
rnABA 8 

B3AHMO,IlEACTBHE HHTEHCHBHOfO Y3KOfO llAKETA 
CllHHOBbiX BOJIH C TEllllOBLiMH 

B Hacro.~~:mee BpeM.II B CB.113H c npaKTH'lecKHMH Jap;atJaMH CBq·TeXHHKH, 

HenHHeJIHOH OllTHKH, <IJH3HKH llnaJMbl Bep;eTC.II lliHpoKOe H3y'leHHe .IIBneHHH, 

CB.II3aHHbiX C B036y)f(.neHHeM H pacnpocrpaHeHHeM B BeiUeCTBe naKeJa BOnH 

OOllbWOH aMllnHTYJJ;bi. IlpH 3TOM cpep;a cny:>KHT pa3epByapoM TellnOBblX 

BOllH (TB), B3aHMOJ];eHCTBHe C KOTOpblMH BO MHOfHX CllytJa.IIX .IIBn.lleTC.II rnaB­

HOH npH'lHHOH JaryxaHHH naKeTa. EcnH ero aMnnHryp;a Mana, TO MO:>KHO C'IHTaTb, 

'ITO p;eKpeMeHT JaryxaHH.II He 3aBHCHT OJ allofllnHJYJJ;bl H HaXOJ];HTC.II nHHeapH3a· 

UHeH KHHeTH'leCKOfO ypaBHeHH.II Ha <IJoHe paBHOBeCHOfO pacnpep;eneHH.II . 

l1MeHHO 3TO Mbl HMenH B BHJJ;y .B rn . 3-6 npH OllHCaHHH HenHHeHHOH JJ;HHaMHKH 

H napaMeTpH'leCKOH KHHeTHKH CB, Korp;a p;eKpeMeHT JazyxaHH.II CB BBOJJ;Hn· 

c.11 <IJeHOMeHonorH'lecKH B ypaBHeHHH JJ;BH:>KeHHH. Korp;a 'lHcno BOnH B naKeTe N 
MHoro MeHbwe o6mero 'lHcna TB NT , CliCTeMa TB B uenoM cna6o OTKnOH.IIeT­

C.II OT paBHOBeCH.II. OJJ;HaKO 3aKOHbl coxpaHeHH.II 3HeprHH H HMnynbca pa3pe­

waiOT yqacTBOBaTb B penaKcauHH yJKoro ( Ll w k ~ w k) naKeTa nHWb He6onb­

woH: tJacTH o6mero pe3epByapa TB. Ilo3TOMY Y:>Ke npH cpaBHHTenbHO ManoH: 

aMnnHzyp;e naKeJa J];HCCHnHpyeMa.ll HM 3HeprH.11 MO:>KeT cymecTBeHHO OTKllOHHTb 

B 3TOH o6nacTH tJHcna JanonHeHHH TB nk or paBHOBeCHbiX 3HatJeHHH: n~. 
IlpH 3TOM BpeM.II 3aTyxaHH.II naKeTa HatJHHaeT 3aBHCeTb OT ero aMllnHTYJJ;bi, 

I.e. penaKCaUH.II CTaHOBHTC.II HenHHeHHOH. 
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llapaMeTpoM, orrpeAemuomHM oniH'!He rrpou:ecca penaKcaUHH OT nHHefmoro, 

TaKHM o6pa30M, .IIBn.lleTc.ll He N/Nr, a OTHOUieHHe tJHcna sonH N K lJHcny yqacT­

BYIOlUHX B rrpou:ecce penaKcau:HH TB HnH, HHbiMH cnosaMH, rrpoH3Be,[l.eHHe 

nHHeHHOfO ,[l.eKpeMeHTa 33TYX3HH.II BOnH C xapaKTepHbiM BpeMeHeM HenHHeHHO­

ro B33HMOAeifcTBH.II TB c rraKeTOM r k. 

B :noif rnase paccMOTpeH KaK cnyqaif cna6oif HenHHeHHOCTH 'Y k r ~ 1, TaK H 

cHnbHOH 'Y k r ~ 1. Mbi orpaHH'!HMC.II paccMOTpeHHeM HaH6onee cymecTBeHHbiX 

TpeXBOnHOBbiX IIpoU:eCCOB . Crroco6 OIIHC3HH.II HenHHeHHOH KHHeTHKH BOnH 

cymeCTBeHHO 3aBHCHT OT UIHpHHbl B036)')KA3eMOf0 II3KeTa B k-IIp0CTpaHCTBe . 

EcnH f:.wk ~ 'Yk, Tk 1
, T.e. BpeM.II X30TH3aiJ;HH 4>a3 (f:.wk) -I MHOfO MeHbllle 

BpeMeHH B33HMO,[l.eHCTBH.II , TO JBOnlOUH.II K3K II3KeTa, T3K H B33HMO,[l.eHCTBYI0-

1UHX C HHM BOnH OIIHCbiBaeTC.II KHHeTHlJeCKHMH ypaBHeHH.IIMH lJ)l.ll l!HCen 33IIOn­

HeHH.II BOnH B k-IIpOCTpaHCTBe . llepBbiH IIaparpa<P JTOH ri13Bbl ( § 39) IIOCB.II­

lUeH cnyqaiO cna6oif HenHHeHHOCTH f:.w k ~ "/ k ~ T k 1 
, B HeM Bbi'IH011eH HenH­

HeHHbiH AeKpeMeHT 3aTyxaHH.II CB B <I>M. B § 40 H3yqaeTc.ll BnH.IIHHe HenHHeif­

HOro 3aTyxaHH.II Ha rrose,[l.eHHe CB 3a rroporoM rrapaMeTpHtJecKoro B036y)l{,[l.e­

HH.II H rrpoBeAeHo cpasHeHHe c AaHHbiMH JKcrrepHMeHTOB. B § 41 paccMOTpeHa 

HenHHeHH3.11 penaKC3U:H.II IIaKeTa BOnH 6onbUIOH 3MIInHTYAbl TaKOH , 'ITO B33HMO­

,[l.eHCTBHe TB Me)I(AY co6oif ropa3AO cna6ee, tJeM Hx B33HMOAeifcTBHe c HenH­

HeHHbiM IIaKeTOM, f:.w k ~ T ki ~ "/ k. J1 H3KOHeU:, rrocne,[l.HHH rrapappa<t> JTOH 

rilaBbl ( § 42) IIOCB.IIlUeH penaKCaiJ;HH B HenHHeHHOH cpe,[J.e MOHOXp0MaTHlJeCKHX 

BOnH f:.w k ~ "/ k , T ki , K0f,[1.3 KHHeTHlJeCKOe ypaBHeHHe HeiipHMeHHMO, H 

OIIHC3HHe CTp0HTC.II C IIOMOlUblO AHH3MHlJeCKHX ypaBHeHHH, ,[l.OIIOnHeHHbiX 

<t>eHOMeHOnOrH'IeCKHM ~>J'eTOM BnH.IIHH.II OCTanbHOH lJ3CTH TepMOCT3T3 C 

IIOMOlUblO MeTO,[l.3 cnyqaHHbiX CHn flaH)I(eBeHa. 

§ 39. HeJIHueAuu penaKcawur: naKeTa oonu 

B IIpH6JIH)I(eBHH C3MOCOI'JI3COB3HHOI'O .IIOJIJI 

39 .1. CxeMa BJ>J11HC1IeHHJI uenuue.HuoA: nonpaoKH K AeKpeMeHTy 38TyXIlHHJI 

ooJIH. 3AeCb Mbi 6yAeM npeAOonaraTb, 'ITO 

(39 .1) 

llpasa.11 lJ3CTb JTOfO HepaseHCTBa o6ycnoBnHBaeT B03M0)1(HOCTb HCIIOnb30B3HH.II 

KHHeTHlJeCKOrO ypaBHeHH.II KaK ,[l.il.ll Bbi'!HcneHH.II "/ k, T3K H HenHHeHHOH 

IIOIIpaBKH K JTOH BenH'!HHe (eM. 33,[1.3'1H 7.5 - 7.7). fleBa.ll )l(e lJ3CTb (39.1) 
II03BOn.lleT OIIHCb!B3Tb npou:ecc HeJIHHeHHOH penaKcaiJ;HH B IIpHMH)I(eHJIH C3MO­

cornaCOB3HHOrO IIOJI.II, T.e. B TepMHH3X JIHHeHHbiX xapaKTepHCTHK (B ,[l.aHHOM 

cnyqae ,[l.eKpeMeHT3 33TYX3HH.II), cna6o rrepeHOpMHp0B3HHbiX HeJIHHeHHbiM 

B33HMO,[l.eHCTBHeM. 3Ta rrepeHOpMHpOBKa B03HHK3eT cne,[l.yiOIUHM o6pa30M. 

Bbi'!HcneHHbiH C IIOMOlUblO KHHeTHlJeCKOrO ypaBHeHH.II ,[l.eKpeMeHT 33TyxaHH.II 

BOnH HCXO,[l.HOrO Il3KeTa .IIBn.lleTC.II <i>YHKUJIOHanOM OT lJHCen 33IIOJIHeHH.II Tenno­

Bb!XBOJIH. 

0TKJIOHeHHe onk = nk - n~ l!HCen 33IIOJIHeHHJI TB OT paBHOBeCHbiX cne,[l.yeT 

HaxoAHTb 113 KHHeTHtJecKoro ypaBHeHH.II, 33IIHcaHHoro Ail.ll TB H nHHeapH30BaH­

Horo no onk, Nk. llpH 3TOM B03HHKaeT nHHeHH3.11 CB.II3b fin(k') H Nk. 
fiO,[l.CTaBJIJI.II 33TeM on(k') B <t>opMYJIY ,[l.il.ll ,[l.eKpeMeHTa 33TYX3HH.II , IIpH,[J.eM 
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K Bbipa:>KeHHIO BH)J,ll (1 0.1 0) : :) 

•/ ~.JI) 
"Yk = "f~ + f TJ(k, k')N (k')dk' . "0 ~ 

0 

"t tD.a. )2.. (_ - ( ~ ... t!f (39.2) 

KaK Mbi yBH,li.HM HH:>Ke, ycnoBHe -y k - -y ~ ~ -y ~ JKBHBaJleHTHO -y k r ~ 1. 
HaihH Bbipa:>KeHHn nnn nnpa TJkk' ~ ocHOBHan uen& noro naparpa<Pa. 

