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l1MeeTCSI .aoBOilbHO 60ilbWOll SKCIIepHMeHT81lbHb!H M8TepH811 1 OTHOCSUllHJ!:CSI K IlOBe.aeHHIO OT"" 

pHU8T811bHbiX Me30HOB B CHCT8M8Xt co.aep:>K8ll1HX H8pS!.llY C BO.llOpo.aOM Sl.llpa JJ.pyrHX S118M8HTOB 
/1-6/ 

c Z >1 • CneuH<i:>H'I8CKHM MeaoaTOMHbiM npoueccoM a TaKax cHcTeMax ssnseTcs Heo6paTH-

Mbii nepex8aT oTpanaTellbHbiX MeaoH08 OT s.aep so.aopo.aa K s.apaM c 3apSI.llOM Z > 1. 3xcne-

pHM&BT fK83bi88eT Ha T0 1 'ITO B KOH.aeHCHpOBaHHbiX cpe.aax sepOSITHOCTb T8KOrO rrepeX88T8 O'leHb 
111 

8enxxa. Tax
1 

8 orrbiTax DaHo<Pcxoro a .ap. .aons rr -Me3oHos, 3axsaqeHHbiX npoToHaMa1 6bi-

Lr'R CH 6·10-3 "2•10-3• liS 8 H 2 COOTBeTCTBeHHO MeHbWe 1 'leM n 

B aacTOB!lleA pa6oTe yxa3blsaeTcs Ha T0 1 'ITO 6onbwas sena'IHHa ce'leHHH nepe3aps.axH 

M&aoaToMOB ao.aopo.aa aa sr.apax c Z> 

MonexynsrpHbiX TepMos, OT8&'1aiOmax nepeaapsr.axe. 

B 0 -1 8bi'IHCI1HeTcsr ce'leHHe nepexo.aa p. - Me3oHa c op6HTbi Me3oaToMa so.aopo.aa K s.a

paM yrnepo.aa H xacn.opo.aa. -'")"xa3aHHbiA pacqeT rrpe.acTaanseT HHTepec .ans cny'laH ra3oo6pa3Ho-
. /2-4/ 

ro ao.o;opo.aa (.aa<P<PyaaoHHaul KaMepbi) , r.ae rrepexo.a p.- Me3oaTOMOB so.aopo.aa a Hop-

M&llbBOe COCTOHHHe npoacxo.aaT 6biCTpee. '18M rrpouecc rrepe3apSI.llKH K s.apaM rrpaMeca. 

8 0 2 paCCMOTpeH BOIIpoC 0 KaCKa.aHbiX rrepeXO.ll8X B HOpM81lbHOe COCTOSIHHe Me308TOMOB 

c,.,. a o,.,. 1 o6paao8a8WHXCH 8 peaynbTaTe nepexsaTa p. - Me30HOB oT ao.aopo.aa. 

B 0 3 yxaaaao, 'ITO Manasr aenH'iHHa ceqeHHB rrepexsaTa P. - Me30HOB oT so.aopo.aa K 
/3 5/ 

a.apaM Be , Ha6niO.aaeMaSI Ha orrbiTe ' , CBB3aHa c oTcyTCTBHeM rrepece'leHHlt TepMos, oTse-

'IAIOillHX nepeaaps.a~te1 H c.aenaua rpy6as oueHKa ce'leHHH rrepexo.aa. 

B 0 4 o6cy:>KJJ.aiOTCH sorrpocbr, cssaaHHble c nose.aeHHeM 

llbiX cpe.aax, co.app)Ka!llHX so.aopo.a. 

1T - Me30HOB B KOH.lleHCHpOBaH-

0 1. nepexo.a !L - Me3oaa c K op6HTbi Me3oaToMa so.aopo.aa K s.apaM 

yrnepo.aa H KHCnopo.aa 

PaccMOTpHM rrepexaaT p. - Me3oHa, Haxo.asmerocs Ha K -op6HTe Me3oaTOMa ao.aopo.aa, 

X BllpaM C 3apsr.aOM Z > 1 • DOCKOilbKY KHHeTH'IeCK8SI SHeprHB Me30aTOM8 BOJJ.Opo.aa Mana no 

Cp&BH&HHIO C paCCTOSIHHBMH Me)K,ay Me308TOMHbiMH ypOBHSIMH 1 rrepeXBaT 1J.- Me30Ha K Sl.llPY Z 

B03MO)K8H aHepreTH'IeCKH TOilbKO H8 ypOBHH C rnaBHbiM KB8HTOBbiM 'IHCIIOM n .:5 Z • ,ll1151 nepe

XB&Ta l.l - Me30Ha Ha Jl&rKH8 Sl,apa ( H8llpHMep, yrnepO.ll HIIH KHCIIOpO.ll) Cy!lleCTBeHHbi paCCTOSI

HHB, K8K npaBHI10 1 3 H8'1HTellbHO MeHbWHe, 'leM pa3Mepb! K - op6HTbl aneKTpOHHOl!: 0601IO'IKH·, 

•t 1 Z (af = h3 /tn'} - 6opoacx:!A pa.aHyc anexTpoHa/, noaToMy a llBilbHel!:weM 6y11eM rrpeHe6pe

r~Tb BllHSBHeM Sli&KTpOHHOll 060ilO'IXH Ha nponecc nepexsaTa. 

J8MHilbTOHH8H CHCT&Mb11 COCTOSillleA 113 IIpOTOHa, sr.apa II ll- Me30Ha B Me308TOMHbiX 

e.aRHI!U&X ( 11 "' 1; m,.,. l: 1 ; t • 1·) HMeeT BH.ll: 

Ho:-Ltl• -_1_!:!.-; -.lh ~L- ~+ ~) 
2M Jtz 211 2 r r R 

l 2 1 2 - -
1 - xoop.aBaaTbi npoTOHa, B.apa Z 11 p.- MeaoHa r1 =I r - R 1 

( 1 ) 

• 5y.aeM HC:X8Tb BOIIHOByiO <i:>yHKUIIIO B Bll.ae: 

.-P _.. (Z) 

¥ =-1) (R) ¢ (r
1

) + l: I) (R) c/). (r
2
), 

0 0 1 I I 
(2) 



r.ae rp (r ) - 80nH088JI tPYHKUHJI 
0 I 

ll - Meaoaa aa K -op6HTe MeaoaToMa 8o.aopo.aa, ¢(ZJ (r ) -
' 2 

80nH08851 cpyHXUHJI ll - M830HS y H.apa Z ( i - 03H8t{88T C080KynHOCTb KBSHTOBbiX queen) o KaK 

B&IJICHHTCH 8 .aanbH8IW8M0 nepeXBST ll - M830H8 npOHCXO.OHT HS paCCTOSIHHSIX 3H8t{HTenbHO 6onb· 

WHX 6opoBCKOI'O pa.aayca M8308TOM8 R>>l. nosTOMy npe6nH:lK8HHe (2) He SlBnSleTCSl cnHWKOM 

(Z) 
rpytSwM. B xa'lleCTBe cpyaxaal ¢, (r 2 ) 8bi6epeM cpyHKUHIO ao.aopo.aono.ao6Horo Meac :lTO.Ma B 

napa6onHt{8CJtHX KOOp.OHHSTSX ( T8M CSM&IM B Hyne80M npa6nH:lK8HHH 6y.aeT yqTeHO 8nHSIHHe npo

TOH8 HS ll - M830H 0 HSXO.OSIWHICSI y Sl,apa Z ). Vfa.aexc i tSy.aeT 03H8t{8Tb TOI'.OS COBOKyn

HOCTb napa60nBt{8CKHX X88HT08b!X t{HCen ( n1 1 n2 1 m ) 0 r.ae m - np08KUHSl MOM8HTS KOnHt{8CT-

88 .OBH:lK8HHH ll - M830H8 HS npHMYIOo C08.0HHSIIOWYIO· H.apa • .LJ.ng H8DO.OBH)KH0 38KpenneHHbiX 

s.aep 'm' npe.aCTSBnReT TOt{HOe K88HT0808 t{HCnOe nocxonDJty0 O.OHSK00 yqeT .08H:lKeHHSl H,aep 

MO:lK8T npH80.0HTb K H3MeHeHHIO m -+ m _:!: 1 0 nepexo.a JL - M830H8 C K- Op6HTbl npOTOHS K 

s.apy Z MO:lKeT npoHcxo.aHTb xax 8 cocTORHHH c m • 0, TaR H 8 cocTOHHHH c I tr I ~ I. Pac-

CMOTPHM BH8t{Sne nepeXO.Obl 6ea H3MeHeHHSI IJ! •00 no.aCT88HB (2) B ypSBH8HH8 illpe.aHHI'epa 

c raMHnbTOHHSHOM (I) H yquT&Iaas, qTo ¢ a ¢(ZJ y.ao8neT8opsiOT ypa8HeHHHM 

0 ' 

n~ A• - .!_ ) ¢ = - ~ ¢ 
' r1 o 0 

Z (Z) z2 (Z) 
(-~~--r_) ¢, =- 2ii2 ¢, , 

2 

(3) 

nonyquM ( nocne 
(Z) 

YMHO)KeHHH COOT88TCT88HHO• Ha tPYHKUHH cp O H r/)1 H HHT8I'pHp088HHSl no. 

KOOp.OHHSTSM M830H8) cne.ayiOWYIO CHCTeMy yp88H8HHI .anSI tPYHKUHH ellO H ell I 

(-J..uAt-E +E0 + V00 (R) ) ell0 = ~ ~~ell, (4a) 

s.··· 

(- ~ A;_- E + E, + V,,( R) ) ell, • V,0 ell0 , (46) 

r.ae M = M
1 

M
2

/(M
1

+M
2
)- npu8e.aeHHSH Macca s.aep, E

0
- H E

1 
- sHeprHH uaonapoaaHHbiX 

M8308TOMOB UpOTOHS H s.apa Z i ~O (R) H V,, (R) - nOT8HUHanbHhle SH8pi'HH TepMOB, OTB8t{SIO

U1HX npH R .... M830Hy0 HSXO.OHWeMyCH COOTB8TCTB8HHO HS K- op6HT8 npOTOHa H B COCTOSIHHH 

i(n1 ,n
2
,m) y s.apa Z • 

V ~Z( 1 -<_1_ > 
oo R r

2 
oo 

(5a) 

V ( z ,. 1 > 
= ~ ----- fl 

" "' rl 
(56) 

V .. ( <-L > - < _1._> S ) 
ot r ol r fl 

I I 
(5a) 

v,o ~ z ( < ..L > - < J_ > s ) , 
r to r oo 

2 2 
(5r) 
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t < _1_> ., f ¢ _1_ if}z> dr 
r1 01 o r 

1 
1 

( 66) 

Opu BbiBO.lle CHCTeMbl (4) npeHe6peraeTCH pH.llOM 'IJieHoa: 

(Z) 1 (Z) 
1) qJleHbl' BH.ll8 ( f rP

1 
-,- r/)

