHBIME 1/2, BMECTe COOTBETCTBYIOT OJIHOMY BO3-
oyxaenuto Pepmu, KOTOPOE PABIELTCHO MEKIY IBYMS
kpasgmu nenn. Takum 00pa3oM, BBIYET B TEPMUHAX CO-
OTBETCTBYIONINX BO30YKaeHuit Borosmobosa pasen 1,
KaK U JI0JKHO ObITh. HO 1ursijist TOJIBKO HA OMH KOHEIT
[EIN, MBI «BHJMM» TOJIBKO IIOJIOBUHY 9TOTO BO30YZK-
JieHusi. D710 Bo30yxKjeHue Pepmu oveHb crerudud-
HO, ITOTOMY YTO 9TO BO30YXKJIeHUE, KOTOPOE CBA3bIBAET
JIB& OCHOBHBIX COCTOSIHUS ¢ PA3HON YETHOCTBIO (IUCIIOM
9JIEKTPOHOB), HO C BBIPOKJIEHHBIMU SHEPIHSIMA.

DTO0 yTBEpXKJIEHUE MOYKHO JIEIKO ITPOUJLIFOCTPUPO-
BaTh Ha IIPOCTOM IIPUMEpEe JIByXy3esbHOI 1enu. [a-
MutbTOHUAH (1) 7Tst IBYX CAfTOB MOXKHO JIETKO JIHAro-
HaJIM3UPOBaTh C MOMOIIBIO IIpeobpaszoBaHusi BoroJito-
6oBa. B repmunax oneparopos BorosmoboBa raMmiibTo-
HUAH MPUHAMAET BU/L

H2 = Eo =+ 510—{61 -+ 626502, (10)
rje
_ W) (@] - o)
Cl2 =1U v y
’ V2 V2
1
viu? = (I:I:ﬁ) ,
2 t
A
c12=10(1F N
—p
Hass A = /t? —p? (uro B caygae p = 0 gaer
A = 1) mbl nostydaeM €1 = 0 (permenne (53) st ciy-

qag N = 2, w = 0). Torma |®g) = %(1/}1[ —d) |0)
COOTBETCTBYET OCHOBHOMY COCTOSIHMIO U Y/IOBJIETBO-
pser c¢12 | Do) 0. B 1O 2Ke Bpemsi, COCTOsIHUE
1®1) = ¢l |Bg) = (v + ublepd) [0) ToKe MMEET HyIEBYIO
SHEepruio, YTO O3HAYAET, YTO OCHOBHOE COCTOSIHUE BbI-
pokieHo. JIjist MaTPUYHBIX 3JEMEHTOB MEXKJy STUMU

OCHOBHBIMHU COCTOAHUN MbI IMeeM

(Bo| v1 [®1) = u/V2, (1] e [Po) = v/V2.
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Puc. 1. Beckoneynas uenodka Kutaesa ¢ asyms gedektamu

DT0 03HAYAET, YTO B OJIHOYACTHIHON PyHKIMH G111 1IpH
w = 0 HOgABJISIETCS HOJIOC C BBIYETOM, PaBHBIM 1/2.

3. TYHHEJIBHBIII TOK

CravaJia pacCMOTPHUM CTallMOHAPHBIE TYHHE/IbHbIE
cBoiicTBa 1ienin Kuraesa. J[j1st 9TOro MbI Ipe o I0KnM,
qro B y3sax 1 u N 1ens IpucoeuHeHa K IBYM BHEITHU-
MH pe3epByapaM ¢ OOJIBIIIM YUCJIOM CTeleHeir cBOOO-
JTbI, 0003HAYEHHBIMU WHJCKCAMY [ U 7" COOTBETCTBEHHO.
Torma moJ/HBIN TAMUJIBTOHAAH MOXKHO 3aINCATh KaK

H=0+Y 7 (hg,wl + wihﬁ,) +
P
+ > (hten + wlny) +
p

Lpltyl ryripr
+ Y ELRMRL + Y Ephethy. (1)
p p

Tok, Tekymuit B 1enb Uepe3 y3ea 1, onpejessercs
06branbIM criocobom ( [24]) kak

L) =iy 7 <h§j¢1 —1/;Ih]lg>. (12)
p

Wcnonb3ysa dopmain3M HeCTAIMOHAPHON HarpaMM-
HOIl TEXHUKM, 9TO BbIpaskKeHHe MOYKHO IIEPEINCaTh KaK

0(t) ==Y 1 (Gia () - 6Ty (), (13)
p
e
G t.0) = [ dngs(e. )Gt (1,004

+/dtlgg(t,tl)r;éfl(tl,t),
Gy, (tt) :/dtléfl(t,tl)r;g;;‘,(tl,t)Jr

+/dtléfl(t,tl)r;g;(tl,t).

IIapameTp p cOOTBETCTBYET COCTOSTHUSM BHYTPH 000MX
PEe3epByapoB; gap(w) — dbyukims I'puna B pesepsyape
v, KOTJIa OH OTCOEJMHEH OT IIEIOYKY, IJIe (v IPUHIMAET
3HaYeHus [ u T G‘fim(t, t1) — rounbie pynkuuu 'puna
IENN, YIUTBIBAIONINE TIEPEXOIBI B PE3EPBYaPHI.
CylIecTBEHHO, YTO TYHHEJIbHBIA TaMUJILTOHUAH
(11) n ryHHeabHBIH TOK (12) BBIpaXKEHBI B TEPMUHAX
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HACTOSIIUX 3JIEKTPOHHBIX OIEPATOPOB, M 3aBEIOMO
JAal0T OTBET JJIs PEaIbHOIO IJEKTPUIECKOTO TOKA B
cucreMe.

OTMmeTnuM, 9TO MOMBITKU UCIIOJIb30BATh (M (DEKTUB-
HbIE TAMIJIBTOHUAHBI B TEPMUHAX OMEPATOPOB Maiiopa-
HOBCKUX KBa3WIACTUIL IACTO IIPUBOJIAT, HA HAIIT B3TJISI],
K COMHHTEJIbHBIM OTBeTaM, TaK KakK oOpallleHne ¢ Maiio-
DPaHOBCKHMMHE OIlepaTopamMu TpedyeT OOIbINOoi OCTOPOK-
Hoctn u BHUMaHus. V3-3a kauddopIoBCKux mepecta-
HOBOYHBIX COOTHOIIEHUI HEIIOCPEICTBEHHO JjIsi Maiio-
PaHOBCKHX OIIEPATOPOB HET TeopeMbl BuKa M mapHbIe
KOPPEJIATOPHI He UMeIoT cMmbicia dyukimuit 'puna, co-
CTaBJISIFOIIUX OCHOBY OOBIYHON JIMarpaMMHOI TeXHUKH.
B pacuerax, npejcraBieHHBIX B CTaThe, Mbl HE CTAJI-
KHUBaeMCsl ¢ KAKUMU-JIHOO CJIOXKHOCTSIMU, ¢ KOTOPBIME
MBI CTOJIKHYJINCH OBI, ec/ii Obl paboTasiu ¢ ornepaTopa-
mu Maitopannt. [l 3aga4umn 0 KoHedHOM 1enouke Ku-
TaeBa MPOU3BOJILHOM [IUINHBI, BCTABJIEHHON MEXK/Ty JBY-
Mgl IIPOBOJIAME ¥ OIHCBIBaEeMOfi ramuibronunanoM (11),
MBI BBIYUCJIMIIN TOYHO 3J1eKTPOHHBIH ToK (12). Heynn-
BUTEJILHO, 9TO MOTYT MOSIBJISITHCSI HEKOTOPBIE PACXOXK-
JIEHUST MEYKJy HAIMME PE3yJIbTaTaMU U Pe3yJIbTaTaMu
[25-27] u apyrux aBTOPOB, IOCKOJIBKY MOC/IEHAE Obl-
JIX TIOJIy9YeHbl C UCIIOJIb30BAHUEM Psijia TPUOJIMKEHUI B
[peJICTaBIeHIN OnepaTopoB MaiiopaHbr.

