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1. Bee,neHHe. npe,neJILI npHMeHHMOCTH MeTo,na cpe,nnero 

noTeHuHaJia H CBepxMe,nJieIIHLle neliTpOHLI 

OCHOBHaH oco6eHHOCTb YJibTpaxoJIOJlHblX HeHTpOHOB (YXH) 

COCTOHT B HX cnoco6HOCTH HCilblTblBaTb IlOJIHOe OTpalKeHHe OT 

rpaHHUbl pa3,neJia_ BaKyyM-cpe.na. HMeHHO 3TO o6CTOHTeJibCTB6, 

BeCbMa npHBJieKaT_eJibHOe C TO'IKH 3peHHH 

CTHMY JIHpOBaJIO Ha'laJIO pa6o_Tbl c YXH [ 1] • 

3KCnep1rneHTax C HHMH o6HapylKHJIOCb H3BeCTHOe 

3KcnepHMeHTa, 
:.t < 

B nepBblX lKe 

HeCOOTBeTCTBHe 

Teop~i~'le~iH ~pe.n~Ka~1,1uaeMoro H 3KcnepHMeHTaJihHO Ha6JIKJ}laeMoro 

B peMeHH lKH_;HH. HeH~pOHOB B 3ll.MKHYTb1X cocy .nax [ 2, 3] , ' 

K HaCTOHW.eMy MOMeHTY 3KCnepnMeHTaJibHaH TeXHHKa 

cymeCTBeHHO ycoaepweHCTBOBaJiaCb. TmaTeJibHaH O'11-!CTKa 

noBepxuocTeil: H nepexo.n K rJiy6oKoMy oxnam.nemrn cTeHoK cocy.na, 

no.naBJJHKJW.eMy npouecc u~ynpyroro pacceHHHH · YXH c ua~~eBoM, 

3Ha'IHTeJibHO yBeJIH'IHJili .!lOCTHlKHMOe B 3KCnepHM8HTe BpeMH 

xpaHeHHH [4]. npo6~eMa, O}lHaKO, ~ ceil:'lari ue IlOJJIIOCTbKl CHRTa. 

PacXOJK}leHne TeOpHH H 3KcnepHM8HTa XOTR 1-1 yMeHblliliJ!OCb, HO · Bee 

ell{e 1-!MeeT M8CTO' 'ITO npe.ncTaBJIHeT co6oi1 TaK Ha.31.rnaeMyKl 

auoMa.riuKJ npH · xpauemrn YXH [S]: 'rpy6o ronops,· cinyaumr 

iblrJIHJlHT TaKHM o6pa30M, 6y.nTo ua XBOCTax 9KCilOHeHUHBJibHO 

3aTyXaKJI!(eH B BeW.eCTBe BOJIHOBOH <pyHKllHH Hef!TpOHII norJIOW.alOTCH 

CliJibHee, 'leM 3TO cnoco6uu o6ycJIOBHTb H3B8CTHUe' ce•1i:'mii.H ' 1HX 
pa.nHaUHOHHoro 3axaaTa H ueynpyroro pacceRHHH .. 

OCHOBHaR 3a.naqa Teop1rn COCTOHT B ycTa!!OBJJemrn 3aKOHa 

,nHcnepc1m k 2 (k~), -r.ne k 0= mv0/h ·- BOJIHOBoe ,!UICJio,_ n:efiTpoua B 

BaKyyMe [ 6-8]. npe.nnonaraR noKa cymecTBOBaune cTauHouapuoro 

peweHHH ( no.npo6uee. CM. B nocJie.U.YKllll.HX .pa3,neJ1ax ), BOJJHY B . cpe.ne 

C'IHTaeM 3KCilOH8HUHaJibHOH: 

e ± ikx (1) 

qTo6u npocTeil:wHM 06pa30~ npOKOMMeHTHpoBaTb COCTOHHHe 

nonpoca, o6paTHMCH K 

npH6JIHlK8HHKl. B HeM 

paccenBaKJmHe uenTpu 

TaK Ha3blBaeMOMY 

aemecTBO co.neplKHT 

CTaTH'leCKOMY 

<pHKCHpOBHime 

R.!lpa, pacnpe.neJieu111,1e c ueKoTopofi 



IIJIOTHOCTbJO 
•1 n. , Kp_oMe Toro, OTBJie•leMCSl Ha BpeMSl OT 

panHaUHOHHOro 3aXBaTa Hefi~pOHOB. 

BrrepBue rrpenJioJKeHHUH ~epMH [ 9, 10] IIP,OCTOH . BUB on 3aKoHa 

nacrrepcHR rrpencTaBJISleTCSl HaH6oJiee y6enHTeJibHUM. OH arreJIJIHpyeT 

K CJiy"laJO TOHK
0

oro CJIOSl B~lUeC,TBa O<x<I;. TOHKHH o6pa3eU 

6ecKOHe"leH B riorrepe"IHUX HarrpaBJieHHSlX y,z, HO, Boo6me roBOpSl, 
' . . -, -1 -1 

B Mepy MaJIOCTH cBoeu TOJilUHHU I; « k 0 , I k I , cJia6o oTpaJKaeT 

rrana10mae Ha Hero HefiTpoHu. 

C He60JibWHM, HO yno6HUM nJISl naJibHefiwero aHaJIH3a 

BHnOH3MeHeHHeM, paccyJKneHHSl MOlKHO BOCIIpOH3BeCTH CJienyJOIUHM 

o6pa3oM .. CocTaBJISlSl H3 6a3HCHUX qiyHKUHH ( 1) BOJIHOBYJO qiyHKUHKJ 

I/lint BHYTPH cpenu H CWHBaSl ee o6U"IHUM nyTeM c BOJIHOBOH 

qiyHKUHefi B BaKyyMe, rroJiyqaeM B JIHHettHOM npa6JIHJKeHHH: 

I/lint ~ 1 + ik X 0 
i 

k2 - k2 
0 

2k
0 

I; , 0 < X < I;. ( 2) 

nepBue nBa "IJieHa OTOJKneCTBJISleM C Ha"laJibHOH rranaKJIUell 

BOJIHOH t/1 =eikox, cna6o MeHSlJOIUeHCSl Ha npOTSllKeHHH_ TOHKoro CJIOSl. 
0 ' 

Borrpoc COCTOHT B TOM, KaKOBO, C MHKpOCKOIIH"leCKOH TO"IKH 

3peHH~, npoacxoJKneHH~ nocJienHero qJieHa, conepJKamero k 2 B 

BeIUeCTBe. 

C"IHTaSl, "ITO IIpOH3BOnHMOe oTneJibHUMH srnpaMH pacceSlHHe 

SlBJISleTCSl B H3BeCTHOM CMUCJie CJIOBa nepBH"IHUM, TO eCTb 

3!p!peKTHBHO TOJibKO onHoKpaTHOe pacceSlHHe Ha KaJKnoM KOHKpeTHOM 

ueHTpe (nonpo6Hee CM.HHlKe), CYMMHpyeM cqiepH"leCKHe BOJIHU BHna: 

·eik
0

r 
- b --- (3) 

r 
c BaKyyMHUM BOJIHOBUM "IHCJIOM ko HY JieBoro IIpH6JIHlKeHHSl. 3necb 

b = ± lbl- nnaHa s-pacceSlHHSl. CooTBeTCTBYKJIUaSl no6aBKa t{l
1 

K 

BOJIHOBOH qiyHKUHH HaxonHTCSl HHTerpapoBaHHeM B UHJIHHnpH"leCKHX 

KoopnaHaTax p,x,rne p opHeHTHpoBaHo nonepeK IIY"IKa: 

(X) 

ik
0

p 

t/11 ~ - b J 
e 

p 
0 

re2 
2nnb 0 

nl; 2n pdp = -i l;=+i--1;, 

ko 

2 
re

0 
= 4nnlbl. 

.•·•.~ ,., ... ~--:~, ....... i,· • -t-·' ~- •f : .;.~;;; "t ;i~'i'[(f."'"m ,f. 11., ~ ... ,, .-,, ,,, 

;,•,'!~Atl~:.,.,;,,.,~' ;,::f,n,.r··. 
' ....... ~··· ..... , .... , -~.- ' -:·.,.fJ~J-~ t... ... r·~~f•J-/1~·q'}' 

2k
0 

( 4) 

v 
! 

1[ 

') 

COIIOCTaBJieHHe c IIOCJienHH,M t{JleHOM qiopMy JIU ( 2_), IIOJIY"leHHOH 

H3 MaKpOCKOIIH"leCKHX coo6palKeHHH, npHBOnHT K o6merrpHHSlTOMY 

3aKoHy nacnepcHH 

k 2 = k 2 + re2 . (5) 
0 0 

lllHpOKO H3BeCTHO, "ITO 3TO 3KBHBaJI'eHTHO HaJIH"IHIO BHYTPH 

cpenu rroTeHuaana [10] 

2nh
2 

u = nb. (6) 
m 

OnHaKO 3Ta CBOeo6pa3HaSl TeOpHSl B03MyIUeHHH (CM.HHlKe) 

l'IM·ee:r, IIO-BHnI'IMOMY, CBOH orpaHH"leHHSl. MaJIOCTb o6yc'noBJieHHOH 

BemecTBOM norrpaBKH K BOJIHoBofi qiyHKUHH I t/11 I « 1 He 

o6ecrre"IHBaeTCSl aBTOMaTH"leCKH. neno B TOM, "ITO no cpaBHeHHIO c 

MeJKaTOMHUMH paCCTOSlHHSlMH a~ n-
1 / 3 

naJKe TOHKHH CJIOH BemecTBa 

noJIJKeH 6UTb MaKpOCKOIIH"leCKHM (I; » a). Il03TOMY ycJIOBHe 

npHMeHHMOCTH qiopMyJI (5) H (6) MOlKHO cqiopMyJIHpOBaTb TaK: 
C 

rne C = 

k » re2 a 
0 0 

2 2 
hw

0
=h k

0
/2m -

1u1 « 

KHHeTH"leCKaSl 

k a , 0 

3HeprHSl HefiTpOHOB 

(7) 

B 

BaKyyMe. 

IlO-BHnHMOMY, IIpH 3HeprHSlX k~ :'.:; re!a
2 

MU CTaJIKHBaeMCSl C 

HHOH, HeIIOTeHUHaJlbHOll CHTyauaeu. 3TO MOlKHO KOMMeHTHPOBa Tb c 
" -1 

pa3JIH"IHUX TO"leK 3peHHSl. HHTerpaJI (4) cxonHTCSl rrpH p ~ ko, H 

C yMeHbWeHHeM ko o6JiaCTb ueHTpoB, 3aXBaTUBaeMUX 

HHTerpapoBaHHeM, 3qicpeKTHBHO pacwHpSleTCSl; ,nerKo 3aMeTHTb, "ITO 
2 -1 , 

yJKe BHYTPH Kpyra p ~ p
0 

~ ( re
0
a) pocT .· BOJI~OBOH qiyHKUHH B 

HHTepecyKJIUeH Hae npoH3B0JlbHO BU6paHH~~, TO"IKe cTaHOBHTCSl 

Hepa3yMHO 6oJibWHM. 3TO MOlKHO HCTOJIKOBaTb TOJibKO KaK 

HeH36eJKHOCTb rrepepacceSlHHSl Ha paCCTOSlHHSlX nopsrnKa 

1 a2 

-- ~ Po~ 2a 
reo lbl 

(8) 

Ho B BemecTBe TOHKoro o6pa3ua rrepepaccesrm-1sr o6ycnoBSlT 
-1 

HeonpeneJieHHOCTb HMIIYJibCa Ak ~ Po OHa B IIOJIHOH Mepe 

OTHOCHTCSl HK CTOSlIUeMy B CTaHnapTHOM BUpalKeHHH (3) BOJIHOBOMY 
-1 

"IHCJIY ko. TaKHM o6pa30M, rrpH ko « Po MU IIPHWJIH 6u K Ako» ko' 

"ITO enBa JIH ynoBJieTBOpHTeJibHO. 
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.. . . 
q~o6u nponHTb nononHHTenbHUH CBeT Ha B03HHKaDmHe npH 3TOM 

BOnpocu, o6paTHMC~ K o6meMy ypaBHeHHD Wp~nHHrepa nnH nBHmeHHH 
qacTHUll a none npOH3BOnbHOro noTeHuHana U(r). OHO MOmeT 6UTb 
3anucaHO B HHTerpaJibHOH cpopMe 

1/J(r) ik0 r :_ ~ · ·J· 1/1 (r') U(r') 
= e 2rrh2 

ik
0

lr-r' I 
e 

lr-r' I 
riocKon&Ky 

ik
0
lr-r' I 

( V 2 + k: r __ e ____ _ 

lr-r' I 
= - 4rro ( r-r' ) , 

dr'. ( 9) 

(10) 

3TO BnonHe 3KBHBaneHTHO o6uqHoMy . nmpcpepeHuHanbHOMY ypaBHeHHD 
WpenHurepa. 

