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r.·, B MeGoa TOMHOH 1r SI.QepHoil: ljJR3RKe rrpe.QcTaBnmoT liHTepec peaK

/1/ 

( 1 a) 

(16) 

-t fl- + t .... t + t f1 J ( 1 B) 

/2/ 
1{3 KOTOpblX .QBe nepBble 1iCCne.QOB8Hbl 9KCIIepRMeHTanbHO li TeopeTR'leC-

/3 4/ 
· Kli ' • 3neKTpOHHbte o6ono'lKii aTOMOB BO.Qopona, Ha gnp ax KOTOpbiX pac-

ce~rBaJOTCSI Me308T0Mhl 1 He BnliSIIOT Ha XO.Q IIpOUeCCOB- ., 1) 1 IIOCKO~b~Y pa3-

~epbl Me308TOMOB MHOI"O MeHhllle XapaKTepHblX 8TOMHblX paCGTOS!Hiill, flo 

. 9TOH IIpli'lliHe IIpOUeCChl pacceSIHiiSI (1) IIO'lTii B 'lliCTOM Bli.Qe pean~r3y!OT 

KB8HTOBOMeX8Hii'leCKYIO 38.Q8'lY Tpex Ten, B381iMO.QeHCTBYIOlllliX IIO 38KOHY 

KynoHa. LfacTHhtil: cnyqail: aToil: .3a.Qa'l~r, rrpouecc 

pe (2) 
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/5/ ' 
paeeMOTpBH B IlpBAhiAYIIIBH pa60TB aBTOpOB , f'AB I!OApo9Ho Of'OBOpBHbl 

' 
ABTBnH MBTOAB H IIpHBBABHB HB06XOAHMa5I 6H6nHOI'pa!fJH5I, 

2. KaK H B peaKUHII (2), pe30HaHeHbifi xapaKTep .rrpoueeeoB 

eTOnKHOBBHH5I (1) II03BOn5IBT orpaaHqHTbe5I ABYXrpOBHBBb!M ~pii6nu~BHIIBM 
rrpH BbiqHeneHHH eeqeHH5I nepe3ap5IAKH a (k) 6e3 yqeTa errHHOB Me3oHa 

H 5IABP 

a (k) = 
7T 

k2 
L 

f= 0 
ex 

f'AB 

k 2
- 2ME • - ' 2M M p +1!2 -- . -. M/l 

ex 

(2e+1)sin 2(o:-o) 
g u 

Mp 1 - 1 ---+ 
m m M 

J1 

1 
2M 

p 

(3) 

(AnSI 

H af 

d II t - ananorHqao), a E - snepriiH e1-onKaoneHHH. <Pa3hi 
ae 

u 

f'AB 

Bhlq!ICnHIDTeSI H3 ypaBHBHHH 

• 2 

d 2 

(R)+[k-e 
X g,u 

dR
2 

C(C+l) _ V 
--. q,u Rz 

. e 
(R)1xg,u (R) = 0, 

V ( R ) = 2M [ W ( R) - W ( oo ) 1 + [ K ( R) -K ( oo ) 1 
q,u . g,u q 1 u g,u · g,u 

II nee BenHqiiHhl AaHhl B CIIeTBMB 1i = e = ID = 1 .. 

(4) 

<;;HMMeTpHqJihiH W g(R) II aHT!Ie!IMMBTpiiqHhiif WJR) TepMhi cHeTeM 

g 

( 1 ) , eoeTOHIIIHX H3 ABYX HABP II 

HM MaTpuqahre sneMeHThi ~ K (R) 

J1 -MB30Ha, a TBK)!(B eOOTBBTCTBYIDIIIIIB 

' ; g 
n Ku (R) , . yq!IThiBaiDIIIIIB aAHa6aTIIqec-

' 6 /6/ 
KIIB IIOIIpaBKII Ha ABU)!(BHHB SIABp, Bb!q!fCneHhl B pa OTaX • 

nn~ rrpoueeca·~;) yqeT aAIIa6aT!fqeCKIIX IIOIIpaBOK rrpaKTIIqeCK!I HB_ 

Bn!ISIBT Ha pe3ynbTaThl BhJqiicnBHHH, IIOCKOnbKY B 3TOM enyqae 2M "'10 
3

, 

4 

i 
I 

I 
l 

I • 
.! 

I 
l J 
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l 
I 
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I 
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OAH~KO IlpH paeee5IHIIH MB30aTOMOB 3TII IIOIIpaBKH HB06XOAHl 

CpaBHIITenhHO · ae6onhiiia5I BapHaUH5I Beml"IHHhi 2M A~5I pa 

IIOB BOAOpOAa 2M = 10 +- 30) npHBOAHT K 3HaqHTenbHhiM r: 
AB npoueeeoB. (1a-1B). 

Ha · pHe. 1 rrpiiBBABHhi rpa!fJIIKH eeqeaHfi a· ( k) An5I r: ex _
2 

HHX BHAHO, qTo rrpu aaepi.'Im eTonKHOBBHIIfi E < 10 SB Bl 

M5ITe5I K noeT05IHHOMy rrpeAeny 

2 
a·= rr (a -a ) 

g u . 

f'AB a g H au - AniiHbl paeeB5IHll5I eoOTBeTeTBBHHO B qeTHC 

KaHanax. Ceqeaue peaKUHH (16) no epaBHBHHID e peaKUH5IMI 

eunhHO IIOAaBnBHO, qTo 06b5IeH5IBTe5I OAHHaKOBbiM 3HaKOM A 

b g H 

qeHufi 

b u 
An5I sToro rrpoueeea, B oeTanbHOM xapaKTep < 

a ex ( k) OT 3HBpi'Hll eTOnKHOBBHH5I E OAHHaKOB A 

UHfi ( 1): nonornfi erraA ( unH poeT) rrpH E < 1 SB, pe3Kue I 

naeTu 1 sB<E < 100. 3B u rrnaBHhifi erraA npu E > 100 sn. 

