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I . BBe,l\6RHe 

BCKope n OCR e C03)1B.HHR KBaR TOB OH an 9KTpO)llfHaMMKM ~epYH p e~R 


cRe.llY1l1IIY1l 3a.)lfi'Q (I ]. ,UBa a TOMB. S If J) pnC nOJloJ:eHY liB. paOCTO SHHH 


R ,l\pyr OT .IIpyra. B MOM9RT t = () liT 014 S B036YI:)\8 f1 , B. TOM .J') 

HeB036Yli:)l eH , 41oT oH OB ReT . 3T O COCT OlillMO 060311fillHM I S /I:J) >. 
BlillllfCRReTCR alooln JlI!Ty,ll1l BepOIiT /lOCTH a (t) ItUhTH 8 NOlJeHT t CO

CT ORHHO /S 9)") S II e8036YJ:AOII , .2) BoaClYJ:A9H, !JlOTOH OB He T. 

n epe,ltB.IIU 8 0 aOYI:)l01I1II1I 01 Sit:/) OCYlllPCT8RllerCR nYTel4 IIIcnYCKa-

HMII 410TOIl1\ I\T0I-10),\ S 11 ero 110rnOllllllUlJI 111010101.1 2J • ~epMI1 nOily

~HjJ, B COrJIfICHI1 C pUJIRTHBHCTCKOII nllllllHJlllOCTbll, liTO att) = 0 
np" t< R • O,llHILKO aTOT 1I03yJlb'NlT IIBIIIJlCIi CJlO.ltCTBfIeM CJle)lyllmero 

yn pODtelHlIl B pUCIIO'fO. :inJ.l94flll, 'ITO OCH08HOlt BKnll,Jl B IWTerpa)) no 

3Hepr HI1 I< OOlolelllJOrO !flOTOHe. BnOCIiT I< ,OJlllaKKe K Es.. - £s 
~epMH I(ATSrpllpyST n o /( He OT O,llO oD ,11 OT -01> )10 T <>p . 

Ho HHTerpan MOI:AO 8Y"MC))1411> H Oe3 :noro y npOtlleRHII,1l TDr.lta a(t)IO 
npM t < R [2] . 3Tfi Tpy~OCTb o6cYJ:.ltB.naCb B i1fITepB.TYpo C paaHYX 

To~eK 3peHH8, ( c~. pB.aAen 2 B 0630pe[3]).Mw o~pa~eM BHHMa HHe Ha 

B6.J:HYIl pa~O TY ~eppeTTI([4J. OH YXB.aaR, I/TO ~ep~ He yl/eR CJleAYlltllile 

06CT08TeJrbCTBa: 

a) ATOM JJ 1A0l:eT OKa3aTbClI B MONeHT t B Boa6YJ:,lleHROil. 

COCTOIlHHIl £).. , )lal:e eCRH aTOlL S Bo06ll1e OTCYTCTBOBaR. ,UeRO B 

TOW , 'ITO COCTOR RHII B.T OMOBI1 ~OTOROB,KaK 06WIIHO,On fIClilBallTClI C06CT

B8HHHYM BeKTOpaKM CB060~HOII I/6.CTI1 Ho n onHoro raWHJlbTOHHB.RB. H. 
T B.K HaalilBaeuwR BHpTyanbHliI1 nepeXO,lt iJ-+:tJ*+{ IAeuy TI1KJIlm 

COCTOIIHHHWH HUee T ReHyneBYIl Bep08THoCTb. 

6) QT06w 31'1perHCTpHpOBB.Tb KORe'UlOe COCT ORHHe /52·, He 

~OTOROB) , HdAO paCnOROl:fITb no BC9MY npocTpa RCTSy CqeTqH~! 

410ToHOB II oToClpaTb cRYl/all, KorAa ORH RHQerO He 3aperMCTpHpOB6.RH. 

O.JUIaKO ,lt8T8KTOP CKrHI1J16. ~OJmeR ClJ.lTb JlOKallH30Ba H B KORe~H014 06"eIol6'). 
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peppeTTl1 nO,lltlepKHYJI, tlTO CJle,llyeT MSMepSlTb TO Jl bKO COCTt'lSlHHe 

a TOMa:J) ,He perMCTplfpySl 4!OT OHOB. 'l' a KOM Y HSM epeIl IH ) CUU 'J I U·J' CTIl y

eT HHKJlDSHBHaSl BeJlMtl MHEl. 

2"'"r \<.2>" .s ,., nr l u (t,()) I SIf.~>i ~ ) 

3 ,1leCb Uft, CJ ) - on e ptll'Op 3BOJlIlU~1 11 , PU Il I I~ A U p( - ,·H t ) 

B llIpe,llI1HrepOBCKoJ! Kf1pnI Hll; ~ . S", ny OO tJ3 IiU.tlU(JT COCTOIiHI1 e : 

"AlO}'! S Hf1 XO)l,11 TC Sl B O,ll IIOM 113 no 31.1 0:111 hi X COC T OSl HMIt.5", , a TOM 

2> B CO CT OSl fl MM iJ· , I1Mee T CSl n, ¢O TO Il OB " . 2:"' ~r OSHa

tl a e T Cy!.l.W!P OB fl.Hlle no COCTOSlH MSlM S,., 11 no Bc eld n. (a TaKlI:e no 

BceM COC TOJlH1UIM n CPOTOHOB ) . B epoSlT AoCTb (I) He paBHa la(eJl2= 
=\(S 1J" /U lt,() IS +2» 1 ,Ilaxe B nepBOM HelfCtleSEl.DllleM nopSl,llKe 

e:l. TeOpMI1 B0 3MYllleH Iflt. JIeI! CTBI1 TeJJbHO, (1) cO,llepllllT tlJleH, 

COOTB eT CT By Dll\MI! n epeX O,llY .s".z> --- S:b" rr S I1cny CTI1J1 cfio TOH , 

:l) TOll:e I1 CnY CTl1n cPOTOH 11 K TOMY lee BosclY.lUIJlCJi. 3 TO BIlPTYEl. JlbHhll! 

nepeXO,ll, e r o BepOllTHOCTb MaJJEl. , HO MaJJ II BeCb aKaY3a Jl1>1Ih1R 3(jxflaKT. 

OrTllCaHHOe 13os6YlI:,neHll e l) ,O,ll.Ha KO, Ha caMOM ,neJle He JiBJlSleTC Sl 

CJle ,n CTBM eM EatlEl. JlbHOrO Bosclyx,n eHJ1 Sl S • 4TOcl~ He Ytll1ThlBhTb Ta 

Kl1e "cl eCnplltl llHHhl e II ne p e xo,nhl , cp e p peTTI1 npe,llJlO lllI Jl liS ( 1) BLI\lOCTb 

TaKol! " cPOH " 

2.."( \ <:l;"""/'I{ I U(t, O)\ 2»I L ( 2) 

(T .e . 0) cles aT OMEl..s ). PaSHOCTb (I) - ( ? ) y r!'epp C"!' TiI nO JlYtl iI-

JlaCb PaBHO It HY JIl) npl1 t < IZ.O)l,HaRO .lVlJi npo CToT hI OR n po)teJlaJJ paCtleT 

.lVlJi npOCTpnHCTBeIlHO-o,1(HOMepRoro cJlytlaJi: B Ka«eCrne • aTOMOB " 

S 11 2) clpaJJl1Cb ,lJ,Ba TI1I0CKIlX CJlOIl (l1 J1aC n lHhI ), T OHKI!e B OAB OY 

>l3MepeHI1Il >I OeCKOH e tlHhle 5 ,lI.BYX ,lJ,pyr>lx. I~ IICTOqHHK H ,IleTeK-

TOP ClirHaJla ,IlO)lllHIII OIllTb 1I0KaJlV1S0BaHII 5 KOll e tlll blX Ocl1.eMa'(. n eRCT

511T eJlbHO, per l1 Cl PllpO DaHl! e 4laKTa BO SOy lrJt6HJ.1l! 6eCKOl:letl Ho lt 1111aCTI11111 

TpeOy eT Oe CK OHetlHOrO BpeM eRIi . IAOll:HO, 1(OHetl II O, CtIi1TflT b, tlT O p eppeT-

T>I n OJly qMJl Ka ysaJlb Hhllt pesYJl bTaT M il" 1+j 3J1eKTp0.l1 IlHaMUKU , liD 

3a ,lJ,a tl a OCTaJlaCb HepellIeH Hol! ,lJ,JlSl peaJlbH olI pi:131.1ep HOCTn 3·1 
K Ha CT Olllll eMY Bpe M8H I1 Ka Y Sfl 1lbH hlIt pe3Y1Ib Ta T nOJJY 4 eil )J,Jl ll 

APYfllX n OOTaHOBOK sa ,lJ,a tll1 0 CKOPOCTH CHf HflJlU (3). B HIIX 110 T04HIl

K014 CHr Halla CAy ll:l!T BK JJ DtlaeMhlA BHellIHKI! TOK >I !ln nOTeHn ila1l. 