1
, cJr ) II> I' 1 nepenyTbiB8101UHe yp8BHeHHH ( 46 ) JlJIH j F j< 1 Mo-

l (Z) 
ryT 6b1Tb onyWeHb1 1 T8K K8K BOJlHOBble cpyHKUHH rP

1 
B napa60J1H'IeCKHX KOOp.llHH8T8X npe.ll-

CT8BJ1HIOT 'np8BHJlbHble' JIHHeftHble KOM6UH8UHH BO.llOpO.llOfiO.llO&fbiX cpyHKUHA 1 Jl8101UHe JlHHeltHblil 

A. <_1_> a't'ljleKT WTapxa u TeM caMbiM o6ecne'IHB8JOIUHe paaeHCTBO HynJO MaTpH'IHOro aneMeHTa 
1
,. 

( j< '# i ) C TO'IHOCTbiO .llO 0 ( -b ) ; r r 

1 (Z) 

m r f ¢1 11-t ¢o a-) ~~>o 
1 

2) OnyweHbl qneHbl Tuna du: ( f ~ f1,•¢~ZJ dr ) 11>11 
:r 

B03HHK810WHe npH .lleftCTBHH onepaTOpOB * M, H * /!!.~ Ha BOJlHOBble· <!JyHKUHH ¢
0 

<I l.-R,!) 
(Z) 

H ¢1 ( r- R:r ) • YKa3aHHble 'IJieHhi, npe.llCTaanHJOWHe JlHHSMH'IeCKHe nonpaBKH K a.llua6aTH'Ie-

cKoMy npu6nu:lKeHHJO u npa 1~ , II 2 >> 1 Manbl no 

'18CTHX ypaaHeHHA ( 4a), ( 46). Cne.llyeT OTMeTHTb, 

CpaBHeHHIO C 'IJleHSMH 1 CTOHWHMH B npaBbiX 

'ITO .llHarOH8JlbHhie SJleMeHTbl k f rp ~ er"= 
.& .... , 0 0. 

1 "2T. H 1 f rp(Z)f!!. .. qJZ!; ,.,_ 1 _1_ 
r ~ I r I 2lf n:r 

a ypaaHeHHHX (4) BKJIJO'IeHbl a E 
0 

H E 1 1 DOCKOJlbKY 

:r :r 
OHH npe.llCT8BJ1SIIOT nonp8BKH 1 COOTBeTCTBYIOIUHe ( C TO'IHOCTbiO .llO 1/41,21 1/M: ) BBe.lleHHIO npuae-

JleHHOJl M8CCbl II. - Me30H8 B H30JlHpOB8HHbiX Me308TOMax, TaK 'ITO! 

E 
0 

M .,_u( 1 - 1 )· 
2(U +U .,.. M ' 

1 1 

H 

E,.,-_1_(1-1 )· 
1 2n2 T , 

2 

Cp8BHeHHIO C ~I ~I H ~O II> O H IT OSTOMy .llJlH nepeXO.llOB 6e3 H3MeHeHHH 

(7) 

npu M • M >>1MaJibi no . 1 2 

m HMH MO:lKHO npeHe-

6pe'lb, CymecTaeHHO OTMeTHTb1 O.llHaKo, 'ITO HMeHHO STH qneHbi Bhi3hiBaJOT nepexo.llhi m -+m: 1. 

}lns onpe.lleneHHH ce'l:eHHH nepexaaTa 11. - MeaoHa OT npoTOHa K HllPY ypaaHeHHH ( 4) .llOJI:lK-

Hbl 6b1Tb peWeHbl C rpaHH'IHblMH yCJIOBHHMH 1 Tpe6yJOlUHMH 1 'iT06hi cpyHKUHH ({>I CO.llep:lKaJIH DpH 

R _, oo TOJlbKO pacxO.llHlUHeCH aonHhi. Ecnu aonHa II> 0 HOpMupoaaHa Ha e.llHHH'IHblA noToK: 

TO 

II> .. 1 
I VVI 

t Ia~ ~ 
j (~ + 1 ) r Pr (Cos (J) I sin ( k R - T + at) + 

+ Yf exp i ( kR- '!.}- + ap) I f.rt- 1 

t I lei R 

kR 

H Ce'ieHHe nepeXB8T8 B COCTOHHHH p8BHO 

2 

ul ., ~ l: ( 2t + 1) 'q~ ' J:ll t L ) 

(8) 

(g) 

r.lle J:2.,2M (E-E ); 1:: ., 2 M ( E - E 
1 

) 
1 

a v u v,- CKOpOCTH OTHOCHTeJibHOl"O JlBH:lKe-
0 

HHSI Sl.llep npu R ..oo v=k!M v
1

=k
1
!M 

XapaKTepHol oco6eHHOCTbJO paccMaTpuaaeMol 38.ll8'1H1 onpe.lleJISIJOIUel 6onbwoe ce'ieHue 

nepexaaTa, SIBJISieTcsr nepece'leHue MOnexynsrpHblX TepMoa, · 3To o6cTOSITenbCTBO HeTpy .llHO ycTaHo-
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BI!Tb c noMO!l.lbiO npocThiX <PH3H'IecKHX coo6pa)KeHHA. PaccMoTpHM TepM V (R) , oTaeqaiOmHl!. 
00 

Ha 6onblllHX paCCTOSIH!HIX LlBH)KeHHIO Me30aTOMa BOLlOPOLla B none S!Llpa Z o nocKOnbKY Ha 6onb· 

lll HX paCCTOSIHHSIX < -~ >00 "' 1/ r.. 0 H3 paaeHCTBa ( 5a) BHLlH0 0 'ITO 
2 

- R 
v , o ( e ) R ... oo (lOa) 

00 

z v "' R ... 0. ( 106) 00 R 

cflaKTH'leCKH STOT pe3ynbT8T 6yneT anonHe nOHSITeH, eCnH yqeCTb sneKTpH'IeCKYIO Hei!.TpanbHOCTb 

x) 
Me308TOM8 BOLlOPQLl8 H8 6onblllHX paCCTOSIHHSIX • 

-4 

C Llpyroil CTOpOHbi
1 
TepMbl V.d R) 0 OTBe'laiO!l.lHe Me30aTOMy Z#l B none npOTOHa, LlOn)KHbl 

Ha _6onblllHX paccTOSIHHSIX naaaTb OTTanKHBaHHe Me)KllY S!.llpaMH ~i .. ( Z -1) I~ BbJ6op a Ka-

(Z) 
qeCTBe rP 'npaBHnbHb!X' nHHeilHb!X KOM6HHBUHil 1 .ll810UlHX nRHeftHblft s<jl<i:JeKT illTapKa0 no-

1 -

3BOnSieT nony'IHTb 113 (56) Ha 6onbllliiX paCCTOSIHHHX C TO'lHOCTbiO .!10 qneHOB 0( +, )- Cne.llyiO-

!l.l99 Bb!p8)K9HHe: 

V , ~ + !_ n(n, -na) 
II R 2 ZR:J (12) 

Bnaro.aapSI .aoaonbHO 6biCTpoMy B03pacTaHHIO V
11 

( R) C yMeHbWeHH9M n H OTHOCHT9nbHOMy 

nOCTOHHCTBY V00 TepMbl ( E 0 + V00 ) H ( E, + V, ) MOI"'yT nepeceKaTbCSI Ha .llOBOnbHO 6;nblllHX 

paCCTOSIHIISIXo npHHHMaH (lOa) H ( 12) 0 nony'IHM LlnSI TO'iaK nepeceqeHHSI ( aCnH OHH ne*-_aT Ha 

.llOCTaTO'iHO 60nbWOM paCCTOSIHHH) cne.ayiO!l.lee ypaBH9HIIe: 

-~ _1_= 
1+L u, 

- ~ _1_ + _!:::_!_ + 
2n 2 1 +L R 

M2 

3n (n, - n 2 ) 

2 Z R2 
(13) 

nonyqaiQ!l.llleCH 113 ( 13) paCCTOSIHIIH r.. Ha KOTOpbiX npoHCXOLliiT nepeceqeaue nnH cnyqag H.aep 

yrnepo.aa ( Z = 6 ; M 2 = 12 M 1 ) 11 KHcnopoaa ( Z = 8, M 2 = 16 411 ) 
1 

np11aeaeHbi a 

Ta6n11ue 1. 

Pa3yMeeTcH, a onpeneneHHH TO'leK nepeceqeHIIH, ne)KamHx Ha ManbiX paccTOSIHHSIX (R '"3-4)_, 

HM9eTC51 llOBOnbHO 60nblll851 HeonpeaeneHHOCTb0 nOCKOnbKY noTeHUH8nbl v If 
00 

V
11 

H8 STHX 

paCCTOHHHSIX MOI"'yT y)Ke cymeCTBeHHO OTnll'iaTbCH OT IIX- aciiMnTOTII'IeCKHX 3H8'1eHHil (lOa) II ( 12 h 
Eonee TOI"'O, no-BIIlliiMOMy, B006!l.le Henb351 nopy'I:HTbCSI 0 'iTO TepMblo COOTBeTCTBYIOWHe aa 6eCKo

He'lHOCTH COCTOHHHHM Me308TOMa yrnepona C rnaBHb!M KB8HT0Bb!M 'IHCnOM n "'3 HnH KIICnopoaa 

x) noaeaeHHe TepMa V00 , onHCbiaaeMoe (lOa), BbiTeKaeT 113 <jlopMynbi (5a), nonyqeHHoli 

a nepBOM npH6mt)KeHHH Taop1111 B03MymeHHl!.. B aei!:cTBHTenbHOCTH BTopoe npH6nH)KeHHe, y'iHTbi

aaiOmee nonHpH3aUIIIO Me3oaTOM8 0 LlOn)KHO .ll8B8Tb Ha 6onbllliiX paCCTOSIHHHX cna6oe npHT51)K9HHe 

Me)KJlY S!JlpaMH 

v "' 00 
9 z 2 

4lf"4 ( 11) 

xx) 
0TMeTHM, 'iTO yKa3BHHoe 3.llecb nepeceqeHHe a TepMoa nponmope'IHT o6meA TeopeMe 

Hel!.MaHa-BHrHepa o aeao3MO)KHOCTH nepece'leHHSI TepMoa OlliiHaKoaoa CIIMMeTpHII. 3To o6cToSI

TenbCTBO CBSI38HO C TeM 0 'iTO .anH 'lBCTIIUb! 0 HBXOLlSI!l.lei!.cSI B none llBYX KynOHOBCKHX ueHTpOB 0 

HMeeTCH JlOnOnHHTenbHOe Bblp0)Kll9HHe, CBSI38HHOe C p83JleneHHeM nepeMeHHbiX, H TeopeMa Hel!.
M8Ha-BHI"'Hepa B 9TOM cnyqae He npiiMeHHMa (cMf7/ ). 
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aa 6onl 

(lOa) 

( 106) 

cne.ayro-

(12) 

(13) 

s.aep 

R. "3-4) 
.) 

) H ( 12h 

( ll) 

c n •4, nepeceKaiOT TepM V
00 1 TaK KaK 6biCTpbiA poeT 

aa'laTbCSI KaK pas npH paccTOSIHHSIX nopg.aKa R "' 3 - 4, T.e. TaM, r.ae, cornacao Ta6naue 

