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Baeneaae 

B pa5oTe paccMaTpaaaeTcH KBaaacTanaoaapaoe cocTOHHHe aneKTPOHHO-HOHHoro 5ynKe­

/ll 
pOBCKOrO KOnbllB BO BHernHeM 83HMyTanbHOOJlHOpollHOM MarHHTHOM none C y"'eTOM C05-

CTBeHHblX can B npa5na>KeHHB caMocornacoaaaaoro nonH. Baernaee MarHHTRoe none C"'HTa-

eTCH 38BHCHUIHM OT pallHYCB, H 9T8 38BHCHMOCTb xapaKTepaayeTCH, KBK 05bl"'HO, <jJyHKUHeA 

< > ' aJ<. I n r ~-1[.·---;rr- •=o rue z -xoMnoneHTa MSrHHTHoro nons:~. CHnOBble 

nHHHH 3T0['0 non!! npennonaralOTC!I CHMMeTpH"'HbiMH OTHOCHTenbHO nnOCKOCTH z. o. 

BHBTiBne C'tJHT88TCSI, qTQ BO BH911IH9M MSrHHTHOM none HM89TC.H KBK Jl.SHHbi'A: O.llHOpOll,-

H038pH>KeHHb!l! .TOp snnHnTH"'eCKOrO Ce'JeHHH, COCTOHWHA H3 llBH>KYIIlHXC!I sneKTpOHOB H HOHOB 

( npOTOHOB) • llanee Bbl!ICHHIOTC!I HeKOTOpb!e He05XOilHMb!e ycnoBHH cymeCTBOBBHHH KOnbllB 

YKB38HHOrO THil8 H yCJlOBHH, npH KOTOpb!X TBKBH MOJleJlb YllOBJleTBOpHeT KHReTH'JeCKOMY 

ypaaaeRHIO c caMoMornacoaaHHbiM noneM. ¢>yHKUH!I pacnpeneneHHH qacTHil B ¢aaoaoM npoc­

TpaacTae KBK llJlH HOHOB, TBK H llJl!l 3JleKTpOHOB 5epeTC!I B <jJopMe, npHMeHeHHOll Jl/JH o5pa-

/2/ /3/x/ 
30BBHHII H3 'JBCTHU OllHOrO COpTa B H B , K0['Jl8 B nepBOM npa5nH>KeHHH 3HeprH!I 

BCeX 'IBCTHil OllHOrO THna OJlHHBKOBB, lln!i 'JllCTO 3JleKTpOHH biX ny"'KOB HJlH B npHCyTCTBHH 

llOCTBTO"'HO Manoro 'IHCna HOHOB HCnOJlb3yeTC!I TBK>Ke <jJyHKUH!I pacnpeneneHHH B cneUHBnb­

ROil <jJopMe, Y'IHTblBBIO!IleA HeKHH onpeneneHRb!l! cneKTp8JlbHblil Ra5op saeprHA sneKTpOHOB B 

nyqKe, HHR'!e f'OBO;:>H, Ra5op MrHOBeHHblX op5HT, OKOnO KOTOpblX '!BCTHUbl COBeplliBIOT KOne-

5aHH!I. 

PaccMoTpeune aeneTcH B npa5nn>KeRHH, Korna nnaeilHbie paaMepb! annnnTaqecKoro ce­

'!eHHH TOpa Manbi no cpaaaeRHIO c pannycoM KOnbua. B pa5oTe Bbl'IHCn!IIOTCH saep!'eTaqecKHe 

X8p8KT8pHCTRKH nyqxa, TBMIIepaTypbl H T.n. H HX CBR3b C p83M8p8MH CeqeHHSI TOp8 It BHBW­

HHM MarHHTHbiM noneM. HexoTopbie peaynhTBTbi cpaBHHBBlOTCSI c TBKOBbiMH nnst '6eaneToa-

/4/ 
CKoro• np!!Monnael!HOf'O nyqKa , ecna npeae5pe'tb a HaiueM cnyqae aaernaeA <!>oKycapoaKoA. 

Boo5me >Ke aTa ¢oKycapoaKa aeane y"'HTb!BaeTcH, ee npncyTCTBHe, a qacTHoCTH, CHHMaeT 

H8K09 BbtpO>KJl.BHHe, HM910Dl88 M9CTO B 6eHH9TOBCKOM nyqxe, CBOOSHUeeCR K TOMy, 'ITO PBJJ.HYC 

nocnenaell He CBH3BH C 3HepreTH'JeCKHMH napaMeTpBMH. 

B naaaoA pa5oTe, onHaKo, ae paccMaTpnaaeTCH nany'!eHHe '!BCTIIU 11 CTOnKRoBeHHH sneK-
111 

TpOHOB C ROHBMH. 3TH a<jxjleKTbl, COrnaCHO np11 HanH'!HH KOMneRCHpy!Ol!Iero BHetuHero 

sneKTDH'JecKoro nona u ~eneneHHoro MexaHH3Ma coanaHHH KOnbna onpenen!IIOT paaMepbl 

x/ Aaanon<H c 121 
KacaeTCH •nonepeqaoil• '!BCTI< tPYHKUHH pacnpeneneHHH (cM.HH>Ke). 

3 



r. 

ero C9't9HH!I; y HaC pa3M9pbl ny<tKa C'tHTaiOTC!I 3a/la HHbiMH, BonpOCbl 0 CllOCOOaX C031laHHH 

TaKoro KOnbUa H ero yCTOil'tHBOCTH TaK~e He o6cy~aiOTC!I, 

Tioll<tepKaeM, '<TO p accMoTpeaae aelleTC!I aenocpeJlcTaeaao npaMeaaTenbHO K cnyqaiO 

TOpOHilanbHOrO cryCTKa (KOH9'tHO, B onp91l9n9HHOM npa6nH~9HHH) H KaKHe-nHOO KOCB9HHbl9 

aaanorHH C 6eaaeTOBCKHM ny<tKOM 3a OCHOBy H9 6epyTC!I, 

§ 1. YpaaaeaaR naa~eHHR <taCTHilbl 

PacCMOTpHM ypaBH9HH!I, J<OTOp biM noll'tHH!I9TC!I ABH~eHHe KaKoA-nHOO 'taCTHilbl B COBO­

KynHOM none - BHeiUHeM a none Topoallanbaoro crycTKa. 3 anHIUeM none crycTKa. Ecna ueH-

TpanbHbiA ( HnH '6onbiUOA') pallHYC t 8 
OllHOp0JlH03ap!!~eHHOrO Tapa MHOrO OOnbiUe pa3-

MepOB ceqeHIHI, KOOpllHHaTbl B KOTOpOM 0003Ha'IHM p =t-t 8 
H , TO none, coaaaH-

HOe Ka~oA H3 KOMnOHeHT ( aneKTpOHHOil HnR HOHHO A) BHyTpH Ce'teHH!I TOpa, MO~eT ObiTb 

npa6na~eaao npellcTaaneao B sane 

(e,i) e.,,Ne,l 

&, p = "'. ~g 

0
( o,I ) 

• = 
e 8 , 1 N., 1 

~ 

~·p+ 

2 TI+b7i) • p ; 

e N 16r 
~fn 8 

2rrr2 (b+g) 

J( { e,t~ e 8 , 1Ne,t Be,t 
P - rr r

8
bg 

2 z (i+b7g) . 

J( (e ,i~ -~.!_Ne,l R e,!._ • 2 p+ 
% - " r:og--- ('1"+g7b) 

e N R 
e ,l e,l e,l fn 

2rrr! 

16 r • 

(b+ g) 

( 1.1) 

( 1.2) 

3neKTpOHHbl fi H IIOHH blil TOphi n pelln On ar 8 10TCH COBMe!Ilel!HblMII H HMeiO!IlHMH OllHH8 KOBble 

pa3 Mepbi ; g H b - nonyoc H annHnTHqe cKoro ceqe HH n Tapa cooTBeTCTBe HHO aaonh p 

H Z ; ee ,l- COOTBeTCTB eHHO 3 8 pSl.ll bl a n e KTpOHO B HnH HOHO B f N e ,i - non H:bi9 tiHCn 8 

l.I8 CTH U B T Op8Xj R
8

,
1

- OTH 9C9HH bl9 K C (} e -cKO pOC TH a neXTpOHOB HnH HOHO B . 3H8-

qe HH~ napa MeTpoa t
8 

b , g , Re,t noKa He K O RK p eTH3HpyeM. 

Ti p n Bbi Bon e ( 1.1) H ( 1.2) co x paaeHbi qne Hbi , cone p :lKa mne Pn ~eM. {j. p a 
( b+ g ) 

}( z. ) , X OTSI 0 6 bi l.IHO H M9HblUHe , 'li 9 M M8KCH M 8nhHbl 9 3 H8tt9HHSI T9X, K OTOpb19 rrponopnHO-

' 
H8nbHbl p H ( B OC009HHO<::TH n p H llOCT8TO'IHO M8n b!X OTHOllleHHHJ< g/r

5
, b/ r . ), 

L ...L 
onaaKo OHI! a aecKOnbKO pa3 6on hrne o T6 po iU eHHbiX KBaapaTii'<HbiX (no 

r s r s r s 

H T,n.) qn e HoB. CKopoc TH Be,t npH pacqeTe C06C TB9HH blX none A C'lJHT8 10TCSI He 38BHCSI-

!IlHMH OT p H Z i B006tne y T O q H9HH9 3 Jl9Cb .aano 6bt 6onee B biCOKHH TIO pRJl OK, KOTO-

p b!ll n pH naiU HX npeanono~eHHSIX He llOnJtteH Y'<HTbiB8TbC!I , B on HoM c nyqae ( CM, nanbiUe) 

4 

........_ 

Ohino 6bi, ona axo , ~enaTenbao y<teCTb cooTBeTcTayiOruBe nonpaaKB, ao r 

ABHHYTbi apryMeHTbi 0 ll03BOIUIIO!IlB9 npBATB K pe3ynbTaTy, KOTOpbllt BCe 

CRT OT STHX UOnpaBOJI:, Pemeaae aneJ<TpOAHHaMB'I9CJ<Oil 3alla<tB, AaiOruell 

pa~eaaH ( 1. 1) a ( 1, 2) , ae npencTaBnHeT TpynaocTell, ao noaonbao rpo1 
/5/ 

Mep
1 

). 

Cana , neAcTByiOruaR co cTOpOHhi paccMoTpeaaoro non!! !fa n106y10 

(J -CKOpOCTb {3(} ) - aneKTpOB HnH BOH- 6yneT BMeTb B paCCMaTpl 

HHH KOMnoaeBTbl 

fp• Dpp+D 0 , f.aD.z, fo· 0 , 

rne Dp , D 0 • D & -KOHCT8HTbl : 

D =- ___Lili 
P 2rrr 8 bg 

2 
~ [N.( 1-f3oB )-N (1-{3 B • 
\'"t-llfD) e I (J t • 

D0 =- J:!; [N.fl+ tJoB.)-N 1 (1+f3oB 1)] in (:+'g•) 

