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KHceneB ID.~., lliyMOBCKHH A.C., IDKaJIOB B.M. 
liH,IJ;Y~HpOBaHHOe TeIJJIOBblM IIIYMOM pa,a;HoqacTOTHOe 
cBepXH3nyqeHHe B pe3oHaTope 

Pl7-89-441 

,QaeTCH TeopeTaqecKaH HHTepnpeT~HH npoBeAeHHblX pattee 
3KCnepHMeHTOB no O6Hapy~eHHro pa,a;HoqacTOTHOro CBepXH3Jlyqe
HHH. · B CHCTeMe HAepHblX CilHHOB. Arm pacCMOTpeHHH HCnonb3yeT
CH MOAenbHblH raMHJibTOHHaH B nceBAOCilHHOBOM npeACTaBneHHH. 
HaXOAHTCH AHHaMHqecKHe ypaBHeHHH AnH nceBAOCilHHOBblX H qio
TOHHblX onepaTOpOB C yqeTOM O~HnnHTOpOB noTepb H TeIJJIOBblX 
IIIYMOB. IloKa3aHO, qTo npo~ecc rettep~HH H3JlyqeHHH npOHCXO
AHT cneAYW~M o6pa3OM: TeIJJIOBble IIIYMbl HHH~HpyroT IlOHBneHHe 
Ma3epHOH reHepa~H, KOTOpaH npHBOAHT K BO3HHKHOBeHHW 
CBepXH3JiyqaTeJibHOro HMilYJibCa. B~OCTb yqeTa Tel1JlOBblX 
IIIYMOB IlOAqepKHBaeTCH ~CJieHHblMH o~eHKaMH. 

Pa6oTa Bbmonttetta B na6opaTopmli TeopeTHqecKoii IPH3HKH 
omm.· 

IlpenpHHT 061>eAHHeHHOl'O HHCTHTyra R,D;ep~blX uccnenoBaHHH, .I:(y6aa 1989 

Kiselev Yu.F., Shumovsky A.S., Yukalov V.I.. P17-89-441 
Thermal-Noise Induced Radiofrequency 
Superradiance in Resonator 

The paper deals with a theoretical interpretation of 
the experiments on detection of radio frequency superradia· 
tion in_a system of nuclear spins,conducted in t~e previous 
experiments. The model Hamiltonian in the pseudospin rep
resentation is used for consideration. Dynamic equations 
are obtained for pseudospin and photon operators with 
allowance for oscillators of losses and thermal noise. The 
radiation generation process is shown to go on ·as follows: 
thermal noise initiates maser generation that results in 
a superradiation pulse. The importance of taking account 
of thermal noise is stressed by numerical estimations. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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B OTJlli'iH8 OT HSJiyq.eHH.fl o6H'lliOro JI8.38pa KOrepeHTHOCT:b CB8PXHSJIY
~8Hl'IH (CM) o6yc~oBJieHa CHJil,HOit, C8MOH8.B8,ll;8HHOit sa c~eT B38.HMO,IJ;eitcT
BHH HSJiyq.aTMeit C 06uu,nv1 no~eM HSJiyq.8Hl'IH KOppeJIBIJ,Reit ~OJI:bHHX MOM8H
TOB HSJiyq.aTe~eit • .IJ.n:R Toro ~To6u BHSBaT:& npouecc reHepSll;HH CM,Heo6xo
~o HHBepTHJ)OBaT:& pa6o,me nepexo,n:H B HSJiyq.aTe~HX sa BJ)8MH "r" ' MHO
ro M8H:&II1ee Bp8M0llli p0Jia.KC8ll;HH ~OJI:bHOro MOM8HTa T,. H BpeMeHH CllOH-

TaHHoro pacmi,n;a T1 • B 3TOM c~e CHCTeMa sa BpeMH 'i"._ « T,, T:i 
HCnyCKa8T HMnync CM, HHT8HCHBHOCT:b KOTOporo nponopD;HOHSJl:&Ha KBB,I(paTy 
'iHC~a HSJiyq.aTMeit H, c~e,n;oBaTe~:&HO, MOX8T Ha MHOro nop.fl,ll;KOB npeBOCXO

;nHT:b HHT8HCHBHOCT:b CllOHTaHHOro H3~eHHfl"4/. K HaCTOH1118MY BpeMeHH 3KC
nepHMeHTamHO no~eHo CM OllTH~ec1toro H MK-;nHanasoHoB, aKTHBHO o6cyJK
,IJ;aIOTCH 11epC]18KTHBl,I 003,ll;aHHH reHepaTOpOB CM-:p8HTreHOBCKOro H O -;nHa
nasoHoB14•51. 