.aomKHbl ne:lKaTb TO'IKH nepece'l:eHHSI TepMoB. "4To Kacaei'cg TepMOB 1 coOTBeTCTBYIOlUHX aa 6onb-

WHX paCCTOSIHHSIX M9308TOM8M yrnepo.aa H KHCnopo.aa C eme M9HbWHMH I'naBHbiMH XB&HTOBbiMB 

'IHCn&MH 1 TO OHH 1 no-BH.llHMOMy1 onpe..aeneHHO He MOI'YT nepece'lbCSI C TepMOM 1 COOTB8TCTByiO

WHM Me308TOMY BO.llOpo..aa H B03HHK810W8SI K&pTHHa ( CM. pH C. 1 ) .llOn:lKHa H&nOMHH&Tb cny'lail: 
++ /8/ 

MoneKynbi HeH 1 r..ae TepM 2pa , OTBe'laiOWHA aToMy so..aopo..aa, He nepeceJtaeTCH c Tep-

MOM 1 sa 1 OTB9'1810WHM Ha 6eCKOHe'lHOCTH COCTOSIHHIO HOHa renHHo Jlml peweHIOI BOnpoCa 0 

nepeCe'l9HHH TepMOB Ha M&nbiX paCCTOSIHHSIX cne..aoaano 6bl TO'IHO 'lHCneHHO peWH-Tb 3&.lla'ly 0 

Mesoae B none ..asyx KynoHOBCKHX ueaTpoa. 0..aHaKo 1 xaK 6y ..aeT noxasaao HH:lKe, HeaaBHCHMO OT 

cywecTBOB&HHSI TO'leK nepece'leaaSI, nepexaaTbl IJ. - Mesoaos OT so..aopo..aa aa ypoBHH yrne.po.a:a 

c n S 3 H KHcnopo..aa c n $: 4 OKa3biB810TCSI CHnbHO ·no..aaaneHHbiMH1 H# TaltHM o6pa3 OM) He..-

onpe.aeneHHOCTb1 CBg3aHHaSI C ITOBe.QeHHeM noTeHQHanoB Ha M&nblX paCCTOSIHHSIX1 CTaHOBHTCSI 

.ans paccMaTpasaeMoil: sa..aa'IH aecywecTseaaoA. 

/9-10/ 
KaK H3BecTHO 1 B cny'lae nepece'leHHH ..asyx MoneKyngpHbiX TepMoB ce'leHHe aeynpy-

roro CTOnKHOB8HHSI onpe..aenHeTCSI cpopMynoil: ( 9) C qf 1 paBHbiMH: 

r.ae 

-8 -8 
lqel.,=<l-f ~ e I 

2 

8 = 1 2" I V, 0 I 
1 v I F1

- F 0 l 
0 

• 2 srn r1 1 

Fl =-~; 
dR 

Fo=-~ 
· dR ' 

(14) 

(15) 

a V - OTHOCHTenbHag CKOpOCTb K.llep B TO'I:Ke nepece'leHHK MOneKynRpHblX TepMOB R0 t ·Onpe-
0 

.aenHeMOil: paBeHCTBOM ( 13) • C y'leTOM ( 11) V0 paBHO 

(16) 

BenH'lHHa r1 B ( 14) npe.acTasnKeT pasHOCTb HHTerpanos ..aeii:CTBHH ..ansr TepMoB V00 • V11 1 

B3SITbiX OT COOTBeTCTByiOWHX.KnaCCH'leCitliX TO'lelt OCTaHOBJtR .llO TO'lltH nepece'ledfl ~·,,, 

R 

- J0 J 2M ( E - E1 - V, 1 ) d R • 
E - E

1 
- V11 (R) 

Ycpe..aaeaae no aaepi'HH (no T• r ) ..aaeT BMecTo ( 14) 

I 2 ,8~ lqel =~(1-t > 

HnH npH 8 I « 1 

/12/ 
('ITO cosna..aaeT c pesynbT&ToM, ..aasaeMblM MeTo..aoM acxa:lKeHHblx son•·" ). 

7 

(17) 

(l7a) 
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B paccMaTpusaeMOM HaMu cnyqae nepexaaTa 11 - Meaoaa OT npoToaa K R.npaM cZ > 1 

TepM voo nepeceKaeTC51 .llOBOJlbHO 60llbWIIM 'IHCliOM pa31IH'IHb!X TepMOB VJI • no9TOMy 

¢opMyna ( 17), cnpase.nnuaag .nnH cnyqaH nepece'leHH51 .usyx TepMos, .uon:>KHa 6biTb cooTBeT

CTBYIOil.lHM o6paaoM H3MeHeHa. YKaaaHHbie U3MeHeHHSI ¢opMynhi ( 17), y'IHTbiBaiOwHe aanH'IHe 

H8CK01IbKHX nepece'leHHii, MOI"'yT 6b!Tb 1I81"'KO c.nenaHbl 0 ecnH BOCTI01Ib30B8TbCSI H3BeCTHOll: Knaecu

qeCKOit HHTepnpeTauueli ¢opMynhi ( 17). 

I 
nyCTb B HyneBOM npH61IH:>K8HHH lfM8eTCSI nepece'leHHe .llBYX M01I8KY1ISipHblX TepMOB 00 H 

I 
11 (CMo pH Co 2a); TOr .a a H81IH'IHe nepeXO.llOB .ll01I:>KHO IIpHBO.llHTb 9cp(j:JeKTHBHO K pa3.llBH:>K8HHIO 

TepMos, TaK 'ITO nepece'leHHe oKa3biBaeTCSI HeB03MO:>KHhiM. ( CTporo rosopR, s6nH3H TO'IKH nepe

. ce'leHHSI soo6we HeaaKOHHO rosopHTb o .nayx paanH'IHhiX TepMax). BepoRTHOCTb Toro, 'ITO npu 

npOXO:>K.ll9HHH 'lepe3 TO'IKY nepece'leHHSI TepMOB CHCTewa OCTaeTCSI B TOM :>Ke CaMOM 91IeKTpoH-

HOM (Me30aTOMHOM) COCTOSIHHH, T.e. npOH30it.UeT Hea.nua6aTH'IeCKHit nepeXO.ll C O.llHOA TIOT8H-

I I I ( I 
uuanbHOil KPHBOil (01) Ha .npyry10 (10) (unH c (01) Ha 1 O)), 

-8 
P ~ r 

(18) 

(r.ue 8 onpe.uenHeTCR ¢opMynoii, aHanorH'IHOil ( 15) ), a sepoSITHOCTb Taro, 'ITO npu npoxo:>K.ne

HHH TO'IKH nepeCe'18HHSI CHCTeMa OCTaeTCSI Ha TOI :>Ke C8MOll: TIOT9HUHa1IbHOll: KpHBOll: paBHa 

-a r 1 - P J = < 1 _, r ) . 

nocJtOllbKY npu 8TOMHOM CT01IKHOB9HHH TO'IKa nepeCe'i8HHSI npOXO.llHTCSI .llBS:>Kbl ( O.llHH pa3 npH 

yMeHbW8HHH paCCTOIIHHSI .llO TO'IKH OCTaHOBKH H .llpyroll: pa3 npH paaneTe Sl.llep, nepeXO.ll ... H3 co-

CTOSIHHSI '0' B COCTOSIHHe "'1" MO:>KeT npOH30ITH .llBYMSI CTIOCo6aMH: 1IH60 nyTeM 0 -+ 0 '_. 1 , nu6o 
$ 

nyTeM 0-+ 0'-+ 1 • TaKHM o6paaoM, sepOSITHOCTb nepexo.aa H3 COCTOSIHHSI '0" B COCTOSIHHe "1" 

OK83biB8eTCSI paBHOH -fj -8 
w=2r r1-r ), 

(19) 

'ITO C TO'IHOCTbiO .llO HOpMHpOBO'IHOI"'O MHO:>KHT81ISI COBTIS.llaeT C ( 17) o Vicn01Ib3YSI yKa3aHHYIO 

K1I8CCH'IeCKyiO HHTepnpeTaUHIO BeliH'IHHbl ( 18), K8K sepOSITHOCTH T0!"'0 0 'ITO npH npOXO:>K.lleHHH 

TO'IKH nepeCe'leHHSI TepMOB CHCTeMa COXpaHHTCSI B nepBOHa'la1IbHOM 91I9KTpOHHOM (Me30HHOM) 

COCTOSIHHH 0 HeTpy .llHO nony'IHTb B KnaCCH'19CKOM npe.nene Bb!pa:>KeHHe .ll1ISI BepOSITHOCTH nepexo.na 

npu HanH'IHH HecKonbKHX nepece'leHHA. Ecnu TepM •o• nepeceKaeTCSI TepMaMu "1", "2' , ••• , i 

", •. · n B TO'IKax R1 , R 2 , R 1 , ••. Rn ( HyMepauuR TepMOB .a aHa B nopR.aKe yMeHbWeHHSI pace ToR-

HHR) 
I 

TO BepOSITHOCTH nepexo.aa H3 COCTOSIHHSI •o• ,COOTBeTCTBeHHO B COCTOSIHHe n n-1 

... i O'leBH.llHO paBHbl ( CM. pH C. 26) 

wn = 2 -~ P2 PI ••· pn-1 pn ( 1 - P, ) 

w =2P P ... P P f1-P )[l-P (1-P )] 
n-1 1 2 n-2 n- n-1 n n 

(20) 

WI = 2 PI ~ ••• ~-1 PI (1 -PI ) [ 1- p 1+/ 1 -PI+ I)-

- p2 
I+ I 

p 
1+2 

2 2 2 
( 1 - PI+ 2 ) - •.• PI+ I PI +:l" •• 1!.-t 1!,(1-I:, J]) 

t. 

8 



>l 

My 
t 

H'IHe 

KJI8CCH-

I 
OOH 
eHHIO 

KR nepe-

npu 

( 18) 

OXO)f{lle• 

a 

paa npn 

H3 co-

, Jin6o 

'I' 

(19) 

• • j 

8CCTOH

n·1 

(20) 

rae H 8, Onpe.aensi!OTCSI no cpopMyJie ( 15), npli 9TOM HOJIHaSI B9pOSITHOCTb Heynpy-

roro nepexo.aa ua cocToHHHH "0" B COCTOHHHH HI". "2" •••• pasHa 

21 p p + pz p p pz p:z P2 
W = J ( 1 - J ) J z ( 1 - 2 ) ••• + J 2 • •• n-1 (21) 

Ha !f:JopMyn (20 ), (21) nerKO au.aeTb, 'iTO ecnu KaKas-nu6o ua aeJIH'IHH 8 -+ 0 t TO COOT-

BeTCTByJOlllHA nepeXO.U He BJlHHaT Ha BepOHTHOCTH OCTaJibHbiX nepexO.UOBo C .apyrOH CTOpOHbi 1 

eCJIH K8KaH-HH6y.Ub H3 BeJIH'IHij 8j BeJIHKa, T,e, P; << 1, To nepexOLlbi Ha ypoaHH i + 1, ... n..,. 

