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§ 1. BseneHHe 

nn~epeHUH8nbH09 ceqeHHe paCC9HHHH aneKTpOHOB H8 ggpax H9C9T 

B ceoe U9HHYID HH~OpM8UHID 0 CTpyKType ggpa, 00MHMO ITpHB9Jl9HHOA Be-

poHTHOCTH rrepeXOJl8 1 KOTOpyiD B pHJI9 cnyqaeB MO)I(HO BbiJienHTb H3 T8KHX 

ceqeHHH1 caMa ~opMa yrnosoro pacrrpeaeneHHH CBHaaHa c MynhTHrronbHOCTbiD 

rrepeXOJl8 H JlOBOnhHO qyBCTBHTenbH8 K BHJly T8K H83b!B89MOH p8JlH8nbHOH 

rrepexoJIHOH rrnoTHOCTH (p.rr.rr,) HJipa, 3aaaqa TeopeTnqecKoro orrncaHHH 

Heyrrpyroro p8CC9HHHH aneKTpOHOB C B030Y)I(Jl9HH9M KOnneKTHBHbiX ypOBH9H 

JlO CHX nop B OCHOBHOM 083HpyeTCH H8 M8KpOMOJienHX HJipa, 0pH aTOM OOblq­

HO p,rr,IT, ~aKTOpHayeTCH H3 llBYX qacTeH •·· CTpyKTypHOH H KHH9M8THqecicOH 

(cagaaaaoft c KoopnHHaTaMH paccensaeMoro aneKTpoaa). B peaynhTaTe H3 

ceqeHHH paCC9HHHH BbiJienHeTCH ITpHB9Jl9HH8H BepOHTHOCTb ITepeXOJl8 1 a OC­

T8Bill8HCH qacTb rrpeacTaBnHeT coooft KHHeMaTnqecKyiD qacTb ceqeHHH1 CBH-

38HHyiD C OTHOCHTenbHb!M JlBH)I(9HH9M aneKTpOH8 B none HJlp8 1 H ee JlOBOnb­

HO ITpOCTO paccqHT8Tb B p8MK8X oopHOBCKOPO ITpHOnH)I(9HHH, 0oCKOnbKY Oil-
) 

HaKo1 aTo rrpnonH)I(eHHe ae sceraa crrpasennnao, To rrpnxonHTCH rrpn6eraTb 

K TpynoeMKHM pacq~T8M C HCITOnb30B8HH9M qncneHHO H8HJl9HHhlX.BOnHOBhlX 

~YHKUHH JIBH)I(9HHH aneKTpOH8 1 qTo H CT8HOBHTCH rnaBHOH aanaqeft MHOPHX 
Ill 

pa6oT • 

3 



fopa3aO oonblliH8 TpyaHOCTH B03HHKSIDT rrpH paCCMOTpeHHH Heyrrpyroro 

pacceSIHHSI C HCITOnb30B8HHeM MHKpOMoaeneil: Siapa. B STOM cny'Iae 1 KSK 

npasHnO, He yaaeTCSI OTaenHTb CTpy~TypHyiD lJSCTb saaa'IH OT KHH8MSTH'I8C­

KOH H ITOSTOMY rrpHXOaHTCSI y)!(e C CaMoro HS'Iana HCITOnb30B8Tb rrpSIMbie 

lJHCneHHbie M8TOahio B CBSI3H C STHM OK83biBaeTCSI He cny'Iaii:HbiM1 tlTO ao 
/2/ 

cHx rrop HMeeTCSI nHllib oaHa pa6oTa 1 rae rroaooHyiD saaa'Iy yaanoch 

aosecTH ao KOHUBo fiCHO TSK)!(el 'ITO lJHCneHHbie TpyaHOCTH 1 KOTOpb!e ITpH­

xoaHTCSI rrpH STOM rrpeoaoneBaTb 1 He IT03BOnSIIDT C'IHTSTb TSKOA rroaxoa 

KOHCTpyKTHBHbiM H yaooHbiM ITpH arrpo6HpOB8HHH B HeyrrpyroM paCCeSIHHH 

TOH HnH HHOH MHKpOMoaenH Siapa 1 KOTOpb!e B HSCTOSIIIlee BpeMSI lliHpOKO 

HCITOnb3YIDTCSI B SiaepHOH ~H3HKe. 

Uenb HaCTOSIIIleii: paooTbJ cocToHT s paspa6oTKe yaooHoro aHanHTH'IecKo­

ro MeToaa pac'IeTa ceqeHHA Heyrrpyroro pacceSIHHSI, rrpH aToM MO)!(HO 

HCITOnb30B8Tb KBK MaKp0-1 TSK H MHKpoMoaenH Siapa. B OCHOBe MeToaa 

ne)!(HT Bb!COKOSHe preTHlJeCKOe rrpH6nH)!(eHHe H rroniDCHOA MeToa BbllJHCneHHSI 

aMnm:rTyahi Heynpyroro pacceSIHHSI. MeToa rrpHroaeH anSI niDooro BHna 

Pofloflo Siapa
1 

KOTOpaSI rrpeneapHTenbHO OTbiCKHBaeTCSI B paMKSX TOil: HnH 

HHOH MonenHo 

§2. BbiDa)!(eHHe nnR celJeHHSI 

3arrHrueM ce'IeHHe Heyrrpyroro pacceRHHSI aneKTpOHOB B paMKax MeTo­

aa HCKS)!(eHHhiX BOnH ( h = C = 1 ) : 

da 
--=a 
dO 1 ... 

f(fJ)=~ 
(2rr ) 2 

1 1 
2 2] + 1 

1 

I I iT (e) 1
2 

1-+ f 

(1) 

a a M M 
1 f 1 f 

4 

~~ #-_~-::..~ 

3necb 

J M ... 1-l+( ... ) V(... 1+1 ( ... ) J M T =< IJdr'l' r r,()'l' r I > 
1-+f f f f 1 1 1 

( 2) 

MaTpH'IHbiA aneMeHT nepexona H3 Ha'lanbHoro ( i) B KOHe'IHOe (f) COCTOSI-

HHe. BonHoBaR ~yHKUHSI RnepHoro cocTOSIHHSI IJM > 1 saBHCSIIIlSSI OT cooT-

seTCTBYIDIIlHX KOOpllHHST BHyTpeHHero . llBH)!(eHHSI e 1 orrpenenSieTCSI 

B paMKSX TOil: HnH HHOA MonenH Slllpa. KynoHOBCKOe B38HMoneil:cTBHe aneKT­

poHa C SlllpOM 38fiHCbiBaeTCSI B BHne 

V(f", e)=- e f 
p(;, eld~ ( 3) 

I r- x 
( rrorrepe'IHOA 'ISCTbiD B38HMOneii:CTBHSI nnSI cpenHHX H TSJ)!(enbiX Slll9p MO)!(HO 

/3/ 
npeHe6peraTb ). 