B pgasnbHaeiineMm Mbl, KaK OOBIYHO, IIPEJIIIOJIATAEM,
9TO U3-3a OOJIBIIIOIO YKCJIa YaCTUIL U CTelleHell CBOOO b
B KaXKJOM pe3epByape (DYHKIIUs PACIPEICSICHU Iac-
THIL CYIIIECTBEHHO HE MEHSIETCsl HA MPOTIKEHUU BCErO
9KCIIEpUMEHTa U, CJIEJIOBATEJIbHO, KaXKJIblil pe3epByap
0OCTaeTCs TPAKTUIECKU B paBHOBECHOM cocTosauu. O1-
HAKO CHCTEMa B IEJIOM HEe HAXOJUTCs B PABHOBECHUH,
XOTsI B 9TOM pa3jlesie Mbl CUMTAEM ee CTAIMOHAPHOI, a
BeJIMYMHA TOKA HE MEHSIETCsI CO BpeMmeHeM. Takum 00-
pasoM, Bbipazkenue (13) MOXKHO Hepenucarsb ¢ UCHo/Ib-
30BaHMEM YaCTOTHO-3aBUCUMbIX (yHKIwmii ['puna cire-
JIYIOITUM 00pa30oM:

dw / ~ ~
_ 1
1=-3 [ 5 (G - Giuw). 09
31ech
G 1 (W) = g (W)L G (W) + gl (w) TGy (w), )
15

éf,lp(t7t) = éfl(w)rzl)gl’;‘)(w) + éfil(“)ﬁéﬂé(“)-

Wer MozkeM yIpOCTUTH 9TO BBIPAYKEHUE, €CJIH BBe-
JieM HEeIIPUBOIUMYIO YacThb

25(1“‘)(@ = Z (7';Y

p

g4

)2
TOF,D;a, MBI MO2KEM HCIIOJIb30BaTb, 9TO

Ba W) = na(w) (35 (w) - 2i W),

(w)- (16)
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rie ne(w) — dyakuun pacnpenesnerns Pepyu—Tupa-
Ka Jyist pesepByapos [ u . Torma ypasuenue (14) moxker

dw

ObITH IepernmncaHo Kak

- [ 32 (=) - SFw) x
% (miw) (T @) =T, @) =I5, @)) . (7)

I

3ech TOK I 3a/1a€TCsl BEpXHUM JIEBBIM 3JIEMEHTOM MaT-
puusr (f ). Bobipazkenue 9TOro THIa B TEPMHUHAX
HEpPABHOBECHBIX DyHKIWT ['pruHa ObLIO BlIepBbIe BbIBE-
neHo B [24] u noszke npumeneHo B [28]. D10 BbIpa-
JKeHUe KarKeTCsd aCUMMETPUYHBIM OTHOCUTEJILHO JIeBO-
ro ¥ mpaBoro KoutakTa. Ho st crannmonapHoro cirydast
NPABUJIbHO paccuuTaHHblil TOK (17) Beerga MOXKHO 3a-

IIMCaThb B fAABHO CI/II\/Il\leTpI/I‘IHOIU/I d)opMe.

B namewm ciryuae ypasuenue (17) yuporaercs gaiib-
1Ie C IIOMOIIBIO0 COOTHOIIIEHUIt

fil(“) = f‘ftl(w)Ef(wa‘ﬁl(w)—i— ~
+ I N (@) S5 (@)D (W), (18)
091 (@) = T (W) (w)T'f (w)+
+ I N (@)W T (@) (19)
31ech

P 1) = I3 (@) - T (),
50 (w) = £ (w) — BE(w).

Vcnonb3yd mmpo3oHHOE NTPHONKEHWE JId DPe3ep-

Byapos, Oymem
N A ~ g

MBIX 3HAYEHWI W BBIIOJIHAETCS EZ(T) (W) =~ ),

CUYUTATh, YTO /[IJIsI pPaccMaTpPUBae-

. l .
Bl @) & =iy, tae gy = 70 (7)1 1) —
[JIOTHOCTDb COCTOsIHMIA B pe3epByape [(r).
IIpsamas mogcTaHoBKa JaeT

fi= 1w [ SN @I 1)) ~ na(w). (20)

Dopmysa Takoro tuna ObuTa BbiBedeHa B [24]. Cite-
JIyeT OTMETHUTDb, UTO IOJIydYeHHOe ypaBHeHue JJjisi TO-
Ka 4Yepe3 CHCTeMY CHUMMETPHYHO OTHOCHTEJIBHO JBYX
ee KpaeB. DTO, €CTECTBEHHO, O3HAYAET, YTO B CTAIHO-
HapPHOM CJIy4ae TOK, BTEKAIOIIUN B CUCTEMY, PaBEH TO-
Ky, BblITekaloleMy u3 Hee. CoxpaHeHHe II0JIHOTO TOKa
He MOXKeT ObITh HApYIIEHO HU B OJHOW CHCTEME W He
TPeOyeT JONOJHUTEIbHBIX YCAOBHIL, TAKUX KaK PaBHbIE
CKOPOCTH TYHHEJUPOBAHUS UM CHMMETPHYHO IIPHIIO-
JKEeHHOe HaIPsi’KeHIe Ha Pa3HbIX Kpadax. Takum obpa-
30M, IIOSIBJIEHIE ACHMMETPHYHBIX BBIPAXKEHUHN I CTa-
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HUOHAPHOTO TYHHEILHOI'O TOKA, IOy YeHHBIX B HEKOTO-
pPBIX paboTax, KacalolmXcsl CHCTEM THUIIA MENnoukn Ku-
raesa (HampuMmep, [29]), sIBJSIETCS CUTHAJIOM K TIPOBED-
Ke IPUMEHSIEMOr0 IIPUGINKeHNsI. DTO yTBePKIeHIe He
MEHSIETCA JJIsi CHCTEM CO B3aMMOJEHCTBHEM, HO BbI-
BOJI IBHO CUMMETPUYIHOTO BBIPAYKEHUS B 3TOM CJIydae
bostee cioxker. [Ipumepbl TakKoro pacuera JJjisi CUCTEM
¢ JIEKTPOH-(POHOHHBIM B3aUMOJIEHICTBMEM [TPUBEIEHBI,
unanpumep, B [30,31]. Iloguepkuem, uro ypasuenue (20)
SIBJISIETCSI TOUYHBIM U IBHO CUMMETPHUYHBIM JJIs JIEBOTO
U [IPaBOro KOHTaKTOB.

TTockObKY MBI CTPEMHUMCSI MCCJIEIOBATDL CBOMCTBA
HU3KOYHEPreTUYEeCKOI'0 CBA3aHHOI'O COCTOAHUSA, COOT-
BETCTBYIOIIETO «MaflOpaHOBCKOII MOJie», MBI PACCMOT-
pUM ciIydail, Korja IPUJIOXKEHHOE HAIPAYKEHNE MEHb-
e BEJINYUHBI CBEPXIIPOBOJILIIEH Iesn. B aToM ciry-
Yae Mbl MCKJIOYaeM BJIAAHNE KBa3WYaCTUYHBIX CO-
CTOSIHUM HENPEPBIBHOTO CIEKTpa. UTOOBI BBIPA3UTH

I'F\ (w) wepes dbymrkmmn ['puHa H30MPOBAHHOI TIETIOY-

ku IF(w), Mbr mcnonssyenm ypasnenue aficona

TR _ 17R
Fn,nb - Fn,nb

(w) (@) + T 1 (@) B (W) (@) +

+ I N (W W ). (21)