D =-~·-2-[N (1-{3(JB )-Nt(1-f3oBt)]. 
• 2rrr 0 bg (l+tYg) • • 

TipH b = g , To ecTb npa KpyroaoM ceqeaaa Tapa, D P = D • 

Aaan113 6onee TO'tHbiX Bbipa~e aiJl! llnR can noKa3biBaeT, 'ITO napaM 

llOn:lKHbi ObiTb Ma n biMII, lln!l cnpaaennaaocTH npa6nH:lKel!HhiX Bbipa:lKeHaA ( 

~~~-- p2 ~ 
1-{3

8
B ·r; P~ (b+,:) « 1; 

1- f3oB 
_..c. en 16r 

r 2 --~•-
• b + g 

Ill 
DnH npHMepa, npHaeneaaoro a , Ko rlla - 3 

b • g = 4, J0 CM, If n ; 

y= 
1 

= 41 x / ( '3 
v' l- {3(e)B , rne 1 • -p8BHOBeCH8Sl OTHOCHTenhH8R CK< 

nyiOI!IHA § ) • '• "= 100 eM, nony'laeM e 16 r • n ---
b + g 

= 12,2 H a pe 3ynb"I 

TO ecTb y cnOBH!I ( 1,5) l<OpOliiO BbiiiOnH!IIOTCSI, 

Ypaaae iiH!I llBH~eHHH n106o il qacTI!Ubi ao aaeiUaeM MaraHTHOM none 

( 1,3) IJM9IOT BH/1 

HHR" 

x / 
BenH<tHHa y noa npa annbHOM cooTaeTcTBHH c 'aneprHe ii ynopHIH 

E ( •T 

E(•lr = 
0 

1 p8BHOA H8 OCH nyqKa 15 Mas ( r = 30) 
0 • v' l-B~ (e) - e 

npHMepe 'aaeprnn• E 0 y = 20,5 M as ( y = 41) - CM, o6 aToM HOM 

5 



HBC paaMepbl nyqxa C'IHT810TCR 381l8 HHblMH, BonpOCbl 0 CDOC068X C03A8HHH 

H ero y CTOJ!'IHBOCT R TBKJKe He Of5CyJKA810TCS!, 

r

M, 'IT O p aCCMOT peHHe BeAeTCR a enocpeA CTBeBBO npHMeHBTeDbBO K cnyqa 10 

c r y CTKB (KOHe'IHO, B onpeAeneHHOM npH6DHJK eBHH) H K 8 KHe-na6o K OCBeHB ble 

r HeTOBCKHM Dy'IK OM 38 OCHOBy ae 6 epyTCR. 

§ 1. Ypaaaeaag ABHJKeHHl! q acTHilbl 

HM y paBHeHHll, KOTOp b!M DOA'IHHl!eTCl! ABHJKeHHe K8KO J! -nH6 0 'IBCTHilbl B COBO­

BHelliHeM H n o ne TOp OHA&nbaoro cry cTKa. 3 a nam eM none crycTKa. Ecna uea-

1 ' 6 onbmol! ') p aAa y c r • OAHOpOAH038pH JKeHHOrO Tapa Maoro 60nbllie p a3-

0 
KOOpAH HBTbl B K OTOpOM 0603H8'1HM p= r-! 8 

H Z , TO none, coanaH-

KOMn O H8 HT ( 3DeKTpOH HOJ! HDH HOHHOl! ) BHy T p H Ce'leHHl! TOpa, MOJK8T flblTb 

1p e ACT8BneHO B BRAe 

c(e,l) e N 
(EJ P = e,t e,t 

"'. !>g 

fr( o, l) 
• = 

e., 1 N8 , 1 

~ 

~·p+ 

2 
~·p; 

e N 16r 
~en II 

2rrr2 (b+g) 

}{C• ,t: e . ,, Ne,t B e,t 
P - 11 r

8
bg 

2 • (1+ii7g) z • 

J{ le,l) e. ,,No,l fl •• ~. ~p + 
• =---;;-r:og-- \ <+yuJ 

e N R 
e ,l e,l e,lfn 

2rr r! 

( 1.1) 

( 1.2) 

H H O H HbtA T Opbt npe,anonaraK>TCSI COBMemeH H bi M H H HM910IUHMH O.UHH 8KOBbi9 

H b - nonyOCI! 3DD I!nTH'I9CKOrO C9'19HI!n Topa COOT B 9 TCTB9HHO BAODb p 

,t- COO T B9TCTB9HJ-IO 38pH.llbl sneKTpOHOB HnH HOHO B f N 
8 1 

l -rronH:bte 1IHCn8 

tx ; R. , 1 - O T HeceHHbte K (} 
0 

-cKOpOC TI! 3 D 9 KT pOHO B I!DH I!OHOB, 3 aa -

~pOB r 
8 

b , g , B. , 1 noKa ae KO HK p eTH3HpyeM . 

n e (I. I) 11 ( 1.2) coxpaae Hbi qneHbi , coAepJKa m He Pn ~eM. fi. p 11 
(b+ g) 

o6bPI HO H M 9 H b WHe , qe M M8KCH MBnbHbi 9 3 H 8 'lJ9HH H TeX, KOTO pb19 rrpon opUHO-

( B OC069H HO::: TH npl! AOC T B T O 'IHO MBD bl X OTHOlli9HHl!X 

H 9CKODbK O p83 60Dblli9 OT flpOlli 9 H Hb iX K B81lp8TI!'IH blX ( n o ..f!_ 
r • 

' 
g/ r

5
,b / r

0
), 

z g 
- '-
r s r s 

a . CKo p oc T I! B., 1 
npH pacqeTe C06C TB9HHbi X rrone A C 1.fHT8 lOTCSI He 38BHCSI-

H Z j B006IUe y T O'IH9HH9 31l9C b llBDO 6b! 6on ee BblCOKH l! nopHilOK , K OTO-

X npeanonoJKeH HHX ae aonll(eH y'II!TbiBBT b CH . B o a a o M c nyqae ( e M . aanhme) 

4 

__.._ 

6b!DO 6bl 0 OAB8 !C0 0 JKenaTenbBO yqecTb COOTBeTCTBYIOIDHe nonpaBKB, HO npa aTOM 6ynyT Bbi­

ABHBY T b l apry MeBTb! 0 D03BOnRIOIDBe DpHl!TB K peaynbT&Ty, KOTOpbl l! Bee JKe He oqeab 38BH­

CBT OT STBX UODp8BOK. Pemeaae 3DeKTpOABB8MH'IeCKOl! 38A8 '1H, A810rueA DpH6nHJKeBBbl8 Bbi­

paJKeBHS! ( 1. 1) H ( 1.2) , Be n p e A CTBBnlleT TpyABOCTeil, HO A OBODbBO rpOM03AKO ( CM,, aanpa-
/5/ 

Mep
1 

). 

Cana, Ael!cTByiOruaR co cTOpOHbi paccMoTpeaaoro nonl! H a n106y10 qacTauy (aapsrn e, 

(} -CKOpOCTb {3(} ) - aneKTpOB BDH HOH- 6yAeT BMeTb B p8CCM8TpHBaeMOM DpH6nBJKe-

HBH KOMDOHeHTbl 

fp• Dpp+D 0 , r.~D.z, fe • 0, ( 1.3) 

r Ae DP , Do t D. -KOHCT8HTbt: 

D =- ---..l!l!. 
p 211! . bg 

2 
Tf+i7b} [N.( 1-f3oB)-N,(1-f3 oB,)l, 

D0 =- J:!~ [N.'I+f3oB.)-N 1 (l+f3oB 1)]f.n (:+•:) . ( 1.4) 

D =-__l_ili_. _2_[N (1-f3oB )-N
1 

(1-{3
0

8
1
)]. 

• 211r 0 bg (I+!Yg) • • 

n pn b-g , TO e CTb npa KpyroBO M ceqeaaa TOpa, Dp=D •• 

AaanH3 6onee TO'IH biX B blp8lK9 HHl! ADS! CHn nOK83b!B8eT, 'ITO napaMeTpbl, KOTOpb!9 

AODJKHb l 6b!Tb MBD blMH, A D S! cnpa BeAnHBOCTH npH6DHJK9HHb!X B b!pBJKeHHl! ( 1,3 H ( 1,4) eCTb 

-:-....,.::1...,.--·~ p~~ « 1; 
1- f3 0B r • ( b + g) 1- f3oB 

.....C.en~ «1. r; b + g 
( l.5) 

Ill 
nnn n pHMe pa, npHB9AeHHOrO B , KOrAa -3 

b • g = 4, 10 CM, H ADS! 3 D91tTpOHOB 

Y• l = 41 
v' l- ,a 1" 1B 

llY!OlliHl! § ) 
8 

10 °= 100 

x / 
( rAe {:3 . 

eM, nonyqaeM 

TO 9 C Tb y C DO BHH ( 1,5) 

- p 8BHO B 9CH8l! OTBOCHTeDbHBl! CK OpOCTb - CM ,Cne­

fo ~ = 12,2 a B p eaynbTaTe 3,3.10-5 « 1, 
b + g 

XOp OWO B bi iTOn HH !OT CH . 

.. 
Ypaan errag llBHJK9HI!l! n106 o ll 'IBCTHD bl a o aaemaeM MaraHTROM none J{ 

c y'leToM c11n 

( 1,3) HMe iOT BI!A 

HHSI" 

ROM 

x / B - • i! 
9DH'IHHa y ITDH npa BI!DbHOM COOTB 9TCTBHI! C 3 Hep rae yno p H A0'19H HOrO llBI!>Ke-E ( oT 

E
1

" 1r = ---0 
0 

" y 1-B~ 
npHMepe 'aaeprHH' 

paB HOl! HB OCR n y 'IKa 15 M 3 B ( r 
0 

= 30), OT B 9'189T B A8B­

E10")y ~ 20,5 M a a ( y = 41) - CM , o6 3 T OM B § 7. 
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E-

d ( E ") E "2 e • 
(it Cf' •Cfr() +l:""roH.+fp, 

d ( e•H (it P2 +-cfr 
0

dr)•O, 
0 

d ( E ") e • J( dT ""& Z •--crO. 0 +f 0 , 

Eo 
J 1 ["2 • 2 ·2"!· 1--:J" r +(r()) +z J 

c 

E • 
p2- C2r 2 0 

( 1.6a) 

( 1.66) 

( 1.6s) 

( 1.6 r) 

r 
3aecb E -nonHBSI aaeprHH coo6oaaol! rracTHUht, JrH. dr·A 2 - sTopaH (H eaHHCT-

o x/ 
seHHSSI) KOS8pH8HTH8H KOMilOHaHTB BeKTOp-noTaHUHBnB 0 p 2 -8H81lOrH<rHaSI KOMnOHaHTa 

!fMnynbCa <raCTHilhl. ( '<I>R3H<reCKHe' () -xoMnoaeHTht sexTopos Po· p
2 
/ r, A0 -A

2
/r). 

KoMrroHeHT bi aaemuero rronR CBR38Hbt T BK 

Hr __ _.!._ f ~ rdr--1.. .i.A!. , H • ..!. a A 2 , Ho= o. 
r 0 dz r d z • r dr 

( 1.7) 

.. 
<l>opMynht ( I, 7) HsnSIIOTCH cneacTsHHMH ypasaeaal! rotH = 0, div H ~ 0 H CHMMaTpHH 

nonH, yKa3aHHOl! S HB<rBna pa60Tbl . YpaSHaHHH (1,6) OTHOCSITCSI KaK K HOHaM, TBK H K sneK­

TpeHaM. n pa cneUHBnH3aUHH anSI SneKTpOHOS HllH llnSI npOTOHOS RallO Sbt6paTb COOTSeTCTSy-

!OlliHll 3HaX e H cttHT8Th, CK8>t<9M, rrpHM8HHTenbHO K aneKTpoHaM, qTo E- E • e-6. , 
D 0

1
"

1 
p• p H T.ll. 

§ 2. Pasaosecaoe nsH)f(aHHe 

HaAneM npHHUHnHanbHO soaMO)f(HOa nsH)f(aHHe rracTHUhi s cosoxynHOM none no oxpy)f(-

ROCTH pallHYCB r • TO eCTb npH p•z • 0 11a ( l,6a) nonyqRM 

~{3:+ef3 .H.--#-2e e [N.O+f3.Be)-N1 (1+{3.B 1)]f'n (b
16

'•). 
r 8 rrr. +g 

(2.1) 

( JiHJl9KCOM ' S ' ITOM8tt9Hbl BC9 B9nR't{HHbt, OTHOCHUIH8CH K f= fa H paCCMaTpHSaaMOMY 

USH)f(aHHIO). npH cneUHBnH3aUHH ( 2.1) npHMeHHTanbHO K 91laKTpOHaM HaUO, O'taSHUHO, B3HTb 

f3.• {3(e) , E •E(e) 
1 

a nnSI HOHOS {3
8
•{3(l), E =E(I); OCTallbHble SallH'tHHbl S (2.1) S . . . . . . . 

060HX c~y<raHX OUHH H Te )!(a. 0TMaTHM, 'tTO S nanbHal!ll!eM npH CaMOCOrllBCOSaHHH 38lla'tH 

cnenyeT aailTH rHnpollHHBMH'tecxHe cxopocTH B. H 8 1 

(e) 
HOCTH, CO CKOpOCTHMH HHUHSHUyanbHbiX 't8CTHU fl. H 

H YCTBHOBHTb HX CBH3b , B tt8CT­

{3(I)• 3a6eraH snepeu , OTO)f(llaCT­
• 

x/HyMepaUHSI KOMnoHeHT COOTSaTCTSyeT nocneuosaTallbHOCTH () z 

6 

BHM C noCT8TOttHOA CTerreHb~ TQqHQCTH t~''l-B 
• l 7 8 anR oenHTHBHC' 

S OTllenbHb!X cny<raSIX 6ylleM pa3nH<raTb {3
( •l .. y( •)= 1/Jl-((3'"~ 2 . . 

r = 1 I '1-j3"2 e yl-l:l~ ' npH 3TOM 6yaeM OTnH<raTb TaK)f(e sseaeHHbll! Sb!We Ill 

r=t / J1- f3 ~· 1s. anSI anexTpoaos. Koraa o6e senH<rHHht, B ~ • 1 
H B • • 

He6onbWOe paanH<rHe S HHX MO)f(eT S npHHUHne npHSaCTH K cymecTSaHHON 

1. Hal!aeM Heo6xoaRMoe saewaee MBrHHTHoe none H {3~!)- B 1 npH ' 

rae 

BseaeM MBnhtl! napaMeTp 

2 
e N0 en 16r 0 v

0 
16r0 

,. 2m E1el (b+g) = -Yc.{-"(b+g) • . . . 
N. 

v.·ro 2tTr. ' 
e2 

r •--
o E ~el 

r 0 -KnaCCH'taCKH I! pallHYC aneKTpOHB, 
Ill 

<rHCneHHbttl llpHMep, npHseaeHHb!tl S 

N 
-
2 

e -norOHHOe 'tHCnO <>neXT! 

"'. 

r • . 100 CM, 

'l'pOHy, RBXOllHM 

rne 

Ne- 1,3. 10
14 

(TOK aneKTpoaos 1000 A) b= g = 4. I 
(e) x/ 

y • = 116 , nony<rHM 
-2 ' 

• • 0, 62 • 10 • 11a ( 2.1), npRI 

E(e) (e) 
H.= • {3. 

le\ '• 11+ <;'e~J<1+p~ebe>--t-<1+{3~·n,>n-
• e 

E (e) (e) ) 

• •
1

13 • 11+ 1 
1

2 1 1 [v.(1+;9
1"B )-v

1
(1+f3 1

." B
1

)]1 Je r8 (,"l .. ~y• • • 

v 1 =r0 N1 /2"'•. 

Ill 
3Ta <jlopMyna 6yneT s § 7 cpasaeaa c <jJopMynol! ( 8) H3 , rne b= g, {3 C 

(e) /1/ 
8 

npH yrreTe paanH<rHoro onpeneneHHSI y • H 1 s ( TBM nocnenHHH 1 

