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BBE.II.EHI1E 

Eo MHorax 3ana'l8X TeOplll!: MeT8JIJIOB B03HHKBeT He06xOMMOCTb I1CnOJIb

30BBHlIfi rrOJIHOH CHCTeMH lUIHarA1PIeCKHX ypaBHeHIl.H, COCTOffil\e L-i. 113 CDfl 3BHHl-IX 

Me3ny c060R ypaBHeHH~ TeOpll.H yrrpyrocTH, KHHeTHqeCKOrO ypaBHeHHREonb~

I~a Wl.II rrpOBO,IUIIIlRX 3JIeKTpOHOB II yp3BHemtE 1i1aKCBeJlJJa lI)lfl 3JIe KTpOM3r

HJllTHOrO nOJIfi. J:il,jBO;J. T3Kl1X ypaBHeHl!H rrpOJ.l3BOnMCfI MHorHMH 3BTOPSMH , 

rrpl!I'leM HSl!:60Jlee [JOJIHO R rrOCJIe)lOBBTeJrbHO l{oHTopOBR'leM ICM. ero PS60TtJ 

[1] H UHTHpoB3HHYIO B Hf1X JIHTepaTYPYI. Pe'lb BClOny WJI3, O)lHa KO, 0 JII1 

HeapH30B8llHh1X ypaBHeHIH'x. IiOM11MO O'le BMl\HOrO He)J.OCTaTKB .)U1He3pI130BBH 


IiliX ypaBHe Al!:l i. CBfl3BHHoro C HeB03MOlKHOCTbJO >IX npHJIOJKeHl'lH It HeJIHHe~ 


HIiM 3B)J.B'laM, HBnpHMep, 0 B3aI1MO)J.e~CTBlm KOJIeOBTeJIbHHX MOn, B n BHHOM 


c;ry'lae HM€IOTCf! opHHlllUm B.llbHble BorrpOCH, rrOCJIe)J.OBaTeJIbHOe pellJeHl1e KO


TOPHX B03MOlKHO JIiUlIb B TO'lHOH HeJIHHe~iHOk rroc TaHOBKe. 


H31160JIee cymecTBeHHlJ"l Bonpoc - 3 TO OrrHCBHl1e lUIHaMRKH 3JI eKTpOHOB 

B HeCTBUHOHBPHO )J.eq;opMllpOB3HH0i1 I<PHCTB.llJIH'lSCKOii psrnSTI<e. U TO'1HOM 001'1 

CaRH!!: Bc e ¢ 113HQeCKHe BeJIl1qHHl-I, xapaKTepl13YDmRe 3JIeKTpOH, KBK R B HS- • 

)J.$p!lffiPOBaHHOM KPHCT8JIJIS, fiBJl.fDOTCR nSpHO,IJ;l1'lSCRI!MH flJYHKl~IHn.lli KBa3J1

IDv!TIyJIbCa, 0,IUiBl<0 nSpHO.IU>I RBJIRlOTCfI \liYHKI.tI1RM11 I\OOp.rnrnaT H BpSMelfl!. r p a 

HHllbi 30HH E PHJLnlO3HB 3BElICHT rrpH 3TOM He TOJIbKO OT )J.eqJopMBUIl I1 B nBH-

H~ MOMeHT BpeMeHl1, HO H OT CKOPOCTIl peWeT~\. ECJII1 rrpOll3BOlUlTb pa3

JIO~eHl1e Bcex Ben!!qHH rro CTerreHHM BeKTopa CMemeHlIfi peweTKH, TO B BH

paJKeHI!f1X llJIH q,H3l'rqeCKHX BeJIll'UlH 13Heprllfl H T.)J.. I B03HlIKseT KBlKymBflc fI 

HerrepIlO lUl'lHOCTb, BrrOJIHe aHB.llOrH'lH3f1 "BeKOBHM" '1JIeHaM B TeopHIl AeJlH

HeHHHX KOJIe63HI!li(. l-u.HeTllQeCKOe ypSBHeHHe CTaHOBHTCfI HeCOBMeC Tl'lMllM C 

YCJlOBl1eM rrepHOlUl'1HOCTH ~YHKllHH pacnpeAe~eHHH. KOHTOPOBH'I [1] npe

O)J.onSBaJI 3TY TPY,IUiOCTb rryTeM Hcrro:rlb30B3HHH pflA3 HeKoppeKTHblx a CKYc cT

BeHHblX npaeMoB lyqeT HeHH€plll1aJIbHOCTH corrYTcTBYJOmev. CHCTeM~ KOOp~

H3T H T.n. l , rrpH 3TOM 3 3BHCHMOCTb nOJlO~eHI1f1 rpaHHU 30H~ Ep~3Ha OT 

CKOPOCTH peweTKH 61-1Jl8 yrrymeH8. TeM He MeHee, HeJIb3f1 He OTMeTHTb, 'ITO 

HeV-neHHHe KOHTopoBHtJeM OKOH'IaTeJIbHl-Ie JlHHeapl!30BBHHlJe yp3BHeH~R BepHH. 

B H3CTORmeM p860Te 6yneT nOJIY'leHa rrOJIH3f1 c a CTeM8 TO'lHb/X, HeJlI1 He ~

~ yp3BHeHHM AllHaMaKH MeTBJlJJOB. AJJR a x rrpHMeHHMOCTH Tpe6yeTcfI JIKWb, 

tJTo6b1 napBMeTpbl peweTKB, 3J1eKTpOHHaR 1YHIDII1f1 p8cnpeAe~eHHH H H8rrpH

xeHROCTH 3~eKTpoM3rHHTHoro rroJlfl RBnfiHHCb MeAneHHo MeH~CH ~

~ KOOPAllH8T H BpeMeHH B M8cwTa6ax Me&8TOMHOro paCCTOHHHH H aTOM

HblX BpeMeH COOTBeTCTBeHHO. 



