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}, f1pOB9.U9HHhlfi H9.U8BHO 3KCTiepHM9HT no p8CC9SIHHIO aneKTpOHOB. 6onb

IIIOfi 3Hepruii H8 H.Up8x 
111 

Bbl3Ban H~Bhifi HHTepec K npo6neMe pacnpe.nene

HHH sr.nepHOI'O aneKTpH'IOCKOI'O aapH.U8, no 3TOI'O C'lHT8nOCh, 'ITO nnoTHOCTb 

pacnpe.neneHusr aapsr.n8 HMeeT ~opMy ~epMH-p8crrpe.neneausr, O.UH8KO Terrepb 

3TO npe.UCT8Bnemie H3MeHHnOCb CyiiieCTB~HHO, 0TM9THM, ,O.UH8KO, '!T.O CITO

co6 o6p860TKH 'aKcrrepuMeHTanbHhiX .naHHhiX He y'lHThiB8eT .UHHBMH'leCKOI'O 

X8p8KTep8 H.nep, Tipu 6on~IIIux aHepruHx aneKTpoHoB u 6onbiiiHX yrn8X pac-

C9SIHHSJ MOI'YT OK838TbCSI cymeCTBeHHbiMH K8K OTT8!IKHB8HHe HyKnOHOB 'Ha 

MBnbiX p8CCTOHHHHX /
2 /, Ta~. H CITOC06HOCTb H.Uep B036y)!{.Q8 TbCH ( B,HpTyanb

HOe Boa6y)!{neaue B cny'!8e yrrpyroro p8cceHHHsr), 3.necb p8CCMaTpHBaeTCH 

TOnbKO BTOp8H B03MO)!{HOCTb C Y'l9TOM O.UHOI'O B036y)!{.U9HHOI'O ypOBHH, OTB9TCT:

B9HHOI'O 38 Heynpyi'H~ npoueccb!, Ba)!{HOCTb MOHOTIOnbHOI'O B036y)!{.U9-H~H (eM, T8K

)!{9~3/) MO)!{HO Ka'!eCTBeH~o noHHTh, y'lHTbiBaH, 'ITO oao H3MeHHeT OIIIYTHMO ceqe

Hrre yrrpyl'OI'O paCC9HHHH llpH p8~Hb!X 3H9pl'HHX TOnbKO 'B o6naCTH 60nbiiiHX yi'nOB 

p8CC9HHHH (B COI'naCI:!H C 3KCnepHM9HTOM), 113-38 .U8nhHO.UefiCTBYIOIII9I'O X8-

p8KTep8 ITOT9HUH8nOB, CBH38HHbiX C .npyi'HMH THTI8MI:! Boa6y)!{.U9HHfi,. BKniO'le

HHe nocnenHux H3MeHHno 6bi c~'leHue T8K)!{e u nplt M8nhiX ·yrna1c pacceHHI:!H, 

B paccMaTp!:!B·aeMofi Mo.nenu aMrrnHTy.na pacceHHIIH HaXO.UIITCH B BbiCOKo-

. 3Hep.I'9TII'l9CKOM ITpii6n!I)!{9HIIH, nanee nony'!eHH8H 8MTiniiTy.Ua Cp8BHIIB89TCH' 

C 8MTiniiTy.UOfi ITOT!=lHUII8nbHOI'O pacCeHHIIH nnH H8X0)!{,09HIIH 3~~eKTIIBHOI'O (on

TII'l9CKOI'O) TIOT9HU!Iana ~neKTpOHOB, 



·'"t, 

2. BhiCOK09HeprenPiecKoe npn6mnKeH!1e Ami noTeHUiianbHoro pacce.HHll.H 

6hinO BBeAeHO rnay6epoM I 41 ll, B '!aCTHOCTll, An.H pacce.HIIll.H aneK~pOliOB .

EaKepoM 151 • B pa6oTe 161 aToT MeToA 6hm o6~6mea Ha ~~y<Jail: aeynpyroro. 

