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'ITO cPOpMa KoppenHUHOHHb!X KpHBb!X B6llli3H pe30H8HCHb!X 'lBCTOT HMeeT BHll 

nopeHUOBOl!: KpHBOl!:, a ypaBHeHHe, OllHCblBBIOIUee HX CTpyKTypy, nonyqeHO 

CYMMHpOBBHHeM pHllB TeOpHH B03MyiUeHHl!:. npHBeneHbl oueHKII lllHpHHb! 
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On Correlations of the Turbulent Pulsations in Plasma 

Equations for the correlation functions of weakly turbulent plas
ma (both for decay and non-decay spectra) are obtained. The form of 
the correlation curves near the resonance frequencies is shown to 
be of the Lorentz curve type, and the equation describing their struc 
ture is obtained by summing up the perturbation theory series. The 
estimates of the correlation function width of Langmuir pulsation are 
given. 
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§1. B a e L! e H H e 

B rrocneJJ.Hee apeMSI aKcrrepHMeHTanbHoe Hccne)loaaHHe paanH'1HbiX Kop

penSIIIHOHHbiX atiJtiJeKTOB B Typ6yneHTHOH nna3Me 11pOBOJlHTCSI B 6onbiiiHHCTBe 

3KCI1EipHMeHTOB, HCCneJJ.yiOIIIHX 11pHpOJly HeycTOH'1HBOCTH H CBOHCTB Typ6yJ\eHT-

/1 2/ 
HOro COCTOSIHHSI rrna3Mbl ' • 3KcnepHMeHTanbHbie MeTOJlbi 1103BOnSIIOT H3-

MepSITb KOppenSIUHOHHbie tPYHKUHH (apeMeHHbie H 11pOCTpaHCTBeHHbie) B JlO

BOnbHO IIIHpOKOM HHTepaane '18CTOT. 0JJ.H8KO C HHTepnpeTaUHeH rronyqaeMbiX 

peaynbTaToa B03HHKaroT TPYJlHOCTH, o6ycnoaneHHhre oTcyTCTBHeM rrocneJJ.oaa

TenbHOH TeOpHH KOppenSIUHOHHbiX aqxpeKTOB B rrna3Me. neHCTBHTenbHO, JJ.nH 

CpSBHeHHH TeOpHH H 3KCI1epHMeHTa, JlnSI H)leHTHcjJHK8UHH pa3nH'1HbiX BHJJ.OB 

Kone6aHHH Heo6XOJlHMO HaRTH BHJl KOppenHUHOHHOH tPYHKUHH, ee IIIHpHHy 
x/ 

!lw t 11pH'1eM B cna6oTyp6yneHTHOM pe)KHMe 06bl'1HO Bbll10nHSieTCSI Hepa-

BeHCTBO 

!lw << w _. 
k 

(1.1) 

x/ 
BenH'1HHa !l w MO)KeT 6brTb xapaKTepHoii rronyiiiHpHHOH KoppenSIUHOHHoii 

nHHHH, TO eCTb yK83biB8Tb TOT CJJ.BHr '1aCTOT, JJ.nH KOTOpb!X HHTeHCHBHOCTb 
y6hraaeT B 2 paaa. 
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( w ... - co6cTBeHHa.ll qacToTa Kone6aaHii "cnoKoHHOH" nna3Mbi), TaK KaK 
k 

TOIIbKO B 9TOM cnyqae H9nHH9HHOCTb .llBn.lleorC.Il cna6oH H HM99T CMbiCn npH6-

nHJK9HHO roBopHTb o nHHeHHhiX MOAaX Kone6aHHH. EcnH JKe aepaBeHCTBO 

(1.1) aapywaeTCR, H 11 (r)"' w,. 
k 

1 TO HenHH9HHOCTb CTaHOBHTCSI CHIIbHOH1 

npH 9TOM BHA KOppenRUHOHHOH ¢yHKUHH B paCCMaTpHBaeMOH o6naCTH 'laCTOT 

Cr.> k-> cymeCTB9HHO H3M9HSI9TCSI• 

06bi'IHO 'HccneAyeMbie HenHHeii:Hbie ypaBHeHHR ( y'IHTbiBaiOmHe B3aHMo

A9HCTBHe pa3nH'IHb!X MOA KOne6aHHH M9JKAY co6oil: H 'laCTHUaMH) HOCSIT xa

paKTep ypaBH9HHH 6anaaca HnH KHH9TH'I9CKHX ypaBH9HHH1 KOTOpbie OllHCbiBa

lOT B036yJKA9HHe (nornomeHHe) H B3aHMOA9HCTBH9 nna3MOHOBo 0HH npHI'OA

Hhl AnSI HCCneAOBaHHSI KaK CTaUHOHapHOH, TaK H H9CTaUHOHapHOH Typ6yneHT

HOCTH. 3¢¢9KTbl Bp9M9HHb!X KOppenSIUHH Typ6yneHTHbiX nynbCaUHH COA9plKaT-

CSI B aaBHCHMOCTH I... OT w , ¢yHKUHR I... , npeACTaBnRIOWa.ll co-
k .w k,(L) 

6oft KOppenSITOp Typ6yneTHbiX noneil:, onpeAen.lleTCSI H3 COOTHOW9HH.Il 

... ... 
<E. E >=I a(k+k')8(w+w'). 

k" ,lU !',(L.), k ,cu 
( 1.2) 

3AeCb cneAyeT OTM9THTb, 'ITO CTpOI'O COOTHOW9HH9 (1.2) BbiUOnHg-

eTCH nHWb B cny'lae CTaUHOHapHOH Typ6yneHTHOCTHo Cna6oe OTKnOHeHHe OT 

CTaUHOHapHOCTH Y'IHTbiBaeTC.Il B BHA9 MeAneH~OH 

cpeAHeH KOOpAHHaTbl H cpeAH9I'O Bp9M9HH _l_+ 

3aBHCHMOCTH 1-> OT 
k ,w 

at 
... a v . 

g ar • YpaBHeHH.Il 

6anaHca - ecTb ypaBH9HH.Il AnR fl ... dw B aTHX ypaBHeHHRX B nep-
k,w 

BOM llpH6nHJK9HHH MOJKHO npeHe6pe'lb BpeMeHHbiMH KOppenRUH.IlMH, T.e. KaK 

• TaKaS! Boa-

MOJKHOCTb CBSI3aHa C TeM1 'ITO, C OAHOH CTOpOHhl 1 ypaBH9HHe 6anaHCa An.ll 

cna60H Typ6yneHTHOCTH COA9plKHT Manbi9 qneHbl ( llOpS!AKa y.) W _. HHKpe-
k k 

MeHTa K qacToTe), a c Apyroil: - $y'HKUHR I .... = f 1.... d w He 'IYBCT-
k ' k ,w 

BHTenbHa K AeTanbHOH. ¢opMe pacnpeAeneHH.Il nynbcauHA no w • B 9THX 

ycnOBHSIX KOppenSIUHOHHbie a4l«J>eKThl AalOT Manbie nonpaBKH, BbiXOA.IlWH9 38 
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~ 
l 
f 

I 
I 

l 
t 

npeaenbl TO'IHOCTH ypaeHeHHii:, ecnH Y'IHTbllfSIOTCSI HenHHeii:Hble TOKH He Bbl-
x/ . 

me TpeTbero IIOpS!llK8 no non10 • ITosTOMY cneKTp Typ6yneHTHOCTH (T.e. 