C npyron CTOpOHll, H3BeCTHO (H oqeBHnHo), qTo KOHKpeTHaH 

BenHqHHa noTeHUHana (6) KaK pa3 paBHa ycpenHeHHOMY no o6oeMy 
~emecTBa TOqeqHoMy B3aHMoneHCTBHD, HMeDmeMy BHn 
nceanonoTeHuHana ~epMH [11,12] 

2rrh2 

u = 
rn 

b o ( r-r~) .. (11) 

npoHCXOlK,lleHHe 3Toro coBnaneHHH CTaHeT SICHee, eCnH, 

o6mee 3anaBWHCb B3aHMoneHCTBHeM (11), noncTaBHTb 

ypaBHeHHe (9). OnHOKpaTHOe HHTerpHpoBaHHe no 
o:..cpyHKUHeH, a oc·TaDmeeca · cyMMHpoaaHHe no 

ero B 

o6oeMy CHHMaeTCH 

anpaM j MOmHo 
3aMeHHTb Ha HHTerpHpoBaHHe ( lkla«1). B HTore npHxonHM K 
HTerpan&HoMy ypaaneHHD: 

1/J(r) = e 
ik

0
r 

nb J,; (r') 

n;t,O 

ik
0
lr-r' I 

e 

lr-r' I 
dr'. (12) 

no cpopMe OHO COBnanaeT c ypaBHeHHeM (9), a HX cpaBHeHHe naeT 

3HaqeHHe (6) nnH 3cpcpe1cTHBHoro cpenHero noTeHuHana B 

4 

j 

I 
~ 
) 

J 
l 
._ 
·1 

:I 

BemecTBe1 >. 
onnaKo xopowo H3BeCTHo (cM., HanpHMep·, [11]), qTo 

BBeneHHe B TeOpHD o-q>yHUHOHHOro noTeHUHana ( 11) He Bcerna 
KOppeKTHO. OH nono6paH TaK, qTo6u naBaTb npaBHRbHYD aMnRHTyny 
pacceHHHH Ha oTneRbHO B3SITOM anpe B nepBOM 6opHOBCKOM 
npH6RHmeHHH. OnHaKo yme B cRenyDmeM, KBanpaTHqHoM npH6RHmeHHH 

TeopHH B03MymeHHH, B03HHKaeT nBOHHOH HHTerpaR no o6oeMy 

U(r) U(r') 

II dr dr' ---..., oo, 
lr-r' I 

KOTopuH pacxonHTCH. 3To 03HaqaeT, qTo nepepacceSIHHe Ha onHOM 
H TOM me ueHTpe ( caMonepepacceSIHHe) 3aKpllB_aeT B03MOmHOCTb 
HCnORb30BaHHSI TOqeqHoro 
MeTonHqecKHx coo6pameHHH 

B3aHMoneHCTBHSI, 
nna o6ocHOBaHHH 

BBonHMoro H3 
noHSITHH cpenHero 

onTHqecKoro noTeHUHana. Bonpoc TORbKO B TOM, HrpaDT RH 

caMonepepacceHHHH cymecTBeHHYD pORb, HRH me HX BRHHHHe 

npeHe6pemHMO. 3TO 3aBHCHT OT KOHKpeTHllX q>H3HqecKHX ycROBHH. 

C poRbD caMonepepacceHHHH B · o6uqHoM TpexMepnoM BemecTBe 

MOmeT 6UTb CBSI3aHO eme onHo o6CTOSITeRbCTBO. B nRHHHOBORHOBOM 
npeneRe lkla «1 He npnxonHTCH omHnaTb cKoR&Ko •RH6o 
cymecTBeHHllX pa3RHqHH Memny aMopctJHUM H KpHcTaRRHqecKHM 
BapHaHTaMH pacnoRomeHHH ueHTpOB. BxonHT TORbKO HX cpenHHH 
nROTHOCTb n. HanpHMep, BnORHe npaBOMepHo npencTaBRSITb ce6e 

aemecTBo B BHne KpncTaRRa, cocTaaReHHOro H3 nRocKocTeH. [ 3]. 

no3TOMY Bonpoc O B3aHMoneHCTBHH HeHTPOHOB C onHoH TaKOH 

nROCKOCTbD Tome npencTaBRHeT cymecTBeHHUH HHTepec. 

B cRyqae b<O npHTarnaaTeR&Horo 3HaKa nRHHU pacceaHHSI, 
MOHoaTOMHaH nRoCKOCTb cnoco6Ha CBH3aTb HeHTpoH Ha ypoBeHb c 

OTPHUaTeRbHOH 3HeprHeH. OnHoponHoe HHTerpaRbHOe ypaBHeHHe nRH 

BORHOBOH q>yHKUHH CBSI3aHHOro COCTOHHHH npHo6peTaeT BHn 

1 > MU 6naronapHll M.B.Ka3apHOBCKOMY 3a yKa3aHHe Ha 3TY npocTyD 
H 3ReraHTHYID cpopMy OCHOBHUX COOTHOWeHHH TeOpHH cpenHero 
noTeHUHaRa nRH MenneHHllX HeHTpOHOB. npH peweHHH HeKOTOpllX 
KOHKpeTH~x 3anaq cao6onHUH qReH B npaBOH qacTH HHTerpaR&Horo 
ypaaHeHHSI cRenyeT onycKaTb B CHRY CaMOH nocTaHOBKH Bonpoca. 
~OpMaRbHO 3TO onpaBnaHO 6Raronapa paBeHCTBY (10). B KaqecTBe 
npHMepa CM.HHme ypaaHeHHe (13). 
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tCr) • a lhl J t (r') 

-vlr-r' I 
e 

lr-r' I 
dS', (13) 

rne noBepXHOCTHUH HHTerpan 6epeTCH no MOHOaTOMHOH nnocKOCTH 

X =O, a 0- - noBepXHOCTHaH nnOTHOCTb ueHTpOB Ha Hel1:. nocne 

HecnOlltHUX BU'iHCneHHH nonyqaeM cnenyJOIUe~ peweHHe anH 
xapaKTepHCTHK 3TOro CBH3aHHOro COCTOHHHH HeHTpOHa: 

1/J = 1/J(x) = x e 
-vlxl 

:t' ="' I 
x=O 

(14) 

v = 2no- _lbl , - c = lcl = 2rr
2 

m 

h2 
o-2lbl2. 

H3BeCTHUe- yllte pe3ynbTan1 anH OTpallteHHH CB06onHUX 

HeHTpOHOB (c>O) MoryT fiLITb nocTaTO'iHO npOCTO nonyqeHu H3 

ypaBHeHHH (12) nocne HannelltaIUeH 3aMeHLI o6'beMHoro 

HHTerpHpOBaHHH Ha HHTerpHpoBaHHe no MOHOaTOMHOH nnocKOCTH. 

"' 
= e 

IR12 = 

ik0 x+ 

"'= T e 

. V 2 

v2 + k2 
0 

RerKO BHaeTb, 'iTO 

naeTCH pe30HaHCHOH 

R.e 
-ik X 

0 

· ik X 
0 

ITl2 = 

k2 
o· 

X < 0, 

X > 0, 

v
2 

+ k: 

(15) 

K03cfl4>HUHeHT oTpallteHHSI 

qiopMynol1: BHrHepa ['11]. 

IRl 2 qiaKTH'iecKH 

3a'KOH OTpallteHHSI 

COOTBeTCTByeT pe30HaHcy Ha eaHHCTBeHHOM OTPHUaTenbHOM ypoBHe, 

a npH ko« V OTpallteHHe CTaHOBHTCSI_ npaKTH'ieCKH CTonpoueHTHUM .. 

IlpH b>O B nnoCKOCTH KOMnneKCHUX 3Ha'ieHHH 3HeprHH 

oTpalltaTenbHaH aMnnHTyaa R HMeeT nonJOc k0=-iv.Ha ae¢H3H'ieCKOM 

nHcTe [11) 9TO npHHSITO xapaKTepH30BaTb KaK BHrHepOBCKHH 

pe3oHaHc Ha BHpTyanbHOM ypoBHe. C y'ieTOM · onpeneneHHSI v. 

co_rnaCHO qiopMyne · ( 14)., pe30HaHCHUe BUpallteHHH ( 15) , OCTaJOTCSI 
' - - ····-- . 

cnpaBeanHBUMH H B 3TOM cnyqae. 

B03BpaIUaSICb K peanbHOMY TpexMepHoMy npocTpaHCTBY, 

6 

I 
_ti 

j 
.i 
f 

11 

'.l 
· 1 
\ ~ 

I 

i. 

. I 

-3 -2 HaITOMHHM, '{TO n ~ a , B TO BpeMSI KaK anH nnoCKOCTH 0- ~ a 
-2 nocKonbKY v ~ a lb I, TO B TpexMepHoM cnyqae 3TO 

"3KBHBaneHTHO" V ~ re:a. Pa3yMeeTCSI, B peanbHOH CHTyaUHH 

cneaoBano 6u, B npHHUHne, cp_a3y y'iHTUBaTb Bee nnocKOCTH H 

HaxonSIIUHeCSI Ha HHX ueHTpU. H BCe lite TpynHO ce6e npencTaBHTb, 

'lT06LI npH k «re2a ( cBepxMenneHHue Hei1:TpoHu [ 13]) , Kor na 
0 0 

H30nHpoBaHHaSI pe30HHPYJOIUaSI nnoCKOCTb OTpalltana 6u nO'iTH 

Haueno, ponb caMonepecceSIHHH HeHTpOHOB ocTaBanacb 6u 

npeHe6pelltHMOH. 

KpaTKOe . pe3JOMe MOlltHO cqiopMymipoBaTb cnenyJOIUHM o6pa30M.' 

MeTony cpenHero noTeHUHana OTBeqaeT, rpy6o roBopH, 

npHMeHHMOCTb nepBoro npH6nHllteHHSI TeopHH B03MyIUeHHH - HO He KO 

BCeMy 06pa3uy, KaK uenoMy, a nnH HHaHBHnyanbHoro KOHKpeTHoro 

ueHTpa. 9TO cnpaBennHBO ITpH ko»v, TO eCTb BnanH OT pe30HaHca. 

9KBHBaneHTHLie 3aITHCH Toro lite KpHTepHS! npencTaBneHLI B (7). 

