
fflABA 5 

KOnJIEKTHBHbiE KOnEBAHIDI CHCTEMbl 

fiAPAMETPHqECKH B03BY)I(JlEHHLIX BOnH 

B npeAbiA}'IUeH rnase OnHCaHO CTaUHOHapHOe COCTOR:HHe CHCTeMbl napaMeT­
pHtieCKH B036y)f()J;eHHblX B011H. Manbie KOne6aHH11 OTHOCHTe11bHO 3TOrO 

COCT011HH11 6yA}'T H3ytieHbl B 3TOH rnase . 

§ 23. CneKTp npoCTpaaCFBeHHG-O.IlHOpo.lnii>IX 
KonneK'IliBm.IX Kone6aHHA - 3neMeHTapau TeopiUI 

23.1. CneKTp KonneKntBHhiX Kone6aHHA B 6e3AHCCHilllntBHOM npeAe­
ne 'Y = 0. EcnH 3aTyxaHHe CB 'Y paBHO Hynro, TO raMHnbTOHHaH CHCTCMbi JC 
11B11R:eTC11 HHTerpanOM IJ:BH)f(eHHR:. fiyCTb 3HatieHHe 'JC B B03MymeHHOM COCTOR:· 
HHH He COBna)J;aeT C ero 3HatieHHeM JC0 B OCHOBHOM COCTOR:HHH. 3TO 03HaqaeT, 

'ITO CHCTeMa HHKOr)J;a He CMO)f(eT npHHTH B OCHOBHOe COCTOR:HHe H, nocK011bKY 

ApyrHX YCTOH'IHBbiX CTaUHOHapHbiX COCTOR:HHH y Hee HeT, ee noBe)J;eHHe 6y)J;eT 
cymeCTBeHHO HeCTaUHOHapHbiM. ,Unn TOfO 'IT06bi BbiR:CHHTb xapaKTep 3TOH 

HeCTaUHOHapHOCTH, HaH)J;eM tiaCTOTbl (cneKTp) K01111eKTHBHbiX K011e6aHHH (KK) 
CHCTeMbl fiCB . 

11Men s BRAY cpasHeHHe TeopHH c 3KcnepHMeHTOM, paccMoTpHM AIIH onpe­
AeneHHOCTH Ky6HtieCKHH <l>M npH HaAKpHTH'IHOCTH HH)f(e BTOporo nopora, 
KOrAa B ocHOBHOM cocTOHHHH ITCB so36y)f()J;eHbi B nnocKOCTH 3KBaTopa. 

,0603Hatia11 qepe3 CJtic OTKJ;(OHeHHR: KOMnneKCHblX aMnnHTYA bk OT OCHOBHOfO 

COCT011HH11, Bbi)J;e11HM B raMHnbTOHHaHe S-TeOpHH (18.1) tiaCTb JC0 , COOTBeT­

CTBYIOlUYIO OCHOBHOMY COCTOR:HHIO, H tiaCTH JC 1 H JC2 , COAep)f(aiUHe 11HHeHHbie 
H KBaApaTH'IHbie no ak qneHbi. YtiHTbiBan ypasHeHHR: ABH)f(eHHH, y6e)f()laeMcn 
B 3KCTpeManbHOCTH 3HeprHH OCHOBHOrO COCTOR:HHR: : JC 1 = 0. KBaApaTH'!HaR: 
no ManbiM B03MymeHHHM qatTb raMHnbTOHHaHa nocne nepexOAa OT cyMMHpo­

BaHHn K HHTerpHpoBaHHIO npHHHMaeT BHA 

(27T)
2 JC2 = Nd 2 J[ S 1 exp [- i(.,o -.,o ')} + T 1 exp i (o,o - o,o')] a,, a,*, 1 d.,od.,o' + 

'{J'{J '{J'{J T T 

+ [exp(iliJt)f(T .exp[-i(op+o,o')a,, a .]+K.c. )d.,od.,o']} , 
'{J'{J T '{J 

(23.1) 

meT"'"''= Tkk' , npH 8 = 8' =7T/2, I k I= I k' I= I k 0 _1 . IlepexoAR: K <tJypbe-KOM­

noHeHTaM H HCn011b3Y11 aKcHanbHYIO CHMMeTpHro, nonytiHM 
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~ 

m =- oo 

211' 

J T(.,o -.,o')exp [ -im(.,o - .,o')J d (.,o - .,o'), 
0 

211' 

J S(o,o-o,o ')exp [ - i(m - 2)(.,o-.,o')Jd(.,o - .,o'). 

0 

(23 .2) 
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faMHJibTOHHaH (23.1) MO:>KeT 6b!Tb ll,HarOHaJIH30BaH nHHeHHbiM KaHOHHt!eCKHM 

npeo6pa30BaHHeM K BHAY 

(23.4) 

3TO npeo6pa30BaHHe B03MO:>KHO, ecnH liaCTOTa KK nm B CHCTeMe TICB BemecT­

BeHHa . TipH S m (2 T m + S m) < 0 :na liaCTOTa OKa3biBaeTcn MHHMOH, liTO yKa3hi­

BaeT Ha HeycTOHiiHBOCTh OCHOBHO f O COCTOHHHH OTHOCHTenbHO B036y)l(lJ.eHHH 

3KCllOHeHIJ,HaJibHO HapacTaiOll{HX KOne6aHHH (BHyTpeHHHH HeycTOHiiHBOCTh, 

ynOMHHYTaH paHee). 

KaHOHHiiecKoe npeo6pa3oBaHHe OAH03HaliHO onpenenneT 3HaK liaCTOThi KK 

B (23.4). BnpolieM, JTOT 3HaK MO:>KHO HaHTH H3 npoCThiX coo6pa:>KeHHii. 11MeH­

HO npH I T m I ~ I T m + s m I 3HaK nm ' OlieBHAHO, COBnanaeT co 3HaKOM 

( s m + T m) . n pH HenpepbiBHOM yBellHiieHHH T m 3HaK nm B CHnY HenpepblBHO­

CTH KaHOHHI!eCKOfO npeo6pa30BaHHH COXpaHHeTCH H MO:>KeT H3MeHHTbCH llHlllb 

nocne o6pameHHH nm B Hynh. OTpHUaTellbHOCTb nm 03HaliaeT, liTO B pe3yn&Ta­

Te B036Y:>KAeHHH KK JHeprHn cHcTeMhi TICB yMeHhrnaeTcn. TipH JTOM B npouec­

ce HX penaKCaUHH JHeprHH CHCTeMbi B03pacTaeT. 3TO He npoTHBOpeliHT 3aKOHY 

coxpaHeHHH JHeprHH, TaK KaK cHcTeMa TICB nonyliaeT JHeprHIO OT HaKai!KH. 

B Ky6H'!eCKOM <l>M B CHMMeTpH'IHbiX HanpaBneHHHX ( 111) H ( 1 00) BenH'IH­

Hbl S m H T m OTnH'IHhi OT 'Hynn TOn&KO npH m = 0, ± 1, ± 2. Bbrpa:>KeHHH nnn 
KoJ<f><t>HUHeHTOB S m, T m , COOTBeTCTBYIOll{HX JTHM MOAaM, MO:>KHO nony'IHTb 

H3 (6.26), (6 .27) H (23 .2) : 

So =21Tg2(wm/wp)2{[1+(wp/wm)2]112 +Nzo - 1}, 

To= So+ 21Tl(ilxo- 1), 

~ = { 

S1 = s_l = o, 

- 8; M II [111], 

9, Mil [100], 

Tt =T_t =~qT2 +T2+ To -So -S2 - S2), 

Tt 2 = * 1Tl(wm /wp? [(iixz - 1)u; + (1 +(wp /wm )2 
)

112
], 

St2 = 21Tg2 [(Nzz - 1)u; + Ut Wm /2 Wp], 

Ut = *[(1+(wm/Wp)2
]

112 + 1), Nzz=Wex(ka)2 +~w0 /wp. 

(23 .5) 

<l>opMynhi (23.5) noKaJhiBaiOT JaBHCHMOCTb qacTOT KK OT ycnoBHii JKcnepH­

MeHTa: Hall,KpHTH'IHOCTH, liaCTOTbl HaKa'IKH, HaMarHH'IeHHOCTH, BHelllHero Mar­

HHTHOfO nonn, <t>opMbl o6pa3Uli H KpHCTaJinorpa<l>H'IeCKOH aHH30TponHH . 

.IJ.rrn A<l>M rrn H3 <t>opMyn (7 .13) BHAHO, 'ITO s 0 = To ' a OCTaJibHbie s m H 

T m paBHbl HyniO. 0TC10Aa, B '!aCTHOCTH, cnenyeT ycTOH'IHBOCTb OCHOBHOfO 

COCTOHHHH, Ha6niOll,a10ll{aHCH B 3KCnepHMeHTaX EJf.KOTIO:>KaHCKOfO H 

JI .A.Tip030pOBOH (125), JI .A.Tip030poBOH H A.J1 .CMHpHOBa (200) BnnOTb 

AO O'leHb OOllblllOH Hall,KpHTH'IHOCTH. 
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23.2. KaK BJIHJieT 3aryxaune CIIHHOBI>IX BOJIH ua cneKTp KK? 3ror BOITpoc 

O'!eHb Ba)l(eH oco6eHHO IToroMy, 'ITO seJIH'IHHa JaryxaHH.H CB 'Y k MO)I(er 6&ITb 

OAHOro ITOp.HAK3 C '13CTOTOH !lm . flHHeapH3Y.H ypaBHeHHH (18.11) OTHOCHTenb· 

HO BOJMymeHHH H3 <t>oHe OCHOBHOfO COCTO.HHHH (19.6) H, ITOnara.H Q, a• -
- exp (- i !1 t ), ITony'IHM CHCTeMy .OAHOpoAHbiX ITO Q, Q • anre6paH'!eCKHX 

ypaBHeHHH. YcnosHe Hx paJpelliHMOCTH oiTpeAen.Her qacrorv H JarvxaHHe KK: 

!lm = -i"( ± [4Sm(2Tm +Sm)Ni- "( 2 
]

112
. (23 .6) 

0TCIOA3 cnecyer B3)1(Hb!H Bb!BOA 0 TOM, 'ITO KpHrepHH B03HHKHOBeHH.H BHyrpeH­

HeH HeycrOH'IHBOCTH Ha m-H KOnneKTHBHOH MOAe He 33BHCHT OT BenH'IHHbl 

33TYX3HH.H H OITpeAen.HeTC.H, KaK H B KOHCepB3THBHOM cnyqae, HepaBeHCTBOM 

Sm (2 Tm + Sm) < 0 . (23.7) 

B paMKax HJnO)I(eHHOH Bbillle :meMeHTapHOH TeopHH KK cHcTeM&I IlCB .HB­

n.HIOTC.H ITpoCTpaHCTBeHHO-QAHOpoAHbiMH. IlpH y'leTe ITpOCTp3HCTBeHHOH AJ{CITep­

CHH K3)1(AOH HOpManbHOH MOAe COOTBeTCTByeT uena.H BeTBb .... Pm (K), ITpH'IeM 

<t>opMyJIOH (23 .6) OITpeAen.HeTC.H ee men&. 3aBHCHMOCTb !lm (K) Mbl Bbi'IHCnHM 

a cneAywmeM ITaparpa<t>e . 

§ 24. IlpocrpanCTBeuuo-neoAHopoAHaJI S-reopHJI 

,Uo CHX ITOp ITpH OITHC3HHH H.enHHeHHOfO ITOBeAeHH.H IlCB Mbl ITpeAITOnaranH, 

'ITO CT3THCTH'!eCKHe CBOHCTBa BOnHOBOfO ITOn.H .HBJI.HIOTC.H ITpOCTp3HCTBeHHO· 

OAHOpoAHbiMH. Ha .H3biKe KOppen.HI.J;HOHHbiX <l>YHKUHH JTO OJHaqaer, 'ITO 

(a;. alt) - o (k- k') ~t' (aka -k' ) - o (k- k'). EcnH )l(e OTKaJaT&CH or 

"' JTOfO ITpeAITOnO)I(eHH.H H AOITYCTHTb, 'ITO B cpaBHeHHH C )l.JIHHOH BOnHbl ITpoCT· 

paHCTBeHH3H HeOAHOpoAHOCTb ITnaBH3.H, TO BeJIH'IHHbl 

nkk' = <a;,ak ), akk' = <aka-k') (24.1) 

y)l(e He 6yAyT npoiTopuHoHan&Hbi o (k- k') : ITO k- k' ciHH 6yAyT cocpeAOTO­

'!eH&I B YJKOM cnoe lllHpHHOH 1/L , rAe L - xapaKrepHbiH ITpocrpaHCTBeHHbiH 

paJMep HeOAHOpoAHOCTH. B JTOM ITaparpa<t>e Mbi ITorry'IHM H ITpoaHanHJHpyeM 

ypaBHeHH.H S-TeopHH )l.JI.H nkk' H akk' B cnyqae nnaBHOH HeOAHOpOAHOcm. 

