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SUMMARY 

The influence of the unequilibration of the conduction·elac

tron kinetic degrees of free do• on the quanti "t7 cd the nuclear 

spin d1Daaic polarization in the OYerhauser effect is considered. 

It is shown that the rise of the. electron kinetic teaperature 

in the saturation of the electron paraaagnetic resonance can result 

in an intensive decrease in the nuclear polarization. There are consi

dered soae speciale cases in which the d~viation of tlie kinetic 

temperature can be considerable and there .r. derived so•• nuaeri

cal estimations for the quantit7., describing the degree of decrease 

in the dynamic orientation of nucleus in the OYerhauaer effect whea 

the conduction electron kinetic .degrees. of freedoa d~flect fro• 

equilibriua. 
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I. B!e,J;eHHe 

XDpDmD H3BeCTHD, 'lTD Baa·m.w.n;ei:icTBHe' .a.n;epaux· cnimo"B c a.neR-
·' . . - . . .. 

TpDH8Mll UpDBD,l{IU.!OCTI! llD.1IynpDBD,l{HI!K8 ll.liM MeT8JIJI8 IJD;,teT npi!BBCTM 

K aHaliMTeJI:&HDMY yBeHI!lleHMIO cnMHDllDlfiiD.n.apnaaul!n .a.n;ep, ·ec.nH cnn

HDBHe M KMHBTM"QBCKI!e CTeneHH CBDClD,l{H 3.1I6KTpDHDB Ue 118XD,l{HTCH B 

paB_HDB6Cll!l ~D DTHOmeUMD .n;pyr K lJ.pyry • . TaKDe Hapymeune paBI!OBe

CMH M6l!ClJ.Y KMH6T~li6~KDtl oi C~MHDBDtl UD,l{CI!CT6M81lll 3JrElKTpOHDB B 

. 3@!6KT6 0Bepxayaepa(i] ,l{OCTMra·eTCH H8Cbl!ll6HM6LI ::JJieKTpOHIIDrO napa

uarHI!THOrO pe~DHaHca B nepeMeuuou ~arHMT~oM no1Ie, a· B acixl>etcTe 

<Z>eepa ['2.] -pa<~orpe.BDu Kuiie~HllecKHx cTeneuefi cBooo~u ::JJieKTponDB 

np11 ll8J!Ulii:BHMM CM.lil>HDro' aneitTpMli6CKOrD llUitn. B OelUHJ\. CJ!Yli8HX He

paBiiOB6CH06 CDCTOHtHJe a1IeKTPOHDB npo.BD,li;I!MDCT>i MDlKHD DnMcaT:& B 

Tepr.muax a!J)qleK'l:HBHHX TeamepaTyp KHHeTMllecKDtl \ TK ) M cni!HDBolil · 

\ T
5 

) nD;l!CMCTeJi[3] , [ ~tl , npMlleM DTHoci:Tem;uoe. yBeJIHliCHHe 

a.n;epaon cnMH~Jlo!rl nonapMaau~:M oKaabl~aeT~H I;ponopuHDHan:&HiiM paa

HDCTM Te~nepaTyp T5 - T K_ ." 0TCiOA8 BM,li;HO! tlTu Hanpu .. JieHMe cTauno

HapHuli nonilpH3ai~IHI H.itep B c.nyqaai, ~>or.n;aTs > TK l<~~'<JleKT OBvpxa_: . 

yaepfl) 1Ts_<TK l_S~eKT -feepa),npo.~:l'IBOUO~D~D nu SHaKy. KaK B 

81W/81tT6 teepa I TaK H B a@!e"KTe· 0Bepxayaepa llOJIHp1!38UllH .ailep DT

cyTcTByeT' ec.nH Ts = 'T K. • B YCJIDBMHX llD.1IHPM38UMM H;!!ep rDpHliM-

111! a.neKTPDHalll! T·aKaH CI!TY8UI!H UD.llte·T I!M6Tl> uecTD, eCJII! CKDpDCT:& 

~6weaa aHeprHeiiu.e4.n;y KliiieTwllecKDH 11 cnnHDBDLi nD.n;cHcTeuauH aJie

KTPDHDB npoBDAHIIDCTM Bwe, 11614 CKDpDcn· oTBD.n;a aeeuaHDBCKoil auep'

rMH mipaBHDB6CHWC Clli!HDB -B TepiiOCTaT[51. • BJII!HHI!e DTlt11DHeHI!H 

KHHeTHlleCKDirt TellnepaTypbl aneKTPDHDB DT paBHDB6Cl!H Ha",liHH811HtJec

Kym DpKeHTauHm .a.n;ep B a~eKTe 0Bepxayaepa AD c11x nop Be paccuaT-

t. 
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pllll<JJIUC.b. r.Ie i:lJ.Y TO~! 13 I.lOJIO!.l P.IIJlO 3KCnep~l.MOHT8il.bHJlX pa6oT IIOKa

aauo [6] , '!To h · ycilOllllflX li8CI1ii!CH11H SIIP aa aJJeitTpoaax npoBOAl!MO

cTu llpOl1CXO,I\~iT TP8HC~Op1.18I.ll1fl 1.J8CTI1 aaeprl!H' noriiOIJlCH!!OH cmmaMH' 

.d SdcprHrJ AaOT~l1.JCCKOrO ,lllll1~0~Hfl 3JJOKTpOH~B, 1.JTO npHBO)ll1T K B03-

p;JCT8H!'Jl0 ICllHCTil1.JOCKOh TOMIIOpaTypuTK H IIOflllJJOHHKl !.18JJUX ;lt008llOK 

it l~l1HCT~1.Jccrcl1M itoatlJ@l1ItllOHTaM Tlma aJieKTponpoB0.1lHDCTl1. QqelJH.1lHO. 

·;i(81lt:c t _1.JTlJ npH .Malll.I.{ OTK1lUHOHllfl~{ OT ,P8llHOll0Ci1fl C,1lBl1r Kl1HOT~1.JOC

h:Oif TC!.IIIOpaTyp.bi ATK ==TK-T .. ?T ee pa.BHOBOCHOr03H81.JOHllli T nponop

I.ll10li8JJOH C,1llliiry Cllll.HOllOll TOMnepaTypuA1'K=}-~TS ,t.'fs=T5-'T . , H . 