. . 111 
pacce.HHUH, rAe rrpoBeAeHo <JucneHHoe cpaBli:Hue·~ ¢a30BhlMII pa;'IeTaMu • 

AMrrnuTyAa 1 rrony'IeHHa.H B l 6 l 1 UMeeT cneAYIOIIlllfi BIIA: 
z 

. 3 i <!: 
f+=L(u*u) { fd're (V 

_ 2 i r 1 oo 

+V '-Ifcv +V ) e -oo .oo 0 1)dt 

01 ± 

3 ...... J d r e lq r 

z 

(
v -if cv 00 - v ) -Oo 00- v 0 ) d t 

01 e · I· I : 
(1) 

+ AnSI aMrrnnTYAhi yrrpyroro pacceSIHIIR (KoTopaS! 6yAeT o6cylKA8TbCSI Aanee), 

- AnSI aMrrnnTYAhi Heyrrpyroro pacceSIHIISI, 

q = p -p 
r 1 

• , I P~ I =I Ii) = P. 
A· ~ 

+I I + ,+1 + v =< o . v o > • v =< o v 1 o 
00 0 I 

>. 

+ 0' - a¢¢eKTIIBHhiH ypoBeHb, Y'IIIThiBammnil: Heyrrpyrue rrpouecchi. 

B ,STOM rrpu6nulKeHuu, UMeSI B BllAY, 'ITO BenU'IIIHhi · V 00 .± V 01 c¢epu'Iec-

Kll CIIMMeTpll'IHbi 1 ypaBHeHUe ( 1) , MOlKHO rrpeo6p830B8Tb K 

-21 fv· dt oo 
)f J ( qp ) I e o 00 .cos (2 fV dt)-11 pdp= 
0 0 6 01 . 

f =-ip(u*u 
. , r 1 

00 

- ip(u;u
1 
V J 0 ( qp ){exp [ i I~0 (p) + En cos I

01 
(p )]-1 'lp dp, .·. 

rAe 

00 --- 00 d 
I = -2 .r v < v p 2 + l 

2 > dt = -2 r v ~-x-; < i=0,1). 
01 · O 0 I . . . 01 .I 2 2 . 

p V X -p 

CpaBHllM Terrepb ypaBH~Hile (2) C COOTBeTCTBYIOIIleil: ¢opMyl'IOH ITOTeH:-' 

unanbHoro pacceSIHIISI _(Jfl: 

f =-ip (u *u 
r 1 

)J Jo(qp)[e 
0 

-21.fv <yp 2 +t 2
)dt 

0 

4 

-1 ]pdp. 

~ 
~~ 

I' 

BIIAH01 'ITO B AaHHOll MOAenu OITTU'IeCKllM llOTeHUUanOM HBn.HeT 

) . 1 d 
00 

• ( ) ] • x dx V(r +IW(r)=- -- J[ I (x)-I fncosi x -----· 
77 r . d r r oo o I yx2-f:2 

cf>aKTll'IeCKll ¢YHKUII.H ( 4) HBnHeTCH pemeHileM llHTerpanbH• 

Tuna (3).- MmKHO OTMeT~Tb ABe oco6eHHOCTll AaHHoro rr~Tem 
'ITO BKnJO'IeliUe Heyrrpyroro KaHana He 113MeH.HeT AeHCTBIIT~nbHC 

(B 'IaCTHOCTII 1 113-3a rrpeHe6pelKeHll5! 9Hepi"eTU'IeCKOll ITOTepei 

MHIIM85! 'I8CTb ITOTeHUUana W HBnHeTC.H CnOlKHOll '!eTHOll ¢) 

T.e. OAIIHaKOBOll AnSI aneKTpOHOB ll IT0311TpOHOB. 

nnSI rrpaKTII'IeCKIIX rrpuMeHeHilll rrone3HO Bb!pa3UTb ¢yHKUl 

peACTBOM COOTBeTCTBYIOIIlllX. 3apSIAOBbiX pacrrpeAeneHilll Pol. (, 

Hue) B 6onee YA06HOM BUAe 

IOI(p)=2Ze
2 

p R ' 
fn -R +477 fp (x)[ en 

p 01 

En ..e._ 0 01 
R . 