24.1. OcuoBHI>Ie ypaBHeHHJI. llrr.H roro 'IT06&I norry'IHTb ypasHeHH.H S-reopHH 

)l,Jl.H KOppenHTOpoB (24.1) , Bbl'IHCnHM npOH3BOAHbie 

ankk' _ ~ aa;,> (aak • ) 
-- - ak -- + -- a , . 

at at ar k 
(24.2) 

TaK )l(e, K3K H llpH Bb!BOAe OCHOBHbiX ypaBHeHHH ITpOCTpaHCTBeHHO·OAHOpOA· 

HOH S-TeopHH (18.6), Mbi HcnomJyeM AHHaMH'IeCKHe ypasHeHHH ABH)I(eHH.H 

(16.2) H "pacmenHM" '!eTsepH&Ie Koppen.HTOpbi qepe3 ITapH&Ie ITO npaswy, 

o6o6mawmeMy (18 .7): 

<aiaia3a4) = n31n42 + n41n32 + ai2a34 , 

<a;a2a3a4) = n21 °34 + n31°24 + n41 °i3• 

<a;a;a;a4 ) = n41 a;3 + n42 a;3 + n43 a;2, 
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B peJymraTe H3 (24.2) crrenyer 

[a~ + 'Yk + ~'k' + i(wk - wk.)]nkk' 

=-i ~ {Tk1,23(17 2k' 17 31 +n3k' 11 21+a;k,ai3)6 (k+l - 2-3) ­
l ,2,3 

- T23 k'1( 17k2 11 13+11k3 11 12+akla;3)6(k'+l-2- 3)}, 
' 

[a~ + 'Yk + ~'k' + i(wk + wk' - wP)]akk' = 

=-i ~ {Tk1,23(17k ' 1a2J+ 17 21a3k'+17 31a2k')6(k+l-2-3)+ 
I , 2,3 

+ T k' I 2 3 (n k 1 a 2 3 + 11 2 1 a k j + 11 3 1 a k ·2) 6 ( - k' + 1 - 2 - 3)} · 
. ' 

(24.4) 

llarree, JlJlR npOCTOTbl Mbl npeJlUOJlO)I(HM , 'ITO npOCipaHCTBeHHaR OJl.HOpOJl.HOCTb 
OJl.HOMepHa (BJlOJlb ocH z). To rna 

nkk ' = n (kl, kz, k~) 0 (kl - k~ ); 

akk' =a (kl , kz, k~) 0 (k 1 - k~). 
(24.5) 

Y'lHTbiBaR, 'ITO npH <I>HKCHpOBaHHOM k1 naKeTbi nk1 (kz, k~) H ak1 (kz, k~) 
cocpenoto'leHbi B YJKOM crroe: 6kz ~ k, MO)I(HO B (24.4) pa3JlO)I(HTb w (k1, kz) 
B pKn no kz - k~ (k~ - ueHrp naKera: k~ = f (k1)) H npeHe6pe'lb JaBHCH­
MOCTbJO T12,34(kz - k~). florrytJeHHbie ypaBHeHM ynpomaJOTCK nocrre nepe­
xona B r-npenctaBJleHHe no KoopnHHaTe Z: 

[ a (a a) __ ·] , 
-- + 2rk + Vk - ·- + - , + iwk (z) - iwk (z ) nk (z, z) + at az az 

+ i [a.:_k (z, z')Pk (z', z') - Pk (z, z) ak (z', z)] = 0, (
24

.
6

) 

[
a (a a) _ _ , ] (' - +2rk+vk -, - - +iwk(z)+iwk(z) - iwp ak z,z)+ 
at az az 

+ i [Pk (z', z') n_k (z', z) + P - k (z, z) n (z, z')] = 0. 

3necb 

(27T) 3 nk (z, z') = f nk1 (kz, k~) exp i [kzZ - k~z' - k~ (z - z')] dkzdk~, 

Wk (z) = Wk + 2 fTkk'nk' (z, z)dk~, 

Pk (z, z') = h Vk + f Skk' ak' (z' , z) dk', 

(27T) 3 ak (z', z) = (27T) 3 a_k (z, z') = 

(24.7) 

= f ak1 (kz, k~) exp i (kzz - k;z' - k~ (z - z')) dkzdk~ , 

Vk = 3wkjakz, W
11 

= a2 wkfak;, 

Tkk'kk' = Tkk'• 

TkTC .k'k' = skk·. 
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,lln.11 rrpOCTOTbl Mbl OT6poCWIH HeCyiUecTBeHHbie, KaK rrpaBWIO, lUieHbi C aHTH· 
JpMHTOBLIMH '!aCT.IIMH S H T, a TaK:>Ke nurppaKUHOHHLie 'lneHLI, rrporropuuouanb­, 
HLie w . 

8 rrpOCTpaHCTBeHHO~.fl:HOpo.fl:HOM cnyqae ypaBHeHH.II (24.7) rrepeXO.fl:.IIT B 
ocuoBHbie ypasueuH.II S-TeopHH. Ecnu aMrrnuzyna uaKa'IKH h Menneuuo (no 
cpaBHeHHIO C .fl:nHHOH BOnHbl k- 1

) H3MeH.IIeTC.II B I1poCTpaHCTBe, TO B (24.6) 
h 3aBHCHT oT z. CymecTseuuo, 'ITO rrpuseneuuble 3,n:ecb ypasueHH.II norrycKaroT 
d>aKTOpH3osauuoe perueuue BH.fl:a 

nk (z, z') = Ai (z) Ak (z') , ak (z, z') = Ak (z') A _k (z), {24.8) 

rne Ak (z) ynosneTsop.lleT ypasueuuro, o6o6maromeMY {18.11): 

[~ +n + Vk ~ + i (wk - wp/2)] Ak + iPkA:k = 0, at az . 
(24,9) 

IIo,n:qepKneM, 'ITO ypasueHH.II (24.6) , rronytieHHLie B rrpu6nH:>KeHHH caMocorna­
cosauuoro rron.11, He CO,n:ep:>KaT CTOXaCTH3HpyiOIUHX r!laKTOpOB H HMeHHO I103TO· 
MY norrycKaroT ,n:HHaMHtiecKoe perueuue (24.9) . Ecnu :>Ke ecTb BHeiUHHe rrpH­
'IHHbi .fl:n.ll CTOXaCTH3aiiHH, HarrpHMep, 3a C'leT Ha'lanbHbiX WIH rpaHH'IHbiX ycno­
BHH, TO ITOBe,n:eHHe BOnH 6y,n:eT OITHCbiBaTbC.II perueHH.IIMH ypasHeHHH (24.6) 
6onee o6mero suna. 

24.2. CneK'Tp KonneKTHBHLIX Kone6aHHR n(it). lln.ll TOro '!T06bi HaHTH 
n(it ), H006XO.fl:HMO n/ibteapH30BaTb ypasHeHH.II (24.9) Ha O.fl:HOpo.fl:HOM 
rpoue: Ak (z) = AZ + bk (z) H OTLICKHBaTL HX perueuue B sune bk (z), 
bi (z) cr. exp(iKr- int). IIpuseneM pe3ynLTaTLI B nsyx rrpocTbiX, uo sa:>KHLIX 
cny'la.llx. 

Jf30TponHaJI MOOetlb: skk' =.S, Tkk' = T, vk = V. 3TOT cnyqaii xapaKTepeu 
.fl:n.ll A<I>M nn. 3aBHCHMOCTb 'laCTOTbi KK OT HX BOnHOBOro BeKTopa orrpenen.ll­
eTC.II I];HCrrepCHOHHbiM ypaBHeHHeM 

211 
!::.2 (n+2i'y)n f [(Kv) 2 cos\o+n(n+2h)i- 1 dcp=4rr2

, (24.10) 
0 

B KOTOpOM !::. 3a,n:aeTC.II rpopMYnOH (23.6) rrpH "/ = 0. ,lln.11 {Ku) ~ !::. perueHHe 
{24.10) HMeeT BH,n: 

n(K)= - i'y±[t:.2 +(Kv)2 - "1 2
] 112

, (24.11) 

IIpH K = 0 {24.11) rrepexoa;HT B Bbipa:>Keuue ,n:n.11 qacTOTbi rrpocTpaucTBeuuo­
onuoponuLIX KK, H3y'leHHbiX HaMH B rrpenLIAYIUeM rraparparpe, IlpH oTpuua­
TenbHbiX !::. 2 pa3BHBaeTc.ll ueycTOH'IHBOCTb. HaH6onee ueycTOH'IHBLI Kone6a­
HH.II K = 0, 06naCTb HeycTOH'IHBOCTH rrpoCTHpaeTC.II 1];0 KV = !::./2, rrpH !::. 2 > 0 CTa· 
uuouapuoe perueuue ycTOH'IHBO rrpH scex K. AKCUO/IbHO-cUMMerpu'IHaJI Mo,n:enb. 
113yqHM crreKTp KK n(K) B Ba:>KHOM .fl:n.II .JKcrrepHMeHTOB B <I>M cnyqae, KOrp;a 
aMrrnHTya;a sonu omH'IHa OT uyn.11 ua IUHpoTax 8 = 80 H 8 = rr/2- 80 • B Ky6u­
qecKHX <l>M rrpH rrapannenbHOH HaKa'!Ke rrpH Ha,n:KpHTH'IHOCTH .0:0 6+8 a;B 8 = rr/2 
(JKBaTop), rrpH rrorrepetiHOH HaKa'IKe '!aCTO peanH3yeTC.II cnyqaii 8 = rr/4. Hau6o­
nee rrpocTO Bbirn.II,[UIT 3aBHCHMOCTb n (it) B cnyqae, Kora;a K rrapannenbHO OCH 
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CHMMeTpHH. )lTUI Ka)l(,ll.OH rapMOHHKH C HOMepOM m MOX<HO llOJl}"'HTb 

Qml± (K)= -ir ± (o!, 1- r 2]1/2, Qm2± (K)= -ir ± (o!,2- r 2]1f2, 

o!,1:2=(Kv)2 +72 (.6!,1 +.6~2]± 

± [~(.6~1 - .6~2)2 +(Kv)2 (.6~1 +.6~2 +.6~)]112 , 

.::l~ = 4 (T,;;- Tm)(T,;; + T;, + Sm) N 2
, 

.6~1 = [72w"K 2 +(2Sm +r;, +T;,)N]2 - (T;, +Tm) 2 N 2 , 

.6~2 = [72w"K 2 +(T~- Tm)N] 2 -(T,;; - Tm) 2 N 2
• 

(24.12) 

3AeCb T!,, Sm - <!>ypbe-rapMOHHI<H KOJ<!><!>HUHeHTOB T(kz, kz, (<P - I{J ')), 

S [k~, kz (<P -I{J 
1
)) ypaBHeHIDI (24.9), IlpH 0~ I, 2 (K) > 0 Bbtpll)l(eHIDI (24.12) 

COOTBeTCTBYJOT KK c 'laCTOTOH ± 0 m I, 2 H AeKpeMeHTOM 3aTyXaHIDI r. paBHbiM 

AeKpeMeHTY 3aTyXaHIDI CB npH 0~ I, 2 (K) < 0: Im n > 0. 3TO COOTBeTCTByeT 

3KcnoHeHUHaJibHOMY poczy KK - HeycTOH'IHBOCTH npocTpaHCTBeHHO-oAHOpoA­

HOro pacnpeAeJieHIDI IICB. 

IlpoaHaJIH3HpyeM nonyqeHHbie Bbipa)l(eHIDI (24.12) AJIH qacTOT KK. IlpH K = 0 

(24.13) 

3TO Bbipll)l(eHHe )Jll.ll 'laCTOTbl npoCTpaHCTBeHHO-QAHOpOAHbiX KOJie6aHHH nony­

'leHO B npeAI>JAYUleM naparpa<t>e. Kone6aHHe nm (0) YCTOH'IHBO, CCJIH 

s (T;, + T,; + Sm) > 0. Kone6aHHe nm2 6e3pa3JIH'IHO YCTOH'IHBO . IlpH Ma­

JlblX KV HMCCM 

o~ 1 (K) = o~ 1 (0) + (Kv) 2 (2Sm + T,;; - Tm)/Sm, 

(24.14) 

TaKHM o6pa30M, ecnH Sm (T,;; - T;;J < 0, CTaHOBHTC.II HeycTOH'IHBOH BeTBb 

KK om 2 (K) npH K i= 0. IlpH 3TOM c pocToM K yuenH'lHBaeTCH 3anac ycTOH'IH­

BOCTH H BCTBH Om 1: IIonar.aH .::l~ 1 > 0, .::l~ > 0, HaxOAHM, 'ITO BeTBb Om 1 yc­

ToH'IHBa npH Jli06biX KV, a 06JiaCTb HeyCTOH'IHBOCTH 0 m 2 3aKJIIO'ICHa MC)I(,ll.y 

K = 0 H K = Ko, rAe (KoV) = .::l~, B Ky6H'ICCKHX <liM MO)I(CT OKa3aTbCJI, 'ITO 

KV = 0. 3TO npoHCXOAKr, CCJIH BOJIHbl B036y)l(,ll.CHbl Ha 3KBaTOp~, a B03MYUlC· 

HHe nepneHAHKYJIHpHO ero ITJIOCKOCTH, HJIH KOrAa H3-3a aHH30Tp0nHOrO 3aKO· 

Ha AHCITepCHH rpy'niTOBaJI CKOpOCTb AJIJ1 B036y)l(,ll.eHHbiX BOJIH V (8) o6pamaeTCJI 

B HYJII> JJll.ll 8 = 80 , B 3TOM cnyqae (24.12) ynpomaeTcH H npHHHMaeT BHA 

ilm± (K)=-ir ± {[2(Tm +Sm)N+72w"K 2
]

2 -4T~N2 -r2 } 112.(24.15) 

ll,n.11 npOCTOTbl Mbl ITOJIO)I(HJIH T+ = T- = T, 3TO COOTHOWCHHe BCerAa BbinOIT· 

HJICTCJI, HanpHMCp, AJl.ll BOJIH, B030Y)I(,ll.CHHbiX Ha 3KBaTOpe, IlpH 3TOM BTOpaH 

BeTBb KOJie6aHHH Om 2 BCCfAa ycTOH'IHBa. 113 Bbipa)l(eHIDI (24.15) BHAHO, 'ITO, 

Aa)l(e eCJIH 0~ 1 (0) > 0, B03MOX<HO B03}JHKHOBeHHe HeyCTOH'IHBOCTH B o6JiaC­

TH w" K2 ~ 4(T m + Sm) N, ecJIH w" (Tm + Sm) > 0. KaK 6yAeT noKa3aHo 

HH)I(e, pa3BHTHC HeyCTOH'lHBOCTH C K = 0 npHBOAHT K B03HHKHOBeHHIO aBTOKO· 
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ne6aHHH HHTerpanbHOH aMIIJIHTynbi BOJIH. IlpH rrapaMeTpHlleCKOM B036y)f(IJ.eHHH 
CB B <PM 3KcrrepHMeHTaJibHO oHH rrpoHBJIHIOTCH KaK aBTOKone6aHHH HaMarHH­
qeuuocTH. B · Ky6HtiecKHx <PM 3HaK w 11 3aBHCHT oT uarrpH)!(eHnocTH sueumero 
IIOJI.II, H JierKO C03naTb CHTyaUHIO, KOrna IIpoCTpaHCTBeHHO-<>nHoponHbie KOJie-
6aHH.II ycTOH'IHBbi, a ueycTOH'IHBOCTb noKaJIH30Bana B o6nacTH w 11 

"
2 "' SN. 

