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l.BBe.QeliHe 

n ocTaHOBKe qacTo CBO.QstT K pemeuHro cooTBeTCTByromero BOnRoBoro ypaBae!IHst c 

saaauabiM rrOTeuuaanoM B38HMO.Qell:cTBHst a Bhiqacne!Iaro aMnnHTY.Qhi pacceSIIIast. Oa

HSKO ll3- 38 KB83HKnaCCH'I9CKOrO X8p8KTepa 38.Q8'IH (k R >> 1 ) npH 06bi'!HOM IJO.QXO.Qe 

(MeTO.Q rrapUHSnbHblX BOnH) BCTpeqaeTCSI PM Tpy.QHOCTell, CB!I38HHbiX C Bb!qHCneHH

eM 6onbmoro qacna <jJas paccenHIIst, H, c apyroll CTopOHhi, c cyMMHpOBanHeM aaaKo

nepeMeHHoro MeaneaHo cxoastmerocst pMa anst BMrrnHTY.Qhl. KpoMe Toro, sTOT noa

xoa B006me H9 IJpHM9HHM B cnyqae CcpepHqecKH-H9CHMM9TpHqHblX !JOT9HllH8nOB, KQ

TOpb!9 Ue06XO.QIIMO paCCM8TpHB8Tb .Qnst O!JHCSHH SI paccestHHSI liB .Qecj>opMHpOBBHHbiX 

Mpax. 

8 CBSI3H C STHM B pMe pa6oT/1,2/ p83BHB8ni!Cb llpH6ni!>K9 HI!bl9 M9TO.Qbl, O!JH

p810InH9CSI H8 X8p 8KT9pHbl9 '19pTbl T llKHX 38.Q8q (B OCHOBHOM STO KB83HKn8CCHqHOCTb 

.QBH>K9HHSI H 60nblli8ll SHeprH Sl IJ8.Q810InHX '18CTHU). 06mHil peaynbTST STHX pa60T Co-

CTOS!IJ B TOM, 'ITO 8MIJIJBTy.Qy paCC9SlHHSl y.QBBBnOCb Bblp83HTb B BH.Qe Cp8BHHT9nbHO 

rrpocToro HHTerpana. O auaKo PM KOHKpeTHhiX cpaBHeHHil nonyqeaahlx peaynbTaTOB 

C TO'IHblMII paC'!9T8 MII M9TO.QOM IJ8pU118!JbHbiX BOIJH IJOK838IJ/3/, 'ITO B03HHK8IJH pac

XO>KA9HIIll KB K .QIJS! a6COIJIOTH b!X 3 H8'19HHil C9'19HHll ( OT 10% .QO 50%), TSK H B A9T8nb-

uoll KapTJHie yrnoBoro pacnpeaeneHHst. 

llnst CIJHHOpHblX penstTHBHCTCKHX '18CTHU O.QIIB H3 OCHOBHbiX rrpHqHH TBKHX pac

XO>K.Q9HHfi CBS!38H8 C He06XO.QHMOCTbiD (B p8MK8X HCXO.QHbiX npa6nH>K9HHll) 6onee 

TO'IHO HafiTII C!JIIHOpHblll cj>aKTOp BOnHOBOll cj>yHKUHH (HnH 8MIJnHTy.Qb1) p8CC9HB89MOll 

'!8CTI!Uhl. 8 II8H6onee l!C HOII cpOpMe 3TH BOIJpOCbl 6hi!JH paCCMOTpeHbl B pa60Te/4/ HB 

llpi!Mepe KOHKpeTHOll 38.Q8'1H pacCestHHS! sneKTpOHOB B KynOHOBCKOM none Mpa, rae 

8BTOpbl H8lli!JH KB83HKIJ8CCI!qeCK09 pemeaae ypaBHeHHS! l1Hp8K8 C MBCCOll 
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HacTOHlllBH pa6oTa nocnHmeaa accneJlonauaJO pemeHHH ypanueHHH llapaKa B Go-

nee o6meM cnyqae, KOrJla nOTeauaan COJlepMHT HJlepuoe orrTaqecKoe naaaMonellcTnae, 

a Maccoi! qacTHUhi aenh3H npeae6peraTh no cpanueaa10 c ee aaeprael!. 3ToT norrpoc 

BBMeH, HaUpHMep, npH paCCMOTpeHHH paCCeHHHH HJlepHb!X qaCTHU. 

TaK, B pa3Jlene 2 nonyqeao KB83HKnaccnqecKoe, n rrpa6naMeHHH 3._ << 1 
E 

' pe-

meHHe ypanaeHH H llnpaKa c , M f. 0 B npeJlnonoMeHHH, qTo noTeuunan naaHMOnei!cTBHH 

BKnJOqaeT MHHMYJO no6anKy, oTneqaJOmyJO nornomeua10 SinepahiX qacTau. Hai!neHHbie 

BOnHOBble cpyHKUHH CO)lepMaT B Ka'leCTBe MHOlKHTenH CITHUOpHb!e cpyHKUHH U ( ;), KQ

TOpble cymeCTBeHUO MOJlHtPHUHpy!OT Bb!p8lKeUH51 JlnH 8MUnHTYilbl pacceHHHH ITO cpanue

HHIO C nonyqeHHblMH pauee/1 ,2/, H arp810T B8lKHyJO ponh B )leTanhHOM OUHC8HHH yr

nonoro pacnpeJleneuaSI. C Jlpyroll CTOpOHhi, B qaCTHOM cnyqae, KorJla M ~ 0 a 

lm V = 0 1 3TH cpyHKUHH COBIT8Jl810T C nonyqeHRbiMH B pa6oTe/ 4/. 

nanee B paa)lene 3 na 6aae 3THX cjlyuKunl! a arrncbiBaJOTCH a accnenyJOTCH paa

naqHhie BbipalKeHHSI JlnSI aMnnHTYJlhi H ceqeaHSI n o6nacTa ManhiX yrnon paccesrnHH 

() < __ J_ , 11 n Hal!6onee HHTepecaoA o6nacTu 6onhml!x yrnon 0 > - 1- , rJle aa6mo-
kR kR 

JlaeTCH JlncppaKUHOHHaSI KapTHHa. B aTOM cnyqae c eqeuae yJlaeTcSI Bbipa3HTh qepea 

OJlHOMepHble IIHTerpanbi, 'iTO yJl06HO B npaKTHqecKI!X UpllnOlKeHHHX. 