Uanee 1 rrpeHe6peraSI fiOTepeA SHeprHH aneKTpOHa 1\E « E 
... ... 

( To ecTb I k 11 = I k 1 I 
/4/ 

) 1 B BbiCOKOaHepreTH'IeCKOM rrpH6nH)!(eHHH ( E« V) 

MO)!(HO 3arrHC8Tb : 

...... ... 
1-l+ 1+1 ... + lqr+l«<llrl 

'I' 1 'I' 
1 

= §( r , u u ) e 
f I 

(4) 

rne · U H U - CfiHHOpb1 1 COOTB9TCTBYIDIIlH9 HMrrynbCSM 
_,. _,. 1 ..... f 

q = k 1 - k f - rrepenaHHhiA HMrrynbC 1 a ~YHKUHH § H 

k 1 H k f ' 

ell y'IHThiBSIDT 

HCK8)!(9HH9 BOnHOBhiX ~YHKUHA aneKTpOHa B KynOHOBCKOM none Slapa H BbiiTH­

/5/ 
CSHbl B SIBHOM BHll9 B pa6oTe 

T 
.......... 

errepb
1
rrpOH3BOllSI 3aMeHy rrepeMeHHbiX U = f -X H HCITOnb3YSI pa3-

/5/ 
nO)!(eHHSI 
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_, ... --~~- ·-···--·~-- -·~·-· .. -· -··--

~ ~ + ~ + 
§(u+x,u u )=§(x,u u )+···· 

f I f I 

( 5) 

... 
<~~ (~) + v <~~ G + ii) I 

u u = 0 

... 
u + ... ' <~~(u+x) 

nony'laeM 

§(i, u ~u 1 ) 
2 ... T =-4rrefdx 

l;!i'+l<ll( ;, 
e <]1 M 1Ip(X'~)IJ 1 M 1 >. (6) 

1 .. f q acP(x) 

rAe o6oaHa'leHo 

~ ~ ~ ..... 
q acP (x) = q + V u <II ( ii + ~ ) I u = a 

( 7) 

DpeAcTaBnSISI aAeCh p (;:, ~ ) B BHAe paano)KeHHSI 

p (i, ~) = .I 
... 

P M (x, 0 Y* (x) 
L LM 

( 8) 

LM 

H Hcnonh3YSI TeopeMy BHrHepa-3KK8pTa L - uenoe) 

< J f Mf I p L M I J 1 M 1 > =< J 1 L M 1 M I J f M f ) < J f II p L II J 1 :;:. • 

(9) 

nony'laeM 

<]
1
M

1
\p(i",O\J

1
M?= I pL(x)Y~M(;)(J 1LM 1 MI],M1 ), (to) 

LM 

6 

rAe 

P (x) = < J II P (x, (;)II J >, 
L f L 1 

(11) 

HaaoBeM paAH8nhHoti nepexoAHOti nnoTHOCTbiD (p.n.n.) SIApa. DoACT8BnSISI 

( 6) H ( 10) B ljJopMyny AnSI Ce'leHHSI ( 1) H Y'IHTbiB8Sit 'ITO B BbiCOKOSHep­

reTH'IeCKOM npH6nH)KeHHH 

(<)(... + (<l ... + tJ x,u u )=tJ(x)u
1
u, 

f 1 1 

lOny'IHM OKOH'I8TenbHOe Bb!p8)KeHHe AnSI Ce'leHHSI 

a (O)= ( 2eE ) Cos2 ..!!_ 
1-> f q 2 2 

2]1+1 ( 12) 
I 1 II ( z 

2]1+ 1 LM 2L+l LM (J) I • 

rAe 

I LM ( 0 ) = q 2 f.d ~ 
(<)( ... ) ....... "' ... tjX 1qx+l'~'(x) 

___ ;___e P (x) y (~) . L LM 
( 13) 

2 ... 
q sljJ( x) 

TaKHM o6paaoM, aaAa'la Bbi'IHcneHHSI ce'leHHSI pacceaHHSI paanenSieTCSI 

Ha llBe He38CHCHMbJe '18CTH: paC'IeT B paMK8X Bb!6paHHOti MoAenH Slllp8 

p.n.n. no ljJopMyne ( 11) H Bbi'IHcneHHe HHTerpanoB no ljJopMyne ( 13). 

CnenyeT oTMeTHTh, 'ITO nony'leHHwti anecb peaynbTaT (12) coBnaaaeT 
161 

no ljJopMe c BbJpa)KeHHeM nnSI ce'leHHSI B paMKax anHa6aTH'IeCKoro npH-

6nH)KeHHSI C HCnOnb30B8HHeM MonenH rHllPOJlHH8~H'IeCKHX Kone6aHHH Slllpa. 

3TH peaynbT8Tbl 6yayT BOnpOH3BelleHbl HH)Ke ( §4) K8K '18CTHbiH cny'lafi. 
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, __ , _______ _ 
-------·-·---·--· 

113. Bb!,HcneHHe HHTerpanoB 

161 
AHanorH,Hbl9 HHTerp8Dbl 8H8DH3HpOB8DHCb paaee /lDSI KOHKpeTHOrO 

cny,aH rH/lpO/lHH8MH,9CKOi!: MO/l9nH KOne68HHi!:1 KOr/l8 rrepeXO/lH8SI rrnoT-

HOCTb KUK <j>yHKUHSI OT X COBfi8/l8D8 C npOH3BO/lHOi!: OT <j>epMH-nnOTHOCTH 
-I 

Hapa. Eb!no noKasaao, ,To c To,aocTbiO ao ,neaoa = ( q R) << 1 ocaoauoi!: 