38BHCHMOCTb 1-+ 
k 

-+ 

OT k ) MO)I(HO HCK8Tb, He BHHK8SI B X8p8KTep ape

• /3 4/ 
MeHHbiX .KOppenSIUHit nynbC8UHH ' • C llpyroit CTOpOHbi, K8K y)l(e OTMe'la-

nocb BbiiDe, BpeMeHHbie KOppenHUHOHHbie $yHKUHH H3MepS!IOTCSI ceii:'laa B 

60nbiDHHCTBe 9KCIIepHMeHTOB no H3y'leHHIO nna3MeHHOii: Typ6yneHTHOCTH H 

IIpellCTaBnSIIOT C060ft OllHY H3 B8)1(HbiX ee xapaKTepHCTHKo ,UeftCTBHTenbHO, 

3H8HHe KOppenHUHOHHOii: $yHKUHH MO)I(eT ll8Tb npellCTaeneHHe He TOnbKO 0 

'18CTOT8X Typ6yneTHbiX nynbC8UHft, HO H 06 ypOBHe Typ6yneHTHOCTHo 

HH)I(e Mbl 6ylleM HCcnellOB8Tb KOppenHUHOHHbie $YHKUHH B ycnoBHSIX 

a .. a 
CT8UHOH8pHoii: Typ6yneHTHOCTH ( -.- + V -:--::;- = 0) H HepaBeHCTB8 

at q ar 
( W /n T) « 1 • ByayT nony'leHhi o6mHe cooTHomeHHH anH onpeaeneHHSI Kop-

penHUHOHHbiX $yHKUHii:, KOTOpbie noaeonHIOT OUeHHTb CllBHI" H IDHpHHY Kop

penHUHOHHOH KpHBOii: e6nH3H W-+ • 
k 

0K83biB8eTCSI 0 'ITO )lnSI HCCnellOB8HHSI pe30H8HCHbiX s$$eKTOB, CBSI38H-

Hb!X CO CTpyKTypoft KoppenHUHOHHOA $yHKUHH B6nH3H OCHOBHOft '18CTOTbl W-+ , 
k 

He06XOllHMO CYMMHpOB8Tb pS!ll TeOpHH B03MyiUeHHA. 

§2. YpaeHeRHe AnSI Koppenwi!oHHoA dNHKU !IH 

(TeopHSI BQ3MyiUeRHft) 

ITpe)l(lle 'leM nepeATH K Hano)l(eRHIO aacToHmeft TeopHH, RaiiOMHHM 

Kpa TKO OCHOBHbie pe3ynbT8Tbl 0 KOTOpble MOI"YT 6biTb nony'leHbl C IIOMOIUblO 

TeOpHH B03MyiUeHHft. BylleM HCXOAHTb H3 ypaBReHHSI ~aKCBenna AnSI Typ6y

neHTHOCTH 'IBCTH nonH E T , orrpenensreMoft H3 cooTHomeRHH ET=E-<E> 

x/ 
OnRaKo aa)l(e B STHX ycnoBHSIX y'leT KoppenHUHOHHbiX s$$eKTOB MO)I(eT 

npHBeCTH K nOSIBneHHIO paCII8llHbiX HeyCTOft'IHBOCTeH, ecnH CIIeKTp 6nH30K 

K paCII8llHOMy. ITonpo6Hee CM, HH)I(e, 
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( aaaK < > oaaaqaeT ycpe.llHeHHe no cTaTHCTH'leCKOMy aacaM6mo). B ue-

nSIX ynpomeHHSI BbiKn8.1lOK npe.llnonO>KHM, 'ITO nynbCaUHH npO.Il0nbHbl 0 a 

aaewaee Mai"HHTHoe none oTCyTcTayeT. Tor.lla 

(2.1) 

f ... 
3.1leCb € (k,~) -nHHeAH~A TeH30p .llHSneKTpH'leCKOA npOHHUaeMOCTH 

nna3Mbl 0 j T( 2 l, j T( 31 - CyTb Typ6yneHTHbie 'laCTH TOKOB BTOpOI"O H TpeTbei"O 

nOpSI.IlKa no noniO COOTBeTCTBeHHO, DpH'leM, KaK 06bi'lH00 

.T(2) S( )(ETET 
J = f' Ko K 1' K 2 K K 

K 1 2 

. T(3) E TET T T ET ET ET ETET J . = f I. ( K, K • K ' K ) ( K K EK -< El( K K > - < > ) 
K 1 2 . 3 1 2 3 1 2 3 1(1 K2 1(3 

(2.2) 

... 
l)(K-K -K -K )dK dK dK o 

I 2 3 1 2 3 
K = I k '~ l 

YMHO>KHB (2.1) Ha H HHTerpupyH no K , nony'IHM 

TTTT TT TT 
+4~ri f I.(KoK ,K 'K H<E E E E ,>-<E ,E ><E E >) .: 

1 2 3 K 
1 

K
2 

K 
3 

K K K l K 
2 

K 
3 

. 
(2.3) 

Cpe.llHHe OT qeTbipex noneA c aeo6xo.llHMOA TO'lHOCTbiO MO>KHO paa6HTb 

HS napH~e DpOH3Be.lleHBSI, a B Cpe,llBeM OT TpeX noneii: KS>K,Iloe H3 HHX cne

,llyeT yTO'IBBTb, HCnonb3YSI npH6nH>KeBHoe COOTHOWeBHe 

6 



. f 
T 4trl T• T T T 

E =-,---JS(K,K ,K )(E E -<E E >)dA. 
K o 12 KK KK 

L( ) 1 2 1 2 
W £ K 

3TO npHBOaHT K ypaBHeHHID 

3aecb 

2 
IS(K,Kl,K2)1 

W £f(-K -K ) 
1 2 

d ,\ l . 
2 

(2.4) 

(2.5) 

(2.6) 

H KpoMe Toro y'iTeHo, 'ITO < E TE ~ > =- I f 8 ( K + K ') • llpoHHTerpHposas 
K K K 

(?.5) no d w H B3SIB MHHMYID 'i8CTb 1 MO)KHO nony'iHTb ypaBHeHHe 6anaHca. 

0aHaKO ypaBHeHHe (2.5) HeaocTaTO'iHO ansr HCCneaoBaHHSI KOppensruHA, OHO 

MQ)KeT paaBe 'ITO OnHCbiBaTb KOppenSIUHOHHbfe a!fl!fleKTbi Ha XBOCTaX KOppe-

f nsruHOHHbiX KpHBbiX npH 3Ha'ieHHSIX W 1 cymecTBeHHO OTnH'iHbiX OT W -+ • 

k 
B6nHaH peaouauca ero cneayeT yTO'iHHTb, nocKonDKy BTopoA 'lneu npasoA 

'iaCTH (2.5) coaep)KHT pacxoasrmHAcsr npH w-+ w~ MHO)KHTenb 1 I£ e (- K) 
e .. f 1:: 

( TaK KaK Re E ( k , w -+ ) = 0 ) • llpH 9TOM nesyro 'iaCTb (2.5) MO)KHO 
k 

3aiiHCaTb B BHae 
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I 

w (2.7) 

cnenyeT, 'ITO 6-w=w-w~ .. If, 
k K 

WIn 
0 
T ·e ) smmreTc Sl Manbi M na-Ho 

VIa 9TOI'O COOTHOIIIeHHSI H ypaBHeHHSI (2,4) 