IIpocTeie anrebpandeckue mpeodpa3OBaHUs JAIOT

fﬁN(w) = {i + Vv (i + i’ylffl(w)) I’fN (w)x

x (T4 inTf x(@) TR @) x
X (i + i'ylffl(w)) I‘fﬁN(w) (i + i%.Fﬁ’N(w)) .

rme I — enunmanas marpuna. fAsuas dopma dyHK-
nnii I'puna nym(w) st |w| < |Al,t BbIBOIUTCH B
IIpunoxkennn. IIpocryro dopmy MOXKHO HOTYyIUTDH, €C-
mm A?/(ty) > 1. Coxpanssa Bejymue diensl B (55) 1o
TOMY IIApaMeTpy, [OJIyIaeM

Pl (w) = Cln Lo (22)
b w2 —wd +2i(n +7)Cw — Ay C? \ By -1 )
Oy R ) o)
26(4(t2 — |A]) — p2) 2t(t + [A])?
Toxcrapisist aror orBer B (20), MBI IOy YaeM
- [ B0, O (24)

DT U JaJbHENIINEe BBIYUCIEHIS TPOU3BOISITCS J1JIsT
crremyiomeit nepapxuu napamerpos: t > A > ;.. B
ciydae yp,p
HUEe HEIPEPBIBHOII YacTU CHeKTpa Ha IIPOBOJIUMOCTD,

> A MBI HE MOXKEM HCKJIIOYATH BJINA-

a mHbDOpMAIA O HU3KOIHEPTEeTHICCKUX DPE30HAHCAX
TepseTCs], IIOITOMY 3TOT CJydail Mbl PacCMaTpUBaTh
He OyJieM.

Mp1 Bu M, 9TO BeJMIMHA TOKa (25) IIPsIMO IIPOIIOp-
[UOHATbHA W3, TIO3TOMY TOK KCIOHEHIUAILHO yMEHb-
IaeTcsd ¢ yBeJIMIeHNeM JIHHBI 1enn. Bosee Toro, ec-
an wg = 0, 9TO0 OOBITHO ACCONUUPYETCS C YACTUIIAMMU
Maitopasnbl, TOK depe3 cucremy Boobdie He Teuyer. O6-
paruM BHUMAHUE, 9TO ypasHenue (25) CUMMETPUYHO
0 TTapaMeTpaM KOHTAKTOB | U 7', KAK U JIOJIZKHO ObITh.
AnanornuHoe BeIpayKeHue Jjisi HOPMaJIbHOM KOMIIOHEH-
TBI TOKA OBLIO MOJIy9IE€HO B KBA3UKJIACCUIECKOM TIO/IXO-
Je B pabore [18], rie Tak:ke GBLIO OTMEUEHO, UTO TIUK
[P HYJEBOM HAIPSIXKEHUN B TYHHEJBHOMN MTPOBOINMO-
CTH BPSAJ JI MOXKET OBITh 3aMEUEH MPH PEATHHOM CO-

27 w2 — wi + 2i(yi + ) Cw — 4y, C?
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2 (ni(w) = np(w)).

OTHOIIEHUU MeXKIy wo U Y, r-

[Tuk B TyHHEIBHON TPOBOIMMOCTH, CBSI3aHHBIN C
MaflOpaHOBCKUMU COCTOSIHUSIMU, TAKXKe HCCJIEI0BAJICS
B pabore [32]. B nanHOlt paGoTe paccMaTPUBAJICS OJUH
NS-koHTaKT, B KOTOPOM IPEIIIOJIATAI0CH, 9TO XUMUAIe-
CKUIl TTOTEHITNAJI CBEPXIIPOBOJHUKA KAKIM-TO 00pa30M
dukcupoBas. 3ajadya perrajach MeToIoM PdeKTuB-
HOTO KO3 DUINEHTA TPOXOKICHUS JJId KBA3UIACTHUII,
9TO MPU HAJUYIUU CBA3AHHOTO COCTOSIHUS BCETa MPU-
Bo/uT K popmysam tuna (25). OJHAKO AMILIUTY/LY 111~
Ka JJIsl JIBYX Pa3HBbIX CUCTEM: OJUHOYHBIN NS-KOHTAKT
U CBEPXIIPOBOJIHUK MEXK/y JBYMsI HOPMAJIHHBIMU KOH-
TaKTaMU, HAIIPSIMYIO CDABHUBATH HEJIb3s1 U3-3a PobJIe-
MbI (PUKCAIUH XUMUIECKOI0 [TOTEHIIUAIA CBEPXIIPOBOJI-
HUKA. 3aMETUM, 9YTO Pe3yJIbTaThl, AHAJIOTUIHbIE paboTe
[32], must Toka B NS-KOHTaKTe Ipu yueTe MaifiopaHOB-
CKUX COCTOSIHUII, MOTYT OBITH IIOJIyY€HBbI TAKXKE MeTO-
Jamu paborsl [33].
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Ecin B dopmyne (25) HIPHIOKEHHOE HAIpsizKe-
Hue GOJIbIIe MUPHHL JIOKAIN30BAHHBIX COCTOSHUI, HO
MEHbIIIe 3HAYEHHsI CBEPXIIPOBOSIIEN IeH, U4TO JaeT
n(w) — np(w) =1 ga |w| < v, Y, TO MBI HOTydacM
IPOCTOE OKOHYATEILHOE BBIPAYKEHUE JJIs TYHHEILHOIO
TOKA, CBSI3AHHOIO ¢ MAHOPAHOBCKIMHE MOJIAMHE:

1
Ay C? + wi’

_ 2’71’)/7-ng
m + Tr

Takum oOpa3oM, BeJMYNHA TOKA BCErJA OIPEJIE/IIeT-
Ccs HAMMEHBINEH M3 TeX CKOPOCTell IepeHoca, KOTO-

I (25)

pble eCcTh B cucTeMe (Caa0bIM 3BEHOM CHCTEMBI); B Ha-
HIeM CJIydae 9TH CKOPOCTH OIPEJIEIAIOTCS apaMeTpa-
v wi /(v + V), v, Y. Ecmn wi > C?vyy,, TO 06-
niee ypasaenue (25) IPUBOJAUT K 3HAYECHUIO TOKA, [IPO-
nopuuoHagabaoMmy Y,/ (v + ), 9TO ABJseTCH O0OBIY-
HBIM BLIPAYKEHUEM IS TYHHETMPOBAHUS 9epPe3 [POMe-
JKyTOUHOE cocTogHue. [Ins paccMaTpuBaeMoil cucre-
MBI (DU3UYECKH OOGOCHOBAHHBIM BBITJIAJAT COOTHOIIC-

Hue wy < 7, Y. Mcnonb3ys ero, moaydaem
2
“o

[ = ———"——.
YT 20+ )

(26)

Ecsn Mbr ncnosssyeMm ypasrerust (8) n (23), To sra
dopmyita gaet
2At

ﬁesz(A/t% ALt

1= %2t2% (27)
2 oNm@t/(-a), (t—A) < t.
(v + )

st Ipou3BOJIBHBIX HapaMeTpoB p < A < t Tok
BCerJia MaJl B JUIMHHBIX IIerovykax. B ciydae wy = 0,
KOTODBIIl cumTaeTcsd Hambojee OJArONPUATHBIM CIIy-
qaeM ISl HaOJIFOJIEHUs] HEOOBITHBIX TOIOJIOIMYECKUX
CBOICTB, MbI BOODIIE HE CMOXKEM YBUJIETD ITUK TYHHE b
HOIl TPOBOIMMOCTH IIPU HYJIEBOM HAIPSKEHUU. ITO
HaOJIIO/IEHNE CIPABEIJINBO I MOJEJIH, PACCMOTPEH-
HOl B crarbe, C JAByMsi KOHTAaKTaMU Ha KpasiX Ie-
mouku. [yl m3MepeHus CTAIMOHAPHOTO TOKa B JIO-
60M IKCIIepUMEHTE HEOOXOINMO UMETh 0 Kpaiimeil Me-
pe JBa BHEIIHUX IIPOBOA, IOJIKJIOYEHHBIX, CKAXKEM,
K <«JIEBOMY» U <IIPaBOMYy» KpasiM cucreMmbl. KoHeu-
HO, CYIIECTBYIOT U 00Jiee CJIO2KHBIE MHOTOKOHTAKT-
HBIE CXEMBI,
KU JAHHOI crarbu. PeajibHble TUOPHUIHBIE CTPYKTYPbI