OnHaKo npHroneH nH Boo6me nonxon c TOHKHM qiepMH-cnoeM anH 
TeopeTH'iecKoro paccMoTpeHHSI npo6neMLI B o6nacTH caepxMenneHHUX 

HeHTpOHOB k «re2a ? Hano CKa3aTb, 'ITO 3TO BITOnHe B03MOlltHO. 
0 0 

OTnenbHUe pacceHBaTenH cnoco6m1 HrpaTb ponb HCTO'l~HKOB 

pacxonSIIUHXCSI BOnH, no6aBnHeMLIX K BOnHOBOH <l>YHKUHH HeHTPOHa, H 

B 3TOM npenenbHOM cnyqae. Ho nono6HOH ¢H3H'ieCKOH KapTHHe 

ny'lme OTBe'laeT BRHSIHHe ITO THITY 

C HeKOTOpLIM 

'IHCnOM k
1 

» 

eik1r 

- b (16) 
r 

nepeHOpMHpoBaHHUM caMonepepacceSIHHS!MH BOnHOBUM 

re2a. B To lite BpeMSI BLipallteHHe (3), coneplltaIUee 
0 

npennonollteirne, 'iTO B nnoTHOH cpene HeHTpoH naJKe npH 

MHKpOCKOnH'leCKHX B3aHMonei1:CTBHSIX "nOMHHT" CBOe H3Ha'ianbHOe 

BaKyyMHOe BOnHOBOe 'IHcno ko,B 3TOM cnyqae,ITO-BHaHMOMy,TepSieT 

CBOJO npHMeHHMOCTb (CM. TaKllte BLime qiopMyny (8) H TeKCT). 

2.TO'iKa OKOH'iaHHH cneKTpa k2 (k~ ) H KOMnneKCHUH 

3aKOH nHcnepcHH 

~nH nanbHel1:mero aecbMa cymecTBeHHo cnenyJOIUee 

npennonollteHHe. EcTeCTBeHHo nyMaTb, 'ITo npH k « re2a, Korna 
0 0 

noMHHHpyJOT MHoroKpaTHLie nepepacceHHHSI H caMonepepacceSIHHSI, 
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o6ycnoaneHHasi H'H nepeHopMHposKa supa3HTcsi B~ca~ocornacosaHHH 
MHKpO - H MaKpOCKOnHtJeCKHX acneKTOB' noseaeHHSl. HeHTpOHa B 
cpeae. B aToM cnytJae B pacxoasune8csi oT ueHTpa aonHe (16) 

6yaeT ~HrypHpOBaTb TO l!Ce. BOnHOBOe tJHcno~ KOTOpoe 
xapaKTepH3yeT aemecTBO B uenoM: 

ki = k~ (17) 

Toraa 3aMeHa k
0 

Ha k B qiopMyne (4) ·aacT HaM 

MHKpOCKOnHtJeCKHH BKnaa B BOnHoByD ¢YHKUHD; 3aecb, rpy6o 

rosopsi, MU HMeeM HHTer~an no nocneaHHM nepepaccesiHHSJM 
nepeHOpMHpoBaHHUX HeHTpOHHUX BOnH nepea npHxoaoM B TOtJKY, rne 

cyMMHPYDTCSl aMnnHTYa!l. 3TOT HHTerpan 6ucTpO cxonHTCSl 2 >. 
OCTaHOBHMCSl BK pa Tue Ha OTHOCHTenbHO peaKOM cnytJae 

cfrpuria-renbH08 anHHU paccesiHHSl b<O, Karna H B o6utJHOH 
noTeHUHanbHOH TeOpHH HeT nonHoro OTpal!CeHHSl .. ITpHpaBHHBaSl 
MHKpOCKOnHtJecKoe . H MaKpOCKOnHtJeCKOe 

aHcnepCHOHHOe ypaBHeHHe B BHne 

BUpal!CeHHSl, Haxoa~M 

re~ 

i -- £; = - i 
2k 

k2 - k2 
0 

2k 
0 

l; . (18) 

rrpennonoJKeHHe k 2 « lkl 2 cpa3y JKe onpaanusaeTcsi pe3ynhTaToM: 
0 2 . y k .. 

k = re
2 

k + Q ( ~ k) k « re
2 a . ( 19) o o k o o 

06pamaeT Ha ce6si BHHMaHHe TO_o6CTOS!TenbCTBO, tJTO naJKe c 
ytJeTOM caMonepepacceSJHHSl 3aKOH aHcnepcHH OCTaeTCSl 3aecb tJHCTO 

semecTBeHHUM. xapaKTepHO TaKJKe, tJTO OH HMeeT oco6eHHOCTb a 

TOtJKe csoero OKOHtJaHHSl H k ➔O npH ko ➔O. HanOMHHM, tJTO B -

TeopHH noTeHUHana B aToM npenene MU HMenH 6u k➔re0 • 

TpyaHee ansi noHHMaHHSl H TeopeTHtJeCKOH TpaKTOBKH 
KOMnneKCHUH 3aKoH nHcnepcHH a HenornomaDme8 cpene. 3TO 

OTHOCHTCSl K HaH6onee aKTyanbHOMY cnytJaD b>O. ITpHMeHS!Sl, 

2 > TeM caMUM, TOHKHH CROH £;, CHRbHO OTpal!CaDmHH He/TPOHU npH 
HeKOTOpux npoMelKyTOtJHUX BORHOBUX tJHcnax ko~reoa, CHO Ba 
o6peTaeT npo3patJHOCTb B o6naCTH CBepXMe~eHHblX HeHTpOHOB 

2 -
k0 « re0 a - CM. TaKJKe B KOHUe npeawecTByDmero pa3aena. 

8 
♦ 

i 

~1 ... 

I 
¼, 
;1 

I 

(I 

., 

HeCKORbKO qiopManbHO, TOT l!Ce MeTon paCMOTpeHHSl, nonytJaeM B 
aHanorHtJHOM npH6RHlKeHHH 

· 3 2 in 2 
k = - re

0
k

0 
= e re

0
k

0 
• (20) 

·Ho semecTBeHHUH KOpeHb HenpHeMneM: Hae HHTepecyeT 

pacxoasimasicsi OT sinpa cq>epHtJecKasi sonHa (npHHUHn H3nytJeHHSJ) ,· 

To ecTh Re k > o. KpoMe Toro, pacxonsimasicsi sonHa aonJKHa 
3aTyxaTh no HanpasneHHD 
Hao6opoT.CneaoaaTenbHO, Im k 

n 
i3 

k = e 

v3 
kl= 2 

--
3/ 2 
✓ reoko 

--
3/ 2 
✓ re k

0 0 . 

ee pacnpocTpaHeHHSJ, a He 

> o. OCTaeTCSl oaHH KOpeHb: 

1 y 2 
k'=-- rek 

r 2 0 0 

(21) 

k
0 

« re~ a • 

B 3HatJHTenbHO 6onee WHpOKOH o6nacTH k~«lkl 2 q>opMynu ansi 
TOHKoro 06pa3ua l; He cnoJKHu, H · MU HX np1rneneM3 ). ,llnsi aMnnHTya 

OTpalKeHHOH H npowenweH BORH HMeeM; 

k2 - k2 
l; 

k2 - k2 
a 

l r ) 
R = -i I;~-- ( k k + i 

.k k 
l r 

2 ' 0 0 

(22) 

k2 - k2 
I; 

k2 - k2 
0 

l r ) • T = 1 - i £;~1-- ( k k + i 
k k 

l r ·2 
0 0 

B HTore: 
k k 

I R I 2 = 0 ( £;2) ITl 2 ~ 1 - 2 
l r 

, I;, (23) 
ko 

H B paMKax npHHSJToro BHna ( 1) BHyTpeHHeH BORHOBOH ¢YHKUHH 

(k ,k :#0) nonytJaeM, no Kpa8HeH Mepe qiopManbHO, tJTO tJHCRO 
l r 

HeHTpOHOB He coxpaHsieTcsi. ,llORSl HCtJe3HYBWHX tJaCTHU naeTcsi 

3> ~PHBOamrne_ HHl!Ce BUpal!CeHHe (24) cnpaaeanHBO BO BCeH 
aHepreTHtJecKoii o6nacTH . k

0
a « 1, rae npaBoMepHa nocTaHOBKa 

aonpoca o 3aKoHe aHcnepcHH ansi MeaneHHUX HeiiTpoHoB. 

9 



.ne¢HUHTO~ YHHTapHOCTH 

kk 

µ~ = 1 - IRl2 - ITl2 = 
l r 

2--- ~.' (24) 
-k 

0 

CTaHeT SICHe_e. Ha npnMepe a nponcxollC,lleHHe napa,noKca 

nony6ecKoHeqHoro 06pa3ua x> o. /',.-. 

. BBH.llY npHHUHnHaJibHOH BalKHOCTH 3TOH 
,. 

6y,neM B03,neplKHBaTbCSI OT orpaHnqeHHH 

OCHOBHOH 3a,naqn 

Ha 3HeprHD H, 

MH 

KaK 

npaanno, TOJibKO nonaraTb, qTo o6nacTH aew.ecTBa oTBeqaeT 

HeKOTOpoe KOMnJieKCHOe BOJIHOBOe qncno 

k = kr + ik
1 

(25) 
C OTJIHqHHMH OT HYJISI o6eHMH qacTSIMH. BOJIHOBYD ¢YHUHD 3annweM 

B BH,lle 

-iw t 
0 + I} 

n 
(x,t) X > 0, (26) I}.= 1/1 c ( x) e 

OTBeTCTBeHHaSI 3a KalKyw.eecsi HecoxpaHeHHe YHHTapHOCTH 

BTOpasi qacTb ~n no cyTH .nena OilHCHBaeT HH¢HJibTpaUHD HeHTpOHOB 

B aew.ecTBO. 3Ta qacTb 

cneKTpa, cpaBHHTeJibHO 

paccMoTpeHa B pa3,nene 4. 

COCTOSIHHSI, THna naKeTa 

BSIJIO 3BOJIDUHOHHpyeT. 

HenpepuBHoro 

OHa· 6y.neT 

COCTOSIHHSI 

,llHCKpeTHHH 

B npOTHBOilOJIOlKHOCTb HecTaUHOHapHOH 

l}n(x,t), cTaunoHapHoe cnaraeMoe· l{lc(x) 
xapaKTep. H3-3a Hannqnsi o6w.ero MHOlKHTensi 

qacTH 

HOCHT 
-wt e o HMeHHO 3Ta 

BOJIHOBaSI ¢YHKUHSI CWHBaeTCSI C BHemHeH o6uqHHM o6pa30M. 

B cpe.ne 

1/1 = 
C 

2k~ 

k + k 
0 

e 
ik x -k x 

r e l 

npH HOpMHpOBKe ei(kox-wot) na.naDllleH BOJIHH. JlJIH 

OTpallCeHHSI - K03~HUHeHTa HH¢HJibTpaUHH - nony~aeM: 4 > 
kk 

µ = 1 - IRl2 = 4 
r O 

lk + kol2 

(27) 

.ne¢HUHTa 

(28) 

4 ) K ¢opMyne (28) MOlKHO npH,llTH H_ nyTeM Henocpe.ncTBeHHOro, c 

BecoM I I/I c 12 , HHTeqrnpoaaHHSI. ,nH~epeHuna·JibHoro BHpalKe_HHSI · ( 24) ·. 

,llJIH,IlOTepb H3.,_HH¢HJibTpaUHD (~➔.dx). 