Eesyc~OBHl,lit HHTepec npe,n;cT~eT T0.KlK8 reHepaD;HH .u.,mHHOBOmOBOro 
CM, OTHOCJllIISrOC.fl It CB'tJ- H pa.,n;HO~CTOTHOMY ;nHanasoHaM. B 3TOM c~e B 
Ka~8CTB8 pa6o~eit cpe,IJ;l,I MOryT 6HT:b HCllOJI:b30BaHH CHCT0Ml,I OTJ)Hll;8.T8JI:bHO 
no~H30BaHHHX SU(8JlHl,IX CllHHOB. B.rroM6epreHOM H IlaYH,IJ;OM/G/ 6wm llJ)OB8,ll;0-

Hl,I 3HepreTH~8CKHe Oll;SHKH, ,ll;8MOHCTPHPYIOIIIH8 npHHD;HnHamHYIO B03MOJKHOCT:b 
peBepca OTpHD;aTM:bHOH llOJI.fIPH38ll;HH .fl,ll;SJlHl,IX CllHHOB C HSJiyq.9HH9M pa.,n;HO
~CTOTHOro llOM. MMeHHO TaKOit npou;ecc llJ)H COOTB0TCTBYJO!llHX yc~OBH.f!X MO
~eT 6HT:b HCllOJI:b30BaH ~ reHepSll;HH .u.,mHHOBomoBoro CM. 

Ilolll,ITKa sRcnepHMeHTam,oit P,8BJIH38ll;HH 3Toro npou;ecca 6~a npe,n;npH
HRTa EesHrepoM C 008.BTOpaMH 7,87, HCllOJll,30B8.BIIIHMH B Ka~0CTB8 pa6o~eil: 
CHCTSMl,I .fl,ll;SpH!,10 CllHHl,I 11 Af B py6HHe Al~ 03 : Cr a+ • KpHCT~ py-

6HHa c HHBepTHpOBaHHHMH B CHmHOM MarHHTHOM no~e MBTO,ll;OM ,ll;HH8MH~e

CKOit no~H38ll;HH llJlH TeMnepaType I,6K seeMaHOBCKHMH no,n;ypoBHRMH noMe
!llaJICH B HH,n;yKTHBHOCT:b LC -KOHTypa, c llOMOIItl>IO KOTOporo H Ha6~8JIOC:b 
HSJiyq.8HH8 npH BHnomeHHH yc~OBHH pe30HaHCa ~ O,n;HOil: H3 llHTH JIHHHii 
HMP-cne1tTJ)a ~~Ae • TaK KaK ,ll;OCTHraBWMCH B 3THX 3KCnepHM9HTax Ha~

HaH HHBepCHH (oTpHD;8.T9~:&HaH H8MarHH~8HHOCT:b Mo H,ll;BJ)Hl,IX CllHHOB) 61,1-
~a HSBe~. a llHKOBaH HHT8HCHBHOCT:b B HH3KO,IJ;06poTHOM ( Q = 40) 1t9~:--

. TYP8 c~a6o OTJlli~C:b OT YPOBH.fl CllOHTaHHOro RSJiyq.eHHH, BBTOPR paf>oT17,87 
B Ka~8CTB8 OCHOBHOrO KpHT8PH.fl Ha6~,IJ;8HHH CM HCllOJI:b30BBJIH ynOMHHaBme
ecH BRW8 yc~OBH0 ~ xapaKTepHRX BpeMeH, KOTOpoe, llJ)HM8HHT8JI:bHO It CH

TyaD;HH, 6~o 3anHCaHO B BH,n;8 

(I) 



r.zte 'TA - BpeMH pB,IUiarmoHHoro .zteMIIg)!IpOB8.HM, T.,_ - BpeMH rrorrepeTJ.-
HO.li CIIBHOBO.li peJia.KC~, r - l'Bp()M8.I'HHTH08 OTHOID8llll8, 1l. - qaKTOp 
sanoJIHeH.HH, w0 = (H - aeeMaHOBCRWI TJ.aCTOTa, {, - cTaT.HTJ.ec:KruI 
BOCIIp.lmMll.HBOCT!, smep, { 11 

- MJIBMBJI ,TJ.aCT!, BHCOKOTJ.aCTOTHOil: BOCIIp.HRM
'UIBOCT.H 'smep. Kruc ~erno y6e,It.HTl>CH, (I) COBIIa.n;aeT C yc~OB.H8M B036y;ime

