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[TPEJUCIIOBUE K IIEPBOMY H3JAHIIIO

B npeanaraemoi Mororpaduit 1aercs CRCTEMATIHISCKOS HBA0REHTC
TeOPHI PACOPOCTPAHSRNA YIPYIHX W 3AEKTPOMATBHTHHX BONH B GIOAC-
THX Cpeaax. SHATHTeNLHAS YACTh HAJOKEeNROr0 MATePHATA NPUHATIe~
SRUT aBropy It Obiaa panee ony GoKoBANIA B PASE Ky PHANDHBY CTaTel,
Pesyasrathl (pyTHX aBTOPOB A TAK/AKE CYAPANCH HITATATEH 110 BOIMOMR-
HOCTH B I¥Xe CODCTREHHEIX npeictasiennit, 0;raroapA 4eMy yiaiockh
IB0ETHYTH METOABYECHOTO ¢paanobony. Rpoye Toro, A B nepLyo ow-
peilkh CTPeMICICH C16TaTh #CHOR JAA anrareid QUIHILCHYIO KapTHY
pacevmaTpusaeMbuix ABTennit. Uro ke Racaetca MaseMaTHUeCROH cTpoO-
TOCTH, T0 BOBMOMKHO, YT0 ONA He BCIOAY ORAZANACH JOCTUTHYTOR B JO-
cratouniodl cremenn. Tlocuennenmy cmocobersorata Takie BoasHL cie-
2aTh HNSTOMEHME CAHUFKOM TPOMO3ARMM.

IipunsaToe B KHuTe 0HOBPEMEHNOE HITOMECIHE TEOPMM pDaCHpo-
-CTpaHeNHA Kak YHPYIUX, TAK ¥ MIEKTPOMATUUTHWX BOJIH OKA3AI0CL
BECHMA IeaecooOpasielM BBudy oOUIHOCTH NpHMEUAeMMX B ofonx
CAYUAAX MaremMaTHIecKuX aMetodon. He masoe snavenue umeeT u To
0OCTOATENBCTBO, 4TO B PE3YALTATE COBMECTHOT) H3TO0MEHUS oAUl 06~
JacTi oforamlaloTCA MeTo;aMmu, npumenseMuivn B apyrux. Tak, ma-
OpHMEp, Merod EMuenanca, paspaborammnil n aKyeTyke M pajgmorex-
HIKE., ¢ YCHOXOM THIMEH A0TCH LPH DAcHeTaN MHOTOCIoHH0rn HPoeReT-
JERNA ONTIHECKUN CreteM 1 AnrepdepeuHIOnTMY PHALTNHOB.

bufauorpaduis, HpubeIvuMad B ROHWIE KHUTH, ABAACTCA CpaBHi-
TEABHO IOSHOIT. WO Zaiivks He neaepunpamued.

IMpuwomy  rvayvéosyr  Oaaroaapuecrs B. A, Hoasueroit n
H. . Tpemerenroroi, onasasnius  GoNbIIYH HOMOmL B OpOBEpKe
QopMYI B OJITOTOBRE pYKONMCH H NETarTH.

J. Bperoscruz



[IPEAUCAOBUE RO BTOPOMY H3JAHHIO

Bo sTopoe n31a1ne BRAGUEHO 13:40iHeHAE PALA HOBHIX BONPOCOB.
H HHM OTHOCATCS, B ACTHOCTH, TROPHSH BOJHOBOJA B Cpele. Iie (KO-
POCTH PACTIPOCTPARCHHA BOAK ¢ == ¢ (¥, 2) BABICUT OT JBYX KOOPIHEAT,
TeOPRA [PHIOBEPXHOCTHOTO BOJHOBOJAA M BOAH ENYYIRMN Tatejsi
(B10Mas Cayval TBEPIOTO TEAR), HTAACALKE VPABHEHNA H TATHHE Y
HHTerpaas, (udpakmumonnse ayvua u 1. x. Hanomenue apyrux BOTpe-
COB. Kak, RampHMep, TeopPHA KAVCTHR, 3WAYHTEIBHO pPaclini
APYFoi CTOPOHM, MACTh MATEPHAIA, KACAMAACA HOIBOINAT 3BY Hur
BOTO KAaHaxa, He LPENCTABAAIOLIAA 0OMETo IMTEPRCA. PCHTRT:
SuaunTeapno Golee HOAHOE N3IOMNEHLEe 2FOr) B CMew:
COTOIHKMTCH B NGATOTORACHHON B HACTORUICT Hie
COTPYFHUKAME CUEHalbH0el MoHOTpadun
Ocraapuoil MaTepuaa HeCKOAbYY COKPaME§
HoTo Merofa Hamomenua., Lndapnriasds
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IT'aaea I

INIOCKUE BOJIHBI
B JHCKPETHO-CIOHUCTBIX CPEJAX

Ilnockas rapMoHHYeCKas RONHA ABNAETCA HOPOCTEHIMEM BHAOM BONHOBOTO
mpomecca. B aToil rlape ME PacCMOTPHM OTpakeHHe M IpeloMIeHMe TAKHX BONH
Ha ONIOCKMX TpaEMOaxX pasaena cpef.

Bonnoneie mons pechMa 00mero BHAa MOTYT OHTH HpeACTaBleHH B BHAE Cy-
NOPIOSHEMEA IJNOCKHX rapMOHEMYeCKHX BONH. Hna 3TOoro Tpebyerca Numb, 9TO0H
{yBKOEH, ONMCHBAIIMPe BPeMEeHHOe E NPOCTPAHCTBEHHOE M3MEeHeHHe HONA, J0-
OycKaly OPeACTaBNeHMs B BEme cooTneTCTseHEMX MuTerpalon dypse. IlosToMy
pesyibTaTH, mONYYeHHREe B 2TOM riape, HaMu GYAYT ITHPOKO MCIONB30OBATHCHA B
JanbHejilleM ¥, B YaCTHOCTH, OP¥ AHAIN3e OTPAKEHHA OTPAHMYOHHHX BOJHOBRX
Oy9KoB ¥ cfepaIecKUX BONH,

§ 1. Hnockme BONHM
B OJHOPOTHMX (e3rPAHUYHLIX CPeRax

1.1.. Ocuonmbie nomaTaA B onpeResiennn.'Ilnockan sonua npeacraniser coboi
mpocTefimuil sup BonHOBOTO ABMKeHMA. Haubonee o6muM ee apalUTHYCCKHM BB~
paxxenueM apnfercH (QyAKmEA

F(——_—-—"x” taytRE t), (1.1)
[

vhe ny, ny, n, — TPH 9HCIA, YAOBNETROPMONEE YCIOBHIO ny + ny + n; = 1 1
ABJAIOMUecs NPOCKNMAME Ha OCH KOODAMHAT @NEHHTIHOTO BEKTOPA HOPMANHM K

$poHTY BONHH, T. . K DAOCKOCTH, Ha KOTOpod apryment ¢yuxmmm 5 (1.1) ocra-
eTCA MOCTOSHHRIM.

Qyexnua (1.1) ABIAEICA pelmeB¥eM RBONHOBOTO YDABHEHUSA

1 3F L F) 2
AP~ =0 A=grtomtam (1.2)

OHa ommCcHBAaeT HEKOTOPOe BO3MYIIEHMe, PACIPOCTPAHMAIMESCH B Cpele CO CKO-
pocTs0 ¢. PopMa BONHH, oNpenensAeMas BUAOM F, 0CTaeTcsa B Hponecce pacmpo-
CTpaHeHHA HOHMSMEHHOH.

B ¢usuxe ¥ Texn¥Ke BechbMa INHPOKO PACOPOCTPAHEH TAK HASHBAGMHH CHeK-
TPalbHHA MeToj ¥3y9eHHA BONHOBHX ¥ KolebaTeNbHHX ABNEHHYH, KOTOPHM B
AanpHeiimeM GyfeM HONB3OBATBCA ¥ MH. JTOT MeTO HOSBONAET CHECTH aHalM3
HOBeJeHNA BOJH BechMa IPOMSBONBHON OPMH B CIYYasX, KOTJa BEepeH OpHH-
OEO CyDepHmosHIMM, K AaHAJIW3y HORBEJEHHA NPOCTOHMHUX, (TapMOHMYECKMX)
BOJH.

B sumpaskerma (1.1) oGosmaumm

E= (n.z+ nyy+nz)fc—t
B npeuctapuM ¢yErmmio F (8) n nuge nemecTsenmoii wactu murterpana Qypse

F ()= Re § ®(0) et do. (1.3)
0
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Iockoasky nemecTseHHAR dacTh AWGOr0 KOMIIOKCHOIO YHCIA Momer GHTH
sammcaEa 1 sEge Rea= (a + a *)/2, T0

F(t)= —-S D (0) et do> + - §°(D‘(w)e‘“'5dw. (1.3a)

YMEOKEM 9T0 BHpa)keHHe HA e-‘“ﬁdg 4 MPOHBTErpEpYeM mo § oT —oo ;o 4004
Torga pna QYHEKOHE CHeKTPANBHON HAOTHOCTH HETPYRHO HOAYIHTD *

D (@) == S F(B) eotdE, (1.4)

Iogumrerpaasnan ¢yaxoma  (1.3), coorsercTnyomas ompeReleHHOMY 3Ha-
9OHAKD ©

f(®,z,y,2) = D(0)eci? = O (w)exp [iw ( s n:y s t)], (1.9)

npefcrapifer co6od DIOCKYID rapMOBEHYSCKYI BOIHY.

3nech MH mOAB3YEMCA KOMINOKCHHM BHOM 3ammcd Kak mmrerpada (Qypwe,
TAK ¥ BHPAMKEHHA JAA OTHeAbHOM rapMonmdecKodl noiEH. DuzEIecKBE CMHCH
HYXHO NPHEAABATh JHING BOIMEeCTEEHHOH TacTH COOTHETCTBYOIIAX BHIDAsKOHMIE.
IlosroMy B KOHEYHOM cueTe rapMOHHYECKAA NMIOCKaf BONHA JOJKHA ONTH 3amm-
CAHA B BHAe BEMmecTROHHON dacTy Bhpaxkemms (1.5), T. e.

A () co8 [(n,Z + nyy + n2)jo/c — ot + @ (w)], (1.6)
IpH 3TOM KOMIIGKCHYI0 1 ofmeM ciyuse ¢ynxmmw @ (o) mpu mepexope or (1.5)
K (1.6) Mu mpepcraBEAE B BHAE
D (0) = A (0) e,

O6raB0 ofozpavarmT
ofc=k =2zn/A, kn,=k, kn,=k, kn,=k,

rae k, k., k,, k; — cooTBeTCTReHHO MOZY]b BOIHOROTO BEKTOPA (BONHOROE YHCIIO0)
¥ ero coCTapIAIMEe IO OCAM KOODAEHAT, A — AAEHA BoNHH. Torga BHpaxenme
(1.5) sammcumBaerca ® BHge **

f =10 (@Yexpi (b + by +kiz— ot) = D(@)expi(kr —at).  (L7)

Tlockonsxy puddepenmmponanme YHKOHE TaKOro BEFa 1O ! CBOAHTCA K ee
YMHOMEHHIO Ha —Ii®, BONHOBO® ypaBHeHHe JUIA [ SamECHBaeTcA B BHAE

Af+Kkf=0. 1.8)

K mupokoMy pacmpocTpaEeHERI0 CHEKTPaNbHOTO MOAXOAA K BONHOBHM SBIE-
HEAM HOPHBONY CIeAYWImue ero 0coGeEHOCTH:

1) cpasEmTeNbHAaA mMpOCTOTA aHANN3a MOBEfEHMA KaxAold M8 rapMoHEYeCKAX
BOIH;

2) BO3MOXKHOCTD Pa3NoKeHHA N1060ro BONHOBOr0 MPOHecca HA rapMOHHIOCKHE
BOJHH B CNydYaAX, KOrfja BepeH OPUANHEN CYDepHO3EIHE;

3) BeCbMa BHICOKAfA MOHOXPOMATHYHOCTH MHOTHX YmoTpeGifeMHX Ha NPAKTH-
Ke HalydaTelleil, BCIeACTBHe 9ero MalydaeMre AME BOJNHH OJMBKY K rapMoHH-
9OCKHEM.

*Busop, d)opuymi (1.4) craHOBHTCA 0JEMEGHTADHNM, eCIH Bocnonbaonarscn $ynxmneit

Dupara 218 (z)= S ¢*8JF U y7ecTh €@ OCHOBHOE CBOfCTBO S D (%) 8 (x)dz = D (0), rne

o) — nenpepunnan B Hyae OQyHROHEA. -

o ap‘lac'ro BCTPOJAIOIAECA HWKe BHDAMCHHAR exp(ip) MH [IA OPOCTOTH SaNBCHBAeM KaK
P



PasnoskenHEe CHO0XHOTO BOJHOBOTO NPONEcCa HA TADMOHHYSCKHe BONHH K
cnefleHAe 3afail K ypasHeHsEw (1.8), rpe uacToTa cuMTaeTca yike sajaHHON, AB-
Janerca HaboNee yNoGHHM MeTOAOM aHANU3a B Clylae HAIMYES JHCIEPCHH (CKo-
pocts ¢ sBnnercA fyErnmed w). ¥ panmenne ke (1.2) 5 9ToM caydae mompocry He
HMEeT CMEICIIA BBHJLY HEACHOCTH CMEICNA BeJHMYMHH .

B nanbBeiimem Mu1 GyneM pacCMATPHEBATH HOYTH HCKIIIOYBTENBHO T'apMOHHTE-
ckme BoaHH (1.7), cocTaBags B3 HAX B TeX CIY4YafaX, KOIJa 9T0 HYKHO, BONHOBHE
BOSMYMEHH 00Jee CIOMKHEIX BHIOB.

1.2. Heoxmopoausnie naockme Bosanl. CymecTByer mHETepecHOe 0Gobmenne B~
paxeBRA NJA MIOCKo# rapMommdeckoi BoaHH (1.7), Bakmoe Jias HanbAeimero
m310xenns. Bume yxasmBamocs, aro k., k,, k; npeacraBagor coGoit KoMmonen-
TH BOJHOBOT'0 BEKTOpa H0 ocsM KoopawHar. IIpm sroM mpemmosaranoch, 10 B
Ka7ecTBé TAKHX BEJWYMH MOKHO B3ATh N6y TPORKY eewpecmeennbir MHCe,
YIOBAETBOPAIOMAX COOTHOMEHHIO

BAR+E=k (1.9)

OTKaxeMCs Temephb OT HATMANHOCTE IPA TPAKTOBKe OSTHX UHCEN B IpPeAIo-
70XEM, TTO COBOKymHOCTH k., k,, k, ABnserca rTpoiixoi KOMIUIGKCHHX IHCeJ
ke =K+ ik ky=k,+ ik k=l ik (1.10)

IIpm sroM Mu cHOBa moTpéGyeM ynoBIeTBOpeHHS paBencTsa (1.9) mpm Bemecrsen-
HoM 3HadeHHA k = w/c. Torga Bupaxennde (1.7) no-upexnemy Gyner yunoBaerso-
PATH BOJAHOBOMY YypasHeEmio (1.8).

Ilocmorpmm, 9ro GyneT npencTaBAATH c0G0Hk BOIHA, ONACKHBAEMAS BHPaKeHESM
(1.7) ¢ xommnexcesmm k., k,, k,. opcraBasa (1. 10) B (1.7), nomyqaem

fi= Q) exp [4 (kzi+ Ky + Kl —jot)— (Kz + 3oy + Kzl (141

910 BHpa)XeHHe ONHCHBAGT BONHY ¢ mepeMenmo# ammnmTyno#k. Ilmockocrm mo-
CTOAHHON AMILIATYNH 8ajalOTCH ypaBHEHHEM

bt + by + iz = G, (1.12)
4 OJOCKOCTH IIOCTOSHHBIX cbas -YpaBHCHHEM
k;x+k;y+l‘;2=cg1 ' (1.13)

‘rpe C, B C; — mocroAHHEe BeAWIMHEK. Mo)HO mOKasaTh, IT0 IIOCKOCTH PABHHX
¢$a3s opTOTOHANPHH IJIOCKOCTAM PaBHHX aMOiamETyn. lefcTBATENbHO, HOACTABAAA
(1.10) B (1.9) # npEpaBAEBas MAEMHeE 9acTH 06GeREX uYacreii paBeHCTBA, mOIydYaeM

kckz, + ey + hecde; = 0,
9T0 paBeHCTBO BHpamaeT cofoil ycI0BEe OPTOTOHANBLHOCTH CeMeHCTB ILIOCKOCTOl
(1.12) = (1.13).
Boamy smma (1.11) o6mvmo HasmBawoT Heodropodwol naockod 6oaroil. dra

BOJIHA DACHPOCTDAHACTCA B HANDABJICHHM, sajaBaeMoM Bexropom k' (ki k,, k.)
H HMeeT aMIIATYAY, YOHBaKMyO B ONHOM H3 NePHeHAHKYIADHHX HaOpaBieHHAH.
CoorBercTByIOmAM BEIGODOM CHCTOME KOODAHHAT BCETNa MOMHO NOGHTHCH TO-

ro, 9Tol0H k',, =k, = 0. Torga, Kak 7 aas 0GHIHEIX MIOCKAX BOJH, MOXHO BBEC~
TE HEKOTOpHE yroax ¥ H DOmOMHETH

k,=1Fksin®, k,=kcos?. (1.14)
Tlpm xoMnuekcEHmX k%, ® k, yrom & raxxe Gyner KOMIJIOKCHHM.

_ PaccmorpmM, ‘HampuMep, caydaii & = n/2 — ja, rne o — BemecTBenHo. M3
(1.14) nonysaem k. = kch a, k, = ik sh &, n Brpamennme (1.7) gaa naockoi
BOJNHH B3aIHIETCH

j= @ (w)exp[ikcha-z — ksha:z— iot. (1.15)
7



9Ta BONHA PACHPOCTPaHAGTCA B HAIDABJICHHH I B SKCHOHOHUANLHO YOLIBaeT B
BanpasieEEn z. CKopoCTh pacmpocTpaHeHHS BOJHH, Kak caepyer ms (1.15),
paBHa ¢, = w/k, = ¢/ch a, T. 6. Bcerga MeHbme CKOPOCTH ¢ PACHPOCTPAHOHHA S
o0brEO# NI0CKO# BOMHEL. ,IIJmna BOJIHH COOTBeTCTBerHO paBHsercs 2 n/kch a =
= A/ch &, T.e. MeEbIme fARHEK 06uYHOH BoMHE npA TOX e uwacrore. Yem Gonpme
@, TeM MeHbIe [JIAHA BOJHH H TeM Goapme Ko3}PHmmEHT S8aTYXaHMA BOJHH B
RanpaBiAeHAH OCH Z.

Bce ckasaEHOe OTHOCHJIOCH K CAYYaK OTCYTCTBESA B Cpefie nornomemm BOJHE
(BemecTrennoe k). BBepeHHe HOHATHA 0 HEONHOPOZHHX BOJHAX NPRE HAJTHIHE
OOTJOMeHAS He HmpefcTaBiAseT ONPRHENANHEAILHHX TpyhHocredl. IIpm sroM mioc-
KoOCTH paBHHX (a3 B DaBHRX aMIJIATYJ y:ke He GYNYT mepoeBJBRKYIAPHH APYT
EpPyry.

3ameTHEM TaKe, UTO, BBEJGHAe NOHATHA 0 HEONHOPONHHX IJIOCKAX BOJHAX
Insa GesrpaHEYHOrO NPOCTPAHCTBA He SABIAETCH BAKOHHHM, TAK KaK HAPYMAaeTcs
TpeGoBaBAe OrpaHMYeHHOCTHE MOJA Ha (ecKomeYHOCTH. B panapmelimeM Mnl GyneM
OOABB0BATECH ITHM LOHATHEM B CIydae HOJYGOCKOHEUHHX Cpef.

Kcrarm, saGeras H6CKOABKO BUepey, YKa)eM, 9T0 IPH HPEJIOMJICHAN IJIOCKAX
BOJIH Ha TPAHANAX pasfela cpef HeOAHOPONHEE IJIOCKAe BOJHHE MOTYT HpPeBpa-
mMaThCA B OGHYHEE NAOCKEe BOJHE H Hao6opoT. 3To HemocpeACTBeHHO BHIAHO B3
8aKOHA NPEIOMJIeHHASN

“n sin ¥, = sin &, ‘ (1.16)

Ifie n — HDOKasaTelb IpejoMieHns, ¢ — yroa magenns, ¥, — yroa npeioMieHHs.

Ecam n < 1 msin & > n, 1o us (1.16) cmenyer, ato sin &, > 1, r. e. ¥, KoMn-
JIeKCHO, A NPeJOMIeHHAN BONHA SBAAETCH HeogHOpOXHOHK. JTOT caydail peanmsy-
eTcA OPHE OOJHOM BHYTDPEHHEM OTPAMEHHH BOJH.

HaoGoport, ecam sin & ~> 1, 1. e. nafgaomasn BoTHA HEOZHOPONHA, HO Sin & <
< n (B 9T0M cIy9ae, KOHETHO, > 1), To monydaeu sin &, < 1, 1. e. mpesoMAuen-
Hag BoaHA Oymer oOnramoii ogmoponmoii. Hume oGa aTH caygas HaM BCTPeTATCH
B § 32, rue paccMaTpEBaeTca mpeiomienme cdepudeckmx Boian. Cdepmueckas
BOJIHA MOxeT OHTh PasioeHa HA COBOKYIHOCTb NJOCKHX BOJH, BKIKIafg H He-
ONHOPOJHKE IJOCKHEe BOJHH,

§ 2. OrpaxeBne miOCKOH 3BYKOBO BOJHGI
OT TPaHMIA pasfena cpen

2.1. KospdrmmenTn oTpanieHnsa B OPo3paTsocTH. 3BYKOBoe mode GyneM xa-
paKTepHsoBaTh faBIeHEEM p = p (%, ¥, Z, t). B caydae rapMonmvecko BosHN B
onEOpOAHOK cpefn KoieGaTeapHAS CKOPOCTH 9YACTAL B SBYKOBO# BoJHe 3amE-
merca [55]°

v = (grad p) / lwp. (2.1)

IIpm 3ToM MH HpeJUONaraeM, KAK BCIONY B 3T0# KHETE, Y0 BPeMEHHAA BABHCH-
MocCTb faercs GakropoM exp (—iwt). ITOT PaKTOp HAA COKPAMEHHA SAUHECH MH,
KaK IpaBHIO, GyneM OmYyCKATh.

IIyers nmockas 8ByKoBas BoJHA IafaeT HA IJIOCKYK rpasAny z =  paspgena
IBYX KEAKAX HAH rasoofpasEmx cpen (pmc. 2.1). Ilmockocrb majeHEs BOJHE
COBMOCTHM ¢ IIOCKOCTHIO 2Z H TOTfA

k,=ksin®, Fk,=0, . =kcos®, k=, (2.2)

rpge ¢ — yroa majeHAs BOJHH, COCTAaBIAGMEIH HOPMaJIbI K $POHTY BOIHE € OCHIO Z.
IInorBocTs BepxHeli m HmmEHeHl cpepy 060sHagaeM COOTBETCTBeHHO 9epes P H Py,
a CKOpPOCTh 3BYKa B HAX depes ¢ H ¢,.

IIpEMeM aMIAATYAy Dagaiome# BONHE YCJIOBHO 3a eJHHANY B o0GosHawmM
KoadunmenT orpaxkenmsa BoaHH depes V. Torma Bripamewdms paa magaomedk m



oTpakenHol BONH sammmyTca *

Dnag = eikxsin o-zcose), Porp = Veik(xsln0+zoos0). (2_3)

Ilonnoe mosme B Bepxmeil cpepme Gymer

P = Puan + Porp = (e"ikdcos® + Veikzcos 8 gikatsin 8 (2.4)
IIpenomnennas BoAHa B HEKHeH cpefie sammmercs B BHfe **
(D .
p1= Welkisinderoons)  fy — 2 (2.5)

rne ¥, — yroa mpemomuennms, a Koapdmmment W Mu HasoBeM KoadmmmenTOM
opospaufocTE. Beamumsn @y, V m W ompepensiorcs ms ycAoBmEiél Ha TpaHHELE.
Onn sakawgaires [55] B HeNpepHBHOCTH p B v; — HOPMAJNGHOM K I'DAHAIE KOM-
OOHEHTH CKOPOCTH IacTHN, cpennl. B nambHeiimeM met gacro GymeM mCnoan30BaTh

NOHATHe HMIENaHCa ***
Z = —(p/vy). (2.6) 2 r

IlockonbKy p B ¥, HeUPEPHREH HPH IepeXope Iepe3
rpaHEny, To HempepuBHEM Oyner m Z. IloatoMy Mui
GyneM oNB30BaTHCA TPABMYHHME YCAOBHAMH, 3aIH-
CAaHHHMHA B BHJE 7

z=0, [pl=0, (Z]1=0, 2.7

I7ie KBajpaTHas CKOGKa 03HAYAeT PASHOCTH 3HAUCHHH
COOTBETCTBEHHOH BeAHYMEN mo ofe cTopoHH rpa-

HEIE *O%%, Pre. 2.1. OrpasxenHe u Ope-
IlopcraBnssa Bupaxends (2.4) ® (2.5) B mepBoe joMmenme aBYKOBO#H BOJHH

H3 3THX YCJIOBHi, IOIydaeM
1 4V = Weltksindksind)x (2.8)
TlockombKy sHech JeBas IacTb He BABACHT OT &, He [O/KHA BaBHCETH OT £ B mpa-
Basg 9acTh, OTKYHa CiIefyeT 3aKoH mpexomienns CHeanmyca
ksin® = k;sin®,. 2.9

310 cooTHOmMeHHe BHpa)kaeT pPaBeHCTBO (asoBHX CKopocrell pacmpocTpaHeHHS
BOJH BOAL TPAHANHN B HAxHel m BepxHeil cpenax. Ero MoxHo sammcars Taxxe

B BHIE

. sin ¥/sin®, = n, (2.10)
rpe n = k,/k = c/c;, — Dokasateasr mpedoMieHHA.
Temeps (2.8) npuEEMMaer BEJ
14+V=Ww. (2.11)

*B pupaeHHEAX (2.3) — (2.4) yxe yITeHo, 9T0 J/IA BHIOJHeHHs YCIOBHH HemPepHBHOC-
T4 HA TPAHHN® CI6 BOAH Ppay H Poyp JomxeH GeKATh BAOJb TPAHMOHE C ONHHAROBOH
CHOPOCTBIO.

**{IpH BemecTBOHHOM COS §, Bonma (2.5) aeT MOTOK SHEPTHE B HEKHEH Cpefe B HANPABJIe-
HHH 0T FPAHMNH, KAaK H JOMUKHO 6HTH Do $HaHTeckoMy cMuciy. IIpm aToM MH HeABHO mpe-
moJIaTaeM, ITO B CIyYae HHCHePrHPYRIEAX cpef (¢; = ¢;(®))HaIpasieHHe pPACIPOCTPAHEHAS
$a3H BONAH H DOTOKA SHEPrHH OJWHAKOBO. B IpHEIHIG BOaMOMKeH cIylad, KOLa STH [Be
CROPOCTH HMEHT DABHHS 3HAKH (O/JHH BO3MOMKHHI IPHEMEp 3TOT0 BIePBHS, MO-BEAEMOMY, GHI
yrasan JI. H. Masgeabmramom). Torma B HE:xHe# cpeme mose Hamo Guao GH GpaTh B BHAe
= Wexp[th (zsin® + zcosd1)], T. e. B BEAe BoNHL, pacnpocTpammomedics ms Gecko-
We4HOCTH K rpammne. Toabko B 3TOM CIyIae IOTOK SHEPIHH OwA 6H HampaBieH mO-IPeK-
seMy 0T IPANHNH. .

*s*He Hafo NpHJABATH 0co0OTO BHAYGHAA 3HARY MHHYC B onpefedesud Z. OH CMeHHACA
€& Ha WMo, ocaE GH MK B3AXH 06paTHO® HANPABIGHHe AJIA OCH Z.

*#33B cnyqae aGCOAWNTHO OTPAKAMHEX IpAHAN, HANPEMep, npHE Z, = 0 HaH Z; = oo
BMECTO ABYX IpAHEMHNX yciopHE (2.7) GymeM AMETE OQHO, COOTBETCTBEHHO (P1)seeg = O A

Pu), = 0.



OfpaTEMca Temeph K YCJAOBHI0 HODPOPHBHOCTE HMOenaHCoB. C IOMOMbIO
(24) = (2.5) BaxoawM s EMIefaHCAa B HEKHel cpefie OpA NPOH3BOJBHOM Z:

Z, = —iwp,p\(9p)/32) = pycy/cosDy (2.12)

— BOJHYAHY, Heé SaBHCAMYI OT 2,
B Bepxmeit cpene HCcOOMb3ys BHpameHHe (2.4) pas HMOefaHca, MOMYyYaeM

Z = (e-tkzooso + Velk:oose)/(e-lkzoose Veikzcos8) (2.13)

cos 0

— BeJAHYRHY, saBECAMY. or z. IIpm z = 0 oHa momxHa coBmamars ¢ (2.12), wro
zaet

A+ —V)= °°5° Z,. (2.44)
Orcona HaxoZAM
v = Dcosd—p (2.15)
= ZicosO Fpc * .

Kax Mu yBEpEM B fanbBeiimeM, sTa (opMyia cOpaBefIABa AAs Koaddamuenta
OTPaxeHAA OT NPOU3GOADHO20 CAOUCTMOZ0 NOAYNDOCMPAHCMEE, OCHH TONbKO Hali-
JieH ero «BxopHoi» mmmenasc Z,. B paccMarpEBaeMoM mpocreiimeM cay%ae odHo-
POOK020 TOMYOPOCTPAHCTBA, HCIOABSYA dopMyny (2.12) pag Z,, saxogmM

_ mcos®—ncosth _ M |
V= mcos® - ncosdy * =% (216)
mra nopE ydere (2.10) -
__ mcos®— V nt—sint @
" mcos® + Vn’?n :
OTMerEM TakiKe, ITO ecid 060sHATHTH Yepes Z = pc/cost EmmenaHc magaromei
BOJHH, TO daopuyna (2.15) samamerca B BHue

12, — 2
Z,+2Z

247).

V= (2.18)

— fopMyna, XOpOmI0O H3BeCTHAN B TEOPHH [IUHHLX JIHHH.

PaccMoTpEM HEKOTOpHE YacCTHHE CIy9Iad. Hpn HOPMAJLHOM HAfeHAH BOJHEI
Ha rpasany (&= 4, =0) mmeeM V = (m — n)(m + n)=(pye; — pE)(P161 + pc)
IIpm ckonbssmeM majeHAH B mpefede OpRE & — m/2 momydaeM V — —1.
yrae ©, yHoBiaeTBopARMmEM yCIoBHEL m cos & — V nE — sin® ¢ = 0. xoa(p(lnmmen-r
orpaxkenns ofpamaercs B HYAb. 310 caAydak HOJXHOH IPO3PAYHOCTH TPaHHNEL.
Hs nocnenmero pameHCTBa naxomm IJS yria OOJHOH HpO3pavHOCTH

8in 6 = 1/ LT (2.49)

Hanexo He npH M060M cooTHOmMERHN mapaMerpoB cpef, & B (2.19) Gyner Bemect-
BeHHHM yrioM. [as sroro, Kax BEgHO u3 (2.19), He06X0qAMO BHIOJAHENHE YCIO-
pas 0 < (m* — n?) / (m* — 1) <1. Orciona caenyer, wro mpm m > 1 gomxHO
6m51<n<m,anpn m <1 pomwmo 6wt 1 >n>m.

B cnygae paBemcTBa CKOpOCTeir ¢, = ¢, (n = 1) Koa(p(lnmmen'r OTpakeHEA
OKa3HBAETCH HESABHCAIAM OT YIJa

= (. —0) /(P + 0)- (2.20)

2.2, loimoe BayTpenmee orpamenne. B crygae n <1 (¢, > ¢) m yraax ma-
NeHHs, NPeBHMAKIMEX KPATHYOCKAH yroa &, = arcsin n, EMeeT MeCTO HONHO®
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BHYTpeHHee OTpasieHHe. JleicTBETONHO, B aT0M caydae (2.17) MoxHO BammcaTs *
_ meos®—1t Vsin? & — n? @.21)
mcos® i Vsinl® — n?

Mzt BEgEM, 9TO B 9TOM caydae | V | = 1, T. e. orpaxenme moxmoe. Ecim ixe
nonoxaTs V = exp (ip), rne ¢ — WaMeHeBHe (asH BOJHH HPH OTPaKeHHH, TO
w3 (2.21) maxommm

3 2
o= —Zarotg SO (2.22)

3aBECEMOCTS (asK Koa@ENEeHTa OTPAKEHAS OT yIJa OAJeHAR, KAK MK yBH-
naM Huzxe (§§ 14, 15), o6ycnoBnABaeT BechMa HWHTeDECHHE fABJIGHAA HPH OTpa-
eHHH OTPaEWYeHHHX OYIKOB Jydel, a TaKk)e OrpaENYeHHHX BO BPOMEHH AM-
OyABCOB.

IIpm mosnmoM BHYTpeHHeM OTpa<eHME HoJNe B HIKHeH cpeme cormacmo (2.5),
(2.9) = (2.11) samEmerca

4<0, pi=(}+ V)ereh=ans,  §=kYsinid—r,  (2.29)

T. @. IpepcTaBiAer coboli HeOXHOPOXHEYIO BOJHY C AMILIATY/OM, SKCIOBEHIHATHHO
saTyxawomeli npu ynanennH oT rpaEEny. MMnenanc Z, cormacuo (2.12) upm sroM
Gyner

Z, =—inp,/S. (2.24)
Tark Kak EMIeaAHC OKA3HBAGTCH MHEMEHM, TO MOKHO CKasaTh, YTO0 OPH HOM-
HOM BHYTpeHHEeM OTPa):eHHH I'DaHMIla IpPeACTABIAET [JIA Nafarmel BOJEK IHCTO

peaKTHBHOe (HHIYKTHBHOE) COLPOTHBIeHEe. B ofrramoM caywae (cos &, — Be-
IeCTBeH) CONPOTHBIEHHE TPAHANE TACTO AKTHBHOE.

a L‘. 1 . V4 . 2

I'4 x4 ¢
-/ - / 2=, -~/ ey 7
=F A 7 o=F ?/ ng/a%
;-7 -7 . .
“Z =z
".f’ P A -
/<z< fe . &l s < Z_ /5 A s
1 AT A & aAld

Pac. 2.2. HoapduuuerT oTpaskeHEA Ha ROMIUTEKCHOM MIOCKOCTH AAA DASAHIHHX COOTHO-
MeHMH MapaMeTpoB cper

HKoa¢¢unment orpamenns V M0:xHO N800 PasHTh HA KOMILIGKCHOH HJIGCKOCTH.
OrrnapguBan mo ocAM aGCOECC M OPAMHEAT COOTBETCTBEHHO 6F0 BEMECTBEHHYI0 H
MHEMYK 9acTH, MH [OJy9aeM I PasAAIHHX COOTHOmMeEHHH mapaMerpoB cpef
caygam a), 6), B) m r), msoGpa:kennne ma pac. 2.2. B caywasx a) m 6) (n > 1)
K03 PEmAEHT OoTpasKeHHss BemecTBeH. Il09TOMY ero 3HAYGHEA, COOTBOTCTBYIO-
IIAe PasiTAYHKM 3Ha9eHEAM (), yKIamgHBaloTCA Ha OTPESOK mpsaMoili, dexxameii na
pemecTeeaHo# ocH. IIpm aroM B caygae a) IpHE HEKOTOPOM 3HAYEHHH YIia Hafie-
REA & xoaddAmmenT oTpaikeRHEsn ofpamaerca B HYJIb, B TO BpeMs Kak B CaygZae
6) om npm Bcex sHawenmaAx 0 <¥ < n/2 orpumaresen B B Hyab He ofpamaerca.

Cxywanm B) ® 1), (r < 1) COOTBETCTBYIOT HAJHIRIO IOJHOTO BHYTPOHHEro OT-
paxenHs. 3gech opa ¢ 9O, = arcsin n TOYKE, COOTBETCTBYIOMME KOMIJIERCHEM

*3Har KopuA B (2.17) Hamo BHOHpaTh H3jycrOBHA Im ¥V ni —sin?® > 0. Jecreureasro,
3T0T;, KOPeHD moABmAcsA B (2.17) mpm savene B (2.16)ncos Oy = V' n?—sin?@. C Iopyroi CTo-
POHH, M3 YCIOBKA OTDAWHYEHHOCTH py B (2.5) mpa z — — oo cuenyer, Tro Im k; cos ¢ =
= klm (rcos 1) > 0. Ir1o mpasnno BHGopa 3Haka yureHo B (2.21), Te (Kak M BCOAY HMDKe)
Kopens |/ sin? § — n2 OpE BeMECTBeHHNX 7 HPefNONaraeTcA HOAOKATENbHEM.,



sHa9eHEAM Ko3PPHIAeHTa oTPasKeHAS, JAeKaT Ha NONYOKPYRKHOCTH ¢ pagEycom 1.
JTo BarAAxHO MOKA3HBaer, YT0 KoaPJHUnEeHT OoTpa)<eHAS paBeH eJHHMIE IO MO-
Ay7i0; OPE AsMeHeHWH e O Memsercs ammb ero (asa.

Orpaxenre He MOxeT GHTH nosxsm, €CIA B HEXKHeH cpee EMeeTCA HOTIOMEe-
HNe 3BYKOBOM 9HEPTHH, KaK 3T0O 9acT0 H ObBaeT B fieiiCTBATENbHOCTA. (POPMATBHO
HaJIMIAe NOTJIOMERHS MO)KHO Y96CTh, mpeamonaras n (And k,) KOMIIeKCHEM. M
mosowuEM n = ny (1 + ix), a > 0. O6osmauEM, KpoMe Toro, sin® & — nj (1 —
—a?)=A, 2nja=B. Torna Vsinf®_ nt=VYA_iB=M,—iM,,

1 S ————
e My, = %3 VVA’ + B* 4+ A.

JHaueHHs KBajpaTHHX KopHeH Bcloxy GepyTcs mnodo:xETeqbHHME. Hian

mcosﬂ—Mz—tMl
Koadpdunmenta orpaenma ms (2.17) Gymem mmers V = moos O T Ma T iWr
OTkyna nas Mopyns B ¢asH mONYIaeM COOTBETCTBOHHO

| cos® — My)2 4+ M2 ]'/.
IVI_[ (mcos® 4 Mgy - M2 |’ (2.25)
M.
¢ = arctg 2Mcos & .

m?cos?® — M} — M3 *

Ha pmc. 2.3 maobpamena sasmcEmocts | V | or yraa & npm ny = 0,83; m =
=2,7; 2 =0; 0,01; 0,1. 10T cry4aii HpEGIABATEILHO COOTBETCTBYET OTPAMKGHAIO
BOJIHH Ha TPAHHANe BOfA — YIJIOTHEHHHH MOPCKOH NMeCOK HmPH PasHHX HPERIo-
A0xeHAAX OTHOCHTEJbHO HOTJOMEHEA B mecKe. MH BEZEM, 9To mpE o = 0,1

v

4
- ./Il'

i-720

Pme. 2,3. Moayar u ¢asa xoaf-
4 ~s7 $HOHEHTa OTPA’KEeEHA NPH m ==
=plp =27, n=c/la = 0,83
¥ Da3HHX 3HATEHHAX O

Yo 2w wr 47 s # ¢
| V| cymecTBeEHO OTIHYaeTCH OT eHEANN LPHE BCOX YIiax IAafeHHA, KPOMe
¢ = n/2. Ha aroM e pHCynxe msobpaxena m ¢asa ¢ (¥) aaa cayas o = 0.
3aMermm, aro dopmyan (2.25) m (2.26) cmpaBenamBH Takke E IPHE no > 1.

2.3. Jmeprerawecrme coormomemns. Kak BugEo ms dopmynn (2.11), mabme-
HEe B mpomemmei# Bonne Gymer B 1 + V pas Goarme, geM B magamomeii. BospMenm
ANA OpAMEpa OTPAaieHHe BBYKOBOIl BOJIHH Ha IPapHIEe BOSKYX — BoAa IPH HOD-
MaJbHOM IAJICHAR ¢ M3 Bo3AyXa. 3mech p = 1,3-10% g/ca®, p, = 1 2/ea®, ¢ =
= 333 m/cex, ¢; = 1500 m/cex. ITo dopmymne (2.18) nomygaem V ~ 1. Taxmm obpa-
30M, aMONHETY/a JaBJIeHEA B Bofie GyeT B ABa pasa OpPEBHINATH aAMIUTATYAY AaB-
JIeHMR B Hafjapmeifl BojHe.

Hao6opor, ecam BosBa mafaeT @3 BoXk Ha TPAHMALY ee ¢ BOBAYXOM, TO, MEHAS
MeCTaMu C | ¢;, p B 0, B (2.18), HaXoguM, YUHTHBAg MajocTh OTHOMOHEHSA PC/P;C;..

