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Mbi nccnepyem nonesyto aMUCCUIO B PE30OHAHCHO-TYHHESbHbIX METEPOCTPYKTYPax C OLHOW KBAHTOBOW siMOli 1

AByMsi Bapbepamu, a TakXke BIAUSIHNE HA HEe BPEMEH XKU3HU PE3OHAHCHBIX MeTacTabunbHbIX ypoBHeli, obpa-

3YIOLWNXCS B siMe. Takke pacCMOTPeHa 3afadva O BPEMEHU TYHHENMPOBaHUS KBAHTOBON HacTuubl (3/1eKTpoHa)
Yepes CTpyKTypy € bapbepom u AByms Bapbepamu n simoii. Vcnonb3oBaHbl CTaunoHapHOe U HECTaLNOHApHOe
ypaBHeHusi LLIpegntHrepa. Bpems yctaHoBneHns npouecca TyHHENIMPOBaHUS BCErfa KOHEYHO, HO MOXET ObITb
MeHbLUE BPeMeHMN MpoJieTa CTPYKTypbl HacTuueli co ckopocToio Pepmu. OnpegeneHHbl BpemeHa XU3HU MeTa-
CTabunbHbIX YPOBHEN 1 NCCNEA0BAHO X BAMSIHUE HA TYHHENbHbIA Tok. OH BO3pacTaeT npw yBEIUYEHUN LIVPUH

AM W BblpaBHUBAaHNWN BbICOT Gapbepos.
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1. BBEAEHUE

Pezonancuo-ryuunensubie crpykrypol (PTC), upes-
cTaBJIAIONINE COO0I HAHOPA3MEPHDIE TETEPOCTPYKTYPBI
¢ MOJICBOIT dMUCCHUEl, NIUPOKO UCHOJIB3YIOTCA B IJICK-
TPOHUKE KaK UCTOYHMKHU BECbMa BBICOKHX ILJIOTHOCTEH
toxa (10 101 A /m?) [1-3]. OHn Takze ABIAIOTCA OCHO-
BOI1 IIpU TPOEKTUPOBAHUN PE3OHAHCHO-TYHHEJIbHBIX JH-
ono (PTJI), TpaH3ncTopoB, KBAHTOBO-KACKAIHBIX JIa~
zepoB (KKJI) Tuna <«mrapkoBckoii jsecraunpiy, TTH
TPAH3UCTOPOB U HepekJouaresei [4-11], a rakxke apy-
rux ycrpoilcTs. Jjis BCex HUX BarKHBI BPEMEHa IIe-
pekJioueHns, cpabaTblBaHUs U BOOOIIE BpEMEHa Iepe-
xomubix 1poreccos [11,12]. PTC xapakrepusyercs Te,
YTO MMeeT OJIHY, JBe WM HECKOJbKO KBAHTOBBIX §IM,
pasesIeHHbIX 6apbepaMu, B KOTOPBIX MOTYT BOSHUKATD
KBa3UCTAIMOHAPHDIE pe3oHancHble yposau [13]. Byuem
Ha3LIBATH UMUTUPYIOIIUI 3JIEKTPOHBI JIEBbIIT 3JIEKTPO/L
KaToOM (1 0BO3HAUATH BCE OTHOCSIIUECS K HEMY Be-
JIMYUHBI MHIEKCOM ), & UpaBblii — aHomoM (MHIEKC

* E-mail: davidovichmv@info.sgu.ru

a). JIjisl IPOMEXKyTOYHOrO JIEKTPOIa (CeTKH) UCIIOJIb-
3yeM MHJEKC ¢. B cilydae OJMHAKOBBIX 9JIEKTPOXHMU-
YeCKUX MOTEHIUAJIOB 3JIEKTPOJOB [lo = L, KBAHTOBDIII
norennnan V(z) MeX/y JBYMs 9JICKTPoJaMu (B JIHO/-
HOIl CTPYKTYPE) HOXOXK Ha [IEPEeBEPHYTYIO I1apaboJry Ha
[OCTAMEHTE, U MOYKET ObITH CTPOrO OIHUCAH DECKOHEU-
HBIM PAJ0M H300paskeHuii, B KOTOPOM YYTeHbI pabOThI
BBIXOZIA 3JIeKTPoHOB [1]. Annpoxcumariust aToro psia
nepesepHyTOil napabosoit BecbMa rpybast [1,14]. Bosee
TOYHA AITPOKCUMAIMSA [IEPEBEPHYTON 11apaboJIoil JeT-
Beproro nopgiaka [1,2]. Mbl GyjeM ucoab30BaTh eme
60J1€€ TOYHYIO AIMTPOKCAMAIAIO JJIsi OTEHIAAIA B JIU-
one 0 < x < d ¢ aHOHBIM HampsizkeHueMm U, :

V() = Bpy 4w, Lm0/ A+ /0"

(1—6/d)’e
od elU,x
(@400 —z/d)(d-—z+x5/d)| d

(1)

B sroii dopmyse o« = §(21In(2) + 1), paborsl BBIXO-
na (PB) kartoma m aHOJA CUYMTAOTCSI OJMHAKOBBIMU
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W, = W, u cBa3aHbl ¢ napaMerpoMm (pasmepom) o
dopmyitoit

W, = e*/ (16meod) .
Takzke JUIst yIpOIIEHUsT JaJiee CIUTAEM OJMHAKOBBIMU
suepruun Pepyu (D) Ep. = Ep, smexrponos. s
norenmmana (1) va xkarome V (0) = Ep,, a Ha aHO/IE

V(d) = Epq — €Uy = pia,

T. €. KBAaHTOBBII HOTEHIHAJ] V COBIAIAET C 3JIEKTPO-
XUMHUYIECKUMU TOTeHInajgaMu. B ciaydae pasubix PB
(n marepmasioB kKaroga u aHoma) Hazo B (1) mobGa-
BuTh Wied (Fp, — Ep.)x/d. Toanocrs dbopmyisr (1)
me xyxe 1%. Iuommas cTpyKTypa He IIO3BOJILET IIO-
JlydaTh OYeHb OOJIBINNE IIOTHOCTH TOKA. Y BeJIMYeHUE
TOKA, IPOUCXOIUT 38 CIeT PE30HAHCHOTO TYHHEJINPOBA-
nust (PT), Korma mMeeTcs oiHa WM HACKOJIBKO KBAHTO-
BBIX sIM, OKPY2KeHHBIX 6apbepamu [1-3]. OTpazkenus ot
06apbepoB UHTEPPEPUPYIOT, U MOJHDLINH KOIDDUIUEHT
OTpaskeHnd moramaercd. Jlajee Ijig yIpoImeHus pac-
CMATPUBAEM OJIHOAMHYIO CTPYKTYPY € TPeMsl JIEKTPO-
JIaMH: KaToJoM (HCTOKOM), CeTKOMH (3aTBOpOM) U aHO-
zoM (crokom). Popmyiia (1) npumMeHrMa Kak K BAKYYM-
HOMY HPOMEKYTKY (€=1), Tak U K JU3JIEKTPUICCKOMY
IPOMEXKYTKY MKy 3JeKTpojamu. 1Ipu orcyTcTBum
anoxnoro Hanpszxenud U, = 0 oHa JaeT B IEHTPe IIPO-
MEKyTKa 3HAYCHIE

W, (1 —a/d)(1+6/d)?
(1—6/d)*e '

V(d/2) = Ep. +

PB 3.6 3B cooreercryer Bejimunba § = 0.1 HM, 110-
9TOMy B OOBIYHOM suaraszone PB Bemects 2-5 3B
u OOBIYHBIX pasMepax 3JeKTpomoB u 3a3opoB PTC
HOPsIIKA HM HMEIOT MeCTO HepaBeHCTBa 0/d << 1,
a/d << 1, npu 5TOM B OTCyTCTBUHM AHOJHOTO HAIIPSI-
wenus V (d/2) = Ep. + W, /e. JJusIeKTPUK C JIUJICK-
rpuueckoii nponuraemoctbio (II1) e cauzkaer 6apbep
B € pa3s.

Xopomumu u ypobubiMu amasiekrpukamu st PTC
spisiercss CVD (Chemical Vapor Deposition) anmas
(¢ = 5.6, mmpuHa 3anperierHoi 30861 2.5 3B) [15] u
okuch Gepmimnst BeO (e = 6.7, mmpuHa 3anpernieHHoil
30HbI 10.6 9B). DTH JU3/IeKTPUKH CHITBHO CHIXKAIOT Oa-
pbep u 00IaJIAI0T CaMO BBICOKO TEITIOPOBOIHOCTHIO,
YTO BAYKHO IPU BBICOKUX IJIOTHOCTSIX TOKa [2,3]. Xors
mnotaocTs CVD ammasa ¢ 88% sp-rubpummsanueit co-
crapysier 88.2 % OT IIOTHOCTH KPUCTAJLINIECKOTO aJl-
ma3a, ero I moxxHO OpaTh Takoil xke 5.6 us3-3a HaJH-
qusi HeOOoIbINoN TpaduToBoit dhaser. ia s1eKTpomaos
MOXKHO HCITOJIb30BATh METAJUIBI U JIETMPOBAHHBIE IIO-
siynipoBojiHuku. Haubosibmeit 9@ obsiagaer Gepuiimii
14.6 3B. Kpome Toro, OH BMeeT OTHOCUTEJTLHO HIU3KYIO

PB 3.92 3B, u caMmymo BBICOKYIO U3 METAJJIOB TEILIO-
poBOMHOCTD. [l mocTpoenns ciaoxkuoro npoduis V
puc. 1 dopmymy (1) ucrosnbsyem JBazKibl, IPUMEHsIs K
POMEXKYTKY KaToj-cerka (3amensisa U, — Uyy) 1 K 1po-
MEeXKYTKY ceTKa-anom, noaarass (1) Ep, — Ep.—eU,.
Ha cerke kBaHTOBBII MOTEHIINAJ TIOCTOAHHBINA U OIIpe-
JlesIfieTes ee 3JIeKTpocTaTndeckuM norenmuantom Uy. B
PTI u KKJI 00bI4HO XOPOIIO ITPOBOJSAIINE CJIOU BbI-
[TOJTHSAIOT JIEKTPUIECKNA CBOOOIHBIMU, T. €. HOTEHINA
BJI0JIb HUX He dukcuposan u cnajaer [4-12]. Ha puc.
1 n306pazkensl TunmuHble npobun V(x) IMOmHBIX U
TPHUOHBIX CTPYKTYP IIPU PA3HBIX aHOAHBIX U, U ceToq-
HBIX U, HaNPsKEHUsX JJIS MEJIHBIX 3JeKTPojaoB. s
obpaszoBanus sMbl 83110 Uy = Epc/e. Dueprua E or-
CYUTBHIBAETCS OT JIHA 30HBI IPOBOAMMOCTH KaTojia. OHO
B JIAHHOM CJIydae COBIIaJIaeT C JHOM siMbl. Eciu B 00-
pa30BaHHOI KBAHTOBOII siMe CyIIeCTBYeT yPOBEHb HEP-
run F,,, TO OH KBa3UCTAIIMOHAPHBIH, IIOCKOJIbKY KaK Ha
KaTo/le, TAK U HA aHOJIE€ BCErJa €CTh TOYHO TAKOH Ke
YPOBEHBb, U 3JIEKTPOH U3 sSIMbl MOXKET Ha HEro Iepeii-
Tu. Bo3aMoxkHO TyHHE/IMpOBaHNE KaK BJIEBO HA KATOJ,
TakK W BIPaBoO Ha aHo. Jlajee ¢ 3TOro ypoBHS 3JIEKTPOH
nepexoauT Ha yposerb Pepmu (YP) coorseTcTByOIIE-
ro 37eKTpojia. Takoil 3JIeKTPOH j1ajiee MOYKET IMONACTD
B HCTOYHUK MUTAHUS, MOCKOJIBKY TOJBKO JIEKTPOHBI
BO/m3n Y® yduacTBYIOT B 1epeHoce inddy3uOHHOTO
TOK& IIPOBOJIUMOCTH.