aKnaa a ce,euue aaiOT cnaraeMbie c M = 0 , a ucnonb30B8HHe BbiCOKOSHep­

reTHqecKoro npH6nH*9HHSI H fiODIOCHOrO M9TO/l8 fi03BODHDO H8i!:TH COOT­

aeTCTBYIOIIlHA HHTerpan ( 13) B SIBHOM BH/l9o 

Tenepb aawa saaaqa -. Bbi,HCDHTb HHTerpan ( 13) B o6meM BH/le 

anH npOH3BOnbHOrO BH/l8 Pofioiio p L (x), 06p8THM BHHM8HHe· H8 xapaK­

TepHYIO qepTy a noaeaeHHH p.n.n. npH oauo<!>oHOHHbiX nepexoaax - ace oHH 

HM9IOT MaKcHMYM a pai!:oue rpaHHUbi H/lpa ( x = R) ,aKcnoaeuuuanbHO cnaaaiOT 

ao aaewuei!: o6nacTH ( x > R), , a BHYTPH H/lpa ( x < R) MoryT HMeTb pHil 

OCUHnnSIUHAo llDSI T8KOro BH/l8 <j>yHKUHA MO*HO npHM•eHSITb . p83p860T8HHbli!: 

171 paaee (anSI ynpyroro pacceSIHHSI) MeToll, cyTb KoToporo cocTOHT 

B npe/lCTaaneHHH <j>epMH-fi0/l06HOi!: <j>yHKUHH B BH/l9 pS1/l8 npOH3BO/lHb!X OT 

<j>epMu-nnoTHOCTHo HMeHHO - B /l8HHOM cnyqae 

P L (x) 

(m) m 
¢ (z)= d 

dzm 

N 

I. L (m) ( R ) a ¢ x; , b , 
m 

m= 0 

m 1 ) 
d --(0()---- E 

¢ z - dzm 1 + e 
, (z= x-R 

b 

( 14) 

) . (15) 

3aecb Kos<!><!>uuueHTbi pasno*eHHSI 
L 

am H ,ucno qneaoa psraa N npome 

BCero OTbiCKHBaTb fiO/lrOHKOi!: MeTO/lOM HaHM9HbWHX KBaapaTOB pS1/l8 ( 14) 

8 

K saaaHHOi!: <j>yHKUHH p.L(x). TaKHM o6pa30M1 pa3n0*9HH9 ( 15) CTaHOBHTCSI 

anonae onpeaeneHHb!Mo noacTaBnSISI ero a (13) c saMeuoA TaM sHaKos 

HHTerpHpoBaHHSI H /lH<j><j>epeHUHpOBaHHSI,H HCITOnb3YSI noniOCHbli!: M9TO/l pac-
17/ 

q~Ta nonyqaeMbiX HHTerpanoa , aaxoauM: 

N 

I (O>= I. 
L (m) 

a F (0), 
m L 0 

(16) 
L 0 

m=O 

rae 

( m) 2 2 m -I 
F ( 0) = 4 IT q b ( -i) I. 

G ( E Lo x 0 ,E) 

L 0 E=+ 1 
2 E 

qs<l>(x
0 

,E) 

m-1 
E E)) , 

( b q s<jJ (xo' (17) 

• [ m + q a4> ( x ~' ·< )(iR-E • b clb • q b ) I "'!> i [ E q R + <> (x :. E) I 
2sh qiTb 

3aecb x! = R + i E IT b 
1 

<j>yHKUHH <l>(x) H q 9<1>(x), GLo (x) usaecTHbi a SIB­
/6/ 

HOM au.de H rrpuaeaeHbi a pa6oTe • B cny,ae L.= 0 sToT pesynbTaT 
171 

coanaaaeT c nonyqeHHbiM pauee Bbipa*eHHeM ansr ynpyrorp pacceSIHHSI 

npH rrpousaon&HOM p.n.s. p ( x). He npeacTaBnSieT Tpyaa o6o611lHTb 
0 

9TOT pesyn&TaT Ha cnyqai!: M f, 0 , qTo, oaHaKo, npHBOJlHT. K ManoA ao-

6aaKe = ( q R) -
2 

• 

HTaK, Terrepb saaa,a Bbi,HcneHHSI ceqeHHSI Heynpyroro pacceSIHHSI 

CBOJlH.TCSI K TOMY
1 

qT06bi rrony,eHHYIO B paMKaX KaKoii-nH60 MO/l9~H SIJlpa 

Pofiofio ( 11) pa3nO*HTb B pSIIl ( 14) H BOCfiOnb30B8TbCSI Hai!:aeHHbiMH Kos<jJ<j>H-

L 
UH9HT8MH a 

m 
anSI Bbi'IHCneHHSI HHTerpana ( 16), onpeaenSIIOIIlero ce,eHHe 

Heynpyroro pacceSIHHSI (12). 

9 



-----

§40 nepeXOQHAH nnOTHOCTb B MAKpOMOQeDH 

Q6bi'IHO B STOM cnyqae p.n.n. OTbiCKHBAeTCH H8 6aae ljlepMH-DDOT­

HOCTH HllPA pF(x; R,b ), rJie napaMeTp paJIHyca R paccMaTpHBaeTcH KAK 

ljlyHKUHH JlHHAMH'IeCKHX nepeMeHHbiX a A fl , xapaKTepHayromHx Kone6a-

HHH noBepXHOCTH HJlpA B03ne paBHOBeCHOft cljlepH'IeCKOft ljlopMblo 11MeHHO: 

x-R0 -L\R(O) -• 
-----1' 

b 
(~) p <X"; a , b > = p u + eq> 

F 0 0 

rile 

(-1t 
[a, Y, (0)- a, a, 1. 

Afl Afl 4u Afl A-fl 
L\R(O>=R I 

0 >.p. 

a 0 - yrnOBble KOOpJlHHATbl llBH:IKymerOCSI sneKTpoHa. Paanarag Tenepb 

p F' no ManocTH L\R I J( 
0 

H orpaHH'IHBAHCb nepBbiMH HeHct~eaaromHMH 

cmaraeMbiMH B Ka)I(JlOM nepexoJie, nonyqaeM JlDH paJIHSnbHoft nnoTHOCTH 

nepeXOJlA p ( n, ( X ) H3 OCHOBHOI"O COCTOSIHHSI H)lpa I 0 > B B036y:IKJleHHOe 
L 

I n , J M > ( n - qucno ljloHoHos) cneJiyromHe. Bbipa:IKeHHH: 

t) JlDH OCHOBHOI"O COCTOSIHHSI ( 0 = ·o 1 ynpyroe pacceHHHe) 

p (0) ( X ) = p ( 0 t ( X ) 
L F 

<011BL
0
110>, 

2) JlDH OllHoljloHOHHoro nepexoJia ( n = 1 , 'L = 2, 3 ) . 