TO'IKH nepeCe'leHHH KOTOpbiX C ypOBHeM "0" Jie)l{aT Ha paCCTOHHHHX MeHblliHX R jJ OKa3biBaiOTCH 

CHJlbHO no.aasneHHbiMHo ¢H3H'ieCKH 3TO a6CTOHTeJibCTBO BnOJIHe HCH0 0 TaK K8K 60JlblllaH BeJ1H'iHH8 

8.· 
' npHBO.UHT 3lPlP9KTHBHO K CHJlbHOMy pa3.UBH)I{9HIIIO ypOBHeii "0" II "i", B CBH3H C 'ieM yMeHb-

lll89TCH BepOHTHOCTb nepexo.aa H9 TOJlbKO Ha ypoBeHb "i" , HO II Ha BCe OCTaJlbHble ypOBHH, 

TO'IKH nepeCe'ieHHH KOTOpblX Jl9)1{8T npH MeHblliHX pacCTOHHHHX (eM. pHC, (26) ). 

B ·rat5nHuax 1a H 16 npiiae.aeHbl aHa'ieHHH 8; , Bhi'IHCJieHHbie no cpopMyne ( 15) .ans nepe-

Fi 
XO.UOB H8 p83JIH'iHbJe ypOBHH Me308TOMOB yrnepo.aa H KHCJIOpo.aa. npu 9TOM BeJIH'IHHbl Bbi-

'IHCJIHJIHCb H3 noTeHUH8J10B ( 12), a p-o npHHHMaJI8Cb paBHOH HYJIIO (noCKOJlbKY 'IJleHbl nopH.UKa 

1/R .JH 1/ ",4 
( 1 ) ) ' " B UOTeHUH8J18X 2 T8K)I{e He Y'IHTb!BaJIHCb 0 VfMeH B BH.UY 1 'ITO CTOJlKHOBeHHH 

UpDHCXO.UST npH M8Jlb!X (CKOpee BCero TenJIOBbiX) 3HeprHHX t MO)I{HO npH Bbl'iHCJieHHH acpcpeKTHB-

HWX Ce'leHHA orpaHH'iHTbCH 

9 Z 2 

cpaaHeHHJO c 4 ---rfi" • 

S - BOJIHOA, a B !f:JopMyne 

0 
KaK su.aHo H3 Ta6nuuhr I, aHa'ieHHH 81 .ans paaJIH'IHhiX KB8HTOBhix 'incen n1 , n

1 

faa)l{e npu O.UHH8KOBOM n MOf'YT oTJIH'iaTbCH Ha HeCKOJibKO nops.aKoa. TaKas 'iYBCTBHTenb-

HOCTb O; K 3H8'1eHHHM n 1 1 n1 BUOJIHe nOHBTHa, T8K K8K MaTpH'IHblli 9JieMeHT V10 onpe.ae-

J!JleTCB nepeKpbiTHeM aonHOBbiX !f:JyHKUHH MeaoaToMa ao.aopo.aa u s.apa Z • Hcnonb3yH nasecT

/13/ 
Hhle CBOACTBB BO.UOpo.aono.ao6HhlX BOJIHOBb!X lPYHKUHH B napa6onnqeCKHX KOOP.UHH8TaX 0 MO)I{- • 

HO 38KJIIO'iHTb0 'ITO npH ~ > n 1 H8H60JiblliHe no MO.UYJIIO 3H8'1eHHH BOJIHOBOH lPYHKUHH Me308TO-

M8 z z H npOTOHOM, B TO speMH K8K npH 

n, < n 1 - BHe 3T0f'O npOM9)1{YTKao noaTOMy M8TpH'iHbie 3JieMeHTbl Yto 6hiCTpo pacTyT c 

yseJJH'IeHHeM paaHOCTH n,- n,. Cne.ayeT aaMeTHTh, 'ITO y'ieT nonspuaaunu MeaoaToMa z 11 s 

none UpOTOH8 MO)I{eT npHB9CTH K CylUeCTBeHHOMy yseJIH'ieHHIO 3H8'1eHHli .UJJB n - n <0 
2 1 

aa C'leT npHMeCH COCTOHHHH C n2 - n
1
> 0 0LlH8KO KaqeCTBeHHble 38KJ110'19HHH 0 KOTOpb!e MO)I{" 

HO c.aenaTb H3 Ta6JIHU 1 (a,6) OTHOCHTeJlbHO pOJIH OT.ll9JlbHbiX nepexo.aos, npH 9TOM He H3Me-

HHIOTCSI, 

PaccMOTpHM nepexsaT 11 MeaoHoB K s.apaM yrnepoLla. Ha npHBOLlHMhiX a Ta6nuue I a ... 
aHa'!eHult 

n ~ 5 

BH.UH0 0 'iTO nepexO.Ubl Ha ypOBHH 0 COOTBeTCTBYIOlliHe f'Jl8BHOMY KB8HTOBOMY 'il!C.'1y 

) MeaoaTOMa CIL BeCbMa MaJIOBepOSITHbl 0 nepeXO.llbi C IL -Me30Ha npOHCXOLlSIT B OCHOB-

HOM Ha ypOBHH npH 9TOM BBH.Uy .UOBOJlbHO 

60JibWOf'O 3Ha'!eHHSI .anSI nepexo.aa Ha ypoaeHh ( n
1 

=f), n
1 

= 3 ) nepeXO.Ubl H8 BCe OCT8J!L.-

Hbie ypOBHH, TO'IKH nepece'leHHSI KOTOpbiX Jle)l{aT HCI MeHbWifX paCCTOS!HliSIX, OKa3biB810TCH llO.z:Iap.-

JieHHbiMH ( K8K 9TO CJie.ayeT H3 !f:JopMyJI ( 20)) o ,lleil:CTBHTeJibH0 0 KaKOBO 6b! HH 6•-,JJJO 3Ha'-!eH!fe 
" " 

01 .UJISI ypOBHeli C 
-8 

MHTeJieH f t-l H C 

.:;, -o, 
n =3 t BeJJH'IHH8 e ( 1- e )<~·~;D03TOMY H8JIH'!He B Bb!pa)l{eHHHX (20) MHO-

yMeHblll8eT BepOSiTHOCTb nepeXOLla H8 ypoBHH C n = 3 LlO se.'1li'lli" 

Hblo OK83b!BaJOllleliCSI ManOH DO Cp8BHeHHIO C BepOSITHOCTSiMH rrepeXOLlOB Ha ypOBHH ( n = 4, n 1 = 1, 



-!:_l:i.. 
~--

nepeXO.llbl f.L - Me30HOB K Sl,llpaM KHCnOpO.lla (eM. Ta6nauy 16) .llOn:lKHbi npOHCXOLlHTb B 

1 OCHOBHOM Ha ypOBHH ( n=6, n1 =0, n2 = 5 ):(n =5, n
1
=1, n

2
=3) (n =-5, n 1 =0, n2= 4 ). 

npa aTOM nepexo.ll Ha ypoaeHb ( n = 5, n 1 = 0, n2 =· 4 )c 8=2,51IO.llaamieT nepexonbr Ha ypoBHH 

c n ~4. TaKHM o6paaoM, B o6oHx paccMoTpeHHbiX cny<~aHx oKa3biBaii>TCH ManbiMH aepoSITHOCTH 

nepexO.llOB Ha Te ypOBHH, TO'IKH nepeCe'leHHH KOTOpbiX C ypOBH8M1 .OTB8'1aiOUleM Meaoa~oMy p l1 0 

·ne>KaT Ha cpaBHHTenbHO He6onblllHX paccTOHHHSIX ( T.e. TaM, r.lle acnonb3yeMbie np116na>KeHHSI 

MOI'yT .llS,BaTb 6onbll1He OlliH6KH ). ToT ¢aKT0 'ITO nepeXOLlbl Ha COOTB9TCTByiOWHe ypOBHH OK83bl-

B8IOTCSI 8BTOMaTH'l9CKB nO,llaBneHHbiMB sa C'I9T nepexOLlOB Ha BbiClliBe ypOBHH, n03BOnSieT Ha,lleSITb

CSI Ha nony'leHHe B .p8MK8X HCnOnb3yeMbiX npH6nH:lK9HHI 3Ha'IHTenbHO t'Sonee TO'IHbiX OIIeHOK Llml 

nonHol BepOSITHOCTH nepexo.lla. 

6e3p83MepHbie B9pOSITHOCTH nepeXO.llOB Wj,. Bbl'IHCneHHble aernaCHO tPOpMynaM (20) ,llnSI H8H6o-

nee aepoSITHbiX nepexoaoa, npe.llCTasne&bl B Ta6nuue 1 •. Ce<~eHae nepexona B cooTBeTCTBHH c 

( 9) t ( 17) H ( 20) paBHO: 

o-
1 

,. TT X) p .,, (22) 

VIa Ta6nau 1 ( a,6) BH.llHO, 'ITO nonHaSI 6eapaaMepHaH aepoSITHOCTb nepexona w 1 nnH yrne-

pO.lla paBHa 0,21 H .llnH KHCnopona 1Vf • 0,32, nerKO BH.ll9Tb1 onHaKo , 'ITO Bbrpa>Ke-

HH9 (22) ,llnSI C9'19HHSI nepeXO,lla He MO>KeT OCT8B8TbCSI cnpaBe,llnHBbiM BnnOTb .llO eaMbiX ManbiX 

aHeprul cTonKHOBeHRH, r.lle ce<~eaue Heynpyroro npouecea .llOn>KHo HMeTb BH.ll 

TenbHO (eM. npHno>KeHHe 2)) npH aHeprHiiX CTOnKHOBeHHSI 

U ,., _l_ • JleiCTBH
V 

E « E
0

, E = 1 8 o 9M:zz:z '"~ (f V). 
---(23) r.lle 

Ce'leHne nepexo.lla HMeeT BH.ll (a MeaoaTOMHbiX e.llHHHIIax) 
"S-

IJ.;,. = 3 TT ·I 2 Z .,. v,- -v- .,. (24) 

EenH eTOnKHOBeHK.H npoucxo.llSIT npu Tennosblx cxopoeTHx, To yenoaue ( 23) BbmonHHeTeSI npaKTH-

qeeKH y>Ke npu KOMH8THbiX TeMnepaTypax. TaKHM o6paaoM, sepoHTHoeTb nepexona B eaHHHIIY 

apeMeHH Xz = Nut v (r.lle N 'IHcno lil.llep B eM
3

) .llOn>KHa Bbi'IHCnHTbCSI eornaeHo (24). B yeno-
22 -a 

BHSIX >KHLlKOBOLlOpO.llHOI KaMepbi ( N • 3 1 5 • 10 CM ) aepOHTHOCTH nepexo.lla f.L- Me30HOB OT 

"npOTOHOB COOTBeTCTBeHHO K lil,llpaM yrnepo,lla H KHCnOpO,lla paBHbl 

Ac 
10 ·1 

2,8 • 10 eeK (25) 

Ao 
10 

,. 5,6 • 10 eeK 
·1 (26) 

H UO nopSILlKY aenHiJHHbl COBUa,llaiOT C 3KCnepHMeHTanbHbiMH 3H8'1eHHSIMH 1 nony'leHHbiMH B pa60Te 
. /4/ . /3 5/ 

B.n • .Ll>Kenenoaa, n.<l>. EpMonosa, B.Mocxaneaa H LlP· • B TaK>Ke B pa6oTax • • 

HeRo, 'ITO paccMoTpeHHbii MexaHH3M .llOn>KeH ,llaBaTb npu6nH3HTenbHO O.llHHaKOBYIO no no

PH.llKY aenH'IHHbi aepOSITHOeTb nepexo.lla xo seeM nerxHM H.llpaM ( aa HeKniO'IeHHeM He .J eM. 6 3 ). 

