
rJIABAli 

IGfHETIIliECKMI HEYCTOAlllfBOCTb CHJThHO HEPABHOBECHOR 
CHCTE~LI C)JHHOBLIX BOnH 

§ 56. JIHHeAHWI TOOpHJI KHHe'fHlleCKOA HeyCTOA11HBOCTH 

no eHX nop npH HeCJie~OBaHHH napaMeTpH'ICeKoro B036y)((JJ;eHHJI CB oeHOB­
HOe BHHMaHHe Mbi y~enrum H3}"1CHHIO eaoii:eTB y3Koro naKeTa IICB e 'laeTOTa­
MH B o6naCTH napaMeTpH'IeeKOH HeyCTOii:lJHBOeTH, IJpH 3TOM 06bi'IHO npe~nona­
fallOCb, 'ITO oeTanbH&Ie CB uaxo~.IITe.ll a coeTO.IIHHH, 6nH3KOM K TepMO~HHaMH­
qeeKOMY paauoaecHIO (eM. rn. 8). O~HaKo e poeToM H~PHTH'IHOeTH B03HH­
KaeT 3Ha'IHTen&uoe HeKa:>KeHHe paauoaeeuoro paenpe~eneHHJI CB e qaeroTaMH 
a~anH OT napaMeTpH'IecKoro pe30Hauea, Bbi3BaHHOe BIIH.IIHlieM IICB. TaKHM 
o6pa30M, DpH 3H3'1HTCIIbHbiX H~pHTH'IHOeT.IIX ~OJI:>KCH B03HHKHYTb p.ll~ HOBbiX 
3qnpCKTOB, 3KenepHMCHTaiibHOe H TOOpeTH'ICCKO.e H3}"1CHHC KOTOpbiX TOIIbKO 
Ha'IHHaeTe.ll. Cpe~H .IIBIIeHHii raKoro po~ oeo6&rn HHTepee npe~eraBII.IIIOT ueye­
TOH'IHBOeTH a eHII&Ho uepaauoaeeuoii: eucTeMe CB H B&OBaHHble HMH Kap~H­
uan&Hble nepeerpoii:KH eneKTpa CB. 

56.1. KHHeTH'IecKaJI ueycroA11HBocn. nepaoro nop.SI~Ka. Bue o6naerH napa­
MerpH'IecKoro pe3oHaHea <J>ynKUH.SI paenpe~eneHHJI CB nk y~oBIIeraop.11eT KH­
HCTH'ICCKOMY ypaaueHHIO (eM. § 39). Eenu 'IHeno IICB Manb, TO <J>ynKI.Uf.ll 
paenp~eneHHJI CB 6nH3Ka K repMO~HHaMH'IeeKH paauoaecuoii:, a aenH'IHHa 
uepaauoaecH&IX nonpaBOK nponopUHoHan&Ha 'IHeny IICB. 3TH nonpaBKH 6&mH 
HaH~CHbl B rii. 8. nHHeii:Hoe DpH6IImKCHHe ~.II Bbi'IHcJreHHJI B03MYIUCHHH <J>ynK­
UHH paenpe~eneHHJI npHMeHHMO ~o rex nop, noKa 3aTyxaune TCB MO:>KHO e'IH­
TaTb paauoaecH&IM. IloH.Sirno, 'ITO e poeTOM 'IHena IICB paeTeT H BKn~ B 3ary­
xauue TCB, o6yenoaneHH&Iii: HMH. B p.11~e enyqaea 3TOT BKn~ 6&maer orpuua­
ren&H&IM, 'ITO npHBo~HT K yMemweuuro 3aryxaHHJI CB H Ka1.1ecrneuuoii: nepe­
eTpoii:Ke eneKTpa DO OTHOWCHHIO K pe3yii&TaTaM IIHHCHHOfO npH6IIH:>KCHH.II. 

PaeeMoTpHM BKn~ B 3aryxauue TCB H3-3a paena~oa IICB: 

r(k)=ro (k) - 7Tfl V(kpkk1)l 2 np(kp)8 [w(kp) - w(k) -

- w (ki)}8 (kp- k- ki)dkp dkl. (56.1) 

3~ee& 'Yo (k) - paauoaecuoe 3aTYXaHHe TCB. B~o, 'ITO B o6naeruk-npoeTpaH­
eraa, B Koropyro nona~aroT npo~yKTJ?I paen~a IICB, 3aryxaune CB yMeH&wa­
ere.ll, H npH ~oeTaToi.!Ho 6on&WOM quene IICB ouo MO:>Ker eraTh oTpnu;aTen&HbiM. 
IloH.Sirno, 'ITO npH r < 0 I.!Heno aonu uapaeTaer- pa3BHBaeTe.ll ueyeroii:I.IHBOeT&, 
KOTopyro Mbi Ha3oBeM KWteTu'lecKou. Un.11 6onee TO'IHOro auanH3a KuHeru'lec­

Kou HeyCTO,U'IUBOCTU (KH) ene~eT IIHHeapH30B3Tb KHHCTH'ICeKOC ypaBHCHHC 
ua <J>oue eTaUHoHapuoro paenpe~eneuH.SI, np~cTaBII.IIromero eo6oii: eoaoKyn­
uoer& TepMo~HHaMH'IeeKH paauoaeeuoro paenpe~eneHHJI H naKeTa IICB. B pe-
3YII&TaTe OK33bffi3IOTe.ll eB.II3aHHbiMH HHTeHeHBHOeTH naKCTOB BTOpH'IHbiX CB 
(BCB) e qaeToTaMH w 1 H w 2 . TeopH.II KH, o6yenoaneHHa.ll TpexaonuoB&IM.I:I 
npoueeeaMH, HaH6onee no~po6uo pa3BHTa ~.II A<DM, B Korop&IX pa3peweH&I 
paena~&I IICB ua aropH'IH&Ie <J>ouoH&I (B<D) H BTOpH'IH&Ie CB (BCB) (B.C.nyTo­
BHHOB, r.E. <Dan&KOBH'I, B.E . qepenaHOB, [147]). KoeaeHH&Ie npO.IIBIICHH.II 
noii: ueyeroii:'IHBOeTH 6&mH o6napy:>KeH&I pauee B FeB03 E . .H . Korro:>KaHeKHM, 

rr.A. ITpo3opoaoii: 1-1 n.E. CaHCToa&IM [131 1. 
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.Ilrrs aHaJIH3a KH BbmHilleM CHCTeM)' mrneapH30BaHHbiX KY Affil B03M)'llleHHif 

<l>YHK~H · pacnpep;eneHHR BCB 8nk H B<Il 8Nk B c<f>epH'IeCKOH HOpMHpOBKe: 

- 2 0Jv8n (en) - 2 oJv 
8nk- 2tr 

2 2 112 
, 8Nk - 2tr 

3 2 
8N (ilk•), (56,2) 

ek (ek - e0 ) o: nk. 

CrZ - ~'Yk) 8n (ek) 8n (ek) = o:- 3 D8N (ep- eN)+ r (wk), (56,3) 

o (ep - ek) 2 

(f k'- ~rk.) 8N (ep- ek) = D 8n (ek) + R (wp/2- wk), 
ek sk 

Jt e~ n 2 nP ek sk 
~'Yk = trto:

2 
• ~rk. = ~'Yk -3 -2 • 

ep Skp ek Sk ft Q 

n = ck' = €p - ek, D = trto:2 Joe~ nP {ep skp. 