_Pe—pa e o _
V=B a2y,

W =1 4+ V = 2pci/py6; = 5,8-107,
T. e. KO3(pQHIHeAT oTpaxieHHs GIASOK K —1, a AMIJIATYJA NABICHHSA B IPOMeN-
mei BonEe Gnmska k Byaw. Taxmm o6pasoM, mpE mepexone 3ByKoBOX BOJHH H3

OTTHOM cpems B APYTYIO B 0GPaTHO OTCYTCTBYeT CHMMETDHS IO OTHOMEHHI K 3Ha-
9YeHWAM 8BYKOBOTO faBieHEA. QHAKO MH celiTac moKaieM, 9T0 TAKafd CHMMETDHS
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CyMecTBYeT II0 OTHOMICHHIO K HOPMAJLHHEM K IDAaHANE KOMIOHEHTAM IUIOTHOCTH
MOTOKA SHEPrHH.
B naganome#f BonHe IIOTHOCTH IOTOKa 3HEPTHHM paBHa (cM. § 14.6) p%/2 pe,
a ee mpoeknma Ha och z Gymer I = (p*/2p¢) cos O. Amamormumas peamimBa B
mpomexmedi Bomme: I; = (pi/2pic;)cos®;. Mx ormomemnme Gymer -’IL =
P cost pl , HOo py/p =1+ V, a monssyscs BupamenneM (2.16) pua V,
pxcx cos® p?
ME IOJydaeM

_],_ — 4rcosﬁ cos Oy [oos'b cos 9y ]'2 (2.27)

1 pe p1ct pe + picx

Tocneaee BHpanieHEe CEMMETPHYHO IO OTHOMIGHHIO K BOJHYHHAM, OTHOC AIEMC
K BepxHel B AmKHel cpefiaM, M M03TOMY He MeH fI6TCS IIPA A3MeHEHHH XOfia BOJIHE
Ha o0paTHOe.

2.4. JloransHO pearmpywmpe HOBEPXHOCTH. YIPOIOHHe TPRAEHYHLIX YCIO-
BHil. MoryT 6HTH Cry4ad, Korja BMIEJaBEC I'PaHANE Z;, He 3aBACHT OT yIja Ha-
gmemmA. B wacTHOCTH, MOMYCTHM, 9TO CKOPOCTH 3BYKa B HEKHeH cpepie MHOro
MeHLme, ueM B BepxHed (n = ¢/¢; >>1). Toraa, ECIONBSY A 8aKOH HPENOMICHHSA
(2.10), moayuwaem cos®; = V1—rn¥sin?9~1, a gan mmneganca (2. 12) Baxo-
M Z, = p,¢, — DOCTOAHHAS BOINYIMHA,

B TakEX ciyuaAx MOKHO Cpasy YOPOCTHTH 3afaqy 06 OTpa)ieHHH, He pac-
CMaTpPHBaf mONA B HEXKHeH cpefie, a BMeCTO OBYX TI'DaHHYHWX ycaoBmk (2.7)
6paTh TONBKO OJHO, BHTOKAKINGe H3 PABEHCTBA HMMEJAHCOB Ha TI'DAHALE

— (P/V2)imo = Zy, (2.28)
Aam, BocmombsoBaBmmch (2.1),

z = 0, (dp/oz) +yp =0, v =iwp/Z,. (2.29)

Yenonne (2.29) mHOra HaSHBAOT PAHEIHNM YCIOBHEM TpPeThHero poga* mim
BEMOOaHCHKM I'DaHHIHHM YCIOBEeM. J[a# 3afade 06 oTpaXeHHH IJOCKOH BOIHEI
Hepexof OT IBYX I'PAHMYHEX YCIOBHHA K oHOMY He EMeeT ocofoil BasKHOCTH, Tak
Kak gopMyma (2.15), modyderHas JOBOABLHO HPOCTHM CHOCOGOM, CIpaBefJHBA B
fes orpanmueEma mocrosHCTBA Z,. B Gosee cioBHX AHPaKIEOHHENX sagadax,
Korja TpaHHNA RIE GPOHT BOJAEH He IJIOCKHE, IOPEXOJ K MMIGJAHCHOMY YCJO0-
BEI0 HHOTAA MO)KeT CHEJIBHO YHPOCTHTH 3ajady.

CymectByer ofHH HHETepecHH caydaili, Korga EMIegasc Z, ABIAGTC A MOCTORAH-
HLM He npnﬁnnmeaao, atouHo. [IycTh 8ByKOBa i BOJIHA afiaeT Ha rpanAny z = 0,
MNJK® KOTOPOil PaCIONI0Mmena COBOKYNHOCTD YSKAX KaHABOK ray6uen k, sakaman-
BANIIAXC A HOMONATIRBOM rpanRnei 2 = — h (rpeﬁema'ran CTPYKTYpa, pHc. 2.4).

NN

Pme. 2.4, K ompepgenemmio mM-
Hefanca rpeGeHIaTOH CTPYKTYPH

‘Mimpway KaHAaBOK 0ymeM CYMTATh Majof KaKk II0 CPaBHeHHIO ¢ AJEHON Bou-
== vak @ ¢ rayGEHo# h. Halinem mMumeganc Z, atoit rpe6emsatoli CTPYRTYpH B
mmecxocTr 2z = (, KoTopHi mo dgopmyme (2.15) Gynmer ompepensts KosddummenT
sspaxeunna WiocKok BoaHH. Ilagaroman sBykosas Bonma Gymer BosGymmaTh B
SEENRESX IJIOCKHe BOJHH (Kak B yskmx Tpy6ax), Gerymme B Hux B  060EX Ha-

l‘plnme (XpaeBHe) yCHOBAS IEPBOTO H BTOPOTO PONOB COOTBETCTBYT p = 0 HAH
iz — 0 Ba rpammme.
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npaBaeEEAX. Mu GygeM npemeGperaTs moTepsAM® SHEPIEM H3-33 TPOHNA HA CTOH-
kax. Torga 8BykoBoe AaBiemme B kampgo#k TpyGke MoMHO BamHECATH

= Ae'** 4 Be k2, (2.30)
Hopmanbrag) CKOPOCT.L Ha [IHe KAHABKE JONKHA GWTH paBHa HYIKN, T. €.
2= —h, dp,/joz=0.) (2.31)
Tloacranoska copa p; 43 (2.30) maer ‘
A = Bt (2.32)

ywaﬂ 9TO PaBeHCTRBO, O A mmenaﬂca Ha rpa”Hdame z = O nosnydJaeM COrJjacHo
(2.6) = (2.1)
Z, = — iap ( P I‘a_z‘)m = pc(l + eRhy/d — erikh) — jpcetgkh  (2.33)

— BeJHYHHY, He 3aBHCAMYI oT .

HMnenaBcHHe TpagHYBEE YCHOBEA MIEPOKO HCIOJAL3YIOTCH B APXHTOKTYPHOM
aKycTHKe. 3BYKONOT/OMAKIIEA MaTepPEaJ ¢ OTKPHTHMH BePTHKANLHHME IO-
paMu AMeeT He 3aBUCAIMME OT yIia mafeHNs EMIefaHC OO Tol e OpEIHEE, UTO K
rpeGeraaras cTpykrypa. Boobme, mosb3oBaEde TAKAM HEMOEaHCOM 3AKOHHO BO
BCEeX CIYYafX, KOrMa 3BYKOBOe BOSMYIIHHE B Cpefile He HepefaeTcs BAOIL 0o
rparungu. IloaToMy HOpManbHas CKOPOCTh B KaMoil ToUKe moBepxHocTH Gymer
BIOJIHE QLPEieJATECH BHAUeHHEM AaBJeHHA B 3T0# Touke. IlopepxHoeTH pasmena
CPefi, YAOBIeTBODAIONMAE 3TOMY JYCJOBEI, HASHBAIOTCH JIOKAJBHO PEArHpYIo-
MEME NOBEPXHOCTAMH.

B rpeGeruartoil cTpyKType mepefiada BO3MYMeHHEA BAOJL IPAHANE HOBOBMOM-
Ha ¥3-3a HAJANIWA CTeHOK TPYGOK. B c:1y4ae mpe:1oM:IeHES BOJIHH Ha IPaHENE
ABYX OMHOPOAHHX HMOJYHOPOCTPAHCTB, KOITA ¢; > ¢, BO3MVIICHEE He IepeJaeTcs
00 HE)KHEMY NOAYIPOCTPAHCTBY BHOAb IPAaHANH HOTOMY. 9TO HpPeOMJIeHHAN
BOJHA YXOAWT OT IPAHENEI HOYTH HOPMA.ILHO.

2.5. Mosepxmocranie BonBGl. IloBepXHocTHOH BO.THOR B HmOIYIPOCTPAHCTBE
z > 0, pacmpocTpamsmiomefics BAOAb ero rpaEEmW z = (), HA3HBAWT BOJIHY

p = eatglGx—at)  E2__ 52 j2 (2.34)

HKax MH BEIEM, 0HA OTHOCHTCH K KJIACCY HEOJHOPOJHNX BOIIH, PACCMOTPEHHHX
B § 1.

3ByKOBOe [aBJeHAe B MOBePXHOCTHOH BOJNHE 3KCHOHEHNAAJIbHO YOHBaeT Ipm
yianeEEE oT rpaEmns. ©asoBag CKOPOCTh BOJNHK BIONh I'DAHALNH pPaBHA

(0] 0] c

=T VErte Viiaa' (2.35)

T. e. MeHbINE, IeM CKOPOCTH 3BYKa ¢ B cBoGoxaOM mpocTpamcTBe. Ilo ato# mpwam-
He NOBePXHOCTHHE BOJHH 9aCTO HASHBAIOT TaKXKe 3aMeJICHHHMH BOJHAMH.
IloBepxHOCTHAaR BosHA (2.34) MOXeT cymecTBOBaTH MAeKO He BO BCex cayda-
ax. OHa, HaOpEMeD, He MoMeT CymecTBoBaTh, ecad rpammma z = ( ABAseTcA
BeNnoAaTAmBoi ¢cTeHKOU. JleicTBATe.IbHO, HA CTEHKE JOMKHO BHIOIHATHECA YC.T0-
a
BEe v; = 0 mam (—:3-5-)2 =0, KoTOpOMY He YIOBIETBOPseT Bupaxenude (2.34).
Ilo apyroMy MoxHO CKasaTh, YT0 HMUENAaHCH BOJHE U T'DAHAIH B 3TOM CIydae He
cornacoBann. JleiicTrATenbHO, EMIefanc BoaHH (2.34) npm z = 0 paBen

Z = — (p/v)gmo= — imp(p f -%’,’—)M = %P ‘ (2.36)

Nmnenanc nie HemogaTIABOY CTEHKH, MOCKOJILKY Ha Heit v, = 0, paBagercs Gec-
KOHEIHOCTH.

O6Go3HaYnM EMIeAaHC I'PAHMNE, KAK B PAHbINE, 9epe3 Z;. ¥YcJIoBHe COTAacoBa-
HEA UMIEJaHCOB BOJHH H rpaBEOH Gynmer

Z, = ionp/a. (2.37)
14



CrefoBaTebHO, EMIGJAHC TPAHAIE JOJKeH GHTH PeAKTHBHEIM ¢ npeobaaganmem
yuopyrocta *. (DuBMYeCKH I'paHANA ¢ TAKEM EMIEAaHCOM MoxeT GHTH oCymecT-
BJIOHA Pa3THYHKME UyTAMA. B 9actrOCTAE, paccMoTperHa s BHINe peGpHACTasA CTPYK-
TYpa, Kak BagHO Hs (2.33), 06magaer TakEM EMmenancoM. IIpm sroM Heobxommyo
amms, atobm tg kh > 0, 1. e. kh gomxH0 GHTH 3aKAKIOHO B OXHOM H3 CIEYIO-
mux matepsanoB (0, n/2), (x, 3n/2) m 1. o. IomeraBasna (2.33) B (2.37), MH Ha-
XOJHM OCHOBHYI XAPAKTePHCTHKY HOBePXHOCTHOX BonHH B ciydae pelGpmcroi

CTPYKTYpH:
a = ktg kh. . (2.38)

¥cnoBEe CymecTBOBaHH S HOBePXHOCTHHX BOJIH MO)XHO HafiTH B ApyrEM Goaee
dopmanruEM myTeM, ofpamaschk K HsmoskeHHOMY B 2.1 pemenmo safavtm 06 oT-
paxkeHHR naocKo#f BoaHu. B Bripaxkemmm (2.15) anA KospHIEEHTa OTparKEHHSH
MH MOeM IOPA OOpPefeNeHHHX YCIOBHAX HMOTh

Zycos & 4 pc=0. (2.39)

IIpa sroM V oGpamaerca B GeCKOHEYHOCTH, 9TO 0SHAYAET, UTO HPH CTPEMICHEH
aMIVIATYAN mafjapme# BONEH K HYJKH AMIJHTYAA OTPaxenHo# BoaHEm Gymer
KOHEYHA, oo

Ilpe nomoxmrenpbEo mEEMOoM Z; ms (2.39) momyuaeM cos® = ipe/|Z, |
Kax Bugmo ms (2.3), oTpaieRHas BOAHA Porp OYAST mpA 3TOM HMETH XapakTep
MOBePXHOCTHOH BOJEHH.

§ 3. OrpaenHe OT HAOCKOro ClIos
A CACTEMH CJI0eB

3.1. Bxopmo#t mmmepamc cnosn. HoadpmnumenTnl OTpaskeBHA ¥ IPO3PATHOCTH.
ITpepcrasEmM cee, aTo HA miIocKEi caoff Tonmuuwn d (pHc. 3.1) magaer mox mpoms-
BONBHHM YTJIOM IIIOCKAaf 3BYKoBas Boama. Cpeme, ms KoTopoii mapjaer BoaHa,
€010 B cpefie, B KOTOPYIO IPOXONAT BOJHA, MK IPACBOEM COOTBETCTBOHHO HOMepa
3, 2, 1. Vran, o6pasyeMsie HalpaBJeHHEM pPacOpocTpa-
HeHHJ BOJHH B Kayko#i Hs Cpef ¢ HOPMANBI K I'paHHA-
maM cios, 0603HaTAM COOTBETCTBEHHO uepes Oy, ¥, 0.
IlxeckocTh mafeRA A BOJHE CHOBA GymeM CIHTATh COBMe- J
IMeHHOH ¢ MIOCKOCTHIO IZ.

UYrobu HaiiTH KO3GPHUHEHT OTPAKeHHA OT CJOS, 2
HOCTaTOYHO HAUTH «BXOAHON mMmemanc» ca0A Zgy, T. €.
mmneganc Ha rpasmEme 23. Torpa V Gymer masatecsa
cornacEo (2.15) gopmyroit 7

A

v ZyycosOs—pses  Z,,—2Z 3.0) K

Zyy 003 s -+ pocs ZB!+Z‘ ' ) Pme. 3.1. K Bompocy o6

)y (] . OTpa)KeHHH NJIOCKOR BOJI-
Zy = ps cyfcos B, (3.2) = or cron

- HMOEJAHC JJIf INOCcKO# BoaEH B cpene 3. HadineM Z,y, yauTHIBAaA, 9T0 BMIE-
xasc Z, B nnockoctm z = 0 mam msBecren (fopmyma (2.12)).

B pesyarrare MBOrOKpATERX OTpaieHMi HA IDAHANAX CJOR BHYTDH IO-
caefEero o6pasyrrca fBe PesyALTAPYHOMEE BOJHH C PASHEIMA HANPABICHAAMH
PAcHPOCTPAHEHASA, CHMMOTPHIHLIME 0O OTHOMEHHK K INIOCKOCTE Z = const
. (pme. 3.1). IloaToMy BrIpaKkeHHe AJIsl 8BYKOBOTO [aBIGHHS B CJ0e MOMXHO SAIH-

€aTh B BHf® ’

Py (A Betut et LR e, (39)

. *Heso3M0O)KHOCTh PACHPOCTPAHOHHS TOBEPXHOCTHOH BOJNHH BIONH TBEpPHOil CTEHKH BH-
‘WIE3€T TAK/Ke M H8 TOTO, TT0, KAK MOKHO ITOKA3aTh, B HOB6DXHOCTHOH BOJIHe He C6aNamcHpoBa-
1 CPexHHO 32 MepHOJ KOAHISCTBA MOTEHNHANLHOK M KHBReTHIecKOH 9meprmii. B med mMmeercA
sazmmex RunermIecKol sHeprEE. OTCWIA K ACHO, MOYeMY HMIGJAHC FPAHMIM NOJMKEH HMETE
EBPeXTED YOPYTOCTH, :
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rie A 1 B — noka HeompefielileHHLE NOCTOAHARE. A5 2 — KOMIOHOHTH CKOPOC-
TH V, B CJI0e HOjydaeM, HOACTaBaAs p, B (2.1),
1 dpa k2z

Ve = oy 32 = apy (BE % — Ao (3.4)

Uz mempeprBHOCTH HMmegaHca Ha rpammge z = ( mMeeM :
— (Pa/V2s)s=o = Z,, (3.9)

rae Z, paerca ¢opmyioif (2.12). IlogcTaBnss cofla BHpaKeHAS OIA Py U Uy,
oOJTyIaeM

B 7y — 2y
AT TnLYn; 39
rge 'qepea
' Z2 = (Dpz/kzz = p,cz/COS ﬂz (3‘7)

o6o3BaveH HMIeAaHC ITOCKOH BOAEH B cpeme 2. BxopHoli mMmenaHc Ha BepXxHei
rpagune ciaos z = d OymeT mO OIpefeJeHAI0

Zyx = — (P2/Vag)z=d. ' (3.8
IlopcraBass ciopa (3.3) v (3.4) m yumrmBas (3.6), maxommm
_Li—inwgkd
Zyy = Z—:WZ,. (39)

Mu monyumam BaxkEYI0 $OPMYymV, HO3BOJAIIIYI0 NePeCcIATHBATL HMOEJAHC C
OofHOW rpaHMNH CA0A Ha APYIYyI.

IlopcraBass Temepr (3.9) B (3.1), Mm monydaeM 1aa KoappHTEEHTa OTpare-
HES OT CAOA '

G+ 2 (T Z9) ¢ 2% L (2 Za) (Zo— 2Z) 2"

B Bupanents ans Z,, Z, BXOAAT Yrau &), 8;, KOTOPHe CBA3AHH C YIIOM HaNGHH S
¥, 3axkoHOM npesoMaeBHs, aHamOrmIBEEM (2.9):

ksin®, = ksind, = ksind,. (3.11)
B wacTHOM caydae, Korfja EMOeflaHCH KpafiHUX cpell omMHaKoBH (Z, = Z)),
dopmyna (3.10) Momer GHTH 3ammcaEa B BHAe
-7
T Prtutiseghd

(3.12)

C apyro# cToponH, ecnu ToamuHa c¢inost d — 0, To ms (3.10) momydaeM
veb=5h

— Ko3(PENEeHT OTPaykeHHA Ha I'DAHKNE ONHOPOAHKX HOAympocTpaEcTB 1 B 3
(cp. ¢ gopmymoit (2.18)).

O6patEMca Teneps k npomenmei Boxae B cpefe 1. Ee BHpaskenno Gyner caoBa
maBaTecs gopmynof (2.5), rme meo6xogEmo palitm rosddmmment W.

Ws ycmoBEa HempepHBHOCTH 3BYKOBOTO HaBJeHHA HPH Iepexofie depes rpa-
many z = 0 mmeeM (p, — p,):—o = O BIH, mopcTaBaas ciofa (2.5) m (3.3), momy-
JaeM

A+B=W. (3.13)

IxcmomenTH exp ik,.r # exp ik, ,r COKpAMATCA, TAK KaK COTTACHO BAKOHY Ipe-
aomnenma (3.11) k. = k,,. AHasOrEYEo, yciIOoBHe HEIPEPHBHOCTA S3BYKOBOTO
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JaBJeHAA HA TPaHHNE Z = d SANHMETCH: .
L4V = (pyloma = Ae™2:% 4 Betast, (3.44)
Iie caeBa CTOHT CyMMa BBYKOBHX [laBJCGHHH B majalomel B orpaxkedHoi BodHAX.

Hopenms (3.13) ma (3.14) m BocmonpsoBaBmECH Gopmyuoit (3.6), maxommm

_ 14V
W= ha—tamenng (3.15)

Ilpm d — 0 M nomygaeM §opmyay (2.11). IIpm mopcranoBke Brpaxenns (3.10)
ana V B (3.15) maxommm
W= 427,
= TRy d —ikyd -
G—0) s —T)e ™ + (2 +Z) (Z2+ Zo) e

- 3.2, Jipyroit BuEBOR BHIp&:ReHHA AnA Kodpdamuenra orpamenma. Pesymbrm-
PYIIYI0 OTPaKEHHYIO OT oA (PHC. 3.1) mIOCKYI0 BONHY MOKHO PAacCMATPHBATH
KaK CyIepHnosHNHIO CIeyIOIMUX BOJH: a) BOJHH, OTParkeHHOK oT Bepxmefi rpand-
uu caos (rpamEna 23); 6) BoAHH, mpoHAKmeH Yepes BepXHIOW TPAHHLY, HpO-
mepmeik Yepes cmoik, orpasmBmeiica saTeM orT HEXKHe# rpaEmmu (rpamuma 12),
ImpomepmIeii CHOBa Yepes CJI0il H, HaKOHeN, BHIDeNMeH W8 CJ0fA Jepes ero Bepx-
. HIOI0 TPAaHANRY; B) BOJAHH, NPoHAKMeil B cioif, EMelome# ABa 0TPaKEHHA OT HEMXK-
Beif rpaEANH, 0fHO — OT BepXHeil, npomeameil ABa pasa TyJa & 06paTHO IO CiI0D
H CHOBa BHmemmeif Hs ciof @ T. A. KoMniexcBre aMIIATYH ¢ yIeToM Habera
{ask B cmoe Bcex 9THX BoaH GYAYT (CHOBA HmpeHUONAraercs, IT0 aMINIATYAA Ia-
Jaome# BOJHH paBHA ONHHEIE)

a) Vs
6) Wey Vo Wysexp (2ik,y,9), (3.17)
B) Wes Vi VasVi,Wosexp (4ik,.9d),

rae W;; m V;; (i, ] = 1, 2, 3) osmavalor cooTBeTcTBEHHO KO3QdAmEenT npospas-

HOCTH H K03(QHIHeHT oTpaKeHAS NPH NafleHAHE BOJHH Ha rpammmy (if) B8 cpepu
i. Ucnonrsys pesymprari § 2 (cM. gopmynn (2.18) m (2.11)), M mmeenm

R .
o ,j—zi_*_zi,

(3.16)

Vii=—Vi, Wy=14+Vy Wy=1=V, (3.18)

Cuuicn otnensEHX MuokETeXeH B (3.17), HanpEmep, B ciydae B), clexylommi.
Muomxmrens W, AaeT yMeHBIIOHHe aMILTATYXH BOJHH OPH IPOXOKAEHHH I'DadA-~
HH (32), V3, — ee yMeHbIIOHHS NPHE OTPaXKeHAH OT HEXKHel IPaHANH ca0s H T. .
Haxonen, MEOXATENS W,, yIATHBaET 0cnabieHHAe BOJTHH IPHA 6 06paTHOM BHXO~
Jie H3 CIOS B BepXHIOW cpefly. MuosxkmTens exp (4ik,,d) yamrnBaer mabér gas
BOJHH (H AMeBIIee IPH 9TOM MeeTo ocnabnaeHme, ecam k,, AMEET MAMMYW IacTh)
HpHE JBYKpaTHOM mnpoGere BoaHH mo cia0l0 TyAa B obpaTHO.

"..CyMmEpys Bce BONHH, H3 KOTODHX -fopMApyeTca o6mas oTpakeHHAs BOJHA,
MH NOAyYaeM A AMIUIATYRH 9T0H BOMEM Vg, + Wy, V, W exp (2ik,.d) +
+ WyaVasVaWas xp (4 ikpd) + WooVaVaWys exp (6 ikyd) + ...

Hockonsky aMnamTyna Dajalomed BOJEH OPHHATA 3a eAEHALY, HOCHeXHEe
BupaKeHHe mpefcraBiaser coboli omHOBpeMeHHO H KO3pPHIHOHT OTpaxeHHA OT
exona. Kak HeTpyjpAo saMeTHTH, OHO MoxeT OHTHL sanmEcamo B BEfe V = Vg +

+ WyWoVy exp (2 ik,.d) 2 [VysVa exp (2ik,.d)]" mnm, nonssysacs ¢opuymol
‘ . =0
SecxoneTro% reoue'rpmlecxgﬁ OporpeccHs,

WuaWasVar exo ik, d)
) V="Vu+ 1 — VeVarexp (2ik2zd) ‘
Jeeeman agech B cormacum ¢ (3.18) _ .
Vis = —V3s, Wsa=1+ Vs, Wy =1—="V,,,

2 3 M BpexoscrEx 17
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noxydaeM IOCTe HOCHAOMKHHX NpeobpasoBaHmiE
$ikg,d .
V — Vﬂ +‘Vﬂ¢ T - (3.20)
14 VaVye = .
Touno TaxmM jxe 006pasoM, CyMMHDYS BCe IpOme[ITHe BOJAHH, MH no:ryqaefa
misa KoapdEnEeHTa IPOSPATHOCTH CHOA :
W =- LYAYA 1
(L +Z) (T + Zs) Q“‘ud + VeaVase 2%

(3.21)

YUnrarenp Moxer yOemHTHCA CaMOCTOSATENbLHO, YTO IPH HOACTAHOBKe B MO~
cIefH0 PopMyny BHpamenmid man Vg, m Vi, crepyromex: us (3.18), Mu noay-
waeM BHpamenna aua V m W, ToxmecTBerHO copmagaiomme ¢ (3.10) m (3.16).

3.3. Heroroprie yacranie ciyuan. JJoaysoanosoii caoti. Ilyers maber dpasu Boa-
HH Ha TonmmHe Ci0A Gyaer paBeH WenoMy YHCAY HOJYNEeDPHOMOB, T. e.

k2z'1=m“: m=1121--- . (3~22)
IIpn BopManbHOM HafleHHH 3TO O3HAYAET, qro .
d = mA\)J2. - (3.22)

Hopcrasasa (3.21) B (3.9), MK noxydaeM ans BXOXHOTO EMOeAanca Clof Zyy = Z,,
a CcAeHoBaTeAbHO, [OAA XKoddPHEHmEeBTa OTDaKeHHA, COITACHO B1): V=
=(Z,—2Zy) | (Z, + Zy) = Vy.

TaxEM o6pasoM, noayBoAHOBOM CI0& HE OKABHBAGT HEKAKOIO neﬁcmnn Ha pa-.
malomylo Bonmy. Kospdmument oTpaxenEs mpm aToM Takoil e, KaK H HPOCTO .
OPH OTPasKeHHA Ha rpapmme cpef (31), Kax ecam OH aTH CpefIN HEIOCPEACTBEHHO
CONPHAKACANHECH APYT ¢ APYTroM. B gacTHOCTE, €CIR 3TH CpeH HMEOT OANAAKOBHO
BMnegascH (Z, = Z,), T0 KO3PPHOHEHT OTPaKeHHS PaBeH HYIIO.

" 910 CBOMCTBO NOAYBOAHOBOTO CIOA MOSBOJAET ACIOABBOBATH €TI0 KaK PUasTp
YaCTOT W HANpaBIeHHi. B nepBoM ciyd9ae, OpH nafleHER HA CAOHK HEMOHOXPOMa~
TEY6CKOR mI0eKo#l BOJHB!, mOCHe OPOXOKIACHHA ¢hof HO aMmmmTyne Oymer moa-
4epKkHyTa BomHA C K, ymoBmerBopsomuM ycaoBmio (3.21). Bo BropoM cayuae,
OpA mafleHEA Ha CJ0M BOJH PasidIHHX HanpaBieHER (HO OZMHAKOBON IacTompr);.
8a ci1oeM GyfieT CHIbHO® BCOTo BHPajkeHa BOTHA, A Koropoit ¥, ymoBmerBopser:
yeaosmo (3.21). BopodeM, o npEMeHeHHM CIOBCTHX CHCTEM KaK (QHIBTPOB CM.
nogpoGuee raasy III.

. Temeepmueoarosoit npoceemasioyuii caof. Ilycrb temeps ky, d = m/f2. Hpn ,
HOPMAJbHOM UaJIeHHA 310 d = Ay/4. Qopmyna (3.9) maer npm aToM AnsA BXOAHOrO
wunenanca Zyy = Z3]Z,. CnemoBatensno, KoadQHIEOHT OTpakeHHES, COTIAcCHO
(3.1), Gyner

= (Z— Z.ZYZE + 2:Z,). 3.23)

Ilonnoe npoxoxpenme (V = 0) Gymer mMerp MecTo HpH
=V ZZ, (3.24)

TaxaM 06pasoM, oTpa)ieHHe MOHOXPOMATHYECKOHR BONHW HA TDAHENE ABYX -II0-
OHX cpep MOXFO MEeJIHKOM JHKBEJHEDOBATH, IOMOCTHB MEKTY HEME 1eTBEDPTHBOJ-
HOBOil cioffi ¢ .AMDeaHCOM, PAaBHHM CPeJHEMY IeOMEeTPHUECKOMY HMIeJaucoB
9TEX cpefi. Amanormunoe apnenme.Gyner mabmomarscsa mpm k,d = 3n/2, 5n/2
BT A

3.4. Yuer nornomenna B cpeaax. [Ipn magnun® normomenEa B cpeax BHpa-
WeHHA ANA KospPunmenra orpemenms V m Koaddwmmenra mpospaumocrm W
mo-npexxaeMy Gyayr maBatbca ¢opmynamn (3.20) m (3.21), npudem maamame mo-
TJOMEHAS YIATHBAETCA YHCTO POPMAJIbHO TeM, ITO BOJIHOBHe THCIa ky, k .
B Kaxpo# ®s cpep OyAyT KOMOJEKCHHMH. :
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B cnny coormomenns (3.11) yrau npeaomienns &, # 4, 6yAYT KOMIIOKCHEME
namb mpR BemecTBeHHOM ;. HoMnuexcEmMum GyayT Taxme EMOefancH cpef Z,
/3; 8 TAKIKO, SCTECTBOHHO, H KoddprumenTH orpaxienns Vg, m V, Ha ofem

rp [aX CJI0A.
HAYMM :

2ky.d = 2kyd cos Oy = a 4 if, (3.25)

Zy=1;+i8y, i=1,23, Vi =puoxpigs, - Vi =pnexpigs. (326]
Us (3.18) mommo moayvars

8 (ra—T2)?+ (B —By)? 2 (Bsys— Bar2)
Pt Gy EmTn e (3.27)

B ABAJIOTHIRO JUIA Pn E tg @y, C COOTBeTCYBOHHOH 3aMeHoH# mBIeKcoB. Teneps s

(3.20) moxyuaeM pas Mogyns B ¢asw roappummenta orpaxenns V'= p expig
HyTeM dieMeHTapHHX omnepammik

Pl + 2empue ™ c08 (21 — Qm + @) + pfy e
1 + plipd €% -+ 20mpue® cos (n—+ Pa + @)

p’=

e
A arc pue ® sin (¢n—¢u+a)
8 ps 4+ pue® cos (P — Qu+a)’

pispne ™ sin (P + Qa1 +a)
1 + pupue® cos (pn + Pnta)
(3.29

El'axmu me obpasoM mns Momyns ® QasH xoa(b(bnnnema npospa\moc'rn W.i=
=1 exp i t mOJTydaeM

n® =16 (y3 + 83) (v + 6}) Dexp(—B/2),
AID = {(ys + Yl)’ , (61 4 8a)*1 1(v2 + ¥si® + (6 + 85)] X (3.30)
X {1 4 2psePyr exp (— B)eos (Psg+ Par + a) + paapn exp(— 28)1;- .

e 116 + 811a (12 72) (61 + 89) + (114 73) (82 + Ba)
= +"°‘3_‘—m.—sls. el it EERCELIICEED Z‘ .
‘ . (3.31)

Hoadxbmmem OTPaKEHRSA OT NOTAOMAIIETo CI0A B 32BECHMOCTH OT ro:m:m
CNOf’ CHOBa mpeicTaBaser cobof OCHEMLIEPYIOMYIO dyExumo, OxHAKO pasuax
OCHE/LIAIEA C yBeJHICHHOM ¢ HENPePHBHO YMOHBIIAGTCA B IPH [JOCTATOUHG
‘GonpmoM d BeJHYHHA P CTAHOBHTCHA IOCTOAHHOX BeJEUHMHON, papHOM MoAyAX
RO0sPRIEEHTA OTPaKeHHs OT UepexHeH CTOPOHH CIHOA.
© JelicTrETONBHO0, NPH AOCTATOTHO GONBMIOM P BCeME WIGHAME, KPOMe LHePBHX,
' YHCIETesn® B 3HaMenarele (3.28) MoxHO mpeHeGpeds, W ME HOAYIaEM P = Dgy.
Onan'lecxn 9T0 osHAYaeT, Yro npm Gonbmod ToymmMEe CIOA BONHH B CI0E BATY-

| X#lior, He fOXONA M0 HWKHeH TPaHBLH CJI0A.

ﬂapxon OCIEINANEE BeINTHEH (0 NPR A3MOHCHHNA d COCTaBJIReT, EaK ¥ B cny
480 HEYOTJOMAKINEro ¢0A, HPEMEPHO HOJOBHEHY [JIUHH BOJHH, €CIH TOJBRY

' myxma B CJX0e He HACTOJBKO Benm(o, aT0o0K 0HO 'MOTrJIO CKA3aThCA YiKe na
. JPOCCTOANMAX HOPAAKA Ag. :

3.5, Hpecaumsanme posmm wepes cicl. Ilycrs B caoe, xotopHii Mu Gymew
. MPeANOZATETH HEIOTMOMAsOMHUM, CKOPOCTh PACOPOCTPAHGHAA BOUE Gymer-Gomb-
‘Wme, YeM B Cpefie, B3 KoTopoli nafaer ponna. Ecam 61 caolk Osn GecromeuHo TOX-
'€YHM, TO PR yIrJiax NafeHEs, IPEBHITAONMX KPHTHIeCKHH, B HOM IPOBCXOKRAC
'/l mOEHOe BHYTPeHHee OTpaskeEmEe. QHAKO B CIy4ae CA0f KOHEWHOH TONNIHEH
_WBNHOTO OTPARGHEA LPOHCXONATh Be Gymer, a GyneT HMerh MecTo JaCTHIHOE
"SIPOENKHOBEHHE Jepes caol. IT0 ABIeHAEe COBOPIMEHHO AHAJOTHIHO PACCMaTPHBAO-

“Jmasty B EBamPdBofl Mexammwe. SBAGHHI0 NPOCATHBAHHA TACTHIH TePes . IOTOH-
_nmi 6apnep

B = arctg

L »



v Us (3.11) mu mmeem

z .
: . . _ s _a .
z&” \V es sin ¢, =% sindy = —-sin 4.
}” 207 7 Ilpm ¥4 > arcsin (cg/c;) (yrom nmagenms npesHmIa-
{ Iz €T KPHTHYeCKHi yros MHOJHOr0 BEYTPeHHEro or-
2y | 2070 7/ pamenms) MH moxydaeM Sin ¥, > 1, orkyaa cae-
| iz myet, 110 ¥, — KoMnieKkcEMA yroa. Ilpm orom

c0s ¥y = 31 Y (co/cs)? sinZ Gy — 1.

1

|

: Taxem o6pasoM, Bexmamna k,, = k, cos @, B op-
| 2 Mynax (3.10) = (3.20) pas koaddammenta orpaske-
iz

gEsa Gypmer MmMofi, s aByx smakos mepes Kop-

}z w Z peM HYXHO B3ATH INIIOC, UTO CJAEAYeT XOTA GH ES

i 14 ToTo0, 910 OpE d — oo BHpasxenne (3.20) momxHo
%\ /2 panars V — V.

1 - TlopcraBaas smadenme cos &, B(3.7), momymm
Prc. 3.2. K onpegeaenuio koad- Z,=iby, the 83 =gy [(cafes)t sin? B3 — 1] 7%,
dunMeRTOB OTpayKeHH: M mpo- (3.32)
3PATHOCTH CHCTOMH Cloes Wmnenasc Z;, okasHBaetca YmcTo MEEMEM. OGos-
HauAM, KpoMe TOro,
B=|kad| = kod V (calcs) 8iDZ By — 1 (3.33)

B paccMoTpEM HofipoGaee cywai, korga o 06e CTOPORH CII0S PACHONOEHH OJH-
HaKoBHe cpegn. Torpa Zy = Z, — BemecTBeEHLE BeAWIREH H H3 QOPMYTH
(3.12) momywaem

V= (Zi+ 8) (8 — Z; — 2iZ,8,cth B,

Orciona paa Mopyns m dasH KooPPEIAEHTA OTPAKEHHA JOTKO HAXONEM BHpa-
xeuns

= (2} + 83) [(Z} — 83) + 42383 cth® B, (3.34)
¢ = arc tg [(2Z,8; cth B)/(8; — Z))). _ (3-3§)

U3 (3.34) BugmmM, 7T0 MOy Ko2PHMAEETA OTPAIKEHHS BCEr[a MEHBIE ey~

HEIH, T. @. BCOTa HMeeTCA NpocadABaHAe BOJHH depes caoii. IIpm sroM Koo

OHT OTDPa’KeHHSA YBEJNUYHBAETCHA ¢ YBeJHIOHHeM TOonXmEEH caod. llpm

d~ oo (f — o0) 0H CTAHOBHTCA PABHEM EJHHHELE, T. 6. OTPAXKEHHE CTAHOBHTCH
HOJHLIM,

3.6. KooddummenTal oTpaskeHNA B OPO3PAYHOCTH /1A HPOE3BOMLHOTO TBCJIA
‘cioeB. IIpencrasam ceGe, 9To Mexay ABYMS NonyGecKoHETHHME CPeJaMH, KOTO-
puM MH nprmumeM HoMepa 1 m n -+ 1, maxomaTca n — 1 caoeB ¢ HoMepamm
2, 3,... (pac. 3.2). lIycTs Ha rpavENy NOCIGHETO. CJI0A 1O IPOH3BOIBHEM YTIOM
0,4, mamaer mnockan Bonna. TpeGyercsa HailTe aMOAATYRY OTpaXkeRHOH BONRM H
‘BoaEH, mpomenmei B cpexy 1.

Us msmomennoro B paspmene 1 scHO, 9To mam oupenemenms KosddumienTa
OTpakeHHA [NOCTATOYHO HAHTH BXoxHOE HMDeZAaHC BCeH CHCTEMH CIlIOeB z8.
9ro Moxer GHTH cpemano myTeM n — 1 KparHOro npmmemenms gopMyam (3.9).
B camoM fmese, monoxus B moit Z{) = Z,, d = d,, MH DOXyYPM BXOfHON HMmIe-
pasc Z{) ma Bepxmell TpAHMLe CAMOr0 HE)KHETO CIOS

zfal; —iZstg k2z ds

Dex T T (3.36
T ZD gk ds G

78 =

Jlanee, mpomsBoAs B mpaBofi WacTH HocaexHell QOPMYIL 3aMeHY ZQ - 29,
2y — Z,, ky — ky, dy — dy, MH nOnyIEM BHpamenme nua Z5 — BxojHok mMme-
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AiaEc BTOpOro cHEsy caof u T. A. Ilocae Toro, kak Gymer Baiimeno 2%, Tpebye-

MEuidt ‘BXoxHOA HMIenaHC CHCTeMH olpefenamTcs dopMyxnoil *:

25V —iz tgk, d, z (3.37)
ne .

b A
n-1
Z,—1Z8 gk, d,

a xoadxbmen'r oTpakeRAs (GopMyaoi
| V=R —Za)ZR + Znnr). (3.38)

KHak » BHme, MH mMeeM

Z,' = p,c,/cos 0;, k; sin 0; = k,‘ﬂsin \'),‘ﬂ, j=1, 2,0. coant1, (3,39)
Herpyaso BEAeTH, YTO 6CAH B KakoM-i1mGo ms (Hemoraomaomux) caoeB j Haber
dasH paBen HmEIOMY YECAY HOJXYBOJIH, TO TAKOH Ci0li HEKAK He BIEAeT HA OTpa-
JROHHe, HOBABHCAMO OT 3HAYEHHA mMOeAanca Z; BhummeM Temeps B ABHOM BHEpe
BXOJHOK HEMIeAaHC [Jif CHACTeMH ABYX CjaoeB (n = 3):
Z\Zy — Z:23psps — i (Zips + ZaZap)

Z(3) =
BX
ZaZs — Z:z'pzpa — i (ZhZap: + ZyZps)

Z,, (3.40)

rpe p; = tg kjdj, ] = 2, 3, B pas cEcreMH Tpex caoes (n = 4):
0=z, (3.41)
rge -

M =227, — 2.Z5p;ps — 2,242, psps — Z1Z:Z4 psps — L1232 py + Z,Z3ps +
4 242424 po — 237, pspspa),

N=272,7,— Z§Z.pa2ps — Z323pspy — ZoZ3 paby — i 12,252, ps + 2,2,2,ps +
+ Z,ZyZy py — Z,Z5 pspsps)-

Haiipem Temepsr ko3pAOHEHT OPO3PATHOCTE HPOHBBONLHOE CHCTEMH CIIOEB.
OGosmasaM 9epes z; KOOPAHHEATY Bepxmeil rpamEnu caosa j = 1, 2,...,n. Torma
SBYKOBO® JABJICHHE B BOpXHEM. MONYIOPOCTPAHCTBe, B CIOAX H 3aTeM B HEXK-
HeM HONyHNPOCTPAHCTBe MOXeT OHTH sammcaHo (ONYCKaeTca BCIOAY (aKTop

. QIp i (k”+1,z x— mt)),
Pant = Apnie Hnar, 2 (G-t + Bnueik"“' z (z-z")y
Pin = A’ﬂe'i"'j-u.z(z“’j) + Bjﬂe“"jﬂ.z(z'zj)’
p’ — A,‘e-ika(z-zj-l) +Bjeikiz(z-zj_l),
P o= A, (3.42)
g rpam:i:e Z = z; MOMKHO GHTH HENPEPHBHO AABIGHEE, & TaKXe HAMICAaHC.
naer
2=24  Pj= Dj,
—i0p;py (Bps/02)! = — iopjnipin1 (Opin/02)* = ZE2. (3.43)
MlepctanoBKa CIOa pj B pji, B3 (3.42) maeT Tpm ypaBHeHHs (y'rreﬂo q9T0 35, —
—2; = d; m o6osrageHo k;,d, = @; — Haber dasH B cmoe j):
+ B; €% = Aj + Bhn
z (A,e"" + Biei)(Age ™ — Bye) = 28},
Zin(Ajn + Bjn)/(Aj — Bin) = Z“, (3.44)
. . *Jms mepecdera BXORHOr0 HMIENAHCA OT OXHOTO CIOA K APYrOMy MOKET OKA3aThCA MO~
~ Bomorpamma [127]. .
)
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Tae Z; naerca gopmyao# (3.39). Ms gByX mociemHEX ypapmemHE HaXo)mM

(BilAj) ™™ = (ZO —Z)ZX+ Z),  ByulAsn = (28 — Zin)NZ% + Ziu).
‘ (3.45).
Ilepsoe e ypasmemme (3.44) Momer GHTHL 3ammECaHO .