I. 3HEPI'I1iI A l YHllltlffi rAMaJIbTOHA 3JIEKTPOHA 

l1o cTa DJIeHH811 3 an,a'la BKJlIO'laeT E ce61'! !fJopMyJrnPOBKY He)lil.Hel!Ho~ '1'1:0

plHl ynpyroCTM. Hall.60J1e e yn;06HaR n.nR HanJHX u eJ1ei1 rf,opMa nocJ1e.IUie~1 31lK

.mO'l aeTCH B CJIe)lylO!l\eM / c p. C [2 ] /. J1YCTh cto(,C'i,-t), 0( = 1,::: , 3. 
3JIeMeR TapH.bl e Be RTOpfJ TpaHCJIflUMM KpHCTaJI.llJ.l'IecKol1 p erne TIm B n;aHHol-\ T04

l (e i B f,aHHlll1 MOMeHT BpeMelUl t . 13Be)leM JrOKaJIhHble BeKTopbl 

ct"'-( 'i, t ) 06pa THoi1 p8we Tlill. yn,oBJ1e TBopmoorn.e cooTHorue HIHlM 

- -J <:;: a . a"" = "6. /1/a ", a = oo/fi c(. (, K '-;:, 

en,e~ TtlKlKe I1HBapllaHTHW1 M8 rpl1'lecltIDi "TeH30p" ;}oLfi= aol a./l R 06paT

HW! eMY B CHJlY /1/ " TeH30p" fld..ft , paBH!ii1, no onpen,eJleHHlO, ael.a ft 
JlYCTb. n,aJl ee , ;Vel. - eCTh neJlO'll'!CJle HHble ROOpD,HHaTbl HOHOB pewe TIm, 

H3M~peHlrue B e!\11 !I 11 uax COOTlIe 'l'CTBYIOUIl1X nel{TOpOB nepMO)lM'lHOCTI1 a:~ , 
TaR 'lTO \l'113H'leCIGl ~e C KO"etHlo M~.IlI~t\ / '1'. P . ('\OJlhWOU no cpa BHeHHlO C n e pl1o

nOM p e we Tlill, EO MBJl lli : 110 cpcIBHe mlNl C P: ICC 'I 'OJlHl1eM, HEI l<O TOPOM CYUleCT

Be RHO MeHffiOTCll es nllp 8M8TJlbl / rll1 ll,\epeTIl1WM 1<00pJUiflUT d'i H 3f1,lll'iHHblt! 

MOMeHT Bpetll8Hl1 MOlile T 6blTh 3A IIMC13li B 'Sf1J\e 

IV"'- . / 2/ol"L 0<. 

llpl1 d#~:= 0 3aBr1CIIMOCTh KoopnMllBT 'Z. OT BpeMe llM orrpe.neJlRe TCR,. O'le

BI'l}l,HO, CKOPOCThlO iJ(;Z: , i) pellleTKH : dz=voit . l103 TOMY B oCimeM CJl" 

'l8e BMeCTO / 2/ ~MeeM 

01. i = a"" (iA/1i- -f- if d -t . / 3. 

];o n'IepKHeM , 'l TO BeJlI1'lIIHbl d ""= N "'-(z, t) lffilliI1()TCR O,IVlO3Ha'IHbIMIi \Il~5IMH 
ROop,D,llliaT H BpeM9HH JIHlIjJ, TorM . Kor)J,a p9trb K,D,9T 0 ~erpopMalU1l1 KPHCTaJI

JIa B O'l'CYTCTRHe D,HCJlORaUl1 tl . vlMe HHO 3TOT cJlY'la}i MbI 6yneM B n;8JThHeiUneM 

paCCM8TpHBa Tb. 

TIYTeM HCnOJIb 30BaHl'lR Coo THoweHHH / 1/ 113 / 3/ nOJIY'laeM 

d N d..= aoLd i - {i~ lfeit, 

'l'a K 'ITO 
(i..l = I7N'" if =- - a"" N~ . 4/ 

Tp e ¢yBKllR~ N""-( ~,t ) nOJ1HOCTh~ onpe)leJIaDT, TaKKM 06pa3QM, KOH

¢arypauMD J.I CROPOCT!> perueTKH . I1x ecnO~30Ba~e /BMeCTO TPe x Ko~mOHeHT 

BSKTopa CMe meHI1R/ B Ka~eC TBe RCKOM~ ~HKUe~ 60JIe e Yn 06HO B ~OPMYJlH
pOPKe He~He~HO~ Teop~H ynpyrOCTI'l. 

CJle nCTBHeM cooTHomeHRi /1/ I'l / 4/ RBnff~TCR CJlenylOmHe Bblp~eRBR 

~ BpeMeHHblx rrpOB3BOrtH~ BeRTopoB TPaHCJIRnH~ 

2 

tr"" = -(iJv)Ci", + UiolV)iJ / 5/ 
• '" _ ~ ClV: ~ 

0. - ( • ..-"'n~ """~ 
i --\.V')l/'.i - ()'X~"""'I(. 

ilJ10THOCTh perneTKK paBHa 

p. =M Q-V.e /6/ 
L fT' 

rn;e M - Ma cca ¥l OHOB B 3JIeMc HTapHoii R'leiiKe. )J == dd goL-fi • !icnOJIb3YR 

TOltneCTBO d CJ = - ;; g~fi at 9 "'~ nerKO y6en,l!TbCR B TOM I 'ITO 

H3 cf!opMYJ1 /41./5/ aBTOMaTJ1'leCIm CJ1enyeT ypaBHe Hl1e HenpepblBHOCTI1 

/?f, + olW" p.. 7J == 0 . 