3TII oeo6eHHOeTI! eTaHOB5ITe5I 'IIOHSITHb!Mll rrpH B3f'nHAe 

f'AB I!pllBBABHbl rpa!fJHKll' lPYHKUIIH Do f = 0 ; - 0 : 

yqaeTKH eeqeHHfi rrpu E < 1 sn eooTBeTeTBYIDT queToMy s 

Pe30HaHChi B eeqeHUSIX IIOHBn5IIDTeSI rrpu TBX 3HBpf'H5IX < 

I!pH KOTOpb!X B a~x (k) HaqnHaiDT AaBBTb BKnaA rrapUHanbH 

a· f ( k). e f f, 0 , rrpnqeM TB 113. HIIX, An5I KOTOpb!X pa3H< 

AaHHOH ·3Hepf'HI! eTonKHOBBHIISI E Ilp!IHHMBBT 3J{aqeHU5I D. e 
Op!I E > 100 sn TaKHX !fla3 eTaHOB!ITe5I MHoro, KapTuna YCI 

qeJI!IB a (k) BHOBb IInaBHO 3aB!Ie!IT OT k . ·ex 
e3. <PopMyna (3) An5r eeqeJIHH i:repe3ap5IL\KII a·ex(k) HM 

eMbien nHIIIh npH slieprnHx eTonKHOBBH!Iii E > 1 sn •. B !IHT 

. E -2 
3KerrepiiMBHTOB o6naCTI! 3HBpi'!Iit = 10 t-1 3B KapT!IHa 

5 



< 
I'AB IIOApOOOO OI'OBOpBHhl 

lrpa<jlnSI, 

!hill xapaKTep ;npOUBCCOB 

~pOBHBBb!M _ npnonn)!{eHHBM 

093 yqeTa CriHHOB MB30Ha 

o -o 
g u 

1 
=---+ 

Mil 
1 

2M 
p 

CTOnKHOBBHHSI, _ !Pa3hl 

r 
~)] X 

g,u 

:K (R)-K (oo)J 
g,u g,u 

(3) 

(4) 

,Jft \V (R) TepMbl CHCTBM 
u 

a 'raK)Ke cooTBeTCTBYJOIUHe 

'lHThiBaJOIUne _ aAna5a Tnqec

/6/ 
paooTax • 

onpaBOK npaKTnqecKn ae 
3 

B 3TOM cnyqae 2M "'10 , 

fi-
j 
l 

OAHaKO rrpn paCCeSIHllll Me30aTOMO.B 8TH llOITpaBKll aeo6XOAHMO yqnTh!BilTb, 

CpaBHHTenhHO · ae5onhiUaSI BapnaunSI BennqnHhi 2M AnSI paannqHhlX naoTo-

llOB BOAOpOAa 2M = 10 1-30) rrpnBoAHT K aaaqnTenbHhiM paannqnSIM B xo-

Ae rrpoueccoB. ( 1 a- 1 B). 

Ha puc. 1 rrpnBeAel!hi rpa<jlnKn ce•IeHnil a ( k) 

anx BHAHO, qTo rrpn aaeprnn cTonKHOBeHnil · E ~ 10-
2 

MSITCH 'K nocTo·siliaoMy rrpeAeny 

2 
a=rr (a -a) 

g u 

AnH peaKUHH ( 1), l13 

8B BCB ceqeHHH CTpe-

(5) . 

I'AB a g l:l au - AmiHhl paCCBSIHHSI COOTBBTCTBBHHO B qeTHOM ll aeqeTHOM 

KaHanax. Ceqeane peaKunn (15) _no cpaBHeHnJO c peaKUHSIMH (1a) n (lB) 

cnnhHO rroAaBneao, qTo oobHCHSIBTCH OAHHaKOBhiM aaaKOM Anna pacceSIHHSI 

bu AnSI aToro rrpouecca, B ocTanhHOM xapaKTep aaBHCIIMOCTH ce-

a (k) 
ex 

E OAHHaKOB AnSI BCBX peaK-OT 8HBPI'IIII CTOnKHOBBHIISI 

unil ( 1): nonorHil crraA ( nnn poeT) rrpii E < 1 aB, pe3K1Ie BcrrnecKII B o5,;. 
'! 

naCTII 1 ::m<E < 100. 8B a nnaBHhiH crraA rrpii E > 100 8B, 

3TH OCOOBHHOCTII CTaHOBHTCH 'JlOHHTHhiMli rrpn B3I'nSIAB Ha p!IC,2-4, o"' 

I'AB llp!IBBABHhl rpa<jl!IKH <jlyHKUIIH ~ = o f- 0 f e g u • n~norne 

yqacTKII. ceqeanil rrpii E < 1 8B cooTBBTCTBYJOT qiiCTOMY s -pacceSIHHJO, 

PeaoaaHChl B ceqeHIIHX rroHBnHJOTCSI rrpn Tex aaeprnSix cTonKHOBeHnH, 

llpii KOTOpb!X B a~x (k) HaqiiHBJOT ABBBTb BKnaA rrapU!IanbHhiB- ceqeHHSI 

. a f ( k). C f f= 0 , llp!IqeM TB li3 HliX, AnSI KOTOpb!X pa3UOCTh ~ f llpli 

ABHHOH 3HBpi'lll! CTOnKHOBBHI!SI E rrp!IHHMaeT aaaqeHHSI ~ r = + .(2n +1 ) . 

Dpn E > 100 3B TaKnx ¢aa cTaHOBHTCSI MHoro, KapTIIHa ycpeAIIHGTCSI, n ce-

qeaHe a ex (k) BHOBb ITnaBHO 3aBIICIIT OT k . 

