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§1. BBeneHHe H rrocraHOBKa 3anaqH 

B nepBOH "IaCTll HaCTOSIIU0H pa60Tbl paccMOTpeH 9cpcpeKT ct>eepa B cny"Iae, 

Koraa HepaBHOBeCHOe COCTOS!Hlle aneKTPOHHOH IlOl:tCHCTeMbl MO)KHO OITHC8Tb 

Ha6opOM MaKporrapaMeTpOB - acpcpeKTllBHbIX 3Ha"IeHHH KHHeTH"IeCKOH ll CITHHO­

BOH TeMnepaTyp, apeficpOBOH CKOpOCTll ll XllMll"I0CKoro noTeHUHana • .nnsi H8XO)K-

1:t0HllSI 9THX rrapaMeTpOB Hy)KHO pelliHTb CHCTeMy anre6paH"IeCKHX ypaBHeHHH 

6anaHca. 

01::tHaKO, KaK 9TO xoporuo ll3B9CTHO ll3 TeOpllll ropSI"IllX aneKTpOHOB 
111 , 

B psine CHTyaUHH npu6ntt)KeHue 9cp<peKTllBHbIX napaMeTpOB HenpHrOAHO ansi Oilll­

CaHHSI KllH9TllKll HOCHTenefi TOKa nonynpOBOl:tHHKOB B cunbHbIX aneKTPH"IeCKHX 

nonsix. OTO OTHOCHTCSI npe)K/::(9 Bcero K cny"IaID Hll3KHX KOHUeHTpaUHH aneK­

TpOHOB rrpoBOl:tllMOCTll Hnll Bb!COKHX TeMnepaTyp, Koraa "IaCTOTa Me)KaneK­

TpOHHblX CTOnKHOB0HHH W ee MHOI'O M0Hblll0 "IaCTOTbl CTOnKHOBeHHH aneKTpo­

HOB C perueTKOH Wee , B 9TOM cny"Iae B rronHOM raMIInbTOHIIaHe Haruefi 

tHCT9Mbl 9HeprIIro Me)KaneKTpOHHOrO B38HMO/:teHCTBll51 MO)KHO He Y"IllTb!BaTb. 

Tenepb HepaBHOBeCHOe COCTOSIHIIe aneKTpOHOB rrpOBOl:tlIMOCTII orrpeaengeTC51 

yCKOp9Hll9M llX BO BH0UIH9M aneKTpH"IeCKOM none ll CTOnKHOB9HllSIMII C perueT­

KOH. O"!eBH/:tHO, "ITO B T8KOH CIITY8UIIII aneKTpOHH851 ITOl:tCHCTeMa K8K uenoe 

He M0)K9T /:tOCTH"Ib BHyTpeHHero paBHOBeCH51, KOTOpoe MO)KHO 6binO 6bI OITHCbl­

BaTb C ITOMOl!lbID acpcpeKTIIBHb!X rrapaMeTpOB. fl 09TOMY ang CTaTIICTII"IeCKOro 

OilllC8HllSI Haruefi CHCT9Mbl Heo6XOl:tllMO BB9CTH l:tPYI'He rrepeMeHHbie, IT03BOnsiro­

IUHe y"IeCTb 6onee TOHKIIe aeTanII ee 9BOnroUIIII. B H8CT0511UeH pa6oTe Mb! 

6yaeM paccMaTpHBaTb TOnbKO cna6oHeyrrpyrHe MeXaHH3Mbl B38lIMOl:teficTBll51 
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aneKTpOHOB 

OCHOBaHHOM 

- - xi 
c perueTKoii:, Korna !)." < £ , B Teopi-rn ropst'lliX 

Ha KliH0T!i'l0CKOM yp8BH0Hlili, noKa3bIB8eTCSl 
12 ,31 , 

aneKTpOHOB, 

'ITO B T8KOM 

CHTyauHH nro6oe HepaBHOBecHoe pacnpeneneHne ropH'lliX aneKTpOHOB penaKCli-· 

pyeT TaK!iM o6pa30M, 'ITO B npouecce penaKC8Ulili npO!iCXOilliT nocTeneHH8H 

CliMMeTp!i38UliH ¢YHKU1ili pacnpeneneHliSl no aneKTPOHHOMY liMnynhcy, HHa'le 

I'OBOpH, ecnli HepaBHOB0CHYID ¢YHKU1il-O pacnpeneneHliSl ropH'lliX aneKTpOHOB 

pa3nOlliliTh B pstn no c¢ep!i'I0CKliM ¢YHKUlistM, TO BpeMSl penaKCaUlili 'lneHOB 

8TOI'O pa3nOlli0HliH B npouecce 8BOnIDUlili aneKTpOHHOii: noncHCTeMbl TeM MeHh­

rue, 'l0M Bblllle nopstnoK COOTBeTCTBYIDIUeii:. c¢ep!i'l0CKOH rapMOHliKli, flo8TOMY 

nnst npoMelliyTKOB BpeMeHH, 6onhlllliX, 'l0M BpeMH 3aTyxaHliH KBanpynonbHOH 

'laCT!i ¢YHKU!ili pacnpeneneHHH, aneKTPOHHyro noncHcTeMy MOlliHO onHCbIBaTb 

npli, nOMOlllli c¢ep!i'I0CKH CliMMeTp!i'lHOH Ii aHT!iCliMMeTpli'IHOH no liMnynhcy 

'lacTeii: ¢yHKUlili pacnpeneneHHH 141, 

YKa3aHHaH oco6eHHOCTh noBeneH!iH aneKTpOHHOM nonCHCT8Mbl 03Ha'laeT, 

no cymecTBY, 'ITO pacnpeneneHHe aneKTpOHOB B aHepreTH'leCKOM cnoe BOK-

peCTHOCT!i 3anaHHOI'O 3Ha'l8HliH 8HepI'Hli ( 6n!i3KO K COCTOHHlil-0 CTaTliC-

TH'l8CKOI'O paBHOB8CliH Ii MOllieT 6b!Th onHCaHO npH noMOIUH HeKOTOpblX M8KpO­

napaMeTpOB, 3aBHCH!UliX OT 8TOI'O 3Ha'l8HHH 8HepI'lili f . 3Ta 1iil8H B KOM-

6HHaUlili C MeTOilOM n,H, 3y6apeBa /
5 / nocTpOeHHH HepaBHOB8CHOI'O CTaTliC­

Tli'l8CKOI'O onepaTopa naeT B03MOlliHOCTh c¢opMyJ11ipOB8Th TeOp!il-0 ropst'lliX 

, " /6,7 / 6 aneKTpOHOB Ha MHOI'O'laCTH'IHOli OCHOBe 83 Hcnonh30BaHliH KliH8TH'leC-

KOI'O ypaBH8HHH. flpli 8TOM BO BCeX cny'lastx, Korna KHH8Tli'l8CKOe ypaBH8Hli8 

cnpaBennHBO, 8Ta TeOpliH naeT Te )1{8 pe3ynhTaTbl, B HaCTOHIUeii: pa6oTe Mb! 

npfiMeHliM OCHOBHbie Hil81i pa6oT 15 ,6 ,7 / 

a¢¢eKTa ¢eepa B nonynpoBonHHKax np!i 

nnH TeopeTli'l8CKoro onHCaHliH 

Wee <we£ , , EyneM paccMaTpliBaTh 

npocTpaHCTBeHHO-OilHOpOnHblM KPHCTann C Manoii: KOHUeHTpaUlieii HOC!iTeneii: 

TOKa, T8K 'ITO < a a + > ~ 1 • flp!iM8M nng onpeneneHHOCTH, 'ITO aneK­v a va 
~ ➔ 

TPli'lecKoe Ii MarHHTHoe non st B3aHMHo nepneHnHKynspHb1: E =(0E0), H =( 00 H), 

Ii 6yneM C'lliTaTh, 'ITO MaI'HHTHOe none HBnsteTCH CHnhHblM B CMbICne w >w n 
, 0 eL 

(aTa o6naCTh BKnID'laeT TaKllie li KBaHTYIDIUli8 MarHHTHbie nonst). flony'leHHbie 

B pa6oTe o6m!ie ¢opMynbI ronstTCH KaK npH !tu O > ~ p , TaK Ii npH hw
0
>;-

KOHKpeTHb!e Bbl'IHCneHHH Mb! npoBeneM nns KnaCCH'l8CKOH o6naCTli H3MeHeHliH 

HanpmKeHHOCTli M8I'HliTHOro nonH h w -< £, 
0 

xi Mb1 rrpHJl8P)l{l!BaeMCH Tex )l{e o6osHa'leHHH, 'ITO H B rrepBOH tJaCTH CTBThH, 

ecnu 3TO He OI'OBopeHO oco6o. CcbinKll HB qiopMynbI 'IBCTH I .oaroTCH C YKa-

38HHeM ee HOMepa. 4 t' 

l 
l 
!' 
f1 

i 
i 

ill 

B paCCM8TpliB80MOM cny'lae I'8Mlinh.TOHH8H CB060ilHbIX aneKTpOHOB EIO 

BHelllH!iX aneKTp!i'I0CKOM Ii M8I'HliTHOM ~onstx MOlliHO npencTaBliTh B Bline 

( cyMMliPOB8Hlie npO!i3BOAliTCSl no BC0M aneKTpoHaM): 
I 

He +·Her =Hk +He. +eEy
0

,,; IH 

H =IHk_,H =Ill l ,y 0 =Iy
0 k j I e j e j j 

( 1, 1) 

rne Hkj -onepaTop K!iH0T!i'l0CKOH 8H0pI'lili arieKTPOHa B aneKTp!i'l0CKOM ~ 

( z) 2 ( YI 2 2 2 2 
Pi Pi' mw0 ( mV 

M8I'HliTHOM nonsx H k" = -- + -- + -- y + y ) + -1 2m 2m 2 l OJ 2 Yoi 

onepaTop KOopnHH8TbI ueHTpa UliKnOTPOHHOll op61iThI aneKTpOHa, np_li'l0M 

Yoj =(mwo)-
1
(p; -niV) ' v=,f- CKOpOCTb ~OnJIOBCKOI'O npeii:¢a aneKTpo-

HOB, Her = h fl e S : , B npencTaBneHlili, illi8I'OHanli3HpyroIUeM raMHnbTOHliaH 

H ki , onepaTop y Oi TaKllie nHaroHaneH, flyCTh liHneKCbl va 

CTBYIDT cneKTpy Ii. BOnHOBblM ¢YHKUliSlM I'8M!inbTOHH8Ha H kj+Her 

pexons K npencTaBneHlil-0 BTOPli'IHOI'O KB8HTOBaHliH, rronyqaeM 

H +H = I "wavaava e er va 
+ 

+ e E i YO v ava a va va 

He =Ilk +He ,Hk = I "v av!aw 
va 

H =h 0 
e e 

k a a+ a 
va va va 

COOTB0T­

Torna, ne-

( 1,2) 