Mbl fiyneM HCXOnHTh H3 KHHeTHqeCKOfO ypaBHeHH.R WJ.!l TpeXBOJIHOBbiX 
npoueccoB (35.7). IIepBoe cnaraeMoe B HeM onHc&maeT H3MeHeHHe qHcna BOJIH 
C BOJIHOBb.IM BeKTOp<>M k non BJIH.RHHeM npouecCOB pacnana Ha npyrHe BOJIHbl, 
a BTopoe - H3·3a npoueccoB cnH.RHH.R paccMaTpHBaeM&IX BOJIH c TB. lh (35 .7) 
_nonyqaeM Bbipa:>KeHH.R nnn neKpeMeHTOB JaTyxaHH.R, o6ycnoBJieHHhiX npouec­
caMH pacnana (split - pacmenneHHe) H CJIH.RHH.R (confluence) : 

1T 
"fs =- f Uk12(n1 +n2)dk1dk2 =-y~+rr fUk1k-1on1dk1 dk2, 

2 

U123=i V(k1,k2,k3)i 2 8(q1-q2 - q 3), q=(k,w), 

(39.3) 

0TKJIOHeHH.R qHCeJI JanonHeHH.R TB o nk HaxOnHM H3 KHHeJHqecKoro ypaB­

HeHH.R Wl.R 3THX BOJIH, nono:>KHB B HeM on(k 1 )(ot = 0 H JIHHeapH3Y.!l no Nk 
(Ben& B CHJIY "{ kT ~ 1 qHcnO BOJIH B HeJIHHeHHOM naKeTe MHOrO MeHbllle qHcna 
BJaHMoneifCTByroll.IHx c HHM TB) : 

r(k1)8n(ki) = - rr f U(k + k', k,.k')[n°(kd -

- n°(k1 + k')] N (k')dk' + rr f U(k1, k', k 1 - k') X 

X [n° (k1 - k') - n° (kd] N (k')dk' + 

+ rr f U(k', k 1, k'-ki)[n° (k'-ki) - n°(ki)] N (k')dk'. (39.5) 

CnH.RHHO paccMarpHBaeM&Ix TB c BOJIHaMH N(k') H3 Hcxo,rumro naKeTa 
(nepBoe cnaraeMoe B (39.5)) yMeH&IllaeT qHcno TB, a pacnan&I c yqacTHeM 

BOJIH N(k') (BTOpoe H TpeTbe cnaraeM&Ie) yBeJIHqHBaiOT. IIoncTaBJI.!l.!l on(k) 
H3 (39 .5) B Bblpa:>KeHH.R Wl.R 'Y c H 'Y 9 , npHneM K Bblpa:>KeHHIO Wl.R 1] kk t , 

COCTO.Rll.leMy H3 neB.RTH cnaraeMbiX. Ero aHaJIH3 H KOHKpeTHbiH pacqey TJkk' 

Mhi npoBeneM Ha npHMepe CB B KyfiHqecKHX <l>M (HanpHMep, )I{Hr). 
B JaKnroqeHHe noro OTMeTHM, qyo npHBeneHHan cxeMa 6e3 HJMeHeHHH nepeHO· 
CHTC.!l Ha cnyqaif pacqeya HeJIHHeHHOH nonpaBKH K 3aTyxaHHIO, CB.R:JaHHOH 
c qeJ&IpeXBOJIHOB&IMH npoueccaMH. 

39.2. HerumcltHoe :JaT)'XllHIIe CB B Jcy6H11ecJOIX cJ)M (B.C.llLBOB, 
f.E.ChnJ.KOBH11, [168]). AHaJIH3 JaKOHa nHcnepcHH CB (6.2), npoBeneHH&m 
B § 11, nOKaJbJBaeT, 'ITO npouecc pacnana Ha nue BOJIHbl pa3pellieH JIHillb 
nnn Tex CB, BOJIHOB&Ie BeKTOpbi KOTOpbiX npeB&IIllaiOT BeJIHqHHY ks, Ja)J.ll­
BaeMyro paBeHCTBOM ( 11.12). IlpH <l>HKCHpoBaHHOH qacTOTe HaKaqKH W p BOJI· 

HOBOH BeKTOp IICB MO:>KHO MeH.R:Th, HJMeH.R.R MarHHTHOe none H, npHno:>KeH­
HOe K o6paJUy. YcnoBHe k > k 9 03HaqaeT, qyo H MeH&Ille HeKOToporo H 1(fJ). 
BeJIHqHHa H 1 ( fJ) nerKo BbJqHCJI.ReTcn H3 (6.5) . Ilpouecc&I cnH.RHH.!l pa3pellleH&I 
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)Jll.ll Bcex k B HHTepecyiDll.\eM HaC KHTepBaJie. TipK'IHHOH HeJIHHeHHOrO JaTyxa­
HHli,. nOMHMO 06Cy')I(JJ;aBIUHXC.II B3aHMOJ];eHCTBHH, MO)I(eT . CJIY)I(HTb npouecc 
CJIH.IIHH.II JJ;Byx HeJIHHeHHbiX BOJIH H3 B036Y'KJJ,aeMoro naKeTa. lln.11 TICB, HMei0-
11.\HX OJJ;HHaKOBYIO qaCTOTY W p/2, 3TO B03MO)I(H0 npH k > k3M H COOTBeTCTBeH­
'HO H < H 3M( 8) . 3TH BeJIH'IHHbi nerKo Bbi'IHCJI.IIIOTC.II H3 JaKOHa JJ;HcnepcHH 
CB (6.2), H Mhi Hx npHBOWfTb He 6yneM. 

Orpuijare.nbHOe He.nuHeiiHoe 3aryxaHue. CHa'laJia paccMOTpHM CJiyqaH, Korna 
IJll.ll TICB, BOJ6y)I(J];ai011.\HXC.II B6nHJH JKBaTopa, pacnan&I JanpemeHbi, r.e . 
H > H 1 ( 7r /2) = H 1. B 3TOM,CJiyqae nH<P<PepeHUHaJlbHOe HeJIHHeHHOe JaryxaHHe 
OKaJbiBaeTC.II OTpHUaTeJibHhiM, a-y claN< 0, T.e. neKpeMeHT JaTyxaHH.II TICB 
yMeHblllaeTC.II C pOCTOM HX 'IHCJia. Ha Ka'leCTBeHHOM ypoBHe 3TO MO)I(HO nOH.IITb 
raK: neKpeMeHT JaTyxaHH.II B npoueccax CJIH.IIHH.II napaMeTpH'IeCKHX H Tenno­

BbiX BOJIH ')' c (k) nponopUHOHaJieH pa3HOCTH n(k')- n(k + k'), B Ka)I(J];OM aK­

Te CJIH.IIHH.II yMeH&lllaeTC.II 'IHCJIO C B n (k') B o6nacm k' Ji yBeJIHtJHBaeTC.II 

'IHCJIO CB n(k + k'), 'ITO H npHBOnHT K yMeHbllleHHIO 'Y c (k) . TioncTaBJI.II.II no­
JIY'IHBlliYIOC.II H3 (39,5) 8nk B Bbipa)l(eHHe J];Jl.ll 'Yc(k), HMeeM B COOTBCT­
CTBHH C (39 .2) 

1/c(k,k')= f dkt I V{kt. k, kt- k) 1
2 8( wl- Wk- w(k 1-k)) X 

X I V(k1+k',k1,k')l 2 8(w{kt +k') - w 1 - w(k'))X 

X [n°(k1 )-n(k 1 +k')]h~ + fdk 1 I V(k 1 +k,k1,k)l 2 X 

X 8(w(kt +k)-Wit.7Wk)l V(kt,k
1
,kt-k')l 2 X 

X 8(w ,1 - w(k')- w(k1 - k'))[n°(k1 - k)-

- n°(kt}) h~ - J dk 1 I V(kt, k, kt - k) 12 X 

X 8(wl- wk- w(kt- k)) I V(kt. k', k 1 - k') 12 X 

X 8(w1 - w(k').:_w(k1 -k'))[n°(k1 -k)-n°(kd]h~­

- fdkt I V(kt +k,kt.k)l 2 8(w(kt +k)-w1 - wk)l X 

X V(k 1 +k',k1,k')l 2 8(w(k1 +k')-

- w 1 - w(k'))[n°(kt)- n°(k1 + k' )J h~, 

w 1 = w(kt), 'Y~ = -y 0 (kt), n 1 = n(kt). 

{39.6) 

TpeTbe H qeTBepToe CJiaraeM&Ie B B&Ipa)l(eHHH nJI.II 1/c(k, k') ·HMeiOT oco6eH­

HOCTb npH k' -+ k, B03HHKa1011.\Yffi H3·3a COBnap;eHH.II apryMeHTOB y 8-<i>YHKUHH. 
TipH I k' - k I = " ~ k, paJJiara.11 w (k') ,· w (k1 ± k') no nepBoro nop.11JJ;Ka 

no K, BHJJ;HM,'ITOflc (k, k')"' K-
1. TaKHM o6pa30M, nn.11 pacnpeneneHHH TICB, 

YJKHX XOT.II 6&1 no nBYM HanpaBJieHH.IIM B k-npocTpaucme, MO)I(HO orpaHH'IHTb­
C.II B (39.6) JIHlllb CHHryJI.IIpHhiMH CJiaraeMbiMH. ,IleHCTBHTeJibHO, B.3TOM CJiyqae, 
HHTerpHpy.ll 1/K no dk', Mbi nonytJHM HeJIHHeHHYIO no6aBKy K 'Y 0 (k), nponop­
UHOHaiihHYIO norapH<l>MY MaiiOH BeJIH'IHHhi. TiaKeT )l(e TICB HMeeT o6&I'IHO 
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npH He60nbliiHX HaJ].KpHTH'IHOCTR:X ManyiO lllHpHHY KaK no MO.IzyniO k , TaK H 
no yrny () k (eM . .u.anee ( 40.6)) . 

flpoaHanH3HpyeM Bbipa>KeHHe (39.6) npH k 1
, 6JIH3KOM K k ,lJ,nR: BOnHOBbiX 

BeKTOp0B, 6JIH3KHX K JKBaTOpy peJOHaHCHOH nosepXHOCTH X = 7T /2 - ()k ~ 1, 
x' = 7T/2- O(k') ~ 1. 

OrpamrtiHBaR:cb mniib cHHrynR:pHbiMH cnaraeMbiMH H c•mTaR:, 'I.JTO B6nH3H 
() = 7T/2 Bbrpa>KeHHe (6.2) JI.nH wk MO>KHO 3aMeHHTb Ha 6onee npocToe: 

w k = w 0 + w M I 2 + a k2 = w 1 + a k2 (.u.nH HHTepecyiOUJ,HX Hac JKcnepHMeHTOB 
JTO COOTBeTCTByeT npHMH3HTenbHO 1 0 %-HOH norpelllHOCTH), H Y'lHTbiBall 
yrnoByiO JaBHCHMOCTb MaTpH'IHOfO JneMeHTa TpexMarHOHHOfO B3aHMO,lJ,eHCT­
BHR: (6.22), nOJiy'I.JHM 

Tic (k, k') ""'- (2 Twp V4 jak}[ sin 2 (~P/2) + (x- x')2 /4 + (k-k')2/4k2 r 1
'

2 X 

{ 

1 oo dk ks [k2 - k2 ]3/ 2. 
X f 1111 + 

2 7 0 . w 1+ak - k 1 -y 1 w(kd[w(kd-wp/2] 
k, 

(39.7) 

3.u.ecb k1 = (w1 + ak2 )/2ak oos(~P/2) k2 = w 1 /2akcos(~P/2), 'P - pa3HOCTb 
a3HMYTanbHblX yrnoB BeKTOpoB k H k' 

KaK HJBecTHo, npH nepexo.u.e k H3 HepacnaJI.HOH o6nacTH B pacna,lJ,HyiO .u.eKpe­
MeHT JaTyXaHHR: '}' ( k) 6blCTpO ysenH'I.JHBaeTCR: C pOCTOM k ( OTKpbiBaeTCR: HOBbiH 

KaHan penaKCaUHH) . nerKO BH,lJ,eTb, 'I.JTO ~ > ks ( 7T/2). TI03TOMY npH k2 < 
< ks ( 7T/2), 'I.JTO JKBHsaneHTHO H < H 2 ""' (8 wP - 3 wM )/ 18g, ocHOBHOH BKna.u. 
B T/c(k, k 1

) . BHOCHT BTOpoe cnaraeMOe B (39.7). llpH nOJIR:X, OOnblllHX 

H 2 , Tlc(k, k') 6blCTpo yMeHblllaeTCR: c pocTOM nonR:. 3To CBR:JaHO c TeM, 'I.JTO 
c pocTOM H yMeHbrnaeTcR: sonHOBOH BeKTOp TICB H B cHny JaKOHOB coxpaHe­
HHH yseJIHtiHBaeTCll BOJIHOBOH BeKTOp k 1 H JilTyXaHHe -y(kd B3aHMO,lJ,eHCTBYIO­
I.UHX c HHMH TB. YsenH'I.JeHHe >Ke -y(kd npHBOJI.HT K yMeHbllleHHIO OTKJIOHeHHR: 
'I.JHcen JanonHeHHR: TB OT pasHosecHbiX. 

