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I. B B e A e u K a 

Slfx!Je It Tau., o6ycJIOBJieHH!iM s- d -o6MeHHID& :ssauto)J.e~c 'l'l!Heu: 

1l nepeXOAHIDC U:6T81lJI8X, llOCBH!Il6H8 06111Hpli8H JIHTepa~ypa ~CM,,Ha

np>YUep/2/), B KOTOpOtt lfCllOJI:bSYil'l'CH, O)l.H8KO ~ H8bl:Hl' 3mHe llplll6ID?:

:18HJIIH no napau.eTpy ":h~r ( J;.;d -TaK Haau:sae.aulil s- .J -o6MeH

Hbl~ HH'rerpaJI, '>: -aHeprHH riieJilH). CymecTBOBBHHe a4!QleKTa KOH

r.o/5,4/ B p8CC8HHHH aJieKTpGHOB Ha napau:arHHTHO~ IpHM6CH B Me-

T8JIJI6 rJOK8SllB86T, qTQ B BliCWHX IIpl46JIHll6HiUU IIO ' -;- Vi -oowe-

HY u:oryT llOffBKT:DCH fiB1l6HHll, KOTOpl:ie HeBOSU:OllHO n~ e~CK8S8Tl> 9 

HCXO]l,fi HS rrep:soro npH6JUI:I6HHH !IO JK838HHOUy rrapru. 8Tpy, liOS'fO

uy npeACT8BJIH6T HHTepec p88BHT:b UaTeMaTHqeCKR~ an~apaT ~~H OIIH

C8HHH ~eppouarHHTHOrO M6T8JIJIS, IIOSBOJIHil~i HCCJie~OB8T:b pOJI:b 

Bb!Ctii.HX llpH6JIHli:6HMlt IIO S- d, -oCSueHy • 

PaCCMOTpHM CHCTeMy 8JI8KTpoHOB IIpOBO~OCTH MeT8JI1l8, BSB:H

MO]l,encTByv~x C 8TOYHHMH nOK8JIH80B8HHI:iMZ CITHHaMH, Oes yqe'fa 

ITpHMoro HX BS8HMOA8~CTBHH ~pyr C ApyroM. rauHJI~TOaHaH OAHOro 

aJieKTpOHa npOBOAHMOCTH B T8KOM MeTaJine 

(I.I) 

r~e \--\ o \.'C) -aaeprHH a:neKTpoaa B KpHcTaJinHqecKo~ pe ueTKe, S "' -
onepaTop cnHaa aToua B ysne n , 6 -uaTpHUbl rra;nH. BTopoA 
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\IJ!eH ::l]lCCL OfiHCl I:B86T S- J -OOliCH 3JieKTpOHa CO BC6J.IH JIOKa.nH-

30B8HHWH1 CITltiH8Jl.l1. B Hp6,llCT3BJl6Hl1H BTOpH\IHOrO KB8H~'OB8IDIH 

er.ty cooTJle•reTBY lT onepaTop: 

L\ ·' I , '"\ 

(I.2) 

8flfl.I1C8HHb!t'! B OM ;TeMe KOOp;znmaT, r.ne OCl> L HallpaBJieHa B.l\OJil> 

D1'0HT8HHOI'O MOM :JH'l'a CHCTfJMbl. 3.zteCI> '\;' H\TJ 03H81J8CT BOJIHOB~'lJ 

rpyrnW:lflO 3JI8KTpO 'ia CO CIT:IHIOJI, H8Hp8BJ16HilblM B,l{OJII> CITOHT8Hl!Oro 

MOMeHTa, a '-V\+1l () - MH :'lJ!eKT.pOH8 C ITpOTJo!BOHOJ!O;tHhlM emmO:t.l,. 

PaccYaTpHE~R }4s~ B KH\16C'l'Be B03Wyrue!H1H, MOJl\HO f!OCTi;Ol1TL 
/._-: 

p83JIQ)!i8Hl1H ~"l:l! ~HTepecyiO~X Hac TeMnepaTypHblX WYHKIU1~ rpma1 ~;. 

OITl1C!:lB8lO~X Cl1C TCMJ, 0.ltH8KO OC066HHOC T:hll 3THX pa::!JIOJKCHJ.l~ flB

J!f!eTC1 TIOI'U.lJJElHl' C cpe,D;HHX OT pa3J!nttHOrO '!liCJJa CITHHOBhlX orrepa-

1'0 pOB. riCITOJII>3;\ H HOJiyqemma BaKCOIJ. JlapKl'!H.biM H IlHKwiH!iM/ I/ ( B 

,n;an:&He1-imeu .LJ,JJH H:pa'l'ROCTH -ID!fl) anropwrw CBCMHHH Tarutx cne,n!illx 

re cpe.nHeMy oT • eH:r.:.mero tJHCJia orrepaTopoB ( 11 Teopeua BHKa" MH 

CIHIHOBb!X on epa~ OpOB), MOlltHO l!CI10Cpe,ll;CTBCHHO, 6e3 rrpe.ztCTBBJ!e

R!HI orrepaTopoB emma qepea t}?HKTHBHoe wepuHOHHoe rroJief4/~ rro

CTpoHn .I\H8rp8! MHYJ) T8XHHRy ;.'{Jill t}?yHRUHi-1 rp1ma. BBH;l(y TOrO, 

'iTO raMHJI:&TOH.IH H B08My~elll1fl (1.2) 38BHCW!.' 0'1' 3J1CK'l'pOHHUX H 

CI1HHOBhlX on epa~ '0 pOB, IIOJIYliti.'OI!l8HCfl .ztHarpaMIIH8H TCXHHK8 ffB.il.HOT

C5I KOM6HHI1pOB8l :HeM TCXHHKH EJlfJ MH ra~3CH6eprOBCKOii MO.zteJIH >I 

00UtJHOA TBXHHK I ~JIH 8JICKTpOHOB. 

Lj 



C liOlWll\hJl ]Ui8l'J!WHil:iOI'O MOTOAtt y,Jtae'll.fi l10J1,'{'t¥11:.i> CitiC:1:eM_y 

'J'U'lrthiX ypaBHeH14~ AJIB aJJt~~ttpo:JHoil M cn¥~HObbiX <lJY!i.aJ,lltl PpHH&, 

mttliHto:: t~ac'l'etl j ;l{Jifl JwTopbi:x: yaastnlat-rc.n pel\ en T H< mHcaHIHl .zum 

l·paMu B JlllCIOM nopR.Jt:Ke. B KatteC~l'ue npK.llo!leHl'lll Me~'OAa H<JytLeHbl 

C;fiHJi~llOJHIC!BbW Il036yll,nemfH CMCT6MT1 IlpH H113itY.X Tel ncpaTypax M 

HUitH:~fJHO, lt8Rl1e IlpH6JIMllt6HHf! COOTBOTCT:BYil'l' pe3yJL•TaTru.f2/, no

i•J4.6HFII1M paHeo JAeTOll,ou p8CJliAnncHV.ll \PYHKII."'~ PpluH • lJ.pyroe np>~··· 

Jil!JII.C.H~e O!rtWOM~·l)fi K 38TJfXllHIUl 3Jl6R'lpOHO:B 11pOBO]J.J MOCTH lllJM lil/13-

l\•iX TeiH!Cp8TJJl8'l< • r;D:H 8H811118MpyeTCR pom, onpeAeJ CHROtf TIOCJ!Cll,O· 

Rat·t:l•bHOr.'l'il ]J.I1RT'p8l!!l ]J.11ff C06C'TBOFf10~ 3fiP.prHI', CC OTJ:CTCT'RYillr.,<~t~ 

:, ,,;•;i W8 jJ&C<:tmnl1lJ l:l8 H30Jrn}JOJ3i'lll!!OP! npMbleC.H a<MJc K'l';'j Kon,z!,(:. 

rat.t L'.Jl.bTOHH8H C.I'IC TeMbl 3J!t:KTpOHOB IIpOliO.lJ,Hio!OC~ 11 :l'i JIOI:8JIH30~ 

.il&t!HbiX CfliiHOB weppouarHH'lHOrO M6T8JIJI8 y]J.06HO npc llC TBBH T.b B 

}{ (?.1) 

1' ft.e 

'} L '"- ~ ~ 7+) \ i) \ H 0 ( 'L) -\" L ( s ~) ') (i: -- R .~ J "\', .. )~'(I f( t 
n 
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C IIOL!ilUJ,."rl ]I,H8l'PW.lli110I'O IICTO]I,!i Yli.801vft llOJJ.,Y UU:.i> C~c~eM,y 

TO'iHhlX ypa:sHeH~ot~ ~'\JIB 3JI(:K1·VOHHOti ll CllkiHObbill cpyti Cu,lln rpHii!i, 

mHHHiiJC t~ac:t·eJ.l 1 )11m liOTOpbl:x: yKa3J:Hl8bTOH pen.en'l' r. mHcaHHfl ]I,HH 

J'!Jat.Ul B 1l!l60M rropR,Il,Re. B Kat~ec'tHe IIpV!JIO.IIleHIHI .IHi w.z~a HayqeJ:lli 

CllV!ll-.BOJJii(JBhW !!036yllt)leHV!fl CMC T611il llpll H113IW.X 'rCIIIl epaTy pax M 

ilUKtla!itW, K8!U1e Tipl16JIHlleBHfl COOTBCTCT:ByVT peayJI >TaTa.Jj/2/, no

;, p~6HHLlM J1Bfle0 MCT0/1.01.1 pl:'lCJ!lP.HJJCHV!fl rpyHK[l,Mt1 rpM HI, • .Ilpyroo IT pH··· 

