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B nac:rQJJIIt8•it 3g.M6TKe paCCYa.TPMBaiOTCSI npot(eceu~ KE>-YK-YPMPYIO= 

mue C 3JieKTp.m.rarHHTHWH npH 60JI1,lllHX 3HeprMHX O ITOKa3aHO' "CITO 

raR11:u11 npon-ec6aMH 11oryT 6uTb nponeccbtj cBsrsanm:Ie c tiel"upexcpep1,m<;:> 

OHHiitM;{ B3alil,f0,I1;6MC'I'BJUU.U1 o 

§ Io BB e &·e H H ! 

B pa 6oTe (I) dbtJI0 noKa3aH0 ~ tJT0 ripm.teHe HHe C0BpeMeHH0ro M8l'0.= 

la nepeHopMHPOBRm B KBaH'I'0B0M aJieKxpo,n;HHaMHKe ne,n;eT K rrpHHrt~n~a~b= 
p ••• .,,,. • 

Holl l'JlY,D;H0CTM = It o6pame·HHIO B HYJil, nepenop1n:rpo·BaHH0ro sapti,n;&~·<. , · -

Xoxs. 6esyc.ioBtrn.n ,n;o1ta8aTeJI:&Hocr1, :;roro B1>1Bo,n;a m ocnapJiB~.n:a~:r,i_~)~ 

'teM He Menee ua.n:ntme np:t1HrtHnHa.1u:iHiiIX 3arpy,1tHeHHil B 0<1~~~;·· .. ;Hl1i~un 
r 

!, 9 onpe.ne ~SH~MI,JX JGJIOB:Vtell o(,e'Vl) ~cl-_,_ 'l ( o{, ~ e:;l/;, C ) 

npe,n;cTaBnReTCH Be~bMa y6e)tHTeJibHUMG COOTB8TCTBYID~HM 3TOli 3HepMYH 
· 7, ~3Jr;~ 

npocTpaHCT13eHnui1 uacmxa6 to - ="·= ~ i' 
f-'flC ~ 

JrexHT ,n;aJie1w sa npe.n;ena1.rn rpaBHTanirnHHoro pa.n;nyca 3-lt:retponaj xaK 

Ha 3TO BnepBHe 6UJIO YKa3aHO B (3)~ Cruia npe.n:e~~HaR 3HeprHH , 
,~ ~ $<1TTj°/_f'!.(:, 

11y.n;oBH~Ho Bemnta ( tt r_, - .. ~;nc e ,. 
Il03TOMY MO~HO O!::tt,Il;aT!,~ 'ITO Ha caMOM )teJre rpaHtUU:l npm.remU.!O= 

ctH coBpeMeHHofrl ane:rerpo,1tMHau1uc11: o6napyxarJ;csr ropas,n;o panee, nanpH ... 

uep, H3=3a B03MO~Horo H3MeHeHHH npocrpaHCTB8HHO~ crpy:rerypu B 

OdJiaCTSIX npocTpaHCTBa = BpeMem,r J,raJmXs, HO BCe ~e 3HattH'f8.IJ,Bf) 

doJI:&WHX [a @ 

O.n;Hazto ecr:t> .npyrani 6oJiee .n:ocTynnasr reopeTHttecKoMy ana,rusy 

B03MOXHOCTJ> orpamP.I6HlUI 3Hat.rnMOCTH KBaHTOBOM 3JI8KTp0,l'l;HHamrnHo· . 