qeaa y
0 

) • 

llnSI onpeneneHHSI B 1 aanHllleM ( 2.1) nnH Hoaa , yMHO)f(HS sTo yp.e 

E !t l J H • 8 2 eJra .B 1 
~I+ E(e) . . ( N I 2 ] 

-t ( 1+ 8 1 Be)- N • ( 1 + 8 1 ) • 0. 

nocne nouCTBHOSKH CIOUa ( 2.3 ) Hal!neM 

E!ll 2 o 8 1 , ~1 N ETOT 11- 2 [Be+J3(1--)lR.-E{1-...:..!)=0 
s 1-8 1 e N. N0 

(PaanH'tHe (3~" 1 
H B. anecb He sa)f(HO, ecnH, xoHeqao, ae HneT pa'th 

x/ (e) (e) (e) E(elr 1 
BenH'tHHa E. = E 0 y • npH 0 • = 5 Mas aa ocH nyrrxa 1 

pasaa 58 Mss (eM. § 7). 
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E• 

d ( E • E •2 • Cit ?r)-?rO +~roJ<.+fp• 

d e r J( 
-dt {p

2
+-fr dr)-0, co • 

d ( E ") e • Cit ~ z •--crOl<.+fa, 

Eo 

;:--1 ["2 • 2 "21 
y' 1 --::T r +(rO) + z J 

c 

E • 
p2- crr 2 8 

r 

( 1.6a) 

( 1.66) 

( 1.6a) 

( 1.6 r) 

" gaeprHR cao6onaoll qacTHilbt, f r J<. dr• A 2 
o x/ 

- 8TOP8!1 (H BllHHCT-

H8R KOMnOH9HT8 BeKTOp-nOT9HilH81l8 p 
2 

-8H81lOrH'IH8SI KOMnOH9HT8 

1, ( '<llH3H'I9CKHe' IJ -KoMnoaeHTb t 8eKTop oa Pe• p
2 
/ r, Ae•A

2
/ r). 

Hero nonSI CBSI38H bl T 8 K 

J( __ _!_ f ~ rdr--1.. aA2 J( • .!. a A 2 He= 0. 
' r 0 dz r d z ' z r dr ' 

( 1.7) 

Bll!IIDTCR Cll91lCT8H!IMH ypa8H9HHII rod( - 0, div j( c 0 H CHMMeTpHH 

3 88'18119 pa60Tbl, YpaBH9HHR ( 1,6) OTHOC!ITCR K8K K HOH8M, T8K H K 31l9K­

:HanH381lHH llll!l 31l9KTpOH08 HllH llll !l npOTOH08 H81l0 8 b t6p8Tb COOTB9TCT8y-

cqHTBTb, cKa>KeM, npHM9HHTenhHO K aneKTpoaaM, 'ITO E- E • o-9. , 
T.n. 

§ 2. PaaHo8ecHoe n8H)!{BHHe 

HUHnH81lbHO 803M0)!{H09 llBH)!{9HHe '!8CTHilbl 8 COBOKynHOM none no OKpy)!{-

r • TO 9CTb npH p•z • 0 • Ha ( 1,6a) nony'IHM 

~,S:+e,S J( -~2e e [N (l+,S 8 }-N,(l+,S•81)]f'n (bl6ro) • 
r

8 
s s "r • e a e + g 

(2.1) 

' flOMeqeH bl BC9 B9nHqHH hl 1 OTHOCSlmHeCSl K f:::f . H paCCM8TpH889MOMy 

cneUH81lH38UHH ( 2,1) npHM9HHT91lbHO K 3 1l9KTpOH8M 118 110, 0'198HllHO, B3!1Tb 

•E(o) 
1 

a ll/IR HOHOB ,S
0
•,S(I), E =E(I); OCT8/lbHbl 9 BBilH'IHHbl 8 (2,1) 8 . . . . 

lHH H Te me. 0TM9THM, qTQ B .nanbH9AllleM npH C8MOCOrnaCOBB.HHH 38.llBqH 

tnponHHaMH'IecKHe cKopocTH B. H B 1 H ycTaH08HTb Hx CBH3b, B qacT-

(•l (I) 
:THMH HHilHBHllY81lbHbiX '18CTHil ,9

0 
H {3 

0 
• 3a6era!l 81lepea, OTO)!{Il9CT-

IH KOMITOHeHT COOTBeTCTByeT rrocne~OB8T9nbHOCTH (J z 

6 

• 

----'.. ~ 

tl(l ,_8 
o I , 8 n nR oen RTHBHCTCKHX aneKTpOHOB 

y
1"1

= 1/JI-{{> 1 "~ 2 

BHM C aOCT8TQqHo A CTetteHb~ TQqHQCTH 

8 OTil91lbH biX Clly '18!1X 6yneM 

[' =I I '1-132 • y'l- l:l~ 

p831lH'I8Tb {3 ( •> .. . . H R. 
' npH 3TOM 6yneM OTilH'18Tb T8K)!{9 BB91l9HH blli 8 b!W9 napaMeTp 

r= 11 J1- f3 ~" 18. nnR 31leKTpOR08. Korna o6e 8 9/IH'IHHbt, 13~•> H B. , 6nHaKH K I, TO 

Re60ilbW09 p831lH'IH9 B HHX M0)!{9T B npHHUHne npHBBCTH K cymeCTBBHHOMy OTilH'IHID 

f', HallneM neo6xonHMoe 8Hewaee MarHHTHoe none H {3 ~11• B 1 npH aanaHHbiX 

rne 

BaeneM Manbtll napaMeTp 

2 
e N0 ~ 16r. v 0 f'n 16r. 

(e 2trr Elo) :n (b+g) = -Y(o) {b+g) ' . . 
N. 

v8 •r 0 ~, 
e2 

r •--
o E ~·> 

)'• OT 

,s~·l, 8 •. 

(2.2) 

r 0 -Kil8CCH'19CKHII p81lHYC 31l9KTpOH8, 

Il l 
'IHCil9HHb! l! npHMep, npH891l9HHb!l! B 

N 
-2 • -noroHHoe '!Reno 31lBKTpoHo8, EcnH B3RTb 

'"· 

f
0

• 100 CM, 

1' pOH y , H8XOilHM 

rne 

(o) 
Ya 

14 N.- 1,3. 10 (TOK 

116x/, nony'IHM 

-3 
31l9KTpOHOB 1000 A) b= g = 4.10 CM, 

-2 ' 
< • 0,62. 10 • Ha ( 2.1), npHMeHeHHoro K 31leK-

J( = . (o) (o) 

E • t3 • 
TeJr." I 1+ <;'·; J (1+,8~·B.)-~(1+{3~·>si)Jl-. . 
(e) ( e ) ( 2,3) 

E~ll+ 1 
[v (1+ 13

1"1:3 )-v O+t3 1" 18 )]f'n~l 
' ' !l ( 0 ~2 (e) e ' s e 1 s 1 -(b+g) • 

' a Y s 

v1 =r 0 N
1

/2rrr
8

, 

3Ta <J>opMyna 6yneT 8 § 1 cpa8HeHa c <J>opMy noll ( 8) H3/ 
11 

rae b= g, ,s~•l. B.- 1, 8
1
.0 

nocnenHRSI aenHqHaa o6oaaa-
(e) /1/ 

npH y'!eTe pa3/IH'!Horo onpeneneHH!I y • H f' 8 (TaM 

'IBHa y
0 

) • 

nnR onp eneneHHR B I aanHWeM ( 2. I) llll!l HOHa, YMHO)!{HB 3TO ypaBH9HH9 Ha r 0 /E~"l: 
E(tl 
-"-B 2+ le Jr.J< .B 1 

E(o) I E(o) . . N 2 
-d( 1+81 B.)- N~( 1+81 )]•0. 

flocne flOilCT8HOBKH CIDil8 ( 2,3) H81illeM 

E(ll 2 
o 81 [ < ~1 N ET"f j1. 2 Be+J3(1-N)]RI-<(t-....:..!)=0 
s 1-Bi e e N8 

(2.4) 

( a le) 8 (o~ 
PaanHqHe JJ • H e anecb He B8>KHO, ecnH, KOHetJHO, He H.lleT peqb o Bbipa>KeHHH E • J •. 

x/ (e) (e) <•> E(elr 15 M 
BenH'IHHa E. = E 0 y • npH 0 • = 98 aa ocH ny'tKa 8 naHHOM npuMepe 

pa8Ha 58 Ma8 (eM. § 7). 
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r 

rae 

a) 

-

E(ej 

E!:l » •; 3aecb 6yaeT a sa peweaan: 
0 •0-~) -

( I) £ N, ( 2) - N. B 
B 1 --(1-11 ), B 1 -B 1 - * (1---=1), 

B. • B r2 B • 
• I 

B1 onpeaenneTcH H3 y paaaeaan 

B =(1)--B E( e )' 
1 E • e • ' 

= (I) ( I)= 
E . =E 0 r 1 

E!l) 
0 

--r:=!t2 
y1- B; 

(2.6) 

(2.7)• 

nepaoe pemeBHe COOTB9TCTByeT BpameBHIO HOHOB C Manol! CKOpOCTbiO B TY lK9 CTOpoay, 

'ITO a sneKTPOBbi ( N 1 < N 
8

) : cnna nopenua, aanpaBJieaaan o T u eaTpa, KOMneacnpyeTcn 

CTHrnaaHH9M 3a C'IeT CHn, CBH3aHHbiX C KpHBH3HOH SneKTpORHOrO KOnbna (ueHTpo 6 elKHaH CH­

na naepunn, nponopunoaallbHaR BTopol! cTenean cKopocTH aoaa 3aecb ae nrpaeT ponn). 

BTopoe peweane cooTBeTcT'ByeT apamean10 noaa c aecKonbKO 6onbwell (no MoaynJO), 

qeM B npeahmymeM peweann, cKopocTbiO aanpoTHB snei<'Tpoay: 3aecb ueaTpo6elKRaR c nna cy-

1119CTB9HBa. npn < - 0 nepaoe peweane cooTBeTCTByeT OTCyTCTBHIO RanpaaneHHOl! 

CKOpOCTH y BORa, a BTOpOe - 06bi'IROMy BpameBKIO HORa B MarBHTROM none, 

6) 
E~•l 
-~-~-, =• 

E o 
• Toraa 

(e) 

E• 
BI=Er;T 

-- (e) 

f-B.±~:+4<' ~io0-~)] 
0 

2 

3aech ueaTpo6elKHaR c nna, cnna nopeaua n cnna cTnrnaaann, aellcTayJOmne aa p aaaoaecHbill 

HOH, onaoro noaHnKa. 
E(e) 

a) --;;Tn« f • npn 3TOM j E!•l N
1

) 

B -± --ITr-•0-N 3TOT cny'Iall eaaa nn peanbRbiA 
Eo 

( Manoe MaranTuoe none). 
I E 0 • 

§ 3. naalKeHHe 'I8CTHU a6nn~H p8BH08eCHOrO; HH8apHaHTbi 

Pa3ltO)KHM ypasaeaHSJ JlBH>KeHHSI qacTHn ht , llBH}f{y meA:csr a Tope, oKono p aBHOBeC HbiX 

napaMeTpoa , orrpeneneaHhtX Bbtwe. 

( s) e ( •) 
HcnonhayeM nepeMeHH bre p= r-r

8
, z ,w=P 2-P 2 , rne P2 = p 2+c A 2, P 2 

p8BHOB9CH09 3Ha'IeHH9 COOTBeTCTBYJOllleil aenH'IHHbl , H p8CCMOTpeHHe 6 yaeM B9CTH B nHHel!­

HOM npn6nHlKeHHHx/. J13 ( 1.6) H CBOHCTB CHMMeTpHK nonR Ha lla eM B y K83 8 HHOM npH6nKlK9-

HHH 

x/ -- -~ l 
Toqaee roB()pR, 38 nepeMeHHy JO w npnMeM aenn'IHHY P 2 - P 2" , rae qepToA o6oaaaqe-

Hhi o6o6meRHbl9 .HMnynbC bl C Y'<9TOM qa CTH aeKTOp-noTeHUH8n8, o6ycnoaneHHOA OC06CTIIeHHbiM 
noneM ny'IICS. Ho aTa tJaCTh, KBK y BHllHM, KB8Jlp8THI.JH8 no p R z HltH Toro }Ke rropsu:tKa, 

'ITO H KBB.Op8TH'IHbte qneHbi, H 3ll9Cb H8M He B8>KH8 . 

8 

t. A 2 = r • J{ 
0 

p ; t. E = 0 . ·w !\(} 1 w 
T. = y; --pr:1 ...1!._ 

'• 
1 __..!.._ ~=2• (o) 

,'3• Yo P2 
}{ = }( (1- o L) 

z • r. }(,=-oR. 

rae t.A = fi. -A!•l 
2 . 2 2 t.e=iJ-e . L'.f3o=r0-r iJ . . 18. 

3aeCb aaao HMeTb B BRay TaKlKe yCnOBHe 

L'.E -- (}oW « 1 
--- E E. • 

YpaaaeanR ann p • w H Z H3 ( 1.6) nony 'IaJOTCH B BRae 

ddt ( E 0 p )+ E 
0 
w: ( 1- o 

2 ( ·o) 

c Dp
2 

)p= 
E. Ct.l• 

2 

~ dw 
""'dt 0 

'• 

2 D (o) 
__g_(E z)+E w 2(n- c • )z=O. 
dt 8 

• 
8 E

8
cu! 

Ecnn 3TH y paBBeHHSI OTHOCRTCSI, HanpHMep, K HOHaM, TO Haao CHa6aRTb 

naaeKCOM ' i ' H nonb30BaTbCH COOTB9TCTBYJOU!HMH <fJo pMynaMH ann HHJ 

w~ 11 
B3RTbCIBII / r.,rae B,=B1 H3 (2.7), nn6o ann acex apyr 

>KHTb c}~} :..: 0, R1 * 0, TaK KaK y Toqaeunn 3aecb 6binn 6bi 6onee BbiCt 

npnMeHHT9nbHO K aneKTpOHaM llORCHeHHll He Tpe6y eTCR, 

3TH y paBHeHHR MOlKHO 38llHCaTb B r8MHnbTOHOBOH <fJopMe: 

aH c2 • • __ .1.=-Pp, 
p= a P E. 

p 

• ali+- • w • ·a14.. M=--=00 (~--L); z=--= ....£. a. w y: p (., r. ap. .1!: 
2 

. all..! 2 o. aH... • aliL 
Pp=----ap =-- Qpp +--;-:-.w; .W= --ao-=0; P.=-~ = - \ 

C raMRlthTOHH8HOM 

H.L=-O.Lw :+~p(;>o. · (--w __ ) 2 +~+~+ c 2 pi+ ..s 
'• 2 y p! • l 2 E 2 2E 

• 2 s a 

2 E "'2 ciz o<•l 
'2 - -"- !'(1-n -....:......=.e.) 

P c 2 E w 2 . . 
E 2 (e) 

2 •"'•( c D • ) Q =-- n----
z c2 E.Ct.l! 

Ypaaae HHSI ( 3. 2) cnpaaeannBbi npn p/r • « 1 , zlr. « 1, noaToMy HMeeT < 
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l » <; 31l9Cb 6yaeT llSB pellleHHR; 

<( 1- .!i) -
! ll < N1 

81 --(1-y). 
B. • 

(enReTCR 83 ypaBHeHHR 

=(I) (e) 

8 1 E. ·-B.E. ; 

! 21 • N. B 
B1 =81- • (1--=1.), 

=(I) (I ) = 
E. =E 0 r 1 

B r2 s. 
0 1 

E!ll 
0 

-~ v1- s; 

(2.6) 

(2.7) 

lll9HB9 COOTB9TCTByeT Bp8lli9HHIO BOHOB C Manol! CKOpOCTbJO B Ty ~e CTOpOHy, 

bt ( N 1 < N 0 ) : cnna nopeaua, nanpasneaaaR OT uenTpa, KoMrreac8pyeTcR 