Bonpocy Bpemenn »xusHn (pacnajia) KBasuCTAIMO-
HapHOI'O yPOBHSI B ceprudecKu CUMMETPUYIHON KBaH-
TOBOI sM€ TOCBSIIEHO HECKOJIBKO PaboT, HAIPUMED,
[16-18]. Bpemsi KU3HM KBa3UCTAIMOHAPHBIX yDPOBHE
PTC B ogHOMEPHOM JIEKAPTOBOM PACCMOTPEHUH CTPO-
o0 HE UCCIIEIOBAJIOCh. DTO BPEMs TECHO CBI3aHO C BO-
[IPOCOM O BPEMEHHU TYHHEJMPOBAHUsI OJUHOYHON dYac-
TUIBI Yepe3 CTPYKTYPY (BpeMeHeM ee TNpeObIBAHUS B
Heii). BoupocaMm BBeJieHUsl PA3IUYHBIX OJIO00HBIX BPe-
MEH IOCBglIeHa OOIIupHas Jureparypa (CM., HAIpu-
Mep, CIIMCOK JuTepaTypbl B pabore [19]). OTHOCHTE/ B
HO BPEMEH TYHHEJIUPOBAHUS J0 CUX IIOP UIET JUCKYC-
cuga. Vmeer MecTo psn mapagoKcoB. Bpemena Tymme-
JINDOBaHUSI TECHO CBsI3aHbI C BPEMEHAMHU CpadaThIBa-
HUsI TyHHEJIbHBIX Ipr6opos [11]. O6erano PTI, KKJI u
apyrue PTC mMomenmmpyror, ncnosib3yst IpsaMOyToJIbHbIE
[OTeHIUAIbl, n3MeHeHHble wienom —eUqx/d [11], uro
sIBJISIETCsI I'PYOBIM NPUOJIMXKEHUEM, IIOCKOJIbKY 0O0JIb-
e HAIPsSKEeHWs MPUBOAAT K (opme Oapbepa OJm3-
KOfi K TPeyroJbHUKY, [I0OCTABICHHOMY Ha IOCTaMenT [1].
Pacuer na ocHose ypaprenus [Ipexunrepa (YVIII) mo-
Ka3bIBAET, 9TO IPO3PAYHOCTH TAKOTO Oaphepa Ha IIO-
PSAIKH JIyHIle, YeM [IPIMOYTOJIBHOTO TO YKe BBICOTHI U
C TeM 2Ke OCHOBaHMEeM. JacTo MUCIIOb3YIOT KBAa3UKJIaC-
cuveckoe npubsmkenue [16], KoTopoe st TPEYTroJib-
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-3. T T I I I I I T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
X

Puc. 1. ®opma noteHymansHoro bapsepa V' (3B) B 3aBucumo-
CTn oT pacctosiHus « (HM) B BakyymHoM guoge (kpusbie 0, 3,
5, 7) v B BakyymHom Tpuoge (1, 2, 4, 6). Homep kpusbix ans
[MNOAA COOTBETCTBYET aHogHoMy HanpsixeHuto U, B B. [dns
TPUOAHBLIX KpuBbIX 2, 4 HanpsbkeHue Ha cetke Uy, = FEr, /e,
a NX HOMEP COOTBETCTBYET aHOAHOMY HanpsikeHuto. Jas kpu-
goii 1 U, =0, Uy = W./e. Qns kpueoii 6 U, =4 B, U, = 3
B. Er, =7 3B, W. = 4.36 3B (MmeaHble anekTpoabl)

HOro Gapbepa TouHO MHTerpupyercs [20]. OxHako oHO
OIIPENIEJIEHO C TOYHOCTHIO JI0 TPEIIKCIIOHEHIINATILHOTO
MHOXKUTEJIsI 1 BeCbMa HETOYHOE B BepxXHeil y3Koil dJa-
ctu 6apbepa, MMOCKOJIbKY JIJIsl €ro MOJIy9eHusT OTOPOIIIe-
Ha obparHas sjekTponnas Bosna [20]. g y3koro 6a-
pbepa 3Ta BOJIHA BHOCHUT CYIIECTBEHHBIN BKJaJ. llpu
anasm3e PTC na ocHOBe JBYyX m 0o0jiee MPSIMOYTOJIb-
HBIX 0aphepOB OOBITHO PE30HAHCHBIC YPOBHU OIpEIe-
JISIIOT KaK IPOHMKHOBEHNE YACTHUIIHI 9ePe3 O/INHAKOBBIE
Gapbepbl BJIEBO WJIM BIPABO C TOIi YKe SHEPIueil, 4To u
B saMe [13]. B peanbubix PTC sro we Tak. I[Tonanas na
KaTO/ UJIA AHOJ, C HEKOI SHEPrueil, 4aCTUuIa MepexoauT
Ha YD 3J1eKTpo/ia, OTAaBasi UK HOTJIONasl KBAHT SHeP-
UU, U Jajiee yXOAUT OT CTPYKTYPhI C 3TO dHEprueii,
ITOCKOJIBKY JIIODOH TOK B IIPOBOJHUKAX CO3/IACTCS JIEK-
Tponamu Ha Y®P. [Ipu cranuoHapHOM TyHHEIMPOBaAHUU
(IOCTOSIHHOM HAIPSIZKEHUH HA aHOJIe) YHCJIO TyHHEeJH-
PYIOIIIX C KATOJA 9JIEKTPOHOB SKCIIOHEHITUAIBHO DOJTb-
e, YeM YHUCJI0 TYHHEJIUPYIOMNUX € aHO/AA, W IIOJIyda-
€M TIOCTOSTHHbII 9MUCCUOHHBIN TOK, 3aMBIKAIOIIIIICS de-
pe3 UCTOYHWK NMUTAHUs. BOZHUKHOBEHNE PE30HAHCHBIX
ypoBHeil E! OPUBOIUT K PE3OHAHCHOMY TYHHEJIHPOBA-
a0 (PT), conpoBOXKAaM0IEMYCsl yCHIEHIEM TOKa, 10~
CKOJIBKY JIJIsl 9JIEKTPOHOB ¢ sHeprueii £ = E! 6apbep

[TOJTHOCTBIO IIPO3pavHblil. KBasucralmoHapHble yPOBHI
BO3HUKAIOT C YBEJIUICHUEM IITUPUHBI SMbI. DT YPOBHU
SHEpPIUH KOMILIEKCHbIe: F), = E] —iE!. Beinunna E)
OlpeJiesisieT BpeMsl XKU3HU ypOBHA T, = 2h/E!. Yem
OHO MEHBIITE, TeM OOJIee YIUPIETCS YPOBEHD, TeM DOJIb-
1rasi 06J1aCTh SHEPIuil cCOOTBETCTBYET yeaosuio F ~ E! |
u TeM OOJIbIe 3JIEKTPOHOB PE30HAHCHO TYHHEJMPY-
0T. [TosTOMYy BasKHBIM SIBJISETCs OIPE/IEICHIE BPEMEH
JKU3HE (KOMIUTEKCHBIX SHEprmii F,) KBa3mCTaIlmOHAD-
HBIX YPOBHEIl U BJIMsIHAE HA HUX KOH(MUI'Ypaluii KBaH-
TOBOI'O IIOTEHITUAJIA, YTO SIBJISIETCS 1IeJIbI0 paboThl. [Ipu
[TOJIEBOI SMUCCUU YUCJIO HADETAIOMINX B CEKYH LY Ha Oa-
pPbep JIEKTPOHOB B UHTEpBaJie CKOPOCTeil v,, v, + dv,
Oyzer
dv (v,) =n" (k) v.dv,,

- mngT
o om2p3

x In (1 + exp (%j%)) v (2)

Dopmyna (2) mosydaercsi yCpeHEHHeM IO BCEM I0-
epeIHbIM cKopocTsaM PepMu-rasa 3JeKTPOHOB MeTaJl-
JITIECKOT0 KATOJa W MpUBEIeHA I KOHETHOW TeM-
nepatypbl. Ilpu xomomsoit smuccuu (7T=0) crekrp
orpannyen DP:

nt (k) =m?2(Ep. — E (k)) /] (20°1?) v..

XoTs peasibHO TYHHEJIUPYET MHOTOCKOPOCTHON IOTOK
9JIEKTPOHOB, U OH OIIpejie/ideT IIOJHYI0 TYHHEJIbHYIO
IIJIOTHOCTH TOK&,

—eme

J* (Ua) = 2m2h3

/D+ (EaUa)(Mc_E)dEa (3)

3aJ1a9y MOXKHO PacCMATPUBATh KAK OJHOYACTUIHOE
TYHHEJINPOBAHNE JIEKTPOHOB C 33/IaHHON dHeprueit F.
3apsi 37MEKTPOHA B3AT KAK (e = —€, MOITOMY IIO-
JIOXKUTEBHBIA TOTOK 9JIEKTPOHOB C KATOJA [TPUBOJIUAT
K HOJIOKHUTeIbHOMY anogHomy Toky —J T (U,) uepes
eiuHUYIHOE cedenue. Bepxuuii npezgen B (3) nopsika
HECKOJIbKUX DB, 4YTO BIIOJIHE COOTBETCTBYET HEpPEJsi-
THBHCTCKOI KBaHTOBOI MexaHuKe. IIpu TepMOnoseBoii
smuccun (temueparypbl T~2000 K) cieayer ucnosbzo-
BaTh (2), 1 BepxHUil peen B (3) n3-3a CUIBHOIO yObI-
BaHug Jyiorapudma J0CTATOYHO YBEJIUIATH HA HECKOIb-
ko 3B. [lamee paccmarpuBaem ciaydgait T=0. Iomxmas
IJIOTHOCTDL TOKa J = JT — J~ oupenengercsa TyHHeIN-
poBaHMEM B 000OUX HAIIPABJIEHUAX ¢ KOIPDPUITMEHTAMHI
TynrHEemposanns (mpospaunoctn) DF (E) = 1— |Ri|2,
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KOTOPBIE OIPEJIEIISIOTCS Ha OCHOBE BBIYUCJIEHUST KOIh-
bunmenros orpaxenus RT. Ina onpenenennst RT pe-
maeMm YIII. ®@opmyna i J~ mosydaercsd 3aMeHOM
lhe = fha, DT — D~ Jljig cHMMETPHYHOIO HOTEHIITAIIA
(Uy=0) Becerpa DT = D™, Jljna ciiabo HecuMMeTpHY-
Horo morennmana DT ~ D™, mpmaem craboe OTIIIIe
HAOJTIOIAETCSl TIPU MAJIBIX SHEPTUIX.

2. BPEM4 >)KN3HU YPOBHSA HA OCHOBE
PEINTEHN A CTAIIMOHAPHOTI'O VYIII

Crammonapuoe YIII

<@@i+vu0wu>c

2me

Jutst orerimada V() yao0Hee BCero pemarh MeTo[0M
TpancgOpMaIni BOJIHOBOTO uMIeganca. IIpu mocrosu-
HOM B 00jacTh &, < & < Xp41 HOTeHImase V, BOJHO-
BOIl MMIIEJIAHC BBOJIUM KaK

2 (B) = =it (z) /o' (x) = 1/kn,
e
¥ (x) = Aexp (iknx)

— BosHoBast Gynkius (B®) neuxkyIerocsi B HaIpaB-
JICHUH T 3JIEKTPOHA,

kn = \/2me (E — V) /h.

Iycrb 2o (2541) — uMnenanc cupasa. OH TpanCchOp-
MHEpYeTCd BO BXOIHON HIMIIEIAHC CJIeBa II0 (POPMYyIIe

Zi (xn) =2, 20 — 'L.Zn tg (kn (l‘n-i-l - l‘n)) ) (4)
2n — 120t (kn (Tnt1 — zn))

Tonarast zg = Z; (¢,,), CHOBa IIPUMEHSIEM YKA3aHHYIO
dopMysly I APYroro ydacTKa, IIOKa He IIOJIyIrM
BXOAHO uMienanc na xkaroue Z;. (0) u koaddumnuent
OTpazKEeHUs CO CTOPOHBI KATOA,

R = (1 koZic (0)) / (1 + koZie (0)) .

31ech
ko = ke = \/2m.E/h.

it Hagasta wrepanuii Ha aHoze bepem

ko = \/2m. (E — Ep. + eUy,)/ R,

Zozl/k’a.

Ciemgyer oTMETUTD, 9TO OOBIYHO IIPHU TYHHEJIUPOBAHIK
qepe3 Oapnep GOepyT ko, = ko, T.e. paccMaTpUBaIOT

JIBUZKEHME JIO0 TOYKHU I[OBOpOTa. Takue Mpo3padHOCTH
paBuel DT = D~. Ho nocsie mpoXOzKIeHust 9TOH TOU-
KU 9JIEKTPOH JIBUKETCS KBA3UKJIACCUYIECKH, IIPUOOpe-
Tasi sHepruto el,. 1o upuBoaAuT K onyckauuio YD Ha
aroge Ha el/, 1 K HeoOXOAUMOCTH UCIOIb30BAHNS Be-
JmauHbl k,. YKa3aHHOE WLIIOCTPUPYET OECKOHETHO y3-
Kuii 6apbep B Buje crynerbku: V = 0 Ha KaToje 1Ipu
< 0uV = —eU, upu x > 0 na anoze. st Hero xsa-
3UKJIACCUIECKOE ITPUOJIMKEHNE JAeT TOJHYIO IPO3pat-
voctb D = 1, R = 0. OgHako mpu CTPOroM perieHun
OTpakeHue OT CTYIEHbKU eCTh

R = (ko — ka) / (ko + ka)

u D < 1. llpumenenue Gopmyiisl (4) SKBUBAJIEHTHO
crmBanuio BO u ee npousBosnoit. OueBuHO, YPOBHE

o/ T nl
E,=E, —iE/
MOZKHO OIIpeIe/INTh KaK KOMILJICKCHBIC KOpHHI
ypaBHEHUA
RT (E,) =0.

IIpozpaanocts ¢ anoma ua Karon D~ onpenesnsiercs 00-
PaTHBIM IIePeCYETOM, IIPU TOM Ha, aHOJIE CJIEJLyeT B3sTh

ko = \/2m.E/h,

zZo = 1/k'a

R™ = (1= koZia(d)) / (1 + koZia (d)) .-

Orsmrane Dt u D~ rem Gosbine, gem 6osbire U,. Ipu
eU, > Ep. TyHHeInpoBaHue ¢ aHoIa HeBO3MOXKHO. 11o-
cJie TYHHEJIMPOBAHMS SJIEKTPOH BCErJia IepexXoUuT Ha
Y@ coOTBETCTBYIOIIErO JIEKTPOJIA, OTAABasi €My WJIU
3abupast y HEro SHEPruio e |E — EF(,L,C)‘ B 3aBUCUMO-
CTH OT 3HAKA PA3HOCTU. DTOT Iporiecc auddy3nOHHBII.
OH HpPOUCXOUT HA JJIMHE MOPsiJIKa JJIUHBI CBODOIHO-
ro mpobera W He BJIMAET HA BOJHOBOW IIPOIECC TYH-
HejqupoBanud. [Ipu TyHHEIUPOBAHWE C YPOBHS HUXKE
Y@ poucxouT HArpeB COOTBETCTBYIOIIETO JIEKTPO/IA
(a3dbdexr Horrrarema): yXousmuii 5J1eKTPOH 3aMera-
ercst stekTpoHoM ¢ Y. IIpu U, = 0 umeem cummer-
PUYHYIO CTPYKTYPY B BHJIE SIMbI MEXKJLy JIBYMsl Oapbe-
pamu (puc. 1, kpusbie 0, 1). B arom ciyuae yeaosue

RY(E,) =R (E,) =0

IPUBOJUT K YPOBHSIM, C KOTOPBIX YAaCTHIIA OJMHAKOBO
TYHHEJUPYeT BJAEBO WK BIPaBO. B IPOTUBHOM cilydae
ycinosue RT (E,) = 0 jaer ypoBHHU, ¢ KOTOPBIX YaCTH-
a MOXKeT yiiTu Ha aHoJ, a ycaosue R~ (E,) = 0 coor-
BETCTBYeT YPOBHAM IIepexojia Ha KaToJl. BhIYUC/IeHus
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[TOKA3BIBAIOT, YTO YPOBHU IIPUMEPHO COBIIAIAIOT B IIpe-
nestax ux mupuaet. [lycrs, Hanpumep, eU, > Erp 4. Bee
YPOBHU HEPIUU HA AHOJIE CTAHOBSTCsI OTPUIATE/IbHBI-
MU, U C HUX HEBO3MOXKHBI II€PEXO/IbI Ha IOJIOXKUTE b~
Hble YPOBHH HEPruu Karoga. HerpymaHo Buuerhb, ITO
aist E < 0 B orom cayuae |[R™ (E)| = 1, T.e. Her pe-
mennii ypasaernss R~ (E) = 0. B arom ciaydae umire-
naHc karoja 1/k. MHUMBII, 1 KATOJ U1 AHOZA BBICTY-
IaeT Kak OECKOHEYHO JJIMHHAS IIOJHOCTHIO OTPAYKAIO-
m@ast cryneHbKa. [1oJIoKuTeIbHBIMU SHEPIUN Ha aHO1e
MOI'YT OBITH TOJIBKO IIPU HEHYJIEBOI TEMIIEpATypeE, T. €.
npu repmosmuccuu. Pertenus ypasuenus RT (E) = 0
BCerJla CyIIeCTBYIOT /IS YPOBHEIl Ha KaTote. Taxum 06-
pPa30M, JiIsi HECUMMETPUYIHOIO MTOTEHINAA CYIIEeCTBY-
0T aBa Tuna ypoBreil. Peassuno PT paccmarpusaercs
JIJISI HECUMMETPUYHBIX IOTEHIIUAJIOB, IOCKOJIbKY TOJIb-
KO B 9TOM CJIydae CyMIECTBYET OJTHBINA TOK.

