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IMMPEJUCJ/IOBHUE K PYCCKOMY H3JAHHIO

KorepeHTHOe B3aMMOAEHCTBHe BOJH NPHHAJIEKHT K YHCAY Tex
yHI1aMeHTaAbHBIX TPOOJEeM HeJMHEHHOH TeOpUM NJa3MEl, pelueHUe
KOTOPBIX CYLIeCTREHHO He TOJBbKO AJSI TePMOSAEePHBIX, KOCMHYECKHX
WM acTPOMHIHYECKUX HCCAEIOBAHHH, HO M AJS 3ajady HEeJMHeHHOH
ONTHKH, PAIHOSIEKTPOHUKH, aKYCTHKH U aKyCTO3JIeKTpOoHHKH. ObaacThb
TIPpUJIOKEHUHA TeOPHH HEJHHEHHOrO B3aHMOJeHCTBHA BOJIH H YacTHI[
npocTHPaeTcss OT H3y4yeHHs TypOyJeHTHOrO COCTOSHHA H HeJNHHEHHOH
JMHAMHKH TJa3Mbl 10 pa3paboTky HOBHIX MeTOAOB FeHepHPOBaHHA,
YCHJEHHsT H npeoOpa3oBaHHsl BOJHOBBIX MOJefl pa3fiiuHOil (PH3NYecKOH
IPHPOIHI. ,

MHorue ocofeHHOCTH HeAHHEHHBIX MPOIECCOB B IJIA3Me MOKHO
BHIABUTH HA NpHMepe INPOCTOH TPeXBOJMHOBON CHCTEMBI, AeTaJbHOMY
pPaccMOTPEHHIO KOTOPOH NOCBAlleHa HacTosuas Kuura, OcHOBHOe BHH-
‘MaHHe B Hell COCPeJOTOYEHO Ha ONHCAHHH KOrepeHTHHIX B3auMOjeHcT-
‘BHH, H B COOTBeTCTRHM C 3THM B KayecTBe MeToja ONHCAHHA BLIOpAH
MeTOx (PHKCHPOBAHHHIX (a3, UTO XAPAKTEPHO CKOpee AJsi HeJHHeHHOH
ONTHKH, YeM anasd Gu3ukn nmnasMel. Ho B orau4nHe OT HeNHHeHHOMH
ONTHKH B CXeMy pacCMOTPEHHsI BKJIOUeHB BOJIHBL C OTPHLATeNbHOH
9HeprHefl H CBA3aHHbBle C HHMH HEYCTOHYMBOCTH, APKHUM HPHMEPOM
KOTOPBIX MOXKET CJAyXHTb B3pbIBHAs HeyCTOHYMBOCTb. Takum obpasoM,
8 kHure X. BuanxenbmccoHa u §1. Befinanaa ynauHo coderaioTess HAeH
H MeTO/Abl HeJHHeHHOH ONTHKH, 2JeKTPOHHKH M (PU3HKH IINA3MBl, H 3TO
nelaeT ee LEeHHBIM [OMNOJHEHHEM K CYIIeCTRYIOILEH JuTepatype IO
‘HeJJMHeHHBIM SIBJCHHAM (CM. CIIHCOK JHTePaTypH K IV 1).

Kxura nanucaHa Ha OCHOBe OPHIHHAJIbHBIX Hay4YHHIX pe3yabTaToB,
NOJYYeHHBIX B IOCAeAHHEe roabl B MHCTHTYTE TeopuH 3JeKTPOMarHuT-
HOTO MOoJsi U HU3UKH Naa3Mul HaaMepPCKOro TeXHOJOrHYeCKOro YHUBEp-
cutera ([ére6opr, Illreunsi) noa pPykoBOACTBOM BHAHOIO ILIBEACKOTO
¢usuka uneHa Kopoaesckoi Axagemun nayk npod. X. Buabxeabme-
cona. HHCTUTYT NpPOBOAMT HCCAEAOBAHHA NPH WHPOKOM YYacTHH
KPYNHBIX CIIELHATUCTOB MO (PU3HKe NJa3Mbl M3 MHOTHX CTpaH MHpa,
B ToM uucse u3. CoBerckoro Cowsa. [ToaToMy npeacTaBieHHble B KHUTE
HayyHble pe3yabTathl (aKTHYECKH BHIXOAAT JajieKo 3a PaMKu jes-
TEJbHOCTH OJHOTO HHCTHTYTAa H AAlOT JOCTATOYHO NOJIHOE MpPe/CTaB-
JieHHe O COBPEeMEHHOM COCTOSIHHH NpPOOG/JeMbl KOTePeHTHBIX B3aHMO-
JeHCTBHi B IJIa3Me Ha MHPOBOM yDOBHe.

BMecre ¢ TeM KHHTa NpeclegayeT M HHYI, MO CYHIECTBY YHCTO
MeAarorHyeckyio 1lejb: Ha MNPOCTHIX MPUMEPaX W ITI0 BRO3MOMKHOCTH
TPOCTHIMU CPeJACTBAMM NOKAa3aTh YUTATENI0, He HCKYIIEHHOMY B Teo-
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PHH HEJHHEHHHX TpoleccoB, (QU3NYECKYIO CYThb H IPAaKTHUYECKOe 3Ha-
yeHne npob/jeMBl  KOTePeHTHBIX B3auMmogedctsuil. MMenno c 3toit
LeJIbI0 B KHHUTe IIepBbie IIEeCTb IJIaB I@JHKOM IMOCBAIleHbl TpeaBapH-
TEJbHOMY H3yYEHHI0 NpPOOJeMbl TPEXBOJIHOBOrO B3aHMOAEHCTBHS.
31eck paccMOTPeHbl XapaKTepHble THIBI HEJMHeHHBIX ypaBHEHUHl ¢ He-
YCTOHYMBBIMH PEUIEHHSIMH, B paMKax TFHIPOAMHAMHUYECKOro OMHCAaHHS
WJLIIOCTPUPYeTCsl TNPUMEHEHHE METOJOB TEOPHH CBSI3aHHBIX BOJIH
K peuleHHIo TPobJeM HeJHHeHHBIX B3aHMOAEHCTBHH B TJa3Me, 06CyxK-
JalTes SHEePreTHYEeCKHe acleKThl paccMaTpuBaeMblX npodaem.

B cienyromux cemu riasax naHa o6Liasi IOCTAHOBKA 3a71a4d TPeX-
BOJIHOBOTO KOFePEeHTHOr0 B3aHUMOLECHCTBHS WU AeTaJjJbHO 06CYKAAIOTCS
HeJINHEeHHble pEIIeHHUs!, TNPHBOASILHE K B3PbIBHOH HEYCTOHUHMBOCTH
cuctembl. [asee npousseneH ydyeT HesJHHeHHbIX 3(P(HEKTOB TPeTLEro
NopsifKa M MOKa3aHO, 4TO MPH TakKOM yueTe Pe3yJbTaTbl TEOPHH KOre-
PEHTHO B3aHMOJEHCTBYIOIIUX BOJIH BCTYNAIOT B KaUeCTBEHHOE IPOTHBO-
pedHe ¢ pe3yJabTaTaMH TEOPHH CJaydaHHbIX (pa3. B csasu ¢ 3THM
B 1. 18 pa3BuBaercs TeOpHs HeJHHEHHOro B3auMojefcTBUS YACTHYHO
KOTePEeHTHBIX BOJIH H TPOCJEYKeH HelpPepPbIBHBbIH Nepexoa OT HeJHHeH-
HOIl CHCTEMBI C KOT€PEHTHBIMH COCTOSIHHSIMH K CHCTeMe BOJIH CO CJay-
YaAHbIMHA (a3amu,

Cssi3b nmpofsieM TPeXBOJIHOBOTO B3aMMOAEHCTBHSI H mapaMeTpuue-
CKOro BO3JeHCTBHSI MOILHOTO BBICOKOYACTOTHOrO H3JYYeHHs HA MaasMy
paccMorpena B 1, 19 u 20, OTaAnYHTeNbHOR OCOGEHHOCTBIO TOH YacTH
paloThl siBJisieTcsl YUeT BJIHSIHHs TpuMecefl, CYHIeCTBEHHBIA s Tep-
MOSIIeDHBIX TIpHJIOKeHH#A Teopuu. B ra. 21 u 22 noxazana BO3MOXK-
HOCTb TIPUMEHEHHS] HCIIOJb3yeMOro B KHure ofuero ¢opmasianzma
K TeOPHH B3aHUMOACHCTBHS THNA BOJIHA—YACTHIIA MU dHOMAJbHOH nH(-
(Qy3UH TIa3MBL.

B 3aks0uuTesbHOA YacTH KHHFH COAep:KHTcst 0030D IKCIepHMEH-
TAJNbHBIX HCCAEIOBAHHH HenuHeHHBIX 2¢¢exro B nnaasMe (ra. 23)
H COBPeMeHHBIX TeHJACHIUHH AaJjbHeHLIero pa3BUTHS HCCJAeJO0BaHHl MO
HeJMHefHOH TeopHH MmIa3Mbl (1. 24).

OnHo u3 nocronHceTB KHUrd X. BusbxeaoMmccona u §1. Beitnmanpga —
ofHJ/Me pacyeTHOro MaTepHasa, KOTOPBI 4acTo He MPOCTO HJLIIOCT-
pHpyeT H3J0XKeHHe, HO BBICTYIAeT B KayecTBe eQHHCTBEHHOTO Cpef-
CTBa MOKa3a CJ0XKHOH KapTHHBI KOrePeHTHBIX B3aUMONEHCTBHH BO BCeH
ee nonHote. CucTemaTH3allsi TOro Marepuasa TeM OoJsiee BakHa,
4T0 [0 CHX TOp OH OB pa3fpocaH MO MHOTOYHCACHHBIM HayYHBIM
CTATbsIM M TPYAHOJOCTYIHBIM TEXHHYECKHM OTUETAM DAa3JHYHBIX Jalo-
patopui.

Bo/blylo CMBICJAOBYIO HAarpyskKy HecyT CHHCKH JONOJHHTeNbHOH
JUTEPATYPBl K TeM TIJIaBaM KHHIH, KOTOPble NOCBSILEHBI H3J0XEHHIO
OpHTHHAJBHBIX pe3ynbraToB. [locTpoeHHBEIE B XPOHOJOTHYeCKOM TMO-
pPAaKe, 3TH CNHCKH NO3BOJSIOT HPOCJAEANTh B AHHAMHKE Bech Npouece
CTAHOBJIEHMS TOrO HJM HHOTO HaNpAaBJEHUs] HeJHHeHHBIX NJa3MeH-
HHX HCCTeJOBAHW{, HAYHHAS OT MOMEHTa ero 3apoXKAeHHS U 3aKAHUH-
Bag 1978—1979 rr. Tem caMbiM aBTOpaM yaajoch B 3HAYUTEJNbHOH
CTelleHH CKOMIIEHCHPOBATh TNPHHIHNHAMNBHYI0 HEBO3MOXKHOCTH OTpa-
JKeHHsI B KHure HeGoJblIoro o6beMa NOYTH HeoDO3PHUMOrQO MHOMKecTBa
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KOHKPETHBIX HAayYHBIX pe3ysJbTaTOB, OTHOCSALINXCA K TeMe KHHIH.
PasyMeercs, 3T0 CTaJ0 BO3MOXKHBIM JHUDL 0Jarofaps XopouleMy 3Ha-
HUIO MHDOBOH HAy4YHOH JIHTEpPATypbl, XapakTEepHOMY /s WIKOJbI
npod. X. BunbxenbMccoHa, ¥ TIATeNbHOCTH, NPOABIEHHOH aBTOpaMu
NPH COCTABJIEHHH CIHCKOB. [IpHATHO OTMETHTb, YTO paboOTHl COBETCKHX
ABTOPOB HAUIIH B 3THX CIIHCKAaX AOJIKHOE OTPaKeHHe.

Hecmotpsi Ha TO 4YTO cO BpeMeHH BbIXOJA B CBET HA AHIVIHHCKOM
g3bIKE NPOLIJIO OKOJNO Tpex JieT (CPOK HeMaJbld, ecJH HMeTb B BHAY
OypHble TeMnbl pa3BHTHS COBPEMEHHOH (DH3MKH IJa3Mbl), KHHTA
B HAcTOSlEM NepeBoje OCTAeTCS NMPAaKTHYECKH CTOJb e aKTyaJbHOH,
Kak # B roj ee onyOJHKOBaHHMs H3gateabcTBOM Pergamon Press
(1977 r.). Ouenp BaxHO, YTO 3TOTO yAaJOCh AOCTHYL HE HCIIOJNL30Ba-
HYUEM TpPaAHUMOHHBIX [AJs1 NEPEeBOJOB MNOJCTPOYHBIX NPpHMEYaHHH H
KOMMeHTapHeB, a 6sarogaps JAesiTeJbHOMY y4aCTHIO aBTOPOB B NMOATO-
TOBKe PYyCCKOro H3JaHMs KHurd. CrnepuanbHO AJS PYCCKOTO H3J1aHUSA
HMH HanicaHa rJ. 22, BHeCeHbl MHOTOYHCJEHHbIE H3MEHEeHHsI B OCHOB-
HOHIl TEKCT KHHTH, B oco6eHHOCTH B ra. 2, 5, 8 u 16, a TakxkKe cyuiect-
BEHHO [OIOJIHEHbl CIHCKH OCHOBHOH H JOIOJIHHTEILHOH JIHTEpATypPbl
(rnaBupiM oOpasoM 3a cder pabor, onmyGJHKOBAaHHBIX IOCjAE CAayu
B reyaTb aHTJHHCKOH pykonucu, T. e. B 1976—1979 rr.)

[Tok3ylochk cnydaem no6aarogaputbh X. Bunbnxeanmccona u 5. Beii-
JlaHJa 3a KOHCTDYKTHBHHII H B BbICIIEH CTeNeHH IOJEe3HbIH BKJajx
B NOArOTOBHTENbLHYI0 palboTy, CBSI3aHHYIO C W3JaHHEeM MX KHHTH Ha
PYCCKOM $3bIKE, a TaKxKe 3a HX HEH3MEHHBI MHTepec K HcCCJaeaoBa-
HusimM m1a3Mbl B CCCP u nedATesbHOCTb, HANIPABJIEHHYIO HA NOAEpHkKa-
HHe M pacllipeHHe TBOPYECKHX HAayYHBIX KOHTAKTOB MeXIy WIBeN-
CKHMH H COBeTCKHMH CIEIHAaJHCTaMH N0 (HH3HKE M1a3MBbl.

MoXHO HajesiTbCsl, YTO OJarogaps MPOCTOTE H AOCTYIHOCTH H3-
JIOXKEHHS, YHHBEPCAJLHOCTH pacCMaTpHBaeMblX ypaBHEHHH M METONOB
HX pelleHHs, Pa3Hoo0pa3nio W GOJBLUIOMY KOJHYECTBY (aKTHUECKOrO
MaTepHaJa IpejjiaraeMasl KHHTa CTaHeT LeHHLIM nmocobHeM aJd BCeX,
KTO CTaJKHBaeTcd B cBOel paboTe ¢ npoGieMaMH KOTepeHTHLIX
B3aHMOJEHCTBHH, H B OCOGEHHOCTH 1Jisi T€X, KTO TOJbKO HOPHCTyMaeT
K M3YYEHUIO TEOPUH TAaKuX B3aUMOAEHCTBU.

Axazemux B. B. KagoMues
Mocksa, uwone 1980 e.



TIPEAMCJ/IOBUE PEJAKTOPA AHIVIMMCKOI'O U3OAHUYI

®usuka na1a3Mbl NEpexXHBAeT B HACTOsIee BpeMsi MEPHOJ HHTEH-
CHBHOTO pa3BUTHA. B 3HauuTesbHOR cremeHW 3TOMy cnocobCTByer
TIOHCK aJbTePHATHBHLIX HCTOYHHKOB SHEPrHH, B TOM 4HcJe pa3zpaboTka
“TEPMOSIIEDHBIX PEaKTOPOB. AKTHBH3alHs 3KCIHEPHMEHTAJIbHBIX HCCJe-
JOBaHHH  COMPOBOXKAAeTCH AaJbHeALINM pAa3BHTHEM TeOPETHUYECKHX
npexactasiaenuii. Ctajo siCHO, UTO OJHOH H3 OCHOBHBIX TEOPETHUECKHX
TipobsieM (DH3HKH NJ1a3MBl sIBJSIETCs aJ1€KBaTHOe ONMHcaHHe TypOyJieHT-
HOCTH msa3Mbl. HecMOTpa Ha TO 4TO MONBITKH TaKOrO ONMHCAaHHs ObLIK
8 1eJOM JO0 CHX TOp He OYeHb YCHelIHBIMH, TEOpPeTHYEeCKOe HCCJieRo-
BaHHEe HEJHHEHHBIX CHCTEM [1aJ0 MHOIO HHTEPEeCHbIX, a BO3MOXKHO,
Y MHOroo0emaloIHx pe3yabTaToB. ABTOpPbl HACTOSALEH KHHIH BHEC/IH
BHAYMTEJAbHBIA BKJag B 3Ty 00jacTb, H s HajAeloCh, YTO Bce CIenHa-
JIUCTHI O (PH3HKe MJIa3Mbl, OCOOEHHO TEOPETHKH, C HHTEDeCOM BCTpe-
“TAT MOABJEHHE HX TPYAd, NMOCBSINEHHOTO HEJHHEHHBIM B3aHMOJEHCT-
BusaM BOJH B miaasMe. JKeaawo X. BuasxeabMmccony n . Beitnmanny
CTOJIb 3ACJYKEHHOr0 HMH ycrexa.

. Tep Xaap



NPEONCJ/IOBHE ABTOPOB K AHI'JIMMICKOMY HU3JAHUIO

KorepeHnTHoe B3aHMoJelicTBHE BOJH B MJa3Me SIBJASIETCS B NOCJEN-
HHE rObl OCHOBHBEIM OOBEKTOM HCCJeA0BaTeNAbCKO NporpaMmbl MHCTH-
TyTa TEODHH 3JEeKTPOMAarHHTHOro mnoJs YajaMepcKoro TeXHOJOTHYe-
ckoro ynusepcHteta (I'ére6opr, IlIBennsi). COTpyAHHKAaMU HHCTHTYTa
BBLINOJIHEHO 3HAYHTENbHOE YHCJI0 paboT B 3TOfl 06/1acTH H yCTaHOB-
JIeHbl IJIOJOTBOPHBIE HayyHble KOHTakThl ¢ JaGopartopusimu CIIA,
CCCP, dnounu u npyrux crpas.

ABTOpBI BBIPAXKAIOT HCKPEHHIOW MNPH3HATENBHOCTb BCEM JIHIIAM,
I{POSBUBIUHM JesITEJbHBII MHTEpec K 3Toii pabore, B OCOOEHHOCTH
npod. ®. durenpMany, npodp. B. H. UwiroBuuy, npog. JI. Crenduo,
a rtakxke a-pam . Aupepcony, X. T'ycraBccony, K. Octbepry. Mol
BBICOKO I[EHHM COTpyJAHHYecTBO ¢ JabopaTtopusamu EspaTtoma, 3auu-
MalOIMHMHCS TEPMOslepHBIMH HeoaenoBanusiMu. Oqnu u3 Hac (X. B.)
noJb3yercs caydaem nobsaaronaputh a-pa T. Konconu (JlabBopatopus
TepMosigepHoro cuureza, 'peHobOub, ®paunnus) u npod. K. Takasmy
(MuctutyT dusuku naasmbl Harokickoro yuusepentera, Haros, flno-
HusA), B J1abOpaTOpHsiX KOTOPBIX Oblia BBLIMOJHEHA 3aKJIOYHTeJbHAs
yacTh paboTwl Hajy KHHTOA. ABTOPH 0cOGeHHO OJaropapHbsl npod.
J. Tep Xaapy 3a uHTepec K HX HCCJIeJOBaHHAM H 3a 3(h(EKTHBHYIO
NOMOINb B H3aHHH HACTOSIUEH KHHTH.

Boabwoi  OnarogapHocTH  3acayxxkuBaeT TllaTesbHas pabora
MHccuce Arnersl MauXefiMep mo nepemedaTke pykomucH n Muce Ilat-
puuHu BpeHHaH N0 H3rOTOB/MIEHHIO PHCYHKOB. MB ¢ NPHU3HATEMLHOCTHIO
OTMedYaeM TaKe BBICOKHH KJjacc OHOJMOTEYHOro OO6CIYyKMBaHHSA,
nposasJaeHHB MHccHe Joporn 3aypman.

HcenenoBanus, pe3yabrathl KOTOPBIX OTPayKeHbl B KHHIe, BBINOJ-
HeHbl NpH mogaepxkke llIBeackoro KOMHTeTa IO aTOMHBIM HCCJeJ0Ba-
HUsaM, llIBeackoro KOMHTETa MO eCTECTBEHHOHAYYHBIM HCCJEJ0BAHUAM,
Yupabssenusi no rtexHudeckoMy passutnio llenun. Ha mnocsennem
JTame OHH NPOBOAMJNCH B paMKax corjamedusi Mexay Espatomom
n lllBeacKHM HaUHOHAJIbHBIM KOMHTETOM 0O pa3pabGoTKe 3HepreTHye-
CKHX HCTOYHHKOB.



MPEJHWCJIOBHE ABTOPOB K PYCCKOMY U3JAHUIO

B nocnepnee necATHIeTHe pe3Ko BO3POC HHTEPEC K HeJHHEHHBIM
SABJIeHHSAM B mJa3Me. DKCTEHCHBHOE pa3BHTHe TEOPHH B 3TOM Halpas-
JIEHMH, MOCTAHOBKA HOBBLIX s1a60OPATOPHBIX H YHCJIEHHBIX 3KCIIEpHMEH-
“TOB MOJATBEPAH/IH CYLUIECTBOBAHHE H IPOAEMOHCTPHDPOBAJH BJAHSIHUE Ha
JMHAMHKY NJIasMbl Pa3/IMUHBIX HeJHHeHHbIX 3G ¢EKTOB, B TOM YHCIe
M NIPH TAKHX 3HaYeHHsX nOapaMeTPOB MJa3Mbl, KOTOPHIE II0KA He
JIOCTHTHYTH B s1a6opaToOpHBIX YycioBuAX. OIHOBpPEeMEHHO HCCJ/eJ0Ba-
HHs HeJMHeHHBIX 3¢ (PeKTOB pa3BHBAJHCh H B APYIHX BaxKHBIX 00Ja-
€T]X 3HAHHS, YTO NMPHBEJO K IJIOJOTBOPHOMY OOMEHY HIesiMH H KOH-
LenuHUaAMH MEeXIY YUYeHbIMH, paGoTalomUMH B 3THX 00JacTsx.

Baaronaps cornamennio Mexay Axanemuelt nayk CCCP n Kopo-
neBckoi Akagemueir Hayk IllBeuun B mocjegHHe TOABI YCIELIHO pas-
BHBaeTcsd COTPYAHHYECTBO COBETCKHX M HIBEACKHX CHENHAJHCTOB IO
<n3nke nnasmbe. B Illseunn 6bo Opranu3oBaHo HECKOJHKO CHMIO-
3MyMOB M pabouHx COBeulaHWH, B KOTOPBIX HapaAdy C COBETCKHMH H
IIBEACKAMH (PH3MKaMH TIpHHUMAaJN yyacTHe Takxke yuennle CHIA, $no-
HHUM ¥ HEKOTOPHIX €BPONEHCKHX CTpaH. B 3ajgauy 3THX BCTped BXOAWJIO
mpexKjJe BCero H3yueHue HeJHHeHHbIX SIBJeHHH B mJjasMe. ABTOpHI
6s1arogapHbl 3a COTPYJHHYECTBO COBETCKHM CHIElHaNHCcTaM, B oco0eH-
HoctH npod. B. H. IwitoBnuy u npodp. B. M. Kapnmany, Kortopnle
HECKO/IbKO Da3 MOCeTHJIH Ya/MepcKuH TeXHOJOrwyecKu# YHHBEPCHTET
U BHECGJH OYeHb CYUleCTBEHHBIH BKJajg B pabOTy YKaszaHHBIX CO-
BeaHuH.

Mbl npusHaTenbHsl akaj. B. B. KazomueBy, akan. P. 3. Car-
neesy, un.-kop. AH YCCP A. I'. Curenxo u npod. U. Il. fdkumenxo
3a uHTepec K HAIUMM HAYYHBIM HCC/EJOBAHHSIM H NOMOM(b, OKAa3aH-
HYIO IIPH TIOATOTOBKEe PYCCKOTO M3JaHHS KHHTH.

X. Buabxennmccon, $1. Beftnang
T'érebope, Llseyusn, 1979



CucreMa eaAMHHUI ¥ 0003HaYeHHUA

B xuure ncnoae3oBaHa MexayHapoanas cucrema eaunnn (CH).
O06o3naveHHusi, Kak NpPaBH/Io, OOLIenpHHATHE, KPOME TeX, KOTOpble
cllenHalbHO PasbACHAIOTCA B TeKcTe, B yacTHOCTH, BeKTOpbl 00G3HA-
yenbl E, v, a ux abcomoTusle Beauunusl Kak £, v 0 T. 1. Komnaekc-
Hble BeJUYHHBI CHaOXeHbl 4epToukoil: E, 7 M T. n. OxHako Takue
BeJHYHHBI, KaK HOpMaJbHOe KoJeOaHWe M aMmilIHTyJa, 0603HaualoTCH
oO6bluHBIM oOpasom: a, A u T. 1. Onepauus ycpejHeHHs NO MaJjbiM
BpEMEHHBIM MacliTafaM OTMeueHa ¢ MOMOIIbIO YIJVIOBHIX CKOGOK.
Hanpumep, (W) o3nauaer cpeaHee 3HaueHHe IJIOTHOCTH 3HEpPTHH.
Haxkoneu, BMecTO rpoMO3AKHX BhIpaxKeHHH THNA (dDj/dm)(,):mi He-
nosib3yeTcs YIpouieHHas 3anucb 0D;/0w;.



I'JTABA 1
BBEAEHUE

C navana 60-x rojoB HHTepeC K H3y4YEHMIO HEJHHEHHBIX 3(pQek-
TOB HEYKJOHHO Bo3pacTaeT. [loHHMaHHe MHOrHX SIBJEHHH HeJUHEHHOMN
TIPUPOJbl HMeeT (yHAAMeHTaJbHOe 3HAaYeHHe MJisg (PU3HUKHM MJIa3Mbl I
COBpeMeHHOH ONTHKM., He MeHee BaKHO OHO H AJIsI PAa3BUTHS TEXHO-
JIOTHH Oyaymero, ocoGeHHO B CBSI3H C MONBITKAMH HCIOJb30BAHHSA
ropsideft mjasMbl B KadecTBe MCTOYHHKA 3HeprHM M pas3paboTKOH# HO-
BbIX THIIOB 3JIEKTPOONTHYECKHX NpHOOpoB. JlocTaTouHO yImOMSIHYTH
anoMaJbHble 3(QQeKTs HeJHHEHHOro NPOHCXOXKIEHHS, KOTODbIE Ollpe-
pensiior aud¢ys3uio ¥ NpOBOJHMOCTL Topsyeid miasmbl. be3 yuera
HeJIMHEeAHbIX 3¢ (PeKTOB HEBO3MOXKHO 0Oliee pacCMOTPEHHE 3BOJIOUHH
NJla3aMeHHbIX  HeycTOHUHBOcTed. DBuarogapsi  siBleHHIO HeJHHEHHOM
CBSI3H BO3HHKAOT M MNOAAEPXKHUBAIOTCH TypOyJEeHTHble COCTOAHHS
nna3mbl. OcoOblii HHTepeC BLI3LIBAIOT HEJHHEHHBIE 3(P(hEeKThl, CONYyTCT-
ByIOLIlMe HarpeBy IJIa3Mbl B YCTAHOBKAaX Ja3ePHOTO TEpMOSIAEpPHOro
CHHTE€3a M NPOHHKHOBEHHIO MOMIHOTO 3JI€KTPOMArHUTHOTO H3JIY4YeHHs
g IJ1a3My, He IOBOpsSl yiKe O sIBJEHHSX, HMEIOLUX Da3JHYHble MPHJIO-
XKEHHA B (PM3MKE KOCMHYECKOH NJa3Mbl H aCTPOQH3HKE.

Henuueituble addekTel B miasMe MOXKHO KJaacCHOHUHPOBATb IO
THIY B3auMOAEHCTBHA (BOJHA — YacTHIIA HJAM BOJHA — BOJIHA) H IO
CTENeHH HeJHHeAHocTH, HenuHe#HOCTb €CTECTBEHHO CYHTaTbhb cJaabod,
ecqan 00YyCJIOBJIEHHOE €10 H3MEHEeHHe aMIIHTYAbl BOJIHBI ABJAETCA Mej-
JICHHbIM IO CpPaBHEHHIO C OBICTPBIMH IapMOHHYECKHMH KOseOaHHAMMU.
B npoTHBHOM C/y4ae roBOPAT O CHJIbHOH HEJHHEHHOCTH.

B nacrosimell kuure paccmMaTpuBaercd, B OCHOBHOM, B3aMMOJEHCT-
BHe THIA BOJIHA — BOJIHA NipH caabojii HeanueiHoctH. CreayeT oTMe-
THTb, 4TO 3TO, C OJHOH CTOPOHBI, AONYCKaeT BMOJHe OOIYI0O H CTPO-
TYI0O MaTeMaTHYeCKyl0 NOCTAHOBKY 3ajayH, a C ApPYrodl — npeacras-
JISileT HEeCOMHEHHBIi HMHTepeCc B IpPaKTHYeCKOM OTHOLUEHHH, TaK Kak
HeJMHEHHOCTH B mJja3Me HEpPEJKO MOXKHO CYHTaTbh Ca1abbiMi (OocoOeH-
HO B BBICOKOYACTOTHOH 00JIacTH CIEKTpa).

IIpn Hccie0BaHHM HEJHHEHAHBIX B3aHMOJLEHCTBHI THIA BOJHA —
BOJIHA TIPHMEHSAIOT JBa OCHOBHBIX METOJa ONUCAHHUS: MeTOA (HKCHPO-
BaHHBIX (a3 M MeTox cayuaidHbx ¢as. [Ipn Hcmonb3oBaHHH IEPBOro
MeTOJa NpeAnoJaraeTcsi, YTO BPeMsi KOT€DEHTHOCTH B3aHMOJEHCTBYIO-
HIHX BOJIH 3HAYHTEJbHO TMpEBBbILIAeT XapakTepHOe BpeMsl B3alMMOIEHCT-
BHA. B nmpoTHBHOM ciyyae Heo6XOAHM BTOPOH MeTOA. IDTH aJjbTepHa-
THBHBblE NpPEANOJOXKEHHS COOTBETCTBYIOT, OYE€BHAHO, (PH3IHYECKH pa3-
JIHUHBIM  cuTyanusaM. s KOTepeHTHbIX B3aHMOJEHCTBHH (pasoBble
3¢ }eKTHl OueHb CYLUIECTBEHHBI, TOTJd KaK NPH HEKOrepPEeHTHOM B33aHMO-
NeACTBHH OHY YTPAYHMBAIOT CHJY.
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Metoa QUKCHPOBAHHHX (a3 MOJYUYHJ HIHPOKOE PacnpocTpaveHHe
B HeJMHEHHOH onTHKe [l], Torga kax aas nJasMeHHBIX HCC/aeLOBAHHH
XapakKTepHO  HHTEHCHBHOE  HCOOJb3OBAHHE  METOJa  CJAYYafHbIX
®a3 [2—6]. Mexay TeM HHTYHTHBHO SICHO, YTO HeJMHEfiHble B3aHMO-
JeHCTBHS KOT€PEHTHOro THIIA AOJIXKHBl HAOJI0NaThCs TaKxkKe W B NJas-
MeuHofi cpene. JlaGopaTopuble [7] M uHc/eHHble [8] 3KkcmepHMeHTHr
IIOATBEPXKAAIOT 3TO  TNPEANOJOXKEHHEe, YKasbiBasi OJHOBPEMEHHO Ha
BO3MOXKHOCTb 3HAYHTEJbHOrO  BJHSAHHS (as3oBbIX 2(P(EeKTOB Ha He-
JHHeAHYI0 JAHMHAMHKy TJasMmb. Hanmpumep, moj BJAHsSHHEM MOU{HOro
H3JIyYEHHs B IJla3Me BO3HHMKAIOT BbIHYXKJEHHbIE paccesiHHe H pacnap.
Taxk kKak 3TH HeJHHefHble NMPONECCH Pa3BHBAKOTCS MOJ BO3JAEHCTBHEM
KOTe€PEeHTHOH BOJIHBE, 3(Q(eKTbl KOrepeHTHOCTH MOIYT OBbITb CyLIeCT-
BCHHBIMH B Te4YeHHe BCel0 BpeMeHH B3anMozeiicTBHs. CJlelyeT OXKH-
JaTb, 4YTO OHH OCOOEHHO SIPKO NpPOSIBATCS B HEJHHEHHBIX Ipoleccax
C 2KCTPeMaJ/bHO MaJlbiIMH BPEMEHAMH 3BOJIIOUMH, NMPHMEPOM KOTOPBIX
MOXKET CJYKUTb B3PbIBHAS HEYCTOHYHBOCTD.

Takum oOpasoMm, npobsemMa KOrepeHTHOro B3aHMOIEHCTBHSI BOJH
B IJa3Me 3acjyxKHMBaeT caMa no cebe AeTaJbHOTO pPacCMOTPEHUS.
KpoMe Ttoro, Takoe paccMOTpeHHe J0JIKHO OGecneYHTb HeOoOXOMIHMBIR
0asHc assi H3yuyeHHs: oOLLero cayyas B3aHMOAEHCTBUS YaCTHYHO KOTe-
PEHTHBIX BOJH.

Kunra waunHaeTcs ¢ paccMOTPEHHS NPOCTEHIINX NPHMEPOB He-
JIHHEHHBIX SIBJEHU{ DPa3JIMYHOA NPHPOABI, HJJIOCTPHPYIOHX HEKOTO-
pble  xapakTepHble OCOOGHHOCTH HEJHHEHAHBIX YDaBHEHHH TOro Xe
THIIa, YTO H YyPAaBHEHHs, BCTpevalollHecs NpPH NOCTAHOBKE 3JEKTPO-
JHHAMHYECKOH 3ajauyyl HEJHHEHHOro ONHCaHHA mya3Mbl. B yacTHocTH;
006cy3K1a10TCA MPHYHHBI CYINECTBOBAHHUS YCTOHYMBBIX H HEyCTOHUYMBLIX
pelleHH# HEKOTOpPHIX HAeaJH3HPOBAHHBIX MOJEJbHBIX YpaBHEHHH.
OaHO W3 TakHX ypaBHEHHiI BO3HHKAeT B CBsA3W ¢ npobieMoil pocra
HapojOHaceJeHHs, KOTOPHIH, KaK ' OKasblBaeTCs, NpPH OlpejeJeHHBbIX
YCJOBHSX TAKXKE MOXKET HMEeTb HEKOTOPYIO TeHAEHIHIO K B3PLIBHOMY
nosesneHuio (rj. 2).

IIpu BbIBOAE HEJHHEHHBIX JIHHAMHUYECKHX yPaBHEHuil B cjaydae
cn1ab0ji HENHHEHHOCTH BO3HUKAIOT TPYAHOCTH, CBSI3aHHBIE C HaJHYHEM
TaK Ha3blBAEMBIX CEKYJSDHBIX cjaaraeMbix. Jlas ycTpaHeHus 3THX
TPYAHOCTeH OOBIYHO HCHMOAB3YIOT 06K MeTon bBoromo6oa — Kpwl-
joBa [9, 10] uau MeTOx MHOTOBPEMEHHBIX NOCJEN0BATEJbHBLIX TTPHOJH-
»keHnii B ¢opme [11], npencraBasiiomunit cobofi paKTHUECKH OAHY H3
MonHpuKanHii Metona Boromobosa — KpoioBa. Mbl 6yneM npuaep-
JKHBATbCSl, B OCHOBHOM, MeTOJla CBAAI3AHHLIX BOJH [12]; cormacHo eMmy,
UCXOJHble YDAaBHEHHS 3alIHCHIBAIOTCS OTHOCHTEJNBHO JIHHEHHBIX KOMOH-
HallHA NOJIEeBBIX BEeJHYHH (HODMAaJbHBIX KoJeGaHHi), BHI KOTOPBIX
NOJIHOCTBIO ONpeJe/sieTcsl THNOM BOJHBL M CPeAOH pacrnpoCTpaHEHWs.
STOT METOj NPOAEMOHCTPHPOBAH B IJ. 3 Ha NpHMepe BBIBOJAA COOT-
HOHIEHHH, ONHCLIBAIOIIHX TPEXBOJHOBOE B3aHMojeHcTBHe B ropsdeit
6eccTONKHOBUTEIbHOHN Maa3Me (B IHAPOAHHAMUYECKOM NPUOIMIKEHHH).

Yrobwl nccaen0BaTh SHEPreTHUecKHi OasnaHc MeXAY B3aHMOAeHCT-
BYIOIIHMY BOJIHAMH, HeOOXOAHWMBbl BbIpa’KeHUs AJA 3SHEpruH BOJH,
pacnpocTpaHsIOMHKXcss B MaTepHaabHOH  cpene. Takue BHIpaXKeHHS
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BBIBOAATCA B V. 4 A/ KBA3MMOHOXPOMATHYECKOH BOJIHBI B H30TPOI-
HOH cpelle C YacTOTHOH aucrepcued. Tam ke mpuBejeHbl ypaBHEHHS
HeJIMHEHHOr0 B3aMMOAEHCTBHS B MNMpeACTAaBJEHHH HEJHHEHHBbIX TOKOB.
Hcnonb3oBaHne 3TOro NpeRCTABJEHHS, BO-NEPBLIX, NMOJE3HO C TOYKH
3peHHsl TMPOCTOTbl WHTEPNPETALlHH HEJHHEHHBIX B3aHMOAEHCTBHH H,
BO-BTOPbIX, MO3BOJIAET y4yecTb JHCNepCHOHHble 3¢h@{eKTH BbICLIEro no-
psaKa, KOTOpbie He OMHCLIBAIOTCS B paMKaxX METOJa CBSA3aHHBLIX BOJIH
{ra. 5).

Hanee paccMoTpeHbl NPHMEPBI TPEXBOJHOBOrO B3aHMOIEHCTBHSA
Ha OCHOBE THAPOAMHAMHYECKOH H KHHETHYECKOH Mojesed -NJaas3Mbl
(rn. 6). Ilpu 3ToM pomycKaeTCss HaJHYHEe TOCTOSTHHOrO MarHHTHOTO
TI0JId, OPHEHTHPOBAHHOTO BJOJb HalpaBJeHHs PaclpoOCTPaHEHHS BOJH
(nas MPOCTOTH pacCMOTpPEHHE OrpaHWYeHO CJAydaeM, KOrAa BOJHOBbLIe
BEKTOPbl BCEX B3aHMOJCHCTBYIOLUHX BOJIH KOJJHHEAPHEI).

I'n. 7 u 8 nocesawensl 06mEMY pacCMOTPEHHIO CHCTEMBI Tpex
KOT€PEHTHO B3aUMOJAEHCTBYIOMHX BOJIH, BKJIOYasi NIPHMep BOJH ¢ OT-
pHUaTebHOH 2Heprueit M CBA3AHHBLIX ¢ HUMH HeyCTOHYHMBBIX peIIeHHE
B3pbIBHOTO THna. Hasanuve TakHX pelleHH# oO3HavaeT BO3MOXKHOCTb
YBeJHYeHHs] aMIUIHTYA BCeX B3aMMOJEHCTBYIOINMX BOJH 10 OeCKoHed-
HOCTH 3a KoHeuHoe BpeMs. [lonoOHbIe COCTOSTHUS MOIYT HMETb MECTO
B 1eACTBHTE/NBHOCTH, XOTSl Nipele/bHble 3HAYCHHS aMIJINTy] B peaJb-
HbIX YCJOBHfIX, KOHEYHO, OTDAHHYEHBI HM3-3a CyLIECTBOBAHHS pa3JyHy-
HbIX (PH3HYECKHX MeXaHU3MOB HACLIMIEHH.

AHanuTHuecKHe pelLIeHHs CHCTeMbl CBSI3AaHHBIX ypaBHeHHi Bblpa-
JKalTes  4epe3d aJjHnTHYeCKHe GyHkuun (ra. 9). B nanbueiiniem
(rn. 10) OoJsee meTajbHO HCCAELOBAHO YCJAOBHE YCTOAYHBOCTH TpeX-
BOJIHOBOH CHCTEMBl ¢ y4eTOM 3((eKTOB AHCCHMAINHK, YTO NpPEACTaB-
JsdgeT ocoOblii HHTEpec, MOCKOJNbKY KO3(D(HUHEHTH CBSI3H NPH TaKOM
yyeTe CTAHOBSITCA KOMIJIeKCHBIMH. OxrasblBaeTcs, YTO €CJH BEKTODHI,
OTBEYAIOUIHE KOMIJIEKCHBIM KO3((dHUIHEHTaM CBfA3H, JexKaT B OJHOH
TOJIYIIJIOCKOCTH, TO TPEXBOJHOBAsi CHCTEMAa HeJHHEHHO-HeyCTOHYHBa,
npuyeM 3TOT BBIBOj O6JiagaeT CBOHCTBOM HHBAPHAHTHOCTH OTHOCH-
TeJbHO NPeoOpa3oBaHUs UHEPLUMAJNbHBIX CHCTEM OTCYeTa.

B skcnepuMeHTanbHOM OTHOLIEHHH HaunOoJee HHTEpeceH TOT CJay-
Yajl, Koria JuHeifiHble 3aTyXaHHsi B3aHMOJAEHCTBYIOIMX BOJIH pas-
auunsl, Torga BO3MOXKHBI Kak pelleHHsl B3pbiBHOro THma (ra. 11),
TaK W HeJHHeAHO-yCcTOYHBble peumledHs (ra. 12). Ilpu uccnenoBaHun
3THX peINeHH{ HCNOJb3YIOTCS aHAJHTHUECKHE H YHCJEHHBIE METOJHI,
4YTO B KOHEYHOM cHeTe IIO3BQJISIET MNOJYYWTh JOCTATOYHO NOJHOE Npel-
CTaBJeHHe 00 3BOJIIOIHH paccMaTpHBAaeMbIX CHCTeM, HeCMOTpS Ha
OTCYTCTBHE CTPOTHX pelleHHH.

BsaumogeficTBHe JBYX TPEXBOJHOBHIX CHCTEM, HMEIOLWHX OAHY
o6myio BoJHY (T. e. (aKTHYECKW NSTHBOJIHOBOE B3aMMOJEHCTBHE),
paccMorpeHo B 1. 13. Ilpegmonaraercsd, 4yTO OJHA 13 3THX CHUCTEM
CONEPIKHUT [Be MONEpeYHble ¥ OJHY NPOJOJbHYIO BOJHY, a Apyras —
TPH TIPOJOJbHbie BOJHBL, Jlonyckaercs, 4To G6/1arofdpsi HaJHYUIO
B cpelie HCTOYHHKOB CBOOOXHOIH 3HepPruH (TakHX, HANpHMeEp, Kak
MOJIEKYJ/IsSipHAsi TOACHCTeMAa C HHBEPCHOH HaceJeHHOCThIO)  OTpHLuA-
TeJbHOH 3HeprHell MOTyT 00/1afaTb He TOJNbKO NPOJOJbHBIE, HO H TO-
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nepeunble BOJHHL. JTogo6HOe B3anMojeficTBHe NPHBOAHT K YCHJIEHHIO
Y3JTYUEHUS] B ONTHYECKOM H MHKDOBOJIHOBOM [Hana3oHaX.

B cnepyoummx aByx raaBax (ra. 14, 15) H3JIOXKEHB pe3yJbTaThl
HCC/IeIOBAHHS KOTe€PEHTHOrO B3aHMOJEHCTBHS BOJIH C YYE€TOM HEJIH-
HeAHbIX 3((EeKTOB TpeTbero mnopsaka. MeTox HeNHHEHNHOro mnOTeH-
1Hajsa noO3BOJISIET JIETKO HHTEPIPETHPOBATh  (DH3HYECKYIO NPHPOLY
nosyyaeMblx peueHuit. IIpH aBo/oudy B3PBLIBHOTO THIIA HEJHHEHHBIE
abdekTsl 0OecneynBalOT BO3MOXKHOCTb HAacChIleHHs, NpHyeM OJjaro-
Jlaps yuyeTy HeJHHeHHOro CABHMra 4acTOTbl BO3HHKaeT cBoeoOpasHasi
9BOJIIOIHOHHAS KAPTHHA THMA MOBTOPSIOIIHXCS MHKOB KOHEYHOH BeJIH-
yuHbl. Takasg KapTHHA sBJsSETCS TPSIMbIM CJeJCTBHEM KOT€PEeHTHOIO
XapakTtepa B3auMoaeHcTBHS (B npuOSHKEHHH caydaiiHbx ¢as Habiaio-
JlaeTcs TJaBHBIA BBIXOJ Ha ypOBeHb Hachlmedusi). Eme oxno cymect-
BEHHOE pa3JinyHe pe3y/IbTaTOB KOTEPEHTHOrO0 H HEKOrePeHTHOTO
ONMUCAHHK 3aKJIKYaeTcsi B TOM, UTO HHKpPeMeHT KoJjeOaHHi npu Kore-
PEHTHOM B3aHMOJEHCTBHH pAaBeH KBaApaTy aHAJOTHYHOA BeJHUYMHBI
JIJIsl CHCTEMBI BOJIH CO CJIYYaHHBIMY (paszaMi.

THOHYHBIM NpPHMepoM (QH3HYECKOH  CHCTEMBI, B KOTOPOH MOryT
OJHOBPEMEHHO pacnpoOCTPaHATbCS BOJHBl C IOJOXKHTEJNBHOH H OTpH-
LaTeJbHOH HEpPrHeH, CJAYMKHT cHCTeMa nJja3ma — nydok. ['mapoanHa-
MHYECKOe M KHHETHYeCKOe ONHCAHUsS KOTePEeHTHOTO B3aHMOAEHCTBHA
BOJMH B TakoH cHcTeMe paHbl B ra. 16. Tam ke nmpuBegeHbl MHOro-
YyHcJeHHBiE pacueTHble pe3yJabTaThl, ONHCHIBAIOIME 3aBHCHMOCTH
K03 (HUHEHTA CBSA3H OT CKOPOCTH YACTHIl M NJIOTHOCTH Iy4Ka, a TaK-
JKe OT TeMNepaTypPHbIX H CTOJKHOBHTEJbHBIX 3()(eKToB. DTH pe3yb-
TaThl NOKAa3bIBAIOT, YTO NMPH THIHYHBIX 3HAUCHUSAX TapaMeTPOB NJa3Mbl
H TyYKa BO3MOXHOCTb pa3BHTHS B3DBIBHOH HEyCTOHYHBOCTH B pac-
CMaTpPUBAEMOH  CHCTeMe He HCKJIodaeTcsi, HO JJd ee peaJM3aliH
TpebyloTcsi OOJbLINE HAaYaJbHBIE 3JIEKTPHYECKHE MO,

[Ipu ompejesieHHBIX YCJIOBUSIX Ha BPEMEHHOE DA3BHTHE CHCTEMBI
KOT€PEHTHO B3aHMOJEACTBYIOIHX BOJH MOTyT OKa3blBATb BJIHSHHE
AucnepcHoHHble 3¢ deKkThl BTOporo mopsiika. B wacTHocTH, 6marogaps
UM HHorja BO30yxkpaaeTcsd KoJseOaTesbHBIH Npounecc HOBOrO THNA —
TaK Ha3blBaeMble [IHMCHEPCHOHHbIE OCUHJIISIHH, TOABJEHHE KOTOPBIX
CBsI3aHO, TIJIABHBIM 06pa3oM, ¢ HeOOXOJUMOCTBIO  YIOBJIETBODEHHS
HayaJbHbIM YCJOBHWSIM [JIl BTOPBbIX IIPOH3BOAHBIX IO BpPeMeHH OTHO-
CHTEJIbHO TOJIEBbIX BeJHYHH, BiMAHHe IHCIEPCHOHHBIX OCUMJIALHA
MOXKeT ObITb 3HAYHTENbHBIM, €CJAH HX 4acToTa TOTO XKe mopsiika, 4To
M 4acToTa BOJHBI (. 17).

B npupoae B3auMojnelicTBYyMOIIlHe BOJHBI OOBIYHO YACTHYHO KOTe-
peHTHBI. [103TOMY TpajHUMOHHO HCIOJNb3YEMble METOABl HCCIeILOBaHHSA
HeJIMHeHHBIX B3aUMOAEHCTBH (METO] KOTePEeHTHOro ONHCAHHUS H MeTOJ
cayuaiiHbix ¢da3) cjaenyeT paccMaTpPHBATL JIHLIb KaK aJbTepHATHBHBIE .
npuOJIMIKeHHs K peasbHOH ¢(u3nyeckol kapruHe. Ecan B onpeneseH-
Hbl MOMEHT OjHa BoJIHA 00J1ajaeT HEKOTOPHIM pacnpenesneHueM ¢as,
a (asel OCTANbHHIX BOJH (HKCHPOBAHBI, TO B Iipollecce HeJHHeHHOH
3BOJIIOLIHH CHCTeMBl pacnpefesnenne $as Ttakxke OyJIeT H3IMeHATbCH.
B nrtore Moryt HaO/0AAaTbCs TaKHE HHTepecHble 3Q(MEKThl, KAK yUIH-
peHue u ¢okycuposka $as. B cBa3u ¢ 3tum B 1. 18 paccMorpena
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BO3MOXHOCTb ONHCAHHA HeJHHEeHHOro B3aHMOJEHCTBHA BOJIH ¢ KOHed-
HOW IIHDHHOM cNeKTpa B NPOCTPAHCTBE BOJHOBLIX 4Ynces. [IpuBeneH-
Hble TaM JaHHbBle YHCJEHHOTO aHaJjM3a NOKAa3blBaloT, KaK YIIMpeHHe
¢as, cBsI3aHHOe NePBOHAYAJbHO C OJHHM BOJHOBLIM NAKETOM, TMOCTE-
NEHHO MePEHOCHTCS Ha [APYTHe MaKeThl, TAaK YTO IO MpOUIeCTBHHU AOCTa-
TOYHOT'O BPEMeHH BCe MaKeTbl HMEIT NPHMEPHO OJAHHAKOBOE paciipele-
JeHne ¢as. PeaynbTupyoomee cTallHOHAPHOE COCTOSIHHE COOTBETCTBYET
NPHOMHIKEeHHI0 xaoTHYecKHX (a3. Takum o6paszoM, MeToA, HCIOJb3O-
BAHHBII B IJ. 18, M0O3BOJsIET NIPOCJAENHTb HEHNPEPBIBHLIA Mepexo] OT
HEJHHEHHOH CHCTEMBl KOTE€DEHTHBIX BOJH K CHCTEMe BOJIH CO CIydYai-
HbIMH (hazaMi.

K knmaccy Hanbosee HHTEPECHBIX HesJMHEHHBIX 3()(EKTOB B IiasMe
NpPHHAAJEXKAT Te HABJEHHA, KOTODbie HabMIOAAKTCS NPH BO3AEHCTBHU
Ha J1a3My MOIIHOTO 3JI€KTPOMArHHTHOTO U3JayYeHus. ITO Ipexe
BCEro PasjHyHbie MPOLECCH BBLIHYXKJAGHHOTO PAaCCESHHSI: HHAYyHHPOBAaH-
HOe paccesiHHe, BBIHYKJAEHHOe paccesiHue Maunenbmrama—bpuanios-
Ha, KOMOHHAIMOHHOE H KOMITOHOBCKOe paccesinus. MccaeloBaHusA
3THX IIPOIECCOB HMeI0T HEeNoCpPeACTBEeHHOE OTHOLIeHHe K mnpobJeMe
JIA3ePHOTO TEPMOSAePHOro CHHTE3a, TaK Kak Mnpeinosaraercs, 4To He-
JHHeHHas CBA3b MeXK/Jy BOJHAMH XapakTepHa AJs MJa3MEHHOH
KODOHH, 00pasyoluelicss NPH BO3LEACTBHH Ja3€PHOTO H3JyYeHHS Ha
TEPMOSLAEDHYIO MHIHEHb, JKCHEPHMEHTbl TOKa OCTABJSIIOT OTKPBITHIM
BONPOC O KOJHYECTBEHHOM BKJaJe 3THX NpPOLeCcOB B 3Heprofaganc
yCTaHOBOK, TeM He MeHee HeOOXOJHMOCTh BO3MOXKHO 6oJee rjyB60KOro
NOHMMAHHA TaKHX NPOUECCOB NPEJACTABJASETCS BINOJHE OYeBHIHOMN.
MozkHO oxuzaTh, YTO NO Mepe AajbHeHIIerc pa3BHTHS JHarHOCTHYe-
CKOHl TEXHHKHW, [OBBbILIEHHS HHTEHCHBHOCTH J1a3€DHOTO H3JYYEHHHA U
nposeleHHss Bce OoJlee HIHDOKHX  YHCJEHHBIX  SKCIIEDHUMEHTOB
OTKPOIOTCSI HOBble BO3MOXKHOCTH JJIl CPaBHEHHS TeOPETHUYECKHX Npej-
CKA3aHHA C 3KCIEPHMEHTAJbHBIMH AaHHbBIMH [13, 14] (ra. 19).

AwasnornyHas cuTyainHs WMeeT MeCTO H IIPH HarpeBe MJIa3Mbl
BBICOKOYACTOTHBIM H3JyYeHHeM (B 4YaCTHOCTH, H3Jy4YeHHeM, 4acToTa
KoToporo OJ/H3Ka K HM:KHeHd rHOpHAHO# yactore). Okupaercs, 4TO
TaKOH cnoco6 HarpeBa HOHOB OyaeT 3(¢hEKTHBHbIM B TOPOHAAJBHBIX
YCTAHOBKAaX, HO B HACTOsLIee BpeMs Aa/jeKO He SCHO, B KaKOH cTe-
NeHH Tpoiecc Harpesa OyaeT 3aBHCeTb OT HeJHHeHHBIX 3¢ (eKTOoB.
B npoBeneHHbIX sa60paTOPHLIX H YHCJAEHHBIX 3KcnepuMeHTax [15—17]
HeJHHeHHble 3¢ ¢ekThl Ha0/M04aJHCh, HO TOJBKO OyjyllHe HCCJAEAO-
BaHHA C H3JYYEHHSIMH OOJbIIOH MOILHOCTH TPOJBIOT AONOJHHTEIbHBIH
cBeT Ha 3Ty npobseMy M NIOMOTYT OKOHYaTeIbHO DpeWHTb BONPOC
0 BJ/IISIHHH Pa3JMYHbIX MPOUECCOB HA HATPEB MJIA3Mbl.

B cuny ckazaHHOro mOHSATEH HHTepec K mpobJeMme B3aHMOJEHCT-
BHsSI MOILHOTO 3JIEKTPOMAarHUTHOTO  H3JYYEHHS C MAarHHTOAKTHBHOH
niaasmoii (ra. 20). B npuHuHme MeToJ CBA3AHHBLIX BOJH, HCIOJbB3O-
BaHHBIA B TJ. 6 NMpH PACCMOTDEHHH HeJHHEHHOro B3aHNMOJEHCTBHA
BOJIH, PACHPOCTPAHSIOHNXCS BAOJb MAarHuTHOIO N0, NPHTOJeH TaKKe
M B CJyyYae [ONepeyHoro (a cJelOBaTe]bHO, H MPOH3BOJBLHOrO)
pacnpoctpaHenus BoaH. OxHako B . 20 ¢ WIIOCTPAaTHBHOR LEJIbIO
UCTIOJb3yeTCs] HHOW METOJ, a HMeHHO [apaMeTpHYecKHH MOJXox,
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B paMKax KOTOPOTO HCCJeAyeTcsl B3aMMOJeHCTBUE CHJBHOH 3JEKTPO-
MarsuTHOH BOJIHB HAKauyKH, pacnpocTpaHsiolleiicss NepneH uKyJIsIPHO
K HanpaBJ/JeHHI0 MAarHHTHOTO TMOJs, ¢ HeOObIKHOBEHHOH BOJIHOH
(HM>KHern6pUAHON WKW BeDXHern6puAHOH) W APYrofi OBLIKHOBeHHOH
Boauoil. [Ipu 3TOM yYHTHIBAIOT He TOJBKO JHHAMUKY 3JeKTPOHOB
H HOHOB (MOHOB BOZOPOAA HWJAH €ro H30TONOB B TEePMOSepPHON
mIa3Me), HO TakKxkKe W BJHSIHHE TSKeJbX [PHMECHBIX HOHOB C BBICO-
KOl CTeNeHbI0 HOHH3aUWH (HANDUMEp, WOHOB KHCJIOPOJAa, yraepoaa,
mosnbnena). Hanudue TakUX npUMECHBIX HOHOB OYeHDL CYIECTBEHHO
CKa3bIBAETCS Ha cBOHCTBAX TePMOSIAEPHON MJa3Mbl H3-3d HX BBICOKHX
3apaaoBbIX yHcesa. B ra. 20 npuBeneHsl BeIpaXKeHUS Q151 HHKPEMEHTOB
U TIOPOrOB DA3BHTHS HEYCTOHYHBOCTH MNPH B3dHWMOAEHCTBHH paCCMar-
puBaeMOro BHIA, 4 TakXe 00CYxKIdeTcs 3aBHCHMOCTb 3THX BeJHUHH
0T paccTPOHKH 4acTOThl. B wacTHOM cJydae, IpH OTCYTCTBHHM MArHHUT-
HOro M0Jisl, MOJYYeHHble BHIPAKeHHS OIHCHIBAIOT BBIHYXKAEHHbIE I1PO-
uecchl paccefnns ManpensiitamMma—Dbpu/mosHa u KOMOHHAUHOHHOTO
paccesiHus C yUeTOM BJHSIHHUS IpUMeced.

dopMaslu3M TEODHH B3aHMOIEHCTBUS BOJHA — BOJHA NDHMEHHM
TaKKe W [Jsi HeJHHEeHHOro B3auMOAeHCTBUS JBYX BOJIH C 4acTHLAMH
H1a3Mbl. ITO HJMIOCTpuUpyeTess B . 21, rpe nmokasaHo, 4TO Hepeso-
HAaHCHOe B3aUMOJeHCTBHe ABYX BOJIH C TPeThed NPH yueTe 3aTyXaHus
Jlanpay mnocrepHeii MOMKHO HHTEPHNPETHPOBATh KaK B3aHMOAEHCTBHE
BOJIHA — YACTHIA MeX]y MNepBUYHBIMH BOJHAMH H YacCTHUAMH, CKO-
POCTH KOTOPHIX COBNANAIOT ¢ (PA30BOH  CKOPOCTHIO BOJIHB OHEHHH
{(HesuHeliHOe 3aTyxaHue JlaHzpay).

Paccmorpenne KOrepeHTHOro HeHHEHHOrO0 B3aUMOJEHCTBHS BOJH
3aBepluaercs ra. 22, B KOTOPO# 34TPOHYT BOMNPOC AHOMAJBLHOH AHY-
{y3uHl 4YacTHU  [Ja3Mbl, CBS3dHHOH ¢ He/JHHEHHBIM BO30YXKIEHHEM
KOHBEKTHBHBIX ABHUMKEHHI 3THX YaCTHIL.

CslenyeT NOAYEPKHYTb, YTO T[JIABHOe BHHMAaHHe B KHHIre V/EJEHO
TOMY XJaccy He/JUHEHHBIX sIBJeHHH, KOTOPHIHA, 0 MHEHHIO aBTOPOB,
He HallleJ [0 HACTOSIIETO BPeMEeHH AOJKHOI'O OCBELIEHHS B JHTepa-
Type. B nocienHee gecATH/eTHe BBINOJHEHO TAK)Ke 3HAUHTEJIbHOE
YHCIO 3KCMNePHMEHTaNbHBIX paboT MO HeJHHeHHOMY B3aHMOJEHCTBHIO
BOJIH. Kpatkuii 0630p 3Tux paboT COAePKUTCH B IV1. 23.

OTMeTUM TakKe, UTO paccMOTPEHHE MHOTHX BOIPOCOB B KHHIE
TECHO CBSI3aHO C TAKHMH HHTepecHbIMH INpobiemaMu, kax obpasoBa-
nde coautonos [18)], daykryauun B nuasme [19—24], TypOyseHTHOCTD
naasmel [3—5], HO 3THM BONpocaM MnocBsineHo GoJbloe uucao pabort,
¥ [03TOMY MBI NMOYTH He OyaeM HX KAcCaTbCs, 34 HCKAIOYeHHEM XpaT-
KOro o6cyXKaeHns 1npobjeMbl o6pa3oBaHusl COJHTOHOB B IJ. 19.
BMecTte ¢ TeM B KOHIe KHHIHM (I/1. 24) mpHBeleHH CBOJAKA OCHOBHBIX
HanpapJeHH#  HeJHHEHHBIX MJA3MeHHBIX HCCJAeJIOBAHHHA M BecbMa
OOUIMPHBIA CNHCOK JHTEPATYyphl, KOTOPHIH BKJOYaeT paboThl 10 BCEeMY
CTIEKTPY COBPEMEHHBIX NPOGJEeM TEOPHH HeJNHHEeHHOro B3AHMOLEHCTBHS
BOJIH B NJiasme, CTOJb HHTEHCHBHO pasBuBaiollefics B NocjegHHe
roan [25—30].

3HauynATeJqbHOE BHHMaHHe B COBDeMeHHOH (H3HKe IJTa3Mbl yle-
Jisietcss  npobJsieme CTOXACTHUHOCTH — yacTull u noJei [31]. B cBaAsn
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C 3THUM MOJE€3HO 3aMeTUTh, YTO MPOCTHe YypPaBHEHHS TPeXBOJHOBOIO
B3aHUMOJAEHCTBHSA, KOTOPhe NOAPOOHO aHaJU3UPYIOTC B HacTosUIeH
KHUre, MOTYT MPHUBOAHTHL K ONHCAHHIO TAaKHX XApPaKTEeDHLIX SIBJEHHH
CTOXACTHYECKOH MPUPOAB, KaK Oudypxauus H CTPaHHBIE aTTPAKTOPHI
(cM. c. 403—423 B {31]). ‘

11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.

22.
23.

24,
25.

26.
27.

28.

29.
30.

31.
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I'JIABA 2 '
NMPOCTBLIE NPUMEPBI HEJIMHEWHBIX SIBJIEHUH

Ilpnpona n KH3Hb HACTOJAbKO OOTATHl HeJHHEHHBIMH SBJIECHWSIMH,
4TO UX NPUMEeDH MOXKHO HAaHTH npaktvuecku Bcioay. [Ipoueccel, npo-
TeKawiuiue B 2KHBBIX ODPraHu3Max, HepeAKO 3aBHCAT OT HeJHHeHHbIX
3¢ PeKTOB. IKOHOMHYECKOe DA3BHTHE, ONpenessieMoe CIPOCOM H fpej-
JOXKEHHEeM, OMNUCHIBAeTCSl HEeJHHEeHHBIMH COOTHOILEHHSIMM OTHOCH-
TeJbHO TAKHX AHHAMHYECKHX MepPeMEeHHbIX, KadK YPOBHHU I1POH3BO/CTBA,
noTpebJeHHs] W YUCJEHHOCTh HaceseHuf. TeopeTHUecKHil aHaMu3 IO-
ZOOHOrO poAa CHCTeM BO MHOTOM HanOMHHAeT aHA/H3 AMHAMHYECKUX
NpPOLLECCOB B IJ1d3Me.

Hennuefinole 3Q@eKTH MOTyT ONPEenesiTh YCTOHYMBOCTh HJH He-
YCTOHUHUBOCTD TeX HJAH HHBHX cucTeM. [lepemeHHbie, onuceBalOUINE
CHCTEMY, HHOTJa AOCTHTAIOT 3KCTPeMaJsbHO GOJBUIHX 3HAUEHHH B pe-
3y/bTaTe BHEIIHHX BO3JeHCTBHHl (KAK B cjoyude MasiTHHKA) HJAH HCIIBI-
THIBAIOT NapaMeTpuueckoe YCHJIEHHE NMPH YCJAOBHH, YTO BO3MYINAIONLAS
CHJ/1a HMeeT ONpeAeJeHHBI NepHOI H MOZXoasIlylo (asy, T. e, corja-
COBaHa BO BPeMeHH ¢ paccMartpuBaemoit cucremoil. [Ipu omnpeaeneH-
HBIX 3HAYEHHAX NepHoxa M (Pa3bl B3aUMOAEHCTBYIOLINX BOJH B IlJa3Me
MOTYT BO3HHKAThb pe30HaHCHBle 3(@eKTH, U TOTAa JIHHAMHYECKHE
Ap/eHns npuobperalorT ocobeHHo sipkuii xapakrtep. Ha Brlcuieit cra-
JHH DAa3BUTHS TAKUX 3PQPEKTOB NPOHCXOAHUT  KOTEPEeHTHOe B3aUMO-
neficTBHe BOJIH.

Cyas no 6ubneiicKuM npegaHusaM, BaXKHOCTb KOTePEHTHBIX B3aHMO-
LelicTBUH 6bl1a oco3HaHa emlie B XIV B. 1o Halied 3pbl, KOrga CTeHb!
Hepuxona pyxuyJu B pesyJprTare KoJJIanca 3BYKOBHIX KOJeOGaHHI.
A co3zaHne KOTEPEHTHBIX NyUKOB CBeTa ¢ MOMOLIbIO CTHMYJHPOBAH-
HOrO U3JIydeHHs] B HallleM BeKe — caMas COBeplUIeHHasl peaJu3alusf
¥JeH KOTeDEeHTHOTO B3aWMOJLEHCTBHS H3 BCeX, KOTODble KOraa-ianbo
3HaJ Mup.

KorepeHTHoe B3auMojeHCTBHE BOJH B IJa3Me H B3aHMOAeHCTBHE
BHELIHEr0 KOTeDEeHTHOTO H3Jy4eHMs ¢ MJIa3MOil — TeMa, KOTopylo Mo
caMoil TpHpPOJe HeJ b3 paccMaTpHBAThb Kak TPHUBHaJbHy. [loydu-
TeJbHO HAa4aTh H3yUeHHe 3TOH TeMHl ¢ HeCKOJBbKHUX MPOCTHIX NPHMEPOB
HeJuHefiHoCTeH, NpeaHa3HaYeHHbIX AJ51 AEMOHCTPALHMH CYLIECTBEHHBIX
ocobeHHOCTell aHaau3a Tex npobJeM, KOTOpHE OyAyT 06CYXKAATbCS
B gaJipHedeM,

IlapaMeTpuueckas HeyCTOHYHBOCTD

PaccMoTrpuM npexze Bcero cBsi3aHHble yPaBHEHHS, ONHCHIBAIOIIHE
napaMeTpHUYECKYI0 HeyCcTOHYHBOCTb. [lycTh AHHaMHYeCKHe MepeMeH-
Hble 72y ¥ By NOAYUHAIOTCS yPAaBHEHUSAM

dn,/dt = c,nyn.,; (2.1a)

dn,/dt = c,nyn,, (2.16)
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THA€ fo— MOCTOSIHHBIH [apaMeTp M BCe BeJHYHHbl BelleCTBeHHHIE.
Jlast 6obIIuX 3HAYeHH / pellieHHe CHCTeMBbl HMeeT BH/L

n, ~ exp [no'l/c—l_c; tl; } 2.2
n, ~ exp [n, Veoe, tl.

B npeanosiokeHuM, uTO €; U Cy NOJOXKH-

U ] TeJbHbI, 3TO pelIeHHe ONHCHIBAET 3KCIOHEH-
' nuaJjbHoe HapacraHue (puc. 2.1), CcKOPOCTb

KOTOPOTO YBEJUHUYHBAGTCH € YCHJEHHeM CBSA3H

) 1 pocToMm napamerpa np [1]. Ecan Xe ¢; U ¢y
74,015 OTPHLATe/IbHBEl, TO NPH MaJblx [ obe aMmmNau-
Tyan Oyayt cradana y6wiBath. OgHakKo 1o

Y NpOLIeCTBHH HEKOTOPOro BpEeMeHH OAHA H3 aM-

Prc. 2.1 Sxcnonenumans. WIHTYA CTaHeT —OTpHuaTtespHOfl, a apyras
Hoe napactanue apyx ma- HAYHET OSKCMOHEHUHATIBHO pacTH (JHIIL MpH
paMeTpuyecku cBf3aHnbX OUYEHb CII€IHAJbHOM Bb160pe HayaJbHBIX YCJO-
JMHAMHYECKHX BEJHUHH C  BUH MOXeT HaOb/I0AaThcsl HHOE IOBeAEHHE).
OAAHAKOBBIMA — HAYa/bHbI- [Ipn Hanuuuu 3aTyxXxaHus BMECTO YypaBHe-
MH 3HAY€HHUAMH o

uuft (2.1) caenyer nucarb

dn,/dt 4+ biny = cings; }

(2.3)
dnyjdt —+ byny = conghy,

rae by u by — nunefiHble KO3(P(HUHEHTH 3aTYXaHHS OHHAMHYECKHX
nepeMeHHBIX #; W fz. W3 cucreMbl (2.3) BHUAHO, YTO pelleHHsI BHIa
Ny 2~ exp(if) CyLIECTBYIOT NPH BBHIIOJHEHHH COOTHOUIEHHS

2
(A + b)) (A + by) = cCono, (2.4)
U3 KOTOPOro cJeayer, 4TO IKCMOHEHIHAJbHO HAPACTAIOLIHE pelleHUs

2
(A>0) BO3MOXHBI JHUIL NPH YCJA0BHH bib.<cCicong. TakuM obGpasom,
CYLIecTBYeT [OPOroBOe 3HAYEHHe IapaMeTpa fly, HAUHHAS C KOTOPOro
pa3BUBAaeTCs HEYCTONUYHBOCTb, & HMEHHO

fly = (blbz/clcz)l/z- (2.9)

DT0 BHIPAXKEHHE ONpejesasieT NOPOr NapaMeTPHUYECKON HeyCTOHYHBOCTH,
cOYC/IOB/IGHHDBIH HAJHUYMEM JIHHEHHOTO 3atyxauus. bosee obuue cuay-
Yau paccMOTPEHH B rJ1. 9.

Tpu n3Menswmnecs aMIJIATY bl

[IpennosoXuM Tenepp, 4YTO MapaMeTp A, TAKXKe IOJYHHSETCS
‘ypaBHeHuio tuna (2.1), 1. e.

dn,/dt = cqnn,, (2.1.8)
a BeJIMUHHBI 1] U Ny NO-NIPEKHEMY YIOBJETBOPSIOT ypaBHeHusM (2.1a)
n (2.16). Kpome toro, 6yneM cuutarb, YTO Ha HayaJbHOH CTAAUU

npouecca He>>ny, Ny KU Bce K03(P(UUHEHTbl CBf3H Cj — BeJHUYHHBI
OAHOrO NoOpsinKa. Torga H3MeHeHHEe 7y OTHOCHTEJNBbHO MaJO U IOBeje-
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HHE n; U ny NPHUMePHO TaKOe Xe, Kak Ha puc. 2.1. OxgHako npu noJjo-
JKUTEJIbHBIX C; W C BEJHYHHB 1y U My, NOCTENEHHO yBEJIHYHBASCh, HA
onpeseseHHONH CTAAWW MPOLECCA AOCTHTHYT 3HAUEHHH, CPaBHEMEIX
¢ no. Ha atofi cragnu mnpeneGperkeHue H3MEHEHHEM Ny CTAHOBUTCS
He3aKOHHBLIM, TOTJA B CXeMy pPaccMOTpPeHHS HeoOXOAHMO BKJHOUHTDb
ypasuenue (2.18). Bosmoxunl gBa cayuas: >0 u ¢p<0.

!
¢ l
| Ui
| 7
Ty | ¢
|
A m,n.
| 12
| 0 t
!
’77’”2 -~
0 ) t“fl '
Puc. 2.2. [lepexon oT 3KCNOHEH- Puc. 2.3, HacbliieHne mapaMeTpHuecKo
I[HAJBbHOTO HapacCTaHHs K B3pBIB- HeyCTOHYMBOCTH H CaMOCOIJIaCOBaHHOE
HOMY HeJlHHeHHOe B3aHMOAEHCTBHe Tpex MH-

HaMHYeCKHX BEeJHYHH

Ecan ¢>0, To ny 6yner yBe/iMYHBAaTLCS CO BPEMEHEM, UTO, B CBOIO
odyepenb, NPHBEAET K YBEJHYEHHIO CKOPOCTH HAPACTAHHS NepeMeHHBIX
ny U ny (puc. 2.2). B KOHEUYHOM cueTe HOJYUHM TaxK HAa3BBAEMYIO
B3PBIBHYIO HEYCTOHYHBOCTH [2], Korja Bce aMMJINTYAbl YBEJHUHBAIOTCSH
10 OECKOHEeUHOCTH 3a KOHEUHOe BPeMs [ MO 3aKOHY

nj~(tw — ). (2.6)

Ecan ¢y<<0, TO ny, a BMecTe ¢ HUM H CKODOCTH pOCTa Ay H Mz OyayT
yMeHbIIATbCS, YTO BBI30BET HACHILEHHE NapaMeTPHUECKOl HEeyCTOH-
yupoctn (puc. 2.3). Ilpn pomosunutespHoM ycaoBuu #;(0) =n,(0) nas
60JblINX [ NOJYYHM CTALLUOHADHOE PEllleHHe.

Yuetr KyGuueckoil HelMHeHHOCTH

Ilycrs Bce ¢j=c>0 u Bce n;=n. Toraa HCXOJHOe HeJHHEHHOE
ypaBHeHHe, 3aNHCAHHOE C y4eToM KyOHYeCKOro caaraeMoro, HMeer
BUT,

dn/dt = bn +- cn® -+ dn®. 2.7

‘PaccMOTPUM YacTHBIA ciayuyafi, KOTAa Ha HAYaJbHOH CTAaAHu Mpolecca
JOMHHHDYeT- KB4 paTHYHOe cJjaraemoe, a KyOHUeCKHMM c/jaraeMbiM
‘MOXKHO npeHebpeub. Torga BAHsSHHE JUHEHHOTO CJ1araeMoro CBOJAMTCH
K U3MEHEHHI0O BpeMEeHH Pa3BUTHS B3PLIBHOH HeycTo#uusocTh (puc. 2.4)
COMJIACHO COOTHOLICHHIO

to = (1/b) [1 — exp (— bTw)], (2.8)
T1€ T — BPEMS Pa3BUTHsI HeyCTOHYHBOCTH 1ipu b=0.
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OaHako ¢ yBeJquyeHHeM AaMILVIMTYAbl 7 KyOHUecKoe cJaraemoe
CTaHOBHTCS Bce 00Jee CYIIECTBEHHBIM W B KOHEYHOM cueTe npu d<<0
NpUBOAUT X crabuiusauun HeycToiuusoctu (puc. 2.5). Ecau snunei-
HOe cJjlaraeMoe Ha YpOBHE HACBIIIEHHsT OTHOCHTEJIbHO Manao, TO 3TOT
YPOBEHb ONpeesieTcsl CAeAYIOMIHM [PHOJNHXKEHHBIM BBIPAXKeHHEeM:

Nyac ~ —c/d + bjc. 2.9

YuurblBas 3alasgbiBaHhe B CTAaOUW/IH3UDPYIOLIEM cjaaraeMom, T. e.
nepexoas K HeMapKOBCKOMY omnucanuio [l], nosyyaeM OCHH/IHPYIO-
IHA peXXuM MNPUO/IHKEHHS X ACHMITOTHYECKOMY 3HaueHuio 7. Ilpn
3ToM 3(QexT HacbhileHHs yAOOHO ONHCHIBAThL, BBOAS B KBaJApATUYHOE
cjaraeMoe nepeMeHHbI# K03 PUUHEeHT Buaa

c(ty = c[l + (d/eyn (t— )], (2.10)

rie T— BpeMs 3alepXKu cTabHJIH3HPYIOWIEro MexaHuaMma. Dddexr
3amasblBAHUSI He BJIUSET Ha DABHOBECHBIl YpOBeHb HACHILEHHS, HO
TMPUBOAUT K KojeGaHusIM 3HAYEHHH M ¢ NepHogoM MNopsaka 4t
{puc. 2.6). Pelenne, kauecTBEHHBIH BHA KOTOPOro NoxasaH Ha puc. 2.6,

| & )
.. | LA
! I '
=011 6«0 :
|
| |
|
l 1
[ tat 0 t 0 t
Puc. 24. VYsenndenne Puc. 2.5. Hacbiwenne Puc. 2.6. Hacriwenne
BpeMeHHn PasBHTHA  B3pbLIBHOH  HeyCTOHuUM-  B3PHIBHOH  HeYCTOHYHBO-

B3DBIBHOH  HEYCTOHYM- BOCTH IPH Yyuere Ky- CTH NPH yuyeTe OTPHIA-
BOCTH TIPH BBEAEHHH  OHUeCKOH  HEJHHEeHO-  TeJbHO ONpeaeJeHHOH 4a-

OTpHIATENBHO onpe- CTH CTH KBajpaTHYHOrO CJaa-
A€JIeHHOTrO HeJIHHeN- raeMoro, MPONOPIHOHAJb-
HOI'O  CJIaraemMoro Hoi n(t—7). Ilpubanxke-
HUE K aCHMITOTHYECKOMY

3HaueHHIO 06yCJI0B/IEHO

JHHEHHBIM CJIaraeMbIM

npejcTaBjisgeT OCOOGHI HHTEPec, TAK KaK OHO HMeeT Ty XKe CTPYKTYDY,
YTO W NPH cTabWiIH3aluyu B3DLIBHOH HEYCTOHYHBOCTH B pe3yJbTaTe
TPEXBOJIHOBOTO KOrepeHTHOro B3aumopeHcTBus [3]. 3agepkka ofiuchl-
BaeT (asosblii 3Pdext. [Ipn >0 s3TOT 3ddeKT HCyezaeT, TAK UTO T
MOXKHO PacCMaTPHBATh KaK BPeMsi KOrePeHTHOCTH.

IIpocteie ypaBHenuss tuna (2.1) wau (2.7) onucHBAOT MHOTHe
ABJeHHS B QU3UKE, XMMHH, OHOJOTHH U T. . B nociepymomux riaasax
nogo6Hble ypaBHEHHS MCCAEAYIOTCST B CBS3W ¢ NpoGJjeMoll HeJuHel-
HOrO B3aHMOAEHCTBHsI BOJIH. Becbma crnemuuyHO ITpHMeHeHHEe 3THX
‘'ypaBHeHnit K npobseMe pocra HapoaoHacesdeHus. MonenabHOe ypaBHe-
HHe, ONHCHIBaIONIee H3MeHeHHe YHCJIEHHOCTH HaceJeHHs 3eMJIH, MOXK-
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'HO NPpeaACTaBUTb B BHIE

dn/dt = c(f) n* - b(f) n, (2.11)
rae c¢(t) >0 [4]. Pewns 3T0 ypaBHeHHe, TOJYIHM

at) = n(0) exp [f bt dt'] { 1—n(0) | di’c (¢") exp [ 1% dt’]]_l. 2.12)
0 0 0

CootHouienne (2.12) yxasbiBaeT Ha BO3MOXHOCTb B3PhIBA, MOMEHT
KOTODOTro OfnpejesieTcss ypaBHEHHEM

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

W3 pasencrBa (2.13) BUAHO, YTO A8 HCKJ/IOUYEHHST BO3MOXKHOCTH
B3PbIBHOTO IIOBEJEHHSI €r0 JeBas YacTh AOJKHA OCTABATLCH MeHbUIel
‘€IHHHUIbl TIpH JIO6bIX BpeMeHaX. KoOHe4YHO, B SBHOM BHJe pelieHHe
n(f) MOXKHO MOJYYHTb JIHIIL INPH H3BEeCTHBIX Koahduuuenrax c(f)
u b(t). 3agaua yclOXKHSIETCs ellle W TeM OGCTOSITENLCTBOM, YTO MPH
Oo/IbLIMX aMIVINTYAAX Ko3(pduuueHt c(f) craHOBUTCH (YHKUMeH n
tuna (2.10). [ToatoMy He06XOAHMO UHCIEHHOEe HHTerpupoBanue (2.11),
KOTOpOe M ObLIO BBINOIHeHO B paborte [5]. B pesyabprate mokasaHo,
YTO H3MeHEHHe YHCJeHHOCTH HaceseHUs 3eMJu 3a nochaejguue 325 jer
C HEeOXKH/JaHHO BbICOKOH CTelleHb0 TOUHOCTH ONHCHIBACTCS YPaBHEHHEM
(2.11) npu noctosiHHBEIX K03dduuueHtax ¢ u b (¢>0, b<<0). Tam xe
OLEHEeH YpOBeHb HAchllleHHs, 00yCA0BAEHHbIH KyOHUECKHM caaraeMbiM
Tuna (2.10). :

Eue oann npuMep ucnonb3oBaHusi ypaBHeHus (2.11) (Ha 3TOT
pas ¢ OTpPUUATENbHBIMH ¢ U b) — npobjema u3MeHeHUS IJIOTHOCTH
€BOOOJHBIX 3JEKTPOHOB B aTMochepe 3emau. Ciaraemble Npasoii
YACTH TOT/Ja ONHCHIBAIOT NPOLECCH PEeKOMOHHALUH  3JEKTPOHOB Ha
HOHAX W NPUJIUNAHUS 3JEKTPOHOB K HEHTDAJbHBIM aTOMaM COOTBETCT-
BeHHO. Takune mnpouecch TPHUBOAAT K YMEHbUIEHHIO MJIOTHOCTH CBO-
OO0LHBIX 3JEeKTPOHOB, NPUUEM cJaraemoe, NPOMNOPIHOHAJIBHOe 72, POp-
MaJbHO BO3HHMKAET B PEe3YJIbTATe NEePeMHOKEHHs JEeKTPOHHBIX W HOH-
HBIX IJIOTHOCTEH H.=n;=1n.

YpaBuennss Buaa (2.11) ¢ OTpHLATENBHBIM € W IOJOXHTENb-
HBIM b HCNOJB30BAJNHCH TAKKE AJS MOLENHDPOBAHHS AHHAMHKH YHC-
JIeHHOCTH MONyJSUH{l, KOTOpas cHauasa 3KCMNOHEHUHAJLHO PacTerT,
a 3aTeM HAacBILAeTcs W3-3a BJAHSHHA CJaraeMoro BTOporo nopsaxa [6].
Tlpn Hanuuuu ABYX TOMYJMSMUHA MEX1y HHMH MOXKET YCTAHABJIHBATHCS
onpeneseHHas cBA3b (HallpuMep, OfHA NOMYJSALHUS MOXKeT MOIVIOUATh
apyrywo). Takas cuTyauuss MojeaupyeTcsl ABYMsI yDaBHEHHSIMH, CBS-
3aHHBIMM TOCPEACTBOM KBaADATHYHBIX [EPEKPECTHBIX CJ/araeMblx,
IPHYEeM OAHO YDaBHEHHE COAEDPXKHUT NOJOKHUTEJTbHOE JHHEHHOE H OTPH-
LaTeJbHOe HeJHHefiHoe cjaraeMble, a 3HaKH COOTBETCTBYIOLHX CJIa-
TaeMblX BTOPOTO YDaBHEHHS NPOTHBOMOJOXHBL. ITO — 3HAMEHHUTHIE
yDaBHEHHS] XMUIHHKOB H »KepTB [7], uMewite OCHHIJIHPYIOUIHE pelle-
REusl Jaas obeux nonynasiyuit. HepasHo Obuto nokasano [8], uro npu
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ydeTe HeCcKOJIbKHX NONyJauuid u3 MoAean Bosabreppa [7] moxer ObiTh
nosyyena (Ipu onpege/eHHBIX YCI0BHAX) Moenb {6].

Haxkonew, crenyer ynmoMsHyTs o monbiTkax 00606uieHHss 3a1add
Boabreppa Ha cayyaii 1uHaMHYECKHX MepeMeHHBbIX, H3MEHSIOMHXCs He
TOJIKO BO BPeMeHH, HO W B NpocTpaHctBe. Bblo noxasaHo, B uact-
HOCTH, 4TO AJisl ONpPeJe/eHHOTO KJacCa HayaJbHHIX MPOCTPAHCTBEHHBIX
pacnpepesieHuii MnepeMeHHLIX MOXKHO HAHTH TOYHBIE DelleHHS 3TOMH
sanaun {9]. B pabGorax [10, 11] paccMOoTpeHa npocTpaHCTBEHHO-Bpe-
MEHHAS 3BOJIIOLHS NPOH3BOJIbHBIX HAYaJbHBIX BO3MYUIEHHH OTHOCH-
TeJbHO DABHOBECHHIX HEJHHEHHBIX pelleHHH OOOOLIeHHBIX ypPaBHEHHIH
Boabreppa. [Tonyuenurie pe3y/ibTaThl HMEIOT OUeHb WIHPOKYIO 00/1aCTh
NPHMEHHMOCTH.

3HAKOMCTBO C HpHMepaMH HeJuHeHHBIX yPaBHEHHH M HX MPHJIO-
JKeHHH B pa3/IMUHBIX 00JIACTSIX MOXHO IPOJOJIKHTh, TPOYHTAB OOIIUD-
HBIl 0630p [12], a Takxke cratsio [13].

3apgaun

2.1. O6DACHHTL XapakrepHylO O0COOEHHOCTb INOpOra mapaMeTPHYeCKOH HeyCToM-
4uBOCTH (2.5) (ob6pameHne B Hy/ab npH b1=0 uau b,=0) H narp KauecTBeHHOE
OMHCaHHe SIBJCHHS TIPH YCJIOBHH, YTO OAHH H3 K03(hGhHNMEHTOB 3aTyXaHHS OuYeHb
6oJbLION, a RTOPOH paBeH HYJMIO (CUMTATb, YTO (i, Cz U #o>0).

2.2. Tlycrb KoapdbuuueHTs! by H by B (2.3) OQHHAKOBEI H DABHBI b M aMILIHTyZAa
HaKayKH N BO3DAcTaeT IO 3aKOHY a) no=no(0)exp (v); 6) no=ne(0)/(I—t/tx)?P.
HaiitTn acHMIITOTHYeCKHE 33aBHCHMMOCTH 74y H My Npu f{—oco H OOCYAHTH pe3y/bTaThl
[makauka THna 6) TtpebyeTcst AJS TOJyYeHHS ONTHMAaJbHOTO CXKATHS B Ja3epHBIX
TEPMOSINEPHBIX  yCTaHOBKax ¢ p=15/8 HJsl BBIPOXKAECHHOrO  3JEKTPOHHOTO rasal.

2.3. C noMowbio cHCTeMbl ypaBHeHHil (2.1) BblpasHThb MakCHMaJbibie 3HaueHHs
ny W Ny dYepe3 HauasJbHble 3HAYEHHS IlepeMeHHBHIX NpH ycloBHH, Yto n1(0)=n5(0),
c1=¢C2 H co<<0.

2.4, ]Jlatb KaueCTBCHHOe OODSICHeHHe pPe3yJbTATOB NPH HCMOJb30BAHMII BMECTO
(2.10) xoadduunenra

c(t) = c [l 4 (d/c) dn (t — T)/dt]

B CleAylomux ciaydasx: a) t=0; 6) t>0.
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I'JIABA 3

TEOPHS CBA3AHHDBIX BOJIH

[Ipu ucciel0BaHHH JHHAMUKY [IJITA3MEHHBIX CHUCTEM OOBLIUHO HCMOJb-
3YIOT THAPOAHHAMHUECKOe MM 60Jiee neTaljibHOe KHHeTHUeCKOe ONHCa-
Hie. B mepBoM HcxoaHas cucTeMa ypaBHEHIH BKJOYaeT THIPOIHHAMH-
YeCcKHe ypPABHEHHS [BHXKEHHS, BO BTODOM — ypaBHeHHe bosbimMana.
OTH ypDaBHEHHSA OINHCBHIBAIOT CHCTEMY C Pa3JHUHBLIX TOUYEK 3peHHH, HO
AMeloT oBu[yI0 YePTy — Bce OHH HeauHedubl. HesunefHBI xapaktep
3THX ypaBHEHHH NPHBOINT K MaTeMaTHUECKHM TPYAHOCTAM, B LeIAX
YCTPAHEHHUs KOTOPLIX 4acTO OTPAHHYUBAIOTCH PAaCCMOTPEHHEM TOJbKO
MaJiblX IPOCTPAHCTBCHHO-BPEMEHHBIX BO3MYILIEHHH W npeHeOperawmor
NPOH3BCIEHHSIMU DAa3/IMUHBIX BEJHYHMH, T. €. JHHEapHu3YIoT HCXOAHbIe
ypaBHEHHH,

Takass annpoxcuMauusi HepeaKO O0Ka3blBaeTcsd ONPaBAaHHOH,
HO OHa 3aBejoMO  HeMpurojHa AJs ONHCAHHS HeyCTOHUHBLIX
CHCTEM HJIH B OKPECTHOCTHX PE30HAHCOB, CB3AHHBIX, HAlpHMep, C Ha-
JIHUHEM TeNJIOBBIX (IYKTyanui.

B sunefiHOM TNPHOJHIKEHHWH MOXKHO OINpelIeIHTh COOCTBEHHBIE
BOJIHBI, Y4CTOTHl W BOJIHOBbIE BEKTOPH KOTOPBIX CBSI3aHLI JHHEHHBEIM
JHCIIePCHOHHBIM COOTHOWeHueM, OHO XapaKTepu3yeT Kak cpeny, Tak
H BOJIHY paccMaTPHBAeMOro Tuna. B snHefiHOM NPHO/HIKEHHH NPOH3-
BeJeHHS OCHHUJ/JIHPYIOUIHX BeJHUUH He yUHTBIBAIOTCS, H IO3TOMY BO3-
MyLICHHS cPeAbl, 00yCJ0BJIeHHblE OHOH BOJIHOH, He BJHSIOT HA ADYTIYyIO
BOJIHY, T. €. BOJIHBl OKa3bIBAIOTCH HecBA3aHHBIMH. CBfI3b MEXAy BOJ-
HAMH B He/JHHEHHOH TEODHM BO3HHKAET MMEHHO 0/14rojlapsi yuerty
B3aHMHOrO BJHSHHS BOJIH 4epe3 cpely pacnpocTpaHeHusi. Takoll ygeT
NPHBOJAKHT, BOoOOIIe TOBOPs, K OECKOHEYHOH HepapXHH BKJAIOB BHIC-
UIHX NOPSIAKOB BO B3aUMOJefCTBHe, U B pe3yJbTaTe QU3HUCCKHH Mexa-
HHU3M HeoObluaitHO ycaoxusercd. Yrobwl omncats 3TH  SABJAEHUS
MaTEeMaTHUECKH, HEOOXOIMMO  MPelIONOXKHTb, 4YTO B3aAHMOJeHCTBHE
ABJAAETCS JOCTATOUHO ¢1abblM, T. €. OTHOCHTE/IbHOE BJHSIHHE PA3JIHU-
HbIX BKJ3aJ0B [OBOJIbHO OBICTPO YMeEHbIIAeTCsl C yBeJHUYEHHEM HX
nopsAKa.

[Ipene6perast NpOU3BeACHHSIMU BCeX OCUW/IJIHPYIOUHX BeJHUHH,
KpOMe TIapHBIX, NOJYYHM NpubjanuikeHne BTOPOro nopsiaka. LEcan npu
3TOM OCLUJJIHPYIOLIHE BEJHYHUHBI BTOPOrO HOPSAKA YIOBJETBOPSIOT
JHCIEPCHOHHOMY COOTHOILEHHIO, TO OHH MOTYT HHHLIHHPOBATb MOsIBJIE-
HHe TpeTbeil BOJNHBEL Takas CHUTyalHsl ONUCHLIBAETCH CHCTEMOH Tpex
B3aUMOJEHUCTBYIOLIHX BOJIH.

BoiBoj, ypaBHeHH# CBA3aHHbIX BOJIH

s geMoHCTpauuu MeTOAa ONHCAHHS KOTePEHTHBIX B3auMOeicT-
BUll NnpuBeneM 3aech, caenys pa6ote {1], BHIBOL ypaBHeHUi CBfI3aH-
HBIX BOJIH, OMHCBIBAIOIIMX B3aUMoAelicTBHe JBYX NONEPEUHBIX JIEKFPO-

MATHHTHBIX BOJIH W OAHOH NPOAOJbHOIN NJasMeHHO# BogHb [2]. Byném
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HCXOAHTb U3 CHEAYIOLINX AHHAMHYECKHX yDaBHEeHHUil:
onjot 4+ Nyy v = —- y (nv); 1
OB/ot +y X E = 0; !
Ov/0t + eE/m + (u¥/Ny) yn = — (Vy) v — (3.1)
—(e/m)v x B— (u¥/N3) nyn; i
g,0E/0t — (1/pg) v X B — eNgv = env, h

rlle —e H m—3apsign U Macca 3J1eKTpoHa; Ny, 1 U V— HeBO3MYIIEH-
Hasl MJIOTHOCTb NJa3Mbl, BO3MYIIEHHE IJIOTHOCTH 3JeKTPOHOB H HX
ckopocTb; E n B — HanpsAXKeHHOCTh 3JEKTPHUECKOrO NOJS W MATHHT-
HaA HHAYKIHS; U — TeIJIOBAS CKOPOCTh 3JeKTPOHOB. ¥YpaBHeHHd (3.1)
3anucaHbl B NPEANOJOXKEHHH, 4TO IJa3Ma OAHOPOAHA B HEBO3MYINEH-
HOM COCTOSIHHH M [ABH2KEHHEM HOHOB MOXHO MnpeHeOpeub.

B suHefiHOM NpHG/HKeHHH Npasble yacTu ypasHennd (3.1) obpa-
LI4I0TCH B HYJ/Ib U IOHCK HETPUBUAJBHBIX PElIEHHH Bua

NPHBOAHUT K COOTHOIUEHHUIO
(0] — o — ki) (0} — 0, — kje?) = 0,

KOTOPO€ BBIPAKAET PABEHCTBO HYJIO JeTePMHHAHTA JIHHEHAHOH CHCTeMbI
anre6panuecKnx ypaBHeHuii oTHOcuteabHo amnantyn A; Takum obpa-
30M, YacTOTa H BOJHOBOE YHCJIO MOTYT OBITb CBSI3aHBI OJHHM H3
CJ€NYIOMUX AUCIIePCHOHHBIX ypaBHeHHH:

oF = wy + Ku? (3.3)

BJan
2

of = o) -+ Kt (3.4)
rae wp= (Nge?/meyg)1/2 — 37€XTPOHHAS MJa3MeHHas YacToTa, ¢ — CKO-
pocth cBera. YpaBHeuns (3.3) u (3.4) onuceBalT NPOAOJAbHBIE (HJAU
JIEHTMIODOBCKHE) W MOnepeyHble (M/AH ' 3JTEKTPOMaTHHTHBIE) BOJIHBI
COOTBETCTBEHHO.