TIpexne 'leM nepexon~Tb K HaxOJKll,eHI'lIO ~rypHpYlOmell B ypaBHeHH~ 

DOJIhUMaHa ltYHKUlU1 raw.HJIbTOHa H R 3Hepnrn l :3J1eKTpOHa, 3aMeTRM 

CJle.n.yIOlllee. B pa3BRBaeMoLi TeopRII npe ll,IlOJ1araeTCR Men.neHHOCTb 1'l3MeHeHMI'! 

BeJIH'lHH 0..,( R;;; B opocTpaHcTBe H BO BpeMeHH H npOH3BO,D,lITCI'! p a3

JIOlteHee no HX npoH3Bo~UM. TIpl'l 3TOM B Bblp8llleHHRX JJ;)lfl H 11 l n;OC

'raTO'lHO yn;eplKaTh J1H1Db 'lJIeHbl HYJ1eBOrO rrOpRll,KB. 13 3TOM npl16JIUeHl1M 

BeJIH'lHHbl H H E COBnan;aIOT C ex 3Ha'leHHRMH E pemeTKe C np0l13

BOJ1bHblMJII, HO nOCTORHHUMH 3Ha'IeHHRMJII BeKTopOB a"" H V • T.e. 

B OnSopOnHO ne~OpMHpOBaHHOM /nepHOD,H~eCKOM/ H paBHOMepHO ~H~meMCH 

KpHC T8JL1le • 

IJyCTb CHa'lBJ1a 1J = O. BOJlHOBaR <WHKUHH :3J1eRTpOHa. npl1Han.nelKamero 

K onpell,eJIeHHO~ :3HepreTRQeCROy. 30He 11 COBepwaIOmero KBa3HKJlaCCHQeCKOe 

~HlteHHe, no~a paCCMaTpI1BBThCR / CM. [31 / KaK <WHKURR ~CKpeTHblX 
Roop~HaT No<. ,rrpl!'leM 

'f(N~t) C'-J €Xp{tS/N~t)] , 

rn;e So - KJlaCCH'leCKOe )lellcTBRe. B nepI1 0nl'l~eCRO~ HenOll,BHMHOH pellleT

Ke, 0 KOTOpoA cell 'lac H)leT pe~h, rWHKUIlIR raMHJIbTOHa, KBK 1l3BeCTHo. 

COBnanae T C :3HeprRei-i e'" E (/CoL, 9"'...) , RBJImomeiiCR nepH01Ul~eCKoil clJyHK
~ei1 HHBBpKaHTHoro KBa3HHMnyJlbCa K... C nepHOn;aMH 2. rr1i, R 3aBI!

came~ OT HHBapl!aHTH~X x apaKTepHCTI!K :3JIeMeHTapHOv, R'le ~ KR, onpeneJ1l'!e

Mbl.X BeTJ.ill'lKHaMH fJ eI.,# • TIpoH3Bon;Hble neilCTBI'lH OpR :3TOM paBHbl 

( ~S.) =_E(K aoL..B) (;}$.) = K /8/
;}f. H'" 0( , ~ ) JAto< t 01. • 

TIPB v~o ne~cTBHe S MOlteT 6bl.Th Halln;eHo C nOMOlllblO H3BeC'!'HOro [4] 
3BKOHa npeo6pa30BBRRR 0}I,H09JIeKTpOHH~ BOJIHOBblX ~KURH npl1 rBJlR)]eeB

CKKX npeo6p830DaHl!RX. I1MeeM 
~ <" __ m v 2 

i) ='>0 + 111 V'l - -2- t, /9/ 


rne ~ - Macca cB060nHoro 9AeKTpoH8. 
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;YTeM ll,J1 t!4JepeHlll1pOBaHHR S HaxOUHM KBa3illiMrry.m,c 

.... ('dS \ T7 al _ oL 

=0P =\d'ijt: = Kot.'lV + n11f a. Kot. + mv; 

OTh"Yna K =a (p-mv-), 11 { YHKlmlO raMWlbTOHa 
al c< 

2eS) .'" m 1)"2 m VH( p, 1.,i) == -l~t 't:; -Ko(AI + E + -2 = £ +- Pv- -2- /10/ 

::'11eC1 E = E ( a... (p - m 7J) ) iJ oL jJ) - n8pHo)J,l1'l8CKaR 'lYHKllHR 

KEa3H Il.MTIYJlbCa p C nepHo 1l:aMll. 2 TT t a'" ,Onpen;8JIR8M!:lMH JlOK.8.iIb-

H~~H 3Ha'leHIl.P.MR BeKTopoB 06paTHOM perneTKIl.. 

3HeprHR 3J1eKTpOHa £" onpe neJlReTCR HenocpenCTB8HHO q,0PMYJlOZ 

npe06pa30BaH!1R l'aJlHJleR 
11'11)"2 

'( 2. + t--Po - +. E ) 

rne ~ - cpen:Hee 3H8'le HHe lI.MrryJl1Ca 3J1e KTp On8 B CIICTeMe C V == O. 

