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NMPEJUCJ/IOBUE K PYCCKOMY H3JAHHIO

KorepeHTHOe B3aUMOJEHCTBHE BOJIH TPHHAAMEXKHT K YHCJAY TeX

¢pyHI1aMeHTA/NbHBIX Npo0JieM HeJMUHEHHOH TEOPHH IJIA3MBI, pellieHUHe
KOTOPHIX CYLIeCTBEHHO He TOJbKO AJSI TePMOSAEPHBIX, KOCMHUYECKHX
HJIH acTPOPU3NYECKHX HCCJeNOBaHHH, HO W AJAA 33734 HeJUHeHHO
ONTHKH, PAJUOJKTPOHUKH, aKYCTHKH ¥ aKyCTO3/JeKTpOHUKH, ObmacTh
TMPUIOKEHHA TEOPHH HEJHHEHHOTrO B3aHMOJAEHCTBUS BOJH H YaCTHIL
NpOCTHPaeTCss OT H3yueHHs TypOyJIeHTHOrO COCTOSIHHSI H HeJUHeHHOH
JUHAMUKH NJAa3Mbl 10 pa3paboTKH HOBBIX MeTOJOB TeHepHUPOBAaHUSA,
YCUJI€HHSI U NpeoOpa3oBaHHUs BOJHOBLIX MOJeH pasHYHOA (PH3HUECKOH
IPUPOIHL ]
- MHorue 0cCOOeHHOCTH HeJHHEHHBIX MPOLECCOB B IJIa3Me MOKHO
BLIIBUTb Ha IIpHMepe MPOCTO{l TPEXBOJHOBOH CHCTEMBI, AeTa/JIbHOMY
PaccMOTpPEeHHI0 KOTOPOIl NOcBsAIleHa HacTosuas KHura. OCHOBHOe BHH-
‘MaHHe B Hell COCPeNOTOYEHO HA OMHCAHHU KOrepPeHTHBIX B3aUMOJeHCT-
BHH, 1 B COOTBETCTBHH € 3THM B KayecTBe MeToJa ONHUCAaHHA BbIOpaH
MeTOJ, (GUKCHUPOBAaHHBIX (a3, 4TO XapakTepHO CKOpee [/ HeJUHeHHOH
ONTHKH, 4eM a8 Gusvku nnasmbl. Ho B oT/1HYHe OT HelHHeHHOH
ONTHKH B CXeMy pacCMOTPEHHs] BKJIOUEHBl BOJIHBEI C OTPHLATEJIbHOMR
SHepruefl W CBA3aHHBIE C HUMH HEYCTOHYHBOCTH, SPKHM NPHMEpPOM
KOTOPHIX MOXKET CJYXKHUTb B3PBIBHAsl HEYCTOMUHBOCTb. Takum o6paszoMm,
B kHure X. Bunbxenomccona u §1. Befinanna ynavyHo coueTawTcs HAEH
U MeTOAbl HeJUHEHHOH ONTHKH, 3JeKTPOHUKH U (PU3UKH HJa3MBI, U 3TO
JlejlaeT ee LEHHBIM [ONOJHEHHeM K CYLIeCTBYIOLleH JuTepaTtype IO
‘HeJINHEHHBIM $IBJIEHHSIM (CM. CIIHCOK JMTepaTypnl K I. 1).

KHura HamucaHa Ha OCHOBe OPHIHHAJIbHLIX HayYHBIX Pe3yJbTaToB,
[NOJYYEHHBIX B NOcJeJHHe rofpl B MHCTHTYTE TeOpHH 3JeKTPOMArHUT-
HOTO TOJsT U (PU3NKH MJIa3Mbel YasaMepcKoro TeXHOJOrH4eCKoro yHUBep-
curera (['€rebopr, lIsenust) nmox pyKOBOACTBOM BHIHOIO I[IBEICKOTO
¢usuxka unena KoponeBckoit Akanemuu Hayk npod. X. BuabxenbMc-
coHa. MHCTHTYT DNpPOBOAMT HCCJAEJOBAHHS NMPH IUHPOKOM YYaCTHH
KPYNHBIX CIELHMAaJHCTOB IO (PH3HKe IJIa3Mbl H3 MHOTHX CTPaH MHPa,
B ToM uncae u3. Coserckoro Corw3sa. [losromy npeacras/ieHHbIe B KHUTE
Hay4Hble pe3yJbTaThl (AKTHYECKU BBHIXOAAT [JaJeKo 32 paMKH Jed-
TeJbHOCTH OJHOTO HHCTHTYTAa W [alOT JOCTATOYHO IIOJHOE IpejcTaB-
JIeHHe O COBPEeMeHHOM COCTOSSHHH NpPOoGJeMbl KOrepeHTHbIX B3aHMO-
JeHCTBH B IJ1a3Me Ha MHDOBOM YDOBHe.

Bmecte ¢ TeM KHHMra mnpecjenyer M HHYIO, II0 CYHIECTBY YHCTO
e [arorHyecKyio Ilenb: Ha MNPOCTHIX NpHMepax H IO BO3MOXKHOCTH
TIPOCTHIMK CPEACTBAMH IIOKa3aTb UMUTATENI0, HE HCKYUIEHHOMY B Teo-
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PUH HeJHHEHHBIX NpoueccoB, GUIHUECKYIO CYyThb H IIDAKTHYeCKOe 3Ha-
yeHHe npobaeMbl  KOTePEHTHBIX B3auMmomaedcTBhi. HMMenno c¢ 3Tolk
LeJbl0 B KHHIe INepBhle LIECTh IJaB LEJHKOM INOCBSILIEHH NMpeaBapHu-
TeJbHOMY H3y4YeHHIO MNpPOOGJEeMBl TPEXBOJIHOBOrO B3aHMOJEHCTBHS.
3/ech paccMOTpPEHbl XapaKTepHble THIB HEeJHHEHHBIX YpaBHEHHH ¢ He-
YCTOHUYNBLIMU peUICHUSIMH, B paMKax FHAPOAMHAMHYECKOTO ONHCAHHS
WJIOCTPUPYyETCs TPHMEHEHHe MeTOJ0B TEOPHH CBSI3AHHBLIX BOJIH
K peLIeHHI0 MPOoO/IeM HeJHHEeHHLIX B3aUMOAEHCTBUE B njaasme, oGCyx-
JlaloTcsl SHEepreTHYeCKHe aclleKThl PAacCMaTpPUBAEMbIX NMPOBJeM.

B crneapyromux ceMu riaBax jgaHa obliasi IoCTaHOBKA 3aja4H Tpex-
BOJIHOBOIO KOFepeHTHOrO B3aHMMOJEHCTBHS U JeTaJbHO O6CYIKAAITCSH
HeJIMHEeHHBle pelleHHsl, NPUBOLASALIME K B3PLIBHOH HEYCTOHYHBOCTH
cucteMbl. [lasee NpOHM3BedeH yuyeT HeJHHEHHBIX 3(P(PEeKTOB TpPeThero
NOpsAAKa H TOKAa3aHO, YTO MpPH TAKOM yuUeTe pPe3yJbTaThl TEOPHH KOre-
PEHTHO B3aHMOAEHCTBYIOUIUX BOJH BCTYNAIOT B KaueCTBeHHOE MPOTHBO-
pedde ¢ pe3y]bTaTaMH TeOPHH cJaydadHbelx (as. B cBsisu ¢ 3TuUM
B IJ. 18 pasBuBaeTcss Teopus HeJHUHEHHOro B3aHMONEHCTBHS YACTHUHO
KOTEPEHTHBIX BOJH ¥ IPOCJErKeH HellDePbIBHBIH Mepexon OT HeJHHeH-
HOHA CHUCTeMBl C KOTE€DEHTHBIMH COCTOSIHHSIMM K CHCTeMe BOJIH CO CJIy-
YafHLIMHU da3zaMmu.

CBs3b npobseM TPEXBOJHOBOTO B3aUMOJAEHCTBUS U TapaMmeTrpHue-
CKOI'O BO3/I€HCTBHSI MOHIHOTO BBEICOKOYACTOTHOTO H3JyYeHHS Ha NJa3My
paccMorpera B t. 19 u 20. OtauuntenbHOR 0COGeHHOCTBIO 3TOH YacTH
paboThl fIBIsIETCS YUeT BJAHSHUS INpPHUMecel, CYIIeCTBEHHBIH MJst Tep-
MOSIIepHBIX NpHACKeHUH Teopuu. B ria. 21 u 22 nokaszaHa BO3MOXK-
HOCTb MPHUMEHEHHUS HCIOJb3yeMOro B KHHre o6ulero dopmanusMa
K TEODHH B3aMMOJAEHCTBHS THINA BOJHA-—YaCTHLA M aHOMAaJbHOH AU(-
(Gy3uH MJIa3MBbl.

B 3axk/ounTesbHOH 4acTH KHHMIHM COJEp:KUTCH 0030p 3KCIEpUMeH-
TaJbHbIX MCCJAEJAOBAHHA HeJqHHeHHBIX 3¢pdekroB B miasme (ria. 23)
W COBpEeMEHHBIX TEHIEHLHH JaJjibHeHIIero pas3BUTHS UCCJAEJOBAHUI 1O
HeJIMHeHHON TeopuH MJasMbl (1. 24).

Opnuo us gocrouders kKHHUru X. BuabxeabMmccoHa u $I. Bellamanga —
o6MUJIMe pacueTHOTO MaTepuasa, KOTOPBIf 4acTo He IIPOCTO HJLJIIOCT-
pHpyeT H3JIOXKEeHHe, HO BLICTyNaeT B KauecTBe €AMHCTBEHHOI'O Cpen-
CTBa MOKa3a CJA0KHOH KAPTHHBI KOT€PEHTHLIX B3aUMOJEHCTBHH BO BCeH
ee moaHore. CHcTeMaTrH3alysi 3TOTO Marepuana Tem OoJsiee BaxkHa,
4TO A0 CHX NOp OH 6bi Pa3fpocaH 10 MHOTOYHCJAEHHBIM Hay4YHBIM
CTaTbhM U TPYILHOAOCTYIIHBHIM TEXHHYECKHM OTYeTaM Pa3/HUYHBIX Jalo-
paTtopui.

BoJbllylo CMBICJOBYI0O HArpy3kKy HeCyT CIHCKHM [JONOJHHTENbHOH
JUTEPATYypPbl K TeM TIJaBaM KHUTH, KOTOpble NMOCBAIUIEHBl H3J0KEHHIO
ODUTHHAJbHBIX pe3ynbratoB. [locTpoeHHBIE B XPOHOJIOTHUECKOM I1O-
psIKe, 3TH CIOHCKH MO3BOJISIOT NPOCJEIHTh B JAHHAMUKe BeCh Npolece
CTaHOBJIEHHSI TOro HJIM HMHOrO HalpaBJeHHs HeJHHeHHbIX MNJa3MeH-
HBIX WCCHAEJOBaHMi, HauWHass OT MOMEHTA ero 3apOoXK/JAEHUS W 3aKaH4HU-
Bast 1978—1979 rr. Tem camblM aBTOpaM YAaJoCh B 3HAYUTE/NbHOH
CTEeHH CKOMIIEHCHPOBATb NPHHLHIHAJIBHYIO HeBO3MOXKHOCTL OTpa-
JKeHHsl B KHHre HeGoJblIOro o6beMa MOYTH Heo6O3PUMOrO MHOXKECTBA
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KOHKPETHBIX  HAyYHBIX pe3yJIbTaTOB, OTHOCSIIHXCH K TeMe KHHUTH.
PasymMmeercs, 3TO €Tal10 BO3MOXKHBIM JIHHIb Os1arofaps XopolueMy 3Ha-
HUIO MHUDPOBOl HAyyHOH JHTepaTypbl, XapaKTepHOMY AJsl HIKOJIBI
npod. X. BunbxenbMccoHa, ¥ TILATEIbHOCTH, NPOSBACHHON aBTOPaMHU
OpPH COCTABJEHHU CNHCKOB. I[IpUSITHO OTMeTHUTDb, UTO paboThl COBETCKUX
aBTOPOB HAlIM B 3THX CIIHCKaxX JIOJNKHOE OTpaxKeHHe.

HecMoTpss Ha TO YTO cO BpeMeHM BBIXOJAa B CBeT Ha AHIVIHICKOM
sI3blKe NPOILJIO OKOJIO Tpex JeT (CPOK HeMaJsbll, ecaH UMeTb B BUAY
OypHble TEMIIBl  Pa3BHTHSI COBPEMeHHOH  (PU3MKH T/Ja3MBbl), KHHUTa
B HACTOSIILEM ITIepeBOoje OCTAeTCs TPAKTHYECKH CTOJMb K€ aKTyaJbHOH,
Kak H B roi ee oONy0JUKOBaHHUsi H3AareJbcTBOM Pergamon Press
(1977 t.). OueHb Ba’)KHO, YTO 3TOrO YAAJIOCh JOCTHYb HE HCIIOAbL30BA-
HHEeM TPAaJMIHOHHBIX MAJS [MepeBOJOB MNOJACTPOYHLIX I[PUMEYAHHHA H
KOMMeHTapHeB, a 6aarojaps 1eATeNbHOMY YYacTHIO aBTOPOB B MOAro-
TOBKEe pYyCCKOro H3jaHus KHHrH., CreuuajbHO A4S PYCCKOTO HM3JaHHA
UMY HanucaHa rji. 22, BHeCEHB MHOTIOYHUC/ACHHbIC U3MEHEHHS B OCHOB-
HOIl TeKCT KHUTH, B 0COOEHHOCTH B . 2, 5, 8 u 16, a Takxke cyliect-
BEHHO [OINOJHEHHl CIHCKH OCHOBHOH M JIONOJHHTENbLHOH JHTEpaTyphl
(rnaBHbiM 0OpasoM 3a cuer paGor, onyOJMKOBAHHBIX MOCE CAAYH
B IleyaTb aHIJIMHCKOH pykKonucH, T. e. B 1976—1979 rr.)

ITonssywoch cayuaeM nobaarogaputs X. Bunexensmccona u $. Beifi-
JaHja 3a KOHCTPYKTHBHBLIA M B BbLICHICH CTeNEHH IOJe3HBIH BKJAAJX
B HOATOTOBHUTEJbHYI0 paboTy, CBSI3aHHYIO C HM3JaHHEM MX KHUTH HA
pYCCKOM fI3bIKe, a TaKXKe 332 MX HEH3MeHHbIH HHTepec X HccJe10Ba-
HuAM miasmbl B CCCP u neATesqbHOCTb, HANPABJEHHYIO HA NOAAepXKAa-
HHe H paclIUpeHHe TBOPYECKHX HayYHBIX KOHTAKTOB MeK/y MIBEJ-
CKHUMH H COBETCKHMHU CIIeHasucTaMu Mo GpH3UKe MIa3MBL

MosHO HalesiTbCcsl, 4TO 6Jarojaps TPOCTOTE H JOCTYNHOCTH H3-
JIOJKEeHHS], YHUBEDCAJbHOCTH pacCMaTpUBAaeMblX YDaBHEHHH H METONOB
UX pelleHHs, pa3HooOpasnio U OOJBIIOMY KOJHUECTBY (PAKTHUECKOro
MarepuaJsa dipeasaraemMas KHMra craHer UeHHBIM nocobueMm 175 BCeX,
KTO CTaJKHBaeTcsl B cBoeH paboTe ¢ mnpo6JeMaMH KOrepeHTHBIX
B3aUMOAEHCTBHH, H B OCOGEHHOCTH AJifl TeX, KTO TOJBKO IIPUCTyIaeT
K H3yUCHHIO TEOPHH TAaKHX B3aMMOACHCTBUN.

Axkagemuk Bb. B. Kangomues
Mocksa, urons 1980 e.



HNPEOMCJIOBHUE PEJAKTOPA AHIJIMMCKOI'O M3AHMI

®usuka nsaa3Mbl MepexxHBaeT B HACTosIlee BpeMs MePHOA HHTEH-
CHBHOTO Da3BHTHA. DB 3HAUHTe/NbHOM CTENEHH 3TOMY CHOCOGCTBYeT
TIOHCK aJ/JbTePHATHBHBIX HCTOYHHKOB SHEPTHH, B TOM yuciae pa3paboTka
TepMOALEPHLIX PeaKTOPOB. AKTHBHM3aLHs SKCIEPUMEHTasbHBIX HCCJe-
JOBAaHHH  CONPOBOXKAACTCH JaNbHEHIIHM pAa3BHUTHEM TEOPETHUECKHX
npeacrasaeHnii. CTajo sICHO, YTO OJHOl U3 OCHOBHLIX TEOPeTHUECKHX
Tpobsiem (QU3HKH NJIa3Mbl ABJAETCS aJeKBAaTHOe OMHCaHWe TypOyJieHT-
HOCTH 1J1a3MHl. HecMOTpPS Ha TO YTO MONBITKH TaKOro ONHUCAHUSA ObLIH
8 LeJIOM [0 CHX NIOp He OYeHb YCNeUIHLIMH, TeopeTHYecKoe HCCJeno-
BaHMe HEJHHeHHbIX CHCTEM Ja/JO0 MHOTO HHTEPecHBIX, a BO3MOIKHO,
H MHOroo0ellalomux pe3yJabTaToB. ABTOPH HAacTOsIIed KHHTH BHECHH
B3HAYMTEJbHBIH BKJax B 3Ty 006/acTb, H 1 HAJEI0Ch, YTO BCe CllelHa-
JUCTH 10 (HU3HKe TIa3Mbl, 0COOEHHO TEOpPeTHKH, C HHTepecoM BCTpe-
“TAT TOSIBJAEHHE HX TPyAa, NOCBSILIEHHOrO HEJWHEHHBIM B3aHMOJEHCT-
BHSAIM BoJH B nnasme. JKenaio X. Buaexeabmccony u §I. Beftnanay
CTOJIb 3aCJYKEeHHOr0 HMH yclexa.

. Tep Xaap



MMPEAMCJ/IOBHUE ABTOPOB K AHI'VIMMICKOMY U3JAHUIO

KorepentHoe B3anMojeficTBHe BOJIH B 1Ja3Me fBJISAETCH B NOCAET-
HHUE robl OCHOBHLIM OOBEKTOM HCCJIELI0BATENbCKON nporpaMmbl MucT-
TyTa TEOPHH 3JEKTPOMArHUTHOro noJas YaaMepcKoro TeXHOJOornue-
ckoro yHusepcutera (I'éreGopr, llIBenus). CoTpyAHHKaMH UHCTHUTYTa
BBHINONHEHO 3HAYUTE/bHOe UYUCJI0 pabor B 3TOH 00JACTH U yCTAHOB-
JIeHBl IJIOZOTBOPDHBEIE HayuHble KOHTAaKTH ¢ Jabopatopusamu CIIA,
CCCP, §Inonun u apyrux crpas.

ABTOpBI BBLIPAXKAIOT HCKPEHHIO NPH3HATENBHOCTh BCEM JIHIAM,
[{POSIBHBILHM JlesiTeJIbHBI{l HHTepec K 3Tod paboTe, B OCOOEHHOCTH
npop. ©. Jureabmany, npod. B. H. UwitoBuuy, npod. JI. Crendno,
a taxke na-pam [. Aunepcony, X. T'ycrasccony, K. Octbepry. Mel
BLICOKO LIEHMM COTPYAHHMYecTBO ¢ Jaboparopusimu Eppatoma, 3anu-
MaOUIUMHCSA TepMOsIepHBIME HecaenoBanusiMu. Oaun u3 Hac (X. B.)
no/b3yercsl cayuaem nobaaronaputsh a-pa T. Konconu (JlabGopatopus
TepMOSIIepHOTO cUHTe3a, ['peHo6.ab, ®panuusa) u npodp. K. Takasmy
(MuctutyTr du3uku naasmel Harofickoro yHuBepcuteta, Haros, fno-
HHA), B J1a00PaTOPHUAX KOTOPBIX Obla BBIIOJHEHA 3aKJAMUUTeJbHAasd
yacth paboThl Hajy ~KHHUroi. ABropsl ocoGeHHO 6JarofapHsl npod.
J. Tep Xaapy 3a uHTepec K HX HCCAeJIOBAHHAM H 3a 3(DQeKTHBHYyIO
[IOMOIlib B H3JAHUH HACTOSIHIEH KHUTH.

Boabwo# 6aarogapHocTH  3ac/dy:KUBaeT THlaTeJabHas pabora
Muccuc Arnerst MauxefiMep mo meperneuartke pykomucH M Mucc Ilat-
pHIHH DpeHHaH MO M3roTOBJEHHIO PUCYHKOB. MBI C NMPHU3HATENBHOCThIG
OTMeYaeM TakKe BBICOKMH KJgacc OuGJAMOTEeYHOro OOCAyKHBAHUSA,
nposBJeHHbH Muccuc Joporu 3aypmad,

HccnenoBanus, pe3ysabrathl KOTOPbIX OTPaXKeHbl B KHHTe, BHIIOJ-
HeHBbl NpH noggep:xkke llBeackoro KoMuTeTra TIO aTOMHBIM HCCJ€J0Ba-
HusM, llIBeCKOro KOMHTETa N0 eCTeCTBEHHOHAYUHLIM HCCJACAOBAHHAM,
Yupas/aeHuss mo TexHHYeckoMy passuthio llBenuu. Ha mnociennem
JTane OHH NPOBOAWJINCHL B paMkax corjamleHds Mexay Esparomom
u lIBeACKHM HanWOHAJBHBIM KOMHTETOM IO pa3paboTKe JHepreruye-
CKHX HCTOYHHKOB,



IMPEAHCJ/IOBHE ABTOPOB K PYCCKOMY U3TAHUIO

B nocsenHee gecsiTH/IeTHe Pe3KO BO3POC HHTEPEC K HeJHHEHHBIM
SABJIeHHAM B NHyasMe. DKCTEHCHBHOE Pa3BHTHE TEOPHH B ITOM Hampas-
JIEHUH, TIOCTAHOBKA HOBHIX JaDOPaTOPHBIX M YHCJAEHHBIX IKCIEpPHMEH-
‘TOB MOATBEPAMJH CyLIeCTBOBaHHe M MPOAEMOHCTPHPOBAJU BJHSHHE Ha
JUHAaMHKY 0OJ1a3MBl Pa3/HUHBIX HeJuHeAHBX 3h¢pexToB, B TOM yuciae
M IIpH TAKHX 3HAYEHHsIX MNapaMeTpoB IJIa3Mbl, KOTODHE TIOKA He
JOCTHTHYTB B J1a60paTopHbIX ycaoBusix. OpHOBpeMeHHO HCCJeA0Ba-
HUSA HeJuHelHBIX 3¢ ()EeKTOB pa3BUBAJUCh H B APYTHX BaxKHBIX 06Ja-
€TSX 3HAHHUSA, UTO TMPHBEJO K IJIOZOTBOPHOMY OOMEHy HAesIMH H KOH-
LENUUAMH MEXIY YYeHbIMH, paboTalolIUMU B 3THX 00J1aCTsX.

Buoarogaps cormamennio mexay Axanemueit nayk CCCP u Kopo-
JeBckoit Axkagemuell Hayk llIBemuu B mocsaegHHe rofAbl ycHellHO pas-
BHBaeTCs COTPYJIHHYECTBO COBETCKHX H IIBEJCKHX CIeLHaJIHCTOB MO
<nsvke niasmbl. B llBeuuu OBIO OPraHU30BaHO HECKOJBKO CUMIO-
3HYMOB # pabOuYUX COBeL[aHHH, B KOTOPBIX HApsSAy C COBETCKUMH H
1IBeJICKUMH (U3NKaMU MPHHHMAJK yuacTHe Takxke yuenole CIHA, fno-
HHM M HEKOTOPBIX eBPONeHCKUX cTpaH. B 3azauy aTHX BCTpey BXOAHJIO
Tpex/Je BCEro HayueHHe HeJIHHeHHBIX SIBJeHHH B mJasMe. ABTOpH
6/1arolapHbl 32 COTPYAHUYECTBO COBETCKHM CHElHaJHCTaM, B ocobeH-
socrd npod. B. H. HmroBuuy u npod. B. M. Kapnmany, koropble
HECKOJbKO pa3 NoceTHJH YajJMepckUil TeXHOJOTHYECKHH yHHBepCHTeT
M BHECJIH OYeHb CYyLIeCTBEHHBIH BKJaaj B paboTy yKa3aHHBIX CO-
Bellanui.

Mpul npusHatensusl akan. B, B. Kamomuesy, akax. P. 3. Car-
Zeeny, wi.-kop. AH YCCP A. T'. Curesxo u npod. U. Il. fdxumenko
3a HHTepeC K HAWIUM HAYYHBIM HCCJIELOBaHUSAM H IIOMOIlb, OKa3aH-
HYIO TIDH MOArOTOBKE PYCCKOTO H3JaHHSE KHHUIH.

X. Buabxeasmccon, 1. Befinang
T'érebope, Llseyusn, 1979



Cucrema eaMHMI 1 0003HAYEHUA

B kHHre ucnoJsb3oBaHa MexayHaponsas cucrema exunnuny (CH).
O6o3HaveHuss, Kak NpaBWio, OOIIENpHHSTHIC, KPOMe TeX, KOTOpHE
CIellHaIbHO Pas3bACHAIOTCS B TeKCTe. B yacTHOCTH, BEKTOPH 0O03Ha-
yednsl E, v, a ux aGco/oTHble BeJHUYHHB Kak £, v ¥ T. 1. Kommiaekc-
Hple BeJHUYMHB CcHaOXeHBl ueprouko#i: E, # u T. n. OgHako Takue
BeJHUHHBI, KaK HOPMaJ/JbHOe KojeGaHHe M aMIJIHTYAa, 0003HAYAIOTCH
0o6blyHBIM oOpasom: a, A u 1. n. Onepauus ycpegHeHHS MO MaJbIM
BpeMeHHbIM MacuitabaM OTMeueHa C TNOMOIIbI0 YIVIOBBIX CKOOOK.
Hanpumep, (W) o3navaer cpenHee 3HaueHHe IJIOTHOCTH 3HeprHH.
HakoHeu, BMecTo rpomosaknx Boipaxennit tuna (0D;/00)e—o; HC-

HOJIL3YeTCsl YIpOleHHas 3anuch 00D;/0w;.



T'JTABA )
BBEJEHUE

C HagaJsa 60-x rogoB HHTepeCc K HM3yYeHHI0 HeJUHEeHHBIX 3((ex-
TOB HEYKJIOHHO Bo3pacTaeT. [ToHUMaHMe MHOrUX SIBJ€HHH HeJUHeHHOH
TPUPOJB HMeeT (PyHIaMEHTaJ/bHOe 3HAadYeHHe AN (PUIKWKH MJa3MBl U
COBpeMeHHOH onTuku. e MeHee BaKHO OHO W IJs PA3BUTHS TeXHO-
Jorud Oyayuerc, o0co6eHHO B CBS3H C TONBITKAMH HCIOJAb30BAHUS
TopAuel NJIasMbl B KaueCTBe MCTOUHHKA SHePruu u pas3paboTKOH HO-
BHIX THIIOB 3JIEKTPOONTHYeCKHX npubopos. [locTaTouHo ymoMsHYTb
aHoMaJgbHble 3(QQPeKTh HeJUHEHHOro IPOUCXOXKJIEHUS, KOTOpPble Olpe-
neasiror Au@dy3uio U MPOBOAMUMOCTL Topsivefi msasMbel. be3 yuera
HeJUHEHHBIX 3 (PeKTOB HeBO3MOXKHO o0lllee paccMOTPEHHEe 3BOJIOLUH
IJIa3MeHHbIX  HeycroHuuBocTeH. bBusarogapst  SIBJCHHIO HeJUHEHHOR
CBfI31  BO3HUKAT H INOAAEPKHUBAIOTCH TypOyJeHTHLIE COCTOSHHUA
naazMbel. Ocobbll WHTepec BLI3BLIBAIOT HeJdUHeHHble 3()¢PeKTH, CONyTCT-
ByIOLllHe HarpeBy IJa3Mbl B YCTAHOBKax Ja3epHOro TepMOsiAepHOro
CHHTE3a H TPOHMKHOBEHHIO MOILLHOI'O 3JIEKTPOMArHUTHOTO H3JydeHUs
B I71a3My, He TOBOps Y2Ke O SIBJeHHAX, UMEIolUX pa3sHuHbe [PHUJIO-
JKeHHs B (DH3HKe KOCMHYeCKOH MJa3Mbl H acTpodusuke.

Henunefinble 3dgdekTH B Naa3Me MOXKHO KJaacCU(pUUIHPOBATbL IO
THIY B3aUMOJEHCTBHS (BOJHA — YACTHIA HJAM BOJHA — BOJHA) U IO
cTeneHy HeJdMHeHHocTH. HeJqHHEHAHOCTb eCcTecTBEHHO CYHUTAThL CJaabof,
ecau 00yCcJ/OB/IeHHOE €10 H3MeHeHHe aMIJIUTYIbl BOJHBI SABJAACTCH MeJ-
JIeHHbIM HO CPaBHEHHI0 ¢ OBLICTPBIMU FapMOHMYECKUMH KOJeOAHHSIMH.
B npotuBHOM cayuae TOBOPSAT O CHJAbHOA HEJHHEHHOCTH.

B HacTosillell KHUre paccMaTpuBaeTcs, B OCHOBHOM, B3aHMOACHCT-
BHe THIA BOJIHA — BOJHA I1pHU ciabofi HenuHelHOCTH. CaeayeT oTMe-
THTb, YTO 3TO, C OJHOE CTOPOHBI, JOINyCKaeT BIOJHe OOILYIO H CTPO-
IYIO MaTeMaTH4YecKylo IOCTAHOBKY 3ajauH, a C ApYyro#l — npeacras-
JIsleT HEeCOMHEeHHBLIH HHTepec B MPaKTHYECKOM OTHOLIEHHH, TaK Kak
HeJIMHEAHOCTY B [Jla3Me HEPEAKO MOXKHO cuuTaTh ciabbiMH (0cobeH-
HO B BLICOKOYACTOTHOH OOJIaCTH CHEKTpa).

[Ipy HcciaeaOBaHHH HeJMHEHHBIX B3aHMOJEHCTBHH THIIA BOJHA —
BOJIHA NPHMEHSIOT JABa OCHOBHLIX METO/A ONHCAHHS: METOZ (DHKCHPO-
BaHHBIX $as U Meton cayuafublx ¢as. [Ipu ncnosb3oBaHUM IIePBOro
MeTOojJa MpeAloJaraercsl, YTO BPeMsl KOT€PEHTHOCTH B3aHMOJEHCTBYIO-
HIHX BOJIH 3HAUUTEJbHO MPEBHIIAET XapaKkTepHOe BpeMs B3aHMOJEHCT-
BHs. B mpPOTHBHOM c/ayuae HeoOXOLHM BTOPOil MeToJ. DTH ajbTepHa-
THBHBIE NpPeANONOKEHHS] COOTBETCTBYIOT, OUYEBHMJHO, (PH3HUECKH pas-
JUYHBIM  cutyauusm. Jiis1 KOrepeHTHHIX B3aumozelcTBuil ¢asoBbie
3¢ ¢dexTsl OUeHb CYIIECTBEHHBI, TOTJa KaK HPH HEKOTePEeHTHOM B3aHMO-
JEHCTBHY OHH YTPAUYUBAIOT CHUJY. ‘
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Metox (HKCHPOBAHHHIX (a3 MONYYHJA HIMPOKOE PaCHpOCTPaMeHHe
B HeJMHeHHON onTuke [l], Torga kak A/s NMJaasMeHHBIX HCCIeA0BaHHU
XapakTepHO HMHTEHCHBHOE  HCIOJB30BAaHHe  MeToJa  CAyYaHHBIX
da3 [2—6]. Mexay TeM HHTYHTHBHO SICHO, YTO HEJHHefHble B3aHMO-
JeHCTBUA KOTeDEHTHOr0 THIA JOJKHBI HAaGJMIOAAaThCH TAKKe U B IJ1a3-
MeHHOH cpefe. JlaGopatopuble [7] # uMcieHHble [8] aKCiepUMEHTHBE
HOATBEPK/IAIOT 3TO  MNpPeANoJOXKeHHe, YKa3bBas OJHOBPEMEHHO Ha
BO3MOXKHOCTb 3HAUHMTEJbHOI'O  BJHUAHHA (a30BbIX 3((PekToB Ha He-
MHMHeHHYI0 AMHAMHKY njasmbl. Hanpumep, nmoa BAMSHUEM MOLIHOTO
H3JyYeHHs B IJIa3Me BO3HUKAIOT BHIHYXKJIEHHBIe paccesiHHe U pacrap,
Tax xak 3TH HeJHHEHHBIE NpOLECCH Pa3BHBAOTCA NMOJA BO3/eHCTBHEM
KOTePEHTHO#l BOJHBI, 3Q(MEKTH KOrepeHTHOCTH MOrYyT OBITb CYLIECT-
BEHHBLIMH B TeueHMe BCEr0 BpeMeHH B3aumonelictBus. Cihenyer OXKH-
AaTb, UTO OHH OCOOEHHO SIPKO NPOABATCA B HEJMHEHHLIX Mpoleccax
€ 3KCTpeMaJJbHO MAaJbIMH BpPeMeHaM¥ 3BOJIOIHH, IPHMEPOM KOTOPBIX
MOXKeT CJYKHUTb B3PLIBHASI HEYCTONUUBOCTD.

Takum o6pasom, mpobjemMa KOrepeHTHOrO B3aHMOJEHCTBUS BOJH
B 1lJa3Me 3acayxKuBaeT cama no cefe ReTanpHOrO PACCMOTPEHHS.
Kpome Toro, Takoe pacCMOTPeHHe AOJIKHO 00ecHeudTb HeoOXOAMMBIH
6asnc Ass M3ydeHHsi oOUIEro cjaydasi B3aUMOJAeHCTBHsI YaCTHYHO Kore-
PEHTHBIX BOJIH.

Kuura nHaunHaercs ¢ pacCMOTpPeHHsi NMPOCTEHLINX TNPUMEPOB He-
JIHHEHHBIX sIBJEHHH pas3JuYHOA NPHUPOABI, HJJIOCTPUPYIOMIUX HEKOTO-
pple  XapakTepHble OCOGEHHOCTH HeJMHEHHBIX YPaBHEHWH TOrO. XKe
THIIA, YTO W YDaBHEHHs, BCTpeualollyecs NPH NOCTAHOBKe 3JEKTPO-
ANHAMHUYECKOH 3a/1aui HeJHHEHHOro OlNHCaHHA NJa3Mbl. B uyacTHOCTH,
06cy2K1ar0TCS NPUYHHBEL CYlIeCTBOBAHUSL YCTOHYHMBBIX H HeyCTOHUHBBIX
pelleHH#i HEKOTOPHIX HAeaJH3UPOBAHHLIX MOJENbHBIX ypaBHEHHH.
OaHO U3 TaKUX YpaBHEHHH BO3HHUKAeT B CBA3W C NpobieMoill pocTa
HapoJOoHAcCeJEeHHs, KOTOPHIH, KakK ' OKa3blBaercs, I[PH ONpejlesdeHHbIX
YCJAOBUSIX TAKXKe MOXKET HMeThb HEeKOTOPYIO TeHIEHLUHIO K B3DBIBHOMY
noseneHuio (ra. 2).

[Ipu BRIBOME HeAHHEHHBIX JIHHAMWUYECKUX YypaBHeHHH B ciayuae
cnaboil HeJTMHEHHOCTH BO3HHMKAIOT TPYAHOCTH, CBsi3aHHBIE C HaJHYHEM
TaK Ha3bIBa€MBIX CEKYJAAPHBIX cjaraeMblx. Jlas yCTpaHeHHs 3THX
TPyAHOCTEH OOLIYHO HCHOJB3YIOT o6WHH Metox bBoromwo6osa — Kpbi-
aoBa [9, 10] HiIH MeToJ1 MHOrOBPEMEHHBIX IOCJeI0BaTeNbHBIX NPUOIU-
Kenuil B Qopme [11], npeacraBasiiominii coboil PpakTHUECKH OJHY H3
Moau¢pukauuii Merona bBoromio6osa — KpbiioBa. Mbl 6yjaem npuaep-
JKHBAThCS, B OCHOBHOM, MeTOla . CBsi3aHHBIX BOJH [12];. corsmacHOo emy,
MCXOAHBIE ‘yPABHEHHA 3aMUCLIBAIOTCS OTHOCHTEJBHO JHHEHHBIX KOMOM-
HalMH [0/eBbIX BeJWYHH (HOPMAaJbHBIX KOJeOaHHHA), BHUI KOTOPHIX
NOJHOCTBIO ONpellessieTcss THOOM BOJIHBI H CDeAOH pacHpocTpaHeHusd.
DTOT MeToa TNPOJEeMOHCTPUPOBAH B IJ. 3 Ha NPHMepe BBIBOJAA COOT-
HOUIEHHH, ONHCHLIBAIOUIMX TPEXBOJHOBOE B3aHMOJAEHCTBHE B Tropsueit
6eCCTONKHOBUTENBHOR MJ1a3Me (B UAPOAMHAMHYECKOM MPHUOMUIKEHHH) .

Utob6wl Huccae0BAThL HEPreTHUeCcKUui 6asanc MeX1y B3aHMOJEHCT-
BYIOLIUMH BOJHAMH, HeOOXOJHMBI BBIpa)KeHHUsl A1 3JHEPruH BOJIH,
pacnpocTpaHsIIOIIMXCS B MaTepuanbHO#  cpeme. Takue BrlpaKeHust
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BHIBOAATCS B IV. 4 1/ KBa3HMOHOXDOMATHYECKOH BOJIHBI B H30TpOI-
HOH cpelie ¢ YacTOTHOH nucrmepcHedf. TaM e NpHBeIeHB ypaBHeHUS
HeJHHEeHHOr0 B3aMMOJEeHCTBHA B INpPeACTaBJIEHHM HEJHHEHHBIX TOKOB,
Hcnonb3oBaHne 3TOro NpexCTABJEHHS, BO-NMEPBHX, IOJE3HO C TOYKH
3peHHsT MPOCTOTHl HUHTEpPIpPeTAUHH HEJHHEHHBIX B3aHMOAEHCTBHE H,
BO-BTOPLIX, IIO3BOJSACT YYeCTb AHUCIEPCHOHHblE 3D (eKTH BHICLIETO MO-
psiiKa, KOTOPble He OIHCHLIBAIOTCS B PaMKax MeTOJa CBS3aHHBIX BOJIH
(ra1. 5).

Hanee paccMOTpeHB MPUMEPHl TPEXBOJHOBOTO B3aHMOJEHCTBUS
Ha OCHOBe THUAPOAUHAMHUUECKOH H KHUHETHYeCKOH MojeJefl -TJ1a3Mbl
(ra. 6). Ilpu 3TOM JONYCKATCH HAaSHUMe MMOCTOSAHHOTO MATHHTHOTO
T10J11, OPHEHTHPOBAHHOIO BAOJb HAlpPaBJEHHS PACIPOCTPAHEHHS BOJH
(178 mpPOCTOTHI paCCMOTpPEHHe OTPaHUYeHO CjydyaeM, KOMAa BOJHOBbIe
BEKTOPH BCEX B3aUMOJEUCTBYIOIUUX BOJH KOJJIHHEAPHBI),

I'n. 7 u 8 nocedallenb! 0OLIEMY pPacCMOTPEHHIO CHCTEMBEl Tpex
KOTepPeHTHO B3aMMOJeHCTBYOIIUX BOJH, BKJOUAs NPUMep BOJH C OT-
puUaTe/abHON 3HepPrueft H CBA3AHHLIX ¢ HUMHU HEYCTOHUYUBBIX pelleHH
B3pBIBHOrO Tuna. Hanuunme Takmx peuleHUHd o03Hauaer BO3MOXKHOCTb
YBeJIMUEHHUSI aMIJIMTYA BCEX B3aUMOJAEHCTBYIOUIHX BOJH 10 GeCKOHeu-
HOCTH 3a KoHeyHOe BpeMsi. [TogoOHble COCTOSIHUSI MOTYT UMETh MeCTO
B ACHCTBUTENBHOCTH, XOTs NpPeJe/ibHble 3HAUeHUS AMIJIUTYA B peaib-
HbIX YCJOBHSIX, KOHEUHO, OrPaHHYEHBl H3-32 CyILeCTBOBAHHS PAa3Jau4-
HBIX (U3NUECKHX MEXAaHH3IMOB HACHILUIEHHUS.

AHanvuTHuecKkde pelIeHUS CHCTEMBI CBSI3aHHBIX YDaBHEHHHA BhLIpa-
KAWTC uepe3 JauNTHYecCKHe GyHkuny (ra. 9). B nansHefiem
(rn. 10) Gosee jerajsbHO HCCJEJOBAHO YCJAOBHE YCTOAYHBOCTH TpeX-
BOJIHOBOH CHCTEMBbl ¢ y4eTOM 3(Q(QeKTOB AHCCHIAUHH, 4TO IpeAcTasB-
JsteT 0cOoOBIl HHTEpeC, ITOCKOJNbKY KO3(Q(UIHEHTH CBS3H IPU TAKOM
yuyeTe CTAHOBSITCSI KOMIUIEKCHBIMH. OKasblBaeTcs, YTO €CJAH BEKTODHI,
OTBeyawllie KOMIVIEKCHBIM Ko3(d(pUUUeHTaM CBS3H, JeKaT B OJHOH
TIOJYIIIOCKOCTH, TO TPEXBOJHOBAS CHCTEMa HeJHHEHHO-HeyCcTOHUHBa,
npuYeM 3TOT BBIBOJA 0Oaamaer CBOHCTBOM HHBaPHAHTHOCTH OTHOCH-
TeJBHO NpeobpasoBaHus HHEPUUAJIbHBIX CHCTEM OTCUETA.

B 3KcnmepuMeHTasbHOM OTHOIIEHHH HauboJiee MHTEpeCEeH TOT CJy-
yaj, KOria JIMHeHHble 3aTYXaHUs  B3aUMOJECHCTBYIOLUHX BOJIH pas-
auynbl, Torja BO3MOXKHBI KAaK peWleHHsi B3pbiBHOro THna (ra. 11),
TaK W HeJHHefHo-ycToitunBbie pemieHns (ra. 12). Ilpu uccaezosanun
STHX pelIeHHH HCNOJAb3YIOTCA aHAJUTHUYECKHE M YHCJeHHBlE METOMbI,
4YTO B KOHEUHOM CYeTe [O3BOJISIET MOJYUYUTH AOCTATOUHO IOJHOE MNpei-
craBjeHHe 06 3BOJIIONUMH pacCMaTpHBAaeMBIX CHCTEM, HECMOTps Ha
OTCYTCTBUE CTPOTHX pelleHuH.

BsaumogeiicTBHe ABYX  TPeXBOJHOBBIX CHCTEM, HMEIOUWIHUX OAHY
obuiyio BOJHY (T. e. (aKTHYeCKH TNATHBOJHOBOE B3aMMOJEHCTBHE),
paccmorpeno B ra. 13. Ilpexamosaraercsi, YyTO OJHAa H3 STHX CHCTEM
COZEePIKUT JBe TONepevHble W OAHY IPOJOJbHYIO BOJHY, a Apyras—
TP TPOAO/AbHBE BOJHH. Jlomyckaercs, uTo 6aarofdpsi HaJHIHIO
B cpele HCTOYHHKOB CBOOOXNHON 35HeDrHH (TakuX, HalIpHUMeEp, Kak
MOJIEKYJISIpDHAasA IOACHCTEMa ¢ HHBEDPCHON HACEJEHHOCThIO)  OTpHIA-
TEeJbHON 3Heprue#t Moryr o6JajaTbh He TOJbKO NPOAOJAbHBlE, HO H TO-
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nepeunbie BOJHBL. [logo6HOe B3auMoOjeficTBHe NPHBOAHT K YCHJAEHHIO
VI3JTyUeHUs] B ONTHYECKOM H MHKDOBOJIHOBOM [HANasoHaXx.

B cnenyrmomunx aByx raasax (ra. 14, 15) wusioxeHB pesyabTaThl
UCCIeOBAHHS KOTEDEHTHOIO B3aWMOJEHCTBMS BOJH C YYETOM HeJH-
HeliHbIX 2¢Q(deKToB TpeTbero mnopsiaka. MeTox HeJHHEHHOro MOTeH-
1lHaJia I03BOJSIET JIEFKO HHTEPIPEeTHPOBATHL (HDU3HUYECKYI0 NPHUPOLY
nosyyaeMblx pemleHuH. I1pu 3BOMIOUHH B3pPLIBHOTO THIA HeJIMHEHHblE
st dexTsl 00eCneYnBalOT BO3MOXKHOCTb HACHILUIEHHUSl, NpHuYeM OGJaro-
Japs yuyeTy HeJHHeAHOro CJBHra 4acTOThl BO3HHKaeT CBoeoOpasHas
SBOJIIOLNHUOHHAS KaPTHHA THNA MOBTOPSIOUIUXCS NMHKOB KOHEUHOH BeJsH-
guHbl. Takas KapTHHA SBJAETCS MPSIMBIM CJeACTBHEM KOTe€pPeHTHOTO
XapakTepa B3auMoaelcTBus (B NpubMUKEHUH caydalHbIX a3 Habuaro-
Jlaercs IJIaBHBIE BBIXOJ Ha yPOBeHb Hacbilllends). Eie oano cymiect-
BEHHOe pasJHuHe pe3y/bTaTOB KOTEPEHTHOIO H HEKOTePEeHTHOrO
ONMUCAHUI 3aKJII0YaeTcsi B TOM, UTO HUHKDeMeHT KoJeOaHHH NpH Kore-
PEHTHOM B3aMMOJAEHCTBUH paBeH KBAaapaTy aHAaJOrHYHOH BeJHYHHBHI
JUIST CHCTEMBI BOJIH €O CAYYaHHBIMU (pa3amH.

TunnuabiM npuMepoM (QH3NYECKOA  CHCTEMBEl, B KOTOPOH MOTYT
OJHOBDEMEHHO PacHpOCTPAHATbCS BOJIHBL C MOJOKHTEJbHOH H OTPH-
LaTeJbHOH 3HEpruef, CAyXKHUT cucTeMa NJaasMma — ny4ok. ['mapoaunHa-
MUYeCKOe M KHHeTHUeCKOe OMNHUCAHHS KOTEPEHTHOrO B3aHMOAEHCTBUSA
BOJH B Tako#l cucreme jAasel B ri. 16. Tam e npuBereHb MHOIO-
YyucJeHHBle pacuyeTHble pPe3yJbTaThl, OMNHCHIBAIOIIHE 3aBHCHMOCTH
K03 HIHEeHTA CBSA3H OT CKOPOCTH YACTHIL H IJOTHOCTH Iy4YKa, a TaK-
JKE OT TEMIEPATyPHBIX H CTOJKHOBHTEIbHBIX 3()(eKToB. DTH pe3yab-
TATHl TOKA3BIBAIOT, YTO NMPH THIHYHBIX 3HAYEHHSIX NapaMeTpPOB NJ1a3MBbl
M NyYKa BO3MOXKHOCTb DAa3BHTHs B3PBIBHO HEYCTOHYHBOCTH B pac-
CMaTpUBaeMOll CHCTeMe He HCKJloYaeTcs, HO AJS ee peasH3alHy
TpebyloTcsl 60Mbllive HaualbHbBle 3JeKTPHYeCKUe MOJs.

[Ipn Onpele/eHHbIX YCIOBHAX Ha BPEMCHHOE DPasBUTHE CHCTeMbi
KOT€PEHTHO B3aUMOJEHCTBYIOIIMX BOJH MOFyT OKa3biBaTb BJHSHHE
IucNepCHOHHBIe 3¢ (eKTH BTOPOro mopsaka. B dacrHocTH, 61arogapd
UM HWHOrja Bo30yxpaercs KoJebaTeqbHbIl NPOLECC HOBOro THNA —
TaK Ha3blBaeMble AHCICPCUOHHblE OCUMJMALMH, MOSBJACHHE KOTOPHIX
CBSI3aHO, T[JIaBHbIM 06Dpa3oM, ¢ HeOOXOAMMOCTBIO  yAOBJETBOPECHHA
HayaJbHbIM YCJOBUAM AJS BTODBIX IIPOH3BOJHBIX N0 BPeMEHH OTHO-
CHUTEJbHO TOJIeBBIX BEJHYHH, BJiHsiHHe AHCIEPCHOHHBIX OCHUJJIALMH
MOKeT OBbITb 3HAYHTEJBHBIM, €CTH UX YacToTa TOrO Ke NOpsijKa, YTO
¥ 4acToTa BOJHBL (1. 17).

B npupole B3auMOAeHCTBYyIOUlHe BOJHB OGBIYHO YACTHYHO KOre-
penTHH. [l03TOMY TpagMIHOHHO HCHOJb3yeMBlE METOAB HCCJIEAOBAHUSA
HeJMHEeHHBIX B3aUMOJeHCTBUA (METO] KOTEPEHTHOTO OMHCAHUA U MeTOX
cayuallHelx (as) ciaenyeT paccMaTPUBATL JHIUb KAK aJbTePHATHBHEIE .
npubJNKeHHsT K peasbHOll (u3uuecKoli KapTuHe. Ecan B onpepeseH-
HbIi MOMEHT OJHa BoJHa o0/iajaeT HEKOTOPBIM pacrpefesneHneM ¢as,
a (asel -OCTAJBHBIX BOJIH (HKCHPOBAHHl, TO B IIpOHecce HeJHHeHHOH
3BOJIIOIHH CHCTEMB paclpejesexHde (a3 Takxke OyleT H3MEHSTbCA.
B urore moryr HaluiogaTbCad TakHe HHTepecHble 3(QQEKTH, KaK YIIH-
pense u ¢oxycuHpoBka ¢a3. B cBszu ¢ srtuMm B I 18 paccmorpeHa
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BO3MOXKHOCTb ONHCAHHA HEJHHEHHOro B3aHMOJEHCTBHA BOJH C KOHeY-
HOH UIMPHHOK CHeKTpa B NPOCTPAHCTBE BOJIHOBBLIX uncen. [IpuBemeH-
Hple TaM JaHHble YHMCJEHHOIrO aHa/H3a NOKa3bBAIOT, KaK yIIHpeHHe
a3, CBA3aHHOe NMEepPBOHAYAJbHO € OJHMM BOJHOBBIM MAKeTOM, IOCTe-
NICHHO MEPEHOCHTCS Ha APYrHe flakeThbl, TaK YTO IO TMPOIIECTBHH AOCTA-
TOYHOTO BpEMeHH BCe NaKeThl HMEIOT MPHMEPHO OJHHAKOBOE paclpese-
Jgenue ¢as. PesysbTHpyIOllee cTAaHOHADHOE COCTOSIHME COOTBETCTBYET
npubankeHnw xaotudeckux (as. Takum o6GpaszoM, MeTOH, HCHOOJb3O-
BAaHHLIA B rJ. 18, MO3BOJNIAET NPOCJAEAUThH HENPEPBIBHBLIA NEePEeXOL OT
HEeJHHEeHOH CHCTeMbl KOTE€PEHTHBIX BOJH K CHCTEMe BOJIH CO CJydai-
HBIMH (hasami.

K knaccy nHauGosnee WHTEPECHBIX HeJHHEHHLIX 3G (eKTOB B IiasMe
NpHHaLIeKaT Te SIBJIEHHA, KOTOPble HAOJIONAIOTCH NIPH BO3JAEHCTBUH
Ha IJ1a3My MOIIHOTO 3JE€KTPOMATHUTHOTO H3JIyuYeHUs. IDTO Mpexie
BCEro pas/HyHble MPOLECCH BLIHYXK/IEHHOrO PacCesHHs: HUHAYIUPOBaH-
HOe paccesHue, BhIHYXKIEHHOe paccesiHde ManjenpuitaMma—bBpuimos-
Ha, KOMOHHAUWOHHOE H KOMIITOHOBCKOe paccesHus. HMccaenoBanus
3THX IPOLECCOB HMeIT HENOCPeACTBeHHOe OTHOLIeHWe K npobieMe
JIa3€PHOTO TepMOsIIepHOTO CUHTe3a, Tak KaK JIpejrnoJaraercs, 4To He-
JUHefiHasg CBfI3b MeXJAy BOJHAMH XapakTepHa [Js [Ja3MeHHOH
KOPOHBI, o0pasywlleics NPH BO3AEHCTBUH JA3EPHOTO H3JYUeHHS Ha
TEPMOSIIEPHYIO MUIIEHb, DKCIEPHMEHTH 1OKA OCTABJSIOT OTKPBITHIM
BOIPOC O KOJHYECTBEHHOM BKJ/Jale 3THUX IpOLeEcCOB B 3Heprofananc
YCTaHOBOK, TeM He MeHee HeOOXOAHMOCTbL BO3MOXKHO (oJsee ray00oKoro
HOHHMAaHHS TAakHUX IIPOLLeCCOB IPeJCTaBJseTCA BIOJHE OUYeBHIHOH.
MoxHO oXuzaTh, YTO MO Mepe AaJibHEHIIEro pasBUTHS AHArHOCTHYe-
CKOH TeXHHKH, TOBBIIICHUS HHTEHCHBHOCTH Ja3ePHOr0 U3JydYeHHUs U
npoBeJeHuss Bce 6OoJlee WIMPOKUX  YHCJAEHHBIX  JKCIEPHMEHTOB
OTKPOIOTCA HOBble BO3MOJKHOCTH [JISl CDaBHEHHUs TeOPeTHYECKUX Ipen-
CKA3aHUH C 3KCNEePHMEeHTaAbHBIMU jpaHHBIMH [13, 14] (ra. 19).

Ayasornunasi CHTyaldst HMeeT MeCTO M IIPH Harpepe MIa3Mbl
BBICOKOUACTOTHBIM H3/JyYeHHeM (B UYAaCTHOCTH, H3JyuYeHHEM, YacToTa
KOoTOporo 6su3ka K HUXKHeH THOpUAHOH udacrore). Oxugaercs, 4YTo
Takoi cnocob6 HarpeBa HOHOB OyleT 3¢QeKTHBHBIM B TOPOHAAJNbLHBIX
YCTaHOBKAX, HO B HaCTOflllee BpeMsl AaJjleKO He SICHO, B KaKOH cre-
HeHH Tpouecc Harpepa GyaeT 3aBHCeTh OT HeNHHEeAHBIX 3(QdEKTOB.
B npoBeneHHBIX nabopaTOPHBIX H YHCJIEHHBIX dKcnepuMeHTax [15—17]
HeJiMHelHble 3GhdeKkTs HabJOAa/dHuCh, HO TOJbLKO Oyayllue HCTIeNO0-
BaHUS C H3JAYUEHHSIMH OOJIBIIOH MOLIHOCTH TPOJBIOT AONOJHUTEIbHbIA
cBeT Ha 3Ty mnpobseMy ¥ IOMOTYT OKOHYATEJbHO pPELIUTh BONPOC
O BJAHMSHHH Pa3/IMYHBIX NPOLIECCOB HA Harpes I11a3MBl.

B cusy CKa3aHHOTO MOHSITEH HHTepec K TpobjeMe B3aHMOAEHCT-
BHSI MOIIHOTO 3JE€KTPOMArHUTHOTO  M3JIyUYeHHs C MAarHUTOAKTHBHOH
naasmofi (ra. 20). B npHHUMIOe MeTOJ CBA3aHHBIX BOJH, HCIOJAb3O-
BaHHBIH B TVI. 6 TpH PACCMOTPEHHH HEJHHeHHOro B3aUMOJAEHCTBHSH
BOJIH, PacnpoCTPaHAIINXCS BAOJbL MAarHHTHOIO NOJs, IPUTOAEH TAKXKe
W B cJyuae TomepedyHoro (a csenoBaTesNibHO, U I[POU3BOJBHOrO)
pacnpoctpaHenns BojH. OaHako B ri. 20 ¢ HINIOCTPATHBHOH IEJIbIO
'UCIIOJIb3YeTCST HHOH MeTOJ, a HMeHHO IapaMeTpPHYeCKMH TMOIX0J,
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B paMKax KOTOPOTO HCCJeAyeTcsi B3aHMOJeHCTBHE CHJBHOH 3JeKTpO-
Mar#HNTHOH BOJIHBl HAKaykKH, paclpocTpaHsioulefics NepleHIHKYJIsIPHO
K HamnpaBJ/IeHHIO . Mar"HHTHOTO T[0JIsl, ¢ HeOOBLIKHOBEHHOH BOJIHOMN
{HU>KHern6pUAHON WJIH BePXHeruGpUAHOH) W APYro#t OGBLIKHOBEHHOM
poauo#. [lpn 3TOM yYUTHIBAIOT He TOJbKO JHHAMHKY 3JeKTPOHOB
H HOHOB (MOHOB BOJAOPOJAAa HJH €ro H30TOHOB B TepPMOSIAepHO#
nmjga3Me), HO TaKKe U BJHUSHHE TAMKEJNBIX [TPHMECHBIX HOHOB € BBICO-
KOH CTemeHBIO MOHM3AaUHMH (HANpHMep, HOHOB KHCJIOPOAA, Yraepojia,
Mosnbiena). Hanuyve TakuXx nNpUMECHBIX HOHOB OYeHb CYUIECTBEHHO
CKa3blBAETCst HA CBOHCTBAX TEPMOSIIEPHOHA Maa3MBl H3-3d MX BBICOKHX
3apsaaoBbIX YHcesa. B ra. 20 mpuBeneHBl BhIpaxKeHUs s HHKPEMEHTOB
U TOPOTrOB Pas3BHTHS HEYCTOHUMBOCTM NMPH B3aHMOMAEHCTBUH paccMat-
pHBaeMoOro BHOa, a TakxKe o0CyxKIaeTcss 3aBHCHMOCTb 3THX BEJHYHH
0T PacCTPOMKH 4YacTOThl. B 4acTHOM cJsydae, IpH OTCYTCTBHH MAarHT-
HOro TNOoJIs, NOJYYEHHBlE BLIPA’KeHHs! OIMHCLIBAIOT BBIHYKIEHHBIE NIPO-
uecchl paccesHuss ManjeapimitamMma—Dbpuanosna H KOMOUHAUUOHHOTO
paccesiHUsA C YYeTOM BJAHSHHSA NpHUMecel.

®opMannaM TeopHH B3aMMOJEHCTBHS BOJHA — BOJHA NPHMEHHM
TaKXKe U JJIs1 HeJMMHEHHOTO B3aMMOAEHCTBHUSI JBYX BOJH € 4acTULAMM
[J1a3Mel. 9T0 WJIOCTpHpyeTes B . 21, rae mokas3aHo, uTO Hepeso-
HaHCHOe B3aUMOJefiCTBHE [IBYX BOJIH C TpeThbefl NpH yueTe 3aTyXaHHUA
Jlanpmay mocnenHeii MOMKHO HHTEPIPETHPOBATh KaK B3aHMOJAEHCTBHE
BOJIHA — YACTHLA MeXJy MepBUYHBIMH BOJHAMU H YaCTHLAMH, CKO-
POCTH KOTOPBIX COBNAAaldT ¢ (a30BOH  CKOPOCTbK) BOJHL OHEHHI
{(HesuHeliHoe 3aTyxaHue Jlannay).

Paccmorpenne KOrepeHTHOro HeJHMHEHHOrO B3aHMOJAEHCTBHS BOJH
3aBepiuaercs rJ. 22, B KOTOpPOH 3aTPOHYT BONPOC AHOMaAbHOH AUQ-
({y3UH YacTHL TJa3Mbl, CBSI3aHHOH C HeJHHEHHHIM BO30y:KIAEHHEM
KOHBEKTHBHBIX ABHKEHHIl 5THX 4acTHLL.

CuoielyeT NOJAYepKHYTb, UTO TJIABHOE BHUMAaHHE B KHHIre YHAEJNCHO
TOMY KJacCy HeJHHEHHBIX $BJeHHH, KOTOPBIH, MO MHEHHIO aBTOPOB,
He HalleJ 0 HaCTOSINIEr0 BpPeMeHH IOJ/KHOrO OCBelleHHUs B JHTepa-
Type. B mocnenHee zecATHJETHe BBITOJHEHO TaKiKe 3HAYMTENbHOE
YHCJO IKCIEPHUMEHTAJBHBIX paboT MO HeJUHEeHHOMY B3aHUMOJeHCTBHIO
Bosid. Kparkuii 0630p 3Tux paboT COAepKHuTCA B 1. 23.

OTMETHM TakKe, YTO PACCMOTDEHHe MHOIHX BOIPOCOB B KHHIE
TECHO CBSI3aHO C TAKUMH HHTEPeCHBIMU INpobaemMaMH, Kak obpasosa-
uue coauToHos [18], dpayxkryauun B naasme [19—24], TypGyseHTHOCTD
njasmel {3—35], Ho 3THM BONpocaM MOCBAILIEHO GOJbIIOE MYHCIO paborT,
¥ MO3TOMY MHl IMOUTH He OyJeM HX KacaTbCsl, 32 HCKJOYeHHeM KpaT-
Koro ofcykaeHust npobseMbl 06pas3oBaHHUA  COJMHTOHOB B . 19.
BMecte ¢ TeM B KOHLE KHUIHM (IJ. 24) npuBejJeHBl CBOJKAa OCHOBHBIX
HanpaBJeHU#l  HeJHHEHHBIX NJAa3MeHHBIX  HCCJAELOBaHHH H BecbMa
OGIINPHBIA CIHCOK JIHTEPATYPHl, KOTOPLIH BKiaw4aeT paboOTH MO BCeMy
CIEKTPy COBPEMEHHBIX NMpobJieM TeOPUHM HeJUHEHHOro B3aHMOAeHCTBHSA
BOJIH B IlJ1a3Me, CTOJb HHTEHCHBHO pasBHBaloulefics B NOCJeJHHE
roam [25—30].

3HaunTeJpHOEe BHHMAaHHE B COBpPeMEHHOH (PH3HMKe INJIasMBl yae-
Jsierca npo6jeMe CTOXacTHYHOCTH vacruiy u nodsed [31]. B csaAsu
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C 9THM [OJIE3HO 3aMeTHTb, UTO NPOCTble YpPaBHEHHs TPEXBOJHOBOIO
B3aMMOJEHCTBHA, KOTOPLIE 1OAPOGHO aHAJIH3UPYIOTCS B HaCTOsLLed
KHHre, MOTYT NIPHBOJHMTH K ONHCAHHIO TAaKUX XapaKTEPHHIX SIBJCHHH
CTOXACTHYECKOH NPHPO/BI, KaK 6Hq)ypxaunﬂ i CTpaHHble aTTPaKTOPHL
{cM. c. 403—423 B {31]).
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I'VIABA 2 '
NMPOCTBIE NPUMEPbBI HEJIHHEWUHDBIX SAIBJIEHHHA

[Ipuposa ¥ KM3Hb HACTOJAbKO GOTaThl HEJHHEHHBIMH SIBJECHUSIMH,
UTO UX IPHMepbl MOXKHO HaifiTH mpakTHYecKd Bcioay. Ilpoiecch, mpo-
TeKamolile B KHBBIX OPraHH3Max, HepeJKO 3aBHCAT OT HeJHHeHHbIX
3(pPeKToB. DKOHOMHUECKOe Pa3BHTHe, ONpejesseMoe CIPOCOM H Ipes-
JIOKEeHHeM, OHHCBHIBACTCA HEeJHHEeHHBIMH COOTHOIUCHHUAMH OTHOCH-
TeJIbHO TAKHX AMHAMHYECKHX TepeMeHHBIX, KaK YPOBHH MPOH3BOACTBA,
roTpebJeHUsT 1 UHCJEHHOCTh HaceJeHusi, TeopeTHdeckuil aHaJH3 IO-
LOOHOrO poOja CUCTeM BO MHOIOM HallOMHHAeT aHajJH3 AMHAMUYeCKUX
IIPOILIECCOB B IJ1a3Me,

Hennnefinple 3 @eKTH MOTYT ONpenenasiTh YCTOHUMBOCTL WJH He-
YCTORYHBOCTh TeX WJAH HHbIX cHcTeM. [lepeMeHHBle, ONHCHIBAIOLIME
CHCTEMY, MHOrJa JAOCTHralT 3KCTPeMasbHO OOJbLIHX 3HAUYEHHH B pe-
3y/JbTaTe BHEIUHUX BO3AEHCTBHH (Kak B cayyae MasiTHHKA) HUJAH HCOBI-
THIBAIOT MapaMeTpHUecKOe yCHJCHHEe NpPHU YCJAOBHH, UTO BO3IMyLIAloLas
CHJIa HUMeeT OINpejeneHHBH MePHO/ W NOAXOAsAMY0 ¢a3sy, T. e, corya-
COBaHa BO BpeMeHHW ¢ paccMarpuBaeMmoi cucremoil. Ilpu ompenenen-
HbHIX 3Ha4YeHUAX NnepuoAa u ¢hasbl B3aUMOAEHCTBYIOUUX BOJH B fJaazMe
MOTYT BO3HHKAaTb pe3OCHAHCHBle 3G @eKkTh, H Toria JAHHAMHUECKHE
siBJIeHHst npuobperaioT ocobenHo sipkuii xapaxTtep. Ha Bricme# cra-
JUU pa3BUTHA TakHUX 3Gh(eKTOB HPOHCXOAUT KOrepeHTHOE B3aUMO-
JefiCTBHE BOJH.

Cyas no 6ubnelcKUM NMpeJaHHsM, BaXKHOCTb KOTePEHTHBIX B3aHMO-
JedcTBUH Obliia oco3HaHa enle B XIV B. 10 Haulelh 3pnl, KOrjga CTeHBI
Hepuxona pyxHysaum B pesyJapTare KoJJanca 3BYKOBLIX KojebaHuil.
A co3jaHHe KOrepeHTHBIX IYYKOB CBeTa € NMOMOLIbIO CTHMYJHPOBAH-
HOrO U3JyuYeHUs B HallleM Beke — caMas COBCpIUGHHAf peanusauus
¥JeH KOTeDEeHTHOTrO B3aHMOJAeHCTBHS M3 BCeX, KOTOpble KOrjga-aubo
3HaJ Mup.

KorepeaTHOoe B3auMOAeHCTBHE BOJIH B IIadMe H B3aHMOJeHCTBHE
BHEILIHEro KOTeDeHTHOrO H3JyYeHHA C NJa3Moi — TeMa, KOTOpYIO 110
caMofi IpUpOJe Hesab3s paccMaTpUBaTh Kak TpuBHasbHylo. [loyun-
TeJbHO HAaUaTh HU3yuYeHHe 3TOH TeMbl C HEeCKOJbKHX MPOCTbIX NIDUMEpPOB
HeJlMHeHHOCTel, TpeJiHA3HAYEHHBIX [/ NAeMOHCTPAlHH CYIECTBEHHBIX
ocobeHHOCTE aHaaHM3a Tex npobsaeM, KOTopele OyIyT OOCYXAaTbCs
B JaJbHeHUIeM.

NapameTpuueckast HeyCTOHYHBOCTD

PaccMoTpuMm npexzie Bcero CBA3aHHble YpaBHEHHS, OMUCHIBAIOLIHE
napaMeTPUYECKYI0 HeyCTOMYHBOCTb., IlycTb AHHaMHYeCKHe IlepeMeH-
HBIE 7y U Mg TIOAYHHSIOTCS YPAaBHEHHAM

dn,/dt = c;ngn,; (2.1a)

dny/dt = c,nyn, (2.16)
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TAe ny— MOCTOSHHBIH MapaMeTp M BCe BeJHUHHBI BellleCTBEHHHIE.
Jas 60nbMX 3HAUEHUH  pelleHHe CHCTeMbl HMeeT BHJ

ny ~ exp [ny Ve, t; } (2.2)
n, ~ exp [n, Ve, tl.

B npenamoso:KeHHH, UTO ¢; H Cp IOJOXKH-

4L vl TeJbHbI, 3TO PellleHHe OIHCBhIBAET SKCHNOHEH-
' nHaabHOe HapacraHue (puc. 2.1), CKOpOCTb

KOTOPOT'O YBEeJHYHBAETCSI C YCHJIEHHeM CBSA3H

J H pocTOM mapamerpa np [1]. Ecau ke ¢y 1 ¢
75,01 OTPHIIATE/IBHB], TO IIPH Magablx [ o0e aMILIH-
TyAB OyAyT cHauana y6wmBathk. OAHAKO 1O

Y NPOUIECTBHH HEKOTOPOro BPeMEHH OJHA M3 aM-

Puc. 2.1. Jkcnonennmany. HTYL CTAaHET — OTPHLATEJBHOM, a  JApyrasd
Hoe Hapacramue AByx ma- HAYHET SKCNOHEHUMAJbHO PacTH (nmuwe npu
paMeTpuyeckn cBg3aHHbpx OYCHb CliCIHaJbHOM BbIGOpe HaYaJdbHBIX YCJO-
JMHAMHYECKHX BeJMYHH C  BHE MOMKeT HaO6JI0JaThCst HHOe TMOBeIeHue).

OAHHAKOBLIMH  HAHANbHbL- Ilpn HauuuHH 3aTyxaHHSI BMECTO ypaBHe-
"MH 3HAYeHHAMH &
Huil (2.1) caeayer nucatb
dny/dt + by = cynighs; } ; 2.3)
dny/dt + byn, = conighy,

rae by n by — nunefinble KO3(QPUIHEHTH 3aTyXaHUS JHHAMHUECKUX
nepeMeHHKWX #, H np W3 cucremer (2.3) BUAHO, YTO pellleHUs] BUIA
n12~exp(m‘) CYLIECTBYIOT NMPH BBINOJHERHH COOTHOUIEHHS

‘ A+ b)) (h 40y = CICZnOv (2.49)
H3 KOTOPOro cJjelyeT, YTO SKCHOHEHIHAaJbHO HapacTalollfle pelleHus

2
(A>0) BO3MOKHBI JIUUIb NPH yCI0BUHH bib<cicong. TaxuMm obpasow,
CYyLIECTBYeT IIOPOTOBOEe 3HAUeHHe lapameTpa My, HA4YHHAS C KOTOPOTO
pasBuUBaeTcsi HEYCTOHYHBOCTb, 4 HMEHHO

0 (blbz/clcz)l/z- (2.5)

DTo BBHIpAKEHUE ONpENeISeT NOPOr napaMeTpUuecKol HeyCTOHUHBOCTH,
cOyc/IOBJIeHHEI Ha/aHuyHeM JHHEeHHOro 3artyxanusd. bosee obwiue cay-
YaHu paccMOTpeHHl B 4. 9.

Tpu namensowmecs aMInJIHTYAbI

[IpennosioxkumM Temepb, YTO MHapaMeTp 7, TakXke IOAYHHACTCS
‘ypaBHeHuto Tuna (2.1), T. e.

dny/dt = cyyns, (2.1.8)
2 BeJIMUHHBI 71 U My NO-NIpeKHEMy YAOBJIETBODAIOT ypaBHeHUsM (2.1a)
(2.16). Kpome Toro, 6yaeM cyHTaThb, YTO Ha HAyaJbHOH CTAAUH

upoiecca >Ny, Ny W Bce KO3(Q(PUIMEHTH CBA3U C; — BEJHUHHBI
opHoro nopsigka., Toria M3MeHeHHe ny OTHOCHUTEJBLHO MaJo M IOBeje-
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HUE N, M ny NPUMEDHO Takoe Ke, Kak Ha puc. 2.1. OxHako npu moJo-
XKUTENbHBIX € U Cp BEJIMYMHBl 1y U Mg, [OCTENEHHO YBeJHYHBASCH, HA
OTNpeJeJIeHHO#  CTaJHH TNpolecca AOCTHIHYT 3Ha4deHHH, CDaBHEMBIX
¢ no. Ha 3710l cramgnun mnpene6pekeHHe H3MeHEHHeM Mo CTAHOBHTCSH
HE3aKOHHLIM, TO[ZAa B CXeMy pacCMOTPeHHsi HeoOXOAUMO BKJHNOUHTB
ypasHenue (2.1B). BoamoxHbl aBa cayuas: ¢>0 1 ¢;<0.

!
7y (
. | ’Z/
[ 7
] | 0
|
o | M,y
| 1] t
!
n]ynz -
0 A ‘
Puc. 2.2. Tlepexon OT 3KCIOHEH- Puc. 2.3. Hachlienne napaMeTpHuYeCcKON
LHAJBHOTO HapacTaHMsi K B3DbIB- HeyCTOHUMBOCTH H CaMOCOTJIaCOBaHHOE
HOMY HeJqHHEHOe B3aUMOJCHCTBHE TpeX HH-

HAMHUYECKHX BEJHUYHH

Ecnu ¢>0, To ny 6yaer yBeqWUMBATHCs CO BPeMEHEM, YTO, B CBOIO
o4yepelb, MPUBENET K YBEJHUEHUIO CKOPOCTH HapacTaHWs NepeMeHHBIX
ny 1 ne (puc. 2.2). B KoHeuHOM cuere MOJYYAM TakK HA3LIBAEMYIO
B3PBLIBHYIO HEYCTOHYUBOCTL [2], KOTia BCe aMIUINTYIABl YBEJIUYHBAOTCSH
/10 6ECKOHEYHOCTH 32 KOHEYHOe BpPeMs f. MO 3aKOHY

i~ (tw — )" (2.6)

Ecan ¢y<<0, TO 1y, @ BMeCcTe ¢ HUM H CKOPOCTH pOCTa Ky H Mg OYIyT
yMeHbIIaTbCAd, YTO BBI30BET HACHIlEHHe NapaMeTPHYecKoH HeyCTOM-
yupocTtu (puc. 2.3). Ilpu nomomuutesvHom ycaoBuu ny(0) =n2(0) aas
GOJIBILINX { HOJNYUHM CTAallUOHAPHOE DElIeHHE.

YueT KyGHUYECKOH HeJHHERHOCTH

Ilyets Bce ¢;j=c¢>0 u Bce nj=n. Torga HCXOAHOe HeJMHEHOe
ypaBHeHHe, 3AMUCAHHOE C Y4eTOM KyOHUeCcKOro cJjaraeMoro, HMeer
BHJ,

dn/dt = bn +- cn? -+ dn. 2.7

‘PaccMOTpUM 4YacTHBIR c/aydail, Korjia Ha Ha4YaJbHOH CTajHM Ipolecca
JOMUHUDPYeT- KBaJpaTHUHOe cjaraeMoe, a KyOHUecKHM cJjaraeMblM
‘MOXKHO TipeHeOpeub. Toraa BJHSIHUE JHHEHHOTO C/JAaraeMoro CBOJHUTCH
K U3MEHEHHIO BPeMEHU PA3BUTHSI B3PBIBHOH HeycTOHUHBOCTH (pHC. 2.4)
COTrJIaCHO COOTHOILEHHIO

to = (1/b)[1 — exp (— b)), (2.8)
TJ€ Te — BPEMsl Pa3BUTHS HEYCTOHYHBOCTH npu b=0.
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OjHako ¢ yBeJAWUEHHEM aMILUIHTY/JAbl 7 KyOHueckoe cJaraeMoe
CTaHOBMTCS BCe 0OJjiee CYLIECTBEHHBIM W B KOHeYHOM cuete npH 4<0
OPUBOAUT K crabuausaunuu Heycroduusoctd (pHc. 2.5). Ecan snuneit-
HOe cJaraeMoe Ha ypOBHe HACLILIEHHS OTHOCUTENBHO MaJo, TO 3TOT
YPOBeHbL ONpefessieTcsl CAeAYIOIHM TNPHOJMNHKEHHBIM Bblpa’KeHHeM:

flyae = — c/d + bjc. (2.9)

YuuTbiBasi 3amasjgbiBaHHe B CTAOWJK3NPYIOUIEM cJaraeMom, T. €.
nepexolss K HeMapKkoBcKOoMy omucauuw [1], nosmyuaem ocuusanpyio-
LA pexxkum NpUOAHIKEHHS K aCHMITOTHUecKOMYy 3HaueHHio n. [lpu
aroM 3(pdeKT HachluleHHss yAOOGHO OIHMCHIBATL, BBOAA B KBajipaTHYHOe
clnaraemoe nepeMeHHbIH KO3(QQPHUHEHT BUla

c(t) = c[l 4 (dfcyn (t — ), (2.10)

rje T— BpPeMsi 3aJepXKKH CTaOMJAU3UPYIOIEro MexaHusMa. Ddbexr
3a1ma31bIBAHHSI He BJHSET HA PABHOBECHHIH YPOBEHb HACHLIUIEHHS, HO
NPUBOAKUT K Ko/efaHusAM 3HAUYEHWH n ¢ nepuojoM mopsaaka 4t
(puc. 2.6). Peuenyie, KaueCTBEHHBI BHA KOTOPOro MOKAa3aH Ha pHC. 2.6,

! n i}
) | WANYAN
’ |

I

|

|

1

[ tut 0 t 0 ¢

Puc. 2.4. VYsemuuenne Puc. 2.5. Hacoimenne Puc. 2.6. Hacbimenue
BpeMEHH Pa3BUTHA  B3PBLIBHOH  HeyCTOHYH-  B3PBIBHOH  HeyCTOHYHBO-

B3DLIBHOH  HEYCTOHYH- BOCTH IIPH YyueTe Ky- CTH IIPH yueTe OTpHIA-
BOCTH TIIPM BBEJEHHH  OHueCKOH  HeJHHeHHO-  TeJbHO ONpeleJeHHOH ua-

OTPHLATENLHO omnpe- CTH CTH KBaJPaTHYHOrO cJa-
JEJIEHHOTO HeJIMHEf- raeMoro, MpONOPIHOHAMIb-
HOI'O  CJaraemMoro HOH n(t—rt). Ilpubauxe-
HHE K aCHMIITOTHUECKOMY

3HAYEHHIO 00yCJI0BJIEHO

JUHEeHHBIM CJIAraeMBIM

npejcTasser OcoOblfl HHTepec, TAK KaK OHO HMeeT Ty e CTPYKTYDPY,
4YTO W npH cTabGHAM3alHH B3PBLIBHOH HEYCTOAUYMBOCTH B pe3yJabTaTe
TPEXBOJHOBOrO KOrepPeHTHOTO B3auMojeficTBus [3]. 3amepikka OIHCHI-
BaeT ¢dasoBblii addexr. Ilpu =0 sTOT 3ddekT UcuezaeT, TaK 4YTO T
MOXKHO PaccMaTPHBAaTb KaK BPEMS! KOT'€PEHTHOCTH.

IIpocTthle ypaBHenua tuma (2.1) uaun (2.7) omuCHIBAIOT MHOTHE
sIBJIcHHA B (pH3HKe, XHMHHM, OHOJIOrMU H T. M. B mocjeaylouHx raasax
nofo0OHBIe YPaBHEHHs HCCJEAYIOTCS B CBSI3U C NpO0JeMOR HeluHeH-
HOro B3auUMOJCHCTBHA BOJIH. BecbMa crenH(HYHO NpHMEHEHHE 3THX
‘ypaBHeHH# K npobieMe pocTa HapodoHaceneHHs. MoxenbHOe ypaBHe-
Hue, ONHCHIBaOlee H3MEHeHHe YHC/JIEHHOCTH HacejieHHs 3eMJH, MOXK-
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'HO NIPeACTAaBUTbL B BUIE
dnjdt =c(f)n® + b(t)n, ' 2.11)

rixe ¢(¢) >0 [4]. Pewtus 370 ypaBHeHHe, TMOJYUYUM

7(f) = n.(0) exp [f bt dz"] { L —n(0) | dt’e (") exp [ f b(t) dt’}]_l. (2.12)
0 0 0

CoorHomenne (2.12) ykaspiBaeT Ha BO3MOXKHOCTb B3DLIBA, MOMEHT
'KOTOPOr'o ONpefessaeTcs ypaBHeHHEM

n(0) tfc’ dt’c (") exp [ f b(t) dt’] —1, 2.13)
0 [

W3 pasencrsa (2.13) BUAHO, UTO AJaSl MCKJIWYEHHS] BO3MOXHOCTH
B3PBIBHOTO INOBeJEHUS ero JeBds YacTh JOJXKHA OCTABATLCS MeHblIel
©UHHIBI NIpH JI00bIX BpeMmeHdax. KoHeUHO, B SBHOM BHje pelleHHe
(1) MOXKHO MOJYYUTHb JHUIbL HPH H3BECTHBIX Ko3dduiuedrax c(f)
u b(t). 3agaya ycJaoKHAETCs ellie H TeM OOCTOATEIbCTBOM, UTO TpH
GONBIIHX aMIOJUTYAAaX Ko3(g¢uuHeHT c(f) cTaHOBUTCS (YHKUUeH n
tuna (2.10). [loaTroMy Heo6X0AMMO YHCAEHHOE HHTerpupoBaHue (2.11),
KOTopoe M Oblao BhimosHeno B paGote [5]. B pesyabrate nokasaHo,
YTO W3MeHeHHe YHCJAEHHOCTH HaceseHUs 3eMJu 3a nocaegnue 325 jert
C HEOXKUJAHHO BBEICOKOH CTENEeHbIO TOUHOCTU OMHCLIBAETCS ypaBHeHHEM
(2.11) npu nocroaHHBIX KoapdHuueHTax ¢ u b (¢>0, b<<0). Tam xke
OUEHCH YPOBeHb HACHILIEHHUSA, 00YC/A0OBAEHHBIN KyOHUeCKUM CJAaraeMbiM
Tuna (2.10). )

Eme oaun npumep ucnogb3oBaHHsi ypaBHeHus (2.11) (Ha 3rtor
pa3 ¢ oTpuuaTesbHBIMH ¢ W b) — mpobaeMa H3MeHeHUs] MJIOTHOCTH
CBOGOJHBIX 3JeKTPOHOB B aTmochepe 3emsu. Cuaaraemble npasBoi
YaCcTH TOrja ONHUCHIBAIOT MPOLECCH DPEeKOMOUHAIHNH  3JeKTPOHOB Ha
WOHAX U MPUJAUNAHUS 3JEKTPOHOB K HeHTPaJbHLIM aTOMaM COOTBETCT-
BeHHO. TakWe mpouecchl MPHBOAAT K YMEHbIIEHHIO MJOTHOCTH CBO-
601HBIX 3JEKTPOHOB, TIPUUYEM cCjaaraeMoe, IpPONOPILHOHAAbHOEe N2, dop-
MaJbHO BO3HUKAeT B Pe3y/bTaTe IEePeMHOXKEHUsI 3JeKTPOHHBIX H HOH-
HBIX TJIOTHOCTEH N,=n;=H.

YpaBueHus Buga (2.11) ¢ OTpHIATENBHBIM ¢ U MOJOXKUTENb-
HBIM b WCIOMb30BAJIHCH TaKKe AJS MOAEJMHPOBAHHS AHHAMHKH YHC-
JEHHOCTH [ONYJasiUMH, KOTOpas CcHauaja JKCMIOHEHIHWAJbHO pacTerT,
a 3aTeM HacCHIILlAaeTcs H3-3a BJAUSHHS CJAaraeMoro BTOporo nopsigka [6].
Tlpy HamuuuM ABYX TIONYJISLUA MEXAYy HHMH MOXET YCTaHABJIWUBATHCSH
onpejeJieHHasA CBsi3b (HamnpuMmep, ORHA TOMYJSIIHsS MOMKeET MOrVIOMATh
apyrywo). Takas cuTyauus MoJenupyercst ABYMS ypaBHEHHSIMH, CBS-
3aHHBIMH HNOCPEACTBOM KBaJPATHYHLIX IePEeKPECTHHIX CJaraeMmsbix,
NpUYeM OJHO yPaBHEHHe COAePIKUT TOJIOXKHTEJNbHOE JIHHEHHOe H OTPH-
LHaTeJbHOE HEeJUHHEHHOe cjaraeMmble, a 3HAaKH COOTBETCTBYIOLIUX CJa-
TaeMbIX BTOPOrO yPaBHEHHs MDOTHBOMOJIOKHEL ITO — 3HaAMEHHTHIE
YPaBHEHHUS] XUIIHUKOB U KepTB [7], HMeOliHe OCIHIJIMPYIOUIHE pelle-
HUsA anas o6eux monyasuui. HegasHo 6bio nokasano [8], urto npu
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yuyeTe HECKOJLKHX MONyJsAUUH W3 MoZenn Boabreppa [7] MoxeT GHTH
nosy4eHa (ApM ONpeleJeHHLIX YCJIOBHSIX) MOJeb (6],

Haxkoren, ciaeayer ymoMsiHYTH O mHonbITKax o0606lueHus 3agayu
Boabreppa Ha cayyait AHHAMHMYECKHX [epEeMEeHHBIX, H3MEHAIMIXCS He
TOJIbKO BO BPeMeHH, HO M B INpocTpaHcree. Bblio mokasaHo, B wacr-
HOCTH, 4TO [J/151 OTPeAeJeHHOr0 KJacca HayaJbHBIX MPOCTPAHCTBEHHBIX
pacnpeje/eHHil NepeMeHHbIX MOXKHO HAHTH TOUHBIE pelIeHHUs 3TOH
sajgauu {9]. B paGorax [10, 11] paccMoTpeHa npocTpaHCTBEHHO-Bpe-
MEHHAS 3BOJIIOLUMS [POH3BOJBHLIX HAYa/JbHBIX BO3MYUIeHHH OTHOCH-
TEJbHO DABHOBECHBIX HEJUHEHHBIX pelleHHA OOOOLIEHHBIX ypaBHeHHH
Boabreppa. Ilosyuennble pesybTaThl HMEIOT OYeHb LIHPOKYIO 06sacTh
IPHUMEHHMOCTH.

3HAKOMCTBO ¢ TpUMepaMH HeJMHeHHBIX YpaBHEHHH H HX MPHJIO-
JKeHHH B PA3/JAHUYHBLIX 06JaCTSIX MOXKHO NPOJOJKHUTh, MPOYMTAB OGLIUD-
HbIll 0630p [12], a Takxke cratbio [13].

3apaun

2.1. OOGDbACHHTH XapaKTepHYIO OCOOGEHHOCTh MOPOra NapaMeTPHUeCKOH HeycTof-
ynBocTH (2.5) (o6pameHde B HyAb npuH b1=0 wuau bp,=0) ¥ JaTh KauyeCTBEHHOE
ONHCaHHe SBJEHHA IPH YCIOBHM, 4TO OAHMH K3 KO3hGHUNEHTOB 3aTyXaHHS OUYEHbL
6oJbIOH, a BTOPOHl paBeH HYJIO (CUMTATh, 4TO Cy, €z H no>0).

2.2. Tlyctb koadunnenTts! by u by B (2.3) OJHHAKOBH U DaBHH b M aMIVIHTYyAa
HaKa4yKu 7o BO3pacTaer MO 3aKOHY a) no=noe(0)exp (vi); 6) no=ne(0)/(1—t/tx)?.
Hafity acuMmnroTnyeckHe 3aBHCHMOCTH My M My NPH {—00 H OOGCYIHTH DPE3YJabTaThl
[makauka Tuma G) Tpebyercss AJs1 TOJNYYEHHST ONTHMAJBHOIO CXKATHA B Ja3epHBIX
TePMOSIIeDHBIX  YCTAHOBKAX ¢ p=15/8 a5 BHIPOK/IEHHOTO  3JEKTPOHHOrO rasal.

2.3. C moMouibio cucTeMbl ypaBHeHHI! (2.1) BbIpa3HTb MaKCHMaJjbHble 3HayeHHH
1y W ny uepe3 HauasbHble 3HAUEHHs NEePEMEHHBIX NPH Yyca0BuH, 4TO n4(0)=ns(0),
C1=Cs U Co<0.

2.4, Jlath KayecTBeHHOe OOGBACHeHHe De3yJAbTaTOB INPH HUCIOJAb30BAHHH BMeCTO
(2.10) xoadduuuenta

c(t) = c[1 4 (dfe) dn (¢ — 7)/dt]

B clefyouux caydasx: a) t=0; 6) 1>0.
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I'JIABA 3

TEOPHA CBA3AHHbIX BOJIH

Ilpu uccme0BaHUH AUHAMHKH TJa3MEHHBIX CHCTEM OOBIUHO HCIOJb-
3YIOT THAPOJHHAMHUYECKOe UNu 60Jee JNeranbHOe KHHETHYEeCKOe OmMca-
Hile. B mepBoM HcXoAHAas CHCTeMa ypaBHEHHH BK/OYaeT THAPOAHHAMH-
YeckKue YpaBHeHHS JBHIKeHHs, BO BTOpoM — ypaBHeHHe DBosabnmana.
IOTH ypaBHEHHs ONUCHIBAIOT CHCTEMY C PAa3/HYHBIX TOUYEK 3PEHHUS, HO
HMeOT OOy uepTy — Bce OHM HesauHelHbl. HennreliHblli Xxapakxrep
3THX YpaBHEHUH MNPUBOAUT K MATEMAaTHYECKUM TPYIHOCTSM, B LeJsX
yCTpaHeHHsT KOTOPBIX YacTO OTPAHHYMBAIOTCS PACCMOTPEHHEM TOJbKO
MaJjblX MPOCTPAHCTBEHHO-BPEMEHHBIX BO3MYILEeHHH U NpeHeOperarmoT
NPOU3BEAEHUSIMU PA3/IHYHBIX BEJHYHH, T. €. JUHEAPH3YIOT HCXOJHHIE
YpaBHeHUS,

Taxast anmpoxkcuManus HepeldKO OKa3biBaeTcs ONpaBJaHHOH,
HO OHa 3aBeaoMoO HENpUroJHa AJs OINHCAHUSA HEYCTOHUMBLIX
CHUCTEM HJH B OKPECTHOCTSIX PE30HAHCOB, CBA3aHHBLIX, HAPHMep, C Ha-
JIHUHEM TEeMJIOBBLIX (GJIYKTYauui.