I f 
K 

( TO'IHee, 6eapa3MepH8SI BenH'IHH8 

paMeTpOM1 ll09TOMY p83HOCTb w- W ~ 
k 

MHOI'O MeHbllle 
f Wk 1 '!TO COOT-

aeTcTayeT npH6nH*eHHID cna6oA HenHHeHHOCTH, 

VI TaK, a6nH3H W = W f HMeeT MeCTO OUeHKa -,...:.
1--

k f f(- K) 

3To 93H8'18eT, 'ITO nocnenHHH qneH B npaBOH '18CTH (2,4) 

l 
w-wf 

~ 
nony'leH Reno-

CT8TO'IHO TO'IHO, 0H MO*eT 6biTb Bbi'IHCneH 6onee 8KKypaTH01 ecnH1 HC

ll0nb3YSI ManocTb napaMeTpa 6-w I wi , npocyMMHpoaaTb pMbi reopHH 

soaMyllleHHA H C'IHTaTb, 'ITO w- w ... HMeeT nopSinOK I 
k K 

§3. To<~Hoe vpaaHeHHe nnSI KOppenHUHOHHOH WyHKUHH 

.Qm1 TOI'O 'IT06bl llOCTpOHTb TeOpHID, 3aMeTHM 1 'ITO OC06eHHOCTb B 

ypaaHeHHH (2.3) llOSIBnSieTCSI npH yTO'IHeHHH KOppenSITOpa OT TpeX noneH 

<EFE> c noMOIIIbiD liJopMynbi {2,4). Ho nocKonbKY dK)<EE>"' W<EE>, npH 

OTbiCKaHHH TpOHHOI'O KOppenSITOpa <EEE> Heo6xonHMO B ypaBHeHHH {2,1) 

yqecTb <~neHbi 'leTaepToro H llSITOI'O nopMKOB no noniD. KoHKpeTHhie Bbi

'IHcneHHSI llpHaeneHbl B llpHnO*eHHH 1, 3neCb Mbl BblllHIIIeM OKOH'l8TenbHbiH 

BHn HHTerpanbHOI'O ypaBH9HHSI1 onpenenSIIDIIIei'O KOppenHUHOHHYID liJYHKUHID 

< EEE > , TO'IHee, CBH38HHyiD c He A cnenyiDIIIHM cooTHOIIIeHHeM liJYHKUHID 

(3.1) 
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0HO HMeeT BHJl 

K ,K 
1 2 (lil +lil He (-K -K )+ EN(-K -K )) 

1 2 1 2 1 2 

"' .I, ,+I fdK'~'(-K-K,-K,K',-K-K')l, ,J+ 
Kj-K

2
-K 

1 
K

2 
1 1 2 2 1 1 1 -K 

1 
,-K

1
-K

1 

(3.2) 

8 IT i S( K,'- K '- K ) I I 
+ --------------~~--~2~--K~K~~---

(Iil +lil Hcf(-K -K )+£ N{-K -K)) 
1 2 1 2 1 2 

3]leCb BBeJleHa HenHHeii:HaR nonpaBKa K JlHaneKTpH~eCKOH npOHHUaeMOC-

TH nna3Mhi, npeJlCTaBnRIOlllaR co6oil: Koa<P¢HUHeHT npH I K B ~neHax, cooT

BeTCTBYlOlllHX HHJlYUHpOBaHHhiM npoueccaM, 

(3.3) 

~'(K,K ,K ,K) COOTBeTCTByeT (2,6), 
1 2 3 

(eM, TaK:l!W (5) npHnO>K, 1 ), a 

J.1HTerpanbHOe ypaBHeHHe (3,2) MO>KHO pelllHTb C Tpe6yeMOH HaM TO~HOCTblO, 

neHCTBHTenbHO, He06XOJlHMOCTb y~eTa ManhiX ~neHOB "' I K B 3HaMeHaTe-

ngx (3,2) CBR3aHa C TeM, ~TO npH lil I + lil 
2 

-+ lil f-+ -+ TeH30p l (K +K ) 
1t 1 +1t 2 f I 2 

6nH30K K Hyn10, EcnH >Ke B03HHKalOT Bhipa>KeHHR BHJla 1/ c (K ") ,rae 

K , -n1060e, HO He COBfia)lalOlllee C K I + K 2 t TO fiOCKOnhKY OHH He HMelOT 

OCo6eHHOCTeA, B HHX y~eT nonpaBOK nopRJlKa 

YpasHeHHe (3.2) 6yaeM pemaTb MeTOilOM HTepauHA. llpeHe6perag 

BHa~ane HHTerpanbHhiM ~neHOM B npasoA ~aCTH ( 3.2), nony~HM 

(3.4) 

9 



D O)lCT8Bn51SI (3.4) B HHTerpallbHblft qneH ( 3.2) 1 y6e>K)l8eMCS11 'ITO 

B03HHK8IOT Bb!pa>KeHHSI BHJl8 1/ £( K 
2
), rrpH 9TOM IIO K 

2 1 cor nacHO (2.3), 

IIpOH3BOJIHTCSI HHTerpHpOBaHHe, a 38HHTerpHpOB8HHOe 1/ £ OC06eHHOCTeii 

He coJiep»<HT. MeTOJIOM HHJIYKUHH MO>KHO y6eAHTbCSI, 'ITO aTOT peay1IbTaT 

crrpaseJinHB H JinSI rrocneJiyiOmHx rrpH6nH>KeHHii. T aKHM o6paaoM, pemeHHe 

ypaBHeHHSI (3.2) HMeeT BHJl (3.4) 1 B KOTOpOM 'lHCnHTenb eCTb pS!Jl IIO Ma-

noMy rrapaMeTpy W /n T • OrpaHH'lHBaSICb C He06XOJIHMOii TO'lHOCTbiO 
0 e 

rrepBbiM qneHOM 9TOro pSI)la (T.e. !jlopMYnOii (3.4)) H y'lHTbiBaSI !jJOpMYny 

(3.3), H3 (2.3) rrony'lHM OKOH'laTenbHO 

(3.5) 

3To ypasHeHHe rrpeJicTaBnSieT co6oii cno»<Hoe HHTerpanbHOe ypasHeHHe JinH 

KOppenHUHOHHOft !jlyHKUHH, pemeHHSI KOTOporo MOryT 6biTb Haft)J.eHbl nHmb B 

KOHKpeTHbiX cny'laSIX. QrpaHH'lHMCSI 3)J.eCb HCCne)J.OB8HHeM nHmb HeKOTOpbiX 

o6mHX CBOiiCTB aToro ypaBH9HHSI. nnSI aToro, Y'lHTbiBaSI, 'ITO ((-K)=E*(K) • 

aarrHmeM ero B BHJJ.e 

(3.6) 

0TCIOA8 cneayeT, 'ITO, Bo-rrepBbiX, I ~ 0 , KaK H JJ.On>KHO 6hiTb rro 
K 

orrpeaeneHHIO aToii 

EN ( K ) Iip H W -+ We_. 
k 

senH'lHHhi. Bo-BTOpbiX, rrocKonbKY 'lHCnHTenb (3.6) H 

H 
~ 

S!BnSIIOTCSI cna60MeHmOmHMHCSI !jlyHKUHSIMH w K 

(rrpH'leM EN(K) He IipOXOJJ.HT qepe3 Hynb), MO>KHO C'lHT8Tb, 'ITO KOppenSI-

UHOHHaSI.!jlyHKUHSI IK HMeeT cneJJ.yiOmyiO CTpyKTypy: 

aK 
(3. 7) I 

K 
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-+ 

rne a K. w :: , y; - CyTb MellJieHHO MeH(SIIOWHe<;:.II ifJyHKilHH w H k 
w , 6JIH3KOM K w f , HCUOJlb3Y.II paSJIO)KeHHe (2.7), MO)I{HO onpe-