JJi•llt:Hl<le OTJili(;H'l'l)fl It 3flTJ'X8HIUl 3JICR~1JOHOB ITJ.!OBO)lllo!OCTH TIJIH fil1o

h:.-i.._ TC1Hif.)'J8'i'J jJ81(,. rJI.I:l 8H8J:IIi3HpyeTCfl pOJJl> orrpe,ll;e' CHilO~ ITOC1IC,li,O• 

"Ra'l't<ltbHOt";'I'M ,lli1RT'p81HI ,lt}JH C06C'TP.CY.HOt1 3IH~pNm, C( 01'l'CTCTllYl:Jir..nt' 

:, l'l'.Y we J..ltlC(;BHnJ.lll r;a H301mlJO.lWlmoti npHuecM aqxp, RT;y Ium;n.(:. 

raMlM.h':OOHI18H CHCTeMbl 3JieKTpOHOB TipOIIO,ll.lNOC~ 11 H 1IOJ:3Jl/.1JO

.l:l8Hllb1X Cf!HHOB <lJeppOMarHHTHOrO JI6T8JI1!8 y,no6HO llpC;!iCTBBHT:b B 

IH1Jl.e: 

(?.I) 

J'.E.C 

'Ho~ ~'\1~+)\'t)\HoCc) -t· L (~~) )C=t.-\Z.~~'t,,)~'t]d1: t 
t\ 
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(2.2) 

IH int --., 7, \.i L] ,cc -\Z.,) t '-\:' :~) (,1:.) t~) iJ_) s-., 'r 'V ~ .. , l_"t:) t-)\\) ~:; ~ "t 

r, . 

(2.3) 
[( t:, ,,~ l t '' -c .~ -Z ~ .: •. crs-v,_-,~ c':)':- ('\' ,' ~:c) 'Y •• ,~, ~ .. ( >l(7,,rc! '\,.)(evA\ s~ \S.~~~ 

3;nec:t. qac•n OI~e )3Topa 'jy ·,,{ (I.2). CllH3rumaf! c npo,ll.OJI:&HoL1 RO!.!

rroaeHTOti emma, BHeceHa B rrumJIL~'oHnal: 'rL , KOTophln Tenepi> 

BR.7IlOt!8eT 3C(xpeKT !IO)Ud8I'HHtB1IiaiUUl 3JieRTpOHOB ITpOBO.l1,11MOCT11 06· 

M 6HHWI l!OJ.IeM ~ ;II. 3~C TBYIOmli!M CO C TOpOHhl JIOI\8.JU1SOB8HHhiX Cm'IHOB i 

a T8Kll<e MOJJeKYJHpHOe l101Je, IWTOpOe ,ll,etiCTByeT Ha JIOK3JJM30B8HHh!il 

CIU'IH CO CTOpOHbl IIO;n;MarHMti.GHHbiX 3JI8KTpOHOB npoBO)l.MMOCTH. Ta!Gilli 

o6p330M, 'H ~ fl3Jlf!CTCH I'aMJ.IJJ:&TOHM8HOM HyJieBoro !1pH6JI.IiJKCHIHi 

CaMOCOI'JI3COBaHH)I'0 flOJlfl, fl ~"j{;"t Jlll1Thlll88T B03YYII\6HHe ero •. 

CMMBOJI( •• > 03H 3.t!88T ycpe.n;HeH.I!e 110 CT8THCTMtteCKOMY 3HCaM6Jiil 

C raMI1JI:&TOHI13HO ~ "J{ 

(2.4) 

BBe;neM B racCMOTpeHHe TeMrrepaTypHhle rpMHOBCKHe WYHK~M ~fl 

3JI6KTpOHOB 11 JIOKaJII130B3HHhiX C!IHHOB: 

" r--.1 ,........._, 

c; (,,. c'L 't', ::c_' "') = z ,-, '\': (t..~) 'V ~· ('L'I\:')) (2. s) 



(2.6) 

""' 
r.lle CHMBO.n A l'C) oaHat~ae'!' •ralae&6eproBcKOe1 npe,1lC'l'SBlle-

HHe onepa'l'Opa f\ 0 r8JIHllloTOHH8HOII '}t 

(2.7) 

" 
a T't" - onepa'l'Op ynopH,1lot~eHHH no nepelleHBol 1:' / 5/. 

KaK H8B8C'l'B0/5/, Cp8,1lHH8 '!'HITS (2.5) B (2.6) IIOry'l' 6H'l'lo 

BHpazeBH B rrpe,1lC'1'8Bli8HHI4 B88HII0,1l6IC'l'BHH: 

(2.8) 

, (2.9) 

r.1te orrepa'l'Op 1\ <.:r:.~ osuat~ae'!' rrpe.llC'l'SBJieHHe (2. 7) c rauz.n:&

'.rOHHSHOII 1{.,. , a ( ... J0 -yope,1lH6HH6 (2.4) '1'8KE8 0 rSMHlllo

TOHHSBOII 1lo; o(~) 80'1'11 '1'611HepaTypHSH IIS'l'pHUS p80C6HHBH: 

IlOCKOllloiey ).t 0 8)UU!'l'HB8H ITO CfiHBOBHII orrep:tTOpSII, lli)(Soe 

ope,1lHee f.... .... lo , rropoQaeuoe paa.nozemseu (2.I J) B q>opuy.nax 

(2.8) H (2.9), IIOZ6'1' 6H'l'lo pa86H'1'0 HS npoH8B6,1l6IH6 Cp8,1lHHX 

7 



TOR~KO OT SR(KTpOHH~X H TOR~KO OT CllHHOB~X onepaTOpOB. llep~e 

B~~HCRHIDTCH C !IOMO~~ TeopeM~ BHKa ~Rfl wepMHeBCKHX orrepaTOpOB 

!IO OClbltJHI& ri]aBHnaM; TeXHHK8 B~tJI1CR6HHH cpe~H.HX OT Cll.HHOB~X 

orrepaTopo:s 6um pa3BHTa BJITI/1/. B peaym:.TaTe Jm6oe cpe,ll;Hee B 

S -olA nopfl; ,Ke Teop1111 :sosMyll\eHH~ BblpalltaeTCH 'llepea WYHKW'!.H 

rp11H8 (2.8) I (2.9) HJR8BOrO llpHClnHllt6H.HH: 

.llnH aJieKTpOHl'0!-1 WYHKUHH Hyne:soro npH6JIHllteH.I'IH noJiyqaeu paano-

:~eHl1e n pH;D. oyp.be no nepev:eHHhDi <:- 't:' 

(2.II) 

l',l.\8 £:, '~ aHeprHH 3JICKTpOH8 I1pOBO;ZJ;IDlOCT.H C mmyJI~COM 

\' 11 CITI-!HO l 6 ( o ~ ~i) , OTCtJHT8HH8fl OT ypOBHfl ~epMH ;.t· 
1'0 eCT:O 

(2.13) 

3.zteC:& c_ 
0

f - rpaHCJiffilHOHH8fi SHeprHH 3JI8KTpOH8 B M8T8JIJie t t 6t, -

3HeprHH 33leKrpoHa B uoneKyJifiPHOM none, coa~a:saeu~u 3IOK83I.H30BaH

H~UH CITHHaMH t ( S 't)- Cpe~Hee 3H8tJ6HHe 7:_ -np06KW4H 8T014H0-

1'0 CI1HH8 1 a :L -wypi>e-KOMllOHeHTa S- d_ -o6ueHHoro 11HTer

pana (ubi npeHe6pernH sa:sHcHUOCTI>D ero oT HMnyni>ca aneKTpoHa, 

tJTO COOTB6TC TByeT TOtJetJHOUY xapaKTepy S- ~ -Oc5UeHa B KOOp

,l{HH8THOU !1p€.2J.CT8B316HHH). 

8 



PacCMOTPIDf Tenepl> CTIHHOBYJ) <l>YHKD;Hil rpHHa B u~a K-+( iT; ft') . 

Cornacao onpeAeneHHil (2.9), nony~HM ARH cl>YHKUHH HyneBoro npH6-

nHZeHHH B~pa~eHHe: 

(2.14) 

rAe 

(2.15) 

npHt~eM, 

eCTl> BenH~HHa MonexynHpHoro nonH (B eA.HHHnax Kl ), Ae~CTBY

~~ero H8 nOK8RHBOB8HH~~ CTIHH B yane n CO CTO~IH~ aneKTpOHOB 

npOBOAHMOC!H. Ot~eBHAHO, B HAeanl>HOM Kp.HCTaJine ll He AORlltHO 

SaBHCeTl> OT n 

~YHKIUfll G t 't) MOlltHo npeACTaBHTl> PHAOM ~]11>e 

K (t) = Z. e i.Ul.,"t K l i.w~) (2.17) 
n 

(2.!8) 

S -oro nopfiAKa AnH ci>YfiKIUf~ rptHa (2.8) HJIH 

(2.9) CBOA.HTCH K npOHSBeAeHHil onpeAeneHHOrO ~HC1.8 cl>YHKU~" Hy-

9 



Jie:Boro npH6JIUeHi'H (2.Il) H (2.14). .U.liH ero H8!IHC8HHH BBe

~eM C.118~yD~ rpf~PJqeCKJD TeXHHKy. 3JI8KTpOHHHe ~JHKnHH rpHH8 

G"'6 \ i:e; T.:"t') 6~ :neu RSo6pallan cnnomHott JIHHHetl, npo:se]:{eHHO~ 

HS TO'l!KHi~ 

TBR qTO ~ ( OO!BeTCTPyeT 3JI8KTpOHY CO C!IHHOM ( - ) , a 

~- - 3JieKTp01 y co cnHHOM ( + ) • Cm!HOBYIJ iflYHKnHID K \.t- "-') 

H306p8811M CriJIOWH( •n JIHHH8~, C08~l'IHHDI!t6~ TOqKy L C TOtUWtt 't:' 

c npocTo~ c-:rpeJIR< ~: ---?---; S- ct -06M8llH08 B38HMO}J,e~C TB~Ie 

H306pa3HM BOJTHHC' '0!1 J!HHH8!1 6e3 H8Hp8.BJ!8HHH ~~-"'--" . 