3. <tJopMyna' (3)· An$! ceqeHUSI rrepe3apSIAKll aex(k) HMBBT peanbHh!H 

CMhiCn nHIUh rrpn aueprnSix cTonKuoBeunil E > 1 8B, B HHTepecnoil AnSI 
-2 . 

aKcrrepnMeHTOB o5nacTn aHeprnil E = 10 •1 3B KapTIIHa'ycno)KHHeTCSI aa 

5 



PHc.l. fpa¢nKH Ce'leHHH. a . (K) ]lnSI rrpoueccoB (1 a-1 B). 06naCTb s -
pacceSIHllSI llpOCT~p~eTCSI BllnOTb llO aHeprnii CTOnKHOBeHaHE < 1 :3Bj 
rrpu 1 < E < 100, aBi- o6nacTb pesoHaHcoB; 6opHoBcKoe rrpa6nnJKe
HHe 1:'0/lHTCSI nltlllb 'rrpli E > 106 :3B. 

,./ 

6 

I 
l· 

'I 
I' 

\I 
;· 
:. ,, 
!, 
!'' 

I 

l .. 

i. 
I 

' 

Pnc.2. fpa¢nKn pasHocTn ¢as paccesmnsr ~e=8eq -:8'(, !ln! 

. . e 
U3 KOTOpbiX cne!lyeT, 'ITO B. IIOTeHUUanaX V g (R). 
cymecTByeT 110 0/lHOMY Kone6aTenbHOMY COCTOSIHHID 
a. pesoHaHc B ce'leHnli a (K) rrpn E .. 50 aB o6srsaH 

, ex 
TopaSI rrpa a Toil aHeprHH rrpaHnMaeT 3Ha'leHHe rr I 

7 



. I 

la-la),· 06nacTb s -
'HH CTOnKHOBemtstE < 1 3Bj 
; 6opuoacKoe rrpn6iin)!(e-

(. 

l!Jt 
5~--------------------------~ 

pp.- f=O 
I, ·t=1 

3 
f=2 

f=3 

2 
f=l, ---------------
e=s 

1 

·rgE 
2 3 

Pnc,2. fpaqmKn paauocTn ljlaa pacceSIHIHI ~· =8e -8e nnSJ. rrp_ouecc.a (la),· . f q u 

. ! 
H3 KOTOpbiX cnenyeT, 'ITO B IlOTeHUHanax V g (R). IlpH f = 0 ; 1 
CyiUeCTByeT ITO OllHOMY KOne6aTenbHOMY COCTOSIHHIO CHCT9Mhl p i.(p 1 

a· peaouaHC B ce'leHHH a ex(K) rrpn K-·50 3B .o6SI3aH ljlaae ~. , KO-
TOpaSI rrpn aTofi aueprnn npHHHMaeT auaqeune rr I 2 . 

2 

7 



!' '1: ... 

r: 
I 
lr 

I~ 
I 

''· I .. 

·:~'f .,, 

-:. ,·, 

~ ; 

4e 
7 

dp-

_6 _ 
1
e=o 

31{/ ----7z- ---- ------

4 

2 

r~~-- ---- ---·- --·-

f=1: 

f=Z 

f=3 

f=J, 

e=s 

f=B 

f=7 

Q I I !............. -e"-&/<' I fgE 
3 -1 o: 1 2 

, E 
Pnc,3. fpa¢imn t>r ( K) nnH npouecca ( 16). B noTeHunane v ( R) npn E 

0; ·1 cymecTsyeT Ji!O;,r:tBa KoneoaTenhHbiX ypoBH.II cncofeMbi .d fl. -d , 
npn E = 2 - onnH ypoBeHh. PesoHaHc B ce'leHnn npn E"' · 50 ali 
oo.H3aH ¢ase t. 

3 
.• · 

1
' · 

.Y 

f· 

.I 

I 

'j' 

IJt 
8 

6 

4 

2 

-2 

t -J1 

~ ----------

~------------

-1 0 1 . '2 

Pnc.4. fpa¢nKH t>r (K) nnsr npouecca ( 1 B). Dpn r = 0; 1 ( 
CB.II38HHbiX KOneoaTenbHb!X COCTOSIHll.II CllCTeMbl t fl.~l 
= 2; 3 - no onHoMy ypoBHIO, PesoHaHC B ce'!eHifn ; 
Bbi3BaH ¢asoii, /'!.. , np~ E "' 50 8B - ¢asoii t. .· 

• 2 4 



----~ f=o 
~--,-f=1 

f=2 

f=3 

f=J, 

f=s 

t=6 
t=l 

e 
reHuuane V (R) npu e = 

q 
pOBHSI C!iCTeMbl d /L -d .. ,· 
c~tieHuu npu E., · 50 9B 

l 

t 
r 
I . 

\ 

:•' 

8 

f=O 

f=1 

e=2 
6 

e=3 

~ f=4 
---~-------

f=5 

f=6 

f=l 

2 
~------------

Puc.4. fpa¢HK!i L'1e (K) IWS! rrpouecca ( 1 B). Ilpu r = 0; 1 cymecTBYIOT no llB8 
CB5138HHblX KOneoarenbHbiX COCTOSIHHSI C!iCTeMbl t /L.,;...t . ; npu f = 
= 2; 3 - no· OllHOMY ypoBHIO, PesoHaHc B cetJemtu npu E = 4,5 • 9B 

Bbi3BaH ¢asofi, L'1 2 , npu E "' 50 aB - ¢aaofi L'1
4 

.. 

... 



I 

i' 

! ·. '}t~. 
' 
I 

•t. 

o, 
r 

7 

.tJr --61- dp-

5 ~~~---------------------
4 

3 PJ.r 

2 
-% -- ___ ;;.. ___ . ___ ;;.._ ____ ---------

1 

-3 -2 
~--~~_L--~~--L-~~--~~~~E 

3 2 -4 -1 0 1 

Pnc.5. fpaqmKu cpa3 o 0 (K) ; rrpn C = 0 J:WH rrpoueccoB ( 1 a-1 B). ITpn E · 
= 103 9B o6na6n; 6?pHOBCKOI'O pacceHHUH eme He JlOCTUI'aeTCH, 

~ 

>\. 