10 

. t 

l 

' 4-' 

r 
'6 

' 

t· 

J 

HaKOHeU, npe.ncTaBJIS!eT HHTepec BHSICHHTb npe,neJibHOe 

noBeneHHe 3TOH BenH~HH~ npH ko ➔ 0. C IlOMO~bD ~OPMYJibi (21) 

nerKo HaxonnM 

µ = 2 

k2/3 
0 

'i!/!2/3 
0 

k
0 

«: 'ii!! a (29) 

3.HHTerpanu KpaMepca - Kpoaura H aenoTeauuanLHue nonpaBKH 

B · HaCTOSIW.eM pa3,nene CJie,llCTBHSI H3 KOMnneKCHOCTH 3aKOHa 

.nncnepcHH 6y.nyT paCCMOTpeHH no.n onpe.neneHHHM yrnoM 3peHHH. OH 

aHanornqeH H3BeCTHOH TpaKTOBKe aHaJIHTHqecKHX CBOHCTB 

,llH3JieKTpHqec.KOH npOHH.UaeMOCTH C IlOMOlllbD TaK Ha3HBaeMHX 

.nncnepcHOHHHX COOTHOllieHHH [ 14]. H3MeHeHHe BH,lla 3aKOHa 

,nHcnepcHH H3-3a Kpa8He HH3K03HepreTHqecKHX caMonepepaccesiHHH 

He OCTaeTCSI 6e3 

noTeHuHana5 > . 
nocne,ncTBHH H ,llJISI o6JiaCTH npHMeHHMOCTH TeopHH 

Jlnsi uene8 nocne.nyDw.ero aHaJIHTHqecxoro npo.nomreHHH 

BH6HpaeM KOMilJieKCHYD ¢YHKUHD 

'W(z) = k2 - k! +'ii!!= u(z) + iv(z), (30} 

auqnTaSI TeM caMHM noTeHuHaJibHHH 3~KT. qT061,1 H36aBHTCSI OT 

He OTHOCSIW.HXCSI K .neny OTpallCeHHHX BOJIH, reHe3HC 3aKOHa 

.nncnepcHH npe.ncTaBHM ce6e 

KBa3HKJiaccHqecKH DOCTeneHHOro 

KaK pe3yn&TaT 

BXOllC,lleHHSI BaKyyMHOH 

nnaBHoro 

BOJIHH B 

o6naCTb Bew.ecTBa. Il03TOMY y.no6HO cqHTaTb, qTo DJIOTHOCTb 

paccenBaDW.HX ueHTpoa .nocTaToqHo Me.nneHHO H nnaBHO HapacTaeT, 

CTpeMS!Cb K CBOeMy aCHDTOTHqecKOMy HCTHHHOMY 3HaqeHHD B cpe.ne. 

IlpH 3TOM na,naDw.asi BOJIHa e
1

k 0 x nocTeneHHO .TpaHc¢opMHpyeTCSI B 

"'c• o6H3aTeJibHO He paCTYW.YD B rny6b BemecTBa. Cne.noBaTenbHO, 

HMeeM: Im k 2~o npH k 2>o. 
0 

Ho aHaJIHTHqecKoe npo.nonJKeHHe Tpe6yeT npHBJieqb H 

5 > C 3T08 TOqKH 3peHHSI, npH6JIHllteHHe noTeHUHana aHanornqHo 
H3BeCTHOMY BHCOKoqacTOTHOMY npe.neny .nnH ,llH3neKTpHqecxo8 
npOHHuaeMOCTH [14]. BHe CBSl3H c o6cyllC.llaeMHM aonpocoM 3Ta 
aHanornsi OTMeqanacb B [6]. 

II 



He(JlH3H'leCUte 3Ha'leHHH BenH'IHHU Z=k2 , KOTOpUe Tpy .IlHO 
0 

npe.ncTaBHTb ce6e HarnH.IlHO. 06paTHMCH CHj~i~i~K OTpHUaTenbHOH 

nonyocH. 3,necb nonolKeHHe B H3BeCTHOM CMucne npoTHBOilOnOlKHO 

paCCMOTpeHHOMY-: smne. BaKyyMHYD BOJIHY "no.n6apbepHoro" THna c 

k~<O ecTeCTBeHHO C'IHTaTb npo,noJIJ!CeHHeM BOnHu, BUXO.IlHllleH H3 

semecTsa, npn'leM ee aMnJIHTy.na pacTeT .. no Mepe yMeHbllleHHH 

·nnOTHOCTH ueHTPOB. B o6paTHOM lite HanpasneHHH, BHyTpb cpe.nu, 
· 2 2 no-npelKHeMy Tpe6yeTCH,HeB03pacTaHHe: Im k so npH k <O. 

' 0 2 
Em.e MeHee HarnHJlHl,I BaKyyMHUe BOJIHl,I C Km.mJieKCHOH z=ko' 

IlOCKOnbKY s.nonb HHX .naJKe TOK He .. coxpaHHeTCH. O.nHaKo B BepxHeH 

nonynnoCKOCTH Im k!>o, IlOKa ·nnoTHOCTb'' ueHTpOB eme .IlOCTaTO'IHO 

Mana, oH Te'leT no Hanpasnemrn 3aTyxaHHH sonHu npn ee 

IlOCTeneHHOM BXOll[JleHHH B Bem.ecTBO; Tpy.nuo oxrn.naTb, '1To61,1 npH 

no.no6HUX 6naronpHHTHUX ycnoBHSIX 'ITO-JIHfio. o6paTHJIOCb a 

6eCKOHe'IHOCTb OT nocne,nyX>lllHX B3aHMOJleHCTBHH •. MaTeMaTH'l8CKH, 

3TO MOlKHO cq,opMynnpoBaTb KaK OTCYTCTBHe oco6eHHOCTeH y 

q>yHKUHH W(z) B BepxneH IlOJIYilJIOCKOCTH KOMnneKCHoro 

nepeMeHHOro z. Ilpas.na, IlOTpe6yeTCSI eme 0.IlHO YTO'IHeHHe B CBSl3H 

c oco6eHHOCTblO npH z=O, r .ne HMeeT MeCTO TO'IKa•'• l3eTBneHHH. 

tlT061,1 nponepHTb SIBHO aHaJIHTHqeCKHe CBOHCTBa npe,neJibHOro 

3aKOHa .IlHCnepCHH (21), KBa.npHpyeM ero: 

2n, 

k2 =ei 3 1/re4 k2 , 
0 .0 

lkol2 « re! a2. (31) 

Ocym.ecTBJISIH 3aTeM aHanHTH'l8CKOe npo.nonJKeHHe Ha 

OTpHUaTenbHYD nonyocb qepe3 BepXHIO!O nonynJIOCKOCTb,. nonyqaeM 

(k2)1/3 
0 ➔ e 

n 
i-

3 lk2 I 1/3 
0- k2➔ -

IlpH Z ➔-0 HMeeM 'IHCTO sem.ecTBeHHl,IH pe3ynbTaT 
Yre: lk;I 
6e3 KaKHx-nn6o 

HapymeHHH H3JIOJKeHHOro BUille. TeM He MeHee, H3-3a HanH'IHSI 

KOpHeBOH TO'IKH BeTBneHHSI cne.nyeT npoBeCTH pa3pe3 B.IlOJlb BCeH 

OTPHUaTeJibHOH nonyocH. 

IlpHCOe,llHHHH K BepxneH nonynnocKOCTH sepXHHH 6~per 

pa3pe~a -co<z<O H no,npa3yMeBal'! B .IlaJibHeHWeM TOnbKO ero, 

3ailHCHBaeK no H3BeCTHl,IM o6pa3UaM COOTHOllleHHSI 

KpaMepca-KpoHHra: 

12 

' .,. 

·r> 
I 

.. 
I .. 

00 

u(z)=-1- f 
rr J 

-00 

1 
v(z)=- -

rr 

v(C) 

C - z 

00 

f u(() 

d( , 

d(. 
J C - z 

-00 

o6pamaIOT Ha ce6H BHHMaHHe n1>6onuTnue npasHna cyMM: 6 > 

00 
Im k2 (k;) 

00 Re(k2 - k2 ) 

J dk2 = n re2 J 
0 2 

k2 0 0 , k2 
dk

0 
= O. 

0 0 
-00 -00 

(32) 

(33) 

XapaKTep nose.neHHH cpyHKUHH u(k!) H v(k!) Ka'leCTBeHHO 

HJIJIDCTpHpyeTCH pHC.1. 

u, 1f 

JP/-

PHC.1 

l<.2 .. 

6 ) 3,necb H HHllte HHTerpaJil,I OT -00 .no 00 no.npa3yMeBaDTCSI 
6epymHMHCH B CHMMeTpHqHo pacnonoJKeHHUX npe.nenax. 
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o6paTHMC.R Tenepb K o6JI,aCTH .k!»m!a
2

, r.ne poJib 

caMonepepacce.RHH8 MaJia H npHMeHHMO ,IlOH.RTHe OilTH'leCKOro 

noTeHuHaJia. npeHe6pera.11, Boo6me roBop.11, nepBllM 'IJieHOM B 

3HaMeHaTeJie ,!lHCnepCHOHHl,IX COOTHOW8HH8 (32) H. npHHHMa.R BO 

BHHMaHHe 61,1cTpyD CXO,!lHMOCTb HHTerpaJIOB 

00 00 

J = _1_ I u(k2) dk2 • 
u n o o JV= : J v(k!) dk! (34) 

-00 -00 

HMeeM: 

JV Ju 
u ~ - -- V ~ -- (35) 

k2 k2 
0 0 

Ee3 Tpy.na pa3pewa.11 3aTeM ypaBHSHHe (30) OTHOCHTSJibHO 

BOJIHOBoro 'IHCJia k, HaXO.llHM e.nHHllH 3aKOH .!lHCnepCHH ,!lJI.R O'leHb 

XOJIO,!lHl,IX H YJibTpaxoJIO,!lHl,IX HSHTpOHOB: 

k = _1_ /4 -•2 - J, + l[k2 _ •2 _ -2 
r _ o o k2 o o k2 

v'2 o 0 r [:n 
2· 

/4 J ~ J 
1 -

2 
V 2 2 V 

k. = -- - k + -- + re - k + --
1 _ o k2 o o k2 

v'2 0 0 
l 2. [:;f 

2 >> m4a2 k 
0 0 (36). 

HH O,!lHa H3 COCTaBJI.RDinHX BOJIHOBOro 'IHCJia B BemecTBe HHr.ne He 

o6pamaeTC.R CTpor.o B HYJib (CM. TaK~e ¢opMyJiy(25) H, TeKCT). 

Me~y TeM HHTerpaJil,I (34) oueHHBaDTC.R: 

Ju 

Il03TOMY 

re6 ai 
0 I 

,!lOBOJibHO 

J _ m6 a2 
.v 0 

ecTeCTBS~HO, 

(37) 

'ITO .naJibHeiiwa.11 

KOHKpeTH3aUH~ oueHOK Bll.RBJI.RST TpH xapaKTepHlle o6JiaC~H: 

14 

.,. 
(i 

I 
-f! 

l1 

l 
I, ,, 

· J 

1) a!2 _ k2 » m4a2 
0 0 0 

m6 a2 m4a2 

k ::: k~ 1 )::: 
0 0 

µ::: 
r 1 

k2 /m2 - k2 ko /m2 - k2 
0 0 0 0 0 

lm2 - k21« a!4 a2 ( le - UI 
b (38) 2) «au) 0 0 0 

k ::: k. ::: m2a r 1 o µ:::ma 
0 

3) k! - m! » m! a
2 

m6 a2 / 2 2 4k k - ·a! 
- k(1)::: 

0 0 0 0 

µ::: ki ::: 2 • -r 
k2 _/k2 ~- a!2 (k0 + /k! -m~ ) 0 

0 0 

3.necb npHCOe,!lHHSHl,I TaK~e oueHKH K03~HUHeHTa HH¢HJibTpaUHH 

HeHTpoHoB B nony6ecKoHe'IHy"lO cpe.ny, noJiy'leHHlle no ¢opMyJie 

(28). KpoMe Toro, no.npa3yMeBaeTc.R, 'ITO B cnyqae HaJIH'IH.R .MaJio8 

nonpaBKH k =k101 +k111
• Tor.na HyJieBoe npH6JIH~eHHe .naeTC.R 

l, r l, r , 1 1 r 

3JieMeHTapHOH ¢0PMYJIOH TeOpHH noTeHUHaJia. 