C'!eT can, CBR38HHblX C KpHB83HOII 3lleKTpOHHOro KOnbua (U9HTpo6e~HRR C8-

!lOpUBOHRnbHRR BTOpOI! CT9ll9HB CKOpOCTH BOHR 31l9Cb H9 HrpaeT pona), 

ueane COOTBeTCT'ByeT Bp8lli9H8JO BOHR C H9CKOnbKO 60llblllei! ( llO MOilynJO), 

!eM pellleHH8 1 CKOpOCTbJO HRllpOTHB 3lleKTpoHy : 3 1l9Cb ll9HTpo6e~HR!I C8na cy-

IH < • 0 nepsoe pernea8e cooTBeTcTsyeT OTCyTCTBHro aarrpasneaaol! 

10 a BTOpOe - 06bt'IHOMY BpaiUeHHJO HOHB B ,MarH8THOM none. 

•< • Toraa 

(e) 

E. 
B I= --::Til 

Eo 

;;, 

(e) 

E • 1I.J._ J I-B.± :+4<-~(1- N ) 
0 

2 

~Hall c8na, c8na nopeaua 8 cnna CTHrnsaanR, nel!CTByJOmne aa pasaosecHbtll 

:H.t!KR. 

•l 

1« c • Dpn aToM 

:oe none). 

j E!•l Nl) 
• l 1--B •± -,-1~,-- ( N 

I E 0 e 
3TOT cnyqal! easa n8 peanbHbtll 

§ 3. llB8~9H8e 'IRCTHU B6llH~H paBHOBeCHOro; 8HB8p88HTbl 

ypaBHeB8R llB8~eHR!I 'IRCTHil b! 0 ,t(BH~yli(ellcR B TOpe, OKOnO p aBHOBeCH blX 

pe.neneHHhiX Bbillie. 

(a) 
M nepeMeHHble p = r-r

8
, z ,w=P 

2
-P 

2 
, 

e ! •l 
rne P2 = P,+z A 2 , p 2 

t'leH89 COOTBeTCTByJOmel! B9ll8'18Hbl 0 8 paC C MOTp9H8e 6y.tteM BeCT8 B ll8Hei!-

18x/• 113 ( 1.6) 8 CBOi!CTB C8MM9Tp8H nOll!! HR H,t(9M B yKR38HHOM np86ll8~e-

>pR, 38 nepeMeaay JO w npnMeM B9ll8'111Hy P
2

- p~•l, rne qepTol! ol3o3aaqe­

MrrynhChl C ytteTQM ttBCTH BBKTOp-llOTeHUHBnS, o6ycnoBneHHOA OC06CTBeHHbiM 

3T8 t{8CTb 1 K8K yBHll.HM, KB8ll.p8THl.JH8 ITO p H Z HnH TOrO >Ke IIOpH.nKa, 

bie qneHbt, H 3ll.9Cb H8M He B8>KH8. 

8 

• 

t. A 2 = r • J{ 
0 

p ; t. E = 0 . ·w t.O 1 w ---.-=-, ...e..._ 
(J. y pr.r-

• 2 r • 

1 w ~ = --r ----r:-,-
,'3 . Yo P2 

J{ =}{ (1- n L) 
z • rs 

}{ = -ol{ -L 
r • r • 

rae t.A
2

.= A 2 -Al;l ne=o-o. l'.f3o=rO-r. o. 10.1 = "' 

3aecb HRilO 8MeTb B B81lY TRK~e ycnOB8e 

YpasaeHHR an11 p • w 8 Z 

d~ (E 8 p)+E•"'=( 1-n 

t. E- o •w « 1 - - E E. • 

83 ( 1.6) rrony'IRIOTC!I B BHil9 

2 ( ·a) 
2 c D p "'. c w 

;;---r- )p= ; 
E. <U• '· 

~=0 
dt 

2 D! • l 
_dd (E z )+ E w 2 ( n- c • ) z = 0 • 

t s a 1!1 ... 

(3.1) 

(3.1a) 

(3.2a) 

(3.26) 

Ecnn 3TH ypaBHeHH!I OT!IOCRTC!I, Hanp8Mep, K 80HBM, TO HBilO CHR61lHTb E • o1•l, o1•l, w 
• p z 

HHileKCOM • i • H nOllb30BRTbCR COOTB9TCTBYIOU!HM8 <jlopMyllBM8 llnR HHX, np8'!eM BM9CTO 

w~1l B3!1TbCIB11 / ra 1 rae B1=B1 83 (2.7), n86o .ttn!l scex npyrnx cnyqaes nono-

>KHTb cur; 1 
z o, H1 • 0, TBK KBK yToqaeHH!I 3.ttecb 6b!ll8 Obi 6onee BbtCOKoro nop!!llKa. 

Dp8MeHnTenbHO K aneKTpoaaM no!lcHeHnll ae Tpe6yeTc!l. 

3TH ypaBH9H8R MO~HO 3Rn8C8Tb B raM8nbTOHOBOH <jlopMe: 

• aH.J. , 
p= --- =~P . 

app E. P' 
. ali._ . . alh. 

1'.0=--=00 (~-L); za--=.£.2p 
dw y; p(•l '• ap. I';, • 

2 

. aH.! , e. aH.J. . alil. 2 
Pp=---ap =- Qpp +--;:-.w; .w=-ao--=0; Pz=-~=- Qz z 

C raMH.IlbTOHHSROM 

·] 

• n 1 (a). w 2 c2p2 Q2 2 2 2 n ~ ~' 
H.J.=-O • ....c....w :+--p 2 e.·(----) +~+~+~+ ~ -

'• 2 y p! •l 2 E 2 2E 2 ' 
a . 2 s s 

2 E "'' c2 ol•l '2 • -"--!'(1-n-..:.....::.£_) 
P c

2 
E.cu! 

2 E.cu! c o';) 
Q =---<·--) 

z c2 Ecu2 . . 

(3.3) 

(3.4) 

(3.5) 

YpaBHeH8R ( 3.2) crrpaBe.ttnl!Bbt np8 p/r • « 1 , zlr. « 1, 
ll03TOMy HM99T CM bi Cn paCCMRTpH-

g 



r: 

B8Tb nHWh orpaHH'tJBHHbte peweRB~ 1 TO 9CTb peW9HHSI 1 KOr;ta Q2> 0 Q2>0 p I E • 
3TH ye-

noBH!I nanbwe 6yaeM aHanH3HposaTb. 

YpasHeHHe aKeHanhHbiX Kone5aaHA ( 3.26) ae eB!I3aHo e apyrHMH asyMH, a paaHanbHOe 

ypaBHeBae onaebiBaeT B o5meM enyqae Kone6aHH!I qaeTHU OTHOeHTe~HO nono~eHHil paBHOBe­
W 0 0 

cHst, cMemeHHbiX oTHOCHTenhHO r. Ha nocTORHHYID aenaqxay -- KaxoBhi B03MO>K-
r Q2 

Hbie Ha6opbi senH'IHH . w B pa3HbiX eny'laHx, 6yaeT onpeaeneHo" sPaanbHellweM. 

faMHnbTOHHaa H~ MO~Ho pa36HTb Ha asa : 

H c2 2 Q 2 2 
i=H.l +H.l, H.l=---...!2+~ 

P • • 2E 2 
(3.6) . 

H eOOTBeTeTBeHHO HMeTb ase eneTeMbJ: OaHy - ami nap p p H 0-0 , W , BTopyiO 
p • 

.nnSJ rrapbi z, pz • Tax xaK ace napaMeTp bi nocTOSIHHhi , TO HMeeTcSJ TPH HHaapHBHTa 

.O.BH}t(eHHSJ H.!.p, H.l • , w • BMeeTo HHTerpanos asM~eHH!I H.!.p 11 H .l. 6yaeM Henonb-

30B8Tb CBfi38HHbi9 C HHMB COXp8HSIJOIUH9CSI B9nHlfHHbl - 8MllnHTY.O.bi p8.0.H8nhHbiX H BKCHBnb-

HblX KOne6aHHli ap R a z 

2 2 we. 2 
2 ~+(p--~2-) 

ap= E 8 Q~ ' •QP 

c 2 2 2 
82 =---..!:=_+ 2- Hlz 

E. Q2z Z -Qy-

(.) w ) 2 
2H, -II P2 C--r;r wll 2 

·oP • Y 8 P 2 +(--"-\ 

r Qp2 0 • - p 

B qaeTHoeTH, npH w 0, Qp• Q. eQ (HanpHMep, n= 0,5; b·g ) 

a 2+ a 2 • ....2!iL 
p z Q2 

(.) 2 
PaenHweM senH'IHHbt ( Q p ) II (Q(!) )2 

p 

~ le) 
( QC•l)2 = (E,w .l. 1 (1 -n) __ c_

2
_. _e_

2
_. __ 2 -f N.(l-,a<:>n .) - N 

1
(1-,ll. B 

1
)11 

p c2 (E 0 w~). rrr,bg (l+g/bJ 

(I) 2 (E.w!), c2 e2 2 - 2 
(Q ) =---::-r-1(1-n)---2-·--·--[N C1+1'1IH )-N (1-11 )Jl 

p c ( E .w .) I "'• bg (l+!fb) • l • I I 

rae = 
B n

1 
= 1 1 

0 

=(I) 

o l E s 
E =I E!ll 

• 0 

10 

(3.7) 

(3.8) 

(3.9) 

BenH'II!Hbl (Q(:))
2

, (Q(~)) 2 
onpenen!IIOTe!l npeabtaymHMH Bblp8~9HI!!IMH 11 

(1- n )~ n , b ~ g , g ~ b • 

§ 4. HeKoTopbte aeo6xoaHMbie yenosHS! eymeeTBOBHHHR 

KB83HeT8UHOHapHOrO eoeTO!IHHS! 

2 
rlpoaHanH3HpyeM yenosHR Qp > 0. PaeeMoTpHM enyqai!, Koraa 

3TO He TBK, TO He 6yaeT eaenaHO UpH 3TOM eymeeTBeHHOil OWH6KH, UOCl 

HOHOB BH9WHHM M8rHKTHbiM noneM B OTHOWBBRB IlOnHbiX SHBprHtt tt8CTHI1 

KH aneKTpOHOB 1 TBK KBK aenHqHH8 E. W~ npH6nH3HTenbBO nponopnHoH 

Toraa: 

( E 2) 2 2 2 N•)] (e))2 5 W8 •[(1 n)+ c ___ e ___ g/ (N -=2 
(Qp =--c-2- - (E.w~). rrr

5
bg (1+ b) 1 Y 

(Q(I))2=_e_2_. 2 N -N 
p rrr 

8 
bg ~~ e I ) • 

3aMeTHM
1 

qTO He oqeHb cymeCTBeHH0 1 CTOHT llR a,necb B B bipB)t(eHHR 
N 

y 
HnH y!•) f . . . B TOM npHMepe, KOTOpbtll see BpeMR Henonb30BaneR, 'IJI 

eTeR ManoA nonpaBKoll (§7), 6yab Y paBHoll Y, y~•l HnH f 0 (xo 

cpaBHHTellbHO CRllhHO paanHqaJOTCSI). EcnH )t(e N 1 • ~ , r Toraa aenH' 

r seebMa 6nH3KH. Bee ~e, KaK 6yaeT y Ka3aHo, norH'IHee Henonb30 . 
Cpa3y ReHo, 'ITO anR Toro, 'IT06hi 6btno (Q(l) )

220, He06XOaHMO 

HOHbl 6yayT KOne6aTbeS! B !IOTeHUHanbHOl! S!Me, e03.QaHHOH 3neKTpOHHbiM 

pHM aanee asa enyqa11: 

a) 'rlepeKoMneHeauH!I' 

N >N > ~ 
e- 1- Y2 

(e) 2 
Toraa BTopoll qnen B Bbtpa~eHH!IX an11 (Qp) sceraa 6onbwe HynR, T 

11,4 / 
Mo~oKyeHpoBKa • BuewHRH ~oKyeHpOBKa Heo6S!3aTenbHa. rlpHHUHUHan~ 

enpaseanHBOeTH HeXOaHbiX npennono~eHHil, p83Mepbt ee'I9HHS! TOpa b 

eKonb yroaHo ManbiMH. 

6) 'HeaOKOMUeHe8UHS!' 

~> NI y2 

II 



rpaHH'I9HHbi9 p9W9H.RH 1 TO 9CTb peWBBHH 1 KOr,aa Q
2

>0 Q2 >0 p , z • 3TH ye-

e 6yneM aHanH3HpOBaTb, 

!HH9 aKeHanbRbiX KOne6aHHII ( 3.26) He eBSI36HO e npyrHMH ABYMSI, a panaanbROe 

nHebiBaeT B o6meM enyqae KOne6aRHSI 'IaCTHil OTHOeHTe~HO nonOJK9RHfl paBROBe­

.HbiX OTBOCHTBnbHO '• 
W 0 0 

H8 llOCTORHHylO aenHttHHY -­ KaKOBbl soaMoJK-
r Q2 

a pa3Hb1X enyqas!X, 6yneT onpeneneao" aPnanhHellweM. senHttHH .w 

roaaaa H.J. MOJKHO paa6HTb a a nBa : 

H 2 2 2 2 
j,=H.J.p+H.J., H.J.=~+Q.z 

• • 2E • 2 
(3.6) 

i9HHO HM9Tb llB9 eHeTeMbJ: OllHY - lln!l nap p p H 0-0 , W , BTopyiO 
p • 

, p z • TaK KaK ace nepaMeTpbi nocTOHHHbi, To HMeeTcH TpH HHBapHBHTa 

l.p' HJ. ' w • BMeeTo HHTerpanos llBHJKeHH!I HJ.p H H .1. • 6yneM acnonb-

lHbl9 C HHMH COXp8HHlOIIlH9CR BenH"'HHbl - 8MllnHTYllbl p8.llH8nbHbiX R 8KCH8nb-

A ap H az 

( •) w ) 2 
2HI -0•p2 (--r;T w O 2 

22 .w0.)2 
2 ~+(p- --2" 

a = Q2 r Qp 
p E. p • 

'tP Y 8 P 2 +(--•-' 
r Qp2 Qp • 

c2 2 2H..1 
a 2 =~+ 2=-- · 

• E. Q~ z Q ~ 

pH W 

lHHbl 

0, 

( Q'. ))2 
p 

Qp• Q. eQ (aanpHMep, 

2 2 
ap+a,• 3 Q2 • 

H (Q(1) )2 
p 

n= 0,5; b•g ) 

.w:la)e c2 e2 2 (e) {e) 
- I (1 - n) --- • -- · --f N (1- {3 B ) - N (1- !J B )II 
:

2 (E
8
w!). rrr

8
bg (l+g/b • • • 1 ' • I 

o!)1 c 2 e 2 2 · 2 
~I (1-n)---2-· --· --[ 1'1 (1+1'1 IH )-N (1-h )II 

(E
8
w

8
)

1 
rrr

8
bg (l+g/b) • 1 • 1 1 

~ 

B 
'\~I I 

0 

~(1) 

!1l E • 
E =I E!1l 

• ·o 
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(3.7) 

(3.8) 

(3.9) 

BenH'IHHbl (Q(:))
2 

, (Q(~)) 2 
onpenensnoTeSI np9AbiAYIUHMH Bblp6JK9HHSIMH npH 36M9H9 B HHX 

( 1- n )~ n , b ~ g , g ~ b • 

§ 4. HeKoTOPble aeo6xonHMble yenoBHR eymeeTsosaHH!I 

KB83HeTaUHOHapHOrO eoeTOSIHHSI 

2 
npoaHanHaHpyeM yenOBH!I Q p > 0 • PaeeMoTpHM enyqal!, xorna B1 = 0 ( naJKe eena 

3TO He TBK, TO He 6yneT enenaHO n pH 3TOM eymeeTB9HHOl! OWH6KH, noeKOnbKy ~OKyeHpOBKa 

HOHOB BH91liHHM MarHHTHbiM noneM B OTHOili9HHH nonHbiX 3HeprHl! qaeTHil M9Hblll9 ~OKyeHpOB-

KH aneKTpoaos, TaK xaK senH'IHHa E. w: npa6nH3HTenbHO nponopnaoaanbHa E; 1) • 

Torna: 

(e) 2 (E.w~)"[(l ) c
2 

___ e_2 _,_2 __ (N -!:•)], 
(Qp ) =--c-2- -n +~(E w) rrr bg (l+g/b) 1 Y2 

s • e e 

(4.!) 