:0 00hl1.JHUX ·ycJJuBllffX ,1lOJJiAOH ·6blT:& M8JJUM, IIOCKOJJ:&Ky} npOIIDPI.lllDHam;·

ilO M8JJOMy OTHOWOHlllO llOPOliTHOCTll paCCOliHllli 3JJOKTpOH8 C .rrepcBOpO-

TOM CIII1H8 K BOpOliTHOCTl1 pacceliHHH C COXpaHOHHOM Opl1CHT8I.ll:lll CIIHHa. 

Cyli!CCTBJiOT, O,l{HBKO, Cl1TY8!l~ll1, B KOTOpllX OTKJJOHOHvlli Kl1H3TII1.JOC-

KO!i 11 CllHHOBOi1 TCMIIepaTyp 8JJ8KTpOHOll OT l1X paBHOllOCHbiX 3HalleHHli 
: .. ' . 

O!CU.3U:ll8iOTCH OAiiOrO IIOpH,llKa llCJJV.1.Jl:IHhl,. Qqe:BH;l{HO ,· 1.JTO B 3TH X CJJyqa

HX llt.iJIHpll3<li.lUH H,1lep ll S(;({;OKTO 0Bepxayaepa llCOr,1la 6y,1leT Ma1.10it, 

HO::J8Bl1CHIJO OT CTC!JeHl:l HC:iChllljOilvlH <JJJCKTpOHHOrO pe30HallCa M HHTOH

CilB:IOCTU MOX81lil3l.ti0B CIIl1H-p0ll!OT01.JHOil pe1.1aKC8I.llll1 H,1lOpHb!X Clll1HOB, 

iipllDO~liJjHX i.: yTe1.JKC H.l(epHOH l10JJHpl138I.lHH(3] • M8JJ8ll B01.1ll1.Jl11la no

JHip:I38I.lUll HAt:P ll PHAH npoB0.1lfllllliX KpllcTaJJJJOB o6Ht~Ho CBH3hiBaeTcH 

c u:.:JiocT:o.J u·.nwweana qacTOTbl p~nar,;c~ItHH cpe,1!Hero cnwaa .IUl~p ~~

::J,;:;,;;·r.,.~tJ .. <>.; ::~W.:3l'.I\IJ:10CTll K 1.Jal!TOTO H;ztCpHOlt CmiH-:-peweT01.JHO~i peJJaK

C<.!.!;l::. i.(;;,!h'J ii3CTllH'40l1 pt:OOTbl HllJJHOTCli l13Y1.JOI!l10 ,1lpyrl!X npll1.Jl1H, 

J!.!cii!blil810.llv1X !!8Jil11.J11HY ;ztl1H8Ul11.JOCKOit 1IOJillpl13a!.!HH ll,1lep B npOB0.1lliCIHX 

ipl1cTaJJJiax. :iw:;;e ::.MH rroKa,;eu, 1.JTO B ycnoBliHX ucpaBHonecaocTH. Kll-

t:eTn1.JeCK!-IX CTCIICHCii L:BOJO:~~ 3JldnTpOHOB llpOB0,1llllJOCTl1 YB01.1111.JOHI1C 

IIOJJHpil33l.!ll:J uapeAaJUiU'rC;:. Sij..~OKTllBH!lLi napau.eTpUM H8C!Li(OH!Ifl Si!P., 
. - -. ~ ., ~· ::. . _. ~.; . 

38Dl:C~Uj~lt~ u•t UCX8H~I3UOB peJI3KCaitll!f lnJHCTl11.JOCKOii anepriUI ::JJieKTpO-

liOil :: ::ucpr;~.; B3<Hil.10;>lGiicTBY...t._;llX C Hl1Mlf ;zt1.111H;:ulJOJIIIOBbiX .;,ouuHOB. 

ilu3 :,·'leTa aToro o:icT,mT.;;;I~cTila no W!urux cny1.1aa.: uc.ni>3fl Tit:.::y1.JIIT:& 

npa';uJiuHWC UI.l<:!i:!OK ·neJlil1.Jl1HU 1.J<ICTUT H,1l8pHOJl ClaiHCBO~i iJCJia!':C8l.!l1ll 
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IIO .!43llCCTHJ:lM 3H81.JOHllliM napaMOTp_a ll8CUlilOHllli oiJP 11 llOJJll1.Jl1rJU IIOJJli

pll38ltlfll H;!lep. 

Mu c>y;zteM paccl.!aTpHBaT:& KP~IcTannu~ B KOTOpllX cmm-peweToqaaH 

p01.18KC8ItliH 3JJOh."TpOHOll rrp~BO){l11o!OCT.H o6yC1.10ll1.10H8 paCCOliHllOI.l HX 

H8 ,1l1.1l1HHOBOJJHOBJlX 8KyCTii1.JOCKl1X (]{B) tlJOHOH8X li liCLiarHHTllbiA .npl1-

MOCliX, a·pe;naKC8I.ll1fl.Kl1HOTH1.JCCKOll 3HOprHl1 3JJOKTpOHOB OIIp0,1lCJJHCT-. . . . -

Cll paCCCliHHCl! Ha )iB fl!OHOHaX. Ha pl1C. I IIOK838H8 cxeua B38HUo-

;l\CllCTBHli IIO){CHCTCU B npOitOCCO nepe,1l81.JH 3HepriiH, nor1.10litO!IHOfi He

paliHOliOCHbiiiH CIII1H8!..Ul aJieKTpOHOll OT BHOlliHero II01.1H, npi11.10M S H K 
.- . . 