Ha ocHoaaHHH H3no>KeHHOrO MO>KHO C.llenaTb TaK>Ke HeKOTOpbie 3aKniO'IeHHSI OTHOeHTenbHO 

Ce'leHHSI nepexaaTa f.L -Me30HOB OT .lleiTpOHOB K Sl,llpaM Z > 1. noCKOnbKy BenH'IHHa Vo B (15) 
-~ 

nponopuuoHanbHa M • TO nepex;eaT f.L - JMe30HOB C ,lleiTpOHOB .llOn>KeH npHBO,llHTb K eme 

6onbllleMy llO,llaBneHHIO nepeXO.llOB C 8 I > 1 H ysenHBHBaTI:, aepOSITHOeTb nepeXO.llOB e ~~ <<1. 

x) C! 
nepeXO.llbl B Me30HHble COCTOSIHHSI fYL •1 .llnSI Sl.llep, HaXOLlSIUlHXeSI B jJ -eoeTOSIHHH 

He npoHeXO.llSIT (eM,/2~. 

10 

'.-

' 



o Jle.itCTBH-

(23) i 
... 

(24) 

(25) 

(26) 

pa6oTe 

I 

Ecna ocaosa:yJO· pon& B nepexsaTe aa :yrnepo.ll arpaeT nepexo.o B cocTosraae (n=-4, n
1
,1, n

3
,2)

1 

a HB XHCnOpOLl - 8 COCTOSIHHe ( n "' 5, n1 = 1 , n 2 = 3 1 .onsr KOTOpblX 0 I << l 1 TO BepoHT-
y, 

HOCTb nepeXOLla Wt.WIJ H B o6naCTH ITpHMeHHMOCTH <i:JopMynbl (24)-sepO.HTHOCTb nepexBaTa 

P. - Meaoaos a e.o:aaau:y speMeaa (X z) OT .oe:ATpOHOB .llOn:>Ka 6b1Tb npHMepHO pasHa (ana He-

cxon&xo Me&wue) seposrTHOCTH nepexsaTa OT npoToHos. 

!51 
ToT ¢axT, 'ITO B pa6oTe Wa<P<Pa Bena'IHRB xdNe =A dN. ('\o+Xd~Ka3biBaeTCSI 60RbWe 

senH'IHHbl X, N• = .\ PN•/(1\o + X,p) ( a.necb .\0 -seposrTHOCTb pacna.na IL - MeaoHa, A,,-

.\ 6 PP" H dpu (s cex -I) ' ' H dp - sepORTHOCTH 0 pB30BaHBH Me30MOnex:yn ,... r- H "dNe 1\ pN•-

B8pOSITHOCTH nepeXBBTB p. - M830HB OT .lle:ATpOHa H COOTBeTCTBeHHO OT npOTOHa K ,./e MO:>K8T 

6b1Tb HHTepnpeTHp08BH npH AdN• <X pN• paanaqaeM s sepoHTHOCTRX >-,, H X pd • Kax no
x) 

XB3b1BBJOT .llBHHble a.n. ,Ll:>Kenenosa H n.<P. EpMonosa 
/14/ 

( B OTnH'IHe OT llBHHbiX ), 8 .oe.BCTBH·· 

Ten&HOCTH Apd < A pp 

I 2. Kacxa.nable nepexo.obl s MeaoaToMax nocne nepexsaTa 

non&a:ysrc& Bbi'IBCneHHbiMB B npe.nbl.llylllea rnase sepoHTHOCTRMH nepexsaTa p. - MeaoHa 

B paanB'IHble COCTOSIHHH Me30BTOMB Zp. 1 MO:>KHO paCC'IHTBTb npouecc .nan&Heil.wero KaCKBllHOrO 

nepexo.na aa K-op6aT:y MeaoaTOMa B 'I&CTHOCTH, MO:>KHO BbJ'IHcnaT& sepoHTHOCT& acn:ycx.a-

HHH O:>Ke-anexTpouos s aToM npouecce. Yxaaaaaasr sena'IHHa rrpe.ncTasnsreT HHTepec BBHll:Y Toro, 

'ITO B. ycnOBHSIX BO.llOpO.llHOa .na<P<P:Y3BOHHOa KBMepb11 HCnOnb30B8HHOa B paCSoTe B.n. ,Ll:>KenefiOBB1 

/4/ 
n.<P. EpMonosa, B.M. Mocxanesa ) HBnHifHe O:>Ke-sneKTpOHOB MO:>KeT cny:>KBTb .nnsr H.ll8HTH<Pa-

xauaa npouecca nepexsaTa. 

npa pacCMOTpeHBH nepexo.nos 8 M830BTOMe ZIL :y.oo6HO paanO:>KHTb sonHOBble tP:YHXJ.UfH 

M8308TOM8 Zp. B none npoTOHB ( 3BfiHCBHHbJe B napa60niPieCKHX KOOpllHHBTBX) no BOnHOBbiM 

cPyHXUHHM CB060.llHOrO Me30BTOMB B c<i:JepB'18CKHX KOOpllBHBTBXo n:ycTb gJZJ= cpn n 
81 

( e, '7 , cp 
1 z• 3• 

- HOpMHpOBBHHBH BOnHOBBSI tP)'HKUHH Me30BTOMa Z 8 napa6onaqeCKHX KOOp.llHHaTBX e = t
3

(1 +cosO) 

'1 .,·t3 ( 1 -cos(J) j cp C KBaHTOBb!MH 'IHCnBMH n1 t n2 , m , a 'J!.f
81 

= R,.e(r
3

) Y f_.{8, cp) 

HopMaposaaaasr sonaosasr ¢yaxuasr B c<Pepaqecxax xoop.naaaTax. Tor.na 

(27) 

r.lle (.onsr m>O ) 

c~ ., ,(-1)
81 y'(2f+l) (f -m}!(n+f}!(n- f -J)!(n;~ +m)! 

"t:"~ (f +tr )!(n +m)! n ! n ! 
l l 2 

t=f-m D 
l: (-l)" (L+m+k)!(n,+m+k)! 

lr.=il k! (m.+ 1r )! rt- m+ k )!(n+ fl'+k)! • 

( .llnsr m <0 ). ,Llnsr HHTepecyiO!llHX H&C COCTOSIHHa, B KOTOp.Ye COsep-

waeTcsr nepexo.n 

x) 
qacTaoe cooCSLUeaae. 
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Z = 6, n;, 4 

- _ ..;s _ _3-Js 
rpt:lO -:~ IJI400 + 10 lp4JO ~ '1'420 ~ IJI 430 

(29) 
_ 'I' 3y5 m _ · yS ur 

¢030 -~ 400 +-w- T410+ ~ lp 420+ 10 T430 

''Z..; s; n=-5 
. ,_ 

¢ = _J._ " + _L w - ...L v -~ w - ..;...t. w uo, yS loo_ y10 uo y14 120 5 uo 35 140 

¢: = - 1- • + v._z_ w + v+ w + _L w + __L w 
040 . ·y5 ·100 5 110 UO ..;·10 UO y70 140 

c"' 

Z=B, n=6 

• 
¢ - _1_ 'P + y._§_ 'P + _5_ ' +A. lp +J!L'P ·+ ~ lp •• 

010 y6 100 14 ItO 2y21 UO . 6 UO 14 . 41411 42 4160 

~: 

BepOBTHOCTII pS.OIIEUlllOBHhlX nepeXO.OOB H3 COCTOBHHI ( rt 1 t 1 m ) MO:lKHO nony'IH;~ H3 

. . /1~ ~ 
Taeinuu&I 15 XBRrR SeTe H Conn&Tepa 1 yMBo:M<a51 npuae,aell:H&Ie TSM aHa'leHHH Ha "1'_z · mil I m 

., 

{ mp. 1 m - Macc&I p. Mesoaa H snexTpoaa). Y'IHT&IBaH, 'ITO pasMep&I MeaoaTOMHbiX op6HT 

3HS'IHTen&ao lt48Hblll& sneiTpoBH&IX1 MO:lKHO paccMaTpsaaT& O:M<e-nepexo,abi MesoaToMoB (c nepe-- _ 
' . . . . ' 

,aaqel SHeprHH 9118XTpOHf STOMHOI Oei01IO'IKR) XSX npouecc BHyTpeHHel KOHBepc~H Ha aneKTpoHe, 

Kos<f><l>HulleHT xoHBepcRB .anSI .asnoni:.aoro nepexo.aa &MeeT BH,a: 

_ •41/ arcctf 71 
t =16~_Z12 a 1 e ( ~ )3 

( 1 - f "2'"1 )( 1 + _1~ ) 6. E I 
~2 

(31) 

r.ae 

" 
.. z' a I 'v2 -:br-mc ' a 

2 
f /hc 1 

6. E - a&eprssr MeaoaTOMHoro nepexo.aa, W - aHeprHH BbJJleTaiOwero anexTpOHa; W =6. E -lk 

( l1c - noTeHusan HOHH3SUHH snexTpoHa Ha K -o6onoqxe). <t>opMyna (31) y'IHT&IsaeT1 'ITO 

S118XTpOHH8H Oei01IO'IX8 H8XOaHTCSI 8 none s,apa Z 1 SKp8HHpOB8HHOM p - M930HOM: Z' e ~ -1, 

3HeprHSI HOHH38UHR S118XTpOH8 H8 K -o601IO'IK9 Hllp8 z'- Bbi'IHC1IH118Cb cornaCHO H3B9CTHOMY 

npasuny CmJTTepa
1201 '~: = ( z• -0,3) 

2 
. 13,5 eV H COCT8B1IH9T ll1151 yrnepo.aa lk .. 0,3.Kas 

XHCnOpOllS lk .. 0,61 KaB, 3HeprHH nepexo,aa H COOTB9TCTByJOIUH9 HM Koa<t><i>HUH9HTbl KOHBepCHH 

(3)) :~pHB8.09Hh1 B T861IHU8X 1f ( a,6). J.1CTI01Ib3YH STH KOa4>4>HilH9HTbl KOHBepcHH H sepOHTHOCTII 

p8llH81lHOHH&IX nepeXO,OOBt TipHB9.09HH&I8 B / l 5 / 1 MO:lKHO B&I'IHC1IHTb sepOSITHOCTb HCnyCK8HHSI 

0:M<e-aneKTpOHOB npH K8CK8.0HOM nepexo,ae M9308TOM8 H3 COCTOHHHSI (n f ) B OCHOBHOe. JleA

CTBHT91IbH01 9C1IH Rnn•-aep051THOCTb p8llH81lHOHHOrO nepeXOllS H3 COCTOSIHHSI n B COCTOSIHHe 

12 t 

' j 

l 
I 
l 
1 



• 
(29) 

op6HT 

• (? nepe-

(31) 

"0,3Kas 

KOHBepCHH 

HOBHOe, Jleii:

COCTOSIHHe 

j 

n' o a knn' - COOTBeTcTByiO!UHit Ko3¢ctlHUHeHT KOHBepCHH 1 TO sepOHTHOCTb HCnycKaHHH 0)Ke -

anexTpOHOB (An ) pasHa: 

~ k R 
n' n•nu n•nu 

A = n 
;, knn' Rnn' + ~· R ~ ( 1 + k ) R _ ~n~·-=-"~"~'~n~·~·~--~n~·~n~·~nn~'"~" 

~n' ( 1 + lc;,n•> Rnn' ~ ( 1 + k ) R 
+ ... · (33) 

n' nn' nn' 

(cyMMHpOBaHHe B (33) rrpOH3BOllHTCH rio BCeM n' n" • • .aorrycxaeMbiM rrpasHnaMH OT6opa .anH 

llHil01lbHOrO H3nyqeHHH H ycnOBHeM ~ > ~· > E ). npaKTIP:IeCKH B (33) MO)KHQ orpaHHqHTb-

CH nepsb!M qneHoM. 