B pa3,1leJl e 4 3T Ol! paclo TbI MhI nOKa llBM u Kfly sa JlbHo cT b pellieHIlSl 

sa,lJ,UQI1 P 8pM>l4> eppe TTH (M» B cJJYtlae Ha CT Olllll ell 3 +1 3J1eKTpO

,Il>lHa MIIK>I . )i JlSl Bhl Sl CH eH II Sl n p l1411H hI TaKoro peSYJlbTaT a B pas,lJ,ene 3 
pemueT c 8 3a,lJ,aqa , OTJlHqflUlllaJiCIl OT S8,lJ,atlll ~p !I>lllIb TeM, tlTO B HeR 
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paC OMaTpMBaeTCR KOHKpeTHbllI MeXaHH311 BosdYlI,lJ,eH>lSl aT Olla S 
nOcpe,lJ,CTBOIJ IlUJlOXeHI1Sl BHe umef o n OT en UIl8.Jla , BKJlll tlfieJ.:OfO B 110/.18111 

t =0 • Pe3Y Jlb TflT OKa3hlBfl eTCH xaY3f1JThHbll.I. fla aT OM OCHOBaJll11l Mii 

SliKJlDtlael& , qTO BosclYll,lleHHblll aT OM S , 411l.fYPI1PYll11U~ 1l 13 nOCTaIJOBKe 

SU,llU'll! oM> , He )I O:leT paCCMaTp>lBaT bCII KUK ,lJ,OIlYCII114aR annpOK CIIMa 

UIlR peaJIb H Of 0 HCT Oq RllKa. CllfHaJl1l. . 

1.:hI HatllfHaeM paS,lJ, 8J10M 2, B KO TOPOl! BBO,lJ,I!TCSl 06061'lell>l8 f!OC Ta 

H0 5KI! ~,lI,a tll<! eM>, n03BO Jlllllllle e ynp o CTHTh ,IlfiJlhHe lllllee I1SJlOll eHII8. 

2 . Ql!Q.Q~!!.!1Lno~QA!LoI?eill!>l4>~PHeTT>I 

2.1 . PaCCM OTPIfJ~ npoeKTop n, ... Ha B036ya:,IleHHOe COC TORHile.21" 

,lleTeKTOpa 

nt; ... -: 2. In"f JY;"S", nr>< 1;·S", nr I. 
B8P Oll THO CTb (I) lJ Oll:eT 6h1 Tb rrpO~ CTl1llnt;;lIa KUK cpo ,llll oe OT n~. 


B COCTOJiHI!I1 If: U(t,O) IS·~> . 3TO Cpa~lIu!: MOJICT cllln ,lJ,aJlee 


rrpe,llCTaBJl8HO KaR cpe,.u,Hoe OT ruI13clldopJ'OIlCKOI'0 OTlOpnTOpa n,S.(t), 


1l1:l'lI1CJl8HHoe B Ha4aJtbHOM COCTORIIIII1I 

<U{t,O)!fJ~1) IIll). U(t'O)/fst> >.: <l/'.s·~1 n~.(t) rS&2J>. 
(J) 

E CJllf llili luacol.l fVlCllpe,lleJlOlllle no 3110pn!SlM E..z, aTOMa 2) 

B MoueHT t , T O (3) clY,lleT 311!ltlell1'l81A noro p a cn pO)l,CJl eHll Sl B 

T O'lKe E6J = EJ/I •• 
2 .2 . CJle)(yeT C'lIfTaTb, tlTO C11fHaJl n pll llIeJl B 06JIaCTb V.z, 

B TOT MOhleHT t , ItOf,lla a T OI! ~ OKa:leTCH B Jlllcl OM B0 36Ylt,lleH-

HOt! COCT OllH~IH ( He T OJIbKO B Y;" ) I!Jllf Bo o clllle KaK-T O 1l3t.1eHI1T 

CBo e COCT OSlHHe • B 4 aCTHOCTI<!, CBI1,lJ,eT eHbCTBOM n pl1XO,lJ,a CHr HaJla 

140:leT CJJYI>lTb JlIl6 0 e >lSMeH eH He B pa cn p e,n elle Hl1ax no K OOp,I\KHa I e i$ 
HlII! no HllIIYJlb Cy P 3 J1eKT p OHa l> . BbltllfCJleHlle pa cn:pe,lleJleHI1I 

n o a I'l P .n;a eT OOJl e e ,!l;eTaJlhllYIl HH!fl 0 p.IB.UI!I) 0 COCTORH!!!! a TOMa 

~ , tleM ( 3), 11 K TOMY :18 OKa 3YBa eTCil np o~e. 
2. 3 . Pa cnpe,ll eJle H>le I<)I I~> /: n o c06cTB eH HYU 3HaQ eHIUIloI )( 

on ep aT opa Q UOlleT 6101Tb npe,ll.CT El.BJIeHO MK Cp e,llHee OT onepaTopa 

IlC)<II", ; 
I (lCl lf) F = <1fj)c><X 11f>. 

.nJlSl n p OCT01'Ll Mil p a CC14arpHBaeM TOJlbKO OAHY KOMnOHel'lTY () 

B eK Topa Q . On epaT Op '~~~lC l MOlle T 6h1 Tb n p e,ll CTEl. BJleH MIt 

OJle,IJ,yllmall" !flYHKUHB Q: 
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I s- - tlCrJ. " QrJ.IX>(II' I ;:: 21i __ dd e e :: 11 (Q, )() . ( 5) 

,U eIlCTBI1T eJJbHO, Jtll da fl cIlYliKUH8 () I.IOll8T C!hl Tb Onpe,ll;e JJ eHa C 

nOM01l{b ll pa 3JIOlleHHfl Q n o npoeKun OHHh1I~ onepaTo paM Q= Jd.,. \I<)x <_I ,~/ 
B qaCTHOCTH, 

r ... 
€. 'JC (J l Qri : til( 111' '> e.wp,'}(oI, <)( I.f-.,., (6) 

C llOMOlljb1l ((j) 1l0JIYllaeu 

n(Q,'<HF =2~ Jdd e-ix"'j'dJx ' 1X" >ei.( IO« )(' I'f')~I">( )" ' Y'>' ( 7) 

3aMer l1M , qTO l/' B (7) MOJ(er dhlTb n p 0I13BOJIbHhl14, JIl1ll1b Chl 

MOlOlO ChlJIO onpaB,ll;aTb HCnOJlb30BaHHYil B ( 7) nepeCTaHoBKY n opll.n;Ka 

~IHTerpl1pOBaHHII. TaKID.! oCpa30M ,( 7) eCTb COJI ee TOqHall tPOPMB. (5). 
2.4. I1TaK , pa 3HOCTf> Q;eppeTTl1 ( 1)- (2) IIBJIRe TClI qaC~HIiUd CJIY

qaeM pa3HOCTH Bll,lI.a 

}II. ={U(t, o} rs..~) /1 U (t, oj tfs"~ >- <U (6, 0) ifs:/J , 11 U ~, u) ifsz, >= 
:. <S"2l I n (t) I 5"2) >- <S2l I n tt JI S 2> } (8) 

n [t)= U t It, 0) n U (t, ,'1 ) , 

3.n;eCb U(t,O)=€Xf{-iHt), a n-JIDCalltPYH KUHR a H P. 
OnepaTOp n B (8) MOlleT ChlTL He npoeKTOpOl~, a HeKoTopol CTeneHbll 

Q ,HanpHMep. Tor,ll;a M CY,ll;eT xapaKTepH30Ban H3MeHeHHe MOMeH-
T OB pacnpe,ll;eJIeHl18 no Koop.n;HHaTaM . fel3eHCeproBcKHH onepaTop n(tJ 
RBJIReTCR cIlYHKItHell reA3eHdeproBcKHx onepaTopoB Q(tj H Pf!J: 

ntt) =U+ I1(Q, P)U =n (U+QU, U+ PU ) = n{ O{tJ,I P {f)J. 

I+i---
Mil Ha3hlBaeM (5) npoeKItH OH HhlM on epaT OpOM. DAB aKo BaCTO Bll1l1IM 


np o eKnH OH HljI,a on epaT OpOM 8BJJR eT CR, Ban p m4 ep , nl) :' ~ d.. \X ><.,.1 

OB HMeeT CBol1CTB O n; = /14 11 npoeItl1pyet Ha npOCTpaHCT-


BO codC TBeHBHX COCTORHIII Ix ) on epaTopa () , TaK,IX,'lTO '(f;£l. 


EOJIee KOppeKTHHY ClhlR O Chl nHcaTb 3TO pa3JIOlleBHe B cpo~ e 


Q:: J II d Ex , H3B eCTB 01 113 !IlYHKIt>lOHaJIbB oro aHaJIH:m. Ho Uhl Oy,ll; eM 

npH,ll;epd BB.TbCII npHBhJlIHOR .JVIR cpH3HKOB 3amlcu. 

4 

"<P OH " B en ) COOT BeT c TByeT C1lY'lalO, KOr.lltl aT OM S He OblJl 

no sCYJr,l!eH. OTMeTll t.I , 'l TO y <I>eppCTTI! ,ll;pyroe onp e,ll eJlellu e " tPOHa " . ;.:10 

nOlt!!. xeM B KOHIte nYllltTa 4 .I, nO'leMY ero Henb311 I!Cn O,1.b 3 0 BaT b. 