HapH.n;y,. C tJHCT0 3JI8KTpo.n:irnaMHtt8CKM1.fH B3aHMo.nencrBHSJMn q>OTOHOB, 

3JI8RTpOHOB H TI03HTPOHOB :£U{8!0T MeCTO nponeccrn C ytJaCTHeM M830HOB 

K Hy-KJI0H0B O 3TH rrpoqeccu ~.roryT 61:iT:b. BUSBaHI:l tlHCT0' 3JI8KTpO,n;HHal,m'.= 

~eCKMM nyreM, RaITpHM8Pi B3a~YO'AencraneM ~QTOHa M 3ne:rtTpOHOMo . ' . . . . 



c.- i:: 'Ciw 

Ec;rn 6b1 o:rta;saJIOCi>, tl'l.'O BrtJia.n; 0TitX H83JI9RTPQ:ttarHliTHblX. npo

~eccoB npeBOCXO.n;H~ BKna.n; 3JI8KTPOMarHMTHbtX9 TO OTilaJia dU.B03MOX~ 

HOCTI> paccMaTpirnaT1., tt11cryl'.O 3JieKTpo.n;nHamrn:y, 6e3 cymecTBe1rnoro · 

npHBJiettemur .n;pyrnx TliiilOB. B3am.w;i;eiiCTBHMo B ttaCTHC)CTH9 HattHHaSI 
,~ '\, 

c ueKoTopon 3Heprmt E kp > cTano 61it deccwcne1r!im1 pa.s.noxeavm 

no cxeneHSIM e2./flc • 
Mhl IlOI{a~eu, l!TO TaKHM KOirn:ypl!pyrotrttirM B3am.w.n;ellCTBI18M MOX8T 

6b1Tb CJI0.6oe' tI6Tblpexq>ep1moHHOe B3aHUO,IteitCTBHe tep1,Ui 0 

COCTOflT8J[&HOCT1:, STOro B3aHMO.n;ellCTBl1SI B 06JiaCTl1 60.lU,mmc 

0neprHn ne nponepeaa 01tcnepm,teHTaJII,HO H MoryT c5I-iIT:f> Bh!CKa3aHnt 

pasmnrnue Te_opeTn~ecE~e co1rne1mn no noBo.n;y npm.1emruocTH 3Toro 

B3aHMO,1(8MCTB~SI .n;mr snepridi E ) 1 me 2. 0 

O.n;HaK0 Uhl 6y.n;eu HCXO,ItUT:b 113 npe.n;n0JI0l"C8HHJl o npHMemtM0CTii 

3Toro B3aMMO,ll;0HCTBRR BITJIOTh .n;o oqenb BblCOKHX 3Hepr~tt ~ paCCMO= 

TPHM Bblno.n;u, BhlTeKaromtte H3 0Toro npe.n;nonoxemrn: o 

~ll3vttleCKa.fI oco6eHHOCT1, tillCTO ipepMllOHHhlX Bsamrn.n;efiCTBHti 

saKJIIOttaeTC.fI B To:u, 'ITO :uaTp~ttHNe 3JieMeHTH 3THX B3am,IO.n;ei1CTBldi 

.He na.n;aroT c pocTOM sHeprHH, yqacrByromnx B nponecce q>epWiOHOB, B 

TO Bpeim KaK MaTpH't!Hiiie 3JI8M8HTbl nponeccOB ~ npOllCXO)VUitHX I1pH 

ytiaCTHH c5030H0B (q>OTOHOB, 1T ·- R ~( =M830HOB) C POCTOM :rnepr1nf 

c5C30HOB YlI8IlbllialOTCSio OCh.fICH.fieTCSI 3TO TeM, tJTO ripH B03pacTaHlU1 

anepr11u1 6osoHa dosouaoe none na,v;aeT· Katt k -"!/r:: 
· . r~··• . i K)C 

( <:PK ::~2~·< e. fl.>k + COnpfl:rl-c. 