(I) 2 e 2 2 (Q ) =--·~lN -N ) . 
p 71t

8
bg (l+gtb) e I 

~ 
y2 

3aMeTHM 1 l:JTO H9 Ol:f9Hb CytneCTB9HH0 1 CTOHT nH 3.Q9Cb B Bblp8>K9HHH senH'IHHa y 

HnH r'•> r 
• ' e 

B TOM npaMepe, KOTOpblll see speMR HenonbaosancR, qnea N .I'Y2 S!Bn!l-

e Tc!! ManoA nonpasxor. (§7), 6ynh 

cpaBHHT9nbHO CHnbHO pa3nH'IaiOTC!I ). 

r. seebMa 6nH3KH. Bee JKe, KaK 

y paBHOII y, y~•l HnH '· ( XOT!I 3TH BenH'IHHbl 

Ecna JKe N -~ 1 r, Tor.aa aenHqHHhi Y 'y~e) 
6yneT yxaaaao, norHqaee HcnonhaosaTb anecb y 

H 

Cpaay RCHO, 'ITO nn!l Toro, 'IT06hl 6bmo (Q
10

)
2
20 He06XOllHMO N >N , Torna 

' e- 1 

HOHbl 6ynyT xone6aTbe!l B noTeauuanbHOA RMe, coanaaao1'! aneKTpOHHbiM ny'IKOM. PaccMOT-

pHM nanee nsa enyqa11: 

a) •nepeKOMll9HCaUHSI' 

N > N > ~ 
• - 1- y2 (4.2) 

(o) 2 
Torna BTopol! qnea B BblpaJKeHHRX nnR (Q p ) seerna 6onbwe HynR, TO ecTb HMeeTcR ca-

/1,4/ 
MO~OKYCHpOBKa • BaeJJlHSIR ~oxyeHpOBKa Heo6SI3aTenbHa. npHHUHnHanbHO, B npenenax 

cnpaB9llnHBOCTH HCXOllHbiX npe/lnOnOJK9HHii, pa3M9pbl ee'I9HHR TOpa b 

exonb yronao ManbiMH. 

6) ' HenoxoMneaeauHR' 

~> Nl 
)12 

II 

g MOryT 6b1Tb 

(4 .3) 



r 
3aecb BTopoll qnea a Bbtpa>Keaaa anll ( Q1; 1) 2 

XO,QHMa. npa 3TOM pa3Mepbt Ce'leHHll Topa b 

MeHbille Hynll H BH9illHllll ¢QKyCHpOBKa H906-

g orpaaa'leHbt CHH3y. Ecna oaa 6yayT 

CnBillKOM Manbt, ae¢oKyCHpy!Ol!lHe CHnbl ny'IKa npeBblCSIT BH9illHIOIO <f>oKyCHpOBKy H CTailHO-

aapaoe cocTollaae 6yaeT HeB03MQ)t{HbiM. fp8HH'IHbi9 3H81:I9BHSI .llnH b B g , OTBe'la!Ol!lH9 

cny'la!O Q1 " 1 =Q 1 " 1 ~o , 
p • 

9CTb 

g 
r~- 2e 2

;
8

N
8
(1-N

1
y 2 /N.) 

=J(1-n)' E(o} (o) 2(~•1) 2 
'b 

=jO-n). 2e 2 r.N
0
(1-NJ•!Ne) (4!4) 

n 11 EI•lyl•ly2(,BI•l)• • 

npa 

an11 

N, ji2 =1 
N. 

IT 0 Y. y • 
0 • • 

orpaBI!'IeHHe nponaaaeT - nepexoa K npe.'lbtllyl!leMy cny'la!O, npa 

n -= 1 KB83HCT8U.HOH8pH09 COCTOSIHHe .npH 'H9.llOKOM09HC8U.RH' H9B03M0)f(HQ
1 

n = 0 

TaK !<a!C B 

OTCyTCTBHe no O.QHOMY H3 HanpaaneHHfi BBeillHefi ¢QKyCHpOBKH orpaHH'IeHBOe ,QBB>KeHHe B 3TOM 

aanpaaneuna ae ocymecTBnlleTcll: cooTBeTCTBYIOl!lee (Q1' 1)
2 

< 0. Ecna B3l1Tb N1 = 0, 
14 I II 

N = 1,3.10 (eM. Bhtrne npHMep H3 ) , n = 0,5, r ~ 100 eM, Toraa npa 
• - (e) x/ • -3 

y = y • = 58 nony'IHM, 'ITO MHBBManbao B03MO>KBhiA panayc = 2.10 eM, Ta-

xoe M81109 3H8'19HH9 8TOf.t BenH'IHHbl CBSI38HO C TeM, ttTO 3H9prHH 8119KTpOHOB !tOCT8TO'IHO 

aenaKa. HecMoTpll aa To, 'ITO nononaaTenbaall aoaaall KOMneacanaa B aTOM cnyqae npaae­

na 6bl K pllllY Be>KenaTenbHblX a<f><I>9KTOB - llOBbiillaeTCll TeMnepaTypa aneKTpOHOB, COOTBeTCT­

BeBHO B03paCTaeT ponb H3ny'leBHll 3a C'leT nonepe'!HbiX I<One6aHHA, llOliBnlleTCll TpeaHe Ba 

HOHaX H0 KaK pe3ynbTaT, paBBOBeCBblll pa3Mep OKa3biBaeTCll 6onbrne 4,10-3
cM (CM_Ilf), -

npHCyTCTBHe liOHOB npH 3TOM, UO-BHJlHMOMy, BCe lKe lKenaTenbHO ( B03paCTaeT lKeCTKOCTb 

CHCTeMbi) , 

§ 5, Perneaae KHHeTH'Iec!<oro ypaaaeHHll 

PaCCMOTpHM BOllpOC 0 TOM, KOr.Qa Bbi6paHHall MO.Qenb COOTBeTCTByeT perneBHIO KHHe­

TH'IeCKOrO ypaaaeHHll, B orpaHH'Ieaao rrocTasneaaoA aaMH 33.Qaqe aTo 6yaeT cooTBeTcTBO-

88Th H8XO>Kll9HHIO .llOCT8TOtiHbiX yCIIOBHA cymeCTBOB8HHH KB83HCT8IlHOH8pHoro COCTOHHHH 

paccMaTpaaaeMoro Tana. OaaoapeMeaao 6yaeT rronyqea arrrrapaT nnll pacqeTa TeMrrepaTyp, 

naane~HA, aaepraA B rry'!Ke H T.ll. KaaeTH'IeCKOe ypaaaeaae anll ae aaBHClllllHX liBHO oT 

BpeMeHH H () <jJyBKUHII pacrrpe.oeneBBll 'laCTllll Ka>K.QOro COpT a f 
0 

,I (p, z, W, p r , p 

HM99T BH.O. 

,;L + ~L+ i> ~ + r, 1.!.___ = o 
ap az p ap p • ap (5.1) 

X/ (e) _ ( 
8 OTCYTCTBHe HOHOB ll npH Q • 0 BellH'IHHa y COBITaaaeT C y :) (eM,§ 7). 

12 

3aecb y'leTHO, 'ITO W = 0 1 T8K K8K W -Hl!Terpan ,QBHlKeHHSI, 06'beMHaSI 

u=.!Lf! dp dwdp , Kyna L BXOnHT B KaqecTBe M9TpH'l9CKOrO K 
r p • 

HaC HMeeT CMb!Cn rrpH6llHlKeHHe 

u=u =..!...Jtdp dwdp , o t
8 

p t 

TaK Kale ITllOCTHOCTb 3apR.lla orrpeaenReT C06CTBeHHble CHnhi, YMHOlKeHHe KC 

npa pacqeTe no6aBKH K aenH'IHHe uo 3 a C'leT · pa3llH'IHll 1/ r H 1/ I 
8 

OOpSlllX:8 M8110CTH, B93Ll9 He yqKTbiB89MOrO. 

B aTOM lKe npa6nalKeHHH TOK 

e • 
ie =-;- fr()fdpp dwdp • • Acu 

0
• 

ToKH j ,j rrpH ycpeaaeaHH rro <f>yaxnaa pacrrperreneHHR nonlKHhi paBHI 
p • 

MOTpHM .QBa BapHaHTa <jJyaKUHA pacrrpeneneHHll , 

B a pH a aT. CHMMeTPH'IHhili ny'IOI< 

<tlyai<UHIO pacrrpeueneHHSI KaK unR 3neKTpOHOB1 TaK ll .OnR HOHOB B03l 
/ 2 / /3 / 

M8H8HHOM nnSI llY'tJKOB, COCTOHlllMX H3 qaCTHU OOHOrO COpTa, B R • 3 .r 

nH)K8HHH aneprHsr acex qacTHU onaoro copTa OllHHaKoaa - nx panHanhHbiB 

,QSIT OTHOCHTenbHO O.QI!Oil H TOll lKe op6HTbl , 

f . 2 C N e ( (e) 2 

2rr3 b 2 g 2 E(: l Q(e) ( •l ·.l>(w)l> [ ~-\ (a

1

."l)

2 

*) .Qp g2 b.-1] 

f
1 

- Ta lKe <jJyaKUHll ('e' - ' i '). 

<tlyHKI!HH fe H f 1 
CBSI38HW q e pe3 aenRqHHbl 

Q(e,l) Q (o,l) 
z , p 1 BXOllS 

B a B btpa>t<eHHR ap, az, T8K K8K BO BC8 B btp8>K8HHSI Q z' Q p BXOJlSIT K . 

N B ,. l 
To o 5cTORTenbCTBO, 'ITO ~yHKI!HH pacrrpeaeneHHR 3UBHCliT Ton• 

OBH>K9HHR ap , a z , w rapaHTHpyeT yaoaneTBopeaae KHHeTH'IeCKHM y pe 

W , p z 
1 

O O.UCT8B1ISI9Mbl9 B :3TH yp8BH8HHSI .nnR HOHOB H 3118KTpOHOB, onp 

HHMH
1 

T8K H COBOKyrTH biMH 3118KTpOHHO-HOHHbiMH fiOlHIMH. 06'b8MH851 nnOT.f 

Bbl'IH CneHHa!l Ha OCHOBe ( 5,4) C HCITOllb3 0BaHHeM BbtpalKeHHH ( 3, 7), OK83 

meA OT KOOpllHH8T B npenenax~snnHITTHqSCKOrO ceqeHHH TOp8 1 orpaHHq8Hf. 

x/8/ 2 / B Ka'leCTBe ~yHKUHH pacnpeneneHH!l B3S!Ta 5 ~YHKUH S! , C1 

BTOpOM MeCTe, 

13 



poll •men B B btpalKeHHH llnH <o'"'>2 p M9Hbrne HYilH H BH9lliHHH ~KYCHPOBK8 Heo6-

pH aTOM p83Mepbt C9'IeHHH TOpS b 
g orpaaaqea b t CHH3y. Ecna oaa 5 y ay-r 

81l bt , ne~KyCHpyJOtnHe CHilbl n y 'IK8 llp 9Bbi CliT BH9lliHIOJO <!>oKyCHpOBKy 11 CT81IHO-

TOHHHe 5 yneT HeB03MOlKHbtM. rpaHH'IH bte 3H8'I9HHH llllH 

Q(o)=Q(o)zQ , eCTb 
b 11 g , OTB9'I8IO!UH9 

p • 

j n 2e
2
r.N 0 (1-N1 y2 / N

0
) 

' {1-n)' E(o) (o) 2(~•) )2 • b =jO-n). 2e 2r.N.(l-NJ2/ N
0

) (4.4) 

" or. Y " n 17 E f •lyC•Jy2(,SCo~2 
0 • • 

. 2 

-= 1 orpaHH'Ienae nponaa aeT - nepexoa K n p e nbtllytneMy cny'IaJO. Up11 
n = 0 

J KB83HCT8UHOH8pH09 COCTORHHe .npH 'aeQOKOMlieHcanHH' HeB03MO~H0 1 TBK ~BX B 

! no OllHOMy H3 H81lp8BileBHII B He rnael! ~KYCHpOBKH orpaHH'IeHBOe llBHlK9BHe B aTOM 

' " ne ocymecTsmreTcH : cooTBeTCTBYJOtnee (Q'" 1) 2 <0 . EcnH B3HTb N
1 

= 0, 
14 I II 

. 10 ( CM, Bbttn e llpHMep H3 ) , n = 0,5, r 
0 

z JOQ CM, TO rna llpH 

(e) x l -3 
= y • = 58 nony'IHM, 'ITO MHHHManbao B03MOJKHbtll pan B y e = 2.10 eM. Ta-

3Ha'!eH ae a To ll BellH'IHHbl CBH3 8HO C TeM, 'ITO a HeprHH aneKTpOHOB llOCT8TO'IHO 

!CMOTpSI H8 T0 1 l.JTO .O,OliOnHHT~RbHBSl HOHHBSI XOMlieHC8UHH B 3TOM cnyqae rrpHBe ­

tlly HeJK91l8 TellbH b!X 9<j>¢eKTOB - ll0Bbtlli89TCH TeMnepaTypa al!eKTpOHOB, COOTBeTCT-

8CT8eT p OI!b H3 1Iy'!eHHH 3 8 C'!eT nonepe'!HbiX KOI!e6aHH I! , llOHBIIHeTCH TpeaHe H8 

8K pe3yl!bT8T, p8BHOBeCH btl! p83Mep OK83 biB89TCH 60I!bllie 4,10-3cM (cM/ 11 ), -

e HOHOB llpH a TOM, llO-BHilHMOMy, Bee JKe lKel!aTel!bHO ( B03p8CT8eT JKeCTKOCTb 

§ 5. PerneHHe KHHeTH'IeCKoro ypa aaeHHH 

10TpHM B Oilp OC 0 T OM, KOrn s B b t 6 p8HH8H MOLlel!b COOTBeTCTByeT petn eHH IO KHHe­

yp8BHeHHH , B orpaHH'!eHHO n o cTaBI!eHHOII HBMH 3dlla'!e a To 6 yaeT cooTBeTCTBo ­

lleHHJO LlOCT8TO'!H b tX y CIIOBHII c y tneCTBOB8HHH KB83HCT8 IIHOH8pHoro COCTOHHHH 

3eMoro THUS, 0rtHOBpeMeHHO 6yrteT llOI!y 'leH 81lll8p8T Ll i!H p8C'IeTll TeMnepaTyp, 

>HeprHI! a n y '!Ke H T . Ll . KaHeTH'!ecKoe ypasHeHHe lli!H He 3 8 BHCH tnHx HBHO OT 

() 
,Py HKIIHII p acnpea eneHHH '18CTHII K8lKilOrO COpT a t 

0
,

1 
(p, z, w, p, , p • ) 

• at · at • at · at P--+z--+p -- +p -- = 0 
ap az p ap p • ap. (5.1) 

(e) - ( ) 
C y TCTBHe HOHOB H llpH Q = 0 Bei!H'IHH8 y COBil81l8eT C y: 

(eM. § 7). 

12 

3rteCb y 'leTHO, 'ITO w 0, T8K K8K 

o = .£..ffdp dwdp , KyLla 
r p • 

L 
W -HHTerpal! Ll BH JKeHHS!, 06'beMH 8S! lli!OTHOCTb 38pHLl8 

B X OLlHT B K S 'IeCTBe M eTp H'IeCKOrO KO~HIIHeHTa. llna 

H8C HMeeT CM biCII llpH61!HJKeHHe 

o= o =..!:.... ftdp dw dp , 
o r p • . (5.2) 

T8K K8K lli!OCTHOC Tb 3 8 pHLl8 O!lp e n ensreT C0 6 C TBe HH bt e CHI! bt , y MHOJKeHH e KOT O p bll< H8 p/ r 
8 

!l p H p 8C'IeTe Ll068BKH K Bei!H'IHHe 0 0 3 8 C 'IeT . p831lH'IHH 1/ r H 1/r
0 

Ll8 1!0 6bt Bei!H'IHHY 

ITOpH.O,K8 M8ROCTH~Be3ae He yqHTM889 MOP O • 

B aToM JKe rrpa6nHJKeHHH T O K 

e • 
io =-;- f rOtdpp dwdp • =Reo 

0
• 

(5.3) 

ToKH j , j rrp H y c p enHeHHH no <I>YHKIIHH pacrrp e A eneHH st LlOII JKH b t pa BHst1'b c sr H y n JO. P a c-