3. !1£!Q~.!fK CHrHaJlB. - aTOM, B0 30ylit)(ael.mI1 BHeWJl}\I.! noneM 

J . 1. I.l bl Hcnonb 3y eM Hepe JIRTHBli CTCKoe Onl1Ca lHle sneKTpOH OB , 

nO CKOJIbKY OHO Be,n eT K (JOJIee npOCThlM If Ha rflll.llHI:l11 iflOPMY1l8 M n o cpaB

BeBHIl C peRlITHBI1 CTC KHM. f ru,IHJIb TOHUB.H 

I 2 ~ .- ~ 

H-=- 2m [p -eA..I (9)] ~ W(1! -t 2~ [P -eA1(Q)r· + W(Q)+ (9) 

+ e' I J [- ...'7j 1i-QI + I cLl" E;(i)'T H"UJ] 

OnMChlB8.e T JUlI1 3 J1 0KTpOlla, n aaIDJ~eActllYIllU).1X C KBUHTOBaHHblM 3JIeKT 

pOlJarHIITHW nOJIeM, (CLI. IIMP.i5 ).:JJIeKTpOHbI JlOKUMI30Bfl.Hhl nOTeaUHa-

JIaUH Wli J II W( Q) COO'l'BeTCTBeHllO B OO JlaCTRX 'Is 1\ ~, 
BhlOpaHa KYJIOBOBClt8.lI ItB.JIl10POBKB., d,v AJ. '" 0 ,nOTOMY qT O B He l! 

OT CYTCTBy eT ,ll;OnOllHHTellbHoe YCJIOBl'le J10peHUIl H CBlIsaHHhle C Hma 

npoOJIeMhl. OTHOCHTeJIbHO JI OpeHueBCKoR KB.JIHClpOBltH CM. ,naJlee nyHltT 

4.4. 
3 . 2 . rrYCTb T ene pb Ba qanbHhlM COCT Ol1BHeM dy.n;eT 152) • a Be 

15·.2» , KaR B 3a,ll;a 'l e M. B IdOM8HT t =O aTOM S FI!!.qHllaeT 

B030Y:l.llaTbCR .n; oCla BO'lHWM BHemH l1}A 3JIeltT pll'leCitl1}~ MJIH Mar HMTHbiM n o 

JIeM, BKJIllqa eMHM B IAOMeH T t :: 0 . B 03C1YlE,lI.B.llD\e e nO JIe MO:lHO on HcaT b 

.n;o OaBJIReMoR it nO TeHlVlaJIY wl i,' IPYHKItHeR [ ( i,t) ,pa BlI o l HyJJIl 

,ll;0 MOMea Ta t ::;: O. Hac HHTe pe cyeT, lto r ,ll;a B 3To l cHTya nHJoI HB.IUf-

HaeT >l 3MeHIITbC H COCT ORHHe aTOMa 1) • 3T O ~3MeH eH»e MOlleT CI!II Tb 

ODMcaHO pa SHOCTbD B~a 

m-= <U/~JO) Y1.D I nU'(t, 0) tfst; ) - <U(t,IJ)If12J j n U (t,()) tfi2J>-= 
(10 ) 

=(tfSlJ , [ n l {t) - nto1ifslJ) I 
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aHIlJIOrl1QH oll. (I.» . 3.1\eCh U'{t, o ) onpe.l\ ellil eTCiI raMHJIhTO Hl1aH OM 

H': H+ U~t ) . "POH" COOTBeTCTByeT CIIY QaKl. KOr,l(a HCT041l l'lK 

Cl'lrHa JIa £(~, t) He BKilDl./IlJlCiI, n'(t) ... u't n U'. 
~ 3 . 3 . PaCCMOTp l1M }l31.l eHelHle mQ pa cnp e,lleJIeHI1i1 no KOOp.ll.I1HaT e 

Q 311eKTpoHa S • MhI C0 6I1PI:l131iCJI nOKU3UTh, 'ITO ma(t) .:; tJ, 
!lOKa t < R • I10CKOJIbKY COOTBeTCTBYll!llHIl on epaT Op n BbipuaeT-

Cil Qepe3 Q ,TO .n;O CTIlTO'lHblM Y CJI OBl1eM M il paBeHCT Ba m o (t<R) = () 

6Y)leT (t (f) = Qlt) npH t < R • H,n,eil ,l( OKa 3E1 T BJlbCT B1l. nOCJle)\

Hero paB 8HCTBa TaKOBa. I1 oKa 3IiBael4, 'ITO rel!3eH6 eprOBCKI1e y p f1BlIe lHi Ii 

.lVJiI Q'(tJ 11 Q(tJ O.n;IfHtl.KOBIi, nOKa t< 1< • O.n;HHaKOBhI I'l Ha 4aJIb

Hlie YCJlOBHI!. B QaCT HOC TH, corM CH O onpe.n;eJIeHHD 1)ttj j.oj lift), 
Q'(t) :0 u' t (t,tJ) () U'(t,O} O{t);:: 2(1"(/,/)) QZi(t, oJ. ( II) 
06a OH" npeBpall\llDTCiI B mpe.n;11H repoBcKHIl. onepaT op Q npl1 t =o. 
TIo3TOMY pellleH HII QI(t) H Q(tj .n;O JrI:HJ:.I COBnf1.1\aTb. 

3 . 4. rel!3eH 6 eproBcKHe y paBHeH l'l il, cooTB eT c TBYDllI l1e r aMHJlhTO

HHf1HaL! H 11 H' , 1.lOry T 6bIT b nolIYQeHbI CTIlH.n;ap THI,u,t MeTo.n;OlA 

(cu. ,Hf1n pHMep, jR3.n;eJI 3 B[ 3]) ; 

m 'J;~[i) =_ QW(Q{t)) + eE(jj(tJ,t) + f rV(O& H- if I' V(tJ} (12) 

IY1 ~;~(t) ::; _ F! w-{ , It)) + eE(~(IU) -+ 1- [ V(t) ~ ii - if ·~It)] ( IJ) 

~ (tJ= 'JQ(t/= 1 [P(t)-eAl.{Q(tl, n] VLIJ:*,lp{f)- e~{i/iJ,t&I II )V Jt m 1 

(;;L -1) ) Ai (j,t) :: )1 (),t) I jl l( (~~t) =1,3, ak~ (;-j)j,,l~)"I) C15) 

j "li,t) = e [ ~l ~-1ltJ) Vil li} + $ (~ - aft)~ I/" (t)] (16) 

(' ..1. ( ...... , _ ( d [~'" I J ;:) I 

0 /1.11 "f.-~ = O"It x-t) - Z-T,, ;» )C "/./ __
_, (17) 

7 '" .,,,~ )( _#' 
/(, ;/ = 1., 2, 3 . 
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TI OJIH o e 1J1eK TPKq,:CK Oe n ORe E , If!lIryp HpYllIu e e B (1 2) If Cr:l{ 
CBII 3aHO C EJ. =- d A.I. / d t COOTHOllleH He M 

i. (i , tJ == - ~A.t {x,tl _ V~ [. _ f _ + f _ ] (I8) 
;)t ~7i he - $it}/ Ix - Q(tJ / . 

K OHeqH O, i (O(t ), t} B (12) He CO.ll.SPU T 6eCKOHeQHOrO 4JIeHa 

[Qit} - Q{t)j"l n Oll yq a Illller OCJl, KOr.ll.a B (I8) n O.ll.CTaBJI ll8r Cll ~(tl 
BMeCT O x:' 6e CKOHellHoe KYIIOHOB CKo e c aYO.l\ellCTBH e 3JIeKTpO Ha 

B KYJIOR OBSKO~ KaJIM6 pOBK8, K8lt 1!3Be CT HO.:I';lIil~JaC liIlla e T CB. B (12) H 
03Ha 4:aeT HlQ(t},t) , a B (13) - H{tf,ft/, t ) 

YpaBHeH HII (12) }! ( 13 ) 1U181lT npHB1i4HiII1! BH,lI. , O.ltHHa KoBli1l 

B JllloO! KIlJll.I 6pOBlte, B HX u pa Bo! 'laCT H $MrY Pl'lpyeT CHJIa Jl opeH

na . _ , ~I ._, 

YpaBH eHIHI .lVJtI WTPHXOBIlHHiIIlC onepllTopoB (), II ) AJ. OTJIIf4aDT

CII TOJIbKO Teu , 4: TO B ypaBHeJHle ,IlJltl "9'{tl ,l(OJIJreH 6J:.1 Tb ,l(0 6aBJl eH 

QJIeR V t. (~'(t), t) • Pa 3 l'{f} I ~(tJ , TO 11 Bce OCTallhHb!e 
J 

CB83aHHbl e C 9'(t). UlTPI1XOBlllIHble on ep e:r opJ:.l OTII1I40.1lTCtI OT HeIllTpIIXO

BaH HiIIX. 