HO HUX PpaCCMOTPEHHE BbIXOJIUT 3a paM-

[TOJTY IIPOBOTHUK-CBEPXIIPOBOIHUK, UMUTHPYIONIHE 1€~
mouky Kuraesa, TpeOymOT paccMOTpeHUs MOJIEILHOIO
raMUJIbTOHUAHA, OIUCHIBAIOIIErO [TOJIYITPOBOIHUKOBY O
[IPOBOJIOKY C CHJIBHBIM CIHH-OPOUTAIBHBIM B3AMMO-
JeficTBueM, CBA3aHHYIO dddekTamu O0JIM30CTH ¢ HUXK-
HUM CJIOEM U3 CBEPXIIPOBOJHUKA. B 9TOM cilyuae MOXK-
HO PacCMaTpUBaTh CBEPXIIPOBOJIHUK KaK pe3epByap C
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(UKCUPOBAHHBIM XUMHUYECKUM ITOTEHITUAJIOM, & <BTO-
PO#l KOHTaKT» KaK KOHTAKT MEXKIY IOJyIPOBOJHUKOM
U CBEPXIIPOBOJIHUKOM. B KatecTBe ajbTepPHATUBBI CO-
€JINHEHUIO Ha, KPasX MbI MOIVIN OBbI TAKYKE PACCMOTPETH
Mozestb Tienn KuraeBa, jexkalieil Ha [OJIOXKKeE, TJIie BCe
ATOMBI IIEIHN CJIa00 CBA3AHBI C COOTBETCTBYIONNMU aATO-
MaM# TOJJIOKKH. B 3TOM ciydae «BTOPOI KOHTAaKT»
C pe3epByapoM CTAHOBUTCH PAaCIPENEeJICHHBIM B IIPO-
cTpaHCcTBe. DTa mpobyeMa MOXKeT ObITH PeIlieHa, HO OHa,
OTJINYAETCS OT TPOOJIEMbI, PACCMOTPEHHON B HAIe
craTbe. TeM He MeHee, €CJIM IIEPEKPHITHE JIOKAJIN30BAH-
HOTO COCTOSIHUSA C COCTOSHUAMU Pe3epByapa MaJlo, IINK
TOKa BOJIM3M HYJIEBOI'O CMEINEHNs TaKKe JI0JIZKeH ObITh
MaJbIM. Ero 3nadeHme B ciIydae pacIpeIesIeHHOTO B
IIPOCTPAHCTBE «BTOPOTO KOHTAKTA» He OYIeT IKCIOHEH-
[MaJIbHO 3aBHUCETH OT JJIMHBI IIEIN, HO BCE PABHO OyIeT
HAMHOTO MEHDIIe, YeM OYKUJIAeTCs M3 HAuBHBIX (hop-
MyJI. DTO MOZKET OBITH BO3MOYKHOI IPUINHON TOTO, ITO
UK HYJIEBOTO CMEIEHUsI JaCTO ILIOXO HADJIIOIAETCS B
OOBIUHBIX TYHHEJBHBIX 9KCIepuMenTax [14].

Mpbr xoTen O6bI MOIEPKHYTh, YTO HAMBHO HCIIOJIb-
3yeMble 0b1re hOPMyIIbl JJIs TYHHEJIHHOIO TOKa MeK-
JIy ABYyMsI KOHTAKTAMHU 9aCTO BBOJST B 3a0JIy2KICHUE,
KOIJIa X UCHOJB3YIOT JJId HU3KOPA3MEPHBIX CACTEM U
Taknx 00bEKTOB, KakK 1ernouka Kuraesa [21], u3-3a Bo3-
MOXKHOTO TIOSIBJICHU ST JIOKAJIN30BAHHBIX COCTOSTHUI B 00-
JIACTH KOHTAKTA.

OTBer HU3IIEro HOPsIKa (BTOPOro MOPIKA 110 TYH-
HEJIbHOMN CBsI3M) KBAHTOBO-MEXAHHYECKON TEOPUH BO3-
MYIIEHNH ONUCHIBAET TOK TOJHKO B HAUAJIBHBI MOMEHT
BpEMEHU TIOC/Ie «BKJIOUEHUT» CBA3U, HO CTAITMOHAPHOE
3HaAYCHUE TYHHEJIBHOTO TOKA MOZKHO BBIUUCJINUTH TOJIb-
KO C IOMOIIBIO IIOJIHOII CHCTeMbl KMHETHUUECKUX ypaB-
HEHUN MM, 9TO TO K€ caMoe IO CYTH, IIOJIHON cucTe-
MBIl ypaBHEHHUI i HecTannoHapHbIX dyHKui Kes-
geia—'puaa. ToibKO B TPOCTBIX CHUCTEMaX C Helpe-
PBIBHBIM CIEKTPOM U HESIBHO IIPEJIojaraeMoii ObIcT-
poil penakcanueil 3JIeKTPOHOB K PABHOBECHOMY pacIIpe-
JIeJIEHNIO 9Ta (POopMyJIa, AlleJUINPYIONIas K PABHOBECHO
JIOKQJIbHOH IIJIOTHOCTH COCTOAHHII BBIBOJIOB, 3aBEI0MO
CIIpaBeIJINBA.

Ilosicuum 3Ty ujeio Ha TpUMepe TYHHEJILHOrO KOH-
TaKTa C JIOKAJIN30BAaHHBIM COCTOSHHEM Ha Kparo OITHO-
ro U3 KOHTAKTOB. DTO JIOKAJM30BAHHOE COCTOSIHUE A~
€T pe3KUil MK B JIOKAJbHOHI IJIOTHOCTU COCTOAHUM, 1
BHOCHUT BKJI&JI B IPOCTEUITYI0 POPMYJTy s TyHHE b
HOrO TOKAa. [IpemmosokuM, ITO 9TO COCTOsHUE IIyCTO
B TIEPBbIH MOMEHT (JeKuT Bbie yposHst Pepmu). 3a-
TeM cpa3y IIOCJe TOrO, KaK Mbl «BKJIIOUNAIN» ITOJIOZKI-
TeJbHOE HAIPAKCHHE CMEIeHNs Ha JIPYTroil IpoBOX,
TOK HaUYMHACT TeYb B 3TO IIyCTOE JIOKAJU30BaHHOE CO-
crosgaue. Ho 1mociie HEKOTOPOTrO BpeMeHU peJiaKCcalui,
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OIIPENIEJIAEMOTO CKOPOCTBIO TYHHEJIMPOBAHUS, 3TO CO-
CTOSTHIE CTAHOBUTCS 3AIIOJTHEHHBIM, U IIOCJIE TOTO HU
OJIMH 3JIEKTPOH HEe MOXKeT TYHHEJINPOBATH B 9TO COCTO-
stne. CTaloHAPHbBI TYHHEJIbHBIM TOK 0Opalaercs B
HOJIb, XOTs caMas MpocTas hOpMyIIa BCe eIe JaeT BaM
9TO-TO BPOZE «HYJIEBOTO IHNKA» B TYHHEJIBHOI MIPOBO-
JguMocTh. UTOOBI 9TO JIOKAJIU30BAHHOE COCTOSTHHE I10-
BJIUSLJIO HA CTAIMOHAPHBII TOK, HY2KHO BKJIIOYUTH HEKO-
TOpBIE HEYIIPYTUE IIPOIECCHl, OTBETCTBEHHbBIE 32 yIIaJIe-
Hue (nim j06aBJIeHNe) SJIEKTPOHOB U3 9TOTO JIOKAJIU30-
BAHHOT'O COCTOsIHUS. J[JIsT cUCTEMbI KOHETHOT'O pa3Mepa
TakKe BO3MOXKHO, ITO 9TO JIOKAJIN30BAHHOE HA OJIHOM
KpPalo CHCTEMbI COCTOSIHAE UMEET HEKOTOPOE IePeKpPhI-
THe o BTOPbIM KOHTaKTOM. (1 910 HaI Cciydait u ciy-
qail ¢ pacIpeiesIeHHBIM «3a3€MJIEHHBIM KOHTAKTOM» B
peasbHOl cucreme. )