~ 
DpH 

nenHTb 

N e w = w 
K k 

lm(£e(K) "~-£N'(K.)) 
y N=- ---------

k "alf(K) 
e w=w .... 
k (3.8) 

l13 (3.7) BHilHO, 'ITO B03HHKaeT HeJIHHeHHblH CllBHI' '18CT0Tbl H YWHpe

HHe cneKTpa. KoppeJI.IIIlHOHHa.II ll!HpHHa xapaKTepHayeTCH, so-nepBbiX, senH-

'IHHOH 
N 

y-+ 
k 

, CBH38HHOfi: C MHHMO:Ii: 'laCTblO HeJIHHell:HOI'O TeH30pa llH9JleK-

TpH'IeCKOH UpOHHil8eMOCTH, BQ-BTOpbiX, paa6poCOM no B6JIH3H 
N 

w-> ' 
k 

o6yCJIOBJieHHblM TeM, 'ITO HeJIHHe:li:Hb!H CllBHI' '18CTOTbl HOCHT HHTerpanbHblfi: 

xapaKTep. DoaTOMy JlJlH Bh!6paHHOI'O k 9TOT CJlBHI' pa3JIH'IeH JlJlH pa3JIH'IHblX 

x/ 
'18CTOT, 'ITO H8XOJlHT CBOe OTpa)l{eHHe B 38BHCHMOCTH WN OT 'IBCTOTbl W 

K. 

B paccMaTpHBaeMOM HaMH cny'lae KB83HCT8IlHOHapHoll: Typ6yneHTHOCTH 

_d_ [ = 0 
dt K 

N 
, U09TOMY UOJIHbiH HHKpeMeHT y -o 6JIH30K K HYJllO, 

k 

ecnH npeHe6pe'lb pacnaJlHhiM nponeccoM. CnenosaTeJibHO, npH oneHKe r'! 
k 

CJleJlyeT HMeTb B BHJly, 'ITO ypaBHeHHe 6aJI8HCa )laeT KOMUeHC8IlHlO nono-

*HTeJibHhrx H OTPHilaTeJibHhiX k ), B pe-

N 
3YJlbT8Te 'lero BeJIH'IHHa y it MeHbWe BXOJlHWHX B Hee OTJleJibHb!X 'I:Jle-

HOB JlHHeHHblX H HeJIHHe:li:HblX H HMeeT nopHJlOK HeJIHHell:HOI'O HHKpeMeHTa 

pacnanHoro nponecca. 

BepHeMC.II K ypaBHeHHlO (3.6). DpaBa.II 'laCTb ero OUHChiBaeT pacnan-

Hb!H nponecc, UOCKOJlbKY ORa COJlep)I{HT 

Korna pacna)lHbrfi: nponecc Tpex BOJIH CHJlbHO aanpeweH, HanpHMep, JlJI.II 

JleHI'MlOpOBCKHX nyJibC8IlHll: W f.. f. W ~ + W ~ UpH Jll06biX !Pa30Bb!X 
k k I k 2 

x/ 
803M0)1{H0CTb TaKOI'O yWHpeHHH KOppeJIHilHOHHOfi: !PyHKilHH B npeHe6pe)l{e-

HHH CUOHT8HHMMH npoileCC8MH UOJlp06HO 06Cy)I{Jl8Jl8Cb B pa60Te 8BTOpOB /5/. 
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CKOpOCTRX BOnH, llosTOMY npH COCTasneHHH ypaBHeHHR AnR KOppenRUHH 

neHrMIOpOBCKHX llyllbC8UHH Heo6XOAHMO Y~HTbiB8Tb TOKH 4 H 5 nopMKOB no 

IIMIO, OIIHCbiB8IOWHe 4-nnaaMOHHbie B38HMO,!leHCTBHR. 3aMeTHM KCTaTH, 'ITO 

9TH B38HMOAeHCTBHR 'iaCTO HrpaiOT onpeAenRIOWYIO pOllb B ~OpMHpOB8HHH 
/3 4/ 

cneKTpa neurMIOpoBCKOH TYP6yneHTHOCTH ' • 

'HTaK, 6yneM HCXOAHTb aa·ypaBHeHHR 

f( )ET 4 •(•T(2) .T(3) .T(4) .T(S)) 
W € K K =- !Tl ) K +) K +) K +) K • 

llocTynag Bb!WeynOMRHyTb!M o6pa30M, Bb!AenHM qneHbl, COOTBeTCTByiOmHe 

HHAYilHPOBaHHbiM sa,~KTaM, H o6'beAHHHM HX c nHHeii:HbiMH. OcTaBWHHCR 

qneu, conep*amHii: pacXOAHMOCTb BHAa 1 It (K) , cnenyeT yTo'IHHTb. Onyc

KaR IIO.Ilp06HOCTH pacqeTOB (eM, npHnO)I{eHHe 1), npHBeAeM peayllbTaT 

(3.10) 

3neCb B ';N(K) BKniO'ieHa Ta 'i8CTb 9~~eKTOB 4- rrnaaMOHHblX B38HMQ-

AeiCTBHA, KOTOpag COOTBeTCTByeT HHAYUHpOB8HHbiM npoueccaM, ll OSTOMY 

KOppenRUHOHH8R WHpHHa 

MOHHblX B38HMO,!lei!:CTBHi!:, 

I!!. w 6yneT BKniO'iaTb TaK)I{e H sq$eKTbi 4-nnaa-

§4, HeKOTOpbie cneACTBHR ypasHeHHR (3,6) 

05cyAHM HeKO TOpbie Ka'ieCTBeHHbie cneACTBHR ypasueHHR (3,6). Hac 

6yAeT HHTepeCOB8Tb BO!IpOC 0 BnHRHHH KOppenRUHA Ha B38HMO,!lei!:CTBHe 

TYP6yneTHblX nynbC81lHH. nocKOllbKY (3.6) OIIHCbiBaeT pacnaAHbiH npouecc, 

nenecoo6pa3HO paCCMOTpeTb snHRHHe KOppenRUHOHHbiX 3~~eKTOB Ha B38HMQ-

' 
neii:cTBHe nyllbcanai!:, nng KOTOpbiX pacna.llbl aanpemeRbi cna6o, TaK 'ITO 
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MaJibie H3MeHeHHSI 'faCT"T nyJibCaiiHA MOI'YT paapeWHTb pacna.QHbiii nponecc. 