Yp<1BlJeHHe (r,) NO~8T 6li Tb nep emWIlHO B HnTerpaJI b Hol! cpopM e[6]: 

All,.) : AJ (-J t J;""dt'Jd1
J(' ~rer {. -x'Jil l l/'} E Al + Ai. (19 ) 

3.n;e Cb )(.: (1, t) ,a ,4J eCTh pellleHl1e CBoO o.n;Horo y pa BH eUHtIJ. 

A] (x)=f d ': lJJt: ~ ( 'I. - ~ ) A1 (~J + ~ { .. - :J )(- E.J. (i JJ] • 'ID =0 (20) 

--I -f -
TaK Oe, liTO ALl;.O) _ JIl AJ. {",OJ _ COBnf1){IlDT c o llIpe,lllfHr e-

PO BCKJIl14H onepaTOp8JI!Jd Al {~I I'l -E.J. (-;) CO OTB e TCTB eHHO. 

T~ xe_ Hf1 'laJlbIlJi e 3Ha.QeHJIl8 npMHJIl14aeT If A.,L (-;., tJ, nOCKOJIhlty 

Ai (K,D) =: 0. _ ~ 
Yp llBHeBlfe (19 ) n03BOJllleT BHpa3HTJ> E (;, tj Iof H{;' tJ 

'lepe3 wpe)(HHrepOB CKHe on epllT Opli A.J. I E.l. 11 rel!3eH6eproB

cltIfe onepaT opH 3J1eKTpoHoB. B qaCTBOCTH, 
- ~J _. 
E(;,t)=- dAJ. /;)t - ;}Ai IJt - V~ l ' -1" _1_ J_ 

_ I _ . v7i /; - r(IJl Ii -a(tn :: 
;:- 'dAJ../~t ~ Ei(i,t). (21) 
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2 

IIO~C TaBJl IIR 3Tl1 BbipalleH I1R B (12 ), nOJJY'la eM y pa BHeH He Mil Q(t), 

He Co~epll:all\ee r ell seHOeproB cKHX 3!le KTp OIJ8.r HHTHbiX orr epaT OpOB: 


m'l Qtt) = _ ~ W(Q(t)) f- e ~ - 'JAl/Jt ... Ei ( Qlt), t) +... }. ( 22 ) 
dt1 t 

AHa !lOrl1 'lBO nOJJY'laeM 

m :l Q '(t) =_uW{ Q'(t)) -t e ( - ';)141 / ;)( T flJ{ Q'M, t}t .. . 1 ( 22~ 
Jtl l 

n a Jle e UbI n p111.leH}IM np l1 0!l11:IIeH He, KOTopoe HaSOB e!.! ~ll OJIbHI,a.I. B npa 

BOI! 'laCTM ( 22 ) 11 (22~ a p rYMeHTbI OM 11 '0' (tl nO!lel! 'Ei 
M Hi=r~tA{ 3aMeHJlDTCJI Ha C -'l,ICJlO If -KOOp.!(H Ha TY l\eHTpa n o

T eHl~l!a Jla W • AHaJJ orl1'l ll O BblpaXeH>l e \ 16) ~!lll TOKa saMeH lleTCIl HB. 

b l x, t) :; e [ S(X- r) V- (t I ~ Sex - R)V(t) ] , ( 23 ) 

rAe r - l.\eHTp flOTeHUl1aJla W (UbI nO Jla ra eM r =0 ). 
IIp IIOJl>IJ:eHl1e 03Ha'laeT, 'lTO ifJOTOHbI McnYCK8.IlTCR M nOrJlOlI\allTCR 

He B TO'lKaX, rAe HaxoARTca 3J1eKTpOHbI, a B l.\eHTpax CBIl3b1BaIlIl\ IIX 

MX nOTeHl.\MaJlOB ( .n.a JIbHell lUee oOc y..n.eHHe npHOJllllleHl1ll CM . ~Jl e e B 

n.(3. 7 ) H B IIpl1!l oJ:eHl1H). 

l1 cnOJIb3Y II ,lU1ll0JlhHO e np * OJllIJ: eHMe, nOKa xe}.!, 'lTO oOa ypaB HelHiJl 

( 22 ) H (22') lie CO){eplCliT r eR 3eHOeproBcKI!X on epaTop oB <l n eKTpOHaS 

npl1 t <R.II ocJleAHMe BXO.n.IlT B yp aBH elll1 i1 'lepe3 flOC pe,llCTBo €.i 
llJll1 E'J ~. II Ri = r ,;t Ai. 10m iI 'i =rp t Al'. 
PaCCMOTpMM EJ, Cll. (21). B npl1J10 lKe m l}! IIO lta3aHO, 'lTO 

§ir i, t) MOllHO npeo Opa soBa Th It BH.I(Y 

gJ. (x, t ) =- ~ Jd +x' 2Jr1t ( x-X 'lj (x' )- f; Jtitx' 2rct {It -"')? (Jt')_ 

(2 4) 

- VjdlXi ~ 1JCx-i', t) J d)'_ .fl~ : o)
J t ~J1IXI_tl I 

r,ll e j M P B cJJYlJa e ~nOJIb Horo np l10!l l{lIeH HR oflp e .n.e.3eH~ 
CO OTHOmeIH!RMII (23) >I ( [1 . 12) H3 IIp l1!lolle HI!JI. B BII.IO' (2/1) E.J(R, t} 
3aBHCl1 T OT r e l!3eH Oepr oB cKo fO oflepaTop a Vet') 'l epe 3 n OCpe.ll,CTBo 

'lJle Ha 

fooO 1J e.t (ii i t -t') 7f{t') dt'.r

8 

OH paBeH HYJlll, e CIiH t <. R • AHaJJ Of .l!llHO HJ{i, t) He 

3aBHCIU OT V (t ') npl1 t < R. 
l'.!TaK, n p li t< R npa Bl>I e 'l 6C TH (22) Ii (22 ') CO,llepmT Kp oMe 

Q/.tJ !! Q'(t ) TOJIb KO wpe.n.KH r ep OBCKHe 0I1 epa TOpbl ~, 
Al Ii EJ.. , Ilpl1'l eM O,ll>lHaKOBl>IJ.i OClpa30M ( 3aM.enlM I 'lTO 

flOClle.l\H lie 'l Jl eHl>I B Bli t aXeHHaX (24) AIiR EJ H E'J cOBnaAaIlT). 

IT on OMY C;'{tl >I (l(tJ n OA'lHHIIDTCJ! O.1l.I{H6 KOBW4 ypa BHeHIUIM 

npH t< R • Ha'la llhHble YCJlOH I1R ){JI JI HHX Toxe O.1l.HHa KOBbI 

Q'M -= 0 (0):; Q il' (0I :: Q(0) :: ~ [ f5 - e A1 (Q J1. (25 ) 

IIOaT OMY It(t):. OW, nOlt6 t< R H BC!l e)l Ct BMe noro 

m o l t< R.J -= o. 
3 .5 . OOCYAHM WMeHeHHe mp paCllpe){eJlelll'lll n o I!1AIIYJlhCY 3!leKT

pOHa 1) B )lHllO JIDH OJ.l n p iiOIlHl:eHII I1 . ECJlIi Q I(t) -= (;(t ) 
np!! t <. R I TO 

V'(tJ:: 'dO'{t)/'dt = ';) (J{t)/'J t = Vil) t<:: R 

HCrrOJlh3Y8 (I ll), n OJJY 4a8t.1 npK t < R 

P'(tJ- Plt):: e [A~ (R, 'i ) - A.J. (Rt)1.o 

IIOCKOJIbKY AJ. · He JlBJlJleTCR 3anaS.l\HBa llll\eJl !flYH KUHel T OKa, CM. (19) , 
TO (J1{t) - P(t) # 0 lIP!! t < I? . ~ ~ 

MOmlO nOK8.S'8.Th,OAHaKo, IlTO 1131.1eHeHl16 P '(t/- Ptt) 
HYeeT xapaKTep rpa.lUleHTHOro npeoClpa30BaHHR p l ftl- Pit} :: vJ{R,t), 
.D;onYCTlrnoro B KYJlOHOBCKoJl K8.JlHClpOBKe, nOT Oll.Y 'lTO V'\(i, t j 
nonepe'lHO npl! Ix/:>t ~o : 6>0 t;., t) =0. Ha nOM OCHOB aHJIl! H3.101eHeIDIe 

FNt.)-p(t> YOKRO C'lI!TaTh HeB601l1l)la8Ub1ll, Cll. pa3A81l 3 B [3]. 

II oKal:el.l, 'lTO B M>lHmYaIiLHO-HeJlOKaJlLHOR Oe31I0TeHl.\!!aJlhHoJ! 

