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I. noc TBBOBXB 38AB'IH 

Heynpyroe paccesruae anexTponos ua Hnpax c soa6ylKneuaeM xonnexTHBHbiX yposueA 

paccMaTpasanocb a p11ne pa6oT. Onuaxo x a paxTepuo, 'ITO B anx o6bl'IHO acnonb3yeTcsr na-

6o 6opHOBCK08 npH61lHlK8HBe, XOTOpoe HenparonHO AllH TH lK81lblX !!nap H3-38 CHilbHOro HCK8-

)!(8HHH 3n8KTpOHHOft BOilHbl KYilOHOBCKHM noneM ( 60ilblliH8 Z ) , llH60 HCK8)!(8HHe npH61lHlKeH-

uo Y'<HTbrBaeTCH, uo aana'<y y n a eTcH pernHTb nHllib nnH uepeanbuoro pacnpenenenaH nnoTHoc

TH aapHna (qame acero c T yneaqaToro ) . 

H a-aa anexTpoMarHHTHoro xapa xTepa saaaMoneltc TBHH anexTpoaos c .!lnpaMH axcnepa -

MOBTbl no aeynpyroMy p8CC8HBHIO AOillKHbl ABBBTb B npHBUHne HaH6onee TO'IHYIO Hn<jlopM8UHIO 

0 CTp08BHH RApe. noaTOM Y uenecoo6pa3H0 BHOBb paCCMOTp8Tb 3Ty 3 8Aa'<y, OTK83blB8SICb OT 

yxaaaanbrx Bbrrne npa6naJKeuuft. 

ByneM paccMaTpHBBTb uey npyr oe pacceauae aneKTpouo s ua llnpax , xoTopbre onacbrBa-

JOT'CH C ROM Oill.bJO z:onneKTRBHhiX M 8 KpOMOneneA, r n e B KQ't9CTBe ltHHBMH'lGCKHX nepeMeHHbiX 

Bb!CTyna iOT nap8M8Tpbl <jlopMbl BOB8pXHOCTH , onpenensrromae panHyc llnpa 

(I) 

3neCb (l ' -yrnOBbl8 KOOpnHHBTbl TO'IKH HB nosepXHOCTH Sl/lpa. nocKOilbKY 3HeprHil Boa6yJK-

neuasr x onneKTHBHbi X y posue ft /:;. E HOBOilHKa, TO 8MHilHTYAY Heynpyroro pacCOHHHH MOl!< HO 

38BHC8Tb B 8,1lH868TH'IeCXOM HpH61lHlKeHHH, XOTOpo e npHMOHHMO npH BbinOnHeBHH YCilOBHSI 
h :E R « rc-

f ueynp ( II) ~ ('I' 
t (2) 

3n&Cb ~~- -yron p8CC9SIHHSI 31leKTpOH8 , 'i'( e ) -BOilHOBbl8 <jlyHKUHH Hn pa , 3 8 BIICHlliH9 

OT KOilllOKTHBJibl X xoopnHH8T e E Ia >.p. I ,a tY"P<o.e) e CTb 8MBilHTy.lla ynpyroro pacceRHHH 

an exTpOHOB ua aenonBHlKHOM RApe. B xaqecTs e f yn p B03bMeM BbiPBlKBH'<e, nonyqeuaoe 

B pa5oTe
11 1 

(Ta M l!<e eM. o6oauaqeaaa), 
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.... ~ 

lox +I¢(,;) 
ynp ~ (i e .. a 

f (0,{) a 2Ze E(u~ u 1 )fe; I) 
2 

.. p(z)d I • 

q a<jJ (I) 
(3) 

.. .. .. 
4>yHKilHH & (I) , <I>( z) B q a¢ (I) Y'IHTblB810T HCK8lK9H119 9ll9KTpOHBOl! BOllHOBOll 

<jJyaKitHH, KOTopa!l aaxonanacb, a coo10 O'lepenh, pemeaaeM ypaaaeaaH Jlapaxa B Ksaaaxnac-

/2/ .. .. .. 
CB'IecxoM npa6naJKeHHH • B 'IHCTHOM cnyqae, xorna e;( x) a 1; <I>( I ) - 0; q (I) • ·q= 2ksln!_, 

a¢ Ill 2 
nonyqaeM o6hi'!Hbill 6opaoacKall peaynbTaT. Ha ocaoBaJIHH aMnnHTYllb! (3) B pa6oTe 6binO 

aallneao aaanHTH'19CKoe BbipaJKeaae nnH ce'I9HHH ynpyroro pacceHHHH B ueaTpanbHOM uone 

Hnpa c <jJepMaescKHM pacnpeneneaaeM nnoTaocTB aapana R •I 
P• Po (l+ :e:~p T) • npa 9TO'M 

M9TOil Bbl'!HCil9HilB COCTOBll B HHXOlKll9BBH BKil8ll8 B 8MllllHTYilY OT llOll!OCOB llllOTHOCTH 

p(I) (I
0 

= R +i(2s+ ·1)17b , s-0,1..;). Cpasaeaae nony'leHHbiX na<P<!>epeauaan!.HbiX ceqeantl c 

peaynbTaTBMB TO'IHOro pac'!eTa <jJaaosoro aaanaaa nano xopowee coananenae. B aacTo!lmell 

pa60T9 Mbl BOCllOllb3Y9MC!I 3THM M9TOilOM llllH H8XOlKil9HHSI HMlllliiTYilbl Heynpyroro paCC9!1HIIB 

9ll9KTpOHOB C B036ylKJl9HH9M I<Ollll9KTBBHblX ypoBH9ll B !!llpBX. 

B naaaoM c nyqae pacnpeneneaae nnoTaocTH aapana p(1) 6yneT yJKe aaa11ceTb oT n~ 

paMeTpoa <jJop Mb! Rnpa a nna cpenaax a THJKenbiX Hllep aMeeT san: 

(-1Y 
!!. R = R}; (a, .. Y, .. (0)- --a,.. ah- ). 