Hpyroit BO3MOXKHBII MMOAXOI K PENIEHUIO CTAIINO-
mapaoro YIII MoxkeT coCTOsITh B MCIOJIH30BAHAN MaT-
puil neperoca [1-3] T (E). Marpuiia cTpyKTypBI OIpe-
JIeJIAETCS  MyTeM KYCOYHO-TIOCTOSIHHOM aIIPOKCHMAa-
U7 TOTEHIHAaa V' U MePeMHOYKEHUS MATPUIL yIacT-
KOB. XapaKTEePUCTUIECKOE YpPaBHEHME [JIs Olpeesie-
HUsl YPOBHEWl TYHHEJUPOBAHUsI HA AHOJ IPUHUMAET
B [1, 3]

_ T21 (E) 7ika (E)T22 (E) (5)
Ty (E) —ike (E) Ti2 (E)’

ike (E

Eme ogun criocob permennst YIII cocrout B UCIOJIB30-
BaHUM MeTofa MporoHkn. Kpome maxoxienusR* (E)
u D*(E) oH m103BOISET ONPEIeNMTb AMILIATYIHI
Aty (ik, (r — x,)) y BOMHOBBIX dyHKIHE U pac-
npejiesieHne 3apsga B o0sacTu Oapbepa W MBI DU
U3BECTHOM BXOJIHOM IIOTOKE IaJAOlUX YaCTUIl C
katoma nt (k)v,dv, u c amoma n~ (k)v.dv,. Do,
B CBOIO 0Yepe/ib, TO3BOJISIET OIEHUTH U3MEHEHHUE
KBAHTOBOIO TOTEHIHUaJa V 3a cder BIUAHUS TPO-
CTPAHCTBEHHOTO 3apsijia IPU CHIBLHOM ToKe [2]. Taxas
oTleHKa TpedyeT COBMECTHOIO UTEPAIHOHHOTO PEIeHUs
ypasuenus [lyaccona (VII) u VIII. Jng namux neseii
aHaJIN3a BJIUSIHUSI PE30OHAHCHBIX YPOBHEIl Ha SMUCCHUIO
BBIIIEYIOMSAHY ThIe YUCICHHBIE METO/bI HE YI00HbI.
[Tosyaum crporoe pemenne Y1 mas mMomebHOTO
norernuana V (2), OIUCHIBAEMOTO IBYMST IIPSIMOYTOJTb-
HbIMU OapbepaMu BBICOTBI V. y Karoga u V, y aHo-
Jia puc. 2. Jjist jiydimnero cooTBeTCTBUS PEabHOMY TTO-
TEHIMAJy pa3Mepbl 0apbepoB t. u t, OGepeM mpumep-
HO B J[Ba pa3a MeHbIIle, YeM OCHOBaHUs PeajibHbBIX I10-
9TH TPEYTOJbHBIX 0ApPhepoB Ha MPSMOYTOJHHOM TO-
cramenre (puc. 1, kpusble 2, 4, 6), upu 3ToM pas-
Mep MBI t,, COOTBETCTBEHHO yBearuanBaeM. MoxKHO 110-
JIy9UTH CTPOTOE COOTBETCTBUE NIUPHUHBI TPEYTOJHLHOTO

Ve
Vre :EF I/a

Puc. 2. CxemaTtudeckoe pacnpefenerue notesymnana V B og-

Hosimuoii PTC npu Uy, = EF /e. LLITpuxosbiMu nunnsimu obo-

3Ha4eHbl YPOBHM Ha KaToAe, aHOAe U ABa MeTacTabusbHbIX
YPOBHS

Gapbepa ¥ IIUPUHBI IPSMOYTOJBHOIO Hapbepa ¢ OJu-
HaKOBBIMH BBICOTAMHU, IPUPABHUBAs UX IPO3PATHOCTU
D,ec (E) = Dyye (E). Takoe cooTBETCTBHE 3aBUCUT OT
SHEPIUU. YCPEIHss 110 SHEPIUsM, MOIyduM KO3 du-
[MUEHT TPUMEPHO tree 2 0.5t4... B sime permenne VIII
UMeeT BUT

P (z) = AL exp (iko (z — t.)) + A, exp (—iko (x — t..)).
B 6apnbepe y kaToma nmeem BO

Y (x2) = Al exp (fl;:Aac> + A_ exp (l;:A:r> ,
a B bapbepe y amoma B nmpuanMaeT BuI

¥ (z) = AF exp (Jfa (€t — tw)) +

+A, exp (l%a (x —t.— tw)) .

31ech 0603HAUEHO

]Z/’c =V 2me (ch - E)7
ko = \/2me (V, — E),

k() =V 2meE.

B® na karoje ecTh yXomsinas OT HETO BOJIHA,
¥ (2) = Acexp (~ikoz) .
Amnajiornyno Ha aHOIE

Y (x) = Ag exp (iko (z — d)) .
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Snecs A, = ko, d = te + ty + to — pasmep CTPyKTY-
pbl. 3amada, Kak 00bIdHO, cocTouT B cimuBanuu B u
UX NIPOM3BOJIHBIX. BCero HEM3BECTHBIX BOCEMb, TPAHMIL
4JeThIpe, U YCJIOBUN TOXKe BOCEMb. BBIUUC/IATE onpe/ie-
JINTEJIb BOCHMOTO MOPSIIKA 063 UCIOIH30BAHIS TIUCICH-
HBIX METOJIOB — 3aJlavda He U3 JIETKUX. ByjieM moc/ieno-
BaTEJbHO UCKJIIOYATh HEU3BECTHBIE. Pe3yIbTaTsl Tako-
ro uckiodenus npusegennsl B [Ipumoxkennn. Ompeie-
ags dyukuuio [ (E) no dopmyne (I12) [puioxenus,
MMEEeM XapaKTEPUCTUIECKOE yPaBHEHUE

R
(f (B) =1 = ( (B) + 1)°

E=Y, (6)

U1 UTEPAIMOHHOTO TIOUCKA KOMILIEKCHBIX KOPHEH [y, .
Cunrast dyrknuo f Goubinoil mo Moayao (6apbepbl
mupokumu), noayanM F ~ —V,f (F) /4. Ilpu pacmn-
PEHUH SIMBI OT BECbMa Y3KOH CHAYaJIa YPOBEHb BO3HU-
KaeT 0koiio V, [21]. Jlas rakoro yposust kq = 0. B srom
cJiydae JOJIZKHO OBITH

tg (kotw) = ko/kq.
IlycTs mmeercs Takoit ypoBeHb
Er=V,(1-d1),
e 61 — MaJiasi BejmauHa. [lycTs Takxke
<< A=V, )V, — 1.
Boraucanm dyuakmuro f. Mmeem

ke~ k(146/(24)),

exp (2hete ) & exp (2te) (1+3/ (24)),

rje 0003HaYeHa BEJIMINHA

=2mV,A/h.

Takzke

ko/ke = (1— 061 (1+1/A) /2 + 8/ (4A)) /VA.

Tlonoxkum k, = 0, a BBeJEHHOE YCJIOBHE 3AIIUIIEM B

tg (twl;/\/Z> = VA.

BUIE

Torna nmeem

exp (2l~ft5)

T UA—5(A+1) (1+tw1%) )

10

x{al(A+ 1)1 + tk)—

—(6%/2) {A +2A (twl%>2 +(A+1) (1 + twl%)] }
Hust nesoit wactn (I12) mosryanm

5 1+ivVA

1(A—|—1)2,

L+iko/ka _ |
1 —iko/ka

OTKY/Ia, MOXKHO HaiiTu moupasky 01. [Ipenebperast BTo-
PBIM IIOPSIJIKOM, HaiijieMm

16 exp (—21%7:0)

" (1+1/A) (1 + twk>

+

40 exp (—Q%tc)
(1+1/A) (1 + twlé>

41+i\/Z_
(A +1)°

X

X

(1+1/8) (1+ twl%)] .

Bropoit aien moxkuo omycruth. st TouHOTrO mMOMCKa
KOpHeil ypaBHeHUst (6) PACCMOTPUM sIMY, OKPY?KEHHY IO
GECKOHETHO IMUPOKUMHU OapbepaMu, T.€. CTyIeHbKaMU
norenrmaga BeicoTel V., n V,. Ilycrs V, < V.. B ra-
KOH sIMeé BO3MOXKHBI CTAIMOHAPHDLIC YPOBHU IHEPIUH
E, < V,. Bagaya 0 HeCUMMETPHUIHON siMe perieHa u
uccyeoBana B [21]. C o6osnadeHnem

kion = \/2meEn/h

OHa UMeeT penieHue

konh

\/2mch> -
Onh

— arcsin | ——
2

meV,

kontw = nm — arcsin (

) —g(Ea) (7)

u jaer geficrBuresibable ypoBHU. Y pasuenue (7) 3amnu-
eM B BHJIE

tg (k()ntw) - k()ntna
rie
o kOn + kc
BI)I6I/IpaH HMIUPpUHY sIMBI U3 YCJIOBUA CYIIIECTBOBaHUA O/~
HOI'O YpPOBHHA

/2 — arcsin (V, /Ve)
2m.V./h

tyw > 1o =

)
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nMeeM
E, = (hg (En) /tw)Q.
2Me

3 sroro ypaBHeHUsT METOIOM JIEJICHUS TIOTIOJIAM Ha OT-
peske (0,V)) HaxoAUM JeficTBUTEbHBIE 3HAUEHUS Fy.
s cymecTBOBaHUsT HECKOJIBKUX YPOBHEH sMa JTOJIZK-
Ha OBITH B HECKOJIBKO pa3 mupe, 9eM tg. Torma Haxoamm
E,,n=1,2,.. N. 3nauenus F, UCIOJb3yeM KakK Ha-
JaJIbHBIE E~,(L0 = F,, nya urepanuii 1o dopmyie (6).
B pesynbrare mosydaem Bce ypoBHH, ¢ KOTODBIX dYa-
CTHIA MOYXKET yITH Kak Ha aHOJ, Tak U Ha kKarom. [l
[OBBINIEHIS TOKA CJIEYET UCIOIB30BATH MAKCUMAJIBLHO
MIAPOKYIO MY, JIJIsi 9€r0 MATEPHUAJ COOTBETCTBYIOIIE-
ro JIEKTPOJA JOJIKEH 00J1a/IaTh MaKCHMAJIbHO OOJIb-
moit gymuoit coboauoro npobera (JICII) snekTpoHos.
Kparuo ysesmraurs JCII moxkHO, NCII0/IB3ys KPUOTEH-
Hble TeMiepaTypbl. Paccmorpum BoiBoa ypasuenus (7),
korya B co cToOpoHbI KaTo/a U aHOJa B3SATHI B BUJIE

0 (@) = Acexp (ko (1-i60) 2)

b () = Ag exp (f/;a (1—id,) ( — tw)) ,

T. €. 6apbepbl JaCTUYIHO ITPpO3pavHbIe. Sﬂe(}b
2me (Ve — E7) /1,

ko =\/2m. (V, — E.)/h,

a MaJibIe IIOIIPpaBKU 6epeM B BUJIE

5. =E"/(2V, —2E.).

Peanpno oHM cBsS3aHBI ¢ KOHEYHON IMUPUHONI Oapbe-
POB UM KOHEYHBIM BpEMEHEM >KU3HU ypoBHe#l. B sme
0 <z <ty 6epem

Y (x) = Asin (kon, (L + ) 2+ 9)
rie )
Ey = (1+60)" (konh)* / (2me),

a MaJIyio IomnpaBky d,, Tpebyercs naiitu. B pesyabrare
JJI HEe MOJIy9aeM XapaKTePUCTHIECKOe YPaBHEHUE

y ko (1 —1i8,) + ke (1 —id.)
fioka (1—i0q) (1 —i6.) — k2, (14 6,)

Beenem oboznauenmst

8l =0a/0n, 0by = 0c/0n.