4>OPlot8 KBaHToBol 3JleKTp0.l\HHIUWK>I, llpe,l{JIOJ:8HHol! 8.BTOPOll. B [7] I 

1{3MeHeHI!6 mmym.ca 3J1eKTpOHa l) BOOOD\e paDHO HYJIIl IIpH t <. R. 
YHHTapHoe opeo Opa30BaHHe S 1i3 KY!lOHOBCKOI, Ka!lIiOpOBK!! B ary 

4>oPMY .l\OUHO lflleTL BH,lI 

(26)
S:: expHe) rJ/ d~ .Aj (~) + ~Q t/~ • III (~) 1. 
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nOCKOJIbKY Y Hac IlMeeTCSI ABa CBH3b1Ba DlI\llX 3JI eKTpOHbI nOTeHlllm.'la C 

lleHTpaMll 1- 11 R (CM. nYHKT ( 3 . 5 ) Be]). ]{00Ml1HUTa II 

lw nYJIbC 3JIeKTpOHa 1) TGnepb onllCblBamCH onepaTopalm Q=StQS= Q 
11 p:st PS . flOCJIe,nHIlA CBH3aH C P COOTIlOllleHImM 

~ _e f.uiol(Q-R) j( IUR tJ. (f;-R) =P- e A.! (QJ;: /7l ;J ihJt. 
o ( 2 7 ) 

Jl JIeBol! 'laCTll ( 27) jlllrYPIlPyeT Be.!:T op~oe np ?a3~e.lle lme 1) - R 

Ha MarHnTHOe no JIe H _ B TO~KalC ~ ::: r< ... «( Q- R) npllMol! 


Jl I1IlIBl , COe.llllHSlDlI\el! R C Q • 1'.lbI YCTanOBllJII1, 'lTO .Il0 MOMenTa t=/? 

He ~! 3M eHSIeTCH KaK d Q/;}t ,TaK II H BHY Tpll ~ • TIO;'lTO-


MY Pl{t); pet), nOKa t"< R . 


3.6 . 4 epe3 onepaTopbl KOOp.lll1HaTbi 11 m.myJlbca MoryT 6b1 Tb Bblpa)[eHbI 

Bce Ha6JlD.Ila eJ·,bl8 HepeJISlTI1BllCTCKoro OeCCTIlmOBOrO 3JleKTpOHa 0. 
I.W nOKil.3aJII1, 'lTO B p a CCMaTplfBaeMol! 3a.llb.qe Bce OHII He 1l3MeHSlDTCSI 

.Il0 MOMeHTa t ~ Ric. 

3 . 7 . TaKOIl )[e B CY11lHOCTlI p e 3YJIbTaT MOJleT OblTb nOJJyqeH II 6 e 3 

.Il11nOJJ1> HOrO npllOJI lllleHIlSI. TIoCJJe.llHee Onpa BAblBaeTCH Te M cpaKTOM, qTO 

3JIeKTpOHbI JlOKaJlY.30BaHbI B Ma JlblX 06JIaCTHX Vs II ~ • 3 TOT 

if>aKT MOlmO IlCll OJlb30BaTb II He OOpall\aHCb K .IlI1110JlbHOlA Y npll6JIlllleHllD. 

)(Jlil :lIoro Ha.110 Ha!!T ll peWeHI!iI (22) H (22') C n OM011lbD TeOp1l11 B03My

11leHllll, Cll • .IlaJlee I1YHKT 4.2, II BCTaBllTb llX B (10). B pe3YJIbTaTe 

.Il0BOJlbHO rpOld03.1lKOrO paccMoTpeHllH llbl nOJIY'laeM, qTO 7n (e)::: 0. 
eCJIll 3JleKTpOHbI JIOKUJIH30B fiHbI cTporo BHyTP!! tis i1 ~ II eCJI ll ct 
MeHbwe paCCTOHHl1i1 MellAY Vs j./ VjI ' • E cJlll BOJlHOBbi e ~YHKIl11l1 3J1eKTpO

HOB y6b1Bfi1lT BHe Vs II ~ 3KcnOHeHUI1aJJhHO, TO m. (t(Rj 
He paBHO HyJlIl, HO .llMe eT COOTB e TCTBYDlI\ee 3KcnOHeHUI1aJJhHO M1iJIoe 

3Haqelme, He npOTllBOpeqa1l\ee KaYSaJlbHOCTlI. 

4. ~q!L~~~-'l>!U!£,!Ul!1 

4 . 1 . P aCCIJOTpJ.!M Tenepb l13MeHeHJl e pa cnpe.ll eJl eHlI H 110 KOOP,l\ llUU

Te 3J1eKTpOHu 1) B 3a,l\liqe M. OH O .Ila eTCH pa31I 0CThD M Q 

CM. ( 8 ), r,J(e n eCTb rpYHKUll R Q • CM. , Hii np . , ( 5 ). f a MllJlb-

TOHlofaH (9 ) TOT Jle. ITOJIOllllM IJIS1I::: ifs cp~ n, rAe ~ 
II If~ onllCblBa DT OcnOBHble COCTOIIHIlSi aTOMOBll 52 e CTh Oe3

rpOTOHHoe COcTOSlHlIe. B c e :lIll COCTOIIHIlIl il J3Jl HDTCIl coOCTBeIlllblWf 

BeKTopru.lll Ho = H - H,·~t • ilH aJ! Orl! 4l! 0 tfS<l~ =: t,4. 14 .Q • 
fell3eH OeproBCKllll on e paT op Q(t) KaK peweHlle ( 22) II Ha qaJlb-

HbilC YCJlOBHIl (25) .Il0JIXeH OblTb rpYHKUlf el! lI JII1 rpYHKllllOH u.JlOM Wpe.llI1Hre

10 

POBCKl1lC on epaTo p oB 311eKTjloHoB II 3JJeKTpOlm rlI I1TlI OrO nOJlll. ~ CJ!ll ON 

n o KaKoP.- JlfIOO npllqllHe t!:({j) H e 3a BHCeJl OT onepaT op OB q.1~ 
TO 1,1 ~ IIUeJIIi Obi 

<tfs. Y1 52, net) ~+ ~ f2 >= <Iff. J 'fs*><Y':IJ Sl , n(t) f.t> 52) ( 2 8 ) 

{ fd"iI .R 
j 
nit) fs If!/; Q) c:.{Cfs I'fJ)(if,s Q1 n{t)~ n>. (29 ) 

3.It8Cb n It) ::. n(Q(t}) • I1 0CKOJlbKY 'Is. II $1 HOptl llp OBaHbI 

Ha e,nIfHlIUY, TO 113 (28 ) VI ( 2 9 ) CJle.llOBaJIO Obi, qT 0 I\1 Q" 0 
B 3TOM cJlyqae. O.llHa KO Mbi Ylle YCTBJUlBllJlI1 B npe,l\bI.IlYUl eM pa 3,1\eJle , qTO 

npaaaR qaCT b y paBHeHlIli ( 22 ) .IlJlII r;(t) CO,l\ep lll'rT JUpe,llllHrepOBcKlle 

onepaT opbl i ,!lAlIe n p n t < R l 4 ep e3 n o Cpe,l( CTBO nOCJl e.llHe ro 

qJleHa B ( 24 ) ). 1I03TOJAY 11 p eIueHll c f)(tJ :lI o ro y pa BH 8H lIH 

,l\OJIllHO cO,l( epsaTb ~ npl1 Dcex t • TOf .lla Cpe,l\Hll e OT 

n{Q(tJ) B CO CT OII HIlJIX tJ!S"t; 11 /.fU) He paB IIJ.I,I~ MQ (tJ"¢O 
npM Bc ex t . 3T OT o.KUY 3UJJb1!uA pC3y m.'WT He II!31t(JHHeT CIl B 

l.J.IIHI11I.fiJJ bHO-H OJI OKUJlh II0!! flJO PlA8 TBOplll! n O TO~lY , 4T O O!l OPUTOP K OOp

.lI.IIHD. TbI 3J1 e KTp OII U B 3T Oll !JloplA C TOT lie , li T O II! 11 Kyno lloB c KOIl KCl 

Jlll 0pOBKe ( £!. Ta u e 11 B JIO p eUI.\OBCK o l1 ) • 

I1anm JXi CCYll.ll8H I1 11 ObiJIM n Oq :nl KallC CTBO IIIlLlIAI1 11 II C I1CnO Jlb30Bam~ 

,l\l1 n OJlbHOrO np110Jlllll8HHIl. Jl ll H c paBlleH llR Ot H01'IIM, '0' 0 KUY 3a JlbHblI! 

p e 3YJIbTaT ma (t"R): 0 HMeeT MeCTO , H8 CMOTP R Hil 3IlBI1 CIll.IQ CTb 

n pa BbiX q a CT el! ( 2 2 ) 11_ (2 2~ OT lj . 011 BbiT eKaeT 11 3 o,l\I1 Ha KOB oll 

llX 3UBUCI1M OCTli o r 'I 
3alA e TI1M , qTO B 0603HQ.qeHVIHlC, ynoTpeOJleHHIiX B ( 8 ) "1JO H" 

<l> eppeTTI1 J.!MeJI Obi BllA <~/I7(t) /:0) =</f.z> Q., I7(t J f flJ fl ) 
a T OM S npOCTO OTCYTCTByeT. 3TO BbipaxeHlle ilBJIlleT CSI, BOOOll\e 

rOBoplI, He C- qllCllOIJ , a onepaTopOM B npOCTpaHCTBe COCTOHHlllt 

311eKTpOHa S • Ho ( 8 ) )10Jlll:HO ObiTh C - '1IiCJIOM. 