_3.n;ecb k - :t1MnyJI1>c 6oso:aa, f)k - onepaTop ·pox,ll;eH1tsr 6osona) 

a 4Jep1.momt0e none npn BospacTamur :rneprmi q,epMHOHa ocTae-rcn 
. ( \,} - 0 HO( . -..J 'l I . . IlOCTOSIHHiiIM TI{ u kt"-, at{ t C onp fl .n--c. . t r,ll;e g u: k""' cmt-

HOpuan aMnmrry)];a, Cl k ... onepaTop po,ic,D;~mut. cpep1,mona)0 

B )J;a.ru,Het:tmeM Mbl noKaxe?.1 9 '!TO 1rn~sa oco6eHHOCTH q,ep:mrnnaux 

B3atn.m.n;eitCTBHtl OHH CTaH0BHTCSI cymecTBetrnliIMlf B 3JI6KTpomrHHTHlilX ... 



nponeccax sHattRTeJII>Ho paH;E»me, 1te:ireJil! .ItOCTHraeTcs norapw1p1,urttec1t0:i1 
. ·- ·. . ~ 3!~!./4 

npe,-eJI E - me e 

§ 2o i,e}2llMOH]i0=3JI8KTpOl.tarHlJJ'.THOe B3fiHMOt!ei1CTBJe ·• 

Paccuoipm.1 nportecc B3aHMO,It8llCTBH.fI if)OTOHa ( i~ ) C 3118KTPOHOM 

( e ), npHBo,n;n~n K o6pa30Ba.HHto 11- c:;,J.resoira ( . f . ) ,r Jt~YX 

RettrpHHO ( ,) ) \) ): 

(I) 

Ta:a:on rlpottecc 6y.neT OllHCUBaTLCSI Jta.rpanua.HOM B3aHJ,IO.zteUCTBIUl 

·. (2) 

r,1\6 8 Vie :::: C:Je A) ecT:& B3a:~n.rn.n:enc:rBHe 3JI8KTp0Ha 

( J(~ <=> a.neitTpOHHblM TOK) C 3JI8R:TpoMarHHTHUM noneM ( A c;, :BeKTOp 

0 • 

noteHtzyLan), 8W~ HM88T TOT ze CMblCJI ~JIH Me30Hao HaKOH9rt, 

~ We fJ -J ecTo tJetupexcpeptUiOHHOe B3a.HMO,It8HCTBHe 3JieKTpOHa, fl = 

!.!~30Ha fl HeiiTpMHO ; ~: h CI\~ ~ I0""'49 apr e~CMo 3 eCTl> K011CT81=· 

ta ~ep1m ( /\ 0 =6~ro=17 cu), a Wep v =(o/e, 01 l1
1µ) ( Yv 02 '+'v) 1 

+ conpmt~ 3;xec1> lr'e 4' /J I cvv .... crmnopnue nona aJJeK:rpoaoB, 

}A -ue30Ha it Heiltpimo, COOTB8TCTB8HHO, 01 U at> HeR0T0pse 
p~ 

cn1aosue onepaTOPRo 

ITOJIHOe acfxpeKXHBHOe ceqeHHe ~JJH npoqecca (I) dyieT 
~ -, ~, -,. ; 

6 
-122:.j 12 P~dPvdQvPJdPvdQv 

r~t.c lwaf, (2nh)6 df1 (3) 
' . 

r.ite \rla i =- J.ra.TpHttHblll ~JieMeHT OT 3He prHH B3anuo.n;eflCTBHJl 

·(2) JtJJsi nportecca (I) , Pv 1 P v -m.myJI:&Cb! HeliTpHHO H aHTHHeitrpHHO, 

L f = sue prim: xoaetm_oro cocTO.fIH~1L'I. 

·ct.PY.KTypao 3TOro uaTpHlIHoro 3JI8M6HTa Wa f 1'8K0Ba, \ITO 

B nepBOM H8HCtt~3aromeu npH6RH~8HHM OH paBeH:· 
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O 1 ► e ~ r / ~~lfl(c;&!niJHl. -f ci;,/~µ vLc; c 7 lwdfl l 

1; f..o Ee £0-Ec. J 
'(4) 

r:ite £ «>=3Heprvur aattaJIMioro cocxo.a:a.mr, a E c - npouexyiottaoro. 
- . . . . ~ . "' . . 