A [1 + (Bjf4;) €3] = Aju (1 + Bju/Ajn).
HMopcramnsas cioga (3.45), maxomgmM
AilAgn = (Z9 + Z)NZS + Z54,) €55, (3.46)

Iprpasas j mocnefoBatensnnle spavenns j = 1, 2,...,n B HnepeMmoxas moayda-
ompecs s (3.40) ypaBmerms, monyvyaeM B KoHeYHOM cuere AnA Koafdmnmenza

Pue. 3,3. Teopermaecraa (nyH-
KTHPHAA) H JKCHOPHAMOHTANLHAR
(cunomBAA) EPHBHO 34BHCHMO-
CTH MONyaA Kospdenmenra or-
/ PasKeHHA OT YIUA CKOABKEHHA ¥ .
3B8yROBAA BONHA 11aKAET B3 BOAH:
HA CIO# MOPCKOTO OCAfKa, HOX
KOTODHM HAXOJAMTCA MOPCKOK

I | J
,60 0 80 90 oeCoK

NMPO3pPavHOCTH, PABHOTO IO OLPEJieSIeHHI0 OTHOIMEHAI0 aMINATYH 3BYROBOI'O aB-
leEAA B ODpomejme# H Dagaiomel BOJHAX,

AfApn = [ @ + Z)Z + Z;0) €. (3.47)

e
Tornomenue B CI0AX YYHTHBaeTcA TaKk e, Kak ® B § 3.4.

Wsnosxennas BLIIe TEOPAS EMeeT INAPOKOe NPHEMEHCHNE, IeMy HOCBAMCHA chie-
mEaabEo Ta. 11, YkcmepEMenTampEO MOMyIeHEHe OPMYJH IPOBOPAAACH MHOYO-.
RpaTHO. 3flech MM NpEBeJeM Tmmb ofmE npEMep Takoir mposepkm [110). Ha
pac. 3.3 ms06paceHa 3ABACAMOCTD MO/ A KoaddEnmerTa orpaxenns (B nenmben- -
zax) ot yraa ckoabwenns ¥ = 90° — & sBykoBo# Boxmnt sacroTh 100 x2y, maxam-
meit M8 BOAH HA IO MOPCKOTO ocafka, Toammbol dy = 7 cM, C XaparTte-
pacTERaME p; = 1,78 2/cu®, ¢, = 1531,03 m/cex, mornomerme 26,25 36/m, nexa-
HEE Ha CJI0e MOPCKOTO IecKa. XapaxkTepHCTHKE Hociegmero: o, = 1,92 z/ca®,
¢, = 1656,6 m/cex, mornomenme 61,68 A6/x. )

'§ 4. Orpamenme m mpesoMneHEE DNCKTPOMAFENTHX BoH

4.1. O6mme coormomenmsa. IIpE HcCleoBayWH OTPASKeHHS H IPEAOMICHNSA
PHEKTPOMATHETHHX BONH GymeM HCXoAMTh B3 ypaBHeHEE Maxcmenza masi ofHO-
ponuoii E3oTpomHOX cpegH, BaNMCAHHEKX B rayccopoil CHCTeMe eJEHMN,

totH- g 4 2% 4ivE=0,

[

rotE:a—-’:—%l—:, divH =0,

(49)

B cnywae rapmonmueckok sapmcmmoctE oT BpeMen: BekropoB E m H nEp-
depeEnmpoBaEEe IO BpeMeRH CBOJATCH K yMHOMeHEI Ha —i. Ilosromy ypas-
HeHHA, cofiepKamue oUepanmi rot, MOryr OHTH SalECAHH B BHAC

totH=—2¢F, rotE=2yH, L 42)



e depes A ' . .
: e’ = ¢ + (4nojw)i (4.9)

©o60sHaveHa KOMIIEKCHAA AH3JieKTPUYeCKAX LPOHANAEMOCTH cpejm, IpaMerns
onepanxio rot Ko BTOpoMy B3 ypaBHeRRH (4.2) B HCKAKOUAB B8 NOJXYIeHHOTO TAKEM
©o6pasoM ypaBHeHHA H ms mepBoro ypaBaeHEs rot H, momyumm, opm ydeTe coor-

womenHnA rot rot E= —A E (rge y4remo, wro div E = 0) ypasmemnme
AE + KE =0, (4.4)

TIe '
k=2Veh (4.5)
- Ipocreiimam pemenmeM 3Toro ypasHeHEs Gyjer miockad rapMOHMYECKas BOXHA
E ="E¢t kr-ut), ‘ (4.5)

rne E, — DOCTOAHHHIT BEKTOD.
Coorercrywmee BHpaxemme Ans H maltjerca #3s BTOporo ypaBHemms (4.2)

‘= — (ic/pw) rot E , (4.7)
'HJE, HOACTABIAA (4.6),
H = (¢/uo) [k-EL. )

4.2, OTpamenme W IpenOMJeHHe HA Tpammie paspena RByx oped. Bubepem
HPAMOYTOABHYIO CACTeMY KOODAEHAT TaK, YTOGH IAOCKOCTH Ty COBIAMANA ¢ I'pa-
HAneR pasfena cpef, a MIOCKOCTH ZZ ¢ HJIOCKOCTHIO HAafleHMA BOJAHH (UPH 3TOM
k, = 0). Kak mssecrno, mo6as niockas 3IeKTPOMAarEETHAS BOAHA MOMKET GHTH
TIPEACTABIeHA B BHfe CyNepHOSHNME ABYX BOJH, y OXHOH H3 KOTODHX Bexrop E
FePUeANKYAAPEH IJACCKOCTH HajieHHAA, a y Apyro#i JeXAT B 9T0# NIOCKOCTH.

4 PaccMOTpEM CHAYAJNA OTPAa)KeHHEe H IPeJOMJEHHe BOJHH mepBoro BEma. OGo-
SHATMM KOMILIOKCHHE [H3NEKFPHISCKY0 B MaTHATHYK NPOHAIAEMOCTH B BepXHed
' ¥ HEMKHe#l cPelax COOTBETCTBEHHO Tepes &, | | €, ’ W, (omycKaeM JJIf KPaTKOCTH
- WETPHX g' en al)’. Yron nafeERs BoIHH 06osHAYEM depes O, yroa mpenoMicsud
qepes . - ’ . ,
dIeKTpHYeCKOe IoJe B BepxHe# cpemie MOKHO SamHCAaTh B BHJe

E=E, = E'*&*P L 7, Eyet ®a™+:) ' (4.9)

THe OepBHE WieH npefcraBiaser cofofi majawmylo, a BTOPOH — OTPARKEHHYIO
BOJHY. AMIVIETYfa majalmell Bonau 06osHavena uepes E,, a Koopumment or-
- paxenns wepes V. Yepes k, 1 k, 0G03nagens! KOMOOHEETH BOIHOBOTO Bexropa k,
- CBfi3aHHHE ¢ YTAOM majeHEs ¢ coormomemmamm (1.14).

" B mmxme#t cpese SAeKTPHYECKOe IoJie

. E\=E,, = W E*1=" Fed) (4.10)
 r¥pe W, — xo3($RmEEnT mpospavHOCTH TPANMNH, &
kl: = kl sin ‘01, klz = kl cos 01, kl =k (81"1/8\“)'/'. (4.11)

Tocrosmane V,, W, a Tarme yroa & onpefensiTcs Hs TPARKINKX yCJIOBHI,
KOTOpHe, KaK H3BECTHO, TPeGyoT paBeHCTBA TAHTeANHWANBHEX COCTABIAIOMAX
E r H mo ty ® ipyry® cropony rpasnnu. OpHako, KaK B B aKYCTHY6CKOM Cay4dae,
‘menecoo6pasHo BBECTH HPHATHE EMmemanca. Jlns pepxHei H BHKHel cpe EMme-
Janc GymeT coOTBeTCTBEHHO .

) Z=E/H,, Z,=E/H,. - - (412)
Vawrusan (4.7) 7 (4.10), maxomam
Hy = (chy/pioV By, 2y = molcky, = Zcos®,,  Z)= (pye)™. (413)
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Beauvrny Z; HasHBAKOT BOJHOBHM CONPOTHBICHMeM cpems. Mu Bmmmm, wT0 Z,
He BaBHCET OT Z. -

Iockombky E = E_. ® H, He TepuAT cKauKka Ha PPaHWNe, TO A EMUJAHC HOJ-
#teH GHTh HenmpepHBEKM HA TPAHANE. JTO MOSBOJAAET HaM B KadeCTBE I'PAEMIHELY
YCIOBHil BSHTH

(E/Hyemo=21, (E— Ep)eco=0. (4.14)

IlepBoe ms mEx npm nopcrasoBke H,. ms (4.7) pmaer

Wo/k) (A + V(A =VII=(Z,, Vo=(2,— palke)(Z,+ porke)™ (4.15)
HMocnepansn QopMyna HosBoAseT ompefenaTh KoSQPHNEEHT OTPaKeHHA OT

NPOASBOJBHOTO CJIOHCTOTO HOAYIPOCTPAHCTBA, OCAH H3BECTEH «BXOQHOH» HMIe-

maHC 3TOr0 mOMympocrpaHcTBa Z,. B paccMaTpmBaeMoM saech mpocTeimeM Cay-

9ae, Koraa Z, naerca gopmynoii (4.13), Bupaxemme aas V) MoKHO samHEcaTh

TaK;Ke B BHJE

V= (ZYcos &, — Z°%cos ) (Z}/cos &, -+ Z°/cos §)2, (4.16)
rge Z° = (p/e)"» — BonHOBOE CONPOTHBIGHHS BEPXHEH CpeH.
Bropoe @3 rpagmuEnx yciaosmi (4.14) paer, ¢ yuerom (4.9) m (4.10):
L4V, =W, Etd= (4.17)

IlockonbKy smech meBas IacTh He BABHCHT OT Z, TO He JOJ:KHA SAaBHCETh OT I M
mpaBas. JTO flaeT «3aKOH IPEIOMICHH M

kx = kl:; k Sin '& == kl Sin '&1. (4.18)
IMocne sroro ms (4.17) maxommM mis Koapmmmenta npo3pagHOCTH

B canyuae, xorga E B magalomei#l BoTHe mapajienbHO ILTOCKOCTH HAaJeHHS,
dopmynamm, anamormunnMe (4.9) m (4.10), 6ynyr Bupaxarsca H, ® H,,. llpo-
BOAA aHasormYHEM 06pasoM paccys;kmeEma, BBOaA BMmenasc Z = —E,/H, u
norpeboBaB HempepHBHOCTH Ha rpammne Z B H ,, Mut moxywaes oA KoapPEnHeETa
OTpasKeHHA JAJA 3TOTO CIydad

Vi = (2, — Z°cos §)/(Z, -+ Z°cos¥), Z, = Zlcos ¥, (4.20)

9ra dopmyna GypmeT rogHa NIsA OTPaKeHHA OT HPOM3BoibHOH caomeroli cpemu,
OCITH BMeCT0 Z, B3ATh COOTBETCTBeHHHE «BXOgHOM» MMIesaHC.
daa roaddunEenTa NpOSPaIHOCTE HmOAYIaeM

Wy=1 -+ V)= 22, (Z, + Z° cos ), (4.21)
s popmyn (4.16) m (4.20) mMm BEgEM, 9T0 npm & — n/2 EmeeM V) — —1,

-> 1. .
Ha pmc. 4.1 msobpaxen monynb kosddmmmentos orpawemma py = | V|,
;"= |V |, xax ¢yExmER yraa ckombikeEHs j = n/2 — & Ba rpaHMLe BOS-

Pme. 4.1. Moayar Koaodpdunuen-
TA OTPAMKEHHA JeKTPOMATHHT-
HON BOJHH HA rpaHuIe BO3AYX —
Mopckas Bojga (e = 81,6 =
= 3.10'° CGSE) a5 gByX TaCTOT
H PA3HHX COCTOAHHI MONAPK3a-
] 1 1 ] I | HHE
20 40 . 60 Iﬂl.f.,}




KYX — MOpPCKag Bofja faaA ABYX dactoT f = 10° 24 m f = 310° 2y4. Benmumn:c
p ® p; copmagaior opa ¥ = 0 @ ¥ = n/2. B mpoMe:xyTKe Mexy aTHMH sHade-
- HRAMH p | MOHAOTCA MOHOTOHHO, B TO BDOMA KAK O | EMOT MEHAMYM. Mpag, =0
3TOT MEHAMYM BHPO)KJJaeTcA B TOUKy BO3BpaTa, B Kotopoii p; = 0. Coorserer-
peEpn# yronm U HasmBaerca yrmoM Bpiocrepa.

4.3. IlpuGnmxennoe (EMmepsancHoe) rpaBmwHOe ycmosme (ycnopme JleomTo-
pmua). Hak @ B akycruueckoM cayuae (§ 2.4), gBa ycaoBms Ba TpaHmme paspmena
Cpej MOKHO SAMOHHATH OXHEM, €CJIH AMOOJAHC Z, MOXHO OPRGIEAEHHO CYHTATD
He SaBACAINAM OT yriaa npemoMaenms ¢,. B camom geme, Torga, craeM, aas cay-
g9an E, nexamero B 0I0CKOCTH naneﬂnn, HEMeeM H3 mepBoro ycaoBms (4.14), yum-
ruBag (4.7),

z=0, 0Ejoz + vy E = 0, vy = —ipnn/cZ,. (4.22)

M1t nony9RIE «TPAaHHYHOE YCJIOBHE TPETHEro Poja», HPH HOMOIGE KOTOPOTo 8aja-
9a 0 moJie B BepXHei cpejie pemaeTca HONHOCTHIO, 6e3 00pamieHRA K OO B HEK-
melk cpepe.

Ilo nprurBaM, nogpo6HO BHACHEHHRM B § 2.4, rpaHHANE pasgena, HA KOTOPHX
BHIOAHASTCA yCaoBHe (4.22), HABHBAWTCA JOKAIBHO PearnpyomuMy. TaxoBoi
ABIACTCH, HANPEMED, I'PAHHIA HONYIPOCTPAHCTBA C HOCTATOYHO GOoAbmON mH-
smeKTpEIecKoi nocroanuEoH €, > ¢. IIpm aT0M MBI HEMeeM /I YIiIa IPeJOMACHASA,
cornacuo (4.18)

cos® = V' 1 — (k/ky)?sin? & = V' 1 — (/e sin® @ = 1.

Sro paer cormacHo (4.13) Z, = Z} — mocrosmEEyK BemmumAy. Ilpm aroM momyaa-
eM B (4.22)

1= — ik (ea/ptr) " (4.23)

¢, MoskeT GuiTh Gompmoi (mo Momymw) coraacHo (4.3), HampEMep, KOTa BeIHKa
-IpOBOIMMOCTh HE:KHEH cpegH O,

. Iprbamkennoe rpamuvHOe ycaoBHe (4.22), BnepBhe IpefmoskeHHoe JleonTo-

.BEYeM M. A., I03BONEJIO NO-HOBOMY IOCTABATH M PEINHTH PAN BA;KHEX 385ad HO-
PacHpoCTpaHEeHMI0 PafjMOBONH Haj seMHOH moBepxmocThio [58, 59).

' 4.4. Orpamenne or ¢0ofA B CHCTOMH ¢JI0eB. Pemenne aToii 3aa7d, IpoBefieH~
HOe B § 3 AnA aKYCTHUOCKOTO Ciy9ad B HMOEJAHCHON (OPMYIHPOBKE, MOKET
6uTh G663 BCAKHAX A3MEHEHMIl mepeHeCeHO W Ha 3JIeKTpOMarsdATHHE caydali. Bume
YOOMHHATOCH, 10 gopmynamm (4.15) m (4.20) 6yayT maBaThCcH KoapHIEEHTEH!
OTPa)KEHHA OT NPOHBBOJBLHOTO THCHA CNOEB, HO TONBKO BMECTO Z, meobxopmmo
nopcraBATh Z,x — BXONHOH EMIEJAaHC 2TOH CHCTOMH caoes. J[s pacdera mocae-
Bero Gyayr copasepamBn gopMyaH § 3, ecam monmararh TaM

Zj=20cosd; mam Z; = Z3cos & [@24)

COOTBETCTBOHHO AAA IePUEHAMKYAAPHHX H HapajienbHNX moaspmsammii. Ilpa
stoM Zj = (uj/e;)"» — BomHOBOE cOmpOTHBieHHe j-roii cpemn. B gacTHOCTH, Zyy
® V paa opmoro caxos Gyxyr naBarbes cooTseTcTBenHo gopmynanmu (3.9) = (3.10).
Bxogro#t WMnemanc cHcTeMH n — 1 caoeB jaerca ¢opmymoit (3.37).

VisnokeHne TEOPHAH DAGKTPDOMATHHTHHX BONH B CHOHCTHX CpegaX IHTATE]D
soyxer Hadith Taxske B [258]. [IpEmenenne TeopEm M1 aHANHESA CIOHECTHX MOTIO-
¥RTenelfl DIEKTPOMATHETHRWX BOJH CM., Hampmmep, [260].

§ 5. Bosmm B ympyrux cpepax.
Oémue coorHOMEHNS

Ilepeiinem Teneps k aHanAsy BOJH B YIPYTHX CPeiax, Ifie, KPOMe IPOJOIBHEIX
BONH, MOTYT CYIIECTBOBATD TAK:Ke HoNepeInHe (caBArose) BonEs. Teopas Bone
@ YODYTEX cpefiaX HMeeT IIHPOKOe IPEMeHeHHe B ceficMoIOrnm, B AKyCTHKE TBOD-
JRIX TeNM W B NOABOXHOH aKyCTHKe. :

25



5.4. Buma ¢ ropmsoETamsHOll monmpusammelt, Hax m B npemmpymux mapa~
Tpadax, Mu 6yeM mpepnoJaraTh, YT0 TPARMIE Pasaesaa CPeJ HOPMAJLHH OCH Z, .
4 HOpDMaJH® ‘K (QPOHTAM BOJH JBKAT B ILTOCKOCTH zz. Ilaockas ynpyras BOXE& .
BIOJIHG OMpe/iefleHA BOKTOPOM CMOMEHH: JaCTHL, U (z, z, 1), BCe KOMIOHEHTH
KOTOPOTO0 JO/KAK OHTh HempepHBHH NpPHE Hepexoge T'PAaEHOH pasmena Cpej.
Kpome Toro, Ha rpasmne A0MKHH GHTh HeNPEPHBHH CJGAYIINEEe KOMIOHOHTH
‘TeHsopa HaHpmmemui *

Z, = M (0ux/0% -+ 0u,/0z) -+ 2u (0u,/0z),
Z, = p(Ouy 0z -+ 0u,idz), Z,= p(3u,/ds), (5.1) .

rae A, u — mapaMerphl JIame, Mu Gyme paccmaTpEBarth TapMOHIMYOCKH® BONHK
*C 3aBACAMOCTBI BCOX BOJIHYHH OT BPeMEHH ¢ B KOOPAMHATH z B BAfje exp i (§ = —
i), re § — ropESOETANbHAX KOMIOHEHETA BOJHOBOIO YHCIA, OIPeesAIomiascs
YII0M mafieHd s BOJHH A COXPAHAIMAACH IPH Iepexoe Iepes TPaHHNH pasmena
cpepg. IloaroMy Bclogy B pambHeitmeM

oo = i§, 9jot = —io. 62

BonEy ¢ OpomSBONBHHM HAaNmpaBJeHHEM BOKTODA U MOYKHO NpPEACTABETH KBK
CyIepuosAnan CABATOBOHK BOJHRI eopusonmammovz noaspusayuu (SH-BomHA mO
CefiCMIY6CKOi# TeDMEHOJIOTHA), B KOTOPO# u, = u, = 0, u, = u H BONHH éepmu-
KaAbHOW noaspusayuu, B xoropoft u, = 0, u, + 0, u, & 0. Itm nBe BoAHH YHOG-
'HO pacCMaTPHBATh pasfie]bHO, HOCKOJBKY Ha I'DaHANAX pasfesa OHH He B3aMMO-
JeficTBYIOT ApYr ¢ [gpYTOM.

Jng BONHE TOPHBOHTAJABHOE MOMAPH3ATME HMeeM BOJHOBO® YDABHEHHE

Fujdz® + 0%udz* + 2w =0, x=wb, b=(up)" (5.3)
¢ YCHIOBEAMM Ha TPaHEOAX pasgela
[u] =0, [pdu/oz] =0, (5.4)

BHPAKAOMAMA HONPOPHBHOCTS CMOMEHHA U B KOMIOHGHTH Z, Tensopa Hampsa-
wwemmii. HamoMmaaeM, 710  kKBagpaTHHe cCKOGKHE 03HATaIT 3pech. pasnoc'r» coorser-
‘CTBEHHOK BONHYHHHK 0O 06eMM CTODOHAM TDAHMIH.

Mzut BEgEM, 9TO 3d7a9a OKABaJach MOJHOCTHI PKBHBANEHTHOH arkycTHIecKoH
sagade, paccMorpernoit B §§ 2,3. Tam Mu AMend BOXHOBOe YPaBHEHHE JiaA AaB-
JXeHHuA p, aajgormamoe (5.3), rme BMecro % 6rno kK = w/c. 'pamAYHEe ycaoBRSR
BaKI0IATACh B HENPEPHBHOCTE p H v, = (1/iwp) dpjdz, 1. e. [pl=0,
Te™ dp/oz] = 0.

Taxmm o6pasom, Bce Popmynnt §§ 2, 3 gna xoaddanmentos oTpaxeEns m mpo-
BPavHOCTH MO}KHO HCHOJBBOBATH BJieCh, 3aMEHKE BeAWYHAY 1/p Ha u, CKODOCTS ¢
Ha b m, caemoBaTe;pHO, BeawumHY pc Ha b/u = 1/pb. )

Taxk, ana xo3dPAnAEHTa OTpakeHES 0T TPANBNH ABYX CPeJ HMEEM B cooTBeT-
<team ¢ (2.12) = (2.15)

V = (pboos  — pyby cos 9y) (boosd +pbyoosty?,  (55)

Tae & B ¥, cBasanH sakoBoM mpemoMienms (2.10), npauem n = b/b,. Beantrnn.
6e3 WHIEKCa COOTBOTCTBYIOT cpefe, Hs KoTopoit majgaer BonHa. Hoaddmmment.
OpospavBocTH (0THOmeHHe u; B mpomepmed RoiHe K u B magawomed) Oyger Aa-
Bareca fopMynoi (2.11). -

Bo Bcex gopmynax § 3, ommcriBaromux o'rpameﬂne OT CHCTEMH CII0€B, Hafo
TOJIaraTh Temeph

Z;=1/p;H;cos ¥y, (5.6)
rae /| — OpomsBoABHHN HOMEDP CPeNH, a BMECTO k;, IOACTABIAATH Xj; = X cos 9.

*OCHOBHMG yPARHOHHA T6OPHR YIPYroCTH TATATEAR Mo:KeT Hafrra 8 (60, 56, 86].
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B gacTHOCTH, Ko3fpHNMEERT OTpPaeHAA OT OJHOIO Ciof Gymer maBaThca (opMy-
Jamm (3. 1), (3.9), (3.10). BossmeM pas npmMepa ogHOpONHMH ympyrmli ciof, -
Jie)KamAi Ha OZHOPOAHOM YINPYFOM moJynpocTpancTBe. SH-BONHK B Taxoi cmc-
‘TeMe GYAyT OOACHBATLCSE TOMA Ko YDABHEHHAMM, YTO H SBYKOBHE BOJHE B MKHI-
KOM cJI0e, JeKameM Ha KAAKOM noaynpocrpascTse. Mssecro (cM. mmke § 37),
9TO eCAH CKOPOCTH 8BYKa B HOJYNPOCTPaHCTBe Gosbiie, 9eM B cioe, TO B TaKkoi
CHCTeMe MOKeT PacHpOCTPAaHATHCA KOHEYHOe YHCJIO HesaTyXalomuX Boixd (ecam
npeseGpeds mOTIOMEHAEM B CpefiaX). AHAJOIHYEO, 6CAH CKOPOCTH CHBATOBHX
BOJIH B yOPYTOM moaynpoctpancTse Gyner Goawime, 9eM B cjoe, TO B TaKO# CACTe-
Me GymeT pacnpocTpaBATHCA Ges saTyXaHHA KOHEYHOE MHECIIO BOJH, HASHBAGMHX
BoanaME JIsBa.
5.2. Bemma ¢ Bepraranvaoll monapmsanme#. B oﬁmeu cIy%ae CMemeHme U

MoKeT GHTH BHDa)keHO depes CKaaApaH#k ¢ nem-opmm ¢ TOTeHIHAITH dopmy-

Joik
u = grad ¢ 4 rot¢. (5.7

B cayuae BoaER BePTHKANbHON 0JIAPASANHE, IOTOHIHAN ¥ MOKHO BHODATH TaK,
9T00H eNMHCTBOHHOH OTIWYHOH OT Bynsa GHaa KOMIOHEHT Y, =1v¢. Torma co-
raacao (5. 7)

= dp/dz — OP/0z, wu,=0, u,=0¢/dz-} d/iz; (5.8)

QEY n&omno HaSHBATH TAKKe NOTOHIHAJAME IPOJOJBHHX H MONePEUNHX BOJH.
MoskH0 mokasarp, uTo oEE GyAyT yMOBIETBOPATH BOJHOBHM YDPaBHOHHAM:
Ap+Ko=0, k=ok, c=V{E+2up, (5.9)
Ap+x=0, x=a/b
3neck ¢ — ckopocTh mpomoabHHX BoaH. Ha rpammmax pasfena cpej AOMKHH
BHIOJHATLCH YCAOBHS HENPEPHBHOCTH:
Z,1=0, [Zx] =0, (u] =0, (u,] =0. (5.10)
J1R ycnoBAA MOXKHO BHPASHTH 9epes MOTeHNHAJH, AJA Iero M BOCHOJb3YeMCH

soipasienmsama (5.1), (5.8), a Taxmke BoaHOBHME ypanmemmamd (5.9). B pesyms-
TaTe NONydYaeM [N T'PAHMYHHX YCHoBHE B TOM ke mopaAake, Kak m B (5.10):

[px~* (092 — ipg)] =0,  [px~*(9p/0z -+ ipy)] =0, (5.11)
[0y/0z — itp] =0, [09/dz + iEp] =0, (5.12)

rge o6osmadeHo
p=(E—»2)F - (5.13)

HNocme nonyuenms oGmux ¢opMya, mepeiifeM K. aHAJH3Y DPasiMIHHX CIydaeB
® OOopAgKe BospacTalomed CIOMKHOCTH.

§ 6. BoHM B ympYroM HONympOCTPAHCTBE
co csobopmoit rpanmneii
6.1. Kooppunmerrt orpaennd u rpamedopuanua. B sroM naparpade mMm
PACCMATPHEBACM JHWD BOJHH BePTEKaAbHOK moaapmsanmm. Ha rpasEnmy moay+
EPOCTPAHCTBA, 'DAHMYAMEr0 ¢ OYCTOTOH, MOKeT majfaTh W8 HEro HPOAOCALHAA
¢worennmas @) EAE DomepevHas (IOTeHMEAN ) BONHK. B KaxKqoM H3 9THX ¢ay-
WeB B OTPAKEHHOM HoNe GYAYT Kak mPOfobHAf, TAaK M IoNepeTHas BOMHH. Mu
paccuoTpuM 00a caydas OJHOBDEMOHHO, HOJQKHB B IOJympocTpaHeTse z > 0:

=g 4 geier,  a=VP—E,
¥ = Peitt b B = V'xl —2. (6/1)

HpmcyreTeylomuil Bo Bcex BHpaskeHRAX Qakrtop . expi (§z — of) ana coxpa-
wemnna or6packBaeM. ¢ @ $" — aMmIARTYAH DagamEX Ha IpaHARY Z =
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npofloNbHOH # HOHePewHoH BeAR, 8 ¢ B ¢ — AMIVIETYIH OTP&KEHHKX BOAH.
Ha cBoGogmofi rpanname Tesa Ha CKOPOCTh V HE HAKJIAJHBaeTcR orpammdenni,
mosToMy ycaoBesa (5.12) MoxxHO He paccMarpmBarh. Hampmsenmmsa Ha IDaBEOE
ROLKEH GHTH PUBEH HYIIO, a CJAE[0BaTeAbHO, IOCKOABKY p/%? OTIMYHO OT BYJIH,. .
HMeeM I'DAaHHYHHE YCIOBHA:

2=0, opoz—ipp=0, d9/dz-t ipp=0, 6.2y
Iopcrapnss B mux (6.1), momyuaem
BOW —V)—P@ +9)=0, o(@—¢)+p@ +4)=0. (6.3)

Temeps paccMoTpEM caygaik a): Ha TPaHANY IajaeT OpofoiabHas BoaHa (§” 5= 0,
§” = 0). O6osaamaM V;; = $'/¢” — KosdPummenT oTpaskeHnn npononmoﬁ BOJI-
B V= $'/¢" — xoad)d)nnnem' TpaBECGopManud IPOAOILHON BONHH B 1O-
nepeunylo. [lonoxus B (6.3) =0 u momenms o6a ypaBEenna Ha ¢, moAyTaeM
BRI 3TEX KO3 UEeETOB ypaBHEHMA:

BVu=p(U +Vy), pVy=a(l-—-Vy), S (6.9
OTKYZa HAXOZHM '

Vip= (2B —p»/(B+p%, Vi =2ap/(aB + p?). - (8.5)

B cayuae 6), koraa Ha rpaBEENy Dagaer nomepevnas poana (¢” = 0, $* ==0),
obGosmazaeM: V,, = $/V" — xosddunuent orpasxenns nonepeqﬂon BOJMEH, V =
=g N — xosd)d)mmem TpaHcopMalEn NOmepedHOd BOJAHH B NPOAOJIBHYIO.
Ionaran B (6.3) ¢” = 0 u mogennB ofa ypapHeHEA Ha §”, DOAyYaeM us Vir
B V,; nBa ypaBHeHHES, W3 KOTODHX HAXOIHM:

Ve=Vy, V= —2Bp/(2B + p?). 6.6y
Jlerko BHAeTH, UTO EMEET MECTO COOTHOMEHHE
Vi=1+V,Va (6.7)

PaccMOTpEM HEKOTODHE CBORCTBA KO3PHIHEHTOB OTpaseHHA B TPaHCPOPMa~
nuH. [Ipe mopMansHoM magenmn (§ = 0, p = o0), a Tak;xe OPHE CKOABSAMEM Na-
pennm (& = B = 0), mmeeM V;; = Vyy = —1, V;; = V4 = 0, 1. e. nporcxopar
IOOJHO® O0TPajkeHNe KaK MONepedHoil, TaK | npononmoii BONH (co cKauKoM (asi
Ha n) Ges TpaECHopMamWA ®X OfHOE B APYrywo.

I] .
> ap = p? (6.8)

m,eeu
V” = V“ = O’ V“ = Vm’ Vu = - V.g_iv (6'9)

T. ©. oTpa)eHne OTCYTCTBYeT. [IpofonbHas BoMHA Ha TPAHHENE HOJHOCTHIO IEepe-
XogmT B nonepevnyw # HaoGopor. Han & = E,, cooTBeTcTBYIOMmMEMY 3TOMY OOMEHY
nonspmsamme#t, nomyqaeM ms (6.8) YpaBHeRWe

2Vre_g Ve_g—=@E—x2e (6.10)

Humxe MH yBEgHEM, 9TO 3T0 ypaBHeHHEE EMeeT nim [Ba BeIECTBEHHKX KODHA, HIAR
HO FMeeT HA OHOTO.

IIyets opm k < t < % Ha IpaHuMOy ODafgaeT monepevHAs BOJHYH; MH FMeEeM H3
(6.1) « = i V& — k* — MEEMylo BenpumEy *. IIpm 5ToM HOTeHDEAN NPONOIHHOMH:
BONHH 6ymer neo;moponﬂoﬁ BOJHOH, 9KCIOHeHIWAJBHHO YOHBaIOMmMe# Npy ygaje-
HOE OT TPAaHALNH

9= ¢ exp(— VE —F%). (6.11)

*3HaK KopHA RollkeR BH6MpaTLCA 43 ycroBua Im o > 0 aas Toro, TTOGH mpK £ — OO
npofoALHAA BoAHA @’expicz dKCHOHeHNMANbHO YGHBAJNA, & He BO3paCTAIA.
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Hoad dumuent oTpaskeHHs A 3TOro Ciayuas ¢ mcooabsoBammeM Gopmya (6.5) m
{6.6) Mo;XHO mpeACTaBETH B BHfE

V= —exp(—ip), V,=2Bp[p*+ B* (&2 — k)] " exp(—ip/2),
tg 3 = Bpt (E— k), (6.12)
Tak Kak | V| = 1, To oTpaikende mosHoe. JTOT ciaydail aHAJOTH4eH CIYHAl0

HOJHOro 0TPa)keHHA 3BYKOBHX BOJH, PaCCMOTPEHHOMY B § 2, ¢ Tol pasmmLeil, 4To
3flech majaome ABNAAETCA mMomepedHas BOJNHA, & IPOJ{0IbHAA BOJHA COOTBETCTBY-
©T OpeJOMIeHHOH BBYKOBOH BOJIHE.

3mech MH CHOBA, KaK H B CAydae SBYKOBHIX HJIH 3JAeKTPOMATHHTHHX BOJH,
BCTpeuaeMcs ¢ ofmeil 3aKOHOMePHOCTHIO, 3aKMIOYAKMEHCA B TOM, 4TO €CJIH HA
rpannne sajaHa NePHOSEIHOCTH Hmpomecca B Bume exp iz, To mpm & > k (upo-
CTPaHCTBeHHHI mepuos 2m/§ MeHbme ATHEH BOJHH A) B IOJYOPOCTPAaHCTBe K
3To¥ mepmoAMIHOCTH GYMYT «IPENACOBHBATHLCAY BKCHOHENIUANBHO 3aTYXAOIIHe
(seomHOPOHLIE) BO.THHL.

ITycrs BopManb K ¢poHTaM OPOAOABIOH ¥ HONepedHOHd BOJH COCTABJISAET C
0CchbI0 z cooTBeTcTBeHHO yram & m y. IIpu atom

E=ksind = xsiny, a—=Fkcosd, B=xcost, p=—xcos2y/2siny.
6.13)

IIpm nopcranoBke Bupaskenmi (6.13) B (6.5), noayuaem Brpakenne Aas% K03 -
$ULHEeHTOB OTPa;KeHHA 4epes yraw & m y

Vi=Vy=(kcos®tg?2y —xcost)/(kcos®tg?2y + xcosy). (6.14)

Jas yriaos ke o6Mena monspmsaunmel &, u y,, (korma V,;; = V,, = 0) noay-
9agM ypaBHeHHe
k cos O, tg® 2 yo — % cos y, = 0. (6.15)

Tlpm stoM &, ®m y, DpegnoNaralOTCs CBABAHHKIMY NEPBHM N3 COOTHO-
mennit (6.13).

Ha pme. 6.1 kosdpunment V;;, msobpaxen (mo I[. Apenbepry [105], oTkyma
3aEMCTBOBAHHE! TAK)Ke W HOCJeAYIOMMe ABA PECYHKA), KaK QYHKIUA Yria mafeAds
npofoAbHOi BoAEHN & g1 pasHMX sHavenn# koaddunmenta Ilyaccona o. ITocmen-
Hu#, KaK H8BECTHO, CBASAH ¢ HOCTOAHHHME JiAMe A E P, & TaK:Ke C OTHOMEHHEM
cropoctelt Box ¢/b goprynoi

Bl =p/(. —2p)=(1—20)2(1—0). (6.16)

Ilpe 0 — 1/, MBI mePeXOAEM K C.IVYAl0 :KHAKOCTH, KO3QQUIEeRBT OTP a;keHHEA OT
cBoGofHOM rpaHENE KOTOPOH mpi Bcex yriax mapesns ¢ pasem —1 (doprmyna
{2.16) npm m = 0), ato M ® Bugmym BHa pmc. 6.1.

IIpu 6 < 0,26 kasimas kpuBas ABamAH mepecekaeT amEmw V,; = 0. 3mave-
nua yraa &, gas Touex nepecevemmsa moryt 6uTh nonyvens u3 ypasmenn# (6.15).

Ha puc. 6.2 kosgduuuent oTpaxemns monepevnrx Boan V, (papHEi coraac-
Ho (6.6) V) msofpasken Kak QYHKIHA yria OaJeHEA IONEPeYHOH BoaHH y. B
CYIMHOCTE 9TO TOT xke rpaduk 6.1, B KoTopod mo ocm abcmmec OTAOKeHO Y, CBA-
sanHoe ¢ ¥ mepBeM cooTmomermeM (6.13).

Hpr sin y > b/c = k/x mun nmeenm cornacuo (6.13) £ > k, 1. e. caywait mos-
Horo oTpaskenEd. Tak kak cormacno (6.16) npm Bcex BosMonBHX 0 (0 < 0 < 1/,)
umeem b/c > 1/ V2, To npm y > 45° GymeT monHOe OTpa)KeEWe HpPH JMIOGHX O.

Ha pme. 6.3 msofpakeHH XapaKTepHHEe YIJH AJIA PacCMaTPEBAEMOrO 3/1eCh
cAylas OPHE PASAWYHHX SHAYGHEAX G: IPAHMYHHE YTOJ mOTHOrO OTPaKeHHA MO~
OepevHKX BOJH Yrp, YIOA 06MeEa moagpusanumamy O, Ipn DafeHNA OPOXOABHON
BOJHE ¥ aHAJOTMYHHH Yroa y, OPE OAJ6HWH HONEPETHOH BOJHEL

B sakmouenne 0TMeTHM, 4TO BEmIe GrIE DOAYIeHH KO3QPHIEEHTH 0TPaKeHH A
0 TpaEcGOpManEy ANAA nomenyua.10é ¢ u Pp. OxEaKo B 9KCHEPEMEHTe H3MEPAIOTCSA
He MOTEeHIUAJE, 8 CMEMEeHES U HJIH CKOPOCTE V = —iou. BosbMeM mimockywo
OPOAoAbHYI0 BOXHY @ = @'expi(az -+ tr — o). Popmyna (5.7) maer paa
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aMIINTYAH cMemeEEA u = k ¢, TakmM ke 06pasoM AAA HONEPEYHOH BOJIHLK
u = % ¢’. CregosatennHo, V;;, V, B To 3e BpeMsa SBEAANTCA B Koop§EnmerTaMn
OTpPaKeHRA A cKopocTelt W cuemenmik yacran. C npyrodl cropork; orHomenne
u,fu; — aMnIATYR cMemenkii (RIE cKopocTek) B monepevHol B HpoAoxbEOH BoA-
HAX OpHE Oajaomei npoxodbHoi Boame Gymer mfu; = (x/k) (b'/9”) = (x/k) V.
ABaxormuno, mpE mnajaiomeli nomepevno#t Boxme u;u, = (k/x) V. :
6.2.. lobepxmocTaan ponma Posen, YcaoBas Ba cBoGORHOI rpaEHIe MOMYIPO-~
crparcTBa Z = 0 MOTYT GHTH yNOBJIGTBOPEHH TAK:KEe OMHOYICHHKIMHA BHPAKEHHA-
ME i ¢ B, Donxydaomemucs s (6.1) opm ¢” = ¢” = 0. Cacrema (6.3) mpm
9TOM BHPOMAETCA B COOTHONMEHHS:
‘ Pv' =pe’ py = —ag’ (6.47y

Tlopenms ofiHo paBeHCTBO HA APYToe, MH IoXydaeM XapARTePECTHIECKOE yPABHE-
HBO IUIs TOPH3OHTAJBLHOTO BONHOBOTO YHCIA BOAHH, HasuBaeMoil Bommoll Pames:

{225] , :
ap = —p°. A T (6.48)

Ilpepnonaras k ® % BemecrBomHEME (npeHeGperaerTcs NMOIJIOMEHEEM BOJH), MEF
6ymeM paccMATDHBATH BOIECTBERHKO PelIeHAsA TOro ypaBHenu# Eg, T. e. HesaTy-
xawimue BoaEH Pajes. B 9Tom cayuae p? coraacno (5.13) BemecTreBHO B MOTOAHE~
TelbHO, & ypaBuen#e (6.18) Gyner ynosnersoparscs mpr MpEMuX o B B. [Tomoxus:
coraacao (6.1)

a=i1/§};—k’,v' B=iVik —x, '(B.fQ)
I'e 3HAYEHHA KopHeil NpegnoiaraoTCcHa HOJIOMKHTEJbHHMH, H 0003HAYHB .
| q= 0P, s= L) =00, (6.20)
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Ifie g — CKOpocTh BOJHH Pases, Mu mepenmmemM ypapuemme (6.18). B. BEpe
4V1_s Vi—sq_(s—-Z)’ (6.21»

KOTODO® MOKEO PACCMATDHEBATD KaK YDABHEHHe MIA vg. [locie BOSBENPHEA B KBaj-
AT, €ro MOKHO OpHBecTH K BHRY (npemmonaras s. == 0)

#—8s+(25—16g s —16(1 —g) =0. (6.22)

3nuem, TT0 ypasaenne (6.10), ecom Tam o6osnnm5 s = (x/&,)%, moce BosBege-
HEf. B KBajpaT Taxxke cpopmrc K (6.20).