03H8li810T CIIHHOllUO 11 KHUCTll1.JOCKHe. CTCIIOHH CB000,1lll 31.1CKTpOHOB·npo-.. ,_ . ' -

liO;ztHIIOCTl1, cooT:BeTCTBOHHo;. n. -no;ztcHcTeMa H,1lepHllX ~nwno:B, T · ·;.: 
pa:BHOBOCHbiO• CTCIIOHI1 C:BO:iO;ztbl KpllCT81.11.1a (TepiiOCT8T). i!0,1lCHCTO_Ma. t 
COCTOHT 113 paCCOV.BaT01.1ei'1-. JiB tlJOHOHOll .l p.) ·H HCMarmiTHbiX npHMO

cea ( L ). 
A. J..i;nH .il)OUOHHOro MOX8Hl13l48 pe;naKC8Itl111 CIIHHa 001.1:&lll00 OTK1.10-

HeHHe A TK , · cpaBHr.iMoe c .615 
, uodeT JuTI> nonyqeao » ycno»e~ 

HX "il)oaouaoro ~3KOr!J'.rop;na" B KaHane ,nepe.ItatJH aaeprHH OT AB. <iJo

HOHOB K TOPilOCTaTy. I\HUCTHliOCKafl rK: ·, CllHHOBaH Ts ' ll \POHOHH8fl 

Tt . · TellnepaTypu npH aToll ·oKa3HBa!OTcH pa»HuLm, H penaKcaitMH no it-..:_. 
cKcTeK K , s ~ & K paBao:secnJO onpe,1lenaeTcH· cKopocT:&iO o611e11a asep;;. 

rBel KeAtAy llB il)oHOHaiiH H TOpMOCTBTOLl. PoJI:&!lJOHOIIIIOrO paaorpeBa 

ll peaoHaHCiiO!.t_ yl:leJil!IIOliwlltl IIOA:Illl..UIOCTH npH Hac.""\OIHIH. SflP Ua S1.1CK

Tp01I&X II!JOliO,l{Hl!OCT:I paCC118TpvillaJJ5C.b paaee .& p:lJOTO [7] 
!i. ,ApyraH B03LIO . .CIIOCTL. no;nyqHT:& OOJJ.bll!Oe OTKJiuUOHiieATI<. B03HH- . 

K30T B yc;nOBIIHX 0 . KOL',il.ll BpCIIH peJJ81\C81J,lll-I II!JO,l{OJJ.biiOV. uauarml1.JCH

HOCTU 31.18KTpOIIOB rrpOBI.;iiHUOCTH onpej.I.CJJflCTCH ynpyrliLI paccOHHltOi! 

ua aeYarHH~HUJI. npllMOCHX [8} • lla aaKuHa coxpaHemm :me~run cnc

AYC'f • ll'l'u B Ka;I>)lou a.neueu'l'apHotl ai~Te. ynpyroro paccemu:fl .c n<;pe~ 

i!OpOTOU Cill1Ha 3CCY&!lUBCl{!:ll KBan•.r 1iUls l101.1HOCT .... ll Tpa iC!tJOpl.UipyeT-

CH B 3a.:prliliJ .{8UTIJ1.JE:I!J\Uru AIHiliCIH•fl 3Jlt!KTpOHOB. IIiJ'?BO,I\HUOCTiil.· 

EcJJh cK!JpOC'tb nv~TOKa 3Heprn B no;ztclilcTeMY K B peayJib.i'aTe • 
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KOCBeHHoro naalU.IO,llellcTBilH K- 11 S·- no,llcllcTeM -qcpea. ae~!OrHliTHue 

npi!L!6CI1 Cl01J:&me CKOpOCTH OTBO,ll8 3Hepr~l1 OT llO,l.ICIICTCMbl K trepea JtB

¢oHOHH.B TepVOCTaT,TO OKa3HB&eTc~,-qTo R.B 3TOM cny-qae ATK~ATs . 

B H8CT0Hll!Cll paelOTC H8 OCHOBe L!6TO,ll8 HepanHOB6CHOro CT8TlH?TII

-qeCKOro onepaTopa (HC0)[9]·P83BIIT8 TCOpllH ,llliH8Milt!6CKOli OplleH

T8~llll ~,llep B arjiq;eitTe 0Bepxayaepa C Yt!CTOM OTK1!0HCHllH KHHCTUtlC -

CKOII TeMnepaTyphl 31JCKTIJOHOB npOBO,lii!MOCTil OT paBHOBCCllH. B T!JCT:&

. CM paa,llene pauOThl WOPMY1111PYIOTCH MaKp_OCKOllllt!eCKHe ypan!lellllfi oa-

1!8HC8 .3Heprllll, peweHI!C KOTOpb!X· ll03B011HCT BL!p83l!T:& uepaBHODCCHh!C 

TeL!llepaTypu no,llcllcTeu t~epea npeueHnue KoppenH~Ilouuue WYHK~Illl. 

3TM xoppe1!!U.\MOHHue WYHKI.\1111, nuqllc1!RmcH B t~eTnepToM paa,1.1;ene pa- . 

ooTu. Mu orpaHI!qi!MCfi paccuoTpeHilcL! pe~llMa cna6oro HacumeHI!H 

3ITP, KOr,lla BCC OTK1JOH6HIIH TeunepaTyp llO,ZI;CliCTCM OT IIX paBHOBCC-- . 
Horo 3H8t!CHIIH MO~HO Ct!IIT8T:& npOllOPI.\HOH81J:&HhiMil KB8,llpaTy HanpH-

~eHHOCTll nepeueuHoro uarHMTHoro nonfi. B nHTOM paa,1.1ene Hall,ZI;eHo 

Bhlp8~CHIIC ,1.1;1JH ,ZI;IIHOMilqecKOn ll01!fipH38[.\IIH H,ZI;ep, OT1!Ht!810ll!C6CH OT. 

HanecTuo;o peayn:&TaTa [3] aaueuoll waKTopa uacumeHHH 8ITP ~- aa 

a!MJ6KTIBHHU illaitTOp HI!Chiii!CH~~ '!,* H nonytteHO OTHOW6HHC t*h B. 

ynoliHHJTWt IiL!ll!e cny~aliX A 11 B. l!HcneHHhle Ol.\CHKM aToro oTiwmeHMfi 

ll03B01!RDT YK888TL,B03MOXHYIO npHtJHHy aH8t!HT61JbHOro yueH:&meHHfl 
. -

CT.eneHM AIHSKH'IlecKoll opHeHTBl.\HH .11,1.1;ep 11 a{MleKTe Onepxayaepa ,ZI;1l.il 

~enoro p.i1,1.1;8 KpHCT81!1JOB. 