p> R • 

1+ y1-pz/X;2 
y1-p 2jx2 

p/x 

TaK KaK ce'IeHne MOlKHO Bhi'IUCnllTb, 3aAaBaSI I 01 , none3HC 

paTHyJO CBH3h, T.e. · Bhipa3UTb p 0 : qepea ¢yH~uuu I 01 • B CBH311 c 

'ITO rrocne AByKpaTHOI"O All¢¢epeHUilpOBaHIISI SIApO llHTerpanbHC 

2 .. 2 -~ • 
(5) rrepeXOAIIT B ¢yHKUIIIO "' (X - p ) , ; ypaBHeHUe ( p ( 

Hhi) rrpnliuMaeT ¢opMy ( 3), a ero perneHne ecTb ¢yHKUllSI Tlll 

npeABapUTenbHhie Bbi'IIICneHUSI lSI .C ITOMOIIlbiO ypaBHeHll 

d Ro 
P up "'-P ·(fp 00 o I dr oo ' o o S 

c pe3ynbTaTaMn .pa6oTbi I 

HOPOAHOI"O pacrrpeAeneHUSI 38pSIA8 

rroKa3ann Ka'IeCTBeHHOe cornacne 

BKniO'IeHue I o 1 ( unu · p0 1 · ) ll3MeHSieT .'IyBcTBUTenbHO ce'I 

pacceSIHllSI B OKpecTHOCTll All¢paKUIIOHHbiX MIIHllMyMOB II llpll 6 

nnSI rrony'Ie!IIISI .. 6onee· orrpeAeneHHbiX 38KniO'I8Hilll 1 OAH8K0 1 HYlK 

Bbl'IUCneHIISI rrpu 6onbiiillX 9Hepi"IISIX II pa3HbiX 38pSIAOBbiX pa< 

3. 8 paCCM8TpllB8~MOll MOAenn BBOAllTCSI ¢uKTIIBHblll I 

ypoBeHb 1 aHepruSI KOToporo Heu3BeCTHa. 3To 3Ha'IuT, 'ITO B 3 

5 



noTeHunanbHoro pacceRHHR 

R paCCeRHHR aneKTpOHOB .

lmeH Ha· cny~ail Heynpyroro 

!flasoai>IMH pac~eTaMH 171 

ann: 
z 

•f<v +v Jdt -oo·oo 01 
± 

dt 
( 1 ).....__ 

l. 

>yneT 66cylKnaTbCR nanee), 

+ ' 0 . >. 

1yrn~ npouecchr, 
.. v . v 

ll'IHHhl ; . OO.:!; 0 I c!flepn~ec-

)BaTh K 

00. 

2 JV dt)-11 pdp"' 
0 0 I . . . . 

( p ) ] - 1 ·1 p dp, .·. 

d . . 
~;(i=0,1). 
l~p2 '• 

(2) 

(3) 

::Taymmeii !flopMy(loii noTeR-

-1 ]pdp. 

·-,; .. 

BnnHo, ~TO B naHHOH Monenn OUTH~eCKHM noTeHUHanOM RBnReTCR BbipalKeHHe 

V ( r) + i W ( r) = _1_ .-d- J [ I ( x) - i £ n cos I ( x) ] 
77 r d r r 00 o 1 

x dx 
(4) 