BepoH.THOCTH ucrrycxaHHH O:>Ke-anexTpoHOB rrpH xacxa.aHhiX rrepexo.aax a Me3oaToMax C H 0 

npHBe.QeHbl B Ta611HUaX 111. nonb3yHCb pa3110)KeHHHMH .(29) 1 (30) 1 MO)KHQ Il011yqHTb COOTBeT

CTBYIOLUHe BepOHTHOCTH ll11H rrepeXOllOB H3 COCTOHHHH B rrapa6onuqeCKHX KOOpllHHaTaX (rrpe.anoc

ne.QijHe xonoHKH ;a6nuu Ill). B nocne.aueit xonoHKe Ta6nuu iit yxa3aHbi cpe.auue sepoHTHOCTH 

Ha6niO.aeHHH Q)Ke-anexTpoua nocne rrepexaaTa, ecnH C'iHTaTb1 qTo rrepexsaT rrpoucxo.aHT Ha 

ypOBHH ( n = 4, n
1 

= 1, n
2 

= 2) H ( n = 4, n 
1 

= 0, n
2
= 3 ) .anH yrnepo.aa H ua ypoa-

HH ( n = 6, n
1 
= O, n 

2
= 5 ), ( n = 5, n 

1 
= 1, n 

2
= 3 ) ( n = 5, n

1
=0, n:z=' 4) .anH xucnopo.aa c cooTuowe-

HHeM BepOHTHOCTei\1 ,aasaeMbiM Ta6nHueit ll, 

TaKHM o6pa30M 1 ITJ'!pexaaT ,-.Me3oHa K H.apaM C H 0 rrpHBOllHT c sepoHTHOCTbiO rrpH6nHaH

TenbHO 80% K rroHsneHHIO O*e-aneKTpoHa c aHeprueA HeCK01lbKO Kas. 3TOT ¢aKT y.aosneTso-
. 14 1 

pHTenbHO CornacyeTCH C 9KCrrepaMeHTa11bHbiMH .QaHHbiMH B.n. Jl)Kenerroaa, n.Cf:>.EpM0110Ba H llp •. 

§ 3, nepeXOll ll -Me30HOB K lfe 

CucTeMa 

TepMbl PllHe 

Pll He rrpe.acTaanHeT HCK11IO'ieHHe cpe.au CHCTeM p ll Z • MonexynHpHbie 
/8/ 

ITOll06Hbl paCC'iHTaH.HbiM TO'iHO TepMaM CHCTeMbl 
/8/ 

H He++ • Cor nacHo > TepM 

2pu 1 COOTBeTCTBYIOlUHH rrpH pa3se.aeilHH aTOMy BOllOpo.aa B HOpMa11bHOM COCTOHHHH 1 He 

nepecexaeTCH c TepMOM 1 sa 1 cooTaeTCTBYIOWHM uouy renHH. TaxHM o6pa3oM, nepexo.a 

Pll +He -+He +p 
ll 

ll011)KeH B KB83HK11aCCH'ieCKOM rrpH611H)KeHHH rrpOHCXOllHTb 3a c'ieT oco6eHHoc-

TH a noTeHuHanbHbiX aueprHHX npu R = 0 • nocxonbKY TO'iKa ne)KHT a no.a6apbepHoit 
. x) 

o6nacTu, sepoHTHOCTb nepexo.aa 6y.aeT secbMa Mana • 

CeqeHHe nepexo.aa o!tpe.aenHeTcH xsa.apaTOM MaTpH'iHoro aneMeHTa 

(34) 

.-. x) 
BeposTHOCTb nepexo.aos Pll + He -+Hell + P /lB/ ua,ypoBHH 11ell c n .. 2 cTpe-

MHTCSI K HyniO rrpH MMbiX SHeprHSIX CT011KHOBeHHSI (CMo ). 0TMeTHM TaK)Ke1 qTo BBHllY pa3-
HOCTH B aclJclJeKTHBHbiX Mace ax ypoaeHb Me308TOMa p ll Ha 6eCKOHe'iHOCTH 11e)KHT Bbllll9 ypos-
HeA MeaoaToMa lie ll c n =2 ·H nepecexaeTcs HMH ua pacCTOSIHHBX nopH.axa R •.20 • O.a-
HaKo ua CT01lb 6onbWHx paccToHHHBx nepexpbiTHe sonuosbiX tPYHKuHA Pll H Hell oqeub 
Mano H nepexo.a npaxTuqecKH He RMeeT MecTa. 



r 
'-

i 

I 
i 
I 

t 

~ 
~ 

I 
~ 
~':WI--?"-..._ 

rLte ~ H ~ 
tea :1 pa 

- BOnHOBble <i:JyHKUHH OTHOCHTenbHOrO LlBH:lKeHHSI SILlep COOTBeTCTBeHHO 

B M830HHbiX COCTOSIHHSIX 1su H 2pa 1 a V12 - B03MyWeHHe1 8bl3bi8~10W8e nepeXOLl (eM. (5r) ). 

III 
Cornacao npaaunaM Bhl'iHCneHHSI KB83HKnaccn'leCKHX MBTPH'lHblX aneMeHTOB aenH'lHHa /12 B 

Kaaa.uKnaccuqecKOM npu6nu:lKeHHH nponopuuouanbHa aKcnoueauil:anbHOMY BblpB:lKeHHIO: 

112 - exp I fy2f.t(l'
2
pa(R)-E)dR -fV'2M(V,.a(R)-E)dR l, (35) 

a 0 • 

rlle v2pu (R) 11 V, sa (R) - MOneKynHpHble UOTeHUHBnbl 8 COCTOSIHHSIX 2pu H 1 sa a 0 11 

a
1 

- COOTBeTCTBYIOLllH€ HM KnaCCH'l8CKHe TO'lKH OCT8HOBKH; ftf -npuBeLXeHHBSI Mace a Slllep. npu R-.0 · 

~ srT "'--i- + E,. ljpa"' +- + E 2p, (36) .... 

rLte E = -912 to H E2P=-9/8 ~HeprHH M8308TOM8 nHTHSI B COCTOSIHHH 1s H 2p • Vfc-

UOnb3ySI ( 36) 0 MO:lKHO C TO'lHOCTbiO LlO KOa<lJ<i:JHUH8HT08 UOpS1LlK8 8LlHHHUbl Bbl'lHCnHTb npell3KC

fiOH8HUH8nbHbiil: MHO:lKHTenb a fu • Ce'leaue nepexoLla no nopSILlKy aenH'lHHbl OKB3biBaeTcH paBHbiM 

a "' rr I VuCO) I' (37) < exp 1-2 ( 112pa-B ,.i I, 
k 2 

( Ete- E2P) 

rLte ( lJ:lpa- B,.c»- :3KCnOHeHUHBnbHOe Bblpa:lKeHHe (35), a l:l =2MT T - KHHeTH'leCKaSI aaep-

rHSI M8308TOM8 p fL ) • I-1cnonb3yH 'lHcneHHbie sHB'l&HHSI noTeuuuanoa 
V. /8/ 

laG H V2pU ) MO}!{" 

HO oueHHTb 6apbepHble <i:JaKTOpbi; npH T= 0 LlnSI nepexaaTa K He3 n,.u = 6,5; ~pa = 13,8. 
" -6 

TaKHM o6paaoM, aKcnoaeauaanbHbiil: <PaKTOp B (3,7) cocTaanHeT = 10 , a aepoHTHOCTb nepexo-
"'-'"-

LlB p. - Meaoua K lie, Bbi'lHcneaHaSI cornacuo (3,7)., OKB3bl&aeTcSI no Kpallaeil: Mepe aa 5 nopHll-

xoa Meubwe, qeM aepOSITHOCTb nepexoLla K SILlpBM THna C, 0, Ne • BBHLlY ManocTH ceqe- , 

HHSI npouecca pp +lie -. lie p + p cywecTBeHHyiO ponb MO:lKeT urpaTb paLluauuoHHblil: 

nepexaaT Mesoaoa pp + He -+ Hep + p + y , npH KOTOpOM Meaou B npouecce CTOnKHoaeHHSI 

/17/ 
nepexoLlHT aa op6uTy Hep. , ucnycKaH peuTreaoacKHI KBBHT. no oue~xaM aepoHTHOCTb paLtHa 

I 4 5 -1 
UHOHHOro nepexaaTa (a ycnOBHSIX :lKHLlKOrO BOLlOpOLla) MO:lK&T COCTBBHTb Az "'10 -10 ceK 

J 

T.e. HMeeT TOT :lKe nopHLlOK, 'ITO H LlnSI npouecca PP. + He .. Hep. + p • Yxaaaaue aa ManocTb 

ce'leHHSI nepexolla p - Meaoaoa K He 6htnO CLlenauo aaTOpoM a 1960 roLly OllHoapeMeHHO c 

/3/ ' /3 5/ 
npOB8LleHHeM OUbiTOB H fiOLlTBep:lKLl88TCSI 9KCnepHM9HTMbHbiMH pe3)'nbTST8MH 

0 
o 

§ 4. npouecCbl nepexaaTa B KOHLl9HCHp088HHbiX Cp&Ll8X 

B npeLlblLlYW8M paCCMOTp8HHH C'IHTanOCb 0 'ITO nepeX&BT M930HOB npOHCXOLlHT H3 OCHOBHOro 

COCTOSIHHSI PI! • TaKaSI· CHTyBUHSI HM88T MeCTO B raaoo6p83HOM BOLlOpOLle npH ManOA KOHU8HTpa