p • 

MoTpHM aaa aapaaaTa ,PyHKIIH II pacrrpeA e neaaa. 

B a p 11 a H T. CaMMeTpH'IH btll rr y 'IOK 

<l> y HK IIJIIO p8C!lpe rt el!eHHH K8K Lli!S! a neKTp OHOB, T8K H Ll i!H HOHOB B03bMe M B BHLle, rr p H-

/21 131 
M e He HHOM Ll i!SI llY 'IKO B, C OCTOS!WHX H3 '18 C THII OLlHOrO C OpT a

1 
B H • 3 rteC b B rr e p BOM rrp H6 -

RH}f(9HHH 9HeprHH BCeX 1.J8CTHU Oll. HOrO COpTS O.U HH8 KOB8 - HX p8 .0.H8R b Hbi 9 K On e6a HHSI npOHC XO­

IlSI T OTHOCHTel!bHO OLl HO il H TOll JKe Op6HTb t, 

t . 2 eN . ((o)2 

2rr 3 b 2 g 2 E(o)Q(o) (o) ·,8(w)ll[~ (a~"')
2 

*) • • Q p g2 +---;z---11 
( 5.4) 

t 1 - T8 JKe ,PyHKIIHH ( 'e ' - 'i '), 

<l>y HKIIJIJI f 0 H f 
1 

CBH3 8H bl qepe3 B9RH 1.J HH W Q(
8

'
1
} Q (e ,.,) BXOLl H tllHe B HOpMH p OBK Y 

z p 

B B Bbl p8>K9HHR ap , az , T BK K8K BO BCe B bip8 )KeHHR Q z, Q p BXOilH T K8K N 
8 

, 3 e , T8K H 

N"B 1 • To o 6cTOHTe nbCTBo , 'ITO ~YHKUHH p acu pea ene HHst aa BHC HT T OI!bK O o T HHTerpan os 

llBH:>K 9 HHR ap , a z , w rapa HTHpyeT yao s n e T s o p eaHe KHHeTH'I eCKH M ypasHeHHHM, CHn b t p , 
p 

W , p z 1 fl O.O.CT8BnR8Mhl8 B 3 TH yp8BH8H HR !lnR HOHOB H 3 n 9 KTpOHOB, onpeaenH~TCR K8 K BH8W -

HHMH, T8K H CO BOKy JIH bi MH aneKTp OHHO-HO HHbi MH JIOnHMH. 06'beMH8S! lli!O T HOCTb 38pS!Il8 (5,2), 

Bbt'IH CI!eHH8S! H8 OCHOBe ( 5,4) C HC!lOIIb30B8 HHeM BbtpaJKeHHfi ( 3, 7 ), OK 83biB8eTC H He 38BHCH -

meA OT KOOpllHH8T B npen enax ·annHJITHqeCKOr O ceqeHH R TOp a , o r p8HH Y8 HHOrO ann HITCO M 

xl B121 
B K a'!ec TBe <j>y HKUHH p acrrpeaeneaasr sasrTa ll -<jlyHKUHsr , c-ro<rmasr B 15.4 ) Ha 

BTOpOM M9C T8 . 
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p2 2 
-+....L-

g2 b2-1, 

H pasaa ayn~ sae sToro ceqeHHR. BayTpH ceqeaaa 

I e!N • ae= -
211

2 
r • bg 

jejNI 
al = 277 2 r • bg 

3a}laqa OK83b!B89TCR B p8CCM8TpHB89MOM 11pH6nHlK9HHH C8MOCOPfl8CO B8HHOlt. 

(5,5) 

(5.6) 

11s B blp8lK9HHR ( 5,4) cneJJyeT, 'ITO B Jl8HHOlt MOJl9flH B rryqKe 11pHC yTCTBy~T qaCTHUbl, 

8MITnHTYllbl p8llH8nbHbiX H 8KCH8nbH biX KOne6aHHfi KOTOp biX CBSI38Hbl COOTHOW8HHeM 

2 2 

~+~=1 
g2 b2 

(5. 7) 

3TO 3H8qHT, qTo qaCTHUbl, y KOTOpbiX 8MI1flHTYJlbl p8JlH&flbHbiX KOne68HHli p8BHbl p8JlH8flbHOlt 

rronyocH s nnurrca g , ae cosepwa~T pauuanbHbiX Kone6aaHlt, '-lacTHUbi lKe c rrpoMelKyToq-

H biMH 8MI1flHTYJl8MH yqaCTBy~T B 060HX BHJ]8X J]BHlK9HHSI, 11pHqeM 8MI1flHTyJlbl COOTB9TCTBY~­

IUHX KOne68HHlt CBR38Hbl COOTHOW9HH9M ( 5, 7), 

'-laCTI<U C HyneBbiMH 8MI1flHTy Jl8MH T9X H JlpyrHX Kone68HHl! ( 'p8BHOB9CHbiX'), oqe-

BH.UHO , H8T. 

II, B 8 pH 8 H T, llyqoK C H800pOM opoHT H 8KCII8flbHbiMH KOne6aHHRMH 

Eme OIUIH B8pH8HT <jlyHKUIJII pacrrp9Jl 9 119Hl!SI , OTB9'I8~IUeil OJlHOpOJlH038pRlK9HHOMY TOpy 

snnHITTHqecKoro ceqeaaa , cooTseTcTByeT cneJJyJOmell MOJJena: qacTHUbi ae cosepwaroT paJJH ­

anbHbiX 6 eT8TpOHHblX KOI1968HH lt , HO OHH HM9IOT p8CI1p9Jl9119HH biii CI19KTp 3 H9prHlt, TO 9CTb 

HM99TCR H860p op6HT; B9pTHK811bHbl9 KOI1968HHSI y qacTHil 9CTb, 11pHqeM HBH60flbW8R 8MI1flH­

T y Jl8 STHX Kone6aaH II aaBHCHT OT Toro, KaKaR op6HTa B3RT8 ua aa 6 opa . TaKeR cxeMa rroa ­

Bonae T aanTa HYlKHYIO <jl yHKUHIO pacrrpeJJe neHHR: 

a[b
2

{1 - wz w~ 
) - a 2 1 

Nc 2 Cl.l s ~. 
2· 2 4 z 

(5,8) f= g r • Q 

211
4 

bg E r Q Q 3 ap J,z (1- w 2 w~ 8 l!l z p ) -a: 2 2 4 
g r • Q p 

3T8 <jJ yHKUHR MOlK9T 6biTb B 11pHHUHI19 B3R T 8 K8K Jli1R 3119KTpOHOB, T8K H }l iTH HOHOB, HO }liTH 

nocne.uaHx nHWb Tor.na, Kor.aa HOHbi HMeiOT BC Tpetraoe aneKTpoHaM aanpasneaaoe .llBH)K9HHe . 

B ocT anbH biX cnyqa ax <»
1; l ~ 0 , TOrAa cneAy eT A IT!I HOHOB 6pa T b, aarrpHMep, <jlyHKUH~ 

(5.4). 

14 

HaTerpaposaaae (5.8) no aMrrynhCHOMy npocTp8HCTBY T8KlKe ABeT rrnoT 

ue aasHcHmy~ oT KoopnuaaT s npenenax annHrrTnqecKoro c eqeHHSI c nonyocH~ 

H p8BHYIO HYITIO BHe 3TOPO ceqeHHR. 06n8CTb J]flR w npH 3TOM T8KOB8 : 

2 2 

- g~~W'i: +g~ 
(U (U . . 

llpH AOCT8TOqHO CHflbHOli HOHHOH <jJoKyCHpOBK 9 <jlyHKUHR pacrrp9Jl9fl9HHR ( 

2 
M9HHM8 , TBK K8K TOPJl8 6binH 6br OOflbWH9 3H8'I9HHR Q p , 8 C fl9llOB8T9flbHO 

pymanoch obi ycnosae 'yaocTH' crreK Tpa aaepralt ( 3.1a) . lloSToMy ( 5,8) roJ 

qacTO a n eK T POBBbiX rryqKOB , na6o rrpH c na6otl aoaaolt <!>oKycapoBKe. WapoKHII 

2 
UpH OOflbillHX Qp COOTB9TCTBY9T B03MOlKBOCTH yCKOp9HHR qacTHU B 11p9Jl9fl8 

Il l 
pOBBHHOrO rryqK8 , HO p8CCM0Tp9HH9 3J]9Cb H8Jl0 11pOBOJ]HTb HHaqe; 3TOT B 

pa6oTe ae accnenyeT CR. 

§ 6, MoMeHTbi ¢yHKUHli pacrrpeJJerreHHR; _nasneHHR B rryqKe 

3 arrameM KHHeTaqecKoe ypasaeaae (5,1) B sane 

fa cpO+ f <iO+~ <Ji O+-aa (p o so 
P z Pp _ f' P• • 

{ B H8l119M Cnyqae, K8K BHJlHO H3 ( 3,3)! .12_= ..2.i_ = Ji£_= ~ = 0 ) , ap az ap ap p • 

YMHOJKHM ( 6.1) H8 H9Ky~ ¢yHKUHIO 

aoMy npocTpaac Tsy . TorJJa aallneM 

S ( p, , p • , w , p , z) H rrpoHHTerpapy 

a~ fp SfdTI+ :z f zSfdD = f ~; fdn , 

rne dll=dppd.wdp• • 

Boa bM9M S=pp. nnSI ¢yHKUHll (5.4) H ( 5,8) TOrna 6 yneT 

~=~ < p > , ap e p '1' = ~ <p p > • 
p e p 

3 aaK < > - oaaaqaeT ycpenaeaae no ¢yHKUHH pacnpeneneHHR : 

< 'P > = 
0

9
, J'l'fdD • 

YpasaeaHe (6.3) MOlKHO T p 8KTOB8Tb TaK: 'rpanueHT panuanbHoro nasn , 
llflOTHOCTH p8JlH8flbHOli (caMOCOri18COB8HHOlt) CHfl b l n op9HU8 , 
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p2 2 
-+--L-g2 b2-l, 

ID aae 3Toro ceqeaaH. BayTpH ceqeaHH 

Ue=-~ 
2rr r • bg 

leiNJ 
ai = 2112 r • bg 

3biBaeTCH n paccMaTpaaaeMoM npa5nH)I{eHHH caMocornacoaaaaoll. 

(5.5) 

(5.6) 

pa)l{eHHH ( 5.4) en en yeT, qTo n naaaoll Monena n nyqxe npacyTcTByiDT qacTHUhi, 

panHanbH bt X H 8KCH8nbH biX KOne68HHfi KOTOpb!X CBSI38HbJ COOTHOlli9HH9M 

2 2 

~+~=1 
g2 b2 (5.7) 

qTo qacTHUbi, y KOTOpbiX BMnnHTYilbl panH&IlbHbiX KOne5aHHll paBHbl panHallbHOlt 

anca 
g , ae coaeplllaiDT panaanhHhiX xone5aaall. '1acTHUhi )l{e c npoMe)l{yToq-

rynaMR yqaCTByiDT B 050RX BHilaX llBH)I{eHHH, npaqeM aMnllHTyllbl COOTBeTCTBYID­

HI! CBlt3aHbi COOTHOilleHHeM ( 5. 7). 

C HylleBbiMH aMnnHTynaMR Tex H llpyrax KOne5aHHII ('paBHOBeCHbiX'), oqe-

•, nyqoK C Ha5opoM Op5HT H aKCRallbl!biMR KOne5aHHltMR 

ill BapHaHT <jl yHKUijH pacnpenenel!Hst, OTBeqaiD!Uel! OllHOpOill!03apst)l{eHHOMy TOpy 

ro ceqel!ast , cooTaeTcTayeT cnenyiOmeil Monena: qacTHIIbi 11e coneplllaiDT pana­

·poHHhiX xone5aaall , ao OHH HMeiDT pacnpeneneHHbiii cneKTp 3Hepral! , To ecTb 

p op6HT; nepTHKallbllbie xone6al!Hst y qacTHII ecTb, npaqeM aan5onhlllaH aMrrna­

ne6aaa il 3 aBHCHT OT Toro, KaKast op6HTa B3stTa H3 aa6opa . TaxaH cxeMa rro3-

11Y)I{HYID <jlyHKUHID pacnpeneneHHH: 

Nc 2
(t) s 

2rr
4

bgE r Q Q 3 
s s z p 

a[b2(1- W:z-OJ2 )-a 2 ] 

~- g2r!Q~ z 
•p 

)t,2(1- w2w~ 
2 2 () 4 

g r s <. p 
- a 2 

(5.8) 

ldO>KeT 6bJTb B OpHHUHne B3HT8 K8K .O.nSI aneKTpOHOB, TBK H .llnSI HOHOB, HO .llnSI 

Jb Torna, Kor.a.a HOHbi HMeJOT BCTpeqaoe aneKTpoaaM Harrpaaneaaoe .ll.BH)f{eHHe. 

~nyqaHX w<;) ~ 0 , TOrna CllenyeT llllH HOHOB 5p8Tb, HaiipHMep, <jlyHKD:HID 
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HaTerpapoaaaae (5.8) no HMnynhcHoMy npocTpaac TBY TaK)I{e naeT nnoTaocTb (5.6), 

ae 3aBHCRWYID oT xoopnHHaT a npenenax <~nnanTnqecxoro c eqeaast c nony ocRMH g H b 

a paaayiD ayniD aae 3Toro ceqeaast. 05nacTb nnst w npa 3ToM Taxoaa: 

Q2 2 
-g~~W:ii; +g~ 

OJ OJ 
(5.9) . . 

npa llOCTaTOqHo CHnbHOI! HOBHO II <jloxycapoaxe <jlyHKUHlt pacnpeneneHHH (5,8) ae IIpH-

• 2 MeHaMa. Tax xax Torna 5binH 5bi 5onhll1He 3Haqeaast Q P , a cnenonaTenhao 11 w • a aa-

pymanoch 5bi yCnOBHe 'y30CTH' cneKTpa 3HeprHI! ( 3.1a) • no3TOMy ( 5.8) rOI!IITCR n1160 llllH 

qacTo <~neKTPOHBbiX nyqxoa, na5o npa cna5oll aoaaoll <jloxycapoaxe. illapoxal! cnexTp f. E 
2 

npH 50nbWHX Qp COOTBeTCTByeT B03MO)I{HOCTH yCKOpeHHlt qacTHU B npenenax CTa5Hn113H-
/l / 

pOBBHHOrO nyqKa , HO paCCMOTpeaue 31leCb RallO npOBOilHTb HHaqe; 3TOT BOIIpOC B naHHOI! 

pa5oTe ae accnenyeTcR. 

@ 6. MoMeHThi <jlyaxuall pacnpeneneaast; .naaneaaR a nyqxe 

3anallleM KRBeTH'!ecxoe ypaaaeaae (5.1) a sane 

fa <pO+: (zO+;f-- <i> O+f-<i> f)= o 
p z Pp - p p • • 

(6.1) 

_jj_ a; .J.ip_ ap 
(a aallleM cnyqae, KaK BHIIBO H3 (3,3), ap =a;= ap =~=0 ), 

p • 

YMBOlKHM ( 6.1) aa aexyiD <jlyaKD:HID S ( p r , p z, w , p, z) a npoaaTerpapyeM no HMnynhc-

HOMy npocTpaacTay. Torna aallneM 

a! fpSfdn+ /z fzSfdfi=J ~~ rdn. 

rne dn=dppd,wdp• • 

Bo3bMeM S=pp. nnst ¢yHKD:HI! (5.4) H (5,8) TOrna 5yneT 

3aaK < > 

aP a • ~=- < p > , 
ap e p p =!!... < pp > • 

p e P 

- o3aaqaeT ycpenaea11e no <jlyaKUHH pacnpeneneaast : 