(11 ,, 1 
P L < x ) = < J ; 1 11 m L 11 o > --0- 1 /F

1 1 < x), 
JL 

3) JlDSI JIByxljloHOHHoro nepexoJia (n = 2, L = 2, 4, ... ) 

p ~2 • (X ) = < J ; 2 II i L II 0 > ; ( 2 ) p ( ~) (X ) ' 

L 

10 

( 21) 

( 22) 

( 23) 

i 

4) JlDSI MOHODODbHbiX nepeXOJlOB ( D • 2, L,. 0 ) 

p
121

(x)=<0;211,fj 110>__!_
121

[p 01 (x)-Rp 121 (x)], 
0 0 J F F 

0 

( 24) 

rJie 

( n I J = J (n) ( ) L + 2 L~ 0 PF X X dx; 
( 21 

J 0 =R
3

J[pl~l (x)-Rp~ 1 (x)]xdx 

H 

p<n>(x) 
F 

an 
a(L\R)n pF(x;Ro,b)l L\a.o ' (25) 

" 
a m L - onepaTop 9D9KTpH'19CKOI"O H MOHODODbHOI"O (L=0) nepeXOJlOBo 

11cnonb3YH onpeJieneHHe npHBeJieHHoft sepoHTHOCTH nepexoJia 

(n) . " 2 
B ( EL ; J ... 0 ) = I < J ; n II "' L II 0 > I , ( 26) 

nonyqaeM, TAKHM o6pa3oM, cneJiyromee Bbipa:IKeHHe llDH ce'leHHSI paoceHHHH: 

d ( n) d 
(_a_· ) = (_a_) 

dO 1-> f dO M 

2j 1 +1 I _1 B(nl(EL;J ... J )-·-1-ll(n '(8)IC 27) 
2 J t +l LM e 2 t 1 2L + L LM • 

3Jiecb 

N (n) 1 
I (8)=-- I 

LM J(nl m=O 
L 

(n) F(m) 
am LM(8), 

( 28) 

11 



(n) 1 
r.ae B cnyqae O.llHO«jlOHOHHbiX H .llByX«jlOHOHHbiX nepeXO.llOB am = -· -n- 8 m n 

(0) 1 1 h 
H .anSI MOHOnOnbHhl.X -am =(b8lm -R""'bT 8 2m]. AaanorH'lHbiA peaynbT8T 

/6/ 
6bin nony'leH B pa6oTe , r.ae aMnnHTy.aa aeynpyroro pacceSIHHH cTpoHnac& 

aa 6aae ynpyroro c Hcnon&aoeaaHeM a.aHa6aTH'lecKoro npH6nH*eHHsr: 

aeynp •. 

f I -+ f ( 8) = < J t M 1 I f ynp.( 8, ')I J 1 M1>. 

Cne.ayeT aaMeTHTb, 'ITO TaKoA Tpa.aHUHOHHbrA no.axo.a K aeynpyroMy pacce­

HHHJO, 6a3HPYJOW:HACSI H8 I"H.llPO.llHHaMH'l9CKOM OnHcaHHH KOne6aHHA Sl.llpa, 

seCbM8 y.ao6ea .ansr 06pa60TKH 9KCIT9pHM9HTanbHbiX .aaHHbiX0 TaK KaK llpH 

9TOM aaanH3HpyeTCSI nHIIIb KHH9MaTH'l9CK8SI 'laCTb C9'19HHSI 0 onHCbiBaJOW:asr 

yrnosoe pacnpe.aeneaHe, a cpaeaeaHe a6.conJOTHbiX senH'lHH ceqeaHll: .aaeT 

llpHBe.aeHHYJO sepOSITHOCTb aneKTpH'19CKOI"O nepexo.aa Myn&THnonbHOCTH L. 
B aToM CMbicne noneaao c.aenaTb aeKoTopoe o6o6w:eaHe TaKoro no.a­

xo.aa, r.ae Y';IHThiBanHCb 6br (no. Kpall:aell: Mepe «jlopMan&Ho) aeKOTOpbre xapaK­

TepHbie qepTbi B CTpyKType p,n,a,, KOTOpb19 BbiSIBHnHCb B nocne.aHHe I"O.llbl, 

11eno B ToM, 'ITO ae.aasaHe aKcnepHMeHThr no ynpyroMy pacceHHHJO aneKTpo-

40 Ca 48 Ca /8/ 
aos aa H npH aaeprHH 750 Mas ('ITO npHMepao e 

.llB8-TpH paaa npeBbiiiiaeT 'o6bi'IHbl9' B TaKHX OnbiT8X 9HeprHH) BbiSIBHnH 

.. TOHKyJO"' 0 o6on0'19'lHYJO CTpyKTypy p,n,a, B U9HTp8nbHOti: o6naCTH sr.apa, 

r.ae 6binH o6Hapy*9Hbi OTKnDH9HHSI OCUHnnHpyJOW:9I"O. XapaKTepa OT «jlepMH­

ITnOTHOCTHo C .apyroA CTOpOHb1 0 paC'I~Tbl p,rr,a. H p,n,n, Ha 6aae MHKpOMO.lle­

neli: SI.apa scer.aa .aaJOT no.ao6Horo po.aa pa.aHanbHbie eapHaUHH, npH'leM HX 

nose.aeHHe B OCHOBHOM COOTB9TCTByeT paCCMOTpeHHOMy Bhllll9 0 a HM9HHO: 

rrepexo.aHaSI rrnoTHOCTb O.llHO«jlOHOHHOI"O nepexo.aa 6nH3Ka K rrpOH3BO.llHOll: OT 

rrnoTHOCTH aapSI.aa. Bee 9TO noasonsreT nocTpOHTb e.aHaoe «jleaoMeHonorH'Iec­

Koe orrHcaaHe ynpyroro H aeynpyroro paccesraHsr aneKTpoaoB aa 6aae o.aaoro 

H TOI"O *e p,n,a, IlpOH3BOnbHOrO BH.aa: 