B pe3yJibTaTe pa3BHTHH 3TOH ueycmH'IHBOCTH MO)!(eT B03HHKHYTb cTau;Honap­
HaH, rrpocTpaHcTsenuo-onuoponnaH KapTHHaAk (z) c MacmTa6oM (SN/w 11

) 
112, 

rny6HHOH MonynHUHH IIOpHnKa enHHHI.I;bi H cpenHHM ypoBHeM IIOpHnKa N. 
Bo3HHKaeT HHTepecnaH H no cHX rrop ue pemeuua.~~ 3ana11a naxo)f(IJ.eHH.R: TaKHx 
CTai.J;HOHapHblX COCTO.IIHHH H HCCnenosaHH.II HX ycTOH'IHBOCTH B paMKaX ypaB­
HeHHH (24.9). l1nTepecuo rrorrbrraTbCH TaK)!(e o6uapy)!(HTb 3TO HBJieHHe 3Kcrre­
pHMeHTaJibHO. 

24.3. 3aMe'laHue K S-reopuu B orpaHH'IeHHOM o6pa3u;e. OlleBHnuO, 'ITO B rny-
6HHe nocTaTo'IHo 6onbmoro o6pa3u;a peanH3YeTCH pemenHe S -TeopHH, a Ha rpa­
HHUe aMrrnmyna omH'IHa oT nero. Ilo3TOMY 6onbillOH HHTepec rrpencTaBJI.R:eT 
sorrpoc o xapaKTepe rrpH6JIH)!(eHH.R: pemeHHH A (z) K onuoponHOMY pacrrpene, 
neHHIO S -TeopHH. OlleBHiJ.HO, 'ITO rronyqaromHec.R: ypasneHH.R: HneuTH'IHbi ypas­
HeHH.R:M (24.9)' H3yqeHHhiM B 3anaqe 0 KK, ecnH IIOJIO)!(HTb TaM a /at = 0. Ilo3-
TOMY nHcrrepcHoHHoe ypasuenHe nnH K rrony11aeM uerrocpencTseuno H3 (24.12), 
IIOJiaraH Q (K) = 0: 

8~ 1, 2 (K) = 0, 8A (z)"' exp iKZ. (24.16) 

IJOCKOJibKY 8~ 1, 2 KaK <l>YHKI.J;HH K .IIBJI.IIIOTC.II IIOJIHHOMaMH, BhlXOn Ha aCHMII­
TOTHKY S -TeopHH uocm 3KcrroneHI.J;HaJibHhrn xapaKTep. OrrpenerrHM xapaKTep­
Hhie MacmTa6hi BhiXona Ha OiJ.Hoponuoe pemeHHe. 

3a HCKJIIO'IeHHeM cily'la.~~, Korna BOJIHhi pacrrpocTpaHHIOTCH rrapannenbHO 
rpaHHUaM o6pa3u;a, MO)!(HO rrpeue6pellh B (24.16) 'IJieHaMH c W

11 
K

2. Torna 
(24.16) yrrpomaeTCH no BHIJ.a 

(Kv)2 = .!l~ = 4 (T~ - T;;,)(T~ + T;;, + Sm) N 2. {24.17) 

BhiXon ua OAHoponuoe pemenHe rrpoHcxonm JIHillb rrpH .!l~ < 0, T .e. Korna oKa-
3hiBaeTCH ycTOH'IHBOH Mona 8m 2 • EcnH )!(e BOJIHhi pacrrpocTpaHHIOTCH rrapan­
JieJibHO rpaHHI.J;e (Kv = 0 H T+ = r-), TO nHcrrepCHOHHOe ypaBHeHHe 11.Jl.11" rrony­
'laeTC.II, eCJIH IIOJIO)!(HTb paBHhiMH nymo Q (K) B <l>OPMYJie (24.15) : 

[2(T+S)N-i-~ W
11

K
2

]
2 =4T 2N 2

• (24.18) 

OTpHu;aTeJibHhie K 2 HBJIHIOTCH pemeuHeM 3Toro ypasneHH.R: TOJibKO B TOM cny­
qae, ecnH S(2T+S) > 0, W

11 (T + S) > 0. Mhi BHIJ.HM, 'ITO 3TH Tpe6osaHH.R: cos­
rranaror c ycnoBH.R:MH ycTOH'IHBOCTH ocuosuoro cocTOHHHH. TaKHM o6pa30M, 
3KCIIOHeHI.J;HaJibHa.ll aCHMIITOTHKa BbiXOna Ha onuoponnoe pemeHHe S -TeopHH 
TOCHO CB.II3aHa C yCTOH'IHBOCTbiO OCHOBHOrO COCTO.IIHHH OTHOCHTeJlbHO KOJIJieK­
THBHhlX B036y)f(IJ.eHHH. llfMeHHO B yCTOH'IHBOM cnyqae cymeCTBYIOT TOJibKO 
KOMIIJieKCHble peilleHH.II ypaBHeHH.II Qp (K) . EcJIH )!(e OCHOBHOe COCTO.IIHHe He­
yCTOH'IHBO OTHOCHTeJibHO rrpocTpaHcTseuno-neonuoponuhlX B03MYmeuHH:, To, 
KaK y)!(e OTMe'lanocb Bhiille, KpoMe onuoponuoro cymecrnyiOT KBa3HIIepHonH­
'IecKHe pacrrpeneneuH.R: Kone6auHH: co cpenuHM yposneM SN. B 3TOM cny11ae 
neii:CTBHTeJibHbie K, IIOJiy'leHHhle H3 (24.17), (24.18), 03Ha'laiOT, 'ITO Mhl HaillJIH 
rrpocTeii:IUHe pemeHH.R: TaKoro tHrra. 
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§ 25. Pe30HaHCHOe B036y~eHHe KOJIJieK'IlfBHLIX KOJie6auHA 
M3JIOA 8MilliH'fY.r:u.I - TeopHJI H 3KcnepHMeHT 

PaccMoTpeHHLie BhiiUe KK eueTeMhi ITCB MO:>KHO B036y~aTh (TaK )l(e, KaK 
H Kone6amrn mo6oii npyroii rrpHpO)J;bi) pa3JIHllHhiMH erroeo6aMH - e rroMOI.UhiO 
pe30HaHeHOrO BHeiiiHero B03p;eiieTBHH, rrapaMeTpHtieeKH HJIH yp;apHbiM o6pa-
30M. l1 Bee 3TH erroeo6bi B036y)I()J;eHHH 6biJJH peaJIH30BaHhl B 3KerrepHMeHTaX 
Ha <l>M H A<l>M Jlfl. flpome seero IIOeTpOHTh TOOpHIO H HHTeprrpeTHpOBaTh 3Ke­
rrepHMeHT3JihHbie p;aHHhie p;m1 pe3ouaueuoro erroeo6a B036y)I()J;eHHH KK. l1Meu­
HO TaKHM o6pa30M B 1972 r. H 6LIJJH o6uapy)l(eHhi H Heenep;oBaHhi KK B.B. 3ayT­
KHHhiM, B.C. JlhBOBhiM H C.C. CTapo6HHIIeM [85). B :noii pa6oTe ua o6pa3eii 
:>Kl1f, rroMHMO rrapaJIJienbuoii uaKatiKH, rrop;asaneH p;pyroii CBq eurnan e Toii )l(e 
rronHpH3aiiHeii hz II h II M, hz (t) exp ( -i w t), tiacrora KOToporo w omHtianaeh 
OT qaeTOThl HaKa'IKH Wp Ha tiaeTOTY KK n. flpH 3TOM ponh pe30Haueuoii BHeiU­
ueii eHJil!I urpanH 6HeHHH Me)I()J;y p;syMH CBq eurnanaMH ua pe3onaueuoii qae­
TOTe. Brroenep;eTBHH B 1975 r. E .l1. OpnoM u C.C. Crapo6HHIIeM [ 194] 6biJJ pea­
JIH30BaH rrpHMOR pe30HaHeHbfii MeTO)J; B036y~eHHH e IIOMOI.UhiO rrepeMeHHOrO 
MarHHTHoro rronH ua qaeTOTe KK, KOTopaH Jie)I(HT B pap;uoqaeTOTHOM p;Harra3o­
ue (rropH)J;Ka 1 Mfu). B rrpHHIIHTie KK MO)I(HO B036y~aTh u 3BYKOM, qaeToTa 
H BOJIHOBOR BeKTOp KOToporo eosrrap;aiOT e tiaeTOTOR H BOJIHOBhiM BeK­
TOpOM KK. Bee 3TH MeTO)J;hi B036y)I()J;eHHH KK H 6yp;yT paeeMoTpeHhi B uaeTOH· 
meM rraparpa<t>e. 

25 .1. 1-fcxop;uLie ypasueuHJI u ux perueuHe B nuueAHOM rrpu6nH:>KeHHH. l1HTe­
pecyHeh rrosep;euHeM TOJihKO rrpoeTpaueTseuuo-op;uopop;nhiX KK uyneooii MO)J;hl 
(K = 0, m = 0), Mhl yepe)J;HHM ypaBHeHHH )J;BH)I(eHHH S ·TOOpHH (18 .11) IIO Be eM 
uarrpasneHHHM k B rraKeTe ITCB: 

[o/ot + 'Y + i (wk - wp/2 + 2 T0 c* c)] c + i (h Vo + Soc2
) c * = - il(t), (25 .1) 

l(t) =In exp ( - int) +In exp int. (25.2) 

3p;ecb I c2 I = N - HHTerpanhnoe tiHeno ITCB B rraKeTe, V0 , T0 H S 0 - yepep;ueu­
Hhie IIO IIaKeTy KOJ<l><l>HIIHeHTbl raMHJihTOHHaHa 3a)J;a'IH. )lrrH Ky6HtieeKHX <l>M 
OHH 3a)J;aiOTeH <t>opMynaMH (23 .5), )J;JIH A<l>M Jlfl- <t>opMyJiaMH (7 .13). B rrep­
BYIO qaeTh (25 .1) p;o6asneua rrepHop;HtieeKaH eHJia I (t), rrpupop;y KOTOpoii Mhi 
eeii'!ae KOHKpeTH3HpyeM. 

a) B enyt~ae, Korp;a ua eHeTeMy ITCB p;eiieTByeT p;orronHHTeTihHhrn ena6Liii 
eHrHaJI Ha tiaeTOTe W (eM. 3ap;aqy 5 .3) , 

In= hz Voco, In= 0, n = w - Wp· (25.3) 

6) EenH tiaeTOTa ena6oro eHrH3Jia n Jie)I(HT B pap;HotiaeTOTHOM )J;Harra30He, TO 
(eM. 3ap;aqy 5 .3) 

In =I_ n = Uocohz, Uo= g (1 + wltfw~). (25.4) 

BLipa)l(eHHe )J;JIH U0 eooTBeTeTsyeT Ky6H'!eeKOMY <I>M, KOrp;a IICB eoepep;oTotie­
Hhi Ha 3KBaTOpe. 

B) Eenu KK B A<I>M rrrr B036y~aroTeH 3BYKOM, TO (eM. 3ap;aqy 5.4) 

I nit= Vsm (it, k) co [~Tt. n + ~~ Tt, -n], 

1- n:= Vsm ( --lt,k)co [~-:.n +~K,-n]-
(25.5) 

3p;ecb ~Tt(t)- KaHOHHtiecKaH aMIIJIHTyp;a_3ByKa, a V8 m- MaTpHllHbie JJieMeHThi 
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B3aHMoneiicTBHll 3ByKa co CB, Bbi'IHcneHHbie B.C.JlYTOBHHOBbiM [144]: 

Xsm = _'E fVsm (it, k){J;t(t) ckck+it+ K.c.l, 
K,k 

Vsm (/) { il(it)j[w (k) w (k +It)]} 1 / 2 . 
(25.6) 

Bbipa)l(eHH.ll (25 .2) noncKa3bmaiOT cpopMy, B KOTopoii cnenyeT HCKaTb peme­

HHe ypaBHeHHH (25 .1) B JIHHeHHOM no f npH6JIH)I(eHHH: 

C (t) = C0 + C (il) exp ( -iilt) + C ( -il) exp iilt, 

C(il)+e+ (il)f(il)+e_ (il)f* (- il). 

flpoCTbie Bbi'IHCJieHHH 3necb na10T 

e+ (il) =- [il +i-y + 2 (To+ S0 )N) .:l- 1 (il), 

Coe+ = Co•e_, 

.:l (il) = <l5 - il2 - 2i-y il, <l5 = 4S0 (2 T0 + S0 ) N, 

N= I Co 1
2

• 

(25.7) 

(25.8) 

KaK H cnenoBano o~aTb, BocnpHHM'IHBOcTH e MaKcHManbHbi, Korna qacToTa 

BHelliHeH CHnbl il 6JIH3Ka K C06CTBeHHOH tiaCTOTe KOnneKTHBHOrO pe30HaHCa <lo. 
25.2. Bo36y~eHHe KK cuq MarHH'IHbiM noJieM. 3cpcpeKTHBHOCTb B036y~e­

HHJI KK MarHHTHbiM noneM hz MO)I(HO xapaKTepH30BaTb BocnpHHMIIHBOCTbiO 

X (wp +il): 

mz (wp + il) =X (wp + il) hz (wp + il). (25 .9) 
I 

(, 

3necb mz (wp + il) - aMnnHTyna KOJie6aHHH Ha 'laCTOTe Wp + il npononbHOH 

KOMnOHeHTbi HaMarHH'!eHHOCTH mz (t), KOTopaJr 3aBHCHT OT 'IHCJia CB H, cneno­

BaTeJibHO, H3MeHHeTCH npH B036y~eHHH KK. B HameM npH6niDKeHHH H B o6o3-

HatieHH.liX, npHHHTbiX B noM naparpacpe, HeTpynHo nonyqHTb mz (wp + il) = 
= V0 C 0 C,n.l1cnom3yH Bbipa)l(eHH.ll (25.7), (25 .8) lJ.JlH C 0 , C0 H[ n H onpenene­

HHe (25 .9), nonyqHM Bblpa)l(eHHe nJIH MHHMOH 'laCTH BOCllpHHMIIHBOCTH K cna­

OOMf CBq CHrHany, xapaKTepH3YIOIUeii nomomeHHe ero 3HeprHH CHCTe­

MOH IICB: 

( 
h ) 22-y2 [il5 +il2 +4il(T0 +S0 )N] 

II ( + il) - II (25 10) 
X Wp -X hth (il5- Q2)2 + 4-y2il2 . . 