.Y 

'10 

!, 

I 
·/ 

\ 
' 
I 
'I 

i 
f 

If 
\f 

• 'J. 

,I 
,I 

l· -, 

) 

C'IeT B3alfMOJle$icTBII51 CIIHHOB Me30Ha If HJlep~ 0JlHaKo Jla:>K 

HOB rrono6Hoe HccnenoBaHHe rrpencTaBnHeT MeTOJllf'IeCKHfi u 

poiiiaH HnnJOCTpaUHH 06IUHX pe3ynbTaTOB TeOp!iH IIOTeHUHan: 

KpoMe Toro, OHo rro3BonHeT Bhi'!HcnHTb nnHHhr pacceHHHH 

TOphre Hcrron63yJOTCH 3aTeM nnH 6onee peanbHhiX pac'IeTOB 

Ha' pHc, 5 rrpHBeneHbi cpa3hi, pa_ c~eHHHH o 0 (k) -B qeTI 
q 

f = 0 , OTO IInaBHbie cpyHKUiflf, KOTOpbre IIp!i k-> 0 B COOTBE 

MOll fleBHHCOHa, CTpeMHTCH K rrpenenaM 0 ° ( 0 ) = TT II 
q 

no CBH3aHHhiX cocTOHHHfi B rroTeHuHane W ( R) , rrpH'IeM 
q 

If rl = 2 JlnH C!iCTeM d fL- d H tp-t • B M.bl p fL- p 
c ' 

0 (0) =0 If MOHOTOHHO yMeHbiiia!OTCH C pOCTOM k. 
He'IeTJ 

u . c 
I1crrO~b3YH paBeHCTBO Ll f ( 0) = o q ( 0) If TeopeMy fJ 

pHc. 2-4 net'Ko ycTaHOBHTb qrrcno ypoBHefi B CHCTeMax p fL 

t fL- t B COCTOHHIIHX C IIpOH3BOirbHblM op6HTanbHblM MOMeH~ 

- 3 • /1 I . 
'IaCTHOCTif 1 p!iC, pa3peiiiaeT Jli:!BHifU BOIIpOC .. 0 cymec~ 

I'O KOne6aTenbHOI'O ypOBHH B CHCTeMe 

. 4. Pe3ynhTaThi Bhi'IHCneHufi cpa3 

d fL- d 

oc 
~,u 

C MOMeHTOI 

II rrapuHanbHb 

IIOKa3h!Ba!OT, 'ITO o6naCTb 'IIfCTOI'O s -pacceHHHH nnH rrp· 

rrpoCTHpaeTCH BrrnoTb no 9Hepr1Ifi cTonKHOBeHHH · E "" 1 9B, 

a n 
q 

.(1a-16) 

b If b 
q u C II C COOTBeTCTBeHHO q u 

a 
u 

rrpiiBeneHHhie B Ta6nHue .1, Bhi'IHCneHbr no ¢opM) 

. 1 
k·ctgo=--+ 

a 
TTU k 2a k21 -- +-- n 
3 a 2 3a 

a. 
9M 
2 

2 
ak 
16 

KOTOp~H CIIpaBeJlnHBa )lnH IIOTeHIIHanOB C aCHMIITOTifKOll v j 
R ... "" • Bee 3Ha'IeHIIH rrpiiBeneHbi K' Me3oaTOMHhiM enHHHuarv 

11 



\ ,' 

Ieccc>B (1a-1B), ITpii E · 
1 eme He AOCTIIraeTCH, 

ll 

il· ~~· 
I,)' 

cqeT B3aiiMO]:(e~CTBIIH CITIIHOB Me30Ha II H]:(ep, 0]:(HaKO ]:(a~e 6e3 yqeTa CITII

HOB rrono6Hoe IICcnenoBaHIIe rrpencTaBnHeT MeTOAIIqecKIIH IIHTepec KaK xo

pornag IInmocTpaUIIH o6m1Ix pe3ynbTaTOB Teopiin rroTeHUIIanbHoro pacceHHIIH, 

KpoMe Toro, OHO rro3BOnHeT BbiqiicniiTb nniiHbi pacce51HIIH a g w au , Ko

TOphie IICITOnb3YIOTCH 3aTeM nnH 6onee peanbHhiX pacqeToB. 

Ha J:?~C. 5 IIpiiBe]:(eHbl cjla3bl, pacceHHIIH 8°g(k) B qeTHOM KaHane ITpii 

f =; 0 : 3TO rrn'aBHble cPYHKUIIII, KOTOpbie ITpii k-+ 0 B COOTBeTCTBIIII C Teope

MOll J1eBHHCOHa, CTpeMHTCH K rrpenenaM 0 O ( 0 ) = TT ll , rne ll -quc
g 

no cBsi3aHHhiX .cocTOHHuil B rroTeHuuane W ( R) 
g 

rrpuqeM n = 1 nnH cucTe-

M.hi P. /l- p 
e 

u n = 2 nnH cucTeM d /l- d u t /l- t • B neqeTHOM KaHane· cjla3hi 

0 (Q) =0 U MOHOTOHHO yMeHblliaiOTCH C pOCTOM 
u . e k . 

!1crronb3YH paBeHCTBO ~ f ( 0) = 0 g ( 0) . U TeopeMy JleBUHCOHa, U3 

puc. 2-4 net'Ko ycTaHOBUTb qucno ypoBHeil B cucTeMax p /l p d /l- d 

t /l- t B COCTOHHUHX C ITpOH3BOlibHbiM op6uTanbHbiM MOMeHTOM f , B 

/1/ 
qacTHOCTu, puc, 3 pa3pernaeT ]:(aBHUll BOITpOC 0 cyiUeCTBOBaHIIII BTOpO-

ro KOne6aTenbHOrO ypOBHH. B CUCTeMe d /l- d C ¥,OMeHTOM f = 1. 