y x 2- r2-

¢aKTH~eCKH !flyHKUHR ( 4) RBnReTCR pemeHHeM HHTerpanbHOI'O ypaBHeHHR 

Tuna (3), MolKHO oTMeTHTb nae oco6eHHOCTH naHHoro noTel!unana; BnnHo, 

~TO BKniO~eHHe Heynpyroro KaHana He ~3MeHReT neilCTBHTE!'nbHOH ~aCTH V = V00 

(B ~8CTHOCTH 1 .H3-3a npeHe6pelKel!HR 9HepreTH~eCKOH UOTepeil aneKTpOHa), 
. • 2 

MHHMaR ~acTb noTeHunana W RBnReTCR cnolKHOH ~eTHOH !f!YHKUHeil. Z e , 

T,e, OnnHaKOBOH nng aneKTpOHOB ll U03HTpOHOB, 

-nnR npaKTH~eCKHX npnMeHeHHH none3HO Bbipa3HTb !flyHKUHH I 01 noc-

penCTBOM COOTBeTCTBYIOWHX. 3apRnOBbiX pacnpeneneHHH p 01 ( CM, npnnolKe-

Hne) B 6onee yno6HoM 8nne 

p R . 1+y1-p2/x2 
£n if+4rr I P (xl [ £n ------
. p 01 p/x 

(5) 

p> R. 

TaK KaK ce~eHne MOlKHO Bhi~ncnHTb, aanaaaR I 01 , nonesHo HMeTb n oo~· 
paTHYIO CBH3b, T,e, · Bhipa3HTb p 

01 
qepea !flyHKUHH I 01 • B CBR3H c aT_HM, OTMeTHM, 

~TO nocne nayKpaTHOI'O nn!fl!flepeHUHpOBaHHR Rnpo ll.HTei'panbHOt'O ypaBHeHHR 

( ) ( 
2 . 2) -~ . ( 5 nepexonHT B !flyHKUHIO "' X - p . j ypaBHeHHe p Ol HeH3BeCT-

Hbl) npHHHMaeT !flopMy (3), a ero pemeHHe eCTb ~YHKUHR TH~a (4), 

ilpenaapnTenbRhie Bhi~ncneRHR 181 .c noMOWbiO yp~BHeHHR (2) . nnR on-

d Ro 
HoponHoro pacnpeneneRHR aapRna p 00 H p "'-d p ; ( f p

0 
(x )x 2 dx "'0) 

o t r oo o S . 
noKasann Ka~ecTBeHHOe cornacne c peaynbTaTaMH .pa6oThi I I, B o6ll;leM, 

BKniO~eHne I o 1 
( nnn ·Po 

1 
· ) ua~eRReT ~yac.TBHTenhHO ce~eHne ynpyroro 

pacceRHHR ~ OKpeCTHOCTH nn!flpaKUHOHHhiX .MHHHMyMOB ll Upll 6onbWHX yrnaX, 

nng nciny~ef!HR.·6onee onpeneneHHhlX 3aKni0~9HHH, o):(RaKo, HYlKHhl. neTanbHble 

Bhi~ncnel!HR npn 6onhmnx 9HeprnRx H pasl!biX sapRnoahiX,pacnpeneneHHRX. 

3. B paccMaTpnaa~Moil Monenu aaonuTcR !flnKTHBHbiH aos6ylKneHRbiii 

ypoBeHb, 9Repi'HR KOTOpOI'O HeH3BeCTH8. 8TO 3H8~HT1 ~TO B sana~e BBOnRT-

5 
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CSI HeH3BeCTHbie IIapaMeTpb!, 3Ha'IeHHe SHepi'HH MOlliHO ITpHonumeHHO H8HTH
1 

Bhi'IHCnSISI nonlioe ceqenue neyrrpyroro pacceSIHHSI, Ha rrpu.M.epe onnoponnoro 
.I. 

pacrrpenenenuSI uMeeM 

I I 1T 

a 1n (E,R,Z) ~Brr2 p 2R 
4 f dtf dt 'F(t)F*(t') f J (qRt) J (qRt ')(I-sin2 0

2
)sin2 j_ d( sin J!..), 

oo oO ·o 2 .2 

rne 

-ilofRt) 2 z ll • 3/2 
F(t)=e sin[K--0-t) ]t 

- I37 

EnuncTBeHHhiH rrapaMeTp K Momno rrony'IHTb cpaBHenueM c sKcrrepuMeHTOM. 

3anaqa 3Ha'IuTenbHO ocnomHSieTCSI rrpu rrorrhtTKe yqecib rroTepu snepruu 

sneKTpona b. E . 