[Tpu yuere HeJuHeHHBHIX caaraeMblX B (3.1) pellieHue y>Ke He MoO-
KeT uMeTb BHa (3.2). B 3ToM cayuae Mb OyageM paccMarpuBarTh
BPEMEHHYIO 3BOJIOLHIO NMPOCTPAHCTBEHHBIX (PYDPbe-KOMIOHEHT, OCHOBHI-
BasiCh Ha WCIOJb30BAHWKW MeETOJAa CBA3aHHBIX BOJAH., B KadecTBe
obbekTa Uccaen0oBaHus yao06HO BHIODATh He KaKylo-AubO H3 JHHAMH-
YeCKUX MepPeMeHHBIX, a4 WX JHHeHHYH KoMOHHALHIO, KOTODyH OyaeM
0603HAYaTh @ U HA3BIBATh HOPMAJbLHBIM KojebGaHueM. Bujg atoil Benu-
YPHB MOXKHO VYCTAHOBHTb MNOACTAHOBKOH JIHHEHHOH KOMOWHAIMH
IMHAMHUYECKHX NePeMeHHbX 7, £ ¢ HeH3BeCTHBIMH KO3 GhHuHeHTaMU
B COOTHOILEHHE

da/ot = iwa. (3.5)

[MpousBoHas MO BpeMeHH UCKJIOYaeTcs H3 3TOr0 COOTHOWEHHS ¢ TO-
MOLIbI0 JHHEAPH30BAHHBIX THAPOAMHAMHUYECKUX YpaBHEHUH, 3alHcaH-
HBIX C YYeTOM TIapMOHHMYECKO#i 3aBHCHMOCTH OT KOOpPAHHATH X
(0/0x—~—ik). Vicnonb3ys 3aTeM AMUCNEPCHOHHOE COOTHOLIEHHe H IIpH-
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pPaBHUBAs HYJI0 MHOXHTEJNU NPU KAXKAOH M3 AMHAMHUYECKHX IepeMeH-
HBIX, MOXHO Ha#iTH BCce KO3(POhHIHEHTH, Tpebyomueca IJis onpejese-
HHA HOpMaJbHOro KosneGaHus a. OnpenesenHas TakuM CIocoGOM
BeJlHUHHA a 00/JajnaeT TeM CBOHCTBOM, YTO COOTHOWIeHHe (3.5) Ha
JUHEeHHOM YyPOBHE YIOBJIETBOPSAETCH IJIsA NPOU3BOJIBHHX M HE3aBUCH-
MBbIX MU3MEHEHHH NUHAMHYECKHX NEPEeMEHHBIX BO BpeMeHHU. BelnunHa o,
durypupytomasa B (3.5), ecTb He 4TO MHOE, KaK pelIeHHe AHCIePCHOH-
HOro0 ypaBHeHHs, OTBeyawllee R-ii koMnoHeHte Pypre. [1pn pemenuu
3ajayn B TEePMHHAX HOpPMaJbHHX KOJeGaHuUH He TpebyeTcs 3HaHHE
JIUHEHHBIX COOTHOWUEHHH MeXAy AMHAMHYECKHMH MePEMEHHBIMH, 4TO
fIBJISIETCA NPEHMYILIECTBOM 3TOr0 MeTOna.

PaccmorpuM cHauana nonepeuHble BOJHBHL. [Ipeanonaras, 4to
BOJIHA NOJIIPH30BaHa B HANPABJAEHHHU Yy, moaydyaem us (3.1):

dv,/0t 4 eE /m = (e/m) v, B, — v,0v,/0x;
0B,/0t + OE ,[0x = 0, (3.6)
&0E, /0t + (1/u,) 0B,/0x — eNy, = env,.

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

Tle or U Rr YIOBJETBOPSIOT ypaBHeHHO (3.4), a AMHaMHYeCKHe
nepeMeHHble THIA 7, CBA3aHBl C peasJbHbBIMH (U3NYECKUMH BeJHYH-
HaMH COOTHOWeHHAMM BuAa Uy=(1/2)(7y+7,). Huddepenunpys
(3.7) mo BpeMeHH W MCIOAb3ys JHHelHHbie yacTu ypasHeHHil (3.6)
C yueTom paBeHCTBa 0/0x=—iky, mojyyaeM COOTHOIIeHHe THNA (3.5).
D10 03Hayaer, YTO Qr HMeeT CMbICJ NONEePEeYHOr0 HOPMAaJabHOTO KOJe-
Ganns. Ecau, OfHaKO, NpPH HCKJIOYEHHH IPOM3BOJAHBIX IO BpEeMEHH
yuecTh HesHHeHHble cnaraeMble B (3.6), To BMecto (3.5) GyaeM HMeTh

Oa e iw v

—(3—}- —iw,a, = (7 v.B, —[-—A%nvy— Ux_aTy)kT’ (3.8)

Tjle WHAEKC ky HAamOMHHAeT O TOM, YTO NPH 3aNHCH NPABOH YacTH
CJIelyeT HCI0JIb30BATh KOOPANHATHYIO 3aBHCHMOCTh BUAA eXp (—ikrx).
OTMeruM, YTO NPH HAJHUYNH HECKOJNbKHUX IONEpPEeYHBIX BOJH NPHU OIlpe-
JeJeHHH HOpManabHBIX KoJeGaHuit corsacHo (3.7) B npaBoil 4acTH
BCSKHUH pa3 HeoOGXOAUMO 3amUCHIBATh I10OJSI, OTHOCSIUIHECS JHIUb K O]-
HOH U3 BOJIH.

B Tex e NpenNoNioKeHUAX [JS NPOJOJbHBIX BOJH MOJYYHM:

on/ot + N,0v,/0x = — (0/0x) (nv,);
vy, B W On e ,p 0  , Ou,
ot + m + Ny Ox m Usz N‘Q) " 0x T 0% ox (3.9)
8,0E, /0t —— eN v, = env,.
TIpogonbHoe HOpManbHOE KOJeGaHHe ONpeneNsieTcsi COOTHOLIEHHEM
a, =n+ (Now,/k,W?) v, + (ieNy/mkW?) E,, (3.10)
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a HeJHMHeHHOe ypaBHEHHE, aHasoruuHoe (3.8), uMeeT BHJ

day . d ie?N,
T—I(DLGLZ {—E(th) + mk—Luza nv, —
w;No Ouy e u? on
_h7<UxT+—EUyBZ*N—gﬂW kL_ (31])’

PaccmorpuM Tenepr B3aHMOJeHCTBHEe TPeX BOJH: ABYX Iomepey-
HbIX (C 4acTOTAMH ®rp H Ory H BOJHOBBIMH BEKTOPaAMH Rp¢ U Rr))
U OJIHOK NpPOJOJABHOH (C YacTOTOH ®p M BOJHOBHIM BEKTOPOM Rr).
McxonHpIMH ypaBHEHHSAMH 15l TAKOTO pACCMOTPEHHs  CJYIKAaT JABa
ypaBHeHHs tuna (3.8), COOTBETCTBYIOU[HE JBYM pPasiuyHbIM (ypbe-
KOMIIOHEHTaM IONePEeYHOro mnoJs, U ypasHeHue (3.11) nas npogosb-
HOH BOJIHBHI.

[IpencraBuM peanbHble  (U3HYECKHE BeJHYHHB, QUIYPUPYIOUIHE
B IIPaBbIX Y4CTHAX 3THX YPaBHEHHI, B BHAE CYMM

v, = (1/2) (0" +v") +x. c. (3.12)
—=(0)

H T. 1., rie Uy U3MEHSIeTCsT B NPOCTPAaHCTBe Kak exp(—ikrox)
U K. C. 03HayaeT KOMIJIEKCHO-CONDPSXKEHHYIO BeluynHy. PaccmoTpeHHe
BOJIHOBBIX INOJEH Kak MPOCTPAHCTBEHHBIX ()yPbe-KOMINOHEHT MPHBOAHT
K yCJIOBHIO

ko = Rpy Ry, (3.13)

NP BBHIIOJHEHHH KOTOPOro B npaBsix yacTtax (3.8) u (3.11) umerorcsa
cnaraemMble ¢ TOH 3Ke KOOPJIHHATHOH 3aBHUCHMOCTBIO, YTO U B JeBBIX
yacrax. Jagee, pas Toro uTo6sl u3berkKaTh yCpeJHeHHs B3aUMOJeHCT-
BHSL (C HyJ/JeBBIM CDEJHHUM) H3-3d HaJAUYHs OBICTPHIX FapMOHHYECKHX
KoJe0aHui BBIHYKAAOUWHX CHJ, cJdeAyeT NnoTpeboBaTh BHIOJHEHHS
COOTHOUIEHHU S

Wpy = Op + @ (3.14)

OnHako npu ydeTe HeJMHEHHOTO B3auMOJeACTBUS (Dypbe-KOMIOHEHTBI
MO NPOCTPAHCTBEHHBIM MEePEeMEHHBIM OTHIOAb He fIBISAIOTCS (Pypbe-KOM-
DOHEHTAMHU 10 BPEMEHH, MO3TOMY CcOOTHOlIeHHe (3.14) He 06f3aTesbHO
JONKHO ObITh cTpOruM. J[leficTBHTENbHO, AHHAMHYECKHE IlepeMeHHble
HMEIOT BHJ

A - () :

Uy) = vy (f) exp (i),
a 3TO MPH yyeTe YCJOBHS cnaboro B3auMogefcTBuA

| @/08) [Inv ()] | € o (3.15)
03Hayaer, 4yT0 Uy’ COCTOMT M3 HabOpa 4acToT, OJH3KUX K o).
Jas HaxoXKeHHsI HEMHHEHHBIX yPABHEHH{ OTHOCHTEJNHHO HOPMAJbHBIX
KojebaHHil @; HeOOXOAUMO BhHIpa3UTh Bce AMHAMHYeCKHe NePeMeHHble
4epe3 @;. JTO MOMKHO C/A€NaTh C IOMOLIBIO JHHEAPH3OBAHHOK CHCTE-
Mbl (3.1). B pesyabsTate noayynM COOTHOIIEHHS BHIa

v, =4, (o kr)a,, (3.16)
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KOTOPbie CJeLyeT NOJACTaBHTh B npasbie dacTu (3.8) u (3.11). ¥Yaep-
JKHBAag 3aTeM TOJbKO PE30HAHCHble CcJiaraeMble, YIOBJETBODPAOUIHE
ycaosuam coraacosanus (3.13) u (3.14), npuxoauM K CHCTEeMe ypaB-
HEHHH CBSi3aHHBIX BOJIH:

Oa /0t — iwp,ar, = €,07,a,;
Oa,, /0t —iwp 0, = €y a4 3.17)

0a, [0t — i0,a, = cya, a“,

rae
. 2.5 92 . 4 . 29,2
c iog k1w ] o — iNowy o, ) gy kruto,
L ’ oL ’ oL 2
4Nowim% 1 4u2w%xw%o 4Nomi Org

Ecan B ofHOPOAHOR HeorpaHHYEHHOH Cpele MOIyT pacnpocTpa-
HATHCSH BOJIHBl TOJBKO TPEX THIIOB, TO PacCMOTDEHHBIE BHIUE TMPO-
CTPAHCTBEHHBIE (QYPbE-KOMIOHEHTHl INOJHOCTLIO ONPEResA0T BO3MOXK-
HEle BO3MYLICHHS, H Mbl IIPHXOJHM K CHCTeMe TpeX BOJH, aMIIUTYHl
KOTODBIX H3MEHSIIOTCS BO BPEMEHH BCJEACTBHE HEJIHHEHHOrO B3daHUMO-
ILeficteusi. Pasymeercs, cucreMmy (3.17) MOKHO 0000LIUTL Ha cJayyail
yeThHpeXx uau Gosee B3aUMOACHCTBYIOIHX BOJH. TOUHO TakK K€ MOXKHO
CHAITb BBEJEHHOE 3Jech HCKJAIOUHTEJbHO [AJf YNPOLIEHHS BHKJAaL0K
npeanosoKeHue O TOM, YTO BC€ BOJIHBI PAaClpOCTPAHAIOTCHA B OJTHOM Ha-
npasJeHun. [1pu npoH3BO/BbHBIX HANPABJECHHSAX PACNPOCTPAHEHHS BOJIH
BMecTO (3.13) crenyer mucars

kro = kr1 + k;.

Haxkoneu, cucremy (3.17) MoxkHO 0GOOUINTH A5 ydYeTa HEJHHEHHBIX
3¢hdexToB 6osee BHICOKOTO NMOPSAKA.

Coenyer NOAYEPKHYTh, YTO M B OTHOCHTENBHO MNpPOCTOH GhopMme
(3.17) 3Ty cHcTeMy MOZKHO MCIIOJIb30BaTh /151 OINHCAHUS TPEXBOJHO-
BbIX B3aHMOJEHCTBHI BO MHOTUX (PH3HUECKHX 3a4auax IPH PAasJUUHBIX
HaGopax B3aMMOJEHCTBYIOINX BOJH. KOHEYHO, B KaxKJA0M KOHKpeET-
HOM cJydae HeoOXOAHMO BBOJAHTH COOTBETCTBYIOLIHE HOpPMaJbHble KO-
aebanusa a; U KO3DPULUHEHTH Cj, IS Yero Tpe6y}0Tcs1 crenuanpHbIe
pacuetbl. IIpumep Takoro pacuera AJs KUHETHUECKOH MOJenu nIa3Mbl
[3] npuBenen B Hpmox{eﬂun I1.

[lpn panpHefileM H3/I0XKEHHH HCIONH30BAHO OGO3HAYeHHE @; AJd
HODMaJIbHOrO KoJeGaHusa U A; — AJAs ero aMIJUTYAH, T. €.

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

3angaum

3.1. Paccmorperh B3auMOJEHCTBHE MeXKLY MYYKOBOH BOJIHOH (BOJIHOH, Koropas
Bo30y»xaaeTcss B IyYKe, PACNPOCTPAHAIOUMIEMCS B CTAUHOHADHOH IIa3Me) H ABYMS
nasMeHHbIMH  BOMHaMu. [lydok xapakrepusyercs ckopoctsio Vi, u IJIOTHOCTBIO,
onpefeaseMOl IJ1a3MEHHOH 4acTOTON NYy4YKa Wpp. JH3JEKTPHUECKasi NPOHHLAEMOCTh
CHCTEMBl UMeeT BH

2
p Wpb
0 — Rl (o — V) — R
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rie p — O71a3MeHHas 4acToTa CTAUHOHAPHOH M/A3MBl, 4p — TEIOBas CKOPOCTh
[J1a3MBbl; U — TEIJIOBAsA CKOPOCTb 3JIEKTPOHOB HYUKa.

Ionyuntp Bbipakedus HAJAs HODMa/bHHX KoseGaHHH B Caydae HPOIOJbHBIX
BOJIH, PAaclpOCTPAaHAOIUMXCS MAapasileslbHO W/ aHTHIAPaJuleNbHO HANpPaBJeHHIO CKO-
pPOCTH MyYKa.
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I'JTIABA 4
AHEPIUM NOJ4 B AMCHEPTUPYIOIEW CPEJE

DHepruio, pacnpocTpaHsIomylocss B miasMe, yl00HO BHIpaXkaTh Ye-
pe3 AH3JeKTpHUecKyio nponuunaeMoctb e(k, ), 3aBucsauyo B 00lieM
cJavyae KaK OT YacTOTH o, TAK W OT BOJHOBOrO Bektopa k.

B nanbueitmuem (ra. 6, 7, 10) 6yaer mokasaHo, YTO BHJA 3HeprHH
BOJIH, NIPUHHMAIOLIUX y4YacTHe B HeJMHeHHOM B3aWMOJCHCTBHH, Dellla-
IOIHM 00pa3oM BJuseT Ha Xapakrep HeJHHETHON CBSI3H MeXKAy BOJ-
HaMH. DHeprusi BOJH MOXKeT OHITh MOJOXKHTENBHOA HJH OTpULATE/b-
HOH B 3aBHCHMOCTW OT CBOHCTB cpeianl H THNA BOJHBE. COOTHOLIEHHE
3HAKOB 3HepTUil B3aUMOAEHCTBYIOINUX BOJH yacto OpiBaeT J40CTaTOU-
HbIM [/ BbIBOAA 00 YyCTOHUMBOCTH WJM HEYCTOMYHBOCTH paccMaTpH-
BAa€MOH CHCTEMBbI BOJIH.

ey wacrosimeidl raaBbl — ofcyxjeHue OOLIMX BbIpaKeHUil AJIS
SHEPruH MNOJS BOJHBI, paclpocTpaHsAmllelics B AHCIEpPrUpyOmed cpe-
Je, a TakxKe SHepreTHYeCKUX COOTHOUIeHMH AJs NPOAOJBHHIX H MOIe-
PEeYHBIX BOJIH, KOTOpbleé 4acTO HCMOJB3VIOTCS INPH DACCMOTPEHHH KO-
TrepeHTHBIX HEJHHEHHBIX B3aUMOAeHCcTBUH.

OO0wue BLIpAXKEHHUS 1J51 IHEPTHUU TI0JST BOJHBI

[lpeanosnoxum, 4To cpeia fABJASETCSs H3OTPONHOH B IPOCTPAHCTBE
U AHCIePrupyiollefi BO BPEMEHH, a PacnpoCTPaHAIoasics B Hell BOJ-
Ha — KBa3uMOHoxpomaTtuueckol. M3 ypasHeHuii Maxkcseana nmeem

v (E X H) = — (HAB/d¢ - EaD/ot) — EJ, (4.1)

T. €. AMBEPTeHIHsA BeKTopa YMoBa — [lofiHTHHTa onpenensercss cyMMOj
IByX BKJIaA0B, OAHH U3 KOTOpHIX (EJ) ecrb He uTO WHOe, Kak 3HED-
rusi BHELIHEro MCTOYHHMKA, a BTOPOH CBS3aH C 3Heprued moJs COOT-
HOIIECHHEM

— dW/dt = — (HAB/at - EaDjoy). (42
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[Ipn mOCTOSIHHBIX € MU W 3TO COOTHOIUEHHE JIETKO HHTErpHpyeTcs U B
pesyJibTate noJqydaercsa XOpouo H3BECTHOE BupameHHe JJIs1 SHEPruu
SHBKTPOMHI‘HI/ITHOFO noJas
2 2
W = (1/2) (eeoE® + ppof1?). (4.3)

Opxnako B oflieM c/jyyae JUCIEPrHUPYIOLIHX cpej CBS3b MEXAY BEK-
topamu D u E, a takke B u H 3nauurespHo ycnoxusiercs. Tak, aH-
3JeKTPHYECKas NPOHUILAeMOCTh ONUCHIBAeT MaKPOCKONHYECKHH OTKJIHK
cpeabl Ha BHEHIHee NOJie, KOTOPHH Bbipakaercst B NOSBJEHHH IIOJSIPH-
3alMH, CTPEMSILIENCs YMEHbIUUTD NOJMHOE ToJie B cpefe (3PdekT 3kpa-
gupoBanusi). [lossipusanuss MOKeT BO3HHMKATh, HalPUMeED, BCJAEACTBHE
CMeEIleHUsl TeKTPOHHBIX 0G0J0UEK aTOMOB HJIH H3MEHEHHUsI ODHEHTAUUHU
HOCTOSIHHBIX 3JEKTPHUECKHX JHIIOJNEH, UMeloWHnxces B cpele. B muas-
Me 3apsiKEHHbIe YacTHIBl MOTYT CBOGOJAHO ABHTAThCH, W NMO3TOMY 30-
dbeKT »KpaHUPOBaHUSI OOYCJIOBJAUBAETCH HHAYIHDOBAHHBIMH TOKaMH.
13-3a MHEpLHOHHOCTH Macc JABHIKYIIHXCS YacTHI[ Ipolecc NOJsIpH3a-
I[HH Bcerja 3aHHMaeT ONpeJesNeHHOe BpeMs, OTJAHYHOE OT HyJas (Tak
Has3bpIBaeMoe BpeMsi OTKJHKa). EMy COOTBeTCTByeT HeKOTOpas 4acTto-
Ta, NpUCYIlas paccMaTpuBaeMOll cpeje W /s IJa3Mbl COBNAJalo-
Ias ¢ naa3MeHHOH uactoTo#. Eciu uyactora BHEUIHEro MOJS INPEBLI-
IaeT XapakTepHYlO YacTOTy, TO 3KpaHHpyloulee 06.1aKO He ycleBaeT
CJIef0BAaThb 3a H3MEHEHMSIMH IIOJIsi H JH3JeKTPHUecKasi NPOHHILAEMOCThb
yMEHbIUAETCS.

TakuM 06pa3oMm, H3-3a KOHEYHOCTH BDPEMEHH OTKJMKA IO0JfpH3a-
LHs cpelbl B ONpejes]eHHbII MOMEHT BDEMEHH 3aBUCHUT OT IIOJIS B IIPe -
IIECTBYIOLIHE MOMEHTH (BpeMeHHAas HJ/IH 4acTOTHAasl Auchmepcus). AHa-
JIOTHYHO MOXKHO IIDHHTH K BBIBOJAY O 3aBUCHMOCTH NOJISIDH3alUU B AaH-
HOH TOYKe OT IOJIS B APYIHX TOUKAaX (IpOCTpaHCTBEHHAs AHCHEPCHS).
O6beaunuB 3TH 3QQeKTs, MOJYUUM NPOCTPAHCTBEHHO-BPEMEHHYIO AU-
CIlepCHIO.

[Ipu yuere TOJbKO BPEMEHHOH AMCIEPCHH CBSI3b MEXIY BEKTOpPa-
MU MNOJIIDU3ALMH M HANpPSXKEHHOCTH 3JEeKTPHYECKOro IMOJs BhIpaXKa-
eTcsl COOTHOLIEHHEM BHIa

¢
P(r,7) =¢,( »(r, i—7)E(r, 1) dr, (4.4)
0
KOTOPOE 3allHCaHO B NPEANOJIOXKEHHH, UTO MOJIe BKIIOUAETCH B MOMEHT
{=0, a HayaJabHOH moJspu3auHeldl MOXKHO mpeHeGpeub. [lepexoas x
bypbe-KOMIIOHEHTAaM BO BPEMEHH, MoJyuaeM
Po (r) = ggx (r, ©)Eq (1),
4TO Jaer
D, (r) = gy (1, 0) E, (7). (4.5)
B ofmeM cayuae aHM30TPONMHOMN Cpejbi C NPOCTPAHCTBEHHO-BPEMEH-
HOU pucnepcueli BMecto (4.5) cieayer mucarh
De; (k) = Eoﬁii(k’ o) Ey; (k),
rae ei;(k, ®) — TeH30p AMINEKTPHUECKOH NPOHHIAEMOCTH B (Qypbe-
NpeiCTaBIeHHH.
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AHanorpuHbie COOTHOLUEHHS CYLIECTBYIOT MeXIy BeKTOopaMH B u
H, onHako anf nmaa3mbl HeT HEOOGXOAMMOCTH BHIIHCHIBATDL Takue (op-
MyJibi, TAK KAaK MAarHuTHag NPOHHULAEMOCTb MNJIa3Mbl o0biuHO OaH3Ka
K eIMHHIE U MOXKHO IPOCTO MOJOXKHUTL u=1.

[TpeanosiokuM Ternepb, 4YTO B MJa3Me, OTIUCHBAEMOH MaTepHAaJbHBIM
ypaBHeHueM (4.5), pacnpocTpaHsercsd  KBa3HMOHOXpoMaTHuecKasd
BOJIHA

E(r, t) = (1/2) E, (r, {)exp (in,) + . c., (4.6)
Y KOTOPOH aMOJIUTYda W3MEHSAETCs MEeAJEHHO NO CpaBHeHH ¢ ObicT-
PBIMH OCHU/VIALUAMH 110 Ha 4YacCTOTE p. B ﬂaJleeﬁLHeM HaM I10-
Tpebyercst Tak:xke o603HaueHHE
E = E, (r, 1) exp (io,).
H3 (4.5) caepyer, uTO

_ 1 7 - .
D, )= - 5' g8 (r, ©)E, (r) exp (iof) do
H, CJIe10BaTe/bHO,

b (r, t) T - .
— ;_JOT ‘f ive (r, ®)E, (r) exp (iof) do. 4.7)

—00

Beuany mennenHoro usmenenus Eg(r, ) BoO BpeMeHu 3HaueHHe

E, (r) otauyHO OT HYJs JHIIb B MaJdofi OKPECTHOCTH ®p. B 3TOH
OKPECTHOCTH CIIpaBeJIUBO NpEeJCTaBJIeHHe

e (r, ©) == 0 (r, ©y) + (© — ©,) (3/0w) [we (r, ®)]
TIOACTAHOBKA KOTOpOro B (4.7) pmaet

oD/ot = e, (imoa (r, o) E(r, #) + % —0% [we (r, ©)],_g, X

D=0,

X T i (@ — @) Eq (r) exp (iof) do! . (4.8)

Vunursigas, uto Eq () = Ego_o, (r), unterpan B (4.8) MOXHO npeoG-
pasoBath cjaeayouuM obpasom:

3? i (@ — ) Eq (1) exp (i0t) do =

-—c0

= exp (iv,?) j (0 — @) Eoa—a, (1) eXp [i (@ — o) 1] d (0 — ) =

= exp(i0) = | Eva—o, () expli (@ — @) f1d (©— o)) =

— 2m exp (ioyf) %EO r, ).
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OKOHUATENIbHO NOJYYUM

_ ~ 5 .
D ((;; H € {imos (t, 0)E(r, ) +—~ [0e (r, ©)],_,, exp (i0g)

JE, (r,":)}
ot N
(4.9)
3aMeTuM, 4TO cOOTHOIUeHHe (4.9) MOXKHO BBHIBECTH TaKxkKe H3 CO-
OTBETCTBYIOILIEr0 BHIPaXKEHUS [/ MOHOXPOMATHUECKUX IOJeH
dD/ot = iwee (r, 0) E(r, 1),
paccMaTplBasi o Kak OnepaTtop wo—i(0/0f) n BBHIIOHAS DPasnoKeHHe
B psig Teillopa B OKPEeCTHOCTH o =wo. [IpH 3TOM, OAHAKO, HEOOXOAH-
MO CYMTaTh, YTO omepaTop i(0/0f) mefcTByeT TOJNBKO Ha aMIVIHTYAY
Eo(r, 7). ATO 03HAuaeT, UTO K UACTOTE g I10GaBJseTcs CABHT, 0Byc-
JIOBJIEHHBI! H3MEHEHHeM BO BPEMEHH AaMILTUTYAbl BOJHBI.
3uas cooTHowenue Mexay O0D/0f u OE[Jf, MOXHO NpUCTYNHTb K
unrerpupoBanuio (4.2). Tloas, ¢urypupywoomue B (4.2), BelllecTBEH-
HBI, IIO3TOMY
EoD/ot= (1,2) (E - E*)(1/2) (0D/ot -+ dD*/0%).
IIpu ycpenHeHuu 3TOro BHIpaKeHHUsi OBICTPO OCLMJIHPYION[HE cJarae-
mble EdD/ot n E*9D*/0f ob6pamatorcs B Hyab. CyMMa ABYX IDYyrux
coaraeMbIX mocJsie NMOACTAHOBKU (4.9) cBOAHTCH K BI/I,[[y

/ED [we (r, ©)] <E0 OF, Eq ):

\at/_4a ot

= —_t— (we)— EE*,
4 o0n
€cIM JIONOJHUTENAbHO MPEANOJOXKHTb, 4YTO g(r, ) — BelllecTBeHHAs
dyukuns uactorel. Temepp HHTerpHpoBaHHe (4.2) JIerko BbIIOJIHS-
€TCS U NPHU U=, AaeT CJAeAYIOUIHA pe3yabTar:

(W) = (1/4) g (9/0w) (we) EE* -+ uHH*]. (4.10)

Ecau xe wp sBJsieTcsl (QYHKLIMeHl 4YacTOThl, TO BbipakKeHHe AJsI Mar-
HUTHOH 3HEepruu 3aluchiBaeTcss B TOH ke (opMe, UYTO U [Js 3JIEKT-
puyeckoii sHepruu. [Ipu yuere nmpocTpaHCTBEHHOI AMCIEPCHH B Kaue-
cTBe g chaelyer B3ATh QyHKUHIO e(k, ©), 3aBHCAYyI0 KakK OT yacro-
Thl, TAK H OT BOJIHOBOTO BEKTOpa.

OrMmeTuM, 4TO IPH CYIIECTBEHHOM YBEeJHUYEHUH CABHIa YaCTOTHI BOJ-
Hbl H3-3a HEJUHEHHOro B3aHMOAEHCTBUSA HEOOXOAUMO YUHUTHIBaTh GOJb-
Hiee 4YHCJO YJIeHOB B pas/oXKeHUH Telopa, YTO YCAO0KHSET OKOHUa-
TeJIbHOE€ BbIpa’KeHHue AJs SHEePIuu BOJIHHI.

JHeprusa NpoAoJbLHLIX H MOMEPEUHBIX BOJTH

Ha ochHoBanuu oGuiero BbipaxeHuss (4.10) HeTpyAHO 3aNlHCaTh
SHEPTeTHYECKHE COOTHOIUEHHWS AJsi NMPOJZOJbHBIX U IOINEPEYHHIX BOJH.
MaruuTtHoe noJjie NPOAOJbHEIX BOJH PAaBHO HYJIO, H NO3TOMY AJAS HUX

(W) = (1/4) g, (0/00) (0eL) E E*, (4.11)
3t



YuutbiBas eule IUCNEPCHOHHOE ypaBHEHHe ISl 3THX BOJH g =0, OKOH-
YaTeJbHO NOJYYHM

(W) = (g,/4) © (P /0w) E E*,
Hanpsi:KeHHOCTb MarHHTHOrO MOJIS MONEPEYHBIX BOJIH BbIpayKaercs

uyepe3 HampsKEeHHOCTb 3JeKTPHYeCKOro noJas u3 ypaBHeHup Maxk-
cBeJsia:

| H| = (k/ouy) | E |,
U, TakUM 06pasom,

HH* = (k/ou P EE*. 4.12)
[Toacrasasst 310 cootHowende B (4.10), Haxogum
(W = (1/4) [e, (9/00) (0e) + po (kfou,)?| E EX, (4.13)

UYTO MOXKHO TakXKe rnepenucaTb B BHIE
(W) = (e/4) [(0/00) (0) - (k*c*/w?)] EE*
HJIH
(W) = (,/4) (0/00) [(1/0) (0 — k%) E E*. (4.14)

Haxkonell, BcioMHHAasi AUCHEPCHOHHOE YpaBHEHHE [JA MOIEpeUHbIX
BOJIH gr=k2c?/w?, noayuaeMm

—;—w [1: (0’67 — kzcz)] = % —;; (0% — R*®) — é (0’67 — K%)=
— 1 0 (2
o do (@er)-
TaxuM 06pas3oM, IJisi NONEPEUYHBIX BOJH
(WY = (eo/4) (1/0) (9/00) (w%er) E E*. (4.15)

3aMerum, uto cooTHOoWeHHss (4.11) u (4.14) MOXKHO NPENCTaBHUTH
€IUHOi PopMyTOi

(WY = (1/4) [0D (o, k)/d0] EE¥, (4.16)

rae D(w, k) —Tax Ha3plBaeMasi AHuCIepCHOHHAss GYHKUHSA, KOTOpas
B CcJydYae NMpOAOJNBHBIX BOJH 3aMUCHIBAETCA C/IefylomuM 06pasoM:

D (o, k) = gy0e, 4.17)
a 79 NONepeyHbiX BOJH — KakK
D (0, k) = (g,/0) (0% — k*?). 4.18)

Beenennas takuM o6paszoMm ¢yHxuua D(w, k) yno6Ha TeM, YTO OHa
HeNoCPeACTBEHHO ONpelesiseT AUCTEePCHOHHOe yPaBHeHHE

D(w, k) =0, (4.19)
OTMeTHM B 3aK/Jw0YeHHe, YTO NpH 3amuc Bbipaxkenus (4.10) mns
IHEPrUH MOJS HUCIONL30BaHa HOPMHUPOBKA (4.6) 115 KOMIIEKCHOH aM-
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IUTMTYAB BOJIHBL. HMIMEHHO Takylo HOpMHPOBKY OGHIYHO MPHUMEHSAIOT NpU
3allUCH JHEPreTHUYeCKHX COOTHOIUEHHH, TOTAa Kak NpU MCCAEROBAHMU
B3auMogeiicTBHA BOJIH MHOXHTesnb 1/2 B (4.6) wacro omyckaior.

3apnaun

4.1. PaccuutaTb CPeNHIOI0 CKOPOCTb YMeHbIIEHHS 3HEPruu moJsi, 00yCJIOBJIEH-
HOTO HAJIHuHeM MHHMOil YaCTH JH3JeKTPHYeCKoH TNPOHHILAEMOCTH €.

4.2. IMonyuuTh BBIpaX<eHHe JIA NOTOKA JHEPIHH BOJH, UCHONb3Yysi COOTHOLIEHHE
(4.16) mna NJIOTHOCTH 3HEPrHH W OMNpelieseHHe TPYNIOBOH CKOPOCTH.
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['JIABA 5

$OPMYJIUPOBKA TEOPHUHU HEJIMHEHHOTO
B3AMMOJEHNCTBHSA
BOJIH B NPEACTABJIEHHH HEJIMHENHBIX TOKOB

CBsi3aHHBIE TPEXBOJHOBHE YPABHEHHS MOIKHO BBIBECTH Pa3/HYHbI-
MU cnocob6aMu. B ra. 3 uCnoJb30BaH noAXo[, OCHOBaHHHIH Ha BBeJEHHH
IOHSITHSI HOPMaJbHBIX KONeGaHUH, T. €. HeKOTOPHIX JHHeHHbIX KOMOU-
HauWi AMHAMHYECKHX TepeMeHHbX. B TepMuHax 3Tux xojeGaHUi M
Obl/Id 3aMMCAHBI CBA3aHHBIe ypaBHEHUS.

AnbTepHATUBHBIH NOAXOJ K ONHCAHUIO HEJUHEHHOTO B3aHMOJeHCT-
BHUA BOJIH OCHOBAH HA PACCMOTPEHHH HEJHHEHHHIX TOKOB B YDABHEHHAX
nons. IIpM TakoM moaXode HCIOAb3YIOTCA DPa3JjiOXkKeHHUs AHCIePCHOH-
HOIl ¢YHKUMHM B OKDECTHOCTH 3HAYEHHH I1apaMeTpPOB, XapakKTepu3ylo-
WIHX FapMOHUYECKVIO BOJIHY, 4TO NPHUBOAHT K 60Jiee TOUHHIM COOTHO-
IIEHUAM MeXJy HODMaJbHBIMH KOJEOAHHAMH U 3JEKTPHYECKUMH II0-
JaMy. Pe3ynbTaTel 060HX MOAXONOB MAEHTUUHBI B TOM Cjydae, Korja
TPOU3BOJHBIE JUCIEPCHOHHON (YHKUMH 10 yactoTe U (WJIM) BOJHO-
BOMY BEKTODY BCE€X NOPALKOB, KPOMe NEPBOro, He YUUTHLIBAIOTCH.

[TockoabKy onmcarb HesMUHeHHOe B3aWMOIEHCTBHE C NMOMOLILIO He-
JMHEAHBIX TOKOB JIOBOJILHO IIPOCTO, 8 TaK¥Ke B CBS3H C TEM, YTO B HaJb-
HeidweM (ra. 17) HaM NOHagOGATCS HEKOTOPBIE Pe3yJbTaThl, Kacalo-
IHecss AMCIEPCHOHHBIX 3((EKTOB BTOPOro mnopsanxa, NpuBeleM 3Jech
YTIOMAHYTYI0 a/JbTE€PHATHBHYI0 (OPMYJHPOBKY TEOPHH HEJHHEHHOTO
B3aUMOJEHCTBHS BOJIH.

21974 33



HenuueiiHole ypaBHeHHs N0AA
H JHCINEePCHOHHBbIE BKAAAL BBICIIHX MOPAAKOB

WHaynnupoBaHHbil TOK B JIHHeHHOM NpUOJMXKEHHH 3aluChiBaeTcs
KakK
J=oE, 5.1y

rae E — HanpsXKeHHOCTh MOJIHOIO 3JIEKTPHYECKOro IoJis, 00ycJ/oBIeH-
HOTO BceMH BOJHamMu B miua3me. IIpu cnaboil HesHHelHOCTH BMeCTO
(5.1) MoOXHO 3amucaTth pasJyioxKeHue Buga [1]

JO 4 ® 4 (5.2)

rje TOKH BHICIUMX IOPAIKOB INPOMOPIHOHAJBLHB IPOHU3BEJECHHUAM Ha-
NPSKEHHOCTEH 3JMEeKTPHUECKHX HoJell pasauyHblX BogH. [lojcTaBus 37O
pasyoxKeHHe B ypaBHeHHs Makcsessa, IOJNYyYUM C TOYHOCTBIO A0 UJe-
HOB BTODPOrO MOpAKa:

v X E = — p,0H/at; (5.3)
v X H = g0E/at + 3V 12, (5.4)

Ucnonb3ys dypre-npeobpa3oBaHue U HCKJIIOYAsT MarHUTHOE IOJE ¢ IO-
MoILbI0O YpaBHeHHs (5.3), MPHUXOAUM K CJEAYIOLIEMY ypaBHEHHIO AJIS
snempnqecxoro noJs:

- [k (kEo) — o] = —Eo + 2 (J‘”‘ 352). (5.5)
B nepBOM nopajnKe HMeeM
1 = o'VE, = ioPy,

rZe BBEIEH BEKTOp NOJApH3alHH P,, cBf3aHHbi c BEKTOPOM Eo
OOBLIYHBIM COOTHOLIEHHEM
\ eeoi:‘,a, = eol_:},, + Po.
YuurbiBas 3T0 COOTHOIIEHHE, HaXOLHM
o'l = iwe, (e — 1),

4TO MocJje noAcraHoBkd B (5.5) maer

%ﬁi[ﬂ';J*E}:—eEmL&%;]’é{”. )
Otciona umeeM
weeEor = I3 (5.7)
AJid NPOAOJBHBIX BOJIH H
(0e — ko) e,Eor = i1 (5.8)

IJIS1 TIONEPEUHBIX BOJIH.
CootHomrenust (5.7) u (5.8) MoxHO mpexcrasuth B o6uieii dopMe

D, HE,=—iN.L., (5.9)
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rie N.L. o6Go3nauaer HeaHHefiHyI0 BHHyXKAalomyio chiay. Popmyna
(5.9) sBAsieTCH HENHHEHHRIM NHCIHEPCHOHHBIM COOTHOWIeHHeM. B JH-
HeHHOM NpHOJHKEHHH OHO CBOAHTCA K BHAY Dj(wj, k;) =0, Torna xak
IpH yyeTe HEJHHEHHOro H3MeHeHHs E BO BpeMeHH cjelyer MNHCAThb
o=0;—i(0/0t) u pasnarate D(w, k) B paig Te#nopa B OKPeCTHOCTH
- @=@; (cp. ¢ IPHBEJEHHHIM B IJ1. 4 BHIBOJOM BHIPaKEHHH IS SHEPTUHH
7oJs B JAHCHeprupyooued cpele). B pesyabTate monyuum [1, 2]

. i 92D. 02 —_
(Ef__a___‘_”_f__ o _)E,.=N.L., (5.10)

rie E; — MeaseHHO Meusomiascs aMIJIHTyJda BoaHH. [Ipu yuere npo-
CTPAaHCTBEHHOTO H3MEHEHHS Pa3JyoKeHHe CJellyeT NMPOBOAHTh TaKiKe B
OKPECTHOCTH E=F; H mojyyaTh TeM caMBM IPOCTDPAHCTBEHHLIE NPOH3-
BoAHble Ej.

Ecau menuHefinoe B3auMofeiictsue caaboe, 1. e, |i(0/0f) | K wj, TO
O6LIYHO JOCTATOYHO VAEp:XKaTbh TOJBKO IepBoe cnaraemoe B (5.10).
Torma, 3amuchBasi HeJJHHeHHBI TOK BTOPOro NopfAjKa B BHJAE HEKO-
TOpO#l (DYHKIHH TNPOH3BelleHHS 3JEKTPHUECKHX HOJIeH, NpHIAEM K CH-
CTeM€ YpaBHEHHi TPEeXBOJHOBOTO B3aHMOJIEHCTBHS TOrO Ke THHA, YTO
u (3.17). Orcwoga caegyer, uro MHoxureab 0D;/0w Gymzer Bceraa
BXOJHThL B 3HaMeHaTe b Ko3(hdHIHEHTa CBS3H.

B npenwiayuieli riaBe ObJIO MOKA3aHO, YTO 3HEPrHS NOJS BOJHBI
onpefiesnsieTcss COOTHOLIEHHEM

(W, = (1/4) (0D;/0a) E , E;. (5.11)

Ecan crucreMa HaXOAHTCA B COCTOSIHHH TENJOBOTO PaBHOBECHS, TO BCEr-
xa 0D;/00>0. B TepMOAHHAMHUECKH-HepaBHOBECHBIX CHCTEMaX 3HaK
K03(h(PHIHEHTa CBS3H MOXKET H3MEHATHCS Ha IIPOTHBONOJIOXKHBIH, UTO
IPHBOJAHUT K Ba>XHBLIM OCOOGEHHOCTSIM HEJHHEHHOro B3aHMOIERCTBHSA
BOJH (cM. Ta. 7 H 9).

IIpu yuere mpocTpaHCTBEHHOTO H3MeHeHHs mnoss Bmecto (5.10) 6y-
ZIeM HMeTh (B DEPBOM HOpPSAKe)

[(0D/0w) /0t — (0D/k) 8021 E; = N. L. (6.12)

3aech mpelmosaraercs, 4TO BOJHA PacNpOCTpaHSeTCs B HampaBJeHHH
ocH 2. YuuTwnBad, uto D(w(k), k) =0, nonyuaem

(9D/0w) 8w/dk -+ ADJok = 0. (5.13)
TakuMm obpasowm,
aD/ok 0w
= —— = — +
aD/dw ak &
YTO Jaet
(0/0t + v,0/02) E; = (0D/dw)™" N. L. (5.19)

Tlocnennee cooTHoueHHe yKa3hHBaeT Ha TO, YTO paccMOTpeHHe Npo-
CTPaHCTBEHHO-OJHOPOJHKEX, HO HeCTallHOHapHHIX, H Haobopor, cra-
IHOHAPHBIX, HO NPOCTPAHCTBEHHO-HEOAHOPOAHBIX pacHpeleNSeHHH MO
CBOJHTCS K PEIICHHIO AaHAJOTHYHBIX YPABHEHHH C T€M OTJIHYHEM, 4TO
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BO BTOPOM CJjydYae KO3((HUHEHT CBSA3H HMEET NONOJHHTEJbHBIH MHO-
KHTENb Ug.

OnHcaHHe HeJHHEHHOTO B3aHMOJEHCTBHSI B HpPEACTABJEHHH HEJNH-
HefIHbIX TOKOB oOfJlajaeT mpeHMyluecTBoM (H3HUECKOH HaTJSIHOCTH,
HO BMecTe ¢ TeéM HeoOXOAHMOCTh BBEJEHHS NPOH3BOAHBIX BHICLIETO MO-
psaaka B JeBoft 4acTH (5.10) sIBAsieTcs HEKOTOPHIM HENOCTAaTKOM Ta-
KOro mojaxofga. HamoMHHM, 4TO B TeOpHH CBSI3aHHBIX BOJH (HTYypH-
PYIOT TOJNBLKO NMPOH3BOAHEIE HEPBOTO HOPSAKAa OT HOPMaJibHBIX KOJie-
6aHuii. Tax NPOHCXOAHT HOTOMY, YTO B 3TOH TEODHH HE HCIOJB3Y-
IOTCA JIHHEHHbl€ COOTHOIIEHHS MEeXAYy AHHAMHYECKHMH NepeMEHHBIMH,
COOTBETCTBYIOIIHE TAPMOHHYECKOH BpPEMEHHOH 3aBHCHMOCTH.

PaccmorpuM Tenepn- CBA3b MEXKAY omHMcaHHBIMH moiaxojgamu. Ilox-
crapasisa B (5.9) coornowenne E,=f(w)Aeo, HaXoaum

D (o, k) f(w) Ap = —iN. L. (5.15)
Kak Bujno, ammiuryne A, OTBeuyaeT HOBas AHCIEPCHOHHAS DYHKIHS

D (o, k)f(0). YcroBHe HCUe3HOBEHHS HPOH3BOAHBIX BBHICIIErO NMOPAAKA
MOJKHO 3alHCaTh B BHJE

(0/0w) [D (@, k) f ()} = K/, (5.16)
rae k' — nocrosinHag. M cmosab3ys 3TO COOTHOIIEHHE, HOJydaem
Ao = (1K) (@ — @) ™" D (o, k) E, (5.17)
HJIHU nocJie pasnomem{ﬂ B OKPECTHOCTH (OF
1 19D (&, k) — i 9D(w, k) JE
A= ;o—[———am E—p—20 200 o ] (5.18)

Ilpn sanucu (5.18) mpuHATO R'=¢g( H, KPpOMe TOTO, MOJApPa3yMeBaercs,
4TO KO3O(DHIHEHTH Pa3NoXKeHHS 3alaHH TIPH ® = ;.

@opmyna (5.18) ompemensier obilee cooTHOUIeHHe MeXAy A u E,
BhITeKamoulee H3 TpeGoBaHHS 00palleHHS B HYJb IPOM3BOIHBIX BBICHIHX
HOPAJKOB B JIEBBIX YaCTX yPABHEHHH MBHXKEHHS, 3aMHCAaHHBIX C HC-
NOJIb30BaHHEM A, H B 3TOM CMBICJE MOKET PacCMaTPHBATLCS KaK OI-
penenende A. B nuHefiHOM NpHONHIKEHHH, yAeD:KHBasi JHIIb TEPBBIi
4jeH B npasoit uactu (5.2), uMeeM

A = (1/&,) [0D (0, k)/ow] E, (5.19)
4YTO Ja€eT
A = (0/0w) (weL) E (5.20)
AJa NPOAOJBHBIX BOJIH H
Ar = (1/0) (3/0w) (w%7) E (5.21)

LJ1S IOTIepeYHBIX BOJIH.

YudThHiBasi AHCHEDPCHOHHOE YDaBHEHHe JUIS NpPOAOJBHBIX BOJH
(e =0), (5.20) ™moXHO npelCTaBHThL B BHAe, aHajgormuHoMm (5.21).
B 10 ke Bpemsa (5.21) Henn3st 3amucath B dopme (5.20), MOCKOJBKY
JHCTIEPCHOHHOE YpaBHEHHEe NONEPEUHBIX BOJH €CTh ep=~kR2%/w?,

OtmMmeTuM, yTO onpefenenne A 3aBHCHT oT BHGOpa MOCTOSTHHOR k'.
Beile Mbl DOJOXHIH k'=gy AJs TOrTO, YTOOH COOTHOLUGHHST MEXIY
Ar. Ay v E uMenn npussiubuit Bug (5.20) u (5.21).
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JIHHeiiHOe 3aTyXxaHHE H HeYCTOHYHBOCTD

Ec/H B JiHHEAHOM NPHOIHKEHHH yYecTb AUCCHIALMIO SHEPTHH BOJ-
Hbl, O6YCJOBJEHHYIO, HaNpHMEp, CTOJKHOBEHHSIMH HJIH 3aTyXaHHEM
Jlanjgay, TO IpH BELIECTBEHHHIX R; AMCIEPCHOHHOE ypDaBHEHHE

6y11eT HMETh KOMINVIEKCHBIE DEIICHHS
0.)!- = (0”' + iVi. (5.?3)

s BpemeHHo#i 3aBHCHMOCTH BHAa exp(iw;t) cayyadi v;>>0 cooTser-
CTByeT 3aTyXaHHIO BOJIHH, a v;<0-— JHHeAHOHR HeyCTOHYHBOCTH.
Ilpu yyere HeJTHHEHHOrO B3aUMOAECHCTBHS HMeeM

D((‘)! k]) =D((1)j, kl) + ((x)—(ﬂf) [aD ((0’ k)/am]co=a). . (524)

ITopcTaBEM BMecTO o ONepaTop, BKJIIOYAIOWHA NPOH3BOAHYIO HO Bpe-
MEHH M JeHCTBYIOIUHHA HAa aMIUIHTYAy BOJIHE B cooTBeTcTBHH ¢ (5.9).
Bcnomunasi, 4To HaJHUYHE MHHMOH YacTH v; TakXe HPHBOAHT K 3a-
BHCHMOCTH aMIUIHTYIH BOJIHE OT BPeMEHH, MOXKHO 3anHcaThb

o = ©,; — i0/0t, (5.25)

rie 0/0f ONHCHBAeT NOJIHOE BPEMEHHOe H3MEHEeHHe aMIIHTYABL. Tor-
Ja TOJNIYYUM

® — 0; = — i0/0t — iv; (5.26)
H JaJiee :
OE /0t 4 v,E; = (dD/dw)”' N. L. (5.27)

3t1o cooTHoweHHe oGobmiaer (5.10) Ha cayuyalt yuera JHHeHHOro 3a-
TYXaHHS HMJH HapacTaHHs. V3-3a HanHYus MHHMOM YacTH v; MHO-
xutenp (0D/0w)~! naer BKIaA B MHHUMYIO 4acThb Ko3(pdHUHeHTa CBS-
3H. DTOT BKJaJ MOXHO PACCUHTATh TaKKe NPH PAaCCMOTPEHHH NPOBO-
JHMOCTH BO BTOPOM TNODSIJIKE.

CBsi3aHHbIe YPaBHEHHS 1JIsI BOJIH

Il IPOCTOTHl OrPaHHYHMCS YYETOM TOJIBKO MEPBOTO CJaraeMoro B
(5.10) u npeHebpexeM BO3MQIKHOCTBIO JHHEHHOTO 3aTYXaHHS HJH Ha-
pacranrs. BospparuBiunch K cootHoweHHio (5.10), mependiuem ero
B CJeLyIOLIEeM BHAE:

D, k) Eg=iJ?.
HanoMuuM, 4TO HHXKHHA HHAEKC ® BBeleH Aas 0603HAuYeHHs NPO-
CTPAHCTBEHHO-BpEMeHHOH (ypbe-KOMOOHEHTH (A8 (ypbe-KOMIIOHEHT
N0 MPOCTPAHCTBEHHBIM HEPeMeHHBIM OyAeM HCHOJb30BaTh HHAEKC k).

Ins panbHefimero ynpouieHHs NPEINONOXKHM, YTO CHEKTp Ho k co-
CTOHT H3 JHCKpeTHoro Habopa suuHui. Torga

TP = 3 [ of¥E, Fo dodo,
T Biiad 87
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rie MNPHCYTCTBYIOT TOJIbKO KOMHNOHEHTBHI, YJOBJETBOpSOLHE COO’i‘HO-
IICHHAM

0+ 0= (5.28)
k; +k, =k (5.29)
Yaepxusasi nepBoe ClaraeMoe B Pa3fIOXKeHHH (5 10), nonyuaem
exp (ioxf) (AD/0w) OEq/ot = — I, (5.30)
CwMbicn BeHuHHE Eqp siceH H3 ONpeleseHus
Ei (f) = Eox (¢) exp (ioxd). (5.31)
Ilpu | (6/0f) In Eox | € @k GyneM uMeTb
jﬁz) =§0$?)EkiEkj7 (532)

TA€ 0i; HalO PacCYHTHBATH MNPH 4YACTOTAX @y, . U3 (5.30) —
(5.32) caepyer, uto

oFE 1 - e
a;)k = — aD/do E 0’&]2.) EOki Eij exp [1 \(mki -+ (ij — (ok) t] (533)
i

fIcHo, uto yciaoB#e B3auMOJeHCTBHA (5.28) MoxerT OHITH BHINIOJHEHO
JIHIb NIPA YaCTOTHBIX cuekTpax Ly, Eug,, Eij, JIOCTaTOYHO LIHPOKHX

IJIS TOro, 4YToOH MepeKpHBalach paccTpoiika

Aw = O, -+ (ij — .
[Ipennosiaras 310 ycNOBHE BHINOJHEHHBIM, BHAHM, YTO BKJaJ BO B3aH-
MOZefiCTBHEe JMalOT TOJLKO Te ciaaraeMele #3 (5.33), AnNa KOTOPHIX

Aw< 1/t, rie v — BpeMst B3aHMOJIeHCTBHS.
PaccMorpuM mnoapo6Hee B3aHMOJAEHCTBHE TpeX BOJH BHAA

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

B 3ToM caydae cymMMa B (5.33) COZep:KHT Bcero OZHO CJIaraeMoe,
YAOBJIETBOPAIOILEE YCIAOBHIO pe3oHaHca

k, =k, + k,, (5.34)
H MBI IPUXOJHM K VPaBHEHHAM:
0E, o\2
C”to =—— 1/2:3 ElE exp {i (0, + @, — o) t}; (5.35a)
OE, o{?
= oo Y _F E2 exp {i (0, — 0, — w,) {}; (5.356)
JE, off =
% = wDyoe EE1 exp{i (0, — @, — ) £}. (5.358)

Ormernm, uTo B (5. 356) H (5.358) (HrypHDPYIOT KOMIJIEKCHO-CO-
npsiKeHHble BestHuMHE Ep # E1, a paccTpoilKa 4acTOThl BXOAHT B 3TH
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COOTHOLIEHHS C OTPHUIATeJbHHM 3HakoM. Kak BHAHO, CHCTeMa YypaB-
HEHHH CBsi3aHHBIX BosiH (5.35) aHaJjiorHuna cucreMe (3.17), Ho 3amHca-
Ha C NOMOINBI0 MEAJEHHO MEHSIIOUHXCH aMIJIHTY[ 3JEKTPHUECKHX MO+
Jed. DTy cHCTEMY MOKHO Jierko o606IIHTh HA CJAyYad pasjHYHBIX HaA-
npasjennii. HanpuaMep, IS BOJH ¢ AOCTATOYHO HIHPOKHM CIEKTPOM IO
k nHeo6xomHMO ylepXHBaThb He OAHMH, @ HECKOJIbKO 4JIEHOB B HpaBoOH
yactu (5.33). CHcreMa ypaBHeHHH, TONyYeHHAs TaKHM 06pa3oM (cM.
ra. 18), onuceiBaer 3¢ ¢deKTH pPe30HAHCHOTO YIUHPEHHS H JBOJIOIHH K
TepMOJHHAMHUECKH-DABHOBECHOMY COCTOsIHHIO. Ee MoXHO Hcmosb3o-
BaTh TaKxe JJf aJbTEPHATHBHOH (POPMYJHDOBKH NPOCTPAHCTBEHHO-
BPEMEHHOTO B3aHMOAeHCTBHA.

3agaun

5.1. Mnuoxutens N.L. B npaBoit uactH (5.9) BO3HHKaeT IPH YydYeTe UICHOB
BTOPOTrO MOPsAAKZ B PA3JIOXKEHHH TOKAa IO 3JeKTpHYecKOMY nojio. O6bsicHUTH GH3H-
UeCKHH CMBICA 3TOT0 MHOXHTENS IIPH YCJIOBHH, YTO SHEPrHs COXpaHsercs.

5.2. Kak BHzHo H3 (5.18), coorHoweHHe Mexay A u E (Boobumie mexzay A
H JIOGOH I0JIeBOH BeJHYHHON) COXEPKHT NPOH3BOAHEIE Bbiculero nopsgka ot E.
Onu (a cilegoBaTesbHO, H COOTHOWeHHe MexAY A u E) Moryr usMeHnaThcs BO Bpe-
menn. TIpociieauTts CBA3b MeXAY 5THM (GAKTOM H BBIBOAOM, COZepiKaliuMcs B I 3.

5.3. PaccMoTpHM MoZeNb INIAa3Mbl, B KOTOPOH [ABHXXeHHe 3JeKTPOHOB IIOJYH-
HSeTCsl YDaBHeHHIO

0v/0t 4 vov/0x = — (e/m) E.

[IpeanosoxxuM, YTO BCe BeJHYHHH H3MEHSIOTCS TOJBKO B HaNpaBJeHHH X H 4TO
3TO H3MeHeHHe OGYCJOBJIEHO BOJHAMH C 4aCTOTAMH @, 3, My M BOJHOBLIMH BeKTO-
pamu k, ky H k;, TakuMH, 4T0 0=0:1+ 02 U k=Kk.+ ks (0/0x=—ik;). B nuHeliHOM
NPpUGAHKEHHH NOJIYYHM NPOBOAHMOCTb IIEPBOrO MOPSAKA

oD = —iewl/o (I =—eNvy).

HalitH npoBozHMOcTh BTOpPOro mnopsiika o(?, omuchiBaoIyilo BkJIax B J, KBaz-
PATHYHBIX OTHOCHTEJBHO NOJIS claraeMbix BHAR Ey = Ej .

54. Ilycte E=g(w)A®, rae g(®) onpexeneHo Ttag, uto D(w, k)g(e)=
=k"(0—o) (0—®4). 3anHcars ypaBHeHHe AJIs 'aMIVIHTYAH A®), aHaJorHYHOe
(5.10), B nmpeznoJioxenus, uyro D(wo, k) =0 H ®; NPOH3BOJILHO.

55. Bwpasuts seanunny 0 (W) /0t yepes ammautyant £ u A (HIH HX OPOH3-
BeZeHHe) H NDOHUHTEIPHPOBATH €e B NePBOM NPHGJMIKEHHH II0 JAHCIEPCHOHHBIM
adexTam.

5.6. IlosyunTs YypaBHeHHe ABHXKeHHS JQJIA CJydass KOMIUIGKCHHX  4acToT
®;=w0,+iv;, HCNONb3YSA pPA3JIOXKEeHH B OKPECTHOCTH BelleCTBEHHOH UYaCTH 4YacCTOTHL
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I'JIABA 6
TPEXBOJIHOBOE B3AHMMOJENCTBHE B NJIA3ME

B ra. 3 paccmarpuBanach npocTefilias MoJeNb B3aHMOAEHCTBHSA
ABYX NONEPEYHHX H OAHO# npojonbHOR BOJMHHE. O6CyAHM Temepb THA-
POIMHAMHUECKYI0O H KHHeTHUecKylo MogjenH. Ilocneinsas maer 6Gosee
HeTajbHOE ONMHCAaHHe, TaK KaK B Hell yUHTHIBaeTcs paclpe/esneHHe Ya-
CTHIL Ho cropocTaM. OAHAKO THAPOAHHAMHYECKOe ONHCAaHHe Harmasi-
Hee, HOCKOJIbKY ONepHpYeT HelocpeJCcTBeHHO ¢ TAKHMH OCHOBHBIMH Ha-
paMeTpaMH MHJa3Mbl, KaK IJIOTHOCTb, JaBJ€HHE ¥ T. I

I'uapoANHAMHUYECKOE ONHCAHNe

PaccMOTpHM TIpeKie BCero THAPOAHHAMHYECKYI0 MOJeNb, Caerys
pabore [1]. DTa Mojenbs ORHCHIBAET MJIa3MYy, YaCTHIIH KOTOPOI COBep-
waT ApefidoBoe ABHKEHHE NPH HAJHYHH MAarHHTHOTO Hoas. Dylewm
NOJTb30BAThCS CAEAYIOIHMH 0003HAYEHHAMH: ¢, M_— 3apsg H Macca
yacTHI copra o; Nyg, flg — PAaBHOBECHAs] H BO3MVIIEHHAsi TJIOTHOCTH
YacTHI, Ugc— ApeiipoBast CKOPOCTb YACTHI; Ug — BO3MYIEeHHE CKO-

. . — 2 1
POCTH YacCTHIL; Ug— TETJIOBAsk CKOPOCTb YacTHU; .= (Nosg?/m g,)"/r—
Jia3MeHHas yacroTa; one = (45/m;) | By | — rupouacrora;
By — noctosinnoe MarHHTHOe noJse; E 1 B — BO3MYILEHHS 3JeKTpHUE-
CKOTO H Mar"atTHoro moJied. TlpeanmosoxkuM, 4To Bce AHHaMHYeCKHe
nepeMeHHble H3MEHSIOTCS  TOJBKO BAOJbL HamnpaBJeHHS MarHHTHOrO
HoJisl, H IPHMEM 3TO HalpaBJeHHe 3a x. Toraa HopMmaJbHOe KoJe6a-
HHE JJISi IOTIePEeYHBIX BOJH 3angiueM B Buje {1]*
i z : 96N o (ayc + i;’zc) = .
aTi——;; +Eyi_]Ez:F
o

oy —kuy £ Opo

. 2
F— mi—-s: i (B, + iB,). 6.1)
k O '_kva'c t Opg v z ’
()
Munekc + BBeneH 31ecCh mjsi 0603HAYeHHSI MPaABO- H JIEBOTIOJISIPH30-
BaHHBIX BOJIH COOTBETCTBEHHO. UacTOTH 3THX BOJH ©4 Y/AOBJIETBODS-
IOT JHCIEPCHOHHOMY COOTHOILEHHIO

0 .
©; - (0, —kv k22

er=1— o O —Pa0) __ _ #o2 (6.2)

o (04 — kv + 0py,) 0 Oy
AHaNOTHUYHBIE Pe3YJbTATHl MJIS MPONOJbHBIX BOJH- HMEIOT BHJ,

95 v, (0, — kv, ) +kuZ _
. o (OL d
aL=1§:— o { o)t G

2
€9 (u)L — kvdc)2 — kzu(I

g
g Ny ® _ —
+i 2 g e Yo + E (6.3)
o g

g (00— kvdc)2 — Ry

* B atoff rnase npepmonaraeMm, urto £ = kZ [Er exp (ikx) 4 E}, exp (— ikx)] |

T. €. HCIOJb3yeM HOPMHPOBKY Ep, Uy H T. 0., OTAHUHYIO OT NPHHATOR B . 3.
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o2
—1— 2 b — 0, (6.4)
(0 — bogg)? — Bug

rle gy -— YacToTa NPOJOJLHOA BOJHBI.

B3aumojeiicTBHEe TpeX NMPOAOJbHbIX BOJH. B H3oTpomHoA mnuia3sme
eJIHHCTBEHHO BO3MO2KHBIM TPEXBOJHOBBIM MNpOLECCOM SABJSETCS B3aH-
MojieficTBHE HOHHO-3BYKOBOH BOJIHBI C ABYMS NJIa3MEHHHIMH (JIEHTMIO-
POBCKHMH) BoJIHaMH. Jpyrde mpoueccet 3anpelilleHs H3-3a HapylleHHS
YCJOBHH COTJIACOBAHHSI YaCTOT H BOJIHOBHIX uHceJs. JI1si aHH3OTPONHOM
IJIa3Mbl KJ1acC' paspellieHHHIX NpoLeccoB 3HauHTeabHO mHpe. OAHH u3
BayKHBIX TpeJCTaBHTeNell 3TOro Kjacca — B3aHMoJAeHcTBHE TpeX JIeHr-
MIODOBCKHX BOJIH IPH HAJIHYHH NOTOKOB 3apsXKeHHHX vacTHu. [loTokn
BBI3HIBAIOT JOMJEPOBCKOE CMeIleHHe YacTOTH H, KpOMe TOro, MOTYT
OBTh MPHYHHOH BO3HHKHOBEHHSI BOJH C OTpPHIATeNbHOH 3HeprHei [2].

KoapdHuneHTH cBSASH A8 3TOTO CAydast MOXHO TOJYYHTb TeM iKe
cnocob0oM, YTO H B IJI. 3; OHH HMEIOT BHJ:

c -
Gz = G (9/06>,) ©,08/00, "
C .
2=~ g (0e/0w,) ©,0¢ /0w, ’ (6.5)
Cop = — :
ot % 0o (0e/00,) ©,0¢/0w,
c= E o {[(®@0 — ko) — R U2] [(0, — kv, )2 — k2 u2] X

X (@2 — kzvdc)‘l — R U]} Ry (01 — R o) (00 — &, V) T
+ Ry (09 — kU p) (02— RoUy) + Ry (00 — RyU i) (0 — Ryu ) — 42 keokey ko)
(6.6)

2
de ® (m-——kvdc)
—9 2: po (9 i ) (6.7)
6(1)] m [(0)! —_ kivdc)2 _— k? Hg-]z (

[Tocnennee cooTHoleHHe noJy4yaercss B peayabrare JAH(depeHinpo-
BaHua (6.4). AcHMMETPHS 3HAKOB KO3(DQHUHEHTOB CBA3H OOBSACIHA-
eTcs cJeAyIOIHM BHIGODOM pe30HAHCHHIX YCJIOBHI:

Wy = @ + @y, Ry=k; -+ R,.

Hcnonbsys coorHolueHHe @;j=w;(0e/0w;)E;, HETPYAHO TNOJYUYHTH
KO3 PHIHEHTH CBI3H AJS JIEKTPHUECKHX TIOJeH

U = * ¢/(0e/0w;), ' (6.8)

TA€ 3HaK «IJIOC» COOTBETCTBYeT BOJIHE C. HaHGOJbllel 3Heprued. Be-
JHUYHHA C TECHO CBSI3aHa C JH3JIEKTPHYECKON NPOHHIAEMOCTBIO BTOPO-

u
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ro HOpsALKa, KOTOPYI0 MOXKHO OHPEAEJHTb KaK KO3(D@PHIHEHT npu npo-
H3BeACHHH 3JIEKTPHUECKHX MoJed B MPaBofl YacTH HeJHHeHHOro Iu-
CHepCHOHHOTO cooTHoweHust (5.9).

B3aumopeiicTBHE MPOAOJBHOH BOJHBI C ABYMS MONEPEYHBLIMH BOJ-
HaMH, PacnpoCTPAHSIOMWMMHCS BAOJb MATHHTHOro nods. DTOT THHO He-
JMHEAHHIX MPOIECCOB OCYIUecTBJAsieTcA, HanpHMep, ODH B3aHMoJei-
CTBHH J1a3eDHOTO H3JY4YeHHS ¢ IJ1a3Moil, Korga oJHa H3 HOIepeYyHBIX
BOJIH COBITaJaeT ¢ Hajamilell, Jpyras — ¢ OTPa*KeHHOH JIa3epPHOH BOJ-
HOM, a B KaueCTBe HPOJOJLHOH MOXKHO B3fiTh NJA3MeHHYIO HJIH HOHHO-
3BYKOBYIO BOJIHY.

Beegem uugekcs O u 1 gass monepeudsx Boiad (#HzZeke L mo-
ApEeXHEeMY OTHOCHTCS K NDOAOJBLHOH BOJHE) H HPEANOJOXKHM, 4TO pe-
30HAHCHBIE YCJIOBHSI HMEIOT BHA!

W=+ & ; R,=Fk k.

Torza
cC,, = @ <
o ’
L o7 (0/00,) (0} e7) o, 3¢, /00,
c
Cop =—@ ; 6.9
oL 1 _ .
g ! (8/0e) (0F £7) 0 de, /o0, (©.9)
c ® 1 c
op = — Wy /= , — s
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Kosdduuuent 8pf HanOMHHaeT O TOM, YTO NONepedYHbIe BOJHB
JOJKHB OHITh HOJSPH30OBAHBI OJHHAKOBO (JHIIb NPH TaKOM YCJIOBHH
K03 HIHEHT cBS3H ¢ He obpamaercs B Hysab). Beanurna Oep/OvL
umeer BHA (6.7) mpu j=L, a ans pacuera Benmwumnbl or!(0/00r) X

X {(9}87) cnenyer nepenncats (6.2) Kak
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qTO Jaet
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Muoxurenb 1/2 B xoabdHIHEHTe Co; OTBeYaeT B3aHMOJLEACTBHIO BOJIH
KPyroBo# NoJIipH3alHH.
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KuneTnueckoe onucaHue

KuHeTHueckHe aHajsorn Beipaxenuit (6.1) u (6.3) MoxXHO HaHTH
B pabore [3]. McnonbsoBas o6osnadenne Fy=F, (v}, B2+ v}) mas
paBHOBecHOM GYHKUHMH pacnpelefeHHs N0 CKOPOCTAM H f—mas ee
MaJIoro BO3MyIIleHHﬁ 3anMileM 3TH BHpaXKeHHS B CJAEAYIOIIEM BHJe:
a, = 5’ (vy £ i0p) [f — (ig/mw) (v X B) OFo/av] 1o v L
€ m-—lwx:};mﬂ

+E, + iE, T (k¥0) (B, + iB,) (6.11)
H
igw T
QL= —-a—kj—ym dv. (6.12)

Ilpx 3TOM JHCHEpPCHOHHOE YpaBHEHHE €CTh YCJAOBHE CYILECTBOBAHHSA
HETPHBHAJBHOTO pPelIeHHs CHCTEMBI ypaBHEHHH

— 2 - 2 —
E + —kx (kxE) + n;’aofm" [E+"><(“XE)]av dv = 0.
(6.13)

Ilpu yuere CTOJKHOBEHHH Ha OCHOBe HCHOJL30BaHHS Mojean bar-
marapa — I'pocca — Kpyka [4]

(Of/08)¢x = — VF + v (n/N,) Fy, (6.14)

rie v — 3ddekriaBHas uacrota crojskHoBeHHH. [lis Takoir Moge-
au [5]

— iv dFy/0v,
-—Cku-w-i-lv— dv+n Sm—kiv—kvxdv] (6.15)

TlocTostHHYI0 ¢, BHIGHPAKT TaK, qTo6b1 BBIIOJHAJNOCh COOTHOLUEHHE
arL=o(0eL/0w)E:

—_dgo [y _ v {__ Fo o _
Cr keg [l No Jo W—‘kvx ( U,;)
x S—M—dv]_l. (6.16)
® 4 iv — ko,

BsauMogeficTBHe TpeX HPOAOJBLHBIX BOJH BuAa (6.15) onuceiBaeTcs
craHgaptHoit cHcteMoit (3.17) co craenyomumu  KospdHIHEHTaME
CBSA3H:

g% (rjn + 1)

Cim = m3o? o) (9e/d0;) op0e/d0g | (6.17)
rae
= — ik j‘ & [o2+ iv‘(@,_k,v,,)] OF /00, — ikpvFy
(0 + iv — &p0,)? (0; + iv — kjuy)
—k — kyug)? 0%F /002
V(@5 —kpg) J‘dv (0r — kf’d) o/00% (6.18)
202 O + iv — Rpug

P
43



2

- % (1 v Fo
e(@ R=1+ kN, [_1 No m-}-iv—kvxdv +
P () [ ][ gy )
TN NE ) ) 0 iv— ko, Ot iv— kog :

O6cyxkpenne pe3yabTaToB

Kak Buano us (6.5) u (6.9), ypaBHeHHS 1Jis1 aMILIHTYJ, HOpMaJb-
HBIX KosieGaHHiT A; MOXKHO NPHBECTH K obuieil popme
04; Wi
L=+ . AAL. (6.20)
ot = (9D/0wp) D, jde>,

Takas dopma ypapueHHs yno6Ha NpH paccMOTPEHMH 3aKOHOB COXpa-
HEHHS, KOTOPO€e NPOBOJHTCA B CJeAYIOLLel IJ1aBe.

Tlpu Hcnosb30oBaHHM TPHUBENEHHHIX B 3TOH IJaBe BHIPaXKEHHH /A
K03 QHIHEHTOB CBA3H He cJelyeT 3a6hBaThb O NPHHATOH HOPMHPOBKE
KOMIUJIEKCHBIX aMIVIHTYM, KOTOpas BjHsSeT, KOHEYHO, H Ha BHJA 3Hepre-
THYECKHX COOTHOIIeHHH. B 4acTHOCTH, BhIpaKeHHS JJI 3HEPTHH BOJH,
HpHBELEHHBIE B I'Ji. 4, COOTBETCTBYIOT HOPMHPOBKe aMIJIMTY[, BBeJeH-
HO#l B rJ1. 3.

Kacasice cpaBHeHHSI THAPOAHHAMHYECKOTO H KHHETHUECKOTQ NOAXO-
JOB, OTMETHM, YTO KHHETHUECKOE ONHCaHHe no3poJsieT Gojiee TOYHO
yyecTb TeMmuepaTypHble a3(PGeKThl, Toraa Kak B NPHOJHMKEHHH XOJOJ-
Ho# NJasMbl 062 DoAXOAa 3KBHBaJIEHTHH. MOXKHO NOKasaTh TaK¥Ke
[2, 6], uTo B nepBOM mOpsiAKe HO TeMIepaType pPe3yJbTaThl, NOJYUEH-
HBlE Ha OCHOBe OOOHX MOAXO/JOB, TIOJTHOCTBIO COIJIACYIOTCS, €CJIH TPH
pacueTe JaBJeHHS B THAPOJHHAMHYECKOM NpPHOJHMKEHHH paccMaTpH-
BaTb BOJIHOBOE JBHXKeHHe KaK aJHabaTHUYeCKHi mpouecc. B wmuTHpO-
BaHHBIX paborax [7—12] HcnoJsb30BalHCE H HEKOTOPBIE JpYyrde Mo-
aend. DT pa6GoThl NOCBSIIEHB PACCMOTPEHHIO HNPO6JieMBl B3aHMOJEH-
CTBHSI BOJIH B acTpodH3HueckoM acnekTe [7, 8], cToskHOBHTENILHOMY
BO3OYK/eHHIO BOJH [9], BHIBOAY ypaBHEHHH ABHMKEHHS M3 JarpaHKHa-
Ha [10], B3aHMOJEHCTBHIO BOJIH, pAacOpOCTPAHAIOIHXCS HOX TPOH3-
BOJbHBIMH YIJIaMH OTHOCHTEJLHO HaNpaBJEHHS BHEIUIHEr0 MarHHTHOTO
nojst [11] # TpexBoJTHOBOMY B3aHMOJEHCTBHIO NPH HAJUYHH BHEIIHEro
BLICOKOYACTOTHOTO 3JieKTpHYeckoro moss [12] (cM. Takxke crnHcok Jgo-
HOJTHHTEJbHOH JIATepaTypHl).

3apaun

6.1. Jokasate, uTo BeJHuHHH (6.1) wu (6.2) uMelOT CMBICH HOPMAJBHBIX

KoJIeGaHuH. )
6.2. TlonyuuTe B nepsoM NPHOJHKEHHH COOTHOLIEHHe MeXAY BeJHUHHAMH Q.

H B_¢, rjae E¢=E-giﬁz.
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I'JIABA 7
OHEPTETHYECKHE COOTHOLIEHHUS

IIpu TeopeTHuecKoM ONHCAHHH KOTE€PEHTHOrO B3aHMOJEHCTBHS BOJH
2KeJaTeJTbHO HMETh TaKyl ()OpPMY INpeACTaBJEHHsS OCHOBHBIX COOTHO-
1IeHHH, KOTOpasi coXpaHsaach Obl NPH ONHCAHHM HEJHHEHHBIX Mpolec-
€OB CaMOji pa3iuuHOi (u3nueckoil npupoasl. IloxoOuyo dopmy MOXK-
HO HAaHTH C TNOMOLIbIO NOAXOAsLIeH HOPMHPOBKH AaMILIMTYJI B3aHMO-
JeficTByolux BoaH. Huxe BpelieH ¢popMannu3M, WHPOKO HCNOAb3yeMBIH
B JajpHelieM u B OOLIEM BHJe NPHUrOJHBIY [JIsI ONHCAHHS CHCTEM
B3aHMOJAEHCTBYIOINX BOJH C KOMIJIEKCHHIMH KO3(h(HIHEHTaM# CBSI3H.

B npeHe6GpexxeHun AHCCHNIAUMed HCXOAHAs CHCTEMa  CBSI3aHHBIX
YPaBHEHHH CHJIbHO YNPOLIAETCS U IO3BOJSAET JIErKO NOJYYHTh YCIOBHE
COXpaHEHHs1 SHEPTHH BOJH, COOTHOWIeHHs Moauan—Poy, a Takxe
©006001LIeHHble HHTerpasl ABHKEHHS, B KOTOPLIX YUHTHIBAETCS BO3MOXK-
HOCTH pAacCOTJIaCOBAHHSI YacTOT. | aMHJIbTOHMAH CHCTEMBI ONpeness-
€TCsi CyMMO¥ 3HEepPrHH OTHEJBbHBIX BOJH H 3HEPrHH B3aHUMOJeHCTBHS.

W3 npuBeleHHBIX B TOH IVIaBe SHEPreTHYECKHX COOTHOUIEHHH cie-
JyeT BBIBOJ, YTO MOXKHO OAHOBPEMEHHO YBEJHYHBATb AMIVIMTYIH BCEX
Tpex B3aMMOAEHCTBYIOUINX BOJIH (B3PBIBHASi HEYCTOMUHBOCTR) 6€3 Ha-
PYlUeHHsi 3aKOHa COXpaHeHHs Heprui. Takasi BO3MOXHOCTb PeaJin3y-
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eTc B TOM CJydyae, KOrja SHeprus BOJIHBI € HauboJbllell yacToTOH
IIPOTHBONOJOXKHA 110 3HAKY YHEPrHAM ABYX APYTHX BOJIH.
" Ilepenuwem cucteMy ypaBHeHuit (3.17) B caeayioieM BHJIe:

00,y/0t — w4y = €], 318y}
0a,/0t — 10,a; = Cplly 5 (7.1)
0ay/0t — 1058, = Cpy@ya] .

Jagee, caenys paéoTe [1], nonoxum a;=A;(f)exp(iRew;t). Torna
sMecto (7.1) noayuum:

0Ay/0t + Im (wy) Ay = ¢}, A, Ay exp (— iAwt);
0A,/0t + Im (o)) 4, = c,34,43 exp (iAwt); (7.2)
0A4,/0t + Im (@,) A, = ¢ A,A] exp (Aw?),

rie Aw=Rew,—Re w;—Re wy; Mano no npeanosoxenuio. C moMoubio

noxctaHoBok A;=u;exp (i®;); c¢;; = v;;exp(ib;)); v; =1Imw; cucremy
(7.2) MoxHO npeo6pa3oBaTh B SKBHBAJEHTHYIO €H CHCTeMy AJs Belle-
CTBEHHBIX BEMHUHH U; = | A; | 5 v;;= | ¢;5 |, ¢; 1 05

Oty/Ot + Vgl = vyyttytty cOs (D + 6,,); \I

Otty/0t - Vyldy = Valdytty cOS (D + Bp); ! :
Oty/Ot + Volly == Ugyldgtty cOS (D + 6,); (7.3)
0D/0t = Aw — vy, (ytty/11y) sin (@ +- 6,,) —

— Upa (Uythy/thy) SIN (D - By5) — vy (Ugtha/ut,) SN (D + Bgy). j

3neck O = ¢, — ¢, — ¢, + Awrt.
OTMeTHM TaKXKe, 4TO C IIOMOLIBIO MEePEHOPMHPOBKH BHIA
g~ (Vpy¥s) * tho;

Uy > (001012)1/2 Uy; (7.4)

e
Uy — (Vgalr2) " Uy

Bce KO3(DOHUIHEHTH CBA3H B cucTeMe (7.3) NPHBOAATCA K enHHHLE.
Takas onepanus ueaecooOpasHa NpH HAXOXKIEHHH PEUIeHHH W KpHTe-
PHeB YCTOHUYMBOCTH [Js1 cHcTeMB! (7.3), HO NpH BBHIBOJE dHepreTHYec-
KHX COOTHOIIEHHH yHoOHee HCHIOJb30BATh HENOCPEACTBEHHO CHCTEMY
(7.3).

s HemuccunaTHBHON cpeanl v;=0 u Ko3pHUHEHTH CBSI3H — Be-
IeCTBEHHblE BeJHYHMHBL. DTO 03HAYaeT, YTO B KayecTBe (ha30BOro
yraa 0;; caenyer B3siTe 0 MM 5 B 3aBHCHMOCTH OT 3HaKa COOTBETCTBYIO-
mero xosgouuuenta ceasu. B pesyabrate cuicteMa (7.3) ynpomaercs:
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Otty/0t = §,505141145 cOS D;
Oy /0t = SgaUgaliglty COS D

OOt = Sy 0 Uy, cOs D; (7.5)
el .
o = Aw — (312012 iy + Sge¥p2 e + Sp1Un u:ul )Sm D,

2

rjle Sjx — 3HAKOBBIH MHOXHTENb KO3(pHUHeHTa CBA3H Cjr. AGCOMIOT-
HblE BEJHYHHBL Cji M Ujp 3ABUCAT OT HOPMHMPOBKH 4;. B uacTHOCTH, MpH
BLIBOJE 3HEPreTHYeCKHX COOTHOLIeHHMH yI06HO cuurate u;=|Ej|.
Toraa

(W, = (1/4) (0D;/0w)) u2 :

K ¢ noMolibio (7.5) HETPyIHO NOJYYHTH CHAEIylouice BHIpaXKeHHE K
HPOU3BOIHON TOJNHON SHEPTHH BOJHLL:

daw aD, aD, aD,
—_ = s v S v, S, Uyy | Ugllylts cOS D,
dt ) ( 12 0(1)0 12 + 02 0(1)1 02 + 01 0(1)2 01) Q12
Orciona caexyer obuiee ycJOBHE COXPAHEHHS] SHEPTHH
aD, aD, D, '
S, —2p Sg9 —2 Uygs - S, vy, = 0. 7.6
12 0&)0 12 + 02 a(:.)l 02 -} 01 0(1)2 01 ( )

JlJ1s IpONOJIBHEIX BOJIH 3TO YCJOBHE CBOIMTCS K BHAY
(—0y+ o, +0)c=0, (7.7
TaK KakK 0D;/0w;=w;0¢;/0w; u, KpoMe Toro, coracio (6.8)
SpiUn = F ¢/(Ce/0w).
Jsis monepeyHbIX BOJH

Savpt = F 0;c/[(1/0)) 0 (oof &)/0w;] ,
T. €. CBsI3aHHBIC HeJHHEHHBlEe YPABHEHHS MMEIOT BH]

0E;

J —_ (D]-C T T —_—
= — . 7.
Py F 3D/0w; E,E exp (F iAwi) (7.8)

Herpynno, oxnako, y6enurbesi, 4TO W B 3TOM CJyuae yCJIOBHE COXpa-
HEeHHA 3Hepruu csoxurcs K (7.7).

OrMeTnM, YTO IO CHX NOp He HeJAJOCh HHKAKHX TIPealloJOXKeHHH
OTHOCHTeJIbHO 3HaKOB OD;/0w; u, cienoBaTesabHo, ycioBue (7.7) cnpa-
BeJJIHBO INIPH NPOU3BOJHHOM COOTHOLIEHWM 3HAKOB 3HEPTHHl B3aHMO-
JeficTByonx BoaH. KpoMe TOro, mp# HCHOJAB30BAHHH HOPMHPOBKH
BU1a

u; =|(1/0,) (0D;/00) E E;|'" (7.9)
BCE TpH KOa(dduiueHra cBsisu vy, B (7.5) cTaHOBATCS OXHHAKOBHIMH.

C 3aKOHOM COXPaHEHHSI SHEPrHH TECHO CBsi3aHbl COOTHOUIEHHS
Mosuau — Poy [2]

(S19/V12) U2 — (5p2/Vp) 42 = M;;

(7.10)
(S02/V02) 42 — (Sp1/Up) U3 = M,.



3necs M; u My — nocTosiHHble, OnpefiesiseMble HAaYaJLHBIMH YCJIOBHS-
Mu. CootHoweHnus (7.10) jierko mosy4utb H3 cucteMnl (7.5). OHa uMe-
€T ellle TPH HHTErpaJja ABHXKEeHHS

Ugttytty SIL D — (A©/2) (Sp1/Vp1) U3 = T, (7.11)

B YeM HeTPYAHO yOeIuTbCA, NOMHOXKHB KaxJ0€ H3 ypaBHeHHH Jsi
0é;/0t na — u;(0u;/0t), a xaxnmoe u3 ypaBHeHHH ajs Ou;/0t Ha
4;(0;/0t) u NPOCYMMHDPOBAB 3aTeM BCe NOJYYEHHbIE YpaBHEHHS.

IIpu HasJHYHMH paccoryiacoBaHus YacTOT 3JHEPrHs BOJH COIVIACHO
(7.6) MOXeT M He COXpPaHATbCA. Tem He MeHee M B 3TOM cjydyae MOXK-
HO BBECTH raMHJIbTOHHAH ’

H= 2 8017 + 20 (ufuf u3)'/xsin (8, — 6, — 6,), (7.12)
I

TpH 3allHCH KOTOPOrO HKCIOJb30BaHa HopmupoBka (7.9). MuHoxuresb
s; B (7.12) omnpenensier 3HaK 3Hepruy BOJIHBL THHA | u 0;=@;+o;t.
Bri6paB B KadeCTBe KaHOHHUECKHX IepeMeHHBIX u? H $;0;, MOXHO

y6eauTbhC B TOM, UTO H3 raMuibToHHaHa (7.12) AeACTBHTENBHO cJe-
Ayer cucrema (7.5). ITepBoe cinaraemoe B (7.12) ecTh He YTO HHOe,
KaK CyMMa 3Hepruil B3auMOjeHCTBYIOUIMX BOJH, TOra Kak BTOpoOe
cyaraemoe 06yCJOBJIEHO HeJHHeHHbIM B3aHMOAEHCTBHEM BOJIH U MOXKeET
OLITh NIO3TOMY Ha3BaHO 3HEpruell B3aHMOJEHCTBHSA. YuuThIBasi BHJ
HHTerpaJsioB aBuxKeHusi (7.11), BUAMM, UTO B YCJOBHSIX TOYHOI'O Pe30-
HaHCa KaXMlas M3 yacTeil raMHJbTOHHAHA COXPaHAETCA MO OTJe/JbHO-
<td. Ecoin Ke uMeercs paccorsiacoBaHue 4acTOT, TO COXpPaHAeTCs JIHIIb
BCAl CyMMa B LI€JIOM.

U3 cootHoweHus (7.6) caenyior BaxHble cBOHCTBa KOo3d@uumeH-
TOB cBsizH. ECJM 3Haku 3HeprHil ¥ YacTOT BCeX B3aUMONEHCTBYIOLIHX
BOJIH OJMHAKOBBI, TO OJHH M3 KO3(D(QHUHEHTOB CBSI3H JNOJKEH HMETb
3HakK, IPOTHBONOJIOXKHHH JBYM APYruM. JTO 03HayaeT, YTO COOTBETCT-
Bylollass aMIVIMTyJa H3MeHsieTCss B HamlpaBJeHHH, NMPOTHBOIOJIOXKHOM
HamnpaBJIeHHI0 M3MEHEHHUS! OCTaJbHBIX aMILIHTY], T. €. IPOUCXOIUT OG-
MeH 3HeprusiMH Mexny BoJiHaMu. Ecju Xe 3HaK 3Hepru¥ BOJIHHL C
HauboJsibllell YacTOTOH NPOTHBONOJIOKEH 3HAKy SHepruil ABYX APYrHX
BOJIH, TO BCe KO3((HUIMEHTH CBSA3W MOTYT HMeTb OJHHAKOBHIE 3HaKH,
4 3T0 03HayaeT BO3MOXKHOCTb OJHOBPEMEHHOI'O YBeJHYEHUs aMIJIUTYJ
BCeX TpPex B3aUMOJEHCTBYIOIIMX BOJH 6e3 HapyllleHus 3aKOHa COXpa-
HeHusn sHepruu. [lpu HaOGMIONEHHH TaKOro IpoHecca B NMPOHU3BOJIBbHON
HHePLUHAJbHOR CHCTeMe OTCUETa YaCTOTHI NMpeTepleBaloT JNOMJiePOBCKHIT
CABHI' H MOTyT M3MeHsTb 3HaK. OJHaKO TUI B3aUMONEHCTBUS JOJIKEH
6bITb MHBapHaHTEH OTHOCHTEJIbHO Ilepex0ja OT OJHOH HHepUHaJbHOH
cHCTeMBl KOOpAHMHAT K Apyroii. OTciofia BbiTeKaeT BO3MOXKHOCTb H3Me-
HeHHMsl 3HaKa 3HEPrud BOJIHBI NPH NPeo6pa30BaHHMH CHUCTEMBI KOODJH-
Hat [3] (cM. takxke ru. 10).

OTMeTHM B 3aK/IOUEeHHe, YTO TaK XKe, KaK YCJOBHE COrJIaCOBaHHS
YaCcTOT NMPHBOAHT K 3aKOHY COXDaHeHHSI 3HEeDPIHH, yCJIOBHe COrJacoBa-
HHS BOJIHOBBHIX BEKTOPOB OTBeYaeT 3aKOHY COXpaHeHHsS HMIYyJbCa.
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3anauu

7.1. BpipasuTh CKOPOCTh YMeHblUEHHst MNOJHOH 3SHEPrHH BOJH dYepes Koaddu-
LHEHTHl 3aTYXaHHSi Vj, IHCHePCHOHHble GYHKUMH Dj IJs 3JeKTPHYeCKOro Noas M
aMINIHTYABl HOPMaJbHHIX KOJeOaHH# B cayyae CHCTEMbl TPeX 3aTYXalOlHX BOJIH
¢ 0;;~0, =n (BausHHeM 3aTyxaHus Ha D; H cj; npeneGpeub).

7.2. 3anucate coortHolleHHs Mosuan—Poy ¢ nomoubio  suepruii BoaH W;
H 4acTOT ®W; B NPEANOJOXKEHHH, YTO HMelOT MECTO pe30HAaHCHBIE yCJI0BHS, HCNOJb~
30BaHHBIE B I 7.
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TJIABA 8
BOJIHbBI C OTPUUATEJIbHOA SHEPTHEN

Tunuunas cucTeMa, B KOTOPOI MOTYT CYylLIeCTBOBaTh BOJIHBI C OTDH-
ILaTebHO 3HeprHell, — IJa3Ma ¢ NOTOKAMH 3apsi?KeHHBIX UacTHIL.
Jns ynpouieHHst OrpaHHUHMCS PAaCCMOTPEHHEM 3Hepruy BOJHEL B Apeit-
dyroulel Mja3Me H NOKaXKeM, Kak 3Ty 3HEPIrHIO MOXHO PacLIeNHTh Ha
HePruIo 3JeKTPHUECKOIo IOoJs B BAKYyyMe U 3HePrHI0 JBHXKEHHA 4Ya-
cTul, (3J4eKTpoHOB) B BoJHe. IlosiBaeHye OTpHHATENbHOH 3HEPruUH
CBSI3aHO C HaJHuyeM CJ1araeMoro, INpOoNOpPLHOHAJNBHOIO NPOH3BEIEHHIO
OCUHJIASUHH IJIOTHOCTH H CKOPOCTH 3JIEKTPOHOB, KOTOPOe CTAHOBHTCA
OTPHLLATENbHLIM, €CJH IVIOTHOCTH H CKOPOCTH K0J1e0/I0TCS B IPOTHBO-
nosoxHuX dasax. [Ipu onpenenenHo#i ckopocry xapefia HMEHHO 3TO
calaraeMoe OKasblBaeTcsi NOMHHHDYIOIIMM. PacCMOTpHM Tak:Ke B3aHM-
HBII nepexox cBOOONHON 3HepruH cpeisl (B JaHHOM cjaydyae 3Hepruu
apedda) u sHeprHH INOJAs BOJHH, BKIOYasi 3QQeKTH BBHICILErO IO-
psaKa. ‘ :

i

Cucrema miasma — ny4yokK

Bripaxenue (4.10) njs sHepruu mnoJsisi BOJIHB yKa3biBaeT Ha ‘'To,
4TO B TePMOJHHaMHUYECKH-DAaBHOBECHOH cpejie 3Ta 3Heprus Bcerja Io-
JIOKHTeJIbHA. EC/IH Xe HeBO3MYyllleHHOe COCTOSIHHe Cpejibl HepaBHOBeC-
HO, TO 3Heprus Moxer ObITh OTPHIATeNbHOH. HIHTepecHBEIM IpHMepOM
- TaKOH -Cpelnl SIBASETC CHCTeMa Ivia3Ma—Iy4yoK. EcCAH BOJHBI BO3-
Oy2K12I0TCsl TONBKO B [Yy4Ke, TO BMECTO HAA3MEHHO-TIYYKOBOH CHCTeMbI
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MOKHO paccMOTpeTh HyaaMmy C JpefipOM 3apsiKeHHBIX 4actuu. [Ipo-
JIOJIbHAsl NHAJIEKTpHUecKas NPOHHIaeMOCTh TaKOH CHCTEMbl HMeeT BHJ

e(w, B) =1 —mzb/(co — RV, 8.1)

Tle wpp U Vp — NJa3MeHHash 4aCTOTa M CKOPOCTh YaCTHIl NyuKa (TeM-
nepaTypHbie 5)peKThl He YUHTHIBAIOTCH).

Huddepenuupys (8.1) mo uacToTe U HCIOJB3YS 3aTeM AHCIEPCHOH-
Hoe cooTHolreHne ¢=0, moayuaem

Oe/0w = 202 (0 — RV, = 2/(0 — KV ) =t 2/0 .

3HaK «MHHYC» B 3TOM BHIPAXKEHHH COOTBETCTBYET BOJIHE C OTPHIIATENb-
HOH 3Heprueil. Pusnueckuii CMBICJ TAaKOH BOJIHBI 3aKJIKUY3ETCS B TOM,
YTO INPH ee pacnpocTpaHEHUH BLICBOOOXKIAaeTCs KHHETHUeCKas 3Hep-
rug nyuka. PaccmoTpum 3TOT mponecc HojgpoGHee, OCHOBLIBaSICh Ha
ypaBHeHusx MakcBeana ’

v X E=—0B/dt; yxH=1J+ aDjor.

B otanume oT nopxonxa, HCNOJB3OBAHHOrO B Iv. 4, OyneM CuUHTaTh
3J1eKTPOHBl CBOOOAHBIMY YaCTHIAMH, ABHKYLIHMHCA B BaKyyMe H 1aio-
1KMH BkJaaj B ToK J. Torza

v (E X H) = H(y x E)—E(y X H) = — H0B/dt — EdD/dt — EJ,
U

— V(B X H) = EJ + (9/00) (1/2) (e E? + pofP). (8.2)

Kaxk BuaHO, AMBepreHuus Bektopa ¥MoBa — IloliHTHHra pacuiensasieTcs
Ha JBe YaCTH; OJlHA XapaKTepu3yeT NPOH3BOJHYIO JHEPrHuy IOJS B Ba-
KyyMe, a Apyrasi— CKOPOCTb H3MeHeHusS KHHeTHUeCKOH 3HeprHH 3JeKT-
poHOB. BMecTe ¢ TeM 3Heprusi NIPOAOGJBHHX BOJH OLpefessercs NOJy-
geHHBIM paHee OGUIHM BhIpa’KeHHEM

(W) = (e4/4) (0/0w) (we) E E*. (8.3)
[TpenmosioxkuM, 4TO BOJIHA, KAK H IIYYOK, PaclpocTpaHAeTcs B IIO-

JIOKHTEJbHOM HalpaBJaeHuH OCH X. B 3toMm ciayydyae JiHHeapH30BaHHbIe
YpaBHeHHA ABHKEHHS B HEOPEPLIBHOCTH HMEIOT BHA:

du/ot +V ,0v/0x = — (e/m) E; (8.4)
— edn/ot -+ d7Jox = 0, (8.5)
rae J=—e(Vyni+7Ny) — nuHeapH30BaHHBI TOK; Ny — HEBO3MYIIeH-

Hast IJIOTHOCTb 3JI€KTPOHOB W HOHOB B IJIa3Me; ¥ U 72 — BO3MYLIEHHSA
CKOPOCTH H IJIOTHOCTH 3JeKTPOHOB (BJIMSIHHEM BOJIHBL Ha HOHBI IIpeHe-
6peraem). Ilpennosaras npoCTpaHCTBEHHO-BPeMEHHYIO 3aBHCHMOCTH
Buga expli(wf—kx)], HaxOZHM CBfA3b MeXAY AMHAMHYECKHMH mNepe-
MeHHBIMH

E=—(mle)i(w—kV,)v (8.6)

v = [(@ — &V ,)/kN,] n. (8.7)
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IMoacraBnsa (8.6) u (8.1) B (8.3), yunThiBasi npun 3TOM JHCIEp-
CHOHHOE COOTHOIIeHHe H HCIIOJIb3ysl BBbIPAaXK€HHe I/ IJa3MeHHOMN

4acToTH ) = Nye?/eym, nonyuaem
(W) = (1/2) [oN,m/(@ — EV,)] 00*, (8.8)
YTO MOXKHO NepenucaTh B Bille .
(W) = (1/2mNy v0* + (1/2) m [NV /(0 — £V )] vo*,
HJH TI0CJe MOACTaHOBKU (8.7) ¥ CHMMeTpH3alHu
(W) = (1/2) mN, wo*+ (1/4) mV, (0 n* -+ nv*). 8.9)

ST0 U eCTh OKOHYATeIbHOE BLIPAKEHHE [/l IHEPTHH NPOJOJbHBIX BOJH,
3anHCaHHOe B KOMINIEKCHBIX NleDeMeHHbIX.