3nec& X" - MHHMaH 'lacTb BOCDpHHM'lHBOCTH K llOJIIO HaKa'lKH h, 3anaBaeMaH 

cpOpMyJIOH (21.4). flpH 60JiblliOH HanKpHTH'IHOCTH, Korna <l5 ~ -y 2
, cpopMa JIH­

HHH (25 .1 0) 6JIH3Ka K nopeHueBoii c mHpHHoii, paBHOH 3aryxaHHIO CB -y. B TO'l­

Kax pe30HaHCa BOCnpHHM'lHBOCTb paBHa 

X11 (wp ± ilo) = X 11 (h/ht) 2 [(1 + T6/(S0 (2T0 + S0 ))
112

]. (25.11) 

J1MeeT npHHUHnHan&HOe 3Ha'leHHe TO, 'ITO BOCllpHHM'lHBOCTb MO)I(eT CTaTb OTpH­

uaTeJibHOH : 3TO COOTBeTCTBYeT He nornomeHHIO, a ycHJieHHIO CJia6oro CHrHana. 

113 cpopMf1I (25.11) cnenyeT, 'ITO nornomeHHe npoHcxonm Ha qacToTe wP + n, 
a ycHJieHHe- Ha 3epKanbHOH 'laCTOTe Wp- n. B03HHKHOBeHHe ycHJieHHJI MO)I(­

HO TpaKTOBaTb KaK cnenCTBHe pacnanHOH HeycTOH'lHBOCTH OCHOBHOrO COCTOH­

HHH (c "MenJieHHOH" 'laCTOTOH, pa,BHOH HYJIIO) Ha 3JieKTpOMarHHTHOe H3Jiyqe­

HHe ( c MenneHHoii 'laCTOTOH il) H KK c co6cTBeHHOH 'laCTOTOH .:l0 • 3aKOH cox-
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paHeHHJI 3HeprRR B 3TOM npouecce Llo + n = 0. TaKRM o6pa30M, ycRJieHRe npo­
RCXO,!l;RT ua 'laCTOTe n = -Llo, 'ITO COOTBeTCTByeT cpOpMYTie (25 .11) . IJornorue­
HHe ua JTOM H3biKe ecTb cne,o;cTBRe npouecca pacna,o;a cna6oro cRrHana ua oc­
uosuoe COCTOHHRe R I<K C 3aKOHOM COXpaHeHHJI n =no. 

3KcnepRMenTanbuo KonneKTHBHbiH pe3ouauc ua6mo,o;ancH B.B. 3ayTKHHbiM, 
B.C. JlhBOBbiM, C.C. Cnpo6HHUeM [85] ua MOHOKpHcTannax )1{11f. 0TMetJeuo 
xopornee KonRtJecTBeuuoe cornacRe c npe,o;cnsneuuoif 3,o;ecb TeopReH. B tJacT­
uoc'm, 3KCTiepRMeHTaTibHble 3aBRCRMOCTR BOCTipHRM'IRBOCTH K cna6oMY CRrHa­
ny H 'laCTOTbi KK OT MOIUHOCTR uaKa'IKR xoporno cornacyroTCH c 3aBRCRMOCTH­
MH, onpe,o;errHeMbiMR cpOpMYnaMR (25,11) R (25,8) BTITIOTb ,!1;0 BTOporo nopo­
ra hfhth ::: 8 ,o;E, 0TMeTRM TaK:>Ke, 'ITO KOnneKTHBHbiH pe30HaHC MO)I(HO RCTIOTib-
30BaTb KaK y,o;o6ubiH H uarnH,o;ubiH MeTO,o; R3MepenRH speMeHR penaKcauHH CB. 
I13MepeHHJI TIOKa3biBaiOT, 'ITO B COOTBeTCTBRR C TeOpHeH IUHpHHa TIHHRR pe30-
HaHCHOfO TIOfTIOIUeHHJI npaKTR'IecKR He 3aBRCRT OT MOIUHOCTH HaKa'IKH R XO­
pOIUO cornacyeTCH co 3HatJeuReM 'Y, rronytJeunbiM no 3Ha'leHHIO rropora rrapan­
nerrbHOH HaKa'IKH. 

25.3. Pa,o;H01JaCT01HaJI MarHHTHIUI BOCTipHHM'IHBOCTh H KOJIJieK1HBHbdt pe-
30HaHC IICB B c»M H Ac»M. PaccMOTpeunbiH B rrpe,o;bl.o;yrueM rrynKTe crroco6 pac­
Ka'IKH KK ua tJaCTOTe n c TIOMOIUbiO rrpo,o;onbHOro CBq IIOTIJI hz ua 'laCTOTe 
Wp + n BbirTIJI,!l;HT uecKOTibKO HCKYCCTBeHHO. Ka3anOCb 6bl, 6onee ecTeCTBeHHO 
.o;nH 3Toro ucrronb30BaTb pq MarHHTnoe none ua tJacToTe n. O,o;uaKo rrepBbie 
IIOIIbiTKR 3aperHCTpnpoBaTb 3TOT 3cpcpeKT He yBeU'IaTIHCb ycrreXOM R3-3a MaTIOH 
socnpHRM'IRBOCTH B pq .o;Rarra3oue, R TOnbKO B 1975 r. E.l1. Opny R C.C. Cn­
po6HHuY [194] y,o;anocb o6uapy:>KHTb o6c}'X(,!l;aeMbiH 3cpcpeKT c rroMOIUbiO rrpu­
Meneuuoif HMH BbiCOKOtJYBCTBRTenbHOH MeTO,!l;HKH. 

Jlng Bbi'IRCIIeHHJI BOCTipHRM'IHBOCTH X (n) K npo,o;OIIbHOMY TIOIIIO hz (n) 
OTMeTRM, 'ITO B 0003Ha'leHHHX 3TOro naparpacpa Bbipa:>KeHHe ,!l;TIJI nepeMeHHOH 
'laCTH mz Ha 'laCTOTe n RMeeT BH,!l; 

mz (n) = Uo (Co Cn + CoC:n) =X (n) hz (n). 

11cnOIIb3YH cpOpMYIIbl (25 .4), (25.7) H (25 .8), nerKO TIOIIYtJRTb 

X =2U~ S0N 2/il* (n), 

il (n) = il~ - n 2 
- 2i"fn. 

(25.12) 

(25.13) 

M " n aKCHMaTibHOMY 3Ha'leHHIO Xn COOTBeTCTByeT pe30HaHCHaJI 'laCTOTa ape3 , 

KOTOpaH, soo6rue rosopH, ue cosna,o;aeT c tl 0 H npH il 0 ~ 2r c xoporneif TO'I­
uocTbiO pasua 

n2 _ n2 "'2 
~~pe3 ~ ~~o - , • (25.14) 

B noM npH6nH)I(eHHH nonyiUHpHHa KpHBOH KOJIJieKTHBHoro pe3ouauca, H3Me­
penuaH ua yposue 1/2, paBua penaKCaUHH CB 'Y. IlpHBe,o;eM 3Ha'leHHe socnpH-
RM'IHBOCTH B pe30HaHCe: 

II gz(n~ - rz)lf2soNi 

Xpe3""' r(n5 -*rz) (25.15) 

II pH 6onbiUOH ua.o;KpHTH'IHOCTH il5 ~ r 2 H cpopMyna (25 .15) yrrporuaeTcH. PacK­
pbiBaH 3aBHCHMOCTb no H No OT p = (h/ hth) 2• IIOIIY'IHM 

II So gz (p - 1) 1/2 
X =--- ----

pe3 ISol 2So(To+S0 ) 1 / 2 ' 
(25.16) 
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2 

0 2 

pH C. 25.1. 3a.BHCHMOCTh IJaCTOThl KonneKTHBHbiX Kone6aHHR OT MO!UHOCTH HaKaiJKH B 

c4Jepe )IUIT 

PH C. 25.2. 3a.BHCHMOCTh IJaCToThl KK OT MO!UHOCTH HaKaiJKH B aHTH<t>eppoMarHHT­

HOM MnC03 

113 :noii Q>opM)'IIbl cnenyeT Ba)l(}{biH BbiBon : rrpH S 0 > 0, KaK no o6bi'IHO 6bi­

aaeT a <l>M, x" > 0 H panHotiaCTOTHoe ronyqeHHe rrornomaeTCH a o6pa3ue. 
EcnH :>Ke S0 < 0 (cnyt~aii A<I>M JIII), TO x" < 0, tieMy cooTBeTCTByeT He rrorno­
meHHe, a yciDieHHe pa,lJ,IjotiaCTOTHoro CHrHana. EcnH :no yciDieHHe rrpeBbiCHT 

3aTyxaHHe B KOIIe6aTeiibHOM KOHType, TO ,nOII)I(}{a B03HHKHYTb HeycTOH'IHBOCTb 

OTHOCHTeiibHO B036y:>K,neHH.!I KOne6aHHH Ha '13CTOTe n- CB0006pa3HbiH IIa3ep­

HbiH 3Q>Q>eKT. 
l13no:>KeHHa.!l B :noM IIYHKTe TeopHH xopomo rronTaep:>K,naeTC.!I JKcrrepHMeH­

TOM E.l1. Opna H C.C. Crapo6HHua [194). B 'laCTHOCTH, HX JKcrrepHMeHTanbHbie 
,naHHbie IIO 33BHCHMOCTH X11 OT Ha,nKpHTH'IHOCTH B pe30H3HCe IIOIIHOCTbiO OIIH­

CbiBaiOTC.!I Q>opM)'IIOH (25.16). Ha6n10naeMa.!l tiaCTOTa KK TaK:>Ke KOIIH'IecTaeu­
HO coarranaeT c Bbl'IHCIIeHHOH rro Q>opM)'ne (25.16) (pHc. 25.1). TaKHM o6pa-
30M, S ·TOOpH.!I ,naeT COrnaCyiOIUeec.!l C JKCIIepHMeHTOM OIIHCaHHe CBq H pq pe-
30H3HCa KK 6e3 KaKHX-nH6o rronroHO'IHbiX rrapaMeTpoa. 3m caH,neTenbcTayeT 
o TOM, 'ITO Q>H3HtieCKHe rrpencTaaneHHH o rrpHpone KK, orrHcaHHbie a JTOM 

rraparpaQ>e, .!IBII.!IIOTC.!I rrpaBIDibHbiMH. 
K pe30HaHCHbiM MeTonaM B036y:>KneHHH KK rrpHMbiKaeT H3.!1IUHbiH Memn 

ynapH9ro B036y:>K,neHHH KK c IIOMOIUbiO pe3Koro H3MeHeHHH Q>a3bi HaKatiKH, 
KOTOpbiH rrpe)l)Io:>KeH JI.A. Ilpo3opoaoii H A.M. CMHpHOBbiM B 1974 r. [200). 
l1x ,naHHbie rro co6cTBeHHOH tiaCTOTe IICB B aHTHQ>eppoMarHHTHOM MnC03 
(pHC. 25 ,2) T3K:>Ke XOpOWO cornaCyiOTCJI C TOOpeTHtieCKOH 33BHCHMOCTbiO (23.4) . 
3TO eme pa3 CBH,neTenbCTByeT 0 TOM, 'ITO S -TOOpH.!I BepHO OIIHCbiBaeT rrapaMeT­

pHtieCKOe B036y:>KneHHe CB He TOIIbKO a <l>M, HO H B A<l>M. 

25.4. BlaHMoneACTBue KK co 3BYKOM u ero ueycroAtiHBocrt. (B.E . qeperra­

HOB [288)). C TOOpeTH'IeCKOH TO'IKH 3peHH.!I JTOT BOIIpOC He OTIIH'IaeTC.!I OT. BOII­

poca o B3aHMoneiicTBHH KK c pq rroneM, Heo6xonnMo TOIIbKO JaMeHHTb Bbipa­

:>KeHne )l)I.!I CIDibi[n (25.4) Ha (25.5) . OnHaKo rrocTaBH'Tb JKcrrepHMeHT rro H3-

MepeHHIO aocrrpHHM'IHBOCTH KK K 3BYKY noaonLno cno)l(}{o. Ilo3:£0MY rrpH H3Y-
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'!eHHH B33HMO,!l;eii:CTBIDI KK co 3BYKOM OOJ!b!lle BHHMaHIDI Jacrry)I(}{BaeT npyraJJ: 

nocTaHOBKa Jana'IH, B KOTopoii: H3YlJ310TCH cosMeCTHbie ,!l;BH)f(eHHR KK H JByKa. 