B noJiytleHHbL TaKHM o6paaoM :nHarpaMuax MOJKeT. co:nep:xm Tl>Cff 

nHTl> H3 HHX (a)-.~) CBH3BHH C JIOK8.1IH30BBHHOI C!IHH-CHCT8UO~ M 

COOT:BeTCTBJDT ,i'Ut irp8.!.!MHO~ T8XHI1Ke BJU!. TaKHM o6pa30M, BepmH!:!ro 

TIHIB (a) COOT:BeT :T:BYIOT onepaTopy s- , Tlma (6) H (B)- onepa

TOpa.Y S + , a B lPlilHHhl (r) ~ \A) - onepaTopaM S 'l:. • 'ieTupe 

lpyrHX (eJ-lM) C~H3BHbl C 3neKTpOHHOI CHCT8MOI. JHHHH B38HMO

~eL\CTB.I1H coe~HHHOT Bepm.11Hbl CJI8AJDil\HX T.I1ITOB: BepmHHY (a) C Bep

mHHO~ (z); BepmHi~ (6) H (B)- C BepmHHOI (3), a BepmHHN (r) 

HJIH (.n)-c BepmHH31ni rnna (e) MJIH (H). 

~C8 BepmHHbl TH!IOB (a)-\A), COOTB6TCTBJD~6 COBIT8ABID~ 

y3naw, BM8CT8 CO C!IHHOBhiYH nHHHHMH, COe~HRD~MH HX, Z\O.liZH~ 

06BO~MTl>CH OB8Jl0l 1 a COOTB8TCTBYD~8H qaCTb Z\H8rpaMMbl H83biB8-

eTCff 6JIOKOM. AH~norHqHo o6hlqHHM cnyqaHM C.I1CTeM, AJIH KOTopux 

[ ,, '' 



'}l;"'t CO,ltepMT C50S6BCKHe H1II! iflepMH6BCIWe onepa ropii, MOliCHO 

llOK838 T:b t 'II TO I! B ,lt8HHOM C JIY'II86 ( KOr,lta '1{_ i. "'t 3 'l.BHCH T 0 T 

onepa!OpOB cnHHa) ,ItMarp8JOIHiie PM!i, cooneTCTBYil!Ufe paaJiolle

HHHU (2.8) H (2.9), CO,ltepxaT TOJIJ>KO CBHBHiie ,ltHSrJaMMii, npH

'IIeM BM6CTO COOTHOmeHHI (2.8) H (2.9) KMeeM: 

(2.20) 

CqJopuy1II!pyeM Tenep:b OKOHtia TeJI:&HO llp8Billl8 no': TpOeHHH ,ltH8-

rpaMM .ltliH aneKTpOHHol H CTIHHOBol rpHHOBCKHX WYHK~I. ~JIH onpe

,I\eneHHH nonpaBKH S -oro nopa,ItKa K if>YHKIU!H K -+ ( n. ·) i''t') HYlltHO 

H8pHCOB8 T:& BCe CBH38HHI:le TOllOJIOrHtieCKH He3KBHB8JIIJHTHI:le )U'I8-

rpaMMii c 25 BeyTpeHHHMH BepmHHaMH il ABYMH BHemHHMH "cni!HOB!i

MH" BepmHHaMH (O,ltH8 i!S HHX- Tilll8 (a), ,ltpyraa - ·~J.ma (6) H1II! 

( B )J'/). AHanorHliHiill oe5paaoM cTpOHTCH ,I\HarpaMMii .I\.IH aneKTpoH

HiiX if>YHKJ.U'Ilt I'pHHa G++ H G--, TOJil>KO C5epyTCH :ztllarpaMMI:l c ABY

LHi EHemHHMH "aneKTpOHHWH" BepmHHaMH. K cif>opuyJIHJ>OBaHHWl npa

BHJiaM CJie,ItyeT :ztOC58BHT:&, liTO B C5JIORax He ;D;OJiliCHO CII;D;epxaT:&Cfl 

SaMKHYTiiX neTeJI:b H3 CllHHOBiiX JIHHHI, a Taae li8CTolt, He CO,ltep

ZB~X BHSWHHX Bepmi!H 9 npHC09;D;HH6HHiiX K OCT8JI:&HO~ li8CTH ;D;H8-

rp8MIIIi JIHHHS!.t B38HMO;D;el!C'l'BHH. ~arpaMMii llOCJie;D;HeJ'O BH;D;a i!CKJID-

J'fiTOC'l'pOeHHe .1U18rpaMM ;D;JIH \(H(it) ft''\B OT;[Irfll:He oTKt!-t 11.'t.') 
npe;D;nOJiaraeT, liTO BH6WH1411H BepmHHaMH HB1!HDTCH B l:8llt;D;Olt ;D;Harpau- ' 
Me :ztBe BepmHHii Ti!ll8 (r) HJIH (;D;). 

II 



~3IDTCH BCne~CT.EUe C~enaHHO~ nepeHOpYHpOBKH raMHHbTOHHaHa Hy

neBOrO npH6~~EHHH, y~HTHBaDmero MOReKynHpH~e nonH, ~e~CTBJDmHe 

Ha HOKanH30B8H~~e CTIHHN H 3R8KTpOH~ npOBO~HMOCTH. 

BKna~ B iJ:J:i HKizyiiO K- + \ i \ ~ 1.'t') OT AHarpawN ~ -oro nopfl)l

rta paBeH 

I' ¥ 

Cs \ ... \d·e, .. J1:,\ .. .\v\z:, ... Ji:~ ~ ... ~ r~kc:,-R,) ... 'ht.5·R0· 
~ ~~ 

' (2.21) 

· G\ .. ~ ... G ( ... ') K\ ... ) ... K \ ... ) S (. .. ') ... S( ... ) 
' 

r)le npOH3Be~eH~e ~ -CHKBOROB yqHTNBaeT paBeHCTBa J3HOB, OT

Be~8DmHX BepmHF aM, H8XO~HIJ4HMCH B O~HOM 6nOKe, c.;- rpyHKUJiH 

rpHHa (2.II), cooTBeTcTBYI>I!l.He aneKTpoHHWol ~HHHLI, a K -rpyHK

UHH (2.15), OTie~aD~e CITHHOBWol nHHHffY. 

KoaqxpHUHei: T C s. )laeTCH B~paJKeHHeu 

Cs;; Bs 1.~! (-i)F-~LLm"+1. f\_ bl~-<-t) (2.22) 

ol.. ~ 

B KOTOpOM OT)leJJ bH~e BeJJHqi/1~ 0603H8~81>T: \) S -~HCJIO TOITOHO-

rH~eCKH 3KBHBa1eHTH~ ~Harpauu; ~ -o6mee ~HCHO BepmHH TH-

rra (B), (~) H (e) B )lHarpawe; F- - qHcno 3aMKHyT~x aneKTpoH

H~ fi8T6Jib; m,l- ~HCJIO BHyTpeHHHX BepmHH THITa (a), ~d.. -quc

JJO pa3p03HeHH~X qacTe~ B ~ -OM 6RORe ;!U1arpaMM~. fipOH3Be~e-

HH8 JL 6epeTCH rro BCeM 6noKaM ,lJ,HarpauY~. BeJJHqHHa t t"'1 
oa-

.... 
HaqaeT n -npCH3BO.llHYD no ~ OT <l>YHKUHH EpHHJJI)3Ha. :3TOT noc-
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Jie;nHHt\ UHOJKHT8JI:b (npOH3Be;neH.He TipOH3BO;nHbiX OT g ) TOtlHO CO

OTBeTCTByeT TeXHHKe B]ll ;nJIH CITHHOBNX onepaTOpoB. 