4. 2 . IIpe.Itc TaBJleH lie 0 Be}!VJqHII e M Q (t) _ npl1 t <: I? 
MOllHO 110JJyqllTb, pemllB ypaaHeHll e ( 22) Mil QCt) no Teopllll 

B03u\YlQeHllll. Pa3JIoJ:lW CUt) II .ItPyr llle rel!3eHOeprOBCKlle onepaTopbl 

B pSl.llbi no e Cttt) = ~ .. e II if; (ft'(t) . Ypa BlIeH llc .IlJISI e;IO'{t) 

l~ ero_peWeH l-l e He co,nep][aT ,KOHeq~O , If, p • To lie BepHO H 

M il QlIJ(tJ • YpaaHellHe ,ll,liSi r;r~{t) OKa3b1BaeTCiI 06i1KHOBeH

HbW. .Il l1rprpepell~ll8JJ hHblM y paBHeHlley BTop o r o 110 p ll.llKa , JlM HellHWl 11 

II 
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COAep.all\ID! HeO.l\HOp0.l\HI:lA 'lJleH F • n OCJleAHl'lf. B QaCTH OCTI1 .- - ' ,
3UBIoICIoI T OT lUp13AnH r e pOBC KHX orr epaTop OB tt, p • B .ll. llfI OJl b -

HOM np}ICl JIH]WHIrn npl'l t< R ~ 3aBI!CI'IT TOJlbKO OT 9- _ 
rf T OJIbKO Qepe 3 n OCpeACTB O n OCJleAHerO qJIBHa B (24). P eWeH l!e (lZJ(t) 
HOXH O 3a m1CaTb C 110MOll\hD ifJYilK UlfH rpHHa G :3Toro ypa BH eHll1! 

Q~l}{t) =futdt ' G
h 

(t,t') FI1 (t' ) (:'m) 

(H a 'l6JlbH ye YCJl OBI'!!! AJlIi Q(ll (t) HYJleBble) . 

BLlOll lli eM KOH eqHbl A pe 3y JlU aT ,lI;lUI c JleAYvll\ ero cnytJali. DY CTb 


'W (~)=m~'~~ /2 , W{Q)=m Jt,(O-R)2./z ( OCl.\ll JIJlIITOpHble no


TeH l.\HaJll:l) H nlt) =IQlfJ- RJ4., T . e. BYtJI'ICJllI eTC !! 113MeHeH Ke ,lI; ' !Cl1ep


C,UI KOOp)I;l'IHa THOro pacrrpeAeJleH I'I!! . TorAa C nOJAOU\bV ( ~) nOJlYtJHu 


B .ll.lIInOJlbH OM n p IH)JIllll:eHllln 


( ~+2l ( [ Q(t) - RJ2. IS"2)>-<S$ If Q(t) - RF IS2J> :: (3r) 

_ pl [el.lz 
_1 ( ~ k t - 1) ] 2 

-~ ~ Rx . 

3 Aeeb l= (mx)_I/:I. - pa3Mep OCl.\HJlJI!!TOpHOro aTOMa. (3r) COBnU.l\UeT 

(B nOplI.llKe el.) C pe3YJlbTaTOM, nony'leHHHM nYTeM TO'lHOrO perue-

Hnll B MO;n;eJI I'! *l , paCCMOTpeHHoR B §5 n.4 pUOOTH[8 ]. AItaPUJlbHblR 

aifJifJeKT (31) yObiBaeT C POCTOM R . Its.X oOpaTHali CT eneHb R, HO He 

3KcnOHeHUHIlJlbHO . rr0310MY OH npe)l;CTaBJllIeT peaJIbHYIl Tpy.n;HOCTb .ll.JlII 


TeopHn ( cp.oOcy~eHllle B nyHKTe 2r B[3 1). 


..,,/ B 310B MO,ll; eJlU B 3J1eKTpOH~OTOHHoe B3aMMO,ll;eACTB~le ClI:lJl BBe,ll;eH 

ifJOPM!IlaKTOp. ){pO}Ae Toro, KynoHoB cKoe B3aIllMO)l;eIlCTBl1e ClbIJI O Y\lTeHO 

. npJ1ClJHIlIeBHo, H ifJOJIM.tPaKTOp B Hero He BBO)l;KJl CII. EBnAY 3Toro aKay

3aJlbHHA KYJlOHOBCKnR 'llleH B Ei) CY. (21), Mor Obi CKOMIIeHCHpOBaTbc li 

HenOJlHOCTbD,(CU. UPHnOZeHHe) , H 3TO MOrJlO OblTb I1PIII'lI1HOR 110JlY\leH

Horo aKaY3aJ!bHoro pe3YJlbTaTa. O)l;HaKO AeTaJlbHOe paccMoTpeHue 

nOKa3HBaeT, \ITO KYJlOHOBCltl111 'lJleH KOMneHcHpyeTcli rrOJlHOCTbll,H 

pe3YJI»T8T npOHcxoAHT OT nocne~Hero \lJleHa B (24). B QaCTHOCT~, 
OKa3b1BaeTCII, \ITO np~OJlHKeHHOe KynoHoBcKoe B3a~OAelcTBHe KaK 

pa3 COOTB6TcTBy eT BbipazeHHIl (rr.I2) ~J!II rrJlOTHOCTH 3ap S)l;a B )l;HnOJlb

a-n)l npHClJIHKeH HH. 
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11. 3 . K Oll e4 11 0 11 I1P;1 411H Oll L KCJ.Y 3a.lh li o r o pe 3Yll b ·!I:. 'iEl Jv1 Q (t< 1<) I' 0 
l!BJlI!eTCl! cYlllec TBoBaHlle nOCJle.llHe ro 411 eH8 B Bblpa :t:eHI!H ( 24 ) .llJll! 'EJ' , 
3aBHClIlI\erO OT lllpe,ll;HHrepOB cltoro onepu T opa ~ • 113-3a Hero II 

3JJ eKTpl1'le CKOe 11 0 JJe Be.ue T c eOIl a KIlY 38Jl b Il 0 . n e IlCTB HTeJI b Il O, paCC1.'OT 

pMI,; M31HJ IleH He pa cnp e,ll;eJl eH I1 !! M., n o 3JJeKTpW·le CKOt.l Y n OM) B 1'04

K e )(~ E:- ~ • OHO 011 pe.l\8JJlleTCR COOTH OW8H>leM (8 ) , r.ll8 110.l\ fl{tJ 
Ha,ll;O nO.l\pa3YMeBaTb coo TBeTc TBYVJ lI\YVJ !llYHK l.\I1i:l on epaTopa E(;~I t). 

AprYMeH TI1PYII T04HO TaK li e , WK B nYH KT e 4. 1, 1l 0 JJY4 11M , 4TO 

M.,{t<R.J 1= O • B T O lie BpeM !! m .,(t< Rj =O. nOTOMY 

4T O E'(iia,t)-E6"t):O: n OC J!e.llHIl II 4J1 eil B (2'1) 0.l\MH8 KO B 

.llJJII E' V. E, 11 ~1 3 pa3H OCT u Bbll1a,llll eT. 

1>aKnltJeCKH 3J1eK TpOH, npOCT 0 v.rpaeT POJlb npoOH oro 


3apII,ll;a ( perlllCTpHpYlllI\ero TOJlb KO is , e cm! OH Tl! lle Jlbl ll). 3Ta 


POJlb,KCTaTH,Ol1paB,lI;blBaeT ero He p eJl RTHBHC TCKoe OllI1CaHHe. 


4.4. []oK 8](eM, 'lT O 1l f1J1I11IHle KPIIl!HH8.JlbHOrO 1l0cJ1e)l;Hero 'l lleHa 


B ( 24 ) CB lI 31UI O C ,lI;OnO!llIKT(;JlbHblM YClI o Bl1 eM nOpeJl uu.. li MI 310ro Mbi 


f10JlY 'lI'lM BblpaJ:omHI '(?II), IIcx o.nn 113 JlOPOIIL\OBCKOA KUJlI1ClpOBKI1. T elA 


C8.M bl M Mbi I I0K/Il:elol, KUK 11 0JlY4UDTC II 11 tJ.lll II p O:ly IlbTI1T'" Jj JlOPBHI\OB


CKolI KilJWt1PODK O. 