3p;ecb rZ H fZ• - paBHOBecHbie 3aTYX3HHR Mai'HOHOB H <f>oHOHOB1 0 N - TeMne­

paTypa Heens, Wo - llleJib B cneKTpe MaTHOHOB, S- HX CKOpoCTb ( CM. (7 .5)), 
C- CKOpOCTb 3ByKa, 0: = sjc, kp- BOJIHOBOH BeKTOp nCB, Np- HX KOJIH'IecT­

BO, t- napaMeTp MaTHHTOCTpHK~, BXO)J;RlllHH B MaTpH'IHbiH 3JieMeHT B3aHMQ­

p;eifCTBHJI MarHOHOB H <f>OHOHOB (25 ,6) 1 S - 3Ha'leHHe CllHHa Mai'HHTHOfO HOHa. 

npH 

e sk rZ r 0 

nP = nP = P P I. 
cr tro: 2 Poe~ rzo:- 3 + r8 (ep - ek) 2 fek sk 

(56.4) 

onpep;enHTeJib cHcTeMbl (56.3) o6pamaeTCR B HYJib H pa3BHBaeTcsKH. B FeB03 
'laCTOTbl penaKCa~ MarHOHOB H <f>OHOHOB O)J;HOfO nops)J;Ka, 0:-

3 < 1, ll03TOM)' 

eP ek skp sk rZ 
(56.5) 

'ITO COOTBeTCTByeT o6pameHHJO B HYJib CyMMapHOrO 3aTYX3HHJI MarHOHOB 

CrZ- ~'Yk)· lb (56.5) BHAHO, 'ITO nopor KHHeTH'IeCKOH Heycroii'IHBOCTH MH­

HHMaJieH npH MeHbiiieM k BTOpH'IHbiX MarHOHOB, pa3peiiieHHOM 3aKOHaMH CO­

XpaHeHHR. Herpyp;Ho onpep;enHTb, 'ITO JJJlR pacnap;oB nCB Ha MarHOH H <f>oHoH 

skmin =I skp- 2 (o:2 -1)- 1 (o:ep- skp) 1. 
B ycnoBHRX ynoMRH)'TOro Bbillle 3KcnepHMeHTa 

P 8 skp skmin 
ncr~2 · 10- 2 

(ep- ek min) 

MHO:lKHTeJib kpkmin (€ p - ek min) - 2 
3aBHCHT OT Mai'HHTHOro llOJIJI H H3MeHReT­

CJI or (o:2 
- 1) 4 ~ 2 npH H =He (kp = 0) p;o 0 npHH = 240 3, ECJIH )JJlR oueH­

KH BOCTIOJIIt30BaTbCJI 3KCnepHMeHTaJIItHbiM 3Ha'leHHeM K03<f>4JH~eHTa HeJIHHeH­

HOfO 3aryxaHHR, TO nopor KHHeTH'IeCKOH HeyCTOH'IHBOCTH ncr ~ 2 ' 10-8 
)J;OC· 

THraercs yX<:e npHh/hc- 1 ~0,1: 

(hcr/hth)- 1 ~ (2wo/Wp) 2 'Yo tfrop• (56.6) 

no aHaJIOfHH C CYJIOBCKHMH npoueccaMH nepBOfO nopRIJ;Ka (pacnap;a On Ha 

WJe CB) KHH~TH'IecKYJO Heycroii'IHBocTb, o6ycnoBlleHHYJO rpexBOJIHOBbiMH npo-
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u;eccaMH, Mbi Ha30BeM KUHeTU'IeCKOU HeyCTOU'IU80CTb/O nep8020 nop.ROKa, 
IJO)l;'lepKHeM, 'ITO B OTJIH'IHe OT napaMeTpH'IecKOH HeycTOH'IHBOCTH B pe3yJibTa­

Te pa3BHTIJJI KH pacTeT JIHIITh 'IHCJIO BOJIH, a cpe)l;WI.Il aMUJIHTYIJ:a BOJIH B rraKe­

re. ( ak ) pasHa Hymo. Cne)l;yeT TaK)Ke OTMeTHT&, 'ITO lffiKpeMeHT KH onpe)l;eJI.Il­

eTC.Il JIHIUb o6ru;MM 'IHCJIOM HepaBHOBecH&IX CB H He JaBHCHT or <PaJOBbiX coor­

HoiiieHHH Me)K)l;y HHMH, 

56.2. Klmen111ecKa.11 HeycroA'IHBocn, sroporo nop.llll:Ka [ 139). EcnH IICB 

HaxOMTC.Il B Hepacna)l;HoH o6nacTH cneKTpa, KH nepBoro nop.ll~J:Ka HeBOJMO)K­

Ha. 0)l;HaKO npH OOJiblUHX Hai];KpHTH'IHOCT.IlX B03HHKaeT HeyCTOK'IHBOCTb CHCTe­

Mbi IICB no OTHOIIIeHmo K po)K)l;eHmo BTOpH'IHbiX CB B pe3yn&TaTe 'leT&rpex­

MarHOHHoro npou;ecca: )];Be IICB, CJIHBa.IIC&, IJ:aiOT )];Be BCB. IlpH JTOM B&mon­

H.IIIOTC.Il 3aKOHbl COXpaHeHH.Il :meprHH H HMnyJI&Ca 

w (kp) + w (k~) = w (k 1) + w (k2)' 
(56.7) 

kp + k~ = k 1 + k2 . 

B Hepacna)l;HoH o6nacTH cneKTpa :na HeycTOH'IHBOCTb npe)l;CTaBJI.IleT HaH6oJI&­

IIIHH HHTepec, IIOCKOJibKy BCe OCTaJJbHbie MbiCJIHMbie HeyCTOH'IHBOCTH CHCTeMbl 

IICB CB.Il3aHbi c npou;eccaMH 6onee BbiCOKHX nop.llll:KOB H noJTOMY HMeiOT 5o­

nee BbiCOKHH nopor. B CTOJIKHOBHTeJibHbrH 'IJieH KHHeTH'IeCKOfO ypasHeHH.Il 

BHOC.IIT BKJia~J: BCeB03MO)KH&Ie npou;ecc&r pacce.11HH.Il CB, Oll:HaKO Hac HHTepecy­

eT cnyqaii, KOr)l;a IICB HaxO)l;.RTC.Il B Hepacna)l;HOH o6nacTH cneKTpa H )l;JIHHH&re 

CB Moryr B3aHMo)l;eHCTBOBaT& c napaMeTpH'IeCKHMH TOJI&Ko B npou;eccax 'le­

T&rpeXMarHOHHoro pacce.IIHH.Il. Bo Bcex ocraJI&HblX npou;eccax 'IHCJia JaiiOJIHe­

HH.Il KBa3H'IaCTHu; H3MeH.IliOTC.Il MaJJO H HX BJIH.IlHHe npHBO)l;HT JIHIUb K JIHHeH­

HOH penaKCau;HH CB, . ecJIH 'IHCJio nocne)l;HHX He CJIHIIIKOM BeJIHKO. TaKHM o6-

pa30M, CTOJIKHOBHTeJibHbrH 'IJieH CJie)l;yeT 3aiiHCaTb B BH)l;e (eM, § 35) 

an (k) 
-- = -21o (k) [n (k) - no (k)] + 47T f {I T(kk1, k2k3) I X at 
X [n(k)nl (n2 +n3)-n2n3n(k) - n1n2n3] + 

+ Re T(kk1, k2k3) r• (kk2, k1k3)X 

X ai [a2n (k)- a2n3 + a3n(k) - a3n2]} X 

X o [w (k) + w 1 - w2 - w 3 ] o (k +k1 - k2 -k3)dk1dk2 dk3, 

a1 =a (k;), n1 = n (k,), Wt = w (k1), i = 1, 2, 3. (56 .8) 

3)l;ecb 1o (k) - 'laCTOTa penaKCau;HH CB Ja C'leT Bcex npou;eccoB, KpOMe (56.7): 
1o (k) = 1k - 1 4 (k), r)l;e 14 - qacToTa penaKCau;HH CB, o6ycnoBneHHa.ll 'leT&r­

peXMarHOHHbiM pacce.llHHeM, 1k - noJIHa.ll 'lacmTa penaKcau;HH. YpaBHeHHe 

(56.8) OTJIH'IaeTC.Il OT CTaH)l;apTHOfO HaJJH'IHeM aHOMaJibHblX KoppeJI.IlTOpOB 

napaMeTpH'IeCKHX BOJIH ( ak a_ k } , 
,!ln.ll Bbi'IHCJieHH.Il nopora H HHKpeMeHTa JTOH HeyCTOH'IHBOCTH JIHHeapH3yeM 

KHHeTH'IeCKOe ypaBHeHHe (56.8). 06ru;ee peiiieHHe JIHHeapH3QBaHHOf0 KHHeTH­

'IecKOfO ypaBHeHiql npe)l;CTaBHMO B BH)l;e CYMMbi 'laCTHblX peiiieHHH BH)l;a 

n (k)=n 1 (k) +n2 (k), n;(k)(/) o (wk- w;), i= I, 2, 

W1 + W2 = Wp• 
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113 (56.8) CJI~yeT ypaBHeHHe, UOXO)Kee Ha (56.2); 

[v+rot(il)]nt(il)+2rrkJvj 1 f {1Tt1231 2 [2np(Qt)np(ilz)nt(il)­

- 2np (Q1) np (ilz) n; (Q3) - np (Q2) np '(Q3) (n; (Q) + n; (Q1 ))] + 
+ 2Re T1123 Ttn3 a• (Q!) a (Q2 ) [n1 (Q)- n; (Q3)]} X (56.9) 

X o (k+k 1 -k2 -k3)dil1 dilz dil3, 

kt = kt (il), Vt = Vt (Q), k = - k. 