B snuHefiHOM npubJHMXKEeHHMH MOXKHO OIpenesnTb COOCTBEeHHbBIE
BOJIHBI, YaCTOThl ¥ BOJIHOBble BEKTOPbl KOTODPLIX CBSI3aHbl JHHEHHBIM
JUCIIEPCHOHHBIM cooTHOoWenHeM, OHO XapaKTepu3yeT KaK cpeay, Tak
¥ BOJIHY paccMaTpuBaeMoro tunma. B suHefHOM NmpuUOAHIKEHUH HPOHU3-
BeleHUs] OCUUINPYIOUIUX BeJHUYHH He yUYHTBIBAIOTCS, W MO3ITOMY BO3-
MYLUEHHUST cPeabl, 06YCJOBAEHHBIE OJHOR BOJHOH, He BJAUSAIOT HA APYTYIO
BOJIHY, T. €. BOJIHBI OKa3hBaloTcs HecBsi3aHHbIMH. CBSI3b MEXAY BOJI-
HAMH B HeJUHeHHOH TeopHM BO3HHKaeT HMeHHO 6narozaps ydery
B3aHUMHOrO BJIMSIHHS BOJIH Uepe3 cpeay paclipocTpaHeHus. Takoi yuer
NPUBOJHUT, BoOOGINe TOBOPS, K OeCKOHEUHOH HepapXHH BKJIAaIO0B BEHIC-
UIUX IOPAAKOB BO B3aUMOJeHCTBHE, H B pe3yabTaTe QPU3HUECKUN MeXxa-
HU3M HeoObluaiHO ycaoxufAercd. UYTobbl onucate 3TH  ABJEHHS
MaTeMaTHyecKHd, HeoOXOAUMO  IpeAnOoJOXKHTh, UYTO B3aHMO/JeHCTBHE
SBJSETCS JOCTATOYHO c/JIabbiM, T. e. OTHOCHTE/NbHOE BJHSHHE Pas3Jny-
HBIX BKJaJOB JOBOJBLHO OLICTPO yMEHbINAETCS C YBEJHYEHUEM HX
TOPsLIKA.

ITpeHebperas npousBeleHHSIMH BCEX OCHHJIJAHPYIOIUX BeJHUHH,
KpPOMe TapHBIX, NOJYUUM NpUOIHKeHHe BTOpPOro nopsiaka. Ecau npu
3TOM OCUWJIJIHPYIOUIHE BeJHYHHBI BTOPOrO MOPAJIKA YAOBJETBOPSAIOT
JUCTIEPCHOHHOMY COOTHOLIEHHIO, TO OHH MOTYT HHHIIHHDPOBATBH TOSIBJe-
HHe TpeThell BoOJHBL. Takas cUTyalUs ONHCHIBAETCS CHCTEMOH Tpex
B3aUMO/JeHCTBYIOLIHX BOJH.

BblBOll ypaBHeHuﬁ CBA3AHHLIX BOJIH

st meMoHcTpanuu MeToJa ONMHCAHUSE KOTEPEHTHHIX B3aHMOJAEHCT-
BUil mpuBeneM 37ech, caelys pabote [1], BHIBOJA ypaBHeHH{l CBsI3aH-
HBIX BOJIH, OMHCHIBAIOINX B3aUMO/JEHCTBHE JABYX MOMePeYHbIX 31e
MAarHHTHBIX BOJH U OD;HOI/I MPOAOJBHOH I1J1a3MEHHON BOJIHBI {2], g}p



HCXOAMTb H3 CJIEAYIOUIUX IHHAMHYECKAX yPaBHEHHil:
onfot + Nyy v = —- y (nv); 1
OB/ot -y X E = 0; !
ov/dt + eE/m 4+ (WB/N) yn = — (Vvy) v — (3.1)
—(e/m)v X B— (w¥/N}) nyn; i
g,0E/0t — (1/uy) v X B — eNyv = env, h

rie —e H m—3apsi M Macca 3JeKTpoHa; Ny, 7 H V — HeBO3MyIlileH-
Hasl NMJAOTHOCTh 1T1J1a3Mbl, BO3MYIIEHHE NJOTHOCTH 3JEKTPOHOB H HX
cKopocTh; E u B — HaNnpsaKeHHOCTb 5JeKTPHUYECKOro IIOJSI ¥ MarHuT-
Has UHAYKIHA; U — TelJIOBAsd CKOPOCTb 3JIEKTDOHOB. ¥YpaBHeHus (3.1)
34nucaHbl B NpPeANOJOXKEHHH, YTO IIJ1a3Ma OJHOPOJHA B HEBO3MYIIeH-
HOM COCTOSIHMH M JBHMKEHYEM JMOHOB MOXKHO fpenebpedus.

B snHefiHOM npuGJaHKeHHH NpaBble yacTu ypasHennii (3.1) obpa-
LIAKTCA B HYJb U NOUCK HETPHBHAJILHLIX PEUIeHUH BULA

A; exp [i(of — k)] (3.2)
NPHUBOAUT K COOTHOWEHHIO
(0] — 0 — Kji?) (0] — wp — Kic®) = 0,

KOTOpO€e BBIPAXKaeT PaBEHCTBO HYJIO A€TEpPMHHAHTA JHHEeHHOH CHCTEMDI
anre6panyecKux ypaBHeHnil oTHocUTe AbHO aMmnautyx A; Taxkum obpa-
30M, YacToTa M BOJHOBOe YHCJO MOryT ObITb CBSI3aHBHl OJHHM H3
CAeAYIOUIHX IUCIEPCHOHHBIX YPaBHEHHH:
2 2 2
®; = Op + k!’u2 (33)
WJIH
2 2 2
] = op + Kic?, (3.4)

rie wp= (N¢e?meo)1/2 — anekTpOHHAs] NJa3MeHHAass YaCcToTa; ¢ — CKO-
pocTb cBera. YpaBheuus (3.3) u (3.4) onuchHBaOT NPOAOJAbHBIE (HIU
JIEHTMIOPOBCKHE) U mnomnepeyHble (MJH ' 3JeKTPOMAarHUTHBIE) BOJIHBI
COOTBETCTBEHHO.

[Ipu yuere HemuHefiHbIX cjaraeMblXx B (3.1) peuleHue yxe He MO-
xKeT uMeTh BUa (3.2). B atoM cayuae Mb OyjneM paccMarpuBaTh
BpEeMEHHYIO 3BOJIIOLHIO ITPOCTPAHCTBEHHEIX Pypbe-KOMIIOHEHT, OCHOBBI-
BasCch Ha HCIOJb30BAaHMM MeTOJa CBA3aHHBIX BOJH. B Kayectse
ofbeKkTa uccaenoBpanus yaoOHO BHIOpPAaTh He Kakyw-aubo M3 JHHAMHU-
YeCKHX INePEeMEHHbIX, a HX JWHeHHyI0 KOMOWHaIHIO, KOTOpPYo OyaeM
0603HavaTh @ M Ha3bBATh HOPMAJbHBIM KoJseGaHWeM. Bua 3aToi Beau-
YHHBLL MOXKHC VCTAHOBHTb I[OJCTAHOBKOH JIHHEHAHOH KOMOUHAUHUU
JUHAMHUECKAX llepeMeHHBIX 7, EF ¢ Heu3BecTHHIMH Ko3(hdUIHEeHTaMU
B COOTHOUIEHHE

0a/0t = ima. (3.5)

[TponsBoaHas Mo BpeMeHH HCKJIOYaeTCs U3 3TOrO COOTHOIUEHHS C TI0-
MOUIbIO JIHHEAPH3OBAHHBIX FHAPOJAHHAMUUECKHX YpaBHEHHH, 3alucaH-
HBIX C YYeTOM TapMOHHYECKOH 3aBHCHMOCTH OT KOODAHHATHI X
(0/0x—-—ik). Hcnonb3ys 3aTeM IHUCIEPCHOHHOE COOTHOLIEHHe H NPH-
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paBHHBAs HYJI0 MHOXKHTEJM IPH KaXKAOH M3 AMHAMHYECKHX TeEepeMeH-
HBIX, MOXHO HalTi Bce K03 duuHeHTH, TpeCylouivecs AJs Oonpejnese-
HHS HoOpMaJbHOro Kojebanus a. OmnpeneseHHass TakuM CIOCOGOM
BeJlHYHHAa @ ofJlazaeT TeM CBOHCTBOM, 4TO COOTHolleHHe (3.5) Ha
JUHeHHOM ypOBHe YAOBJIETBOPSeTCH [Js NPOH3BOJBHBIX H He3aBHCH-
MBIX M3MeHeHHH AMHaMHUYeCcKHX ITleDeMeHHBIX BO BpeMeHH. Bennuunna o,
¢urypupyomasa B (3.5), ecTb He 4TO HHOe, KaK pellleHHe AHCIIEPCHOH-
HOrO ypaBHeHH$, OTBedawolllee k-ii kommnoHeHTe Pypre. [1pu pemenun
3ajlaul B TePMHHaX HODMaJIbHbIX KoJjeOaHuil He TpebyeTcst 3HaHHe
JIHHEeHHBIX COOTHOLIEHHH MeXAy [JHHAMHYECKHMH HepeMeHHBIMH, 4TO
sIBJISieTCs NIPEHMYLIeCTBOM 3TOTO0 MeToJa.

Paccmorpum  cHauana nomepeyHble BosiHbl. [lpeamosarasi, uro
BOJIHA TOJNSpU3OBAHA B HampaBJeHHU y, NoJgydaeM u3 (3.1):

0v, /0t + eE /m = (e/m) v, B, — v,0v,/0x;
0B,/0t + OE,[0x = 0, (3.6)
&,0E, /0t + (1/u,) 0B,/0x — eNyv, = env,.

Onpenenmum Tenepb BeTHIHHY
a, = v, + (ioe,/eN,) E, + (ikr/neNy) B,, (3.7)

/1€ wr U Ry YyAOBJETBOPAIOT ypaBHeHHI0 (3.4), a IHHAMHYeCKHe
mepeMeHHble THIA ¥y CBA3AHBl C PEaJbHBIMH (U3HYCCKHMU BETHYH-
HaMH COOTHOWeHHAMH BuAa v,= (1/2) (7 y+v ). Hduddepenuupys
(3.7) mo BpeMeHH H HCHOJIb3ys JHHefiHble 4YacTH ypasHeHu# (3.6)
C yueTOM paBeHCTBa J/0x=—ikyr, NonyyaeM cOOTHOWIeHHe TUNIa (3.5).
DT0 03HAayaeT, YTO Ay HMeeT CMEIC/J NONEPEeYyHOr0 HOPMAaJbHOrO KoJe-
Ganns. Ecuun, oaHako, NpU HCKJIIOYEHUH IPOHU3BOAHLIX MO BPEMEHH
yyecTh HeJiuHefiHble cjaaraeMble B (3.6), To BMecto (3.5) Oyaem HUMeTb
da /e iw v
— — 0,4, = (7 v.B, + T.,T—’w vx—#>kr, (3.8)
rje HHIEeKC ky HanoMuHAaeT O TOM, 4TO NMpPH 3alHCH NpaBOfi YacTH
- cJelyeT HCMOJIb30BaTh KOOPAMHATHYIO 3aBHCHMOCTb BHAA eXxp(—ikrx).
OTMeTHM, 4TO MPH HAJHUYHH HECKOJBKHX INONEpPeYHLIX BOJIH NPH ONpe-
JleJIeHHH HODMaJbHbIX KojebaHui cornacHo (3.7) B npaBof 4acTH
BCAKHH pas HeoOXOAUMO 3alUCHIBATH [10J1fl, OTHOCAIIHECH JHIUb K OX-
HOH H3 BOJIH.
B Tex e TpeANoOJIONKEHUSX AJS NPOAOJBHBIX BOJH IOJY4YHM:

0njot + N,0v Jox = — (0/0%) (nv,);
Qg | ey L w n _ _e,p @ on L O
_t?t—+ m T Ny Ox m sz N‘Q) " 0x 0 ox (3.9
g,0E, /0t —— eNy, = env,.
TIponoabvnoe Hopmanbﬂoe Kojiebanue oOupeesseTcs COOTHOMIEHHEM
=n + (Now, /R 1) v, + (ieNo/mk,u )Ex, (3.10)

25



a HelMHeHHOe ypaBHeHHe, aHaJjoruyxoe (3.8), uMeer BHj

dagp . 0 ie2Ny
o o4, = [_E( x)+mk e, no, —
o, Ny vy e u? on »
— —kLu'Z <Ux ox +"‘t‘ﬁ‘Usz_" N_gnw>];% . (311)t

PaccmorpuM Temepp B3auMOZeHCTBHE TpeX BOJH: JABYX Momepey-
HBIX (C YacTOTaMH wrg H ®7y M BOJHOBBIMH BeKTOpaMH Rrp H Er|)
U OJIHOH NMPOJOJNBHOH (C YacTOTOH »y H BOJHOBBIM BeKTOPOM kr).
McxonHBIMH ypaBHEHHSIMH [IJIsSI TAKOIO DAacCMOTPEHHsl  CJayKaT JBa
ypaBHeHHss Tuna (3.8), COOTBETCTBYIOHIME JBYM pasJu4YHBIM (ypbe-
KOMIMOHEHTaM IONePeYHoro noJas, u ypasHenue (3.11) amad npononb-
HOH BOJIHBL

IlpenctaBuM peanbHble  (DH3HUECKHEe BEJMUYHHB, (UIYPUPYIOLIHE
B IIpaBbIX YaCTAX 3THX YPaBHEHHH, B BHAE CYMM

= (1/2) (0! +0{") + k. c. (3.12)

0) :
U T. 1., rle v(J HN3MEHSIeTCH B MIPOCTPAHCTBe Kak eXp(—ikroX)

U K. C. 03HaYaeT KOMIJIEKCHO-COMPSKEHHYI0 BeJanuuHy. PaccMoTpeHue
BOJIHOBBIX [OJlefl KaK MPOCTPAHCTBEHHBIX (Dypbe-KOMIOHEHT MPHBOIHT
K YCJOBHUIO

Rro =Ry + Ry (3.13)

NpU BBINOJHEHHH KOTOpPOro B NpaBbiX uactsx (3.8) u (3.11) umerorcs
cjaraeMble ¢ TOH Xe KOOPJIMHATHOW 3aBUCHUMOCTBIO, YTO W B JeBBIX
vyacTsix. Jlanee, 1j19 TOro uTo6BI M30eXKaTh yCpeAHEHUsT B3aHMOJEHCT-
RUsI -{C HyJ/JEBHIM CpelHHM) H3-3a HAJUUYHS OGLICTPLIX rapMOHHUYECKHX
KOJeGaHHH BBIHYKIAOIMAX CWI, CJAeAyeT MNOTPe6OBAThL BLINOJHEHHS
COOTHOLIEHHUST

Wpg = Op; | O (3.14)

OnHako npu ydvere HeJHHEHHOro B3auUMOJEHCTBHS (Pypbe-KOMIOHSHTHI
IO NPOCTPAHCTBEHHLIM N€PEMEHHBIM OTHIOAbL He SBJASIOTCS (Pypbe-KOM-
TOHEHTaMH [0 BPEMEHH, MO3TOMY COOTHOUIeHHe (3.14) He o6s3aTesIbHO
JOJIKHO OLITh CTporuM. JleHCTBHTEJBHO, AHHAMHYECKHE TepPeMeHHLIe
HMEIOT BHJA

o =) ;
= vyo (f) exp (iw;f),
a 3TO IIpH yueTe YCIOBUS cnaﬁoro B3aUMOJEHCTBUS
ey
~ @en o )] < o (3.15)

osHauaer, uto 0y’ cocToMt M3 HaGopa 4AcTOT, OGIU3KHX K ).
s Haxox/JIeHUS HeJHHEHHbIX YPAaBHEHHH OTHOCHTEJbHO HOPMaJbHBIX
Kojsle6aHuH a; HeOOXOAHMO BBHIPA3HTh BCe AHHAMHUECKHe IepeMeHHble
d4epe3 @;. JTO MOMKHO CJAe€JaTh C [IOMOIIbIO JIHHEapU30BAHHOH CHCTe-
Mbl (3.1). B pesyabraTte moJy4uM COOTHOLIEHHS BHAA

vy = Ay, (O, kr)ay, (3.16)
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KOTODBIe CJelyeT MOJACTaBUTh B mpasble yacTH (3.8) u (3.11). Ynep-
JKHBasi 3aTeM TOJbKO Pe3OHAHCHble CJaraeMele, yIOBJIETBOPSAIOLIHE
ycaoBuaM corsacoanus (3.13) u (3.14), npuxoaum K cHcTeMe ypaB-
HEHHH CBSI3aHHBIX BOJIH:

Oay /0t — iopgar, = ¢, a5,a;;
da, /0t — i@, a4, = Co,Q,,475 (3.17)

da, [0t — i0,a;, = C187,07+)

rie
: 2 2 2 H 4 H 2 2 2
iogg ko), _ iNgw o, g, kyula;,
=" 5 0 T s o fa T T 5
AN o7 4o, 0%, 4Ngop ©7g

Ecau B OZHOPOJAHOH HeorpaHUUEHHOH cpeje MOTYT paclpocTpa-
HATHCSL BOJIHBI TOJBLKO TPeX THIOB, TO PACCMOTPEHHBIe BLIE MNpO-
CTPAHCTBEHHbIE (PYPbE-KOMIOHEHTH MOJHOCTBIO ONpeNeasIOT BO3MOXK-
Hble BO3MYLIEHHS, H Mbl HPUXOAHM K CHCTEMeE TpPeX BOJIH, aMIINTYAbI
KOTOPBIX U3MEHSIOTCS BO BPEMEHH BCJAEACTBHE HEJHMHEHHOro B3aHMO-
neficteusi. Pasymeercs, cucteMy (3.17) moxuo ofo6IHTs Ha cayuad
geTbipex WM Oojiee B3aHMOAEHCTBYIOIMIHX BOJH. TOYHO Tak 2Ke MOXKHO
CHSITh BBEJEHHOE 3/eCh HCK/IIOUHTENbHO [/ YIPOILEHHA BBIKJIAA0K
NpPEANOJIOKEHHE O TOM, UTO BCE BOJHBI PACHPOCTPAHAIOTCA B OAHOM Ha-
npasieHun. [IpH NpON3BOJIBHBIX HANPABJIEHHAX PACIPOCTPAHEHHS BOJH
BMecTO (3.13) crenyer mucarb

kro = kr1 + k..

Haxoneu, cucremy (3.17) MoxXHO 0606WuTH A9 yueTa HeJHHEHHBIX
st dexToB OosNee BLICOKOrO NOPALKA.

CioegyeT NOAYEPKHYTb, YTO M B OTHOCHTEJIbHO  HPOCTOH QopMe
(3.17) Ty CcHCTEMY MOXKHO HCHOJIB30BAThH [JISI ONHCAHHS TPEXBOJHO-
BbIX B3aHMMOJAEHCTBHA BO MHOTUX (DH3HUECKHX 3aJadax NPH pPasjHYHBIX
HabopaX B3aHMoOJEHCTBYOUIHNX BoJH. KoHe4HO, B KaXKJIOM KOHKpeET-
HOM cJaydae HeoOXOAHMO BBOAUTH COOTBETCTBYIOIIHE HOpMaJibHbIE KO-
JebaHusd @; U KO3(DhUUUEHTHl Cj, LIS UEro Tpe6y}OTc51 crelHalbHble
pacuetnl. [TpuMep Takoro pacuera A/ KHHETHYECKOH MOAEH n1a3Mbl
[3] mpuBenen B Hpmlox(emm 11.

IIpu nanpHefieM HM3/10KEHHH HCTOAL30BAHO O0O3HaueHHe a; JIs
HOpMaJbHOrO Kosebanusa u A; — HJ8 ero aMIVIHTYAH, T. €.

a; = A;exp (io;?). (3.18)

3agaumn

3.1. Paccmorperh B3auMOJeHCTBHE MeXAY MYYKOBOH BOJHON (BOJMHOH, KoTopas
B0o30y2KJaeTcsi B IlyuKe, PAaCIpOCTPAHAKIUIEMCH B CTALHOHAPHOH M/asme) ¥ ABYMS
nnasMeHHBIMH  BoJHaMu. IIyuok xapakrtepusyeTcsti ckopoctblo V, H INIOTHOCTHIO,
onpenenseMOl MJa3MeHHOH 4acTOTOH Nyuka ®pp. JH3JeKTpHYecKass NPOHHIAEMOCTb
CHCTeMbl HMeeT BHI
2 2
p Opp
0 — Rl (0 — kVy): — R
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rje ®p — MJIa3MeHHAas 4YacTOTad CTalHOHAPHOH WA3Mbl; Ujp — TEIJIOBAA CKOPOCTh.
NJ1a3MBl; Uy — TEIVIOBAsI CKOPOCThb 3JEKTPOHOB IYyUYKa.

ITonyunTh BbipakeHuss AJIS HODMaJbHBIX KojeBaHuil B ciaydae MNpoIOJbHBIX
BOJIH, PAclpOCTPaHAUMXCS NapaslelbHO WM aHTHNApaJelbHO HaNpPaBJEHHIO CKO-

POCTH NyuKa.
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I'JIABA 4
JHEPIUM NOJA B AUMCNEPIAPYIOMEW CPELE

OHepruio, pacnpocTpaHAIOUIVIOCS B niasMme, yAoOHO BhIpaxKaTh ue-
pe3 AH3jJeKTpHUecKyo nponuuaemocts e(k, o), 3aBucsmyo B 00uleM
cayyae KakK OT 9acTOTHl ®, TaK H OT BOJHOBOTO BeKropa k.

B naavueiimem (ra. 6, 7, 10) OyAer MOKasaHO, YTO BHJI 3HEPrHH
BOJIH, NIPHHUMAIOLIMX y4acTHe B HeJHHeHHOM B3aHWMOJEHCTBHH, pella-
IOIIUM 00pa3oM BIHsieT HA XapaKTep HeJHHe[HON CBA3H MeXIy BOJI-
HaMH. DHeprusi BOJH MOXKET OBITh MOJOXHTEJIBHOH HWJIH OTpHLATEJ]b-
HOH B 3aBHCHMOCTW OT CBOHCTB cCpejlpl ¥ THUMa BoJHBEL. CooTHOLIeHHEe
3HAKOB 3HEpPTHH B3aMMOMAEHCTBYIOUIHX BOJH 4acTo ObiBaer JMOCTATOY-
HEIM JJISI BBIBOJAA 00 YCTOMUYHBOCTH HJ¥M HEYCTOMTUHBOCTH paccMaTpH-
BaeMOfl CHCTeMBbl BOJIH.

Lenr Hacrosmeii raaBsl — o6cyKaeHHe OOLNX BBIPAXKEHHI IS
SHEPTHH TIOJIST BOJAHBI, PAcCNpOCTpaHAKIUIEHcA B AHCIeprupylollesi cpe-
e, a TaKxKe SHEPreTHUECKHX COOTHOLIEHHH AJ51 NPOAOJBHEIX H TOIe-
pPEYHBIX BOJH, KOTOpPbleé YacTO HCHOJB3VIOTCS NMPU PACCMOTPEHHH KO-
TEePEHTHBEIX HEJHHEHHBIX B3aHMOJAeHCTBUA.

OO0mue BLIPAXKEHUS NJs1 JHEPrUU NOJAS BOJIHBI

[Tpeanonoxxum, uto cpela ABJAETCS H30TPONHOH B NPOCTPAHCTBE
H AHCHepTHpYIOUledl BO BPeMEeHH, a PAaCHpOCTPaHSIOIIasicsl B HEl BOJ-
Ha — KBa3UMOHOXpoMartHueckoii. W3 ypaBHeHnuii Makcseasta umeem

v (E X H) = — (H8B/d¢ + EaD/df) — EJ, 4.1)

T. €. IUBEPreHus BekTopa YMoBa — [lofiHTHHTa onpefensieTcss cyMMO
ABYX BKJAajgoB, ofuH u3 kotopux (EJ) ectb He 4TO MHOe, Kak 9HEp-
rHs BHELIHETO HCTOYHHKA, a BTOPOH CBSI3aH C 3HEpPTHEH MOJs COOT-
HOLIEHHEM '

—dW/dt = — (HoB/dt -+ EdD/ax). . (4.2)
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an MMOCTOAHHBLIX &€ H W 3TO COOTHOLUEHHE JIErKO HHTErpHPYETCH H B
pes3yJabTraTe MHnoJydaercs XOpoLlo H3BECTHOE BbIpAXKEHHE AJid 3HEPIHH
3JE€KTPOMArHHTHOTO 10J4
2
W = (1/2) (egoE? + ppof?). (4.3)

Ouanako B 0blleM ciyuae JHCIEPIHPYIOIIHX CPeJ CBA3b MKy BEK-
topamu D u E, a takxke B u H 3uaunrejsHo ycnoxusercs. Tak, au-
3JEKTpHUECKasi IPOHHLAEMOCTh ONHCHIBAET MAKPOCKOTHYECKHA OTKJ/IHK
cpejAbl Ha BHeIHee IoJe, KOTOPLIH BhIpaskaercsd B MOSABJICHHH OOJSPH-
3alliH, CTPeMSIIIelicst YMEHbUIUTh MOTHOE IoJe B cpelie (3¢hdekT 3Kpa-
nupoBanusi). Iloasipusanusi MoXKeT BO3HMKATb, HalpHMep, BCAEACTBHE
CMelleHHs 3JeKTPOHHLIX 000J04YeK aTOMOB HJIH M3MeHEHHs OpHEeHTalLHH
TOCTOAHHBIX 3JEKTPHUECKHX [HNOJNeH, HMellunxces B cpefe. B mnas-
Me 3apsizKeHHBle YacTHUB MOTYT CBOBOAHO ABHraThbcsi, H No3ToMy 3¢-
GhexT 3KpPaHUPOBAHUA OOYCIOBAHBAETCS =~ HHAYUHPOBAHHLIMH TOKAMH.
I3-3a HHEpUHOHHOCTH Macc ABHMIKYUIMXCS YacCTHI, NpoLecc NoJspH3a-
UM BCcerja 3aHHMaeT ollpeje/leHHOe BpEMs, OTJHYHOEe OT HyJs (Tak
HasblBaeMoe BpeMs OTKJHKAa). EMy COOTBeTCTBYeT HeKOTOpas 4acTo-
Ta, NpHCyUlasl paccMaTpHUBAeMOH cpejde W /s IJIa3Mbl COBNALAl0-
mas ¢ JIa3MeHHOH uacroToll. Ecim uvactoTa BHelNHero noJsi MpeBbi-
aeT XapakTePHYIO YacTOTy, TO 3KpaHupymouiee o6JaKo He ycrneBaer
C/Ae0BATh 32 H3MEHEHUSMH TOJISL U AMJeKTpHuecKas NMPOHULAEMOCTh
yMeHblIaeTCd.

TakuMm 006pa3oM, H3-3a KOHEUHOCTH BPEMEHH OTKJIHKa MOJfApH3a-
UHA cpejbl B OlpeJleeHHBI MOMEHT BpeMeHH 3aBHCHT OT I10JIS B IIpei-
IIeCTBYIOUIHE MOMEHTHl (BpeMeHHasl HJHM YacTOoTHAsl AHuchepcus). AHa-
JIOTMYHO .MOXKHO NPHUATH K BEIBOAY O 3aBHCHUMOCTH TOJSIDH3AUMH B AaH-
HOH TOUKE OT M0JIS1 B APYTHX TOYKax (MpOCTPaHCTBEHHAS JAUCIEPCHS).
O6neanHus 3TH 3G eKTH, NOAYyYUM NPOCTPAHCTBEHHO-BPEMEHHYIO TH-
CIepCHIO.

Ilpu ydere TOIBKO BpeMeHHOH AHCIEPCHH CB3b MEXKJAY BEKTOpa-
MH TIOJSIDU3ALHH H HaIpsXKeHHOCTH 3JEKTPHUYECKOro MOJIsi Bbipaxa-
€TCS COOTHOLIEHHEM BH/a

¢
P(r,7)=¢,{ »(r, t—7)E(r, 7)dr, (4.4)
0
KOTODOE 3aMHCAHO B NMPeANOJOKEeHHH, YTO oJe BKJIIYAETCS B MOMEHT
{=0, a navanbHON mOJsApH3alHedl MOXHO mpeHeGpeusb. [lepexoas k
({ypbe-KOMNOHEHTaM BO BPEMEHH, MoJydaeM
Po (r) = g% (r, ©) Eq (1),
4TO Jaer
D, (r) = g4e (r, 0} E, (r). (4.5)
B o6uwem cayuae aHH30TPOIMHON CPeAbl ¢ MPOCTPAHCTBEHHO-BPEMEH-
HOH aucnepcuel sBMecto (4.5) ciefyer mucaTh
Do; (k) = egg;; (K, ) Eq; (k),
rae e;;(K, ®) — TeH30p [QM3TEKTPHUUECKOH NPOHHIAEMOCTH B (ypbe-
NpeJACTaBJEeHHH.
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AHaJIOTHUHBIE COOTHOIUEHHSI CYLIECTBYIOT MeXAYy BekrtopaMu B H
H, ooHako Ans maa3Mel HeT HeOOXOIHMOCTH BHIIHCHIBATh TakHe ¢op-
MyJBl, TaK KaK MarHUTHAas NPOHHUAeMOCTh IJa3Mbl OOBIUHO GH3Ka
K €MHULIE ¥ MOXKHO MPOCTO NOJOXKHTb p= 1.

IMpennosoxuM Tenepb, YTO B MJIa3Me, ONUCHIBAEMOH MaTepHa bHBIM
ypaBHeHueM (4.5), pacnpocrpaHsercsi ~— KBa3HMOHOXpOMaTHYeCKas
BOJIHA

E(r, t) = (1/2) E, (r, ?)exp (o)) + k. c., (4.6)
Y KOTOPOH aMOIUTYAd H3MeHsleTcs MeNJIeHHO MO CPaBHEeHHIo ¢ OBICT-
PBIMH OCHUMAJIALUSAMY IOJNS Ha 4YacTOTe wo. B AafdbHefilleM HaM Io-
Tpebyercs Takxke 0003HayeHHe
E = E,(r, ?)exp(in,?).
W3 (4.5) caeayer, uto

D(r, )= —2—1; 3? gt (r, ©)Eg (r) exp (iof) do

H, CJ1eJOBAaTEeJBHO,

D (r, t) i — .
— = ;—; j iwe (r, ©) E, (r) exp (iof) do. (4.7)

-— 0
Beuny mexpnennoro usMmeHeHus Eg(r, {) Bo BpeMenn 3HaueHHe

E, (r) or/uuyHO OT HyJis JulIb B MaJOH OKPEeCTHOCTH m¢. B 3TOM
OKPECTHOCTH CHPaBEJIHBO IPeACTaBIeHHe

e (r, )= 0z (r, ©y) 4 (0 — o) (3/00) [ee (r, w)]mzma,

TIOACTAHOBKa KoToporo B (4.7) maer

oD/ot = e, (imoe (r, o) E (r, ) + % —a% [we (r, ®)],_,. X

X of i (@ — o) Eq, (r) exp (o) do! . (4.8)

Vunreas, uto E,(r) = Egy_e, (r), uuTerpan B (4.8) MOXHO mpeo6-
pasoBaThk CJAEAYIOIIHM 06pa3oM:

T i (@ -— 0g) Eq (r) exp (i0t) do =

-—00

= exp (iw,?) T i (0 — @) Eog—a, (1) eXp [i (@ — 0y) 11 d (0 — @) =

= exp (o) — | Eoo—o, (1) exp[i @ — 0) 11d (0 — @) =
— 27 exp (iw,) % E, (r, 1).
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OKoHYaTeNbHO NoJIY4YuM

_ _ 0 .
oD(r, 8y £ {imoe (T, o) E(r, 1) +— [we (r, )],_,, eXp (104)

éT'30 (r ,'t)}
of -

ot
(4.9
3ameruM, 4TO cooTHouleHHe (4.9) MOXKHO BBIBECTH TakKixKe H3 CO-

OTBETCTBYIOUIErO BHIpAXKEHHS AJS MOHOXPOMATHYECKHX IOJEH

dD/0t = iwee (r, ®)E(r, 1),

paccMaTpHBasi o Kak ONeparop wo—i(d/0f) u BHINOMHAS pasoXKeHHe
B psia Teiliopa B OKPECTHOCTH o =wo. [Ipu 3TOM, OXHAKO, HEOOXOMH-
MO CuUHTaTh, YTo onepatop i(J/0¢) melicTBYeT TONBLKO HA AMIIHTYALY
Eq(r, ¢). D10 03mauaer, YTO K YacCTOTe ®mg HLoOaBasercs cIBur, obyc-
JIOBJIEHHBI M3MEHEHHEM BO BDEMEHH aMIJHTYABl BOJIHHL

3nasa cooTHomenune Mmexay 0D/dt u JE/0f, MOXHO TNPHCTYNHTHL K
unterpuposauuio (4.2). Ioas, durypupyromne B (4.2), BeliecTBeH-
HBI, IO3TOMY

EoD/0t= (1/2) (E + E*)(1/2) (OD/ot ++ oD*/01).
Ilpu ycpenHeHHH 3TOrO BBIpaXKeHHs OBICTPO OCUHJJIHPYIOLHE Cjarae-

mble E0D/dt u E*0D*/0f o6pamalotca B Hyab. CyMMa ABYX ApYrHX
coraraeMBIX rocae noAcTaHoBku (4.9) cBOAUTCS K BHAY

JEIPN - % O g OB | F OB\ _
~N at S 4 Jo [we (r, o)l { Eo ot +E ot
a i)

e e
= —%— (0we) — EE*,
4 Jow ot
eCcJIM JIOMOJHHTEJNBHO MPeANoNOXKHTb, 4TO e(r, ) — BelllecTBeHHast
dyHruusg vacrorwl. Ternepp HHTerpupoBarHe (4.2) Jerko BBIIOJIHSA-
eTcsl U NPH p=, AaeT CJAeAYIOLUN pe3yabTaT:

(WY = (1/4) [e, (0/00) (0¢) EE* - p,HH*]. (4.10)

Ecau xe p ABasercss (QYHKUHeHd 4YacTOTH, TO BbipaKeHHe IJs Mar-
HHTHOH 3HEPrHH 3alUCBIBAeTCA B TOH Ke (opMe, UTO H AAA 3JEKT-
puueckoil sHepruu. IIpu yuere npocTpaHCTBeHHO{ [HCIEPCHH B Kaue-
CTBe ¢ cJelayeT B3fiTh QyHkUMio e(K, ®), 3aBHCALIYIO KaK OT 4acro-
THl, TaK U OT BOJHOBOTO BEKTOpa.

OTMeTHM, YTO NMPH CYLUECTBEHHOM YBeJHUEHHH CABHTA YAaCTOTHl BOJ-
HEl H3-32 HEeJMHEHHOro B3aUMOJEeHCTBHS HEOOXOAHMO YUHTBHIBATH 00Jb-
Hiee YHCJAO UJIEHOB B pasJoxenun Teljopa, uTO YCJOXKHSET OKOHUA-
TeJbHOE BBEIPpAYKeHHe AJS SHEePrHH BOJIHBHIL.

DHeprus NPoAOJbHLIX ¥ MONEPEUHLIX BOJIH

Ha ocHoBanuu ofuero Boipaxkenuss (4.10) HerpyJHO 3amucaTh
SHepreTHYeCKHe COOTHOILEHHUS JJis1 NMPOAOJBHEIX H TNOIEPEYHBLIX BOJIH.
MarnutHoe 1oJsie NPOLOJNBHBIX BOJH PABHO HYJIO, H MO3TOMY MJsi HUX

(W) = (1/4) e, (3/00) (0eL) E E*, (4.11)
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YuursiBas eme AHCHEPCHOHHOE ypaBHEHHE IJi 3THX BOJIH 8L=0, OKOH-
YaTCJAbHO NOJYUHM

(W) = (e4/4) @ (e /0w) E E*,
Hanpsi:keHHOCTb MAarHHTHOTO TOJISI NMOMEPEYHBIX BOJH BHIPaXaercs

yepe3 HANPAXKEHHOCTb 3JCKTPHYECKOTO TMOoJId H3 ypaBHeHHf;{ Mak-
CBeJJ1a:

| H| = (k/op,) | E |,
H, TAKUM 00pa3oM,

HH* = (k/op,)* EE*. (4.12)
IToacrasasig ato cootHouwenne B (4.10), Haxoaum
(Wy = (1/4) [e, (9/00) (08) + p (Klop,)?] E EX, (4.13)

YTO MOXKHO TakzXKe nepenucaTtb B BHAE
(W) = (e0/4) [(9/00) (wE) + (K**/w?)] E E*
HJH
(W = (e,/4) (0/00) [(1/0) (% — k)] E E*. (4.14)

HakoHel, BCIOMHHAs AUCIEPCHOHHOE YpaBHEHHe [/l TONepPedHBIX
BOJIH er=k2C?/w?, mosydyaeM

9 [L (0®er — kzc2)] =1 9 (0?7 — k%c?) — L (wPer — k%?) =
® @2

oo | o ow
L9 (e
= o0 (0%7).
TakuM 06pa3oM, sl MONEePeYHBIX BOJIH
(W) = (g4/4) (1/0) (0/00) (w%7) E E*. (4.15)

3aMeTuM, uto cooTHOollenus (4.11) u (4.14) MOKHO HpeiCTaBHThb
eUHOH (opMyJI0it

(W) = (1/4) [0D (0, k)/dw] EE*, (4.16)

rae D(o, k) —Tak Ha3piBaeMasi AHCIEpPCHOHHAS (YHKUHS, KOTOpas
B cJydae NMPOJOJbHLIX BOJH 3aMHCHIBAETCH CAEAYIOIHM 00pasoM:

D (®, k) = gywe, (4.17)
:a IS TIOTIepeYHEIX BOJH ~— KakK
D (0, k) = (g,/0) (0% — k*?). (4.18)

Bsegennaa takum obpasom ¢yHruusa D(w, k) yno6bua TeM, YTO OHA
HENOCPEACTBEHHO ONpefe/isieT AMCIEPCHOHHOE yPaBHeHHe

D (o, k) =0, (4.19)

OTMeTHM B 3aK/JIOueHHe, YTO NMpPH 3amucH BuipaxKeunus (4.10) mas

SHEPrUH MOJS HCIOJNb30BaHA HOPMHPOBKA (4.6) N1 KOMIIEKCHOH aM-
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IVTMTYAH BOJMHHEL. VIMEHHO TaKylo HODMHDOBKY OGLIYHO MPHMEHSIOT NpH
3alHCH JHEPreTHUYECKHX COOTHOLIGHHH, TOTJAa KaK IPH HCCIENOBaHHH
B3aHMOJEHCTBHS BOJH MHOXHTeNb 1/2 B (4.6) uacro omyckaior.

3apaun

4.1. Paccuntarb CpeIHIOI0 CKOPOCTb YMeHbILIEHHSt 3HEPrHH 10Js, 06YCHAOBJeH-
HOrO HAJIHUHEM MHHMOP YacTH JHIJIeKTPHYECKOH TPOHHIAEMOCTH €.

4.2. TlonyuuTh BhIpa)KeHHe JAJS NMOTOKA 3HEPTMH BOJH, HCNONb3YS COOTHOIIEHHE
(4.16) nmag NJOTHOCTH 3HEPTHM M ONpejeseHHe TPYNIOBOA CKOPOCTH.
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T'JIABA 5

$OPMYJIUPOBKA TEOPHH HEJIMHEUHOTO
B3AMMOJAENCTBHS
BOJIH B NPEACTABJIEHHHW HEJIMHEHHDBIX TOKOB

CBsi3aHHble TPEXBOJHOBBIE YPAaBHEHHUSI MOJKHO BBIBECTH Pas3J/iHUYHBI-
MH cnocobamu. B ri. 3 Hcnonb30BaH NOAXOMA, OCHOBAHHEIN HA BBCACHHH
NOHSITHA HOPMAJbHBIX KoJeOaHHH, T. €. HEKOTOPBIX JHHEAHBIX KOMOH-
HallUi JUHaMHYECKHX TNepeMeHHBIX. B TepMHHaAX 3TuX KouseOaHHi H
OBLTH 3aMMCcaHbl CBA3aHHBIE YPaBHEHHS.

AJNbTEpPHATUBHBIA NMOAXOJ K ONHCAHHIO HeJHHEHHOro B3aUMOJeHCT-
BHUS BOJIH OCHOBAH Ha PAacCMOTPEHHH HeJHHeHHBIX TOKOB B ypaBHEHHUAX
nonfA. Ilpn TakoM TOAXOJe HCNONB3YIOTCS DPa3JioXeHHs AHCHIEpCHOH-
HOH (yHKUUH B OKPeCTHOCTH 3HAYEHHH NapaMeTpPOB, XapaKTepH3YIO-
IIMX FapMOHHUYECKYIO BOJIHY, YTO NPHBOAUT K 6oJsiee TOYHBIM COOTHO-
IUEeHHSAM MeXKAYy HOPMaJbHLIMH KoJdeGaHHSIMH M 3J€KTPHYECKHMH TNo-
JMH. Pe3yaeTaThl 060MX NOAXOAOB HAEHTHUHH B TOM cJydae, KOrjia
NPOU3BOAHBIE JHCHEPCUOHHON (PYHKIMH MO Yactore M (WIAH) BOJHO-
BOMY BeKTODY BCeX NOPSJAKOB, KPOMe IEPBOrO, He YYHTHBAIOTCH.

ITockosbKy onmcaTh HelHHeHHOe B3aHMOIEHCTBHE ¢ NMOMOLILIO He-
JHHEHHBIX TOKOB J0BOJbBHO IPOCTO, a TAKKe B CBA3H C TEM, UYTO B [aJb-
HedimweM (ra. 17) HaMm TmoHanoGATCS HEKOTOpPHE Pe3yJbTaThl, Kacalo-
Mecs AMcnepcHOHHBIX 3G(deKTOB BTOPOro MOpsAKa, HPUBENEM 3JIECh
YIOMSAHYTYIO a/JbTE€DPHATHBHYIO (GODMYJIHDOBKY TEOPDHH HEJHHEHHOro
B3aUMOAEHCTBUSA BOJIH.
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HeauneilHpie ypaBHeHHs noas
H AHCIEPCHOHHDbIE BKAAJB BHICUIUX MOPAAKOB

HMHAynHpOBaHHBI TOK B JHHEHHOM NPHOJIHXKeHHH 3alHChiBaeTcsd
Kak '
J = oE, 5.1y

rre E — HampsXKeHHOCTb NMOJHOTO 3JEKTPHYEeCKOro 1ojsf, 00yCJ0BJeH-
HOro BCEMH BosHamH B miasme. IIpu cnaboii HeTHHeHHOCTH BMeCTO
(5.1) MOXHO 3amicaTh passoxeHnue puaa [1]

J=JD 44 (5.2)

A€ TOKH BBICUIMX HOPAAKOB MNPOTOPIHOHAJNBHL NPOH3BEAEHHAM Ha-

NpPSKEHHOCTEH JIeKTPHYECKHX moJiel pasyinuHblX BojH. [loacraBus 31O

passioKeHue B ypaBHeHUs Makcsessaa, MOAYYHM C TOYHOCTBIO HO HJie-
HOB BTOPOrO MOPAAKA:

v X E = — p,0H/at; (5.3)

1 2
v X H = &,0E/t + J" 4 1%, (5.4)
Hcnonn3ys dypbe-npeobpa3oBaHHe M HCKJOYAast MarHHTHOE floJe ¢ Io-

Molb0 ypaBHeHus (5.3), UPHXOJHM K CJeLyIOUlEMY YPaBHEHHIO AJIS
:-)JIeKTpH‘leCKOI‘O HOJIA:

——[k(kE(,,)—kgE ] =—E, + (J“" I3, (5.5)
B nepsomM mopsaake uMeeM
jf,,” = G(”T‘Zm = 0Py,

rie BBeleH BekTOop MOJNSIPU3ALHHU P,, cBs3aHHME C BektopoM Eg,
OGBIYHBIM COOTHOLIEHHEM
. ssoEm = eo + Po.
Y4uTHIBaA 3TO COOTHOIIEHHE, HaXOIUM
oV = ingy (e — 1),

4TO [OC/e MOACTaHOBKH B (D.5) maer

—”(J—f—[ﬂ';ﬁ—“’)—ﬁm] ~—k+ -1 69
Orciofa HMeeM
0eeEor = 112 (5.7
JJIs IPOJIOJMBHBIX BOJH H
(e — k2c¥w) eEor = I (5.8)
JUISL TIOTIEPEYHBIX BOJIH. '
CootHomenss (5.7) m (5.8) MoXHO mpeAcraBuTh B obuieil opMme
D, HE,=—iN.L., (5.9)
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rie N.L. o6o3nauaer HeqnHeAHYI0 BHHyxAaomyio cuiy. Popmyna
(5.9) sBaseTcHd HeJHHEHHBIM IHCIIEPCHOHHBIM COOTHOMIeHHeM. B Jn-
HeHiHOM NPHOJHKeHUH OHO cBoAMTcsA K BHRY Dj(wj k;) =0, Toraa kak
NpH yyYeTe HeJHHEHHOro H3MeHeHHS E BO BpPeMEHM cJjejlyer MHCATh
o=w;—i(0/0t) u pasnarate D(w, k) B pan Teisopa B OKPeCTHOCTH
- o==@®; (Cp. C TPHBEJEHHKM B TJI. 4 BHIBOJOM BLIPAXKEHHH HJis1 SHEPTHH
TloJist B AHCHEprupyiolled cpefe). B pesyabrare moayuum [1, 2]
. i .92 —
(aDz o _ioen e .)E,-:N.L., (5.10)

rie E; — MelNeHHO MeHSIIOIIASICA aMIVIMTYZAa BoJHHL. [Ipu yuere mpo-
CTPAHCTBEHHOTO H3MEHEHHS Pa3/IOXKeHHe cielyeT MPOBOAHTb TaKike B
OKPECTHOCTH R=R; N NOJyYaTb TEM CaMbIM NPOCTPAHCTBEHHBIE NPOM3-
BoaHble ;.

Eciu HenuHelinoe B3aHMojeiicTsue caaboe, 1. e, |1(0/0t) | K w; TO
OGBIYHO JOCTATOUHO YAEpXkKaThb TOJBKO HepBoe ciaaraemoe B (5.10).
Torpga, 3amHcHBag HeJMHEHHH TOK BTOPOrc MOPAJKA B BHJAE HEKO-
TOPOH (DYHKIUHMH NPOH3BelJeHHs 3JEKTPHUECKHX MoJeH, NPHAEM K CH-
CcTeMe ypaBHeHHH TPeXBOJHOBOTO B3aHMOJENCTBHS TOTO XKe THNA, YTO
4 (3.17). Orciona cienyer, yto MHoxHTeab 0D;/0w OymeT Bceraa
BXOJIMTh B 3HaMeHaTesb K03 duIHeHTa cBA3N.

B mpexminymiesi raase ObLIO NMOKAa3aHO, YTO 3HEPTHSA II0JS BOJHBI
olnpeaenseTcss COOTHOWEHHEM

(W) = (1/4) (3D;/d0) E; E]. (5.11)

Ecnu cHcTeMa HaXoOJHTCS B COCTOSIHHM TENJNOBOTO PaBHOBECHS, TO BCEr-
Aa 0D;/0w>0. B TepMOAHHAMHUYECKH-HEPABHOBECHHIX CHCTEMaX 3HaK
Ko3(dunHeHTa CBS3H MOXKET H3MEeHAThCS Ha NPOTHBOMNOJOXKHBIH, YTO
TIPUBOJAHT K Ba’KHBIM OCOOEHHOCTAM HEJHHEHHOrO B3aHMOJEHCTBUS
BOJH (cM. 1. 7 1 9).

ITpu yyere mpocTpaHCTBEHHOTO M3MeHeHHS nojs BMecro (5.10) 6y-
IeM HMeTb (B NepBOM NOpsiIKe)

[(0D/0w) /0t — (0D/ok) 8/021 E; = N. L. (5.12)

3naech npeanosaraercs, YTo BOJHA PacNpoOCTpaHsSeTCHd B HalpaBJIeHHH
ocH z. YunrniBas, uto D (o (R), k) =0, nonyuaem

(0D/dw) dwr/dk + dD/jok = 0. (5.13)
Takum o6pasom,
oD/ok dw
= — — = — .
aD/dw ok &
4TO Jaer
(0/0t + v,0/02) E; = (0Djde)™" N. L. (5.14)

Tlocnennee cooTHOeHHe yKa3biBaeT Ha TO, UTO PACCMOTpeHHe IPo-
CTPaHCTBEHHO-OXHOPOAKRKBIX, HO HeCTalHOHapHHIX, H Hao0opor, cra-
HHOHAPHBIX, HO IIPOCTPAHCTBEHHO-HEOJHOPOAHKX pacnpefeieHuil mosas
CBOAHTCS K PEIIEeHHI0 aHAJOTHUYHBIX YPaBHEHHH C TeM OTJIHYHEM, 4YTO
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BO BTOPOM cJay4ae KOI(QQHIHEHT CBA3H HMEeT IOMOJHHUTENbHBIA MHO-
XKHTEJb Ug.

Onucanve HeJIMHEHHOTO B3AUMOJEHCTBHS B INPeICTaBJIEHHH HeJH-
HellHBIX TOKOB oOf/jajaeT npenMyluecTBoM (DH3UYECKOH HarJasiJHOCTH,
HO BMecCTe C TeéM HeOOXOJHMOCTb BBENEHHS NMPOH3BOAHBIX BLICIIErO IO-
pAaka B JeBoft 4actH (5.10) ABnsieTca HEKOTODHIM HENOCTATKOM Ta-
Koro moaxozxa. HanmoMHHM, 4To B TeopHH CBSI32HHHIX BOJH GHUrYpH-
PYIOT TOJILKO TIDOM3BOANBIE NEPBOTO NOPSJAKa OT HOPMAaJbHHEIX KOJe-
6anuii. Tak NPOUCXOAHT NMOTOMY, YTO B 3TOH TEOPHH HE HCIOJB3Y-
I0TCSl JTHHEAHbIE COOTHOLIEHUS MeXJAy AHHAMHYECKHMH MepeMeHHBbIMH,
COOTBeTCTBYIOLIHE TapMOHHUYECKOH BpeMeHHOH 3aBHCHMOCTH.

PaccMmorpuM Tenepn. CBA3b MEXKAY OMHCAHHBIMH moaxoiamu. Ilox-
crapasisg B (5.9) coornomenne Ey=f(w)Ap, HAXOAUM

Do, k) f(0) Ao = — iN. L. (5.15)
Kak BHIHO, aMiauTye A, OTBeuaeT HOBafA NHCHEPCHOHHAS (YHKIHS

Do, R)f(®). Yerosue ucue3HOBEHHS MPOU3BOAHBIX BBHICIIECTO MOPSAAKA
MOXKHO 3allicaTh B BHIE

(0/0w) [D (o, k) f ()] =k, (5.16)
rie k’ — nocrosiunas. Mcnosib3ysi 3TO COOTHOUIEHHE, NOJAydaeM
Ao = (1/k) (0 —0)~' D (0, B E, (5.17)
HJIH TIOCJIe Pa3J/I0KEHHSI B OKPECTHOCTH ®;
1 (0D (0, &)~ i &D(w, k) GE
e ey S e B PR R T

Ilpu 3anucu (5.18) npunsato k'=gy U, KpoMe TOro, NOApa3yMeBaeTcH,
4TO KO3((HIHEHTHl Pa3JIOKeHHs 3aZaHbl IPH 0 =0);.

Popmyna (5.18) onpepensier obinee cootHomeHHe Mexay A u E,
BbITeKamwllee U3 TpeGoBaHus oOpalleHHst B HYJb NPOU3BOAHBIX BHICIUHX
NOPSIAKOB B JIeBBbIX YACTHAX YPaBHEHHUH JBHKEHHS, 3alHCAHHBIX C HC-
no/b30oBaHHeM A, H B 3TOM CMBICJe MOXKET PacCMaTPUBATBCST KaK OIl-
penenenne A. B nuHefiHOM npHO/IMIKEHHH, YAepKUBAsl JHIUb NepPBHIi
yjieH B IpaBoil uactH (5.2), nmeeM

A = (1/&,) [0D (0, k)/ow] E, (5.19)
UTO HAaeT ‘
A, = (0/0w) (wey) E (5.20)
AJ51 IPOJAOJIbHLIX BOJIH M
Ar = (1/0) (3/00) (o) E (6.21)

JUJIST OTIEPEUHBIX BOJIH.

YuuThiBass AHCIEPCHOHHOE YPaBHEHHe JUIA IIPONOJBHBIX  BOJIH
(e =0), (5.20) ™MoxHO NpeACTaBHTL B BHIe, aHajJorHyHoM (5.21).
B 10 ke BpeMda (5.21) Henn3fl 3amucarh B ¢opme (5.20), MOCKOABKY
JUCIepCUOHHOE YpaBHeHHe MOMNEPeYHBLIX BOJNH eCTh ey =k202/p?,

OtMmeruM, uTO omnpenesnende A 3aBHCHT OT BHIOOpa NOCTOSIHHOH k.
Boime Mbl nosoxuiau k' =gy 451 TOro, 4ToOB  COOTHOUIEHHS MEXAY
Ar. Ay u E umenu npusblunsiyt Bug (5.20) u (5.21).
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JIuneiiHoe 3aTyXxaHue N HEYCTOHUMBOCTD

Ecan B juHefiHOM NpHO/IHKEHHH ydecTb AMCCHIALHI0 SHEPTHH BOJ-
Hbl, OGYCJIOBJIEHHYIO, HalpHMep, CTOJKHOBEHHSIMH WM 3aTyXaHHEM
Jlaujay, TO NPH BEUICCTBEHHBIX Rj JHCNEPCHOHHOE YpaBHEHHE

6y,[leT HUMETh KOMIVICKCHBIE DCLIEHHSA
0.)]' = (D”- + iV,'. (5.?3)

Jnst BpemenHoit 3aBHCHMOCTH BHAa exp (iw;f) cayuair v;>0 coorser-
CTBYeT 3aTyXaHHIO BOJHE], a v;<<0 — JiHHeHHOH HeyCTOHYHBOCTH.
Ilpu yuere HelMHEHHOro B3aUMOJEHCTBHA HMeeM

D (o, k) =D (0}, k;) + (0 — ) [0D (o, K)/00] _ . (5.24)

ITogcraBumM BMeCTO « ONMEpaTop, BKIAIOUAIOLIHA NMPOH3BOAHYIO IO Bpe-
MEHH H AeHCTBYIOIIME Ha aMIUVIMTYAY BOJHBI B COOTBETCTBHH ¢ (5.9).
BcnomuHas, YyTo HaJMYHe MHHMOM 4YacTH v; Takke NPHUBOJHT K 3a-
BHCHMOCTH aMIUIHTY/Jbl BOJIHEI OT BPEMEHH, MOXKHO 3aMHCAThb

0 = 0, — id/dt, (5.25)

rae 0/0f ondchHBaeT NMOJHOEe BPEMEHHOe H3MeHeHHe aMIIHTYABL. Tor-
Jla NOJIyYHM

0 — w; = — 10/0t — iv; (5.26)
H JaJiee -
9E /ot + v,E; = (0D/ow) ™ N.L. (5.27)

Aro coorHoweHne obobmaer (5.10) ma cayuail yyera JHHeliHOro 3a-
TyXaHHS WJIH HapacraHusi. M3-3a Ha/iuuuss MHHMOH YacTH v; MHO-
Xurensp (0D/0w)~! naer BKIai B MHHMYIO YacTb Ko3bduuuenta CBs-
3H. DTOT BKJaJ MOMXHO DacCYHTATh TaKike NPH PACCMOTPEHHH HPOBO-
JUMOCTH BO BTOPOM IMOPSIKE.

CBa3aHHBIE YPaBHEHHS AJiS1 BOJTH

Jla1st IpOCTOTH OrpaHHYUMCS YYE€TOM TOJIBKO MEPBOrO CJAaraeMoro B
(5.10) n npenebpexeM BO3MOYKHOCTBIO JHHEHHOTO 3aTyXaHHs HJIH Ha-
pacrauna. BoseparuBunce kK cootnowenuio (5.10), mepemumieMm ero
B cJejylolleM BHIE:

D(o, KV Ey = iJD.
HanoMHHM, 4TO HHXKHHI HHAEKC @ BBeIEH [ 0603HAYEHHS INpPO-
CTPAaHCTBEHHO-BPEMEHHOH (yphe-KOMIIOHEHTH (A1 (pypbe-KOMIIOHEHT
M0 MPOCTPAHCTBEHHLIM INepeMeHHBIM OyAeM HCIOJb30BaTh HHAEKC k).
Ilas panbHefiiero ynpouieHHst NPEANIONOKHM, 4TO CHEKTp mo R co-
CTOHUT M3 JHCKpeTHOro Habopa Jimnuid. Torza

-—00

;7((,)2) = E j 0'512')50 Ew,d(ﬂid(ﬂi,
Koo i. J
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rjae NPHCYTCTBYIOT TOJbKO KOMIIOHEHTBI, YAOBJETBOPSIOLIHE COO'i‘HO-
LIEHHUAM

oto=o (5.28)
k; +k;=k. (5.29)
Yaepxupasi nepoe ciaraeMoe B pasjoxeHnus (5.10), nonydyaem
exp (iogf) (0D/0w) OE /ot = — T, (5.30)
CMbica BenHYHHH Eo, SICEH H3 ONpejeleHHs
Ex (#) = Eox (¢) exp (iokd). (5.31)
IIpu | (a/at) In Egx | o GyneM uMers
& ~‘2 ot Ex,E Ey; (5.32)

TAe Gij Ha0 PAaCCUHTHIBATE IPH HYaCTOTAX Gy, Wp. M3 (5.30)—
(5.32) cnenyer, uto

OF 1 - = i
a?k = — 3b7 ;joﬁ;‘.’) Eok, EOk]. exp [i (o, + O, — x) t]. (5.33)

fcno, uto ycmoBue B3amMoneHcTBHA (5.28) MoxkeT OBITH BBINOJHEHO
JIMWL NPU YacTOTHHX cnektpax Ey,, Eog,, Eqe;, ROCTaTOYHO WIHPOKHX

A8 TOro, 4ToOHl NepeKphiBalach paccTpoiika

Aw = o, -+ Ok, — Ok.
IIpennosaras 310 yClAOBHE BBHIMOJHEHHBIM, BHAMM, UYTO BKJaJ BO B3aH-
MOJeHCTBHE JAIOT TOJBKO Te cjaraeMble Hu3 (5.33), [Jasi KOTOpHIX

Aw < 1/v, rae v — BpeMs B3aHMOAEHCTBHA.
PaccmoTpuM mnojpo6Hee B3auMOJelCTBHe TpeX BOJH BHAA

E; = (1/2) E; (t) exp{i (o;t + k;r)} + K. c.

B sToM cayuae cyMMa B (5.33) colep:xKHUT Bcero OLHO CJaraemoe,
YAOBJIeTBOPSIOLIEE YCIOBHIO PE30HAHCA

ko = kl + kz, (534)
U MBIl NPHUXOJAHM K YPaBHEHHSAM:
o, cr(122) L -
0E, 321) —— ) .
a  aDjjow EoE2exp{i(0— 0, — ) t}; (5.356)
9E, o ——=
%~ oDy E E; exp{i(wy — o, — o) £}. (5.35B)

OtmernM, uto B (5. 356) H (5.35B) GHrypUPYIOT KOMIJIEKCHO-CO-
npsiKeHHBe BennunHs Es # E|, a paccTpofika yacTOThl BXOAHT B 3TH
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COOTHOIIEHHSI C OTPHLATEJIbHBIM 3HakoM. Kak BHAHO, cCHCTeMa YpaB-
HEeHHi cBsidaHHbIX BOJH (5.35) aHajornuna cucreme (3.17), Ho 3amHca-
Ha ¢ TOMOIIbI0 MeAJEeHHO MEHSIIOIHXCA aMIUIHTYJ 3JeKTPHYeCKHX IO+
Jnell. DTy cUCTEMY MOXHO JierkKo o606GINUTh Ha cayyail pasAHuHBIX Ha-
npaBneHuit. Hanpumep, s BoAH ¢ AOCTATOYHO IMHPOKHM CIHEKTPOM 110
k Heo6XOAMMO VIEpIKHBATbL He OJHH, a HECKOJbKO WICHOR B NPaBOH
yactu (5.33). CHcreMa ypaBHeHHil, TOJyYeHHAsi TakKUM oOpa3oM (cM.
ra. 18), onuceiBaer 3¢deKTh pe30HAHCHOTO YIIHPEHHS H IBOJIOLHH K
TePMOJHHAMHYECKH-PABHOBECHOMY COCTOSIHMIO. Ee MOXHO HCHoJb30-
BaTh TaKxXe JJIA aJbTePHATHBHOH (OPMYJHPOBKH HPOCTPAHCTBEHHO-
BPEMEHHOTO B3aHMOAEHCTBHA.

3agaun

5.1. Mpoxutenb N.L. B npasofi wacTH (5.9) BO3HHKaeT IPH Yyuere UWIEHOB
BTOPOrO NOPSAKAa B Pa3/IOXKEHHH TOKa IO 3JEKTpHuecKoMY mogw. OGBiICHHTH (PH3H-
YeCKHH CMBICJI 3TOTO MHOXHTENS NP YCAOBHH, YTO 3HEPrHsI COXPAHSETCH.

5.2. Kak Buano u3 (5.18), cooruourenne mexay A u E (Boobwe Mexay A
u a060H TOJeBOH BEJWYHHOH) COJEPKHT TPOH3BOJAHHE Bbiculero Hopsika or E.
Onn (a cnefoBaTesIbHO, H COOTHOWeHHe MeXAy A H E) MOryT H3MeHATbCS BO Bpe-
meHH. [IpocsiefiuTh cBfi3sb MexAy 3TuM $AKTOM M BBIBOJOM, COAEPKAUIMMCSA B IV 3.

5.3. PaccMoTpEM Mojenb IUIa3Mbl, B KOTOPOH JABHKeHHe 3JIEKTPOHOB NOAYH-
HSICTCSI YDaBHEHHIO

Ov/dt 4 vOv/0x = — (e/m) E.

TlpeanonoxuM, 4YTO BCe BEJHYHHBl H3MEHSIIOTCS TOJBKO B HANPaB/IeHHH X H UTO
3T0 M3MeHeHHe OOYCJOBJIEHO BOJHAMH C YacTOTAMH ), ®y, Wy M BOJHOBHIMH BEKTO-
pamn k, k; n kg, Takumu, uto 0=w1+ oz 0 k=Kki+ky (d/0x=—ik;). B nunefinom
NPHGJIHXXEHHH HOJNYYHM HPOBOAHMOCTb NEPBOTO NMOPSAKA

o) = —jei/o (I =—eNv,).

Halith npoBoguMocTh BTOpOro mopsinka o(®, omucwsalomyio Bknax B J, KBan-
PaTHYHBIX OTHOCHTENLHO MOJA cllaraeMslx Buia E, | Ek,-

5.4. Ilyctp E=g(0)A®, rae g(w) onpegeneHo tak, uro D(w, kR)g(w)=
=k"(0—o) (0—w¢). 3amucats ypaBHeHHe aias ‘aMmanTtyasi A, anasoruuHoe
(5.10), B npepnonoxkenutt, 410 D(wo, k) =0 H ®; IPOH3BOJBLHO.

5.5. Bupasuts Bemuuuny 0{W) /0t uepes ammuuryist £ u A (M1 ux NpPOH3-
BeJeHHe) M INpPOHHTErPUPOBATbH €e B IePBOM INpPHOIHKEHHH MO JIHCIEPCHOHHEIM
aderTam.

5.6. TlonyuuTb ypaBHeHHe ~ HABHXKEHHA JAJs cJAydasgs KOMIIJIEKCHBIX  4acToT
®;=w,+iv;, HCOONb3Ysi PA3NOKEHUS B OKPECTHOCTH BEUIECTBEHHOH YaCTH 4acCTOTHI.
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T'JIABA 6
TPEXBOJIHOBOE B3AUMOJENCTBHE B NIJIA3SME

B ra. 3 paccMatpHBasiach mpocredlias Mojelb B3aHMOAEHCTBHUA
JBYX TOTEPEYHHX H ORHOH Mpoao/bHOf BoJHBL. OGCylHM Tenepb TH-
POAHHAMHUECKYI0 H KHHeTHUYecKylo MojenH. Ilocnennsis naer OGoJee
IeTajibHOe ONHCAaHMe, TaK KaK B Hefl yuHTHBaeTcd paclpejelcHHe 4a-
CTHIL 1o ckopoctsiM. OXHAKO THAPOJAMHAMHYECKOe OINHCaHHe HarJsii-
Hee, NOCKOJbKY ONepHPYeT HEeIlOCPEJICTBEHHO ¢ TaKHMH OCHOBHBLIMH Ia-
paMeTpaMHu IasMbl, KaK IJIOTHOCTb, NaBJeHHe H T. IL

l‘nnpommamuqecxoe ONnMCanune

PaccMoTpuM Tmpexie BCEro THAPOAMHAMHYECKYIO MOJeNb, CJaelys
pabore [1]. Ita MoJenp ONMHCHIBaeT IJIa3My, YacTHLB KOTOpOH coBep-
waioT ApelidhoBoe ABHXKEHHE NPH HAJTHYMM MarHuTHOro noss. BDyaem
NOJIb30BAThCS CIeAYIOMHMH 0003HAUeHHAMU: §, M _— 3apsifl ¥ Macca
yactul copra o; Nyg, Hg — paBHOBecHass W BO3MYLIEHHAs NJIOTHOCTH
4aCTHIl; Ugoc— ApefioBasi CKOPOCTb YaCTUH; Ug — BO3MYILEHHE CKO-
POCTH YaCTHI; Ug— TEIUIOBasi CKOPOCTb YacCTHL; O, =(Nosqg2/mgy)'/2—
Aa3MeHHas 4acToTa; One = (4,/m) | B [ — rupouacTora;
By — noctosinnoe MarHuTHOe mose; E W B — BO3MYIIeHUS 3JeKTpHUE-
CKOTO W MAarHHTHOTO TOJIeH. Hpe,ZIHOJIO}KI/IM, 4TO BCe JIMHAaMHYECKHe
nepeMeHHble H3MEHSIOTCH  TOJBKO BJOJb HalpaBJeHHST MardHTHOrO
moJisi, ¥ NPHMeM 3TO HalpaBJeHHe 3a x. Toraa HopMasabHOe Kojeba-
HHe NS TIONepPEYHHIX BOJH 3amuulieM B Buje {1]*

i 96N og (Z’ya + iz’zo) T Py .
ari=——2 + E, +iE,F

€ pes oS _"kvdc t Oyg

- i (1)20 5 5
F— mi—g P (B, + iB,). (6.1)

O -—kvdo + Oyg

Hunexkc + BBeneH 31eCb AJst 0603HaUeHHSI NPABO- U JEBOMNOJAPH3O-
BAHHBIX BOJH COOTBETCTBEHHO. HacCTOTH 3THX BOJH wi Y/OBJIETBOPS-
10T AHCIIEPCHOHHOMY COOTHOUIEHHIO

0 -
o, (0, —k B2
er=1— E: bo (O 0) s = 5 (6.2)
(04 —kvge £ 0p4) 0% 0y
AHaJlorHYHBlE Pe3YALTATH AJS TPOAOJIbHBIX BOJH. HMEIOT BHJ

!3 95 v, (0, — kv, ) + kul _
a; =i do(L do) Gna+

€9 (o —,kvda)2 — k2uc2r

Nog @ - — ‘
$74] Ex; 6.3
+i 2 g (0 3 Uro - ©.3)

— kv(w)2 — k2u

* B aroff rnaBe mpepnonmaraeM, uto E = [Ek exp (ikx) 4 E; exp (— ikx)]
& : . Sl

T. €. HCNO0Jb3yeM HOPMHPOBKY Ep, Up H T. 0., OTJHUHYIO OT NPHHATOH B I 3.
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Q)2

g, =1— 2 2o =0, (6.4)
(oL —hvyg)r— FPu]

rie @z — YacToTa MPOJOJLHOR BOJIHHL.

B3aumoneiicTBHe Tpex NPOAOJBHBLIX BOJH. B H30TponHoi mmasme
€JIMHCTBEHHO BO3MOXKHBLIM TPEXBOJHOBBIM NpPOLECCOM HBJIACTCH B3aH-
MOJefiCTBHE HOHHO-3BYKOBOH BOJIHHL C ABYMS NJIa3MeHHBIMH (JeHIMIO-
POBCKHMH) BoJHaMH. JIpyrue mpouecchl 3anpellleHbl H3-3a HapyLIEHHS
YCJOBHH COTJIACOBAHHUSI YACTOT H BOJHOBBIX 4Mces. [l aHM30TPONHOM
n7a3Mpl KJacc' paspellleHHBIX TPOLECCOB 3HayHTeNbHO mupe. OAHH H3
BaXKHBIX TpeNCTaBHTeNell 3TOTO Kjaacca — B3aHMOJEHCTBHE TpeX -JIeHT-
MIOPOBCKHX BOJH IPH HaJHYHH MOTOKOB 3aps:KeHHHX yacTHu. [loToxn
BBI3BIBAIOT JOMJIEPOBCKOE CMeLleHHe YaCTOThl M, KpoMe TOro, MOryT
ObITh MPUYHHON BO3HHKHOBEHHMS BOJIH C OTpHIIATeJNLHOH 3Heprueir [2].

Kosbduuneutsl CBA3H LA 3TOr0 CIyYas MOXKHO HOJIYYHThL TeM Ke
CIoco60M, YTO U B V1. 3; OHH HMEIOT BHA!

¢
Cyg = M
127770 oy (9e/00y) ©,08/d0,
c
Cpo=—® ; 6.5
0z ! Wy (02/0w,) wy0e/0w, (6.5)
C — o ¢
ol 2 ©g (9e/0wy) @,0e/dw,
rie
9
c = ——ma (’),2;0 {[(@00 — kgv )* — k3 u?} [(01— kw, )2 —k2u2] X

>< [(('02 - k2vd0)2 - kg u?r]}_l {ko (('01 - klpdo‘) (('02 - kg vdo) +
+ ky (00 — RoU ) (03— ka5 + Ry (0o — Ro0 ) (0 — k0 1) — 12 koklkz}
(6.6)

a(l)!' T [(G)! —kjvdc)z—k? ug]Q )

u

ITocnenHee cooTHollenHe MNoJydaercs B pedyabrate AHddepenunpo-
BaHHa (6.4). AcuMMeTpuf 3HAKOB KO2(QGhHIUEHTOB CBA3H 0ObACHA-
eTcs CJAeAYIOLIHM BHIOODOM PE30HAHCHBIX YCJIOBHIA:

0y =0+ @y, Ry =k k.

Hcnonb3ys coOTHOLIeHHe @j=w;(0e/0w;)E; HeTPYAHO NONYUHTH
KO3(hGHUHEHTHl CBASH IS 3JeKTPHYECKHX IIoJei

Up1 = + C/(aﬁ/ao)]), ' - (6.8)

re 3HaK <ILTIOC» COOTBETCTBYET BOJIHe C. HaHGoJbIlell 3Heprueii. Be-
JIHYHHA ¢ TECHO CBSI3aHa C JAHJIEKTPUYECKOH INPOHHIAEMOCTBIO BTOPO-
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ro Nopsjka, KOTOpyl0o MOXHO ONpeJesHTh Kak KoaddHIHeHT npu npo-
M3BEJICHHH 3JIEKTDHYECKHX INoJiell B TpaBOH YacTH HeaHHe#Horo IH-
CIIePCHOHHOro cooTHoueHus (5.9).

B3aaumopeiicTBHe NPOAOJALHONH BONHBI C JBYMS MONEPEYHLIMH BOJ-
HaMH, pacnpoCcTPaHSIOWHMHCS BAOJb MATHUTHOrO NOAsA. JTOT THIM He-
JIMHEeHHBIX [POLIECCOB OCYLIECTBJSIeTCs, HalnpuMep, HOpH B3aHMoHeH-
CTBHH JIa3epPHOTO M3JIyUeHHMsI C IJa3Mofi, Korja OJHa H3 NONepeuHbIX
BOJIH COBMajaeT ¢ najamllel, Apyras — ¢ OTpaxKeHHOH Ja3epHOH BOJ-
HOH, a B KauecTBe NIPOJOJBHON MOKHO B34Th IJIa3MEHHYI0 HJIH HOHHO-
3BYKOBYIO BOJIHY.

Beenem nnpexkcsl 0 u 1 jpias mnonepeuynslXx BoJH (MHAekc L mo-
NpexKHeMy OTHOCHTCH K NMPOJOJILHOH BOJIHE) H NpPeANOJIOXKHM, UTO pe-
30HAHCHBIE YCJIOBHS HMEIOT BH!

Wy = O + ©, ; ky="Fk + k.

Torna

Cyp =W ) 26

o7 (9/00,) (o e7) 0, 08, /00,
c
Cop =—0 og (9/000) (m% er) o de, /00, ’ 6.9)
Cop = — 0 < ¢ s
2 w5 (0/0w) (@} e7) o7 (9/d0y) (o} 7)

rae

2
_ 63(1'” 90 Opg © — klvdo-

2 2 —k
- Wy G mG' ((I)L — kL Ud0)2 — kL uo. (071 lvdg + mf{o'

0 — koVyq ko ky >
kLt o — ] 6.10
X 0o — kgvg £ Opyg [ L& H"( W — Ry Uy 0y — Ry ( )

Kosdpuument 85" HamoMHHaeT O TOM, 4YTO TONEDEYHble BOJHb
JOJIXKHB GHITH MOJSPH3OBAHH OJHHAKOBO (JIHIIb NIPH TAaKOM yCJIOBHH
K03 uIHeHT CBA3H ¢ He ofpamiaeTcs B HyJip). Bennunna der/OoL
umeer Bux (6.7) nmpu j=L, a mns pacuerTa BeJHuumHb ! (9/0w;) X

X {9787) cnenyer nepenucats (6.2) Kak

2
1 9 - Ops Opo ’
er=1— [m + o, —hkuyg Fogs |’

9T0 Jgaer
10 erey=2|17F E: Ot %o 1, 7=0,1
or Odop (o) =2 |17 wd 207 (07 — k7 V4q + Opo)* | T

MuoxuTean . 1/2 B KoaddHLUEHTe Co; OTBeyaeT B3aHMOJEHCTBHIO BOJH
KPYroBO# NOJIIPH3AIHH.
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KuHeTHYECKOE ONMHCAHHE

Kuuerniueckne aHaJorH BhipaxkeHus (6.1) u (6.3) MoxHO HaiTh
B pa6ore [3]. Hcnonbsosas o6Gosnauenue Fy=F, (v}, v§+v§); it
paBHOBecHOl OYHKIHMH paclpefeseHHs] IO CKOPOCTAM H f— ans ee
MaJIoro Boamymemm 3alMIleM 3TH BBIPAXKEHHS B CJIENyOMEeM BHJE:
a. = 5' (vy + iv;) [f — (ig/mw) (v X B) 8Fo/dv] dv +
g o — kg + O

+ E, + iE, F (ikc%/0) (B, + iB,) (6.11)
H
igw TF
aL=——S°T§-—m—-__—kZ dv. (6.12)

Ilpn 3TOM [HCIIEPCHOHHOE ypaBHEHHe eCThb YCJOBHE CYUIeCTBOBaHHS
HETPHBHAJIBHOTO PEIIeHHS CHCTEMBI ypaBHeHHﬁ

wf-f-f: [E‘*‘M]%}iidv:of
(6.13)

[Tpu yuere CTONKHOBEHH{l Ha OCHOBe HCIOJb30BaHHS Mojean Bar-
Harapa — I'pocca — Kpyka [4]
(0f10t) g = — V[ 4 v (n/N,) F,, (6.14)

rie v — s¢dekTuBHasg uacTora croikHOBeHuit. JHlas Takoit Mofe-
au [5]

cokv

— v 0F,/ov,
_ ck”m+w dv+ 7 Sw+iv—koxdv]- (6.15)

Hoc*rosmﬂyxo ¢, BHIGHPAIOT TaK, '<IT06bI BBHIIOJNHAJIOCL COOTHOILEHHE
ar=w(0er/00)E:

= de fy_ v F ©
‘n ke, [1 No J o+ w——kvx ( vd)
X SM—dv]_l : (6.16)
® + iv — ko,

B3auMopeficTBHe Tpex NpoJoJibHBIX BOJH BHIa (6.15) onucmiBaercs
crandapTHoi cucremoin (3.17) co caexyiomuMe KosbhdHIHEHTAME
CBSA3H:

Qe (rjn + 1ap)

Ca = '
i m?e? o; (0e/00;) oyde/doy 6.17)
rae
rpm=— ik de [0);% -+ iv.(coj — k)] OF o/0v, — ikgvF, _
(0 + v — Egue)? (0 + iv — j0y)
v(oy—k — kn04)2 32F /002
V(o —kg) fdv (0 — hf’d) ol0v2 618
20)2 Op + wv— kkvx /

»
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2

(0, ) =1+ kN [1 N0 (o+iv—kvxdv+
B (8 o) [ Ty )T [ gy (s.19)
N, k @ iv—ku, o -+ iv— ko,

OO6cyxaeHHe pe3yJbTaTOB

Kaxk suano u3 (6.5) u (6.9), ypaBHeHus QI aMILIHTYyjA HOpMalb-
HEIX KosebaHHit A; MOXKHO NIPHBECTH K o0llell popMe
(l)jC

0A;
- =4 AAL. (6.20)
ot (0Dg/0wy) 3D, jow;

Takasi popMma ypaBHeHnus ynoOHa npu PAcCMOTPEeHHH 32KOHOB COXpa-
HEHHs, KOTOPOe NMPOBOJAUTCA B cJaelyiollleil IaaBe.

IIpu ucrnosb3oBaHWM NPHBENEHHHIX B 3TOH raase Bbxpamemm DSt
KO3(p(HUHEHTOB CBA3H He CJACAyeT 3a0bBaTh O NPHHATOH HOPMHPOBKE
KOMIUJIEKCHBIX aMOJAUTYJ, KOTOpasl BJIHSIeT, KOHEUHO, H HA BHJ 3dHepre-
THYECKHX COOTHOIIEHHH. B yacTHOCTH, BblpazKeHHS 1Jisi SHEPrHH BOJIH,
[IpUBEJEHHbE B I'l. 4, COOTBETCTBYIOT HODMHPOBKE aMIJIMTY/, BBeJeH-
HOH B IV 3.

Kacasich cpaBHeHHS THAPOAHHAMHUYECKOTO W KHHETHUECKOro MOJAXO-
JIOB, OTMETHM, UTO KHHETHYCCKOEe ONHCaHHe mo3Bojaser OoJjiee TOYHO
yuecTb TeMnepatrypHele 3GQeKTH, TOoria Kaxk B NPHOIHKEHHH XOJOI-
HOK mrasMel o6a NOAXOAa 3KBHBaJeHTHH. MOXHO NMOKa3aThb TaKkKe
[2, 6], uTo B mepBOM MOpAAKEe MO TeMIlepaType Pe3yahTaThl, MOJYYEH-
Hble Ha OCHOBe OGOMX IOJAXOJO0B, IOJHOCTBIO COMVIACYIOTCS, €CJAH NpH
pacueTe JaBJeHH B THADPOJMHaAMHUeCKOM NpHO/JHKEHHH paccMaTpu-
BaThb BOJIHOBOE JBHXKeHHe KakK ajanabaTHUecKMi mpouecc. B uutHpo-
BaHHBIX paborax [7/—12] HCNONB30BaNHCh H HEKOTODhle IpYyrHe Mo-
Ieqd. DTH pabOTH NOCBAILEHB PACCMOTPEHHIO NPobJeMbl B3aHMOIEH-
CTBHSl BOJH B acTpodusHueckoM acmekre [7, 8], CTOJKHOBHTENBHOMY
BO30YXKJeHHIO BOJIH [9], BEIBOAY ypaBHEHHH JABHIKEHHS W3 JaTpaHXKHa-
Ha [10], B3aumoJeficTBHIO BOJIH, PacHpOCTPAHSAIOUHXCH [OL MPOH3-
BOJBHBIMH YIJIAMH OTHOCHTEJBHO HAIpaBJE€HHs BHELUIHET0 MaTHHTHOTO
nons [11] 1 TpexXBOIHOBOMY B3aHMOJEHCTBHIO NPH HAJHYHH BHEIIHETO
BLICOKOYACTOTHOT'O 3JeKTpHYecKoro moJs [12] (cMm. Takke CIHCOK 10-
[IOJIHUTEJIBbHON JINTEPATYPH).

3apaun

6.1. Hokaszate, uto BeauunHsl (6.1) u (6.2) MMEIOT CMBICA HOPMAJIbHBIX

KoJIeGaHHH. )
6.2. TlonmyuuTb B nepBoM IPHOJMMEHHH COOTHOMIEHHE MeXKAY BEJIHUHHAMH (.

u Ei, rae E—i=Eyii'-Ez.
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I'JIABA 7
OHEPTETHYECKHUE COOTHOLUEHHUS

IIpu TeopeTHUECKOM ONMHCAHUH KOTepEHTHOTO B3aHMOAEHCTBHS BOJH
KeJaTeNIbHO MMETh TakKyw (OpMy MpelcTaBJIEHHS OCHOBHLIX COOTHO-
LIeHUH, KOTOpas coxpaHsanach Obl IPH ONHCAaHNHU HeJHHEHHBIX Ipolec-
€OB CaMOH pas3/uyHOH (Hu3NyecKol npupoisl. Ilomxobuyw ¢opmy MOK-
HO HafATH ¢ OOMOILBIO MOAXOASUIEl HOPMHPOBKH aMILTUTY]J B3aHMO-
JefcTBYOMKX BosH. Huxe BBeleH (opMaJiu3M, LIHPOKO HCIOAb3YEeMbIH
B JanpHeHlleM u B oOlleM BHJe NPHUIOAHBIY [JIS ONUCAHHUSL CHCTeM
B32HMOJEHCTBYIOIIUX BOJIH C KOMIJIEKCHBIMH KO3(PHIHEHTAMHU CBSA3H.

B npeneGpexkeHHH ANCCHIAIHMeH HCXOJAHAS CHCTEMAa  CBS3aHHBIX
YPaBHeHHH CHJIbHO YNDPOLIAaeTCsd H MO3BOJSET Jerko NOJy4UTh YCIOBHE
COXpaHeHHs 3Hepruy BOJH, cOOTHOWleHHs Msuau—Poy, a Takxe
0000IIeHHble HHTerPaJbl ABHXKEHHS, B KOTOPLIX YYHTHIBAGTCS BO3MOXK-
HOCTh pPacCOTJIacoBaHusl 4acTOT. [aMHJIbTOHHAH CHCTeMB! Onpejess-
€TC CYyMMO# 3HeprHH OTJHEJbHBIX BOJH H 3HEPTHH B3aHMOJACHCTBHS.

W3 npuBeAeHHHX B 3TO#l IViaBe 3HepPreTHYECKHX COOTHOLIEHHH cie-
JIyer BHIBOJ, UTO MOXKHO OJHOBDEMEHHO YBEe/JHUHMBATb aMIJIHTYyIBl BCeX
Tpex B3aHMOAeHCTBYIOLIHX BOJH (B3phIBHAs HEyCTOHHUHMBOCTb) Ge3 Ha-
PYIICHAsi 3aKOHA COXPaHeHHsi >Hepruu. Takasi BO3MOXKHOCTb peajiusy-
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eTCA B TOM CJaydyae, KOrja 3Heprusi BOJHBI ¢ HauOoJblteil yacTOTOH
TPOTHBOIOJIOXKHA 110 3HAKY SHEPTHAM JIBYX HPYTKX BOJIH.
" TlepenuweM cucreMy ypaBHeHu# (3.17) B caedyiollleM BHAe:

0a,/0t — 10g@y = C|, 3,05
0a,/0t — 10,8; = Cooly@s @.n

0a,/0t — 10,05 = CoyQa] .

Hanee, caenys paéoTe [1], momoxum a;=A;(f)exp(iRew;t). Toraa
-BMecto (7.1) moayyum: .

0Ay/0t + Im (wy) Ay = ¢}, A Ay exp (— (A i),
0A,/0t + Im (0,) A, = c,,A,A: exp (iAot); (7.2)
0A,/0t + Im (0,) A, = cp1ApA] exp (1Awt),

rae Aw=Rew;—Re w;—Re w; Mano no npennonoxenuo. C MOMOHILIO
noacTaHoBoK Aj;=u;exp (iw;); c¢;; =v;exp(i6;); v;=Ime; cucremy
(7.2) MoxHO npeo6pa3oBaTh B 3KBHBAJEHTHYIO €fi CHCTEMY Jisl Belle-
CTBEHHBIX BeMHUMH 4; = | A; |5 v;;= | ¢;; |, ¢; 1 ;5

Oty /Ot - volty = vyattytty c0s (D + 05,); \I
Ou, /Ot + Vytiy == Ugytiyliy c0s (D + 0,); i :
Ouy/OF —+ Valty = Upytigtty €OS (D - B,); (7.3)
0D/0t = Aw — vy (Uys/1ty) 5in (O + 0y5) —
— Uga (Ugthy/thy) I (D + Bg5) — Vgy (sgtty/t1,) sin (P + Bgy). J
3necs © = ¢y — ¢y — ¢, - Awt.
OTMeTUM TakkKe, YTO C MOMOIIBIO TEPEHOPMHPOBKH BHA
Uy — (001”02)1/2 Uy;
Uy —~ (%1”12)‘/2 Uy; (7.4)

/e
Uy — (Ugal1o) "* 14y

Bce KO3(DGHUUHEHTH CBA3H B cucteMe (7.3) NMPUBORATCA K eAHHHULE.
Takas onepanusi He/necoobpasHa IPH HAXOXKAEHHH PelIEHHH M KpHUTe-
PHeB YCTONUYMBOCTH AJA CHCTeMBl (7.3), HO IpH BHIBOJE 3HeprerHuec-
KHX COOTHOLIEHHH YyJ0OHee HCHOJIb30BaTh HEMOCPEACTBEHHO CHCTEMY
(7.3).

Js HeaMccunaTHBHOMA cpelbl v;=0 1 K03 (ULHEeHTH CBI3H -~ Be-
IeCTBEeHHBIE BEJIHUHHBL. JTO O3HAYaeT, 4TO B KauecrBe (Ha3oBOro
yraa 0;; caeayet B3ATb 0 WK v B 3aBHCHMOCTH OT 3HaKa COOTBETCTBYIO-
mero koaddunuenta cBiasu. B pesyasTarte cucrema (7.3) ympouraercs:
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auo/ at _ slévlzuluz Cos (D;
Oty /0t = SoaUpatigt COSD;

OU, /Ot = S U tgl, cos O; 7.5
0o uu Uglt Uglt s
T == A(D b (812012 12 + S02002 e + 501001 'Ll"") sSin @,

it Uy Uy Uy

rjae S, — 3HAKOBBIH MHOXHTeNb KO3(hOHUHEHTa CBA3H Cjr. AGCOJIOT-
Hble BEJTHYHHBL Cj; M Ujn 3aBHCAT OT HODMHUPOBKHM ;. B 4acTHOCTH, NpH
BHIBOJE 3HEPreTHUECKHX COOTHOWeHUH yaoGHO cuutats u;=|E;].
Torna

{W;> = (1/4) (0D;/00;) u3 )
U C NOMOMBIO (7.5) HETPYAHO NOJYYUTH CRefyloliee BhlpaxceHue NI
NPOU3BOAHOH IOJHON SHEPrHH BOJIHBI:

aw oD aD oD,
—=2<s LI S, L) S, 2v)uuu cos @,
dt B 12 a(:.)o 12 + 02 6(01 02 + 01 60)2 01 04142

Otcona caenyer oburee YCJ0OBHE COXpaHEHHS HECPIHH

oD oD oD ;
Slz‘a—mo‘ Uss -+ Soe leoz 4 S; a(; Uy = 0. (7.6)
0 1

2
Jns 1pOXONBHBEIX BOMH 3TO YCJIOBHE CBOAMTCH K BHAY
(—oy+ o, +o)ec=0, (7.7)
TaK KaK 0D;/0w;=w;0¢;/00; u, KpoMe TOrO, cornacHo (6.8)
SV = F ¢/(0e/0w).
Jns1 monepeunbXx BOMH

SpUp = F 0ic/[(1/0;)d (mf &)/0w;],
T. €. CBA3aHHble He/HHefiHble YPABHEHUS HMEIOT BUJL
a:;" =F a;; J/cam,. E.E exp (F iAot). (7.8)

Hetpynno, ognako, y6enuTbes, 4TO U B 3TOM Cjydae YCJOBHe COXpa-
HEeHHs! 3Hepru# csoautcs K (7.7).

OTMeTHM, YTO JO CHX MOp He Je/]aJIOCh HHKaKHX NPeANOJOKeHHH
OTHOCHTeJNbHO 3HaKOB 0D;/0w; H, clenoBaTennHo, yeaoBHe (7.7) cmpa-
Bell/INBO IIPH IIPOH3BOJBHOM COOTHOLIEHHH 3HAKOB SHEprdil B3aHMO-
HefCTBYIOHIAX BOJIH. Kpome TOro, mpH HCHOJNBb30BAaHHH HOPMHPOBKH
BH/JA

u; = | (1/0;) @D;/00,) E,E; |'"* (7.9)

Bce TPH KosdouiHeHTa cBA3M Uj B (7.5) cTaHOBATCS OQMHAKOBHIMH,
C 3aKOHOM COXDAaHEHHsS HEPrHH TEeCHO CBSI3aHBl COOTHOLIEHHS

Mosuan — Poy [2] ,
(812/01) ] — (S02fUog) 43 = My;

(7.10)
(Sp2/Vo2) 42 — (Sp2/Up1) U4 = M. :



3necs M; 1 My — nocrosHHble, onpefensieMule HAaYaJbHBIMH YCJIOBHS-
Mu. CootHoweHHs1 (7.10) jserko moayuuthb u3 cucteMnl (7.5). OHa HMe-
€T ellle TPH HHTErpasa ABUKEeHHS

Ugttythy Sin @ — (Aw/2) (Spr/vp) 42 =T, (7.11)

B UeM HETPYAHO YOeIMTbCA, NOMHOXKHB KaxKJ0€ K3 yPaBHEHHH AJs
9 ;/0t na —u;(0u;/dt), a kaxpaoe u3 ypaBHeHHH nasi Ou;/0t Ha
4;(0;/0t) U IPOCYMMHDPOBAB 3aTeM Bce NOJyYeHHBle yDaBHEHHS.

[lpu HanHYMH paccoryacoBaHHs YaCTOT SHEPrHS BOJH COTJIACHO
(7.6) MOxeT M He coxpaHATbCA. TeM He MeHee H B 3TOM cjydyae MOXK-
HO BBECTH TaMHJILTOHHAH ’

H= 2 sj0u} + 20 (ug ul ul)'/z sin (8, — 6, —6,), (7.12)
!