IIIrpuxoBaHHble BeIMYUHLI HE dABJIAIOTCS MAaJIbIMH.
YuurbiBag (8), [Jid MOJIyd4eHUs HOIPABKYU CJIELYeT UC-
[0JIL30BaTh Pa3JIoXKeHHe BILIOThH JIO BTOPOIO IOPsIKa
no 02. Toayuaem &, = A, /By, rie

t i (d;ulz}a + 5271];'3)
Ay =2 4 kS taty — 1+ S —
ty ko + ke
Qikekq (8, + 0L,) + 2kon
keka — k2,
kekad! 6 + k2
B, — JefalanOen + Non _ kg tntw+
koka — k2,
-7 1 / / 2
+4 ’ch’ka (ESLLIL + 50;) + kOn
kekq — kg,
N Qikeka (8, + 0L,) + 2k2,
koka — k2,
HpI/I BbIYUCJICHUN IIOIIpaBKN MOZKHO I1oJiaraThb

E;l = E,, u Toraa
E}/Ey = —Tm (8,),
a peaslbHas JaCTh TAKKE U3MEHSETCH:
E! = E, (1+Re(d,))-

Ha puc. 2 nokaszans g8a yposHsi. C KaTo/1a BO3MOXK-
HO TYHHEJIMPOBaHUE HA 00a YPOBH:A C yXOJOM Ha aHO/I.
IIpu sToM KaTo HArpeBaeTcs, IIOCKOJIbKY ero ypOBeHb
samre YO (sdbdexr Horrunrema). IIpu nepexosie ¢ nep-
BOI'O YPOBHS Ha AHOJ, IIOCJIEIHII OXJIAXKIAETCs, a IPU
[epexozie CO BTOPOro — HArpeBaeTcs. 1 yHHeTMPOBaHUe
C aHOza Ha BTOpOIl ypopeHb npu 1=0 HEBO3MOXKHO.
Bpems kusau ypoBHS 9KCIIOHEHITHAIBHO Y MEHBITAETCS
¢ yMmeHnblrenueM mupud 6apbepos. [locieamnne ymernb-
matores ¢ pocroM Uy (adpdexr HlorTRN), T. €. ¢ yBeu-
vyenneM ry6unsl simel. Ilpu U, > U, + Epc/h B aMme
BO3MOXKHBI crarumonapubie ypoau. Cyxkaer Gapbepbl
yBeJIUeHne HanpsizkeHnst Uy 1 yMeHbIIIeHne Pa3MepoB
t. u t,. Imeer MecTO KpUTHIECKOE HAIIPSIZKEHUE, KOIa
b6apbep orHOCHTEbHO YP mcUe3aer, T.e€. CTAHOBUTCH
[IOYTH TPEYTOJbHBIM. [leiicTBUTeIbHO, NCTIOIBb3Y S HOp-
Mmyay (1), B KoTopoii o6o3HAuaeM

(1—a/d) (1+6§/d)?
(1—4/d)e

W' =W,

?

cunTad d = t, u Ipenedperas B Heil MATBIMI “ITeHAMH,
9TO YCJIOBUE MOXKHO 3aIUCATh TaK:

V (.1'0) = EFc =
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= Epe + W/ (1 =48d/ (xo (d — z0))) — eUyzo/d.

U3 Hero Haxomum TOUKY g, Ije 310 umeer Mecto. OHa
BechbMa OJIM3KA K KATO/Ly, [I09TOMY yIIPOIAeM KyOutde-
CKOe ypaBHEHUe, 3aMeHsas d — ro Ha d:

2 /
xo = eUgag/ (Wid) + 6.
Permurh 970 KBa[paTHOE YPABHEHUE HPOIIIE UTEPAILH-
MM, [oJiaras CHavIaja Lo = d, a 3aTeM yTOUHsIs:

zo =6+ 6%eU,/ (W.d).

YrouHnenne BecbMa MaJIo, IIO9TOMY IIOJIydJaeM KpUuTu4de-
CKO€ HalIpA2KEeHNe

U, = W' (d)5 — 1)/ (2¢) ~ W'd/ (2¢6).

s PB nopsinka 4 3B npu d=2 mm emy coorBer-
CTBYeT HAIPS?KEHHOCTb KPUTUYECKOIO JIEKTPUIECKO-
ro nosist Ha Karoze 2.35 - 1010 B /M. Takum obpazom, B
PTC ¢ amoit ¢ mupuHOi MopsiKa HECKOIbKUX tg IpH
MaJIbIX IMUPUHAX 0apbepoB t. U 1, BO3MOXKHO CHJIbHOE
YBeJINUEHNE IMHUCCHOHHOIO TOKA, JJIsi Yero JIOCTATOY-
HO yBEJIMYUTH pas3mep t,,. OJIHAKO TyHHEJIUPOBAHUE —
TPAHCIOPT OAJUIMCTUIECKU O€3 IMOTepu dHEPruu, Mo-
9TOMY IIUPUHA t,, JOJXKHA OBITH CYIIECTBEHHO MEHBIIIE
JICII sjekTpoHA B COOTBETCTBYIOIIEM MaTepUAJE. Xa-
PaKTepHBIl pa3Mep t,, P KOMHATHOII TemIlepaType
— HECKOJIbKO HM. JIJisi yMEHBIIEHUsI BPEMEHU KU3HU
YPOBHEIl € IEJIbI0 yBEJUYEHUsI TOKa Dapbepbl CJIejry-
€T BBINOJHATH y3KuMu. VX CyKeHne TakzKe IOCTHUTa-
eTCsl yBeJIMUEHNEM HaIlPsiXKeHuil Ha 3jieKkTpojax. [lo-
JIy9UTh TOUHBIE DellleHusi ypapHeHust (6) He CJIO0XKHO,
HO 9THU yPaBHEHUs MOJIEJIbHbBIE, TOITOMY JJIsI PeabHBIX
[TOTEHIUAJIOB puc. 1 cjeayer pemars CTporue ypabHe-
mus (5) wm RY (E) = 0. B tabiuue npusesieHns pe-
3yJIbTATHl UTEPAIMOHHOIO BBIYUC/ICHUSA KOMILIEKCHBIX
suepruii. Borauncsenus 1o dopmyse (5) u u3 yciaouii
R* (E) = 0 cosnaaior.

BecpMma mpocThiM MeTOIOM OmpeieieHrs KOMILIEKC-
HBIX YPOBHEl SBJISIETCS PACYET MPO3PAYHOCTH CTPYK-
ryp. Ha puc. 3 upusemen npumep soramcienua DT u
B psse aByxbsamabix PTC, umeronux or 2 10 4 mera-
crabmIbHBIX ypoBHEH. Takue CTPYKTYDPBHI MOy Ial0TCs
upu CBOEHHOM ceTke [1-3] u Gosiee y00HBI JIuIs IOJTY-
genusi PT, OCKOJIbKY MOXKHO ¢(pOPMUPOBATH JIBA IIPU-
MEpHO OJMHAKOBBIX Oapbepa MPHU CYIECTBEHHOM 3JI€K-
TpocrarndeckoM norennuasie U,. OTMeTnm, 910 MUK
a1a DY w D™, BoobGie ToBopsi, HEMHOIO pa3/Imdaior-
Cs, IPUIEM B IPHUBEIEHHBIX CJIYUAAX PA3IMINE MMEET
MECTO IIPU MAJIBIX SHEPIHUAX IIOCIE HECKOJIbKUX 3HAKOB
or 3angroil. IIpu E > Fp. Bcerna DT ~ 1. Dror cJIy-
Jail COOTBETCTBYET TEPMOIMUCCHUH, €CJIH TeMIIepaTypbl

12

siaekTposoB T+ > 0. OrmeTuM, UTO HpPH pPa3HBIX Ga-
pbepax MOTYT OBbITh MUKW, HE JOXOMAIINE JI0 €JINHU-
sl (HenosHOe PT). DT0 ¢BsI3aHO ¢ HENOJIHBIM TIOTaIe-
HUEM OTPasKEeHHBIX JIEKTPOHHBIX BOJIH. Besmaunnsl F)
OTIPEJICTIATOTCS TT0 MAKCUMYMAM [MTUKOB, 9TO MOXKHO CJIe-
JaTb JOCTATOYMHO TOUHO. Bemutauner E! ompeneisiorcs
110 mupuHe pe3oHaHcoB. OOBIYHO YPOBHHU PACIIOJIONKE-
HbI BOIM3K BepXHUX 00J1acTeil SMBbI.

PacemorpuM, Kak BIMSET MOJIOXKEHUE YPOBHS U €10
MUPHUHA Ha BKJaJ B TOK. [lycTh nMeeTcst OJuH ypOBEHb
E{ —iE{. Annpokcumupyst ero B (3) paBHOCTOPOHHUM
TPEYTOJIBLHUKOM €IMHUIHON BBICOTHI, TTOJIYyYaeM BKJIAJ
OT YPOBHS

AJT = —em. (B, — E}) B/ (47°R?) .

st yposueit BOim3u Y® katosma on maj. [losromy
BasKHO I10JIy9aTh HU3KOJIEZKAIIIE YPOBHU C MAJIbIM Bpe-
MeHeM Ku3HH (60JIbIoi mupuHOit). s oHOYHOTO
TPEYTOJIbHOTO MOTEHITNAJIBHOTO Daphbepa IPU 3aKPUTU-
YeCKOM T10JI€ KBA3UKJIACCUIECKOE IHPUDJIMKEHUE JaeT
€ro mpo3padHocTh D B BuIe

<D;zexp<44dv?n%VVw2ﬂﬁwL@),

cM. [20]. 3zmeck BBICOTA Gapbepa W orcunThIBAETCS OT
KUHETUYIECKON 9Heprun Haberarmero Ha 6apbep dJieK-
TpOHA, T. €. B HatteM ciryaae W = V — E. [l rioybokux

10+00D 2

1072

L~

10
107
1078
10-10
10-12

1014
10-16

10-18 1 1 1 1 1 1
07 08 09 10

E/Er

Puc. 3. KoschcuumeHT TyHHennposatus ¢ katoga D = DT

B ABYXBAMHON CTpykType ¢t = ¢1 = t2 = t3 B 3aBUCUMO-
ctn ot otHowenust E/Ep, npu t =ty = 1 UM, d = 5Hm
(I, 3) ut = 2 Hm, tyg = 1.5um, d = 9 um (4). Pabo-

Tbl Bbixoga W, Wy = W, = 4.0 3B, sneprun Pepmn
EF, Er, = 5 3B, U, 11 B. U, = 13 B (1, 4);
Uy, =20B(2); Uy, =25B(3)
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Hanpsbkenusx U, (B)

Tabnuua. Metactabunbhble yposun (3B) B obnactm (0, Ep:) Ans noTeHumana puc. 1 npu pasHbiX aHOAHbIX

U, 1.0 2.0 3.0 4.0
E,—iEy | 0.14467- | 0.1445- 0.1399— 0.1405—
i3.1.107% | 42.9-10~* | 42.7.10~* | i2.7-10~4
E)—iEY | 1.815- 1.807— 1.798- 1.789-
i2.5-103 | 42.6-10~3 | 42.8-:1073 | 2.9-10~3
E{—iEY | 4.4938- 4.369— 4.328- 4.279-
i8.9-1073 | 49.5:10~2 | 49.9-10~3 | 1.2:10~2
E,—iE] 6.872— 6.982—
i7.2:1072 | i8.3-1072

YPOBHEI! TPO3PATHOCTH OJIMHOTHOTO DAPhePa IKCIOHEH-
nuaJabHO MaJia 1o cpaBHenuto ¢ D = 1 npu PT. Jlna
riyboKuX ypoBHEll (hopmysia paboTaer J0CTaTOYHO XO-
porto, onnako npu F = V BugHa ee OrpaHUYEHHOCTD:
D = 1 uopu W = 0, rorma xak pemenne YIII naer
D < 1. 91uM, B 94aCTHOCTH, OIPAHUYEHO IIPUMEHEHNEe
dopmyssr Paynepa — Hopareiivma K oguaOUHOMY 6apbe-
py. Tem HE MeHee, pe3ysIbTAT MOXKHO UCIIOJIB30BATD JIJIsd
OIIEHKM BPEMEH KU3HH IVIYyOOKUX yPOBHEH, BBIUUC/IsIsI
Dc,qy nipu W = V., — E, u onpenenas 6 = D. m
0q = Dy.

3. BPEMd4 >KN3HU YPOBHA ITIPU
HECTAIIMOHAPHOM IIOAXO/JIE

Hecramumonapnoe VIII, 3ammceiBaemoe Kak

S(tax)w(ﬁax):V(tax)w(ﬁax)a

ABJISIETCS  PEJSITUBUCTCKU HEKOBAPUAHTHBIM. 3J1€CH
Mbl obozHaumiu oreparop Ilpeanarepa cBoOOHOIT
JACTHUIBI

_ o (haw)2
S (t,x) = ihd + T

DTO O3HAYAET, YTO MponaraTopHas GYHKIuA [ puHa
(TI®T), onuceiBaromas PaCIPOCTPAHEHNE YACTUIIBI U3
TOYKHU T’ B MOMEHT t' B TOUKY T B MOMEHT § M UMEIOIIAs
B [22, 23]

Ko(t—t,z—2')=

N Me
:Sgn(ﬁ_ﬁ) mx

wexp [LE=Tme) g
R T AT

JaeT OECKOHEYHO OBICTPOE PACIPOCTPAHEHNE BO3MYIIE-
uust. eficrsurenbro, IIOT (8) omnpesesnsier yacTuily B

13

TOYKE T B MOMEHT [ 110 ee amiuuryze g (', ') B rouke
' B Mmomenrt t’

o0

o (t,z) = /Ko(x—x',t—t')wo(t',x')dx'.