B obbruynoit dhopmyste I TYHHEJIBHOTO TOKa, KOTO-
past NCIOJIB3YeT JIOKAJIBHYIO IIJIOTHOCTH COCTOSHUIT KOH-
TaKTOB, HESIBHO IIPEJIIIOJIATaeTCs, YTO B JIIOOOIT MOMEHT
MBI (DUKCUPYEM XUMUIECKIE TIOTEHINAJIbI JJIs BCEX CO-
CTOSIHUM KOHTAKTOB. st mo/iep2KaHust MOCTOSHHOTO
XUMHUIECKOTO MOTEHIINAIA CHCTEMA JIOJIKHA OBITH CO-
€/INHEHA C HEKOTOPBIM PE3EPBYapOM dUepe3 KOHTAKT,
obecrieumBaronuit ooMeH dacturnaMu. Takum obpas3om,
€CJIN MbI TOBOPUM, 9TO MbI (DUKCHDYEM XUMUIECKUT
[TOTEHITNAJ JIOKAJN30BAHHBIX COCTOAHUN, TO MBI HMe€-
€M B BHU/LY, UTO HESIBHBIM 00PA30M YIUTHIBAEM HEKOTO-
pble HEyIPyTUe peJIaKCAIIMOHHBIE MPOIECChl WU TIPsi-
MYIO CBsA3b C PE3EPBYAPOM [IJIsI STUX COCTOSTHUI.

4. HECTAIIMOHAPHBIN TOK

Tenepb nonbITaeMCcsI OTBETHTD Ha BOIIPOC O TOM, Ka-
KOBBI THUIIMYHBLIE BpeMeHHbIe MACIITaObI JIs TOKA WK
HepeHoca 3apsijia ¢ OJIHOTO Kpas Ieln Ha Jpyroit. Mol
OCTABUM BOIPOC 10 JPYTOMY, YeM 3TO OLLIO CIeJaHo
B craThe [18], rie uccie10BaIoCh BINsSHIE ePUOTIe-
CKOT'O U3MEHEeHHs TYHHeIbHOI IPo3padHoCcTH 6aphepoB
Ha TYHHEJILHYIO [IPOBOJIUMOCTD IIPU HYJICBOM HallpsizKe-
Huu Ha cucreme. s Takoii IOCTAHOBKHU 3aaun UHTe-
PECHBIM PE3YJILTATOM CTaJO0 OOHAPYIKEHHE U UCCIe0-
BaHUE PE30HAHCA MEXKJy 4aCTOTOU BHEIIHErO BO3/ICH-

CTBHS U PACIIEIICHIEM W) MafOPAHOBCKUX COCTOSTHUIA.
Hac ke 6ymyT maTepecoBaTh XapaKTepHBIE CKOPOCTH
[IEPEXO/HBIX IIPOTIECCOB. st 9TOro mpeimoIoKuM, ITo
cUCTeMa B IEJIOM HAXOAuTCs B paBHoBecuu mpu t < 0,
a 3areM npu t = 0 K OIHOMY W3 BBIBOJIOB IPUKJIA-
JIBIBAETCsT HANPSIZKEHUEe. DTO JIOMOJHUTEILHOE HAIPSI-
JKEeHHUe BBI3BIBAET HECTAIMOHAPHBII TOK, KOTODBIi TIpu
t — 400 JlocTHraeT CTArMOHAPHOTO 3HadeHns (25).

[TpuiokeHHOE HANIPSIY)KEHNE CMEIIAeT yPOBHU SHEP-
ruu B pe3epByapax Ha V,, TJie MHIAEKC v 0003HAYAET
pesepByap. Takum oOpa3om, raMUJILTOHUAH PE3epPBYa-
POB Terepb MOXKHO 3aIlUCATH KaK

Ha(t) =3 7o (h;”z/;l + ¢{h;) +
p

+ Z (BS + Vab(t)) hSThS. (28)

p

Toxk, Tekymuii u3 JEBOro pe3epByapa B CUCTEMY, OIpe-
Jlesisiercs Kak (Jls «[IPaBoro» KOHTaKTa T Bce hopMy-
JIBL MOZKHO 3aIMCATh TaK JKe)

L(t) = —/dt’ (zf(t,t’)éfl(t’,twr

+DR ()G (1)~

7G1<,1(t7t/)2i4(t/7t)7
_éllptl(tvtl)zf (tl7t)) . (29)

31ech HETPUBOAMMAS IaCTh UMEET BUJT
SEt ) = =i > (1920t —t')x
P
t

X exp (iEg(t -t =iV, /t dt19(t1)> , (30)

Sa(tt) =i (75)ng
t

dt,0(t1) ). (31)

t

X exp | —iE)(t —t') — iV,

B gacrorHOM 1IpeicTaBIEHUN STU BBIPAXKEHUSI COOTBET-
CTBYIOT pOpMyJIamMm

1 1

YR w,w) = —i(T“)Q/dEV“(E)
1

_wfstaJrQié

_w’7w72i5+w’—w+Va + (32)

1 1
* W' — e+ 2i0 (w—w’—Vu +w—w’—2i5>}’

1

B3l = i) [devemee)

1 1 1
w—E—Va—i—iéw—E—ié) <w’—€—Va—i5w’—5+i6)' (33)
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3aech v¥(g) — IIOTHOCTH COCTOSIHUI B pe3epByape «,
0 — +0. JIjist mpoCcTOThI MPEIOI0OXKIM, 9T0 T He 3a-
BHUCUT OT p. JIJist MIMPOKO30HHOTO MPUOJINKEHUS, KOTJIa
MbI [IPEJIIoJIaraeM, 94ro V(€) CyIlecTBeHHO He MEHSIeTCs

st € ~ w,w’, V., 9TH BbIpaXKeHUs yIPOIIAIOTCH 10

YE(w, W)

w,w)

—iy2md (W — w),

:ﬂ/dsnl(e)x
T
X ! — X
w—e—=V,+16
< ).