2 •. faloiH1J:&TOHII8H 

llpe,ZI;CT8BHM raMH1JhTOHV.81l CHCTCL!bl B BH,lle 

H(t)= H +Het (t) 

H= HK+H$ +Hn+He+l-h+H en +Hee +HtT+ HnT • 

~ + ~ + '! Hl(+Hs =L. 6 1G"tt~a-a.~, HK= L- &-.1 d.~<ra..,r, H5=-n(J.)sS = " . " . . 

-=--~t<.i>s<rdt,ct~a-, H,\7-t.nlli'l, 5«:~s?, Io(.=-~1;, 
V\l • . . cl A 

.. -'. 7·. 

(I) 
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-l'aM11Jlb'l'OHl18H sJreKTPOHOB, H8XO.l\Hllli:IXCH B nocTOHHHOM 

llr!ellldC~l !.18l'IHITHOM none (0,0, H), S 11 I -noJIHue cmam ::JJICKTPOHOB 

npOBO,l\1-:ldOCT~l i-1 H,liep, W5 ll..Q.n. -3CCM8HOBCKile '!8CT0Tll ::JJICKTpOHHHX 
. . + 

~; H:1Z)lllliJX C!HlHO:il B IlOCTOHHHOM M<JI'Hl1THOM IlOJie, 0. ~u , 0. i><r -one-

paTOpU po:iC,i\CHilH ll y:ll!'ITOiitCHilH ::JJICKTpOHOB B COCTUHHllHX C BOJIHO-:

llUl,Ui WYHK~Ilfi!.UI I ~cr> ll ::J!Ieprvlfl!Jil e ~ll' • 
!JCiiC!JeHHOe BHCIJJHee M3I'iHlTHOC IlOllC C 'HlCTOTOll W ll 8MnJil1Ty,l\OJii 

~~ jy,l\eM npeAnOJI8I'8Tb IlOJIHp1:130B8HH~M B nJIOCKOCTl1,nepneH,l\l1-

KYJIHpiiOH Hallp8mieaJm CTUTIJ'lecKoro M8I'Hl1THoro noJIH H , Hanp8B

JieHile KOTOpOI'O Bb16epeM 38 OCb ~ • B ::JTOM CJ!y'!8e I'8Ml1JibTOHI:I8H 

B3Ul1MO,l\eHCTBl1H CnllHOBOiil: Cl1CTCMhl C nepeMCHHbi!J Blieli1Hl1!J IIOJICM MOilC-

HO 38IlllCDTI> ll BllAC 

1\ W1.s · + ~lJ)l; - -iW*:) + 'j 
Hettt.)-=-~ (S e + S e , s-,. Sx±i.S, 

(2) 

1\r..l1s-=~f•l\b ~ -f])8I\TOp 01131\TpOCKOIIIl'ICCKOrO paCii\CilJICHl:fl ilJICKTpO

HOB, flo -M8rHeTOH l.iOJ>8. 

Ht-=- Hp+Ht -ruuilJILTOHM8H paccel1BaTeneH, ~onoaoB ( Hp ) 11 ue-

l.lUl'HIJTI!BX npti: .. ece}l ( Ht j. 

i'<LJil11I>'ron:JaHu B3at1LIO:z\Oi1.cTmJH 3JICKTPOHOB c qJOHOH8Ml1 Hep , 

lkLul'Hl1THLJl.lll ilplLiCCflMl1 Het (Hep+Het = Het )H ~,J;epHIDIH cnHHBliH· 

H.
11 

p;:;ano:nu.! no nonaouy B rrpocTp8HCTBe emma ( t ) Haeiopy 

,liByi.i::tJHLiX IJaTp~;~ 

He{~ L tlfnb<!'ll'+t:~·"S!~+~(Ct~S~.a-+[",~S";,.'<r)la~·cr'aJ<r, (3) 
i'cr: ~o-

S
... . 

l',l(e cr'<r -MUTpii'IIIU0 311Cl.ICHTbl O;I\HO'l8CTl1'!HbiX ClliiHOBbiX onepaTOpOB. 

3 cnyqae pacceHH~JH H8 clJOHOH8X j = P ~ iO] 

1f = ~ 'lf".). t lf-v ,+ \ lf.'~>-- ,1· t1r ~·oJ 't, \ ~·~ op+ ii o9>-, "~'~~c~>-<l e 1~). (4) 
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ce. - "" t ~ ~n o . 'o( - ~.). o+ \ ... ~·).- ' [ x ,,·o( 
L: ~·~- t- [ ~·~ bu + L N b1}j, Lv·~- c~~ e,). K'l~rn. 

l.t~ - ..L 'I ~1rlr 1r i.qr r.-~ 11 , 11 - 2. <.~ e .P t- .f e 111). 

C'l>-' C~} -!flypbe-OOp83~ 06H'!HOI'O l1 38Bl1C.HI!lCI'U OT Clll1Ha o1iCKT-

pOH-!flOHOHHOI'O B3~l1MO,l\Ci1CTBHH. €1>· -BCKTOp noJIHpll381\Ul1 KOJiecia-

Hl1l1 pemeTKll t .£ -KOMllOHe.HTU KHHCTll'ICCKOI'O llMllyJII>Ca 31!eKTpOH8, 

t ~>. ll ~V -6oae-oiicpaTop~. pom,lleHHH ll yHll'ITo;KeHilH clJoHoHoB c 
ai-

BOJIHOBHM BCKTOPOM 9 l1 nOJIHpll38~1lell .}. , h -e,l\llHll'!Hble BeltTOpll 

Jl860p8TOpHo!1 CllCTCM~ KOOp,lillH8To 

Jipll paCCCHllllll ll8 H6M8I'lHl:H~X_IIPHMCCHX 3= t 

1r -=- <:> lf'l -~ tp<.J 1f, _ · 1 i.1r 
. UN La;- ~·~ ~- 1 , ~'\-7 e , ~·~- G'\<~ I e . 1 11), (5). 

cr. -~ ol~ II(,_ I 1ol. 
L~·~- ,L.:~·~ Y-,, L..~·~-G~[9x.K~~· .. 1\ 

I 
G, , 6'1 -qiypt.e-oeipaabl He aaBHCfllllero OT cn»Ha p8cceHHHH aneK-: 

!pOHOB aa aKpaHHpoBaHHOM KY1IOHOBCKOM noTeH~HaJie 11 pacceHH»H c 

nepeEopoToM cn»aa, x4 -ItoOP.li»HaThl npt1uecuux 1.\CHTPOB. 

llpll paCCCHHlll1 . 3JICltTpU110iJ H8 ll,l\CpUHX Clli1H8X .i= n 
. -

o1.. "'J . t~r -o< 1 o<· ~ .... tqx, 
lL·~-=o,L.:t 11=~ 9<:11e_ h1)1_9 , ~=71• e , 

(6) 

Xt -Kuop;~tma'i'U H,liep · cv cmmm.: I , J, -l}ypi>e-o,lpU::l KOHT8KTHoro 

Bar:fur.wnei:cTlll1H sJieKTpona c H,lipo!!. 