AjJ. '¥ • .,. 41T ..,. ,.. 

.. 
p (I) = p 

~-::~a; 
1 + e 

(4) 

3 IT2b2 -I 
p = · --[1+ __ ] . 

0 4~r R 8 R 

rne n - yrnOBbl9 KOOPilHHHTbl B9KTOpa -; 

Jlna H960llbWHX OTKllOH9HIIl! llOB9pXHOCTII !!llp8 OT c<jJepl!'i9CKOl! <jJopMbl llllOTHOCTb p (i) 
l!.R 

MOlKHO ~83ll0lKBTb ITO CT9ll911HM MHllOCTII "R H npB p8CCMOTp9HHH B036YlKil9HHll H113K0."9-

lKB!DHX KOllll9KTHBHblX ypOBH9ll llOCTHTO'IHO orpBHH'!HTbC!I B 3TOM p83ll0lK9HBH llHWb nepBbiMH 

qneaaMR pRna: 

• 2 
p(I) = p

0 
(I) +p

1 
(x)l!.R +p 2 (I)(l!.R) + ••• , 

X -R 

p 1 (x)~ £.n_ e-b-
b ------------. 

( 1 + e:~p~) 
b 

4 

(5) 

(8) 



><-R "-R 
·p -b- [ 1 

p2 (x) ·- · ~ V e ( x-1<.2 
- 2e b I 

x-R a • 
(1 + :ezp-,;-) 

(7) 
1+ e:rp.o-) 

0TMe'I'HM, 'ITO <J>yHJCilHH g (-;) , Q 3<jl (;) H <ll (~) T8KlKe 38BHCJIT OT napaM&TpOB A&<J>op-

M81lHH, OAH8KO "~A 38BHCHMOCTb cna(iag, OHB npRBOA:tT K 'Kp8THbtJJ ll&peXOA8M ,a HX BKnaA 

B ceqeuae, xax noxa3auo B pa3Aene 3, MoJKHo He y'IBTbtBaT&. TorAa, noACTasmm (5) s 

(3) H 38T9M B (2), nony'JBM: 

ueynp 2 (a) (a) 

f (ll)a 2Ze E(a~u 1 )l:<fllll li>I (II), 
LM LM LM (L" 0) (8) 

a.•t,2 

rAe 

(a) L 

J L a Ze{p
0 

(x)x x2 dx , 
(9) 

0 

(I) M (I) 
'"' ( 1) R J J!ILM a - aL•M L 

(tO) 

nerxo nposepBTb, 'ITO BbtpaJKeHHJI ( 10) COBfi8A810T C nepBblMB 'ln9H8MH p83fiOlK&HHJI 

no alp. onepaTopa snexTpH'Iecxoro L -non&uoro MOM&HTB HApa ( HHAexc n <J>axTH-

'19CKH 03H8'189T nopHAOK p83nOlK9HHH liO a lp. ) : 

•L ~~ (a) 
lll LM a - Ze fp ( x)x YLM (X) d X • l: lR LM 

ll• ·l,2 ( 11) 

OnpenenuM T&KJKe onepaTop snexTpaqecxoro MoHononbaoro nepe·xoAa 

a a 
ZeR .. d x 

llloo • --- f'p(x) -
2 X 

(L • 0) 

Torna,socnon&3osaswucb TeopeMoA Buruepa-3xxapTa 

(n) (a) 

<J, M t iliiL.,IJI M, > = o, LM, IIIIJ, M, )<J, lilRL 111, > ( 12) 
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B oDpeQeneaBeM DpBBeAeaaoA BepoaTBOCTB enexTpx~ecxoro uepexoAa MYn&TBDon&aacTB L 

(a) . . . _!a) . ~ 

s, ... .(EL>-1-<J, II~L IIJI >1 . • (IS) 

Dony'IHM cneAYIODlBII OXOB~aTen&Bbiii peayn&T8T AliB C~~eBBSI Heynpyroro p8CC8lllUIB (L ,0: -0): 

du · 
"dil 

~ 

I I fl (14) ~ (J ~ 2Jr + "1 (a) (a) 
(2Ze .Ecos-,r) --I B (EL):FL (8), 

~ 2]
1 

+ :1aL f+l 

rae I 03B8~8eT cyMMHpOBa.HBe no XOHe'lHbiM B ycpeaHeHHe DO BB~aun.JibiN CliBBOBbiN 

COCTOSIBBBM. 3AeCb 

:F<">(fJ} • ~ Ill<a>(fJ)j~ ( ) 
L Z'L+ 1 M LM 115 

OrpaBB~ease aAec& Ton~>xo ABaroaan&awua no 8 'IJ!eaaux oaaa~aeT0'1TO AnB xaJKAo-

ro xoaxpeTaoro nepexoAa Myn&Tanon&aocTH L Mbi ocTaBnBeM B awnnx-ryAe aeyupyroro pac-

ceBHBB nam& HB)I(allmae no a>.,. 'IJieHbi paano)l(eHHB. OTMeTHN, ~ xanexc 8 B cny~ae 
. /3/ 

npOCTOII Bb15panHOBHOII MOaenB Haps 03H8~8eT 'IHCAO ¢oBOBOB BOa6yJKAeBBB. 