B H30TpOnHOM CJiyt~ae .rr,rrJI nf, nj OTCKJ)],a nonyqaeTC.II ypaBHeHl:le (56.3), B KO­
TOpOM 

t:..r1=B11 =rr(TN)2/kpvp. (56.10) 

Ilopor HeyCTOH'IHBOCTH )],OCTHraeTC.II npH 'IHCJle ncB Ncr : 

rr(TNcr) 2 /kpvp=ro1rozf(ro1 +ro2). (56.11) 

06bi'IHO npaBa.II 'laCTh MHHHMaJibHa, eCJIH O)].HO H3 3aTyXaHHH, HanpHMep ro 1, 
MHHHMaJibHO, T.e, npH k1 -+ 0. IlpH 3TOM r2 > r 1 H 

rr(TNcr) 2/kpvp=ro1 =ro, (56.12) 

r)],e r 0 - MHHHMaJibHO e 3aTyXaHHe CB. Onpe)],eJIJI.II 'IHCJIO ITCB H3 s -TeopHH, 
UOJIY'IHM OI.J;eHKY .rr,rr.11 noporOBOH Ha)].KpHTH'IHOCTH, T .e. npeBbiUJeHHJI MOll.IHOC­
TH HaKa'IKH Per Ha)], noporOM napaMeTpH'IeCKOH HeyCTOH'IHBOCTH hth• npH KO­
topOH B03HHKaeT o6cy)K)].aeMaJI 3)],eCb HeyCTOH'IHBOCTb: 

Per =(hcr/hth)
2 =rr-l ! (S/T) 2 (rokpvpfr~). (56.13) 

nanbHeifUJee HCCJie)],OBaHHe HCXO)],HblX ypaBHeHHH (56,9) HMeeT CMblCJl npo­
BO)],HTb npH ro 1 ~ ro2' KOr)].a 'IHCJIO BTOpH'IHbiX CB c OOJlblllHM 3aTyXaHHeM 
MaJIO, l:f ll03TOMY B JIHHeapH30BaHHOM KHHeTH'IecKOM ypaBHeHHH .rr,rrll n 1 (Q) 
HM MO)KHO npeHe6pe'lb. Tor)],a BMeCTO (56.9) UOJIY'IHM 

[v + ro 1 (il1) - 2rrk; (Qt) vp 1 
(Qt) f I T12,3 4 1

2 nP (il3) np (il4) X 

X o (k 1 +k2- k3- k4)dilz dil3 dil4] n1 (Qt)= 

= 4rrk;·cnt) vp 1 (nt) f {I Tl2,34 12 nP cn2) nP (il3) + 

+ Re T12 ,34 Ti3,24 a• (Q2) a (Q3)} [n 1 (Q3)- n1 (ilt)J X 

X o (k 1 +kz - k3 - k4)dil2 dil3 dil4. (56.14) 

Q6paTHM BHHMaHHe Ha TO, 'ITO HHTerpan ITO Q1 npaBOH 'laCTH JTOro Bblpa)Ke­
HH.II paBeH HYJIKl. 3ro JIBJIJiercH cne)].CTBHeM roro, 'ITO B qerLipeXMarHOHHhiX 
npo~.~;eccax pacceJIHHJI BCB Ha ITCB, B pe3yJI&Tare KOTophiX noHBJIJiercll ITCB 
H BropH'IHaJI CB, coxpaHJieTcJI 'IHCJio BCB. B pe3yJI&TaTe H3 (56.14) cne)J.yeT 
Ba)KHOe HHTerpaJibHOe COOTHOUJeHHe 

f[v + ro 1 (Qt) - 27rk~ (Qt) vp 1 (Qt) f I TI2,34 1
2 np (il3) nP (Q) X 

X o (k1 +k2 - k 3 -k4)dil2 dil3 dil4]n1 (ilt)dil1 = 0. (56,15) 

d HHTepecyKJll.leM HaC CJiytiae (Ky6H'IecKOM <DM) MHHHMYM 3aTyXaHH.II )],OC-
THraeTC.II npH 0 = 0 H MaJIOM BOJIHOBOM BeKrope k 1 . CneKrp CB HMeeT BH)]. 
(6.5), UOJTOMY Ha llOBepXHOCTH UOCTO.IIHHOH lJaCTOTbl )],OllYCTHMbie 3Ha'leHH.II 
yrna 0 MaJibi: 02 .;;;;2wex (ak 1 0 ) 

2 . Bbipa)KeHHe B KBa)].parHhiX CK06KaXB (56.15) 
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crra6o 3aBHCHT or yrrra 8 B Y3KOM nHana30He yrrroa, rne n 1 (8) i= 0, H ro)I(,[J;ecr­
BO (56.15) npHHHMaer BH,IJ; 

{ v +rot + 21T J I T(O, kt +k2 ; k 1 , k 2) 1
2 np (n!)np (n2 ) X 

X li [wo + w (kt +k2) - wp) dk 1 dk2 } n 1 = 0, (56.16) 

n1 = Jn1 (n)dn. 

)ln.11 Bbl'IHCJieHHH nopora KH Heo6xonHMo 3Harb pacnpenerreHHH IICB no yr­
rraM. Bocnorrb3yeMCH BHaqarre npocrbiM Bbtpa)f(eHHeM ,IJ;JIH np (n), norryqeHHbiM 
B S ·TOOpHH npH Ha,!l;KpHT~OCTH, MeHbWeH nopora po)I(,[J;eHH.II BTOpOH. rpyn­
llbinap 

Nli (8 - 1T/2) 
np(n)= , ISIN=-y(p-1) 112 • (56.17) 

21T 

Torna B cooraeTCTBHH c (56.16) norryqHM 

(TNcr) 2 = 21T')'oWM [(He- H) Aj21TM) 112, A~ 0, 

A =4(n~ + 1) 1 12 -3 -6n0 - [(np- n 0 )
2 + 1/4) 1 12

, 

ilp = Wp/WM, no= Wo/WM• 

(56.18) 

(56.19) 

HeTpy,!l;HO y6e,IJ;HThC.II, qro BeJI~HH.a A H BMecre c HeH noporoaoe qHcrro Ncr 
(56.18) o6pamarorc.11 B HYJib npH HeKoropoM norre H 2 : 

H2 = 41TM {Nz + [12 (n~ + 1)] 112 - 2np- 9-

1 
-- [(2+4n -6(n2 +1) 1

'
2

)
2 +2on - 71 1

'
2

• (56.20) 16 p p p 

IIpH norr.IIX, 6oJibWHXH2 , npouecCbi (56.7) c yqacrHeM IICB Ha 3KBaTope 3anpe­
meHbi H nopor (56.18) o6pamaerc.11 B 6ecKoHeqHOCTb. 06pameHHe B HYJlb no­
pora Ha rpaHHUe pa3peweHHH npoueccoa (56.7) CB.II3aHO c 6ecKoHeqHo 6orrb­
woli nJIOTHOCTbiO COCTO.IIHHH, B03HHKWeH H3-3a CHHryrrHpHOCTH B pac­
npe.o;erreHHH IICB no 8 B (56.17). B nelicrBHTeJibHOCTH pacnpenerreHHe 
IICB HMeer KOHeqHyro WHPHHY, yaerr~Haaromyroc.ll c Ha,!l;KpHr~ocTbiO 
A8 ~ [(p- 1)'Yp/kpvp]1f3. 