06JiaCTb 2) Henocpe,!lCTBeHHO B6JIH3H 6apbepa npe.ncTaBJI.ReT 

oco6eHHllH TeopeTH'leCKHH HHTepec. OHa O'leHb Y3Ka, H ee, 

Bepo.RTHO, TPY.!lHO HCCJie,!lOBaTb 3KCnepHM8HTaJibHO. 00CK9Jlb.KY 

MO.!l8Jlb IlOTSHUHaJia .naeT HyJieBoe 3Ha'leHHe BOJIHOBOro 'IHCJia 

(pe3KO MeH.RDmeec.11 OT 'IHCTO .neHCTBHTeJibHOro K 'IHCTO MHHMOMY B 

3aBHCHMOCTH OT 3HaKa BeJIH'IHHl,I c-U), TO O uaJIOCTH ~onpaBOK 

3,!leCb roBopHTb He npHXO.!lHTC.R. CHMilTOMaTH'IHO, 'ITO o6e ,!lJIHHl,I 

BOJIHl,I - OCUHJIJI.RUHH H 3aTyxaHH.R - OKa3llBaDTC.R nop.R,!lKa Po· 

HHllMH CJIOBaMH, OHH HMSDT MacwTa6 xapaKTepHOH ,!lJIHHl,I 

nepepacce.RHHH (CM. BBe,!leHHe, ¢opMyJiy (8) H TeKCT). 3TH 

.!lJIHHHlle "BoJIHll nepepacce.RHHH" .nenaDT 6onee nJiaCTH'IHllM nepexo.n 

qepe3 6apbep, OilHCl,IBaeMllH ¢0pMyJiaMH (36) H (38). BapHaHT 3) 

¢0PMYJill (38), COOTBSTCTBYDinHH o6JiaCTH Ha.n 6apbepoM, .naeT 

npe.ncTaBJISHHe 06 aCHMTOMaTH'ISCKOM noBe,!leHHH HenoTeHUHaJibHl,IX 

nonpaBOK. B BOJIHOBl,IX 'IHCJiax OHH y61,1aaDT KaK k-3 . 
0 

IS 



4. BOJIHOBag,~yHKUHg HH~HJibTpaUHH HeATpOHOB B nony6eCKOHequyKl 

cpeAy q,n (x, t) 

BepHeMCH K 3a,naqe O na.neHHH MOHOXpoMaTH'l8CKHX HSHTpOHOB 
ik X .. 

e O 
Ha nony6eCKOH8'lHYKl cpe.ny x>O. npli ,naJibH8HW8M aHaJIH38 

.llBYXKOMilOHSHTHOro COCTOHHHH (26) o6paTHM CHattana BHHMaHHe Ha 

CJIS.llYKlIUee HHTepecHoe o6cTOHTeJibCTBO. .llJIH cTaUHC>HapHOfi ttaCTH 

COCTOHHHH (HeHTPOHHoro KOH,lleHcaTa) "'c B BeIUeCTBe HMeeT MeCTO 

COOTHOWeHHe 

h k 
➔ 

j = 
r 

V lq,12 • (39) 
m ·2k 

I 

3Ta nponopUHOHaJibHOCTb TOKa H rpa.nHeHTa IlJIOTHOCTH, aupalKaH 

BalKHOe CBOHCTBO cpe.nu (C KO<l><PHUHeHTOM nponopUHOHaJibHOCTH, 

napaMeTpHtteCKH 3aBHCRIUHM OT k B CHJIY 3aKOHa ,llHCilepcHH), 
' 0 

BilOJIHe aHaJIO,HttHa HCXO,llHOMY nyHKTY TepHH .llH<txl>Y3HH. 

c ~pyroH CTOpOHl\l, npo6JieMa COCTOHT a O~l\lCKiHHH COCTogHHR 

it n HSHTpOHOB, r Jiy6oKo npOHHKWHX a aeiuecTBO. BBH.llY 

.neJIHKaTHOCTH TaKOH nocTaHOBKH aonpoca, yKa3a1my10 .naneKO 

H.llYIUYIO aHaJIO,HIO uenecoo6pa3HO o6cy AHTb HeCKOJibKO no.npo6Hee. 

COOTHOWeHHICl (39) ¢opMaJibHO COOTBeTCTByeT 3HatteHHe 

K034Xl>HUHeHTa .llH<l><PY3HH: 
k h 

r 

D=--- (~) 
2k

1 
m 

B 'lHCJIHTeJie CTOHT aupalKeHHe ,llJIR aeiuecTBeHHOH CKOpOCTH 

KOTOpOH 

ttaCTHUl\l. 

i :::k-1 
I I ' 

V 1 , 
r I. 

OTBettaeT 

POJib ee 

Ha KOTOpOM 

vr=hkr/m B,llOJib "KorepeHTHOH" BOJIHl\l "'c' 

MHKpOCKOIIHttecK.a.H CKOpOCTb .llH<txl>YH.llHPYKlIUeH 

.llJIHHl\l cao6o.nuoro npo6era HrpaeT·paccTOHHHe 

3aTyxaeT 3Ta BOJIHa. B HTOre D :,: 

ra30KHHeTHtteCKH_M npe,llCTaBJieHHRM 7 >. He Meuee 

aHaJiornttHO 

npHCTaJibHOro 

7) . 
TeM He MeHee 3,lleCb He HMeeTCR B EH.rtY o6l\lttHaH .llH<l><PY3HR, 

conpoaoQaIOIUa.HCH poCTOM 3HTpomrn. Petth H,lleT JIHWh 06 
onpe.neneHHOM cnoco6e TeopeTHttecKoro paccMoTpeHHH npo6neMl\l 
'lHCTO KBaHTOBoro npOHHKHOBeHHR HeHTPOHOB BHYTPh BeIUeCTBa Ha 
6oJibWHe rny6HHl\l. 
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BHHMaHHH 3aCJIYlKHBaeT Haw aHaJior BpeMeHH MeQy CTOJIKHOBeHHHMH 

1 
I m 

't' ::: -- ::: --- (41) 
n 

vr hk k 
I r 

3TO cBoeo6pa3Hoe BpeMH KBaHTOBOH peJiaKCaUHH HrpaeT 

cymecTBeHHYIO orpaHHttHTeJibHYIO pOJih ,nJIR acero nocne,nyIOIUero. 

KaK H.B cnyttae o6l\lttHOH .llH<l><PY3HH, Ml\l noTpe6yeM ,llOCTaToqHQ 

KpynHl\lX npocTpaHCTBeHHl\lX n apeMeHHl\lX MacwTa6oa: 

hkk 
I r 

k
1
x >>1, t >> 1 . (42) 

m 
HanOMHHM, 'ITO ueJib COCTOHT B TOM, 'lT06l\l OilHCaTb 3BOJIKlUHIO 

BTo~oro cJiaraeMoro it (x,t) aupaJKeHHR (26). n , 
OTMeTHM, 'ITO ,llJIH KOHKpeTHl\lX uecTaUHOHapHHX KBaHTOBHX 

3a,natt au6op HattaJia o'l'ctteTa a peMeHH OTHIO.llh He 6e3 pa3JIHtteiI. _ 

3,necb H HHlKe apeMR t OTC'lHTHBaeTCR OT MOMeHTa HattaJia 

o6nytteHHH nony6ecKOHettHOH cpe.nu MOHOXpOMaTHtteCKHMH HeHTpOHaMH 
C 

C BOJIHOBHM 'lHCJIOM k 0 • 

PoJih BToporo H3 uepaaeucTB (42) MOJKHO npoKoMMeHTHpoaaThC 

HeCKOJibKO HHOH TO'lKH 3peHHR. rpy6o roaopR, 't'n no nop_H.llKY 

BeJIH'lHHH ecTb HaHBHCWag xapaKTepHaR ("MHKpOCKOilHttecKaH") 

ttaCTOTa y CHCTeMH HH¢HJlbTpoaaHHHX B cpe.ny HeHTpOHOB. O,nHaKO 

no Mepe ¢aKTHttecKoro HaXOQeHHH qaCTH it no.HBHTCH 

B03MOlKHOCTb oueHHBaTh ttaCTOTY Aw<<·-r~1 • xapaKTep:3YIOIUYIO TeMnl\l 

ee ~peMeHHOH 3BOJIIOUHH. 0Ka3l\lBaeTCH, OHa CTpeMHTCH K HYJIIO~H B 

3TOM CMHCJie COCTOHHHe KaK 6u CTpeMHTCR K CTaUHOHapHOMy. MelK,ny 

· TeM 3HatteHHe ( 40) K034Xl>HUHeHTa .llH<l><PY3HH 6UJIO onpe,neJieHO no 

CTaUHOHapHOH BOJIHe "'c' ,llJIH KOTOpOH Aw=O. Ild3TOMY HMeIOTCH 

onpe.neneHHl\le OCHOBaHHH ,llJIH. HCilOJib30BaHHH KOHKpeTHOro 3HatteHHH 

(40) H B uecTaUHOHapHHX Bl\lKJia.nKax B KaqecTBe IIH3KOttaCTOTHOro 

npe,neJia8 >. 

HcnOJib30BaHHe ypaBHeHHH HenpepHBHOCTH no3BOJIHeT nepeHTH 

no H3BeCTHl\lM o6pa3UaM K OCHOBHOMY ypaBHeHHICl ,llH<P4JY3HH. B 

8
>no.no6uo TOMY KaK. K03<l><PHUHeHT nponopUHOHaJibHOCTH MelK.llY 

3HeprHeH H HMilYJibCOM ,llJIHHHOBOJIHOBl\lX ¢0HOHOB onpe,neJI.HeTCH 
ClKHMaMOCTblO OCHOBHoro COCTOHHHH lKH.llKOro reJIHH, 3aae,noMO 
HHKaKHX ¢0HOHOB He co.neplKaIUero (CM.,HanpHMep, (15)). 
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' O'AHOMepHOM cnyqae OHO npHHHMaeT BH'A 

a I~ 12 a2 1~ 12 
n n 

= D ---- (43) 

a t a x2 

anH HHTepecy10mefi Hae nnoTHOCTH HH,HnbTpaUHH. npasaa, 

coxpaHeHHe qHcna qacTHU OTHOCHTCSI KO BCeMy COCTOSIHHIO (26), a 

He TOnbKO KO BTOpOMY cnaraeMoMy. Ho ,aKTHqecKH, B HaH6onee 

HHTepecHofi o6nacTH BHYTPH cpeau, rae HaxoaHTCH npeo6naaa10maH 

aonH HefiTpoHos,cnpaseanHso: 

I~ I » It/I I-n C 
(44) 

Il03TOMY HHaeKC n npH BORHOBOH 'YHKUHH MH 6yaeM HHoraa 

onycKaTb, a TeCHYIO CBH3b Me)K)ly HepaBeHCTBOM (44) H BTOpHM H3 

KpHTepHeB (42) (CM. TaKJKe oueHKY (41)) npome ycMaTpHBaTb Ha 

KOHKpeTHHX npHMepax yJKe BHnonHeHHHX BHqHcneHHH. 

HafiaeM CHaqana nnoTHOCTb HefiTpOHOB B semecTBe. nnoTHOCTb 

HX IlOTOKa H3 BaKyyMa qepe3 nosepXHOCTb COCTaBnHeT µvo B HaWHX 

o603HaqeHHHX H HOpMHpOBKax. no aHanorHH C COOTBeTCTBy-rullleB 

3aaaqefi Ha TennonpOBO'AHOCTb (CM., HanpHMep, [16]), 3aKn10qaeM, 

qTo 

t 
x2 

2 
µv 

I 
0 

l~nl = e /rr D. 