3To, B nepByiO Otrepe.nb, OTHOCHTCSI KO BCeM,(IlyJibCaiiHSIM C npH6JIH)I(eHHO 

JIHHeiiHbiM 3aKOHOM J:lHCnepCHH: 

W-+ 
It 

ku 
ph 

TaKHMH KOJie6aHHSIMH SIBJISIIOTCSI HOHHbiH 3ByK, aJibBeHOBCKHe H Mar'HH

TOI'HJ:lpO.QHHaMH'feCKHe BOJIHbl H .np. TaK KaK B .neiiCTBHTeJibHOCTH cneKTp 

He HBJIHeTCH cTporo JIHHeiiHbiM, pacna.nbi aanpeweHbi. YwHpeHHe H c.nBHr 

ClleKTpa nyJibCaiiHii H3-aa a~~eKTOB HX KOppeJIHIIHii MO)I(eT paapeWHTb pac

na.n, eCJIH BblllOJIHeHHe pacna.QHbiX ycJIOBHH, B (3.8) Tpe6yeTCSI C TO'fHOCTb!O 

N 
J:lO BeJIH'fHH "' /),. W "' y -+ • 

It 

npyrHM Ba)I{HbiM CJie.QCTBHeM ypaBHeHHSI ( 3.8) SIBJIHeTCSI HaJIHtrHe Typ-

6yJieTHbiX nyJibcanuii B o6nacTH HH3KHX traCTOT. KaK y)l(e OTMetranocb Bbi-

we, ~OpMyJla (3.8) H CBSI3aHHaSI C HeH ( 3. 7) OllHCbiBaiOT ~OpMy peaoHa HC

HOH KpHBOH I ... 
It ,.w 

e 
B6JIH3H OCHOBHOH traCTOTbl W-+ 

It 
( T.e.' B6JIH3H ee 

OCHOBHOf'O MaKCHMyMa) • H 0 KpbiJibSI peaoHaHCHOH KpHBOH MoryT aaXOJ:lHTb 

e 
w... • Typ6yneHTHbie nynbcanHH, 

It 
B 06JiaCTb traCTOT, MHOI'O MeHbWHX 

COOTBeTCTBYIOWHe TaKHM traCTOTaM, MOI'YT He HMeTb KaKoA-JIH60 O.QH03Hatr

HOH CBSI3H traCTOTbl H BOJIHOBOI'O BeKTOpa. l1x OTHOCHTeJibHaSI aMUJIHTyJla 

Mana (rpy6o- KaK (yN) 2/(w -wN )2 +(yN)2 ,.(ykNjc.JN) 2 «l,npH W « WN ) , 
It r It K K 

O.nHaKo ux a6coniOTHaSI BeJIH'fHHa MO)I{eT cywecTBeHHO rrpeBocxo.nHTb ypo-

BeHb TellJIOBbiX WyMOB, eCJIH HHTeHCHBHOCTb KOJie6aHHH B pe30HaHCHOH 06-

JiaCTH J:lOCTaTO'fHO BeJIHKa. 

B o6naCTH HH3KHX tracToT (HepeaoaaHCHoii), I'Jle .QOCTaTO'fHO 

BeJIHKO, MO)I{HO llOJib30BaTbCSI ~OpMyJIOH (2.5), nepenHCaB ee B BH.Qe 

( 4.1) 
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3TO COOTHOWeHHe IIOny'laeTCSI T8K)!{e H3 (3,6), eCnH IIOnO)!{HTb fN <<£f. 

Jila (4.1) cnenyeT, 'ITO .aenH'IHHa I L oywecTaeHHO aoapacTaeT, ecnu 
K 

IIpu6nH)!{8eTCSI K O.llHOH H3 C06CTBeHHbiX MOll Kone6aHHft rrna3Mbi, K + K 
I 2 

CnenyeT aaMeTHTb, 'ITO xoppenHUHOHHaH xpuaaH He o6SJaaTenbHO aenpepbiB-

Ha, H MOI'YT cymeCTBOB8Tb o6naCTH, B KOTOpbiX IIynbCBUHH OTCyTCTBYIOT, 

TaKOBa, IIQ-BH.llHMOMy, CHTYBUHSI .QnSI CTpOI'O HepaCII8.llHbiX ( BO BTo-

pOM IIOpSI.llKe ITO W ) CIIeKTpOB, H8IIpHMep, neHI'MIOpOBCKHX IIynbCBUHH B 

o6naCTH M8nbiX <1Ja30BbiX CKOpOCTeH 
x/ 

EcnH paccMaTpHBBTb qaCTOTbi rropAAKa ~ , TO HHTerpan (4,1) 6y-
pe 

.QeT 6nH30K K HyniO, 'IBCTOT IIOpSI.llK8 pa3HOCTH '18CTOT neHI'MIOpOBCKHX 

rrynbCBUHH BenH'IHH8 CT8HOBHTCSI .QOCT8TO'IHO 

B HHTerpan BHOCSIT MBKCHMYMbi B CIIeKTpax IH H 
K! 

nynbC8UHH C '18CTOT8MH 0 paBHbiMH HnH 

60nbWOH, TBK KBK BKnan 

H I . T aKoil. a!fKlleKT 
K2 

'18CTOT 

MeHbWHMH pa3HOCTH 

/6,7 I 
B.'l. rryni>cauuil., aa6niOnancH axcrrepuMeHTanbHO • 3To cneny-

eT HMeTb a suny rrpu aaanuae rrpo6neMbi Typ6yneHTHoro aarpeaa. Deil.cTaH

TenbHO, OCHOBHBSI Macca '18CTHU rrna3Mbl MO)!{eT 6b!Tb Hepe30H8HCHOH C 

B,'l, rrynbCBUHSIMH B o6naCTH UeHTpa KOppenHUHOHHOH KpHBOH (3,7), HO 6y

.QeT peaoaaacaoil. c HH3KO'IacTOTHbiMH rrynbCBUHH!I.tH ( 4.1). CnenoaaTenbHO, 

a.'l. rrynbcauuH MoryT HarpeaaTb rrnaaMy rrocpe.llCTBOM aoa6y*.lleHHSI rrynbca-

/5/ 
UHH HH3KOH '18CTOTbl, KaK 6bino IIOK838HO B , OKOH'IaTenbHbiM HTOI'OM 

TaKOI'O B38HMO.lleHCTBHSI B ypaaHeHHSIX 6anaHC8 .QnSI 'IBCTHU (KOTOpble H OII

penenSIIOT Harpea) IIpH y'leTe BCeX 'lneHOB O.llHOPO H TOPO )!{e IIOpSI.llK8 

ManOCTH ITO W /n 0T e SIBnSieTCSI HarpeB aa C'leT HH.llYUHpOB8HHOPO pacCeSI-

xx/ 
HHSI rrna3MOHOB Ha '18CTHUaX IIna3Mbl , HnH, 'ITO TO )!{e C8MOe, - 38 

C'IeT nornomeHH51 'I8CTHU8MH nna3Mbl rrynbC8UHH HH3KOH 'laCTOTbl (6ueHHH), 

x/ '};Pe60B8HHe ManoCTH <jla30BhiX CKOpOCTeH neHPMIOpOBCKHX IIynbC8UHH Bhi

TeKaeT H3 ycnOBHH npeHe6pe)!{HMOCTH 4- nna3MOHHhiMH B38HMO.QeHCTBHSIMH 

( rronpo6aee eM. HH*e). 

xx/nonqepKHeM eme ~aa, 'ITO ahiCKaaaHHOe yTaep*neaue cnpaaennuao a yc

noBHSIX KB83HCT8UHOHapHOH Typ6yneHTHOCTH nna3Mbl /3-5/ H He HMeeT OTHO

weHHSI K aarpeay aa C'le'r paanH'IHOro pona aecTauuoaapHhlX n~oueccoa (Kaa

aunHHeil.aoii: penaKC8UHH, CTOX8CTH38UHH KOne6aHHH H np,) /8- 0/, 
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• 