3 TO 3Ha'leHl~e paBHO npOH3.Bene HlUl MaCOhl oJleKTpOHa Ha ero CKOPOCTb, paB

HYJO rrpOH3BonH OH ;1·YHKTlllH raMI1.lTbTOHa no KBa3 HliMnYJlbCY. l:l pe3YJlbTaTe 

r:r = 'W1. dE / ;)?, TaK 'lTO 

_ <JE rnv 2 
c=c-t-»1V-+dP /11/ 

3HeprHR '{ IlBJIReTCR n Epl<lOn:H'leCKOY, IYHKllHei1 KEa3HHMnyJlbCa p 
;-YHKllll.R raMHJlbTOHa /10/ HenepIl.O,UH'lHa . ViMeHHO TaKM iPYHKIlHR 06ec

ne'lHBaeT COBMeCTHOCTb KUHeTH'leCKOrO ypaBHeH.IIR C YCJlOBHeM nepHO,UHt{

HOCTH 4JyHKllWl pacrrpeneJleHllR. ,llei.JcTBIl.TeJlbHO, 3anMeM Kl1HeTn'leCKOe 

ypaBHe lll1 e lJ,jlR 3J1eKTpoHHotl tWHKUHll pacnpe.n;eJleHliR f(p,7:, t ) C ytleTOM 

3J1eKTpH'leCKOrO F. H MarHRTHoro B nOJleU : 

C C 2 

, 
"f 'CJj- 'dH 'df 'dH _ ?!... {e"[ + ..!. [dH B]] / 12. If,<it + '() 'i 'dp dp --;;"Z ~p C (if 

A 

rne I - onepaTOp CTOJlKHOBeHlli'. 

YCJlOBlie nepHO,UH'lHOCTll ~HKUHH pacnpeneJleHllR 

frp'!. t) = f(p+27rt.aol-(::tt) 'l t)
) ) ,I } ) 

COBM9CTHMO C ypaBHelllieM /12/, nOCKO.llbKY q;yHKIlHR, ¢ nrypHPY](llJaR B npa

BOH 'laCTll nOCJlenHero paBeHcTBa,y.n;OBJIeTBOpReT, KaK HeTpYnHO npoBepHTb, 

TOM'J JKe ypaBHeHHIO /12/, 'lTO H f (p, 'l, -t) 
Heneplionw lecKIl.e BeJlIl1{HH~ MOJKHO Bo0611\e IICKJlKl'lllTb li3 paccMoTpeHIIR, 

ecJUI B Ka'leCTBe aprYMeHTa f BMeCTO p BBeCTH BeJUl 'll!.HbI iCoI.. • 

.. 


<l>yHKlllllR f (1<0( ) '( -t) ynOBJleTBOpReT ypaBHeHI1JO 

'df (- - f 'JE-- +- 'If V) f + a V - - /13/Jt a: dl<<<.. 

'Jf {- de - -, e ~e [- - IS-'} l~f- - a - + a eE +- - - Clgl. a . =" 
dKo{ '" ;;<t 0(. C dl<).J' ' 

rn.e -, - .8' - B- me w-I: -tr eE =eE+mv ,- -t-' 

1II ~1¢epeh~lIIpOB8HHe Bcex BeJllll~lIIH no KOOp~aT&~ H BpeMeHlII rrpolllcxo

~HT rrpH nOCTORHHllX Kc( • Bce ¢!irypl1pYlOlI\He B ypaBHeHlIIlII /13/ BeJlll.'llllHbI 

nepHOn;H'lHbI no It", 

,UJlR pa3JlOlteHIDI ypaBHeHliH no CTeneHHM n;eq;opw.aUlIlII CJlen:yeT nOJl01UlTb 

N~=;V"'-u"'- ,rne ;1Ioi.=.a""z (t'" -BeKTop~ 06pa THoi1pe

DleTKli H;.n;eclDPMlIIpOBaHHoro· KplllCT~JlJla. HeJl~tJ:HHa u = a ", u"- RBJlReTCfio 

Torn;a BeKTopoM CMemeHlIIR 06li'lHO~ TeopllH ynpyrocTlII. nH~epeHuHpVR 


no KoopllHHaT8M 1II BpeMe HH, Ha~neM JllllHeHHble no LX OTKJlOHeHlIIR Bce x 


BeJllll'llllH OT lIIX 3Ha'leHH~ B Hen:e¢OpMlllpOBaHHoM KpIlCT8JlJle 


~-o( C::' - ol. au",
00. =. -oa =. - a. - V-=u 

"al. 0" J<t 

~o = - '&aoi.fi=. 2.a"'-. aft IA'
Jalft <'f O'&. ot;. (,1<, 

rne uil<. - TeH30p .ue\f;opMaL\lIIH. JIHHeapH3Y.H (POPMY;ry /10/ , nOJly'lHM 

- (, - dE ) ;)u" -.:..... dEo ) /14/H = E (p) + A' (p) + P. - . - + u (p - m 
• ,I<. ';)p", d x. d P . 

3n:ecb E.(P) Ii A.i" (~) eCTb COOTBeTCTBeHHO 3Ha'leHllR ~HKllI1I1 E(~ p, fJ..ft ) 
II ee np01ll 3BOnHble no !A.' I< nplII U'I< = O. 

~opM'JJla / 14/ 6b1Jla BnepB~e nOJlyqeHa )l .n.)laan.ay 1II liCnOJlb80B8JlaCb B pa

60Tax KOHTOpOBlII'la [1]. 


2 . B!mO,ll YPABHEHM1i LU1HAIM1KM P.l1tl1' f ID1 113 3AKOHOB COX:PAllliHJ1H 

fiJIOTHOCTlII 3HeprHH 1II HMnyJlbCa MeT8.JIJIB B rrp1ll6JlRltemU1 KBa3 111He f.i Tp8Jlb

HOC TlII,. B ROTOPOM CJlenyeT ~)eHe6peraTb TOKOM CMemeHlIIR B ypaBHeHlIIHX 

MaxcBanna, onpe.n;eJl~TCfI \l;opMYJlaMH 
2 

~ =. J;. ~.1. + C/. (J oLfi) + <f f >+ :." / 15/ 

-- dH ..... 'J E / 16 / P =- f, i} + n1 <., _f > =. y v + m..< dp f > 
L "p 

5 
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rne £ ' /I, E 3an8HH COOTHorneHHm~H /6/, /10/~ /11/; ~ ('1"''')
ynpyr~K 3HeprHR HenonBH~o~ peweTKH, 

t. v 

-3 S d<F > =: 2 (27Tt;) OL P F. 