Yno6CTBO 8TOro npencTaBneHliH 38KnroqaeTCH B TOM, 'ITO orrepaTop KHH8Tli­

'l8CKOH 8Hepr!ili aneKTpOHOB B CKpemeHHbIX rronsx KOMMYTlipyeT C Her 

6naronapH 'leMy ypaBH8HliH ilBHlli0HliH CHJlhHO ynpori.taroTCH, fl OJIHbIM raMliJlh­

TOHH8H CHCT0Mbl IIp!iHliMaeT BHn 

H =H. +Her +Hr + He£ +Hnf +Hn +Hen • ( 1.3) 

.HBHbie Bb!pallieHliSl nnst COCT8BnstIOIUHX 8TOI'O I'8MlinhTOHli8Ha, KpOMe 'H e 

Ii Her , npHBeneHbI B I 1 §2. 
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§2, TiocTpoeHHe HepaBHOBecHoro cTaTHCTHqecKoro orrepaTopa 

Mb! 6yneM CTpOHTb HepaBHOBeCHYIO MaTpHUY nnoTHOCTH CHCT0MbI, nonb'­

aysrcb MeTO/lOM 3a6apeBa 
151 • YqHTbIB8SI xapaKTep 9BOnIOUHH HepaBHOBeCHOii 

aneKTpOHHOii CHCTeMbI, yno6Ho BBeCTH nnoTHOCTH onepaTOpOB /lHH8MHqeCKUX 

BenHqHH Pm B npocTpaHCTBe aHeprHH Pm(() ·, TBK qTo Pm=fdfPm(ti61• 

Bb16paB nonxonsmrnii Ha6op onepaTopoB Pm (l) , MO,KHO nocTpOHT& 

onepaTop 9HTponHH CHCT0Mbl 

S(t,0)=cl>+~fdf Pm(t)Fm((t) 

cl>= fnSpexp 1-I fdf Pm(f)Fm(6)l 
. m 

H orrepaTop npOH3BO/lCTBa 9HTpOnHH 

• - t 
S(t ,0)=~fdflPm(f)Fm(ft)+(Pm(fl-<Pm(f)>e )Fm(ft)I, 

(2. 1) 

(2.2) 

t - S(t,O) 

rne < •. • _;>e =Sp( ••. e ) :eSp (. .. Pe) • HepaBHOBeCHblll CTaTHCTHqecKHii orre-

paTop, IlOCTpOeHHblll no MeTO/lY n.H, 3y6apeBa, 3anHCbIB8eTCSI B BH/le 

0 (t 

p = exp { - E f dt 'e 
0 , 

S (t +t',t')I = exp{-S(t,0)+ f dt'e n S'(t+t',t') I. (2,3) 
-00 -00 

B 9THX qJOpMynax F m(f t) -qJyHKUHH, TepMO/lHH8MH'l0CKH conpmKeHHbie cpe/lHHM 

t 
3Ha'leHHSIM onepaTopoB P m(O • HanmKHM Ha 9TH qiyHKUHH ycnoBHSI <P Je)> = 

t 
= <P m(f)) · HnH 

---S(t,O) -S(t,0) 

Sp (Pm (f) e )) =Sp( P m(e} e ) . (2,4) 

T enepb CBSI3b BenHqHH < pm< f) > H Fm (ft ) HMeeT BH/l 

t 
<P (fl> 

m 

8<1> 

8Fm(ft) 
Fm (et)= BS 

t' 
0 < P m(f)> 

(2.5) 

t t 
rne s = ct> + I f df < pm ( e) > Fm (et) = < s ( l ,0) > - 9HTpOnH.II KB83H-

m 

paBHOBeCHoro pacnpeneneHHSI, .1IBnsr10masrcsr «pyHKUHOHanoM OT TepMO/lHHBMH-

6 

"· 

i 
I 
" fl 

,•' 
',1 

f 

t 
qeCKHX KOOp/lHHaT <P m(f)> • B cnyqae MenneHHblX Heo6paTHMbIX npoueccoB 

onepaTop S( t,0) oKa3bIBaeTCSI ManhIM (B 'laCTH I 6hmo noKa3aHo, 'ITO OH 

HC'le3aeT BMeCTe C B38HMO/l0llCTBHeM nonCHCTeM, ecnH qiyHKUHH Fm(f) 

He 38BHCSIT OT f , 8To CBOllCTBO OilepaTOpa S ( t, 0) , KaK 6ynTo BH/lHO 

H3 nanbHeiirnero, coxpaHsreTcsr H B HarneM cny'lae, H cTaTHCTHqeCKHii onepa­

Top ( 2 .3) MO)KHO pa3nO)KHTb no ero CTeneHSIM 

-s(t,O) lo , (t ,. fl -rs(t,O) s· ( , ') (r-l)S(t,O) 
p=e + dt e dre t+t ,t e + ... (2,6) 

00 0 

YpaBH0HHSI /lBH;>KeHHSI nnsr nepeMeHHbIX Fm (et) MO;>KHO nony'IHTb, /lHqJqJepeH­

UHpysr no BpeMeHH COOTHOllieHHe (2.4) C y'leTOM TepMO/lHH8MH'leCKHX paBeHCTB 

(2 ,5): 

8 <I> • t • • 
-If de' ----F (e't)=- If de'(P (e); P (e')) F (e't)=<P W> t , (2.7) 

n oF (ft) 8F (e't) n n m n n m 
m n 

rne CK06KH ( ••• ; ••• )t 03Ha'laIOT KB8HTOBbie KOppenSIUHOHHbie «pyHKUHH 

( 1.3, 13). TipaBaSI qacTb ypaBHeHHH (2. 7) C y'leTOM pa3nO)K0HHSI (2.6) CBO/lHT­

CSI K BH/lY 

• t .• t O (t • • t 
<P (e)> =<P (c;)>0 + f dt'e 

m m L 
{ I Jde' (P (c;):P (c;' t')) F (c;' t+t ') + 

00 
n m n n 

• t a2 s ( t +l ') t+t , 
+I fdc;' fdf"(P (e};P (c;'t')) --------<Pe <e")> ne m n t+t , t+t, 

o<P n(e')> o<Pe (f")> 

(2.8) 

I. 

3necb Mbl npOBenH npouenypy HCKnIOqeHHSI BpeMeHHb!X npOH3BO/lHblX Fm(et) 

H3 Bhipa;>KeHH SI nnsr onepaTopa S( t..--t ', t ') 1 HCnOnb3YSI COOTH0lli0HHSI 

2 
8 S (t) , · t 

Fm(ft)=I fdc;' --------- <R (f' )> 
n t t n 

o<Pm(O> o<Pn(e') > 
(2.9) 

YpaBHeHH.II (2.7) H TepMO/lHH8MH'leCKHe paBeHCTBa (2.5) o6paayroT' 
t 

38MKHyTyIO CHCTeMy I Il03BOnSIIOlliYIO BbJqHCnHTb qJYHKUHH Fm (ft ) H <pm(( )> • 
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YA06Hblii: MeTOA pemeHHSI ypaBHeHHii: nepeHoca (2.7) COCTOHT B pasnm1<eH1rn 

HHTerpanbHbIX onepaTopciB B cpopMyne (2.8) ll npeo6pa3oBaHHH HennHeii:HbIX 

HHTerpanbHblX ypaBHeHHii: (2. 7) B llll!pipepeumranbHbie ypaBHeHHSI THna <t>oKJKe­

pa-TinaHKa B npocTpaHCTBe 8Hepr11n. TipnMeHHTenbHO K KHHeTHKe ropsiqnx 

aneKTpoHOB TaKoe pasnoJKeH11e, KaK 6ylleT BllllHO ns Aanbueii:mero, ipaKT11qec­

KII BeAeTCSI no napaMeTpy HeynpyrocTH pacceSIHIISI 6."; / c- • B cnyqae, ecJrn 

aTa Ben11q11Ha He Mana, TaKoe npeo6pa30BaHHe BblllOnHIITb Henb3SI. TioaT(l)My 

Mbl SAeCb 6yAeM paCCMaTpHBaTb TOnbKO cna6oHeynpyrne npouecCbl paccefil­

HIISI. 