Bbi'IHCJIHM '!aCTOTbi JTHX ,!l;BH)f(eHHii:. 113 Bbipa)f(eHHR ,!l;JIH raMHJibTOHHaHa MarHH· 

Toynpyroro B3aHMO,!l;eii:cTBIDI Xsm (25 .6) crreny10T ypaBHeHIDI ,!l;BH)f(eHHH ,!l;JIH 

KOMnJI eKCHOH aMTIJIHTy,!l;bl 3ByKa (3 n ;t: 

[n - n 8 (it)+ir8 (it)Jf3itn = v • (k, it)[CO'Cn +CoCfiJ, 
(25 .17) 

[n+n8 (it)+ifs(it)Jf3i .n = v • (k , it)[C~Cn +C0Cfi] . 

3necb ns (K) H f S (K) - '13CTOTa H 3aTYX3HHe 3ByKa C BOJIHOBbiM BeKTOpOM K B 

OTCyTCTBHe IICB. PaccMaTpHsaH 3TH ypasHeHHR cosMecTHO c (25. 7), (25 .8) H 

(25 .5) , TIOJIY'IHM H3 ycJIOBHH paB eHCTBa HYJIIO ,!l;eTepMHH3HTa TIOJIHOH CHCTeMbl 

ypaBHeHHH ,!l;JIH f3 -+ n , (3K::! n, C n H C _ n : 
. K ' ~" ' 

{ [n +irs (it)] 2
- n~(i<)} [n en+ i-y) - D.~] = 

= 8n 8 (it)SN 2 i x(it, k) 12
. (25.18) 

HaH6orree npocT ,!l;JIH HCcrrenoBaHIDI crry'laii:, Korna MO)I(HO npeHe6pe'lb JaTyxa­

HHeM CB H JByKa. Torna 

n~ (it)= ~ {n~(it)+n8 ± [(n~ - n~) 2 + 32SNn8 (it) i vkk it l2 NJ1
'
2 >, 

(25 .19) 

MaTpH'IHbJH JJieMeHT S OTpHuaTeJieH (eM. (7.13)), TI03TOMY B6JIH3H pe30H3HCa 

CBH3aHHbie Korre6aHIDI IICB H ynpyroii: noncHcTeMbi Heycmii:'IHBbi. Y'leT JaTy­

xaHHH CB H JByKa npHBO,!l;HT K TOMy, 'ITO Heycmii:'IHBOCTb CBH3aHHbiX Korre6a­

HHii: (25 .18) pa3BHBaeTCH , ecrrH 'IHCJIO IICB N 6orrb!lle noporosoro Ncr (it). 
MHHHMaJibHOe 3Ha'leHHe Ncr ,!l;OCTHraeTCH B pe30HaHce npH no = ns (it): 

21 SNcr 12 = --yrn~ IS 1/(nK' I Vkk it l2
). (25.20) 

BJaHMoneii:cTBHe KK co 3BYKOM cymecTBeHHO H B,!l;arrH oT peJoHaHca. B 3TOM 

crry'lae H3 (25 .18) crrenyeT 

ntCK)=n(it)+4SN 2 1 Vkk;tl 2 /(n}- n~) -
- i[rj(+8-ykni(SN21 vkk;(l 2 /(n~ - n~) 2 J, (25 .21) 

n2 (it)= no+ 4SN 2 1 vkkit1 2 n j(/(no (n~ - n~)) -

- i[n +8ritni<'SN 2 1 vkki<'l 2/(no - n~) 2 J. 

B OTC)'TCTBHe MafHHTOynpyroro B33HMO,!l;eHCTBHH KOJie6aHHH C 'laCTOTOH nl HB· 

JIHIOTCH lJHCTO aKyCTH'IeCKHMH, a C 'laCTOTOH n2 - KOJIJieKTHBHbiMH KOJie6a­

HHJIMH IICB. 3aTyXaHHe ,!l;JIHHHOBOJIHOBOfO 3ByKa rj( . KaK npaBHJIO, MarrO no 

cpaBHeHmo c JaTyxaHHeM IICB 'Yk. no:noMy npH oTpHuaTeJibHOM S 3aTYXaHHe 

KOJie6aHHif 3BYKOBOf0 THna nl (it) MO)f(eT CTaTb OTPHUllTerJbHbiM, 'ITO 03H3· 

'!aeT HeyCTOH'IHBOCTb . IJopor JTOH HeycTOH'IHBOCTH ,!J;OCTHraeTCH npH HeKOTO· 

poM '!Herre IICB Ncr (it), Korna 

2 2 _ ISI(n~ - n~) 2 

8SNcr-'Ykrj( 2 2 
I VI n;t'Yk 

A.M. CMHpHOBbiM B 1983 r . [208] 6bmo o6Hapy)f(eHo soJ6y)f(,!l;eHHe aKYCTH· 

'!eCKOH MO,!l;bl o6pa3Ull npH ,!l;OCTH)f(eHHH HeKOTOpOH MOIUHOCTH HaKa'IKH. BBH,!J;Y 

KOHe'IHOCTH o6pa3Ull '13CTOTa aKyCTHlJeCKHX KOJie6aHHif ns (it) 6biJI3 CyiUeCT· 
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BeHHO 6on&llle '18CTOTbl KK no. B JTOM cnyqae nopor B036y)I(]J;eHIDI 3BYKOBbiX 

Kone6aHmi paBeH Ncr. OueHKa no S -TeopHH COOTBeTCTByromeif BenH'IHHbi 

p = {hcrlhth) 2 
)J.l'IJI JKcnepHMeHTa A.l1. CMHpHoBa .o;aeT p = 25. 3KcnepHMeH­

Tan&Ho nony'leHHoe JHa'leHHe JTOH BeTIH'IHHbi coc±aBnHeT SO 7 100. Y'IHT&maH 

TO, 'ITO 3Ha'leHIDI I vkklt \, Is I H 38TYXaHHe 'Yk H3BeCTHbl HeJJ;OCT8TO'IHO TO'I­

HO, T8KOe COOTBeTCTBHe TOOpHH H JKCnepHMeHT8 cne.o;yeT C'IHT8Tb yJJ;OBneTBOpH· 

TeTibHbiM . 

§ 26. Uopor napaMeTpH'IecKoro B036}')1(,ll;eHHJI 

B ycnoBHSIX nepHOJJ;H'IeCKOA MOJJ;ynJII.UIH M8I11H'JHOro JI01UI: 

TeOpHSI H JKcnepHMeHT 

Hallla Ja.o;a'la JaKnro'laeTCJI Tenepb B HJyt~eHHH KK 6on&lliOH aMnnHTy.o;&I. 

0JJ;HHM HJ . MeTOJJ;OB HX B036y)f(,!I,eHIDI JIBnJieTCJI CHnbHaJI nepHOJJ;H'IeCK8H MOJJ;Y· 

nHUHSI MarHHTHoro nonH Ha 'laCTOTe, 6nH3KOH K co6cTBeHHOH 'laCTOTe KK. Pa­

JyMeercH, npe)I(]J;e qeM Hccne.o;oBaT& JanoporoBoe coCTOHHHe CB B npHcyTCTBHH 

CHnbHOrO pq nOnJI, He06XOJJ;HMO HJY'IHTb BnHJIHHe JTOrO nOJIH Ha nopor napa­

MeTpH'IecKOrO B036y)I(]J;eHIDI. BnepB&Ie JTOT Bonpoc paccMaTpHBancH X. CynoM 

(213), noKa38BlliHM, 'ITO npH nepHOJJ;H'IecKOH MOJJ;ynHUHH nOJJ;M-&rHH'IHBaiOJ..Uero 

nOnJI (H1IH '18CTOTbi H8K8'1KH) nopor napaMeTpH'IeCKOH HeyCTOH'IHBOCTH pacTeT 

BCneACTBHe HapyllleHIDI B CpeJJ;HeM ycnOBHSI napaMeTpH'IecKOrO pe30H8HCa. 

CornacHo X. Cyny npH COOTBeTCTByromeM Bbt6ope 'laCTOTbi H aMJIJIHTYJJ;bi MO­

.o;ynHUHH HeyCTOH'IHBOCTb npona.o;aeT - ee nopor CT8HOBHTCJI 6ecKOHe'IHO 6on1r 

lliHM.l1.o;eH X. Cyna JKc~,epHMeHTanbHO npoBepHnaCb T.C. XapTBHKOM, E.P. ne­

peccHHH H M.T. BeifccoM [221] . 0HH, o.o;HaKo, He nonytJHnH nonHoro cooTBeT­

CTBIDI C BbiBOJJ;8MH TOOpHH, B '18CTHOCTH, HM He y.o;anOCb yBeTIH'IHTb nopor 6onb­

llle 'leM Ha 10 JJ;D . 3TO HecOOTBeTCTBHe ofuJICHHM B pa3BHTOH HH)I(e TOOpHH. 

IJpHBeAeM T8K)I(e noJJ;p06Hbie 3KCnepHMeHT8nbHbie pe3ynbT8Tbi, KOTOpbie nOJJ;· 

TBep)I(]J;aiOT H8illY TeOpHIO, 

PaccMoTpHM napaMeTpH'IecKoe BOJ6y)I(]J;eHHe CB B MarHHTHOM none 

H= Hm (t) + Ho + h cos wpt. (26.1) 

3.o;ecb H0 - nocTOHHHOe MarHHTHoe none, Hm (t) - Mo.o;ynHpyrolllee none, 

h cos Wp t - CBq HaKa'IKa Ha tJacToTe wp. B&I'IHCneHHe nopora napannenbHOH 

HaKa'IKH B none (26.1) c npOH3B01IbHbiM 38KOHOM MOJJ;YJIHUHH Hm (t) npe.o;­

CTaBnHeT C060H JJ;OBOnbHO TpyJJ;HyiO 38JJ;a'ly. IJoJTOMf paCCMOTpHM BHatJane 

npoCTeHlliHH BapHaHT MOJJ;ynHUHH - C nOMOllib!O npHMoyronbHbiX nepHOJJ;H'IeC­

KHX HMnynbCOB (pe)I(HM THna "MeaHJJ;p" c nepHOJJ;OM 2r). YpaBHeHIDI JJ;BH)I(e­

HIDI )J.l1H HOpManbHbiX aMnnHTy.o; CB B nHHeHHOM npH6nH)I(eHHH HMeiOT BHJJ; 

[ aat + 'Yk + i (t:.k + 2vk Hm) ] Ck + ih Vkc~k = 0, 

0 < t < T, 

[a: +rk +i(t:.k - 2vkHm) 1 Ck +ihVkc~k=O, 
r<t<2r. 

(26.2) 

IJonaraH Ck, c:._k - exp Vt, H8XOJJ;HM, 'ITO HHKpeMeHT IJ B p83Hbie BpeMeHHbie 
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HHTepBaJibl paBeH 

Vt =v(O -r)= -r± [ lhVk 1
2 -(~k +2vkHm)2 J 1 12 , 

(26.3) 
v2 =v(r -2r)=-r± [ lhVk 1 2 -(~k - 2vkHm)2]1f2 . 

PaccMorpHM cnyt~aii rr ;il> I, Korna MO)I(HO npeHe6pe'lb JaTyxaroJ.UHMH perne­
HHHMH, COOTBeTCTB}'IOJ.UHMH OTpHUaTenbHOMY 3HaKy nepeJl KBa]lpaTHbiM KOp­
HeM B (26.3). Torna CYMMapHbiH HHKpeMI.lHT HapacraHHa: Ja nepHOJl cnenoBa­
HH11 HMnynbCOB paBeH V 1 + v 2 • 

113 ycnoBHH Rev = 0 nony'IHM nopor HeycroiiqHBoCTH : 

lhtht V 1
2 =ri +(2vkHm)2 +~;[I +4viH~ /'y2

], (26.4) 

I hth2 V 1
2 = 4ri + (~k + 2vkHm)2

• (26.5) 

Bbipa)l(eHHe (26.4) coornercrByer MaJibiM aMIUIHryJlaM Monyna:UHH, Korna 
I h V k I > I 2vk H m ± ~k I , npH 3TOM MHHHMaJlbHbti1 nopor Heycro~ocTH 
nocTHraerca: npH ~k = 0, r .e. WI11 CB Ha pe3oHaHCHOH noBepXHoCTH Wk = wp/2 . 
CoornercrnyiOIIIHH HM nopor paBeH 

I htht V 1
2 = r~ + 4v~ H! . ~k = o. (26 .6) 

llpH 6onbJ.UHX aMIUIHry]laX MOlzynHUHH, COOTBeTCTBYIOIUHX (26.5), B03HHKaiOT 
nononHHrenbHbie noKanbHbie MHHHMYMbi nopora npH ~k = ±2vkH. BenH'IHHa 
nopora I hth 2 VI Ha 3THX noBepXHocra:x nocroa:HHa H paBHa 2'Yk· TaKHM 
o6pa30M, KpHTH'IeCKaa: aMnnHTYJl!l MOnyna:IIHH H m. cr = V3r/2vk pa3nena:er 
]lBa pe)I(HMa napannenbHOH HaKa~H : pe)I(HM cna6oii MonymmHH, Korna MH­
HHManbHbiH nopor Janaerca: YpaBHeHHeM (26.6), H pe)I(HM CHJibHOH Monyna:­
UHH, KOrJl!l OH nepeCTaeT paCTH H paBeH 2-y. llpH 3TOM B03HHKaeT paCCTpoHKa, 
BenH'IHHa Koropoii pacrer nponopuHoHanbHO aMIUIHryne MOJlynHpyromero 
nona:. 3TOT xapaKrep~biH J<l><t>eKT CHnbHOH MOlzynHUHH - JaMOpa)I(HBaHHe 
nopora npH H m > H m, cr , Boo6rne roBopa:, npHcyrn ronbKO Monyna:uHH npa:­
MoyromHoro THna. TaK, HerpyJlHo noKaJaTb (B.B . 3ayTKHH H np. [88]) , qro 
WI11 CHHyCOH.IlanbHOH H nHnoo6pa3HOH MOlzyna:uHH BenH'IHHa h t h XOT11 H Me]l­
neHHO' HO HeorpaHHqeHHO pacTeT c YBenHqeHHeM H m . n pH H > H m. c r WI11 
CHHYCOHJlanbHOH H nHn006pa3HOH MO]lyna:UHH COOTBeT<;rBeHHO 