Jlemm aacts (6.22) orpEnarenssa npE s = 0 (nocxom,xy q < 1) m pasma +1
npr s = 1. CmemoBaTennno, 970 ypaBHeHHe 06S33TeAbLHO HMeEET nemec'rneﬂﬂuu

KopeHb B mETepBate 0 < s < 1. .
Paccmorpam 9acTHRIE ¢ Iydaii A= B, g = Y5 (cu. (6.16)). Kybuunce ypnnﬂe~
ume (6.22) npu aroM mMeer KopHm s = 4; 3,155; 0,846. U3 mux gBa mepBHX AaioT
£ <x, 9T0 COOTBETCTBYeT HE IOBEPXHOCTHOMN BOJHS, & CIAy4al0 06MoHa MOJAPHBA-
OUH, T. €. PeHIeHAI0 Eo ypaBuerus (6.10). Tpernii xopem, aaeT aas cxopoc'rn BOJI-
b.

HH Panes vg = 0,9
Tamm ‘JKe oﬁpnson m3 (6.22) momyuaeM mpefleIbHHE 3HAYCHAS VR:

s=0, ¢=0,5, vgp=0,8741b,
6=05 ¢=0, vp = 0,9554b.

Ha pme. 6.4 naoﬁpmneﬂo (mo Kmonosy [145]) ornomenne vy /b B pynxumn noad)—

¢unwenra Ilyaccoma o. .
Ilonarasa B (6.1) ¢” = ¢” = 0, a raxske ywarunas (6.17), (6.19) = (6.20), mo-

IyuseM NNA NOTEHNHANOB BOJHH Pames
P=o'exp(—VI—gns), $=56—21—9"¢ exp(— ¥V T—skn2),
‘ ’ (6.24)
rRe ¢’ — DpPOMBBONLHAA HOCTOAHHASA, XAPAKTOPHSYIOMAA AMNAHTYAY BOJHH.
Mo dopmynam (5.8), yuaTHBaA Taxxke (5.2) H BHRENAsA BemeCTBEHHYIO IaCTb,.
HONyaaeM A KOMIOHEHT CMeHIeHHA: .

u, = Atp [exp(—- Vi — gskr?) ——-!- (2 —spxp(—VI—s Egz)] sin(taz — ot),

AER VT lexp (= ¥V T=strs) — 2(2 — 9 exp (= V T sEa2)) x
X cos (¢pz — wt), (6 25)

(6.23)

rxe A = —@' — NOCTOSHHAA BOIHIHEA.

U, u, pABHATCA N0 pase HA YeTBepTh mepmopa. CiaefoBaTeabHO, TPACGKTODHE
WACTHI NPEJICTABIAKNT c000H SAMANCH ¢ TTABHLME OCAMHE, NAPAIICIbHKME L | 2. -

Ha prc. 6.5 mo ocm aGenmec oraoxenn (mo U. A. Bmc'ropony 22)) u, 7 u,,
OTHeCCHHME K Uy, = U, (2 = 0) — BepTHKANBHOMY cMemerni0 Ha rpaammne, [lo-

Pwe. 6.4. OTHOmeRHe - CKOPOCTH 7r/4 ) 2/
soan Panes vy K ckopocra cpa- g . 7
roaux BouE B pyHEKREE Hoadpda- 22
smesnta [lyaccona s (mo Kmonosy) a9 !
44 LY
Pue. 6.5. 3aBHCHMOCTD FOPUBOH- 494

AILEOl u; H BePTHRAIbHOR u, 497
SOMBOHEHT CMEMICHAA 0T BEPTH-
zaxsBod ooppmEaTH 5. CMeme-:
NN OTHECEHH K Uy — BEPTH-
SRAALHOMY CMENCHHIO HA FPAHH-
W, 2 RoopymEATA $ K Ap— 200
Zamme Boauil Panes ’

2 41 ¢ 4747 1o -



OCH ODJEHAT OTIOKEHO Z2/Ag, TAe Ap = 2 n/Ep — panEa BoaEH Pajies. Conomeas
KpHBafi OTHOCHTCH K ciaydaw o = 0,34, nymkrEpmas — x caysaiw ¢ = 0,25,
Mu BEgEM, 9TO BePTHKAABHOE CMEIEeHAe OpH oTXoxe OT rpamuns z = 0 BHAYAIe
YBEJIRUHEAOTCA, NOCTATAGT MAKCEMYMA H 3ATeM ILIABHO cumajaer ao myas. Topm-
S0HTAJbHAM KOMIOHEHTA CMEN{eHAA OPH OTXOfe OT I'PANANH YMEHLIIAGTCH, SATEM
ofpamaeTca B HYNb, JOCTHTAGT MAHEMYMA, & 3ATOM ACHMITOTHIOCKH mpROAHKa-
eTCA K HYJIO. : _

CTOHT OTMETHTSH, 9TO K BOIPOCY O PaJeeBCKOi BOJHE MOYKHO IO OMTH ¢ coBceM
HAPYroii cropoHH, 8 EMEHHO, PACCMATDHBAA, Kak B § 6.1, oTpasKeHEe BOIH OT CBO-
6oymoil rpaEANH ynpyroro moaynpoctpanctsa. Ha gopmya (6.5) & (6.6) mut BuamM,
YTO K03¢PunmenTH oTpaxennsn V, m V,; o6pamanTca B 6ecKOHOYHOCTH IPH TAKOM
yrae mafeHHA (KOMILIGKCHOM), KOTa BHIoaHACTCH paBencTBo (6.18). Jro osma-
vaeT, YT0 MH MOKeM YCTPeMATH AMIUIATYRH Oagalomax Boad ¢” ® $” K mymo B
DPH 9TOM AMILIETYNH OTPA’KeHHKX BoaH @' E Y’ MOTyT GHTH KomeuHHMH. B pe-
8VJAbTaTe MH NOJYYHM BOJNHOBOH mpomecc BOAMSE rpaEmnH 6e3 yIacTHSA mamalo-
mei BONHH, T. e. BonRy Panes.

§ 7. I'panAma ynpyroro ¥ :REZROTO HONYHPOCTDAHCTB

7.1. Tpaawmnie yenoBEA H obmuae eooraomennsn. COBMECTEM IIOCKOCTH 2 = (
< rparmmed pasgena, a och Z HANPABAM B CTOPORY KEAKOCTH (pac. 7.1). Hagrocts
6yneT XapaKTepHSOBATHCH BOIRIAHAMHA (€3 WHAEGKCA, BOJIHIHHH C HHIGKCOM {
GyayT OTHOCHTBLCA K YyOpPYroMy moaynpocrpascTBy. B dacrHocTH, k = 0/c —,
BOJIHOBO® THCJIO B KHEAKOCTH, k; = 0 /c; A%, = @ /b; — BONHOBHE YHCIA COOTBET-
CTBEHHO [/l NPONONBHHX H IONEPEYHHX BOJH B YIPYToM HOJYIPOCTPABCTEe,
B Bepxmeil (skupwoi) cpeme Hamo monoxurs b = 0, Boupoc o BomHAX ropmaoE-
TaNbHOM moaApusamun Goim paccMotpen B § 5.4. Hmme Mm paccMarpmea-

eM UMb BEPTHKAJBHYI0 HOAApHEsanEl. B rpammu-

-z HHX ycao0BREAX (5.11) 7 (5.12) MH A0KHH DONOXKATH

nas magkecTE p = 0, % = 0. Kpome Toro, mepsoe n3

ycaosuit (5.12) B paccMarpmBaeMoM cayuae Gyaer

. OTCYTCTBOBATH, TAK KAR 37lech He Tpebyercs mempe-

Hodesems PHBHOCTH u. (paccMaTpEBaeTcA caylali mueanbHOM

2,.é JKAKOCTH, KOTOpasg CBOGOJHO CKOJNBBET BHOAb, 1O~

7920800 meas BepXHOCTH TBepaoro Texa). OcTalbEHe TPH rpasmd-

W) HHX YCJAOBHS, BANECAHEEE B TOM jKeé MODAAKe, ITO

) 7 B (5.11), (5.12), 6ymayr: E

2=0, pQ=—2¢px;*(P1P: + i0}:/02),

09,/9z + ipypy =0

Pre. 7.1. K Teopur orpaske-

HAst 3BYKOBOE BONHH OT yI- d9/dz = P, 'z 1 ik, (74)
pyroro moJynpOoCTpaHCTBA rae
pr=( —x1/2)E (7.2)
Ionman cacrema Bonm B 0Gomx mOMYNPOCTPABCTBAX Oyner:
>0, =g 4 gl a=VE-E, (1.3
1 <0, p=0d™ 4+ e, a=Vi-F,
b= e + e, B =VE-T (7.4)

Mopcrasay reneps (7.3) m (7.4) B (7.1). IIpm eroM moclexHee ypaBHEHH® (7.1)
nenecooGpasao NpeoGpasoBaTh, MOACTABAE B HEr0 BHAUEHHE O@;/0z H8 BTOPOro
ypasaenmsa. Torna noaygaeM TpPH' COOTHONIEHHS:

O/2mE) (¢ + @) + po(@; + @) — B (¥, —¥) =0, m=ovp,
o (9] — @) + 1 (¥, +9) =0,
a (e’ — @) — (&/28) (¥, + ¥) = 0. (1.5)
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7.2. Orpamenne 3ByRoBOK RO, nafAIONeH N3 HUTKOCTH HA yIHPyroe noJy-
npocrpamceTso. MK noxygaem oroT caydai, monoxus B (7.4) m (7.5) ¢, = 0, P, =
=0, DOCKOAbKY B yHPYroM NOTYTPOCTPABCTBO EMEIOTC 51 JIMIIb YX O/l ALAE OT IPAHH-
IH BOJHH. Torma mnsa xospdunmenta oTpakenEs sByKoBo#l BomEH V — o/e”
H K03(pRnEenTOR B30y AeHRA IPORoabHNX W, = o /¢ | nouepeyHHx W, =
=1, /¢” BOAH B yNPYIOM NOAYHPOCTPAHCTBE IONYYaeM yPABHEHHS:

(x%2mE) (1 + V) + pW, + 3, W, =0,

—uaWi+pW, =0, o(V-1)=(=2)W, - (1.6)
Pemas @X, HaXOqEM '
V = [4mag?® (28 + p}) — aux}] [4mak? (1,3, + p2) + opd] ™, (1.7

W) =— 41P1§"f[4mx§2 (28, 4+ Pf) + al"?]-l, W= (u/p) W (7.8)

V, W, r W, MosxHO0 BHpasATDH Yepes yrau &, O, ¥ y;, rme & — yroa, cocTaBiseMuit
€0pMabio K PPOHTy 3BYKOBO# BoaHH (HanpaBieHme k) ¢ ocbo0 z, & &, B 9, — To
3Ke CaMoe 1 IPOAoAbHOM B nonepednol BoxH (cM. pac. 7.1). IIpm srom amamorms-
Ho (6.13) mmMeem
- E=1ksin® =k sin & = x, sin y,, (7.9
o=kcos®, ay=kcosd, B =x0c087, p;=—xc0527,/28inT;. (7.10)

Hs (7.9) cnenyer «8aKoH IpeIOMICHHAs»:

sin®/c = sin &,/¢; = sin 11/b;. (7.141)
HenecooGpasao Takme BBeCTE oGosHaYeHHA IAA HMIETAHCOB
Z =pcfeos®, Z,=pieijeos®,, Z,=pb/cosT,. (7.12)

Torga Bupaxemas (7.7) m (7.8) sammmyrca
V = (Z,cos? 27, + Z,sin? 2y, — Z)(Z, cos® 2y, + Z,8in® 27, + Z)™1, (7.43)
W, = (2p/p1) Z, cos 27, (Z, cos® 27, + Z,; sin® 2y, 4 Z)?, - (144)
" W= —(20/p1)Z,;sin 2y, (Z,c08% 27, + Z,8in% 27, + Z)L. (7.15)
IIpoamanmsapyeM monyuesHHe ¢opMynaH. IIpm mopMampHOM Hamersm (& =
=9 =y, = 0) mmeem . . '
V=(Z,—-2)(Z,+2), W ,=22/,(Z,+2), W,=0. (7.16)
Kax 7 c1efl0BaI0 0:KHAATH, B 3TOM CIy9ae CABHTOBHE BOJHH HE Bo3GyKIal0TCH,
Haobopor, mpE ® = arcsin ¢/} 2 b,, xorma cormacmo (7.11) ;1 = 45°, mmeemM
V= (Zt - Z)/(Zl + Z), W, =0, W= — ZPZt/Pl 2.+ Z), (7-17)

T. €. Bosﬁymnamca TOJABKQ IOIepPeYBHEe BOJHE.

B GonpmmEECTBe CIy9aeB CKOPOCTH 3BBYKA ¢ B JKANKOCTH MOHbIE, 9eM CKOPOCTDH
BPOONBHEX BOJH ¢; B TBepAOM Tese. OHa MoMeT GHTH TaKkKe MeHbITIe H CKOPOCTH
monepensx BoaH b;. Paccmorpem cravana caygaik b; < ¢ < ¢;. Us (7.11) ameem

sind; = (c,/c)sin®,  sin 1, = (by/c)sind, (7.18)

Orciona BEAHO, 9T0 mpA sin ¢ > ¢/¢; yroa ¥, Gyaer KOMOAGKCHHM. YTOX Ke T,
&yner BemecTBenHELM npH BeeX ¥, Takmm o6pasoM, npoonbHAsR BOJAHA B TBEPAOM
vexe Gyner HeogHOpOXHOH BONHOM, ¢«CKONB3AMEH» BHOND TPAHHIM, MOUSPeTIHAM
m» BosHA Gymer o6mumoil maockoi Bommo#. Tax kak mpm aroM sin &, > 1, 10
€08 O, B Z, = p,c,fcos &, wACTO MEMMEe BeqmIRHH. M3 TpeGoBaEnsA orpaHEIeHHO-
©rn exp (—i az)B(7.4) opE z— — oo cmegyer, IT0 oS &, JoMKen ABAATHCA MO-
BOEHTEIHHOMHEAMOHA, a, C/IeI0BaTeNbHO, Z, — OTPANATeAbHO MHHEMOI BOTATHHAME.
Koadpdunmenr orpamenma (7.13) B srom cayuae sammmercs

V = (2, sin? 2y, — Z — 1| Z, | cos? 21,) (Z,8in? 27, + Z — i | Zy | cos? 2y1)" (7.19)
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#_Oyner ABAATHCA, KAK MK BAAAM, KOMIUIeKCHO# Beamamao#. KBagpar ero Monyas
6yp;e'r

|V |2 = [(Zysin® 27, — Z)* + | Z, [ cos® 21,]) [(Z, sin® 27, + Z%) 4 | Z, [ cos* 27, ).
(7.20)

IIpn &, &= n/2 Monyas Ko3PEDEeHTa OTPa’KeHAS MeHpHI® OJHHHNH, 9ero
MOKHO GHIO OXKHJATH W 8aDaHee, NOCKOAbKY 94cTh SHOPIHH YHOCHTCA OT IPAHH-
nn Doumepevnoil BomHOM. Yroa 4 = arcsin (¢/c;) (xorga &, = n/2) ABAAGTCA ¢KPH-
TedeckEm». IIpm aroM Z, = oo, V = 1.

Ecam Bocnoab3oBaThCH 'repunnonomen, OpHEHATOH B TOOPHHA AMAHHHX JHHAH,
TO MOKHO CKA3aTh, YTO B PacCMaTPHBAGMOM CJIy9ae rpapuna GyaeT mpeacTaBiaTh
coboit qus najaomeil BONHKH KOMIJIGKCHO® CONPOTHBJEHHE, NpWYeM DPeaKTHBHAA
ero 9acTh 06ycnoBamBaeTCH HpPOAONbHOM BONHOH, a AKTHBHAR — IOLEPEYHOMH.

PacemorpmyM Temeps caygait ¢ < by < ¢;. IIpm 0 < sin & < ¢/¢;, Kax BEEHO
m3 (7.18), O, B y; GynyT BemecTBOHHHME YIJaMH, T. e. MK GyneM EMeThs oOHTHLIE
caydaiil OTpayKeHHA Ha IpaHANe, ¢ Ko3ddanmenToM oTpaxkenEs V, BemecTBeHHRM
# MerpmmM efeEANE. ConpoTEBIende rparmns GyaeT YAcTO aKTABENM. IIpa «xpH-
THYECKOM» yIJiie AAA NPOROABHHX BONH ¥ = arcsin (c/c;) EMeeM & = n/2 m co-
raaceo (7.13) V = 1.

IIpm ¢/e; < sin & <c/b1 yroa y, ﬁyne'r BEIECTBEHHLM, a {; — KOMIJIEKCHHM,
T. . molyTaeM Caydai, PAacCMOTPeHHHH BRINe.

Vroa & = arcsin (¢/b,) aBasercn «KPETHICCKEM) [ nonepe'nmx Boxs. IIpm
atoM y, = /2, Z,= o0, V = 1. IIpm & > arcsin (¢/b;) xoMmiexcasmm GynyT 06a
yraa O, B y;, 910 osnaqae’r, 9T0 OPOAOJIBbHAA A MOUePeIHa A BOJHL B TBEPHOM TeJI€
SABIAIOTCA HOOAHODOAHHMH BOJHAMH, DaCHPOCTPAHAIMEMECH BIOAH I'DAaHHAMNM.
IIpm aToM Z; m Z, GyayT 9ACTO MHAMHME, T. €. rpaHBna GyaeT npeAcTaBasATh AAA
majaiomed BOJHH YHCTO peaKTHBHOe compoTEBieHme. KosddummeHT oTpakeHHESA

salMIIeTCA
V =(2;|cos® 27, + | Z,|8in® 27, — iZ) (| Z, | cos® 2y, - | Z,|sin% 2y, + iZ)™2. (7.21)
Monyab xo3ddunEEHTA OTPASKEHA S PABEH 1, T. 6. HMEeT MecTO IIOTHOE OTPakeHHe.

OTmernM eme oaO, BeGesHATepecHO® 06cToATeABCTRO [91]. Brpaskenme (7.13)
Aaa Ko3ddmnmeHTa OTPa’KeHAA MOKHO 3AaNMCATL B BHAE

V= (Znoml - Z)/(Zno:m + Z), (7-22)
rage
Zonn = Z, c0s* 27, + Z,sin? 21, (7-23)

npepcrasafer co6oi moaHOe CONPOTHBICHAE TPAHRALM, 00YCHOBIGHHOS HATHIHOM
OpOZOABHHX B HOomepeYENX BoiH. HaiieM orHOmenme

ZyonalZy = 08?2y, + (Zi/Z,)5in* 21,,
KRoTOpOe Jerko mpeobGpasyercs B
ZyonalZy =1 — (1 — tg 14/tg ©;) sin? 27,. (7.24)
Tax xax Bcerga v, << &, 70 Zno,a/Z, < 1.
TaxaM 06GpasoM, NOAHOE CONPOTHBIEHHe TBOPHOil 'PAHHAIK MEHBIIE, 96M CO-

IOPOTHBJICHAe 3KBHBAIOHTHOR KEIKOCTH C TMH 3Ke Py H ¢y, T. €. YUeT BOsGymIeHAS
IONepeYHKX BOJH IPH OTPa:KEHHH COOTBOTCTBYET HOKOTOPOMY Kak GH pasmsarde-
HAK TPaHANH.

B [91] noxasano 'ramxe YTO NPH A3MeHOHHH YIaa nafennsa ¥ Zuonn H3MeHAeTC s
MeHbme, 16M CONPOTABICHAS 3KBEBaNIOHTHOMH sKAAKOCTA Z, = p, ¢,/cos ¥, Tak uTo
B HOKOTODHX CJHydYaax OTpPa;KeHHe OT TBOPAOro Teja mpHGIHKEHHO MOKHO pac-
CMaTPHBATh KaK OTPa)keHHe OT CPefH, XapaKTePAsyeMOi He SaBHECAMEAM OT yria
CONPOTHBICHEOM.

B sakmoueHRe¢ BHORMEM BHPasKeHHAR [J1s1 AMIVIATY] CMEIMISHAH B MPOJOABHOK
U, B nonepeuHoi u, BomHax Yepes xoasddmmmentH W, m W, B aMmIATYAy SBYKO-
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Pme. 7.2. KooppHOHEEHTH oTpakeHHA M NPO3pAYHOCTH IpH DAfeHEE IIOCKOH BOMHW
H3 JKHIKOCTH HA YIpYroe NOJYIPOCTPAHCTBO

BOTO JaBJeHAS D, = Pp¢ B majaimei soxme. Hcxoas ms obmedt Gopmyaw
(5.7), mmeem u; = k,p; WM, mOCKOABKY ¢; = W, ¢’, moxydaem :

u; = (polpcy) Wi, (7.29
B aHAJIOrHYHO

ug = (po/pbr) W - (7.26)

IIpepcTaBiAOT AETEpPEC TAKIKe BHPA’KeHHA HJIA HOPMAJbHOH K IpaHHNG KOM-
DOHEHTH DOTOKCB 3EGDPIME B OTPak¢HHCH BoNHe B xraxcctn E', a taxme B
OpOROJBHOM B HONEepedHOi BoJHax B TRepHoM Tene E,;m E, oTHeCOHHHe K aHa-
JOTHYHOH BEJHYAHe B Hajaomed nosgme E:

E'lE=|V[,, EJE=(p:tgd/ptgd)|Wi[}, EJE = (p,tgd/ptgr:)|W [
(1.2%

Unraresp MoeT yGenarbes, Acnoabays gopmyan (7.13) — (7.15), B cnpanen-
JABOCTH 3aKOHa cOXpameHma smeprmu: E = E' + E, 4+ E,. Ha pme. 7.2, a
cemeiictro kpusnx | msoGpamaer (mo K. dpmxmmy [144]) sanmcEMOCTS Momyas
kospdunmenTa orpakenns | V |or yria magenmsa npEp,/p = 3, ¢y/c = 3 masTpex
pasHEX caydaen: ¢,/b, = 1.6 (xpusan I); 1.7 (kpmpand); 1,8 (xprnas 3). KpuBue
II Ba pmc. 7.2, a v kpuewe J1] na pnc. 7.2, 6 gas Tex xe caydaen H306pamaior.
coorsercrenno * (E,/E)'* n (E/E)'.

7.3. Jlpyrme ciaysa: orpaxenns. IIycTs Temeps W8 ympyroro moaympocTpas-
¢TBa Ha TPAHANY C MKEAKOCTHIO majaeT HPOAOJbHag BoxHa. OuenmpHo, B (7.3) m
(7.4) mmeem 5 sTOM carydae ¢” = ¢; = 0. ITocse aroro m3 (7.5) Haxommm AiA Koad-
¢EnmenTa OTpa)KeBHA:

Qi/9, = (Z + Z, sin® 2y, — Z; c08* 27,) (Z + Z,8in® 27, + Z, cos® 27,)7Y,  (7.28)

a TaKxe g KoaddnnmenTon TpancopManaR O POAOILHOM BOJHH B IONEPEIHYIO0 H
B SBYKOBYIO BOJHY B REJKOCTB:

Y1/ = — (b3 sin 28,/ cos 21,) (1 — o1/py), (7.29)
9'/g, = (ccos B, /c; cos & cos? 271) (1 — @[/ ;). (7.30)

*Jocse COAYM KHATH B medaTh HoABHAACH pabora Momma (J. Acoust. Soc. Amer., 1971,
50, N 3 (part 2), 819), B KoTopoii paccMaTrpuraercsa 3agada o6 oTpakeHMH HA TPAHNIE JKEXKO-
©TH H TBepJOTO Tela ¢ yueToM IOTephb B Cpefax.
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Namocrpan®o sBepreTndecKHx cOOTHOmeRmH IJIA BTOTO CJydasm cM. B pabore
K. 9pmxmra [144]. Omm mocmpomspefieHH Takxe B MoHOTpadmsax B. IOnara,
B. Ilxapmxercxoro ® @. Ilpecca [145] m M. Pensyna [226].

Korga Ha rpaEmny mafgaer momepedHas BoaHa (¢ = q>1 = (), moxygaem H3
(7.5):
Y/, = — (Z + Z,co8* 2y, — Z,8in 27,) (Z + Z, cos® 2y, + Z;sin?27,)t, (7.31)

M, = (tg9/2sin® v,) (1 + $/¥)), (7.32)
1’1/ \Pl (cl cos 271/bf sin28)(1 + \Pl/ \Pl) (7.33)

npe Z — ( Mu mostygaeM paccMOTpesHHH B § 6 coryuait, Kora yopyroe noaynpo-
CTPaHCTRO T'PAaHAYAT ¢ HYCTOTOM.

7.4. TlosepxEOCTHAA B «BHLITERNIO A A BoxHL Ha rpamane. Ilo ompesmesenmio,
IIOBePXHOCTHHE BOJHH MOT'YT CYMECTBOBATh Ha I'PAHEIE IPH OTCYTCTHHEH IAfaio-
meii BOJHH, CJION0BATeIbHO, CACTEMY NOTERNAAIOR 1A Hee MK moxysmy u3 (7.3)

g (7.4), moxoxms '
q)’ = q);. = \p; = O. (7.34)

Takam oGpasom,
p= (p'ei“, P = (P’l'e—ia,z, \pl — \p’l'e—iﬂ‘r. (7.35)

Cacrema (7.5) npa yuere (7.34) Gymer masaTh CBA3b MEKNY MOCTOSAHERIME ¢, (p;

g ¢{,. Tak Kak cHCcTeMa ONHOPOAHAS, TO PABEHCTHO HYJIO 6@ ASTePMHHAHTA [AeT
ypaBpHeHHe AJs TOPH3OHTAJIBHOTO BOJHOBOTO 9HCiIA E 1Jf 3TOH BOJHHI

Ama? (1,8 + p?) — 2! = 0. (7.36)

OGosmaunm ama;oruuno (6.20)
g=(bi/e))?, r=(ble), s=(u%=@wh) (7.37)

Ile v — CKOPOCTb mOBepxHocTHOH Boamm. Toraa, corxacHo (7.3) m (7.4),

o = (iw/v) Vi=sr, o= (o) V1—sq, PBy= (i) Vm (7.38)

B pesysibTare ypafmeane (7.36) sammmercs » BHEAe, aBajormamoM (6.21),
YT s VI—gs—(s—2 =(p/o) (1 —sq)" (1 —sry™.  (7.39)

Kak B B ciyuae pareesckoit poamnn (cM. § 6.2), ypannenne (7.36) moxu0 moxy-
ugTh H3 yciosAs V = oo, rae V npaercs eupakenmem (7.7).

Vpanuennse (7.39) pcerma mmeer pemenue, 118 Kotoporo v < ¢, v < by a,
oy ¥ Py — IOJOMHTEIbHO MHEMHE BeJMIHHE. a moTemnmain (7.35) GyayT coor-
BETCTBOBATH IOBGPXHOCTHOR BOJIHE.

Haiigem pemenme ypasBenus (7.39) B ciygae. Korja ynpyroe noxynpocTpas-
CTBO TPaHMYAT ¢ CPABHATEJIBHO PA3pe;KEHHOH cpefoil. HampHEMep, ¢ rasoM, TakK,
_4TO MOKHO CYATATH BHOOJHEHHEMH YCJIOBHA p/p,<1 1/r = (c/b)? << 1. Tlo-
CKOJBKY MHE HmeM Kopenb v < ¢, To H s = (v/b,)? < < 1. Packaagunsasn s (7.39)
JIeBYI0 9aCTh II0 CTeNeHAM S U OIPaRHINBAACDH HepBOH CTeneHbIo, & 3aTéM BO3BOAA
BCe ypPaBHeHHe B KBaApaT, MH IOJyYaeM H3 HEero

s (1 — sq)

1 —sr=— .
4oy (1 —qp

Canran spech cHavaJa NPaByIo 9acTh HyJeM, MK moxygaeM s = 1/r. B ciegyiomen
npuGIEKeHEN B IPaBOl 9acTH MOJIOKHEM s — 1/r m mpeneGpesxenM ¢/r mo cpanse-
~nuo ¢ 1. Torma momydaem

rs =1 —p¥4p2rt (1 — q)%. . (140
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310 pmaerT AmsA CKOpoCTH
v=bVs=c[l—p¥8irt(1 — q)", (7.41)
KOTOpasA OKASHBAETCA HECKONBKO MEHBMeOH CKOPOCTH sBYKa B BEepXHeH cpefie.
Us (7.38) Temeps Haxopmmm
a =ik pl2pr (1 —¢q), ay =By =~ ik, k = @lec. (7.42)

Creposarenbno, yfHBaEAe aMINTETYAH HOTeHIMAJIOR B BePXHeH B HExHEH cpeax
OpE yAAaNeEAH OT TpaBHNH 0yfeT OmMHACHBATHCH OJKCIOHOHTaMH

exp [—kpz/20,r (1 — g)l, 2 > 0;  exp (kz), 2 <O0. (7.43)

Taxum 06pasoy, B rase, HOCKOABKY p/py r << 1, aMnauTyfia yORBaeT NpE yAaAeEAN
OT 'PAaHHENH 0YeHH MEJJIEHHO, B TO BPeMA KaK B YOPYroM HOJYOPOCTPAHCTHE RECh
BOJHOBOH IpOIEcC CKOBIGHTPAPOBAH B €06 TOAMAHON NOPAAKA AMHHH BOJHH B
BepxHei cpefe. B ropmsonTanbEOM HanpaBIeHAR (BAOMb KOOPARHATH ) BOJHA HE

LTk O6 77

Pme. 7.3. CxemaTHaecKoe H300-
paKeHHe 3aTyXaloledl moBepx-
HOCTHOE BOJHH HA TIpaHNNE
JKHEJKOCTE H TBepHoro Texa. B
lleBol MOJIOBEHE DHCYHKA H30-
6pakeHH BOJHOBHe (pOHTH, B loepdce
OpaBoi — BOJHOBHE BEKTOPH S PENT

AN

saTyxaeT, €CIH He YIHTHBATh HOTJOMEHHe HEPIEA B cpefax. Mm mcTpermMcsa
c Tako# BoaHOH eme pas B § 41. M. Bro [115], a Taxxe Y. Toxcronr m K. Kuet
[94) BasumBaror ee ponmoi CTOHeNH, NOCKOJABKY OHA HONYYAeTCA KAK UaCTHHIA
‘cmygatt ponEn Cromenm (cu. § 8.2), Korma OHO H3 IONYHPOCTPAHCTR MKENKOE.

Kpoxe Toapko 9T0 paccMOTPEHBOH NOBEPXHOCTHOH BOJHE Ha TPAHANE pasfgena
sKAKOTO B YHPYTOro MOIYNPOCTPAHCTE CYMECTBYeT eme oxHA BoaHa. Ee mpEpony
Jierde MOHATH, €CJIA CHOBA IPefNON0;KETH, YT0 BePXHEe NOJIYIPOCTPAHCTRO 3aII0J-
HEHO paspe;xeHHoi cpejaii. Ecam 611 0HO 650 BaKYyMOM, TO Ha IPAaHRINE CYmeCT-
popasa Ok BomHa Paxen. Teneps oma Takxke, no-sEAEMOMY, OyAeT cymecTROBATD,
TOMBKO €6 CKOPOCTh GyleT HeCKo.1bKO BHIOASMOHEeHA Ws-3a PEAKIHN BEPXHEH cpe-
o, Opmaxo ecam aTa ckopocth GyneT Goabme ¢ — CKOPOCTH sByKa B BepXHeH
cpene, TO 5onHA Gymer 9aCTHYHO H3TYYaTHCA B BOPXHE® HONYIPOCTPAHCTRO, T. €.
GymeT oTHOCHTHECA K Kaacey «puTeKanmux» BoaH (leaky waves) (cm. JI. Deansern
[96]). AMnuaTyaa Takoi BoAEH GymeT yOWBATH OPH NPOABHKEHAH BNOJH I'DaHH-
nu. Ha prc. 7.3 msofpanens ¢poHTH BOMH B RAAKOCTHE B B TBEPAOM Teje (renas
9acTh PACYHKA) H HOPMaJAbHEE HM BOJHOBHE BexTopa (cumpana). IIpegnomaraercs,
9T0 ociabieEne BOJHK B FOPH3OHTAJBHOM HAUPaBJeHHA (CJeBa HampaBo) MAo.
IlockOABKY B IKEAKOCTH AMEET MECTO OTTOK 3HEPIHHE OT 'PAaHHNH, B TBODAOM Tele
HOMxeH GHTH ee IPHTOK K TPaHHENE. JTO 0ecHeTABaeTCA COOTRETCTROHANM HAKIIO-
HOM BOJIHOBHX (POETOR IO OTHOMEHHIO K IrpaBHENe. TommuBa JAEHE, H300paar-
MAX BOJHOBHEE (QPOHTH, YCIOBHO IEpefaeT aMIIETYAY BOJIHH. VHTepecHO OT~
MOTHTH, 9T0 OPH YAAJCHRH B }KHAKOCTH OT IPAHNIH 0 HANPABICHAI HOPMANH R
mocienHe#, Mpl Gymem HaGmogaTh yBenIMYeHHe aMONHTYAH BOAHH. JT0 06BACHSA-
eTcs TeM, IT0 B GoJee yaaNeHHKX OT TPAHAN B TOUKAX BOJHOROE MOIe 0GYCIOBICHO
HsAy9eEHeM (oyee JOBHX Yy9aCTKOB IPaHHENH, I'e aMIIHTYAa BOJHH (ojbme, 3eM
B TO4YKax, JexaMBX Ipanee.

«Burtexaomas» BomHa cgMa mo cefe cymecTsoBaTh HE MOKET, TAK Kak, B
90CTHOCTH, moAe Ha GeckoHedHoCTH HeorpaEmgeEHO. OJHAKO TAKOTO pOfla BOJHH
BHEAAIOTCH OPH PACCMOTPORHH HOJA TOYOYHOr0 HCTOYHAKA B CIOHCTOH cpefe.

’ E |



IIpm 3TOM BO3pacTaHAe aMILIATYAH BOJHH NPE YXOfe OT I'PAHHNH IpeKPamaeTcs
OpH HEKOTOPOM YAaJeHHH M SaMEeHSeTCA 3aTeM yOmBaEHmeM *.

B sakiouenue saMeTEM, 9TO Bompoc 0 BoJaHax Pajes Ha rpaBHOe XANKOCTH H
TBEPHOTO Teja paccMaTpEBaics Takxke B paGore A. ['y6amona [31].

§ 8. OrpaskeHHe OT rpaHEHUL yNPYTEX OOJYNPOCTPAHCTB
B OT CHCTOMN YNPyTHX CJ0€B

8.1. T'pamwma Me:xNy AByMA yOpyraME noxynpoctpamcramm. IIpeamonosxmy,
9TO yIpyras BOJHA mAflaeT Ha 'PaHANY U3 BePXHEro noxynpocTpascTsa. Cacrema
noTeEnHEa 0B sammmercs (cm. paEc. 8.1):

23>0, ¢ =¢e + gle—inr, a4 = ng—_Tf'i,
P=yeP Hytein p=VE %
20, ¢ =, b =t ' (8.2)

B HE)XKHOM MOJyNDOCTPAHCTBE HMEKTCA TOJIBKO YXONAMEe OT T'DAHEIH BOJHH.
®axrop exp i (Ex — ) Bclofy onyckaem. ITopcTanonka (8.1) u (8.2) B rpaEAYHNE

8.1)

d
y' yl
2"\ P’
fap Pre. 8.1. CHcTeMa BoJH IpH
% ;  OTpa’KeHHH HA rpauAne ymo-
9 %,p Pyrux DOXYUpOCTPAHCTB
N5
A
ycaosma (5.11) aaer cacTeMy ypaBEeHHH, CBA3KBAIONAX HOCTOAHHNE ¢, ey it
RBW —¥)— P @ + 0] = — W Br¥s + P1P2)s (8.3)
pla@ — ) +p W + 9] = pr(— g + piby), (8.4)
BOY —¥) — (@ +9") = — Bt — Eou, 8.5)
0@ — o) +EW +¥) = —ap; + 1. (8.6)

Us apyx ypasmenmi (8.3)  (8.5) moxuo BHpasnts ¢’ — ¢” my’ — " 9epes g,
" Y,

(</28%) (¢ + ¢) = A4:91 + By, ®.7)
(/28%) (4 — ¥) = As91 + Bat, (8.8)
rae
Ay =n?—mp\ft; Ay = (n*p —mpy)/B;
B, = (n*—m)Bi/E; B, = @yB) (n*p/E —m), 8.9)
m=p,p, n=bb, (8.10)
Apanormuso, ms (8.4) u (8.6) maxommm
(4/28%) (¢ — &) = (B/3) (12Bo9/By — Aoy) (8.11)
("3/252) ' + V) = — 81948y + 411, (8.12)

*Cwm., Hanmpumep, [53]) rae, B 9aCTHOCTH, pacCMOTPEHA «BHTEKAOMAA? BOJHA B CIyIae TOH-
KOH IJACTHHKH, NOMeMeHHOH B SKHIKOCT.
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JlaxpBefinmit xon paccy:kneEmi Taxkon. IIpemmosoEmM, 9To Ha IpaHHENY HagaeT
opofiobEan BoaHa, T. 6. " = 0. Torma V,, = ¢'/p” 6ymer koadpammerTom OT-
PaiKeHHS IpONOJbHOH BoaHH, V), = ¢$"/¢p” — KoaddmnmenToM TpaHCPopManmm
OpoAOJbHOM BOJHH B HONOPEYHYI0 HIpH oTpakeEmm, W, = (p;/(p' — Koadpm-
TAEETOM OPO3PAYHOCTH AJIA MPOAOJIbHOM BOJIEH B W, = \p;/qa" — Koa(ppmmumen-
TOM TpaHCPOpMAEA OPOAOJIbHOA BOJHH B IONEPEYHYI0 HPH mepecevYeHAH IpaHM-
. Brraarasn (8.11) ms (8.7), a satem (8.12) ms (8.8), monryuaem nociie geeHEs Ha
¢" ABa ypaBHEHAA:

(Ay — BeoyB/afy) Wy + (By + ABla) Wy = xflﬁ’.

(Ay + BiayB) W, — (A, — B)) Wy =0 (8.13)

AnxnA onpenenenms W, a W,. V,, 1 V;, mocxe aroro HEaffyTCcA 5J€MEHTAPHO, XOTH
6u m3 (8.11) m (8.12). Onmyckas mpocTHe, BO HECKOJBKO I'DOMOSAKAE BHKJIAIKH,
GymeM HMeTH:

A-Vy = A7 — BAyja + (2/Br) (BT — BBy/a) -+ m (BB — afar) (x3/4EY), (8.14)
by (2 . '
A = A7 + BAy/x+ (x/8) (B + BBya) + m (on/2-+Bu/B) (a/4EY).  (8.15)

N pasgee:

— (A1) V= 4,4, + (,/By) B1Be, (8:16)
A« Wy =%t (41— By), (8.17)
A-Wy,= ("f/gz) (Az 4 01By/By). (8.18)

Ecun Ha rpaBENY DajiaeT ONEPeYHAA BONHA, TO HANO HONOMKUTD p" = 0,9} =
= Vi o'V =V, 0" = Wy, ¢1/p" = Wy, TIpr srou ms (8.7), (8.8), (8.11)
u (8.12) maxogmm: -

A V= (au/B)(B: — BBYa) + A — BAYa + m (x/a — By/B) (b/4EY), (8.19)
A.-Vy=—(@2Ba)Vy, (8.20)
A.Wy= (/8 (4, — aBBofaBy), AWy =— (x/E) (B4e/o + By). (8.21)

B pa6ore [233] 1aun noapoGEme Tabaunn 3HaveHEE KO3QPANEERTOB OTpaske-
HE s OTT'PAHAIH pasfiela IBY X YIPYTAX IOJYIPOCTPAHCTS A PAsHHX YIIOBH COOT-
HomeBH# mapameTpor cpefi. PopMmanbHEO Bce Hamm pesyJBTATH CIPABEJJIHBH
IpA HAJMYEE DOTJOMEHHAS B cpefiax (KOMILIGKCHHe K, %, ky, ), XOT# mponeaieHne
KOHKDETHHIX PacueTOR H aHAJM3a PEsYJBTATOR B OTHX CJIYYafAX MOTYT OKasaThCA
BechbMa HOJEeIKAME. Bechbua o6cToATeIbHOE HCCIOOBAEAE TOTO CJIydasa IATATEN D
mocer HaiitE 5 paGore Kymepa [133l.