UHH npHMeceil:, KOrLla apeMSI nepexoLta aa K- op6HTy 3HB'IHTenbHO M&HbWe nepexaaTa. B KOHLleu· 

cupoaaHHbiX cpeLtax THna Li H , C112 H T.Ll. nepexaaT oTpuuaTenbHblx Meaoaoa oT BOLlOPOlla 

LlOn:lKeH npOHCXOLlHTb C B036y:lKL18HHbiX COCTOSIHHI M9308TOM8 80Ll0p0Ll8o ,0.eiCT8HTenbH0 0 6naro-

Ll8p5t 6onbWOMY 'IHCny nepece'leHHA LlnSI B036y:lKL18HHbiX COCT051HHI C8'18HHe nepexaaTa MO:lKeT 

npH6nH:lK8TbCSI K CBOeMy npeLtenbHOMy 3HB'leHHIO 
2 " 

a • rr >. , a aepOHTHOCTb nepexoLta K aenu-

11 -1 
10 ceK • TaKHM o6pasoM aa LlOCTaTO'IHO BbiCOKHX op6HTax nepexaaT Mesoaos K Llpy-'IHH9 

' 



TBeHHO 

(eM. (5r) ). 

a 112 a 

(35) 

(36) 

2p • Vic-

peasKc-

ll paBHbiM 

(37) 

K8ll SHep
/8/ 

J MO:>K" 

b nepexo-

5 nopga-

M8JIOCTb 

OCHOBHOI"O 

OBI18HTpa

B xoa.aea-

ao.aopo.aa 

o, 6naro-

It aenu-

B K .apy-

I"HM SlllpaM MO:lKeT ycneWHO KOHKypapOB8Tb C K8CK8.QHbiMH nepeXO.ll8MH B HH3WHe COCTOSIHHSI 

a c R.aepHbiM 3axaaTOM (a cnyqae rr -- H K -Me30HOB) 6naro.aapSI MexaHH3MY .lleSJ, Cuoy H 
. /18/ 

Ca'lepa • 

Heo6xo.QHMO OTMeTHTb T8K:lKe 1 'ITO nepeceqeaue MoneKyngpHbiX noTeuuuanoa B CHCTeMe 

prrp ll01IlKHO npHBO.QHTb K 001IbWOft ( 10
11 

-10
12

ceK -
1 ) BepoSITHOCTH Heynpyi"HX CTOnJtHO" 

aeHHA 1 6naro.aapg KOTOpbiM rr - Me3oH MO:lKeT .aoaon&HO 6biCTpo ne-

peilTH H3 COCTOSIHHSI C n ~ 14 H8 ypOBHH n = 4 - 5 • r.ae pa6oTaeT MexaHH3M B.llepuoro 3axaa
/18/ 

Ta BoaMO:lKH01 'ITO yKa3aHHbiA npouecc cywecTaeuea .anSI 
/19/ 

o6'bSICHeHHSI Manoro apeMeHH 

:>KH3HH rr _ Me30HOB B ao.aopo.ae 

B 38KJIID'l8HHe npauowy rny6oKyiD 6naro.aapHOCTb 9KcnepHMeHTaTopaM na6opaTOpHB 

s.aepHbiX npo6neM: B.n • .lllKenenoay, n.Cfl. EpMonoay. A.YI. Myxuuy, B.M. OoaTes:opao H P.M.Cy

ngeay aa CTHMY1IHPOB8HHe Y1Ul38HHOA pa60Tbl B ueHHble 3aMe'I8HIUlo a T8K)Ke H.B. 3enb.QOBJI'IY 

n.VI. nana.aycy. A.A. noryaoay. H.A. CMOpOllHHCKOMy H YI.M.lliMywKeBH'Iy 38 nno.aoTBOpHble . 

o6cy:>K.aeHHSio 

AaTop aec&Ma npu3HaTeneu YI.B. Oy3b!BHHY H A.M. 1a3eToaoA 38 nOMOlllb B 'IHcneuHbiX pacqe-

Tax. 

BOllHOB8SI tPYHKUHSI Me308TOM8 Z B COCTOSIHHH C napa6onH'leCKHMB KB8HTOBbiMH 'IHCJI8MH 

( n1 , n2, !II = 0 ) MO:lKeT ObiTb 3anucaaa (eM. puc. 3) B BH.ae 
1131 : 

3/2 -~ 

ctJZJ= z f n F(-n,, 1; z Ji( 1n-Cos Oz}) F (·a,, 1; 
I rr'h---;r-

Z ri l+CosOJ) 
n .t 

(In 1) 

r.ae n = n1 + nt- l - rnaaaoe KB8HTOaoe qucno; F (a, y ; x )_ Bb!pO:>K.lleHHaSI runepreoMeTpuqe-

cKaSI cpyHKUHSio Bonuoaag tPYHKUHSI Me3oaToMa ao.aopo.aa 
-r 

cf>= 1 e' 
0 -;w-

(l IT2) 

Opu Bbl'lHCJieHHH MaTpH'lHbiX aneMeHTOB < _1_. > H S ( tPOPMY1Ibl ( 6)) B COOTBeTCTByiDUlHX 
r

2 
10 

HHTerpanax YllOOHO nepeATH K ~JIHllTH'leCKHM KOOp.QHH8T8M 

(l n 3J 

npH 9TOM 

<_1_ > H 
r 10 

s BeJIH'lHHbl COOTBeTCTBeHHO p8BHbl 
2 

(lll4) 



z31'1?3 "" +1 - wR.;+tR'fl 2 2 ~. , 

S:~ fdf. f f (f.-., )F(-n1 ,1; 4#-r;-l)(l+'fi))F(-n
2

,1; ·fr: (;•1lf1-1:\ \ dry
1 _, 
(I !14') 

r.ae 

w:%(_!._+1); r:IL(~-1) n n n • 

Jlp9.llCT8BHB Bblp0)1{.ll8HHbJ8 rHnepreOMeTpH'l8CKHe cpyHKUHH B BH.lle nonHHOMOB 1i BbiiiOnHHSI 

aneM9HT8pH09 KHTerpHpOB8HHe 0 MO)I{HO Bbl'IHCnHTb BenH'IHHbl <+ >
10 

H S K8K <}JyHKUHH 
2 

napaMeTpoa R , w 1 t • nocKonbl(y1 o.aHaxo, aTOM CBH38HO c rpoMo3.llKHMH Bhi'IHcneHKHMK, 

8 3H8'leHH51 BenH'IHH <+ >10 H S Tpe6yeTC51 Y3H8Tb TOnbKO .llnH O.llHOro onpe.aeneHHOrO 3Ha

'leHHSI paccTOHHHH R0 fcooTBeTCTByJOwero TO'IKe nepece'leHHH TepMoa), Bbi'IHcn~HHe HHTerpa-

A 
nos ( rn 4 ) H (10 4') 6blnO npoae.aeHo nyTeM 'IHCneHHOro HHTerpHpOB8HH51 Ha M8WHHe. Pe3ynb-

T8Tbl HHTerpHpOB8HHSI npe.aCT8Bn8Hbl B Ta6nHue I. 3aBHCHMOCTb aenH'IHH (In4) OT pac-

CTOHHHH R M0)1{8T 6b!Tb npOHnnJOCTpHpOB8H8 Ha cne.ayJOlUHX npnMepax, 

,Llns z •6 ( n -4 n1•t n2 •2) npH R "'6,86 
<_1_> -3 -2 

R •7 ,31 
'2 

- 6,50•10 i s -2,87• 10 npn 

<_1_> -3 -2 
R •7,71 

'2 
- 4.41•10 ; s - 2,03•10 npH 

<_1_> -3 s •1,48'10-2 
'2 

-3.10•10; 

,Llns z =-8 ( n •5 n1 = 1 "2 = 3) npn n = 7,94 ... 
<_1_ > -3 -2 R =8,24 

'2 
... -5,82•10 s --3,24 ·10 npH 

~ 

<L> -3 -2 
R "' 8,52 

'2 
--4,53 ·10 s --2,57 •10 H npH 

1 -3 -2 < -,- > - -3,56•10 ; s --2,06 •10 • 
2 

llpHnO)I{eHne ll 

Ce'!eHne (22) nony'leHo a KB83HKnaccn'leCKOM npH6nn)l{eHHH, Me)l{.lly TaM, ecnn .u.nnHa aon-

Hbi na.aa10well: 'ISCTHUbl ~ 3H8'1HTenhHO 6onbwe aenH'IHHbl p .• xapaKTepn3yJOweA paanyc .ael!.-

CTBHH MOneKynHpHblX fiOTeHUH8nOB 1 TO, 38Be,QOMO ,Q0n)I{H8 ~CylUeCTBOB8Tb o6naCTb paCCTOHHHll:, 

H8 KOTOpbiX KB83HKn8CCH'l8CKOe npH6nH)I{eHHe OK83b!B89TC51 Hecnpaae.anHBblM, YKa)l{eM nOSTOMY 

npe)I{,Qe acero o6naCTb npHM9HHMOCTH Bblp8)1{8HH51 (22), JlOTeHUHan B38HM0.08HCTBHH B H8'18nb

HOM COCTOHHHH ( KOr,aa It- M930H H8XO,QHTCH y npoTOH8) HMeeT BH,Q1 H306pa)l{eHHblit H8 pHC,(, 

Ha 6onbwHx paccTOHHHHX 

(a:_J_ Z
2 

). 
4 

v a 
RT 

YcnoaHe npHMeHHMOCTH KB83HKnaccH'lecKoro npH6nH)I{eHHH: 

npHHHMa&T BH,Q 

2R 
«l) ER 

a 
( 2!.1 a )'h ( 1 + ) 3/2 

16 

__ c!}_ « 1 .am1 noTe HuH ana 

dR 

r nn1 J 

(llll 1) 

• 

i-
-x 
~· 

i 

l 
f 
) 

l 
I 

I 

c 



' 
(1 :14') 

oT pac-

nnr, 

(rne M -Macca, 

( fi02 )t K8K cPYHKIUHI 

E - aHeprHR HaneTaiOwe:A 'laCTHUhi). Bbrpa)KeHae, CTORWee s neaoii qacTH 
I~ 

R HMeeT M8KCHM81IhHOe 3H8'i9HHe rrpH R =(a/SE)' • Ec.rm 3HeprHH CHCTe-

Mhi TaKosa, 'ITO a To M8KCHM81IhHoe 3H8'19HHe y .aoBneTaopHeT ( IHl 2) , To KB83HKnaccHqecKoe 

11pH6JJJDK9HHe 11pOXO.llHT BCIO.llY H8 601IhlllHX pacCTOSIHHSIXo 0TCIO.ll8 IIOJiyqaeTCSI KpHTepHH 0 orp8HH

'ilfB8IOWHH 11pHM9HHMOCTh Bb!p8)KeHHSI (22) CHH3Y 

E» 
5 

5 
~ (B Me308TOMHhlX eUHHHUBX) 
M.t Z' 

E » 8 (ev) • ? cnnJ'J 

TaKHM o6pa30M, ecnH CT01IKHOBeHHSI rrpOHCXOUSIT rrpH T9111IOBbiX aHeprHHX, ycJIOBHe rnllJ) He BbJ• 

1101IHHeTCSI H Ce'leHHe rrepexaaTa U01I)KH0 OT1IH'l8TbCSI OT (22). 