Jl 0110Jl IIHTIJJl b ll OU YC)10&1I 0 Jl0pOW IO, Jj KIml l1 0aoll 3J18KT pOfi,l1 llliMI1KB 

OTdlljJHQ'I' KJl/lCC rjl1t311 1l(;CKII .I1.01lY CT I1I.I LlX COCT Oflll JIIA cP ( It IiJilM 

.4011.11'" Ol lID Cl1'J'hC H 11 COC 'J' OflIlI1Sl !liS'J> !1 <;1St) ~. :lftrl llWeM ero 

B tflOPM8 (},... Al"l'.tJtp:o ( .Jl,JUI acox x, t ) 11)1 11 !; BHM 

" c JluOoro }lIl IJ GlI CTBl l " (ill" AI" (;., t) ~ 0 x'; • I{/!K 113BCCTJlO , :no 

YCJlOBlle MOllHO 31U481JI1T h .IlBYMl! YC JlOBI!III.tH D JlH4UJI.bll blA MOMONT t= 0 
3amICblBa eM"'Ml! B TepAolI1 JHlX IUpe.llWHr epOB CKI1'X on epuTopoll 

A" ( x ) '" -dil) Ii (i) 1;/ x (3 2) 

dLlf g (X) :--J p!X ) v x. (J3) 

k/ B Ta KoR !llopMe ero I1 ]11 CaJlH Rl1paK / 9/ ]II ~epMIt / 1/ . OOH4 HO n Hwy T 

'dl" A,.l-I q:J= O . E.nI1H CTBeHHbllI He.l\OCTaT OK 3a l1HCH cJ> e pMH-Rl1paKa 

COCTO >! T B T OM, 4TO COOTB e TCTBYDIIU1e BBRTOphl cP HeHOpMl1py eMbi. 

O,ll;Ha KO !ll113111 KH YMe VT oOpalI\a TbC!! C HItMIt ( nplIJMep OM MorYT CllYllKTb 

COC TORH ItR C onpe.ne Jle HHblM H1l1JY JlbC OM). 
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]{fl.K BI1,n;HO, rup e,n;lffi r epOBCKl1e on ep aTOp w He HeSE1 Bl1C I1J.lbI. Pa-
BeHe TE O (3 2) BWpalEaeT..4 4 ep e3 cU.-X.o 
.\f cn OJlb 3y II 

E =; - 'dA/Jt - {lAo. (34) 

"' 0~10 nepem! CCl Tb (33) B BI1,n;e 

(35 ) 
-~ Ao - ail!' AN P 

II BliPaSI1Tb 110 q epes OCT8JJh Hwe rupe,n; 11 HrepOB CKl1 e Oil e paT Opbl 

Ao Ci)NJ d~'J_ [P {j ) +tt'iIiA ti J] + au{K) . (36) 
4- Tt I "-.v l 

<PyHK UI1I1 all ( x) ,n;O Jll(ua 6h1 1I> rapMOH H'-IeCKo R: 11 a" ( x I = O. 
EClI l1 ,n;OIlYCK<iIlTC II TClIhK O 11C4 e 3aDllll1 e Ha 6e CKO H8 4HOC TI1 IlOT8H UHaJlbl, 

TO all ( x) = O. I10,n;CTaB I1M T8 nepb B (34) Bbl paJreH1111 

(37) Af4 (x) == A; (,.)-t JdtX' ~m (K -x')J~ (x') == At -+ AJ' 
( HHT 8r p8JJ hHa li ~opMa 0 Af4 =.i~ , all8JJ Or l'l4Hall (I9) ) . ;10JIY 4a e lA 

-' -J - i ~ f jt: ". - - ;} A '/;}f - oA D - (l AD , ( 38)rJk/ J t 

B CI1 J1Y (32) l1 ( 3 6) l'lM e 8M 

A/( x) := [ti J~ [ 1>(x -/l ) Ao ( ~) - J) (~-~);'D (')]cV 
( 39 ) 

N [d j f~ (J( -.I ) f Ii ~c _ [ f (i) +d{1t A(i) ] 
~~ 19 - ~ ' 


- ~l'/I -~) d,," A(g) 1. 

3 ,n;eCh I'l .IlCln 8e ~o = 0 • HCll on b 3YR co OTHQWell 11l! 

d,'" A = dA.v II" Au 19 ) = - vJdJ'il d' IJ' At2j /4 7i 1 ~ -;1 
V diVA 11 ::; il AI/ ~ 5!;{';., t) =: ;):1. ~6, I) / rilL , 

n OJlY4aeM c n e.JlYll lllee p8BeaCTBO; 
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dA.f ;::; Il f {)Aj + ~f.d34 i;(It.-:pj ~~l?_,'p(2) (40)('oJ 

- + v 110 tf i T. LU - 2 
~t ;it IT • 

3.!tecb A1 ," A-lill . BBI'l.!ty ( 40) COO THOmeHl'l e ( 38 ) npeBpa ll\e.eTCJl 


B ~ 


E.~- 'd Al _ ;}AJ _ vAI _vjdj ${IC_J)(d 32 _ _ pti J (41) 


Jt d t J i n 1~-41 . 

~J 

I1 paBall 4a CTh ( 41) B T04HOC Tl1 COBna,ll8.eT C Bh1paXeH l'leM E = - CJAJ/'dl 
+ 'EJ ,CM. ( 21), r.lle EJ .n;aeTCII ifJopMYJl o2 (2 4) . lli.! eHHo 6J1ar o 

.!tap a n OCJle.llll eMY 4J1eHY B (41 ) llpaBa Jl 4a C1'1> (41 ) y.n;oBJIeTBOplleT YC-

1l0B I'lll d.:v e...,p . I1pl'l t =0 aTO n p oB eplleIC l! .n; OB OJlbH O n p o cTo 

C n OJ.lOlllhll C0 0 1'HOW eH!!R rJi. IlAj ={) JJJ( ; oJ ~ Ai{x () ) ~ O 
• ) I {} I J 

!t> ( ~,O ) =SC;J tI (nIO), 

'J. JUKJlIl 4 1HI110 

1\ noR p'IOu'Je OLlJl I'lCI10Jl bSOBIUI I I O(;' I' I1I1..nl\pT lI l~11 c u ocod paCCI.IOT

PQIJI1 R Jl eCnll.l11011 I LjIlI"~ :lllAll" K81>1 1100011 ·r oo jllHI. rJlllBllhlMl1 ero co

c'raBIlIIIlIl\ I1WII RBJlRIl"CR: u) II I1)(,OlE.I\ OI I I1I) I' IJI1<101l 0 0 jlfo nCKl1'l( Oll ep!lTOpOB 

BMe C'f O on epa:r opll !lllonllll lHI U(t,O) ; d) II jH1UM Bhl 4 11'l'IlII I1R T eope

TH 4 eCKO fO "ilJOJl U ". Bn ulillhl O ( lIU-IHIJ\HMOWY) Iq ICJ\Jl OJ:U II IIIIR 4 eppetTI'l t4k 
Oil OWJI HCnOJlbSO lW Il T, Kxe )til l! 1I0BOI'D OIlPOJl,tlJl Oll l1Jl SUItOliU pacnaAa [ L j . 

My nOlly q l'J Jl II .IlJlR sa.n;1l.41'l ~epIH1..q,e ppeT.I'11 Il.lta Y3aJlbHblII pesy Ilh

TaT . a .n; Jl II sa.n;Il.t/ 11 C B0 3 dYl(Jla eMhl!.l a T01.l0JA - Kaysa llh Hhl2. I1ep nall 

lIBJl ll e TCII sa.n;a4eR C Ha4allh HbIl! Y CJlOBll eM. B TO PYIl MOJ:HO npe.n;C Ta BI1Th 

KaK 3a,I\EFIY Toro lie Tl1n a . B os6YlE.n;aKlIl\ I'lI! 1l0T eHUI'Ja JI f, (~ ; t) MOlleT 

6h1 T h C.!teJlliH OTJl I14HYJ.I OT HyJlII IlHllIh B MaJIOM I1 HTepBa lle Bpe lA eH 

(0 , 'C ) 7:<<:: RIc • B MOlteHT t = '1:' 1P113114eCKaJl CI1CTeMa OKa

Sh1Ba e TCIi B H8KOTOPOM COCTOIIHI'l I'l ~r • ]allee ee 3B OJlIlU~l! onpe

.!teJIJleTCIi TeM J[e r a l.ll'l llbTOHI1 D.HOM H , 'ITO I'l B sa.n;a4e <P<P , a ~)r: 

CIlYXI1 T Haqanb HbIU COCTOIIHHeM AJl R 3 TOR 3BOJlKlUHII . 

Ka4 ecTB e HHoe OTJIll 4 1'le If.,; OT (fro!) COCT OMT B TOM, HO Ifr: 
co.n;epJ[IIT ~OTO HY, I'lCllYllleHHlie 3J1eKTpOHOM S c pasy nocJl e Hat/alIa 

ero Bo s 6YlE.n;eHI'lR. OHM TOlEe yqaCTBYIlT B nepeAa4e CHIHalla BMeCT e 
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C !pOTOH6.W!, KOTOPill8 ilCnYCKallTCIl nOCJI 8 J.\Olol8HTa l:" (BCe 

t}lOI OHI>I KOrep8HTHilI). !{aK t:l blJIO .nOKa3aH O B pa3.1l8JI e J, pe 3ynbTllpYIl 

U\M CKOP OCTb CHfHaJJa HB npeBOCXO.ll'lI CItOPOCTlf CBeTa. 