2. PeweHHe ypas!IeHIIH iJHpaKa 

- ~ ... ... 
EyneM pemaTh ypanueune llnpaKa c onTH'leCKHM noTenunanoM V( r) = V( r) + i W( r) 

..... ...... ...... .... 
( -i a V + f3 M + V ( r ) - E ) lJl ( r ) = 0 

(2.1) 

Up!! ycnOBHII 1 'iTO 

E »I vI k R » 1 
(2.2) 

( anecb a Jlanee ~ = c = 1 ) . 

TipeJlCTaBHM pemeun e B nnae: 

- -+ 
-+ I S ( r ) 

lJl ( r ) u ( r) e (2.3) 
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r.Qe • ( ;) - cnaaopaag ljlyaxuaH; S( f') •S(t) + l p (t), S (;> , a p ( f')- .Qeli:CTBa:Tem.able 

cpyHlti{JIH, llO.QCTaB.IIHB (2.3) B (2.1), U<my"'HM: 

~ ~ . 
( aV S+f;J II+ V -E)u(r) 

(2,4) 

Cnaaopaas cjlyaxuas u ( ; ) 
~ 

npa ycnoaaa (2.2) cna6o aaaacaT OT , no3ToMy, 

npeae6peraH npaaoll "'SCThiO a (2,4), aanameM: 

(2.5) 

3TO ypaBH91U!e 6y.QeM C"'HT8Tb llCXO.QHbiM .Q.IIB onpe.Qe.lleiUIH <fJYBXUBll S (;) H p ( ; ) • 

llocne yMBolKeBHll (2.5) aa onepaTop 

nony"'HM: 

.. _ .. 2 2 .. 2 

(VS(r)) +·M -(E-V(r)) eO, 

r.Qe OT.QeneHHe .QeliCTBHTenbHOll H MHHMOll "18CTH npHBO.QHT K CHCTeMe .IIBYX ypaBBe-
~ 

p ( r ) 

(2.6) 

( v s Vp ) +(E -V)W -0. (2.7) 

BaeaeM .QellCTBHTenbHbiA ' 3$¢9l!CTHBHblll noTeanaan' V ef 

.. 
2 2 2 2 ' 

( E - V •t ) a ( E - V ) + ( V p ) - W . 
(2.8) 

Toraa (2.6) npaaaMaeT aaa: 

~ 2 2 2 
( \' S ) e ( E - V ef) - M 

(2.9) 

H cpOpMS.IlbHO COBIT8.Q89T C K.IISCCH"'eCKHM pe.IIHTHBHCTCKHM ypaBHeHHeM faMH.IlbTOH8-

Jlxo6a, Ero peweHHH onpe.QenHIOT coaoxyrraoCTb xnaccaqecxax TpaexTopid! .QBHlKel!HH 

5 



.. •. ~ 
'lSCTHUhl B nOJie 'aljl<flexTHBHOro n OTeHnHana • v.t . 31jl<fleltTHBHblA HMIIYllbC P.f -V·S(r) 

aanpaBnea no~acaTellbaon B Ka~noA TO'llte aToll TpaexTopHH. 

PemeHH9 ypaBH9HHH (2 .9) MOlKHO aanHCBTb B BH!l9 HHTerpana no TpaeKTOp HH: 

S(7)-S(; )+ 
0 

-+ 
r 

f V ( E- V et )
2 

- M 
2 

t 
0 

d. , 

rne d S - aneMBHT !lni!Hhl BllOnb TpaeKTOpHH, 8 KOHCTBHTbl S ( i ) H 
0 

-+ 
ro 

(2.10) 

Bhi6Hp810TCll 

B COOTBBTCTBHH C rpaHH'lHbiMH ycnOBHHMH, B 06bi'lHOA nOCT8HOBK9 38JlB'lH, Korns 

ny'IOK nanaromax 'IBCTBU aanpaanea no oca oz , a HS'lano KoopnasaT coananaeT c 

neHTpOM pacceBBaromer o nonS!, Heo6XOllHMO, 'IT06b! rrpB ; -+ .., ( z -+ - .. ) • S( r) -+k z; .. 
-+ -+ -+ 

noaTOMY cnanyeT rronolKHTb S( r 
0

) = k r 
0 

, r 0 a oo , ( z 
0 

• -oo) • AsanorH'lHh!M o6paaoM, 

H3 yp8BH9HHll (2.7) , HSXO,QH M 

-+ 

-+ -+ 
r (E-V)W 

p(r)-p ( r
0
)- r ds . (2.11) 

-+ 
..j (E-V ) 2 - M

2 r 
0 ef 

3ne cb, B cany rpaRH'lHbiX ycnoBHA, upH ; -+ oo ( z -+ - oo ) nonJKao 6h!Tb p ( i') -+ 0 

H n09TOMY p ( f o ) = 0 · 

0rM9THM, 'ITO nony'leBHbl9 peweHHll (2.10) H (2.11) HBflSIIDTCll, B l!BKOTOpOM 

CMhiCne, ljlopMallbHhiMll, nOCKOnbltY CaM 91jJcpeKTHBHblA UOT9HUHan V ef Bhlp8lK89TCll 