N 
(m) 

a ¢ (x;R,b) 
m 

P (x) I. ( 29) 
m=O 

12 

B aTOM cnyqae «jlyHKUHSIM p (n 
1
( x) (n=1,2) H3 «jlopMyn ( 21) -( 28) 

npH.aaeTcsr 6onee o6IIIHll: CMhrcn T9119pb OHH ecTb npOH3BO.llHb19 OT 

p,n,a, ( 29) H Bbipa*aiOTCSI qepea Te *9 C8Mb19 K09«jl«jlHUH9HTbl 

Pin l (x) = ·---~ __ 
(-b)" 

N 

I. 
m=O 

(m+n) 

a¢ (x;R,b). 
m 

am 

(30) 

XoTsr no.ao6aoe o6o6w:eaHe aecKonbKO «jlopManbHo, oao cnpase.anHeo B Toll: 

*e Mepe (TO eCTb B TOft *e Mepe HapyiiiaeT llpHHUHnhl I"H.llpO.llHHaMH'l9CKOll: 

MO.ll9nH SI.llpa) 0 'ITO H H3n0*9HHaH Bbiiiie Tp8.llHUHOHH8SI CXeMa, C .apyrolt 

CTOpOHbl 0 9TO o6o6W:eHHe MO*eT 6b!Tb rrone3Hb!M llpH "'rrpHMOM' 8HS.nH3e 

/9/ 
9KCIIepHM9HT8nbHblX .llaHHbiX C uenbJO H3Bne'I9HHSI HH«jlOpMaUHH 0 p,n,a, , 

TaKOlt aaanH3 Tenepb MO*HO IlpOBO.llHTb COBM9CTHO .ansr yrrpyroro H He­

ynpyi"OI"O paCC9SIHHSI 0 HCITOnb3YSI Bbip8*9HHe .llnH p.rr,a, ( 29) H p,n,n, ( 30) 

C O.llHHMH H TeMH *e KOa«jl«jlHUH9HT8MH a m , KOTOpb19 OTbiCKHBaJOTCSI KaK 

B8pbHpyeMbl9 napaMeTpbl npH cpaBH9HHH TeOpHH H 9KCIIepHM9HT8 no 

x 2 
- MeTo.ay. TaKoti: coeMeCTHbiti: aaanHa MO*eT cyaHTb aeorrpe.aeneH­

HOCTb B xo.ae p.rr.a, so BHyTpHSI.aepaoti: o6nacTH 0 KOTopaSI rrony'lanacb H3 

aaanHaa .aaHHbiX TOnbKO yrrpyroro pacceSIHHSI rrpH o6bi'IHbiX a!leprHsrx aneKT­
/9/ 

poaoe E = 250 Mas • 

§5, nep9XOUH8SI nnOTHOCTb B MHKpOMOgenH 

B paMKax MHKpoMo.aenH . .llHHaMH'IeCKHMH rrepeMeHHbiMH ~ 

B8JOW:HMH COCTOSIHHSI c«jlepH'l9CKOI"O SI.llpa, HBnSIJOTCSI orrepaTOpbl 

a v r pO*.ll9HHSI H YHH'IT0*9HHSI '18CTHUbl B COCTOSIHHH V= 0 

0 OIIHCbl­
+ 

aVT 

e. • J 

m , c npoeKUHeli: HaocnHHa r • B TepMHHax 9THX orrepaTopos p.n,3. 

HM99T BH.ll 

13 



A 

p(;_;) 
. n 

... ... + 
l < v r I p (x-r) lv2 

1 
2 >a 11 r av r .(31) 

I I 1 I 2 2 lllli2TIT2 

p(~.O= l 
n=l 

BonHOBbte !jlyHKUHH 6aaHca lv r > orrpenensnoTcH KaK 

I R () r·fl ·l· vr>= - r X 1 · f-Jm>, 
II 2 

l l ") m -p lf-jm>= l ( f-p, m-pljm)Ye!l(r x~ . 
2 ll 2 

(ii=n,·f,j) 

nnH T0"19"1HbiX 38pS!llOB HM99M 

( ... ... (... ... 
p x-r)= e 8 x-r)=e r r 

8 (x- r) 
2 

X 

l " " YLM (r) y ~M ( x) ' LM 

H TOf'll8 

... ( " 
p ( X ' { ) = ~M p LM( X ' 0 y ~M. X ) ' 

rne 

PLM(x,g)=-~ 
II II T 

I 2 

L t 
A_ - (x ) [ a a ] 

v1 v
2

r v
1
r. v

2
r LM 

( 32) 

( 33) 

(34) 

L e -e -1 1 2j +l 1 1 A-- (x)= e R- (x)R ... (x)i 1 2 (-1) 1 ..j 2 (j j ---I L0),(35) 
lllli2T T Ill v2 4rr I 2 2 2 

14 

[a+ a ] = 
II T II T LM 

1 2 
l ( . L Ml' ) + l 2 mll J 1m 1 av r a v r 

1 2 (86) m m 
I 2 

TaxHM o6paaoM1 p.n.rr. ( 1J) Bblp83HTCSI B 06uteM BHll9: 

p (x)=<J II P (x,g>IIJ >= l 
L f L 1 --

A~- (x)<J IJ[a+ a lLJIJ~ 
11111 f 1111/T 1 

11 II T 
I 2 1 2 1 2 ( 87) 

rne I J 1, ,> - sonHOBble <JlyHKUHH ocHoBHoro ( i ) H soa6ylK.lleHHoro (f) coc­

TostHHA S1llp8 - Oilpelle nstiOTCSJ B p8MK8X K8KOA-IUI60 KOHJtpeTHOA MHKpOMOll9-

nH. 

Bblpa:>KeHHe ( 87) nnst TO'Ie'IHbiX "!aCTHU MO:>KHO o6o6utHTh Ha cny'laA, 

xorna HyKnOHbl HMeiOT paaMaaaHHbtA aapHll c nnoTHOCThiO p P ( x) • Torna 

p.rr.n. P L(x) onpenenHeTCst cnenyiOutHM o6paaoM: 