B nO CTaHOBK8 3a.llaQil eM> CYlll8CTBOBaH l1e TaKNlX " .n.OBa'laJrb HblX" 

~OTOHOB Hr Hop ilpyeT CIl. 

l1.n.ea.nil3i1p OB 8 HH oe OllHCaJU18 B03t:lYX .IJ; eHHOr O CO CT ORHilR, IICnOJIh 

30B!lHH OB B 3a)la'lB iM, RBJJRBTCR npllBbllIHbl1! B Teope TlIllleCIt O\! KBaH

TOBOH ~il3i1KB. Haopw&ep, TaK .e ~OpyYJJI1PYB T CR Ot:lillIlH O 3a,lla'la 0 

p:lcna.lle HecTa(lHJJbR OrO COCTORRHR. Mbi n OKa3aJIH, liTO 'laKOe OOllCllHlIe 

HB.IlOnyCTHloIO B 3a.naQe 0 CKOPO CTH Cilr RaJIa . 

llPHJIOAmlHE 

Bce CJJaraeMbie Blipaa::eHilR £J 113 (21) 

§.i ()I. , t ) =- ~Ail:u - g.L [ _ f _ -+-~ ] (A. I) 
J.t1i /-;' - tjit)/ \ 1( - Q(t/I 

He 	 RBJl IIIlTCB 3ana3.1lb1B81l\llHWI !flYHKnillDlil JlOKaJlbHblX ITJJO THOCTell TOKa 

II 3apR.Ila 3JIeKT pOHOB. 3 .1l e Ch loW I1pe.llCTaB l1),( Ei B BH,Ile CytlMli 

RBH O 3ana3.1lb1 Ba llmNlX 'lJIeR OB H 'lJIBHa , K OT OPblR MO~H O Ha3BaTh 

"ILI'HOB eBHbll.I". 	 . 

BB14~ CO OTHomeHlIla (16) H (17) onepa TO p Ai , 0n p e.n.eJIefl 

fl Y\! B (19) , eCTeC TBeHHO pa3JIarastcB Ha cylolMY 3ana 3,1lYBall~ero 11 

Mr HOBBHHoro IIneR OB 

A1 = AJ - )if, (A .2 ) 

AJ I ~ ) =Jd fx ' !l)m ( X-X')! (v.') (A.3) 

.., ;) J . I' .,' f "Id 1 
" .J!:. ' - - J ("t;A~ 0( l ~):: "'it'iJrvt ( '1.-'(; i i71 d)'~ ~ 'J{. 1~'-i'I" . (A.4) 

I1cnOJII>3YS ifBT erpilp oBaRile no qaCTIU' if COOTHomeRil8 tit,,} ... JpIJt =tJ, 
MOSUO npeOOpa30BaTb (A. 4) K BHAY 

'A.i 1r. ) -: V f d1)(' lt dt ' 9)(x-x'Jj d?'_ ;}p {~:t')ht' (A .5) 
1/ 0 in 1.'-//1 J 
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P(x, tJ=e [ S(x- ij (t))-+ &(i - O(t} )] (A.6 ) 

CYQTeHO COOTHomeH Me Cj) r~ t ( x, t) := () (t) 2J (x, t J ). 

C nOMOlllhll P(", t ) KYJIOHOBCKJ.l1t nOTeHl.\lian B (A.I ) 1l0 a::HO 


3antlCaTb B Btl,lle 

~[_f _ + _1 ]::f~e/~ t) = C(i,tJ . CA. 7) 
qTi 1'I.-q{tJI I"-()'f}/ ~7i I x-j-I 

UeJIbll .IlaJIhHeRu/Ilx npeot:lpa:lOBB.HiIR BBJlReTC 8 BY,Ile neHJ.le ;13 onepaTopa 

dAill/ Jt , BXO,lUlllle rO B (A .I), Mr RoBeH lIo lI 'laCTJ.l, KOMn eHcl1pYIl 

mel! KYJlOIlO ll CKIIl H IIJl e H B ( A. I) . e llu lla na n o peHe c C!,~ np Oil3Bo,ll,HYil (j/(j t ' 

B (A.5 ) HB. tIlY IIKUNlIl J), 1I11'f OrpNlpYII no IIflC,TRIoI 

7iff l~) =- ~ fdllC' f"dt'ft , !lJrd( .. -w')J ")'_ pl# ;tJ
~ 71 1 "'-i 'l (A.B ) 

- V JdJ x' 2) (i -i: t )f d~t( IJlj; 0) 
iN 	l ¥'-f l I , 

Y'lTeHO ~BeHc'rBo ~{ -; -ic: t pt ) :::f}. IfcnoJlb3YR ,Il,fiJIee CO OT HomeHHIl 

1;t .. 9)rt t Lx - x'j =,1 2,..,t ( x-x') + Sf+J( x- ,(.) (A. ~ ) 

(A .IO) !J 	~ = - 4" ~ U -j )
\It-J/ 	 ' 

C nOMO~bll KHTerpHpOBaHHB no lIa CTBM nony'laeM 

~A	j () t)1 1 I _

" . = _ QjdJx, l J)('i-'i', t)J "1_ PI1: 0)(A .II)'dt 	 :Jt vii I X'-) 'I 

- fJJd~x' 2Jr t ('f..x'Jp{x') -+ fJ f d3~ _- r{f,t), 
t 	 It;,lx-j" 
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TI oCJIe)J,H HH Il JIeH H3 (A.II) B3alflJHO YHKII ToxaeT CH B (A.I ) C KyJIO
HOBCKliM IlJIeHOIol . C nOMOlllbll (A.2) It (A.II) UOllH O Tenepb EJ (~, t) 

3alIIIGaTb B BH,ll;e (24). 
B OTJnllll1e OT El, on epaT op HI HBJISeT CH 'j HCTO 3ana3,ll;h1BaIlll111M. 

nOCKOJIhKY Hi -= "let Ai = "tQt Ai _ 
3aUellaHH e: B .IumOiTh BOM npIfClJl.HlleIH'lIl Jl~,t) lfMe eT BK.D._ _ _ 

(23). ECmI P('$, t) annpOKcmmpOBaTh BypaXelH'l8JAe l &()C.r)-+~' li-I?JJ.. 
TO nOJI)"lID4, liTO d.'";,,, • 'dplH I- V, If 3apH,ll He ClY,lleT COXPaHHTh CII. 
lJ OllHO npOBepllTh, liTO Bl:lpalleHHe 

Pd 	l ),t ) =-e L(q{tI. 6)~{~·F)1- (Q{tJ,O)Ux' RJ] ( A. 12) 

y,nOBneTDopHBT diuiJ" dfd/;}t ~ 0 • TaKl1lA oClpa30M, B CJlY llae ,D;H
nOJlT,HOrO npllClJlliX811HH no.ll p B (2 4) ( KCl K 111 BCIlJlY B 310M npH
nOXeHaM),nOJI:tH O nO)J,pa3yY8BaTbCR Bl:lpaxeUHB (A.12). TIo.n.llepKH eM , 410 
Ii KY JlOBOBCKHR no TeH UlIIaJl B ,nlfnOJIbH OM nplHl JnlIxeHHI1 )J,OJl'W; eH npHoClpe

eTM Bl>Ul, CO OTBeTCT BYIl r~1l'1l fd \ CM. (A . 7) . 
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1977. 

TpYAIoI Mell<JlyaapoJIHoro CB.IoOJ038yW. 
DO .,6paHRW.. np06,ne..a .. CT8THCTa 
qecl(ol "~XIlH.III(H . .lI.y6UA , 1977 . 
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P2-12462 

,lI,2-11707 

C C50PIID aJIlIOTaJtJd XV eOBelQ,Ul•• DO 
uep.ol cue.TpOC.ODII 8 Teop.. u
pa• .o;yC5u. 1978. 

TpyllW III Me*A)'BapoABoi 1IlK0n.. no 
BelTpoHBol 4>uDe. AnymTa. 1978· 

TpyJIW III We*-llyKapoABoro COBO
IIIILflKK DO nponoplUlollAJlJ.lIWM 8 APel
toB.... KAwepa... .lI.yC5H&. 1978. 

TpyJIW Yl BcecolOs.oro COBelJl& 
II1U DO YCJ[QP'.-Ten ... 3ap....ellBWI 

'lACTQ. .o;yC5u 1978. /2 Towa/ 

TpyJIW V Me*-llYKApoABoro ce... 
upa DO DpoC5newa.. 4>.308 SWCO
• U 38eprd• .o;yC5aa J978. 

TpYJlW III coaellllUlB.. DO IICDDD.• 
lO~ .JlepB o -"3.~eeKKI "e
TOJlOS J\JI. peme..... 1l..~O-TeJ:

.....ecDl1 • a.apouoxo".tCTBes

.....1: 3AJ1..Q • 

TpYJlW XII M"*-IIYllII.poABoIIIIJ(O
J1W ..0JI0JlWI: y~eBWI: DO .II3IIlte 
aweo••1: 3Reprd. DpBlloollopcKO. 
RPI>. 1978. 

TpyllW V Me*-'lYBApoABoro COBe
IIUUlU no lIenOll.m........ Teop.... 
Dona. AnymT... 1979. 

TpyJIW XI MeKCJlYllAPoAllol 1IlJ(0nw 

WOJlOJlWlt ~enu DO "3D.. ....cO.n 
38epral • peDJITIB8cTc.ol uepllol 
.83_•. ro....... 1977. 
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