HB!WH llV./1 rar.:llJII·~ Ollllalla Tcplo:UC~n~ <• l-\rp 11 l'W!I1JIJ·TOH118IIOB 

BJUI1M0Al:;::(:!i' hhfi iJil!Hl'P.OD ( Hp'l' ) 11 ll:z\OP ( H nor·.) c TCpJJuCT8TOM 

ll 3TO£! ).IIJOOTC HUt! HC IIOTpo:::iyCTCH • 

. I 
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3. Hepa:BHOBeCHJ<fi cTaTIIJCTWlecKIIJi1 onepaTop 1/J ypaBHeHUli 

6anaHca ::JHeprl/Ju 

PaccMoTpl1M rro:Be]{eHl/Je cucTeMH 3JieKTpoHo:B npo:BO,llllMOCTH, n,llep

IJUX Cllll!IOB II paccel11laTeJiei1 (tlJOHOHOB l/J Hel.!arHl/JTHUX rrpl/J!JeCef!) H8 

BpeMeuax 1 60JII>illliX BpeMeHll yCT8HOBJieatlli TepMO,llllH8MlllleCKOrO pa:BHO

neC!ifl nayTpl~ Kn.:c,).(o!l 113 rro,).(cucTeM. B aToM cnyqae crrpane).lJUJBO 

Olll1C8Hile ITD,).(CHCTeM 1l TepMIJHa..C 3IJ,'llJeKTliBH!lX HepaBHOBeCHUX TeMrre

paTyp, OrpaHl/Jlll/J:Balici> npocTpaHCT:BeHHO o.naopo]{HUM cnyqaeM, ne

,lleM OrrepaTOp 3llTpOrrl/JU CI!CTeMU [ .9] 

S<~.o) = ~<.t) + h<~>>(HK- ~(t)N) + hl~)Hs +~e<i.)(Ht+Hee) + 

+~h(t)(Hn+Hen) +~(H"'+Ht'l'+HhT), 
(7) 

1><.t.)= f.n Sp expl-[htt-)(HK- '?tt)N)t-~slt)H 5+~ll-!:)O·lt +l-let)4-

~n(t.)(Hn+Hen) +~(H,. +~t'l' +Hn~))\, 

r,lle r~t~) •h (t) , rt (t) t ~n(i.)t r -oopa~HU6 Hepa:BHOBeCHbl6 Te!.mepaor;ypu 

IlU]lCV.CTeM K 1 S , t . , 11 , T 1 COOT:BeTCTB6HHO 1 ~ -Xli!.UllleC

KlHi:noTeHI.ll1aJl" 3JieKTponOB, /'1 ..;orrepaTop qucna qacTHU. Hepa:BHO

:Becnhl~ CT<:JTIICTI/JllecKI-IH onep<JTop p lt,O) , Yi.lO:B1!6T:BopliiOti11~ ypaB

HeH>~f.l JlllyBl/JJIJili 

ot ~ Lt,O) + ~Ti ( ~ti:,o),'H(t))=- e(~(t,O)- ~\ (t,O)) · (~j 

U 6ecKOH6llHO 148Jlllld llCTOllHI-IKOM B npaBOi! ll8CT11 ( C~ +0 . llOCJie 

B3liT11li T6p.MO,ll11H8MUlleCKDrO rrpe,lleJia), UOJKHO rrpe]{CT8B11TI> 1l llll,ll6 

. 0 ~· P(b,O)= e ~d\:1. e .11f\t+l1.,t) P 0 (t+ti.,0)1ftl:+l:1. t) 
) -- l ~ ' ' (9) 

-1: . 

lf+ tt.,i:~) = lfti:1 , i:}=Texp{-~ ~ 1. dl1 H <.b') ~ 
1\ t , 

(IO) 

10 

' 

It 

.{,_ 

' .... i 

·I 

r 

• . 

~ '\' (t,,O) = e Stt, o) • 
(II) 

B i.{lopMyJie (10) cur.:BOJI T osHatiaeT BpeMeHHOe ynupli]{OlleHlle. liiHTe

rpllpyn HCOftt,O)no llaCTHM c yqeToM rrpa:Buna ]{v.q.IJepeauupunaHilli 

onepaTopUOH 3KCITOHeHTU 

d eAlt) {i. ~Ati.) dAt+.) (i-'ti)Alb) (12) 
- = )dtt:e -e 
~ 0 dt 

nonylluM 0 .1. 

) 1 ~ti. I lf+ -t: 
-YLt.,O)= ~~tt,O +_~dt.i.e ~d't' {t+t.1.,t) v~ (.t+t;J.,o) X 

(13) 
• i.-'1: 

.x. StHi.1 ,D) ~9 _<t+t:J.,o) lf(t+t..1.,t), 

5tt,o)= aT s<t,o) +,~11i [S<.i:,o),l-ltt.)-1. 

liiCIT01!I>3yll ypaDHeHl/Jll ,lllll/JiKeJH!fJ orrepaTopDB 1 BXO,i\llll!I!X B ciJOpMyny ('l) 

N'=o H =-H +H .H _=-~w1s.tt·J~ c· s.+ ~wt: s- -iwt)+' 
> · K Klt) Ktn)' S e - e 

. . '2. . . • . . (14) 