'lepea HCKOMyro tPYHKUHID p (;) ( CM. 2.8). 0rbiCKBHH9 TO'lHhiX tPYHKUHA S H p 

TpeoyeT COBM9CTHOrO pemeHHSI 9THX ypBBH9HHA H liBflSI9 TCll B9CbMB cnOlKHOA 3B!lB'leA. 
.. -+ 

0AH8KO B n pHHliTOM HBMll npH6 nHlK9HHH (2,2) ljlyHKUHH S( r) H p(r) nerKO MOlK-

HO HaATH, paanarall (2.10) H (2.11) B pHA H orpaHH'lHBBHCb 'lneHSMH nepaoro no-

V 
pH!lKa no c TeneHHM E . B a ToM cny'lae cooTBeTCTByrowae T paeKTOpHH HHTerpH-

pOBBHHll 6yAyT npHMhiMll nHHHHMH, 0JtOB'lBT9llbBbl9 Bblp8lK9HHH HM9IDT, TBitHM OOps-

30M, cnenyroman Ban: 

p (;) -

.. .. .. 
S(r)-kr-

E 

k 

.. 
f V(1-ks) ds 

0 

" 
E 

k 

2 
ee .,. " M 
JW(r-ks) (1+

k2 
V('?-ks 

E 

6 

(2.1~) 

) ds , (2.13) 



.. 
rne k - sonnoBoA BeKTop, I k I = k 2 2 " .jE -M , k= 

k 

k 

nocne Toro KliK Hai!neHbl lj>yHKUHH S ( ; ) H p (;) , MOlKHO nepeilTH K OTb!CKa

HHIO COHHOpHOi! 'IBCTH BOflHOBOA lj>yHKUHH (2.3) H3 ypaBH8HHSI (2.5). 

npeACT8BHM peweHH e 3 TOro ypaBH8HHSI B BHAe: 

1 
2 

V ( E - V )2- M2 
~I 

rlle KOHCT8HTHblii COHHOp V YAOBneTBOpS!eT ypaBH8HH!O 

0 . 

v • 
(2.14) 

(2.15) 

.. 
Tenepb nepeiineM K onpelleneauro HOpMHpOBO'iHOil lj>y HKUHH N ( r ) • .[tng 3 TOro 

nocnonbayeMCH ycnosueM coxpancnug TOKa, nonyqenaoro H3 TO'IHOro ypanHeHl!SI (2.4): 

.. 
V ( e- 2 p u + a .. u ) = 2 W e- 2 p u + u 

(2.16) 

rne B03HHKHOB811He npaaol! 'i8CTII CBSI38HO C MHUMOJ1 A068BKOll B OriTH'I8CKOM flOTeH-

UBane. Ecnu nornomeane OTCyTc TsyeT, TO W = 0 , p = 0 n (2.16) nepexonnT a 

06bi'IHOe ypaBH8HHe HenpepblBUOCTH V ( U + ; U ) = 0 
+ .. 

BbtpalKeHH H nna u + u 

cnenyJomlfii Blfn: 

H U a U , nonyqeHHbJe C flOMOUlblO (2 .14), HM8JOT 

rne 

2 

" " 
(A ( ;) + B ( ; ) ( k n e ) ) 

+.... ...2 1 k ,..,.. ... ~ 

u au~ N(r) ---=--(--(kn.)+ Ctr))n
5 2 E 

M 
2 

E V M 
2 

E2 

------( 1 + ---\1 .. 1+2 --(1-4--l 
2 2 E k 2 k2 

( E- v.
1 

) - M 

2 

B( ;') 
k ( E- V) M v 

.. 1+ 7 E 2 2 E v ( E - v., ) -M 

7 

(2.17) 

(2 . 18) 

v 
E 

(2.19) 



.. 
C(r)-

(E-V) M2 
-========< 1 + ---) D ~ ( 1 + 
y ( E- V )2 

- M 2 E ( E- V) k 
ef 

.. 

rt 
~ 

+ 2 

.. 

~ _y_) 
2 E k 

V ( .. " 2 
".. S r) E V 
n(r)= • 'k(l+--)-
• !VS(;)! k2 E 

E2 

k2 

V <ll (r) .. .. 
<ll (r)., f v (r-ks)ds. 

E 

TipH STOM AflH Bbl'lHCfl9HHH MBTpH'IHbiX sneMeHTOB THll8 v+Q v Mbl llOilb30BBflHCb 

(aanpHMep, v+a v 
~ 

ypaaaeaseM (2.15) H 

+ M 
V {3 V = -- H T.A.) 

E 

ycnOBH9M HOpMHpOBKH V + V = 1 
E 

qneaaMH n e paoro nopsnKa no VI E H OI'p8HH'!Hn!!Cb 

,)' p8BH9WI9 nenpepbiBHOCTH ~ ~ ,ltj) npHHHM89T Tenepb BHA: 

.. 2 -2 k "" 1\ 2 -2 " "' 
V ( N e P( - ( k n

0 
) + C ) n ) = 2 W N e p( A + B ( k D 0 

E • 
) ) . (2.20) 

TipOHHTerpHpyeM ABnee o6e '!BCTH ypaBH9HHR (2.20) no 06beMy Tpy6KH TOKB (eM, 

pac. 1) H npeo6paayeM o6beMHbiA HHTerpan OT neaoA '!BCTH a HHTerpan no noaepx

HOCTH Tpy6KH, HCllOilb3YH TeOpeMy faycca: 

k "" "" I= f N 2 e-2p(-(kn )+C)('II n)ds, 
• E • a (2.21) 

" .. 
rAe D ( f ) - BHSillHHSI HOpMB<lb K llOBepXHOCTR Tpy6KH, CKangpaoe llpOR3B9ASRHe 

(; ;)"0 • 
D HB : = 

0 0 

TOilbKO aa 6oKOBblX noaepxaocTRX D0 

(z =-oo), nony'IHM: 
0 . 