TIpY 3allHCH KOTODOro HCHOJIb30BaHa HopMupoBkKa (7.9). MHuoxHTe b
S; B (7.12) onpenensier 3HaK 3HepPrHH BOJHBL Tuna | H 0;=¢;4w;l.

BriGpaB B KauecTBe KaHOHHYECKHX TNepeMeHHbX 4% H s;0;, MOXKHO

y6eAUTbCS B TOM, UTO H3 TaMHJbTOHHAaHA (7.12) KeHCTBHTEJBHO clle-
Ayer cucreMma (7.5). IlepBoe ciaraemoe B (7.12) ecTh He 4TO HHOe,
KaK CyMMa JHepruifi B3aHMOJeHCTBYIOLIMX BOJIH, TOTJAa KakK BTOpoe
cylaraemMoe oGyCJIOBJIEHO HeJIHHEAHBIM B3aUMOJAEHCTBHEM BOJIH H MOXKeT
OHITh NO3TOMY HAa3BAaHO 3HePTHEH B3aWMOAEHCTBHA. YUHTHIBass BHJ
HHTerpasios ABHxkeHHs (7.11), BUAMM, UTO B YCJOBHAX TOYHOTO pe30-
‘HaHCa KaxJasl M3 yacTed raMHJbTOHHaHa COXpaHsercd IO OTHAeJbHO-
<tu. Ecsin ke uMeercst paccorsacoBaHie 4acTOT, TO COXPaHsAeTCs JHIIb
BCSl CYyMMa B LIeJIOM.

W3 coorHouleHus (7.6) cjedyloT BaxHble CBOHCTBa KO3(¢HLHEH-
TOB CBsi3H. EC/H 3HaKH 3HEPrHil M YacTOT BCeX B3aHMOJEeHCTBYIOLIHX
BOJIH OJWHAKOBH, TO OJHH H3 K03 (HIHEHTOB CBA3H AOJNXKEH HMETb
3HaK, IPOTHBOMNOJIOXKHLIA JBYM APYrUM. ITO 03HadaeT, 4YTO COOTBETCT-
ByloUIasi aMIJIMTYJa H3MeHseTCss B HaHPaBJEHHH, NPOTHBOMOJOXHOM
HanpaBJIEHHIO H3MeHeHHS OCTaJbHEIX aMILIHTY[, T. €. HPOHCXOJHT 06-
MeH 3HeprHsMH Mexiay BoJHaMH. Ecnum ke 3HaK 3HeprHH BOJIHH C
HauboJibilefi yacTOTOH NPOTHBOINOJOXKEH 3HAKy SHeprufl ABYX JPYLHX
BOJIH, TO BCe KO3(phHIHEHTH CBSA3H MOTYT HMeTb OAHHAKOBHIE 3HAKH,
4 3TO O3HayaeT BO3MOXKHOCTh OLHOBPEMEHHOIO yBeNHYEeHHS aMILIHTY[,
BCEX TPEX B3aHMOJEHCTBYIOIHX BOJH (e3 HapyllIeHHsl 3aKOHA cOXpa-
HeHHst sHepruu. [Ipy HaGJIONEHHH TAKOro Ipoiecca B HPOH3BOJIBHOM
HHEePUHAJBLHOM CHCTeMe OTCUETa YACTOTHL NPeTepNeBaiT JONJEPOBCKHA
CABHT M MOTYT H3MeHHTh 3HAK. OJHAKO TUN B3aHMOJEHCTBHS OJIKEH
6bITh HHBapHAHTEH OTHOCHUTEJBLHO Iepex0a OT OJHOH HHEepUHAJBbHOH
cucTeMbl KoopAuHat K apyrod. OTcoona BHITeKaeT BO3MOXKHOCTh H3Me-
HeHHs 3HaKa 3HEPrHH BOJIHHI IPM NpPeo6pPa3s0BaHHH CHCTEMBI KOODJH-
Hat [3] (cM. Takxe ri. 10).

OTMeTHM B 3aK/JI0UeHHe, UTO TaK Ke, KaK YCJOBHe COIVIACOBAHHS
YaCcTOT NPHBOJHUT K 3aKOHY COXPAaHEeHHS] SHEPrHH, YCJIOBHe COIJIacoBa-
HHs1 BOJIHOBHIX BEKTODOB OTBeYaeT 3aKOHY COXPAaHEHHS HMNyJbCa.
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3anauu

7.1. BuipasuTh CKOpOCTh yMeHbIUEHHSI NOJHOH SHeprHH BOJH dYepes Koaddu-
LHEHTHl 3aTYXaHHA Vj, AHCIEPCHOHHBle GYHKIHH Dj IJA 3/1eKTPHYECKOro TMOAA U
aMIVIHTYABl HOPMAJIbHBIX KoJeOaHHH B CJydyae CHCTEMBl TpeX 3aTyXalOllHX BOJH
c 0;;~0, =n (BausuueM 3aryxanus Ha D; u cj, npeseGpeud).

7.2, 3anucatb cooTHowenns Mosuan—Poy c¢ noMoubio  3sHepruii BoaH W;
H YacTOT ®; B NPEANONOKEHHH, YTO HMEIOT MECTO DPE30HAHCHbE YCJIOBHS, HCIOMb-
30BaHHble B I 7.
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TJIABA 8
BOJIHbI C OTPUUATEJIbHON SHEPTHEH

Tunnunas cuctema, B KOTOPOH MOTYT CyHI€CTBOBATH BOJIHBI C OTPH-
LHaTeNbHON 3Heprued, ~— mJaasMa ¢ HOTOKAMH 3apsiKeHHBIX UacTHL.
J71s1 ynpoluieHusi OTPaHHYUMCSl PACCMOTPEHHEM 3HepPruy BOJHBL B JApei-
{yome#l nasMe H [OKAXKeM, KaK 3Ty SHEPrHI0 MOXKHO pacUleNUTb Ha
SHEPTHI0 3JEeKTPHYeCKOro I0Js B BAKYYMe W JHEPTHIO JBUXKEHHS da-
CTHIL (3/7eKTPOHOB) B BoJHe. [losiBleHHe oOTpunaTeNbHOA 3SHEPrHH
CBSI3aHO C HaJHyHeM C/J1araeMoro, NpONOPIHOHAJIbHOTO NPOH3BeleHUIO
OCHHJIJISILHA TJIOTHOCTH H CKOPOCTH 3JEKTPOHOB, KOTOPOe CTaHOBHTCA
OTPHIIATE/bHBIM, €C/H IJIOTHOCTH U CKOPOCTH KOJeOJII0TCS B IIPOTHBO-
nosioxHbX ¢asax. [Ipu onpenenenHoét ckopoctu Apefipa HMeHHO BTO
cjgaraeMoe OKa3bBaeTcs AOMHHHDYIOHIHNM. PaccMOTpHM Tak:kKe B3aHM-
HBIH Tlepexoj CBOOOAHOH 3HEPTHH cpelpl (B JaHHOM CJydae SHepruH
Ape#ida) ¥ SHEPrHH IOJS BOJHBI, BKIIOUast 3¢¢eKTH BBICIIErO MO-
pAAKa. : ‘ ‘

1

Chucrema mirasma — nyyox

Bripaxenne (4.10) njas sHepruu moJjs BOJIHBL VKashiBaeT Hd iTO,
4YTO B TePMOJHHAMHUECKH-PaBHOBECHOH Cpejié 3Ta PHeprusi Bcerjia Imo-
JIOXKHTEe/bHA. ECH Ke HEBO3MYINEHHOE COCTOSIHME CPe/ibl HepaBHOBeC-
HO, TO SHeprusi Moxer OBITb OTPHIATeAbHOH. VHTepecHHIM NpUMepOM

- Tako# -cpefbl ABASETCH CHUCTEMA I/Ia3Ma—nydoK. Ecau BOMHBL BO3-
6yXKAal0TCS TOALKO B NYUKE, TO BMECTO HAA3MEHHO-NYUKOBOH CHCTEMBI
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MOKHO paccMOTpeTh NJas3My ¢ Apefi¢om 3apsiKeHHBHIX dactuiu. [1po-
JIOJIbHAsST JH3JIEKTpHUecKasi NIPOHHIIAEMOCTh TAKOH CHCTEMBbl HMeEeT BUJ

e(@, k) =1—0? /(0 —kV,)7 8.1

Tle wpp U V, — I1a3MeHHasi YaCTOTa U CKOPOCTb 4acTHIL, nyyka (TeM-
nepatypHbste 3(p¢deKTH He YYHTLIBAIOTCH).

Hduddepenuupys (8.1) no yacroTe H HCHOJAL3YS 3aT€M JHCIEPCHOH-
HOe cooTHolueHHe ¢=0, moaydaem

(98/00) = 20)’2)[,/((0 —ka)3 = 2/(0) —_ ka) = i 2/0‘)[7b'

3HaK «MHHYC» B 9TOM BBIPaKeHHH COOTBETCTBYET BOJIHE C OTPHLATEJb-
HOI 3Heprueii. Ousnyeckui CMBICT TAKON BOJIHH 3aKJI0YaeTcsd B TOM,
YTOo TPH €e PACHpOCTpaHEHUH BEICBOGOXKJaeTCs KHHETHUYeCKas 3Hep-
rug nyuka. PaccmoTpum 3TOT npouecc noapobHee, OCHOBBIBASICL Ha
ypaBHenusax Makcsenna ’

v X E=—0B/ol; vy xH=J+ oDjot.

B orsuume oT moaxoxa, WCMOJNB3OBAHHOTO B Ivi. 4, OyjeM cyuTartb
3JeKTPOHBI CBOGOAHBIMH YaCTHIAMU, ABHIKYILHMHCA B BaKyyMe H [ai0-
1IUMH BKiax B Tok J. Torga

v (E x H) = H(y X E)—E(y x H) = — HoB/dt — EoD/0t — EJ,
HUJIN

— V(B X H) = EJ + (9/08) (1/2) (50E? -+ poH). 8.2)

Kaxk BuaHO, nuBepresuus Bektopa ¥MoBa — ITofiHTHHTa pacuienisercs
Ha JBe YaCTH; OJHA XapaKTepH3yeT NPOH3BOJHYIO Hepruu foss B Ba-
KyyMe, a Jpyrasi — CKOPOCTh H3MeHEHHSI KHHETUUECKOH SHEPrHH 3JIEKT-
pPOHOB. BMecTe ¢ TeM 3Heprust MPOAOJLHBIX BOJIH ONpelensiercs HoJy-
YeHHBIM paHee OGLINM BBIPajKEHHEM

(W) = (e/4) (0/0w) (we) E E*, (8.3)
ITpennonoxuM, YTo BOJHA, KAK M DYYOK, PAcCHpOCTpaHsercs B IO-

JIOKHTeJIbHOM HanpaBJeHHH OCH X. B sToMm ¢Jayyae JiHHeapH3OBaHHbIE
YpaBHEHHA ABHXKEHHST H HCIPEPBLIBHOCTH HMEIOT BHA!

dv/ot +V ,00/0x = — (e/m) E; (8.4)
— e0n)ot - 8J/0x = 0, (8.5)
rae J=—e(Vpri+vNy) — nuHeapu3oBauHbll TOK; Ny— HEBO3MYIIEH-

Hasl NJIOTHOCTb 3JIEKTPOHOB H HOHOB B [J1a3Me; ¥ ¥ 7 — BO3MYILEHHA
CKOPOCTH M IJIOTHOCTH 3JIEKTPOHOB (BJIHSIHHEM BOJIHH Ha HOHBI TpeHe-
6peraem). Ilpeanosarasi NpOCTPaHCTBEHHO-BPEMEHHYIO 3aBHCHMOCTH
Buaa expli(wf—kx)], HaxoauM CBSI3p MeXIy AHHAMHYECKHMH Iepe-
MeHHBIMH

E=—(mle)i(0 —kV,)0 (8.6)

v = [(0 — BV ,)/kN,] 7. (8.7
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[Moacrasasig (8.6) m (8.1) B (8.3), yunrwiBas mpu 3TOM JHcHep-
CHOHHOE COOTHOLIEHHe H HCIIOJIb3Ysl BHIDaXKeHHe AJ8 IJ1a3MeHHON

4acToTH @) = Nye’/eym, nosyuaem
(WY = (1/2) [oNymfio — RV )] 00%, (8.8)
YTO MOXKHO NlepenyucaTh B Buje
(W) = (1/2)mNy vo* + (1/2) m [NV /(o — &V ;)] 00,
HJIM TIOCJIe TIOACTAHOBKH (8.7) M CHMMeTpH3aluHH
(W) = (1/2) mN, vo* 4 (1/4) mV, (v n* -+ no*). (8.9)

ST0 U eCTb OKOHYaTeNbHOE BHIpaXKeHUe JJIsl SHEPTHH NPOAOJIbHBIX BOJIH,
3anycaHHOe B KOMIIJIEKCHBIX IlepeMeHHbIX.

Herpyznno y6eautncd, uro nepBoe ciaraemoe B (8.9) coorBercTByer
YIBOCHHOMY 3HAUEHHI0 IHEPTHH 3JEKTPHYEeCKOTO TOJs B BaKyyMe.
JeficTBUTENIBHO,

(W) = (1/4) o E E* = (1/4) gy (m/fe)* (@ — KV ,)?v0*, (8.10)
YTO C MOMOIIBIO JHCIEPCHOHHOrO COOTHOUICHHS! 2= (w—kV})? npu-
BOZHTCA K TpefyeMOoMy BHAY

(W, = (1/4) mN, vo*. 8.11)
Takum o6pa3om, MOXKHO 3alIHCATh
(W) =<KW, + (W, (8.12)
rie
(W,) = (1/4) mNyov* + (1/4) mV, (v n* + v*n) . (8.13)

Cornacno (8.12) sto#l BeaHUHHe caenyeT NMPHAATH CMBIC] KHHETHUECKOH
3HEePTHH YacTHll, 06yCca0BJIEHHON HaJHUYHeM BOJIHEL,

[Mepexoast ®  BellecTBeHHBIM BeduuuHam vu=(1/2) (747%),
n=(1/2) (7+nr*), ynpoctum (8.13):

(W, = (1/2) mN* + mV,on. 8.14)
370 eCTh He YTO HHOe, KaK Ta 4acThb MOJHOH 3HEPTHH YaCTHIL .
Wr = (1/2)m(Ny+ n) (V, + v)?, (8.15)

KOTOpasi HMeeTcs TOJbKO NpPH HAJHYHH BOJIHBl H IIPH YCPeIHEHHH IO
nepHoay KoJeGaHuil He obGpauiaeTcs B HyJb. Bropoe ciaraemoe B
(8.14) OTBEeTCTBEHHO 3a BO3MOXKHOCTb IIOSIBJIE€HHSI OTPHIATeJNbHOH
3HepIruM: NpH cABHre Gas MeX/ay n U ¥ HA ; OHO OTPHLATEIBHO, NIPH-
yeM NpPH ROCTaTOYHO GosbMIHX Vp CTAaHOBHTCS HOMHHHPYIOUIHM.

OTMeTHM B 3akjioueHHe, uTo H3 Beipaxenuss EJ B (8.2) wmoxHO
NOJYYUTh KaK HPOHU3BOJHYIO IO BpeMeHHn Wj, Tak H AHMBepreHUHIO
IVIOTHOCTH MOTOKA KHHeTHUecKo# 3Hepruu [1].

AddexThl BHICIIETO NOPRAKA

Ho cux mop Ml OrpaHHYMBAJHCh JHHEHHHM NPHOJHXKeHHEM,
npeAnojaras, YTO BeJHYHHB H3MEHSIOTCS IO rapMOHHYECKOMY 3aKOHY,
a CKopocTb nyuka Vj mocTosiHHA. B mepBoM nopsjke Nmo HeJHHEHHOCTH
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HGOGXOJIHMO HCXOAHTh U3 YDaBHeHHUA
3v/dt + V ,0v/0x + (e/m) E = — vdv/dx,  (8.16)

ABJSIONICrOCs: HeJHHeAHNM aHajorom ypasHeHus (8.4). IloacraBnsis B
npaBylo yacTb (8.16) JuHeliHOe pelleHue, BUAUM, uTo Ov/0f B mepBOM
Hopsiike N0 HENHHEHHOCTH NpHO6peTaer KOMIIOHEHTY, KoJeGJiouryioocs
¢ yactoTol 20. Ecain Tenepp 3T0 pelleHHe CHOBA NOJACTABUTL B IPaBYIO
yacTe (8.16), TO mOSIBATCSI TPeTbsi M YeTBepTas rapMOHUKH (BTOpOM
NOPAJOK N0 HEJMHHEHHOCTH) H T. A. [IpH 3TOM uJieHbI MepBOro NMOpAIKa
TIPONOPLHOHANBHE AUV, UJeHs BTOpPOro mopsigka — (—k2Zwvu) u 1. .
Ilpu B3auMOAEHCTBHH HECKOJBKHX BOJIH, HMEIOLIMX pa3/uyHble 4acTo-
TH, NOJIYYHM cJjaraeMble BHA2 —R;RjUpUxUk,, TAE kj — BOJIHOBOE
quJI/%tBOJIHbI j. CyMMa Takux cjaraeMblX [aeT CTallHOHAPHBIR BKJaj
B Ov/dt:

— ’; kk'vk_k»vkrv_k,

3HaK KOTOPOro MPOTHBONOJIOXKEH 3HAaKy CKOpocTd Apedida. B pesynnb-
TaTe CKODOCTh Apelda, a BMecTe ¢ HeH W 3amac KHHETHYeCKOH 3Hep-
THH IIyYKa MOTYT YMeHbHIaThC. DTO — OAMH H3 BO3MOXKHBIX MeXaHH3-
MOB CTaOHJIH3alHH B3PLIBHOH HEYCTOMAYHBOCTH, TaK KaK NPH yMeHbIde-
HHH CBOOGOJHON SHEPrHH AMJEKTPHYECKHe CBOHCTRA Cpelbl H3MEHsi-
I0TCSl TaKHM 06pa3oM, YyTo KO3(D(pHUHEHTH CBS3H IIepecTalT y/I0B-
JeTBOPATb YCJOBHSIM, HeOOXOAMMBLIM [AJSl Pa3BHTHSI HeyCTOHYHBOCTH.
YMeHbllleHHe CKOPOCTH NMyYKa O3HAYaeT TaKxKe, YTO NJa3MeHHas CHCTe-
Ma peJaKCHPyeT K COCTOSIHHIO TepMOAMHAMHUeCKOro paBHOBeCHS.

HeKOHcepBaTHBHble CHCTEMDI

BousiHBl ¢ OTpHMIlaTeNbHOH 3HEpPruel, pacCMOTPeHHble B HACTOALILEH
rJiaBe, COOTBETCTBYIOT BeHIeCTBEHHBIM KOPHSIM IHCIIEPCHOHHOTO ypas-
"enust e=0. [Ipn ydere JuHeMHOro 3aTyXaHWs HJIHM HapaCTaHHs BbIpa-
xenue (8.3) mns sHepruu B obuleM cJyyae yTpauuBaeT CHJIY H MOXKeT
paccMaTpHBAaTbLCS KaK NPHOMMIKEHHO BepHOe JHIIbL HPH  JOCTaTOYHO
MaJIofi MHMMO} YacTH o. B pabore [2] nokasaHo, yro A/f nJasMeHHO-
TYYKOBOH BOJIHEI C MAaKCHMaJIbHBIM HHKDEMEHTOM pasJjioKeHHe & B
OKPECTHOCTH BelIeCTBeHHOH 4acTOTH BooOLle He ABAAETCH CXOAAILHM-
ca. TeM He MeHee C MOMOHIBIO PA3JIOXKEHHS B OKPECTHOCTH KOMILIEKC-
Horo KopHsi ypaBHeuus =0 [3] yzanoch ycTaHOBHTb, YTO Takas
BOJIHA HMeEET HOJIOXKHUTENBHYID 3HEPrHI0. JTO BHI3BAJO AHCKYCCHIO NHO
npo6ieMe YCTONUHBOCTH CHCTEMBl TPeX B3aHMOJLEHCTBYIOINMX BOJIH
[4—6]. B paGore [2] o6pamaercs BHHMaHHe Ha TO, YTO 3HAK YHEPTHH
BOJIHH MOXET CHJIbHO 3aBHCEeTh OT XapakTepa BO3MylueHHsi (B 4acT-
HOCTH, OT TOrO, BO3MyllaeTcsi NMEepBOHAYaJbHO aMIIUTyJa HAH ¢asa
BOJVIHHI).

B pa6ore [7] npemnoxen Gosee npsiMOil MeTOJ ONpefesieHHsT Hep-
tHH BoJHBL. CyMMHDYSl 9HEPTHIO NOJSA H YaCTHL B caydae NJ1a3sMeHHO-
TNYYKOBOH BOJIHBI C KOMIJIEKCHOH YaCTOTOH, MOXKHO IOKa3aTh, 4YTO B
npeHe6pexKeHHH OCHHJIHPYIOLIUMY CJ1araeMbIMH
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£o (1)’2, m%b T 12
W=l + [l—}—?Re kv]}[El.

o |o—kVy |2
(8.17y
Orciona A1 BOJHBL C M2KCHMAJIbHBIM HHKPEMeHTOM MOJydaeM
= (3/4)e,8 | E 2, (8.18)
rie § = ,(wf,b/&oi)"“ & 1 —wmanmit napamerp. Takum  oGpasom,

3Ta BOJIHA HMeeT HeOOJBIIYIO [OJOKHTEIbHYIO sHepruio, OJHAKO ecIH
paccMaTtpuBaTh €e KaK CyNepHO3HUHI0 HEeCKOJbKHX BOJH (T. €. Y4H-
THIBATh INHPHHY IOJOCH), TO CPeAH 3THX BOJIH OGYyAyT M BOJIHB C OT-
PHLATEJbHOR 3HeprHeH.

3apauu

8.1. Has xojoanofi MIa3MEHHO-TYYKOBOH CHCTEMB IH3AEKTPHYECKAs TPOHH-
aeMoCTh

e=1— mf,/mz — mf,b/(m—— kEVp)2.

Ilpn Kakux YCIOBHSIX MOXKHO IIpeHeGpeub BKJIANOM CTAIIHOHADHON I/a3Mbi (;J?,/(o2
JAJi BOJH C OTPHLATesIbHOH 3Heprued u o>0?

8.2. OmnpenennTb NH3JIEKTPHHECKYI0  TNPOHHNAEMOCTb AJAA  CJAyYas XOJOLHOM
nrasMsl ¢ Aped(oOM UYACTHI, NPH yYeTe CTOJKHOBEHHE NOCPEACTBOM BBEACHHS CHABL
TpeHus ~— vmy (v — addeKTHBHAsT YACTOTA CTOJKHOBEHHH).

8.3. Pemmurp pHcnepcuoHHOe YypaBHeHHe &=0, rae & — AAIEKTPHYECKAst IIpO-
HHIAeMOCTh M3 TpeAbIAYINeH 3aZayH, H HaHTH pasHOCTb (a3 BeJHYHH U H N.

8.4. TlpeamosoxuM, 4YTO BO3MYILeHHS IVIOTHOCTH INIa3Mbl H CKODOCTH YacTHIL
MMEIOT BHA N=flo COS Of; v=0pcos (0f+®D). Ilpn kakux smavennax cos ® mior-
HOCTh CpefiHeH KHHeTHYeCKOH 3Hepruf GYIeT OTPHUATENbHOH?

8.5. MoxKeT JM 3M1eKTPOMAarHATHas BOJHA B IIJIa3MeHHO-NYYKOBON CHCTeMe HMETh
OTPHLATENAbHYIO 3SHEDPIHIO?
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I'JTIABA 9
PEIIEHHS YPABHEHHH CBA3AHHDBIX BOJTH

IMpononxum HayvaToe B rJ. 7 omucaHHe HeJHHeHHOro B3aHMOJeH-
CTBUA BOJIH C NPOU3BOJLHOH KoMOuHauwe#l sHeprufi. Kak xopowo
M3BECTHO M3 HesHHeHHOH ontHku [1], rie Bce BOJNHBI HECYT MOJOMKH-
TeJbHYI0O 3HEPTHIO, aHAJUTHUECKOe pelleHHe CHCTEMH CBS3aHHBIX
YpaBHEHHIl B OTCYTCTBHE JHCCHNAUNH BHIPAaXKAeTCsi Yepe3 SJIJIHNTHYEC-
Kue GyHKIUH SIKOOH. MOXHO 0XHAATh, YTO (POPMAJBHO TAaKOH Xe BHI
Oyzer uMeTb M pellleHHe CHCTeMBl, COOTBETCTBYIOIleH HeyCTOHYHBOR
CHTYalHH, TaK KaK 3Ta CHCTEMAa OTJIHYAETCSA OT ONTHYECKHX ypaBHEHHI
JIUINb HHBIM HAa60POM 3HAKOB HeJIHHEHHBIX ClaraeMex.

Ilpn moJsiyueHHH M HCCNEeJOBAHMH AHAJHTHUECKHX DeIIeHHH CBA3aH-
HbIX ypaBHeHHH IHHaMHKY CHCTeMH yZOOGHO ONHCHIBATL YPaBHEHHEM,
KOTOpoe (hOPMAa/bHO COOTBETCTBYeT /[BMKEHHIO UYACTHLB B HEJHHeH-
HOM [OTEHIHAJLHOM moJe, [Ipu TakoM ONHCAHHM KOOpAHHATA YacTH-
Ubl NMPONOPHHOHAJbHA OTKJIOHEHHIO CpelHero 3HAYCHHsS aMIIHTY b
BOJIHBI OT HAaYaJbHOro ee 3HaueHHs. BrelpaxKeHHe Jas TNOTeHOHala
MOXHO 3allHCaTh C YYETOM DACCOrIACOBAaHHS YacTOT M IPOU3BOJbLHBIX
HayaJbHbIX 3HAYEHHH aMIJIMTYJ B3aHMOJAEHCTBYIOIIHX BOJH. B obOwem
cayyae 3TO BbIpaXKe€HHe HMeeT BUJ IOJHHOMA TpPeTheH CTelleHH OTHO-
CUTeJIBHO yCpeJHEHHBIX aMIiuTyd. HauajbHble 3HaueHHS aMIVIHTYJH,
ONpe/eNs0OT HYJAH 3TOro IMOJHHOMA, a Habop 3HAKOB HEPTHii B3aHMO-
JeHCTBYIOLIMX BOJH MMeeT pelllajolllee 3HaYeHHe [/s BHAAa NOTEHIHA-
ga. KapTuHa B3auMOJAeHCTBHUg NPU TAKOH MHTepHpeTalUd CTAHOBUTCS
OouYeHb HarJIsiZHOH. B 4YacTHOCTH, JierKO BBHIAABJISETCS BJHSHHE Havasb-
HBIX (a3 ¥ paccorJacoBaHHA YacTOT, a TaKxXKe JOKaausauus ¢aswl,
CONMPOBOKAAM0IIAS - yBeJMUeHNe AaMILTUTYABR BOJHEL TIPH  B3PhIBHOH
HEeyCTOMYHBOCTH.

IIpx paccMOTpeHHH XapaKTepHBIX NPHMEPOB HEJHHEHHOro B3aH-
MoJeficTBUsl OyJeT HCINONb30BaH TakKxKe MeTon ¢Has30BOi HJOCKOCTH,
BechbMa IIOJIe3HBIH AJIA YIVy6/eHHs] NpelCTaBJAeHHH O JAHHAMHKe B3a-
HMOJEeHCTBUSA.

MeTo HeAHHEHHOro NMOTEeHUHANA

Ilpu ucciemoBaHHH AHAJHTHYECKHX pellleHUi cHcreMbl (7.3) Boc-
nosib3yeMcsi HopmupoBkoil (7.4). IlpennosoxuM, uto cpena sBJIseTCsS
HeJuccunaTuBHOH, Tak 4To v;=0 u 0;;=0, nr. Toraa ncxomHas cucrema
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YpaBHeHHH 3amHileTcs B BHJE:
Ouy/0t = 85111, cos D;
01, /0 = Spqtiytty cOS D;

iy s

Ouy/ot = sgttgts; cos @; 9.1)
9 _Ao— (s12 Il s g, 2 Ysin @,
ot Ug Uy Uy
WnTerpansl IBHXKEHHS 3TOH CHCTEMBI:
Siol — Soatt] = My;
. 9.2)
Soaths — Sptls = M,
H .
Ugitytly SIND — (Aw/2) 4 =T, 9.3)

W3 coornomwenuit (9.2) caeayer, uro
$12 [ () — 63 (0)] = Soa [} () — 4} (0)] = s [45 () — 3 (0)]. (9.9)

PaccmorpuMm caelymouive aBa caydasi: Sop=See=-—Si2 H Sjg=S02=
=5So1. IlepBblli H3 HHX COOTBeTCTBYeT B3aHMOJEHCTBHIO BOJH C 3Hep-
THSIMH OJHOTO 3H2Ka, JeTasbHbli aHaJH3 KOTOporo naH B paGorte [1].
Bo BTOpOM ciyyae BO3MOXKHBI pellleHHsi B3PHIBHOTO THMA, TJiaBHHE
©0COGEHHOCTH KOTOPHIX YycTaHOBJeHH B paGore [2]. IlosHOcThIO 3Ta
3ajaya pellleHa B JJIHNTHYecKHX (yHKUHAX B [3], a mpu yuere 3aTy-
XxaHud u 1pH 0;;=0— B pabore [4].

Be3 orpannyenuss oOIIHOCTH MOXKHO NPHHATb Sor=Spz=1 H ToOJO-
XKHTb S=S51o. Cefyst mpoueAype, aHAJOTHYHON HCNOJAb30BAHHOM B pa-
6ote [5], onpeesIHM BeJHUUHY

x(t)=s[ud() —u3(0)] =u(®)—u2(0), j=1,2. (9.5)
Jlaﬂee C NOMOIIBIO YPABHEHHUA A Uy NOJYUHUM

a 2

L = Sugut cos @ = + 2/ (Il —si®) ,  (9.6)

TAe 3HAaK NpaBofl gacTd onpenensercs 3HakoMm cos @. Hakoweu, BBe-
nzeMm B (9.6) BennuuHy x(f) U HCHONMb3yeM IIPH 3TOM HHTerpaJ ABHIKe-
uus (9.3), nonaras I'i=TI. B pesyabTrate npujeM x ciaeaymomemy aund-
epeHUHaNLHOMY YPaBHEHUIO OTHOCUTENLHO NMepeMeHHOH X({):

2 = £ 2V [se+(0)] [x+80)] [x+50]—(T+BoD [+ O]
©.7)

HJIH NOCJIE€ BO3BEAEHHS B KBajpaT

(1/2) (0x/01)® + m (x) = O, ©9.8)
TIe
(%) = 2| — sx® — [43 (0) + 543 (0) + su3 (0) — (1/4) (Aw)?] * —

— [543 (0) 2 (0) + u3 (0) &3 (0) + 2 (0) 3 (0) — [(Aw)*/2] 42 (0)—TAw ] x +
-+ I? 4 (Aw/2)? uf (0) 4 TAwus (0) — uf (0) 45 (0) uZ (0)}. 9.9)
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YpaBueHue (9.8) onuceBaer JABHXKEHHe B INOTEHIHAJbHOM MNoJe
n(x), npuuem BeanunHa (1/2) (0x/0t)? nmeer CMBICH KHHETHYECKOH
sHeprud 3Toro ABvxKends. OOJacTb BO3MOXKHBIX 3HAaYeHUH X onpeje-
asetTcs yeaoBreM qi(x)<<0. u 0x/0t o6paimaercst B HyJb TpH f(x) =0.

B uactHoM cayuae Aw=0 B I'=0 ypasuennio n(x) =0 ynosjerso-
PAIOT TPH BeIIECTBEHHBIX KOPHs: ¥y = — suZ (0), Xy = — 42 (0) u X3=
=—u3(0). [TosTOMy NOTEHLHAJbHBC KPHBHlE HMEIOT BHI, HOKa3aHHHI}
Ha puc. 9.1 u 9.2 (nmavajbHBE 3HAUEHHS AMIUIATYJ YyNOpsAOYeHH Ha

&

N\
1[\.7i N\ 0 X
]

hz/_\zl ] 2/ X ! ] ]
i) S0 T ui) -ubo) u30)

Puc. 9.1. Bux noreHiHajbHOHR QYHKIHK Puc. 9.2. Bua mnoreHuHanbHoii ¢yHK-
n(x) npu Aw=I'=0 B s=—1; x Mo- mue  m(x) npu Ae=I=0un s=I;
HeT OCHH/UIHPOBATH MEXIY uﬁ (0) u X MOXeT MpHHUMAaTh HeOrpaHHYEHHO
2 (0 GosbllHE ~ 3HAYEHHA B o6macTu
—y (0) x>—ui (0 B3pHIBHAS  HEYCTOAYH-
1 p Y
BOCTb)

PHCYHKaX NPOH3BOJNBHEM 0Gpasom). Crenyer o6patuth 0c060e BHHMA-
HHE Ha KaueCTBEHHOe pasJHuhe B XOAe 3THX KpuBmx. Ilpu s=—1
BEJIHYHHBL u? OJIHOBPEMEHHO MONOXKHTeNbHb B 06mactn — 4} (0) <x <
< u3(0), j=1,2, Torna kak npu s=1 nogoGHas o6sacTb Onpejes-
ercsl yCIOBHEM X > u? ), j=0,1, 2.

[Ipu T's£0 norteHunajbHble KPHBble MOAH(HUHDYIOTCHA (B YaCTHO-
CTH, H3MEHSIIOTCSH TOYKH MX IepeceueHHss ¢ ocbio abemuce). Opxako
npd S=—1 Bce TPH KOPHsI OCTAIOTCSA BELIECTBEHHBIMH, a 3TO MO-TPeX-
HeMy O3HauaeT HaJH4YHe OCUMJJIMPYOUIHX PelleHHH, KOTOpble ONHChIBA-
10T KoMe6aHHs X B 06JacTH, OrpaHHYeHHOH ABYMsi OOJBLIIMMH KODHS-
mu. [Ipu s=1 gBa KopHs MOryT OHITh KOMILIEKCHLIMH, HO HeOrpaHH-
YeHHBIH POCT X TNPH OTPHIATENbHOM m(X), KaK M paHblle, YKa3hBaer
Ha BO3MOXKHOCTb Pa3BUTHsSI B3PHIBHOH Heycrofunsoctu. Ecaum Hauasb-
Hoe 3HAaueHHe Ax/0f OTpHIlAaTENBbHO, TO X CHAayajla yMeHbllaeTcs, JOCTH-
ras MHHHMyMa, PaBHOTO HauH6OsIblIeMy H3 KOpHeli ypaBuenus n(x)=0,
a 3aTeM HayuMHaeT HeOrpaHUYEHHO BO3PacCTath.

[pu yBenuueHnu Aw ¥ S=—1 KODHH X; H Xz 6yAyT cOJuKATHCH,
T. €. poab 3¢deKTa HeJHHEHHOro B3aMMOJEHCTBHS IOCTENEHHO yTpa-
Tutrcd. Ecau e s=1, To 06a KOpHS MOryT CTaTh NOJOXKHTEJIbHBIMH H
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‘TOr4a YCJOBHSI Pa3BHTHSI HEYCTOHYHBOCTH He GyayT BHNOJHEeHH. He-
TPYAHO NOHATH NPHYHHY 3THX sBJEHHH, CPaBHHBasg XapaKTepHoe
BpeMsi HEJHHEHHOro B3aHMOJEHCTBHSI Tsz C XaPaKTePHBIM BpeMeHeM
Taw, OOYCJIOBJIEHHBIM HaJHYHEM paccorsiacoBaHus yactoT. EcrectBeH-
HO OXKH[IaTb, YTO NMPH Tpz>TAe PACCOIJIACOBAHHE YACTOT IIPHBEAET K
HapylleHHio B3auMojeiicTBHA. CiiefloBaTebHO, BJHAHHE pPaccorsiaco-
BaHHA YAaCTOT MOXKHO NpeOf0/eTh, YMeHbllasi BpeMs B3aUMOJeHCTBuUS,
a Aasi 3TOro HeoOXOZHMO YBeJHYHBATh Haya/JbHble 3HAYEHHS aMIUJIH-
Tyd. OTH pacCyK/JeHHsl YKA3bIBAIOT HA MOPOrOBLI XapaKTep paccMart-
PHBaeMBIX 3¢ (eKTOoB.

Iepefizem Tenepb OT Ka4eCTBEHHOTO PACCMOTPEHHs K HAXOXKIEHHIO
AHAJIMTHYECKOTO pelleHHs AJs aMIJHTYH uj. Has storo nepenumem
{9.7) B caenyloueM pue:

. x(,l:)
t=+ d (9.10)

A2 ety

T. €. B opMe 3IIHNTHYECKOro uHTerpana. O6pamas 3TOT HHTErpads,
MOXKHO BBIPa3HTb ¥ KaK (YHKIHIO { B TEDMHHAX JJIHNTHYECKHX (QYHK-
nuit. Dygem npeamosaraTh B jaJfbHefilleM, 4To ypaBHeHHe mi(x)=0
HMeeT KOPHH X, Xp H X3, YIOPSIIOUEHHBIE TaK, YTO X1>=Xp>=X; (ec/u
3TH KOPHH BeulectBeHHb). Toraa BMecto (9.10) MoXHO 3amHcaTh

x(t)
f— + 1_ dx ’
V2 5 Vs (x —xp) (x — x) (x— x3)
yT1o gaetr npu s=—1I1
X (t) = (xg— x1) SN? [(x; — X5)"/2 £ -+ P, Rl 4 x4, (9.11)
The k=Y x; —Xy/%; — X3 — MOJIYJb 3JJIUNTHYECKOH (YHKUMH H

b = s {[xy/(x, — x,)"), K).
Hcnonsays eule cooTHoweHud (9.5), noayyaeM

W)=V BO—xO ; w@®=VEO—x0 ; w)=
=V @O —x0) ©.19)

T. e. pesyabrar paGotsr [1].
Tpu s=1 Heo6x0guMO pasJjuuaTh ABa cjayyas. B mepBoM H3 HHX
BCe TPH KOPHS X[, Xo U X3 BELECTBEHHBl H pellleHHe HMeeT BUJ
X (f) = (X, — xg)/sn® [(feo — &) (X, — X3)'/2, B] + X3, (9.13)
rae k= [(x;— x3)/(x; — x3)I'/z, a BesuunHa f, onpejenser BpeMs
pas3BUTHS B3PHIBHOH HeyCTOMYHMBOCTH M MOXKeT OBITh HalJeHa H3 Ha-
gaspHOTO yeaosus x(0) =0:
to = (X — X3)~ "2 sn™ {[(xg — %)/ %5]'/2, R}. (9.149)

Bo Bropom ciiyuae OAMH H3 KODHell BelleCTBeHHBIH, a jABa ApYy-
THX ~— KOMIJIEKCHO conpsikeHHble. OGO3HAUHB BelleCTBEHHHI KOpPEHb
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X, 3anuimeMm — q(x) = (x—x,) (¥2—2bx-+c), rne b M ¢— BelllecTBeH-
HH, npudeM ¢>b2. Beeasa eme Beanunny G = (x} —2bx; 4-c)'/z,
MOJNIyYUM pellleHHe BUJA

x(t) =26/l1 + ecn (2 VGt + 9, B)] —(G— x), (9.15)
rjge =
_f G-b—x; \'/s, =1 Gt
L= (______QG ) ; ¢=cn 1( G k)
H
1
2K — ¢ ds
to— D K= : . 9.16
2@ K §V%L—%u—wW> 19

IMoacrasasia (9.13) u (9.15) B cooTHOWIEHHSA
u@O=V xO+B30); =y xO+20); )=
=1 x®)+u2(0) 9.17)

HaXOAHM pelUeHHe JUIS aMIUIUTYX 4; TP Pa3/JUYHBIX 3HaKax 3HePrHH
BoaH [3].

PaccMOTpHM HEKOTOpHIE CJEACTBHSI, BBITeKAMOLIHe M3 NPHBeJEHHBIX
pemernnfi. Ecnu Bce HayajbHEE aMIJIUTY/Abl PaBHEL H, KPOME TOrO,
I'=Aw=0, 0 npu s=-—1 MOAyJb 3NTUNTHUEeCKOH (PYHKUHH paBeH I,
T. e. ata byHKUHsa cBogutcsl K thx. [Ipn s=1 ammautyaw u;(f) cor-
JacHO (9.17) ocraloTcsi paBHBIMH IPH BCeX £, NpHUEM

u; (&) = 1/[u71(0) — 1], (9.18)
OTKy/Jia BHAHO, UTO B 3TOM CJy4ae
to = 1/u; (0).
Hcnonb3ys pemlendst Jisg aMIJiMTya U ypasHenue (9.3), HeTpyaHO
HCCAeJ0BaTh TaKxkKe BPeMeHHYK 3aBucuMocTh (aset @. [lpu s=—1

1 Aw=0 3Ta 3aBUCHMOCTb HMeeT OCLUMJJIHPYIOIIHA XapakTep, TaK KakK
B Ipoiecce B3auMoJeicTBHs sin @ He M3MeHsieT 3HaK. Ecin ofHOBpe-
MeHHO Aw=0 u I'=0, To KBajaparsl ABYX aMIJIHTYJ MOTYT NPHHHUMATh
MHHHMAJIbHOE 3HayeHHe, paBHOe HyJ0. IIpn 3TOM mpousBojHasi ¢Gassl
CTPEMHTCs] K GeCKOHEUHOCTH, a NMPOM3BOJAHAS aMIJIMTYABl NpeTeplieBa-
€T pasphiB. Ecau 2Ke aMIOJNUTYAb MOTYT NPHHHMATb OTPHUATEJbHbIE
3HayeHnd, 70 pasdy @ MOXKHO CUHTATH PaBHOH HYJIO B TeUeHHe BCEro
BpeMeHH B3auMoneHcTBHa. HakoHen, npu B3pbIBHON HeyCTOHYHBOCTH
¢asa acCUMNTOTHYECKH. CTDEMHUTCS K HYJI0 3a BpeMs Da3BHTHS He-
YCTOHYUBOCTH l». TaKoe XapaKrepHoe moBedeHue (asnl IPH B3PHIBHOH
HeYCTOHUHUBOCTH M3BECTHO Kak 3(derT JoKaauzauuu dassl J[2, 6, 7].

Ecmu ®(0) =0, To u3 (9.3) caeayer, uto I'=0 u, ciaeaoBaTeabHO,
¢asa @ ocraeTcss paBHOH HYJIO B TeUeHHe BCEro BPeMeHH HeJHHeHHO-
ro B3auUMOJefcTBUA. DTO COOTBETCTBYeT MAKCHMAJIbHOH CKOPOCTH pas-
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BHTHs B3pLIBHOH HeycToiiuuBoctH. Ecin xe @ (0)+0, T0 B npouecce
B3aHMOJeHCTBUSA (ha3a MOHOTOHHO YMeHbIIAEeTCS A0 HYJIsi, YTO BHJAHO
‘Kak u3 cooTHoweHnsa (9.3) mpu Aw=90, Tak 1 U3 ypaBHeHHS AJ]d Npo-
H3BOIHOH

: 0w/ot = — T (1) + 1/u2 + 1/ud). S (9.19)

OTH KauecTBeHHHE BHIBOJBI XOPOLIO COTJIACYIOTCA C AaHHBIMH UYHCJECH-
HOTO aHa/ju3a, BhMoJHeHHOro B paGore [7]. Ha puc. 9.3 npusenenn

2 2
BpeMeHHbLle 3aBHCHMOCTH BeJHYHHB x=u; —u; (0) npu pasjHdHOM
Bpi6ope HauvadbHHX ¢a3. Kak BHAHO, BPeMs pa3BHTHs B3DLIBHOH He-

AR

PPN ()
&0)-0,7/5 275 % e

-150

- Puc. 9.3. Dodexr aoxanmsamun ¢asel u Puc. 9.4. 3aBucuMocTh Bepo-
B3PHIBHOE HapaCTaHHe aMILIHTYAM TpH S=1 4THOCTHOrO  pacmpeleseHus
H pA3JUYHBIX HauyasJbHHIX 3HaueHHsx ¢asel (a3 or speMend. B Hauadb-
@©(0). Havanbnble 3HaueHHss  aAMIJIHTYA:  Hbif MoMenT BCce asel pas-

uy (0) =0,6; u1(0)=0,09; u3(0) =0,85 HOBEPOSITHE
@ anl
1t at
1 n
0 \\ ]

Puc. 9.5. Baanmopeiicr- Puc. 9.6. BapweiBHasg He-
BHE TpeX BOJIH C 3HEPrus- ycroiiunsocTs Ha (a30Boit
MH OjJHOro 3xHaka Ha ¢a- mrockocte (s=1)
30BOH maockocTH (S=—1, -
2
n_uj)
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YCTOHYHBOCTH BO3pacTaeT C yBeJHYeHHeM OTKJOHEHHs HayaJbHOH ¢a-
30l oT HyJas. Ha puc. 9.4 nokasaHO BepOSITHOCTHOe pacHpejeseHHe
¢ a3 B pasjuyHble MOMeHTH BPeMeHHU ! IIPH YCJOBHH, 9YTO B HAYaJbHBIH
MOMEHT Bce (a3bl paBHOBeDOATHH. TakKas KapTHHA ONHCHLIBAET 3BOJIIO-
IHIO CTAaTHCTHYECKOTO aHCcaMO/sl TPEXBOJHOBHIX CHCTEM, IIOTHOCTh
KOTODbIX B HaYaJbHHEIE MOMEHT He 3aBHCHT OT @.

[Tpu knaccudukauun auddepeHUHAIbHEX YpaBHEHHH N0 HAJIHUYHIO
CHHT'YJISIDHBIX TOYEK H HEYCTOMYHMBHIX pellleHHH [8] yacTo HCHO/BL3YIOT
MeToJ (a3oBoil mI0cKOoCTH [9]. B KadecTBe He3aBHCHMOII NepPeMeHHOM
BHIOHPAIOT aMIJIUTYAY 7 U CTPOSIT 3aBHCHMOCTb IIPOH3BOJHOH OT 7
(B 3TOM cMBIc/e (hA30BYK0 MJIOCKOCTh MOXKHO paccMaTpHBaTh KakK BhHI-
poxKIeHHOe (a30BOe INPOCTPAHCTBO, HCIOJAL3yeMOe B CTaTHCTHYECKOH
TeOPHH MHOrOYacTHYHBIX cHcTeM). XapakTepHO#H 0COGEHHOCTBIO INepH-
OJHYEeCKUX pelleHHN (S=-—1) sBJIsfeTCI 3aMKHYTOCTb COOTBETCTBYIO-
INUX UM KpuBbIX Ha (a3oBoll nnockocta (puc. 9.5). INpumep npotugo-
NOJOKHOH HeycTOHuMBOH curyauuu (S=1) mokasaH Ha puc. 9.6 (Ha-
yanbHasg ¢asza BriOpana Tak, 4TO aMILIHTyXa cHayaJjga yObBaer, . a
3aTeM HauMHaeT BO3PaCTaTh).

TMpocTpaHCTBEHHO-BPEMEHHAS 9BOJIOLUSA

Jo cux mop peub 11a TOJAHKO O BPEMEHHOH 3BOJIONUH. AHATOrUYHO
MOXKHO pACCMOTPeTh NPOCTPAHCTBEHHYIO 3BOJIOUMIO CHCTEMBI, HaXo-
asimeficss B CTANMOHAPHOM COCTOSIHMH. B ofumem ciyyae Heo6X0AHMO
VUHTHIBATh KaK BPEMEHHYIO, TaK H NPOCTPAHCTBEHHYIO 3BOJIOIHIO.
Pemenve 3agayu B Takoi NOCTaHOBKe xaHo B pabore [10], rue npu-
BeleHB KAK YHUC/JAeHHBle, TaK H aHAJUTHUECKHEe Pe3yJbTaThl, IOJYUeH-
Hble ¢ HCIIOJIb30BAHHEM MeTOZa OOpaTHOH 3ajadd paccesHud. B yact-
HOCTH, HaHZeHO CTPOroe aHaJHTHYCCKOE BHIpaxKeHHe /A KO3(pGhHIH-
€HTa OTPAaXeHHs IJAa3Mbl IPH CTHUMYJHPOBAHHOM pAaCCeSHHH 3JeKT-
POMAarHuTHHX BOJH. Huxke MB KOocHeMcsl 3THX mpobJeM H, KpoMe TOro,
paccMOTpUM HeanHeHHble 3 (GEKTH BBHICIUIET0 MOPSAAKA, YUeT KOTOPBIX
Heo6XOAUM NIpPH ONHCAHHM IIpolecca HeJqHHeHHOro B3aUMOJAeHCTBUS B
o0b6J1acTh = { .

3apaumn

9.1. CoopMynupoBaTh YCJIOBHSI NMOJNYYEHHUS CTALHOHAPHOTO DEIUEHHS AJA [OTEH-
unasibHOi QynkIHu (cM. puc, 9.1) mpu Aw=I=0. )

9.2. PaccmotpeTs coyva u% ) =ug 0), Aw=0, T2z=0. Kakoii Tum 3Hep-
run cootBeTcTByeT I'2=0?

9.3. O6o6uuty pemenne (9.18) Ha cayuali, Koraa Bce BOJHB HMEIOT OJHHAKO-
Bo K03 dUIMEHT 3aTyXaHus v.

9.4. BMecto TOro 4ToGBl BBIPAXKATH BCe AMIVIHTYABI Yepe3 MEPeMEHHYK X, MOXKHO |
BHIPA3HTh KX uepe3 Kakyw-aubo OAHY aMIVIMTYAy. B mpeamosoxenuu, 4TO
u%—l—u?:Mol H ug-l—ug:Moz a) HaliTH TOTEeHHUaa ﬂ(u%) At caydast
Ao=0 m s=-—1;6) BHpasuTb MOAYAb k 3JIHNTHUECKOH (GYHKUHH Aas s=—1 uepes

KOPHH @)= 023>a; ypaBHeHHs T (u%) =0,
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I'JIABA 10
KPUTEPHHN YCTONYHUBOCTU U ACUMIITOTHYECKOE
MOBEJLEHHE CUCTEMBI TPEX B3AUMOIEWCTBYIOILHUX
BOJIH

YcrofunBOCTL HEeNHCCHIIATHBHONH CHCTEMBL! ONpezessercs, KakK MBI
y0e1usuch BHIlle, COOTHOLIEHNEM 3HAKOB BellleCTBEHHBIX KO3 dHuuen-
T0B ¢BAI3H. Ilpn yuere AMCCHOAUMH 3TH KO3MPHUHEHTHl CTAHOBATCHA
KOMIIJIEKCHBIMH, TIPHYEM OTKJOHEHHWe OT BeIIeCTBEHHBIX 3HAUCHHH
onuceiBaercd (ha3oBBHIMH yriaamu By 3aMedaTelbHO, OJHAKO, YTO 3TH
yTJIBl QUTYPHPYIOT B HCXOJHOH cucTeMe (7.3) TOMBKO B KOMOHMHAIHH
¢ nuHamuyeckuM (a3oBeM yrsioM . OcHOBHIBasicb Ha 3TOM HalJloO-
JeHHH, MOXHO CQOPMYJHPOBATh OGUINA KPUTePUH YCTOWYHBOCTH IHC-
CHIIAaTUBHOH cHcTeMbl [1], 3HaueHHe KOTOPOrO OCOOEHHO BENHKO B CBfI-
3H C TeM, UTO IOJHOE AHAJMTHUECKOe pelleHHe CHCTeMBbl CBA3aHHBIX
ypaBHeHUH C NPOH3BOJLHBIMH YrJaMu 0;; NOJAYYHTbL He yAaeTcs.

B macrosiuie#i rsiaBe HccJeIyIOTCS YCTOHUYHBOCTH HENMHHEHHON Tpex-
BOJIHOBOH cHCTeMbl M OOIIMHA XxapaKTep 2BOJIOLUHM aMIIUTYA U; H da-
3n @ B 3aBHCHMOCTH OT 3HauyeHu# (pasoBHIX yraoB 8. 3aTponyra
TakxKe npobaemMa 0oGOOILIEHHs Pe3y/JbTaTOB Ha CJAydYall 3aBHCAILIMX OT
BpeMeHH KO3(Q(UIIMEHTOB CBSA3W H JHHeHHO# auccunauuu. Kpome Toro,
BBHIBeJeHBl HHTErpajbl ABHXKEHUs [/ PAas3/JMYHBIX YACTHHIX CJyYaeB
JHCCUNATHBHBIX cHcTeM. HakoHel, Ha INIpHMepe CHCTeMBl Iia3Mma —
NYYOK MOKazayHa HHBAPHAHTHOCTbL PACCMATpHBaeMbX (U3HUECKHX $AB-
JICHHH OTHOCHTeNbHO BbIOODA MHEpIHaJbHOH CHCTEMBI OTCUeTa.

OGuwue cBOHCTBA pellleHUi CUCTeMbl YpaBHEHHA CBSI3AHHBIX BOJH
JIJIst CTAl{HOHAPHOH cpelibl

Kax u B npeibiiyulell IrJiaBe, BOCHOJb3yeMcsi HOpMHPOBKOK (7.4),
HO Tpu 3amucH cucteMbl (7.3) He GyleMm npeHeOperaTh AHCCHIAIHEH.
Torna noayuum:
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Oty /0t - volty = tytds c0os (D - 055);
Oty /0t -} vyt = Uglty c0s (D + 05);
Ou,/Ot - volty = ugtty cos (@ -+ 0,);

9P _ Ap— % 5in (@ - 0,,) — 2 sin (@ - 6,,) —
ot Uy Uy

(10.1)

— L% sin (@ 4+ 0,).
Uy

[IbiTasicb ONpeResHThb YCJIOBHS, HPH KOTOPBIX BO3MOXKHEL HEYCTOH-
uuBble pemenns cucrembl (10.1), mpexae Bcero 3aMeTHM, 4YTO Heo0O-
XOJUMOH NPEANOCHIKOA [/ DPa3BHUTHS B3PHIBHOH HeyCTOHYHBOCTH
ABJsieTcs Hajuuue HennHefHoro HapacraHusi. Ho us cucrembr (10.1)
BH/HO, 4TO Jiofasi aMIinTyla 6yjeT YBeJHUNBATbCA BMecTe ¢ mapoi
JAPYTUX JHIIb NPH YCAOBHH, YTO B IIPOH3BOJILHO 34/aHHLIA MOMEHT Bpe-
MeHH Bce 0;; YAOBJETBOPAIOT HepaBeHCTBY cos(®@-0;;) >0. D10 03Ha-
yaer, B CBOI0 Ouepelb, UTO I/ Pa3BUTHS B3DLIBHOH HEYCTOHUHBOCTH
HeoOxoauMo, uYToOB 8Ce 0 npunadaexcaiu OOHOL NOAYNAOCKOCTU.

3aMeTuM jaJjee, uTo ecaAu Bce (D4-0;; JexkaT B NPaBOH NOJYIIOC-
KoctH, To O®/0f yMenbmiaercsi ¢ yBeauuennem D, npuyeM 3TO yMeHb-
LieHNe HMeeT XapaKTep MOHOTOHHOTO CTPeMJeHHd K HYJIO, ecld U IpH
JM/0f—0 Beanunna @D--0;; Bce ele ocTaercs B NPaBoOH MOJYIJIOCKO-
ctu. Takoe moBefeHHe eCTECTBEHHO OXKMAATH HpU OOJbIIHX aAMILJIUTY-
JlaX, KOTJa uJeHaMu v;i; Ao MOXHO npeHeOpeub.

3anuineM Temepb aCUMITOTHYECKOE pellleHHe Kak

up=[;O/(to—1), (10.2)

rae f;(f) — QyHKuHS, MeAJeHHO MEHSIOMAsiCsi 10  CPaBHEHHIO C
1/({x>—t) B okpecTHOCTH fw. IloxcraBasiga (10.2) B (10.1), nonyuaem
ACHMIITOTHYECKHE 3HAYeHHus f;:

fo (feo) = {008 [@ (foc) =+ Bya] €08 [D (Fo) + Oy 1}
i (fe) = {08 [ (fec) + O] cO8 [D (£} + 0,17 (10.3)
73 (f0) = {08 [ (teo) + Bgs] €OS [D (Fec) 4 O]}

IMonaras eme 0®/0t=0 B (10.1) u ucnoansys npu arom (10.2) n
(10.3), MoxkHO HafiTH Takke CjaeAylollee MOJE3HOEe ACHMITOTHUECKOe
BhIpaxKeHHe:

tg [D () + Ops] + t[D (fe) + Ops] - t (D (£e0) + O] = 0. (10.4)

Ciaraemele vji; 4 Aw 0Ka3plBaloT GOJBIIOe BJAHSHUE HA NOPOrOBLIE
3HAYeHHUS AMIVIMTYJ U BPeMsl B3pbIBA fw. CaM (aKT CyIIEeCTBOBAHHSA
nopora npu v;#0 BHITEKAaeT U3 TOro, YTO XapaKTep BPEMeHHOH 3BOJIIO-
UMY aMIUIMTYABL 4; ONpejesigeTcss COOTHOLIEHHEM HeJHHEeHHOro M JHUC-
CHIIATHBHOTO CJIaTaeMblX; €CJ¥ B KaKOH-TO MOMEHT BpeMeHH IlepBoe
U3 HHMX TIpeBHILIaeT BTOPOE, TO B JajbHelillleM OyJeT NPOHCXOIAHTDb
yBe/NHUeHHe aMILIMTY[bl, JOMHHHPYIOIAsT POJb II€PBOrO CJaraemMoro
eme 6osiee YCHJIHTCS M B KOHEUHOM CyeTe Pa30BbeTCsl B3pDHIBHAS He-

69



YCTOHYHBOCTL. [IpAMO NpPOTHBOMOJIOXKHAS KapTHHa HabJiogaercs
TOorja, Korja B HayaJbHbIH MOMeHT JOMHHHDYET CJaraeMoe Vjdj.

Bausinne Aw Ha JUHAMHKY [Npolecca HeJMHeHHOro B3auMojaelicT-
BHUA ocyuiecTBaseTcs yepe3 ¢aszy @, B KOTOPOH MOSABJSETCS JAONOJHU-
‘TenbHOe caaraemoe Aw!f. Ecnu 3a xapakTtepHoe BpeMsi B3aUMOeACTBHSA
3TO cJiaraeMoe cnocoOHO NMPHUBECTH K H3MeHeHHo 3Haka cos (D +0y),
TO B3pLIBHAsI HeyCTOHYUBOCThL pa3BuBaThes He OyxeT. Vcnosb3ys Bpe-
M B3pbiBa NpH Aw=0 B KayecTBe MepBHl XapaKTepHOTO BpeMeHH B3a-
HMMOJeHCTBHA, MOXKHO OHEHUTh IIOPOroBOe 3HayeHHe Aw:

Ao < W/t (10.5)

Jas HccleNOBaHHS 3aBUCHMOCTH e OT vj, Aw U u;(0) nosesHo
BBECTH NOACTAHOBKY
n=ku; t =(/k)¢, (10.6)
¢ nmoMombio Kotopoit cucrema (10.1) 3anuceiBaeTcst B NepeMeHHBIX 7
" !, HO IpH 3TOM v; U Aw YMHOXKaloTcsA Ha k. PaccMaTpuBas BHaualne
cayuait v;=Awp=0, BULAHM, YTO NPH YBEJHUYECHHH HAUANbHOrO 3HAYEHHS
AMIUTHTYAH 4; B kK pa3 BpeMs B3pblBa yMeHblIaeTcsl Takxke B & pas.
TIpu v; u A®, OTANYHBIX OT HYJIs, TaKOoe JKe YMeHblIeHHe JOCTUIAeTCs
TIpH OIHOBPEMEHHOM YBeJHUYEHHH v; H Aw B £ pas.
Ecau Bce v;=v U Aw NnpeHeOpexkUMO MaJso, TO ¢ HOMOUIbIO IOX-
CTAHOBKH
Uj=ujexp(vl); 1= (1/v)[1 —exp(—vi)] (10.7)

MOXKHO moayuuth cucreMy (10.1) oTHocHTenbHO mnepemeHHBIX Uj
¥ T, B KOTOPOH, o1HaKo, caaraeMble vU; orcyrerBytor. O603Hauas Bpe-
Ms1 B3PBIBA AJSI 5TOH CHCTEMBI Too, [IOJYUAEM

foo = — (1/v) In (1 — vTo0). (10.8)

D10 cOOTHOUIeHHE ONMHUCHIBAET BJHSHHe YaCTOTHl v Ha BpeMs pa3BHUTHA
HBYCTOﬁqHBOCTH, a TakxKe JaeT KpUTHUYECKOC 3HaYeHHe

v, = 1/Ta, (10.9)

#HiayuHasi ¢ KOTOPOro HEyCTONUMBEE PeLIeHHs yXKe¢ HeBO3MOIKHDI.

Koraa Bce v; pasjuyHbl, 3ajaya HAMHOro TpyAHee B MaTeMaTHUYecC-
KoM oTHoulenud. Ho NpH [JOMOJHHTETHHOM - NpeanosNoXeHHH 0;;=0
AHAJU3 CHJbHO obJjerdaercsi 0Jarojapsi cyllecTBOBAHHIO MHTerpaJa
JIBHIKEHHsT, KOTOPHIH NpH Aw =0 uMeeT BHJ

gttty SIn @ = T exp[— (v, vy + V) £]. (10.10)

B japyrom HAeanusHpoBaHHOM cJjydae, KOrja BCe v; pPaBHB, a O;j
Pa3/HyYHbl, CYIECTBYET HHTErpaJ ABHXKEHHS BHja

[42 5in (8p; — Byy) - 22 sin (05 — 0,5) - 1 sin (0., — B,9)] exp (2v7). (10.11)
Wieanu3upoBaHHOCTE JIPUMepPOB, OMNHCHIBAaeMBIX ~ COOTHOLICHUSIMH
(10.10) u (10.11), cBsAi3ana c TeM, 4TO YIVIbl O;; H 4aCTOTH Vj, CTPOTO
rOBOPsI, HeJb3ss BHIGUPATH He3aBHCHMO. VIMEeHHO BeJe/CTBHE 3aBHCH-
MOCTH MeXAy 0;; U v; yCTOHUMBHI peXxHM c 0;;=0, 5 MoXeT mepeii-
TH B HeycToiumBHi [2], Korjga Bce O;; mMomajaioT B OJHY INOJYIJIOC-
xocts (puc. 10.1,a). Pe3ysabTaTsl UHCAEHHOrO aHa/jH3a IPHUBEJACHH HA
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Puc. 10.1. Jlokajmuszamus KOM-
IIEKCHBIX BEKTOPOB exp (i0;;) B
opHo#  mosymiaockoetn (@), a
TAaKXe  3BOJIOUHS amnnmyn
B3PBIBHOT'O THNA M JIOKAJH3aLHUSs

tdas npu 0;;, M300paxKeHubHIX Ha 0 & 0 P 4
puc. 10.1, @ gaa v;=0,01, Aw=, - P
=0 (6) _ 0

puc. 10.1, 6. Ecau xe kakue-1u60 jBa H3 yrioB 0;; OTJHYAIOTCS B
TouHocTH Ha m (puc. 10.2, @), T0 mosiydaercyg nmpeiesbHO YCTORYHBOE
pelieHHe, NpUMep KOTOPOro nokasaw Ha puc. 10.2, 6. Haxownen, npu.

g s

JAWAN
2l A AAAAAAR

- B
fl

u
Puc. 10.2. Kosdurypauus 7%@%’

BekTopoB exp(ify;) B cay- i | !

12
yae, Korja jsa yraa 0;; 0 5 10 75 t
OTJHYAIOTCST B TOYHOCTH
Ha 7(a), U BHI pelleRHs 0

npu ¢asoBbIX yriaax, H3o-
6pakeHHbix HA puc. 10.2,a Ansa v;=0,01 (6)

NpOU3BOJHLHOM pAaCHOJNIOXKEHHH YIJIIOB B  PpasHbLIX TMOJYIIOCKOCTAX
(puc. 10.3, a) amnauTyAH 3aTyxaioT, HO (asbl MOTYyT HCHLITHIBATH
CHUMbHBIE ocuumasauun (puc. 10.3, 6).
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3

= AL
T

a .

. Uyg Uy Up U
Puc. 10.3. Jlokaausaius L
KOMILIEKCHHIX ~ BEKTOPOB 7 %
exp(if;;) B pasJHYHBIX \

noaymiockoerax (@) H 0 5 0 15 t
BHJ peweHuss npu daso-
BBIX YyrJaX, u3o6paxeH- g
siBx Ha puc. 10.3,a, pas
v;=0,01 (6)

—

r\)] =

PemieHue Jis HecTauHOHAPHON Cpebl

IlpuBeneHHbl BHIUE KPUTEPHIl YCTOHUHMBOCTH AomycKaeT 0606iie-
five Ha Cjyyajl 3aBHCALIMX OT BpeMeHH BeJdHudH v;(f) u c;;(f) [3].
IIpu srom cucrema (10.1) npuoGperaer Buzg

Ou;f0t + v; () tj = gny (¢) uptty cos [D +- 0, ()], (10.12)

rmae
gu® = | cn(Oicu(0) | . (10.13)
Ipu #—o0 3Ta cucreMa MMeeT aCHMOTOTHYECKOE pPElIeHHE
wj == f; )/t —1),

npHyeM
f7(t) = g7 (foo) {008 [@ (£oo) + 05 (a0)] €08 [D (o) + 0 (L))} ™, (10.14)
Bee ¢0s[D (fo) 4 0;;(f)] >0 u

g [D (o) + Oy (£)] + L [D (F0) + Opo ()] + tg [@ (f0) + OBy ()] = O.
(10.15)

Ipu v;(f)=v(f), g:;(f)=g(f) n 6;5=0 (i, j=0, 1, 2) MoxKHO HoO-
JIYUUTH TaKKe TOUHOe pelleHHe cucTeMbl (10.12), Tak Kak ¢ HOMOLILIO
NOJACTAHOBOK

Uj= uiexp[fv(t’)dt’]; (10.16)
0

e

v = [exp {— [ (@) +n )] dt”} dt’, (10.17)
0 0
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rie
n(f) = — (d/dt) [Ing (9], (10.18)

3Ta CHCTEMa NPHBOAHTCH K CTAHJAPTHOMY BHUAY AJS HEAHCCHIATHBHOM
cpeanl ¢ g(f) =1. Orcrona caenyer, B HaCTHOCTH, UTO BpeMsi Pa3BHTUSA
HEYCTOHYHUBOCTH foo MOXKHO HAHTH U3 COOTHOIIEHHS

to

To = | exp —}' [v(t”)—}—n(t”)]dt”}dt', (10.19)
0 0

.TJle To — BPEMSI PA3BHTHUs B3PHIBHOH HEYCTOHUYMBOCTH AJsI HeJHCCHIA-
THBHOH cHcTeMBl ¢ g (f)=1 [cp. ¢ (2.11)]. IIpu yBenunuenun v(f”) n
1N (¢") BenuunHa fo—>0o0, T. €. HEYCTOHUHBHIA PEXKHUM CTAHOBUTCA He-
BO3MOXKHBIM.

IIpeoGpasopanue HHEPUHAIBHBIX CHCTEM OTCUETA
U npobJjemMa yCTOHYMBOCTH TPEXBOJHOBOFO B3aUMOAEHCTBUS

BosBpamasce K cay4al HeIUCCHIATHBHOM CPelbl, HallOMHHM, YTO
HeoOXOJUMBIM H JOCTAaTOYHHIM YCJOBHEM CYLICCTBOBAHHS HeyCTOHUH-
BHIX pelueHHH cucTeMHl (9.1) sABJAAeTCA MOJIOXKHTENBHOCTb BCeX KO3(-
(pHLIMEHTOB CBSA3M HJM, UYTO TO XKe caMoe, IIPOTHBOIOJOMKHOCTh 3HAKa
SHEPrHU BOJIHBI C HauOoJblIel 4acTOTOH 3HAaKaM 3SHePrud OCTaJbHBIX
BosiH. [lokazkeM, 4TO 3TO yCJOBHe He Hapyuiaercs IpH mnpeobpasoBa-
HHUSIX HHepLHaJbHBIX CHCTEM OTCUeTa.

PaccMoTpuM B KauecTBe NpuMepa CHCTeMy IIa3dMa — IIyyoK. B no-
Kosilelcsl cucTeMe KOOpJAHHAT AU3JeKTPHUecKas IIPOHUILAeMOCTb TAKOR
CHCTEMBI HMeeT BHI

e, k) = 1 — 2,/ — o2 /(0 — kV,)?, (10.20)

rle Wpe U Wpp — IIJIA3MEHHBblE YAaCTOTHl CTAlHMOHAPHOH M ABHKYyllefica
MOJCHCTEM COOTBETCTBEHHO; Vj, — CKOPOCTH IBHIKYLIeHCS IOACHCTEMBE
B BHIOpaHHO}i cHcTeMe oTcyera. Eciu MmepeHTH K cHCTeMe OTCYera,
JBUXKYIIEHCA OTHOCHTEJNBHO IEePBOHAYAJBbHONH CHCTEMBEl CO CKOPOCTBIO,
napajiebHol ckopoctd Vi, To miaszma Gyner BHITJAAETh KaK JBYX-
moTokoBas cucreMa H BMecto (10.20) moayuum

e, k) =1—a? /(0— RV, ) — 0%, [0 — kV,) (10.21)

DHeprus BOJHH B 3TOH cHCTEME
(W = (g,/4) (0/0w) (w€),
rie

20, ® 20, ®
9 (o) =02 = 00 pbs (10.22)
L) dw (0 — kal)2 (@~ kag)2

O6umit Bung ¢yuxkuuu (10.21) npu dukcupoBannom £>0 u moJio-
XKUTeJdbHHX Vp, U Vp, nokasaun Ha puc. 10.4. Kopuu I u 3 coorBercT-
BYIOT BOJIHAM C OTPHLATEALHOH 3Hepruedl, a 2 U 4 — BOJIHAM c HOJIO-
KHUTeNbHOH 3HeprHelt. COrJiacHO KPHTEPHIO B3PHIBHON HEYCTOHYHBOCTH,
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B KaueCTBe BOJIHBI ¢ HauOOoJblIel YacTOTOH MOXHO BHIGpaTh BOJIHY,
COOTBETCTBYIOINYI0 KOPHIO 3, TOrja JBe ADYrHe BOJIHE JOJI3KHBL COOT-
BETCTBOBaTh KOPHIO 2 (/I NPOCTOTH B jAajbHefiiieM OyjeM NHCATDb
BonHa I, 2 u 1. B.— Hlpun. nepes.). Cienyer NOMHHTH, OAHAKO, 4TO
BOJIHBl HMEIOT Da3Hble BOJIHOBBLIC YHCJIA 2 M N03TOMy (aKTHUECKH
HM COOTBETCTBYIOT pa3Hble AMAarpaMMbl THNA NMOKAa3aHHBIX Ha pHc. 10.4.
3anuiieM pe3OHAHCHHIE YCJIOBHS

ko = k]_ + kz; ('00 == (’)1 + (.02 (10.23)

H MOMBITdeMCs PelUHTb AMCIEPCHOHHOE YPaBHEHHe ¢ TeM, YTOOHl ycTa-
HOBHTbL COOTHOLIeHHe MeXAY «; ¥ R;. B obmeMm cayuae sazaya cBo-
AHTCA K YPaBHAHHIO YETBEPTOH CTEMEeHH OTHOCHTEJNbHO , HO eCJH

5([0,/()." i
= | ()=
!CL) kyd, la) kl{gz
|
I
. |
|
\ |
gy 7z 3 { 2 w
|
!
|
|
[

|
[
|
|
|
{
Il
1
i
!
|
i
|

Puc. 10.4. O6uuii BHI AHIEKTPHUCCKOH NPOHHIAEMOCTH €(®, 2) P (QHKCHUPOBAH-
HOM k B C/ydae XOMOAHOH XBYXIOTOKOBOH CHCTeMbl €O ckopoctamu Vy u Vg,

CKODOCTH MOTOKOB JIOCTATOUHO Pa3HeCceHB!, TO NP OTHICKAHHUH KOpHeH
I u 2 moxHO npeHe6peyp BJMSHHEM BTOPOro MyyKa, a IPU HaXoxje-
HUH KOpHeldl 3 u 4 — BJAUsIHHEM MepBOro nyuka. Torja

W == RV, — @ps,; 0y == BV, + 0ps,; 0, & RYVe, 4 0ps,, (10.24)
YTO ¢ Y4eTOM 3aKOHOB coxpaHeHusi (10.23) NpPUBOAHMT K COOTHOLIEHHIO
koVbl —{— 20)pr = kng, — Wpp, . (1025)
B ToM Ke npuOIHKEHUH UMeeM
[(0/06) (@e)ly, = — 200y/@p0,;
[(0/0w) (we)]; = 20,/®pp,; (10.26)
[(0/00) (&)l = 26/,
3aMeTHM Tenepb, YTO TPHU Tepexojie OT OJHON HHepPIHAJbHOH CH-
cTeMHl K Apyroi ckopoctu Vi, u Vp, U3MeHAOTCS Ha OAHY H Ty XKe
BeJHUMHY, & 3TO O3HayaeT, uto coorHouleHHe (10.25) uHBapuaHTHO
OTHOCHUTENBHO Takoro npeoGpasoBaHust. OAHAKO 4acCTOTH He OCTAIOTCH
HeH3MeHHBIMHU: N0 Meépe yMeHpliteHuss V,, u Vp, OHU yOHBAaIOT ¥ B

KOHEYHOM CueTe MOTYT CTaTh OTPHLATEJbHBIMH., [Ipu k>R, TnepBOi
npuofperaer OTPHIATEIbHOE 3HAUEHHE YAacTOTa we. B 3TO# cHTyauuu
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BOJIHEL 2 ¥ 0 MMEIOT OTPULATEJNBHYIO SHEPrui0, a BoJHA | — MOJOKH~
TEeJbHYIO, HO YCJOBHEe B3PBIBHOH HEYCTOHUYHBOCTH NPOJOJINKAeT BHIIOJ-
HSITbCA, TAK KaK MMeHHO BosHa ] uMeer Haubosabumyilo dacrory. Ilpm
JanbHeHllleM yMeHblueHHH Vy,, u V;, CTaHOBHTCS OTPUUATEJNbHOH Ya-
CcTOTa mo. ONHAKO YCJIOBHE HEYCTOMYHBOCTH BHIMOJNHSAETCS H NPH 3TOM,
TaK KaK Tenepb 3Hepruu BOJIH 0 U I NOJOXKUTEJBHE], a8 3HEPTUS BOJHBE
2 oTpHLATe/bHA, H KaK pPa3 3Ta BOJIHA HMeeT MAaKCHMAaJbHYIO YacTOTy.
HakoHen, npu oTpHIATENbHOM ®; HaHGOJABLIYVIO aGCOMIOTHYIO YaCTOTY
6yner cHOBa MMeTb BOJIHA (), IpUYeM ee SHEPrusi MOJIOKHUTEJIbHA, &
3Heprud BoJH [ U 2 oTpumnate/bHE, UTO M Tpebyercs JJIsi PA3BHUTHSE
B3PBLIBHOH HEyCTOHYHBOCTH.

3apaumn

10.1. Ha puc. 10.2 nokasaHo pellleHHe Aisi caydas, korga Jse ¢aset 0;; paa-
JII4AIOTCA B TOYHOCTH Ha 7. Ilpn 3toM @ ocuuIHpyeT OKOJO 3HAuUeHH:sA, GJU3KOTO
kK /2. 310 o3HauaeT, yro Pasa @®+0;,, COOTBETCTBYIOLIAS TPEThEH BOJHE, B CpeX-
HeM HaXOJMTCS B NPaBOH MOJYMIOCKOCTH. Bo3mMoxHO Ju nopoGHOE Npu OCHHIIALHE
asel @ B OKPEeCTHOCTH 3HAUYeHHs —/2?

10.2. Korga Bce v;=v, Ho Bce 0;; pasjuuHbl, CYLIeCTBYeT pelleHHe, NPH KOTO-
pom @ noctosnHo. Haiity 310 permenye.
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TJIABA 11

HEJUHEMWHOE B3AMMOJLEVNCTBHE BOJIH C PA3JIMYHbBIM
3ATYXAHHUEM NNPU B3PBIBHOW HEYCTONYHUBOCTH

B nsiasMe pacnpocTpaHsieTcss MHOTO BOJIH Da3J/IMYHLIX THIOB (0CO-
GeHHO MpH HAJHUYHM BHEUIHEro MarHUTHoro mouss). KX cBoficTBa Mmoryr
CHJILHO pas3/jHyaThCsl H3-3a PAa3HLIX CKOPOCTEH DacnpoCTpaAHEHHS
BOJIH, H, UYTO He MeHee BaXXHO, BOJIHEL MHOTAA HMEIT CYIIECTBEHHO
pasJUYHbIE JUCCHIIATHBHEIE XapAKTEPHCTHKU. 3aTyXaHHe Pa3HbLIX BOJH
MOXKET He TOJIbKO CHJIbHO OTJIHUATBhCS IO BeJMYHHE, HO H HMeTb pas-
Hyio Qu3HYecKyl0 npupoly (3aryxanue Jlamnay Mg KOJJIEKTHBHBIX
BOJIH THIA IJIa3MEHHLIX WJIH HOHHO-3BYKOBBHIX BOJH H CTOJKHOBHTEJNb-
HOe 3aTyXaHHe JJISl NMOMEePEeYHbIX 3/eKTPOMAarHATHBIX Bonn). CrnenoBa-
Te/IbHO, KO9((DHIMEHTH, ONHCHBAOLIMe JHHEHHOe 3aTyXaHue (unn
HapaCTaHHe) B CHCTeMe CBSI3AHHBLIX HeJHHeHHEIX YypaBHeHHH, B 006-
WEeM caydae JOMKHbI OBITh Pa3/HUHBIMA.

TIpo6seMa ONHMCAHHST TPEXBOJHOBOrO B3aUMOJCHCTBUS IPH TAKOM
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npeano/IOKEeHHH OKa3bhiBaeTcsl JajieKo He TpuBHanbHOH., O6uiee aHa-
JIUTHYECKOE pellleHne COOTBETCTBYIOLIEH CHCTEMBl YPaBHEHHH NMOJYYHTH
He ylaercsl H NPHXOAUTCA HpHOeraTh K HPUOJIHKEHHHM MeTojnaM, HC-
N0JIb30BaHye KOTOPHX YaCTO NPUBOAMT K MOJIE3HHIM pe3yJbratam, [1pu
9TOM YJO0GHO OTHAEeNbHO PacCMaTPHBATbh PEXKHM B3PHIBHOH HeyCTOHYH-
BOCTH M HEJHHCHHO-YCTOHYHUBBHIH PeXKHM.

B 370t raase paccMOTpPeH NpHMep B3DBIBHOM HEYCTOHYMBOCTH B
LIPE/UTOJNOKEHHH, YTO Dpa3jaHyHe MeXJy Ko3bduuueHTaMH 3aTyXaHHUs
JOCTATOYHO Mano [JJs TOro, 4TOOB MOXKHO ObLJIO INOJYYHTb NOPHOJIH-
JKeHHOe pellleHHe, NPAaBHJAbBHO ONHCHIBAWOLlee XapakTep HesJHHeHHOH
3BOJIIOIUH CHCTeMBI (KPHTepHeM INPaBHJBHOCTH CJYXKHT CpaBHEHHE C
pe3yJbTaTaMHu NPSIMOTO MAIUMHHOTO aHAJH3a HCXOTHOH CHCTeMBI CBSI-
3aHHBIX ypaBHenu#). Hccuenyercsl TakXKe BO3MOXKHOCTh 060GIIeHHS
TEOPUH Ha cJaydYail HecTallHOHAapHON cpeiabl H NOJYUYeHUS ACHMITOTH-
YeCKHX PAas/IOKeHHH ¢ NOMOILUbIO METOAA WHTEerpUPOBAHHA IO YaCTAM.

INpubamKeHHoe pelieHne Bas CTaHOHAPHOI cpeabl

Ecan nunefiHoe 3atyXaHue BceX B3aHMOeHCTBYWOIIMX BOJH pas-
JIMYHO, TO ¢ TOMOUIbI0 npeobpasoBanuil Bujaa (10.7) He ynpaercs
nepedTH K cucTeMe, B KOTOpo# Bce v;=0. TeM He MeHee aJis1 B3PLIBHOH
HEYCTOHYHBOCTH MOXKHO HafTH NpHOJHIKEHHOe pellleHHe, HAesl KOTO-
poro sakJmiouaerca B ciaeayiomem [1]. BesnenctBue B3auMonedcTBHS
KaxKJas BOJHA MOABEPraeTcs BJHAHHIO He TOJNHKO COGCTBEHHOTO 3aTy-
XaHHSl, HO U 3aTyXaHU# OCTAJbHBIX BOJH. IIpu Gonpminx aMnjauTynax
3TO NepeMellNBaHHe 3aTyXaHHil CTaHOBHTCA OYeHb 35(P¢hEeKTHBHBIM, H
B pesyJbTaTe Ka)Jasi BOJHA HCIOLITBHIBAET HEKOTOpPOEe yCpeJHEHHOe
3atyxande, O HAKO Ha HAayYaJbHOH CTAaJHH (IO TOrO KaK HeJIHHEHHHe
cjaraeMble CTaHyT ONpPeAeNsiOUIMMH) BOJHa (paKTHYeCKH HCIHIThIBaeT
JuIlb CBOfiCTBEHHOe e 3aTyxaHHe. B CBsI3H ¢ 2THM BHauaJje pasJH-
Yal0TCS H CKOPOCTH 3BOIOUMH PA3JHYHBIX BOJH, HO B JAajbHellleM
6aaronaps sbdexTy nepeMellHBaHHsi OHH BBLIPaBHMBAIOTCH, UTO B KO-
HEYHOM CYeTe NMPUBOJAHT K e€AHHOMY MOMEHTY B3pHIBa M/ pacCcMaTpH-
BaeMOH CHCTEMHI.

U3 310r0 paccmorpeHusi CjaeAyeT, YTO AJsSl MOCTPOCHHs DPelUeHH:A
MOXKHO TO-TIPEXKHeMy HCHNO0Jb30BaThb IpeobpasoBaHye aMIIUTY[ THIA
(10.7), HO npu 3TOM HEOOXOAUMO YUHUTHIBATH BPEMEHHYIO 3aBHCHMOCTb
3aTyXaHHa KaxI0H BOJHBL. YTo e KacaeTcsl mpeo6pa3oBaHHs BpeMe-
HH, TO ero MOXKHO ONpelesHTh OJMHAaKOBO [Js BceX BOJIH, TAK KakK
YHCJ/JGHHBIC 3KCIEePUMEHThl MOKAa3blBaIoT, UTO YHIOMAHYTOE BhIIIe BpeMA
lepeMelIMBaHUsl OueHb MaJjo. B pesyJjbTaTe MOJYUYHUM NPHOIHKEHHOE

peleHne BHAA
t

u; (t) = U; (1) exp[ —~-jh,-(t’)dt’], (11.1a)
1]

rune

’

= [exp [—y o () dt”] d; (11.16)
0

0



iy (€)= p— (w —,) (@) [(1 — t)ta)t]; (11.2)

b= (1/3) (vo + v +v5) (11.3)

# 1<a<?2 [2]. Ecau aMIaHTYAbl OAHHAKOBH MO MOPSAAKY BEJIHYHHBI, TO
JUIS HOPOCTOTHL MOXHO TNOJoXHTh o(f)=p. OpgHako TOraa, Korjia

AMIVIHTY/6l CYLIECTBEHHO Pa3/HYHBl, JyUllHe pe3y/IbTaThl NOJIYy4aroTcs
fIpY HECKOJLKO HHOM BBIGOpe o (f) [3]:

O () = (Volty + Vithy - Valtn)/ (g -~ g + ). (11.4)
CpaBHHTeJIbelﬁ AHAJHU3 YHUCJEHHBIX pe3yﬂbTaTOB, IIOle‘{eHHbXX Ha

OCHOBe HCH0Jb30BaHua peuienuss (11.1a) u ucxonuo#t cucremsr (10.1),
BoinmosiHen B pa6ore [2]. Ha puc. 11.1, @, 6 nokasanst pesyabTaTH

4
0

&

Puc. 11.1. YUncnennoe pemenue cucteMul (10.1) mpu Ae=0; 0;p=—mx+mn/60; Opp=
=—n+m/100; 0y;=m/100; v;=0,05; vi=0,02; v,=0,02 (@) u pellleHHe ZJHA TOrO
ke caydas, uTo M Ha puc. 1l.l, e, Ho npu o(f)=p u a=15 (0)

pacueToB 18 Aw=0 NpH YCJOBHH, YTO YIJH 0;; Clerka OTJHYAIOTCS
oT n [pacuersl no (11.1a) mpoBogunnch npu o (f) =p].

Pewenne AJis HeCTAHHOHAPHOH cpeapl

~ ®opma pemenus (11.1) yxasbpiBaeT Ha BO3MOXKHOCTb €rO HCHOJIb-
30BaHHS W TOTJa, KOTJa YacTOTHl Vv; ABJAAKOTCS (QYHKUHSMH BpeMeHH.
K TakoMy ciy4aio MOXKHO CBeCTH TakKiKe IIDUMep 3aBHCSUIHX OT Bpe-
MeHH K03(ppHIHEHTOB CBA3H. DTO AOCTHIaeTCs ¢ NMOMOIIBIO Mpeobpaso-

BaHHU#A
g () = c;;(Ne;; (0) ] |
n; (8 = — (didt) In | g, (t) g () ' (15

v; (f) = u; (f) exp [— En,s 2] dt’].

OTMeTnM, 9TO NPHYHHBEI BO3HUKHOBEHHS BPEMEHHOH 3aBHCHMOCTH
KO3(Q(pHIHeHTOB CBA3H MOTYT ObITh BecbMa pa3HOOOGDa3HBIMH: HecTa-
LHOHAPHOCTL OCHOBHBIX IIAPAMETPOB IVIa3MBl, BJHSIHHE BOJHB Ha cpe-
Iy, HeJHHeHHOCTH BBLICIIHX NOPAAKOB H T. I, TaK YTO MOJyYeHHE
pellleHHsl [AJi HeCTallMOHADHOH cpelbl IpeACTaB/AfeT 3HAUYUTEJbHBIH
uHTEpEC. ' :
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AcCHMNTOTHYECKHE Pa3JIOKEHHS
Ilpn 0;;=0 peweHne MOXKHO BbIpas3HTh B BHAe QyHKuuH oT Q@:

u; (£) = exp (— ;i) [QFfexp [(vj—vp—v)tlctgDdt + 2 (O)]%. (11.6)
0

Hcnmonb3yss 3aTeM acHMNTOTHYECKOe pellleHHE B OKPECTHOCTH BpeMe-
HH Pa3BHTHS B3PBIBHON HEYCTOHYHBOCTH

4; () = kjexp (— wi)/lexp (— pt) — exp (— pl)l, (11.7)
MOXHO HaHTH ctg® u npounrerpupoBats (11.6) mno uacram. B pe-
3yJabraTe nojayuuMm Oosee TouHOe pellleHHe u;(f). Tlpomosxkast aToT
IpOLEeCcC, MOXKHO NOCTPOMTH ACHMIITOTHYECKOe pa3/oiKeHHe, KOTOpOe
CBOJUTCS K TOUHOMY PelIeHHIO IMpH vij=p [2].

YacrHble cayuan

Psp uacTHHIX ciyuaeB B3aHUMOAEHCTBHA BOJH C y4eTOM 3aTyXaHHS
paccmoTpeH B paborax [4, 5]. B nepBoii U3 HHX MOKa3aHO, YTO CHCTe-
Ma Bcerja HeyCTOHUMBA, eCJH 3aTyXaer JHIUb OjJHa BOJHA H BCe
HadaJ/ibHble AMIVIHTYbl paBHBEL. AHAaJOTHYHBI BBIBOJ NOJYYeH H B
pabore [6], rae HayaJabHOe 3HAUEHHe AMILIHTY/BI 3aTyXalolleii BOJHBI
nosaraan paBHLIM Hymo. Torza I'=0, a aMnauTyasl He3aTyXaloUIHX
BOJH yAOBJIETBOPSIOT COOTHOIIEHHIO

2 2 — 2
us — us = ¢
C noMomie0 3aMeHb
uy,=cchvy; u, =cshy; u,=0p/ot
moJyyaeM ypaBHeHHe
Op/0t% - vop/dt — (1/2)Psh2p = 0 (11.8)
C HayaJbHBIMH YCJOBHSIMHU
P (0) = ch™ [4, (0)/c}; oY (0)/0t = 0.
B o6uem cayuae 310 ypaBHeHHe pelunTh He yaaercs. OjHako TIpH
v (0) >1 [uo(0)>u;(0)] MoxkHO moKasaTh, YTO yuyeT 3aTyXaHHUs
HPHBOAMT K yBe/JIMYeHHIO BpeMeHH Pa3BHTHS B3PLIBHOH HeyCTOHYHBO-
CTH B OTHOIIEHHH v/Ug(0).

3agaumu

11.1. Cucrema CBS3aHHHEIX YypaBHeHull, ONHCHBANOILAS IIapaMeTPHUECKOe B3aHMO-
JeHCTBHE, MOXET HMeThb HEeYCTOHUHBBIH XapakTep B TOM CMbICJ€, UTO JIHIIb OJHA H3
BOJH fABasieTcs 3artyxawiiedt (cM. ra. 2). Coxpausercs Jd- 3TOT XapakTep B IpH-
6mxkenun (10.1), ecin a) o(f)=wp; 6) o(f) =2v;u;/Zu;?

CITMCOK JIMTEPATYPBI

. Wilhelmsson H.— Phys. Scripta, 1970, v. 2, p. 113.

. Weiland J. — J. Plasma Phys., 1972, v. 7, p. 375.

. Weiland J. — Phys. Scripta, 1973, v. 7, p. 230.

. Jungwirt K. — Czechosl. J. Phys., 1972, v. B22, p. 756.
. Fuchs V.-—J. Math. Phys., 1975, v. 16, p. 1388.

JOTIOJIHUTEJIbHAY JIMTEPATYPA

Wilhelmsson H.— Phys. Rev., 1972, v. A6, p. 1973.
Nakach R., Wilhelmsson H.— Ibid., 1976, v. Al4, p. 451.