,1HTerpHponaHlle 3neCb npOH3BOMTC!1 DO 30He EpRJIJI103Ha, COOTBeTCTBYlI}

lUe~ JIOK8.7IbHbIM BeKTOpaM a. oL I np:i'leM rpaHHllbl 30Hb! MOlKHO C paBHbIM 

ycnexoM C'lHTaTb I1JII1 He C'IIlTaTb CnBHHYTHMll Ha -m V ,nOCKOJThKY Bce 

HHTerpnpyeMHe B ¢OpMyJIax /15/ , /16/ BeJII1'lHHH nepIlO~'1HH no p 
YpaBHeHllR nnHa MHKH peweTKH COllepJKaTCR B ypaBHeHiIH coxpaHeHHR HM-

ITyJIbCa p ;m'I< _ 
. +...., - 0 , 	 /17/ 
, d x" 

rue ni" - C!1MMeTpll'lHHf. TeH30p n OTOKa HMnYJIbca. I10CJIengHR onpeneJIR

eTcR, KaK 06b!'lHO, YCJIOBHeM , 'I T06b! H3 ypa BHeHllR /17/, KHHe TB'IeCKOrO 

ypaBHeHHR /12/ H ypa BHelrn~ ),l a KCBeJIJIa aBTOMa TIl'l eCKH CJI6ll0B8Jl0 coxpa-

HeHlle nOJIHoH 3Heprl1ll, T.e. paB6HcTBO BHAa 

/18/t+dWQ=O 

C HeKoTopHM G[ . nJIR 4aKTH'leCKOrO HBXOJKneHH!1 3Toro YCJIOBRR He06xo

lrHMO npOUI1qq:epeHllRpo BaTb BHp8JKeHHe /15/ n o BpeMeHI1 II Bb!pa3RTb Bpe

MeHHHe npoH3EollHble OT Ecex EeJII1'lI1H 'lep e3 npocTpaHcTBeHHHe npoR3Bon

HHe. I1PH 3TOM BalKHO I1MeTb B BI1IlY CJIenylOOlee 0 6CTOilTeJIbCTBo. 

I~HTerpl1pO BaHHe no p rrpOHcxoUI1T B 0 6JIaCTH , 3aBHcRlUeii OT KoopnH-

HaT H BpeMeHI1 . !i03TOMY Onep 3llHR < > 11HTerpHpOBaHHR He KOMMy-TaTHBHa , 

Bo06 me rOBopR, C ~epeHlU1pOBaJmeM DO 7. 11 f. • KOMMYTaTOpbl onpeue

JIRlOTCR He KOTop~H lmTerpaJIa~1I1 OT :; YHKilllI1 pacrrpeneJIeHI1R no rpaHHUe 

30Hb! EP'1.JIJII03Ha . AH9JIOr ll'lHIW HHTerpaJII> E03lrnKalOT npH a CKJIKl'leHBH j C 

rrOMOmh lO ypaBHeHI1E /12/ rrOCJIe HHTerpl1pOBaHHR no 'laCTRM /rro p / 'IJIe-

HOB, rrporrOpUHOH8JlhHblX rrp m'13Be neHI1!,) d J /;; p Ha HerrepHOUH'leCKHy. 

MHOlUlTeJIh d Hl a"i . i\BlK.llb/II H3 ::JTnx ,:HTerpaJIOB p aBeH HYJIIO MR MeTaJIJIOB 

C 3aMKHYTO~ 'l ,ICTO 3JIe KTpOHROii rrOEepXHOCTh lO : e pMIi, nOCKOJIbK"j B 3TOM 

CJIY'lae B6Jl113H r pa HI-:.Il 30HH f-PHJI.l1lO3H3 cymecTEyeT !l:OCTa TO'lHO 6 0JIhWaR 

06JIaCTh, B KOTOp0 V. f = o. TIpYi HEUTIl'lllH OTKp tlTblX HJI I1 n!lpO'lHtlX nO Bep x 

HocTek 3TO He Ta K, HO M B o~meM cnyqa e Bce nO BepXHO CTHtie HHTerpaJIbI 

B3aHMHO COKpamaIOTCR . 13 3TOM npOIUS Bcero y6e.lU!ThCil. eCJIH BMeCTO ,j:yHR

URH f (p,:r, 1: ) [I ypBBHeHRR /12/ J.lCnOJIh30BaTb ypaBH eHHe / 13/ ME 

l YRlillru!. f (1<0'- ' 7., to) C YH11BepCaJIhHw.lll rrepllOl!aMl1, npOBeC'fl~ Bce He06xo

UHMtle nll-i,416psHlmpO BBHI1!1 1-\ !lHTerp ],lp OBaHI11l no 'laCTRM , a 3 a TeM B BllPaJKe

HI1.flX nnH rrOTO!COB ii , n,,, BepHY 'fhCR K nep BOH a'laJIbHOMY npenCTaB.:Je

HI11O . :lpl1 THKOM nopHnKe BbI'l11CJIeHri l. nOBepXHOCTHble RHTerpaJIH Bo06IUe He 

B03HilKaiOT. JpaEllJ1hHble E:Jp8JKe Hl1il UJIR a. H n· B o6IUeM CJIY'lae MOJlt
'I< 
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HQ nOJl'f'!11Tb, eCJIH pa6 0TaTb B p -npSnCTaBJIeHtlH II 11MeTh B B!lUl npocTe t 

mHt: CJIY'1a,'1 38MKH'JTHblX 3JIeKTpOHHblX nOEepXHOCTe: ' "'. ep,m . 

nHrf.if; €peHIlJi pyeM 3Heprmo /15/ n o BpeMeHI1, IiCn OJIh3YR ToJt:l!eCTBO /7/ M 

ypaBHeHHR r.,laKCBeJIJI8 

...... 4rr - - 4- /1 9dWB= 0 wi B = - J. 'UJ"f E = - - Bc' c' 

rne j - IIJIOTHOCTh 3JIe KTpIl'leCKOrO TOKa, B CliJIY YCJIOBHR 3JIeKTpoHs i. 