HeTpyano y6enurtecs, 4to nepsoe cjaraemoe B (8.9) cooTBeTcTByET
yABOEHHOMY 3HaUYeHHI0 3IHEPTHH 3JIEKTPHUECKOr0o IOJSi B  BaKyyMe.
JleACTBUTENbHO,

(W) = (1/4) ey E E* = (1/4) &, (m/fe)? (0 — KV ,)? v0*, (8.10)
YTO C NOMOIIBIO ANCIEPCHOHHOTO COOTHOWeHHs ©2= (w—kVy)? mpu-
BOJHTCH K TpeGyeMOMy BHIY

(W,) = (1/4) mN, vv*. 8.11y
Takum 06pa3oM, MOXKHO 3alIHCATh
(W) =W,y + (Wi, 8.12)
rje
(W) = (1/4) mNyvv* + (1/4) mV, (v n* + v*n) . (8.13)

CornacuHo (8.12) aTofi BesHuHHe cieLyeT NPHAATh CMBICJ KHHETHYECKOH
3HEePruy 4acTHi, 06yCJIOBJIEHHON HaJHUHEM BOJIHHI.

[Tepexogss k  BellecTBeHHbIM  BeauuuHam o= (1/2) (7+7%),
n=(1/2) (r+n*), ynpoctum (8.13):

W,y = (1/2) mNy* + mV,on. (8.14)
3TO ecTh He 4TO HHOe, KaK Ta 4acCThb TIOJIHOH 3HEPIrun 4YacCTHIL .
Wr=(1/2ym Ny +n) (Vy + v)?, (8.15)

KOTOpas MMeeTcs TOJBKO IIPH HaJHYHH BOJIHHI H NIPH yCPeAHEHHH IO
nepHOLy KoJebGaHuil He obpaliaeTcss B HyJb. Bropoe caaraemoe B
(8.14) oTBercTBEHHO 32 BO3MOXKHOCTb NOSIBJIEHHS OTPHIIATeJbHOH
SHEpPruu: NpH cABHre a3 MeXay 7 H U Ha ;T OHO OTPHIIATeJbHO, MPH-
YeM NpPH J0CTAaTOYHO OOJBbIIHX Vp CTAaHOBHTCS AOMHHHDYIOLIHM.

OTMeTHM B 3a2kKJI0UeHHe, YTO H3 BbipaxkeHHa EJ B (8.2) MoxHo
NOJYYHTb KaK IPOH3BOJHYIO MO BpeMeHH Wy, Tak H JHBepreHUHIO
IVIOTHOCTH MOTOKA KHHeTHUecKoi aHepruu [1].

dddekTh BoiCLIIEro NOPAAKA

Jo cux mop Mbl OrpPaHHYHBAJHCh JHHEHHBIM TpHOJIHKEHHEM,
npeAnoJiarasi, 4YTO BeJTHUHHBI H3MEHSIOTCA 110 rapMOHHYECKOMY 3aKOHY,
a CKOpOCTb NMyuka Vp nmocrosiHHa. B nmepBoM nopsiike no HeJHHeAHOCTH
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HeoO6XOAHMO HCXONHTh U3 YPaBHEHHA
0v/dt + V ,0v/0x 4 (e/m) E = — vdv/0x, © (8.16)

sABJsIONlerocs HeJIHHEHHBIM aHasoroM ypaBHeHus (8.4). Iloacrasasis B
npaBywo vactb (8.16) snuHeiiHOe pelleHHe, BHAMM, uTo Ov/0f B mepBOM
NOpPsiiKe NO HEJHHEHHOCTH NMpHOGpeTaeT KOMIIOHEHTY, KOJeGJolycs
¢ yacTotoél 20. Ecoin Tenepb 3TO pelieHHe CHOBa IOJCTABHTh B IPaBYIO
yacth (8.16), TO MOABATCH TPeTbst H YeTBepTas FapMOHHKH (BTOPOM
NOPSAJOK 10 HeJIHHeHHOCTH) H T. 4. [Ipu 3TOM usleHBI NepBOro NOpPsiiKa
NPONOPUHOHANBHB 2UV, YIeHB BTOPOro mopsigka — (—k20vv) u T. 1.
Ilpn B3amMOAEHCTBHH HEeCKOJBKHX BOJIH, HMEIOUIHX Pa3JHYHblE 4aCTO-
Thl, NIOJIYYHM cCJaraeMble BHAAa —R;R;U,Us Vs, T€ KR; — BOJHOBOE
quacn/oa BOJIHEL j. CyMMa TakHX cJaraeMblX JaeT CTAIlHOHAPHBIH BKJaj
B Ou/0t:

— ’; kR'Up_ Uy,

3HaK KOTOPOro NPOTHBONOJIOKEH 3HaKy CKOpocTH apeiida. B pesysb-
TaTe CKOPOCTb apeHda, a BMeCTe ¢ Heil H 3amac KHHETHYECKOH 3Hep-
THH Iy4YKa MOTI'YT yMeHblHaThcsl. ITO — OJHH H3 BO3MOXKHBIX MeXaHH3-
MOB CTa0MJIH3allHH B3DbIBHOA HeyCTOHUHMBOCTH, TaK KakK IPH yMeHblle-
HHH CBOOOJHOH 3HeprMu AudJeKTPHUeCKHe CBOHCTBA CpeJbl H3MeHs-
JI0TCS TakuM o6pa3oM, u4To KO3(hGHIMEHTh CBS34 IlepecTaioT YJIO0B-
JIETBOPATb YCJOBHAM, HeOOXOAMMbBIM JJSI Pa3BHTHSI HeyCTOHUHMBOCTH.
YMeHblIeHHe CKOPOCTH IyUKa O3HauaeT TakKKe, YTO IJIa3MeHHas CHCTe-
Ma peJlaKCHPyeT K COCTOIHHIO TEPMOJIHHaMHUYeCKOI0 PaBHOBECHS.

H €KOHCepBATHBHBIE CHCTEMDI

BoJHBI € OTpHUATEJbHOH HEeprueil, paCCMOTpeHHble B HacTOsuleil
TJiaBe, COOTBETCTBYIOT BELECTBEHHBIM KODHAM IHCIEPCHOHHOTO ypaB-
uenusi e=0. [Ipu ydere JIHHeMHOrO 3aTyXaHMs HJIH HapaCTaHHs BhIpa-
xenne (8.3) AJs 3Hepruu B obuieM cayyae yTpauyuBaeT CHJIY H MOXKeT
paccMaTpHBATbCs KaK IPHOJIHXKEHHO BepHOe JIHINb IIPH  JAOCTATOUYHO
MaJsiofi MHHMOil YactH o. B pabote [2] noka3aHo, uTO AJS IJIa3MeHHO-
TMyYKOBO# BOJIHBI C MaKCHMaJIbHBIM HHKDeMEeHTOM pasJjioKeHue & B
OKPECTHOCTH BelleCTBEHHOH 4acCTOThl BOOOLIe He SIBJAAETCS CXOMSLIHM-
ca. TeM He MeHee C TIOMOLIBIO Pa3JIOXKEHHSI B OKPECTHOCTH KOMILJIEKC-
HOro KopHsi ypaBHenHsi e=0 [3] yzasoch yCTaHOBHTb, YTO TakKas
BOJIHA HMeEeT IOJIOXKHTEJNbHYIO 3Hepruio. 3TO BHI3BAJO JHCKYCCHIO IIO
npobJieMe YCTOHYMBOCTH CHCTEMbI TPeX B3aHMOJEHCTBYIOUIHX BOJH
[4—6]. B pa6ore [2] o6paniaeTcsi BEHMaHHe Ha TO, UTO 3HAK 3HEPrHH
BOJIHEl MOXKeT CHJIbHO 3aBHCEeThb OT XapakTepa BO3MylleHHS (B 4acT-
HOCTH, OT TOr0, BO3MYL[aeTCs NepPBOHaYaJbHO aMIVIHTyAa HJH (asa
BOJIHHI).

B pa6ore [7] npeasoxen Gosee npiMOi MeTOX ONpeje/eHHs1 3Hep-
run BoJHEL. CyMMHDPYs 3HepPrHio NOJs H YacCTHL B CJydyae IJIasMeHHO-
TYYKOBOH BOJIHBI C KOMIIEKCHOH 4aCTOTOH, MOXHO IOKa3aTh, YTO B
TpeHe6pexKeHHH OCUWIJIHPYIOUIHMH ClaraeMbIMH
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2 2
W = €9 {1+ (l)p + (l)pb [l +2Re kV ]}lElﬂ‘

4 o2 | @ —RVp 2
8.17y
OTcroa AJ1st BOJIHBI ¢ MaKCHMaJbHBIM HHKPEMEHTOM NOJyYaeM
= (3/4)e,d | EP, (8.18)
rae 6§ = (w,%b/Qcof,)‘/“ & I —wmanmit mapaMerp. Takum o6pa3som,

3Ta BOJIHA HMeeT HeOONbINYIO NOJOXKHTEJNbHYIO 3Hepruio. OLHAKO eClH
paccMaTpuBaTh ee KaK CyNepNO3HLHI0 HECKOJIbKHX BOJAH (T. €. Y4H-
TBIBATh IUHPHHY NOJIOCHI), TO CPeAH 3THX BOJH OGYAyT M BOJIHH C OT-
pHIAaTebHON 3Hepruen.

3anaun

81. Has Xonoamo# MJIa3MEHHO-YYKOBOH CHCTEMB AHS/IEKTPHYECKas INPOHH-
11aeMOCTh

=1 0),2,/(03 — mﬁb/(m — kVp)2.

ITpn KakuX yCHOBHAX MOXKHO NpeHeGpeub BKJIAA0M CTAalHOHAPHOH IJIA3Mbl mf,/m2
AJsi BOJH C OTPHUATeNbHOH 3Heprueit u @>0?

82. Onpefeantb IMSIEKTPHYECKYI0  IIPOHHLAEMOCTb JJISA  CJAyuas XoOJIOHHOMK
WasMsl € ApedoM YacTHL NIPH y4eTe CTOJKHOBEHHH IIOCPEICTBOM BBEAECHHS CHJILE
TPeHHSt — vmy (v — 3¢ deKTHBHAS YaCTOTA CTOJNKHOBEHHI).

8.3. PewnHTh HHCIepCHOHHOe ypaBHeHHe &=0, rie & — JHINEKTPHUECKast IIPO-
HYLAeMOCTh H3 Tpefbllylled 3anaud, H HaHTH DPas3HOCTb (a3 BEJIHYHH U H N.

8.4. TlpeAnosoXHM, YTO BO3MYIUIEHHS IJIOTHOCTH HJA3MBl H CKODOCTH YaCTHI{
UMEIOT BHE M= C0S ®f; v=Uocos (©f+®). Tlpu kakux 3Haueuusix cos ® nsot-
HOCTb CpeJlHell KHHEeTHUeCKOH IHepTHH GyAeT OTPHUATeJbHOH?

8.5. MoxxeT JIH 3/eKTPOMAarHHTHas BOJHA B IIa3MEHHO-NYYKOBOH cHCTEME HMeTh
OTPHUATE/IBHYIO  9HEpTHIO?
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I'JIABA 9
PEUIEHHS YPABHEHHH CBA3AHHDBIX BOJIH

Ilponosmxkum Havaroe B IVI. 7 ONHCaHHe HEJHHEHHOrO B3aHMOJeH-
CTBHSI BOJIH C NPOH3BOJIbHOM KoMOMHauueit sHepruit. Kak xopoumo
H3BeCTHO M3 He/HHeliHO# onTuku [1], rie Bce BOJAHBL HECYT IOJIOXKH-
TEJbHYIO 3HePTHIO, aHAJHTHUECKOe pelleHHe CHCTeMpl CBSI3aHHBIX
ypaBHeHHi B OTCYTCTBHE AMCCHIALHH BBIPAXKAeTCs Yepe3 JJIHUITHUEC-
kHe ¢yHKuuH $1ko6H. MOXKHO 0XHIaTh, 4TO (OPMAaJbHO TAKOH Ke BHJ
OyzeT HMeThb H pelleHHe CHCTEMBl, COOTBETCTBYWOIIEHi HeyCTOHUHBOH
CHTyallHH, TaX KakK 3Ta CHCTeMa OTJHYaeTCs OT ONTHUYECKHX ypaBHeHHH
JIMIUb HHBIM Ha00pOM 3HAKOB HeJHHEHHBIX cjaaraeMblX.

Ilpy mosyueHyy H HCCAeJOBAaHHH aHAJHTHUECKHX pellleHHH CBA3aH-
HbIX ypaBHeHHi#l AMHAMHKY CHCTeMbl yNOOHO ONHCHIBATH ypaBHeHHeM,
KOTOpOe ()OpMa/bHO COOTBETCTBYeT ABHIKEHHIO YaCTHUH B HeJHHeH-
HOM MOTEHUHAJbHOM moJjie. IIpy TakOM ONHCAHHM KOOpAMHATA YaCTH-
L6l NPONOPUHOHAJNbHA OTKJIOHEHHIO CpefHero 3Ha4YeHHS aMIIMTY bl
BOJIHBl OT HaYaJbHOro ee 3HaueHHs. BuipaxkKeHHe JAJas TOTeHLHaJa
MOXXHO 3amucarb ¢ YUeTOM paccOrsiacoBaHHA YacCTOT H IPOH3BOJIBHBIX
HayaJbHbIX 3HAUEHHH aMIVIHTYA B3aHMOJEHCTBYIOUIMX BOJH. B o6uiem
cayuae 3TO BhIpaXKeHyue HMeeT BHJ NOJHHOMA TpPeTbel CTelNeHH OTHO-
CHTEJbHO yCPeNHEHHBIX aMINHTYA. HauanrHble 3HaUEHHS AMIVIMTY]L
ONpe eS0T HYJH 3TOro MOJIHHOMa, a2 Habop 3HAKOB 3HePrHi B3aHMO-
JeHCTBYIOIIMX BOJH HMEET pellialolllee 3HaueHHe JAJsi BHAA NOTEHUHa-
na. Kapruia B3auMOJeldCTBHs IIpH TaKO# HHTepIpeTauHH CTaHOBUTCS
OoueHp HaruasgHOH. B 4aCTHOCTH, JerKo BBISIBJSAETCS BJIHSHHE HAaYaJb-
HbIX (a3 ¥ paccorJacoBaHHs 4acTOT, a TaKKe JIOKaau3auus ¢assml,
CONPOBOXK 1AI0IUASN yBeJHUeHHe aMIJIHTYAbl BOJHBL TPH B3DHBHOH
HeyCTOHYHBOCTH.

Ilpu paccMOTpeHHHM XapaKTepHbIX INpPHMEpOB HeJHHeHHOro B3aH-
MojeicTBus OyJeT HCNOJb30BaH TakXke MeTOA (a3oBOH IVIOCKOCTH,
BeCbMa II0JIe3HBIH AJA yrayOJieHust NpeACTaBJEeHHH O QMHAMHKe B3a-
HMOJeHCTBHUS.

MeTtoj, HeJIHHEHHOrO MOTeHIKaJMa

[Ipn uccienoBaHHWM aHa/JUTHYECKHX pelleHHit cucreMbl (7.3) Boc-
noJib3yeMcst HOpMHpoBkoil (7.4). IlpeanosioskuM, 4TO cpeja siBJAseTCS
HeAMCCHIIaTHBHOM, Tak 4To v;=0 u 0;;=0, n. Torga ucxoaHas cucreMa
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YPaBHeHH 3alULIeTCss B BHJE:
0u,y /0t = syquyu, cos @;
Ou, /0t = Sypttgit, cos @;

N el

Ouy/Ot = syyttgtty cos @; 9.1)
o — Uty oty Uglly
Y Ao (s12 ” -+ 5 m + Sy m )sm(D
HiHTerpaJbl ABHIKEHHS 3TO# CHCTEMBI:
S1atly — Soad = My; ©9.2)
Soatd] — Sty = M,
I/I .
Uglytiy SN @ — (Aw/2) 12 =T, (9.3)

W3 cootHowenu#t (9.2) caenyer, uto
S12 [45 (1) — W2 (0)] = sy, [u ) — 4} (0)] = sn [u2 () —u3 (0)] (9.4

PaccmorpuM cienyoupie aBa ciayvasi: Sop=Sge=-——Si12 H S;2=Sp2=
=Sg;. [lepBBIl M3 HUX COOTBETCTBYeT B3aUMOJEHCTBHIO BOJIH C 3Hep-
THAMH OJHOrO 3HaKa, JeTaJbHbli aHajM3 KOTOPOro gaH B paborte [1].
Bo BTOpPOM cJyuae BO3MOXKHBI peElleHHst B3DHIBHOrO THIA, TIJIaBHbIE
©0COOCHHOCTH KOTOPBIX yCcTaHOBJeHbl B pabore [2]. I[TosHOCTbIO 3Ta
3ajaua peureHa B JHNTHUECKHX (yHKUHAX B [3], a npu yuere 3aty-
xaHust ¥ npu 0;;=0 — B pabote [4].

Be3 orpannueHust 0OLIHOCTH MOXKHO IDHHATH Soi==See=1 H moJIO-
JKHTb $=Sj9. CJellyss mpouenype, aHaJOTHYHON HCIOQJAb30BAHHO} B pa-
Gote [5], onpenesHM BeJHUHHY

x() =s[ug() —uj Q)] =) —u2(0), j=1,2 9.5)
Jlanee ¢ nomombxo ypaBHEHHS IJIS U; TOJIYUHM
0
aL:I = 2ugtytty coS D = 4 2 1/ (1 —sif @) , (9.6)

TIe 3HaK NpaBoll yactH omnpenesasercss 3HakoMm cos @. Haxkowneu, BBe-
neM B (9.6) BeaquHuMHY X(f) M HCIOJb3yeM IIPDH 5TOM HHTerpaJ JBHIKe-
Hust (9.3), nonaras T'j=T. B pe3sysbrare npujeM K cjaejymoiemy IHd-
q)epeHuHaJIbHOMy ypPaBHEHHIO OTHOCHTEJNLHO NepeMeHHOR X(f):

= & 2]/ [se+u3(0)] [x-+uX(0)] [5-+u3(0)] — | +(Aw/2) [x-+u2(0)] )2,
9.7)

Bt

HJIK IIoCJe BO3BeeHHsI B KBaJAparT

(1/2) (0x/3t)? + m (x) = O, 9.8

(%) = 2 {— sx® — [13 (0) + s (0) + 543 (0) — (1/4) (Aw)*] x* —
— [543 (0) 4 (0) + w2 (0) 2 (0) + 4 (0 (0) — [(Aw)*/2] 43 (0)—TAw ] x +
+ 2 + (Aw/2)? ¢t (0) + TAwi? (0) — u (0) 2 (0) 43 (0)). 9.9)

rjge
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YpaBueHue (9.8) onucbiBaeT ABHXKeHHe B IIOTEHLHaJbHOM @OJe
n(¥), npuueM BesuunHa (1/2) (Ox/0t)? uMeeT CMBICJ KMHETHYECKOH
3HEeprHH 3TOro ABHKeHus. O6JacThb BO3MOXHBIX 3HaUeHHi x ompene-
asetcs yeaosueM m(X)<C0. u 0x/0t o6pawaercs B Hysb npu n(x) =0.

B uactHoM caydyae Aw=0 u I'=0 ypasHenuio n(x)=0 yaoBjeTBO-
PAIOT TPH BelECTBEHHBIX KOPHs: X; = — su3(0), ¥, = — t2(0) u x3=
=—u}(0). [TosToMy mnoTeHuHAJbHEIE KPHBbie HMEIOT BHI, NOKa3aHHbI}t
Ha puc. 9.1 u 9.2 (HayaJbHBIE 3HAUYEHHS AMIVIHTYJX yNOPSAOYeHH HA

&

N
i\_7:;0 X
|

AT N s S
/;2(0/ ‘11(0 \_/10{0} f)llzz(o) ‘UOZ(O) ’Uf{o)

Puc. 9.1. Bua noteHnuanbuoil QYHKIHH Puc. 9.2. Bun norennuaapHofl (yHK-
n(x) npu Ae=I'=0 u s=—I; x Mo- muy  st(x¥) npu Ae=I=0n s=I[;
KeT OCHHJJIHPOBATL MEXAY ug (0) I X MOXeT NPHHUMATDH HeO[‘paHﬂ'{eHHO‘
2 (0 GospluHe ~ 3HAYeHHs B 06s1aCTH
—uy (0) x>—u,2 (0) (B3pHBHAs HEyCTOHYH-

BOCTb)

pHCYHKaX IPOH3BOJBHBIM 0Gpa3oM). Caenyer 06paTUTh 0COG0e BHHMA-
Hue Ha KayeCTBEHHOe pa3jiiyHe B XOne 3THX KpHBbIX. Ilpu s=—I
BeJIHYHHBI u? OJIHOBPeMEHHO TOJIOKHTEJbHB B 06J1aCTH —u?(O) <x<L
< u2(0), j=1,2, Ttorna kak npu s=1 noxobuas obsacTh onpenens-
eTCsl YCJAOBHEM X > u? ), j=0,1, 2.

ITpa Ts40 noTeHunajbHbe KPHBble MOAH(HUHPYIOTCS (B 4acTHO-
CTH, U3MEHSIOTCH TOUKH HX IlepeceueHHst ¢ ochio abcuucc). OnHako
0pd S=—1 Bce TPH KOPHs OCTAIOTCS BEleCTBEHHBIMH, a 3TO MNO-TPexX-
HeMy O3HayaeT HaJWuHe OCLMJ/VIHDPYIOUIMX pelleHHH, KOTOPbie ONHChIBa-
10T KoJieGaHHS X B 06JaCTH, OrpaHHYeHHOH ABYMsi OOJIbIIHMH KOPHS-
Mu. IIpu s=1 jgBa KOpPHS MOryT GbITb KOMILJIEKCHBIMH, HO HeOrpaHH-
YyeHHBI POCT X IPH OTPHLATeNbHOM 7t (X), KaK M paHblle, yKa3blBaeT
Ha BO3MOXHOCTb Pa3BHTHs B3DBIBHOH HeyCTOHUMBOCTH. Ec/IH Havajb-
HOoe 3HaueHHe Ox/0f OTpHLATeJIbHO, TO X CHaYa/Jla yMeHblllaeTcs, JOCTH-
ras MHHHMyMa, PaBHOTO HauGOJblIEMY H3 KOpHell ypasHenus ni(x) =0,
a 3aTeM HaYHHaeT HeOrpaHHUEHHO BO3PacTarh.

[Tpn yBenuueHHH Aw H S=—1 KODHH X; H X OyayT cOJHKaTbCH,
T. e. poJib 3 (eKTa HeJHHEHHOro B3aMMOJEHCTBHSI NOCTENIeHHO yTpa-
turca. Ecan Xke s=1, 10 062 KOPHSI MOTYT CTaTh IOJIOXKHTEJNbHBIMH ¥
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“TOria YCJOBHMsS DPa3BHTHS HeyCTOHYHBOCTH He OyAyT BHINOJHeHbl. He-
TPYAHO NOHATb NPHYHHY 3THX SABJEHHH, CPaBHHBasi XapakTepHoe
BpeMsl HEJIMHeHHOro B3aHMOJEHCTBHSA Tsz C XapaKTeDPHbBIM BpeMeHeM
TAws OOYCJIOBIEHHBIM HaJIHUHEM pacCOrJacoBaHHs 4acToT. EcTecTBeH-
HO OXHJAAThb, YTO TPH Tpa >TAe PaCCOrJacoBaHHe YacTOT NPHBENET K
HapyIIeHdIo B3auMojelcTBHs. CJiieloBaTesbHO, BJIHSIHHE DPaccorJaaco-
BaHHUs YaCTOT MOXHO IPEOJ0JIeTb, YMEHbIUAsl BPEMsI B3aHMOJeHCTBUSA,
a JJid 3TOro HeoOXOJHMO YBeJHUHBATh HauaJbHble 3HAUEHHS aMILIH-
TyJ. OTH pacCyXIeHHsi yKa3blBalOT Ha IIOPOrOBHIii XapaKTep paccMart-
puBaeMbIx 3¢ deKToB.

Ilepeitnem Tenepb OT KayeCTBEHHOTO PaCCMOTPEHHs K HAXOKIEHHIO
AHAJHTHUYECKOTO pellleHHus AJs aMIUIHTYR ;. [Js 3Toro mepenuiieM
{9.7) B caenywoueM euje:

0
fe 4 — \ . (9.10)
V2 ) YV

T. e. B (opMe 3aAHINTHUECKOro uHTerpaja. O6pauiast 3TOT HHTerpad,
MOJKHO BBIP23HTh X KaK (YHKUHIO { B TeDMHHAX 3AIHOTHYECKHX QYHK-
uuii. BygeM mnpexanosnarate B jajibHeilleM, 4TO ypaBHeHue m(x)=0
HMeeT KOPHH Xi, X H X3, YIOPSITOUEHHBEIE TakK, UTO X|==Xe>=X; (ecJu
9TH KOpPHH BenlecTBeHHH). Torpa BMecto (9.10) MOXKHO 3anHcaTh

x(t)
t= 4 1_ dx
V2 Y Vsx—x) (x— %) (x—x3)
yTto jpaet npu s=—1
X (8) = (xy— x,) SN [(x; — X3)"/2 £ -+ P, Rl -+ x5, (9.11)
e B=7V x, —Xy/%, — X3 — MOJyJb 3JJIHNTHUECKOH OQYHKIUHH H

P = snH {[x,/(x; — x,)'/2], k}.
Hcnonbays eme cooTHoweHHs (9.5), moayyaem

wt) =V BO—x0 ; w@®=VBO—x0; w)=
=V @O—x0 ©.12)

T. e. pe3yabTar paGors [1].
Ipu s=1 neo6x01MO pa3jauyaTh ABa cjaydyasi. B nmepBoM H3 HHX
BCe TPH KOPHsI Xj, Xp H X3 BellleCTBEHHbl H pellleHHe HMeeT BH]
x (£) = (%, — x3)/sn? [(feo — £) (X, — X3)'/2, B} + X3, (9.13)
Tae  R=[(x, — x3)/(x; — X3)]'/z,  a BeJMuMHA [, ONpEJeJisieT BpeMs
pPa3BUTHS B3PbLIBHOH HEyCTOHYHBOCTH M MOXeT OBbITb HaljeHa H3 Ha-
YaJpHOro ycsaosus x(0) =0:

too = (g — Xg)~ /2 s {[(X3 — X,)/%5]'/2, R}. (9.14)

Bo BTOpoM ciayuae OAZMH H3 KOPHeil BelleCTBEHHBIH, a aBa IpYy-

THX — KOMIUIEKCHO comnpsixkeHHble, O603HauuB BellleCTBEHHBIH KOPEHb
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x), 3anumeMm — gt (x) = (x—x,) (x*—2bx+4c), rne b u c-— BelecTBeH-
HH, mpuueM c>b2. Bpeas ewme Beanmuuny G = (x} —2bx; +c)'/:,
MOJIyYHM pellleHHe BHJA

x(®)=26/l1 + cn(2VGt+ ¢, )] —(G— %), (9.15)
rne N
_f GH-b—x; \'/s, a1/ G2
k—( 2G ) » #=cn <G—x1,k>
H
1
2VC V=) (1—Fs)

0
IMopcrasass (9.13) u (9.15) B cooTHOlIEHHS

W)=V xO+B©O); wO)=y xO)+20); ut)=
=V x+10) 9.17)

HAXOJUM pelleHHe A aMILIUTYA #; MPH PA3JHYHBIX 3HAKAX JHEepPrHH
BoJH [3].

PaccMOTpUM HEKOTOpHIE CJEACTBHSA, BHITEKAIOIIHE H3 NPHBEJICHHBIX
pemennii. Ecsn Bce HayaJibHBle aMIVINTYABI PAaBHBI H, KPOMeE TOrO,
I'=Aw=0, To npu s=—1 MOAy/Nb FNJIUNTHUECKOH (PYHKUHH paBeH I,
T. e. 3Ta ¢yukuus csogurca K thx. Ilpu s=1 amnauryast u;(f) cor-
aacHo (9.17) ocramoTcs paBHHIMH IIPH BCeX £, mpHUeM

up () = 1/[u71(0) — 1], (9.18)
OTKYyJla BHAHO, UTO B 3TOM CJIyyae
to = 1/u; (0).
Wcnonb3ysa peilieHus 1/ aMIUIATYA U ypaBHeHue (9.3), HeTpynHO
HCC/Ie0BaTh TaKKe BpeMeHHYI 3aBucuMocts ¢as3el ®. Ilpn s=—1

H Aw=0 3Ta 3aBHCHUMOCTb HMeeT OCUHJJHDYOLNHA XapaKTep, TaK Kak
B Mpollecce B3amMomelcTBusl sin @ He u3MeHsier 3Hak. Ecam omgHOBpe-
mMeHHO Aw=0 u I'=0, To KBagpaTH ABYX aMIJHTY] MOIYT NDHHHMAaTb
MHHHMAaJbHOE 3HAUYeHHe, paBHOe Hymi0. Ilpu atom mpousBosHas (asel
CTpeMHTCS K OCCKOH@UHOCTH, a NPOH3BOAHAS aMIIHTYABI NMpeTepleBa-
eT pas3peiB. Ecan Xe aMNJHTYAB MOTYT NPHHHMAaTb OTPHUATE/NbHBIE
3HayeHHus, To (pasy O MOXKHO CUHTATb PABHOH HYJNIO B TEUEHHE BCETO
BPeMeHH B3aHUMoOJAeHCTBHsi, Hakoneu, mpu B3pBIBHOH HEYCTOHUHBOCTH
(asa acHMITOTHYECKH. CTPEeMHTCHS K HYJIO 3a BpPeMs pPas3BHUTHA He-
yCTOHYHBOCTH f». Takoe xapakrepHoe moBeneHHe (pasbl NPH B3PHIBHOM
HeYCTOHYHBOCTH H3BECTHO Kak 3(dekT sokamusauun ¢asw .[2, 6, 7].

Ecan ®@(0) =0, to u3 (9.3) caenyer, uto I'=0 u, clea0BaTeNBHO,
¢asa @ ocraercs paBHOH Hy/I0O B TeUueHHe BCEro BPeMeHH HEJHHEHHO-
ro B3aHMMOJEHCTBHA. ITO COOTBETCTBYET MAaKCHMaJbHO# CKODOCTH pas-
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BHUTHS B3DPHIBHOH HeycTofiunBocTH. Ecu xe ®(0) 0, To B npouecce
B3auMoJelcTBHS (a3a MOHOTOHHO yMeHblIaeTcss X0 HYJS, YTO BHIHO
‘Kak u3 cootHomeHus (9.3) npu Aw=0, TaKk U U3 ypaBHeHHUs AJA NpO-
H3BOXHOH

) 0W/9t = — I (1jul + 1/u2 4 1/u). (9.19)
ST KayeCTBeHHBIE BHIBOJBLI XOPOMIO COMVIACYIOTCH € NAHHBIMH UYHCJICH-
HOT'O aHaJH3a, BHIOJHEeHHOro B pabore [7]. Ha puc. 9.3 npusenenu

2 2
BDEeMEHHbIe 3aBHCHMOCTH BeJHUHHB x=u; — #; (0) mpu pasauuHOM
Bribope HauasdbHBIX pa3. Kaxk BHAHO, BpeMs pa3BuUTHA B3PHIBHOH He-

Puc. 9.3. dddexr aoxkamusanun $asm H  Puc. 9.4. 3aBucumocTh Bepo-
B3DHIBHOE HAPAcTaHHe aMILUIMTYZABl NMPH S=1  STHOCTHOrO  pachnpeieJeHHs
H Da3JMYHBIX HayaJbHBIX 3HaueHHAX (asnl $a3 or spemenH. B Hauaab-
@®(0). Hauanpeple 3HAa4YeHAs  AMIUIMTYA: HblH MOMeHT Bce (hasnml paB-

Uy (0) =0,6; ul(0)=0,09; u3(0)=0,85 HOBEPOSITHB

an an |

At at

a ) n

0 \\ n
Puc. 9.5. BaanmopeificT- Puc. 9.6. DBspnBHas He-
BHe TPeX BOJH C 3HEpPTHA- ycTofiuMBOCTL Ha (Ha30BOIlk
MH OJHOro 3Haka Ha ¢a- mrockoctd (s=1)
30BOH MJIOCKOCTH (S=—1, -
n=u?)
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YCTOHYHBOCTH BO3pAacTaeT ¢ yBeJHUeHHEeM OTKJOHEeHHS HauajbHO# da-
3bl OoT Hyas. Ha puc. 9.4 nokasaHo BepOSITHOCTHOe paclpeneseHHe
¢a3 B pasnuuHbie MOMEHTHI BPeMeHHU { NPU YCJOBHH, YTO B HAUaJbHBIH
MOMEHT Bce (pa3bl PaBHOBEPOATHBL. TaKasi KapTHHA ONHCHIBAET IBOJIO-
LHIO CTATHCTHYECKOTO aHCaMOJIi TPEXBOJHOBBIX CHCTeM, IIJIOTHOCTb
KOTOPBHIX B HauaJbHBIH MOMEHT He 3aBHCHT OT D.-

[Tpu xnaccupuxaunn nuddepeHUHATBHEX YPAaBHEHUH N0 HAJHUHIO
CHHTYJSPHBIX TOYEK H HEYCTOHUMBBHIX pellleHH# [8] uacTo HCHoONb3YyIOT
meto] (asosoit miockoctd [9]. B KauecTBe He3aBHCHMOH NepeMEHHOMH
BHIOMDAIOT aMIJIUTYAY 7 W CTPOSIT 3aBHCHMOCTb INPOU3BOJHOH OT
(B 3TOM cMBIc/TIe (HA30BYIO IMJIOCKOCTH MOXKHO PacCMaTpHBATh KakK BHI-
poxKzaeHHOe (a30BOe NPOCTPAHCTBO, HCNOJb3yeMOe B CTATHCTHUECKOH
TEOPHH MHOrOHAaCTHUHHBIX CHCTeM). XapaKTePHOH 0COGEHHOCTHIO MepH-
OJIHYECKHX peleHult (S=-—1) sBIfETCA 3aMKHYTOCTh COOTBETCTBYIO-
IIUX UM KPHBHIX Ha ¢$a3oBoil mmockocTu (puc. 9.5). [Ipumep npoTuBo-
NIOJIOXKHOH HeycTOHuMBON cutyauuu (S=1) nokasan Ha puc. 9.6 (ua-
gyasbHasd (asa BeIOpAaHA TaK, UTO aMIJINTyJa CHauaja yOblBaeT, a
3aTeM HauHHaeT BO3PacTaTh).

TIpocTpaHCTBEHHO-BPEMEHHAS 3BOJIOLHS

Jlo cux mop peub Iuja TOJBKO O BPEMEHHOH 3BOJIOLHH. AHAJIOTHUHO
MOXHO pPAacCMOTpPeTh IPOCTPAHCTBEHHYIO 3BOJIIOLHIO CHCTEMBI, HaXo-
Jsiuieficss B CTallMOHADHOM COCTOSIHHH. B o0umieM caydae HeoOXOgHMO
VUATHIBATb KAaK BPEMEHHYIO, TaK W [POCTPAHCTBEHHYIO 3BOJIOIHIO.
Penienne 3ajaun B TakoH NOCTaHOBKe naHo B paGore [10], rae mpu-
BeJeHH KAaK YHCJEHHBIE, TAK ¥ AHAJHTHUECKHE PEe3YJIbTATH, MOJyUCH-
Hble C HCIIOJIb30BaHHEM MeToza oOpaTHOH 3amaum paccesinud. B uacr-
HOCTH, HAHIEeHO CTPOroe aHaJHTHUECKOe BhIpaxKeHue A Koap(HUH-
EHTa OTPa)KeHHWs I[J1a3Mbl NPH CTHUMYJHPOBAHHOM PACCESTHHH 3JIEKT-
POMATrHHTHBIX BOJIH. HuxKe MBI KOCHEMCSI 3THX NpobJeM H, KpOMe TOro,
paccMOTpUM HesmHeHHble 3(P(EeKTHl BBICHICTO MOpPSAKA, yUeT KOTOPHIX
HeoOXOAUM INIPH ONUCAHHMH MPOLECCA HEJIHHCHHOrO B3aHMMOJCHCTBHS B
obnacty t=tw.

3apaumu

9.1. ChopmyanpoBath yCJAOBHs MOJYYEHHs CTAIlHOHADHOTO DELIeHUsl [Jis [OTeH-
uHanpHO# ¢yHKuHH (cM. puc. 9.1) npu Aw=I=0.

9.2. Paccmorpers cayuait u% 0) =u§ 0), Aw=0, I'2>=0. Kakoit Tum sHep-
run coorBeTcTBYeT I'2>=0?

9.3. O6o6unts peuwenne (9.18) Ha cayuaill, Korga Bce BOJHB HMEIOT OJHHAKO-
BHH K03((HIMEHT 3aTyXaHus V.

9.4. Bmecro TOro 4to6H BHIPAXKaTh BCE AMINIHTYABI Yepe3 MepeMeHHYIO X, MOXKHO |
BHIPA3UTh HX 4Yepe3 Kakylo-aub60 OJHY aMIVIHTYAY. B NpeANoJIOXKeHHH, 4TO
u%—l—u?:Mm H ug-l—ug:Mog a) HaliTH MNOTEHIHal ﬂ(u%) oJst caydasi
Aw=0 u s=-—1;6) BHPAa3uTb MOAYJb R 3JIHOTHYECKOH (YHKUHH AJs S=-—1 depes

KODHH @) 3>@23>@s YDABHEHHS I (uf)) =0.
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I'JIABA 10
KPUTEPHUM YCTOMYUBOCTH U ACUMIITOTHYECKOE
NMOBEAEHHUE CHCTEMbI TPEX B3AUMOJENCTBYIOULUX
BOJIH

YCTOHUNBOCTL HEAUCCHIIATHBHOH CHCTEMBI ONpenessercs, KaK Mbl
y6eausuch Bhillie, COOTHOIEHHEM 3HAKOB BEIECTBeHHHBIX K03 dHUHEH~
TOB ¢Bfi3u. [Ipu yuere AucCCHIALMH 3TH KO3GM(HUHEHTH CTAHOBATCA
KOMILJICGKCHBIMH, MPHUEM OTKJOHEHHEe OT BellleCTBEHHBIX 3HAUeHHH
onuchiBaeTcsl (pa30BHIMH yriamu By 3aMeuaTesbHO, OJHAKO, YTO 3TH
VIVIBL QUTYDUPYIOT B HCXOAHOH cHcTeMe (7.3) TOJNBKO B KOMOHHALMHU
¢ aunHaMuueckuM (asosbiM yriaom . OcHoBBIBasch Ha 3TOM HalJIo-
JIEHHH, MOXHO C(OPMYJIHPOBATL OOIIMI KPHTEPHH YCTOWUHBOCTH AHC-
_CHIIATHBHOH cHCcTeMHl [1], 3HaueHHe KOTOPOro OCOOEHHO BEJIHKO B CBS-
30 C TEM, UTO NOJIHOE AHAJHTHUECKOe DPeIICHHE CHCTeMbl CBA3aHHBIX
ypaBHeHH# ¢ NPOH3BOJBHHIMH yrJiIaMH 0;; MOJYUHTb He yJaaeTcs.

B macrosiniell ryiaBe HCCJAEAVIOTCS YCTOHUHBOCTb HENHHEHHOH Tpex-
BOJIHOBOH cHcTeMbl H OONIME XapaKTep 3BOJIOUMH aMILIHTYA u4; U da-
301 @D B 3aBHCHUMOCTH OT 3HaueHuHH (pas3oBbIX yrioB 0. 3arpoHyTa
Takxke MpoGiaeMa o6oGUIeHHsT Pe3yJ/IbTAaTOB Ha CJAYdYad 3aBHCALIHX OT
BpeMeHH Ko3(p@dHUHAEHTOB CBSI3H M JIHHeHHO# nuccunauud. Kpowme toro,
BHIBEAEHB HHTErpaJibl [JBHXKEHHS [AJIS PAa3JUUYHBIX YACTHBIX CJy4aes
JHCCHIATHBHBIX cHcTeM. HakoHen, Ha NpHMepe CHCTeMBbl IJIa3Ma —
NYyY4OK MOKA3aHA HHBADHAHTHOCTbL DACCMAaTpPHUBAaeMbIX (H3HUECKHX SAB-
JICHHH OTHOCHTEJbHO BbIOOPa HHEPLUHAJbHOH CHCTEMbI OTCUETA.

OGuwHe cBOHCTBA pellieHHi CHCTeMbl YPaBHEHHH CBSI3AHHBIX BOJIH
JJs CTAHOHAPHOK cpebl

Kak u B npeabAyliedl rJase, BOCIHOJb3yeMcss HOPMHPOBKOH (7.4),
HO MpH 3amucH cucTeMbl (7.3) He OyaeM npeHeOperaTh AHCCHIALHEH.
Torna noayunm:
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Oty /0t + Vgl = Uty c0s (D - 0,,);
O, /0t -+ vty = ugu, cos (O +- 0,);
auz/at + Vzuz = uoul Ccos ((I) + 901);

o0

10.1
22— Ao —-H sin(@ +0,,) — ”;’”2 sin (@ -- 6,,) — (10.1)
Uy 1

ot
Uplly

— 2L sin (@ - Oy,).

Uy

IlbiTasick OMpeAeNUTh YCJOBHUS, IPH KOTOPBIX BO3MOXKHBI HEYCTOMH-
yuBble pemieHust cucreMbl (10.1), nmpexjie Bcero 3aMeTHM, UTO HeoO-
XOAMMOH INPEANOCHIIKOH 1JIi PA3BUTHS B3DBIBHOH HEYCTOHUYHBOCTH
ABJISIeTCS HaJiMuyHe HesluHeHHoro Hapacranusi. Ho u3 cucremsr (10.1)
BHIHO, UTO J00as aMIJIMTyZa OyaeT yBeJMUHBATBCS BMeCTe ¢ Napoit
JPYTHX JIMUIb IIPH YCJOBHH, YTO B [IPOU3BOJIbHO 3a/1aHHBIH MOMEHT Bpe-
MeHH Bce 0;; YAOBJETBOPSAIOT HepaBeHCTBY cos(®D-}6;;) >0. dro o3na-
YaeT, B CBOIO Ouepenb, UTO /s PA3BHTHS B3PBLIBHOH HEYCTOHUHBOCTH
Heo0XoauMo, UYTOOH 8ce 0;; npunadaescaisu OOHOU NOAYNAOCKOCTU.

3ameTuM jaJjiee, uto eciau Bce M--0;; sexkaT B NpaBoi MOJYyIJIOC-
KocTH, To OM/0f yMmenbiiaeTca ¢ ysesnuenneM @D, npHyeM 3TO yMeHb-
IIeHHEe HMEeeT XapaKTep MOHOTOHHOI'O CTPEMJICHHS K HYJIIO, eCJIH H IIpH
0®/0f—~0 pesuunna D-}-0;; Bce ellle OCTaeTCs B MPaBOH MOJYIJIOCKO-
ctu. Takoe moBefeHHe eCTeCTBEHHO OXHJIATh NPH OOJbUIMX aMIJIUTY-
JlaX, KOTja WieHaMH v;i; # A® MOXKHO npeHeOpeub.

SanuineM Temepb aCHMITOTHUECKOE DeilleHHe Kak

up=f; O/t —1), (10.2)

rae f;(f) — byHKuua, MeJICHHO MEHSIOWAsACAd [0 CpPaBHEHHIO C
1/(t~—t) B okpecTHOCTH lw. [TogcraBasa (10.2) B (10.1), mosyuaem
aCHMITOTHYECKHE 3HAYEHHUS [;:

o (fo) = {€0S [@ (F) ~+ Bya] €08 [ (o) 4 By 1}
1 (t) = {08 [D (o) + Byq] €08 [D (o) -+ O]} 5 (10.3)
12 (Fs) = {08 [ (fas) + Oyo] €0 [D (Fe0) + 03,1} "

[Tonarass eme 0®/0t=0 B (10.1) u wmcnoss3ysi npu 3tom (10.2) u
(10.3), MoxkHO HafTH TaKKe CJaeAyIOllee IOJe3HOe aCHMITOTHYEeCKOe
BhIPAXKeHHe:

tg [D (fe) -+ 010] -+ G [D (feo) + Ogal + L8 [D ({c0) + 0y] = 0. (10.4)

Cnaraemeie v;u; 1 Ao 0Ka3bBawT GONBIIOe BJHSHHE HA OPOrOBLIE
3HAQYEHHUS aMIUIUTYJA W BPEeMS B3PhiBa f.o. CaM (PaKT CylIecTBOBAHUA
nopora npu v;7#0 BHTEKaeT U3 TOro, YTO XapakTep BPEMEHHOH 3BOJIIO-
UMM aMIJIMTYIBl 4; ONpenessieTcsi COOTHOLIEHHeM HeJHHEeHHOro H JHC-
CHIIAaTHBHOTO CJIaraeMbIX; eC/JlH B KaKo#-To MOMEHT BpeMeHH IepBoe
H3 HUX TpeBHIIaeT BTOpPOe, TO B naJjbHeHillem OyZeT IPOHCXOJUTH
yBe/MUeHHe aMIIUTYAbl, JOMHHHPYIOUlAas pPOJb IIEPBOrO CJIaraeMoro
eme OoJiee YCHUJIUTCS H B KOHEUHOM CuUeTe Pa30BbeTC B3pHIBHAS HE-
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ycroHunBocTh. [IpsiMO  NPOTHBOMOJOXKHAS KapTHHA Ha6aoxaercs
TOrfa, Korjaa B HauaJbHBIE MOMEHT JOMHHHPYeT cJaraemoe v;i;.

Bausune Ao Ha AMHAMHMKY NpoOuecca HEeJHHEHHOro B3auMomelicT-
BHUs ocyulecTsasiercs yepes ¢paszy @, B KOTOpo# NOSABASETCH MOMOJIHH-
TeJbHoe caaraemoe Awnf. Ecin 3a xapakTepHoe BpeMs B3aHMOJeHCTBUs
3TO cJlaraemMoe CHoco0HO NPHUBECTH K H3MeHeHHI0 3Haka cos(D+0y),
TO B3PBHIBHASI HEYCTOHUMBOCTbL pa3BuBaThesi He Oyner. Mcnosb3ysi Bpe-
Ms B3pHBa NpH Ap=0 B KauecTBe Mepbl XapaKTEPHOIO BpeMeHH B3a-
HMOJEHCTBHSA, MOXKHO OLIEHHTb NOPOr0BOE 3HAUeHHE Aw:

Ao < W/t (10.5)

J1si uccleq0BaHUSL 3aBHCHMOCTH fw OT vj, Ao u u;(0) mosesHo
BBECTH NOJACTAHOBKY
¢ HoMoOILBI KoTopod cucTeMa (10.1) samuceiBaeTcss B NepeMEHHBIX 71
" !/, Ho npu 3ToM v; U Aw yMHoxkalTcsa Ha k. Paccmatpusas BHauaJjie
cnyyait v;=Aw=0, BUAUM, UTO [PH YBeJHUEHHH HAUAJbHOTO 3HAUEHUS
aAMIJIHTYAB 4; B k pa3 BpeMs B3DbIBA YMEHbILIAETCH TaK:kKe B Rk pas.
TIpu v; U Aw, OTJHUHBIX OT HYJIfA, TAKOe e YMeHbllleHHe NOCTHraeTcs
TIPH OJHOBPEMEHHOM yBeJHUeHHH v; H Aw B kR pas.

Ecnn Bce vij=v H Aw npeHeOpeKHUMO MaJ/o, TO C NOMOILILK MOA-
CTaHOBKH

Ui =ujexp(vl); v=(1/v)[1 —exp(—vi)] (10.7)

MOXKHO noJayuntb cucremy (10.1) oTHocuTesbHO nepemeHHHX Uj
# T, B KOTOpOH, oxHaKoO, caaraemble vU; orcyrerByior. O603Hauas Bpe-
Ms B3PBIBA I TOH CHCTEMBI To, MOJNYyUAEM

to = — (1) In(l — vTa). (10.8)

STO COOTHOILIEHHE OMHCHIBACT BJIMSAHHE YACTOTH v HA BpeMA pPaA3BUTUA
HeyCTOﬁ‘[HBOCTH, a TAaKxXKe JaeT KPUTHUECKOE 3HAUCHHE

Vo= 1/Tw, (10.9)

#HiauvHAasl ¢ KOTOPOro HEYCTOHUMBHIE PELICHHS yXKe HEBO3MOXKHBI.

Korza Bce v; pas/MuHB, 3aJaua HaMHOTO TPyaHee B MaTeMaTHuec-
KOM OTHOIIeHHH. Ho mpu AOMOJTHHTEJbHOM Npeanosoxenuu 0;;=0
AHaJu3 CHJIBHO o6Jsieruaercss 6Jiarofapsi CylIeCTBOBAHHMIO HHTerpaJia
JBHKEHHs, KOTopsiil pH Aw =0 nMmeeT BUA

ugiyity Sin @ = T exp [— (vy + vy -+ V) 2] (10.10)

B apyrom nleajqu3sHpOBaHHOM cJiydae, KOraa BCe v; PaBHBEl, a 0O;j
Pa3/IHUHBL, CYyNIECTBYeT HHTETPaJ ABHIKCHHS BHAA

[ sin 8y, — 8yy) -+ 222 sin (B, — 0,,) +- u sin (8;, — Byz)] exp (2ve). (10.11)
W eann3npoBaHHOCTb NPHMEPOB, OMHCHIBAEMBIX  COOTHOLICHHSMH
(10.10) u (10.11), ca3aHa ¢ TeM, UTO YIJIBl B;; H YaCTOTHI Vvj, CTPOrO
rOBODS, Helb3sl BEHIOMpATh He3aBHCHMO. MIMeHHO BC/IeICTBHE 3aBHCH-
MOCTH MeXny 0;; u v; yCTOHUuBHIH pexXum ¢ 0;;=0, =x MoxKer mepei-
TH B HeyCTOMuHBHI [2], Korma Bce 0;; MomajamT B OAHY MOJYIJIOC-
xocTh (puc. 10.1,a). PesyabraTsl YHCIEHHOrO aHa/H3a NPHUBEJEHHI HA
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Puc. 10.1. Jlokaausauuss KOM-
IMeKCHBIX BeKTOPOB exp(ify;) B
OXHOH NOJYMJIOCKOCTH (4), a
TakkKe  3BOJIOUHS  AMIUIITYS
B3PLIBHOTO THHA H JIOKAJH3AIHS]

$a3 npu O, n306paKeHHHX Haj 0 & 0 5t
puc. 10.1, a ana v;=0,01, A=, - -
=0 (6) 0

puc. 10.1, 6. Ecan xe xakue-nmubo ABa H3 YIJIOB 0; OTJAHYalOTCA B
TOYHOCTH Ha 7 (puc. 10.2, @), To moayuaercs npelenbHO yCTOHYHBOE
pellleHHe, MpHMEp KOTOPOro mokasan Ha puc. 10.2, 6. Hakonen, npu

@
] x|
7
o z /l /\ AVAVAWAVAWA
8, Eo1 \‘/ U U U \
u.
a 4 Ug U, U2
Puc. 10.2. Kordurypaunus 7%%%"
BekTOpOB exp(if:;) Bcay- | | ! ,
yae, Korpa gBa yraa 0;; g 5 10 15 t
OTAHYAIOTC. B TOYHOCTH
Ha 7(@), M BHI DeUICHHS )

npu $as’oBuIX yraax, H30-
6paxenHuix Ha puc. 10.2,a paa v;=0,01 (6)

IPOU3BOJBHOM DPACHNOJOXKEHHH YIVIOB B  DPAasHBIX MOJYIJIOCKOCTSAX
(puc. 10.3, a) amnauTyasl 3aTyXaioT, HO (aspl MOLYT HCIHTHIBATH
cuibuble ocuaasuuu (puc. 10.3, 6).
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Puc. 10.3. Jlokanusanus /
KOMILJIEKCHHIX BEKTOPOB
€xp(if;;) B pasiuuHBIX !

fIOAYMIOCKOCTAX (@) H 0 g 0 15 t
BHJI peleHusi npH (Paso-
BBIX yrJax, wu3o6paxeH- 0
sipix Ha puc. 10.3,a, ansa
v;=0,01 (6)

Pelenue aJisi HECTALMOHAPHOR CPebl

[IpuBeneHHBIH BHIE KPHTEPHHE YCTOHUHBOCTH JHoNycKaeT oGoliue-
HHe Ha C/Iyuafi 3aBACSINAX OT BPeMeHH BeauuuH v;(f) u c;;(f) [3].
ITpu stom cucrema (10.1) npuoGperaer Bux

0uy/ot v () uj = gny (f) upt; cos [O 40, (7)1, (10.12)

rie
gu(t) = | cu(ew (0) | . (10.13)
Ilpu #—o0 3Ta cucTeMa HMeET aCHMOTOTHUECKOE PelIieHHe
uj==fi (O/(tx —1),

npuyem
ﬁ (tx) = gﬁl (fo0) { €08 [D (£a) + 0, (£a0)] OS [D (E0) + 0, (tm)]}"', (10.14)
Bee 08 [P (fx) 4 0;;(()l >0 n

tg (D (feo) + O1s (£0)] F 1 [D (Feo) + Bpz ()] 4 LG (D (Foo) + By (fe0)] = O.
(10.15)
Ilpu v;(t) =v(?), g:j({)=g(¢) u 0;5=0 (i, j=0, 1, 2) MoxKHO IO-
JIyYUTh TaKxkKe TOUHOe pellleHne cucTeMu (10.12), Tak kak ¢ moMouiplo
NOACTaHOBOK

U, = u,-exp[jv(t’)dt’]; (10.16)
0
v=[exp {—} v (@) 40 ¢)] dt”} ar, (10.17)
i 0
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rjie
n(f) = — (d/dt) [In g (9)], (10.18)

3Ta CHCTeMa NPHBOJUTCS K CTAHAAPTHOMY BHAY A/ HEJHCCHIATHBHOM
cpennl ¢ g(¢)=1. Orciona ciaexyer, B UaCTHOCTH, UTO BpeMsi Pa3BUTHsL
HEYCTOHUHBOCTH f{r MOXKHO HAaWTH H3 COOTHOILUEHHS

too

Two = | €xp —j' v (") +n (@) dt”}dt', (10.19)
0 0

I'le To — BPEMS PA3BHTHS B3DHIBHOH HEYCTOMYHBOCTH AJISI HEJHCCHIA-
THUBHOH cucteMbl ¢ g({)=1 [cp. ¢ (2.11)]. Ilpu yBenmuuenun v(¢”’) n
N(!”) BenMnUHHA f—>00, T. €. HEYCTOHUHBHIH pEXKHUM CTAHOBUTCS He-
BO3MOXKHBIM.

IlpeoGpa3oBanue HHePLUHAJBHBIX CHCTEM OTCUETA
u npolGJema yCTOHIMBOCTH TPEXBOJHOBOIO B3aHMOMEHCTBHS

BosBpamaschs K C/Iyualo HegMCCHIATHBHOH CpeAbl, HATOMHHM, 4TO
HeoOXOJHMBIM H JOCTATOUHBLIM YyCJOBHEM CYUICCTBOBAHHSI HEyCTOHUH-
BBIX peuleHHH cucTeMbl (9.1) AB/IsSeTCS MOJIOKHTEJNBHOCTL BCeX KO3(d-
(GHUHEHTOB CBSI3W HJIH, UTO TO K€ CaMoe, NPOTHBONOJOXKHOCTh 3HaKa
9HEPrHH BOJIHBEL ¢ HAauOGOJIbIIEH YAacTOTOH 3HAKAM 3HEPTHH OCTaJbHBIX
BoJsiH. [TokaxeM, YTO 3TO ycJOBHe He HapyullaeTcsi NPH NpeoGpasoBa-
HHUSIX MHEPIHAJbHBIX CHCTEM OTCUETA.

PaccMoTpuM B KauecTBe IpuMepa CHCTeMy IJla3Ma — Iyuok. B mo-
KosilleHcsl CHCTeMe KOODAHHAT AH3JIEKTPHUECKast IPOHHLAeMOCTh TaKOM
CHCTEMBbl HMeeT BHJ

(@, k) =1 — 2 /0® — o /(0 — RV,)?, (10.20)

TAe Wpe U Wpp— [VIA3MEHHBIE YACTOTHI CTAIHMOHAPHOH M ABHXKyuUleHcs
HOACHCTEM COOTBETCTBEHHO; V3 — CKOPOCTb ABHIKYINEHCA MOACHCTEMBI
B BHIGpAaHHOH cHcTeMe orcuera. Eciu mepelith K cHcTeMe oOTCuera,
JNBHXKYIEACS OTHOCHUTEJNbHO MEPBOHAUYAJBHOH CHCTEMBI CO CKOPOCTBHIO,
napaJiieJbHOH CKOPOCTH Vp, TO MJa3Ma OyneT BHIIVIAAETb KaK JIBYX-
notokosas cucrema u BMecto (10.20) moayunm

&, k) =1—0?, /(0 — kVp, )2 — cof]bz/((o — kVs,). (10.21)

DHeprus BOJHBE B 3TOH cucreMe
(W) = (20/4) (0/00) (we),
rae
P de 2")pb [0) 2mpb:m

90 (ew) = mgm_ - (co-—kll/bl)2 + (@ —kV, ) : (10.22)

O6uwmit Bun ¢ynkuun (10.21) mpu ¢uxcuposanHom k>0 u moJo-
xkutenvubix Vp, u Vp, nokasaun na puc. 10.4. Kopuu I u 8 coorBercT-
BYIOT BOJIHAM C OTPHUATENbHOH 3Hepruel, a 2 u 4 — BOJHAM C NOJO-
KHUTeNbHOH 3Heprueld. CoryiacHO KPHUTEPHIO B3PHIBHOH HEYyCTOHYHBOCTH,
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B KauecTBe BOJIHB € HauOOJbleHl 4acTOTOH MOMKHO BHIOPAaTh BOJIHY,
COOTBETCTBYIOIYI0 KODHIO 3, TOrJAa JABe JAPYrHe BOJHBL JOJIXKHBI COOT-
BeTCTBOBATh KOPHIO 2 (AJ1s1 NMPOCTOTHI B JajbHeflieM GyleM NHCATh
BosiHa I, 2 u 1. A.— Hpun. nepes.). Caenyer NOMHHTb, OJHAKO, 4TO
BOJIHEl MMEIOT pasHble BOJIHOBHIe YHCJIA R M NO3TOMY (aKTHUeCKH
HM COOTBETCTBYIOT pa3Hbie JHAarpaMMBbl THIA NOKa3aHHBIX Ha puc. 10.4.
3anuimeM pe3oHaHCHBIE YCJIOBHS

ky=Fki+ky 0y=0,+ 0, (10.23)

H TONBITAEMCs PEIUUTh AHCIEPCHOHHOE ypaBHEeHHE ¢ Tem, UTOGbl ycTa-
HOBHTb COOTHOILIGHHEe MeXAY ®; U R;. B obmem cayuae 3apaua cBo-
AUTCA K YPaBHAFHIO YETBEPTOH CTENEeHH OTHOCHTENBHO ®, HO eCJH

5(&1,/() - i
= | W=k V;
!CL) kl/d, la) k"z
|
|
) |
\ ‘
|
|
‘L
/AN 7 3 : 4 [
|
!
|
|
|

[
|
!
|
[
1
i
l
|
!
|

Puc. 10.4. O6wiuii BHJ AHIIEKTPHYECKOH mNpoHHIaeMoctH &(w, k) mpu (GHKCHPOBAH-
HOM k B cayyae XOJOJHOH ABYXIOTOKOBOH CHCTeMH CO ckopoctsamu Vi Vs,

CKOPOCTH MOTOKOB IOCTATOYHO pa3HeceHBl, TO MPH OTBHICKAHHH KOPHeH
1 u 2 MoxHO npeneOpeub BJIMSHHEM BTOPOro IIyukKa, a IPH Haxoxnie-
HuH KopHel 3 U 4 — BJHAHHEM nepBoro nmyuka. Toraa

0y =~ RV, — 0pp,; 0y = RBVs, + 0pp; 0y RV, + 0pp,, (10.24)
4TO C y4eTOM 3aKOHOB coxpaHenus (10.23) mpHBOAHT K COOTHOILEHHIO
koVb1 + 2(‘)1701 = kon,z — Wpp,. (1025)
B ToM xe Npub/IHIKEHHH HMeeM
[(0/00) (we)]ly = — 20p/@pp,;
[(9/00) (we)], = 20, /wy,; (10.26)
[(0/00) (@e)]y = 2025/wpp,.
3ameTuM Telephb, UTO NPH Nepexojge OT OAHOH HHepUHAJbHOH CH-
CTeMH K JAPyrofi ckopoctu Vp, u V,, H3MeHSIOTCS Ha ONHY H Ty XK€
BeJIMUMHY, a 3TO O3HauaeT, uto cooTHoiueHHe (10.25) HHBapuaHTHO
OTHOCHTENBHO TaKoro mpeoGpasoBanus. ONHAKO YAaCTOTH He OCTAIOTCHA
HeM3MEHHBIMH: 1O Mepe yMeHblieHus Vp,, U Vp, OHH yOBIBAOT H B

KOHEUHOM CueTe MOLYT CTATh OTPHUATEeNbHBIMH. [IpH ko>k; mnepsoi
npuoGperaer OTpHULATEIbHOE 3HAUEHHE YacTOTa (g. B 3TOH CHTyaluH
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BOJIHBI 2 B () UMeIOT OTPULATEJbHYIO SHEPruio, a BoJHa I — HOJOXKH~
TEJAbHY10, HO yCJOBHe B3PHIBHOH HEYCTOHUHBOCTH NPOAOJIXKAET BHIOJ-
HATbCSI, TAK KaK MMEHHO BOJHA | uMeer HaHOoJbllyi0 yacTtoTy. [Ipm
JajlbHeHlleM yMeHblleHMH Vp, W V,, CTAaHOBHTCSI OTPHLATEJNbHON uya-
CTOTa . OJHAKO YC/JIOBHEe HEYCTOHYHBOCTH BLINOJIHAETCS H NPH 3TOM,
TaK Kak Tenepb 3HepruH BOJIH 0 H I NMOJIOXKHTENbHBI, 3 SHEPrHsT BOJIHBE
2 oTpHuaTeNbHA, H KaK pa3 3Ta BOJIHA HMeeT MaKCHMAaJbHYIO YaCTOTY.
HakoHen, npu OTPHUATENBHOM ®; HAHOGOJBIIYIO aGCOIOTHYIO YacTOTY
OyaeT cHOBa HMeTb BOJIHa 0, mpHueM ee 3HEPrHS [NOJOXKHTeNbHa, &
5Heprud BoJH I M 2 oTpuuaTesbHBl, YTO H TpebyeTcsl JAJst Pa3BHTHSE
B3DBIBHOH HEYCTOHYHBOCTH.

3apaumn

10.1. Ha puc. 10.2 nokaszaHo pellleHHe nJsi ciaydasi, Korga aBe ¢aswm 0;; pa3s-
JHYAl0TCAd B TOUHOCTH Ha . [Ipu stoM @ ocUWIIHDYET OKOJO 3HAueHHs, GJH3KOTOor
K /2. 310 o3Hauaer, uto aza ®+06;,, cooTBeTCTBYWOUIAS TPeThell BOJHE, B Cpex-
HeM HAaXOAMTCS B NPaBOH MOJYIVIOCKOCTH. Bo3MoxHO JaH nomo6Hoe NpH OCUMIIALNRE
¢a3pl O B OKPECTHOCTH 3HaueHus —i/2?

10.2. Korza Bce v;=v, HO Bce 8;; pasiHyHBl, CYIIECTBYET pelieHHe, IPH KOTO-
pom @ nocrosHHo. Halitu sTo pemenne.
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I'JIABA 11

HEJIMHEWHOE B3AMMOIENCTBHE BOJIH C PA3JIMYHbBIM
3ATYXAHHUEM NNPH B3PbIBHOY HEYCTONYHUBOCTH

B nsnasMe pacnpocTpaHsieTcss MHOTO BOJIH Pa3yIHUHBIX THMOB (0CO-
GEHHO NPW HaJWYWM BHEHIHEro MarHuTHoro nouss). MX cpofictBa Moryrt
CHJIBHO pa3/uyaThCsi u3-3a Pa3HbIX CKOPOCTEH PpACHPOCTPaHEHHS
BOJIH, H, YTO He MeHee BayKHO, BOJHBI HHOTJa HMEKT CYLIECTBEHHO
pasjHuHble JUCCHIATHBHbIE XaPAaKTEPUCTHKH. 3aTyXaHUE PA3HHIX BOJH
MOXKET He TOJbKO CHJbHO OTJHYaTbCS MO BENHYHHE, HO H HMETh pa3s-
Hy1o (Gu3HUYECKyl0 npupoay (3atryxaHue Jlamjgay A/ KOJJIEKTHBHBIX
BOJIH THNA NJIa3MEHHBIX HJIH HOHHO-3BYKOBBLIX BOJH H CTOJKHOBUTEJIb-
HOE 3aTyXaHHe J1Jisi NONEPeYHHIX 3JIeKTpoMarHuTHeIX BoaH). Caenosa-
TeJbHO, KO3()(HHIKEHTH, OMHCHIBAIONIHE JHHEHHOe 3aTyXaHHe (HJIR
HapacTaHue) B CHCTeéMe CBSI3aHHBIX HeJHHEHHBIX ypaBHeHuH, B 006-
LIEM cJiyyae AOJKHB OBITh PA3THYHBIMH.

[IpoGnema onHcaHHsi TPEXBOJHOBOTO B3aHMOJEHCTBHSI NPH TaKOM
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NpeinoJIOXKEHHH OKasbiRaeTCsl 1ajeKo He TpuBHaabHOH, O6Gmiee aHa-
JIMTHYECKOe pelleHHe COOTBETCTBYIOILEH CHCTEMH YPaBHEHUH MOJYYHTh
He yJaercss ¥ BPHUXOJUTCA MpHOeraTb K NpPHUGIHKEHHBHIM MeTojHaM, He-
MoJIb30BaHHE KOTOPHX YaCTO NPUBOJMT K MOJNE3HBIM pe3yJibrataM. [1pu
3TOM yA00HO OTJEJbHO PacCMaTPHBATH PEXKUM B3PLIBHOH HEYCTONHUM-
BOCTH H HeJHHEHHO-YCTOHUHBLIH PeXUM,

B s70it rnaBe paccMOTpeH npHMep B3PHIBHOH HeyCTOMYHBOCTH B
NPeANOJIOXKEHHH, YTO pasjHuyHe MeXIy Ko3)(UIHMeHTAMH 3aTyXaHus
JOCTATOYHO Majo AJsl TOro, 4To6Bl MOXKHO OBbLJIO BOJYYHTL NPUGIH-
JKeHHOe penleHHe, NPaBHJIBHO ONHUCHIBAIOIICEe XapakTep HeJHHeHHOH
SBOJIIOUHHE CHCTeMBbl (KPHTepHeM NPAaBHJbHOCTH CJYXKHUT CpaBHEHHE C
pe3yJbTaTaMH UPAMOT0o MAallMHHOTC aHaAu3a HCXOJHOH CHCTeMBl CBSI-
3aHHHIX ypaBHenuii). HMccmeayeTrcsi Takxke BO3MOXKHOCTL 0606IieHust
TCOPHH Ha cAyuall HecTanMOHApHOA CpeAbl ¥ HOJYyYEHHS] ACHMOTOTH-
YeCKHX PAa3JIOXkKeHHH ¢ MOMOILBI0 METOJa WHTErPUPOBAHHS [O YACTSAM.

IpubnukeHHoe pelieHHe AJs CTAIMOHADHOH cpeabl

Ecan nunefinoe 3aryXaHue BceX B3aHUMOJIEACTBYIOIIHX BOJIH pas-
JINYHO, TO C MOMOILbI0 npeobpasoBanuit BHia (10.7) He yaaetcs
nepedTH K cHcTeMe, B KOTopoi Bce v;=0. TeM He MeHee A/ B3PHIBHOH
HEYCTOMYHBOCTH MOXHO HaHTH OpPHOJHIKEHHOe pelleHHe, Hesi KOTO-
poro sakuawouaercs B caeayoouwewm [1]. BesencrBue B3auMopeficTBHS
Kax/jasi BOJIHA MOJABEPraeTcst BJHSHHIO He TOJBKO COOGCTBEHHOrO 3aTy-
XaHHsI, HO M 3aTyXaHusi OCTaJbHHIX BOJH. [Ipu Goabmux aMOojauTyaax
3TO NepeMenIHBaHHC 3aTYXaHHH CTaHOBUTCHA OueHb 3(GhEKTUBHBHIM, H
B peayJbTaTe KaxKJast BOJHA HCHHTHBAeT HEKOTOpPOe YCPeJHEHHOe
3aryxanue., OIHAKO HA HauyaJbHOH CTaJHH ([0 TOTO KaK HeJHHeHHHIE
cJaraeMble CTaHYT ONpPEJeJsIOIIHMH) BOJIHA (haKTHYECKH HCIBITHIBAeT
JHIOb CBOHCTBEHHOe €M 3atyXaHue. B cBs3W c 3THM BHauvaJje DasfH-
YalOTCst ¥ CKOPOCTH 3BOJIONHH PasjHYHLIX BOJH, HO B JaJbHEHIIEM
6aaronaps st dQexrTy nepeMemUBaHUs OHM BLIDABHHMBAIOTCH, YTO B KO-
HEYHOM CcUeTe BPUBOJHT K €JHHOMY MOMEHTY B3DHIBA AJSl pACCMaTpH-
BaeMO# CHCTEMHL.

W3 sToro paccMmoTrpeHusi cjaelyeT, YTO [Js NOCTPOCHHsSI PeLICHHS
MOXKHO NO-TIPEKHEMY HCIOJb30BaTh NpeoGpasoBaHHe AMIVIUTYA THIA
(10.7), HO npu 3TOM HEOOXOAUMO YUHTHIBATb BPEMEHHYIO 3aBUCHMOCTb
3aTyXaHHs Kax ol BosHbl. UTo ke Kacaercd npeo6pa3oBaHHsi BpeMe-
HHM, TO €ro MOKHO ONpPENEJUTb OJHHAKOBO AJs BCEeX BOJH, TaK Kak
YHCJIEHHBIE SKCHEPHMEHTH NOKAa3bIBAIOT, YTO YINOMSIHYTOe Bhillle BpeMs
nepeMenlMBaHus OYeHb MaJjo. B pesysnbTaTe noiyyuM NpHOJIHKEHHOE

pelileHue BUAA

u;(ty=U; (r)exp[ —~-}hi(t’)dt’], (11.1a)
1]
rie
= fexp [—tg o (') dt”]dt’; (11.16)
0 0
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hi () = o — (w—vy) (d/dt) [(1 — t/t=)"t]; (11.2)

= (1/3) (vo + v + Vv2) (11.3)

# 1<a<2 [2]. Ecin aMniuTy B OJMHAKOBHI O NOPSIAKY BEJHUMHBI, TO
JJIS. IPOCTOTHL MOXKHO NOJOXKHUTb o(f)=pn. OJHaKo TOrja, KOria

aMIUIMTY bl CYLIECTBEHHO PA3JIMYHBI, JyYllHe Pe3yJbTaThl MOJYyYaioTcs
IIpH HECKOJNBKO HHOM BHIGOpe o (f) [3]:

G (1) = (Volhy ~ Vatdy + Valto) /(U + 1y - Up). (11.4)
CpaBHHUTEJbHBIH aHAaJH3 YUCJEHHBIX Pe3yJbTaTOB, NMOJYYEHHBIX Ha

OCHOBe ucnoJb3oBanus peutenusi (11.1a) u ucxonuoit cucremu (10.1),
BuinosneH B paGore [2]. Ha puc. 11.1, @, 6 noxasans pesyabTaThl

38

o e

o

Puc. 11.1. Yucnennoe pewenue cucremnl (10.1) nmpu Aw=0; Op=—n+7/60; Ogp=
=—n+m/100; Op;=mr/100; vo=0,05; v;=0,02; v,=0,02 (a) u pelienne pJas TOro
e caydasi, 4yto W Ha puc. ll.1,a, no npu o(f)=p u a=15 (0)

pacueToB ansi Aw=0 npu ycJOBHH, YTO YrJabl 0;; Clerka OTJIHYaIOTCSH
oT &t [pacuersl no (11.1a) npoBoaunucek npu o(f) =uj.

PemeHue AJs HECTALUOHAPHOH CPefbl

- ®opma peunteHusi (11.1) ykasbiBaeT Ha BO3MOXKHOCTb €ro HCHOJb-
30BaHHs M TOrAa, KOrJAa 4acTOThl v; SABASIOTCS (QYHKUUSIMH BpEeMeHH.
K TaKOMY cCJjaydyar MOXKHO CBECTH TaKXKe NPHMED 3aBUCAIIHUX OT Bpe-
MeHH K03(pHIHEHTOB CBsA3H. DTO JOCTHIaeTCsl ¢ MOMOLILI0 npeoGpaso-

BaHU
gii(t) = 1c;; (Dc;; (0) | ;
M; () = —(d/dt) In | g;; () gju (D) |2 (11.5)

v; (t) = u; (t) exp [—Eni (t’)dt’].

OTMeTHM, YTO NPHYMHB BO3HHKHOBEHHSI BPEMEHHOH 3aBHCHMOCTH
KO3()(PHIHEHTOB CBSI3H MOryT OHITH BecbMa pa3HOOOpa3HBIMH: Hecra-
UHOHAPHOCTh OCHOBHBIX NApPaMeTPOB NJ1a3Mbl, BIMSHHE BOJHHE Ha cpe-
Ay, HeJHHeHHOCTH BBICHIMX NOPSIAKOB H T. NH., TaK YTO MNOJydYeHHe
pelleHHsl [Jis HeCTalHOHAapHON cpelibl MNpeACTaBJsieT 3IHAYHUTEJIbHBIN
HHTEpec.
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AcUMNTOTHYECKHE Pa3JIOKeHHS
IIpn 6;;=0 pemenne MoXHO BBIpasuTh B BHAe PyHkuuu ot @:

u; (t) = exp (—v;t) [Qth“exp [(v; — vy —wvy) ] ctgD dt + u?(O)]%. (11.6)
0

Hcnonb3yss 3ateM acHMMNTOTHYECKOe pelleHHE B OKDECTHOCTH BpeMe-
HU Pa3BUTHSI B3PHIBHOH HEYCTOHYHBOCTH

u; (t) = kjexp (— ub)/[exp (— ué) — exp (— ptoo)], (11.7)
MOxHO Ha#TH ctg® u npouHTterpuposath (11.6) mo uacram. B pe-
3ysbTate nojydyum Oojsee ToyHOe penteHue u;(f). Ilpomosxkas 3ToT
IpPOILECC, MOXKHO NOCTPOHTb ACHMIITOTHYECKOE pas3JiokeHHe, KOTOpoe
CBOJMTCS K TOYHOMY DEHleHHIO npH v;=p [2].

YacTHbie cayuau

Paa uyacTHHIX ciyyaeB B3aMMOJAEHCTBHUSI BOJIH C YUETOM 3aTyXaHUs
paccMoTpeH B paborax [4, 5]. B nepBo# U3 HUX IOKa3aHO, UTO CHCTe-
Ma Bcerja HeyCcTOHUHMBA, €CJAM 3aTyXaeT JHIUb OJHA BOJHA H Bce
HauaJbHble aMOJUTYAbl PABHbl. AHAJOrMYHBIA BBLIBOJA MOJYYEeH H B
pa6ote [6], rae HayasibHOE 3HAUEHHE AMIJIMTYIbl 3aTyXaloliell BOJHBI
nojiarajqu paBHEIM HyJo. Toraa I'=0, a aMIUINTyAB He3aTyXalolIUX
BOJIH Y/IOBJIETBOPSIIOT COOTHOLIEHHIO

ul— u? =%

C NOMOUIbIO 3aMEeHBI

uy=cchvy; u, =cshy; wu,=_0p/ot
noJiyuaeM ypaBHeHHE

PP/t - vop/ot — (1/2) 2sh 2y =0 (11.8)
C HayaJIbHBIMH yCJIOBHSIMH

P (0) = ch™ [1, (0)/c}; Iy (0)/0t = 0.
B o6mem ciayuae 3T0 ypaBHeHHe pemnTh He yaaercd. OpgHako 1pH
vitg(0)>1 [uo(0)>u1(0)] MoxkHO moxas3aTh, UTO Yy4eT 3aTyXaHus
HPHBOJUT K YBEJHYEHHIO BPEeMEHH pa3BHTHs B3pDHIBHOH HeyCTOMYHBO-
CTH B OTHOHIEHUH v/t (0).

3apaumn

11.1. CucreMa cBSI3aHHHIX ypaBHeHHH, ONMCHIBaWOLlas NapaMeTPHYECKOe B3aHMO-
ﬂeﬁCTBHe, MOXKET HMETb HEYCTOﬁqHBbIﬁ XapakTep B TOM CMbICJe, UTO JIHIIbL OJHA H3
BoaH sABJseTca 3atyxawmel (cM. ra. 2). CoxpaHsercs JH 3TOT XapakTep B TNpH-
6nnxenun (10.1), ecmu a) o(f) =p; 6) o(f) =Zv;u;/Zu;?
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TJIABA 12

BJIUSIHHE 3ATYXAHHUA HA B3AUMOIENCTBUE BOJIH
C SHEPIASAIMH OO HOTO 3HAKA

Hast yuera 3aTyXaHMsi DPH B3aUMOJEHCTBHH BOJH C 3HEPTHSIMH
OJIHOrO 3HaKa METOJ, H3JIOXKEHHBIH B mpeAblAyLIeH rijaBe, HeMPHUTOJeH
#3-3a 4CHMMETDHH HCXOJHOH CHCTeMbl YpaBHEHuH, OOYCJIOBJIEHHOH
TEM, YTO KO3(PGhHUHMEHT cBA3H AJsT BOJHBI ¢ Haubojbluel 4acTOTOH
TIDOTHBONOJIOKEH 10 3HaKy Ko3(@HUIHEHTaM OCTaJbHHX BOoJH. B pe-
3yJIbTaTE aMIJIHTyJa OJHOH BOJIHBI MOXKET OKa3aTbesl OOJBIIOH KakK
Pa3 B TOT MOMEHT, KOrja /Be Jpyrde aMmJHMTYAbl MaJjbl, a 3TO O3Ha-
YaeT HeaNeKBAaTHOCTb pacCMaTpHBaeMOH CHTyallld NpeACTaBJCHHIO
00 ycpeaHeHHOM 3aTyXxaHHH. MeToja, npeaHa3HAYeHHBIH CHEUHAJbHO
JJIA B3aHMOJEHCTBHS BOJIH C SHEPTHSIMH OJHOrO 3HaKa, HpelJIoXkKeH
B pabore [1].

Pemenune qJis Tpex 3aTyXaloUUX BOJH

Hcxoanast cucreMa ypaBHEHHH B 3TOM cJyyae CBOJAMTCH K BHAY
Outy/Ot + vylty = — thytdy cos Dy
0t1,/0t + vyu, = ugu, cos O, (12.1)
Ott,/0t - vyuy, = uyu, cos @;
0D/0t = (U uy/uy — tgls/tt; — Uyl /i) Sin D,
Dra cucTteMa HUMeeT HHTerpas ABHXKCHUS
. uytiytty Sin @ =T exp [— (v, 4 v; + Vo) 2] (12.2)
B vyactHoM ciayuae I'=~0, paccMOTpeHHEM KOTOPOro MHl 34€Chb Orpa-

HUUHUMCH, NOJYUYHM
Ugtiyty SIN D =~ 0. (12,3)

Hafinem uckomoe penleHHe, OTHPaBJsisACh OT pelleHHsI AJs HEJHUC-
cunatuBHoi cpean. Ilpu I'=0 noTeHuuas ; MOMKHO NpeACTaBHTH B
cjenyomei ¢opme:

70 (1ty) = (My — ng) (M — 1) 1, (12.4)
rae BBeaeHo o6o3HaueHue n;=u;?, a BEJAHUYHHBI -
My=ny+ny My=ny,+my (12.5)

NpeaACTaBAsSIOT coGoll koucrantel Mauiau—Poy. Iloacrarasas (12.4)
B (9.8) u ucnonnays peutenue (9.11), mosyuaem

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

u npeanonaraercs, uto n;(0) <ng(0), 1. e. M;>Mo.
- BosBpamasch K mpoGieMe yyera 3aTyxaHHs, BBeJeM BEJHUHHHI

my () =ny+ny; my(t) =ny+ny, (12.7)
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KoTopHe, B oTauuyne oT (12.5), sBasioTcs GYHKUUSIMH BpEMeHH H
YJOBJIETBOPSAIOT yPaBHEHHSAM

dml dm

+ 2"2’711 (va— ) 2”0» T + 2vymy = (v — V) 21 (12.8)

OTH ypaBHEHHsi BHITEKAalOT H3 HcxoaHo# cHeremnl (12.1). OTtmeTnm
Ba)XXKHOE CBOHCTBO B@JHYHH m; M My. HUX 3aBHCHMOCTb OT BpeMEHH
06yCJI0B/IEHA HCKAIOYUTEbHO HAaJHYHEM 3aTyXaHus.

W3 crpyktyper (12.8) BuaHO, uTO OpH paBHEIX v; 3Ta CHCTEMA
HHTErpHpyeTcsi HemocpeAcTBeHHO. Ho npu pasiuunblx v; 415 ee pe-
weHusi Tpedyercss 3HaTh 7. OueHKa 3TOro 3HaAuYeHMs, NOJYYeHHas C
NOMOLIBIO pElIeHHsT HCXOJHOH CHCTEMBl Ha AHAJOIOBOH BHIYHCIHTEJb-
HOH MalllMHe, MOKa3blBaeT, YTO MOXKHO HCIOJb30BaThb peuleHHe BHAA

1y = (1/2) Ny (£) (1 2 cosQ¥), N, (0) = M,, (12.9)

Te BMeCTo 3JuidnTudeckod Qyukiuu urypupyer KOCHHYC (Takas
3aMeHa mpaBoMepHa npH R<1).

Hdast Toro utobbl I' paBHsJIOCh HyJIO NPH IPOU3BOJBHOH  (ase
@ (0), neo6xogumo moNoXKHTL M(0) =0 wau n,(0)=0. 3Hak «mjirOC»
B (12.9) coorBerctByer n,(0) =0, 3Hak «Munyc» — 710(0) =0. Uucnen-
HBIi aHaJH3 [OKAa3blBAET, YTO XapaKTep 3aTyXaHus aMIJIHTYAbL fp
TaKOH K€, KaK y MEHbLIeH M3 aMOJIUTYI 71 H fg. 1lpennosoxum anst
onpenesieHHOCTH, YTO HauvaJjibHOe 3HaueHue #ny Oosblie n;. Torma ngp
OyneT caenoBaTh 3a f; HA TNPOTSAKEHHH BCEro BpeMEeHH B3aHMopeii-
CTBHSI NPH TOM, OAHAKO, YCJOBHM, YTO BOJHA Mz 06JajJaeT MEHbLIMM
3aTyxaHHeM, ueM BojHa n;. Ecan Xe uMeer mecro o6paTHOe, TO CHH-
XPOHHOCTb g C H; BOSHUKAeT JIMIIb [0 HCTEYEHHH HEKOTOpOro ne-
PEXOAHOrO BpEMEHH fo, KOrJa aMIUIMTYJa Mg CTaHET MeHblle 7. ITH
pe3yJbTaThl YHCJAEHHOTO aHAJKM3a Jal0T OCHOBAHHE IOJOXKHUTh

No(t) = { Myexp[—(vo +v) 1, 0t 1y
0 Mg exp[— (v, +vo) 8], >0,
rae M,, = M,exp[(vy — v,) £,l.

(12.10)

Tlopcrasasiz (12.9) B (12.8) u uHTErpUpys pe3yAbTHPYIOUIYIO CH-
CTEMY, MOJYYHM CACAYIOMHE PeHICHHS:
1) t<t,, Toraa

(M MY erp
ml(t)—<M1 1o )exp( 2v2¢)+]
+ 11:[_ exp[— (vo -+ v) 4+ F(8)y (12.11)
ma (£) = Myexp[— (% + v 1] + o (1) |

The o = (v; — Vo)/(Vg — Vo);
fr= £ [(vs — v+ 4v§)"’1 Ny (1) sin (Q1); } (12.12)

fo = £ [(vy— vo)/(Q* + 4v1) ] N, (#) sin (Q1);
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2) t>t,, Torna
m, (t) = MZanp [— (v + Vo) t1 4 f1 (2);

iy (£) =~ expl— (% v 1]+ < -exp (— 2vi) + o0

rae B = (vo —v)/(vg—v1); My, = Mz exp [(Vl — Vo) Bl

(12.13)

B panpuefimem GyaeM cunTaTth, UTO
dve—v, | L8, (12.14)

Ilpn sTOM yc/OBHM BKIaJOM BEJHYHH fi2 B M; H My MOXHO TIIpe-
He6peub, Tak Kak |fi2(t)|<No(f). Oast nosyueHus: HCKOMOro npub-
JIMJKEHHOTO PeIIeHHs] OCTaeTcsl MOACTaBHUTbL M U mg B (12.6) BMecTo
nocTostHHEIX M; u My, uto naer

1y (1) = ngy sm? [ngfet, (Rg1/ng)'/z];
iy (£) = my (£) — 1, (1); (12.15)
fy (1) = my (t) — n, (9).

3pech oy 1 Moz (No1<tlgz) — KOPHH ypaBHEHUS
(my — ny) (my — ng) = 0, (12.16)

{ m2a t< to;
g =
ml’ t> tov
i ¢ yuerom (12.11) u (12.13)
o, ={ Myexp[— (vo+vi) 8, <ty
’ My expl— vy +vo) tl, > ¢,

Takum obpasom, nosyueHa orubamomas fg(f) B NOJHOM COOTBETCTBHH
C pe3yabTaTaMH MALIMHHOIO 3KCHEPHMEHTA.

HanoMuuMm, uyro 3aMeHa 3/JMOTHYECKOH (PYHKUUH KOCHHYCOM B
(12.6) nmomyctuMa, CTPOro TOBOPf, JHHIL TIpH YCJOBHH R=
= (no/nex)/21. Ho npu t=f, Mb uMeeM m;=my Hu, CHelOBa-
TeJbHO, E=1. DTo yKasblBaeT Ha HENPABOMEPHOCTb [APMOHHYECKOH
alnpOKCHUMALMU B OKPECTHOCTH [ ={,.

Ha puc. 12,1, a noxasano pewenne aas f,=0. B npouecce B3au-
MOJEHCTBHS /g BBIXOJAMT Ha HEKOTOPHIA NOCTOSTHHBIH YDPOBEHb, TOTAA
KaK fig U n; 3aTyXaloT, NPHYEM XapakTep 3aTyXaHHs OOCHX aMIWVIHTYI
OJAMHaKOB, HecMOTpPsi Ha 10, uTo vi=0. Pucynoxk 12.2, a cooTBeTCcTByeT
CAy4Yalo, KOrjga 3aTyXaHHe OTCYTCTBYeT TOJbKO y BOJHH #g. Torma
BpeMs nepexoja OTJAHYHO OT HYJs, My H He 3aTYyXawT, a f; BBIXOAHT
Ha TOCTOSIHHBIA HeHyJeBoj ypoBewb. Ha puc. 12.1,6 u 12.2,6 nan-
Hble YHCJIEHHBIX PacyeToB 7y U My CPABHUBAIOTCA C aHAJHUTHYCCKHMH
pesyabraTamMu. Kak u ciaenoBajio OXHAaTh, PpacXOXKACHHE MEXKAY
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Puc. 12.1. YucnenHoe pewenne cuctembl (12.1) npu vo=0,04 u v,=

72 | =v;=0 (aMnauTyAa ¢ HauGO/BIUKM HAYaJbHHIM 3HAUEHHEM He 3aTyXaeT
58} H OCTaeTcsi MaKCHMaJIbHOH B TeuyeHHe BCEro Ipollecca B3aHMOMEHCT-
.‘ /\ BUSL (a); oO6oGLIeHHble HHTerpaJbl

i JBUXKEHUA m; K my, COOTBETCTBYIO-

(e YHUC/JAeHHBIM pe3yJbTaTaM, NpH-

D’Mv BeZEeHHBIM Ha puc. 12.1,a (ocumi-
VWAAAAAAA A~ JUpYIOILHEe KPHBHE), H pe3yJbTa-

TaM, NOJYy4YeHHHM  aHAJHTHYECKH
(rmagkne Kpusee) (6); 3aBHCH-
MOCTb OTHOCHTEJNBHOTO 3HAYEHHS Ie-
pHOo/la OCHWISIHHH OT BpPeMeHH IJs
pe3yJILTaToB, COOTBETCTBYIOIHX
puc. 12.1, @ (aHanIUTHUECKHE M HUHUC-
JleHHble  Pe3YJbTaThl  H306paxkeH:l
CIVIOIIHOH M NYHKTHDHOH JIMHUAMH
COOTBETCTBEHHO) (B)

P
Py
96+ - 115]-
Q41 1101 - el
//
421 1051 Z
] | | mz) - /’00 { ]
4 27 40 60 80 100t h ] 25 50 t
J §

AHAJMUTHYECKHMH H TOYHLIMH pe3yJbTaTaMH [Jis Mm; yBEJIHYHBAeTCs B
OKPECTHOCTH [y.

PeieHne A1 oqHO 3aTyXawuel BOJTHbI

Hpyroit moaxox k npobjeMe yyeTa 3aTyXaHHs NPH TPEXBOJHOBOM
B3aHMOJEHCTBUYU NpeAJoKeH B paboTe [2] B CBASH C pacCMOTPEHHEM
YaCTHOTO cjyyast OJHOH 3aryxalomlel BonHbl. K HeMy mpHBOAUT ujea-
JIM3aIHsT JIOBOJBHO OOBLIUHONH CHTYAalHH, KOrja BOJHA C HauMeHbIIeH
YaCcTOTOH 3aTyXaeT 3HAYMTEJIbHO CHJbHEE oCTajbHbIX BOJH. [Ipenmo-
Jaraercsi, uto I'=0, 1. e. sin®=0, u ucnoxab3yercs Takas HOPMH-
POBKa, NpPH KOTOPOH HCXOJHasi CHCTeMa ypaBHEGHMH HMeeT BHJ

duy/dt = — uyu,; (12.17a)
duy/dt = uus; (12.176)
duy/dt + puy = ugtt;. . (12.178)
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Puc. 12.2. Yucnennoe pewenne cuHcTeMbl (12.1) npn wvo=v;=0 u
Ny vo=0,04 (3aryxalomasd aMIJIMTy#an, UMeeT MaKCHMaJbHOe HadajbHOE
3HaueHHe; XOPOIIO BHAHA NepexogHas  obJacTb, B KOTOpPOH Mg=~ny)
(a); o6GoOuieHHble HATErpasbl ABHXKEHHS My H Mg, COOTBETCTBYIOMIHE
YHCJIEHHBIM Ppe3yJibTaTaM, NPHBEJEHHBIM Ha pHC. 12.2,a (ocuuiuupyo-
Me KpHBBIE), H pe3yjbTaTaM, MNOJYYEHHHIM aHAJUTHYeCKH (riaaxue

1
O8N
g ![\ kpusoie). JIisg uxterpana m. obe KpHBHE cosnagait (6); 3aBHCH-
it MOCTb OTHOCHTEJIbHOTO 3HAYEHHS NepHOJa OCHUMJJISAUHH OT BPEMCHH MJIA
‘ Pe3YJbTATOB, COOTBETCTBYIOIUX
941 J\ puc. 12.2,a (aHaJUTHYECKHE W YHC-
‘ JIeHHble ~ pe3yJabTaThl  NOKa3aHbl

CIVIOIIHOR H NYHKTHPHOH JIHHHAMH

1 - :
| ININSS COOTBETCTBEHHO). Ipu my=m
QQWY‘ F\;Q AA/\/\/\ ) p =1y

K y aHAJMTHYECKOe 3HAYEHHE IMepHOAa
kA A XX
0. ﬂlhlu;d gngﬁﬁ&xwx_”

obpaijaercd B 6ecKOHEYHOCTb (8)

i 29 80 700 ¢
a
m,m, p
08\ 7
\
b 25k
G4t 201
1y
g2 15k
:".'7
1 | | l 7,0
1, 20 40 60 80 wot o t
)

2 2
Cymma u 4 u} po- -PEXHEMY SBJSETCA HHTErpajoM ABHIKEHHS,
NpHYEM B CHJY Bbl6paHHOI/I HOPMHPOBKH 42 + u?=1, TIlosTomy MOXK-

HO BBeCTH (yHKuH0 P (f), Takyo, 4TO
Uy, =sinyg; u; = cosi, (12.18)
Torpa npu ,
u, = — op/ot _ (12.19)

(12.17a) u (12.176) BHINOJHSIOTCS ABTOMATHYECKH, a ypaBHeHHe
(12.178) MoxkHO mepenucaTh B BHIE

0%/0t® + pdy/dt + siny = 0, (12.20)
rane y=2¢. Ilonaras u,(0)=0, nmosyuaeM HayanbHBlE YCJOBHS AJS
(12. 20)

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

YpasHenne (12.20) ecTb He uyTO MHOE, KaK yPaBHEHHEe HeJHHE-
HBIX Kosie6aHHH MasTHHKa C 3aTyXaHHeM, M [03TOMY €ro peileHHe
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He BhIpaxkaercs B H3BeCTHHX ¢yHKuusax. Ho npu p=0 pemenne storo
YPaBHEeHHSI UMeeT XOPOLIO H3BECTHBIH BHJ

Yy = 2arcsin [ksn (t + ¢, k)], (12.22)
«C IIOMOUIbIO KOTOpOI‘O HaxoaHuM
Uy = —(1/2) 0y/0t = — kcn(t 4 ¢, k).

Bribepem HauasbHBIE YC/IOBHSI Tak, YTOOH 4(0) paBHSJIOCH HyJI0 H
AMIVINTYJla Uy HA HavaJbHOH CTaAHM Ipoluecca yBeJHuHBaJach. [1pu
TakoM BhiOope ¢ =K (k) u OKOHuaTesbHOE pelteHHe /5 He3aTyxalo-
WX Kosebanuii npuobperaer BUj

ithy=ksn(t + K, k); wy =dn(t + K, k); uy=—ken(t + K, k). (12.23)

B cuny (12.23)' amMnautyabl #; MOAYMHSIOTCS COOTHOIIEHHSIM u +
+uwl=1; 2+ 2=k u(0)= k. Ectu k mauno, 1. e. uo(0)<u(0), To
monyyaem npubnauxkesue cjaboi HeJHMHEHHOCTH. B 3ToM chayuwae 3J-
JIMITHYECKHE (DYHKUMHM MOXKHO 3aMEHHTb TPUrOHOMETPHUECKHMH.