Yqer noro npHilO,IJ;HT K HcqeJHOBeHHIO oco6eHHOCTH npH H = H2 : nopor B 
noM norre xor.11 H yMeHbWaeTCH, HO ocraerc.11 KOHeqHbiM, a npH H > H2 pe3KO 
pacrer. 

56.3. 3KcnepHMeHT8JIWIOe HCCJie,IJ;OBSHHe KHHei1f11eCKOA: HeyCTOA:'IHBOCTif. 
B HaCTO.IIlUee BpeM.II HaH6oJiee nonpo6HO HCCJie,[J;OBaHa KHHer~eCKa.ll HeyCTOH· 
~BOCTh Broporo nopH,!l;Ka B 4JeppHTax. CaMbiM HPKHM ee npoHBJieHHeM HBJI.II­
IOTC.II. JJieKrpoMai'HHTHoe H3rryqeHHe or BCB, B03HHKaromee noporoBbiM o6pa-
30M C pOCTOM aMnJIHTY,IJ;bl HaKaqKH, H B03HHKaiOlUHe O,[J;HOBpeMeHHO OC06eH­
HOCTH BOCnpH~HBOCTH. ~hyqeHHe 3THX .IIBJieHHH ripoBe,[J;eHO A.B: naBpHHeHKO 
H np. [139). Ha pHc. 56.1 H3o6pa)f(eHa JaBHCHMOCTb nopora po)I(,[J;eHHH BCB 
(H H3rryqeHHH) B 3aBHCHMOCTH or Berr~Hbi MarHHTHoro norr.11 H, HanpaBJieH­
Horo B,IJ;OJib rrerKoli ocH [ 111] 4JeppHra. BH,~J;Ho, ~o JKcnepHMeHTaJibHO nocryn­
Ha.ll o6rracTh B036y)I(,[J;eHHH BCB 3aKJiroqeHa B npenerrax H 1 ~ H ~ H2, rne 
H 1 ,;, 0,9 K3,H2 = 1,27 K3. BHe noli o6rracrH nopor pe3KO pacrer. 

CymecrBOBaHHe BepXHeH rpaHHUbi norr.11 H2 , r.e. MHHHMaJibHoro BOJIHOBoro 
BeKropa IICB, HaxonHT ecrecrBeHHoe ofuHcHeHHe B paMKax npe.o;rro)f(eHHOH Bbi· 
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we MO)J,eJIH ueyCTOH'IHBOCTH H CBH3aHO npOCTO C 33.KOH3MH COXpaHeHHH :meprHH 
H HMUYJibCa. IlOACTaBJIHH B <!>OPMYJIY (56.21) 'IHCJIOBbie 3Ha'leHHH ilp = 1,92, 
41TM = 1750 fc, Nz = 1/3 (AJIH H II [111]), nonyqHM H2 = 1250 3, 'ITO npe­
Kpacuo cornacyercH c 3KcnepHMeuranbHbiM 3Ha'leHHeM noii BeJIH'IHHbi. 

Pocr nopora ueycroii'IHBOCTH B nonHx, MeHbWHX H 1, CB.Il3au c reM, 'ITO AJIH 
p,ocraro'IHo KopoTKHX IICB oKa3hmaiOTCH pa3peweHHbiMH rpeXMarHOHHbie 
npo~ecCbi B33HMOAeiicrBHH - C.ll'HHHHH H pacnap,bi IICB. B pe3ynbrare B03HHKa: 
er CHTibHOe nenHHeiiuoe 3azyxauue IICB, H AJIH AOCTIDKeHHH noporoaoro ypoa• 
HH IICB ueo6xop,HMa 6onbWaH MOJ.UHOCTb uaKa'IKH, B ycnoBHHX 3KcnepuMeu­
ra none H*, AJIH Koroporo oKa3hmaiOTCH pa3peweHHbiMH npo~ecCbi CJIHHHHH 

Z't 

f,O 1,1 1,2 1,3 H,xJ 

P.H c. ·s6.1. 3aBHcHMoCTL nopora KlffieTH­
'IeCKoit HeyCTOit'IHBOCTH p cr OT MarHHTHO­
ro no lUI AIDI o6pa31.\a )KHf npH M II [ 111) , 
T= 300 K 

AByx IICB c () = 7T/2, ecrb 1,0 K3. PacnaJJ,bi IICB c () = 7T/2 pa3peweHbi AJIH 
l't 

H < 0,7 K3, c () = 0 AJIH H < 1,14 K3. 3KcnepHMenranbuoe 3Ha'leHHe nOJIHR1, 
K3K BHAJ{O H3 pHC, 56.1, H3XO)J,HTCH B 3TOM HHrepaane, 

PewaiOwHM AOK333TeJibGTBOM cymecrBOBaHHH KHHerH'IeCKOH ueycTOH'IH­
aocru IICB HBHTIOCb 3KcnepHMenranbuoe o6uapy:>Keuue 3JieKrpoMaruHTHoro 
H3Jly'leHHH H3 <Pepp!ITa, 'lacrora Koroporo cooraercrayer AHY cnHH-Bonuoaoro 
cneKrpa: 

w 0 = w (k-+ 0, () -+ 0) = g (H- 41T NzM). (56.21) 

MowHOCTb H3JIY'IeHHH 6biJI3 BeCbM3 MaJIOH, Ta.K KaK OHO o6yCJIOBJieHO MarHH­
TOAHnOJlbHblM H3JIY'IenueM CB c k ~ 103 + 104 CM- 1, cymecraeHHo npeBbiWaiO­
UlHM 3Ha'leHHe BOJIHOBOrO BeKTOpa 3JieKTpOMarHHTHblX BOJIH COOTBeTCTBYIO· 
meii '13CTOTbl k, ~ Wo/c ~ 10-1 CM. IIorepH HMnyJibCa CB npOHCXOAHJia ua cny­
'laHHblX HOOAHOpOAHOCTHX o6p33~a HJIH Ha perynHpHOH HOOAHOpOAHOCTH BHYT· 
peHHero MarHHTHoro nonH. B nocnep,ueM cnyqae Momuocrb H3JIY'IeHHH 3Ha­
'IHrenbHO B03pacrana. 

Ebmo raKlKe o6uapylKeno H uccnep,oaauo IDnyqeuue ua yp,soeHHoii 'lacrore 
2w0 , B03HHKaiOwee B pe3ynbrare CJIHHHHH AByx BCB B <Porou. MoiUHOCTb 10-

ny'leHHH, o6ycnosneHHaH npo~eccaMH (56.23), MOlKer 6biTb Bbl'IHCneua o6bi'I­
HbiM o6p330M : 

I=2M 2 /3c3 =(16w 0 k;/3) ~I vk 12 n1 (k). (56.22) 
k 

Cp,enauuble ua ocuose (56.24) o~eHKH noKa3biBaiOr, 'ITO cyMMapuoe 'IHCJIO sro­
pH'IHbiX CB. B o6nacru AHa cneKrpa AOJilKHO 6biTb cpaBHHMO HTIH npeBbiWatb 
'IHCJIO IICB. OrMeTHM, 'ITO AJIH Bonn, nelKawHX ro'IHo ua ABe cneKrpa, Ok, 
a 3Ha'IHT H Vk, o6pamaercH B uynh. IIonoMY MOUlHOCTb H3JiyqeHHH (56.22) 
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HMCCT }l;OnOJIHHTeJibHYIO MaJIOeTb, eBH3aHHYIO e yrJIOBbiM p33McpOM naKeTa 
BTopH'IHLIX CB no nonHpHLIM yrnaM. 