4D(t--c) d-c 

/t - -c 

(45) 

0 

3aecb HMelOTCH ase o6nacTH~ 

X << /o t , 
2 ;-t 

1~ I ~ 2µv . -
n o Tl D 

X >> /o t l~nl 
2 

/~~- 3/2 
x2 

(46) 

e: 4µv D t 
- 4Dt 

0 - -

Tl 
e 

x2 

MOlKHO y6eaHTbCH, qTo npH co6n10aeHHH BToporo H3 KpHTepHeB (42) 

ycnOBHe (44) YlKe BHilORHHeTCH. 
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OaHaKO nnoTHOCTb HefiTpOHOB I~ 12 eme He onpeaenHeT HX 
n 

BORHOBYIO 'YHKUHIO. IlpHBneqeM Il03TOMY H3BeCTHOe 

KBaHTOBOMeXaHHqecKoe BHpalKeHHe anH nnoTHOCTH TOKa 

j = 
X 

ih 

2m [ 

a~* 
~-

ax 
- ~* 

noacTaHoBKa BHpaJKeHHH qepe3 ,a3y 

aaeT: 

if (x,t) 
~(x,t) = l~I e 

j = 
X 

h 

m 

2 Bf ,~,-
ax 

a~ 

ax I . (47) 

(48) 

(49) 

Bo H36eJKaHHe Heaopa3yMeHHfi Heo6xoaHMO pemHTenbHO 

noaqepKHYTb BalKHYIO cneuH,HqSCKYIO qepTy paccMaTpHBaeMOH 3aecb 

3aaaqH ( CM. TaKJKe npHMeqaHHe 7). ".UHcfl<PY3HOHHHH" IlOTOK H TOK 

KBaHTOBMexaHHqecKHH - 3TO B CYlllHOCTH O'AHO H TOJKe. IlpHpaBHHBaH 

COOTBeTCTBYIOlllHe. BHpalKeHHH ( 39) H ( 49), npHXO'AHM K 

'AHcfl<PepeHuHanbHOMY ypaBHeHHIO 

2 ,~, Bf 
ax = 

k 
r 

a1~12 

2kl ax 

OHO onpeaenHeT ,a3y BORHOBOH 'YHKUHH 

f (x,t) = 

~ = /1~,2 e 

k 
r 

2k 
l 

2 
ln l~I - f

0
(t) 

k 

( fo(t) + 2~. lnl~l2) 
l 

(50) 

(51) 

C TOqHOCTblO ao 3aBHCSllllero TORbKO OT BpeMeHH npOH3B0RbHOro 

cnaraeMoro f (t). nocneaHee 6yaeM cTapaTbCSI BH6HpaTb nonpome 
0 • t 

H. C TeilaeHuHefi nonyqHTb xapaKTepHHH MHOlKHTenb e -iwo , no 

KpafiHefi Mepe B 6nHJKHefi o6nacTH, rae cTpeMneHHe K 

·C.T:aUH;OHl~.pHOMY COCTOSIHHIO KaJKeTCSI 6onee BHpalKeHHHHM. 

nocne HecnolKHHX suqHcneHH8 nonyqaeM oKoHqaTenhHo: 
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X << / ~ 
kl 

X >> / ~ 
kl 

k 
r 

i 2k ln 
l 

X e 

ht 

m 

ht 

m 

kl 

k 
r 

-1 
X >> kl 

~ = vµ,vo 

~ = vµ,vo 

mx2 

ht 
X e 

m 
t >> 

h k k l r 
1/4 

[ Sm ~ti - iw t 
0 e 

Tlh k . r 
(52) 

1/4 

[ Sm >l /:r ht 

X 

Tlh l mx2 

mx2 

i(k +ik) 
- iw t r 1 4hk t 0 r 

X e 

H ace lKe, KaK BH.llHM, OKOHqaTeJibHOro nepepOllC,JteHHH B 

noJIHOCTbJ() CTaUHOHapHoe COCTOHHHe a nony6eCKOHeqHoH cpe,Jte TaK 

H He HacTynaeT. 

EcJIH paccyJK.JtaTb oqeHb cTporo, To cne.1toaano 611 c.1teJiaTb eme

O.JtHO 3aMeqaHHe. B TOHKOM CJIOe aemecTBa B6JIH3H noaepXHOCTH 

nonyqeHHUe ¢0PMYJill He cnpaBe,JtJIHBU. Ho xopowo H3BeCTHO, qTo Ha 

oqeHb 60JiblliHX paCCTOHHHHX .llH~Y3HOHHOe npH6JIHllCeHHe TOlKe 

TepHeT npHMeHHMOCTb. no.1to6Hoe JKe o6CTOHTeJibCTBO HMeeT MeCTO H 

B ,JtaHHOM cnyqae, a npwqHHll HapyweHHH .1tonyc~aK>T cneumpwqHue 

,JtJIH HallieH 3a,JtaqH HHTepnpeTaUHKl H ¢opMyJIHpOBKy. 

B ,JtaJibHeH o6JiaCTH x>>/Dt XO.It HeHTpOHHOH nJIOTHOCTH a 

OCHOBHOM 3KCnoHeHUHaJibHllH. npo,JtH~epeHUHPOBaB IlOKa3aTeJib no 
-1 

BpeMeHH, conocTaBHM 3TO C MHKpOCKOnHqecKOH qacTOTOH ,:n ( CM. 

¢0PMYJIY (41)). no nopH.JtKY BeJIHqHHll OHR cpaB,HHBaK>TCH npH 

X::: Vt::: 
r 

h k 

m 

r 

t . 

HeTpy.JtHO 3aMeTHTb, qTo H ycJIOBHe (44) HapywaeTCH, KOr,Jta 

x>v t. BnpoqeM, CJie,JtyeT oroaopHTbCH, qTo Ha TaKHe 6oJibWHe 
- r 
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paCCTOHHHH npHXO,JtHTCH HHqTOlKHaH, 3KcnoHeHUHaJibHO MaJiaSi ,JtOJIH 

noJIHoro qwcna HeHTpOHOB B cpe,Jte. 

5.KOHeqHue_nJiaCTHHY H HeATpOHHYe BOJIHY cna6oro nornomeHHH B 

cpe;te 

HaH6onee nopa3HTeJibHOe CBOHCTBO KOMnJieKHOCTH 3aKOHa 

,JtHCilepCHH - 3TO OTCYTCTBHe CTaUHOHapHoro COCTOHHHH HeHTpOHOB 

B nony6eCKOHeqHQOH cpe,Jte. HanOMHHM, qTo pe~b HaeT 0 

CTaTHqecKOM npH6JIHllCeHHH co CTporo HyJieBUM nornomeHHeM. 

HHTepeCHO, 

Ka3aJIOCb 

O,JtHaKO, OTMeTHTb, qTQ He oqeHb pa,JtHKaJibHUe 

6u H3MeHeHHH ¢H3HqeCKHX, HJIH. ' ,Jtal!Ce . npoCTO 

reoMeTpHqecKHX npe,JtilOCllJIOK paccMaTpHaaeMOH 3a,JtaqH cymeCTBeHHO 

BJIHHK>T Ha 3TOT pe3yJibTaT. 

B KaqecTBe npocTeHwero npHMepa paccMoTpHM o6nyqaeMyK> 

HeHTpOHaMH MaKpOCKOnHqecKyK> nJiaCTHHy. Ee TOJimHHY, Ha 3TOT pa3 
. -1 

60JiblliYKl, 6y.neM no-npelKHeMY o6o3HaqaTb qepe3 ~>>kl . B 3TOM 

cnyqae CTaUHOHapHoe COCTOHHHe .llOCTHraeTCH. 

HeATpOHHllH noTOK COCTaBJIHeT µ,v O BCKl.llY, B TOM qHcJie npH 

x=O. Ha ,JtaJibHeM KpaK> CJIOH npHMeM 3~eKTHBHOe rpaHHqHoe 

ycJIOBHe 

2 ,~, 1· = 0 • 
X=~ 

(53) 

OHO 03HaqaeT, qTo HeHTpOHU BllXO.llHT HapylKy cymeCTBeHHO 

6ucTpee, qeM HaKanJIHBaJIHCb 6u B nony6ecKoHeqHoM 06pa3ue. 

COOTBeTCTB'y:omee peweHHe ypaBHemrn ( 43) ( 6e3 JieBOH qacTH) 

TpHBHaJibHO. 

,~,2 s 
µ,vo 

D 

He COCTaBJIHeT Tpy.na 

¢YHKUHK> BHYTPH nnaCTHHU: 

~ = /2 klkO 

kr 
µ, (~ - x) 

( ~ - x) • 

HaHTH no ¢0pMyJie. (51) H 

k 
r 

- i ~ ln k (~ - x) 
l l 

e e 

-1 x,~-x >>k
1 

• 

(54) 

BOJIHOBYKl 

iw
0
t 

,(55) 

BpeMSi ycTaHOBJieHHH 3Toro CTaUHOHapHoro COCTOHHHH oueHHBaeTCH 

KaK o6uqHo: 
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t:.2' kl rnt:.2 

ti; z 
k D 

z 
h 

(56) 

r 
BepHeMC.11 CHOBa K nony6ecKOHe•rno8 cpe.ne O<x<oo B CB.113H C 

.npyrHM, ellle 6onee BalKHHM BonpocoM. B npHHUHne, CTaTH'leCKOe 

npH6JIHlKeHHe BilOJIHe .nonycKaeT BBe.neHHe norJIOllleHH.11 Heno.nBHlKHHMH 

.11.npaMH. no OTHOWeHHJO K pa.nHaUHOHHOMy 3aXBaTy9 > cpe.nHee 

BpeM.11 lKH3HH COCTaBJI.lleT 

,: = 
C 

1 
(57) 

n(vuc) 

a ypaBHeHHe JtH4><JIY3HH C y'leTOM 3aXBaTa npHo6peTaeT BH.It 

a1v12 a21v12 
1 

= D 
at ax2 1v12 

,:c 
(58) 

0,nHaKO 3.IteCb He06XOJtHMO npHH.IITb BO BHHMaHHe H3JIOlKeHHUe B 

npe.nu.nyllleM pa3,nene orpaHH'IHTeJibHUe coo6paJKeHH.II. O'leBHJtHO, MU 

JtOJilKHU noTpe6oBaTb: 

hk k 
l · r 

rn 
,:c >> 1, 

'1To6u JtH4><JIY3HOHHH8 MeXaHH3M npOHHKHOBeHH.11 

roBop.11, ycnen 3apa6oTaTb. TaKHM o6pa3oM, 

(59) 

He8TpOHOB, rpy6o 

ypaBHeHHe (58) B 

.ne8cTBHTeJibHOCTH OTHOCHTC.11 K JtOCTaTO'IHO CJia6oMy norJIOllleHHJO. 

Tenepb .IICHO, KaK cne.nyeT BHJtOH3MeHHTb peweHHe, 

npe.ncTaBJieHHoe B ¢opMe (45): 

t 

I 
x2 t - ,: 

2 µv 
0 

lvnl = 

/~ 
e 

4D(t-,:) ,:c 
di: 

/t - ,: 
• (60) 

0 

9 > KaK H3BeCTHO, JtJI.11 O'leHb XOJIOJtHHX He8TpOHOB cyllleCTByeT JtBa 
KaHaJia HX yxo.na H3 peaJibH08 cpe.nu: pa.nHaUHOHHH8 3aXBaT H 
Heynpyroe pacce.11HHe, ceqeHHe KOToporo TaIOKe no.1t'IHH.11eTc.11 
3aKOHY 1/v [3]. B CTaTH'leCKOM npH6JIHlKeHHH Heynpyroe pacce.llHHe 
OTCYTCTByeT. no3TOMY 3,necb MU roBOpHM TOJibKO O pa.nHaUHOHHOM 
3aXBaTe, HMe.11 B BH~Y, 'ITO npH KOHKpeTHHX oueHKax cne.nyeT 
npHHHMaTb BO BHHMaHHe o6a npouecca. 
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OcTaHaBJIHBaTbC.11 Ha BapHaHTe . 

COOTBeTCTBYJOlllHe ¢opMyJiu 

npoTHBOilOJIOlKHH8 cnyqa8 

t >> ,:c 

(46) 

t<<i:c H3JIHWHe, 

H (52) yJKe 

npe.ncTaBJI.lleT cymecTBeHHH8 HHTepec. 

TaK JtaK 

nony'leHu. 