< 'P > = aer J'l'fdn • 

(6.2) 

(6.3) 

Ypaaaeaae (6.3) MO)I{aO TpaKTOBaTh TaK: 'rpanaeaT p~nnanbaoro nanneaast paaea 

nnOTHOCTH p81lH811bBOli (caMOCOrllBCOBBBHOll) CHilbl n opeaua , 
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f 

= 

AaanorH'IHO : 

~=~< P. > a z e 'I' =~< ;p > • 
z e z (6.4 ) 

Ecnn aaecTrr paAnanbHyJO n aKcnanbHYJO 'TeMnepaTypbi' no <jlopMy ne 

P =£.. krP. p e 'i',=~kT,, ( 6.5) 

To AnR <jlyaKnnA pacnpeneneann H ll BBpHSHTB ( 5.4), ( 5.8 ) B npeuenax C8'!8HHH TOp a 

kTP -{ 
0 - nnn II aapnaaTa, 

Q 2g2 ( 1 - ..£!. z 2 
p g2- b2 

- ann I aapnaHTa, 

(6.6) 

2 2 p 2 
z 2 ) 

Q b ( 1- ~ - """1;2 - nnn I H U k T =( p g 
• 2 

aapnaaTa. (6.7) 

§ 7. TeMnepaTypbi a ny'!Ke n a~~PT'HH 'IBCTHU 

Pac cMoTpnM cnyqa tl 8 1 • 0, TOT'Aa, aanpnMep, 

k r'" 1 ~[ (E.w!)"b2 n +__£_· ~(N -~)] (1-~- g) 
z 2c2 2m • Tf+b7g) 1 -y• g2 b2 

'} (7.1) 

(I) 2 
kT z = _e~ 2b/g 

2rrr
0 

• (l+b/g) ( N. - N, )(1 - ...£.3 - ~) 
g2 b2 • 

TeMn epaTypbl KBlKAOT'O anna 'IBCTHU 3BBHCHT OT 'IHCllB KBK Tex, TBK H npyT'HX (TO 

eCTh OT Ne H N 1 ) • X apaKTepao THKJKe, 'ITO npa aann'IHH BHewanx cnn ( n # 0 - nnn 

BepTHKBllbHOT'O llBHJKeHHH, n# 1-nnH pBilHBllbHOT'O llBHJKeHHn) TeMnepaTypa aneKTpOHOB 

CBR38H8 He TOnhKO C OTHOWeHH9M b/ g ( aTo oTaoweHne MOJKeT 6biTb ennHaneli - Kpy-

T'OBOe Ce'leHHe Topa) , HO H OTAellbHO, CKBJKeM, C BlilllH'IHHOii b • TeMnepaTypa JKe HOHOB 

He caRaaHa c xapaKTepHbiM paaMepoM . Ecnn co6cTaeHHbre cnnbr MHOT'o 6onhwe BHeWHHX 

<!>oKyCHPYIOWHX CHll H '!lleHOM , coneplKSWHM a nepaoli <!>opMyne ( 7, 1), MOJKHO npeHe-

6pe'!b , TO eCTb ~BKTH'!eCKH nepeliTH K npHMOMy IIY'!Ky, TO B cnyqae KpyT'OBOT'O Ce'!eHHn 

( b = g ) TeMnepaTypbl He 6ynyT HHKBK CBR38Hbl C CeqeaneM IIY'IKB- Bb!pOJKileHHb!l! cny­

'1811 Tnna 6eaHeTOBCKOT'O npRMOT'O ny'IKa. KcTaTn, ecnn npn 3TOM aaMeHHTb --..li__ aa 
2" r • 

IIOT'OHHYIO fillOTHOCTb 'IBCTHU, TO TeMnepaTy pb! (7. 1) HB OCR ( p = Z c 0) llY'IKB COBIIB-

16 

AYT C yuaoeHHbl MH OUHOpOilHblMH TeMnepaTypaMH B 6eHHeTOBCKOM Cny'lae. J 

panee npnMepa npn N1 • N 
N • 

6yneT kT(I) • 0 H HB OCH ktC•) • . . 
No 6) _; < N 

1 
< N 

0 
HOHHBR TeMnepaTypa 6yneT ne 0 , HO npH TOM JKe 

y 
30 Kaa, a aneKTPOHHBH - noananTcn (anecb qnea, conepJKamnA n • COCTl: 

aenn'IHHY • 1 0-
2 

aa). 

PaCC'IHTB9M Tenepb aaepT'HIO 'IBCTHU BO BTOpOM nopnnKe. nocne npoc 

T'poM03AKHX Bbl'IHCll8HHA nony'IHM 

22 222222 

E•E +0 w-0 wL+-!0 p~•>.(~)2 +~+~>~4=--e• 
• • • r • • y • p ," 2 E • 2E 2 L 

- -(•) 
3 ;:teCb VI =P 

2
- p~ !IpH y 'leTe B8KTOpHOT'O noTeHI(HBllB cyMMBpHOT'O non£ 

Hblil fiOT8HUHBll CBMOCOT'nBCOBBHHOT'O nOn>! ( CKBnHpH bl~ noTeHUHBll BH9WHeT'C 

¢•z2 lei(N.-N.J 
2rr '• bg 

2 
2
lei (N.-N 1) 2 iei (N.-Ni: 

(l+b/g)+P 2rrr
0

bg "(l+g/b)+ P 2rrr 2 

faMHllbTOHHBH H=E+e¢=E.+6
0

w + H.1. • 

( cpaaHnTe ( 3.4 )' n ( 7.2)). Jlnn <j>yHKUHH pacnpeneneann ( 5.4) ( I aapl!aHT) 

3HepT'HH 'IBCTHU B haHHOfi TO'!Ke ny'IKB 

~ kT, 2P2 2z2 
< E > ,=E.+ 2 +~2~ TQP2+ '2,y -e¢. 

Jlna BTOpOT'O BBpHBHTB 

kT Q2 • nQ~ 2 
< E > II = E +Q 2 r p + --• + ---'!..2 [ ~ - 1] p 2 + Q 2...!... - e¢ 

• p• 2 2 Eor!f3: •2 

B nepaoM n opnuKe < E> = E , <E>n =E +Q
2

r p, rne qneH Qp
2

r p 
I 11 a p a a 

aeHHbiX op6nT. Jlo6aaKH K aaeprnr• aa c'!eT nonepe'IHbiX Kone6aHHII Henuae 

aapnaaTe- nopnnKa kT.,kTP. Jlnn npnaeneHHbiX npnMepoa aTo ae6or 

(a cpaaneanu c E. ) • Ko aTopoMy aapuaaTy, KoHe'!ao, ucnonbaoaaHHbie 

T)'pbl He OTHOCHTCH, T8K K8K TOT'IlH Q~ ' • p » E 8 • 3necb HYJKHO 6paT; 

(nn6o N1 = 0 ) , TOT'IlB llll ll aneKTpOHOB 6yneT cnyqatl, THnH'!HblH llllH 06bl' 

B b =g; n=0,5; '2p='2 c =Q 6yneT 

TBK 'ITO < E> = E + J2..:JL2
- e¢ a 

I a 2 ' 
B006me He 6yneT 38BHCeTb OT KOOpllHH8T, 

k ' 
B8pH8HT9 1 KCTBTH npH 

cfl2_ Q2(e2:z2) 

2 2 2 2 • 
<H> 1 -E.+Qb / 2 

T'B 

C penann no <j>yHKUHH pacnpeneneann () -CKOpOCTb lJBCTHU /3e BO 

HRH paBHS COOTB9TCT B9HHO nnH rrepBOrO H BTO p OrO B8pH8HTOB 
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aP a 
az'=-;- < pz > 'i' =!C.. < ~p > • . z e z 

paananhHYIO n axcnanhHYJO 'TeMnepaTypbi' no IjlopMyne 

p =~kTP , p e 'f'.=~ kT ,, 

(6.4 ) 

(6.5) 

nnA pacnpeaeneann I H II BBpHBHTB (5.4), (5,8) B npeaenax ceqeann Topa 

2 2 p2 z 2 
Q g(l----) 

p ~2 b2 
- JJ.nH I B8pH8HT 8 1 2 

(6.6) kT,-{ 
0 - ann II BBpHaHTa , 

2 2 2 2 p z ) 
Q b ( 1-~ - !;2 -amr I H II kT 1 p g 

• 2 BapHaHTa, (6.7) 

§ 7. TeMnepaTyphi a nyqxe H a~~~~ 

TpnM cnyqaA B1 • 0, Toraa, nanpnMep, 

kT'"'=[ (E.w!)"b 2 n +~· ~ (N -~)] ( 1-~ - ..£) 
• 2c2 277r s ( f+b?g) 1 y2 g2 b2 '} (7.1) 

(I) 2 
kT, = _e_, 2b/g 2 

2"'• (l+b/g) (N.-N1 )(1-L_£). 
g2 b2 

ryphi K8JKJlOrO BH.08 t{8CTHU 38BHCRT OT qJfcna K8K Tex, T8K H 
apyr11x (To 

H N 1 ) • XapaKTepao TaKlKe, 'ITO npe aannqne BHelllaex can 
n # 0 - ann 

llBHlK9HIIH, n# l-ana 

IbKO C OTHOW9HH9M b/g 

Topa), 

paal!anbHOrO aBIIlK9HI!H) TeMnepaTypa aneKTpOHOB 

( 3TO OTHOllleHne MOl!<eT 6b!Tb eaiiHHUeA - Kpy-

HO R OT.aenbHO, CK8>K9M1 C Bfi'nHtrHHOA b • TeMnepaTypa l!<e 11oaoa 

:apaKTepHbiM pa3MepoM. Ecnn co6cTBeHHb1e cnnbi Mnoro 601Ihllle BHeliiHIIX 

~an H qneaoM, coaeplKamnM n B nepaol! IjlopMyne (7,1), MOlKHO npeHe-

~aKTH'Iecxl! nepeATI! K npHMOMy nyqxy, To B cnyqae Kpyroaoro ceqeann 

·epaTypb! He 6yayT HIIKaK CBH3aHbl C C9'!eHI!eM nyqKa- BblpOl!<aeHHb!l! cny-

roacxoro npnMoro nyqxa. KcTaTn, ecn11 npn 3TOM 3aMeHHTh -lL_ HB 

2" r • OCTb '!aCTIIU, TO TeMnepaTypb! ( 7,1) Ha OCH 
p = z c 0) nyqxa coana-
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a yT c yaaoeHHhiMH oauopo/lRhiMR TeMnepaTypaMR a 6eaHeTOBCKOM cnyqae. Jlnn n pHBOIIHMoro 
(I) C) 

paaee npnMepa npn N1 • N 6yaeT kT .o R aa oc11 kT • • 30 xaa. Dpn 
N • & a 

_; < N 1 < N 
0 

HOHHBH TeMnepaTypa 6yaeT He 0 , HO np11 TOM l!<e N 
0 

6yaeT He Bbllll9 
y 

30 K3B, a 3neKTpOHHall - DOHH3HTCH (31!9Cb qneH, COa eplKa liiHA n 1 COCTBBnReT HRqTO*HY~ 

BeliR'IHRy - 1 0-
2 

3B). 

PaccqnTaeM Tenepb aaeprn10 qacTnn so aTopoM nopHaxe. nocne npoCTbiX, no aoaonbHO 

rpoM031!KHX Bbl'IHCneHHA nony'IHM 

• • p 1. w 2 2 2 2 2 2 2 Q2 2 
E•E +8 w-8 w-+-8 p<•l. (~) +~+~!-~ zZ _ ¢ 

• • • r • 2 • 2 y • p 2 • 2 E • 2E 2 -y- e 

- -(•) 
3;:te Cb w =P - P 

2 ~ 
npn y qeTe aexTopaoro noTeHdllana c y MMapnoro nonn, 

(7.2) 

<f> -cKannp-

HbJ·il noTenunan caMocornacoaannoro nonH ( cxannpHbi~ noTeHIU!an BHeliiHero rroosr paaea 0.). 

¢•z2 l ei(N.-N1) 

2"'• bg 

2 2 l ei(N 0 -N 1) 2 lei(N 8 -Ni) 16rs(73) 
---+P • ---+ p ln--. • 
(l+b/ g) 2Tr r 0 bg (l+g/b) 2,n 2 (b+g) 

raMHlibTOHHaH H=E+e¢=E
8

+ 8
0

w + H.J. 

(cpaBHHTe (3.4 )' H (7.2)). Llnsr ¢yHIWHII pacnpeaeneann {5.4) (I aapHaHT) c pei!HE!e 3 nnqeHI!e 

3Hepr1!1! 'IBCTHU B haHHOil TO'!Ke nyqxa 

kT kT, 2 p 2 
2 z 2 

< E> =E +..::.:p+-- T~ -+0- -e¢. I o 2 2 •p 2 ' < 2 
(7.4) 

LlnH BToporo aapnaHTa 

kT Q2 • "Qt 2 
<E > u =E +Q2r p+--•+-'U'[~-l]p2+Q2..L_e-'-

• p • 2 2 E 3 (3 2 • 2 "' 
(7.5) 

oYs • 

B nepao M n opsraxe <E >1 = E , <E > n =E +Q
2

r p, rae qnea Q2r p 
11 ape P• a aeT a a6op Mrao-

B9HH b!X o p 611T, [lo6 aBKI! K 3Hepr111! 38 C'19T nonepe'!Hb!X KOne6aHI!fl aenl!He fi Hbl H B nepBOM 

Bapl!aHTe - nopsraKa kT,,kTP. Jlnn llp!lBeaeHHblX llpi!MepOB 3TO ae601Ibllll!e Belii!'IHHbl 

( B CpaBHeHHH C E. ). Ko BTo p oMy aapHaHTy , KOH9YHO, ncnonb3 0BBHH bi e oueHKH TeMnepa-

T J"p bt He OTHOCs:ITCH , T8K K 8 K T Ora.a 
2 

Qpr . p»E , . 3a e c h HYlKHO 6paTb N ~~ 

( na6o N
1 

= 0 
1 y2 

) , Toraa ann 31I9KTpOI!OB 6ya eT c nyqai! , THTIH'!H bl fi llliR 06bi'IHbiX yCKOpHTeneil . 

B B8pH8HT€ 1 KCT8TH npH 

.fl2_ 92Ce2:z2 
2 2 2 -

<H> 1 cE
0
+Qb / 2 

b =g; n = 

TBK 'tTO 

0,5; '2p='2c = Q 6 yaeT 

<E > =E + .Q!_Q_
2
- e"' a 

I • 2 'f' , 

B006 me He 6yaeT 3 aBHCeTb OT KOOpllHHaT. 

kT,=kTP~ 

r'8MHnbTOHH8H 

C peaHsrn no IjlyHKUHH pacnpeaeneHHH IJ -CKOpOCTb •JaCTHU (38 BO BTOp OM n pH61IIJlKe-

HHH paBH8 COOTBeTCT BeHHO nnH neps oro H BTOp OrO B8pH8HTOB 
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r 
2 2 2 2 

<" gQ(l - p z 
,..,o>r'"BI·fJ.I1- P 7-!;2) 

2 2 p
2 

z
2 

- 2 2 2 2 
b Q.0 - -,--!;2) --~--l~-__<h.:_-e¢11. 

<f3o>u = 8 n =f3.1 1+ 

4Ea 

2 
Qp r .P 

s 2 
E 0 y• f3• 

--...,..---'..._--.._ + E s {J 2 2 2 
4 E. oY. " 

2 2 2 ..:.:. 2 ?. 2 2 2Jl.6) 
b Q.O-..EJ- b2 l 1 [--{ 3:.&+

0
.&.e__+_&__-e¢>ll. 

c +~{32 E 2 2 
4 E 8 E 0 y•• -

nonpaaKH .<lllll npHae.ueHHOro npHMepa a I aapHaHTe H960nhlllll9, noSTOMY abrl!le f3. H B 

'IBCTO He pa3nll'18lll!Ch, O.UHaKO y. H r OTO>K.UecTaneHbl H9 6blllll. XOTll rH.UPOl!HHB~H-