78

G N



TJIABA 12

BJUSIHHE 3ATYXAHHSA HA B3AHUMOJIENCTBHUE BOJIH
C 9HEPTHAMHU OAHOIroO 3HAKA

Hnst ydera 3aTyxaHdsi Npu B3aHMOJEHCTBHH BOJH. C 3HEPrUsIMH
OJIHOTO 3HAaKa MeTOJ[, H3JIOXKEHHBI B NpeAbiayllell rjase, HeNPHroleH
M3-32 ACHMMETPHH HCXOXHOH CHCTeMBI YypaBHEHHII, 00yCJOBJeHHOI
TeM, 4TO KO3(QdHUHEHT CBSI3H JJIsT BOJHBI ¢ HauGoJblIed YacToTOf
TIDOTHBOMOJIOXKEH 10 3HAKy Ko3(p(HIHEHTAM OCTAaJbHBIX BOJH. B pe-
3yJibTaTe aMIUIHTyJa ONHONH BOJHBI MOXKeT oOKa3aTbcsl OOJBINOH Kak
pas B TOT MOMEHT, KOra [Be APYrde aMIUIUTYABl MaJibl, & 3TO O3Ha-
YaeT HeaneKBAaTHOCTb pacCMaTpUBaeMOH CHTYyalUd NPeICTaBJACHHIO
006 ycpeJHeHHOM 3aTyXaHun. MeToj, NpelHa3HAUYEHHBIH CIEIHAJBHO
JAJA B3aHMOACHCTBHS BOJH C HEPIHSIMH OJHOr0O 3HAaKa, NMPeAJOKeH
B pabote [1].

Peuienue 1Jig TpeX 3aTyXaloUIUX BOJH

HMcexopnasa cucremMa ypaBHEHHH B 3TOM ciydae CBOAUTCH K BHIY
Outy/0t - oty = — tyti; cos D;
Ott,/0t - vyuy = Uy, cos @, (12.1)
Ou,/Ot - vyu, = Uy, cos O; _
00/0t = (uyuy/ty — Ugls/tty — Uglty/t,) SIND,
Dra cucTeMa MMEeT HHTerpaJs JIBHIKEHHs
uyttty Sin® =T exp [— (vy vy Vo) I]. (12.2)
B uwacrHom cayuae I'=~(, paccMOTpeHHEM KOTOPOro MBI 37eChb Orpa-
HHYUMCS, MOJYYHM
Uity sin @ = 0. (12,3)

HaiifeM HCKOMOE pellleHHe, OTIpPAaBJ/AACh OT pelleHHs LA Heauc-
cunatuBHoit cpennl. [Ipw I'=0 noTeHuHMan m MOXKHO NDPEACTABHTH B
caenyoouleit gopume:

n(ny) = My —ng) (My—ng)ng, (12.4)
Tie BBeAeHO 0603HaueHHe H;=U;?, a BEJHYHHBI -
My=ny+ny My=ny+n (12.5)

TpeACTaBIAOT co6oit KoHcrauthl Msumu—Poy. Iloacrasasa (12.4)
B (9.8) u ucnoansys pewenne (9.11), monyuaem

n, () = Mysn® (M,"*t; k), (12.6)
rje i
k= (My/M,)"

# npeanoJaraercs, 4to n;(0) <ng(0), 1. e. M>Ma.
- BosBpawasce ¥ npo6ieMe ydera 3aTyXaHHA, BBeJeM BEJHUYHHBI

my () =ny+ 0y mu(t)y =ny+ny, (12.7)
79



KOTOpHe, B OTaHYHe OT (12.5), gBasmoorTcs QYHKUHAMH BpPEeMEHH H
YZAOBJIETBOPSAIOT ypaBHEHHAM

T 2oy, = (3 — %) 2np; 28 2vmy = (v — v,) 2n,. (12.8)

OTH ypaBHEHHs BHITEKAlOT H3 uCXOmHO¥ cucrtembl (12.1). Ormernm
BaxHOe CBOMCTBO BCJHYHH /M| W My HX 3aBUCHMOCTb OT BpPEMEHH
06ycJ/I0BJIeHA HCKJIOUHTEJIbHO HAJHUHEM 3aTyXaHHs.

W3 crpyktypsl (12.8) BuaHO, 4TO IpH paBHBIX V; 3Ta CHCTeMa
HHTErpHPYeTCss HenmocpeAcTBeHHo. Ho npu pasiuyuplx v; 1Js ee pe-
leHHs Tpebyercsl 3HaTh fo. OlEHKA 3TOr0 3HAUYEHHMs, IOJyYeHHaAs C
NOMOIUBIO PeIIeHHS HUCXOAHON CHCTEMbl Ha aHAJOTOBOH BBHIUHCIHMTE/b-
HOH MallliHe, IOKa3biBaeT, YTO MOXKHO HCIIOJb30BATh peElIeHHEe BHIA

1y = (1/2) Ny () (1 & cosi), Ny(0) = M,, (12.9)

TAe BMECTO 3JIHITHYECKOH (yHKUUM QUrypupyeT KOCHHyC (Takad
3aMeHa NpaBOMepHa IpH kK1).

Jas toro urobul I' paBHsAJOCh HyJA0 TpH  NPOH3BOJbHON dase
@ (0), Heo6xoauMO MOJOKHTE 1o(0) =0 nau n,(0) =0. 3HaK «mIOC»
B (12.9) coorserctByer ny(0) =0, 3nak «Munyc» — no(0) =0. Yucaen-
HHIHi aHaJH3 NOKa3blBaeT, 4TO XapaKTep 3aTyxaHud aMILIHTYABL o
TaKOH Ke, KaK Yy MeHblUel H3 aMIUIATYIL 7; M np. llpeanonoxnm 14
ONpeNeNICHHOCTH, YTO HayaJbHOe 3HayeHue ny GoJaeme ny. Torma np
Oyner ciaenoBaTh 3a n; HA HNPOTSAKEHHH BCEro BPEeMEHH B3aHUMOMel-
CTBHS IIPH TOM, OJHAaKO, YCJOBHH, 4TO BOJIHA fp 00JaflaeT MEHLIIHM
3aTyxaHHeM, 4eM BoJHa n;. Ecan XKe uMeeT MecTo ob6paTHOe, TO CHH-
XPOHHOCTh 1y € 7y BO3HHKaeT JIMIIL 1O HCTEYEHHH HEKOTOpOro Iie-
PexXoLHOro BpeMeHH fp, KOTAAa aMIJIMTYLa 7y CTAHET MEHbLIe A;. JTH
pe3y/abTaThl YHCJIEHHOTO aHaJH3a AaloT OCHOBAHHE MOJIOXKHTb

N () {Mzexp[—(vo+vl)t]» O<t<l‘0,
’ My, exp[—(vo+v)dl, >0,
rie My, = Myexp (v, — vi) 4yl

(12.10)

Tloacrasasis (12.9) B (12.8) u uHTErpupysl pe3yJbTHPYIOLIYIO CH-
CTEMY, TIOJNYYHM CJeAyIOLHE pelleHHSs:
1) t<t,, Toraa

my (1) = <M ———> exp (— 2vf) - ]
- IJ:I_ exp [— (vo -+ vo) 11 - f1 (8); '( (1210
my (t) = M, exp [f‘”o + vy t] 4 fa (1), '
Tie @ = (vy — Vo)/(Vy— Vs); ‘ -
fr= % [ —v{@ 4"3)1/2] Ny (2) sin (©2); } (12.12)
fo = £ [y = w/(@ + 9] Ny () sin (@1



2) t >t,, Torua
my (1) = M2a exp [— (Vo -+ Vo) 1] + f1 (D);
my (t) =

rie f= (Vz - Vl)/(vo —Vy); My, = Mz €xp [(Vl — Vo) Lol

(12.13)

- e [— (v v 1] - 5 2-exp (— 2vid) + ),

B nanpHelimeM 6yaem c4uTaTh, 4TO
dvie—v | €Q. (12,14)

Ilpu 3TOM yC/IOBHH BKIAQJOM BEJHYHH [19 B M, H My MOXKHO Ipe-
Hebpeub, Tak Kak |fi2(f)|<KNo(f). daa nosyueHHs HCKOMOro Ipuob-
JIMKEHHOTO peLIeHHs] OCTAeTCs NOACTaBUTb m; H mg B (12.6) BMmecro
nocTossHHBIX M; u M,, uto gaer

1y (8) = ng sn® [ryfet, (ng/ng)'/2];
ny () = my () — ny (4); (12.15)
ny () = my (t) — ny (2).

31ech ng U noe (o1 <ng2) — KOPHH ypaBHEHHS
(my —ny) (my —ny) = 0, (12.16)

. { m2y t< to;
01 =
my, t> 1,
uau ¢ yyerom (12.11) u (12.13)
N, = { MZ eXp ['— (Vo + vl) t]$ t < to;
. M2a €xp ]— (VO + VZ) t]’ t = Z(0-

Taxum ob6pasom, moayuena orubamwiuasi fg(f) B HOJTHOM COOTBETCTBHH
C pe3yJbTaTaMH MALUHHHOIO 3KCIIEPHMEHTA.

HanomuuM, 9YTO 3aMeHa IJJUNTHYECKOW (GYHKUUH KOCHHYCOM B
(12.6) nmomyctuMa, CTporo TOBOps, JIMIUb TIPH YCJIOBUH k=
= (Nu/ne)/*<« 1. Ho npu t={, ™Mb uMeeM m;=m, H, CJaelOBa-
TeJbHO, k=1, DT0 yKasbBaeT Ha HENPaBOMEPHOCTb I'apMOHHYECKOH
allIPOKCHMAalUH B OKPECTHOCTH I ={,.

Ha puc. 12,1, a nokasauo pewenne ais fp=0. B mpouecce B3au-
MOACHCTBHUSI M2 BBHIXOAUT Ha HEKOTODHIH MOCTOSIHHBIE ypOBeHh, TOrja
Kak ng U np 3aTyXalT, IpHYeM XapaKTeD 3aTyXaHHs 00eux aMIJIUTYX
OJHHAKOB, HeCcMOTPs Ha TO, uro vi=0. PucyHok 12.2, @ cOOTBETCTRyeT
cay4aw, KOrja 3aTyxXaHHe OTCYTCTBYeT TOJIbKO y BOJHB ng. Torpa
BpeMs Iepexoja OTJHYHO OT HYJS, Hy H Hg 3aTYyXaloT, a M) BBEIXOIUT
HA TOCTOSIHHEIA HenysneBol yposenb. Ha puc. 12.1,6 un 12.2,6 nan-
Hble YHCJIEHHBIX PacueToB m; M My CPABHHBAIOTCSI C AHAJTHTHUYECKHMH
pesyabratamyu. Kak M ciegoBalo OXHAATh, pacxoXAeHHe MeXAY
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Puc. 12.1. YucsienHoe peweHne cucremul (12.1) mpu vo=0,04 # vi=

72| =vy=0 (aMmiuTyAa ¢ HaHOOJBINAM HAYaIbHEIM 3HAYEHHEM HE 3aTyXaer

58 H OCTaeTCsi MAaKCHMAaJbHOH B TeyeHHe BCEro Mpolecca B3aHMOJEHCT-

I BHS (@); 00OOIleHHHE HHTerpaJhl

\/\ﬂﬂ ABHIKEHHS M| H My, COOTBETCTBYIO-

' IHe YHC/EHHBIM pe3yJbTaTam, HpH-

Drﬁﬁ/ BeleHHBIM Ha puc. 12.1,a (ocum.i-
\/\/\f\/\/\/\/\/\r\/\ s

JHPYIOILHe KpHBHE), M pe3yJbTa-
TaM, INOJYYeHHBIM  aHAaJHTHYECKH
(rnagkne kpusbe) (6); 3aBHCH-
MOCTbh OTHOCHTEJbHOI'O 3HAYEHHS IIe-
pHOJA OCHMJIAUMH OT BPEMEHH IJf
pe3y/bTaToB, COOTBETCTBYIOIIHX
puc. 12.1,a (aHaJIHTHUECKHE H UHC-
JIeHHBIE  Pe3yJbTaTHl  U300pakKeHsl
. CIVIOWHOH W NYHKTHPHOR JIHHHAMH
ry COOTBETCTBEHHO)  (8)

P
Py
a6} n sl
//
921 105 S
‘ ; ) s, 100 | !
& 20 - 40 60 80 100t : g 25 50 ¢t
J 4

AHAJMTHYECKHMH M TOYHBIMH pe3yJbTaTaMu A IM; YBEJIHYHBAETCHA B
OKPECTHOCTH .

Pemenye A5 ogHO# 3aTyxaouei BoJHbI

- Jpyroit moaxon K npobseMme ydyera 3aTyXaHHs NMPH TPEXBOJHOBOM
B3aHMOJECHCTBHU NpelsioXeH B paboTe [2] B CBA3HM C paccMOTpPEHHEM
YacTHOro cjydas OfHOH 3aryxamlefl BoJHB. K HeMy NPHBOIUT Hiea-
JIH3allusl JOBOJIBHO OOLIYHOH CHTyalldH, KOrja BOJIHA € HauMeHBLIIed
HaCcTOTOM 3aTyxaeT 3HAUHTEJNBbHO CHJbHee OCTaNbHBIX BoJH. [lpenmo-
Jaraercs, yro I'=0, 7. e. sin®=0, 1 ucnoab3yeTcsi Takas HOPMH-
- POBKa, NPH KOTOPOH HCXOAHAST CHCTEMa YPaBHEHHH HMeeT BHJI

du,/dt = ugu,; (12,176)
du,/dt + pu, = uguy. . (12.1 78)
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Puc. 12.2. Yucnennoe pewenne cucteMn (12.1) npH ve=v;=0 u

g vy=0,04 (3aryxaouias aMILUIHTylan, HMeeT MaKCHMaJlbHOe HadaJabHOE
58 3HaYeHHe; XOPOIIO BHAHA NepexoaHas  06.acTs, B KOTOPOH My==fy)
(a); ofoOlenHble HHTErpasbl ABHXEHHS My H M1y, COOTBETCTBYIOLIHE
YMCIeHHLIM pe3yJibTaTaM, NPHBENEHHbIM Ha pHC. 12.2,a (ocuusanupyio-

i 1He KpHUBBIE), M pe3yJbTaTaM, NOJYYEHHBLIM AaHAJHTHYeCKH (ryajxue
“ kpusele). Jlna HHTerpasa mp ofe KpHBbie COBNMAAalOT (6); 3aBHCH-
i MOCTb OTHOCHT@JIBHOrO 3HAYeHHS NepPHONA OCUHJNIAUHH OT BPeMeHH st
Pe3yJbTaToB, COOTBETCTBYIOIIUX
pHc. 12.2)a (aHAaJHTHYECKHE U YHC-
JleHHble pesyabTaTHl  MOKa3aHBI
CIVIOIIHOA M HYHKTHPHOH JIMHHSIMH

~N A/\/\/\/\ INININE COOTBETCTBEHHO). Mpu my=my

K"ﬂ aHaNHTHYECKOe 3HAUEHHE IMepHOAA
obpautaercss B 6eCKOHEUHOCTb (8)

; ‘VE‘AM’,,Z\\Z/’L‘J XXMW__

N 20 80 100 #

ZZ
m,,mz P
ay 7 |
\ [l
bor 25
Oz/f‘ r 201
My
421 15
1'77
! | i 1 /,0
0 20 40 60 80 00t "0 t
0

Cymma u - 4} po- NPEXHEMY SIBASETCA MHTETPAJIOM  JBHIKEHHH,
IpUYEM B CHJAY Bbl6paHHon HODMHPOBKH 43 4 u? =1, Tlostomy MOX-
HO BBeCTH QYHKUHIO Y (f), Takylo, 4TO :

Uy, =siny; u; = cos, (12.18)
Torpa mpu ,
Uy = — OP/ot _ (12.19)

(12.17a) u (12.176) BHIMOJHSIOTCH ABTOMATHYECKH, a YypaBHeHHe
(12.17B) MOXHO mepenucaTh B BUIe

2y/0t2 4 pdy/ot - siny = 0, (12 20)

Iil;g =21p. Ilonaras uy(0) =0, monyyaem HayaJbHBlE YCJOBHA IS
20):

y (0) = 2arcsinu, (0); dy (0)/ot = 0. (12.21)

YpaBHenne (12.20) ectp He YTO HMHOe, KaK ypaBHEHHe HeJMHEH-
HBIX KoJeb6aHuii MasiTHHKa C 3aTyXaHHEM, H [03TOMY €ro pelieHHe
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He BbIpaXkaercqa B H3BeCTHHIX ¢yHKUHUAX. Ho npu p=0 pelenue sToro
YPaBHEHHSA HMeeT XOPOLIO H3BECTHBIH BHI

Yy =2arcsin[ksn (f + ¢, k)], (12.22)
+C TIOMOILBIO KOTOPOro HaXOIHM
u, = —(1/2) 0y/ot = —ken (t 4+ ¢, k).

BriGepem HayaibHBIE YCJAOBHSL TaK, 4ToOH #2(0) paBHAJOCH HYJIO H
AMIUIHTYJA U HA HAYaJbHOH CTaJHM Ipollecca yBejuuuBaJjach. [lpu
TaxoMm BpiGOpe ¢ =K (k) 1 OKOHUATENbHOE pelleRue AJd He3aTyxalo-
HX KojebaHuil npuobpeTaeT BHJ

ty=ksn(t 4+ K, k); uy=dn(t + K, k); u; = —ken(t+ K, k). (12.23)

B cuay (12.23)° aMmiuTyABl #; NOJYMHSIOTCS COOTHOLIEHHSIM g -
~+ = 1; v+ u2=Fk? u,(0)= k. Eciu k& mauo, 1. e. uo(0)<u;(0), To
mosydyaeM npubauKeHue cjgaboll HeauHedHocTH. B 3ToM cayuae 3J-
JIHNTHYECKHEe (YHKIHH MOXKHO 3aMEHHTb TPHIOHOMETPHYECKHMH.

Ecau ke k He MaJio, TO IPOLECC B3aUMOJECHCTBHS HAa HaYaJbHOM
CTaAHH HNMEeT CHJbHOHeJHHEHHBIH XxapakKrep. OnHAKO oOKa3blBaeTcs,
YTO NPH y4YeTe 3aTyXaHHUs TAKOH INIpolecC I[OCTeNeHHO BHIHAET Ha
.cnabonesiiHefiHb pexkuM. Dosee toro [3], mpu p<2 aMmauryia y
6yJeT coBepillaTh 3aTyXalouine KosneGanus, a NpH p>2 — MOHOTOHHO
‘'YyMEHbIIATbCA A0 Hysasd. Hasnwvuue Takoro INpeAeJbHOrO 3HAYeHHA P
‘CJIEIYEeT CPABHHUTh C AOCTATOYHBIM YCJOBHEM JJsI OCYLIECTBJEHHs Ha-
IIpaBJIEHHOr0 MepeHoca 3HeprHH, HafijeHHbIM B pabore [4] Ha ocHose
60see 0OlLiero paccMOTPeHUA.

B cnaGouenuueiinoM npuOJHKeHHH ypaBHeHne (12.20) ympoua-
eTCA:

8Py/ot® + pdy/dt + y = 0. (12.24)

‘DTO ypaBHEHHE HMEET CJIeAYIOLIHEe TOUHBIE pelleHHs:
_p<2, TOorza .
y = yoexp (— p#/2) [cos (84/2) + (p/8) sin (5¢/2)]; (12.25)

Uy = (y,/8) exp (— pt/2) sin (6¢/2),
tae § = (4 —p?)"s; -

£ =2, Toraa
y=y,(1 + exp(— 1) (12.26)
Uy = (Yy/ 2) exp (— 1),
p > 2, TOrAa
¥ = Y, exp (— pt/2) [ch (A#/2) + (o/A) sh (A/2)); (12.27)

u, = (yo/A) exp (— pt/2) sh (Af/2),
rae A = (p2—4)Ys,
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YuureiBasi BuA peuleHuil ypasuenus (12.20) npu cnabofi HesH-
HEHHOCTH ¥ OTCYTCTBHMHM 3aTyXaHMs, MOXKHO NOJY4YHTb PELICHHS 3TO-
r0o YpaBHeHUS NpH p<k2:

=msn(t4- K, m); w,=dn(t+K, m); wuy=-—men(t+ K, m),

(12.28)
rae m = u, (0) exp (— pt/2). :

Ob6paTuM BHHMAaHHE Ha TO, TG TO pelleHHe MpefcTaBjsieT coboil

yacTHHE caydait (12.15). Kpome Toro, oHO HMeeT TOT K€ BHA, UTO
¥ peunlexde, nosayyesHoe B [5] merogom Boromo6osa—Kpriiosa.

U Uzl
zof R/
| 1 J 1 T i l

g 2 4 6 8 t g 2 4 6 8 t
) a g
LUy
il
0’5,3_ - . Puc. 12.3. BpemeHHass 3aBHCHMOCTB Be-
0.@ 7 li é 8 ¢ JHYHHBL uy=—(1/2)dy/dt, rne y— pe-
wenue ypasuenmus (12.24) npu p=!
£ (a), p=2 (6) u p=5 (8)

Hao6opoT, npu CHJIBHOM 3aTyXaHuW, T. €. IpH p>>2, MOXKHO BOC-
TIO/Ib30BAThCA PA3JIOKEHHEM IO CTeleHsAM 1/p, ¢ IOMOIIBIO KOTOPOroO
ucxoanoe ypasHenue ([12.20) mpeo6pasyercs K Buay

0y/0t = — (1/p) siny — (1/p?) (3y/0¥) cos y, (12.29)

4 Ha OCHOBE 3TOro YpaBHCEHHS MOXKHO YKe IMOJYYHThL CJCAyloliHe
BbIpaXKeHUud OJsg aMILJIATY .

o= AL+ Py = AL+ P | (12.30)
ty = (1 —exp (—p0l fip (1 + ),

e
f = [t (0)/u; (O)] exp (—— Z/p).

HHrepecHo OTMETHTb, YTO peJAKCAlUsl K aCHMITOTHYECKOMY CO-
CTOSIHHIO NMPOUCXOAHUT KaK IpU pK2, TaK U OpH 0 >2 MelJcHHEee, YeM
npu p=2. YBeJuyeHHe BPEMeHH peJakcauud npu p>2 obbsicHseTcd
TeM, YTO H3-32 MaJOCTH aMIJIMTYJBl Up HEJHHEHHOe B3aUMOJelCcTBHE
TP 3TOM He3(P(deKTHBHO. PemeHHe IJsi CHJIBHO 3aTyXamwlied BOJHBI
paccMoTpeHo Takxe B [6].

BpeMmeHHble 3aBHCHMOCTH AMIIHTYIBl U2, TMOJYYCHHHE B pe3yJb-
TaTe UHCJICHHOTO MHTErPHPOBAHUS YPaBHEHHS (12.20), npuBenensl Ha
puc. 12.3,a—s

HyCTb Tenepb I'+40. OtanuutenbHON OCOOGEHHOCTBIO 3TOTO NpHME-
pa sBJASETCA MOJNOKHUTENbHAs ONpele/JeHHOCTD aMIIHTYl u;. B stoM
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MOXKHO YGeiuTbCsi, paccMaTpMBas moTeHUHan mn(x) uad o6obuias
ypaBHenHe (12.20) Ha cayuai I's%0:

0%y/3t 4 pOy/dt + siny = 1612 exp (— 2pf) cos y/sindy. (12.31)
[Tpu monyyennu 3Toro ypaBHEHHs|, KaK H paHee, HCIOJb30BaIHCh

onpefenenus (12.18) u y=2¢. Tem He menee
/0t = — u,cos @ (12.32)

U MHTErpaJs JBUKEHHA HMeeT BHJ

I' = — (1/4) sin y (0y/0t) tg @ exp (p?). (12.33)
M3 (12.31) BumHO, 4TO NpPH CTPEMJICHHHU Y K HYJIO PE3KO YBEJH-
ynBaeTcs 0%y/0t? u B UTOre y CHOBAa HAYMHAET BO3pacTaTh. Pesyibra-

Thl YHCJCHHOrO HHTerpHpoBaHusi ypaBHendst (12.31) npu y(0)=1,6,
dy(0)/9t=0,2, ®(0)=0,8 u I'=—0,05 nokasausl Ha puc. 12.4,aq,6.

Puc. 12.4. BpemenHas 3aBHCHMOCTb BeJHYHHBI #g=sin(y/2), rjle y — pellleHue ypas-
Henust (12.31) mpu I'=—0,05, p=0,2 (a) u p=2 (6

Cuaenyer o6paTUTb BHHMAaHHE Ha OTJHYHE OT HYJs MHHHMYMOB Ha
puc. 12.4,a u anepHofHUecKHH XapakTep 3aBHCHMOCTH AaMIJIUTYIH
uo pu p=2 (cMm. puc. 12,4, 6).

OTMeTHM B 3aKJIOUEHHE BO3MOXKHOCTb O0O06LIEHHMS TOJYUYEHHBIX
pe3yJbTaTOB Ha chaydail, Korja JBe BOJHH (Uo H Uz) 3aTyXaoT OJdHu-
HAaKOBO (vi=ve=v). BBeaeM HOJCTAaHOBKH mo=ugexp(vl), u;=
=uexp(vl) W, Kak u TpexkAe, NMOJOXKHM Mo=SiNny, n3=cosy, U=
=—0y/0t u y=2¢. B pesyabrarte Bmecto (12.20) noayuum

0%y/01% 4- pOy/Ot - exp (— 2vi) siny = 0. - (12.34)

Hannyne sKCNOHEHIMAJBHOTO MHOXKHTENS B MNOCJACAHEM CJaraeMoMm
IIPHBOAMUT K YCJOXKHEHHIO aHaJM3a B 00JacTH NPOMEXYTOYHHIX Bpe-
meH. OnHako mpH GoJbIUKX ! 3THM cjaraeMblM MOXHO TNpeHeGpeub.
Ilpn I's%0 npaBas uactb (12.34) mpuo6peraer TOT Ke BHMA, YTO H B
(12.31). . : -

86



3apgaun

12.1. OGbscHHUTD Ha OCHOBaHHMH De3Yy/IbTATOB TEODHH HeJHHEeHHOro MasTHHKA
CYU{ECTBOBAHHe JBYX He3aTyXaKINHX BOJH Ha HAYaJbHOH CTaJHd Npollecca, a TaKkKe
CYHIECTBOBAHHE BPEMeHH Iepexofa AJsl cayuas, NOKaszaHHOro Ha puc. 11.2,a, Korma
BOJIHA C MOJIOKHTEJNbHHM KO3®QPHIHEHTOM CBA3H NePBOHAYANLHO CHJIBHO BO3GYXKAeHA
TO CpPaBHEHHUIO C OCTAJbHLIMH BOJHAMH.

12.2. YcTaHOBHTD BHJ [ABUXKEHHS HeJMHEAHOrO MAsITHUKA, OTBEYAIOLIHH 3BO-
JIOIIHOHHOA KapTHuHe, KoTopasi H3oOpaxkeHa Ha puc. 2.3. Kak uaMeRHTCs 3TOT BHI,
€C/IH BBECTH 3aTyXaHue BOJHBI 2? UTO Npou30HAer, eC/qu HapsAAy C 3THM CUHTaTh
3aTyXaloWUME TakXe BoJHH ( u I, nNpudeM Ko>(dHUIHEHTH 3aTYXaHH DPAaBHBI?
PaccMoTpers OTAETBHO CJIyuad, KOrJa 3TH BOJHBLL  3aTYXaloT CHJbHee, clalee
BOJHBI 2 W TaKk e, KakKk BOJHa 2.
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[JIABA 13

B3PbIBHASI HEYCTOUYHBOCTb CHCTEMBI
JABYX 3JIEKTPOMATHHUTHBIX U TPEX NJA3SMEHHbDBIX BOJIH

Tpu cBsizaHHBIE BOJHBI OGPA3YIOT CUCTEMY HH3MIEro IOPSAAKA MO
HeJIMHEHHOMY B3aMMOzeHCTBHIO. B obileM ciaydae ogHa MJIH HECKOJb-
KO BOJIH TPEXBOJHOBOH CHCTeMBI MOryT OBITh CBfi3aHBl C JAPYTHMH
BOJIHAMH B MJia3Me, YTO IIPUBGJUT K BO3HHKHOBEHHIO MHOTOBOJIHOBOM
CHCTeMBI B3aHMOJEHCTBYIOUIHX BoJH. Hanpumep, JABe pe3oHaHCHBbIE
TPEXBOJIHOBBIE CHCTEMbl SIBJASIIOTCS B3aHMHO CBSI3aHHBIMH, €CJIH OHH
HMewT oaHy obmyi BoJHny. Ilomo6GHasi cBA3b MOXeT peaH30BaTh-
Csl, B YACTHOCTH, MPH HAJHYKH TPeX MPOJOJbHBIX H JBYX JOINEPEYHBIX
BOJIH, YTO M paccMaTpuBaercss B 3Tod raaBe. [lpu onpejeseHHBIX
OrPaHHYEHHAX HA HayaJbHble YCJAOBHS CHCTEMY CBSI3aHHBIX YypaBHe-
HHE yjgaerTcsi HPOHHTEPHPOBATH, WCHOJb3ysS METON HeJHHEHHOro Io-
TeHunana. lomyckaercs Hajuuue B pacCMaTPHBAeMOH CHCTeMe HCTOY-
HHMKOB CBOOOJIHOH sHepruu (Hampumep, MoOJIeKyJa ¢ HHBepCHOH Hace-
JgeHroctbio [1—5]), Tak uro momnepedHble BOJIHBI TakKke MOryT Iepe-
HOCHTH OTPHUIATEJLHYIO SHEpPrHIO, a 3TO, B CBOI oOYepeab, MOXKeT
YCHIMBATh H3JIYUEHHE B ONTHYECKOM H MHKPOBOJIHOBOM [Hala3oHax.

YpaBHeHHs ABHKEHUS

PaccMoTpuM fBe MOACHCTEMBI, OJfHA H3 KOTOPHIX COJAEPKHT TPH
NPONOJbHBIE BOJHB, a JApyras — jABe TMomepevydble H OJHY INPOAOJb-
HyI0 BoJiHbl. IIpeamosioxuM, 4TO CBSI3b MeXJY MOACHCTEMaMH OCylle-
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CTBJSIETCS 4Yepe3 OOLIYK NpPOAOJAbHYI0 BoaHy. Torjia pe3oHaHCHBIE
YCJIOBHSI HMEIOT BH]

ko = Rkip & kory  kor = kit + Rar. (13.1)
YacToTsl B3aHMOJEHCTBYIOLIUX BOJNH YIOBJETBOPSIOT AaHAJOFHYHBIM
COOTHOLICHUsIM. Mcnonb3yst MOAXOISILLYI0 HODMHPOBKY, 3amHIIeM
YPaBHCHHS ABHAKEHHA CJAEYIOIHM 06pa3oM:

Ouy, /0t = u,,u,, cos Dy, (13.2a)
Ou,, /0t = uy,u,, cosDy; (13.26)
Ouy, [0t = uy,u,, cosOr + Augu,, cos Drr;) (13.28)
Ouyr/Of = Auu,, cos Dy (13.2r)
Ou, /0t = Augu,, cos@y; (13.21)
o0, _ _( Yriter + Borlar + Yortir )sinCDI——A[uOTulT sin Oy;
ot Uor Ui Usr - Uyr

' (13.2¢)

0 T A( e + forfie + | torty \ sin @y — St sin®y,

ot Uor Upr Usy, / Ugr

) (13.2%)

rae e TN
O = DOy — Dy — Dyz; Ppp = Dor — D7 — Dy (13.3)
OTMEeTHM, 4TO /i ABYX TPEXBOJHOBHIX IOACHCTEM AaMILIATY b
He yJaeTcs HOPMHDOBATh TakK, UYTOOH Bce K03h(UIMEHTH CBSA3H OHI-
JIH paBHBI €JHHHIIE: OCTaeTcst B OOLIEeM cJydae OTJIHUYHBIA OT eJHHH-
OBl KO3Q@HUHEHT A, KOTOPHIH CAYyXHT MEpPOil CBA3U MEXKIAY MOACH-
CTeMaMHu.

HHTterpadsl ABHKEHNS 1 AHAJHTHYECKHE PELICHHS] CHCTEMBI
CBSI3aHHBIX YPABHEHUH

Cucrema (13.2) umeer chaenymooline HHTErpafbl ABHKEHHS:
2 2 .
uoL—uiL = My;

uir — uir = My; (13.4)
ugL -— u12T — U%L = Ms;
uy,u, u,, sin®y 4 Augu u,, sin®@p =T, (13.5)

Ananutndeckoe pemeHue cucteMbl (13.2) ynaercs HOJYUHMTR JJs
I'=0. Ilpu 3TOM HMeeT MECTO ellie OAWH HHTerpaJ ABHIKeHH:

Ugth, pSIn@Oy = Iy, (13.6)
B ueM HeTPyAHO yOenuThcs ‘HA OcHoBe ypasHeHuit (13:2r), (13.2x;),
(13.2, %), (13.5).
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Bripasus cos @y u cos @y wepe3 amnautyssl B [, mnepenHiiem
ypaBHenus (13.2a) u (13.2r) B Buze

oul, /0t = 2u,, (u"’ ui, — A2F1)'/=; (13.72)
Oul /0t = 2Au,, (uOT lT —TIy)e, (13.76)

2
Hakonen, BBeas o0GO3HAueHHs X = Hor, Y = Usr M HCIOJb30BAB
(13.4), noayuum ypaBHEHHE

dyldx = Aly(y — M,) — T} ]'/2/[x(x—M1) — AT (13.8)

370 —— ypaBHEHHEe C Pa3leJSIOUIUMUCS IeDeMeHHLIMH, U ero HHTe-
TPUPCBaHHE NMO3BOJsAET HAlTH y Kak GyHKUHI X. A IpoCTOTH MOJO-
xuM My=0. Torma

[(rmmiy " |
y—[(w +TIi| = D(x), (13.9)

rae
G(x) = [2 (x* — Mx — AT?)" & 2x——M1]A (13.10)
— wo+(s—TH"
[2 (%3 — Myxo — ATF)V2 + 2y — M, A
Xy =x(0), Y% =y(0).

Tenepn (13.7a) MOXHO IpeACTaBHTb B Buje

3 (13.11)

dx/dt = 2u2L(x2-—M1x——A2Ff)‘/2. (13.12)
YuntsiBas eile, 4TO
s =[x + D (x) + My —M,]"*, (13.13)
TIPUXOJHM K YPaBHEHHIO
(1/2) (dx/dt)® + m (x) = O, (13.14)

rjae
7 (x) = —2[x + D(x) + My — M,] (x* — Myx — AT,).  (13.15)
HEPBMQHHbIe B 3TOM ypaBHCHHH TaKXKe pasneadioTcd, YTO IO3BOJIACT

3anucaTtb ero TOYHOEC pCUICHHEC!:
x

? dx
— - = 13.16
¢ \ V—2n(x) ° ( )
x(0)

Ilpn mamaexameM BoiGope A u I'i MOXHO amNNmPOKCHMHDPOBATH
s(X) TOJIMHOMOM TpeTbeH CTeMmeHH OTHOCHTesNbHO X. OGo3Hauasi KOp-
HH 3TOrO IOJIMHOMA X1>>Xg>>X3, nojydaem u3 (13.16)

x(t) = R + s, (13.17)
sn?[ (%, — x3) /% (t, — 1), K]

riae

= [(%y — x3)/ (2, — xa)]'"%

89



Qo
do, :

fo = (4, — x3) /7| ; (13.18)
J
' 0

(1 —K?sin a)'/2
o == arcsin [(x, — x3)/(x, — X3)].

OcranpHble aMmauTyael, a Takxke ¢assl @ u @ MoXHO HailiTH ¢
MOMOILIBIO HHTErpasoB ABH2KEHHS.

3agaua

13.1. PaceMotpers cayuali TPEXBOMHOBOH CHCTEMBI, B KOTOPOH 00e HoONepevHbie
BOJIHBl HMEIOT MOJIOKHTEJbHYIO 3HEPrHIO, a NPOAOJLHAA BOJAHA TOrO e THIA, UTO
H BOJHA, paccmMoTpernas B . 13. OnpegenuTb, KakHe BOJHBI HEYCTOHUHBBI B 9TOM
cayyae INpPH BHIMOJHEHHH DPe30HAHCHbIX yciaoBuit (13.1). Moxer JHM BOJHA C OTpH-
LaTe/IbHOH 3Heprueil MrpaTh POJb BOMHBI HAKAUKH JJsl MONEPEUHBIX BOJIH?
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Ut COND =

I'JIABA 14

HEJHUHEHWHDBIE 3¢ ®EKTbI TPETLETO NOPAOKA
U CTABUJIN3ALHA B3PBIBHOW HEYCTONYHUBOCTH

DTa raaBa NOCBAILUEHA, I'IaBHEIM ob6pasom, mpobjaeme crabuiausa-
LHH B3PBIBHOMH HEYCTOHYHMBOCTH 3a CYET HeJHHEHHBIX 3(P(peKToB
Tperbero nopsiaka. HMccaengyercst BausiHHEe 3THX 2@ eKToB Ha yCTOH-
4KBblE BO BTOPOM INPUOJIHKEHHH TPEeXBOJNHOBHE cucTeMsl. Ilomdepk-
HeM C caMmMoro HayaJja, YTO pPacCMOTPEHHE OrpaHHYeHO BPEMEHHOH
3BoJonueli. He 3aTparnBaloTcsi TakxKe BOINPOCH COBMECTHOIO yuera
HCJUHEHHOCTH U JAHCIICPCHH.

Buayagne o6cyxpaercd poJab HeJHHeHHHX 3(QQeKToB TpeTbero
HOpsifiKa, a 3aTeM jaad (GopMaJibHBI aHAJH3, OCHOBAHHBIA Ha HCIOJb-
30BaHHH OGOOLICHHBIX YPaBHEHHH CBSI3aHHBLIX BOJH, JTOT aHaJAH3
VKa3bpiBaeT Ha CyllecTBOBaHHE HEJNHHEHHOTO CJBHra YacToThl, IIpH
HANHYHK KOTOPOro AMHAMHKa (a3 IpeTepheBaeT CHJIbHOE H3MeHeHHe
B 06JacTu OOJIBIIMX AMIUIMTYJA B3aHMoJeldcTByoliux BoaH. Kak BHI-
HO M3 06o6HIeHHOro HHTerpasja aBixenus (14.11), B aToii obaacTn
J06aBoYHOE HENMHEHHOE CJaraeMoe MOXKET KOMIIeHCHPOBaTh OObIY-
noe. Torma pesko u3meHsiercss ¢dasa ¥ HacTymaeT HachllleHue. 3a
TOYKOH HAachIIeHHs aMINIUTyJa OBICTPO yMeHbUlaeTcsd: ee 3aBUCH-
MOCTb OT BpeMeHHM BecbMa OJH3Ka K 3€DPKaJbHOMY OTPaXKEHHIO KPH-
BO#l pa3BUTHs B3PBHIBHOH HEYyCTOHYHBOCTH A0 HaCHILIEHHA.
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PaccmatpuBaembiii apdekT uccieayeTcss Ha NPOCTOM NPUMEpe CH-
CTeMBl TPeX BOJIH C NePBOHAYaJbHO DaBHBIMH aMILIATyAaMH. B 3ToM
Clyvyae MoJiydaroT aHaJHTHUeCKoe pellleHHe COJIHTOHHOro Tuna. Ecau
2Ke HavaJibHble 3HA4YeHus aMIVIMTYA pas3JiMYHbl, TO HabJiogaercs HH-
TepecHHH 30 PeKT NepHOAHYECKOTO MOBTOPEHHUS [IHKOB HACHIEHHS
(B3pBIBOB).

O6o61leH TakXkKe MeTOA HEJHHEHHOro MOTEHLHAJa, H3JIOXKEHHBIH B
. 9, B JeTaJbHO HCCJACAOBAHBl CBOHCTBA HOBOH  MOTEHUHAJBHOM
(YHKIHH, KOTOpas NpeACTaBJSeT COBOH MOJHHOM 4eTBEPTOH CTENeHH
OTHOCHTEJIbHO KBaJpaToB aMIVIMTYA. B orcyTcrBHe 3aTyxaHusi ypas-
HEHHE s HeJHHEeHHOro NOTeHLMaJsa pelIeHO KaK NpPH OJAHHAKOBBHIX,
TaK H IIPH Pa3JHYHBIX 3HAaKaX 3Hepruil B3aHMOAEHCTBYIOLIHX BOJIH.

O0uag XxapakTepUCTHKa B3aMMOJAEHCTBHS BOJH
[P yueTe HeJdnHeHHbIX 3¢ eKTOB TpeThero NopaaKa

Bropoe npubJunxenne TeOpUH HeNHHEHHOro B3aHMOAEHCTBUSA BOJIH,
KOTOpOE HCHOJIb30BaJIOCh B INPEIABIAYIINX TIJaBaX, OOBIYHO SBJASIETCHA
JIOCTATOYHLIM JJIf ONHCAHHUS 3HEProo6MeHa MeXIy BOJHAaMH pasJiny-
HBIX THIIOB IIPH YCJOBUH, YTO 3HAKH SHEPrufi 3THX BOJH COBMNAJAIOT.
MoxHO OXHAATH, OAHAKO, YTO 3P GdEKTH TPeThero NOpPsiAKa OKaXKyT
CYIIeCTBEHHOE BJIHSIHHE Ha IPOLECC HEeJUHEHHOro B3auMOAeHCTBHSA
IpH B3PLIBHOH HEYCTOHYHBOCTH, MOCKOJIBKY B 3TOM caydae aMIJIHTY-
Jbl HeOrpaHHYeHHO yBeanuuBaloTcs. To ke caelyer ckasaTb O IJas-
Me, HaXoAslleHCsl ToJA BO3AEHCTBHEM CUJBHBIX BHELIHHX MNoJeH (Kak,
Hampumep, NPH Ja3epHOM OOJAYUEHHH MUILEHeH).

AHnann3, npoBefeHHBIH B IJi. 3, MOXHO YTOYHHTbL, BKJKOYHB B pac-
CMOTpPEHHE OCUWJIJIHPYIOIIHE YacTH AMIJIMTYHA, OOYCJOBJEHHBIE HAaJH-
YyHeM HepPe30HAHCHHIX cjaraeMblXx. KoMOHHaIuUs 3THX aMIJIMTY/ C Hepe-
30HAHCHBIMU CJATaeMBIMH IPUBOANT K PE30HAHCAM BHICILEIC [IOPsi/IKA.
OiHAKO OKOHUATE/bHbie YPABHEHHsI IpOILe HNOJYYHTb, (QOPMYAHPYs
3amauy B TEePMHHaX HeJHMHEHHBIX TOKOB (cM. ra. 5). Ilpu yuere He-
JIMHEHHBIX TOKOB TPEThero HOpSAKa 3TH ypaBHeHHst OyAyT colepKaTb
NpPOHU3BEACHUST AMIUIUTYL TPEX 3JCKTPHUECCKHMX IIOJIEH, a 3TO O3Havaer,
9T0 KO03()(GUIHEHT CBS3UM TPETbero MopsAjAKa BHIPA3SHTCA Yepe3 MPOBO-
JIMMOCThL TpeTbero mnopsigika. Takas mponeaypa BHINISAHT YHCTO Ma-
TeMaTHUeCKOH M B KaXA0H KOHKDeTHOH (u3snuecKoii 3ajgaue Tpelyer-
Cfl pacueT MPOBOAZHMOCTH C YYeTOM BCeX CYIIECTBEHHBIX 1JA Hee (u-
3UYECKHX IIPOILECCOB.

Kag 6ymer moxasaHo HHXKe, yueT 3G(EKTOB TpeThero Mnopsiaka
OGBLIYHO IIPUBOAMT K CTaGM/M3aLMK B3PBIBHOH HEYCTOHUHBOCTH Ge3
KaKHX-JH00 JOIOJHHTEJbHBIX YCJAOBHil, TOrja Kak Anas crabuJnsa-
MU 32 cyueT JUHEHHOro 3aTyXaHus HeoOXOAMMO IpPeBHIIIeHHEe HEKOTO-
poro MOPOTOBOrO 3HAYEHHS.

IIpo6aema craGunnH3allud B3PHIBHOH HEYCTOHYHBOCTH HHTEHCHBHO
Mccaeg0Banach B Nocieanue roasl. B paGote [1] passuTa Teopusi He-
JIUHEAHOTO CABMIA Y4acTOTH M B pe3yJjbTaTe HaWAEHO HpejesbHOe 3Ha-
YeHHe aMIUIMTYAB JJIsl CHCTEMBbl TPeX NPOAOJBHBIX BOJIH, pacmpocTpa- .
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HAIOIIUXCH IEePHeHANKY/JIAPHO BHEHMIHEMY MarHuTHoMy noJaw. He-
CKOJIbKO TozaHee |2] OB NpejsoKeH MeXaHH3M CTaGH/IM3alid Ke-
JIOGKOBOH HeyCTOHYMBOCTH B 3epKaJIbHBIX JOBYLIKaX, KOTOPHIH CBO-
JHTCH K NOSIBJEHHIO CABMIra MHHMOH YaCTH YacTOTH NPH Pe3OHAHCHOM
YIIMPEHHH M3-332 CAy4YalHHOro JABHIXKEHHS YaCTHI[ MONepeK MarHHTHOro
nosisa. Takod MexaHH3M MOXKeT GHITh 3QPEeKTUBHLIM TOJBKO AJS BOJH
€o caydanHeIMH ¢azamu. B 1970 r. Gulia mpejackaszaHa BO3MOMKHOCTb
CTabuNH3alHH B3PHIBHOA HEYCTOHUHBOCTH HAa OCHOBE PacCMOTPEHHs
raMHJbTOHHAHA AJS TPEXBOJHOBOI CHCTEMBI C Y4e€TOM HEJHHEHHOro
caBura yactotel [3]. B paGore [4] mpeicraBiedbl pesysabTaThl YHC-
JIEHHOIO 3KCIePHMEHTa IO B3aWMOJEHCTBHIO TpeX LHUKJIOTPOHHBIX
BOJIH, PacCHPOCTPAHAIOIIMAXCS TEPHEeHAUKYASIPHO MAarHUTHOMY IOJIO.
OTH pesyJbTaThl (B YaCTHOCTH, 3aBHCHMOCTb HEPrHH OT KOMOUHHPO-
BanHOH ¢aspr @) XOPOINO COrJACYIOTCA ¢ BHIBOJAMH TEOPHH, B KO-
TOPOf YUHTHIBAE€TCS HEJUHEHHBI CABUT YacToTel. Dblo moKaszano
TaKkxke, uTo crabuJausanis HaACTYNaeT TpPH  3JEKTPHUECKUX  TOJSX,
3HAYUTENbHO BO3MYILIAOIHX OPOHTH YaCTHIL

[lonpo6HEll aHanu3 CBSI3AHHLIX YPaBHEHHH, ONMACHIBAIOLINX B3PbIB-
HYI0O HEyCTOHYMBOCTh INPH y4YeTe HeJHHEHHOro c/BUra 4acTOTHl, IpO-
Bejgen B paBorax [5]. B nepBoit 3 HHX NOJy4eHO pellieHNe COJUTOH-
HOro THNA, a BO BTOpPOH — pellleHHe THna NOBTOPSIOIIHXCS B3PHIBOB
(nocnesHee wmeerT mecto NMpH GoJsee OOGIHX HaYajbHBIX YCJAOBHSX U
BHIpaXKaercs yepe3 3JJAHNTHUECKMe (YHKIHH). B paabrefilleM 3To
HceseloBaHue OBLJIO OPOJOANKEHO B HaNpPaBJICHHH yUera JUHEHHOTO
3aTyXaHHsl 1 MHHMOH 4YacTH HeJMHEHHOro cABHra uacToTel. B paforax
[6, 7] conep:xkarcs pe3yJabTaThl YHUCJAEHHOTO pelleHHsl ofuied cHcTe-
Mbl HEJNHHEHHBIX YpaBHEHHH, 3alHCAHHLIX ¢ TOYHOCTBIO [0 YJEHOB
TPETbEro NOPAAKA MAJOCTH BKJIOUHTENBHO, 2 TAaKXKe HEKOTOPHIE aHa-
JINTHYECKHE pe3yabTaThl, OTHOCHAUIMECS K YUeTy JHHEHHOro 3aryxa-
HUSI H UCCJIEJ0BAHHIO aCHMIITOTHYECKOrO HOBEACHHUS.

B 1973 r. Ha ocHOBe pacCMOTPEHHsI HPOCTPAHCTBCHHO-BPEMEHHOH
IBOJIOLHHN CHCTEMBI TPEX B3aUMOJEHCTBYIOUIHX BOJHOBHIX NAKETOB
6bl10 MOKa3aHo [8], 4TO HEYCTOAYMBOCTH B3PHIBHOTO THIIA MOKET
IPHBOJHTDL K JIOKAJAbHBIM «KOJJAncam», T. €. K CHHTYJSIPHOCTAM MOJs
BoJIHBI. B a3roMm ciaydae HeJHHEHHBIH CABHT YacTOTH HeJOCTATOUCH
Ut CTAbHJIM34alUH HEYCTOHYMBOCTH. AMMINTYAB, OJHAKO, MOTYT
OrpaHdYMBaThed 3a cueT 3¢d¢exTa HeJuHEHHOro 3aTyXaHwusl.

Heckonbko uHON moixon K ImpobJiemMe cTabuju3allnd B3PLIBHOIR
HeycToHUHBOCTH pasBur B pabore [9], rae paccMoTpeHa cucrema ¢
HCTOYHHKOM CBOOOAHON 3HEpPruu B BHAE NOTOKA YACTHI U NPH 3TOM
YuTEeHO BJHSIHHE BOJH Ha pachnpejaeseHde 4YacTHI. YBeJHdyeHHe aM-
IJHTYAB NPHUBOAHT K YIUHPEHHIO pachpejesieHHs 4YacTHL H YMeHb-
WIeHNI0 CBOGOAHOH 3HepruH. B KOHeuHOM cueTe HacTymaeT CTabHIH-
3allds HEYCTOHYMBOCTH H3-3a H3MEHEHHsI JAMIJNEKTPHUECKHX CBOHCTB
naasMbl. AHAnOTHUHOE MCCJAeJOBaHHEe IJf BOJH €O CAydaBHBIMH ¢a-
3aMu TposejeHo B pabore [10].

B [11] paccuntausl MakcHMaJjbHble 3HAYEHHsS aMILIMTYA HpH y4e-
Te HeJMHEHHOro CABHra 4YacTOThl B IJIa3MEHHO-NYYKOBOHA CHCTEME ¢
JBYMS MJa3MeHHBIMH H OLHOM HOHHO-3BYKOBOH BOJIHOH.
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BuiBop, cBSI3aHHBIX ypaBHeHHUIT C y4€TOM HeJHHEeHHBIX TOKOB
TPeThero NOPsAAKa

[lpn nonyyenun CBSI3aHHBIX YpaBHEHHH, ONUCHBAIOUIHX HeJHHEH-
HOe B3aUMOJEHCTBHE B TpeTheM MNpUbAuKEHHH, OyAeM HCXOJHTb H3
(GOpPMYJNHPOBKH TEOPHH, NPHBEIEHHOW B rJ. 5. YUHTHIBasg HeJHHel-
HBIH TOK C TOYHOCTBIO A0 YJIEHOB TPEThero TOPSAKa BKJIOYHTEILHO,.

3amHChIBaeM
Dj (0, k) E; = iJ® + iJ{®, (14.1y
[Tonoxkum o=w;—i(v;+0/0f) U pasIoKuM JIEBYIO 4YaCTh B OKpeCT-
HOCTH 0 =0
(0D;/0w;) (O /0t + v/Ej) = — I — TP, (14.2)

34ech v; COOTBETCTBYeT MHHMOH YaCTH YAaCTOTHlL M HE 3aBHCHT OT
B3aUMOJICHCTBHS BOJIH, a HeJHHEHHble TOKM HMEIOT Ty 2Ke IPOCTpaH-
CTBEHHYIO 3aBHCHMOCTb H NMOUYTH TY K€ BPEMEHHYI0O 3aBHCHMOCTb, UTO
u amuautyasl E; CienoBaTtenbHo,

TP = ) o,EE 14.3
(ki+kzk"=kj) if R ( )

)4
T= D ouEEE. (14.4y

(k;HkjFk=k;)

BkJyax TOKOB TpeTbero nopsiika OTBeyaeT YYeTY 4YeThIPEeXBOJIHO-
BOro B3auMmojedcTBust. Ho Tak Xak B HauleM paclopsi:KeHHH HMEIOTCSH
TOJIBKO TPH BOJHBIL, JIB€ M3 YeThIpeX BOJH [OJIKHEI cOBHajarb. Jlerko
N0Kas3aTh, 4TO pe3oHaHcHoe ycaosue K;+kp+k,=k; ynosnersopsaercs,
ecJd TOJs JABYX M3 BOJH i, R, | KOMIUIEKCHO-COTpsiXKeHHble, a k; —
BOJIHOBOH BEKTODP TpeTbell BoJHBL [lpu aToM

W= N wEE, k=012 (49
k

Coornomennit (14.2) u (14.5) mocraTouHo nJis BBIBOJA CBs3aH-
HbIX YPaBHEHHH C Y4eTOM HeJHHeHHBIX BEJHYMH TPETBEro MOPSAKA.
B xauecrtBe aMmauTyAbl E MOXKHO B35Tb JIOOYIO TNOJIEBYIO BEIHYHHY
WM HOpMaJbHOe KoJjeGanme. Huxxe 6yaeT HCNOJb30BAHO TNPE/CTaB-
JeHHEe HOPMAaJbHBIX Kose6aHHil. YUHTHIBaf, YTO NPOBOAMMOCTH MO-
KeT OblTh MHUMOH JaxKe B GeCCTOJKHOBHTEJbHOH ILIasMme, COXpaHuM
MHHUMYIO €IHHHLY 1 npH 3anHcu JA00aBOYHOH HacTH KO3IhHUHEHTA
cBsi3u. Pesysprupyoiias cucreMa HeJHHEHHBIX ypaBHEHHH NPHHHMA-
eT CJeAYyIOIHNA BHA:

2
04 * .
S0 vy = ciahiAy— 14, Y o | A
k=2

2
0A =,
atl +vidy = CpdyAs — 14, zo o | A % (14.6)

2
JA * .
—2 +voly = Ay A1 —i4, 2 Oy, | A 2.
ot =
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Heaunefinele cinaraembie TpeTbero Mopsiika B 3TOH CHCTEMe BHOCAT
3aBHCANIHA OT aMIUIMTYJ CIABHI YaCTOTH, NPHYEM OH MOXKeT GHIThb
KaK BelLeCTBEHHbIM, TaK W KOMILIEKCHHIM. BBeneM BeJUYHMHEL

Cri = | Cp1 | €xp(iBy1) = vy €xp (i6,));
A; = | A; | exp(io;) = u; exp (io));
D= Py — b1 — P
1 nepenuueM (14.6):

ou; 2
j 2 .
57 T Vit —y; 2 Im oyt = v upty cos (@ 4 6,);

k=0

2

O ; —_ ; :

_0}1 + E :Reocjkui = F vy 2L sin @y, 4- 0y).
k=0

4j

3HaK «MHHYC» BO BTOPOM YpaBHEHHH OTBeuyaeT BoJHe 0, 3HAK
IJIIOC» — BoaHaMm I u 2,

Yno6HO ellle pa3 MepemucaTtb 3Ty CHCTEMY, HMCIOJAb3ys oGo3Haye-
HUA

p; = Rea;;— Rea;; — Re ajy;

2 —_ 2 14.7)

8o = i Ov; = — S Ima,,u. (

;:30 Brutk i ;0 ik
B pesyabrare moayunm:

Ouy/0t + (v + Ovy) uy = vyottytay cos (D - 0,,); (14.8a)
0w, /0t + (vy + 8vy) u; = vyotyt, cos (O 4 0,); (14.806)
0ty [0t + (vy + 8vy) Uy = vyttt cos (D +- 0,y); (14.88)

—a—ql/—{— 80 = — vy, 22 5in (B 0,,) — Vo2 Yo% sin (+@ 0ps) —

ot uy - uy
— 0y ”2”1 sin (@ + 0,,). (14.8r)
2

HecMoTps Ha To 4TO 3Ta CHCTeMa BHIBEJeHA B NPEANOJOXKEHHH TOY-
HOTO COIJIAcOBaHMsl 4acToT (wo=w;+®2), ypaBHenve (14.8r) Brras-
JUT TaK XKe, KaKk IPH DACCOIJacOBAHMH - 4acToT (M3-32 HAJHUUA
dw). VIMeHHO nosToMy BeauuuHe O CAeAyeT NPHAATH CMBICJ HeJH-
HeHHOro cjJBHUra 4acToThl. B To Ke BpeMs Ov; HUrpaer B CHCTeME
(14.8) posb MHMMOH YacTH YacTOThHl M ompejessieT NMOITOMY 3(dex-
THBHOE HeJlHHeHHOe 34TyXaHHe.

3amerduM, YTO HCHOJB3YEMBIH METOJ pAas3JiOXKEHHS MO CTENneHsaM
HANPSXKEHHOCTH TOJSA MOXKHO TPHUMEHATh, JHMIIb eciu 3PGeKTs BhIC-
IWHX HOPSAAKOB NPeHeOpexKUMO MaABl NIPH YMEDPEHHHIX 3HAYeHHSAX aM-
nautya. [loaToMy AOMXKHO BHIIONHATbCS ycjaoBHe Reajz, Imoajpvip.

94



Peienne AJs1 HEAUMCCUIIATURHOM cpebi

Haunem ¢ paccMoTpeHHs cayyas, KOrjaa MOXKHO IpeHe6peub BesH-
yuHaMH v; U dv;. Ilpu atom 0;;=0, n ¥ HCXoAHAs CHCTeMa 3amuChi-
Baercs B (popMe, aHaJOru4HoH (7.5):

0u,y/0t = 850,514, cOS D;
0u, /0t = SyaUgotiylis cOS D;

)
|
e ) sin(D,Ji

Oty Ot = Sy,Up Lty COS (D- (14.9y

0D Ul u '
0o = — [ 85,0 Sga?, 2 sy ?,

ot _l_ 12v12 T uo + 02%02 i + 01%01 s

rae v;>0 u §;; — 3HAKOBBIL MHOMKHTEb.,
CootHomenns Mamm—Poy coxpausitor Bug (7.10), T. e.

(S1a/012) 46 — (S02/0) 147 = My (14.10)
(802/002) ul — (So1/V1) u2 = My,

HO HHTerpaJ ABHIKEHHS (7.11) H3MeHsieTcs  CAeAyoliuM o0pas3oM:

Ugltty Sin @ + — 2 et =T, k=0,1,2 i j#k (14.11)

3aMeTHM, 4TO ClaraeMoe TPETbero MOpPsAKa BXOAUT B 3TO ypaBHEHHE
TOUHO TaK e, KaKk H paccorjacoBaHue uactotet B (7.11). Ho sto
cnaraemoe GoJiee BBICOKOI'O NOPAAKA MaJOCTH [0 aMIJIHTYyAaMm, UeM
npousBelenne Ul itysin @, U, cieqOBaTeNbHO, €ro BJHSHHE CYILECT-
BEHHO TOJIBKO IpPH GOJBIIUX aMITHTYAAX.

Kak u B ra. 9, coXpaHUM 3HAKOBHIH MHOMKHTEJb TOJBKO AJSI BOJ-
Hbl ¢ MaKCHUMaJbHOM YaCTOTOH, T. €. IMOJIOXKHM Sj2=S§, Sga==Sp1 = l.
Kpome Toro, ucnonbsyem HOpMHPOBKY (7.4), mpeo6pasys TeM CaMbIM
K03 HUIHEHTH CBSI3H BTOPOTO NOpPsSAKa K eiuHHLe. B pesyibrare
MOJIYYHM CHCTEMY

Ouy/Ot = suuu, cos @; )
0, /0t = uyu, cos @; !
0u,/0t = uju; cos @; (14.12)
0D + 80 = — (S Uqily 4+ Uglly + Uglly )sinCD
) Uy Uy Ug

C HHTErpajlaMH JIBHKEHHs
sug—ut = My; ui — uj = My, (14.13p

1 (Bp/vi; — Br)
Uglytdy SN D+ (174) (sPytet - Butet + Batts) =T (14.19)
Pemenne coauToHHoro TtHma. [Ilpocrefilnee peuleHHe CHCTEMBI

(14.12) nmeer mecto npu s=1, My=M;3=T=0, 4To COOTBETCTBVET
" HEyCTOHYHMBOH CHCTEME BOJIH ¢ PAaBHBIMH aMmIHTyAaMH u;j=u. Takas
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CHCTeMa OIHCBIBACTCA YpaBHEHHSAMH
0u/dt = u? cos @; (14.15)
w3sin® -+ yut = 0, . (14.16)

Tae y=(1/4)2p;.
Iloncrapasas (14.16) B (14.15), monyuaem ypaBHeHHe

Ou/dt = + 2 V1 —y2u?, (14.17)
13 KOTOPOro cieayer, uro u/0t=0 npu
u=1/y. (14.18)

Bripaxenue (14.18) onpenessier, oueBHAHO, MaKCHMaJbHOE 3HAYEHHE
aMnauTyasl. Pemenne ypaBHenust (14.17) ectb

u) = VVFT G—0F, (14.19)
riae

t=u""(0)VT—7%2 (0). (14.20)
B npegpene y—0 (14.19) nepexogur B (9.18).

n

Puc. 14.1. YucneHHOe pelueHHe ypaBHe-
aua (14.19). Ilpu y=0 nabmopaercs
HEOTPAHMYEHHEII POCT aMIIUTYAH, a
npu y¥+0 peanusyercs pelleHHe COJIH-
0 t T s TOHHOro THHA (n=u?)

Peuwrenne Buga (14.19) npeacramasier co6oil COMMTOH € €IMHCT-
BEHHBEIM MAaKCHMYMOM, aMIUIATyJa KOTODOrO CTPEMMTCs K HYJIO IpH
Gonbmnx ¢t (puc. 14.1). Bpems pocTuKeHHS MaKCHMaJabHOrO 3Haye-
HHSl AMILIHTYABl HECKOJbKO MEHBIIE BPEMEHH Da3BHTHS B3PBIBHOH
HEYCTOHYHBOCTH to=1/u(0) nmpm y=0. YMeHblleHHe aMIIHUTYIbl 32
TOUKOH MAKCHUMyMa COOTBETCTBYeT KOJJANcy (aHHUTHASIHH)  Tpex
BosiH. CJieiyeT 3aMeTHTh, YTO TAKOE MOBEJEHHE BO3MOXKHO H B cjaydae
v=0 npu HaadexaleMm BbGOpe HagaJbHbIX ycsaoBuii. Heob6xozumo,
yTOGB CyMMapHasi 3Heprus BOJH B HauaJbHBIi MOMEHT Oblia paBHa
HyJ10 (KaK pa3 3TO ycJOBHE paccMaTpPUBaeTcsl B HacToAlleM pasje-
Je). Kpome Toro, nonxuo 66iTe I'=0, yTo 03HAUaeT PaBEHCTBO HYJIIO
SHepruM BaanMmopedcTBusi. M3 3THX paccyKIeHUH BBITEKaeT, YTO NPH
HMHBIX HayaJbHBIX YCAOBHAX (€CAH aMIJIUTYyAbl B HAYaJbHBIH MOMEHT
PasjinuHbl) BO3MOXKHO NEPHOAHYECKOe pelleHne (puc. 14.2).

dopmyJMpOBKa M penieHHe 3aJaYH B PaMKaX METO/a HeJHHEeHHOro
noreHuyana. Uro6ul paccMoTpers GoJiee oOwiui, 4eM B IpedBIAYILEM
‘paszeie, cayuai, BB€eM BeJHUHHY
96



x(t)=slBB@O—wb Ol =uj () —450), j=1,2.

Amnnuryis 4; (j=1,2) yaoBIeTBOPSIOT ypaBHEHHAM

0ufot = + 2V wdului (1 —sin*®@) | (14.21)

a uHTerpas ABHIKeHus (14.14) npurmMaer BUA
Uyt sin @ = I'" — yx® — dx, (14.22)
rae v == (1/4) (sBo + B + B2 8 =(1/2)3puj(0) u I" =T — (1/4) X
X [sBott (0) + Bytet (0) + Batez ()] = 245 (0) 1 (0) 4, (0) sin @ (0).

Bosemem (14.21) B xBagparT u HckaounM sin® ¢  NOMOLIBIO
(14.22). Toraa moay4um

(1/2) (9x/087 + = (x) = 0. (14.23)

g ¢

Pnc. 14.2. Pemenne THN2 MNOBTOPSIIOMMXCS B3PHBOB

ITo dopme (14.23) coenagaer ¢ (9.8), HO MOTeHIHAJ WMMEET HHOM
BHI: .

(%) = 2 {y2x* — (s— 26v) $® — [u} (0) -+ suf (0) + suj (0) + 2yT" —
— 8% #2 — [su? (0) w3 (0) + uf (0) 3 (0) + 43 (0) uf (0)—26T") x — 7},

(14.24)
rre T'r1=uo(0)u;(0)uz(0)cos ®(0). [Mepenmmem (14.24) kax
7 (x) = o xt 4 agx® 4 ax® 4 ax - a (14.25)
H y4yTeM, 4To OORIUHO vy, 8K 1, Tak uTO
Oy — 2s; , _
oy = — 2[uf (0) + suf (0) + sub (O)]; (14.26)

oy & — 2 [suf (0) 4 (0)-+ul (0)+ul (0) ud (0) uf (0)]. |
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Takum o6pasom, HelMHEHHHH NOTEHIHAN 7 (X) MOXKET CYIIECTBEHHO
H3MEHATBCSA MPH ydyere HeJHHEHHHX 3(Q(eKToB TpeThero nopsiaka 3sa
CYeT NOSBJEHUS HOBOTO cJaraemoro 2yixt,

O6mee pemenune. YpasHenne (14.23) saerko pewmaercs MeronoMm
pasjgesieHHs NepeMEHHHX, YTO JaeT

x(¥)
V—=in(x

Kak u B ra. 9, 3To pelieHHe BBIpaKaeTcss Yepe3 3JJIHITHUECKHE
(OYHKIHH, HO Tenepb €ro BHJA 3aBHCHT OT TOro, UMeeT ypaBHeHHe
7(x) =0 Bce BellleCTBEHHBIE KODHH HJIH [Ba KOMILIEKCHBIX H JBa Be-
IIECTBEHHHX KODPHS.

PaccmorpuM cHayasa caydall deThHpeX BeIIeCTBEHHBIX KOpHeH.
OG6o3HauuM HX ¥; H YNOPSAOYHUM TakK, YTO X|>Xe>X3>Xs Torma

= hy
x(t) = Ty + x4 (14.28)

rue

Xp—Xg Xo— Xy (21 — %) (X5 — %) /2
P K. benl. NP RE. uck SPR S
( ! ) X1 — Xg t X1 — Xg ! [ (2 — %4) (x1"xs)}

Kpowme Toro, B (14.28) mcmosnb3oBana QyHKUUs

Yy () = vy t+ ¢y, (14.29)

rae
M = —2{(x; — %3) (X2 — x4)]_‘/’,

a ¢, onpenensercs ycaoueM x;(0) =0, T. e.

= |

Xy

IMepuon sanuntuyeckol GYHKIHH, a CeIoBaTeNbHO, W BCEro pelle-

uusa pasen 4K, rae
1

_ ds
K —él/(l—-sz) (—es)

- Haa AByX KOMIIEKCHBIX KopHeﬁk U3 YeTHIpeX HepenuueM (%)
KakK :
n(x) = —29° (x1 —x)(x— x2) (x* — 2bx —|— c) (14.30)
TAe X;>X2, ¢>b% U BBeleM HOBHE BeHYHHBL
Gl = (xl»e2bx1 4 C), * 62 = (X2 _— 2bx2 — C)l/f.

Torpa pemenne GyZeT HMeTb BHJ,

By ) 1
x0= L+ 1—cn[b O, k,1+b" (1431)

g8 4 . RPN




rae

G,G o G %0y —2,Gq
o = — b At S —_ 2. = XU — X%l
=2 xz).(Gl‘—Gz)a ’ & 201—Ga ' b G—Gy
A e e — ‘ s
by = { 2 [l GGy [xlxg b (% + %) +,6']]} .
b =201M)t+ b, M=— (GG (14.32)

(asoBasi NOCTOSIHHAS, KaK U paHee, onpenessiercs yciosueM x(0) =0,
H3 KOTOPOro CAeAYeT, UTO .

¢2=cn_-1[ha+b;lz+1) , kz]

ITepuon pasen 4Kj, rue
1

_ ds
Ks _§ )

[TonyueHHoe pellleHHe OXBATHIBA€T BEeCh BO3MOXKHHI Habop Ha-
YaJbHEIX YCJOBHU H Kosdduumentor cpssu. OJHAKO CTPYKTypa H
KOpHH mnoteHnuana s(x) mpu s=1 u S=—1 Tpe6YIOT NONOJHUTEJD-
HOTO aHaJIH3a. ‘

CpoiicTBa HeJqWHeiiHOro moTeHnuana. Kak oTMeyasoch B IpeABIAY-
meM pasjené, yueT HeJWHEHHBIX 3¢¢eKToB TpPeThbero MNOpsiKa IMPH-
BOAHT K IMOSBJEHHIO B TNOTEHIHAJbHOH (YHKUHH JONOJHHTEIBHOTO
caaraemoro 2y’x*. Tak Kak OHO BCeria MOJOXKHTENbHO, NOTEHUHAJ
7(Xx) MOJNXKEH OBbITh MOJIOXKHUTENbHHIM TIPH OOJBIIHX 3HAUEHHSIX apry-
menta x. Otcioma caexpyer, 9ro npu_s=1 B obsacTH OGOJbIIHX X
NOsIBJIsSIETCS HOBHIH Kopenb ypaBHeHusi m(x) =0, KoTopuil ompepe-
JIsieT, OYeBHIHO, MAKCHMaJIbHO BO3MOMKHOe 3HaueHme x. CyllecTBOBa-
HHE TAaKOr0O MaKCHMyMa YKa3biBaeT HA BO3MOXKHOCTb CTabHJIH3alHH
HeycrouupoctH. [Ipy S=-—1 HOBBI KOpPEHb BO3HHKAeT B 006JacCTH
GONBUIHX OTPHILATENLHBIX X, YTO H CJHYXKHT NPHIHHOH mnpeo6pasosa-
Hus pewrenus ot (9.11) k (14.28) wuau (14.31). M3 Bupa Kopueit,
HaligeHHBIX B T 9 [—u3 ), —ul ©) u u5(0)], caeayer, uro Toraa,
Korja Kakasi-Ti60 M3 HAayaJbHHIX aMIUIUTYJ HMEeT NOPSAOK y~!, co-
OTBETCTBYIOIIHY el KOpeHb NpeTepHeBaeT 3HauHTeJbHOE H3MEHeHHe
H3-32 yuera BEJMUYHH TPEThET0 MOPSAKA. '

KauecTBenHas 3aBHCHMOCTb m(X) [Js1 3TOro. caydast mokasaHa Ha
puc. 14.3. Tpenmosnoxum, uto uo(0)>u;2(0) u @®(0)=0. Toraa B
TepBoM nopsake mo y* (14.24) naer ST

% = 3 (0) [1 — v )], (14.33)

4YTO COrJIACYeTcss C paHee MOJYyYeHHOH oueHKOA. Tak Kak Hamnyue
cnaraemoro 2y2x* Bcerfia MPHBOAMT K yBeJHUEHHIO m(X), a x; coryac-
Ho (14.33) ymenpmaerca npu 3HaueHHsX uo(0), 6amskux K lfy, He-
JHHeliHOe B3aHMojelicTBHe NMpH 3TOM chabee, .ueM BO BTOPOM Iipub-
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anxkennd. OTmerum, yto npu s=—1 ypaBHeHHe n(x) =0, Kak npa-
BHJIO, HMEET YeThipe BelleCTBEHHHIX KopHs. OJHAKO MpH OYeHb 60Jb-
IUMX O KOPHH X3 M X4 MOTYT GHITb KOMIUIEKCHHIMH. IleficTBHTeNbHO,.

npene6peras B (14.25) craraeMeIM o;X+ dg, OJydaeM
x3,4 = — (1/2) oigforg + (1/20) (et — a2,) 2,

OTKyJAa CJeNyeT, 4TO KOPHH X3 H X; OYAYT KOMIJIEKCHBIMH (H NPHTOM
KOMILJIEKCHO-CONPSKEHHBIMH) TPH ag04>al, HIM ¢ ydeTom (14.26)

ui (0) + uj (0) — us (0) > 142

v x
\ — — - /\r -
7
| | | X [ low X
| [ | ol ' !
X4 X3 X A1 o X3 4 4]
/
/
/ \
/ \
Puc. 14.3. Tlorenuuan m(x) npH S$= Puc. 14.4. n(x) npu s=1. Yuer HeJH-
=-—], KopeHb Xx; BO3HHKaeT BCIeACT- HeHHOro CABHra 4YacTOTH NPHBOJAHT K
BHe yueTa HeJNHHe#HOro cABHra 4acro- NOSABJEHUIO KODHA X;. Benwuwmua x Mo-
TH. BeJHuHHA X MOXeT OCHHJJIHDOBATH JKeT OCHH/UIHPOBATh MEXAY X, H Xo.
MeXAY X; ¥ Xz IlyHKTHpHasi KpHBas IlyskTHpHast ~ KpHBas COOTBETCTBYeT
KayeCTBEHHO W/JIOCTPHpPYeT I[OBele- pacyery NOTeHIHAJa BO BTOPOM HpPH-
HHe T(X) BO BTOPOM NPHOIHXKEHHH GUIHIKEeHHH
(y=0)

~Cayyalo s=1 cooTBeTCTByeT NMOTEHUMaJ, NOKA3aHHBIA Ha pHCc. 14.4.
Ecau Bce 4;(0) paBHBL, TO C TOYHOCTBIO A0 YJICHOB MEPBOro MOpsiAKa
o y

%, &~ 142 4+ 29T — 45 (0); (14.34)
Xy T [1— (2/3)yT/*] — 42 (0). (14.35)

JBa APYrHX KOpPHS MOryT OLITH BEIIECTBEHHBIMH TOJIBKO MpPH LOMOJI-
yuteJbHOM ycaoBun I'=0. Torma (14.34) u (14.35) coorBeTcTBYIOT
PeLIeHuI0 COJMIHTOHHOIO THIA, a MOTeHUMaJs 5t (X) NMPHHAMAET BHJ, H30-
o 2
6paxenHulii Ha puc. 14.5. Kopenbr x, = — 4;(0) ompeaesnsier TOYKY
nepernba ¢ynkuuu m(x). [lo aHanoruu ¢ MeXaHUYECKHM [BHKEHHEM
B TOTEHUHAJBHOM I0J€ MOXKHO 3aKJIOYHTb, YTO X OYIeT aCHMITOTH-
. 2
YeCKH CTPeMHThcsl K 3HaueHmio —u4j(0), a criejgoBaTenbHO, aMIH-

Ve
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TyRa Oynaer CTpeMHTbcs K Hymo. IIpu ABYyX KOMIJEKCHHIX KOPHSX
KpuBas st(x) HMeeT BHA, NPHBEJAEHHHA Ha puc. 14.6. Anajorus c
MEeXaHHYeCKHM JABHXKeHHEM YyKa3blBaeT Ha TO, 4TO HpPH MOTEHILHAJax
n(x) THna nokasaHHbX Ha pHc. 14.3, 14.4 u 14.6 amnautyna ponaxkHa
OCIHJIIMPOBATb MEXAY 3HAUEHHSMH, COOTBETCTBYIOLIMMH KODHSIM X
H x3. Ecau s=1, 10 X BeJIHKO H NPOHCXOAHUT CTabHAM3auMs HEYyCTOH-
YHBOCTH.

i ‘ T

-uf (0) 7 x X
2
Puc. 14.5. Tlotenuuan m(x) AAs Tpex Puc. 14.6. Ilorennuan m(x) npu s=1
COBMafaloUIHX KOpHed ISt ABYX BeIECTBEHHHX H JBYX KOM-

IJIEKCHHIX  KOpHeH

Famunbronnan Tperbero mopsnka. [IloayunM Temepb cucTemy
ypaBHeHu#i THna (14.9), oTmpaBiasiick OT raMHJbTOHHaHa paccMaT-
pHBAaeMOll CHCTEMBI BOJIH, BLIYHCJEHHOrO B TPETbeM NPHOJIHKEHHH
TeOpHH Bo3mylleHuit. [TycTh MaKcCHMaNbHYIO YacTOTy uMeerT BOJHA 0,

S02=3S, So1=S2 U S;2=—S8p, TAE S; — 3HAK 3HEPrHH BOJIHHI ] HOpMPI-
pys aMOJHTYAR Tak, 4TO U=V, mnojyyaeM TaMUJIbLTOHHAH BHAA
2 2 2 2\! . 2 2
H = 2 80U + 2V (uoulug) /2 sin@® — ]Ek Virlrlljs (14.36)
7 .

rre ® =0,—6,—0,, 0;=¢;+ o;i.
Bui6upass B KauecTBe  KaHOHMYUECKHX  NEPEMEHHBIX §;=S;0; H
pj=uf , IPHXOAHM K CHCTEMe ypPaBHEHHM
Ou;/0t = F s;Vuyu, cos @, (14.37a)

oM, Sy, URUp -,
T’%—;Sj(vfﬁrka) Uy = sV ——sin®@. (14.376)

&
uy

3Hak «MuHyc» B (14.37a) cooTBeTcTBYeT BOJIHE ¢ MaKCHMaJbHOH
YacToToH. YuuTHBaf, 4T0 Reajr=s;(yjx+vYn;), HAXOMUM clefyloliee
YCIOBHE CHMMETPHUH I/ KO3((HLHEHTOB CBA3H TPETbero MOPsAKa:
s,-a,-h = Skakj- (14,38)

Mpeneasnbie nepexonnt ko BTOpomy npuGamkenmio. [pencrasiaser

HHTepeC HCC/AeIOBAHHE MPEJbHOrO Tepexoja OT pelleHus JAJs
B;5=0 (macrosmas raaBa) KX pewenuo mias Bj=0 (cm. ra. 9). Hau-
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HeM c (14.28) npu s=—1. 3amerus, uto np# y—0- o6a cllaraeMbix B
(14. 28) CTPEMSATCS K =00, NepenuiieM ero B. BPUIe
‘ x(f) = hy + %4 {1y 4 sn? [‘p1 @, kﬂ}
L+ sn® [y (f), Ryl
7 0 o xa) (%1 —%a) + %503 [y (), o] _
(% — %4)/(xy — %2) + 0% [P (2), Ryl
Orciona npu x4—>oco uMeeM B IoJMHOM coracuu ¢ (9.11)

x(t)=x - (%1 — %) sn® [, (B), Ryl,

rue

= (222" W=

X3 — X3

w207 ).

Ilpu s=1 u y—=>0 K GECKOHEYHOCTH ' CTPEMHTCS KOPEHb X;, UTO
naer

h1 =Xy —Xg; L =0; k= (63— x)/(%,—xp).
YuureBas, uto y= (x1)"1/%, noayuzaem

2x;/2‘ (Xg — x4)1/' t

P () > — + b =y — (X, — x,) /1.

Takum oGpa3om, pelteHne NPHHHMAET BHA

_ C Xy— X,
¥ = sn? [ @1 — (%z — %a) Ve, k1] + o
rae ¢, = sn {[— (1, — X9)/%4] s k). Tlpu 3ToM BpeMs pasBHTHA

B3PHIBHON HeYCTOW{YIBOCTYI onpelle.rlae'rc;{ COOTHOUICHUEM
loo = (%, — x4)—/’¢

Ilepenymepauus KopHei NPHBOXUT K nonyquHbIM paHee BHIpaxe-
HuaMm (9.13) u (9.14).

Paccmotpum eme nepexon ot (14.31) k (9.15). Ilpu y—0 umeem
Gy=x,=~1/y?. CaeroBaTelbHO,

hz - 262, 12 - 0;“ b - Xg— Gg;

(= - ()"

Py (7) —>——2'y'1/le t+ ¢y - —2VG, t+ ¢,

B peay.anaTe HaxoJHM
© 26,

O G e R TR T
me%=me%+%m% -Gy, kY, . ..
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HJIH
26,
T4en(2VGyt— b5 k)

X(t)= +x2_ 29

1
’ . ds
e #2=dat 2K, K= §V(1—sz)(l—kgsz);

qTO Jaetr

. 2K + o,
65— —en (_Gz_‘*‘i, kz) - tw__.__i__?;
Gy— %, 271/G

ITockonbKy Xg—>x1 U $2—>—@, BHIHM, YTO NOJYYEHHHIH 31eCh Ipe-
JeJbHBIH pesyiabTaT ujaentuuen (9.15).

3amaum

14.1. OnucaTh pasauuus MexJy coorHoweHusmMH (14.1) u (7.11) u BeIZENHTH
cpefM HUX HaHOOJee BayKHble At GH3UKH SIBJICHUS.

14.2. ¥YcraHoBHTb (usnyeckuit cMbica I'?2 B ciayuae, KOrja BCe aMIIHTYIHI
paBHBH H §=1.
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[JIABA 15

POJIb 3ATYXAHUA NPHU YYETE HEJHHEHNHBIX 3dHPEKTOB
TPETbBEI'O NOPAAKA

Hacrosimas rnaBa nocpsliieHa HCCJAeZOBaHHIO CHCTEMBI CBSI3aHHHBIX
YpPaBHEHHWH npd OJAHOBPEMEHHOM yueTe JIMHEHHOro 3aTyXaHus # HesH-
HeHHBIX 2 (deKTOB TPeTbero mopsigka. JT0 HCCAeJoBaHHe Pa3BUBAeTCA
[0 TyTH IOCTENEHHOTO YCJOXKHEeHHS paccMaTpHBaeMBIX npobJeM, HauH-
Hasl OT CPaBHHTEJIbHO IPOCTOro cJjaydasi, KOria (asoBble YIJBI, OIH-
CHIBAIOUINE MHHUMbIE JacTH KO3(PGHULUEHTOB CBS3H, NOJNATAOTCA PaBHHI-
Mu Hyqaw. Torma yuer BJAMSHHS JHHEHHOroO 3aTyXaHHSA CBOAMTCH K 3a-
MeHe pelleHHS COJHTOHHOI'O THOA peHIeHUeM THIa IOBTODPAIOIIHXCS
B3pHIBOB. B acuMnToTHUeckoM npenese 'SoJplinx f 3TO pelleHHe
OlpefeNsieT aMIVIMTYAYy HACBILEHUs, A ONUCAHUST KOTOPOH BBEACHO
noHsaTve 3¢pdekTHBHOrO Ko3p¢HUIMEHTa CBA3H TPETbero Nopslka, 3a-
BHcALlero oT KoadduuueHTa JHHEHHOro 3aTyXaHHSI H MTHOBEHHOIO
3HaueHHs aMIVIUTYAB NpH B3phiBe. IlokazaHo, uTo HayasbHBIE YCJIOBHSA
He BJAMAIOT Ha ACHMNTOTHUeCKOe 3HaueHHEe aMIIHTYRHL.

Hns HarasagHOrO H3oOpaskeHHSI BPEMEHHON 3BOJIOUHH PaccMaTpH-
BaeMOW CHCTeMBbl HCIIOJNH30BaH MeTOA ()a30BOH IJIOCKOCTH.

Hanee mccnenyercs BiausiHue (asoBEX YIVIOB LISl K03(pduiHeHTOB
CBsI3W BTOPOro TOpAJKa (cHayasna B OTCYTCTBHe, a 3aTeM W IPH HaJlH-
YUH JUHCHHOH JHMCCHIALHMH). DTa IO CYUIECTBY AOBOJBLHO CJOKHAs
npoGsieMa pellleHa Ha o0lleM ypOBHe € MOC/JEeAYIOIINM JeTaJdbHbIM H
CHCTeMaTHYecKHM obcyX/JeHueM pe3yJapraToB. B wacTHocTH, HafiieHO
UHTepecHoe pelileHHe, ONUCHBAaMOLiee BO3MOXKHOCTb SKCIOHEHIHANBHOTO
yBeJHYEHHs] aMIJIATY[ ABYX BOJIH IIPH OJHOBDeMeHHOM BHIXOJEe Ha
4CHMITOTHYECKUH Ipeles aMOJIHTYAbl TpeTbeill BOJHBL. M3yuena guHa-
MHKa Ipollecca JOKanH3alHH (a3bl H NMOKa3aHO ee ompefiesoLIee
BJIMSHYE Ha 3BOJIOIHIO CHCTEMBH.

BaXHO mofuepKHyTb, YTO MPAKTHUECKH BCe OCOGEHHOCTH pELIeHHH,
HafleHHHIX B 3TOH IJiaBe, CYI[eCTBEHHO OOYCJOBJEHB KOTrepeHTHBIM
B3aUMOJIEACTBHEM H IIOJHOCTBIO YTPauyHBAIOTCS B TNPHUOJIHIKEHHH CJIY-
yalHuXx (as.

Ilpy Hanuuuu 3aTyxaHHs NPOBOAMMOCTH KaK BTOPOrO, Tak H Tpe-
Thero mopsiika UMeIOT BelllecTBeHHble yacTH. [Ipu atoM KosddHIHEHTH
CBSI3H KOMILJIEKCHBIE, YTO MOXKHO VUeCTb BBEAEHHEM MHHMBIX dacTel
v; 4aCTOT ;. Pe3yJabTupyollias cucTeMa, BooOlle roBops, npuoOpeTaer
Bup (14.8). OzHako B mpeamosoXeHHH v;<K@; foayyuMm Imaj<
< Re ajx, Tak 9TO BAHAHHE BeJHYHH §v; OyIeT CKa3BIBAThCS MPH GOJib-
IIHX aMIVIHTyZax [o cpaBHeHHIO ¢ BJiHAHHeM dw. IToaToMy B mepBoM
NPUSNHKEHHH BeJMuUMHaMu Ov; MOXKHO mIpocrto mpeHeGpeun. Kpome
TOTO, DpeHe6peramT TakXe pa3jHdYHeM MeXAYy (a30BHIMH YIVIAMH
0:5, a npu HagmeXamem BHGope @ (0) MoxHO cuuTaTth, uTO0 0;;=~0.
Taxoe n)pennonomeune HepelKO COOTBETCTBYET REeHCTBHTENBLHOCTH (CP.
¢ ra. 16).
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M pubanKeHHblit yUeT TMHEHHOT0 3aTYXaAHHS

OcHoBBIBAsICb HA HHTEPIpPETAllMH B3aHMOAEHCTBHS BOJH KaK JBH-
JKeHHUst B INoJie ToTeHIHaja m(X), MOXKHO OXKHAATb, YTO IPH ydere
3aTyXaHHs KHHETHYecKasl SHePrHsi YacTHIU OyleT MOCTENeHHO yMeHb-
WAaThesd, TAK YTO B KOHEYHOM HTOre YaCTHUBI OKaXyTCs Ha AHE IOTEH-
HAbHON AMBL DTO 03HAYaeT BHIXOJ AMIIHTYJA Ha NMOCTOSIHHBIA acHM-
NTOTHUECKHH yPOBeHb, UTO H NPOMCXOAHT Ha caMoM Aele. Taxas Kap-
THHA JOJXKHA HMeTb MECTO H B CJydae IOJYUEHHOTO B NpeAbLIyIed
riaBe pellieHHsi cojuToHHOro tuna. OTciola cielyer, 4To IpH yuere
3aTyXaHHS pellleHde COJHMTOHHOTO THNA T1€PeXOJUT B pelleHHe OCIHI-
aupyomero tyna (puc. 15.1).

x @

a 0 5 ¢

Puc. 15.1. IloTenuuambHas OYHKUHA J(X), COOTBETCTBYIOUIAs DEUIEHHIO COJHTOH-

HOTO THIAa B OTCYTCTBHe JHCCHIALMK; IYHKTHDHas KpHBas JAAeT NPEJCTaBJACHHE O

HOCTeHNeHHOM YMEHBINCHHM aMIIHTYAb KoieGanufi Npu HaaWuMu AuccHmauuu (a), a

TAaKXKe BpEMEHHAS 3aBHCHMOCTh aMIUIHTYZ #; M (asbt @ npu v;=0,1 u I'=0 (8 or-
CyTCTBHE NHCCHIALHH pellieHHe HMeeT BHI cosuToHa) (6)

MareMaTHuecKoe ONHCaHHe 3TOr0 sBJEHHS NOCTATOYHO TPYAHOG
faxke IIpH YCJIOBHH, 4TO Bee v;=v 1 Bce 0;;=0. [lesio B oM, uTO 13-3a
HaJuuns HeJHHEHHOro CABHIA YacTOTH CHCTEMY CBSI3aHHBIX ypaBHe-
HHl He yAaeTcs npeo6pa3oBaTh K BHAY, COOTBETCTBYIOILEMY HeEXHCCH-
MaTHBHOH cpejle, M M0STOMY Ha NMEPBBIA B3TJISL NPEACTABJSIETCS HEBO3-
MOXKHBIM HAHTH 06OGLIeHHBH wuHTerpan aBmxKenus (14.14). Tem He
MeHee YNMOMSIHYTHI HHTerpaj ABHIKEHHs ylaeTcsl MPEICTaBHTL B CJe-
JLyioleM BHe: _

. 4
oyt SIn @ + (1/4) 2 Bju = T exp |— (v + vy -+ vo) 1] +
; ,
1
+ vy exp [— (o +v1 + Vo) 1] g exp {(vy + vy + va) 11 26; (vt vy +
0
+ v, — vy uldt. : (15.1)
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Kak Buauso, unterpas B npasoil uwactd (15.1) npomopuuoHajeH Kak
Bj, Tak 4 v;. Bosee Toro, ero HauanbHOe 3HauYeHHe PaBHO HYJIO, TaK
YTO MPH MaJBIX ! 3TUM HHTErpajioM MoXHO npeHeGpeub. CoOTHOLIEHHE
(15.1) Ge3 HHTErpaJbHOrO YJieHA MOXKHO MOJYUHTh ¥ HHBIM CIHOCOGOM.
ITonoxum mns mpocToThl vi=v u u;=u. Toraa '
0u?/ot - 2vu? = 2u3 cos @; }
(0/0t) (u® sin ®) + v sin @ = — 4yu® cos D.