4, Pe3ynbTaTbl BbJqucneHull cjla3 0 ~. u II rrapuiianb!IbiX ceqeHIIH oik) 
rroKa3hiBaiOT, qTo o6nacTb qucToro s -pacceHHilH nn51 rrpoueccoB ( 1) " •.. 

rrpocTnpaeTCH BrrnoTb no sHepriiil cTonKHOBeHuH · E"' 1 SB·: .llnnHh!. pacceHHI:IH 

ag u 

. (1a-16) 

b 
g 1:1 b 

u. 
C g 11 C u COOTBeTCTB9HHO ]:(nH peaKUUll au , 

171 
rrpiiBeAeHHbie B Ta6n1:1ue .1, Bbiql:lcneHbi no cjlopMyn~· 

k tgo 'l rra k + 
2a k 2 ln ak 

•C =--+ 
3a a 3 a 2 L6 

9M 
q 

2 

(6) 

KOTopaH crrpaBet:WuBa nnH rroTeHunanoB c aCIIMITTOTIIKOH V ( R) =- ~ 4 rrpii. 

R ... oo , Bee 3HaqeHIIH rrpi:IBeneHhi K' Me3oaTOMHhiM eAIIHI:IUaM (fi=e = M /l = 1 ) • · 

11 



•: 

i 

L:::. 
'l ,,:,~. 

l. . ... 

Ta6nuua 1 
~1. 

llpouecc PJL - + p dJL- + d tJL - +t \ . 
.UnuHhi pac- a a b bu c • c 
Ce.IIHUH 

q u g q u 

fepniTeiiH u . 
i 

·3enhnoBIPI 11 I -17,3 5,25 6,67 ·5,76 1; - -

when et al· 
!41 -11,0 5,0 - - - -

.Uauua.11 -13,3 3,7 5,4 3,1 -6,6 . 2,4 
pa6oTa 

.Un.11 rrpoBepKu Bhi'1UcneHnii nnnHhi pacc~.IIHU.II uaiiaeHhi 3aTeM uerroc

pencTBeHHO 113 ypaBHeHnii: 

d 
~ a(R) V(R)[R-a(R) 

(7) 

· a(O) = 0 a=a(oo). 

., ,~, ,~, u 17 I 
vTU ypaBHeHU.II cnenyiOT 113 MeTona 't'a30Bh!X <t>YHKI.(HH II rrpHBOLI.IIT K . . 
TeM )l{e pesynhTa~aM, 'IT?-:: u cflopMyna (6). 

CooTHOllleHIIe (6 )' c~paBennuBo niilllh rrpu rvianhiX k : rrpii E > 0,1 9B 
. . 

qucna qneHOB B cflopMyne (6) y)l{e uenocTaT0'1HO, '1T06hi o6ecrre'1HTh .rrocTo-

.IIHCTBO LlliiiHhl pacce.IIHU.II ·. a= COOSt • flpaKTII'1eCKH o6naCTb rrpuMeHHMOCTH 
I 

rroHHTIIH nniiHhi pacceHHIIH eme y)l{e, rrocKonhKY cflopMyna (5) cnenyeT H3 

qiopMyllhl (3) liHllib B rrpet:l:rronO)I{eHHII 0 ( k) =· a • k , 'ITO 9KBHBaneHTHO 

oT6pachiBaHHIO nocneau:u'x flBYX qneuoB B pa3no)l{eHun ( 6) •· B aTOM cnyq~~ 

~HTepBan auepruii, ~J KOTopoM ycnoaue .a=const BhmonHHeTCH c T0'1HOCThiD 

f = 10-2 , orpaHII'1eH y~noBIIeM E ~ 10-
2 

aB. B aToii o6nacTII auepruii 

12 

Bee pe3ynhTaThi, rrony'1eHHhie B npii6liii)I{eHII1i nniiHhi pacces 

crrpaBennnBhiMU (eM; p1Ic. 6 II 7). 

l13 Ta6nnUhi 1 cneayeT, 'ITO rrpe)I{HUe Bhi'1ncneHnH nnr 

a II b B '1eTHOM KaHane ):IOBOllbHO XOpOlliO COBrranaiOT q g . 

BpeMH K.aK Benn'1HHhi a· u II b u pa3nii'1aiOTCH B 1,5-2 pa3a 

o.6bHCH.IIIOTCH rrpu6nii)I{eHHhiM XapaKTepoM rrpe)I{HUX Bhi'1UCneJ 

TII, B HIIX He Y'11IThiBancH _Herny60KUH MIIHIIMYM TepMa \V u ( 

= 12 ,55, BliiiHHIIe KoToporo ua rrpouecc pacceSIHUH oKa3anoc 
151 . ~ 

• P1Ic.8 IInniOcTpupyeT a To Bnii.IIHne: rrpu ·· R 
0 

= 10,5 Hh!M 

an V ( R) 
u o6pamaeTCH B Hynh, amrHa pacceHHIIH a (R) 

xl 
CUMyMa , rrpii'1eM 

• u 

c u ( R 0 ) > b u ( R 
0 

) > au ( R 
0 

) • B rr1 

neHIIHX aTII 3Ha'1eHIIH rrpnHuManucb 3'a oKOH'1aTenhHhie. Onm 

nHTerpiipoBaHue ypaBHeHn.ll (7) c y'1eToM nanhuoneficTByiOm 

V ( R) =-~ u MUHIIMyMa rrpu · R ·= 12,55 cunhHO U3MeH! 
u R4 

HUH II llpUBO):IUT K o6paTHOMy HepaBeHCTBy: a > b >'c 
u u u 

To'1HOCTb MeTana qia30Bb!X cPYHKUUll orpaHU'1eHa nullih 

aenu'1nH W( R) u K ( R) , KOTOphie U3BeCTHhi c T0'1HOCTbiO 

~e. B 1T'a6nuue 1 rrimBeneHhi TonhKO nBe 3Ha'1amux uuqiphi 

CeHHH511 liOCKOnbKY T0'1HOCTb MeTona B03MyllieHHhiX CTaUUOH, 

HUH B LIByXypOBHeBOM rrpu6nU)I{eHHH OI'paHU'1eHa BeHII'1UHOH. 