21hth V1=1T'Y. 21\vkHm)1 13
, lhth Vl=(rvkHm) 1 12. (26 .7) 

.ilo CHX nop Mbl paccMaTpHBaJIH HH3KoqaCTOTHylO MOJlyna:uHIO C nepHOJlOM, 
MeHbJ.UHM BpeMeHH penaKcauHH CB. Or6poCHM renepb 3TO orpaHH'IeHHe H pac­
cMoTpHM napannenbH}'IO HaKa~y CB B MarHHTHOM none , MonynHpoBaHHOM 
no CHHYCOHJlanbHOMY 3aKOHy c npoH3BOnbHOH qacTOTOH n : H m (t) = 
=H mCOS nt . J1HHeapH30BaHHbie ypaBHeHHHJlBH)I(eHHa: HMeiOT BHJl 

(:t +')'k+i~k+ivkHmcosnt)ck+ihVkc~k=O. (26.8) 

OrpaHH'IHBaa:ch ManbiMH aMnnHTYJl!lMH H m , JanHrneM 

ck = c~ + a(n, k) exp(int) +a( - n , k)exp( - int) . (26 .9) 

CraUHoHapHoe perneHHe ypaBHeHHii (26.8) coorneTCTByer nopory Heycroii'IH­
BOCTH. llO]lCTaHOBKa {26.9) B (26.8) Jl!leT CHCTeMY ypaBHeHHH WI11 C ~ , Cl' (± n,k), 
H3 KOTOpoH B KBaJlpaTHqHOM no Cl' npHMH)I(eHHH HaXOJlHM COOTHOIIIeHHe , onpe-
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nemnoruee nopor: 

I hth vk 1
2 = (r~ +~~)[I + 4v~ H;,/(fl.Z + 4r2 

)] 
2

• (26.10) 

MHHHM3JibHbiH nopor, K3K H CJienoBaJIO ·o:>KHU3Tb, nJill pe)I(HMa cna6oH: MOUYJill­
UHH noCTHraeTcll npH ~k = 0. Ha HH3KHX qacroTax <PopMyrra (26.10) npH 

~k = 0 3KBHBaJieHTHa TO'IHOH <i>OPMYJie (26.6), norryqeHJ;IOH Bblllle nJill MOny­
JiliUHH npHMoyrorr&Horo nma. 3TO, no-BHnHMOMy, 03HatiaeT, 'ITO <PopMyrra 
(26.10), B&meneHHall B paMKax TeopHH B03MyrueHHH, npHMeHHMa c xopollleii 

TO'IHOCTbiO BllJIOTb no 3Ha'leHHii H m = H m ,cr . IlpH'IHHa 3TOfO 33KJIID'IaeTCll B 
TOM, 'ITO Ha BbiCOKHX '13CTOTaX MOUYJiliUHH MaJibiM napaMeTpoM TeOpHH liBJilleT­

Cll 2vkH m/fl., aHa HH3KHX 'laCTOTaX - fl./rk. 
B o6rueM crryqae MOnyJIJIUHH c npoH3BOJI&HOH qacToToH: H npoH3BOJI&HoH: 

aMilJIHTynoH: cpaBHHTeJI&Ho npocroe Bblpa)l(eHHe nJill nopora HeycTOH'IHBOCTH 
norryqaeTCll JIHlllb nJill npliMOYfOJibHOH MOnyJIJIUHH. IlpHBeneM 6e3 B&mona 

ypaBHeHHe, onpenerrHroruee ht h : 

ch(2'YkT) = ch{J.t+ T) ch(~L T) + 
+ sli.(~+ r) sh(~_ r) (I hth Vk 12 

- ~+~_)/(~+~-). 

~± = ~k ± 2vkHm, ~± = I hth Vk 1
2 

- ~~ • 
(26.II) 

B crryqae HH3KHX tiaCTOT (6omll1Hx r) oTcrona HeCJio)I(Ho norry'IHT& <PopMyrry 

(26.2). Ha BbiCOKHX qacToTax (r -+0) HMeeM 

I hth vk I= 'Yk (I + 4vi H-z, T2 /3) 1
'
2

• (26.12) 

Ha pHc. 26.1 npHBenef!bi 3KcnepHMeHTaJI&H&Ie 33BHCHMOCTH nopora naparr­
rrerr&HoH: HaKa'IKH B )1{11f, norryqeHH&Ie B.B. 3ayTKHHbiM H np. [88]. 3TH 3a­

BHCHMOCTH npHBeneHbl B "cnpliMJiliiOIUHX" KOOpa;HHaTaX, B KOTOpbiX no <Pop­
MYJie (26.10) npH ~k = 0 oHH noJI)I(Hbi 6&ITb npliMbiMH JIHHHliMH. BHllHO, 'ITO 
JKcnepHMeHTaJibHbie TO'IKH xopolllo JIO)I(3TCll Ha npHMyro. HaKJIOHbi JTHX 

npliMbiX H yqaCTKH, OTCeKaeMbie HMH Ha OCliX KOOpa;HHaT, B npenerrax 3KCne­
pHMeHTaJibHbiX OlliHOOK (10%) coBnanaroT c TeopHeH:. Pacxo)l(neHHe Ha'IHHaeT­

·cll B 06JI3CTH, Jie)l(aiUeH HH)I(e HeKOTOpoH 'laCTOTbl fl.*, nJill KOTOpOH pa3BHTall 
B&Illle TeopHll HenpHMeHHMa . .UeiicTBHTeJI&Ho, Mbi norrararm, 'ITO pq none 

MOUYJIHpyeT co6cTBeHHyro tiaCTory CB Wk, He cnaHraJI, oriHaKo, c MecTa naKeTa 
IlCB B k-npocTpaHCTBe . OtieBHllHO; 'ITO Ha nocTaTo'IHo HH3KHX qacToTax JTO 

ycrroBHe He co6rrronaeTcll H naKeT IlCB 6yneT cnenoBaT& 3a H3MeHeHHeM Wk. 

IlpH noM ycrroBHe napaMeTpH'IecKoro pe3oHaHca 2wk = wp aBToMaTH'IeCKH 
BbiDOJIHlleTCll B K3)1(]J;biH MOMeHT BpeMeHH H BJIHJIHHe MOnyJiliUHH M3fHHTHOfO 
llOJill Ha nopor OTCYTCTByeT. 

OueHHM xapaKTepeyro tiaCTory, npH KOTopoii ueHTp TJI)I(eCTH naKeTa Ha'IH­
HaeT crrenHTb 3a H3MeHeHHeM norrll. XapaKTepHoe BpeMJI HapacTaHHJI CB oT Ten­

JIOBOH aMUJIHTYU&I r 1 no aMnJIHTYllbi N onpenerrJieTCll H3 ycnoBHll r 1 (h V -r) ::::: 
:::::In (N/N T). BpeMJI r 2 , 3a KOTopoe co6crneHHaJI qacToTa CB H3MeHJieTcll Ha Be­

JIH'IHHY 2-y -lliHpHHY naKeTa IlCB - O'leBHllHO, paBHO Tz =-y1T/f2vkH m· TlpH 

Tz ~T1 nepeMerueHHe naKeTa 6yneT ycneBaT& Ja H3MeHeHHeM MarHHTHoro 
llOJill. 113 YCJIOBHll T 1 = T 2 HaH:neM rpaHH'IHYID '13CTOTY 

2fl.*::::: 1TVkHm/ln(N/Nr). (26.13) 

BxonliiUall B ny <PopMYJIY BeJIH'IHHa N ecr& HeKoTopoe MHHHMaJI&Hoe 'IHCJio CB, 
KOTOpoe erue perHCTpHpyeTCll 3KCnepHMeHTaJibHOH ycTaHOBKOH ( o6bi'IHO 
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1 

(0, 5} (1, 0) 

0 0 5 10 15 

PH c. 26.1. 3aBHCHMoCTh nopora napaMeTpH'IecKoro Bo36ylK,UeHHJI oT qacron.I pq nom1 
(H=Hc- 100 3). Hm, 3: I - 0,14; 2- 0,21; 3 - 0,28 

PH c. 26.2. 3aBHCHMOCTh noporoaoro norrH hth oT HJr : I - AJIH npHMoyrom.Holl: MOIJYJIH· 
J.J.HH; 2 - AJIH CHHYCOH.llaJILHoll: MOIJYJISII.J.HH. (1) , (2 ) COOTBeTCTBYIOT Ha'laJII.HhiM yqaCTKaM 
KPHBLIX c yaeJIH'IeHHbiM a 10 pa3 MaciiiTa6oM no H m· H = H c = 100 3 

N'-"" 1016 -:-1017 cM- 3
) . IlpH KOMHllTHOH TeMnepaType lJHcrro TenrroBbiX CB B 

norroce 'laCTOT tJ.wk '-""'Yk '-"" 106 C OKOJIO Wk = Wp /2 paBHO NT'-"" 109 CM -
3 

, · 

T.e . ln(N/Nr) '-""10. B3ml Hm'-""0 ,1 3, HaXO.!UIM H3 (26.13) n· =0,02 Mfu;, 

'ITO, Y'IHTbma.~~: ou;eHO'IHhrH xapaKTep <f>opMyllhi , Henrroxo corrracyeTc.ll c JKcne­

pHMeHTOM (CM. pHC. 26.1, Ha KOTOpoM ·[l* OTMe'leHa CTpellKOH) . 3KcnepHMeHT 

TaK)f(e CBH,IleTellbCTByeT 0 TOM , 'ITO [l* nponopiJ;HOHaJihHa flm , KaK H crrenyeT 

H3 (26.13) . 
Ha pHc. 26 .2 npaaeneHbi 3aBHCHMOCTH noporoBoro norr.11 OT aMnrrHTY.Ilhi MO· 

.llYll.IIUHH H m .llJl.ll CHrHarra np.IIMOyrollhHOH (MeaHnp) H CHHYCOH.IlaJibHOH 

<f>opMbt. )lTUI fl m ~ 0,3 3 3aBHCHMOCTb hth OT fl-:n JIHHeHHa B COOTBeTCTBHH C 

<f>opMYrraMH (26.6) H (26.1 0) . IlpH H m > 0 ,3 3 npoHCXO.!UIT nepexon B pe)f(HM 

CHJihHOH MO.IlYll.R:UHH . TeopH.R: B JTOM crry'lae npencKa3bmaeT B036y)I(.JleHHe 

.llBY X naKeTOB CB. BcrrencTBHe 3aBHCHMocrn 'Y (k) noporn B036y)I(.JleHH.II 3THX 

naKeTOB ,llOJl)f(Hbi HeCKOllbKO OTllH'IaTbC.II .llpyr OT .llpyra. )leHCTBHTeJibHO , npH 

H m > 0,3 3 MO)f(HO Ha6monaTh B HeKoTopoH o6rraCTH 'laCTOT ,llBa crrenyroumx 

npyr 3a npyroM nopora, npH'IeM 6orrhUIHH H3 HHX npom!rr.R:erc.R: 3HalJHTerrhHO 

pe3'1e : COOTBeTCTBYIOWee eMy B peM.II HapacTaHH.II HeyCTOH'IHBOCTH MHOrO 

MeHhWe. 

B pe)f(HMe CHllbHOH MO.JlYll.IIUHH 3aBHCHMOCTb ht h (H m) .llll.ll MeaHnpa (KpH­

Ba.ll J Ha pHC. 26.2) BhiXO,IlHT Ha nrraTO B COOTBeTCTBHH C TeOpHeH . Ilpe.llellbHOe 

3Ha'leHHe ht h 3aBHCHT OT rl H C yMeHbWeHHeM rl CTpeMHTCll K 3Ha'leHHIO 2ht h ,0 . 

IJpH CHHYCOH,IlarrbHOM CHrHarre nopor MOHOTOHHO pacTeT B COOTBeTCTBHH C <f>op­

MYJIOH (26.7). B HaUIHx JKcnepHMeHrax yBeJIH'IeHHe 3Ha'leHH.II nopora nocrn-
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rano 3,8 pa3a npH H m = 5 3 . II pH cywecrseHHO 6onbWHX H m )'BenH'IeHHe no­
pora ~on)f(}{o npeKpaTHTbCH H3-3a cMeweHH.!I naKeTa npH Moeymnum non.11. 

B 38KniO'IeHHe 3TOrO naparpacpa Ha~o CK838Tb, 'ITO BbiBO~ 0 MOHOTOHHOM 
B03pacTaHHH nopora no cpopMyne (26.7) M.!l nepHo~eCKoH Monyn.!IUHH 
OTHOCHTC.!I K B036y)l()leHHIO CB c npe~emHOH paccrpoHKOH t:.k = ± 2vkH m. 
B HHTepecHoH pa6oTe A .M. <I>pHwMaHa [220] noKa3aHo, 'ITO npH 6onbWHX 
H m B036y)l()la!OTC.!I CB c paccTpoHKOH t:.ic (n) = n Qj2 en - '18CTOTa pq non.!!) . 
ecnH none HaKa'IKH npeBblll.JaeT senH'IHHy ht hi I J n (z) I : 3~ecb J n (z) - cpym<­
UH.!I Eeccen.11 OT apryMeHTa z = -vkH mfn. OTero~ cnenyeT, 'ITO nopor napa­
MeTpH'IeCKOH HeycTOH'IHBOCTH 

hthCHm , n)=hth(O)[max lln(z) I] -t 
n 

.!IBn.!leTC.!I cno:>I<HOH HeMOHOTOHHOH cpyHKUJ{eH OT H m H n . 3TOT HeTpHBHanb­
HbrH BbiBO~ TeopiDf H8XO.Z:UUC.!I B XOpoWeM KOnH'IeC'meHHOM COOTBeTCTBHH 
c 3KcnepHMeHToM B .11. O:>KorHHa H ~p. [193] no napaMetpH'IeCKOMY B036Y:>K­
~eHHro CB B A<I>M JIII. 