8.2. ToBepxmocraas Bosma Cromesn. BureRammme BoTHH. YcJIOBEHEM CY-
. IEeCTBOBAHHA HOB@PXHOCTHOH RBOJHE ABJIAETCA PABEHCTHO

A=0. (8.22)

- AMIUTHTYAR OTPasKeHHHX H IPOMEAMHAX BOJH GYXYT OTJIMIHE OT HYJIA OpPHE Hy-
nepoli aMmIETYAe Najaiomei BoaEw. Ecam (8.22) Gymer pomyckaTh Bemect-
BeHHOe pemeHHe A &, IpH KOTOpoM o, p — mOoJIokKHUTeNbHO MHAMEE, 8 &ty B By —
OTPHIATE;IPHO MHAMBHIG- BOJHYEHH, TO TAKOe pemenHe H Gyner cOOTBOTCTBOBATH
nonepxgocTHOH BosHe. OKasHBaeTCs, Takoe pemeHEe CYMECTBOBATH MOXeT, Ha
wro Buepsme ykasan P. Crosenn [241]. B ganpmeiimenm 3ToT Bonpoc B, B 9aCTHOCTH,
yCJIOBHe CYMECTBOBAHAS BOJHBI Cromenn, Bccaegonaica B paborax K. Cesana n
K. Kamam [237], JI. Kambapa [128], IHoxre [233], fimarysm m Caro [270].
A.Tmns6apr & E. Crpax [160] mocTporinm rpadak Axs onpeeenEs CKOPOCTH BO-
s CTOHEH IpA pasJMIHKX DapaMeTpax IpaBNdamux cpef. Jlerko nokasars ¢ mo-



sompio Popuys (8.15) = (8.9), aT0 Korma omEO H3 HOJYIPOCTPAHCTS KARKOE (b =
=0, n = 0,p = x = o), ypannsenze (8.22) nepexonur & (7.36). B pesyabrare ur
morydaem paccMorpeHHEE B § 7 cay¥air Bonam CToBerH Ha TpaEENE TEEPROTO
TeJa W RHEJKOCTH,

Kak & 5 § 7, BOTb C10EB MOTYT PaCIPOCTPAHATECH PASIMINHE KIACCH «BHI-
TOKAIIMAX BoJHY. X0THA BX aMIUIHTYAa BKCIOHEHNAAJbHO YORE2ET ¢ pacCTOAHARM,
y9eT HX WHOTA CYIMECTBeH B 8afade O MOJe TOYeTHOTO H3JydaTessa. AHaJAS 3THX
BOJH AJg psafa ciydaeB cM. B paGore P. ®mmmm [215]. '

8.3, Orpaxenme 3ByROBOM BONHN 0T NPOESBONLEOTO YHCIA YIPYTHEX CII0€B.
IIpepcranmm cefe cHOBA, KaK Ha pHAc. 3.4, cacTeMy B3 n — 1 cJi0en, OTPaBEICHEYIO
CHASY TBODABIM, a CBEPXY MKEJKHEM IOJYOpocTpaHCTBaMH. M3 JKATKOTO mOJYHpO-
CTPAHCTBA IaflaeT Ha CHACTOMY CJI06B HJIOCKAS SBYKOBAR BOJNHA C @MUHMYHOH aM-
ILIHTYROM | yrooM magesns &,,;. TpeGyercs onpeesdTs aMIUIATYAY OTPaKeHHOH
BOJIHH A AMILTHTYAH ABYX BOJH (OpPOROJBHOH B MONEPEYHOH) B HENKHEM NONY-
gpocTpaBcTBe. B Kampmom W8 ciaoes GyleT BOSHEKATh mapa IPOROJBHEIX BOJH
(pacmpocTpaEsOmMAXCH BREPX H BHA3 CHMMETDMYHO IO OTHONEBHIO K FOPH30H-
TaJbHOH IIOCKOCTH) H mapa aHAJOTMYHKX IONEPEYHHX BOJIH. B HmxEeM moxy-
opocTpaBCTRE GyAYyT YXoAAMEe BHAS NPOAONbHAR B NOoNepedHad BOJHH. Bee poa-
BN GyAyT comepmaTh OfEH H TOT e MHOxHTeAb exp i (Ex — i), rae

E=lknyisindnyy = kisind; =%, siny;, i=1,...,n, (8.23)

KOTOPHI# MK 1/ COKPAIPHEA SaNBCH OymeM OMYCKATh.

~ Ha xamgoii rpaBmme, pasgeisomeil TBepPAHe CPONH, AONKEH BHIIOJIHATHCS
9eTHpe rpaEmaEHnx yciaosda (5.10). Ha rpanune repxmero cos HENPEPHBHOCTA
cMeIeHnsn u, He Tpebyercs.

IIpamoit nyTh pemeBms 3afiaud 3aKJII0YAJICH GH B COCTABIGHHEHE ¢ HOMOMBIO
BCex I'DaHMYHHX YCAOBHH 4n — 1 aireGpaudecKEx .THHEHRHX yPaBHEHHi OTHO-
CHTEJBHO AMILIATYA TAKOTO ke 9HCIa BOIH. BK.I09afl W OTPa;keHHYIO BOJHY,
a 3aTéM pemeHHe 3TOH CHCTeMBI MeTonoM ofpamerms MaTpen. Oxmaro Gosxee pa-
OHOHAJBHEIM OKASHBAGTCA APYTOi# MeTo[. POACTBEHHHI NPEMeHeHHOMY B § 3 B
OCHOBHBAOIAC A Ha NCHOJb30BAHAA PEKYPPEHTHHX GOPMYJI, CBASHBAIOMAX aM-
ILTHTYAH BOJH B COCeMHHX CJOAX ¥,

Paccmorpam asa mpEMepa c1oif Homepa n. IloMecTEM spemenmo Ha9ano KOOP-
REHAT Ha TPAHHEIE 3TOTO cJ0A B cioA n — 1. Bupamernsa gis norernmaios opo-
|MOBHKX H mONEPEYHHX BOJH B CJI0€ MOXKHO BANMCATH (ONYCKAaf AJA KPATKOCTR

HHIGKC n):

= (P"elu + \p'e—iaz, a
Y= el £y

HoMmoEeBTH cMemeHHM# u, B u, HafayTca mo gopmyiam (5.7), a KOMOOHEHTH

TeHsopa Hampswerndit Z, B Z, mo opmyaam (5.1). 3nauenus BeINYRE U, U, Z,,
Z. Ha BepXHei IDAEEN® CJIO0A n, T. e. UPE z = d, obosmaumy wepes ul’, ul®,

Z®, Z®, HecioxHHE BHKIANKE AAKT:

ul® = it cos P (¢'+ ¢°) + £ sin P (p'— ") + iBcos Q (¢ — ¥") — Bsin Q' + V),
P=oad, Q=§pd. (8.25)

k2 — 2,
V—'x’—f“ (8.24)

AHanormunni BER EMEOT opyyan maa ul®, Z m Z. lpyremm smms 6y-

nyT kosddunmenTH mepep mesmumHaME ¢’ + ¢, ¢’ — ¢”, ' + ¢, P —¢".

*B pa6ore B. Tomncona [244] aTaM MeTofoM BIepBHe GLLIO0 PACCMOTPEHO OTPASKEHHEE BOJ-
HH OT CHCTeMH YHOPYIHX Cl0€B, OTPAHHYeHHHX CHK3Y H CBepPXY 'KHIKHMH IOJYHOPOCTPAHCTBA-
umu. JlannHedmes ycoBepmeHCTBoBaEHe MeToma ToMmcoma cm. B paGore JI. [amkmma [138).
IlpmMenenne MeTona K HeOHODOAENM CIoAM CM. B paGore II. Puvapdce (Elastic wave so-
lutions in stratified media. Geophysics, 1974, 36, N 5, 798).



Bee 91 $opMynn MOKEHO BaNHCATH B BEA® CAOAYMOMeH TAGIHEIM:

u| ligcos P ‘Esin P itcosQ tsinQ Y+9
ugﬂ)_—asinp — iacos P tsin Q it cos O ¢ —¢°
Z® |— (M 2ua?) cos P { (Ak+-2pat)sin P 2utBeosQ  — 2iptBsinQ | |V — ¥
zy 2ipat sin P 2pat cos P ip (*—BYsin Q p(B*—E%cos Q ¢;8+2 :;

Y106 NOAYTRTH BHPAKERH® Jus m-To sueMenta cTonbua (m=1,2, 3, 4) B aesoii
YacTH, Be06XOREMO o NpaBEAaM MATPHYHoI aare6 [ B 316MeHTH KpaiiHero cToubma
B IIpaBoii YaCTH NOCASNOBATOABHO YMHOKATH HA COOTBETCTECHHK® 0 BOMOPAM 3ae-
MOATH M-ii CTPOKA MATPPIH H pesyALTATH COOKHTh. Jnd npEMepa wETATeab
Moxer moayumth u3 (8.26) sHpamenme (8.25).

Ha nmapedi rpanvne BRGpaEBoro HaME ¢J0d (DpE z = () aHAJOTHYEHE BEJIH-
umEH 6yny? naBaThCA TAGAENEil, KOTOPYI0 MOMEHO HOXYIRTH H3 (8.26), moao:xms
B nocuepnest P = Q@ = 0. Tax xax paccMaTpBEBAOME® KOMIOEERTH TOH30PA Ha-—
npsKeRHd ¥ BOKTOpa CMOHIGHE S NDH IOPEXOAe 9epes I'PARERY OCTAOTCH BOHSMOH-
EHME, TO 270 GyIyT oNEOBPEMEEHO Taxke & soamaeEH ul Y,....Z8 " na Bepxmei
cropore cxosg n — 1. Taxmm ofpasoM, pas wmx GyneM EMeTh:

w2 ik 0 i 0 ¥+ ¢

(n—1) — i PR

u; 0 ix O 3 ¢ —¢ .
o | = . Y 8.27)
2 — (k2 O 2088 O ¥ —V

ze 0 2pat 0 pE—) [V +Y

“Pemas cucTeMy JmEefnnx ypaBmeHmi (8.27) ormocmTensEo ¢ + @”,.... 9" + $*
H NOACTABJAA NOAyYeRRHe pemennsd B (8.26), MH nojlyuaeM nocje npoCTHX, XOTH
H TPOMOSAKHX ONepanmi,

ua(:n) 2 G Q13 Gy udo

uP | lan Gn axs ay| | U 528
zy - a3 Qg A33 Ay ey '
lZ’:@ ag Gy G43 Gy Zg‘—l)

rae sAeMOHTH MaTpEnH a;x (I, k = 1, 2, 3, 4) nawoTcs EHpameEHEAME:
a,, = 2sin? y cos P 4 cos 27 cos Q,
a3 = i (tg ® cos 2y sin P — sin 27 sin @),
a3 = i sin & (cos Q — cos P)/wpc,
a3y = (tg ¥ sin 7 sin P + cos 7 sin Q)/wpb,
@gy = i (2ctg & sin® 7 sin P — tg 7 cos 2y sin Q),
ags = cos 27 cos P 4 2sin? 7 cos Q,
ass = (cos ¢ sin P + tg 7 sin ¥ sin Q)/wpe,
ay, = isin 7 (cos Q — cos P)/wpb,
a3 = — 2iopbsin 7 cos2 1 (cos @ — cos P),
agy = — op [(c cos® 2y/cos ¥) sin P + 4b cos y sin ?7 sin Q],
&



ag3 = 08 2y cos P 4- 2sin®y cos Q,

az = i(cos 2y tg ¥ sin P — sin 2ysin Q), :

ag; = — wpb?[(4/c) cos & sin® 7 sin P+ (cos? 27/bcos 1) sin Q]

ay, = — 2impb? sin ¥ cos 27 (cos Q — cos P)/e,

ag9 = ib* [(sin 20/c?) sin P — (cos 2y/b%) tg 1 sin Q],

a4y = 28in? ¥ cos.P 4 cos 27 cos Q. (8.29)
Vraw & By cBasans ¢ yraom nagenus O, ,, @ 3HA9eHEAMA CKOPOCTeH O POROAL-

HHX ¢ H DONePeYHHX b BOJH B 3ToM Cioe 3akoHoM Cmemmmyca (8.23)

(1/¢n41) 8in Bpyy = (1/¢) 8in & = (1/b) sin 7. (8.30)
Ecnu c/e,,y > 18sin 8, >>¢,,1/c, To Gynem mmerssin® > 1, & — xounaexcuo. B
'8TOM caydae yAo6HO momowmTs & = n/2 4 i, sin® =ch{, cos® = —ish{

H IpA pacYeTax HOJAb30BaThca Beaudmuol £. CxasamHoe GyfleT OTHOCHTHCHA B K
yray v, ecam ble,,, >1.

Ecim mpelnonosmTs, 9T Hay H3BecTHH sBavemms Bemwtxd uld,....Z$ ma
rpasmmne pasfena 1 u 2 cpell, To myTem HOCIeN0BATEABHOTO IPAMEHEHR A GOPMY IR
{8.28) M0xHO HAHTH COOTBETCTBeHHHE BeJWIMHH Ha I'DaEEm® ¢peA n E n + 1.
Pesyasrar MomHO 3amBcaTh B BHAE :

‘ ug‘) Ay A, Ay 4y u&l)
u(zn) Ay Ay Aps Ay uﬁl)
20| |4n A Aw 4| |20
ZP| Au 4w A Ayl |22

The MaTpEna A ABIAETCA HPOH3BElGRMeM Bcex MATPHI a. HAYHMHAA €O c10d 2 B
Komuasm cjmoeM n — 1 (cm. pue. 3.4). . e.
A =qr—-0 a(3)a(2), (8.32)

(8.31)

rae gepes a® ofosHaveHa MATpH@a g, COOTBeTCTBYIOMaAA CI0K 2, H T. A.

TlepeiifieM, HakoHen, HeHocPefCTBEHHO K 3ajade 06 OTHCRAHHEHA Kos(dmmmeHTa
.orpaxenns. IloMecTEM Temepb HAYaNO KOOPAHHAT B COOTBETcCTBEH ¢ pmc. 3.4 Ha
rpaseny cpen 1 m 2. Cymmapayw Tonmmny cioeB oGosHaumm depes H (= dp +
+4... 4+ d,). Torma cyMmmMapHoe moje mafawmei @ OTPa’KeHHOH 3BYKOBHX BOJH B
BODXHEM KAAKOM HONYNpPOCTPAHCTBE MOMKHO BaIHCATh

Pnp1 = e‘hn-{q(z‘ﬂ) + 174 ei“n+1("'m, (833)

THe Gyt =Ky, cos B,,,, a V — koadPunment oTpaxesma. B mmxnem, ynpyrom
OOAyOpPOCTPAHCTBE OYAYT TOMBKO YXOAAMME BO.THH, HOTEHIAA.TH KOTOPHX MOKHO

8alACaTh:} ) s
{ P = We;-”‘l‘ cos 017 \pl = Pe—ixzcos heh I (8.34)

Koaddmgmentnt V, W m P moryT GuTh HaiifleEH B3 yCAOBHH Ha I'DAHHENAX CDeA n
=z=n+4+1:

z=H u§ﬂ+l) — u(zﬂ), Z§n+l) _ Zﬁ“), Zg‘+1) — Z:(:ﬂ) =0, (8.35)

Toncrasms coma ul™, Z& u Z& ms (8.31) momywaem

udtt = Azxu:(&‘l‘ A I ApZ? + 4,20,

Z0 = Asxu:(cl) + Agu® + Aaszgil‘i‘ Asng), (8.36)
0 = 4 + Aullyt+ AZOit AZ2,
e u{™? g ZMP Gepyrea mpm z = H, a u®,....Z20 npm z = 0.
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BripasEM #3 moclieJHETO ypPaBHOHH A ug) H DOACTABAM B [JBa IepBHX, TOTJa
GymeM HEMeTh:
Ut = Mou® 4 MyZ® + M ng), Z8Y = M, szu(zl) + MyZ® + My Z9,
. (8.37)
rae
M‘ik = A‘ik _— A‘ilAdk/Aih i, k = 2, 3, 4. (8.38)

Ionssysncy dopmynamm (5.1), (5.8), (8.33), (8.34) m monaras cooTBETCTBOHHO
z=H am z = 0, momydaem

z=H, U =ix,, (V—1), ZVP=_wp., 14+V)  (8.39)

ul) = i(— W4 EP), uP = i EW + w cos 1, P),

D __ 2 —sin?2
Z! o?p, (cos 27, W bzsm 1.P), (8.40)

z2=20
Z® = %, (cos 27,P +—-sin 20,W) .

2
c1

Teneps m3 (8.39) BaxommmM

z ¥/

V= Bx ~ “nt1 8.41
an + Zn+1 1) ( )

TAe 0603HAYEHO:
Zoy = 20 U, Zayy = Pogr Capr/C0S B (8.42)

Jlna BxogHOTO EMmefiaHCa CHCTeMH! cioeB Zgy Haxonmm 3 (8.37) m (8.40)
Zoyy = — A/B, (843)

re
A=y Mg — inp, (cos 27, Mg + —zz—sin 20,M3,) —
— [EM5; + iw’p, (sin;2 1, Mgy — 00;271Ms4)] Pw,
B = ix,0M,, + 0%, (cos 21 My + z—zsin 20,M24)3—
— [iEw My — 3, (sin 27, Moy — OOSIZTIMM)] Pi/W,

Orsomenne P/W moseT GuTh HaiifieBo B3 moc.1elHero paBeHcTBa (8.36) mpm mop-
cradoBke B Hero (8.40)
P EAa—mde—opcos2ndie 4 op (b3/e]) sin 28144
w i#1608 T1da — EAgg — @py 8in 21143 — @py cOS 2nda

(8.44)

Koapgunment npospainoct® W mM0xHO MOMYIHTH, HanpAMep, H8 NEPBOro H3
ypaseenm# (8.36) mpm yuere (8.39) m (8.40)

22, .2,
) | (W = ‘Zf%ff,‘ S, (8.45)
rae -
S=[—EAy + a, 4,50 — inpcos2 y, Azs, + iw? py (by/cy)? sin 2 9, A24| +
+ (PIW) (—xycos py Agy — & Ay + iw®psin2y,A;z4 + iw? py cos 2 y1 429172
[(8.46)
3necs P/W npepmonaraercst BssTrM Ha (8.44). ®opumyam (8.41), (8.43), (8.44),

(8.46) m pemaror samauy. IlornomenHe B cpeflax YYATHBAETCA HPEANON0NCHHEM,
9T0 HapaMeTPH A B L B HHEX MOT'YT GHTH KOMI/IGKCHBIMH.



Kax Bmgso ms (8.41), ypasmenne Zgy + Z,., = 0 gaer V = oo B fpasercs
ypaBHeHHeM A ONpefedeHRAs CKOPOCTH (M AUCHEDCHH) «HOBEPXHOCTHRIXY BOJIH B
cEcTeme cioeB. JleranbEE aRaf@s 9TAX BOJH mpoBefeR B. Rennnc-Bopoxou
[43]; cM. Takme paborm [166, 130, 244l.

B wacTHOM Ciryd4ae, pacCMOTPEEHOM B [244], xorfia HM;KHee HOAYIPOCTPAHCTBO
ABIACTCH KANKOCTHI0, MK EMeeM P/W = 0, . =0, b, = 0 n, BOCHONbSOBAFMHCH
o6osmavenmeM Z; = @py/a; = picy/cos &, Mu moxywum ma (8.43) cpaBHETENBHO
mpocTy® $opMyry M -

i 8 — 021 M3
an = © Mg — i0Z1Mas (8.47)
Bunwmem BupaeHHA AAA K0sHPANEERATOB OTpPaXKERES M mPO3PavHOCTH A
9TOr0 CJaydJas '
Mss — 0 Z1M33 — (oMo — 2109 Zn+1

V = T 1000 T GoMn = T s (8.48) .
. _ 2i0Z,
v w My + i0Z My + (loMu— 210’2 Z,, , ° (8.49)

Ecam BssTh eme Gonee YacTHEIA cIydalk ofiHOTO JKHAKOTO CJIOA TOMHIEHH dy,
70 Popmyna (8.47) mommna copmacts ¢ (3.9). IeitcTBETEONBRO, B 3TOM CIydae HO-
AydaeM, YIATHBAH, 9TO AJAA IKAXKOTO ciosx b= 0, x = o0, y = 0

"M, = Ay = —0 pycysin Pleos 8, P = kd, cos B,
Mg, = Ayy = My, = Ay, = ces P,
My, = A,, = cos &,sinP/y,¢,.

IlopcranoBka »TEX BHpaxenn# B (8.47) H BreleRHe uMnenascoB Z; =
=p, ¢ /cos B, Z, = p, c,/cos &, cpasy mepesoamr (8.47) B (3.9).

§ 9. Crofommbie BOHLI B ILTACTHHEAX

BaxEnM cayYaeM mpAMeHeHHs HOJYYeHHAHX BHme ($OpMYX SPJISETCH OTpa-
’KeHHe 3ByKOBO# BOJHH OT NJIaCTHREKH, HOMEMEHHOA B HEAK0CTh. ONRako aRalHs
3TOTO0 CAyJafd menecoolpasHO IpPOBOAHTH MOCHe H8YYeHWs CBOGOJHHX BOJIH B
OJACTAHKE, T. . BOAH, PAaCHpPOCTpAaHAIOIMMAXCS CAMOCTOATEABHO B0OAD N.1aCTHHKH.

74 Jdtomy Bompocy B Oyder mOCBAmMEH AaHABIA
naparpad. CBoGofiHHe BOJAHHW B NJACTHHKE

T OpeicCTaBAAIT CYMeCTBeHHHH HHTepec H CaMu
0o cefle, He3ABACHMO OT BOIPOCOB OTPAKEHAA

} ' 3ByKa. MIx mocaenoBaTeabHas TeopHd, NO-BAAH-
b——— e > MoMy, BuepBHe Guia fama JlamGom [186).
J 7 9.1. BosEnl ropascHETAILHON mONAPH3AIHE

(SH-eoma wm Bosmwt JIsea), PacemoTpEM
cHauasa 0oJee mpocTo# caydai, KOTfa CMele-
Pmc. 9.4. K reopmm sonm JlsBa  pgme wacTEN u, = u (T, z) HANPABIEHO Hapai-

: JeAbHO TIPAHENAM NJACTHHKE H IePIeHIAKY-
IAPHO HANPABJIEHHIO DACHPOCTPAHEHHSA BOJNH (HampaBiienme OCH Z, puc. 9.1).
Cmemenne u MOJMKHO YNOBIETBOPATH BONHOBOMY YPaBHEHHIO (5. 3) KOTOpOeE,

€CHIH HOJOKHTH
u = f(2) exp i &z — ai), ©.1)

FEPf=0 Bt - 92)

Bropoe ycaorme ms (5.4), mockoabKy B OKpYawmeil IIACTHHKY MKEAKOCTH
p =0, pmaer

sanmmercHa

z=+h2, f =0 (93)
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Ouesupao, ypaBEeHEe (9.1) M0KHO YHOBIETBODHTH, IOJNOKHB

f = Acospz - (9.4")
LR .
' f = B sin Bs. . (9.4")
B mepBoM c¢iydae CMemeHHe B INIACTHEKe CHMMETDPHYHO OTHOCHTEABHO IIJIOC-
xocrd z = 0, BO BTOpoM — aHTHCHMMeTpHIHO. COOTBETCTBEeHHO MH HEMeeM CHM-

MeTPEUHYK B aHTHcEMMerpEiHyl BoaEH. IloacramoBka (9,4') B (9.3) nmaer
IAg CHEMMETDHYHOE BOJHH

sin(Br/2) =0, B =nlh, 1=024,... (9.5)

3pecs | — HOMep HOpDMaNbHOH BOJAHH B miIacTHHKe. CMeIeHHe B 3TOM CJaYyTae
cormacro (9.1) m (9.4") Oymer

u; = A, cos (nlz/h) exp i (E,x — wt). 9.6)

KospdunmerTns A; ocTanTcsa HeompefeNeHHERMH MOKa MH He DacCMaTpHBaeM
HCTOYHEK BOJNH. 3aMermm, 9To B HyaeBo Hopmannmo# "BomEe (I = 0) cme-
TIeHZe NOCTOSHHO N0 BCeH TONIEHe INACTHHKH.

Ananormuso, noacTanoBea (9.4") B (9.3) gaeT Ansa aETECEMMETPHIHOR BOJHEL

cos(3h/2) =0, By =nxnlth, 1=1,3, ..., 9.7)
CMemenRme B KoTOpoit GyneT 3ammCHBATHCH
u; = A;sin (nlz/h)expi £z — wb). 9.8)
Bonnonoe 9BCcA0 BOAH 00OHX THHOB ﬁyne'r cornacEo (9.2)
L=V —pf = V= )y (9.9)
CooTBercTBeHRO (asoBasg CKOPOCTH BOAHH OGymer
Vi=wft =b[1 — (nl/xh)*| (9.10)
B TPpymmoBasi CKOPOCTb
U, = (/dw)™ = b (3&;/dx)™ = b[1 — (ni/nh)*]"s, 9.11)
CrefoBaTeILHO, MMEeT MeCTO IpocToe coorHomernme V,U,-= b

3amerAM, 4TO A7 8aJAHHOE YAaCTOTH ® CYI{ECTBYeT MAKCHAMANBLHRA HOMEp
HOPMAJIBHOH BOJIIH

l,, = nenas dacrp (xh/n), (9.12)

Ops KoTopom §; eme BemecTBeHHO N BoNHA (IpE mpeHe( pe;keHHHE IOTEpAMHA) pac-
TmpocTpangerca Ges saryxaHusa. M Have roBops, Aaa Aw060H HOpManLHOE BOJNHH,
“KpOMe@ HYJeBOH, CYIMeCTBYeT KpPHTHYECKAasas 9acToTa

Wy = nlb/h, (913)

HERe KOTOpPOH BomHA He GyJerT pacmpoCTpAaHATHCH IO HAACTHHKE.

M1 BEAEM, 9TO HATWIHE KHEZKOCTH, OK Y KAalOMeH NIacTAHKY, HAKAK He CKa-
3HIBaeTCH HA XAPAKTeDHCTHKAX BOJH 3TOTO THIA. ITO H €CTECTBOHHO, IOCKOIBKY
HOpPMAJIbHHE CMEIeHAs IPaHAL, NIACTHHKE PAaBHH HYJIW, T. €. BOJHOBON mpomecc
B INIACTHHKE He MOeT BO30yxIaTh Kakoe-1AGO ABHEHHAE B KUAKoCTH {paccMar-
PHBacMOM Kak HAealbHaf).

Haxonen, Mm yBERUM Jajee, 9TO H8J0KeHHAA TeOpHAs BOAH SH $opmanabHO
BECHMA CXO07Ka ¢ TEOPHeH BBYKOBHX BOJH B ;KUAKOM CJI0e, OTPaHAIEHHOM ¢ o0enx
CTOPOH HeNOAATIHMBHIME cTenkaMm (cM. § 35).

* 9.2. Bonam seprasansuoli nonspusaumn (4, = 0). KomMnonertn cuemenna
U, ¥ U, FHPAKAKTCA B 5TOM ClIydae Yepes IOTeHRNHANLE A NPA IOMOIIHE GO pMYIL
(5.8). Ilorenmmanus ymoBreTBopAIOT ypaBHeHAAM (5.9). Mu Gyzmiem paccMarpHBATDH
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cirydaii, KOTjja IIACTHHKA TPAaBHYAT C BAKYYMOM H, CJIE0BATEJHHO, HA ee IpaHA-
max JODKHH 06pamaThCs B HYJh KOMIOHEHTH TeH30pa HAampskeREd Z, m Z,.
CoorBercTBenno, ms (5.41) mosxydaem yciosEa Ha I'paHENAX:

z=-4h2 0oz —ipp=0, dp/oz+ipPp=0. (9.14)

Jlerko BHpers, 9T0 ypaBEeHAAM (5.9) YAOBIETBOPAKT, HANpPHEMEp, BHIpa)keRAS
(Paxtop exp i (Ex — wt) BcooAy mompasyMeBaeTcs):

p= Acosaz, Y =RBsinPz, a=VE—8, p=Vx*_—E. (9.15

A 7 B — nocrosEAHne. [ u, MH DoJydaeM
' u, = —Aa sina z + i § Bsin f z. (9.16)
Ipm eromM u, (z2) = —u, (—z) — BepTAKAILEKNE CMEMEHAA CAMMETPAYHB OTHOCH~

TeJHHO CpefiHeM ILIOCKOCTE z = (), KoTopas He CMemaeTcA. JTO pemenue HasH-
BaloT cAMMeTpuaHoii BoxHoi. Ilopcramonka (9.15) s (9.14) paer

tg (@h/2) ctg (BR/2) = —p¥ap, 9.147)
B = (ipA/B) cos (ah/2)/cos (PR/2), [(9.18)

#3 pAcuepcEonnoro ypasmesEA (9.17) ompepenmercs noxmonoe wucio &, I =
=1,,2...,a Taxme ¢asosas V, = o/f, mrpyunosan U, = dw/d E, ckopocTn.

ABayoryyBHM 06pasoM BOJHOBHeE YypaBHeHHA (5.9) YNOBIETBOPAIOTCA pemie-
HAAMA OJIS1 GHMUCUMMEMPUMHOU GOAHH:

¢ =Csinaz, p = Decos Pz, (9.19)

u, = —g‘zﬂ + -‘;—af- = aClcos 2z + ikDcosPz, u(z) =u(—z). (9.20)
Ioncranoska (9.19) 5 (9.14) naer

tg (ah/2) ctg (Bh'2) = —af p*. (9.21)

D = (ia C/p) cos (ah/2)/cos (Bh.2). (9.22)

HNacoepcronnntie ypasaesds (9.17) m (9.18) wacTo masmBawT ypaBHeHHAMHA
Panes — Jlem6a, mo AMEHE aBTOPOR, BUePBHe HX HOJYYHRIIAX H ACCJIe0RAPIIAX.

Kak cEmMMerpHIHEie, TAK B aHTHCEMMeTPHYHEE BOJHH B IJACTHHKE AONYCKAIOT
OPOCTYI $HBMIECKYI0 TPAKTOBKY, Ha ROTOPDOM MM OCTAROBAMCSH, IpPEANOJIOMMB
BHA9aJe, 9T0 & U f BemecTReHBH. YunTHBag ¢axtop exp ifz. nepamenne (9.15)
AJaA ¢ samAmeM B BHAJe

B = [#E  GiCxH) (9.23)

Iocaepnee BHpakenne npencTanigeT cofoll CymepunosHNA0 ABYX IJIOCKAX BOJH,
pacupoCTpaHANMAXCA B HANDABJIEHHAX, COCTABIAGMEIX CO cpefiHe# IIOCKOCTHIO
onacTEEKE (z = 0) yram -4 %, roe

tgy = a/t mim] cosy = Yk '(9.24)

Amagoruano, Y B (9.15) npeacTasETCA B BEAE CyNepUOSHIHEE ABYX IJIOCKAX BOJH,
pacnpoCcTpaBEAOMAXCA B HAIPARJICHAAX, COCTABIANMAX YIJIH —+ § ¢ MI0CKOCTHIO
z = 0, rge cos & = E/x. Takum o6pasoM, KaXmaas HOPMAJLHAA BOJHA IpeNCTaB-
ngeT cofoli cynepmosmOHI0 YeTBepKH ILIGCKHX BOJH (UMYX DPOROJBHHX H ADYX
mOmepevHHX), NepeMemarmAXCa B0 NJIACTHHKE ¢ OHOH H TOH 3Ke CKOPOCTHIO
V = w/t, ynoBieTROpAA COBMECTHO YCJOBHAM HA TPaHMOAX NVIACTHHKH.
Kak enngo B3 (9.15), semecTrennne a & f cooTrercTByIOT caydaio § <k < x,
T. . V> ¢ > b — ¢asopag ckopocTs HOpDMAJLHOH BOJHH 0oJbIIEe CKOPOCTH
D pOfOIbHKX BoJH ¢ B miacTHRKe. Ecam k < E <% (¢ > V > b), To a cTanonatcs
MBRMOH Bedmannod. B aToM ciayvae mpoposbHHe BOJHH GymyT EMETH XapaKTep
IOBePXHOCTHHX BOJH C MAKCHMAJIBHOM aMIUIATYMoM npl z = —+ h/2, B To BpeMs
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Kak momepedHBle BOJHH OYyNyT DmO-Ipe:kHeMy HIPOHHSHBATH NJIACTHHKY, HMER
ONEHAKOBYIO aMIIATYAY, IO Bcell ee Tormane. Hakonen, korpa k <% < §, 1. e,
¢ > b > V — dasopag CKOPOCTh HOPMAJILHOH BOJHH MEHEIE CKOPOCTH CHBHIO-
BHIX BOJIH B IJIaCTHHKe — KaK G, Tak B  OynyT muAmnmA. B sToM crydae mHOp-
MaJbHASA BOJNHA B IegoM 6yleT KOHNEHTPHPOBATHCHA OKOJO T'DAHHMI, NJIACTHHKH.
IIpm Gonpmoli Tonmmme mociaenBel, KOraa MOEePXHOCTHHE BOJHH Ha 06GeHX rpa-
HEEax ge GyayT nsaEMONeHCTBOBATL APYT C APYTOM, HANO OXKHAATH, YTO MK IOJY-
9EM OKOJIO KaXaoil 'paHBIH NOBEPXHOCTHHE BOJHH THHA pajeeBcKoi. U peict-
J
BHETeJILHO, DOJarasg
a=iVE—®, B=1VE—2, (9.25).
Mu  Gymem mmerTs mpE h— oo, :
tg (@h/2) ctg (Bh/2) = th{V & — k%h/2]/[th [V ET —xPhj2] -1,

s pesyantare dero (9.47) m (9.21) nepexcaar s yrarueeme (6.18) naa crkopoctm
poaEs Paxes.

BechMa BaXHHM ABJIAETCHA TaKie CAyYail MaJWX TOJMEH HJH, 9T0 TO XKe
caMoe, HASKHX YaCTOT. PacCMOTpHEM CHadaja CEMMETPHUHYIO BOJHY. JaMeHHAB B

(9.17) TaErencH apryMeHTaMH, noxydaeM —a® = p? 1. e. p Gymer MEmmo. Yura
speck sHaueHEe p? m3 (5.13), a Taxke, 9ro —a? = 2 — k%, Mm HaxopmEM

E=w22V R —kE, V=uit=2bYT— (bc). (9.26).

91y BosHy, pacupocTpaawmyloca Ges aucnepcun (V He 8aBHCHT OT 9aCTOTH) B
aHAJOTAIHYIO IOHTOBCKOi BOJHE B CTep<HEe, 0OKYHO HasHBAKT mpoaoabHoil. Has-
BaHMe He COBCEM yAaTHOe, IOCKOJBKY BO BCeX TOUKax (KpoMe miockoctH z = ()
OTJIMYHH OT HYJA H IONepedyHHe CMemeHHA.

PacemoTpay Temeps aHTRCHMMeTPHSHYIO BOJHY, mOX0xER B (9.21) mpm Maoi
TOJIMHEBE IJIACTAHKH:

tg (ah/2) = (ah/2) (1 + a2h2A2),  ctg(Bh/2)~2/Bh (1 + B*h2/12), (9.27).

Torna moxygaem
PP — % — k%) h212] = — B2,
0TCIOa HAXOMAM
E = 37k (2 — K2 (9.28).

V=oft =3k — bcH)™. (9.29).

B sroM cayuae MH HAMeem XODOIIO H8BECTHYIO H3rEGHYIO Boany. MsrnbHas BosHa
obiragaer nEcmepcmeit. Ee rpymmopas ckopocTh Gyper

U = (dt/da)? = 2.37*(xh)"* (1 — b2/et) (1 — 2b%/c?)™, (9.30).

Ipopossaan B msrEGHaA BOJHH ABJIAKNTCA BOJHAME, He o6JafalomEMA KpHTH-
9ecKo#l 4acTOTOH, T. €. COOCOOHRIMA pacHpOCTPAaBATHCA MpH J060#, KaK yrofHO
MaJiofl 9acToTe (XOTA CKOPOCTh HSTHOHHX BOJH CTPeMHTCH K HYJIO NPH CTpeMie-
HEHE K HyJI0 9aCTOTH). KpoMe Toro, B IIaCTHHKe CymecTBYeT HeoIpaHHICHHOE KO-

Pre. 9.2, CumMeTpUYHRHE BOTHH
=1 u I =2, 3asucuMocth
dasosoif CKopocTH oT [JIMHH
BoMHH mp¥ 6 =14 (mo Toux-
cromy ¥ Acpumy [248])

Pre. 9.3. AHTHCUMMETpHUHLI®
BoaHH ! =1 u = 2. 3asu-
cuMoCTh $asoBoli CKOPOCTH oT
JUINHH BOJHH OpH 6 = /4 (mo
Toncromy u Acpuny [248])




Pac. 94 3aBHCAMOCT, OTHOMIEGHHA
$a3zoBoit CkopoCTR K CKRopocTH mOme-
peIARX BOJH b oT WIMHH BOJHH HpK
PA3HHX 3HAYEHHAX Ko3pPHmHeHTA
ITyaccona s mia cmmMerpmyHOE BoJ-
HH | = 1 (OpofonbHAA BOJHA) MO
Mopae [226] .

Pre. 9.5. 3apnCEHMOCTH OTHOUWICHAR
rpynmoBoii ckopocts U K cKopocTd
HONEPeIENX BOMH b OT TACTOTH (T09-
Hee, mapaMerpa xh = wh/b) OpE 6 =1/,
mo Toactromy u Acmumy [248]

1 — DpONONLAAA (CHMMETPRYHAA) BOJHA;
2 — w3rubRan (AHTHCHMMeTPHYHAA) BOINHA

Pue. 9.6. To e, w10 w Aada puc. 9.5,
Ho aqna l = 2
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JMYECTHO KaK CHAMMETPHYHHX, TAK H AHTHCHMMETDHYHHX BONH 0oiee BEHICOKAX
HOPANKOR, KaykIaf U8 KOTOPHX 061a1aeT choels KpETHIeC KOF dacToToR. Mu Gymem
ODHIACHBATE MM WHIGKCH [ = 2. 3..., B NOpAOKe BO3PaCTAODIAX KPHTHIECKAX
4acToT. | = 1 GyzeT cooTReTCTRORATH MPONOJILHON B H3rRGHOH BorHaM. Ha puc. 9.2
nsobpaseno mpm o = Y, orHomemme @asonoli cKopoctH V K CKOpocTd mome-
PEYHHX BOJH IJA CHMMETPHYEHX BoJH [ = 1 m | = 2 Kak JyHKIHA BOIHIAHE
Th/2 = nh/A. A — nauEA BOJHH.

Ha pnmc. 9.3 nsobpaskeno To me nis aETHCHMMeTpHYHHX soxH. Ha pme. 9.4
nsobpa:xena sanucmMocts V/bor n h/A nna npomonsBoi soass (! = 1) mpm pas-
HHX sHadenHAx Koapdummenrta Ilyaccoma o.

Ha pnc. 9.5 (unmum#t neswit nvcynok) nsofpaskena saBHCEMOCTE I'PyINoBOM
cKopocTH (Tounee oTHomenHs U/b) npm ! = 1 oT sexmunmn x h = wh/b naa cam-
MeTpm4HO# (IpoKOJIbHANL) A aHTHCHMMETpHInOl (msrmbmas) moaE. I'opHsoHTalb-
Hafg npAMaf cooTs2TeTRyeT U = vp

Ha puc. 9.6 oruomenne U/b m3obpaeno kak ¢yHEKOAA Toro ke mapamerpa
xh paa | = 2. Kpntudeckas wacToTa [N CHMMeTDHYHOM BOJHH OKasHBaeTcs
BHIDIE, YeM [UI aHTACUMMETPHIHOHA. HTepeCHO OTMETHTDL, TTO AJIA CHMMETPHTHOM -
BOJHH BOJM3H ee KPHTUYCCKON WACTOTH HMeeTCH YSKHH WHTepBaj JacToT, A
KoTopHx U orpmmaTesibno. To 03HavaeT, 4T0 HA HTHX 4acToTax ¢asondas W rpymn-
HOBaA CKOPOCTH HMEIT pasHble 3HAKH. B cjiydae cocpefoTOYeHHOT0 HCTOIHHKA
BOJIH, IOCKOJIbKY NOTOK 3HEPTAH. COBNAJAIMMI nmo Hampasienmio ¢ U, Bcerna
HaOpaBJeH OT MCTOUHMKA, dazoBasm ckupocTs Gymer Hampapiema K HCTOYHHKY.