B OTJIH'IHC OT H3JIY'ICHHH Ha qaeTOTe Wo, eBH3aHHOfO e HaJlH'IHCM HCO}l;HOpO/l:· 
HOeTeH, H3JIYlleHHC Ha '13eTOTC 2w0 pa3pcliiCHO 33KOH3MH eoXpaHcHHH H nOJTO· 
MY HBJIHeTeH 6onee MOIJ.tHLIM. llononHHTeJILHoe yeHJieHHe H3nyqeHHH Ha gsoii:­
Hoii: 'laeTOTC goenrraeTeH npH eosnageHHH 'laeTOTbl Wo e 'laeTOTOH MafHHTOeTa­
TH'IecKOH MO/l:bl KOJiefiaHHH. llpH 3TOM MOliiHOeTb / yBeJIH'IHBaJiaeb H3·33 
BbiCOKOH go6poTHOe'JH MarHHTOeTaTH'IecKHX KOJie6aHHH H goeTHrana w- 4 BT 
npH nornomeHHOH cpeppHTOM MOIJ.tHOCTH - 10 Br (B yenoBHHX cpeppoMarHHT­
Horo pe30HaHea Ha 'laerore 2w0 = g H) . TaKoe H3JiyqeHHe HafiJIIO/l:aJIOeL Ha 
e4>epH'IeeKHX 06p33IIaX B nOJIHX OT 0,95go 1,35 K3, eoOTBCTeTBCHHO }l;Han330H 
IOJiyqaeMLIX 'laeTOT Wr = 2rr (2,5 7 4,5) ' 109 e- 1 : npH'IeM 'laeTOTa 3TOfO H3JIY­
'ICHHH He 33BHeerra OT 'laeTOTbl H3K3'1KH, H3MCHHBliiCHeH B npegerrax Wp = 
::s2rr(9,2-T9,5) ·109 e- 1

• 

Qu;eHKH, npOBe}l;CHHbiC Ha oeHOBC cpopM)'Jibl (5 6.22), H Heene,o;OBaHHH no­
BC/l:eHHH BOenpHHM'IHBOeTH, nOK33biB310T, 'ITO Y)I(C npH HCOOJlbliiHX (3 g£) 
rrpeBLlliiCHHHX HaA rroporoM KHHcTH'IecKoii: HeyeTOii:'IHBOeTH 'IHeno TICB epaBHH­
saeTeH e 'IHeJIOM TICB H MO)I(eT rrpeBLiliiaTL 'IHeno noenegHHX. 

lloeKOJibKY KHHCTH'IecKaH HeyeTOH'IHBOeTb o6yCJIOBJieHa YMCHbliiCHHCM }l;O 
HYJIH 3aTYXaHHH CB, HHTepeeuo rrapaMeTpH'IeeKH B036ygHTL BCB e IIOMOIIlbiO 
gorronnHTeJILHoii:, eropou HaKa'lKU. Mo)I(Ho gyMaTL, 'ITO no Mepe npH6JIH)I(cHHH 
K rropory KH 6ygeT yMeHLwaTLeH rrporropu;HoHaJILHLIH 3aTyxaHHIO BCB rropor 
rrapaMeTpH'IeeKoii: HeyeTOii:'IHBoeTH. 0}l;HaKo JlaspHHeHKO, MenKoB H <l>anLKO­
BH'I B 1984 r. rroKa3anH, 'ITO e yserrH'IeHHeM •mena TICB npoHexogHT yserrH'Ie­
HHe, a He yMeHLliieHHe rropora rrapaMeTpHHeeKoro B036y)I(IJ:eHHH CB 6JI3H3H 
}l;Ha erreKTpa. llpH'IHH3 3TOfO 33KJIIO'I3eTeH B eHJibHOM yrrpyrOM paeeeHHHH BOJIH, 
B036y)I(IJ:aeMLIX BTopoii: HaKa'IKoii:, Ha TICB (eM. (56.14)) H B oeo6euHoeTHX 
MaTPH'IHLIX JJieMeHTOB B3aHMO}l;eii:eTBHH CB npH k ~ 0, (} ~ 0 e JJieKTpOMar­
HH.THLIM IIOJieM. 

§ 57. HeJIHHeAHaH reopiUI KHHeTHtJecKoA: HeyCTOA:'IHBOCTH [ 162] 

MexaHH3MLI orpaHH'IeHHH KH MoryT fiLITL BeeLMa p33Hoo6pa3HLIMH, cy­
mecTBeuuo pa3JIH'IaTLeH B TOM HJIH HHOM eny'lae. OgHaKo see no p33HOo6pa-
3He B03HHKaeT B pe3YJILTaTe IIOCJie}l;OBaTeJibHbiX aKTOB Tpex- H 'leTLipeXBOJIHO­
BbiX B33HMO}l;eii:eTBHH, nOJTOM)' ygaeTeH Bblll:eJIHTb OeHOBHbie JJieMeHTbl M033H­
KH, H3 KOTOpOH CKJia}l;bmaeTCH Ta HJIH HHaH KapTHHa. 

57 .1. OrpaHHtieHHe KHHeTHtJecKoA: ueyCTOA:'IHBOCTII HeJIHneA:nLIM 3aryxa­
uue~. TaK )l(e, KaK H npH rrapaMeTpH'IecKOH ueyeroii:'IHBoeru, oguoii: H3 B03-
MO)I(HLIX IlpH'IHH orpaHJ:I'[eHHH 'IHCJia BOJIH HBJIHeTeH poeT HX 33TYX3HHH. Mexa­
HH3Mbl, rrpHBO/l:HIIlHe K nerrHHeii:HOM)' 3aryxaHHIO BCB, TO'IHO re )l(e, 'ITO H ll:JIH 
TICB. HerrHHeii:uoe 3aryxaHHe, o6ycnosnenuoe rpeXBOJIHOBbiMH rrpou;eeeaMH, 
paeeMorpeuo B rn. 8. KoJcl>cl>Hu;Henr uerruueii:uoro 3aryxaHHH ll:JIH BCB eosna­
gaeT e KoJcl>cl>HUHeHTOM uenHHeii:uoro 3aryxaHHH ll:JIH TICB, eenu B ueM 3aMe­
HHTL BOJIHOBOii: BeKrop, qaerory H '!Heno TICB ua eoorseTCTBYIOIIlHe rrapa­
MeTpbi BCB. B enyqae, Korga BCB uaxo}l;HTeH s6JIH3H }l;Ha erreKrpa, rpexsonuo­
Bhre npou;ecebr ga10r MaJibiH BKJiall: HJIH Moryr fibiTb 3arrpemenhr. Torga ene­
gyer paCCMOTpeTb OTHOeHTeJibHO M3Jlble BKJI3/l:bl B KHHeTH'IeeKoe ypaBHeHHe, 
o6yeJIOBJieHHbie 'leTbipeXBOJIHOBbiM B33HMO}l;eHeTBHeM. 0HH o6yeJIOBJICHbi 
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rrpoueccaMH cnwrnHH nsyx BCB c o6p33oBaHHeM nsyx reiiJIOBbiX BOJIH: 
- 2 'YN L, 4s (k) = 21T f1Tkl, 23. n 1 (kt) [no (k2) + n0 (k3)] X 

X o (k + kt -k2 - k3)o (w(k) + w(kt)- w(k2)- w(k3)] dk1 dk2 dk3 (57.1) 

H rrpoueccaMH, B Koropbrx yqacrsyror rro KpaiiHeii Mepe rpH BCB; 

'YNL ,48 (k) = 21TfiTkl, ul2 
{ n1 (kt)[nt (k2) + n1 (k3)] - .flt (k2)n1 (k3)]} X 

X o (k + kt - k2 - k3)o [w(k) +w(kt)-w(k2)-w(k3)]dk1 dk2 dk3. (57.2) 

3necb, KaK H paHbi.IIe, HHneKc 0 xapaKrepH3yer paBHOBecHbre CB (no = 
= T/w (k)), HHneKc 1 - sropH11Hbre CB s6JIH3H rrosepXHoCTH "1c = Wt . AHanHJ 
OTHOCHTeJibHOH pOJIH pa3JIH1JHbiX rrpoueCCOB HeJIHHeHHOrO 33TYX3HH.fl B orpaHH­
'IeHHH KH BCB rrposeneH B.C. llbBOBbiM H B.E. qeperraHOBbiM [ 162] . PeJyJibTa­
Tbr noii pa6oTbi orpa)l(eHbr B rrrr. 57.1 H 57 .2. )larree Mbi orpaHH'IHMCH CJiyqaeM 
'Yo 1 ~'Yo 2, Korna CB so sropoM rraKere 6JIH3KH K pasHosecmo. 