=(M ;M )2=l0-2141 
Jl p • 

6. PeanhHhie aKcrrepuMeHThi, nnH auanu3a KOTopbiX o61 

lOT liOHHTUe nnHHhi pacCeHHHH1 BblliOnHeHhl rrpu aHepi'UHX CTc 

E = 1 aB. 3Ta aHepruH rrpeBhilliaeT He TonbKO ~epXHIOIO rp.e 

. MOCTII liOHHTHH nnUHhl pacceSIHHH, HO II BenH'1UHy CBepXTOHK 

HUH nnH Me3oaTOMOB BOLIOpO):Ia, KOTOpoe B03H.HKaeT rrpu B3a 
• ( u . • ) 131 

CliiiHO~ Me30Ha H llpOTOHa ):leUTepuH, TpHTUH ' 

xl . .· . 
3TOT qiaKT nei'KO ycTaHOBUTb HerrocpeACTBeHHO 113 ypaBHe 
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. \ 

IJ1':'" + d 

c c 
g u 

7 ·5,76 

3,1 -6,6 2,4 

IS! H8HA9Hbl 3aTeM H9IIOC-

2 

(7) 

171 
HKUHll H !IpHBOAHT K 

..1anhiX k : rrpH E > 0,1 9B 

~ ~T06hl o5ecrre~HTb IIOCTO

KH o5naCTb !IpHM9HHMOCTH 

ljJopMyna (5) cneAyeT H3 

k 1 ~TO 9KBHBaneHTHO 

<eHHH (6),"B 9TOM c.ny~ae 

BbiiiOnHH9TCSI C TO~HOCTbiO 

B 9TOii o6nacTH 9HeprHii 

·- ...... , 

BCe pe3ynhT8Tbl 1 IIony~eHHb!e B !IpH5nHIK9HHH AnHHbl paCC9SIHHSI1 OCT810TCSI 

crrpaBeAnHBblMH ( CM, pHC, 6 H 7), 

!13 Ta5nHUbl l cneAyeT, ~TO rrpeiKHHe Bbl~HCneHHSI AnHH paCCEiSIHHSI 

a H b B ~eTHOM KaHane AOBOnhHO XOpOlliO COBII8A810T C H8lliHMH 1 B TO 
g g 

a H b pa3nH~aiOTCSI B 1,5-2 pa3a, 3TH pa3nH~HSI 
u -

Bp9MSI ~aK B9nH~HHhl 
u 

o5'bSICHHIOTcsr' rrpH5nH)!<eHHbiM xapaKTepoM rrpeiKHHX Bbi~HcneHHii, B ~acTnoc

TH, B HHX ·He Y.~HTbmancSI Herny5oKHii MHHHMYM TepMa W ( R) rrpH R = 
u 

= 12 ,55, BnHSIHHe KO.Toporo na rrpouecc pacceHHHSI oKa3anocb 3Ha~HTenb-
/5/ R 

HbiM • P.Hc,8 HnnwcTpHpyeT 9TO BnHSIHHe: rrpH 0 = 10,5, rAe fiOTeHUH-

an V J R) o5paruaeTCSI B Hynh, An!IHa pacceSIHHH a (R) AOCTHraeT MaK-
• u 

x/ 
c _· ( R ) > b (R ) >a (R ) • B rrpeiKHHX Bbi~Hc-

u 0 u 0 u 0 
CHMyMa rrpHqeM 

neHHHX 9TH 3UaqeHHSI rrpHHHManHCh 38 OKOH~aTenhHbie, 0AHaKo AanbHeiiruee 

HHTerpHpOBaHHe ·ypaBHeHHH (7) C yqeTOM AanbHOA9HCTBYIOWeii aCH~ITTOTHKH 

V ( R) =-_a_ H MHHHMyMa rrpH · R ·= 12,55 CHnhHO H3MeHSieT 9TH 3naqe-
u R4 

HHSI H ITpHBOAHT K o5paTHOMY nepaBeHCTBy! au > b >'c 
u u 

To~HOCTh. MeToAa qia30BbiX ljJyHKUHii orpaHn~eHa nn':llh AOCToBepHOCTbiO· 

Benn~nH W( R) n K ( R) ~ KOTOphie H3BeCTHbi c Toq~ocTbiO £ = 10-8 
n Bbi-

llie. B T·a5nnue 1 rrpnBeAeHhi. TonhKO ABe 3Haqamnx uHljJpbr AnSI AnnH pac:.. · 

CeHHHSI1 IIOCKOnhKY TOqHOCTh MeTOAa B03MymeHHbiX CT8UHOH8pHbiX COCTOSI-

HHll B AByxypoBHeBOM rrpn5nnJKeHnn orpaHH~eHa. Benn~nnoii ( 2M ) '-
2 

,(M I M ) 2 ,lQ-2/41. 
Jl p 

6, PeanhHhre 9KcrrepnMeHTbi, AnSI aHann3a KOTOpbiX o5bi~Ho ncrronb3Y-

IOT ITOHHTHe AnHHbl pacceSIHHH, BbiliOnHeHbl rrpn 9HeprHSIX CTOnKHOBeHHll 

E "' 1 9B, 3Ta 9HeprnSI rrpeBhirnaeT He TonhKO !lepXHIOIO rpannuy rrpnMeHn-

. MOCTH ITOHSITHSI AnHHbl pacceHHHSI, HO ll Benn~HHY CBepXTOHKoro pacmerrne-

!IllS! AnSI Me30aTOMOB BOAOPOA8 1 KOTOpOe B03H.HKaeT rrpn B38HMOAeiiCTBHH 
. ' ffll 

CITHHOB Me30Ha H ITpOTOHa (AeiiTepHS11 TpllTHS!) 

x/ . ( ) 
3TOT ljJaKT nerKO ycTaHOBHTb HerrocpeACTBeHHO H3 ypaBH~HHSI 7 , 
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,d 

PHc.6. 

