3anstue 23

Tema: Ypasuenue lllpenunrepa. Yacts 1.

Hean: BornoBas ¢ynkuus. Ypasuenue Ilpegunrepa. IloTeHmmanbHBIN
6apwep. TyHHenbHBIH D PEKT.

Kparkas Teopus

* CocTosiHMEe MUKPOYACTHUIIHI 3a7acT BOJIHOBasi (yHKuusi , B oOuieM
ClIy4ae SIBJISIOIIascs KOMIUIEKCHON BenmnunHo. OHa KOHEYHa, OJTHO3HAYHA
YW HENpPEpbIBHA BMECTE CO CBOEH MNEPBOM IPOM3BOIHOU. DHU3NUECKUU
CMBICJI HMMEET NPOU3BEACHUE L,Ul,U* =DL,UD2 OIKMCHIBAIOIIEE IMJIOTHOCTh
BEPOSITHOCTH PACTIPEICIICHUS YaCTHUI[BI B MPOCTpaHCTBE («*» O3HaJaer
KOMILIEKCHOE COTPSDKEHHE, MTPSAMbIE CKOOKH — 3HAaK MOJYJISI KOMIIEKCHOM
BennuuHbl). BeposiTHOoCTL dP 0OHapyXuTh dYacTUIly B 00JIacTH

npocrpanctea dV: dP =y dv . [TOCKONBKY 4YacTULA 3aBEJOMO

CYILIECTBYET B IMPOCTPAHCTBE, TO IMOJIHAS BEPOSTHOCTb OOHAPYXKHUTHh €€
COOTBETCTBYET JIOCTOBEPHOMY COOBITHIO, BEPOATHOCTb KOTOPOTO paBHA
equnune. OTcroa TOSBISAETCS YCJOBHE HOPMHPOBKHM BOJIHOBOM

@YHKHI/H/I:Iww*dV =1

* Cranuonapuoe ypaHenue IlIpenunrepa mo3BomsieT paccyUTaTh
BOJIHOBbIE (DYHKIIMM YAaCTUIBI U COOTBETCTBYIOIIME WM DSHEPIUH, HE

2m(E -U
3aBucsIUe oT BpemeHH. OHO HMEET BUJI Dzll/ +%lﬂ =0, roe
L0, -0, 0 v v
PR J o o nuddepeHInaNbHBI  BEKTOPHBIM  OMEpaTop
«HabIay.

* TynHeabnbiii 3¢¢pext. OOnangas BOJIHOBHIMU CBOWCTBAMH, YacTHIIA
MOXKET OKa3aTbCd B 00JIaCTU TIPOCTPAHCTBA, B KOTOPYHO, COIVIACHO
KJIACCUYECKHUM TPEJICTABIICHUsIM, €l He MPOHUKHYTh. Hamnbomnee HarmsiHO
3Ta CUTyallus BBITJSAUT B Cllydae NOTEHUMAIbHOrO Oapbepa Ha IIyTH
YaCTHUIbl, BBICOTA KOTOPOrO IPEBBIIAECT KHHETHYECKYH) JHEPTHUIO
yacTulpl. OgHAKO, C BOJTHOBOW TOUKH 3PEHUS, KaK UMITYJIbC YaCTHUIIbI, TaK
U €€ DHEPIUs, TOYHO HE ONPENCIICHBI, BBUIY TAKON HEOIPEIAEICHHOCTH,
OHa MOXET TMPeoNoJieTh TOTEeHIUaNbHBIA Oaprep. KoaddurueHnt
MPO3PAYHOCTU (MPOMYCKAHHUSI), TO €CTh BEPOSITHOCTb MPOXOXKICHHUS,
MPSIMOYTOJILHOTO MOTEHIIMAIBLHOTO Oaphepa mupuHoit d u BeicoTot U mis



2d\[2m(U - E)
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BBICOTBI 6apLepa Hajqg BHCPFHeﬁ HaCTUIIbI.

gacTulel Maccor m: D UexpE ), tne U - E - npeBblllicHUE

IIpumeps! peleHus 3aaa4

23-1. Yactuua ¢ UMIYJIbCOM py JIBHXKETCS BIIOJIb OCH X B CBOOOJHOM
npoctpancTBe. OnpeneanuTh BOTHOBYIO (PYHKIIMIO YaCTHUIIBL.