;L (x > Y~M (x) = J PL (r )Y~M(;)pp (lx-rl > d r. (88) 

npennO:>K9HHbiA BbJU19 M9TOll p8C'I~Ta Heynpyroro p8CC9S1HJ:SJ HHT9p9CHO 

IIpOB9pHTb . Cp8BH9HH9M C COOTB9TCTBYIOU1HMH TO'IHblMH p8C'I~T8MH1 B351B 

38 OCHOBY OliHY H Ty :>Ke MHKpoMOll9nh S1llpa. TaKoro pona TO"!Hbl9 pac'IATbl 

IV . 
6binH BblnonHeHbl B pa6oTe , rne paccMaTpHBanoc& Heyrrpyroe pacce-

HHHe M9KTpOHOB H8 KpyrnbiX S1llp8X1 IIpH'I9M BOnHOBbl9 <flyHKUHH OTHOCH­

T9nhHOf'O liBH:>K9HHS1 3119KTpOH8 HSXOliHnHCb 'IHCneHHbiM peut9HH9M ypaBHe­

HHSI nHpaKa 1 8 HH3KOn9:>K8UlH9 B036y:>Kli9HHb19 COCTOSJHHSJ p8CCM8TpHB8nHCb 

K8K <JloHOHHb19 H8 6aae MHKpOMOll9nH S1llp8 C Y'I~TOM OCTSTO'IHbiX II8pHblX 

H KB8llpynonhHbiX ~8HM0li9ACTBHA HyKnOHOB. nono6Hbl9 MOllenH '18CTO 

/2/ 
HCIIOnb3yiOTCS1 B IIOCn9liHH9 f'Ollbl 1 OliH8KO B li8HHOA pa6oTe BB9li9Hbl 
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II3M9H9HII51 1 KOTOpbie He06XO.lliiMhl Ilpii paeeMOTpeHIIII BOIIpOeOB paeee51HII51 0 

J1MeHHO: B Ka'l:eeTBe O.llHO'l:8eTII'l:HOI"O 6831Iea ( 32) Bb!6Hp8ll1Ieb <f>yHKUHH 
~~ 

B IIOll9 By.o-eaKeOHOBeKOI"O IIOT9HUH8llb e BKlliD'l:eHIIeM fs - 'l:lleHOBo 

3TO .oaeT rrpaBIIllbHYID (sKeiiOH9HUH8llbHYID) aeiiMIITOTIIKY TBKIIX <f>yHKUHH 

II eoOTBeTeTBYIDIIlHX Poilo3o II p.rr.rr. B paitoHe rpaHHUhl 51.Upa, 'ITO B8)1(H0 

rrpii orriieaHIIII yrrpyroro II Heyrrpyroro paeee51HIIA. 

B paMK8X 9TOH MO.Oellii .llllH rrepexo.oa H8 O.OHo<f>oHOHHOe eoeT051HIIe 

+ 
IJM>= BJM 10 > ( 39) 

/2/ 
nony'l:IIM B eornaeiiii e Bhipa)l(eHHe .01151 p.rr.rr.: 

P L (x) = I 
II II T 

I 2 

( J 1.::: J2 

-~ 
(1+8--) '(vv.r 0 v.-r+ 

II II ' 2 1 2 

\L 
II T 

2 

v;v2 r i7 117/ L . 
11- )(II -A )A __ (x). 
liT L L IIIIT• 

1 1 2 

3.oeeb ( u, v ) H ( II, A) - aMrrnHTY.llhi KB83H'l:aeTH'l:HhiX II <f>oHoHHhiX npe-
/2/ . 

o6pa3oBaHIIH. B pa6oTe. Ha oeHoae 9Toii <f>opMyllhi 6hlllii BhiiiOllHeHhi 

ss N' paeqeThi p.n.3. H p.n.n • .01151 .H.opa 1 • Pe3yllhTBThi n:x npiiBe.oeHhi 

B aepxHeii qaeTII p1Ie. 1 II 2. BII.OHo, 'ITO nepexo.oHaH nnoTHoeTL IIMeeT 

xapaKTepHhiit .MaKeHMYM Ha rpaHnue 51.Upa ( rryHKTIIpHa51 KPIIBaH). Yepe.oHe­

HIIe 9TOH p.rr.rr. ITO <f>opMyne ( 38) e SMIIIIpii'l:eeKOH IlllOTHbeTbiD 38p51.ll8 

HyKnoHa .oaeT 6onee rrnaaHyiD p.n.rr. ( errnOIIIH851 KpHBa51). Ha piie. 2 errnoiii­

HoM: KpHBOit .ll8H8 paee'l:JfT8HH8H IlllOTHOeTb 38p51.ll8 H BH.llHhl THIIH'l:Hb!e .01151 

MHKpOMO.Oeneit OeUHllllHpyiDmero X8p8KTepa OTKllOHeHH51 ee OT o6b!'l:HOH 

<f>epMH-IlllOTHOeTH (20) (rryHKTHp). 
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§ 6. 06ey>KLieHHe 

npoBe.OeM epaBH9HHe pe3yllbT8TOB pae'l:~Ta Heynpyroro paeceRHRR, 

nony'l:eHHbiX ua oeuose Haiiiero MeTo.oa ( npn:6nn)l(eHiiR E » · V • q R » 1 
1 

E >> fl. E ) • R peaynbTaToB TO'l:Horo 'l:Heneuuoro peiiieHHR ypaBNeHRR LlHpa­

Ka e IIOCll9.llYJOIIlRM pae'l:~TOM 8MIIllHTY.llbl ueynpyroro paeceHHHRo 

PaecMoTpHM KOHKpeTHbiA npn:Mep ueynpyroro paeceRHHH ( E=188Mss) 

+ 
e soa6y>KLJeun:eM o.uuo<f>ououuoro 2 ypoBHR (fl. E • 1,45 M ss) B 58 Ni 

/2/ I 
KOTOpb!H .oeT8llbHO R3Y'I8l1eR B pa6oTe • 3a nepexo.oHyiD IIIIOTHOeTb B03b-

/2/ . . 
MeM paee'l:HT8HHyiD B <f>yHKUHID,. OH8 H306p8)1(9H8 B BepxHeA 'l:8CTR pRe. 1 

(ennoiiiHOA KPRBOA - .onR ' paaMaaaHuoro' npoToHHoro aap51.oa, IIyHKTHp-

HoA - .llllH 'TO'l:e'l:HOrO') • nanee, ene.oyH Hallie A MeTO.OHKe, rrpe.oeTaBHM 

<f>yHKURID B BH.ll9 p51.ll8 ( 14) H MeTO.llOM HBHMeHblliRX KBa.UpaTOB H8H.Il9M H860p 

KOs<f><l>HUH9HTOB am • 0Ka3h!BaeTeH, 'ITO IIpH 60llbiiiOA TO'l:HOeTH IIO.lli"OHKH 