BaeAeM B KaqecTBe onepaTopoB Pm(/;) nnOTHOCTb q11cna 'l8CTIIU n ( f), 

nnoTHOCTb KHHeTH'leCKOii: aHepl'Hll B CKpemeHHblX nonsix H/fl ll nnoTHOCll'b 

seeMaHOBCKOii: aHeprHH H., (/;) , onpeAeneHHble Ha H308HepreTnqeCKHX 

llOBepXHOCTSIX aneKTPOHOB: 

n(f)=~o(c -f)a+a 
va va va va , H ( f) = I cv° ( c va-0 a ~aa va ' 

k JJ.Cl 

H(f)=~ahO o(c _g)a+ a. ;H (f)=H (/;)+H (fh,fn(fl. 
,., va " va va va e k . " 

(2.10) 

IlpH STOM 

f d fn(f) =N, f dfHk (f) =Ilk, f dfH .,(e} =ff.,, f dfHe($=He • (2.11) 

HAepHbie CllllHbl II pellleTKY 6yAeM OllllCbIBaTb cpe/lHIIMH SHa'leHHSIMH raM~nb-

TOHHaHOB H n+Hen ll He +Hee +Hne , COOTBeTCTBeHHO. 3anmueM onepa,Top 

8HTpon11H CIICTeMbl B cpopMe 

(t) 

S(t,O) =¢1 +fd f[¢(ft )n(f)+ i/,(ft)H.,(/;)l+/3n (Hn +He) +/3 (He +Hee+Hnf'), 

cl> =en Sp exp I - f d/;[¢( et )n ( f) + ,if.,(rh) H .,(/;)] ·i /3 n(t)(H n+H ed't'/3 (He +He~Hnf )I. 

3AeCb cpyHKUHII cp ( /; l) ll 1/1 ( 6) eCTb TepMOAIIHaMll'leCKlle nepeMeHHbiej COll­

pSilKeHHble cpeAHHM SHaqeHHSIM nnOTHOCTH qHcna qacTHU ll seeMaHOBCKOii: 

8Hepr11n aneKTpOHOB. TiocKOnbKY cpeAII onepaTopoB (2.10) HeSaBIICIIMhl ~Onb-

KO /J.Ba, Mbl Bb16pan11 B Ka'leCTBe TaKOBbIX n ( /;) II H" (fl. 

8 

; 

r 

fl" 

OnepaTOpbl, !pHI'ypnpy10mne B cpopMyne (2.12) H, cnellOBaTenbHO, B Bbl­

paJKeHHII AnH ~Ba311paBHOBeCHOI'O II HepaBHOBeCHOI'O CT8TIICT11qecK11X onepaTo­

poa, llO/l'lllHSilOTCSI cnellylOIUIIM ypaBHeHHSIM llBIIJKeH11SI: 

n(O = nee> (e) + ~(n) (f,); H" (fh ii .. ce,<fl +H .. (n) (g}; 

"e +1(e +H ne = - "ecf> - H n(e) ; Un + 8en = - Ii :(n) + H n(f) 

u: ,.If e+ VPX ; H :cf)= H e(e)+VI\;,=fdf{ ncf> (fl+v1\e: 

• X • X 

u:cn> =Hecn;+vPCn> = fdl;I; ncn>(fl+VP<n> 

(2 .13) 

• -t . -t 

!'Ile 11 .. cdf) =(ih) [H .,(/;)Hee ] , ~(n)(g) =(ih) [n (e)Hen ] 11 T,ll, l1c?onb-

3YSI 8TII ypaBHeHIISI, MOJKHO nocTpOIITb onepaTop npo113B01lCTBa 8HTpon1111 S(1,0) 

, 
S(1,0l).= t.. If dfl(¢ (ft )-/;/3){e,(f) +(¢(1;t )-/;/3n)~cn,(f) + 

. . -- .· . 
+ if,(ft)(H o(f)+H <g ))+¢ (6)n(fl+ efAI (fl]-

"<L> s(n) " (2.14) 

- V ( /3 pox + /3 p X ) +( /3 (I)- /3 ) H <"> + ~ (t )( H +H ) !, 
(r.) n (n) n n L n n en 

t • 
rAe !-.A =A -<A ·) . Ilanee, AHcpcpepeHu11pysi cpeAHHe SHaqeHHSI onepaTOPOiB 

n <er , 11 / /;) , Hn + u en , nonyqaeM CHCTeMy ypaaHeHHii: llnSI ¢ (f 1 > , it, (6 ), 
/3 ( l ) 

n 

-Jde(n(O;n(g'))t ;(/;'t)-fde'(n(f));H.,(g'))t ifr(e't)=<n'(g)~ 

t • t • • t 
-f df '( II ..(e); n (/;')) ¢ (g' t)- f dg'( II., (f); H., ( g')) if, (f 't)=<H .,(f)> 

t (2.15) 
• • t 

-~(H +H ;H +H )= < -H'c ,+Hc 0>>. n n en n en e n n L 

B npeHe6peJKeHHH B3allMOAeii:CTBIISIMH llOACHCTeM KOppenSIUIIOHHble 'PYHK­

UIIII B (2.15) nerKO Bbl'lHCnSilOTCSI (HallOMHIIM, 'lTO B Hamefi Teop11'11 a a +:::1): 
va va 
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t t 
(n(c;);n(,;')) =o(c;-c;')<n(c;)>, 

t 
(H (,;) ; n (,; ' )) 

s 

t 
=(n(c;); H (,; '))=o(c;-e ') < H W>t' 

s s (2i,l6) 

t . h!l s 2 

(H(c;.);H (,;')) =o(c;~')(--) <n(c;)/, 
s s ·2 

- t --<p(<;t)-ah!l sY' (<; t) 
<n(c;)> =~e 8(£ -fl, 

va va 

--<p(<;t) -a h!l Y,(<;t) 
t . 

< H (,;) > = ~ e a h n 8 ( £ -e ) . 
s va _s va 

(2,17) 

Tenepb Mb! ner'KO M0)1(9M BbI'lHCllHTb BpeMeHHbie npOH3BO/lHbie efJ ,if, ./3 : n 

• t t h!l 2 
• <n (,;)> <n (,;)> (,--5

) 

¢ (c;t )= - --------=--- + 

• t . t 
<He(,;)> <H..(c;)> 

h!l t 2 t 2 
(-

5 <n(c;)> )-(<H (,;)>) 
2 s 

(h!ls<n(O>t t-(<H (,;) ':>t )2 
2 s 

1/' (c;t)= -
<H s(,;)>t <n(c;)>t <~(c;)>t <Hs(f)>t 

---------- + -----------:; (2.1$) 
(h~e <n (c;)>t )2 -(<He(,;)} )2 ( ~!le <n (,;) >t ):..(<He(c;)>t )2 . 

• .. 1 . . . t 

f3 (t)=---<-H'c ,+H c">>. 
n (8n ;Hn) e n n L 

nerKO BH/l9Tb, 'ITO onepaTop npOH3BO/lCTBa 3HTpOnHH S(t,O) no Kpau~ 

H0H Mepe IIepBOI'O nopSI/lK8 B9llH'IHHbl no B38HMO/l0HCTBHIO nO/lCHCT0M H B 3TOM 

CMbICne SIBllSieTCSI Manou BellH'IHHOH. Tenepb Mb! MO)KeM aanHC8Tb o6mee Bbl­

pa)KeHHe /lllSI HepaBHOBeCHOr'O CT8THCTH'leCKOr'O onepaTopa HaIIIeH CHCT9Mbl 

B llHH9HHOM no B38HMO/l9HCTBHIO npH6llH:lK9HHH. ( MbI 6y/leM paccMaTpHBa!Tb 

CTaUHOHapHblH pe)KHM H BpeMeHHbie apryMeHTbl T0pMO/lHH8MH'leCKHX nepeMeH-­

Hb!X onyCTHM): 

10 
'I' 

0 I 

p=l l+fd,;' f dt/t fdr~[(¢(,;')-c;f3)~ 0 (,;'t id+(¢(,;')-c;'f3 )~ (c;'tir-)+ 
O (L) n (n) -oo 

. • • 0 it I -· X -• X 

+tf,(,;')(H <f> (c;'tir)+H < ~c;'tir))] -V fdt e fdr~[f3P 0 (tid+/3 Pc ,(tir)l+ 
s s n _

00 
, 0 (L) n n 

0 £t t • I 

+(f3 -f3)f dte fdr~H (f>(tir)-fdr~[/3 H (ir)+f3H 0 (ir)+f3H 0 (ir)1lx 
n -oo o n o n en ec. nL ( ) 

2.19 
s

0
(0 ,0) 

x.e 
-4" So(0,0) T s

0
(0,0) 

A(ir)=e Ae 

S0 (0,0),,,<IJ
0 

+fd,;[¢(,;)n(c;)+t/,(c;)Hs(c;)]+/3He +f3nHn 

<I>= fnSpexp·{-fdc;[ ¢(,;)n(c;)+t/,(c;)H (c;)]-{3Ho -(3 HJ. (2.20) 
0 ~ L n n 

-s (0,0) 
B /l8llbH9HIII9M BCe cpe/lHHe BbI'lHCllSIIOTCSI C M8TPHUeH nnOTHOCTH e O 

PacCMOTpHM cpe/lHHe (2.17). <l>yHKUHSI pacnpe/leneHHSI I'OpSI'IHX aneKTpO-

HOB e -<p(E va> onHCbIBaeT COCTOSIHHe aneKTpOHHOH nO/lCHCT0MbI, Ii KOTOpOM 

cnHHOBbie CTeneHH cao60/lbl HaXO/lSITCSI B paBHOB0CHH C op6HTallbHbIM llBH}K0-

HH0M. Ha SI3b!Ke 3q>q>eKTHBHbIX napaMeTpOB 3TOMY pacnpe/leneHHIO COOTB0TCTBY­

cµ-£ )/3k 
eT q>yHKUHSI e va • <l>yHKUHSI 1/' ( <;) onHCbIBaeT OTKllOHeHHe cpe/l-

Hell H8M8r'HH'l9HHOCTH aneKTpOHOB OT 3Ha'leHHSI, COOTBeTCTBYIOWero 3TOMY 

"paBHOBeCHOMy" COCTOSIHHIO. Ha SI3bIKe aq>(jleKTHBHblX
0 

napaMeTpOB eu COOTBeT­

CTByeT pa3HOCTb f3e -f3k o6paTHbIX" cnHHOBOH H KHHeTH'l9CKOH TeMnepaTyp 

aneKTpoHoB. TaKHM o6paaoM, Be_n_W'rnHa t/, ( ,;) onpe/lenSieTcSI npoueccaMH 

CllHH-peIIIeTO'lHOH penaKC8UHH. Mb! oy/leM C'lHT8Tb ee Manoii: B CMbICne 

1/' (fl<;« ¢, ( <;) , 'ITO llO/lTBep)K/l80TCSI nocne/lYIOWHMH paC'l0T8MH. B Hyne-