« OmneparopHoe ypaBHeHHe ummyibca PY = pY crpoekrupyeM Ha OCh X

= 0
M ydreM BHj omeparopa wmMmmyisca b = “ihU=-— Zh_x [Tocne
IPOEKTUPOBAHMS:

L dy _ ip. | _ . _p
—ih——=pW , orkyna W = Aexp(—*x) = Aexp(ikx)  rpe k=" —
dx h h
BOJIHOBOE uuCliO, A - mocrosiHHas. BomHoBas ¢yHKIus sBIsSETCS
HEPUOIMUYECKOM, €€ TIEPUO] 110 OCH X (JUTMHY BOJIHBI A) MOKHO HalTH U3

Py _2m _ h
cootromrenuss kA = A =21 OTKyJla A= D - ; [Tonmyuennas
X X

JUIMHA BOJIHBI €CTh HU YTO MHOE, KakK JUIMHA BOJHBI Je bpoitna. Cama
BOJIHOBasi ()YHKIUSI COOTBETCTBYeT BoOJHE ne bpoiins, Ho 6e3 ydera ee
3aBUCUMOCTH OT BpPEMEHHM, KOTOpas HE BIHSIET Ha paclpeicsieHUe
IUVIOTHOCTA BEPOATHOCTA W DSHEPrUI0 B CTAMOHAPHBIX COCTOSIHUSX.
[TocTostHHAst A ©MEET CMBICIT AMILTUTY bl BOJIHBI.

Ortser: Y = Aexp(ikx) .

23-2. Yactuma Maccod m HaJleTaeT Ha MPSIMOYTOJbHBI OECKOHEUHO
JUIMHHBIN TOTEHIIMANBHBIA Oaphep BbICOTOU U, PaCHONIOKEHHBIN BIOIb
ocu x: pu x<0 U=0, npu x=0 U= U, DHeprus yactuisl E > U,.
Haiitu ko3 duiineHTsl OTpaXxeHus U MpoIyCcKaHus 6apbepa sl YaCTUIIBI.
* B kaxpgoii obmactu: no Gapbepa npu x <0 m B obnmactu OGapbepa mpu
x 2 0 3anuiem ypaBuenue llpenunrepa.

. 2mE
Opux<0: Y "'h—z‘/J =0, Pemenue ypaBHeHUS:

: . 2mE
’-)U = al exp(lklx) + bl exp(_lkl'x) , rAe kl - h > O s a, bl -
AMIININTY IbI HaI[aIOIJ_Ief/'I u OTpa}KeHHOﬁ BOJIH. 9T0 IIJIOCKHUEC BOJIHBI THIIA

BOJIHBI J1¢ bpoins, paccmorpeHHo# Beimie . [lo aHamorum ¢ BOiHOM e



bpouns kBagpaTel MOAYJIEM aMIUIMTYZ ONPEACHSIOT  BEPOATHOCTH

pean3anuy KaxxJ10M U3 BOJIH.

2m(E-Uy)
72

Mpux=0 Y'+ Y =0, Perenue ypaBHEHHS:

wz = as eXp(lkz.X) + bz exp(_lkz_)(:) , TIe k2 = T >0

aMIUTUTYJ1a MpolIeueil BOIHbL, by = (0 — aMIUTUTyAa OTPaKEHHOU BOJIHBI,
TaK Kak B 001acTH 0apbepa OTpa)KEHHOM BOJIHbBI HET.
BonnoBass ¢QyHkums wu ee mepBas MPOU3BOJIHASA JOJKHBI  OBITh

, dy —

HeIIpephIBHLL, 3TO 03HayaeT, uto npu x = 0 Bemonneno Y, (0) =¢,(0) u

| - ' o
W,'(0)=¢,"'(0). Orcroga MOXHO TIONYYHTH CHCTEMY ABYX ypaBHCHUIA:
a; +b1 = a, "n kl(al _bl) =k2a2.

B ypaBHeHI/IH BXOOAT TpI/I HEU3BCCTHBIX BCIMYUHBI, OJHAKO OJIA peHIeHI/Iﬂ
3a7la4d JOCTATOYHO 3HATh TOJBKO OTHOIIEHHWE b/a;. JIeliCTBUTENBHO,

ko3 purmeHT orpaxkeHus R JaeT KBaJpaT MOIYJIS OTHOIICHUS aMILTUTYI
OTPaXCHHOM M TAJAIoNie BOJH. Ero MOXHO HAWTH W3 MOJYYCHHOU

b_k-k  R= ( BTy

a  k+tk, 1tk

HpOHYCKaHI/ISI T HaCcTulbl AJO0CTATOYHO y‘leCTB, qTo KOB(I)(I)I/II_II/ICHTLI

OTpa}KCHI/IH u HpOHYCKaHI/ISI B CYMMG AT G,Z[I/IHI/II_Iy. TOF a KOB(I)(I)I/II_[I/ICHT
4k k,

2
(ky +k7)

3 nosydeHHBIX pPe3yJIbTaTOB CIENyeT, 4TO, HECMOTPS Ha YaCTHYHOE
OTpakeHue, qacmua NPOJIOIKAET JABIKEHHE HaJl 6aphepoMm.