BKna~ oT ;nHarpavu~ S -oro nopH~a B aJieKTpoHaym WYHK-

1.\Hil rpHHS G-oo ('C:'C j "'C.'z') 0603HaqaeTCH TeU lle CMU BOJDitl6CKHM B~
pa*eH.HeM (2.2I), a K03~HUHeHT C: S onpe;neJIHeTC~ wopuyJio« 

r:> mQ+ i. ? ""~ 
(2.22)\ B KOTOpO~ MHOSHT6JI:b ~ CJie~eT 38l6HHT:b HS ~ , 

ToqHO T8K8H ze wopuyJia (KSK H Anfl aJieRTpOHHOn WY~RUHH rpHHa) 

K"'r ' ) cyUlecnye'l' ;D;JIH K03~HUHeHTa np.H ;nHarpauue WYHKUH! rpHH8 li't)i 't' < 

ITepenAeu Tenep;r, B HunyJI:&CHoe npe;ncTaBJieHHe, onpe;neJIHB 

wyp;r,e-KOMllOHeHTy rp.HHOBCKHX WYHKUHn: 

I +\t 'r..u 1:' '"? -i."KCi-1') .._..~..· 
v "'\~<: Ll.l.l.,) = L e_, " ct-c G e K ti--i' 1:) (2.23) 
~ l r.r- (H') ' 

-~ 

r.ll;e Mlrl yqJIH, t~To WYHKUHH K.~.."'\it} i't') aaBHCH'l' )T paaaocTH ap-

ryMeH'l'a t -'t' 

\(.,. (iZJ lw,._) 
H 1-1' (;nJIH H,ll;eSJLbBOrO KpMCT8~Jia). BKJIS;zJ; B 

, HaTipMUep, COOTB8TCTBY~~n BNpalleHill (2.2I), 

aannmeTCH B BM;ne: 

C,, r ; t ~ ·~··· L·X~< 1,\. JKJ,L G\i,.iw,)~K\<>~)j l&t<~2.24) 
... ~~... 0 -, • J\.. E) \'El.U) 

3;ztec;r, J 1<.. -4Jyp;r,e-KOMTIOH8HTB S-d -06UeHHOro 38BHUOA6itCTBHJI: 

(2.25) 
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S -cHMBOJibl B V.24) ~HTbiBaiOT coxpaaeHHe mmyJI:&ca H qacTOThl 

B K8llt)lOti BepmHHe ; (HarpaYl&hl. 

CocTaBHM rpacJHtleCKHt:l PHJl JlJIH CIIHHOBO« tPYHKIJ,HH rpHHa 

K.(.o~.' (2.6). 06a trrrepaTopa CIIHHa, BXOJlHmHe B ee orrpe:neneHHe, 

OTHOCHTCH It JIOKam i30B8HHblM CITHHaM, T • e. K CHCTet.t.e q -3116KT-

. "'"'' poHOB. 'lToC5hl no:nqt:pKHyn aTOT !IJaKT, 6y:neM tPYHKIJ,JIIH K o6os-
... ~ ~~~ 

Hat~an B :nan:&HettmwoL K a4. 1II06aH JlHarpaMMa MH K .J..k co:nepJKHT 

,1\Be BH8IDHHX CIIHHO:II~X BepWHIW ( THIIa (a)-(Jl)). Ha30B8M Heiip.PIBO

JlHMOtl ,1\M8l'p8!.Uly, 1 :OTOpYJO H8JI1>3H paapesaT:& ITO 0,1\HOtt JIHHHH ~-

" ""' MO,Aettc TBHH. flonay1, coBoKyrrHoc n. TaKHX ,AH arpaMw JlJIH IPYHKlU'IH K <A~ 
"">'.~.-.· K"'"'' 

oc>oaHat~HM L <1~ • lloMMYO aTHX ,1\Marpawu, B H ,1.\0JillH.b! Bxo-

""'' ,1\HT:& JIIlC5aH ,1\Harpru:Ma H3 ~ <id , CBH3aHHaH JIMHHen B38Hio!0,1\en-

CTBHH v dS ( S-d -06MeHOW) C H8KOTOpon )lHarprunwtl, HM810ll\8n 

,1\Be BH6WHHX BepmHIIbl: CIIHHOBYil H 3JI8KTpOHHyll. 0603H8tii1M IIOJIHYil 

K-..~.• K.J...J..' 
COBOI{yiiHOCTI> TaKH:: ,1\Harpau:M qepes ..,<\. TaKHM o6paama, B dd 

"'>' ot..J..' K""'' BXOJlftT BCe )lHarpBJiMbl THIIa L--. dd \Jd:; ~d • 0603HatiHM, ,1\aJiee, 

K
o(.._, "<;:' tJ..o(l 

IIOJIHYIO COBOKyiiHOC'~:& HeiipHBO)lHMhiX ,1\HarpaMM JlJIH dS qepe3 L..cls, 

"'5' "'"' -v K'"'"'' QqeBH,l\HO t JIIJ68H ,1\l arpa.M.Ila H3 MHOllt8CTBa L.. ci ~ sd dd TaK-

Koo(o(.' 

lle 6yAeT rrpe:ncTaJIJIHTl> KaKyiO-HHClYAI> AHarpaJlMY l13 pH;na MH <l<l • 

PaCCMOTpeHHbiMH THJ:aJlH )ll18rpa.ML1 HCqepiibiB810TCH BCe B03LIOlitHble 

K "'"'' rroc TpoeHHH )ll1arpa! :MHoro pH,Aa MH <1<1 • TaKHM o6pasot.t., Ubi rrpH-

KJ..J...' 
XO.z\HM K cJie,l\yK>Il\eM;' ypaBHeHHIJ AJIH H 
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(3.1) 

( 3aM8THM, qTo \j.! '> ~ v, d :If OCl03HaqaeT BeJIH'U1HY S- d -OClMeHHO

ro B3al1MOAe~cTBHH ~ ~ sd l'·c- R) ) • Paccyll,ll,aH aHanc r11qaw o6pa
K.._.._,. 

30M, MOlKHO COCTaBHT:D ypaBH8HMe AJIH · »d • 

(3.2) 

... .(, 

PAS ~ ss- ITOJIHaH COBOKynHOCT:D Hellpl1BOAHW~ AHErpaMM C ABJMH 

BHemHHMH aneKTpOHH~M BepmHHaMH. IToJIHH~ pHA BCe> AHarpauM c 
\ J..J..' 1Z ~~ . JlerKo 

noKaaa T:D TaKxe, qTo ypaBHeHHe AJIH K ~~ CB!latu aeT sTy BeJIH-

K.{.(.' 
tlRHY C HeKOTOpO~ 4S. , H AJIH OClSMX BeJIHqHH fOJiyqaeTCH CHC-

TeMa yp8BH8Hl1~, llOAOClH8H (3.1) H (3.2), B KOTOPJ~ BXOAHT e~e 

9~.{1 \/ o(·.(. I 
~~S -llOJIH8!1 HellpHBOAKM8!l COBOKYITHOCT:D ~ J~ • ilOJiyqeHHYD 

T8KHU o6pa30M CHCTeMy qeTHpex ypaBH8HK~ (pacnaA~D~XC!l HS CO

BOKyiTHOCTK AByx CBH38HHHX ypaBH8HH~) MOXHO 38ITKC8T:D B MRTpKq

HOM BHAe: 

1\ A 

K=L.. 
1\ A 1\ 

+ L\l.K (3.3) 

rAe 

BepXHH8 CITHHOBHe HHA6KCH 3A6C:D ony~eHH, T8K qTO ypaBH8HK6 

(3 .3) onl1Cb!BaeT cJiyqaH K + - , \(- + \.-\ K ~;. . 
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Mozao noKaac.n uoeiaBoK K (3 .3), qTo K h Ill I< '!.J 
rrpeACTSBJUIJ>T cueu aaaYe 4JYHKIUIH rpiilHa, a K ~"' - anenpoHHYD 

AByxqacTHqHym qJyiKUHD rpHHa CJI6AYD~ero BIIIAS: 

1113 :3TIIIX orrpeAeJieUI~ BHAHO, q'l'0
1 

HSHpHMep, \(~~ npeACTSBJIHJlT KOp

peJIH~IIl nonepeqa&x xounoaeH'l' JIOKaJIH30B8HHoro crriiiHa B yane I 
-·, 

H CITIIIHOBOrO MOM6BT8 :3JieKTpoHOE IIpOBOAIIlMOCTH B TOqKe 1: 

K~~ npeACTaB~aeT xoppena~HD cnHHOBYX uoueaTOB aneRorpoHOB 
_, 

H 1:. • TaiUUI o6paaou, uaTpH~a K, 

onpeAeJieHHSH BYp8EeHH6M (3.4), aCT» ITOJIHSH M8'l'piiiU8 rronepeqHYX 

CITHHOBYX KOMITOHeHT CHC'1'61lY ~~ - Ill <\ - (IJI6R'l'poHOB MeTaJIJia. 

YpaBH6HBe (3.3), ::: yqeTOM COO'l'HOmeHHH (3.4 )> OR83!lB86'1'CH ITO 

CTpyKType TSRHM Je, KSK Ill AJIH ABYXTIOApemeTOqHoro ra~SeH6eproB

CROrO uarHe'l'HRa/6/. 

~H A8JI»He~m3rO YA00HO 38ITHC8T» ypaBH6HIIle (3.3) B HHOI 

4Jopue: 

(3.8) 
' ~ 

COOTB6TCTBYJ>~e~ B36.1{6HHD a4J4JeK'l'HBHOro B38IIlllOAe«CTBIIIH \j 

ITOAliiiiHHil~eroca yp.tBHeHHD 
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(3.9) 

~ 

B KOTOpOU \1 03Ha~aeT U8Tp~~ 

* (~d~ ~d~\ 
V = v~d. v~..,) (3.10) 

"" * ""'·· ~d , Vt~ ~ H \J '!,i npe.n;cTaBJIRJOT atlJtlJeKT.HBHoe B3aiUIO,ll;et-\cTBHe 

Mellt,Zcy JIOK81!H30B8HHblMH CriHHB.MH, Mellt,ll;y HHMH ~ 31eKTpOHaMH llpOBO

,ll;~MOCTH H Me~y 31!eKTpOH8MH npOBO,ll;KUOCTH,COOT3eTCTBeHHO. 