— 00

JTT B TOUK B MOMEHT t( BO3HUKJIA IJIOTHOCTD Be-
Ec OUKe T OMEHT ty BO3 a TJIOTHOC e
POSITHOCTH

¢0(t071"7) :5('1'_1‘0))

T. €. YaCTHUIla JIOKAJIN30BaHa B 9TOI TOYKe, TO IIpu t > g
OHA CYIIECTBYET BO BCEX TOUKAX OECKOHETHON 00/1aCTH:

’lﬂo (.Z',lf) :KO (l‘—l‘o,t—to),

T. €. CKOPOCTh PACIPOCTPAHEHUS IIOTHOCTU BEPOSTHO-
cru Geckoneuna. OIHAKO ILJIOTHOCTH BEPOATHOCTH B
VAAJEHHBIX TOYKAX OECKOHETHO MaJja. 31eCh WHIEKC
HOJIb O3HauaeT cBoboHy0 Yactuiy (V=0). Takas qua-
CTHIIA B OOIIEM CJIydae OIMCHLIBAETCS KaK BOJHOBOI 11a-
keT (BII) ¢ HeKUM CIIEKTPOM BOJTHOBBIX YHCEJT k U 9HEP-
ruit B, OrmeruM, 9TO HAOEraiomnii MOTOK YACTHIL C
pacupesyiesiernem (2) rakxke ectb BIL TI®OT (8) yuo-
BJIETBOPSIET HAYAIHLHOMY yCJIOBUIO

Ko(t—t o—2a'),,, =d(x—2a')
U yPaBHEHUIO
SKo(t—t,z—a')=ihd (t —t')d (x — '),

cM. [22]. Pemars necramuonapuoe YIII nano upu ompe-
JICJIEHHBIX HAYAJIBHBIX YCJIOBUAX. YI00HO OpaTh B Ka-
JecTBe HavajbHBIX YCJIOBUIl 1pu t = ty CTAIMOHAP-
HBIIl ciydait, T.e. npu t < tg wucmnomb3oBars B
Yo (x) u nmorennman Vo (x). B moment t > tp wno-
reriman V (x,t) HaumHaeT uW3MeHsThCA, a B® yiuo-
BjerBopsier Hecrarmonapaomy YIII. Ona npu tg > 0
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ompeiesisieTcsi HHTerpajbHbiM ypasaerneM (V) tuma
Jlutmvana — [IBuarepa:

t oo

w(z,t):wo(z)fihfl//Ko(tft’,zfx’)x
0 —oo

X [V (', 2") = Vo ()] (', 2")dx'dt’.  (9)

Heficreuresbho, npu t < 0 umeem ¢ (x,t) = g (x).
Ipu ¢ > 0, peiicrBys Ha (9) oneparopom S, mojydaem

Sv"/) (:L‘,t) =V (t,l‘) P (t/a ;L'/) .
Ecim norenmuasn
AV (t,z) =V (t,z) — Vo ()

JIOKQJIN30BAH B HEKOTOPOI obsiactu, ypasuenue (9) s
MaJIbIX BPEMEH DPENIUTh JOCTATOYHO IpocTo. IIpumep
periennst st nyx6apseproro PTII nau B pabore [12].
D10 ypaBHEeHUE YIOOHO I UCCJIEOBAHIS TIEPEXOTHBIX
[IPOIIECCOB U BPEMEH TYHHEJINPOBaHMs. BO3MOYKHBI CJIy-
qau AV (0, 2) = 0 (wiaBHOe H3MEHEHNE IOTCHIAA) I
AV (0,z) # 0 (pe3koe m3MeHeHHe TOTEHIANA). Pac-
cMmoTpuM BTOpOit ciaydait. [lycrs mpu ¢ < 0 mmeem simy
C OJHUM MEeTaCTaOUIBLHBIM YPOBHEM MEXKy JByMs Oa-
pbepaMu. JTOT YPOBEHb HE MOXKET OBITH 3aCejIeH, I0-
CKOJIbKY 38 DECKOHEYTHOE BPEMsI COCTOSIHIE BCEria Pac-
najsiercs. /st mpocTOThl PACCMOTPHUM YPOBEHB MEK-
JIy JIBYMsI OJMHAKOBBIMU Oapbepamu BbicoThl V. Huuaro
HE MEINAeT CYUTATH BBICOTHI H6APHEPOB PA3HLIMHU, HO
9TO MPUBOJUT K 00JIee TPOMO3JIKIM BBIKJIAIKAM. TaKOi
YPOBEHb MEXK/y OJMHAKOBLIMHU Oapbepamu V' ompejie-
JISIeTCSl U3 YpaBHEHUST

th (l%ltb) th (kt,) =

E4vfa)
E, —V/2

eM. [13]. Baech BemanHA

== ,

Qme (V — El)
ki = k:'l + ik'l' = 7
KOMILIEKCHasI, t1 = to = t, — ToamuHa 6apbepos.

13 sTOr0 ypaBHEHHS MOXKHO OIPEACIUTDL BPEMS KN3-
Hu 71 = 2h/FY. Y106HO UCKATh YUCIEHHOE DEIleHre B
BUJIE

Ey = Vparctg® (o (Ey)) / th® (Zfﬂfb) ;

Vo = h?/2m.t?

14

IIpeJCcTaBUB apKTaHTI'€HC Yepes3 norapn(l)M. Bennaunnr

a=d +id" =\/E (V—-Ey)/(E, —V/2)

B o= iR

KOMIIJIEKCHBIE. ILHSI IUPOKUX 6apbep0B nmMeemM

k= \/2m. (V — E})/h,

K/ = E{\/me/ 2V —2E})/h,
th? (kltb) ~1—4dexp (leégtb) exp (72il}’1’tb) .
,ZLHH BXOOANINX B YPpaBHCHUEC BECJIMIUH IIOJIydIaeM
of =\ /EL(V - Ey)/(E] - V/2),
o = Blol, (1) (2V — 2B)) +2/ (2B, — V) — 1/ (2E})).

IIpore Bcero oneHUTh YPOBEHDb, CANTAs, YTO OH BO3HU-
KaeT y rpaHuibl 6apbepa. Torja sesmuuna of MaJja, a

o =~ 3a By )2V
eme 6osree mastag BesmauHa. Obo3nagas
§ = dexp (—Qkitb) exp <72il}1’tb) ,

IIOJIy9aeM 9HEPruro B BHIEC

E1=(V+Vo)/2+1/VE/4+3VV/2+ AE,,

(V0*/4+3VIh/4) W
V4 +3%V/2 2

Vraybum simy Ha Beqmuuny AV. Torma Ha JiHE sIMbI

rae

AFE,

SHEpPrus OTpurarejbHad. 1lycTh BO3MOYXKEH TOJIBKO
OIMH CTAOUIBHBIN ypoBeHb. [lycTh TakKe MEHTD SAMBI
naxoaurca npu r=0. BosiHoBasi dyHkus B sme OO
qeTHasT

Yo (x) = A, cos (ki) ,

b0 HedeTHad

o (x) = Agsin (k1) ,

IIpU 3TOM
1/)0 (tw/2) 7& 07 1/’6 (tUJ/Q) 7é 07
kl =\ 2meE1/ﬁ.
O603Ha9IM

ko = \/2m. (AV — Ey)/h,



MIT®, Tom 167, BoIm. 1, 2025

O BpemeHax XN3HN KBa3UCTALNOHAPHbLIX YPOBHEIA. . .

ki =+/2m.(V + AV — Ey)/h,
Z():*Z./ifo, 21:72./];1, Zlil/kl.

Torma B cydae HEYeTHOH BOJIHOBOI (DyHKIUU MMeeM
XapaKTePUCTUIECKOE YPABHEHUE

tg (kltw/2) = iZi/pl,
a JIJId YeTHOII (byHK]_H/H/I

tg (kltw/2) = —’L'pl/Zi.

p1 (/50 — p1th (];3115))

p1 — poth (ifﬁ)

Bennguna

Z;

MHUMAsi, TO9TOMY yDaBHEHUS JI€HCTBUTEIbHBIE U OIIPe-
JensioT JefictBuTenbuble dHeprun. Hopmuposky B
BO3bMEM U3 YCJIOBUsI HAXOXKIEHUS YACTUILI B 06J1aCTH
saMbl || < ty,/2. D10 IPUOIHIKEHHOE yCIIOBUE, HOCKOJIb-
Ky €CThb IIPOCAYUBAHUE BEPOSITHOCTU Yepe3 Oapbephl.
Ho npu jpocrarouno 60Jibinoit mmupruHe 6apbepoB OHO
MaJj0. MOKHO BBIOJHUTH CTPOrYI0 HOPMHUPOBKY, HO
9TO JaeT IPOMO3JKNE 3HAYCHWS aMIUIUTYy. B Harmem
cJlydae Jijisl aMILIATYL HUMeeM

|AC|2 = [tw (1 +sin (tyk1) / (twkl))]il )

|Ag|* = [tw (1 = sin (twk1) / (toki))] "

TloHsiTHO, YTO NEPBBIM JI0J2KEH BO3HUKHYTH YeTHBII
YPOBEHB, TOCKOJIBKY ee B® mpumMepHO COOTBETCTBYET
nosryBoJiee Je-Bpoira. Urak, mpu t < 0 cymecTByer
TaKoOl 3acejleHHbI ypoeHb. B MomenT t = 0 pe3ko
BKJntouaercs norerrwmaa AV > 0, u JHO MBI IO THUMA~
ercsi 10 HyJIeBOi sHeprun. B Takoit sime gactuia Oec-
KOHEYHO JI0JITO CYIIECTBOBATH HE MOXKET, 1 HAUNHAETCsI
pacnan cocrosuusi. On onucwiBaercsa MY

Y (x,t) = 1o (x) — ih PAV x
t tw/2
x/ / Ko(t—t,x—a2") (', 2")dd'dt’. (10)
0 —t,/2
D1y 3a1ady MOXKHO pellaTh YHUCJICHHO WA METOJIOM

Bo3MyIIeHnit. B mociennem ciydae mepBoe mpudIimKe-
HUE eCTb

Yy (@) = o (z) — ik AV x

t tw/2
Ko(t—t,z—a") o (2')dz'dt'.

0 —ty,/2

15

1.0

20 3.0 4.0

1/t

Puc. 4. BepositHocTb nepexoga P(t) cornacto chopmyne (12)
AN pacnaja ofuHo4Horo yposHs. LLITpuxosas kpusas obo-
3HaYaeT aKCnoHeHumanbHblli pacnag Po(t) = exp (—t/11)

BeposTHOCTD HAXO0XKIEHNS 9aCTHUIIBI B 00JIACTH SIMbBI
Tenepb OyeT

b2

/ o (¢, )| da.

—tw/2

P (t)

(11)

Owna y6biBaer co Bpemerem. Permnast IV (10), Berauciisi-
eMm (8). OueBnuHo, pu B3siT0i HOpMuposke P (0) = 1.
Annpokcnmvupyst (8) dynknueit Py (1) = exp (—t/m1),
ompe/iesisieM BpeMs XKu3Hu ypoBHst. COOTBETCTBY IO
pesysbTar npusejeH Ha puc. 4. OH cOOTBETCTBYeT 3Ha-
genuio FY/E{ = 0.021, 71 = 59.5 dc. Creayer orme-
TUTB, 9TO PACIAJ] TAKOI'O COCTOSHUSI, BOOOIIE TOBODSI,
[IPOUCXOJIUT He 110 SKCIIOHEHIINAIbHOMY 3aK0HY [24-35],
KOTOPBIil BBITIOJHSETCS B MpEJeae OECKOHETHO JIOJITO
»KuByIero yposus [36]. B ame cyiecrByior cocrognust
C HEIPEPBIBHBIM CIEKTPOM, KOTOPBIE UCKAYKAIOT IKC-
MOHEHITUAILHBIA 3aKOH. HenpepbIBHBII CIIEKTp W WH-
TepdepeH s IPUBOIAT K 60oJtee OBICTPOMY HAYAJIBHO-
My Dacnajly, a 3aTeM BO3HHKaeT 3amejyienue [17,24].
Erme 6osee cioxkHbBIN crydail cOOTBETCTBYET HECKOJIb-
KUM ypOBHSAM. HecTanmoHapHBIH 1TOIXO0J CyIeCcTBEH-
HO CJIOXKHEe, YeM OMpeJIesIeHNe KOMILIEKCHBIX KOPHEH.
MHTEepecHo OTMETUTD, 9TO JIJIsl 38189 TYHHEJIUPOBAHUS
BBIYHUC/IEHNE TIJIOTHOCTU BEPOSTHOCTH

p(E) = / o (z, B)[? de
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P/n

10*° -
107"
1072
10
10
107°
10°°
107

0.0 0.25 0.50 0.75 1.0
E/Eg,

Puc. 5. HopmupoBaHHast NAOTHOCTb YMcCAa 4acTuy p B sIME B
3aBUCUMOCTN OT 3Heprun E npu Tpex pesoHaHCHbLIX YPOBHSAX
(B): 0.140552, 1.78936 3B, 4.27933 (cm. Tabnuuy, U, = 4 B)

Kak 110 00JIaCTH MBI, TaK U 110 00J1acTH 6aphepPOB JaeT
MAaKCHAMYMBI TIPA SHEPTHUIX, COBIMAIAIONINX CO 3HAYUCHNU-
SIMI PE30HAHCHBIX ypoBHeii E!, puc. 5. Pesynbrar HOp-
MHUPOBaH Ha IJIOTHOCTD YUCJIA YACTHUI] B 000UX IOTOKAX

n(B)=n"(E)+n (E)=

= V2Em?/? (Ep. — E) /7°h3.

DTO CBA3AHO C TEM, UTO BCE A IAIONINE CJIEBA U CIIPa-
Ba MOTOKU C PE30HAHCHBIME dHeprusiMu F! mpoxomurt
B AMy, & JUUId JpYTUX SHEPIruil OHU CUJIBHO OTpaKaeT-
ca. Kak TyHHeIbHAasI TJIOTHOCTH TOKA J, TaK W IJIOT-
HOCTbH IOTOKA& BEPOSTHOCTH j HEIIPEPBIBHBI BJIOJIb BCEl
CTPYKTYPBI, CIUTAA U JIEKTPOJIBI, YTO €CTh CJICACTBUAE
3aKOHA COXPAHEHUs] JACTHI (BEPOSTHOCTH) B HEPEJIsi-
TUBUCTCKOII KBAHTOBO# MEXaHUKE.