H.HH H8KOrepeHTHO.li M,3rHOil: reHe~ C~e.ztYl!)IllIDII .H3 CTarmoHapHOI'O peme
H.HH ypaBHeH.H.li E.n:oxa 4 IIpH M ~ ::: M0 , r.ne M ;i - KOMIIOHeHTa Ha-
Ma.rHHTJ.SHHOCT.H, ROJ11llllleapHW1 BH8mH9MY IlOJllO Ho • B 3TCM CJiy'l.8.8 .HHT8H-
CHBHOCT!, R~8H.HH OIIp8,It8JI.f:IeTCJi B8JmlllIBO:i1 { "ma,c. , IIpOIIOpl.U10HaJII,
HOi pa3HOCT.H aace~eHHOCTe.li MBI'HHTHHX IIO.DYPOBHeil:, a He KBaJJ;paTy pa3-
HOCTR, KaK 3TO ,ItOJDKHO 6HT!, B c~e CH. KpoMe Toro, COOTHOmeH.He ,ItJI.f:I 

xapaKTepHWC BpeMeH/4/ ~8TCJi JmlJII, Heo6xo,It.HMHM YMOB.HeM CH. IloaTOMY 
YTBepxmeHHe aBTOPOB/7 ,8 0 Ha6JIJO,IJ;eH.HH ID/JeHHO CH H8JII,3Ji CTJ.HTaTL Ha,Ite~
HO o6oCHOBaHHHM. 

B BHIIOJIHSHHHX HaM.H aKCnepHMeHTru/I-3/ pa6oqe.li C.HCTeMo.li HBJIWmCl> 
OTP~TenHOIIOJifIPH30BaHHH8 CIIBHH IIpOTOHOB (smep BO,ItOpo.zta) B IIpoIIaH-
,It.HO~e cl HI O ,2. . , OXJIBJK,It8HHOM ,ItO T9MII8paTYPH ,., 50 ~ K. IlO.lI.llpR3~ 
smep OCYJI!8CT~C!, BO BH8WH8M M8.I'HHTHOM no~e 2,6 T.n. OTMeTHM,TJ.TO 

.HCIIOn30BaHH8 smepHOI'O CIIBHa ,S = I/2 o6~aeT.TeM rrpe~eCTBOM, 
TJ.TO .38eMaHOBCKHe IIO.ri;ypOBH.H B 3TOM C~e o6pa3yroT ,ItByxyl)qBHer CHC
~eMY; B C.eyt!a8 n, /Jf CRCTeMa YPOBHeil: 3HaTJ.HT8JII,HO MOJKHee/7 ,8 , KpoMe 

Toro, 6o~ee HH3KHe TeMIIepaTypH noaBo~ IIOJIYliRTl> ropaa.zto 6onmyro Ha
~HYIO .HHB8pC.HlD, CoCTOHH.He TaKOii C.HCTeMH T8pMO,It.HH8MllTJ.eCKH HeycTO.liTJ.H
BO, HO o6~aeT 6onmHM BpeMeHeM CIIOHTaHHOro pacna,na ( T, $ IOO TJ. ) 
H3-3a CM6oil: CBH3.H smepHoro CIIBHa C pemeTKO.li IIPH CBepXH.H3KHX TeMIIepa
Typax. 

IlpH H.H3KOil: Ha~HOil: IIO.lI.llpR3~ (-3,35 .c 'j) 0 L -0. 09) B C.HCTeMe' 
IIOMeIItSHHOfi B LC -pe30HaTop C ,Ito6poTHOCT!,JD GJ = 300-600, Ha~ 
,ItaJiaCJ:, HeKorepeHTHa.sI Ma38pH8H reHep~ .IT,Jll1TenHOCTLlD ,ItO 0,5 C .H C 
HHT8HCHBHOCTl>lD, rrponoprmo~Hofi pa3HOCT.H HaCMeHHOCTeil: aeeMaHOBCKHX 
ypoBH8il:, MO,ItyJUIIJ;IiH IlO,ll1,'larHHTJ.HB8.!ClJl8I'O IIOJI.f:I II03BO~, B 3aBHCHMOCT.H 

OT 8Ml1JIHTY.IJJ,l, rrpepHBaTl> .H CHOBa B0306HOBJI.f:IT!, rrpouecc, ~60 OCYJI!8CTB

JI.f:ITJ:, 8MIIJIHTY.ztHYIO MO.ztYJI.f:IltHID IDHpoKOI'O IDIJIIYnCa M3epHOli reHep~. Ilo
,It06.Hl:li1 aqq:eKT MO.ztYJI.f:IltHH HMIIynca Ha6.Jno.naJICJi T8Kllte RB pa6oTax 7 ,8/. 