JlrrH HJy'l.feHHH BJIHHHHR: HenHHeHHoro JaTyxaHHH Ha BOJ6y>KJI.eHHe TICB 

B cnyt~ae aKCHanbHOH CHMMeTpHH HaM IIOHa,lJ,06HTCR: JHa'I.JeHHe T/c(k, e) 
= f T/ (k, k ')diP /2 7T . BbitiHCnHR: ee npH H < H 2 , norrytiHM 

. , TwP0In[(x-x')2 +(k-k'l/4e] 
Tlc(k, k ) :::::: - 2 o . 

207T(w 1+wp/2)(ak) 'Y (w 1 f2ak) 
(39.8) 

TpexMarHOHHbrH MexaHHJM cnHR:HHH BKJIIO'I.JaeTcH (H T/(k, k') o6pamaeTcH 

B HY1Ib) npH k2 = wd2o:k> 0, 'I.JTO coOTBeTCTByeT H > H 3 =Hc - wfa 2 /2ag 1 , 

rp;e H c - MarHHTHOe none, npH KOTopoM k TICB c () = 7T /2 paBHbi Hyrrro. 
0TMeTHM, eme, 'I.JTO B c<PepH'I.fecKOM cnyqae JI.nH pacnpep;erreHHH TICB, Janorr­

HHIOI.UHX BCIO pe30HaHCHYIO nosepXHOCTb, HeCMOTpR: Ha TO, 'I.JTO B (39.6) Bee 
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qerbipe CJiaraeMbiX o)J.Horo nopH)J.Ka, peJyiibiHpyromee HeJIHHeiiHoe JaryxaHHe 

oKaJbiBaercH orpHUareiibHbiM (B t~eM MO:>KHO y6eiJ.HTbCH, npoBOJJ.11 Henocpencr­

BeHHbie Bbi'IHCJieHHH) o 

lloiiOJICUTeJlbHOe HeJlUHelmoe 3aryxaHue 8 npo14eccax 
0 

pacnaoao PaccMorpHM 

renep& HeJIHHeiiHoe JaryxaHHe napaMerpHt~ecKHX BOJIH B pacna)J.Hoii qacrH 

cneKrpa H < H 1 : 

'Ys(k)-= 'Yo(k) + 1T J I V(k, k~. k-kd l2 o(w(k)- w(kd -

(39 09) 

llpeHe6peraH B (39 .5) ~CeMH CJiaraeMbiMH, KpoMe Ipeibero, llOCKOJibKY OHH 

naror " Hepe30HaHCHbiH" BKJia)l; (cOOTBeTCTBYIOIUaH <l>YHKI.UIH fls(k, k 1
) He HMeer 

OC06eHHOCTH npH k 1 
-+ k) , llOJiy'IHM 

'flik,k')= f dk 1 I V(k, k1, k-kd l2 o(w(k) - w(k!) - w(k-kd) X 

X I V(k 1
, k 1 , k 1- kd l2 o(w(k

1
) - w(kd - w(k

1 
- kd) X 

X [n°(kd + n°(k
1

- k1 )] I 'Yo(k1 )o (39.10) 

AHaJIH3 JaKOHOB COXpaHeHHH B 3TOM HHTerpane llOKa3biBaer, 'ITO 'fl$(k,k + K) 

2 (ks)
2 

..... oTJIH'IHO or HYIIH npH sin {3 > k , rne {3 - yron Me)l(ny k . H K 0 

llpH k-+ ks {3-+ ?T/20 J];JH llCB BMHJH 3KBaropa nony'IHM y rpaHHI.~bi pacna­

noB k 2 = k} ( 1 + o), o ~1 , aHanorH'IHo (39 08) : 

1 26 V4
T(o+xi)(o+x

12
) [ 1 . (k - k

1
)

2
] 

.,., (k k ) ::::: ln (x - x )2 + --
·•s ' rrwp-y 0 (kl2)a 2 k 2k 

0 

(39.11) 

8H)J.HO, 'ITO ,[I)IH llCB B TO'IHOCTH Ha 3KBarope (x = X 1 =' 0) 'f/- 02 H3·3a roro, 

'ITO MaipH'IHbiH 3JieMeHT V ( k, k 1
, k.- k 1

) o6pamaercH B HYIIb ,[I)IH BOJIH, pac­

npocrpaHHIOIUHXCH B nJIOCKOCTH, nepneH)l;HKYIIHpHOH HaMarHH'IeHHOCTH. 
CpaBHeHHe (39.8) H (39.11) noKaJbiBaer, qro orpHuareiibHOe HeJIHHeiiHoe 

JaryxaHHe CMeHHTCH llOJIO)I(HTeJibHbiM y)l(e npH 

w;-y(kl2) 2-8 

02 > ::::: 
ak2 (w 1 + wpl2)'y(w 1 l2ak) 5 8 

(39 .12) 

B nocne)J.HeH <f>opMyne yqreHo, qro npH k ""ks :::::2 wda wp:::::2(w 1 +ak~) :::::6w 1 
H qro 'Y ( ks 12) ""=' 2 'Y ( ks I 4) 0 TaKHM o6pa30M, B pacna)J.Hoii o6nacrH H < H 1 
HeJIHHeHHOe JaryxaHHe flCB HBJIHeTCH llOJIO)I(HTeiibHbiM H OllHCbiBaercH <t>op­

MYIIOH (39.11) o 

lloiiOJICUTeJlbHoe HetlUHeimoe 3aryxaHue 8 npo[4eccax C/IW!HURo Bbi'IHCJIHM 

K03<l><PHI.UieHT HeiiHHeHHOrO JaryxaHHH, o6yCJIOBJieHHbiH CJIHHHHeM nBYX 

flCB o 3ror KOJ<l><PHI.UieHT, pa3yMeeTCH, He JaBHCHT OT COCTOHHHH CHCTeMbl 

renJIOBbiX BOIIH o l1CXOJJ,11 H3 <t>opMyJibl ,[I)IH )l;eKpeMeHra JaryXaHHH B npo-
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u;eccax cnHHHH.II 'Y c, nony'IHM a6rrH3H non.11 H3M )J)IH TICB oKono JKBaTopa: 

V2 (x+x 1
)

2 

'TI2c(k, k') ""' -- 2 2 ' 
1rw1 [cS' +(x2 +x 1 )/2Jr 12 

kk
1 = k~M(l +5

1
), 0

1 ~ 1. (39 .13) 

BH.o;HO, qro Jror npou;ecc J$$eKrnBeH nHWb a6rrHJH H 3M a He6onbiiiOH o6rra­
crH, onpenen.11eMOH ~pHHOH naKera no yrny (pHc. :W.l). .UeiicraHremHo, Bbi· 

a 

'IHC11HM 'TI = f 'TI(O,x
1
)dx

1 
/2a. 

-a 

3ra aenHqHHa pasHa KOJ$$HUHeHry HenHHeHHoro JaTyxaHH.II TICB Ha JKBa­
rope npH MOnenbHOM Bb!OOpe N(x) B BHne np.IIMOyrOJlbHHKa IIIHpHHbl 2a . .IlnH 
'TI2c(k, k 1

), onpenenHeMoH <l>opMynoii (39.13), 

8 v2 0 1 

[ a a ( ( a ) 2 )tt2 ] 11 ""' -- - arcsin - - - 1 - -2C £I £I £I I 
1rw 1 a u u u 

(39.14) 
4 V2 a2 

11 ""'---2c, max w 
1 

· 

TaK KaK H 3M Haxo.o;HrcH a Hepacna.o;HOH o6nacrH, ro cnenyer cpaBHHBarb 'Tl 2c 

c 'Tic onpenen.11eMOH H3(39.8):77c(k, k
1

) = 'Ticln[(x-x1
)

2 +(k-k1
)

2 /4k 1
] • 

.IlnH B036y)l(neHH.II BOJlH B )J(J1T npH KOMH3IHOH TeMneparype HaKaqKOH qaCTO· 
Ibl wp/21T = 9,4 rru, Korna ·xapaKrepHa.ll yrnoBa.ll IIIHpHHa naKera TICB B61IH3H 

nopora a""' s.lQ-2 
(A.C.EaKaH H np. [54]), nonytmM I'Tlciii'Tl2c,maxl""' 

""' 3/2. TaKHM o6pa30M peJymrHpyromee HenHHeHHOe JaryxaHHe H npH 

H ""' H 3M ocraerc.11 orpHu;arenbHbiM. Ha pHc 39.1 npencraaneHa JaBHCHMOCTb 

KOJ$$HUHeHra HeJIHHeHHOfO Jaryxa-
HH.II (HOpMHfOB3HHOfO Ha KOJ$$HUH· 
eHr S ~ 21Tg - KaK Mbi YBHAHM a 
cnenyromeM naparpa<t>e, HMeHHO or­
HOIIIeHHe fi/S Hrpaer aa~ro pom B 
onpeneneHHH 3anoporoaoro cocroHHHH 
TICB) or nocroHHHoro non.11 H. qep­
HbiMH Kpy)I(KaMH Ha JTOM pHC)'HKe 
OT!'<ieqeHbl naHHbie JKCnepHMeHianb­
HOH pa6orbi f. A. MenKoaa [ 172] . BHn· 
HO ynosneraopHrenbHOe cornacH~ reo­
pHH H JKCnepHMeHra. 

PH C. 39.1. 3aBHCHMOCTh K03$<lJHUHeHT8 
HenHHeAHoro 3aTyXaHHH OT MarHHTHOfO 
noAA : 1 - reopHH AJUI npoueccoB cnHHHHH 
IlCB u TCB; 2 - wu1 npoueccoB cnHHHHH 
ABYX IlCB; 3 - AJlll npoueccoB pacnaAa. 
Cnnol.liHaJI KpHBaJI 4 OnHChiB8eT CYMMY 
3THX npoueCCOB, TO'IKH - 3KCnepHMeHT 

12* 

I 
I 
I 
I 
I 
I 
I 
I 
13 
I 

41 
I 
I 
I 
I 
I 
I 
I 
I 
I 

-1 
-tz:-:o:-:o----'--'-_-=a='=o:::-o ..._'--'_-,4=-"o:-::o...L........L......J..-..!o 
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§ 40. 8JIHJIHHe nemmcltnoro 38T}'XaHHJI na 

C1'8lUfOH8pHOe OOCfOSIHHe napaMerplt'lecKH B036}')1meHHhiX BOJIH 

KaK H mo6oii 11.pyroii MexaHHJM, HJMeH.RIOIIHIH nHHeHHbJe xapaKTepHCTHKH 

B036y)I()J.aeMbJX BOflH (nepeHOpMHpoBKa '18CT0Tbl, H8K8'1KH), HeflHHeHHOe 

3aT)ixaHHe onpe)J.en.ReT CBOHCTB8 3aiiOpOrOBOrO COCTO'.f!HHH CHCTeMbl BOnH. 

JionO)I(HTenbHOe HenHHeHHOe 38TYX8HHe (39.8) MO)I(eT HrpaTb ponb MeXaHH3M8 

OrpaHH'IeHH.fl 8MIInHTY/1.bl BOJ6y)I()J.aeMbiX BOnH, OipHII8TenbHOe )l(e (39.11), 
H800opoT, )J.Ofl)I(HO npHBO)J.HTb K )l(eCTKOMy B036y)I()J.eHHIO BOnH Ha nopore 

HeycTOH'IHBOCTH .. Cne)J.yeT T!lK)I(e OTMeTHTb B8)1(HOe K8'1eCTBeHHOe CBOHCTBO 

KOJ«j><f>HIIHeHTa HeflJiHeHHOrO JaTyxaHH.R, Bbi'IHCfleHHOfO B paMK8X KHHeTH­

'IeCKOfO ypaBHeHH.R: npH k 1 
:::: k KpHBa.R T/(k, k 1

) . HMeeT OC06eHHOCTb. 