§ 27. KoJDieKTHsawe Kone6aJms 6om:.woA &MJUIHI'YJU>I 
H mtoAHoA napaMeTpH'IeCKIIA pe30HaHC 

27 .1. CTaiUiouapuoe COCTOJDDie 38 noporoM B yCJioausx nepHo,ZJ,Jf11ecKoA Mo­
~ynJIIUIH. EcTecrneHHo nonaraTb, 'ITO nepHo~ecKa.!l Moeyn.!IUH.!I MarHHTHoro 
non.11 He H3MeH.!IeT Ka'lecrneHHbrH xapaKTep npoueccoB, npHBOWUUHX K orpa­
HH'IeHHro napaMeTpH'IeC~OH HeyCTOH'IHBOCTH . IlpH 3TOM, O,IJ,HaKO, B03HHKaeT 
p.!l~ ~ononHHTenbHbiX J<l>cpeKTOB, KOTOpbie MOryT 3aMeTHO H3MeHHTb CTa­
UHOHapHbie 3Ha'leHH.!I aMnnHTY.In>I N H cpa3bi 1/1 nap IICB. Ilo~ ~eifcTBHeM MOAY­
nHpY!Qwero pq non.11 B036y~roTC.!I KK CB, KOTOpbie HenHHeHHbiM o6pa30M 
B3aHMo~eHCTBYIQT c Hcxo~IMH IICB H pq noneM, B pe3ynbTaTe 11ero )'BenH'IH­
saeTC.!I 3aTyxaHHe CB H H3MeH.!IeTC.!I HX B3aHMo~eifcTBHe ~pyr c ~pyroM. 3a 
~ononHHTenbHoe 3aTyxaHHe orneTcrneHHbi npouecCbi B3aHMo~eHCTBH.!I THna 
H mea. •, npe~CTaBn.!IIDWHe co6oif CJlH.!IHHe CB c pq cpoTOHOM H npH B036y)l()le­
HHH KonneKTHBHOH MO.In>I a.. OlleBH.IJ.HO, 'ITO 3TH npoueccbi npHBO~T K ~o6aB­
Ke K "f , nponOpUHOHanbHOH KBanpacy 8MnnHTY.In>I MOJJYnHpYIOWero non.!l . 
.Ilpyrne npoueccbi B3aHMo~eHCTBH.!I THna c • c • a. a. o6ecne'l:HsaroT ~ononHHTenb­
HbrH KaHan CB.!I3H Me:>Kny CB 11epe3 KonneKTHBHbie Kone6aHus . 3TH npoueccbi 
MO:>KHO TpaKTOBaTb KaK nepeHOpMHpoBKY KOJ<I>cpHUJ{eHTa 'leTbipeXMarHOHHOrO 
B3aHMOneHCTBH.!I S kk' . Jln.!l TOrO 'IT06bi yqecTb Bee 3TH J<i>cpeKTbl, HanHWeM 
ypasHeHHe n&H:>KeHH.!I CB c yqeToM HX B3aHMo~eifcrnH.!I ~pyr c npyroM H c pq 
noneM : 

[ a: + 'Yk + i(t:.k + 2T I c 1
2

) + 2ivHm (t) ]c + i(h v +Sc2 )c" = 0. (27.1) 

0Ho nonyqaeTc.!l B pe3ynbTaTe ycpe,!lHeHH.!I ypasHeHHH n&H:>KeHH.!I M.!l aMnnH­
Tyn Ck H < -k no BeeM HanpasneHHHM BOnHOBOrO BeKTOpa k. Mbl MO:>KeM 

3TO cnenaTb 6e3 noTepH o6wHoCTH, nocKonbKY Hac HHTepecyeT peaKUHH CB 
Ha O.llHOpo,II,Hoe pq none, H Mbi He paccMaTpHBaeM Jnecb Heo,!lHOpo.II.Hbie MO~I 
KonneKTHBHb!X KOne6aHHH. Ilonara.!l H m (t) =Hmcosnt , HaXO,IJ,HM H3 cpopMyn 
(25 .4), (25 .7) H (25 .8) nHHeifHYIO peaKUHIO KK c (± n) Ha none H m; non-

126 



cTaBJUUl Bbipa)l(eHHe WUI Hee B (27 .1) , nonyqaeM YpaBHeHHe WUl CTaUHOHapHOH 
aMUnHTY/:U>IC0 : 

r[l +4H;, v2 il2 1.:l(il) r 2
] +iU•k + (2T+S+ 

+2viH:r,(s~ +2Til 2 +3Sil 2
) l.:l(il) I-2 ]N+hVexp(ii/IH=O. (27 .2) 

3~ecb .:l (il) H .:l0 3a,uaJOTC.Il YpaBHeHH.IlMH (25 .8) , f:lk - paccrpoi1Ka. Ilono)l(e­
HHe noBepXHoCTH B k-npocrpaHcrne, Ha KoTopoi1 B036y~eHbi CB B cTaUHOHap­
lioM cocTO.IlHHH, T .e. aenHtnrna .:lk ~on)I(Ha Haxo)lHTbC.Il H3 ycnoBH.Il ycToH'IllBOc­
TH pemeHH.Il (27 .3) OTHOCHTenbHO ManbiX B03MymeHHH 0 c , Jie)l(awHX BHe 
CTaUHOHapHOH noBepXHOCTH: H3 ycnOBH.Il 8Heumeu yCTOU'IU80C1U. Ilpe~OCTaB­
JI.IleM tiHraremo nonytJHTb ero caMOCTO.IlTenbHO , pelliHB Ja~aqy 5.5 .. Ilo~cTaBn.ll.ll 
ee OTBeT (27 .11) B ypaBHeHHe (27 .2) , npe~CTBHM nocne)lHee B BH~e 

h Vexp(il/l) + SN = ir, (27 .3) 

r=r[l +(2ilvHm)2 l.:l(il) l-2
] , 

- [ (vH )2
(3il

2 
+ 4-y

2
)(il

2 
- 4S

2 N 2
) ] 

S=S1+2 m
2 

• 
(il + 4-y:.~) I f:l (n) I 2 

(27 .4) 

YpaBHeHHe (27.3) no !l>opMe coBna,uaeT c ypaBHeHHeM M.ll CTaUHoHapH2_ro 
COCTO.IlHHJl B S -TeOpHH (19 .4) , ecnH B nocne)lHeM 3aMeHHTb 'Y ~ r , S ~ S B 
COOTBeTCTBHH C (27.4) . I103TOMY B npHCYTCTBHH pq fiOJIJl . BMeCTO (19.6) cne-
~yeT nHcaTb 

!SIN=( lhVI 2
- r 2

) 1 12 , hV sin 1/1 = r , h V cos 1/1 + SN =0. (27 .5) 

3TH Bbipa)l(eHH.Il n03BOJIJliOT Bbi'IHcnHTb 3aBHCHMOCTH HeJIHHeHHbiX BOCllpH­
HM'IHBOCTeH x' H x "OT Ha~pHTH'IHOCTH h H BenH'IHHbi pq nonH H m , 3TH 
JaBHCHMOCTH, KaK noKaJaHo B.B. 3ayTKHHbiM H ~p . . (88], KatJeCTBeHHO corna­
cyJOTCH C 3KcnepHMeHTaMH Ha o6pa3uaX >Kl1T. 

B HHTepecHoH pa6oTe BJ1. Q)l(orHHa H ~p . [193] TeopeTH'IeCKH H 3KcnepH­
MeHTanbHO H3YtJanOCb napaMeTpH'IeCKOe B036y~eHHe Jl~epHbiX CllHHOBbiX 
BonH (.HCB) B A<I>M CsMnF3 B ycnoBH.IlX Mo~yn.llUHH MarHHTHoro non.ll . Ilpo­
~eMOHCTpHpoBaHo XOpomee COOTBeTCTBHe Me~y OCHOBHbiMH BbffiO,IlllMH JIH­
HeHHOH no H m TeopHH c 3KcnepHMeHTOM ~o HanKpHTH'IllOCTH - 7 ~E H H m ~ 
~0,25 3. B tJaCTHOCTH, napaMeTp penaKcaUHH IICB 'Yk> onpe~eneHHbiH no nopo­
ry napaMeTpH'IeCKOrO B036y)l(~eHH.Il H3 lPOPMYJibl hth V = '}', C TO'IHOCTbiO ~0 
norpelliHOCTeH H3MepeHHH COBnan C BenH'IHHOH '}', onpe~eneHHOH H3 tJaCTOTHOH 
JaBHCHMOCTH no !l>opMYne (26.3}. CywecrBeHHO, 'ITO nocne~i1 MeTo~ onpe~e­
neHH.Il 'Yk ,uaeT 6onee BbiCOKYIO a6con!OTHYIO TO'IHOCTb H3MepeHHH. 

27.2. napaMerpH11eCKOe B036)')1C,tleHHe KOJIJieKTHBHbiX KOJie68Hnit. KpoMe 
paCCMOTpeHHOrO Bbtllie nHHeHHOrO B3aHMO~eHCTBHJl KOJIJieKTHBHbiX Kone6a­
HHH CB c pq noneM, npHBO~ero K pe3oHaHcy Ha tJaCToTe n = ilo, cywecrByeT 
HeJIHHeHHOe B3aHMO~eHCTBHe THlla H mf3°{3°, KOTOpoe npHBOilHT K napaMeTpH­
'IeCKOMY· pe30H8HCY KonneKTHBHbiX MO~ B pq none C 'laCTOTOH il = 2ilo . K 3TO­
MY )l(e JCPlPeKTy, KaK He TPYilHO nOH.IlTb, OTHOCHTC.Il H HeycTOH'IHBOCTb HCXO~­
HOH MO):U>I a C 'laCTOTOH il, B036y)I(JllleMOH pq noneM, OT OTHOllieHHIO K pacna~y 
Ha ~e MO/:U>I (3 c tJaCToToH il/2. B pe3ynbTaTe ~ei1cTBH.Il o6oHx MeXaHH3MOB npH 
npeBblllieHHH HeKOTOpoH KpHTH'IeCKOH aMUnHTYnt>I pq llOJI.Il B03HHKaeT .llBne­
HHe ~oi1Horo napaMeTpHtJecKoro pe3oHaHca CB - OllHOBpeMeHHoe B036y~e­
HHe KOne68HHj;j Ha CBq - C 'laCTOTOH Wp/2 H pq - C tJaCTOTOH il/2. 
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)lrrH HaXO)I(}leHHJI nopora HeyCTOH'IHBOCTH OTHOCHTeJibHO napaMeTpH'IeCKOrO 
BOJ6y)l(}leHHH KK HllleM pemeHHe ypaBHeHHH JlBH)I(eHHH (27 .1) B BH)le 

c = c0 + o:+ exp(m t) + o:_ exp( - int) + {3+ exp(int/2) + {3_ exp( -int/2). 

(27 .6) 

J1cnOJib3YH COOTHOllleHHe (27 .5) )lJlJI OCHOBHOrO COCTOHHHJI H JIHHeapH3YH 
(27 .1) no MaJibiM aMnJIHTY)laM 0: H {3, llOJiytJHM 

[ a: + 'Y + 2i(T + S)N] {3+ + ( -r + 2iTN) exp( -it/1){3~ + 

+iw+f3- +iP+ exp(-it/1){3: =0 , 

W+ = (Hm Vk)• + 2(2T+S)(co o: +CoO:~) , w_ = w:, (27 .7) 

P± = 2(2T+ S)c0 o:± exp(it/1) . 

HanoMHHM, liTO aMnJIHTYilbi Kone6aHHH o:± JanaroTcH <J>opMynaMH (25 .7) H 
(25 .8) . YpaBHeHHe (27 .7) MO)I(HO JanHcaTb B 6onee CHMMeTpHIIHOM BH)le, 
eCJIH OT nepeMeHHbiX {3± nepeHTH K HOpMaJibHbiM nepeMeHHbiM Pt C llOMOlllbiO 
cnenyromero u- v -npeo6pa3oBaHHH: 

P+ = u{3+ exp(it/1/2)- v{3!... exp( - it/1/2) , 

p._ = - v{3+ exp(it/1/2) +u•{3_ exp(-it/1/2) , (27.8) 

u = [ 2(T + S)N +no ] I '
2 

v = - [ 2(T + S)N - no ] 

2n0 2il 0 

1/2 

Torna illlH nepeHopMHpoBaHHbiX P± nonytrnM ypaBHeHHe 

( :t + 'Y + ino) P+ + iA+ p: + iB+P- - rp•_ = 0, 

A+=2uvw++u'P++v2P~, (27.9) 

B+ = v2 w+ + uv(P+ + P~ ). 
flonaraH f3t(t) =p± exp(± int/2+ V t) H JallHCbmaH CHCTeMy lleTblpeX ypaBHeHH~ 

)lJlJI aMllJIHTYil P+, p~ , p _, p._, HaXO)lHM HHKpeMeHT HeycTOHIIHBOCTH V H3 YC· 
JIOBHH paBeHcTBa Hynro nerepMHHaHTa 

II+"(+ i(f2o + f2/2) iA+ iB+ -r 
-iA: 11 + r- i(f20 + f2/2) -r -is: 
iB+ -r 11 + r + i(f2o -n/2) iA_ 

-r -iB+ -iA:. 11+-y - i(f2o -f2/2) 

(27.10) 
flopor HeyCTOH'IHBOCTH (v = 0) )lJlJI Ja)laHHblX 3HalleHHH n H Q 0 BbiiiHCJIHJICH 
H3 (27.10) C llOMOlllbiO 3BM (pHC. 27.1). 0Ka3bmaeTCH, liTO MHHHMaJibHbiH 
nopor ilOCTHraeTCJI llpH pe30HaHce n = ilo H OH CJia6o 3aBHCHT OT no : 

min {Hm} cr ~ 0,4r/v ~ r/g. 
BTopoH MHHHMyM nopora Ha l!aCTOTe 2no npoHBJIHeTCJI JIHlllb npH nocTaTOIIHO 
OOJiblliOH no6porHOCTH KK, Korna 'Y <a:; no . 