. Ilp.H ~Heil:meM YB8~'le:,¥ w~HOli .HHBepcim (MO,ItyJI.f:I OTP,HUaTen
HOil: IIO.lI.llp.H3~) Ha~,ItaJIOC!, r-3 KaTJ.eCTBeHHoe .H3MeHeH.He npouecca re
Hep~: B C.HCT8M8 B03H.HKBJI xapaKTep.Hl:l.li IDIJIIYnC CH C .IT,Jll1T8JII,HOCT!,JD '¾ ... 
o,·2 - 0' 7 MC: ' ID11el0lll8il: 30.BHCHMOCT!, OT B~TJ.H.Hl:l Ha'laJII,HO:li IIO.lI.llpR3~ 

B.H,Ita i:; (IP.I+~) ~ l'Pol : _!._ 
1 

\ = I:. 

Tc. (IP.I) IP.J+ti. t+t IP.I 
, 

2 

~. 

r.zte A -H3MeHeH.He Ha'l8JII>HOil: IIOJIRI)H3auHH, Ilo,It'lepKHeM, TJ.TO TaKOe IIOBe
,IteHRe .IT,JIBT8~LHOCTH l!Mny~ca xapaKTepHO ;u,J!ii QM. 0IIHTH C o6pa3U8MH ,ItOC
TaTO'iHO 6o~Lmoro o6~eMa II03BO~ ocymeCTBHTL ~aCTH'lHHH peBepc Ha'laJII,
HOH IIO~.ffPH3a:rm.H, '!TO B IIpHHI.U1Ile HeB03MOlKHO IIpH Ma3epHoil re~epa:rm.H, 
I10.I('l8pKHeU, 'ITO B pa60T8X/?,B/ peBepc Ha'laJILHOll IIO.lI.llpH3a:rm.H He Ha~ 

,ItaJICH, 
--- " YKa3aH.Hl:le o6CTOJITeJILCTBa Il03BO~T MaCCHWHI.U1POBaTl> peaynTaTH 

3KCIIepHMeHTOB/I-3/ KaK rrepBoe'Ha6~~eH.He .IT,JIBHHOBOJIHOBOro CH, reHep.H

pyeMoro Ha seeMaHOBCKHX rrepexo.ztax B CHCTeMe OTP.HUaTMLHO IIO.lI.llp.H30BaH

Hl,IX smepHHX CIIHHOB. 

B HaCTOHIJleil: P,a6oTe MH ~a.ztl!M TeopeTR'leCKYJO HHTeprrpeTarmro ~38H-
HHX 3KCII8p.11MeHTOiI-3/, . . . . . 

CncTeMa CIIHHOB -~ e;,." I/2 (B HaJlleM CJIY'iae 3TO CIIHHH IIpoTOHOB) B 
IIOCTOHHHOM BHemHeM MarHHTHOM no~e Ha rrpe,ItCT~HeT co6o:li ,ItByxypOB

HeByro CHCTeMY C 'laCTOTOH rrepexo.zta, PaBHO.li seeM8HOBCKO.li TJ.aCTOT8 we= 
t( H. • B TOM Mytiae' KOr,Ita lio aHTHIIap~e~HO Ha'IMLHO.li H8M8.I'HH-

'leHHOCTH M. (OTpmiaTS~HaH IIOJifIPH381.U1H), Ta.Ka.R: ,ItByxypOBHeBaH CRCTe
Ma .HHBepcHO aacMeHa. IlpHHIDllaH Harrp~eH.He HatianHoil: HaMarHHTJ.eHHOCTR 
aa OC!, 2 'MO,Ite~LHHil: raM~TOHHaH paccMaTpHBaeMO.li CRCTeMH MO~HO sa

IIHCaTL B BH,Ite 
A A 

H =ii'ol-lo .!1 +·tirHJtS>< + Ht (2) 

3,necb $ - COOTBeTCTBYJDIItaH KOMIIOHeHTa CJ'MMapHoro CIIBHa IIpOTOHOB ~L A 
( S == 2.. S,1. (i) ) , Hx - rro~e pB,IUiO'!aCTOTHoro H~eHHH, Ht 

a( l=r , · 
- orrepaTop 3HeprnR CB060,ItHOro JJieKTpoMarHHTHOro·IIO~H. B COOTBeTCTBRH 

C yMOBRHMH 8KCIIepHMeHTa ~YlI,eM C'U'!T8TD HaTJ.aJII,HOe COCTOIDJHe IIOJI.f:I HMY~ 
TJ.eHHH pa.BHOBeCHHM COCTOHH.HeM C TeMIIepaTypOH' T , 