3aMeTHM 1 ~TO CHCTeMa ypaBHeH~~~ 38ITHC8HHlH B BH,ll;e CHMBO

JIHt:IeCKOrO ypaBHeHHH (3.3), noaBOJIHeT BblpaaHT:& K -tl>YHKUHH qe

pea COBOKyriHOCTD HenpHBO,ll;HUbiX HX 1:18CTe~ ~ , ~JIH HHX MOXHO 

HanHcaTD ,ll;HarpaMMHble PHAlli, H8HHH3mHe tiJieHu Koropblx aanHcaHbl 

B n pV!JIOllteHH~. TaM lite ,ll;8Hbl Bhlp8lK8HHH ,ll;11H ~ 'i.< t ~ d~ H Z, 'S'2, 

t:Iepes noJIHble HenpHBO,ll;HMble BepmHHHble qacTH- Tp~xnonJOCHHKH H t:Ie

TblpexnoJIJOCHHKH. 

B 3aKJIJOqeHHe JK8lKeM H8 O,ll;Hy B03MOlKHOCTD )000~eHHH ITOJiy

t:IeHHbiX pe3yJIDT8TOB. ~CJIH Me~y JIOK81!H30B8HHblM~ CITHH8MH Cy~eCT

ByeT npHMOe OOMeHHOe B3aHMO,ll;elltCTBHe \j dct , ro C yqeTOM 3TO

ro 06CTOHTeJIDCTB8 BH,ll; OCHOBHOrO ypaBHeHHH (3.5) He H3MeHHTCH, 
A 

TOJIDKO riO,ll; V CJie,ll;yeT riOHHM8TD B aTOM CJIYti89 M8TpHuy: 

(3.II) 
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CaM!tl AMarpBJIMhl yC.!OlltHRJOTCH IIOHB1I8HHeM HOBOI liHHH!tl B3aHIIOAett

CTB.I'IH1 C08;D;HHHI011\8I Bepmlt!Hhl CII!tiHOBhiX JIHHHI ltl3 pa3HNX 6JIOKOB 1 

KaK B TexHHKe BnTI ITo.ny~a~~aHCH TaKwu oOpaaoM A~t~arpawMHSH Tex

ImKa RBJIH8TCH npo•:TOI KOM6JmaUHel TeXHHK BJIII H pa3BH'l'OI Ha!o!H 

B ASHHOt! CTaT:&e. 

lllaoOpaaiDA: rpliifJH~ecKH ypaBHeHHe .LlaiacoHa AJIH aJieKTpOHHOt! 

ifJYHKUHH rpHHa,coo~~eTCTByDll\8~ aaAaHHOMY CIIHHY a.neKTpOHa. Tipltl 

3JI6MeHTapHOM ':)- ~ -06MeHHOU paCC6fiHHl:! 3.7I8KTpOH MOlleT COXpa

Hlo!Th CBOtl CII.IfH l .7Il:! H3M6HliT:b ero • B peay.n:&TaTe paCC8f!IH1fl BO 

BC6X IIOpMKBX T80Jt.lf.l'l B03MY11\8HH!1 B03MOXHO TaKllte .7IH60 COXpaHeHHe 

3Jl8KTpOHHOrO CIIHHE,1IHClO M3M8H8Hitl8 ero Ha IIpoTHBOIIOJIOJI[HOe, II0-

3TOMy paCC8HHHe 3J8KTpoHa AOJIJI[HO OIIHChiBSTl>Cff BepmHHHHMH qac

TRM!tl AByx THIIOB. (;nHa HS HHX 1 HU6Dll\aH ABe 3.7I8KTpOHHhiX BepmHHhl 1 

COOTB8TCTBYI011\H8 O]HHSKOBhiU 3Ha~eHHHM CIIHHa, CBH3aHa C ~ -KOM

IIOH8HTOI .7IOKaJI!ti3018HHOrO CIIHHa, ApyraH llte - HU81011\8ff ~e 3JI8K

TpOHHhiX BepmHHhl, COOTBeTCTBym~e p83HhiM 3JieKTpOHHhiM CIIHHSU -

CBHSaHa C + H1IH - KOMIIOH8HTOI .7IOKBJIH30B8HHOrO CDHHa. 0603H8-

qHM rpa~HqecKH ill EHSJI!tiT!tlqecKH 3TH BepmHHHhle qacTH CJie;D;yD~ 

o6paaou (aHa1IHTHqecKHe BhlpallteHHH COOTB8TCTBYDT A~t~arpauue 6ea 

3JI8KTpOHHhiX KOHUOI): 
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(4.1) 

(4.3) 

Ka~~8H MS B6~H~HH (4.1)-(4.3) npe~CT8B~H6T UO~H)~ COBOKyTI-

' HOCTb ~warpaMM C ~ByYH 3~6KTpOHHHMH H O~HO~ ct -lH6WHHMH Bep-

WHHaMH. 

YpaBHeHHR .na~coHa ~H a~eKTpOHH.biX ct>YHKl.\H~ I'pfHa uouo 

aanHcaTb qepea BBe~eHH~e BepmHHH~e qacTH cneAJ~~~ o6paaou: 

.w . 
~= -+-+ . m. + • 

BepmHHH~e ~aCTH (4.1-4.3) T6CHO CBHS8~ C pa~CYOTpeHHYMH 

paHee cuemBHHIDUi cnHHOBWH cpyHKI.IBflMH rpwHa K -s~ • K d.~ .Noz

Ho y6eMTbCH, uo K s<l H K<1 s onpe~enH~TCH rpaPliRWU! {4.1-

4.3) CO CBe~eHHHMH 3R6KTpOHHHMH KOHUSMH, TO-eCT~: 

-=r: .. 

R ~"i:~= K~~ CR.'t)'t:'t'}= K"~"~~ C..'t"t'~ R_~c} = (4.5) 

- ~ ~~ j-· \II t cJ.t J<t-.r- CR_ti~.'C, )-=i:-.~-..)CJ\ .. )(i.~"t, ;":f..'t')<2l,.1~t't\l:."t,) 
- Jl..\"to ~'(.II. \ I -+ \ 

0 ~ 
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v. ~· ( "(.''!'". R't" = v +- I R't. "'t:'"t:') l'-... ;J. \ . I ) . ,, <( :'> \_ ) • 

(4.6) 

\/ r'l: 
AHanorHqHHe coo~ 'HomeHJU! IDoteKJT KecTo M ;n;JIH "' <I"' • 

CpeM .l(Har]•Bwt, cocTaBJIHKllllHX BepmHBHble tracTM (4.1-4.3), 

ecT:& nenpHBO,lUUile .u rrpHBOAHKhle (T.e. nepepeaaeKble no O)l.Hol 

JIHHHH B3aHiolO;lie«<TBHH). C yqeTOiol 3TOrO 06CTOHT8JI:&CTB8 OK83biB8-

8TCH B03MOXH~ Iepe11HC8T:& yp8BH8HHH ~8itCOH8 B T6pMHH8X H811pH

BO)l.IDolhiX BepmHHHI~ tr8CT6it (cu. ilpHJIOX6HHe -aamTpHXOB8HHhl6 3Jie

MeH'rhl): TpeXITOJIIICHHKOB H qeTblpeX!IOJIIOCHHKOB, 8 T8Klt8 1IHHH~ a~

<l>8KTHBHOrO B3aH1:o.ll;eRcTBirHi. TaK, HanpHMep, rrepBoe H3 ypaBHeHHit 

(4.4) CTaHOBHTCl CJI6.2l.YKlliUUI! 

YpaBHeHHe .D.XH .D.Jiyroa <l>YHKIUiH I'p.uHa rroJiyt~aeTCH aaMeHot:i qepHhiX 

3JI8KTpOHHIDC CTpOJIOK H8 CB8Tllhle H o6p8THO, 8 T8Kllt6 J48MeHeHH6M 

H8l1p8BJieHHH CTpt:XKH B !Ip6,ll;l10CJI6,liH611 rpa~Ke. .IJ4pHb16 rryBKTHp

Hf>le JIHHHH 03H8tlllllT 3~<l>eKTHBHble B38HMO.ll;8itCTBHfl, Orrpe)l.eJU!811LI6 

yp8BH8HH811 (3 .9 ! • 3TI411 rryHKT.14p8M COOTBeTCTByllT p88JIHliHble 8Ra

JIHTPJqecKHe Bblpa:teHHH B 38.l!l1CWIOC'l'H OT :B~piiHH rpa~HKS, KOTOpble 

OHH COe,liHHmlTo 

Yp8BH6HH6 •.4.7) MOJKHO CpB.BH.HT:& C ypa:sHeHHell ;IUIH ~YHK~I 

rpHH8 llp!ri yqeTe ,liByxtr8CTHqHhiX B38HMO,IieUCTBHR (/S/, pHC. 53), 
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a TaK~e npH y~eTe B38HMO~e~cTBHH c woaoHauH (;~,. pMc. 54). 

floJiytieHHOe Hlll!H ypaBHeHHe ffBJiff8TC.Il K8K C5bl CBOeoCpa3HO£! KOM0Jil

H8UH6~ STHX AByx ypaBHeHH~. 