TPaJIbHOCTH p aBHaR 

..,. d t 

J 	 =-e<'Jp f> /~c/ 

DOJIY'laeM • • 	 . 
~ .... ~ v 2 J'. _ l" _ .!., .... (dl: . 
c: = f. v v - - ~p v + C + In 1f v(f> +- m 1f -=- f> + 

I. 	 2 • I- 9p 

..:. 'dE. . . _ • . _ _ ~ 
+ mIT <~p -J> + (t f> +- <£ f) - cI.M.r $ - E j 

/21/ 
rne S - Be RTOp 1I0 $) HTI-\Hra. 

I10CKOJIhKY E = E (K", ) ;J 01-,$) ,r1e j( a. (p - mv)
ol ol ' 

npH p = c.ons-i: HMee~!: 

/2;;. 
I ~~ {.... -.1- - -,-] 1 -"".I-fiVvE = - (p-WlV)Ola - ma ,,-tI +2/1. RCl Ola. 

~"-' ol '" "'-..r 
3 neCh 

AoLft (P) = eE/djolfi) K .... 

:lcno.l!h3YH TO)f;ueCTBO / 22/, H8XOlHM 

• _ dE -=. ()V; ('dE JEd!
E = - (v V)E - m. -::- v+-- p -- - m if. - .. W1 t r - 

dP ~xl(' (J p", ' Jp« " J.<:. 

-	 2) a"'-a fi )
c<.fi , " . /<.. :j 

t.HaJIOrIH HlN. 06pa30M rrpe06p83yeM Bp eMeHHY !O npoH3Bo !IHYIO OT y npyr o ,. 

3HeprH],l peweTKH 

)0 - l- dlF ... . c == - (v' ? ) c - ~ 2cr- a . a..-" 
.. ' L d X" oLfi ' K 

r n e () = dE jdQ"'-t
o<.Jl 'if' 

J o ncTaHoBKB B / 21/ nOKa 31>EaeT, 'lTO npOv.3Bo nHa !1 ;f; BX0 1U1 T B BlJ

paJKeHHe IUI!1 t C TeM H-e K03:;. 'pmYJ e fiTO'~ , 'lTO n B BfJpal!leHiile if p 
KOTopoe MO;tRO nOJIY'!HTb lI'jTeM U11i,~peHIlHpoBaHl1R 'iOpMyJl~ / 16/ . 3 TO naeT 

B03MOEHOCTh JIerKO HCKJIiO'lHTh iJ • hlJpa;;[M 3aTer-:. P J.i j 'lep e3 rrpo

CTpaHCTBeHHbl e npOl13BOl!HHe C rrOMOlUhlO COOTBeTCTEe HFlO ypaBHeilll .. / 17/ YJ 

12/ , nOJIY'!HM nOCJIe HeCJIO;1l;HblX npe06pa30Ba HHi~ 

. I"{- 'J H z- (n t) d]t 	+ OU/lr 'If ~ + ( £ - f >- :!!... P +- v . + . + S == 
L 'd p 2 I< '" < K. 
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= ;;1f~ f n. +-tu -J v . 1( -I- ~ (v-.J- -I- tr j . ) + [. ~,· v 
d Xt( l LJ( L r. '.... e 'I( K (. l.. ... 

-2~fta~a: - 2<,\".)f>0.~o.:J +- <Eif>, / 24/ 

rne til< = (111m) ( B, 81< - I B2 S,,,, ) - MaKc:aeJIJlOBCIrn~i TeH30p 

MarHHTHoro nOJIR. 

o c JIY'Iae, I<or Il,a i eCTh onepaTOp yrrpy r Hx CTOJlKHo:aeHI1"1i 3J1e KTPOHOB 

C ne i eKTB MH perueTIrn I1JIH MelK.IlY C06011 , I'lMe eM (E if > = 0 • fIPM Ha

Jll-l'!!HI 3J1eKTpoH-;toHoHHblX CTOJIKHOBeHIDI 3JJeKTp OHHBR 3HeprllR He coxpa

HRe TCR. a HeoCixo ,uaMO BKJl lO'll-lTh B p a CCMOTpeH loIe \fJOHOHI:<. Bce npeJJ:blJIYIllHe 

y p aBHeHl-IR, BI{.IllO'laR KIIHeTl-I'l e CKOe ypaBHeHl!e / 12/, I.aKTl-I'IecIrn nplolMeHIoIMb! 