4. IPUMEHEHUWUE HECTAIIMOHAPHOT'O VIII
AJId OITPEAEJIEHN A BPEMEHN
TYHHEJINPOBAHUNAL

OrHOCHUTENILHO BpeMeHu TyHHeupoBanus ¢ 1930 r.
(KOry1a BOBHHUKJIO 9TO IOHSATHE) IO HACTOSIIEE BPEMs
HeT yCTaHOBUBINErOCsl IOHUMAHUSI B JiATeparype (CM.
[19] u smreparypy tam). o cux LOp paccMarpuBa-
0TCS TAPAJIOKCHI TUIA XapTMaHa, <«CBEPXCBETOBOIO»
TYHHEJINDOBaHUSI, OTPUIATEJIbHOIO BPEMEHU TYHHE U~
posanus u T.1. 1Y (10) BrosiHe ymoGHO Jisi pereHust

BOIIpOCA B TAKUX BPEMEHAX U BOOOIIE O MEPEXOJHBIX
uporeccax [12]. Bpems xkuznu (npebblBaHus B CTPYK-
Type) YACTO CBSI3bIBAIOT CO BPEMEHEM TYHHEJINPOBa-
Hust. 3zeck BMecto Y (9) MBI paccMOTpuM Jpyroif
[IO/IX0/T, OCHOBAHHBIX HA METOJE DsIOB IS PENIeHus
mecrarmonapuoro YII. Ilycts npu t < 0 B obsactu
0 < x < d cTpyKTypbl ¢ Tpems 3naekTpojgamu U, = 0,
a U, = —W./e. llycrb Takxke Besuuuna d JOCTATOUYHO
bosibiirasg. B sToMm ciaydae moTeHIMas OJM30K K IIPs-
MOYTOJIbBHOMY IIHMPUHBI d U BbICOTBI W, OTHOCUTE/Ib-
HO Y® (puc. 1, kpuBast 0). OTHOCHTENBHO HYJIsI €0
Boicota V = W, + Ep.. Ecimu 6b1 Ha ceTke OLLIO Hy-
JIeBOE HAIIPsI?KEHHE, TO TIOTeHIaJ (OTHOCUTEHHO YD
Epc) umen 661 Buj aByX rop6oB BbICOTBI W, pasje-
JIEHHBIX ITPOMEXKYTKOM C HyJIeBOil BbicoTOl. Kpusas 1
Ha puc. 1 JeMOHCTPUPYET ITOTEHIIUA IIPU OTPULIATE b=
HOM HampsKeHnu Ha cetke U, = —W,, korma Bcs
KpuBas momaara #Ha W.. Takoit moreHmaa 3amupaer
Tok. IIycrs B Moment ¢ = () mOTeHIMAJIBI IEPEKTIOYA-
forea Tak, aro U, > 0 u U, = Epc/e, 1.e. 3ana1a
cranosuTcd Takoil, kak upu PT. CoorBercrBenHo Ha-
JI0 PACCMATPUBATH [IEPEXOHBIE TPOIECCHI yCTAHOBJIE-
HUsI TYHHeJIUPOBaHUs 1pu ¢ > 0 IpU [MePEKJIIOYEHUN OT
KpuBoil 1 K KpuBbIM THHA 2, 4. i quosHoit cTpyK-
TYPBI 9TO MepeKJIIouenrne OoT KpuBoil () K KPUBBIM J,
5, 7, Ho 6e3 PT. Makpockormuyueckoe n3MeHeHne TOKa
[IpU TAKOM IIPOIECCE BeCbMa IIPOCTO U3MEPHUTh, B OT-
Jingre OT BPEMEHU TyHHEJUPOBAHUs OTIEJIbHOI dac-
turpl. Craeayer ormeruTsb, 9To npu ¢ < (0 TOK oTCyT-
CTBOBAJI B CUJIy CUMMETPUU CTPYKTYPbl. TakKe B 3TU
BPEMEHA IJIOTHOCTHh YNCJIA YACTHUI] B CTPYKType ObI-
Jla HUYTOXKHO MAaJia, [MOCKOJIbKY HHUYTOXKHO MaJjia Be-
POSITHOCTH TYHHEJIMPOBaHUS depe3 MUPOKUil HGapbep.
BOJm3u KpaeB IJIOTHOCTH SKCIIOHEHITUAJBHO CIIAJIAeT.
Bruibupas d GoabmimMm, MOXKHO cYuTaTh, 9TO B 00JIa-
cru bapbepa YacTHUIlbl OTCyTcTBOBaM. [lepek/iouenue
[TOTEHIUAJIOB IIPUBOJIUT K IMOsABJIeHNIO ToKa. OH He MO-
JKET MOABUTHCA MTHOBEHHO, ITOCKOJIbKY JACTHUIIAM HAJIO
MIPOUTHU 00JIACTD d, ITO U CO3JAET KOHEYUHOE BpEMs IIe-
pPexojHOro mpoiiecca. byraem pernars HecTalmOHAPHOE
VIII pasnoxkenneM B 1 psanl B obmactn 0 < x < d:

U (t,x) =
=A Z ay, () cos (xnx) + Z B (t) sin (xnx) | ,
n=0 n=1 (12)
V(t,x) = Z Un, (t) cos (xnZ) , (13)
n=0

e Xn = nm/d. Meroj UpUroseH juisi HECKOJbKHUX
3JIEKTPOJIOB, HO Jlajiee YHCJIEHHbIE Pe3yJIbTaTbhl MPe/l-
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CTaBJIEHBI JIsd 1uoja. VICIoIb30BaTh JIMO0 KOCUHYCHI,
Jbo cuHychl B passiokenun (12) Hesb3s, MOCKOJIbKY B
9TOM CJIydae Beerja OyJeT HyJieBas IJIOTHOCTD IIOTOKA
BepOSATHOCTH. JlJIsl yIIpoIIeHrs IPUMEHIM MeTO.I K -
OJHOI cTpyKType. AMmuTyna A BBemeHa JjIst HOpMU-
POBKH, T. €. IPH €€ 33JIAHUU MOYKHO TOJIOXKATH (g = 1.
Hust Beraucsennii obpexkem psinbt (12), (13) mHmex-
com N. Iloxcrasisasa (12) u (13) B VIII n ucnosns3ys
OPTOTOHAJIBHOCTH TPUTOHOMETPUIECKNX (DyHKITHIA, T10-
JiydaeM cBs3aHuble quddepeHnuaibable yPaBHEeHUST

=9 Z AL wman () +

—i—iz
m=1

1

h

Afﬁnwnbﬁnb (t) Sin (Xm-r) -

N

D Vioed (8) aum (8) +

m=0

Z

Vﬁcs

nm

t) B (t)sin (xm) |, (14)

N
() =i Y A wmam (1) +

m=0

+14 Z A5 wm B, (t) sin (xma) —

m=1

B

N

Y Vi (Bam(h)+

m=0

Z VB&&

St .

t) B (t) sin (xm) | (15)

B HEX 0603HAYEHBI YaCTOTHI W, = hr?n?/ (2m6d2) u
MaTpUYHbBIE JIEMEHTbHI, IpUBeeHHble B [IpuioxkeHnun.
DTO JIOBOJBLHO CJIOYKHBIE YDPABHEHUS, €CJIU ITOTEHIINA
3aBUCUT OT BPEMEHU MPOU3BOJIHLHO. B ciydae pe3koro
YCTAHOBJIEHUsI [TOTEHIIUAJIA OH [I€PECTAeT 3aBUCETH OT
BpeMeHn, W ypaBHeHusi ympormaorcsa. [lepeoboznadast
MaTPUYIHBIE JIEMEHTBI, 9TU yPABHEHUS MOYKHO 3alll-
caTb B OoJiee IpocToM Buje. [ljist mepBoro ypaBHEHUsI
nMeeM

al () — iwna, (1) =

+ZZ

V(X(,(,

A(/é
h nn

nm

fo () = () Bm () +

N

>

m=0, m~n

ACC

Jr?l nm

(t) am (1)

2 KIT®, o 1

Pemrasg sto ypaBuenue merosiom Bepuysium i mero-
JIOM BapHaIUU IPOU3BOJILHON ITOCTOAHHON, IOy IUM

an, (t) = an, (0) exp (iw,t) +
+ exp (iwnt) / fn (t") exp (—iw,t') dt’.  (16)

Anajoruano IIOJIYIUM

6" (t) = Bn (0) exp (ant) +
t
+ exp zwn /gn GXp (—iwnt') dtl
0

3ech 0603HAYEHBI DYHKIIUN

_ o Bss
9n (t) - hvnn + i "LZ_ Anm (t) +
iy A (6B (8).

m=1, mxn

Pertenne Bo BpeMeHH HUIEM METOJIOM JIMCKPETU3AIIH
1o Bpemenu t,, = mAt, m = 1,2, ..., upu 3TOM UHTe-
rpaJibl BBIYUCJISIEM METOJIOM CPeJHUX. Fcjim m3BecTHbI
HauasbHbIE 3HAYEHUs vy (0), By, (0), TO ypaBHeHust 1103~
BOJISIOT Ha#TH vy, (MAL), B, (MAL), IpH 9TOM MOXKHO
WCITOJIb30BATH KAK SBHBIC, TAK U HEsIBHBIE CXEMbI. BxX0-
JIATIEE CIOa MOIUMDUITTPOBAHHBIE MATPUTHBIE JIEMEH-
Thl UMEIOT IPOCTOII U IMOHATHBII BUJ, HAIIPUMED,
An () = Anl, — Vit (8)

u 1. 1. Eciu Takoit 6apbep B MOMeHT ¢ = () MIHOBEHHO
u3mensier (opmy 10 V (), TO 9TU JI€MEHTHI TIepecTa-
IOT 3aBUCETHh OT BPEMEHU:

Aace cc ace

u 1. 0. x Moxuo sBHO HaiiTu, eciu dopma V(z) npo-
crast. [Ipu 6osbmom U, oHa O/iM3Ka K TPEYroJIbHUKY,
[OCTABJIEHHOMY Ha HPSMOYTOJIbHBIH HOCTaMeHT (pHuc.
1, kpusbie 3, 5, 7). Illpu eU, = EF BbICOTY IOCTAMEH-
Ta MOXKHO B3sITb KaK W, a BBICOTY TPeyroJibHUKa KakK
FEr. Peanbno uz-3a abdexra [MorTkn 6apbep HECKOJIb-
KO HUZKe. BBIYucisgs MHTerpaJibl, UMeemM

VQCC —

nm

(v’rcl-i-m + vfz—m) / (1 + 5n0) )
(UTSL-"-T)'L - ’Ufz—n) / (1 + 5710) ;
Vna;;,c ’U:zfm + /UZera

Bss __ ¢ _.C
Vnm _/Umfn Uern'

Vﬁss _

nm

17
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31ech 0603HAYEHBI 3HAYEHUST CJIEYIOINX HHTEIPAJIOB

c _
I/n—

d
/ V () cos (xn2) dz,

d
/ Vi
0

JIj1 HA9aIbHOTO CUMMETPUIHOTO HIMPOKOTO baphe-
pa (kpuBaz 0) oicora Vo = W + Ep, a koaddunuen-
THl o, (t) = 0 u B, (t) = 0 upu ¢t < 0, TOCKOIBKY
BHYTPH ILJIOTHOCTH BEPOATHOCTU NPAKTUIECKH OTCYT-
cTByeT. DTO NpUOJIMKEeHUe TeM JIydle, yeM OoJbiie d.
Omno osmagaer, uro «, (t) = 0, B, (t) = 0, T.e. BHyT-
pu VU (x,t) =0, t < 0. Bepem HavganbHbI Gapbep mpsi-
MOYTOJIbHBIM. Tor1a HHTerpaJbl BBIYUCIAIOTCA IPOCTO,
HaIpUMep,

&IH

Sln Xn )d

&IH

Un (O) Vo(sno.

Korna rakoit 6apbep mpu IPUIOKEHUU HAPSKEHUS

= Vpsine (n7) =

U, = EFr/e upunumaer Buj 3aBUCUMOCTH
Viz) =W+ Ep(1—x/d)
(cm. puc. 1, kpusag 7), To

= (W + EF) 6no + Erconc (n),
> = Wconc (nm) + Epsine (n) .
B nmamewm ciygae
vy = Weonc (nr) .

Cunraewm,
HeKOTOpBIe KOaduImenTs oy, (0)
HO U3MEHSIOTCS OT HyJId. DTO HPOUCXOAUT 3a CUYET

YTO B MOMEHT BKJIIOYCHHUS HAIIPIKCHUIS
u 5, (0) mMraosen-

BKJIIOYEHHST TTOTOKA IJIOTHOCTU BepoaTHocTH. Haitmem
UX U3 YCJIOBUS HENPEPBIBHOCTU IJIOTHOCTU ITOTO MTOTO-
ka. Cuesa mepen 6apbepoM crekTpaiabHas BD mmeer
BUT

¥ (z, k) = a™ (k) [exp (ikz) + R (k) exp (ikz)] ,

a CIIpaBa COOTBETCTBEHHO

o)
—a- (k) [exp (—z’l} (x — d)) —exp (zk (x — d))} .

IIpu sTom
w(dk)=0, o (d, k) — —%ika (k) ,

u 1pu 0O0JILIIIOM HallpgAzKeHU

‘1// (d, k) /o' (0,1%)‘ << 1.

HpI/I BKJIIOYECHUU HaIIPAZKEHU A SJIGKTpOXI/IMI/I'—IeCKI/Iﬁ 110-
TeHIInaJI Ha KaTo/Ae CKaYKOM YBEJIMYUBACTCHA, ITIOITOMY

V2meeU, /h < k < \/2me (Ep. + eU,) /A,
0 <k <+/2m.Epa/h.

Tenepb kKoadbdunuenrsr o, B, B BO® (13) npu t > 0
CTAHOBSATCS OTJIMIHBIME OT Hysst. OHu HGe3pasmepHble,

[IOITOMY CJIEJYeT ONPEeE/IUTh aMILTUTY Ly A U3 HOpMU-
poBKH Ha 1MoTOK 4dactutl. 1loTok crpasa mpu 60JIBIITOM
U, BIIOJIHE MOXKHO B34Tb PABHBIM HYJIIO:

j(d)=0.
IIorok cieBa 111 BOJIHOBO# pyHKIINN
¥ (x, k) =

nmMeeT BUJL

* (k) [exp (ikz) + RT (k) exp (ikz)]

hk|at (k)|

Me (1 — IR (k)’2> '

ITosmbril moTok IIoJrydaeM MHTEI'PUPOBaHUEM:

J(ka) =

kp

j(0) = nﬁ%/mJr (k)‘Q (1 . |R+ (k)‘Q) bk —
0
- 277:;23 (1 —|R* (E)\2) (Ep — E) dE.