-'P. c~ hn --¢ c~ 
BOM npHollH)KeHHH no t/,(c;) <n(fl>

0
=e O g {,;), <H..(<;)>

0 
=Te O g(c;), 

r'/le g(c;)=g+(c;),g(c; ),,,g+(c;)- g (,;) , npH'leM g+(f),,, ~8(£ -fl 
- - V V + 

. nnoTHOCTb co'cTOSIHHH aneKTpOHOB C pa3llH'lHb!MH OpHeHT8UHSIMH CllHHa. TTnoT-

HOCTb HyneBOI'O npH6llH)K0HHSI 6y/l0M C'IHT8Tb HOpMHPOBaHHOH: f de; e g(c;) =n ' 

I'/le 

I'/le 

n -KOHUeHTpaUHSI 3ll0KTpOHOB. TTpH t/,(c;)-/= 0 ¢u(f)=¢ (,;)+8¢(,;), 

8¢(,;)=e ·t/,(c;) h~_e • HopMHpOBKa a llHHeii:HOM no t/,(c;) npH6nH-

JKtlHHH 
11 



-¢ <6 
fdte O O-o¢(t)-tf,(t)at0,.)=n 0 (2.21) 

aBTOM8TH'I9CKH coxpaHSieTCSI, ecnH nonO)KHTb 

o¢(t>=-¢<t> hn,. g(t) 
2 g( e>. (2.22) 

CoOTHOlliSHHe (2.22) aaanorH'IHO CBSI3H M9)KJlY H3M9H9HHSIMH cnHHbBofi 

TeMnepaTypbl H XHMH'ISCKOro noTSHUHana aneKTpOHOB B MSTO)le aqicpeKTHBftbIX 

napaMeTpOB, B 'ISM nerKo y6e)lHTbCS!, nepenHCaB ero B BH)le! 

o¢(t)=-¢,(fl <8,,(t)~=-¢(0 <N;8,.(t);'b 
<n(t)>o (N; n(t)) 0 ' 

r)le Cp9JlHH9 Bbl'IHCnSIIOTCSl B HyneBOM npH6nH,K9HHH no ¢, ( t) 
B nHHSHHOM no if, (t) npH6nH)K9HHH 

-cf, <6 
<n(e)>=e O g(t) ==<n (fl> , 

0 

(2.23) 

, TTpH STOM 

< H,, (t) > == < H ,,(0 >o - if, {g)( h20~)2 e --4>o<6 g (t)[ 1-( ~\~(]. (2.2~) 

TaKHM o6paaoM, 

. hO,, 2 g(t

1
2 

o<8 (t)>ee<8 (t)>-<8 (t)> =-¢(t}{--) <n(fl>[l-(- ] 
" . " " 0 2 , g(t (2.25) 

8To COOTHOlliSHHe aHanorH'IHO CBSI3H MS)KJlY H3M9H9HHSIMH cpeJlHSH aeeMaHOB­

CKOfi aaeprHH H CDHHOBOH TeMnepaTypbl aneKTpOHOB B MeTO)le acpcpeKTHBHblX 

napaMeTpOB, Mbl orpaHH'IHMCSl nHHefiHbIM npH6nH,K9HH9M no cpyHKUHH if, ( t ). 
B CBSI3H c STHM yno6Ho nepecTpOHTb onepaTopbI S 

0
(0,0) H S(0,0) , aaMe-

hO,, g(e} 
HHB Ha ¢(t) Ha ¢o(fl-t/J(t) 2- g{1) . (l1H)l0KC "O" y cpyHKUHH ¢0(() 

B nanbHeii:uieM 6yneM ·onycKaTb): 

hn g(e) , 
s 0(0,0) = <I> 0 +Ide[¢ (fl n(t) + if, ( t)(8 ,,<0- T g(t) n (t))] + ,88 e +,8n8n(2.28) 

12 

"; 

S (0,0)=~1fdt[(¢(0-e,a)ii o..<t)+(¢(t)-t,8n)ri (f)+if,(t)(H .(t)+ 
(LJ . ( n) s(L) 

hn,. g(t> . x • x • <2..1121) 
+8 (t)- -- --(n (t)+n (t))]-V(,8P 0• +,BP )+(,8 -,8)8 o..+: •• I. 

sen> 2 g(e} cb en> , . CLJ n en> n n<u 

§3, MaKpOCKOnH'ISCKHe ypaBH~HHSl 6anaaca 

3anHlli9M CTBUHOHapHbie ypaBH0HHSl 6anaHca, onpenensrIOlllHe 'PYHKUHH 

'P (~} , VJ ( () H /3 ~ • 
YpaBHSHHe 6anaHca nnOTHOCTH aneKTpOHOB B npocTpaHCTBe SHeprHH: 

0 (t 

fde'fdte l<ii. <t>;<¢<e'>-e',a>ri. (e't> +¢ <t'HH o..<Ct>-hn,, g(C>ii.<etrn+ 
(L) (L) S(LJ 2 g(f' (L) --00 

• • • hO g(g') 
+(n (t); (¢(e')-t',8n)n( )(g't}+t/J(t')(H ( )(e't)--

2
" ..Jt: )n' (t't)))I 

(n) n " n !;\\,, (n) 

0 
-Vfdten 

00 

<ic" <O+~ <t>;,ar.x (t}+fl Pcx't»::0. 
L) (n) (L) n n) 

(3.1) 

YpaBHSHHe 6anaHca nnoTHOCTH seeMaHOBCKOH aHeprHH aneKTpOHOB B 

npocTpaHCTBe SHeprHH: 

I dt1 d t e(t I ( H .. ~ )(t); (¢ (t' )-e',8 ) ~cf> wt)+ if, (e' )(H,,(l') Wt)-h~,,g(ge(1fcele't)))+ 

+ (H,.(nJe); '(¢(e')-"e'fln )n(n) <e't)+ if,(t, )(H,.cnf;'t)- ~De ~:}i(n)(e't))) I- (3.2) 

0 (t • e • X •-x 
-V fdte (8,,ce,(t)+H,.<n>(t); ,8Pcb (t)+,8n~n> {t))=O. -

YpaBH0HHe 6anaHca cpenHeii seeMBHOBCKOH aHeprHH srnepHblX CDHHOS 

0 
ft hO g(t') 

-fdf' fdte (8'c 1·(¢(e')-{',8 )nc> ·(C) +¢(e')(H {e't)--':.~n (,ft)))+ 
_J, e n n n · ,i(n) 2 g\c; I (n) 

Q ft • • X O (t • l 

+Jdte (H:cn>;Pcn> (t)),8 V+f dte (H 0 ;8 (1))(,8 -,8)=0. 
_ 00 n -oo n( L) n( £> n 

13 



Mb! nony•rnnlf ClfCTeMy HenHHeHHblX lfHTerpanbHblX ypaBHeHlfH /lnSI Ha6o­

pa lfCKOMblX qiyHKUlfH. Ilanee cne/lyeT nony'JlfTb SIBHbie Bb!pa,KeHlfSI /lnSI SI/lep 

HHTerpanbHbIX onepaTOPOB 3TOH ClfCTeMbI, T.e. KOppenSIUHOHHblX qiyHKUHH BH-

0 ft • • · 
Ila Le ((,g ')= f d te (A cf>(~, Bce/e' t )) . 

-oo 
B 6opHOBCKOM npn6nH)KeHHH no B3aHMO/leHCTBHlO nO/lCHCTeM Bbl'IHCneHHe 

3THX qiyHKUHH HecnO)KHO. HH)Ke Mb! npnBe/leM peaynbTaTbl Bbl'IHCneHHSI KOp­

pensrTopa Lf (g, e ') /lnSI pacCMaTpHBaeMb!X B HallleH TeOpHH MeXaHH3MOB B3aH­

MO/leHCTBllSI1 C'llfTaSI O/lHOaneKTpOHHbie onepaTOpbl A H 8 /lH8I'OHanbHhl-

Mll B II - npe/lCTaBneHHll. TonbKO TaKne onepaTOpbl qJ1frypHpy10T B ClfCTe-
e .. 

Me (3.1 )-(3.3), 

A. BaaHMO/leHCTBlfSI C qJOHOHaMlf 

Lph(f,g')= 
2
h" :£ (A, ,8(g ,.,-e)-A 8(f -$)(8, ,8(f, ,-e)-

va',va;qg Va Va VO Va Va VO 

q,\ ;J . 
-B 8(f -g'))x IU h (v'a'\va)1 i:: (va'lva)N -;t 8(t ,. ,-( -hn ,\ +hq V) va v a ep :<1 /\ va v a va q x 

hO g ( cva) e y -1 
f =expl-efh )-tf,(c )-~(2a - ---)I; E (v'a'\va)= 
va va .va 2 (f ) 

g Va 
y 

(3.4) 

hO - !f.-r )' 
y=<p(f )-cp(c, )+ahn if,(c )-a'hn if,(c , )- -

2 
~-(if,{€ )-v- -

va v a s va s v a va Ef.-c ) 
va 

g{E v'a') 
-i/d c , , ) g( ) ) - /3 ( c - c , , ). va f va va 

va 

E. BaaHMO/l9HCTBHe C HeMarHHTHbIMll npHM9CSIMH 

L 1 <e.e )= TTh , ; (Ava.O(fva,_g)-A 8(c __g))(B , ,8(f , ,-e)-B 8(( -e))x 
v a ,va;q va va v a v a va va 

q 2 

x\U (v'a'\va)\' E(v'a'\va)NI t 8((, ,-( +hq V ). 
el va v a va x 

(3.5) 