.IlJIH paccMaTPRBaeMoil ,ItByxypoBHeBO.li CHCTeMH CIIpaBe.IT,JIBBO YMOBHe 
cocpe.ztoTotieHHOCT.H: l <' i) , r.zte l -~Heil:.Hl:lil: pa3Mep CHCTew ( f,._ 
I CM) H ?! -.IT,JIBHa BO~ H~eHHH ( ,'\ "" 103 CM), oTO lflgre o6H'!HO 
paccMaTpHBaeTCH B TeopHH CH, ocHOBaHHOil: Ha Mo.zte~ JlHKe1 • , HO He 
BHIIO~HHSTCH ;u,J!ii OIITH'leCKOI'O ,It.HanaaoHa. ,lJ.7m ycTaHOM8HHJi COOTBeTCTBHH 
.c raM~TOHRaHOM JlHKe rrepe.li,IteM B (2) K rrpe,ItCT~8HHlD BTOplPUiOI'O KBaH
TOB8.HM ;u,J!ii IIOM, coxparum ~IIl1, TY I.U1PKY.lI.llpHO IIO.lI.llpH30BaHHyro KOMIIOHeH
TY IIOJI.f:I, Harrp~eH.He Bp8.ll{eH.HH KOTOpott COBIIa.ztaeT C Harrp~eHHeM ~ap.{O

pOBCKO.li rrpeueCCH.H CIIHHOB B IIO~e H0 (TaK Ha3HBaeM08 IIpH~8ID!8 Bpa
IItaIDIIteHCR B0~/4 , 91. Tor,Ita BMeCTO (2) no~aeM 

H =kw s" - L tg ( t+a + ak s-) e . .e.t + L h.'l (a•a•t)(3) 
.

0 I.. I. k k kk • 
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3,neCI,, KaK 06bl'!HO, -~ :% = S,._ ±L S!J - CIIHHOBH8 onepaTOpll Il0Bbllll8HH.fl H 

TIOHHJKeHH.fl, a/, Q l - onepaTOpbl polK,Il;eHH.fl H YJIH'lTOlK8HH.fl KBaHTOB TIOJUI, 
3-.. . - ajxpeKTHBHHii napaMeTP· CB.fl3H CIIHHOB C IlOJieM H3JIY'l8HH.fl. cliaKTOP 
~~t B (3) 06ecne'1HB88T a,IUia68TH'i8CROe BRJIIO'l8HH8 B3aHMO.n;eiiCTBH.fl no

JUI co CIUUIBMH. IlomepRHeM, 'lTO npe.n;CTaBJiemre 06 a.naa6aTH'l8CRO' BRJIIO
'l8HHH B3aHMO.n;eiiCTBH.fl coo"TB8TCTBY8T yCJIOBH.flM 3RCIIepHMeHTOB/I-3 , BRO

TOpwc nponecc CH B03HHRaJI IlpH .H3M8HeHHH 'l8CT0Tbl Wo (T.e. BHeruHero 
TIOJUI .Ho ) .no coB~eHH.fl c co6cTBeHHoii 'laCTOTOii LC - pesoHaTopa, 
Ilp.H'l8M xapaKT8pH08 BpeM.fl H3M8H8HWI TIOJUI 6wxo MHOI'O M8HI,lll8 ~ • 

B T8JNrurax MO.JJ:8JIH )tHKe onepaTop .s'l MOlKHO HHTepnpeTHpoBaTI, R8K 
IlOJIYpa3HOCTI, 3aC8JI8HHOCT8ii 388MaHOBCRHX no.n;ypoBH8H, a onepaTOpll s~ 
0Il.HCblB8.IOT, COOTB8TCTB8HHO, nepexo.n Ha BepXH.Hii .H HHlKHHii no,nypoBHH, npo
.HCXO,It.flllWii B CHJIY (3) C IIOrJiomemreM H HCIIyCRaHH8M KBaHTa H3Jiy'i8HH.fl. 

B CB.fl3H c BH6opoM (3) c,neJiaeM .n;Ba 3aM8'laHH.fl. Bo-nepBHX, Heo6xo
.IOIMO ytl8CTI, cymeCTBOBaHH8 KOH8'lHOii lllHpHHll JI.HHH.H .H3JIY'l8HH.fl. C 3TOii 

neJIL!O 6y.neM C'lHTaTI,, 'lTO pacnpe.n;eJiemre co6CTB8HHHX 'laCTOT H3JIY'laTeJiei1 

W;_ CHMM8TP.H'lHO OTHOCHTeJII,HO W 0 

T8JI8ii .H 

, He 3aBHCHT OT KOOp,nHHaT H3JIY'l8-

e l w. t-. i.c.J t - t j'J. :;:
- e • e 

(JiopeHneBO H80.JJ:HOp0.n;H08 yWHp8HH8/9/) , r.ne L - TaK Ha3HB88M08 Bpe

M.fl lKH3HH OCnHJIJIJITOpa. 

Bo-BTOpHX, raMHJII,TOHHaH (3) OTIHCHB88T CHCTeMy B ~88JII,HOM p830-
H8TOpe, T.K. HM88T M8CTO 38KOH coxp8H8HH.fl TIOJIHOI'O 'lHCJia B036y;K.neHHii 

L a-t-a + s = con1t- . 
le. " I( 'i! 