Ecnu Xe k£ He MaJjo, TO mpouecc B3aUMOACHCTBHST HAa HayaJbHOH
CTaJlMd HMMeEeT CHJIbHOHeJNuHeHHbH xapakTtep. OJHako oKa3sbIBaeTcs,
‘YTO NPH YyyeTe 3aTyXaHHsT TaKOH NpPOUECC IIOCTEeNeHHO BBHIAAET Ha
cnabonenvHelHblii pexuM. Bosee toro [3], mpu p<2 amnauryaa y
‘6yJIeT coBeplaTh 3aTyXaloliue KoseGaHusl, a Ipu p>2 — MOHOTOHHO
‘YyMeHbIIaThCst 10 HyJsss. Hannuue Taxkoro npeaesbHOro 3HauyeHUs ©
.CJIelyeT CPAaBHUTb C JOCTATOUHLIM YCJOBHEM AJSI OCYLIECTBJEHHMS Ha-
NPaBJIEHHOIO NEPeHoca 3HEepPrHM, HaljeHHHM B paGore [4] Ha ocHoBe
-6oJiee 06ILEro pacCMOTPeHHSI.

B cna6onenuneiinoM npubiuxennu ypasHenue (12.20) ynmpomra-
eTCo:

0%y/02 +- pdy/0t 4 y = O. (12.24)

‘D10 YpaBHECHHE UMEET caegyioune TOYHBIC pEuICHUs:
_p<2, Torja .
¥ = Yo exp (— pt/2) [cos (82/2) +- (p/6) sin (8¢/2)]; (12.25)

s = (4,/0) exp (— pt/2) sin (8¢/2),
re 8 = (4—p)s

_g_=_2, TOrJa
Y=y (1 + tyexp(—1); (12.26)
ty = (Yy/ 2) exp (—1);
p > 2, Torna
y = y,exp (— pt/2) [ch (At/2) + (p/A) sh (At/2)]; (12.27)

ty = (yo/A) exp (— pt/2) sh (At/2),



YuureiBasi BHA pewleHnii ypaBHeHus (12.20) npu caaboii HenH-
HEHHOCTH ¥ OTCYTCTBHH 3aTYXaHHsi, MOXKHO TNOJY4HTh pPEIlleHHs 3TO-
0 YPaBHEHHS NpH p<kK2:

Up=msn({t+4 K, m); w,=dn(t 4K, m); uy,=-—men(t+ K, m),
(12.28)
rae m = u, (0) exp (— pt/2).

OOpaTuM BHHMAHHE Ha TO, YTO 3TO peUIEHHE MPEACTaBJsET COGOM

yacTHeIfi cayuait (12.15). KpoMe Toro, OHO uMeeT TOT Ke BHJ, UTO
¥ peluende, noJayuyesHoe B [5] merogom Boroawo6osa—Kphiiosa.

177 Uy
70 1.0
‘0’5[\ - ®
| ~— J ! T i |

a 2 4 6 8 t g 2 4 & 8 t
' a g

Uy

5t

0’5:f_ . . Puc. 12.3. Bpemenias 3aBHCHMOCTb Be-

0.@ 7 ; é 8 ¢ ' JHUMHBL uy=—(1/2)dy/dt, rae y— pe-
wenre ypapHeuus (12.24) mpu p=1

£ (a), p=2 (6) u p=5 (s)

Hao6opoT, npu CHJIBHOM 3aTyxaHud, T. €. IPH P>>2, MOKHO BOC-
TOJb30BaTbCsl PA3JIOKEHHEM IO cTeneHsiM l/p, ¢ MOMOIIBIO KOTOPOro
UcxXonaHoe ypaBHeHue (12.20) npeofpasyercs K BuIy

dy/0t = — (1/p) sin y — (1/p?) (Oy/o¢) cos y, (12.29)

4 Ha OCHOBE 3TOr0 YPaBHECHHs] MOXKHO YK€ INOJYYHTb CJCAYIOIIHE
BbIDAXKCHHA 1Ji1 aMIVINTY .

ty = FI(L+ )7 g = L+ P | (12.30)
s, = [1 —exp (— pA)] fio (1 + ),

rje
f = [t (0)/z, (0)] exp (— ¢/p).

HHTepecHO OTMETHTH, YTO pejaKcalds K aCHMOTOTHYECKOMY CO-
CTOSIHMIO NPOUCXO/AHUT KakK NpH p<K2, TakK H Npu p>>2 MeAJeHHee, 4eM
Npu p=2. YBeJwueHWe BPEMEHH pejaKCauuu NpH p>>2 OOBbSICHAETCH
TE€M, YTO H3-3a MaJOCTH aMIIUTY[ABl 42 HEJUHCHHOE B3aHMOJEHCTBUE
npH 3TOM He3()PEKTHBHO. PemeHHe IJS CHJABHO 3aTyXalled BOJIHBI
paccMoTpeno takxke B [6].

BpeMennsie 3aBHCHMOCTH aMIVIHTYABl U, NMOJYYECHHBIE B Pe3yJib-
TaTe YHCJEHHOrO WHTerpupoBanus ypaBHeHusi (12.20), npHBeneHsl Ha
puc. 12.3,a—es.

IMycte Teneps I'#20. OtanuntesnbHOf OCOGEHHOCTBIO 3TOrO NpUME- |
pa SIBJASIETCH IIOJIOMKHUTE/bHAs ONPENCJEHHOCTh aMIVIUTYH #;. B 3ToM
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MOXKHO YGemuThCsl, paccMaTpuBast INoOTeHUMasa n(X) uau  o6oblias
ypaBuenue (12.20) na cayua#t T'+0:

0%y/0f 4 pOy/Ot + siny = 161" exp (— 2pf) cos y/sin®y. (12.31)

ITpu nosyuyennn 5TOro ypaBHEHus, KaK H paHee, HCHOJb30BaJIUCh
onpenenenns (12.18) u y=2¢. Tem ne menee

oP/0t = — u,cos @ (12.32)
H HHTErpaJ ABUIMKEHUS HMEeT BH[
[ = —(1/4) sin y (0y/dt) tg D exp (pt). (12.33)

Hs (12.31) BuaHO, YTO NmpH CTPEMJEHHH y K HYJIO PE3KO yBEJH-
yuBaercss 0%y/0f? u B WTOre y CHOBA HauMHAET BO3pacTaTh. Pe3yJ/bTa-
Tel YHCJIEHHOrO HHTerpupoBanust ypasuenusi (12.31) npu y(0)=1,6,
dy(0)/9t=0,2, ®(0)=0,8 u I'=—~0,05 noxasansl na puc. 12.4,a,6.

Up Ug
10 101
a5 a5

1 | ! 1 H !

g 2 4 & 8 ot 0 2 & b b} 0t

-

Puc. 12.4. BpemenHasi 3aBHCHMOCTb BEJHMYHMHBI Uo=sin(y/2), rie y — pellleHue ypas-
Henusi (12.31) mpu I'=—0,05, p=02 (a) u p=2 (6

Ciaenyer o6paTHTh BHHUMaHHE Ha OTJHYHE OT HYJAs MHHHUMYMOB Ha
puc. 12.4,a u anepHonuyecKHH XapaKTep 3aBHCHMOCTH AaMIJIHTYbI
uo mpu p=2 (cM. puc. 12,4,06).

OTMeTM B 3aKJIOUEHHE BO3MOXKHOCTH OO0O0OINEHHS IOJYyUYEeHHBIX
pe3yJbTaToB Ha cJjyyal, Koraa ABE BOJHBL (4o W Ug) 3aTyXalOT OIHU-
HakoBo (vi=ve=v). BBegeM TNOACTaHOBKH no==ueexp(vt), u;=
=uexp(vl) u, Kak H TpexIe, NOJONKUM Mo=SINY, n;=COSYP, Us=
=—0/0t u y=2¢. B pesyabrate Bmecto (12.20) mosayunm

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

Hannume 3KCIOHEHIMAJBHOrO MHOXHTE/S B MOCJAEAHEM CJaraeMoMm
NPHUBOAUT K YCJIOXKHEHHIO aHa/ju3a B 06GJaCTH NPOMEXKYTOUHBIX Bpe-
men. Ognako npu GOJBIIMX ! 3THM cjaraeMblM MOXKHO NpeHeGpeub.
IMpun T's40 npasas yacts (12.34) npuobperaer TOT xe BHMA, YTO H B
(12.31). . : '
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Bangaun

12.1. OGbsicCHHTb Ha OCHOBAHHH pE3yJbTATOB TEODHH HENHHEHHOrO MAasTHHKA
<CYUIeCTBOBAaHHe ABYX He3aTYXAIMX BOJH HAa HAYaJbHOH CTAaJMH Nnpollecca, a TaKxKe
CYHIECTBOBAHMe BPEMEHH Iepexoja AJs cayyas, NoKasaHHoro uma puc. 11.2,a, xoraa
BOJHA C NOJIOXKHTEJbHBIM KOI(QMHIHEHTOM CBSi3H NMEPBOHAYAJbHO CHJIBLHO BO30YXaeHa
[0 CPaBHEHHIO € OCTAJbHLIMHU BOJHAMH.

12.2. YcTaHOBHTL BHA JABHXKEHHS HeJMHEHHOTO MASiTHUKA, OTBEYAIOUWiME 3BO-
JUIOLHOHHOM KapTuHe, KoTopas H3o6paxKeHa Ha puc. 2.3. Kak u3Menurtcst 3TOT BHIA,
€CJH BBEeCTH 3aTyxauHe BOJHH 27 Yro NpPON30OHIET, eCJH HapsgAy € 3THM CUHTAThb
3aTyXaloOulMMH Takxe BoaHbl O u I, Npuuem Ko3Q@UIHEHTH 3aTyXaHUS pPaBHH?
PaccMOTpeTh OTHeNBHO C/y4aW, KOTAAa 3TH BOJHBI  3aTyXalOT CHJbHee, ciaabee
BOMHH 2 W TakK Xe, KaK BOJAHa 2.
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[JIABA 13

B3PbIBHASI HEYCTOHYHUBOCTb CUCTEMBI
JABYX 3JEKTPOMATHUTHBIX U TPEX NJIASMEHHbBIX BOJIH

Tpu cBsA3aHHBIe BOJHB 06pa3yiOT CHCTEMYy HHU3ILIEr0 MNOPsSAKa IO
HeJqMHEeHHOMY B3auMojeHcTBHIO. B ofiieM cjayuae OAHA HJIH HECKOJb-
KO BOJIH TPEXBOJIHOBOH CHCTE€MBl MOTyT ObIThb CBS3aHBl C APYTHMH
BOJIHAMH B M/1a3M€, YTO NPHUBOANT K BO3HMKHOBEHHWIO MHOTFOBOJIHOBOH
CHCTEMBl B3aHMOAEHCTByIOWIMX BOJiH. Hanpumep, JBe pesoHaHCHbIE
TPEXBOJIHOBBIC CHCTEMBl SIBJSIIOTCS B3aHMHO CBSI3aHHBIMH, €CJIH OHH
HMET oaHy o6myi Bosany. Ilogo6Hasi cBsI3b MOMXKET DeasH30BaTh-
csl, B YaCTHOCTH, NIPW HaJHYHHU TPeX NPOAOJbHBIX ¥ ABYX IONEPEUHBIX
BOJIH, YTO H paccMmaTpuBaercs B 3Toi ruase. Ilpu onpenesennbx
OrDaHHUYEHHAX Ha HAYaJbHBIC YCJOBHS CHCTEMY CBSA3aHHBIX ypaBHe-
HUH ypaeTcss NPOWHTErPHPOBATh, HCNOJIB3Ys METOL HEJIMHEHHOro mo-
TeHpuaJa. Jlonyckaercs Ha/Juyue B paccMaTpHBAeMOH CHCTEME HCTOY-
HHKOB CBOOOXHOH sHepruu (HanpuMep, MOJIEKYJ C HHBEPCHOH Hace-
JgeHnocthio [1—>5]), Tak uto momepeuHsie BOJNHBI TaKXe MOTYT Iepe-
HOCHTb OTPHLATE/NbHYIO 3HEprHio, a 3T0, B CBOIO OY€penb, MOKET
yCHJMBATh H3/yY€HHE B ONTHUYGCKOM H MHKPOBOJIHOBOM [HaNa3oHaX.

YpaBHeHHsI IBHKEHHSA

PaccMOTpUM JBe MOJCHCTEMbI, OJHA M3 KOTOPBIX CONEPIKHT TPH
NPOJOJbHBIE BOJIHBI, a APyras — JAB€ MONEPEYHble H OAHY NPOLOJb-
HYIO BOJIHBL. [IpeamosioxuMm, 4TO CBSI3b MEXAY IOJCHCTEMAaMH OCyIie-
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CTBJIAETCS yepe3 o6iulyl0 NPOJOJAbHYI BOJHY. Torja pe3oHaHCHbIE
YCJIOBHSI HUMEIOT BHJ
kor. = ki + ker;  Ror = kir + koL (13.1y

YacToTsl B3aHMOAEHCTBYIOIIHX BOJH YyIOBJETBOPAIOT AHAJOTHUHBIM
cooTHOIIEHHAM. Hcnosp3ys NOAXOAALIYIO HOPMHPOBKY, 3aluuieM
YDaBHEHUSI JBWKCHUS CJAEAYIOIHM 06pasoMm:

Ou,, [0t = u,,u,, cosDy; (13.2a)
Ou,,/0t = uy,u,, cos®r; (13.26)
Ou,, [0t = gy, cosOr 4 AuOTuIT cosDyy;) (13.2p)
Oy /0t = Auju,, cos Dy, (13.2r)
Ou, /0t = Augu,, cos Dy (13.21)
o0 _( rfer | Morfar | Moriz ‘)qu)!__A[”orulr sin Ors
ot “oL “ir Ugp Uor
| (13.2¢)
e A( furter  Mortay y Bortr \ G Mot gy g,
ot dor  Wir uy ) Uar
(13.25)
rae T iR e

D = Oy — Oy, — Dyp; Dpp = Do — Dy7 — Dy, (13.3)

OtMeTtuM, 4YTO 1Js1 JABYX TPEXBOJHOBHIX IOACHCTEM AMILIHTYIBI
He yaaeTcs HODMHPOBATh TakK, YTOOH Bce KO3GQQUUHEHTH CBSA3H OBI-
JH DaBHbI €IHMHHIE: OocTaeTcss B OOIIeM cjaydyae OTJIHYHBIA OT €IUHH-
el KO3®Q@HUHEHT A, KOTODPBIN CJYXKHT MeEpPOH CBSISH MEXKAY NOACH-
cTeMaMH.

HHTerpajnl gBHKEHHA U AHAJIMTHUECKHE PEIICHHA CHCTEMBI
CBSI3AHHBIX YPaBHEHWH

Cucrema (13.2) umeer caeayiolmue HHTErpaJibl IBHKEHHS:
2 2 .
uor—uiL = My;

2 2 .
upr — uir = My; (13.49)
2 2 2
us, —uir — uir = Ms;
uy, i, Uy, sin @y 4 Augu, 0, sin®@p =T, (13.5)

ApanutHueckoe pewrenne cucreMmsl (13.2) ymaerca noayuHTh  gJs
I'=0. Ilpu 3TOM HMEET MECTO €Ll€ OJUH HHTErpas IBHKEHHUSA

Ugptt, p Sin Dpp =T, (13.6)

B uyeM HeTPyAHOo yGequThCcsi Ha ocHoBe ypasmenuil (13:2r), (13.2m),
(13.2, x), (13.5).
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BripasuB cos @1 u cos @ uepe3 aMmiautyasl H I', mnepenHumem
ypaBHenus (13.2a) u (13.2r) B BuIE

6u2 /at = 2u2L (u%Lqu Azrl)’/z; (1373)
6u2T/0t = 2Ali2L (uOT lT — rl)t/’, (13.76)

2
Haxonen, BBeis O0GO3HAUEHHS X = Uor, Yy = Uor W HCIOJb3OBAB
(13.4), nonyuum ypaBHeHHe

dy/dx = A [y(y — My) — T30 /[x (x — M) — ATT]72. (13.8)
3TO———ypaBHeHHe C pa3ﬂeﬂﬁ}OHLH‘MHCS{ HepeMeHHbIMPI, H €ro HuTe-

TpUPCBaHHE NO3BOJISIET HAHTH ¥ KakK QYHKUHIO x. s NpPOCTOTH MOJIO-
xuM Mo=0. Torna

A2G2 (x)—l"%)z 2]‘/z
y~[(m +Ti| = D(», (13.9)
Tae
G(x) = [2 (x* — Myx — AMY)"/: +2x—M1]A (13.10)
1‘2 /s
bo+ (v — T') . (13.11)
[2 (%3 — Myxo — ATT)"/2 4 25y — M, 1A
xy = x(0), Yo =1y(0).
Teneprp (13.7a) MOKHO NpPEICTAaBUTb B BUIE
dx/dt = 2u,, (x* — Myx — AT3)'z, (13.12)
YunteiBas eie, 4yTo
Usr =[x 4 D (x) + My —M,]"*, (13.13)
IIPUXOLHM K ypaBHEHHIO
(1/2) (dx/dt)® 4 m (x) = O, (13.14)
rie

T (x) = —2[% + D (x) + My — M,] (x* — Myx — AT,). (13.15)

HepeMeHHbIe B 3TOM yDaBHCHHH TaK¥Ke Da3nCAANTCS, UTO INO3BOJASET
3anacaTtb €ro TOYHOE pEIICHHE:

X
? dx

S V—2n(x) °
x(

Ilpu nagnexamem BeGope A u I'y MOXKHO aNNpPOKCHMHPOBATH
st(X) NMOJHHOMOM TPETHEH CTENEeHH OTHOCHTeapHO X. OG03Hauast KOp-
HU 3TOro MOJHHOMA X1>>Xg>>X3, nojydaem u3 (13.16)

() = % 4+ X, (13.17)
s?[ (% — %3) /2 (t, — 1), K]

t = (13.16)

rae
K = [(xg — x3)/(%; — xs)]tlz;
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Qo

—1 . d .
foo=(x1_x3)'/’\ =
. J

(1 —K2?sinza)'/s

; (13.18)

oy == arcsin [(x; — X3)/(Xo — x3)].

OcranbHele aMmuuTyae, a Takxke ¢ass @ u Oy MOXKHO HaHTH C
MOMOILBIO HHTErpaJjioB JBHKEHHS.

3anaua

13.1. PaccMoTpeTs cayyail TPeXBOJHOBOH CHCTEMBI, B KOTOpOi 06e IOMepedHbie
BOJIHBl HMEIOT IOJIOJKUTEJbHYIO 3HEepPruio, a IpPOJOJbHAA BOJHA TOrO e THIA, 4TO
H BOJH&, paccMoTpennas B Ia. 13. Omnpefenuthb, Kakue BOJHBI HEYCTOHYHMBBL B 3TOM
caydyae OPH BBEIMOJHEHHH DPe30HAHCHBIX ycaoBmit (13.1). Moxer Jn BoJHA ¢ OTpH-
HaTeJbHOH 3HeprHeli MrpaTh POJNb BOJHBI HAKAUKH JJisi NOMNEPeYHBbIX BOJH?
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I'JIABA 14

HEJUHEWHDIE 3o ®EKTbI TPETBEIO NOPA KA
U CTABUJIU3ALHUSA B3PLIBHOH HEYCTOMYHUBOCTH

JTa rjasa MOCBSIEHa, IJIaBHBIM 06pasoM, npobjaeme cTabu/aH3a-
HHH B3DLIBHOH HEYCTOHYHBOCTH 3a CUET HEJHHEHHBIX 3(Q(deKToB
TpeThero nopsiaka. Mcceneayercs BiaHsiHHe 3THX 5(Q(EKTOB Ha yCTOH-
YHBBIE BO BTOPOM NPHOJHMXKEHHH TPEXBOJHOBBIE cucTeMbl. [loauepk-
HEM ¢ caMoro Hayajia, YTO PacCMOTDPEHHE OrpaHHYeHO BPEMEHHOH
aBoJouneit. He saTparuBaloTCsi TakKiKe BONPOCHL COBMECTHOTO yuyeTa
HEJHHCHHOCTH ¥ AHCIEDCHH.

Brauajie o6cyxaaercs pOJb HENHHEHHBIX 3(P(}EKTOB  TPEThEro
TOpsKa, a 3aTeM naH GOpMaJbHBIN aHaJK3, OCHOBAHHBIH Ha HCIOJb-
30BaHHH OGOGIIEHHBIX YPaBHEHHI CBSI3aHHLIX BOJH. JTOT AaHAaJH3
YKa3plBA€T Ha CYILECTBOBaHHE HEJIHHEHHOro CABHMra 4YacTOTH, IIPH
HaJWYHH KOTOPOro AWHaMHKa (a3 IpeTepneBaeT CHJIBHOE H3MEHEHHEe
B 06GJacTd GOJIBINMX aMIIHTYZ B3aHMOJEHCTBYIOIIMX BOJH. Kak BHI-
HO H3 0606ieHHOro HHTerpasa asuxkenus (14.11), B 3Tofi obGsactu
106aBOYHOE HEJHHEHHOE cJaraeMoe MOXKeT KOMIEHCHDOBATh OOBIY-
noe. Torma pesko u3meHsieTcss @as3a H HacTynaeT HachblllenHe. 3a
TOYKOH HACBILEHHS aMIIUTyJa OBICTPO YMEHbIIAETCA: €€ 3aBHCH-
MOCTh OT BPEMEHH BecbMa §J/H3Ka K 3€PKaJbHOMY OTPaXKEHHIO KDH-
BOH Da3BHUTHs B3PHBHOH HEYyCTOHUHBOCTH A0 HaCBHIEHHS.
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PaccmarpuBaeMbiii 3@ heKT HecleayeTcss Ha NPOCTOM NPUMEpE CH-
CTeMBI TPEX BOJIH ¢ NEPBOHAYAJBbHO DaBHBIMH aMIUIHTyJAaMH. B 3Tom
C/lydyae MoJy4arlT aHAJHTHUECKOE PeIleHHEe COJHTOHHOro Tumna. Eciau
K€ HavaJlbHBlE€ 3HAUeHHs aMIVIATYJA PasJyiMyHbl, TO HaGJAKOJaercs HH-
TepecHB 30(eKT NEePHOIHYECKOTO NOBTOPEHHS NHKOB HACHILEHHUS
(B3pHIBOB).

O6061ieH TakKe METOA HEJHHEHHOro NOTEHIHAJa, H3JOXKEHHBIH B
rd. 9, W geTadbHO HCCAELOBAHBI CBOHCTBA HOBOH IOTEHHHAJbHOMN
¢yHKHHH, KOTOPAsi NpeiacTaBisieT co0OH NMOJHHOM YeTBEPTOH CTEleHH
OTHOCHTEJIbHO KBaJpaTOB aMINIUTYA. B oTcyTcTBHE 3aTyXaHMs ypas-
HEHHE [Jis HEJMHEHHOro NOTEeHLHaJsa pelleHO KaK MNP OAWHAKOBBIX,
TaK H NPH pasJHYHBIX 3HAKaX 3SHEPruil B3aUMOJAEHCTBYIOLUHX BOJIH.

OO0was XxapakTepUCTHKA B3aAMMOJEHCTBUA BOJH
IIPY yUYeTe HeJHHEHHBIX 3(h(eKTOB TpeThEro NopsaaKka

Bropoe npu6./uKeHne TEOPHH HEJHHEHHOr0 B3aWMOMACHCTBHS BOJIH,
KOTOPOE HCMNOJIb30BaJ0Ch B MNPEABIAYIIHX rJaBaX, OObIYHO SIBJSETCA
JIOCTATOYHBIM [/l ONHCAHUS 3HEProo6MeHa MeKAy BOJIHAMH DpasJjiHy-
HBIX THIIOB NIPHM YCJOBHH, YTO 3HAaKW 3HEPIHH 3THX BOJH COBNALAIOT.
MoxkHo 0XHAaTb, OAHAKO, UTO 3Q(EKThl TPETHErO NOPSAKA OKaXKyT
CYNIeCTBEHHOE BJIHSIHME Ha INPOUECC HEJHHEHHOTO B3aUMOAEHCTBHS
fIpY B3PBIBHOH HEYCTOHYHBOCTH, NOCKOJbKY B 3TOM cjyyae aMIJIHTY-
Jbl HEOrpaHHUEHHO yBejuumBaioTcsi. To e cjaexyer cKa3aTb O IJas-
Me, HaXOJsIIelcs MoJ BO3AEHCTBHEM CHJIBHBIX BHEINHUX NoJied (Kak,
Hanpumep, NpH J1a3epHOM OGJYUYCHUH MHUILEHEH).

AHajnus, NpOBENEeHHBI B M. 3, MOXKHO yTOYHHTb, BKJIOYHB B pac-
CMOTPEHHE OCHUJIMPYIOIIHE YACTH aMIUIUTY[, O6YCJIOBJIECHHBIC HaJlH-
YyieM Hepe30HAHCHBIX cjaraeMbix. KoMOuHanus 3THX aMILIUTYJ ¢ Hepe-
30HAHCHBIMH CJIaraeMuIMH TPHBOAHT K DE30HAHCaM BBLICILIEro IOPSIIKa.
O/HaKo OKOHYATE/bHBEIE YDPABHEHHS NpoOLIE NOAYYHTh, (GOPMYJIHPYS
3ajayy B TEPMUHAX HEJHHEHHBIX TOKOB (cM. ra. 5). Ilpu yuere He-
JIMHEHHBIX TOKOB TPETbEro NOpsifika 5TH ypaBHEHHs OYIAyT COAEPKATH
TIPOU3BEJICHHS AMILIUTY TPeX 3JEKTPHUCCKHX NOJEH, a 3TO 03HAUYaerT,
4T0 KO3(DGHULUUEHT CBA3H TPETLEro NOPsAKa BBIPA3UTCH Yepe3 NPoBo-
JHMOCTh TPEThero nopsiaka. Takas npoueaypa BBIIJISAHT YKCTO Ma-
TeMaTHYeCKOHl M B Ka’KIOH KOHKDETHOWH (u3uuecKkoil 3agaye Tpebyer-
€5l pacyeT NPOBOJAMMOCTH ¢ YYETOM BCEX CYLIECTBEHHBIX AJs Hee (H-
3WYECKUX NPOLECCOB.

Kak 6ymer noxasaHo HHXKe, yueT 3(Q(EKTOB TpeThero nopsiaka
OGLIYHO NPUBOAMT K CTaGu/H3aUH¥ B3DHIBHOH HEyCTOHUMBOCTH G6e3
KaKHX-1460 JOMOJHUTENLHBIX YCJOBHHA, TOrJa Kak s CTaGH/H3a-
MY 32 cyueT JHHEHHOro 3aTyXaHHs HeoGXOZHMO IPEBbillICcHHE HEKOTO-
poro noporoBOro 3HaYeHHs.

TIpoGaeMa craGuiaH3andy B3PBIBHOH HEYCTOMYMBOCTH HHTEHCHBHO
MccJe0Banacy B nocaennue roasl. B pabore [1] passuTa Teopus He-
JHHEAHOrO CIABHra 4acTOTHL W B pe3ysbTaTe HaWJ€HO NPEae/bHOE 3HA-
yepHe aMIVIATYB! AJIsI CHCTEMBI TPeX NPOAOJBHBIX BOJIH, pacmpocTpa- .
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HSIIOIUXCsl NEPNEHIMKYJSAPHO BHELUIHEMY MarduTHOMY moJjio. He-
CKOJIbKO no3gnee |2] GBI NpelsioKeH MEeXaHH3M CTaOH/IM3aUMH XKe-
JIOOKOBOH HEyCTOHYHBOCTH B 3€PKaJIbHBIX JIOBYMIKAX, KOTOPBIA CBO-
JUTCS K MOSIBJEHHIO CABHIa MHHMOI YacTH YacTOTHl NIPH PE30HAHCHOM
YUIUDEHHH H3-338 CAy4YaiHOro ABHIKEHHS YaCTHI[ NONEPEK MarHHTHOTO
nosist. Takofi mMexaHusM MoOKeT GbITb 3(GGEKTUBHBIM TOJIBKO AJISI BOJH
co cayvaiHeiMu ¢asamu. B 1970 r. 6mi1a mpejgckasana BO3MOMKHOCTH
cTa0HaM3anuM B3PLIBHOH HEYCTOHUHMBOCTH Ha OCHOBE pacCMOTPEHHS
raMuJbTOHMAHA IS TPEXBOJHOBOH CHCTEMBI ¢ YYeTOM HEJHHEHHOro
casura yactorsl [3]. B paGore [4] mpexcraBiieHnl pe3yanTaThl UHC-
JIEHHOTO 3KCIePHMEHTa II0 B3aHMOACHCTBHIO TpPeX UHUKJIOTPOHHBIX
BOJIH, PacCIpOCTPAHSIOLINXCS NEPNEeHAUKYJISIPHO MarHHTHOMY IOJIO.
OTu pesyabTaThl (B YAaCTHOCTH, 3aBHCUMOCTb SHEPrHH OT KOMOHHHPO-
BanHOH (a3el D) Xopolo cOoraacyloTcs ¢ BBIBOJAMH TEODHH, B KO-
TOPOl YYHTHLIBAETCS HEJWHEHHBIH CABUI YacTOTH. DEIJIO NOKasaHo
Takxke, UTo cTabuausaumdsi HacTynaeT NpPH  3JeKTPHYECKHX IMOJAX,
3HAYUTENbHO BO3MYILAIOIUX OPOUTH YaCTHH,.

[ToapoGHblit aHaMu3 CBS3aHHBIX yPaBHEHWH, ONUCHLIBAIOIIHX B3PbIB-
HYI0O HEyCTOHUMBOCTb HPH yuyeTe HeJHHEHHOro CABHra 4acTOThl, NpPO-
BefeH B paborax [5]. B mepBoi u3 HuX MOJYYEHO peuieHHe COJHTOH-
HOTO THIIA, a BO BTOPOH — pelleHHe THIla NOBTOPSAIOIUHUXCS B3PbHIBOB
(nocsienHee uMeer Mecto npu GoJee OOLIMX HAuaJbHBIX YCJIOBHAX H
BBIPAXKACTCSl uepe3 3JIMNTHYeCKHEe OYHKUHH). B nanpnefiiem sto
HCCIeA0BaHUe OblIO IIPOJOJIXKEHO B HANPAaBJCHHHM YyueTa JHHEHHOTo
3aTyXaHus ¥ MHHMOI YacTH HeJWHENHOro cAsura uactoTsl. B paborax
[6, 7] comepkaTcsa pe3yJbTaTsl UKCJICHHOTO pelleHHs oOuieH cucTe-
Mbl HEJHWHEHHBIX ypaBHeHHH, 3aITMCaHHBIX C TOYHOCTbIO [0 YJeHOB
TPEThero IMOpsiAKa MaJIOCTH BKJIOUHTENBHO, a TaKKe HEKOTOphle aHa-
JHUTHUECKHE pe3yJbTaThl, OTHOCAILMECS K YdeTy JHHEHHOro 3aTyxa-
HHUSl ¥ MCCJAELOBAHHUIO aCUMITOTHYECKOTO MOBEJCHHUS.

B 1973 r. Ha ocHOBe pacCMOTPEeHHs NPOCTPAHCTBEHHO-BPEMEHHOI
9BOJIIOLIMY CHCTEMbl TpeX B3aHMOJICHCTBYIOLINX BOJHOBBIX MaKeToB
6bl710 mOKa3aHo [8], uTO HEYCTOHUYMBOCTL B3PHIBHOIO THNA MOXKET
NPHBOJUTH K JIOKAJBHBIM «KOJJIANCaM», T, €. K CHHTYJSPHOCTSAM IOJS
BOJIHBL. B 3TOM cayuae HeJMMHEHHBIH CABHUI YacCTOTHL HEAOCTATOYEH
sl cTabuau3alyid HEYCTOHUHMBOCTH. AMINVIMTYZAB, OJAHAKO, MOTyT
OrpaHUYKBaTbCsl 3a cuYeT 3(hGhEeKTa HeJUHEHHOro 3aTyXaHus.

Heckospko uHOH moxxom K mnpobaeMe cTabusau3anHHM B3PHIBHOIR
HEyCTOHYHBOCTH pa3BuT B pabGore [9], rme paccmorpeHa cucrema ¢
HCTOYHUKOM CBOOOJHOI 5HEPrHu B BHJAE MOTOKA YacTHIl U NPH 3TOM
YJUTEHO BJMSHWE BOJH Ha paclpeliefeHHe YacTHh. YBEIMUCHHE aM-
NJUTYAbl TPUBOAUT K YUIHPEHHIO paclpelleseHHs YacTHD U YMEHb-
WEeHHI0 CBOGOAHON 3HEprMH. B KOHEUHOM cueTe HacTynaeTr cTabuJu-
3anMs HEYCTOWYMBOCTH H3-32 H3MEHEHMsI AM3JIEKTPHUYECKHX CBOUCTB
n/1a3Mbl. AHAJIOTHYHOE HCC/AEeJOBaHHE JJIs BOJH CO CJAyYalHBIMH (a-
3aMmu nposeneno B paGore [10]. ‘

B [11] paccunransl MakKCHUMaJbHBIE 3HAYEHHs aMILUIMTYy1 NPH yue-
Te HEJHHEHHOro CABHra YacTOTHl B I1a3MEHHO-yYKOBOH CHCTEME C
JIBYMsi IJ1a3MEHHBIMH H OIHOM HOHHO-3BYKOBOH BOJIHOH.
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BoiBon CBAI3aHHBIX ypaBHeHHIi C y4€TOM HEJHHEHHBIX TOKOB
TPETbEro MOpsiAKa

Ilpn mosyyeHuH CBSI3aHHBIX YPABHEHHH, ONHCHIBAIOIIMX HEJIHHEH-
HO€ B3aHMOJCHCTBHE B TPETbeM NPUGJHKCHHH, OYIEM HCXOAMTbL H3
(GOpPMYJNHDPOBKH TEOPUH, NPHBEAECHHON B rIJ. 5. YUuTHIBAs HeEJHHE-
HBIH TOK C TOYHOCTBIO IO UJIGHOB TPETHEro MOPSJAKAa BKJIOUKTEJNBLHO,.
3aNUChIBAEM

D; (v, k) E; = iJ{? + 1J$, (14.1y

[Tonoxum ©=w;—i(v;+0/0t) u pa3noxKuM JeByl0 4acTb B OKPecT-
HOCTH 0= ;!

(0D;/0w;) (OE /0t 4~ v;E;) = — I — TP, (14.2)

31ech v; COOTBETCTBYeT MHHMOW YaCTH 4YaCTOTHl M HE 3aBHCHT OT
B3aMMOJEHCTBUS BOJIH, a HeJHHEHHble TOKH HMMEIOT Ty € NpPOCTPaH-
CTBEHHYIO 3aBHCHMOCTb W TIOYTH Ty K€ BPEMEHHYIO 3aBHCHMOCTb, UTO
¥ amnautyasl E;. CaegoBartesbHo,

TP = 3 6,EE, (14.3)
(k;+kp=k;)
H
TP = ) o EEE,. (14.4y

(ki tkptk =k
BkJajg TOKOB TpeTbero nopsiika OTBeYaeT YueTy YeTBIPeXBOJHO-
Boro B3auMogelicteus. Ho Tak Kak B HalleM PacHOPSIKEHHH HMEIOTCA
TOJIBKO TPH BOJHBI, ABE€ M3 UETHLIPEX BOJH JOJKHBl coBlajgarb. Jlerko
nokasaTh, 4TO pes3onancHoe yciaosue k;+kp-+k;=k; ynosnersopsercs,
€CcJa¥ MNoJsi AByX H3 BOJH i, R, /| KOMIJIEKCHO-CONpPSIKEeHHbie, a K; —
BOJIHOBOH BEKTOp TpeTbeil BoJHBL [IpH sToM

IO — BN o uwEE., k=01, 2 (14.5)
k

Cootnowenuit (14.2) u (14.5) mocTaTouHO MJs BLIBOAA CBs3aH-
HBIX YPaBHEHHH ¢ yueTOM HEJHHCHHBIX BEJHUMH TPETHEro MOPSAKA.
B kauecTBe aMmauTyael E MOXKHO B3SITh JIOGYIO NOJIEBYIO BEJHUHHY
Wi¥ HOpMaJsibHOEe KoJieOGanme. Huike OymeT HCIO/Ab30BAHO TPEACTaB-
JieHHe HOpMaJibHBIX KoJjeOaHuil. YUHTbIBasi, YTO INPOBOAMMOCTb MO-
XKeT ObITh MHHMOH Aaxke B 0eCCTOJKHOBHTEJNLHOH IlasMe, COXPaHHM
MHHUMYIO €IHHHIY i NpH 3anmucuH n06aBOYHOH YacTH Ko3pduuueHTa
cBsi3H. PesysnpTHpyIOIIas CHCTeMa HEJHHEHHBIX yDaBHEHHH NPHHAMA-
€T CAeAYIOIIHE BUI:

2
aA * .
Lo vy = ciadidy — idy 3 oon | Ay I
k=2

2
04 . .

‘ atl +vidy = CpeAyAs — 14, kzzo: oy | Ap (14.6)
0A R

St vy = Cudg Al —idy N | Ap P,

k=0

ot
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Henuneifinpie cnaraeMple TpPeTbero mopsilka B 3TOH CHCTEME BHOCAT
3aBUCAILMNA OT aMIUIUTYA CABUT YacCTOTH, NPHUYEM OH MOXKET OBITh
KaK BELIECTBEHHBIM, TaK H KOMIIJIEKCHLIM. BBeneM BeJAUUHHH

€= | Cpr | exp (i051) = v, exp (i0y,);
A= | A; | exp(ip)) =y exp (i;);
D = ¢y — o, — ¢,

1 nepenumeM (14.6):
Ou; : 2 .
=+ v — 2 Im oy, = vyt cos (g - 05);
k=0 ‘

2
0o ; .
J 2 —_ ugup .
vy + E:Reo‘fk”k = + Up . sin O, 65)).
=0 ’
3HaK «MHHYC»> BO BTOPOM YDaBHEHHH oOTBeuaeT BosHe 0, 3HaK
«IJI0C» — BosigaM I U 2.
YHo6Ho eume pa3 Nepenucath 3Ty CHCTEMY, WCIOJAB3ys 0603Haye-
HHS
B; = Reaj,—Rea;; —Re a;

2 —2 (14.7)

Sw = uz;  Ov, = — 3 Ima;,u2.

;0 Brti ] ;0 iK%y

B pesyasTarte moayuum:
Ouy/Ot + (vy + Ovy) 1, = vypthyut, cos (D 4 8y,); (14.8a)
Ouy /0t + (vy + 8v,y) uy = vyattyty cOs (D + Bys); (14.86)
Outy/0t + (vy + Ovy) tty = Vg1, cos (D 4 0y,); (14.88)
9P 4 80 = — v,y 1 sin (@4 0,,) — Ups ~22-sin (+@ 0,,) —
ot Uy Uy

— Uy ”ZI sin (@ - 0,,). (14.8r)

HecmoTpst Ha TO uTO 3Ta CcHCTeMa BBHIBEICHA B IPEINOJOXKEHHH TOY-
HOrO COIJIaCOBaHHsI 4acToT (Wo=w1-+®2), ypaBHenue (14.8r) BoIrjs-
JAUT TaK Ke, KaK NPH DaCCOrJacoBaHHH YacTOT (H3-3a HAJUYHA
dw). MMeHHO nosTOMy BeJiHYMHE Ow cCjaelyeT IpHAaTh CMBICA HEJH-
HefiHOro ciaBura 4acToTel. B To xe Bpems Ov; urpaer B CHCTEME
(14.8) posb MHHMOI YacCTH YacCTOTHI M OIpEAeJsieT NO3TOMY 3 dek-
TUBHOE HEJIMHEHHOE 3dTyXaHHE.

3aMeTHM, yTO HCNOJb3YEMBIH METOJ pa3/JOKEHHS IO CTEeNeHIM
HANPSIKEHHOCTH MOJISI MOXKHO NPHMCHSITh, JHIIL €c1H 3G(EKTH BHIC-
KX NOPSIZKOB NMpeHeGPeKHMO MaJjbl IIPH YMEDEHHHX 3HaYeHHAX aM-
nanTya. [1oaToMy HOJKHO BHIMOJNHATbCS ycaoBue Reajr, ImMojpLujn.
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PellleHue 115 HEAUCCUNIATHBHOM Ccpelbl

Haunem ¢ paccMoTperus caydyasi, KOria MOXKHO IpeHeGpeub BeaH-
YHHaMH v; B Ov;. Ilpum stom 0;;=0, m W HcXoZHAs cHCTeMa 3amUCHI-
Baercs B (opMe, aHAJTOrHYHOH (7.5):
Oty /0t = 8y50;5t1Us COS D;
0ty /0t = Spa0,aldgtts cOS D;

|
) sm(I),Ji

OUy/ Ot = Sy,Upytgtdy cOS D; (14.9y
90 '
Py — + 8o = — <312012 =+ Sozvoz =+ 801001

0

rae v;;>0 1 §;; — 3HAKOBBIH MHOXKHTEJIb.
CooTtHomeHns MaHJm—Poy coxpansior Bua (7.10), T. e.

(S19/010) g — (500/00) 11 = Moy: } (14.10)
(Sp2/Tg2) ul — (501/Yp1) u2 = M,,,

HO uHTerpan ABuKeHHst (7.11) u3MeHsieTcs cJaeayiomiuM obpa3oM:

gty SN @ + — 2 ”——.—ukml“, E=0,1,2 i j+k (14.11)

3aMeTHM, YTO CyaraeMoe TPeTbero Mopsiika BXOJAHT B 3TO ypaBHEHHE
TOYHO TaK JKe, KakK M paccorsiacoBanue dacrotel B (7.11). Ho srto
ciaraeMoe 0oJjiee BLICOKOrO NOpAAKa MAJOCTH 1O aMIUIUTyZaM, 4eM
npousBefieHne uoliuosin M, H, cjaeoBaTeNbHO, €r0 BJUSHHE CyLIECT-
BEHHO TOJIBKO NPH 00JIbHIMX aMIJIUTYAAX.

Kak ¥ B ri. 9, cOXpaHUM 3HAKOBBIH MHOMHUTENb TOJNLKO AJIS BOJI-
Hbl ¢ MaKCHMaJIbHOH 4YacTOTOH, T. €. NOJIOXKHM Sj2=S§8, Soe=So1=l.
Kpowme Toro, ucnosab3yem HOpMHDPOBKY (7.4), mpeoGpasyst TeM caMblM
K03 HIMeHTH CBSI3U BTOpPOro HOpsiAKa K eAuHHLe. B pesysprate
TIOJIYYUM CHCTEMY

0uy/0t = suu, cos @; )
0u,/0t = ug, cosD; !
Ouly/0t = uyu; cos D; (14.12)
9 4 so= — ( Yty 4 Loths )sin(D
' U Uz

C MHTEerpajaMu [BUXEHHS
suj—ui = My; ui— uy = My, (14.13p
H (Bp/vij — Br)
Uglytiy sin @ (1/4) (Sﬁouﬁ + Bt + Battz) = T. (14.14)

Peuwenue coautroHHoro Ttuna. [IlpocTeiiliee pellesne cHCTEMbY
(14.12) umeer mecto npn s=1, Mo =M;3=I'=0, uro cooTBeTCTBVET
' HEyCTOMUMBOM CHCTEMEe BOJIH C paBHBIMH aMIVINTYAaMHu u;=u. Takas
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CHCTEMA OIHUCHIBaeTCd YPpaBHEHHAMH
0u/ot = u® cos ; (14.15)
wsin® 4 yut =0, : (14.16)

rae y=(1/4)Z§;.
Ioacrapaas (14.16) B (14.15), nonyuaem ypapRenue

Ou/ot = + i® Y1 — y%u?, (14.17)
13 XKOTOpPOro cjeiyer, yto 0u/0f=0 npu
u= 1. (14.18)

Bripaxenue (14.18) onpelensier, oueBHAHO, MaKCHMaJibHO® 3HAUECHHE
aMnuuTyasl. Pemenne ypaBrenus (14.17) ects

u(t) = Ve F G—o", (14.19)

TAe
Hh=u"0) VT —v42(0). (14.20)
B npenene y—=0 (14.19) nepexoxur B (9.18).

7}
i

70

Puc. 14.1. Uncnennoe peleHHe ypaBHe-
mua (14.19). Ilpn y=0 nabmopaercs
HEOTPAHHYEHHBIl POCT AMILIHTYAH, a
npu y#0 peasnusyercss pellleHHE COJIH-
0 t T s TOHHOro THHa (n=u?)

Pemenne Buzpa (14.19) npeacraBisier coBofi COJNHUTOH ¢ €QUHCT-
BEHHBIM MAaKCHMYMOM, aMIIIUTYJa KOTOPOrO CTPEeMHUTCS K HYJIO NpH
6oapminx ¢ (puc. 14.1). Bpems aoCTH:KeHUSI MakCHMaJbHOTO 3HAaye-
HHMSl aMIUIUTYABl HECKOJbKO MEHbIle BPEMEHH Das3BUTHS  B3pBLIBHOH
HeyCTOMUMBOCTH foo=1/u(0) npn y=0. YMeHblIeHHMe aMIVIHTYIbl 3a
TOYKOf MAaKCHMyMa COOTBETCTBYeT KoJuJancy (aHHHTHJASLMH)  Tpex
BosiH. CyeflyeT 3aMeTUTh, YTO TaKoe NMOBeJeHHEe BO3MOXKHO H B ciayyae
y=0 npu HajmjexaueMm Bblbope HauvaabHHIX YcsaoBuii. HeobGxoanmo,
yToObl CyMMapHasi SHEPTUS BOJH B HauajbHBI MOMEHT Oblja paBHa
HYJI0 (KakK pas 3To YCJOBHe pacCcMaTpUBaeTcsi B HacTOsLeM pasje-
Je). Kpome Toro, nomxkHo 6uiTh I'=0, yTo 03HAYaeT paBEHCTBO HYJIO
9Hepruu B3amMopeiicTBusa. M3 3Tux paccyXkaenuii BbITeKaeT, YTo IpH
HHBIX HAvaJibHBIX YCJIOBUSX (eCJW aMIIMTYAH B HayaJbHBHIE MOMEHT
pasJiMyHbl) BO3MOXKHO IepHOAHUecKoe pellenrue (puc. 14.2).

D opMyJHPOBKA M pellieHHe 3aJayu B PAMKAX MeTOJA HeJHHEHHOro
noreHnuana. Uro6ul paccMorpeTh 6Gojee OOMMH, 4eM B INPEALIAYIIEM
pasjedie, cayyail, BBeleM BeJIHYHHY
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x(O)=slldO—uB Ol =5(O) — 4 (0, j=1,2
Avnautyns #4; (j=1,2) yAOBIETBOPSAIOT ypaBHEHHAM

o2/t = + 2V uduiui (1 —sin®) | (14.21)

a uHTerpaJs ABuKenus (14.14) npunumaer BHJ
ugitt, sSin® = I'" — ypx? — 6x, (14.22)
rae v = (1/4) (sBo + By + Bo); 8= (1/2)ZBuj (0) n I =T — (1/4) X
X [sBy4d (0) + Byt (0) + Bate2 (0)] = tg (0) 1 (0) 1, (0) sin @ (0).

BosBexem (14.21) B KBagpaT u HcKkaiouuM sin® ¢ IOMOUIBIO
(14.22). Torna nosyyum
(1/2) (0x/0%)® + m (x) = 0. (14.23)

0 ¢

Prc. 14.2. Pemwennie THIA NOBTOPSIOIIEXCA B3PHIBOB

ITo ¢opme (14.23) coBmagaer ¢ (9.8), HO MOTEHUMAJN HMEET HHOH
BUI: :

(%) = 2 {y%x% — (s— 26y) #* — [15 (0) + sui (0) + sz (0) + 241" —
— 8% x% — [su} (0) 13 (0) + g (0) 43 (0) + u? (0) uf (0)—20T" ) x — T3},

(14.24)
rie [i=u,(0)u; (0)u2(0)cos ®(0). IMepenmmem (14.24) kak
71 (%) = 0+ gt - 02+ ¥ + 0 (14.25)
H yuTeM, 4T0 OOBIUHO y, 0K, TaK uro
oy s — 28; , :
oy =~ — 2[4 (0) + suf (0) + su5 (0)]; (14.26)

oy & — 2 [ (0) 43 (0)+u5 (0) 413 (0) 45 (0) f (O)]. |
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Takum 06pasoMm, HeJHMHeHHBIH NMOTEHIMAN 5(X) MOXKET CYLIECTBEHHO
M3MEHATbCA TNPH yyeTe HEeJHHEHHBIX >(P(EeKTOB TpeThero nopsiika 3a
CYeT NMOSBJEHHS HOBOrO ciaraeMoro: 2y2xt.

O6mee pewenue. YpasHenne (14.23) aerko pewaercss MeToaoM
pasjeseHns nepeMeHHBIX, 4TO AaeT

x(f)
dx

) VR

Kak u B ra. 9, 3T0 pelueHue BBIpa)kaeTcsi uyepe3 3JJIMIOTHYECKHE
(YHKIHH, HO Teneppb €ro BHA 3aBHCUT OT TOro, UMEEeT ypaBHEHHE
n(x) =0 Bce BeleCTBeHHBle KODHH WJIH [Ba KOMILIEKCHBIX M JBa Be-
LI{eCTBEHHBIX KODHS.

PaccMoTpuM cHawasna caydail yeThIpex BEIECTBEHHHIX KOpHeH.
O6o3HauuM HX X; U YHOPSAOYUM TaK, YTO X;>Xp>X3>X4 Toria

by

f) = , 14.28
x() Iy - sn? [Py (1), Al T ( )
rae
— (r — Xo— %y . . Fa—X o [ — %) (kg —%g) /2
hl - (xl *) X1 — X ' ZI X1— X ’ k [ (X2 — %4) ("1“"‘33;)‘.l

Kpome toro, B (14.28) ucnonp3oBana GpyHKuusS
Yy () = vy t+ ¢, (14.29)
rae
M= —2[(%, — %) (e — X7,

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

h +xl A
=sp—! | 241 ) , ]
& [( —%y kl
Ilepuoa saauntnyeckodi (PyHKLMH, a CJeOBaTeJbHO, M BCEro pemie-
HHs1 paBeH 4K, rae
1
y ds
Kl - 5 .
2
1Y (=) (1—22)

HOas AByx KOMIJIEKCHEIX KOpDHEH M3 ueThlpex mepemuuieM mt(x)
Kak

T(X) = — 29 (%, — ) (¥ — %) (x® — 2b% + ©), (14.30)
ToE X;1>>Xe, ¢>b%, ¥ BBeIeM HOBBIE BEJIUYHHBI '
G, = (5} —2x, + )/,  G,=(x3 —2bx, — )"/
Torpa pelwenne 6yneT HMeTb BHJ

x(l) = s b, - - (14.31)

Uy L—cn by (f), Ay
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GG |

rpe
_ ; G, . b= %50y — .Gy,
(G1 —Gyp?

= 9 (%, — G .
hy=2(n—x) G,—G, ' G,—G, °

e &

l,=2

VO =20Mm)t+ by Mm=—GG) . (14.32)

(PasoBas NOCTOsAIKHAs, KaK H paHee, ompefessercs ycaosuem x(0) =0,
H3 KOTODOTO CJEeAYeT, YTo .

¢2=cn-1[_h2ib__l§ll“!'_ll, kz]

ITepuon pasen 4K,, rae

_ ds
K “§ VU= (1 —k)

[MonyuyenHoe penieHne oXBaThiBaeT BeChb BO3MOXKHHE HaGop Ha-
YaJbHEIX YCJAOBHH H ko3h¢uumentoB cBs3u. OpHako CTpyKTypa H
KOpHH noTeHUMasa m(x) npu s=1 u s=—1 TpebylOT AONOJHHTENb-
HOrO aHaJiH3a.

CroiicTBa HenMHeiiHOro noreHmuana. Kak oTMeuanoch B TpeRBIAY-
meM pasfené, ydueT HeJHHEHHHIX 3((eKkToB TpeTbero mnopsaka MpH-
BOJZUT K NOSBJIEHHIO B TOTEHUMAJbHOH (DYHKIUM JONOJHHTEJIBHOTO
caaraemoro 2y2x*. Tak Kak OHO Bcerja MOJOXKHTENbHO, MNOTEHIIMAJ
7 (X) HoJKeH OBITb MOJOXHTEJNbHHIM NpPH OOJbIIHX 3HAYEHUSIX apTy-
menta x. Orcioga caenyer, 4ro npu S=1 B obaacTH O6o0JBLIHX X
NOsBJISieTCS HOBBLIA Kopewb ypaBHenusi m(x) =0, KoTopHi# omnpepe-
JsieT, 0YEeBHAHO, MaKCHMAaJbHO BO3MOXHoe 3HauyeHue x. CylecTBosa-
HHe TAaKOrO MAaKCHMyMa YKa3blBaeT Ha BO3MOJXKHOCTb CTabHIM3alMH
neycroiiunBoctd. Ilpu s=—1 HOBHH KOpeHb BO3HHKaeT B 006JacTH
GOJIbIIMX OTPHIATEJBHBIX X, YTO M CJAYXKHT NPHYHHOH npeobpasoBa-
nus peurenust ot (9.11) x (14.28) mau (14.31). U3 Buga xopHetf,
Haitgennbix B ro. 9 [—u3(0), —ui(0) u u5(0)], caemyer, uto Toraa,
KOrfla Kakasi-u60 M3 HayajbHbIX aMIVIUTY] HMeeT Mopsiaok y~!, co-
OTBETCTBYIOILHfI eH KOpeHb mpeTeprmeBaeT 3HAYHTeNbHOE HM3MeEHEHHe
H3-32 yyeTa BEJHYHH TPETbero nopsika. '

KauecTBeHHasi 3aBUCHMMOCTb m(X) AJs 3TOre. cayyas IMoKasaHa Ha
puc. 14.3. Ilpexgmosnoxum, uto 4o(0)>u12(0) u ®(0)=0. Torma B
TlepBoM Mopsike 1o y2 (14.24) naer T

x, = 43 (0)[1 — v (0)], (14.33)

UTO COrJiacyeTcsi C paHee MOJYYeHHOH ouneHko#i. Taxk kKak Hanuyue
caaraemoro 2y2x* Bceria mpHBOAMT K yBeJHUeHHIO m(X), a x; corjac-
HO (14.33) ymenbmaerca npu 3HadeHHsX uo(0), 6auskux kx 1/y, ne-
JuHefinoe B3aMMoJeHcTBMe NPH 3ToM caabee, .yeM BO BTOpOM mpHG-
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aKeHun. OrmetnM, yto NpH S=—1 ypaBHeHHe m(x)=0, xak mpa-
BHJIO, MMeeT YeThipe BelleCTBEHHbIX KOpHsA. OJHaKO npH oyeHb 60Jb-
IUKX Oz KOPHM X3 M X4 MOTYT OBITh KOMmIeKCHHIMH. HeficTBuTenbHO,.

nperebperas B (14.25) craraemblM a;X+ o, TOAygaeM
x3,4 = — (1/2) agfay + (1/201) {03 — 0s0,) ",

OTKyJa CJedyeT, YTO KOPDHH X3 M X4 OYAYT KOMIUJIEKCHEIMH (H HpHUTOM
KOMIIJIEKCHO-CONPSI2KEHHBIMH) TPH 0204 >al , HAH ¢ ydetoM (14.26)

ui (0) + uf (0) — us (0) > 117

v X
R e e i x
| | | | ! I t !
X/' 13 XZ X’ X4 X3 XZ X,
/
I/
/ \\

Puc. 14.3. ToreHuman m(¥) mpu S=
=-—1]. KopeHp X; BO3HHKAaeT BCJEICT-
BHe yuera HeJHHeflHOro CABHra gacro-
TH. Besnunna X MoXeT OCUHJIAPOBAThb
MEXAY ¥, H X, IIyHKTHpHas KpHBas
Ka4eCTBEHHO  HJIIOCTPHPYeT IMOBele-

Prc. 14.4. n(x) npr s=1. Yuer nean-

Hefioro CABHra YacCTOTH NMPHBOIHT K

NOABJNEHHIO KODHs X;. Beamunna x mo-

¥KeT OCUH/VIHPOBATH MeXAY X; H Xa.

ITyukTHpHasi  KpHBasg COOTBETCTBYET

pacuery MOTeHIHaJa BO BTOPOM IPH-
6/IHKeHHHR

HAe T (X) BO BTOPOM NPHOJHXKEHHH
(v=0)

Cnyuao s=1 cOOTBETCTBYeT NOTEHUHAJ, IIOKA3aHHBI Ha pUC. 14.4.
Ecan Bce #;(0) paBHBL, TO ¢ TOYHOCTHIO JO UJICHOB [EPBOTC HOPSAAKA
mno y
(14.34)

(14.35)

%y 2 I® + 29T — uf (0);
Xy T [1 — (2/3) ¥ ] — i} (0).

[Ba Apyrux KOpHS MOTYT GBLITb BELECTBEHHBIMH TOJIbKO IPH JONOJI-
HuTeabHoM ycaoBuu I'=0. Torma (14.34) u (14.35) cooTBeTCTByIOT
pelIeHHIO COJNIMTOHHOFO THNA, a4 NOTeHIHaJ n(X) NpHUHHMaeT BHUJI, H30-
6paxkenHbiii Ha puc. 14.5. Kopenb x2=——u?(0) ompejensieT TOYKY
neperuba ¢yHkuun m(x). ITo aHaJOrMH ¢ MEXaHHYECKHM [BHIXKeHHEM
B NOTEHLHAJbHOM MOJe MOXHO 3aKJIOYHTb, YTO X OYyJIeT acHMITOTH-
YecKH CTPeMHTbC K 3HaueHnio —u7(0), a C/lef0BaTeNbHO, aMILIH-

7/

100



Tyaa Gyaer cTpeMuTbes K Hymo. IIpu IBYX KOMIJIEKCHBIX KOpHAX
KpuBasi m(x) HMeer BH[, NpHBeleHHBIH Ha puc. 14.6. Amnajorus c
MEXaHHYEeCKHM JABHXKEeHHeM YKashiBaeT Ha TO, YTO IPH IOTEHIHajJax
n(x) THna MOKa3aHHLIX Ha puc. 14.3, 14.4 u 14.6 amminTya 10JKHa
OCHHJJHPOBATL MeXJAy 3HAYEHHSIMH, COOTBETCTBYIOLIMMH KOPHSIM X
U Xo. Eciv s=1, To x; BeJHKO M NPOHCXOAHMT CTabHJIN3aLHUs HEYCTOH-
YHBOCTH.

e

A X i | ¥
2 X X
Puc. 14.5. TloteHunaa m(x) aas Tpex Puc. 14.6. Ilorennnan m(x) npm s=1
COBHIAJAIONIAX KODHEH LJs IBYX BEILECTBEHHBIX H JABYX KOM-

NVIEKCHBIX  KOpHeH

lamuabronuan tperbero nopsaka. [losyuum Temepb cucTeMy
ypaBHenuii Tthma (14.9), ornpaBisisick OT raMHJIbTOHHAHa paccMart-
pHBaeMOH CHCTEMBl BOJH, BBIYHCJIEHHOTO B TPeTbeM NPUOJHKEHHH
Teopun BosmyileHui. Ilycte MakcHmasbHy0 4acToTy umeer BosiHa 0,
S02=8, So1=82 M Sj3=-—=5¢, THE §; — 3HAK dHeprud BoJHH j. Hopmu-
pys aMuJHTyABl TaK, 4TO U;=V, moJyyaeM TraMHJbTOHHAH BHAA

H = 3 s;0u5 + 2V (uduiu3)’ sin® — zk V5aldatls (14.36)
i i

rae @ =0,—0,—0, 0;=9;+ 0.
Boibupass B KayecTBe  KAaHOHHYeCKMX  II€PEMEHHBIX ¢;=5;0; u
pj=u? , IPUXOAHM K CHCTeMe YpaBHEHHH
Ou;/0t = F s;Vuuuy cos @; (14.37a)

oD; upy
TJ + ; 83 (Vi + V) 4k = stu_,- sin @, (14.376)

3rak «MmuHyc» B (14.37a) cooTBeTcTBYeT BOJIHE C MaKCHMaJbHOI
yacToToM. YunThiBas, 4t0 Reajr=s;(y;x+vyr;), HaXoAuM cieaymoliee
ycjioBHEe CHMMETPHH 475 KO3((HIHEHTOB CBSI3H TPeTherc MOPsifKa:

sjajk = skoch]-_ (14.38)

Mpenenbubie nepexonst ko Bropomy npubawxenwo. Ilpencrasaser
HHTEpeC HCCJHefOBaHHE MNpPEAEJbHOI'0 MNepexoja OT pelleHdHs AJd
B;=0 (nacrosmas rnasa) kK pewenuo aas B;=0 (cm. ra. 9). Hau-
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HeM ¢ (14.28) npu s=—1. 3amerus, yro np# y—>0 06a cllaraeMBIX B
(14.28) crpemsTes K oo, mepenuLleM €ro B BHAE
' x(f) = byt % (b 0 [0 (), Ral} _
b 4sn? [Py (f), Ayl
_thle— %)/ (%1 —%g) + x4 502 [Py (B), k4] )
(¥2— %)/ (% — %2) +s02 [By (8), By]
Orciona npu x4—~oco uMeeM B moJHOM coraacud ¢ (9.11)

x(@)=x —"(x1 — X)) sn? [P, (), Ry,

rue

k= (ﬂz_)'/’ ; Y1 () = (x,— ’,‘3)1/' t oy

X1 — X3

¢, = sn? [( xlfxz )1/” , kll.

Ilpn s=1 n y—»O K OeCKOHEYHOCTH CTPEMHTCS KOpeHb X, 4TO
paer

hy=xy—%y5 L =0; k= (x3—x)/(x2—xy).
YuuteiBas, uto y= (x;)"!/2, noayvaem
Pt > —

2x;/z (% — x4)l/' ¢

x,/22

+ = —(%— x4)1/’t-

Takum 06pasoM, pellieRHe NPUHHMAET BHJ,

— ~ X —x4 ‘
X(t) - o? [¢1_ (x2—x4)i‘/= :, kll + X4
rae ¢, = sn {[— (%, — x)/x,0"", k).  Tlpm 3ToM BpeMs pasBHTHS

B3PHLIBHOH HeYCTOHYHBOCTH OHpelesIieTcs COOTHOUIeHHeM
: —1
loo == (X — x4) & ‘/’

Ilepenymepanusi KOpHel MNPHBOLHT K no.nyquHblM paHee BBHIpaxe-
Huam (9.13) u (9.14).

Paccmorpum eme nepexox ot (14.31) k (9.15). Ilpn y—=-0 nmeem
G,=x;=~1/y?. CrenosatespHo,

hy - 2Gy; Iy - 0y b — x,— Gy;

(-2 (S
Yy (f) ~ — 2y '[/,a_:lG2 t+4¢z - — 2 VG, t+ .

B peayabtate Haxonum

R x@)= ‘l——cn(¢z-—2'[/G t, ky) + %2 — G
rﬂe"/’z? _1[(Gs+x2)/(x2 Gy), ki, -
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HJan

26
x@) = —2 + x, —G,,
® L4en(2VGrt— g k)

e 6o = ¢, + 2K,

1
ds
K::AS' ’
J Y =) (1—£3)
4YTO paet

. _ 2K + ¢,
br= —cn 1(_6_2_“&,]32) - tw=————t_—2‘
Gy— %, 216G

Ilockonbky Xg—%; W ®o——®, BHAMM, uTO IIOJYyYEHHBIH 31€Ch mnpe-
JeJIbHBLA pe3ynabTaT HiaeHTHueH (9.15).

3amaun

14.1. Onucatb pasnnHuyHs MexAy coorHouweHuaMu (14.1) u (7.11) u BelgenuTH
cpefu HuX Haubosee BaxHble NI GU3HKH SIBJICHHS.

14.2. ¥YcraHoBuTb ¢usuHueckn#t cMbicn I'? B ciayvyae, KOrja BCe aMIUIHTYABI
paBHH H s=1.
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['JIABA 15

POJIb 3ATYXAHUSA NPH YYETE HEJIHHENHBIX 3&®$EKTOB
TPETBEI'O NOPAJKA

HacTosimas riaBa mocBsillleHa HCCJIEJOBAHHIO CHCTEMBbl CBfi3aHHHIX
YPaBHEHU#l NpPH OJAHOBPEMEHHOM yuyeTe JMHEHHOro 3aTyXaHHUsi U HeJH-
HeiiHbIX 3¢ (eKTOB TPeThero Imopsaka. IDTo HCcJeJOBaHHe Pa3BHBAETCs
II0 myTH MOCTENEHHOI'o YCJOXHEHUsl paccMaTpuBaeMblx npobJseM, Hayu-
Hasi OT CPaBHUTEJBHO NPOCTOro cjyyasi, Koria (asoBble yrJbl, OIH-
CbIBaIOlLI[He MHMMBIE yacTH K03((UIHEHTOB CBS3H, HOJaraloTcss paBHBI-
Mu Hynawo. Toraa yuer BIMSHUS JHHEHHOro 3aTyxaHHS CBOJHTCS K 3a-
MeHe pelIeHHsi COJIHTOHHOTO THIA PelIeHWeM TUna [OBTOPSIOLIHUXCS
B3pbIBOB. B acuMnotoTHyeckoM mpedene 'Sonpminx [ 3T0 pelleHHe
olpeaessieT aMILINTYXy HaCBIIEHHS, A ONMUCAHUS KOTOPOH BBeAEHO
noHnsitie 3¢ (eKTHBHOTO K03((HIHeHTa CBA3H TPeThero nopsjaka, 3a-
BUcALIEro oT ko3h@HuHeHTa JHHEHHOro 3aTyXaHHUsT ¥ MrHOBEHHOTO
3HaYeHUs aMIUINTYAbl npH B3phiBe. [TokasaHo, 4to HayasbHBIE YCJIOBUS
He BJMSAIOT Ha acCHMITOTHYeCKOe 3HaueHHe AaMILIUTY]HL.

Jas HaraspHoro M3o0pa’keHHs BPEMEHHOH 3BOJIIOLMH paccMaTpH-
BaeMOU CHCTEMHBI HCII0b30BaH MeTOJ ()a30BOH IJIOCKOCTH,

Hanee uccnenyercst BiMsiHue (a30BbIX YIVIOB AJst K03(b(HIHEHTOB
CB$I3M BTOPOro mopsiika (cHayaJjia B OTCYTCTBHe, a 3aTeM M IIPH HaJu-
YUy JIMHeHHOH JHccHnaunMu). DTa 0o CYLiecTBY AOBOJIBHO CJOXKHas
npobseMa pelleHa Ha 00llleM YPOBHe C IOCJAEAYIOUIUM AEeTajJbHBIM U
cHCcTeMaTHYeckKUM oOcyXIeHueM pe3yJbTaToB. B uwacTHocTH, HaiileHO
UHTepecHOe pellleHHe, ONMUCHIBAlOIIee BO3MOXKHOCTh 3KCIIOHEHIIMAJdbHOTO
yBeJIMYEHHSI aMIJIUTYJ ABYX BOJIH IIDH OJHOBDEMEHHOM BBIXOJAE Ha
ACHMINTOTHYECKUH TIpefiesi aMIJINTYABI TpeTbell BosiHbl. M3yuena nuna-
MHKa Ipouecca JOKajusalMH (asbl H II0KA3aHO ee ompeessiolee
BJIHSIHYE Ha 3BOJIOLHIO CHCTEMBI.

BaXHO moAYepKHYThb, YTO IPAKTHYECKH BCce OCOOEHHOCTH pelleHHIl,
HalZleHHBIX B 9TOH IJiaBe, CYLIeCTBEHHO OGYCJIOBJEHH KOTepeHTHBIM
B3aMMOAEHCTBHEM H TIOJHOCTBIO YTPAuyHUBAIOTCS B NPHUOJHKEHUH CJy-
yaliHuX ¢as.

Ilpu Hanuuum 3aTyxaHHsl IPOBOAUMOCTH KaK BTOPOro, Tak M Tpe-
TBEro NMOpsiAKa MMeIOT BelliecTBeHHBle yacTH. [Ipu 3TOM K03 dHIHEHTHI
CBSI3M KOMILIEKCHBIE, YTO MOKHO y4YeCThb BBEJEHMEeM MHHMBIX uacTei
v; 4acTOT ;. Pe3ysprupymolias cucreMa, Booblue roBops, nNpuodpeTaer
Bun (14.8). OpHako B mpeRmosioKeHHH v;<Kw; foiayyuM Ima;p<K
< Re ajx, Tak uro BaHsiHWe BesinuuH Ov; OyleT CKa3blBaThbCA NPH GOJb-
X aMIUIATyAax 10 cpaBHeHHIo c BausHHeM do. Ilostomy B nepBom
OpUSAMXKEHHH BeJHYHHaMH &v; MOXKHO mpocto npeHeGpeub. Kpome
TOrO, mpeHeGperaloT TakXKe pasjJnHydeM MeXAy (a30BEIMH YIJaMu
0i;, a mpu HajpneXamem BHGope @ (0) MoXHO cunTaTh, yTo 0;;=0.
Takoe g)peunono}xelme HepelKO COOTBETCTBYeET neﬁchmeanocm (cp.
¢ ra. 16).
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N pubaHKeHHbIit yUeT NMHEAHOT0 3aTyXaBus

OcHoBBIBasicb HA HHTEPIPETALHH B3aHMOJEHCTBHA BOJH KaK JIBH-
JKeHHs B Ioyie NMOTeHLHasa s (X), MOXKHO OXHAaTb, YTO NPH ydYere
3aTyXaHHs KHHETHYECKas SHePrHsi yacTHU OyJeT MOCTENEHHO yMEHb-
WAaThes, TAK YTO B KOHEYHOM HTOTE YACTHIbl OKaXyTcs HA JHE NOTEH-
WHALHON AMBL DTO 03HAYAET BHIXOJ AMIUIMTYX HA NOCTOSHHBIA ACHM-
NTOTHUECKHH yPOBEeHb, UTO M IPOMCXOJHMT Ha caMoM Jene. Takas Kap-
THHA JOJJKHA MMeTb MECTO M B ciydae IOJYYeHHOro B NpeblAylled
riaBe pellleHusi COJMTOHHoro Tuna. OTciolla ciefyer, 4ro Ipu yuere
3aTyXaHHA pellleHHe COJHMTOHHOTO THNA TePeXOJUT B pellieHHe OCIHI-
aupyiomero tuna (puc. 15.1).

x @

N

a 0 5 ¢

Puc. 15.1. TloTenumanbHas (QyHRU#st T(X), COOTBETCTBYIOIlAs peLICHHIO COJNATOH-

HOTO THIA B OTCYTCTBHe AMCCHNAIMM; NYHKTHDHAS KDHBas [aeT MpeAcTaBleHAe O

OCTeNeHHOM YMEHbIIeHHH aMILTHTYAb KOJeGaHHi NMpH HAJMYHH AHCCHOAUHAH (a), a

TaKXe BpeMeHHAast 3aBHCHMOCTb aMILIATYA u; H daswr @ npu v;j=01 u I'=0 (B oT-
CYTCTBHE JHCCHNIANMH pelleHHe HMeeT BHA comuToHa) (6)

MareMaTnueckoe ONHcaHHe 3TOTO SABJEHHHA JOCTATOYHO TPYAHO
Jllaxe TIPH yCJOBHH, uTo Bee vj=v K Bce 0;;=0. [leso B TOM, YTO H3-34
HaJNYUs HeJHHeHHOTO CJABHMI'A YacTOThl CHCTeMY CBS3aHHBIX ypaBHe-
HHil He yJAaercsi mpeoOpasoBaTh K BHAY, COOTBETCTBYIOLLEMY HeIHCCH-
IATHBHOH cpejle, U [I03TOMY Ha NepBbli B3I NPEACTABJSETCS HEBO3-
MOXKHBLIM HaiTH 0oGobuienHblii nuTerpas ABixkenus (14.14). Tem He
MeHee YIOMSHYTBIH HHTerpaj ABHXKeHHs ylaercs NPeicTaBuTb B Cle-
JLylolieM Buje:

Uttyty SIn® + (1/4) Z Bjus; = Texpl— (vo + vy +va) ] +
¢

+ L expl— v+ va v 11 { expllv - s + 9 UZBy (ot i+
0

+ vy — v ujdt. (15.1)
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Kak Buaso, unterpan B mpasoi yactu (15.1) npomopuuoHaseH Kak
Bj, Tak H vj. Dosee Toro, ero HauajspHOe 3HaueHHe DPABHO HYJIO, TaK
YTO MPH MaJHX ! 9THM HHTErpaJjoM MOXHO npeHeGpeun. CooTHolLIeHHe
(15.1) Ge3 HHTErpasbLHOrO UJeHa MOKHO IIOJMYYHTb H MHBIM CHOCOGOM.
ITonoxum mast npocrothl vi=v u u;=u. TorAa '
0u?/ot + 2vu® = 2u3 cos @; }
(0/0¢) (1® sin @) + vu? sin @ = — 4yu® cos .

C nomouipio npeobpasopanus u=uexp (vt) u t=(1/v){1 — exp (—vt)]
nepefjieM K ypaBHeHHAM

(15.2)

du?/dt = 2u® cos D, (15.3a)
(d/dt) (u®sin @) = — [l — vl ub cos D. (15.36)

Sra cHCTeMa OTJIHYAeTcsl OT aHAJOTMYHOH CHCTeMBl /51 HeJHCCHIATHB-
HOlt cpelnl HajuyHeM MHOXuTejnss | —vrt=exp (—vt). YuursBas, of-
HaKoO, 4TO IpaBast yacTh (15.36) cyliecTBEHHO OTVIHYHA OT HYJISI TOJBKO
BOJIM3H MaKCHMyMa aMIJIHTYIbI, MOXKHO BMECTO v(l —vt) BBecTH
HOBBHIH KO3 (HLHEHT Yysp, CUHTAS, UTO OH NPHHMMAeT IOCTOSHHBEE 3Ha-
YeHHs, COOTBETCTBYIOIHE pAa3JHYHBIM MAaKCHMyMaM aMILIMTYHABI, H
npene6perasi ero H3MeHeHHeM B npejesax Kaxjaoro mMakcumyma. On-
HAaKO 3TO JOBOJILHO rpy6oe NPHOJMKEHHe, YTO He SBJsETCS HeOXHAaH-
HBbIM, TaK KaK 3HayuTeJbHbIA BKJAJ NOJXKHO 1aBaTh HHTerpHpPOBaHHe
10 06J1aCTH MAKCHMYMA.

UToO6b! HCNOJBL30BATL AHAJOTHIO CO C/yuaeM HeJHCCHIATHBHOH cpe-
JIBI, TI0JIE3HO BBECTH B PACCMOTPeHHe BeJHUUHY g, ONpeNesuB ee Tak,
4TO

Lo () = exp— (Vo + v1 + Vo) ] X
t
X {F + %‘EQXP [(vo + v2 + Vo) 1] 2 Bi (vo -+ Vi +vo— 4vy) ujdt} . (15.4)
0 i

Kak sicho u3 (14.34) u (14.35), usMenenne I,y CKasEBIBaeTcs, B
OCHOBHOM, Ha MHHHMAJIbHBIX 3HAYeHHsX aMIIHTyA. Ecian Bce vij=v>0
H BCe B; UMEIOT OJMHAKOBBII 3HAK, TO MAaKCHMyM aMIJHTYIAB yMeHb-
mwaercsi npu aobom 3Hake B;. OZHAKO OTHOCHTENbHOe H3MeHeHHe CHIlb-
HO 3aBHCHT OT 3HaueHHi Iy, v; U Bj.

W3 (15.4) BuaHo TakXKe, yro faxe npu I'=0 BennunHa Ty (Z) He
obpainaercss B HyJdn npu f5%=0. Dto o03Hayaer, 4TO KOrAa Bce U;=1U,
pellieHHe COJMTOHHOTO THIA NEPEXOAHT B pellleHHe OCHHJJIHPYIOLLETO
THna. MOXKHO OOBSCHHTb TaKXe BPeMeHHble 3aBHCHUMOCTH (a3, Noka-
3aHHble Ha puc. 14.2 u 15.1,6. duas sroro sanuumem (15.1) kax

sin® = [ (1/4) 3 Btij + Lo () gttty (15.5)
Orciofa cielyer, 4TO eCJH YUCJHTE/Nb He H3MeHseT 3HAK 3a nepHoj
KosebaHuit, To GyHruus @ sBasercs ocumaaupylomei. Korza Bce
B;>0 u Bce vi=v>0, T'yp(f) ymMeHbLIaeTcsi ¢ TedeHHeM BPeMeHH, NOKa
YHCJHTEh He CTaHeT oTpHuaTeanpHbIM. IlosTomy npu cnabom 3atyxa-
HHH MOXET Ha3/iofaThCs MepexojJ OT MOHOTOHHOrO H3MeHeHHS (ashl
K ocumisitopHomy [1]. Takoit mepexof MozKeT ClIyXKHTh NPHUYHHOM Bpe-
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MEHHOH 3aJePXKKH HeJUHEHHOH 3BOIOUMH aMNJAHTYA. PasjuuHbie THIIH
BpeMeHHBIX 3aBHCcHMocTell (a3 paccMoTpeHn B pabore [2].

Pacuer Fyy. W3 Beipaxkenus (15.4) Buano, uto I';p MOXKeT cyuiect-
BeHHO M3MeHAThCA B Ipelesax KaxXaoro Makcumyma. PaccmoTpuM 310
H3MeHeHHe B YCJOBHAX, COOTBeTCTBylomux puc. 15.1,6, xorpa Bce
Uj=u v BCE V=V

t
[y (1) = exp (—3v1) [I‘—— v [ exp(3ve) u‘dt] .
0
B6au3n MakcuMyMa aMIVIATYAB 4 MOXHO AallllpOKCHMHPOBATHL pellle-
HHeM coJuTOHHoro Tuma (14.19), T. e. moN0XHUTDL
2 —1
= lyp+ ¢ —0P17.
Besnunna y,g BBefleHA 3/lechb AJs ydueTa yMeHblLIeHHS MaKCHMaJbHOIO
3HAaYeHHS aMILIHTYIBl (IPH pacCMOTPEHHH [epBOTO MAaKCHMyMa MOXK-

HO CUHTAThb YapY). s naMenenus I';y B npejesnax HEKOTOPOTO Mak-
CHMyMa HMeeM

dt
[v%+ ¢—ap]*

rhe to<t;<t. YYHTHIBAA, UTO Yap MaJIO MOXKHO 3allHCaTh

t
AT, = — yvexp (— 3vf) j exp (3vd)

dt
AT, ~ — v j —~
['ng, + (¢ — #)?]
o R
~— 73" —;—arctgt -ty z—iws-t—.

IMonyuenHoe BHpaXeHue masi Al NpHOMHKEHHO BepHO H IpH Gojee
o0IIMX HayaJpHBIX YCJOBHSX, KOTAa HayajpHble aMIVIATYyABl Pa3Jiny-
HBI, TOCKOJIbKY Ha MaKCHMaJpHBIX 3HAUeHHSX aMIUIUTY[ Takoe 0606-
HieHHe HayaJbHBIX YCJOBHH CKasblBAETCS MaJlo.

Hcnonbsyem renepp Bennunny ATy MJisi pacueTra MakcHMasibHBIX M
MHUHHMAaJbHBIX 3HaueHH# aMmiautyX. [lpu Ou/0t=0 umeem ypaBHeHHe
vt 4+ (1/2) (@) =0

HJIH
2
ub — ut+ (v — 2yTg) ut + Tsp = 0.
Tak kak 2yATp>>v?, BO Bcex NPeACTaBJATIONNX HHTepec CJaydyasx

MOXHO HCHOJIb30BAThL Ty Xe NOTEHIHAJILHYIO (pyHKumo YTO H IIPH
v=0. Torﬂa 3 (14.34) n (14.35) no.nquM

uuaxeN /9% + 27r9¢1 umm [1 —(2/3) 'YF ]
PaceMorpuM IMHAMHKY oépasoBaHH;{ MAaKCHMYMOB H MHHHMYMOB
npu v=0,1; y=0,06 1 '=0 (cm. puc. 15.1,6). JIng nepBoro Makcu-
MyMa HMeeM Umaxc 16,6 H Top=ATlsp=—43,50. Tak rak TI'=0,
Uyin ~ 3,5 /IS IepPBOTO MUHHMYMa H Uwawe ~ 16,5 AJ8 BTOPOro MakcH-
myMa. [Ipu pacuere BTOPOTro MaKCHMyMa HeoﬁxomIMo HCHOJIb30BATh
vap=1/16,5, HO 31O 3HaueHHe BCe ellle 'SAH3KO K y, TAK 4TO nonyqaeM
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Uyna~ 4,4 JNA BTOPOTO MHUHUMYMA H Uyaxc < 16,3 1/ TpeThero Max-.
cuMyMa.

Crnenyer o6paTHTh BHHMaHHe Ha XOpoLiee COLIACHE 3THX Pe3yJib-
TATOB C JaHHBIMH YHCJEHHoro aHajusa (cM. puc. 15.1,6): MakcHMaJb-
Hoe pacxoXjeHHe (BTOpoit MHHHMYM) He npeBwimaer 49%. Paccmort-
PeHHBIH MeTOA pacueTa MAaKCHMYMOB H MHHHMYMOB MOXKHO PeKOMEHJO-
BaTb AJ15 pellleHHH THIIA YepeAylOlHuXcsa MakcuMyMoB, Ecin aMmnauTyna
BBIXOJHT Ha CTALMOHADHHI yPOBeHb, TO HPH pacueTax 3HaueHHH I'ap
clelyeT HCNOJb30BATH MMEHHO CTAllMOHADHOE 3HAUeHHe AMIIMTY L.

Acumnrornueckuit pexum. Coornouenne (15.4) ykaspiBaer HA TO,
4yro HHGoOpMallUsi O HayaJbHBIX YCJIOBHAX, KoTopas comgepxurca B T
C TeyeHHeM BPeMeHH IOCTeleHHO YTpauHBaeTCs H3-3a HAJMYHS IKCHO-
HEeHI[HAJbHOTO MHOXKHTeNS eXpl(—vo+v;+vs)f]. DTO IpUBOAUT K TOMY,
YTO acHMNTOTHUECKHe 3HAUEHHs aMIUIHTYJ He 3aBHCAT OT HavaJbHBIX
ycaoBHi. ACHMNTOTHYECKHe 3HA4YeHHs aMIVIHTYA H ¢as MOXHO pac-
CYHTATh HeNlOCPeACTBEHHO Ha ocHoBe (14.8), nosmaras 6v;=0, du;/0t=0
1 0®/0t=0. [Ipn HopMHpOBKe (7.4) TONYUIHM: '

u; = Vv, fcos @; (15.6)
® = F /2 + (1/2) arcsin 2A + 2nn, (15.7)
rue

A= v1V2Bo + VoVabs + viveBs
Bo + B1 4 Bs

a 3HaKH «MHHyc» H «mmoc» orBedaioT A>0 m A<0 cooTBercTBeHHO.
Ha puc. 152 u 15.3 npeacras/ensl pe3yabTaThl YHCJEHHOrO pelie-

4

(15.8)

?

Y

04 s
Puc. 15.2. BpeMennas 3aBHCHMOCTb aMIVIHTYA #; H dasst @ aas Bcex v;=0,2, no
PasnMyHbBIX HAYaJbHBX 3HAYEHHH BCEX aMILIATYA

108



—
T\
N
-"
N
=

| ;
It
YA

t

Prc. 15.3. BpeMeHHas 3aBHCHMOCTh aMILTHTYR 4; H $asst @ mpH vo=01, vi=02 1
)

ve=0,3 (HayaJbubie 3HAYeHHS BCEX AaMIJIHTYA PpaBHBI

‘uusi. MHTepecHo cpaBHHTb Takke (pa3oBble TPAEKTODHH ISl HEHHCCH-
natupHo#i (puc. 15.4) u auccunarupHo#t (puc. 15.5) cpen.

an
at

Puc. 15.4. dasoBast TPaEKTOpHS, OTBE-
waiollas PelleHHI0 MEepPHOIHIECKOro TH-
Ma B OTCYTCTBHE NHCCHNAUHH (n=1Uu?)

an
7t

Puc. 15.5. ®asoBasg TpPaexKTOpusi MNpH
HaJHYdM  AHCCHNAUHKH, HLIOCTPHPYIO-
mas NPUGIHXEHHEe K CTAUHOHAPHOMY

3HaveHuo n(n=u?)
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A dexTHBHOE HeauHefHOe saryxanue. Henunefinoe saTyxanue ana-
JIOTHYHO JINHEHHOMY B TOM CMBIC/IE, YTO OHO NPHBOAMT K YCTAHOBJCHUIO
CTALHOHADHOro 3HAYeHMss aMIVIMTYAM (puc. 15.6). Ilpu vj=v u
0v;=04v 3T0 3HaueHHe ONpeNesITETCS COOTHONICHHEM

0 - . . t

Puc. 15.6. BpeMennass saBHCHMOCTD AMIUIHTYA 4; K ¢asst @ OpH OXHHAKOBOM AJIst
BCEX aMIVIATYX 3Q(EKTHBHOM HENHHEAHOM 3aTYXaHHE W Pa3/IHUHBIX JIHHEHHBIX 3a-
ryxanmsax (Ima;=0,05; vo=0,1; v;=0,2; vo=0,3)

w = —(3/4y)sin®, (15.9)
rie
L : 3 . (32/9) yv 4t
O=F 2 + 5 {arcsm VETr s -+ aresin V“§2+—~(16i9)w (15.10)
H g = —ZIm aj.

3Hak «munyc» B (15.10) caeayer 6pares npu §>0, 3HaK «mI0C» —
npu §<0. ®opmysn (15.9) u (15.10) BuiBenens B NpelNoJiIOXeHHH
®; =a;. -

Jlokanusauus ¢asu. B cayaae B3DBIBHO# HEYCTOHYHBOCTH MPH OT-
CYTCTBHHM AuccHnanan ¥ ;=0 dasa @ aqUMNTOTHYECKH CTPeMHTCA K |
HYJIO0, NpHYEM 3TO ACUMOTOTHYeCKOE 3HAYeHHe He 3aBHCHT OT HAYalib-
HBIX yC/IOBHH (3¢dekT JoKaTH3auun hashl B OKPeCTHOCTH nyas). Ipu
ydeTe HeJNHHEHHOro C/ABHra YacTOTHI 3TO XapaKTepHOe NOBeleHHe da-
3Bl HAG/IOJAeTCs 10 aMILTHTYX Topsigka 1/y, 3atem NPOHCXOLUT Pe3Koe
yMmenplienne @ (ecan B;>0) M B Touke MakcCHMyMa ammauTyabn @ =
=—nmn/2. 3a 3TOH TOUYKOH aMININTyAA yMeHbLIAETCS H, CJAELOBATEJNbHO,
cos ®<0. Ho npu stom sin @ npuenMaer Te xe. 3HAYEHMsT, YTO U 10
MAKCHMYMa, T. e. pelleHHe OKa3HIBAETCs CHMMEeTPHYHHM QFHOCHTENbHO
MAaKCHMyMa.

110



Koadunments cBA3H BTOPOro Mopsjka ¢ PasiM4HbIMH Pa3oBHIMH
yriamu

Ilepefinem x paccmorpeHHio obmero caydas {3], korna dasoBhe
yrael Ko3Gb@HIHEHTOB CBS3H BTOPOro NOPsSAKA OTMHYHEL OT HYJs H He
paBHBl MeXay cobol. Takoe nmosoXeHHe peaju3yercss IPH yyeTe MHH-
MBIX COCTAaBJSIONIHX YaCTOT B3aUMOJAEHCTBYIOIIMX BOJH. UTOGH He
CTHIIKOM YCJNOXKHATH 3ajauyy C caMoro HayaJja, NPeANoJoXHM, 4YTO
MOXHO npeHeGpeun JHHeHHBIM 3aTyxaHHeM, 0OyCJOBJIeHHEM HalHYHEM
9THX MHHMBIX yactefl. Toraa nmoayyum ciefyOIIYI0 CHCTEMY HCXOAHBIX
ypaBHeHHH:

Ouy/ot = wyt, cos (@ + 6,,); (15.113)

Ou, /0t = uyu, cos (D -+ 0,,); (15.116)

0u,/0t = ugyy cos (O + 0,y); (15.11B)
%tp_ + 80 = — 2 sin (@ + 6,5) — 4 sin (© + 6) —

— 24 sin (@ + 8,,). (15.11r)
ug

OrMeTHM, 4TO CHCTEMY TAKOro BHAA MOXHO NOJYUHTb M IPH YCJOBHH,

4YTO MHHMBble J0GABKH K 4acTOTaM PAa3JIHYHLIX BOJH NMOYTH OJHHAKOBHI,

TaK UTO MOXKHO NPHMeHHTh npeo3pasoBanue (10.7) U npeHeGpeun uie-

HAMHU, NPONOPUHOHANBHBIMA YV.

Cucrema (15.11) He mpuBoauT K coorHouweHusM tuna (15.1). 3a-
Meuas, 0JHAKO, YTO CTaOHIH3HpyIollee NeHCTBHE §@ CYLIECTBEHHO CBA-
3aHO C BO3MOXHOCTbIO H3MeHenHs asn @

Ha BeJINYUHY, NPHGIHKEeHHO paBHyIHo m (IIPH L
3TOM HeJHHeHHBIA WieH MeHSeT 3HakK), Mbl
BIIpaBe moJarath, 4YTO TAKOH MeXaHH3M CTa-
OHIM3alMH HeyCTOHYHMBOCTH MeHee 3D dexTH-
Bed npu 0;;%0. DT0 NmpeanosoKeHHE IOJHO-
CTbIO TNOATBepKIAeTCs YHCAeHHBIM pelleHH- J
em (15.11), pesysanrarhl KOTOPOrO NOKa3aHHI

Ha pHc. 15.7. Bungwo, uro JBe aMIJIHTYIH
HeOrpaHUYeHHO HAapacTalT, B TO BpeMs Kak
TpeTbsl BBIXOAHUT Ha INOCTOSHHBEIH  yYPOBEHD,
npuueM Benuyuua OM/0f ocraercs OrpaHH-
YeHHOH. ITO 03HayaeT, 4YTO B YPaBHeHHHU
{(15.11r) nmoJsXkHO GwITHL CjaraeMoe, KOMIIEH-
cHpyoliee POCT BeJHYHHH Sw. Takas KOM-
TIeHCALlUsI MOJXKeT OCYIIeCTBJATBbCS 3a Cyer
TOro M3 cjaaraeMblXx mnpasoit wactu (15.11r),

KOTOPOE COJePKHT B 3HAMEHATeJNe AaMIUIHTY- ;

Ny, AaCHMNTOTHYeCKH CTpeMSILylocsi K TO-

CTOSIHHOLL. Puc. 15.7. 3OkcnoneH-
PaccMOTpEM ~ Heckobko — 1oapoGHee ’f;‘;;"’“o‘}(w) ‘;eégs‘;;'g

ACHMITOTHYECKHH  DeXHM IS IPOUECCA, rpma] mpn  B12=0,

usobpaxenHoro Ha puc. 15.7. TloacraBum B

eoz=n/4 H Bo,=—:r|:/4
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(15.11) Bennumnbn u;=k;exp(at) (i=~k, 1), u;=b u BBegeM 00603Ha-
yeHHe

pr=cos(®, +0y), =01, 2 (15.12)
rie @, — acUMITOTHUECKOe 3HaueHHe (a3bl, KOTOpOe OINpefelsercs
U3 ycJoBHs Ouj/0t=0, uro skBHBaNeHTHO p;=~0. B pesysabrare nosy-
YHM pellleHHEe BHAA

u; = ki €Xp (bvpkpl ): i= ky l’ (15'13)
rae '

knfky = (pa/PD) . (15.14)
ITpu srom u3 (15.111) BhITEKAaeT paBeHCTBO
uj = b = — [signsin (O, + 0, )| Voup: /(prbr + Piby).  (15.15)
Ucnonpsyss wuHrerpan apwxkenus (10.11), t. e. ug sin (B, — ) +
+ ulsin (©91 — 019) + u}sin (035 — Oy3), KOTOPEIE HMeeT MecTo H JJAd CH-
creMnl (15.11), MOXHO 3anucaTh TaKxe
kulky =/ — sin (0p; — 0;,)/sin (0, — 01) .
Takum o6pa3oM, MBI B COCTOSIHHH AHAJUTHUECKH ONHCATH ACHMITOTH-
HeCKYI0O YacTb pellleHus THIIa H300paKeHHoro Ha puc. 15.7.
OuxnHako cielyer UMeTh B BHAY H HHYIO, OTJIHYHYIO OT PacCMOTpEH-
HOH, BO3MOXHOCTb TOJYYEHHsT KOHeUuHbIX 3HaueHud OM/0¢ npu Heorpa-
HUYeHHOM yBenuueBMy aMmauTya. OHa peasnusyercs Torja, Koraa Bj

HMelOT pas3JHyHble 3HadeHudA. Ilpm aToM pelieHue uMeer B3PHIBHOM
xapakrep:

u;=[Vowpr (te— 07" (15.16)
ITopcraBasis noclefHee BHpaXeHHe B 0@ U YIAOBJIETBOPSsl TPeOGOBAHHUIO
OT'PaHUUYEHHOCTH 0w, NOJYy4aeM
Bo/pipa + By/Pop: + Bo/popr = 0. (15.17)
DTO COOTHOLIeHHe oNpeje/isieT aCHMOTOTHUecKoe 3HaueHue (asbl
812 + B4 cos Bg2 1 B3 cos Oy
@, = arct (B" €05 Bha ot Py co0 B )+onn, (1518
‘ & Bo sin 815 -+ By sin Bgg + Basin Oy + ( )
KOTOpoe B o0illeM cJjydae OTJIHYHO OT 3HAYEHHS, NOJYIeHHOTO BO BTO-
POM IPHOIHXKEHHH.
Jas onucaHusl JoKaJu3alHd ¢(asbl YAOGHO BBECTH CJEIYIOLIYIO:
acHMINTOTHUYecKYI0 pa3oByo QyHKIHIO:
F (@) = By cos (O + 0y,) + B, cos (@ + 0yy) + o cos (@ + 6yy).  (15.19)
C noMmoiusio ato#i ¢yukuun ¢opmyasr (15.15) u (15.17) MoxHO mepe-
NHCaTh B BHIE
u; = b= —sign[sin(®, + 0,)1 Vi1 /F (D)
H, nockosubky p1=0, (O®,) =0,
: F(@®,)=0.
Hccnenyem xapakrep sokanusauuu (asbl B 3aBHCHMOCTH OT BHA&
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¢yukunn F(®). Ecnu aMInHTyAB yBENHYHBAIOTCS 3KCIOHEHIHAJbHO,
TO

sign [sin (@, + 8,)1 F (©,) < O,
tTak Kak b>0 u p;>0. [Ipu srom Bce 0;; npHHAMJIeXar OLHOH mOJy-
IJIOCKOCTH B COOTBETCTBHH C TeM, YTO MBI HMeeM JleJl0O C CHCTEMOH,
HEYCTOHYHMBOH BO BTOPOM INOPsAKe. YHOpAZouuM (asoBble YIJbl Tak,
4To 0;9=>002==00; (puc. 15.8,a2). Torza moayyuM JBa BO3MONKHBIX.