<l>H3H'IeCKHH CMbiCfl 3T0f0 B TOM , 'ITO B nepeHOpMHpoBKY )J.eKpeMeHTa JaTyxa­

HH.fl BOnHbl C )1.8HHbiM k OCHOBHOH BKna)J. BHOC.RT BOflHbl C 6nH3KHMH BOflHOBbi­

MH BeKTopaMH. KaK Mbi ceiiqac YBHIJ.HM, :no npHBOIJ.HT K TOMy, 'ITO npH B03-

6y)I()J.eHHH BOnHbl H8K8'1KOH, )1.0CT8TO'IHO lliHpoKOH B k-npoCTp8HCTBe, BOJ6y)I(­

)1.810TC.fl CIIeKTpbl BOnH, T8K)I(e 3aiiOnH.RIOI.L{He KOHe'IHbie OM8CTH k-npOCTpaHCT­

Ba. JleHCTBHTeflhHO, HJ-38 noKanbHOCTH HenHHeHHOrO JaTyxaHH.R B K8)1()1.0H 

TO'!Ke k-npocTpaHCTBa, r)J.e H8K8'1K8 npeBbiiiiaeT nHHeHHOe 38TyxaHHe, )1.0fl)I(H0 

B036y)J.HTbC.fl 'IHCflO BOnH, )J.OCT8TO'IHOe )J.n.R YCTaHOBneHH.fl CT8lUiOH8pHOrO 

JanoporOBOrO COCTO.RHH.R . PacCMOipHM KOHKpeTHbiH npHMep napaMeTpH­

'IeCKOrO BOJ6y)I()J.eHH.R CB. YpaBHeHHe 6anaHca :meprHH, onHCbiBaromee 

CTaiUIOHapHOe COCTO.RHHe JICB , HMeeT BH/1. 'Yk(N) =IPk(N)IH cnpaBe)J.nHBO 

B TOH o6nacTH k-npocTpaHcma, r11.e B036Y)I(IJ.8IOTC.R llCB. B ocTanbHOH qacTH 

k-npoCTpaHCTBa )J.n.R YCT~'IHBOCTH CT8IUIOHapHOfO COCTO.RHH.R ~n)I(HO BbJIIOn­

H.RTbC.R ycnoBHe BHelliHeii' ycTOH'IHBOCTH ( 18.1 7) . B cnyqae aKcHanbHOH cHMMeT­

pHH, peanHJYIOJ..UeMC.R.npH B036y)I()J.eHHH JICB B Ky6H'IeCKHX <l>M, ycnOBHe 

6anaHca 3HeprHH C y'leTOM 38BHCHMOCTH (39.2) 'Y k(N) npHBO)J.HT K HHTerpanb­

HOMy ypaBHeHHIO IJ.fl.R <l>YHK~H pacnpe)J.eneHH.R llCB . N(x) no non.RpHbiM 

yrnaM x = rr/2 - 8: 

'Y + T/ f ln rx- x' i N(x')dx' = P(x) = P cos 2 x. (40.1) 

3)1.eCb Mbl BOCnOnbJO.BanHCb MO)J.enbHOH 38BHCHMOCTbiO p ( 8) = p COS 
2 X. ()6mee 

peiiieHHe noro ypaBHeHH.R noKanHJOBaHHoe B HeKoeM HHTepsane -a ..;;x..;; a 
H paBHOe HyniO CHapy)I(H, CO~naCHO ( 41) HMeeT BH)J. 

1 a(a2 - t2)1 12p'(t)dt A 
N(x) = ·-- f ----- + ·---

1TT/ - a a2 - x2 t - x (a2- x2)t t2 • 

r11.e P' - npoHJBOIJ.Ha.R HaKa'IKH no yrny, A - npoH3BOnbHa.fl nocTo.llima.R, a HH­

Terpan ·noHHMaeTc.R B CMbicne rnaBHoro JHa'leHH.R no KoiiiH. KaK nerKo noKa­

JaTb, orpanH'IeHHoe Ha o6oHX KOH~ HHTepsana peiiieHHe cymecTsyeT nHillh 
npH BbiiiOnHeHHH paBeHCTBa 

a 
f P'(t)(a2 - t 2)- 112 dt=O 

-a 

(liTO o6ecne'IHBaeTC.fl 'leTHOCThiO <f>YHKIUIH p (t)) H HMeeT BH)J. 

1 a ( a
2 
-x

2 
)

1
'

2 P' (t)dt 
N(x)=- f 

2 2 7rT/ - a a - t t - x 
(40,2) 
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BLI'IHCneHHaJI B rrpe,11,LJAYtneM rraparpa<Pe rrorrpaBKa K neKpeMeHry 3al)'XaHHJI 

rronyqeHa • B rrpe,I],IIono)l(eHHH r (k) - 'Yo (k) < 'Yo (k), trro 3KBHBaneHTHo 

if 17(x, x') N(x') dx' I< r. TiocnenHee ycnoBHe, KaK Mbi YBH,11,HM HH)I(e, 

o6ecrre'lHBaeT yJOCTb B036y)l(,l],aeMLIX rraKeTOB (a< 1), rroJTOMY HHTerpan B 

Bbtpa)l(eHHH (4.20) ,l],llH N(x) HMeeT CMbicn BbNHCnHTb, pa3nO)I(HB P(t) rrpH 

ManbiX t: P: = -2tP. fiaKeT rrpH 3TOM HMeeT <l>OPMY 

(40.3) 

trro B cHny ecTecTBeHHoro ycnoBHJI N(x) ;;;;;. 0 B03MO)I(HO nHIIIb rrpH 17 ;;;;;. 0. 
l1MeH B BH,IJ;Y 3TOT cnyqaif, IIO,I],CTaBHM rronyqeHHoe peUJeHHe B ypaBHeHHe (40.1) 
H rronYlJHM IIIHPHHY rraKeTa 

P - r 
a2 = . 

Pln(2/a) 
(40.4) 

,llnn TOfO 'IT06bi OIIpe,!],enHTb 3aBHCHMOCTb 'IHCna BOllH H IIIHpHHbl 

IIaKeTa a OT IIOJIH HaKa'IKH h, BOCllOllb3yeMCH HHTerpanbHbiM COOTHOUJeHHeM 

fN(x) dx =N: 

P-r 
Pa2 /17 =N=---

17ln (2/a) 

0TCIO,I],a, rrpeHe6peraJI norapH<l>MH'IecKOH 3aBHCHMOCTbiO, IIOllYlJHM 

r - c+(p(c2 +1) - 1) 112 
N= -- ----------

1 S I c2 + 1 
(40.5) 

(40.6) 

r.o;e c = 17 /IS I, p = h2 V2/r2
• KaK Mbi BH,IJ;enH B rrpe,11,bJAYIUeM rraparpa<Pe, B pac­

rra.o;HOH o6naCTH, r,l],e 17 > 0, BenH'JHHa 17 CHnbHO 3aBHOHT OT MarHHTHOfO IIOJIH, 

H H3MeHeHHeM H MO)I(HO MeHHTb c B wHpoKHX rrpenenax. llpH c ~ 1, 
a2 ~ p 112 

- 1, a · B o6paTHOM rrpenenbHOM cnyqae c < 1, p - 1 ~ c2, rronYlJHM 

a2 =c(p-1)1/2. 
06Cy,I],HM rrpe.o;enbl IIpHMeHHMOCTH IIOnyqeHHbiX pe3yllbTaTOB. fipoBe,l],eHHOe 

B § 39 BbiiiHCneHHe HenHHeHHOH IIOIIpaBKH K 3aTyxaHHIO crrpaBe,l],llHBO llHlllb, 

ecnH na rrorrpasKa Mana: 17N <r. · 
fipH C <( 1 3TO ycnOBHe BLIIIOJIHHeTCH B illHpOKOM HHTepsane 3Ha'leHHH Ha,I],­

KpHTH'IHOCTH p < C- l/2 , a II pH C ~ 1 - TOJibKO IIpH ManbiX rrpeBblilleHHJIX Ha,l], 

rroporoM p - 1 < 1. YcnoBHe 17N< r o6ecrre'IHBaeT Y30CTb rraKeTa, TaK KaK 

a2 ~ 17 N/ r < 1. . Ba)I(Ho TaK)I(e OTMeTHTb, 'ITO KOHe'IHaJI IIIHpHHa B036y)l(,l],ae­

Moro rraKeTa B03HHKna y)l(e B rrpH6nH)I(eHHH caMocornacoBaHHoro rronH. 3To, 

KaK y)l(e 6bmO CKa3aHO, CBH3aHO C CHHrynnpHOCTbiO H,11,pa 17 (k, k'). neHCTBH­

TenbHO, B cnyqae peweHHJI HyneBOH wHpHHbi no (), rronyqaiOmerocg B paMKax 

ypaBHeHHH 6e3 HenHHeHHOrO 3aTyXaHHJI, HenHHeHHaJI .o;o6aBKa K ,l],eKpeMeHl)' 

paCXO,I],HTCH. C ,11,pyroif CTOpOHbl, B cnyqae aKCHanbHOH CHMMeTpHH, KaK BH,I],HM, 

3Ta paCXO,I],HMOCTb ,I],OBOJibHO cna6aJI (norapH<l>MH'IeCKaJI), tfTO II03BOnHeT IIpH 

BbiiiHCneHHH HHTerpanbHbiX xapaKTepHCTHK HCXO,I],HTb H3 IIpoCTOfO ypaBHeHHJI 

r + 17N=P, He yqHTbmaiOmero cHHrynnpHblH xapaKTep HenHHeHHOro JaTyxaHHJI. 
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06paTHMC.!I Terrepb K cnyqlllO oTpHU,aTenbHoro HenHHeiiHoro 3aTyxaHH.H. 

ITpH 'T/ < 0 ypaBHeHHe (40.1) (cooTBeTCTBYJOI.Uee rrpH6nH)I(eHHIO caMocornaco­

BaHHoro rron.11) norrycKaeT nHlllb pemeHH.H, HMeiOI.UHe HHTerpHpyeMYJO oco6eH· 

HOCTb : 

N(x)=A (a2 - x2)-lf2 + 2P(a2 - x2)lf2{Tr'T/. 

IToncTaBn.!l.!l no pemeHHe B ypaBHeHHe 6anaHca :meprHH, rronyqHM CB.!I3b 

P,aHA: 

P2 a2 2 · 2 · 2P P - 'Y 
- -- In - - rrA In - = - - --

'T/ a a 'T/ P 
(40.7) 

CB.H3b npyroro pona Me>~Qzy JTHMH TpeM.H rrapaMeTpaMH MO)I(HO rronyqHTb H3 co­

OTHOllieHH.H f N(x) dx = N. TaKHM o6pa30M, y Hac B HanHirnit onHorrapaMeTpH· 

qecKHif Ha6op pemeHHif . KoTopoe )l(e H3 HHX peanH3yeTC.!I B ,r(eHCTBHTenbHOCTH? 

.Iln.H OTBeTa Ha 3TOT BOIIpOC 3aMeTHM, 'ITO AJ1.!1 n106oro H3 3THX pellieHHH rrepe­

HOpMHpOBaHHbie 3aryXaHHe H HaKa'IKa COBIIa}J;aiOT Wl.!l BCeX X, a He TOnbKO 

ATIH - a .;;; x .;;; a. 3To 03Ha'laeT, 'ITO n106oe H3 pemeHHif 6e3pa3nH'IHO ycTOH'IHBO 

OTHOCHTenbHO IIO.HBneHH.!I BOnH BHe HHTepBana (- a, a], Cne}J;OBaTeiTbHO, 6y.o;eT 

peanH30BbiBaTbC.!I pemeHHe C MaKCHManbHOH (rrpH .o;aHHOH Ha.o;KpHTH'IHOCTH) 

lliHpHHOH a. Y'IHTbma.H ycnoBHe N(f) ;;;. 0, rronYIJHM, 'ITO MaKcHManbHa.H lliHpH· 

Ha COOTBeTCTByeT Bbi6opy A = - Pa {Tr'T/ H paBHa 

a2 = -'TIN/P, (40.8) 

T.e. coBrra.o;aeT c Bbipa)l(eHHeM (40.6) ATI.!I cnyqa.H 'T/ > 0 (Hano nHlllb ~'IHTaTb 
C < 0 H CMeHHTb 06I.UHij 3HaK), KaK H 3aBHCHMOCTb 'IHCna BOnH NOT 6e3pa3· 

MepHOH aMIInHTYAbl H~'a'IKH p IIO-rrpe)j(jfeMY 3a.o;aeTC.!I 4JopMYnOH ( 40.5), HO 

Terrepb y)l(e C C < 0, ilpH 3TOM .o;eHCTBHTenbHO 'IHCnO BOnH HMeeT CKa'IOK Ha 

rropore HeyCTOH'IHBOCTH: 

'Y 2c 
N(p= 1)= - - - . 