"" 

.. 
H D( r) • OTonasras npaepXHOCTb 

I 
8

= Canst + D( r) N
2 

e-2P( 
k 

E 
(kn_)+C). (2.22) 

06beMHbiA HHTerpan OT npaaoA 'lBCTH {2,20) OU9RRM npa6nR}K8iiRO, C'IRT8SI1 

'iTO Tpy6Ka TOKB HM99T AOCTBTO'IHO Manoe C8'18HHe 

2 "' "' 
1,.=2 f WN e- 2p(A + B( k n

0
)dv • 

.. 
(2.23) 

'"' 2 
f D(;') W(;') N(;') 2 e- 2p(A(r+') + B(t')(k: ))dz' . . 

8 



nocne lUI!jlqlepe.IIIlBpoaaHHH (2.22) B (2.28) no Z nony'IHM ypaaaeaae 

2 -2p "" a 2 k - " " 
DN e 2W(A+B(kn.))•--[DN e- 2

p(--(kn.)+C)l, 
a z E 

pemeRBe ltOTOpOrO OTBOCHT6llbHO (D N.2 e -
2
p) ll86T llnH HOpMBpOBO'IBOlt cjlyHKI!HH 

N (;) : 
& "" 

f w 
(A + B I k De ) , 

4a 

(~( k D a)+ C 
E 

e 
(2.24) .. D0 2k/ ·E 

N(r)•y e P..J-------
D k " " 

(- (11 k 
E • 

+ c ) 

rAe D 0 
- aaa'leHHe ceqeHHH D ( r ) 

lc 

118 r a oc ( Z •- oo ) , B 6blnO HCU0llb30BBIIO, 'ITO 

N =--, 
o E c = 

0 

E 2 + M2 " " 
( kn.)

0
• 1 

kE 

Do 
Tenepb ocTaeTCH oueaBTb OTHOllleHHe nnomaAell ---· , 'ITO Mbl cn.enaeM, aoc

D 
UOllb30BBBWHCb ycnOBHeM COXpBBeBHH y r noaoro MOMeBTB (eM, TBK~e pa60Ty/4/) 

.. 
[ r p •I l I ·--.. ~ [ ; 

.. 
p • I l I • - • p 

TO eCTb ( CM, pHC, 1 ) k v' ( E V ) 2 _ M 2 • 
r o = r 1 - el 

B AeltcTBHTellbHOM a~~KTBBHOM nOTeauaane 'IHCno Tpy6ox coxpaaseTCH, noaTOMY 

v' ( E - V ) 2 - M2 
ef 

k (2.25) 

TaKBM o6paaoM, aan.a'la aaxoJKAeHHH aopMHpO'IHoA ~yHKUBH N ( ;) aaaepwe11a, 

H MO>KHO 3BUBCBTb OKOH'ISTenbBOe BblpalKeBIIe llnH BOnBOBOlt ~HKUHH (2.3), orpaHH

'IHBSBCb BC~llY 'lneBBMH nepaoro UOpHllKB no V/E 

rAe 

H 

(ktV4lt) 

Nl(;, k I) • (1- + -i- + --4-E--

g 



... .. E ... ..., E oo ... 
S ck 1 r--11> (r,k ), p =--JW(r-k s)ds, 

I k I I 1 k O I 

.. 
IJ>.,fV(?-ks)ds 

I I (2.27) 

:U,(i;) 

----·-·--·~ 

r: 
z 

p II C. J. 

H TaK, nonyqeHo Bbipa:>KeHIIe nnn sonHosoll ljlyHKUIIH ypaBHOHHSI LlHpaKa c M f, 0 

B KB8311KT!8CCII'teCKOM npH61JH:>KeHHH, npH STOM B ljlaae H npensKCIIOHCHUU81lbHOM MHo-

:>KHTene ocTasnSini!Cb qnenbi aynesoro a rrepsor-o nopSinKa paano:>KeHHSI no CTeneHSIM 
v 

E << 1 • B 'ISCTHOM cnyqae np11 M c 0 11 W = 0 s To Bbl pa:>KeHHe cosnanaeT c 

BOT!HOBOll ljlyHKUIIell, noTiy'leHHOll B pa6oTe/4/. 

0TMCTIIM, 'ITO, K8 K II 06bi'IHO B KB8311KT!8CCII'ieCKOM IIp1!6TIII:>Kelllll! 0 :3T 8 <jJyHK·

UIISI He conep~IIT pacxonameltCSI cljlepH'!CCKOll BOT!Hbl H8 8 CIIMIITOTHKe H liOSTOMy 

HMCCT CMblCT! T!I!Wb 8 o6naCTII neliCTBHSI liOTeHUHSTia. 

HasecTno, 'lTO ypasaeHue Llapaxa norrycKaeT pewenHe KaK c pacxonS!WeAcn 
I+ l .. 1-l .. 

1JI ( r ) , TaK H co cxonruueikSI IJI (r) cljlepll'leCKOH son noli 11a acnMnTOTI!Ke. 