(4) 

Ilpo6JieMa CH B pesoHaTope c ROHe'!Hoii '06pQTjocTL10 paccMaTPHBaJiacy, ,lJ,JI.fl 
KOpoTROBOJlllOBOI'O ,nHaTI830H8 B pa6oTax IO,II, B ROTOpHX, B 'laCTHOCTH, 

HCCJ!8.ll:OB8JI8CI, 3aB.HCHMOCTI, HHT8HCHBHOCTH OT K03qxp!:nH8HTa OTp8lK8HH.fl. 
TaK RaK B paccMaTp.HB88MOM CJIY'lae p830HaTOP npe.n;CTaBJI.fl8T co6oii ROJI8-
68T8JII,Hllli KOHTYP, ~ J"i8Ta ROH8'!HOH B8JIH'lHHll .no6poTHOCTH y.no6Hee 

BOCTIOJ!I,30BaTLC.fl ~yrHM no~o.n;OM, CB.fl3aHHHM C BB8.JJ:8HH8M B r~TOHH-
8H (3) B3aHMO.JJ:8iiCTBH.fl TIOJI.fl .H3JIY'l8HH.fl C OCnHJIJI.f!TOpaMH IlOT8pI, l 2/: 

N J,. II 

H = H + H.lf , 

" + "',L( + -k + ) H = L * rr _gi· Rt + L n )et ale c,._ +- ~~ B'/, a,, . 
It 'f. 't-- 1.k 

(5) 

4 

I 

l 

i) 
iJ 
1 
I 

Ilap8M8TP IlOT8pI, ~ = • f J ~f.. f 
2 cf ( ..of. -W,) CB.fl38H C .n;o6poTHOCTI,JO pe-

30HaTopa q cooTHorueHHeM Jt = w0 /Q . Tenepy, BM8CTO (4) MH .HMeeM 
HHT8rpaJI .n;BHJK8HH.fl 

~ . + 
L a" ct · + ~i + L 8 C. = ccns-f- ~ 
l le ~~-f. 

(6) 

H8JIH'l.H8 KOTOporo H806XO,IUIMO y'i8CTI, IlpH Bll'lHCJI8HH.H .HHT8HCHBHOCT.H H3-
JIY'l8HH.fl 

I LH =Li "'i.. -1J <t:\1- ak >t- . 
k. d; . 

(?) 

HCRJIJO'la.fl C IlOMOinI,IO MeTo.n;a BaitCCROTiqia - BHrHepa/I3/ nepeM8HHbl8, 
OTHOC.f!InH8C.fl K OCnHJIJI.f!TOP8M.IIOT8pI,, .H3 reff38H6eproBWC ypaBHeHHff .n;BH-

X8HH.fl, ~ onepaTOpoB IIOJI.fl .H3JIY'l8H.H.fl TIOJIY'l88M 

i_ Cl = - (i c..?, + ~ h ) a,. t-i'8 ~ -
dt k. '<. " k • 

(8) 

3anmneM Tenepy, ypaBHeH.He .n;BHlKeHHJI ~ s1,. 

i* ,! ~1.,;, [sl~ H1 . (9) 

Ilo.n;cTaBJI.fl.fl B ( 9) p83YJII,TaT qX>pMaJII,HOI'O .HHT8rp.Hp0B8H.H.fl ypaBH8H.Hii ( 8) , 
II8p8XOM R ycpe,nHeHmO C MaTP.Hn8H TIJIOTHOCTH Hf'l!;JU,HOI'O COCTO.f!H.H.fl; HC
RJIIO'la.fl 6030HHH8 nepeM8HHll8 C IlOMOin!,10 npneMa/ 4/, CXO,nHOro C M8TO.JJ:OM 
BattccRonqa - Bnrnepa, TIOJIY'la8M 

!!. < s. >-==-'I_~ J.{<S-tA> f- <:A+-S-> +n (<[S~I/]>+ <[A~ r]>~(IO) 
dt . l k le. k . . .) 

. . 

r.ne 

,4 = J\xp{ (£'-~/l -itvi.)[t-,)]s'-li?d"Z" 
t. 

H "k '=' <a+ Q '>o - 'lHCJIO paBHOB80HblX T8TIJIOBHX RBaHTOB. B H8'iBJII,HWl: 
"- "- u .. MOM8HT Bp8M8H.H, onpe,n8JUl8M08 H8'lBJII,HOH T8Mll8paTypon ROHTypa T~ f. 6 K. 