S c2 + 1 
(40.9) 

IIlHpHHa rraKeTa Ha rropore a2 = 2c2 /I 1 - c2 1. B cnyqae orpHuaTenbHoro HenH· 

HeHHOfO 3aryXaHH.!I KpHTepHif IIpHMeHHMOCTH rronyqeHHbiX pe3ynbTaTOB 3Ha'IH· 

TenbHO )l(eCT'Ie, YcnoBHe 'T/N ~ 'Y rrpHBOAHT K rpe6oBaHHIO I c I ~ 1. B 3TOM 

cnyqae rrpHBeneHHbie cpopMYnbi crrpaBeWIHBbi rrpH p ~ 1/1 c 1. 
3Ha.H N(p), nerKo Bbi'IHCnHTb oocrrpHHM'IHBOCTb x CHCTeMbi ITCB. Ee 

MHHMa.H 'laCTb X" rrporrOpUHOHanbHa MOI.UHOCTH, IIOrnor.uaeMOH BOnHaMH, 

W = Wp x "h2 /2 H CB.!I3aHa c 'IHcnoM CB rrpH IIOMOlliH cnenYJOr.ueif 4JopMynbl : 

x" = (2/h2
) f 'Y (x) N (x) dx = 

2V2 [p (c2 + 1) - 1jll2 - c 
--'---------{p (c2 + 1)2 _ [~p (c2 + 1)2 _ 1).1/2 _ c] 2 }1/2. 

S p (c2 + 1) 
(40.10) 

fpa<l>HKH 3aBHCHMOCTH x" (p) rrpH pa3nH'IHbiX c rrpencTaaneHbi Ha pHc. 40.1. 
llpH C > 0 B03HHKaeT KOHe'IHbiH HaKnOH X" (p) rrpH p = 1, H KOHe'IHOe 3Ha'le· 

HHe X I (oo) = V2'T/ I ('T/ 2 + s 2). HHTepecHO OTMeTHTb, 'ITO rrpH c < 1 ('TI < S) 
MaKCHManbHOe 3Ha'leHHe X~a x = V2 /S, T.e. He 3aBHCHT OT 'T/ H COBIIa,o;aeT C MaK· 

CHManbHbiM 3Ha'leHHeM X 11
, Bbi'IHCneHHbiM B S ·TeOpHH 6e3 HenHHeHHOfO 3aTyxa· 

HH.!I (rrpH C = 0) . C pOCTOM 'T/ IIOnO)I(eHHe MaKCHMYMa C.o;BHraeTCR B CropoHy 
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P H C. 40.1. 3aBHCHMOCTb MHHMOII 

'!aCTH BOCnpHHM'IHBOCTH X" QT 

aMnnHTYJJ.hl HaKa'IKH : 1 - TJ/1 Si = 
= - 0,25 ; 2 - TJ/ ISI = 0 ; 3 -
!TJI/ ISI = 0,25 ; 4 - TJ/IS I = 1 

6on&IIIHX p: Pm = 2S 2 / (S - 'TI) 2 • II pH 'TI > S BocnpHHM'IHBOCTb X 11 MOHOTOHHO 
B03pacTaeT C poCTOM p. 

)ln.11 'TI < 0 npoHcxogHT, KaK y:lKC roBopHIIoc&, :>KecTKOe B036y)I()J;eHHe IICB, 
conpoBO)I()J;aeMoe rHcTepe3HCOM 3aBHCHMOCTH x 11 (p). II pH npoxo:>KgeHHH p 'le­
pe3 noporoBoe 3Ha'leHHe p = 1 co CTopoHbi MeH&WHX noneii BocnpHHM'IHBOCTb 
HCllbiTbmaeT CKa'IOK npH p =· 1 OT HYJI.II go BeJIH'IHHbl 

4V2 c ((c2 + 1) 2
- 4c2

)
112 

X= ---
+ S (c2 + 1) 2 

IlpH yMeH&WeHHH aMniiHTYgbl ll011.11 go 3Ha'leHHH HH:>Ke noporOBOrO npOHC· 
xogHT o6pamblii C.Ka'IOK BocnpHHM'IHBOCTH npH p_ :::::: 1/ (c2 + 1) , B cnyqae 
I c I~ 1 paBHbiH nonoBHHe np.IIMoro cKa'IKa: 

x_=x+/2=2V 2 Ici/S. (40.11) 

HBneHHe :>KecTKoro Bo36y:>KgeHH.II H rHcTepe3Hca x 11 6&1110 o6Hapy:>KeHo B 
1967 r . X. ne-faneM, E. neMaHpoM H .a. Cepe B MOHOKpHCTannax )I('HT npH 
Wp/21T = 9,8 rru [142]. HBIIeHHe, -KaK H 6&1110 npegCKa3aHO, Ha6moganocb 
B HHTepBane MarHHTHbiX noneii H 1 < H < H2, rge HenHHeiiHoe 3aTYXaHHe .IIBII.II­
eTc.ll oTpHUaTen&HbiM. IlpH H > H2 3<J><J>eKT HC'Ie3an H3-3a MaJIOCTH H > H2 . 
0TpHUaTe1IbHOe HeJIHHeiiHoe 3aTYXaHHe npHBOgHT TaK:>Ke K 06Hapy:>KeHHOH 3KC-

pH C. 40.2. JKcnepHMeHTam.HaH 3aBHCHMOCTb X " -;;T BHeliDiero MarHHTHOro noJVI 

Ml [ 100 ) . KpHBLie 1- 5 cooTBeTCTByiOT Ha,n.KpHTH'IHOCTJIM 0,5 ; 1; 2; 5 ; 10 AE 
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nepuMeHTliJlbHO f.A. MerrKOBbiM [172] xapaKTepHoii 3aBHCHMOCTH 1111 oT no­

CTOSHHoro MarHHTHOrO nons (puc. 40.2), IlpH HefionbWOH Hll,ll;KpHTHtiHOCTH 

(Korga cnpase,zviusa H3no:>KeHHaH BbiWe 'Teopus) BHAHO pe3Koe yserrHtleHue 

X, npu H = H1 H H = H2. neHCTBHTenbHO, KaK SCHO H3 puc. 40.1, npu MliJIOH 

Ha,o;KpHTHtiHOCTH u npu c < 0 yserrH'IeHue I c I npHBo,ll;HT K yBerrH'IeHmo socnpu­

HM'IHBOCTU. <l>YHKUIDI X" (H) o6Hapy:>KHBaeT aHOMliJIHIO TaK:>Ke s6nH3u 3Ha'le­

HUH nons if= H 3M: Y3KHH pe3oHaHCHbiH MUHHMYM, nepexonswuii B pe30HaH­

CHbiH MaKCHMYM C pOCTOM Hll,ll;KpHTHt!HOCTU. 3TO COrnacyeTCS KaK C puc. 39.1, 
noKa3biBaiOI.UHM, 'ITO nonO)KHTeJibHbiH BKJlll,ll; B HeJIHHeHHOe 3aTYXaHHe, CBS3aH­

HbiH co cnrumueM ,ll;Byx IICB, cymecTBeH nHWb B MliJIOH OKpecTHOCTU H 3M' TaK 

H C puc. 40.1, OTKy,ll;a BH,ll;HO, 'ITO nonO)KHTeJibHaH go6aBKa K HeJIHHeHHOMY 3a­

cyXaHHIO yMeHbwaeT X " npu MliJlbiX Hll,ll;KpHTHt!HOCTHX u ysenHtlusaeT npu 

6oni>wnx. Bo3HHKHOBeHue cKa'IKa s6nH3H nons H 3M npu Ha,o;KpHTHt!HOCTH, 

6onbWeH 8 ,li;D, CBS3aHO C po)K,ll;eHHeM BTOpOH rpynnbi nap C 8 = rr/2, )J)IS KOTO­

poH MaTpHt!HbiH 3JleMeHT npouecca cnUHHHH He HMeeT MliJIOCTU, CBS3aHHOH C 

yrnOBOH WHpHHOH naKeTa. 

§ 41. PenaKcaiUfJI HeJIHHeilHOro D8KeT8 BOJIH B XOJlO,!JJIOM TepMOCTaTe 

B 3TOM naparpaq,e, HanUCaHHOM no pe3YJibTaTaM r .E. <l>liJlbKOBH'Ia [219] 
paCCMOTpeH Cny'laH, KOr,ll;a 'IHCno BOnH B HeJIUHeHHOM naKeTe MHOro 6onbWe 

qucna B3aHMogeiicTByromux c HHM TB. B 3TOM cnyqae xapaKTepHoe speMJI 3a­

cyxaHHH MliJlbiX OTKJIOHeHuH pacnpegerreHHH BOnH OT paBHOBeCWI, paBHOe of>. 

paTHOMY geKpeMeHcy 3aTYXaHUS rt ::,;tlwk/V;: (k)k 3 , HaMHoro npeBbiWaeT 
4 0 . 

BpeMJI TpeXBOnHOBOrO B3aHMO,ll;eHCTBWI T ::,;tlwk/V2N : 

'Yk ~ r- 1 ~ llwk < wk' · (41.1) 

IlpH 3TOM, pa3yMeeTCS, UCKa:>KeHWI paBHOBOCHOrO pacnpegerreHWI HeJib3S C'IH­

TaTh HefiOJlbWHMH, nOHSTUe ,ll;eKpeMeHTa 3acyxaHWI TepseT CMbiCn, TaK KaK pe­

naKCaUIDI OaK eTa npoHCXO,ll;HT, KaK Mbl ysH,ll;HM, OTHIO,ll;b He no 3KCnOHeHUHliJlb­

HOMY 3aKoHy. 

Mbi ODHTh Ha'IHeM paccMoTpeHne co cnyqas, Korga npoueccbi pacna,o;a sonH 

H3 HenHHeiiHoro naKeTa 3anpemeHbl u era perraKcaUIDI onpegenseTcs HCKJIIO'IH­

TeJibHO cnHJIHHHMH ITCB. IlocTaBHM oonpoc: 3a KaKoe speMJI 3aTyxaeT naKeT 

BOnH, ygOBJleTBOpSIOI.UUH ycnOBHHM (41.1) nocne OTKniO'ICHWI HaKa'IKU? 

.HeRo, 'ITO B cHJJy llwk 'P 'Yk, r - 1 aHOMliJlbHbie KopperrsTopbi ( AkA-k) 6biCTpo 

3acyXRyT (3a speMs 1/llwk), 'ITO u Ha6nroganocb B 3KcnepHMeHTaX B.C. )l(uT­

HIOKa u f.A. MerrKosa [79] a, TaK:>Ke A.M. CMHpHOBa u C .B. IleTpoBa [197]. 
B pe3ynbTaTe )J)IS OnHCaHWI 3BOniOUHH KaK naKeTa, TaK H B3aru.;fO,ll;CHCTBY~ 

!.UHX C HHM TCDJIOBblX BOnH npHMeHHMbl KHHCTH'IOCKHe ypaBHCHHH )J)IS HOp­

MaJibHbiX KOpperrsTOpoB: 

aN(k) 1 1 1 

-- = -- N(k)fU(k+k,k , k)[n2 (k) ­
at 

- n3 (k
1 

+ k)] dk' + f U(k + k', k, k') n2 (k') n 3 (k + k')dk', (41.2) 

a~ (k') , , 
_::.._:__:. = - f U (k1 + k1, k1 , kt) {[n2 (k') - n 3 (k1 + kt)] N (kt) + 

at 
+n2 (k')n 3 (k 1 +kt)} dk 1 +ci>(k'), 
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an3 (k")/at = J u (k" , kt ' k" - kt) { [n2 (k"- kt) -

- n 3 (k")] N(kt) - n2 (k" - kt) n 3 (k")} dk 1 +<I> (k " ). 