Asanors~swe Bwxnanxa MO)I(ftO npoaenaTb AnB 0 + -0 + nepexoAOI!I. B aTOM cny'lae 

ce~esae BMeeT BRA: 

du · 1 ~ (J ~ 
Ci1f- :4;- (2Ze Ecos 2 ) B(EO)ilool~, 

rae 
(16) 

1
00 

(8.) • _!__ f &lx) ,-:;+lcl>c~ 
] -- e 

00 q a<j>(x) 

• - • 00 

(-p(:r;) -R-p. (:t)d :r;] • ytt ZeR f(p (:t) -R .• (:r)):rd:r . 
I • 00 O I '~ 

HT8X1 aan&BellmaB aaaa~a 38XAI0'189TCII B B8XOJKAeHBB BBTerpanoB (9) B IIBHOM BRae, 

'ITO aacT B03MO)I(BOCTb onBCbiBaTb yrnoBOe pacnpeAenesae seynpyro~acceBBHwx anexTposos 

( paaaen 2). 'ho xacaeTcR aepoHTHocTell nepexoAoB B ( E L) t TO BX MO>KRO BblllBCnHTh 

B pSMXSX AI050I! ltOnneJtTHBHOII M8KpOMoaenB RApS, B ltOTOpoll BOnROBble <jlySXnBB 'I' (e) 

Bbip8)1{8JOTCII ~epea napaMeTpbi ¢opMbi 11apa a >.,. • 

2. MeToA pac~eTa 

PaccMoTpBM asTerpanbi I(a) 
LM 

B ce~eBBe (14), (15), TSX KSX npH 

MeTpHH no </J noabiBTerpanbBOII 

, xorAa aaaexc M- 0 • Oaa aaiOT ocaosaoll axnaQ 

M ,.: 0 aaTerpanbi npeae5pe)I(HMO Manbl aa-aa caM-
1M¢ 

<jlyaKUBH e B cna5oll 38BHCBMOCTH OT <{l 

6 



OCTaJlbHOrO DO!lbiHTerpanbHOrO Bblp8lK9 HHH, 
(D) 

nnH JlblqHcneHRH 1 
L'O 

- ....... { 9) Bb16epeM CRCT9M:y OTCqeTa 0 :r:jl q (jt• coaq J:), Torna Jl JILl-

palKOHRH 

T81C JKO K81C R B pa6oTe/ 
11

1 MOlKHO DpoRHTerpBpoB8Tb DO DO qacTHM, orpaHR"lliBaliCb 

npB <rroM nawb nepBbiMH >tneaaMa nony>teaaoro acRMDToTaqec~~:oro pH!la no _1_ .. ...!_ • Ec-
qx qR 

T9CTB9HHO, 3TO MOlKHO nenaTb, ecnR 38 HCXO.QHOe DpR6DRlK9HR9 6paTb )'CDOBRO qR >> 1 , 

KpoMe Toro, BCID.IIY anecb 6yneM npeae6peraTb DpoHaBonaoa DO p OT cna6o M9JUID!Il8A-

CSI <jlyHKUHH r.( x,p • </>) 

2rr :E.f~. GL(x.E) el.-qx+ l~x,<) 
-- 'P _ (x)J:dx 
J(a) iq<-±l o q ~ (:r,<) -
L s<tJ 

{18) 

rne 

. L ~IT av y (p,O)I 
G (:r,<)x~g(x,<)l:(-1) faT" LO p=< 

LO 2rr 1"=0 0 V+l 
D (x, • • </J ) 

d</J {19) 

H D(x, •, </J) ~ iqx + i _a_ <l>{x,.p,</J)I a,. p= • 

s<t> 
q R B ToqJ<aX p=• = ± Be 38BHCHT OT {eM. Dpano-

lK9RHe), 0TM9TRM, 'ITO !IDS! Bbi6p8RHOrO <jlepMHOBCXOrO pacnpe.QeneRHH DDOTHOCTR 38pH.Q8 

·p( >: ) {eM, <jlopMynbl {6), (7)) HM9IDT !IBYXKP~THb19 (D = 1) R Tpex-

xpaTHbie ( n = 2 ) noniDCa B Toqxax x• • R + i< ( 2s+ 1) rrb Tor.Qa AnH Bbl"lllcneiiRII HH-

• /1/ 
Terpanoe ( 18) MOlKHO DpHM9RHTb M9TO!l, KOTOphll! RCDOnb30B8DCSI paaee B pa6oTe , nn11 

3TOrO RHTerpan ( 18) 38DRCbiB89TC!I B BH!IO KOHTypHbiX IIHTerpanOB R C)'MMbl Jlblq9TOB B 

)'K838HHbiX DODIDC8X, 0K83b!B89TCH , qTo HHTerpaDbl DO KOHT ypaM, Bbl6paHHbiM TBK lKO, K81C R 

Ill 
B pa6oTe , npeaeopelKHMO M8Dbi, H D03TOMY OKOHqaTeDbH09 Bblp8JK9HII9 RM99T BRA 

<•> 4rr ~ 1 
00 

1 = ---;ni'J l: l: Res! 
LO q J:-=o•~±l 

GI.o (>:,<) 

q ~ ( J:,<) 
a<P 

l(qx+ ·t<l>(x 
0
f) 

e ·p,. (J:)J: I x • x• 

(20) 

. 
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3aweTBM, 'ITO 3llec& K3-Ga ~pa ekqxf . - e '* •a e-< .. + t)rqb Pllll 

6blCTpO CXOllBTCli ( r q b > 1) B np8XTH~8CXH MO~O orpaBB~BT&Cli nBIDh nepBblWH llBYMli 

xownnexcao-conpRJK&HHblMH nomocawa ( s = 0 ) 6nHlK8AIDBMJI X ll&ACTBHTeJI&BOA OCR z • 

Bxnan xaJ!Clloro nocneu~mero non~a no cpasaeBJI~ c npenLmymHM BBOCHT nonpasxy nopHn· 
:.:a e -2wqb x npeae6pe~Mo wan. Torus B cny~ae B036yJ!ClleHHR onao~RORHblX xone6a-

Ten&BblX yposaeA ana nepaoro spamaTen&aoro ypoBBH B snpax ceqeHKe aeynpyroro pacces