1
B pesyabrare B wacrorHoMm mnpejcrasienun (29)

5 (
1
w—€—10
1
w —e+10

V,—ié

w —e—

VIIPOITIAETCS JI0

hw) =~ [ 57 (S @.0- 0, @-w)-
—22711’1,1((2, Q- w)) . (34)
31ech
IT(2,0Q-w) =T Q7 (2,9 - W) (2 —w)+
+ TEN (D5 (2,2 - w)TR1 (2 - w),
ff@(ﬂ -w) :fnlq,l(Q —w) - ffl(Q)

Wcnonb3ysa ypasuenus [laiicora s 3ama3IbIBAIOIIIX
" onepexkarmomux (GyHKIuA ['puHa, MBI MOMXKEM IIOKa-

3aThb, 9TO

F11Q w) le w)+

WZF17L

n=1
+ TR (Q)2i T4 (Q — w)+
+ F{?N(Q)m%rg’lm —w).

fl(bd):—/— (wzrln Q W)
X B (0,0 — w)
+ 20 (I (L Q —w) — PES (L Q — w)x)
x TR (@)T4 (0 - w) (35)
31ech
D (w, W) = ’V’“/d nl(e) x
7
X ! - ! X
w—e—V,+i0d w—e—1)
X ! - ! (36)
w—e-V,—i6d w —e4+1id)"

Mbr BuguMm, uro nepsbiil wied B (35) cymiectByer
TOBKO ecu V) # 0 M He 3aBUCUT HAIIPSMYTO OT CBOMICTB
pesepByapa 7. 9TO 03HAYAET, YTO ITOT WIEH COOTBET-
CTBYeT 3AIOJHEHUIO COCTOSTHUII HA JIEBOM KpPAIO TEIn
M3-34 U3MEHEHUs ee XMMUIEeCKOro norennmana. Ciemno-
BaTe/ILHO, BTOPOI YWIEH IPEICTAB/IAET COOOI TOK, KOTO-
PBlil TedeT U3 OJHOIO pe3epByapa B JIPYToil yepes BCIO
HenovKy. Ecim paccMoTpers TOJIBKO BTOPOM €IeH, TO
HOJIy 9UM

217 . . t
%/dadVMl,N(t,g,V) (MLN(t,a,V)) x

x [n'©3(V — Vi) — " (©)3(V ~ V3]

~ d) o~
Min(t,e, V) :/—eﬂm R

Ii(t) =

o F1,1\7(9)><

X<Q >

TTockouibKy Hatmeit 3a/1a19eii SBJIAeTCS U3y IUTh EPEHOC
BO3MYIIEHUS dYepe3 IEHOYKYy, OyJIeM CYUTaThb, 9TO B
MOMEHT BpeMeHHU ¢ = () Halpsi2KEeHUEe MEeHSETCS TOJIBKO

1
—e—V+1id

1
N—e—10

Ha IIPaBOM KOHTAaKTe, U Oy/IeM CMOTPETh Ha 3aBUCATIAI

Toncrasisss nBa  mociaequux Bbipaxkenus B (34), OT BPEMEHH TOK B JIEBBII KOHTAKT pu ycjuaosun V; = 0.
IIOJIYIUM TOI‘,H& OPAMBIMU BBIYUCJIEHUAMU MOZKEM IIOJIYIUTh, 9TO
. - e~ €ty 1 —A . e~ eVt o, 1 -4
Min(te, V) = —if)(—t)—— e DU 40 : A
(e+iClyi+7))? —w N (e+V+iClyi+v))?—w a1

\
A
A

_Cwolt) —cyyt—imt [ 1 TTAT
2w |AA‘ -1
Cuwod(t L~
_Mefc(vww)tﬂ'm [A]
95 fAl -1

) (_s+v+z‘c
) (_5+V+ic

1
(vi+y)—w

1
+ -
e+iC(vi+y)—w

)_
)

1
— +
(7l+7r)+w

1
e+iCy+v) +w
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47l77'02w8 / 1 1
Ii(t) = ———=0(t) | den'(e —
l( ) T ( ) ( ) (E+'LC('Y[ +'Y7))2 _52
4 TcQ 2
_ G g gy / den (e — V) x
v
« ‘ e _ L oty < ! n 1 > .
(e4+iC(y +v))2 —w% 2w e+iCly+v)—w e—Vi+iClyi+y)—w
2
4 L -COntyrimt ( 1 " 1 )
2% e+iCy+y)+w@ =V +iC(y+vy)+®
31ech
2717 Cwi 1
_ Ii(t) = — 0(t)+
W= \/w3 - C2(y — )% (37) 1) YAy W +4C% ()
2
Kak u oxuyianocs, eciu £ — 00, TO TOK IPUOJIHZKAETCS Meﬂﬂvﬁw)t@(ﬂ_
K CBOEMY CTallMOHAPHOMY 3HaueHuro (25): (0 + )@
Cng 6*2c(71+77~)t+2iwt9(t)
4y, C2w} — MY —
Lt — o0) =2 #0 g (4) @' w+iCu+ )
T
i C20? e*QC(VZJF’Yr)t*intQ(t)
x [ de(n'(e) —n" (e = V;))x + iy 0 38
[ et @) — e - v G s e I

1 2

(e+iC( +))? — &

Ms1 paccmarpuBaem coydait ..,y > wo B IIPEJIIONO-
JKEHUHU 9TO wq Beerga maso. Ho g odenb cummer-
PUYHOI TYHHEJIBHOIN CBS3UM C BBIBOJAMHI MBI MOLJIH ObI

Ecmm ¢ — +0, ToK Ha TPOTHBOMIOJIOXKHOM KpPAIO IEIHN 9 9 N
uMerhb wg > (7, —y)?. DTOoT cirydail BLINVISIUT Hepea-

He HAOJIIOAETCs, YTO UJIIIOCTPUPYET HEIPEPBIBHOCTH

JIMCTUYHBIM, T€M He MeHee, OH JEMOHCTPUPYET OCIHJI-
U3MeHeHUs TOKa Ipu mpoxoae 1depe3d t = O:

JIIPYIOMUI TOKOBBIA CUTHAJ Ha JIEBOM KpPAlo:

4y, CPw?
L(t = +0) :%e(ﬁ)x W = -
; ) 20(7l + ’YT)
X /ds(n () —n"(g))x o {1 _ =20 (utvt]
1 : w C(vi + )
=0. I R o Vi Vr _
CtiCnt)? o2 [ 5 sin(2wot) — (1 cos(2w0t))}

w e 20+t (39)
Ecmm Temeppb, Kak W B NpeAbIAYIIEM pas3jeiie, Hac
UHTEpPeCyeT pojib «MAROPAHOBCKUX COCTOSIHUI», TO MbI Ecmi wy < |y, — 1| u t > 0, ypasuenue (38) ympo-
MIPUKJIAIBIBAEM K TPABOMY KOHTAKTY JOTOJTHUTEIHHOE maercst
HaIpsizKeHne, KOTOPoe OOJIbINe MUPUHBI JTOKATN30BaH-
HBIX COCTOSIHMI{, HO MEHBIIIE 3HAYEHUS CBEPXIIPOBO/Is- 2

meit mean. D9To 03HAYAeT, YTO I € < 7y, Y, BBIIOJI- 2C (v + )
HSIIOTCS YCJIOBUST 4
2mm] x |1+ 7( R0 2 e 2C ()t
: Y=
nle)=n"(e)=0, n"(e-V,)=1 "
(n +%)2 (716_407“5 _’_,)/7.6—40711&) . (40)
Tox ompeessieTcs Kak (v =)
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(3ameTnm, 9TO 3HAK MUHYCA O3HAYAET, YTO TOK TEUET
u3 7 B l.) s CylecTBEHHO Pa3/IMIHbIX CKOPOCTeil Ty H-
HEJIMPOBAHUs, HAIIPUMED, Y, > 7, BDEMEHHAs 9BOJIIO-
[IUsI BEJYIIETr0 BKJIA/Ia B TOK OIIPEJIEJISIeTCs CaMOi Me/I-
JIEHHOI CKOPOCTBIO:

wo .
207, [

[Tocnemasas dopmysta mokaseBaet, 9ro ecyn y; — 0,
TO TOKOBBII CUI'HAJI Ha JPYTOM KOHIIE [EITOYKH Hapac-

e

I (t) = 74C’Ylt] .

(41)

TaeT OY€eHb MEJJICHHO.