HenHHeHHa.ll BOnHa C BOnHOBhlM BeKTOpOM k CnHBaeTC.II C BOnHaMH, BOnHOBhie 

BeKTOphl KOTOphiX k' ne:lKaT Ha noBepXHOCTH W (k) + W (k') = W (k + k') (HX 

tiHcna JanonHeHH.II o6o3Ha'leHhi n 2 (k')). B pe3ymTaTe cnH.RHH.II o6pa3yiDTC.II 

BOnHbl C BOnHOBhiMH BeKTOpaMH k" Ha nosepXHOCTH W (k) + W (k" - k) = 
=w(k") (tiHcna JanonHeHH.R n3 (k")). CnaraeMbre cl>(k'), <l>(k") OnHChiBaiOT 

B3aHMO~eHCTBHe BOnH n 2 (k
1

) , n3 (k") C OCTanbHblM TepMOCTaTOM, B paBHOBe­

CHH cf> (k1
) = cf> (k") = 0, npH ManbiX OTKnOHeHH.IIX cf> (k) = rk( n (k) - .n° (k) l, 

a npH OTKnoHeHH.RX nop.~~:.r:u<a n° (k) <l>(k) ~nn° (k) . KaK BHAHO H3 (41.2) , 
B3aHMO~eHCTBHe BOnH ycTpOeHO TaKHM o6pa30M, 'ITO npH cf> = 0 pa3HOCTb 

n 2 (k
1

) - n 3 (k + k 1
) yMeHblllaeTC.II npH nOCTO.IIHCTBe CYMMbl n2 (k

1
) + n3 (k + k 1 

) . 

3TO 03HatlaeT, 'ITO BenH'IHHbl n0 (k'), n3 (k' + k) MeH.IIIOTC.II Ha BenH'IHHbl nOp.II~­
Ka n0 (k

1
), npH JTOM <I> (k

1
) ~ r (k1

) n° (k 1
), H noKa aMnnHTy~a HenHHeiiHoro 

naKeTa y~osneTBOp.ReT ycnoBHIO (41.1) KaK KBmpaTH'IHbie no n 2 1 n3 'lneHbi, 

TaK H <I> MeHhllle cnaraeMhiX, co~ep:lKal.l.lHX aMnnHry~y HenHHeiiHoro naKeTa, 

B rk T pa3. 3TH Manbie 'lneHbl OnHCbiBaiOT BnH.IIHHe TennOBOrO lllYMa, H B Hyne­

BOM nop.II~Ke no rk T HX MO:lKHO He Y'IHTbiBaTb, a B nepBOM C'IHTaTb He 3aBH­

C.III.l.lHMH OT BpeMeHH. B npeHe6pe:lKeHHH TennOBhlM lllYMOM CHCTeMa ( 41.2) 
npHo6peTaeT B~ 

aN(~) = - N(k) J U(k +k1
, k,k1 )n (k1 )dk1

, 

at 

an (kl) 1 I I 

(41.3) 

_...:...__:.._ = - 2n(k)fU(kt + k , kt,k)N(k,)dkt. 
ar 

3~ecb Mbi, nom3y.Rcb y30CTbiO naKera (.6wk ~ Wk), nonO)I(JI[JJH n2 (k') -
- n3 (k' + k t) ~ n (k'). PellleHHe 3TGH CHCTeMbl HenHHeHHblX HHTerpanbHblX 

ypaBHeHHH - TPYAHa.R Jma'la, OAHaKo, KaK Mhl ceii'lac noKa:lKeM, ~.II Toro, 

'IT06bi c~enal'b co~ep:lKaTenbmre BbiBO~bi o penaKcaUHH naKera, B noM HeT 

He06XO~HMOCTH. lleno B TOM, 'ITO CHCTeMa (41.3) o6nmaeT raMHnbTOHOBOH 

CTPYKTypoii. B noM MO:lKHO y6e~HTbC.II, BBe~ o6o3Ha'leHH.R z (k) =In 2N(k), 
y (k') =Inn(k'), 

az (k) oJ{ 
- - = f U(k +k

1 
k k 1

) dk1
, 

at ' ' oy (k 1
) 

ay (k1
.) oJC 

__::__::........:.... = - J u (k + k 1
, k , k 1

) --. dk, (41.4) 
at oz (k) 

J{ = J exp [z (k)] dk - J exp [y (k
1
)] dk

1 = 2 f N (k) dk - J n (k
1

) dk
1

• 

faMHnbTOHHa.HOM J{ .IIBn.ReTC.II HHTerpan M3HnH - Poy. Xopolllo H3Becrno, 

'ITO raMHnbTOHOBa CHCTeMa He MO:lKeT HMeTb aCHMnTOTH'IOCKH yCTOH'IHBblX 

CTaUHOHapHblX COCTO.IIHHH C KOHe'IHbiM BpeMeHeM penaKCaUHH. TI03TOMY 3aTy­

XaHHe HCXOAHOrO naKeTa, T.e. npHXO~ K paBHOBeCHOMY COCTO.IIHHIO, o6ycnOB­

neH HapywaiOI.l.lHM raMHnbTOHOBOCTb TennOBblM lllYMOM, T.e. ManbiM B3aHMO­

~eHCTBHeM BOnH n (k1
) C TepMOCTaTOM: 

aK 
- = - .6wk J[<I> (k1

)- <I> (k
1 

+ k)] o (w (k + k 1
)) - w (k) - w(k1

)) dk. 
at 
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0ICIO,II.a MO:lKHO OUeHHib BpeMH JaiyxaHIDI IIaKeia t ""''Y-l (k') ('Y(k')r)-i, 
me k' - BOIIHOBOH BeKTop TB, J<l><l>eKIHBHO B3aHMO,II.eHCIBY!OlllHH c Hemmeif­

HhiM naKeToM. 3ro BpeMll npeB&Iwaer xapaKrepHoe BpeMll HemmeifHoro B3a­

HMO,II.eHCTBIDI T B ('Yk T) 
2 p33. Jlo6aBHM ewe, qro npit: 3BOIIIOUHH B paMKax 

ypaBHeHHH (41.3) COXpaHHeTC.II p33HOCib 2N- f n (k') dk', I.e. ycrrOBHe ( 41.1) 
ocraeTCJI cnpaBe,II.IIHBbiM. 

)lnJI ~IOCipaUHH CKa3aHHOro peWHM CHCieM}' ypaBHeHHH ( 41.4) B MO,II.em,­

HOM crryqae U(k1 , k2, k 3) = const. IlpH 3TOM Mhi, ecrecrneHHo, OTBneKaeMCJI 

OI ,II.eiarreH pacnpe,II.erreHHJI BOIIH n (k'), N(k), a HHTepecyeMCJI IOIIbKO HHTer­

paiibHbiMH Berr~HHaMH. BBo,II.H o6o3HaqeHWI 

N= 2 f N(k) dk, n = t.wk fn (k') o (w(k + k')- w(k) - w(k'))dk', 

<I>= t.wk J[<P (k1
) - <I> (k + k1

)] o (w (k + k 1
)- w (k)- w (k1

)) dk1
, 

3arrHllleM 

aN 
-=---

an 
at 

+<I>. 
at 

IlpH t ""'T = t.wk/V 2
'J( ~ 'Jf/<1> peweHHe HMeeT BH,Il; 

N 0 'J( exp (t/r) n0 'J( 
N(t)= , n (t)=N(t) -'Jf= -----

No exp (t/r) - n0 N0 exp (t/r) - n0 

npH 

'Jf/<P :> t :> T, N(t) = 'J(- <l>t + 'J( (n 0 /N0 ) exp (- t/r). 
4 

BH,II.Ho, qro 3a BpeMll' ilenHHeHHoro B3aHMo,II.eHciBWI T Berr~HHa n (t) na,II.3ei 

,II.o Manoro 3HaqeHWI <P/'Jf, onpe,II.errJieMoro rerrnoBbiM wyMOM. 3a no BpeMll 

aMrrnHiy,II.a naKera N MeHJieiCJI He3HaqHieiibHO : N0 -+ N0 - n0 • Jlanee ~poHcxo­
,II.HI Me,II.IleHHOe 3aiyxaHHe naKeia no IIHHeHHOM}' (a He 3KCnOHeHUHaiibHOM}') 

3aKoHy 3a cqer KOHeqftOCTH n (t). XapaKrepHoe BpeMll 3aryxaHWI t d ""'X/<P. 
11raK, BpeMll 3aTyxaHIDI HerrHHeHHoro naKera B cpe,II.e co crrWIHIDIMH pacrer c 

poe roM aMIIIIHIYA&I no rrHHeHHOM}' 3aKOHY t a "' N. 
06paiHMCJI Tenepb K Cllyqaro, KOr,II.a HCXO.li,HaJI HeiiHHeHHaJI BOIIHa MO:>Kei 

pacna.u.aibCJI Ha BTOpHqftbJe BOIIHbl, BOIIHOBbie BeKTOpbl KOIOpbiX rre:>Kai Ha no­

BepXHOCIH W (k) = W (k1
) + W (k- k'), 

06o3HaqHM HX qHcrra 3arrOrrHeHIDI n 1 (k') = n (k') + n (k - k'). B npe.u.rrorro­

:>KeHHH cnpaBe,u.JIHBOCIH YCIIOBIDI ( 41.1) KHHei~eCKHe ypaBHeHHJI npHM}'I 

BH.D. (nepeo603HaqHM N(k) -+ 2N(k)) 

aN (k) = - N (k) [J U (k, k 1
, k - k 1

) n 1 (k
1

) dk1 + 
at 

+ f U(k + k", k, k") n (k")dk"- r], 

a (k") 
_n ___ = -n (k") [fU(k + k1

, k, k 1 )N (k) dk +r] +<I> (k"), 
ar 

ani (kl) 1 I I I 

--- = n 1 (k ) [f U (k, k , k - k ) N (k) dk - r] + <I> 1 (k ) . 
at 

(41.5) 

3.D.eCb Mbl BBeiiH IIHHeHHbiH HHKpeMeHT HapaciaHIDI f, MO.ll,eiiHpYIOlllHH HCJoq-
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HHK H nHHeHHbie .o;eKpeMeHTbl 3aTYXaHIDI BTOpH'IHbiX BOnH 'Yo 'Y 1, KOTOpble Mbl 

.D;nJI npOCTOTbl npHIDinH He 3aBHCJIUlHMH OT k, 'ITO He OKa)l(eT Ka'lecTBeHHOro 

BnHJIHIDI Ha UOCne.D;yiOUlHe pe3ynLTaTbl. 3TH .D;eKpeMeHTbl MOryT 6biTb o6ycnOB· 

neHbi Heco6cTBeHHLIMH npoueccaMH penaKcauuu: paccefl:HHeM Ha .o;e<PeKTax, 

B3aHMo.o;eiicTBHeM c KBa3H'IacTHuaMH .o;pyrHX copToB H T • .o;. KaK Mbl yBH.tiHM 

HH)I(e, BBe.o;eHHe 3THX cnaraeMI>IX He HapywaeT raMIIJlbTOHOBOCTH CHCTeMbi 

(41.5) B OTC)'TCTBHe ManbiX III)'MOBLIX qneHOB <I> H <1> 1• Heo6xo.o;HMo, o.o;HaKo, 