B KHHeTH'IecKoe ypaBHeHHe nJI.!l CB rroncraBHM n (k) B BHne n = n0 + n1 H 
}"'TeM, 'ITO n0 .flBJI.fleTC.fl ero pei.IIeHHeM rrpH n 1 = o:-B pe3YJibTaTe nJI.fl n·i (k) rro-
1IYlJHM HeJIHHeiiHoe ypaBHeHHe 

3n 1 (k) 
~ = Ark [no (k) + n1 (k)] - r(k)nt (k) + 

+Jel {nt(k)} +1T<l>NL{nt(k)}. (57.3) 

3necb J el OIIHCb!Baer yrrpyroe pacce.flHHe BCB, <INL - JaBHCHII.(aH or n1 'laCTb 
IIpHXOnHbiX 'IJieHOB <1>3 JL"'<l>4 · 

Ha rrepBOM narr~ HCCJienosaHHH ypasHeHH.fl (57.3) Mbr 6yneM YlJHTb!BaTb 
TOJibKO HeJIHHeHHYJO 33BHCHMOCTb 'Y (k) : 

r(k) = ro(k) + rN L(k). (57.4) 

Ponb HeJIHHeHHOCTH B rrpHXOnHbiX 'IJieHax <I>NL 6yner paccMorpeHa HH)I(e . .Ilrr.fl 
rrpocroTbi Mbr He 6yneM Y'IHTbrBaTb raK)I(e yrrpyroe pacce.flHHe. Ero poJib B ocHoB­
HOM CBOnHTC.fl K H30TpoiiH33UHH pacrrpeneneHHH n1 (k) H HeKOTOpOMY ysenH­
'IeHHIO rropora KH (eM. JaAaqy 11.3). 

PaccMorpHM BHa'lane CJiyqaii, Korna rrpoueccbr CJIHHHH.fl BCB pa3pei.IIeHbi H He­
JIHHeiiHoe 3aTyXaHHe HBJIHeTCH CHJibHbiM. B 3TOM IIpH6JIH)I(eHHH Mbl HMeeM HH­
TerpaJibHOe ypasHeHHe, CJienyromee H3 (57 .3): 

nt(k)=A-ykno(k)[ro(k)+-yNL {nt(k)} -Arr1. (57.5) 

3necb 'Y NL o6yCJIOBJieHO rpeXBOJIHOBbiMH IIpoueccaMH pacrrana: 'Y NL = 'Y, 38 · Jlrr.fl 
Bbl.flCHeHH.fl Ka'leCTBeHHoro xapaKTepa pei.IIeHHH (57 .5) rrpeHe6pe)l(eM 33BHCH­
MOCTbiO 'Y 38 H A 'Yk OT k B o6JiaCTH, rne n1 * 0, H IIpOHHTerpHpyeM (57 .5) ITO k. 
IlOJIY'IHM IIpH6JIH)I(eHHO 

Nt ('Yo + r13Nt - Ar) = Arno ki, 

N1 = fnt (k)dk, r 38= 'fi3N1. (57.6) 

3:o,ecl. k~ - o61>eM o6nacrH, rne Ar * 0: 

Arno ki = f A-y(k) no (k) dk, (57 .7) 

A r H n0 - xapaKrepHbre JHa'leHH.fl A r(k) H n0 (k) B noii o6nacrH. Ilepexon.fl B 
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(57.6) K 6e3pa3MepHoif neReMeHHOH 

x = T/3Ntfro, 
I 

noJiytiHM 

x(I +x- li'Y/ro) =A li'Yfro 

(57.8) 

{57.9) 

XapaKTep pellieHHH :noro ypaBHeHHH onpep;enxeTcH BCJIH'IHHOH 6e3pa3Mep­
Horo napaMeTpa A, KOTOpbiH HMeeT npoCTOH CMbiCJI: 

A =113n 0 k3 /r0 • (57.IO) 

EcnH A~ I (HanpHMep, H3·3a Toro , 'ITO o6nacTb, rp;e t:. 'Y * 0, aHOMaJibHO Ma­
na, KaK :no 6hmaeT B6JIH3H nopora pa3perneHHH npouecca) , TO TeiiJIOBbiMH 
!l>nyKTyauHHMH MO:lKHo npeHe6pe'lh, noJIO)I(HB A = 0. Torp;a x = (t:.'Y- 'Yo) /'Yo, 
HJIH, B HCXO)J;HbiX nepeMeHHbiX, 

'Yo + T/3Nl = fi'Y. 

YtiHTbiBaH omHtiHe A OT Hynx, nonytiHM H3 (57 .9) 

T/3Nl = fi'Y- 'Yo + fi'YTJ3nok1/(t:.'Y- 'Yo) . 

(57. II) 

(57.I2) 

OueHKH noKa3bmaroT, qTo . seJIHtiHHa A nerKo MO)I(eT p;ocTHraTb ep;HHHllbi H 
p;a)l(e npeBbllliaTb ee. HanpHMep, AJIH CB B Cl>M 

A= (wMT/r0 Tc)(w0 /wex) 112 ~ I02
• 

flpHA ~I perneHHe (57.9) HMeeT BHAX =(A li'Yf'Yo) 112 HJIH 

TJ 3N = (t:. 'YTJ3k~ no )1 
/
2

. (57.13) 

KaK BH)J;HO, 3aBHCHMOCTb N 1 OT A-y He HOCHT KpHTJiqecKoro noporosoro 
xapaKTepa. OrpaHH'IeHHe no cymecTBy npoHcxop;HT Ha p;onoporosoif CTaAHH 
H3·3a HeJIHHeifHoro 3aTyxaHHH "nop;orpeTbiX" BCB. 

EcnH HeJIHHeifHoe 3aTyxaHHe HBJIHeTCH cna6biM, TO orpaHH'leHHe qHcJia BCB 
IIpOHCXOnJ{r Ha 6onee BbiCOKOM ypOBHe H TCIIJIOBbie li>JlYKTYaiiHH 3HatiHTCJibHO 
MeHee cymec1'BeHHbi. B qacTHoctH, naKeT n 1 (k) 6yp;eT cocpep;oToqeH s6JIH3H 
nosepXHOCTH, rp;e ('Yk - f:.-yk) MHHHMaJibHO. B cnyqae c!l>epH'IeCKOH CHMMCT· 
pHH H3 (57 .6) cnep;yeT 

n1(k) = t:.-rno [('Yo- t:.-y ·- TJNi + :'Y"(t:.k)2 /2] - 1
, (57 .14) 

rp;e 'Y 11 = a2 -yjak2
• 11HTerpHpyH (57.14) no MOAYJIIO k, HMeeM Ky6JiqeCKOe 

ypasHeHHe p;nx orrpep;eneHHH 3aBHCHMOCTH N 1 OT ·t:.-y: 

N1 = 4y21T 2 t:.-rnokHC-ro + TJN - t:.-y)'Y1'r 1
'

2 (57 .15) 

3a noporoM KH rrpH A-y >'Yo 

'Yo +TJN- t:.-y= 2A~fi'Y 2 'Y5/(fi'Y- 'Yo)2 'Y"kL 

A 1 = 41T2 TJnok~fro· 
llrrx AJIHHHbiX CB B Cl>M c KBap;paTH'IHbiM 3aKOHOM p;HcnepcHH 

A1 ::PTWex(ak1t/(21TiTc'Yo ~ 1. 

(57 .16) 

flpH A 1 ~ 1 rnHpHHa naKeTa BCB HBJIHeTcH Manoif. 113 (57.14) cnep;yeT 

t:.k/k1 ~A1t:.noi'Y"ki(t:.-y- 'Yo). (57.17) 
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B YJKOH o6nacTH s6nH3H nopora (npH ll:y - 'Yo ~ A 1 'Yo) lliHpHHa naKeTa 

BCB He Mana, H pa:mo)l(eHHe (57.14) Q>opMYJlbi (57.6) ~e He cnpaseromso. 