15 

-a9 

10 1-

flg 
-----

51- -c1 

>,, 

--~ _, 
. " 

\. 
'\ 

\ 

-- - . _ ... ...-...::::-------
"" ........ , 

' " " \. \. 
\ 

\ 

' 
o ~E 
-4 -3 -2 -1 0 

•.\ 

llnHHhi paccesm¥~; a g , b , c g B. noTeHUHaJie V g ( R) cooT~eT~T-
BeHHO Jlmi npouecCOB {la-1e). Bbi'lHCneHHbie H3 ypaBHeHHSI (7) .' 

, I --
(cnnOIIIH8SI KfHBaSI), a TaK:lKe no clJopMyne a=o /k (nyHKTHpHaSI KpH-
BaSI). BHJlHO, 'ITO HCnonbayeMoe o6bi'lHO noHSITHe JlnHHhi pacceSIHHSI 
npHMeHHMo nHIIIb JlO ::meprHii: E ::; to-2 as. -

·. 

14 

-s.-------...;__------:-

4 

3 

2 

1 

' 

au. --------~/ - / 

--
Cu 

. --------- '/ ./ 
/ -.......... __ ...... .,..., 

0~--~----~----~----
-4 -3 -2 . -1 

PH c. 7. llnHHhi pacceSIHHSI a , h , c B noTeHUH<:~ne Vu ! 
u u u 

COB {la-lB). CMbiCn o603Ha'leHHH TOT me, 'ITO H He 

,..;. 
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.. -- -----

·. 
oTeHuuane V

9
(R) cooTBeTCT-

HHbie U3 ypaBHeHUSI (7.) 
Jie a=8 (k- (nyHKTUpHaSI KpU
> nOHSITUe }lnUHbl pacceSIHUSI 

as. 

·- . ..: .. ~ ... 

s.-------____;._..:....__. _______ __, 

4-

. . / 
_;/1, 

__ ,7 --------- / / ~ au. - /-., --- / --------- ~ 
3-

-----
r Cu 2f-

1 r-

--
/ --- -

o L------J'------L'----~-'-----J eg£ 
-4 -3 -2 -1 0 

I o 

Puc. 7. nnuHbl pacceSIHUSI a • b u • c u B noTeHUU~:tne vu t ~r JlnSI· npouec-
COB (la-lB). CMb!C~ 0603H8'19HUi1 TOT me, 'ITO U Ha puc, 8, 
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i!· 

~I 
I 

Gr-----------------------------------------------------, 

a,.•3,7 

4.-3,1 

Cu =2,4 

o~-------------7-,o~-------------2~0~------------~J~o~------------~~~o~----------~soR 

P11c,8, fpaifJIIKII ifJyHKUIIll a ( ~ ) , !iailAeHHbie 113 ypaBH8HIIil (7), 113 KOTO-

pb!X cnenyeT HE)OqXOAIIMOCTb y'!eTa AallbHOAeilCTBYIOIUeil llCIIMliTOTIIKII 

" 

liOT8HUIIaiiOB y; (R) ~ - ~ . npn Bbi'!IICII81illll AIIIIH paCC8lUIIHI 
. u I R4 . 

a = a ( oo) ~ B rrpeJKrmx pac'!eTax rronaPanocb a = a ( 10), '!To l!BHo 

HenocTaToqJo - IICTIIHHoe 3Ha'!eHIIe ADCTIIPaeTcl! miWb rrpn R ~ 200, 

16 

6.E 

' . 

{ 

0,25 9B J::tnSI p fL-

0,046 sB nnSI d fl~ 

0,089 nnSI. t fL

Hampme .cBepXTOHKoro pacmerrneHnSI 11 E n3MeHSieT. xon rrpc 

HnSI ( 1). B qacTHOCTn, rrpa aToM no6aBnSieTCSI neyrrpyrnfi K< 

XO.UOB Me2K.UY KOMIIOHeHT8Mll CBepXTOHKOll CTpyKTypbl npn C1 

B pa6oTaX fepiiiTeii:Ha 
131 

rronyqeHhi cpopMynhi nnH s1 

pea nnnHhi pacceSIHnH a n 
g 

au. HarrpnMep, nnH rrpouecca 

E >11 E ceqenue rrepexona 113 cocTOHHIISI c rrapannenhHhiMn 

Ha 11 rrpoToHa ( F = l ) B cocTOHHne c aHTurr~pannenhHhiMII cr 

paBHO 

) 2 
ko 3 (a -a 

g u 
a· = 4 TT --

16 + k 2 (3 a + a ) 2 ' l ... 0 k 
0 u g 

k 
0 

= ( 2 M 11 E ) ~/z 

QqeBII.UHO, qTo clJOpMynhi TaKOI'O Tuiia MO:>KHO IIpi!MeHHTh n111 

Til snepruii:, rne eme coxpaHHeT CMhiCn IIOHHTue nnuHhi pac 

·TOro, rrpu ax BhiBone rrpenrronaraeTCH, qTo MaTpuua pacceSI 

COB (1) 38BliCIIT.TOnhKO OT .UBYX rrapaMeTpOB, Haiip~Mep, 

qTQ 9KBIIBaneHTHO, a 11 
g 

a 
u 

) , KOTOpb!e BbiquCnHIOTCH 

CIIMbiX ypaBHeHIIll (4) B qeTHOM II HeqeTHOM KaHanax, B 

Til, IIpll yqeTe CIIIIHOBOI'O B3811MO.UellCTBIIH ypaBHeHIISI ( 4) H 

He3aBnCIIMblMII~ II B MaTpuue pacceHHIIH He06XO.UI!MO rrom311T' 

MeTp_(rrapaMeTp CMellll!B8HIIH f ) , KOTOpblll MO:>KHO HafiTil 
/3/ . 