Dy*6;p
by, LAY,
G2 D+ by,
—
aq g a
B,y Py + 82
by
a 5 Py

§

Puc. 15.8. Jlokanusauus BeKTOpoB exp(if:;;) B OmHOR moaymmockoctd (@), KOHGMH--
rypauus BektopoB exp[i(®@.+8;;)], ZemoHcTpHpyomas Mokaau3auuo (ass pH
up=const (6) u npu us=const (8)

sHaueHus ,, NPH KOTOPHIX OJHA aMIVIUTYAa NMOCTOSIHHA, & JBe Heor-
paHuueHHO YyBesHuyuBaloTcsa. IlepBasi M3 HHX COOTBETCTBYET Uy=
=const(@,=mn/2 — 012+2nn), a Bropas— ug=const(Py=—mn/2—
—00142nn). DTH BO3MOXKHOCTH nNOKa3auwl Ha puc. 15.8,6 u 15.8,8
COOTBETCTBEHHO.

ITpu HccaeloBaHHH BAHSHHSA 0w HA JIOKAJIH3aUHIO (asbl OCHOBHOH
unTepec mnpeacrasisier uHTepBaN — 7t/2—00; <KD <<n/2—0;p. 3ameuas,
uto ¢yuxuusa F (D) MoxKer uMerb B 3TOM HHTepBaJje He GoJiee OJHOrO
HyJisl, IOJyYyaeM 4YeThipe BO3MOXKHBIX THIA 3TOH (QYHKIIHA.

1. F(®) nonoXuTeJbHO ONpelejieHa BO BCeM HHTepBaJe; €IMH-
CTBEHHO BO3MOXKHAs JOKajdH3auus: -—u/2 — By (puc. 15.9,a).

£ [
f
| F
|
!
I Ly @
7 o1 2 7 by J
|
l/‘! | |
T Ty @ L g | @
7 o 7702 7 | 776 |
| o
8 2 ‘

Puc. 159. Pasanussie THnsl GyHkunan F (@)
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2. F(®) oTpuuarejpHO onpejeseHa BO BCceM HHTepBaJie; €JHHCT-
BEHHO BO3MOXKHas Jokagusauus: n/2—0;, (puc. 15.9,6).

3. F(®) usmeHsier 3HaK TAKAM 06pa3oM, YTO €JHHCTBEHHO BO3-
MOXHBIM pellleHHeM sBJseTcsl B3DHBHAS HEYCTOHUHMBOCTB, T. €. F(D)—
—-0 (puc. 15.9, 8).

4. F(®) u3MeHseT 3HaK TakK, 4TO BO3MOXHa JI0Oasi JOKAJIH3AUHA
pasnt (puc. 15.9,2).

Jast Toro yroOnl ONpPeLeNuTb, KAKOH U3 NePeUHC/eHHEIX THIOB pea-
JIH3yeTcsl NPH 3aLaHHOM KOMOHHAUMH BeJHUMH B; H 0;;, Nepenuiiem
F(®@) caenyoumM o6pasoMm:

F (®) = Rcos{® + Q),
rae
R=(A2+ B¥'®:; Q= 4+ arccos A4+ B“)'/ 2
A = B, cos 0,5 + B, cos B, + B €05 Oy
B = 8, sin 8, - B, sin 6y, -+ B, sin 6;,.

Tenepp MOXHO yKasaTb IpefleJbl H3MeHeHHS £, COOTBeTCTBYIOLIHe
Ppysruuam F (@) pasjuyHBIX THIOB:

1) 8y < Q< Oy

2) w0, < Q< n+ 0y;
3) w40, Q21+ By;
4) 0, < Q< 7+ By,.

Jlunamudeckuit mpouecc Jdoxkanauzauuu ¢aswl. Henunelduwlt caBur
YacToThl 0® HayHHAeT CYUIECTBeHHO BJHATb Ha JHHAMHKy (asbl B
‘TOT MOMEHT, KOrfla BO BTOPOM NPHOJHMXKeHHH (a3a yxXKe NPUHHMAaeT
acHMITOTHYeckOe 3HaueHHe (cM. ra. 10). Bosee Toro, miast aMmianTyxn
IMeeT MecTo NPHOJNHXeHHOe BhIpaXKeHHe BHJA

uj = [Veos(@ + 0;) cos (@ + 0;)  (to — )], (15.20

rae Bce cos (M40y)>0. D10 03Hayaer, yTO S HMeeT TOT XKe 3HAK,
uto H pyHxuug F(®D). IIpexnosoxum, uro do u F (D) orpHuaTesbHHI.
Torga no mepe pocra |6w| npoussognas O0M/0f craHOBHTCA TOJNOKH-
TenqpbHOH B (D TakXe HAYWHAeT yBeJUYHBATbcs. B pesysibrare aMmin-
TYABl #; MOTYT BHIXOJHTh Ha HOBLIH aCHMIITOTHYECKHH YpOBeHb THIA
(15.20), Ho ¢ apyruMu 3HaueHHSIMH @ H fw. Eciu npu atom F (D) Bce
-ellle COXPaHseT OTPHILATeJbHBIH 3HAaK, TO NO-pexXHeMy Odw<0 u @
mpojosxaeT yBeaduuBaThesi. Ho B Tor MmomeHT, xorga @ 6yner npoxo-
JHTb TOYKY t/2—01s, Uy YMEHBLINTCS M CJAATAEMOE C U; B 3HAMeHaTeqe
HauHer Bo3pacratb OnlcTpee, ueM O6®. D10 Bh30BeT Bo3ppar @ Kk 3Ha-
4eHHI0 71/2—0;2, ¥ B KOHEUHOM cueTe MOJYYAlOTCS IKCHOHeHIHaubHBIE
pelllenHst pH Uy=const. Mcnonb3yss anajoruunele apryMeHTEl, MOXHO
y6enuThed, 4To NPHU nosioXureapiblix @ u 0o dasa @ yMmenbliaercs 10
Tex nop, Noxka F (M) He u3MeHUT 3HaK HJIH D He JOCTHrHET 3HAYEHHS
—1/2—00;. O61iee npaBuioO, CJIeI0BATENBLHO, 3aKIKOYAETCS B TOM, YTO
B CJydYae 3KCIOHeHIHaJbHBIX pelieHHi @) BCeria CTPEMHUTCS K acHM-
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momqecxomy 3HAYEHHIO, KOTOPOE COOTBETCTBYET MIHOBEHHOMY 3HaKy
F(®). Wmes 3T0 B BHIY, MOXHO JIETKO TIOHATb AHHAMHKY MPOLECCOB
IS KaxJ0ro U3 4yeThipex pPacCMOTPEHHHIX Bhlllle THNOB ¢yHkuuu F (D).
®yukuusa F(®) nepBoro THNa He H3MeHsET 3HaK, pasa cTpeMHTCA

K 3HAYEHHIO —7/2—0p1, H AMILTATY b SKCIOHEHIHAIbHO YBEJHUHBAIOT-
ca (cM. puc. 15.7). BTopo#t THIN OT/IHYaeTCs OT MEPBOrO JHIIb TeM, YTO
npejfesbHoe 3HayeHHe ¢a3bl paBHO 1/2—0;2 (pHc. 15.10). B Tpetnem
crygyae @ cTpeMHTCd K TOMY acHMOTOTHYECKOMY 3HAYeHHIO, KOTOpoe
BCAKHH Pa3 OKa3hiBaeTcsl B NPOTHBONOJOXKHOH CTOPOHE OT TOYKH Do

‘

s

QN__/' ? -
ui

: ¢

4

) t g t t
Prc. 15.10. OkcnoHes- Puc. 15.11. BspriBHas He- Puc. 15.12. DkcnoHeHuH-
1HaJbHOE pelleHHe AJsi yeroiusoers  aas F (D) aJpHOe pellleHHe .. AJIS
F(D) BTOpOI‘O THIA TPEThero THNA MpH 6=  F(®) wuerBeproro THOZ
npH 012=0, 02‘"‘:/4 =0,” 902—3'13/4 H 901—‘ OpH 912—0 902=n/4 m

901=~:rt/4 ] . =-—mn/4 . By =—n/4

3to anBo,zmT K OCUMJIALHSAM ¢a3bl 0K0s0 TOUKH @ H, KaK CJENCT-
BHE, K HEYCTOHYHBOMY pellleHHIO B3PBIBHOro THIIA (puc. is. 11). Haxko-
Hel, npu F(®)': YeTBEPTOrO THNA CHOBA MOJMYYaeM 3SKCIOHEHIHAJBHO-
HapacTaplHe aMilIMTyAbl, Tak 'Kak ¢asza @ cTpeMHTCS K aCHMOTOTH-
yeCKOMy 3HaueHHI0 (puc. 15.12).

Yuer auHefiHOro 3atyxaHus.. Bo3MOXKHOCTb TOJYYEHHSI HEYyCTOHYH-
BHIX pelleHHH COXPaHsieTcd W NPH HaJHYHH JIHHEeHHOro 3aTyXaHus.
B acuMnToTHYeCKOM mpejese, KOTAa u,~b cucreMa ypaBHeHHH mpH-
oﬁperaer BHI: .

01y /Ot + vy, = buyp,; (156.21ay

: 0wy /0t + vy = buypy, . (15.216)
. vity= gy cos @, 4+ 0. (15:218)
| Budh + B = — (wpu/b) sin (@, +0).  (15.21r)
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[NoiacraBuM B 3T ypaBHeHHs u;==k;exp(at), i=~k, [, u onpenenum
3aTeM BeJHYHHBI Ryfk;, a m b. OKOHuYaTeJbHHH pe3yJbTaT pacueTa Ja-
€TCH CAeAYIOIHMH BhlpaXKeHHAMH:

ki/ki=A{[pr+ (vi— V) B/lps + (Ve — V1) ﬁk]}‘/'; (15.22)
@ =—(1/2) (v +v5) + [(1/4) (1 — v + Bpupdl 7% (15.23)
b= [(kelkr) By, + (ko/k) Bl (15.24)

Kak BHZHO, K03QDHIHEHTH HapacTaHus aMIVIHTYd 4r M U DaBHBI
H BO3pacTaloT C yBeJHUeHHeM Da3HHIW MeXAy v; u vk. I3 cooTHoe-
Hufl (15.23) u (15.24) BmITeKaer cjelywollee BoIpaxkeHhe HJs1 KPHTH-
YeCKOro 3HaueHHsd v, NPH KOTOPOM Ko3GhGHIHEHT HapacTaHHsA aMILIH-
TyIbl 06pallaercs B HyJb:

vivi = Bpypy = pppd[(ki/R) By - (Ritky) BilP. (15.25)

JTo BblpaXeHHe yKa3BlBaeT Ha TO, YTO NPH MalblXx Ko3dpdHUHEeHTaX
CBA3U TPeThero Mopsiika pellleHHs SKCHOHEHIHaJbHOIO THIIA BO3MOXK-
HBl Ja)e IPH HaJHYH{ CHJBHOrO JHHeHHoro 3atyxadus. M3 (15.21s)
BHAHO TaKXe, YTO aCHMNTOTHYECKOe 3HayeHHe (a3bl 0CTaeTCs TaKHM
Xe, Kak u npu v;=0. YunteiBag eme ypasHedue (15.21r), BuauM, 4To
H mpouecc JoKanu3and#d (asel NpOTeKaeT TOYHO TaK XKe, Kak IpH
v;=0,

Ha puc. 15.13 mnokasaHbl pe3yJsibTaThl YHCJAEGHHOIO PellieHHA JJIA
‘OJHHAKOBO 3aTyXalomHX BOJH. IIpH mnpembilieHHH KPHTHYECKOTroO 3Ha-
HeHHs v NOJIyuaeTcs paBHOBeCHOe pellieHHe TOro e THIIA, YTO H IIPH
9:;=0 (puc. 15.14). Kputnueckoe 3HaueHHe v CymIecTByeT H AJs pe-
1IeHHH B3PBIBHOTO THIA, HO €r0 TPYAHO ONPEJAENHTD,

-—

.ll..

é t g ¢
Pue. 15.13. SkcnoHeHumambHOe —pemle- Puc. 15.14. Craunonapxoe pelenne B
HHe Aas Beex Vv;=05; 0,2=0, BOpp= caydae, KOrAa BeJHYHHA, XapaKTepH3y-

=n/4 u By=—n/d foltas 3atyxaume (v;=0,5), npeBnma-

eT noporopoe 3HaueHue H 0;2=0, Opp=
=mn/300, Bo;=—1/300
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v HpPI PaBHOBECHH aMIJIHTYAbl HMEIOT CJeAyloHlee ACHMIITOTHYECKOE
3HaUYCHHE!: !

u; = Vvpviprp: - : (15.26)

IoactaBus 3T0 3HaueHHe B (15.21r), MOXHO MNOJYYHTH COOTHOILIEHHE
IS OnpejeJieHHs aCHMITOTHUYecKoro 3HayeHHs (asbl. OHO HMeeT BHJ
Ky6H4eckoro ypaBHeHHsl OTHOCHTENbHO tg @g.

dddexkTHBHOE HeauHefiHOoe 3aTyXaHHe. B Tex ciyyasx, Koria cra-
6unusupyoniee AeiicTBHe HeJHHEHHOro CJABHra 4acToThl do yTpauu-
BaeTcsl H3-3a Hajuyus 3aTyXaHHs, HeyCTOHYMBOCTb BCE XK€ MOXKHO
CTa6GHMU3HPOBATh 3a cdeT 3pdEKTHBHOrO HeNMHEHHOro 3aTyxaHus Ov;.
Jas storo Tpebyercs, 0AHaKO, 4TOGH HesHHeifiHOE 3aTyXaHHe 'JBLIO
OJIOKHUTENbHBIM, a 370 He Bceraa Tak [4]. Ha puc. 15.15 nokasan npu-
Mep pellieHHsl NMEPBOro THNA, KOrAa OJHA H3 AMIUIHTYA CTaGHIH3HPY-
eTcsl BCJeJCTBHe HeJMHEHHOro CJABHra 4YacToTbl, a JABe ApyrHe — 3a
cueT 3¢deKTHBHOro HesJuHeHHOro 3aTyxaHus. OnpenenuTb aCHMIITOTH-
yeckHe 3HAaYeHHS 3THX aMIUIHTYA B 001uieM cjydae OYeHb CJI0XKHO, HO
eCJIM NpPeANOJONKHTb, YTO A/ HeJHHeHHOro 3aTyXaHHs v HaMHOro
MeHpllle KpUTHYecKoro 3Hauenus (15.25), To npu onpeneseHHH yPOBHA
HachIIEHHs MOXHO y4YecTb TOJbKO HeJHHeHHOe 3aTyxaHHe, YTO AacT

"y = p; VEE1PrPI ' (15.27)
! 8 &po+ EpEapr+Eobape ’

rae & = —Imay,, j=0,1,2
¢\
Y
}
0‘ ' ¢

Puc. 15.15. CraunoHapHoe pelieHHe NPH OXHHAKOBOM JJisi BCeX AMIIHTYR adderTHB-
HeM HeJuHeRHOM 3aTyXamuH; Ima;=0,08; 03,=0, Gp=%/4 u By=—m/4
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AcuMnroTHueckoe 3HaueHHe ¢a3bl ONpeleJHTb He YRAETCH, €CaH
TOJIBKO pellleHHe He HMeeT BHJa, H300paxKeHHoro Ha puc. 15.15, Korna
YPOBEeHb aMIJIMTYJH, cTaOHJIH3HDYeMHBH 34 CYeT HeJHHEeHHOTrOo 3aTyxa-
HHs, HAMHOIO HH3Ke YPOBHeH OCTaJbHHX aMIIATYA. I1pu 2ToM acuMnTo-
THYeCcKoe 3HaueHHe (asH TaKoe XKe, Kak U B OTCYTCTBHe 3 eKTHBHOrO
JIMHEAHOT0 3aTyXaHHS.

OtmeruM B 3ak/oyeHHe, YTO 3P (PeKTHBHOE HeNHHEHHOEe 3aTyXaHHe
MOXKHO paccMaTpPuBaTb KaK YacTHHE cjaydall 3aBHCSIUEN0 OT BPEMEHH
3aTyxaHHs, BBeAeHHOTO B pabore [5].

3apauu

15.1. OnpemenuTh YHCAO 3aTYXAIOWMX BOJH, TPEGYIOIWUXCA AJS TOrO, YTOGHI
TIOTEHN WA HMeJ KOHeYHOe 3HaueHHe, Korja Bce 0;;=0.

15.2. YcraHOBHTb, Kakasi U3 aMIUIHTYX (41 WJIM U2) HMeeT Goabllec aCHMOTOTH-
uecKkoe 3HayeHHe B Ciydae, IOKa3aHHOM Ha puc. 15.9 6, npu vi=v,.
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I'JIABA 16 ' :

YHUCJIEHHbBIA AHAJ]H3 B3PbIBHOR HEYCTOMYHBOCT
B CHCTEME NIJA3MA — ITYYOK

IlonbiTka mOHATh (U3NYECKHH MexaHH3M HeJHHeHHOH HeyCcTOHYH-
BOCTH I11a3Mbl OOBIYHO CONpsi2ZKeHa ¢ HeOoOXOJHMOCTbI0O UYHCJIEHHOro
aHanH3a HeJHHeHHHIX Ko3(@HUHeHTOB cBA3H. B 3Toil rnaBe Takoi aHa-
JIH3 NpOBe/leH AJs NJ1a3MeHHO-IIyYKOBOH CHCTEMBI, B KOTODOH, B NPHUH-
Lune, MOXeT Pas3BHBAThCsl B3PHIBHAs HeycTOHUMBOCTb. Mcrosb3oBaHo
rHApPOAHHAMHYECKOe H KHHETHYeCKOe ONHCAaHHSA W CPaBHHBAlOTCA pe-
3y/AbTaThl 060HX ToAXx040B. C MOMOIIbIO pellleHHs YHCIeHHBIM METOAOM
CBI3aHHBIX yDaBHEHHH NOKa3aHO, YTO NPH PeasHUCTHUeCKHX 3HayeHHSX
napaMeTpoB MJa3MBl B Nyuka HauajibHOe 3HayeHHe 3JEKTPHYeCKOro
HoJiA, HeOSX0AMMOe AJ5l Pa3BHTHSA B3DHIBHOH HeyCTOHNYHBOCTH, HMeeT
nopsazgok 10° B/M, a 3pbiBHOe BpeMs — 102 Mc.

Hcnoab3yemble MoJLesIH M TIPEANIOJIOKEHHS

PaccMOTpPHM KOHKpETHBIH NIPHMep YHCJIEHHOTO aHaJu3a HeycTOHYH-
BOH TPEXBOJIHOBOH CHCTEMBI, ONHpPasch, B OCHOBHOM, Ha pPe3yJbTaTH
pa6otn [1]. Hccaenyemas cucteMa npefcTaBaseT coGol TPH B3aHMO-
JAEeHCTBYIOIHe TIa3MeHHHE BOJIHBI, PacnpOCTPaHsIoONiHecs HapaJiefb-
HO HalpaBJIeHHIO CKOPOCTH HyYKa B TIa3MEHHO-NYYKOBOH CHCTeMe.
OHepryus ONHOIL H3 BOJH OTPHIlaTeJbHa, SHEPTHH ABYX APYTHX — MOJO-
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JKHTEJIbHH, NPHYEM 5TH BOJHbl PacCHpPOCTPaHAIOTCA B HanpaBJieHHH,
NPOTHBONOJOXKHOM CKOPOCTH IepBOH BosHBL. [l cpaBHeHHa Oyaem
HCNOJIb30BaTh Kak MaKpOCKOHH‘IeCKyIO HeOAHCCHIIAaTHBHYIO MOAe€Jb, TakK
M KHHETHYeCKyl0 MOJeJb C y4eTOM CTOJKHOBHTENbHBIX 3(¢eKTOB.
IlpeanosoXuM, 4TO 3JEKTPOHHHIl OY4YOK HeHTpaju3yeTcs IYYKOM
HOHOB, KOTOPHE, 0JHAKO, He NPHHHMAIOT yYacTHs B BOJHOBOM JBHKe-
HHH.
B ruppoamHaMHuecKOH MOAeJH JAHCIEPCHOHHOe YDaBHEHHe HMeeT
BHJ,

g (@, k) =0, - (16.1)
rae
e(o, k) =1 — 0l j0®— @2 /(0 — kVy,)? (16.2)
(Vo» — cKOpOCTb TIYHKA; ®pe H Wpp — IJIa3MeHHbBle JacTOTHI A/ CTa-
f(HOHADHOH mNJa3Mbl H Ny4YkKa cOOTBercTBeHHOo). TemmeparypHble 3¢-
dbekTH B (16.2) He yuHTHIBAIOTCA.

OG6uiu#i BHA 3aBHCHMOCTH AH3JEeKTPHUECKOH NPOHHLAEMOCTH OT @
nmoka3an Ha pHc. 16.1. YpaBHenne (16.1) nmeer deThipe KopHaA. Ecam

€ W=k,

N

Puc. 16.1. KauecTBeHHHH BHJ 3aBHCHMOCTH JHJEKTPHUECKOH NPOHHIAEMOCTH OT
9acTOTH

ABa H3 HHX (2 W J) KOMIUJIEKCHBI, TO 3TO CJy4aH IBYXIIOTOKOBOH He-
yerofiuuBocTH [2, 3]. MBI, ogHako, 6yZeM paccMaTpPHBATb TOJBKO CJY-
yal yeThHpex BeIlIeCTBEHHHX KOPHel, KOTOPBIH peasusyeTrcs INpH

kVOb > Dpe [1 + ((Opb/mpe)zl’],/’- (163)

3Hak 3HePrHH BOJIHBI ONpeleNseTcs 3HAKOM INPOH3BOAHON O(we)/0w
uaH, BBHAY (16.1), 3HakoM o (de/dw). OTcoga cielyeT, 4TO BOJHA,
COOTBETCTBYIOUIAas KODHIO 3, MOXKeT HMETb OTPHIATEJbHYIO 3HEprHIO,
TOI'Aa KaK BOJIHBI, COOTBETCTBYIOIHE KOPHAM I, 2 H 4, HMEIOT MOJIOXKH-
TeJbHYI0 3Heprulo. IlosesHo oTMeTHTh TakXKe, YTO B NPEAECJLHOM CJY-
yae COBNAfAalOIHUX KOPHeH 2 W 3 MOXKHO MOJYYHTb BOJIHY C HYJIeBOH
sHeprreit [4]. Huxe paccMoTpeHo B3amMogeiicTBHe Tpex BOJH, OTBe-
qawmux Kopusam I, 2 u 3.

01 ByneM cunTaTh BHIOJIHEHHBIMH CJEAYIOIHe Pe30HAHCHBIE YCJIOBHA

O+ +0,=0; k+k+k=0 " (16.9)
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Pe3oHaHCHHE yCJ0BHA B TakoH ¢opMe MOXKHO NOJYyYHTb, H3MEHsS 3Ha-
KH ©; H R; — Nap BeJIHYHH, OTHOCSIIHXCS K BOJIHE ¢ HanGoJsplied gac-
toTo#. TakuM o6pasoM pocTuraercs Oosiee CHMMETDHYHAS 3amHCh aHa-
JHTHYECKHX pe3yJbTaToB Oe3 HapylleHHs (H3HUeCKOH CYLUIHOCTH
pelwraeMoi 3ajayH.

Kak orMeuajoch BhIIe, NPH ONHCAHHH HeJHHEHHOro B3aHMMOJEHCT-
BHSl B paccMaTpHBaeMOH CHCTeMe HCIOJB3YIOTcA ABa moxxona. [lep-
BbIH OCHOBaH Ha NPHMEHEHHH THAPOAHHAMHUYECKOH MOJedH NpH yueTe
TeMrepaTypHbX 3(Q(eKTOB ¢ IOMOIbIO BKJIOYEHHS B ypaBHEHHS ABH-
JKEHHSl ra30KHHEeTHYECKOro JaBjeHHd. DTO — YaCTHBIH caydyall pac-
CMOTpPEHHSI TPex TPOJOJBHBIX CBA3aHHBIX BoJH [5] (cM. TakXke ri. 6).
Bropoii noaxon onupaercsd Ha KHHeTHUECKYIO Mozesb [6] ¢ HHTerpajsom
cronkHoBeHuil BatHarapa — I'pocca — Kpyka

(Of/0t)cr = — V[ +v (1/Ng) F,, (16.5)

rie Fo u [ — HeBO3MyllUeHHas (QYHKIHA pacipejesieHHss H ee BO3MyILle-
HHe; No u n— cpelHdsi ¥ BO3MYHieHHAsl MJIOTHOCTH YaCTHIl I1Ja3MBbl;
v — 3 hexTHBHAS YacTOTa COyAapenHui.

I'mapoauHamMudeckass MOAEIb

[ns ynpolleHnsi BBHUHCJEHHH BBeJeM cJelyiollre Oe3pa3MepHbe
BeJHUHHBI:

my = mylmg; ;= qilge; Nj= Nyj/Nog;
1701- = Vojltte; EJ‘ = u;lu,; U, = (kTe/me)l/z" (Bs = 0/@p,; (16.6)

@pj = Opj/0pe = Nq;imy; ks =k, [@p,.

Hcnoab3oBas 3TH BeJIMUYHHBI, 3anHiicM YCJOBHA pPE30OHaHCa
No,=0; Dk, =0,
S S
JUCTIEpCHOHHOE YpaBHEHHE

-~ @2,
e (@, B) = 1—2 pi =0 (16.7)

d (G —Fyo,) — R

H KO3 GHULHEHTH CBA3H

o \ 5]'5,2,,' ~ Ty
%, Z{TU[(Q’_W"’)_

Cs = fe @, nmr
Melle rets

e % e
—Euj]™ EN_':"Tn(mr_krVOj)'—'klkzksu? . (16.8)

r Wy — oj r
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KuHetHuyeckass MoJelln

KuHeTrnueckoe ONHcaHHe OCHOBAHO Ha HCMOJb30OBaHHH YPaBHeHHH
BonbuMana Aasi KaxkA0f KOMIIOHEHTHI

O 4 vO 4 4 p 9% _ (9 = '
> T ax+m,E % (a;)w’ Fi="Fu+fn (169

u ypaBHeHHus [lyaccona
% _ 1 sy, (16.10)

Ox €9
TZe B KayecTBe MPOCTPAHCTBEHHOH nepeMeHHOH BhIOpaHa KOOPJAHHATA X.
Pemag nuHeapu3oBaHHOe ypaBHeHue (16.9), mosyyaeM nas mpocrt-
paHCTBEeHHO-BPEMEHHEIX KOMIOHeHT Pypre

ny = Sf,dv — — 0% ABE, (16.11)
7
rae
— . i’Vj FO] -1 6
4 (1 No,-j Pt dv) (16.12)
. .

1 OF o;/0v
B, = o) dv.
d NO] \S‘ (0+iV]——kU v
Tlpu BeBOAe (16.11) mcrosnb3oBano BhipaxeHue (16.5) ana muTerpasa

CTOJIKHOBEHHH,
C nomouipio (16.11) MoXKHO HalTH AHCIIEPCHOHHOE ypaBHeHHe

e(@ k) =1+ —;'—Emf,,-A,-B, =0 (16.14)
7 g

(16.13)

u KO3 PHIHEeHTH CBA3H

pous | 2
F;! . q05.A
€ = 0, “(w, - ) E:————’ 2L X
; oo, - m;No;

7

<3 oo — Wik By g, (16.15)
bt V(05 — iv; — kg0)?® (0 — iv; — k,0)
rae
0, 2 — O 2 wpAis gaFoi/a” + iviAsBisFor g, (16.16)
dwg kg No; (0 + iv; — kg)?

Ecan B KavecTBe HeBO3MYMIEHHOH GYHKUHH paclpefesieHHs BHI-
'5paTh MaKCBEJJIOBCKYIO GYHKIHIO C ApelpoM

Fy (v) = (No/uV 2n) exp [— (v — V)20, (16.17)

To Bce HHTerpaas B (16.12), (16.13), (16.15) u (16.16) MoxHo BHpa-
3UTb Yyepe3 AHCNEPCHOHHYIO (GYHKIHIO NJasMbl [7]

121



_ T _ep(—#
G (&) = V“‘j dx (16.18)

x—§

U ee aHaJuTHYeckoe NMpogmosikeHue [1]. B majpHefimieM 6ymeM HCIOJMb-
30BaTh efuHOe oGosHaueHue G (§) Ang o6emx stux QyHKUHI.

YycneHHbiit aHaau3 K03GOHIHEHTOB CBSA3H

Ilpu pacuete K03 GHIIHEHTOB CBSI3H NpeXKAe BCero HEOOXOAHUMO OIi-
pelesuTh Pe30HAHCHBIE TOYKH [JIsl YacCTOT H BOJIHOBBIX BEKTOPOB. JTH
TOYKH YJOBJIETBODPAIOT CAEAYIOIHM NIATH YpaBHEHHAM:

S Re o, =0; (16.19)
Sk =0; (16.20)
g(@y k) =0, s=0,1,2 (16.21)

Takum obpasom, n06yI0 H3 LIECTH BEJHYHH @4, Ry (§=0, 1, 2) MoxHO
B3ATb B KauecTBe I1apaMeTpa, TOrja BCe OCTaJbHble BeJHYHMHBl OyAyT
onpexensAtbcss ¢ noMompblo (16.19) — (16.21). Mul mosnb3oBa/iuCh cxe-
MOil pacuera, BKJIOHAKULe# caeAyIOulHe TPOLeaypHL:

1) samaHue ky; B .

2) ompenesnenie wo=wo(ke) mo (16.21);

3) 3anuch (16.19) B BHIe ypaBHEHHS OTHOCHTENBHO Ry

F (k) = Rewy (k) + Re oy (— ky—ky) + Rewy (By) =0 (16.22)
U pellieHHe ITOro ypaBHEHHs: METO/OM HTepauyii;
4) omnpeneneHne kl no ¢opmyJe ky=—ko— ky;
5) onpeneneHue @; (k1) H 0z (k) no (16.21).
B rnnpongHaMqucxoﬁ Mojenu &(w, k) uMeer BHA MOJHHOMA OT-

HOCHTEJBHO ®, KOPHH KOTOPOro MOXKHO HaHTH CTaHZApPTHBIMH MeTO-
AaMu. Ho B xkuHeTHUeCKOH MOJENH CYLIeCTByeT TPYAHOCTb, CBA3aHHad
¢ BbIOOpOM HayajbHBIX 3HaueHHH NpPH HTEePAILHOHHOK npouenype. Mol
BHIOMpA/IH 3TH 3HAUeHHs, HCXOAS H3 pellleHHs AHCIePCHOHHOro ypaB-
HEeHHSl B HH3KOTEMIlepaTypHOM npHOaHKeHHH. Takoit BHIGOD Iesecood-
paseH Torjga, Koria BJIHAHHe CTOJKHOBHTEJbHBIX H TeMIepaTypHBIX
3¢ (deKTOB CPABHHTENBHO HEBENHKO.

I'py6Oyio oueHKy Pe30HAHCHBIX BeJJHYHH MOXKHO TOJYYHTbh Ha OCHOBe
paccMOTpeHHs XOJOLHOH HJa3Mbl NPH HaJMHYHU NyuKa MaJjod MJO0THO-
ctu. MmenHo, npu |k|, |R2| > @pel/ Voo

0y = — Wp, sighky, ;& @p,Signky; 0y == RV .
IMoncranoska 3tux 3Hauennit B (16.19) — (16.21) paer mpu otpuua-
TENbHBIX Ro: - o S
by = —ky+ 20pe/Vops by = — 20p,/V 35

@y = @pg; - O = Wp,; Oy = —2p,. + -
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[Ipy nonoXHuTeNbHHX Ry JeJ0 CBOAHTCS K H3MeHEHHIO 3HaKOB BceX
YaCcTOT H BOJIHOBHIX 4HCeN, T. €. B (PH3HYECKOM OTHOLIEHHH pellieHHe
ocTaeTcss Hen3MeHHbIM. [IpuBefeHHOe 3HaueHHe Ry u OBLJIO HCIOMB30-
BaHO B KayecTBe HawyaJbHOro npu peltenun (16.22) Meromom urepa-
LM, .

Yucaennple 3HaUeHHs NapaMeTpoB

BBeneM uHAekchbl j=i, e AJ9 HOHOB H 3JEKTPOHOB CTalHOHapHOH
1a3MBbl, j=b AN 3JEKTPOHOB IMyYKa H NOJOXKHM

v = v;/Ope. (16.23)

Pacuets! Gynem npoBomuTs A g; = — 1, m, = 1840, u, = 0,92-10% wm/c
T,= 560K) 4; = 1,6-107%, Kpome TOro, B KauecTse HCXOJHBIX JaHHBIX
BhIGepeM &y ——093 105 u, =1 nm 15; ©,, = 3,2-102 (N, = -107%);
Vop=7,7-10%. B _THPOAHHAMHYECKOH MOJE/IH 6y11eM nosiaratb v,= 0,
B KHHeTHUYeCKOH — v, = 0 mm v, = 0,01.

Ipusenennbie 31ech 6e3pasmepﬂme napamerTpb! COOTBETCTBYIOT, HalpH-
MEp, CJIEAYIOIHUM 3HaueHHsM (usHueckux BemmunH: u; = 1,5-10% m/c (T;=
=270 K); k,=—4,0-10* M1, @, =5,6-100 ¢, v,=5,6-108 ¢
(Noe = 10 M7%); @p, = 1,8-10° ¢ V,p =108 m/c (N, =10 M%),
u,=1,4-10° m/c (T, = 1,3-10°K). ‘

Takue 3HaueHHs MapaMeTPOB PeaJH3YIOTCS B SKCNEPHMEHTaNbHBIX
ycnoBusx {8].

Pesy.n bTAThl YHCJIECHHOI0 aHAJIU3A

PacueTHble 3aBHCHMOCTH K03 $HIHEHTOB CBA3H H MHHMBIX CO-

CTaBJAAIOLHX 4YacTOT OT pa3JUyYHBIX IlapaMeTPoB II0Ka3aHbl Ha
puc. 16.2—-16.5.

NV Cof ——¢q - —=1Intg, =001

0 Imyy, =0 f0l —»--Reca,ue—ﬂ 0,01 e Imoy, =0
o \ {m(f)l,’,_.ﬂﬁﬂ,ﬂf B -
2 5k
S
E 1 0 —

I, 5,=0;001
_5A
-2 ' L ~ 1oL 1 '
4 5 10 ) dy 0 § 70 i) &v”

Puc. 16.2. 3aBucHMOCTH Benmnnu xapakTepH3ylouleft JHHefiHOe ‘3aryxaHue. (a),
K03)DHIIHEHTOB CBSASH NJIa3MEHHHX BOJH (6) OT TENmJIOBOA CKOPOCTH YacCTHII nyuka

(cnyiomIHHle KpHBHe DAacCUMTaHH B TH/IPOIHHAMHIECKOM npn&mmennn) ko_
=—0,93-10-3, Np=10-3, Vo,=7,7-10
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Puc. 16.3. 3aBHCHMOCTH BeJHYHHBI, XapakTepHsyloulel auuelinoe saTyxanue (a, 6),
K03Q)dHIHEHTOB CBS3H NJAa3MEHHHIX (8) M NYUYKOBHIX (2) BOJH OT CKOPOCTH INyYKka
(cnmomrsnie kpusne Ha puc, 16.3,8, 2 OTBEYAIOT TMAPOAHHAMHYECKOMY NpHGIHKe-

HHIO) ; ko——093 10-3%, Npy=10"3, up=1

3aBHCHMOCTL OT TeIIOBOW CKOPOCTH YacTHU Myuka. JfucmepcHoHHOe
ypaBHeHHe (16.14) moxHO nepenucathb c.nenyloumM obpasom:

e(0, k)=1—— E 1 A;Gjs = 0, - (16.24)
el
rae
Js=<1+ T ,s) (16.25)
st j
Be3 yuera nBHKeHHS HOHOB
w2, G, 0l
& (g, k) =1 ——2 : ——2_ G, (16.26)

26242 1 4 iv/ V2 kg 2122
ITockombky

| vées | = I (('Js + W)/VE ksue l > 1 (1627)

MOXKHO BOCNOJIb30BATbCS ACHMITOTHYECKHM pasJioxkenHeM G (&s) [7].
B pesyJsbraTe moJsyunm

Z

~ mpe PR
e(o, k)~ | -—2-<1—1 )~

(0] Oy

Gy 16.28
2k2ub bs. ( )

s

124



0 Imwﬂ,fy’%:o . 0 ’I_r_n_mz_,iej,_ﬂ_
N : Im&,, Y. =0,01 o 0
S = R
S Iy, Y =6,01 $ 1|
E S
- L — : — ‘ ~ L S p— _2 n_ ‘- L - T—
270w w7 w0’ w0 07 w? w7 0%
a 7
Gy
vr /
- /
S| Ime, =001 7
0 Vati
-5 ,g.f“{.(‘ Im Ch ))6’:0
) I | A ———
v owt ot wt vk 03 w? , "N
%
~ Puc. 16.4. 3aBHCHMOCTH BEJHYHHHI,
1wt I XapakTepusyiowefi JauHeliHOE 3aTy-
Q 7 xaHue (@, 6), k03(pHHUHEHTOB CBSA-
© 5| -l L 3H NMJasMEHHHIX (8, &) M NYYKOBHIX
- Re Uz:‘)i;'_oﬁl (d) BOAH OT IVIOTHOCTH Myu-
' " Recp, %0 , Ka (cmiomnble  KpHBbe — Ha
0 03 102 R mnﬁb’ puc. 16.4,2, 0 orBeyalOT THAPOIH-

HaMHYeCKOMY NPHOJIHKEHHIO; THAPO-
AMHAMHYECKHe H KHHEeTHYeCKHe 3Ha-
yeHuss Ha puc. 16.4, 8 coBmaaaior);

‘Eo=—0,93' 10-3; Ttb=15; V0b=

=77-10?
, . cp Puc. 16.5. 3aBucumocth Ko3ddHuHEHTA
-9 = T T Reg, B CBA3H MYYKOBON BOJHBI OT BOJHOBOrO
........ i ’17;52’2_5;0 of yncaa  NaasMeHHOH  Boamml | kol
L I'mczz’;f:g’ (cniouiMasl KpHBas paccyHTaHa B THI-
§ , Y ~
-15 ) L . — POJAHHAMHYECKOM npnéﬂm}(eunu); Npy=
Za AR A L =10-3, up=15, Vop=7,7-102

Jlng nna3MeHHBIX BOJH
g = 1,2 = Oy (1 + 8 + i6y), (16.29)
rie |8, |62] < 1. Bennuuns O; H 83 MOXKHO ONPeAE/NHUTH C NOMOLIBIO
(16.27) u (16.28) npu =0, uTo B KOHEYHOM cUeTe Aaer
‘ 0, = Wp, + i0,5v. (16.30)
Ota ¢dopmyaa MOJHOCTLIO corsacyercst ¢ AaHHBIMH pHc. 16.2,a.
OtMerum, uto auasg noaydenusi 8,70 HeoOXOJHMO yueCTb ABHXKEHHE
HOHOB, HA/JHYHE 3/1EKTPOHHOTO My4Ka U CTOJKHOBHTE/bHBIE WIECHB TO-
. 2
paaKa v/,
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IIpu paccMorpenuH myuKoBO# BOJHBI HEOGXOZUMO pPasJH4aTh HHU3-
KOTeMIIEPaTypHBIA H BHICOKOTEMIIEPATYpPHHIH npelesnbl. B mepsoM ciay-
vae

0y —kyVop

| Ess > (16.31)

s Up
u nocieatee crnaraemoe B (16.26) npuoGperaer Bug
(0hs/2K213) Gz = whol(y — kaV ).
Tlpennonaras eute, 4to
by~ — 20, /Vy,, | Ima, | L,
H HCNOABL3YS TOT XK€ cnocol, 4TO W AJs NJAa3MEHHbIX BOJH, HaxoIHM
@y = RV (1 — 0pp/V/ 3 — iva,,/12 V/3). (16.32)

Hanuune orpunatensHoii MuuMoH vactu B (16.32) ykaswiBaer Ha
BO3MOXKHOCTb TaK HAa3HIBAeMOH pe3HCcTHBHON Heycrofiuusoctu [9, 10],
KOTOpast pa3BUBAeTcs BCJEACTBHE TOrO, YTO NPH OTS0Pe IHEPrHH OT
BOJIHBl ¢ OTPHIIATEJBHOH 3HEpPrueil ee aMmauTyaa Hapacraer. Koadpdu-
I{HeHT HapacTaHus ONPeAessSIeTCs BEIHIHHOM

—Ime, ~3,1-107%,

B BrICOKOTeMnepaTypHOM mpejefe coorHomeHue (16.31) yrpauu-
Baer cuay. Oxmaxko M3 acuMnToTHdeckoro Buaa G (E) caenyer, 4ro

TeMnepatypHble 3 GeKTH CyLIeCTBEHHH JHIIL MPH YCAOBHH |Epo| <<
Hs (16.32) Buano, uro

| Eos | = (Vaglity) V N3 (16.33)
Takum o6pa3oM, y4eT TeMmeparypbl MyYKa HeOOXOJHM IIpH
2, > (Vo) V Ny3 =35, (16.34)

YTO MOATBEpXKIaeTcss AaHHBIMH pHc. 16.2,a.

 Haxkonen, yuuTeBasi, 4T0 OTHOCHTEJBHAsl IIOTHOCTHL flydKa MaJja
{Nop K N¢e), nosnyuaeM

| 9e/0wy | > | 0e/0wy, | , | O8/0wy | . (16.35)
Aro paer past Ko3QPUIHEHTOB CBSA3H
lal>lal, lal.

I/Is puc. 16.2,6 caexyer, 4To BJHSHHE TeMIepaTypH NyYKa Ha KO3d-
(HUHEHTB CBSA3H CTAHOBHTCS 3aMETHHIM NPH 4y~ 3,5, mpuuem eciu
v=0,01 wpe, TO ¢s He SABASACTCS BELIECTBEHHHIM B Ipejelie 1y—0.

" DddeKT BAMSHHS TeMIepaTyphl TNydka CylleCTBeH B 06jacT

10<uy <15, rie pas3oBas cKOPOCTb MYyYKOBOH BOJIHBI B CHCTEME OTCYe-
T4, CBA3aHHOH ¢ TYYKOM, HMeeT TOT XKe NOPSi0K BEJHUYHHBI, 9TO H
TEIJIOBas CKOPOCTb YACTHIL My4YKa, T. €. Habjaiojaercs pe30OHaHC BOJHH
¢ YacTHLAMH MyYKa.
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3aBHCHMOCTb OT HAmpaBJleHHOHW CKOPOCTH myuka. IlnasMenHnie BoOJ-
HH npH ycaoBHH (16.27) He HCHOBITBIBAIOT BJAMSHUSA NyYKa W TeMIle-
paTypnl cTauHOHapHOH mia3Mbl (cM. puc. 16.3,a). Jas myd4koBoH BOJ-
HE yqu TeMIepaTryphl MyyKa BaXKeH TpH

Vo <4V BV N, ~ 200, (16.36)

TOrAa Kak npu Gosee Bbicokux ckopoctsix (Vo,>200) MHHMas cocraB-
JsIollasi 4acToThl o0ycnoBJeHa TONBbKO HajJHuueM coyaapeHuii. B pe-
3ysnpTaTe MOXeT pas3BHBaTbcd cjabas JHHeHHAs HeycTOHYHBOCTB ¢
HHKPEMEHTOM

— M, = 0y V0p/6 V'3 . (16.37)

O BJHSIHHM v Ha BeJuuuHy Imme MOXHO CYAHTb IO KPHUBBIM, NIPHBe-
JeHHBIM Ha pHc. 16. 3,6.

ITpu V0b>200 uv=0 K03bPUIHEHTH CBSI3H BElLECTBEHHBI, IpYYEM
HX THApPOLMHAMHYECKHE M KHHETHYeCKHe 3HauyeHHs] NPaKTHYECKH COB-
nagaot. [Ipu vs=0 mMHUMBIe yacTH KO3(DOHUIHEHTOB Co H ¢; Majwl, a
MHHMasi 9acTh Cy OTHOCHTe/NbHO BesiHka. B obnacru Vop<<200 Bausinue
TeMnepaTypHbX 3¢ (eKTOB 3HAUHTENbHO, KO3 GUIHEHTH CBSA3U Co U C)
HUMEIT OJUHAKOBBIH MOPSifoK BeHuuHB (cM. pHe. 16.3,8), a xo3d-
(dUIMeHT ¢y OTHOCHTENBHO Maa (cM. puc. 16.3,2).

3asucumocTh OT maoTHoctH nyuka. Ecan N,<10-% 1o cnpasenin-

BO coortHollieHHe (16.30), HO mpu yBenHueHHU Ny 1 v==0 HaGionaer-
csl HEKOTOPOe BJIHSHHE NyuKa Ha nJa3MeHHble BOMHH (cM. puc. 16.4.a).
IyuyxkoBasi BoJHA HCHBITBIBAET CHJABHOE BJHSHHE TeMIepPaTypHBIX 3¢-
¢exro npu Np<<1,6-10~? (saryxanue Jlannay). IlpenesnHoe sHave-

uie Ny, mpu KOTOpOM TeMnepaTtypHble 3PGdeKTsl cTaHOBATCA Hecylle-
CTBEHHBIMH, MOXHO nosy4uth u3 (16.33) npu || ~ 4:

N, = 16,3 (@,/V,,) ~ 1,8-10~, ©(16.38)

4TO MNPEKPACHO COIVIACYETCH ¢ pe3yjbTaTaMH UYHCJIEHHOTO aHajHu3a
(cM. puc. 16.4,6).

3aBUCHMOCTH KO3(G(HUHEHTOB CBS3H OT IVIOTHOCTH Ny4Ka OYeHb
[I0XOXKH: OHH BO3pacTamwr ¢ yBeanueHueM Ny u npu Np=1 gocruraior
TOrO e IMOPSAKa BeJHYHHB, YTO U Cz. JlJs MONyYeHHs JOMHHHPYIOLIe-
ro BKJaja HEJHHeHHBIX c/araeMblXx NIpPH YMEpeHHBIX 3HA4YeHHSX Ha-
YaJAbHBIX aMIJHTYl HeOOXOAHMO HCIOJB30BATh OYEHb IJIOTHBIE MYYKH
(cm. puc. 16.4,8,2). Kak u cnenosano 0XumaTh, BJAHSHHE TeMrepa-
TYpHBIX 3(deKToB Ha KO3GbGHIHEHTH CBA3H yTpauuBaercs. HpH Np =
= 1,8-10-%. Bosee Toro, B 06JacTH BBICOKHX IJIOTHOCTeH MyuKa MHH-
Mble YacTH 3THX K03(HUUEHTOB NpeHeOpPeXHMO MaJbl 110 CPaBHEHHIO
€ BeleCTBEHHHMH (CM. pHc. 16.4,0). ,
. -Ilpn ManpX NAOTHOCTSX NyuKa (Nb~10—3) MOXHO IpeHebpeun
3aBHCHMOCTBLIO HAaCTOT Wo H ®; OT MapaMeTpoB NyYKa H IOJb30BATbCS
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npubauxentoi dopmyaoit (16.30). Pacuer nokaseiBaer, 4To npH 3ToM
|EO|{0,25. OjHako Ny4YKoBasi BOJIHA HCHHITHIBAET CHJLHOE BJHMSHHE
TeMIepaTypsi MydYka NpH JIOGHX 3HaueHHsX |Ro|, TaK KaK U BENHKO
(uy=15). B pesyapTare K03(bbUIHEHTH CBSI3H T@K¥Ke CHJIBHO 3aBHCAT
OT KHHeTHYecKHX 3(¢deKTOB, npuueM npH |ko| = 0,1 ans npaBHIbLHOrO
onucauus 3THX 3ddekToB TpebyeTcs yueT TeMIlepaTyphl Kak INydKa,
Tak M mIa3Mbl. B ompeneneHHBX 00/1acTSIX H3MeHEHHS NapaMeTpPOB
KHHeTHYeCKHE H CTOJKHOBHTeNbHBIE 3((deKTH CTaHOBATCH HACTOJBKO
3HaYUTeJbHBIMH, YTO MOTYT NMPHBOAHThL K H3MEeHEHHIO 3HAKOB KoaddH-
uuedtoB cBsi3n. Hanpumep, sHak Rec¢, u3MeHnsieTcs u3-3a KHHETH4e-
ckix sddexros npn |Bo|~10~% u H3-3a CTOJKHOBeHHi — mpH
|Bo| =~ 2,5-10~* (cm. puc. 16.5).

YucieHHoe pellieHHe CBA3AHHBIX YPAaBHEHHI

Hasa wccnenoBaHus 3BOJIOLMH aMIIUTYA H a3 IpH TeX 3HaYeHHsX
KO3 DHUIHEHTOB CBA3H H JHHEHHOr0 3aTyxaHHs, KOTOpble 00CyXAaaHCh
Bbllle, HEOOXOAUMO UHCIEHHOE HHTErPHPOBAHHE CBS3AHHBIX yPaBHEHHH.

H3BecTHO, 4TO B Npejese X0J0AHOH GecCTOJKHOBHTEAbHOH IJ1a3MHl
B paccMaTpHBaeMoil CHcTeMe MOXeT pasBHBAaThCs B3PHIBHAst HEyCTOH-
qugocTs [1]. [Ipu yuere CTONKHOBHTENbHBIX H KHHETHUECKHX 30 (deKToB
JJis ee PasBUTHA TpeJyercs, YTOOB HavyaJbHble AMILIHTYABl [IPEBOCXO-
JUJIH HEKOTOPHIH MOPOroBHif ypoBeHb (cM. ra. 10). DToT ypoBeHb BO3-
pacraer NmpH YcHAEHHH IHCCHIATHBHBIX 3(h(deKTOB M CHHXKaercsd MpPH
yBeadueHHH cHanl cBg3d. ITocneaHee MokeT OBITH AOCTHTHYTO C IO-
MOILBIO YBEJHUEHHs IJOTHOCTH mydka (cM. puc. 16.4, s, 2).

OTMeTHM, UTO NPH YHCAECHHOM HHTETPHPOBAHHH CHCTEMBI CBS3aHHBIX
ypasHeHU#H yN0GHO MOJb30BAThCsl HOPMHPOBKOH (7.4).

Ha puc. 16.6,a,6 npuseneHnl pe3yJabTaThl YHCJAEHHOrO pelleHHS,
TIpH 1I0AYYEHHH KOTOPOTO HCIOJb3OBAHB KO3(h®GHIHEHTH CBsI3H, NPHBE-

| Esl, ] ¢
B/mr
100
10°

10*

e e

e -0,005+
0
1 -
10 -0010}+ 105pr
e |
7 . 1 1 - | ll 1
0 7 2 3 5 6t

4

§

Puc. 16.6. Bpemennas spomouus ammauryau |E,| (¢) u dasu @ (6) npu pesu-
cTHBHONl HEYCTOMUHBOCTH
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IeHHBle Ha pHc. 16.4,a — 2. Ilpeanonaranoch, 4To MJOTHOCTH MyYKa

H IJa3Mbl OAMHAKOBH, T. €. Np=1 u v=0,01. IIpu sTomM pewenns auc-
NIEPCHOHHOI'0 YPaBHEHUS HMEIOT BHJ

o, =1,8+14,03.107% o, =1,06+i5,23-107%
W, = —2,24—i7,10.107%
YTO MAET AJIs IIPOU3BOAHBIX Og/0w:
9e/0w = 1,52 +11,14-10% J¢/dw = 1,61 —i1,46-107%;
Oe/0w = 1,26 + i 4,11-1072,

ITepexon ot mpuBeJeHHBIX 3/ech Ge3pa3MepHbIX BeJHUYHH K peasibHBIM
(pHU3HYECKHM BeJIHYHHAM OCYHIECTBJSIeTCS C MOMONIBIO IJ1a3MeHHOH yac-
TOTHl ®pp = 5,6-1010 ¢71

Pacuyer aMnuTys BBUTOJIHSIACS B MPeAIONOKEHHH Cl1a50r0 B3aHMO-
JCHCTBHS, T. e. IPH YCJOBHH

ALE|/E L Al ¢, | L1, (16.39)

rie A o3HauaeT H3MeHeHHe 32 BpPeMeHHOH HHTeDBaJ Mopsaxa o .
Tak kak xapakTepHoe BpeMsi B3aMMOJeHCTBHSI yMeHbLIAeTCS C BO3-
pacrtaHHeM ypoBHSI aMmHTYA, (16.39) sKBHBajeHTHO omnpelefeHHOMY
OTPaHHYEeHHIO Ha 3TOT ypoBeHb [AJs1 cpaBHeHus ¢ (16.39) Ha pucyHKax

NMOKa3aHa BeJHUHHA ®pe |. DHUIM BBIGpPaHBI CeayiOlilie HauajbHbIE
3HavyeHHs] a3 H aMMJAHTYA:

®0)=0; |E,|=|E |=10B/n™ |E,|~10°B/m.

ITockospKy a3oBele yribl Ko3¢hUIHEHTOB CBS3H MaJjibl, BeJHYHHA
(10.10) npakTHuecKu sIBASIETCST HHTerpajoM aBHKeHHs. [Tostomy oda-
3a @ ocraercs G/MH3KO[l K HyJIO B TedeHHe BCero BPEMeHH B3aHMO-
JeficTBusi (cM. pHc. 16.6,6) H OCHUANSALIHH AMIUIHTYABl OTCYTCTBYIOT
(cMm. puc. 16.6,a). Ha nHaganpHOH craguu mpouecca aMIVIHTYAbl BOJIH
0 n 1 yGBIBAIOT, @ aMIJIHTY/a BOJHBI 2 YBeJUYHBAETCS H3-3a HaJNHYUS
pe3HcTHBHOH HeycToHunBocTH. lpu {24 HC HesuHelHBIe cjiaraeMble
HA4YHHAIOT UrpaTth AOMHHHPYIOINYIO POJb B 3BOJIOUHMH BoaH 0 u I, u
npu t~ 6! Hc HacTynaer B3pHIB. AcHMITOTHYECKOe 3HAUEHHE (as3hl yAOB-
JIeTBOpPsieT ypaBHEHHUIO

Dtg (D (fw) + 0,11 = 0, (16.40)
4yTo Aaer AJs paccMarpusBaemoro caydas @ ({.)=-—0,01. Sro 3Haye-
HHe XOpoUIO corjacyeTcs ¢ pacyeTHBIMH  pe3yJabpTaTaMH  (CM.

puc. 16.6,6).

UnclieHHOEe HHTErpHpOBaHUE CBS3aHHBIX ypaBHeHHH TNIPOBOAMJIOCH
TaKXe IIpPH y4eTe 3aTyXaHHS BceX TPeX BOJH, a HMeHHO npH Imwy=
=Imw;=5-10"3, Imw;=2,32-10-3 (0;; ocTaBauch 6JU3KHMH K HYJIIO).
Oxazanoch, 4YTO OPOr HEYCTOHYMBOCTH B ITOM CAyHae Pacrojaraercs
mexay 2,71-105 u 2,72-10° B/m. s cpaBHeHHs: OLleHKa Iopora Io
(11.1) paer snauenue 2,5-10° B/M.
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OO0cyXeHne pe3yJdbTaToB

Pacuer 3aBHcUMOCTH KO3 (HIIHEHTOB CBSI3H [Js TPEXBOJHOBOH CH-
CTEMBI OT CKOPOCTH H NJOTHOCTH IIyyKa, a TaKXKe OT TeMIEepPaTypHBIX H
CTOJIKHOBUTE/BHBIX 3(¢deKTOB NOKasbiBaeT, 4TO.B 0O3/acTH peasbHBIX
3HaYeHHH TapaMeTpoB MJa3Mbl U MyYKa CyuIecTByeT 3HaAYHTENbHOE pac-
XOXK/JAeHHE MeXIy pPe3y/JbTaTaMH MaKpPOCKOMHYECKOr0 U KHHETHYECKOTO
omvcaHuii. B HH3KoTeMnepatypHOH obsacTH 3TO pacxoXiaeHHe 0OBsC-
Hsercss teM [11], 4To BOJHOBOE JBHXeHHe B KHHeTHUYECKOH MOIEJH
paccMaTpHBaeTcsi Kak ajHabaTHdeckuil mpolecc, Toraja Kak B Makpo-
CKONMYeCKOH MOZe/H OHO TPAKTyeTc B PaMKaX H30TePMHYECKOIrO OIH-
CaHus.

B paGorax [12, 13] Tak*ke paccMaTpHBaNHCh TPEXBOJHOBbIE CHCTEMBI
THIIa TeX, KOTOPBle NPOaHaJH3HPOBaHBl B Hacrosilell riase. [lepBas
U3 3THX paboT COAepPXHUT npeABapHTes]bHble Pe3yJbTaThl KCIEePHMeH-
TaNpbHOTO HCCJe0BaHHsT B3PBIBHOH HeycrofiuuBocTH. Pabora [14] mo-
CBSILIeHA TeOpeTHYeCKOMY HCCleJ0BaHHIO HeYCTOHYHBOCTH THIIA KOHyca
NOTEPb B 3€PKaNbHBIX JOBYIIKaX.

B paGore [15] ony6JnKOBaHH pe3ynbTaThl SKCIepHMEHTOB 110 H3Y-
YEeHHIO HEeYCTOHYHBOCTH B CHCTeMe HOHHBIH My4OK — [J1a3Ma, KOTOphie
COT/IacyIOTCs ¢ INpefCKa3aHHsSMH HeJUHeHHOH TeOpUH B3pBIBHOH He-
YCTOHYHBOCTH TpPex KOTePEeHTHO B3aMMOAEHCTBYIOUIMX BOJH. DTH pe-
3yJIbTATHl BBI3BIBAKOT OCOOBI HHTepec B CBSI3H C MpoOJieMoll Harpesa
[J1a3Mbl, TaK KaK OHH [OKA43bIBAIOT, YTO DHEPrusi oTGHpaercsi KdK OT
Ny4Ka, TaK H OT [0Jisi HaKauKH.

SBanpauun

16.1. PaccMOTpHM XOJIOAHYIO NJIA3MeHBO-NYYKOBYIO CHCTEMY € AHIJIEKTPHYECKOIk
IPOHHIAEMOCTBIO
2 2
P . Opb
© (0 — iv) (0 — &Vp) (0 — kVp — iv)

[O)

8(0), k)=1—

Ilycte B Takol cHcTeMe B3aHMOAEHCTBYIOT TPH BOJIHBI: TNYukoBas BoJHa 0 ¢ mojo-
JKUTEJbHON SHeprueff, myukoBas BoJHA | ¢ OTPHUIATeJHbHON 3HeprHell M NJa3MeHHas
BOJIHA 2, IpHYeM De30HAHCHBbIE YCJOBHA HMEIOT BHJI

Re wg=Re w1+ Re 02; ko=ki+k;,

rge Bce Re ®;>0. IlpeanosnoxuM Takxe, 4To Jiob6as H3 BOJH pacHpOCTpaHsercs
HapaJuiesibHO WIH aHTHNAPAMJIebHO NYYKY H YTO B JHMHEHAHOM NPHOJAMIKEHUH Tyd-
KOBas W IJa3MeHHas BOJIHBl HCILITHIBAIOT BJAHSHHE TOJNbKO NYYKa H CTAIHOHAPHOHR
IJ1a3Mbl COOTBETCTBEHHO.

Onpeneautsb k2 NpH BceX INePEYHCAEHHBIX YCIOBHAX.

16.2. Jlusnekrpuueckasd NPOHHIIAaeMOCTb €(®, k), YyKasanpas B [peAblayulei
3ajqade, COOTBETCTBYeT XOJIOAHOH IJIa3MeHHO-IYYKOBOH CHCcTeMe, B KOTOPOH 3Jek-
TPOHBI NYYKA W IJIa3Mbl XapaAKTePH3YIOTCH OAHOM M TOH Ke YaCTOTOH CTOJKHOBe-
Uit v. Halith maa storo cjaydasi NPOROJIbHOe HODMajbHOe KojebaHHe @ H YCTaHO-
BHTb COOTHOILIeHHe Mexay & H E.

16.3. Paccuutath KO3(PHUHEHTH CBS3H AJs B3aHUMOIefiCTBHA MeXAYy naasMen-
HBIMH U NYYKOBBHIMH BOJIHAMH B XOJOAHOH I/1a3MeHHO-NYYKOBOH CHCTeMe IIpH yuere
"9acTOTHl CTOJIKHOBenuil v. IIpu pacuere HcIoOJb30BaTh Te Ke Pe30HAHCHble YCJOBHA,
49T0 H B 3agave 16.1.
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I'JIABA 17
JUCNEPCHOHHDBIE 3®PEKTbI BTOPOTO NOPAIKA

Hacrosinzasi riaBa mocBsilleHa HccJegoBaHHiO 3P GdeKkToB, cBSI3aH-
HBIX C YY€TOM BTOPBIX MPOH3BOAHBIX AHCNEPCHOHHBIX (PYHKIMH 0 yac-
tore. ChHopMyJHPOBaHH ypaBHeHHS JIBHUIKEHUS AN aMIUIMTYA H a3
B3aHMOJeHCTBYIONIHX BOJH H HaHJAeHbl HHTerpaJ/bl ABHXKeHHS, cojlep-
JXKalve NHCIEPCHOHHBIE ciaraeMble Broporo nopsiika. Hannune rtakux
claraeMblXx NPHBOAUT K HAJIOXKEHHIO JOMOJHHTENbHBIX 'SBICTPBIX OC-
UHJAJIALHH Ha oOLIYHBIe HesqHHefiHble pelleHuss. OnpegeneH epuHOL
3THX KoJeOaHHH W MOKa3aHO, YTO MX aMIIUTYAbl MOTYT [IPH OmIpene-
JIeHHBIX YCJIOBHSIX YBEJHUHBATHC B pe3yjbTaTe HeJAHHEHHOTO B3aH-
mogaeiictBusg. OcoGeHHOCTBIO 3TOrO Mpolecca sBJSETCS TO, YTO Hapa-
CTaHHe BO3MOXKHO KaK INPH Pa3HbIX, TAK H NMPH OJUHAKOBHIX 3HaKaX
SHeprufl B3aUMOJAEHCTBYIOUIHX BOJH,

JucnepcuoHHble OCHMJ/LISALHNH, KOTOPHIE BBHITJASAAT Kak cBoeoGpas-
Has «psibb» Ha OOBIYHBIX HeJHHeHHBIX 3aBHCHMOCTSX, BHOCAT 3JeMeHT
HeomnpeJeJleHHOCTH B BOJIIOLHIO aMIIUTYA U (a3 U MOTYT IIO9TOMY HH-
TepHPeTUPOBATLCH KAaK pe3yJbTaT HHAETEPMHHHPOBAHHOCTH HadaJb-
HBIX yCJOBHH (cM. Takxke 1. 18).

IlocraHoBka 3amauu

Kak ormeuanoch B ri. 5, ofulee NHHAMHYECKOe YpaBHEHHe AJ
fIPOCTPAaHCTBEHHO-0IHOPOHOTO 3JEKTPHUECKOIO MO HMEET BHJ

(an QL ey 2oy .)1’3,- =NL,  (17.1)
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rae Dj=D;(w, k) — aucnepcuonnas ¢yukuus maasms;; N.L.— cymma
pPe30HaHCHHIX HeJHHEHHBIX c/laraeMsix.

Cuaeayer 3aMeTHTb, 4TO BO MHOrux paboTax yUHTBIBAeTCS TOJBKO
nepBasi npousBoaHas B (17.1). Kak npasuso, 370 ¢BsI3aHO ¢ TeM, 4TO
3HaYeHHE NPOH3BOJHBIX OBLICTPO YOBIBaeT ¢ yBeJHYEHHEM HX IOPSIKA.
B HekoTophix cayuasix, ogHako, 0D;/0w MaJgo [1, 2] u BTOpas npous-
BOJIHAsi OKa3bIBaeTcl AOMHHHpYIOHIeli. BoJee Toro, naxe Torjaa, Koria
02D;/0w? maso no cpaBHeHUIO ¢ 0D;/0w, MOTyT GHITH PeaJH30BAHBI Ta-
KHe YCJIOBHS, NPH BHINOJHEHHH KOTOPBIX UJeHaMH BTOPOTO IOPSIAKA
npeHe6peraTs Heab3s. 1103ToMy BO3HHKaeT 3ajfiaua MOCTPOEHHUS TEOPHH
HeJHHeHHOTO B3aHMOJAEHCTBHUS BOJIH ¢ yUeTOM JHCIEPCHOHHBIX 3dhdex-
TOB BTOPOrO mopsiika [3, 4].

BBoasi BeqIHUHMHY

1 62D;/0w?
2. oDjjde
H OCHOBBIBasich Ha ypaBHeHHsx Tuma (17.1), MOXHO moayuuth cie-
AYIONHE YPaBHEeHHS ABHKeHHS:
il —aj[uj PO; 4 g 0% 9y ]: T s, cos®;  (17.3a)
ot o o al
LT a,.[L ﬂ__( 99 ) ]+s,zﬁjku _UR in @. (17.36)
ot Uy o2 up
3Hak «MHHyc» B (17.3a) coorBercTByeT BOJHe 0, HHXKHHI — BOJHAM
1 v 2. MHOXHTeNb §; ONpefensieT, KaK U paHee, 3HAK 3HEPTHH BOJIHBI
i, a Bir=S;Rea; (cp.c ra. 14).

U3 ypasHenusi (17.3) chaenyer, uro paccMaTpHBaeMasi TPEXBOJHO-

Basi cHcTeMa HMeeT MHTerpajbl ABHKEHHS

0.¢ o .
ug(l — 26, 22 )+s0s1u§<1 — 25, 2% ) — My
(1—25 "“’; )—slszug <1_262 ‘9;;2 >=M1.:-,

< ouy )9] ! Eﬁmu %2 =T,
(17.5)

Ilpu suiBose (17.5) Henmosnb3oBaHa CUMMeETPHUYHOCTH MAaTPHIBL Brji, KO-
TOpasi BHITEKAeT H3 YCJOBHS COXPAHEHHS SHEPTHH B3aHMOJeHCTBHS.
CoorHomeHHst (17.4) uMeloT cMbica 06OGIIEHHBIX COOTHOWIEeHHH MaH-
A1 — Poy W BBIpaXKaloT 3aKOH COXPaHEHHS] SHePrHH BOJHOBOIO JABH-
XKenusi, [Ipy yuere aHcrmepcHOHHBIX 3()QEKTOB BTOPOro MOPSAKa 3Ta
SHEPTHS ONPEeIseTCsT COOTHOUIEHHEM

_Lﬂ — 95, 2% \EE,. ' 7
W) >, (1 28, 2 \ | (17.6)

8= — (17.2)

(17.4)

Uttty Sin O — —2— >80 ‘.uf (

KadecTBEeHHBIH aHAJU3 pelleHus

MoXHO O0XHA4Th, 4TO NPH Manbix §; AHUCIepCHOHHBIE 3D EKTH
BTOpOro MOPsijiKa B lejoM caabo Bosmynialor pemenue ¢ §;=0. Oana-
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KO HX BJHsIHHE MOXeT OKa3aTbcsl 3HAUUTENbHBIM B TeX obnacTax, rie
nepBasi NIPOH3BOJHAS OTHOCHTeNbHO MaJja. Kpome Toro, He ciaeanyer
yIOycKaTh M3 BHAA, YTO BBEJACHHE BHICUIMX NPOHU3BOJHBIX BJEUET 3a CO-
0ofi BBeleHHe HOBBIX HAYaJbHbIX YCJOBHH, T. €. B KOHEYHOM CYETe
NOSIBJI€HHE NOTOJHUTENbHBIX cTeneHeld cBOGOAb.

Ha puc. 17.1 npeacrassieno unclieHHoe pellleHHe 3aJadd O B3aHMO-
JeficTBHH BOJIH C IOJOXKHTEJNbHON H OTPHLLATENbHOH SHEPTHIMH B yCJO-
BHSIX cTaOUJIM3allMH B3PBIBHOI HEYCTONYHMBOCTH 3a cUeT HeJHHeHHOTO
caBura yacrotel. O6paniaer Ha ce0s BHUMaHHe XapakTepHas OCUHJJIS-
TOpHasl CTPYKTypa pelleHHs] BOJH3H MHHHMYMOB HEBO3MYIIEHHOTO pe-
IIeHHs] U 3aMeTHOe pasjHuie MaKCHMaJbHbIX 3HaueHu#l aMmauryd. M3
(17.5) BuaHO, 4TO AMcnepcHOHHbIE 3P (EKTH BTOPOrO TOPSIAKAa MOTYT
KakK YCHJHBAaTh, TaK H 0cjabJaTh cTaSuiH3HpylOLlee AeficTBue HeJsu-
HefHOTO CABMra 4acToTel. B mocnegHem ciyuae cHcTeMa MOXKeET OcCTa-
BaTbCsl HEYCTONUHBOIH [naxe NPH yuere cABHra uyacrothl (puc. 17.2),

? P

%

Puc. 17.1. BszaumopeiicTBHe MeXIAy BOJHAMH ¢ Puc. 17.2, PasButHe B3pHIB-
MOJIOXKHUTENHHOH H OTPHIATENBHOH  DHEPTHAMH HOH  HEYCTOHUMBOCTH  mNpRm
(80=—0,005; &;=—0,01; 8,=—0,02; Bjr= B3aHMOAEHCTBHE BOJH C 3HEP-
=—0,03) MMAMH  Da3/HYHbIX  3HaKOB

(6o=-—0,01; 61=62=0,01;

Bj2=—0,05)
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€CJIH  BeNHYHHA §; YNOBIETBOPSET YCHOBHAM sign 8o=sign for
sign gp=—signd; (j=1,2).

Bausiaue HavanbHbIX ycnoBui

HanGosee THNHYHBIM NPOSIBICHHEM AHCTIEPCHOHHBIX 3G (}eKTOB BTO-
POro Mopsiaka caykar OblcTpbie OCHH/IAUME (cM. puc. 17.1). Ouu
©OO0yC/IOBJIEHBl Ha/JHYHEM [ONOJHHUTENbHBIX cTeleHeH CBOGOABI H YaCTO
Moryt ObITh MOAaBJEHB NPH HaajdeXxanieM BbiGope HauaJpHBIX  VC-
JIOBH.

Taxk kak paccmaTpuBaeMble OCHHJJISIIMH XOPOUIO MPOSIBASIOTCS B
‘OCHOBHOM BOJ/IH3H MHHHMYyMOB HeBO3MYIIEHHBIX pelIeHHil, AJS HX H3y-
THeHUs JAOCTAaTOUYHO PEUIHTh CJAEAYIOLIYI0 CHCTEMY ypaBHeHHIL:

Ou;/0t — 8; [u0% /01 + 2 (O;/08) Ou ,/0t] = O; } a7.7)
O, /0t -+ O; [(1/u;) O°u;/0F2 — (Op,/3t)?] = 0. '
Drta CHCTeMa HMeeT HHTerpaJjbl ABHIKEHHUS
M; = u2 (1 -— 28,0,/01);
i ul( 7 ‘p]/ ) (17.8)
T; = (8;/2) [u (¢,/0t)* + (9u;/0?)

TlepBbifi M3 3THX HHTErpajioB OTBeyaeT 3aKOHY cOXpaHeHHsI BOJHOBOW
SHEPTHH, BTOPOIl — 3aKOHY COXPAHEHHSI 3HePIHH B3aHMOAEHCTBHSI.
2
Hcknouass @; u3 (17.8), nonyuaem peuwreHde ansi n;=u;:

nj = A;sin[(1/8)) t + ¥;] + B;, (17.9)
rape

A, =2V AR, @0, + M) ; B =4I8;+ M, (17.10)

Bripaxenue (17.9) onuceiBaer OCHMJVISLHMH C 4acToTOH op;=1/8; H
&a3oil P;, KoTOpas oNnpeesieTcss Havya/JbHBIMH YCJOBHSIMH.

He cneayer, Koneuno, 3a6bBaTb, YTO H3-3a HAJHYHSA CBSI3aHHBIX
cnaraembix cucrema (17.8) ne sBasiercs touHoii. Tem He MeHee dop-
myaa (17.9) ynoBieTBOPHTENbHO ONMHCHIBAET NPOLECC B3aHMONEHCTBHUSA
BO6JH3H MHHHMYMOB HEBO3MYII€HHBIX pelieHHH, B 4eM JIeTKO yOeIuThb-
Csi NyTeM CpaBHEHHS C pe3ysbTaTaMH YHCJAEHHOrO aHaausa. JTo
©O3Hayaer, 4t0 BeaH4HHbBl M; u I'; MOXHO paccMaTpuBaThb KakK IO-
CTOSHHBIE B TEYEHHE XapaKTepHOro BpeMmeHu ocuuaasuui. Ilpu 3na-
YUTeJbHBIX BapPHALUAX HEBO3MYLIECHHBIX BEJHYHH HEOOXOAHMO Y4H-
THIBaTb BPEeMEHHYIO 3aBUCHMOCTb A; u Bj. ®asa ; H3MeHSETCS TOJb-
KO NP CUJbHBIX H3MEHEHHsIX HeBoaMyulenHoro pemenus. Hakownel,
BpPEMEHHas 3aBHCUMOCTb BenHuHH M; u I'; onpenensiercss ypaBHEHHs-
MU /

L OM;/ot = F sj2uguyt, cos D;
or; 0¢; Ouj . . Oy ) 2).
=L = 5 (& gttty cos @ —L - wyy —E—sm(l) u— ;ﬁjkuk

ot o) 0

(17.11
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BpeMeHHas 3BOJIOLHSA OCLHJISA LM

B TeuyeHue .BpeMEéHH pa3BHTHS W CTaGHJIH3aLHH HEYCTOHYHBOCTH
BeJuunHE M; u T'; MOTyT, KOHeYHO, OYeHb CHJIBHO H3MeHAThbcs. Tak,
3Heprusi BosHbl M;, Tpoias dyepe3 MakCHMyM, BO3Bpallaercs K mep-
BOHAYaJbHOMY 3HadeHHI0. Ho 3Heprus camocorjacoBaHHOro B3aHMO-
aeictBua I'; mpoposizKaeT H3MEHSATbCSA, YTO YKa3biBaeT Ha CYILECTBO-
BaHHe MeXaHu3Ma oOMeHa 3Hepruefl MeXAy KPYNHOMACIITAGHBLIM .
NPOLIECCOM BPEMEHHOW 3BOJIOIHM ¥ MEJKOMACIUTAOHBIMH  OCLHJIINA-
uusmMu. HanpasJienue nepejayn sHepruu onpeaensercs (Gasoi ocuuJ-
JALHA B OKPECTHOCTH MakcuMyma. B ycioBusx pelleHHsi, mokasaH-
Horo Ha puc. 17.1, stpdektuBHas sHeprus B3auMonelcTBHs Iy, COOT-
BeTCTBYWOIlas KpynHoMmacuTabHoMy mpoieccy, yObBaeT, 4TO CKa3sbl-
Baercsi Ha 3BoJOUHH (asn. CienyeT HANOMHHUTb, YTO K -YMeHblle-
nuo ',y OPHBOAMT TakxkKe yder AHccHmauuu (cM. ra. 15).

Pe3oHaHcHoe B3auMoAeHCTBHE OCHUAIALHN

MN3-3a waaudus ocuuajsuuii npaseie dactH (17.11) moryT ObiTh
Heucuesawnie MaJbiMH Ja)xe B OKPECTHOCTAX MHHHMYMOB HEBO3MY-
HIeHHbIX pemieHdil. Ecau aMmauTyabl pa3judHBIX BOJH KoJebaworcs
C O/IMHAKOBOH YacTOTOH, TO HMX NPOU3BEJEHHE JaeT CTAlHOHAPHBIH
(pesonancunii) BkJaax B I';. Ilpu atom nosnas sHeprusi camocorJa-

coBaHHOro B3aumojefictBus sl monkma  coxpamsThes (31O
i

JEHCTBUTEJbHO BbINMOJNHAETCA BCJeAcTBHE oOMeHa 3Heprueil Mexay
ocuuaasuusaMu). OTciojla BhITeKaer, 4TO €CJH 3HaKH S;0; OJs Bcex
B3aHUMOJEHCTBYIOUUX BOJH HE OJAHHAKOBLI, TO AMIJIHTYAH OCIHJJIfA-
Uil 3THX BOJH MOIYT YBEJHYMBATbCA OAHOBpeMeHHo (puc. 17.3). B
TPOTHBHOM CJiydae HapacraHusi Het (puc. 17.4).

Takass kapTuHa aHaJorMyHa B3PHIBHOH HEYCTOHYHBOCTH B CHCTe-
Me TpeX CBf3aHHBIX BOJH BO BC€X OTHOLIEHHAX, 34 HCKJIUEHHEM TO-
ro, 4To 3/e€Cb He BaKHO, KaKasg HMEHHO M3 BOJH HMeeT OTpHIATeJb-
HYI0 3Hepruio ocuuansuuii. Becbma dacTHOMy cJydYaio paBeHCTBA
3HaKOB 3HEPruil OCUMJIISAUUHA COOTBETCTBYyeT peHleHHe COJHTOHHOIO
tuna (puc. 17.5), Korjga Bce aMNAHTYJAbl PaBHLl, a NOJHAs 3HEPrus
B3aHMOJIEHCTBHS ofpalilaercs B HyJb (cp. ¢ rJ. 14).

Yuyer 3aTyxaHus

MoxkHO 0XHxaTh, YTO B CHJIY ycaoBus 1/8;>v; 3atyxaHue He 6y-
JeT BJUATb Ha OOILYyW KAapTHHY HeJHHEHHOro B3aHMOMEHCTBHA C
y4eToM pucnepcHoHHHX 3(dexkToB BTOporo mnopsAaka. UucaeHHBIH
aHaJM3 TOKa3biBaeT, YTO 3TO AeHCTBHTENbHO Tak (puc. 17.6). Pemre-
Hue, mnpejacraBjieHHoe Ha puc. 17.6, cooTBercTByeT CJAydaw, Koria
OCHMJIJISIKM HMMEIOT HEDE30HAHCHBIH XapakTep H BO30yXIalOTCA B
OKPECTHOCTH MEPBOT0 MaKCHMyMa.
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t 0 7 2 t
Puc. 17.3. Pesonahc- PHe. 17.4. PemeHnne ans Puc. 17.5. PemeHHe coJH-
#oe HapacTaHHe aM- caydas TpeX B3aHMOAEH- TOHHOTO THNA AJsi CHCTe-

CTBYIOLLHX BOJH ¢ 3Hep-

TUIHTY B Ko.n(iﬁamm CHSIME  pasAMuHBX  3Ha- MBH  TpPeX B3aHMOJAENCT-
fIDH  B3aUMOJENCTBHU kOB  (8o=0,01, & =8,= BYIOIIMX BOJH C 3HepPrHs-
BOJH €  3HEPrusiMH =—0,01; Bjn=—0,05), MH Pa3JIHYHBIX 3HAKOB
Pa3IHYHEIX 3HAKOB yKasoiBaioliee  Ha - BO3- IIpH paBeHCTBE Bcex Ha-
S . _ MOXHOCTb yCTpPaHeHHs! OC- I'—
(8;=—0,01; Pin= HHAAIAE ¢ TOMOWbio Ta-  ANPHEIX  ammmaTyx (=
=—0,05) KOro mogGopa mapamer- =0; 80=0,01; 8;=0=

pOB, IIDH KOTOPOM SHep- =-—0,01; Bjr=-—0,05)
FHH  OCHMJISIUMH  BCeX
TpexX BOJH I[PHOGPETaoT

OJHHAKOBHIH 3HaK

BoJHbI ¢ 9HEpTHei OAHOr0 3HaKa

XapaxTepHoe mpoOsIBJIEHHE AMCNEPCHOHHHIX 3P (HEKTOB BTOPOro IO-
psAlKa coxpaHsercs M TOrja, KOrja BCE TPH B3aHUMOJEHCTBYIOIIHE
BOJIHBI HMEIOT 3HEPrHH OAMHAKOBOTO 3HaKa, JTO XOPOUIO HJJIIOCTPH-
pyercsi puc. 17.7, KOTOpBI COOTBETCTBYET PE30HAHCHO HApacTAaIOLIUM
OCIHJLJISIILUSIM.

MpeneabHblii CAydai Manbix §;

IIpencrapasier uHTEpec mMOBeJACHHE OCUMMISUME B mnpeneine §;—0.
IlpeneGperast kpynHomacurraGueiMu KoseGauusamu B (17.9), nosyua-
eM ;

@ny/oty = (1/8,) VI T; @0, + M) cos(1/8)) ¢+ ;1.

YuurwiBag, uro npu 6,—~0 I';~d;, nepenuumieM 3TO COOTHOLIEHHE B
BH]lE

an,/ot = VIS)T;M; cos[(1/8,)¢ + ;1.
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4 t 1

0 3 t 0 1 t
Puc. 17.6. BaauMopgeficTBHe BOJH C V3Heprm{Mu pas- Puc. 17.7. Bsaumogeifict~
JIMYHBIX 3HAKOB IIPH HAJHYHM JMHeRHOro 3aTyXaHMs BHE BOJH C 3HEPrUsiAMB
(60=—0,005; 6;=-—0,01; 8,=—0,02; B;n=—0,03; OJHOr0 3HaKa (Go=

vo=0,05; vi=0,1; v»,=0,2) =—0,005; 8;=0,005;

82=—0,005; PBsn=0)

Orcioga caepyer, 4ro aMmiutTyjaa On;/0f He 06A3aTe€NbHO CTPEMHTCS
K HyJI0 BMecTe ¢ 9; Tak Kak [';/8; mponopunoHaJbHO NPOM3BOAHBLIM
OCUHJAJNHPYIOLINX BedudHH. TakuMm oOpa3oM, CylmecTByeT BO3MOXK-
HOCTb MOJIYYEHHs] KOHEUHHX aMmIuTyn On;/0t upum 8;—~0, 1. e. MH
npnxogx]nM K OJHOW M3 Pa3sHOBHAHOCTEH peJaKcalHOHHLIX KoJjeba-
auit [5].

O6cyxpaense pe3yibraToB

Kak mbl y6egusnuch, yuer AHCIEPCHOHHBIX 3(h(EKTOB BTOPOro mo-
psilka NPHUBOAHUT K BO3HHKHOBEHHIO ACNOJHHTEJNbHBIX  OCIHJJISALHUE
amMnauTya u a3 B3auMoaeHcTBYIOmUX BoJH. PaKT nosBJAEHHS 3THX
OCHHJJNSAUMA He 3aBHCHT OT B3aHMOAEHCTBHSI BOJH, TAK KaK HX BO3-
6yxaeHue 0OYyCJIOBJEHO AONOJHHTEJbHBIMH HadaJbHHMHU YCJIOBHAMH,
CBA3AHHBIMH C yYETOM BTOPHIX MPOM3BOAHLIX. BsaumopeiicTBue BOJIH,
OHAKO, MO¥ET OKAa3hBaThb CHJbHOE BJHSHHE Ha OCUWIJALUHH, €CJAR
aMNJIMTYAbl M (as3bl BOJIH M3MEHSIOTCS € YacTOTOH TOTO JKe mopsijka,
YTO H YacTOTa OCUMJUISIMEH, HAM ecJH OCHHJJSLHHM HMeT pPe3oHaHC-

HBLIF Xapakxrep.
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Hnrtepecno, u4To maxke npu Majbix §; AuCHepCHOHHBle 3()eKTH
BTOPOro mnopsiika He o6s3aTe]bHO TpeHeOpexuMo Majnl. B cBA3u ¢
3THM BO3HHKAae€T BONPOC O 3aKOHHOCTH NpeHeOpeKeHHs [HCHepCcHOH-
HbIMH 3} derTamMu TpeTtbero H GoJiee BHICOKHX MOPAAKOB. OTBETHTb
Ha 3TOT BOmpoc, BooOmie roBops, OYeHb TPYAHO. B mnpuuuune sicHo,
4YTO NIpU ydeTe 3(eKkToB GoJiee BLICOKOTO MOPAAKA MNOSABJASIOTCS
HOBblEe BpeMeHHbie MacwiTabul [npumepHo 1/6® nna  sddexra
(k+1)-ro nopsanxa]. Kaxiblil HOBbIi NOpPAIOK O3HAUaeT NOSBJIEHHE
HOBOH cremeHu cBo6oganel. IlosToMy Kaxercs oYeHb €CTECTBEHHBIM
NPEeANOJIOXHTb, YTO HpH ydYeTe OdYepejHOro JHCIEePCHOHHOrO cJarae-
MOro Ha pelleHHe HH3LICFO TOPSAAKAa OYAYT HAKJAaARBATHCH OCLLHJI-
Jsauun ¢ 4acroroit 1/8®. IMToaGupasi mavajbHbie YCJIOBHS HajaJexa-
mwuM 00pa3oM, MOXKHO JOOHTBCA TOrO, YTO AMIVIUTYAbI OCLHJJSIHI
BCEX INOPSAKOB, KpOMe BTOpOro, OyayT npeHeGpexuMo MaJjniMH. B
TaKoM cJydae BJAHSHHEM AHCIHEPCHOHHBIX 3()(EKToB BbICHIEro NOPSJA-
Ka MOXKHO mpeHeGpedsb. :

Opnnaxo, aas toro 4to6ui y6emutbesi, yto psip (17.1) neiicrBuresn-
HO CXOJAHTCSl B KaKOM-JHOO YaCTHOM cJydae, HeOOXOAHMO BBIYHCJHUTH
BCE UJIEHBI Pa3JIOKeHHs, a 3TOo mpejacrasiser coGofl 3ajgadyy orpoMHoi
TpyAHOocTH. OTMETHM JHIIb, YTO YacCTOTa OCUMJIJISUHH ®pj, COOTBET-
CTByIOIIAs y4YeTy  AHUCIHEPCHOHHBIX cJlaraeMbIX BTOPOFO MOpPSA-
Ka, JOJXKHA NpUHAjJexath 06JacTH CXOAMMOCTH  Pa3JjIoXKeHHs
(17.1). .

Jucnepcuonnsie 3¢ deKkTsl BTOPOro HOpsiiKa BaXKHBI HE TOJBKO
IIOTOMY, 4TO CTMOCOOHBI CYLIECTBEHHO BJIHATb HA 3BOJIOUHIO AMIJIHTYJ,
¥ (a3 B3aUMOACHCTBYIOLUHX BOJIH, OHH IMPEACTABJAKT HHTEpeC Tak-
3K€ H B YHCTO TEOPETHYECKOM mJjaHe. JleJo B TOM, 4TO HpH ydyeTe ocC-
UHJAJAALME aMIJUTYabsl U (Dasbl BOJH CTAaHOBATCS MeHee OmpejeJeHHbI-
Mu. Ho 3Toii HeonpemeseHHOCTH MOJXKHA COOTBETCTBOBATbL OOJsblias
onpeneJeHHocTb 3HepruH BogHbl (17.6), kxoropass He MOXKeT OCHHJI-
Juposatb. [I03ToOMy caMocoriacoBaHHasi 4acTb 3HEPrHH B3aHMOJeH-
ctBust I'; urpaer posb HEKOTOGPOro B NPUHLHUIE HEYCTPAHHMOrO MH-
HHUMyMa 3HEpPrHH, KOTOPbIH JHIIb HE3HAYHTENbHO H3MEHSIeTCH MNpPH
B3aHMOJEHCTBHHU BOJIH.

3agaun

17.1. Mycth amnautyga A®) uMeeT BHA, YCTAHOBJEHHBIH IIpH peIIEHHH 3a-
naun 5.4. HaitTw ycioBHe, TPH BBITOJIHEHHH KOTOPOrO B3aMMOXEHCTBHE MOXKHO

CUHTaTh CcNa6OHeNHHEHHBIM.
17.2. BuBecTH BoipaxeHne (17.6) Aasi sHepruH mMOJst C y4eTOM JHCNEPCHOHHBIX

9¢dexTOB BTOPOro MOPAAKA.
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['JTABA 18

B3AUMOJLENCTBUE BOJIH C KOHEYHOM WIHPHHOMA
CIIEKTPA
B NPOCTPAHCTBE BOJIHOBbLIX BEKTOPOB

[Tpu ouenke 06s1aCTH NPUMEHUMOCTH TEOPHH KOTEPEHTHOro0 B3aH-
MOJEUCTBHS BOJIH - HEH30EXKHO BO3HHKAET BONPOC (YHAAMEHTAJBHOTO
XapakKTepa: KaK CHJbHO 3aBHCAT pe3yJbTaThl 3TOH TEOPHH OT ydeTa
KOHEYHO{l HIHPHUHLI CHEKTPa B3auMOZeHcTBYHOMHUX BoJH? Jlis oTBera
Ha 3TOT Bompoc Tpebfyercs, BooGlLie roBOpsi, NpPUBJIEUEHHE TEOPHH
B3aUMOJEHCTBUS] YaCTHYHO KOTCPEHTHHIX BOJIH.

B sToil riaBe mpeanpHHHMAaeTcs NONBITKA M3Y4YeHHs CBOHCTB Ta-
Koit ofmie#l cucTeMbl Ha OCHOBE PacCMOTpPEHWS B3aHMOAEHCTBHS BOJ-
HOBHIX [AKETOB, KaXKALI M3 KOTOPBIX pacllenJsiercs Ha KOHeYHoe
YHCJIO Y3KHX CyOIaxkeToB, KOT€pPEHTHO B3aHMOAEHCTBYIOUIHX ¢ cybna-
KeTaMH APyruX NakeTos.

B pesynbrare Takoro paccMOTpeHHs NOKa3aHO, YTO NpPH YaCTHY-
HO KOTe¢pEHTHOM B3aHUMOJCHCTBHH HHTEHCHBHOCTH «B CPEIHEM>» OCLHJI-
JHUPYIOT OKOJIO ypOBHEH, onpejiensieMblX B NPHOJMIKEHHH CaydafHBIX
¢das. Bosaee toro, HabJiofaeTcs ofuias TeHaeHuus ocsabjeHus: B3au-
MOJCHCTBHS HPH OTKJIOHEHHH OT KOTepEeHTHOIO COCTOSIHHSA.

Ananu3 MalIHHHBIX 3KCOEPHMEHTOB YKa3hIBaeT HAa TO, 4TO BCJAEMA-
CTBHE HeJuHeHHOro B3auMojelcTBHA pasfpoc (a3 pas3iuyHbLIX naKe-
TOB OCHU/JHPYeT H B cpejHeM BospacraeT. Hauasabueii pasbajanc
Mexay (asaMu Tpex B3aHMONEHCTBYIOUUHX BOJH (ecJH TaKOBOH
HMEeTCqd) NO MNPOUIECTBHH HEKOTOPOro BpeMeHH CrjaxKHpaercd, TaK
Kak ¢as3pl paBHOMEDHO pacnpeae/fioTcs MO makKeTaM B NMOJHOM COOT-
BeTCTBHH C NPEACKA3aHHUSMH TCOPHH.

BoaHosble maKeThbl

OrpaHuynMcsi paccMOTpeHHeM BOJHOBHX [TAKETOB C He3HAYHTENb-
HOA MIMPUHOH CHeKTpa B MPOCTPAHCTBE BOJHOBBLIX BEKTOPOB. MoXHO
npeamnojarath, 4To B 3TOM cJydae cHCTeMa CBSI3aHHBIX BOJH Oyjer
HMETb TaKOl e BHJ, KaK M NpH pacCMOTPEHHH BOJH THNA yeIHHEH-
HBIX (Qypbe-KOMINOHEHT B R-NPOCTPAHCTBE, T. €. MOHOXPOMATHUECKHX
Boay [I].

Crnenyer OTMeTHTb, YTO mOnoOHAst HJe€aJM3aLHsl BO3MOXKHA TOJb-
KO MPH PACCMOTPEHHH HEOrpaHHYEeHHOH NPOCTPAHCTBEHHO-OJHOPOAHOMH
cpeinl, KOrja aMmJIUTYAb B3aUMOAEHCTBYIOLIMX BOJH H3MEHSIOTCA BO
BpeMeHH, Ho He B mpocrpanctse. Ho maxe B Takoll cpene BOJIHBE
OOLIYHO HMEIOT KOHEUHbie CHEKTPhl Mo R, a B3aHMoJEHCTBHE MeXIY
BOJIHAMH NPUBOAMT K YUIHPEHHIO 3THX CneKTpoB. KoHeuHoCTh crnekTpa
B k-mpocTpaHCTBe 03HAYaeT HEMOHOXPOMATHYHOCTb BousHBL [lose Ta-
KON BOJIHBI (HJIH BOJIHOBOIO TaKeTa) eCTeCTBEHHO TPeACTaBATbL B BH-
Je Cynepno3HLUHH MOHOXPOMATHYECKHX BOJIH:

E(r, 1) = [Exexp{i[o (k)  —kr]} dk, (18.1)
rae o (k) onpenensiercss JUCIEPCHOHHBIM ypaBHEHHEM.
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Bpemsa KorepeHTHOCTH

BenlencTBue KOHEYHOCTH CmeKTpa mo  MOJe BOJHOBOTO makera
fI0 HCTEYEHHH HEKOTOPOr0 XapaKTePHCTHYECKOro BpeMeHH T Oyjer
3aMETHO OTJIHYaTbCS OT COOTBETCTBYIOIET0 MOHOXPOMATHYECKOTO I[O-
Jif. DTO BpeMs MOXKHO OLEHHTb Caelyiomum obpasom. IIpegnooxum,
Y4TO B HaYaJbHbIH MOMEHT ¢asnl Bcex kommoHent Ex B (18.1) oam-
HaKOBHI, U 0003HAYUM T BpeMms, 3a KoTopoe pasiuyue mexay ¢dasa-
MH BOJIH ¢ MHEHMAJbHOH M MaKCHMaJjbHOH HacTOTaMH mnakeTa ao-
crurger g. Torza

T = 71/dw, (18.2)

rje 8w — UINpHHA YaCTOTHOrO CIEKTpa.
Bpems v, ompeaensemoe Bmipaxennem (18.2), GyxeMm HaswiBaTh
BpeMeHeM KorepentHocTH. C HOMOLIBIO COOTHOLICHHUS

S0 =~ (dw/dk) Sk
€ro MOXKHO CBf3aTb TakKXKe ¢ IIHPHHOH CmeKTpa B R-mpocTpaHCTBe:
=~ n/[(0w/dk) Sk]. (18.3)

ITpu Bpemenax, GoJbuinx v, Gasbl pa3jHYHBIX BOJH, 06pPasyoOLHX
flaKeT, yKe HeJb3si CYHTATb XOPOHIO OMpeAeJeHHBIMH, a4 MPH BpEMe-
HaX, 3HAUHTEJbHO MNPEBHIIAIOIIMX BPEMS KOrePEHTHOCTH, BOJHOBOH
TIaKeT cJejyer paccMaTpHBaTh KaK maker co caydaliHbiMu Qaszamu
[1]. Marematuyeckoe oXHAaHHE AaAMIJUTYALl TAKOrO MNakKeTa paBHO
HyJ10. Hanpotus, npu BpeMeHax, MHOr0 MEHbUIMX BpPEMEHH KOrepeHT-
HOCTH, BOJIHOBOH makeT BejeT cefs Kak MOHOXpoMaTHYecKas BOJHA
(naxeT ¢ KorepeHTHHIMH (hazamHu).

Taxum o6pa3om, xapaxkTep BOJHOBOrO NMakKera 3aBHCHT OT BpeMe-
HY H3MEepeHHs WM OT XapPaKTEepHCTHYECKOro BpeMeHH (H3HYECKOro
fipoilecca, B KOTOPOM NPHHHMAeT ydacTHE PAacCMaTPHBAEMBbIl BOJHO-
Bo#t maker. B3aauMmopeilicTBue makeToB cO CJAy4alHbIMH (asaMu cCylie-
cTBeHHO ortaudaercs [1—3] oT B3aHMOZEHCTBHS KOU€PEHTHHIX NakKe-
toB. Huske paccMoTpeH mpoOMeXKyTOYHBIA caydail.