B naweM cnyqae, Kor-na KDa3HKnaccH'lecKan ¢aaa paccennnn naxonHTCn IIHTer-pHpo

sanHeM no TpaeKTOpHH, OCTOCTBeiiHO COIIOCTBBI!Tb DOT!HODOi! <jlyHKUHH 'l8CTI!Ubl 0 llBH-

~mellcH H3 z a - oo B nanpasneHHH uenTpa paccenHlHI ( napannonbno ocH o z ) , 

10 



(+) .. 
IIHJ181tC ( +) cPYHKrrH.II C paCXOJlsnneACH SCHMITTOT.IIKOA lp ( r ) , TiosTOMy cPYHX-

rr.IIB (2.26) II CH86:M<.aeTCB .IIHAeltCOM (+), BTopoe pemeH.IIe lp(-)(;) MO>KHO HsftTH, 

ITOlib3yBCb .113BeCTHbiM COOTHOWeHHeM /6 / 

(-) .. (+) .. R 

II' -~,_;(r) a ( lp~' ; ( r)) (2.28) 

rAe R - Oneparr.IIH 06pameHHB BpeMeHH, 3aMeTHM 1 qTo STO COOTHOW8H.IIe nonyqa-

eTc!! llnH s pMHTOeoro raMHlihToaaaaa. B aameM cnyqae, KOrAa HMeeTCR KOMnneKc

HbiA onTaqecKaA rrOTeanaan, cooTaoweaae (2.28) ocTaeTCB cnpaBellnHBbiM rrpa ycno

BHB, qTo orrepanaR o6pameaun epeMeHH exmoqaeT (xpoMe conpnlKeHHR) .113MeaeHHe 

3H8K8 MR.IIMOft qaCTH ITOTeHnHana/7/, $H3.HqecKH STO COOTBeTCTByeT TOMy, ~0 H 

r):le 

ocTaeTc!l nornomaiOmHM. 

TipoAenae COOTBeTCTBYJOmHe orrepanan, nonyqftM Ann 1{1 
1

- 1 
cneJiyJOmee Bblpa-

+ i p f s 
.. .. 

= k r 
f 

( k ,V <ll 1 1 M2 V 
----------) . (2.30) 

4E 2 k 2 E 

E 
+ -- <ll, , 

k 

(2.31) 
.. .. ao ... 

~ f ( f' k f) a f v ( f + k f 9 ) ds I 
E 
k 

f < e ) = 
k 

2tt 

3, JlHrfx/JepeHUHBnbHOe Ce'leHHe 

11 



!+) .. 
Tpe6yeT 3H8HHll COOTBeTCTBYIOinero TO'IHOI"O peweHHll ypaBHel!Hll LlapaKa If (r, k 1 ) C 

paCXOQl!WeHCll c$epB'leCKOH BOIIHOH HB aCHMUTOTHKe. 0QH8KO BBHJ:IY CIIOmHOCTB 3TOA 

(+ ) 
38Q8'1B npH HBXOmQeHBB $yHKUHH IJI npHXOQHTCll n011b30B8TbCll TeMH HIIB BHbiMH 

npu6numeHHblMB MeTOQBMH. HanpHMep, rnay6e p / 2 / , paCC M8TpHB8ll 38):18'1Y pacce ll-

HHll HepeiiliTHBHCTCKBX 'l8CTHU B none Qe HCTBBTenhHOrO nOTeHUH8118 npH ycn OBHH 

v (+) ...... 
-- « 1, 38MeHH11 TO'IHYIO $yHKUHIO If' (r,k

1 
)KB83HK118CCH'!eCKHM p e WeHI!eM H ncr 

F. 
IIY'IHII QOBOIIhHO npOCTOe Bblpa meHHe ):Iilli Ce'le!IHll pacc eHHHll, KOTOpoe B 00il8CTH 

1 
M8ilb!X yrnoB e < ---naeT XOpOwe e COriiBCHe C TO'IHbiMB p 8 C'leT8MH H 3KCnepH

kR 
M e!ITOM. 

CnenaeM aaanorH'!Hoe npa6na >KeHH e onll Ha wero cny 'la ll p accel!HHB p enBTHBI!CT-

CKHX 'l8CTRU C M f 0 B none OUTH'!eCK OI"O UOTeHUH 8 118, r oe B KB'!eCTBe $yHKUHH 

.y+) (;) HCnOIIb3yeM KB83 HK118CCH'!eCK Oe p e w e aae ( 2.26) COOTB e T CTBYIOLUero ypas

HeHHll LlepaKa. Torna 
"" ~ t<!r+-t~ ( V' t"i- ;,. )d . 

k +-+-" - ~... k o 
f(El )= --fv (aVS +fl M +E-V) v N ( r,k ) e 

4tr E I I I 1 

.. 3 

V(r)d r ( 3.2) 

r Ae 

q k I k I . ( 3.3) 

AMnl!HTy n a (3 .2 ) B '18CTHblX CII y 'lBBX CBOAHTC SI K H3Be CTHbi M p eaynbT8T8M pa-

60T / 2,5 / . Lle ACTBIITe iibHO, pa3110 >KH M npe Q3 K CnOH eHUH811bHYIO $yHKUHIO nOQbiHTe rp811b

V 
HOr O B b lpa JKellHll B (3.2) B pSLil no CT e n e HliM-E- • 0rpa HH'lHB8 !1Cb Hyiie Bb!M 'liieHOM 

paanoJKe HHB, nony'IBM 

k + 
f(P)= -- ( v v ) f 

2 11 I 1 

........ £ z_ ., , 
lqr-t- Jv (:z , y,z )dz 

e k_.., 
.. 3 

V ( r ) d r 
(3.4) 

3TO Bblp8JKeHHe MO>KH O CBeCTH K 0/lHOMe pHOMy HHTerp a n y , e CIIH o rpaHR'lBTbCll Ma-

l 
IIbiMH yrnaMH pacceliHH R A < kR. Lln R aToro B (3.4) nenaeTC B n e pex on K uunaH-

npaqe cKHM KOOpQHH8T8M ( Z ,p , cp), n pOBOQHTC R HHTerpHpOB8Hl!e n o 'IBCT RM UO Z 

a, noc n e npeHe6p e JKe HH H a n o KaaaT e ne :;>KcnoHeHT b i Man o f t $aaoll k z Sin f) , 'ITO 

1 
BepHO n pH e << TR. HHTerpHpOB8f'HeM no <h (3 .4 ) CBOQllTC SI K c n eayroweMy OK Oil-

'la T e iibHOMY pe3yiibT8 T y: 
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.. 