RHII nony~eM ROllCT8ROBXOA (20) B (15) K (14): 

du 
~0,• 

21 + 1 ~ 8 ~ (I) 1 
1 )• -'-- (2Ze Ecos-) :I 8 (ELl--- x 

I 21 + 1 • 2 L 1 .. 1 2L + 1 
I 

ll 
.4r ·p b 

xi- o :I G q ~f•±l ((1+·1q3<11 (:r,t)z) _ L(:r,t) e IEqz+ttll(z,f) ,_,.. 
0 - ~ 

qs¢ (:r,t) 

~ 

I (21) 

Ce~eHHe B Cny~ae B036yJICA&BHII UBYX~ORORBblX Xone6aTen&HblX nH60 BblCIDHX Bp8m8Ten&-

RblX COCTOIIBHA ( D = 2 ) MOJKBO nony~HTL aaanorH'UiblM o6pa30M: 

~(J, 
dO 

211 + 1 ~ 8 2 1 ( :1) 
11 )• --- (2Ze Ecos-) :I --B (EL)x 

21 I + 1 2 L 2L + 1 f.+ I 

ltu+ 141(,.,0 
.4r' ·p o :I 

X 1-q-~ f-J;l 

L 

2 GL (:r,t} 
I (bzq (:r,t)-2ibq _.. (:r.•>l---e 

acjl <"~' q;<P(z,t) 

npHBeU&M T8KJK8 Bblp8lK8BH8 nnll ce~eBRII B cnyqae 0-0 nepexouoB 

do 1 2 8 2 
--(0-0) a--( 2Ze Ecos-) B(EO) X 

dO 4,. 2 

I ,..,.. 
0 

(22) 

2 
I . 

4 ., 
2 

1 2 G
0 

(z,t) lfqz+t4\:,.,o 2 

xi--P b_:I l(l+iq (:r.tXz-R)+%q_..(:r,t)zR) e I~~ ,(23) 
q o 1.,••±1 acjl ~ q~ (z,t) .,. o 

B upaseueJtable Bbtpa:>K&HB.II (21) - (23) sxouaT ~yaxuaa qacjl (x,t) a OZI(x,.) , xo
/1/ 

TOphi& U8Hbl B HBHOM BRA& B p860Te (~pMynbl ( 16),( 17)) X8K ~YHXUHR napaMeTpOB nnoT-

BOCTH 38pHU8, aaeprBB E a aTOMaoro aoMepa aupa Z , npaBeneM 3U8Ch Bblp&:>KeBRe 

una GL 0(z,t) Bb!BOU KOTOporo naeTC.II B npBnOlKeHJIB 

8 
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-

L ~v 

GL
0
(:r,t)• "Go [l: lv -"-YL0 (,..0)] 

vao0 a,. v ,.., [A(z,f)]v 

rae 

&( s,r) qz 

~ - ~ 
[A( s,t)(A(:r.t) + B(:r.t)l 

cosnaJla&T c onpeaeneaHeM ·G 
Ill 

, 118HIIb1M B pai5oTe , a •A( s, f) H B(s,t) npHBell&-

Hbl B DpBDOllt&DH. 

3. Manbl& yrnhl. 3cM>exT 'xpaTBocTa' 

DOp aame p8CCMOTp909 f5biDO orpaHB'I9BO Of5D8CT&JO yrnOB p8CCHHBH no CHX 

0 > _l_ (kR 
kR 

» 1 ) DOaTOMY HBT9p9CBO Dony'IBT& Bblp8llt9RB9 IIDH C9'19BHB B&yDpyroro 

pacceaaas B of5n acTa wanbiX yrnoB B T&x cny'laax, xoraa aeu.aa non&aOBa~a f5opaoscxaw 

npaf5naJKeoaew ( Z B&DBito). Kpowe TOro, Mbl a e y'IBTbrBana Bltnaaa B C&'I&BB& Tax aa3bi

Ba&Mb1X 'l(p8TBbiX' nepeXOIIOB. nano B TOM, 'ITO B Oi5IIl&M CII7'188 8MDDBTYA8 aeynpyroro 

pacceaaaa aenaaeilaa no B38BMOA&ilcTBHJO, npaaonameMy I( n epexoaaM B aape, 3To aonMBo 

npBBOIIBT& I( noaaneaaJO B ce'leaaa aapaay c MaTpB'IHbiMH aneweaTaMH 'npaMoro• nepexoaa 

TaltHX M8TpH'1BbiX 3D9M9BTOB1 !<OT0pbl9 MOJKHO BBTepnpeTHpOBaTb ([81[ OTBe'I8JOIIlH9 BBpTyan&

BbiM lt8CK811Hb1M, ana 'I<paTHbiM' nepexoaaw, nocxollblty oau RIIJ'T '1epe3 xa:~oil-nuf5o npoMe

JKYTO'IBblil ypOBeB& BlipS. npellblllYIIl99 B8W9 p8CCMOTp9BH9 COOTB9TCTBOBBDO Y'I&Ty B 8MD

DHTYII9 aeynpyroro pacC&BBBSI DBW& DRB&i!HbiX no. B38BMOII9iiCTBHJO 'ID9HOB0 aTO H DpBBOIIB-

no X TOMy, 'ITO C9'19HB9 <jlai<TOpll30B8DOCb 113 ABYX 'ISCTeil - CTpyl(TypBOi! B(:EL) 

B9M8Til'19CitOil :F L (0) (14). 

• u-

nna OD9BXB nOpHAI<B B9Dil'IHBbl 'I<p8TBb1X' nepexOAOB npome BC&ro BOCDOD&30B8T&CB 

Bblp8JK9BB9M ADH 8MMHTYAb1 B Dpaf5nHlK9BilH MBDbiX yrnOB (0 .< 1) 
141

: 

rne 

ynp 
f (8) 

q m 2k Sin.! 
2 

i E ~ ~,. -tqpooa </> · !fvcp.¢.•>4• 
..,.--(u•u)fpdpfd<f>e (e- -1), 
~, r r o o (24) 

0 - yron pacceaHBa. 