0
Brorancnssa nmoroxk BHyTph Oapbepa ciea mnpu x = 0,
HallieM yciaoBue

7 (0) = —i“ Re W (0,0) U (0,0)

Me

() ()

st moroka cupasa (¢ aHozLa) Haiiiem
b |A| ( S ()
X <Z (-D)™ar, (0)> =0.

m=0

)" XnBn (0)> X

Heobxomnmo Taxxke mpupasusaTth BO n nx mpons3Bo-
Hble Ha I'PAHUIAX 00JIACTH:

= AZ an (0),
n=0
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= AZ Xnﬁn (0) )
AZ an 0) =0,
Ay (-

n=1

)" XnBn (0) = 0.
Tlocseiee paBeHCTBO MBI IPUPABHSLIN HYJTIO, TTOCKOIb-
Ky CYNTAEeM HaIpsizKeHue OOJIBIITUM, & IHEPTUI0 OTCUU-
ThIBAEM OT HYyJIsI 30HBI IIPOBOJMMOCTH Karoja. Vme-
€M IIeCTh JIOTIOJTHUTEILHBIX YPABHEHUIT JIJIsT Onipeiesie-
HUsE OECKOHETHOTO YHC/Ia HAYAJIBHBIX yCJIoBHi au, (0),
Br (0). OnHako uCIoab30BaHNe TOJHOTO HAOOPa CUHY-
coB B (12) u36bITOUHO, TIOCKOJIBKY CHCTEMA KOCHHYCOB
moiHa i annpokcnmaruun BO. Mbr BBesin cuHyChI
JIJIsT TIOJIy YeHWsI HEHYJIEBBIX IOTOKOB U HEHYJIEBBIX IIPO-
u3BoiHbIX BO Ha rpanumax. BrioHe MOXKHO MOJIOKHUTH
an (0) =0,n > 2, 8, (0) =0, n > 3. Torna neussect-
HBIX MECTh, KaK U ycaoBuit. OQHAKO HEHYJIEBLIME IO~
CTaTOYHO B3sTh Kodddurmentsr ag (0), aq (0), B (0),
B2 (0). Torma

a1 (0) = a0 (0), B2(0) =p51(0)/2,
1 BCe IIeCThb ypaBHeHI/Iﬁ VAOBJIETBOPAIOTCs, IIPU 3TOM

Amh|A?
med

7(0) = - Re (i1 (0) o (0)) -

V106HO B3ATH

61 (O) = iOéQ (O) 5 (7)) (O) =1.
Torna
_ Arh|AJ?
0)= —
Q) d
un BO mpumer Bus,
7 (0)med
\\J =4/ =
(t,z) e
X <Z ay, (t) cos (xnx —l—Zﬁn sin an)) (17)
n=0 n=1

d). Hpyroii crocob
4), (15) — ucmob-

U3 wero maxomum VU (t,d) u W’ (¢,
noJtydenus perienuil ypasuennii (1
3oBamne npeobpasopanuii Pypne

oo
an, (1) _ 1 / ap, (w)
B (t) 2 Bn ()
— 00
9TO CBA3AHO ¢ HEOOXOMMOCTBIO BHIMHUCJICHHST HHTETPa-

JIOB. DTO MOYXKHO CJI€JIATh METOJIOM BBIYETOB, HO 3TO
BOIIPOC, TPEOYIOIINIT OT/IeJIbBHOIO PACCMOTPEHUS.

) exp (iw) dw,

ljist perieHust 31891 HAJI0 OLPEJIEIUTh HAYAIbHY IO
B® ¥ (0,x) u ee 1pou3BoHYIO, 9TO OyJET CIACJIAHO Ja-
see. Ynobuo Beectn uacrory w = FE/h. Torga nagaro-
muii caesa BIl moxkHo 3amucars Tak:

E/h

U (t,0) = / YT (0,w) exp (—iwt) dw,
0

P (0,w) = % / U (0, w) exp (iwt) dw.

31ech

w=k*h/2m., k=+/2mcw/h.

IIpenebperast oOpaTHBIM TYHHEJIUPOBAHUEM, HMEEM
creBa
E/h
U (t,0) = T (w) (14 RY (w)) exp (—iwt) dw,
0
a CIpaBa MoJIydaeM
Er/h
U (t,d) = T (W) T (w) exp (—iwt) dw.
0
ITamaromuii caesa BII obosnadum
E/h

Ut (t) = at (w)exp (—iwt) dw.

[=}

31ech
"/)+ (Oa w) =at (w) ) "/)+ (da w) =at (w) Tt (w) :

Omupenensis ¥ (2,t) Kak pellleHne HECTAIMOHAPHOTO
VII B MmomenT t, mocTpouM dYyHKIUIO

U (z,t) = U (x,t) — U (z,0).

Oumna pasua uyso Bue uarepsada (0, ), T. e. umeer orpa-
HUYEHHBI HOCUTEJIb, U
t
VU (z,w) = % / W (z,t') exp (iwt') dt’,
0
¢
U (z,w) = — / U (2, t") exp (iwt") dt’ .
“0
MOKHO TIOCTPOUTH 3aBUCAIINE OT BpPEMEHH KO03(hhu-

[MEeHThl OTpazKeHust W mpoxoxiaenus R (t), T ().
Nwenno, ciemyer B349TH

RY(#) =W (0,t) /9" (¢) -1,

2*
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T (t) =W (d,t) /¥ ().

IIpu yaere oO6paTHOrO TYHHEIUPOBAHUS OIIPEIETIUM 1A~
naroruii cupasa Bl

(=)

Torna nmeem
U (t,0)=0" (1) (L+ R () + T ()0~ (1),

U (t,d) =0t )T (t)+ ¥ (1) (1+ R (t)).

YrobnI KO3 DUIIMEHTHI,
onpegenurs U (t,z), Ut n U/,

HallTu BCe HaJ0 elre
Haxomuts 1mpo-
M3BOJIHBIE MOYKHO, MM HEpeHInpyst PAIb.

[T1oTHOCTH TOKA Ha AHOJIE OIpeeisieM Yepe3 ILJI0OT-

HOCTBH IIOTOKa BEPOATHOCTHU

J (tm) = —ej (tm, d) .

s mee npu HOpMuUpoBKe B Ha mIOTHOCTH BEPOAT-
HOCTH HaJO B3sATh [20]

J (tma l‘) =
ih
2me

U (L, ) Op W (b, ) —

=V (tyy ) 0¥ (L, ) |-

15t IpON3BOILHOTO MOMEHTA BPEMEHU ITOJIY IUM

x Re <z

X Z n[—au, (t) sin (xnx) + Bn (t) cos (an)]> )

0

.
—

j(t,l‘): X

uk ‘

Y las, (8) cos (xm) + B, (¢) sin (xma)] x

m=0

. _J(9)
jtd) == =x
x Re <_Z Z (_1)”” a:n (t) : Z (_1)n nﬁn (ﬂ)
m=0 n=1

13 sroro ypaBuenus cieyer
j(0,d) =0, j(At,d)~ At,

T.€. HE MOXKET ObITb MIHOBEHHOI'O TYHHE/JIUPOBaHU A
1 OTpUIATE/IbHOI'O BpEMEHU TYHHE/JIUPOBAHUI. qepe3

20

criektpbl ¥ (d,w) u ¥’ (d,w) pe3yabraT MOXKHO IIpeI-
CTABUTH B BH/JIE

) B h
J (t7 d) - (27‘1’)2 Me X
X Re/(fi) U* (d,w) V' (d,w") exp (i (w' —w) t) dw'dw.

st yeranoBuBItierocs mporiecca criekrpasibuas PB na
aHo e

b (@, k) = a* (k) T (k) exp (ikq (& — d))

JIETKO ompemensercs. [II0THOCTh TOTOKA BEPOSITHOCTH
JIJIsl Hee

dj (d,k) = va (k) |a* (k) T (k)| dk,
rie CKOpOCTb Ha aHO/e
va (k) = /02 (k) + 2eU, /me.

Caeyer oTMeTHTB, UTO 3Ta CKOpOCTh Gosibiie v (k)

1N3-3a8 YCKOPEHHsI AHOJOM IIPOIIEININX CKBO3b Oapbep
astekTpoHOB. Ha mymmae cBo6o1HOTO 11pobera oHu pacce-
UBAIOTCA U HepexoiaT Ha Y® anoja, npu sroMm v, (k)
nazaer 10 v (k), a anox marpesaercs. PaccMOTpeHHBIH
METOJI, PAJIOB yI00EH U JIsT COBMECTHOTO perrenns ¥ 11
u YII.

5. PE3BVJIBTATDBI I X OBCY2KJIEHUE

Ha puc. 6 u 7 npuBeneHsr pe3yIbTaThl BHIYUCICHISA
[IEPEXOJIHOTO MPOIECCa B BUJIE YCTAHOBJICHIST AHOIHOTO
ToKa B guojge ¢ OP 7 5B um pacupenesieHns II0THO-
et Beposrnoctr | U (2, 1), Korma Ha amHome CKAMKOM
BO3HHUKAIOT Hampsizkenus: 3, 5 u 7 B. Ha puc. 7 npe-
CTaBJICHO PACIIPE/IETICHNE INIOTHOCTHA BEPOSITHOCTH JIJIsT
KpuBoii I puc. 6 B pa3Hble MOMeHTHI Bpemenu. Koure-
6aHUsl TJIOTHOCTHA BEPOSITHOCTU €CTh CJIE/ICTBUE KOHEU-
moctu cymm. C yBeJIMYeHneM YJIEHOB B CyMMaX pa3Max
KOJIeDAHUI U IEPUO/T yMEHbIAaoTCs. VICmoip30BaH0 nH-
terpuposanue Y11 meromom psizios ¢ yaerom 40 wieHoB
B psifiaxX C sIBHBIM METOJIOM BBIYHCJIEHUs] KOIDUIim-
entos B (12). Pasznoxkenne no apyrum Gasucam B (12)
[TO3BOJIAET UCKJIIOUNTH Kosebanus. Hampumep, MoxkHO
HCIOJIBb30BATH KOHEUHBIE 3J1eMeHTh. OJIHAKO Mpejio-
JKEHHBII METOJL PSIJIOB YA00€H IIPU OJIHOBPEMEHHOM pe-
mennu YIIT u VII. dns VII on ncnonb3osan B [2].

IIpu pacuerax umcmonb3zoBano 200 BpeMeHHBIX TO-
qek. Kpusbie 2, 3 na puc. 5 moctpoenbl s 50 Bpe-
MeHHBIX ToueK. st menn (9P 7 3B) mmeeM KOHIEH-
Tpammo 31ekTpoHos 8.5 - 1028 M3 u cxopocts Dep-
MH Up 1.57 - 105 m/c, T.e. wacTuma ¢ Taxoii CKo-
pocthio npoxoaut JucraHimio d = 10 HM 3a Bpems
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7 = 6.37 dc. Mbr cunrann, YTO B MOMEHT BKJIIOUE-
HUsl HAIPSAYKEHUS IJIOTHOCTH BEPOSITHOCTU BHYTpH Oa-
pbepa ObLIa HyseBasi. BoJjiee TOYHO OHa pacipejiesieHa
CUMMETPUYHO OTHOCUTEJILHO IEHTPa IIPUMEPHO IO I'U-
1epOOJIMIECKOMY KOCHHYCY, T. €. BO3PACTAeT K KPasM,
HO HA 9TUX KPagX OHA IKCTPEMAJBHO MAJA, MOCKOJIb-
Ky KO3 DUIUEHTHI OTPaYKEHUsI MIUPOKOTO TOYTH IIPsi-
MOYTOJIBHOTO Oapbepa Oyim3ku K MuHyc enuauie. [Ipu
9TOM HET MOTOKA IJIOTHOCTHA BEPOSTHOCTU BHYTPH Oa-
pbepa. Pesyibrarh puc. 6 TOBOPSIT O TOM, 9TO CPEJIHSISI
CKOPOCTBb IIEPEHOCA IIJIOTHOCTH BEPOSTHOCTH HECKOJIb-
KO OOJIBIIE U, ITO IMO3BOJIAET CIIEJIATH BBIBOI: JIBUKE-
HU€ IJIOTHOCTU BEPOSITHOCTU €CThb KOJIIEKTUBHBIN -
dexT, 00ycJIOBJIEHHBIIT HHTEepgEepeHIIneil TapiraabHbIX
Bosin BII. Dsexkrpon BHyTpm Gapbepa miam BOOOIIE B
HEKOTOPOM ITOTEHIUAJILHOM I10JI€ €CTh KBa3W4acTHIIA,
ompejieisieMasl B3auMOJIEHCTBUEM C MHOXKECTBOM JIPY-
X 9aCTUIL. DTO YCPEIHEHHOE B3aNMOIEHCTBUE U OIIpe-
Jessier noTeHuast. Harigaapiit npuMep — MOTEHITHAT
MeTo1a n3obparkennit. Takas KBazudacTura He 00s13a-
Ha BecTu cebsi mOmOOHO CBOOOIHOMY 3JjeKTpOHY. Kpo-
Me TOrO, PO TOYKY IOBOPOTA JIJIsi OJUHOYHOTO Oa-
pbepa, JIEKTPOH JBUXKETCsI KBA3UKJIACCUIECKH U YCKO-
psiercst anonoM. JlomoiHuTe IbHO ITpuobperaemMasi CKO-
pocts ipu U, =5 B pasna 1.33-10° m/c, T.e. mpumep-
HO Takasi, Kak vp. COOTBETCTBEHHO BpPeMsI IIPOJIETa, CO-
Kpalaercd B JiBa pasa. Anajgorndnas 3agada s PT
[IPUBOJIUT K CYIIECTBEHHO DOJIBITEMY BPEMEHH [IE€PEXOI-
HOTO IIPOIECCa. ITO MOKHO OObICHATH TEM, UTO IIJIsS
PT meobxomumo chopMupoBaTh OoTpazkeHus: oT bapbe-
poB. PopMaIbHO MOXKHO PACCMATPUBATH BPEMEHA K13~
HU yPOBHEH KaK IOMOJTHUTEIbHBIN BKJIAL BO BPEMSI I1€-
pexojHoro mporecca. Ha puc. 6 BujgHO, 9TO IpU Ma-
JIBIX BpeMeHax IJIOTHOCTb BEPOSITHOCTU BEChMa MaJia.
Ora (QyHKINS HECUMMETPUIHAS U B CPEIHEM y Hada-
Jia, 6Gapbepa 60JIbITe, a Tpu OOJIBIITUX BPEMEHAX yCTa-
HaBJINBAETCsI. AHAJIOTUYHbBIE BBIYUCJIEHHS [I€PEXO/IHBIX
IIPOTIECCOB It MEPEKJIIOUEHUs OT IHPOKOTO Dapbepa
K CTPYKTYpe ¢ Y3KUMU HepaBHBIMU OapbepaMu U siMOit
Jaer 60jiee MeJJIEHHOEe HapacTaHWe TOKa. DTO 00bsic-
HSETCS OTPAXKEHUSIMU OT OAPbEPOB [IJIsl [TOJIYI€HUS Pe-
30HAHCHBIX YPOBHEl B sMe. JlJIs TOCTUXKEeHns TIOJTHOTO
PT BbIcOTHI 6apHEPOB JOTPKHBI OBITDH JIOCTATOYHO O3~
kuMu. UHC/IEHHOE BBIYUCIEHUE MPO3PATHOCTENH KpOMe
[TOJTHBIX PE30HAHCOB JEMOHCTPUPYET U MUKU C HEIOJI-
weiM PT, korja makcumymor D < 1. Uro kacaercs: Bpe-
MeH KU3HU T, = 2h/E!, T0 OHU CyIIeCTBEHHO MeHbIIle
AHAJIOTUIHBIX BPEMEH, OIPEJEIeMbIX Ha MAaJbIX Bpe-
MeHaX M3 HeCTAI[MOHAPHBIX IIPOIECCOB KaK PEe3y/IbTaT
sposoruu BII. D1o ceszano ¢ Tem, uro BII comep-
JKAT MUAPOKUil crekTp dHepruii. Ha Gosbmux Bpeme-
HaX IPOSIBJIAETCS HEIKCIIOHEHITNAJLHBIN XapaKkTep 3a-