+-Hsm +Hstn)• 1\+Het=-HKtt).:..i\He)'+Htl"~")• H"~Hen= 

.,;_ HK<.n.l- Hstn)+- HMTl • -~,.-+H,,. + Hn,..,;:... H nt'T)- H tt-rh 

• ~ • -i. ' 1 ·. i.::K,S; 
A= ri(A,\-\tt-.)l,litlw-)- ~1; [1-\~,~e""\, \-\mlT)= ~ [l-lm,HrnT1~ Wl = tJ, n, 
Ha~,lleW OrrepaTOp np01!3BD]{CTB8 3HTpOlll111 

·-
Stt.,o) ~ at Stl~O) + [pKtt.)-Ptlt)]H K,lt) + l~,._tt)- ~· lt) 1 K K(n) -\-_ (IS) 

+[f~H) -~tlt)] Hs.tt) t[~~tt)-~.tt.)J Hstn)- ~!.U:) i.w~ t~s x 

+ i.tA?.t :._ -iuH. · . · .· · ' 
x.(S e ,o - ~ e ) + L~1 (t)-~] He<T) + [~h(t) -~] HnlT) • ~ 

B r.taKpocKomllleCKVJX J'P<l:Bliemln~ 0an~nca orpanuql!ucH \w~J:ui.:~ ne 

Bi>lli!e HTuporo. nopa,nKa no ll!IelllHeMy nu11hl H .1. , llTu co'o'i':Bt.Tl:T:BJ'B.T 

J']{.epMaHI-LO ·~ 'urr~i~c.Tope II,;JDil3BO.ACT:Ba a~Tpom~il" (IS) ll- c:i'aTlJCTnqec-

KOM Ullt;J-'<l:t:-:v~ (~;~) qnen,uB ae BWlle nepBoro nopH.A~a no ~BHO :BXO- : 

.ztai:ie~MY. n:.;mo Hj_ ·., oai.icllaH, · ;iJ.anee, liTO oTKnonenMH nepaBnoBecaux 

,, II 
.:. •. ..;. 

,• 
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i \ ".. 

TeMnepaTyp b~·=P·- p t .. l<, s ' e ' n. nponopl.lUOHaJI:&HO H~ ll TaKli:Lt oc5-

paaoM onepaTop npouanoAcTBa anTponuu S<t,o) (IS) coAeplKllT TOJI:&

Ko qJieHu nepBoro u BToporo nopHAKa no H~ , onycTMM raMllJI:&To

HuaH B38llMOAefiCTBllH 3Jl8KTPOHOB C BH8illHllM noJieM B onepaTopax · 

. SBOJIIOI.lUll (IO). !Ipll STOM If \ttt,:,!) ~ e~H\;1., a ~ 
9 

lt.;O) (II) ne

pefi.zteT E paEHOBeCHOe pacnpeAeJieHue ruoc5ca ~ 0 C 1'8MUJI:&TOHll8HOM 

H • Ycpe.ztHHH c y'tleTou aTux npu6JIUeHufi ypanHeHllH ABlllKeHllli (I4) 
no HepaBHOBeCHOMy pacnpe,ZleJieHMIO f {t.,O) (I3)., noJiyquu 

0 . 
t 1 f.t.s..j . , {I6a) 

Oi><HI<.)= jcHi.e tSpKtt+t.~-)l.KKlt)(tJ.)+oh(i>+t.,~.)LKSal(~.~-)- . .:-
-oo . I 

. . . 1 I 
-~p~th~1.)LeKlt) (tj.) + at (HKqj Stt+ti,t.1.)) ), I 

. I 
-1: 0 ~~.1. ' at <Hs)-:: .~ cH.I. e t XpK (ht.~.)L s Klt)tt.~.) +o~s tb1-tJ.)LSSlt)(1.1)-·(I6c5) 
~~ . 

- b~t lt.-r-b.~.) Les<E) <.-t,~.) + 3t <.Hstt); Stt-rt.i >ti.)) ~ + Q s , 
·~ o Hi.. . 

3t:<Htl-Het) =J, dt..~.e l-SpK lht.~-)LeK<E>U.J.)-d~5U,+-1'J.)Lestt>l*s.) + 
- ·· · . "(I6B) 

+Ep~ lht.t)<.t..ee<&> (t.1.) + LtttT> lt.J.)) +a, (Ht""Het; ~<hi.s.,t.s.)}j . . 
f" 

i 
0 . a t l U.~- J ~ . ( {} 1:' .. 

t (H 11+H en) =_2,d!L e l-ofr< <" +~.s.) Lei<(,:}- o~~ (ht..s.) L es<") (iL) f. 

. • • .• (16 ) +h~"(tH")(l.eetn.) (i.~-)-1-Lh n (T)<.-t ... ))t at (Hn+Hen; S(ttii .i.~-))~ . . 1' 

1 
. · ) I 't t-'t' 

Ln'tiii)H.s.)= ~H.ilrnl; H.i'hnltli1.) , (A;B)= ~d't' SplA YoAB ~· }(I?) 

~B;B-Sp\~'>fo\, <;··· j = 5pl ··· · fl~.o)! , 
L"'"'i') lt1):(t\nlT) ~ H"' (TlU:.s.)), j.j'=K.~,£; IYI= &,n. (IS) 

. ; . 

. ~ . -
- {wu tiAl.s) ·· \ Et) -Lc.')l; .· _ + ~u.H \ 

Q1'!'p ~ -~dt:e tts\~-tt})e. +ts;sCt))e l_Sl9) 
I 

12 

I 
j 

. ~ 

l~ 
J 

·1 

,·:·, 

:\ 
:I, 

I~ 
I 

; 

\ 
: l 
II ; I 
li 
l 

., ,,, 

KoppeJIHI.lll0HHfl6 <J)yHKI.lllll ( s± ;S+(t)) .. CBffl!!eM c iPYHKI.lllflMil l'puHa 

Gt:;:(b)=9l-t)ettc.s\s•ttl) , BBeAeHH1um B paooTe [iOJ , .llJlli KOTo-

pux COCTaBI'IY l.lenoqeyypaBH6Hlllt .1fBHlK6Hllli 

~ ( w-IAls -rib) G+:-':<.w) = .~ <.S""t s-). + &""; <..w) . . 