B cucTeue ue1rrpa ·Tsr~ecxn ~oT@Ha M 3JieKTpoua £0 - E' e .,;=-, 1n: ~ 
( K Q aonaon-on .se&Top· «,otona) (O.l½!e.lC)-k=V~ (cJw,,J{),_~:-A/t;. o 

I!03?0MY ·1~¼11q)ll"= @~11<'"] 0 Becoioon ~e (paRt'Op B (J) Tlp0110Pti!U0 

rr @J 

oaaJiea ~i o TaKMU o6pa3au no~HO$ e®~1ne 6y~eig 

r.; 11 ~# 
vJA ';' ¢(/l 0 k""'-· F 

(5) 

.r~e r O l!liOm&l'eJI.. ·nopSIJtia ~ 9 CJtaCJO 3aBMCSI.ttl Ot I{ X) 0 

. • •. ·.• • J' 

IIo;to6Hti'q.{ -x~ ·o6pa3~M MOJ;HO. paCC?A'.OTpljT!, nponecc C?OKlHOBem,ut 

,nByx 3Jl8KTpoao» :c. o,1tnOBPfH1teiiaiirM npeBpa.menneu B ,nBa. 11esoaa 9 no ex@o 
we ; b(l I ii . 

e + e --=- p. -f• 11 . · 
(II) 

,nviqxpepeHttHS.JIJ&iHOe .Ce"teHHe ( 13 C ollollo) ~JUI 3T0r0 nponecca 

dy,n:er g 

d.<ryy. ~- A! i¼p1F dQ 
(6) 

_ r.,Jt_e 't ;..,_ ne pe,1tatta· m.my,n,Qa. 9· a p = nepB0Ha'tlaJI1:»1t1itn HMrry.nic aJTettTpo~ 
•: o,. 

Ha. 9 . H3MepeHH_Lte. B ·o(1patHI:iX ;:pnrnaXo 

c ;tpyroit cTopom1 ctPte:an~ ttwcio aJietttpouar?HTHT:tYX np.oneccos 

pa.BHLI~ _· 
,. ~- i . a e('. . .. . ' -~ ~-2.. . ·_ 

6c - -~rirgt_ · k;t3 ~ ?f + 1/;e-) -
C . . . 

. (7) 

. x) · 3Tv!. Ratie·~-T~~liIUie . ~a~JI~qe~m~ :-rroiT~ep~aiorcHI ct;o~e·~: .. rtoJtp'od~·w, . 
.. pac.ttet-OM·~-- :n~no·JIHeRHbtl(-lOKl'OPOM M~Meltep· -(PyMuturst), ~OTOpouf 

aBTqp :BU~OCHT·:·~JI~ro.xt~P.HOC'rl>'~ . . . . 



(8) 

)'tl8 ynpyroro C?0JIKH0BeHHH 3neKTpOHOB, U 

Gp :: g_8 o( 3_i ( o ~ ~-~ - 3 5) 
g k2 WI kf . ) 

· · me · B2 

JI.JUI pox.n;emut nap (3)tec, kc.~ -m•-p;··- 1 cl.:: i1 C · 

(9) 

) . 
(5i:: 4c/1=e I~ _kl/f - 3, 5} · 

k,,. r 
\., ~,, 

(IO) 

)tHS TOpM03Horo H3JyqeHHH npm CTOnKHOB8HHH aneKTpOHOBo 
CMEWOHH~X · 

CpaBHeHHe 3THX cetteHun C ceqeHHHMH nponeccOB (I) H (II) 

no:rta.3UBaeT, tJTO ~ 

· up, ) 6c npw 

GJ,t ?G.p npH 

d6/.lf- )dCTee · npH 

(51-11.1. ) o o npn 

3)t8CJ, 0llyYlt8HS P.fH0XHTeJIH .--,. Ix) 0 

KaR BH,lJ;JIO '13. 3THX H8l)a.BeHCTB, ec.rm tteTupextepMHOHH!i8 

B38.HMO)tettc!BHS MOl:HO CQHTaTD npMM8HHMHMH B o6naCTH 3HeprHR 

(II) 

(I2) 

(I:3) 