K mo6bIM KBa3!-1'1 BCTIIuaM B KpHCTaJlJlaX H. B qaCTHOCTlI, K -i'<lHOHaM. nJlR 

y'le Ta ¥lHOHOB B 1l0PMYJIbI , coneplKalWle I1.HTerpaJltJ OT 3JIB KTPOHHO~ tJ:yHKOKH 

p acnpeueJleHHH. 1l,OCTa To'lHO nonCTaBWl'h C'jMMy cooTBe TcTBynu HHTerpal1X 

JlOB OT 3JIeKTpOHHOH 11 ,tOHOHHOii IWHKl.lH~ p acnpe,n:eJIeIlI!.H. G.ne,n:yeT. KOHe'IHO 

BClOnY y'!ecTh, '1TO lI)lR tP:lHOHOB ..", = e = 0 • lJocJIelVl l1 i1 '1JIeH B 4lopMYJIe 

24/ n p j.J 3'£OM Ciyr(eT paBeH cy-MMe (Ei+> + (c ph i p. f p4 >. 
KOTOP&R oCipalllaeTcR B HYJIh B CHJIY coxpaHeHHR c~~apHo~ 3HeprHR KBB-

3>1'laCTJ!.ll. 
CpaBHeH»e /24/ C /18/ ~aeT B03MOlKHOCTb onpeneJIHTh H6H3BeCTHHe no

TOK» 

d H '1f2 
Q. :: 'lI. C + ( E ~ > - -2 P +- tr (fL t- tu) + S· 

, L. d P,,' &. I< ,,.. ",..,. ,
'" /25/ 

n,;K. =:. - (.1( + fV: v:: + 2 a:..) o..~ a: -S. ~K + 2 <Ad) f >a,:~1. a:
- ~ (tf. i", + VI< j,) . 

e ' 

OJIHaR CHC1'eMa y p aBHeHRM UHHaMHKH Me TaJIJIa COC1'OHT JlI3 IrnHeTH'leCKO

ro ypaBHe HHR /12/ ,. ypaBHeHHR coxpaHeHHR ll.MnYJIhCa / 17/, ypaBHeH~ 
~aKcBe~a /19/ H YCJlOBRR KBa3HHe~TpanhHocTH. ITOCJleAHee BMeeT BRU 

( &: / "" ) f~ =- <f > , rll,e"2 -cYMMapH~ 3apHlI, HOHOB 3J1eMeHTap

HO~ fft.je ~ KR . fIYTeM n epex oll,a 3neCh K HH1'erpRpOBaRI'110 no JlIHBapHBH1'HOMY 

y.Ba3HI!MnyJIhcy 1<- ... IJOJIY'IaeM <:f >= f f/Il. <f >... rne 

(F' >=2. (2.rrf;y- 3 Sct l 
/( F. 

fIo~cTaHoBKa Bbl}l8.JKeHHH / 6/ lI)lH IDIOTHOCTlI peme TKH n09BOJlRe T n e pe IIB

caT!> yCJIOB!~e KBa 3IDleh p8JIbHOC1'H B CioJIee y ,nOCiHOa qpp Me : 

(f) = 2 = COt'l s -i: . /26
K 
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3. Il:10THCCTb TOKA B .llE ";OPi.U1Pjn~OM MEl'AllJIE 

B CJIY'lae PlC'1e3alOIlle M8.J10M MI1HH e cBoCioUHoro npoCiera 3JIeKTpOHoB 

peweHHeM IrnHeTj.J'leCKOrO ypaEHeHIIR RBJIReTCR JIOK8JIhHO paBHo B6cHaR ~YHK-

[illR f =- fo (€. - / '-< (i , t:) ,rue .JA-(,z, -t) - XHMll'1eCIrnM nOTeHIU!aJI , f. -
epMll.eBCKaR ZtyHKI.rnR /MR npOCTOTI:< CqHTaeM T = 0/. 3aBll.CI1MOCTh 

OT KoopuHHaT H BpeMeHII onpeueJIHeTCR YCJIOBHeM KBa3HHeHTpaJIhHocTj.J /26/. 
B CHJIY CHMMeTpHll. OIUlOPOUHO ne,PopMj.Jpo:aaHHOv. perueTKl1 OTHOCll.TeJIhHO 

l1JleOCipa30:aBHHR HHBepcHH nJIOTHOCTh TOKa /20/ B COCTORHIHI C f = f. 
oCipamaeTcR B HyJIh, a BMeCTe C He~ - H nocJlerumj;j '1JIeH B Bblpa 'KeHI!.H 

25/ lI)lR n ~ K. • Ilpe,IUlocJIenH !'~ 'lJIeH MOlKHO npeoCipa 30BaTh CJIe.IlYlOUUlM 

oCipa30M. 

BU'1I!.CJlHM npoH3BOUHYlO no fjol.P OT nJIOTHOCTH 3JIe KTpoHHOi: 3 HeprHli 

E -1<2
d = <E fo > = 'J <E fo >1< . 

l1MeeM 

~ - ~ 'j '1 
cJ([---,,)dE~e d3 -(l2{ 0'. } 

=~!Vf d;j"J + J ( )".q,f.>K + <E TE :/joi..! >K .d~"') 

[ocJleQHl!.iI 'IJIeH B q;j.JrypHo~i cKoCiKe o CipalllaeTcR B HYJIh B CHJIY 'b -oCipa3

Horo xapa KTepa np oli3BoUHOH d fo jaE H yCJIOBI~H / 26/ . B pe3YJIhTa1'e 

no;ryqaeM 

dE~! 
T{ E ~e 'jcL.fi + <)"'j 1;. > . 

alJ"fi 

BHJJ:HO. 'lTO npennOCJIeUHH~ '1JIeH B Bblpa~eHRH UJIH l7i K 06YCJIOBJIHBaeT 

B paccM8TpHBaeMOM cJIY'1ae nepeHopMHpOBKY tl.. ~ Cl.. rEet 3HeprHJlI, 

I! ypaBHeHHe /17/ nepexolUlT, KaI< PI 1I,0JUlUiO CiI:<1'h. B OCiH'lHOe y paBHeHHe 

HeJll!.He~HO~ TeopHH yrrpyroCTH. 