YITai<, aanacaaaoe Bblpallteaae ( 24) cnpaaennaao npa Manblx yrnax pacceaaas 8 .< 1 
u 

(nonlKao BbmonaaTbCH Tai<lKe ycnoaae E << 1 ) H T&M caMbiM aononaaeT nony'leBHble 

BbiW9 peayDbT8Tbl ( n.2), XOTOpbl9 DpHM9HHMbl DpH yrnax 0 > b (3119Cb T8!<lK9 
U &R 

E << 1 ) • C apyroil cTopoabl, npa Taxoil aanaca npome acero oneaaT& a<P<jlexTbl 'l(paTaoc -

TH' • neiiCTBHTen&HO, DOIICT8BnHH DOT9BDH8D B BRII9 V
0 

+ V 
83 

B paCKD81lbiB8H 3 8 T9M 
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e:q>(-ijv83(p.¢,:r)dz I 8 pRA, nony'lliM 8 &W:MRTyll& lt&lt ni!RGJIBbiG no A--irv dz 
-- 2 -- 83 

cnara&Mble, Talt R BOill!BOIIRbiO, B&'IRBAR C ·A , ltOTOpble 6yAyT OT89'18Tb •!tp&TRbiM• ne-

p9XOAAM, Hcnollb3yR npeAcTa8neaae noTeiiJlaana qepea MoTaoCT& V(z)• Ze f~d1r r• • 
paCJtii&AbiBa.ll p(1) 

1-; -;I 

8 PRll no M&IIOCTll f> R ( 5), a T&Ute IIMOR B BIIAY paan'J,;etl.e 

• ·.4,. I -
1
-1 

t .. 21' + 1 

t 
z " -;-rrr v t.. a> v-t.. < x> 

l 
r "' " ----r+1 Yl (li) v: (r') 

Z m t.m 

a 

(z .<1), 

(z 2:: r ) , 

JlOny'lliM C TO'IBOCTbiO AO 'IIIOHOB IIOPHAIC& (a >.,t ) 

I"!. 417 z IMcp (1) ---
V\X) ~ V + V ~ V0 (x) + R I a -- Y ( O)e f (yp~ + "~)-

0 B3 LW LM2L+1 LW y~+Z 2 L 

(-1,.. (O) ~ , 
-RI __ a a V

0 
(z) + L I I A (M,..,.')a, a,,, x 

LW 4 11 LW L-W 2 LY ),p. LM "ll "ll (25) 
>.',..' 

4, z n.t¢ C~l --
x --- YLM (-- ,0) e f L (<Jp~+Z~) + ••• , 

2L + 1 yp~+z!l 
rAe {26) 

2 ( .. 
V o ( x) = Ze f ..f..L!.l_ d a .. .. r 

lr -xI 

(0) .. 
V (x) ~ Ze2 f pl(r) da o ----- r 

I; -11 

<nl 1 x L + ~ L ~ dr 
f (x)=nl--fp (r)r dr+x fp (r)--1 ; n = l,2, 

L XL+t 0 D X D fL-t 

a K03<f><PHnHeHTbl ALM(AA'III'') JlBiibl <jlopMynoll (10). 

noACTBBnHH Tenepb {25) B HCXOJlROe BbtpalKOHHQ JliiH aMDIIHTYJlbl {24) H p a CKII8JlbiB8>1 

aKcnoaeaTy e:q> 1-i j V dz I s pHJl, nony'IHM c TO'IBOCTbiO ao qneaos nopHJlKa (a>.. ) a 
-oo 83 "f.' 

cneJlyiOII!Hll peayn&TaT: 

2 · M ~ ( I) •I F ((1J 
f(IJ) =- 411Ze ER(u* u. )I Ia. •• _1_JJ (qp)F (p)e o pdp+. 

f 1 U1l 2L+ ·t 0 ·M LM 

, , j M ~ . ( 2) ·I FO (p) 
+I a, a,,,AL .. (AA!lll )--- fJ (qp).F (p)e pdp-
~ "ll "I'· m 2(2L+l)o -M LM 

A.'"~t' 

( 
M ~ 

-a a -1) fj ( ).;o> -IF Cp> {27) 
LM L·M .(41T)~ O O qp . O {p)e 0 pdp + 

2 . "+~L-l 00 
+ 2~rZe RIa a.. I fJ (I) (I) ·IF (pl 

),p. LM"'' (2L+lX~l)O ·M-1' (qp)FLM(p) · F~ (p)e 
0 

pdp) 
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-

3nec& BB&Aeao o6oaaa~eaae 

:F 0 (p):Jv
0 

(:r)dz; t;ts>>~iv:~:r)dz - (28) 

lw ~,·'"•••¢+n<¢ 
a J (z) = --fe d¢ - nanRHApaqecxa!l tPYHKilR!I Eeccen11. 

M 211 0 

CeqeHBe aeynpyroro pacce!IHRll, KaK o6bi'lHo, nonyqaeTc!l noAcTaaoaxoll aMnnHTYAbi 

{27) B <jlopMynbl (2) R (14). 

~ 
AMnnHTYA8 ( 24) coAep)l(l!T cnaraeMble • a'·· a cnaraeMhi& ~(a ) • Ecna pac-

"f< Ap. 
CM8TpHB8Tb E.036yJKll&HB& aneKTpOH8MH B !lAp& BH6p81lROHBhiX ypOBHell, TO MOJKBO CI<838Th, 

'ITO nepaoe cnara&MO& aTOll 8Mn1IRTYAhl OTB&'l8eT OAHOtPoHOHHhiM nepeXOA8M (L 2,3) , 
~ 

a ocTan&Hhi& -Aayx¢oaoaHhiM. nocneAHee cnaraeMoe a MnnHTYllhl (24) ~ (a A ) nonyqeao 
OCt 2 00 1.1. 