B3auMojeficTBre BOJHOBBIX MAKETOB

[Tpu koneuHo# mupHHE CHEKTPa TOUHOE PE30HAHCHOE YCJIOBHE AJs
BOJIHOBBIX BEKTODOB MPOH3BOJbHO BBIGDAHHBIX BOJIH M3 TPEX MaKeToB
He BoimoJHsercd. M3 o6umell npouenypsl BbBOZA YPaBHEHHH CBA3aH-
HbIX BOJIH (CM. TJ. 3) W TeopeMB O CBEPTKE SCHO, YTO ypaBHEHHe
JJst ypbe-KoMnoHeHTsl Ax  J0JXKHO HMETb BHI

A
Ttk— = S Vi Ax—r Ay’ exp [IA(D (k') fdk’, (1 84)
rjie Vg — Ko3hUIUenT cBs3H, 3aBucswuit ot k u k/, 1

Ao (k) = o (k—K') + o (k') — o K). (18.5)

Ypasuenue (18.4) cocraBJjsier OCHOBY 1J1si ONHCAHHS B3aHUMOJEHCTBUSA
TpeX BOJIHOBLIX MAKETOB B NMEPBOM HEJIHHEHHOM MOPANKE.
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IMpeanonoxum, 40 Ak, Ax—x u Axr OTHOCATCH K PasIHYHbLIM
BOJHOBbIM nakeraM. Torza ypaBuenue (18.4) 6ymer onuchiBaTth
BJHSHHE ABYX pas3JuYHbIX (ypbe-KOMIMOHEHT H3 [AByX NaKeTOB Ha
BPEMEHHYIO 3BOJIOLHIO (hypbe-KOMIOHEHTHl K3 Tperbero nakera. B
NpUHIHIE 3TO ypaBHEHHe NPHUTOAHO [JJs ONHCAHUA KaK MaJblX, Tak
n Goabwux Ao (k). Onnako cyumiecTBeHHBIH BKAajy BO B3aHMOAEHCT-
BHE [AIOT TOJbKO Te y4acTku cnektpa no k’, nas xotophix Ao MadJo.
Jns peanu3aluu KOrepeHTHOro INOBEJEHHS BOJHOBBIX MAaKeTOB B Te-
YyeHHe BpeMEHH B3aHMOJeHCTBHSI HX YACTOTHLIA CHEKTD JOJIKEH yAOB-
JIeTBOPSTh COOTHOILEHHIO

8o; & T/t (18.6)

Thae fp— xapakrepHoe BpeMs B3aumogeiictBus. Ecam 3To neicTsu-
‘TeJLHO Tak, TO MOXKHO CUHTaTh, 4TO BCE BOJIHH, COCTaBJsIOLIME ma-
KeT, MMeT OJHHAKOBYyi0 4actory. Torga mnpounrerpupyem (18.4) mo

Puc. 18.1. PacluennenHe BOJHOBOTO NMAKeTa Ha MapUHAJbLHHE BOAHH (2) ¥ Hauaab-
HOe BO30yxJeHHe IapUMAJbHBIX BOJH (0)

k u k’, npenebperasi npu 3ToM H3MeHeHHeM Ao (I NPOCTOTHI Gy-
JeM CYHTaTh NOCTOSHHBIM TAKKE Ukk’):

040t = v, Ai/ly exp (iAo, (18.7)

Tae :
Ay= [ Ak, A= [Awdk—K); A=[Aedk. (18.8)

Vinrerpuposanne B (18.8) npoBoauTcsi mo TOH 4YacTH Kaxa0ro M3
IIaKeTOB, KOTOPAas Jaet BKJAaJ BO B3aMMOLEHCTBHE.

AnajOrHYHO MOXKHO TNOJYYHTb JBa JAPYrHX YypaBHEHHS THNA
(18.7), a TeM caMbiM H BCIO CHCTEMY CBSI3aHHBIX YDPaBHCHHH, OMHCHI-
BaolUIyl0 B3aUMOAEHCTBHE BOJHOBBIX NAKETOB B pacCMaTpUBAaEMOM
npHOJIHKEHHH. YCJIOBHE KOrepeHTHOCTH BbIPAaXKaeTcs B TOM, YTO INPH
MHTErPHPOBAHUH MO BOJIHOBLIM NAaKeTaM PaccoryiacoBaHHe YacToT A
TpeanosaraerTcsi mOCTOSHHBIM. ECJAM  3TO ycJoBHEe HE BHINOJHSETCS
JJst Bceir o6JsiacTH B3aMMOACHCTBHA, TO ee MOXHO pa36UTb Ha MNOA-
obaactd, B npelenax Koropuix Ae mocrosiuno (puc. 18.1,a). Hure-
rpupoBanue mno mnomobmsactu [ BosHOBOro mnakera k HPUBOAHT K TO-
HATHIO aMIVIUTYAB napuuasnbHolt Bosubl Ap; (3Jech uHEeKC k2 yKa-
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3bIBA€T HA NpHHAAJEeXKHOCTDb onpenesieHHOMY BOJIHOBOMY nakertry, T. e.
He BOJIHOBOE YHCJO). VYpaBHEHHS ABMXKEHHS IS 3THX aAMIIHTY.
3aNHCHIBAIOTCS B BHJE

04, ; .
WL = ; vki;klAmAﬂ exp (1Awjy,; ). (18.9)

le/I 3TOM LEHTPAaJbHLIE BOJHOBBLIE BEKTODHI napuHaJbHbiX  BOJIH
YAOBJIETBOPAIOT COOTHOHICHHAM -

koi = klk “,_ k2l.

ITpoGaeMa B3aUMOACHCTBHS B MOCACAHEM CJydYae 3HAYHUTENbHO
YCIOXHAETCHA, TAK KaK AJs e€e pacCMOTpeHHs] TpefyeTcsi pelieHHe CH-
cTeMbl ypasuenui tena (18.9) aas Bcex mapuHaJbHBIX BOJH. YCJO-
BH€e KOrepeHTHOCTH yJOBJIETBOPSIETCS Telepb TOJbKO HAa YpOBHE B3au-
MOJEeHCTBUS NapLHaJbHbIX BOJH, HO HE HA ypOBHE B3aHMOAEHCTBHS
BOJIHOBHIX NAKETOB B 1EJOM, KOTOpoe mnpHoOpeTaeT 4YacCTHYHO KoOre-
PEHTHBIH XapakTep.

OtmeruM, 4To u3-3a Ha/M4us B npaBoii yactu (18.9) caaraemsbix,
CoiepkauluX PAacCTPONKY YacTOThl Awmjn, AMIJIUTYJAH B ofLIeM CJIy-
4ae OCUMAJMHPYIOT Bo BpeMeHu. [Ipn GosblioM dHCIE OapuHaJbHbIX
BOJIH CO cjaydaliHeIMH (a3aMH OCUHJJHpYIOLMe cJaraeMble KOMIeH-
CHPYIOT ApYyr Apyra, H HeHYJeBOH BKJaL BO B3auMojelcTBhe HAIOT
JHEb caraeMble ¢ MaJbiMH Ae. B nopoGHOR cutyauuk B3auMoiei-
CTBHe sBJIsieTCsl CaabblM, a €ro xapakrepHoe BpeMs, Hao6opot, 00Jb-
HIMUM, YTO TIO3BOJISIET YCPEAHHTb AHHAMHUYECKHE ypaBHEHHA mno (as3am
[1] ¥ monyunth Tem caMbiM YpaBHEHHS [ IOJHbIX HHTEHCHBHOCTEH
BOJIHOBHIX NMaKeTOB (MW 4HCEJ KBAHTOB). JTH ypaBHEHHUsSI W3BECTHH
KaK ypaBHeHHs mnpHOJUXKEHHS cJaydYalHbnX ¢das H 34ecb paccMaTpH-
BaTbhcsl He Oynyr. s cpaBHeHHs, OJHAKO, MOJE3HO HANOMHHTb, 4TO
B TakoM mnpuO/JIMXKEHHH HHTEHCHBHOCTH BOJH C OJHHAKOBHIMH 3Ha-
KaMH 3HEPTrHH CTPEMSTCH K CTAlMOHADHbIM 3HAYCHHAM, YAOBJETBO-
PAIOILLIUM COOTHOIIEHHIO

Ul = Ul + 1L, (18.10)

rae [; — uHTEHCUBHOCTh makera j, a wHaekc 0 cOOTBETCTByeT MNaKeTy
c MakcuMaJbHOH yactoroif. MuTeHcuBHOocTH [; yIOBJETBOPAIOT Tak-

XKe cooTHoIeHHAM Msuiau—Poy
I+ 1L, =My, I,—I,=M,,. (18.11)

YpaBHeHHS ¥ MHTErPaJbl ABUKEHHS AJs CHCTEMb
TPeX BOJHOBBIX MAKETOB

Ilas GoJiee JeTaJbHOrO H3yYeHHS] B3aHMOJEHCTBHS TPEX BOJHO-
BHIX TAKETOB lLeJecoobpasHo mpeob6pasoBaTh obuiyio cucremy (18.9),
3aNMMCaHHYI0 B .KOMIUIEKCHOH ¢)opMe, K cHCTeMe ypaBHEHHI OTHO-
CHTEJbHO BLIGPAHHHIX MNOAXOASAMIMM 06GDa30M BELIECTBEHHLIX BeJIH-
ypH. Ilpu TakoM npeoGpa3oBanuu OyjaeM npeianoJjaraTb, YTO BOJHO-
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)
Bbl€ HaKeThl JOCTATOYHO XOPOuUIo JoKanuzoBann B k-mpoctpaHcrse,
T4aK YTO BHINOJHSETCS YCJIOBHE

[Ak | L | k. (18.12)

.Ecau (18.12) ynopaerBopsercs, To K03 (HUIHEHTH CBA3H, 3aBHCSLIHE
ot k u w(k), oueHp Maso u3MeHsIOTCS B Npejenax BOJHOBBIX MaKe-
ToB. IIpene6peras 3TuM u3MeHeHHeM, Mbl OyieM CUHTATb BCe K03(d-
¢buuHeHTH cBA3H B ypaBHeHusix tuna (18.9) mocTosiHHBIMH H OAHHA-
KOBLIMH. Torga ecTecTBeHHO HCMOJB30BATH TaKylo HOPDMHPOBKY (cM.
Ta. 7), OpH KOTOPOH 3TH KO3()DHUHCHTH PABHBI €IHHHIE.

Hna nepexoja K BeILeCTBEHHBIM yDaBHEHHAM IOJOKHM

Ajpp= | Ajp | exp(itoz), (18.13)

TJie MHJeKCH | U R yKasblBaloT HOMepa BOJHOBBIX NAKeTOB M MaplH-
AJNbHBIX BOJH COOTBETCTBEHHO, H BBEJE€M BEJHYHHBI

Dy = to; — P11 — D (18.14)
44
A®jpp = p; — @y — By, (18.15)
rue
o = o k), (18.16)

k;x — UeHTpaJbHLIe BOJHOBbiE BEKTOPbI NApPUHAJIbHBIX BOJH, YAOBJET-
BOPSIOLIHE YCJIOBUIO COrJ1acOBaHUS

ko; = ko, + kg (18.17)

- OO603HauuB peHOpMHpOBaHHble aMMIHTYAbl |Aj;| Kax uz, moay-
YHM CJIEeAYIOULYIo CHCTeMY ypaBHeHuir [4]:

Ol
__;‘;_J = ; Uypliy; €0s (@1 + Awjpit); (18.18a)
Ousp, —_ 2 Uyjlla1 COS (ijz +- A(Djklt); (18186)
ot al ,
Ouy 2 Ugjtiyy, €08 (D4 + Awjyt); (18.188)
ot - :
9%oj _ N _Hikal Gip (@, b); 8.1
ot ; oy 0 (Pras + Avyail) (15180
Opin _ Uojhal o . cit):
5 IEI . sin (q)]kl + A(D]klt)i (18'18ﬂ)
o Ugill .
= o S (@t Aopud). (18.18¢)

ik

OTa cucreMa 3amHCAHA B NPEANOJOXKEHHH, 4TO 3HAKH KoadduuueH-
TOB CBS3U [/ BOAH H3 mnakera 0 (3TH BOJIHH COCTaBJSIIOT NAKeT C
HauboJbillell 4YACTOTOH) HPOTHBONOJOXKHEL 3HaKaM  Ko3(@HIHEHTOB
CBSI3H BOJIH, IpHHaMJIeXAlIuX nakeram I u 2.
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OrmeruM, 4To cymMmbi B mpaBnix dactsix (18.18) comepskat mpo-
H3BEJE€HHS aMIVINTYZA BCeX NapuHajbHbLIX BOJH, YAOBJIETBOPSIOLIHX
yeaosuio (18.17). IloatoMy cTpyKTypa CBsI3H MOXKET B OmNpejes]eHHO#
CTeneHH 3aBHCeTh OT cmocofa pa3bueHHs NAKeTOB HA MapilHaJbHble
BOJIHbL. B cBfI3H ¢ 3THM HanmoOMHHM, YTO COrJIaCHO pe3yJbTatam rJ. 9
BJIUSIHHE PACCTPDOHKHM 4aCTOThl HAa B3aHMOJACHCTBHE HMEET NOPOTOBLI
Xapakrep B Toi of6JacT, rie BeJHuuHa, oOpaTHas paccTpoiike ua-
CTOTHI, CPAaBHHMAa C XapaKTEePHbLIM BpeMeHeM BaauMoneiictBusi. Ecuau
paccrpofika MeHblle HEKOTODOro HOPOroBOrO 3HAuYeHHs, TO CHJa CBS-
3u u3MeHseTcs HesHaduTesabHo. Ho npu Ae, mpeBHIIaOmux moporo-
BO€ 3HaueHHe, B3auMojelcTBHe pe3ko ocaabasercs [5—7]. Iloarto-
My B nepBoM NPHOJHXKEHHH MOXHO He YyYHTHIBATL BJIHSHHE pac-
CTPOHKH Awjn; HA B3aHMOJeHCcTBHE TeX BOJH, A5 KOTOPHIX OHA MEHb-
ule MOPOroBOro 3HaueHHS, H ONYCTHTb YpaBHEHHSA, B KOTOPHIX Awju
NpEeBLILIAET NMOPOroBoe 3Ha4eHHe, MOJYYHB T€M CaMBbIM CHCTEMY THIIA
(18.18) C A(Djkl=0.

Jlist Toro 4ToOB HAWTH HMHTErpaJbl ABHXKEHHS M CPaBHHUTb HX C
HHTErpajaMH ABHKEHHS, NOJYYeHHBIMH B NPHOJHXKEHHH CJAy4aidHbIX
¢das, BBEgEM ciaeayloulee onpeleseHHe HHTCHCHBHOCTH BOJIHOBOro Ina-
KeTa:

I =3, (18.19)

Takoe omnpepgesneHue corsacyercsi ¢ TeM (AKTOM, YTO COOTHOLIEHHE
(18.6) BBImosHsAETCH TOJbLKO AJSI OTAEJbHHX NapuHajibHbIX BOJIH, HO
He nJs makera B unesoMm. Ha ocuose (18.18) moayuum

ol —_
6; = 4 2 Euojulkuﬂ COos ®]'kl’ (18.20)
ikl

rfe 3HaK «MHHYC» COOTBETCTByeT makery 0 M CyMMHpOBaHHE INPOBO-
JUTCS 1O BCEM BOJHAM, YYacCTBYIOUMIMM BO B3auMonelictBuH. Takum
ofpasoM, cyMMa oiHa M Ta Xe aJasa Bcex I, (n=0, 1, 2), 4yro npu-
BOJHMT K cootnomenusiM Msuau—Poy

IL+L,=M; I,—1I,=M,. _ (18.21)
STH COOTHOWIEHHS HMEIOT TOT K€ BHJI, Y4TO U B NPHOJHIKEHHH CJy-
yaligbelx (pa3. Beeas eme cymmy guﬁkaq),.k/at, MOJyYUM COXPaHSIc-

Iylocs BEJWYHHY, COOTBETCTBYIONUIYIO 3HEPTHR B3aHMOLeicTBus [4]:
% Ug gty SN @y =T, (18.22)
I

rjie CyMMHPOBAHHE CHOBAa MNPOBOJMTCI MO BCEM BOJHAM, JalOLHM
HEeHCYe3aoulnil BKAA BO B3aHMO/EHCTBHE.

3akon coxpanenus (18.22) ykaswBaer Ha ONpEeIEJEHHYIO CTENEHb
Koppeasuuu Mexzay (asaMH B3aHMOAEHCTBYIOIIMX BOJH H TNO3TOMY
He UMeeT MecTa B NpUOJHkKeHHH caydaiinelx ¢as. CyliecTBeHHO, 4To
3TH KODPEeASILHH MOILYT COXPaHATbCS HA NPOTAKEHHH BCErO BPEMEHH
B3auMojeHCcTBUS. 3aMETHM TaKxke, YTO BHJ 33KOHOB COXPaHEHHS
(18.21) wu {(18.22) ue saBucCHT OT cmocofa’ pa3bHeHHs TNaKeToB Ha
napuMasbHbie BOJIHHL. ‘
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CpaBHeHHe C KOTEPEHTHLIM TPEXBOJHOBLIM B3AWMOAEHCTBHEM

Kak Bumno us cucremb ypasuennii (18.18), npu manmx BpemeHax
KOrepPeHTHOCTH (T. €. NIPH OTHOCHTEJNBHO IUHPOKHX YACTOTHHIX CIIEK-
TPax B3aHMOJEHCTBYIOIIHX BOJH) 4YHCJO CTeneHed CBOGOIBI CHCTe-
Mbl Bo3pactaer. HamomHHM, 4TO TpexBoJIHOBasi cHCTeMa ONHChIBaeTcCs
YpPaBHeHHAMH

0u2/0t = F 2uyuut, cos ©; (18.23a)
00/t =T (ug?— U7 — u3?), (18.236)

rae
I' = uuu, sin @, (18.24)

BosBpamasick’ K omucanHio B3aHMOAEHCTBHS BOJHOBHIX I1aKeTOB,
OnpefeNnM BeJHYHHbI

/95 N_ L, %om _ T
Noo /U ;uik ot 1 (18.23)

0o,
5 > (18.26)

S OOm N\ S %% S 00 S
N a /N a S N o /S N\

Hcnonpsys (18.20), nonyuaem

01;/0t = F 2n{uyjuptis; cos @pprd;
it i (18.27)
{00ty =T (I5' —IT' — I3 ),
rae
[ = nuyuptty; Sin @y ). (18.28)
3lech n—4HCIO CBA3eH, T. e. wHCJAO cJaaraeMblix B cymmax (18.20)
u (18.22).

B cootBerctBHH ¢ (18.23a) 3Hak NPOM3BOJAHOM aMIIHTYAbl OIpe-
pgensetrca dason @, a coornourenne (18.236) ykaswiBaeT Ha TO, YTO
3HaK TIPOHM3BOAHOH (a3bl H3MEHAETCAd B MOMEHT NPOXOXKACHHSA HH-
TEHCHBHOCTSIMM YPOBHEH, COOTBETCTBYIOHIMX NpPHOJHKEHHIO cJyyaii-
HeiX ¢a3. Orcioga cjeayer, 4TO HHTEHCHBHOCTH JOJKHBI HCIBITHIBAThb
Kose6aHus OTHOCHTENbHO 3THX ypOBHel. AMIJIHTYJa 3THX Koaeba-
HU, OJHAKO, HH IPH KaKHX OOCTOATeNbCTBAX He YMEHbIIaeTcs, T. e.
HHTEHCHBHOCTH He BBIXOAST HAa YPOBEHb, COOTBETCTBYIOIUMi IPUOJH-
KeHHIo cayuaiHbix ¢a3. Tem we Mmenee u3 (18.27) BuAaHO, uTO B 4a-
CTHYHO KOr€peHTHOM B3aHMOJeHCTBHH HHTEHCHBHOCTH B CpPeIHEM Tak-
;K€ HMEIOT TeHAEHIHI0O K KoJaeGaHHAM OKOJO YPOBHell, xapaKTepHHIX
AN NpUOJUKEeHHS caydaiiHblx (a3, HO B3aHMOAEHCTBHe B 3TOM CJY-
gae cjaafee, UeM INPH HaJHYHH KOTEPEHTHOCTH. B3auMoneficTBHE OKa-
3bIBaeTCcsl O0COGEHHO caalbbiM, eclu ciaraemble mpaBoit wactu (18.20)
cTpeMstca K HyJio. Jas 3TOro HeoO6XOAHMO, UTOOBl  MHOXKHTEJH
cos ®;,; uMesH CaydyadHHE XapaKTep H HE KOpPPeJHpOBaJH C Ipo-
U3BeJleHHEeM aMIUIUTYH Uojtlipléz. KosneOaHuA HHTEHCHBHOCTEH OKOJIO
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YPOBHEH, COOTBETCTBYIOMHX NPHOGJHKEHHIO CIaydaiHbix (a3, o6ycJoB-
JIEHBl ycpeiHeHHbIM H3MeHeHHeM Djn. B 1o ke Bpemsa no mepe pas-
BHTHs B3aWMOJeHcTBHA (aspl Bce 0OJjlee NePeMEIIHBAIOTCA, YTO MPH-
BOJHUT K OCJAab/JeHHI0O B3aUMOACHCTBHSA H K IOCTEHNEHHOMY NPHOJHKe-
HHIO HX HMHTEHCHBHOCTEH K YPOBHIO, XapaKTepHOMY JjJs TNpHOGIHKe-
HUs cayvarHpix ¢as. Caenyer, ofHaKo, HMETh B BHAY, YTO B CHJY
cootHowenus (18.28) Bceraa cymiecTByeT HEKOTOpash KOHEYHas aM-
JUTYAHO-(a30Bast KOppeJALHA, H IOSTOMY II0 IpPOLIECTBHH HEKOTO-
POro BpeMeHH TeHIEHUHMS BBIXOJA Ha YPOBEHb, COOTBETCTBYIOLIHH
MpUOJHKEHHIO CcAydYafiHbIX ¢as, ocnabasietcd, a 3aTeM H COBCEM
yTpauHBaeTcs.

B03MOXHOCTb ONHCAHHSI YAaCTHYHO KOUeDeHTHOH CHCTeMBl C TIO-
MombI0 cootHomenu#t (18.27) osHavaer, 4TO0 HeKOTOpyl0 HHPOpMa-
IHI0 O TakOH CHCTéME MOXKHO MOJY4YHTh HelOCpPeICTBEHHO Ha OCHOBE
3HaHHs CBOHWCTB COOTBETCTBYIOLIeji KOrepeHTHOH cHcTeMbl. Takoi
nyTe OB HCNOJNB30BaH B pabore [8] mpH paccMOTPEHHH BJHSHHS
YACTOTHOrO YUIHPEHHS JHHHH H CBSI3aHHOH C TAaKHM YUIHPEHHEM Heo-
TIpefesieHHOCTH (a3 Ha HeyCTOHUHBYIO CHCTeMy B3DBIBHOIO THMNA, a
Takke B pabore [9] mpu HccaenOBaHHH BJAHSIHMSI 3BOJIOIHH HeOIlpe-
ZeNeHHOCTH (a3 Ha (a3y KOHKDPETHOH BOJHBEI B CHCTeMe CO cTaOHJH-
3anueii B3pBIBHOH HEYCTOHYHMBOCTH 32 CYeT HeJMHEHHOro CJIBHra 4a-
CTOTHl TPETBEro NOPAAKA.

OTMeTUM, 4TO MOBejeHHE CTAOHJIH3HPOBAaHHON CHCTEMBI B3PBHIBHOTO
THIIA HMEeT TOT XK€ INEePHOJHYECKHH XapaKTep, 4TO W B YCTOHUHBOH
.CHCTeMe, paccMaTpHBaeMOH B HacTosimien raase. Pas6poc ¢da3 Kakoi-
JIH60 OAHOH BOJIHEI M3 3TOH CHCTEMBI 32 XapakKTepHOe BpeMs B3aHMO-
JleficTBHSI mepejpaercsl ABYyM APYrHM BoJHaM. B pe3dyibTaTe BO3HHKa-
10T KoJebanus pasbpoca ¢as, KOTOPEe B KOHEYHOM cyeTe NPHBOAAT
K paBHOpacmpene/yeHHio a3 Mexay B3aHMOAEHCTBYIOHIHMH BOJHa-
‘MH. DTO NOATBEpPKAAeTCA H YHCJEHHBIM peIleHHeM CHCTeMbl THIa
(18:18).

Ycpennenuble ypaBHenus (18.27) omuchlBaloT KoJeGaHHS OTHOCH-
‘TeJIbHO YPOBHs caydaitHbix ¢as. Jdas Toro 4To6bl HCCJaeA0BaTh NPUO-
JIHXKEHHe K 3TOMY YpPOBHIO, Heo0xoAumo 6oJiee AeTaslbHOE ONHCaHHeE.
Tlpogonxkasi aHAJOrHIO ¢ KOTe€pPeHTHBIM B3aHMOJEHCTBHEM, 3aMETHM,
YTO B BbIpaxKeHHWe AJS NOTEHUHAJbHOH (QYHKUHH 7 BXOJAHMT BeJHYH-
Ha T2, Bo3pacTaHHIO KOTOPOH COOTBETCTBYeT YMEHbIIEGHHE OCLHJJISA-
Ui aMIautyasl (cum. ra1. 9). B cBS3M ¢ 3THM mpeacTaBJ/sieT HHTepec
HM3y4yeHHE BeJHYHHBI ‘

]2 rr=>y [ ; Uyt gl SN CD,-kl]‘{

i

KOTOpasi aHaJH3UpYeTCH YHCJIEHHbIM METOAOM B IOCHAeJHEM pasjiele
HacTofimelN TIJ1aBHL.

Bropoe Bbipaxenue (18.27) moxHO 0606muTh Ha cay4a#, Korjaa
HeJb3si TpeHeOperaTh BJHAHHEM paccOrJlacOBaHHBIX —cJaraeMbiX B
CBSI3aHHBIX YPaBHEHHAX HA CPeJHee 3HAUeHHe NMPOH3BOAHOH (a3sl IO
‘BpeMeHH. JIJs1 yyeTa 3TOro BJHSHHS HeoOXOAMMO 06OGIIMTH HHTErpaJ
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gBuxenust I'. B kauecTBe oTHpaBHOH TOYKH HCHOJb3yeM raMHJbTOHH-

adH CHCTEMBI
H = %]m,.huﬁk + 2 ]guojulkuzlsin On1s (18.29)

rie
Bn1 = 0pj — O, — B413
Oip = @t + ¢ (18.30)

ITpu wanuumu paccornacoBaHHs MOJHAs BOJHOBAS 3HEPLHS XM X
Tk

2 o .
X Ujr He coxpansieTcsl # HeoOOXOMHMO HaiTH HOBBIH cnmoco6 pa3dueHus
H na aBe mocrosiHHBIE YAaCTH. DTO MOXKHO CleJaTh, BBOAS CIABHHYTHE

4aCTOTBl ®j; TaK, YTOOBI BHINOJHAJOCH COOTHOIIEHHE
Wy = O, =+ 0.

Torpa monyuum
o = 0, + Aoy, Aoy, = Avy; — Aoy — Aoy,

Herpyano npoBeputs, 4ro
W = %w}ku%k (18.31)

SIBJISIETCS HHTErpajioM ABHIKEHHS, a 3TO JaeT OCHOBAaHHE ONpeJesHTh
- BeJTHYHHY

—.1 .
=<2 Awjtt, + 2 Uyl SN By, (18.32)
jk

ikl

KOTOpasi u NpeiacTaBjseT co0oii uckoMoe 0000HieHHe HHTErpasa JABH-

xenusa T.

Tenepp MoxHO HaiiTH Bequuuny 00;,/0t). [eiicTBys Tak xe,
Kak npu pacuere {0M;,/0t) us (18 26), U HCIOAb3ysl TIPH 3TOM
(18.30) u (18.32), Haxoaum

/ 09; 1 9 aejk

1 1 1
—tL SN =— VY, T = [T—— Aco-u‘%)—f—— 70
K jk . TR jk . ik
N S 1 A ot 1,( 2]2k 112
H

(8 = oo (-t ) (). a0

e (Ao = (o) — (wiy — <0y Cwp) = (1) Fichon.

B mpeanosoxeHHH, 4TO LEHTPaJbHble 4acTOThl NOJHOCTBIO COrJa-
coBansl, BesuunHa {Ae) ™ana. [Ipy sTOM TeHAEHUMS K OCIMJJSA-
UM OKOJIO ypPOBHs cayyaiiHbix (a3 coxpanserca. [lpu Goaburux
{Aw) B3aumojelicTBHe OyJeT HCIBITHIBATb YyCPeJHEHHE TOrO XKe
THIIZ, YTO W NPH HAJHYHH KOTE€PEHTHOCTH.
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)’nmpeﬂﬂe H pacnaj BOJIHbI HAKa4yK{d Npn MPOHHKHOBECHHU B miasmy

Hucaennbii ananus cucrems (18.18) Ml mpoBeem ags cayuas,
TIpeJICTaBJSAIOMEr0 OCOOLIA HHTepeCc B CBfA3H ¢ MpoGJaeMoil B3aumosei-
CTBHS JIa3epHOro H3Jy4YeHHAa ¢ njaasMoit. Ilpeamosnoxum, uTo BosHa
€ MAaKCHMaJIbHOH 4YacTOTOH mNpeacraBfseT coboii Ja3epHylO BOJHY
6oIbUIOH aMIJIUTYAH, MPOHHKAIOULYIO B IIa3My, e MMEIoTCS M1Ja3-
MeHHbIE HJIH HOHHO-3BYKOBbI€ BOJIHbI IIYMOBOro xapakrtepa. OTmeTHM,
4TO TIPH PEUICHHH TAKOH 3aj4ayu B KadecTBe He3aBHCHMOH MNepeMeH-
HO# cJe0Ba 0 Gbl HCNOJb30BaTh NPOCTPAHCTBEHHYIO KOOPAHHATY, HO
CYHIECTBO peIleHHs] OT 3TOre He H3MeEHsercs.

Haa toro uto6e pewnts (18.18), mpexae Bcero HeOOXOAHMO
ONPENEJHTh YHCJIO BOJIH B KaXKAOM TNaKeTe M CTPYKTYpy cBfsu. UHc-
JI0 BOJIH BbIOepeM paBHBIM YeTbipeM (aHaJH3 [Js1 BOCbMH BOJH He
TIPHUBOJHT K KaKUM-THOO HOBBIM OCODEHHOCTSIM), a CTPYKTYpy CBSI3H
3aJajluM pe3oHaHCHHIM ycaoBHeMm (18.17) nasi LeHTpaabHBIX BOJHO-
BbIX BEKTOPOB KaXJOro naketa. PaspelieHHe no BOJHOBbIM BEKTOpaM
MeXJy COCeIHHMH INapuHaJbHbIMH BOJHAMH, BooOlie roBops, 3aBH-
CHT OT OTHOCHTEJbHOH INHPHHB HX CHeKTpoB. [loCKOJBKY 3TH BeJHu-
YHHBI MOJKHO BBIGDAThH MPOM3BOJBHBIM 00pa3oM, HPEANONOKHM, UTO
BCe NaplHajJbHble BOJHBL HMEIOT CHNEKTPH OJHHAKOBOH IIMPHHBI H,
cJIe10BaTesIbHO, pa3pelileHHe 0 BOJHOBHIM YHcJIam noctosinHo. Ilpen-
TOJIOXKHUM TaKXKe, uTO LIEHTPaJbHBlE NaplHajdbHble BOJIHBI KaKAOTO H3
TpeX NaKeTOB MOJHOCTbIO COTJacoBaHbl (B NakeTe C YETHHM YHCJIOM
BOJIH EHTPAJbHOI CYMTAETCS Ta H3 JABYX BOJH, KOTOpas HMeeT 60Jib-
1Iee BOJIHOBOE YHCJO K).

KauecTBenHbIf BHJ HayaJbHOro BO30OYyXKIeHHS NOKasaH Ha pHC.
18.1,6. B pesyabTaTe CBSI3M MeXIY CHJIBHO BO30YXKACHHOH BOJIHOM
Uop U TMAPAMH BOJH Uiz, Uzp, Ui, Usz M Uys, U1 AMIIUTYIBl NJA3MEH-
HBIX BOJIH HaYHHAIOT HapacTaTbh, YTO NPHBOAHMT B JajbHeHLIeM K yIIH-
‘PEHHIO CIIEKTPa BOJHB M3 makera 0 H3-3a CBSI3u ¢ GOKOBOH BOJHOH
Uo1. DTO TNPOHCXOAUT NPH BpeMeHax INOpsiAKa BpeMeHH oc/abJeHHs
aMIJIMTYAbl BOJIHB HAaKauykKH udpg. IlosiHOEe mpencTaBjeHHe O BpeMeEH-
HOH 3BOJIIOLHH HHTEHCHBHOCTeH naeT puc. 18.2, KOTOPHIH COOTBETCTBY-
eT TakKOMY cJjydaio, Koraa (asbl BOJIH H3 naketoB / U 2 H3MEHAIOT-
cq auHefino B uHTepBase oT 0 a0 2m, pas3wl BOJHB M3 nakera 0
3akJloueHsl B HHTepBajse oT O 10 m/2, a HayajbHble HHTEHCHBHOCTH
Iy u Iy paBuel [B cuny coorHoumenus (18.21) 370 paBeHCTBO He Ha-
pyllaeTcsl B TeUeHHe BCEro BPeMeHH B3auMojeficTBu].

Jlasi MccaefoBanus 3BOMIonuH ¢as @j, BBeleM yCpeAHEHHYIO a3y

1
()= T, S i (18.34)
3jech COrjacHO HaulleMy Bbl6OpY 0< @y <2m W yulHpeHHe daswr
Gd)j B (I/Ij)zufk l ¢fk_<¢f> J N (1835)

The | by —(b | <.

TIpeanonoKuM, UTO B CHTYalLHH, KOTOPOi COOTBETCTBYeT puc. 18.2,
pasbpoc ¢as Boan H3 makeroB / u 2 6au30K X 1,5, a pasbpoc das.
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Puc. 18.2. PesyabraThl uMCIeHHOro aHaausa cherembl (18.18), moayyenHBle mpu BHI-

fope B KaAOM [aKeTe YETHIPeX NapuHaJbHBIX BOJH C HavyaJbHBIMM aMIIATYZaMH

up;=0,1 (j5=2), uge=6, u;;=us;=0,2 B npeanosnoxenuyn, uro $assl ¥y; u d2 Hs-

MEHSIIOTCSL JIMHeHHO B uHTepsale oT 0 20 2n U O0<Cdho; << /2. IIyHKTUPHBIMM JIH-

HUSMH II0Ka3aH YPOBEHb HHTEHCHBHOCTH, PACCUMTAHHBIH B NPHOJMMKEHHH CIydaHHBIX
¢as npu I'=~ 0,62

BOJIH H3 makeTa U mepBoHauaJbHO OoueHb MaJ. Toraa 3a Bpems pac-
Tiaja BOJHBL HaKaukh pa3dpoc ¢a3 BoaH H3 nakera 0 GBICTPO YBe-
JIMYHBAeTCS] U 3aTeM OCUMJJHPYET caydaiHbiM obpaszom (puc. 18.3).

59

N

0

Puc. 18.3. Opomouus pasbpoca a3 B cayyae, COOTBeTCTByOIlem puc. 18.2

OrmeTuM, 4YTO NPHOMMKEHHIO CAy4aiHBIX (a3 COOTBETCTBYeT 3Haue-
HHe

8, = /2. (18.36)
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B npomexyTtke MexJy BpeMeneM pacnaja f; 4 BpeMeHeM o, IPH
KOTOpPOM HaYHHAeTCsd BHIXOJ Ha ypOBeHb CJAyYaHHIX (a3, cyuiecTByeT
006J1acTh CHMMETPHYHBIX OCUHJAMALHN. B Heit Bo30yxJAeHb Bce mnap-
nHaJbHBle BOJHHE M HabJiopaercss Gosbuoit pasdpoc das.

IMpu ¢>¢; cunpHasg Koppessdunuss MeX1y IPOH3BEAECHHIMH AaMIJIH-
TYL UpjUhiplier B MHOXKHTENEM cOS Dy ocaabasercs, B pe3yJbraTe ye-
IO HHTEHCHBHOCTH CTPeMATCA K YDOBHAM, COOTBETCTBYIOHIHM IIPHO-
JHXEHHIO caydainblx (as. XapakTep 3TOro mpouecca, BOOOmE TOBO-
pf, 3aBHCHT OT 3HAa4YeHHs MHTerpaJsa JBHMKeHHUsA (B PacCMOTPEHHOM
Bhimle cayuae I'=—~0,62). [Ipu maabix 3Hauenusx [' BausHHe HHTEH-
CHBHOCTElf Ha yCpeJHEeHHYIO NPOH3BOAHYIO (a3bl TaKxke MaJjo, Toraa
Kak npH Ooabminx |I'| cHcTeme mpHCYHIH CHJbHBIE KOpPpEJSIHH, KO-
TOpbIE NMPHBOIAT K TOMY, 4TO ()a3bl HCNBITHIBAIOT CHJbHBIE OCLHJJISA-
IHH Ha NPOTSIKEHWH AJHTeabHOro BpeMenu. OQHAKO B NPOMENKYTKE
MeXay f; u fp xapakTep OCUHJJISIHUI NPAKTHYECKH He 3aBHCHT OT I’
IPH H3MeHeHHH 3TOH BEJHYHHb B OUYEHb IIHPOKHX Mpeesax.

3aBucuMocTh OT I' H3yYasu ¢ IOMOILbIO H3MEHEHHS HAa4YaJbHOIO
yPOBHSI BO30OyXKaeHus makeroB / u 2 mpH cOXpaHeHHH YPOBHS BO3-
6yxaenusa makera 0 w Bcex HadanbHHIX (pa3. B pesyabrate ObIIO 10-
Ka3aHo, 4TO XapaKTep OCUHAJALHH, KaK H pPasHocTb fp—I;, ocTaercsd
[OYTH HEM3MEHHBIM JO TeX Iop, moka I' uMeeT TOT XKe NOPALOK Be-
auuunbl, yto u M;=I—I, (Is=1I,;). VIHTepecHO cpaBHUTbL 3TOT pe-
3yJbTaT ¢ pe3yJbTaTOM AJs KOTepPeHTHOr0 B3aHMOJEHCTBHSA, KOraa
KODHH NOTeHUHa bHOH (QYHKUMH rt(X) OUeHb Maso H3MEHAITCSA INPH
usmenenun I', eciu I'&«M. B uacTHOCTH, oueHb MaJso 3aBHCHT OT T
IEePHOAHYHOCTb MpOlecca, -TaK KaK OHa omnpepeasercs pasHOCThIO
KopHeit mosuHoMa m(x). [IpH HauasJbHBIX YCJOBHAX, HCIOJAb3YEMBIX
B paccMaTpuUBaeMbiX MAUIHHHbIX JKCIEPHMeHTaX, HadaJbHOe 3Haye-
are I'? 61H3KO K BeJHYHHE

2 . 2
Zri = 2[ Z Ul iy SIN D gy ] )
] !

BpeMeHHas 3BOJIOLHA KOTOpOi mokasaHa Ha puc. 18.4. Ilpu t>fs
BeJHYHHA 21’? CHJIBHO YBEJHYHBAETCA, UYTO COOTBETCTBYET BBIXONY
i

Ha ypoBeHb, XapaKTepHbIH A4 mpHOJHKEHHs CaydaiHbix ¢as.

24
2
400
200-
P 4
0 . 2

Puc. 18.4. BpemenHaa SBOJIOUHS BEJIHYHHBI ZI"}’, paccuHTaHHasi Ha OCHOBE YHCJIeH-

HBIX AAHHHIX pHC. 18.2
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Ecnu usmenuTh HauanbHble yCJIOBHSI TakKuM o6pas3om, uToOb ¢a-
3B NPHHHMaJH CJydaliHble 3HauyeHHs W3 HHTepBana 0—2m, TO MOXK-
HO 0XHJaTh ocnabjeHHs aMIIMTYAHO-(a3oBOil KOppelAlHH, a cJae-
J0BaTeJNbHO, H YMEHbUIEHHA O6JaCTH pEeryJaspHBIX OCHHMJALHA B
TpoMexXyTKe MexXAy f; H fp. Takoe mpeanoJioXkKeHHEe MOJHOCTbIO MNOJ-
TBepXKJaeTcs Pe3yabTaTOM MAUIHHHOro 3KcmepuMenta (puc. 18.5).

Iy

Z
30 L I1 :IZ
20}

|- ‘ :
A
I

AN l l | ’ \ ‘

0 2 4 6 8 10 2 ¢

Puc. 18.5. PesyapTaTel uncieHHoro anaaMda cucremul (18.18), moayuenHble mnpH

TeX e Haya/JbHBIX 3HAYEHHAX AMILIATYJ, YTO H JaHHBle pHc. 18.2, HO mpm Hepe-

TYJSIPHOM H3MEHEeHHH HauaJbHBIX (a3 BOAH u3 nakeros [ W 2 B jauanasone ot 0
no 2n u I'=0,46

3aBHCHMOCTH, H300pa:keHHble Ha pHc. 18.6, oTBeyaloT TeMm xKe
HayaJbHBIM YCJOBHAM, 4TO H pHc. 18.5, npu caepyiomux nabopax
YaCTOT B3aHMOAEHCTBYIOUHX BOJIH:
0y = 2005; @,y = 1505; ,y = 500;
g2 = 2000; oy, = 1500; w,y = 500;
03 = 1995; @3 = 1495; wy = 500;
0gq = 1990; ,, = 1485; o, = 500,
Kak BHAHO, paccTpoiika 4acTOThl CIOCOOCTBYeT NepeMeLIHBAHHUIO

$a3, a TeM caMbiM H 3(Q(EKTHBHOMY yMEHbLIEHHIO 00JacTH CHM-
MEeTPHYHBIX OCIHHAJAIHH. .

deosouus pasépoca ¢as

C nomoulbio HajJexallero BhI6Opa HaYaJbHbIX YCJOBHH JJ aM-
MJUTY] MOXKHO MCCIeloBAaTh BPEMEHHYIO 3BOJIOLHIO pasbpoca ¢as
Kakoro-an6o BosHoBoro nakera [4]. Puc. 18.7 coorsercTByer cayuyao,
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Puc. 18.7. BpemeHHas 3BOJMIONHA IepBOHAYaJbHO MaJjoro pasbpoca ¢$as BoJH H3
naketa 0 npu YCAOBHH, 4TO HavaJbHBIH pa3bpoc $as BoaH M3 makeroB I H 2 paBen
HYJIIO

KOrja MNepBOHAYaJbHO HMeeTcss HeGoJblIol pa3bpoc ¢a3 BOAH H3
naketa 0, a ¢assl Bcex BOJH, NPHHaaJeXamux nakeram / u 2, pas-
uel. Tak Kak BHauaje nakethl I u 2 cnabo BO3OYXKJIEHB!, OHH OKa3bl-
BalOTCA OueHb YYBCTBHTEJNbHBIMHM K mepenave pasbpoca ¢as, H mosTo-
My yKe IIpu BPEMeHaX, MEHbIINX DacmajHoro BpeMeHH fj, npHoOpe-
TalOT HEKOTOpbli pa3bpoc ¢a3. B okpecTHocTH BpemeHH f; pas-
6poc ¢a3 BosH u3 makeTa (0 HCOBITHIBaeT Pe3KHil POCT, TOcje Yero
HacTymaer nepuoj koJebanuir pasbpoca (a3 Mexay pa3iHYHBIMH
nakeramu. K KoHuy mponecca, u3o6paxeHHoro Ha puc. 18.7, pas6poc
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¢a3 mouTH OAMHAKOB AJA BceX mnakeroB. Ciaeayer o6paTHTh BHHMa-
HHe HA CXOJCTBO TaKOH KapTHHBI C 3BOJIOLHeH (a3 NmpH KOrepeHTHOM
TPeXBOJHOBOM B3aumofeficreuu [9].

O0Gcyxaenue pe3yabTaToB

[Tpo6iema B3aMMOJEHCTBHSI YaCTHYHO KOTE€PEHTHBIX BOJH B 06-
LieM cjydae OueHb CJIOXKHA, TAaK KaK OHAa CBOJAHUTCA K PACCMOTPEHHIO
B3aHMOJAEHCTBHA B CHCTeMe OOJBLIOIO YHCJAA BOJH HJAH OCHHAIATO-
poB [10—18]. Moxuo nokasaTh, YTO TakKas CHCTeMa MO HCT€YEHHH
JIOCTAaTOYHO OOJBUIOTO BpPEMEHH MOXKET BO3BPATHThCA K CBOEMY Ha-
yajbHOMYy cocTossHHIO [19]. OnHaKO NpH KOPOTKHX BPEMEHHBIX Mac-
wTabax 3Ta CHCTeMa CTPEMHTCA K BBIXOAY Ha YpOBEHb, COOTBETCT-
BylOmHH npuOJHXKeHHIO caydafiHbix ¢a3. Korga ¢assl CTaHOBSTCS
ClyuyafiHbIMH, B3aHMOJeHCTBHe 0cCaalJsieTcsi u Hax0  yBeJHYHBATh
YHCJIO NapUHaJbHBIX BOJH, uTOOBl MO-TIpeXHEMY YIOBJETBOPSAJIHCH
VYCJIOBHSI KOUeDeHTHOCTH mapluaJbHeIXx B3aumopeiictBuii. Ho npu
3TOM BKJaja BO B3aHMOJeHCTBHe [aI0T TOJbKO HeJHHEHHble ciaarae-
Mble C OuY€Hb MaJoif paccTpoiikoit yactorbl. Torma Bce ocTafbHBIE
cjaraeMble MOXHO OTOPOCHTb, @ 3TO KaK pPa3 H COOTBETCTBYeT OIH-
CaHHIO B pPaMKaX NPHOMIKeHHs caydaiineix ¢as [1—3, 20].

HHTepecHO, 4YTO YKa3aHHasl TEHAEHIUS SICHO MPOABJISIETCS yXKe
IpH ydYeTe TOJbKO UYeThIpex HJH BOCbMH BOJH B Ka)XKJIOM MakKere.
Bumecre ¢ Tem He ciaegyer 3albBIBaTh, UTO NPH KOHEYHOM YHCJE BOJH
B CHCTeME BCerjla eCTh OCTaTOYHAasd KOppeJsliHs, Bblpaxkaemas COOT-
Hourenuem (18.28). Tlostomy paccmarpuBaeMblif ciaydadl COOTBETCT-
ByeT NPOMEXYTOYHOMY COCTOSIHHIO MEXKAY TPEeXBOJHOBBIM KOTeDeHT-
HBIM B3aHMOJeHETBHEM H TypOYJEHTHOCTBIO, KOrJAa YHCJIO B3auMOJeH-
CTBYIOIIUX BOJH OYeHb Besuko [21].
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[JIABA 19

HEJIMHEMHOE BO3BY)XILEHHE BOJIH B INJA3ME
NMPH HAJIMYHH CHJIBHOTI'O BHEIIHEIO

AJIEKTPOMATHHUTHOI'O HU3JIYYEHHUSA

Heab 3Toit raaBel — paccMOTpeHHe mNPOGJEMB  TPeXBOJHOBOTO
B3aHMOJIEHCTBHA B CBA3HM C 3ajaueil BO3JIEHCTBHA MOIUIHOTO 3JIEKTPO-
MarHuTHOTO H3JIYY€HHH, C03[1aBaeMOro BHEIIHMMH HCTOUHHKAaMH, Ha
niasmy. IIpy Z0CTAaTOYHO BBLICOKHX YPOBHAX TAKOTO M3JYUEHHS JO-
CTHTAIOTCST MOPOTH Pa3JHUHBIX BHHYXKJIEHHBIX mpolieccoB (cm. ra. 20,
T1e MPHBE/EH KOHKDETHHII INpHMEep pacueTa MODPOrOBHIX 3HAYEHHI
aMIUIMTY] BHEWHMX roJei). Torxa HenuHeiHble NMpouecchl HauHHAIOT
CYLIECTBEHHO BJIHATL Ha AHHAMHKY IJ1a3Mbl, YTO BhI3LIBAET TaKue
3¢ (}EKTH, KaK, HallpHMep, BHIHYK/IEHHOE pacCesiHue,

Huxe xpaTko obcyxpaercs npobsema paccessHHs MOLIHOTO Jia-
3€pHOTO H3JyYeHHA B OIPAaHHYEHHOH MJIa3MeHHOH cucreme. Heckolb-
Ko OoJiee JeTasJbHO pPacCMOTPEHbl SIBJI€HHs, CBSI3AHHBIE C BO3OYXKIE-
HHEM HapacTalolHX BOJH (B YaCTHOCTH, 06pa3oBaHHe KAaBEPH B IIPO-
HUIAX MJOTHOCTH).

Bo3zneficTBHe MOWHOrO M3JyYeHHs HA MIa3My

ITpo6aneMa B3aUMOAEHCTBHS MOIIHOTO 3/JEKTPOMArHUTHOrO H3JY-
YEeHHA C IJ1a3MOH BBLI3BIBAET MOBLILICHHBIH HHTEpPEC B COBPEMEHHOH
tusuke mnasmel [1—3]. HaxonsTca B crajud pa3paboTKH HJH TUIa-
HUPYIOTCA MOIIHBIC Ja3ephl M HCTOUHHKH paJHOHM3JYUEHHS, NpejHa-
3HaueHHbIE JJIA HCIOJb30BAHHA B YCTAHOBKAX TEPMOSIIEPHOro CHH-
Te3a Kak C HHepIHaJbHbIM, TAK H C MarHUTHBIM YJep:KaHueMm ImJas-
Mbl. BO3MOXKHOCTb mNOJydeHHsS TepMOSIepHOH 3HEPrHH 3aBHCHT He
TOJILKO OT YCNELIHOro pelIeHHS TeXHOJOTHYeCKHMX 3aj]adu, CBA3aHHBIX
¢ pa3paboTKO#l TaKHX HCTOYHHUKOB, HO He B MEHbLUIEH Mepe H OT IJay-
6uHbl TMOHHMaHHsT mpob6JaeMbl 3(PGeKTHBHON CBA3H MOLIHOrO H3Jyue-
HHUA C MJIa3MoH.

Heo6x0AMMO OTMETHTb, UTO NPU TE€X YPOBHAX MOIIHOCTH, KOTOpLIE
TIPEACTaBJSIIOT  HHTepec  JJIA  pa3pabOTUMKOB  TEPMOSIEPHBIX
YCTPONCTB, CKOJbKO-HHOYIb TOJIHOE pELICHHE 3TOMH NMPOBJEMB ellle  He
noaydeHo. IlpuudHa 3aK/IuUaeTcsi, ¢ OJHOH CTOPOHBLI, B TOM, UTO CY-
LIECTBYET IpejeJ aHaJUTHUYECKHX BO3MOXKHOCTEHl H3ydeHHA  3TOH
npobaeMbl. C Apyro# CTOPOHH, NMPHMEHEHHE BHYHC/JIHTEIbHBIX METO-
JIOB XOTA U IO3BOJIIET B NMPHHUIUIE MNOJYYHTb PE3YJbTaThl IJIS YpPOB-
Hell MOILHOCTH, IMPEBOCXOAIMHUX JioOble YpPOBHH, KOrja-1u6o JOCTHT-
HyTble B JaBopaTOPHBIX YCJOBHAX, TaKKe HOCHT OrpaHHYeHHBIH Xa-
paxTep WJH H3-3a TOrO, YTO HCIOJNb3YEeMble MOJEJH uepecuyp rpyoHl
JJIST NpaBHJBHOTO OTpa){€HHs peaJbHBIX (DH3UUECKHX ABJCHHH B
TpeXMepHBIX CHCTeMaX, MJH H3-3a TPYIHOCTH HHTEepHpeTallH pe3yJib-
TaToB. HeymuBHTeNbHO, 4TO JO HACTOALIEr0 BPEeMEHH NPOBEIEHO
MHOXECTBO 3KCHEPHMEHTOB 10 B3aHMOJEHCTBUIO CHJIBHOIO H3Jy4YEeHHS
C mjas3Mofi, 4 TeM He MeHee YJIOBJETBOPHTEJIbHOro COrjacHs C Teo-
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PEeTHUECKUMH mpelcKa3aHHAMH noka Her. Hampumep, TunnuHoe 3K-
ClepUMEeHTasbHOe 3HayeHHe JOJH MOLIHOCTH JIa3€pHOTO H3Jy4eHHS,
paccesHHOro IMJOTHOH mnJaa3MoH, coctaBaseT okojo 20% (mau emre
MEeHbIle), Torja KaK TeOpeTHUeCKHe MOJeJH IpeicKa3bhBaloT 3HauH-
TeJbHO BOJbIIYI0 AOJI0 PacCessHHOTO H3JNY4YeHHS B aHOMAaJIbHBIX YycC-
JIOBHSAX.

ITpo6aema B3aHMOIEHCTBHA MOIIHOIO H3JyYeHHs C IJ1a3MOH HMe-
eT OoueHb OOUIMH XapakTep, HO ocofoe MeCcTo NpPH ee pacCMOTPEHHH
JOJI)KHO OTBOJHUTBCSA OMUCAHUIO SBJEHUA BBIHYXKICHHOTO pacCesHHs
Najaoniero H3Jy4eHHsT Ha KOJIJIEKTHBHBIX KojeGaHusx nuasmul. IIpo-
mecc CTHMYJHPOBAHHOLO pAacCCesHHS 3aKJIodYaeTcsd, Kak H3BECTHO, B
TOM, 4TO Tajaloilee H3JyYeHHEe [OBOJMT AMIJHTYAL KoJeOaHHE 10
BLICOKOrO YPOBHA H OJIHOBPEMEHHO pacceHBaeTcsa Ha 3THX KoJjeba-
HHAIX, BCJEACTBHE 4YEro BO3HHKAeT COrJlacOBaHHAas pe30HaHCHasd CH-
cTeMa MajaloniHX, PACCESHHBIX M MJa3MeHHbIX BOJH. Takag cucreMma
ONHCBLIBAETCS CBSA3aHHBLIMH HEJHHEHHBIMH YPaBHEHHSIMH TPEXBOJIHO-
BOro B3aHMOJEHCTBHY BHUjJA

(0/0t + v,0/0x) Ay = 1,4, 45;
(010t -+ v,0)0%) Ay = cpudyAs; (19.1)
(0/0t + v,0/0x) Ay == cu A, A,

rie A; U U; — KOMILUIEKCHAs aMILIHTYyAa HOPMAaJjbHOro KojgeBGaHHA H
TPYNIOBAas CKOPOCTb BOJHBL f; €;; — KO3(M(HUIUECHTH CBA3H BOJH i H
j (BemlecTBeHHbIe B OTCYTCTBHE JHCCHITAIHH).

YpaBrenua (19.1) cOOTBeTCTBYIOT KOTE€PEHTHOMY B3aHMOJEHCTBUIO
B IPOCTPAHCTBEHHO-OJLHOPOJHOH CHCTEME, B KauecTB€ KOTOpPOH MH
BhIOepeM CJIoil KOHEUHOI TOJUIHHBLL. IIpH HaJHYHH B TaKOH CHCTeMe
najawomiei BOJHB (®o, Bg) BO3HHKAET paccesHHas BoJHa (o, k) H
aHOMAaJIbHO HapacTaeT aMIJIHTyjJa TMJa3MEHHOH BOJHBL (we, R2). Pe-
30HAHCHBIE VCJOBHA 3aMHUIeM B BHIE

0y = @ + 0y, Ry=—Rk -+ k.

B uacTHOCTH, €CaM KOJIIEKTHBHON HBJAAETCA HOHHO-3BYKOBas BOJIHZ
(cnydait BbIHY:KA€HHOrOo paccesHust Manpenbuitama—Bpuaiiosna),
TO ‘

0,0y kRixky o,x RV, =2V /),

rue V,~V/T,m; —CcKOPOCTp HOHHO-3BYKOBOH BOJIHBI, OIpejeJsie-
Mast TeMIeparypoilt 3JekTpoHoB T, U Maccoéi HOHOB m;. MIMeHHO Ta-
KOH cJayuafi TipelcTaBjfieT OCOOBLIf HHTepec B CBA3U C NpobjeMoi
B3aHMOJIEVCTBUSA JA3€PHOTO H3JYUEHUA ¢ TJa3MOH.

HccnepoBanus BbIHYXKICHHOI'O H3JyYE€HHUS

ITonbITKH IOJYUEHHA CTAIMOHADHOro peUIeHHS 3aJaud HeJHHed-
HOTO pacCesHHs B TJa3MEHHOM cJoe Ha ocHoBe ypaBHenuil (19.1)
npealpHHUMaNHCch B psaje pabor [4—7]. XapakTrepHas TpyJNHOCTb, C
KOTOpO# NPHXOJUTCA CTAJKHBAThCSl IPH pELICHHH 3TOH 3ajauH, CBf-
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3aHa C pacCMOTPEHHEM BO30yXKAEHHS BOJH B OTPaHMUEHHOM o6beMe
IJIa3MHL NIpH HajJjekaleM yueTe rpaHHUYHBIX ycJoBHH. [elcTBHTEJb-
HO, alpHOpH OTHIONL He OUEBHIHO, Kakoe H3 pemeHuin (19.1), sanu- .
CaHHBIX B 3JUIMITHYECKHX (YHKIHAX, OTBETCTBEHHO 3a paccesaHue B.
CTAlHOHAPHOM COCTOAHHH. Pe3ysbTaThl UHCJIEHHOTO HCCJELO0BaHHUS
OpOoCTpaHCTBEHHO-BpeMeHHoH 3anauu [5, 6] ykaswiBaloT Ha 'To, 4TO
BpeMeHHada 3BOJIONUA NPHBOALHT K YCTAHOBJCHHIO TPOCTPAHCTBEHHO-
CTAIHOHAPHBIX PpEIleHUW| aNepHOJHYECKOro THIA, TOrja KaK MpocCT-
PAHCTBEHHO-IIEDHOAHYECKHE PEIICHHS HeyCTOWYHBH H  3BOJIOIIIOHH-
PYIOT K anepHOIHYECKHM DeLIeHHAM. YUHTHIBAdA, UTO €CTh TOJBKO OJI-
HO pelleHHe aNepHOAHYECKOro THIA, MOMKHO TIPEAMNOJONKHTb, UTO
HMEHHO OHO OTpejesfeT CTalHOHapHOe CocTofiHHe, B moss3y Takoro-
HNPEeANONOKEHHS CBHAETEJbCTBYIOT HEKOTOpHIE JOMNOJHHUTENLHBIE ap-
TYMEHTHI, BHITEKAIOIIHE H3 aHAJHTHYECKOTO paccMorpenus [7].

ITapamerprueckoe BO30yKIE€HHE KOJNJIEKTHBHBIX KOJeGaHHH B
[jgasMe C yYyeToM KOHEYHOH WIHPHHBI CHEKTPa BOJHBI HaKauK{ pac-
cMaTpuBaJjock B paborax [8—12]. B uwactnoctu, B [12] anaausupo-
BaJjcd cJy4al aOCOJIIOTHOH HEYCTOHYHBOCTH B HEOAHOPOIHOH TmJjas-
me. OxaspiBaeTcfl, 4TO HEOJHOPOJHOCTh TJIa3Mbl B COUETAHHH € KO-
HEYHOCTbI0 UIHPHHBI CIEKTPa BOJHB HaKaukKH MOXKET TIpH oOmpeje-
JEHHBIX YCJOBUAX MPHBOJAHTL K TNOAABJCHHIO 3(h(peKTa HacCblllleHHA
napaMeTPHYECKOH HEYCTOHUHBOCTH, TOrJa KakK B OJHOPOJHON Maa3Mme
KOHEUHOCTb IIHPHHBI CIIEKTPa CKa3bBaeTcA JHIIL Ha YHCJICHHOM 3Ha-
YEeHHH MOpora pasBHUTHA NMapaMeTPHUYECKOH HEYCTOHYHBOCTH.

Bo30yxaeHue HapacTaomuxX BOJH
¥ MOAyJsiuust npodueit NJIOTHOCTH NJa3Mbl

UncseHHBIE KCMEPHMEHTHI MO B3aUMOJCHCTBHIO JA3€PHOIO H3JY-
yeHnst ¢ maaaMoit [13—15] ykasblBalT Ha CYHIIeCTBOBaHHE HHTepec-
HOTO §IBJEHHY MOAYJSAIHH TJOTHOCTH TMJAa3MBI B OKPECTHOCTH KDPHTH-
YeCKOM TOYKH, T. €. TOUKH, B KOTOPO¥ IJIa3MEHHAad 4YacToTa paBHa
yacToTe Hakaukd. IIpHUHHON 3TOH MOAYJAIHH MOMXKET CHYyXKHTb OC-
LHJLISANHOHHAS JBYXIIOTOKOBas HeyCTOHUHBOCTL [16], KoTopas B ma-
pPaMETPHUECKOM TPUGJVKEHUH NPHBOANT K NOABJEHHIO TOJLKO Ha-
pactatomeir BoJHBL. Takas HEYCTOHYHBOCTb MOKET BO30yxkKaarbcs
BOJIHOH HaKaukyd ¢ OGOJbIIHM 3HaueHHeM A H YacTOTOH, PAaBHOH HJIH
HECKOJIbKO MeHblIejl IJTa3MeHHOH 4acToTh, JH60 B pesyJjbrare Typ-
Oy/NeHTHOH TepeKauykd 3HEPruH MMJIa3MEHHBIX BOJH B 00JaCTb MaJbix
k BcaencTBHe pacrnajga TMJAa3MeHHBLIX BOJH Ha IJIa3MEHHBIE H HOHHO-
3BYKOBBIE BOJIHBI (ABJECHHE KOHJAEHCANHH MJa3MoHOB). /s pa3BHTHA
HEYCTORUHBOCTH pajHauHOHHOe naBjeHue (IIOHIEPOMOTODHAs CHJA)
JIOJIXKHO TIPEBOCXOMHTh TIOPOrOBOE 3HAUEHHE, KOTOpoe OOBIUHO OLEHH-
BaeTcs CJAeNYIOIHM 00pa3oM:

g, | E [INMcE > 12F24/kb. (19.2y

3].1er kg(b — XapaKTepHOe BOJHOBOEC UYHCJIO [OJ4 Ja3MECHHBIX BOJIH;
kD — jgeb6aeBCcKOoe BOJIHOBOE YHCJO; €5 — CKOpPOCTh HOHHO-3BYKOBBIX
BOJIH; M — macca HOHOB H No—— IUJIOTHOCTD ILJIA3MBI.

157



B ofwem ciydae npH HeNUHEHHOCTH YpaBHEHHI, ONHCHLIBAIOUIMX
11a3My, paccMaTpHBaeMylo HEyCTOHUHBOCTh Ha3bIBAIOT MOAYJALNHOH-
HOH. JTa HeyCTOHUMBOCTb, OTKpHITas B paGore [17], B pamkax caMmo-
€OrJ1aCOBaHHOTO I0JXO/fa ONHCHIBAETCA ypaBHeHusamu [18]:

2iwp,0E/0¢ + 307 VE = wpe (61/N,) E; (19.3a)
0%6njorr — Ciy?on = (e,/4M) v | E P2, (19.36)

rae E—aMniuryna BBICOKOUACTOTHOTO 3JIEKTPHUECKOTO IoJsf; On —
MOAYJSUHUSA IJOTHOCTH IJIa3MBHI; v%e,:(Te/me). Ypasuenue (19.3a)
OMACHIBAET 3aXBaT IAKCTOB IJIA3MEHHHIX BOJH OOJAaCTAMH IOHHMKEH-
HOf NJIOTHOCTH IJja3Mel, a ypaBHeHHe (19.36) —oOpasoBaHHe TakHX
obnacTeit BCJACICTBHE DPajHAlHOHHOTO NABJEHHA (BBIBOL 3THX ypasB-
HeHu# cM. B Ilpunoxkenuu IV).

B oxHoMepHHX cHCcTeMax pas3BHTHE HeyCTOHUHBOCTH INPHBOJHT K
Oanancy paJHalHOHHOrO M TEIJIOBOrO JAaBJEHHH, 4YTO [QOCTATOUHO
Jas crabunusanuy ‘HeycTohunBocTH. Ho B JAByX- M TpexmepHhX cH-
CTeMax JJs MOJy4YeHHs CTaGHJH3auHH HeoOXOJUMO NMpHBJEKATb IpYy-
rie mMexaHusmu [19].

W3 mnoporosoro ycmosusti (19.2) BHJIHO, 4TO HeyCTOHYHBOCThL Ha-
YHHAeT pas3BUBAThCA TPH MaJjblXx 3HAaUeHHX BOJHOBoro umcnaa. Hx
MOXKHO HaHTH M3 JHUCIEPCHOHHOTO yYPaBHEHHA AJA NJa3MEHHLIX BOJIH,
B KOTOPOM BMECTO KBajpaTa MJa3MEHHOH 4aCTOTH ®pe CaEIyeT He-
10/1b30BaTh BEJIHUHHY O (1 4 8n/N,), YUHTHBAIOWYIO HaJH4HE MO-
AYJAuHil IJIOTHOCTH TMJa3Mbl. B pesysbTaTe mojayydM MoAH(HUHPO-
BaHHOE JUCMEPCHOHHOE YpaBHeHHE BHIA

02 = 02, + 3%, + (Bn/N,) o, (19.4)

[Tpeanosoxum jajee, 4To TepBOHauasnbHO O26n/di?~0. Toraa us
(19.36) naiimem
8n = —e, | E F/4McE. (19.5)

IMoxcrasaas (19.5) B (19.4) u Tpebyd, uToOH INOCJENHEE cjarae-
mMoe B (19.4) mpeBocxomnio mpeawaymee, npHxoauM K (19.2) mpu
yyeTe TOro, 4TO Bp= wpe/Ure. IlOCHEIHEE H IpeAnociejHee claraeMble
B (19.4) MOXKHO HHTePIPETHPOBATh KaK BeJTHYHHBI, COOTBETCTBYIOILIHE
NOTEHIHAJLHON H KHHETHUECKOH 3HEPrHsiM NJIa3MeHHHX BOJH (mJas-
MOHOB), KOTOpbleé OKAa3bIBAIOTCHA 3aXBaYeHHBHIMH, €CJH JOMHHHPYET
noTenuunanbuaa sHeprus [20]. Taxum ob6pasom, moporosoe ycJaoOBHE
(19.2) HemoCpeACTBEHHO CBfI3aHO C KBAa3HCTAaTHUECKUM BbIparKEHHEM
(19.5). B cBA3u ¢ 3TUM cJjeiyeT OTMeTHTh, uyTo (19.5) umeer orpa-
HHUYEHHYI0 06JacTb NPHMEHHMOCTH M TEpsieT CHJy, HampuHMmep, MpH
B030yK/IEHHH HOHHO-3BYKOBBIX BOJIH.

B oJHOMEpHOM cliyuae MOXKHO IMOJYUYHTb CTalHOHAapHOE pelleHue
ypasuennit (19.3). Mcnoissya peHOPMHPOBKY

x = (30%,/20p,C) X; t — (303, /20507) &
on —> 42N,/303; | E PP — (I6MNci/3evre) | E I,
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nepenyueM 3Ty CHCTeMY B (Ge3pa3MepHOM BHJe:

i0E/ot + 0*Ejox? = onE; (19.6ay

0%6n /012 — 26n/0x® = 0® | E |*/ox2. (19.66)

Crucrema (19.6) umeer cienytomye HHTErpabl JUXeHus [21—24]:
]1 = T ]E jzdx;

I, =

0E* =, OE .
- —E _67)+6nv]dx,

= (B

I={ H ‘;—irwn@lw%énw

-0

8 g~—8

% Vﬂ dx

’

rie BBejeHa QYHKuHs V, ompelenseMas ypaBHEHHEM
0bn/ot 4 dVjox = 0. (19.7y

Coornowenue (19.7) MoXHO paccMaTpHBaTh KaK ypaBHeHHEe He-
IPEPBLIBHOCTH, H NMOTOMY BeJHYHHA V urpaer poJb THAPOJHHAMHYE-
ckoro mortoka dactuu [22]. Wwrterpanw nBuxenus Iy, I, u I3 orse-
YalT 3aKOHAM COXPAHEHHS YHCJIA KBAHTOB H3JyUEHHHA, HMIyJbca H
SHEPTHH COOTBETCTBEHHO. B KBasucTaTHUECKOM IPUOJIHIKEHHH cJarae-
mbie, cogepxkaunie V, B I u I3 OTCYTCTBYIOT.

MOKHO ONpeNeuTh TaK¥Ke MOTEHLIHAaJ THAPOJHHAMHYECKOTo IOo-
TOKa C NOMOIIBIO COOTHOUIeHHS [22]

Oujot = 6n+ | E 2, (19.8)y
B kBasucTaTHueckoM npuGAHKeHHH O0u/0f=0. B TepMHHaxX TOTeHUHa-
Jna u ypaBHeHHe (19.66) mepennchiBaeTCa Kak
06n/0t = 0%u/0x2,

yto ¢ yuetoMm (19.7) maer
V = — ou/ox.

Ha puc. 19.1, a—¢ npeacrasieHa KapTHHa Pa3BHTHS MOAYJALHOH-
HOH HEeYCTOWYHBOCTH, IIOJIyUEHHAs B pe3yabTate YHCJIEHHOrO peLICHUS

fef? - lef
200 ¢ 200,}
100 ; 100 ~ N~
B -
0 25 5 78 « 0 25 5 75 X
2 J
e
500{ :
200
Puc. 19.1. TlpocrpaHcTBeHHOe pacrpe- 100} ~ “ ~
nenenne Beanuusel |E|2 npu t=0 (a), 0 25 5 75 x
04 (6) u 1.4 (8) . 8



cucteMsl (19.6) Ha ocHOBe pacyera BpDEMEHHBIX 3aBHCMMOCTEH
31 ¢ypbe-KOMINOHEHTHl 3JEKTPHUECKOro MOJIsi H BO3MYILEHHA IJIOTHO-
cTH MiasMbl. Pasb Qypbe-KoMnoHeHT moJist £ BHGUpadu ciaydaldHbIM
o6pasoM, a HaualbHYI0O  IJIOTHOCTb  OINpEeNEJISIH U3 YCJOBHA
6n=—|E|?% Pacuer npoBezen aas [,=22,20, [,=0,00 u [;=—363.

3ameTnM, uyto pemrenue (19.6), cooTBeTcTBylOlee GaJsaHCy panua-
IHOHHOTO M TENJIOBOro AaBJEHHA, HUMeeT BHJ (cM., Hampumep, [22])

E = E, exp [i (Akx — Awi)]/ch [A (x — vt)]; (19.9a)
on=— | E |%(1 —0v?, (19.96)

rae E, — aMniuTy/iHOe 3HAUeHHE 3JIeKTpHUeCKoTo nojst. CABHIH BOJ-
HOBBLIX uHcen AR H 4acToT Aw 06YyCJOBJIEHBl JOMIEPOBCKHM 3ddek-
TOM H HesuHeiHocThio. Orubarolllas pacIpoCTPaHAETCST CO CKOPOCThIO
U=04/Cs, THE Ug=3RopV?re/®wpe. CiBUrH AR n Aw ompepeasoTca co-
OTHOLICHHUAMHU

AR =v/2; Ao =04 — Fnj2(1 —0?).

Haxkonert,
A=E, [2(1 —0v¥)] .

YcTounBLIE BOJTHOBOH nakeT Buzxa (19.9) Has3bLIBAIOT COJHTOHOM.
CoauToHbl 06/1a1a10T SBHO BhIPA*KE€HHLIMH CBOHCTBAMH YaCTHIL H MO-
TyT B3aHUMOJEHCTBOBaTbL MexXAy cofOoil. Hampumep, Bo3MoKeH 1po-
JIeCC CJHAHMA JABYX COJIHTOHOB C H3Jy4eHHEM HOHHO-3BYKOBOH BOJI-
HHl M pacrnaj OJHOro COJHTOHAa Ha ABa IPH IIOTJOWEHHH HOHHO-3BY-
KOBOH BOJHHL. THIB peakiuit ONpejessioTcs HHTerpajiaMH JIBYKEHHS
I,—I3 [18, 21—26]. Hns peanu3auud OJHOMEPHBIX COJIHTOHOB HeoO-
XOJHMO HCTOJb30BaTh CHJbHOE MAarHWTHOE I0Jie, TaK KakK 3TH COJH-
TOHbl HEYCTOMYHMBB OTHOCHTEJbHO MOINEpeuHBIX Bo3MyIluieHuit [27, 28].

Ecau npeamosoxuTb, UTO KBa3HCTAaTHUECKOE peElIeHHe OCTaeTcs
TIPHOJIMPKEHHO CIpPaBeJJUBBIM H B JHHAMHUYECKHX YCJOBHAX, TO MOXK-
Ho moxacTaBuTh (19.5) B (19.3a) u moJy4HTb TeM caMbIM YypaBHEHHE
Aaa E, comepxkauiee KyOMUECKYH) HEJHHEHHOCTb, T. €. COBIajalouiee
no ¢opme ¢ ypaBHEHHEM UYeTHIPeXBOJHOBOIO B3aHMOLEHCTBHS (CM.
. 14). DTo ypaBHEHHe TaKKe HMeeT COJHTOHHOE peIIeHHe BHJIa
(19.9) u nasbiBaeTcsi HesuHeiHbIM YypaBHeHneM Ulpexunrepa. Ero
obiiee peluleHHe MOXKHO TIOJYUHThL MeTojOoM oOpaTHOH 3ajadyd pac-
cestnust [29]. B paccmaTpuBaeMoM NpHOJHKEHHH COJIMTOHBI He B3aH-
MOJEHCTBYIOT H H3JyUeHHE HOHHO-3BYKOBBIX BOJIH HEBO3MOKHO.

CrenyeT mojuepKHyTb, UTO npofJjeMa MOIYJANHOHHOH HEYCTORUH-
BOCTH BBHI3bIBa€T 3HAUHUTEJbHBI HHTEpeC TaKie B CBA3H C 3ajlauaMy
JlazepHoro M mydkosoro Harpesa msasmul [30, 31] u o6uweit npobae-
Mo ma3MeHHoO# Typ6yJaenTHocTH [19, 21—25, 32, 33].

OTMETHM B 3aKJKUYEHHE, YTO 3Jech YNOMAHYT TOJbKO OJHH BHJ
MOJIYJIAMOHHOA HEYCTOHUHBOCTH. AHaJIOTHYHHE SBJEHHS MOTYT ObITb
06yCJIOBJIEHE M HOHHO-3BYKOBBLIMH cosiuToHaMH [34, 35], HeycToitum-
BOCTbI0O B KOHyce 1noTepb [36], conuTonamH B o6J1acTH BepXHeEro
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ru6punHoro pesoHanca [37, 38], 3axBaTOM 3JIEKTPOMATHHTHOTO H3-
Jayuenus [39, 40], MoayJIAUHOHHOH HEeyCTOHYHBOCTBIO aJb(BEHOBCKHX
Bosd [41] m ap. Takum o6pasoM, o6cyxiaaeMble sIBJCHHS Tpei-
CTaBJSIOT HHTEpeC TakKe AN 3ajay HarpeBa 3aMarHUYEHHOH

I1IJIA3MHI.
CIIUCOK JIUTEPATYPBI

1. Galeev A. A, Sagdeev R. Z. — Nucl. Fusion, 1973, v. 13, p. 603.

2. Cuamn B. TI. Tlapamerpuueckoe BO3JeHCTBHE M3JyueHHA GONBLIION MOLIHOCTH
Ha nnasMmy. M., Hayka, 1973.

3. Brueckner K. A, Jorna S.— Rev. Mod. Phys., 1974, v. 46, p. 325.

4. Anderson D., Wilhelmsson H.-— Nucl. Fusjon, 1974, v. 14, p. 537; 1975, v. 15,
p. 201, 387; Phys. Scripta, 1975, v. 11, p. 341.

5. Harvey R. W., Schmidt G. — Phys. Fluids, 1975, v. 18, p. 1395.

6. Forslund D. W., Kindel J. M., Lindman E. L. — Ibid., p. 1002.

7. Fuchs V., Beaudry G.—J. Math. Phys., 1976, v. 17, p. 208.

8. Valeo E., Oberman C. R. — Phys. Rev. Lett, 1973, v. 30, p. 1035.

9. Baldis H. A., Pepin H., Johnston T. W.— Opt. Comm., 1975, v. 15, p. 311.

10. Thomson J. J. — Nucl. Fusion, 1975, v. 15, p. 237.

11. Anderson D., Wilhelmsson H.— Phys. Lett., 1976, v. 56A, p. 37.

. Laval G., Pellat R., Pesme D.— Phys. Rev. Lett, 1976, v. 36, p. 192.

. Forslund D., Kindel J., Lindman E.— Phys. Fluids, 1975, v. 18, p. 1017.

. Valeo E. J,, Kruer W. L. — Phys. Rev. Lett.,, 1974, v. 33, p. 750.

. Chen H. H., Liu C. S.—In: Plasma Physics: Nonlinear Theory and Experi-

ments. Ed. by H. Wilhelmsson. Nobel Foundation Symp. N 36. N. Y., Plenum
Press, 1977, p. 131.

. Nishikawa K.—J. Phys. Soc. Jap., 1968, v. 24, p. 916.

. Bemenos A. A., Pypakos JI. U.— Joxa. AH CCCP, 1964, . 159, c. 767.

. 3axapoe B. E.— )KypH. 3KcnepuM. u Teoper. ¢wus., 1972, 1. 62, c. 1745.

. Galeev A. A., Sagdeev R. Z., Shapiro V. D., Shevchenko V. I.—[15], p. 188.

. Abdulloev Kh. O., Bogoljubskij I. L., Makhankov V. G.— Phys. Lett, 1974,

v. 48A, p. 161; Nucl. Fusion, 1975, v. 15, p. 21.

. Abdulloev Kh.. O., Bogoljubskij 1. L., Makhankov V. G.-— Ibid,, p. 21.

. Ter Haar D. —[15], p. 202.

. Watanabe M. — Phys. Lett, 1976, v. 57A, p. 331. -
. Herrapes Jl. M., Maxanvkos B. TI'., Pypakos Jl. H.— )KypH. 3KkcmepuM. u

teoper. ¢u3., 1974, 1. 67, c. 533.

. Lebedev A. N., Tsytovich V. N. — Phys. Scripta, 1975, v. 11, p. 266.

. Pereira N. R., Sudan R. N., Denavit J. Cornell Univ. Lab. Rep. LPS 191, 1976.
. Denavit J., Pereira N. R.,, Sudan R. N. — Phys. Rev. Lett, 1974, v. 33, p. 1435.
. Schmidt G.— Ibid., 1975, v. 34, p. 724.

. 3axapoe B. E., WlaGar A. B.— Xypn. skcuepuM. u teoper. ¢wus., 1971, T. 61,

c. 118.

. Ryutov D. D. —[15], p. 284.
. Shamel H., Lee Y. C., Morales G. J.— Phys. Fluids, 1976, v. 19, p. 849.
. Kingsep A. S., Rudakov L. I, Sudan R. N.— Phys. Rev. Lett, 1973, v. 3I,

p. 1482,

. Tsytovich V. N.—[15}], p. 166.

. Ikezi H., Taylor R. J., Baker D. R. — Phys. Rev. Lett.,, 1970, v. 25, p. 11.
. Nishikawa K., Kaw P. K.— Phys. Lett., 1975, v. 50A, p. 455.

. Morales G. J., Lee Y. C. — Phys. Rev. Lett., 1975, v. 35, p. 930.

. Kaufman A. N., Stenflo L. — Phys. Scripta, 1975, v. 11, p. 269.

. Porkolab M., Goldman M. V. — Phys. Fluids, 1976, v. 12, p. 872.

. Kaw P., Schmidt G., Wilcox T.— Ibid., 1973, v. 16, p. 1522. . \
. Gersten J. I, Tzoar N. — Phys. Rev. Letit,, 1975, v. 35, p. 934.

. Lashmore-Davies C. N. — Phys. Fluids, 1976, v. 19, p. 587.

6 —1974 161



o JOMNMOJHUTEJ/IbHAS JIMTEPATYPA

Vedenov A. A., Gordeev A. V. Rudakov L. I. Oscillations and Instability of a
Weakly Turbulent Plasma. — Plasma Phys., 1967, v. 9, p. 719.

‘Dupree T. H. Nonlinear Theory of Low- Frequency Instabilities. — Phys. Flu1ds.
1968, v. 11, p. 2680.

Shanny R., Kruer W,, Dawson J. Investigations of Externally Driven Large Ampli-
tude Plasma Waves. — Bull, Amer. Phys. Soc., 1968, p. 1542,

Taniuti T, Washimi H. Self-Trapping and Instablllty of Hydromagnetic Waves
Alozr(l)% the Magnetic Field in a Cold Plasma. — Phys. Rev. Lett., 1968, v. 21,

Kaw P. K, Dawson J. Laser-Induced Anomalous Heating of a Plasma. — Phys.
Fluids, 1969, v. 12, p. 2586.

HpitoBuy B. H. Teopns HH3KOYACTOTHBIX 3JEKTPOMATHUTHBIX CBOHCTB TYpOyJeHTHOH
nnasmel. — JKypH. akcnepuM. u Teoper. ¢us., 1969, 1. 57, c. 141.

Hasegawa A. Stimulated Modulational Instabilities of Plasma Waves. — Phys.
Rev., 1970, v. Al, p. 1746.

Dum C. T., Dupree T. H. Nonlinear Stabilization of High-Frequency Instabilities in
a Magnetic Field. — Phys. Fluids, 1970, v. 13, p. 2064.

Babuel-Peyrissac J. P., Bobin J. L. Stimulated Ion-Acoustic Wave Generator in
a Laser Created Plasma.— In: Proc. 10th Intern, Conf. on Phenomena in lo-
nized Gases. Oxford, 1971, p. 329.

Perkins F. W., Flick J. Parametric Instabilities in Inhomogeneous Plasmas. — Phys.
Fluids, 1971 v. 14, p. 2012.

Rudakov L. L., Tsytov1ch V. N. The Theory of Plasma Turbulence for Strong Wave-
Particle Interaction, — Plasma Phys., 1971, v. 13, p. 213.

Kaufman A. N.,, Kaw P. K., Kruer W. "Anomalous Absorp‘uon of Intense Electro-
magnetic Waves in Plasma — Comments Plasma Phys. Controlled Fusion,
1972, v. 1, p. 39.

Kriter W. L., Dawson J. M. Anomalous High-Frequency Resistivity of a Plasma, —
Phys. Fluids, 1972, v. 15, p. 446.

Pynakos JI. H. TopMoxeHHe 3/EKTPOHHBIX NMYYKOB B N/1a3Meé C BBICOKMM YPOBHEM
JEHTMIOpPOBCKUX cosutonoB. — Joka. AH CCCP, 1972, T. 207, c. 821.

Hottony B, H. Passurthe npefcraBieHHi O nja3MeHHOH TypOyJ/eHTHOCTH. — YCIeXH

" ¢us. Hayk, 1972, 1. 108, c. 143.

Rosenbluth M. N., White R. B, Liu C. S. Temporal Evolution of a Three-Wave
Parametric Instability, — Phys. Rev. Lett., 1973, v. 31, p. 1190.

Ichikawa Y. H., Suzuki T., Taniuti T. Modulational Instability of Electron Plasma
Waves. — J. Phys. Soc. Jap., 1973, v. 34, p. 1089.

Fried B. D., Ichikawa Y. H. On the Nonlinear Schrédinger Equation for Langmuir

- Waves. — Ibid., p. 1073.

White R. B., Liu C. S., Rosenbluth M. N. Parametric Decay of Obliquely Incident
Radiation. — Phys. Rev. Lett., 1973, v. 31, p. 520.

Weinstock J., Bezzerides B. Nonlmear Saturatlon of Parametric Instabilities: Spect-
rum of Turbulence and Enhanced Collision Frequency. — Phys. Fluids, 1973,
v. 16, p. 2287.

Galeev A. A., Sagdeev R. Z. Parametric Phenomena in a Plasma.— Nucl. Fusmn
1973, v. 13 p. 603.

lkezn H. Expenments of Ion-Acoustic Solitary Waves. — Phys. Fluids, 1973, v. 16,

1668.

Thomsén J. J., Faehl R. J, Kruer W. L. Mode- Couplmg Saturation of the Para-
metric Instabxhty and Electron Heating. — Phys. Rev. Lett., 1973, v. 31, p.918.

Kaufman A. N., Cohen B. I. Nonlinear Interaction of Electromagnetic Waves in a
Plasma Density Gradient. — Phys. Rev. Lett.,, 1973, v. 30, p. 1306.

Kasukvn B. H., Tarapckuiy B. HU. IlpuGauxenne nnucp¢ysuoHHOro cayyaifHoro Ipo-
Iecca B HEKOTOPHIX HECTAIMOHADHBIX CTATHCTHYECKHX 3ajadax (HU3HKH, — Ycme-
xu ¢us. nayx, 1973, 1. 110, c. 499.

Hora H. Striated Jets due to Nonlinear Ponderomotorive Forces in Laser Produ-
ced Plasmas at Obliquely Incident Light. — Phys. Fluids, 1974, v. 17, p. 939.

Manheimer W. M. Connection Between the Linear and Nonlinear Theory of Ano-
malous Reflection from a Plasma Slab. — Ibid., p. 1634.

"162



Drake J. F.,, Kaw P. K,, Lee Y. C., Schmidt G., Liu C. S., Rosenbluth M. N. Para-
metric Instabilities of Electromagnetic Waves in Plasmas. —Ibid., p. 778.
‘Whitfield D. W. A. Parametric Instability Arising in Inhomogeneous Plasmas.—

Ibid., p. 995.

Thomson .Ll) J.,, Faehl R. J.,, Kruer W. L., Bodner S. Electron Heating due to Pa-
rametric Instability Turbulence. — Ibid., p. 973.

Montes C. Relaxation Oscillations in Weak Turbulence. The case of Nonlinear Wa-
ve-Particle Interaction. —J. Plasma Phys., 1974, v. 11, p. 141.

White R., Kaw P., Pesme D., Rosenbluth M. N., Laval G., Huff R, Varma R.
Absolute Parametric Instabilities in Inhomogeneous Plasmas. — Nucl. Fusion,
1974, v. 14, p 45.

Lee Y. C Kaw P. K. Temporal Electrostatic Instabilities in Inhomogeneous Plas-
mas. —Phys Rev Lett., 1974, v. 32, p. 135.

Hasegawa A., Chen L. Plasma Heatmg by Aliven-Wave Phase Mixing. — Ibid.,

p. 454.

Nishikawa K., Hojo H., Mima K., lkezi H. Coupled Nonlinear Electron-Plasma and
Ton-Acoustic Waves. — Ibid., v. 33, p. 148.

Makhankov V. G. On Stationary Solutions of the Schrédinger Equation with a
Self-Consistent Potential Satisiying Boussinesq’s Equation. — Phys. Lett,,
1974, v. 50A, p. 42.

Walsh J. E., Freese K. B., Levine J. S. Time Dependence of Electron Scattering in
a Beam-Plasma System. — Phys. Rev. Lett., 1974, v. 32, p. 346.

Nicholson D. R., Kaufman A. N. Parametric Instabilities in Turbulent, Inhomoge-
neous Plasma. — Ibid., v. 33, p. 1204.

Valeo E. J., Kruer W. L. Solitons and Resonant Absorption. — Ibid., p. 750.

AnnGep 4. l/l Kporoea 3. H.,, Murakee H. A., Panonopt B. O, Tpax-reﬂrepu B. 10.
06 3preKTax MHJ(yIHPOBAHHOTO paCCGﬂHHﬂ NpH NajeHHH 3JCKTPOMAaTHHTHOIO HM-
myabca Ha caoff naasmel — JKYpH. 3KCIepHM, H TeopeT. ¢H3., 1974, 1. 66,
c. 574.

Larsson J., Stenflo L. Threshold Fields of Parametric Instabilities. — Beitr. Plasma
Phys., 1974, Bd 14, S. 7.

Cumnn B. 11, Crapoay6 A. H. BroiHyxaeHHoe KOMGHHAUMOHHOE paccesiHHe B HEOIHO-
ponHoii naasme. — JKypH. sKkcnepuMm. u Teoper. ¢u3., 1974, 1. 67, c. 2110.
PyGenunk A. M., Pu6Gax HU. 5., Crypman B. H. O BLICOKOYaCTOTHOM Harpese mJjas-

MBI B CHJIBHOM MarHuTHoM noge. — Tam xe, ¢. 1364.

Das G. C. Ion-Acoustic Solitary Waves in Multlcomponent Plasmas with Negative
Ions. — IEEE Trans. Plasma Sci., 1975, v. PS-3, p. 168.

Kruer W. L., Valeo E. J,, Estabrook K. G. Limitation of Brillouin Scattering in
Plasmas. -——Phys Rev. Lett., 1975, v. 35, p. 1076.

Caims R. A. An Absolute Raman Instabxllty in an Ishomogeneous Plasma. —
J. Plasma Phys., 1975, v. 14, p. 327.

Lin A. T, Dawson J. M. Shmulated Compton Scattermg of Electromagnetic Wa-
ves in Plasma. — Phys. Fluids, 1975, v. 18, p. 201.

Thomson J. J., Kruer W. L., Bodner S. E., De Groot J. S. Parametric Instability
Thresholds and Their Control. — Ibid., p. 849.

Ferrari A., Trussoni E., Zaninetti L. Parametric Excitation of Relativistic Plasma
Osc1léatmns by Strong Electromagnetic Waves. — Phys. Lett, 1975, v. 54A,
p- 18

Gorbunov L. M. Development of Parametric Instability in a Bounded Region of
Space. — Phys. Fluids, 1975, v. 18, p. 689.

TlapamerpHuecknii pe3oHaHC ¥ JuarHocTuka JasepHoll naasmb/ A. H. Kpoxus,
B. B. IlycroBanos, A. A. Pynacos u ap. — Ilucema JKIT®, 1975, T. 22, c. 47.
Shukla P. K., Yu M. Y., Spatschek K. H. Conversion and Stabilization of Para-
metric Instabilities by Frequency Shift. —In: Proc. 12th Intern. Conf. on

Phenomena in Ionized Gases. Eindhoven, 1975, p. 333.

Watanabe S., Ishihara 0. Tanaca H. Reccurence of Jon Waves and Soliton-Like
Interaction. — Plasma Phys., 1975, v. 17, p. 345. -

Offenberger A, A., Cervenen M. R, Yam A. M., Pasternak A. W. Stimulated Bril-
louin Scattermg from CO: Laser Produced Plasma. — Phys.  Lett, 1975,
V. 55A p. 87.

6* 163



Capjack C. E., James C. R. Heating Rates for a Beat Frequency Laser Heated
Plasma, — Canad. J. Phys., 1975, v. 53, p. 2606.

Moncees C. C. HenuHeliHble BOJHOBBIE MPOLECCH B HEONHOPONHON miazMe. — Dusika
nnasmer, 1975, 1. 1, c. 5.

Henunefinas Teopust MOAYJAUMOHHONH HeyCTOHUMBOCTH mWJasMeHHbXx Boau/A. A. Ta-
aees, P. 3. Cargees, 0. C. Curos u ap. — Tam xe, c. 10.

Mapamerprueckoe Bo3GyXKIeHHe OGbICTPOH MArHHTO3BYKOBOH BOJIHBI M OBICTpHIE
anektponsl B naasme/JI. JI. Ilacewnuk, B. B. Ilycrosaaos, B. ®. Cemenwox n
ap. — Tam xe, c. 21,

Nerpuamsuan B. W. TpexmepHble COMHTOHB HEOGBIKHOBEHHOH H JIEHTMIODOBCKOM
BosiH. — Tam ke, c. 28.

Karpman V. I. On the Dynamics of Sonic Langmuir Solitons. — Phys. Scripta,
1975, v. 11, p. 263.

Nishikawa K., Kaw P. K. Propagation of Solitary Ion-Acoustic Waves in Inho-
mogeneous Plasmas. — Phys. Lett., 1975, v. 50A, p. 453.

Bezzerides B., Du Bois D. F. Electron Heating and Landau Damping in Intense
Localized Electric Fields. — Phys. Rev. Lett.,, 1975, v. 34, p. 1381.

Weinstock J., Bezzerides B. Saturation and Spectrum of the Oscillating Two-Stream
Instability. — Phys. Fluids, 1975, v. 18, p. 251.

Kaw P., Mima K., Nishikawa K. Envelope Solutions for Random-Phase Plasmons.—
Phys. Rev. Lett.,, 1975, v. 34, p. 803.

Lashmore-Davies C. N. The Relationship Between Modulational Instability and Os-
cillating Two-Stream Instability. — Nucl. Fusion, 1975, v. 15, p. 213.

Nishikawa K., Lee Y. C., Liu C. S. Langmuir Wave Turbulence-Condensation and
Collapse. — Comments Plasma Phys. Controlled Fusion, 1975, v. 2, p. 63.
3axapoe B. E. HeycTORuHWBOCTb H HeJHHeHHule KoJeGaHHs COJHTOHOB. — [lHCBMa

JK3T, 1975, . 22, c. 464.

3axapos B. E., Macrpiokos A. ®., Chinax B. C. O gunaMiKe Koananca JEHTMIOPOB-
CKHX BOJIH B BBICOKOTeMIeparTypHo#t nJaasme. — dusnka nuasmbl, 1975, 1. 1,
c. 614.

Bynuesa O. B., 3axapos B. E., Coinax B. C. O HekoTOpHX MOIEJAX BOJHOBBIX KOJI-
Jancos. — Tam xke, c. 606.

Tanees A. A., Carnees P. 3., llanupo B. J., llleBuenko B. U. Henuneitnbie sddex-
TBl B HEONHODOXHOM mnJasMe. — Ycmexn ¢us. wayk, 1975, 1. 116, c. 546.
Porkolab M. High Frequency Parametric Wave Phenomena and Plasma Heating.—
In: Invited Paper at the 12th Intern. Conf. on Phenomena in Ionized Gases.

~Eindhoven, 1975; Physica (The Netherlands), 1976, v. 82¢, p. 86.

Sagdeev R. Z., Forslund D., Galeev A. A. Report on Working Group on Stimula-
ted Backscattering. — Comments Plasma Phys. Confrolled Fusion, 1976, v. 2,
p. 97.

Das G. C. Korteweg-de Vries Equation for Nonlinear Ion-Acoustic Waves in a
Plasma with Negative Ions.— IEEE Trans. Plasma Sci,, 1976, v. PS-4, p. 199.

Turechek J. J., Chen F. F. Detection of Brillouin Backscattering in Underdense
Plasmas. — Phys. Rev. Lett., 1976, v. 36, p. 720.

Bezzerides B., Du Bois D. F. Coupling Saturation in the Nonlinear Theory of

. Parametric Decay Instabilities. — Ibid., p. 729.

Bourdier A., Di Bona G., Fortin X., Masselot C. Parametric Instabilities Below the
Elift%on Plasma Frequency due to Relativistic Corrections. ~ Phys. Rev., 1976,
v. Al3, p. 887. .

Brueckner Kp A. Energy Deposition in Laser-Heated Plasmas. — Phys. Rev. Lett.,

1976, v. 36, p. 677.

Ott E. Scaling of Plasma Turbulence Resulting from Parametric Instabilities. —

-~ Phys. Fluids, 1976, v. 19, p. 341.

Cicconi G., Rosatelli C. Parametric Resonance Instabilities in Argon and Neon
Plasmas. —J. Appl. Phys., 1976, v. 47, p. 922.