JiJm OIITH'l8CKOI'O ,naanasoHa "" << { .naxe IlpH ROMHaTHOii T8MII8paType, .H 
II08TOMY BTOpblM CJiaraeMHM B npaBOii 'laCT.H (IO) 06li'!HO npeHe6per8.IOT. 
,uim pa.nao,naanasoHa 'i.HCJIO TIJiaHROBC~ KBSHTOB MoiteT-6HTL .nociaTO'lHO 
60JII,lllHM ( B !CJIOBH.flX 3KCII8pEM8HTOB I-3/ ~ p830H8HCHOit 'laCTOTli uJ0 

n\c..., Ia2-IO ). Il08TOMY Ha Ha'laJII,HOii CTa,ium 3BOJI!OnH.H, ROr,na ROpp8JUl
nHOHllll8 ajxpeKTli, OIIHCliB88Mll8 nepBHMH .n;BYM.fl OJ!B.I'88MBM.H B IlpaBOii 'lS.CTH 
(IO), Hrp8.IOT MaJIYIO poJII,, oco6eHHO B8Jlt8H B~ BTOporo CJiaraeMoro.Pac-
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CMOTJ:lRM 5TOT Borrpoc" no.npo6Hee. Bocnom.syeMCJl llpli6JIIDKeruteM MapKOBa c 

y,i8TOM H8O.lnlOPO.JnIOI'O ynrnpeHHJI, Kor.na 

.± - + + iw0 l+-n -lt-,>/ J.Y: 
S er> ,::: s- l-1:) e e 

Tenep1, MOlKHO li36aBRTI,CJl OT liHT8rp8JIOB B llpaBOit 'l.acTR (ID). CoBepmM 
npe.nem.HHtt nepexo.n -/;

0 
➔ -oa , £ __. o , BMecTo (ID) noJ!y'l.B.eM 

· : A. < s"l, > = - L r. ( < .s +s' - > + ~ n 1,_ < s ~ > ) -
~ k ~ , 

(II) 

· r.ne 

r = 
k 

- .2 
(~+_1/r:) 9.._ 

- ~ .l (~/:A. +1 /'J..'C:) + (wk -ut0 ) 

(I2) 

Ha Ha'l.8Jll,HOft CTB,IUm 8BOJIJOizym:, KOr,na C8MOHaB8.D;8HHb18 KOppeJIRimli eme He 

BO3IDIKJil'l, RM810T M8CTO COOTHOill8HHJI 

< S ~ > ~ 1 ' < s + .S - > = : + < S-1. > + K ~- IV ~ 
•~i -f.- -

I(. = ~ < S l l) .) lj > '> 
id 

lI08TOMY sa C'l.8T MHOJKKTeJIR .1 n l BKJIB.n BToporo 'LJI8Ha B npaBOR 'l.aCTli 
(II), OTB8TCTB8HHOI'O sa H8KOJIJI8KTHBHO8 CilOHTaHHO8 li3Jlyq8HH8, RBJIR8T
CJI OCHOBHl:lM Ha STOR CTB,IUm. B6Jm:3li MaKCRMYMa liHT8HCliBHOCTli ( t~ tD) 
liM88T M8CTO o6paTHM CHTY~ 

<S > :::::o K rvNJ. 
j ,} 

(.D;HHaMli'l.8CKliR .D;a.JThHHR IlOpR.D;OK/I4ef_ 3,neCI, y,g.e OCHOBHYJO pom, li!'p8lOT 
KOJIJI8KTHBHl:l8 IIIJOU8CCH H BKJia,I(OM CTIOHTaHHOro CJIB.I'88MOI'O MOlKHO npeHe6-
pe'U>. TaKliM o6pa3OM, H8Jill'l.li8 T8IL7IOBHX KBaHTOB IlOJISI B pesoHaTope nrpa-

8T noiolltllT8JII,HYJO'POJII,, YCRJm:BM CilOHTaHHble npoueccH Ha H8'l.8JII,HOft CTa
.D;lili SBOJIJOizylR • 

.UeftCTBYJI no aHaJIOrlili C BHBO.D;OM ypaBH8HHJl (II),MOlKHO IlOJIY'l.HTI, 

MapKOBCKO8 ypaBHeHHe .D;JIJl napHOR KOPP8JIRIWOHHOR (pYHKUID! 