0TMeTHM cnaqana, 'ITO rrpu BbiBOlle ypaBHeHuSI ( 1) rrpuwnoch pewuTh 

cnenyrowyro cucTeMy nuneiiHhiX nu¢¢epenuuanhHbiX ypaBHenuii 

i ¢o = V oo q'> o + V o 1 q'> 1 ........ 
I p r 

~ ( 'P e 
n 

i q'> • = v 0 I q'> 0 + voo q'> I +b. E q'> I 

IlpH t.EdJ II rpaHH'IHbiX ycnOBHSIX cp (- oo)=I: cp (-oo): 0 
0 1 

• .[lnSI rrony'IeHHSI 

aMrrnuTy llbt ( 1) Ohtno ucrronh30BaHo pewenue 
'7. z 

-.; f < v oo - vo I l d t 
¢ 

0,1 

l -;J<voo+Volldt l 
~- p -oo . + - (• 

2 - 2 

CucTeMy (6) rrpu b. E ~ 0 Momno <jlopManhno 3arruca Tb ~ on no ypaBnenue 

' d " 
(- i - + v + Q) ¢ ( z) ~ 0, 

d'z oo o 

rAe 

Q ( q'>o 
-tJ<v00 -i-b.Eldz z 1 J<v

00
+b.Eldt' . 

i v c . : r v .c . . ¢o(t ')d t'. 
01 ' . . 0.1 . 

-oo 

I • 
}' " 

T 8K K8K OIIepa T0!1 Q m3nSieTC S1 KOMIIneKCHbiM1 MOlliHO 0)1(1ljl8 Th 011--

peAeneHHYIO rrepenopMupoBKY KaK: AeHCTBHTenbnoii V 00 , TaK II MHHMOH W 

'IacTeii: orrTu'IecKoro rroTenuuana, <Pu3U'IeCKII rrepenopMupo~Ka ileiicTBI!TenhHoii: 

\, .. 6 

, 
'I8CTH 03Ha'IaeT y'IeT IIOnSif!R38UHII sneKTpi!'IeCKOI'O 38pSIAa 

'I8CTh IIOTeHUUana oonee TeCHO CBSI38Ha C IIO)lB030YllilleHRSIMII 

ABTop 6naronapen rrpo<jl, O:Eopy, B. 4umy, n-py 11. Eanry 

.rrone3Hhie o6cymneHuR 11 ~pi!THKY. 

TipRnomeHRe. 

YpaBnenue ( 5) Momno nerKo rrony'IRTh cnenyiOillHM o6p 

· MeT on II3nomen B /5/). 

3arruweM <jlopMyny 

, 2 p( r ') 3 , 2 I 
V=-Ze f d r ,_zc 1-

lr'-r''l r 
fp(r')d

3
r+ .t'P<~': 

0 

KOTOpyJO MO)!{HO IIpeo6pa30Ba Th ( HaiiOMHllM, 'ITO J d 0 J p· 
. 0 

V =- Ze 
2 1 1 

00 

• ' 3 r . 
00 

, d 3 r' --,---J p(r )d r +fp(r )-- 1. 
r r r ... r' 

To rna 

I ( p ) "' - 2 f V dt = 
0 

~t 00 
"" l 

= 2 Z e 
2 I f ----+ 4rr J dt J ( -

o _,-2-
1
2 o _122r' 

v P + =vP +t 

f1 ocne IIOACT8HOBKII t=yX 2_!> 2 BTOpOH IIHTerpan IIpi!MeT Bll)l 

f dt 
0 

f ( I 1 . 2 "" x dx "" 
-,- - ~-)p (r')r' dr', J - f (l 

yp2+t2- r VP 2+.t 2 Py;2_p2x r' 