.. 
.., -I.E_ f V Cp + ~ • ) d z 

f ( e) = -i k ( v + v ) f J ( k f) p ) ( e k _ .. 

I I O 0 
-1) p d p . 

(3.5 ) 

Bbipa)l(eane (3.5) SIBJISieTCSI penSITHBHCTCKHM aaanoroM <jlopMyJibi rnay6epal2/ H crrpa

BellJIHeo, B006IUe rOBOpSI, JIHWb B 06JillCTH M811biX yrJIOB p8CCeSIHRSI fl < ___!___ <f>op

kR 
MyJill fnay6epa CIIeJlyeT 

+ E M 
(vv)-+ 1 , - --+ --

1 I k , ~ 

H3 (3.5), ecnn nono >KHTb e nefl W = 0 H 38MeHHTb 

TaKoi! >Ke pe3y11bTaT (3.4) 6hw nony•IeH panee e pa6oTe /5/ HPSIMbiM o6o6we

HHeM MeTOJl8 fna y6epa Ha pe1!SITHBHCTCKHi! cnyqai!, H IlpHMeHsmCSI K 3llll8'1e p aCCeSI-

HBSI sneKTpOHOB, B 3TOH pa60Te Hll OCHOBe 11Hlllb Ka'leCTBeHHblX C006pa>KeHH!l: l:tnH 

yny'lllleHR SI COrllaCHII C TO'"IHb lMH paC'"IeTBMI! <jla30BOrO 8H8JIH38 8MllJIHTYil8 (3.5) llO

E-V(O) E' 
MHO>Kanacb 11a <jlaKTop --. B naweM c nyqae sToT cjlaKTop e crecTneuno 

E E 
CJiellyeT 1!3 npellBKC ilOHeUUHllllbUOfi 'lllCTH UMilliHTyllW (3.2) I! COOTBeTCTByeT rrepBO-

MY qneny ee P.B3liO)I(eRHII e TO'lKe r = 0 , rile noTeaunan HMee T nan6onbwee 3!1£1-

qenne. B CBMOM .o.ene, 3BMeHSISI npe.o.aKcrroneaTy ee 3Hll'leHHeM B ayne, T.e. : 

nony'IHM 

k 
f(f-1)=-( 

1n 

E-V(O) )( 

E 

v 
1 

.... 
I r=o = ( a k ' + f3 M + E') v 

1 

E'=E-V(O), 

) f 

-+-+ E z_ , , 
lqr-l- fvc .z, y, z 1 d z: 

e k......, V ( ?) d 3 r , 

E' 
rile ljlaKTOp (E) BbiilennncSI e SIB!! OM BHile. 

(3.6) 

TaKHM o6pa30M, MO>KHO Clle118Tb 38K11IO'leHHe, 'lTO HCXOilHllll 8M!1111!TYil8 (3.2) 

HB11SieTCSI llOCT8TO'lHO o6mell H, !10 KP8HHeli Mepe, B o6nacTn ManbiX vrnoe pacceSI-

HHII 8 <-1-
kR 

MO>KeT llBBBTb YllOBneTeopnTenbaoe onncaHHe ceqeHHSI pacceS!llHSI penH-

THBHCTCKHX 'l8CTIIU, 
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B cny qae aenonstpH3oaannoro nyqKa naaaiomnx qacTnu cooTBeTCTByJOmee Bhlpa

*eHHe ,(IJIB C8'l811H B pacc estHHB HMeeT BHA: 

du 

dO 
2 2 l _k_ ! ( :£\ v;v

1 
\ ) 

2 
4rr 

1 2 1 .... 
c --£ l - - -

2
f(KF* )£ +(KF)f* ll 

0 2E I 4E 0 0 

rae o6oauaqe no: 

g(;) 

If = k I+ k 1 

.... ~ (+) ... .... 
-+ lq r-l f:!i (r, k 1 ) - .. 

f
0

= f g(r} e V( r } d
3
r 

-+-+ (+) ....... 
- ....... tq r-t<f> (r,k) --+ 3 

f
1

=JV(r) g (r)e 1 V(r)dr 

........ (+) ....... 
-+ (+) .. -+ -+ lqr-t<!> (r ,k

1
)- -+ 3 

F=JCV<t> (r,k
1
))g(r}e V(r)d r, 

( 1 - --- + 
V(;) (ktV<llt(;,k 1 )) 

4 F 4 E 

M
2 

V ( t) 
2 -k-2 --E-

<t>( + l (;,; 
E 

k 

.. 
f V(;-k

1 
s)ds 

l:\ 
2 

v + v l 
I I 

2 A 
cos -- + 

2 

2 
M 

E2 
Sin 

2 ~ 
2 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

1 
PaccMoTpHM Te nepb o6nac Tb yrnoa pacceHHHB I"'>--. BbiWe y J~{e ynoMHHa-

k R 
noc b, qTo a pa6oTe/4 / 3 TOT aonpoc cneurranbHO nccneaoaanc g B aaaaqe pacc e stHHB 

:;>Jie KTpOHOB Ha S!Apax II aen anCH Bb!BOA, 'ITO npH p a6oTe C KB83HKJI8CCH'leCKHMII 