3aMeTHTb cne.D;yiOUlee. B OTnH'!He OT CHCTeMJ)I (41.2), npHMeHHMOH npH BpeMe­

Hax, MeHbiiiHX t d (HO MHOrO 6onbiiiHx T), ypaBHeHIDI ( 41.5) B OTCYTCTBHe f, 
'Y 1 nepecTaiOT ·6b1Tb cnpaBe,lJ)lHBLIMH y)l(e qepe3 BpeMH nopn.o;Ka T. 3a 3TO 

BpeMH HCXO.D;HbiH UaKeT yMeHblllHTCJI B HeCKOnbKO pa3, a BTOpH'IHbie BOn­

Hbl n, n 1 BLipacTYT .o;o ero yp0BIDI. 3To CBH3aHO c TeM, 'ITO B npoueccax pac­

na.o;a H.D;eT npnMaJI, nepeKa'IKa 3HeprHH H3 HerrHHeiiHoro naKeTa B TennoBbie 

BOnHbl (COXpaHHeTCJI cyMMa 2N H f n 1 (k') dk' npH yMeHbllleHHH pa3HOCTH 

3THX BeJIH'IHH). O.o;HaKO npH HanH'IHH no.o;Ka'IKH HCXO.D;HOro naKeTa r H 3aryxa­

HIDI BTOpH'IHbiX BOnH 'Yl B03MO)I(H0 CTaUHOHapHOe COCTOJIHHe CHCTeMbi, He COB· 

na.o;aiOmee c TepMo.o;HHaMuqecKHM paBHOBecHeM. CnuuoHapHLie 3Ha'leHHH qu-

een BOnH N (k)' n I (k')' n (k") .o;on)I(Hbl UO.D;'IHHJITbCJI ypaBHeHIDIM 

J U(k, k' , k - k')n1 (k')dk' + J U(k + k",k, k") n (k")dk" = r, 
J u (k + k", k,k") fli (k) dk = - 'Y + <1> (k")/n (k"), (41.6) 

J U(k, k', k- k')N (k) dk = 'Y1 - <1> 1 (k')/n 1 (k'). 

llpH 'Yl ~ f .D;nfl: COCTOJIHHH CHCTeMbi, 6nH3KHX K CTaUHOHapHOM)', BbiUOnHJieT· 

CJI ycnOBHe (41.1), H B ypaBl{eHHJIX (41.6) <1>, <1> 1 - Manbie 'lneHbl, KOTOpbie B 

H}'JieBOM UOpH.D;Ke MO)I(HO He )"'HTbffiaTL, a B nepBOM C'IHTaTb He 3aBHCJIUlHMH 

oT N(k), n 1 (k'), n (k"), 
lloKa)l(eM Tenepb, 'ITO nro6oe Ha'lanLHoe ycnoBHe, y.o;oBneTBOpHIOUlee (41.1), 

penaKCHpyeT K CTaUHOHapHbiM 3Ha'leHIDIM ( 41.6) . 3a BpeMH UOpH.D;Ka T pa3-

HOCTb 'IHCen 3allOnHeHIDI BTOpH'IHbiX BOnH, yqaCTBYIOlllHX B CfliDIHHJIX n (k"), 
yMeHbiiiaeTcn .o;o Manoro 3Ha'leHIDI, onpe.o;errReMoro TennoBLIM IIIYMOM. llo3TOM)' 

MLI B .o;anLHeiiiiieM npeHe6pe)l(eM BnwDnleM npoueccoB cnHJIHHH Ha 3BOniOUHIO na­

KeTa, TaK KaK ORO npHBO.D;HT flHillb K nepeHOpMHpOBKe f Ha ManyiO BeJIH'IHHy. 

BLipa~ f H 'Y H3 ( 41.6). nepenHIIIeM CHCTeM)' ( 41.5) B BH.D;e 

an, (k') = -n, (k') J U(k, k', k - k') [N(k) -N (k)] dk + 
at . 

+: <1> 1 (k')[l - n 1 (k')/n 1 (k')], 

aN(k) = -N(k) J U(k, k', k- k') [n 1 (k') - n, (k')] dk'. 
at 

PaccMoTpHM <l>YHKIJ,HOHan 

JC {N (k), n1 (k')} = J[N (k) - N (k) InN (k)] dk + 

+ f [n! (k')- if 1 (k') 1n n1 (k' )J dk'. 

(41.7) 

KaK BH.D;HO, 'JC .orpaHH'IeH CHH3y, npH'IeM MHHHM)'M .D;OCTHraeTCJI B CTaUHOHap­

HOM COCTOJIHHH 

JC {N(k), n 1 (k')} ;;:.x {N(k), n 1 (k')} =:if. 
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B&l'lHCIDIJI ero npoH3BOJJ;H}'10 no speMeHH, nonytmM 

oJC · I I - I 2 I - I I 
- =-JIP1(k) {[ndk)-n 1(k)J /ndk)nl(k)}dk ~0. at 

TaKHM o6pa30M, B oTcyrcTBHe wyMa JC coxpaHHeTC.II (nepenHCaB (41.7) B ne­
peMeHH&IX Z = lnN(k), X= lnn1 (k), MO)I(HO y6eJJ;HTbC.II, 'ITO JC .IIBJI.IIeTC.II ra­
MHllbTOHHaHOM cHcTeM&I (41.7) npH IP = IP 1 = 0). HanH'IHe :>Ke Tennosoro rnyMa 
npHBOJJ;HT K TOMY, 'ITO npOH3Bon&uoe Ha'lan&uoe pacnpenenenHe, ynosneTBO­
p.IIIOI~ee KpHTepHIO ( 41.1), 3a KOHe'IHOe BpeM.II 3BOJIIOUHOHHpyeT K CTaUHOHap­
HOMY (41.6), 3TO BpeM.II td MO)I(HO O~eHHTb TaK : 

1 1 (k1
) - (k1

) 

- ~ f!P (kl) n1 ~ - n1 I dk~. (41.8) 
td JC-JC n1 (k )n1 (k) 

OT&ICKHBa.ll MHHHMYM noro B&Ipa:>KeHH.II, nerKO ycTaHOBHT&, 'ITO non&IIIe 

scero npoTeKaeT 3aKJIIO'IHTen&Ha.ll CTaJJ;H.II 3BOJIIO~HH, Korna JC 6nH3KO K X. 
IlpH 3TOM - I I 2 

_ [N(k) - N(k)] [n 1 (k)-n1 (k)] dk~. 
JC- JC = f N (k) dk + J n1 (k1 ) 

(HanOMHHM, 'ITO so scex HHTerpanax, conep:>KaUXHX n 1 (k'), HHTerpHpoBaHHe 

HneT no nosepxuocTH w (k1
) + w (k- k') = w (k) .) 

J1HueapH3y.ll (3.7) B6JIH3H CTaUHOHapa, )J;n.ll HHTerpanbHbiX BenH'IHH oNH on 
nOJiyqHM ypaBHeHHe rapMOHH'IecKHX KOJie6aHHH 

o2
oN 2 ~ - I 1 • a;z- =-woN, w ' = (N/Awk)fl V(k, k, k - k )I o (w (k)-

-w(k
1
)-w(k-k

1
))n1 (k 1 )dk1 ~'Y1r. 

TaKoe :>Ke ypasneHHe nonyqaeTC.II nn.11 HHTerpan&uoii senH'IHH&I: 

on= Awk f [n 1 (k
1
)- nt.(k1

)] o (w (k)- w (k1
)- w (k- k 1

)) dk1
, 

YcpenHH.~~ no nepHony Kone6auHii T ~ 2rr/ (r1 r) 112, nonyqHM cooTHOIIIe­

uHe ( oN2 >(N = ( on2 >In - auanor TeopeMbi BHpHana. Bo3BpamaHCb l( o~eHKe 
BpeMeHH penaKCaUHH, HaxOJJ;HM, 'ITO 

td ~max [n1 (k1 )/IP1 (k
1
)] ~r- 1 (k 1

) [r{r (k1
)]. 

k'' 
(41.9) 

J.iTaK, o6ycnosneHHa.ll pacnanaMH JBOJIIO~H.II nenHHeiiuoro naKeTa co cna6oii 
nonKa'IKOH B cpene c CHn&H&IM 3aTyxauHeM BTOpH'IH&IX sonu npencTaBJixeT 
co6oii OCUHTIJI.II~HH c 'laCTOTOH (r 1 r) 112, 3aryxa10mHe K cTauHonapHoMy pe­
IIIeHHIO ( 41.6). BpeM.II penaKCaUHH npeB&IIIIaeT nepHon KOJI e6auHii, ecnH 
'Yk ~ r ~ 'Y1 1 ·T.e. KOrJJ;a BeJJ;yUXHH Bl(Jla)J; B 3aTyXaHHe TenJIOBbiX BOJIH BHOC.IIT 
ueco6cTBeHH&Ie npo~ecc&I penaKCaUHH . .Iln.11 ua6niOneHH.II 3THX oc~HJIJI.II~HH cne­
nyeT Bl(JIIO'IHTb )J;OCTaTO'IHO MOUXHbiH (r ;p T -

1) HCTO'IHHK (HanpHMep, napa­
MeTpH'IecKyiO HaKa'IKY) ua speM.II, MeH&IIIee T, a 3aTeM Bhll(JIIO'IHT& ero, ocTa­
BHB cna6y10 (f ~ 'Y 1) nOJJ;Ka'IKY H perHCTpHpy.ll nornomaeMYIO MOUXHOCTh. 
I13Mep.IIH t~acToTy oc~Hnn~Hii, M&I nonytmM cnoco6 onpeneneHH.II speMeHH 
penaKC~H BOJIH, He CB.II3aHHbiX HenocpeJJ;CTBeHHO C HaKa'IKOH. 

B 3aKJIIO'IeHHe noro naparpa<l>a cnenyeT CKa3aT&, 'ITO onHCaHH&Ie 3JJ;ec& 
pe3yn&TaT&I (poeT speMeHH penaKc~HH t d - N c ysenH'IeHHeM aMnnHTYn&I 
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naKera B cpe)l;e CO CJIIDUUBIMH H B03MO)I(HOCTb OCI.UIJUUIUHH B Cpe)l;e C pacna)l;a­

MH) JIBJI.IUOTCJI /];OCTaTOtJHO YJIHBepCaJibHLIMH, T,e, He 3aBHCJIT OT KOHKpeTHOrO 

BH)l;a MaTpH'Il\biX :meMeHTOB H· 3aKOHOB /];HCnepcHH (1IHWb 6bi Bbin01IHJI1IHCb 

ycJIOBHJI ( 41.1) H COOTBeTCTBYIOlUHe npoUeCCbi 6biJIH pa3perneHbi 3aKOHaMH 

coxpaHeHH.II) • 

§ 42. Pen8KC8UHJI MOHOXpOMaTiflleCKOit BOJIHLI B HemtHclblolt cpe)l;e 

B cnyqae naKera Manoii liiHpHHbi no qacroraM Awk ~ 'Yk KHHeT~ecKoe 
yprumeHHe HenpHMeHHMO HH /];11.11 OllHCaHHJI 3B01IIOUHH CaMOrO naKera, HH /];11.11 

OnHCaHHJI 3B01IIOUHH B3aHMO)l;eHCTBYIOLUHX C HHM TenJIOBbiX BOJIH H3 Y3KOro 

CJIOJI B6JIH3H "pe30HaHCHbiX" llOBepXHOCTeH W (k + k') = W (k) + W (k'), 

w (k- k') + w (k') = w (k). Heo6xo)l;HMO pa3BHTb ~J:pyroii Mero)l;, .IIBHO }"'HTbi­

BaiOLUHH B03M0)1(HOCTb CHJibHOH <l>a30BOH KOppen.IIUHH B Ka)I(]J;OH nape BOJIH C 

BOJIHOBbiMH BeKTOpaMH k' H k - k' (H1IH k + k') 1 yqaCTBYIOLUHX B npoueccax 

penaKcaUHH. Mbi C)l;enaeM 3TO HaH6onee npocrbiM H HarJI.II/l:HbiM o6pa30M, 

A HMeHHo, 6y~J:eM HCXOIJ:HTb H3 )l;HHaMHqecKHX ypasHeHHH /l:BIDKeHHJI )l;1IJI aMn­

JIHTY/l: BOJIH OKOJIO pe30HaHCHOH llOBepXHOCTH, a HX B3aHMO/];eHCTBHe CO BCeMH 

OCTaJibHbiMH BOJIHaMH OllHlii.eM <t>eHOMeHOJIOr~ecKH - MeTO/];OM cnyqaHHLIX 

CHJI llaH)I(eBeHa (B.C. llbBOB, [156]). 
PaccMorpHM WI.II onpe~J:eneHHOCTH npouecc CJIIDIHHJI H 3anHWeM /l:HHaM~ec­

KHe ypaBHeHHJI )l;BIDKeHHJI /];]1.11 KaHOH~eCKHX aMnJIHTY/l: BOJIH a (k'), a (k") 
B6JIH3H pe30HaHCHOH llOBepXHOCTH: 

[ a I I ] I at + iw (k ) + 'Y (k ) a (k ) + 

+ i V (k, k 1
, k") exp (iw (k) t) A •a (k") = f(k1

, t), 

[a~ +iw(k")+r(k")] a(k")+ 

(42.1) 

+ iV• (k, k 1
, k") exp ( - iw (k) t)Aa (k1

) = f(k", t). 