IlpH aKCHaJibHOH CHMMeTPHH pOJib TennOBbiX Q>n}'Kryaii,HH 6y.o.eT eme MeHb· 

we, B qacTHOCTH, nonpaBKa K o6meMy qncny N 1 HMeeT He cTeneHHYJO, a JKcno­

HeHII,HanhHYJO ManOCTh no napaMeTPY A1 . BMecTo (57.16) H3 (57.6) MO)I(}{O 

nonyqHTL 

[ 
a2 1 a2 1 } [ 1 _ ll.'Y ] 

'Yo + 11N- ll.'Y """ k~ - 2- + 2 exp • 
ak a cos o A 1 ll.'Y 

(57.18) 

Cne.o.yeT OTMeTHTh, ~o cymecTBeHHOH oco6eHHOCThiO MexaHH3Ma orpaHJtqe­

HIDI KH HeJIHHeHHblM JaTyxaHHeM BOJIH .llBIDJ:eTC.Il CHHryiDipHOCTb Q>YHKII,HH 

pacnpe.o.eneHIDI BCB n 1 (k): ecnH npeHe6pe% TennoBbiMH Q>Ji}'KTyaii,H.IlMH, 

TO n 1 6y,[J,eT OTnJtqHa OT HyJI.Il TOJlbKO B HeKOTOpbiX TOqKax k-npOCTpaHCTBa, 

JIHHIDIX HnH UOBepXHOCT.IlX (B JaBHCHMOCTH OT CHMMeTPHH 3a,[J,aqn), UOJIO)I(eHHe 

KOTOpbiX Onpe,[J,eiDJ:eTC.Il H3 YCJIOBIDI BHelliHeH YCTOHqHBOCTH 

a 
ak [- ll.'Yk + 'Yk(nl)] = 0. (57.19) 

IlpH JTOM CTaUHOHapHoe pacnpe.o.eneHHe BCB onpe.o.eiDJ:eTc.ll H3 ycnoBIDI 6anaHca 

ll.'Yk='Yk(n!). (57.20) 

HeTPHBHanbHblH MOMeHT B TeopHH B03HHKaeT, ecnH He06XO,[J,HMO yqHThiBaTh 

TennoBbie Q>nyKTyau;HH. Tor.o.a npH cna6oM HenHHeHHOM JaTyxaHHH B03HHKaiOT 

nonpaBKH K Q>opMYne (57.20), 3aBHC.IliUHeOTCHMMeTpHH3a,[J,aqn (CM. (57.16) 
H (57.18)). EcnH )l(e He'nHHeifHoe JaTYXaHHe senHKO, TO pacnpe.o.eneHHe BCB 

nepecTPaHBaeTC.Il Kap.o.HHanbHO H Q>opMyJia (57.20) Hecnpase.o.nHBa ,!J,a)l(e 

npH6JIH3HTenbHO. BMecTo Hee eM. (57 .13), r.o.e N 1 - (ll.'Y)112 . 

57 .2. CronKHOBHTeJILHbiA MexaHHJM orp8JIH1IeHHJI KH. C ysenJtqeHHeM Ha.o.­

KpHTJtqHOCTH qHcna KOJIJtqeCTBO BCB n 1 pacTeT, TaK qTo CTaHOB.IlTC.Il CYIUeCT· 

BeHHbiMH He TOJihKO BJaHMo.o.eifcTBHe BCB c TennOBblMH BOJIHaMH, HO H HX 

CTOJIKHOBeHIDI Me)I(,[J,y C060H. qeTbipeXBOJIHOBbie npon;eCCbl 

w(k1 )+w(k2 )=w(k3 )+w(k4 ), (57.21) 

B KOTOpbiX yqacTBYIOT TOJlbKO BCB, He BbiBO,!J,.IIT :meprHIO H3 CHCTeMbi BCB 

H UOJTOMy, KaJanOCb 6bi, He MOryT orpaHJtqHTb KHHeTJtqeCKYJO HeyCTOHqH· 

BOCTh. O,!J,HaKo npoueccbl pacce.IIHIDI BCB (57 .21) npHBO,!J,.IIT K ymHpeHHIO 

<i>YHKUHH pacnpe.o.eneHIDI BCB Ja rpaHHUbi o6nacTH HeycTOHqHBOCTH, npJtqeM 

C yBeJIJtqeHHeM Ha,[J,KpHTJtqHOCTH lllHpHHa Q>YHKUHH pacnpe.o.eneHIDI paCTeT 

TaK, qTo pe3yJlbTHPYJOIUHH 6anaHC :meprHH co6JIIO,[J,aeTC.Il: 

J[ll.'Yk - 'Yk(nl)]dk=O. (57.22) 

3TO ycJIOBHe onpe.o.eiDJ:eT JaBHCHMOCTb lllHpHHbl Q>YHKUHH n 1 (k) OT Ha,!J,KpHTJtq­

HOCTH: o6mee qHcno N 1 ,!J,OJI)I(HO 6biTh TaKHM, qTo6bi npoueccbi (57.21) o6ecne­

qJtnH TPe6yeMyro lllHpHHy HK. 

IlpH 60JlblllOH Ha,[J,KpHTJtqftOCTH TeiTnOBbiMH Q>nyKTyali;IDIMH MO)I(}{O npe­

He6pe'lb H yqnTbiBaTb H3 npHXO,[J,HbiX qneHOB TOJibKO <l>NL ,4 s. Jh MexaHH3MOB 

HenHHeifHoro JaTyXaHIDI Mbi .IIBHO 6y.o.eM yqHThiBaTh TOJlbKO 'YNL ,48 . OcTanb­

Hbie cnaraeMbie, eCJIH OHH cyiUeCTBeHHbl B cpaBHeHHH C 'Y NL , 48 , 6y.o.yT CqJtTaTb· 

C.ll BKnJOqeHHbiMH B 'Yk = 'Yo(k) + 'YNL ,48 + .. . B peJyJlbTaTe ypaBHeHHe (57.3) 
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nepenHCbiBaeTCH B BH,D,e 

ont(k) . 
--= (~'Yk - 'Yk)n-1 (k) + fel{nl (k)} - 'YN L 48 n1 (k) + rr<f> N L 48 , (57.23) 
2ar · · 

rne le~o 'YNL, 48 H <l>NL , 48 JanaroTcH Bbipa)f(eHHHMH (56.14) , (57.2) . Cnyqaii 

r.<PepH<IeCKOH CHMMerpHH HaH6onee npOCT )J.JIH aHaJIH3a. IlOCKOJibKY n 1 He 3a· 

BHCHT OT OpHeHTaiJ,HH k, fel = 0. Bbi6HpaH n 1 B BH)J,e 

(57.24) 

H BbiiTOJIHHH B (57.2) HHTerpHpOBaHHe no yrnaM, nOJI)"'HM BMCCTO (57.23) 

2F 2 

N1 {~<) = , 2 f Nt(Kt)Nt(Kz)Nt(K3)o(K + "1 - "2 - K3)dKtdK2d"3 · 
2-y ef + 'Y " 

(57.25) 
(57.26) 

(57.27) 

YpaaHeHHe (57.25) coananaeT no BH,D,y c ypaBHeHHeM )J.JIH <PopMbi naKeTa 

IlCB no tJaCTOTaM (51.13). Ero enHHcTBeHHbiM ycTOHtiHBbiM pellleHHeM HB· 

JIHCTCH 

(57 .28) 

rne 3<P<PeKTHBHaH lliHpHHa naKeTa Ko H ero HHTerpanbHaH aenHtJHHa onpenenH­

IOTCH H3 YCJIOBHH 

'Yef = 'Y11K~/2, 
(57.29) 

F 2 N~ = -y"K ~/2 + 'Yer· 

3)J,eCb npOHCXO)J.HT KOMneHCaiJ,HH CJiaraeMOrO C HCJIHHCHHbiM 3aTyxaHHCM 

'YNL , 48 , COOTBCTCTBYJOUUfM npHXO)J.HbiM CJiaraeMbiM <J.>NL , 48 , TaK 'ITO (57 .29) 
(c )"'CTOM (57.26), (57 .27)) nepenHCbiBaCTCH B BH,D,e 

{57 .30) 

TaKHM o6paJoM, J<P<PeKTHBHoe yaenHtJeHHe JaTyxaHHH BCB Ha BeJIHtJHHY 

r"~<~/2 npoHcxonHT H3·3a YlliHpeHHH naKeTa BCB a pe3yJibTaTe qenipexaonHo­

BbiX npoueccoa pacceHHHH BCB npyr Ha npyre. M.cnonb3YH (57.29) H (57.27), 
npencTaBHM (57 .30) B BH,D,e 

~'Y ='Yo+ *'YNL,48• 

(57.31) 

3TO 03HatJaeT, 'ITO 3cpcpeKTHBHOCTb CTOJIKHOBHTCJibHOrO MeXaHH3Ma orpaHHtJe· 

HHH KHHCTH'ICCKOH HeyCTOHtiHBOCTH COBna)J,aeT C TO'IHOCTbiO )J.O 'IHCJia (paBHOrO 

1/2 B c<PepHtieCKH-cHMMCTPH'IHOM CJI)"'ae) C 3<P<PeKTHBHOCTbiO MeXaHH3Ma HC· 

JIHHeiiHoro 3aTyxaHHH npH "BbiKJIIO'IeHHoM" npHXO)J.HOM t{]ICHe <l>NL , 4 3. B cny-
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qae .6onee HH3KOH CHMMeTpHH Jq>q>eKTHBHOCTb CTOJIKHOBHTeJibHOrO MeXaHH3Ma 

HeCKOnbKO Bbiiiie. 