flapaMeTpHIIecKoe BOJ6y)l(}leHHe KK B CHCTeMe napaMeTpHIIeCKH Bo36y)l(neH­
HbiX CB - oeounou napaMerpu'lecKuu pe3onanc 6Lm o6Hapy)l(eH H 3KcnepHMeH-
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Tan&Ho Hccne.o;oBaH B.B. 3ayTKHHbiM H ,o;p. B 1977 r . (88). B :noli pa6oTe K 
c4JepH'IeCKOMY o6pa3UY )J{J1f npHKna,IJ;bmanHch TPH napannen&HbiX ,o;pyr ,o;pyry 
M3rHHTHbiX nome H - nocTommoe no.o;MarHH'{I{Barowee none, h 1exp(iwP t)­
CBq H3K3'1K3, H m exp( -i!J t) - pq H3K3'1K3, pq none C03,!J.3B3n0Cb MHHH3Tl0p­
HOH K3TYlllKOH, pacnono)l(eHHOH B ueHTpe cnq pe30H3HC3. 113MepeHHJI npOBO­
.o;HnHCb B AHanaJoHe paAHo'lacToT oT 0,1 ,o;o 10 Mru.. TiapaMeTpH'IeCKHe Kone-
6aHIUI H3 '13CTOTe !J/2 B03HHKnH npH HeKOTOpoM KpHTH'IeCKOM 3H3'!eHHH pq 
nonH. CHrHan Ha '13CTOTe 0./2 , HaBe.o;eHHhiH B KaTylllKe, yCHnHBancJI ceneKTHB­
HbiM npHeMHHKOM H perncTpHpoB3nCJI H3 OCUHMOrpa<t>e. tl03HHKHOBeHHe 3TOfO 

Ulfmcr/2y 

B I 
I 

' I 
\ 
\ I 

4 \I 2 4 8 

2 

PM c. 27.1. TeopeTH'IeCKHe 3aBHCHMOCTH nopora HeyCToR'lHBoCTH KK Hmcr oT '!aCToTLI n 
pq non H. UH<jlpbl y KpHBblx cooTBeTCTB YIOT 3Ha1!eHHJIM co6CTBeHHol! 11aCTon.1 KK ( n 0 /2-r) . 
06nacn. npHMeHHMOCTH TeopHH orpaHH'IeHa CBepxy WTpHXOBOI! JIHHHeit 

pH C. 27.2. 3aBHCHMOCTH nopora KOJIJleKTHBHLIX Kone6aHHit Hmcr OT 'laCTOTLI pq DOJIJI: 

1 - 3KCnepHMeHTanbHaH H = He - 100 3, p = 2,5 (4 nE); 2 - TeopeTH'!eCKaJI no =3,4-y 
('Y= 0,37 Mru) 

CHrHana HOCHnO noporOBbiH xapaKTep. C poCTOM H m CHrHan noporOBbiM 06pa-
30M no'ITH npona,o;an - ero aMnnHry.u.a ocna6nHnac& 6onee '!eM B ,o;ecHTb pa3. 

Ha pHc. 27.2 npHBe.o;eHa oAHa H3 JKcnepHMeHTanbHbiX 33BHCHMOCTeH 

Hm,cr (!J) (npH H =H c - 100 3, HaAKpHTH'IHOtTb 4 ,o;E) H coomeTCTBYJOW3.11" 
TeopeTH'!ecKaH KpHBaH, nonyqeHHaJI H3 ycnoBHJI paBeHcma eynro ,o;eTepMHHaHTa 
(27.10). Xo.o; o6eHx KpHBbiX xopowo cornacyeTCJI Me)l(ey co6oli, Ja HCKnro­
'leHHeM, B03MO)I(H0, o6n3CTH HH3KHX '13CTOT, r,o;e CHfH3n O'leHb cna6, H He y,u.aeT­
CJI npoBeCTH H3,[J;e)I(Hbie H3MepeHHH nopora. 0TMeTHM, 'ITO reopHH, nOCTpOeHHaJI 
B KBa,o;paTH'!HOM no H m npH6nH)I(eHHH, npe.o;cKaJ&maeT cyweCTBOB3HHe TOnhKO 

O,IJ;Horo nopora H m' cr npH !l>HKCHpoB3HHOH '13CTOTe n H H3AKpHTH'IHOCTH 
hfht h. Me)I(,IJ;y TeM B 3KCnepHMeHTe Ha6nro,o;aeTCJI H BTOpoH nopor - nopor HC­
'!e3HOBeHHJI HHTeHCHBHbiX KK c pocTOM H m. <l>HJH'IecKH 3TOT nopor CBR:JaH c 
33BHCHMOCTblO co6cmeHHOH '13CTOTbl KK OT n;,' npHBOAJIWeH K HapyweHHlO 
ycnOBHR: napaMeTpH'IeCKOfO pe30H3HC3. 0.o;H3KO <t>aKTH'IeCKOe ero Bblt{I{CJleHHe 
Be.CbM3 33Tpy,o;HHTenbHO, T3K K3K Tpe6yeT yqeTa CT3plliHX tmeHOB no H;, , H 
MO)I(eT 6b!Tb B006We HeB03M0)1(HO B p3MK3X TeopHH B03MymeHHH no ufl m /'y. 

B JaKnro'leHHe OTMeTHM, 'ITO Mbi paccMoTpenH npocTpaHCTBeHHo-o.o;Hopo,o;­
Hbie KK c BonHOBbiMH BeKTOpoM K = 0. HapH,o;y c HHMH B CHCTeMe TICB cywecT­
ByeT I11HpoKHH cneKTp KK (eM . n. 23.4). Or.o;en&Hbie yqacTKH :noro cneKTpa 
B npHHUHne MO)I(HO Bb36YAJ.1Tb napaMeTpH'IeCKHM o6p330M C noMOWblO OAHO­
pOAHOfO pq nonH Ha '13CTOTe, YAOBnemopHroweH ycnoBHlO n = nK + n_ K • 

3TH KOne6aHHJI C K * 0 llnOXO CBJI33Hbl C pe30H3TOpoM, H no3TOMY HJnyqeHHe 
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Ha norroBHHHOH t~acrore 6yner CHJibHO ocrra6rreHo. B.B. 3ayTKHHY H E.M. Oprry 

(88] YnaJIOCb He TOJlbKO C )J;OCTOBepHOCTbiO 3apernCTpHpoBaTb <t>aKT CyllleCT· 

BOBaHH.II HeonHoponHbiX KK npH nBOHHOM napaMerpH'IeCKOM pe3oHaHce, Ho 

H HccrrenoBaTb HX cneKrp. OHH cnerrarrH Jro no uerroMy p.II)J;y KOCBeHHbiX naH­

HbiX, aHaJIH3Hpy.ll 3KCnepHMeHTaJibHO onpenerreHHbie 3aBHCHMOCTH 'laCTOTbl 

H aMnJIHty)J;bi KK or H, H m H h. 

3ana'IH 

3&Ai'l& 5 .1. Y'leCTb BJIHHHHe B3&HMoneltCTBHH pe3oHaTopa c cBq·Mai'HHI'HLIM noneM 
HaKa'IKH Ha 'laCToTy KK rrcB, so36YlKAeHHbiX MeTOAOM napamxenhHOit HaKa'IKH. Hccneno­
BaTb o6nacn, HeyCTOit'iHBOCTH CBi13&HHbiX KOJie6&HHit. 

3aAi'l& 5.2. rrony'IHI'b 'IIL!p&lKeHHH AJii1 'laCTOT, COBMeCTHbiX KOJIJieKTHBHbiX KOJie6a­
HHit rrcB H orr npH napaMeTpH'IeCKOM B036YlKAeHHH CB MeTOAOM nonepe'IHOit HaKa'I­
KH : Bo-nepBbiX, AJU1 npouecCOB nepBOI'O nopHAKa BAaJIH OT pe30HaHca Orr, BO·BTOpbiX, 
AJI.II npouecCOB BTOporo nopJIAKa npH pe30HaHce Orr . 

3aAa'la 5.3. HcnoJ!b3YH raMHJibTOHHaH B3&HMOAeltcTBHH CB c MarHHTHhJM noneM 
(14.18) H (14.19), nOJIY'IHI'b BLip&lKeHHil (25.4) AJI.II "BHelUHelt CHJibl", AeltCTBYJOIUelt 
Ha CHCTeMy rrcB (25.1) B npHCyTCTBHH pllJI,Ho'laCToTHoro H CBq·Mai'HHI'Horo nonelt. 

3aA&'Ia 5.4. rronyqHTh Bbip&lKeHHe raMHJibTOHHaHa B3&HMOAeltcTBHH 3BYKa co CB B 
A~M rrrr (B.C. JlyTOBHHOB [144)) . 

YKa3aHUe. HcnoJ!b3oBaTb Bbip&lKeHHe AJIJI MarHHToynpyrolt :meprHH H KaHoHH'IeCKHe 
nepeMeHHhie nnx 3BYKa H CB B A~M rrrr. 

OTeeT. - CM. «t>opMyny (25.6) . 
3aA&'Ia 5.5. rronyqHTb ycnosHe sHeiUHelt yCToA'IHBOCTH CTaUHoHapHoro coCTOJIHHH rrcB 

(27 .2) B YCJIOBHHX PllJI.HO'IaCTOTHOit MOAYJIJII.IHH H m (t) = H mCOS n t : 

tik = wk- ~wp = 4Hin vic { T(n• + 4S'N') + 

+ 4S[ n• (-y' + 2S' N') ¥(2-ySN)'] (n• + 4-y') ·•}1 ~(n) 1-• . (27 .11) 

3anau 5.6. rronyqHTb Bblp&lKeHHe AJI.II 'laCTOT npOCTpaHCTBeHHO-HeOAHOpOAI!biX KOJI· 
JieKTHBHbiX KOJie6aHHit np (K ) (K - BOJIHOBOit BeKTOp KK) npH napaMeTpH'IeCI.OM 803· 
6YlKAeHHH BOJIH B c«t>epH'IeCKH-<:HMMeTpH'IHOM CJiyqae : vk" v . skk' = s. Tkk' = T. :noT 
CJIY'Ialt peaJIH3yeTcx 'B A~M rrrr, HanpHMep, B CsMnF 3 , MnC03 H T.n. 

YKa3tZHue. HcnoJ!b30BaTb AJI.II aHaJIH3a ypasHeHHe (24.10) . 
OmeT: 
n(~e)= -i-y± ((vK)' cth'(vK/6) --y' )l/2 , 

6'=2S(2T+S)N', v=owk/ok. 
(27 .12) 

3anna 5.7. HaltTH HHKpeMeHT HeyCToA'IHBOCTH ('laCToTbi n± 1 (K ) ) npocTpaHCTBeHHo­
Heo.o;Hopo.o;Holt MOAbi KK c aKCHaJibHbiM HoMepoM m = ± 1 npH napaMeTpH'IeCKOM B03· 
6ylKAeHHH CB MeTOAOM napannen~>Holt HaKa'IKH B Ky6H'IeCKHx ~M. Korna rrcB so36YlK· 
AeHbl TOJibKO Ha 3KB&Tope pe30HaHCHOit nosepXHOCTH, H npOaHaJIH3HpOBaTb (aHaJIHTH'IeCKH 
H C nOMOLUbiO JBM) HeJIHHeltHYJO CT3AHIO pa3BHTHH 3TOit HeyCTOA'IHBOCTH B HeKOTOpbiX 
npeneJ!bHbix CJiyqaxx. Bo3HHKHeT JIH s peJyJ!bTaTe CTaUHoHapHoe, Ho npoCTpaHCTBeHHo­
o.o;HoponHoe pacnpeneneHHe rrcB? EcnH HeT, To KaKoA xapaKrep 6ynyT HMeTh asToKone6a­
HH.II B CHCTeMe? 

3aMe•UlHUe. 0TBeTbi Ha 3TH BonpoCbl celt'lac HeHJBeCTHbl, HO npeACT3BJIJIIOT 60JiblUOit 
HHTepec AJii1 HHTepnpeT&UHH 3KCnepHMeHTOB Ha ~M B )I(Hf, npH KOTOpLIX, BepO.IITHO, MOlKeT 
peaJIH30B3TbCJI HeyCTOA'IHBOCTb OAHOit H3 MOA m = 1 HJIH m = - 1. ObiJIO 6bi XOpOlUO, 'ITO· 
61>1 KTO·HH6YAb HalUeJI B ce6e AOCTaTO'IHO CHJI H 3Hepi'HH AJI.II aHaJIHJa 3TOit HenpoCTOit 
JaA3'1H H ony6JIHKOBaJI CBOH pe3yJihTaTbi. 

3&A&'I& 5 .8. rroKaJaTb, 'ITO ypasHeHHH npOCTp3HCTBeHHO·HeOAHOpOAHOit S ·TeOpHH 
(24 .9) B CTaUHOHapHOM CJiyqae HMeiOT CJienyiO!l.Udt "HHTerpan ABHlKeHHH" F, He 33BH· 
CJIIUHit OT Z : 

F(Ak(z)) = S I Ak(z)A -k(z) I + h V cos ('Pk(z) + 'P-k(z)) = const. (27 .13) 

KaK COBMeCTHI'b 3TO C 06Cyli(AeHHbiM B n . 24 .4 yTBeplKAeHHeM 0 BbiBOAe npH Z ~"" 

peiUeHM Ak (z) Ha CT&UHOHapHoe cocTOJIHHe S-TeopHH A'k, ecnH rpaHH'IHLie ycnoBHJI 
npH z = 0 TaKOBbi, 'ITO F (Ak (0)) * F (Ap? 
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