t(UJ-w~t te.) Er~-<w): :.;_ <.st-~ S~t)) .. :: &~- tt.U) (20) 

• • • • • • ··~ , . <t-tW)t- _ \0 (E-iW)t'' ·• • 

G+-:(w) ==- _L d~ e ... ·. <.s"";S-<.b)), G~ tw)=_~dee ~.s+;s~e>(t)), 

. +- ,o . (.~-~u>)\ '+ .. ·- \ '± - -1 [ :t 1 
. 62.. <.~) = _loo d! e - (.Stu ,• ,stt) (t.)J, Stt> - l-i ~' He t • 

0rpaHnHB8lJO:& B M8CCOBOM onepaTope J1+cw) qJieHaMU He Bblille BTOpO

ro nopa.ztita no B38llMOAeficTBiuo Het ,aanumeu pemeHue CllCTeuu ypa:Sae-

Hd (20) B Bll;ll6. + _) 
+-- -( ~-;5 

G lw)= t {W-lJJ~+tE) ~ .M+-<w)' 
l2I) 

0 .. 

li+(w)'=(s+.;s_fJ. Jc.t\ e<E-•lJJ>\s~u;S'Ze_ H.))+ (s+;s~)·\st; s~J) .• (22) 
. -.. - .. 

Kpoxe Toro, . 

&- ... <-w)=(G+--(w))~ 1'1-+(-w),=(Jt{w) )~ ts+-.,s-)=(S+;s-) 
ITO,llCTaBnHH 3Tll peaynbT8TU B ~OpMyJiy'Anll YO~OCTll 1 ·norno~eHHOM 
aneKTpOHHUMW CUllH8Mil {I9), noJiyqllM 

• '2. . -· 
w 15 va.<w) 

Qs =- <Hs) (w- w~)'l t~:(w) • (23) 

3Aec:f. MY.paa~~UJIH MaCCOBBI OIJepa!Op Ha .lt6£iCUM1'en:&HyJl H YHUMYJl 
tJacu +- . 

~-? (±W) = ± i.~W~tu>) + ~2..(.W) 
' .. 0 . 

-t- - -J. \ f&.-IU>)f; "+ ·-
~2.t\A)) = P.e (.~ ;5) Jdt e _ (~ct) ~ 5,t)U)) 

- -OQ • . . - ~ (24) 

~u>~tw) = ~~~~ (s~.s~)-J.Jdie ~-iu>)\s~>; 5~0 tt)) +(5\s~JJ!cs~~~l)) . :: -·' --- ;, .·. ' ' ··. - . .. . 

.... ; ~ :>-

\II 



H B0Cfl0JIL30l:l8JHICL pa:aeHCTBOM (:1.0] 

~ ~\~w.!.)~ ts+ ~ s-) =- <.Hs). {25) 

Benll'U'IHCJ~w.s=w~-ws HUeeT cwan CJtBHra peaoHaHCHOH ~acororu aJieR-_ 

TpOHOB 36 cqeT :aaaHMO]teilCTBHH C paCC6HB6TenHMH 1 a ~~{«)) Hrpa

eT pon:& o6paTHOrO :speMeHH penaltCBztHH nonepe~HHX lt0Ufl0H6HT CflllH8 

If BW!HCJI.HJ18C:& B pa60T8X [iO] ,[ii) . 0T!.!eTHM 1 ~TO npll BliBO~e CHC

TeMii c:saaaaaux ypa:saea1.1i1 6anaaca (I6a-166) uu npeHe6pernH cna-

6uu aneKTpOHHO-H;llepHHU B38HMO;llefiCTBH6M 1 HeCyll{eCTBeHHI:lM C TOqKH 

apeHH~ KJ.IH6TJ.1Kil aneKTpOHHOfi flO]tCHCTeMI:l. 

B ;~~an:cHeilmeu orpaHH~H!.!?H cTattHoHapHI:lM pe~Huou SllP H noaToJ.IY 

npOH3Be;lleM ;liOnOJIHHTenbHOe_ycpe~eHHe ),[SKpOCKOnHqeCltllX ypaBHeHHH 

6anaaca {I6a-I6r) no :apeueHH t cornacao npa:anny 

A = t..-r~~ o r cH e ~~A Lt.) {26) 
£4t-O ...... . ' 

npH 3T014 . Of • 
'bp;(t+lJ.)~l;~·; 3t~lt+t,~.,O}=O, Ot.(I-\;./=-O,i.:=K,5.t,tt, 
H CHCTeMa ypaBH6HH£l 6anaHCS npllHHMB6T BH;zl; 

~pKl.KI(.U) +~pSLK~lt) -hpt,LeKt.e.) ~O 

&'p~< L..s~<ltl +t"psL~!)tt)- bf>tLe!><.e)+as=O 

-~~I<. Lu.tt) -S~&Les<.t) + ~peCLeet.t> ~L tt t.'l'>) = 0 

{27a) 

(276) 

{27:a) 

-~ 

-b ~I( l.eK <.n)- b~sl.el><!'l) ·:'"b~ri (L~ etn.) H .. nrHT> )= 0 · {27r) 
0 

I { E~ • • 
· uU'<.fJ-= Lal'tt>) + L .il'ti.), L ~~'(t>) -::~~t e (H4tu; HltP)tt)) ~-

0 . 0 
\ E~ • • \ tl • • · ) 

L.ii'U) = -~dt e tHdd> ·, 1-li'C~)\t)), LJ~·(.,.)-= J.1te (Hit">; Ha't")tn , (28) 

\o .. H. -•. • - . 
Lrroml•> =- ),_dle · tH"'n)~H-,.tT)t-~:)),a,i1-=K,s,e·; 111-=l,n. · 

PemeHHe CHCTeKI:l ypaBH6HHH (27a-27r) fl03BOJIHeT BHp83HT:& OTKJIOHe-
• . .,; .. -- ' I . . . . ~· . - ~ , "• 

; HHe.,~-eunep~TYP no.iicicTeM' OT paBHOB6CllH qepea·· :s:ahea!:lbl~ 'xoppeJiH-

ItHOHHHe iJ!yHKI\HH L.i&'!P) , L.iA'{L), L..ia'ln) , L mtntT)H nornoll(aeMyiO cn!.laaul! 