B. BaaHMO/l9HCTBHe C Ma!'HllTHblMll rrpnMeCSIMH 

14 

,ii 

'i 

I 
I ;, 
:, 
I " 

i 

, l 
\I 
,I 

'Ji 
)1,, 

i' 

t l, 
r 
' l 
1 

. I 
'i I 
I 

L = ~ :£ 
m I h Va ',va; q I 

(A , p(c , ,-e)-A 8(c __g))(B , ,8(c , ,.{')-B 8(( ,..e))x 
va va va va ·va va va va 

xlU~e (va1va)i2E(va'lva)Nof 8(c 'rf ,-(a':...a)hn +hq V) 
eml L va v a va ml x (3.6) 

IU 4r (va'lva)\2 =.!.1uq (v'lv)/li8 ,+UO+l)-f 2 -e(a-Q')](a-a')
2 1. 

eml 4 eml aa 

KoppenSIUHOHHaSI qiyHKUHSI L (g ,g') !lnSI cny'laSI B3aHMO/l9HCTBllSI aneK-
n :, 

TpOHOB C roi.epHb!Mlf cnHHaMlf rronyqaeTCSI H3 Bblpa,KeHHSI (3.6) I ec,nn B n<I>c-

ne/lH9M 3aMeHHTb MaTpll'IHbl9 aneMeHTbl B3allMO/l9HCTBllSI C Ma!'HlfTHb!Mlf npn­

M9CSIMlf Ha Ma Tplf'IHble aneMeHTbl KOHTaKTHO!'O B3aHMO/l9HCTBHSI aneKTpOHOB 

ll SI/l9p If O m I 3aMeHHTb Ha Q n • 

Ilnsr pace Ma TPHBa9MblX cna6oHeyrrpyrn:x; M9XaHH3MOB pacceSIHlfSI Bblpll­

)K9Hlfe 

(A ,,8(( , -fl-A 8(€ -e))(B ,,8(f ,,__g')-B 8 (f ~, )) = 
v a v iJ' · va va v a v a va va 

-11.c a -D..i-
(t\, ,e rJf -A )(B , /.) ac -B )8(c -e)8(c -,C) 

v a va v a va va .va 

D..c = E - E 
vC1' va 

a 
MO)KHO paanO)KllTb B pSI/l no cTeneHSIM onepaUHH D..E -· -

ae 
/l8 ( 3. 7) llpllHlfM89T BH/l: 

8 (f-e')(A , , -A )(B , ,-B )8 (f -e) + 
va va va va va 

+A, ,(B , , -BJ/(]) S (-D..l ...i:_ 8 (c -e)8 (c -e')+ 
Va Va n=1 n! agn va va 

+ B (A -A ) i .(-D..c)° _!_~ 8"(f -()8 (c -e' )+ 
V CT, Va' va n=I n ! af n va VU 

m+n m 
oo(!':!,.c) a an 

+A, B ,., L ---- - -,n8(c -e}8(f -(') • 
Va V 11 111,n,.l m! n ! agm ae VO VO 
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TTocKonhKY /1£ < (- ' B paano:HrnHHSIX TaKOI'O THila Mhl 6yJleM Yll8P)l{HBaT,=, 

TonhKO nepBhie HeHCtJeaaroume tJneHhI. nanee, 

fdt' (A, ,8 (c, ,-t)-A 8(c ..g))(B , ,8(c, ,-{')-B 8(c -g'}}F(g')= 
v a v a va va va v a va va 

-& a l!.ra 
(A , ,e ~ -A )8(c -tHB , ,e ~ -B )-F(t) = (3.9) 

v a va va va va 

-& a Cc , ,..g>/e Cc -ei a 
=(A e 'cJ? -A ')8(c _g )(B e va -B e ya ~F(g). 

v'a' vo va vO'' va 

3TO COOTHOIII8HHe noaaonsieT nepefi:TH OT CHCT8Mhl HenHHeiiHhIX HHTerpanhl{bIX 

ypaBHeHHH K Jlmpq>epeHUHanhHhlM ypaaHeHHSIM THna <PoKKepa-nnaHKa B npocT-

paHCTBe g • IlOCKOllhKY H3 (3.9) BhITeKaeT, 'ITO 

0 

fdg' J dte
0 

--00 

0 (t 

+ f dte 
--00 

• • 0 • • 
(Ao..(t);B

0
(t't}} F(g')=fdtect (A 

0
(t);B 

0
(t))F(t)+ 

Cu Cd --oo CL) Cd 

cA <th rd g-e <et >< e ..g » .!..F < t> - + ••• , 
cf> · cf> ag 

(8.10) 

npHtJeM, cornaCHO (3.9), ManhIM napaMeTpOM, o6ecnetJHBaIOII!HM CXOllHMOCTh 

p{l.3n0)1{8HHSI HHTerpanhHOI'O onepaTopa ( 3.10)' SIBnsieTCSI OTHOIII8HHe t,, ( I ( < 1. 

OTM8THM1 Jlanee, :.iTo npH 
11..:.-< 1 BentttJHHY :S ( v' a' Iva ) B q>opMynax 

( 

( 3.4 )- ( 3.6) cne)lyeT saMeHHTh 8JlHH!IU8ll, noCKOnhKY Mhl coxpaHSI8M TOllhKO 

nepBhie H8HCtJe3aIOII!He tJneHhl pasnO)l{8HHSI no STOMy napaMeTpy • 

§4. YpaBHeHHe 6anaHca nnepHOll H8M8I'HHtJeHHOCTH 

O5111ee Bhlpa)l{eHHe ttnH nonHpH38UHH Hll8P B BhlC0KOTeMnepaTypHOM npa5.:. 

nH)l{8HHH. 

KaK u a tJaCTH I HaCTOSIII!eH pa5oTbI, Mhl paCCMaTpHBaeM o5nacTb TeM-

nepaTyp, I'Jle /3 hQ <l H /3 hil <l 
n n n 

BBeJleM npe)l{Jle acero apeMeHa 

penaKcaUHH S!Jl8pHhIX cnHHOB T ne H Tnf Ha HepaBHOB8CHh!X aneKTPOHaX 

H pe111eTKe, COOTB8TCTB8HHO: 

-t 1 ° ft • 
Tne = -- J dte (H 'c >; H 'c >(t)), 

(H ;H )-'-00 e n e n 
( 4.1) 

n n 
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"· 

-1 1 ° ft • 

T f = --- fdte (H f) ;H cf>(t}}. 
n ( H n ; Hn ) --oo n( n (4.2) 

Bh1pa)l{8HHe )lnSI T nf He 3aBHCHT OT cnoco5a onucaHHSI aneKTPOHH0ll nOllCHC­

T9Mhl H COBna)laeT C q>opMynoii ( 1.5,2) • KoppensiUHOHHaSI q>yHKUHSI ( H n; ff n ) 

)laeTCSI Bhlpa)l{8HH8'M ' ( 1.5.3). TTpeo6paayeM Tenepb OCTanhHhie KOppensiTop:i,1 

ypaBH8HHSI (3.3), nonhaysich pa3nO)l{8HHSIMH (3.10). B pesym,TaTe (3.3) 

sanHIII8TCSI B BHJle: 

a¢ < fl o (t • • a¢ cg> o (t • • X 

-f dtl (~ -/3n > J dt e rn :(n)(t); He'cnltH- ~-1 dte (u:(n~g ); pcn/t))V + 

0 ft • • 0 (t 

+ tfr (f) f dte (H:cn~g);H sCn>(t)) - f dte 
· , , a hO,. g{$ 

(H eCn>(fJ;HecnJt)) ag<-2- g{$ tfr(t))I+ 
--00 

0 

( 
(t 

+ /3n -/3) J dte 
--00 

cu "· ;i-I n..<t »=o n(LJ n(u 

( 4.2) 

u; (t) = fn (f) + V V (t). 

nanee, H3 CTpyKTYPhI KOppensiun:oHHoii IPY1IKUHH '(3.6) cne)lyeT, 'ITO 

0 (t 

J dte 
--00 

• • On o ft • • 

(Hecn/0 ;H ;(n)(t))= 0 _L dte (H :(n)(t) ;H scnft)). (4.3) .. 

CornaCHO §3, BCe KOppenHUHOHHhie IPYHKUHH B.q>n:rypHOll CK06Ke ypaBH8HHSI 

n (4,2) SaBHCSIT OT tp (t) • TToCKOnhKY -~ « 1 1 TO HaH60nhIIIHM H3 
n .. 

nHH8llHbIX no tfr (fl qneHOB siansieTCSI TpeTHll qneH STOH CK06KH: npH Bhl'lHCne-

HHH KOppensiTopoB, TaKHM o6pa30M, MO)l{HO nonO)l{HTh tfr ( t) =0 • BBe)leM HO­

BYIO q>yHKUHIO 17( <;) , S1Bnsi10111yrocsi aHanOI'OM napaMeTpa HaChllll~rnHSI npH6lIH­

)1{8HHSI acbcbeKTHBHh!X napaM8TPOB 

, a¢<<:> 
tp (() =·-11 (()­

a( 

Teneph, paape111HB ypaBHeHHe ( 4.2) OTHOCHTenhHO /3 n , MbI MO)l{eM aanu-

CaTh 06111ee Bb!pa)l{eHH8 nnsi yaenH'l8HHSI M8pHOH nonsipH3aUHH B CTaUHOHapHOM 

pe)l{HMe 
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Jdtacf,(I;) I l-11(t)~-ACt)I /d1en (il'c 1$:H'c >{1)) a ~ {} n """'° e n) e n 
Tnf I* = /3n -T = ---------,---------------------- ------+ 

0 ( t • • 

J d t _Ld I e (H :c
0
Jt); tt;c

0
J1)) T00+Tnf (4.4) 

T ne 
+ -----

Tn.+ Tnf 
0 Ct • • x 

J die (H:c
0
~$; Pen> (1)) 

A(t)= -------------
0 .ft " , • , 
J die (H ecitJ; H e(n)(1)) 