C nomonibio npeo6bpazoBanns u=uexp (vt) u v= (1/v)[1 — exp(—vt)]
nepefifieM K ypaBHEeHUSIM

(15.2)

du?/dt = 2u® cos (15.3a)
(d/dt) (® sin @) = — y[1 — vt] u® cos D. (15.36)

ITa cucTeMa OTJIHYAETCS OT AHAJOTHYHOH CHCTEMB! AJS HeJHCCHIATHB-
HOW cpeigbt HajauyneM MHOXKHTeNass | —vi=exp (—vi). YudTHBas, of-
HaKo, 4To npaBasi yacth (15.36) cyliecTBeHHO OTJIHYHA OT HYJSI TOJIBKO
BOJIH3H MAaKCHMyMa aMIIHTYAB, MOXKHO BMECTO y(I —vt) BBecTH
HOBHIH KOS(MOHLHEHT Yap, CUUTAS, YTO OH NPHHUMAET NOCTOSIHHbBIE 3HA-
YeHHst, COOTBETCTBYIOIIHE pa3JHYHBIM MaKCHMyMaM aMIJIHTYABI, H
npeHe6peras ero M3MeHeHHEM B Ipejeiax Kaxpaoro makcumyma. On-
HaKO 3TO JOBOJLHO rpy6oe NpHUOJIHIKEHHe, UTO He sABJseTCS HeoXHIaH-
HBIM, TaK KakK 3HaUHTEeJbHBIHl BKJAaJ J0JXKHO [aBaTh HHTETPHPOBAaHHE
o 06J1aCTH MaKCHMyMa. _

Uro6bl 1CNOJB30BATh aHAJOTHIO CO CJAyyaeM HeJHCCHIATHBHOH cpe-
ZIBl, TIOJIE3HO BBECTH B PACCMOTDeHHe BeNH4HHY I'sp, ONpeliesIHB ee Tak,
4T0

Fop () = exp— (vo + vy + Vo) 8] X
t
X AT + — ( exp[(vo + vy + v 11 3 By (v + 1 + va— 4vy) ufdt| . (15.9)
4
0 i

Kak sicho u3s (14.34) u (14.35), usmeHeHue I,y ckKasbiBaercs, B
OCHOBHOM, Ha MHHHMaJIbHBIX 3HaueHusix aMIuTyl. Ecan Bce v;=v>0
H Bce B; HMEOT OJHHAKOBHIA 3HAK, TO MAKCHMYM aMIUIHTYABl yMeHb-
maercst npu JjioboM 3Hake Bj. OJHAKO OTHOCHTeNbHOE H3MeHeHHe CHJb-
HO 3aBHCHT OT 3HaueHHH [y, v; H B;.

W3 (15.4) BupHo Takxke, uro gaxe npd I'=0 BeanunHa I'hy(f) He
obpainaercs B HyJp npu {=0. DTo 03Hauaer, YTO KOrjAa BCe U;=u,
pellleHue COJUTOHHOTO THIA IePEeXONUT B DPellleHHe OCHHJIHPYIOLLero
THIa. MOXHO OGBSCHHTL TaKXKe BPeMeHHBle 3aBUCHMOCTH (pa3, moka-
3aHHBle Ha puc. 14.2 u 15.1,6. Has srtoro sanumem (15.1) kax

sin® = [— (1/4) 3 8,47 4 Top (B))/tgitytts. (15.5)
Orciona ciefyer, 4TO eCaAHM UHCJIHTENb He H3MeHseT 3HAK 3a IIePHOJ
Kosie6anuii, To ¢yHkuus @ sBasercs ocuwianupywomei. Korza Bce
B;>0 u Bce v;=v>0, T'yy(f) yMeHbIIaercsa ¢ TeueHHeM BpPeMeHH, IOKa
YUCJUTENb He cTaHeT orpuuaTteabHEIM. [loaToMy mpu cinabom 3aTyxa-
HHH MOXeT HaSJMI0JaTbCsd Nepexo] OT MOHOTOHHOTO H3MeHeHHs (ashl
K ocuuaasatopromy [1]. Takoit mepexox MoXKeT CIYXKHUTb IPHYHHOA Bpe-
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'MEHHO! 3aJeDXKKH HeJHHeHHOH 3BOJIONHY aMHJAHTYA. PasanuHbie THOH
. BpeMeHHBIX 3aBucHMocTell ¢da3 paccMoTpenn B pabore [2].

Pacuer I'yy. U3 Bripaxkenus (15.4) Buano, uto I'sp MOXKeT cymiect-
BEHHO H3MEHSITbCH B Ipeflesiax KaXKJoro MakcHMyma. PaccMorpuM 310
H3MEHEHHe B YCJOBHfAX, COOTBeTcTBylomux puc. 15.1,6, xorna Bce
Uj=1u u-BCE V;=V:

Loy () = exp (—3v) [ r— vvf exp (3vi) ut dt]

B6sau3n MakcHMyMa aMIJIETYyABl 4 MOXHO alNpPOKCHMHPOBaTh pellle-
HHeM coJHuTOHHoro Tuma (14.19), T. e. noAGXHUTH

2 —1

= [ysp+ ¢ —1)?"".
BeJIH‘IHHa Yad BBeﬂeHa 31ecb OJist yqua yMeHbmeHHH MAaKCHMAaJILHOTO
3HAaYeHHs AMITHTYAB (IPH PACCMOTPEHHH IEPBOTO MaKCHMyMa MOXK-

HO CUHTATh Yogp = y). g uaMenenus I'yy B mpeldenax HEKOTOPOro Mak-
CHMyMa HMeeM

¢
AT, = — yvexp (— 3vi) S exp (3vi) d

Il e—a0])® ’

rae to<t;<t. YUHTHIBAS, UTO Yap MaJIO MOKHO 3alHcaTh

dt
AT, =~ — v y —~
: ['qu; + (¢—#)?]
P R
~ — 73" —;—arctgt -ty z—ﬂg—.
K¢ Yod L 2794’

IMonyuennoe Bripaxkenne ans Alsgy MpHOIHKEHHO BEPHO H NpH Gosee
o6UINX Ha4YalbHBIX YCJOBHSX, KOTJa HadaJbHble aMIVIHTY[Bl Pa3jHy-
HBI, TIOCKOJBKY Ha MaKCHMaJbHBIX 3Ha4YeHHAX aMILUIUTYA Takoe 0606-
lleHHe Ha4aJbHBEX YCJIOBHH CKa3bIBAaeTcs MaJo.

Hcnonpsyem Tenepsn BesnunHy Alg I/ pacuera MakcHManabHBIX H
MHHHMAJbHBIX 3HayeHH#H ammautyX. Ilpu Ou/0t=0 umeem ypaBHeHHEe
vt 4 (1/2) n(u?) = 0

HJIH
2
yut — ub 4 (v — 290,4) uj‘ + e = 0.
Tax rak 2yAT,p>>v? BO Bcex NpPeJCTaBJSIIOIIHX ~HHTepec CJydasx

MOXHO HCIOJb30BaTh Ty Xe IOTeHIHAIbHYIO (pyHKumo 4TO W TPH
v=0. Torﬂa u3 (14.34) u (14.35) nonyth :

Uooke = 172 + 29T00;  tiws =~ T35 [1 —(2/3) vl‘"’]

PaccMoTrpum nHHAMHKY 0GpasoBaHHS MaKCHMYMOB M MUHHMYMOB
npu v=0,1; y=0,06 1 I'=0 (cm. puc. 15.1,6). [las nepBoro Makcu-—
MyMa HMeeM Umarc~ 16,6 u Thp=Alsg=-—43,5. Tak kak I'=0,
Uvan~ 3,0 A1 MePBOr0 MHHHMYMA H Umaxc =~ 16,5 Ajs1 BTOpOro MakcH-
myMa. IIpu pacuere BTOpOro MakcHMyMa HeO6XOAHMO HCIOJbL30BATh
vao=1/16,5, Ho 3TO 3HaveHHe BCe elle 'SJM3KO K Y, TaK 4TO nonyqaeM
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Uvnn~ 4,4 IJA BTOPOTO MHHUMYMA H Uyaxo A 16,3 A1 TpeTsero Mak-.
cuMyMa. :

Cuenyer o6paTHTh BHHMaHHE Ha Xopolllee COrJlacHe 3THX DPe3yJib-
TaTOB ¢ JaHHBIMH YHCJEHHOrO aHaJju3a {(cM. puc. 15.1,6): MakcuMasb-
HOe pacxoX[eHHe (BTOpOH MHHHMyM) He mnpeBhimaer 49%. Paccmor-
peHHBIi MeTOJ pacyeTa MaKCHMYMOB H MHHHMYMOB MOXHO PEKOMEHZAO-
BaTb AJs pellleHHH THNA YepeAyIOIHXcs MakcuMyMoB. Ecan amnauryna
BBIXOJUT Ha CTALMOHADHBbIA ypOBeHb, TO IPH pacuerax sHaueHHWH [y
clelyeT HCNOJb30BATH HMEHHO CTAalHOHAPDHOE 3HAYEHHE AMIIATY/HL.

Acumnroruyecknit pexkum. CoortHouwrenne (15.4) ykasbiBaeT Ha TO,
yT0 HH(MOPMALHA O HadyaJbHHIX YCJHOBHSIX, KoTopas coiepxkurcad B T,
¢ TeueHHeM BpeMeHH IOCTeNeHHO yTpayHBaeTcsl H3-32 HAJHUYHS 3KCIIO-
HEHIIHaJbHOrO MHOXHTeAs1 eXpl(—vo+vi+v2)f]. DTO NpHBOIUT K TOMY,
49TO ACHMOTOTHYECKHe 3HAYEeHHST AMIUIMTYA He 3aBHCAT OT HayaJbHBIX
ycnoBHE. AcCHMATOTHYECKHe 3HaueHWs aMIJHTyA M $a3 MOXKHO pac-
CUHTATh HemocpelACcTBeHHO Ha ocHoBe (14.8), monaras dv;=0, du;/0f=0
H 00/0t=0. IIpu HopMupoBKe (7.4) MONyUHM: '

;= Vv fcos @; - (15.6)
@ = F /2 + (1/2) arcsin 2A + 2mn, (15.7)
rae : .- -
A= vivaBo + vovaBy + viveBs , ( 1 5.8)
Bo -+ By + Bs

a 3HAKH «MHHYC» H «IJHOC» OTBedaloT A>0 n A<<0 cOOTBeTCTBEHHO.
Ha puc. 15.2 u 15.3 mpeacTaB/eHbl pe3yabTaThl YHCJAEHHOTO pelle-

@

0. s
Puc. 15.2. BpeMerHas 3aBHCHMOCTb aMIMIHTYR u; ¥ ¢aset @ aas seex v;=0,2, HO
Pa3fHYHBIX HAYaJBHBIX 3HAUEHHH BCEX AMIVIHTYX
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Puc. 15.3. BpeMennas 3aBHCHMOCTb aMIIHTYZA 4; # ¢dasn @ npu vo=)0,1, vi=02 un

vo=0,3 (HauanpHBle 3HaUeHHs BCeX AMIIHTYJ paBHH

‘HHsl. FIHTepecHo CpPaBHHTh TakXke (asoBble TPAEKTOPHH /A HeJHCCH-
mnaTuBHOR (puc. 15.4) u anccunarusHo# (puc. 15.5) cpea.

n
dt

Puc. 15.4. ®asoBast TPaCKTOPHs, OTBe-
wapollas pElIeHHIO MepHONHIEecKoro TH-
Ma B OTCYTCTBHe IHCCHMAmuu (n=1u?)

dn
at

Puc. 15.5. (asoBasi TpaekTopHs MNpH

HaJMYHH  JAMCCHNIANHH, HJUIOCTPHDYIO-

mas npubIMXKeHHe K CTaLHOHADHOMY
3HayeHuio n(n=u?)
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¢ dekTHBHOE HeauHelHoe 3aTyxanue. Hemuneiinoe 3aTyxaHHe aHa-
JIOTHYHO JIHHEHHOMY B TOM CMHICJIE, YTO OHO NPHBOAMT K YCTAHOBJIEHHIO
CTallHOHApHOro 3HAayeHHs aMIVIHTYAW (puc. 156). Ilpm ~v;=v u
0v;=0v 3To 3HaueHHe onpelensieTcs COOTHOLICHHEM

0 S r . t

Puc. 15.6. Bpemennas 3saBHCUMOCTH aMIVIATYA #; B ¢aset @ npm onMHAKOBOM  AJist
BCEX AMIVIATYA 3Q(EKTHBHOM HENHHeHHOM 3aTYXaHHH H PasaHUHHX JHHeHHEIX 3a-
Tyxanuax (Ima;=0,05; vo=0,1; v;=02; ve=03) -

U = —(3/4y)sin®, (15.9)
rxe ,
LT : 3 B2 v+ E
O=F > + 5 {arcsm_ng__*__.(l_ﬁ/g)_YE -+ arcsin V_§2 o) (15.10)
HE=—3Im a.

3nax «muuyc» B (15.10) caemyer Gpatb npu £>0, 3HAK <«IIIOC» —
npu §<0. @opmysn (15.9) u (15.10) BhBenenn B NP eAIOJIOKEHUN
oc? =aQ;. . b

Jloxaausanus dasw. B cayaae B3DLIBHOH HEYCTOMYMBOCTH NpPH OT-
CYTCTBHN Aucchnanuu u B;j=0 ¢asa @ agumnrornuecku CTpeMuTcss K
HYJIIO, IpDHYEM 3TO aCHMINTOTHYECKOE 3HAYEHHe He 3aBHCHT OT HAYajlb-
HBIX ycnoBHuil (9@QexT nokamusauun Gassl B OKPECTHOCTH wyas). Ilpu
ydeTe HeJIHHEHHOro CABHTAa YacTOTHl 3TO XAPaKTepHOe NOBeeHHe da-
3bl HAG/IOAAETCS 10 aMIIUTYA Topsaka 1/y, sateM IPOHCXOAUT pE3KOe
ymenplenne @ (ecan ;>0) M B Touke MaKcHMyMa aMnauTyas O =
=—n/2. 3a 3TOH TOYKOH aMIIHTyAa YMEHBHIaeTcs H, CJIeN0BaTeJbHO,
cos @<<0. Ho npu arom sin @ npunumaer Te Ke- 3HAUCHMSA, YTO H A0
MAaKCHMYMa, T. e. pellleHHe OKa3biBaeTCsd CHMMETPDHYHHM QFPHOCHTENBLHO
MakKcHMyMa, -
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Kood¢mumeHTH CBA3KM BTOPOro mopsjika ¢ PasiuyHbiMH (asoBbIMH
yraamu

Iepetinem k paccmotpenmio obmero cayuas {3], korza ¢asossie
yranl K03¢ppHUHEHTOB CBSI3H BTOPOro MOPAJAKA OTIHYHEI OT HYJS H He
paBHHEl MeXZy coboil. Taxkoe mosoXeHHe peanusyercs npH ydeTe MHH-
MBbIX COCTaBJSAIOIHX YacTOT B3aHMOJAeHCTBYIOIIHX BOJH. UTO6H He
CJAHIDKOM YCJIOXHSATh 33aJaYy ¢ caMoOro Hayaja, NPeiNoJoXHM, YTO
MOXKHO npeHeOpeub JHHEHHBIM 3aTyXxaHHeM, 00yC/AOBIEHHBIM HaJHUHEM
3THX MHHMBIX yacTefi. Torla mosy4yuMm cjaelyloIyI0 CHCTeMY HCXOAHBIX
ypaBHEHHI: ’

Bt/ = 3145 c08 (D + O); (15.11a)
Ou, /0t = ugu, cos (O + 0,,); (15.116)
0Ou,/0t = uyt; cos (O +- 6,,); (15.11B)
9D 4 S0 = — M gin (@ + 6,,) — ¥ sin (@ + 6,,) —
ot Up Uy
— 2L sin (@ + B). (15.11r)
Uy

OTMeTHM, YTO CHCTEMY TAKOIO BHAA MOXHO IOJYUHTh M IIPH YCJOBHH,
4TO MHHMBbIe H0GaBKH K YacTOTaM PAa3JHYHBIX BOJH MOYTH OJHHAKOBHI,
TaK YTO MOXKHO NPHMeHHTH npeodpas3oBanue (10.7) u npeHe6peun uJe-
HaMU, IPONOPUHOHATBHBIMH YV.

Cucrema (15.11) He mpuBOZMT K cooTHomeHHaM Ttuma (15.1). 3a-
Meyas, oAHaKO, 4TO cTaGHAH3HpYIOliee NeHCTBHe 8@ CYyIeCTBEHHO CBS-
3aHO C BO3MOXKHOCTBIO U3MeHeHHs (a3nl @

HA BeJHYHHY, NPHOJHKEHHO paBHYyIO m (IIPH ? e
3TOM HEJHHeHHBIH 4jieH MeHsSer 3HaK), MH
BIIPaBe 110J1araTh, YTO TaKOH MeXaHH3M CTa-
OMJIH3aUMH HeyCTOHYWBOCTH MeHee 3(dekTH-
BeH npH 0;;7<0. DT0 mpeanosoxenue IOJHO-
CThI0 TIOATBEPIKIAETCA YHCIEHHBIM pelleHu- J
eM (15.11), pe3ysabTaTel KOTOpPOIO ITOKa3aHH

Ha puc. 15.7. Bugno, yro JABe aMIJIHTYAH
HEeOrpaHMYEHHO HAPACTalOT, B TO BpeMs Kak
TPeThsl BHIXOAUT Ha MOCTOSHHBIH  VPOBEHB,
npuueM BeauuuxHa O®/dtf ocraercss orpaHu-
yeHHOH. IDTO -03HaYaeT, YTO B YypaBHEHHH
{(15.11r) nonxHo GHITL caaraeMoe, KOMIIEH-
cHUpyIOHiee POCT BeJHYHHH Sw. Takas KoM-
TIeHCalldsi MOXKeT OCYUIeCTBJASThCA 3a CYer
TOrO M3 ciaaraeMbiXx mpaso#i wactu (15.11r),

KOTOpOe COJEPIKHT B 3HAMEHAaTeJe AaMIVIHTY- p

Jy, ACHMOTOTHYECKH CTpeMsimyiocsi K MO-

CTOSTHHOIL. Puc. 15.7. 3Bkcmonen-
PacemoTtpum HECKOIbKO ~ TOnpoGHee UHAMRHOE —  peIIeHHe

o [nna F(®) mnepsoro
ACHMNTOTHYECKHA  PeXHUM JUIsl DNPOLECCA, ruma] npn  0,,=0,

usobpaxkenHoro na puc. 15.7. [loacraBuMm B  Op=n/4 n Op=—mn/4
111



(15.11) Beﬂmuﬁm ui=kexp(at) (i=~k, 1), u;=b u BBenem 0603Ha-
YeHHe

pr=cos(@,+0y), (=01, 2 (15.12)
rie @, — acuMNTOTHYEeCKOe 3HadeHHe (as3bl, KOTOPOE OIlpedeasaercs

H3 ycaoBHS Ou;/0t~0, uro s5KBHBaJeHTHO p;=~0. B pe3yabprate noay-
YUM pellleHHe BHAA

u;=kyexp (bVowp ), i=k, 1, | (15.13)
rje ’
kufly = (Pu/p1) . (15.14)
Ilpu stom u3 (15.11r) BHITEKaeT PaBEHCTBO

uy= b= —[signsin (@, + 6,)1 VPu: [(psfs + piBy).  (15.15)
Ucnonesys wumrerpan jpsmxkenus (10.11), 1. e. up sin (B, — B,0) +
+ u?sin By —019) + u} sin (8;, — B,y), KOTOPHI HMEET MECT0 H A CH-
ctembt {(15.11), MOXXHO 3anucath Takxe
ky/k; =V —sin (0, — 0;,)/sin (05, — 0yy) .

TaknM 06pa3oM, MLl B COCTOSIHHH QHAJNUTHYECKH OMHCATb ACHMOTOTH-
YeCcKyI0 4acThb peLIeHHs THIa H300paxKeHHOTo Ha puc. 15.7.

- OpnHaxo ciefyer HMeTb B BHAY H HHYIO, OTJIHYHYIO OT PACCMOTpPEH-
HOH, BO3MOXKHOCTb MMOJNyUeHHsI KOHeUHHX 3HaueHHH 0Q/0f npu Heorpa-
HHUEHHOM yBeauueHun ammauryd. Ouna peanusyercss TOrAa, KOrja Bj
HMeEIOT pasJsuuHble 3HadeHus. IIpw 3TOM pellleHHe HMeeT B3PBIBHOM
XapakTep:

I —1

U= [Vpkpl (to— O . (15.16)

IlopcrapJsia mocJeiHee BHpaxkeHue B §® U YAOBJAETBOPSsS TPeGOBAHHIO
OTpaHHYeHHOCTH O, MoJayvaeM

Bo/p1ps -+ Bi/Pop2 + Be/popy = 0. (15.17)
DTO cOOTHOUEHHEe onpejensder aCUMITOTHYECKOE 3HaueHue (1)33})1

Bo cos By5 + By cos By + B5 cos Oy,
D, = 2nn, .18)
‘ arctg (ﬁo sin 615 + P sin By, -1~ By sin By > + 2nn (1 o1 )

KOoTopoe B 06IlleM ciayuae OTJIMYHO OT 3HaueHHs, NMOJYy4eHHOIO BO BTO-
pPOM NpHSIHKEHHH.

Hng onucanus Jokanusanud (assl yIOOHO BBECTH CJAeAYIOUIYIO
aCHMITOTHYECKYIO $a30ByI0 DYHKITHIO:

F (@) = By cos (D + Oy,) + By cos (@ + 6,) + Byc0s (@ + Ogy).  (15.19)

C noMowsw 3tolt GyHKUMH GopMyas (15.15) u (15.17) MoxkHO mepe-
NHCATb B BUJE

4y = b = — sign [sin (@, + 6,)] Vpup: /F (@,)
H, NocKoabKy p1=0, (®,) =0,
, F(@®,)=0.
UccnenyeM xapaxTep Jokajausauuu (Gasel B 3aBUCHMOCTH OT BHIar
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¢yHruuu F(®@). Ecap aMIauTyAs yBelHYHBAIOTCA 3KCIOHEHIHAJLHO,
TO

sign [sin (@, + 8,1 F (@,) < 0,
tak Kak b>0 u p;>0. Ilpu stom Bce 0;; npuHaLIeXaT OJHOH moJy-
IJIOCKOCTH B COOTBETCTBHH C T€M, UTO MBI HMeeM JelI0 ¢ CHCTeMOH,
HEeyCTOHYHBOl BO BTOPOM MNOpPsAKe. YNOPSAOuUUM (a3oBhle YIJbl TaK,
4TO0 0122200222001 (puc. 15.8,a). Torma monmy4uM JBa BO3MOXKHEIX

Da*byy
b2 Zy*p2
G2 D+ bz
g
g 0 a
@a + 9[7 7 ¢G + 502
By
a 5 Py * By

§

Puc. 15.8. Jlokanusauus BekTOpoB exp(if;;) B oaHON moaymiockocTH (&), KOHGU--
rypauus BekTopoB exp[i(®a.+0:;)], meMoucTpupymomas JoOKajJu3auuw ¢ase IpH
up=const (6) u npu us=const (8)

3HadeHns (D,, OPU KOTOPLIX OfHA AMILIHTYJA MOCTOSHHA, a JBE HeOor-
paHHYeHHO yBesnHuuBaioTcsl. [lepBasi H3 HHX COOTBETCTBYET U=
=const(®,=n/2 — 0;2+2nn), a Bropas-— uy=const(®,=—mn/2—
—001+2nn). DTH BO3MOXKHOCTH MOKaszaHel Ha puc. 158,6 u 158,86
COOTBETCTBEHHO,

Ilpu uccnenoBanuu BJAHSIHHA S Ha JOKaJu3aUHIO (assl OCHOBHOM
HHTepec mpeJcTaBiasieT nHTepBad — 1/2—00 <D< n/2—015. 3aMeuas,
yro ¢yukuusg F (D) MoxKer HMeTh B 3TOM HHTepBaJie He GoJsiee OJHOrO-
HyJIsl, 1OJy4aeM deThbipe BOSMOXKHBIX THIA 3TOH (PYHKIHH.

1. F(®) mosnoxkurenpbHO OmpejleieHa BO BCeM HHTepBaJje; eRuH--
cTBEHHO BO3MOXKHas JoKa/ausauus: —ru/2 — 8 (puc. 15.9,a).

/L'

X

7 Oo1 7702 b

T T e & L I
7 007!;/1";5“° 7 512; 7 o M
. | =

Puc. 159. Pasanussie tansl dyuxumu F (D)
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2. F(®) ortpuuaTesbHO ollpelieieHa BO BCeM HHTepBaJje; €XHHCT-
BEHHO BO3MOXHas Jokaju3sauus: n/2—~0;2 (puc. 15.9,6).

3. F(@) usMmeHseT 3HaK TakHM 0o6pa3oM, YTO €AHHCTBEHHO BO3-
MOXKHBIM pelIeHHEM SIBJAsSeTCs B3PBIBHAs HEYCTOHYHBOCTh, T. €. F{M)—
—0 (puc. 15.9, 8).

4. F(®) u3MeHsieT 3HAaK TaK, YTO BO3IMOXKHA J100asi JOKaJdH3alus
«aswm (puc. 15.9,¢2).

Has Toro 4TOGH Onpe/leHTh, KAKOH H3 Hepequcnenﬂmx THIIOB pea-
Jiu3yeTcsl NpH 3aJaHHOH KOMOMHAUHH BeJHYUH f; H 6”, nepenuueM
F(®) caenywoumum obpasom:

F (@) = Rcos(@ -+ 9Q),
THe
= (A2 4 B)"*;, Q= + arccos A/(A2 + BY'/*;
A = By cos 0y, + By €08 By, + By cO8 By
B = §,sin 0,5 + B, sin 0y, + P, sin 6.

Tenepp MOXKHO yKasaTh Npefenbl H3MeHeHHS €2, COOTBETCTBYIOLIHE
PyHKuHAM F (D) pa3jHUYHBIX THUIOB:

1) 8 <Q <Oy

2) n40y <L 7w+ 0y
3) J'l;‘l_e12< <2n+601;
4) B, < Q< 0y

JuHamuyeckuit mpouecc aokagusanud ¢$asn. HenuwefHbili caBHT
YacToTh 0® HAYHHAET CYLIECTBEHHO BJHATH HAa AMHAMHUKY (a3l B
TOT MOMEHT, KOIAa BO BTOPOM mnpubauKeHUH (pasa yXKe NpHHHMaer
acuMIITOTHYecKOoe 3HaueHue (cM. rii. 10). BDojee Toro, ans aMmiauTyn
HMeeT MecTo HPHOJIMKeHHOe BHIpaXKeHHe BHAA

;== [Veos(@ + 6;;)cos (@ 4 0;)  (fo— )17, (15.20

te Bce cos(M+0)>0. 310 o3Havaer, yTo Sw HMeeT TOT XKe 3HAK,
uto u ¢yukuus F (D). IIpeamonoxum, uro dw u F (D) OTpPHIATEJbHH.
Torga no mepe pocra |8w| mpoussogHas O®/3¢ cTaHOBHTCS MONOKM-
TeJqpHOH u (D TaKXe HaUYHHAET yBeJHYHBAThCHd. B pesysbrare aminiu-
TYABL U; MOTYT BBIXOAHUTb Ha HOBBIH acHMITOTHYECKHH YPOBeHb THIA
(15.20), HO ¢ Apyrumu 3HaueHHSMH @ U lw. Ecau npu stom F (D) Bce
ellle cOXpaHsieT OTPHLATeJbHBIH 3HakK, TO HO-npexHeMy O6w<0 u @
nponoJKaeT yBeanuuatocs. Ho B ToT MoMeHT, Korga @ 6yzer npoxo-
JHTh TOUKY 7t/2—61, 4o YMEHBIUHTCS H cJaraeMoe ¢ #; B 3HaMeHareje
HayHer BO3pacTaTh ObIcTpee, yeM 8w. DTo BHI30BeT Bo3BpaT @ K 3Ha-
4eHHO 7/2—012, ¥ B KOHEYHOM cueTe IOJYUYAIOTCS IKCIIOHEHIHANbHEIE
pelleHHs npu up=const. Mcnonb3ys anajoruynble apryMeHTBbl, MOXKHO
yOeluThCs, UTO IPH NoJOXKHTeNbHBIX @ 1 dw ¢asza @ yMeHbLIaeTcs HO
Tex nop, noxa F (M) He usMenut 3Hak uad O He NOCTHrHET 3HAYEHHS
—1/2—0p;. O61uee npaBuJo, CJieLOBATENBHO, 3aKMIOYAETCS B TOM, 4TO
B CJyYae 3KCIOHEHUHAJbHHX pelllenuii ) Bcerga CTpeMHTCSI K acHM-
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NTOTHYECKOMY 3HAYEHHIO, KOTOPOE COOTBETCTBYET MIHOBEHHOMY 3HaKy
F(®). Umes 3T0 B BHAY, MOXKHO JIETKO TIOHATb AHHAMHKY NpPOIECCOB
HJIs KaXJ0ro U3 4eThpeX pacCMOTPeHHHIX BHIUe THNOB ¢yHkuuy F (D).

®yuxuus F (D) nepBoro THna He H3MeHseT 3HaK, hasa CTpeMUTCH
K 3HAYEHHIO —/2—0p1, ¥ AMIIMTYAbl SKCTIOHEHIHANLHO YBEJHUHBAIOT-
cs (cM. pHuc. 15.7). Bropo#t T oTniMYaeTcs OT MEPBOTO JHIIbL TEM, YTO
npejenbHoe 3HayeHHe ¢asbl paBHO f1/2—0;2 (puc. 15.10). B Tpernbem
ciydae @ cTpeMHTCS K TOMY aCHMIITOTHUECKOMY 3HA4eHHIO, KOTOpoe
BCAKHH pa3 OKasHBaeTcsl B NPOTHBOINOJOXKHOH CTOPoHe OT TOUKH (Doo.

‘

Prc. 15.10. dkcnoHen- Puc. 15.11. BapuiBHas He- Puc. 15.12. dxcnoseHyH-

1HaJbHOe pellleHHe JJs yerofiuuBoets  gaa F (D) aJpHOe pelnenHe,. ANST

F(®) sToporo THNA TPEThEro THOA MpH B12= F(®) wuerseproro THOZ

npH 012=0, 902=It/4, =0;" 902—313/4 H 901—‘ .'I'IpH 612—0 eoz—ﬂ/4 m
0y =—m/4 . =—rt/4 . 0oy =—m/4

1o HpHBOlII/IT K OCHUUJJISUHAM q)asbl 0K0J10 ToukH Do H, KAK CAEACT-
BHE, K HEYCTOHYMBOMY pelLieHHIO B3PHIBHOIO THIA (puc. i5. 11). Haxo-
Hel, npu F(Q) 4eTBepTOro THHA CHOBA MOJYYaeM SKCIOHEHIHAJBHO
HapacTajollHe aMﬂJIHTlebI TaK 'Kak (asza @ CTPeMHTCS K ACHMITOTH-
yecKOMy 3HayeHHio ' (pHuc. 15.12).

Yuer suHeiiHOro 3atyxaHusi. Bo3MOXKHOCTh TOJYUYEHHS HEYCTOHYH-
BHIX pelleHHH COXDaHseTcsd M NPH HAJHYHH JHHEHHOTO 3aTyXaHHus.
B acuMnToTHuecKOM npeueJIe Korja uJNb cHcreMa ypaBHeHHH npn-
ofperaer BHA: :

01, /Ot + vy, = buypy; (156.21ay

: : v 0wy /Ot A vy = buypy, - / (15.216)
Lo = meos (@, 4 O - (15:21B)
| Buth + Butt = — (wauy/b) sin (@, +6,).  (15.21r)
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IMoxacraBum B 3TH ypaBHeHust u;==~k;exp(at), i=~k, I, u onpeneaum
3aTeM BeJHMUHHB Rpfk;, o u b. OKOHUaTe bHBIH pe3y/bTaT pacyera Aa-
€TCsl cJIeyIOHIHMH BbIpaXKeHHSIMH:

kyfky={[pr+ 1 —v) B/IP: + (v — v2) Bel} (15.22)
@ =—(1/2) (v +v5) + [(1/4) (v, — v + Bpupi] ' (15.23)
b= [(ky/k)) By + (ku/k) Bl (15.24)

Kak BuAHO, KO3 OUIIHEHTE HAPACTAHHA AMIVIHTYA 4 H 4 DaBHBI
M BO3pAcTalOT ¢ yBeJHYEHHeM Da3HHUB MeXAy v; U vi. M3 cooTHoIe-
aufl (15.23) u (15.24) BHITekaer cjeaywouliee BhpaxKeHHe AJsi KPHTH-
YeCKOro 3HAUeHHSl v, IPH KOTOPOM KO3(p(HUHEHT HapacTaHHUd aMIlIH-
TyAbl o6pallaercs B HYJb:

vivi = Bpupy = pupi/l(ky/R) Br - (Ri/key) BiT. (15.25)

DTO BHpaXeHHe yKa3blBaeT Ha TO, YTO NPH MajblXx Ko3pouuHeHTax
CBSI3H TPeThero nopsiika pellleHHs JKCHOHEHIHAJbHOrO THIIA BO3MOXK-
HH flaXe NPH HaJHYHH CHJALHOro JuHelHoro saryxanus. M3 (15.218)
BHAHO TaKiXe, UTO acHMIITOTHYeCKOe 3HaueHHe (a3bl OCTAeTCs TAKHM
XKe, Kak 4 npu v;=0. YurreBag emte ypasHenue (15.21r), Buauwm, urto
U mpolecc JoKaausauuH (a3bl nporekaer TOYHO TaK e, Kak IHPH
v;=0.

Ha puc. 15.13 noxkasanbl pe3yJbTaThl YHCIEHHOTO peIUeHHs —MJIs
OfMHAKOBO 3aTyxalolux BojiH. IIpH npeBbIIIEHHH KPHTHUYECKOTO 3Ha-
YeHH v NOJIyYyaeTcs PABHOBECHOE pellleHHEe TOTO XKe THIA, YTO H IpPH
9;;=0 (puc. 15.14). Kpurnueckoe 3HaueHue v CyIIeCTByeT H AJS pe-
1leHHH B3PBIBHOTO THIIA, HO €r0 TPYAHO ONmpelesHTh.

-
Jl..‘
¢ 4 0 ¢
Puc. 15.13. DkcnoHeHuHaabHOe pemle- Puc. 15.14. CrannonapHoe pelllende B
HHe Aas Bcex v;=05; 0pp=0, Op= cnyuae, KOT/a BEJAHUHHA, XapaKTepH3y-
=naf/4 u Oy=—nf4 foltast 3atyxaume (v;=0,5), npesnma-

eT nmoporopoe sHauenue M 0;2=0, Op=
=5/300, 0;=—1m/300
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v Hpﬂ paBHOBECHH aMIIJIUTYIH HMET CAeAylollce ACHMIITOTHYECKOE
3Ha4YcHHe: '

u; =VVpvilpsp1 - : (15.26)

ITogcraBus ato 3HaudeHHe B (15.21r), MOXKHO NOJYYHTh COOTHOLUEHHE
JUISi OTIpefielIeHHs] acCHMITOTHYecKOro 3HadeHus ¢asbl. OHO HMeeT BHJ
Ky6uuecKoro ypaBHEHHsI OTHOCHTENBHO tg @,.

dddexTnBHOE HenuHeiiHoe 3aTyxaHHe. B Tex cayuasx, korja cra-
6UNN3HpYyIOlllee AeACTBHEe HeJIHHEHHOro CJBHra 4acToThl d® yTpauH-
BaeTCcsd H3-3a HaJW4Yus 34TyXaHHS, HEYCTOHUHBOCTH BCe XXe MOXHO
CTa6UIH3HPOBATh 3a cueT 3(PPEKTHBHOTO HeJHHEHHOro 3aTyXaHHs Ov;.
Hast storo Tpebyercsi, OAHAKO, 4TOGH HeJHHeHHOe 3aTyxaHue 'SBUIO
NOJIOKHTEBHBIM, a 3T0 He Bceraa Tak [4]. Ha puc. 15.15 nokasan npu-
Mep pellleHusl TEPBOro THIA, KOTJA OfHA M3 AMIUIHTYJ CTaGHIH3HDY-
eTcsl BCJCJACTBHe HEJHHEHHOro CABHra 4acToThl, a JBe Apyrue — sa
cueT 3pexTHBHOro HesnuHefHOro 3atyxanus. OnpelenuTs aCHMITOTH-
yecKHe 3HaueHHS 3THX aMIUIUTYZA B OOLUeM cJydyae OUeHb CJI0XKHO, HO
€CJIH TPEeAINON0XKHTb, YTO AJS HEJIMHEHHOro 3aTyXaHHi v HaMHOro
MeHpllle KpHTHUECKOro sHaueHus (15.25), To mpu onpeleseHHH YPOBHs
HacblileHHs] MOXKHO y4YecTb TOJBbKO HeJHHEHHOe 3aTyXaHHe, 4TO HACT

! BEpo+ B+ EEip )

rie & = —Imay, j=0,1,2.

0 ¢
Puc. 15.15. CranuoHapnoe pelieHHe NpH OAHHAKOBOM JJIs BCEX aMIVIHTYA 3ddekTus-
Wom HequHeRiHOM saTyXamud; Im a;=0,08; 012=0, Op=n/4 u On=—u/4
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AcumnToTHUecKOe 3HaueHHe (a3bl ONPENe/HTb He YARETCH, ecad
TOJIbKO pellleHHe He HMeeT BHAA, H30OpaxeHHoro Ha puc. 15.15, koraa
YPOBEHb AMIIHTYAHI, cTaOHIH3UPYEMBIH 34 CUeT HeJHHeHHOro 3aTyxa-
HHsl, HAMHOTO HHXKe YpOBHe# OCTaJbHBIX aMIUIHTY[. [Ipu aToM acuMmTo-
THYEeCKOe 3HayeHHe (a3bl TaKoe XKe, KaK H B OTCYTCTBHE 3¢ (EKTHBHOrO
JIHHEAHOTro 3aTyXaHHS.

‘OTMeTHM B 3aKJIOYeHHE, YTO 9(pc])eKTnBHoe HeJIHHelHHOe 3aTyXaHHe
MOXKHO paccMaTPHBAThb KaK YACTHHIE caydafl 3aBHCAIIErO OT BpeMern
3aTyxaHHs, BBeleHHOTO B pabore [5].

3apauu

15.1. OnpemenuTh YHCAO 3aTYXAIOWMX BOJH, TPEGYIIUHXCA AJA TOrO, YTOGHI
NOTeHLHA7T uMeJl KOHEYHOe 3HauyeHHe, Korfa Bce 0;;=

15.2. YcranoBHTh, KaKasd u3 aMIVIETYA (44 WIH uUz) HMeeT GoJibliec ACHMITTOTH-
YyecKoe 3HaueHHe B CAyvae, IOKa3aHHOM Ha pHC. 15.96, npu vi=v,.
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AW N~

TJIABA 16-

YHUCJIEHHDbIA AHAJIH3 B3PBIBHOH HEYCTOH‘IPIBOCTPI
B CHCTEME NIJA3BMA — IIYYOK

IlonbiTka mOHATH (H3HYECKHH MeXaHH3M HeJUHeHHOH HeycTOHUH-
BOCTH NJ1a3MH OOGLIYHO cONpsikeHa ¢ HeOOXOAUMOCTBIO UHCJIEHHOrO
aHasjM3a HelHHeHHBIX KOa(HUKEeHTOB cBA3H. B aT0li ry1aBe Takoil aHa-
JIU3 TIPOBefeH AJISl NJa3MeHHO-IyYKOBOH CHCTEMEl, B KOTOPOH, B NPHH-
I}Te, MOXeT Pa3BHBAThCs B3DHIBHAsA HeycToiuuBocTh. Mcnonb3oBaHo
FHAPOAUHAMHUYECKOE U KHHETHYECKOe OIUCAHHA U CPaBHHBAIOTCA pe-
3yJbTaTh 060UX MoAx040B. C NOMOIIBIO pellleHHs] YHCJIeHHBIM MEeTOLO0M
CBSA3aHHBIX yDaBHeHHH NMOKAa3aHO, YTO NPH DeaJHCTHYECKHX 3HAUYEHHSIX
HapaMeTpoB NJa3Mbl M OydKa HayajJbHOe 3HAaueHHe 3JeKTPHUECKOTO
noJist, HeOSXOJAHMOe [JisT PAa3BHTHS B3DLIBHOH HEyCTOHYHBOCTH, HMeeT
nopsijiok 10° B/m, a B3puiBHOe BpeMst — 102 Mc.

Hcnoas3yemble MOJENH H TIPEATIONOKEHAS

PaccMoTpHM KOHKpeTHBHI NMpHMep YHCJIEHHOrO aHaJH3a HeyCTOHYH-
BOH TPEXBOJHOBOH CHCTEMBI, OIIHpPAasCh, B OCHOBHOM, H4 Pe3yJbTaThl
pa60T1>1 [1]. Hccnenyemas cHcreMa mpefcTaBJsieT cOGOH TPH B3aHMO- .
JefiCTBYOIHe Nia3MeHHBle BOJIHBI, PAacnpOCTPaHSIONHECs TapaJJelb-
HO. HallpaBJeHHIO CKOPOCTH NMydKa B IlJ1Ia3MEHHO-NYYKOBOH CHCTeMe.
OHeprusi OAHON H3 BOJIH OTPHIUATEJbHA, SHEPTHH ABYX APYTHX — ITI0JI0-



JKHTeJbHB, NMPHYEM 3TH BOJHB  PAcmpOCTPAHSIOTCA B HaNpaBJjieHHH,
NPOTHBOMIOJOXHOM CKOPOCTH NepBo# BoJHBL. Jlisi cpaBHeHHa OyldeM
HCIONB30BATh KAK MAaKpPOCKONHYeCKYyI0 HeJHCCHNATHBHYK) MOJeJb, TakK
H KHHETHUECKYI0 MOJEeNb C YYeTOM CTOJKHOBHTEJNbHBIX 3¢ (eKTOB.
TIpennosoXuM, 4TO 3JEKTPOHHBIH NyYOK HEHTPaNn3yercs NyYKOM
HOHOB, KOTOpHle, ONHAKO, He IPHHUMAIOT YYacTHs B BOJHOBOM [ABHIKe-
HHH.

B rugponuHaMHYecKOd MOAENH AHCICPCHOHHOE YPaBHEHHE HMeeT

- BHI

e(w, k) =0, (16.1)
rae
e, k) =1 — a2 /0*— o2 /(0 — kV,,)? (16.2)
(Vop — cKOpPOCTh NYYKA; Wpe H ®Wpp — MJIa3MEHHbIe UACTOTH /A CTa-
LHOHAPHOH MNJIa3Mbl H NyYKa COOTBETCTBeHHO). TemmepaTypHbie 30¢-
¢bekTh B (16.2) He yuuTHBAIOTCS. '

OO6wMil BHJA 3aBHCHMOCTH AH3JIEeKTPUUECKOH NPOHHIAEMOCTH OT @
nokasan Ha puc. 16.1. ¥YpaBreHue (16.1) umeer uermipe kopHA. Eciu

€ W=k,

N

Puc. 16.1. KauecTBeHHBI! BHJX 3aBHCHMOCTH MAM3JIEKTPHUCCKOH [POHHIAEMOCTH OT
qacTOTHI

JBa M3 HHX (2 u 3) KOMIJEKCHBI, TO 3TO cJyyail ABYXIOTOKOBOH He-
yecToiunBoctd [2, 3]. M, ofHako, 6yleM paccMaTpHBAaThL TOJNBKO CJY-
yal yeThlpeX BelleCTBEHHHX KOpDHeH, KOTOPHIH peasnH3yeTcss NPH

kVop > 0p [1 4 (0pp/005,) /12, (16.3)

3HaK >Hepruu BOJIHH OIpEJeNsieTcss 3HaKOM NPOH3BORHOH (we)/0w
M, BBuAy (16.1), suakoM w(0e/0w). OtTciona chenyer, 4To BOJHA,
COOTBETCTBYIOILAsA KOPHIO 3, MOXKEeT HMeThb OTPHUATENBbHYIO SHEepruio,
TOT/la KaK BOJIHBI, COOTBETCTBYIOIIHE KOPHAM I, 2 B 4, HMEIOT HOJI0XKH-
TeJbHyI0 5Hepruio. IlojesHo oTMeruTh Takke, UTO B NpPEAENLHOM CHY-
yae COBHaJaromuxX KopHed 2 M 3 MOXKHO IIOJNYYHTb BOJHY C HYJIeBOH
sHeprueii [4]. Huxe paccMoTpeHo B3auMoieHdcTBHEe TPex BOJH, OTBe-
qaouux KopusM I, 2 u 3.

0 ByneM cunTaTh BHIIOJHEHHBIMH CJIeLylOIlHe Pe30HAHCHHIE YCJOBHS

0+ F0,=0; ky+k+Fk =0 " (16.4)
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Pe3oHaHcHBIe yca0BHs B TaKOH (opMe MOXKHO TMOJNYYHTh, H3MEHSAS 3Ha-
KH ©j U k; — map BeMHUHH, OTHOCSLIHXCA K BOJIHE ¢ HanGOJblIeH yac-
ToToH. TakuM o6pa3oM nocTHraeTcs GoJsiee CHMMETPHUHAS 3alUCh aHa-
JIUTHYECKHX Pe3yabTaToB 0Oe3 HapylleHHsa (H3HYECKOH CYIIHOCTH
pelllaeMoii 3alayH.

Kak oTMeuaJsock BhIlIE, NMPH OMHCAHHH HENHHEHHOTO B3aHMOAEHCT-
BHSI B paccMaTpHBaeMOH CHCTeMe HCIOJB3YIOTCA ABa noaxoxa. Ilep-
BBIf OCHOBaH Ha NMPUMEHEHHH I'HAPOJHHAMUUECKOA MOJed HPH yuere
TeMuepaTypHbix 3@ §exToB ¢ NOMOIILI0 BKAOUEHHS B YpaBHEHHS NBH-
JKEHHS TA30KWHEeTHYeCKOro [HaBJeHHs. IDTO —yacTHHIE caydalt pac-
CMOTPEHHUSI Tpex NPOAOJBLHBIX CBI3aHHBIX BoaH [5] (cM. rtakxke ri. 6).
BTopoil moaxox omupaercsi Ha KHHETHUECKYIO Mojesb [6] ¢ unTerpasom
croskHoBeHuit Barnarapa — I'pocca — Kpyka

(07/08)o = — v +v (1IN F,, (16.5)

rae Fo u f — HeBo3MyluieHHasl QYHKIIMS paclpeleseHdsl U ee BO3MYILe-
uue; No ¥ n— cpefHsis W BO3MYHIEHHAsi IWIOTHOCTH YACTHIL TJIa3MBl;
v — s dekTuBHAs yacToTa Coymapenni.

I'vapoaunamMuyeckass MoJenb

s ynpoluenusi BBUHC/AEHHH BBeieM cJefnyloliue 6e3pasMepHble
BEJHUHHBIL:

my = mymy Gy =qilgs; Nj= NyiNo;
VOJ' = Voi/ue; ("Zf = ui/ue; U = (kTe/me)llz; (’;s = ms/mpe; (16'6)
61,1' = (Dpi/(,l)pe = N]’?]]/mj; 73‘3 =ksue/(0pe.

Hcnoap30BaB 5TH BeJHUMHE!, 3aliHilieM YCJIOBUSI pe3oHaHca
2 o, = 0; 2 k, =0,
$ 8

JUCIIePCHOHHOE YpaBHeHHe

~ o~ ©;
(0 k) =1— 2 — 0 (16.7)
; 2

(co_,- — kgVoj)2 — kzuf

I

U K03 (ULHEHTH CBA3HU

al’[m

Mellg 00 (™

—Ea Q]J;-Tﬂ(aﬁ%;vw)—ak;@? . (168

o, — &y Vof r

L)

X [ T~

i
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KuHeTHUYeCcKasd MOJeJb

Kunerudeckoe onHcaHHe OCHOBAHO Ha HCIIOJAb30BaHHH ypaBHeHHfI
bBonbuMana aaa KaxXAo# KOMIOHEHTH!

o 4 O 4 9 pO _ (9 = ‘
= Tl T m,E 0 (at )m’ Fi=Fo+fn (169

u ypaBHeHus Ilyaccona
(]

TJe B KauecTBe [POCTPAHCTBEHHO! nepeMeHHOH BHIOpaHa KOOPAMHATA X.
Pewmas nuueapuzoBasHoe ypaBHeHHe (16.9), nmonydaeMm Anst mpocT-
PaHCTBeHHO-BPEMEHHHBIX KOMIMOHEHT Pypre

ny = Sf,dv —— i"’fn_“f*’fA,.B,.E, (16.11)

J

rjae

= (1 — v Fos d)“ 16.12
AI (l No]-y o+ iv;—ko ¢ (16.12)

H -
__1 OFgil0 __ 4 16.13)
B] Noj S‘ CO+1'VJ—kU v - ( T

Ilpu BeiBoge (16.11) mcrmosan3oBaHo BeipaxKeHue (16.5) mas mHTerpasna
CTOJIKHOBEHHH.
C momonipio (16.11) MOXHO HaHTH AHCTIePCHOHHOe ypaBHeHHe

e k) =1+ %—Emf,,-A,-BFo (16.14)
T
1 K03 pHIHEeHTHl CBA3H
—1 2
9 - q 10 'A's
R T o =
r#s r l' j 0]

OF oj/0v — iv;A] B} Fo;

X 2 S . dv, (16.15)
bl ) (05— iv) — kgo)? (0, — iv; — ko)
rae ‘
2A .
=T 2 S j OFgjl% + 1viAssBisFoi g, (16.16)
60)3 ks No] (('OS _I_ l'Vj— 30)2

Ecan B KauecTBe HeBO3MylLeHHOH OYHKIHH paclpefeseHHs BH-
'"5paTh MaKCBEJANOBCKYIO (PYHKUHIO ¢ ApeidoM

Fo@) = (Nyu )/ 2) exp[— (v — Vo2, (16.17)

To Bce HHTerpaau B (16.12), (16.13), (16.15) u (16.16) mMoxHO BHpa-
3HTb 4yepe3 AMCNEPCHOHHYIO GYHKUHIO NIa3Ml [7]
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_ ¢ exp (— x2)
GE) = V‘j el (16.18)

H ee aHaJUTHYecKoe NpojonxeHHe [1]. B panbhefimiem 6yjaeM HCHOJL-
30BaTh eiuHoe o6o3HaueHHe G (E) mna obenx 3Tux (GYHKUHME.

YucheHHbIH aHATH3 KO3 DHIUEHTOB CBA3H

ITpu pacuere K03¢PHIHEHTOB CBA3H Npex/Jae BCero He06X0AUMO OIl-
pPeleNMTh PE30HAHCHBIE TOYKH [Jisi YaCTOT M BOJHOBBIX BEKTOPOB. DTH
TOUKH yAOBJETBOPSIOT CNEAYIOUMM NATH yPABHEHHAM:

S Re o, = 0; (16.19)
Nk =0; (16.20)
e(w, R) =0, s=0,1, 2. (16.21)

Taxum o6pasoM, J06YI0 U3 IIECTH BEAHUHH oy, Rs (§=0, 1, 2) MoxHO
B3ATh B KayecTBe [lapaMeTpa, TOFJa BCE OCTaJbHBIE BEJHYHHB OYAYT
onpeleasiTecs ¢ noMolupo (16.19) — (16.21). Mul nosb3oBaiuce cxe-
MOH pacuera, BKJIOUAIONIel CIefyIoLIHe HPOLe/ypHL:

1) 3apanue ko,

2) ompegenenue oo=wo (ko) no (16.21);

3) 3amuch (16.19) B BHAe ypaBHEHHS OTHOCHTEJLHO R

F (k) = Rew, (k) + Rew, (— ky—ks) + Rewy (k) =0 (16.22)
U pelleHHe STOr0 ypaBHeHHsl METOLOM HTepalui;
4) omnpepeneHde k‘ no dopwmyJe ky=—ky— k;
5) ompelenenue o; (£ 1) # 02 (k2) 1o (16.21).
B ruapoiuHaMmyecKoii MoJein &(w, k) HMeeT BHI HOJHHOMA OT-

HOCHTEJBHO ®, KOPHH KOTOPOTO MOXKHO HAaHTH CTaHAapPTHBIMH METO-
damu. Ho B xkuHeTHUecKOH MOJeNH CYIIeCTBYeT TPYAHOCTb, CBAA3aHHAas
¢ BbI6OPOM HayaJIbHBIX 3HAYEeHHH NPH HTepauUOHHOH mpoleaype. M
BHOHpaJH 3TH 3HAUEHHS], HCXOAS M3 pelleHHs AHCHEePCHOHHOTO ypaB-
HEHHUsI B HH3KOTeMIepaTypHoM npubgauxeHuu. Takok Br6OD Lenecoos-
paseH TOrAa, KOT/la BJHsSHHE ~CTOJKHOBHTEJBHEIX H TeMIePaTyDHBIX
3 HeKTOB CPABHUTENBHO HEBEJIHKO.

I'py6yio oueHKy pe3oHaHCHBIX BEJHYHH MOXHO NOJNYYHTb HA OCHOBE
PACCMOTPEHHS XOJMOJHOH MIa3MBl IPH HAMWYMH NyYKa MaJofl mJIOTHO-
cru. Mmenno, npu |k, k2| > opd Voo

@y = — O, sighky ) & 0p,Signky; 0g= V.

Iloacranoska stux sHaueHuidt B (16. 19) — (16.21) maer mpu orpuua-
TeNBbHBIX Ko: .

b= — ko QonelVoss oy = — Sy Vi
W) = Wpg; - W3 = @p,; @ = —- 2(‘)Pe.
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Tlpn monokuTeNbHHX Rg HEAO CBOINTCS K H3MEHEHHIO 3HAaKOB BCeX
'4aCTOT H BOJIHOBBIX YHCEN, T. €. B (DH3HYECKOM OTHOIIEHHH pellleHHE
ocraercs Hem3MeHHbIM. [IpuBefeHHOe 3HaueHHe Ry W GBUIO HCIOJB30-
BaHO B KadecTBe HayaJbHOIO NpPH pememzm (16. 22) METO}IOM mepa-
135070

YpucneHHbIe 3HAYEHU TAPAMETPOB

Beenem HHAEKCHI ]——l e JJid MOHOB H 3JIEKTPOHOB CTaIIHOHapHOH
NJIa3Mbl, ]—b A5 3JIEKTPOHOB nyqxa H MOJOXKHUM

V; = v;/0p,. (16.23)

Pacuers GyfieM npoBoauts nas g; = — 1, m; = 1840, u, = 0,92-10° m/c
(T, =560 K) u; = 1,6.107, Kpome Toro, B Kayecrse HCXOHBIX NaHHBIX
BhIGEpeM ky= —093 107%; 4, =1 nm 15; @y, = 3,2- 102 (N, = -107%);
Voo =77 102 B rugponuHaMuyeckod MonenH 6y;1eM nofaratb v,= 0,
B KHHETHYECKOH — v, = 0 wm v, = 0,01.

IlpuBenieHHBle 31€Ch 6e3pa3mepﬂb1e napaMeTpbl COOTBETCTBYIOT, HaripH-
Mep, CHENyIomUM 3HaueHHsM ¢usnueckux BesmuuH: 4; = 1,5-10% m/c (T;=
=270K); ky=—4,0-10> v—!; o, =5,6-10® ¢c™; v,=5,6-108 ¢c™*
Noe = 108 M7%); @y, = 1,8-10° ¢ Vo= 10% M/c (N, = 101" M%),

u,=1,4-10° M/c T, =13-10°K). -

Taxkne 3HaueHHs TapaMeTPOB PeasU3yIOTCS B IKCIEPHMEHTAJdbHbIX
ycaoBuax {8].

Pe3yabTaThl YHCAEHHOrO aHAMH3A
PacyeTHble 3aBHCHMOCTH KO3(G(HUHEHTOB <CBA3SH H MHHMBIX CO-

CTABJAIOMMEX YAaCTOT OT pAa3JHYHBIX [apamMeTpoB M[OKa3aHBl Ha
puc. 16.2—16.5,

cp S

- — (g ——Imey, T =001

- Imyy, =0 =

0
§ N ,
S 5l
54l
E f o O T

Imé,, 4,=0,001 5 \\\\\
-2 : { 1 ~ By [1] - 1. '
0 5 10 15 iy 0 5 10 5 a,

Puc. 16.2. 3aBncumocTH BeJIH‘IPIHH xapakTepHsyoulefi JuHefiHOe “3aryxaHue (a),
K03 dHunueNTOB CBASH IJIa3MEHHHX BOJH (6) OT TEIIOBOH CKOPOCTH HacCTHII nyika

(cunomHEe KpHBHeE PACCUHTAHH B THAPONHHAMHIECKOM npn@mmeﬂnn) koj
=—093-10-3, Np=10-3, V,=77-102 ’
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Im(ﬁz,ge =0,ﬂf

oL NGy, %=0 f] [ '
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PHc. 16.3. 3aBHCHMOCTH BeJIMYHHH, XapakTepHaylollel junefinoe saTyxauue (a, 6),
K03} (HUIHEHTOB CBA3H INIa3MEHHHX (6) H NYYKOBBIX (2) BOJH OT CKODOCTH IyYKa
(cromusle KpuBHie Ha puC, 16.3,68, 2 OTBeYalOT THADOAHHAMHYECKOMY MNPHOIHMKe-

HHI0); Bg=—093-10-%, N,=10~3, u,=1

3aBHCHMOCTL OT TENJOBOIH CKOPOCTH YaCTHI myyka. [JucnepcuouHoe
ypaBuenne (16.14) MoxHo nepenmucatp cjaenyoiiuM obpa3om:

2 ,
g0y, k) =1—— ¥,—2 4 G\ =0, (16.24)
Y
rape
A, = (1 + Mg ) (16.25)
J V2 ky; is
Dea yuera nBuKeHus HOHOB
‘ (’)29 G;s m2b ’
&(w,, k) =1——7 —— P Gy, (16.26)

26202 1+ iv/ V2 ke 2622

s

Tlockoabky
| Ee | = | (0, + i)/ V2 ks, | > 1, (16.27)

MOXHO BOCIOJIb30BATbCS ACHMNTOTHYeCKUM pasnoxenneM G (&) [7].
B pesysibraTe noayunm

e(o,, & Gos. (16.28)

s ) 2k2ub
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Im&@y,, %e=0 ' ) Im @z, % =001
« I Imiy, %=0,07 N 0
w1 Iy, Y =001 1|
E A
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Gy
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5 Ime,,vf il
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_5 . ((' ImC,, ))Ea"a
. L L
A P e VA e ey S R ¥
0 v 10 0 0N 10 0 10 10" Ng
% d
o Puc. 16.4. 3aBHCHMOCTH BEJHUMHBHI,
SR _?__;_‘____/ XapaxkTepHuayiolllefl JuHeHHOe 3aTy-
& // xauue (a, 6), K03pOHUHEHTOB CBA-
© 5| - . ooy 3H IJIa3MEHHBIX (8, ¢) H NYYKOBHIX
- ke Uz,l)i;‘_ﬂ,ﬁ/ (d) BoAH OT IUIOTHOCTH TyY-
T Recp, %0 [ Ka (cnjomHble  KpuBHe  Ha
0 g puc. 16.4,2, @ orBeyaloT rHApPOAU-

3 = =] 7
" 0 p 0 0" Ng HAMHYECKOMY NPHOMHXKEHHIO; THAPO-
AHHAMHYECKHe H KHHETHYeCKHe 3Ha-
YeHHs Ha puc. 16.4,6 coBmajpaior);
ko——093 10"3, b—15 Voz;—
=7,7-10?

Puc. 16.5. 3aBucumocTh Ko3PHUMEHTZ

-5 :/_7 — Recz,gg 0,01 CBA3H NYYKOBOH BOJHE OT BOJHOBOrC
10 T }I?,ﬁ gﬁ_ ’ ,fe 0,01 upcaa  MIA3MeHHOH pomun | ol
.10 b . : ]
/il I Imc, , 7,= 7 (crtoHasi KpMBas pAcCuHTaHa B THA

POAHHAMHYECKOM NPUGIHIKEHUH); No=
=10-3 , ub_15 Vob—77 102

- L L ' i —
a n4 107 102 107 kgl

Jns nia3MeHHBIX BOJIH

0, = 01,2 = Oy, (1 + 8, + i6y), (16.29)
rie |61], |62] < 1. Bennuunel 8; u 062 MOXKHO ONpPeAENHTb C MOMOLIBIO
(16.27) u (16.28) npu =0, 4To B KOHEYHOM cUeTe AaeT

0, = Op, + 10,5v. (16.30)
dta (opMyaa NMOAHOCTHIO coryacyeTcss ¢ AaHHBIMHU puc. 16.2,a.

OTMeTHM, 4TO AJis NOJdyYeHHs 8,50 HeOGXOAHMO y4ecTb [IBHKEHHe
HOHOB, HAJHYHe SMEKTPOHHOrO MydyKa M CTOJNKHOBHTE/BHEI yjeHbl 0o-

" pAlKa vz/(o,‘E .
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IIpu paccMoTpeHHH Ny4YKOBOH BOJHBI HEOGXOAHMO DasjHYaTh HH3-

KOTeMIE€PaTyPHHIN H BHICOKOTeMNepaTypHHIH npesenbl. B mepBoM ciy-
vae v ,

52 h— Esﬁ)b

a lp
M TIOCJIEJ(HEe cilaraemoe B (16.26) npuobperaer Bup
(05s/2K5113) Grz = @50/, — RaVp)2.
Ipennonaras emte, y10
by~ —20,/Vy,, |Ime, | L9,
H HCHOJB3YH TOT XKe crmocol, 4TO U JUISl IJA3MEHHBIX BOJIH, HAXOLHM
©y = £V (1 — 0/ 3 — ivar,,/12 V3). (16.32)

Hannune orpunatennbHoit MHHMOH uactd B (16.32) yka3swmBaer Ha
BO3MOXKHOCTb TaK HasbiBaeMofi pe3HCTHBHOH HeycroiummBocth {9, 10},
KOTOpas pasBHUBacCTCA - BCJeACTBHE TOro, 4TO NMPH OTJ0Pe 3HEPTHH OT
BOJIHBI ¢ OTPHUATEJNbHON 2Hepruell ee amnauTyna Hapactaer. Kosdpdu-
LMEHT HapacTaHHUS ONpefeJsdeTcs] BeJTHUHHOMN

—Ime,~3,1-1075,

B BHICOKOTeMIlepaTypHOM mnpefiese cooTHomrenne (16.31) yTpaun-
Baer cHay. Oamako H3 acHMuToTHueckoro Buga G (E) caenyer, uro

TemneparypHble 3¢GdeKTsl CYIeCTBeHHH JHIIbL IIPH YCJIOBHH |Epeo|<<4.
Hs (16.32) BugHo, uTO :

| Epa >1, (16.31)

180 | = (Volty) V N3 (16.33)
Takum o6pasoM, yueT TeMmepaTypbl NmydYka HeoOXOAHUM IIPH
%> Vo4V Ny3 =35, (16.34)

YTO HOATBEpXKJaeTcs AaHHBIMH puc. 16.2,a.

 Haxkonen, yuuthiBasi, 4TO OTHOCHTe/JbHAas IJIOTHOCTh TMydKa MaJja
{Nop K Noe), notyuaem

| 9e/0w, | > | Oe/0w, |
At1o paer aas Ko3PPHUUEHTOB CBA3H
[l D>lal, Icﬂ-

I/Is puc. 16.2,6 caenpyer, yTo BJHsHHE TEMIePAaTyphl mydka Ha Koad-
QULHEHTH CBA3M CTAHOBHTCH 3aMETHHIM IpH Uy~ 3,5, IpHYeM €eC/H
v=0,01 @pe, TO ¢s He ABAAETCS BeILECTBEHHBIM B Ipefesie uy—>-0.

* DdoekT BIHAHHS TeMIepaTypHl IyYKa CyllecTBeH B 06JacTH
10<up<<15, rxe pazoBasi CKOPOCTb HYYKOBOH BOJIHHL B CHCTEME OTCYe-
T4, CBSI3AHHOH ¢ MYYKOM, HMeeT TOT XKe INOPSAOK BeJHYHHBI, 4YTO H
TenaoBasi CKOPOCTh YaCTHIL TyYyKa, T. €. Hab/iofaercss pe3OHaHC BOJHBL -
C YacTHHAMH NyYKa.
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3aBHCMMOCTb OT HanNpPaBJeHHOH cKOpPOcTH myuKa. [InasmeHnHbie BOJ-
Hbl 0pu ycaoBHu (16.27) He HCNBITBIBAIOT BAHSIHHS NTyYKa H. TeMIIe-
parypsl crauuoHapHoO# maasMbl (cM. puc. 16.3,a). das nyykoBoit BoJ-
HEL yqu TEMIepaTypH My4YKa BaXKeH MPH

V<4V ayV N~ 200, (16.36)

TOTAA4 Kak npH Gosiee BHICOKUX ckKopocTaXx (Vop>>200) MHuMasi cocras-
JSIOUIAsT YacTOTH OOYCJAOBJEHA TOJNbLKO HaJdMuHeM coyiaapenuii. B pe-
3yJbTaTe MOMKET pa3BUBaThes cjaabast JHHeHHash HEYCTOHYMBOCTh €
HHKPEMEHTOM

— Mo, = 0, Vo613 . (16.37)

O BJHSIHHH v Ha BeJHYHHY IMwe MOXHO CYAHTL MO KPHUBHIM, NpPHBE-
JAE€HHBIM Ha pHc. 16. 3, 6.

IMpu V=200 u v=0 K03bGHIHEHTH CBs3H BELIECTBEHHbI, TPHUEM
MX THAPOJMHAMHYECKHE H KHHETHYCCKHE 3HAUEHHs NMPAKTHYECKH COB-
nagawort. Ilpu v=( MHHMBHe "acTH KOI(QMHUUHEHTOB Co U €1 Majbl, a
MHHMasi 4acTh C3 OTHOCHTEJNbHO BeJHka. B obsactu Vor <200 BiusHuE
TEMIEPATYPHBIX 3(DGHEKTOB 3HAYHTENBHO, KO3PGHUHHEHTH CBS3U Cp U €
HMEIT OJWHAKOBHIH IOPALOK BeJHuunHB (cM. puc. 16.3,8), a ko3d-
(dUIHEeHT C; OTHOCUTENBHO Mal (CM. pHC. 16.3,e~).

3aBHCHMOCTE OT maOTHOCTH mydka. Ecan N,<1072, To cupaBemin-
BOo cootHolleHde (16.30), Ho npu yBennuenuu Ny u v==0 Habaonaer-
Cs1 HEKOTOPOe BJHsIHMe MYyuyKa Ha IJa3MeHHBIe BOJHH (cM. puc. 16.4,a).
IlyukoBast BONHa HCOBITHIBAET CHJALHOE BJHSIHHE TeMIePaTypHHIX 3¢-
¢extoB npu Np<{1,6-10-% (3atyxanue Jlanpay). IlpenesnsHoe sHadve-

HHe N, npu KOTOpOM TeMmnepatypHble 3¢ (deKTh cTaHOBATCHS Hecyllle-
CTBEHHBIMH, MOXKHO N0JTy4uTh #3 (16.33) mpu |Ese] =~ 4:

N, = 163,V ~ 1,810, © (16.38)

9TO MPEeKpPacHO COTJIACYeTCs C pe3y/abTaTaMu UHCJAEHHOTO aHasju3a
(cMm. puc. 16.4,6).

3aBHCHMOCTH K03 PHIHEHTOB CBSI3H OT IJIOTHOCTH HYYKa OYeHb
MOXOKH: OHH BO3PACTAIOT ¢ yBeamuenueM Ny u mpu Ny~ 1 gocruraior
TOro e MOPSAKA BEJHYHHBI, YTO H C. /I monydeHHs JOMUHHDYIOLIE-
ro BKJIajJa HeJMHEHHBIX cJaraeMblX MPH YMepeHHBIX 3HAaUeHHSX Ha-
YaJbHBIX AMIIATYJ HeOOXOJHMO HCIOJNB30BAaTh OUeHb HJIOTHBIE NYYKH
(cM. puc. 16.4,8,2). Kak u cienoBano 0XuAaTh, BIUSHHE TeMnepa-
TypHHIX 3(dekToB Ha KO03)ODHUINEHTH CBSI3HU yTPauHBaeTCH. HpU Nb =
=1,8-10~2. Bonee Toro, B 06;1aCTH BBICOKHX MJOTHOCTEH MyYyKa MHH-
MBle YacTH 3THX KO03(GHLUHEHTOB NPeHe6PeXHMO MaJjbl MO CPaBHEHHIO
C BelleCTBeHHBIMH (cM. puc. 16.4,0). .
. -Ilpn Manvx naerHocTsx nyuka. (N~ 10~%). MOXHO. mpeHeGpeus
3aBHCHMOCTBIO HACTOT Wo H ® OT MapaMeTPoB NMyYKa H NOJb30BATHCS
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npubanKenHo# dpopmysoit (16.30). Pacuer mokasbiBaer, YTO IpH ITOM
|Bo| <0,25. Onnako TyukoBas BOJIHA HCTIBITHBAET CH/IBHOE BJIHSIHME
TeMneparypsi Myuyka TpH JIOObX SHAYeHHsX |ko|, Tax Kak up BeaHKO
(tp= 15). B pesysbTate K03(PHIHEHTH CBA3H TAKXKe CHJIBHO 3aBHUCAT
OT KHHETHYeCKHX 3 (deKTOB, NpHUEM IIpH |k0|>01 JJIS TIPaBHJIBHOTO
onucanns stux 3ddexkToB TpebyeTcs yuer TeMmepaTyphl Kak IyuyKa,
Tak M IJMa3Mbl. B onpeneneHHBIX o6JjacTsAxXx H3MeHeHHA IlapaMeTpOB
KHHETHYECKHE M CTOJKHOBHTE/bHBlE 3((EKTH CTAHOBSITCS HACTOJBKO
3HAUHTEJbHBIMH, YTO MOTYT NPHBOJHUTHL K M3MEHEHMIO 3HAKOB K03 dHu-
uueHToB cBA3W. Hampumep, 3nHak Rec; m3MeHdeTca H3-3a KHHeTHYe-
ckux obdexros mpu |Bo| ~10~* H wu3-3a CTONKHOBEHHil — NpH
| ko] ~2,5-10~* (cm. puc. 16.5).

YucieHHoOe pellieHHe CBA3aHHBIX YPaBHEHAH

a5 ncenenoBanys SBOJNIONHYM aMIUIMTYJ H Ga3s NpH TeX 3HaYeHHsIX
K03(pPHULHEHTOB CBA3H U JHHEHAHOTO 3aTYyXaHUSA, KOTOPEe 06CyXKAaTHCh
BhIlIE, HEOOXOAUMO YHCJIEHHOE HHTEIDUPOBAHHE CBS3aHHBIX YPaBHEHHH.

HsBecTHO, uTO B nIpefese XOJOAHOH 6ecCTONKHOBHTENbHOH IJa3MBl
B paccMaTPHBaeMOH CHCTeMe MOXKeT pa3BHBAThCS B3PbIBHAsf HeyCTOH-
yusocts {1]. Tlpu yyeTe CTOMKHOBHUTENBHBIX H KHHETHUECKHX 3D deKTOB
IS ee pa3BUTHA TpeJyercs, yTOOH HayasbHEE aMIVIETYAB IPEBOCXO-
JHUJIM HEKOTOPHIl MOPOTOBHI# ypoBeHb (cM. ri. 10). DToT ypoBeHb BO3-
pacraer NpH YCHJIeHHH THCCHNATHBHBLIX 3(QQeKToB M cHHXKaeTcs NpH
YBeJHYEHUH CHJIH cBfA3H. IlocnenHee MOXeT OHITb LOCTHTHYTO C IO-
MOILBIO YBeJHUEHHA MJIOTHOCTH nmyuka (cM. puc. 16.4, 8, 2).

OTMeTHM, 4TO NIPH YHCJEHHOM HHTErPHPOBAHHH CHCTEMBI CBSI3aHHBIX
YpaBHeHHH YAOGHO MOJb30BaThC HOPMHPOBKOH (7.4).

Ha puc. 16.6,a,6 npuBefeHb pe3yJbTaThl YHCJAEHHOTO pelleHHd,
TIPH TOAYYEHHH KOTOPOrO HCHOAL30BaHH K03 QUIHeHTH CBS3H, NpUBe-

zES{y | ¢
B/mr

100

109

———r

10*
0 -0,005t
10*
1’ 0010F 105

e e |
7 . ! L | L d L

A 0 1 2 3 4 § 6tu%
a &

Puc. 16.6. Bpemennas ssomouxs aMmintyax |E.| (a) B dasu @ (6) npu pesu-
CTHBHON HEYCTOMYHBOCTH
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Aennble Ha puc. 16.4,a —e. Ilpeanosnarajnocs, 4To IVIOTHOCTH MydYKa

¥ IJ1a3MBl OAHHAKOBHL, T. €. np=1 u v=0,01. Ilpu sTtoM pelleHHs AHC-
HEePCHOHHOTO YPaBHEHHSI HMEIOT BHJ

@, =1,8+14,03-107% @,=1,0641i523-107%
0, =—2,24—i7,10-107%,
YTO JAeT AJIsi NPOU3BOAHHIX Oc/0w:
9e/00 = 1,52 +11,14-107%, 9e/0w = 1,61 —i1,46-107%
de/0o = 1,26 + i4,11-1073,

ITepexox oT NpHBeJeHHBIX 3lech Ge3pa3MEepHBIX BEJHYHH K peasbHBIM
(HU3HYECKHM BEJHYHHAM OCYUISCTBJSIETCS ¢ NMOMOIUBIO MJIa3sMeHHOH vac-
TOTHL ®,, = 5,6-101 ¢,

Pacyer aMIJIUTYA BBIIOJHSJACS B NPeJHOSOXKEHHH CJIa30r0 B3aUMO-
JEHCTBYS, T. e. IPH YCJIOBHH

ALE/TE L Al ¢, | L1, (16.39)

raie A osHauaeT HM3MeHeHHe 32 BpeMeHHOH HHTepBaJ IOpSAlKa 03,721.
Tak kax xapakTepHoe BpeMs B3aHUMOAEHCTBHUS YMCHbBIIAETCS C BO3-
pacranneM ypoBHA aMIaHTYA, (16.39) sKBHBaJeHTHO OIpeleNeHHOMY
OTPaHHYEHHIO Ha 3TOT ypOBeHb |15 cpaBHeHus ¢ (16.39) Ha pucyHkax

MOKAa3aHa BEJHYHHA ©pe |. Dblid BHIOPaHH Cielylolille Haua/bHbIe
3HaueHHs1 a3 U aMIUIUTYL:

©@O0)=0; |E,| =|E | =10B/™ |E,|~ 10°B/m.

ITockonbky $a3oBble yribl Ko3O@HINEHTOB CBA3H MaJjibl, BeJHUYUHA
(10.10) mpakTHYecKH siBAsieTCsl HHTerpasoM aBuxenus. [Tostomy ¢a-
3a @ ocraercss GJH3KOH K HYJIO B TeUEHHE BCEro BpPEMeHH B3aHMO-
JeitictBust (cM. pHe. 16.6,6) H ocUMAIALHMHM aMIIUTYALl OTCYTCTBYIOT
{cM. puc. 16.6,a). Ha nayanpHOIl cTajuu mpoiecca aMILIMTYyAbl BOJH
0 u | y6HIBAIOT, a aMIJIUTYAd BOJHBl 2 YBeJUYHBAETCS H3-33a HATHUHUS
pesucTHBHOH HeycToHunBocTH. Ilpn {224 Hc HesuHeliHBle ciaraeMble
HaYHHAIOT UrpaTh JIOMUHUPYIOUIYI0 POJb B 3BOJIOUMH BOJH 0 u I, H
npu {61 Hc HacTymaer B3pbIB. ACUMIITOTHYECKOE 3HAUEHHE (Da3bl YIOB-
JIeTBOpsAeT ypaBHEHHIO

2@ (o) + 8,1 =0, (16.40)

4yTo fgaeT jaas paccMmarpusaemoro cayyas O (f.)=-—0,01. dTto 3Haye-
HHe XOpOLIO corJjacyercd ¢ pacyeTHBIMH  pe3yabTataMu  (CM.
puc. 16.6,6). ’

UnciieHHOe HMHTerpHpPOBaHUE CBS3aHHBIX YPABHEHHH HPOBOIHJIOCH
TaK¥Xe TIPH ydeTe 3aTyxaHHA BCeX TPeX BOJIH, a MMeHHO IpH Immo=
=Ime;=5-10"3, Imwy=2,32-10-3 (0;; ocraBajuch GJU3KHMH K HYJIO).
OkKa3aJjoch, YTO NOPOT HEYCTOHUHBOCTH B 3TOM cJydae DacmoJaraercs
MexXJy 271 105 u 2,72-10° B/m, das CpaBHeHHH OlleHKa Hopora Io
(11.1) maer smauenue 2,5-105 B/m.
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O6cyKaeHHe pe3yabTaTOB

Pacuer 3aBucuMocTH K02(PPHULHEHTOB CBS3H [/ TPEXBOJHOBOH CH-
CTeMBl OT CKOPOCTH M IJIOTHOCTH IIy4Ka, a TaKXKe OT TeMIepaTypHBIX H
CTOJIKHOBUTEJABHHX 3(Q@eKTOB MOKa3bBaeT, UTO.B O3JacCTH pPeasbHBIX
3HayeHHH mapaMeTpoB MIa3MBl H HyYKa CYLIECTBYET 3HAUUTENbHOE pac-
X0XK/JeHHe MeXAY pe3yJbTaTaMH MaKpPOCKONHUYECKOr0o U KHHETHYECKOTG
onucaHuii. B HuskoTeMmepaTypHOIl o6JacTH 3TO pacXoKaeHHe OOEBsC-
HsieTcst TeM [11], uTo BO/MIHOBOe JABHIKeHHe B KHHETHUECKOH MOIe/H
paccMaTpHuBaeTcs Kak annabaTHueckuil mpouece, TOTAa Kak B Makpo-
CKONHYECKOH MOJeJNH OHO TPAKTyeTcs B PaMKax H30TePMHUYECKOTO OlH-
CaHHus.

B patorax {12, 13] TakKe paccMaTpuBaJlCh TPEXBOJHOBBIE CHCTEMBI
THIA TeX, KOTOPhle NpPOaHaNM3NPOBaHEl B HacTosineidl riase. Ileppas
U3 5THX paBoT COMepIKUT HpeJBapUTEeNbHbIE Pe3yJabTaThl 3KCHEPHMEH-
TaJbHOTO HCCJAeNOBaHUSI B3pPBIBHOA HeycroiiumBocTH. Pa6ora [14] no-
CBsIlleHa TEOPETHUECKOMY HCCJeLOBAHUI0 HEyCTOHUHBOCTH THIIA KOHyCa
NOoTeppb B 3€PKAaNLHBEIX JOBYIIKAX.

B pa6orte [15] ony6JuuKOBaHB pe3ysibTaThl IKCHEPHUMEHTOB IO H3Y-
HeHHIO HeyCTONYHBOCTH B CHCTE€Me HMOHHBIH TIYYOK — IJ1a3Ma, KOTOpHIe
COrJIACYIOTCSt € TIpeAcKa3aHUsSIMH HeJHHEHHOH Teopuu B3PBIBHOH He-
YCTOHYHBOCTH TPEX KOrePEeHTHO B3aHMOJEHCTBYIOUIHX BOJH. DTH pe-
3yJbTAaThl BLI3BIBAIOT OCOOBIH MHTepec B CBSI3H ¢ Npob./eMoil Harpesa
NJa3MEBl, TaK KaK OHHU IIOKA3BIBAIOT, UTO SHEPrHsl OTGHpaeTcs KakK OT
NMy4YKa, TaK U OT NoJsi HaKauKH.

3anaumn

16.1. PaccMoTpuM XOJOAHYIO IJIA3MEHHO-NIYUKOBYIO CHCTEMY C AH3JEKTPHYECKOHR
NPOHHLAEeMOCTBIO
2 2
D I . S b ,
® (0 — iv) (0 — &Vp) (0 — RV — iv)

Ilycts B Takoif cHcTeMe B3aMMOJEHACTBYIOT TPH BOJHBI: Ny4koBas BoaHa 0 ¢ TmoJo-
JKUTEJBLHOH 3HEpruef, nyukosas BOJMHA [ C OTPHIATeNbHOR 3HeprHed M IlasMeHHas
BOJIHA 2, NpHYEM PE30HAHCHLIE YCJAOBHSA HMEIOT BHJ

Re m9o=Re w1+ Re wy; ko=Fki+ks,

rae Bce Re ®;>0. IlpexnmosoxkuM Takxe, 4To Jqobas H3 BOJH paCIPOCTPAHSETCS
napajjejbHO HJAM aHTHNAPAJJIeNbHO MYdKy M 9TO B JHHEHHOM NPHOIHMKEHHH nyd-
KOBasi H NJa3MeHHasi BOJIHbI HCIBITBIBAIOT BJIMAHHE TOJBKO OY4Ka M CTAallHOHAPHOM
N123Mbl COOTBETCTBEHHO.

Onpexnenuts ks OpH BceX NEPEYHCJIEHHBIX YCJIOBHSX.

16.2. Jlnsaektpuueckass INPOHHLAEMOCTb g(®, k), yKasanHas B TpelblAYylleit
3a1aue, COOTBETCTBYeT XOJOAHOHN IIa3MeHHO-NYYKOBOH CHCTeMe, B KOTODOH 3JeK-
TPOHBEI NMyYKa H MJa3MEl XapaKTEPH3YIOTCS OJHON ¥ TOH 2Ke 4YacTOTOH CTOJIKHOBe-
vuil v. Hafitn 1014 storo ciayvas NIpOJOJbHOe HOpMaJbHOe KoJjebaHHe @ H yCTaHOo-
BHTH COOTHOIIEeHHEe Mexny a u E.

16.3. Paccuutath KO3(pOHUHEHTHI CBSI3H IJIsI B3aHMO/efCTBHSA Mex{ny I1a3MeH-
HHIMH H NYYKOBHIMH BOJIHAMH B XOJOIHOH IJIa3MEHHO-NYYKOBOH CHCTeMe INpH yueTe
‘gacTOTHl cTOJKHOBeHuit v. [IpH pacueTe Hcmoab30oBaTh Te Ke Pe30HAHCHbIE YCJOBHS,
4910 M B 3ajave 16.1.
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I'JIABA 17
OJUCNEPCUOHHBIE 3¢ ®EKTbI BTOPOTI'O MNOPAI KA

Hacrosimass raaBa nocBslleHa HccaedoBaHHIO 3(QexToB, cBs3aH-
HBIX C YY€TOM BTOPBIX NMPOH3BOAHBEIX AHCIEPCHOHHBIX (GYHKUMH NO dYac-
ToTe. ChopMynHpoBaHbl ypaBHEHHS ABHKEHHS JJIg aMIUIUTYA H (a3
B3aHMOJEHCTBYIOIIUX BOJH M HafAeHbl HHTerpasbl ABHXeHHSH, colep-
XKalllie AHCNEPCHOHHBIE cjaraemble BTOporo mnopsigka. Hamnune Taknx
claraeMblx NPHBOJHUT K HaJOXKEHHIO JONOJHHTEJIbHBX 'JBICTPHIX OC-
UHINALKME Ha OOBIYHble HeslHHeHHBle pellleHuss. Onpexened nepuon
3THX KoJeGaHHi M IOKa3aHo, 4TO UX aAMIIHTYABl MOTYT NPH ompele-
JIeHHBIX YCJIOBMSX YBEJHYHBATbCS B De3y/jbTaTe HEJHHEHHOro B3au-
MogefictBus. OCOGEHHOCTbIO 3TOI'0 IpOliecca sIBJSETCH TO, YTO Hapa-
CTaHHe BO3MOXKHO KakK IIPH PAa3HBIX, TaK H IIPH OJHHAKOBLIX 3HaKax
3HePrHi B3aUMOAEHCTBYIOLIHX BOJIH.

JucnepcHoHHble OCUM/IALMH, KOTOPHIE BBIIVISASAT Kak cBoeobpas-
Hasl «psibb» Ha OOBLIYHBIX HEJHHEHHBIX 3aBHCHMOCTSIX, BHOCAT 3J€MEHT
HeonpeJe/leHHOCTH B 3BOJIIOLHIO aMIJIUTYA U (a3 U MOTYT NIOITOMY HH-
TepPNPETHPOBATHCA KAK PESyaAbTAT HHIACTEPMUHHPOBAHHOCTH HAYalb-
HBIX YCJIOBHH (cM. Takxke rJj. 18).

IMocraHoBka 3amauu
Kak ormeuasnoch B ri. 5, ofliee NHHAMHUECKOe YpaBHeHHe s
TIPOCTPAHCTBEHHO-OAHOPOJHOTO 3JEKTPHUECKOTO IO0JSI HMEeT BHJ,
(aD,- o - i @D; &

S —a——?w a_tz"‘i" . . .)E, ;N.L, (17.1)
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rie D;=D;(w, k) — nucnepcuoHHas ¢yHKUMs naasMmel; N.L.— cymMma
PE30HAHCHBIX HEJHHEHHBIX CJ1AraeMBbiX.

Cioefyer 3aMeTHTb, UTO BO MHOTMX pafoTax YYHTHIBAeTCS TOJbKO
nepBast npousBoAHasa B (17.1). Kak mpaBuno, 3to c¢BsI3ano ¢ TeM, 4y1o
3HayeHHe IPOU3BOJHEIX OBICTPO YOBIBAET C YBEJHUEHHEM HX TOpAIKA.
B HekoTopHX cayuasix, ognako, 0D;/0w Masno [1, 2] u BTOpas npous-
BOJHAsi OKa3blBaeTcsl JOMHHHpYioulell. Dosee Toro, naxe toraa, Koraa
02D;/0w? Mano mo cpaBHeHuio ¢ 0D;/0w, MOTyT GHTL peann3OBaHBl Ta-
KHe YCJOBHsA, NIPH BLIIOJIHEHHH KOTORPHEIX WIeHaMH BTOpPOro MOPANKA
npeHebperaTh Hesb3sd. [ToaFoMy BO3HHKaeT 3ajaua IOCTPOEHHS TEOPHH
HeJHHEHHOrO B3aHMOLEHCTBHA BOJH ¢ yYeTOM AHCIEPCHOHHBIX 3(dek-
TOB BTOPOro mopsiaxa [3, 4].

Broas Benuunny

1 8°D;/00?

2. 0D;/0w
H OCHOBHIBasicb Ha ypaBHeHusix thma (17.1), MOXHO HOAyuuTL CJe-
IyIOlIe YPaBHEHUS JBUIKEHHUS:

Ouj —(‘Si[uj PO; 1 g 095 9 ]= T sjuu; cos®;  (17.3a)

ot 0f2 ot ot

2y .
99; . sj[L u; _( 90 ; ) ]+s 3Bl = 5 2L sin @, (17.36)
ot Uj or2 ot uj
3uak «MuHyc» B (17.3a) cooTBercTByeT BOJHEe (), HHKHHUH — BOJHAM
I u 2. MHOXHUTesIb §; ONpelesisieT, KaK H paHee, 3HaK SHEPTHH BOJHBI
j, a Bir=35;Rea;r (cp- cra. 14).

U3z ypaBuennit (17.3) craenyer, uto paccMaTpHBaeMasl TPEXBOJHO-
Basi CHCTeMa MMeeT HHTErpaJibl ABHXKEHUS

0. a
ug(l——Q(‘iO ;" )—l—sosluf (1—261 ;;1 > = My;
(1_25 9 )—sls2u§ <1_2<32 ";2 ) = My

. g o®; d
7RTRIR smCD——2—Zs,-6,- tuf ( \ -+ < uj ) ] " Eﬁ]kuzm =T,

(17.5)

Ilpu BwiBozme (17.5) Hcrmosb3oBaHa CUMMETPHUHOCTH MATPHUBL Bgj, KO-
TOpasi BHITEKAET W3 YCJIOBHS COXpaHEeHUs 3HEPTHH B3aHMOJENCTBHA.
Cootnoutennst (17.4) uMmeloT cMbIca 000OGUIEHHBIX COOTHOLIeHUH M3H-
au — Poy u BBHIPaXKAKOT 34KOH COXPAHEHHS 3SHEPTHH BOJHOBOIO JBH-
xkenusi. [Ipu yuere mucnepcuoHHBIX 3¢ (EKTOB BTOPOro Mmopsiika 3Ta
SHEPTHs OTpelessercs COOTHOI.LIeHI/IeM

Wy = — (1 s \__' ‘ (17.6)

8= — (17.2)

(17.4)

KauecTBeHHbI/l aHA/IU3 peLieHus

MoXHO 0XKMAATb, 4TO NpPH MaJbix &; JHCIEPCHOHHBIe 3(hGHEKTH
BTOPOTo MOPSIiKA B Le oM caabo Boamymator pemenne ¢ 8;=0. Oana-
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KO HX BJHSIHHE MOXKET 0Ka3aThCsl 3HAUUTEIBHBIM B Tex o6JacTsAX, Tae
nepBas NPOU3BOJAHAS OTHOCHTENLHO Maja. KpoMme Toro, He cjeayer
yOycKaTb M3 BHJAA, YTO BBEJEeHHEe BBLICIIMX NPOH3BOJAHBIX BJIEUEeT 3a CO-
60l BBelleHHe HOBBLIX HAYa/JbHHIX YCJIOBHH, T. €. B KOHEYHOM cyeTe
HOSBJEHHE JONOJHHTENbHHIX CTelleHel CBOOOLBI.