BOflHOBbiMH <jJyHKUHHMH, KOTOpble He HMe JOT npaBIIflbHOA 8CIIMTITOTHKH , B cnyqae 
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6o11hwHx yrn oB pacce H HHSI 6onee nocneAOBaTenhHO nonb30BBThCSI APY~"'HM Bblpa)KeHH-

k 

(3. 11) 
f (F)) 

4rr 

'ITO COBnaAaeT C Bblp8)1(9HH9M AnSI 8MnnHTyAbl B MeTOAe HCKB)KCHHblX BOnH, l<aK 6y

ACT BHAHO H3 ABnbHeflwero, 3T8 8MnnHTYA8 6n113Ka no <jlopMe K H8fiACHHOH B pa6o

Te WH <jlcjla / 1·/ MeTOAOM npa6nH)Kef!uoro cyMMHpOB8HHSI 6ecKoHe'!HOI"'O 6opHOBCKOI"'O 

pstJ18, C Apyrofi CTOpOHbl, nocne nOACTBHOBK.II B TO 'I HOC BblpB)I{eHHe ( 3,1) KB83HKnac-

(+) 
CJI'!CCKOti cPYllKUHI! 1JI (CM. (3 ,3)) MO)I{HO 38MCTHTb, 'ITO 8Mn!IHTYA8 CO.UeplKHT 

cjla3y B BHAC HHTCI"'pana TOnbKO no nepBOfi nonOBHHe TpaeKTOpHH '18CTHUbl OT -oo 

!10 Z , H n03TOMy KO>KCTCSI eCTaCTB9HllblM MOAIIqlHU11pOB8Tb BMnnHTYAY TBKHM o6pa-

30M, 'IT06bl B Hee DXOAHna nOnHIHI cjla3a nO BCeMy nyTH !IDH)I{CHHSI OT -oo !10-t-oo , 

¢aKTH'leCKH 3TO 031!8'189T, 'ITO nnOCKBSI BOnHa BblXOAHOI"'O KaHana B a~mnHTyAe (3.1) 

38MCH5!eTC S1 COOT B9TCTBylOIUel\ ljl ( -) HCKB))(Q flf!Oii BOn HOH. 11 TOK , 38 OCIIOBY AOnLHCll

Wal"'O p aCCMOTp 9 HII51, TaK lKC KBK 11 B pa6oTe / 4 / , np11M9M BMnnHTYAY paccestf!HSI (3 . 11), 

llnst HenonHpH30B8flfl01"'0 ny'IKB naABIDWHX 'IBCTHU nocne nOACTAHOBKH (2,36 ) H 

(2.29) B (3,11), B3SITIISI COOT B9TCTBYIDW91"'0 Wnypa .II npH Ol"'p8HH'I9HHH qneHBMH nep-
V . 

BOI"'O nOpSIAKA no --E-, nony'!HM cneAylOWee AH<jlcjlep e HUHOnhHOe CC'ICHHe: 

du k 2 + 1 2 1 -+-+ .... 
--=--1(!\v v \2 )\ f -- f I ---[(K F*\f +( KF )f* II, d O 4 ,2 t 1 _ o E - ' 2F2 __ o __ o (3.12 ) 

...... (+)....... (-) ... .... 

.. - .. tq• - t lf> <•.t l - t<fl <• , t,lV-( .. r ' d s r !
1 

z J g ( r ) V ( r ) e 1 
1 

(3. 13) 

.. 1 V(~ ) 
g ( r )~( 1- - -- + 

2 E 4 E 
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( +) -+ -+ E oo- " 
([> (r,k 1 )=- JV(?-k s)ds, 

k 0 1 

E .._ " 
<I»C-1 (;,k,)=-k-;vc;+k,s)ds. (3.14) 

AHanH3HpyR 3TOT peaynhTaT ., aaMeTHM, ao-rrepBb!X, '!:TO rrep soe cnaraeMoe B 
v 

(3.12) B HyneBOM !IOpllaKe pa3n0)!(0 HHSl no ~ HMeeT BHa: 

...... ( +, ... -+ .... ( - ) ... ,. 

( 
d u 
-) 
dO 0 

2 + 
_k ___ ( I I vI v 
4 7T 2 

lqr-l<fl (r,k1 )-1'1' (r,t, )_ 2 (3.15) 
l

2
l l fe V(i}d 3 rl 

H cosnaaaeT c peaynhTBTOM pa5oThi illHqxpa11 1 , ecna nono*HTh eme W = 0 • Oc

TanhHhie cnaraeMbie HMeiOT nopnaoK VI E H H3MeHSliOT KaK a5comoTHYIO aenH'I:H-

HY C9'1:9HHSl, TBK H !jlopMy yrnoaoro pacnpeaeneHHil. OTMeTHM T B K*e, 'ITO 

cnHHopnhll"l !jlaKTop I I v+ v 1
2 

B ce <te HIIH, a o o5me roaop11, u enaKOM He BhiaenSleTCSl f [ 

B OTnH<me oT !jlopMhi illH!jJ!jla 
11 1 , rae, no-aaaHMOMY, aenocneaoaaTenbHO npoaoaanocb 

v 
npn5na)!(e Hn e -- « 1 

E 
B caMoM aene, npocTaR oueHKa 

... ( +) .... ... " - .. ... (-) .... .... " - ... 
V<fl (r,k 1 )~k 1 V(r), V<f' (r,k 1 )~-k 1 V(r) 

aaeT ann BToporo cnaraeMoro B (3.12) cneayroutee Bhipa)l(eaHe: 