HaKoHeu, anR cTporo HepacnaaHoro cneKTpa HanH~He B.~. nynbcauHA 

(4.1) M0)1(6T TipHBeCTH a4$eKTHBHO K TOMy,/~TO npaBaR ~8CTb (3.8) CTaHeT 

He paBHOH HyniD. EcnH B (3.8) oaHy H3 ~RCTOT W C~HT8Tb HH3KOH H 

noacTaBHTb B (3.8) Bbipa)KeHHe (4.1 ), To nony~HM npaByiD ~acTb, nponop

UHOHanbHYID TpeTbeH CTeneHH 9HeprHH B.~. ITYllbC8UHH. O~eBHaHO, ~TO 

nocneaoBaTenbHblH y~eT BCex oT6porueHHbiX ~neHOB Toro )Ke nop~Ka npH

BeaeT B peaynbTaTe K <IJopMyne (3.10) • 

§5. OueHKH rnHpHHbi KOppenwHoHHOH KpHBOH 

B YCliOBHRX cna6oA neHrMIDpOBCKOH Typ6yneHTHOCTH 

npHBeaeM HeKOTOpb!e KOHKpeTHbie 3Ha~eHHH BeliH~HH YillHpeHHR KOppe

liWHOHHbiX KpHBbiX B yCliOBHHX cna60H lleHrMIDpOBCKOii Typ6yneHTHOCTH 

illl83Mbl. 3.neCb Mbl 6yaeM HCTI01Ib30B8Tb 0603Ha~eHHH H peayllbT8Tbl pa

/5/ 
60Th! o noap06HOCTH pac~eTOB coaep)K8TCH B npHliO)KeHHH 2. 

B H30TepMH~ecKoH nnaaMe pacnaabi aanperueHbi ( B npeHe6pe)KeHHH 

BKYCTH~eCKHMH Kone6aHHHMH) H KOppeliHUHH nynbC8UHH CBH38Hbl 0 B OCHOB

HOM, C 4-nna3MOHHhiM B38HMOaeHCTBHeM. BliHSIHHe anHHHOBOliHOBhiX KOlle-

6aHHA c k » K * = v m I m w I v 
e 1 pe Te 

( w -llll83MeHH8H ~8CTOT8, 
pe 

VTe - TeilliOBag CKOpOCTb 9lleKTPOHOB, m-e 
- Macca, m

1 
-Macca Ho-

HOB} H8 KOppeliWHOHHhie a¢J<fleKTbl CHnbHO ocna6neHO KOMTieHC8UHeii aByX 

""N /11/. 
THTIOB 4-Till83MeHHbiX B38HMoaeACTBHA, H y It HMeeT OUeHKY 

N w k * 4 w W k > k* w m 1 k* 6 
Y =--..."U(-) ( pe )2 ( )2,., 11 --(--1 )3 5 (-k-) ·(5•1 ) 

k 4 k kv n T en T m 
Te 0 e 0 e e 

3.necb 11 e -~acToTa napHhiX coy.napeHHH aneKTpOHOB c HOHaMH. Bbi-

pOBCKHX BOliH onpeaenReTCH TeiTliOBblM JlBH)KeHHeM, KOTOpoe crrpaBeJlliHBO, 

ecnH y N < w m k 2 I m 
1 

k ; HliH 
k p e e 
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W m w k k _ « ( __ e ) 2 ---12..!!.. ( _ )8 (--* ) 2 

n T m 1 11 k* k 
0 e e g 

(5.2) 

nocneaHee aaseaoMo BbmonH.steTc.st, ecnH N 0 >L(mJmJ 2 
( L -xynoHosc

KHA norapHcflM, N 
0

- 'IHCno 'laCTHU B ae6aescxoA ccflepe). 

PaccMOTpHM Tenepb xoppen.HUHH nynbcauHil: npH k << k * , rae, xax, 

npaBHnO, COCpeaOTO'IeHa OCHOBH8.1I M8CCa SHeprHH Typ6yneHTHOCTH. B STOM 

cny'lae "'N 
y k 

HMeeT OUeHKY ( CM. llpHnmKe HHe 2): 

- w w 2 - N pe ( ) 1: y =w --- c,. 
k pe kk v 2 n T 

0 Te 0 e 

(5.3) 

3aecb k -OCHOBHOH M8CIIITa6 Typ6yneHTHOCTH, onpeaemieMOH H3 cflopMy-
0 

nhl (12), 

k =k (~) 2(~-I) 
0 * Q 

rae Q = 11 W -nnOTHOCTb MOIIIHOCTH reHepaUHH 
e 24 

HOCTH, Q * = -- ( 11 I w ) 11 n T "' 11 W , a 
" e pe e 0 e e T 

neHrMIOpOBCKOH Typ6yneHT

W cooTseTCTByeT 
T 

ypOBHIO TennOBbiX IIIYMOBo 

11 -noxaaaTenb cnaaa cnexTpa W k B CTOpOHy. 6onbiiiHX k B 

aCHMllTOTH'IeCKOA o6naCTH k >> k , rae 
0 

w k "' (k 0 I k ) II • KpoMe 

'.('Oro 

"(~~-1) 2 (8v+5) 0.06, v=3 
e= = (5.4) 

1 . 
9ffl 11 (v--)(.2::+1) 

2 2 0.02!\ v=4 

/3 4/ 284<v<4). (xax noxaaaHo B ' . v H3MeH.steTc.st B npeaenax 

) 
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/56/ 
YpaBHeHHe 6anaHca, Hcnonbaoaaaaoe B pa6oTax ' npH Bbi'IHcneHHH 

cneKTpa KBa3HCT8UHOHapHOH neHrMIOpOBCKOH.( Typ6yneHTHOCTH ll1183Mbi, cnpa

Bell1IHBO, ecnH' y N He npeBOCXOilHT pa3HOCTH 'IBCTOT B38HMOJleHCTBYIOIUHX 
k 

nynbcauHii (llHCnepcHH 1IHHeiiaa). EcnH C'IHTaTb, 'ITO ypoaeHb Typ6yneHTHoc-

TH ll0CT8TO'IHO BbiCOK, TaK 'ITO KpHBaH HMeeT pe3KHH MBKCHMYM npH k = k 
0

, 

To a To ycnoaHe MO)I{HO aanHcaTb KaK y N < k 2 v 2 I w HnH 
lc 0 Te pe 

k >k (-w-~>t/2 Q =k (- 24 
0 * o T m * Q 

* 
1T m w 

0 e e e pe 

EcnH k
0

«k*,TO 
m W I 0 T « _e_ H1IH 

0 e m 
1 v-t 

m w --
Q <Q<Q (-e ~) J.l 

* * m 1 J.l e 

'ITO MO)I{eT Bb!U01IHSITbCSI 11Hlllb llpH 

N >L 
mt 

D m e 

(5.5) 

(5.6) 

3To HepaBeHCTBO Bb!U01IHSieTCSI B 601IblllHHCTBe acTpo¢lH3H'IeCKHX npH1IO)I{e

HHH, Ho He acerlla B ycnoBHSIX na6opaTopHoro <~KcnepHMeHTa. EcnH ycnoaHe 

(5.6) HapylllaeTCSI, TO npH paC'IeTe KB83HCTBUHOHapHoro cneKTpa Typ6yneHT

Hb!X ny1lbcauHil: nnaaMbi aeo6xOilHMO y'IHTbiBaTb CllBHr H YlllHpeHHe peaoaaac

aoil: 1IHHHH, OllHCbiBaeMbiX ¢lopMynoil: (3.6) • 0JlH8KO llpHMepHO B 3THX )l{e yc-

1IOBHHX Ha ClleKTpax Typ6yneHTHOCTH CK83biBaiOTCH napHbie COyllapeHHH 'laC-

\ THU, TaK KBK pa3HOCTb 3THX 'IBCTOT 6yJleT llOpSIIlKB 'IBCTOTbl COyJlapeHHil:. 
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i 
~ 

I 
I 
I 
I 

J t 
§6. PeaiOMe 

CciJopMy napyeM Kp8TKO OCHOBHble peaynbT8Tbl llpOBeJleHHOI'O HCCneJlO-

B8HHSI. 