21
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Puc. 6. MepexogHble npoueccel (—J B A/cm?, Bpems B dhc)
MpY NepekstoYeHnr OT NOHTU NpsiMoyrosibHoro bapbepa 1 k
6apbepam 2, 3, 4, puc. 1 (cooTseTcTBEHHO, KpuBble 1, 2, 3)

Tyxanus ypoBHs (cM., nanpumep, [30-34]) u Briajg B
Hero ajrebpamdeckux 4iaeHoB. OupeaeasTh TaKUM CIIO-
co0OM BpeMeHa »KU3HU YPOBHE MOXKHO JIjIsl BECbMa, y3-
kux BII, 9To sxcnepuMeHTaIbHO BeChbMa CJIOZKHO pea-
JIN30BATD JIJIsl HEPEJSITUBUCTCKUX KBAHTOBBIX YaCTHII,
a TeM 6oJtee CJI0XKHO OOHAPYKUTD UX ITPOXOKJICHIE de-
pe3 6apbep. 31eCh BOZHUKAIOT IPOOJIEMBI ¢ OTPaYKEHI-
€M CIEKTPAJIbHO Y3KOro (T. €. BECbMa IPOCTPAHCTBEHHO
mupokoro) BIT or 6apbepa [18], ocobenHO KOr1a OH 13-
MeHsIeTCsl BO BpeMeHn. MaKpOCKOMMYIEeCKyio ¥Ke ILIO0T-
HOCTH TOK& MOXKHO BECbMa TOYHO U3MEPUTh.
Nnmeroriyo pasMepHOCTb CKOPOCTH BEJTMIUHY

vz t)=j(@t)/|¥ (@t)]

MOKHO TPaKTOBATh KAK CKOPOCTH JIBUYKEHHE ILJIOTHO-
CTH BEpPOSITHOCTH B TOYKe = B MoMeHT t. OHa coOT-
BercTByeT KoHIernmu H.A. YMoBa, 0JHAKO HE MO-
JKET TPAKTOBATHC KAK CKOPOCTD OT/IEIbHON TaCTUIIBI.
711 0JTHOCKOPOCTHOTO MOTOKA YACTHI] OHA COBIIAJIACT
€O CKOPOCTBIO YaCTHUIL B TOTOKe. Bo3pacranme Toka co-
IPOBOXKTAETCS BO3PACTAHUEM ILIOTHOCTU BEPOSITHOCTH
HaXOXKJIeHUs YaCTHUIl BHYTpu Oapbepa. CpemqHiorn MIrHO-
BEHHYIO CKOpOCTb JBuzkeHusi BII uepes Touky x 3a Bpe-
Ms T MOYKHO OIIPEJIESIUTH KAaK

v(z,t,7) =
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Puc. 7. MnotHocTs uncna vactuy (M%) B 3aBucumMocTynt ot Ko-
opauHaThl = (HM) B BaKyyMHOli AUOAHON CTPYKType ANns pas-
Hbix MoMeHTOB Bpemetu (¢pc): 0.1 (1), 0.3(2), 0.5(3), 1.0 (4)

Ecmm BII xoneunslit BO BpeMeHU, MOYXKHO OIIPEIETUTH
U €ro CPeJIHIOI CKOPOCTh.

MauJibie BpeMeHa YKU3HU KBA3UCTAITMOHAPHBIX YPOB-
Hell HeOOXOIUMBI JJIs TIOJTy YeHIs OOJIBINNAX II0THOCTEH
TOK& 110J1eBOil sMuccuu. 2KeaTebHO UMETh KaK MOXK-
HO OOJIBITIE TAKUX YPOBHEMN, IPUIEM JTOCTATOIHO ITy6Oo-
KUX. YBeJIMYCHNE JHCJIa yPOBHEH JOCTUraeTcs yBeJn-
YeHueM IUPUHBI KBAaHTOBON fMBI, & YMEHbBIIIEeHIE Bpe-
MeH 2KU3HU — HCIOJIb30BaHUEM 6apbepoB MaJIol -
punbl. TakzKe yBeJUIEHUIO TOKA CIIOCOOCTBYET BbIPaB-
HUBAHUE BBICOT OAPBHEPOB, YTO MOXKHO PETYIUPOBATH
CETOYHBIM HAIIpsizKeHneM u u3Menennem PB cerkw.

dunancupoBanue. Pabora BbINOJHEHA IIpH
noggmepkke MwuHHCTEpCTBa OOpa30BaHUS W HAYKH
P® B pamkax rocymapcrsennoro 3amanus Ne FSRR-
2023-0008 u mpu mosgepxkke lIporpammbr cTpaTeru-
9ecKoro akajiemutdeckoro Jujaepcrsa PYJIH, mpoekt

Ne 021934-0-000.

IIPMNJIO2KEHUE

Jtst siMbl U3 yCJIOBHUiT ¥ KATOTHOTO Dapbepa nMeeM

At exp (712’6156) + A7 exp (l%ctc)

Al =
v 2

+

22

l;:CAC’ exp (l;ctc) — l::cAj exp <flzzctc)

* 2ik ’

At exp (—fﬂctc) + A7 exp (l;ctc)

A= —
2

w

ko AT exp (Ectc) — koAt exp (—l}ctc)
B 2ik '
B ciygae mupokux 6apbepos, nmpenedperasi 9KCIo-

HEHIIUAJIBHO MaJIbIMU WIeHAMU (OTPayKeHUsIMU OT Jie-
BOI rpaHuIibl 6apbepa ¢ aMIUIUTYI0N Aj), HaliieM u3
YCJIOBHIT COTJIacOBaHUS Ha Hapbepe OKOJIO KATOIA

~ A, exp (lzzctc) (1 - il;:a/ko)

At
w 2 Y
A7 exp (kete ) (14 ika/ko
() (14 )
2
C apyroii CTOpOHbI, COTJIACOBAHUE Y aHOIHOIO bapbepa
naer
L exp (mikot) [AF + A7+ (A7 = A7) Fu ko
A =
w 2 ?
exp (ikotuw) [Aj +A; —i(AF - A) I;:a/kzo}
A, = .

w

2

Ha I'paHulie KaToJa nMeeM COOTHOIICHUA

A, (1 +iko /zéc)

AY = 5 ,
- A, (1 ;ko//;c).

Ha I'PaHUIlEe aHO/la UMeeM COOTBETCTBEHHO

A, exp (l;;ata) (1 — zk’a/ffa)

Al = 5 )
A — A, exp (—ffat,;) (1 — zka//;:a) |

e mupokux 6apbepoB aMIUIATYAbl A, U Az MaJIbI.
Tlonarast ux paBHBIME HYJIIO, TIOJIYTIaeM

A+

Ao (kt) (14%/1@) (1+i1§a/k0) oxp (—ikotw)

~
~

- 4

i
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M21 = exp (7]23At5) M21 = exp (7121415,:) X

o Ao (Fete) (1= iko/ke) (1 = ike/ o) cos (kotw) [1=ha/ka] + (Fa/ko+ko/ke ) sin (kotu)
w 4 ’ X 9 )
A = Moo = exp (fl;:AtC) Mgg = exp <71~€Atc) X
A, exp (l;:ata) (1—11@0/1%@) (1—il%a/kzo) exp (ikotw) cos (kotw) <1+/;?a//;?c) - (ffa/ko—ko/ffc) sin (kotw)
= : X .
! Temepn i
L e (Rete) Ac (1= iko/Re) (14 ike/ho) a3 = A (1viko/k) =
IIpupaBauBast K03 DUIUEHTHI Ai, nMeeM  JIBa =2 (MHA: N MHA;) ’
ypaBHEHUA A, = A, (1 — ik’o/i;k’) =
A, exp (l;ata) —iko/ka ) (1+il¥:a/k0> exp (—ikoty)= =2 (M Al + MxnAy).

Tloncrasiss B 9Tu ypaBHeHust Ag:, oJIy9aeM

A, (1 +iko/icc) — M1 Aq exp (l%ata) (1—iko/léa)+

(1
= Acexp (kete) (1= iho/ke) (1= ike/ho)
Ag exp (l;:at ) (1 — zko/k ) (1 — z'l%a/ko) exp (ikotw )=

— A, exp (k:t) (1 - z'k;o/l%c) (1 + u%c/ko) :
Pazesus nepsoe Ha BTOpOE, MOJIydaeM IPUOJINKEHHOE A (17“{:0/ kc) =Ma1Aq exp (k“t‘l) (171‘]{:0/ ka) +
apaKTePICTHIECKOe YPaBHEHTe N .
XapaKTepHUCTHTIECKOe YPAaBHEeHN M A, exp (*kata) (1 fiko/ka) '

Pasnenus nmepBoe ypaBHeHUe HA BTOpPOE, NIMEEM XapaK-

+Mi2A, exp (—l;:ata) (1 — iko/l;a) ,

(1 - z‘l%A/kO) (1 - z‘l%a/ko)

= exp (727/]{:015 ) (H 1) TEPUCTUYIECKOE YpaBHEHUE
(1 ika /o ) (1 -+ ko /Ko ) Vel )
JI1s1 MOy 9eHnst TOTHOTO yPABHEHUS CJIEIyeT OCTABATD 1 —iko/ke

BCEe aMIUIUTYIbl. B 3TOM cirydae, mpupaBHUBas KOd(]-
UIMEHTHI, [TOJTyIaeM

A% _ My Mo
A Moy Moo
M,

AR\ | My
A7 )| Myt My

Mll exXp (iﬂctc + ifata) + Mlg exp (iﬂctc — Zﬂata)

( At ) - Mgl exp (I;:ata — l;cﬁc> + Mgg exp (—I;:ata — l;cﬁc) .
A7 )7

st mupokux 6apbepoB B HEM MOXKHO OIIyCTUTH MAJIbIE
YJICHBI, U TOT/A

( j: ) f(E) ~ exp (zm) x

DJIEMEHTBI MaTPHUIIBI M wunveror BHL 14+ ];,a /f% + (];a ko — ko /k ) tg (kotw)
>< ~ ~ ~
M11 = exp (kAtC) Mll = exp (kAtC) X 1-— ka/kc + (ka/k() + k() ) tg k()t
S - - ) Bxogsimue B ypasrenus (14), (15) marpudasbie s1e-
c0s (Kotuw) (1+ka/kc) + (k“/koiko/kA) sin (ktw) MEHTBI UMEIOT BUJL
X
2 ’ . .
o : gee S (X = Xon) ) - sine (O +xm)d)
Mo = exp (kAtC) Mo = exp (kAtC) X nm 1+ sinc (2xnd)
COS (k()tw) (1 - ];a/l;:A) - (lzfa/k(rl’k()/ifA) SiIl (ktw) _ 5n7n
X 2 ’ 1+ 5n() '

23
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_ conc ((Xn = Xm) d) — conc ((Xn + xm) d) _

ACS — _
. 1 + sinc (2x,d)
()" - ()
= 113
14 dno ’ ( )
A5 — CONC ((Xn — Xm) d) -+ conc ((Xn + Xm) d) _
o 1 + sinc (2x,d)
B 9 _ (_1)n—7rL _ (_1)n+m
1+ 5n0 ,
A5 — sine ((xn — Xm) d) — sinc ((xn + Xm) d) _s

1 — sinc (2x,d)

B mux oboznadenbl naTerpasb

d
Vool (t) = m%)d / V (t, ) cos (xnx) cos (xmx) dz,
0
d
Vi () = gy [V () 08 () sin () o
0
d
Vs () =2 / V (t, ) sin (xn2) sin (xmz) dz,
0

vase () =2 [ V(t,z)sin (xnz) cos (xmz) dz.

/d
0

B (II3) Bxomar dyukimu sinc (x) sin (z) /x u
conc () = (1 —cos(x)) /. Dru dbyHKINE B HYJE CIe-
Jyer onpezenuts kak sinc (0) = 1, conc (0) = 0. IIpu
s1oM sine (2n7) = dpo.
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