(!4) 

x) 3aJ.IeTm.it, tJT0 oCSpa30B8.ltme nap B 3T0tt oCSJiaCTH 3H~prHll = rnaBHHI 
3JI8KTp0Mar,HHTHUii nponecco K0MllT0H0BCK0e pacceJIHHe B 3T0M 
CJiyqae BTO,POOTeneHHO no cpaBHeH~J) C ,ItUcpq>paKitHOHHiiIM, Bl:l3BaHHW 
o6pasonaHzeu nap" · · 

06J.e)l1meHu1,1n~;;~·: , . 
n.nepimx · MccJie,nosaH~i! I 

£f.16J1HOTEKA .. f 
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k ;,· 1/ I\\@ p TO npotieCCii! C oc5pa30Ba!meu uetiTpMHf M fa\ =MS= 
. 1 

30HOB 601Iee liHT8HCl¥iBHhi~ He,XSJIVL tmCTO . SJieitTpouarHMTIIJ:Ie npon;eCChie 

COOTDeTCTBYIDntasr BHtprHa !pOTOHOB Hmi 3JllKTp0H0B B ·CJICTeMe I~eHTpa . . ~ 

'rJIX®CTll ,ItOJIAHa duTlu rrpii 3TOM 601n,me ~: ~-., ~- [}@1(1, 0 

3To orpmma.a trneprnH 9 no oua Bee xe J,rnoro Meu1,me JiorapH(p ... 

lmtteCK0rf o 

CJie,n;yeT 38M8THTl>g tJTO o6pa30BaHl1:8 nap HYKJIOHOB M l.te30lI0B 

6y,z,;eT nrpaT1> 3a:uexHo 1.ren:omyro po;u,g taK xa:rt nx cettemrn o6pa:rn~."'-' 

HHJJ 6y,n;eT B (:~l)~ . pa3 Me:a:i;me ce·crnH11H odpasoBaHMH ~Jxe:s:Tp0HH0= 

11031-il'pOIIIUi!X napo 

IIpo~eccu. C o6pa30Ba!·rn:eM HeliTp:v.mo H 6030HHbIX M830HOB rJyll,yX 

CYntf CTB8HHI>I TaK,tS nos.n;nee n3 ..... 3a OTMettemwro Bnrue pa3.Tlkfliir!JI B ITO= 

ne,z,;eH~H uaTprr~m:r..<3M).U9HTOB 6030HOB k cpepMXOHO:Bo 

. Tarcm.r o6pa3oM tpep1.moHHoe B3am.ro,n;etrcTBPie uoxer 6IiIT» :reu 

B3a1.t1.rn,nencrB1rnu, KoTopoe orpamrcurnaer o6JI8:CTh npin.remnJOCTH 

3JI8KTPO.ItHHatmKH uacmra6a:r..rn "'> "@ 0 JI.JUI ll8HI>mHX J.IaCruTadOB HS) CJie ..... 

.nonare.r.c:;uo 11 .rvm 3Hepr:;-rtt doJu,mnx -\; coBceu net cuacJia :&1sy .... 
C • I\)@ 

ttaTJ, 3JieKTpO,ItHH8.ll~KY g He IIPHBJiettaSI K paccMOrpemrK> npo~eccu C 

fA =:U830Ha?,!H H HeltTpMHO M KOHCTaHTY ~epMM q s, Hapn,Ity C (Plo/,!1l(( 9 
. ~ 

.. Jiwre;EaTJ!:]a. 

I 0 JL,]oJiaH,nay !) Ao Ao: A6pMKOCOB !) M.,!L)XaJial'H~KOB !) MII1 22,, 
II77 (I954)o 

2 o HoHoEOrOJlIOC>OBg J{.B ollm:pKOB o. BBe,n;eHne B T80plU3 KBaHTOBbIX 

no~efi rTTH (I957) CTPe355=356o 

3o MeAo!!apKOBo !3T~ 11 l1,, 661 (I957)e ~ 