EcnH E -+ 0 • TO. K8K BH.llHO H3 ( nn 2) • ycJIOBHSI KB83HK1I8CC11'iHOCTU 6y uyT Bblii01IHSITb-

~ 
R « ( M; ) "' 3Z • 

CH .t11ISI 
(11n 4) 

J-1HTepeCyiOWH9 H8C TO'IKH nepece'leHUSI TepMOB (eM. T861IHUY 1) Jie)KaT B yKa38HHOlt 06JI8CTII H, 

cnenoaaTeJihHO, Bbi'IHcneHHe 6e3pa3MepHbiX aepoHTHOCTe:A nepexoua w H8 OCHOBe KB83HKJI8C-

( . 2 
CH'ieCKOro paCCMOTpeHRSI 11p8BH1IhHO 38 HCK1IIO'l9HH9M ycpeUH9HHSI sm r B ciJopMyne (14)). 

Mbi rroKa)KeM, 'ITO rrpe.aenhHOe Bhrpa)KeHue U1IH ce'leHHSI nepexoua rrpu E _,') MO)KHO 

rpy6o II01Iy'IHTh H3 (22) 1 Y'ITSI H3M9HeHH9 HOpMHpOBKH KB83HK1I8CCH'ieCKOH cpyHKUHH. llnH 3TOrO 

KB831fKJI8CCH'leCK09 peWeHHe B 061I8CTH 

HHH WpeuHHrepa. 

(Ilil 4) cne.ayeT CWHTh C TO'iHbiM peweHHeM ypaBHe-

EcnH 

E « 0 12 
u'2 Z2 > 

(11115) 

TO B o6naCTH (IIII 4) MO)KHO rrpeHe6pe'lh ~HeprHeA E no cpaBHeHHIO c V (P.) • nycTh :R -pac-

CTOSIHHe
1 

U1ISI KOTOpOrO IIOT9HUH81I. B38HMOU9:ACTBHSI C UOCT8TO'IHOH TO'iHOCThiO npeUCT8B1ISI9TCSI 

(niiQ Torua unH :R < R « ( Ma 12) ~ H aHeprHA 1 yuoaneTBOpHIDWHX (TillS), KB83HKnaccu-

qecKoe peweHHe U1ISI paUH81IhHOH cPYHKUHH HMeeT BH.ll: 

R 

U == _f_ 1 1: cos ( f y 2M ( E + V (R) ) d R - _!I_ 
yk V2U(E+ ) 4 

,4 b 

"'f 1 RCos(~ -a)
1 vk V2Ma___ R 

(III1 6) 

rne 
:R 
f v 2M V(R) dR + V~la 
b -

+ TT • 

4' 
a 

b - K1I8CCH'l9CK8SI TO'IK8 OCT8HOBKH (eM. pHC. 1 ). (MHO)KHTe1Ih f/v'k BBeUeH UJISI yuo6CTB8 

HOpMHpOBKH, KOTOp8S1 6y.aeT 11pOH3BeUeHa B ,ll81IbHeli:weM ). 

C upyroA cTopoHbi, TO'IHOe peweHue ypaaHeHHH WpeUHHrepa 



~ . 

"' 

I 
~-

1 
i 

~ 
-~ 
'11 
~ 

I 
4 
\t~--~- -.. 

p&BHO 

d 2u 
--2 

dR 
2M au ~ 0 

+~ 

u ~ C
1 

R Cos y2Ua 
R 

+ C. R Sin V 2Ma • R -

H 6y.ay'iH npe.acTaBJJ9HO B BH.Il9 

u ~ B R Cos ( y'~Ma _ , ) a I 

tg a'= c2 -c, 
2 2 2 
D~C1 +C 2 

.. 
2 

cz 
= ----:rJ. 

cos a 

MO:lK9T 6biTb CWHTO C KBa3HKJJaCCH"'9CKHM peweHH9M (fi 7) 

cnn 7) 

(008) 

cnn 9) 

npu 3TOM B OTJJH"'He OT (fifi 7) 1 CnpaBe.llJJH BOCTb KOTOpOrO orpaHH"'eHa o6naCTbiO (nn 4) 1 

peweHHe (00 8) MO:lKeT 6blTb npo.aon:lKeHo a "xaaHToayiO" o6nacTb 6onbWHX R • .LlnH 

R >> .;{2lJ8 

Bbipa:lKeHue 
(nfig) 

nepexo.aHT a peweHue JlJJH CB060JlHOrO . JlBH:lKeHHH 

u .. Cz(R- e); e- c2 - -r;- 'I/2Ma 
I 

H CWliB&9TCH C peWeHHeM BH.Ila 

B o6naCTH 

u = sin (.k r:. + 0 1 
1 ' 

kR« 1. 

(finS) + »( 21fa~· TaK 'ITO ycnOBHH 

~"'· 

mnw) u cnn13) (8 CHJJy COOTHOW9HHH 

H cywecTayeT o6nacTb 
IL, 1 

paccTOHHHA (:ZMa) '"<< R << ~ , r.ae peweHne HMeeT 

cnn 1o) 

(nOll) 

.... 

cnn12) 

cnn13) 

COBMeCTHbl 

BH.Il (nfiJl) 

EcnH aHeprHH y .aoaneTBOpHeT cnn 3) • TO KaaauxnacCH"'eCKOe peweHHe MO:lKeT 6biTb npo-

). 

Jl0Jl:lK9HO .ao. 6eCKOH9'iHO 60JJbWHX R H (006) HEmocpe.acTBeHHO nepexOJlHT B cnn 12) npH f = l, 
a ceqeHHe nepexo.aa HMeeT BH.Il (22). 

B npOTHBOUOJJO:lKHOM npe.aenbHOM cnyqae cnns) HOpMHpOBO'iHbil!: MHO:lKHT9Jlb f JlOJJ:lKeH 

6blTb Bbl6paH H3 yCJJOBHl!: CWHBKH peWeHHSI (008) C (007) H (nfi12) 0 nepaoe H3 HHX .aaeT: 

a '= a; Ill = B = C1 

1c y, ( 211a) Y. I cos al ~ 

a BTopoe 

q = 1 

OTCIO.Ila 
2 y, 2 

I = k ( 2Ma) I cos a , mn14) 

BenH'iHHa a a (007) He MO:lKeT 6biTb onpe.aeneHa 6ea aHaHHSI noTeHuuana a o6nacTH MaJJbiX 

paccTOSIHHl!:. floaToMy HHxaxux aaxniO'ieHHl!: o aenH"'HHe a (noMHMO Toro, 'ITO a>> I) c.aenaTb 

' 18 



t (nn 7J 

(fifi8) 

mn 9J 

biO (nn 4) • 

.Uns 

(fifilO) 

Wfi11) 

(fifi11) ). 

HHX .llSeT: 

TH MSnbiX 

) caenaTb 

Henb3SI 0 HaM He OCTSeTCSI Hli'iero nyqwero, KSK 38MeHHTb COS 
2
a B (fifl15) ero cpe.llHHM 3HSqe

HHeM ~ • ( TaKoro )Ke BH.lla Heorrpe.lleneHHOCTb B03HHKaeT .llnH E-> 0 rrpa ycpe.llHeJJHH .§in 2I 

B ¢opMynax (14-17)). 

TaKHM o6paaoM, .llnH aHepraA E << 8 I Z 2 (eV) ceqeHae rrepexo.lla rro rropSI.llKY senH'iHHbl 

H HMeeT BH.ll C1 
1 
v 

f 2 ~ 2 ,; 2M a k ~ 3Z k y 2M 

• (CM. (24) ). 
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n:r=O 
n2=3 

Ito 4,21 

< ~~/io -1 1 540.10-I 

:Si.a 5 1 570.10-I 

s. 1,52 

ur._ 0,02 

..,..-

nr=3 

n2=I 

8,78 

-2,153.10-5 

-1,06!.10-4 

AI 5.Io-6 

"~ 

n:r·5 
n2=0 

!6,92 

3,960.10-7 

9,440.10-7 

,.., 10-7 

TA 5JlV1 LtA I S) l "'8 

-------
n = 4 n, = 5 

~=I nr=2 nr=3 n1=o n1=1 n1=2 
n2=2 n2=I n2.o n2=4 n2s3 n2=2 

4,45 4,66 4,86 7,94 8,24 8,52 
r,on.ro-2 -2 1 284.10-3 -2,2I4.I0-4 

) 1 642.10-2 -4,525.10-3 4,237.10-4 

2,185.10-2 -8,506.10-3 -1 1 20!.10-3 2,294.10-'I -2,573.10-2 2,384.10-3 

o,IJ "' 10-3 ""'4.10-6 2,52 0,09 "' 10-3 

0,01 { Io-2 o,1o 0,14 < ,o-.t. 

n = 6 

nr=4 n1=o n1=I nr=2 nr=3 nr4 

n2:o ~=5 n2=4 n2=3 n2=2 n2•I 

9,02 I5,JI 15,66 15,99 I6,JI 16,62 

9,296.10-7 -9,549.10-4 1,006,10-4 -7,869.10-6 8,355.10-7 -!,729.10-6 

6,575.10-6 -1,096.10-2 1,121.10-3 -8,574.10-5 1 1 213.10-4 -1,334.10-5 

""3.ro-9 o,o3 - 5.10-4 "" 4. ro-6 ""3.ro-6 .v 3.10-6 

0,05 ur~ « 

n " 7 

n1"'o n1:i ~=2 

n2•6 ~-5 n2-4 

32,88 33,28 33,67 

5,447.10-8 -6,0!6.10-9 5,819.10-10 

1,284.10-6 -I,3)4.ro-7 I,I80.I0-8 

,.,. 3.ro-9 
"' 5.ro-II ,.., ro-12 
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Ta6JIKUa lil. 

BepOHTHOCTh KcnycKaH~H Oxe aJieKTpoHOB npH nepexo~ax 
B OCHOBHOe COCTOHHKe Me30aTOMOB. 

4p Cpe~Hee 

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

83% 33~ 76% 95% 84% 60% 70% (78%)* 

*)JIJia nepeXBaTa B COCTOHH~UI (n.=Lt;t'L,:.I;t1.z:1}K {t\.::.4; n,:O; tt,=3) 
C COOTHOWeHK8M DepOHTHOCTett 0,14 : 0,05 

b) l:: 8 
---------------------------------h~-~---~-;~--~-~&---------------

Ss Sp n,:::.t n,::o n,:.o Cpe~Hee 
nL=~ r\.1::4 n~=~ 

An. 92% 53% 82% 95% 100% 90% 7Ll% 911% 77%(85%)* 

*) JlJUI nepeXDCl.Ta B COCT OHHK,Q l \\. = ~; n., =0; t\.1.::: 5) , ( \1.. =i i n.,::.l ; n.t.::. 3) 
K (t\.:.5"; n,::.Q; t\.1.: 4) C COOTHO:lJeHKCM nepOHTHOCTei.i 0,05:0,14 
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