“hy2 4k,

wrn) Tk

CUCTEMBI: ) . Jnst Berancnenus kosdduirenta

nponyckanus: I =1-R =

Otser: R = (

23-3. YacTtuma maccoil m HajJeTaeT Ha NPSIMOYTOJIbHBIA OECKOHEYHO
JUTMHHBIM TIOTEHITHAIBHBIM Oapbep BBICOTON U,, PacmoyIOKEHHBIN BIIOJb
ocu x: pu x<0 U=0, npu x=0 U= U, npudyem 3HEPrus YacCTHUIIbI
E < U,. Haiitu ko3¢ duIimeHTsl OTpaxeHusl U MPOITyCKaHus Oapbepa.

* Kak u B mpenpinymiei 3agade, OTAEIBHO pacCMOTPUM JIBE 00JIACTH: 10
Oappepa u B oOmactu Oapbepa. B kaxkmol ob6macTé Takke 3amuilieM
YpaBHECHUE I_Hpezn/lHrepa.

mE
[pu x < 0: QU"+ 2 Y =0, Pemenne ypaBHEHUS:



2mE

Y = a, exp(ik,x) + b exp(=ikix) , tae K =— >0,
2m(E -U
HpI/I x=0 w”-'-(h—ZO)L'U =0 . Perrenue yPABHEHHUA:

Y, = a, exp(-ik, x) + b, exp(ik, x) = a, exp(K x) + b, exp(—K X) , rae

" _i«/zm(céo B e e w/zma}{lo B o
Bo BTOpoil 0051acT 3KCHOHEHTHI, BXOMSIIUE B BOJHOBYIO (YHKIUIO (b,
MMEIOT HE MHUMBIE, a JEHCTBUTEIbHBIE, TOKA3aTENN. Y CIIOBUE KOHEYHOCTU
BOJIHOBOM (DyHKIIMM TPUBOAWT K 3aKIOYEHUIo, 4to ap, =0, wuHaue
BOJIHOBass (QyHKIUS OyAeT WCHBITHIBATh OECKOHEUHBIM pPOCT MpHU
yBenuueHuu x. Ocrarolieecss BTOpO€E cllaraéMoe B Y/, TaeT 3aTyXaroulyo 1o
aMIUTUTY 1€ (DYHKITHIO.

HenpepbIBHOCTH BOTHOBOW (PYHKITMH U €€ MepPBOil POU3BOHOM npu x = ()

NPUBOJNT K  CHCTEMe  JBYX  YpaBHEHHIA: a+b =b, u
ik(a,—b)=-Kb,, wu3z xoropoli  KOX)PHUIHMEHT  OTPAKEHHS:
2 .12
_iby| e ik

—> =1, Tak Kkak MOmYNTM KOMIUIEKCHBIX 4YHCEl B
a ‘kl +iK ‘

YUCIIUTENE W 3HAMEHATEJE TOJYYEHHOTO BBIPAKEHUS OIJUMHAKOBBI
OueBuaHO, k03P dunrent npomyckanus 7 = 0.

Pe3ynbTaT umeeT mpoctoe o0bsiICHEHUE. XOTS YacTULA U TPOXOJUT KaKoe-
TO paccTossHue B obOmactu Oappepa, OHa BbIOpachIBaeTCS Hazaj
CO3AI0ITMMHU Oaphep CUIIAMH.

OtBer: R=1,T=0.

23-4. Ucnionp3ysi pe3yibTaT pEHIeHUus MPeapIAyled 3a7ayd, HaWuTu
KOd(QPUIMEHT MPONmyCKaHUs JMHEHHOTO TOTEHIMAIBHOTO Oapbepa
MpPOU3BOIBLHON  (OPMBI, HMEIOIIETO KOHEUHYI0 IHPUHY d W
pacrojoKEHHOT0 BJIOJIb OCH X. DHEpPrHsl YacTULbl MEHbIIE BBICOTHI
MOTEHIIMAILHOTO Oaphepa.