3)l;ecb A - aMll1IHTYIJ:a MOHOXpOMaT~eCKOH BOJIHbi,/(k, t) - JlaH)I(eBeHOBCKaJI 

cnyqaHHaJI CHJia C KOppen.IITOpOM 

(f 2 )kw = nno (k)/1T. 

flpH 3allHCH ypaBHeHHH ( 42.1) Mbl yqJIH, qro HHTepeCyiOI.UaJI HaC CHCTeMa BOJIH 

a (k'), a (k") cocpe~J:oroqeHa B y3KOM cnoe H 3anaceHHaJI B Heii 3HeprH.11 cymecr­

BeHHO MeHbliie 06I.UeH 3HeprHH OCTaJibHQIX BOJIH. f103TOMY BOJIHbi BHe 3TOrO 

CJIOJI (HX · eCTecTBeHHO Ha3BaTb repMOCTaTOM) MO)I(HO cqHTaTb HaxO)l;Jil.UHMHCJI 

B TepMO)l;HHaMHqecKOM paBHOBOCHH, a HX <l>a3bl - noqrH cnyqaifHbiMH. 3ro ll03-

B01IH1IO B ypaBHeHIDIX (42.1) 3Ql<l>eKTHBHO OllHCaTb B3aHMO)l;eHCTBHe Bbl)l;eneH­

HOH cHcreMbi a (k), a (k") c repMOCTaTOM : cnaraeMbie 'Y (k') a (k'), 'Y (k") a (k") 
onHCbiBaiOT "rpeHHe sonH o repMocrar". CnyqaiiHbie CHJibi f (k', t), f (k", t) 
HMHTHpy10r 6ecnop.ll/l:OtJHble tonqKH co cropoHbi repMocrara, npHBO/l:.IILUHe B 

cpe)l;HeM K ysen~eHHIO 3HeprHH sonH a (k'), a (k"). B pe3ymrare npH A = 0 
KOppen.IITOpbi n (k'), n (k") penaKCHpyiOT, KaK H /];011)1(80 6biTb, He /];0 HYJI.Il, 

a K TepMO)l;HHaM~OCKH paBHOBOCHbiM 3HaqeHHJIM n0 (k
1
), n0 (k") . 
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C O~OH CTOpOHbl, nOTOK 3HeprHH OT HCXO~OH HeTIHHeHHOH BOJlHbl B cpegy 
paseu 2Wk'Yk I A 1

2
, a c gpyroil croponLI, on paseu CKopOCTH H3MeneHIDI 3Hep­

rHH BOJJHOBOH CHCTeMbi 3 ( JCint ) /3 t, rge 

JCint = l/J. f dk dk' dk
11 

(V* (k, k', k
11

) akak 'ak" + K.c.) 0 (k + k' - k")o(42.2) 

IlpHpaBHHBaJI gsa BLipa)!(eHIDI WU1 noTOKa 3HeprHH, nOJJ}"'HM <i>OPMYJlY gJJR: 
geKpeMeHTa 3aryxaHIDI HeTIHHeHuOH BOJlHbi B npon;eccax CJliDIHIDI: 

'Yk = Im fdk' fdw' dw 11 V(k +k',. k, k')X 

Xexp i (Wk + W1
- W 11 )(a (k' , w')a (k +k' , W11

) ). (42.3) 

Pa3JJO)!(HB B (42o1) a(k', t) H a(k 11
, t) B HHTerpan <l>yp&e, B&Ipa3HM a(k', w') 

(k ll II) .... w .1 I) II II) H a , w qepe3 't'yp&e-KoMnouenr&I cnyqaHH&IX CHJJ f(k, w H f(k , w 
H nogcraBHM pe3ymrar&I B (42.3). Y'IHTLIBaJI, 'ITO <f(k, w) [ * (~', w')> = 

= (f 2 hwli(k - k')li(W -:- W1
) , H HCnOJlb3YR: Bblpa)!(eHHe gJJR: (f2 hw H HH· 

I II 
rerpHpyH no w H w , nony'IHM 

'Yk =fdk'i V(k+k',k , k')i2 X 

X [n0 (k') - n0 (k- k')J[:y(k') + "'((k + k')] / {[ w(k) + w (k')- w(k + k')] 2 + 

+ [ 'Y(k')' + 'Y(k + k')] 2 [1 + I V(k + k', k, k')A 12 h(k')'Y(k + k')]} -l. ( 42.4) 

IlpH A = 0 3TOT pe3yn&TaT OTJlH'IaeTCR: OT nonytfeHHOI'O H3 KHHeTH'IeCKOf() 
ypasueuHR: Kone'IHOH lllHpHHOH pe30nauca, onpegenneMOH cyMMOH JaryxaHHH 
'Y(k') + 'Y(k + k') 0 B cny,',;lae , Korga npon;ecc&r cnHn:HHn pa3pellleH&r JaKouaMH 
coxpaueuHn, nocnegumr ~opMyna ynpomaercn go 

. 'Yk = f dk'l V(k + k',k , k')l 2 [n 0 (k') - no(k + k')] li(w(k + k') -

- w(kj- w(k'))[ 1 +I V(k + k', k , k') 12 A 2 /"'t(k')'Y(k + k')]-112 
0 

(42.5) 

3ra <PopMyna OTJIH'IaeTC.II OT (39.3) TOJlbKO npHCYTCTBHeM pagHKana B 3HaMe­
HaTeTieo KaK BHgHM, H B cnyqae MOHOXpoMaTH'IeCKOH BOJlHbl geKpeMeHT Jaryxa­
HH.II y6&maer c pocroM ee aMWIHTyg&r (raK HaJ&maeMLrn "3<P<PeKT npocseme­
HHR: cpeg&r" ) 0 IlpH 6on&lllHX JnaqeuHnx A apeMn JaryxaHHn MOHOXpoMaTH'Ie­
CKOH BOJlHbl B03pacraeT C poCTOM HHTeHCHBHOCTH no KOpHeBOMY JaKOHY 
td "-' A "-' N 112

, B omH'IHe or nonyqeuuoro B § 40 ,[J)IH lllHpoKoro naKera 
nHueiluoro JaKonao 

IlpH H3y'leHHH JaryxaHHfl: MOHOXpoMaTH'IeCKOH BOJlHbl B npon;eccax pacnaga 
cnegyeT HCXOgHTb H3 ypaBHeHHH gBH)!(eHHn ,!Jll11 aMWIHryg BOJlH b(k', t) H 
b(k 11

, t), ne)!(aJ.IJ;HX s6nH3H nosepxuocrH w(k') + w(k - k') = w(k) : 

[ :t + iw(k') + 'Y(k')] b(k') + iV(k', k
11

, k) X 

X A exp(- iw(k) t)b*(k") = f(k' , t), 

[ aat - i w(k") + 'Y(k
11

) ]b*(k
11
)- iV(k' , k11

, k) A • X 

X exp(iw(k) t) b(k') = f*(k 11
, t), 
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H aHaJIOfH'IHbiM o6pa30M nOJIYtffiTb H3 HHX Bbipa:>KeHHe )J)l.!l AeKpeMeHTa 3aTy­

XaHH.!I : 

'Yk = * f dk'l V(k, k',k- k') 12 [n 0 (k') + n0 (k- k~)]o(w(k) ~ 

- w(k')- w(k- k'))[ I - I V(k, k', k- k') 12 A 2 I r(k')r(k - k')J -l/2 . ( 42.7) 

Jln.!l npou.eccoB pacnaAa, TaKHM o6pa30M, arki3A > 0. AMUJIHTyAa BOJIHbl 

A 1 =min {Lr(k')r(k - k')J 1/
2 I I V(k, k', k- k') I}, ( 42.8) 

npH KOTOpoH pa,o;HKaJI o6pamaeTC.!I B HyJlb, a 'Yk - B 6eCKOHeqHOCTb, COOTBeTCT· 

ByeT nopory pacnaAJ{OH HeycTOHqHBOCTH MOHOXpOMaTHqeCKOH BOJIHbl. ilpH 

A >A 1 aMnnHTYAbi b (k'), b (k - k') pacTyT BO BpeMemi· 3KcnoHeHUHaJI&Ho H 

<f>OPMY1lbl (42.5), (42.7), nonyqeHHbie B JIHHeHHOM no 3THM aMnJIHTyAaM 

npH6JIH:>KeHHH, Hecnpaae)J)lHBbi. 

CneAyeT OTMeTHTh, qro <J>opMY1lbi ( 42.5), ( 42.7) onHc&maroT acHMnTOTHqe­

CKHe no BpeMeHH 3HaqeHH.!I 'Yk. neHCTBHTeJibHO, B MOMeHT BKJIIOqeHH.!I MOHO· 

XpoMaTHqecKOH BOJIHbl npH t = 0 BOJIHbl B cpeAe eme He ycneJIH OTKJIOHHTbC.!I 

OT paBHOBeCH.!I, H 3aTyXaHHe 6yAeT onpeAeJI.!ITbC.!I 06bJqHbiMH <f>opMYJiaMH 

(39 .3) H (39 .4). 11 JIHUib qepe3 BpeM.!I t > 'Y-l (k), -y-1 (k') BOJIHbl BMH3H pe30· 

HaHCHOH noBepXHOCTH OTpeJiaKCHpyiOT K HOBOMY CTaUHOHapHOMY COCTO.!IHHIO, 

B KOTOpoM 3aTyXaHHe onpeAeJI.!IeTC.!I <f>OpMYJiaMH (42.5) H (42.7) . 

3&Aa'18 8.1. HaJtrH H3MeHeHHH XHMifllecKoro noTeHUHana H · TeMnepa-ryphi CB, Bhl3· 

BaHHbie naKeTOM llCB B II>M (B .E. qepen&HoB, (229]) . 
YKa3QHue. lloMHMO rnasHoro o6MeHHoro B3aHMOAeliCTBHH TCB, Heo6xoAHMO y'leCTb 

OTHOCHTenbHO 6onee cna6oe MarHHTOIJ,HnOflbHOe B3aHMOIJ,el!CTBHe H B3aHMOAeliCTBHe C 

4>0HOHHbiM TepMOCTRTOM . 