Ha xpatuueckoir wacTore ¢asosas CKOpoCTh CTanHOBETCH GecKoHedwHOM, wTO
IO8BOJIACT JIErK0 ONMpeNe;JHTh 3Ty dacTory mpm aioGou [. Ilpm V = ob mmeem
t=0,p=o.a=k=uawl,p =x=awb B pesyasrate us (9.17) monygaem
048 CUMMEMPUUHBT 80AH

‘Whjfc=mn,3n,... via oh/b=2mn,4xn, ... (9.31)
ABagoruuno, us (9.21) dan anmucummempuunwz eoan
whic=2n4x,,.. van oh/b=nm,3mn, ... (9.32)
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W3 o1EX ycaopmit caeayer, 9To Ha KPATHIOCKHX YACTOTaX Ha TONMIEHE NJACTHHKH
YKIaQHBAeTCA NEA0e THCIO0 NPOROABHHX HIH NONGPEYHHX HOJYBOJH.

IIpm gacTorax, HEe KPHTHYECKOH, (asopas CKOPoCTh IDH AaHHOH (opMe
KomebanRit naacTHEKA OKasHBaeTca MHEMoN. B sToM cayyae aEKak o BOMHE, pac-
DpocTPaHAKmEHCa BNoAb NIaCTHHKA, HO CYMeCTBYeT, a HMOIOTCH JHIIb KoNeGaRud
JacTHI, ¢ OXMHAKOBOH ¢asoii BNoAs OiacTHHKA H cHafialmel o 3KCIOREHIIAAIE-
HOMY 8aKoHY aMIiETyfodi. C aHasOrWYALIM sBIGHEEM MH BCTPETHMCHA Takke B
'§ 35 npE Wy eRMH pacmpocTPaHeHES BOAH B CIOAX.

Tot $aKr, 9IT0 AAA BOJH B NJAACTHHKE, HaXojAmeiica B MyCTOTe, CKOPocTh V
nomiEa GHTH THCTO BEMOCTBOEHOH HIA IHCTO MEMMON, BHTEKaeT TAKKE A8 THCTO
dHOPTeTHIeCKEX coobpakemmi. [leficTBHTONBbHO, TAaK KAK H3Jyi6HHWE DHEPIUK
ENACTEHKOM B OKPY)Kalmee mNPOCTPAHCTBO OTCYTCTBYeT, a 3aTyXaHHeM B caMol

Vil
/7 l

4L MM '

s
2L
) 4
200 200 /74 940

Pec. 9.7. U/b — ormomeHHe rpynmoBoifi CKOpoCTH R cxo&ocm HOmOpesHHX BOAN
Kax yuxmus Wapamerpa xh npu = 50 (mo Toxcromy B Acnary [249])
1 — CHMMETPHYHOSA, BOJIHA; 8 — AHTHOEMMETDHIHAS BOIHA

o IUEES ol

IJIaCTEHKE MH npeHefperaeM, To NOTOK 9HEPTHH BROAB IIACTHHKH JOJIKEH GHTH
HJIA BCOAY TOCTOAHHHM 10 ee fyHHe (V BemecTBeHHO0), AaH G6HTH Boo6me paBHEM
myao (V uEmMo).

VETepecHo NpPoAHAIHSEPOBATh NOBEJICHAE HOPMANbEHX BOJH BHCOKHX HOMe-
pos, uro & 6eto crexano Y. Toxcrrnt & E. Acgmmsny [248]). Ha pre. 9.7 maoGpa-
JKeHH KPHEBHe I'PYNNOBOH CKOPOCTH (OTHeCeHHOH K CKOPOCTH IONEePeIHHX BONH B)
B sapmcHMOCTE or xh mpE ! = 50 nas cEmMerpwuHo# (UYHKTHDHAs AWHMSA) H
aETHCHMMETpHYHOR (CmiomEas aEEEs) BoxH. B ofmacra 200 %xh < 380 kpm-

' BHe OCIEIEPYIOT, MHOTOKPATHO IepeceKasch APYr ¢ ApyroM. Takoe mosenenme
KPUBHX Gyner Gosee MOHATHO. eCIM PACCMOTPETh XapaKTep KPHBHX dasonoii cro-
poctH, ckaxem, B mETepBaie 360 < xh < 385 (pac. 9.8). Ha sroM prcyEKe myRK-
THDHHE JIHHAH, O0GpasyoImEe CeTKY. NpeiCTaBIAIT cofofi kpEBHe ¢$asoBHX
ckopocreli, naA KOTODHIX:

=pn, Vi=c(l— prioty " uB=sn, V=51 —stnded),  (9.33)

rpe s @ p — measie uacaa. Kpanue nua ¢asonolt CKOPOCTH CEMMeTPUIHEX B AHTH-
- CAMMETPHYHHX BOJH HEPECeKAalOTCA B YBJaX CeTKH, B KOTOPHX p -- §:= 2!
(B mameM caygae [ = 50). B ysaax, rpe s m p meuerHH, ¢asoBag CKOPOCTH CHM~
MeTPHYHHX BOJNH HsMeHseTcs BechMa ciaabo (kpEBas ofpasyer HedTo Bpoje IJa-
To) B coraacHo opmyie

o dVi- )
Uv=v(1—+ %) (9.34)
B STHX TOUKaX mMeeM MakcuMyMul U. Jljs aETACEMMETPHYHHX BOJH B BTHX TOY-
kax |dV/de| Be Mam0 (dV/de < 0) # U MuEEMagsHO. B TouKax, rje s B p 4eTHH,
BCe MPOMCXONHT TAKKe, HO C MepeMeHoi ponell CAMMOTPHIHEX H AHTHCHMMOTDII-
mnix poan. IIpm Tex xh, korna EMeeM MakcEMyM U, sHeprAs BOJHH 3aKI09€HA B
OCHOBHOM B IDONOMBHKX KoneGammax, npa U — MEHEMAIBHOM — B OCHOBHOM B
CIBHTOBBIX.
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7 - Kax Bwano m3 pme. 9.7, ab-
CONITHHIE MAaKCEMYM Ipynmo-
BOH CKOPOCTH KaK JJd CHMMET—
pU4HOM, TaK A JJA AHTHCHM-
MeTpUIHO#A BOJH HMEeT MecTo

V74 B paitore xh = 380. Ilpn srom
1778 U~V3b= ¢ — cxopocts
sk nponoasHux BoxH. Ilpm pans-

HelilleM YBeJHYCHHH xh, Kak
234 BEAHO ns pmc. 9.8, Qasoas
1772 cKkopocTh 06Gemx BogH cTaHO-
1770 BATCH MeHbme ¢, B aroM cay-

936, KaK yKasaHO BHIe, IPO-
1724

monbHAasm 49acTh AedopMammin
B KaMo# BOJNHe KOHIOEHTPH-
o 1 ol i
3 - [}
SO A CANNCCANNE A BPeMs KaKk CJBHATOBaf 4dacTh
Pee. 98. Kpuswe QasoBnx ckopocreil ana cuMMer- pacnpocTpaEsercs Bo  Bee
E’_";%“ (_1)0 > anTHCHMMeTPHIHOE (2) BoAE (1= poyme mracTHEKE (echE V>b).
=50,5=10,25) Wmenno caBATOBaA 9acTh IpH
xh > 385 Tompko B Gyner obec-
[eYABATH NOTOK 3HEPIrEH KaK CHAMMETDHMYHOH, TaK H AHTHCHMMOTDPHUYHOH BOJH.
Kpusrie rpynnosoit ckopocTa Ba puc. 9.7 npm 9THX xh BAYT MOHOTOHHO, NpAGaR-~
MafgCh ACHMOTOTHIOCKH IPA YBOJIHICHHEE %xh K CKOPOCTH CHBHTOBHX BOJH b,
Teopasn cBoGOAHKX BOJH B NJACTHHKE YCJIOMKHACTCH, KOHEYHO, €CIH IJIaCTHH-
Ka DOrPY:KeHa B KHEAKocTh. JlEcmepcEoEHOe ypaBHEHHEE JJif TOrO CAydas IOJIY-
gem0 B §§ 10, 11. TaM se yrasanm B HOKOTopHe CeACTBHEA H3 HETO. 3ATYXaHHE
BOJH, 06ycH0BIeHHO® HB3TYyIeHHAEM B OKPY:;KAOMYIO ¢cpey. PaccMoTpeHo, B JacT-
HoctA, B pabore JI. T'. Mepkymora [66]). 3aTvxamme BoAH B m1acTEEKE, BHBBAHHOE
BABKEMHA IIOTEPsAMHE B Hel, paccyorTpeno B paGorax [116 u 33]. PacupocTpaBenne
BOJIH B NJaCTHHKE, IrPaBMYANeil CO C10HCTO-HeOXHOPOZHON KEIKOCTHIO, PacCMaT-
puBanocs B. I0. 3amapckmm [34]. ‘ :
Haxonmen, Hago oTMeTHETH, WTO MH pPaccMAaTPHBAJNH TONBKO TaPMOHHYGCKAE -
BOIHH. B cayyae pacmpocTpameEms EMIyahca C IMMPOKEM CIOKTPOM 9acToT,
ompefieAMIOMel ABIAAGTCA BABECHMOCTb IPYNNOBO# CKOPOCTHE OT 9acTOTH. B cay-
9a@ YBKONmMOJOCHOTO HMIYJIhCa IpoGaeMa Tpe0yeT HONOJHATEABHOIO0 PaccMOTpe-

HHs. Mu oTcHIaeM dATaTeN A IO 9TOMY BOIPOCY K BechMa moaesHolt kaare M. Pex-
Byna [226]).

L72¢

§ 10. OTpakenne 3BYKOBOH BOIHW OT HJIACTHHEH
H OpPOXOmACHEE ee uepesd [JACTHHKY

10.1. KoodpunmenTu orpaskenns u npospaunoctn. [lycts naacraaka 3 Gymer
IOMemeHa Me;KNY ABYMA KEAKAME nonyfecKoHeYHHMHE cpenaMm I B 3, a 8BYKO-
Bas BOJHA HDafiaeT ¢cO cTOPoHH cpean 3 (pme. 10.1). KosppunmenTH oTparkeHEn I
OPOSPAYHOCTE MOr'YT GuTh Halinenn ms o6mux gopmya (8.48) m (8.49), B KoTOpPHX
Hafio DoXoKETH = 2. Beamamen M, i, k = 2, 3 onpenexnsiorca a3 (8.38), B
KOTOPHX A, = a;, maorca fopmynamn (8.29). )

PaccMorpumM BBEadane caydaii, KOrga mo o6e cCTOPOHH ITACTHHKE HMOeM OMHY
A Ty e JKHIKOCTB, T. 8. py — Ps, 2y = Zg. Torga ms (8.49) monysaem fas koad-
¢mnmenTa mpospavHOCTH

W = 2ie Z) My + i0Z) (M3 + My3) — 0*Z3M )" (10.1y
BxopammEe ciofa BeAMYHHH ME SaIAMeM B BHIE
o)Mgg = 1/Z’N, Mz’ +Maa = ZM/N, M32 =(I)Z{ (M’.— N’)/N! L(io'z)
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e
N = Z,¢082274/Z, 8in P 4 Zg sin® 27,/Z, sin Q, .
Ooh = kshcos &y = P;  Boh = whcosy, =0, (10.3)
M = (Z4)Z,) cos* 21, ¢tg P + (ZulZ,) sin®21, ctg Q,
Z, = p1£1/c08®y,  Zy = paca/e0S By,  Za = paba/cOS T

B pesyabTaTe BHpaxkeHH® Nasi KO3QPHIEEHTa NPOSPAYHOCTH 3aIMMIETCH

W = 2N [2M + i (N* — M® 4 1)1, (10.4)
Toume TakEM e o6pasoM AAa Koa(PHOHOHTA OTPAKEHHA NOJYIaeM .
V=i(N*—M*—1)[2M 4 i (N® — M? 4+ 9)I-L. (10.5)

Ecam yron nagesns ¢, 5e mpeBumaeT yria NOAHONO BHYTPEHHETO OTPaXKeHHA
Ha FpPaHHENe KEAKOCTb — TBEPMO0e TeJ0 HHE [JiA DPOAOABHEIX, HA [JIs MONEPeTHHIX

BOJIH, TO YIuH &, A y,, a CJA6NOBaTONbHO, H BEIATHHH

M B N aBaaoTcsa BEIIeCTBOHHRME, H LI Koapdann- 2
€HTOB OTPAa)KeHES ¥ OPO3PAYHOCTH NO 3HEPTHA MEI
' mosryuaeM e

|V 3= (N*—M* — 13 [4M? 4 (N* — M2 4 A)1S, _ 7
[W[* = 4&N*[4M? 4 (N® — M* + 1P1L. (10.6)

. 2 [

Ilpa srom |V [®+4 |W|?=1 cormacmo saxomy -

COXPaHeHHA 3HEPTHH. ; B\ z
B ToM carydae, Korga cBOHCTBA HEAKHEX cpep d v

- 1 HeogMEAKOBH, MBI DOy d8€M AHAJIOT HHEM obpasoM Pre. 104, K reopun ompa-

V= MO—Z) i [(V— M) 2z — 7] 407y ’eEuA mxockoii Borms or
STM@Gt ) Fi(P—MYZa+ 2] (10.7)  naacruexm
2NZ,

P1 _ )
w " = warmram—mnra- 109

IIpeacTaBaseT onpefedeHHH{ mETepec caydai Z, = 0 (epena 1 — BakyyM).
Ipm srom ms (10.7) momydaem : e

V =expip, @=_2arctg [M/(N*— M?)]. (10.9)

drot popMyois, Hanpmep. Oyvier BHPaKaTECA KO2QPHIHEEHT OTPa’keHHS 3IBY-
KOBO# BONHH, Mafaolleil A3 BOIH Ha 0€ JOAAHON HOKPOB B HOJAPHHX MOPAX, MmO~
CKOJbKY HMIOOJAHC BO31YyXa MOKHO NPHHATH PaBHHM HYIO.

BossparEMCs CHOBA K CJIY9a0. KOTAa 0o 06e CTOPOHH IJaCTHHKE OfHA H Ta
e xEgKocts. Ha pme. 10.2, Baarom ua [245), conommo#t nmEme#t msofpameno
TeoperuyecKoe sHaueHHe Kosdpdmunenta npospaunocTH | W |* mo smepram (§op-
Myna (10.6)) xax pyEKnER yria nagemds Aas aMOMEHACBOH INACTHHKH, TOJNME-
noi 2,5 ux B Bome. Uacrora sByka 402 xay, 970 COOTBETCTBYET JNHEHE BOJHH BBYKA
B, amoMaEne A =~ 1,3 cx. CmnsHoe ysenmuenme mpospaunoct®E B ofmactm 40°
ofpACHEAETCA NPHIAHAMHA, KOTOpHe GyayT mogpobHo paccMOTPEeHH B CJeAYIOmeM
paspgene. [IyakTApBas KpmBaa momydeHa 3KcmepEMeRTanbHO. Hekoropoe Hecos-
DafieERe MeCTONIOJO/eHAA NAKOB Ha TeODeTHUYeCKOM H 3KCHePHMEHTAaJbHON KpH-
BHIX, IIO-BHAMOMY, OOBACHACTCA TéM, YTO B TEOPOTHYECKHX PaciyeTax HE YFMTH-
BaeTCA 3aTyXaHHe BOJH B OJACTHHKeE. .

Tax xe xkak B § 8.2, npEpasamBasn K Ay;0 sEaMenarens B (10.4), M moxy-
9aeM YCJOBHe CYIMIeCTBOBAHHA CBOGOJNHWX BOJH B LJACTHHKE, HOTPYKeHHOH B

MHEAKOCTD:
oM 4 i (N* — M® 4 1) = 0. (10.10)

B sroM cay 9ae IPHE CTPOMICHAR aMIJIATY /K Oafalonell BOJHN K HYJ0 aMIIATY-
AH OTPaXeHHOH H mpomeAmei BOJH OCTAWTCHA KOHETHHWMA. [Ipm 5ToM, eclE mO-

51 . 4



cxepane GynyT OOHTHHMHA BOJTHAMHE, YXOAAIMEME OT INIACTHHKHE, CBOGOAHAS BOJIHA
B nAacTEEKe Oyaer saTyxaomed BcaeAcTBHe NOTeph sHePrud Ha Asaydenne. Ecan
#e 9TH BOXHH GyAyT HOOMHOPONHWME (KOMIJCKCHHE O H §;), TO COOTBETCTBYIO-
mpe EM cBOGogHME BOJAHH B maacTHEKe GYAyT HesaTyxalomuMHE (SaTyXaHHeM
BOJH B caMgif miacTHHKe npene6peraem).

Yuarusaa (10.2), ypaseenme (10.10) Moxmo npeoGpasoBaTs kK BEmy

(E +iZ)) (F — iZ,) = 0, (10.11)
rae :
E = Z, cos? 2y, ctg (P[2) 4 Z,, sin? 2y, ctg (Q/2),
F = Z, cos® 2y, tg (P/2) + Z,, sin® 2y, tg (Q/2). (10.12)

3navenns Z,, Z, B Z,, nawrca dopmynoi (10.3). HamomnraeM, 9T0 BeIAIMHE
P 1-Q pawor saler $ass COOTBEFCTBEHHO HPOAONbHOA B monepeuHoi BOJH Ha TOMI-

™Y IEHEe IIACTAHKHE, HWHAEKC 2 OTHOCHTCH K
py mIacTEEKe, HHAGKC 1 — K oKpyxaomek

’ cpene.
94t ‘IIpr sapgaHHEIX TOJWHHe ILIACTHHKH,
00 IUIOTHOCTH H CKOPOCTAX NPOAOJLHHEIX
561 H momepeYsHX BoAH B Helk HeompepmemeH-
sumMA B ypasmenmm (10.11) ocraworca

q4
g aEms yrawm 9,, #, 2 9,. Tak kak, ogHako,
g2} BCe OHA CBJSaHH 3aKOHOM IPEJOMICHHSA
2 - » . sin{h = 3ill‘02 — sln‘n , (10‘13)
70 20 07 97 97 60 70° & o by

Seon modesur TO B KOHEYHOM C4YeTeé HEOImPeeIeHHH

Pac. 10.2. Koodumuenr mpoapawmoctu Gymer mEmMB OfMH xaxoii-rtnﬁyns H3 9THX
ATIOMHEEMEeBON IUIACTHHKK, rolmuHo# TPEX YIIOB, 9epe3 KOTOPHH H MOMXHO BH-
2,5 xx B Bofie HA FacToTe 4,02-10° 2y pasars nsa apyrEe. Opmako ymoGmee EH3

;-—reopermxan KpaBas; ypaerenus (10.11) onpenennts BermamEy
- 3KCUePAMEHTAXBRAN V=c 1/sin 01 _ C,/Sin 0’ = ,/sin Vo
(10.14)

PaBHYIO0 CKODOCTH mepeMeIIeHHs ciefa Kakmol B3 5THX TPeX BOJXH BJOJb ILIac-
THHEKH.
Vpasnerme (10.11) pas6mEBaercs BHa jBa ypaBHEHHA

E+iZ, =0, F—iz =0. (10.15)

Moxno mokasars [232], o BepxHEe ypaBHEHAE COOTBETCTBYOT CEMMOTDHIHEM,
8 ‘HEXKHO® — ARTHCHMMETDHYHHM BOJHAM. ECAE OPEHATH ILIOTHOCTH OKPY:Kamo-
met cpegH p,, paBHO& Hyxo (caegoBatensBo, Z, = 0), To (10.15) mepemmcrina-
erca. ' :
E=:0 (10.16")
L
F=0. . (10.16")

Jerko mokasaTh (yIMTHB&R, B acTHOCTH, (6.13)), 9ro (10.16°) m (10.16") sxBHEBa-
NeHTHH cooTBeTcTReHHO ypasmemEsM (9.17) m (9.21).

" Pemenms ypasmenmi (10.15) Gyayr maBath B ofmeM caydae KOMILIEKCHH®
sHadeRHA cKopocTH V, 4ro ofbacHseTcs morepell sHOPrAME BOJNH Ha H3TyYeHHE B
oOKpyxaomyw cpeny. OnBako ecm B OKpyxaome# cpese Bosby:knalTca HEOA-
HopopgHHe BoaHH (caydali V < ¢,), To H3Iy4eHHE OTCYTCTBYeT, H BOJHH B IJac-
TEHKe GyayT mesaryxawmmma. [TonpoGroe HccaemoBanme [232) moxasmiBaer, TTo
raknx Boae Gyner gee. OnHA M8 HHX HPHHAJIEKHET K CHMMOTDPHIHOMY, APYTaf K
aATHCEMMETPHIHOMY. THIY. -

. 10.2. Crysait monmoii mpospaynocTa naacTHAER. BepreMcsa CHOBa K BHIpaxe-
anaM (10.6) gas ko3$PUOEeBTOB OTPaXeHHA B NPO3PATHOCTH. [lnA BeMHYEHE
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0o0paTHOH DIpPOSpPaTHOCTH HMEeM

1/]w]|2=1+ (1 4+ M>— N?)*)4 N? (10.17)
HIH, eCIH BOCHONBb30BaThCA obosmavenmsmm (10.12),
1| W2 =1+ (Z{ — EFP (2/Z,)* (E + F)™ (10.18)
VYcaosme monmo# mpospawdocTE (| W |® = 1) sammmerca B BEpge
EF = Z3. (10.19)

Ono ompepenser yrom nafeEas Boaax &, (an1m $asoBywo ckopocTs Boas V = ¢,/
Jcos &, BROMD IMACTHHKH), IPA KOTOPOM EMeeT MOCTO HOMHOe NPOXOKAeHAEe SBYKO~
BO#i BOJHH 4epes IIACTHHRY.
YacTo OTHOMEHHE (,¢,/p¢y BOJHOBHX COIPOTHBIGHHMN OKpyKanmell cpefH
H INacTHEKEA BechMa Mano no cpaBaendo ¢ 1. Tak, gna amomanBeBol WiacTHH-
KH B BO3jyXe H B BOJIe OHO npnﬁnnsmenbﬂo paBHO 240" & 0,09 coorBercTBOHEO.
B TakEx cayd9asx BeamwmmEoi Z§ B IePBOM NPHGIMKEHEE MOXKHO npeneﬁpe'u» H
ypaseenme (10.19) sammcats
EF = 0. (10.20)

910 ypaBmenHe coBnagaer ¢ ypasuermsm® (10.46) pas ceobopmmx BoaH B miac-
tTrEKe. TakEM 06pasoM, My MOMydaeM BajKBHH Pe3yabTaT: eCilA BOJHOBOE CONPO-
THBICHHEE OKDYKAWIEH >KHAKOCTE CYMECTBHHO MEHBbINe, 9éM NNACTHHKH, TO
HOXHOe MPOXOMK[IGHHE MMOET MCTO NP TAKHX YIiaX HAfieHHs, KOTAa CKOPoCTh
. cefa majaKwmeil BOMHK BAOAb NJIACTHHKH COBIAfaeT ¢ $asoBOH CKOPOCTHIO CBO-
GomHEMX BOJH B IaCTHHKE. JTO HpaBHiIo GbT0 Hazsano JI. I{peuepou [134] «upa-
BHJIOM cOBOAfeHHIN *.

9xcnep1men'raasnoe OONTBEPKAeHAE STOTO NPABHIA TaK ke, KAaK H aHAIHS
CBA3H MeXY NPO3PATHOCTHIO INIACTABKA H XapPaKTePHCTHKAME CBOGOANKX BOJH B
nJacTHHKe, cofiepxETcH B ofcTomrenbHol paGore A. IMoxa [232]. A

Hapgo mMeTs B BEJY, 9TO COBCEM He Ka)k[ad CBOGOJHAA BOJHA B IJIACTHHKE
MOKeT COOTBeTCTBOBATH MOJHOMY IIPOXOKACHHI 3BYKOBOK BOJIHH 96pPe8 NJIaCTEH-
Ky. Tax, HampuMep, CIBATOBHEe BOXHH B ILIACTHHKE, CMEMGHAS B KOTOPHX Ia-
pajleIbEH TPAHANAM NIACTHHKH, HHKaK He MOTYT OHTH CBS3aHHEME CO BBYHO-
BHIME BONHAME B OKpymawmed cpene. Jpyrae cBoGogHHe BOJIHH B IIACTHHKE
MOT'YT COOTBETCTBOBATh NONHOR IPOBPAYHOCTH IRINbL NPH KOMIVIeKCHHX YTiax
OajileHAs 3BYKOBHX BOJH.

10.3. Ilagenne BoEN WOX YTJIOM HONBOTO BHYTPEHAEIO OTPaReHH:A. Hponon-
mas AHATH3HPOBATH PABTHYHHE YACTHHE CTyYal NPOXOMIOHHS 3BYKOBoH BONHE
vepe3 INACTHHKY, HMeeT CMEHICA DaccMOTpeTs caydai @, = arcsin (c,/c,), TTO
COOTBETCTBYeT TI'DAHMTHOMY YTy NOJHOIO BHYTPeHHETO OTDa)ieHAS AJad ILPo-
FONBHMX BOJH Ha FPAHNMNe JKEAKOCTH H YIPYIolo NOXYNPOCTPAHCTBA.

IIpm sin €, — ¢;/c, Mt mMeeM sin &, = (cp/cy) sin &, — 1, 1. 6. 83— 72 —
OPOJONbHAS BOJHA PACHPOCTPAHASTCA HAPANAeNbHO IpammaM mwiacTHERE. IIpm
sroM B (10.12)

= (@hjcs)cos By— 0,  Zy = pacy/cos By— 0,  Z,tg (P/2) — py0h/2.
B pesyasraTe momywaeM
E— 0o, F—(py0h/2)cos® 27, 4+ Zysin® 27, tg (Q/2). (10.21)
Bupasenne (10.18) mpm sTom npmoGperaer BER '
L/|W P =1 +4FYZ} = A + 4 [(ps0h/2) cos® 27, + Zy sind 27, tg (Q/2))/Z;. (10.22)

*[ToneSHO OTMETHTH, YT0 B CAYyY4e TPOXORACHEA BOMHL Tope3 HKUAKRAME caoll, chopMyitd-
PoBaKBoe Biille €0PABAAO COBUANCHHIY ABNACTCA He NPKOIRAEHHLM, & TOYRLIM. :



Herpyaro BEgeTH, 9TO 376CH MOKOT QCYIMECTBAATHCA KaK IMOMHOE OTpa){eHue,
TaKk B OOJHAA OPO3PavHOCTS. B caMoM jene, mpHE

Q=Cn+1Yhn, n=014,2,.. (10.23)

nomygaeM | W |2 = 0, 1. e. noamoe ompancersue. Yunrupas saavenme @ ms (10.3),.
nociefHee YCJAOBEe MO)KHO 3aOHCATh

=(2n + 1) M/2cosyp. (10.24)

Taxem o6pasoM, mONHOe OTPa)KeHHE HACTYNAeT TOTAa, KOrJa HA TOJMHEHE
IJIACTHHKA YRIANHBAGTCH HEYeTHOE THCJIO HONOBHH 3PPeKTHBHHIX [JIMH CIBHTO-
BHX BOIH A,/C0S y..

Hoanywo npospaswocms (| W |* = 1) mu monydsm, NpEPaBHAB K HYJIK CK0G-
Ky B (20.22). B peayapTaTe monyuaeM TpaHCIEHAGHTHOe YPaBHeHHe JJA ompeje-
JeB’sA COOTBOTCTBEHHEIX TOJIMMH IJACTHHKA

pah =274 tg* 27, 1g (Q12). (10.25)

IKCIePHMEATAaNbHOe HOATBEPKICHAES TAX pesyasTaroB cM. B paGore K. Maxmn-
cona [197]. ®opuyan (10.24) = (10.25) MoryT cay:xmTH ocHOBOHK fAA ompeneneHAs
YOPYTEX NapaMeTpoB IJIACTHHKA DA OOMOIMM ONPeAeeHHEs YrioB HOJHOTO OTPa-
MEHAA W IOJHOH NpO3PAYNOCTH.

ITonezry®w pgmCKyccHK BOIpPOCA O HPO3PAYHOCTH IJACTEHKH Jif SBYKOBoi
BOJIEH (Ha 0CHOBe Brpa):enns, anamormaroro (10.18)) BMecte ¢ meKOTOpPHME pac-
JeTHHMHA PO3YABTATAME YHTATe]b MOKET HaliTH B pabote P. Qas [147] H B KOM-
MenTapEAx K meir [198].

§ 11, IlprémoKenne ToHKO# H/IACTHHRH

- Bume Mm mCCneoBalE HPOXORJEHHe 3BVKOBOH BONHH depes ILTACTHHKY
(Tax ae, Kax B cBo6ogHHE BOIHEH B nnac'mmce) I IIaCTHHKA JU00 0l TOmMARH.
PeayapTaTl ynpomaXuch B caydae, Korfa ToJIIHHA NMAACTHHKH GHna Mana mo
CPaBHOHHK ¢ JAMHAMH YUPYTHEX BONH. BBHAY BasHOCTH CIXydYas TOHKOH IIaCTHH-
KH eT0 HMEET CMHICJ PacCMOTPeTh He3ABHCHMO, HE OCAOKHAHR TEOPHID BOIPOCAMH,
CHenE@UISCKAME IS TOJACTHX WiIacTHHOK. IIpH sToM M cpasdy GymeM yIHTHBATH
CBA3AHHOCTh KomeGaHHM# mnacTHHKEM B oxpy)xamwmei ee :KEmRo#i cpemm. ‘

{1.1. Ypasneans fHKReHRA B AMIeJAHCH 1A NPOIOIbHHX B H3rAOHAIX KOTe-
Gammit Tonrolt unacrumrn. ByneM cpasy paccMaTPEBaTh pa3fenbHO CHMMOTDHY-
HE¢ B aETHCAMMeTPHYEEE KoJeGaHRS NNaCTHEKHA. [lAA mepBHX B3 HAX, Ha3HBae-
MHX fajieé npodoadHuMUI, BePTHKAIbHHNE CMEMEHHS Ha TPaHANaX IIACTHHKHA
ONEHAKOBH 110 BeJHMYMHE B OGDATHEH IO BHAKY:

Uy (h/2) = —u, (—h/2)=u,. (11.1).

Cuemenns B BmockocTH z = () mpH sTOM TACTO NpoAoasENe (1, (0),;= 0). Haaero-

PHX, Ha3HBAaOMHX [afiee TAKMKEe Us2uOHbMU, CMOICHRA Ha TPAHANAX OMMHAKOBHI:

U, (— h/2) = U, (h/2) = Ug. (112) A

~ IIpE najeRdn Ha DJACTHAKY 3BYKOBOH BOJHK H3rMOHHS KoNeOAHES BH3HBAKTCA

Pa3sHOCTBIO [JABJCHHH IO Ty M APYIylo CTOPOEH NJACTHHRE: Pg = (p; — p4)/2

(aETECHMMeTDPHIHAS YACTD JABJICHHS), 8 CHMMOTDHIHLM Koaé6ammmm Gymer cooT-

BOTCTBOBATh CAMMETDHYHAA IaCTh AaBAeHEA p, = (p, + p,)/2. 3mecs p, ® py, —
AABJICOESA COOTBETCTBOHHO Ha BEepXHeH H HMyKHeH IPAHMIAX NNACTHHKH.

"YpaBHenme Ans OPORONBHHX (CHMMETPHYHWX) KoneOamm# naacTHEKE (n on-
HOMEpPHOM caydae moxydeno B [61]) mmeer mmp

1 & a’—i AN
(A,,, S ) P (A,,, +alp ) P (11.3)
3mech
Ay =301 + %3y, o, =0/(1—0), E,=E/1—0% ¢,=Ep, (11.4)
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THe ¢, — CKOpoeTh PacIPOCTPAHeHAA OPOAONbHHX BOJH B CBOGONHOM MIacTHHKS,
Po — LOIOTHOCTH Marepmajia IAAcTEHKE. Ilpeanosoxmm, 4To p, H u, AMET BHJ
{rapMoEmYeCcKas BOJHA)

P. = poexpi(tr —ot), u,=ulexpir — wt). (11.5)
‘OnpependM HEMOENAHC INTACTEHKH Z, 00 OTHOMOHHK K OPOJOJGHHM BOJHAM KaK
Z,= —p,v,, tRe v, = —iwUu, — BePTHKANbHAS KOMIOHeHTa CKOPOCTH Ha

BepxHe#l rpammme miacTRHKE (z = h/2) B sroff Boame.
TopcraBasa (11.5) B (11.3), HaxoguM BHpaskeHRe I AMIEAAHCA IPOAOMBHNX
KoneGanmii

Z, = phi(— ioul) = (2iEjoh)[1 — ot /(1 — BY/ED], (11.6)

rpe oGosHaueHo &, = w/c,. Ycmopme Z, = 0 ompepenseT CKOPOCTh CBOGOZHHX

OPOAOALHNX BOMH B IIACTHHKE H, KAK H CIQ0BAIO0 OMHANATH, faeT & = §,. Ypas-

~ menme (11.3) =, cremoBatensno, BHpasenne (11.6) momysenn B mpeamomorxennn,
qT0

EhCA, (11.7)

T. 6. UTO [QJHHA IPOXOJBLHOH BONHH MHOTO GOJbINe TONMMHH NIACTHHKH *.
MarmbEne KomefaHMA NIACTHHKHE ONHCHBAalOTCA ypaBHemHeM (cM. [200])

m 9 1 o tuy
(Aﬂ_‘é‘—aﬁ)(D‘AW"Tz‘mhzﬁz‘)"a‘*'”‘a_ﬂ_
D ha 42\
=(1_-Q-.AW+S_QW)ZPG’ (11.8)

tae D = E,h3/12 — marmbHas KECTKOCTD; m = p, b — Macca eJHHENH ITOMa-
XE naacTeHERR; Q = 4D/?h?; %% = 2 (1 4 0,)/30%, a 0% geaseTcH MOMOMKHATENE-
HHM KOPHeM YpaBHeHHSA

AVIT =T = —oy)092] = (2 — 02 (11.9)

H EMeeT CMHCJ OTHOIOHHS CKOPOCTH D3JeeBCKOH BOJNHH HA I'DAHHMIE TBEPHOrO
HOAYIPOCTPABCTBA C BAKYYMOM K CKOPOCTH CABHTOBOH BOJHH. M0KHO mOKa3aTh,
aro

0=1—-6+4+0(8),
‘rae

1 - 1

B ypassenmn (11.8) yarena mHepuEsA BpameHHS 27eMEHTOB IJIACTHHKH, a TaKKe
cABAETOBHE fefopManAl NpHA ee A3rEGaHEAA. ITO MO3BOJIAET He BHCTABIATH BOCHMa
7HECTKOTO YCJIOBHA, ITOOH TONM[AHA IIACTHWHKE GHIa Maja oo CPABHEHHIO C AJIH-
Hoff marmbuoi Boxan. ¥ pasHenne (11.8) cnpasepanBo BIIIOTH A0 BeCHMa BHCOKAX
YACTOT, Korja E3rmbHas BoNHA BHPOKEAETCHA B P3JEeBCKHe BOJHH Ha IpaHMNax
| MMACTHHKHE.

Kak ® B cry9ae OPORONBHKEX BOJIH, MH NPEJHONOKEM, ITO U, B p, HMEIOT BHJ

Po=paexpi(tr —wt), u, —udexpi(tr — at). (11.11)

OnpepenEM EMDefaHC A H3rEGHEX BOJH B IIACTHEKE Kak Z, = p,Jv,, IHe v, =
= —iwu, — BePTHKaJbHAA KOMIOHEHTa CKOPOCTH B aToi BoiaHe. llopcTaBass
(11.11) B {11.8) m npemeGperas B cany ycaosma (11.7) Bemmummoin

mh%w3/Q = mw?hdxt/hD = 3mxidh/E, ~ (§,hj’ (11.12)

*Toam@HEA IIACTHHKE He MOKeT GHTh CKONb yroauo Maiol. JlAa BO3MOMKHOCTH HpEMe-
BeHH# NHHeHHHX ypaBHeHNH ee Kolebannil HeoGxoRuMo, 4Tobu u/h <€ 1, the u = u, -+ ug —
BEPTHKAJNBLHO® CMeN[eHHe TPAHMIE IAACTHHKHE.
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0 CPaBHEHMIO ¢ efEHEHANCH, ﬁony‘laeu AN HMIeAaRCa 'am&merpnimux BOAH

__Pe_ _ tom - EHEHALIM @ e

Lo = —fam, =~ LR (“43)

Ecnm TonmuEHa IJIaCTEHKE Maja [0 CPABHOHHK ¢ pimBoE marubuol Bonan (Eh <
< 1), 1o, nockonbry %® ~1, momyuaem mz (11.13)

Z, = — (iom/2) [ — Eh/EPA2], (11.44)

TTO COBHAfIaeT C BHpaieHHeM, momyueHnEM B [61]. Ycemosme Z, = 0 ompepensier

BONHOBoe THCHO § = §, mam ckopocTs ¢, = w/§, EmarufuNx BoaE B cBOGomHOR

mnacraake. Ecam BocmonpsoBaTheA pusa Z, supamenmeM (11.14), To momygaem

\E‘ 1283/h? mam, yoTHBas 3Havenme &, = w/c, cormacmo (11.4), moxyusex’ -

BECTHOe BHDa)KeHHe I CKOPOCTH M3rEGHEIX.

r : BOIH (10 e camoe, wTo & V B (9.29), HO 3amm- -

‘ ! caHHOe B HECKONBKO HHOM BHJIQ);:

¢, = (Ko® Ey/12p4)".

i Teneps, kcrath, BHpasxende (11.14) uo;m:o
BaIHCATh B nnne

i P\ " Z, = — 4 iom [1 — F/&). 1.14)
s
|

11.2. Koopunmentnt oTpasmesmsa H Opo--
: 3payHocTHE naacTuEKA. [IpA A3BeCTHHX HMOCAE-
::,f;,; 1(‘)1; On:gm: apYROBOR 0% Z, . Z, samaga 06 OTpakeHHH IJIOCROH
BBYKOBOH BOJHH OT IJACTHHKA pelaeTcH 3Je~-
MeHTapHO. MK paccMOTpHM AJA OPOCTOTH CIy-
gali, Korga mo ofe CTOPOHH IIACTHHKE HAXONHTCH OfHA H Ta :Ke KHAKOCTS.
JleTaiibHOE HCCNEOBAHAE CIydIad PasHHX ;kBAKocTel, a Takwe 06 OTpasieHHH
H TPeJOMJICHRE cfepmaecKoil BOMHH OT TaKo NIaCTHAKA TATATEAD MOeT HalTH
B pa6otax B. M. KyprenoBa [53, 54].

Urak, oycTh Ha NJIACTHHKY TOXIMEHH h najgaer mIoCcKad BONHA C YTAOM Iaje-
mas §. Ha pre. 11.1 crpenxamm m306paenn HanpaBacHRA HopManel B Gpomra
nagaomeli, oTpaskenHol ® mpomemueli BoxH. OmycKas ofmym AuA‘BCOX r]ieﬁ
BonH 3KcnomenTy exp i (Ez — wt), (} = ksin &, k — BomHOBOE WHCIO B IRHA-
KOCTH), GY@ieM BMeTh [iIf 3BYKOBOTO IOTOHNHAJA BHIIe H HH)Ke ILIACTHHKA COOT-
' BETCTBEHHO

Z

~—

z>h/2, @y = ela =MD | Vela :-ha)
(11.15)
2 —hl2, @=WelaGha B
rme V B W — cooTBercTBeHHO KO3)PAMMEHTH OTpasKeHAA B IPO3PATHOCTH. An-‘ .
ODABTYRY Dafalomell BoMHH MEH OPEHATH 32 efEEANY. J[/17 BBYKOBOTO JaBNCHAS B

BePTHKANbHOM KOMIIOHEHTH » CKODOCTH Ha BepXHeft B mmkHed rpammax nia-
CTHHKE MH HM6EM COOTBETCTBOHHO

Pr= —i0p@ Je=tp = —lop(1 + V), p,= —iopp, |z—-'hlz= — lopW, (11.16)
vl = - Wllaz Ig::h/z ta(i b V), Uy = T— aq)‘/az Iza_h,z = iaw. (11.17)

C ppyroit croporH, B COOTBETCTBHH ¢ onpenenenneu EMuenancos Z,  Z, (¢M. BH-
me), EMeeM

=0+ 0, = (p; — P1)/2Z; — (P + Pl)/zza,

vy =03 — U5 = (Py — P)I2Z, + (P2 + POI2Z.. (11.18)
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Moncrannas cwoma vy, vy, Py, Py B8 (11.16) m (11.17), momyuaen npa ypapnenEa
Bas ompepeinenas V m W:

20 —N)Z=W—-1-V)jZ,—(1+V + W)/Z,,
—2W[Z=(W—A=ViZ+ (A +V+W)Z,. (11.19)

3necs Z = poja = pefcos &, p B ¢ — UIOTHOCTH H CKOPOCTH BBYKa B HHIKOCTH.
BeuTA B Clo:KEB DoCHefHHE BA YPABHEHHA, MH moJaydaeM aBa Gomee npocmx
YPABHEHEA, DEMEHHAME KOTODHX 6ynmyT

242, —2% Z(2,—Z,) .
V= Z4+Z)Z+2,) W= TS AT AAYAR ({1.«20)

PaccMoTpEM HeKoTOpHe YacTaRe caydad. [lonnoe mpoxomxpenne BonuH (V = 0)
peanmsyerca mpn Z2 = Z.Z,. WnrepecEmif ofmué aHaJ®H3 9TOTO ypaBHEHHSN
6ma nposenaer B. M. Kypremosum [52]. UM 60 nokasano, TTo CYmECTByeT He-
KOTOp0oe KPHTHIEeCKOe SHATCHHO OTHOUIOHHS WJIOTHOCTOR myp = pofp. IlpE m <
< myp HE CYMeCTBYeT BEIECTBOHHHX YIVOB MOJHONO HPOXOKEGHHAS depes maac-
rEEKy. Ilpm m ~> myp, HaobopoT, cymjecTByer gsa TaKHEX yria.