(61) 

Pe3yJibTaT HHTerpHpOBaHH.11 onpe.neneTC.11 KOHKypeHUHe8 JtBYX 

3KCilOHeHT, o.nHa H3 KOTopux pacTeT, a BTOpa.11 y6uBaeT npH 

yBeJIH'leHHH ,:. 06pallla.llCb JtJI.11 opHeHTHpOBKH K OKpeCTHOCTH 

HHlKHero npe.nena HHTerpHpOBaHH.11, BHJtHM, 'ITO pOJib xapaKTepHoro 

HrpaeT paCCTO.IIHHe xz,/ D/,:ct. ACHMTOTH'{eCKOe nose.neuHe npH 

x>>v D/,:ct He CJIHWKOM HHTepecHO. no cpaBHeHHIO co BTOpoa H3 

¢opMy JI ( 46) .no6aBJI.lleTC.II eme 3KCilOHeHUHaJibHH8 MHOlKHTeJib 

nornomeHH.11 caMHX paHHHX H3 nonaBWHX B o6pa3eU He8TpOHOB 

exp(-t/,:c). 

06paTHMC.II K 6JIHlKHe0 06JiaCTH. HeCJIOlKHOe HHTerpHpOBaHHe 

IlOKa3HBaeT, 'ITO He8TpOHHa.ll IlJIOTHO_CTb 3.IteCb CTa6HJIH3HpyeTC.II: 

lvl2 = 
µvo 

,/ D/,:c 

-1 

kl 

e 

<< X << 

X 

,/ Di:c 

~t 
,:c 

(62) 

tx = max { Tc 
I,: C 

D 
x}· 

Pe3yJibTaT cornacyeTC.11 co CTaUHOHapHUM BapHaHTOM ypaBHeHH.11 

(58). KpoMe Toro, npHBe.neHa, soo6me . roBop.11, 

npocTpaHCTBeHH0-3aBHC.llllla.ll oueHKa BpeMeHH ycTaHOBJieHH.11. 

Oco6eHHH0 HHTepec- npe.ncTaBJI.lleT BOJIHOBa.11 ¢YHKUH.II 3Toro 

CTaUHOHapHoro COCTO.IIHH.11. B03HHKaJOmHM 3,necb BHpalKeHH.IIM y.naeTC.11 

npH.naTb .6onee KOMnaKTHYJO ¢opMy, eCJIH BBeCTH He1toe 

norJIOlllaTeJibHOe BOJIHOe 'IHCJIO kc [ 6). OHO . onpe.nen.11eTC.II 

HeCKOJibKO ~OpMaJibHO: 

1 2h 

= 
,:c rn 

2 
k C , 
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•c = I 2:Tc (63) 



nocne scex no.nctaHOBOK, no cpopMyne (51) nonyqaeM oKoHqaTeJlbHO 

k
1
x >> 1 . 

,r, = I :l] 1/4~ ; [/ :· + ; / k, l 
r k e l - k 

C r 

t. =x l m 

2 . • 

hk 
.- C 

/kl 

. k 
r 

m 

h 

JC 

kc } 

kc X 

e 

-iw t 
0 

(64) 

Oco6eHHOCTb, ·KoTopoil o6na.naeT BOJIHoBaH IJIYHKUH.11 npH kc=O, 

BHpallCaeT OTCYTCTBHe CTal{HOHapHoro COCTOHHHH npH CTporo 

HynesoM nornomeHHH. 

MH npHXO.l{HH K cne,ny1>miu,1 . 'sallCIIHM BHBOJlaM. CoqeTaHHe JlBYX 

o6CTO.IITeJlbCTB - KOMDJleKCHOC.TH H3HaqaJlbHOI"O 3aKOHa JlHCnepCHH 

k
1
,kr~o H cna6oro nornomeHHH - reHepHpyeT BTopyD seTBb 

cl! =zr +izl cneKTpa HeHTpOHHHX BOJIH B cpeJle. 4'H3HqecKH OHa 

peaJIH3yeTCH B rny6HHe semecTBa, KOI"Jla klr>>1. 3JleCb HMeeT 

MeCTO: 

;:;_ ae = k , 
r k c 

l 

STOMY pe3YJlbTaTy MOllCHO 

Harn.11,n11y1> cpopHyJmpoBKY. 

HeHTpOHOB HaqHHaeT HrpaTb 

/

kl 

ae = -- kc 
l k 

(65) 

r 

nonuTaTbCH JlaTb IJIH3HqecKH 6onee 
)lOCTaToqHo cna6oe nornomeHHe 

cymecTBeHHYD poJlb TOJlbKO nocne 

rny6oKoro npoHHKHOBeHHH HX B rny6b semecTBa. Ho TOI"Jla no 

KBaHTOBUM npHqHHaM OHO nepeHOpMHpyeT HeHTpOHHHe BOJIHH B 

cpe.ne, cymecTBeHHO Y.rtnHHHH HX. o6pamaeT Ha ce6H BHHMaHHe eme 

o.nua JIOOOilHTHaH qepTa 3THX .l{JIHHHHX BOJIH cna6oro nornomeHHH. 

nepeHopMHposoqHHH MHOEHTeJlb 

":k 
C: << 1 (66) 

/ kk 
1 r 
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(CM. q>opMynu (59) H (63)) OJlHHaKOB H JlJl.11 semecTBeHHOH,H JlJIH 

MHHMOH qacTeH BOJIHOBOI"O qHcJla. 

B npoTHBOnOJIOlKHOM npe,neJlbHOM cnyqae k >>v k k JlOBOJlbHO 
· C l r 

npHBJleKaTeJlbHHM BHI"JI.IIJlHT WHpOKO npHMeHHeMoe B JIHTepaType 

BBe,neHHe KOMnJleKcHoro cpe.nHero noTeHl{HaJla B cpe,ne. 

no,nqepKHeM, qTo H3naraeMue 3,necb pe3ynbTaTu He HMeDT np.11Moro 

OTHOWeHHH K ero MHHMOH qacTH. HHUMH CJIOBaMH, B YCJIOBHHX 

KOMnJleKCHOCTH H3HaqaJlbHOro (6e3 nornomeHHH) 3aKOHa JlHCnepCHH 

H npH JlOCTaToqHQ cna6oM - nornomeHHH ero onHcamrn c IlOMOlllblO 

KOMDJleKCHOI"O noTeHuHaJla CTaHOBHTCH Hea.neKBaTHUM. 

HaKoHeu, KOCH8MCH BKpaTue 3a,naqH O JlOCTaToqHo TOJICTOM 

cnoe semecTBa ~>>k - 1 c k <<v k k . IlpH HaWHX rpaHHqHUX 
l C l r - · 

YCJIOBHHX ypaBHeHHe (58) JlaeT CTaUHOHapHoe peweHHe 

~ - JC 
sh 

1'111
2 

= 

µvo 

--
/01-cc 

/o-cc 

ch----

(67) 

~ 

/ D-cc 
0,nHaKO H3-3a HaJJHqHH nornomeHHH HCTHHHHfl KO3qiq>HUl-!eHT 

npoxollCJJ.eHHH Heil:TpOHOB qepe3 nnacTHHY ITl2 HeJlb3H Tenepb 

cqHTaTb paBHHM era YHHTapHOMY 3HaqeHHIO µ. 

BUXOJlHYD nosepXHOCTb JC=~. npHXOJlHM K 

BUqHCJI.IIH nOTOK 'Ha 

µ 

ITl2 = 
~ 

ch 

/o-cc 
3,necb npocMaTpHBaDTCH .nsa npe,neJlbHHX cnyqag: 

~ << /o-cc 

~ >> /o-cc 

IT12 ~ µ 

~ 

ITl2 ~ 2µ e ,/0-cc 

(68) 

(69) 

BOJIHOBaH q>yHKUHH HeHTpOHOB BHYTPH o6pa3ua HaXOJlHTCH no 

qiopMyne (51): 
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/kl 
-- kc(~-x) .:,u 2 

1/4 -- V ,h ,;:: kcS 

X 

• =[ :: l ;. :: 
k r 

k 
r 

-i 

X e 
2kl 

ln sh / 

kl 
2 --

k 
r 

kc(~-x) 

X e 

iw
0

t 

(70) 

x,~ -x >>k-1 
. 1 

BpeMH yeTaHOBJISHHH eTaUHOHapHoro eoeTOHHHH B 

ena6onornomaDmen nnaeTHHe Tome oueHHBaeTeH. 

6. BLIBO.llLI 

06ey,nHM eHTyaUHD B eBeTe 6onee KOHKpeTHUX oueHOK. B 

HHTepeeyDmeM Hae enyqae aemeeTB e b>O ,naHHue .o noTeHUHane 
qaeTO npHBO.llHTeH B ¢opMe TaK Ha3UBaeMUX rpaHH'IHUX eKopoeTeH 

HJIH rpaHH'IHUX 3HeprHH. XapaKTepHoe 3HatJeHHe rpaHH'IHOH 
eKopoeTH v ~ 5 M/e, 'ITO eoOTBeTeTByeT re2~1012eM-2 .llJIH 

11 m · 0 

BUeOTU noTeHUHaJibHoro 6apbepa. Herny6oKO no,ri HHM 

ko 
-1 2 

2 ~ (re
0
a) ~ 10 . 

re
0
a 

TaKHM o6pa30M, KpHTepHH (7) BUilOJIHHeTeH e 3anaeoM B ,naa 
110.pH,nKa, H epe,nHHH noTeHuHaJI 
npH6JIHmeHHeM .llJIH YXH. RHWb 
~OMHHHpOBaTb nepepaceeHHHH H 

OKa3UBaeTeH xopomHM HeXO.llHUM 

npH Vo ~ 0,1 M/e HatJHHaDT 
eaMonepepaeeeHHHH. Eme HHme 

paenonomeHa o6naeTb eaepxMe.nneHHUX HeHTpOHOB. 
O,nHaK_O_. B_03MOmHOeTHM eoapeMeHHoro 3·KenepHM8HTa OTBetJaeT 

eKopee yMepennaH no.ti6;ipi,epHoeTb ·re >k >>re2a. Tor.na HaH6onee - . . o_ o o 

eyme_c:rae_HHUe . pe3yJJbTaTU pa6oTU eBO,ltHTeR npHMepHO . K 

ene.nyDmeMy. _B03MOmHOeTb yTetJeK 3a etJeT HH¢HJibTpaUHH Ha 
60JibWHe . rny6HHU X>>k - 1 pemaDmHM o6pa30M 3aBHeHT OT BSJIH'IHHU 

I 
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HeH36emnoro 

aemeeTae10>. 
nornomeHHH HSHTpOHOB B paeeMaTpHBaeMOM 

9To n_pome ae·ero yeMoTpeTb H3 Tpe6oaaHHR ( 59), · 

npe.neTaBJISHHOro B ¢opMe ( 66). IlyTeM Henoepe.neTBSHHOro 

nepeMHOmeHHH BUpameHHH (36) 3aKoHa ,llHenepeHH HaXO.llHM B 
KatJeeTBe yenOBHH KBaHTOBOH HH¢HJibTpaUHH: 

1 J re6 a2 
u 0 

>> k2 kk =--- ~ 

k2 I r 2 k2 C 
(71) 

0 0 

3,neeb HenoTeHUHaJibHUe nonpaBKH, paeeMoTpennue B 

eymeeTaennee, 'ISM MHHMaH qaeTb KOMIIJieKeHoro 

pa3,nene 3, 

epe.nnero 
IlOTSHUHaJI!I,. 

Bonee ynoTpe6HT8JibHUe·H KOMilaKTHUe o603HatJeHHH e eaMoro 

HatJana Y'IHTUBaDT, 'ITO npH HaJIH'IHH nornomeHHH .ltJIHHa paeeeHHHH 

KOMnneKena: 

b = br + ib
1 

= br -ilb
1 
I ! 

4rrnb = re2 
r O 

m 
- k2 = 

2rrnlb1 J - c 2h-rc 

Manoe, KaK npaBHJIO, 6e3pa3Mepnoe OTHOWSHHe 

lb! I 2k~ 

lJ = 
b 

r 

oeo6eHHO y,no6HO 3,ll8Cb 
xapa1nepnoro 3HatJeHHH 

lJ ~ 
0 

-<< 1 

re~ 
no ene,nyDnten 

re! a
2 

k2 
0 

<< 1 

npH'IHHe. 