,llm! Bl:<'1HCJleHHH nJIOTHOCTH TOKa He06 xonHMO mpeh TH K CJIe.IlYll:IleMY no 

fie npHCiJIJlI~eHHJO >I yqec1'h OTKJIOHeHRe ?;'f q;YHKUH H pacnpelleJIelt>1R 

OT ~OK8JIhHO-paBHoBecHoro 3Ha'1eHHR fo . BU'1HCJIeHlie bf yaoORo 

rrpOl!.3BO.Il,liTb, HCXOJJ:R H3 KHHeTR'leCKOrO ypaBHeHHR /13/. fIOnCTaB~ B He

ro f = f +- 'b f H yll.eplltHBaR l) f- JlI!.IDh B HHl'erp aJle CTOJIKHOBe Hlll! 11o ._ 

B 'lJle ne c n OJIeM B " nOJIY'1 ll.M 

-. :Jf. ( . £-, ) J"<:-f () ";;1 de e 8- '[ - - a - e + ll .u -::. 0 + - - - a a / 27/ 
oI.()K", r 'J~ i1 'Sa C Ol"fi 

., 
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B ~eBoH ~aCTH 3 TOrO ypaBHeHHR orryweHu ~~eHU, ~eTHUe OTHOCHTeAbHO 

HHBepCHH 1<" _ - K", • 3 TH '1~eHl:l 6U~H 6u CYllleCTBeHHu llpH BU'IIlC~eHHH 3~eK

TPOHHOii BR3KOCTH. B Bllp8lKeHl1e JKe llJIR TOKa OHll EM8n8 He n81OT. i13 BH.na 

y p8BHeHllR / 27/ HellocpencTBeHHO c~e.nyeT, 'ITO ll~OTHOCTb TOK8 paBHa 

--:" A _ {- / -- f eI()(B- !!'..f.rurfiJ) £ +- -fv-B]+- -Vil + In ~} 	 TEMATH'IECKHE KATErOPHH J1YBJIHKAl.MRJ = eeL e / - e oI.-t 1 

06DE~HHOrO KHCTMTYTA ~PHYX 
r ne d if/ d ,t =i; -/- (if v) 1J ,6- ( B) - TeH30p npOBOUHMOCTH Hellorr.BH~oro 	 MCCJIE,l{OBAIiHR 

OUHOPOllliO-'le iJ;OpMJ.l pOB8HHoro Me T8~~a. n~OTHOCTb 'fOKa, K8K H Il,O~I!;HO 6hlTb 

B He j.! Tp8~bHO i1. Ci1CTeMe, r8~v.~eeBC KJl\ - J.lHBap J.laHTHa. 

B 38MKJ1!e Hll e BhlpalKaSlvl 6~8rouapHOCTb fl . b . 3 eAbuoBI1'1Y, M. V1 .1{ar8HoBY, 

jI . n . ITJ.lTae BCKOMY 11 IO. Il.ilIapBI1HY 38 no,ne3Hoe oOCYllOleHfl e pa60TU. 
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B OthoeAMHeHHOM' MMCTMTyTe IIAeJ)HioiX KCcneAoeaHMM Ha."'an 
BWXOAMn> cfiopHMar: "KparnKU.e coo6fiiB1Ul.R OHJIH". B MeM 
6yAYT no~aT•CR CTaT.K, COAeP•~Me OpMrMHanbHWe Hay~e, 
HaY"HO~TeXHM'IecKMe, MeTOAM'IeCKMe K npttKJlaA ... e pe:synbTaTW, 
Tpefi)'IOUIKe cpo"HOM ny6nMKaqKM. 6YAY"K 'I<ICTbiO 11Coo6ateHMM 
OMJIM11 ,. cTa~n.M, ao.eA~UMe a c6opHHK, MMeiO'T, KaK M APYrMe 
H:S.qaHMA OM11M, cTaTyc 041HqManbHWX ny6nMKaqMM. 

C6opHMJ< "KpaTKMe coo6a&eHMR OM11M'" 6yAeT awxOAMTb 
perynRpHO, 

The Joint Institute for Nuclear Research begins publi
shing a collection of papers entiUed JINR Rapid Corrmmi.
oations which is a section of the JINR Communications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques and methods. 
Accelerators. 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. liquids. 
Theory of condenced matter. 
Applied researches. 
Being a part of the JINR Communications, the articles 

of new collection like all other publications of 1 the Joint Institute for Nuclear Research have the status 
of official publications. · 

JINR Rapid Communications will be issued regularly. 

A~pees A.<!>., IlymKapos ,U.H. 

YpaBHeHHH ~HHaMHKH MeTannos 

Pl7-85-487 

HaHAeHa CHCTeMa TQqHb~, HenHHeHHb~ ypaBHeHHH AHHaMHKH Me
Tannos, COCTOHwpH H3 CBJ13aHHb~ Me~y C050H ypaBHeHHH TeOpHH 
Ynpyr ocTH , KHHeTHqeCKOrO ypasHeHHJ1 AnH ITPOBOAHmHX 3neKTpOHOB 
H ypasHeHHH HaKcsenna. Bt>Jl.!HcneHa rrnoTHOCTb 3neKTpw~ecKoro TOKa 
B MeTanne rrpH Han~HH rrpOH3BOnbHOH, 3aBHCHmeH OT BpeMeHH, ~e
cPo IJMaLUfH • 

Pa6oTa BbmonHeHa a fla6opaTopHH TeopeTHqecKOH ~H3HKH OKqH, 

flpenpHHT 06beAHHeHHOro HHCTHTYT8 RAepHWX HCCneAOB8HHA. ~y6Ha 1985 

fiepeBOA aBTOpOB 

Andreev A.F., Pushkarov D.I. 

Me tal Dynamics Equations 

Pl7-85-487 

An exact set of nonlinear metal dyn~ics equations is ob
tained consisting of elasticity theory equations, the kinetic 
equation for conductivity electrons and Maxwell equations. 
The current density in metals with an arbitrary time-dependent 
deformation is calculated. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1985 