R3 ( f V dz ) -qneaa B · pasno)J{&HRR sJ<cnoaeBThi ellp I - if V dz I B p!IA R 
~ -- ~ . 

Ot5pasy&T B C&'l&RRR M8TpR'lHhl& aneMeHThl 'Kp8TRhiX' nepeXOAOB, II:OTOphl& H8pllllY C npa-

Mh!MR (BTopoe R Tp9Tbe cnaraeMoe ) ll8JOT BIUI8A B C&'leHIIe ABYXtPoHOHBhiX nepeXOAOB. 3TO 

Cnara&MO& RM&&T nopRAOJC Z e ~ ~ 1~ no OTHOW9HRJO II: npeAhiAyruRM R n03TOMY AOAJKBO 

naBaTh aecywecTaeaayJO Aot5aaKy K ocaoBBhiM qneaaM Anll ner~~:ax a cp&Aaax RAep. B cny~ae 
TSI)J{91Ih!X )J{Q !IAep 31'8 A068BII:8 B3-3a 'KpaTHhiX' nepeXOAOB MO)J{9T OK838ThC!I cymeCTB&H-

aoll. 

nnR 'lRC1IeHBOII OUeRKII T8KOro poAa nepeXOAOB 6bi1111 CAenaBbl KOH!<peTHbie p8C'l&Tbl 

·~ ceqeaiiSI sos6ylKll&BIIR AByx¢oaoaabiX II 2+ ypoaael! B RApe Cr ( E
0
+ = 2,6SIIeV ; 

E 3+ ~ 3,1611eV ) 

panacb cTynea'laTOII 

nnH npoCTOThl on&HOII: nnOTHOCTh pacnpeAeneHRH 38pRA8 Bbi6R

B aTOM cnyqae RHTerpanbl (26) R (28) 6epyTC!I B KB8Ap8Typax II 

qacneaHbi& paC'leTbl cywecTaeaao o6nerqaJOTCH. KaK a O)l(l!Aanocb, axnaA 'xpaTHbiX' nepe

XOAOB B A8HBOM cnyqae aeaen11x a R3M9HR&T ceqeaae npRMbiX nepexo.uoa npaMepao aa 1%, 

ae MeaaH ¢aJ<TR'l&CJ<R yrnoaoro pacnpeAeneaaa. 

4. 06c y)J{A eaJJe 

TaxiiM o6pasoM, B pasAene 2 nonyqeabl aaanaTaqecicae ¢opMynH AJIH AR<!>¢epeanaan&

Hb!X C&'l9HRII aeynpyroro paCC&RHRSI 3119JCTpOHOB C B036yJKlleHR9M KOJIJI9KTRBHbiX ypoaaell 

B HApax, npR aTOM yqTeHO RCKa)J{eHRe ABH)J{eHRR 311911:Tpoaa B KYAOHOBCKOM none RApa, a 

T8K)J{9 HCn01lb30Banocb p981IbH09 ¢epMH9BCI<O& pacnp&Aeneaae nnoTHOCTR 38p!IA8. 3TH 

.PopMynhi cnpaaeAJIRBhi npa yrnax pacceRHRR 6 > - 1- a aaepraa anexTpoaa E >> U • 
kR 

YlaTepecao cpliBHRTb nonyqeaabJe a aMR peaynbT8 Tbl c TO'lHbiMR pacqeTaMH/B/. Ha 

pac. 1 A8Hbi pac'leTHhie xpRBbi& ¢opM¢a.:Topoa aeynpyroro pacceaaa!l anexTpoaoa aa RApax 

11 



Ni 116 
R Sr88 C B036y~eHR9M HR~BAWHX 2+ ypOBHeA, B aAao, 'ITO nyHETBpBhie EpHBid8, 

paCC'IRTBHHhi8 no npa6nRlKfHHOll <jlopMyne ( 21 ) 

(AIL) • (~)2 corr1 
(j :F(q)j 1 

D ~/(k) 
dO dO MOTT 

) . xopowo coenaAB~T c peaynhT&TBMH Toqaoro pacqeTa ~a-
d 0 MOTT 2 E Sin' 

30BOrO BHBilB3B ( cnnornftbi8 1<pBBhl8), 3KcnepBM8HTBilbHhl8 TO'IKB npRB9A8Hbl nRWb AllR 
. Ill /5/ . 

N1 B TO~e B3RTbl H3 pa60Thl , 3aM9THM0 'ITO B RBWBX pBC'I9TBX ae y'IBThiBBilCR BEilBA 

B C9'19HH9 cneAy~WRX non~COB ( S • 1, 2 .,, j, KOTOpbl9 1 OAHBI<O 1 AOil~Hbl ABBBTb 38M9T-

Hblll BKnaA nawb npa MBilbiX yrnax ( 1 ) , rAe y~e nnD!Xo BhlnonaaeTCR ocaoeaoe npa6na~eaae 

qR » 1. 

npoeeueM Tenepb cpaeaeaae c aaa6onee nonahiMH sxcnepaMeaTanhHhlMH ABHBhiMH no 
161 

aeynpyroMy paccestaa~ anexTpoaoe aa RApe Cr • KaK y~e noKaaaao e paaAene 3, e 

STOM Cnyqae'KpBTHOCTb 1H9CYW9CTB9HH8, H n03TOMy 6yll9M nOilb30B8TbCR <jlopMynaMR ( 21) 1 

( 22) H ( 23) • nna 3Toro He06XOilHMO 38/lBTb napaMeTpbl nnOTHOCTH R H b , KCTOph18 

6hmH eaaqane aallA9Hhl cpaeaeaaeM KpHBhiX llH~epeauaanbaoro ceqeaast ynpyroro paccea-
/2/ /6/ 

HHR, paccqaTaaaoro no <jlopMynaM pa6oThl , c axcnepaMeaToM • TaKHM o6paaoM, e ~op-

Mynax ( 21), ( 22), ( 23) ae ocTaeTcR ceo5oAHhlX napaMe'rpoe, a noaToMy cpaeaeaae c axc

nepaMeaToM AOn~ao ABB8Tb aa~opMBilB~ o B( EL). 