(72) 

(73) 

ManoeTb ero 

(74) 

nenoepe.neTBeHHO BUpamaeT B 3HepreTH'leeKOH WKane npHMSHHMOeTb 
nyneaoro npH6nHmeHHR noTeHUHana. TeM eaMUM HHTepeeyDmaH Hae 

rny6oKaSI HH¢HJibTpaUHH HSHTpOHOB 3a etJeT HenoTeHUHaJibHUX 
nonpaBOK HMeeT MecTo .nnH oqenb ena6o nornomaDmHx MaTepHanoB 

10 > CBH3b 3TOH yTe'IKH e Ha6nD.naeMOH aHOMaJIHH npH xpaHeHHH YXH 
HeeKOJibKO npo6neMaTH'IHa. 
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ll << llo . 

B npOTllBononOlKHOM npenenbHOM cnyqae 

(75) 
.llOCTaTO'IHOrO 

nornomeHnH 

ll >> llo (76) 

noTeHunanbHaH. KapTllHa .llOCTaTO'IHO xopowo onncuBaeT CllTyaUHD. 

H3BeCTHUe COCTaBnHDIUlle KOMnneKCHoro noTeHunana 

U = V - iW; 

h2 i£2 
0 

h2k2 
C 

h (77) 

V = --- w = = 
2m m 2't'c 

BnonHe y6e}lHTeRbHO cnenyDT ll3 MeTO.lla TOHKOro cnoH. Ilpll 

(72) co6nD]leHHll HepaBeHCTBa (74), .llOCTaTO'IHO BUpalKeHHe 

noncTaBHTb B COOTBeTCTBYDIUHe ¢OpMynu pa3}lena 1. 

o6paTHMCH Henocpe]lCTBeHHO K COOTBeTCTBYDIUeMy 

nncnepcllll .llRH KOMnneKCHoro BORHOBoro 'IHCna kc=kc+ikc: r I 

kc= 
r 

kc= 
I 

1 

v'2 

1 
--
v'2 

/
k2 _ i£2 + /(k2 _ i£2) +( 2k2)2 

o o o o C. 

/2 ;£0 
k2 + /(i£2 - k2) +(2k2)2 

0 o O C ' 

i£4 a2 
0 

kc kc= k2 
I r C 

k2 >> 
0 

l) 

3aKoHy 

(78) 

nocnenHee 

TORKOBaHne. 

paBeHCTBO 

rpy6o r_oBopH, 

nonycKaeT HarnH.llHOe ¢ll3ll'leCKOe 

ecnn opneHTHpOBaTbCH Ha BUpallCeHne 

Tnna (26), TO B npenenax nnnHu 
C -1 3aTyxaHHH (k) o6U'IHOH 
I 

"KorepeHTHOH" BORHOBOH ¢YHKUHll I/JC Heli:TpOH ycneBaeT 

3axBaTllTbCH°C BepOHTHOCTbD nopH.llKa e}lHHllUU, Ho ll3-3a 3TOro Ha 

.llORD llH¢llnbTpaullOHHOH ( ".llll¢¢YH.llllPYDIUeli:") 'laCTH COCTOHHllH ,i,n 

npocTO He OCTaeTCH 'laCTllU,ll OHa Boo6me He peann3yeTCH. 

MOlKHO CKa3aTb, 'ITO .llOCTaTO'IHOe nornomeHlle (76) 

nepeKpUBaeT llH¢HRbTpaUHOHHUH MexaHll3M yTe'IKll Heli:TpOHOB, B 

nono6Hux ycnoBllHX HenoTeHUHanbHUe norrpaBKll He reHepnpyDT 

HHKaKoro HOBoro HBneHllH, H Bonpoc O HllX He CTORb aKTyaneH. B 
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Ka'leCTBe no]lTBep~eHllH CKa3aHHOMY noncTaBllM BORHOBUe 'lllCna 

(77) B ~OpMyny (28) .llRH noTepb. HlllKe 6apbepa llMeeM: 

kc k k~ ko 
r O "' 4 __ -::.=.=.-::..-::_~--=- >> µ , 

µ = 4 2 - 2 ;2 2 
c Ike + ko 1- i£o i£o - ko 

(79) 

ll KO3~llUlleHT. noTepb cymecTBeHHO 6onbwe llH¢HRbTpaUHOHHoro 

(cpaBHll c COOTBeTCTBYIOIUHM BapnaHTOM 1) ¢opMynu (38)). 

TaKllM o6pa30M, cpenu C br>O ecTeCTBeHHO nonuTaTbCH 

KnaCCH¢llUHpOBaTb no yKa3aHHOMY npH3HaKy Ha cna6ue 

nornOTHTenu, nonycKaIOIUHe rny6oKyIO HH¢HRbTpauuIO YXH, u 
yMepeHHUe nornoTHTenu, .llRH KOTopux cnpaBe.llnHBO npu6nuJKeHue 

KOMnneKCHoro noTeHUHana. BepHeMCH K 6onee KOHKpeTHUM oueHKaM. 

He CRHWKOM rny6oKO non 6apbepoM k < i£, 'ITO HaH6onee 
0 ~ 0 

COOTBeTCTB yeT cero}lHHWHHM BO3MOlKHOCTHM 3KcnepHMeHTa,. ¢opMy na 

(74) nepeXO.llHT B 

2 2 -4 
. 11

0 
::: i£

0
a ::: 10 

(80) 

3TO O'leHb rpy6aH H, 6UTb MOllCeT, ¢aKTH'leCKH 3aBUWeHHaH oueHKa. 

O}lHaKO HMeHHO C 3TOH BeRH'IHHOH H cnenyeT cpaiHHBaTb l) .llRH 

peweHHH Bonpoca 0 rrpHMeHHMOCTH Monenu KOMnneKCHOro 

noTeHuuana. 

B o6nacTH (75), rne ~na6u8 3axBaT He oKa3uaaeT npHMoro 

BRHHHllH Ha noTepu, ¢opMynu (36)-(38) ]laIOT 

i£4 a2 
0 2 2 --4 . µ::: ::: i£ a ::: 10 • (81) 

k /i£2 - k2 
0 

0 0 o 

Ecnu C'lllTaTb 3TO rpy6oll: oueHKOH nopHnKa BenH'IHHU noTepb 

Heli:T~OHOB npH O.llHOM CTORKHOBeHHH co CTeHKOH, TO 3TO He TaK 

naneKo OT KonnqecTBeHHUX MacwTa6oB Ha6monaeMoli: aHoManuu npu 

xpaHeHHll YXH [5]. Cy.Ill'! no BCeMy, K npoH-uaeMUM B 3TOM CMUCne 

.llRH Heli:TpOHOB MaTepuanaM OTHOCHTCH, HanpHMep, 6epnnnu8 
-7 -8 (l!"'3.4x10 ) n TBepnua KHcnopo.ll (l!"'0.9x 10 ). 

K COJKaneHHIO, .llRH 6onbWHHCTBa BemecTB HMeeT MeCTO 

H8KOTOpu8 npoMelKyTo'IHUH cny'lali: ll::: llo, npHMepoM qero HBnHeTCH 

Me.llb (l!"'1.4x1o~4 ). 
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qTo KacaeTcH aocTaToqHo nornomaDmHx B HaweM. cMucne 
eemecTB, anH KOTopux BUnORHHeTCH (76), TO B HaCTOHmee BpeMH 

OHH Mano npHBneKaDT BHHMaHHe 3KcnepHMeHTaTopoB H~-3a 

noHHTHOro CTpeMneHHH CHH3HTb H aaJKe nHKBHaHpOBaTb eoo6me 

KaKHe 6u HH 6uno noTepH YXH. MOlKHO YTBep~aTb, qTo He TORbKO 

npH BUnonHeHHH (76), HO npH ~ ~ ~o' 3KcnepHMeHTanbHUe aaHHUe 

He npoTHBOpeqaT cymecTBeHHUM cneaCTBHHM o6uqHOH TeOpHH 

noTeHuHana. 

TaKOBO, B o6mux qepTax, nonoJKeHHe aen npH ko< 4 2 
2_reoa 

HMeDmHeCH B03MOlKHOCTH cneKTpoMeTpHH YXH H 6ucTpUH nporpecc B 

C03aaHHH HHTeHCHBHUX HCTOqHHKOB YXH no3BORHeT naaeHTbCH, qTo 

B 3KCnepHMeHTe 6yayT aocTynHU -neuTpOHU c cymecTnenHo 

MeHbWHMH,qeM y 

cnepxMeaneHnux 

YXH 3HeprHHMH. nnH ¢aKTHqecKoro 

HeHTpOHOB k 2<~re4a 2 noTpe6onanocb 
• o 0 

nonyqeHHH 

6u ee 

CHHlKeHHe 6onee, qeM na qeTupe nopHaKa. TeM He 

MeHee,npeacTaBnHeTCH HHTepecHUM nonuTaTbCH noaTBepaHTb 

B03MOlKHOCTb HH¢HRbTpauHH HeHTpOHOB, 6naroaapH qeMy TOHKHe 

nneHKH MoryT HMeTb onpeaeneHHYD npo3paqHOCTb anH YXH C 

3HeprHHMH HHlKe 6apbepa. 3TOT nyTb KaJKeTCH Ha ceroaHHWHHH aeHb 

6onee aocTynHuM. 

BecbMa cymecTBeHHa H 3HepreTHqecKaH 3aBHCHMOCTb oueHKH 

(74). JlerKO B~aeTb, 

MaTepuanoe BRHHeT 

nocTeneHno nepeuaeT 
re4a2 <<k2 < re2a2~-1 

0 0 ~ 0 

qTo Ha o6pHCOBaHHYD BUWe KnaccH¢HKamm 

nopHaoK nenuquHu k~. JID6oe nemecTBo 

B HH¢HRbTpyDmyD KaTeropHD (75) eme npH 

TeM CaMUM OHO o6HapylKHT 3TY CBoe6pa3HYD 

qacTHqHyD npoHuuaeMOCTb anH HeHTpOHOB eme ao Toro, KaK 

3HeprHH nocneaHHX onycTHTCH B cnepxMeaneHHYD o6nacTb. 

MOlKHO TaKJKe peKOMeHaoBaTb H apyrHe onUTU, HanpanneHHUe Ha 

3KcnepHMeHTanbHYD nponepKy 3aKoHa aucnepcHH ynbTpaxonoaHux 

HeHTpOHOB. OTMeTHM, qTo CKORbKO•HH6yab TOqHUe 3KcnepHMeHTU B 

3TOH o6nacTH OTCYTCTBYDT. B03MOlKHO, qTo none3HUM MOlKeT 6UTb 

3KCnepHMeHT THna onuTa cllH30 anH YXH (17,18.13]. IlpH 

COOTBeTCTBYDmeu nocTaHOBKe OH MOlKeT aaTb npHMOH OTBeT 0 

HanHqHH nonpaBOK K ~noTeHUHaRbHOMY" 3aKony aucnepcHH. 

.B KoneqHoM cqeTe, .TORbKO 3KCnepHMeHT n03BORHT 

oKOHqaTenbHo yaocTonepHTbCH, qTo npeacTanneHHe a cpeaneM 
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noTeHUHane, BBOaHMOM B TeOpHD H3 qucTO MeTOaHqecKHX 

no6yJKaeHHH, HMeeT CBOH npeaenu ToqHOCTH. ,c 3,TOH TOqKH 3 peHHH, 

npeacKa3aHHH KaqecTBeHHO HOBUX HBReHHH HenoTeHUHanbHOro 

xapaKTepa aenaDT noao6Hue HccneaonaHHH necbMa aKTyanbHUMH. 

ABTopu 6naroaapHU -6.f~Ep030RHMCKOMY~ B.K.HrHaTOBHqy, 

M.B.Ka3apHOBCKOMY, A.M.KaMqaTHOBY, B.B.JIOMOHOCOBY, 

H.A.MHTpononbCKOMY, A.B.CTpenKOBY H A.Il.Cepe6pony 3a 

nnoaoTBOpHue o6cyJKaeHHH. 
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