· ( 4.5) 

--00 

Ben1I'l1IHa A ( e) orrpeaenHeT BKnaa aneKTpo1111oro apeii:cpa B gaep11y10 

n v2 
rrongplI38UIIIO; no nopHJlKY Ben1I'!IIHbl ( 4.5) paBHO A ( t>=- -" ~ ( TO'!Hoe 

n n c;-

Bb!pa)K8HII8, Haii:aeHHOe B pa6oTe 
181 , coaep)KIIT 'llICneHHblH MHO)KIITenb 1 /3). 

ct>opMyna (4.4) anH l*rrepeXOJllIT B Bblpa)K8HII8 (1.5.5) M8TOJla acli¢eKTIIBHbIX 

a c/J(t> 
rrapaMeTpoB, ecn1I -~---- = f3 k = Const, 1/ ( t)= T/ = Const • B c11ny STOI'O Bee ae -
Ka'!eCTB8HHhie coo6pa)KeH11H o Ben11'l11He 11 3HaKe scpcpeKTa ct>eepa, np11BeaeH-

Hhie B J, OCTaIOTCR B c11ne II anH HaIIIeI'O cny-qag. 

p acKpbIBaH KOppenRUIIOHHbl8 cpyHKUIIII B cpopMyne ( 4.4)' OI'paHII'llIMCH 

HyneBbIM np116mJ)K8H1IeM ITO rf;( I;) ' ITOCKOnbKY OCHOBHOH 113 mrneii:HbIX ITO ,j; 

'lneHOB yqTeH B 51BHOM BIIJle. 

Mb! He 6yaeM paCCMaTp1rnaTb 3Jl8Cb cny-qaii: KBaHTYIOIUIIX MaI'HIITHb!X 

IToneii:. B Knacc11'!eCKOM IIHTepBane HanpH)K8HHOCTlt MaI'HIITHOI'O ITOnH cpopMy­

na (4.4) ITPIIHIIMaeT BII/l (B3a1IMOJl8HCTB1Ie sneKTpOHOB C 51/lp8MII C'llITaeTC51 

KOHTaKTHbIM): 

I* _ 1 - 7I 

a acp(I;) -cpc,;>11- ~ ( (1')- .l m V) I 
f ds s al; • e On T/ s 3 I; 

;_-cp c"t, 
f di; l;e 

Tnc 
• ---- + -----

Tne + TnC 

Tne 

T + T a • ( 4.6) 
ne nl. 

a 38BIICIIMOCTb BpeMeHII gaepao-sneKTpOHHOH penaKCaUIIII OT BHeIIIHIIX IToneii: 

oITpeAenHeTCH ¢opMynoii: 

-l I ½ 
T = T - (0) ( TT /3 2 

ne ne -) 
4 

"" /di; I; e -cpcl;> 

f di;!;½ -¢</;> 
o - e 

( 4.7) 
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Tenepb OCTaeTCH ITOnY'llITb HBHhie Bbip8)K8HII5I JlnH cpyHKUIIH cp ( e) 
II rp(,;) II3 aneKTpOHHbIX ypaBH8HIIll ( 3.1 ) II ( 3.2). 

§5. YpaBH8HIIH 6anaaca ITnOTHOCTII. SHepI'IIII II ITnOTHOCTII 

HaMaI'HII'l8HHOCTII I'OpH'llIX sneKTpOHOB 

YpaBHeH11e (3.1) II (3.2) 6y}leM peIIIaTb B. TeX )1(8 ITp116n1I)K8HIIHX, 'ITO 

II COOTBeTCTBYIOillYIO CIICTeMy ypaBH8Hllll B qaCTII I ~ 

B ypaBH8HIIII 6anaaca ITnOTHOCTII aneKTpOHOB ITpeHe6peI'aeM B381IMOJleii­

CTBII8M C 51Jl8pHbIMII CIT1IHaM11 II OTKnoHeH11eM sneKTpOHHOH HaMaI'HII'l8HHOCTII 

OT paBHOB8CII51 C op611:r-anbHbIM JlBII)K8ffll8M ( T.e. cpyHKUII8ll rp l,;) ) • Koppe­

nHUIIOHHb!e cpyHKUllll B ypaBH8HlllI 6anaHCa ITnOTHOCTII ( 3.1) MO)KHO ITpeo6pa-

3OB8Tb ITO CITOco6y, 11anO)K8HHOMY B §3. B peaynhTaTe ypaBHeH11e (3.1) CBO/llIT­

C51 K BllJlY 

a 
-(P(fl-j (l;)E)=O, 

a1; ( 5,1) 

I'}le p (,; ) - MOIUHOCTb, Tep51eMa51 I'OpH'llIMll sneKTpOHaMll C SHepI'neii /; B CTOnK­

HOB8HIIHX C peIIIeTKOH ( nonHaH MOIUHOCTb ITOTepb paBHa f d,; p (,;) ). ITplI 

STOM 
1 

P(I;) = P (l;)+P (I;), 
ph ml 

a¢(!;) -¢ce> 2 TT I 
Pph (/;)= - (ar- -/3) e -h- va',vo; qJ\ 

_q)\ 2 (5.2) 
(hO J I u (va1vo )I N , o(c ~)x 

qA eph qA VO 

xo(c ,,~). 
VO 

pm! w = - ( a:~1;2_13) e --cpc/;>!!_ 

xo(c , ,- ,;). h 

2 .re. 2 . 
I _, (o-o') (hO ) I U (va'Jvo)J Nco(c ~x (5 3) 

vO',va;qf mi eml va • 

vc 

Llanee j (I;) eCTb ITnOTHOCTb JllICCHITaTllBHOI'O TOKa· I'OpH'lliX sneKTpo-' 

HOB C 8HepI'11eii: ,; ( ITOnHhIH TOK B HaITpaBneHnll aneKTPII'l8CKOI'O IT On SI 

paBeH f d I; j ( t)) 
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j (() =j (()+j (()+j ((), 
ph I ml 

a¢(,;) -<p(~ 2rr 2 ➔q,\ 2 

j (()E = -;p:- e -h , ,L ➔ (hq V) !U (va1va)I N ,\o(c ~o(c ;-{),(5.4) 
ph u,; v a ,va;q,\ x eph q va v a 

2 
j (()E= ap(() ;;¢<9 !!_ , ,L ➔ (hq V)

2
JU ~ 

I a ( h Va ,va;q X el 
(va1va)I N o(c -()o(c, ,-0, 

I va v a 

a¢({;) ~<fl " 2 ➔q£ 2 
j ((>E=--e - L (hq V) IU fv'a1va)I N£o(c --e>o(c, ;{). 

m I a ( h , , ➔ 0 X em va . V a 
v a ,va;qL 

(5.5) 

lfa ypaBHeHHH ( 5.1) cnenyeT, qTo p ( fl- j ( e) E = Const 1 IlplPieM KOH-

CTaHTa nom1rna 5bITb rronoMeHa paBHOll Hymo, IIOCKOnbKY cpyHKUJHI e 
-<p(f) 

CTpeMHTCH K Hynro Ha 5ecKoaeqHOCTH, (Ecnn 8Ta cpyHKUHH He ncqesaeT rrpn 

( ➔ 00 ' TO KOHCTaHTa MOMeT 5bITb OTnnqHa OT HynH. B 8TOll CHTyaunn, 

H83bIB8eMoii: o5biqHo peMHMOM "y5eraHHH" aneKTpOHOB, nsnaraeMaH TeOpHH 

HeIIpHMeHHMa). TaKHM o5pa30M, nepBblll HHTerpan ypaBHeHHH ( 5, 1) npencTaB­

ngeT co5oii: ypaBHeHne 5anaaca aaeprnn ropgqnx aneKTPOHOB P(()-j(()E=O, 

H3 KOTOporo cpasy HaXOAHTCH cpyHKUHH ¢(t): 

¢(0 = f df' a¢(e'), a¢(Q_,,, /3 11 + K ( fl I - 1
, 

ae ae • (5.6) 

2 ➔ \ ➔ ;£ 2rr qi\. ,?- 77 q 2 77 
2 

L(hq V) 1.-IU (va1va~ N ,\ +-h IU (va1va)I N +-h IU (va.1va)! No lo(£ -$o<c,,-.;) 
X n epli q el I em! L va va K({;) ____ ..:.,_ _____________________ ......-

2rr , fl,\ 2 11 2 2 qf 2.. 
LI ~h hO ,\) I u (v a1va)I N +.:;....(h-a-o ') (hO ) IU (v'a1va)I No !o(c -()o(c , -J) 

q eph q,\ m( eml L va v a 

Bb1paMeane, cTomuee B 'IHCJIHTene npo5tt B ( 5.6), nponopunoHaJibHo qac-

ToTe penaKC8UHH HMIIynbca we£(() II0T0Ka aneKTpOH0B C 8Heprneii: (, 

rrpnqeM W o( () "'UJ h(() + W • ( () + W ( ( ) 1 a 38BHCHMOCTb 8THX Be-
e{, ep e1 emf 

c M 
nnqnH OT s naeTcH cpopMynoii: we£(()"'( , rne M = 1/2 nnH roMeonongp-

HhIX aKyCTHqecKHX cpOHOHOB, M8f'HHTHbIX IlpHMeceii: H ToqeqHb!X necpeKTOB, 

M = - 1/2 nnH IIbe30aKyCTHqecKHX cpOHOHOB H OTITHqecKHX cpOHOHOB rrpn hO ~ 
0 

M=-3/2 nnH HOHH3Hp0B8HHb!X npnMeceii:, l\l =0 nnH Heii:TpanbHbIX rrpnMeceii: H 

orrniqecKHX cpoHoHOB rrpn h00 > ;- • Bb1paMeHne, cTomuee B 3HaMeHaTene, 

20 

" 

MOMH0 CBH38Tb C BpeMeHeM penaKcaunn 8HeprnH aneKTpOH0B. Yno5Hee, on­

HaKo, Bbipa3HTb ero qepe3 qacT0Tbl penaKC8UHH HMIIynbca Ha MeXaHH3M8X 

pacceHHHH, OTBeTCTBeHHbIX 38 penaKcaunro 8Heprnn. OrrycKaH BbiqncneHHH, 

rrpnBeneM pesynbTaTbl nng BbipaMeHHH B. cpnrypHOll CK05Ke cpopMynbI (5.6) 

nnH pasnnqHbIX MeXaHH3M0B penaKC8UHH 8HeprHH ropgqnx aneKTp0H0B. 