3amernmM, aT0 (CM. [61]) opE & = {,, T. e. KOorja CKopocTh clefia 3ByKoBoi
BOJHH BJONb IIACTHHKA COBHAJiaeT €O CKOPOCTHI0 H3rEGHHX BonH B cBobommol
DiaacTHEHEKe (yCIOBHEe ¢COBIAfieHMs») H, CJGJOBATENbHO, Korga coraacao (11.147)
Z, = 0, M nMeeM fas KoapPumuenta orpaxenns us (11.20) V= —-Z}(Z + Z)), -
HO 06HYHO N1 TORKEX DIACTEHOK Z, >>Z m, ClefioBaTenbHo, aMeeM V ~ —Z/Z,,
| V!’I << 14, T. e. DOYTH HONHO® UPOXOKIACHHE depes IJaCTHHKY.

PE EPYFOM ¢COBOAfieBHE», KOTAa CKOPOCTH ClIeJ{a 3BYKOBOH BOJHH COBIAfaeT
€O CRODOCTBI0 npodosviuz BoaH B cBoBoxHofi mnactarake (X = §,), ameem Z, = (¢
H, cIefoBaTeabHo, V = ——Z/(Z + Z).

Cornacmo (11.14) Z, ~ —iom/2. VamTaBas Tax:xe snaqenne Z, monyuaem

= — (1 — iM)™, M= kh (po/2 p} cos . |
B aroM caywae | Vl‘;ome'r opeapMars miobue smavenms, or O no 1, B saBECHMO-
CTH OT BOJHYHHH
- Ilpr M >1 (tmxenas nnacTEEKa, Be 0I6HD CKOMb3ANIHEE nanemm) |V| <1
B 66patOM cxysae V =~ —1. ‘

B ynomsmyrok sume smccepranme B. M. Kyprenosa [52] ncc.nenonann raxm
B oﬁmeu CIyIae YCAOBES HONHOTO OTPAKOHHSA BOJIHH OT UAaCTHHKH. -

§ 12. Yopyrae cpoiicTBa MEJROCIOBCTHX Cpex

PaceMorpEM pacmpocTpaEeHHe YHPYTHX BOJH B Ccpefe, cpoficrsa koropoik
(nno'rnocrb H mapaMeTpH JlsAMe) ABIAOTCA DepHOIEICCKEME PYHRIHAME 2

e+ M=p@, Ae+M =A@, pEe+h =)@,  @124)

¢ HepHOfOM h, MATHM HO CPABHEHAI0 ¢ JIMHOH BOJHH.

TeopHs MeIKOCIOHCTHX Cpej| CYIIeCTBeHHA B aKycTHKe (mpobmeMur sr6pomao-
AANEE, yABTPAARyCTHKa) H B celicMonorun, Eo sarEMammcs MHorEe apTopH. Ha-
soBeM xoTs 6w paborm [I. Bpyremana [123], A, T'. Tapxosa [92], 10. B. Pnsan-
gerko [79], [Toctma {222]. BeckMa moxmoe paccMorpeRHe Bompoca mas caydas,

- ROT7Ia BDlIeMERTADHEA ciiofl COCTORNT H3 ABYX OXHOPOJNHHX CJ0EB TOJAI(HHH hy B

* {fy + by = b) 6ma0 gamo C. M. Purropsmm [82]. E. Beperc [111] pacemorpea mpo-
» nsnomm.li cxy1ali HGONHOPONHOTO CJI0A, YAOBISTBOPAIOMEro YKAasaHHOMY BHINE
'OTPAREYeHR 0. MeaKocIoBCTas CPefa B CPEIHeM MoKeT PaccMaTPHBATBCH Kax
- OffHOPONEAA, HO aHH3OTpONHaA. XapaKTep CEMMOTPEH y Heli oxasmBaercH (CM.

[82, 111]) TaxmM xe, Kar y KpHCTANIA TOKCATOHANBHOH CHMMOTDHE, T. ©. WIS
‘MONHOTO LOECAHAA 6 YOPYroro HoBefieHHA HeoGXoNHMO H JOCTATOYHO 33AATH 5
, yOpyrax mocrosBEKX. OmpepeleHHe STHX HOCTOAERHHX H ABIAETCH sanaqei
TOOpHH. . :

1
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12.1. HeroTopmie uacTebie Ciiyual pPaciipOCTPARHECHHS BOJIE B MEJIKOCHOHCTOH
cpene. Pacemorpmm, caexys C. M. Prrony [82], cnyuait wepegoBanmsa gByx cmoes
ToamEEH h, & k, (paC. 12.1), maoTaOCTS B mOCcTOSHARS JIAMe B KOTOpHX 0603HaTHM

p, A, p mpr;, 0 <z<hy— Depewit cuoii,
p, A p mpm — hy <2< 0— propoit cioi.

PaznoxnM monsoe cMemerrme U YacTHEN cpeiH B DPOHM3BOJABHOM H3 CI0EB Ha
6e3BAXPEBYIO H COIEHOHAANBEYI0 YaCTH U B V (IPOA0IbHAS H HOmePeTHaas BOAHH):

U=u+v, (122)

Ifie B COOTBEeTCTBHE ¢ BHpakenHeM (5.7) u = grad ¢, v = rot ¢, p EP — CKa-
JAPHHA B BEKTODHHI HOTeHNHAJH; u H V 6yqyT yROBIeTBOPATH ypaBHeHHAM

i —c? grad div u=0, rot u=0,
v — btrotrotv=0, divv=0, (12.3)

THe CKOPOCTH BOJIH CHKATHSAC B BOJH CABHTA b oDpeledA0TCs ypaBHeHEsMHE (5.3)
# (5.9).

Pac. 121. K Teopur pacmpo-
Y CTpaseHHA 3BYKA B MeIKOCIO-
4 ncToil cpepe

3

LY

Henecoobpasno paccMoTpers 4 4YacTHHX €ayYas pacOpOCTPaHeHHS BOJH.
IIpm arom ompepmensTcs dYeTHpe H3 OATH DOCTOSHHWX Hamed aHH30TPOHNHOH
cpemH.

Haunem ¢ paccMoTpeRHESA BOJHH, HONAPH30BAHHONR B MAOCKOCTHE 2z (U, = 0)\
B pacnpocm pansioupelici ¢ Kanpassenuy ocu z. IIpm oroM pus rapuomecxon BOXI-
HW 9acTOTH @ ypaBHeHHA (12.3) mpEEUMaOT BHJ
&u: ou ou
Tt Ru=0, k=%, SE=E

a0 v ov o (124
v 3y _ o x _ t
g T TRV=0, a=—, SE=-—5=.

HmeM pemienme, mampEMep, Aad 4, B caoce 1 B BHEfe
up,= P(2)ei®*, P(z)= Acosa(z— hy/2) + Bsino(z — hy/2), o=k —B,
(12.5)

e A B B — Doka HeompefieJieEHKe HocToARANHe. B BHpamennmm fas P (z) MH
BHJIG/IANE CEMMETPHYHYI0 H 8HTHCHMMETPHIHYIO 1aCTH OTHOCHTENBHO CepelHHH
cmon z = hy/2.
Hs opasoro Bepxmero ypaBmenms B (12.4) momygaeM
u, = (P’ (2)/it) effx, (12.6)
B npanbmefimeM exp ifr maa coxpamemHs sammcm Bcoay OyneM omyckarb,
TaxmM xe ofpasoM Kna v, B U, DoaydaeM

) \ Ux = iQ' (z)/§, UV, = Q (Z), ) (12'7)
e Q (2) = CcosP (z — hy/2) + D sinB (z — hy/2), P2 =% —E. (12.8)
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Benwumne, - OTHOCAmMEECH KO BTOPOMY. CJOI, OTMeuaeM deproli 'CBepXy.
B atoM cnoe 6yneM EmeTh (Cpasy omycKaa exp ifz)

B,=P(2), &=P@NE  5.=i@ @/ .=00@), (12.9)
xne
P(z) =Acosa(z + ha/2) + Bsina(z +hy2), o=k —, 12.10)
Q) =CcosB(z+ hy/2) + Dsin Bz + hf2), B=2n—F
HKoMnprerTH TeHsopa BHampsxernnil Z, # Z, BHPaXKANTCA 96pes KOMOOHEHTH CMe-
aennit npr noMonya dopryr (5.1), nprieM meobxogmMo ygecTs, 4To B HmOCHeA-
| HRX cMemenns o06o3HavanBCh MajJeHbKHME OykBaMB u, B u,, B TO BPeMs Kax

ceitgac MK BX ofosravaeM U, B U,. YarTuBas coornomenne (12.2), a Takme BH-
- pamenmsa (12.5) — (12.7) pas u,, u,, v, ® v, HaXoAEM

Z,=2u[P — (82— B*Q2L], Z,=1i(M?42pa?)P/E+20Q". (12.11)
AnanoraunnM o6pazoM BHPAMKAKTCH KOMIOHeHTH Z . B Z, B ¢iaoe 2, Ha rpamgne
MoKny cloamMBE z = 0 xoMmoBeHTH RedopMamur U, = u, + vy, U, = u, + v,
B. TeH30pa HAOP/UKeHWH NOKHN OHTH HeNPePHBHLIMH, T. 6.

U, (O) = U: (0)1 Z: (O) = Zx (0)1 (1212)
U, (O) = Uz (0), Zz (O) = Zz (O)'

s ycnoBEA HePHONMIHOCTH, KDPOMe TOTO, HMEeM

Ur(h) = Ux (— hy), Zy (hy) = zZ, (— k), (12.13)
U, (h’l) = Uz (_ h2)1 Zz (h!) = Zz(_ hy). .

Ilopcranoska B (12.412) m(12.13) coorpercTByOmux BHpaxeHAR faer BOCEMb
ypaBEeHE# s mocrossEHX A, B,..., D, KoTopHe pacHmajalTCs Ha JBe He3a-
BACEMHe rpynm. CooTBeTcTBeHHO 3ToMy MH GyneM EMeTs IBa TEIA BOMH:

a) Boann & cpednem npodosvkas (B =C = B = C = 0). Kax supso ®3
(12.9) = (12.10), B oToM CIyTae DPONOTLHEE CMEMEHAS U, H U, TOTHH (CHMMOT-
PHYHH) OTHOCHTeAbHO CePefiEH CJ0eB, B TO BPeMs KaK HONGDe4YHHe U; H U, He-
9eTHH (aHTHECEMMeTpHYHH). IlooTOMY, ecliEm HHTepecoBaThCA CMOICHHAMH, yC-

POfIHOHHKME O HePMOIY CTPYKTYPH, To BoiHAa dToro rama Gyjer mpojoabHOM.
Jas nocrosanaux A, D 1 I, D u3 (12.12) » (12.13) noayvaorca ypaBHeHEA:

AiE cos (hy/2) — D3 cos (3hy/2) = Ait cos (2hy/2) — DB cos (Bhy/2),
A (M2 4 2pa?) cos (2hy/2) — 2DitpB cos (Bhy) =
= A (ME® 4 2nx?) cos (2hy/2) — 2Dikup cos (Bhy/2),
Aasin (ahy/2) — Ditsin (Bhy/2) = — Aasin(ahy/2) + Dik sin (8he/2),
2Aitpasin(ohy?) +p € — B) Dsin B2y =
= — 2Aitpasin (ahy/2) — p(E — B Dsin (Bhu/2)e

IlpEpaBHEBas AeTEPMEHAHT 3Tod CHCTeMH HYJI, DoNydYaeM NHCOOPCHOHHOO
. ypaBHeHHe, oUDpefielAI0Iee SHATCHHe BOJHOBOTO YmCHa &, a cle/loBaTelbHO, B
' ¢KOPOCTH pACOPOCTPAHEHHSA BONHH Cr,y = G/ *

A0 — PP XX ot (0P8 — 4 — 1)) X tg (Bhy/2) + _ 1214
+ 0%p [0%/8 + 4 (0 — 1)) X tg Bhy/2 — (@'pp/E}) (Y tgBhy/2 + Y tg Bh/2) =0,

.'l'lepmi HHJEKC y cy, 0603HAYACT HALNPABNOHAe PACHPOCTPANGHBA BOIMH, BTOPol —
-HAUpABICHEe CMEIReHWH.

59



rfie BBeJIeHN oﬁosgaqena
X =g tg (Bhy2) + aftg (ahy/2), Y =Edtg(Bhy/2) — aBg (ahy/2),
X =g tg (Bhy/2) + af tg (ahe/2), Y =8 tg (Bhy/2) — afitg (ahy/2).

Vpapaenne (12.14) ompenenser § npr JO6HY sHaYeHHAX DapaMeTPOB CAOEB:
B paccMaTpEBaeMoii mepmogmIecKo# cTpyKrype. IlepexoAs Kk -MeJKOCHOHCTOR
cpefie, MH 3aMeHMM BCE TAHTeHCH HX ADPryMeHTAMH. J3TO HPHBOAWT K CYM[ECT-
BeHHOMY YUPOIMEHAH NHECHePCHOHHOTO YPABHEHHA H IaeT CIeAyiomee BHpaXie-
HHe fJA KBAJPATA CKOPOCTH BOJH CHATHA C.y

Cre =z [ + bbb/ W) — ) +H —p —R)@u + M @ + 1), (1245)

rfe HoKa 4EcTo (opManpbHO 06o3HATEHO

~3 hy by -1 !
bt = (1 + ) (12.46)
“H, KpoMe Tor0,h = hy + hy, Bp = hip 4 hep (p — cpefHAA LIOTHOCTH CPOAH).

0) Boana e cpednenm nonepexnas (A = D = 4 = D = 0). Coraacuo
(12.9) = (12.10), Donepe4nre cMemMeH¥A U, H v, B 9TOM CJIy9ae YeTHH OTHOCHTENb-
HO CePETHH CII0eB, & NPOROJIbHEE U, H v, HedeTHH, [losToMy medopManns, yepen-
HeHHAA No HEePHQAY CTPYKTypH, Gyaer umcro nomepesnoii (caBmrosoii). He BH-
OECHBAA COOTBeTCTBYIOMEX ypaBHeHmi nas B, C m B, {, a Taxxe moaydawme-
rocs A3 HAX JAHCIOPCHOHHOTO YPABHEHHA AJA HPOHSBOJbHHX TONLIEH CJOEB,.
npABefieM CPA3Y e TONbKO NpefieibHOe 3HaYeHNe A CKOPOCTH BOJHE [JIfA CHy-
985 TOHKHX CJ0eB

pct, = h(hy/p + hal). (1247

Paccmorpam Tenmeps pacnpocrpaHeHHe BJOJAb OCH Z YBCTO CABATOBOE BOJNHH,
IJiA KOTOpO# OTNHTIHA OT HyJs JHMb OIHA KOMmOHemTa cMememma U, = vy
B cnoe 1 MB HMeeM a7 HeTo pemenwe (paxkTop eXp itz cHOBa HOJpasyMeBaeTcs):

:ﬂe__- Q (3),
Q(z).=CcosB(z-—-£2‘-) + DsihB(z-—%‘—), E"= x—g,

a B cloe 2 pemeHNMe:

vy = Q (2)
- Tme

0@ =Ceosf(s+ )+ Dbz +7), P=w-v

B temsope Hampskemmi Gyaer oTAMMHA OT HyJAs JHIb KOMIOOHEHTA Y.
JerepuunanT Yernpex ypaBmermit misn C, D m O, D, BuTexawinax B3 yCaoBHiL
HOIPePHBHOCTH H NEPHONEIHOCTH U, B Y ,, Gy fy1m npEpaBHEH K HYJI0, AT JHC-
DePCHOBHO® YpABHEHME

(B/uB) [t2® (Bhy/2) + tg® (Bhy/2)] + [1 + (WB/uB)*] tg (Bhy/2) tg (Bhy/2) = O.

Orciona JiXts TOHRHX CI0eB, T. e. OpH 3aMeHe TAHTEHCOB WX APIyMeHTaMH, 0O~
nydaeM AAA KBAJIPATA CKODOCTH C., = o/f BHpaMeHHe

ety = (up + . 218

Pacnpocmpanenue nepnendunysspro caosx. Ilpm pacnpocTpaHeHEE IO '0CH
Z OPONOJBHYI0 BOJHY, B KOTODOH OTIHYHA OT HYJIA TOJEKO KOMIOHEHTA cMeIe-
mna U, = u, = P (z)expilz, m mnonepeunyw BonHy, B KOTODOil CMemIeHHe
DapajielsHo clofAM, HanpEMep, pasao U, = v, = Q () exp i3, MOKHO pac-
CMATDHBATD HE3ABHCEMO APYT oT apyra.Coraacuo reopeMe Duoxe P (z) m Q (2)
ROMKHH OKTH NepAOAEYECKEME YHKIEAME ¢ DOPHOTOM CTPYKTYPH b = hy + Ry,
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¥Ycnosas nepmoamdEOCTHE (npHz =k, B 2= — h,) B HenpepusHOcTH (OpA z = 0)
JoxEN BHOoaaaTsea jua U, u Z, B npojoabroi Boame n aaa U, m Z,. B mo-
nmepeqnof Bonme. B mepBoM cayduae gACHePCHOHHOE YPABHOHHE HMeeT BHJ

cos th = cos khy coskhy — (1 + s)/2s-sin kh, sin;IEh,,
e .
- s= (A4 2u) k/(A + 2u)k,

A BO BTOPOM — TOT e BHJI, HO ¢ 3aMeHOil X B & B ApTyMeHTAX KOCHEYCOB H CHHY~
OB COOTBETCTBEHHO HA X H X H, KpOMe TOTO, Temeph s = R¥X/px.

B cayuae TOHKEX CJ0€B, KOITIA CAHYCH MOKHO SAMeHHTH HX APTyMOHTAMH,
4 B KOCHHYCAX OTPAHHYMTHCH KBAADATHYHEME WICHAME, HOXyYaeM [IfA Ho-
nepeuHod BOJHE CKOPOCTD C,,, OLpPeneNseMylo gopmyJiok (12 16). s nonepes-
HOH BOJHH CKOPOCTH C,, OKASHBAGTCA PABHOHA ., (cM. (12.17)), kak m MoxHO
GHI0 OKHAATD.

12.2. Mengocioncran cpefa KAk KPHCTA/LUI FeKCATOHAALHON cAMMerpHH.
Kak yxe yRA3HBAJOCH BHIIE, B OTHONICHHA YOPYTHEX CBOXCTE MOJKOCIOHCTAA
<pefa Dogo0HA KpHCTAJLIy PeKcaromaiapHo# cEmMerpmu. CBoGogHas aEepraa
onEaan: 0o0BbeMA TAKOTO KDHCTAJIA 3ANACHBAGTCS B BHAE *

= -%—C”ega + ’%"Cu (€11 + 223)* + Cys8ss (817 + €2) +

+ 200 (¢ — enitm) + 2Cu (1 +¢h),  (1249)
THe e; — Temsop Aedopmanum:

e = o (3 + 32
T2\ b, oz, |

Hagexcu 1, 2, 3 coorBercTBy®T 2, ¥, 2. Herpynso norasaTh, Y10 HEMEET MecTo
CJHeAYOMASR CBASH HOCTOABHNX C.y,... ¢ HANNCHHHNME B NPEXRKYHIEM pAasgese
/CKOPOCTAME DACHPOCTPAHEHNWS DASIHIHHX BONH Cyeg,...

Jag mpEMepa pacCcMoTpEM HpOAOABEYI BOJHY, PACHPOCTPAHAIOMYKCHA B HAD-
PABICHHE % (CKOPOCTD C..). B &y oramumolk or myns, Gymer TONBKO KOMIO-
meata ¢€,, = 0U./0z, a ceoGommam omeprEa sammmerca F = Cpeh/2.
B cayvae m3oTponHOil cpefiH MH HMeeM NIA F Taroe ke BHpA)KeHHe, B KOTOPOM
“BmMecto Cy, ¢mrypmpyer A 4 2u. U3 BHpamenus gas F B ciydae MsoTpomHOk

CpPeH H3BECTHHM CHOCOGOM HONYYal0T SHAYEHH® CKOpPOCTH ¢? = (k + 2u)lp.
3nech MK aHAJOTHYHO moxyYaeM mepeylo m3 gopmyan (12.20).

Taxmm ofpasoM, dopmynn (12.20), (12.15) — (12.18) ompepmensor 9OTHPO

YOPYTHX HOCTOAHHHX| HameH cpeAn. Bupamenmme misa naroi HOCTOSAHHON MH .
upupogmm Ges BuBoga (E. Bepeme [111])

[ M Aha [ B\ ;
_Cla—(,‘+2p +i+2§)(.}-+29+1+z§) . (12.210)

E. Bepenc [111] paccmorpen Taxxe caysail m HempepHBHOTO HSMECHEHHA -
<©BOi#CTB CPef NPH. yeaoBuH, Tro PyBEKIER  (2), A (2) B U (z) ABAANTCA ISTHEMA
OpE COOTBETCTBeRHOM BHOOpe madada pgia z.. IIpm sroM om nonym :

. Adz dz . d )
C S A TR /S ATop hCyy = S(4H’+4Mfl- C1ah) 1+‘2n" (12722)
*Ca., HanpemMep, [60]. ' ’
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- Mmrerpans Gepyres Bciony Do mepmofy CTPYKTYPH h. Jlnm wacTHOTO cayvas
depelOBAENA NBYX OAHOPOJHEX CII0eB fopuynn (12.22) manT BHpANEHHS
(12.20) = (12.21),

Ham meobGxogmMo TaKme eme BHACHHTH, KAK GYIYT OLpPeNeNATECA CROPOCTR.
YODYTEX BOJH, PACHPOCTPAHAIOMMXCA B JIOOHX HANPABJICHHAX, A He TOALKO
TeX YACTHHX, KOTODHe OLLIE paccMOTpeHH B pasaede 1. IToT Bonpoc pemaeTcs Tak
’e K&K I TeKCATOHAJIBHOTO KpACTaiia B paccMorpen y Bepenca [111]. IIyers
HAUPABJAECHHE HOPMAAE K $POHTY BOJHH JIEXHT B IVIOCKOCTH zZ B COCTABAAET
yroan @ ¢ ocspo 2, Torna B cayuae U, = U, = 0 MK EMeeM 9ACTO CABHTOBYIO
BOJHY, CKODOCTb KOTOpDoil ompenenserca ¢opMmyoi . ’

pct = Cyq €083 @ + Coq Sind @. . (12.23)

Ipr ¢ = 0 Mu moxyuaeM Brpamenme (12.20) mas c3,. B caywae U, = 0 cko-
POCTb PACOpOCTpaHEHWS YOPYrofi BOJHH ONpefedseTcs H3 ypasHenas e

[pc’ — (Cucoste +Cyy sin®g)] [pc’ —(Cgs cos @ + Cyy sin? )] = )
= (Cu + Cyg)*cos® @ sin’e (12 24)

Us sro#i dopMymH MoXKEHO HONYYHTH OCTAABHHe YACTHHE CIYYaH, paccuoa-pen—
HHe B § 121 Tax, sanpuMep, OpE ¢ = 0 Mu nolxydaeM Bupaxenme (12.20)
Mg ¢k, | ch.

12.3. Hlornomenue BoJIH B MEJIROCTIORCTHX epefax. JlomycTEM Temepb, UTO B
MOJIKOCHOHCTOR cpefle WMEKNT MeCTO AHCCENATHBHHe HOTepH, 00yCIOBIeHHHE
oGbeMuoil & B cABBIOBON 1 BAsKocTAMA, JTo o3HAYAT [55], wTo B DpegHAyImAX
dopmynax nomxaa GHTH mpoBefieHa 3aMeHA u — p — i@, A— A — io ({ —
—20/3), A+ 2u—>A+2p—ie(f+ 41/3). B pesyaprare MOryT OHTH
HAHOHN KOMIUIeKCHEe BOAHOBHE 9dcia & = w/c = £ 4+ iy. Jlaa xoopdrnuen-
Ta DOIVIOMEHHAS y HAXONAM B cAydae ABYX qepezrylom;nxca OIHOPOAHHNX CJOeB
B CPABHETEABHO MAJOI0 HOTAOmMEHHEA (B PasioReHHE IO { H 1) YIRTHBAKNTCA.
JAAMb NepBHe cTeneHm) [82]

@’Cw [ME+403) | hE -+
Ve Pl Tatmr T gt _,
+(._‘____1_> n—n_ {—F+m—n2 _t+amB _ 44
Co ~Cu/|w—i  Atw—i—p AT ki ||

Txx =

- s vl .y o 'Y —— - l’
Toe = oo = 5V 0Cuc (G + —’}3) You = gig ¥ P/Con (han + hut),  (1225)

=V 5Coa ha € + 4030+ 20)2 + by € + 47/3)/E + Y.

Iloctrosmnane C,;; onpemelenn BHmIe.

12.4. Yepemopanme mmaxux ®H TBepamx cioep. Ilycrdb Tneane caom (Toan-
mMEHH h,) 9epefynTes ¢ RAAKEME (TOAmMEUEH k,). [IpE 9TOM ME! PACCMOTPEM BHA~
qaie caydail, KOTAA moawlra HUOKO20 CA0% Mada Kak RO CPABHEHUl ¢ Daukoll
38YKO060U 60AHY 6 HEM, Mak U RO CpPasHERLI0 ¢ DAuMOL 8A8KOU 60AHB.

MasocTs ToMmMEHR TBEPAOTO €0 IO CPABHEHHMI ¢ MIHHOH YDPYIEX BOJAH
B HeM NPeANONATaeTCH KAK H Buille. ByjeM y4YuThBaTh B HHAKOCTH TOIBKO
CABATOBYI0 BA3KOCTh. TOrma HmeeM

A=pct+ 2ian/3, p=— i, (12.26)

Tfie ¢ — CKODPOOTb 3ByKa B skmAKocTA. Ilocae atoro popmynamn (12.15) — (12.18)
OIIpeMIeIAIOTCA KBAAPATH COOTBETCTBEHHKX KOMIUIGKCHHX CKOpoCTell HAE BOJHO-
BHX 9YHCeJ. 3aTeM MOTYT GLITh HAHNEHH KAK CKOPOCTH DACHPOCTPAHEHHS BOJH,
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TAK B BX Ko(pHmHeHTH 3aTyXamHA Y. TaK, BBefA WA COKpameHHEA obo3made-
HEA . ,

bR =K, on=n, (12.27)
NOTydaeM [7if CABHTOBHX BOJH: ° o
hipci: = 2ph (4 + ¥ T+ (raptihamel?1, _ (12.28)

2uh1z, = haw?p (V1 + (rapt/hyma)t — 11,
hahpper, = 2 (Bip* + ) (4 + VI F (Bame/myp)?] 2,
215 = hihoop (R 4 Rin3) (V1 + (Rana/Agp)* — 1)

- Eeam 1, = @7 Malo OO0 CPABHEHHAK C {4, TO 3TH GOPMYJNH YIPOMAKLTCA:

2 _ ~ 2 _ e '
c:z = 2nzh£th, Toz =0 eh2/2f:nz, (12.29)
cdy = hyuiph,  1h = otphhini2K’.

CymecTBeHBO OTMETHTH, 9TO C YMEHbITGHHEM T| CKOPOCTSH C ., DAfAT, A HOrAoMme-
HHE® Y., pacTeT (OMHAKO HAJO HOMHHTH, YTO HPH 3TOM TOJIIHHA *KEJKHX CIOEB
AoJxEA GHTH MAJA N0 CPABHEHMIO ¢ VINHON BasKofl Boauw). B mpormBomonox-
HOCTh 3TOMY CKOPOCTb Cn, HPE MaJHX 7] He SABHCHT OT 1}, & SATYXAHME Y., IOPH
yMeHbIIeHHA 1) mapgaer.

PaceMorpEM Temeph ApyTofl caydaii, KOTAA mosyuta HUIKUT €A0e8 RO-NpeXNc-
HeMy Mata no CpasHeHul ¢ 0Aunol 86YK060U G0AHH, HO éealka MO CPASHEHUI
¢ 0.aunoii éasxoii soarti. IIpE 5TEX yCIOBHEAX B MKHAKOCTH B-HePBOM NPHGIMKeHAR
MOKHO YYHTHBATDH JHIIb NPOAONbHbE BOJNHH, & HA I'DAHATAX }KERKOCTH H TBEp-
poro Tena TpeGoBaTh o6pameHEs B HYJb TAHTeHOAAAbHHX HAnpsmxenmi. Us
OOAY9almerocs OPHE 9TOM DASPHBA TAHTGHOHAJIHHOH CKOPOCTE MOMKHO 3ATOM
HAATA 3aTYXaHWe BOJH, 00ycloBleHHOe BA3KOCTHIO XuARocTH. ClomCTas cpena
TaKoro BEAA Gymer oGaagaTs HekoTopmME ocobemmocTaME. B uacrHOCTH, B Heil
HE6 MOTYT DPACHPOCTPAHATHCA CABHETOBHE BOJHK B HAODABJICGHAH, NePOEHNAKY IAP-
HOM CJIOAM, : :

B mmzxocTn (caoit 2) Mu GyaeM EMeTh TOJBKO mPOAOJbHEE BONHE CO CMeIIe-
maamu U (U, Uy, U,). [laBneEne p npm aToM [aeTcs COOTHOIIGHWEM p =
= — K div U, rae K = pc®. Bce ocrajibHbe ofo3HadeHEss — TaKHe ke, KaK
H B OpeAHyIAX pasneiax,

Ha rpasmne z = 0 Gynem BMeTs yCIOBHA HeNPEPHBHOCTH HOPMAJBHHX KOM-
IOHeHT CKOPOCTH H TeH30pa HaUpPA/ReHHH, A TaKXKe ycJoBHe o0pameHNs-B HyIb
TAHTEeHIAAJNLHNX KOMHOOHEHT TEeH30pa HAOpsKeHHH

3HaveHAS COOTBETCTBOHHHX BeJAMYNH Ha TPaEMIAXx z=~h, B z= —h,
. CBASAHH YCIOBHAMM NOPHOZHIHOCTH .

Ui(h) =0:(—ha), Z:(h)=—p(—hy), Z.(h)=2y(k)=0. (12.31)

Herpyamo BEAers, IT0 6cnE paccMaTpPHBATH CIyYail HPOAOABHEIX BOJH, PACIpO-
CTPAaHAKIMEXCA NEPOCHAMKYAAPHO CHOAM (BHOJAH OCH z), TO MH HE IONYTaeM
HEKAKHX 0c00eHHOCTeH N0 CPABHEHMIO ¢ PACCMOTPOHHLM BHING CAyIaeM Jepefo-
BamEA TBepAMX caoeB. Iluf c,, momywaerca dopMyma, amamormymas (12.16):

b = h (3':-_12!& + %)“, (12.32)

T. 6. 160 CBOAATCA K 8aMeHe A - Zﬁ Ha CHHEMaeMOCTh MHEAKOCTH K.

B ocTanBEMX cliy9aAX pesyABTATH, eCTeCTBeHHO, GyAyT CYIMeCTBEHHO OTAH-
9aTbCA OT HOJMYYCHHEIX paHee, .



HaumeM paccMoTpeHEe OHATH ¢ PacIpPOCTPAHEHHESA BAOIbL CJOEB (o OCH )
W pacCMOTPHM cHadaja BOJHY, B KOTOpOl CMeH[eHHe JeKHT B ILIOCKOCTH IZ.
B TBepAMX cH0AX MH HMeeM Jjif CMOHmIeHW B HaOpsAyKeHUi IpeHENe BHDaKeHHAA
{12.5) — (12.8) = (12.11), a B mumaroctH (omyckaerca Paxrop exp ikz):

U.=P(2), ‘ U.=P (2)/i8, p=po’P (Z)/ig,

mpuIeM

P(z) = Acoso(z + hy/2) + Bsina(z + hy2), at=k?—§, k=ofc.

Vpasrenma (12.30) m (12.31) naror gna nocrosmmux 4, B, C, D, 4, B mects
ypaBHeHHiZ, KOTOpDHe H 3AeCh pacmafal0TCA Ha ABe rpymm B cooTsercTBEM ¢

BTHM pACCMOTPHM HBA CAydas:
a) Boana ¢ cpednem mpodosvnas (B = C = B = (). I'pammimsie ycmosns

AA10T
Aasin (ah,/2) — DIt sin (Bhy/2) 4 A& sin (@hy/2) =
Aia sin (ahy/2) 4 Dpsin (B%,/2) =0,
2ApEp cos (ahy/2) + 2Dikup cos (Bh,/2) + Apwtcos (Ghy/2) = 0; 2Ep = 28 — %%
QOrci0a creayer AECOEPCHOHHOE ypABHOHHe '

4fuatg (ah,,/Z) [#B tg (@hy/2) + p? tg (Bhn/2)] + poiax? tg (ahy/2) tg (Bhu/2) =

(12 33)
B cayuae jl'omnx ca0es, su_zemm_ TAHTEHCH MX aPTyMeHTAME H HOACTABIAA
p=a%/x, o=k —§, o=k —§, [moaysaeM hyp (K* — E?)[4E2.

1+ T (6 — 9 = 0

Ecim BBecTm 06osHaueHHA
=@M, m=hplhp, n=C0FmE §=Em?, (12.34)
T0 ypaBHeHEe ODHHHAMAGT BHJ
A —mzt— 43 —n) +m+1)z 4 my+L =0,

OTKyna
8-z =LA - +m+1+ ,
+l[4€(1—n)+m—-1l’+4mu—-4n(1—'l)l (12.35)

Heipynao y6ematsca, gTo npa v < 1 {970 ToMbKO B NpeAcTaBIAeT PeanbHLIH
mHTepec) 06a KOPHA I, H T, BOH|6CTBOHHH H IOJIOKATENBHS, T. @. CYMeCTBYIOT JiBe
CKOPOCTH IPOAOAbPHOE BONHH C ..

PaccMoTpuM HeKkOTOpHe YacTHHe caydad. [Ipm n = Y5 (¢ = ¥V 2b) nonysaen

n=t4m, @ =tc(@+e)yh,  A:D: A=t I/m’i;rcziz'%.
=1, @ —c, A:D:A=1:0:0. .

Kax BEgEM, BTOPOil -KOPEHDb COOTBOTCTBYyeT BOJHEe IECTOTO CHATAA B TBEDJARIX
CII0fIX; KOTOPad HO COMPOBOMKIA6TCA CABATOM BBANY BuGopa CIENEALBHOTO COOT-
HOMeHHA MKy CKOPOCTAME ¢ H b, JHEAKHe CIOH IPHE 9TOM OCTAIOTCHA B NOKOE,
B chegyomeM 9YACTHOM CJIyIae HOJOMKEM m — (, IT0 COOTBeTCTBYyeT yMeHL-
IIeHHMI0 TBEPHHX CII06B MR YBOAWYEHMIO AX NAOTHOCTH. IIpm aToM mMeeM

n=t - =% A:D:Z=0:0:A,
1 ®_2YE—bh
Ty = Ta—mn cu—""—c—"_a

: ——1 3 hy(t—m)y
AiD: A == e g =T




3nech r, COOTBETCTBYeT BOJNHEe YHCTOTO CKATHA B JKEAKOCTH IPH HENOXBRIKHEIX
TBEPHHIX CJIOMX.

Hakomen, npm BOSpacTaHER m, 9TO COOTBETCTBYET YBeJIHUGHHI MIOTHOCTH
RHIKOCTA HIH YFOHLIIEHHI 0€ CA0eB (OMHAKO HX TONI{EHA BCE e OIKHA GHTDH
BeIWKA 0 CPABHOHHK C [JIAHON BOJHH BASKOCTH), MONydaeM

—-_’_n___ 1) 2b 2 — b2 , . . 44 2(1_n)P
h=7a—=m @ C==7 ]/ , A.D.J—i.i.——__F;__,

z, =1, r?,),=c A:D:A=1:0:0.

TaxmM oGpasoM, ¢ PocToM m CKOPOCTH c') yGriBaer. Kopers z, naer Bonmy
GKaTHA B TBePAHX Tejax.

6) Boana ¢ cpednem nonepeunas (A =D = 4). B stoM ciygae momepednoe
CMeIleHAe B TBEPAOM CJi0e T6THO OTHOCHTeNBHO CePeJHHH! CII0f, & HPOXOABHOS —
HEYeTHO, T. €. JOMKHO HPOHCXORNTH H3rAGanme TBepAHX ciaoeB. J|mcnepcEOHHOS
YDaBHEHHe HMeeT BHJ

AT (aB tg -B—:— P2 tg ) ~+ p 2Pox? tg —— = 0.

IIpm nepexofe K TOHKEM CIOAM, €CJIH yAePHEBATH JHIb WIEHH NEPBOTO HOPAL-
Ka OTHOCHTENBHO h, B h,, IOMy9IaeM HEBHIOJHEMOE YCIOBH® p = sp 4+ sp = O.
Taxmm o6pasoM, TOYHOCTH 3TOT0 pABNOMKEHHA OKASHBAEGTCA HEKOCTATOUHOIM,
IIpn yuere KyGAuHEIX WI€HOB B Da3ioXeHAH TAHT@HCOB YPAaBHEHHE SaMEITOTCH

x (hlz (3 — 42) + 1 (22 — 1)2] + Kimy (L — 2)} + 12 (14 m,) = 0,

rpe my = h,0/h,p B, KpoMe TOTO, HCIOAb30BaHH 0Gosmavenns (12.34). IIpm Marux
»h, B %xh, onEE A3 KopHeH mOCTeNHEr0 yPaBHOHHA MOJOKHMTEJEH H 096HD BOJHK.
B wacrHOCTH, OpH kb, = h, OH paBeH

1 30+ m) ' ‘ .
e= o=V —t= - (12.36)
Mo®uE0 npoBepATH, YTO OPH ITOM WiIeHAMHA NATOH H BHITE CTENOHH HPH Pasiio-
MeHEH TAHTEHCOB MOXHO HmpeHe(pedb, TaK UTO MOCHeNHEe PelleHHe SBJIAETCH
BOoOAie KOPPeKTHEM. B mpepese npm 09eHb TOHKEX CIOAX HOAydaeM

¢.e =0. (12.37)

PaccMoTpuM Temepp pacnpocTpaHeHEe BIOAL OCH £ YACTO CABErOBO# BOMXHHL,
CMeIleHAA B KOTOpoi#l HampaBieHb IO ocH y. B aTom caydvae BsamMoZe#crTBHA
TBEPAOHX CJ0EB ¢ *KAAKOCTHIO ¥ APYT € APYTOM OTCYTCTBYIOT H OHE CKOJB3AT PR
PacupocTpaHeHHE BOJHH IO HeNONBW)KHON MKHIKOCTH.

CMemenHe B TBepAOM Teje BamdiieM B BHJE

U,=v, = [Ccos[‘l(z———>+ Dsm[‘l(z——-}fz-)]eﬁ’

B TO BpeMA Kak B xufAKocTE U, = 0. 'pannvabe yCI0BEA CBOAATCA K TOMY, 9TO
Ha o0emx cTOpoHaX TBEPAOIO CJIOA PAaBHO HYJNK TaHT€HIHAJbHOE HAaNpSKeHHe
Z,, oTKyAa pas moctoAEEHX C ® D monydaeM fgBa ypaBHeHHSA:

C sin Bh‘ + D cos 5~ Bh‘ =0, —Csin - Bh‘ 4 D cos - Bh‘ =0.
Ycaopme paspelmmoc'rn oTEX ypaBmemmil ecTh sinBh, = 0, T.e. Ph, = In
B, CJefoBaTeabHO,

& = Vu— (a/h).

- 3ToT e pesyabTaT 6uim mosnywen Bume (cM. popMyary (9.9)) anA BosHOBOTO UMC-
na BonH JIABa B miacTEHKe. B rpammanoM ciydae TOHKEX cioeB (xh << 1) BROAB

§ 'JI. M. BpexoBCKEX [



ciioeB OyoeT pacopocTpaEATHCH MHIND ofma BosHA ! = ( CO CKOPOCTHIO CHBHTO-
BHX BOJK )

Cey = Do (12.38)

B orofi BolHe CMemeHHe HOCTOAHHO mo Tommmae ciaof U, = Ce'**. Pacuer ee
8aTyxaHAA (00 BeJAIMHE MOTEePH, BHOCHMBIX BASKOCTBI KHIKOCTH 1) IPH CKOJB-
/KGHHH TBOPAHX CJ06B OTHOCHTIBHO MKHAKHX) AaeT IJA aMIIETYNHOTO KO0dg-
¢mnEenTa morjolleHHEA 3HAWEHHe Y., = (Pan/ppn)'t/2h,. 3mech N — BABKOCTH
JKAKOCTH. :

Haxonen, npm pacopocTpaHeHHH CABATOBoX BOXHH BIOAb OCH Z CHOBa Oyner
.OTCYTCTBOBATH B3aHMOeHCTBHEE TBEPAHX CJI0eB H XKAAKOCTH, B CEIY 9ero ¢,, = 0.