JIOIJ{HOCT:& Q 5 14 

4. Bu~HcneHHe xoppenH~HOBHHX WYH~Hfi 

PaccuoTpl1!.1 Tenep:c xoppenH~HoHuue tlJYHK~~m, nxo;z~Hil{He :a ypanae

HllH {27a-27r). VJHTerpllpyH no i n -r :a wopJ.tynax {17), {28), nony-

~ll!.l •I ·-· •. 

·_ 2;1r ~ H \1fn , , · \2- · , (29) 
L4~tl')- 1\ L..;- A v-~·~cr ep o~ l~cr) ti,J~a-(i-ha-•)S'<et<T'-E~ .. -Hl1)) 

~~u . 
- l(K 2. ~S 1 G.... 2. AI<S _A~K ' 1 ) JL = (E.r E./j' A ""(cr -<>) 11it.UJ, -'\.. = = (e~·-C~)(<r-<r f>Uls . , (30) 

es se e~ Ke · · ) A =JL =i>S'I-'1>-tt.Us.<.<r!..~J),A =-.1\. =i.Sl.n.(£,.1-EJ , 

r;~~e· .N'v n tJI!"-pa:aaonecaue !IJyHRttHH paciipe;z~eneHlHI woaoHo:s H :mex

Tpoaon, COOTBeTCTB6HHo; 
;lr' . ~· . . ' . 

Lu·l~)-= "t L ,f~'a-\Jcr \ 1fe~l U1

a-
1

1 ~tr)\'2.N+ ~<r(i:-t~'cr'J 8' (c,.•cr•- c Jtr) 
. . . ~'a-! ~IT,~ ·' & • • ~ • • • {31) 

N;. -;-lt0HtteHTP8ItHli. npl1Uecen; 

t{~tVI) ~ ~ l-- Al:~~ .. crlJaZv'lel.1""1\l>l'Lt[I(i+1)-e·+ 
~cr,~<r,~,L . I . 

(32) 

+( <r 1-G")t] (crL())'2. + ~ z. Sa-•/,.:V,t t . (1-~itrl) 6\c~'G"'-Eo~a-'+(trLcr)iSln) · ' J /(J' . . • 

. . ·_ . th = tJ" ~~ .. ~-~ { L _e~.,.n.~~n..: .1. 

·' t--l. . j' 
/Vn-ltOHzt6HTp8ztllH MarHHTHUX H~ep. . . 

B KnaccH~ecKoii oonacTH HaueaeHHH nocToaaaoro MarHI.ITHoro nona, 

paccMaTpllnaeMoii HJ.Il!l:e.~kt.Us::!r~w<-< i ~- Tipn aToM nonuonue. tllYHKttHH 

o'\ ,(llj cne~eT aaueHHTI> nnocRHKH :aonaauH <~}, (P\. ,llanee, .1Vl.H 

npaKu~ecKHX pac~eTon ),[OliCHO npnHHun.~>-::::.n.~ , Cq>.o::t c,= c~t . , ,· 
/ I I r · 

C~}~C~= C 9 . • 3Ha~eHHH llOK838!6JI6Jit l , r .. H B63J.HqHH8 KOHCTBH~ 

C 1 C
1 3&JHCJIT OT. THll8 B6T:Bi t»OHOHHOrO cneKTpa ll CHil),[eTpHH KpHC

Tanna [1'2.]. KliaJtpaTu :u:o~neil llaTpH~HI:lX aneu,.eHTOB sneKTpoa-woaoa

aoro H·sneKTpOH-npHMeCHOro B38HMO;li6HCTBJ.In·~ 3TOM cny~ae pSBHU 

\
lr <n I I )1'2. -1:<;' . . .111\j+ u 1'2.1 - \'2. \[ 1). \'2.1 s+ 11.\ 
U ep (. p G" IP~r . "'C<\ OPP+k~ ~cr'G' + 'l.ll.l"l' S.,-•s- + p'P cr'G' ~ 

. :-.: : ~: . ~-

{33) 

' ' ·.-.5 



.i.l•±.q~\,..=IL~q"\' = .iiL·q).l,_ 
2. L.. P'f t'P -' I''P , (34) 

~ . \ . , ). 12. - I r + .t I '2.. (". 
3 ~ L f'f - c q I.P "2. i1 Op'P+J;, I 

l·lfq 'CT' 12.- ".' !.{ +qlzl- ?.1'-~\tlc+ l'q(35)' 
ei <P !Per) - G1oP'P+ii1ocs'a-+4 IL:P'f SG".af Lr•fl V<r\r J 

ilL\.:\,_ =-ILl ;P 12. =·tiL q"'p \
2 

(36) · 

I L~·pl2.. = G~IPti~9l'l.bp'p+i;~ .. 
ilO~ytleHHlle BUille WOPMY~ll (29) 9 (30)n03BO.liRDT yCT~HOBHTb PH~ COOT

HOineHHit l{~H KOppe~RI.IHOHHbiX q>yHKI.tH~ L.JA'(p)' J{ellCTBHTO~bH0 1 BeponT

HOCTb pacceHHHH anei>TpoHOB Ha woaoaax c coxrJaHear.eu opl1eHTau•m 

on11aa L!Horo ooJJbme neponTHOCTH pacceRHV.R c ncpeBopoToM cn11Ha. 

0Tcxma c~e~tyeT, 'ITOl.eecP>~I..et<cPl~l.KI<<P> }) LS.$<P>. KpoMe Toro, 

~~H·c.nac5o Hcynpyroro pacceRHHH n,< ... Wb L "'L ~-L 
. · k sm Sk<t> sstl')' 

L ~ s(p) << Lu<P>• . 

Ubi ttpHBel{eW RBHU6 Jll>lpaa:eHIUI ltJift KOppe~RUHOHHllX ~yHKUH~ l.ICI(Cp)H 

l.tut•) ~ . qacTHOW C~ytlae pacceHHHH a.neKTpOHOB H8 {IKYCTI!tleCKHX KO-
' .· .. · · fo t t 

ae,cs:s~'f ~ Kpl!cTa.nnax c neH"rpow HHBepcHH ( c= 2. .P 5 • C = 
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