'19CKH9 CKOpOCTH ( 7, 6) H H9HaMHOrO M9Hbllle, '19M aenH'IHHa f3. (oTHeceHHaR K c cxo-

pOCTb r HnOTeTH'IeCKOli paaHoaeCHOli 'laCTRilbt) 0 COOTaeTCTayrolllaR apameHH!O CTporo no OK­

py)f(HOCTH R OTCyTCTallro nonepe'JHOrO l!aH)f(eHHR, O.<lHBKO npH 6nH30CTH KaK {3
0 

0 
TBK H B 

K I l!llll sneKTpOHOa He6onblllaR p83HHila M9>K.UY STHMII aenl{'lll,llaMH a npHILilHne M0)1(9T
0 

KaK 

y xa3braanoch, npHaecTH K cymecTaeHHOMy p83llli'IH!O Me)f(l!y y = ~ H r =.; 2 

. • y 1- B3 1- B 
ann snexTpoHoa. C neayeT noaqepKHYTh, ao R36e"'aHHH Heaopa3yMeHHA,"'ITO nonHal! cxopocTb 

1 ;,· • 
'18CTHU (3 = c r 

2 
+ (riJ) 

2 
+z 2 

3 Ha'IHTenbHO 6nHJKe K p 
8 0 '19M B006111e {3 0 - ae.ub SHep-

rl!SI E anll pa3nH'IH b!X 'laCTHil ( ( 7, 2) , ( 7;4)) pa3nH'<aeTCR ne CH!IhHO, Bbt'IHCnRM f3 • np11 

38ll8 HHH Bl g ~b, kT •kT s kT p z 
na oc11. T oraa H3 ( 7.6) npH 

B = f3 (1 -.lL ) 
I s E s , 

(7.7) 

_s = ~~ 2 r 2_ll + / R • r • c lL l 2 + r 2 
E0 r r E 0 1 1 Eo 1 

T ax, l!llll liCnOnb3yeMoro HaMil ace apeMl! npHMepa npR kT = 30 KSa H r e = 30 nony'IHM 
(e) 

yC;> = 116, E. =58 M sa. 3TH pacqeTbi noKa3braa roT, 'ITO XOTR cpeaHllll sneprHH , np11xo-

J:UJW8HCSI Ha OllHH 3n9KTpOH 1 cna60 M9HSl9TCH ITO C9tt9HHlO rryt:t:K8 1 O.llH8KO PHllpO,llHH8MHtt9CK8SI 

E I = E 1J1- B 2 SHeprHll 
0 . 0 a 11pHaeaeHHOM npHMep e li3MeHl!eTCll OT r = 30 ao r = 11 6 

Ha r panl!ue nyqxa ( TaM B = (3 . ) . K one'IHO, Taxoe cymecTaeanoe H3MeHeHHe r He OT­

aeqaeT npeanol!O)f(eHH!O liHHeJ1HOCT!! non el! ( 1,3 ) 0 TaK KaK D~e) 6yaeT cymecTaeHHO 3aal! -

CeTb o T xoo pl!HifaT (qepe3 aenH'IliHY N (1- f3 (e )B ) ), oaaaxo npH N > N > N I y-z 
e s e e 1 e 

11 a c nyqae, ecnH N 1 aocTaTO'IHO aanexo OT rpaHH'IHoro 3Ha'leHHll N .I y 2 , no np11 

N1 < N e nonpaaKll a (7.1 ) 3a c'leT N. l y 2 
He RrparoT pon H H npel!bll!YIIIee aepno. 0 TMe-

TIIM ace )f(e , 'IT0 0 B3Ra a <jlopMy ne l!llll kT H apyrHX a Ka'leCTae KOs<jl¢Hilli9HTa np11 N 
0 

aenli'IHHy 1- f3!
0

)8 0 = l l y 2
, Mbl <jlaKTH'IeCKH npOH3aenH H9KOe ycpe.UHeHl!e 3Ha 'leHH il l , 

no ce tteHHlO: 
ye y'2r y 1Jyz+ 1 2' . . 

(a Hal!leM n pHMepe y = 4 1) . npoaeaeHHbl9 OU9HKH COOTaeTCTayiOT YTBep)f(l!eHII!O E yaKepa 

0 TOM, 'ITO '-farHHTHOe none l!Oli>KHO 6bJTb a3RTO npHMepHO a 3 pa3a 6onbllle ( CM, ( 2,3)) 
0 
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b - - -

'19M STO Hy lKHO 6b!ll0 6 b! HCXO!Ill H3 aenH"'HHbl r • O.ua8J<o cneayeT • 

a cnyqae cna6oro aeAcTaHR npocTpaHcTaeaHoro 3 apH.ua (Mano qacTHll, uc 

C'IHTb!BBTb B9liH'IHHy MarHHTHOrO nonll B COOTB9TCTBHH C B9l!H'IHHOA Y 0 

Y 
8 

"' 116) 0 TOr.Ua B9nH'IHH8 f 6 b!ll8 6 bl 6nH3 K8 HM9HHO K 116, a He 
2 kT kTo rae T CHpy romal! cuna ne 0'19Hb BenHKa, T8J< 'ITO r E r = ~ « 1 • 

E B (7,4) H (7.~) MO)f(~O p83liOJKHTb OK<J T9MnepaTypa, TO B9l!H'IHHbl 

E • , Toraa 6y aeT 

< E>I •Eof +12 (kTo+kT.) 
2 

< E > n = E 01+1
2 

kTz 
2 

B STOM npH6nH JKeHHH npa 3 aMe&e 

N 

< E > 
1 

Ha 6nH3Ky ro BenH'IHHY E ¢ol 
I 11 • 

c npHBeae HHo ll B • Ecnu, He o6pam 

z kT +kT 
npa6l!H)f(eHHe , COC'IHT8Tb B9!1H'IHHY l 0 2 z npH r ' 

N
1 
» ~2 npaKTH'IeCKH c oanaaaeT 

y 
y xa3 a&Hoe 

nony'<HM < E >
1 

• 15 M s a - 27 M sB • 42 MsB ( TO)f(e npaMepHo xoa$' 

B cny qae n y 'IKOB Bbr c o xo l! nno THOCTH, HO npa N1 • N.ly 2 
E 

s neKTpOHOB ·6 !1H3 K8 K 0 H ( 7,8) XOpOI!lO a b!liOnHH9TCR (.Ullll 060HX BapHS 

ne pBall <jlopMy na ( 7,8) BblliOl!Hl!ElTCll 0 6 bl'IHO XOpOI!lO BBH.UY TOro, 'ITO r , 

ABTOP 6naroaapHT B.H . Bexcnepa H ToBa pume l! no pa6oTe 3a MHOI 

aeHHH. 

~--e. P.~ P. !' . 

I. LH. 6 yaxep. ATOMHa ll saep rHH, §. , 9 ( 1956), 

2, H .M. Kan'IH HCKH A • .UuaaMHKa qacTHil B nHae l!Hbi X p e3oaaHCHbiX ycxopr 

M , 1966. 

3, O.H. Hpxo ao ll. n penpHHT OHHH, 2183, .ily6Ha , 1965. 

4, Bennett. Phys . Rev •• ~. 1584 (1955) . 

5, 3.A. n epenbl!lTe lla, O.H. H pxoaoll . n pen pHHT OHHH, 2351, .Uy6Ha, 1 

PyxonHcb nocTynHn a B H3.UaTenbCKll ll o 
8 aarycTa 1966 r . 
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g2Q2(1 - p2 z2 

o>I .. BI·tl.ft- P -, -!;2) 
4E 0 

2 2 p
2 

z
2 

- 2 2 2 2 
b Q.Cl--,.-bi") 1 l~-Jk!.-e¢11. 
--""7::--"---- + E3ji2 2 2 

4 E. o ya" 

2 
2 2 2 2 

Qe r .e 
E 0 y: fl ! o >u = Bn =tl.l 1+ 

b Q (1-..e::_ _ _;_ ) 
- • 7 b 2 

4E 8 

+ 1 [ r 2 Q 2 2 (7 ) 
E y 3 tJ 2 -(3~+1)~ Q:z2'6 

o • • E" 2 + -2-- e¢ ] l • 

aexa anR npneeaenaoro npnMepa B BapaaaTe ae6onhwne, noaToMy Bbiwe 
tl. H B 

o ae paannqanncb , oaaaxo r. n r OTo>Ka ecTenea&I ae 6&mn. X oTR rnapoanaaMn-

B CKOpOCTH ( 7.6) B HBHHMHOrO MBHbWB, 'IBM BBnH'IHHa 
,9 0 (OTHBCBHHHR X C CXO-

r HIIOTBTII'IBCKOii paBHOBBCHOii 'IBCTHilbi) , COOTBBTCTBYIOWHR Bp8IIIBHHIO CTporo no OK ­

CTH H OTCYTCTBHIO IIOIIapeqnoro aBH>KBHIIR, OaHaKO IIpB 6nH30CTH XBK ,9
8 1 

THK H 8 

IIR anexTpOHOB He6onbW8H p83HHila Me>Kay 3THMH B9nii'IHJI8MH B IIpi!JillHIIe MO>KBT, KBK 

IBanocb, IIpHBBCTH K cymecTBBHHOMy P83IIH'JHIO Me>Kay y = v' 1 II r = j 2 

• 1- 8 2 1- B nexTponoa. CneayeT noaqepx liyT&, eo na6e>KaRHH aeaopaayMenaA," 'ITO nonnag cxopocT& 

u f3 =+J; 2
+(r0)

2
+z

2 
3 1iB'IHTanbno 6nn>Ke x f3 . , <~e M BOo6me tlo - aeab anep-

E anR paa nH'IH biX 'IBCTI!Il ( ( 7.2), ( 7;4)) paana<~aeTcR He canbao. B&I 'IHcnnM tJ. npn 

IH BI na ocn. T oraa na ( 7.6) rrpn g•b, kT -kT = kT p z 

BI=tl (1-..ll ) 
s E s I 

(7. 7) 

-S = '3 
2 
r 2--ll j R • r • c kL l 2 r 2 

E0 I I E0 + I I Eo + I • 

nR IICIIOnbaye Mor o HaMn Bee BpBMR npnMepa II pi! k T ~ 30 K<IB H r 
0 

= 30 IIOIIY'IHM 

116, E ~" 1= 58 M aB. 3Ta paC'IBTbi rroxaa&IBaJOT, 'ITo XO TR cpea HRn aneprnn , rrpnxo -

I Ha OaHH aneKTpOH, cna6o MBHnBTCR ITO CB'IBHH IO llyqxa , OaHaKO rl!apoaHHaMH'IBCKan 

E r = E I ) 1- TJ 2 
0 . 0 B llpHBBa BHHOM IIp HMepe H3 MeHnBTCn OT r = 30 ao r = 11 6 

HUB ny >Jxa ( TaM B = ,8 . ) . K o neqao, Taxoe CYIIIBCTBeaaoe H3MBHBHHB r He OT­

l pearronOlKBHH IO llHHB iiHOCTII liOnel! ( 1.3 ), TaK KaK O~o ) 6yaeT CYUlBCTBBHHO 3aBI! -

KOOpanHaT (qepea senaqnny N (1- tJ' " 1B ) ), oanaxo rrpn N > N > N I y 2 
• • e e 1 e 

:ae, ecn11 N 1 aoc TaTO'IHO aanexo OT rpaHI!'IHoro anaqe n11n N
0

l y 2 , no rrp11 

rrorrpaBKI! B (7.1) a a C'leT N. l y
2 

ne nrpaJOT ponn n rrpea&Iay mee eepno. 0TMe-

>t<e , 'ITo, BaR B a ¢opMyne ann kT n apyrnx B xaqecTee xoa¢¢nnnenTa rrpn N
0 

1- f3 ! "
1
8 0 = 1l y

2
, Mbl t!JaK TH'IBCKH 1IpOH3Benn HBKOe ycpeanenne 3Ha qennil r 

JJO : 

;; = v2r y 1 J;2:r2 . . 
rr pnMepe 

y = 4 1) . Dpoeeaennhle ouenxn cooTBBTCTByJOT YTBepJKaenn JO Byaxepa 

o MaranTnoe none aonJKno 6&ITb sanTo rrpnMepno B 3 paaa 6onhwe (eM. ( 2.3)) , 

18 

'IBM aTO n yJKao 6hino 6bi acxoan aa eenH'IHHhl r • Oaaaxo cneayeT HMBTb B eaay, 'ITO 

s cny<~ae cna6oro aeAc TBHH npocTpancTBeanoro aapnaa (Mano 'lacTan, noaoa neT) naao pa• 

C'IHTbiBBTb BBnB'IHHY MarHHTHOrO IIOnH B COOTBBTCTBBB C BBIIH'IHHOA Y. (ann npaMepa 

Y 0 " ]]6) , Toraa BanB'IBHa r 6 bina 6bl 6nH3Ka HMBBHO X ]16, a HB K 30. Ecna ¢oxy-

CHpy !OIII8H cana HB O'IBBb senaxa, THK 'ITO r 2 EkTr= liTo « 1 • 
o Eo 

rae To C06CTBBHH811 

TBMnepaTypa, TO BBIIB'IHHbi E B ( 7.4) H ( 7.5) MOlKHO paa nOlKBTb OKOnO E
0
r , a ae 

E , Toraa 6yaeT • 

<E>,•Eor +r2 (kTe+ kT.l 
2 < E> n = E 0r+r 2 

kT. 
2 

(7.8) 

B aTOM npn6nH>KBHHH npa a aMeae 
N 

< E> 1 aa 6naaxy10 BBIIB'IHHY E ¢opMyna (2,3) npa 
Ill • 

N
1 
» ~2 rrpaxTH'IBCKH coerraaaeT c npaeeaeaaoA B • Ecna, ae o6paman BHHMBHHII aa 

y 
y xaaaaaoe 2 kT +kT 

npa6nHlKBHBe, COC'IHT8Tb BBnH'IHHY r 0 2 z npn r- 30 ( E 0r•I5M aB 

rrony 'IBM < E >1 • I 5 M ae - 27 M ae • 42 M ae ( TO>KB npnMepao xoa¢<1ianHeHT 3). 

8 c n yqae IIY'IKOB BbiCOXO A IIIIOTHOCTH, HO IIpH N1 • N. l y
2 

BBnB'IHHa kT anSl 

anexTpOHOB ·6nH3K8 K 0 H (7.8) XOpOWO BbinOnHHBTCH (ann 060HX Bapna&TOB). nnn HOHOB 

11BpB8H t!JopMyna (7,8) BbiiTOnHnEiTCn 06 bi'IHO XOpOWO BBHay TOro, 'ITO r
1

" 1 • 

AsTop 6naroaapnT 8.11. Bexcnepa n TosapnmeA no pa6oTe aa MaoroqncnenHhiB o6cy >K-

aeann. 

~- .e. P. ~-LP. ~-

I. r.11. B ynxep. AToMaaH aaepran, Q. , 9 ( 1956). 

2. 11.M. Kaii'IHHCKHA. nnaaMnxa '18CTHII B nnaeAHbiX peaoaaHCHblX ycxop&TeniiX. ATOMHaaaT, 
M, 1966. 

3. 0.11. flpxoso A. Dperrp&HT 011f!11, 2183, n y6aa , 1965. 
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5. 3.A. n epenbWTB AH, 0.11. flpxoBoA. nperrpHHT 011f!11, 2351, n y6aa, 1965. 

Pyxonncb noc Tyrrana B aaaaTenbcxnA oTaen 
8 a erycTa 1966 r . 
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