::l•ro CBff38HO CO Cll81.lk1WHtt8CKHU xapaKTepOM 0- :!._ -B381/llo!O

lle~CTBI1.fi, 11Mei01J1ei'O qepTbl 3JleKTpOH-WOHOHI!OrO H ;n;B:JXtf8CTI11l.HOrO 

nneKTpoHHoro B38HMo~o~cTBH~. B Kat~eCTBe HTora ITIOBeAeHHoro 

oCiutel'O HCCJie~oBaHHff yKaJKcM, liTO ypaBHCHHff ~Jlff CflHHOHhlX WYHK

UH~ rp11aa K 11 aneK'rpoHHbiX WYHKLVf~ rpHHa G :; ;n.aJiocl> Bhlpa--

3HTJ, t~epea C;l\HHY~ CHCTCMY HenpHBO~HMbiX BepmHHHbiX ti8CTe~: Tpex~ 

uoJuocHI1KOB H qeThlpexnoJIIOCHHIWB, ;1\JIF! KOTOPl:lX CYIII€ CTBYilT ;1\HarpaM

MHble PHAlli, B KOTOpbiX MOlKHO BhliTOJIHHTl> BbiCiOpO'IIHOe l~yMioUipOB8HHe. 

5. GnHHOBhle BOJIHbl H HX aaTyxaaH~ 

Ce~-qac Mbl JIIC c Jie)l.yeM rromoca CITHHOBO~ cpyHK~ ~ rpHH8 K l 

YAOBJieTBOPHJJII(e~ ypaBHeHHJJ (3 .3). PaaJiaraa Bee BenH"tlv:Hbl B (3 .3) 

B PHA ~ypbe, CBe;l\eM STO CHMBOJlH~CCKOe ypaBHeHHe OC CHCTeMe H3 

t~eTblpex ypaBHeH.rr£1 AJIH BeJIHt~HH \Z.,u t ~. i.w,) 1 K :..1 \~ \1.1,.), Kohti,i.~ 11 

\<.._,<;;.\~ 1 tw ... ),cBH3aH.HbiX JIMWb nonapHo: nepBaH co Bropo~, Tp6T:bff 

C tl6TBepTO~. ~S nepBO~ ll8pbl ITOJiytJ:eHHbiX TaKHM OC5~B30M yp8BH6HH~ 

Heue~JieHHO Haxo~u: 
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j 
.I 

r;n;e B npaBot;l 't18C Tli ;ltJifi Kp8TKOCTH onyll\6Hbl aprYMeHTbl K. , t.L\l"' 

y Be ex Bem!'ti~IH. 

PaccuoTpHM Tenep:& K ~ J \. ~ 1 i.l.U.:)B H8HHHSmeu rrpHOJlillleHH.Td. 

YtmThiB8H, t~To 2:.. ol'Ht L ..,cl Ha4HHallTCSJ c KBa;npaTHtl:HblX 4JleHoB 

ITO S-d -o6ueiy, riOJIY'Ilill..l >13 ~::>.1), B li8CTHOCTH; ;nJIH Ld~ 1 

3;nec:& l c1. J.l") -oyp:&e-KoYnoHeHTa oc5YeHHoro HHTerpana rrpmwro 

""> \o) 
B88HMo;nei\CTBlHI. <-- o::maqaeT, 'tiTO BeJm'IIHHa L B3HTa B ey-

neBou no S,- d ··oc5ueay rrpHCmnceHHH. BeJIHtl.KHe L- ;~·~ cooTBeT-

"'>' -~to) 
CTByeT npocTot! dnoK Ha ;nHarpauue, a c_. ... ~ - aneKTpOHHaH rreT-

JIR. li!C110JI:&Syfi II)8BHJI8 H8llHC8HHH 8H8JI.KTHli6CKHX BblpaXCHHit flO ;nH

arpaMM8M, riOJIJ't{l!Y nOCJie Bbi!IOJIH6HHH CywtHpOB8HHfi no '118CTOTWi: 

(5.3) 

___ _:.~:..:~~-..:.:"":....-.....:"'~; ______ ' ( 5.4) 

i. w._ "- E.\ ~ -t f.~-" ~ 

JlJIH roro, IT06bl rroJiyll:HT:& Bee qneHbl B aHaueaaTeJie K d~ , 
KB8;ztp8TH't1Hble flO \1 'i.l 9 H606XO;nlill0 Hai.tTH C T8KOH ll6 TOqHQCUil 

3H8U6H8TeJII> L .a~ ' a 3'1'0 03H8'ti86T' qTQ l(bl ,ltOJillBbl npocyuuH

poBaTD pfl)l.bl ~Ha C'pauu B L. -clj ) npKB O,ll;lllllHe K reoueTpHt~ec-
Koi.t npoepeccHlil )O 3HaMcua·reJieM ce He Bblme a ·ro pol\ cTe-
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ne!rn no \j o;;d. MN orpaHH'IIDICH cettt~ac HH3KHMH TeilO 3p8TJpB.MH 

( \<<.\c. ) H yueu noaTow:y B pH;zcy E -.i~ TOJII>KO re IIJieHN, Ko-

Top~e He CO~ep~aT npOH3Be~eHHH OT ~YHK~H EpHnRD3H8 ~ ; T8KM-

MH 6y~yT rpa~J1KH,H8 CO~ep:Ka~e pa3po3H8HHbiX 3.ll81l3HTOB B 6no

K8X. noaTOMy ~nfl HH3KHX Tew:nepaTyp HJEHO OCTaBHT~ nHWh rrepBbl«, 

BTopoil, TpeTHti, mecTo~ H CeADMO~ rpa~HKH B L_. -<l~ (cu. TipH

.no~eHHe (I)). Tipo~o.nxaH aToT pH~ Aa.n:Dme, ~ettcTBHre.nl>HO, MO

llteM noJiyqHU reoueTpHqeCKYD nporpeccHD co 3HB.UeH tTeneu,, oTBeqa

DlllMM qeT~peu rpa~HK81l: BTOpOMJ, Tpen,ew:y 1 W8CTOM 1 H ce~bMOiotY • 

TIO Cp8BH8HHIJ C Bblp8llt8HH8M (5.4), COOTB8TCT:B:'IOlJIHM rrpOCTOti 

neT.ne, B yKaaaHHbiX rpa~HKax BTOporo rropH~Ka co~e)JUITCH ;!{Onon

HHTeJI:DHoe HHTerpHpOB8HH8 no HUITJ.ll:bCall 1 n03TOMJ Odl1 ;IJ,810T BKJI8~ 1 

o6paTHO-llpOilOp~HOH8JI:bHbl~ 06'Il8My B38HMO~ettCTBHH •. l ~aHHOM CJIJ-

1188 peq:b H~eT 00 3~ilJ8KTHBHOM d-el -B38Hll0):18iA.CTBi!H, H300pallta

eUOM neT.nett C ~BYJ.!fl JU'IHHflllH <;)- <:\ -06MeHa H8 KliH~8X, a OHO, 

KaK H3B8CTH0 1 HOCHT ;'.i8.ll:bHO~e1tCTBJilli(Htl xapaKTep. IOaTOMJ JK8-

38HHb18 rpa!l>HKH ,na~yT B 3HaMeHaTe.ne K -_.~ BK.na;; MeHl:>WHH (Ha 

rrapB.MeTp o6paTHOrO atMJeKTHBHOrO Oel7>8M8 B38HMO;n,e1t< TBHH), qeu 

q.neH c_-;~")L.-,t..,'·r~1i()~.TaKHM o6paaou, npH HH3KHX Tea nepaTypax Mbl 

MOJK8M B3HT:b B (5.2) Ld! B Hy.neBOM T!pH0RU8HHH, Yt~TeM, qTO 

Be.nHt~HHa Kllw.,),onpe;n,e.nHeMaH cpopuynott (2.I8), co),ep:KHT ~. B 

OTr.yTCTBHe TlpaMoro OOMeHa 'J ;n,aeTCR ~OPMJJJO~ (( .I6). IT pH Ha-

.llHliHH npliilOrO 06MeHa B ~ 110flBJJH8TCff CJI8I'88M08 

~ ~ c. j~~ \ ~) ) 
It: 

COOTB8TCTBJ!llll88 MO.neKy.nHpHOMY rro.nJO, ;n,e~CTBJI011(8MY H8 .nOK8Jll130-

B8HHbltt CUHH CO CTOpOH~ ~pyrHX JIOK8JIH30B8HHbiX CilMtOB. ITep8XO~R 
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K ~yp»e-paanoxtHHD B (2.16), aarrHmeu: B~paxeHHe Anff ~ B 

cne~ym~eR ~put: 

(5.5) 

ITO~CT8BRffH (5.3) H (5.~) B (5.L) (C yqeTOM COOTHOmeHHff (5.5)) 

H ~enaa aHanHTI!qecrwe rrpo~omteHHe i..w"-w+~g·':>i~nlD, rronyqru& 

~Rff CIIHHOBOa tp;yHKUHH rpHHa K-.~ CIC, lll)BblpallteHHe: 

B ROTOpOM 

(5.7) 

::JHeprKH CIIKHOBO ~ B03IH~ B CHC Teu:e J10K83IH30B8HHiiX CIIMHOB C y-qeTOM 

TOJibKO IIpff!loro B38JUl0~6~CTBHff. 

tlblpazeHHe rHna (5.6) 6~0 IT03IyqeHO paHee BoHCOBCKHM H 

~amMoB~/2/ u:eTJ~ou: pacuerr3IeHHH aanaa~Bam~x WYHKUH« rpHHa. 