Ha puc. 17.1 mpencraBieHo unc/ieHHOe pellleHHe 3aJadd O B3aHMO-
JEeACTBHH BOJIH C MOJIOXKHTEJIbHOH U OTPHILATEJNBHOH SHEPrHAMH B yCJ0-
BHSAX CTaOHJIM3aLMH B3DbIBHOH HEYCTOHYHBOCTH 3a cuUeT HeJHHEeHHOro
caBura yactotel. Ob6palaer Ha ceOs1 BHUMaHHe XapaKTepHasi OCLUJJISA-
TOPHAs CTPYKTypa pelleHHs BOAH3M MHHHMYMOB HEBO3MYIIEHHOTO pe-
IIeHHs] W 3aMeTHOe PasjHuHe MaKCHMaJbHBIX 3HAaYeHHH aMmantya. M3
(17.5) Buano, uTo nucHepcHOHHBIE () (EeKTH BTOPOrO MOPSAKA MOTYT
KaK YCHJHBaTh, TaK H 0c¢1abJsiTh CTaSujiH3Upylollee AeHcTBHE HesH-
HefiHOro cisura yactoTel. B mociennem ciayuyae cHcrema MoXKeT ocra-
BAThCs HEYCTOHYMBON Jpake NMpu ydere cABUra dactorst (puc. 17.2),

? P

t

Puc. 17.1. BszaumojeiicTBHe MeXAY BOJHAMH < Puc. 17.2. PasBuTtue B3pHB-
MOJIOXKUTENbHOH M OTPHILATENbHOH  SHEPrHAMH HOM  HeyCTOMYHBOCTH  HOpA
(6o=—0,005; 8;=—0,01; 6=-—-0,02; Bpi= B3aHUMOJEHCTBHY BOJH C 3HEP-
=—0,03) THSMH  Pa3JMUHBIX  3HAKOB

(6o=—0,01; 6,=0.=0,01;

Bj»=—0,05)
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€CJIH BeNHYHHA §; YHOBIeTBOPSIET YC/IOBUAM sign §o=sign fon
sign jp=—sign d; (j=1,2).

Bansinue HaYaabHBIX yCHOBMIH

HanGosnee THIHYHBIM TIPOSIBJEHHEM AHCIEPCHOHHBIX 3Q(PeKTOB BTO-
POro mOpsifiKa caykKaT ObicTpeie ocumaasuuu (cm. puc. 17.1). Onn
©00yc/10B/IeHbl HaJHYHEM JAOMOJIHUTENbHBIX cTeleHeH CBOGOAL H YacTo
Moryt OBITb NOJAaBJeHBl NPH HajlJjexallleM BHGOpPe HadaJbHBIX VC-
JIOBHH.

Tax kak paccmMaTpuBaeMble OCUMJJISUHH XOPOIIO MPOSIBAAIOTCS B
OCHOBHOM BOJIH3H MHHHMYMOB HEBO3MYHIEHHBIX PeLIeHHH, AJIs1 HX M3Y-
TEeHHA AOCTaTOUHO PELINTb CAeAYIOUIYIO CHCTEMY YDaBHEHHIl:

Ou1;/0t — 8; [u 0%k /D1 - 2 (0p,/08) Ou /0] = 0; } a7.7)
Op;/0t -+ 8; [(1/u;) Ou;/0t2 — (Op;/01)%] = O. '
Dra cucrema UMeeT HHTerpaJibl ABHXKeHHA
M; = 12 (1 -— 28,09,/0%);
i =4 109,10%) (17.8)

Ly = (8,12) [ O /01)* + (@uyi00?).

TlepBhHlii M3 3THX HHTerpaJjioB OTBeuaeT 3aKOHY COXPaHEHHS BOJHOBOH
DHepPruH, BTOPOH — 3aKOHY COXPaHEHHS 3HEPTHH B3aUMOJeHCTBHS.
2
Hckmouass @; us (17.8), monyyaem pelieHue st #;=u;:
n;= A;sin[(1/8;) t 4 ;1 + B;, (17.9)
riae

Bripaxenue (17.9) onucbiBaeT OCHHUJNAUHH C 9acTOTOH wpj=1/8; u
dasoit P;, KoTopas ONpeLe/seTc HaYaJbHBIMH YCJOBHSIMH.

He cienyer, KOHeuHo, 3aGbBaTh, YTO U3-32 HAJHYUA CBA3AHHBIX
cnaraembix cucrema (17.8) ue saBusierca ToyHod. Tem He MmeHee ¢op-
myJaa (17.9) ynoBaeTBOPHTENLHO ONHCHIBAET NPOLECC B3aHUMOJEHCTBHS
B6JH3H MHHEMYMOB HEBO3MYIIEHHBIX PELIEHHH, B YeM JIerKo yOeAuTh-
€ MyTeM CpaBHEHUs ¢ pe3yJabTaTaMH YHCJAGHHOTO aHasiu3a. ITo
o3Hayaer, 4yTo BeauuumHel M; u I'; MOXKHO paccMaTpHBAaThb KaK IIO-
CTOsIHHBIE B TedYeHHE XapaKTepHOro BpeMmeHH ocuuisiauui. Ilpu 3ma-
YHTEJbHBIX BAPHAUMAX HEBO3MYIICHHBIX BeJHUHH HEOOXOAMMO YUH-
THIBaTh BPEeMEHHYIO 3aBUCHMOCTb A; u B;. ®asa y; U3MeHSIETCS TOJ/b-
KO TpU CHJBHBIX H3MEHEHHsX HEeBO3MyllleHHOro pewenusi. Hakowen,
BpeMeHHas 3aBHCHMOCTb BenHyMH M; u T'; ompenessieTcss ypaBHEHHs-
MH : /

L OM /0t = F 5;2u41u, cos ©;
: 7 daod; du; . ouj
LY - 8; (£ gy cos @ i + uu, %;—smtl)—u,- t] Eﬁjku?e).
k

ot ot a

(17.11
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BpeMeHHas 3BOJIOLHS OCLHANSALHINA

B TeyeHue.BpeMEéHH DPa3BHTHS M CTAOMJMBALHH HEYCTOHYHBOCTH.
BequunHnl M; u I'; MOryT, KOHeYHO, OUeHb CHJILHO H3MeHATbcd. Tak,
3HEPrust BoJMHBLI Mj, ‘mpoias yepe3 MaKCHUMyM, BO3BpalllaeTcsi K mep-
BOHAYaJbHOMY 3HadeHHI0. Ho 3Hepruasa’ caMocorjiacoBaHHOrO B3auUMO-
aeficteus I'; TpoaosIKaeT H3MEHSITHCS, UTO YKa3bIBAeT HA CYLIECTBO-
BaHHe MexaHH3mMa oOMeHa sHepruel MeXJAy KPYNHOMACIITAGHBIM -
OpOllecCOM BPEeMEHHOH 3BOMIONUM K MENKOMAaClTalHBIMU  OCHUJIAS-
uussmMu. HanmpaBaenne nepenaun sHeprum omnpejensieTcsi (pasoil OCUHJI-
JSUUE B OKDECTHOCTH MaKCHMyMa. B ycaoBusix pelueHus, mnokaszaH-
Horo Ha puc. 17.1, stpdexTnBrast sHeprua B3auMmojerctBus [y, coot-
BEeTCTBYIOIasi KpymHOMaclITabHOMY mpoueccy, yObBaeT, 4TO CKa3bl- -
BaeTcsi Ha 3BOJIOUHMH (aspl. CienyeT HamOMHHTb, UTO K -YMeHblIe-
HHIO I'»g MPHBOAMT TaKxke yyeT JMccunauuu (cM. ra. 15).

PesoHaHcHOe B3aHMoOAeicTBHE OCUUMNJIALMI

WN3-3a naanuusi ocuumansuuii npaeele gactd (17.11) moryr OuiTh
‘HeHucyesaiollle MAaJblMH JaXe B OKPECTHOCTIX MHHHMYMOB HEBO3MY-
HWIeHHBIX penieHdit. Ecin aMIiuMTyABl pa3iuUHBIX BOJAH KOJeGJIIOTCH
C ONHHAKOBOH YacTOTOH, TO WX TNpOU3BeLEHHE JaeT CTallHOHAPHBIR
(pesonancueiii) Bkaag B I';. IIpn 3TOoM nosunas sHeprus camocornaa-

coBaHHOro B3aumojeficteus X sI; momxma - coxpamarbea  (3TO
i

JeiCTBUTCJBHO = BHIIOJIHSICTCS BCJAEJCTBHE OOMeHa 3Hepruefi Mexuy
ocuuaasnusiMu). OTclofa BBITEKaeT, YTO €CaAH 3HAKH §;0; AJSA BCex
B3aUMO/IeHCTBYIOIIMX BOJH He OJHHAKOBH, TO AMIJIUTYAB OCLHUJJIS-
LUl 9THX BOJIH MOTYT YBeJHUYHBAThCs OjHOBpemeHHo (puc. 17.3). B
IPOTHBHOM cJyuae HapacTaHus HeT (puc. 17.4).

Taxkas xapruHa aHaJoOruYHa B3PHIBHOH HEYCTOHYHMBOCTH B CHCTe-
M€ TpexX CBSI3aHHBIX BOJH BO BCEX OTHOLICHHSIX, 32 HCKJIOUEHHEM TO-
ro, uto 31ech He BaXKHO, Kakasi UMEHHO W3 BOJH HMeeT OTPHLATeNb-
HYI0 3HEpPrHio ocumiaanuii. BecbMa yactHoMy cJjydalo paBeHCTBA
3HAKOB SHEPruil OCHWISILUHA COOTBETCTBYET pellleHHe COJHTOHHOIO
tuna (puc. 17.5), Korja Bce aMIJINTYAB PaBHBEl, a MOJHAas 3HEPrHd
B3aumojeiicTBus ofpaulaercss B HyJdb (cp. ¢ 1. 14).

Yuer 3aTyxaHnus

MoXHO OXHIATb, YTO B CHJAY ychaoBus 1/8;>v; 3aryxanue He Oy-
IEeT BJHATH Ha OOHIyl0 KapTUHY HeJHWHEHHOTO B3aUMOIEHCTBHA C
y4eToM JHCIepPcHOHHBIX 3(pdexrToB BTOporo mopsaka. YnciaeHHBIA
aHaJM3 NOKa3biBaeT, 4TO 3TO AefcTBHTENbHO Tak (puc. 17.6). Peme-
HHe, mnpejicrasicHHOe Ha pHc. 17.6, coOTBeTCTByeT cCJjydyalo, KOTZLa
OCHWJIJIAIHY MMEIOT Hepe30HaHCHBIM - Xapaktep H Bo3Oyxjaawrcs B
OKPECTHOCTH NePBOro MakCHMyMa.
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Puc. 17.3. Pesonanc- Puc. 17.4. Pemenne aas Puc. 17.5. Pelterne coJs-
#oe HapacTaHMe AaM- caydqas TpeX B3aHMOIEH- TOHHOTO THNA AJds CHCTe-

- CTBYIOIIUX BOJH C 3HEp- -
TJITY ABL KoJeGaHui CHSIMH  PasJIHUHBIX 3Ha- MBI TpeX B3aHMOJIEHUCT-

1IpH  B3auMofeficTBUH KoB  (80=0,01, &;=8,= BYIOLIHX BOJH C 3Heprusi-
BOJH €  SHEPruaMH =--0,01; Bjr=—0,05), MH  Da3JIHYHBIX  3HAKOB
PA3NHYHEIX 3HAKOB yKasnoiBapniee Ha  BO3- OPH DaBEHCTBE BCeX Ha-
(6;=—0,01; Bin= ﬁ;ﬁ:ﬂcyf; gc;gilgi?;g g;: wanbHeX  ammiarys (T'=
=—0,05) Koro mnojafopa mapamer- =0; 8,=001; 8;=8;.=

pOB, HPH KOTOPOM 3HEp- =-—0,01; Bsr=-0,05)

FAH  OCHMANSAUHH  BCexX
Tpex BOJIH INpHOGperaioT
OJIHHAKOBBIH 3HaK

BoJHbI ¢ 3Hepruei 0JHOro 3HaKa

XapakrepHoe MpOSIBJIEHHE IHCIEPCHOHHBIX 3((eKTOB BTOPOro mno-
pAlKa coxpaHseTcs M TOraa, KOrja Bce TPH B3aHMOJIEHCTBYIOUIHe
BOJIHEl MMEIOT 3HEPrHH OAHHAKOBOrO 3HaKa. DTO XOPOUIO HJJIOCTPH-
pyercss pHc. 17.7, KOTOPBHI COOTBETCTBYET PE30HAHCHO HapacCTalollUM
OCIHJLIISIHSAM.

MpepenbHblii cayyail Manbix §;

Ilpencrasisier HHTEpeC MOBEACHHE OCHH/ASIMA B mnpeaeine 8;—0.
Ilpenebperasi kpynwomacwtaGubMu KoseGanusmu B (17.9), monyda-
eM ;

(@ny/ot) = (1/8,) V25T, @0,T, + M) cos[(1/8)¢ + ;1.

Yuurnsas, uro npu 6,0 I';~§;, nepenumeM 3TO COOTHOUIEGHHE B
BHJE

onlot = V@IS)T;M; cos[(1/8;)t + ;).
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Puc. 17.6. BsauMmozaeficTBHe BOJH C 3HEPrusMH Das- Puc. 17.7, Bsaumogeiict-~
JHYHHIX 3HAKOB NpH HAJMYHH JIMHEHHOro 3aTyXaHusi BHE BOJH C 3HEPrHUsIME
(8o=~—0,005; 8;=—0,01; 8,=—0,02; f;»=—0,03; OZHOro 3HaKa (o=

ve=0,05; vi=0,1; v,=0,2) =—0,005; 8:=0,005;
0;=—0,005; PB;r=0)

Orcroga ciaepyer, 4To aMIJHTYAa On;/0f He 006d3aTeNbHO CTPEMHTCS
K HyJI0 BMecTe ¢ d; TaK Kak I';/0; npomopuyuoHaJbHO NPOH3BOAHBIM
OCUHJIJIHPYIOWIUX BeJduyHH, TakuM o0pasoM, CyLIecTBYeT BO3MOXK-
HOCThb TIOJIYYEHHS KOHEUHBIX aMIJIUTyd 0On;/0f npu 6;—0, T. e. MBI
IIpI/IXOlI]I/IM K OJHOH U3 pa3sHOBHUJAHOCTeH peJIaKCalHOHHBIX KoJjieba-
Hu# [5].

O6cyxaeHne pe3ybTaToB

Kak mB yb6emuauch, yuer MUCIEPCHOHHBIX 3((EKTOB BTOPOro mo-
pAlKa NPHBOJIUT K BO3HHKHOBEHHIO JOMOJHHUTEJIBHBIX OCHHJJIALHIE
aMIINTYA # a3 B3aHMOAEHUCTBYIOUIUX BOJH. PaKT NOSBICHHSA ITHX
OCUMJIISIUI HE 3aBHCUT OT B3aUMOJEHCTBHA BOJH, TaK KaK HX BO3-
6y:xxnenne oOyCJOBIEHO NONOJHATENBbHLIMH HauaJbHBIMH YCJIOBHSMH,
CBSI3aHHBIMH C YUYETOM BTOPBHIX NPOH3BOAHBIX. B3ammopaeficTBHe BOJIH,
OLHaKO, MOMeT OKa3bBaThb CHJABHOE BJMSHHE HA OCIMJJIALWH, ecln
aMIIMTYAB ¥ ¢asbl BOJIH H3MEHSIOTCS € YacCTOTOH TOTO XKe MopsAfKa,
YTO M YacTOTa OCUMJIANMHA, HIH €CJH OCUH/JIALMH HMEIOT Pe3OHaHC-
HBHIH XapakTep.
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Unrepecno, uyro paxe NpH Magdbix §; AUCHEPCHOHHBIE 3(¢eKTh
BTOPOrO MOpPsiAKAa: He 0043aTeJbHO NpeHeOPeKHMO MaJH. B cBA3M ¢
5THM BO3HHUKaeT BONPOC O 3aKOHHOCTH MpeHeGPeXeHHS AUCIEpCHOH-
HBIMH 3Q@dekTaMn TpeTbero M 6GoJjee BEICOKHX MOPAAKOB. OTBETHUTDb
Ha 3TOT BONPOC, BoOGINe roBOps, O4YeHb TPyLHO. B mpuHuMne sicHo,
YTO npu ydyeTe 3(p(eKToB O6oJiee BBICOKOrO HOPAAKA  IOABJARIOTCH
HOBble BpeMeHHBle MacwiTaGbl  [mpuMepHo 1/6®  nna  sddekra
(B+1)-ro mopsaka]. KaxXIbiii HOBBI TOPSIAOK O3HAUAET NOSIBJICHHE
HOBOH creneHn cBoGoanl. IlosTomMy KaxkeTcsi oOYeHb €CTECTBEHHBIM
NIPEANONOXKHUTE, UTO NPH YYeTe OYEPeAHOr0 JUCIEePCHOHHOTO cJjarae-
MOrO. Ha pelleHHe HH3IIerc HopsaAka OYyIAyT Hak/aajnbIBaThCs OCLHJ-
Jsuun ¢ yacrtoToit 1/6®. ITonbupasi HauasibHble YCJIOBHS HaiJexKa-
muM 06pa3oM, MOXKHO NOOUTBCS TOrO, YTO AMIVIMTYABI OCIHJJISUHH
BCEX MOPAJKOB, KpoMe BTOPOro, OYINyT mnpeHeGpexxUMo MajbHMH, B
TaKOM cllyyae BJHSIHHEeM JHUCIHEPCHOHHBIX 3G GEKTOB BBICHUIEr0 MOPSIA-
Ka MOXKHO NpeHelpeyb. :

Opnako, aas tToro 4ro6u y6eputbesi, 4to psag (17.1) melicrBuTesns-
HO CXOZMTCA B KaKOM-JHOO YAaCTHOM cjayyae, HEOOXOAUMO BBIUHCJHTH
BCE YJIEHBl pa3joxeHHs, a 3TO NpeAcTaBJsieT co6oil 3aKauy OrpOMHOM
TpyAHOCTH. OTMETHM JIHIIb, YTO YaCTOTa OCHUJISIUHH ®pj, COOTBET-
CTByIOIIas y4YeTy  AHCIEPCHOHHBIX CJaraeMblX BTOpDOTO IOPSAJI-
Ka, MOJIXHA INpHHALIeXarbh O0O0JAacTH CXOAMMOCTH Da3joXkKeHus
{17.1). :

Jucnepcuonusie 3QQEKTH BTOPOro NOPAAKAa BaXKHBI He TOJBKO
IIOTOMY, 4TO CIIOCOGHBI CYIIECTBEHHO BJIHSAThH Ha 3BOJIOHHIO aMIJIUTYH,
M (a3 B3aUMOJEHCTBYIOLIHX BOJIH, OHH INpPEACTABJSAIOT HHTEpEC Tak-
K€ H B YHUCTO TEOpEeTHUeCKOM mJjaHe. Jleso B TOM, YTO mpH yueTe oc-
UHJJISIIAR AMIJIMTY AR H asbl BOJH CTAHOBSITCS MeHee OIpeleseHHBI-
mu. Ho 3Toll HeompemeNeHHOCTH MAOJ2KHA COOTBETCTBOBATb O0Jbluas
ONpe/eJIeHHOCTh 3Hepruu BoJHb (17.6), KoTopas He MOXKeT OCUHJ-
Juposath. [losToMy camocorsacoBpaHHas 4acTb 3JHEPrHd B3aHMOJCH-
crBus I'; urpaer poJib HEKOTOPOTO B NPHHIMIE HEYCTPAHUMOIO MH-
HMMyMa 9HEepPrHH, KOTOPBIH JMIUb HE3HAUUTEJbHO H3MEHSETCS NpPH
B3aHMOJIeHCTBHH BOJH.

3apaun

17.1. Mycrb amnaurysa A® uMeer BHA, YCTAHOBJEHHBIA IpH peLIeHHH 3a-
raun 5.4. HaiiTy ycnoBwe, NPH BbHIIOJHEHHH KOTOPOTO B3aHMOJEHCTBHE MOXKHO

CudTaTh CNaBOHETHHEHHBIM,
17.2. BouBectu BmipaxeHue (17.6) AMs 3HepTrHM WOAA C Y4ETOM JHCHEPCHOHHEIX

3¢ppeKTOB BTOPOro NOpAAKa.
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['JIABA 18

B3AHMOJENCTBUE BOJIH C KOHEYHOHM IIHPHHON
CINHIEKTPA
B NPOCTPAHCTBE BOJIHOBbIX BEKTOPOB

Ilpun oueHnke 06/1aCTH NPHMEHHMOCTH TEOPUH KOTE€PEHTHOTO B3aH-
MOJEHCTBUS BOJH - HeW30€XHO BO3HHKAET BOMPOC (YHAAMEHTANLHOrO
XapakTepa: KakK CHJBHO 3aBHCAT DPe3yJbTATHl 3TOH TEOPHH OT ydeTa
KOHEYHOH IWIHPHHBI CIEKTPa B3aUMOJAeHCTBYIOWIHX BoJH? [las oTsera
Ha 3TOT Bompoc Tpebyercs, BooOuie rOBOPSA, UPUBJCUCHHE TEOPHH
B3aHMOJEHCTBHA YaCTHYHO KOTE€PEHTHBIX BOJH.

B sr10#i rnaBe npeanpuHHMaeTcs NONBITKA M3Y4eHHs CBOHCTB Ta-
KOW ofuiefl CHCTeMBI Ha OCHOBE PAacCMOTPCHHUSI B3aUMOJCHCTBUS BOJ-
HOBBIX M4KETOB, KaxJbli H3 KOTOpPLIX pacClLIenysieTcsi Ha KOHEYHoe
YHCJIO Y3KHX cyOnakeToOB, KOTE€PEHTHO B3aHMOJEeHCTBYOIIHX ¢ cybma-
KeTaMHu JAPYrux NMaKeToB.

B pesysnbraTe Takoro paccMOTpeHHsi MOKa3aHO, YTO NPH YacTHY-
HO KOrepEeHTHOM B3aHMOJACHCTBHH HHTEHCHBHOCTH «B CpPeJHEeM» OCHHJI-
JIUPYIOT OKOJIC YPOBHEH, onpefelsieMBX B NPHOJMIKEHHU CJHydafiHBIX
(¢a3. Bonaee Toro, Habuwonaercs ofiasg TeHAEHUHA ocaadieHus B3aH-
MOJCHCTBHS NIPH OTKJIOHEHHH OT KOTE€PEHTHOTI'O COCTOSIHHS.

AHanu3 MAIUMHHBIX 3KCIEPUMEHTOB YKA3LIBaeT HA TO, UTO BCJAEA-
CTBHE HeJHHEHHOTO B3auUMOAEHCTBUA pa3bpoc $as pasNHYHBIX MaKe-
TOB OCHU/IHDYET H B cpelHeM Bo3pacraer. HavanabHblii pasbanaHc
Mexay ¢dasaMu Tpex B3aHMOAEHCTBYIOMX BOJH {(ecid TaKOBOH
HMeeTCs1) IO HPOLIECTBHH HEKOTOPOr0 BPEMEHH CIJIaXKHBAeTCHd, TaK
Kak (aspl PaBHOMEPHO DPacCHpeAensiioTcss HO makKeTaMm B HOJHOM COOT-
BETCTBHH C MPEACKA3aHHSAMHU TEOPUH.

BoJaHoBbIC NaKeThl

OrpaHnYuMCsl pacCMOTPEHHEM BOJHOBLIX [MAKeTOB C He3HaUHTEJb-
HOH IUMPHUHON CIEKTpa B TIPOCTPAHCTBE BOJHOBHIX BeKTOpoB. MoxKHO
npeanosarath, YTo B 3TOM CJydae CHCTeMa CBSI3aHHBIX BOJH Oyjer
HMeTb TAKOH K€ BHJ, KaK ¥ MPH PAaCCMOTPEHHH BOJIH THNA yelHHEH-
HBIX (Yypbe-KOMIOHEHT B R-TPOCTPAHCTBE, T. €. MOHOXPOMATHYECKHX
BoaH [1].

Caenyer OoTMeTHTb, UTO MOROOHAS HIeaJu3alHUsT BO3MOXHA TOJb-
KO TpH PacCMOTPEHHH HEOTPAHMYEHHOH NPOCTPAHCTBEHHO-OJAHOPOIHOMK
CpelBl, KOrja aMIJIHTYIH B3aHMOJIEHCTBYIOIIHX BOJH H3MEHSIOTCA BO
BpeMeHH, HO He B npocrtpanctBe. Ho gaxe B Takoil cpene BOJHBE
OGBIMHO HMMEIOT KOHeUHbie CTMeKTPH To K, a B3amMoAelcTBHe MeXAY
BOJIHAMH TIPUBOAMUT K YIIHPEHHIO 3THX CHEKTPoB. KOHEYHOCTH CHEKTPa
B R-IPOCTPAHCTBE O3HAYAET HEMOHOXpPOMATHYHOCTb BOJHH. I[losme Ta-
Kofi BOJIHBI (MJIM BOJIHOBOTO TaKeTa) €CTECTBEHHO MPEACTaBUTbL B BHU-
Jle CyNepHo3nIHH MOHOXPOMAaTHUECKHX BOJH:

E(r, /) = [ Exexp{i [o (k)  — kr]} dk, (18.1)
rae o (k) ompenensiercsi AHCIEPCHOHHBIM ypaBHEHHEM.
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Bpemsa KorepeHTHOCTH

BceiiencTere KOHEUHOCTH cneKTpa MO o MoJe BOJHOBOTO NaKeTa
fI0 HCTEUEHHH HEKOTOPOrO XapakTEPHUCTHYECKOrO0 BpEMEHH T Oyjaer
3aMETHO OTJ/IHYaTbCs OT COOTBRTCTBYIOILIETO MOHOXPOMATHUECKOTO IIO-
Jis. TO BpeMA MOXKHO OLUEHHTb CJAeAyowumM o6pasoM. [Ipexnonoxum,
YTO B Haya/JbHBI MOMEHT (hasbl Bcex Kommowent Ex B (18.1) omm-
HAaKOBH, H 0003Ha4NM T BPeMs, 3a KOTODOe pas3jiuune Mexay ¢asa-
MH BOJIH C MHHHMaJbHOH M MaKCHMaJIbHOH 4YacTOTaMH mHakeTra Jo-
cTuruer ;. Torga

T = n/do, (18.2)

rie 0o — INMPHHA YaCTOTHOrO CIEKTpa. :
Bpems v, omnpezmeasiemoe Boipaxennem (18.2), 6yaem HaswBaTh
BpeMeHeM KorepeHTHOCTH. C HOMOLIbLIO COOTHOINEHHS

do =~ (dw/dk) 6k
€ro MOXKHO CBSI3aTh TaKXKe C IIMPHUHOH CHEeKTpa B KR-NPOCTpaHCTBE:
T = a/{(0w/dk) 6k]. (18.3)

Ilpu Bpemenax, Gosblinx 1, (pasbl Pas3JHYHBIX BOJIH, 00pa3yOIIHX
f1aKeT, yxKe HeJb3s CUHUTATh XOPOIIO ONpeNE/]eHHBIMH, a IpH BpeMe-
Hax, 3HAYHUTEJbHO IPEBHILAOIINX BpeMs KOIEPEHTHOCTH, BOJHOBOM
TakKeT cJgeAyeT paccMaTpUBaTh Kak MNakeT co cjaydalHeIMH (as3aMmu
[1]. Maremarnueckoe oOxUAaHHe AMIJIATYABl TAKOIO IaKeTa PaBHO
Hy/aio. Hanpotus, npu BpeMeHax, MHOro MeHbIIHX BPEMEHH KOTEpPEHT-
HOCTH, BOJIHOBOH [akeT BejerT cebs Kak MOHOXpOMaTHYecKas BOJHaA
(maKeT ¢ KOrepeHTHHIMH (a3aMH).

Takum o6pa3om, XapaKTep BOJIHOBOrO IiaKera 3aBHCHT OT BpeMe-
HH H3MEPEHHs HAH OT XaPAKTEPUCTHUYCCKOro BpeMeHH (H3HUECKOro
mpolecca, B KOTOPOM NPHHHMAET Y4YacTHe paccMaTpHBaeMbll BOJIHO-
Bo#i maker. B3anmomeficTBue makeTOB CO CJAy4YaiHbIMM (asaMu cylie-
CcTBeHHO otauyaercs [1-—3] oT B3auMMOAEHCTBUMS KOUEPEHTHHIX IaKe-
toB. Huxke paccMoTpeH MpOMeKyTOUHBIH cayyal.

BsaumojeiicTBHe BOJHOBLIX NAKETOB

IIpu KoHeUHO# 1WHPHHE CIEKTPAa TOUHO® PE30HAHCHOE YCJOBHE JJIA
BOJIHOBBIX BEKTOPOB NPOH3BOJbHO BBHIGDAHHBIX BOJIH U3 TPEX NMaKETOB
He BHINoJHsiercsl. M3 -o6uleli mpouenypbl BHIBOJA YPABHEHUH CBS3aH-
HbIX BOJH (CM. TJ. 3) ¥ TeopeMHl O CBEPTKE $fICHO, UTO YypaBHeHUe
1051 Gypbe-KOMIOHeHTH Ak JOJXKHO HMETb BHJ

04
Ttk — S O Akt Ak exp iAo (K') £ dK, (18.4)
rae Uyir — Ko3bHIHeHT cBA3H, 3aBucsumi oT k u k', 1

Ao (k) = © (k— k') + o (k) — o (k). (18.5)

Vpasnenue (18.4) cocraBisieT OCHOBY ISl OMHCAHHsl B3aHMOJCHCTBHSA
TpeX BOJHOBBIX MAKETOB B NMEPBOM HENHHEHHOM NOPAILKE.
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[Ipennonoxum, uto Ax, Ax—k ¥ Aw OTHOCATCS K DPasJHUYHBIM
BosHOBEIM nakeraM. Torma ypaBHenue (18.4) 6yaer onucHBaTh
BJAHSAHHE ABYX pPa3JHYHHX (ypbe-KOMIOHEHT H3 JBYX HaAKeTOB Ha
BPEMEHHYIO 3BOJIOLHIO (ypbe-KOMIOHEHTH M3 TpeTbero nakera. B
NPHHIMIE 3TO ypaBHEHHEe NPHrOAHO AJSA ONHCAaHHA KaK MaJghlx, Tak
u Gonbwux Aw(k). OnzHako cyulecTBeHHBIH BKJajJ BO B3aMMOJEHCT-
BHe AT TOJAbKO Te y4aCTKd crektpa no k/, nis koropbx Ao MaJo.
Jlns peaju3anuu KOTEPEHTHOrO IOBEJEHHMST BOJHOBLIX [IaKeTOB B Te-
YeHHe BpeMeHH B3aHMOJAEHCTBUSI HX YACTOTHBIH CIICKTP JMOJKEH YJ0B-
JIeTBOPATh COOTHOIIEHHIO

8o; & a1/t (18.6)

THe fp— XapakTepHOe BpeMsi B3aumMonedcTBHs. Ecium 310 AeficTsH-
‘TeJLHO TaK, TO MOXKHO CYHTATh, YTO BCE BOJHbLI, COCTABJSIOIIHE Ma-
KeT, UMEIT ojHHaKoByio uacrory. Torma npouHterpupyem (18.4) no

[ | O T |

Puc. 18.1. Pacuiennende BOJHOBOrO MaKeTa Ha IapuuasbHBleé BOJHH (@) M Haqanb-
HOe BO3GYiKIeHHE NAPUHANBHEIX BOJH (6)

k u k/, npeneOperasg npu 3ToM H3MeHeHHeM Aw (A IPOCTOTH Gy-
JeM CUHTATb MOCTOSTHHBLIM TAKKE Ukk’):

04,/0t =v_ - A4, exp (iAwd), (18.7)
0 koky

rjae
o= [Adk; A =[Acrd(k—k);, A=[Acdk. (18.8)

Wnrterpupopanue B (18.8) mpoBoauTcst mo TO# YacTH KaxKAOro H3
IIaKeToB, KOTOpasi LAeT BKJIal BO B3aHMOJEHCTBHE.

AHaJIOrMYHO MOXKHO MOJYYHTb JABa JAPYTHX YpaBHEHHS THIIA
{18.7), a TeM caMBIM U BCIO CHCTEMY CBSi3aHHBIX ypaBHEHHil, OMHCHI-
BAIOULYI0 B3aHMOJEHCTBHE BOMHOBHIX IIaKeTOB B PacCMaTpHBaeMOM
TMPHOJMKEHNH. ¥YCJIOBHE KOTeDEHTHOCTH BEIPAXKAETCH B TOM, UTO INpPH
VHTETPHPOBAHUH [0 BOJIHOBBIM TAKETaM pPAaCCOTJACORAHHE 4acTOT Awm
TPEeAIONaraerTcs NOCTOSSHHBIM. ECMH  3TO yC/I0BHE HE BHIOJHSAETCS
JJIsT BCeH obsaacTm B3aHMOJEHCTBHS, TO ee MOXKHO pa3buTh Ha HOX-
06J1acTH, B npeAesax KoTOpeiX Aw mnocrosiuHo (puc. 18.1,a). Hure-
TPHpOBaHHe 1O moxoGsacTd [ BOJHOBOro makera k NPHBOAMT K mO-
HATHIO AMIUIUTYABR TapuHanbHoi BoJHb Ay (3Zech HHIEKC R  yKa-
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3bIBAa€T HA NPUHAJNEKHOCTh ONMpPeleleHHOMY BOJHOBOMY IIakeTy, T. e.
He BOJIHOBOE YHCJIO). YpPaBHEHHA IBHXKEHHS /I 3THX aMIUIHTYJ
3aMHCHIBAIOTCS B BUJIE

0A, ; .
S g vkl;klAlkAzl exp (iAo, ). (18.9)

IIpn sTOM mHeHTpaJbHBIE BOJHOBHIE BEKTOPH NapUHANbHBIX  BOJH
YAOBJIETBOPSIIOT COOTHOLUEHHAM -

koi = klk “,_ k2l.

[Tpo6nemMa B3auMOJEHCTBHS B INOCJAEAHEM CJAyYyae 3HAYUTEJBHO
YCJIOXKHSETCS, TaK KaK JJIs ee PacCMOTPeHHS TpebyeTcst pelleHHE CH-
cTeMbl ypaBHeHHH Ttuna (18.9) ansi Bcex mapuuaJbHBIX BOJH. ¥YCJ0-
BHE KOrepeHTHOCTH YIOBJETBOPSETCS Tenepb TONbKO HAa YPOBHE B3au-
MOJAEHCTBHS NapUHaJbHBIX BOJIH, HO He Ha YPOBHE B3aUMOJEHCTBHSI
BOJIHOBBIX MNAKETOB B L@JIOM, KOTOpoe mpuobGperaer 4aCTHYHO Kore-
DEHTHBHI XapaKTep.

OTMmeTnM, 4TO H3-3a Hauu4usl B npaBoil yactu (18.9) caaraemuix,
collepkauliX DPaACCTPOUKY YacTOThl Awmjy, AMIUIATYAB B OOIIeM CJy-
yae OCUMJAHPYIOT BO BpemeHu. [lpu GosblioMm uucie TapuHafbHBIX
BOJIH €O caydadHeIMM (asaMd OCHUHJIJIHPYIOLHe cJlaraeMble KOMIICH-
CHPYIOT ‘ApPYr Jpyra, W HeHyJeBOH BKJajJ BO B3aMMOJEHCTBHE AAIOT
AWML caraeMble ¢ MadbiMd Aw. B nmoao6HOH cHTyauuH B3aHMoiei-
CTBHE sBJseTCA cAa0bBIM, a ero XapakTepHoe BpeMsi, Ha060poT, 60Jb-
LIMM, 4TO TIO3BOJISeT YCPeAHHTh AMHaMUYeCKHe ypaBHeHHs To das3am
1] u nonyunte TeM caMBIM ypaBHEHHsl IJIs1 HOJHBIX HHTEHCHBHOCTEH
BOJTHOBHIX TMAakKeToB (HJIH 4YuceJ KBAHTOB). DTH YpaBHEHHs] H3BECTHHI
KaK ypaBHeHus npubjanKeHds caydaiiHeix a3 u 3AeCb paccMaTpH-
BaTbca He Oyayr. Jasi cpaBHeHHs, OIHAKO, TOJE3HO HaMOMHHTb, UTO
B TAKOM TpUOJHKEHMH UHTEHCHBHOCTH BOJH ¢ OJMHAKOBLIMH 3Ha-
KaMH S3HEPrHM CTPEMATCA K CTAUHOHAPHBIM 3HAYCHHAM, YJOBJETBO-
PSIIOUIMM COOTHOLUEHHIO

Ul = Ul + UL, (18.10)

rie /; — HHTEHCHBHOCTb Takera J, a mHaekc 0 COOTBETCTBYET MaKeTy
¢ MakcumaJbHOH uactoto#l. UuteHcuBHocTH [; yAOBJETBOPAIOT Tak-

XKe cooTHolleHHAM Maunan—Poy
I+ 1L=My, ©IL—I,=M,,. (18.11)

YpaBHEHHS] U MHTErPaJbl IBHXKEHUS JJs CHCTEMbI
TpeX BOJHOBBIX MaKETOB

Haa 6onee JeranbHOrO H3YYEHHs B3aHMOAEHCTBHA TPeX BOJHO-
BHIX NAKeTOB ILiesiecoofpasHo mpeo6pasoBaTh obumylo cucremy (18.9),
3aMMCAHHYI0 B .KOMIUVIEKCHOH ¢opMe, K CHCTeMe YPaBHEHHH OTHO-
‘CHTEJNIBHO BHIOPAHHHIX TIOAXOISINUM 06pa3soM BeilleCTBEHHBIX BeJIH-
upH. Ilpn TakoM npeo6pasoBaHuM Oyiem npeanosarartb, YTO BOJIHO-
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Bble HaKeThl AOCTATOYHO XOpOULIO JIOKAaJIU3OBAHBI B kaOCTpaHCTBe
TakK 4YTO BBINOJIHAETCA YyCJOBHE

[Ak | L [k . (18.12)

.Ecaun (18.12) ynosiersopsiercsi, To KO3 (UIHEHTH CBSI3H, 3aBHCALIME
oT k u w{(k), oueHp MaJO H3MeHAIOTCS B Ipejejax BOJHOBHIX NaKe-
ToB. [lpenebperas 3Tum H3MeHeHUeM, MBl OyleM CUHTAThL BCe KO3(-
GHUMCHTH CBSI3H B ypaBHeHHsix THna (18.9) nmOCTOSAHHBIMH H OJHHA-
KOBBEIMH. Torja ecTecTBEHHO HCIIOJb30BATH TAKYI0 HOPMHPOBKY (CM.
TJ. 7), IPU .KOTOPO# 3TH KO3(PPHULHEHTH paBHBH CAHHHIE.

Has nepexona K BelleCTBEHHBIM yDABHEHUAM HOJOXKHM

A= | Ap | exp(ioy), (18.13)

rje MHIEKCH | H k yKa3elBalOT HOMepa BOJHOBBIX ITAKeTOB U Taplu-
AJbHHIX BOJIH COOTBETCTBEHHO, M BBEJEM BeJIHYHHDI

Djp = toj — D1 — g (18.14)
44
Awpy = g — O, — @y, , (18.15)
rae
0 = 0 (Kpp), (18.16)

kjk—ll,eHTpa.HbeIe BOJIHOBBIE€ BEKTOPHI IMMapuHaJdbHBIX BOJH, YAOBJIET-
Bopdwolye yCJOBHK COrJiaCcOBaHHUsd

ky; = ky, + Ko (18.17)

. O603HauHB DPEHOPMHPOBAHHBIE aMIJAHTYAB |Ajr| Kak ujn, moay-
YuM CJIeLYIOULYI0 CHCTEMY ypaBHeHu# [4]:

Ottn;

_au:,_ = ;”muzz €08 (D1 + Awjpit); (18.18a)
ad

_%‘- = 2 Lfo]uzl cos (@, + Aco,klt) (18.186)
-

._:;:l._ = ZuOIulk cos ((I)Jkl + Am]klt) ' (18.18!3)
0%0j _ WML Gin (@) + Awjpt); (18.18r)
ot o Uoj

dp Uyt . R
atlk - 2 Zjl:l sin (D1 +- Aw;pit); (18.18x)
ag. Uil .

; a;’ =3 °;2:k sin (@1 + Awpy). (18.18¢)

ik

DTa cucTeMa 3amHcaHa B NPEANOJOXKEHHH, YTO 3HAKH KO3pdHUHEH-
TOB CBA3U JJis BOAH H3 naxkera 0 (9TH BOJIHEL COCTaBJISIOT TAKET C
HauboJbllell YACTOTOH) NPOTHBONOJIOKHBL 3HAaKaM Ko3(G(HUMEHTOB
CBSI3H BOJIH, NpHHAJIEXAUX naKkeTaM [ u 2.
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OrMernM, uTo cyMMH B npaBbix yactsax (18.18) comepxat mpo-
H3BEJIeHHsl AaMIUIMTYJ BCEX HapUHAJbHEIX BOJIH, YJIOBJETBODPSHIOIIUX
yciaosuio (18.17). IlosToMy CTPyKTypa CBSI3H MOXKET B ONpele]eHHOH
CTENeHH 3aBHCeThb OT cnocoba pa3OHeHHs MAKeTOB Ha MapiiHaJibuble
BOJHBL. B CBA3H ¢ 3THM HamOMHHM, YTO COTJIACHO pe3yJbTaTam rJa. 9
BJIMSIHME PAaCCTPOHKH 4YACTOTH Ha B3aHUMOJeCTBHE HMeeT NMOPOroBHIH
XapakTep B Toi 06JacTH, Ile BeJHYHHa, oOpaTHas paccTpoiike ua-
CTOTHl, CPDaBHHMAa C XapaKTepHBIM BpeMmeHeM B3aumojiedcrsus. Ecau
paccTpoHKa MeHblle HEKOTOPOro MHOpPOroBOr0 3HAYEeHHA, TO CHyia CBSI-
3H HM3MeHAeTcsl He3HauuTeJbHo. Ho npu A, mpeBBIIAOINHX HOPOro-
BOE 3HAYEeHHe, B3aHMOJACHCTBHe pe3Ko ocnaabasercs [b—7]. Ilosro-
My B INepBOM NpPHOJHXKEHWH MOXKHO HE YYHUTBIBATL BJIHAHHe pac-
CTPOHKH Awjn Ha B3aUMOAEHCTBHE TEX BOJH, [IJSl KOTOPBIX OHA MEHb-
1le [OpOroBOrO 3HAYEHHS, M ONYCTUTh YPaBHEHHS, B KOTOPHIX Awj;u
NpeBLIIaeT MOPOroBOEe 3HAYEHHE, MOJYYHB TE€M CaMBIM CHCTEMY THIA
(1818) C A(Ojkl=0.

Jas Toro 4Tto6bl HAHTH WHTerpa/bl ABHXKEHHS H CPaBHHTb HX C
HHTerpajaMu [BHIKEHHS, [OJYUCHHRIMH B TPUOJMIKCHHH COy4YadHBIX
$a3, BBeeM cJepyiollee OIpefeseHHe UHTEHCHBHOCTH BOJHOBOrO mHa-
KeTa:

I = ;”?k- (18.19)

Takoe omnpegeneHne corgacyercss ¢ TeM (aKTOM, UYTO COOTHOUIEHHE
(18.6) BmImONHsETCA TOMBKO AJSI OTAENbHHX NapUMaJbHbIX BOJIH, HO
He AJs nmakeTa B nesoMm. Ha ocuose (18.18) moayunm

oI, —_—
ot = 4 2 %iuoiulhuzl COS q)]'kl’ (1820)

rie 3HaK «MHHYC» COOTBETCTBYeT IakeTy 0 ¥ CyMMHpOBaHHE IIPOBO-
JUTCS 110 BCEM BOJIHAM, YYaCTBYIOLIMM BO B3anMojaelicTBuu. Takum
o6pasom, cyMMa ofHa W Ta Ke jpiasa Bcex I, (n=0, 1, 2), uro mpu-
BOJOHT K cooTHouleHusiM Manau—Poy

I+ =My I —1,=M,. _ (18.21)
3TH COOTHOINEHHS HMEIOT TOT K€ BHJ, YTO U B NIPHOJNHIKEHHH CJHy-
yalinuix ¢as3. Beensa eme cymmy gu;aq),.k/at, HOJYYHM COXPaHSI-

HIVIOCST BEJHUYMHY, COOTBETCTBYIOUIYIO SHEPTHA B3aMMOJAEHCTBHUA [4]:
% Ug sl SIN @y =T, (18.22)
7

rie CyMMHPOBaH¥e CHOBA IPOBOIHTCH IO BCeM BOJIHAM, JalOIIHM
HeHcue3allui BKIa/, BO B3aUMOACHCTBHE.

3axon coxpanenusi (18.22) ykasbiBaeT Ha ONpe/eJEeHHYIO CTeleHb
KOppeasuud MeXay (a3zaMd B3aHMOAEHCTBYIOUIMX BOJIH H IIO3TOMY
He MMeeT MecTa B NPHO/IHMKEHHH CrydaiHbIX das. CymiecTBeHHO, 4YTO
9TH KOPPEJAUMH MOTYT COXPAHAThCA Ha NIPOTSKEHNA BCETO BPEMEHH
B3aHMOJeficTBHA. 3aMETHM TaK¥ke, 4TO BHA 3aKOHOB COXPaHEHHS
(18.21) u {(18.22) He saBucHT OT cmoco6a’ pa36HCHUs TAKeTOB Ha
napuMaJbHEe BOJHHL.
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CpaBHelme C KOTEPEHTHBIM TPEXBOJHOBLIM B3aUMOAEHCTBUEM

Kak Bunno u3 cucremb ypasuennii (18.18), mpu Masnix BpeMeHax
KOr€PEeHTHOCTH (T. €. IPH OTHOCHTEJNBHO IIHPOKHX YACTOTHHIX CII€K-
TPpax B3aUMOAEHCTBYIOIIMX BOJH) YHCJAO CTeNeHed CBOGOAB CHCTe-
Mbl Bo3pacraer. Hamomuuwm, 4To TpexBosiHOBasi cHCTeMa ONMHCHIBACTCS
YPaBHEHUSAMH

0120t = F 2uu, cos O; (18.23a)
00/t =T (g — 47— u3?), (18.236)

riae
[ = uguyu, sin @, (18.24)

Bosppamasick’ Kk ONHCaHHIO B3aHMOJEHCTBHA BOJHOBHX HaKeTOB,
ONpeJe/IMM BeJHUHHB

/9% N _ 1 2 Oojr _ T
N /U ;uik ot I (18.25)
H ‘
OO N S W N 00 N S 98 N
N SO ea /SN S N S (18.26)
Hcnoasays (18.20), moayyaem
0l;/0t = T 2n (uoizflkuzl_cf)s (Dih_l?; } (18.27)
(0D /0ty =T (Ig" — IT' —I7'),
riae
I'=n <uoju1hu21 sin (Djkl>' (18.28)
3aecb n—uyucao CBsI3eH, T. €. YHCJO cjaraeMelx B cymmax (18.20)
u (18.22).

B coorBercrBun ¢ (18.23a) 3Hak npousBOAHOA aMILIHTY[H OIpe-
neasercs: ¢asoil @, a coorHoueHue (18.236) ykaswiBaer Ha TO, UTO
3HAK INPOH3BOAHOH (a3l H3MeHsSeTCs] B MOMEHT IPOXOXJCHHUS HH-
TEHCUBHOCTSIMH YPOBHEll, COOTBETCTBYIOUIHX NPHOJIMKEHUIO Ccaydaii-
Heix ¢as. Orciona cieayer, 4TO MHTEHCHBHOCTH JOJIKHBI HCIHITHIBATH
KoneGaHuss OTHOCHTENBHO 3THX YpoBHeHd. AMIIHTYyHa 3THX Koseda-
HHHA, OHAKO, HH IPU KaKUX OOCTOATEJbCTBAX He yMeHbINAercs, T. €.
HHTEHCHBHOCTH He BHIXOASIT Ha YPOBEHb, COOTBETCTBYIOILMH NPHOJH-
XKeHHw cayuaiHbex ¢as. Tem ne medee us (18.27) Buaso, 4To B ua-
CTHYHO KOrEPEHTHOM B3aHMOJEHCTBHH HHTEHCHBHOCTH B CPEJHEM TakK-
e HMMEIT TEeHJEHIHI0 K KoJeOaHHAM OKOJO YPOBHeH, XxapakKTePHBIX
I npubGanxenusi caydyaiHelx (a3, HO B3auUMOLCHCTBHe B 3TOM CAy-
yae cjaabee, UueM NpH HaJHYHH KOrepeHTHOCTH. BsauMopeiicTBue oKa-
3biBaeTcs 0cobeHHo ciabbiM, ecau cjaraeMmbie npasoil yactu (18.20)
cTpeMsiTcs K Hymio. JLasg 3Toro HeoOXoguMoO, 49TOOL  MHOXHTENH
cos @j,; UMend CJayYaHHBIE XapaKTep H HE KOPPeNHPOBAJH C Mpo-
U3BEIEHUEM aMINVIHTYHA Uglipty. KoJsieOaHHS HHTEHCHBHOCTEH OKOJIO
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YPOBHeH, COOTBETCTBYIOUHX NPUOIHKEHHIO CIyYalHBIX (a3, o6ycsoB-
JIeHbl yCpeiHeHHBIM H3MeHeHHeM @jp. B To Xe BpeMs mo Mepe pas-
BHTHS B3aUMOJEHCTBHA (a3bl Bce GoJsiee HEPEMEIUHBAIOTCS, YTO INpPH-
BOAMT K OCJalJIEeHHIO B3aHMOJCHCTBUS H K IOCTENEHHOMY IIPHOJIHKe-
HHI0O HX HMHTEHCHBHOCTEHl K YDOBHIO, XapaKTepHOMY /s IpuOIHKe-
HHs caydaidnbix ¢as. Cuaeayer, ofHaKo, WMeTb B BHAY, YTO B CHJY
cootHowenust (18.28) Bcerga cyilecTByer HeKoTOpas KOHEYHAds aM-
JUTHTY IHO-()a30Basi KOPPeJSAUUs, U MOITOMY II0 MPOIIECTBHH HEKOTO-
pOro BpeMeHH TeHJAEHLHs BBIXOJZAa Ha YPOBEHb, COOTBETCTBYIOIIHH
mMpHOJMKEHHIO CIydaliHBIX (a3, ochaabhasiercs, a 3aTeM H COBCeM
yTpauuBaercs.

B03MOXHOCTb ONHCaHHsl YacCTHYHO KOTePEHTHOH CHCTEMBI C Mo-
Mouibio cooTHomeHu#t (18.27) os3nauaer, yTO HEKOTOpPYW HH(OPMa-
ILUHI0O O TAKOH CHCTeMe MOXKHO IOJy4YHTh HENOCPEACTBEHHO Ha OCHOBE
3HAHUSA CBOHCTB COOTBETCTBYIOLICH KOrepeHTHOH cucreMbl. Taxoii
nyrb OB HCNOJNB30BaH B pabore [8] mpH pacCMOTpeHHH BJIHSHUA
YACTOTHOrO YUIMPEHHs JUHHH H CBA3aHHOH C TAaKHM YIIHPEHHEM HEOo-
TIpeJeNieHHocTH (ha3 HAa HEYCTOHYMBYIO CHCTEMY B3PBIBHOTO THIA, a
Takxke B pabore [9] npe uccieqOBaHUM BJHSHHS 3BOJIONUH HEOIpe-
ZeJleHHOCTH (a3 Ha (asy KOHKPETHOH BOJIHBL B CHCTEME CO CTabGu/IH-
3alyedi B3PLIBHOH HEYCTOHYMBOCTH 32 CUET HENHHEHHOro CABHra 4Ya-
CTOTHL TPEThEro NOpsSAKa.

OrMerumM, YTO moBefeHHe CTAOUJIN3UPOBAHHOH CHCTEMBI B3PHIBHOTO
THIIA HMeEET TOT e MEePHOAHYCCKHH XapakKTep, YTO U B YCTOHYMBOH
iCHCTEMe, paccMaTpuBaeMoll B Hacrosllel raaee. Pasbpoc ¢da3 Kakoi-
JiM60 OZHO¥ BOJHBI U3 3TOH CHCTEMBl 3a XapakKTepHOe BpeMsl B3aHMO-
JeficTBUs mepejaercs ABYM IAPYruM BosHaM. B pesynbTate BOo3HHMKa-
10T kKonebGauust pasbpoca ¢a3, KOTOpble B KOHEYHOM CYeTe NPUBOAAT
K paBHOpacIpefieNeHH0 (a3 MexAy B3aHMOAeHCTBYIOLIMMH BOJIHA&-
MH. DTO NOATBEPXKAAETCH M YHCJICHHBIM pelIeHHEM CHCTeMBl THIIA
(18.18).

Ycpenuennnle ypaBHenuss (18.27) omnuceiBaioT kosneGaHHS OTHOCH-
“TeJIbHO YPOBHA cayuafinkix ¢as. Hdas toro utobbl HCCleA0BaTb NPUB-
JIMJKEHHE K 3TOMY YPOBHIO, HeoOxoaumo Oojlee JeTaNbHOE ONHUCAHHE.
Tlpogosaxast aHaJOTHIO C KOTEPEHTHBIM B3aHMOAEHCTBHEM, 3aMETHM,
YTO B BBHIpa)KeHWe IJI5 NOTEHUHAJbHOH (GYHKHHM 7 BXOAHT BEJHYH-
Ha T2, BO3pacTaHWI0 KOTOPOH COOTBETCTBYET yMEHbINEHHE OCHHJLISA-
1l aMmiaaTyasl (cM. 1. 9). B cBA3H ¢ 5THM IpeACTaBJisieT HHTepec
H3yYeHHe BeJHUMHBL ‘

2]3 ri= 2 [ ; U iUy gtz SITY @ikl]i’,

i

KOTOpasi aHaJU3HPYETCH YHCJICHHBIM METOJOM B IOCIeAHEM pasjene
HACTOSIIHEeH TJaBHL.

Bropoe Beipaxkenue (18.27) moxkHO 0000miuTh Ha cJayda#, Korga
Hesnb3sl TpeHefperaTh BJUSHHEM PAaCCOracOBAaHHBIX CJAAraeMelX B
CBSI3aHHBIX YPABHEHHWSAX HA CpeJHee 3HAYeHHE IPOU3BOAHOH (asbl Io
BpeMeHH. [l yyeTa 3TOro BJIHSHHA HeOo6XOAHMO OGOOLIHTL HHTErpas
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aBuxenus I'. B rauectme OTHpaBHOfI TOUYKH HCNOJBb3YEM TaMHJLTOHH-

aH CHCTEMH -
H = ;;mjk@k + 2 ]Zz]u(,,-ulkug, sin 6, (18.29)

rae
e]’kl = eof_elk‘_ezl; )
0 = 0t + D}y (18.30)
ITpu Hanuuuu paccorsacoBaHHsl NOJHAST BOJHOBAS SHEPTHS cho,-kx
7

2 o o
X Ujr HE coxpaHsieTcs H HeoOXOAHMO HaiiTH HOBBIH crnoco® pasbueHus
H Ha nBe moCTOsIHHBIE YacTH. DTO MOXKHO CIe€JaTh, BBOAS CABHHYTHE

YacTOTH ®j; TakK, YTOGH BHINOJHAJIOCH COOTHOLIEHHE
b ,
Wg; = O}, = 0y,

Torpa nonyuum
Op = 0}, + Aoy Ao = Aoy — Aoy, — Ay,

Herpyano npoeeputb, 4TO
W = %}zm;ku?k (18.31)

SIBJISIETCS HHTErpajioM ABHIKEHHSI, a 3TO JaeT OCHOBAHHE ONPEAE/IUTH
- BEJINYHHY

1
= ¥ Aojpul, + 2 Uty SIN Oy, (18.32)

/k ikl

KOTOpasi M NpejcTaBJsieT co00i HCKOMOe o6o0lieHue HHTerpania JBH-
xeHus I
Tenepp MoxHO HaiiTu Beiquuuny ¢€00;x/0t). HefictBys Tak xe,
Kak npu pacuere {0®;/dt) wus (18 26), ¥ HCIOJb3Yysl MPU 3TOM
(18.30) u (18.32), naxogum
/9 N e O _L(r__l_ Am-u2)+—1 20
—_—r N = Ly ——— = ikl Dt
N ot S 1y ko I; 2]'Zk ! 1,-;!

H

() = s (1o o) (5 =3). 0o

rre (Aw) = 0p) — {01y —<0od; Koy = (1)) D0y

B npeamnosoxKeHHH, YTO LEHTPaJbHble YacTOTHl NOJHOCTBIO COTJa-
coBannl, BeauynHa < Aw) Mana. Ilpu sToM TeHHEHNHS K OCHHJLJIA-
HHAM OKOJIO YPOBHs caydaiiHbix ¢a3 coxpansiercd. [lpm Gonpuiux
{Aw) B3aumojeiicTBHe OYyIeT HCIOBITHIBATHL YCPEAHEHHE TOrO XKe
THIIA, YTO U NPH HAJMYUH KOTEPEHTHOCTH.

147



Ymnpelme M pacnaj BOJHBI HAKAYKH NMPH NPOHHKHOBEHUH B naasmy

Hucnennniéi ananans cucrembl (18.18) bl mposesem mis ciyyas,
TIPEACTABJSIOUIEro OCOOLIH HHTEPeC B CBSI3H ¢ mpobJeMoH B3auMoOjei-
'CTBHSI J1a3epPHOTO H3JyuyeHHs ¢ nuasmoi. Ilpennosoxum, uTc BoJaHa
€ MAaKCHMaJIbHOH 4YacCTOTOH IIpeiaCTaBJsieT COGOH JIa3€epHYI0  BOJHY
GONBIIOA aMIAHTYAN, NPOHHKAKMIYIO B Nja3My, rae MMeIOTCS 1Jas-
MCHHbIE HJIM HOHHO-3BYKOBBI€ BOJIHBI IIYMOBOro xapaktepa. OTMmeTHM,
4TO NPH pEIIeHHH TAaKOH 3ajayd B KauecTBe He3aBHCHMOH NepeMeH-
HO# cJiefoBa o Obl HCIOJb30BATh NPOCTPAHCTBEHHYIO KOOPAHHATY, HO
CYIIECTBO pellleHHsI OT 3TOrG He H3MEeHSeTCs.

Huasi toro uro6nl pemnts (18.18), mpexage Bcero HeoGXOLHMO
ONPEeJeJHTL YHCJIO BOIH B Ka)KAOM IlaKeTe M CTPYKTYpy cBsAsu., Unc-
JI0O BOJH BHIOEpPEeM PaBHHIM 4YeThipeM (aHaJau3 JJs BOCBMH BOJH He
TPUBOAKMT K KaKUM-JIHOO HOBBIM OCOOEHHOCTSM), a CTPYKTYPY CBSI3H
3ajajuM pesoHaHCHbBIM ycqoBueM (18.17) aia ueHTpanbHBIX BOJIHO-
BHIX BEKTOPOB KaxJAoro mnakera. Paspelienne Mo BOJHOBBIM BeKTOpaM
MEXKJY COCeJHHMH NapuHaJbHBIMH BOJHaMH, BooGlle roBops, 3aBH-
CHUT OT OTHOCHTEJBHOH IUHPHHBI HX cmekTpoB. [locKosbKy 3TH BeJu-
YHHBI MOKHO BBIOPATh NPOH3BOJBHBHIM 00pa3oM, NPeNONOKHM, UYTO
BCE TapLUHaJbHBIE BOJHB HMEIT CHEKTPBl OJHHAKOBOH IIHPHHH H,
CJIeIOBATeNbHO, pPa3pellieHre MO BOJHOBBIM u#caaM nocrosiHHo. [lpen-
TOJIOXKHM TaK:KE, YTO IICHTPAJbHBIC NaplHaibHble BOJHB KaXIOTO H3
TpeX MAKETOB IIOJIHOCTBIO COrJacoBaHBl (B NaKeTe C YeTHBIM YHCJAOM
BOJIH UEHTPaJbHOH CUMTAETCS Ta H3 JABYX BOJH, KOTOpas uMeeT 60.b-
1iee BOJHOBOE UHCHO R).

KauecTBedublil BHA HAuYaJbHOTO BO3OYK/IEHHS [OKAa3aH Ha pHC.
18.1,6. B pesyabrate cBS3HW MEKIY CHJIbLHQ B0O30YXKAEHHOH BOJIHOMN
Ugo W TIADAMH BOJIH Uig, Uzo; U1, Usz M Uis, U2y AMIIMTYIbl [JIa3MEH-
HBIX BOJIH HAYHHAIOT HAPaCTaTh, UTO NPHUBOAUT B AaJbHEHIIEM K YIIH-
‘PEHNIo CIEeKTpa BOJHB H3 naxera 0 13-3a CBsAsH C OOKOBOHA BOJHOM
Ug1. DTO NPOUCXOAUT TIPH BpPEMEHax IOPsiAKa BPeMeHH ocJaabueHus
aMILUIUTYABl BOJIHBl HaKauKH Uge. [losHOe mpepcTaBjieHHe O BPEMEH-
HOHl 3BOJIIOLMHM HHTeHCHBHOCTeH naer puc. 18.2, KOTOpPHI# COOTBETCTBY-
-eT TaKOMY cJjyuatoo, Korga (asbl BoJH H3 naketroB / H 2 H3MEHAIOT-
cq Jauselino B uHTepBate oT 0 mo 2m, dasbl BOJHEL M3 makera 0
3aKJI0UeHH B MHTepBaje oT O A0 m/2, a HayaJbHble HHTEHCHBHOCTH
Iy u I, pasubl [B cuay coorHomenusi (18.21) 3To paBeHCTBO He Ha-
pylllaeTcs B TEUEHHE BCEro BPEMEHH B3amMojedcTBuA].

. Jlast uccJelOBaBHS 3BOJIONMHE (a3 @;; BBeJeM ycpedHeHHYIO ¢asy

(b1 = Sulbn (18.34)
, .

‘31ech corqaacHo HalllemMy BBIGODpY O0< @ <2m M yUIMpPEHHE dasml
6¢,‘ = (1/1;)Zu§k l ‘f’ik_(‘pi) J ’ (18'35)
e |o;—(dD | <.

[TpeanosoxkuM, 94TO B CHTyallHH, KOTOPOK COOTBETCTBYET PHC. 18.2,
pasbpoc da3 Bonn u3 makeros [ m 2 6amsox k 1,5, a pasbpoc das.
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Puc. 18.2. PesysbraThl UHCJIeHHOTO aHasau3a cHucTeMsl (18.18), moayuenuble nmpu BH-

‘Gope B KaXKJOM HaKeTe YeTbipeX NAPUHAJbHBIX BOJH C HAYaJbHBIMH aMIIHTYXaMH

Uy;=0,1 (j#2), uee=6, uy;=1Uy;=0,2 B npeanoJoxeHnd, yro ¢assl @i H @2 H3-

MeHsIoTCsL JuHefiHo B MHTepBajde oT 0 g0 2 m O<Sdo;<<m/2. TIyHKTHpHBIMH JIH-

HHUSAMH T0OKa3aH YPOBEHb HHTEHCHBHOCTH, DACCUUTAHHBIA B MPUO/IHKEHHH CIAYYaMHBIX
¢as mpu '~ 0,62

BOJIH H3 nakera 0 mepBoHAuaNpHO OUeHb MaJj. Torga 3a Bpems pac-
TlaZa BOJHBLL HakKauku pas3bpoc ¢as BonH u3 naxkera 0 GvICTPO VBe-
JIMYHBAeTCst M 3aTeM OCHM/NMpYyeT ciaydaiiHbIM o6pasoMm (puc. 18.3).

50

N

0

Puc. 18.3. Bpomonus pasbpoca ¢$as B caydae, COOTBETCTByIMlem pHc. 18.2

OtTMeTnM, YTO TPHOMHKEHHIO CAyYalHHIX (a3 COOTBETCTByeT 3Haue-
HHE

86, = n/2. (18.36)
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B npomexyTke MeXJ1y BpPeMEeHeM pacnajia f, U BpeMeHeM fp, NpH
KOTOPOM Ha4MHaeTcsl BHIXOJ Ha YPOBEHb CAy4ahHBIX (a3, CYIIECTBYET
00/1aCTb CHMMETDHYHBIX OCUMJJIAUHH. B Hell Bo3GyXiaeHwl Bce mnap-
IlHaJIbHBIE BOJHH H HabJaiojgaercs Goupllod pasbpoc das.

IIpu ¢>t; cunbHas Koppensiuust MeXAy NPOU3BEACHHSAMH AMILIH-
TYA Upiliptyy U MHOXHTeJNeM cos Djy; ocnabigercsd, B pe3y/bTaTe ye-
IO HHTEHCHBHOCTH CTPEMATCA K YDOBHSM, COOTBETCTBYIOIIHUM MNpHG-
JIMIKEHHIO caydaiiHblx (a3. Xapakrep 3Toro mpoiecca, BooGLie ToBo-
PfA, 3aBHCHT OT 3HaueHHMs HHTerpasja JBHXKeHHS (B PacCMOTPEHHOM
Bhille caydae I'=—0,62). Ilpu manbix 3Hauenusx I' BAHAHHE HHTeH-
CHBHOCTEH Ha ycpeJHeHHYI0 Ipou3BoAHyI0 (Gas3bl Takxke MaJjo, TOr/ja
Kak npu Ooapmux |T'| cHcreMe NpHCYIIH CHJIBHBIE KOppPeJsIHH, KO-
TOPLle NPHUBOAAT K TOMY, UTO (pa3bl HCIBITHIBAIOT CHJBHBIE OCLHJJIA-
LUK Ha NPOTSIXKEHHH IAHTenbHOro BpeMmend. OJHAKO B IPOMEKYTKE
MexXAay f; u fp XapakTep OCUHJJNALUMHA MNPAKTHYECKH He 3aBHCHT OT I’
HPH HU3MEHEHHH 3TOH BEJHUHHBI B OYEHb IIHPOKHUX Npeaesax.

3aBucuMocTh OT I' H3ydYasau ¢ TNOMOUIbI0 H3MEHEHHs HauaJbHOTO
yPOBHS Bo30OyxkaeHus nakeroB / u 2 mpu COXpaHEHHH YPOBHS BO3-
O6yxxaeHus nakera 0 u Bcex HadaJbHBIX (a3. B pesyabrate 6bLJIO IIO-
Ka3aHo, YTO XapaKTep OCIHJIALUMHA, KaK U PasHOCTb fp—IF), OCTaercs
NOYTH HEH3MEHHBIM JO TexX mop, moka I' uMeeT TOT Xe NOPAAOK Be-
anuubel, uro 1 M;=I,—I, (lo=I,). ViHTepecHO CpaBHATbL 3TOT pe-
3yJbTaT C Pe3yJbTaToOM [/l KOTEPEeHTHOro B3aMMOAEHCTBHA, KOrjia
KODHH TOTeHUHaJbHOH OGYHKUHH m(x) OUYeHb Mal0 H3MEHAIOTCS MPH
usMmenenun I, ecan I'«&M. B uacTHOCTH, oueHb MaJo 3aBHCHT oOT T
NEPHOAHYHOCTL IMpOLecca, -TaK KaK OHAa Ompejessercss pasHOCThIO
kopHell mosuuoma mw(x). Tlpn HavajpHBIX YCJOBHAX, HCIOJb3YyeMbIX
B paccMaTpUBAaeMbIX MAUIHHHBIX 3KCIePHMEHTaX, HavyajbHoe 3Hadue-
e I'? 6u3Ko K BenWYHHE

2 . 2
Z Ij= 2[ - Uil oy SIN Dy ] )
7 7

BpeMeHHasl 3BOJIOIMsA KOTOPOH NoKaszaHa ua puc. 18.4. Ilpm >t

BEJHYHHA er CHJIBHO YBEJIHYHNBAETCA, UTO COOTBETCTBYET BHIXCAY
i

Ha YpOBEHb, XapaKTepHBIH AJs1 MpHOJHKeHHs caydyadHex ¢as.

2\
2
400
200F
o N
0 . 2

Puc. 18.4. BpemenHass 5BOJIOLHSI BEJUYHHBI ZI‘? paccuHTaHHasg Ha OCHOBe YHCJeH-

i
HEIX AAHHHX puc. 18.2
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Eciu u3MeHUTh HayasNbHBIE YCJAOBHA TakuM ofpasom, 4ToOBl da-
3Bl NPHHUMANHW ciayuyaliHble 3HaueHus K3 HHTepBajsa 0—2m, TO MOXK-
HO OXKMJIaTh OCJalJieHHsi aMILIUTYJHO-(Da30BOi Koppensnuu, a cJae-
JOBATEJIbHO, H YMEHbUIEHHS 0O0JacTH pPeryJsipHbIX OCHH/UISUHH B
TIpOMexXyTKe MexAy I U f2. Takoe mpeamosioxeHHe IMOJHOCTbIO NMOJI-
“TBEpPKIAaeTcsl Pe3yabTaTOM MaUIHHHOro 3KcnepuMeHra (puc. 18.5).

I

Iy
301 I1:I2
20+

| ‘ :
0+
I

N l l . ,

0 2 4 & 8 10 2 ¢

Puc. 18.5. PesyapraTh uHCAeHHOTO aHaau3a cucteMsl (18.18), moayuendble npH

TeX K€ HAYaJbHBIX 3HAUeHHAX aMIUIATYH, YTO M JaHHHe pHC. 18.2, HO mpu Hepe-

TYJNSIPDHOM M3MEHeHHH Haya/dbHHIX (a3 BOJH u3 maketoB [/ u 2 B auanasode or 0
oo 2n n I'=0,46

3aBucuMocTH, H306paxkeHHble Ha pHC. 18.6, oTBeualT TeM xe
HayaJbHbIM YCJOBHAM, 4TO M pHC. 18.5, mpu cnemyromux Habopax
YaCTOT B3aHMOJEHCTBYIOMIMX BOJIH:

0y = 2005; @y, = 1505; @, = 500;
®g, = 2000; o, = 1500; @,y = 500;
0p3 = 1995; @5 = 1495; w,, = 500;
0y = 1990; ®, = 1485; ®,, = 500,
Kak BUAHO, paccTpofiKa 4acCTOTHI CHOCOGCTBYET IlepeMellNBaHHIO

¢a3, a Tem caMbiM H 3(Q(PEKTHBHOMY YMEHbLIEHHIO 06/acTH CHM-
MEeTPHYHBIX OCHHJNALUM. }

dsoawouus pazdépoca das

C nomoumibio HajseXkallero BHOOpa HayaJbHEIX YCAOBHA AJis aM-
IJIATYA MOXHO HCCI€A0BaTh BPEMEHHYIO 3BOJIONMIO pasbpoca a3
Kaxoro-1u6o BoJHOBoro makera [4]. Puc. 18.7 coorsercTByer ciayualo,
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Puc. 18.6. Pemenne, mosyueHHOe HPH ydeTe paccOIJIaCOBAHHS 4YacCTOT

Puc. 18.7. BpemenHas 3BOJIOLUMS NepBOHaYaJbHO Majoro pasépoca ¢as BomH u3
nakera { NpH YCIOBWH, YTO HaudadbHEIA pa3bpoc a3 BOJH M3 NakeToB I H 2 papen
HYJII0

Korja mnepBoHaYajbHO HMeeTcss HeOoJbllofi pasbpoc (a3 BoJH H3
nakera 0, a ¢asbl Bcex BOJIH, IPHHaJJeXawux nakeram I u 2, pas-
HBl. Tak Kak BHauaJe nmaketel I U 2 cjnabo Bo3GYyXK/JEeHB, OHH OKa3bl-
BalOTCA OYeHb YYBCTBUTEJIbHBIMM K mepejade pasbpoca ¢as, H HOITO-
My y¥e IIpH BPeMeHaX, MEHBbIIHX pacmajHoro BpeMeHH f;, mpuobpe-
TaloT HeKOTOpbli pas3bpoc ¢as. B okpecTHOCTH BpeMeHH [ pas-
6poc ¢a3 BoaH W3 nakera ( HCHHTHIBAE€T PE3KHH POCT, MOCJe 4Yero
HacTynmaer mnepuoa KosebaHui pasbpoca (a3 Mexay PpasIHYHBIMH
nakeramd. K Koy mpoiecca, n3o6paxerHoro Ha puc. 18.7, pasbpoc
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a3 mouTH onMHAKOB AJA Bcex naketoB. Ciepyer o6paTHTL BHHMa-
HHE HA CXOJACTBO TaKOH KapTHHH C 3BoJonuell (a3 np¥ KOrepeHTHOM
TPEeXBOJNHOBOM B3auMoneiictsuu [9].

O6cyxaenne pe3yabTaToB

ITpo6sieMa B3aUMOAEACTBHS YaCTHYHO KOTEPEHTHBLIX BOJH B 00-
HeM caydyae OYeHb CJOXKHAa, TaK KakK OHa CBOAUTCS K PacCCMOTPEHHIO
B3aUMOJEHCTBUA B cHCTeMe GOJBINOrO YHC/Aa BOJH HJIH OCIUJJISTO-
poB [10—18]. MoxHo mokasaTb, 4TO TaKasl cHCcTeMa IO HCTEUEHHH
JOCTaTOYHO OOJBIIOr0 BPEMEHH MOXKET BO3BPATHUTHCS K CBOEMY Ha-
yajabHOMy cocrostHuio [19]. OnHako NpH KOPOTKHX BPEMEHHBIX Mac-
mrabax 3Ta CHCTeMa CTPEMHMTCS K BHIXOAY Ha YPOBEHb, COOTBETCT-
BYIOWUH TnpubJukeHHo ciayvyalHelx ¢as. Korza ¢asel crasHoBaTcs
ClyuadHbIMH, B3aHMOJLeHCTBUHE ocnabJjsieTcs W HaA0  YBEJMYHBATDH
YHCJIO INapuuadbHLIX BOJH, YTOOBI TMO-NpEeXKHEMY YAOBJIETBOPSIJIHCD
YCJIOBHST KOT€PEHTHOCTH HapIHaJbHBIX B3auMmopelictsuii. Ho npu
STOM BKJIaJ BO B3aUMOJEHCTBHE JAIOT TOJBKO HeJUHeHHBIe cJjarae-
Mble ¢ OUeHb MaJioH paccTpoikKoi udacToThl. Torga Bce ocTaJbHBIE
claraeMble MOXKHO OTOPOCHTB, a4 3TO KaK Pa3 H COOTBETCTBYET OIIH-
CaHHIO B paMKaX NpHOMMKeHHs caydaiiHeix ¢as [1—3, 20].

HHTepecHo, 4TO YKa3aHHAsi TEHIEHLUUS $ICHO TPOSBJIAETCH yikKe
TPH y4eTe TOJBKO YeThIpexX WM BOCLMH BOJH B Ka)KJI0M HakKere.
BwMmecre ¢ Tem He chaenyer 3a6biBaTh, UTO NIPH KOHEUHOM 4YHCJe BOJH
B CHCTeME BCErjia ecTb OCTATOUHAsI KOppEeJsilHsi, BblpaKaemasl COOT-
vowennem (18.28). Tlosromy paccmartpuBaemblii caydall COOTBETCT-
BYeT TNPOMEKYTOUHOMY COCTOSIHHIO MeXJy TPeXBOJHOBBIM KOT€peHT-
HBEIM B3aMMOJeHLTBHEM H TypOYJEHTHOCTBIO, KOTJa YHCJIO B3auMOJel-
CTBYIOIIMX BOJH oYeHb Benuko [21].
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[JIABA 19

HEJIMHEWHOE BO3BY)X1IEHHE BOJIH B NJIA3ZME
MPH HAJIMYHH CUJBHOIO BHEILHETO

AJNEKTPOMATHUTHOTIO U3JIVYEHUA

Heap 31Ot rJyaBel — paccMOTpeHHe nNpPOGJAEMB  TPEXBOJHOBOrO
B3aHMOJEHCTBUA B CBA3KM C 3ajaueil BO3ACHCTBUS MOIIHOTO 3JEKTpPO-
MarHuTHOrO H3JIYUEHHs], CO3/aBaeMOro BHEUIHHMH HCTOYHHKAaMH, Ha
niasmy. Ilpu J0CTaTOYHO BBHICOKHX YPOBHSAX TAKOTO H3JYYEHHS [10-
CTHTAIOTCA TOPOr'M Pa3JHUHBIX BHIHYKAEHHBIX nporeccos (cMm. ra. 20,
I1e TIpuBeJeH KOHKPeTHHH NpHMep pacyeTa I[OPOroBHX 3HAYeHH
AMIUIHTYA BHeIIHHX moJiefi). Torna HenuHefiHble npouecchl HAYHHAIOT
CYIIECTBEHHO BJHATh HA [IHHAMHKY [Ja3MBbl, UTO BHI3HIBAET TaKue
3¢ (dEeKTH, KakK, HapuMep, BLIHYKIEHHOE pacCesHHe.

Huxke kpatko obcyxkpaercs mpobiema paccesiHHs MOLIHOTO Jia-
3€PHOr0 M3JIyUCHHS B OTPaHMUEHHON Maa3MeHHoi cucreme, Heckousb-
Ko GoJjiee 1eTaNpHO PacCMOTPEHBI §IBJIEHHS, CBA34HHBE C BO3GYyIKjAe-
HHeM HapACTaOUIMX BOJH (B 4aCTHOCTH, o06pa3oBaHHE KaBepH B MpPO-
HUAAX [JIOTHOCTH).

Bo3aeiicTBHe MOIIHOrO U3Jy4YeHHs HA J1a3My

IlpoGiema B3aUMOJEHACTBHSA MOILHOTO 3JAEKTPOMArHHTHOLO H3JY-
YEHHS] C IJ1a3MOH BLI3BIBAeT MOBHIIIEHHBI HHTEpEC B COBPEMEHHOHN
¢usuxe naasmel [1—3]. Haxoasarcs B craauu pa3paGoTKH WJIH mJja-
HUDPYIOTCST MOUIHble Ja3epel H HCTOYHHKH DaJHOH3JyUeHHsl, NpegHa-
3HAUYCHHBlE JJsI HCNOJb30BAaHHA B YCTAHOBKAaX TEPMOSIIEPHOTO CHH-
Te3a KaK C HHEepIHAaJbHBIM, TAK W C MArHUTHBIM Y/AepXKaHHeM I11a3-
Mbl. BO3MOXHOCTb MOJIyUE€HHS TEpPMOSIIEPHONH 2HEPTHH 3aBHCHT He
TOJBKO OT YCIENIHOTO peHIeHHsT TEXHOJOIHYECKHX 3ajaay, CBS3aHHBIX
¢ pa3paboTKON TAKUX HCTOYHHKOB, HO He B MeHbUIell Mepe M OT TIJay-
6HHB TmoOHUMaHHA NpobiaeMbl 3¢h(EKTHEHON CBA3H MOLIHOTO H3Jyye-
HHUS C MJIa3MOH.

Heo6xonumMo OTMETHTb, YTO NIPH T€X YPOBHAX MOIIHOCTH, KOTODbLIE
TNpeACTaBJSIOT  HHTepec  IJIs1  pa3pabOTUHKOB  TepMOSAEPHBIX
YCTPONCTB, CKOJBKO-HHOYAb TOJHOE DelleHHe 3TOH Mpo6/eMbl ellle  He
nosyueno. IIpuunnHa 3akJjoyaeTcs, ¢ OJHOH CTOPOHBI, B TOM, 4TO CY-
LIeCTBYeT TpefeJ aHAJUTHYECKHX BO3MOMKHOCTEH  H3y4eHHs 3TOH
npo6aemul. C apyroft CTOPOHBI, NPHMEHEHHE BBIYHCJIUTENBHBIX METO-
JIOB XOTS W I03BOJIsieT B NPUHLHIE NOJYYHUTH PEe3yabTaThl g YPOB-
Heil MOIIHOCTH, TPEBOCXOASIUINX Jiobble YPOBHH, KOrAa-iu0o JOCTHT-
HyThie B JaGOPATOPHBIX YCJOBHSIX, TaKKe HOCHT OTPaHMYEHHBIH Xa-
paxTep WJH H3-32 TOTO, YTO HCIOJIb3yeMble MOJeNH uYepecuyp rpyosl
IS TPABUJBHOTO OTPAXKEHUs] PeaJbHbIX (H3MYECKHX SBJECHHI B
TPEXMEpPHBIX CHCTeMax, HWJIH H3-32 TPYIHOCTH HHTePNpeTallld PesyJib-
TaToB. HeynMBHTENLHO, YTO [0 HACTOAMLIEro BpPEMEHH INPOBEJEHO
MHOYKE@CTBO 3KCIIEDHMEHTOB [0 B3aUMOJAEHCTBUIO CHJIBHOIO H3JIYYCHHS
C mJa3Mmoil, H TeM He MeHee Y/JOBJETBOPHTEJbHOrO COrjiacus ¢ Teo-
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PeTHYECKMMH IpejACKa3aHHAMH TNoKa Her. Hampumep, TumuuHOE K-
CllepHMEHTAa/bHOe 3HAaYeHHe JOJH MOIUHOCTH JAa3epHOrO H3JIYUEHHS,
paccesstHHOro IJIOTHOH NJa3MOH, cocTaBiasier okojo 20% (unu emme
MeHbllle), TOTJa KaK TeOpeTHUeCKHe MOJEeJH TNpeACKa3hBaioT 3HayH-
TeJbHO OOJBIIYI0 JAOJI0 pPacCessHHOrO H3JyYeHHs B aHOMAaJbHBIX yC-
JOBHSAX. ,

IIpo6aemMa B3auMOLeHCTBHS MOIIHOTO H3JYUYEHHSA ¢ IJIA3MON HMe-
eT oueHb OOIIMH XapakTep, HO 0COOO€ MECTO HPH €€ PacCMOTPEHHH
JOJMXKHO OTBOJMTLCS ONHMCAHWIO SIBACHUS BBHIHYXIEHHOTO PaCCesHUS
NajalIiero H3JAydeHus Ha KOJJIEKTHBHBIX KojebGaHusfx maasmel, I1po-
lecc CTUMYJHPOBAHHOIO paccesiHusl 3aKAI4YaeTcs, KakK H3BeCTHO, B
TOM, YTO Majallee H3JAyUeHHE MTOBOAMT aMIUIHTYAL KosebaHHH 10
BBICOKOTO YPOBHA Y OJHOBPEMEHHO pacCeHBaeTcss Ha 3THX KoJsebda-
HHSIX, BCJEACTBUE UYEro BO3HHKAeT COIJIacoBaHHAs pe30HAHCHAs CH-
cTeMa majaloupxX, paccessHHBIX H IJIa3MeHHBIX BoJH. Takas cucreMa
ONMCHIBAETCS CBA3AHHBIMH HEJHHCHHBIMH YPaBHEHUSIMH TDPEXBOJIHO-
BOTr'0O B3aWMOAEHCTBUS BHAA

(0/0t + v,0/0x) Ay = 154,43 ,
(0/0t + v,0/0%) Ay = Cpp A, A; (19.1)
(0/0t + v;0/0x) A, == cpuA AL |

rie A; U U; — KOMIIEKCHAST aMIUIHTYJa HOPMAaJbHOro KoJeOaHusi H
TPYIIoBas CKOPOCTb BOJHBL f; C;; — KOMOUIHEHTH CBSI3H BOJH [ H
j (BellecTBeHHRIE B OTCYTCTBUE LHCCHMAIHH),

YpaBHenusi (19.1) COOTBETCTBYIOT KOr€pPEHTHOMY B3aMMOJEHCTBHIO
B TPOCTPAHCTBEHHO-OJHOPOAHOH CHCTEME, B KAueCTBE KOTOPOH MBI
BoibepeM cJjofi KoHeuHo# Toautuubl, IIpu Hanuuuum B Tako# cucreme
najpawiied BoJHB (0o, Bg) BO3HUKAET paccesHHass BosaHa (wy, k) H
aHOMaJIbHO HapacTaeT aMINIHTYJa IJ1a3MeHHOH BOJAHB (o, Bg). Pe-
30HAHCHBIE YCJOBHS 3aNUIIEM B BHJE

0y = 0+ 0y Ry =—Fk, k.

B uacTHOCTH, ec/H KOJIJIEKTHBHOH SIBJSIETCS HOHHO-3BYKOBas BOJIHZ
(ctyuaft BuIHYKJEHHOTO paccesuus Mauaensimrama—bBpuaniosna),
TO '

0= 0y kixky 0, kV,x~2( /),

rie Vy~ v/ T,/m; — CKOPOCTb MOHHO-3BYKOBOH BOJIHBI, ONpejeJise-
Masi TeMOepatypod 3JeKTpoHoB T, W Macco# uonHos m;. MmeHHO Ta-
KOH cJayuai mpejcTaBJsseT oOcOOblii HHTepec B CBsI3H ¢ rpobjaemon
B3aUMOJEHCTBHS J1a3epPHOro HU3JYyUYCHHS C T1J1a3MOH.

HUccaegosaHus BbIHYXKJACHHOTO H3JYUCHHUS

IMonbiTKE mOJNY4YeHHST CTALHOHAPHOTO pelleHHd 3aAadd HeJuHel-
HOrO paccesiiusl B TIJIa3MEHHOM cJioe Ha ocHoBe ypaBHennit (19.1)
npegnpuHHMasuce B psage pabor [4—7]. XapakTepHas TPYLHOCTb, C
KOTOpPOH NPHXOJHTCSH CTAJKHBAThCS NPU peUIeHHH 3TOH 3ajayd, CBA-
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3aHa C paccMOTpeHueM BO30YXKIEHUS BOJH B OrpaHHYeHHOM obbeme
NIa3MBl IIPH HajJjexallleM yyeTe IpPaHH4YHBIX YCJ0BHH. JlelcTBHTENb-
HO, almpHOpH OTHIOJb HE OYEBHAHO, KakKoe u3 peumteHuit (19.1), sanu- .
CaHHBIX B 3JUIHNTHYECKHX (QYHKUHUSX, OTBETCTBEHHO 34 pacCesHHE B
CTAallHOHAPHOM COCTOSIHHH. Pe3yJbTaThl YHCJAEHHOrO HCCAEJ0BaHHSA
OpOCTPaHCTBEHHO-BPEMeHHOH 3ajauu [5, 6] ykaseiBaloT Ha ‘To, uTO
BpEMeHHAast 3BOJIOLHA NPHBOJUT K YCTAHOBJEHHIO MPOCTPAHCTBEHHO-
CTAHOHaPHBIX pEUIeHMii anepHOAMYEeCcKOro THIA, TOTAA KaK NpOCT-
PAHCTBEHHO-NIEPHOAHYECKHE PeEIIeHHS HEYCTOHYHBBL H  5BOJIOIMHOHH-
PYIOT K amepHoJHYeCKUM PEUIeHWSAM. YUHTBIBAf, YTO €CTh TOJBKO Ofi-
HO pELICHHE aNepUOAHYECKOro THIA, MOXKHO NPeANOJOXKHTb, UTO
HMEHHO OHO ompejeJser CTauHOHAPHOE COCTOsiHHe, B MoJb3y Taxoro
HPeANION0KEHHST CBHAETENBCTBYIOT HEKOTOPBIE JONOJHHTEJbHBIE ap-
FYMEHTH, BHITEKAlOIIHe H3 aHaJUTHYECKOTO paccMoTpeHus [7].

ITapamerpuueckoe Bo30y:KaeHHe KOJJIEKTHBHBIX KOJeOGaHHH B
IJ1a3M€ C Y4YeTOM KOHEYHOH IIMPHHBL CIeKTpa BOJHB HaKayKH pac-
cMaTpuBasocs B paborax [8—12). B uactunocty, B [12] ananusupo-
BaJcs cay4dall aGco/IIOTHOH HEyCTOHUMBOCTH B HEOJHOPOJHON mJjas-
mMe. OKaseBaercs, 4TO HEOTHOPOAHOCTH IJ1a3Mbl B COUETAHWH C KO-
HEYHOCTbIO IIHPHHBI CIEKTPAa BOJHBL HAKaYyKH MOXKET NpPUH Ompeje-
JIGHHBIX YCJOBHSIX HPHBOAMTH K IIOAABJECHHIO 3ddeKTa HacHIEHUs
napaMeTpHYecKOll HEYCTOHUYHBOCTH, TOTja KAakK B OAHOPOAHON miasme
KOHEUHOCTb IIMPHHBI CEKTPa CKa3blBaeTcs JIHIIL HAa YHCIEHHOM 3Ha-
YEHHH MOPOra Pa3BUTHA NapaMeTPUUYECKOil HEYCTOHYHBOCTH.

Bo30yxaeHne HapacTawu X BOJH
U MOAYJAALHUS npodUel MIOTHOCTH NJAA3MbI

UycseHHble 3KCAEPHUMEHTH 110 B3aHUMOAEHCTBHIO J1a3€PHOIO H3Jy-
yeHHs ¢ miasmoit [13—15] ykasmiBaloT Ha CyllleCTBOBaHHe HHTepec-
HOro fIBJIGHHA MOAYJSAIHMH HJAOTHOCTH NJa3MBI B OKPECTHOCTH KPHTH-
YeCKOH TOUYKH, T. €. TOYKH, B KOTOPOH mNJa3MeHH4s 4YacTora paBHa
4acToTe HaKaukH. llpuunHO# 3TOH MOAYJAALHH MOXKET CIAYKHTL OC-
UHIISHOHHAS JABYXIOTOKOBast HeycToiiuuBocth [16], KoTopas B na-
paMeTpUYecKoM TIPHOJMKEHUM TPUBOAUT K TNOABJCHHIO TOJBKO Ha-
pactafotiesi BosHbl. Takas HeyCTOHYMBOCTb MOXKET BO30yXKaaThes
BOJIHOH HaKa4YK® ¢ OGOJbINUM 3HAYEHHEeM A M 4YacTOTOH, PABHOH HJIKH
HECKOJIbKO MEHbIell MJIa3sMEHHOH 4YacTOTH, JHOO B pesyabrate Typ-
6yJeHTHOH TepeKayku SHEepPrHy TJAa3MEHHBIX BOJH B 00MacTb MaJbix
k BCcJeICTBHe pacmajga TJIa3MeHHBIX BOJIH Ha IJIa3MeHHBIe ¥ HOHHO-
3BYKOBLIE BOJIHBI (fIBJEHHE KOHIEHcaluu I/a3MoHoB). Ilias pasBuTHA
HEYCTOHUHBOCTH DajHaLMOHHOe JAaBjieHue (MOHAEPOMOTOPHAsl CHJa)
JIOJIXKHO TIPEBOCXOIMThH IOPOroBOe 3HaueHHe, KOTOpoe OOBIYHO OLEHH-
BaeTcs CJACAYIOMNM 00pasoM:

g, | E [FIN,McE > 12k24/kp. (19.2)

31ech KRap — XapaKTepHOe BOJHOBOEC YHCJO [J1s1 TJIa3MEHHBIX BOJIH;
kp — ne6aeBCKOe BOJHOBOE UHCIO, Cs— CKOPOCTb HOHHO-3BYKOBBIX
BOJH; M — Macca HOHOB H Ny — MJIOTHOCTb TJIa3MBI.
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B ofuieM ciayuyae nmpH HeJIHHEHHOCTH YPaBHEHHil, OMHCHLIBAIOLIHX
1Ja3My, pPacCMaTPHBAaeMYl0 HeyCTOHYHBOCTh Ha3blBAIOT MOAYJIALHOH-
HOi. DTa HeyCTOMYMBOCTb, OTKpHITass B pabore [17], B pamkax camo-
COrJIaCOBAHHOrO MOJAXOAA ONMHCHIBAaeTcs ypaBHeHHaMu [18]:

2i0,.0E/0t + 307 V’E = w2 (6n/N,) E; (19.3a)
O%6njort — Ciy?n = (g,/4M)v? | E P, (19.36)

rie E—aMniuTyna BBICOKOYACTOTHOrO 3JEKTPHYECKOrO MOJS; 61—
MOAYJALUSA TUIOTHOCTH MAa3Mbl;  Ure = (To/m,). Ypasueune (19.3a)
ONUCHIBAET 3aXBAT IAKETOB IJIA3MEHHBIX BOJH OGJACTAMM MOHUMKEH-
HOA MJIOTHOCTH IJIasMbl, a ypaBHenue (19.36) —o6pasoBanne Takux
o6yiacTeil BCJeACTBHE PaAHalHOHHONO [aBJeHHs (BBIBOJ 3THX ypaB-
HeHuil cm. B Ilpuanoxennu 1V).