1. AKycTnqecKHe cpOHOHbl 

l + K( f ) = 1 + ~ W ef ((} 
3s2 w (() 

eph 

2. MarHHTHbie npnMeCH 

l+K(()=1+ 1._ V
2
m( w.£(() 

.. 3 (hO-) z -;;:;---w- · 
mi emf 

3. OnTHqeCKHe qlOHOHbI, hOo <c 
2 

1 +K(() ,,, 1+ 4V m( 
3(h0 )

2 L 
0 

w.£(() L 
~--, 
w (() 

eph 

fu(~). 
hO 

0 

(5.7) 

(5.8) 

(5.9) 

4. OrrTnqecKne cpOHOHb1, h0
0 
> c 3TOT cnyqaii: COOTBeTCTByeT CHJibHO 

HeyrrpyroMy pacceHHHro aneKTp0H0B. OnHaKo, K8K Il0K838H0 llaBblllOBblM H 

IllMyIIIKeBnqeM 131 ' 8T0 pacceHHHe cpaKTHqecKH HBnHeTCH llBYXCTyrreaqaTbIM, 

H COCTOHT H3 IIOI"'JIOIUeHHH OilTHqecKoro qlOHOHa C 8Heprneft hOq H nocnenyro-

mere nsnyqeHHH cpoaoaa c aaeprneii: hOq, , TaK qTo pesynbTHpyromee us-

MeHeHne 8Heprnn aneKTpoHa paBH0 hO -hO , 
q q 

H orrpenenHeTCH nncnepcn-

en 8Heprnn 0IITHqecKHX cpOHOHOB. B pesynbTaTe HeyrrpyroCTb pacceHHHH 

0Ka3bIBaeTCH oqeHb MaJioii:, H 8TOT npouecc M0MH0 OTIHC8Tb ypaBHeHHHMH nn¢­

cpy3HH B rrpocTpaHCTBe 8Heprnn. Mb! He IIpHB0AHM rronpo5Hb!X rrpeo5pa30Ba­

HHll ypaBHeHHll (3.1) H (3.2) nnH 8T0I"'0 cnyqag; 0HH aHaJiornqHbl rrpeo5pa-

30B8HHHM, rrponenaHHb!M B pa5oTe 131 • PesynbTaT HMeeT Bnn: 

2 
mV 

1 + K ( f > = 1 + 4,\ z h no 

a -II0CT0HHHaH peIIIeTKH. 

We£((} 

w eph(f) 

; ,\ :, 
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h 
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PacCMOTpllM Tenepb ypaBHeHHe (3.2) 6anaHca nn0TH0CTII aeeMaHOBCK0H 

3Hepr1111 ropgq11x sneKTp0H0B. ITpeHe6peraH B3811MOilell,CTBlleM C HnepHbIMII 

CilllH8MII II npeo6pa3yH IIHTerpanbHbie onepaT0pbl no'·'MeTOilY §3, 38IllllIIeM 

(3.2) B BHne 

0 ft 

J dt C 

--00 

(H (oW:H' o(t))( acp(()_/3)-Jdte(t (H o<f);Pox(t))V a~(t}_ + 
s L) e(L) a,; --oo '5(L) (L) a S 

0 (t 

+ J dte 
· a hQ,, g(c;) ( 5.11 ) 

l(H 11,.(c;);H o(t))ij,(c;)-(H O (c;);H o(t))~~(- ..1/:) if,(,;)) l =0, 
"(LJ '5(L) ,.(t) e(t) as 2 fi\S 

B 3T0M ypaBHeHHH TpeTHH qneH HBnHeTCH HaH60nbIIIIIM H3 nHHeHHbIX 

no rfr(c;) qneH0B (ocTanbHble conep)KaT Manbie 0TH0III8HHH /).c ;-; < 1 Hnll 

m V2 /c- < 1 ) • 8TOT qneH nporroprrnoHaneH o6paTHOMY BpeMeHH penaKcaunn 

rrpononbHOH HaMara11qeHH0CTII sneKTP0H0B C 3HeprHeii ,; : 

0 

J d 
ft • 

- l t e (H ( t:) T ,,C (,;) = --oo ,,(f> s ;H,,cC> (t)) 

ry g(c;) /] 
hO,, )~ <n(O>[l-(-g{{) (---
'l 

(5.12) 

Bb1pa)!<eHHe (5.12) HBnHeTCH rrpHMbIM aHanoroM cpopMynbI (1.6.13) nnH Bpe­

M8Hll penaKC8UHll rronHOH HaMarHHqeHH0CTH. BhlqHcneHne 3TOH Ben11q11Hhl 

g(c;) hO,, 
Hecnol1<Ho.OTMeTHM, qTo B HeKBaHTy10mnx MarHHTHhIX rronHx grJJ'" T < 1 ; 

pacKpbIB8H K0ppenHT0p ( 5. 12)' C Il0M0IIJb!O o6IIJHX Bblpa)KeHHH §3 rronyqaeM 

-1 -1 -1 -1 

T ,,f (0 =,T :,plO + T :,I(,;()+ T:,mi ( c;), 

_ t 2rr 

T W= h ('-') "Ph g S 

}: 

110'',vai~,\ 

➔q,\ 2 

(1-8 ,)JU (v'a1va)J N \ 8(c , ,-()8(c aa eph qA va va ~). 

. (5.13) 

➔ 

-I 1T q ry 

T.(c;)=-- I 0-8 JIU (va'lva)l"N.8(c -,;)8(£ -,;), 
"' hg(c;) Va ',va;; aa el I va, va 

( 5.14) 

-1 17 ;e 2 
T (,;)= -- I ➔ (1-8 ,)JU (va'Jva)'I 

:,ml hg(O va',va;qf aa emi 
N f 8 (c , ,-c;)8(c -,;). 

v a va 
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BblqHcneHHe 3THX Bbipa)KeHHH C yqeT0M HBHoro BHna MaTpHqHb!X sneMeH­

T0B CilllH-peJIIeToqHoro B38HM0neflcTBllfl, IlPIIBeneHHbIX B I' §2, naeT 

T-1(,;),,,,c;M' 
,,c 

1\1
, t' +2 

rne =---
2 

1\1
, t+3 

nnH aKycTnqeCKllX cpOHOHOB, = 2- nnH HeMaI'HllTHbIX 

np11Mecefl, M ' = l/2 - nnH MaI'HHTHblX IIpHMecefl, M , = 0 nnH 0IIT11qecKHX cpo-

HoHoB rrpn hf! >£­
o 

( ilBOHHOe pacce f!Hlle), M '= 0 nnH 0IITnqeCKHX !pOHOHOB 

IIpll hf! <f - • 3TH peaynbTaThl 0TH0CHTCH K._cnyqa10 
0 ,, r= 2 ( T.e. K Kpnc-

TannaM C 3KCTpeMyM0M 31Ieprn11 3JieKTp0H0B B ueHTpe Hnll Ha rpaHH 30Hbl 

Bpnnnl03Ha); 3HaqeHHfl II0Ka3aTenH t' IIpHBeneHbI B I, §2. 

PacKpb!BaH 0CTanbHbie K0ppeJIHT0pbl B ypaBHeHHll (5.11) n BbJqJICJIHH 

BCTpeqaIOIIJHeCH HHTerpanhI, rronyqHM cpyHKUH!O T/ (,;)~it, ( ,;)/¢ '( c;) B BHne 

-I -l 

11(c;)=I11 (c;)T (c;)/I T,,k((),. (5.15) k k ek k 

rne HHileKC "k,, HyMepyeT MeXaHH3MbI pacceSIHHH. Ben11qnHa 1/ (c;) 
k . 

paan11qHbIX MexaHH3M0B CIIHH -peIIIeToqHQH .penaKCaUHH paBHa: 

1. PacceSIHHe Ha MaI'HHTHbIX np11MeCHX 

!l /3 . 
1/ (c;)=- ~(---1). 

ml f!" cp'{() 

2. P acceHHlle Ha 0IITHqecKIIX cpOHOR'aX, h O <c­
o 

h0
0 

a f3 
1/ (,;)= - (--) (-- -l). 

ph 2,; cp '(,;) 

3. PacceHHHe Ha 0IITHqecKHX QJOHOHax, h O O > -; 

c;"A /3 
1/ (,;) = -- ( -- - 1)' ,\ 

ph hf! o cp '(,;) 

2ma
2 

0 
0 

-~-h--

4. Pa~CeHHHe Ha aKyCTHqeCKHX q>OHOHaX 
. 2 • 

2 V 2 t '+ 3 a , , /3 2V 
2 

4 V c; ¢ '{,;) 
1/ (0= y (-) ---y (t +l)(t +3H---l](l+-- ------), 

Ph 8 3 ¢'(,;) 3s 2 3s 2 (t'+2) 
ms 2 

rne y = -- -napaMeTp HeynpyroCTH IlpH aKyCTHqeCK0M pacceHHHH. 
2t • 
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(5.16) 

(5.17) 

( 5.18) 

(5. 19) 



5. Pacces:im1e Ha HeMaI'HHTHblX rrp1:1MeCSIX 

mV
2 

1/ (,;)==-
! ,; 

l '+4 
6 

(5.20) 