* Paznenum peanbHO CYIIECTBYIONINI MOTEHIIMAIBHBIN Oapbep Ha Mallble
ydacTku Ax; mpsiMOyTroiabHON (OpMBI U BBICOTHI U;, Ha KaXkI0M U3 KOTOPBIX
npeHeOpekeM OTpPaKeHHWEM YacTUIbl OT TMpaBOMl CTEHKU Oapbepa.
CornacHo TMOJIy4eHHBIM BBIIIE pe3yJbTaTaM, BeposiTHOCTh AP; TOro, 4TO
YacTHIIA IPEOJI0JIEET pACCMAaTPUBAEMbIN YU4aCTOK, COCTABIISIET



AP, =, A, = b, exp(-iw/zmw,- ~E)Ax)) Dexp(-iw/zmw,- ~E)Ax,)

ITocnennee PaBC€HCTBO ABJIACTCA HpI/I6J'II/I}KeHHBIM, TaK KaK H3 PCHICHUA
2

b, 4k’
Opeblaynie 3aiauyd MOXHO Haith || =5, . DTO OTHOILIEHHE
a, k”~ +kK
ONMM3KO K €AWHMIIE MJI1 HE CIUIIKOM OOJBIIMX 3HAYEHUH BBICOTHI
NOTEeHLUaJIbHOrO Oaphepa. bonee TouHOe paccMOTpeHHE MOXKET ObITh
MPOBEJICHO TMPH HKCIOIH30BAHUU YCJIOBHSI HOPMHPOBKA BOJHOBOU
byHKIUY.
Hcxons w3 npomyiieHuss 00 OTCYTCTBUM OTPa)KEHUSI YAaCTHIIBI, MOXKHO
CUMUTATh, YTO MPOXOXKJIEHUE YACTUIIEH KaXI0r0 MPSIMOYTOJIBHOTO Oapbepa
OCYIIECTBIIIETCS HE3aBUCHUMBIM 00pa3oM, TOrAa MOJHash BEPOATHOCTD
MPOXOXKACHUSI PeaslbHOTO Oapbepa OyneT MPOU3BEICHHUEM BEPOSITHOCTEH
MPOXOXKICHHS BCEX MTPOMEKYTOUHBIX MPSMOYTOIBHBIX OapbepOB:

P =R DR DR, M exp(-+ Y 20U, = E)A) o, o=

= exp(—f_l Hzm(U(x) — E)dx).

[lepexon K WHTETPUPOBAHUIO O3HA4YaeT BBHIOOP OECKOHEYHO MaJIbIX
y4acTKOB Ax; BHYTpH MOTeHIMAIbHOTO Oapbepa. C (U3HMUECKON TOUYKH
3peHus]  BBIYKCIEHHAsT  BEPOSTHOCTh  sIBIIsieTCA  Kod(duimeHTom
nporryckanusi 7. Ilpu crnoxHOM BHIE TOTEHIMAIBHOrO Oapbepa
TpeOOBaHME TONOKUTEITHPHOCTH TOJKOPEHHOH (YHKIUU TIOJYYEHHOTO
BBIPKCHUS MOKET MPUBECTH K H3MEHEHHUIO KaK HIDKHETO, TaK U BEPXHETO,
IpelesioB UHTETPUPOBaHUS. A HMEHHO, WHTETPUPOBAHUE JIOJDKHO
OCYIIECTBIATECS  HA  MPOMEXKYTKE,  3a/J1aBaéMOM  COOTHOIIECHHUEM
U(x,,)=E.

Ommer: T =exp(~ [ [2m(U(x)~ E))

3agadu 1J151 CaMOCTOATEIbHOI0 PCUICHUS

23-5. Yactuma C BOJHOBBIM YHCIOM K JBIDKETCS BIOJIb OCH X Ha
MpoMexXyTke oT —/ 10 /. HaliTu BOMHOBYIO ()YHKIIMIO M CpeIHEE 3HAUCHHE
KUHETUYECKOW SHEPTUU YaCTHUIIBI.
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23-6. Yactumia maccoil m HalleTaeT Ha MPSAMOYTOJbHBIM OECKOHEYHO
JUTMHHBIM TTOTEHIMAIBHBIN Oaphep BbicoTOU U, mpudem ee 3Heprusa £ <

Uyp. Haiitu >¢ddexkTrBHYI0 T1yOMHY NMPOHUKHOBEHHS YACTHUIIBI B 00JIACTh
O0apbepa 1 KOADPHUITUEHT OTPAKEHUS.

Otser: [ UA/\2m(U,—E) ,R=1.