5. BAKJIFOYEHUNE

B crarpe mokazaHo, 9TO TPAHCIOPTHBIE CBOHCTBA
nernouky KuraeBa KOHEYHOM JIJIMHBI MOYKHO [TOJTHOCTBIO
HCCJIE0BATH C TOMOIIBIO OOBIYHON TEXHUKU 3JIEKTPOH-
woix dyukiuit I'puna. s g060it HecTarmonapHoii 3a-
Jla9u 3TOT 3bIK, O-BUAMMOMY, TOPA3/I0 yaobHee si3bl-
K& MallOpaHOBCKUX (DEPMUOHOB M JIPYIUX METOIOB U
[TO3BOJIAET IOJIYy9aTh TOYHBIE AHAJUTUICCKHIE DE3Ylb-
Tarel. Hamm Berauc/ieHns mo3BOJISIOT CBA3aTh (DEHOMe-
HOJIOTUYECKHE [TapaMeTphl JiJisi KBa3UYACTHI] [IPU KBa-
3UKJIACCUIECKUX Pacderax ¢ MUKPOCKOIIMYECKUM OITU-
CAHUEM KBa3UOJHOMEPHBIX CBEPXITPOBOJIHUKOB.

Briio mokazano, 9T0 CTANMOHADHBIN TYHHEJIHHBIH
TOK Yepe3 KOHEUHYIO IENOYKY BCErya OIPEIe/sTeTCs
HauMMeHbIIell U3 CKOPOCTeil IepeHoca Cpeyu IapaMer-
poB wW3/(vi + Yr)s Vi, Vr, €CIM TIPHIOKEHHOE HAIPSI-
JKeHne MeHbIe CBepxXnpoBoasmeil memm. Jisa mpons-
BOJIBHBIX IapaMerpoB i < |A| < ¢ cranuoHapHBIi
TOK BCErja SKCIOHEHIMAJIbHO MaJl I JIJIMHHBIX Ie-
nouex. Cjeayer OTMETHTD, 9TO JIJIsi KOHETHOH Ienod-
ku Knraesa, moMemieHHO# MeKIy JIBYMsl BHEIIHUMU
KOHTaKTaMU-TePMOCTATAMU, He MOKET ObITh 3aMETHOTO
NIUKa [TPU Wo B TYHHEJIBHOM MPOBOAUMOCTH. A B corydae
wo = 0 cTAMOHAPHBI TOK MOJHOCTHIO NCIE3AET.

Taxeke 110JIyJ€HO [TOBEIEeHNE TyHHEILHOTO TOKA, 3a-
BUCsIIIIee OT BPEMEHH, [TOCJIe BHE3AITHOI'O M3MEHEHUsI Ha-
NPSAYKEHUs CMEIIEHUsT B OJHOM U3 BBIBOJOB. BbLIO 1O-
Ka3aHO, YTO TUIMYHbIE BPEMEHHbIE MACIITA0bLI 3BOJIIO-
[IUU TYHHEJIbHOI'O TOKA OIPEJIEJISIFIOTCSI B OCHOBHOM CKO-
POCTSIMU TYHHEJIUPOBAHUS 7], Y, U3 JIEBOI'O U IIPABOIO
KPaeBbIX yYACTKOB LIEIH B COOTBETCTBYIOIINE BHIBOILI.
XoTst MBI MPEJICTABUIIN 3/1€Ch PE3YIbTATHI JIJIsT UIea Th-
HOIi CUCTEMBI, MbI MOYKEM OBITH YBEPEHBI HA OCHOBE BbI-
BoJIOB crareil [34,35], uro ciabblil GeclopsaIOK He Me-
HAET 3aMEeTHO CBOMCTBa naeaabHoil e Kuraesa. Io-
9TOMY TOJIBKO CUJIbHBIN HECIIOPSIIIOK MOXKET ITOJTHOCTHIO
M3MEHHUTH HAIU PE3YJIbTATHI.

125

B sakioueHne 3amMeTuM, UTO IPH PaCCMOTPEHHUH
cucTeM n3 HADOPA KUTAEBCKUX IETIOYEK IaCTO CTPOUT-
cst 3¢pdeKTUBHOE OlucaHne Ha OCHOBE 3(DPEKTOB KyII0-
HOBCKOU 6Jioka b, OHako Takoe 3¢ddeKTuBHOE OIu-
caHMe IyBCTBUTEJIHHO K CKOPOCTSAM IIE€PEHOCa 3apsja,
9TO MOXKET OBITh BaXKHO [IJIsi COBPEMEHHBIX IIPEJIOXKe-
HUIA 110 Tlepejiave CUrHAJIA WJIM KBAHTOBOMY OOMEHY UH-
dopmarueit 1 ee XpaHEHUIO C UCIOJb30BAHUEM IIEIei
Kuraesa.

dunancupoBanue. Pabora BwiosHeHa npu hu-
HaHCOBOIT moaepKke Poccuiickoro mHayanoro ¢oma,

rpaaT Ne 23-22-00289.

ITPNJIO2KEHUE.
AHAJINTNYECKOE OIIMCAHUNE
N30JIMPOBAHHOM IEIIOYKU KUTAEBA

B srom pasmesre mbr mpuBoguM  HOPMYIIBI IS
dbyuknumit ['puna uzonmmposanHoit nenoukn Kuraesa.

Kak nokazano B [20], Tounoe pemienue jyisi pyHK-
nuit 'pura 6eCKOHETHOI e MOKHO HANTH Kak

1
OR _
anb()_ 4A2_t2 A —A X
(1A J(Ay —A)
X XTﬁmlMl — X‘;ﬂim‘Mg (42)
31ech
wop—2tAy 2Asign (n —m
T :
—2A*sign (n —m) w+u1:22t_?+
w—pu—2tA_ o
o — /AT 2Asign (n
>~ | —2A%sign (n—m) wy%,

Kowmmiekcnoe 3Hauenue KBajpaTHoro kopug /A3 — 1
OTIPEJIETIAETCS TAKUM 00PA30M, YTO OHO MMEET pa3pes
Ha orpeske Ay € (—1,1) u uMmeer MOJIOXKUTEIIBHBIE 3HA~
qenus npu A4 > 1,

b AT 2+ (AR - 2) (1 - 22
A = . :
2A7 - )
(13)
Xi:AifwA?tfl. (44)
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[ToapazymeBaem § — +0. @yuknuro ['puHa ramMuib-
rToHnana (2) MOXKHO 3anucarb depe3 Gynkuuio ['puna
OECKOHEUHOIT Ilenu, MCHo/b3ys ypasHenue [laiicona c
BO3MyIeHueM V,

Lo (@) = Tyt () + L0 (@)U 0T (w) +

+ F?LI,?N—i-l(w)UUZF%—i-LnL(w)' (45)

R OR
r an

nm

(w) = T (@) =

FnO X

Eciu M1 permum ypasnerue (45) aas T2 (w) n yarem

npeqen U — 0o, TO MBI MOKEM HANTH TOYHOE PerreHne

non ()2

quist dyuaxnuit 'puna Iy

x (w) (I‘g%(w) F0 N+1( )(F(JJVRJFLNH(w))flrtz)\ﬁl,o(w))_1 X

(FO m ( )

— TR (@) (T8 ) g (@) = T o (@) (T8 (@) TR (@)~

FN+1 o(w )(Fgf)%(w)) FOm( ))

(FN—i-l TTL( )

Daementst Matpunpl ['E (w) onucbisator dynkumn
I'puna KoHeUIHOIT TenH, eCIu apryMeHThI YI0BIETBOPSI-
10T cooTHomenuto 0 < n, m < N+ 1. MozxkHo Henocpe/1-
CTBEHHO MPOBepHTH, uTo I'F (w) = 0, ecrm oum U3 ap-
CYMEHTOB 7. M 1M IOJIOXKUTEJIbHBIN, a JIPYroil oTpuia-
TEJIBHBIN, 9TO JaeT HaM IPAMOE JOKA3aTeIbCTBO TOTO,
9TO HAIIA MIPOoIie/Iypa 3hdekTuBHO yaauseT y3ea n = 0

nu3 cucreMmbl. 1o ke camoe BepHO st y3ina n = N + 1.