_1) 
X 

l1HTerpupoBanueM ABa pa3a no 'IaCTSIM rrony'IaeM: 

f 
p 

x f(x) oo 1+v 1-p 2 /x 2 

-===:::-dx=fp(x) I en -0-p2 /x 2 ) 

p p/x yx2-_p2 

f(x) =f (~ I ) ( ;) ·, 2 d , - p r r r .. 
x r X 

7 



AO*HO npn6nH*9HHO H8HTH 1 

, .Ha rrpHMepe O,llHOpOJlHOI'O 

)(.1 
. 2 o ) . 2 ·o o 

-sm -sm -d(sin-)· .. /2. 2 2 • 

9BH9Hll9M C 9KCnepHM9HTOM, 

rKe yqecTb noTepn aueprnn 

!HHH (1) npnumocb peumTb 

IX ypaBH9HHH 

c 
I 

........ 
P r 

(-oo),;, 0 • nns: nonyqeuns: 

38ITHC8Tb B O,llHO ypaBH9HHe 

:CHhiM1 MOll<l!O 0l!(H)l8Tb on

it V 00' 1 TaK H MHHMOH W 

HOpMHpoima )l9HCTBHTenbHOH 

. -

. ~·· : .. 

, 
qacTn 03HaqaeT yqeT nonHI)H3aunn aneKTpnqecKoro 3aps:Jla Hilp_a. MHHMBH 

. qaCTb ITOT9HUHana 6onee T9CHO CBH38H8 C ITO,llB036y*il9HHHMH H,llpa. 

ABTOp 6naro,llapeH npo<jl. O;Eopy, B. "4H*Y· Jl-py H. Eaury H A. naime 38 

.none3Hbie o6CY*il9llHH. H_ KpHTHKY. 

'·• 

YpaBHeHne (5) MO)!(HO nerKo nonyqn~b cneJlyJOIUHM o6pa30M (Jlpyrofi 

·. M9TO.ti.'ti3nO*eH B /5/), 

3arrHIIIeM <jlopMyny 

.2 _p(r') 3 2 l 
V=-Ze I d r'=-Zc I 

I; -r''l 

00 • 3 

f p ( r' ) d 3 r '+ I p (r' ) .!L ... r.' I. 
0 r' 

"" 
KOTOPYJO MO)!(HO rrpeo6pa30Ba Tb ( HaTIOMHUM, qTQ I d n I p· (X) x

2 
d X = l ) 

0 

Tor)la 
00 

I ( p ) = - 2 J V dt = 
0 

2 'd t 
00 l 

=2Ze I I ----+4rr.f dt J (-
o _,-2--2 o _1""""2r' 

v p · + t =v p"+t 

l . 
_' __ .. :::._) p (r' )r' 2dr'}. 
yp2+t~ 

D ocne DO,llCT8HOBKH t=yX 2-!J 2 BTOpOfi HHTerpan ITpHM9T BHJl: 

1 1 , 2 oo xdx oo l 
J ( --;- - -=-__.:..._) p (r')r' d r' = J ----I (-
--- f v p2+'t2 p .f;~zX r' 

yp2+t2 v p 

l ) ( ') , 2d , --prr r. I dt 
X 0 

I1HTerpHpoBaaueM JlBa pa3a no qacTHM nonyqaeM: 

00 

I 
p 

x f(x) 00 l+·'I-p 2/x 2 t/2 -=== dx = I p ( X) I en v . - (l - p2 I X 
2 

) I X 
2 
dx 

p p/x 

f(x) =J' <...1; - 1- ) p ( r ') r ' 2 dr '. 
x r X 

7 



' 
~i\. 

-' ,..., . 

Tenepb I( p) npnMeT Bun: 

2 2 ·~. -
2 p 

I(p)=2Ze I fn- + 4TT fp(x)[ 
2L p 

0 l+v'l-p /x ( z1 2 )1/2] 2 d I . 
LD - 1-p X X X • 

p/x 

L ->OO 

nocne BBeneHIISI o5pe38HIIH 3apSina B TO'iKe R If o5o3H8'i8SI 

Z Z e 
2 

En __:!!.__ = 2 rr n ( n -uenoe '!Herro), nony'iaeM peaynhTaT (5). 
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