57.3. l<mtem'leCKa.ll JeyCTOA'IIfBOCTb IlpH 60JibWOA HaiU(pHTH'IHOC'Ill. C pOCTOM 

Ha,o;KpHTH'IHOCTH pacTeT aMrrnHTy,!l;a BCB H pa3BHBaeTcH HOBaH KHHeTH'IecKaH 

HeyCTOH'IHBOCTb, IlpHBO,!l;JilUaJI K HapaCTaHHIO BOJIH TpeTbero IIOKOJieHHJI. EcnH 

'IHcno llCB rropHW<a HnH rrpeoocxo,!l;HT 'IHcno TCB, yqacToyromHX B rrpoueccax · 

penaKCaUHH BOJIH cne,!l;yiOIUHX IIOKOJieHHH, TO MO>Kel pa3BHTbCJI uenaJI Hepap­

XHJI KHHeTH'IeCKHX HeyCTOH'IHBOCTeH, B03HHKaiOIUHX B pe3yJibTaTe IIOCJie,!l;OBa­

TenbHbiX pacrra,o;oo oonH. IIonHaH KapTHHa B03HHKaromHX rrpH JTOM xoneHHH 

OTCYTCTByeT. B HaCTOHIUee BpeMJI ,!l;OCTaTO'IHO IIO,!l;p06HO HCCJie,!l;OBaHa HepapXHH 

HeycToH'IHBOCTeii, B03HHKaromHX rrpH rrapaMelpH'IeCKOM B036y>K,!l;eHHH CB 
B A<I>M B cnyqae, KOr,!l;a pa3peiiieHbi pacrra,!l;bi CB Ha CB H 3BYK [ 14 7] . II pH noM 

B03HHKaeT UeJihiH pH,!l; KHHeTH'IeCKHX HeycTOH'IHBOCTeH rrepBOrO IIOpH,!l;Ka, 

KOTOpbie, O,!l;HaKO, He MoryT IlpHBeCTH K 3Ha'IHTeJibHOMy rrornomeHHIO JHeprHH, 

rrocryrraromeH OT HaKa'IKH. OrpaHH'IeHHe aMIIJIHTY,!J; BOJIH. B JTOM cnyqae CBJ13aHO 

C rrpoueccaMH CJIHJIHHJI BOJIH BbiCIIIHX IIOKOJieHHH C o6pa30BaHHeM OTHOCHTeJib­

HO BhiCOKO'IaCTOTHhiX 6biClpO penaKcHpyiOIUHX CB. 
JipH ,!l;aJibHeHIIIeM pOCTe MOIUHOCTH HaKa'IKH, 110-BH,!l;HMOMy, 1IpOHCXO,!l;HT 

rrepeXO,!l; OT cna60 HepaBHOBeCHOrO K CHJibHO HepaBHOBeCHOMy ( Typ6yneHTHO­

My) COCTOJIHHIO BOJIHOBOH CHCTeMhl, KOr,!l;a B036y>K,!l;eHbl BCe CTelleHH CB060,!l;bl 

H peanH3yroTCJI nnaBHble ClleKTpbi KOJIMOrOpOBCKOrO THIIa. 

3a.Qna 11.1. Onpe.QenHTL nopor J<HHeTH'!ecKolt neycrolttiHBOClH nepBoro nopH.ru<a 
.Q1IH cnHHOBblX Bonn B AciiM Jill B npoueccax pacnana MarHoHa na .QBa cponona [ 14 7] . 

YKa3aHue. B Ka'leCTBe aMnnHTYIIbi :noro npouecca MOlKHO B3HTh cnenYIOmee MouenL­
noe BbipaJKeHHe: 

IU(kqq')i 2 =2t2wexflqflq•[ 2 e~ 2 + •• e~fi' ]
2

/e(k) . 
Eq- flq Eq - q' 

rue P
2 (k) =e~ +s 2k 2 - 'laCTOTa MarHOHa, flq =cq - 'laCloTa cPOHOHa, S > C, t - M&nbllt 

napaMeTp MarHHTOCTpHKUHH, Wex > flq, € (k) . 
3a.Qa'18 11.2. PaCCMOTpeTb KH nepBoro nopHuKa OTHOCHTenbHO pacnaua ncB Ha CB 

H <PoHOHbi (eM. n. 56) B npenene et =sfc > 1 [219]. 
3a.Qa'lll 11.3. flonyqHTb ycnOBHe llnJi nopora KHHeTH'IeCKOlt HeyCTOlttiHBOCTH B aHH-

30TpOnHOlt cpene npH cHnLHoM ynpyroM pacceHHHH. 
3a.Qa'l& 11.4. OnpenenHTL IUHpHHy H HHTeHCHBHoCTb naKeTa BCB B H3oTponHolt cpene , 

o6yCJtOBneHHbie 'leTbipexMarHOHHb!M pacceHHHeM, eCUH OTpHUaTellbHaH II06aBK& B 3aTy­
xaHHe CB HMeeT BHU 

-L:t."(= {0 npH k<k 0 , 

. L:t.-"('(k-k0 ) npH k>k 0 , 

a aMUnHTyjla 'leTblpeXBOnHOBOro B3aHMOjleltCTBHH UOClOHHHa (B.C. JlyTOBHHOB, f.E . cJlanb-
KOBH'I, B.B. llepenaHoB ( 147)) . . 

YK03QHUe. Yuo6Ho BOCUOnb30BaTbCH BapHaUHOHHblM npHHUHUOM, paccMOTpeHHbiM B 
§52. 

3a.Qa'lll 11.5. OnpenenHTb ycnoBHH 6ananca Tpex naKeTOB Bonn B H30TponHolt cpeue, 
H3 KOTOpbiX OIIHH HBnHeTCH Y3KHM naKe1.JM llCB C 'laCTOTOlt w 1 H BOnHOBbiM BeKTOpOM 
k 1 , ,iJ.pyrolt - C 'laClOTOlt W2 H BOnHOBbiM BeKTOpOM k 2 , HaXOIIHTCH B o6naCTH KHHeTH'IeC­
KOlt HeycroltimBOClH, a TpeTHlt o6pa30BaH B pe3YnLTaTe CnHHHHlt BCB H ncB w, = w, +" w, 
[147]. 

256 



3aAaqa 11.6. OnpeAenHTL nopor KH nepsoro nop»AKa B IIJOTponHOM !l>M c JaKOHOM 

A!!Cnepcllll CB : 

wk=w0 +wex(ak) 2 

II He JaBIICHI.l.liiM OT BOTIHOBLIX BeKTOpOB MaTp~HLIM :meMeHTOM TpeXMal'HOHHOI'O B3aiiMO­

AeliCTBIIH V 1 2 3 = V = cons t. 
YK03QHUe KpoMe npouecCOB pacnaAa ncB Ha ABe BCB, Heo6XOAIIMO yqecTh TaKJKe 

npoueccLJ cni!HHIIH BCB II ncB. 
Oreer: 

] 1/2 , 

rAe Ncr - TIOpOI'OBOe KOn~eCTBO nCB , w 1,2 II ')' 1,2 - 'laCTOThl II JaTyXaHIIH naKeTOB 

BCB, w 1 + w 2 = wp/2 . 
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