1. llony"'eHbl ypaBHeHHSI, 8JleKB8THO OllHCbiB810IUHe KOppenSIUHOHHb!e 

acM>eKTbi. 

2 • .llOK838HO, 'ITO 4JopMa KOppenSIUHOHHbiX KpHBb!X B6nH3H pe30H8HCHbiX 

a 
"18CTOT HMeeT BHJl nopeHUeBOA KpHBOA 

((L)- (L) N) 2 + ( y N) 2 
I 

K 

K 

K 1:: 
3. llJHpHHa pe30H8HCHOH KpHBOH CBSI38H8 K8K CO CllOHT8HHhlMH npouec-

N 
caMH pacnaaa, onpeaenHIOIUHMH senH"'HHY y 1:: , T8K H C HHTerpanbHbiMH 

xapaKTepaMH HenHHeHHOI'O CJlBHI'a "18CTOTbl 

pa*eHHe B 38BHCHMOCTH (L)N OT (L) 

K 

/5/ 

(L)N 
K 

, 'ITO H8XOJlHT CBOe OT-

4. llOny"'eHbl KOHKpeTHble Bblpa*eHHSI )lnSI OUeHKH llllipHHbl KOppenSI-

UHOHHb!X 4JyHKUHH neHI'MIOpOBCKHX nynhC8UHH H ycnoBHSI, npH KOTOpbiX pe

/3 4/ 
anaayeTCSI cneKTp W k , paCC"'HT8HHb!H B pa60T8X ' • 0HH CBOJlSITCSI 

K 

mt 
N >L--

o m 
e 

llpHnO*eHHe 1 

T 
LlnH Jl8nbHeAwero uenecoo6paaHo paa6HTb Typ6yneHTHOe none E 

Ha BbiCOKO- EH L 
H HH3KO"'aCTOTHyiO -E "18CTH. BbiCOKo"'aCTOTHOMY non10 

E H , cneKTp KOToporo aaecb Mbi 6yaeM C"'HTaTb pacnaJlHhiM, cooTBeTcT-

syeT "18CTOTa (L)H nopS1JlK8 "18CTOT HCCneayeMblX Typ6yneTHblX nynhC8UHH, 

L 
non10 E - "'aCTOTa (L) L nopSIJlKa ax paaaoCTH 

L 
(L) 

BOM npa6nH*eHHH JlnSI B."'. noneH MO*HO 38llHC8Tb 

i 
18 

(L)~ (L): 
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TH TH t TH TH r s < K. K • K >< E E - <- E K EK > > d A 
1 2 K 

1 
K

2 
1 2 ( 1) 

ITOCKOnbKY HaC HHTepecyeT ypaBHeHHe, coaep*amee cpeaHHe OT KBaapaTH'I

HhiX KOM5HH8UHil: nHillb B.'I. noneii, BenH'IHHbl 
TL 

E c noMO!llblO ( 1 ) H3 Teo
K 

pHH aon*Hhi 5biTb HCKnlO'IeHbi. PaccMOTpHM < E T,E T E T > • C'IHTaSJ none 
K K 1 K 2 E T, 

K BbiCOKO'I8CTOTHbiM, HMeeM 

(2) 

TH TH TI... 

+<E,E E >. 
K K 1 K z 

ITocneJlHHe JlBa qneHa B (2) c noMO!llblO ( 1) npeo5pasylOTC.H B •meH, npo

rropuHoHanbHbiii S e 2' (eM. ljJopMyny (2.6) ). ITepBbiii aaeT oco5eHHOCTb 

BHJla 1 I ( e ( -K) • 3anHilleM ypaBHeHHe Jln.H E T~ 6onee TO'IHO 
K 

T H TH TH E T,L TL TH 417 i 
-<E ,E ,+E, +E ,E,>)d.\'---{2(K'•K' ,K',K' ). 

K K2 K K K
1 

K
2 

w' 1 2 3 

(3) 

B rrocneJIHeM qneHe npeHe5peraeTC.H H. 'I. rron.HMH, T.K. cornacHo ( 1) OHH 

, nony'IHM 

Jl8IOT 5onee BbiCOKHe CTeneHH B.'-1. noneii. YMHO*BSI (3) Ha 
TH TH TH 

H Bhi"'HCn.H.H cpeJIHee 3Ha'IeHHe < E E E > 
K K 1 K z 

TH TH 
EK EK 

1 2 
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TH T~ TH . 4
11

j TH TH TH TH 
£f(K')<E ,E ~ >=---JS(K',K' ,K')(<E E E ,E, >-

K K 
1 

K 
2 

w' 1 2 K I K 2 K 1 K 2 

TH TH . TH TH 8 11 j TH TH TH TL 
-<E E ><E, E, >)d>.~--- fS(K',K' ,K')(<E E E, E, >-

K1 K
2 

K
1

K
2 

, ' I 2 K 1 K 2 K 1 K 2 
(J) 

TH TH . TH TL 411i TH TH TH TH TH 
-<E E ><E ,E ,>)d>.'---f'I.(K',K',K',K')(<E E E, E ,E ,>-

K1 K 
2 

K l K 
2 

(J), 1 2 3 K l K 2 K I K 2 K 3 

TH TH 
-<E E 

K 1 K 2 

TH TH TH TH TH TH TH TH 
><E ,E ,E ,>-<E ,E ,><E, E E >).: K 1 K

2
K 3 K

2 
K3 Kl K 1 K 2 

• ~{) (K' -K' -K' -K' )dK' dK' dK' • 
1 2 3 1 2 3 

Paao6'beM cpe.llHHe OT rrpoH3Be.lleHHSI qeTbipex rroneit aa rrapHbie, OT IISITH -

Ha BCeB03M0}f{HbJe IlpOH3Be.lleHHSI Cpe.llHHX OT TpeX H .llBYX IIOneit (ocTanb
T 

HbJe co,llep*aT < E > , KOTopoe rro orrpe.lleneHHJO pasao aymo). Hcrronb3YSI 

(1 ) , rronyqHM 

f TH TH TH 811i 
£ (K')<E, E E >=---S(K',-K ,-K )I 

K K 1 K 2 w' I 2 
I B(K'+K +K )-

KIK2 I 2 

4 77i TH: TH TH , , , , 4 77i , ·, , , ---<E ,E E >f'I. (K ,K )I ,dK ---IK f'I. (K ,-K ,K ,K ). 
w' K K! K 2 l K 1 I w' I 1 2 3 

( 4) 

. ETHETHETH "'(, , , )d, d, 411il f;'(, , , ) 
• i( , , > u K +K I - K 

2 
- K 3 K 

2 
K 3 - -- K 4J K , -K 2 , K 2 , K 3 • 

K 2 K 2 K 3 w' 2 

TH TH TH 
• <EK EK, EK, >8(K'+K2-K; -K'3 )dK' dK' 

1 2 3 2 3 

3.lleCb 

f 
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r 

·-i' 

(5) 

"' 
I'(K, K I' K2' K3) =I' (K,Kl, 1( 2' K )+I'(K,K3,K I' K 2)+ I'(K,K2,K3, K 1). 