~MH 6b1Jl H3yqeH ~IIeKTp ~Byx BeTBe« CIIHHOBbiX B036y~eHK«, HB3IH

D~XCH II01IDCSYH WYHKUHH K ~~ \ ~ 1 i.w .. ) 1 H MX saryxaHHe. 
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6. 38TjX8HHe 3JI6KTpDHOB npOBOAHMOCT~ 

BbrqncmrM code TBeHHo-::mepreTH"IIecKyiO qacT:c Z + aneKTpo-

HOB. CHa"llana npoBe;l{eM pact~eT ;l{Jifl HPISKHX TeMnepaT~p (I <<Tc), 

KOr~a MOXHO OT6pOCETI> BCe rpa~HKH, CO~epKa~e pa~p03H6HH~e 3JI6M6H

T~ B 6JIOK8X, ITOCKOJII>Ky OHH ){8IOT BKJ18A, nporrOpUHOf.8Jil>H~~ npo

ll3BOAHaM OT ~YHKUHH EpHJIJII03Ha. ~CITOJ!b3YH ypaBHeH~e aa~COHa 

(4.7) H rpa~Hli6CK06 ll306pa~eHHe TpeXIIOJIIOCHHKOB ll t!6T~peXITOJIIOC-

HllKOB, A8HHOe B ITpHJIO~eHRH, B~nRmeM Bee rpa~HKH ~JIH ~ B 

H8llHll3llillX IIOpHAK8X, He COAepKamHe 6JIOKOB C pa3pO<H6HHHMH "1180-

THMll: 

(6.1) 

BTopo« rpa~HR Mo~Ho paccwaTpHB8TI> RaR npocTOe ycJO~HeHHe rrepBo

ro. B~nHmeu na npeAnocneAHero "IIJieHa ypaBHeHHH (4.7) Bee rpa~H

RH, HBJIHI0~6CH IIOCJ16AOB8T6Jil>HUM yCJIOXH6Hll6M nep1oro, OT6po

CHB Bp6M6HHO BCe OCT8Jil>Hhle. llonyqa~J!l\llHCH T8KHM 0Cp830M PHA 

(6.2) 

-t- , ' ' 

OIIHCbiB86T BHpTy8JI:DH~t! npouecc O;l{HOKp8THOrO nepeBC>pOT8 3JI6KT

pOHHOrO CIIHH8 C ITOCJ16AYKI!l\ml pacceHHlleM H8 cjJJiyKTYt.IUfHX ?:_ -KOY

IIOH6HT~ H8Y8rHPI"II~HHOCTH 8TOII8 BO BC6X IIOpHAK8X II!> S- c1._ B38H

MOAencTBHIO. B npoueccax, Hao6paKaeMhiX AHarpaMMa.MII (6.2), pac-
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C8HH~e 3~8KTpOH8 ITpOHCXO~HT H8 OT~8~bHOM H30nHpOB8HHOM 8TOMe, 

~ rrepeBOpOT CTIHH8 3neKTpDH8 CBH38H C rrepeXO~OM ~OK8HH30B8HHOrO 

emma MeJK~Y aeeMaH >BCKHMH ypoBHHMH B MoneKy~RpHOM none. Pn~ 

(6.2) MOJK8T ONTb ~3rKo rrpOCyMMHpOBSH, 8CHH npeHe0peqb 38BHCH

MOCTD~ ~-~ -00MeiHOrO HHTerpana OT HMITYHDC8, T.e. TIOR8r8Tb 

~~= 1o , MOo B 3TOM c~yqae PHA rrpe.ncTaBHHeT reoMeTpHileCKYD 

rrporpeccHJO, cyy:ua w Topoti 

- i ~>'"1~~t~ ~~_.G~:t)\~~\',~~AJ .. ±·~~-)K\\'.i.\0.,.) L _ (K1 w,)=- , ., _ _ (6.3) 
+ i +f.,-1!~ ~ G±)~\(~v >iw.,:!:\w""} \\\f,\~.:). 

" 
HHJKHHM 3H8K OTHOCHrCH K 3H8KTpOHaM CO CTIHHOM (+), ~HH KOTOpHX 

pa.n, aHanorH'lHNt4 (ti.2), 6y,neT rronyqanca H3 (6.2) aruteHot! TeM

HHX 3H8KTpOHHHX CTleJIOR H8 CBeT~e H H3MeHeHHeM HanpaBHeHHR CITH

HOBNX Jil'IHHi!. BNITOH:IHB CYMMHpOBSHJ.fe flO ll8CTOTrut, ITOHyt:IHM: 

_ ..h. ""9 1 ... "'"?> - "'-;._-r 
- N (___.. -

t' \.<0.,. -e. ~-I"-~~~ 

(6.5) 

C,nenaeM aHaJil'I~~Ht:IecKoe npo.non:JB:eHHe i..w.,. .....-w+ ;__c,.~,~~tO B 

rpopMyne (6 .4), nocJ :e qero non:yqaeu ~JIR B9HH'lHH aaTyxaHHR aneK

TpOHOB ~ =\= ~ \C: 
1 

1.0 J ::; ~ 1WI Z:.)~,14)sNpall:eHHe: 

_ _o ~ l t Jm ~* l~,10} (~.6) 
'<- ~~,lU) _.__, .. r " :1~ _ :1 
~+ Li~ -loRc:~+\.i.,~AJ)1-\- \_1 .. ·\-.~+~~,•.u)1"l.. 
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BblrrMmeM BblpallteHHe (6. 5) ,IJ;JIH K BOJIH3H rroBepxHOCTJ <lieJ:¥1.1 ~ 

ID~eeM MH T = o 

r,ne ~o -IIJIOTHOCTh c,_OCTOHH>i~ BClJl.H3li IT:)BepXHOCTMI. 

~:~ m I 1.,; :\ ~< K o -= "f Kf: ~ K ~" \ 1 ;:. l -MaJiaH .noua:aRa R IIIMIIYJI:bCru.! 

K; .n.nH sJieKTpOHOB co crriiiHa.Ylll (-) v; ( +)" 

cl'lt:p!Ol 

BHpalKeHHe (6.6) COBileCTHO C \6.7) Oll6HI> 6JUIOl:O K COO~ 

B6TCTBYCil\6lliY Bi:lp8lK6HHD AJ!H a.neKTpOHHOI'O 38TyXaHI~fl H8 napaM&l'

HYITIIO~ ITpUil6CH, OIIHCbiB8DDJ,eMy SiMJeKT KOHlJ.c/
4/, 

!10HBJieHI16 JIOrapHtlJMHtleCKOR OC00eBHOC'l'l1 B CO(ic'~B6HHO~ ::lHep-

rlHl 3JieitTpOH8 CBR38HO B H8meM CJiytl:8c C Tell <!>BFCTOM t!TO CltlCTeMa 

JIOK8Jill30B8HHbiX CITHHOB paCC!.lOTpeHa B rrpoD,eCC8X (6 .; :) B IIp1116JIH

llt6l!HH MOJieKYJIHpHOro IIOJIH ( C.ll. 8H81IHTHti6CKOe Bhlp8lKIIHMEl ,OTBe

tl810DJ,ee Ct1MHOBOR JIHHJ/IH), B KOTOpOil JIOit81IH30B8HHhllt r:lUIH B8,1\8T 

C eCiR H638Bl1Cl1MO. B Cli8lzyDDl,8M Tipl16JIM:ll€Hll'li! SHepreTH' reCKM~ cneKTp 

~eppOMarHHTHO~ CHCT8Mbl OTIHCbiBaeTCR CTIHHOBhlMH BOJIH·WH, H UpH 

Hl13KMX TeMrrepaTypax p8CC6HHHe aneKTpOHOB Oy,neT ITplHCX0,1J;li!Tb HM6H

HO H8 Hli!X. qT06bl rrony~HTb STR npo~ecc~, ycnOXHHM 'P8WHKH (6.2), 

38M8Hl1B B HHX TOHKHe CTIHHOB~e nHHHH KMp~MH: 

A-- (6.9) ffl ~-: 
--~ ~ +~ ·(-~- 4 
--:::;:::.:;.' -- .... - ---

-t-
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r~e nyHKTHpH~e n~HHM 060SHaqanT npHMOe B38HYO~e~CTB~e, a 

~- KOCB6HHOe B38HYO~e~CTBMe noKanHSOB8HH~X COHHOB. 

8To cooTBeTCTBye~' saueHe aH8.JIHTMqecKoro B~paxeHMH K ~w) B 

~opMyne (6.3) Ha 

(6.10) 

r~e ~K -aHeprHf CllMHOBO~ BORH~. 0Ha HBXH6TCH llOROCOM ~YHK

~HM (5.6). B pesJnhTaTe TaKoA saue~ ~nH BenHqHH~ aaTyxaBHH 
~ 

aJieKTpOHa, KOTOP:S II o6oaHaqHM '\ + ~K,VJ) , noJiyqaeTCH T8Kllte 

~OpMyna (6.6), B KO'l'Opo~ BM6CTO ~+(i<:,w)~OJllKHJ:II CTOHTD BeJIH-

qHH~: r-.~ '} nr-t-t\t..~r 
~-ti:,tw"')= ~ ~ i.w .. -e:.';...f..-t.r ' 

"' -·. i"'>' 1.+1"\f-YC><--r 
~+l~ .~w .. )=-;:; L. i..lA.'> - {.- -E. " , "' ..__ r f 

(6.II) 

r~e nf -OoaeBc~aH ~yHK~H pacnpeAeJieHHH CllHHOB~X BOJIH C 

aHepraeH G f . C paBHHBaH Teneph sTH B~palleHHH c B~palleHHHUH 
(6.5),BH~HY, qTQ OHH nonyqanTCH HS (6.5) llpoCTO~ 38M6BOM~-t,f, 