Ha pac, 2 oTnoJKeHhl aKcnepaMeHTan&Rbie TO'II<H a TeopeTaqecKae KpHBhie Ana cnyqaa 

B036y~A9RHR B Cr aa~aero 2+ ( E • 1,43 Mae) ypoeaa (~opMyna (21)). Ha pac.3 

a pac, 4 c paeaeaae cAenaao llnR cnyqaa eoa6y~eaaR cneAy~max 2+ (E • 3,16 lleV) 

R o+ ( E- 2,65MeV) ypoeaeA (~opMynbi (22), (23) ). Ha 9THX ~e pacyaKax nyBKTHpHbl-

MH nHHHSIMH ABHhl KpHBbl9 B 50pHOBCI<OM npH6nH~9HHH (~OpMynhi (21)-(23), l • 1 0 

¢ • 0) • BaAHO, 'ITO B nepBoM cnyqae HMeeTca xopowee cornacae ennoTb AO yrnoe e 

paAoae nepeoro AH~p8KilHOHHOrO MHHHMyMa, H nony'leHHOe OTC~Aa 3H8'19HH9 B9pORTHOCTH 

nepexoAa 

...!_ s<•> ( E2 o .. 2) 
e2 

2 

129,5 l'' - 129,5 
Z 2e 2 2 

9 R2 

16w2 
• ll8f 

xopowo cornacyeTcR c AaHHhiMH Apyrax H3MepeaaA. AaanorH'<HbiM o6pa30M aaxoAHTCR a 

aaaqeaHe senuqHH 
2 

<2> 6 17 2 9 R • 
- B (EO, o .. 0) • -:i---r J • 6,17--- 70,8f 

e2 Z e oo 4~r 

H 

1 BUl ( E2 0-+2) 
---;;;-

2 9 • 
107,5 f"~~-107,5- - 24,6f • 
z2e 2 2 .4 .. 2 

Ecna Tenepb Bbi'<HCnHTh aaaqeaaa eepoaTaocTeA nepexoAOB e paMKax ea5panaoaaoA MOAe-
/3/ 

nH srnpa 1 TO OK83 hlB8eTCSI, qTQ OTKOilleHHR 

12 



CHUbHO paCXOll!ITCSI C COOTBeTCTBYJOlllHMK 3KCnepHMeHT8UbBblMH 3BS'IeHHSIMH 

a0 > = 1,76.10"
8 

(
4 

e"
2 

;ac
2
> ~ 5,1.10.

8 
( 

4
e" 2

• Eonee Toro, pacxolKJleaHe yrnoBblX pacnpene-
8Kcn. aJ<cn. 

neaHA c aKcnepaMeHToM npa yrnax a paAoae nepaoro nu~paKnuoaaoro MRHBMyMa u 3a HBM 

CBKileTenbCTByeT, UO-BHilHMOMy, 0 TOM, 'ITO KO<JneKTHBHOe M8KpOOURC8HHe Cpe,llHeMSCCOBblX 

KpyrnbiX !l)lep !IBnSieTC!I CUKWJ<OM rpy6blM H, B03MOJI(H0 0 Tpe6yeT Bbl)len&BHII H&CKOUbKHX 

ayKnoaoa aae 'Kopa• an11 6onee nocneaoaaTenbaoro onHcaaBSI pacc&SIBHH. Bo BC!IKOM cny'lae, 

Tenepb y)f(e BeT OCHOBSHHA OTHOCRTb 3TO paCXOJI(IleHRe 38 C'leT UpH6nHJI(eBHOrO OUHCBHR!I 

nponecca pacceHHHH (6opaoacJ<oe npu6nHJI(eaue, aepeanbaoe pacnpeneneaue nnoTHOCTR 3&p11-

ll&, a¢¢eXT 'Kp&THOCTR'). 

nPH nO)f(E HHE ---------
1 • Heo6xo!liiM bJe an11 pac'leToa Bbipa)f(eHRR G L onpenen!IJOTC!I 38Jl&BH&M MO-

aynRpyJOmero ~aKTopa 

/ 2 / 
R HCK8JI(9 !1H!I ~83bl • UOilp06BbiA BblBOJl KOTOpb!X Jl88 

a pa6oTe , 
_. V(O) _._. a 2 2 _. _. _. _. a _. _. 

<ll(x) = - -E- qx -
6

[3k x (qx)-2(k
1

x) +2(k 1 x) 3 1~ 

-> 4 

+[Xk, 1 1 • 

~ k ' · 2 ....... 2 ........ 2 2 2 ...... 
~(x)=(r) u; 11+2a[(k

1
x) +(k 1 x) -k x 1.t3d(qx)-

.... .. .... ... 2 ... ... .... ... 2 -+ ... ... 
-10c[(k 1 x)[k 1 x1 . -(k 1 x)[k 1 x11~[~a(k 1 +k

1
,x 

k'~ k(l- V(O)/ E) 

BbJ6RpaR ocb 6i II q R UOilb3YSIC b Bb!p8JI(9HR&M 

cos'xf., = p.a+v 1-p? vl-a 2 cos¢ • 

cosxk
1 

=-p.a+yl-p.2 v l-a 2 cos¢ 

-> 
rae p. =cos qx',q=\-k, a= Sin}, 

npK ,. =' =:! 