BseaeM rroHgTHe HenHHeAHoA rrpoHHuaeMOCTH , orrpeaenHB ee 

(6) 

Ha ypasHeHHg (4) cneayeT, qTo 

a I yaosneTsopgeT HCKOMOMy ypasHeHHJO (3.2) 
K I'K 2 

flepeiiaeM K rronyqeHHIO YPBBHeHHg ang KOppellgUHOHHbiX <fJyHKUHA neHr

M!OpOBCKHX rrynbCBUHft ( CITeKTp HepacrraaHbiH ang Tpex BOIIH), YqTeM a<fJ<fJex-
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Tbi 4- nnaaMOHHbiX B3aHMoaei!:eTBHi!:. YpaBHeaue anst Typ6yneHTHoro nonst 

HMeeT BHa (eM. (2.1)-(2.2)): 

f T T 4rri . T ( 2 ) • T ( 3 ) ) 4rri ( 4 I 
£ (,d EK EK, =- -- EK,(J K + ] K --- f.~ (K,K~, ~2' K3 ,K: 4) 

w w 

T T T T T 
E ~E E E E -< E E E E > )B(K-K -K -K. -K )d K dK dK d K -

K KKKK KKKK 123412 3 4 
12 34 1234 

(8) 

- 4·if~ 151(KK KKK K)ET(ETETETETET-<ETETETETET>)· 
' 1' 2 ' 3' 4' 5 K' K K K K K K K K K K 

w 12345 12345 

• :a<K-K -K -K -K -K )dK dK dK dK dK • 
123 45123 45 

3aeeb Y"'TeHbl TOKH, IIpOIIOpUHOHanbHhle "19TBepTOi!: H IISITOi!: eTeiieHstMH 

no Typ6yneTHOMY rron10. KaK H B enyqae paenaaaoro eneKTpa, BhraenHM HH3-

KO- H BbieOKO"'aeTOTHbie eOCTaBnS110lllJl9, y"'HTbiB8SI, 'ITO anSI noeneaHHX 

K -i K + K • CTpyKTypa KOppenSIUHOHHhlX ~YHKUHi!: CBSI38H8 e yTO"'HeHH-
1 2 

eM B.'l. rronH (eM. ¢opMyny (3) ). 

')ETH 4rri S( , , , THETL TL TH Tii TL TL.-.TH , 
f(K , =---f K,K ,K )(E, , + E ,E ,-<E ,E ,+ E ,r.. ,>)dA-

K W, 1 2 K 
1 

K 2 K 1 K 2 K 1 K 2 K 1 K 2 

4rri ~(, , , ')(ETJ-hTJ-hTHETH ETJ-h TH ---- f .ttW K , K ,K , K , r.,, r., ,_ , < , ~ , > 
W, 1 2 3 K 

1 
K 

2 
K

3 
K 

1 
K 2 K 3 

(9) 

ETH E TH E TH ) <> ( , , , < , , ,> u 'K - K - K 
K K K 1 2 

-K' )d K' 
3 1 

dK' dK' 
2 3 

1 2 3 

B nepsoM qneae npaBoii: qaeTH (9) MO)KHO yaosneTBOpHTb8(K'-K' -K' ), 
1 2 

eenH oaao H3 rroneH: HH3KO'IaeTOTHoe. Bhipa)Kast E TL c rroMOlllbiO ( 1), rrpu-

seaeM npaByiO 'qaeTb K BHay, KOTOpblH HMeeT BTOpOH qneH, rae Tenepb 

BMeeTO ~ 6yaeT BXOaHTb ~, OT "'eTb!pex apryMeHTOB (5). 8hlp8)KeHHe 
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• 

' ' . • 

.. 
' 

( 9) llml E TH cJiellyeT HCTIOJib30Ba Tb JIHillb B 'I:JieHax c j T < 2l H j T 1 a~ 

TaK KaK B OCTaJibHblX :3TO npHBOilHT K c-rtneHHM 60Jiee Bb!COKHM, He)KeJIH 

E
TH 

IlleCTBH TIO , a 4-nJia3MOHHbie a<IJ<IJeKTbl OTIHCbiBaiOTCH 'I:JleHaMH, npo-

nqpUHOH8JlbHhlMH Ky6y HHTeHCHBHOCTH Typ6yJieHTHOCTH HJIH IlleCTOH CTeneHH 

TIOJieft. llocTyTiaH OTIHCaHHbiM Bblllle o6pa30M, MO)I{HO BHileTb, 'ITO 'I:JleHbi, B 

KOTOpbiX He HCTIOJlb30BaJIOCb COOTHOilleHHe ( 9), nponopUHOHaJlbHbl 

llOJl)I{Hbl 6bi Tb BKJliO'I:eHbl B HeJIHHeHHYIO npOHHUaeMOCTb .:' N ( K) 

I H 
lc 

, KOTOpaH 

Tenepb y'I:HTbiBaeT HHJlYUHposaHHhie npouecchi 4-nnaaMoHHbiX saaHMOJleHCT

BHH. B peayJ1bTaTe nony'I:HM ypas·HeHHe (3.10) 

I = 32 1T 2 f _I_I_',....<K_,_K......._' -K .... _K__..._)_I_
2 
__ 

K cu2 f =-N 2 I ( (K) + ( (K) I 

llpHJIO)KeHHe 2 

/3/ N 
l1CTIOJlb3yeM pe3yJ1bT8Tbl pa60Tbl • lloCKOJlbKY y lc onpeJleJIHeTCH 

JlHillb HHilYUHpOBBHHblMH npoueccaMH, CJleJlyeT BMeCTO <IJopMyJI (2.10) sa-

( /3/)·. UHCaTb 0603Ha'l:eHHH CM. 

II II II 
- + I -+J -2-+ I 

~ 2 -., 2 -<1 +~ -.,) 

(10) 

TIOCKOJlbKY 'I:JleH C e}lHHHUeH COOTBeTCTByeT CTIOHTaHHhlM npOUeCC8Mo Tor}la 

BMeCTO (2.8) 6yJleM HMeTb 

23 



N 1T 
y =- w 

It 6 pe 

we 
----) 

8n 
0 

(Te + T
1
) 

2 2 w pe (Il-l) 2 

k 2 2 
0 VTe 

II e (G'+G' +G' ), 
0 1 2 3 

( 11) 

rae G;, G ; , G ~ oTmr'laiOTCSI OT cooTseTCTBYI01IIHX HHTerpanos G 
1 

, 

G 2 , G 3 aaMeHoii: v H o Ha v' H u ' • OaHaKo Tenepb, KaK HeT-

PYllHO BHlleTb, nHlllb o6naCTb ManbiX ~"' e H TJ"' 1] naeT BKnall B G, . 
0 0 1 

llpOH3BOllSI 3aMeHy nepeMelJHbiX B G, TJ, = e + TJ- 1' .nerKO y6e:JK!laeMCSI, 
3 

'ITO cymeCTBeHHbl nHlllb e"" e H TJ , "' e • KpOMe Toro, G , = 2 G, 
0 0 3 1 

Llanee 

G'+G' +G' ,G' +G' "'3G' 
1 2 3 I 3 1 

8(811+ 5) 

5 II-J2 II )(II ' e 11(-+1 --1) 
2 2 

(12) 

OTKylla nerKo nony'IHTb Bhipa:JKeHHe 11nH · ~ ( 5.4). 
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