Ferrari L. A, Haye R. J., McQuade A. W. Anomalous Penetration of High-Fre-
quency Electromagnetic Waves into a Plasma.— Phys. Fluids, 1976, v. 18,

“p. 457. ’

Prasad D. Enhanced Coherent Raman Emission from Uniform Plasmas. — Ibid.,

p. 464.

164



Massey R., Berggren K., Pientrzyk Z. A. Observation of Stimulated Brillouin Back-
scattering from Underdense Plasma.— Phys. Rev. Lett., . 1976, v. 36, p. 963.

Akiyama H., Kando M., Minami K., Takeda S. Nonlinear Interaction of High-Fre-
quency Electromagnetic Field with a Nonuniform Plasma.—J. Phys. Soc. Jap.,
1976, v. 40, p. 839.

Guzdar P., Sen A. Modulation Instability in the Presence of Langmuir Turbulen-
ce. — Phys. Lett., 1976, v. 554, p. 479.

Schamel H., Shukla P. K. Envelope Solitons in the Presence of Nonisothermal
Electrons. — Phys. Rev. Lett,, 1976, v. 36, p. 968. .

Mahaifey R. A., Trivelpiece A. W. Parametric Excitation of Nonneutral Plasma
Surface Ripples. — Ibid., p. 1044.

Yu M. Y, Spatschek K. H. Anomalous Damping of Ion-Acoustic Waves in the
‘Presence of Strong Langmuir Turbulence. — Phys. Fluids, 1976, v. 19, p. 705.

Porkolab M., Arunasalam V., Luchmann N. C., Schmitt J. P M. Parametric Insta-
bilities and Plasma Heating in an Inhomogeneous Plasma.— Nucl. Fusion,
1976, v. 16, p. 269.

Felber F. S., Marburger J. H. Nonlinear Optical Reflection and Transmission in
Overdence Plasmas. — Phys. Rev. Lett., 1976, v. 36, p. 1176.

Yabe T., Niu K. Numerical Analysis of the Stability of Laser-Driven-Pellet Implo-
sion. — J. Phys. Soc. Jap., 1976, v. 40, p. 1164.

Nicholson D. R. Parametric Instabilities in Plasma with Sinusoidal Density Mo-
dulation. — Phys. Fluids, 1976, v. 19, p. 889.

Pant H. C,, Eidmann K., Sachsenmaier P., Sigel R. Threshold of the 2wp. Insta-
bility in a Laser Produced Plasma.— Opt. Comm., 1976, v. 16, p. 396.
Hasegawa A., Chen L. Parametric Decay of Kinetic Alfven Wave and its Appli-

cation to Plasma Heating. — Phys. Rev. Lett., 1976, v. 36, p. 1362.

Sigel R., Eidman K., Pant H. C., Sachsenmaier P. Reflection from an Unstable
Obliquely Irradiated Laser Plasma. — Ibid., p. 1369.

Thode L. E. Plasma Heating by Scattered Relativistic Electron Beams: Correlations
among Experiment, Simulation and Theory. — Phys. Fluids, 1976, v. 19,
p. 831. .

Tsytovich V. N. Strong Interaction of Relativistic Electron Beams with Gas and
Plasma. — In: Proc. 12th Intern. Conf. on Phenomena in Jonized Gases.
Eindhoven, 1976, p. 141.

Sodha M. S., Sharma R. P., Kaushik S. C. Interaction of Intense Laser Beams
with Plasma Waves: Stimulated Raman Scattering.—J. Appl. Phys., 1976,
v. 47, p. 3518.

Liu C. S., Rosenbluth M. N. Parametric Decay of Electromagnetic Waves into Two
Plasmons and its Consequences. — Phys. Fluids, 1976, v. 19, p. 967.

Dobrowolny M., Ferrari A., Bosia G. Plasma Instabilities of a Relativistically
Strong Electromagnetic Wave. — Plasma Phys., 1976, v. 18, p. 441.

Drake J. F., Lee Y. C, Nishikawa K., Tsintsadze N. L. Breaking of Large Ampli-
tude Waves as a Result of Relativistic Electron-Mass Variation. — Phys. Rev.
Lett., 1976, v. 36, p. 196.

Wong A. Y. Electromagnetic Wave Interactions with Inhomogeneous Plasmas.
Univ. of California Rep. PPG-277, 1976.

Ichikawa Y. H., Yajima N., Takano K. Coherent States and the Korteweg-de Vries
Equation for a System of Interacting Phonons.— Progr. Theor. Phys., 1976,
v. 55, p. 1723.

Mio K., Ogino T., Minami K., Takeda S. Modulational Instability and Envelope-.
Solitons for Nonlinear Alfven Waves Propagating along the Magnetic Field
in Plasmas. — J. Phys. Soc. Jap.,, 1976, v. 41, p. 667. .

Mio K., Ogino T., Minami K., Takeda S. Modified Nonlinear Schrédinger Equation
for Albven Waves Propagating along the Magnetic Field in Cold Plasmas.—
Ibid., p. 265.

Anderson D., Bonnedal M. Saturation of the Stimulated Raman Scattering Insta-
bility by Means of Particle Trapping. — Phys. Lett., 1976, v. 57A, p. 437.
Larsson J., Stenflo L., Tegeback R. Enhanced Fluctuations in a2 Magnetized Plasma
dm; to tg; Presence of an Electromagnetic Wave. —J. Plasma Phys., 1976,

v. 16, p. 37. :

165



Watanabe M., Nishikawa K. On the Dynamics of Langmuir Wave Soliton. —
J. Phys. Soc. Jap., 1976, v. 41, p. 1029.

Mittal M. L., Prahalad Y. S., Nayak D. G. Effects of Noise on the Parametric
Amplification of Alfven Waves. — Plasma Phys., 1976, v. 18, p. 801.

Chen L., Vaclavik J. Kinetic Modulational Instability of Langmuir Turbulence.—
Phys. Lett., 1976, v. 584, p. 185.

Yu M. Y, Shukla P. K. Filamentation Instabilities Associated with Ordinary Elect-
romagnetic Waves in Collisional Plasma. — Ibid., p. 175.

Heimann P. Experimental Investigation of the Parametric Decay Instability in a
Weakly Ionized Plasma.— Czechosl. J. Phys., 1976, v. B26, p. 769.

Kruer W. L. Simulations of Laser Light Absorption.-— Comments Plasma Phys.
Controlled Fusion, 1976, v. 2, p. 139. ’

Kono M., Yajima N. Instability of Coherent Ion Acoustic Wave in a Phonon
Gas. — J. Phys. Soc. Jap., 1976, v. 41, p. 272.

Ikemura T. Parametric Coupling of Two Langmuir Waves in an Inhomogeneous
Plasma. II. Stabilizing Effects due to Ponderomotorive Force Created by an
Intense Pump Field. — Ibid., p. 281.

Itakura A. Frequency Shift of an Electron Plasma Oscillation in a Modulated Be-
am-Plasma System. — Ibid., p. 305.

Sato T. A New Type of Nonlinear Plasma Equation. I. Formulation. — Ibid,,
p. 309.

Sato T. A New Type of Nonlinear Plasma Equation. II. Annihilative and Transpa-
rent Interactions of Pulses. — Ibid., p. 315.

Cramer N. F. Parametric Excitation of Ion-Cyclotron and Fast Waves by Nonu-
niform Pump Magnetic Field. — Plasma Phys., 1976, v. 18, p. 749.

Fuchs V. Nonlinear Theory of Stimulated Backscattering in a Bounded Dissipa-
tive Plasma. — Phys. Fluids, 1976, v. 19, p. 1554.

Matsumoto H., Yasuda Y. Computer Simulation of Nonlinear Interaction Between
a Monochromatic Whistler Wave and an Electron Beam.-— Ibid., p. 1513.
I'pomos C. H., MNaceunrk JI. JI., CeMenok B. ®. [Tonmxkenue mopora napamerpuue-
CKOH HeyCTONUYHBOCTH NPH HHAKEKHHH B nJasMy 3JeKTpoHHoro myuxa.-— [Tucbma

KITD, 1976, T. 23, c. 509.

Kamuaos K., Crendao JI., Xakumos @. X., LUnrropuu B. H. BzaumopeiicTsue mnpo-
LOMbHHIX W TONEPEeYHBIX BOJH B CHIbHOTYPOyJeHTHoit naasMe. — JKypu. Texm.
¢us., 1976, T. 46, c. 680.

Curtenko A. I'. ®uaykTyauuu ¥ HelHHefiHOe B3aHMOjclicTBHe BoJIH B IWasMe. Kues,
HaykoBa nywmka, 1977.

Stenflo L. Coupling Coefficients for a Cold Plasma in a Circularly Polarized
Wave. — Plasma Phys., 1977, v. 19, p. 1187.

Dysthe K. B., Pecseli H. L. Nonlinear Langmuir Wave Modulation in Collisionless
Plasmas. — Ibid., p. 931.

Goldman M. \/5., Nicholson D. R. Dissipative Langmuir Shock.— Phys. Fluids, 1977,
v. 20, p. 756.

Morales GI.) J, Lee Y. C. Generation of Density Cavities and Localized Electric
Fields in a Nonuniform Plasma. — Ibid., p. 1135.

Fejer J. A. Parametric Instabilities in the lonosphere.—J. Phys., 1977, v. 38,

. 55.

Silinp V. P. The Absolute Parametric Instabilities and the Plasma Heating. — Ibid.,
p. 153.

Anderson D., Wilhelmsson H. Interpretation of Enhanced Laser-Plasma Backscat-
tering due to Prepulse Radiation. — Phys. Lett., 1977, v. 64A, p. 47.

Watanabe S. Self-Modulation of a Nonlinear Ion Wave Packet. —J. Plasma Phys,,
1977, v. 17, p. 487.

Wong A. W. Cavitons. —J. Phys., 1977, v. 38, p. 27.

Sigel R. Experiments on Intense Laser Irradiation of Plasmas. — Ibid., p. 35.

Buabxeabmccon X., Hakau P. Hexorophle acHeKTni HeqHHeHHOro B3aHMOjeHCTBUS
BoaH B niasMe. — Ousuka nnasmer, 1977, 7. 3, ¢. 338. '

Sanuko H., Schmidt G. Nonlinear Drift Wave in a Collisionless Non-Uniform
Plasma. — J. Phys. Soc. Jap., 1977, v. 42, p. 260.

Fuchs V. Convective Brillouin Amplification in a Homogeneous Plasma Slab.—

Phys. Lett., 1977, v. 59A, p. 455.

166



Fuchs V. Three-Wave Parametric Decay - Instability with Arbitrary Dissipation in
Homogeneous Plasmas. — Phys. Fluids, 1977, v. 20, p. 1535.

Faeht R. J,, Kruer W. L. Laser Light Absorption by Short Wavelength Ion Turbu-
lence, — Ibid., p. 55.

Slibkop B. B. Bamnucthueckne MOAH H 3aMejJleHHe 3JIeKTPOHHOTO HydKa JIEHIMIO-
POBCKHMH COJHTOHaMH. — ®usuka maasmul, 1977, T. 3, c. 404. . .

Hasbinosa T. A, Iampaii K. Il. MonyasinuosHasi HeyCTOHYHBOCTh B HEOZHOPOIHOM
noje Hakaukd. — Tam xe, ¢. 591.

Cary J. R., Kaufman A. N. Ponderomotorive Force and Linear Susceptibility in
Vlasov Plasma. — Phys. Rev. Lett., 1977, v. 39, p. 402.

Baumgirtel K., Sauer K. Stationary Nonlinear Interactions Between High- and
Low-Frequency Waves and the Generation of Density Cavities in a Plasma. —
J. Plasma Phys., 1977, v. 19, p. 183.

Rowland H. L., Papadopoulos K. Simulations of Nonlinearly Stabilized Beam-
Plasma Interactions. — Phys. Rev. Lett,, 1977, v. 39, p. 1276. )

Sinha M., Sundaram A. K. Effect of an Electron Beam on Pump-Driven Quasi-Mo-
des. — Nucl. Fusion, 1978, v. 18, p. 199.

Chen H. H., Liu C. S. Nonlinear Wave and Soliton Propagation in Media with
Arbitrary Inhomogeneties. — Phys. Fluids, 1978, v. 21, p. 377.

Cohen B. L., Kaufman A. N. Effects of Beat-Wave Electron Trapping on Stimula-
ted Raman and Thomson Scattering. — Ibid., 1978, v. 21, p. 404.

Brinca A. L. The Coherent Wave-Particle Resonance Perturbed by Turbulence. =
J. Plasma Phys., 1978, v. 19, p. 43.

Stenflo L. Stimulated Scattering Processes in Magnetized Plasmas.— Phys. Scrip-
ta, 1978, v. 17, p. 9.

Zagorodny A. G., Tegeback R., Usenko A. S., Yakimenko I. P. Enhanced Fluctu-
ations in Semi-Infinite Plasmas. — Ibid., v. 18, p. 182.

Stenflo L., Yakimenko I. P. Scattering of Electromagnetic Waves on Enhanced
Fluctuations in Bounded Plasmas. — Ibid., p. 151.

Stenflo L. Higher-Order Nonlinearities in the Theory of Parametric Decay Insta-
bilities. — Ibid., v. 17, p. 5.

Porkolab M. Parametric Processes in Magnetically Confined CTR Plasmas. — Nucl.
Fusion, 1978, v. 18, p. 367.

Fukumasa O., Abe H., Itatami R. Anomalous Eifect of Weak Collisions on the
Nonlinear Interaction in a Smal-Cold-Beam, Warm-Plasma System. — Phys.
Rev. Lett., 1978, v. 40, p. 393.

Mima K., Hasegawa A. Nonlinear Instability of Electromagnetic Drift Waves.—
Phys. Fluids, 1978, v. 21, p. 81. _

Wee W, De Groot J. S. Ponderomotorive Force and DC Magnetic Field Genera-
tion Induced by Laser Absorption. — Ibid., p. 124.

Kruer W. L. The Rebirth of Brillouin Scattering in Laser-Plasma Experiments. —
Comments Plasma Phys. Controlled Fusion, 1978, v. 4, p. 13.

Fuchs V., Beaudry G. Threshold Behavior of the Three-Wave Parametric-Decay
Interaction in Bounded Inhomogeneous Plasmas.— Phys. Fluids, 1978, v. 21,
p. 280.

Lisak M., Peterson B., Wilhelmsson H. Coupled Nonlinear Schrédinger Equations
Including Growth and Damping. — Phys. Lett., 1978, v. 66A, p. 83.

Hasegawa A., Mima K. Pseudo-Three-Dimensional Turbulence in Magnetized Non-
Uniform Plasma. — Phys. Fluids, 1978, v. 21, p. 78.

Bypunckast T. M., Boaokurun A. C. K TeopuH TeII0BOM MOZIYJAHHUOHBON HeycTOH-
yuBocTH, — [Tucema JKIT®, 1978, 1. 27, c. 321.

Carpees P. 3., IHanupo B. JI;, Ilesuenko B. U. O B036yXAeHHH KOHBEKTHBHBIX
sAyeeK aJb(BeHOBCKUMH BoJaHamu. — Tam xe, c. 361.

Williams E. A,, Albritton J. R., Rosenbluth M. N. Effect of Spatial Turbulence on
Parametric Instabilities. — Phys. Fluids, 1979, v. 22, p. 139.



FJIABA 20

NMAPAMETPHYECKOE BO3BY)XAEHHE FTHBPH HbBIX
PE3OHAHCOB B NIJIASME, COOEP)XALLEA HOHBI NPUMECH

B sr0it rsaBe paccmMoTpeHO mapaMmeTpHueckoe BO36yXKAeHHe THO-
PHAHBIX DE30HAHCOB B NPOCTOM HacTHOM cJjydae, Korja JABe BOJHEHI,
NpHHHMAIOUIHEe y4YacTHE B TPEXBOJHOBOM B3aHMOAEHCTBHH, SBJSAIOTCH
OGBIKHOBEHHEIMH 3JIEKTPOMATHHTHEIMH BoOJIHamu. [losiyyeHnl noporu
H HHKPEMEHThl HEeyCTOHMYHMBOCTEH IPH HAJHYHH CMECH HOHOB Ppa3JiHy-
HEIX COpTOB.

[Ipeanonaraercsi, 4T0 BOJHA HAaKaYKH 3JEKTPOMATHUTHOTO THIA,
pacnpocTpaHAIAascs MNEPNEeHAHKYJISAPHO HanpaBJEHHIO MOCTOSHHOTO
MAarHuTHOTO M0JIsi, B3aUMOAEHCTBYET C JABYMs JAPYrHMH BOJHaMH, OJ-
Ha M3 KOTOPHX fBJIAETCH HEOOBIKHOBEHHOH BOJIHOM (BOJIHOM HHIKHErO
HJIH BepxHero rHOpuaHoro pesoHanca [1, 2]), a apyras — oGBIKHO-
BEHHOH 3/IEKTPOMAarHHTHOH BOJIHOH. PellleHue Takol 3ajgauum npen-
CTaBJIIeT HHTEpEC B CBA3H C HCCJAeJ0BaHHEM CBOHCTB TepPMOSAEPHOH
nna3mbl. Tak Kak KOHIEHTPalHsi NpHMeceil (TSXKeNbiX HOHOB) B Ta-
KOH IJlasMe MOXeT JOCTHraTb YpOBHf, CIOCOGHOTO  CYLUECTBEHHO
BJHATb HAa JHUCNEPCHOHHBIE XapaKTePHCTHKH mJiasmbl [3, 4], npu-
MeCHBI€ HOHBl BKJIOYAIOTCA B CXEMY pacyueTa JUHAMHKH cHCTeMEHl. [lpu
3TOM IpejnoJaraercd, YTO MJOTHOCTb 3JEKTPOHOB IMOCTOSIHHa, a OT-
HOCHTeJbHAasi KOHUEHTPauus NPHMeCceH PasJHUYHBIX COPTOB MOKET Hu3-
MeHaTbcsl. Kpome TOro, CUMTalOT, YTO OCHOBHBIM KOMIOHEHTOM IJas3-
MBI siBJsieTCS BOAOPOA (Z;=1).

PaccmarpuBaemass mpobaema uccaejoBajach BO MHOTHX pa6orax
KaK Ha rujpoiudHaMHyeckoMm [5, 6], Tak u Ha kuHermueckom [7, 8]
ypoBHe onucaHus. Huxke HCHOJbB30BaH NapaMeTPHYECKHH MNOJIXOA B
paMKax rHApPOJMHAMHYECKOTO ONHCaHHSA, Ha OCHOBE KOTOPOTO yhaeT-
CA ONpeJeJUTh MOPOTH U KO3 (PHLMEHTH HapaCTaHHs, a TaKXe H3y-
YHTh HMX 3aBHCHMOCTb OT PAacCTPOHKH YacTOTHl, MUCCHOATHBHBIX 3(¢-
dbexToB M Haduyusi npumeceil. B yacTHOM cayyae OTCYTCTBHS Mar-
HHTHOTO HOJA IOJyYEeHHbIE BHIPAXKEHHS HEPEXOAAT B COOTHOLIEHHS,
ONHCHBAWINHE BHHYXJEHHOE KOMOHHALMOHHOe paccesHue H pacced-
Hue MaHngeabmrama—bpuiinosna.

HcxonHble ypaBHeHHs!

IIpennosoxuM, 4TO TNOCTOSHHOE MATrHHTHOE II0JIe HaNpaBJEeHO
BJOJIb OCH Z J€KapTOBOH CHCTEMBl KOODJAHHAT, a MOLIHas najamnias
BOJIHA pacrnpocTpaHsercs BJOJb OcH X. Dousee Toro, Gynem CUHTATD,
YTO BEKTOD HANPSIKEHHOCTH 3JEKTPHYECKOTro 104 Majaloiied BOJIHBEL
HanpaBsJ/ieH BIOJb OCH Z, T. €. OHa fABJAeTc OOLKHOBEHHOH 3JIEKTPO-
MAaTHHTHOH BOJHOM. JlJs Hava/ja paccMOTPHM O6ecCTOJKHOBHTEJBHYIO
naasmy.

BBejgeM HHAEKCH j=e, i, B 1J9 yKa3aHHs BeJHYHH, OTHOCALIHXCS
K 3JEeKTPOHaM, NPOTOHAM H HOHAM NPHMECH COOTBETCTBEHHO. Dyjem
HCHOJb30BaTh cieAylomue o003HaYeHHA: m U g — macca H 3apsj ua-
cTuipl; N¢— HeBO3MYleHHAs IVIOTHOCTb IJa3Mbl; 7 — BO3MYILEHHE
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NJIOTHOCTH YacCTHL; U — FHAPOXHHAMHYecKas CKOPOCTb 4YacTHuu, E
H B — Hanpsi>KeHHOCTH 3JIEKTPHYECKOTO H MAarHMTHOTO MOJeH; u —
TENJIOBasy CKOPOCTb 4YacTHL. B HeJHHeAHEIX ypaBHEHHAX YAEPXKUM
TOJBbKO Te HEJHHEHHBIE CJaraeMble, KOTOPHE ONHCHIBAIOT CBA3b MEX-
Jy Pa3HYHBIMH BOJIHAMH.

YpaBHeHn;{ ABHXCHHA B paCCManHBaeMOM c.nyqae HMEIT BHI

Ovg 9 u?
—_%_ E, oo 4 B,; 20.1
ot ( +v,By) + N, ax m v, (20.1)
0v,/0t -+ (g/m) v B, = 0; (20.2)
P g, 4 90 3
ot m Er=—u m B, + ox ) (203)
U3 ypaBHeHHs HenpephiBHOCTH M ypaBHeHHs IlyaccoHa ciaelyer, uToO
ot + Nodu,/ox = 0; (20.4)
By _ 1 5.4 20.5
Ox €0 Zq]n]' ( . )
HaKOHeu, YpaBHE€HUsA Makcesedaa CBOAATCH K COOTHOUICHUAM
— O, jox -+ 0B,Jot = 0; (20.6)

0B, 1 Ok,
ox c?

+ Mo 2N 910, = Wo2nq V- (20.7)

Henunefinvie ciaraembie B KaxjaoMm u3 ypasHenufi (20.1)— (20.7) Bni-
HeceHH B NPaBYIO YacThb.

3ameTuMm TaKxe, 4YTO H3 YCJAOBHUHA COXPaHEHHA [OJHOIO 3ap;111a
BbIT€KaeT COOTHOILIeHHE

Ny = No /(1 + 2C,Zy), (20.8)

rie Cp— OTHOCHTe/NbHAsl KOHLEHTpPauHs H Z, — 3apsijoBoe UHCJIO
NpHMECHBEIX HOHOB COpTa k.
Hcknoyass komnoHenTsl noast E., E, u By, a Takke CKOPOCTb Uy

H3 ypaBHeHHil (20.1)—(20.7), no.nyqaeM CHIRAYIOULYIO CHCTeMY YPpas-
HeHuii:

Pre P ottt (n,— ,._zzhnk)=Noe_a_";<v,Z‘:);
(20.9)

_6%1_ . Gznk + w2 k”k“" - ——_1-0;2%:; (n; — n, 4+ ZZpny) =
(AR e
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Pu, 4 O, 2 1 me 2 my .
m C om +(°Pe[l+ L+ 2CxZy (rm +2k l>]v’*

2

e (n += Me p, 3 Me ank> (20.12)
e

rie  op, = (N, /meso)‘/z—sneKTpOHHaﬂ nJiasMeHHass  4acTora;
0gj=¢g;Bo/m; — uuKNIOTPOHHAs uacTOTa JJAS 4YAaCTHIL  Pa3JHYHOrO
coprTa. , V

Ananuz ypasHenufi (20.9)—(20.12) MOXHO CYIIeCTBEHHO YNpo-
CTUTb, HCHOJIb3VS NPHOMHXKEHHOe DPaBEeHCTBO XZpfy & Z,My, KOTO-
poe o3Hauaer NpeHeOpexKeHHE BJHSHHEM TSXKEJIBIX HOHOB JPYTHX
COPTOB Ha JAHHAMHKy HOHa H36paHHOro copra k. B GosbliHHCTBe ciy-
yaeB npeHeOpexkeHue 3akoHHO. Torpa ypaBHenue (20.12) nepenu-
grercs cjaelylomHM o6pasom:

2 2
.22_- — 2 _0_2_ -+ 2 + Me_ _&)peckzk n, + e wlz?eckz k
ore k oxz e U N EC 2y | R T T ECZ,

NoeCiZ 2 9 /. d,
Xoi—1) = 0 (0) 5 (). @013

W3 (20.13) BuIHO, UTO CBHA3b M C Ne, N; H U, ONPEAENSAeTCS NPOCTHIMH
IubdepeHnHANBHEIME ONepaTOPaMH, a 3TO OTKDbIBaeT BO3MOXKHOCTb
MOJYYEeHHSI IHCHEPCHOHHOTO YPaBHEHHS M3 YCJIOBHA CYLIECTBOBAHHS
HETPHBHAJBHOTO pelleHus cHcTeMBl ypaBHeHuit  (20.9), (20.10),
(20.12) u (20.13).

JMcnepCHOHHOE YpaBHEHHE M €ro pemeHns

[IpeanosoxuM, 4TO HaNPAXKEHHOCTb 3JIEKTPHYECKOTrO NOoJsA Mnajalo-
LIeil BOJIHB HAKAYKH HMEEeT BHJ

E, = 2E zsin (w,f — kyx), (20.14)
H BbIpa3uM Z2-KOMIIOHEHTY CKOpOCTH 3JEKTPOHOB KdK
v, = 2u, €08 (0 — Ryx) + v, U K Uy, (20.15)
rae
v, = (|e|/muy)E,. (20.16)

I'Ipejmonaraﬂ eife, YTO INPOCTPAHCTBEHHO-BPEMEHHAA 3aBUCHMOCTD
IJIOTHOCTH 3JIEKTPOHOE onpenessaercsa COOTHOUIEHHEM

n, = 2n,, cos (ot — kx) (20.17)
H y'{HTbIBaf{ (20.12), mpencTaBHM CKODOCTb U~ B CJENyIOLIEM BHJE:

= 2v% cos[( + wp) £ — (& + k) x] + 2u~ cos [(® — @) E — (R — ky) x],
(20.18)

yro naer
(0/0x) (v,00,/0x) = — 2k%v, (v -+ vZ) cos (0 — kx). (20.19)

170



[Tpene6peras B (20.12) caaraeMbiMH, HPONOPUHOHANbHBIMH
Me/m;, monydaeM :

pt — Mol 2 ! . (20.20)

~ Noe ” (©+ 0)2 —c2(k+ ko)z—mf,e
IMoxcranoBka (20.19) u (20.20) B (20.9), (20.10) u (20.13) mnpuso-
JIMT K JHCHEepCHOHHOMY ypaBHeHHIO [6] :
Dy (@, k) = — k25 (1/Dfm + 1/Dinm), (20.21)

rie BeJHYHHBI
¢ 2
DEy = (0 + 0)) — & (£ + ko) — e (20.22)
NpPEeACTaBJAIOT COGOfi AHCIEPCHOHHBIE (PYHKUHH OGHIKHOBEHHBIX 3J€K-

TPOMAarHMTHBIX BOJH Ha CMeIIaHHBIX yacToTaX, a Dy omuceiBaer rub-
PHIHYIO BOJIHY H ONpelesseTcs BHpaKeHHeM

Diy = 1/ + 1ty 4 11 — /(1 + 217} (20.23)
3xech ‘ o 04
_ (022/((0 + kzuz —(02); (20.24)
‘o
- 1 Dpe 1(20.25)
me 1430 (o + —m2) o
2 2 ‘
Xh _ me Cka (Dpe (20.26)

mi 1+ 32CpZy (0, + k2 —o?) |

3aMeruM, 4to npu y,<K1 Bbipaxenue (20.23) ymnpouaerca:

=1/ + U(x: + 1 4+ Zyz)- (20.27)
Orcrona cnexyer, 4to A CBOGOAHOH rHOGPHAHON BOJIHbI
b et %+ 30, =0, (20.28
a napaMeTpuueCcKoe BO36yKeHHE ONHCHIBAETCSH COOTHOLIEHHEM
o 1 1
U+ %o+ % + By = — K03 ” + . (20.29)
(0F + #2uf —a2)?\ Dify Dem 4

YpaBnenue (20.28) uMeeT pewleHHs ABYX THIOB, KOTOPHIE COOT-
BeTCTBYIOT TaK Ha3blBaeMbiM HHXKHe- H BerHeFI/I6pHﬂHOMy pe3oHaH-
caM. XapakTepHble 4aCTOTHl HHXKHerHODHJIHBIX DE30HAHCOB Y OBJET-
BOPAIOT HepaBeHCTBaM

0}, K 0, ~ 0} H(((omN (20.30)
CootsercTBylomiee pellenie ypapHeHus (20.28) mvxeeT BHI
9 (‘)He+k2u m pe
Ory = .
@7 b+ Rl 4o, mi 14Z2CpZ
*u 2 2 m; k2”12a |
X [1 -+ 5 +ZCkZ — (1 -+ 5 2) , (20.31)
(o 2n) (orm)*
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rie o, —4acToTa HHXHETHOPHIHOTO pe3OHaHca, HafileHHas Ge3
yueTa TeMnepaTypHhHX 3¢ (eKToB H NPHUMecH, T. e.

(005)* = 02,0} /(0F, + 0%). (20.32)

UcnoasszoBaB (20.31), nepenumem HCXOJHOE TUCIEPCHOHHOE ypas-
HeHue (20.29) B Bume

©* — ooy = G (1/Diy + 1/Dgn), (20.33)
rge
G = o} —— ¢ me |
(0) + k2l mHe)Q my 1 4-ZCpZy
r? _ f2u2
% [1+ IR Yo i (1+ _ O”’*?)], (20.34)
(“Ln) e (o7x)

HerpynHo Buierb, YTO NpPH TeX 3HAYEHHSX YACTOTH ®, KOTOPHIE SB-
JAI0TCA pelleHHsIMH ypaBHeHusi (20.33), Dem & Dim, Tak uto cia-

raeMeiM  1/Dify MOXHO mpene6peun {6].
BBeaeM yactotry BTOPOH 3J€KTPOMArHHTHOH BOJNHH (2= ®Wo—®LH.

YuuTeBasi, YTO B PE3OHAHCHHIX YCJIOBHSAX Dem (kg —Fk, 0p) =0 u
2 2 o

®p— ¢?k? — wp=0, NoJyyaeM BOJHOBO€ YHCJIO THOPHUAHON BOJIHHI, MpH

KOTOPOM Pe30HaHCHOE yCJOBHE BHIIOJIHAETCSA TOYHO:

k=Fky[l £ (1 — oLy (20)— ora)/k*)]', (20.35)
IMpu HaJHYHH DPACCTPOHKH YacCTOTH HCHOJB3yeM 06o3HaueHHe
Aw = 0y — 0L — 0, (20.36)
H npeo6pa3yeM JHCIEPCHOHHOE YDaBHEHHE
0 — 0l = G/l(0, — 0)? — 03] (20.37)

K cjlenyloumemMy BUIY:
(0 —oLH) — A (0 — oLy) + G405 = 0. (20.38)
IIpu BuiBoge (20.38) ucnonab3oBaHbBl NMPUGJHKEHHBIE COOTHOLICHHS
04 0y & 201H, ©)— 0 + 0, & 20.
Pemenunem ypaBHeHus (20.38) saBasercs
0=0, = 0rx + Av/2 + (1/2) [(A0)* — G/oLrw,]'/:. (20.39)

HWHKpeMeHTHI H TOpPOrH

Paccmotpum TOT H3 KopHeit  (20.39), xoropuiit npu  G/oppws>
> (Aw)? H 3KCNOHEHUHAJBHOM ¢akrtope exp(iwf) cooTBeTCTByeT Ha-
pacTaHHIO BO BPEMEHH, T. €.

0, = @rg + Aw/2 — (i/2) [G/oLHo; — (Aw)?]'/s. (20.40)
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VI3 3TOro COOTHOIEHHS BHITEKAIOT IIOporoBo€ ycJjoBue

G = 0LHO, (A0)? (20.41)
H Cjeayloliee BbIpaXkxeHHe JJI9 MAaKCHMaJbHOIO ifIHerMeHTa:
Vm = (1/2) (GloLaws)' /1, (20.42)

Koropoe nMmeer Mecto npu Ae=0. Eciu |Aw|>2yn,, To HapacTaHus
HeT.

Jns yuera 3aTyxaHHs B3aHMOJEHCTBYIOIIMX BOJIH BBEJEM HCKYCCT-
BEHHO, KaK 5TO OGHYHO AeJAIOT NPH H3yYeHHH NapaMeTpHYeCKHX fB-
Jenuii (cM., Hanpumep, [9]), nuHefiHble KO3 (PHUHEHTH 3aTyXaHHs
napaMeTpuyecku B036yxJaeMblx BoJH I'y u Iy (T. e. HuxHern6puanoi
BOJIHBL C YaCTOTOH ®; M 3JME€KTPOMArHHTHOM BOJHHEI C YacCTOTOH @®s).
Toraa aMmJIHTYAH OyAyT NOAYHHSTHCH yPaBHEHHAM

(0%/012 4~ 2I'10/0t +- @?) a1 = €,0,0;

20.43
(0108 + 2T',0/0t + ) a; = ¢,a1a, ( )

Tle Qo — aMIUIMTY4a BOJHB HAaKaYKH H MpeanoNiaraercs, YTO 3aTyXa-
HHE MaJio.
[Ipu yuere 3atyxaHusi anajoroM (20.38) sABasiercsi ypaBHeHHe
Biij1a
(© — orp)? — Ty 4 Gldorgo, —[1 (T 4+ Ty) + Aol (€ — o) +
-+ iAel; = 0. (20.44)

B6aunsu nopora, rie o BellecTBeHHO, 0—orup=Aol/(I''+I2), uro
coBMecTHO ¢ (20.44) npHBOJHT K CJAEAYIOLUIEMY NOPOTOBOMY  YCJO-
BHIO:

G/4o Lo, = T, [1 + (Aw)/(T; 4- Tp)Y. (20.45)

VIHKpeMeHT B OTCYTCTBHE PAacCTPOHKH 4YacTOTH (A®=wo—0ry—mo==
=0)

Ym = (1/2) {{G/oLao, + T, — )/ — ([ + )} (20.46)
3ameruM, uTO ¢ momollbio cooTHoweHuit (20.31) u (20.34) du-

rypupyoumyio B (20.46) Beanundy G/wrpwz MOXHO TpEJCTaBHTL B
BHJE

S _pyp OLi% . (20.47)
O 110 o, (0, + k22 + ofy,) (03, + Bu?)

Vicnonpsysa sTo cooTHomeHue, nosaydaeM u3 ycaoBHa (20.45) cie-
Aylolulee BhIpaxKeHHe MJA KBaJpaTa MOAYJS MOPOrOBOr0 3HaYeHHs Ha-
MPSXKEHHOCTH 3JIEKTPHUYECKOTO NOJS:

| Ey Jaop = (4T4To/B) [1 + (Ae)/(T; + Tp)2 —
- (m';’cog/ez) (wZ/mLHo);e) (mﬁie -+ k”ug) (cofw + B2 + ©?,y. (20.48)
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Has toro uro6ul cBsizaTb (OPMaJbHO BBeJEHHBE BeJHUHHH I'y

u T ¢ onpeneneHHHIMH (PH3HYECKHMH IapaMeTpaMH, HeoOXOAHMO

3amucaTh  JUCNEPCHOHHbie COOTHOHIEHHSI C YYeTOM JAMCCHIATHBHBIX

addekToB. B wyactHocTH, BBeAs B BhipaxeHue (20.22) wuwacrory co-

yAapeHuH 3JeKTPOHOB W, MOJYYHM /s BTOPOH 3JEKTPOMATHHTHOMK
BOJIHBI '

S, = (wp/m2)v (20.49)

AHamoruyHo RS HH3KOYACTOTHON HHXKHETMOPHAHOM BOJIHBL YUYeT ya-
CTOTHl COYAapeHHH HOHOB v; AaeT

o, == v, -+ O (m,/m,). (20.50)

B npenene Be—>0 HuxHernbpuanasi BoJHA NePEXOJUT B HOHHO-
3BYKOBYI0, AJI1 KOTOPOH
1 ko m; R
02 = kil e — 1 R ol AL ,
“ *my 14 ZChZy + (w2)? + 2 Mg T («2)?
' (20.51)

rae (©))? = kulm,m; = k*T /m;.

B ToM e npepene

I EO lﬁop= i'Vale[ 1 +

2 2

4 (Aw)? 1,0 %
(a)gevz/mg + va)? ] et

X (ui/(oa%wfm) (mf}e -+ kzuﬁ)’/ 2, (20.52)
Ipr | Ao | K (1/2) (0,vo/0} + v,) B Fu L 0% 570  BhipameHue CBoO-

AHTCSL K XOPOIIO H3BECTHOMY Pe3YJIbTaTy s BbIHy')KJleHHOI‘O paccesi-
HHs1 MaHaenbiiTamMa — Bpuamosta [5] -

‘ Eo ‘nop = kvalv2/(')a(02) mgufmﬁlez- (20.53)

Beauunna v, B 06JaCTH [AOCTATOYHO OOJBIIHX BOJIHOBBIX yYHCeJI
[Takux, uto &> (TofT;)2(ve/u,)] onpenensiercss 2JeKTPOHHBIM  3aTy-
xaHuem Jlanagay {9]:

v, & [(m,/m;) ‘D_a]V’.

B npomnecce napaMeTpHYecKoro B030yXIeHHs BepXHern6GpHAHOrC
pesoHaHca NPHHHMAIOT Y4acTHe TOJBKO 3JEKTPOHB, YTO XOpOIIO BHA-
HO H3 BbIpAaXKeHUH AJS BepDXHernOpHAHOH 4YaCTOTH

2 2 24,2
0y = 0, + Bl + of, (20.54)
KOTOpOe fIBJISETCS BBHICOKOUACTOTHBIM MpejenoM O6Iero BhIparKeHHs
(20.28). EcrecTBeHHO, 4TO B 3TOM cJydae Ha/Juyue ImpuMecefi He:

BJIMSIET HA TapaMeTpHUYeCKoe BO36YKAEHHE.
Pacuer HHKpEeMEHTOB M NOPOrOB NPHUBOJUT K NPEXKHUM BhIpaxKe-

HHSIM, B KOTOPHE€ Hafl0 NMOJCTaBHTh BEJHUHHY
Glopw, = Bo? Ut/ounw,
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a B KayecTBe YacTOTH BEPXHErHOPUAHOA BOJHH CJelAyeT  B3AThb
15, 6] @, = @y — wus. s

B psage paGor paccMaTpUBaJHCh PasjHuHble CTHMYJHpPOBaHHBEIE
TIpolleccHl B He3aMaruuyeHHoi nsasme [10—17]. PaGora [9] conmep-
KUT 0630p pesysbTaTOB, INOJYYEHHBIX Kak JJs NapaMeTPHYECKOro
paccesiHHsi, TaK M JJs HEyCTOMYMBOCTEH, Pa3BHBAIOLIMXCH  BCJEACT-
BU€ IIOIVIOIIEHUS] CHJbHHIX 3JEKTPOMArHHTHHIX BOJH, KOTOpHle pac-
NPOCTPAHSAIOTC B OJHOPOJHOH He3aMarHudyeHHoH mnasme. B oGoux-
cJay4yasiX BO3MOXKHBI JBa THIIAa HEYCTOHYHBOCTeH, KOTOPHe Ha sI3bIKEe
KBa3WYaCTHI MOryT OHITb BBHIpa:KeHH CJeaylomuM o6pasoMm: (OTOH
pacnajaercsi Ha QOTOH U MiIa3MoH (f—#'--/) unu Ha GOTOH U (HOHOH-
(t—t'+s) — npu paccesanud, U ¢OTOH pacnagaercs Ha JBa IJa3Mo-
Ha (f—I/-+1) unu Ha NAa3MoH M QOTOH (f—I[-+S) — NpU NOrJOUEHHH.
CyLiecTBeHHO, YTO BCE 3TH IIpOLlecCHl MOTYT NpOTeKaTb B KOpoHe, 06-
pasymouieidics 1Opud JasepHOoM OOJyYeHHUM TepMOSAEPHOH  Mullle-
Hu [10}.

3amgauwu

20.1. B nacrosmeli rnaBe B KayecTBe MNEPBHYHBIX HOHOB OLLIH NPHHSTH HOHBI
Bojoposa. Kak M3MeHSIOTCS pe3y/JbTaThl PACCMOTPEHHS, €CJH NPEANONONHTb, UTO-
HMOHBHl HMMEIOT MaccoBoe M 3apsfoBoe uncia A; u Z;? OGoGumTh BhIpaxkeHue AJIA
auxHeru6puayon vacrotn (20.31) TakuM obpasoM, 4TOGHI OHO CTAJO NPHTOJIHLIM A5
ONHCalusi CHCTEMBI HOHOB C NPOH3BOJILHBIMH 3HAaueHusMu A; n Z;.

20.2. TIpeanonoxuM, YTO NEPBHUHLIMHE SBJISIOTCS HOHB! felTepus (Zp/Ap=1/2).
HaMenntca JIm yacToTa HWKHErHODUAHOrO DE30HAHCa HM3-3a HaJMyMs HpHMecCeH, eciH
BTH TPHMECH TOJHOCTHIO HOHH30Baubl (Zp/Ap=:1/2)? Kax nosausior Ha pe3yJbTar.
TeMneparypHule 3(ppeKT?
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I'/IABA 21

HEPE30OHAHCHOE B3AMMOJENCTBHE THIIA
BOJIHA — BOJIHA H B3AUMOJLEVNCTBHE YACTHIL
C BOTHAMH

PaccMoTpuM 4acTHBIE ciyyafi TPEXBOJHOBOrO B3aWMOAEHCTBHUS,
KOr'Jla yacTOTa BOJIHB OHeHWH, BOSHUKAWIIEH B Pe3ysabTaTe HeJUHeH-
HOTO B3aHWMOJEHCTBHsI ABYX IIEPBUUHBIX BOJIH, HE COBNajaeT C KaKoMH-
JH60 H3 YaCTOT KOJIIEKTHBHBIX BOJIHOBBIX ABMUKEHHMH B NsasMe (HHBI-
MH CJIOBaMH, BOJIHA OHeHHH He HAXOMHUTCS B pPe3OHAHCE C IJIa3MEH-
HOM BOMHOM). 3aMeTHM, 4YTO OJjarojapsi HajJHuyH 3aTyxanus Jlan-
13y, YUIEPSIIOIEro CIEKTpP BOJHB OUEHHH, HEKOTOpas CBS3b MEXKAY
NepBUYHEIMH BOJIHAMH H KOJJEKTHBHHIMH SIBJIEHHSAMH B I1a3Me Cy-
IEeCTByeT M B 3TOM ciayuae. Kpome Toro, uMeercs CBsI3b MeXIY
NEepBUYHBIMH BOJIHAMH M 4YacTHIlaMu Iia3Mbl IloaTOMy MOXHO ycTa-
HOBUTb OMNpPEJeJEHHOE COOTHOLIEHHE MeXAY B3aUMOLEHCTBUSIMH TH-
na BOJHA — BOJIHA U BOJIHA — YACTHILA.

Kak ussectHo [1—3], Bce B3auMomeiicTBUsi BOIH B G€CCTONKHOBH-
TEeJBbHOH NJ1a3Me YAOGHO KJaccu(pHIUPOBATb IO NPU3HAKY BOJHA —
BOJIHA MJH BOJIHA — 4yacTHHa. YacTHIH, 3aXBayeHHHBIEe MOTeHIHAJbHBI-
MH SIMaMH pacHpOCTPAHSIOWMXCH BOJH, MOTYT 3¢d¢heKTHBHO oOMeHH-
BaTbCA 3HEPrHeil C BOJHAMH, ecny dasoBble CKOPOCTH BOJIH COBIA-
JalT CO CKOpPOCTAMH uacTull. Torja e, KOrjfa CBs3b YacTHI[ ¢ BOJ-
Hamu cjabasi, BpeMeHHAas 3BOJIOLUS AMIUIMTYJ BOJH OIpeiessieTcs
NpEeUMYIIeCTBEHHO B3aUMOJCHCTBHEM 3THX BOJIH C BOJHAMH B IIa3-
Me. MMeHHO cBfI3b THIIA BOJHA — BOJIHA (B YACTHOCTH, pPe30HAHCHAsA
CBfI3b) U Obla OCHOBHEIM [PEIMETOM pacCMOTPeHHs1 B MNpeABIAy-
IMUX rnaaBaXx. 3aMeTHM, 4TO (OpPMaju3M TeOPHH B3aHMOJEHCTBUSA
BOJIHA — BOJIHA MOXKHO HCHO/Ab30BaTh H INPH HCCIEAOBAHHM  B3aH-
MOJEHCTBHSA ABYX BOJIH C YaCTHIAMH IJIa3MBL.

IIpeanonoxuM, 4YTO npH B3aUMOAEHCTBUH ABYX NEPBHYHBIX BOJH
BO3HHUKAeT BOJiHA OHMEHHH C 4acTOTOH gy, OTaHUawuelica Ha BenH-
YHHY A® OT YacTOTHl ®2 OINPENeNEHHOTO KOJJIEKTHBHOrO KoJeGaHUs
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B N1as3Me, T. e. Ao=wy—wp. Toraa, caexys pa6ore [4], BBeneM nou-
craHoBky Ap=Asexp(—iAnt), ¢ MOMOuUbIO KOTOPOH MpeoGpasyeM
HCXOAHYIO CHCTEMY YPaBHEHUH TPEXBOJHOBOrO B3aUMOJEHCTBHA /A
HEeIUCCUMTAaTHBHOH Cpelbl

0A,/0t = 1A Az exp (— iAel); I

0A,/0t = cgy A A; exp (1Awt); (21.1)
0A,/0t = ¢4, A A] exp (1Awt) l
X cJeAyrmeMy BUAY:
dA, 0t = ¢1pA,As; (21.2a)
04,0t = copAAB; (21.26)
(0/0t + 1Aw) Ap = ¢y AGAL. (21.28)

VuutbiBass MeJJIeHHOCTb H3MEHeHHS aMIuuTyabl Ap, MOXHO
TIPeANONOKHUTL, UTO BTOpOe cjaraeMoe jepoi uyactH (21.2B) aomu-
HHUPYeT H ONpejessieT TeM CaMbIM IPOCTOe BhIpaxkeHHe Ap uepes npo-
v3BejeHne aMIuuTya Ao 1 Ap:

Ap = (Cy/iA®) AAL . (21.3)

Tloacranoska storo Bupaxkenuss B (21.2a) u (21.26) npuBOAMT K
‘YpaBHEHUSAM

04,0t = (cyye18/i00) AAAT (21.4a)
0A,/0t = — (CyCon/iA®) AAvA, (21.46)
KOTOpBIE Jal0T
@/01) | Ay I = 2Im (cuei/A0) | Ay 2| Ay 15 (21.5a)
@0t | A P = —2Im(cycon/A0) | Ay 12| 4, . (21.56)

‘HerpyaHo BujeTb, 4TO NPH OTCYTCTBHH 3aTyXaHUsi BOJHHL OHeHHN
npaBHe 4acTH ypaBHeHUH (21.5) o6pamiaioTcs B Hyab, a 3TO O3Ha-
YyaeT, YTO AMILUTHTYABI NEPBHYHBIX BOJH He H3MEHSIIOTCA B Ipollecce
B3auMoneiictBus [b]. Ecan ke yuyecThb 3aTyxaHue BOJHE GUEHHH (OHO
‘BCETJ]a CYIIECTBYEeT H3-33 B3aMMOJAEHCTBHsS BOJH C 4YacCTHIAMH), TO
MeXJIy HHTEHCHBHOCTSMM II€PBHYHBIX BOJH IIOSIBUTCA HeKOTOpas
CBSI3b, KOTOPasi M oONuchiBaercss ypaBHeHusMH (21.5). Takum o6pa-
30M, HaJHyHe BOJHbH GHEHMH MOXKHO paccCMaTpUBATb KaK oOlpeje-
_JeHHBIH crnocob NOoAAePXKAaHUA CBASH MeXAy NEePBHYHBIMH  BOJHAMH
¥ YACTHILAMY IJ123MBL.

BBoaa o6Go3nauenHe Aw=Awmy-+iy U mnpeHe6perass mjas IPOCTOTHI
3aBHCHMOCTBIO KO3(Q(UIHEHTOB CBA3H OT 3aTyXaHHUsl, mNpeolGpaszyem
‘ypaBHenus (21.5) x caexyomemy BUay:

2
AR s | AP AR @16
d 2 .
- [ Al= m ewcon | Ay P | A, 2. (21.66)
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W3 3tux ypaBHeHHH fCHO BHIHO, YTO BOJIHA OMEHHH JeHCTBHTE/ILHO
NPUBOAUT K YCTAHOBJIEHHIO CBS3H MEXJAY INepBHYHHIMH BOJHaMH. Ilo
CYLeCTBY, STOT IPOHECC MOXKHO HHTEpINpeTHPOBAThH KaK B3aHuMojel-
CTBHE BOJIH H YacTHll. Ecay, B yacTHOCTH, AMCCHIIAIUA 3HEPIrHU BOJI-
Hbl GHeHHH oﬁycnosneﬂa 3aryxanneMm Jlangay, TO MepBHYHEIE BOJ-
Hbl B3aUMOJEHCTBYIOT C PE30HAHCHBIMH YaCTHIIAMH, CKOPOCTH KOTO-
phIX paBHBI (a30BOM CKOPOCTH BOJIHBI GHeHMH (HeJMHeHHOe 3aTyxa-
nue Jlannay). Takoe B3auMopeiicTBue OKa3blBaeTcsl BO3MOXKHHBIM 6Jsa-
rojaps ToMy, 4To 3aTyxaHue JlaHaay NPUBOJAHUT K YIIMPEHHIO CIEKT-
pa BOJIHH OMeHHH, B pe3y.abTaTe KOTOPOTO 3TOT CIIEKTpP NepeKphiBaeT-
¢ C Pe30HAHCHOH O6/ACTbIO AJs1 HEJHMHEHHOrO B3aMMOLEHCTBUSA B OK-
DECTHOCTH 4YacTOTH . CoOrnacHo ImpexbAymIeMY paccCMOTPEHHIO,
MOXKHO MNPEeANOJIOXKHUTb, YTO LIUPHHA 3TOH 06JIACTH COCTaBAseT 2y,
rfle yo — HHKPEMEHT IIPH Pe30HAHCHOM IapaMeTPHUECKOM YyCHJie-
HHUH.

OrtmeruM, uyto ¢urypupyromuii B (21.6) Muoxurens [6]
2vlv*+ (Awo)?]  mOCTHraeT MaKCHMAaJbHOTO 3HAYEHHS NpU  y=Aws
H CTpPeMHUTCS K HYJI0 NpH MaanX W Goabmmux y. Takoe mnoBeneHue
BIIOJIHE COTJIacyeTCsl ¢ Ka4yecTBEHHOH KapTHHOH, IpencTaBJeHHOH Ha

puc. 21.1.
[Tepenumem ypaBHenus (21.6) caneayrouum ob6paszom:
@ty | Ay P=—n | A P AL (21.7a)
0oty | Ay P= | Ay | AL (21.76)
rae
T +2(YAcoo)2 Guf15i ¥ = vz_-:&n;)? fute. (217}
BBeas euie npeo6pasoBanue
Ly=n | A P Li=un| A% (21.8)
nonyan
ol 0t = — I .1,; 01,0t = I [,. (21.9)
DTa cucTeMa UMeeT WHTETpaJl JBHKEHUS
' Iy+ Iy =my = 1,(0) + 1, (0) (21.10)

U pellleHHe BHIA
Iy = mal, )11, (0) + 1y (0) exp (my )} } el
Iy = myl, )11 (0) + Iy (0) exp (— my ).

BpeMenrasa 3aBucuMocTe BenuduH Io u I, nmoxkasana ua puc. 21.2.
Kak BHAHO, 5HEPTHSI MOHOTOHHO IepeaaeTcsi OT OAHOH BOJHBI K ApY-
roft (cp. ¢ [7]). CxopocTh 3TOrO Inporecca, a CAefOBaTeAbHO, H BO3-
MOXKHOCTb €r0 IPaKTHYECKOrO MNpHMeHeHHs (HanpuMep, mjis Harpe-
Ba MJa3Mbl) 3aBHCHT, B COOTBeTCTBHH ¢ (21.7B) u (21.8), oT cootHo-
IeHHsl MapaMeTpoB Awy H y. BO3MOXKHOCTb HCNONb30BaHMA paccMmat-
pHUBaeMoOro mnpomecca JJs HarpeBa IJa3MBl IPUBJEKAeT B IocnefHee
BPeMs 3HayHTeJbHOE BHUMaHHe [6, 8].
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Puc. 21.1. KauecrBennas KapTHHa ne- Puc. 21.2. Tlepekauka 3SHEPrUH MEXKAY
PEKPHITHS CHEKTPa 3aTyXalomed BOJHLI cpAsaHHEIMM Kosebauuamu  (Io — HH-
OueHuli W 06JaCTH HeJHHEHHOTO 3aTy- TEHCHBHOCTb BOJIHBI HAKauKH)

‘xauus Jlanpay

OTMeTHM, YTO ONHCBHIBATb B3aWMOJeHCTBHe Tulla BOJIHA — YacTu-
112 C NOMOMIbIO KO03(pQUIHEHTOB CBSA3M [JIst B3aUMOMAEHCTBUS THIA
BOJIHA — BOJHA MOXKHO TaKMKe B TEOpPHH CTUMYyJIHPOBAHHOrO pacces-
HHS 3J1eKTPOHOB — siBJIeHHsI, omucaHHoro eme B 1933 r. [9] u BHI3H-
BaIOIEro MHTEpec W B HAIUKM JHH B CBA3M ¢ HCCAENOBAHUSIMH 11O
B3aMIMOJEHCTBHIO Ja3epHOrO M3jayuenuss ¢ mnsasmol [10—12].

PaccMoTrpeHHble TpHMepbl [OKa3bBAIOT, UTO siBJIeHME CBS3U IIep-
BHYHBX BOJIH 4Yepe3 3aTyXaloUlyl0 HePe3OHAHCHYIO0 BOJHY GueHM# IO-
3BOJISIET YCTAHOBUTH [10Jie3HOe COOTHOLIEHHE MEeXK]y TeOpUAMHU B3au-
MOJeHCTBUIH THIIAa BOJHA — BOJIHA U BOJIHA — YacCTHLA.
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I'JIABA 22 ’

KOHBEKTHBHOE ABU)XEHUE YACTHIL,
OBYCJIOBJIEHHOE HEJIUHENHDbIMH 39 PEKTAMH,
H AHOMAJIbHAS IH®®Y3US NJIA3ZMbI

BpeMs yaep:xaHus NJa3Mbl B TePMOSII€PHHIX YCTAHOBKaX € Mar-
HUTHBIM II0JIEM CYIIECTBEHHO 3aBHCHT OT cCKopocTH auddysuu ya-
CTHIl NONepek MAaTrHUTHOrO moasi. HecmoTpst Ha TO YTO M3yyeHue 3TOH
npo6JjieMBl MMeeT AJHUHHYIO MCTOPHIO, O CHX IIOp OTCYTCTBYeT JO-
CTATOYHO IIOIHOE MOHHMMAaHMe MpolleccoB  AMPQPY3HH B HEKOTOPHIX
00/1acTAX 3HaYeHUH HaANPSXKEHHOCTH MAaTHUTHOTO IOJS.

Knaccuueckoe BblpaxKeHUe AaA Koadpduuvenra auddysun

D = p?v,,

T/le p — JIADMOPOBCKHH pajauyc uOHA M v; — 3P deKTuBHAs yacToTa
WOH-HOHHBIX CTOJIKHOBEHMi, HeCIpaBelJIUBO B cJyyae TepMOsiaepHOH
nnasMmsel jaxe B yC/OBHSAX TepMOAMHaMuueckoro pasHoBecusi. 1lpu-
YHHA 3aKJIYAeTcsl B TOM, 4YTO TPH OOJBHIMX 3HAUYeHHAX B (we:>
> wp;) OCHOBHBIM HOCHTEJNeM TeIJIOBOH 3Hepruu CJy»KaT KOHBEKTHUB-
HBle KOJieGaHHsS C 4acTOTOH wzipki_ (1w — HOHHasi  BSI3KOCTb,
£y =0). Ot KosebaHUs BBHI3BIBAIOT KOHBEKHMIO YAaCTHI IONepeK
{MaI‘HI/ITHOI‘O noasi, KoTopas U IPUBOJHMT K yCHIeHHI0O JAuPy3uH
1—14]. :

H3BecTHB TPH XapaKTepHHIX pexkuMa AUddy3uH B MarHHTOAKTHB-
HOi nnasme. [Ipu Manwix B TennoBas 3Heprusi JOKaausyercs B
OepHIUTEHHOBCKHX U THOPUIHBIX KOJeOaHUAX — 3TO CJayyad KJjaccH-
yeckoir audoysuu, T. e. D~1/B2 B npoMexKyTO4YHOH 06GIaCTH Ha-
IPSKEHHOCTE MAarHUTHOTO 1noss D TNOYTH He 3aBHCHUT oT B, W,
HakoHell, pu Goapux B umeer Mecto nuddysus GOOBCKOro THIA,
T. €. D~1/B. OTu pe3yaprarh IOJAYYeHB aHaJUTHUeCKH [2—4], a
TakxkKe INOATBepXKAeHb uducaeHubMu {3, 4, 7] u snaGoparopHbiMu (5,
10, 11] axcnepuMeHTaMH.

BMecrte ¢ TeM J1a60paTOpHBEE 3KCNEPHMEHTHl YKa3HBAIOT HA YBEJH-
YeHnne Kospduuuenta AUDDY3HH IIPH HAATENJIOBOM  BO3GYKAECHHH
KOHBEKTUBHBIX KosebaHHHd. Takoe BO36yXKJeHHE MOXKeT OCYIEeCTRB-
JATbC B TypOYJEHTHOH Il1asMe B De3yJbTaTe HEJHMHEHHBIX B3aHMO-
JeHcTBUH, HanpuMep, apeidoBux Boau [9, 13, 14]. Henasno, oxnaxo,
6b10 NoKasaHo [15], uTO B HeOZHOPOAHOM Ma3Me C HCKPHBJIECHHHIM
¥ (WIM) HEOJHOPQAHHIM MArHUTHHIM IojieM B JHHeAHBE KOHBEKTHB-
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Hbe KojeGaHHA MOTYT TpaHcdhopMmupoBaTbCs B KOjeGaHHS ¢ KOHeu-
HOM COOCTBEHHOH 4acTOTOH B 06sacTH  6JaronpHsATHOH KPHBH3HHL.
DTO JOMKHO INPUBOAUTH K OCHHAJALMY KOHBEKTUBHBIX IIOTOKOB H
CHHXEHHI0 JUPGY3UH [0 HeCcyllecTBEHHOrO YpPOBHsA. B cBASH ¢ 3TUM
BO3HHMKAET 3ajaya HCCAeJOBAHUS HENMHEHHOro BO30OYXKIEHUS KOH-
BEKTUBHBIX HBHKEHHH YAaCTHUI IJ1a3MBbl.

Heaunnernoe Bo30y:KeHue KOHBEKTHBHbIX siYeeK

B paGorax {8, 13, 14, 16] npeanonaraercs CyumecTBoOBaHHe IBYX
MeXaHU3MOB BO30YK/IeHHsT KOHBEKTHBHHIX fYeeK: HeJUHEHHOH CBASH
MeXay ApeH¢oBHIMM WM asibdBeHOBCKUMH BosHamu [13, 14] u mo-
LYJSUMOHHON HeycTroH4uBOCcTH {8, 16]. B aTuX pa6orax paccMOTPeHbI
¢u3nyecKHe MOAENH, B KOTODHIX KOHBEKTHBHblE sTUeHKH HMeEIOT HyJje-
BYIO COOCTBEHHYIO YAacCTOTy. B NmomoOHBIX cHCTeMax CTelleHb BO3-
OyKIeHHsT pPe3KO BO3pacTaeT IIpH peanusalyud YCJIOBHH ANl De3o-
HAHCHOTO B3aHUMOLEHCTBHS.

Ecnyu ke KOHBEKTHBHble SiUeHKH HMeIOT KOHEYHYI0 COGCTBEHHYIO
4acTOTy, TO CHUTyallisi CYLIEeCTBeHHO ycaoxkHsercs. Bo3moxHocTh pe-
30HAHCHOTO BO30Y:KAEHHUS COXpPAHSIETCS W B STOM CJydyae, HO BO3OYXK-
laeMble KOHBEKTHBHBle [ABHUXKEHHMS] He AalOT 3HAUYMTEJbHOrO BKJaja B
nudoysuo. [TosTroMmy Goabmnii HHTepec IpPeACTaBJsSET pPaccMOTpeHue
HeJIMHeHHbIX GHeHHH C HYJEeBOH YacTOTOH HJIM HEJHHEeHHOH CaMOMOLY-
JAMUH ApeddoBHX (UaH HHBIX) KoseOaHui. OCHOBHYIO  ONACHOCTbH
npeacraBasier GOpMHPOBaHUe sideeK BCJIEACTBHE MOIYJISIIMOHHOH He-
YCTOMYUBOCTH, TAK KaK IIPU 3TOM IIOJIsT HyJeBOH YacTOTHI JIOKAJIH3Yy-
IOTCSA B NMPOCTPAHCTBE W BO3PACTAIOT 110 BEJHUYHHE.

Brigenum npoM3BOJNIBHLIH CJIOH MJa3Mbl, OIPaHHYEHHBIH IJIOCKO-
cramu x=0 u x=L/2. TlpennosoxkuM, 4TO MarHUTHOe IIOJIe HAIpaB-
JIEHO BJOJbL OCH 2, a HallpaBJIeHHs rpajveHTa JaBaeHus M Apefigo-
BOTO IOTOKa IPOTUBONOJIOKHB!  TIOJIOXKHUTENbHBIM  HAallpaBJieHUAM
ocefl x U Yy COOTBETCTBeHHO. Dyjaem cuuTaTh, uTO BJOJbL HampabJje-

| HHSI X MMEIOT MeCcTO NepHoguyvecKue rpa-
| HHYHBlE YCJIOBMSl H, CJeA0BaTes]bHO, NOJe
| y B 3TOM HaNpaBjeHUH HMeeT BUJ CTOsSYeH
I BOJHE. B HampaBjeHHHW y BOJIHEL MOTYT
i pacnpocTpansitbcsi U JIOKAJAHU30BATHCH

U3-32  MOZYJSIUOHHOH HEYCTOHYHUBOCTH.

IlpuMensss K paccMaTpUBaeMOH CHCTe-
P:;m??-lb %CHXPHC, JOKaMM30- M€ METOJ PEIYKIUH TEOPUH BO3MYILEHHUH
EH%CK‘;X“rpaH:qHﬂyygfg:gﬁ B ¢opme [17], MOXKHO MONYYUTHL HENHHEH-
W mo y ma-aa wmonynsumon- HO€ ypaBHenue IlpeanHrepa Win ypasHe-

HOH HeyCTORYHBOCTH Hue KopreBera—je Bpusa u sateM Jierko

HCCJIeI0BATh  YCJIOBUSI Pa3BUTUA MOAYJNS-

UMOHHOH HeycTOHYMBOCTH. Jlasi ApeiidOBHIX BOJH, NOAYHHSIOMWHUXCS

ypaBHenuio XaceraB—Muma [18], sT0 BmmMONHEHO B paGore [16].
HcnonbsyeM caenyomee pas3ioxeHne NOTeHIHaNA:

b () = ¢’ (x) + aZ, 0™ (x, &, v explil (k)2 + by — o), (22.1)

x={ x=L[2 X
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rie & — Maabil napamerp; [ — HOMep TrapMOHHKH; ¢ ©(x) — He-

BO3MYIIEHHOE MOJje HyJeBoro mopsigka. [lepeMenunsie § H T ONHChHIBa-

I0T Me/JIeHHOe H3MEeHeHHe Mojsi [0 KOOPJAHHATe Yy W BpeMeHH f.
ViMesi B BUAy paccCMOTpeHHe MOAYJSIHH KBa3HKOTePEHTHHIX BOJH,

nonoxkum @i’ =0 npu ||+ 1. Kpome Toro, mnpuMeMm cCiexyio-
1He rPpaHHYHBIe YCJIOBUSA 10 X:

2™ (0, & 1)=0* (L, & 1)=0, a=0. (22.2)

Herpyano y6eautbcss B TOM, YTO KOMIIOHEHTa INOTeHIHana ¢ HY-
JIeBOH yacToTo# ¢{,‘~” BO3HHKAeT H3-3a HaAJU4Us [OHAEPOMOTOPHOH
cuner | &V 2, T. e. ona sBsieTcs pe3yabTaToM caMOGHeHH HepBOH

rapMoHuxy. [lomo6Hasi KOMIIOHEHTa CYIIEeCTByeT, paszyMeercs, TMpH
HaJH4YUH JI060H BOJHE, HO €e 3HayeHHe Pe3KO BO3pacraer B CJy-
yae MOAYNSALUOHHOH HEYCTOHYMBOCTH H3-3a 3(@eKTa JOKaNH3aUuu
noasi. Hesnnelinas KOHBeKTHBHas siyefika ompejenseTcss HMEHHO I10O-

aneM  of.

3aMeTuM, YTO TpaHHuHOe ycnoBHe (22.2) yaoBneTBOpsieTCs, €CJIH
none HMeeT BHJ CTOSYed BOJHHl B HaNpaBleHHH X, T.e. i ~
~sin(2mn/L) x. Torna ¢¢” ~sin(4m/L)x. Taxum 06pa3oM, MepHOM KOH-
BEKTHBHOH sTUeHKH OKa3blBaeTCsl PaBHBIM L/2 B IONHOM COOTBETCTBHM
C Kapruuo#i, uso6paennoi Ha puc. 22.1.

AHoManbHas puddysus

Kosdpopuurent audp@ysud MOMKHO OIEHHTb OGBIYHBIM  CIOCOGOM
o 2
[3, 15]. TTone #  BoI3BIBaeT KOHBEKTHBHBIH NOTOK v, =k _quf)k’/B,

NOKa3aHHHH Ha puc. 22.1. DTOT NOTOK NPUBOAUT K IepeMellnBaHUIO
o6nacTed HU3KOH H BHICOKOH IIJIOTHOCTH, KOTOPOE OIHCHIBAETCS KO3(-
¢$HIHenToM AHPPy3uu

D = 3vit,, (22.3)
rje Tp — BpeMs JeKoppessluu (Ipennojaraercs, uTO vUxtp<<k™!).
Ecnu cTONIKHOBHTEJIbHAS BS3KOCTb MaJja HO CpaBHeHHIO ¢ D, TO

T, = (B?D)™. (22.4)

Llns onpeneneﬁnﬂ D Heo06XOZMMO 3HAThb CHEKTP KOHBEKTHBHBIX

sueek ¢or’. Ero pacuer B obmeM cayuae TpyzeH. B Kauectse npu-
Mepa HCIOJb3YeM 3[eCh CIEeKTP BHAA

ey /T =T (p/a) (ka)™?, (22.5)

noJydeHHsli B pa6orax [14, 15] (' — ypoBenn BO36Y:KHeHHS; a —
nonepeyHslil pasMep maasmel; Te=7;=T).
Iloacramnsis (22.4) u (22 5) B (22.3), Haxomm

b= eB ( ) ; (fa)® *
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HJIY, [IoC/€e nepexoja OT CyMMHPOBaHHSA K HHTErPHPOBAHHIO:

D =T (o/a) (T/eB) [(1/27) In (Ryaye/Ryum)] /2 (22.6)
CpaBHHM 3TO BHIpaXKe€HHEe C KJACCHYECKHM KO03(DPHIHEHTOM aub-
bysuu  Dyy=p?v;, rae Vi=(1)pi/n)»gz—3(1)(beKTI/IBHaﬂ 4acToTa

HOH-MOHHBIX CTOJKHOBEHHH:
D/Dyy = T (nAdvr:/2a0,;) [(1/257) In (Ryawe/ a1 /. (22.7)

Ilpu e¢/T=0,1 umeem I'=10 pna Goabmux siyeek. Tax Kak maas-
mennmii mapamerp (nAd:) T &1, 1pH wei>wp; (Uri/opi>p) J€rko
noayyaeM D/Dy;>>>1 [nocaeanuit comHoxuTtens B (22.7) 06GBIYHO
NopsifKa eJUHHIIBI].

Huddysus, obyciopiennas suedKkamu 9682), CHJIbHO 3aBHCHUT OT
ypOBHS BO30OYXJIeHHsl NOCAeAHUX. PaccMOTpPUM B KayecTBe  HJIIO-
crpauuu jABa npuMepa. [lepBbii M3 HuUX CBs3aH C BO30yKIEHHEM
KOHBEKTHUBHBIX fdeeK apeHdOBLIMH a/jibBEHOBCKHMH BOJHaMHu [19,
20}, xorza

) k2 ¢ B 0% :
¢<()) - kx(a"’/aky‘*y"vm—'co) B—<1 -_202—) | M) F.o @28
3necb  Up; — CKOPOCTb  AMAaMarHuTHOrO jpeiida; ¢y — CKOPOCTh

E X B-apeiidha, BO3HHKAOWIEr0 H3-3a HAJUYUS HEBO3MYILEHHOTO IOJS
E; v4 — anbvdBeHoBcKast ckopocTb. [TockonbKy

1 — & v¥y/0? ~ klupi/o;
Ow/0k, 4 vp; — ¢, ~ vp: = ¢T/eBa,

MOZXHO 3alucCarThb:

e k% el
‘/)32)% :x ymft ITI ||¢§1)|.

Otciofa crefyer, 4To MpH o = k,Up;, k,a>1 u e| ¢V T<1
| o | < lof” |.

Bropoi#i npumep cBsfi3aH ¢ BO36GYKIEHHEM 3JeKTPOCTATHYECKHX
Kone6anuil npu vp; =0 [21]. B atoM cayuae

o = 2k + (ko AC) [ (ky*/A) C — v*]

o |3V (22.9)
(00/0k — cy) 4ki + vgv*/c

rae

U, = g ﬂ’ v':___”em’.; $=e_w,
Te eBa T
A=o—Fk/(¢+1,); C=de/dk,—ec, — 0y
£ — IleHTPOGeKHOe YCKOPeHHe B HAIPABJEHHH X.
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Oas onenkn (22.9) no NOpsiKy BeNHUHHBI NMONOXHM C=v, A=
=ky,Up U yuTeM, YTO cjaraemhbie (k,v*/A)C u v* cpaBHHMB NO Be-

JIHYHHEe, HO B3aHMHO H€ YHUUYTOXKAIOTCS. Torna noJay4yum
262 - v*/y, ~
~(2) 0 1) |2
- y2 N 2kx| ¢§ ) l .
kv v

Tak kak v,~0' <1 u|@f"|=]|ep{"/T,|<1, mpu |kp| < 1 (p:
L '[/Te/mi) NOTy4HM

Wcj
(2) (1)
| o !<I¢’1 |.
2
T[IpuBeaeHHBlE 37eCh BHPAKEHUS MJIsi ¢y’ TNOJYyueHH B IMpPeno-
JI03KeH’H, YTO Itpf)m |<|4>f” | Onmako mnpu sTom urHOpHpOBa-

Jlach  BO3MOKHOCTL Pe30HAHCa, KOTOPBI MOXKeT BO3HHKaTb, HAIpH-
Mep, npu Ow/Ok=:co—Up;, KaK 3TO BHAHO U3 cooTHoumeHus (22.8).
B pesonaHcHBIX yCa0BHAX HMeeT MeCTO WUHas OLEHKa: #$) ~ "
{16]. DTo o03HauaeT, YTO HHTEHCHBHOCTb KOHBEKTHBHOTO KOJe6aHUs
4:82) MOXKeT OBbITh CPaBHHMOH ¢ HHTEHCHBHOCTbIO B030OyKpaawllei
JApelipOBOi BOJHB, a CJNeJOBaTeJbHO, YCJIOBHE e¢32)/Tx0,1 H BhI-
TeKarollasg U3 Hero onenka '~z 10 BHITJASAAT BIOJHE PeaJUCTHUHO.

OTMeTvM TaKkKe, YTO M3-3a MaJOCTH v* KO>PQHUUHEHT CBS3U AJA

3JIeKTpocTaTHueckux Konebauufi (% =0) 3HAYHTeNLHO IpeBHIaeT
(mpu kyp=1) aHamoruuyHbf KO3PHUUEHT ] 3JIeKTPOMarHHTHBIX
xomebanui (k;#0). ‘ )

OO6cyxaeHue

PaccMmoTpeHnHble Bbllle NPUMephl NMOKa3blBAIOT, YTO KOadbdUIHEHT
audoysnn, oOycJoBNeHHBIN HenuHelHO# camMoMonpyasinveli  apefido-
BLIX BOJIH, MOXeT 3HAYUTENLHO NpeBhINATh KJiaccudecKoe 3HayeHHe.
BroJsiHne BO3MOXKHO, YTO MMEHHO 3TOT MeXaHH3M JIEXKHUT B OCHOBe fB-
Jienust ycunenusi Aud@y3uH, KoTopoe OOHAPYKEHO KCIepHMeHTaJ bHO
B paGorax [5, 10, 11] u, cornacuo [15], He MoxKeT OBITHL OOBIACHEHO ¢
TIOMOLIbIO TNpEACTaBJeHHA O KOHBEKTUBHBHIX sfuefiKax. B mnocaexnHei
paGoTe OTMeuaeTCs TaKXKe, YTO BPeMS KU3HU KOHBEKTHBHBIX sfdYeek
B CHCTeMe C HEOJHOPOJHBIM IMOJIEM MOXKET CHJBHO COKpaumaTbCs H3-
3a MarHHTHOH HAKaykd. DTOT MeXaHH3M 3aTyXaHHs, OJHAKO, MOXKET
KOMNEHCHpPOBATbCA JIHHEHHOH  HeYCTOMYMBOCTBIO  BO30YXKJIAIOIIHX
Jpei(pOBLIX BOJIH. )

[loguepkHeM B 3akKJioueHue, YTO OCHOBHYIO HEONMpeNeJeHHOCTb B
pacueThl THMa NPHBeAEHHOr'O Bhille BHOCHUT k-crmekrp. [as ero ompe-
JejeHHsl HeoOXOAUMO HeTajbHO pacCMOTpeTh. HesUHeHHOe B3aUMO-
JAeHCTBHE KOHBEKTHBHBIX siueeK (Takoe paccMOTpeHHe Tpe(yeTcs U B
CBSI3H C NPO6JIEMOi NOMepeyHol yCTOHYMBOCTH S4€EK, NOCKOAbKY KOH-
BEKTHBHble fY€HKH C NPOU3BOJLHOH 3aBHCUMOCTBIO MOJS OT X MO-
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ryT ObITh IpEACTaBJeHH B BHAE CYNEPNO3ULHMH fideeK ¢ rapMoHHYe-
CKOH 3aBHCHMOCTHIO). MOXKHO OXKHAATb, YTO NPH BHINOJHEHHH YyC-
JN0BHS UrTk<<k~! mopsAxoK BenHuuHbl D nodtH He OyxeT 3aBHCETb OT
JeTanell clieKTpa NO k, TaK KaK MHOXHTEeNb RyymG@ HEHAMHOro Mpe-
BbIIIAET €AHHUNY.
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TJIABA 23

3KCNEPUMEHTAJIbHOE HCCJEJOBAHHE
HEJIMUHENHDBIX 3¢ $EKTOB B IIJIASME

Hactosimas riaBa comepKHT KpaTKHH 0630p HEKOTOPHIX pe3yilb-
TAaTOB 3KCINEPHMEHTAJbHEIX pPalOT MO  HCC/IEIOBAHHMIO HeJNHHEHHBIX
3¢ ¢eKToB B IJa3Me, BHIOJNHEHHHX B NOCJAeAHHE ABAa AECATHJCTHA.
Cuauana ynoMHHaercs pAA paHHHX pabOT NHOHepPCKOro XxXapakKTepa,
a 3aTeM oGCyxpxaloTcsi HaHOOJiee HHTepecHble pe3yabTaTH Jabopa-’
TOPHBIX IKCNEPHMEHTOB, BBLINOJHEHHBIX KaK CcO CBOODOZHOH, Tak H ¢
3aMarHyuyedHOH MJIa3MOH, BKJIOYasd  HCCAeN0BaHHS  B3aHMOAEHCT-
BHSl J12a3€PHOIO H3JydYeHHsl ¢ maasMoi. PaccMmarpuBaloTes Takxke Te
YHCJIEHHbIe 3JKCIIepHMEHTH, pPe3yJbTaThl KOTOPHX B Haubosiee SCHOH
¢opMe JIEMOHCTPHPYIOT pOJIb HEIHHEHHHX 3(pdeKToB, O0COOEHHO B
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TOM acnekre, KOTODHIH INpeACTaBJAseT HHTepeC B CBfA3H C OCHOBHOMH
LEAbI0 JAaHHOH KHHTH, T. €. pPOJIb KOTE€PEHTHHIX B3aHMOJEHCTBHH B
nyiasme.

IIepBhie aKcnepuMeHTaabHble Pe3yJbTaTh MO HelUuHeHHHIM 3ddex-
TaM B MJa3Me OTHOCATCH NpuMepHo K 1965 r. [1—10]. 3TH pe3yssp-
TaTel Oblid nosaydensl B CIJA u fInonum u sBuaUCh HayaJoM HAJH-
TENBHOrO W aKTHBHOrO mepuoga ucciaegosanuit {11—110]} B nabopato-
PHUAX pa3nUYHHX cTpaH Mupa, ocoGenno B CCCP, rae ObJI0 BHINOJ-
HEHO TakKxKe OOJbBIIUHCTBO TeOPEeTHUECKHUX pa3paboTOK MO HeJHHeH-
HBIM 3¢ deKTaM B nasme.

PaHHue ucciaenoBaHus

B paHHHX 3KCmEepUMEHTAJNbHBHIX paboTax MO UCCIENOBAHUIO HeJH-
He#HbIX 3(¢dexToB B nmna3Me, sunoaHeHHbx B CIIA B cepenune ie-
CTHUAECATHIX T'0J0B, HCCAeN0BaNuch pe3oHaHchl ToHkca — JlaTTHepa,
T. e. BO30yK/JeHus THMA 3NEKTPOAKyCTHUECKUX BOJIH B PajJHajbHO-He-
OJIHOPOAHOM miasMmenHoMm cToJabe [1, 2]. Beaencrsue Toro uto B peso-
HaAHCHBIX YCJOBUAX CylllecTByeT CHJbHAs CBSI3b NAaJaoulero Hsnaydge-
HUS C TJIa3MEHHBIMH BOJIHAMH, B pPacCMaTpuBaeMOi CHCTeMe MOTYT
Pa3BHUBaTLCA KOJJIEKTHBHLIe KoJeOaHUs OdeHb OOJNLLIOH aMIIUTYAbI,
BMeCTe C KOTOPHIMU fIPKO NPOfIBJISIIOTCS TakHe HeJHHelHble sBJIeHMUS,
KaK reHepandst BTOPOH rapMOHHKU BO030y:KA2IOLIEro mojasi HJIH BO3-
HUKHOBEHHe H3JIyueHHs] Ha dYacToTe OueHuH ABYX OJHOBpDEMeHHO Cy-
LeCTBYIOIIUX KOJeOanui.

CaenyeT noaYepKHyTb, YTO B 3KCNepHMeHTax NOXOOHOIO  pOAa
3JIeKTPOHHASl MJIOTHOCTDb, NMPH KOTOPOH HAcTylaeT pe3oHaHc AJs Iep-
BHYHOIO MOJIfl, U3MeHsdeTCcsl ¢ 4acTOTOH Jpyroro pe3oHaHca u3-3a Ha-
JUYHS CBS3H, T. €. paccMaTpuBaeMble SBJEHHS OOYCJOBJEHBl BHYT-
PEHHHMH HeJHHeHHBIMH CBOHCTBAMU HCCNEJIYyeMBIX CHCTEM M IO3TO-
My MOTYT GBLITb OTJeJeHbl OT APYTuX HeJHHEeHHHX 3¢¢eKToB (THNa
JII0OKCeMOYpr-ropbKoBCKOro 3adgdgekra, rpajueHTHOH CBS3H ¥ T. M. —
CcM. 1. 24). :

SInoHcKHe 3IKCIepUMeHTaJbHbBlE pabOThl CepeAuHbl LIECTHAECATHIX
rojloB OLIIH MOCBSIIEHBl HCCJEJOBAaHUAM MapaMeTPUUECKHX sBJEHUH
B NNa3Me C MarHATHHIM mnoJjieMm {3], aHOMaJbHOTO HHKJIOTPOHHOIO H3-
Jydenust [4], BO3OYKneHusi BBHICHINX TapMOHHK H CYOrapMOHHK 3J€K-
TPOHHBIX IJIa3MeHHBIX KovieGauu#l [b], cMemIuBaHus YacTOT MPU aAHO-
MaJbHOM HUKJOTPOHHOM H3JydeHHH [6], BO3OYKAEHHUS IJEKTPOHHBIX
¥ HOHHBIX MJIa3MeHHBIX KoJeGaHUH B pe3yJbTaTe NapaMeTPHYECKOTo
pe3onanca {7].

B nanbHefillleM HCCAENOBAaNUCL BO3OYKAEHUE MNPOLONBHBIX MJa3s-
MeHHBIX KoJleGanuil MPU HeNMHeHHOM DE30HAHCHOM B3aHMOJEHCTBUH
JBYX IONEPEeYHbIX 3JEKTPOMaTrHUTHBIX BOJIH C 4acTOTaMH, pPa3HOCTb
KOTODHIX GblIa paBHa MJa3MeHHOH yacrtoTe (8], a TakKkKe HejuHeldHas
CBfI3b, JleXkKamas B OCHOBE TaKHX siBJeHHWH, KakK BHIHYXKAeHHOE KOM-
OHHaIHOHHOE paccesTHHE H PacCestHHe CBeTa Ha CBeTe B IJ1asMe. JKC-
NepHMEeHTaJbHO Habuiogadncs Takke 3dGheKT OZHOBPEMEHHOro  BO3-
OyXeHHsl N/Ja3MeHHBIX ¥ HOHHO-3BYKOBBLIX BOJIH NMPH pacnpocTpaHe-
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HHH CHJIBHOH 3JIEKTPOMAarHuTHOH BOJIHEL C YacTOoTOH w=wy [9]. Hako-
Hell, cjelyeT ymnoMsiHyTb pabory [10], MOCBSIlEHHYI0O CpaBHHTEJIbHO-
MY HCC/eNOBaHWI0 OecCTONKHOBHTEIBHOIO 3aTyXaHHs  IJIa3MeHHBIX
BOJIH 60JIbUION U MaJloH aMIIMTY b, :

JlaGopaTopHbLIE IKCIEPHMEHTDI

3a nepBLIMH 3KCIIEPUMEHTAJbHBIMH HCCAEA0BAHUSMH HeJHHeHHBIX
a¢dexToB B masMe mnocaenoBaJ HapacTawuuid NMoTok paodor [11—
39], B KOTOPBIX C NIOMOUIbIO YAY4YIIEHHOH JUATHOCTHUECKOH TeXHUKH
[23] meranbHO HccsenOBaNHCh BHICOKOYACTOTHbIE W HU3KOYACTOTHBLIE
KosebaHusl B MJja3Me (IJla3MeHHBIE, HOHHO-3BYKOBble, MHKJIOTpOHHbIE
¥ rubpuiHble BOJHB) H HX HeJuHeHHble B3auMojeficTBusi. Briio 3kc-
NepHMEHTANbHO J0Ka3aHO CYUIeCTBOBAHHE TPEXBOJHOBOIO  B3aUMO-
JEeHCTBHs B3DPBLIBHOTO THNA [26].

Bo MHOrHX 3KCIepHMeHTaX HCCJeq0BaNach BO3MOXKHOCTb HCIOJb-
30BaHUs MapaMeTpHYeCKOH HeyCTOHYHBOCTH JJsi Harpesa Jabopa-
TOPHOH U HOHOcGepHOH mua3mbl [40—64], KoTopblid NPUBOAUT, B YacT-
HOCTH, K pEe3KOMY BO3pacTaHHI0 yPOBHSI HEKOrepeHTHOTO pacCesiHUs
B HOHOCGepHOH maasme [61]. Buiio nmpomonKeHO Takxke HU3ydeHHe
CBOHCTB HMOHHO-3BYKOBHIX BOJIH, BO30yXKJaeMblX C NOMOUIbIO  pe30-
HaHcoB Toskca — JlaTTHepa, U CBSI3aHHBIX C HHUMH sIBJEeHUH, B HacT-
HOCTH HccaeJOoBajHch a(deKTHBHAs yacTOTa coyaapenuit [62] u He-
JUHEHHBIH CABUT YyacTOThl [63].

M3 4ucnma MHOIHMX 3J1€TraHTHBIX U BeCbMa TOHKHUX 3KCNEPUMEHTOB,
BLHIMOJIHEHHbIX B MOCJEJHHE TOAbl, YIOMSHEM 3J4eCh HCCJAeJOBaHUE
napaMeTpUYeCKOH HeyCTOWYHBOCTH HOHHO-3BYKOBOH BOJIHBEI B CHCTEMeE
nJaa3Ma — [Iy4oK, np¥ KOTOPOH JIHHEHHO-yCcTOHYHBasi BOJIHA B pe3yJib-
TaTe HeJHHEHHOro B3aUMOJEHCTBUS pacnajaercs Ha JABe JHHeHHO-

w2 YCTOHUUBBLIE BOJHBI "60J11>moﬁu am-
IJATYAB C 4acTOTOfi, paBHO# no-
JIOBHHE YaCTOThl NepBOHaYaJbHOH
Bosinbl (puc. 23.1) [64]. B atom

‘ Puc. 23.1. Henmuefinnii  pacmazubii

1 K CIEeKTP:

| a—2 — YaCTOTHBI CNEeKTP CHTHajla ¢ JIeHTMIOPOB-

CKOTr0 30HAA, PAacno/iOKeHHOr0 Tax, Yro X=
a 2 =1l cM: a-—8: TIOpPH3OHTaJbHOE CKaHHPOBaHHE

(yactoTHnIl AHanasoH 0--500 kI'n, wupHHa no-

socel 10 k['u, HHTeHCHBHOCTH Haxkauxku A=0,9; 1,1

— b u 1,2, HODMHDOBaHHAasi Ha MOPOTOBOE 3HAYEHHEe
] w2 R An,/n,  =0,023); 2—e: TOPHIOHTAJbHOE CKAaHHPO-
000000 co BaHHe (YacTOTHmIt auanaszod 0—1 kx['u, weHTpPH-

w2 & POBaHHBIN BO3Je YacTOThl /2, IIHPHHA HONOCH

; o2 10 Tu; uHTEHCHBHOCTh HaKayku A=1,0; 1,05 1 1,1);

9: HapacTaHHe AMIVIUTYA CYGrapMOHHK (@/2f(=
=411 klu). U3 paGorsi Stern R. A., Decker J. F.,

o Ypobiero uigme Platzman P, M. Decay Instability of the Ion-Beam

-OOOQ-—-Z-'.*- : Mode.—Phys. Rev. Lett., 1974 v. 32, p. 359—mo-
L] 1 2 .3 A paspemien#io aBTOPoB H AMepHKaHCKOro (uau=
X YecKoro - o6uLecTBa
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9KCIEPHMEHTE OTUETJIHBO BHISIBJASIETCST KOTepeHTHAsh Npupoja B3aH-
Mofefictua. [lo Mepe yBeqHYeHHS aMIVIMTYAb BOJHB HaKaykKH
yMeHbIlaeTcss UIMPUHA JUHAM CYOTapMOHUKH NpPH  OXHOBDEMEHHOM
BO3PACTAaHMH e€e aMIUIUTYABI U CTEMeHH KOTepeHTHOCTH, TaK 4TO B KO-
HEYHOM cueTe 3HepreTHYeCKHHl YpoBeHb 3TOH JIHHUH MOXKeT MNpeBhl-
CHTL HauyaJIbHYI0 JHeprdI0 BOMHHL HAaKauku (TaKOH INpomecc BO3-
MOXeH BCNEeJCTBHE paCnaja BOJHBI HaKauKu). :

Jpyroft uMHTepecHLII NpUMEp — HCCJAeJ0BAHHE CBS3aHHBIX  COJH-
TOHOB IIJIa3MEHHOT'O H HOHHO-3ByKoBoro THmOB [65]. B artoii paGore
TeOpeTHYeCKH W 3IKCIEpPUMEHTaJIbHO MOKa3aHa BO3MOXKHOCTb  CaMo-
MOJyJASIIHH BBICOKOYACTOTHOI'O 3VIEKTPHUECKOro MOJs,  4acToTa KO-
Toporo OJvM3Ka K 3JeKTPOHHOH mJa3MeHHOH yactore. CaMoMoaydas-
M5 TMOpOKAaeT JOKAaJU3OBaHHble II0JIf, KOTOPBHIM  COOTBETCTBYeT
yMeHbllleHHe IUIOTHOCTH IJ1a3Mbl. B pesynbratre noje OKa3nBaercs
3aXBaYeHHbIM <«AMKaMH» MJIOTHOCTH, PaclpOCTPaHSIOMIMMUCA C HOH-
HO-3BYKOBOI CKOpPOCTbI0. VHTepupeTamuss 3TOr0 SIBJEHHS B paMKax
MOJedH CBA3AHHBIX YE€JAUHEHHbIX BOJIH (IIJIaSMeHHbIX U UOHHO-3BYKO-
BBHIX) MpPHBOAMT K KOJHYECTBEHHOMY COIJIAaCHIO C pe3yJabTaTaMu 3KC-
nepuMenta. B pa6ote [66] OGblio npoBefeHO HcCIe0BaHUe JUHAMHKH
«KaBHTOHOB» M  3aXBaTa  3JeKTPOMarHdTHHIX  ToJefi  paaHo-
AUana3oHa.

B MHOrouHCAeHHBIX 3KCIEepHMeHTax C IUNTa3MeHHO-NYYKOBLIMH CH-
cteMamu {67—79] usydyamncsa addekr zaxsara yacTun. B vacTHocTH,
B paborax [68, 69] HccaenoBanu BAUsHHE HEJMUHEHHHBIX 3¢hdeKTOB Ha
HEYCTONYMBOCTE U OOKOBHle MOJBl B TaK#X cucTeMaXx. MlaMepenue pac-
npejefieHusl 3JeKTPOHOB MO SHEPrUsiM NpPH HAJHUUM BOJH GOJbLIOH
aMIJIHTYAB npousseneHo B {71, 72]. O6GuupHBliE 0630p 3KCIepHMeH-
TaJbHBIX HCCJAEJ0BaHU# MO HeJHHeHHBIM 3ddeKTaM Inpu B3auMOjeH-
CTBHH HEPEJSTUBHCTCKUX ¥ PENATHBHCTCKUX NMYUYKOB C mJa3Moil mpel-
craBjaen B paboTe {73], rae HawM oTpaxKeHHe TaKue BONPOCH], Kak
HeNMHeHHAsl CTajAUs pa3BHTHS HHM3KOYACTOTHBIX HeycroHuuBocTed B
NJ13a3MEeHHO-MYYKOBBIX CHCTeMax, CIeKTpaJjbHOEe paclpeaeneHue aHep-
ruv Bo3OyXKjJaeMHX IoJiell, MPOCTPAHCTBEHHO-BDeMEHHBle  KoppeJs-
UHOHHBle (YHKIHH, cyllecTBOBaHWe CKaykoOB (ha3nl, AHCIEepCHOHHEE
XapaKTepUCTUKH HHU3KOYACTOTHBIX KojeOGaHul M 3HEpreTHYecKHe IO-
Tepd TNydka, OOYCJOBJIEHHBlE KOJIJIEKTHBHLHIMH B3aWUMO/EHCTBUAMU C
MJIa3MoH.

OrpoMHoe cTUMYJHpYyIOLlee BO3/AeficTBHE HA pa3BuTHe paloT IO
HeJTMHEeHHbIM B3aHMOJEACTBHAM B MJ1a3Me, BO3HUKAWUIEH MpH Jasep-
HOM OOJIy4eHUH TBEpIbIX MHUIIeHeH, OKa3aja HUJesl JIa3epHOr0 TepMo-
saneprHoro cunrteda {80, 81]. IlposeaeHo Goabioe YUCAO IKCIEPUMEH-
TaJbHBIX pabo0T, NOCBSILIEHHBIX HCCJAEJOBAHUIO T'eHepamuu TapMOHUK,
napaMeTpHYecKoro BO3OYKIEHHUS DPa3jiHYHBIX CTUMYJHUPOBAHHBIX MDO-
LecCOB ¥ aHOMAaJbHOIrO Harpepa nJiaasmbl [82—94].

Caefyer OTMETUTH, YTO Majible pasMephl 06JacTell B3aMMOIEHCT-
BHS B NJa3MeHHOH KOpOHe, OKpy:Kalollell TBep/AHe MHIIeHH (mopsia-
kKa 100 MKM), ype3BHYallHO 3aTPYIHSAIOT AHATHOCTHKY Jia3epHOH
nnasMel. TeM He MeHee ynanoch onpeaeauTs [89] moporoswie 3Hauye-
HHSl XapaKTepHCTHK pa3JHYHBIX HeJHHEHHBIX MPOHECCOB U NONYYHTh
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72,38 - -
e v, R%  Puc. 23.2. 3aBHCHMOCTH 5/I€KTPOHHOM TeM-

-0 Be 400mKm/800mkm e~ H
® Be 7001KkM/200MkM o/ o nepatypst T, W OTpaxaTeqpHOH CIOCO6-
! HOCTH R OT MHTEHCHBHOCTH JIa3€PHOTO H3-

i

2t ayvenuss I npu 6GomGapiHpOBKe TBepAOH

nefitepuesofi Mumenu, [TyHKTHPOM nokasa-

1051 ' HO [0POroBOe 3HAYeHHE HHTEHCHBHOCTH

JJS DapameTpudeckoll HeycrofumBoctu. M3

5 paGorel  Yamanaka C., Yamanaka T,

i 20 Sasaki T., Mizui J., Kang H. B. Brillouin

Backscattering and Parametric Double

10 Resonance in Laser-Produced Plasma.—

2r | Phys. Rev. Lett, 1974, v. 32, p. 1038 —

2 45 0 pa3pelleHnio aBTOPOB U AMEPHKaHCKOro
7%+ : dusHIecKOro OGLIECTBA.

; I y NOJIe3HYIO UH(POPMaLUI0 O BIHSAHUH
107 2 5§ 1% 2 1,Bm/ou? 9TUX MpOHECCOB Ha H3JyuyeHHe B
HaANnoporoBol objactu (puc. 23.2).

Cepbe3nasi TPYJHOCTb NPH HCCJAeIOBAHHH W HHTepIpeTandu B3aH-
MO/IeHCTBHSI JIA3€PHOTO H3JYYeHHS C MJIa3MOH CBsI3aHa C TeM, UTO
H3JIy4eHHe OOJIbIIOH MHTEHCHBHOCTH MOXET CYLIECTBEHHO BJUATHL HA
Npoguan MIOTHOCTH Mia3Mmel [92, 94]. B paGore [93] B axcmepumenTax
N0 OTpaxKeHHI0 ObIO 0OHapyKeHO CNeKTpajbHOe yIIHpeHHe pacce-
SIHHOT'O CBeTa.