B onaHoMepHHIX cHCTeMax pPa3BUTHE HEYCTOHUMBOCTH NPHBOLHUT K
Oajancy paJHalHOHHOIO M TEIUIOBOTO JABJEHHH, YTO AOCTATOYHO
J1s1 cTaOuAu3aluy "HeycToHuuBocTH. Ho B ABYX- M TpexMepHBIX CH-
cTeMax AJsl noayyeHus crabmuin3anvMH HeobOXOJUMO NHpPHBJIEKaTh IpPY-
rue MexaHusmsl [19].

H3 noporosoro ycaoBus (19.2) BujgHo, YTO HEyCTOMYHBOCTb Ha-
YHHAET PAa3BHBAThCA INPH MaJsblX 3HAUEHHSIX BOJHOBOro umcnaa. ¥Mx
MOXKHO HAWTH M3 [UCIEPCHOHHOrO YPaBHEHHA AJSA IIa3MEHHBIX BOJIH,
B KOTOPOM BMECTO KBajpaTa IJA3MEHHOH YaCTOTHL Ope CJEIyeT HC-
[0b30BATh BEJAHUHHY o (1 + 87/N,), YVUATHIBAIOILYIO HAJHYKE MO-
AYAAUHE [OJAOTHOCTK [Ja3Mbl. B pe3yapTate noayduM MOAHQHLIHPO-
BaHHOE JHCIePCHOHHOEe ypaBHEHHE BUIA

o* = o?, + 3k%%, + (6n/Ny) o7, (19.9)

TpeanosioxuM jgajee, 4T0 TepBoHAYadbHO 7On/0i2=~0. Toraa us
(19.36) napimnem
8n = —¢, | E [¥4Mc2. (19.5)

IMoncrasasaa (19.5) B (19.4) u Tpebys, utobbl NocJelHee cjarae-
moe B (19.4) mpeBocxoamio npeaplaymee, npuxoaum kK (19.2) npu
YUeTe TOro, 4To Rp=wpe/Ure. 1lOCIICNHEE H IpEANOC/IENHER CIaraeMble
B (19.4) MOXHO HHTEpUPETHPOBATH KakK BEJUYHHBI, COOTBETCTBYIOL1HE
IOTEHLHAJILHOH H KHHeTHYCCKOH 3HEprusiM Iia3MeHHBIX BOJH (mJas-
MOHOB), KOTOpbIE OKAa3bIBAIOTCS 3aXBAYCHHBIMH, €CJHH JOMHHHDPYeT
notenuyanbHas sueprus [20]. Taxkum o6pasom, noporosoe ycJaoBHE
(19.2) HemocpeACTBEHHO CBA3aHO C KBA3HCTATHYECKHM BbipaXKeHHEM
(19.5). B cBsisu ¢ 3THM cJaeayeT OTMeTHTb, yTo (19.5) umeer orpa-
‘HUYEHHYI0 00jacTb NPUMEHUMOCTH M TepseT CHJly, HalpuMep, NpH
BO30YXKJ€HHH HOHHO-3BYKOBbIX BOJIH.

B ozHOMepHOM cjyd4ae MOMKHO IOJNYYHTb CTallMOHAPHOE DeIIeHHE
ypasuenunii (19.3). Vicnonpsysa peHOPMHPOBKY

x = (307,/20pLC5) X; t— (30"’”/2mpec§) t
on— 4N, 3vr; | E F — (16MNci/3evre) | E IR,
158



nepenuuleM 3Ty CHCTEMY B 6e3pa3MepHOM BHie:

i0E /ot -+ O?E/0x? = SnE; (19.6ay
0%0n/0t® — 3%6n/0x® = 0 | E [*/dx2. (19.66)
Cucrema (19.6) umeer cenyoule HHTErpassl AsuxKenns [21—24]:
I = T | E |2dx;
]2___5[ OE* E*"E)+6V]
— T 2 i R
1, f ’ *4—6 }El 6n2+2v]dx,

rae BBedeHa QyHKuUHsa V, onpepenseMasi ypaBHeHHEM
Adn/ot + dV/jdx = 0. - (19.7y

Coornomedue (19.7) MOXKHO paccMaTpuBaTh KaK ypaBHeHHE He-
ApPEepEIBHOCTH, H I[I03TOMY BeauuHHa V urpaer poJb THAPOAHHAMHYE-
ckoro notoka vactuun [22]. Unrterpanm aumxenus Iy, Is u I3 oTme-
Yal0T 3aKOHAM COXPAHEHHsl YHCJAa KBAHTOB M3JY4eHHS, HMIyJbCa U
3HEPTHH COOTBETCTBEHHO. B KBasucTaTHYeCKOM NpHOJMIKEHHH charae-
Mmble, cogepxkaliune V, B [s 4 I3 OTCYTCTBYIOT.

MoXHO omperesuTh TaKkKe MOTEHIHAJ T'HAPOJAYMHAMHYECKOro IO-
TOKa C TMOMOIIbIO COOTHOWIEHHs [22]

Oujot = dn + | E 2. (19.8)

B kBasucTaTHuecKOM npHGJaHKeHHH Ou/0t=0. B TepmMmHax noTeHuHa-
aa u ypaBuende (19.66) mepenuceiBaeTcs Kak

08njot = Pu/ox?,

uyTo ¢ yuetom (19.7) nmaer
V = —ou/ox.

Ha puc. 19.1, a—s npexcTas/jeHa KapTHHA Pa3BUTHA MOAYJALHOH-
HOM HEYCTOWUYMBOCTH, IIOJyUeHHasi B pe3y/bTaTe YHCJIEHHOTO pPelleHHT

el - lef
200t 200{
00 100 A . { !
B i -
4 25 5 7 P 0 25 5 75 X
2 J
e
500{ :
200
Puc. 19.1. TIpoctpaHCTBeHHOe pacmpe- 100} ~ “ -
Henenne peamunnsl |E|? mpu £=0 (a), 0 25 5 75 x*
04 (6) u 1,4 (8) ; §



cucteMel (19.6) Ha ocHOBe pacueTa BpPEMEHHBHIX 3aBHCHMOCTEH
31 ¢ypbe-KOMIOHEHTHl 3JEKTPUYECKOrO MOJS H BO3MYINEHHS IJIOTHO-
cTd maa3mel. Pas3bl Gypbe-KOMNOHEHT nosst E BHOHpaad caydyailHbIM
06pa3oM, a HAYaJbHYI0 - NJIOTHOCTh  ONpeJeNsiJH W3 YCJIOBHA
dn=—|E|% Pacuer mposemen mas [,=22,20, [,=0,00 u [3=—363.

3ameruM, yTto pemenue (19.6), coorBercTByWOIlee GaslaHCy pajaHa-
IIMOHHOIO H TeILIOBOrO JaBJieHusi, uMmeerT BuA (cM., Hampumep, [22])

E = E, exp[i (Akx —Aot)l/ch[A (x — v1)]; (19.9a)
on=— | E /(1 —v?), (19.96)

rae Ep, — aMIVIMTYJHOe 3HAUYeHHe 3JeKTpHuecKoro moJas. CABHTH BOJI-
HOBBIX dHCel AR M uacToT Aw 0O6yCaOBJEHB AOMAEPOBCKUM 3ddek-
TOM H HeJuHedHocTblo. Orubamwlias pacnpocTPaHsieTcss CO CKOPOCThIO
U=0g/Cs, T Ug=23RapV%re/wp.. CHBUTH AR U Aw OnpemeasioTcs co-
OTHOIIEHUSMH

Ak =v/2; Ao =v¥4 — EL/2(1 —v?).

Hakxkomnen,
A=E, [2(1 —v)] .

YcToftunBbiii BoJHOBOA nakerT Buaa (19.9) Ha3BLIBAIOT CONHTOHOM.
Coantonbl 06/1aJa10T SBHO BBIPAXKEHHBIMH CBOHCTBAMM YaCTHI H MO-
TYT B3aHMOJAEHCTBOBATb MeXKAy coboi. Hanpumep, BO3MOKeH Ipo-
uecc CJAHSAHHS ABYX COJHUTOHOB C H3JIyYeHHEM HOHHO-3BYKOBOH BOJI-
HBl H pacnaj OJHOTO COJIMTOHA Ha [Ba NPH MHOTVIOIEHHH HOHHO-3BY-
KOBO#l BOJHBL. THNBL peakuuil ONPEAENsIIOTCS HHTErpajJaMy JBUKEHHs
Ii—I3 [18, 21—26]. Oas peanu3aunuu OJHOMEPHBIX COJHTOHOB HE00-
XOAUMO HCNOJb30BaTh CHJbHOE MATHHTHOE MOJE, TaK KaK 3TH COJIH-
TOHBI HEYCTOHYHBLI OTHOCHTEJBLHO IOHEpeYHBIX BO3MyleHu# [27, 28].

Ecan npeanoJioxuTb, 4TO KBA3SHCTATHYECKOE pelIeHHe OCTaeTcs
TNpuOJIMKEHHO CHPaBeAJHMBHIM U B JHHAMHYECKHX YCJOBHAX, TO MOXK-
#o moxacraButh (19.5) B (19.3a) W moJiyduTh TEM CaMBIM YpaBHeHHE
Aas E, comepxamee kyOWUECKYIO HeJHMHEHHOCTb, T. €, COBIajaiouiee
Mo ¢opMe ¢ ypaBHEHHEM YEeThIPEXBOJHOBOTO B3aHMOJEHCTBHS (CM.
. 14). D10 ypaBHeHWe TaKXe HMeeT COJHTOHHOE pelI@HHe BHJIa
(19.9) u HasbiBaeTcs HesnHeilHbiM ypaBHeHHem Ulpennnrepa. Ero
oflilee pelleHHe MOXKHO IIOJYyYHThL MeTOJOM oOpaTHOH 3ajzauyd pac-
ceannsa [29]. B paccmarpuBaeMoM NPUOJHMKCHHH COJHTOHBI HE B3aH-
MOJIEHACTBYIOT H H3JyYEHHE HOHHO-3BYKOBBLIX BOJH HEBO3MOXKHO.

CilenyeT NOAYEPKHYTh, YTO IpobjemMa MOAYJIALHOHHOH HEyCTOHUH-
BOCTH BHI3bIBA€T 3HAYHTEJbHBI MHTEPEC TaKXKe B CBfA3H € 3aJauaMu
JlazepHOro W nydkoBoro Harpea mnaasmbl [30, 311 m obmeil mpoGie-
Moil mJasMeHHo#l tTyp6ynentHoctu [19, 21—25, 32, 33].

OTMeTUM B 3aKJOUEHHE, UTO 3JeCh YNOMSIHYT TOJBKO OIUH BHI
MOAYJIAINMOHHON HEYCTOMYHBOCTH. AHAJOTHUYHBIE SBJIEHHS MOTYT ObITh
06yCJIOBJIEHE H HOHHO-3BYKOBHIMH cosinToHamu [34, 35], neycroiuu-
BOCTbIO B KoHyce moTepb [36], conmntoHamu B o6JacTH BepPXHEro
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rubpunnoro pesonanca [37, 38], 3axBaTOM 3J€KTPOMArHUTHOTO W3-
Jaydenns [39, 40], MOAyJNAUHOHHOH HEYCTOHYMBOCTBIO aJb()BEHOBCKHX
BoaH [41] u ap. Takum o6GpasoM, oOO6cCyxKAaeMble SBJCHHS HOpel-
CTABJAAIOT HHTEPEC TaKKe AJAA 3afad HarpeBa 3aMarHMYeHHOH
TJIa3MBI.
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TJIABA 20

MAPAMETPHYECKOE BO3BY)XAEHHWE FTHBPUOHBIX
PE3OHAHCOB B NIJIASME, COLEP)XKAILEN HOHbI NPUMECH

B sr0it rnaBe paccMOTpeHO mapaMeTpHueckoe Bo3GyXKJeHHe TI'HG-
PHAHBEIX PE30HAHCOB B IIPOCTOM YacTHOM cCJyyae, Korfa JABE BOJIHHI,
NPUHHMAKOUIHE YYacTHe B TPEXBOJHOBOM B3aHMOAEHCTBHH, SBJSIOTCS
OGBIKHOBEHHBIMH 3JIEKTPOMATHHTHHIMH BOJIHAMH. IloJiydeHH NOPOrH
H HHKPEMEHTHl HEYCTOHMYHBOCTEH IIPH HAJHYHH CMeCH HOHOB pasJihy-
HBIX COPTOB.

IMpexnonaraercs, 4To BOJHA HAKAUKH 3JEKTPOMATHHTHOTO THIIA,
pacnpocTpaHsiomasncs NEePHCHAUKYIAPHO HANPABIEHHIO TOCTOSHHOIO
MarHuTHOTO MNOJisi, B3aUMOJEHCTBYeT C ABYMsI APYTHMH BOJIHAMH, OJ-
Ha H3 KOTOPBIX fIBJIsieTCsi HEOOBIKHOBEHHOH BOJIHOM (BOJIHOH HHXKHEro
HJIH BepxHero ruOpuaHoro pesonanca [1, 2]), a apyrasi — oGBIKHO-
BEHHOH 3JIEKTPOMAarduTHOH BOJHOH. Pellenne Taxkoi 3ajpaum npen-
CTaBJIsIeT HHTEPEC B CBA3H C HCCACJOBaHHEM CBOHCTB TepMOsiAepPHOM
nnasMbl. Tak Kak KOHUEHTpalHsi HpuMeceil (TSXKeJbiX HOHOB) B Ta-
KOfi MiasMe MOXKeT JAOCTHTaTb YPOBHf, CINOCOGHOTO  CYLIECTBEHHO
BJHAATb Ha JUCICPCHOHHBIE XapaKTePHCTHKH mnaasmbi [3, 4], mpu-
MeCHBIe HOHBl BKJIOYAIOTCH B CXeMy pacuera AMHAMHKH CHCTeMBl. [Ipu
3TOM HpeANoJaraercsi, YTo IJIOTHOCTb 3JIEKTPOHOB TNOCTOSIHHA, a OT-
HOCHTeJIbHAsI KOHLEHTPAUHs NpHMecedl Da3iHUHBIX COPTOB MOMKET H3-
MeHATbes. Kpome TOro, CYHTAIOT, YTO OCHOBHLIM KOMIOHEHTOM TIJjia3s-
Mbl siBAsieTcs Bogopox (Z;=1).

PaccmaTpuBaemass mpo6JeMa Hcc1enoBajsach BO MHOTHX paborax
KaK Ha rujipoinHaMuyeckoM [5, 6], Tak u Ha kuHermdeckom [7, 8]
ypoBHe onucaHusi. HuxKe HCMOJIb30BaH NapaMeTpHYecKU# IOAXOA B
paMKax THAPOJHHAMHYECKOrOo OMHCaHHfA, Ha OCHOBE KOTOPOro ynaer-
Csl OTpefesuTh MOPOrd M Ko3(P(hHUHEHTH HapacTaHus, a TaKxe H3Yy-
YHThb WX 3aBHCHMOCTb OT DPaCCTPOHKH YacTOTHl, AMCCHMNATHBHHX 30-
$heKTOB M HaJuyus mnpuMmecell. B uyacTHOM ciayyae OTCYTCTBHsA Mar-
HHTHOTO IOJIsi MOJYyYEHHBle BBIPAXKEHHS IepPeXOAAT B COOTHOILEHHS,
ONKCHIBAIONIHE BHIHYXKAeHHOe KOMOGHHAUHOHHOE paccesiHue M pacces-
Hue Maupensmrama—Dbpuaiiosna.

Hcxonnble ypaBHeHHs!

[IpenmonoxkuM, 4TO INOCTOSIHHOE MATHHTHOE TOJe  HampaBJieHO
BAOJb OCH 2 JeKapTOBOH CHCTeMbl KOOPJAMHAT, a MoIHas majarounias
BOJIHA paclpocTpaHsercs BAOJb ocH x. Bosee rtoro, 6yieM CYHTATH,
YTO BEKTOD HATPSIKEHHOCTH 3JEKTPHUYECKOro NoJs Najalollied BOJHBL
HampasJieH BIOJb OCH 2, T. €. OHa SBJAETCS OOLIKHOBEHHOH 3JIEKTpO-
MaruuTHoi BoJHO#. Jlas Hayasna paccMOTpUM O6eCCTOJKHOBHTEJNBHYIO
nJa3my. : ‘

BBejaeM HMHIEKCH j=e, i, B A1 yKasaHHUsl BeJHYHH, OTHOCSILIHUXCS
K 3JIEKTPOHAM, NMPOTOHAM H HOHaM INIPHMecH COOTBeTCTBeHHO. Dyjiem
HCIIOJb30BaTh CleAyiomHe 0603HAaUeHHsA: M H ¢ — Macca H 3apsaj ua-
cTHUb; No— HeBO3MYLieHHasi NJIOTHOCTb IJIasMbl; 72 — BO3MYIleHHE
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TMIOTHOCTH 4YAacCTHL; U — FHJPOAHHAMHYECKas CKOPOCTh YacTHUH; £
B B — HanpsXKeHHOCTH 3JEeKTPHYECKOTO H MAarHHTHOro nojeH; u —
TENJIOBast CKOPOCTb 4YacTHi. B HejuHeAHHX YpaBHEHHAX YIEPKHUM
TOJIbKO Te HeJHHefiHble cjaraeMble, KOTOPhi€ ONHCHIBAIOT CBA3b MEX-
LY Pa3/HYHBIMH BOJIHAMH.

YpaBHerm JABHIKECHHSA B paCCManHBaeMOM c.nyqae HMCIOT BHJI

Ovs 4 4o 948, 20.1
EY; m (Ex+vyBo) + No ax m szyr ( 0 )
00,08 + (q/m) 0B = O; (@09
O 4 p_ (4 90 3
at m E.=—u m B, + Ox ) (20.3)
M3 ypapHenus HeUPepHLIBHOCTH M ypaBHeHHf [lyaccoHa caefyer, 4To
0n/ot 4 Nyov,/0x = O; (20.4)
By _ Y son 20.5
ax € Zq}n]. (20.5)

HaKOHeU., YpaBHEHUSA Makcsenaa CBOAATCH K COOTHOUICHUAM
— O0E,/ox + 0B,/ot = 0, (20.6)

B | OE,

axy = T + Mo ZNquiviz = Moznﬂivjz- (20.7)

Hesuuefinble cnaraembie B kKaxaom u3 ypapHenuit (20.1)— (20.7) But-
HECeHBbI B IIPaBYIO YacTb.

3aMeTuM TakKke, 4TO0 W3 YCJAOBHA COXPaAHEHUST MOJHOTO sapsma
BBITEKAeT COOTHOLIEHHE

N,; = No /(1 + 2C,Zp), (20.8)
rie Cp— OTHOCHUTeJbHAsl KOHUEHTpauus © Z, — 3apsiloBOe  YHCIO
NPUMeCHBIX HOHOB cOpTa k.

Hckmouass koMmnoHenTsl noast E., E, u By, a Takke CKOPOCTb Uy

U3 ypaBHeHHI (20.1)—(20.7), nonyqaeM c.nenyxomyzo CHCTEMY ypaB-
HEeHHH:

;a;—:lz- u? ‘2”: + 02, + 0%, (ne— n; — EZyny) = Ny, (;1 (Uz ‘3‘::);
(20.9)

a_;:z:___ t i)::; + o, an T_,f)jé_,iz;‘(”i—”e-l—zzkﬂh):
M P

_6%1__ aﬁnk + @, nk-l— . —lﬁc’;;—;(n Mg+ ZZpny) =
= 1102:22,'},2,('"’) i(vz%’ ; (20.11)
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0%, g 0%, 9 1 m 2 m
T "% 1 —— (e 4 5C =
o ox +(°Pe[ + 1+ 3CiZy (m, + 2GuZs l)]vz

2

v, (ne-l— Me p, 3 e Z}‘an>, (20.12)
oe m; mj

rie 0y, = (N, e¥m.e,))'/: — oieKTpoHHAsT  MJa3MeHHass  YacToOTa;
Q= q,Bo/m,—-uHKJIOTpOHHaH HacToTa VIS YacTHIL  PasJIMYHOrO
copra.

AHanuz ypapHeHHH (20 9)—(20.12) MoxHO cymeCTBEHHO YIpo-
CTHTb, HCIOJb3VSA NPUOJNHKEHHOe DPaBeHCTBO XZpMyp & LMy,  KOTO-
poe oO3HayaerT IpeHeOpeKeHHE BJHAHUEM THKEJIBIX HOHOB APYTHX
COPTOB Ha JMHAMHKy HOHa H3bpaHHoro copra k. B GoabmuHcTBe Cay-
yaeB InpeHeOpexXkeHHe 3akoHHO. Torma ypaeuenue (20.12) nepenu-
HieTcs CJAeAYIOMHM o6pas3oMm:

(ﬁ__ 2 ot M)n oM __OpCe
art e my 1F2CoZy ) 7 Ty T4 2CpZy
NoeCkZ 60
n;—n) = Z ), 20.13
X (1 —n) = 5507~ (m) ) @01y

Uz (20.13) BuaHO, uTO CBA3b A C N, N; B U, OUpefeadeTcss NPOCTHIMH
I depeEHaibHLIME ONEPAaTOPaMH, a 3TO OTKDPhlBA€T BO3MOXKHOCTb
HOJYYeHHsT JHCHEPCHOHHOTO YPaBHEHHS H3 YCJOBHS CYIIECTBOBAHUS
HETPHUBHAJBHOIO pelleHHsT cuUcTeMn ypaBrenuii (20.9), (20.10),
(20.12) u (20.13).

JucnepcHOHHOe ypABHEHHE H €ro pelleHus

I'Ipe}mo.nome, YTO HANPAXKCHHOCTh 3JEKTPUYECKOro IoJsisg Iilajar-
LIeH BOJIHBI HAKAYKH HMeeT BH]

E, = 2E 2sin (w,t — ky%), (20.14)
H BbIpasuM Z-KOMIIOHEHTY CKODPOCTH 2JIEKTPOHOB Kak
v, = 20, cos (Wl — kyx) + v, V. K T, (20.15)
rape
v, = (| e| /m,)E,. (20.16)

I'Ipezmo.naraﬂ elte, 4YTO IIPOCTPAHCTBEHHO-BPEMEHHasT 33aBHCHMOCTH
IVIOTHOCTH 3JEKTPOHOE omnpene/siercss COOTHOUIEHHeM

n, = 2n,, cos (ot — kx) (20.17)
H qubnaaﬂ (20.12), npeACTaBUM CKOPOCTh U~ B CJEAyIOLIeM BHJIe:

= 2vt cos [(o) + o) t— (R + ky) x] + 207 cos [(m — ) t — (k— k) x],
- (20.18)

4TO JaeT
(0/0x) (v,00,/0x) = — 2k, (vE + v7) cos (wf — kx). (20.19)
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[Ipene6peras B (20.12) caaraembiMy, npohopunoaaanmMn
m./m;, nojaydaeM A
ok — Noelo .0 1
Noe 7 (0 + o) —cB(k + ko)2— o,
MMoxcramoska (20.19) u (20.20) B (20.9), (20.10) u (20.13) mnpuso-
JUT K JHCIEPCHOHHOMY ypaBHeHHIO [6] :
Dy (o, k) = — k%5 (1/Dfm + 1/Denm), (20.21)

(20.20)

rje BeJHUHHBL
¢ 2
DEy = (0 + 0 ) — 2 (k + ky)? — 0 (20.22)
IpeACTaBasoT co00il AHCIepCHOHHBIe (QYHKIHH OOBIKHOBEHHBIX 3JI€K-

TPOMACHUTHBIX BOJIH HAa CMEUIAHHBIX yacTorax, a Dy onuceBaer rub-
PHJAHYIO BOJHY U ONpeJIesisieTcsl BHpaKeHneM

Dy = 1/, + 1z + 11 — Zxu/(1 4 x 1} (20.23)
31ech 3 S
= ? /(0) + Ru? — 032); (20. 24=)
Lo
1 = ! e " (20.95)

m; 14 2CpZy, ((D 4 k22 __(1)2)

2 2 . N ,".
m ey Ope (20.26)
m; 142C..Z,, (m%ik + kzuz — mz)

3aMmeruM, 4TO NOpH 1x<kl BblpameHHe (20.23) ynpomaercs:

X =

= 1/, -+ 1/(x; + 1 4 Zx,). (20.27)
Orciona caenyer, uto JJisi CBOGOAHON THOPUIHOH BOJIHBL
1+ %+ Xz + 2%, =0, (20.28)
a napaMeTpHyecKoe BOSﬁY)KlIeHI/Ie OnnuchBaeTCAa COOTHOLHBHHEM
o} 1 1
1+ %+ % + Sy = — K203 - + 20.29
Xe ) 0 ((D%{g + kzug _02)2 D:E!‘-M DEM ( )

Ypasuenne (20.28) uMeeT pelleHHs] ABYX THIIOB, KOTOPBHIE COOT-
BETCTBYIOT TAK HA3BIBAEMBIM HUXKHE- H BerHeI‘I/IﬁpI/I}IHOMy pe3oHaH-
cam. XapakTepHble YaCTOThl HUKHETHODHAHBIX PE30HAHCOB YAOBJET-
BOPSIOT HEPABEHCTBAM

o, K 0%, & 02, L 0, 02, (20.30)
Cootserctyloulee pelenne ypasuenus (20.28) umeer Bug
2 2
o __ Oy + FPu, m, mf;g
Oy =

(J.)f,e —I— k2u§ + (L)%e m; ‘ 1 + ECkaV .

k2 2 2,2 » ' .f.
x[ +2C,2; 2 ( o )] (20.31)

( LH)2
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rie “’2}1 — 4acTOTa HHXKHETHODHAHOrO pe3oHaHca, HafiieHHas  Ge3
yuera TeMIepaTypHBIX 3(pPeKTOB H MpUMecH, T. e.

(02)? = 02,02 /(0}, + 0L). (20.32)

Hcnonbsobas (20.31), mepenuiemM HCXOAHOEe IHCIEPCHOHHOE ypas-
nenue (20.29) B Buge

o — oy = G (1/Diy + 1/Dgy), (20.33)
rne
G = k2 “pe L S
0 (F + 22+ 03,)>  mi 1+3ChZg
k2y? . k2l
X |1+ 25 se,zz-m (14 2 )] (20.34)
(‘DOLH)Q e (“’?.H)2

Herpyano BHieTb, YTO NPH TeX 3HAUEHHSX YaCTOTH @, KOTOpHie $IB-
ASIOTCA pellleHusiMH  ypaBHerns (20.33), Dey & Diy, Tak uTo caa-

raembiM 1/Dfy MoxHO npeneGpeus {6].
BBeneM uyacToTy BTOPOH 3JEKTPOMATHHTHOH BOJIHBL M2 =Wg—OLH.

YuuTpBasi, YTO B DPE30HAHCHHIX YCJOBHSIX Dem(ky—k, @) =0 u
2 2 o

@p — ¢*k? — wp,=0, moJyuaeM BOJIHOBOE YHCJIO FHGPHIHOH BOJIHBI, IPH

KOTOPOM PE30HAHCHOE YCJIOBHE BBINOJNHAETCS TOYHO:

k=Fky[l + (1 —oLu (20, — L)k /s, (20.35)
IMpH HaJHYHH DPacCTPOHKH YaCTOTH HCIOJIb3yeM 0603HaueHHe
Aw = 0y — oLy — 0, (20.36)
H npeoGpasyeM AHCIEPCHOHHOE ypaBHeHHe
0 — @ip = G/[(coo — )2 — mg] (20.37)
K Clle[ylollieMy BHAY:
(@ —oLH) — Ao (0 — o) + G405 = 0. {20.38)

IIpu BriBoge (20.38) HcroJib30BaHBI NMPHO/MKEHHBIE COOTHOUIEHHSA
O+ oL = 200, 0, — 0 + 0, & 20.
PemwienneM ypaBHenust (20.38) sBasiercs
o=, = oy + A0/2 £ (1/2) [(A0)* — G/ornw,]'/:.  (20.39)

HHKpeMeHTHI M IOPOTH

Paccmorpum TOoT H3 KopHe#i (20.39), xoropnii npu G/orpw,>
> (Aw)? ¥ 3KCIOHEHIHAJbHOM (akTope exp(iwf) COOTBEeTCTByeT Ha-
pacTaHHIO BO BPeMEHH, T. €.

0, = oy + Aw/2 — (i/2) [G/oLpo; — (Aw)?}'/s. (20.40)
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W3 3T0ro cOOTHOWIEHHS BHTEKAIOT NoporoBoe ycJjloBue

G = 0LHO, (Aw)? (20.41)
H CJeaylice BhipaxKeHHue JJTsE MAKCUMAaJibHOTO i/lHerMeHTa:
Vm = (1/2) (G/oLnwg)'s, (20.42)

Kotopoe uMeer Mecto npH Aw=0. Ecan |Aw|>2ynm, TOo Hapacranus
HeT.

Jasi yueta 3aTyXaHHsi B3aHMOAEHCTBYIOLIHX BOJH BBeJEM HCKYCCT-
BEHHO, KaK 3TO OOBIYHO [eNaloT NPH H3yYeHHH NMapaMeTpHYECKHX #B-
Jennit (cM., HanpuMep, {9]), nuHeliHple KO3 PHUHEHTH 3aTyXaHHs
TnapaMeTpHuecKH Bo30yxAaeMbix BosH I'y u Ty (T. e. HHXHeru6puAHOH
BOJIHEl C YaCTOTOH ®) H 3JEKTPOMAarHMTHOH BOJIHBE C YacCTOTOH wg).
Torga amnminTyabl 6YAYT NOAYHHATECSA YPaBHEHHAM

(6/02 +- 2T,0/0¢ + 02) 4y = Cxaay;

20.43
(%02 + 2I',0/0t +- @}) ay = c,ma,, ( )

rlie o — aMIJIMTY/a BOJHB HaKAaYKH H IpeanoJiaraercs, 4To 3aTyxa-
HHE MaJIo.
IIpu yuere satyxanusi anajoroMm (20.38) aBnsieTcss ypaBHeHHe
BiHIA
(@ — orp)* — 1 + G/doLpo, —[i (T + Ty + Aol (0 — orm) +-
+ iAely = 0. (20.44)
B6ausu mnopora, rie @ BeliecTBeHHO, w—orm=Aol:/(I'1+I3), uyro

coBMecTHO ¢ (20.44) npHUBOAHT K CJIeJyOIIEMY HOpPOrOBOMY  YCJO-
BHIO:

G40, = T,T, [1 + (Ae)/(Ty + 3. (20.45)

HukpeMeHT B OTCYTCTBHe PAcCTPOHKH YACTOTH (A® = 0o—®ry—we==
=0)

Tm = (2 {[G/0orr0, + (T, — L))/ — (T, + Ty)}. (20.46)

3aMeTHM, 4TO ¢ noMompio cootHomenuit (20.31) n (20.34) du-

rypupyiomyo B (20.46) BenuunHy G/orp®s MOXHO INpPEICTAaBHTL B
BHIe

4
¢ e OLH pe . (20.47)
O ;0 o, (02, + k22 + 0fy,) (0}, + k2ud)

Hicnonbsysi aTo cooTHOUIeHHe, mosayyaeMm W3 ycaoBus (20.45)  cae-
Ayoliiee BHpa)eHye AJd KBaJpaTa MOZAYJs IMOPOrOBOTO 3HAYeHHs Ha-
FPSAXKEHHOCTH 3JEeKTPHYECKOTO T0JIA:

| Eq lrop = (4T,To/) [1 + (A@)/(Ty + Tp)2) —
— (mio}/e?) (wy/oLne),) (0F, + kPul) (02, + FPul + of,) . (20.48)
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Hdasa toro utobbl cBsi3aTh ¢GoOpMasibHO BBeleHHHIE BeJIHYHHH [
u I's c onpeneneHHbIMH (U3HYECKHMH napaMerpamy, HeoOXOZHMO
3alMcaTh JHMCHEPCHOHHBIE COOTHOIIEHHSI € Y4YeTOM JHUCCHIATHBHBHIX
addexkToB. B uacrHocTH, BBeAst B Bhmipaxkenue (20.22) wacrory co-
yIapeHH# 3JEeKTPOHOB vV, NOJYYHM JUJIS BTOPOH 3JEKTPOMATHUTHOK

BOJTHbBI
o, = (02/0)) v, (20.49)

AvanoruvHo A HH3KOYACTOTHOH HUKHETHOPHAHOH BOJIHBL yYeT ua-
CTOTHI COyJapeHHH HOHOB v; AaeT

oIy = v; -+ O (m,/m;). (20.50)

B npenene Bg—>(0 HuxHeruGpuaHass BOJHA NePeXOAUT B HOHHO-
3BYKOBYIO, AJI1 KOTOPOH

2 2
2 _ p2,2 Me I keu m K
=R Treo | T (02)? R R vy @)z ||
o (20.51)

rae (0% = Rulm,/m; = kT /m;.

B ToMm ke npepese

1 E, I?IOD’T—‘— ;'Vavz_[l +

2.2

4 (Aw)? 1,0y ><
el

X (12/0,0,0%) (02, + Ku2)s, (20.52)
Ipr | Ae | K (1/2) (@F,vy/0] +v,) B FPul L 02, 310  BHpaxenne cBo-

AMTCS K XODOLIO H3BECTHOMY De3YJILTATy s BbIHy}K/IleHHOI‘O paccesi-
Husi Manjensinrama — Bpuimossa [5]

| E0 Foop = wavz/wawz) m2ulwl/e?. (20.53)

Beanunna v, B 06/1aCTH  JHOCTAaTOYHO OOJBIIHX BOJHOBBIX yHCe
[rakux, uto k> (Te/T:)?(vefu;)] onpenensiercst SJAeKTPOHHBIM  3aTy-
xanuem Jlangay [9]:

Vo = [(me/m;) @ ARLR

B mpouecce mapaMeTpuueckoro Bo30y:KIeHHs BepPXHerdOpPUIHOTC
pe3oHaHca NPUHMMAKT yYacTHe TOJLKO 3JIEKTPOHB, YTO XOPOIIO BHI-
HO U3 BHIpAXKeHHUs JJI5l BEDXHETHOPHIHOA YacTOTHI

2 2 2,2 3

o}y = 02 + B+ o}, (20.54)

KOTOpOe SIBJSIETCS BBICOKOYACTOTHBIM MpefenoM OOIEro BHPaXKEHHS

(20.28). EcrecTBeHHO, UTO B 3TOM cJydae HaJW4YHe TIpUMeced He:
BJIYSIET HA NapaMeTpHuecKoe BO3OYyXKAeHNeE.

Pacyer HHKpeMeHTOB H INOPOrOB NPHBOJIHT K NPEXHHM BHpaKe-
HHSIM, B KOTODPbIe Hal0 MOJCTaBHTh BeJIHUHHY

G/co,,,(o2 = k%p? vo/o)UHcoz,
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a B KauecTBE UaCTOTHl BepXHeruOpUAHOH BOJHB cCJelyeT  B3AThb
15, 6] ©, = 0y — wuh- L 3

B psge pabor paccMaTpHBaJHCh Das3jHuHble CTHMYJHPOBAHHBIE
Tporeccs B He3aMarHHyeHHoi njaasMe [10—17]. PaGora [9] "conep-
KHUT 0630p Ppe3y/NbTaTOB, NOJYyYEeHHHIX KaK JJs IapaMeTpPUYecKoro
paccesiHusl, TaK H JJs HEYCTOHUMBOCTEH, Da3BHBAIOIIMXCS  BCJEACT-
BUe TOIJIOMIEHHS CHJbHBIX 3JEKTPOMAarHATHHIX BOJIH, KOTOphHle pac-
NPOCTPaHAITCS B OJHOPOIHOH He3aMarHHUeHHOH myasme. B obGoux:
cJyyassiX BO3MOXKHH JABa THNA HEYCTOHYHBOCTEH, KOTOPLle Ha s3bIKe
KBA3HYACTHIL MOryT OBITh BhIpa)KeHH CAeAyOmHUM o06pa3oM: (OTOH
pacnagaercsi Ha (GOTOH u Ma3MoH (f—#'-+1) wau Ha GoToH H (HOHOH
(t—+t’+s) — 1pU paccedHyH, H (OTOH pacnajaercs Ha J[Ba INJa3Mo-
Ha (f—>I-+1) win Ha a3MoH H ¢$oToH (f—I+S) — OpH TOTJOUIEHHH.
CyliecTBeHHO, UTO BC€ 3TH IpOHecch MOI'yT NPOTeKaTh B KOpoHe, 00-
pasyoweicd 0pu JazepHOM OGJYyYeHHH TEPMOSIEDHOH  MHLIe-
Hu [10].

3amgauwu

20.1. B nacrosmeli rnaBe B KayecTBe TEPBHYHBIX HOHOB ObLIIH HPHHSITEL HOHbI
BoJOpoAa. Kak H3MEHSIOTCA Dpe3yJbTaThl PACCMOTPEHHSA, €CHH HPEINOJONKHUTh, YTO-
MOHBL HMEIOT MaccoBoe U 3apsfioBoe uncaa A; m Z;? OGoGWHTbL BLIpaxKeHHe s
auxHeru6pupHof uacrotel (20.31) takum o6pasoM, yTOGH OHO CTANO NPHIOAHBIM AJS
ONHCAHHS CHCTEMB! HOHOB C IIPOH3BOJIBHBIMU 3HaueHUsMH A; u Z;.

20.2. TlpeanonokuM, 4TO HEPBHYHBIMHA SIBJASIOTCS HOHBI A€HTEpHSA (ZD/AD—1/2)
HlaMenuTes aH uacToTa HHKHErHOPHAHOrO Pe30HAHCa M3-3a HAJNMYMS TIpHMeceH, ecsH
STH NPUMECH MOJHOCTHIO HOHH30BaHb (Zn/Ar=~1/2)? Kak HOBIHSIOT Ha pe3yJbTaT.
TeMmneparypHele s¢deKTH? .
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I'JIABA 21

HEPE3OHAHCHOE B3AUMOJENCTBHE TUIIA
BOJIHA — BOJIHA U B3AUMOJENCTBUE YACTHILL
C BOJIHAMH

PaccMoTpuUM 4YacTHBHIHl chayyall TPEXBOJHOBOTO B3aHMOACHCTBHS,
KOTJZla 9acToTa BOJIHB OHeHMil, BO3HHKAIOLIEeH B pe3yJabTaTe HeJHHeH-
HOI'0O B3aHMOJEHCTBHS [ABYX NEPBHUHBLIX BOJIH, He COBIAajaeT C KaKoi-
JHG0 M3 4aCTOT KOJIJIEKTHBHBIX BOJHOBHIX IBHXKEHHIl B HjasMe (HMHBI-
MH CJIOBaMH, BOJIHa OHeHUH He HAaXOJUTCS B pE30HAHCE C IJa3MeH-
Hofi BOAHOH). 3ameruM, uro Osaroiaps HaJauyuio 3aryxaHus JlaH-
Jay, VUIHPSAIOMIEro CIOeKTp BOJHB OHEHHH, HeKOTopas CBfA3b MeEXIY
NepBUYHLIMH BOJIHAMH H KOJIJIEKTUBHBIMH SIBJIEHMSIMH B IJIasMe CYy-
LiecTByeT H B 3TOM ciayuae. Kpome TOro, HMeeTcsl CBSI3b MeEXIY
NepBHYHBIMH BOJHAaMK M YacTHlaMu niasMul, [lostoMy MoXHO ycra-
HOBHTb OINpellesieHHOE COOTHOIUNEeHHWe MeKJAY B3aUMOAEHCTBHSAMH TH-
Na BOJIHA — BOJIHA H BOJIHA — YaCTHILIA.

Kak wusBecto [1—3], Bce B3auMOAEHCTBHA BOJH B GeCCTOJNKHOBH-
TeJIbHOH IJla3Me yA06HO KjaaccupHUHpPOBATh MO NPH3HAKY BOJHA —
BOJIHA WJIM BOJIHA — yacTuia. YacTHlbl, 3aXBayeHHBle MOTEHUHUAJbHbI-
MH SIMaMH pPAacCIpPOCTPAHSIOUINXCS BOJIH, MOryT 3¢ QeKTHUBHO OOMEHH-
BaTbCsl 3Hepruefl ¢ BOJHAMH, ecJH (pa3oBble CKODOCTH BOJIH COBHA-
JAl0T €O CKopocTAMH uactul. Torga ke, KOrja CBsi3b YacTHI, C BOJI-
HaMHu cjabas, BpeMeHHas 3BOJIOLHS AMIUIHTYA BOJH OIpefeaseTcs
[IPEUMYILECTBEHHO B3aHMOJACHCTBHEM 35THX BOJIH € BOJHaMH B IJja3s-
Me. MIMeHHO CBfI3b THIA BOJHA — BOJHA (B YaCTHOCTH, De30HAHCHAS
CBfi3b) W OBLIA OCHOBHHIM INPEAMETOM pacCMOTPEHHS B IpejbIAy-
IHUX rJaBax. 3aMeTHM, 4YTO (GopMasusM TeOPHH B3aMMOAEHCTBHS
BOJIHA — BOJIH2 MOXHO MCHOJb30BaTb M IPH HCCHAEJOBAHUM  B3aH-
MOJEHCTBHSA ABYX BOJIH C YaCTHIAMH NJIA3MBIL.

Ilpeanonoxum, 4TO npH B3aUMOJAEHCTBHH JABYX IEePBHYHBIX BOJIH
BO3HMKAaeT BOJHA OHeHHH C JacTOTOH ®p, OTJHYAKOLIENCSs Ha BeJH-
YAHy A® OT 4YacTOTH ©2 ONPeJeNeHHOrO KOJIJIEKTHBHOTO KoJieGaHHst
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B IJasMe, T. . Aw=ws—wp. Toraa, caenysi pabore 4], BBegem moa-
craHoBky Ap=Asexp(—iAwt), ¢ noMompeo Kotopoil mpeobGpasyeM
HCXOJHYIO CHCTeMY YDaBHEHHH TPEXBOJHOBOTO B3aHMOJEHCTBHA AJsA
HeJIUCCHIIATHBHONR Cpelbl

04,10t = c1,A,A; exp (— iAwt); l

0A/0t = cp AyA} exp (1Awd); (21.1)
04,/0t = ¢y A A7 exp (iAwt) l
X ¢leaywonieMy BUAY:
04,/0t = ¢18A,A5; (21.2a)
0A,/0t = copA,Ag; (21.26)
(0/0t + 1Aw) Ap = cpA A\ (21.28)

VuuTHiBass MeIJieHHOCTh H3MeHeHHWs aMIIUTYAn Ap, MOXHO
TIPeANOJIOXKHTb, YTO BTOpOe cJjaraeMoe JeBoi uactd (21.28) momu-
HHDYET ¥ ONpejesisieT TeM CaMBIM IPOCToe BhlpaxeHue Ay uepes Ipo-
v3BeJeHne aMIuTy g Ao 1 A;:

Ap = (eg/iAw) A,A] . (21.3)

Tloacranoska »7toro BhuipaxeHnus B (21.2a) u (21.26) DOpHBOAMT K
‘YPaBHEHHSIM

0A,/0t = (cyyC18/1Aw) A,A,AT; (21.4a)
0A,/0t = — (Cpicon/iAe) AyAvA,, (21.46)

KOTOpBIE JaloT
@/0t) | 4, F = 2Im (cucis/Ao) | A 2| A 5 (21.5a)

0/00) | Ay P = —2Im (cutos/A0) | A&, I | A, P. (21.56)

‘HerpynHo BujeTh, YTO NPU OTCYTCTBHH 3aTyXaHus BOJIHBI GHeHWid
IpaBele 4acT# ypaBHeHuH (21.5) ob6pauiaiorcs B HyJib, a 3TO O3Ha-
YyaeT, YTO AMILIUTYAB HEPBHYHBIX BOJH He H3MEHSIIOTCA B IIpOIlecce
Bzaumogelicteud [5]. Eciu xe ydecTh 3aTyxande BOJIHH GHeHHEl (OHO
‘BCETJla CYLIECTBYeT H3-3a B3aUMOJeACTBHS BOJH C YacTHOAMH), TO
‘MeXAYy HHTEHCHBHOCTSMH TEPBHUHBIX BOJH IOSIBUTCS HEKOTOpas
CB5I3b, KOTOpasi W oONuchiBaercs ypaBHenusmu (21.5). Takum obpa-
:30M, HaJHuyMe BOJHB OHEeHMH MOXKHO paccMaTpuBaTh KaK omnpeje-
.JeHHBII crmocof MOAJLepKaHHA CBA3H MeXIy NepPBHYHBIMH BOJIHAMH
W UACTHIAMU NJIa3MBHL.

BBoaa obosnaueHne Aw=Awo+iy B npeneGperast ajsi TNPOCTOTHI
3aBHCHMOCTbI0O KOS(Q(HUIHEHTOB CBA3H OT 3aTyXaHHs, mpeobpasyem
‘ypaBHeHHs (21.5) K caenymoumeMy BHAY:

a

2
G AP et | AP L AR (2L60)
9 2 — % 2 |- 2
at I Al | -Y?. + (A(Do)z Co]COB l Ao l l Al I . (21.66)
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U3 stux ypaBHeHHH sICHO BHJHO, 4TO BOJIHA OHEHHH JeHCTBHTEJbHO
NPHUBOAMT K YCTAHOBJIEHWIO CBS3W MeXIy HepBHYHbBIMH BoJHami. [lo
CYLeCTBY, 3TOT NPOLECC MOXKHO HHTEpPNPEeTHPOBATb KaK B3aHMOJeH-
CTBHe BOJIH ¥ uacTull. Ec/H, B 9acTHOCTH, AMCCHIALHS SHEPTHH BOJ-
HBl GHeHMH O\’GYCJIOBJIeHa 3atyxaHueMm JlaHzay, TO IepBHYHBIe BOJ-
HBl B3aHUMOJAEHCTBYIOT C DE30HAHCHLIMH YacCTHUAMH, CKODOCTH KOTO-
peIX paBHB ()a30BOH CKOPOCTH BOJHBEI GUeHHH (HedHHe#AHOe 3aTyXa-
une Jlanpay). Takoe B3amMonelicTBUe OKa3bIBAeTCS BO3MOXKHBIM 6Ja-
rofaps TOMY, UTO 3aTyxaHue Jlanaay HPUBOAHMT K YUIHDEHHIO CIIEKT-
pa Bosinbl OMEHUI, B pe3ysabTaTe KOTOPOT'O 3TOT CIEKTD IepeKphiBaeT-
¢sl C Pe30HAHCHOH 06/1aCThi0 1/ HEJNMHEHHOrO0 B3aMMO/JIECHCTBHA B OK-
PECTHOCTH YacTOThl 2. COIVIACHO TpeAHAyIIeMy pPacCMOTpPEHHIO,
MOXKHO MNPEANOJOXKHTb, YTO IIHPHHA 3TOH 00JaCTH cocraBJaser 2y,
rie yo — WHKPeMeHT IpH Pe30HAHCHOM HapaMeTpPHYECKOM ycHJje-
HHH.

OrMeruM, uyro ¢urypupywomuid B (21.6) MHOXuTesb [6]
2vAv*+ (Awo)?] HOCTHraer MaKCHMAJIbHOTO SHA4YeHHs NIpU y=Awo
H CTPeMHTCH K HYJI0 NpHu MaJabx U Goabmux y. Takoe mnoBexeHue
BIIOJIHE COTJIACYeTC C KauyeCTBEHHOH KapTHHOH, NpeACTaBJIeHHOH Ha

puc. 21.1.
[lepennuem ypaBHenus (21.6) caenyiomum o6pasom:
@) [ Ay P=—n | A P AP (21.7a)
0/ot) | Ay P=my | A, B | AL P, (21.76)
rae '
Ry = —2”—001015; U= = Co1CeB- (21.7B)
¥? + (Awg)? ¥ -+ (Awg)?
BBeeas eme npeo6pasoBanue
Ly=n | A =% | A3 (21.8y
nonwavx :
olyfot = —I,1;; dl,/0t = I 1,. (21.9)
OTa cucTeMa HMeeT MHTErpaj ABHIKEHHUS
' I+ Iy = my = 1,(0) + 1, (0) (21.10)

U pellleHHe BHIA
Iy = myd, (0)/11, (0) + 1, (0) exp (my2)]; } @1.11)
Iy = my1, (0)/[1,(0) + I, (0) exp (— m, 2)].

Bpemennas 3aBuCHMOCTb BeJHuHH [o m [, mokasana Ha puc. 21.2.
Kak BuaHO, 5HEpPruss MOHOTOHHO NepefaeTcs OT OJAHOH BOJHBL K APY-
rofi (cp. ¢ [7]). CkopocTb 3TOro mpouecca, a CJeJ0BATEJbHO, U BO3-
MOXKHOCTb €TO IIPAKTHYeCKOTO MpHMeHeHHsi (HalpHMep, AJs Harpe-
Ba IJIa3MBI) 3aBHCHT, B COOTBeTCTBHH ¢ (21.7B) u (21.8), or cooTHO-
IeHHsT napameTpoB Awy H y. Bo3MOXHOCTbL HcHOsIB30BaHUSI paceMmaT-
pHBaeMoro npomecca JAJs HarpeBa IJa3Mbl NPUBJAEKAeT B NOCJefHEe
BpeMsl 3HAUHTeNbHOe BHHMaHHe [6, 8. :
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Puc. 21.1. KauecrBenHas KapTHHa Tie- Puc. 21.2. Tlepekauka 3SHEPrHH MEXKAY
PEKPHITHSI CHEKTPa 3aTyXaiolled BOJHBL CBSI3aHHHIMH KoJseGauusiMu  (Io — BH-
OueHuil M 06/1aCTH HEJHHEHHOTO 3aTy- TEHCHBHOCTb BOJIHBI HAKayKH)

‘xaHusa Jlanpay

OTMeTHM, YTO ONWCHIBATL B32aUMOJAEHCTBHE THMA BOJHA — HaCTU-
1a ¢ NOMOLIbI0 KO3(M(HUHEHTOB CBA3H [/t B3aHMOJEHCTBUS THNA
BOJIHA — BOJHA MOKHO TaKXke B TEOPHH CTHMYJHPOBAHHOTO pacces-
HHfl 3/MeKTPOHOB — sIBJIeHHsi, onHcanHoro eme B 1933 r. [9] u BH3H-
BAOIErO0 MHTEpPeC ¥ B HAMi¥ JHH B CBA3H C HCCAENOBAHUAMH 1O
‘B3aHMOJefiCTBHIO J1a3ePHOTro H3jydeHus ¢ maasmoit [10—12].

PaccmorpenHble MpHMepbl NOKa3bIBAlOT, UTO sIBJeHHEe CBA3H Iep-
BHYHBIX BOJIH Yepe3 3aTYyXalollyl0 Hepe30HAHCHYI0 BOJHY OHeHHil Mo-
3BOJISET YCTAHOBUTH MOJIE3HOE COOTHOIIEHHE MeXAYy TeOPHAMH B3aH-
MOJeHCTBHI THIIAZ BOJIHA — BOJIHA M BOJIHA — YacTHIA.
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IJIABA 22 ;

KOHBEKTUBHOE ABU)XEHUE YACTHIL,
OBYCJIOBJIEHHOE HEJIUHEHHDBIMH 3 dEKTAMM,
H AHOMAJIbHAS JH®®Y3US NJIA3IMbBI

BpeMsi yjaep:KaHHsl NJa3Mbl B TepMOsAZePHBIX VCTAaHOBKAax ¢ Mar-
HHTHBIM TIOJIeM CYILIeCTBEHHO 3aBHCHT OT cKopocTH avpdysnu va-
CTHIL ToNepek MarHUTHOro nosas. HecMmoTpa Ha TO 4TO M3yyeHHe 3TOH
npo6ieMbl HMeeT AJHHHYIO HCTOPHIO, A0 CHX MOP OTCYTCTBYyeT J0-
CTAaTOYHO HOJIHOE MOHHMaHHe MpoueccoB AHGOY3HH B HEKOTOPLIX
ob6aacTaX 3HaYeHHH HaNpPsAXKEeHHOCTH MardMTHOTO HOJSA.

Kaaccuyeckoe BblpaxkeHHe Jasi Kos(dgpuiueHta AugdysHu

D == p2vi,

TIe p — JJADMOPOBCKH{i pajJHyc HOHa H v; — 3¢bdeKTuBHasg yactoTa
UOH-HOHHBIX CTOJKHOBEHMH, HeCclpaBelJIMBO B CJjiyude TePMOSACPHOR
I1a3MBl JlaXke B YCJIOBHSIX TepMOJHHAMHYecKoro paBHoBecus. lIpu-
YMHA 3aKJAI0YdaeTcss B TOM, YTO NPH OOJBIIHX 3HAUeHHAX B (wq:i>
>@®p;) OCHOBHHIM HOCHTEJEM TeIJIOBOH IHEPIrHU CJYKAT KOHBEKTHB-
HBle KOJeGaHHf C YacTOTOH ® & ipk) (n — WOHHag  BA3KOCT,
£y =0). Dtu KosebGaHHA BBLI3LIBAIOT KOHBEKUHIO HYacTHL HONepeK
MarHUTHOrO MOJSI, KOTOpas W TPHBOJHT K yCHJeHMI0O AHDdy3uH
{1—14]. '

H3BecTHBl TPH XapaKTepHBIX pexkuMa AH¢(dy3HH B MATHHTOAKTHB-
Hoil musa3Me. [Ipu Mansbix B remsioBasi 3Heprus JIOKajauadyercss B
GepHINTEIHOBCKHX H THOPHIHBIX KosieGaHUSIX — 3TO Ciaydall  KJacCH-
yeckoit audodysun, T. e. D~1/B2 B npomexyroyHo# obaacrtu Ha-
NpsiKeHHOCTEH MarHuTHoro nosasi D moutd He 3aBHCHT oT B, H,
HaKoHell, Ipu GoJablinx B uMeer Mecto AH(¢y3ns GOOBCKOrO THIA,
T. e. D~1/B. D11 pe3yabraTel NOJYuYeHBH aHaAuTHYecKH [2—4], a
TaKe MNOATBepXKJeHH dHcJAeHHBIMH (3, 4, 7} u naGopaTopHbiMu [5,
10, 11] skcnepuMeHTaMH.

BMecre ¢ TeM s1a6opaTOpHble SKCMEPHMEHTHl YKA3bIBAIOT HA YBEJIH-
deHHe Koadduuuenta JudQy3uH NpH HAATENJOBOM  BO30YKAESHHH
KOHBeKTHBHLIX KosebGanuli. TakKoe B030yXjeHHE MOXKeT OCYIIECTB-
JIATbCst B TypOYyJEHTHOH IJia3Me B pe3yJbTaTe HeJUHEHHBIX B3aHMO-
JeHicTBHH, HanpuMep, apelidoBuix BoaH {9, 13, 14]. Henasuo, ognako,
610 MOKasaHo [15], 4To B HeONHOPONHOH IJazMe € HCKPHBJEHHBIM
# (UJIH) HEOZHODQAHLIM MATHHTHBIM TOJIeM B JHHeAHbIE KOHBEKTHB-
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Hple KoJeGaHus MOTyT TpaHchopMupoBaThCs B Kojge6aHH C KOHed-
HOH cobcTBenHOf uacToTofl B o6nacTH OGJaronpusTHOH KPHBH3HHL.
DTO JOJMKHO MNPUBOAUTH K OCHHJIANUH KOHBEKTHBHBIX IOTOKOB H
CHUZKEHHIO AU dy3HH N0 HecylleCTBEHHOTO yPOBHA. B cBsism ¢ aTuM
BO3HHKaeT 3ajaya HCCJe[0BaHHS HeJMHeHHOro BO3OYXKIeHHS KOH-
BEKTHBHBIX JBHXKEHHH 9aCTHL, I1a3MHI.

Heaunselinoe Bo30yX/1eHHe KOHBEKTHBHBIX siYeeK

B pa6orax {8, 13, 14, 16] npeanosaraercs cymecTBOBaHHe JBYX
MEeXaHH3MOB BO306YKIeHHS KOHBEKTHBHBIX slUeeK: HeJHUHeHHOH CBA3H
MeXay ApeidOoBBHIMH HAM anb()BeHOBCKHMH BojHamu [13, 14] n Mo-
LyJSUHOHHOM HeycrofiyuBocTu {8, 16]. B 3Tux paborax paccMOTPeHbL
(¢usuygecKye MOJeNH, B KOTODHIX KOHBEKTHBHBIE slUCHKH HMEIOT HyJe-
ByI0 COGCTBEHHYIO HAacCTOTy. B NOAOOGHEIX CHCTeMax CTelleHb BO3-
OyXJIeHHsT Pe3KOo BO3pacTaeT IIPH peajiu3alHH YCJOBHH JJIs  peso-
HAHCHOTO B3aUMOJEUCTBHSA.

Ecnu Xe KOHBEKTHBHble SUefiKM HMeIOT KOHEYHYI0 COOCTBEHHYIO
4acTOTy, TO CHTYyalHsl CYLIeCTBEHHO YCJIOXHAeTcd. BO3MOXKHOCTb pe-
30HAHCHOTO BO30Y:KJEHHSI COXpPaHSIETCs U B 3TOM cJydae, HO BO3OyX-
JlaeMble KOHBEeKTHBHBle [BHJKEHHs He [a10T 3HAYHTEJbHOTO BKJala B
nuddysnio. [Tostomy Gosblunii HHTEpec NpeACTaBJASeT pPacCMOTPeHHe
HeJIMHEeHHBIX OMEHUA ¢ HYJeBOH YacTOTOH WM HeJQHHEHHOH caMOMOXy-
asnud ApeiddoBHIX (unM uHBIX) KoseGaHuil. OCHOBHYH  ONAacCHOCTH
npezacrasiaser GopMHpOBaHHe s4yeeK BCJAeNCTBHE MOAYJAALHOHHOH He-
YCTOHYHUBOCTH, TAaK KaK NPH 3TOM IOJsS HYJEBOH YaCTOTHI JIOKAJH3Y-
I0TCSl B IIPOCTPAHCTBE M BO3PACTAIOT IO BeJHYHHE.

BrinenuM npoM3BOIBHLIA CJIOH MJ1a3MBl, OrPaHHYEHHBIH IJIOCKO-
cramu x=0 u x=L/2. [IpennosoxuM, yT0 MArHUTHOe HOJEe HaIpas-
JIeHO BJOJIb OCH 2, a4 HampaBJieHUs rpajdeHTa NaBJeHHS U Apeddo-
BOTO IOTOKa IIPOTHBOMNOJIOXKHBI  IIOJIOKHTEJBHEIM - HAIPaBJeHUSIM
ocefl X U Yy COOTBETCTBEHHO. DyxeMm cuurath, YTO BIOJb HalpaBJie-
l HUS X HMMeT MeCcTO IlepHOAWYecKHe rpa-
| HHYHble YCJOBHUSA H, CHeIOBATEJBHO, IOJIE
[ y B 3TOM HAaNpaB/JeHUH HMeeT BHUJI CTOstdel
I BOJTHE. B HampaB/eHHH y BOJHLL MOTYT
! | pacupoCTpaHATECA U JIOKaJU30BAThCSA
' x=L/2 T W3-3a  MOAYJAIHOHHOH HEYCTOHYHBOCTH.

IlpuMeHdass X paccMaTpHBaeMoOH CHCTe-
Prc. 22.1. Buxpnm, nokamnso- Me MeTOA PeAYKUHH TEOPHH BO3MYIIEHHH
BamHble N0 x B CWIYy NEPHO- g dgpme [17], MOKHO IMOJYUHTH HEJHHEH-
JHYECKHX TPaHHUYHBIX YCJAOBUH ;
W mo y ma-sa wonymsmmon- HO€ ypaBHenue Illpexunrepa wmim ypasHe-

HOH HeyCTOHYHBOCTH HHe KopTeBera—LLe Bpnsa H 3aTeM JICTKO

HCCJIeJ0BaTh YCJOBHA PAa3BUTHUS MOLYJd-
uHOHHOA HeycrofiuuBocTH. [ist npefipoBBIX BOJH, MOAYHHSIOIIHXCS
ypaBHernnio XaceraBl—Muma [18], »sT10 BHIIOMHeHO B pabore [16].

HcnonbsyeM cienymolnee pasioxenne NOTEHIHAA:

b (x) = 9°(x) + GZI e"el™ (x, &, Texplil (kyz+ by — of)], (22.1)

x=0
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rie € — MajJnit mapamerp; [— HoMep rapMOHHKY; ¢ O (x) — He-

BO3MYIIEHHOE MoJie HyJeBoro mopsigka. I[lepeMenHble § M T ONHChIBA-

10T MelJIEHHOe H3MeHeHHe NOJsI N0 KOOPJAWHATe y U BpeMeHH f.
HiMess B BHAy paccMOTpeHHe MOAYJISILIMH KBa3HKOT'eDeHTHBIX BOJIH,

nonoxum ¢f” =0 npu | /] £ 1. Kpome TOro, mnpuMeM CieLyio-
LI¥e TpaHHYHBIe YCJIOBHS IO X:

o0, 8 D=0"(L E1)=0 a=0. 22.2)

Herpynuo y6exnuTbcss B TOM, 4TO KOMIOHEHTa MNOTeHLHaka C Hy-
JIeBOM 4acTOTOH ¢’ BO3HHKAeT H3-32 HAJHUHSA IIOHIEPOMOTOPHOM
cuml. | "V |, T. e. oHa sBISETCS Pe3yJAbTATOM caMoGHeHHi MepBOi

rapMoHuku. [lomo6Hasi KOMIIOHEHTa CylleCTByeT, pasymeercs, IpU
HaJHUMH JOOOH BOJHB, HO ee 3HAYeHHe Pe3KO BO3pacraer B CJy-
yae MOIYJANUOHHOH HEYCTOHYMBOCTH H3-3a sPdeKTa JoKaau3alui
noss. HesuneliHas KOHBeKTHBHAs sieifiKa onpejenserci HMEHHO IIO-

aem 8.

3aMerumM, YTO rpaHuyHOe ycjoBHe (22.2) ynoBaeTBOpsieTcs, eCJm
oNe HMeeT BHJ CTOSIYell BOJHBL B HANDABJEHHH X, T. €. $i
~sin(2n/L) x. Torma ¢ ~sin(4s/L)x. TakuMm o6pa3oM, MepHOA KOH-
BEKTHBHON siYelKH OKa3hiBaeTcsl PaBHBIM L/2 B IOJHOM COOTBETCTBHH
¢ KapTHHOH, H3oOpaxeHHOH Ha puc. 22.1.

AHomansHasa aud dysus

KoapobuuueHT aupdy3ns MOKHO OLEHHTL OOBIYHEIM  CHOCOOGOM
. 2
[3, 15]. Tloae # BH3BIBAeT KOHBEKTHBHBIH IIOTOK vk=kJ_qb((>k)/B,

TIOKa3aHHBIA Ha puc. 22.1. 3TOT MOTOK NPHUBOAHUT K HNepeMelINBaHUIO
obsiacTedl HH3KOH W BBLICOKOH NJIOTHOCTH, KOTOPOE ONHCEHIBAeTcsl Ko3(-
¢unHeHToOM qudGy3nu

D = Zuvlt,, (22.3)
rje T, — BpeMsl JeKoppeasiuyu (ODpeiAloJaraercs, 4YTo Uptp<<k™!).
Ecnu cTo/IKHOBHTe/bHASA BS3KOCTh. MaJjia MO cpaBHeHHIO ¢ [, TO

T, = (k°D)™. (22.49)

s onpeueneﬂnﬂ D Heo6X0AMMO 3HAThb CHEKTP KOHBEKTHBHBIX

aueek ¢y, Ero pacuer B ofumieM cayuae TpyieH. B kauecrBe mpu-
Mepa HCNOJb3yeM 3JeCh CIHEKTP BHAA

ed/T =T (p/a) (ka)™?, (22.5)

TosydeHHB B paGorax [14, 15] (I‘——ypOBeHb BO30OyXIEeHUS; a —
nionepeyHblil pasMep maasmel; Te=T;=
Tloacrasass (22.4) u (22.5) B (22. 3) Haxo,zmM

r=r (v );aw)%'
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HJIH, TIOCJEe TIepexoja OT CYMMHPOBaHHA K HHTEIrpHPOBaHHIO!

D =T (p/a) (T/eB) [(1/25) In (kyaxe/Rumm)l /- (22.6)
CpaBHUM 3TO BBIPaXKeHHE C KiaccHyeckuM KosdduuHeHTOM aup-
tbysuun  Dyy=p%v;, rae vizcopi/nkgf—aq)(pexmsﬂaﬁ q9acToTa

HOH-HOHHBIX CTOJIKHOBEHHH:
D/Dml =T (nx%ivﬂ/?a(ﬂpi) [(1/2312) In (kmaxc/kmuﬂ)]’/’~ (227)

IIpu e¢/T=0,1 umeem I'=10 gas Gonbwux syeex. Tak Kak msas-
mennslit mapamerp (nAd) ' &1, TpH 0ei>wp; (Uri/wpi>p) Jerko
nosnydyaeM D/Dy;>1 [mocaeanuii coMHOXHTenb B (22.7)  oOBIUHO
HNOpSAJKA €JHHHILBL).

Jubdysusa, obycnosnennas suefkamu 9682), CUJIBHO 3aBUCHUT OT

YpOBHS BO30yxKJAeHHS NOCJAeJHHX. PaccMOTpHM B KauecTBe  HJJIIO-
ctpauud ABa npuMepa. [lepBoifi u3 HUX CBfi3aH ¢ BO3GYXK/JIEHHEM
KOHBEKTHBHBIX siueeK JpelidoBbIMH anbdBeHOBCKHMH BoJHaMHu [19,
20], korpa

¢(2) _ kg _c 1 — k2”v‘j’4 4,(1) 2 (22.8)
0T (0w/Oky +4-up; —c) B @? | #1 : :

3nechb  Upi — CKOPOCTb  JHaMarHHTHOro gapeéida; ¢g — CKOPOCTh
E X B-npefiha, BOSHHKAIOWIETO H3-3a HAJMHYHUS HEBO3MYIUEHHOrO MOJSA
E; v, — anvdBeHoBcKad cKOpocThb. I1oCKOMBKY

1 — k2” vh/0? ~ 2ubi/w?;
00/0k, + vp; — ¢, ~ up; = cT/eBa,

MO2XKHO 3aIlliCaTh:

@ %
P T T

G elo] | o)

Otciona caenyer, 4To NpH o =k,Up;, kya>1 u el ¢§”]/ T<1
Lot | <lof |

Bropo#i mpuMep cBsi3aH ¢ BO30YXJIEHHEM 3JeKTPOCTATHYECKHX
Kosebanufl n1pH vp; = 0 [21]. B sTOM cayuae

S0 _ 2+ (] A0) [(k0*1A) C— ")
(0w/0k — ¢,) 4ki + vgo*/e

o F (229

roe

’

; g mi , e VTem: , - _ e
v = Th v= g2
Te eBa - T
A=o—Fk(c+0,); C=0w/ok,—c, — U
g — UeHTPOOEeXKHOEe YCKOPEeHHE B HaNpaBJeHHH X.
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Onas onenkn (22.9) mo MOPAXKY BENHUYMHBE NMOJOXKHM C=uyy, A=
=kyUp H yuTeM, YTO caaraemble (k,0*/A)C u v* cpaBHUMB 1O Be-
JIMYHHE, HO B3aHMHO He YHUUTOXaoTcs. Toraa moayuum

~ 262 - v*/y -
2 (] H e
¢’l())~ y Qkxld’{)l-

4k20y + v*
Tak xak v,~0" <1 u | 3" |=]ep"/T,| <1, mpn | k| < 1 (p:
= '[/Te/mi) MO TyYHM
Wci
2 1
|6 | <] of”|.
[lpuBenenHsle 37eCh BLIPAXKEHHA st #§ NMoJy4eHbl B NpPeano-
noxennd, uro | of’ | < | " | Oamako mnpu sTom HrHOpHpOBa-

Jlach  BO3MOXKHOCTb pe30HaHCa, KOTOPHIi MOMKeT BO3HHKATb, HaIpH-
Mep, npu Ow/0k=ce—Up;, KaK 3TO BHJHO H3 COOTHOWIeHHA (22.8).
B pesoHaHCHBIX YCJIOBHSIX MMeeT MECTO WHasi OHEeHKa: &80 ~ i
{16]. DT0 o03HauaeT, YTO MHTEHCHBHOCTb KOHBEKTHBHOrO KoJeGaHHS
6%  Moxer GvITH CPaBHUMOH C HHTEHCHBHOCTHIO BO30yxaatouied
JApe#ipoBOf BOJHE, a CJeJOBaTeJbHO, YCJIOBHE egbff)/TzO,l H BHI-
TeKaloulas M3 Hero oneHka I'~10 BHINIAAAT BIOJHE pPeanHCTHUHO.

OTMeTHM TaKXKe, YTO M3-32 MaJOCTH U* KO3((UIMEHT CBA3U AJIA

ajleKTpocTaTiyeckux kosebanuit (k) =0) 3HAUNTETbHO [peBbIIAET
(npu kp=1) aHanorHyublli KO3P(HUHEHT AJA 3IJEKTPOMaArHHTHBIX
xoneGannuit (ky##0). ‘ )

O06cyxaeHue

PaccMoTpeHHBle BHIIEe NPUMEPHI IOKA3bIBAXOT, YTO KO3(DQHUHEHT
nudpdysnn, obycaoBieHHBII HeJWHelHO# camoMonynsuHed Apefido-
BBIX BOJIH, MOXeET 3HAUYUTENLHO MPEBBILUATb KJAACCUUECKOe 3HayeHHe.
BnosHe BO3MOXKHO, YTO HMEHHO 3TOT MeXaHH3M JIeXXUT B OCHOBE $B-
JreHusi yeuseHus: 1uddy3HH, KoTopoe OGHAPYXKEHO 3KCIepHUMeHTaJ bHO
B paborax [5, 10, 11] u, coraacuo [15], He MOxKeT GHITH OOBSICHEHO ¢
TIOMOLIbIO IIpeJCTaBJeHHH O KOHBEKTHBHBIX duefikax. B mnociaenneii
paboTre OTMeyaeTCsl TAKKe, UTO BpPeMs KU3HM KOHBEKTUBHBIX sUeek
B CHCTeMe C HEOJHOPOAHBIM IOJeM MOXKeT CHJBHO COKPalIaTbCA M3-
3a MAarHHTHOH HaKadkd. DTOT MeXaHM3M 3aTyXaHHsl, OJHAKO, MOXeET
KOMIIEHCHPOBATbCA JIHHEHHOH  HEyCTOHYHMBOCTBIO  BO30YIKAAIOMIMX
JApeifidpOBHIX BOJH. ‘ ‘

IlonuepkHeM B 3aK/m04eHHe, YTO OCHOBHYIO HeONpelesIeHHOCTh B
pacuernl THIA IPHBeAEHHOrO Bblllle BHOCHT k-ciexktp. Jas ero onpe-
JeJleHNsi HeOOXOJHMMO [eTaJbHO pPAaCcCMOTpeTh. HelMHHEHHOe B3auMo-
JAeHCTBHE KOHBEKTHBHLIX siueek (Takoe paccMoTpeHHe Tpefyercss H B
CBSI3H C Npo06JieMOl NonepedHoll YCTOHYHBOCTH sYeek, IOCKOJBKY KOH-
BEKTHBHBIe SIYEHKH C IPOU3BOJBHOH 34BUCHMOCTBIO IIOJIA OT X MO-
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ryT GBHIThb NPENCTAaBJeHH B BHJAE CYNepPIO3HUHH sSueeK C rapMoHHYe-
CKOH  3aBHCHMOCTBHIO). MOKHO OXHJAATh, UTO TNpPH BHIIOJHEHHH YC-
JOBUS UpTn<k! mopamok BenuunHbel D noutH He GyAEeT 3aBHCETH OT
JeTajell cHeKkTpa IO kR, TaK KaK MHOXHTeNb Rym0 HEHAMHOrO Iipe-
BBILLIACT CAMHHLY. ’
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CO® N OURWN

TJIABA 23

3KCNEPUMEHTAJIbBHOE HCCJIIEJOBAHHE
HEJIUHENHBIX 3¢ ®PEKTOB B IIJIASME

Hacrosiias rnaBa conep:kHT KPaTKHH 0630p HEKOTOPHIX Pe3yiib-
TATOB 3KCMEPUMEHTaJbHBIX DPabOT IO  HCCAeJOBAHHIO HeJHHeHHBIX
ad¢pekToB B MiIasMe, BHINOJHEHHHIX B TOCJENHHE JBa AECATHJIETHS.
CHauaJsa ynoMuHaeTcsl PsA PaHHHX pabOT NMHOHEPCKOTO XapakTepa,
a 3ateM ofcy:xpaaooTcs HaunboJee HHTepecHble pe3yJbTaThl JaGopa-’
TOPHBIX 3KCIeDHMEHTOB, BLINOJHEHHBIX KaK €O CBOOOJHOH, TaK H ¢
3aMarHHYeHHOH MNJasMOH, BKJOYasd  HCCJAeLOBAaHHS  B3auMojefcr-
BHS J1a3epPHOTO H3JyYeHUs C IJia3MoH. PaccmarpHBaoTes Takke Te
YHCJeHHBe 3KCIIePUMEHTH], pe3yJbTaThl KOTOPHX B HauOoJiee SICHOH
¢opMe [EMOHCTPUPYIOT pPOJb HelWHeAHBIX 3(deKToB, 0COOEHHO B
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TOM acHekTe, KOTODPBIi MNpeACTaBJIsieT HHTEpeC B CBA3H C OCHOBHOM
eTbi0 AaHHOH KHHIH, T. €. POJb KOTEPEHTHBIX B3auMoJelcTBHH B
nJjasme.

IlepBrle 3KCHeprHMeHTaNbHEIE PE3YJbTAaTH N0 HeJHHeHHBIM 3ddek-
TaM B mJasme OTHOCATCH mpumepHo K 1965 r. [1—10]. dta pesyub-
TaThl OblIH mosayuyeHs B CHIA u $InoHuM W SBUIHCHL HAYaIOM  IJIH-
TEeJBHOTO M aKTHBHOrO TepHoja uccaenoBanuit {11—110]} B naboparto-
PHUAX pas3JMuUHBIX cTpaH Mupa, ocobenHo B CCCP, rae ObUIO BBINOJ-
HEHO TakxKe OOJBUIHHCTBO TEOPETHYeCKHX pa3palOoTOK 1O HeJHHeH-
HbBIM 3(pdeKTaM B IL1a3Me.

PanHKe ucclieloOBaHuS

B paHHUX 3KCIepHMEHTAaJbHBIX pafoTax MO HCCAEf0BAHUIO Hesd-
HelHBIX 39 eKTOB B Ina3Me, BolnoyHeHHEiXx B CIIA B cepenuse Ie-
CTHEeCATHIX TOJAO0B, HCcAefoBafduCch pe3onaHcel ToHkca — HartTHepa,
T. €. BO30YXK/IeHusI THNA 3JIeKTPOAKYCTHUECKHX BOJH B paJZHaJibHO-He-
OJHOPOJHOM mJasMeHHoM ctosGe [1, 2]. Benencrsue Toro 4to B peso-
HAHCHBIX YCJOBHUSIX CYMeCTBYeT CHJIbHASI CBfI3b NAaJaiollero H3Jydye-
HHS C TIJIa3MeHHBIMH BOJIHAMH, B pacCMaTPHBAeMOH CHCTeMe MOTyT
Pa3BUBATHCSL KOJJIEKTUBHBlE KojieGaHHsl OdeHb GOJBLION aMILIHUTYAHL,
BMeCTe C KOTOPBIMU SIPKO NPOABJSIIOTCA TaKHe HeJIMHeHHHIe $IBJeHUd,
KaK reHepaunus BTOPOH TIapMOHHKHM BO30YXKAAIOINEro MOJS HIH BO3-
HUKHOBeHHe HU3JyUYeHHS Ha 4YacToTe OWHEHHI ABYX OAHOBPEMEHHO CV-
LIeCTBYIOMUX KONe6aHHH.

Crenyer nORYEepKHYTh, YTO B 3KCIIEpHMEHTax NOJOGHOTO  poAa
3JIEKTPOHHAs IJIOTHOCTb, IPH KOTOPOi HAcTynaeT pe3oHaHC LJs Illep-
BHYHOIO 10JIfl, H3MeHfAeTCsl C YacTOTOH JPYroro pe3oHaHCa u3-3a Ha-
JINUMS CBSI3H, T. €. paccMaTpuBacMble SIBJeHHS OOYCJOBJEHB BHYT-
PEHHHUMH HeJHHEeHHBIMM CBOHCTBAMU HCCJEJyeMBIX CHCTEM M HO3ITO-
My MOTYT OBITh OTJAEJNeHBl OT APYIHX HeJuHeHHBIX 3¢deKToB (THIIa
JIOKCeMOYpPr-ropbKOBCKOTO 3(¢deKTa, IpajiueHTHON CBf3H M T. M. —
cM. TJI. 24).

SInoHcKHe 3KcnepUMeHTaJbHble PabOTH CePefHHHBl IIeCTHAECSTHIX
TONOB OBIIH TOCBSILIEHHl UCCJIEJLOBAHUAM TapaMeTpPHUECKHUX sIBJeHUH
B NJasMe C MarHATHHIM moJiem {3], aHOMa/JbHOrO LHUKJOTPOHHOIO W3-
Jydenus [4], BO36y:KAeHHs BHICIIHX FapMOHHK M CyOrapMOHHK 3Jiek-
TPOHHBHIX MJAa3MeHHBIX KosaeOaHufi [5], cMemnHBaHUs YacTOT NpH aHO-
MaJbHOM UHMKJIOTPOHHOM HM3JyueHUH [6], BO3OyKIeHHsE 3JEeKTPOHHBIX
¥ HOHHBIX MJIa3MeHHBIX KoJeOaHH# B pe3yabTaTe NapaMeTPHUECKOro
pesoHaHca [7]

B naneHeiillleM HCCIEX0BAIHCH BO36YyXKIeHHe NPOJONBHEIX T/Ia3-
MeHHBIX KoJIeGaHHH NpU HeJHHEeHIHOM De30HAHCHOM B3aHMOJEHCTBHU
JBYX MONEPeYHBIX 3JEKTPOMATHHUTHBIX BOJH C 4acTOTaMu, pas3HOCTb
KOoTophiX GbljIa paBHA mJiasMeHHOR yactoTe [8], a TakXKe HequHelHas
CBSI3b, JIexKalllasi B OCHOBe TAKUX SIBJEHHH, KaK BBIHYXKACHHOE KOM-
OHHALIMOHHOe paccesiHMe M paccesiHHe CBeTa Ha CBeTe B IIasMe. JKc-
TMepPHUMEHTaNbHO Habalofancs Takke 30¢eKT ORHOBPEMEHHOrO  BO3-
OyX/leHusl NJa3MeHHLIX M MOHHO-3BYKOBEIX BOJH IIpH pacnpOCTpaHe-
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Hud CHJIBLHOH 3JIeKTPOMarHHTHOH BOJIHBI C 4acTOTol w=wp [9]. Hako-
Hell, cjelyeT YNOMAHYTh pabory [10], mocBsilieHHYI0 CpaBHHTENBHO-
My HCCACfOBAHUIO GECCTONKHOBUTEBHOTO 3aTyXaHus MJa3MeHHBIX
BOJIH 6OJIBUIOH M MaJIOH aMIJIMTY[HbL. :

JlaGopaTopHbie SKCNEPUMEHTDI

3a mMepBBLIMH 3KCIIEPUMEHTAJbHBIMH HCCAENOBAHUSIMH HeJTHHEHHBIX
3¢ @eKToB B NJazMe NOCJeN0BaJ HapacTalmuil HoTtok pabor [11—
39], B KOTOpHIX C IOMOUIbLIO YJIYYIIEHHOH JHACHOCTHYECKOH TeXHHUKH
[23] meranbHO HccnenoBasHCh BBICOKOWACTOTHBIE M HH3KOUAaCTOTHHIE
KoJjie6aHud B niasMe (IJa3MeHHBlE, HOHHO-3BYKOBLIE, UHKJIOTPOHHEBIE
U ru6puaHble BONHB) M UX HeduHelHbie B3auMojaeidcTBus. BBIIo 3KC-
NEePUMEHTAJbHO [0Ka3aHO CYyUIeCTBOBAHHE TPEXBOJHOBOIO  B3aHMO-
JeUCTBUA B3PBIBHOTO THHA [26].

Bo MHOrHX 3KcHepHMeHTax HCCJeJ0Ba/lach BO3MOXKHOCTb HCIOJb-
30BaHHA TapaMeTpUYECKOil HEYCTOHUHBOCTH [AJisi HarpeBa Jabopa-
TOPHOH M WOHOChepHO#H nmua3Mmbl [40—64], KoTophii TIPUBOAUT, B 4acT-
HOCTH, K PEe3KOMY BO3PAaCTaHHIO YDOBHSI HEKOTeDPEHTHOTO paccesiHUS
B uoHochepHoi nnasme [61]. Brio npoposkeno Takke U3yyYCHUE
CBOHCTB HOHHO-3BYKOBLIX BOJH, BO30YyXkKJAaeMBX C INOMOIIBIO  De30-
HaHcoB Tonkca — [laTTHepa, M CBSI3aHHBIX C HUMH SIBJIeHWE, B 4acT-
HOCTH HCCJIeA0BajJuCh 3(¢eKTHBHAS YacToTa coyaapeHuit [62] u He-
JIHHEHHBIH CABHT yacToTh [63].

M3 yucna MHOIMX 3J1€FaHTHBHIX H BEChbMa TOHKHX 3IKCIIEPUMEHTOB,
BBINOJIHEHHBIX B INOCJTEeJHHE TOABl, VIOMSIHEM 3JeCh = HCCJeLoBaHHe
napaMeTpu4eckoll HeycTOHUHBOCTH UOHHO-3BYKOBOH BOJIHBL B cUCTeMe
IJ1a3Ma — My4OK, IPH KOTOPOH JIHHEHHO-YCTORYHBASA BOJIHA B Pe3yJb-
TaTe HeJHHEHHOro B3aUMOAEHCTBHUS pacnajaeTcsi Ha JBe JIHHeHHO-

w2 YCTOHUYMBLIE BOJIHEI uGonbmoﬁu aM-

MJHTYAB € YacTOTOH, DaBHOH IO-

JIOBUHE YaCTOTHl NepBOHAUAJBHOMN
BoqiHe (puc. 23.1) {64]. B stom

‘ Puc. 23.1. Henunefinrii  pacmamHbIi
14 CIIEKTP:
a—& — YaCTOTHBIA CNEeKTP CHTHala ¢ JeHTMIOPOB-

CKOro 30HOa, pacioJIOXXE€HHOro Tak, Y10 X=
a E] =11 cM; a-—8: TOpH30HTaJbHOE CKaHHpPOBaHHe

14

(yacToTHblt amamaszon 0--500 kW, wMpuHa no-
socel 10 k'L, HHTEHCHBHOCTL HaKauku A=0,9; 1,1

—— L # 1,2, HOPMHDOBAHHAS Ha MOPOTOBOE 3HAYEHHE
) w2 @ R An,/n,, =0,025); e—e: TOPHIOHTANbHOE CKAHHPO-
e oo°°°0 c o BaHHe (4acTOTHBIA Axana3oH 0-—1 xI'm, meHTpH-
“wp2 & POBaHHBIN BO3Je YacTOThl /2, WIHDHHA TNOJOCHE

i % 10 I'n; HHTEHCHBHOCTL Hakauku A=1,0; 1,05 n 1,1);

9€: HApacTAHHE AMIVIHTYI CYGrapMoHHK (@ /27=
=411 kTu). U3 paGorwi Stern R. A., Decker J. F.,

o ‘ Ypobere wyma Platzman P, M. Decay Instability of the Jon-Beam

—0009-—-4-.*- ! Mode.—Phys. Rev. Lett., 1974 v. 32, p. 359—ro0-
] 7 2 . 3 A paspelleHHIo aBTOpoB H AMepHKaHCKOro ¢GH3u=-
X ueckoro - ofuiecrpa
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JKCNepHMeHTe OTYETJIHBO BBIABJSIETCH KOrepeHTHas NPHPOAa B3aH-
moznefictBus. [lo Mepe yBenuWyeHuss aMIVIUTYAbl BOJHB HaKaykKn
yMeHbllaeTcd WIHPHHA JHHUHA CyOTapMOHHKM NDH  OJHOBPEMEHHOM
BO3PACTAHHH €€ aMIVIMTYAhl U CTelleHH KOTePeHTHOCTH, TaK 4TO B KO-
HEUYHOM cueTe 3HepreTHYeCKHid ypoOBeHb 3TOH JIMHUH MOXKET MpeBhl-
CHThb HAYaJIbHYI0 3HEPrui0 BOJHB HAKauKH (TakoH npouecc BO3-
MOKeH BCJeACTBHE pacnajga BOMHHI HAKayKH).

Jpyro#i uHTepecHEIl NpHMep — HCCAeLOBAHHE CBA3AHHBIX  COJNHU-
TOHOB IJ1a3MEeHHOTO H HOHHO-3BYyKOBoro THHOB [65]. B aroft pabore
TEOPETHYECKH H 3IKCHEPHMEHTAJbHO NOKa3aHa BO3MOXKHOCTb  CaMo-
MOJYJISIIIHU BBICOKOYACTOTHOTO 2J1eKTPHYECKOro IoJs,  4acToTa KO-
TOporo OaH3Ka K 3JeKTPOHHOM mJasMeHHOH yacrore. CamomonyJss-
LHS TOPOXK/AAeT JOKaJM30BaHHBIE IIOJS, KOTOPHIM  COOTBETCTBYeT
yMeHbllleHde [JOTHOCTH IJ1a3Mbl. B pesysnbrare MoJie OKashBaeTCH
3aXBAaYEHHbBIM <«SIMKaMH» IMJOTHOCTH, PAcHpOCTPAHSAIOUIMMHUCS C HOH-
HO-3BYKOBOH CKOpOCThI0. MHTepnperamus 3TOro HABJECHHA B paMKax
MO/leJIM CBSI3aHHBIX YeAMHEHHBIX BOJIH (IJIa3MEeHHHIX M HOHHO-3BYKO-
BbIX) NPHUBOJAUT K KOJHYECTBEHHOMY COIJIACHIO C pe3yJbTaTaMH 3KC-
nepuMenta. B pabote [66] Gpl10 NMpoBeaeHO HCC/JACAOBaHHE NHHAMUKH
«KaBHUTOHOB» M  3aXBaTa  3JEKTPOMArHHTHBIX  IHoJed  pajuo-
AuanasoHa.

B MHOrouHc/JeHHBIX 3KCNEPUMEHTax C Ia3MeHHO-NYYKOBLIMHM CH-
cteMaMu {67—79] usyuanca sddexrt saxsaTa uactun. B uactHOCTH,
B paborax [68, 69] uccnenoBanu BJAHSIHHE HeNMHUHEHHHIX 3¢ (eKTOB Ha
HEYCTOHUYMBOCTb U GOKOBBIe MOJH B TAKHX cHCTeMaXx. Mismepenne pac-
npejesieHdst  3JAEKTPOHOB 110 SHEPTHSIM IIPH HaJHYHHM BOJH OGOJ/bIIOH
aMIJINTYABl TNpou3Beneno B [71, 72]. O6mupHbi 0630p 3IKCIEpHMEH-
TaJbHBIX HCCAeJOBAHUA MO HeJHHeHHBIM 3¢deKTaMm npu B3aHMOJEH-
CTBUH HEPEJATHBUCTCKHX H PETATHBHCTCKUX NMYYKOB C TMJIa3MOH Npel-
craBjed B paborte [73], rie HaUIH OTpaxKeHHe TaKHe BOMPOCH, KakK
HeJHHellHAasl CTaJus Pa3BHTHA HH3KOUACTOTHBIX HeycToHYMBOCTEH B
11a3MeHHO-MYYKOBLIX CHCTeMaX, CIeKTpaJjbHoe paclipefeeHie sHep-
rid Bo306YXKJ2aeMBIX I[oJefl, NMPOCTPAHCTBEHHO-BpPEMEHHLEIE KOppeJs-
IIHOHHBIE (PYHKIMH, CYLIECTBOBaHHE CKaykKoB (a3bl, IHCIEPCHOHHLIE
XapaKTepUCTUKH HHU3KOUACTOTHHIX KojieGaHHH W 3HEpreTHuyeckue Mo-
TepH MNyukKa, OOYC/JOBJEHHbBIE KOJJIEKTHBHBIMH B3aHMOIEHCTBUSIMH C
J1a3MOH.