HYIO cucTeMy ypaBHenuii· cnenyromero Bnna (nnH orrpenE 

pan rrpouecc ( 1 a)): 

17 



-~-. 

·- . ..: ....... 

----------~~~o--.--------~50R 

ypaBHB!IJ:II'l (7 ), 1!3 KOTO;,;. 

/lBHCTBYJOIUBif llCI!MliTOTIIKII 

cneHI!II nn11H pacceHHIIH" 

)Cb a~ a (10), 'ITO HBHO 

·a eTCH muuh npu R, 200, 

{ 

0,25 SB An>! Pfl--

0,046 SB AnSI d fl--

01089 nnSI. t fl-

(8) 

Hann'me caepxToHKoro pacruenneHnSI D. E U3M9HSI9T XOA npoUeCCOB pacceSI-

HUSI (1). 8 'laCTHOCTU 1 npu STOM no6aanSieTCSI Heynpyi'UU KaHan AnSI nepe

XOAOB M9)KIJ.Y KOM!IOH9HTaMU CB9pXTOHKOH CTpyKTypb! npu CTOnKHOB9HUSIX, 

/3/ 8' pa6oTaX feplliT9HHa nonyqeHbl <jlopMynhi AnSI STUX CeqeHUH '19-

pes AnUHhi pacceSIHUSI a u a • HanpuMep, AnSI npouecca (la) npu 
,.:: " ·. . g u 

E >D. E ce'leHne nepexona us cocTOSIHUSI c napannenbHhiMU cnuHaMn Meso-

Ha u npoToHa ( F = l ) B cocTOSIHne c a!ITnnapannenbHhiMU cnuHaMn ( F = 0 ) 

paBHO 

k 3 (a -a )2 

=4rr--0 g u 
. a· 

I ... 0 k 16 + k 2(3 a + a 
0 u g (9) 

0'19BUAH0
1 

'ITO <jlopMynhi TaKOI'O TUlia MO)K!IO !IpUM9!ISITb nUlllb B TOll o6nac

TU sHepruil, rne erue coxpaHSieT CMhiCn noHSITne AnHHhi paccemmSI, KpoMe 

·Toro, npu ux BhiBone rrpenrronaraeTcn, 'ITO MaTpuua pacceSIHnSI Ann npouec-

. COB (1) 38BUCUT. TOnbKO OT ABYX rrapaMeTpOB 1 HaiipUM9p 1 0 g H--~0 u ( Unift 

.'ITO SKBUBaneHTH0 1 • 
) 

1 
KOTOpbl9 Bbl'lUCnmoTCSI U3 .UBYX H93aBU-a 

g " a 
u 

cuMhiX ypaaHeHnfi ( 4) B qeTHOM u He'leTHOM KaHanax, B AeilcTBnTenhHOC-

Tn, npu yqeTe CIIUHOBOI'O B3aUMOA9HCTBUSI ypaBH9HUSI ( 4) Henb3ll C'lUTaTb 

H938BUCUMblM~ U B MaTpUU9 paCC9llHUSI H906XOAUMO IIOSIBUTCSI Tp9TUH napa

M9Tp (rrapaMeTp CM9lliUB8HUSI f ) 1 KOTOpb!U MO)KHO H8UTU 1 pelllaSI CBSiaaH-:-

" 131 
(nn" 6 HyiO CUCT9MY ypaBH9liUI1· cnenyiOIU91'0 BUAB .n orrpeAeneHHOCTU Bbl -:. 

paH rrpouecc ( 1 a) ) : 

I ,.· .. 



'·' 

!Jr 

i 
I' 
I ,, 
H 
1: .• ,. ,, ' 

!I 

I 

l ,:,\ 
1::-'l.,, 
L.t 

!':' 
!.'\ 
ji 
··' ,, 
c•j 

: t 
I 

• 
1 d2 X 1 ' ' ..;3 

2M d R2 
+ [ E + LlE - -( 3 u + u ) ] X I+ - ( u - u ) X "'0 4 u g ' 0 '· 4 g u l 

( 10) 
1 d2 x 1 ..;3 • - ~+[E --· (3U +U )1 x +-(U -U) x := 0 

2M d R2 4 . g u 1 4 g u o ' 

rile <jlyHKUHH x 
0 

H X 
1 

COOTBeTCTBYIO! CHHrneTHoMy( F ;, 0) H TpHnneT:-

HoMy (f = 1) COCT05IHHSIM CIICTeMbl p f.L II BBelleHbl o603Hil'IeHH5I 

U =W (R)-W (oo) +l[K (R)-K (oo).] 
g, u g,u g,u 2~1 g,u , g,u 

Ll E ·- cBepxToHKoe pacmerrneHIIe ypoBHeii F = 0 II F = 1 a suepriisr 

CTOnKHOBeHIISI E npii TaKoi1 3aiiiiCII ypaBHeHH5I oTcqiiThiBaeTcsr· OT Bepxue

ro TpiinneTHoro ypoBHsr, 

B 3aKniOqeHIIe XOTIIM no6narollapiiTb B.B. Ea6HKOBa 3a MHoroqJicneu

Hhre KOHcynbTaUHH II C.C. fepruTeHHa 3a. ~6Cy)KileHIISI II 3aMeqaHHSl
1 

KOTOphre 
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.. y'3 . 
) 1 X + - 4-(U -U ) x =0 

0 g u · J 

y'3(U -U ) X 
4 g u 0 

( 10) 

0 
I 

H TpHnneT-

e.QeHbl 0603Ha'IeHHSI -....__ 

a SHepi"IISI 
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