0 -yron pacceHHRsr, nonyqHM Bbtpa)f(&BRH nnSI 

<l>(x,p.,¢) R g(x,p.,¢) 3 8 BHCSIMOCTb OT <j> a nocnenaRx ~p-

13 



MYII8X Bbln8Jl89T 0 B nony'<&IOTC>I !jlopMyllhl ( 16) pafiOThl/ !/• 

2. B 0Dp9ll9119BB9 GLO (19) BXOJlHT BRTerpallhl no ¢ TRll8 
2JT 

~~ 
o (A+Boos2 ¢:1' 

r)le D • 1.2., •• A(z,<)H B(z.<) 89 38BRCHT OT ¢ ll p&BRhl 

A(z,<)- qz- V(O) qz- aOH 
2

q -~q 1 )z 1 +tdq 2 :o2 -\Vc q 2 (4k 
2 

-q 2 ):o 4 , 
E 

B(:r,t)Q- ~aq(4k2_ ,q2 )za -•d(.4k, 2 -q2 )z2 +<c(2k2-fq2)(4k2-q2 )z4 • 
npH't9M 

A(z,<) + B(z,t)oos 2 ¢- qz+_aa «<>(z,,..,¢ ))I ,.. ,.. .. 
3aMeaa ¢-+ ¢ + !!_ npHBOJlHT I< BHT9rpally 

171 
2 

2JT d¢ tr/2 d¢ 
f - .4f-----
o (A + Boos ¢) D o [(A+ B)- Bcos2¢f 

2, B 
F(~ ,n;1, ---) 

A+ B (A+ B)" 

npa ycnoaua A + B > I B I ~ . 0 • 

nonb3yHCb CBOACTBOM runepr90M9TpH't9CJ<Oft !jlyHJ<URB 

y-a-{3 
F (a , {3, y ; z ) • ( 1 - z) F ( y-a , ·y- f3 ; ·Y ; z ) , 

nony'IHM 6onee yJlo6ayiO !jlopMyny 

271 d¢ 

f 2 • 0 
(A + Boos ¢) 

2 .. 

yA(A+B) A"-' 
F(~,1-n,1; _a __ ), 

A+ B 

rue rHnepreOM9TpH't9CJ<H9 !jlyHI<UHH npH D = 1, 2, ,,, 
B 

BbtpalK&IOTCSI qepea KORe'IHhiA psrll no 

A+ B 

noncTSBIISI>I B ( 19) STO Bhlp8JK9HH9, nony<tHM !jlopMyny Jlll>l GLO • 
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10. 

I. 

80 80 

/FreJ/2 6 npov.3S. ea. 
~~ o·-2·nepexoaa 

100 

' ' ' ' ' \ 
' ' ' ' ' \ 

' \ 
\ 

' \ 
\ 
\ 
\ 
\ 
I 
I 
I 
\ , - ... -.., ,-, 

/ \ , \ 
/ \ 

I I 
I I 

I I 
I I 

I I 
I I 

I \ 
I 

I 
I 

I I 
I I 
\ I 
J 

120 140 B<apaa) 

p B Co l . 4lopk$aJCTOpbl Beynpyroro paCC8SIBBSI 91I91CTpoBOB Ba HApAX lfi II B $r II C 
B036yJKAeBBeN nepsblx 2 + -yposaell. Pac'leTbl CA9liAJU,l .IUIJI cjlepwBeBCJtoro 
pacnpeqenensz nnoTaoCTH 3apBAa. fiapaNeTpbl R , b • II: Te liCe, 'ITO • s 
pa6oTel5/. Cnnomable JtpBBhle - pac'IH DO fjla3osowy aBanJI3yl5/; nyBJtTBpable -
DO 4lopwyne ( 21 ) • 
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IF'I2 

163 

104 

p H c . 2. 

£ (0+..2•) nepexoa 

C 52 
/.43 Mev r 

:+ 

QS 1.0 ~lr'J 

161 
Cpasaeaae c sxcnepaMeHTOM ¢opM~8KTopos aeynpyroro pacceaaBH snexTpo-
aoa aa RApe Cr 62 c soa5ylK.lleaaeM nepsoro 2 + yposaa. Cnnomaaa Kpasaa 

paccqaTaaa no ~opMyne (21), nyaXTHpHaH - 5opaoscxoe npa5na~eaae (& ~ 1 , 
tlJ ~ 0 ) • napaM9Tpbl ~pMHGBCKOrO pacnpGJ191I8HBH nnOTHOCTB 38pHJ18 
R : 3, 97 5 f B b ~ 0, 529 f Bb15paRbl B3 cpaBHQHBll J1B~<)>epeR!lB81I&HbiX 

ceqeaaA ynpyroro pacceHRBH snexTpoaos/6/ c Bhl~cneaab!MB B pa5oTe/1/. 

16 

IFI2 

E (o ..... 2.(T)) nepexoa 

163 3.16 MeV Cr52 

16" 

-s, . , , . . ' ,, ' ,, . , ' ·' . ' 
to o.s 1.o q ( r-'J 

P a c. S. T o ~e, 'ITO B aa puc. 2, ao BOa5yJKJ18eTca cneAyiOmBII 2+ yposea& &Apa ·c, 
c saeprBell E = 3, 1611eV • P acqeTbl CJ1enaabl no ¢opMyne ( 22) . 

17 



16
3 

£(ot.o•) nepexoa 

lrl2 f 

104 

ltJ5 

~1-l~ ,, ,. 
" " , 

0.5 1.0 

r 52 
2.65 nev vr 

q(f-1) 

p H c. 4. To JKe, 'ITO H sa puc. 2, 80 B036ylKJ1a9TCSI o+ ypOB9Hh !l,llpa ·Cr 12 c aseprueA 
E • 2,65 MeV • Pac'I&Tbl cnenallhl no cj>opuyne ( 23). 
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