(99%) .uoeTaTO'l:HO B3HTb aeero N .~to 'l:lleHOB 9TOI"O p51.Ua. no.oeTaBHB 

rrony'l:eHHhiA ua6op B .<f>opMyny .llllH aMilllHTY.llbl ( 16) H .oanee - B Bbl-a 
m 

pa)l(eHRe .01151 ee'l:9HHH ( 12) • H8XO.UHM OKOH'l:aTenbHbiH pe3yllbTaT, KOTOpbiA 

2 
rroKaaau Ha pn:e. 1, rae OTIIO)I(eHo 3Ha'l:eHne <f>opM<f>aKTopa I F I = a I a , 

· l~f M 

( eiillOIIIHbl9 H IIyHKTHpHbl9 KpHBbl9 eOOTBeTeTBYIDT 1IpHB9.UeHHb!M,' BBepxy De-
. /21 

peXO.llHbiM IIIIOTHOeTHM) • llfTpRX-IIyHKTHpHOA KpHaoA· -Jl8Hhl TO'l:Hble pae'l:~Tbl 

e nepeXO.llHOA IIIIOTHOeTbiD B eny'l:ae "pa3M838HHOI'O" 1IpOTOHHOI"O 38pH.Oa. 

BH.UHO, 'ITO Halll M9TO.ll 1IpHBO.llHT K XOpOIIIeMy eornaeHID ( B p8MK8X HeXO.ll-

HbiX 1IpH6l1H)I(9HHA, HaiJHHaH e (J "' 40° H .Oallee) e TO'l:HbiMR pae'l:~TaMHo 

Tenepb, oeHOBbiBB51eb Ha HameM no.uxo.ue, rrpoaaann:an:pyeM rroene.ouRe 

SKeiiepHM91{T8llbHbie .ll8HHbl9 IIO ynpyroMy H HeyrrpyroMy paeeeHHHID Sl19KT-

E seN' I 101 
pOHOB e SHeprn:eA .,. 225 Msa Ha H.Upe 1. e HeDOl1b30B8HHeM 

Tex )l(e nnoTHoeTel aapH.oa- H nepexo.ua. Ha pRe. 2 n:ao6pa)l(eHbi peaynbTa• 

Tbl STOI"O 8H8l1H38o nyHKTRpHbl9 KpHBble - pae'l:~Tbl Ha 6a3e I"H.llPO.llHH8MH­

'l:9CKOA MaKpoMo.oenR e <f>epMR-nnoTHOeTbiD (R 0 =4,148 , b = O,SS9 
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( eMo §4) 1 a ennOlllHbi9 KpHBbl9 eOOTBeTeTBYIOT p.n.a. H p.n.n., IIOnytreHHbiM 

/2/ 
B Ml!:KpOMOaenH • CpaBH9HHe e SKCII9pHM9HTOM IlOKa3biBaeT1 'ITO paCC'fH-

TaHHaH "'MHKpOIInOTHOCTb"' HM99T 3aBbllll9HHblft paaHyC1 'ITO IlpOHBnHeTCSI 

8 caeHre nepeoro MHHHMyMa ynpyroro pacceHHHH B cTopoHy ManbiX yrnoe. 

oonee HHTepeCHO T0 1 'JTO o6e MoaenH aaJOT SIBHO HeyaoeneTBOpHTenbHOe OllHCa­

HH9 Heynpyroro paeceHHHH B o6nacTH MHHHMyMa, rae pacxo~aeHHe 

e SKCII9pHM9HTOM aocTHraeT 70%. Mo~HO ayMaTb1 'ITO STO CBH3aHO OT'faCTH 

e Heo6xoaHMOeTbiO ytreCTb TaK Ha3bJBaeMbl9 "')lHenepCHOHHbi9 a$jJeKTbJ' 1 

CBSI3aHHbi9 C B03MO~HOCTbiO MHOrOCTyiieHtraTOrO B036y~eHHSI STOrO ypOBHSI1 -

/11/ 
oaHaKo KOHKpeTHhie paetr~Thi ans1 aaHHoro nepexoaa npHeenH e paAoHe 

nepeoro MHHHMyMa K nonpaeKaM TaKoro pona nopHnKa 5%. 

B CBSI3H C OTMetreHHhiM pacxo~eHHeM 6bin npennpHHSIT IIpSIMOft IIOHCK 

B03MO~HhiX nepexoaHhiX IInOTHOCTeft, KOTOpb!e aanH 6b! XOpOlllee OIIHeaHHe 

eeex sKcnepHMeHTanbHhiX TotreK Heynpyroro pacceSIHHSI. B HallleM nonxone 

STy 3aaatry HeTpyaHO OCyiUeCTBHTb 1 TaK KaK CetreHHe ( 12) Bb!pa~aeTCSI 

B BH)le pSina H3BeeTHhiX <jJyHKUHH. e TeM.H ~e Kos<!J<!JHUH9HT8MH a m 1 'iTO 

H B nepeXOJlHOH nnOTHOCTH ( 14). JloSTOMy, IlpOBOJlSl aHanH3 SKCIIepHMeH~ 
2 

TanhHb!X TO'!eK ITO X - MeToay, rne 9TH K09¢<jJHUH9HTbl BhiCTyiiaJOT KaK 

eaphnpyeMbie napaMeTpbi1 Mbl MO~eM OTbieKaTb OaHH H3 B03MO~HhiX Ha6o-

a 
m 1 a enenoBaTenbHO 

1
H COOTBeTeTBYIOIUYIO nepeXOJIHYIO nnOTHOeTb1 poe 

KOTopaSI eerony HopMHpoeanacb Ha eenH'IHHy B(E 2) TaK, 'IT06bi 

- 1-B(E2) =If p (x) x4 dx 12 
2 2 e 

( aaanM3 IIOKaaan, 'ITO HaHny'llllHM SIBnHeTeH 3H8'19HHe _!28 ( E2) • 1~ cp 4 
) • 

e /9/ 
TaKoft nonxon y~e npMMeHHneH nnSI ynpyroro paeceSIHMH H npoHnnroeTpH-

poean HeB03MO~HOeTh Ha _OeHOBe HMeJOIUHXeSI SKeiiepHMeHTanbHbiX )laHHhlX 

onH03Ha'!HO onpeaenMTh pacnpeaeneHHe nnoTaoeTM 3apHaa B ueHTpanbHOH 

qaeTM Hapa. B aaHHOM cnytrae nonyqaeTeSI aHanorH'!HhiA pe3ynhTaT. Ha 
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pH Co 2 lllTpHx-nyHKTHpOM BBepX"y H306pa~eHa 0 Jl H a H 3 B 0 3 M 0 ~ H bl X 

nepexoaHhiX nnoTHocTeA, KOTopaSI aaeT xopolllee eornacHe c sKcnepHMeH­

'l'anbHhlM <jJopM<jlaKTOpOM 1 HO oaHaKO 3H8'fHTenbHO OTnHtraeTCSl OT MOnenb-
1 ' . 