H HMeeT !IOpll.QOK V/E 

( f _.!._ f* 
_o E -1 

+ f * - 1
- f ) Cos 

2 ~ 
-o E -1 2 

i1TaK, Bhlpa)!(eHHe (3.12) QJBKTH'I:eCKH llBnlleTCll o5o5meHHeM peaynhTaTa pa5o-

Th/ 4l aa 6onee o6mHll cnyqal%, Koran M f. 0 H W f. 0 P acCMOTpHM Teneph cne-

1 
UHanhHo cnyqal% 5onhmHx yrnoa pacceSlHHSl f'l > -- , rae o5hPIHO Ha6nroaaeTCSl an!jJ-

kR 
paKunoaHaH KBpTnaa ~rnoaoro pacnpeaeneHHH. Bocnonbaoa~wncb ycnoaneM k R 8 >> 1 

B (3.13), MO*HO HHTerpnpoBaHHeM PO 'laCTSlM no p.= Cos(1q) (och ozll"; ) nony-

1 0 -'IHTh acnMnTOTH'lecKnll plla no CTeneHHM kR . rpaan'lnBaHCh rrepahiM 'IneHoM 

sToro pRaa, rronyqnM cneayromee Bhipa)l(eaHe anH xapaKTepHor o B HaweM cnyqae HH-

Terpana Tlma: 
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-+ I;;;+ 1 C1> ( ; ) 
Jg(r)e --+ 3 

00 
lqrt+t<1>(r,t) 

V(r)d r- 2rr I l J G(r,,) e V(r)r 2dr
1 

(3.16) 
(C.±) 

rae 

G(r,tl = 
g(r,t) 

3aeCb CyiUeCTB9HHblM OK838J10Cb TO, 'ITO ann cQ>epH'IeCKH CHMMeTpi!'IHblX IIOT9HUH8-

J!OB HHTe rpHpOB8H11e no 8311MYTBJ1bHOMy yrny cp 
CHHM89TCH, H6o B <jlyHKUHSIX ; 

rae 

... 
¢ (r,ll, ¢)~ E 

k 
J( V(u )+V(u )lds 

I ! 
0 

a<fl(r,I-'1/J) ~f( dV(u 1) 

a,. ko dul 
--- + 

.a ul d v ( u f ) 

a,. d u 

au, 
ds, 

s TO'IKax ll = • = ::_ 1 HC'IeaaeT 3BBHCHMOCTb OT nepeMeHHol! ¢ . B caMoM aene, npH 

IIBW9M Bbi6ope CHCT9Mb1 KOopaHHBT, KOraa Oz !l .q , HMeeM: 

( k f 1) 

rae a= Sin ~ , 
2 

--
r ( 1J. a + V 1 - 1J. 

2 V 1 - a 2 cos ¢ ) .. + r a ( ll • "!:. 1 ) 

r ( - 1J. a + V i - 1-'2 V 1 - 4 
2 cos ¢ ) -+ + r a ( ll a ± 1 ) , 

yrJJbi paccemrHs , H
7 
cneaosaTeJJbHO, 

E 
¢(r,d=2--J 

k 0 

.. 

E 

k 

.. 
J 

d v ( u ) s ds 

du 
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TaKHM o6paaoM, ceqeaae pacceS!HHSI BblpalKaeTCR qepea psm rrpoCTbiX onaoMep-

HbiX HIITerpanoB, rne BCe ljlyHKUHH 381IHC8Hbl B HBIIOM DHAe. 3TO II03BOnReT, B 1IpHII-

UHIIe, llpOBOAHTb 'IHCIIeHHbie paC'!eTbl H KOHKpeTHble Cp8BHe!IHH C SKCIIepHMeHTBnbHbl

MH ABHHhiMH. OnaaKo sa-aa Tore, 'ITO k R >> 1 , rronhiHTerpanbaoe Bhipa)KeHHe B 

(3.16) CHflhHO ocnannapyeT a sTo aacTaBnseT a psme cny'laea rrpa6eraTb K nanbaeA

IllHM yrrpomeHHHM H acaMnTOTH'IeCKHM oueHKBM. TnK, B pa6oTe/8/ B ::~anaqe pacces-

HHH sneKTpOHOB KynOHOBCKHM rroneM smpa 6bin 

neneHBe rrnOTHOCTH 38pS!A8 ljlepMHeBCKOro BHA8 

HCIIOnb30B8H TOT ~8KT, 'ITO pacrrpe
r- R 

(1 + exp --- ) -I HMeeT rromoca 
b 

B TO'IK8X fc R ::!: i (2n + 1) f7 b. 3TO II03BOnHnO cymeCTBeHHO yrrpOCTHTb OKOH'IBTellbHblll 

pe3ynbT8T1 381IHC8B ero D SIBHOM BHUe, 

B aaKniD'IeHue OTMeTHM, 'ITO nns rrepexona K HepenHTHBHCTCKOMY rrpeneny B 

rrony'IeHHhiX lj>opMynax nnn ce'IeHI!li (3 . 7) H (3.12) aeo6xonnMo aaMeHHTh E-+ M + Ek, 

('II V+V 12 ) -+1 H BOCIIOnh30B8TbCH ycnosneM ~» Ek » V ( Ek- KI!BeTH'Ie-
1 I k 2 

cKaH sHepraB, E.=--=--.}. Torna, aanpHMep, aa (3.12), nony'IHM cnenyiDmee Bhipa-
2M 

lKeHHe Ce'IeHHH pacceSIHIISI: 

...... - M o.o -,.. " - ... " 
lqr~lk Jl V(r-k

1 
a) +V(r+k

1
a) d a 

0 du k2 "d"C= --:jTI f(l- V(t) 
" --;:--) e 

- .... ,2 
V(r)d 3 rl (3.17) 
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