23-7. DOnektpoH C DSHepruer FE Hajmeraer Ha NOPSAMOYTOJbHBIN
MOTEHITUATBHBIN Oapbep BhICOTONH U M KOHEUHOW MIUPUHOMN. ONpenaenuThb
ATy LIUPHUHY, €CIIH BEPOSTHOCTh MPOXOKIEHUS 3JIEKTPOHA CKBO3b Oapbep
cocTaBiisieT P.

1
Y = —exp(ikx) E =
Orser: ¥ @ p( ),

_ hln(P)

. d=-
OtBerT: 2 am(U-E)

23-8. DIEeKTpOH ¢ sHeprue E, NIBUTAasCh B MOJIOKUTEILHOM HAIPABICHUN
OCH X, TIPEOJIOJICBACT  TPEYrOJbHBIA  TMOTCHIMAIBHBIA  Oaphep,
pacHoNiOKeHHbI Ha ocu B mpomexytke or 0 mo /. 3aBUCHUMOCTH

X
HOTCHI.[PIEUIBHOﬁ OHCPIUHX OT KOOPAWHATBI HMCECT BHIA U(X) _U07,

npuueM Uy > E. Haliti k03 PUIeHT MporycKaHus IeKTpoHa 6aphepoM.
4(U0 _E)3/2(2m)1/2 l)
3aU, '

Otser: I =exp(—

KonTpouabHbie 3axaun

o _
S, TEY.

Pemntes ypaBHEHHE W HAalTH BPEMEHHYIO 3aBUCHMOCTH BOJTHOBOUM ()yHKIIHH
B CTallMOHAPHOM COCTOSTHUU YaCTHIIBI.

23-10. Yactuma ¢ BOJHOBBIM YHMCIOM Kk JABWIKETCS BJOJIb OCH X Ha
MPOMEXKYTKe OT —/ 10 /. HalTH poeKInio UMITyJIbCca YaCTHITHI Ha OCh.
23-11. DieKkTpoH, IepBOHAYAIBHO UMEBINUI IIHNHY BOJIHBI A;, IBUXKETCS B
obOnactu OECKOHEYHO IMHHOTO MOTEHIMAIbHOTO Oaphepa BhICOTOM U
OnpenenuTs JIMHY BOJHBI 3JIEKTpOHA B 00J1acTH Oapbepa.

23-12. lupuHa NpsSAMOYTOIHHOTO MOTEHIIMATBLHOTO Oaphepa COCTaBIISET d,
ero BbicoTa U). OHeprus E HajeTaomel 4YacTUIbl MEHbBIIE BBICOTHI
Oapbepa Ha Af. Kak M3MEHHTCS BEPOSTHOCTH MPOXOKACHHUS YaCTHICH
Oapbepa, eCii pa3HOCTh SHEPTHH YBEIUYUTh B 11 pas?

23-9. BpemerHast gactsb ypasHerus Llpenunarepa nmeer sux i



23-13. lupuHa NpsAMOYTOIHHOTO MOTEHIIMATIBLHOTO O0aphepa COCTABISET d,
ero BbicoTa U, OHeprus FE HajeTalmel 4YacTUIbl MEHBIIE BBICOTHI
O0apbepa Ha AE. Bo CKONBKO pa3 M3MEHUTCS BEPOSTHOCTH MPOXOXKICHUS
CKBO3b Oapbep, eciiv IMMpruHa 6apbepa YMEHBIIUTCS B 11 pa3?

23-14. TloTok »SJEKTPOHOB »SHEpruM FE HampaBiI€H HAa HU3KUU
NOTCHIIUANBHBI  Oaphep OeckoHeuHoU 1mmpuHbl.. Otpaxaercs N%
AJEKTPOHOB. OMpenenuTs BEICOTY Oapbepa.

23-15. DneKTpoH ¢ 3Hepruei £, ABUrasch B MOJ0KUTEIHLHOM HAIPABICHUU
OCHM X, MPEOJOJIEBAET CUMMETPUYHBIM TPEYTOJbHBIM TMOTCHUUAIbHBIN
Oapbep, PacroIOKEHHBIM HA OCH B MPOMEXYTKE OT -/ 70 /. 3aBUCUMOCTH
NOTEHLIUAJIBLHOW SHEPTUU OT KOOpAMHATHI MMeeT BUI: mpu -[ <x<0

[+x X
U(x):UoT, mpu 0<x<! UMX)=U;", npuuem U,>E. Haiitu

KOd(PUIMEHT MPOITyCKaHUS JIEKTPOHA OapHEPOM.