Hb!X p.IIollo TeM 1 'ITO HMeeT crna~eHHblft IIHK y rpaHHUbl Hnpa H 6onee 

cno~HhiA xoa BHe H)lpa. PeaynhTaT He 3 a B H c H M o npoeeaeHHoro aHanH­

aa nnSI ynpyroro pacceSIHHSI aaH Ha sToM ~e pHeyHKe (lllTpHx-nyHKTHp). Cpae 

HeHHe nonytreHHhiX KpHBhiX noKa3biBaeT, 'ITO noeeneHHe nepexonHoA nnoT­

HOCTH y rpaHHUhl Siapa, rne OTMe'!eHHaSI Bblllle HeOaH03H8'1HOCTb y~e 

He llpOSIBnSieTCSI 1 He COB!l8)l89T C IlOB9)l9HHeM IIpOH3BOaHOft OT IInOTHOCTH 

3apSina. 

JlocnenHHft pe3ynbT8T MO~eT IlOK838TbCSI nJ060!lbiTHbiM 1 TSK KSK )lO 

CHX !lOp Bee IIOilbiTKH OIIHC8Tb Heynpyroe paeeeSIHMe eTpOMnHCb B OCHo.B-

HOM Ha 6aae MaKpoMoaeneft, rae sTa 3aBHeHMOCTb npeanonaraeTCSI c ca­

Moro Ha'!ana. IlosToMy Mbi npoeenn coB Me c T H hi A npSIMoA aHanHa ynpy­

roro H Heynpyroro pacceSIHHSI 1 rne.aaHHoe ycnoeHe eeoannocb c caMoro 

Hatrana1 XOTSI <jJopMa HCXO)lHOrO p.n.a. Mor.na 6b!Tb IIpOH3BOnbHOft ( IlOJl­

po6HOCTM eM. B §4, ¢opMynhl ( 29) H ( 30)). Ha pH e. 3 lllTpHx-nyHKTHpoM 

npHBeaeHbi peaynhTSTbi TaKoro aHannaa. ·.UnSI cpaBH9HHSI cnnolllHhiMH KpHBhi 

aaHbl peaynbT8Tbl1 COOTB9TCTBYIOIUHe 06b!'IHOMY noaxoay Ha 6a3e <jJepMH-
,' 

IInOTHOCTHo JlonyqeHHbl9 .peaynbTSTbl llOKa3hiB810T1 'ITO IIOCTynHpyeMaSI 

eBSI3b Me)I\Jly p.n.a. H Pollollo OKa3bJBaeTeSI aoBOnbHO ·~eCTKHM"' ycnoBHeM 

H He ll03BOnHeT )laTh nonHoro OllHCaHHH Heynpyroro paeceSIHHSI 1 HeCMOTpSI 

H8 T01 'iTO HMeeTCSI lllHpOKaH B03MO~HOCTb BapbHpOB8Tb llnOTHOCTb BO BHYT 

peHHeA o6nacTH Hnpa. 

HTaK, c¢opMynHpyeM KpaTKO nonytreHHbie peaynbTaTbi. 

1. Ilpenno~eHHhiA aHanHTHtreeKHtl: MeToa pactr~Ta Heynpyroro pacce­

SIHHSI MO~HO HCilOnb30BaTh KaK AnSI MaKp0-1 TaK H )lnH MHKpOMOaenH Siapa 

( npH BbmonHeHHH HcxoaHhiX ycnoeHtl: E » V , q R » l E»l'l.E ). 
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2. AaanH3 JltaHHbiX no B030Y>KJl9HHIO OJlHO<j>OHOHHbiX COCTOSIHHA B KpyrnbiX 
saN' 

srnpax ( Ha npHMepe 1 ) noKa3an, 'ITO aaH6onee THfiH'IHbie MaKpo-

H MHKpOMOJl9nH KOne6aHHft SIJlpa JlaiOT H9YJlOBn9TBOpHT9n&HOe OfiHCaHHe 

aKcnepHWeHTa B o6naCTH nepaoro MHHHMyMa. B TO )1(9 apeMSI cotonacHSI 

C aKcnepHMeHTOM ynaeTCSI JlOOHTbCSI npH TaKoA nepeXOJlHOA nnOTHOCTH, 

KOTopasr xapaKTepH3yeTCSI 6on&lliHM paaRyCOM H ' p83Ma3KOA' B paAoHe 

rpaHHUbl SIJlpa, 'ITO, B03MO)I('!O• yKa3biBaeT Ha BbiJleneHHyiO pon& BH9llif:HX 

HyKnOHOBo 

3. 3aBHCHMOCTb nepeXOJlHOA finOTHOCTH B BHJle fipOH3BOJlHOft OT <jlyHK-

UHH pacnpeaeneHHSI 3apsrna, BHJlHMo, He HBnHeTCSI JlOCTaTO'IHO npaBHnbHOft, 

XOTSI H OTpa)l(aeT OOlliHe '19pTbl B MeXaHH3Me Heynpyroro paCCeSIHHSio 

8 3aKniO'IeHHe MO)I(HO OTMeTHTb, 'ITO B paMKax H3n0)1(9HHOA CX9Mbl 

OJlHOCTyneH'IaToro B030y>KJleHHSI MO)I(HO npOBOJlHTb TaK)I(e aHanH3 JlByX<jlo­

HOHHblX nepeXOJlOB ( Jinsr STOro JlOCTaTO'IHO paCC'IHTaT& COOTB9TCTBYIOIUYIO 

nepexoaay10 nnoTHOCT& (37)). OaaaKo npH aeTan&HOM cpaaaeHHH c SKene-

pHM9HTOM 3Jl9Cb Ba)I(HO Y'I9CTb T8K)I(9 MHOrOCTyneH'IaTbl9 fiPOU9CCbl B03-

6y>K)l9HHSI H 'aHcnepCHOHHble nonpaBKH' o 
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