TaKHM o6paaou, ITJH yqeTe npo~eccoB (6.9) AHCKpeTH~~ cneKTp no-

K8nH30B8HHO~ CnHE-CHCTeM~ aaueHHeTCH B8 Henpep~HU~ C mHpHHOA 

nopHAKa \<. Tc · l1ccneAYeM Teneph, KaK B peaynhTBTe sToro Hsue-

BHTCH B~p8llt6HHH (6.7) M (6.8). ilpeAUOJiaraH KB8Ap8THqH~A 38KOH 

AHCnepCHH CmtHOBbiX BOJIB ( Cr= /{m• , m*"» m ), llOJiyqHM 

nocne HHTerpHpOBSHHH no ? (6.II) AnH aneKTpoHOB, JI6E8~X 

B6JIHSH fiOBepXHOCTH ~epuH B HHTepBane SHeprHA kll~, 
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r;ne (_ -tH1CJIOB8H KOHCTaHTa I10pH,llR8 I, a f 1 -: <.F{.::C 1 .'"iK 

'!'1'0 

t-.t. 
L f• ~~~" j_IJ: • 

(6.13) 

i1pH T = 0 (.6.12) rrepexo;zurT B B~pal!(eHvrH: 

O•rciO;na (VJMef! B BV!Jcy Bhlpa:Kemle (6.6) AJIH "(:di,W)) BHlVIM, 

liTO rrpV! T = 0 aJteKTPOHhl co cnv.H3.MV!, HarrpaBJie :mw.11 B.llOJLb cnoH

TaHHoro MOM6HT8 Kpl1eT8J!Jla, He 3aTyx8JDT, a a1!eRTpOHI>I C llpOTHBO

ITOJIOJKHOi'! Opl18HT81~e~ emma He!Ih!ThiBaiOT 5- J -00M6HH06 38TY

X8HV!e. ~.113VJqeCKH 3TO eTaHOBV.TCH ITOHHTHhiM, eeJ.VJ yqeCTh, qTQ B 

nepBOM e11yqae 3JI8RTpOH MOllt8T TOJil>KO ITOI'JIOJJ48Tl errl1HOBYJ> BOJIHy 

(3 V!X H8T !IpV! ll~ 0 ), aBO BTOpOM - T011hKO VJCITYCKdTb, 

tiTO BhlTeKaeT VJ3 COXpaHSHHH eJM1.!8pHOI'O emma C HeTeMhl llpV! S- d. 
-OOMeHHOM B38~1llO,ll8~CTB!HI. 
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3aruteMCH Tenop:b BemrqMHaMH Re. ~~(~,t"t)J'IHTerpMpyll B 

(6.II) ITO ? H HpeHe6peraH BC6MK '11118H8MH ITOpff;llK8 I no cpaB

HeHHIO C 6011:bWKM nnpaMeTpOM tttjlm , MOllt81l rrpeACT8BHT:b 3TH 

Bblp8lieHHl1 }Ulff K 11ellt8~X B611M3H ITOB6pXHOCTH ~epuH, B C11e)ly-

llll\8i! qJOpMe: 

R c ~.(K.t';.)~-\"::: r l~~ t.1·~~~~ t~~?· ::.~ 1 -:~:. ~.~6. !6) 

mccJle]lyeM Terep:b yC110BH8 ITOHB116H.Hff pe30H8HC8 1 KOTOpbli! HBC

TynaeT ( cor11acHo lHpallCeHHll (6 .6 )), ec1l.H 

1.+:!tRe~+(K,f.~)=o. 
nnfl KMITYJl:bCOB \( , 116lK8~X B61l.H8H \( 1: 
'liTO 

(6.17) 

HS (6.16) C116AJ6T1 

(6.18) 

Yc1IOBHe (6.17), cKaxeM A11ff (+)-a11eKTpoHoB, MoxeT BbiiT011Hl1Tb

c ff 1 6C11.11 T011:bKO 

(6.19) 

flo HameMy npeAIJ0110llt8HKll\'1o\~o ~ i H npH J
0

<.Q YC110BH6 

(6.19) BbiiT011Hl16TCH qJ8KTH'116CKH 11Hm:b B rrpe;zteJie m~<>">, T.e. B 

C11J'II86 Kp8i!He YSKO~ CllKH-B011HOBOi! 30Hbl. ~ STOll ITP6A611hHOM C11y

'11861 KBK llOK83biB81lf qJOpYy11bl (6.7), ;zte«CTBHT8JI:bH0 1 Hll66T ll6CTO 

110rapHqJMHqecKH« pe30HBHC. 

O;ztHaKo B rrepetOAHOM ueTa1111e npK B03HHKHOBeHHK q,eppouarHe

THaua WKpHH8 CllKH-BOJlHOBOi! 30Hbl CTBHOBHTCll B pe8Jl:bHOOTH C11HmKOM 
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dOJJI,rnotl, '!TOClhl yl\OBl!E'~'"BOpllT:b ycJWBHil (6.19), T8It '!T~· JlO:'a

pH<lJM>~tiecKHtl pe3oHaHc B pacceRHIU1 anel\~'POHOB HC'If'" 'Je't. TaKHM 

06pa30M 9 1l !lJeppo!llarHHTHOM Mf:T31!JJC np11 JC1!0Bim \ ~J, '?< \ <~·0::: \. 

3aTJ'X3lH1e 3Jle!CTpOHOB HpO:BO)UfMOCTH Hp¥1 Hl'!SRYIX Te!Hi ~~ptl'l'.'{p8X 01H1~· 

ChiB8CTCfl ITCpBill! OOpHOBCKVJM I1pl'!ClJIHJKemWM. 

B CJiy1!ae pa303BJICHHOI'O CflJ!aBH nepeXO).(HOrO Mt: TBJJJ:a :; HpOG·' 

T!iM (Hanpk1Mep, B T8RHX CI1CTeMaX !CaR Gu-Mn, Ai;·-Mii fl •r.a.) T8.l\-

it:C MOliWT B03HH!WT:b \{ieppOMBrHI1THOO yn·. :Jf!Jl.Ol!6Hl!fl Hi i1 MHJih!X I:Wlil~e>::-

Tpan;l1HX rrapaMarH~!THhlX 8TOMOB BTCpOhl KJMTIOHCHTb! ; C:L!<3'i l:COC-

BCHl!OI'O B38J.!MO,l\CIJ.CT.Bl1H l1X CITHHOB tiepe::; ::lJiei<TpOHh fi)J•.'!.t•).J)I!MOC~'ll. 

TeMncpaTypa KmpH (a cneAOBaTeni:>Ho~ >1 mepHHa cnHH-nonaono~ no

J;oc:> B TBID1X CHCTeldm:) OK33HB8GTGH ITpOITOPllliOi•iinl>l 0~ l':C:HUeHTpa-
-,. ~i ' 

llHI'! ~·arHHTHO~i KOMITOHCHTbl C,. , Tarc tJ'l'O 1c rv C J ;· 1{" , OfltJ,IW 

t\l)~'l ~- t;lc J~ p:· • I'AC A - HCROTOpb!l/i 'lMCJI6!1Hhll rrapaMeTp, 3aBY!

CRIJil1~ OT Be1IHI.!l1Hhl JJOK8JIM30B8HHOI'O emma. no)J.c•raB; HH 3TO COOTHO

UJCHVIC )J.Jlfi rry;,, B (6.I9), ITOJIJ1!88!J :fCJ!OBV!e lW HOI1~6!1Tp8!Uil0: 
-Y\1.,\~o j c {o f\e I (1.,~.,)~.. =Co ) (6.20) 

npH KOTOpO~ B03HHK8CT norapR~Ml1'l6CKH~ pe30H8HC B paCC6HHHH 

3Jl6I<TpOHOB B cpeppouarHHTHOil pa308BJI6HHOM CITJI8Be. TipH C8!lb!X ClOJil:

illl!X 3H8'!GH.I1HX napaMeTpa \Jo \~a, e111e COBYeCTHMHX (: JCJIOBHeM 

\1.\ ~o((ilC0or<a3hiBaeTCH Bec:hMa uano~. Hanp.11wep, rrpH \1.\~<>~ ~' 
Co~\ 0-l.fl.;B 3Tl'IX YCJIOBHHX CJie)J.yeT ,HMeT:b B BH.I\Y, liTO B pa3Cl8B-· 

1iBHHOM CITJI8Be rjleppoMarHeTK3M H8'!MH86TCH He C HYJI•!BOt\ KOHl(GHTpa

llHl'l, 8 C HeKOTOpOi1: KpMTM'!eCKOt\ (BOOCl!~te I'OBOpH, M.!JIOl'l) KOHl(eH

Tp8l(lH! C.~ , TaK 'lTO JCl!OBl16M a4J:J;eKTa l.WH;Il;O B 1J !ppoMarH.IlTHOM 
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p8308BJieHHOM Cl1JI<:Be 

CBepxy r! CHH3Y! 

HBJU!JlTCil llrpaHHlJ6HHH Ha ROH~eH'rpaiJ,>ill 

J'lCTa xaoTY~tJHOCTJ B pacrrpe.neneK>:!1 napaMSI''<•lTHbiX npV!Mccea no 

Kpl1CT8JlJIY, O.li.HaJ<C 3TO He 1J:OlKC:t YIRMCHliTn Kl1lJE:CTBCHl10rO .BILBO,J,Ii 

0 IlJH1HH~1M rpeppOMi .rHeTH3MO. Ha X8f!HK'l'6p 3JIC}('l'pOHfiOI'O pace eHHJMl 
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