§6. HJlepHaSI rronSipH38UHSI 

CorrocTaBneHHe peaynbTaTOB (5.15)-(5.20) c COOTBeTCTBYIOIUHMH Bbl­

pa:lKeHHSIMH, IIOnY'leHHblMH B paMKaX MeTO)la 9cp<peKTHBHblX rrapaMeTpOB, rrpH­

BbJlHT K aaKn10qeHHIO, qTo BO BCex cnyqas:ix, aa HCKn10qeHHeM penaKcaUHH 

CIIH,!Ia Ha OIITHqeCKHX lpOHOHaX IlpH hno > ( 1 KaK 3HaK, TaK H rropSIJlOK Be­

nHqHHhl 9<pcpeKTa cf:>eepa 0/lHHaKOBhl IlpH o60HX cxeMaX TeopeTHqecKOI'O OIIH-

caHHH. IleikTBHTenbHO, a¢~{)_ COOTBeTCTByeT o6paTHOii KHHeTHqecKoii TeM-
,. a"' 

rrepaType rops:iqHX sneKTpOHOB; IIOSTOMY IlpH ,;== f BennqHHbl 1/ (,; ) rre-
k 

peXO)lSIT B Bb!pa:lKeHHH, rronyqeHHble B rrepBoii qac,TH pa60Tbl C TOqHoCTblO 

JlO qncneHHbIX MHO:lKHTeneii rropSIJlKa 0/lHHHUbI. HaH6onblllaSI rronSipH3aUHSI SIJlep 

COOTBeTCTByeT pacceSIHHIO sneKTpOHHOI'O CIIHHa Ha MaI'HHTHbIX IlpHMeCSIX C 

ManbIM BpeMeHeM CIIHH-pemeToqHoii penaKCaUHH. HarrpaBneHHe rronSipH3aUHH -

IIpOTHBOIIOnO:lKHOe scpcpeKTY 0Bepxayaepa. 3aBHCHMOCTb rronSipH3aUHH OT HaIIpSI­

,KeHHOCTH sneKTpnqecKOI'O rrons:i T8KaSI :lKe, KaK H B MeTOJle scpcpeKTHBHbIX 

rrapaMeTpOB; MaKCHManbHaSI IIOnSipH3aUHSI I ' < f! m.!. • CneJlyeT OT-
max n n 

MeTHTb, qTo IIpH oonbllIHX BpeMeHaX penaKCaUHH CIIHHa IIpHMeceH OHH OTKno-

HSIIOTCSI OT paBHOBeCHSI C pellleTKoii. ITpn STOM BennqnHa 1/ (,;) 
ml 

( HnH 1/ ) 

OKa3bIBaeTCSI MeHbllle Bblpa:lKeHHSI l 15.16 JI 'a BMeCTe C Hefi y6brnaeT H SIJlepHaSI 

rronSipH3aUHH. IT OSTOMY peaynbTaT (5. 16) cpaKTHqecKH SIBns:ieTCSI aaBbillleH­

HbIM. 

8 cnyqae pacceSIHHSI Ha OIITHqeCKHX <pOHOHaX IIpH hf!o>f scpcpeKT cf:>eepa, 

paccqHTaHHbiii B IIpH6nH:lKeHHH cf:>oKKepa-ITnaHKa, ropa3)l0 MeHbllle, qeM B Me­

TO)le scpcpeKTHBHbl_X rrapaMeTpOB, H HMeeT Jlpyroii 3HaK. ~H3HqecKaH IlpHqHHa 

STOI'O aaKn10qaeTCSI B cneay10meM. ITpn6nn:lKeHHe scpcpeKTHBHbIX rrapaMeTpOB 

IIpHMeHHMO K._ ~onyrrpOBOJlHHKaM co cpaBHHTenbHO 6onbllIHMH KOHUeHTpaUHSIMH 

sneKTPOHOB npoBO.QHMOCTH. 8 9THX ycnoBHSIX Me:lKsneicTpOHHbie coyaapeHHSI 
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TepManHay10T sneKTPOHHYIO cpyHKUHIO pacrrpe)leneHHSI aa BpeMSI Me:lKJly JlBYMSI 

IIOCne)lOBaTenbHbIMH HeyrrpyI'HMH CTOnKHOBeHHSIMH an9KTpOHa C pellleTKOii. Ila­

:lKe npH h O O ><- cymecTBYIOT sneKTpoHbI, sHeprHSI KoTOphIX 6onhme, qeM h 0 0 

("XBOCT" cpyHKUHH pacrrpe)leneHHH). PenaKcaUHSI SHeprHH, paccqHTaHHaSI no 

MeTOJlY scpcpeKTHBHblX napaMeTpOB, cpaKTHqecKH OIIHCbIBaeT SMHCCHIO OIITHqec­

KHX lpOHOHOB sneKTPOHaMH C ,; > hf! 0 • 3TOT )K6 ,MeXaHH3M onpe)lenSieT H penaK­

caUHIO CIIHHa. ITocKOnbKY 9TOT MeXaHH3M pacceSIHHSI SIBnSieTCSI CHnbHO Heyn­

PYI'HM, CKOpOCTb OTBO)la aeeMaHOBCKOii SHepI'HH ropSiqHX sneKTPOHOB BenHKa, 

qTo IIPHBOJlHT K 6onbllIOMY OTKnOHeHHIO CIIHHOB OT paBH0B9CHSI C op6HTanb­

HbIM JlBH:lKeHH9M H 60nblll0ll nonSipH3aUHH SIJlep ( CM, 1). IT pH HH3KHX )K9 KOH­

UeHTpaUHSIX sneKTPOHOB IIpOBOJlHMOCTH Me:lKsneKTpOHHhle coyJlapeHHSI He HI'­

paIOT ponH, H 9MHCCH5I OIITHqecKHX lpOHOHOB H9B03MO:lKHa, IIOCKOnbKY B STOii 

CHTyaUHH sireKTpOHbI, nonaBllIHe H3 o6naCTH SHeprHii f> h n 0 B o6naCTb 

,; < hf! 0 I He nepeKaqHBaIOTCSI o6pa THO, KaK STO IIPOHCXOJlHT IlpH 6onbllIOii 

qacToTe Me:lKsneKTPOHHbIX coy)lapeHHii. cf:>aKTHqecKH B 9TOM cnyqae sneKTpo­

Hbl MOI'YT TOnbKO rrornomaTb OIITHqecKHe lpOHOHbl C nocneJlyIOIIIHM H3nyqeHHeM 

lpOHOHOB He_CKOnbKO Jlpyroii qaCTOTbl, B ·peaynhTaTe pacces:iHHe SHepI'HH H 

CIIHHa OKa3bIBaeTCSI npaKTHqeCKH ynpyrHM ( B TeopHH ropgqHx sneKTPOHOB 

xopomo H3BeCTHo, qTo sTOT MeXaHH3M JlaeT ropaa)lo 6onee MeJlneHHYIO pe­

naKcaUHIO SHepI'HH, qeM B cnyqae 9MHCCHH OIITHqecKHX <pOHOHOB TepManH30-

BaHHbIMH sneKTpoHaMH IlpH c;> hf! 0 
13 ,91 ); 'B COOTBeTCTBllH C KaqeCTBeH­

HOii TpaKTOBKOii scpcpeKTa cf:>eepa (I I § I ) ynpyroe pacceSIHHe CIIHHa MO:lKeT 

TOnbKO He3HaqHTenbHO IIOBbilllaTb CIIHHOBYIO TeMnepaTypy sneKTpOHOB, 8To 

03HaqaeT, qTO 1/ > 0 IWH 77(,; )> 0 H 06'bSICHSieT Many10 BenHqHHy SIJlepHoii 

nons:ipH3aUHH I COOTBeTCT~IOIUyIO qJOpMyne ( 5.18). 

TaKHM o6paaoM, )lnSI n1060A KOHUeHTpauHH sneKTpOHOB npoBOJlHMOCTH 

"' n 
MO:lKHO nonyqHTb 6onblIIYIO rronSipH3aUHIO S!Jlep < -2!!1. 

On 
IIpH pacceSIHHH CIIH-

Ha Ha MaI'HHTHblX IlpHMeCSIX, PacceSIHHe HaMaI'HHqeHHOCTH sneKTpOHOB Ha 

"' n 
OIITHqeCKHX qJOHOHaX )laeT 6onbllIYIO SI)lepey10 rronSipH3aUHIO < -"- B cne-

0 n 
ilYIOIUHX ycnoBHSIX: 

1. KoHU9HTpaUHSI sneKTp0°HOB BenHKa, TaK qTo (t) 0 < (u • 
eL ee 

2. PacceSIHHe sHeprHH ropSiqHx sneKTpoHoB o6ycnoBneHo cna6oHeyrrpy-

I'HM MeXaHH3MOM, HaIIpHMep, aKyCTH'IeCKHMH qJOHOHaMH. 
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3. Paccesrnue Ul),mynhca rioT~Ka ropsJtmx aneKTpOHOB o6ycnoBneHo rrpu­

MeCl!MH ( ycnOBllll ,(3) ll. ( 4) .l:(a!OT OblCTpblll pOCT cpeJlHeii KUHeTn:'leCKOll 8Hep­

ruu aneKTPOHOB). 

4. Hn:3Kn:e TeMrrepaTypb1, 7< Ml 0 • 

llpyrue MexaHU3MbI penaKcauuu crrn:Ha aneKTpOHOB, paCCMOTpeHHble B 

"' 10 .- 102 
rrpu npeiiqioBblX CKOpo­

( s -CKOpOCTh 3ByKa), 

Harueii pa6oTe, na10T rronllpuaaun:10 llnep I* 

CTSIX aneKTpOHHOI'O IlOTOKa V"' (0, 1 .-1) s 

B 3aKn!O'l0HUe rronb3YIOCh cnyqaeM Bblpa3UTh rny60Ky10 rrp113HaTenbHOCTb 

rrpoqieccopy n.H. 3y6apeBy 3a o6Cy)KneHue paCCMOTpeHHb!X BOilpOCOB. 
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