MoxkHO BHIETH, YTO (MYHKIUI I’fm (w) moxKer
nMeTh HAOOP TOJIOCOB NPU 3HAMEHUAX W, 34 aHHBIX
ypaBHEHUEM
det (Foo (w) — FN+1 o(w) (TG0 (W)~ F0 N+1( )) =0.
(47)
[ockombky TR (w) we mmeer momocos BHYTpH Tie-
JIN, MOXKHO TIPEJIIIOJIOXKUTD, YTO PEIeHUsI STOr0 ypPaB-
HEHMsI COOTBETCTBYIOT SHEPIUSAM COCTOSTHUMN, JIOKAJIU-
30BaHHBIX HA Kpasx Iernodku. lIpsiMasi mojcTaHoBKa
dyuxuumit Ipuna (42) mosBosser HaiiTu perienue s

w IIPU IPOU3BOJIBHBIX 3HAYCHUAX ITapaMeTpPOB.

st mostybeckonevdnoit rieru, ecan N — 00, CUTya-
15l 3HAUUTEJBHO yIpoInaercs. Y pasrenue (47) yupo-
AeTCS 10

det (Fg% (w)) =

0, (48)
U OH UMeeT TOJIBKO OJIHO pelleHne B mesm w = 0. 310
pellieHne He BO3HUKAET, €C/IH 1] > 2¢. DToT mostoc npu
w = 0 cymecrsyer B bynkmmn I'E (w) Tombko ecim 06a

n U M MOJIOKUTEJbHB W 00a OTpUunaTeJIbHbI, IJId

F0 N+1( )(F([)\flg-l,N-i-l(w))
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1—‘N—',-l T)'L( )) -

JII0OOr0 Habopa mapaMerpos &, [, A, yI0BJIeTBOPSIOIIE-

T'O COOTHOIIIEHUIO
2> (u/2)? + A,

YCJIOBHUIO, KOTOPOE pa3/iesIsgeT TOIOJOTNYeCKN HeTPUBH-
AJIbHYIO U TPUBUAJIBHYIO (pa3bl. DTO O3HAYAET, UYTO CHU-
cTeMa, ONMChIBaeMasl TaMUJIBTOHHAHOM (2), UMeeT JiBa
cocTogHus ¢ dHeprueit w = (0, omHO cJeBa, a JIpyroe
crpaBa oT JjiedeKTa, pa3pe3aroliero IeNoYKy Ha JIBe
IIOJICUCTEMBI.

Eciu Teneps paccMOTpeTh JIMHHYIO KOHEYHYIO T1€-
MOYKY JUIUHBI [N, TO MBI MOYKEM 3alllCATh ypaBHEHUE
JIJ1s1 JIOKAJIM30BAHHBIX COCTOSAHUM KakK

(X)R

det N+1,N+1

r )] =0, (49)

rae I‘Sf_&f’ N41(w) — 310 bynkmua ['pura s nomybec-
KOHEYHOH IeIoYuKH,

()R
nm

(w)

OR
anb

(@) = T9 (w) (T9F(w)) ™ TR, (w).  (50)

ITocKosIbKY B aJibHefieM Hac 6y Iy T HHTepecoBaTh
CBSA3AHHDBIC COCTOSAHHA B IIEJU C SHEPTUAMU, OJIU3KAMU
K HYJIIO, BBIYUCJICHUA MOYKHO YITPOCTHUTD 32 CUET CJIeITy-
rortero dakra. [Ipu w — 0 3HAYeHNS Y YIOBIECTBOPSIOT
yeaosuio |x4| < 1. HedicreuresnsHo, npu w = 0 ypas-

uenue (44) naer
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CTaLI.I/IOHaprIﬁ n HeCTaLI,I/IOHaprIVI TOK B KOHEYHbIX LLeno4YKax Kutaesa

C —pi /A2 — (2 + 4AP)
e 2(t + A]) '

(51)
Kak cnencrsue,

= () (52)

1o osnavaer, uro |x| < 1 mas t2 > ((u/2)? + A?)
n w < |A|l. Takum obpasom, Beawausbl Tana |X| |

nosiBystomuecss B GyHKuuAx [on, ABIAIOTCA MaJbIMU
napamerpamu Jisi 6obmmx N, U B JaJbHEHRIIeM Mbl
Oy/leM Ha3bIBATH TaKUe BEJUYUHBI «IKCIOHEHIMAJILHO
MaJIbIMA», UMest B BH/Y IKCIOHCHIMATIBHOE yObIBAHHE
¢ JUIHHOM Tieny (MJIH IHCJIOM Y3JI0B).

Pacrmceisag (49) wepes w u xY, koTopwie Mb1 cum-
TaeM MaJIbIMH, KaK OObACHEHO BBIIIE, IOJIydaeM

A t
- J—
. *ﬂ “TA 2 —j2)

(AN -p)
&1 ) waeE— AP - )

x (N+ - XLV“)Q} . (53)

w Al (482 = p22)

R () —
Frm () = = 8~ (o)? 202 — [AF) — 12)

nm

re 1 — equnnunas marpuna. Pemenne w = 0 npuxas-
JIe’KUT Tostiocy yHKImE ['puHa, KOTOPBII CyIecTBYy-
eT TOJIbKO Ha 10JIyDeCKOHEUYHBbIX y4yacTKax renu. py-
rasi IIapa perieHnii uMeeT KOHeIHbIe, HO MaJIble SHEPIUI
w = Fwy, TJ€e

Al (4% — 12
o IAIAE )

it\4(2 - [AP) - p2

% (X$+1 _ X],V+1) ) (54)

37ech MBI BUJUM, 9TO STO DeIIeHHe YJIOBJIETBO-
psier NpHUOJIMKEHUSAM, KOTOPBIC MBI CJEJIAJH, €CJIH
lxi"'l‘ < 1. Ipuanmas Bo BHEUMaHme (51), ycraoBue
t2 = ((n/2)? + A?) pazgenser ase obgacTu ¢ oc-
[UUTIPYIOMUM U He OCIUUIIPYIOMNM wy. Ecam wg
[EpeceKaeT HOJb NPU M3MEHEHHH [i, 9TO O3HAYACT
u3MeHeHre (DEPMUOHHON YeTHOCTH, Kak 06CyKIaI0Ch

B craTbe [36].

I'maBubIit  wnen pasnoxkenus ¢yakiun ['puna
I'E (w) mpm w — 4wy, KOTOpHII B KBAHTOBOI
MEXaHUKE OIMCHIBAJ Obl MPOCTPAHCTBEHHYIO CTPYK-
TYPY BOJIHOBBIX QYHKINNA [BYX JIOKAJIM30BAHHBIX
COCTOSIHUI, IPUHUMAET CJIeJIY 0NNl BU/I:

1 & B B B B 1 =&
X <(x1—x’l)(x’f—x’_”) <N '?) + AT XN (T A (A* 'A>> -

wo Al (£ — )
(w+i0)? = (wo)? 20(a(e2 — |AP) - 122)

1 _
x <(X1 — XA ) <A*
TAT

JlmaroHa bHBIE SJIEMEHTHI |, TMOKa3bIBAIOT IIPO-
CTPAHCTBEHHOE PACIPEJIETIeHNe INIOTHOCTA B JIOKAJIH-
30BaHHBLIX cocTostHUAX. B mpegesne A =t Tonbko I'y1 u
'y N He paBHBI HYJIIO, IIOCKOJBKY (52)

Xh o X oc [t — |A]["2.

B BeICOKOCHMMETpUIHOM ciyuae 4 = 0 u |[A| — ¢
SHepreTHYecKne YPOBHU PABHLI

w|Z

o 41At (t—|A|)

O A \t+ 4]
N +1

xsin(¥)—>o. (56)

Kak 6bu10 3ameueno padee (cM., Hanpumep, [37]), npu
HETETHOM YHUCJIE y3JI0B Wy PABHAETCS HYJIO MPU TPO-
M3BOJILHBIX 3HATEHUAX ¢ n A.
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