[TpoBeneHHble JO HACTOSIIEr0 BPEMEHH HCCAENOBAHUS  BO3MOXK-
HOCTH OCYUIeCTBJICHHUS YIPaBJseMOro Ja3epHOro TePMOSIePHOTO CHH-
Te3a YKa3bBalT Ha HeOOXOAUMOCTb 3HAUYUTENbHOI'O yBeJHUYEHUs
MOIIHOCTH J1a3€PHOTO H3JMYUeHHsI. YUUThIBas, YTO HOBhle MOIIHEIE Ja-
3epHbIe YCTAaHOBKH HaXOASITCS B CTaAHu pa3paboTKH, MOXKHO Ha-
JNeITbCS Ha JaJbHeHIIHH nporpecc UccaeloBaHUA HeJHHeHHOro B3au-
MOAECHCTBHUS J1a3ePHOTO H3Jy4YeHUs C MIa3MOi.

YucaeHHbIE 9KCIIEPUMEHTH

TpyAHOCTH aHaMMTHYECKOTrO ONMUCAHUA [eTaJjell (a HepeaKO W CyLI-
HOCTH) MpPOLECCOB HEJNHHEHHOro B3aUMOMEHCTBHS BOJH B peajbHBIX
NJIa3MEHHBIX CHCTeMaX CTHMYJHPOBaJH NpOBElEeHHE IUPOKHX  dHC-
JIeHHBIX HCC/EOBaHUM HarpeBa MAarHHTOAKTHBHOH (M He3aMaruudeH-
HOH) mnuasMbl {95—103] u HeauHeHHHIX 3(Q(eKTOB IIpH B3aUMOAEHCT-
BUH JIA3€pHOIO H3JydeHus ¢ naa3moi [104—110]. Takue Hceaenosa-
HHUSI BCKPBHIBAIOT XapaKTepHble OCOOEHHOCTH Ja00OpPATOPHBLIX CHCTEM,
KOTOpHble HeJerKO NpeACcKas3aThb HA OCHOBe HCMOJIL3OBAHUS aAHAJUTU-
YeCKUX METOJOB.

Caenyer OTMETHUTh, YTO ¢ NOMOIUBIO UYHCJAEHHHIX  JKCIepHUMeH-
TOB MOXKHO H3y4aTb U TakKue NpoOJeMbl, KOTOphle NMOKa HEeXOCTYI-
HBl 1a060paTOPHOMY HCCJeNOBaHUIO. MOXHO, HalpuMep, CTaBHTbL BO-
TPOC O TOM, YTO NPOU3OHIZET MNpPH YBENHYEHHH MOLIHOCTH JIa3epHOro
M3JIy4eHUsl HO 3HAUYeHHH, NaJIEKHX OT COBPEMEHHHX BO3MOXKHOCTel
SKCNEPHMEHTabHOH TEXHHKH.
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[Tonyyenupie B pe3dyabTaTe YHCJHEHHBIX 3KCIepHMeHTOB (aso-
Bbie npocrtpaHcrsa [97—99, 101, 103—105, 108, 109] naror schoe
npencrasinenne 06 3ddeKTax KOrepeHTHOCTH M 3axBaTa, CnocobCT-
ByIOL€E JYyYIIEMY MOHUMAaHUIO (PU3HUeCKOH CYLUIHOCTH paccMaTpH-
BaeMbiX IIpo6JjeM U AajbHeHIIUM yCnexXaM B HX aHAJUTHYECKOM HC-
ciaenoBanuy. BMecTe ¢ TeM He ciaelyeT 3a0bBaTh, YTO HHTeplpera-
UMA pe3yJbTaTOB M JaXKe OCYIEeCTBHMOCTb YHCJIEHHBIX = JKCIepHMeH-
TOB HEPEJKO OKa3bIBalOTCS BeCbMa NMpobJeMaTHUHLIMH.

Ha puc. 23.3 npusefieHH pe3y/bTaThl YHCJAEHHOTO HCCIeAOBaHHS
JJIst caydasi, KOrja OJHOBpeMeHHO HaOJI0al0TCA BBIHYXKAEHHOE KOM-
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Puc. 23.3. PesyabTaTh YHCJEHHOrO 3KCIEpHMEHTA IO BBIHYXKAEHHOMY paCCesiHHIO
Mangensiurama — BprimosHa:

a — npoduIE NJIOTHOCTH IJasMbl; 6 — aMIUIHTYAA 3JEKTPHYECKOTO MOJAS NpOLeEAuiel  BOJHBI;

8 — paclipejieleHHe HOHOB B (a30BOii MJOCKOCTH x—Vx; 2—e — paclpefesiedde 3JeXTpoHoB B da-

30BOH IJIOCKOCTH X—V . ”Maxc‘{nc =0,5; vo/c=0,1; Mi/me=1836; I‘e/I'i-——-

=10; ve/c=0,05; AMHHA — 150 ¢/®,; uyHCa0 yacTuy — 20 000; yucao sueex — 1024; war no t-—-2(n)—(l);

ITapaMeTpsl CHCTeMbI:

V — cxopocts B enuuunax ¢. Ma paGorm 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 — no paspeitenuio aBTOpoB # AMEPHKAHCKOTo (pH3HUECKOro 06MECTBa

OuHanHOHHOe paccesHue W paccesHue MannesabiutraMa — Bpunniosna.
Havanbubit npoduas niasMsl  u3oGpaxen Ha puc. 23.3,a (aasep-
HOe H3JyueHHe ¢ YacTOTOH @y majaeT CIpaBa M pacnpocTpaHsercs B
naasMe /0 O0JaCTH C MJIOTHOCTBIO OKOJIO Hyaxc/N.~ 0,5, rme n.—
KpHTHYECKas MJOTHOCTb, ONpefe/isieMast H3 YCIOBUHS Ope= o).
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3aBHCHMOCTb aMIVIUTYABI NPOLIEXLIEr0 CBeTa OT BPEMEHH NpHBe-
nena na puc, 23.3,6. ITocae 100%-noro mpoxXoxaeHHs B HauasJbHbIA

MOMEHT BpeMeHH Habuiofaercsi nepswii MunumyMm npu = 500057,
©06YCJ/IOBJIEHHBIl CTHMYJHPOBAHHBIM KOMOWUHALHOHHBIM  paccesiHUeM.
Bropoli MunuMy™m BosuukaeT npu ¢ = 1000w;! u3-3a HaaMYHA BHI-

HYKJAeHHOro paccesanus Manlenpiitama — Bpunaosna. B gaabHel-
HleM NPOUCXOAUT HarpeB 3JeKTPOHOB, KOTOPHIH NPHBOIUT K yBeJH-
YeHHIO IVyOUHbl NPOHUKHOBEHUS NOJIs B IJIa3My.

Kapruna B ¢asosoit nnockoctu (cM. puc. 23.3,0) yKasbiBaeT Ha
BO30YyXK/JeHue 9JIeKTPOHHBIX IJIa3MeHHBIX BomH npu ¢ = 440e;!,

KOTOpble B 3TOT MOMEHT SIBJISIIOTCS BBICOKOKOTEDEHTHBIMH H  NO3TO-
My MOTYT NpPUBOAMTb K CHJIbHOMY OTpaxKeHHIO H3-332 BbIHYKJEHHOTO
KOMOHHAIMOHHOrO  paccesiHusi. AHaJjoruyHasi KapTuHa Habuaionaercs
¥ B HOHHOH ¢asoBoit miockoctu npu = 10000,  (BHIHYKIEHHOE

paccesnne Manjenbmrama — Bpunmiosna). ®PaszoBble  npocTpaHCT-
Ba 3NEKTPOHOB M HoHOB mnpu ¢ = 17200;! wu3oGpaxens  Ha
puc. 23.3,8, e. SlcHO BUAHBI HOHHBle BOJHL. B HWHTepBase BpeMeH
Mexay ¢=440w;! u ¢ = 1720w, NPOUCXOMMT  CylleCTBeHHBLIl Ha-
TPEB 3JeKTPOHOB 32 CUET SIBJIEHHS 3aXBaTa YacCTHIL.

dddeKT usMeHenuss npoduasi MIOTHOCTH IJNA3MBI NOA BO3jeli-
CTBHEM MOILHOI'O JIa3€pHOr0 H3JAydeHus HcciaenoBanu B paborax [107,
108, 110], peayabTaTsl KOTOPBIX YKa3bBalOT Ha KJIOYEBYID pOJb
3TOro 3¢¢eKra B IMOTJOILIEHHH JA3ePHOIO H3JdydeHUs nnasmoii [108]
¥ CBHIETeIbCTBYIOT O HeOOXOAHUMOCTH INOCTPOEHHS CaMOCOIJIacOBaH-
HOH Teopuu npoduis niotHocT maasmsl [110].
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TJIABA 24

HATIPABJIEHHUS PASBUTHSA HEJIHMHENHDBIX
MJASMEHHBIX HCCJIENOBAHHHA

B macrosmuell rJaase Kpatko 06CyxKJAarOTCs HEKOTOphie Hamnpas-
JIEHHSL Pa3BUTHUS HCCIENOBAHMI HEJHMHEHHBIX IIPOLECCOB B IJIa3Me,
a Takxe ¢yHIaMeHTa/JbHble fBJICHHS, CBA3aHHBIE C TAKHMH  IPO-
leccaMH.

Posb HenvHeHHHX 30(}eKToB B COBpeMeHHOH (H3HMKe  Ja3Mbl
XOPOINO OTPAIKAETCs MWHPOKOH PaclpoCTPaHEHHOCThIO B CIEIUaJJbHON
JUTepaType, NOCBAMIEHHONH HCCJAeLOBAHHIO MJIa3MBl, IIPHIAraTesbHOTO
«aHOMAaJbLHBN», KOTOPOEe OYeHb yacTo (QuUrypupyeT B HaHMeHOBAHHAX
PA3JHMUHBIX XapaKTepHCTHK IIa3MBbl M HPOTEKAaOUMX B Hel mpolec-
coB (roBopsT, Hanpumep, o6 aHOMAaJbHOH ANGQY3HH, aHOMAaJbHOM
CONPOTHBJIEHNH, aHOMAJLHOM IMOTJIOU{eHHH MJIM PacCcesiHuH M T. I.).
Hcnonb3oBaHue 3TOTO NPHJIAraTeNbHOTO CTAJMO CTOJMb NPHBHYHHIM, YTO
HesMHeliHBe 3(]hekTs B NsasMe, IO CyLIeCcTBY, CjAeAyeT paccMaTpu-
BaTh CKOpee KakK HOpMaJibHOe siBjeHMe, yeM KakK aHoMaJbHoe. [eit-
CTBUTEJIBHO, (yHAaMeHTaJbHbE TeOPeTHUYeCKHEe ¥ 3KCIEePHMEeHTaJb-
Hpl€ HCCJEJOBaHUfA: MOCJAEAHUX JeT HOKa3HBalOT, YTO B COBOKYNHOCTH
HesiuHeliHHe 3¢ dekTs 06pasyroT INIaBHYI0 COCTaBHYKO yYacTh oOuieil
KapTHHBI NJIa3MEHHBIX ABJCHHH.

Jlisi pasBUTHSA NJa3MeHHEIX MCCJeJ0BaHWil Ha COBPEMEHHOM 3Tale
BecbMa XapaKTepeH CIABHUI' TeOPeTHYeCKHX YCHUIUl B HallpaBJdeHHU
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006'bsiCHEHHS 3KCIEpHMEHTAJbHBIX JaHHbIX. HenuHeliHple sBJeHUsT MO-
IpeXHeMy HpHUBAeKapT OOJIbIIOH HHTEpeC TEeOPeTHKOB, M HX H3yue-
HHE COCTaBJsieT OAHy H3 HanboJiee HHTEPECHEIX H YBJeKaTeJbHbIX
3ajay $u3uKu miaasMel. s toro 4tobpl NpaBHWILHO MHTEPHPETHPO-
BaTh HaOJ/I0faeMble SKCIepHMEHTaJbHHEe JAaHHble H IpelCcKa3HBaTh
BO3MOXKHKEE pe3yJbTaThl OyAyUIMX  SKCHEpHMEHTOB, HeOOXOAuMO
6ojsee ray6okoe IOHMMaHHe CyUeCTBA HeJHHEHHBIX  IIPOILECCOB,
yeM TO, KOTOpOe JOCTHFHYTO celyac. Teoperuueckne pa-
60Tl B 3TOM HaNpaBJeHHH CTHMYJHPYIOT TaKiKe  NOCTAaHOBKY
HOBBIX  Ja0OpaTOpPHBIX M  HYHCJEHHBIX  3KCIEPHMEHTOB,  KOTO-
pele B nocJjejHee BpeMs CTaJ/Jd YPe3BHYAHHO [OJE3HbIM CPELCTBOM
BCKPHITHSI M H3YYEHHS] HOBBIX OCOOEHHOCTeH HeJHMHEHHBIX  sBJEHHH.

Teopusi HenmHeHHBIX sABJEHME B (HU3uKe niaa3mbl BobOpana B cebs
JOCTHXKEHHSI MHOTHX CMeXHBIX O6JacTell, B KOTOPBIX OCHOBATEJbHO
H3yyaJHCh T€ HJIH UHbIC HeJHHeHHble sBaeHus. HMcropuuecku mnep-
Bhle paGoTHl MO B3aWMOJAEHCTBHIO CHJBHBIX M CaabbIX  3JeKTpoMar-
HUTHBIX BOJIH B IJJa3Me OCHOBBIBAJIMCh HA NpPEANOJOXKEeHHH, YTO CHJb-
Hasi BOJIHA CYIIeCTBEHHO BJIMAET HA NapaMeTpb mjaasmel. IIpumepom
TaKOH KpPOCC-MOAYJSALMH MOXKET CJYKHTb XOpPOLIO H3BECTHHIH JIOK-
ceMOypr-ropbKoBcKuit s¢derr [(1—5], KoTopwiii BO3HHKaeT B pe3yJb-
TaTe BJMSHHUS CHJIbHOH BOJHB Ha YacTOTY COYJapeHuil 3J1€KTPOHOB C
HeHTpasbHBIMH YacTHIlaMH H NOcJelylollled mnepelaydl MOAYJISAIHU
BTOPOH BOJIHe, paclpoCTPaHAOUIEHCS B TOM e PerdoHe, 4To U Iep-
Bas. $IBnenust tuna omnucaHubIX B [1—5], M KOTOPBIX XapakTepHO
Hajuyye BpeMeHHONl MOAYJSIIIHH NapaMeTpoB IIa3Mhbl, B ONpeeseH-
HOM CMBIC/IE MOXKHO PacCMaTpHBaTh KaK HeqUHeldHbIe [6].

Hennuelinpie nmasmeHHble KoseOaHusi BllepBble M3yyajuch B pa-
Gorax [7, 8]  npu Hamuuuu TeMiepaTypHHX 3hPekToB — B paboTe
[9]. Ctporast Teopusi HeqMHeAHBIX KosebaHuil passura B {10] npu yue-
Te adpdekra 3axpata yactul. Jlpyrue npumepbl HeJHHEHHBIX MMJia3"
MeHHBbIX KoJieGauufli paccmarpusaauch B [11, 12]. Psax panuux pa-
60T OblM NOCBSANIEH TaKXKe H3YYeHHIO  PEJIATHBUCTCKOH  I1a3Mbl
[13, 14].

Bckope mocsie 3TOr0 OBLIM BHINOJIHEHB HHOHEPCKHE 3KCHEPHMEH-
TajbHble UccaenoBanus (CM. ria. 23), a sareM OBIM ONYyGJHKOBaHBI
pe3ysibTaTthl YHMCJIEHHBIX 3KcnepuMeHTOB [15], KoTOpBle NpPOAEMOH-
CTPUPOBAJH BaXKHYIO DPOJb  COJUTOHOB, SIBJAIOIUXCA  pelIeHHeM
ypaBHeHuss Kopresera — e Bpusa. B 310M ypaBHeHHH yYHTHIBaercs
KaK JAMCHEpCHsI, TaK M HEJUHEHHOCTb, MO3TOMY OHO HMeer ¢yHAA-
MeHTaJibHOEe 3HayeHHe, HalpuMep, B CBSI3U ¢ npobJiemoi (hopmupoBa-
HHUSL YAApHBEIX BOJH B ropsiveil mJjasme.

BecCcTOoNKHOBUTENBHBIM ~ YAApPHBIM  BOJHAM IMOCBSUIEHO MHOFO
pa6or {16—22]. B maruutochepHpIX HCCAEAOBAHUAX OBLIO IOJyYeHO
nepBoe ybGeluTeNbHOE [0Ka3aTeJbCTBO CYIIeCTBOBAHMS  YAapHBIX
BOJIH, 0O0pa3yiomuxcs IpH BTeKaHHH [OTOKa MJIa3Mbl, HMeEIOLIEro
CBEPX3BYKOBasi CKOPOCTb  (COJIHEUHBI BeTep), B MAarHUTHOE IoJe
3emau [16]. B 1965 r. mosiBusincy nepBuie coobmennsi [17—19] o xa-
60paTOpPHBIX JKCIepPHMEHTaxX MO OeCCTOJKHOBHTEJNbHBIM YyIapHHEM
BosiHaM B myasMme. C Tex 1Op 3TO HampasjeHue OBICTPO pa3BHBAETCS
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H B Hacrosilee BpeMs MpeacTaBJseT Co60H 0cobyo AMCUMIVIHHY CO
CBOMM mpeaMeroM HccaenoBaHus [20—22], B kKoTopoit MHOTOe yXKe
HOHSITO OJiarogaps WHTEHCHBHOH aHAJUTHUECKOH, BBHIUHCJAHTEJIbHOH U
aaGopatopHoil paboTe; B YaCTHOCTH, IPOAEMOHCTPHPOBAHO OoJbIIOe
3HayeHye JJS pPacCMaTPHUBAEMOro $fBJEHHMS HEJHHEHHHX (aHOMaJib-
HBIX) 3hdexToB (cM. 0630p [22], mocBsAleHHH 3To# npobaeMe).

B 1967 r. nosBuiacs psaa paboT, NOCBSIIIEHHBIX [JIA3MEHHO-BOJIHO-
BOMy 3x0 {23-—29]. CooTBeTCTBYIOWMH 3KCIIEPHMEHT, CBOAALUIMACA K
CMEIIeHHIO JIBYX NPOJOJIbHBIX BOJIH C Pa3/jMYHBIMM YacTOTaMy, NOA-
TBEPAMJ YKa3aHHYIO elile B pabore JlaHiay XapakTepHyio o0coOeH-
HOCTb GeCCTOJKHOBUTENBLHOrO 3aTyXaHHs, KoTopasi 3aKaoyaeTcs B
TOM, YTO YACTHILBI HE YTPAauHBAIOT HMH(OpPMAUHH O BO3OYXKAEHHH Haxe
HPH HOJHOM 3aTyXaHWM BOJHBE (cM., Hanpumep, [28]). B skcunepumen-
TE ABe BOJIHbI C pa3JHYHBIMH YacTOTaMH BO30YXKIaJHUChb B Pa3HBIX
TOYKaX IJa3Mbl W CHTHAJ Pa3HOCTHOH yacToTh (3Xx0) uaGaionajics B
HEKOTOPOH TpeTbel TOUKe, pacrnosoxeHHON Ha GoJblioM (IO cCpaBHe-
HUIO C JJMHOM 3aTyxaHus JlaHaay) pacCTOSIHMM OT NepBBIX ABYX TO-
yeK. DXOBBIM CHTHAJ BO3HHMKAJ [PH HajJexameM BbOOpe TOUKH
HaGJI0e s BCJIEACTBHE HAMUUNS HEJHHEHAHOH CBA3H.

3HaunTespHOE BHHMaHHe B (DH3UKe IJIA3MBI yiessiercsi GJayKTya-
nuonublM aBiaennsiMm [30—39]. LlentpanrHoe Mecto B pacyerax (puayx-
TYALHOHHBIX CHEKTPOB 3aHUMAKT (QJYKTYalHOHHO-AUCCHIIATHBHAS
TeopeMa W (PYHKIMH JUHEHHOTO OTKJHKA. B mocjegHue rofsl TeopHs
dbaykTyauuii o6obimeHa Ha ciaydau TypOynenTtHolt nmasmu [31, 32|,
MapaMeTpHyecKoro BO3AEHCTBHA  MOIIHOTO H3JIYYEHUS Ha MJIa3My
[33—38], na3Mpl ¢ aKTHBHBIMH MOJieKyJsaMu [39] u T. m. :

Wurencusno paspabarbiBaercss mpobJseMa TypOyJAeHTHOCTH NJia3-
Mbt {40, 41] u ee npuioxKeHHs K ucciaeqoBanuo gabopatopubix [40] u
acrpodusnyeckux [42] siaenunit. Ilogxon K 3Tofi nmpobJieMe OCHOBaH,
€CTECTBEHHO, HAa HCIOJIb3OBAHMU NPUOHUKEHHs CAy4daliHbiX  (as.
JJs actpodu3nyecKux NPUJIOXKEHUH OCOObIi WHTepec IpeACTaBJAsfeT
BO3MOKHOCTb CTATHCTHUECKOrO YCKOPEHHS YacTHI B TYpOYJeHTHOH
minasMe [42—44]. Uto xe Kacaerc JaboOpaTOPHBIX IKCHEPHUMEHTOB,
TO B HMX TJIaBHOE BHHMaHHE NPOAONKAIT YAEJAATh HpobjeMe aHo-
MaJsipHOrO conporuBienusi {45—48]. Ceiiuac, oguako, TBepao ycra-
HOBJIEHO, YTO JJISi JOCTHMIKEHHSI JKeJaeMOrO ypOBHA  TeMilepaTyp B
TEePMOSI€PHEIX YCTAaHOBKax TPeOYIOTCH, OMHMO [KOyJeBa, U Apyrue
MeXaHM3MBl Harpepa (Takue, HampHMep, KaK HUXKHeTHOPHUIHBIA pe3o-
HAHC WIH HHKeKIHs NyYKOB YACTHI B NJA3MY).

MuorouricieHHBle paboThl O MapaMeTpHYecKHM npoueccam [49—
56], B3aMMOJeHCTBHIO MyYKOB YAaCTHIL U JA3E€PHOTO H3JIYYeHHs C NJa3-
MO#H, a TakXke 10 CBSI3W BOJHA — YaCTHHA yiKe YIOMHHAMUCL B
. 23 ¥ 37ech HeoOXOAMMO JIMIIb ellle Pas MOAYEPKHYTh HX GoJbiuoe
BJAHSIHHe Ha oOlllee pa3BuUTHe HeJHHeHHOH ¢uauky maasMel. OTMETHM
JIOTIOJIHATENBHO HEKOTOpble HOBBHI€ Pe3yJbTATH 110 HeJHHEeHHOMY Hpo-
HUKHOBEHVIO 3JIEKTPOMAarHUTHHIX BOJIH B [Jia3My H HepaclagHOMY
MeXaHHM3My AHCCHIALHM HX 3Hepruu [57], Henuunelino# aedopmannu
HiKHern6puanoro KoHyca [58], BuausiHMIo JeHFMIOPOBCKOH TypGy-
JIGHTHOCTH Ha CTHMYJHPOBaHHOe paccesune  Mangenapmirama —
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Bpunniosna {59] ¥ BAMSHHIO CTOXACTHYECKHX 3((eKTOB Ha mapaMer-
pHUecKyio cBs3b [60, 61].

BoJsbiioe 3HayeHue Ajisi HU3MKH NJa3Mbl B LEJOM ¥ €e IIpHJI0XKe-
HUF K HCCJHe[J0BaHHIO NOTOKOB KOCMHYECKO#l MJa3Mbl B OKPeCTHOCTH
SeMaH M IJaHeT HMeeT npobJjeMa HecTAaMOHApHOTO HeJHHeHHOro
o0TeKaHHsl pa3pe:KeHHOH NJIa3MOH Da3/IMYHBIX MaTepHaJbHHX 00%b-
eKTOB. B CBfI3M ¢ 3THM HHTEHCHBHO HCCJe/LyeTcs HeJHHefiHas JOHHa-
MHKa pa3pexeHHOro HOHH30BaHHOrO rasa [62].

AKTHBHO HCCJIEAYIOTCS JIEHTMIOPOBCKHE COJIMTOHBI U CHJbHASA TYp-
6y/eHTHOCTb. JIeHrMiopoBcKasi TypOyJeHTHOCTb HMeeT TeHAEHLHIO
K <«KOHJEHCAallMM» BOJH B IPOCTPAHCTBE BOJHOBHIX YHCeJ, KOTOpas
NPUBOJAMT K HX JIOKaJH3an¥M B JJIHHHOBOJHOBOH 06JacTH CIEKTpa,
rie JuHelHOe 3aryxaHue Majo [63—72]. dro, B CBOW ouepejb, BHI-
3pBaeT TPexXMepHyw (OKYCHPOBKY JIGHTMIOPOBCKMX BOJIH H IIOsIBJe-
HYe JIOKaJbHBIX CHHIYJASPHOCTeH aMILIUTYA. B peaysabrarte B naasMe
MoryT o6pa3oBHBaTbCA O0JACTH MOHHKEHHOH MJOTHOCTH (KaBepHHI),
KOTOpLIE HIPaoT poJib CBOeOOpPA3HBIX Pe30HATOPOB AJS JIEHTMIOPOB-
CKMX BOJH. 332 KOHeuHOe BpeMs KaBepHB! KOJLJIANCHPYIOT A0 pa3Me-
POB, XapaKTepHBIX [Jisi HepeceyeHHss TPAeKTOPHH 3JeKTpoHOoB [63].
KoJsinanc xaBepH NPHBOAUT K CHJBHON AMCCHNANNYM 3SHEPTHH AJHHHO-
BOJIHOBBIX JIGHTMIODOBCKHX KOJie6aHuii ¥ B CBfI3W C 3THM HTrpaerT Bax-
HYIO POJIb B TEOPHH JICHTMIOPOBCKOH TYypOYJI€HTHOCTH.

OTMeTHM, YTO KOJJIANC MOXKHO pPaccMaTpuBaTh KaK HeJHHeHHYIO
CTaAyI0 pa3BUTHA paHee HCCJAEAOBAHHHIX HEYCTOMYHBOCTeH B CHCTe-
Max JIEHTMIOPOBCKMX M HMOHHO-3BYKOBHIX BoOJiH {65]. lsisi KoJjianca
JIEHTMIODOBCKHX BOJIH XapaKTepHO HaJMyHe [OpPOroBOro 3HAYEHHA
aMIIMNTYABI, KOTOpOe 3aBHCHT OT CHeKTpa KoJsieOaHHH W He MO¥XKeT
ObITh HallieHo B paMKax npuOaMKeHus cayyaiiHex ¢as. Hduasa ero
olpejeneHus paspaboraHa chenuasbHas NpoLeAypa YCpeIHEHHSA MO
«6BICTPpOMY BpeMeHu» [63].

Henuuefinas auccunanyisi CHJIbHBIX aneKTpomaerme BOJIH Ha-
OJrofaeTcs TakXe B OKPECTHOCTH TOYKM IJIa3MEHHOIO pe3oHaHca
[73]. U3-3a Masoif rpynmoBOo# CKOPOCTH IIJIa3MOHBI, BO3HMKAIOLIHe
BCJEACTBHE JIMHEHHOH TpaHChOpMalMH 3JEKTPOMAaTHHTHOTO  NOJA
BOIM3K NJIa3MEHHOrO pe30HaHCa, COOMPAIOTC B OKPECTHOCTH  3TOH
TOYKH, YTO HPHBOAMT K HNOHHKEHHIO IOPOTa DPa3BHUTHS HeJHHEHHBIX
sb¢pexTos, gepopmanyy Npoduas MNJOTHOCTH NJa3MBl, a 34TeM H K
06pa3oBaHHI0 KaBepH (MOIyJSLHOHHAS HeycTOHYMBOCTb). IIpn arom
3BOJIIOLMS KaBepH M MoJedl B HUX HOCHT B3DBHIBHOH xapaktep. He-
YCTOHYHBOCTL OrpaHuuvBaercss QopMupoBaHHeM  y3Koi 006/acTH
B3aUMOJEUCTBUSA C PE30HAHCHBIM MOTJIOUIEHHEM 3SHEPTHH NJa3MOHOB
3jieKTpoHaMu. TeM caMBIM MeXaHU3M MOJYJALHMOHHOH HEyCTOHYHBO-
CTH NPUBOJAMT K HEJHHEHHOMY IOTJIOMIEHHIO 3JeKTPOMAaTHHTHBIX BOJIH
[73]. Teopernueckue pe3ynbTaThl KayeCTBEHHO COTJIACYIOTCH C 3KCle-
PHMEHTaJbHBIMH, KOTOpHlE INOKa3blBalOT, 4YTO 3JeKTPOMAarHHTHHIE
[OJI NPOHUKAKOT B HJIa3My JOCTATOYHO TJAyOOKO JIMIIb B TeX CJyuya-
X, KOTJa OHH HMEIT B¥J HMIYJbCOB HACTOJBKO MaJOH NJHHH, YTO
3a BpeMs CYIIEeCTBOBAaHHS MOJS MOAYJAALHOHHAs HEYCTOHYHBOCTL He
ycrneBaeT pasBuTbes {74].
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. OTMeTHM B 3aKJjlOueHHe BO3MOXKHOCTL B3DHIBHOH HEYCTOHYHBOCTH
THIIAa KOHyCa TMOTEPh B 3epKaJbHHIX JOBYLIKAX, NpPeACKa3aHHOi B pa-
6ote [75] Ha oCHOBe aHajM3a NapaMeTPHUECKOH CBSA3H JpelidoBOi
KOHYCHO# BOJIHBl C OTPHLATEJBHOH SHeprueldl M . HH3KOYACTOTHOH BOJI-
Hbl C HOJIOXKHTEJNbHOH dHeprueii B OKPeCTHOCTH HOHHO-UHKJIOTPOHHOH
yacToTH. B pesyabTaTe 3TOH HeyCTOHYHBOCTH aHOMAJIbHO HapacTaioT
aMIIUTYAB HOHHO-UMKJIOTPOHHOH BOJHBl HaKaykh M pacnajHo#d BOJI-
HBl C TIOJIOXKHTENBHON 3HEpruell, a BMecTe ¢ HHMH H OOGUWIHMA ypOBEHb
TypOyJeHTHOCTH B paccMaTpuBaeMod  cucreMe. ITOT  pe3yJ/bTaT
COrJIaCyeTcsi ¢ SKCIepHMEHTaJpHO HabJMIogaeMbiM (GaKTOM  yBeJH-
yeHHsi ypOBHSA  (JyKTyauuii 1npH ¢GHOPMHPOBAHHM TYpOYJEHTHOTO
creKrpa.

IIpuBeeHHBH 3/iech KpaTKHi 0030p HEKOTOPHIX HamnpaBJeHHH Hc-
cjleqOoBaHUil HeJUHEHHBIX 3(Q(PEeKTOB B MJa3Me yMeCTHO 3aKOHYHTh
npeJioKeHreM, KOTOPHIM HAaYHHAeTCs IMOCAE[HAS M3 YINOMAHYTHIX B
3TOM 0630pe pabort [75]: «B3auMoneiicTByie KOIepeHTHOIO COCTOSIHHSA
C BOJIHOH GOJIBIIOH aMIJIUTYAB U TYypOYJeHTHHIM COCTOsiHHEM, obpa-
30BAHHBIM KOMMO3HIIMEH MHOTHX BOJIH CO CJAy4YaHHHMM (¢aszamu, H
BJMSIHHE 3TOTO B3aMMOJEHCTBHS HA 3apsKeHHble YaCTHLbl NpHHAJe-
KUT K YHCIAy (yHAaMeHTaJbHbIX 1pobJjeM HeJHHEHHOH (U3MKH
IJIa3MBI».
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IIPHJIOJKEHHE I
HEKOTOPBIE TUIIBI BOJIH B NJNA3ME

Msorponnas naasma

SJleKTpoMaFHHTHHe BOJIHLL. B OTCYTCTBHE MAarHHTHOI'O noJad pgHuCnepCHOHHOe
YpaBHeHkHe aJas 3JIEKTPOMArHUTHLIX BOJIH B IIJIa3ME€ HMeer OYeHb I'Ip()CTOI':I BHJ

w? =mf,—|— k2, a€n

rie op=(Noe?/meo)!/? — nnasmeHHast 4YacToTa; € — CKOPOCTb, CBeTa B BaKyyMe;
Ny — nesosmyiiennasi MIOTHOCTh 3JeKTPOHOB; € H 7 ——3apAX H MAacCa 3MEKTPOHa;
€0 — JAH3JEKTPHUECKAs NPOHHIAEMOCTh BaKyyMa.

Hs (1.1) crepyetr, ¥To BOJHBI C YaCTOTAMH, MEHbIUHMH ®p, HMEOT KOMILTEKC-
Hole k u cuabHO 3artyxaioT. Kpome toro, Bmirekaomee u3 (1.1) cooTHoleune

(w/k) 0w/0k == c? 1.2)

yKa3eiBaeT Ha TO, 4To (hazoBas CKOpoCcTh ®/k Bceraa Goabite c. [TosTOMy uacTHIH
He MOFYT HaXOAMTbCA B DE30HaHCE C 3JeKTPOMArHUTHHIMH BOJIHAMH H, CI€f0Ba-
TeJIbHO, 3TH BOJIHBI He HCIBLITBIBAIOT 3aTyXaHus JlaHpay.

MlaasMennnie BOMmMbL.,  JIHCNIEDCHOHHOE YpaBHEHHE  3JEKTPOHHBIX MJIa3MEHHBIX
BOJIH MOXKHO 3anucaTh B BHAE

®? = m?, -}~ 3k2u2, (1.3)

TAe U — CpeJHss KBajpaTHuecKasi TENJIOBasi CKOPOCTb.

Has xononuoft nnasmel =0 M nJasMeHHble BOJHH He MOTYT PacnpoCTpaHATbCA,
TaK KaK HX TpyINoOBad CKOPOCTh ofpaniaetcs B HyJdb—B 3TOM cJydae TOBOPAT
© IJ1a3MEHHbIX KosefaHHsAX.

[lpu rugpoauHaMuuecKoM nopxofe caaraemoe 3k*u? g npapoff wactn (1.3) mo-
sipisierca GnarogapA yueTy Tra3oKHHETHUECKOro JaBJIeHHs B YpPaBHEHHH JBHXKeHHS
snekTpoHoB. [Ipu Gosee mocnexoBaTeNbHOM KHHETHUECKOM TNOAXOJAE 3TO CjaaraemMoe
COOTBETCTBYET YYeTy INepBOrO uYjleHa B pasjioxeHud No (kv/w). B paMkax KHHe-
THUECKOrO IOAXOAa MoJyuaeTcs TaKkKe 3aTyXxaHHe Jlagay, oO6ycloBJeHHoe Iepe-
Javelf SHepruH BOJNH YacTHIAM, CKODOCTH KOTODBIX HECKOJBKO MeHbine o/k.

Honno-3BykoBble BOJHbI. DTH BOJHbI NIpHHAAJIEXKaT K KJacCy HH3KOYaCTOTHBIX
BOJIH, TIPH PacCMOTPeHHH KOTOPHIX CYHIECTBEHHO HeOOXONHM Y4eT IBHMEHHS HOHOB.
Koneuno, u3-3a GoJIbIIOH MacChl HOHBl He YCNEBAOT CAeXOBATb 3a GHICTPBIMH KOJE-
GaunsiMu 3JyiekTporoB, BoJsiee Toro, pasfesieHHe 3apsifia, BO3HHKAlOIlee BCJIEACTBHE
JBHIKEHHS HOHOB, HEMENJIEHHO 3KPaHHDYeTCH 3JEKTPOHaMH H, TakHM obpasom, IpH
OGBIYHBIX YCJOBHSIX 3apOXKJeHHE HOHHO-3BYKOBBIX BOJIH OJOKHPYETCH 3JEKTPOHaMH.
Ecnn, omHako, TemIiepatypa 3JEKTPOHOB BeJHWKAa NO CPaBHEHHIO C TEMIEpaTypoi
vouoB (T./T;>>1), TO JEKTPOHBI He MOIYT MOJHOCTLIO 3KPaHHPOBATH 3JIEKTPOCTA-
THYecKHe NoJA. HampoTus, HeKoTopoe 3JEKTPOCTaTHYECKOe MoJe [0JIKHO CYIIecTBO-
BaThb JJA TOro, 4TOGH YPAaBHOBECHTb CHJY 3JEKTPOHHOIO RaBjeHusd. DTo Toue
BO3JEHCTBYEeT HA MOHB, MMEIOUlME MaJyio TemIepaTypy. B pesyjbraTe BO3HHKAIOT
YIOHHO-3BYKOBBIE BOJIHBI, CKOPOCTb KOTOPHX OIpefesIfieTCA JaBleHHeM 3JEeKTPOHOB
¥ Maccoil HOHOB. JlMCIepCHOHHbIe CBOMCTBA 3THX BOJIH XapaKTepPH3YIOTCS ypaBHeHHEM

©? = (kgT/ms) B2/(1 -+ AHk2),” (1.4)

rae kp— nocrosaunas BoabuMana; Ap — meGaeBckuit paumyc. Ilpu crpemnenun T
K T. HOMHO-3BYKOBHle BOJHEI CHJIbMO 3aTYXaloT H3-3a DE3KOTO BO3PACTaHHs 3aTyXa-
ans Jlampay {1]. B Bupaxennax tuma (1.4) nocrosiauyio BosmbiMana kp 0OBMHO
onyckaor. [IpH 3TOM NOAPA3YMEBAIOT, YTO TEMIEpaTypa H3MepAeTCsi B 3HEPreTH-
YeCKHX eXHHUNAX.
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MarHuTOaKTHBHAs NJasMa

ITpoGnema pacmpocTpaHeHHS BOJH B MarHHTOAKTHBHOH  IasMe JOCTAaTOUHO
CJI0XHA H3-32 TEH30DHOIO  XapaKTepa AMIJIEKTPHUECKOH  NPOHHLUAEMOCTH TaKOH
miasmbl. IIpy paclpocTpaHeHHH NOA NPOH3BOJBHBIM YIJIOM K HANpPaBACHHIO MAarHHT-
HOroO MOJS BOJHA HMeeT KaK IpPOJOJbHBIE, TaK M TNONEpeuHble KOMIOHEHTH NOJs H
B CJydYae XOJIOAHOH ONHOPOJZHOH MJa3sMpl MOAYHHSAETCA AHCIEPCHOHHOMY YpaBHEHHIO
Smnarona—Xaprpu (1]

Nponoasnoe pacnpoctpanenne. Ecau, oguako, BOJHA paclpoCTpaHsiercss BAOJb
HanpaBJeHHsi MarHHTHOrO TOJHA, TO O6ujee ypaBHeHHe INIITOHA—XapTPH CHIBHO
ynpollaeTcst u IPHHEMAET BHA

i = (@)e?) [1 — 03/0 (0 + 0g,)], (1.5)

rie @ge=eB/m.

YpasHenue (1.5) omnucsiBaeT ABe BOJHB KPYroBOH MNOJAPH3AUMH C IPOTHBO-
TOJIOXKHBIMH HaNpaBJeHHAMH BpAalleHHS BEKTOPOB 3JEKTPHUeCKUX Moned. DTH BOJHDI
HA3bIBAIOT LHKJIOTPOHHBIMH, HX YaCTHBIM CJlydaeM SBJSIOTCSH BHCTJIEPH, LIS KOTOPHIX
O<LWye, ®p (B GH3HKe TBepAOro TeJa 3TH BOJHB Ha3blBalOT resnnkonamu). Korza
®O=~W®g,, Ha0MOZAETCA LHKJIOTPOHHBIE pe3oHaHnc, NPH KOTOPOM CHIbHO BO3PacTaeT
3aTyXaHue BCJIEACTBHe IepeJaud SHEPrHH BOJH PE30HAHCHBIM YaCTHLAM IJ1a3Mbl.

B o6aactu yacror, onpesensieMoll HepaBeHCTBOM

0% 2> OO, (1.6)
MOXKHO TpeHeOpeub ABHXKeHHeM HOHOB. M3 Tex ofmacteli, rie 3TO HepaBeHCTBO
He BRIIOJHHETCA, OCOOHIH uHTepec MNpeACTaBAAeT 06JaCTh PacCHPOCTPAHEHHA aJbd-
BEHOBCKHX BOJIH, KOTOpaa 3ajaercs COOTHOWIEHUAMH O<K O H; u mp »mﬁe&)]ﬁ.
AnbdBeHOBCKHE BOJMHH  YAOBJAETBOPSIOT OFHOMY U3 KMCIEPCHOHHBIX YpaBHeHHI

f2 = (0%e) 004,04 (1.7)
HIIH
k2 = (0?/c?) a)f,/mﬂemm cos? 8, (£.8)

rae 0 —yroa MeXAy HampaBJeHHSIMH DacnpOCTPAHEHHS BOJHB M BHEIUHEro Mar-
HHTHOro nojsi. JJA aab@BeHOBCKHX BOJIH XapaKTepHo TO, YTO KOMIIOHEHTa CKOPOCTH
YacTHL, NepHeHAHKYJAspHAA MarHHTHOMY IIOJIIO, ORMHAKOBA Y 3JEKTPOHOB H HOHOB.
Monepeynoe pacnpocTpanenne. Korja BoJHa pacnpocTpaHfieTcsi IOJA NPAMbiM
YIJIOM X HanpaBJIeHHWIO NMOCTOSHHOTO MarHHTHOrO IoJist, ofijee TeH30pHOE ypaBHeHHe
pasbuBaeTcsi Ha JABa JHCIEPCHOHHBIX COOTHOleHHS. OZHO U3 HHX COOTBETCTBYeT
Tak Ha3blBaeMOH OGBIKHOBeHHOH BOJHe [l], BeKTOp 3JeKTpHUECKOro IOJSA KOTOpoit
napaJsJiesieH HanpaB/IeHHI0 MarHHTHOro noJjis. Jipyroe ypasHeHHe OMHChIBaeT HeoObIK-
HOBEHHYIO BOJIHY, KOTOpPas MMeeT NPOAOJIbHYIO H NONepeunyio (OTHOCHTEJbHO Hampas-
JIEHHA PaclpOCTPAHEHHA H MArHHTHOTO IOJIf) KOMIIOHEHTH BEKTOpa 3JIEKTPHYECKOro
nosg. YacTHbIM ciayyaeM  HeOOBIKHOBEHHOH BOJHBI fBJs€TcA  rufpuaHas BOJHa.
TlonepeyHast KOMIOHEHTa 3JEKTPHYECKOrO TOJSA 3TOH BOJHB CTPEMHTICS K HYyJIO,
H 1pH BBHIMOJHEHHH JHCIEPCHOHHOIO COOTHOIUEHHS
“)ge ‘”fn‘
1+ 2 5 -+ 3 - ; =0 . (1.9)
0%, + BPu, — o? @F; + R —o

Mb! IPHXOJHM K THODHAHOMY pe3OHaHCY.

Pewenna ypasHenus (1.9) cymecTsyloT kak B BBICOKOUACTOTHOI ofjacTH, riae
JBHKEHHEM HOHOB MOXKHO INpeHebpeub, Tak M B obJacTH HH3KHX UYacTOT, T'I€ HOHbI
HrPalOT CYUECTBEHHYIO PpoJib. B BhicOKouacTOTHOH o6aacTH HMeeT MeCTO BepxHe-
ru6pHAHBIA pe30HAHC, KOTOPHIH HAOMIORaeTCA Ha YacToTe

2 2 2 2
, Oy = O + iy, + 0, (1.10)
TOrla KaK YacTOTa  HIKHETHGPHZHOrO pe3oHaHca  ONpeAeAAETCA COOTHOLUCHHEM
2 2 2
@}, O R2u;
P — et - —1. (.11a)
Bpe + kzue =+ O (wLH ) )
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rae
I OpreDpy; I ");2713

0 V2 _
\(&)LH) = o2 +a)?_1 , (I.116)
pe e

2 2
npuuemM  Ruy < wp,.
2

2
Ilpu zamucu  (1.116) HCMOJAL30BAHO  paBEHCTBO Wpe Py = Op; | ®ne B

HamomHuM, uTo mnapaMerpsl TepMOSAEPHOH IL1a3Mbl OGHIYHO YIOBJETBOPSHIOT

caefyomell cucTeMe HepaBeHCTB:

P 2 2 .2 '

O K Wpp B Oppy R O X O (£.12)
OrMetuM, KpoMe Toro, 4To KHHeTHYecKHi Bk/aam nomos B (I.11a) okaseiBaercs ofu-
HAaKOBbIM B Tpefenax Kak Ca1a60ro, Tak H CHIBHOIO MAarHHTHOTO IOJH, HECMOTPH
Ha TO, 4TO pa3joxeHusi obumiero MHCIEPCHOHHOTO COOTHOLIEHHS B 3THX Ipeaenax
coBepileHHO pasauuds {2]. HaxoHen, ynoMsiHeM 06 HHTEPECHBIX BO3MOMKHOCTAX
HCIIOMb30BAHUA PaCCMaTPUBAEMOrO DPE30HAHCA B LENSAX HarpeBa IJIa3Mbl (CM. CIHCOK
JBTEpaTypH K Ti. 20).
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HPHJJIO)KEHHE II

BbiBOJI YPABHEHHM CBS3AHHBIX BOJIH
B PAMKAX KHHETHYECKOI'O OITHCAHHSA NJA3MBI

Huast mumocTpanuH MeTORa TNOJYYEHHS YPaBHEHHH CBsI3aHHBIX BOJH IPH KHHe-
THYECKOM ONHCAHHH IJIa3Mbl PaCCMOTPHM NpOCTeHLIHH ciydaii B3auUMOJNEHCTBHS Tpex
NPOJOJBHEIX BOJH 6e3 yueTa CTOJIKHOBeHHH (cM. paGory Stenflo L. — Plasma Phys,
1970, v. 12, p. 509).

HcxonuplM ypaBHeHHEM IDH KHHETHYECKOM MOAXOAE CIYKHT GeCCTONKHOBHTEJb-
Hoe ypaBHeHue BoJbimana

OF [0t + vOF [dr -+ (q/m) EdF[dv = 0, (L1

rae F— dyHkuns pacnpegejeHHs IO cKopocTsaM. [IpeqmonoKuM, 4To HeBO3MYUIeH-
Had uwactb 3TOH ¢yukunu Fo OAHOPOZHA B IPOCTpPAHCTBe, a HANpaBJEHHA pPacIpo-
CTpaHeHHA BOJH He ofAsateqpHo  cosmagaioT. O6o3HauuM f BO3MYIIEHHYIO YacTh
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GyHKuuKE pacnpefieiiennus, OOGYCHOBJIEHHYIO HaJHYMEM BOJH, H IOJACTABHM CymMap-
HYIO BEJHUYUHY

F=Fo+Ff (11.2)

B ypasuenue (II.1), BuimonHHB npu sTOoM HpeoGpasoBarne Pypbe IO NMPOCTPAHCT-
BeHHEIM TepeMeHHHIM. B pesyibTaTe NOJYYHM

o, — 9F, q

k o F q
e —r -0 _ __ L (E
ot - thevfie + m Bx av m (

of
o Jk'
Hennunefinoe ciaraemoe nepeHeceHO B NPaByIO 4acCTb 3TOrO yPaBHEHHS.
dnekTpuyecKoe moje YIOBJeTBOpsieT ypaBHenmio ITyaccona
ar 2=
— (g/m) ikEy = opny /N, (11.4)

rie r—1k=ffk dv; g-—3apsn u No— HeBO3MYIUEHHAs IJIOTHOCTb YaCTHIL.
Haxkonen, ans paibHedllllero norpefyercs elne GYHKIOHS JHHEHHOro OTKJHKA
2
(Dp dv kaFo/aV
Nok? o —kv
HanomuuwM, uto NpH BLIUHCIEHHHW HHTEerpaia B Bbolpaxkenusx tuna (I1.5) cmemyer
HCMOJIb30BaTh NpaBHiao o6xofa Jlannay.
BBenem Teneph BENHYHHY

(IL.3)

& (@, k) =1 (11.5)

‘d=c§‘——fl-‘-——dv (IL6)

®— kv
¥ BBIYHCJUM NPOU3BOLHYIO IO BPEMEHH OT 3TOH BEJHUKHbI:

da j ofi ot e j« ikvhy, — (g/m) BOFo/ov

—Q =C

ot

TlpuGaBassi u BHYMTAS CjaraeMoe i®fp B YHCAMTeNe NOALIHTErpaJbHOTO BLIpaXKe-
HHS, NPHIEM K YPABHEHHIO

W g j- EoFo/ov
o fen + 1 m o—kv

Tie B CHIy IMPONOJBHOCTH PpaccMaTPHBAEMOro BOJIHOBOTO  JBHXKEHHS E=E_(k/k)‘
Ucnonbsys pucnlepcuoHHoe ypasHeune e(w, k) =0 cosmecrso ¢ (I1.4) u (IL5),
BHJIUM, YTO

AN

o—kv o — kv

dv, L

Oa/ot = ina, (11.8)
T. €. BBeJEHHYIO 3/leCh BEJHUMAY 4 HeHCTBHTENbHO MOXHO IPHHATE B KauecTBe

HopMaabHoro kojeGanus. C yueroM ueduHefiHoro ciaraemoro u3 (II.3) ypaBnenne
IJis 5TO¥ BelMUYAHBl MpuoGpeTaeT BHA

da ge ( (Edf/av),

5 —iea=——r | o 4V (11.9)

Vpasrenre (I1.9) cocraBisier OCHOBY [Jis PacCMOTPEHHS B3aWMOMEHCTBHS TpexX
BOJIH, YIOBJIETBODAIOUINX DE30HAHCHEIM YCJOBHAM

ko = ky -+ kg (IL. 10a)
"
0o = 0y + Og. (11.106)
Hanpumep, mas BoaHs O uMeem
day 9 { Ey0faldv 4 ExdfyJov '
o5 — loag=—— 0 —kov v, (I1.11)

rae  Ey=E;; fi=f;, u 1 10 BHNONHMM HHTErpHDOBaHHE N0 YACTSM B NPaBO
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gactu (I1.11):

Ezafl/av j‘ Fadv
s S dv = — kE, o —kv? (I1.12)
H NOJCTABHM B 3TO COOTHOILIEHHe JIHHEHHOe BLRIDAXKEHHE
_ E, OF o/0v
—_f e —_— .13
fk=1i m o—kv ( »

KOTOpOe BHITEKaeT W3 JHHeapH3oBaHHoro ypasHenHs (I1.3) B mpeamonmoxeHun rap-
MOHHYECKOR BpeMEHHOH 3aBHCHMOCTH. B peayabrare monayuum

E.0f iq E
X—M dv ~ — m—kEzg ( 10Fo/0v dv. (I1.14)

o —kv o — kv)? (0; — k3v)

CrnpaBelJiuBo Takxe cooTHomeHHe Buma (I[.14) ¢ nepecTaHoBKoO# HHIeKCOB 1 H 2.
BBegem npopoibHOe noJe

E; = (k;/k;) E; (I1.15)
H JH3JeKTPHUECKYIO NPOHHIAEMOCTb BTOPOro MOpsiKa
2
e( 2) q (Dp S dv [ (kokz) klaFo/av (kOkl) kzaFo/av —J (II 16)
2m Nok% (09 — kovo)? W — kv Wy — kyv )
IMoncranoBka (I1.14)—(11.16) B (II.11) npHBOAUT K ypaBHEHHIO
0ao/0t — iwoag = (2iegckde ) gkiky) ELE,. (11.17)
HanbHefilee npeoGpasoBaHue 3TOrO YDABHEHHS BHIIOJHHM C IOMOIIBIO COOTHO-
ulenn#, BuiTekaromux 3 (I11.6) n (I1.13):

iq _EkaFo/av

as —c¢ __(u)— vy
a rakxe 3 (IL5): _
2 E 0F,/dv
0, ®© k%%
68 Ek — -2 dv.

® o0 Nk (© — kv)?
Omnpenensisi ¢ B BUJle c=igw/eok, HAXOIHM
a = o (3e/dv) Ey, (11.18)

4TO MmpefcTaBiAseT Co6ofi He YTO HHOE, KaK JIHHEHHOe COOTHOIIeHHe Mexny a u E,

BBeIEHHOE B I D.
Jns monyueHus cTaHfapTHOH (oOPMB ypaBHeHHH# CBSI3aHHbIX BOJIH OCTA€TCS
nepenkcarb npaByl udacts (I1.17) ¢ yuetom (I1.18). Pesysmetupylomee ypaBHEHHe

IpHHUMAET BUI

009/0f — 10gag = 1501895 (11.19)
rae
gty Re))
= = Tuky G (96/00s) 0308100, (IL.203
AHAJIOTHYHO MOXHO BHIBECTH JIBA APYCHX YpABHEHHS ¢ KO3QHUUHEHTAMH
kg, e(2)
02 = Tk, m (06/0wg) ,06/00,
- _ .

2ky0, &(2)
€01 = "Rk, g (08/00g) ©,06/00;
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OTMeTHM B 3aKJIOUeHHe, YTO, B QTJIMYHE OT IV 2, MBI MCIOJb30BAaJH 3MeCh
COOTHOWIEHNsT BHAA

f= gh exp (—ikr) -- f yexp (ikr),

YTO 3KBHBAJEHTHO HHOH HODMHPOBKE AHHAMHYECKHX NePeMEHHbIX W MPHBOJAHMT K HO-
SIBJICHHIO JIONIOMHHTENbHOIO MHOXKHTeNS 2 B BHIPAXKEHHSX IS Ko3()(PUUHEHTOB CBA3H.
Takast HOpMuUpPOBKa OBIIA KCIOJbH30BAHA B I 6 u 15.

ITPHJIOXEHHE III

BbIBOJZL YPABHEHHH,
ONUCBIBAIOIIUX MOAYJASUUOHHYIO HEYCTOMYUBOCTD

Bynem ucxomuth u3 THAPOAMHAMHYECKHX YpaBHEHHM [BHXKeHHS B OJHOMePHOH
cHcTeMe:

’ on 0 )
e (%) = 0 (I11.12)
dy q YoTo On v
_0‘=_‘Z‘_E__°‘_°°___°°_va_i; (111.16)
ot Mg, mgn, 0% ox
eg0E[0x = — e (ny — n;). (II1.18)

Vianekc a ykasplBaerT COPT uYacTHU (B pajbHeHIleM BMeCTO M. H m; OyZeM mucaTh
m 1 M coorBerctBenHo). Temmeparypa T  Bepaxkaercss B  3HEpreTHYeCKuX
€HHHIAX.

[IpeacTaBHM IJOTHOCTH HOHOB n; K 3JEKTPOHOB f, B BHE CHEAYOIUX CyMM:
ny=Nyg-+0n; ng= Ny On 0n,,

rie No— HeBO3MyIUEHHas IJOTHOCTb  IJIA3MBl, Of — HH3KOW4ACTOTHAS MOALYJSUHAS
TVIOTHOCTH; Ofl, — BLICOKOYACTOTHhIE OCHIIISIHH 3JEKTPOHHOH INIOTHOCTH. Byzem
paccMaTpuBaTh AHHAMHKY BBICOKOYACTOTHBIX H HH3KOYACTOTHBHIX KOMIOHEHT IO OT-
JeNIbHOCTH, NpPEeANoJaras NPH 3TOM, UYTO BHICOKOYACTOTHOE 3JIEKTPHYECKOEe IoJie
Kosebiaercss C YacToTOdM, OAH3KOH K IIa3MEHHOH YacrtoTe o p.. s BpeMeHHBIX
MacmTaboB, COOTBETCTBYIOIIMX 3THM KOJeGaHHSM, 3BOJIOUHA CHCTEMbl OINUCHIBAETCS
YI:aBHEeHHSIMH:

38n,/0t +- (8/0x) [(Ng + On) vl = 0; (111.2a)
dv, e 3T, dn,

- £ E_ : 111.26

ot m m(Ny--6n) 0x . ( )

800E/0x = — ebn,,. (111.2B)

Tlpn 3anucu ypaBHeHHs  [Jif BEICOKOYACTOTHOH  KOMIOHEHTH Mbl TpeHedperiH
HaJlKYHEM  HH3KOYACTOTHOH KOMIIOHEHTH  CKOPOETH U., Koropas B KOMOHHAIUH
C BbICOKOYACTOTHOH KOMNOHEHTOH MOXET JaBaTh AONOJHHTEIbHBIA BKJaN.

B pesynbrare nuddepenuupoBanus ypasHenuit (I11.2a) u (I11.96) mnoayunm

3261 012 I (3/0x) [(No - Sn) du./01) = 0;
v, e OE 3T, #%n,

ox ot m 0x. m(No+om) on

Ilpu sanucu BTOPOro 3 3THX ypaBHEHHH yuTeHO, YTO B aAMaGaTHYeCKOM NpuGIH-
XKEHHH JJIST SJIEKTPOHOB Ye=3. KOMOHUHHDYS MOJyuYeUHHIE YD2BHEHHS, HMEEM

a26n, e OF 3T, 926n,
— N 6 —_— [4 (] .
o (Mot ")[m ax " m(Ngon) ox? ]

(I11.3)
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Kpome toro, na ocuose (II1.2B) moayuuMm ciepyiollee ypaBHeHHE MJISI 3JEKTpuue~
CKOro Hoss:

0 [ 32E P én) 9 aﬂE]

e (1232, — | =0,
ax[aﬂ "'Pe<+1v,, Te ox2

rie v%e =Te/m.
IIpencraBum nasee 3NEeKTPHUECKOE HoJie B Bujie

1 —
= ?Eo (?) exp (— iwpet) + k. .

H BOCIOJIb3YEMCA ﬂpHdJlH)KeHHbIM paBE€HCTBOM
02E 1 OF _
ERT T [2im,,e -—3~t~°— + u)ge Eo] exp (— iopet) 4-x. c.,

npeHeGperass BTOpo# mnpousBojgHoHt Ep mo Bpemenu. Torga mosdyuuM ciaexyioliee
ypaBHenue st noas Eo(f):

. OE, 3 PE 1 én _
m)pe'-w—o +TU?-BWO—=TOJ;”W E,. (111.4)

DT0 ypaBHEHHE ONMCHIBAET 3aXBAT HAKETOB IJIa3MEHHBIX BOJH OGJACTAMH MOHHIKEH-
HOH MVIOTHOCTH NJIa3MBI.

C Jpyroit CcTOpOHH, NpPH BPEMEHHHIX MacuitaaX, XapakTepHbIX MAJsS HOHHOIO
JBHXKEHHsI, YPaBHEHHE NBHIKEHHS MIJS 3JEKTPOHOB MOXHO 3amucaTb B BHJE

e T, abn 0V,

—E;=— — v .
m m(Ng+-06n) ox ox
3necy nox E, moppasymeBaercss HM3KOUACTOTHAS KOMIIOHEHTA MOJS, a CJIATaEMEIM
0ve/0t, T. e. MHEpUHEH 5JEKTPOHOB, IpeHeGperaioT, NPUIEM 3JEKTPOHBI CYHTAIOTCS
H30TepMHYECKHMH (Ye=1). JIMHaMHKa HOHOB OIHKCHIBAETCS YPaBHEHHSAMH

abn 0
—_— N =0;
o+ o (o n)uil
;e 3T; osn

=— E;—
ot M 7 M@N,+6n) ox

Craraemoe v;0v;/0x 3pech OTGPOUIEHO, W MOHB  CYHTAOTCS anHabaTHYECKHMH,
T. €. y;=3. B peayabTaTe nuddepeHuupoBanns N0 BpeMEHH NONYIHM

02%n a adn e 3T; adn
or2 +a_x[”ia_t+(N°+6”) (7'3&— M (Ny—+ on) ox )]20‘
Onyctum jamee caaraemoe (J/0x) (v,00n/0f) H npezmojoxkuM, uTo On< N,
Hekmouns eme E, ¢ momompio (I111.5), Npunem k ypaBHEHHIO
6’6n_ (Te+3Ty) 0%n  Nm i(v 6ve>
or M ax* M ox \‘ax /)’

B npaBoii uactu 3TOro ypaBHeHHS (QuUrypupyer HH3KOUACTOTHAss KOMIIOHEHTA,
Koropasi Hrpaer poJjib HOHllepOMO’I‘OpHOﬁ CHJILI, BBHI3BIBAOIIEH MOJNYJAIHH IJIOTHOCTH
3a XapakTepHOe JUIs HOHOB BpeMs. 3Ty KOMIOHEHTY MOXHO BLIIEJHTb B pe3yJabpTaTe
cneAyionieli Npolelypsl YCpeAHEHAN: )

y —
(0eB06/0xYy = (1/2) (9/0x) {v3) = (1/4) (8/0x) | e I,

rfe |Ue| — aMIVIATYIHOE SHAYEHHE U,. YUHTHBAf, 4T0 Ov./dt~—(¢/m)E, umeem

(I11.5)

(111.6)

1D |2 == L Eq 2

m2
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U, CJIeJI0BATENbHO,
(v B0.19%) = (1/4) (eo/mNg) 3 | Eq |2/0x.

Ocraercs eme BCIOMHATb BbIPaKeuhe [AJS CKOPOCTH HOHHO-3BYKOBHIX KOJeGaHHUIX
cs=[(T+3T;)/M)}/?, urobni npumate (II1.6) caexyomywo okoHuaTenbHYIO QopMYy:

P8njorr — 2 326n/0x? = (eo/4M) 3 | E, 3/0x2. (111.7)

OTO0 ypaBHeHuHE OIHCHIBaeT MOJYJNAUMH MJOTHOCTH IJIa3Mbl, a B COBOKYNIHOCTH
¢ (I11.4) o6pasyer camocoriacoBaHHYI0 CHCTeMY YyPaBHEHHH, HOCTaTOYHYIO AJS pac-
CMOTpPEHHs MOMNYJNSUUOHHOH HeycToiunBocTH. OO6OOWIenHe 3TOH CHCTEMBl Ha TpeX-
MEpHBIH Cjyuafi OYeBHAHO: IJIST 3TOr0 JOCTATOYHO 3aMEHHTb MPOHU3BOAHYIO 0/0x ome-
paropoM Vy u CKalspHoe moJie BekTopHoiM noaeM E. B pesyapTaTte moayuum
cucremy (19.3).

Kak BuAHO, K MOAYJNSUHOHHOH HEYCTOHYMBOCTH NPHBOAMT Hajuule AEHCTBYIO-
el Ha 5JIeKTPOHBl MOHJEPOMOTODHOH CHJIbI (aHAJOTHYHOH CHJIOH, NeficTBylOmeHd Ha
HOHBI, MOXHO npeHe6peub). OHH BHI3HIBAIOT MEJIEHHYI0O  MOXYJISUKIO IJIOTHOCTH
3JIEKTPOHOB, KOTOpPOH 3aTeM MNOABEPralOTCA H HOHbl K3-3a MNOSIBJEHHS aMOHIOJIAp-
HBIX CHJI

Crnenyer OTMETHTb, UTO B IpPHBEJEHHOM 3JeCb BBIBOJE HE YYTEHH! HEJIHHEHHOCTH
BhICLIEro Mopsijgka. TeM He MeHee MOJKHO MOJaraTh, 4TO IOJyYeHHBIE YPaBHEHHS
NPABHJbHO ONHKCHIBAIOT MOAYJSUHMOHHYIO HEYCTOHYMBOCTh B OOJbLIKHCTBE NPAKTH-
YeCKH HHTEPECHbIX CJIyyaeB.

IIPHJIOJ)KEHHE IV
MATEMATUYECKUE METOINbl HEJWHEWHOW TEOPUU BO3MYUEHHHA

OcHornasi upo6Jjema TeOPHH CJIAOBIX HeNMHEHHOCTeH — BO3MYIIEHHEe TapMOHH-
YeCKOro OCUMJISTOPa BHEWIHeH (HenuHeHHO#) cuiod. DTa mpobiema Onwia Hpenme-
TOM HCCIENOBAHHS MHOXECTBa paboT NO TEOpeTHYeCKOH M  MaTeMaTHYeCKOoit
¢usuke [1—24]. HepocraTKOM OGHIYHON TEOPHH BO3MYIIEHHH  SIBJSETCS HaJHyHe
CEKYJISIPHOCTEH, KOTOPHE MOXKHO YCTPAHHTDH JHUIbL NPH yuYeTe BKJIAJOB BCEX IOPSIKOB.
Hecekyasipuble METOXbI TEOPHH BO3MYIIEHHH Obliu BIIepBble PA3BHTH B CBSI3H C 3a-
nayamu HebecHoil Mmexamuku [1—3]. Ilo3gHee 3TH METONH! HALLIM UIKPOKOE LPHMEHE-
HHE B TEOPHH HEJMHEHHOrO PACHpPOCTPAHEHHS BOJH.

Jas nonyueHHs npHOMHMEHHBIX peulenudl, cBOGOLHBIX OT PacXOAUMOCTeH, Gbli
NpeAOKeH pSA CHeNHaJbHBIX OPOUEAYP YCTPAHEHHsS CEKYJNSPHBIX BKA4foB. Tak,
B HCTOpHYecKH NepBod pabore [1] mpoBojuioch pasiokeHue B Psfi KAK 3aBUCHMBIX,
TaK H HE3aBHCHMBIX NEPEMEHHLIX, H CEKYJsPHOCTH YCTPAHSJIMCh C IOMOIUIbIO IONOJ-
HHTEJbHBIX CTeNeHeH CBOGOAEI, CBSI3aHHBIX C DAa3OXEHWSIMH HE3aBHCHMBIX Iepe-
MEHHBIX,

Bri6upas BpeMs B KauyecTBe HE3aBHCHMON NepeMeHHO# H YuuTHBas CiabocTb
HEJIHHEHHOCTH, Pa3yMHO BBECTH B DACCMOTPeHHE BpeMeHHble BapHALMH, MeuJieHHbIe
10 CPaBHEHHIO C JUHEHHbIMH rapMOHHYECKHMH KoJebamusMu. TakuMm o6pa3oM, BO3HHU-
KalT ABa BpPeMEHHbIX MacluTaGa, OIMH H3 KOTOPHIX  (COOTBETCTBYIOIHH GBICTPHIM
KoMeGaHusAM) JOJkeH GuiTh Hckmoued. B merone IMyankape [2] ato ocymectBasercs
NOAXOASIIHM BHOOPOM KaHOHHYECKHX NPeoGpasoBaHHi IIPH HCHOJB30BAHHH TAMHJIBTO-
HOBA ()OpMaJH3Ma ONHCAHHS HEJUCCHNATHBHLIX CHCTEM. AHAJOTHYHEIH METOJ NpuMe-
Hsercs B paGore [3]. B merone BoromoGoBa—KpriioBa—Mutponosbckoro (BKM)
[4, 5] cucTeMa He cuuTaeTcs KOHCEDBATHBHOH W KOPOTKHI BPEMEHHOH MacIUTa6 HCKJIO-
4aeTcsi ¢ NOMOINbIO CNENHANbHON TEeXHUKH yCpefHEHHs. DTOT METOJ MOJYyYHa Aalb-
Helillee pasBuTHE B paGotax [6, 7]. B paGore [8] npemnoxeH HOBEIA HTepanHOHHBLIH
METOJ IJis KOHCEpBATHUBHBIX cHcTeM, a B [9] ykasaHma uHTepecHas BO3MOKHOCTH:
HCNOJIb30BAHHST KBAHTOBOMEXaHHYECKHX KOTepPEHTHBIX COCTOSHHH.

Ecan ycinosue cnaGoit  HeJHHENHOCTH HE BBHUNOJNHAETCS, TO NpOGieMa De3Ko
YCHOXKHSETCS, B IJS 3TOTO CHAyuas Kakue-MuGo o6lime METOHAbl pellleHHs ellle He pas-
pabotanbl. CJlefyeT, ONHAKO, YNOMsiHyTb MOjeih NpobHbiXx Boim [10), B KoTopoit
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napaMeTPOM DAa3JOKEHHS CHYXKHT HaNpsKEHHOCTb NOJS, H Mem,& pasnoxenus no
BO3BPATHBIM BpeMeHAM Myaukape [11].

B HennHeAHLIX NJAa3MEHHHBIX HCCHENOBAHHAX TaKXKe yneJmeTm Gospllloe BHH-
MaHue pa3paboTKe HeCEKyJsPHBIX METOJOB TeOpHH BoaMymleHnu#. B paGore [12] pas-
BHT TaMHJIHTOHOB (OPMANM3M JJIA TPeX B3aHMOMEHCTBYIOWHX BONH. I3 muoroumc-
JIeHHBIX Tpunoxenuit Meroga BKM ([13—17] ormeruM Teopuio 3¢()(eKTOB BBHICHIETO
nopsimka [13], anamua cucreM ¢ HeCcKOJbKMMH ObictphimMu (asamu [14] u o6oGienne
TEOpUH Ha Cayyadl BO3MYLieHHA HeIuHeHHOro ocumaistopa [15]. OnuH H3 BapuaHTOB
verofna BKM wucnosn3oBaH B pabote [17] mpu o6umieM pacCMOTpeHHH PE3OHAHCOB U
YCTORYMBOCTH HeJMUHEHHbIX KOHCEPBATUBHBHIX cucTeM. MeToJl MHOroBpeMeHHLIX NpH-
OMMKEeHHH Hallesl NPHMEHEHHE TaKke NpH aHajH3e HeNuHeHHHIX 3¢ ¢eKToB B ciaabo-
JuccunatusHoi cpeze {18].

Jns cucTeMbl CBS3aHHBIX HEJHHEAHBIX ypaBHEHHH € HeCKOJbKHMHU IlepeMEHHBIMH
BO3HHKaeT npofjeMa cokpalieHus uucia nepeMenunlx. ONHH H3 CNoco6GOB paspellleHHs
3TOH npo6eMbl — NPUMEHEHHE MeToja HOpMajibHbX KosdeGamni (cm. ri1. 3). Hpyrue
TpueMbl paccMoTpeHn B paGorax {19—21], rae BHIBOASTCS MOJenbHblE ypaBHEHHS,
B KOTODBIX YYTEHH HEJNHHEHHOCTb, AucHepcust u Auccunanus. K HeJHHeHHHIM MOJeNb-
HbIM YPaBHEHHSM TaKOro Ke THIAa NPUBOJHT PACCMOTPeHHe npobieMbl BO30OYKZEHHS
YAapHBIX BOJH H conutoHOB [22]. Crenyer YHOMSIHYTb TaKike pa6ory [23], nocBsimeH-
HYI0 MAaTeMATHUECKOH CTOpDOHe npoGjeMbl HeJHHEHHbIX BOJH B XOJOJHOH IJIasMe.

B cBs3u ¢ TeM YTO aHAJHTHYECKOE pelIeHHe HeJHHEHHbX auddepeHnHalIbHbIX
ypaBHeHHH INpeicTaBAseT cOG0H TPYAHYIO 3afayy, YacTo NPHXOAMTCS NpHOErars;
X HCIOJb30BAHHIO YHCHEHHBIX MeTogoB. OQAHAKO B NOCJCAHee BPEMS HAMETHJCH 3HA-
YHTeJIbHLIA TNporpecc B 3To# o6nactu. Vmenno, 6blI0 N0KAa3aHO CYIIECTBOBaHHE
BeCbMa ULIMPOKOr0 KJjacca HeNHHeHHBX [uddepeHuHaNbHuX ypPaBHEHHH, pelIaeMbiX
MeToJIoM 06paTHOH 3anauu paccesiHus [24—31].

B saknoueHHe oTMeTHM cepuio 0630pHHIX craredl [32], B KOTOpbIX MOXKHO HaHTH
JOCTATOYHO TOJIHBIE CBEJEHHS 10 yPABHEHHSIM, OIHCHIBAIOUIMM HEJIHHEHHYIO 3BOJIO-
LHIO, MeTogaM PeAYKUHH B TEODHH BO3MYIIEHHH W IPU/IOKEHHSM MeTofa OGpaTHOH
3ajaux paccesHus (cM. Takxe {33]).
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OTBETHI K 3AJAYAM

2.1. Ecan HekoTopas BOJHA Xapakrepuayercs: GOJbLIHM KO3(QHIHEHTOM 3aTyXa--

HHUSI, TO e€e aMIJINTyla Ha HayaJbHOH CTaguK npolecca yMmMeHbUIAETCs. OllHOBpeMeHHO'
yYMEHbIIAETCST 3aTyXaHHe, B xoHeunoM cueTe OHO CTAHOBHTCS MeHblle, ueM napa-
METpPHUYECKOE YCHJIEHHE, W B pe3yabTaTe pAa3BHBACTCA MNapaMeTpHYecKas HeycTOﬁ-k

YHBOCT®.
2.2,
a)
ny, ng ~ exp [— bt + g (0) Y/ercy (1/v) (exp (v) — D)];
6)

na, g ~ exp {— bt + 10 (0) Veita [feof (0 — DI {[(1 — #1171 = 1)} -
2.3.

m=1/ e [(1eo) 13 (0) + (1/ex) n3 (O)] -
21k



2.4. a) VHKpeMeHT BHIXOJUT Ha ypPOBEeHb HACHIIEHHs, COCTABJSIOWHAN — d/cC.
6) Ilpn t>0 HHKpeMeHT mepBOHAYaNLHO OCIMIIHPYET B OKPECTHOCTH TOY-
xu —d/c, ITH OCHMIIAIMH, OTHAKO, HOCAT HEYCTONUMBHIA XapakTep, TaK KaK 10 Mepe
YBEJHYEHHS aMIJIMTYABl YMeHblaeTcsl XapaKTePHCTHYECKOe BpeMs HapacTaHus IJs
HeHachlllleHHo# cucreMbl. Korjla sTo BpeMsi CTaHOBHTCS MEHbIIE T, MEXaHH3M Hachime-
HHA yTpaunBaeT 3¢ GeKTHBHOCTb H B CHCTeMe Da3BHBAeTCs B3DHIBHAST HEYCTOHUHBOCTS.
3.1

- m (1),2,(1) - . m (Dg(D _
a=E—i— Up—i— vp —

e @ — k2y? e ((D—ka)z——kzug

oMb oo @MVt

£ @2 — k3y2 P g (m_kvbz_kzug
4.1.

(1/2) wey Im e EE*.

4.2

S = (1/4) [0D (o, k)/0k] EE*.

5.1. MHuMble yncla.

5.2. TIpu BHIBOfE aMIAMTYJbl HOPMAaJbHOro KojieGaHHs a Ko3ddHIHeHTH NMoi6H-
pawT Tak, Yto6b B BbIpaxKeHHH 0a/0f—iwa K03 HUIKEHTH NpPH BCeX MOJEBHIX BEJH-
yuHaxX ofpamiamich B HYJb, [103TOMY HOpMa/lbHbIe BOJHBI HMEIOT 4acTOTy  He3a-
BHCHMO OT W3MEHEHHS NOJIEBHIX BEJHYHH.

5.3.
a(® = o oo kg, + Ryowy - Ry, _
m P u)zu)% u)g )
5.4,
A i 2A4(2)
of T wyg—ow, Of =N.L.
5.5.
O(W)/0t = (g0/4) (E_;“(?A/(?t -+ EdA*/ap);
(W) = (e0/8) (EA* +E*A).
5.6.
oF . D (o) —_ 1
o T D)y £ @Dy,
6.2,

2
. N Op mﬂo 'E
a, ={2F +
| 0, (mt—kaaimHG)

#n B Apyroft 3anucH
a, = (/o) (0/dv) (@%;) E .

7.1,
Wy &5 v;A;4;
ot 2 daed 3D 30
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7.2.
Wolwg + Wiy = Moy;  Wy/oy — Wylw, = My,.

8.1.
Tlpu &Vyp — Wpp 2> Wp .
8.2,
2
o
, B)=1— L .
ol B = = ) (0 — Ay — )

8.3. ~

o=+ tg—l(v/l/4m,2,—v2 ) .
8.4.

cos @ << — (1/2) Ngvo/Vpty.

8.5. Her.

9.1. Tipu u? (0) = 42 (0)  (cp. ¢ puc. 1.3).
9.2. DHeprasg CBsA3M.

9.3.
- exp (— vi)
9= 1/u;(0) — (1/%) [T —exp (—v8)]
9.4,
a)
T (u%) =2 [u% (M,,1 —-u%)) (M,,2 —u%) —I7];
6)

k= [(a, — a5)/(a, — ag)] "/ .

10.1. Her. Ecan kakag-iHG0 H3 aMIUIHTYA YyMEHbLIAeTCs B CpelHeM OGricTpee
APYrHX, TO CJaraeMoe B YpDaBHeHHH AHHAMHKH (43, COHEpPXKaluee 3Ty AMIIUTYAY
B 3HaMeHaTese, CTAHOBHTCA ROMHHHDYIOIIHM. Torpa ¢dasza @ H3MeHHTCS TaK, 4TOGHI
a6CoONIOTHOE 3HAYeHHE 3TOr0 CJaraeMoro cTtajxo MeHolle. [lpomecc 6Gymer npompoJ-
J)KaTbCs AO TeX IOp, MOKa paccMaTpHBaeMas aMILIHTYAa CHOBA He HayHeT HApacTaTh.

10.2.

u; () =u; ) [l —exp (— vtm)]/{l —exp[—wv (z‘oo —t)]},

rie
145 (0) [cos (® + 87) cos (@ + By)]"/2 =
= uy, (0) [cos (® + O) cos (® + O] /2, j, k, 1=0, 1, 2,
a
too=—_lﬂ{l— v ,/}
v u; (0) [cos (@ - 0;;) cos (P +6;,)]72
11.1. a). Her.

6) Ha. B paccmatpuBaeMom ciyuae o (f) =vaup/(Uo+ui-+us), T. € MOXKeT MPH-
HHMAaTb O4YeHb MaJibleé 3HAYEHHST (4TO COOTBETCTBYET HEYCTOWUHBOH CHCTEME), €CJH
TOMILKO KOMOMHHPOBAHHAs CKOPOCTb 3aTyxaHus Mana. [locaelHee HMeeT MeECTO
BOJH3K MOpPOra CTaGHIK3ALHK HEYCTOHUMBOCTH, Ijie fo OYEHbL BeJHKO. [Toae3no 3ame-
THTb B CBSI3H C 3THM, YTO BpeMsl HApacTaHHsI B3PHIBHOH HeYCTOHYHBOCTH B CHCTEME
fOe3 3aryxXaHus MOXeT ObiTh KOHEUHLIM, €CJHH OfHA M3 HAyaJbHBHIX aMIUIATYX CTpe-
MHTCS K HYJIO. ’

12.1. Cunbno BO3OyXKJeHHas 3aTyXawollas BOJHA OTpedaeT BeauuuHe dy/dt.
Ecin dy/dt Ha HauanpHOH CTajHH mpoLecca BeAHKO, TO MAasTHHK cOBepiiaeTr Bpa-
maTeibHOE JABHMKEHHE H, CJIe/0BaTeNbHO, HMEeT MOCTOSHHYIO aMIUIUTYLY KoJeGaHuH.
OnHaKO H3-32 HaJMHYHS 3aTYXaHAS €ro KHHEeTHYeCKas 3SHEPTHs NOCTENEHHO YMeHb-
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LIaeTCA, M CHyCTS HEKOTOpoe BpeMA oHa Oyaer GAM3Ka K HyMO BGIHM3H BepXHeil
TOYKH. DTO BPeMs COOTBETCTBYeT BDeMEHH Nepexofa. [1o HCTEYeHHH €ro MasTHHK
KoseGnercst ¢ yObiBaomefi ammantynoit. Ilpu I's£0  MasTHEK NepBOHAYaJIbHO He
Bpallaercs, a Kojebjercs ¢ NOCTOSTHHON aMIJIATYLOH.

13.1. a) Tlpononbupie BOAHL GYRyT HeycroHuusbiMH. Ilo Mepe HapacTaHHs HX
aMIJIATYN BJHSHHE MONEepeuYHBX BOJH CTAHOBHTCS NPEHE6pPEKHMO MaJIbIM.

6) Her. KoneGanne THma 2L mPAaKTHYECKH HE 3aBHCHT OT IONEPEUHHX BOJH,
TOrfla KaK JJis NOCTefHHKX u%T+ufT= M,, rae M: onpenensiercss u3 Hayanb-
HbIX ycnoui, CrefoBatenbHO, MepeKauka 3HEPTHH KoseGamus 2L B SHepraio Kome-
6aunnit 0T u 1T HeBO3MOKHA.

14.1. B (7.11) cnaraemoe, cBsI3aHHOe ¢ HaJM4HeM DPacCTPOMKH, HMeeT MEHbIIYIO
CTeneHb OTHOCHTENbHO AMIVIATYH BOJIH, 9eM CJIaraeMmoe uolis sin @, K NMO3TOMY OHO
HrpaeT MOMHHHDYIOLIYI0 DPOJb NpPH MajblX aMIUIMTY[aX, ONPejensis, B YacCTHOCTH,
nopor BaauMofedcTBHs. B (14.11) aHajornusoe ciaraeMoe HMeeT, HaoGopor, Gojee
BEICOKYI0 cTeneHb. CjliegoBaTesIbHO, OHO MOMHHHPYeT NpPH GOJBIIMX aMILIHTYHAaX
H onpejefseT, B YACTHOCTH, MAKCHMAJbHBIH IJS JIAHHOTO B3aHMOZAEHCTBHS YPOBEHDb
AMILTHTYA.

14.2. Kak u paHee, I'® COOTBETCTBYET 3HEPrHs CBA3H UYaCTHI, OCIHJJIHDYIOHKX
B NOTeHUHAJIbHOH siMe m(x) (cp. ¢ 3azadeit 9.2).

15.1. IBe.
15.2. u,.
16.1.
by = — (1/V3) (]/mg —vija—2)/ o2, —vi/a ) .
16.2.
2 2
— (o] - _ m [0) b (0] .
a=E—i 2 £ vp— i Vo n—i— 2 — Ups
e o—iv gy (0 — kVp) e (0—kVp) (0 —EkVp —iv)
(1),2J u)gb RV, ‘D;%b ® -
a= |1+ vien —+ e | &
(@—iv)? " (@ —AVp)? (0 —kVp—iv) (0 — kVp) (0 — RV — iv)
16.3. KoaddhuuseHTsl CBI3H HMEIOT BHE
Co .
s = — o, (9e/0w,;) 0,08/00,
c .
Cog = . . H
0 (08/00,) wy 0™ /0w,
Cy
Co1 = P s
wo (08/0w,) © de*/dw,
rie
Cg = 2 {(ng [#y (03 — %aVp) (05 — kyVp) + Ry (09 — kgVp) (0 — RyVp) +-
m
+ kg (09 — RoVp) (01 — ByVp) — iv [Ry (@, — RsVp) + ko (1 — RiVp)]] X
X [(@9 — koVp) (01 — kiVp) (02 — RaVp) (09 — RV — iv) (04 — *yVp— iv) X
X (0 — Ry — iv)] 72 - (0,2, [fq@1005 - Ry - R1000y — iv (Ry, +
+ kat1) ] [0000y (00 — iv) (@1 — iv) (03 — i¥)] 72} 5
e . "
oj=— (02, [ko(®] — kaV5) (@3 — kiV5) + k5 (00 — EaVe) (@ —EaV5) -+ oy (00 —

— koVp) ((Dj _ ijb) —iv [ko (m; _‘klvb) + Ry (09 — koVb)]] [(‘Do — koVp) (mj —
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— k;Vy) (‘DI — kyVp) (0 — koVe — 1v) (07 — bV — iv) (0] — kyV, + V)]~ -
+ u)f'; [ko(oj(o; + kyogm; - k]mom; —iv (koa)I -+ klmo)] [moco]m: (@o — iv) (0; —
—iv) (o +)]7", ji=1,2,

@

0j - = — + .
7 dw; (@5—iv)2 ' (05 —k;Vp)? (0f — k;Vp— iv)

W5 Of
((l)]' —_ k]Vb) ((Dj -— ijb —_ i’\i)2
17.1. Z«mo/(mo—mi)B [B 0o6osnaueHnsx (17.9) u 3amaun 5.4].
20.1.

_I_

2
o o n o [E (e )
LH m§e+k2u§+m';’7,e My Z;+3CeZp | A .(mgﬁ)‘*

CrZl Rl
+ E: l+— 11
0 \2
20.2. B 3ToM NpHGJMKEHHH NPHMeCH He GYAYT OKasbiBaTb HHKAKOro BJIHZTHHS,

HO NpH yueTe TeMIepPaTypPHhIX 5()(HEKTOB H HENOJHOH HOHH3ALHH TsAXKEJNLIX HOHOB
TaKoe BJHsIHHE GyIeT HMeTb MecTo.




AJI®ABHTHO-TIIPEAMETHBIA YKA3ATEJDb

AHHHrHIAIHA 96

AHoManbHOe paccesHue 156
Ancam6iab ¢das 13
AcuMnToTHYeCKOE pa3JiokeHue 78
— pemrernue 69, 112

Bextop YmoBa—Ilofintiura 28

BsaumopeiictBue BoaHa—BoJHa 10, 15,
177

— BoJIHa—uactuna 15, 177—181

— BOJIH liepe3oHaHcHoe 177

— napamerpuueckoe 14, 174, 188

— niaasma—nyuok 188

— NPOJAOIBHHX BOJH 41—43, 206

—-—— 4 NOnepeuHnX BoJH 26, 42

— Typ6yJeHTHoe 153

— yeThipexBosHoBoe 93, 160

Bucraep 203

BeiHyxkAenHoe paccegHue 14, 155—157

— — KOoMGHHauHonHoe 14, 15, 158, 187,
190, 191

— — KoMnToHOBCKoe 14, 180

— — Mangenburrama—Dbpuimiosna 14,
15, 156, 168, 191

BoaHb ano$Benosckue 161, 203

— GHenuit 177, 179

— BepXxHerubpuanee 15, 168, 171

— BBEICOKOYacToTHBle 188, 189, 207

— HOHHO-3ByKOBbIe 156, 157, 160, 189

—— HOIHO-ITy4KOBbie 188

— KBasuMoOHOXpoMaTHueckue 28, 30

— JIEHTMIOpOBCKHe 24

-— Hakauku 189

— HeoGLIKHOBeHHHIE 158, 203

— nmkHeru6puaHuie 168, 171—174, 203

— HHM3KO4yacToTHble 188

— nnaa3zmenHeie 118, 125, 157, 202

— nonepeuneple 23—25, 31, 36, 40—42

— npojoJbHeie 23, 31, 40, 54, 87

— nyukoBeie 127, 128

— ¢ HyJeBo# shepruein 119

— — OTpHIaTeNbHOH sHepruest 12,
56—60, 75, 87, 118, 199

— — TNOJNIOXKHUTENbHOH 3Hepruell 74, 75

— ynapHsle 210

— yelHHeHHbe  (coauToHH) 196, 210

— 3JekTpoMaruutHue 23, 28, 87, 197—
199, 202—204
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nele 168, 171, 173, 203
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_II xapakTtepucriueckoe 10, 63, 69,
1

— B3pHBa 19, 65, 69, 102
— KorepeHTHocTH 20, 140
— OTKJIHKa 29

FamuabTonuan 52, 55, 92, 101, 209,
210
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120

T'uaponuHaMuueckue  ypaBHeHus 24
I'ny6uHa npoHukHOBeHHs 192
I'panuyneie ycnoBus 157

T'pynnoesas cxopocts 36, 198

Je6GaeBckoe BOJHOBOEe uucjo 157

HNuHamuueckuii ¢dasosuiil yron 53, 68

Hucnepcus 29, 90
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134—138
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— HequHeliHast 94, 106, 117, 199

Honxaeposckuit capur 41, 55, 73
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3akoH coxpaHeHHs 3apsia 169

— — ummyabea 55, 159

— — yucsla KBaHTOB 159

— —oaneprun 52, 54, 55, 147, 159
3aryxanue GeCCTOJKHOBHTeNbHOEe 197
— CTOJIKHOBHTeJbHOE 75, 127, 129

— Jlanpay uuneiinoe 15, 37, 75, 127,

174

— — geauHelHoe 15, 177—180

— HesMHeliHOe  sddexkTHBHOE 94, 117
3axBaT mnazMoHOB 158

— yactuy 192

— 3JIeKTpoHOB 191

H3nyueHue BbICOKOYacTOTHOe 14
— sasepHoe 156, 190

— MmorgHoe 155

— 3JleKTpOMarHuTHoe 155
WnpepcHast HaceneHHocTs 12, 87



HHepunaibHoe yaepxaHue 155
Hnrerpanl croJKHOBeHu# 43, 120

Kasuton 155, 189, 198
Kanonnueckoe mpeoGpasosanue 209
KoneGanus:
JeHTMIOPOBCKHE HesuHefiHble 196
HopMaJsbHue 25—27, 36, 44, 205, 210
oGuree ompepelieHue 36
KHHCTHYECKOoe onucanue 204
MJa3MeHHBle  peJsiTHBHCTCKHEe 196
Konnanc 92, 198
Konzencaunss nanasmoHo 157, 198
Koppenauua daz 139, 144
Kpurepu#i ycroituusoctn 53, 68
Kpoce-monyasuust 196

Jlarpanxuan 44 :

Jlazepumnii  cunrtes 14, 15 155, 175,
189

JlerrmmwopoBckaa  rypOynentnocts 198

Jlokamuzanus  ¢a3 61, 65, 110, 114
JlrorceM6ypr-ropbKOBCKH I 3t dekT
196

MasaTtuug 17
— neauHedHHbH 83—86
Meron korepertHbIx daz 10, 104

— Boronw6osa — Kpruioa — Mutpo-
noasckoro 85, 209
— obpaTHO#i  3agaun paccednus 210

— Ilyankape 209

— CBSI3aHHHX BOJH 11, 24, 36, 210

Mopgeaun croaxHoeenuit 125, 130

MoJiekyJBl ¢ HHBEPCHOH  HaceJeH-
HocThio 87

Haxauka 157, 189

— uMnyJascHas 199

Hacpmenue 20, 90

HeGecnas mexaHuka 209

HekorepentHoe paccesiHue 188

Henuneinasg ontura 10, 61

HenHuefiHoe  IuCIEPCHOHHOE COOTHO-
menne 35

Hesnnneiubrit
94, 100, 105

Heonpenenennocts ¢az 138, 146

HeycrofiunBocTs abcomordas 157

— BapuiBHag 10, 61—63, 86, 112, 129,
198

— AByxnoTokoBas 119

— —— OCUHJUIIHOHHast 157

— MoAyJsiLHoHHast 157, 159, 161, 198

— napaMeTpHueckas 14, 17, 18, 188

HopmupoBra ammauryn 53, 54

CABUMI dYacToTh 13, 90,

Naasma:
6eccTOJKHOBHTebHAsT 23, 168, 177
nonocdepHas 196
kocmudeckast 198

naGoparopuas 190
JazepHast 91, 148, 156, 190
MarHMTOaKTHBHas 14
HeoJHOpoAHas 157
paspexeHHas 198
TepmosiiepHass 155, 168
XoJofHast 122
— HarpeB 160, 188
— typ6yJaenrHocts 15, 157, 160, 197
Tnazmon 158, 198
ITaoTHOCTS:
Kpuruyeckasa 157, 191
MoRynauua 157, 207, 208
— HH3KOYacTOTHas 158, 209, 210
npoduab  camocorJiacosanebid 192
Tlopor aas B3pbIBHOH HEYCTOHYHBOCTH
70, 91, 128, 129
— — HeJiHHeHHOro B3auMoacHcTBUsS 63,
144, 156, 168, 198
— — mapaMeTpHUYeCKOH
BocTH 18
[Toaspuzauns 29, 40, 42
— Kpyrosas 42
IMornepomoropnas chuaa 158, 208
Ipubauxenue  auneiinoe 23, 35, 37
— KBa3ucTaTHdeckoe 158, 159
— cayuafiublx daz 10, 135, 142
Tlpumecu 15, 168, 172, 174
[Mpumecubie uoHe 15, 168
INpo6iema napogonaceinenus 17, 21
— cexkyaspHocTH 209
IIposoauMocTe  BTOpOro mnopsigika 37
— tpeTbero nopsapka 91, 93
TIpocTpaHcTBEHHO-BpEMeHHasT Koppe-
nAuHoHHasA GyHkuug 189
Tponece aanabatnueckuit 44, 130, 207,
208
— H3oTepMuueckuit 44, 130, 208
ITyuox:
pengTuBHcTCKUE 189
— umxekuus 197
— TemjoBas ckopocth 123—126, 128
yactuy 160, 191

HeycTohuu-

Paguanuondoe nasJgenue 157, 158, 160
Paccegnue csera Ha csere 187
Pezonancuoe mnoraomenue 198

— yuupense 92

Pezonancs  Tonkca—/[latTHepa 187
Pe3zonarop 198

Perkombunanusa 21

PenopMuporka 53, 158

CaMomonynsinus 189

Crarur BoJHOBoro umcia 160

Cucrema HOHHWI Ty4OK—IWIaaMa 188

— orcyera 73

— ny4yok — nna3ma 13, 56, 92, 118—
130, 189

Comironos
198

tdopmuposanne 157—160,
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Counronsl 196, 201

— HOHHO-3BYKOBHIe 188

— JIeHTMIopoBckue 198

CouaHeuHmniil Betep 196

CoorHomennss  Msumi—Poy 52, 79,
132, 142, 144

— cuMMmeTpHE 41, 54, 102, 132

Cocrostune  korepenTHoe  (KBaHTOBO-
MexaHuueckoe) 209 -

— craliHoHaphoe 157

— ryp6ynentHoe 10, 198

Cpena anusoTponHas 29

— pucneprupypomas 29, 35, 57

— u30TpoNHas 28

Cratuctuueckuii ancam6abp 66

Teopuss Bosmymenuii 23, 210
— CBSI3aHHBIX BOJH 23

TokH Broporo nopsfka 34

— BBICIIMX HOPSAKOB 33

— HHAYIHPOBaHHHWE 28, 34

— HenuHelnbie 34, 35

— TpeTbero mopsaka 91, 93
Touka orTcuera 122

— IJIa3MEHHOTO pezoHaHca 198
-— pe3oHaHCHas 122

¥papuenue Boabumana 23, 121, 204

— BouanTeppa 22

— KopteBera—pzue Bprsa 196

— CBSI3aHHBIX BoJH 27, 52—b54, 93—
96, 127—129, 143

— Hlpenunrepa HenunefHoe 160

VYeaoBHe KorepeHTHocTH 140—142, 153

Yuupenue das 13, 148

dazoBoe npocrpaHcTBO 66
Quykryanus B miasme 15, 197

QayKTyanuOHHO-AMCCULIATHBHAS — TEO-
pema 197

PokycupoBra a3 13, 148, 150

D yERIH:
jucnepcuonHas 32, 36, 121, 13t
JH3JICKTPHYeCKOTO OTKJIHKa 197
pacnpenenenus 40, 120
— MaKCBeJUIOBCKas ¢ jpeHdom 12F
aqunrudeckas 12, 61, 64, 80, 84,
98, 101—103
— mozayJs 63, 80

YacTHyHad KorepeHTHocts 11, 13,
139—149
YacroTa UOHHaf IHMKJIOTpOHHas 199

— cToJKkHoBenuit 120, 124, 127, 178,
196

— — st dexruBHag 188

— IHUKJOTpoHHas 170

— 3JIEKTpOHHas1  MJIa3MeHHaa 24, 18%

ApoaonHs HeauHehuno# cucrems 72, 77

dnexrpuueckuil Aumnonb 29

Jueprus BoaHn 23—27, 54, 61, 73—
75, 79, 119

— B3auMmogeiictBus s¢dexrunas 106,
134

— KuHeTHyeckas 56, 158

— moast 28, 31, 35, 56—59

-—— MoTenuxaabHasg 159

— cBoGonHas 73

Addektni pucnepcuonnue 34, 37, 170

— — BTOpOro mopsiika 131—138

— —BpiClIEX  mopsAkoB 23, 56, 210

~— croxactuueckue 198

— (pasoBrie 11, 20
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