OrpomHOe cTHMyqupylolllee BO3JeficTBHe Ha pa3ButHe paGoT mo
HeJTMHeHHLIM B3aHMOJEHCTBHAM B IlJ1a3Me, BO3HHKawllel IpH Jasep-
HOM OOJy4eHHH TBEPIbIX MUILEHeH, OKasaJsa WAesl JIa3epHOTO TepMOo-
sapepuoro cunrte3a [80, 81]. [IpoBeneno Gonbllioe YHCJAO IKCIEPHMEH-
TaJbHHIX paboT, NOCBSILIEHHBIX HCCJEHOBAHWIO T€HEPAUHH TapMOHHUK,
napaMeTpHuYeCKOrO BO3OYXKIeHHS Pas3JIHUHBIX CTHMYJHPOBAHHBIX IDO-
L€CCOB U aHOMAJBHOrO Harpesa njaa3mu [82—94].

Cnenyer OTMeTHTb, UTO MaJble pasMepbi ofjacreli B3aHMOJEHCT-
BHsI B MAa3MeHHOH KOpOHe, OKPyXKalolleld TBepAble MHUIIeHH (mOpsia-
Ka 100 MKM), upe3BLIYa#HO 3aTPYNHSIOT JAHATHOCTHKY Jia3epHOH
naasmel. TeM He MeHee yaansoch onpeneauTsb [89] moporosee 3Hauye-
HUSI XapaKTePHUCTHK pa3JUYHBIX HeJUHEeHHBIX NPOLECCOB M MOJYYUTh
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Puc. 23.2. 3aBHCHMOCTH 3JIEGKTPOHHOH TeM-
nepatypnt T, ¥ oOTpaxare]bHO# cnoco6-
HOCTH R OT WHTEHCHBHOCTH JIa3ePHOTO M3-
nyqyenuss I npu GoMGapAHPOBKe TBepAOH
nefitepueBolf MuieHH, ITyHKTHPOM mokasa-
HO TOPOroBOe 3HAYeHHe HHTEHCHBHOCTH
U MapaMeTpuueckoll neyctofianBoctu, Hs
pa6orst Yamanaka C., Yamanaka T,
Sasaki T., Mizui J.,, Kang H. B. Brillouin
Backscattering and Parametric Double
Resonance in Laser-Produced Plasma. —
Phys. Rev. Lett., 1974, v. 32, p. 1038 —
10 pa3pelleHHIo aBTOPOB U AMEPHKAHCKOro
(pusnueckoro ofuwecrna.

NOJIE3HYI0 HH(POPMALHUIO O BIHAHHH
3THX MpPOLECCOB Ha H3JyYeHHEe B
Haanoporoso#i obxactu (puc. 23.2).

Cepbe3Hast TPYIHOCTb NPH HCCAEIOBAHMM H HHTePNpeTalUH B3aH-
MOJeHCTBHS Ja3ePHOr0 W3JYYeHHS C TJIa3Mofi CBfizaHAa C TeM, YTO
u3JlydeHue OOJBILION MHTEHCUBHOCTH MOXeT CYIIECTBEHHO BJIHATH HA
npodunn naoTHocTH maasmel {92, 94]. B pa6ore {93] B akcnepumenTtax

1 ] H
0% 2 I,Bm/om?

1O OTpaxeHHIO ObUIO OOHAPYKEHO CIEKTpPaJbHOE YIIHpPEeHHe pacce-
SIHHOTO CBeTa.
TlpoBenenHble [0 HACTOSIEr0 BpPeMeHH HCCIENOBAHHS  BO3MOXK-

HOCTH OCYILLeCTBJICHHS YIPABJSAEMOro Ja3epHOrO0 TePMOSIAEPHOTO CHH-
Te3a YKa3blBalOT Ha HeOOXOAMMOCTb 3HAUYHTEJNBHOIO YBEJTHUYEHUS
MOLIHOCTH Ja3€PHOTO H3JyUeHUsl. YUHTHIBAs, YTO HOBble MOIIHBLIE Jia-
3epHBle YCTAHOBKH HAaXOAATCSI B CTajAMH pPa3paboTKH, MOXKHO Ha-
JeAThCS Ha JaJibHeHIIHH NpOrpecc HCCAEJOBAaHHHA HeJIWHeHHOro B3au-
MOLEHCTBHA JIa3ePHOTO H3JIyUeHHs ¢ NJa3MoH.

YucneHHble 9KCNEPHMEHTHI

TpynsocTH aHAMUTHYECKOTO OMHCAHHUA JeTajell (a HepelKo H CyuI-
HOCTH) TIPOLECCOB HeJNHHEHHOTO B3aUMOAeHCTBHS BOJH B peaJbHBEIX
TIJIa3MEeHHBIX CHCTeMaX CTHMYJMPOBAJH INpOBejleHHe LIMPOKHX  YHC-
JIeHHBIX HCCJEJO0BaHU}i HarpeBa MarHUTOAKTHBHOH (M He3aMarHuyeH-
Holl) mnasMul {95—103] u HenuHeHHBIX 3P ¢eKTOB HPU B3aUMOZeHCT-
BUH Jia3epHOTO HagayuyeHus c maasMmoli [104—110]. Takne ucciaenosa-
HHsI BCKpPBIBAIOT XapaKTepHble OCOGEHHOCTH JaGOpaTOPHBIX CHCTEM,

KOTOpble HEJErKO mnpelAcKa3aTb Ha OCHOBe HCHOJb30BaHHA aHaJdUTH-
YeCKHX MEeTOJ0B.
CnenyeT OTMETUTDb, UYTO C IOMOIIBK YHCJACHHBIX 3KCIIEPpUMEH-

TOB MOXKHO H3Y4YaThb M TaKHe NPOGJEMB, KOTOpble MOKA HEJOCTYH-
HBHl J1a6OpPaTOPHOMY Hcc/enoBanuilo. MoxKHO, HanpuMep, CTaBHTh BO-
IpocC O TOM, YTO HPOM3OHJAET NMPH YBeJHYEeHHH MOLIHOCTH JIa3epHOro
HU3/IydyeHus [0 3Ha4yeHHH, NAJEeKUX OT COBPEeMeHHHX BO3MOXKHOCTEf
9KCIEePHMEHTAaJIbHOK TeXHHKH.
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ITonyyennsle B pe3yJbTaTe 4YHCJEHHBIX 3KCIOEPHMEHTOB (aso-
Bble mpoctpaHcTBa [97—99, 101, 103—105, 108, 109] maor sicHoe
npencraBienue 06 3¢deKTaXx KOTePeHTHOCTH W 3axXBaTa, CHocoOCT-
BylOlllee JydYlueMy NOHHMaHHIO (H3HYECKOH CYLIHOCTH paccMaTpH-
BaeMBIX IIpo6JeM H AaJbHEHINUM yCreXaM B HX aHAJHTHYECKOM HC-
cineqoBaHuH. BMecte ¢ TeM He ciaenyeT 3abbIBaTh, YTO HHTepIpeTa-
IS Pe3yNbTATOB U JlaXKe OCYIIeCTBUMOCTb UHCJICHHLIX - 9KCHepUMeH-
TOB HepeJKO OKa3bBawTCsd BecbMa NpobaeMaTHYHBIMU.

Ha puc. 23.3 npuBelieHBl pe3yJabTaThl YHCAECHHOTG HCCAeJOBaHHA
JUTSL CIyuasi, KOTZa OJHOBpeMeHHO HAGJI0JAal0TCA  BHIHYXKAEHHOE KOM-
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Puc. 23.3. PeaynbTaThl 4HCIEHHOTO 3KCNEPHMEHTa 10 BHIHYKICHHOMY pPacCesHHIO
MangenbmitraMma — Bpunmosna:

a — apoduab NIAOTHOCTH MIa3Mbl; 6 — aMILUIHTYXA 3JAEKTPHYECKOTO NOJs  mpolllefuiell  BOJIHBI;

8 — pacnpefefieHde MOHOB B (pasoBOH IVIOCKOCTH X¥—V,; 2—e — pacnpenenenne 3JeKTpoHOB B da-

30BOH MNJIOCKOCTH x—Vx. [TapaMeTphl CHCTEMBI: "Maxc/nc =0,5; vo/c=0,1; Mi/me=1836; re/ri:

=10; ue/c=0,05; anuHa — 150 ¢/w,; uucno wactuy — 20 000; uucio sizeek — 1024; war mo 1—20)“‘(1);

V — ckopoctb B eguHunax ¢. Ma pa6orst Forslund D, W., Kindel J. M,, Lindman E. L. Nonlinear
Behaviour of Stimulated Brillouin and Raman Scattering in Laser-Irradiated Plasmas.—Phys.
Rev. Lett. 1973, v. 30. p. 739 — po paspellleHuio aBTOPOB B AMEDHKAHCKOrO (PH3HUECKOro o6IecTBa

OHHAaNNOHHOE paccesiHHe H paccessHHe MannesnputaMa — Bpusnosna.
Havanbuniit npodunp mnasmbl  usobpaxken Ha puc. 23.3,a (nasep-
HOe H3JIyueHHe C 4acTOTOH o MajaeT cupaBa M pPaclpoCTPaHseTcs B
niasMe 10 06JacCTH ¢ MJIOTHOCTBIO OKOJO Ayaxe/fle~0,5, rme n.—
KpHTHYECKAs IVIOTHOCTb, ONpPefe/aeMas H3 YCAOBHS 6 pe= o).
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3aBHCHMOCTb AMIVIHTYJAH TpPOUIEJINEro CBeTa OT BPeMEHH IpHBe-
neHa Ha puc. 23.3,6. ITocme 100%-Horo npoxoxieHHs B HayaJbHBIA

MOMEHT BpeMeHH HabuiofaeTcsi mepBulii MHHHMyM npu = 500w;!,
OBYCIOBJIEHHEl CTUMY/JIHPOBAHHHM KOMOHHAIHOHHBIM  pacCesHHeM.
Bropoit MuruMym BosHHKaer npu ¢ = 10000;! u3-3a HaJH4YHA BHI-
HY3KJEHHOTO PpacCesHHs MaﬂﬂenmeaMa—BpH;nmoSHa. B nanbHei-
1IeM IPOMCXOIHMT HarpeB 3JEKTPOHOB, KOTOPBIHl NPHBOAHT K YyBeJH-
YeHH10 rAyOHHb NPOHHKHOBEHUSA TI0JISI B NJIa3MYy.

Kaptuua B ¢dasosoit niockoctu (cM. puc. 23.3,0) ykasbiBaeT Ha
BO30YyK/JAE€HHE 3JEKTPOHHBIX IJIa3MeHHbIX BoaH npu ¢ = 440wj!,
KOTOpBEIE B 3TOT MOMEHT SIBJISIOTCSI BBICOKOKOI'€PEHTHBIMH H  MO3TO-
My MOTYT NPUBOAHTb K CHJIbHOMY OTPAXKEHWIO H3-32 BLIHYXXJEHHOTO
KOMOHMHALlHOHHOrO  paccessHus. AHaJiorHyHas KapTHHa HaOJojfaercs

¥ B HOHHOH ¢asoBoit miockoctH npu ¢ = 1000w, (BBIHYXKIeHHOE
paccessHne ManaenbiitaMa — Bpusiiosna).  Pa3oBbie  NPOCTPAHCT-
Ba 3/JEKTPOHOB H HOHOB 1npH ¢ = 1720w;! u3o6pakeHH  Ha

puc. 23.3,8, e. ficHo BUAHBI HOHHBle BOJIHH. B HHTepBaJje BpeMeH
Mexay ¢ = 440071 u ¢ = 1720w, npoucxomuT  CyUIIeCTBEHHBIH Ha-
TPEB 3JIEKTPOHOB 32 CUET SIBJEHHS 3aXBaTa YaCTHIL

dDdderr usMeHeHuss nmpoduas HIOTHOCTH NJAa3MBl NOJ BO3JEi-
CTBHEM MOUIIHOrO J1a3epPHOTO H3JIyueHHs HccJaefoBasd B paborax [107,
108, 110], pesyabTaThl KOTOPBIX YKAa3bIBAIOT HA KJIOUEBYIO POJb
3TOro sgekra B HOIJIOLIEHHH J1a3€PHOr0 H3JaydeHHs miaaszmoii [108]
U CBHJETeJbCTBYIOT O HEOOXOAMMOCTH NOCTPOEHHS CaMOCOIJIacOBaH-
HO#H TeopuH npodus NIOTHOCTH Tasmsl {110].
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T'JIABA 24

HATIPABJIEHUA PA3BHUTHSA HEJIUMHENHBIX
MJIABMEHHBIX HCCJIENOBAHHHA

B macrosell rJgase Kpatko oOOCyXKJAalwTcad HEKOTOphle Hampas-
JIEHHsI Pa3BUTHUS HCCJACAOBAHMH HeJMHEHHBIX TPOLECCOB B TJIa3Me,
a Takxe (GyHLaMeHTaJbHble SIBJEHHs, CBA3aHHbIE C TAKHMH JIPO-
leccaMH. :

Ponb HesuHeHHBIX 3G(eKTOB B COBpeMeHHOH (H3HKe  MJIa3MHI
XOPOIUO OTPAIKAaercsi WHPOKOH PacNpPOCTPAHEHHOCTBIO B CIIENHAIbHON
JuTeparype, TNOCBSIIEHHOH HCCJAeJOBAHHIO TJIasMbl, IIPHUJIAraTesibHOTO
«aHOMaJIbHBIA», KGTOPOE OYeHb 4acTO (HUIYPUPYET B HAaHMEHOBAHHAX
PA3NHUHBIX XapaKTEePUCTHK I1a3Mbl H NPOTEKAMIUX B HeH Ipolec-
coB (roBopsT, HanpuMep, 06 aHOMaJbHOH AHGPY3HM, AHOMAJTbHOM
CONPOTHBJICHHH, AHOMAJbHOM IOIVIOIEHHH HJIH PAacCessHHH H T. IL).
Hcnonp3oBaHue 3TOrO NPUJAATATEJBHOTO CTAJAO0 CTOJb NPHUBLIYHBIM, YTO
HeJuHeHHBle 3((]eKTH B I1asMe, 0 CYLIECTBY, CAeiyeT paccMaTpH-
BaTh CKOpee KakK HOpPMaJbHOe fiBJieHHe, 4yeM KakK aHoMaJnbHoe. [leit-
‘CTBUTENBHO, - (pyHAaMeHTaJbHble TeOpEeTHYECKHe H SKCIePHMEHTaJb-
Hble UCCJIeIOBAHHUS MOCAENHUX JeT IIOKa3bBalOT, UTO B COBOKYITHOCTH
HeJuHelinHe 3G (ekTh 06pasyioT IJIaBHYI COCTaBHYIW 4YacTb oOLieit
KapTHHBI NJ1a3MEHHBIX ABJICHHH.

Jna pa3BUTHA NMJasMeHHBIX HCCJAeNOBaHHi HA COBPEeMEHHOM 3Tale
BecbMa XapaKTepeH C/ABHI TEODETHUECKHX YCHJIHH B HalpapBJeHHH

9* 195



O06bSICHEHHST KCIEPUMEHTaNbHEX AaHHBIX. Henuuefinvie saBienus mo-
IpeXHeMy INPHBJIEKAIOT OONBIIOH HHTEpPeC TEOPEeTHKOB, H HX M3yue-
HHe COCTaBJASeT OJHY M3 HaHbojee HHTEPECHBIX H YBJEKaTeJbHBIX
3ajay ¢Gu3ukd nmaasmel, JdJs Toro 4ToGnl TNPaBHABHO HHTEPIPETHPO-
BaTb HalbJofaeMble 3KCIIlepUMEHTaJbHble AaHHble W IpeICKa3hBaTh
BO3MOXKHEIe De3yJabTaThl OyIAYUIHX  3SKCIIEpHMEHTOB, HEOOXOAUMO
6osee rayboKoe INOHMMAaHHE CyIlecTBa HeJHHeHHBIX  IPOLECCOB,
yeM TO, KOTOpoe JAOCTHTHYTO  cefiuac. Teopernueckne pa-
60TEl B 3TOM HaNpaBJeHHH CTHMYJIHPYIOT TaKxke  MOCTAHOBKY
HOBBIX  J1aOOpaTOPHLIX W  YHCJEHHBIX  3KCIEPHMEHTOB,  KOTO-
pble B [OcJelHee BpeMs CTaJH Ype3BLIYAHHO MOME€3HBIM CPEACTBOM
BCKPBITHSI U H3YyUeHHMs HOBBIX OCOGEHHOCTeH HeJHHeHHBbIX  fABJIEHMH.

Teopusi HenWHeHHHIX sIBJeHUH B (usHKe NMasMb BoGpana B cebs
JOCTHIKEHHSI MHOTHX CMEXHBIX O6Jjacreil, B KOTOPHIX OCHOBATENbHO
H3y4aJIUCh Te WJH HHble HeJHHelHble sBJeHus. Mcropnuecku mnep-
Bble paGoTHl IO B3aUMOACHCTBUIO CHJBHBIX H CJabBIX  3JI€KTpOMAar-
HUTHBIX BOJIH B IJla3Me OCHOBBIBAJIUCh HA NPEANONOKEHHH, YTO CHUJIb-
Has BOJIHA CYUIECTBEHHO BJHfAeT Ha NapaMeTphl NaasMbl. [lpumepom
TaKOH KpOCC-MOAYJSIIINM MOMKET CJAYXKHTb XOPOMIO H3BECTHBIH JIIOK-
ceMOypr-roppKoBckuil addexr [1—b5], KOTOPHI BO3HHKAaeT B Pe3yJib-
TaTe BJAUSHHUSA CHJIBHOM BOJIHBI Ha YaCTOTY COYJIapeHU#l 3JEeKTPOHOB C
HeHTpaJbHLIMH YacTHIAMH H NOocJelylouled Iepeiaiyd MOLYJISLHU
BTOPO#H BOJIHE, pacHpOCTPaHSIONIIENCsS B TOM e pEervoHe, uto H Iep-
Basi. $IBieHusl THHa ONHMCAHHBIX B [1—B], Ans KOTOPBIX XapaKTepHO
HaJuuue BPeMEHHOH MOAYJASINUH NapaMerpoB MJAAa3MBl, B OIpeJesieH-
HOM CMBICJIe MOKHO paccMaTpHBaTh KaK HeJHHelHbBIe [6].

Henunefinbie mnsasMenHble KoseGaHus BIepBble H3ydaJsHCh B pa-
6orax {7, 8] u npu HaJaHYHH TeMmepaTypPHHX s¢Q(ekToB — B paboTe
[9]. Crporast Teopusi HenuHeRHBIX KosebGauuit passura B [10] mpu yue-
Te addexra saxpaTa yactdu. [dpyrue npuMepbl HeJUHEHAHBIX MJ143-
MeHHBIX KoJieGaHu# paccMmarpuBaguch B {11, 12]. Psax paunux pa-
60T OBl TOCBAIIEH TaKMXe HIYUEHHIO  PEASTUBHCTCKOR  I1J1a3MKbl
[13, 14].

Bckope nocsie 3Toro OBLIM BBHINOJHEHBI ITHOHEPCKHE 3IKCIEepHUMEH-
TaJibHbIE KCCAefoBaHUsi (cM. ™I, 23), a 3arteM OblId ONyGJHKOBAHHL
pe3yubTaThl UHCJCHHBIX 3KCHepuMeHTOB [15], KoTOpHIe mpoaeMOH-
CTPUPOBATH BaXKHYX pPOJb  COJHUTOHOB, SIBJASIOIIUXCS  pelllecHHeM
ypaBHenusi KopreBera — ne Bpusa. B 3TOM ypaBHeHHMH yUUTBIBaeTCst
Kax JucrnepcHs, TaK W HEJAUHEHHOCTb, MO3TOMY OHO HMeeT (yHAA-
MeHTaJIbHOEe 3HaueHHe, HaIpUMep, B CBSA3H ¢ NpobJjaeMoil ¢GhopMHUpPOBa-
HUS YAApHBLIX BOJH B ropsdell miasme.

BeccToNKHOBUTENBHBIM ~ yYAAPHEIM ~ BOJHAM IOCBSIIIEHO MHOTO
pabor [16—22]. B marauToc(epHBIX HCCJAEAOBAHHAX OLLIO NOJIYIEHO
. TlepBoe yO6elHTeJbHOE JOKa3aTeJbCTBO CYUIECTBOBAHMS — YAAPHBIX
BOJIH, 00pasyioiuxcst NpH BTeKAaHHM I[OTOKa NJAa3Mbl, HMERIIero
CBEPX3BYKOBasi CKOPOCTb  (COJIHEWHBIH BeTep), B MarHUTHOE IOJe
3eman [16]. B 1965 r. mosBusuch nepBole coobmenus [17—19] o aa-
60paTOpHBIX 3KCHEPUMEHTaX M0 GeCCTONKHOBATENBHBIM YIapHBIM
BOJIHAM B miaasMe. C TeX Nmop 3To HamnpaBJeHHe OLICTPO pasBUBAETCS
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K B HacTosfllee BpeMs TIpeAcTaBiaseT co60H 0cobyi0 AUCHHUIIKHY CO
CBOMM MpEAMeTOM HccJlenoBanus [20—22], B xoTopoii MHOroe yie
HOHATO GJarojapsi WHTEHCHBHO# aHAJHTHYECKOH, BBHIUHCAUTENLHON H
jgabopaTopHoil paGoTe; B YACTHOCTH, NMPOLEMOHCTPHPOBAHO 6oJiblIOe
3HaYeHHe [Js DPAcCMaTPUBAEMOTO SIBJEHHS HeJHHeHHLIX (aHOMaJb-
HBIX) 3¢ ¢derToB (cM. 0630p [22], mocBsALeHHBI 3TOH mpobJaeMe).

B 1967 r. mosBuscsi paa paboT, MOCBALIEHHBEIX IJIa3MEHHO-BOJIHO-
BoMy 3X0 [23—29]. CooTBeTCTBYIOIMI 3SKCIEePUMEHT, CBOIAMMHACA K
CMEINEHHIO JBYX IIPOJOJLHBIX BOJH C PasJIMUHBIMHM YacTOTaMH, NOJI-
TBEPAUJ] YKa3zaHHYI0 eule B pabGore Jlammay xapakTepHylo 0OcoOeH-
HOCTb GeCCTONKHOBUTENBHOIO 3aTyXaHHs, KOTOpas 3aKJovaercsd B
TOM, 4TO YACTHIHl He yTPaunmBaloT HHGOPMALMH O BO3OYXKAEHHU AaxKe
IPH IIOJHOM 3aTyXaHHUW BOJHEL (cM., HanpuMep, {28]). B skcnepumen-
Te JBe BOJHLI C PAa3JUUYHBIMH YacTOTAMH BO36YKA4IUChH B DAa3HBIX
TOYKAaxX MJa3Mbl M CHTHAJ PAa3HOCTHOI YacTOTH (3X0) Habawnajics B
HEKOTOPO# TpeTbell TOUKe, PACHOJIONKEHHOH Ha 60JblIOM (MO CpaBHe-
HHUIO C JIIHHOH 3atyxauusi Jlanjaay) pacCTOSIHUH OT TepBHIX ABYX TO-
YyeK. DXOBBIH CHTHaJ BO3HHKAJ NpH HajJjexalleM BbOOpPe TOUKH
HaO/IOeHUsT BCISACTBUE HAMUUHS HeJTUHEHHOH CBS3HU.,

3HayuTeNbHOE BHHMaHHe B (PU3MKe IJIA3MBl ylenisercs (uyKrya-
nuonHbiM ABjgeHusAM [30—39]. LlenrpanbHoe MmecTo B pacyerax (GJIyK-
TYaIIMOHHBIX CIEKTPOB 3aHUMAIOT  (JIYKTYAIUOHHO-THCCUNATHBHAS
TeopeMa H (YHKUHHK JHHEHHOTO OTKJIMKA. B mnociegHue rogsl Teopus
daykryauu#i o6obiierHa Ha cayuau TypOysaentHofi maasmel [31, 32,
apaMeTpUYecKoro  BO3JEHCTBHS  MOIIHOTO W3JYYEHHUs Ha IJIa3My
[33—38], miasMbl ¢ aKTUBHBIMH MoJseKyJaamu [39] u T. 1. ‘

HaredcuBHO paspabarviBaercss mnpobseMa TypOYJEHTHOCTH I1J1a3-
Mul {40, 41] u ee mpumoXkeHHS K HccaeloBanuiw Jaboparopubuix [40] u
acrpodusuueckux [42] sisnenuii. Iloaxon k srtoit mpoGjeMe OCHOBaH,
eCTEeCTBEHHO, HA HCIOJb30BAHHHM TNPUOJMKeEHHS caydyafiHelx  ¢as.
Ons acrpodusuyeckux NPUIOKEHHH OCOOBIH HHTepeC MNpeACTaBJSET
BO3MOXKHOCTb CTATHCTHYECKOI'O YCKOPEHHsI dYacTHUL B TypOyJeHTHOH
niasme [42—44]). Uto ke Kacaercs JabOpPaTOPHBIX 3KCIEPHMEHTOB,
TO B HUX IJaBHOe BHHUMaHHe NPOJAOJIKAIOT yIeJsTh NpobjeMe aHO-
MaJnbHOrO comnpotuBjenns [45—48]. Cefiuac, oxnako, TBeparo ycra-
HOBJIEHO, UYTO /[Jisi JOCTHXKEHHS >KeJaeMOoro YpOBHS TeMOepatyp B
TEpMOSIIEPHLIX YCTAHOBKAX TPeOGyIOTCS, IOMHMO AXKOYJeBa, U APYTHE
MeXaHH3MBbl HarpeBa (Takue, HalpUMep, KaK HUXHETHOPHIHBIH pe3o-
HAHC HJIM HHXKEKIHUs NyYKOB YaCTHIl B MJ1a3My).

MHuorouncsieHHbe pafoTH O NapaMeTpHUYecKuM Ipoieccam {49—
56],. B3aUMOJEHCTBHIO MYyYKOB YACTHIL U JIA3EPHOTO HIJAYUYEHHS C Maas-
MOH, a Takxke IO CBfI3H BOJHA — YacCTHIA YiKe YHOMHHAJIUCh B
ra. 23 u 3/ecb HEOOXOAHUMO JHIIb ellle Pa3 NOAYEPKHYTh HX GoJbIlloe
BJAHSHNE Ha o6liee pa3BUTHe HenunHelHOH duaugu miasmel. OTMeTHM
JIOTIOJTHATENBHO HEKOTOphle HOBLIE Pe3yJsbTaThl [0 HEJUHEHHOMY Mpo-
HUKHOBEHHIO JICKTPOMArHATHBIX BOJH B IJa3My ¥ HepaciiajJHOMY
MEeXaHH3MY JHCCHIALNH WX 3Hepruu [57], Hemuuefino# nedopMmanmu
HHKHernOpuanoro KoHyca [58], BaMsHHIO JeHTMIOPOBCKOR Typ6y-
JIEHTHOCTH Ha CTHMYJHpOBaHHOe paccesinne  MaHpenabmramMa — .
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Bpunniosna [59] # BAHAHHIO CTOXAacTHUECKHX 3Q¢hEKTOB Ha MmapaMer-
pHuecky cBs3b [60, 61].

Boabioe 3Hayenuwe ags (U3HKH NJ1a3Mbl B LIeJIOM H ee IPHJOXKe-
HHH K HCCJIEeJ0BAHHUI0 NOTOKOB KOCMHYECKOH IJIa3Mbl B OKDECTHOCTH
3eMaH M IJIaHeT HMeeT NpobjeMa HECTALMOHAPHOTO  HeJMHEeHHOro
OOTeKaHUsi pa3pexkeHHOH NJIa3MOH Pas/HMYHBIX MaTepHaJbHbBIX 00b-
€KTOB. B CBsI3u ¢ 3TUM HHTEHCHBHO HcCJeAyeTcsl He/HMHeHHasd JUHa-
MHKa pa3pexeHHOro HOHH30BaHHOro raza [62].

AKTUBHO HCCNENYIOTCSI JIEHTMIOPOBCKHE COJIMTOHBI U CHJIBHAS TYp-
O6yJaeHTHOCTb. JIeHrMIOpOBCKast TypOyJEHTHOCTb HMeeT TeHAEHIHIO
K <KOHJEHCalHH» BOJH B INPOCTPAHCTBE BOJHOBLIX YHcesJ, KOTopas
NPUBOAUT K HX JIOKANH3alHH B AJHMHHOBOJHOBOH 006J1acTH CIeKTpa,
rie JuHeHHOe 3aTyxaHue Mano [63—72]. Ito, B cBOWO ovyepedb, BHI-
3BIBAET TPeXMepHy10 (OKYCHPOBKY JIEHIMIOPOBCKHX BOJIH H TOsBJe-
HUe JIOKaJbHHIX CHHTYJASIPHOCTeH aMIJHTYA. B pesyiabTrare B nJjaasme
MOryT o0pa3oBbIBaTbes 00JIACTH NOHHIKEHHOH MJIOTHOCTH {KaBEpHH),
KOTOpLIE HIPamT pojb CBOeOOPa3HbIX pe30HAaTOPOB A8 JEHTMIOPOB-
CKHX BOJIH. 3a KOHeyHOe BpeMs KaBepHbl KOJJIANCHPYIOT A0 pasMe-
POB, XapaKTepHBIX /s IlepeceyeHHsi TPAeKTOPHH 3JIeKTPOHOB [63].
Ko.n.nanc KaBepH NPpHUBOAHUT K CHJBHOMU JUCCHIIAUUM 3SHEPrun AJUHHO-
BOJIHOBBIX JIGHTMIOPOBCKHX KoJIeGaHHH U B CBSI3H C 3THM HIrpaeT BaiK-
HYIO POJib B TEOPHHU JIECHFMIODOBCKOH TypOyJeHTHOCTH.

OTMeTHM, YTO KOJJIANC MOXKHO paccMaTPHBATh KaK HeJHHEeHHYIO
CTa/MI0 Da3BUTHS paHee HCCJAeJOBAHHBLIX HEYCTOHYHMBOCTeHl B CHCTe-
MaXx JIeHMIOPOBCKHX M MOHHO-3BYKOBBIX BoJH [6b]. [as Koanamnca
JIEHTMIODOBCKHX BOJIH XapaKTepHO HaJHYHe MOpPOroBOTO  3HAYEHHS
aMIIUTY/bl, KOTOPOE 3aBHUCHT OT CIleKTpa KoJsieGaHHH H He MOXKeT
OBITh HaliIeHO B paMKax npuHOJIHKeHHS cayyaiiHbnx ¢a3. Hduasa ero
onpefeneHus paspaboTaHa cleluaJbHas Npollelypa YCPEAHEHHS IO
«OBICTpOMY BpeMeHH» [63].

HennnellHas auccunanusi CHJIBHBIX 9JIeKTpOMaFHI/ITHbIX BOJIH Ha-
O/a100aeTcs TaKXke B OKPECTHOCTH TOYKM TJIa3MEHHOIO pe30HaHca
[73]. U3-3a2 Masofi rpynnoBoff CKOPOCTH IJ1a3MOHBI, BO3HHKalollHe
BCJeJCTBUE JIMHe{HO¥ TpaHchopMauuUd 32JeKTPOMarHUTHOrO  IOJsA
BOJH3H TNJa3MEHHOro pe3OHaHca, cOOHpalTCs B OKPECTHOCTH  3TOH
TOYKH, YTO NPHBOJUT K INOHHXKEHHIO NOpOra PasBUTHS HeJHHEHHBIX
apdexroB, AedopManuH NPOQUIst IJIOTHOCTH IJIa3MBbl, 4 3aTeM H K
o0pas3oBauuio KaBepH (MoAyJsluuoHHash HeycToiuuBocTb). Ilpu atom
3BOJIIONMSA KaBepH M noJsied B HUX HOCHT B3PHIBHOI Xapakrtep. He-
VCTOHUMBOCTL OrpaHuuyuBaeTcss (HOpPMHPOBAHHEM  y3KOH 00JacTa
B3aHMOJEHCTBHA C PE30HAHCHBIM IOIVIOLIEHHEM 3HEprud MJ1a3MOHOB
3JleKTpoHaMH. TeM caMbIM MeXaHHM3M MOAYJSIHOHHOH HeyCTOHYHBO-
CTH IPHUBOJAHT K HeJUHEHHOMY NOIVIOIIEHHIO 3JeKTPOMArHHTHBIX BOJH
[73]. Teopernueckue pe3yabTaThl KaueCTBEHHO COTJIACYIOTCSI C 3KCIIe-
PHMEHTAJbHBIMH, KOTOpBble IMOKa3blBalOT, UYTO  3JIEKTPOMarHHTHEIE
HOJs TPOHUKAIOT B IJIa3My AOCTAaTOYHO IJIYOOKO JIHHIb B TeX CJayda-
S1X, KOrjla OHM HMEIOT BHJA HMIYJbCOB HAaCTOJbKO MaJjOH IJUHBI, 4TO
3a BpeMs CYIeCTBOBAHHUS NOJA MOAYJSLHOHHAS HeYCTOHUHBOCTbL He
ycneBaeT pa3BuTbes [74].
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. OTMeTHM B 3aKJIOYeHHe BO3MOXKHOCTb B3DBHIBHOI HEyCTOHYHBOCTH
THIA KOHyCa NMOTepb B 3ePKaJIbHBIX JOBYIIKAaX, NpeICKa3aHHOH# B pa-
6ote [75] ma ocHOBe aHaJH3a NMapaMeTpPHYECKOH cBaA3M ApefidoBoi
KOHYCHOH BOJIHEI C OTPHIIATe/NLHOH 3Heprued M HH3KOYACTOTHOH BOJ-
HEl C NOJOXKUTENbHON SHEPrHell B OKPECTHOCTH HOHHO-UHUKJIOTPOHHOH
yacTOTHl. B pe3ynbraTe 3TOH HeyCTOHYHBOCTH 2HOMAJIbHO HapacTaloT
AMIIATYJB HOHHO-UUKJIOTPOHHOH BOJIHBL HAKAYKM W pacnajHoi BOJ-
HBEl C TOJIOKHTEJLHOH SHepTHeil, a BMecTe ¢ HUMH M 00wmuil ypoBeHb
TypOy/JEeHTHOCTH B paccMaTpuBaeMo#  CcHCTeMe. ITOT  pe3yJbTaT
coryacyercss C 9KCIepHMeHTaJbHO HabmojaeMbiM  (GakToM  yBesH-
YeHUss YPOBHA  (payKTyauuii npu GHOpPMHPOBAHHH TYpOYJEHTHOrO
CIIeKTpa. ,

IlpuBenennbifi 31ech KpaTKHE 0030p HEKOTOPBHIX HaNpaBJeHHH HC-
cJeJOBaHUH HeJuHeHHBIX 3(D(GEeKTOB B IJjladMe YMeCTHO 3aKOHYHUTH
NpeJJoXKeHHeM, KOTOPLIM HauuHaeTcs MOCaefHss U3 YNOMAHYTHIX B
3TOM 00630pe pabot [75]: «BsaumojeficTBHe KOTEPEHTHOIO COCTOSAHHSA
C BOJIHOH O6OJIBIIOH aMILIMTYABI H TypOyJeHTHBIM COCTOsHHeM, o0pa-
30BAaHHBIM KOMINO3MIUeHd MHOrUX BOJH €O CJAydYalHbIMH (asaMu, H
BJYSIHHE 3TOrO B3aUMOJEHCTBUS HAa 3apsiXkKeHHble YaCTHUL NPHHAMJe-
XKHT K 4Hcay (yHAaMeHTaJbHBIX 1npo6jeM HeJuHeHHOR  (QU3UKH
TJ1a3MBI».
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IPHJJO)XEHHE I
HEKOTOPLIE THITBI BOJIH B IJIA3ME

M3orponnan naasma

BneKTpomaerHue BOJHLL. B OTCYTCTBHE MATHUTHOrO NnoJs1 JHUCIEePCHOHHOe
YpaBHEHHE IS 3JIEKTPOMArHUTHBIX BOJIH B IlJlazMe HMeeT OUeHb HpOCTOfI BHL

@? =0)‘;2,—|— k2c?, €n

The @p=(Noe?/meo)!/2 —nnasMenHass 4acTOTA; € — CKOPOCTh CBETa B BaKyyMe;
No — HeBO3MyuleHHAst NIOTHOCTL 3JMEKTPOHOB;, € M m — 3apSA H Macca 3JIeKTPOH2;
€0 — JAU3/IEKTPHUECKAS NIPOHHIAEMOCTh BaKyyMa.

Hs (1.1) cnepyer, ¥TO BOJHBI C YACTOTAMH, MEHBIUHMH ©p, HMEOT KOMILIEKC-
Hble B M cuapHO 3artyxaioT. Kpome Toro, Bmrekaiomee - u3 (1.1) cooTHolleHHe

(0/k) dw/0k == c? (1.2)

YKa3biBaeT Ha TO, 4To $a3oBas CKOPOCcTb ®/k Bcerga Goublie ¢. [103TOMY 4aCTHUH
He MOTYT HaXOAHThCA B DPe30HaHCe C 3JeKTPOMArHHTHBIMH BOJAHAMH H, CJIeROBa-
TeJbHO, 3TH BOJHBI He HCHHTHIBAIOT 3aTyxanus Jlanpay.

Naasmesinbie BOAHMBL.  [IHCNEPCHOHHOE ypaBHEHHE  JJEKTPOHHBIX ILJA3MEHHBIX
BOJIH MOXXHO 3alHcaTb B BHIe

@ = mf, - 3k2y2, (1.3)

vIe ¥ — CpeJHAs KBajpaTHYeCKAs TEIVIOBAS CKOPOCTb.

Hdns xonopHoit naa3Mel =0 ¥ NIa3MeHHble BOJHLI HE MOTYT PacnpOCTPaHATHCR,
TaK KaK HX TIPYNNoBas CKOPOCTh o6pallaeTca B HYJb-—B 3TOM Cayyae TOBODAT
O IJ1a3MeHHBIX KOJieOaHunX.

[lpu ruApoAMHaMHYECKOM MNoAXofie ciaraeMoe 3k%u? B npasoi wacrtu (I.3) mo-
sBjseTcss 6Jarofaps ydeTy Tra3OKHHETHYECKOrO JABJeHHs B YDaBHEHHU JBHXKeHHS
a7eKTpoHOB. [Ipn Gosee mocjeyOBaTeNbHOM KHHETHYECKOM IMOAXOAE 3TO cjaraeMoe
COOTBETCTBYCT YUETY IIEpBOro WeHa B pasaoxenud mo (kv/w). B pamkax Kune-
THYeCKOoro MNOAXOJa MNoaydaercss TakxKe 3aryxande Jlanjay, o6yc/ioBieHHoe Hepe-
Aadefi SHeprHH BOJH YaCTHIAM, CKOPOCTH KOTODBIX HECKOJBKO MeHbHle ®/R.

HonHo-38yKOBbIE BOJHBL IDTH BOJHBI NPHHAIMEXAT K KJNACCY HH3KOYACTOTHBIX
BOJIH, IIPH PacCMOTPEHHH KOTOPHX CYHIECTBEHHO HeOoGXOAMM YydYeT ABHIKEHHHS HOHOB.
Koneuno, u3-3a GosbuIOH Macchl HOHBI He YCTIeBalOT CJIeR0OBaTh 3a OBICTPHIMH KOJe-
GanusiMg sjiekTponon, Bosee Toro, pasjeneHne 3apsiia, BO3HHKamollee BCJIeACTBHE
JBHKEHHS HOHOB, HeMeIJIeHHO 3KDaHHPYETCR 3JEeKTPOHAMH H, TakdM 06pa3oM, NpH
OGLIYHBIX YCJOBHMAX 3apOXKJeHHe HOHHO-3BYKOBBIX BOJIH GJIOKHDYETCH 3JIEKTPOHAMH.
Ecau, oamako, TeMmepaTypa 3JIEKTPOHOB BeJiHKa IO CPaBHEHHIO € TeMIepaTypoH
vouoB (T./T;>1), To 3MeKTPOHE He MOTYT MOJHOCTBIO 3KPAHHPOBATH 3JEKTPOCTa-
THUeCKHe 1OoAsA. HanpoTuB, HEKOTOPOE 3JIEKTPOCTATHYECKOE IoJie AOJIKHO CYU1eCTBO-
BaTh AJAs TOro, uToGB YPaBHOBECHTb CHJIY 3JIEKTPOHHOTC JAaBjeHHsa. ITo HoJe
BO3JEHCTBYET HA MOHEL, MMEIOIHe MaJNyio TeMmepaTypy. B peayiabraTe BO3HHKAIOT
VOHHO-3BYKOBLIE BOJIHBL, CKOPOCTb KOTOPBIX oONpefesisercs [aB/ieHHeM 3JIEKTPOHOB
M Maccoil uoHoB. JIHCIepCHOHHBIE CBOMCTBA STHX BOJH XapaKTepPH3YIOTCsS ypaBHEHHEM

©? = (kpTe/ms) 2/(1 4 M52, (1.4)
rie kp — nocrosiHHasi BosbuMana; Ap — febaesckuit pagmyc. Ilpu cTpemiennn T
K T. HOHHO-3BYKOBBIe BOJIHB CHJIBHO 3aTYXalOT H3-3a PE3KOro BO3PACTAHHA 3aTyXa-
uus Jlanpay [1]. B Bupaxenusx tuna (I.4) mocrosmnyio Bosnbimana kp OGBMHO
onyckator. Ilpu sTOM NOAPa3yMeBalOT, 4TO TEMIepaTypa H3MepsieTcs B SHEPreTH-
YeCKHX eXHHHLAX.
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MarHHToakTHBHAs MJasma

ITpo6jema pacmpocTpaHeHHsi BOJH B MAarHHTOAKTHBHOH  IJ1a3Me JOCTATOYHO
CIOXKHA HM3-32 TEH30PHOTO  XapakTepa MUIEKTPHUECKOH  NPOHUNAEMOCTH TaKOi
nia3Mel. [Ipu pacnpocTpaHeHHH INOJX NPOH3BOJIBHBIM YIVIOM K HANMpaBAeHHIO MarHHT-
HOTO IOJIl BOJIHA HMEeT KaK IPOJOJbHLIE, TAK H TONepeuHble KOMIIOHEHTH NOMA H
B CJydae XOJOAHOH OJNHODOAHOH MAa3Mbl NOAUYHHSETCS AHCIEPCHOHHOMY YDABHEHHIO
Amnarona—Xaptpu [1].

Tiponoaboe pacnpocrpanenne. Ecan, ofiHaKO, BOJHA PacnpoOCTPaHseTCsi BAOJb
HanpaBJieHHs MAarHUTHOTO MoJs, TO ofulee ypaBHeHHe DNIITOHA—XapTPH CHIBHO
YOpPOILAeTcst ¥ NPHHUMAET BUR

k2 = (0%e?) [1 — o¥/o (0 + 0g,)], (1.5)

rae Oge=eB/m.

YpaBuenne (I.5) onuceiBaeT 1Be BOJHBL KDYrOBOH NOJADH3allHH C TPOTHBO-
NOJIOXKHBIMH HANpPABJEHUAMH BpalleHHs] BEKTOPOB 3JEKTPHUYECKHX NOJed. DTH BOJHLI
Ha3bIBAIOT IHKJOTPOHHBIMH, HX YaCTHBIM CJYYaeM SIBJSIOTCS] BHCTJEpH], AJA5T KOTOPHIX
OO, Wp (B QHU3MKe TBepAOro Tejla 3TH BOJHBI Ha3uBawT requkoHamu). Korapa
®W~@®pye,, HAOMOJAETCS] UHUKJIOTPOHHBIH DE30HAHC, APH KOTOPOM CHJIBHO BO3pacraer
3aTyXaHHe BCJeNCTBHE Mepeflayd SHEPrHM BOJH DPE30HAHCHBIM YaCTHLAM IJIa3Mbl.

B o6sractu dacror, onpeseiseMOil HepaBeHCTBOM

2

O > oy9y;, (1:6)
MOXHO HpeHere‘{b JABHXKEeHHeM HOHOB. Hs Ttex OﬁnaCTeﬁ, rae 3TO HEpaBEHCTBO
He BHIMONHSETCH, OCOGHE WHTepec MNpPeACTaBJAsieT 06/1acTh PAcIpPOCTPAHeHHA anb-

BEHOBCKHX BOJIH, KOTOPasi 3a/laeTCsi COOTHOWEHHSIMH OK@mi H O DOy 0m;,
AncdBeHOBCKHE BOJIHBI  YJAOBJAETBOPSIOT ORHOMY M3 JHCIIEDCHOHHBIX YpaBHeHMH
2
k2 = (0?/c?) Op/O O . (1.7
WIH
2
k2 = (0?/c?) Op/0 0 cOs? 6, (1.8)

rae O —yron MexXAy HampaBIeHHAMH DACHPOCTPaHEHHS BOJHB M BHEIUHEro Mar-
HUTHOro noas. JJsi alb(pBeHOBCKHX BOJH XapaKTePHO TO, YTO KOMIIOHEHTa CKOPOCTH
YACTHL, TePHeHAHKYAAPHAST MarHHTHOMY IMOJIO, OJHHAKOBA Yy 3/EKTPOHOB H HOHOB.
flonepeunoe pacnpoctpanenwe. Korjga BoJHA pacnpocTpaHsieTcs NOA TNPSAMBIM
YrJoM X HanpaBJIeHHIO TOCTOSHHOTO MAarHHTHOrO IIOJsi, ofulee TeH30pHOe ypaBHeHHe
pasbuBaercs Ha JBa JHCHEPCHOHHBIX COOTHOWeHHs. OJHO M3 HHX COOTBETCTBYET
TaK HAa3bIBaeMOii OGHIKHOBEHHOM BoJIHe [l], BEKTOP 3JIEKTPHYECKOrOo MOJsS KOTOpOit
napaJJleNleH HanpaBJeHHIO MAarHHTHOrO noJs. Jipyroe ypaBHeHUe ONMHCHIBaeT HEOGLIK-
HOBEHHYIO BOJIHY, KOTOpasi HMeeT NPOAOJBHYIO H TNONEpeuHyio (OTHOCHTEJBHO Hampas-
JIEHHsI DACTPOCTPAHEHHST H MAarHHTHOrO NOJS) KOMMOHEHTH BEKTOPa 3JEKTPHUYECKOTO
nojs. YacTHeM cjiyyaeM  HeOGHIKHOBeHHOH BOJIHLI SBJseTCS  THOpHAHas BOJHA.
TlonepeuHasi KOMIOHEHTA 3JEKTPHUECKOrO MNOJS 3TOH BOJHBI CTPEMHTCS K HYJIO,
H TIPH BHIMOJIHEHHH AHNCHEPCHOHHOTO COOTHOIIEHHS
O ©pi
1+— 5 +— 5 . =0 . (1.9)
O, + R, — 02 0F; + Ru; — o

MBl OPHXOJHM K THODHIHOMY De3OHAHCY.

Pemenns ypasHenust (1.9) cymecTsyioT kak B BHICOKOYACTOTHOH 00JacTH, rie
ABHKEHHeM HOHOB MOXKHO IpeHe6peub, TaKk M B 06/1aCTH HH3KHX YacTOT, I'le HOHBI
HIPAIOT CYLIECTBEHHYIO poJb. B BbicOKOuacTOTHOH 06JacTH HMEeT MeCTO BepXHe-
THGPHAHBIN PE30HAHC, KOTOPHI HabiaiofaeTcss Ha 4acToTe

2 2 2 2

Oy = mpe—l-kzue—l- OFrgs (1.10)

TOTAA K4K 4acTOTa  HHKHerHGDHAHOTO pPe3OHAaHCa  ONpeAeAsieTCs COOTHOUIeHHEM
o9 9 2
©OF, @ R2uj

P — L - —1 . (I.11a)

2 N

o2, + il + of, (o24)
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rae
I OpeDpy; I mge

, {d.116)
2
m;zm + Dfyp

l(“’gH) ?=

2 2
nprueM R, < op,.

: 2 2

Ilpu zamucu  (1.116) HCIONB30BAaHO  PaBeHCTBO pp Oy = Op | Opp, |.

HanmoMuumM, duT0 mnapaMerpnl TEPMOSAAEPHOH IasMbl OGBIYHO YIOBJIETBOPSIT
clelyiomell CHCTeMe HEPABEHCTB:

2 2 '

pe’
OtMeTHM, KpOMe TOTO, YTO KHHETHYeCKHH BKJaaj HoHos B (l.11a) oxasmiBaercs oam-
HaKOBBIM B IIpefielax Kak c/1aGoro, Tax H CHJBHOTO MAarHHTHOTO TMOJis, HeCMOTPS
Ha TO, 4TO Pa3joxeHHs o06ulero MHUCIEPCHOHHOTO COOTHOLIEHHS B STHX IMpeaeiax
copepiieHHo pasianusn [2]. Haxodell, ymoMsHeM 06 HHTepecHBIX BO3MOMKHOCTSX
HCTIOJIL30BAHHA PacCMaTPHBaeMOTO Pe30HAaHCA B LEJNAX HarpeBa IJasMbpl (CM. CIHCOK
JuTepaTyph K . 20).

CITUCOK JIUTEPATYPEI

1. Clemmov P. C., Dougherty J. P. Electrodynamics of Particles and Plasmas.
Lond., Addison—Wesley, 1969.
2. Wilhelmsson H.— Phys. Scripta, 1976, v. 14, p. 60.

JOITOJTHUTEJIbHAS JIMTEPATYPA

Cutenko A. T. DsekTpoMarHuTHble QUIYKTyallHu B miasMe. XapbKoB, M3[1-Bo Xapb-
KOBCKOTO yH-Ta, 1965,

Boyd T. J. M., Sanderson J. J. Plasma Dynamics. N. Y., Nelson, 1969.

Bexedn Jxk. PaguannonHble mpolleccs B miasMe. [lep. ¢ aurm M., Mup, 1971.

Yeh K. C., Liu C. H. Theory of Ionospheric Waves. N. Y., Academic Press, 1972.

DaexkTponuHamuka miasmbl/ A. M. Axuesep, M. A. Axuesep, P. B. Ilososun u gp.
M., Hayka, 1974.

Chen F. F. Introduction to Plasma Physics. N. Y., Plenum Press, 1974.

Kpoan H. TpaiiBeanuc A. OcHoBbl ¢H3uxu niasMbl Ilep. ¢ auri. M., Mup, 1975.

Hmumapy C. OcHoBubie npuHIunbl (H3HKH NasMul [lep. ¢ anri. M., Arommapar,
1975.

OPHJJTO)KEHHE II

BbiBOJ YPABHEHHM CBA3AHHBIX BOJIH
B PAMKAX KHHETHYECKOI'O ONNUCAHHSA NMJIA3MbI

Jas wimoctpallin MeTofa INOJYyYeHHS YPABHEHHH CBSI3aHHBIX BOJIH INIPH KHHe-
THYECKOM OINIHCAHHH INIa3MBI PACCMOTPHM NPOCTEHINHi ciaydall B3aMMOJNEHCTBUS Tpex
NMPOAOJILHEIX BOJH 6e3 yueTa CTOJAKHOBeHHH (cM. paGory Stenflo L. — Plasma Phys,
1970, v. 12, p. 509).

HcxomHEIM ypaBHeHHEM NPHM KHHETHYECKOM MNOJNXOAE CJIYXKHT 6eCcCTOJKHOBUTE/b-
FOe ypaBHeHHe DouablMaHa

OF [0t - vOF [or + (g/m) EOF[ov = 0, : (IL1)

rae F— QyHKIHS pacmpefesieHHss MO CKOpPOCTAM. IIpeAnosoxuM, YTO HEBO3MYILEH-
Hasi 4yacThb 3To# ¢yHkUEH Fo, OZHODOJAHA B NPOCTPAHCTBE, 4 HANpPABJEHHA pPacIpo-
CTpaHeHHS BOJH He o6si3aTeNbHO  coBHnagaloT. O603HayuM [ BO3MYILIEHHYID YacTh
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$yHKuME paclmpefieseHus, OGYCHAOBIEHHYIO HaJWYHeM BOJH, H TOACTABHM CyMMap-
HYIO BEJIHYHHY

F=Fo+Ff (1L.2)

B ypasmenne (II.1), BuIOJAHWB mpx 3TOM mpeoGpasoBanie Pypbe IO MPOCTPAHCT-
BEHHBIM IepeMeHHbIM. B pesyibTate mosyyum

dfx — g - OF q of

— i —g e L (g L)
ot - lvfk+mkav m( v Jk
HeJIPIHeﬁHOe ciaraemoe IIepeHeceHo B rIpaBy!o YacTb 3TOTO ypaBHeHHﬁ.

9J'IEKTpH'{eCKoe noJae yYAOBJIETBOPAET YpaBHEHHIO HyaCCOHa
— (g/m) ikEy, = oZny /Ny, (I1.4)

rie nk=ffk dv; g--3apsg u No— HeBOSMYILIEHHAs IVIOTHOCTb YACTHIL.
Haxonen, pas pansHefillero moTrpe6Gyercst emle (GYHKUHSA JHHeHHOTO OTKJHKa

(11.3)

2
© KOF,/0v
e(o, k) =1+ N:;g de m_"kv . (11.5)

Hanomuum, uTO HpHM BLIYUCHAEHHH HHTerpasia B BripaxeHuax tuna (II.5) caemyer
HCIONMB30BAThH IPaBHJIO 06xoja Jlanmay.
BBeneM Tenepb BelHUHHY

a=c S‘—i‘—— dv (I1.6)
J w—kv

¥ BbIYHCJIHM INPOU3BOAHYIO MO BPEMEHH OT 3TOH BEJUYHHBHI:

da + O Jot ikvf,, — (q/m) EOF o/ov
5 dv=_c 5‘

- =C

ot

TlpuGaBasass ¥ BblUMTAA ClaraemMoe i®fx B UHCIHTeNe NOABIHTEIPANHHOTO BBHIpaKe-

HuS, TPHAEM K YPABHEHHIO
da

-y:-——icn—l—icoa——%cj‘

e B CHJIY IPOXOJbHOCTH PacCMaTPHBAeMOI0 BOJIHOBOIO  JABHIKEHHS E=E—(k/k).
Hcmonp3ysi aucnepcuoHHoe ypapHeHHe &(w, k)=0 coBmectHo c (I1.4) u (IL5),
BHIMM, YTO

dv.

®—kv o — kv

EOF,/dv

dv, LT
®— kv v (IL.7)

0a/dt = ioa, (11.8)

T. €. BBeAEHHYIO 3JleChb BEJHYHHY 4 NeHCTBHTENbHO MOXHO IIDHHSNTH B KayecTse
HOpMaJnbHOro KosebGauus. C yueroM HeauHeiiHoro cjaraemoro u3 (II1.3) ypaBHenue
IJ1s 9TOf BeJHYMHHI NPHOGpeTaer BHI

da gc (Eof/ov),

o Tlee=—y

e R dv. (11.9)

YpaBrenne (I1.9) cocraBasier OCHOBY [J/isi PacCMOTDEHHS B3aHMOJEHCTBHA TPeX
BOJIH, VIOBJAETBOPAIOUHX DPE3OHAHCHBIM YCAOBHAM
ko =k; -k, (11.10a)
H
We = ©; + @, (11.106)
Hanpuwmep, 11 Bomun O mMeeM
9a, 4 S E,07a/0v + Eg0f1/0v
of T =""g @p — KoV

rae  Ey=Ey; fy=f,, # 1. A BbuloauuM RHTErpHpoBaHHE MO 4aCTAM B UPaBoOi

av, (IL11)
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vactu (I1.11):

Ezafllﬁv j“ Frdv
s —h— dv = — kE, @ —ky (I1.12)
H NOACTAaBHM B 3TO COOTHOILIeHHe JIHHelHoe BbIpaxKeHue
_ E, 0F /v
=i A —_— 11.13
fk=1 m ©w—kv ( »

KOTOpOe BHITeKaeT M3 JHHeapH3oBaHHOro ypasHenus (I1.3) B npeanomoxenun rap-
MOHHYECKOH BpPeMEHHOH 3aBHCHMOCTH. B pe3ysbraTe mojyuum

E,0f./0v iq j EL0F/av
f——m_kv dv ~ — kB, |~ oy Y- (11.14)

CrpaBefinBo Takke cooTHoulenne Buma (II.14) ¢ mepecTaHoBKoit HHAekcoB 1 H 2,
BBeaeM NpojoJbHOE NOJE

E; = (kj/kj) E; (I1.15)
H JH3JIEKTPHUYECKYIO NMPOHHUAEMOCTL BTOPOTO NMOPAAKA
[ (koks) k10Fo/dv (kokq) koOF o/0v ]

e 9
o — kv Wy — kv

‘ 2m Nokg (0o — KqVo)?

(I1.16)

ITopcranoska (11.14)—(I1.16) 8 (I1.11) npuBomHT K ypaBHeHHUIO
0ao/0t — iwoag = (2ieeckie' /gkiky) ELE,. (I1.17y
HanvHelimee npeo6pa3oBaHHe 3TOrO YPaBHEHHS BHIIOJHHM € MOMOLIBIO COOTHO-
nieHui, BuiTekaromux K3 (I11.6) u (11.13):
e e “EOF o/0v .
» m (0 —kv)2 "’
a Takxke u3 (I1.5): _
o _ ﬁ)f, @ E 0F/ov
0 BT T N ) e —ww v
Onpepensisi ¢ B BHJE =190 /€%, HAXOXUM
a = o (3e/00) Ey, (11.18)

4TO NpencTaB/IdeT coGoit He uTO HHOe, KakK. JIHHEHHOe COOTHOlLIIEHHE MeEXAY a H E

BBeJleHHOe B TJI. 5.
HOas nonydeHnss craHgaptHOH (OpMBI ypaBHeHHIl CBfA3aHHBLIX BOJH OCTaeTCs
nepenucats npasyio dactb (I1.17) ¢ yuerom (I1.18). PesympTHpyloulee YypaBHEHHe

IIPHUHUMAET BUJ

0ay/0f — 1oy = €198185, (11.19y
rae .
gy (2
‘2= "k, o (0600, 09800, (I1.20
AHajorsuHOo MOXHO BHIBECTH ABa [APYTHX YpaBHeHHs ¢ Ko3dpduiuueHTaAMH
koo e(2)
oz = Tkk, W (08/00,) 0506/00,
" , .

2ky0y e(2)
€01 = Tkk, g (08/00g) ©,08/00;
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OTMeTHM B 3aKJIOY€HHE, YTO, B  OTJHUHE OT I 2, MEBF "HCIIOJIB30BAJIH 37eCh
COQTHOWIEHHNA BHAA

f= g T exp (—ikr) + f gexp (ikr),

YTO 3KBHBAJEHTHO HHOH HODMHPOBKE AHHAMHYECKHX [l€DeMEHHLIX H HPHBOIHT K IO-
SIBJICHUIO AOTIONHATENbHOIO MHOXHTENA 2 B BHIPAXKEHHAX AMA XK03(DHIHEHTOB CBSI3H.
Takas HOpMHPOBKa GblJia HCIOAb30BaHA B I 6 H 15.

ITPHJIUIO)KEHHE 111

BbIBOJZlT YPABHEHHH,
ONMUCBHIBAIOIUX MOAYJIAUHOHHYIO HEYCTOMYHBOCTb

Byaem ucxoauth u3 rHAPOAMHAMHYECKHX YPABHEHHH KBHXKEHHA B OJHOMEDHOH
CHCTEMe:

iy on 0 )
73[& +5 (o) = 0; (111.1a)
Oy q Yolo O v
_“z_E_E__._O‘_“__“_va_i; (I11.16)
ot mg, myn, 0% ox
8,0E/0x = — ¢ (n,— n;). (II1.18)

Viupgexe o yxasbiBaer COpPT dacTul (B JaJibHefieM BMecTo m. u m; OygeM HucaTh
m u M coorBercrBenHo). Temmeparypa T  BhIpa)kaeTci B  3HEPreTHUECKHX
€ HHHANAX.

[IpeAcTaBHM TVIOTHOCTH HOHOB 7; M 3JEKTPOHOB M, B BHJE CAEAYIOIUHX CYMM:
n; = Nog-+6n; ng= Ny 6n -4 0n,,

e No-— HeBO3MYLUEHHAs IJIOTHOCTb  MIa3Mbl; On — HH3KOYACTOTHAs MOZYJSIHA
TUIOTHOCTH; 071, — BHICOKOYACTOTHBIE OCHUHJ/ISNMH 3JEKTPOHHOM IJIOTHOCTH. Dyaem
paccMaTpUBaTh JUHAMHKY BBICOKOUACTOTHBIX H HHM3KOYACTOTHBIX KOMIIOHEHT IO OT-
JeJbHOCTH, TIpeArnoJaras TNpPH 3TOM, UTO BLICOKOYACTOTHOE 3JEKTPHYECKOe TMoJie
KoJebaerTcs ¢ 4acroTod, OJu3KOM K NJIa3MEHHOM YacToTe ®pe.. [ BpeMeHHBIX
MacwTaboB, COOTBETCTBYIOIIMX 3THM KOJeGaHHSM, SBOJIOLHSA CHCTEMbl ONUCHIBAETCSH
Yl:aBHEHHAMM:

00n,[0t + (8/0x) [(Ny + On) v ] = 0; (111.2a)
dv, e 3T, 0bn,

=——F — ; 111.26

ot m m(No-+6n) ax - : ( )

£40E[0x = — ebn,,. (111.28)

Tlpu sanuce ypaBHeHHS I BHICOKOYACTOTHOM  KOMIIOHEHTH MBI TpeHedperH
HalHYHeM  HH3KOYacCTOTHOH KOMIOHEHTHI CKOPOCTH U,, KOTOpPas: B KOMOHHANUM
€ BBICOKOYACTOTHOH KOMIIOHEHTON MOXKeT HaBaTh JONOJHHTENbHBIH BKJAZ.
B pesyabrate auddepenuupoBanus ypasaenudt (II11.2a) u (I11.26) mnoayuum
0%ne/0F* -1 (0/0x) [{No + Bn) dve/0t] = 0;
a dv, e OE 3T, %0n,,

ox d¢ _ m dx. m(No+8n) 0x?

Ilpu sanmucu BTOpOro M3 3THX YpaBHEHHHl YdUTeHO, YTo B ajuabaTHieckoM NPHOIH-
XKEHHH IJS 9MEKTPOHOB Ye=3. KOMOHHHPYS NOJYYECHHHE YPABHEHHS, HMeEeM

26n, e OF 3T, 926n
— N —_— e € .
o °+6”)[m ax " mNo+0n) o ]

(111.3)
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Kpome Toro, ma ocHoee (IIL.2B) mosyumm ciepyiollee ypasHeHHe JIJIsi 3JIEKTPHYe~
CKOTO I0JIsA:

d [PE 8n ) o OE
— = 14— )E—3v =0,
ax[at2 ""”Pe( TN, Te o ]
e v"}e = Te/m.

npenCTaBHM JaJiee 3JIEKTPHUCCKOE NOJC B BHAE

1 —
E = ?Eo (?) exp (— iwpef) + K. c.

H BOCNOJb3yeMCA HpHﬁJIH)KeHHbIM PaBeHCTBOM

PE ! 0Ey . o=
E -7 21(1),,3"‘7— + ©p, Ey | exp (— iwg.f) 4 k. c.,
npenebperas BTOpoil  mpou3BomHOM Eo mo Bpemend. Toraa MOJyYHM cCienyloilee
ypaBHeHHe JJjs nons Eo(f):
) OE, 3 O2E 1 on _
i ey a2 20 2
i0pe 37~ + 597 e = 7 Op N, E,. (I111.4)
3To ypaBHeHHe ONHCHIBAET 3aXBAT NAKETOB IIA3MEHHBIX BOJIH OGJAacCTSIMH TIOHHIKEH-
HOH IVIOTHOCTH IJia3MBbl,

C ppyroit cropoHb, NpH BpeMeHHHX MacwWiTafaX, XapaKTepHHIX JJsl HOHHOTO
IBHKEHHS, YDaBHEHHE NBHXKEHHS [/ 3JA€KTPOHOB MOXKHO 3allHcaTbh B BHIE

e E T, a6n dv,
-_— = - —7,
s (4
m m(Ng -} 6n) Ox ox
3necy mox E, noppasyMeBaeTcsi HH3KOYACTOTHAsi KOMIIOHEHTA IOJIsA, a CJIATAEMBIM

0v./0t, T. e. HHepLHeH 3JeKTPOHOB, IpeHeGperalT, NPHYEM 3JEKTPOHBI CUHTAIOTCSH
H30TepMHUecKHME (ye=1). JlMHaMHKa HOHOB OMHCHIBACTCS YDPABHCHHAMH

abn a
_— N =0’
5 T o (Yo +8m 0l =0;
Ovi e 3Ti abn

a M T MW, tom ox

Cnaraemoe v;0v;/0x 3p5ech OTGPONIEHO, W HOHBl  CUHTAOTCA aAnaGaTHUECKHMI,
T. €. y;=3. B peaynbraTe nuddepeHuHpOBaHHS 110 BPEMEHH NMOJTYIHM

a26n n d [v a6n L (N - ) (iE 3T; abn )]——O
o ax Lt oa 0 m ° MW®WW,+6n) ox /|
OnyctuM  nanee caaraeMoe (0/0x) (v;00n/0f) u npeamosoxuM, uto On<KN,.
Hcegrarouns eute E,; ¢ nomowsio (II1.5), npuaem x ypaBHeHHIO
0%6n (Te+3Ty) 26n  Nm 0 0 Ove>
o M a2 M dax \°ox /)’
B mnpaBoit uyacTH sTOr0 ypaBHeHHd . QUrypHpYeT HH3KOUaCTOTHAs KOMIIOHEHTa,
KOTOpas HrpaeT pOJib NOHJEPOMOTOPHOH CHJbI, BHISHIBAIOLIEH MOAYJSIHMH IUIOTHOCTH

3a XapaKTepHOe /s HOHOB BpeMs. DTy KOMIIOHEHTY MOXKHO BHIIEJHTh B pe3yJbTaTe
caepyouiell NPolenyps ycpe HEHHs:

(0000102 = (1/2) (019x) (o2 = (1/4) (3/01) | v, 2,

rie |ve] — aMmIMTYAHOE 3HAYEHHE U,.. YUHTHBas, 4T0 0v./0t~—(e/m)E, uMeeM

(I11.5)

(111.6)

e2

10 2 = ———1{ E,
mpgm
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H, CIELOBATENLHO,
(0 B0610%) = (1/4) (ea/mNo) 3 | E¢ |2/0x.

OcraeTcs euie BCHOMHMTh BHIPaMKEHHE JJsi CKOPOCTH MOHHO-3BYKOBBIX KOJeGaHHM
cs=[(T.+3T;)/M)!/?, urobu npupatb (II1.6) creaywomyio OKOHuaTeJbHYIO (GOPMY:

36/ — ¢ 3Bn/dxt = (e0/4M) 3 | E, [3/0x2. (I11.7)

D710 ypaBHeHMe OIIHCHIBAET MOAYJALUHMH IUIOTHOCTH IIasMBl, a B COBOKYIHOCTH
¢ (I11.4) ofpasyer camMocoriacOBaHHYI0 CHCTeMy YPaBHEHHH, HOCTAaTOUYHYIO JJs pac-
CMOTPEHHSI MOJAYJAALHOHHOH HeycrofiunBocTH. OO606IIeHHe 3TOH CHCTEMHl Ha Tpex-
MepHbI# cayuall OYEBMAHO: JJISl 5TOTO JOCTaTOYHO 3aMEHHTb NMPOM3BOAHYIO 0/0x ome-
paropoM y u cKaaspHoe mnoJje BekTopHhiM 1nosiem E. B pesyabrate nosayunm
cucreMy (19.3).

Kak BHMAHO, K MOAYJIAIHOHHON HEYCTOMYHBOCTH NHPHBOJMT HaJHYHe JEHCTBYIO-
el Ha 3JIEKTPOHbI HOHIEPOMOTOPHON CHJIBI {aHAJOTHYHOH CHJIOH, JeHcTBYyIOIeH Ha
HOHBI, MOXHO npeHeGpeub). OHHU BHI3BIBAIOT MEJIEHHYIO MOAYJISLUHIO IIOTHOCTH
3JEKTPOHOB, KOTOPOH 3aTeM IOJBEPraioTCs M HOHBl H3-32 MOSBJEHHs aMOumoJsap-
HBIX CHJL

Chenyer OTMETHTh, YTO B IPHBENEHHOM 3/ieCb BHIBOJE HE YYTEHH HEJIHHEHHOCTH
BRICLLIETO HOpﬁ}lKa. TeM He MeHee MOXKHO IoJaratb, 4To IIOJY4YeHHbIE ypaBHeHPIH
NPABHJBHO OMNHCHIBAIOT MOAYJIALHOHHYID HeyCTOHYHBOCTL B GOJVIBIIHHCTBE IpaKTH-
YeCKH HHTEPECHBIX CJIydyaes.

OPHJIOJKEHHE IV
MATEMATHYECKME METOAbl HEJMHEWHOM TEOPUH BO3MYILEHHHA

OcHoBHast TIpo6ieMa TeOPHH  ¢aabblX HeJHHEHHOCTeH — BO3MYIMeHHe TapMOHH-
4eCKOro OCHMJ/UISITOPA BHelUHeH (HeslHHeHHOM) cunofl. Ota mpobaeMa Obila IpenMe-
TOM HCCIEHNOBAaHHS MHOXKECTBa pabOT MO TEOPETHYECKOH M  MaTeMarH4yecKoit
¢usnke [1—24]. HepocraTKOM OOLIYHOH TEODHH BO3MYIIEHHH  SIBIS€TCA HaJHUHE
CeKYJISIPHOCTEH, KOTOPBIE MOXKHO YCTPaHHTB JIHUIb IPH ydyeTe BKJAJOB BCEX MOPSAKOB.
Hecekyasipuble MeTOAbl TEOPHH BO3MYLIeHHH OLVIM BIepBHIe Da3BHTHl B CBA3H C 3a-
nauamy HeGecHoli Mexaumku [1—3]. TlosaHee 3TH MeTOAB HAHLIH IDHPOKOE INpHMeHe-
HHe B TEOPHH HEJHHEHHOTO PaclpPOCTPAHEEHS BOJH.

HOna nosyyeHHs: NPHOJHXKEHHBIX PeUICHHH, CBOOGOAHBIX OT pPacXOZHMOCTeH, Oblit
NpefJOKeH DA CHelHaJbHbHIX INPONeAYP YCTPAHEHHS CeKYJISPHBIX BKJaIagos. Tak,
B HCTOPHYecKH NepBoii paGore [1] mpoBOAMJIOCH Pa3/IOKEHHE B PN KaK 3aBHCHMBIX,
TaK H HE3aBHCHMBIX IIeDEMEHHBIX, H CeKYJIIPHOCTH YCTPAaHSJHCb C MOMOIIBIO JOMOJ-
HHTEJBHBIX CTeleHell CBOGOALI, CBA3AHHBIX C DPA3JOXEHHSMH HE3aBHCHMHIX Iepe-
MEHHBIX.

Bribupas BpeMs B KauecTBe HE3aBHCHMOH INE€pEeMEHHOH H y4YHTHIBas «jiabocCTh
HEJHHEHHOCTH, Pa3yMHO BBECTH B PacCMOTpPeHHe BpeMeHHble BapHALHH, MeJJIeHHHe
10 CPABHEHMIO C JIHHEHHBLIMH TaDMOHHYECKHMH KosebGanmsiMH. TakuM o6pa3oM, BO3HH-
KaloT [Ba BPEMeHHHIX MacmTaba, OAMH H3 KOTODHX (COOTBETCTBYIOIIMH GBICTPHIM
KoeGaHHAM) JOJKeH ObiTh ucKioued: B merome ITyankape [2] ato ocymecrBasercs
HOAXOASMMM BHOODOM KaHOHHYECKHX Ipeo6pa30BaHHH IIPH HCIOAb30BAHHH IaMHJILTO-
HoBa (opMaji3Ma ONMCAHHA HEJHCCHIIATHBHLIX CHCTeM. AHAJOTHYHBIH METOJ NpHMe-
HsieTcss B paGote [3]. B meroge BoromoGosa—Kpbiosa—Murponoasckoro (BKM)
[4, 5] cucteMa He cuMTaeTcs KOHCEPBATHBHOH M KOPOTKHH BPEMEHHOH MaclITal HCKJIO-
4aercsl ¢ NMOMOIIBK CHelHaJbHOH TeXHHKH YCpPeJHEeHHs . DTOT MeTOX MOJYYHJI Iajb-
Heffluee pasBuTHe B paGorax {6, 7). B pabore [8] mpemioxen HOBHI HTepalHOHHBIH
METOJ JJis KOHCEDBATHBHLIX cHcTeM, a B [9] ykKasama HHTepecHass BO3MOXKHOCTE:
HCIOJIb30BAaHHA KBAHTOBOMEXaHHYeCKHX KOTE€PEHTHBIX COCTOSHMH.

Ecqm ycioBue cnaGoit  HeanHeHHOCTH HEe BLIIOJHSETCS, TO HpobieMa pe3Ko
YCAOXKHAETCA, H AJIS 3TOTO Clydas KakHe-JHGO obuiHe MeTOABI PEIIeHHs ellle He Pas-
paGoranul. Ciefiyer, OZHAKO, YHNOMSHYTh Mojenb NpoOGHmX Boax [10], B xoropoit
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TlapaMeTPOM Da3JIOKeHHS CJYKHT HalpsIKEHHOCTb NOJA, H MeTon pasnoxenust no
BO3BpATHEIM BpeMeHaM Ilyankape {113

B HeauHeHHBIX IVIa3MEHHBEIX HCC/AEIOBAHMAX TaKkKe ynenﬂe'rc;l 60JbIlI0e  BHH-
MaHHe pa3paboTKe HeCeKyJSPHBHIX MeTONOB TeODHH BoaMmyllenuii. B paGote [12] pas-
BHT raMH/JbTOHOB (OPMAJH3M JUIS TPeX B3aHMOAEACTBYIOWHX BoaH. M3 MHOrousc-
JIeHHBIX Hpuioxenu#t Meroga BKM [13—17] otmerum Teopuio 3(h(eKkToB BHICIIEro
nopanxa [13], amasmn3 cHCTEM € HECKONLKHMH OHCTpHMH (asamm [14] # o6obuenue
TEOpPUH Ha CJayyall BO3MYLIEHHS HequHeAHOro ocuuiisitopa [15]. OxuH 3 BapHaHTOB
Merona BKM wucmoss3oBan B pabote [17] nmpu oOimeM paccMOTPEHHH PE30HAHCOB H
YCTOHYHBOCTH HeJHHEHHHIX KOHCEDBATHBHBIX CHCTeM. MeTO} MHOroBpeMeHHBIX IpH-
GMHXKeHHHA Hallle]l NpUMeHeHHe TaKxke NPH aHalH3e HeMHHEHHHX 3(dekToB B caabo-
JuccunatusHoil cpene [18].

Jna cucteMbl CBS3aHHBIX HEJNHWHEHAHBIX YPABHEHHH C HECKOJbKHMH HepDeMEeHHBIMH
BO3HHKaeT NpobaeMa COKpalleHHs uucaa nepeMeHHbX. OIHH H3 CNOCOGOB pa3pelleHHs
3TOM npobJeMbl — IPUMEHEHHE MeTOJa HOPMaJbHHX Kojebaumi (cM. ra. 3). Hpyrue
TIpHeMbl paccMOTpeHnl B paGorax {19—21], rme BhRIBOAATCH MOJAeJbHBIE  YDaBHEHHS,
B KOTOPHIX YUTeHbl HeJHHEHHOCTb, AMclepcHs W Auccunauus. K HesnHelusIM MOAeNb-
HBIM YDaBHEHHSM TaKOr0 }e THIIa TIPHBOLHT PaccMoTpeHHe NpobaeMbl BO36YXKIeHHT
VAapHHX BOAH H coauToHoB {22]. Cneayer ynmomsuyTts Takxke pabory [23], nocBsmen-
HYI0 MaTeMaTHYecKOH CTOpOHe Npo6JjeMbl HeJHHEHHBIX BOJMH B XOJOMAHOH MJIa3Me.

B cBsA3u ¢ TeM UYTO aHaJHTHYECKOe pelleHHe HEeJHHEeHHBIX AuddepeHinalbHbBIX
ypaBHeHHA HpeAcTaBasieT cOGONH TpyAHYIO 3ajayy, 4acTo INPHXOAUTCA npuberars
K HCOONb30BAHHIO YHCIEHHHIX MeTonoB. OfHAKO B INOCJACAHCE BPEMS HAMETH/ICH 3HA-
YMTEebHEIE mporpecc B 3Tofi o6aactH. lIMeHHo, 6bIIO  HOKA3aHO CYIIECTBOBaHHE
BecbMa IUHPOKOrO Kjacca HeNHHeHHBX AudGbepeHIHaNbHBIX yPaBHEHHH, PpeliaeMbIX
MeTo oM o6paTHOl 3aaaud paccesHus [24—31].

B zakawuenne oTMeTHM cepHi0 0630pHbIX craTedl [32], B KOTOPHIX MOMHO HalTH
JIOCTATOYHO INOJIHBIE CBeJEHHS IO ypPaBHEHHSM, ONHCHIBAIOWIHM HEJHHEHHYIO 3BOJIO-
UHIO, MeToJaM PeAYKUHH B TeOPHH BO3MYUIEHHE M NPUIONKEHHAM MeTofa oOpaTHOR
3ajaun paccesnus (cM. Takke [33]).
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OTBETbI K 3AJAYAM

2.1. Ecin HeKOTOpas BOJHA XapakTepHayeTcsl GosblinM Ko3GhGHIHEHTOM 3aTyxa--

HHd4, TO €€ aMININTyJa Ha Hava/JbHOH CTalHH npoiecca yMeHbIIaeTcs. O}IHOBpeMEHHO!
YMeHbpIIaeTCst 3aTyxXaHHe. B KOHEUHOM cueTe OHO CTAHOBUTCS MeHblIe, 4eM napa--
MeTpUUYECKOe YCHJIeHHe, H B pes3y/bTaTe pa3BHBaeTCAd IapaMeTpHyecKas HEYCTOfI-~

THBOCTb.
2.2,
a)
ny, ny ~ exp[— bt -1y (0) Vers (1/%) (exp (vi) — 1)];
6)

ny, ny ~ exp {— bt 4 1y (0) Verea [/ (0 — DI ([(1 — i)' 171 — 1)} -
2.3.

m=1/ e [(1eo) n (0) + (I/ex) 3 ()] -
21E



2.4. a) lHkpemMeHNT BEIXOAMT Ha YpOBeHb HaCHILleHHs, COCTaBJsOMui — d/c.
6) Ilpn t>0 HHKpeMeHT NePBOHAYAJbHO OCHMJJIMPYET B OKPECTHOCTH TOY-
xu —d/c, DTH OCUM/IAINY, ONHAKO, HOCAT HEYCTOMUMBLIA XapakTep, TaK KaK IO Mepe
yBeJHYeHHs] aMILIMTYAB YMEHbINAeTCsl XapaKTepHCTHUeCcKoe BpeMs HapacTaHus JIJisi
HeHachlleHHOH cucTeMB. Korga aTo BpeMs CTaHOBHTCS MeHbLIE T, MEXaHU3M HachInle-
HHUA yTpauuBaeT 3 (eKTHBHOCTL H B CHCTeMe Pa3BHBAeTCs B3PHIBHAsl HEYCTOHUHBOCTB.

3.1.
oo o ®
= ., m P — ., m b —
a=FE—i— Yp—1i— > U —
e @ — 132,"27 e (0— kVp)? — k2
e k”,2; o (@ — V) Vi -+ ku?
il S — - N
€0 w? — k2 © g (0 —kVp2— kzuZ
4.1.
(1/2) weo Im & E E*.
4.2,

S = (1/4) [8D (w, k)/ok] EE*.

5.1. Muumble gHCIa.

5.2. [Ipu BHBOJE aMILIHTYABl HODMAJbHOrO KoJeGaHusa a KO3(OHUHEHTH MoA6H-
PaloT Tak, 4ToObl B BhIpaxKeHHH Oa/df—ima Ko3d(dHIHeHTH IpH BCeX MOJEBHIX BeJH-
yuHax ofpamiajauch B HyJb. [losToMy HOpMa/bHble BOJHB HMEOT 4acTOTy ® He3a-
BHCHMO OT H3MEHEeHHS MOJIEBBIX BeJIHYHH.

5.3.
o — €02 0 0 ko 0y + kg + £o00,; _
B P mzm% o2 )
5.4,
9A®) i 52A(2)
T o—oa, o =Nl
5.5.
O (W)/0t = (g4/4) (E*0A/Ot + EOA*/t);
(W) = (20/8) (EA* +-E*4).
5.6.
oE D (o) — 1
i = N.L.
o T (@D/30) g, E ©DIow) g,
6.2,

2
B W Op5 Ve £
a, ={2% 7 +
| o m;}; ((‘)1-, - Vdc * C‘)Ha)

#JM B JIPYrOH 3amHCH
a, = (/o) (0/0w) (mst) E,.

7.1,
oWy 2 G\ viAA
ot 2 dad 3D;/00;
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7.2.
Wolwg + Wifin = Moy;  Wy/wy — Wolwg = My,.

8.1.
Tlpu &Vp, — @pp > @p.
8.2

2

Do
LB =1— £ )
e(o B) (©— kV) (0 — BV — iv)
8.3. :
o=+ tg—l(v/l/4mf,—v2 ) .
8.4.
cos ¢ < — (1/2) Ngve/Vyn,.

8.5. Her.

9.1. Tlpu u? 0 = ug ©)  (cp. c puc. 1.3).
9.2. DHeprua CBA3M.

9.3.
_ exp (— vi)
5O = 0 — (1) [T —exp (—v)]
9.4.
)
11 \(u%) =2 [u% (Mo]_ — u%)} (Moz —_— u%)} —_ r2] M
6)

k=[(a, —ag)/(ay — 03)11/’ .

10.1. Her. Ecam kakag-im6o M3 aMIIMTYJ YMeHbLIaeTcst B CpPejHeM ObicTpee
APYTHX, TO cJllaraeMOe B YDaBHGHHH AHHAMHKR (43, COAepmallee 3Ty aMIHTYIY
B 3HaMeHareJ/ie, CTAHOBHTCA ROMHHHpyHOIIHM. Torga dasa @ uaMeHHTCH TaK, 4TOOLI
a6coMOTHOE 3HAYeHHe 3TOTO cJlaraeMoro crajo Meebme. [Ipomecc Gyger mpomoJ-
xKaTbes A0 TeX NMOD, MOKa paccMaTpHBaeMasl aMIIMTYJa CHOBa He HAaYHET HapacTarThb.

10.2.
uz () = u; (0) [1 —exp (— VE {1 —exp[— v (¢, — i},
rae
15 (0) [cos (© + ;) cos (@ + 08;5)]"/2 =
= up, (0) [cos (® + Os) cos (D +6)]' /2, j, k, 1=0,1, 2,
#
v
= — 1 — .
o v n{ u; (0) [cos (D 4 B;;) cos (_<I>-|—0jk)]l/2 }
11.1. a). Her.

6) Ila. B paccmaTpuBaeMoM ciydae O (f) =vatp/(do+ur+uz), T. €. MOXeT Nipu-
HHMA4Tb O4YeHb MaJble 3HA4YeHHA (4TO COOTBETCTBYET HEYCTOHUMBOH CHCTeMe), eCH
TOJIbKO KOMOHHMPOBAaHHas CKOPOCTh 3aTyXaHHs Maja. [locjelHee HMeeT MeCTO
BOIM3M 1MOpora craGuAM3allid HeYCTOMYUBOCTH, TAe fo OUEHb BesHKO. [Tose3Ho 3aMe-
THTb B CBSI3H C 3THM, YTO BpeMsl HAPACTAHHs B3PBIBHOK HEyCTOWYHBOCTH B CHCTEME
fes 3aTyxaHHS MOXeT ObIThb KOHEUHBIM, €C/IH OJHA H3 HAYaJbHBIX AMIUIHTYJ CTpe-
MHTCA K HYJIIO. ’

12.1. Cnnbho Bo30yxXAeHHasr 3aTyxamollas BOJIHA OTBeuaeT BeaHuune dy/dt.
Ecou dy/dt Ha HavaJbHOM CTafHH IPOIecCa BEeJIUKO, TO MasfiTHHK COBeplIaeT Bpa-
aTeNbHOE ABHIKEHHe U, CJCLOBATe/NbHO, MMEET NOCTOSHHYIO aMIUIMTYAY KoJieGaHHid.
OaHako H3-32 HaJMYHA 3aTyXaHHS €ro KHHeTHYecKasi SHEepPrusi MOCTeNeHHO YMeHb-
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IIaeTCs, M CHYCTS HEKOTOPOE BPEMS OHAa OYAeT 6JH3KA K HYyJIO BOJH3H BepXHel
TOYKH. IJTO BPEMS COOTBETCTBYET BpEMeHH Iepexofa. II0 HCTeUEeHHH €ro MasTHHK
KosieGueTcsi ¢ yOuiBamowe#t ammuutynod. Ilpm I's£0  masaTaux nepBOHAYaJLHO He
Bpalaercs, a KoJae6aercst ¢ MOCTOSHHOR aMILIHTYAOM.

13.1. a) Ilpoponbrrie Boanm GyAyT HeycroiunsmMu. Ilo Mepe HapacTaHHusi HX
AMIVIATY] BJHAHHE IONEPEYHbIX BOJH CTAHOBUTCSH NPEHEGPEIKHMO MAaJbIM.

6) Her. KoseGanne Tuna 2L npakTHueCKH He SaBHCHT OT [ONEPEYHLIX BOJIH,
TOrAa Kak JJs NOCACAHHX ugT-}—ufT: M,, rae M. onmpegmensieTcss M3 Hauamb-
HHX ycsiosuii. Clle0BaTenbHO, MepeKadyka IHEPrud KodeGamus 2L B sHepruio Koje-
6aruit 0T u 1T HeBO3SMOXKHA.

14.1. B (7.11) cnaraemoe, CBSI3aHHOE C HaJMYHEM PaCCTPONKH, MMeeT MEHBLIYIO
CTENEHb OTHOCHTEJbHO aMIJIMTYJ BOJIH, HeM CJ1araeMoe woldids sin @, ¥ MOITOMY OHO
HrpaeT HLOMHHHDPYIOIYIO POJb TNPH MaJbIX aMIUIUTYAaX, ONpeledsis, B HaCTHOCTH,
nopor B3auMozedcTBus. B (14.11) ananmoruunoe ciaraemoe uMmeer, HaoGopoT, Gosee
BBICOKYIO cTenedb. CjefoBaTeJbHO, OHO AOMHHHpPYeT NpH GOJBIIMX aMILIHTYAaX
H onpejesseT, B YaCTHOCTH, MAaKCHMAaJbHHIH AJ8 [JaHHOTO B3aHMOAEHCTBUS YPOBeHb
AMIJIUTY,

14.2. Kak u panee, I'2 COOTBETCTBYET 3HEPrUsi CBA3H YACTHI, OCLUMJAJHDPYIOLIHX
B IOTeHUUANbHOH siMe m(x) (cp. ¢ 3agauedr 9.2).

15.1. [IBe.
15.2. Ua.
18.1.
ta=— (V) (Y 0E —viia—2 )/ o2 —vi14 ) .
16.2.
2 2
= .m 9% _ eVp — .m Wpp @ -
a=E-—1——_—vp—-1-—n——l— - Ubr
e o-—Iiv €g (0 — kVp) e (0—EkVy) (0 — kVp — iv)
mf, “);2;1; BV, mf,b ® _
a=|14—— ¢ : — 4 ——— | E.
(@—iv)? " (0 —AVp)?2 (0 — RV —1v) (0 — kVp) (0 — BV, — iv)
16.3. KosthdHuHenTH CBSI3M MMEIOT BHE
Co .
2= ©; (0e/0w,) wy0e/d0, ’

¢

g (0e/0wg) 05 e* /00,

Cop =

Co

i (9e/0we) ©] 0e*/9w,

rae
Co = — {(D,Q;b [ko (01 — kaVp) (@5 — BoVp) + Ry (09 — koVp) (0 — E5Vp) +
m
+ ky (g — koVp) (01 — F1Vp) — 1V [Ry (05 — k5Vp) + &y (0 — RyVp) ] X
X [(@o — kgVp) (0 — k1Vp) (05 — BsVp) (00 — RV — iv) (01 — Ry Vip— iv)y X
X (0 — kyVp — iv)] 71 - 03?, [Ro®100p + kywoy —+ kyg0y — iv (Ryw, +
+ ey, ] [00000y (@9 — iV) (0 — 1) (0 — V)]

e(J)j

¢j=— |02, [ko(@] — kaVp) (@5 —kVp) 4 kj (00 — koVi) (0] — kiV5) + ky (g —
— kgVy) (05— kVy) —iv [ko (O’I —klvb) + &y (0 — koVb)]] [((00 — koVp) (w; —
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— kVp) (0] —kaVp) (0 — koVp — iv) (07— k;Vp — iv) (0] — &V + iv)] ™ 4-

+ 02 [kowjo] + kiogw; + kogo] — iv (ko] + ko) ] [0g@50] (@ — iv) (0; —

—iv) (0] +v)]7", joi=1,2,
o

N T 1 S
To0; T T (@j— v (0 — ksVe)® (@ — BV — iv)
0 6
(0)]' _— k,Vb) ((1)1 — k]Vb — i’V)2 :

17.1. Z«mo/(ﬁ)o—mi)B [B o6osHaueHnsix (17.9) u 3agaum 5.4].

20.1.

—+

2
WP a)g,e -+ kzuf m, 6033 Z? L+ Ry "
LH = o, + 1 oy, TH Zi+3CkZr | A (02)?

CrZ2 k2l
+ E: 14 .
0 \2
Ar (©1x)
20.2. B sToM npuGaHKeHUH NPHMECH He GYAYT OKasbiBaTh HHKAKOrO BJHAHHS,

HO TpH yueTe TeMAEPaTyPHEIX 3(Q(PEKTOB M HEMONHON HOHH3ALUH THXKENBX HOHOB
TaKoe BJHAHHE OyHeT HMEThb MecTo.
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