L~s+S-> = -2 r1,_{(1+n1t) <S+S-> +< s+~-_r'r'>1-n,/5'/>] (I3) 
~ ·k • 

3aMe'l.aJI, 'l.TO raM.WU,TOHliaH (5) liM88T TO'l.HHR liHT8rp8JI ,D;BHJKeHHJI 
+ - :i. /\ s ,) + s'l - sl. ::: r > 

6 

\ 

~ilcJI onepaTopoM Kasmmpa rpynnH -~11 (2), R IIIJOH3BOM CTaH.D;apT
Hoe pacueMerute 

< _ft s-.t 
1 
> -~ < s+ s-.> < ~\ > ( [~1-s~ s-,J -=o) ~ 

BM8CTO (II), (13) IlOJ!y,i88M 38MKHYTYJO CHCT8MY ypaBH8HHft 

Ji < ~ > : -;c < s+r-> - ~,> <.s'~ >, 
dt- ~ (I4) 

r.ne 

A_ < s+S-> e 4 -/ Ia t 4 ~<Si">-~ (;H- 3v )< s+s-> +:t J< <SS><s't: 
cit I , 

I\ 

)'= Z r 
I.. 1£ 

.; =- z- '\ r~ , 
I.. 

I :: < '> . -

B CHJIY onpe,neJieHRJI ( I2) <PYHKUHH 'r" liM810T OCTJ:)Hft MaKCRMYM llpli "'i. ::i.:~. 

l1Hatie I'OBOPJI, OCHOBHYJO POJII, H!'p8lOT p83OHaHCHl:le rrpoueccH. 38MeTHM, 'l.TO 
cncTeMa (I4) RBJIReTCJI o6o6meruteM H3B8CTHHX ypaBHe·HHn EJ.roxa Ha CJiy,irut 

cymeCTBOBaHJlJI T8IL7IOBHX myMOB. BepHeMCH Tenep1, K Ollp8.D;8JI8HHIO RHT8HCRB
l.lOCTR reHepauHM (?). B CHJiy (8) JIMeeM 

d. + + ol. ( + 11+ - ) 
- <a Cl'>= -x<a a"> +Jl'n +q <S II'>+< $ > + 
dt " "- "- t " ak 

·t-11 J:i(<[S~/1]>+<[,<r-]>) 
k L: -

IlocJie nepexo~a K MapKOBCKOMY npn6JIIDKeHli!O IlOJ!y'l.B.8M OTCIO,I(a 

fL <a+c.i ;>-=-Je<a+cr >+Jen ~r (<s+.s->+.1.ni<S-i'>) ... (15) 
dt I.. k. ~ k I.. L: . 

CnCT8MY (I4) MOlKHO pemaTI, H83aBliCliMO OT (I5). Ilo.ncTaBJISIR saTeM peme
HHH ypaBHeruttt (I4) B llpaBYJO 'l.aCTI, (15) M pemasi: IlOJ!y,i8HHOe ypaBHeime, 
MOlKHO onpe,neJm:TI, JlHT8HCJlBHOCTI, rrpouecca CH. TaKJIM o6pa3OM, COBOKYil
HOCTI, ypaBHeimft (I4), (I5) noJIHOCTI,JO onpe,neJISieT .D;HHBMney CH B paccMa
TJ:lHBaeMott CMCT8Me. 

AH8JIH3 IlOJ!y,i8HHblX ypaBH8HliH IlOKa3HBaeT, 'l.TO rrpouecc H3J!y,ieHHa 
IIIJOHCXO.D;HT CJI8.D;YIOlllHM o6pa30M. CHa'l.aJ!a T8IlJIOBHe illYMH llHHUnllpYJOT IlOHB
~eHRe MasepHOtt reHep8Ulili, B KOTOpoft llpllHHM8lOT y-q_8CTH8 Bee mmepTnpo

BaHHbl8 CilliHl:l N , npn STOM B KaTymKe HaBO.D;HTCH noJie Hi , saTeM 

'l.aCTI, CilHHOB Nur "' ( 4H / H't ) # , r.ne AH « u'Z COOTB8'11CT-
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ByeT UllipRHe KOrepeHTHOI'O CIIRHOBOI'O TI8R8Ta, CTaHOBflTCfl B3ru!MHO CROppe
Jmp0BaHHHMR R BH3HBaIDT B03HRRHOB8HR8 CBep:irn3JIY'iaTeJI1,HOI'O RMIIY~bca. 
lfuc~o T8MOBHX q()TOHOB "k MOJKHO TIO~CtJ.RTaTb, 3HM TOT <paKT, 'lTO 
,IJ,1ISI y3ROTIO~OCHOI'O RO~e6aTeJI1,HOI'O ROHTypa ~RMeHRMa TeopeMa o paBHO
pacnpe~e~eHRR 3HeP,rRR TIO CTeTieHRM CB060~H 5/, 'lTO B yc~OBRflX Ha.IIIRX 
3RCTI8pRM8HTOB/I-37 ~aeT nk = 102-103• 

.ABTOPH 6~aro~apHH sa o6cyJK,neHRR R TI0~83HH8 COB8TH A.B. AH~eeBy, 
B.M. Pyn:acoBy R B.B. CaMap~eBy. 
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