§ 13. JneRTpoMArHHETHNE BOJHK
B MEJKOCIOHCTHIX Cpefiax

PaccMOTpEM pacnpocTpaHeHHe 9JeKTPOMaTrHETHHX BOJH B cpefme, cocToAm el
3 GecKoHeTHO YePeAYKIAXCA CH0EB ABYX PasIMIHHX OJHOPOAHHX H H30TPON-
HHX BemecTB. Ecam TonmmEH 3TAX C/10eB JOCTATOYHO MAJH N0 CPaBHEHMIO C JJIH-
HaMHA BOJH B HEX, TO TAKad CJA0KHAA CPella B NeJIOM BefeT ceGA Kaxk ogHOpORHASA,
HO aHH30TPOmHAA. B ompefiefleARN dJeKTPHICCKEX B YOPYTHEX OapaMeTpoB 9ToHk
cPemH H COCTOHT Hama sagada. OHa paccMarpmBanach Bo MEOrEX pafoTax. Momx-
HO yOOMAHYTH, HampEMep, o paGorax [[. Bpyremana [123].

M. JI. JleBmn [57] meTanbmo paccMoTpenm pacHpoCcTpaHeHHE 3JeKTPOMArHHT-
HOi BOJHH B IEPHOJHMYECKH CJIOBCTOX cpefle¢ mEePHEHAHKYJAAPHO K CHIOAM, JB-
MeHHHM norjomenns. BecbMa 06cTosATebHOE B mOCHENOBATENbHOE H3JIO0MOHHO
Bompoca 6uo mamo C. M. PritoBrim [81]. MM paccMoTpenn o6muae cOOTHOMEHRA,
CIpaBefNEBHE AaA caoeB aw0boil Toamman. Ilpu mocaegyomen npegeabHOM me-
pexofie W3 3THX COOTHOMEHHH BHITOKAKT PesyNbTATH A MEJKOCHOHCTOM cpe-
IH. YYeT mOIpaBOYHHX WIEHOB HOSBOJAET yTOUHHTH YCIOBHA IPHMEHHEMOCTH
YKasaHHHX NpefeAbHHX PesyabTaToB. Bce mocmeayomee m3IoskeHume GymeT oc-
HoBaEO Ha pabGore C. M. Purosa.

Ws ceMMeTpHE 3aa9® ACHO, YTO AAA ONpefie/ICHAS cPeAHEX HOCTOSHHHX Cpe-
ABl TOCTATOYHO PACCMOTPEThb TPH CJAydas PacOpOCTPaHeHHA BOJHHI: pacmpocTpa-
HEHHe B HANPABJIEGHAH, NapaJieNbHOM CJIOAM, NPH ABYX moiaApmsammax (nmbo
aJeKTpuveckufi, 1a60 MarEUTHNE BeKTOD mapamiesen caofM) H PACIPOCTpPaHe-
HHe B HaNPaBJeHAHM, NEPHeHARKYIAPHOM K CJIOAM.

13.1. PacupocTtpanesme Bioss cioes. Berrop E mapannenen rpanmmam ciioes.
Hanpasam ock r B manpaBiemmm pacnpoctpamenmsa BoamM. Hampasaemme E
coBMecTEM ¢ ocb® ¥. Ochb z, kak m B § 12, HampaBaseM HOPMAaJbHO TPaHHIAM
cioes. [InA OTAMYHHX OT HyJA KOMIOHEHT daeKTpoMarmmTHOro moasf E, = E,
H, m H, ameeM m8 (4.2) B Ka)xfloM H3 CJ0eB ypaBHeHHA *

0E[dz = — ikpH,, 0E/dz=ikpH,  0H 0z — 0H 0z = ikeE, (13.4)

rme k = w/c, a 9epes ¢ 0603HaUCHA KOMNACKCHAR THINEKTPHUECKAS IPOHHIIAE-
MoCcTb cpepst (B (4.2) aTo e’), IIpoHHIaeMOCTH ¢ B | MEHATCHA HePHONUICCKHE B
BaBHCHMOCTH OT Z, I00UePEAHO OPEHAMAA SHAUCHHEA €,, |l, B OJHOM ClOE H &,
B §; — B QPYroM. -

Pemenme ypasmenmit (13.1) 6ymeM mCkaTh B BHAe

E=U(@em=, H,=V@e, H,=W@em (132

rae U, V m W — moka HeHSBeCTHHE YHKIHHE z, & B — IOKABATENb HpPeIOMIe-
HHA, XapaKTepHSYIMuA CKOPOCTh PacupPOCTPaHeHAA BOJAH BROAD CI0EB, KOTO-
puili M ODKHH onpefenats. Ilogcramoska (13.2) B (13.1) maer

OUIdz = — tkuV, nU = uW, Vigz — iknW = — ikeU. (13.3)

*TIpx cpaBHeEME BHUMCAHHHX 3JeCh YPaBHeHHi (B BCeX HOCTedYIONEX GopMya) ¢ ypaB-
HeEHAMu C. M. PuToBa Hajo y4mTHBATH, 4To BpeMeHHoH $AKTOp y HAC BHOPAH B BuRE

exp (—iot), B To BpeMa Kak Yy PrToBa exp jw¢. BciemcTBHe aToro sHAK mepex i ¥ HAC BCIOXY
obparamii, N

]



BunifepeM npomsBoAbHYI Iapy .COCEJHHEX CJ06B H MOMECTHM HAYad0 KOOpAB~
HaT Ha I'Pammme Mexpxy HEME. Cioil ¢ HOCTOAHENMEA €, H |1, OYCTh NPOCTHPAOTCS
or z=0pg0 z=h,, a cioff ¢ DOCTOAEANME ¢, A U, OT Z= — hy, A0 2= 0

(pmc. 13.1).
Pemennma ypaBmermd (13.3) B KaxmoM cioe GynyT:
0<<z<Ch, 2
Uy = Acosayz 4 Bsinoz, T /
V,= (aﬂkp'l) (A sin o,z — Bcos %2), (3 4) % / >ﬁlﬂi/
W, = (n/uy) (A c0s82,z 4+ Bsina,z), ) J‘ 7 -
” > i 2
u=kY m—nd =g ] A
—hy <20, Pac. 13.1. Pacupefieneane
U, =Ccosoyz + Dsinoyz, KOMIOHOHT 5AOKTPHIeCKO-
ro W MarHETHOTO mOAei

Vo = (aa/thp,) (C sin oz — Dcosapz), (13.5) mo rormmme caoes
Wy = (n/pg) (C co8 o,z + D sin a2),

ag=kV i —n® nf=ep,

Ha 21w pemenns 1oaKHH GHTH BaJoMeHH 9YeTHpe YCI0BHEA HOOPEPHBHOCTH
7 mepromuiaocTE E m H, (t.e. U n V) no z:
U, (0) =U, (O)s U, (hl) =U,(— hy),
v, (0) =V, (O), Vi) =V, (— k). (13-6)

Ipr nomoma (13.4) = (13.5) momysaem ms (13.6) weTripe ogHOpORHEX ypaB-
HEeHHAA
C=4, C cosashy, — Dsinagzhy = Acosayhy + Bsinagh,,
D = pB, Csinahy + Dcosaghy = — p(Asino,hy — Beosayhy), (13.7)

rge .
P = et/ (13.8)

IIpapasEnBas myaw AerepMEHaHT cEcTeMH (13.7), monydaeM amcmepcmoEHOe
yDaBHeHHe, ompefenflmee n Kak GyERmE©D k
(1 4 p% sin 2k, sin 23k, 4+ 2p(1 — cos ayh, cos k) = 0,

Paspemme 8T0 ypaBHeHHe OTHOCHTEJABHO p, HETPYAHO HPHBECTH €r0 K COBO-
KYIHOCTH CIeLyXIREX ABYX yPaBHOHHM:

tg (22ha/2) ctg (hy/2) = — p,  tg(aha/2) ctg (mhy/2) = —4/p. (13.9)

Monbsysacy ypapmermamE (13.7), MOKHO mOKasaTh, 4To IePBoe H3 YypaBHOHHEH
(13.9) cooTBeTcTBYeT BoAHE, B KoTopod E m H, pacnpefieleHR B KaXKIoM Clo0e
CHMMETDPHEHO OTHOCHTONbHO €0 CePefRHH, T. €. ABAAKTCA YCTHHRMH GYHKOEA-

h hg
MR [z - -—21-] B cioe 1 & [z + Tz] B cioe 2. KomMnorenta sxe H . npHE aToM Heder-

HBafg. 3aBHCEHMOCTh KoMmoHerr E = E, m H. oT KOODAHHATH Z [iaA 8TOTO
cnydas meobpaxena Ha puc. 13.14. B pmanbmeiimem Mu GyaeM HHTepecoBaThHCH
BAGKTDHIECKAM H MAaTHMTHHM NOJAMH, YycpedHexHumU IO NEPHOXY CTPYKTYPH
d= hy 4 h,. Tak Kax B BOJHe DPacCMaTPHBAEMOro THIA CPefHee 3HauYemme H ,
pPaBHO HYJK, TO BoaHa GymeT mMeTh JHINb KoMuoHeRTH E,, H,, T. e. ABsAeTCA
YHCTO0 NOmepedHoH BONHOIE.

TaxknM e ofpasoM MoMHO HOKasaTh, 4To Bropoe H3 ypaBmemmix (13.9)
AaeT BONHY, B KoTopoid H, 4etHo, a £ m H, meueTHH OTHOCHTEJIBHO CepegnH
cnoeB. B pesynbrare, ycpegEeEHOe Hoje GyAeT EMETh TONBKO HPOAOIBHYIO KOM=
nomernty H .. Oppaxo HeTpyAHO BHACTH, IT0 Takas Boaua Gyuer GucTpo saryxars

€7 5*



B HaOPAaBJIEHHEE ¥, BCAGACTBAE JOTO MH e¢ HCKIOTEM U3 NaibHeHIero aHanAsa.
JelicTBUTeBHO, HPOCTPAaBCTBO MEKKY CePeIHHAME ABYX CJ0eB, HampHEMep,

MoKy — 5~ nT‘, MOXKHO paccMaTPHBATH KaK OrpaEHYeHHOe ABYMa alco-

JIOTHO HIPOBONAMEMHE IJIOCKOCTAME, HOCKOJNbKY Ha HHX B pacCMaTpHBaeMoM
cayvae E = H, = 0. Ho msBecTHO, 9TO B BoAHOBO#ax ¢ aGcomoTHO mpOBOAS-
IMEMA CTeHKAMHA, BOJHH, COfepKamue TARTOHIAAIbAYI0 KoMnonenTy E (B namaoM
taydae KoMnomenTa £, = E) IPDAKTHY6CKH He MOTYT PacOpOCTPaHATHCH H CHIb-
HO 8aTYXalOT yxe Ha PacCTOAHHA, PaBHOM MAPHHEE BOJHOBOAA (B HameM Ciydae
d/2), ecn® [AMHEA BOJHH BeJHKA IO CPABHEHHI C d. JTOT Pe3yJbTAaT OCTaeTCA
COPaBeJJABHM OPA JTHOOHX IPOHMIAEMOCTAX €y, 4, B €,, U, ¢IPOKAATAOK? MEKAY
HJeaJbHO MPOBOAAIIAMA CTOHKAMH,

Hrak, ocTaHOBAMCA HA HEPBOM H8 JBYX PacCMOTPEHHHX BHINE CIyd3aeB H
oGosnaunM sHawemms E, m H,, ycpenHeEH:e mo nepmoay d, depes £, m H,.
BeegeM p° u ¢* — «3QPexTHBHEIO» BHATGHMA NPOHMIAEMOCTeld Tak, ITo6H co-
6n101aUCh COOTHOMOHMA:

EJH, =V &, n®=p%, (13.10)
rge n — KopeEb IepBOr0 u3 ypaBHemmii (13.9).
Hmeem
L hy 0
E,= gy [S Uydz + g U,dz],
[1] —hs

Cropna meobxomumo mopcraBuTh 35avenus U, u U, us (13.4) u (13.5), a mocxe ne-
TerPUPOBaHKUA BOCHONb30BaThCA CcooTHOmMeBMAMM (13.7) MeKNy IOCTOAHHEIMK
A, B, Cu D. Amanormuso Baxommrca H,. B pesyibraTe momygaeM

Ey/H, = (023 — pexi) n (% — %)

HoncraBassa 370 B (13.10) ¥ pemas saTeM fBa ypaBHeHHA OTHOCHTENBHO e°M p°,
HaXOXHEM:

st =t (o — ) (03 — )Y, pt = (n0f —pa) (2 — ol (13.41)

PaccMoTpEM feTanbHee caydall Maiamx Toxmms kb, u h,. 3amenas B (13.9)
g (ashn)/2) =~ ashy/2, ctg (ayhy/2) =~ (@,h,/2)7!, nomyuaem, sareM us (13.11)

T (13.12)
rae
£ = %" CpelBee BHaUende £ MO HePHOILY,
(13.13)
{ 1 hyib 4 ol
== (T) = _%:—%—_h»—'i — cpefiHee sHavenHe 1/u mo mepuoay.

Bomes TouBas omenkxa, ¢ y9eToM KyGHYHHX 91eHOB B pasno;xenu!; naer
- k*hih? ot —
e __ 2 Bp 2 2, 81— 8
& —S[H' TZn Tt g T2 — ) =% ]'

] PR . (nf — n3) (w, — (13.14)
2+ e g n — ) (M — M) |, .

n

2 __ 2 _
TAe Ny = &4lhy, Ny = €y,

Mu BEgEM, 9TO HompaBoYHHe WieHH EMenT mopsamox kid® = ki (h, + h,)t.
Kpowme Toro, npu sagasusx h, 4 h, OBE MIPAlOT TeM MeHBMYW POJb, YeM Gausxe
apaMeTPH OHOTO BeNIECTBA K IapaMeTPaM Jpyroro.



13.2. Pacupocrpamemue Bnoas cnoes. Bextop H mnapawienem rpammnam
c7106B. YpaBHeHUA [JIf BIEKTPOMATHHTHOrO IOJSA, MMEKOMEro B BTOM CJydae
koMmomemt E., E, u H, ='H 6ynyr

0H oz = ikcE,, 0H[0x = — ikeE, OE,/0z — OE,/dx = ikpH, (13.15)

YcaoBuAM HENPePHBHOCTM M NEPHOAMYHOCTH Ha IPaHANAX MeKAY croaMu GynyT
nomunsens H u E .. OgeBanHo, Bce GopMyH, OTHOCAMMECH K paccMaTpHBaeMo-
My caydal, MOryT OMTH monydeHH M8 GOpMyn OpegHAYMEro ciaydas, ecik B
nocnegnux mpoussectu saMeny H, E, e, u cooTBercTBenBo Ha E, H, p, e.

¥YcpenneEne BHpaKeHHR [IAA KOMIOHEHT HOJS L0 IEPMOAY CTPYKTYpH
d = h, + h; naeT monepevnyw BONHY, KOMNOHEBTH KoTopoil H , u £, yAoBIeTBo-
-pawT ypapHemMsM MakcBemna

OH oz = — ik*E,, OF oz = — thy°H,, (13.16)

rpe spdexTHBHNe B3HAYCHHA NPOHHNAEMOCTell BHpakalTCA QopMymamu
2

=nt—21_ C (1847
al— a2 7 p=n slzg—sgai ! (13.17)

2 2 2
810, — 82 a4, —a

.e—

KoTopnie monydaiorcs is (13.11) nyreM ykasannoft Beime saMenn, CooTBeTCTBeH
Hoe ypaBHeHHe fias n Gymer -

Ay/eq g (ha/2) = — (/ey) tg (a7 /2). (13.18)
IIpu Maanx h, M h, DomydaeM
e=7¢ p=p, (13.19)

rge
= hip - holle
hl + hﬁz ] P- - h1 + hz . (13.20)

13.3. PacopocTpaneAne B HANPABICHHEHM, HOPMAALHOM TPAHHIAM CJI0€B,
BosbMeM B KageCTBe OTAMIHHX OT HYJA KoMIoHemT moas E, = E u H, = H.
OnE GyZyT yHOBNETBOPATH ypaBHEHHAM ' :

dE/dz = ikpH, dH/dz = ikeE. (13.21)

g 8

1 (T) _ hufer 4 hales

IIpu HempepHBHHX ¢ (2) ¥ p (2) MoxHO GHA0 6K Ha ocHOBaHHA TeopeMn (Da-
ry [146] cpasy sakawaars, 9to mpy d = (k, + h,) > 0 pemenue ypaBHeHMIT
(13.21) 6ymeT mpubaMixaThcA K PelIeHMIO TAKMX Ke YPaBHOHMH, HO ¢ ycpeqHeH-
HEIMM ODOHMIAEMOCTAMM € 1 (L *,

Crporoe pemenye HOKA3KBaeT, 910 3TOT Pe3yABbTAT OCTAeTCA B CHJe M B pac-
CMaTpKBaeMOM CiyJae Pa3pHBHEX € ¥ |. TeM He MeHee, NOCKOABKY Hac Oyger
MHTepecoBaTh BOIPOC O BeJHWYMHE NONDPABKM K € B [l B apPeKTHBHEX €° M u°,
MH ¥ 37]eCh HaYHEeM ¢ TOTHOT0 pacdeTa, caeqys cuocoly, mpamerernoMy M. J1. Jle-
BuEEM [57]. -

Vuarrupas Teopemy @aoke [150], pemenne ypaBrenuit (13.21) GyaeM uckath
B BHfIe

E = U(2) exp (iknz), H = V (2) exp (ikn2), (13.22)

rge U u V — mepuogwdecKue ¢ mepuofoM h QyHKIMH OT Z.

* OrmernM, ciegya C. M. PuroBy [81], cnegyromee BakHOe o6croaTeabcTBo. HcKawaas
u3 (13.21) ‘H (ann E), Mu monygaem gua E(uau H) ypaBHeHRe BTOpPoro HopsAfKa, OPAMeHK-
TeIbHO K KoTOpoMy Teopema (dary pgaer mus cpefHel0 NOKABATEIA NP&IOMJIGHHA 3HATEHK®
n? = &}, B To BpeMa Kak us (13.21) caexyer, aro n? = . ITo pacxoxnenuEe 06y CIOBIGHO TeM,
TTO mepexof K yPABHeHHI0 BTOPoro mopsAfka cBasas ¢ qudepeEuuporanneM ofIHOro ¥3 ypap-
mermmi (13.21), mpousBogHAA e OT NPHGAMKERHEOTO PemeHHA He PaBHA mpefedy, mpk & — 0
npousBofgHOH 0T TogROTO pemenns. [losToMy A monyTeHHA NpUOAmKeEHHX E u H mepexof
¥ YPABHEHHI0 BTOPOTO HOPAAKA HeJOMyCTHM.



Ecau npoumrerpupyeM ypaBmemus (13.21) B OTHeABHOCTH AAA K&KHOro
U8 cJI0eB W comocTaBmM pesyasTar ¢ (13.22), To momyImM

0<z<hy, Uy=eims(4e-tar | Beiaw),

Vi o s h e B

a’l=knl=kV§E,

—h 2 O; U, = e-kn8(Ce-iosz | Deiart), | (13.23)
Vo= — l::. P (i

Hanaras sa U u V ycaoBusA HeNPEPHBAOCTE ¥ NEPHOAATHOCTH, KOTOPHe M 3[1ECh
samMceiBaloTcs B Bufe (13.6), momygaeM geTeipe OfHOPOAHKX YyPaBHeHUA A
OOCTOAHHKX MHTErPMPOBaHMA

C+D=A+B,
eiknhy (Ce‘agh: + De-da.h.) —_ e-iknh,(Ae-ia.h. L+ Bei:.:'z,),
C—D=p(A—B), (13.24)

eiknh, (Cefdllh__ De—’ldnha) — Fe—ﬂf'nhl (Ae—‘ialhl_ Beialhl),
= .—---al'l"z .ﬁp.z__
4 Aoty ' et ©
IIpupaBEMBaHKE HYJNIO JeTepMHHAHTA cHCTeMH (13.24) pmaeT pHcmepcHOHHO®

ypaBHeHHe, OHpefeaAnImee n,
+ £ sin ayhy sin 2,0, (13.25)

cos knd = cos 2, hy €08 dhy —

_CHoBa ompefie;TM CPefiHEe 0 IOPHONY CTPYKTYDH 3Havenns model £, = F
u H, = H. Tpebya, aTo6n gna cpegunx mosei Grura compaBefaBEBH yPaBHEHUA

Maxcaeana
OB /02 = ikuH,,  0H, 0z =ike®Ey,

MEl TOJKHH OHPENeNUTH ¢ ¥ nu° us ycmonui
n=Vent, EJH,=0/V=VpE,

OTKyZa
e =nHy/E,, W =nEJH, (13.26)

Bruucaenusa pawot

ikh, — m kh 2
[1+ i 4;@ me;/__msl], pe____“[i_‘_é;j_“; l‘l"fV__ ] (13.27)

Kak Mu BuguM, mDompaBKa K npuﬁnmxennoﬁ BenmanEe n?® = &jl Gymer KBaj-
patuuHOi.

ITycTs ToamuAE cl0€eB by u h, HACTOABKO MAaJIH, 9T0 HONPABOTIHLIMY TI6HAMM
B (13.27) u B agajoruuAHX QopMyaax, DONYIOHHWX BHINe, MOKHO IpPeHeGDedb.
O6benuBss Bce PacCMOTPeHHHE BRI cAydaM, HOJYyYaeM CICAYROIYK CHCTOMY
ypaBBeEuii MakcBensna Ams ycpefHeHHHWX mojeil B Hamielt «KBa3HaHM30TPOMHOM»
cpepme:

OFy/0x = ikpH ,, 0E .0z = ikpH,, 0F.,0r= —ikpH,,

O )0z = — ikeE,, OH,|0x=ikif,, O0H,0z=ik:E,.

9To eguHaA cucTeMa ypaBHeHmH MakcBeasa Aig cpefin, B KOTOPO# TeH30pH
RIS AMJIeKTPHIECKOil u MarEETHOR NporumaeMocTe e° 1 u° ABIAKNTCA OAHOKPAT-

3L



HO BHPOXJAGHHEIMM, HMEKT COBIafaKIiae I'IaBHHE OCH M CHONYIOMMe IIaBHEe
SHAYCHMA:

&1 = €& = & = (hey + hygy) (hy + k)Y,
€ = &85 (hy + By) (Ra22 + Ryey) 7,
p1 =z = i = (hapty + holto) (By + ho)7Y,
s = 1 = palig (By + k) (Rapte + hopy)™2, (13.28)

Takam oGpasoM, paccMaTpEBaeMas Cio:KHag cpema obmamaer cpoificTBOM
OJIHOOCHOTO0 KPHCTAJJa C ONTHYECKOH 0ChI0, MePHOHEKYIAPHON CIOMM.

B sakinovenne HanOMHEM, 9T0 B HONYYeHHHX BHITe (GOPMYIax €y, |1, €y, Ms
6yAyT KOMHIEKCHHMM BeJAMUMHAMM, €CIM B CIOAX HMEETCHA NOTJIOMEHHKEe BOJH.,

§ 14. Orpaxenne OrpaHMYCOHHBLIX IyYKOB

Jo cux mop M paccMaTPHBaNK OTPa’KeHMe NJIOCKKX BOMH OT CIOMCTHX cpef.
OnBako IIOCKas BONHA ABAAETCHA MAeanusamuedt M B MEHCTBETONBHOCTH He CY-
mecTByet. Ha mpakTuke 9acTo mpmx ofETCHA EMETH jiedo ¢ Gosee nin MeHee orpa-
HAYeHHHM BOJHOBEIM NyIkoM. Heolxommmo mosroMy mccimenoBaTh, KaKkue 0CO-
GeHHOCTHM BOSHHKAKT IIPH OTPa)KeHHM OTPAaHMICHHHX IYyIKoB, Ham Merom wuc-
cnepoBadua [12] Gymer GasupoBaThCA Ha pasioKeHMM OTPAHMYEHHOTO IyJKa
Ha 6ECKOHEYHYI COBOKYIHOCTH HJIOCKMX BOJH. B § 31.3 mokasamo, IT0 pesyis-
TaTH, DOJYIeHHHS AJAA OIDAHWYEHHOTO HYIKA, MOTYT OHTH OTHECeHH K OTHeNb-
HOMY JYIy B CIylae TOTeYHOTO MBAYIaTendd. )

14.1. TlpencraBnenne orpaHMYEHHOTO HydKa B Buje CymePIOIMLHEM ILIOCKKX
BonH. [JonycTEM, 9TO OrpaHMYeHHME HYTOK COSHaeTCA B PeSyAbTaTe MPOXOsK-
HeHMA NI0CKOH BONHK uepes meab CC B sKkpaHe, usobpa:kemnoM Ha puc. 14.1.

7, A

Pmc. 14.1, ITyuok, o6paayronymi- /
¢A IPK MaNeHMH (IUOCKOE Bo- 2 #’ l
BH HA OTBEPCTHe B BHpaHe s, L

FA17144 <

ITpencTaBuM 1ajee, IT0 mMy90K majaeT Ha TPAaHUOY CIAOMCTO-HEOMHOPONHOHR Cpe-
AH, OT KOTOpPOHl M HccielyeIca oTpakeHMe. 'eoMeTpHYecKMe I'DaHEOH HOYIKa
Ha puc. 14,1 oTMeweHH NYHKTMpOM. B 1eificTBMTeNBHOCTH K€, BCIENCTBUE [H-
$paKguu, OyI0K HECKONBKO pacIIHBaeTCH. ‘

¥ron mafjeEus mydka Ha rpaBEOY MW 0GosHauuM depes &,. 3agagy OyneM
opeamosaraTh NJAfA OPOCTOTH AByMepHOH#, T. e, meds B sKpaHe OeCKOHEIHOH,
a IJIOCKOCTD NaJleHMA BOJNHH MepPOeBAUK yAAPHOI oceBoil muEun meau. [Ipu srom
YCJIOBHH K TaKOM BHOODe CHCTeMH KOOPAKMHAT, Kak Ha puc. 14.1, koopaunaTa y
u3s dopMyn Brmajer.

Och z HampaBnsieM NEPIeHAMKYIALHO HAOCKOCTHM BKPaHA, OCh £ — MEPIEH-
ARKYIAPHO 0CEBOM JHHMH MMM, a HATaJ0 KOOPDAMHAT MOMemaeM Ha OCeBOM Ju-
g, Mnpuay menu o6osHaunmm Jepes 24, a paccTogHAS OT mMEAH 0 OTpaskawmedk
OA0CKOCTH — depes [.

ITone magamomero mydxa MeXIY SKPAaHOM M OTPA;KAKMEH MIOCKOCTHIO HOJK-
HO YAOBIETBOPATH BOJHOBOMY YDaBHEHHIO, a B IJIOCKOCTHM fKPaHa — I'DaHHY-
BHM YCIOBHAM, KOTOpEe MH, mpefuojaraf MUpuMEY meau Goapmoi mo cpas-
HeHMI0 ¢ gauHo¥k BoaBM *, sajagmm B npubamxemHoM Bmge mo Hupxrody,
a AMeHHO, NPEeJUOJIOKEM, ITO:

* B rowHoit Teopumm HEPPAKOHE HA mMEIM NOKASHBAETCA, YTO IA CIPABeAIMBOCTH
mpepnoaomenns Kupxroda Heo6xomrmo eme, 9To6H yroa mageHEs GHA HeBeamk. OgHAKO 1A
#cclieflyeMoro 3néChk BOIPOCA 3TO He AMeeT IPARNEIKAABHOr0 3HAYOHAA.
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1) Ba sajHell CTeHKe sKPaHa IOJe PaBHO HYJIO;

2) B ONOCKOCTM IMEJH HoJe TaKoe Ke, KaK ¥ IPK OTCYTCTBHM SKpaHa.

9TEHMH TPAaHAYHLIMK YCIOBHSMH M BOJHOBHM ypaBHGHMEM IOJe NaJAKXMero
Oyd9Ka OmpefesseTca IOJHOCTHIO.

ITone nagarmei#i naocko¥ BOJHHK MO HIOCKOCTHI 9KPaHa MH SanmmeM B
Bage (fakTop exp (— iwt) mompasymeBaeTcs):

P = exp i (E)z + 2o2), (14.1)

rae

§0 = k sin 00, Gy = k cos 00. (14.2)
Ilocne npoxoxperua meau Opy z = 0 Mu GyfeM EMeTh B COOTBETCTBME CO CKa
SaHHEHIM BHIE: :

—e<z<o, @) =expiler; |2 >0, @) =0. (143

IlenecooGpasao HeckonbKo 000GIMETHL BafaTy M paccMOTpeTh caydai mpous-
BOJILHOTO pacOpefeNeHMA AMIVIATYAH BOJHH IO CeYeHHI0 OYYKA IJIOCKOCTBHIO
z = 0. IlosToMy B panpHefimeM MK (yfeM mpefmoxaraTh, 9T0 GyHKIAA P (r)
EMeeT Buf

V() = F(z)expifer, — oo < oo, (14.4)

Oymraus F (z) omucHBaeT mePeMeHHYI0, BaBHCAMYX OT £, OPO3PaTHOCTH BK-
paBa. na Toro uTolGm momATHE myZKa MMes0 CMEICH HeoGXoamMo, 9TO0K MupHHA
oydka Onaa Gombmofi mo cpaBHEHHMIO ¢ AAMHON BOAHK. 9TO CBOAMTCA K CyIIecT=
BeHAHOMY AAA fajJbHelimero ofcTosreancTBy, uTo ¢ymxkmua F (x) gomsxHa GHTH
Me[IeHH0 MeHmomelica (Maso MeHATHCA HA AJMHE BOJHH).

Ilone B mmockocty z = ( mpepcTaBuM B BuAe uHTerpana Dypse

+m
() = S D (§) ei®dt, (14.5)
rme
+x +oo
O E) = 21:: S P (z) e ='21_u S F (z) elGrBdz, (14.6)

B u9acTHOM cayuae IydKa, 0GPasoBaHHOTO HPONYCKAHWEM IIOCKOH BOJHL
gepes meab,

—e<z<a F@=1 |z|>a F@=0, (14.7)
+a ,
D) = 'i%:' S eiCo-B1tdy = __.S";‘él :?)" , (14.8)

~-a

Ionesno saMeTuts, wro Pymrmusa O () B (14.8) EmeeT BenpumBy mopamKa 1
JAHIb OPY Manwx pasmoctax (&, — &), ymosaeTsopsaomax a (§, — §) < 1.
Mpu a (8, — &) > 1, © (§) Gynmer Mana. )

Ha ocmoBe pyEKmMEY (z), BafaBHoil B Fane (14.5) u XapakTepusywmei momxe
B INIOCKOCTH 3KpaHA, HOCTPOMM cAeqyllL Vi dyuknuio obeMx nepeMeHHHX z
Hz

. +o
P2 = | D@, o=YE8, Ima>0. (149

00

9ta Qymrnug u GymeT omMCHBATH moJe MAfAalOMeEro MyYKa Me;KAy IIOCKOCTHIO
3KpaHa ¥ OTpaKaKme# IJIOCKOCTBIO, TAK KaK, Bo-IePBHX, 0HA YHOBIETBOPAT
BOJHOBOMY YyDaBHEHHIO

Pp/oz? 4 o%p/dz® + kdp =0, (14.10)
‘ )



HOCKOJBRY 9TOMY YDaBHeHHIO YHOBAeTBOPAET 3KCIOHEHTA IO KHTEIDAaoOM; BO-
BTOpHX, OpK z = 0 oma mepexommT B ¢ (z), safaBaeMyw BHpaxenueM (14.5),
T. . YAOBIETBOPAET TDARWYHOMY YCAOBHIO.

IdKcOoHeHTa B MONHHTErPaJbHOM Bhipa:kemuu (14.9) mpu sagamsoM § mpep-
cTaBasgeT coGofi MIOCKYH BOJBY, PacHpPOCTPAHAKIIYIOCH NOJ YIAOM

¥ = arcsin (§/k) (14.11)

o0 OTHOMIeHHIO K HaOpaBJAeHHMID oCH z. TakmM o06pasoM, Ka;Kaas# KOMIOHEHTa
pasnoxeHus Noas B naockocth z = 0 B yaTerpan Pypbe mpoaoaKaerca B mpo-
CTPAaHCTBO B BuAe IIoCKoil Bonam. Bmupasxemue (14.9) u Gymer mpepcraBaATh
co0oii MCKOMoOe pasiokeHHe HAfaKImMeEro mydKka mO IJOCKHM BOJHAM.

Ilpu £ > k yron 9, cormacuo (14.11), GymeT KOMIIEKCHEM, T. e. B PasioKe-
HMM GyoyT DpPUCYTCTBOBATH TaKKe M HEOZHODOJHHE NIOCKHe BOMHH (cM. § 1).
Ux ammautypna Gyger yOHBaTh OpM yAadeHMH OT ILIOCKOCTHM 3KpaHa IO DKCHO-
HeENHUAJbHOMY 8aKOHYy. 910 BHAHO Takye us (14.9), Dockombky mpy & > k
SKCDOHEHTA IOJ MHTErpajoM OpuHHEMaeT BHA exp(ixr — V E* — k%z).

Hauboasmywo poab B (14.9) 6yayT MrpaTs Te OIOCKMe BOJHH, HampaBIeHUA
KOTOPHX GIMSKM K HampaBlieHMIO Hajapme# ma meap miaockoBh BomEH. Jlei-
CTBMTEIbHO, KAK Y¥Ke YKasHBaaoch, pynknusa @ () mMeer saMeTHYI BeIMIMHY
apmb opu(§, — &) a << 1, T. e. opu ak (sin &, — sin 0) << 1 uan, ecau yuecrTs
6ausocts &, u @,

(8 — 8) << 1/ak cos 8, (14.12)

BenmamBa a cos ¢, paBHa mMHUpHHE HODMAJBHOTO CEUYeHHR NyduKa (B TO BPeMA
KaK ¢ — MupHHA cedenuA B MiaockocT z = 0). Tak Kak 3Ta mMpHHA JOMKHA
6uTh, GesycmoBHO, MBOro Goabme NIKHE! BOJIHE, HHaYe IOBATHE Oy9IKa HoTepaeT
CMBICH, TO, CIEeAOBaTeAbHO, ak co8 &, > 1 n

(8 — B) <. ' (14.13)

14.2. Tlone orpamemBoro mywka. Cuemenme nyyra npa orpamenmy. 06o3-
HaumM depes V (¥) xKospdumueHT oTpaskeHMs MIOCKOH BOMHH OT IPAHHIE!

V(®) =pE)e*®, L= ksin 8, (14.14)

rae p (E) u ¢ () — Mogyap u (Pasa KosddEmUeHTa OTPAIKEHMA.
Ilone, cospaBaeMoe Ha TpPaHEN® HafaloMuEM IYYKOM, MH Hoxyumm us (14.9),
IOJIOKKB TaM z = [:
+o
Yoea (2) = | @ (§)eixrang, (14.15)

Y

-

ITome oTpaskeHHOTO IyYKa MOAYTIUTCA, eCITH 3[eCh HOAHATErPANbHOE BHPaKeHMe,
mpefcTaBaAwmee cobofi MAOCKYI0 HafalmMyX BOJEY ¢ HepeMeHHHM YIJIOM Ia-
nenus, ymuoxarh ma V (8). CaeposaTensmo,

4o
VYoo (@) = § O@®p @ expi(Ex +al+ o) L. (14.16)

-0

Tlogcrasnas B (14.16) @ (E) us (14.6), sanumeM mous NafAOIMEro ¥ OTPAKEHHOTO
IyIKOB B APYrOM BHJe:
400
1 »
Yuus(2) = e \\ 7 () exp fi(Eo — B0 + B + al] dEan, (14.47)
4o

Yors (@) = 2 \ P p®)expi[0(®) + G — B+ B2 + all dEdn. (14.18)

-0

=



B panpBefimem Mu GyqeM paccMaTpHEBATh CIIyaaii, KOrga MOKYab KoapPHIAeH-
Ta OTPaXKGHHA Maji0 MeHAETCA B OpPefelaX YIJ0B HAKJIOHA, YAOBIETBODAIIMAX
yenosmio (14.13). OnaEm w3 mamGomee BaXHKX ABAAETCH CIyIail mOAHOTO BEYT-
PeHHero oTpa)KeHHA BOJHH Ha I'DaHMILE ABYX CPefl, KOIa MOLYJIb KOapPHmmEeH-
Ta OTPaKeHHA OCTaeTCA OPH BCeX yriaax, GoJbIImAX yIia HOJHOTO BHYTPEHHEIO
OTpa)keHAA, HOCTOAHHKM H PaBHHM eJHHAILE.

B atmEx cayuaax BemmwmHEy p (§) MoKHO BWHeCTH 8a SHAK HMHTerpajia IPH
spavennn § = §,. Kpome toro, B (14.17) m (14.18) BBemeM HOBY® BeNHIEHY

Q=t— & (14.19)

B S ML > Tlog muTerpanamu (14.17) u (14.18) cymectsen-
HY® poab GygyT HrpaTh JHIDb 3HATEHAA §,
J o Gnmsxme k &, [ToaToMy pasmoxmM QyHKOHD
@ (§) mo cremensaM Q .
' P (&) =) +9 )R+ 0" (8)RY2 4 ...,
_JL A S U ‘ ’ " 14.20)
4 Tae
z ? (Eo) = (O9/0)e=z, ET. B, (14.21)

Prc. 14.2. Cnyvali a6conioTHO

oTpaamomel rpaHANH H OTPaHAYAMCHA HOKAa JHWb WIEHOM C IePBOH

cremenswo . Torna (14.17) m (14.18) npm yue-
Te TaKMe BHAYOHHA o MOXKHO 3aIECATh B BHA®

Praa (*) = XP i8o7 - fran (7),

o

faan (2) = - SS Fexpi[Q@— ' +VE—(@ T &Pl dndQ.  (14.22)

—-— 0

VYorp (£) = exp i &z - forp (2),

V (0
fon) (x) == (2“0)

-}:ur.\
\(F espig@rr+ o @) —nl+ VE—(@ LY dnde,
—= (14.23)

A€ fuax () ® forp (r) — PyBKOEE, omECHBanmme (OpMy DyuKa A0 H HOCHe
OTpaKeHHA.

CpaBrmBas (14.22) m (14.23), maxommM

forp @) = foan (@ + @ Eo)) V (Bo). (14.24)

Otciofa ciefiyer, 9T0 npH OTPAaXKeHHR HYJOK CMemaeTcA BAOJb 'PaHALNH HA Be-
AAIARY

A= —0¢ (E). (14.25)

DEsuuecKREfl CMHCA BeAMYMHH A CTAHOBHTCA ACHRIM IOCAe PaCCMOTPeHHA Clé-
Ayomero mpocToro ABIeHAA,

IlycTh mmockas BosHa magaeT ma rpammmy z = O (pme. 14.2), xosdmumenT
OTpasKeHHA OT KOTopoii paBen enmarne. CoBMOCTHB INIOCKOCTH ZZ C MAOCKOCTHIO
NafieHREA, Mafalmylw BOJHY, KAK H BRme, sammmem B BEAe eXP i (§,r — %o2)
H OTPAXKEHHYIO BOJHY B BHAE exp i (£,z + 42), Te @, = k cos &,. .

IIpr z = 0 o06e BoMHELN EMET PaBHHE aMIJETYAH B ¢asH. B HeKoTOpoH ke
nA0CKoeTV z = h majalmas ® OTpakeHHAA BONHH GyAyT mMeTh BHPAsKeHHA
exp i (§ox — aoh) mexpi(§yz + ayh). OTHOmMeHAE OTPaIKeHHOI BOIHE K NA/IA10MEOH

V = exp (2ia4h) (14.26)
MOIKHO PacCMaTPHBATh KaK KO3((AIMenT oTPakeHAA BOJHK B IIOCKOCTA Z = h.

Monynb aToro xosddmEmmenTa paBem emmHEGE, a Pasa @ = 2agh =2 Vie— Eh
€00TBeTCTBYeT Habery ¢asH BoMHM mpH ee mpoGere or z = h go z =0 m 06-
paTHoO.
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B o6meM caygae IpA NPOH3BOJLHOM yIJe HafeBEA BOJAHH $asa ¢ Gynmer
p=2nY K —E. (14.c7)

Bupaskenme (14.25) maeT gaA cMemeHmA A B 3TOM ciyTae
A = — (0p/08)g—¢, = 2hE,/2o = 2h tg B,, (14.28)

Benmupna A moxasama ma pHc. 14.2. Oma paBHA FOPHSOHTAJHLHOMY CMeImIe-
HAK Ay9a OPHE OPOXQJe ero OT MAOCKOCTHE z = h Ko maockoctn z = () m ofparHo.

TaxkmaM oGpasoM, B pacCMaTPpHBaeMOM ciayIae cMemenme aydedl, maBaeMoe
$opmynoii (14.25), mMeeT BechMa mpocToil cMzica. Ero MoXKHO BHYHCIAATH, Ko-
HegHo, Ges o6pamenna k gopmyme (14.25), HA 0CHOBAHAE TOJIHKO JYIEBHX Hpef-
craprenmii. OEaKO OCHOBHYIO NEHHOCTH HBJIOMKeHHAS BHINE TeopAn EMEOT Auf
¢aydaes, Korfia JydeBasd KOHNENIEA ABIAETCA HeNPEMOHEMoH. Hme MH pac-
CMOTPHM HOCKOJABKO TAKHX CJYIaeB.

OTMeTHM TaKXe, 9T0 TEOPHA CMEMEHAA NyTIKa OPH OTPaKeBMH HMEET MHOIO
AHAJOTHEA B TeODHH PACHPOCTPAaHEHHS KBASHMOHOXPOMATHIECKOTO HMIYJIBCA B
ABcOeprEpyomei cpege (cM., Hampmmep, [28, § 21]).

14.3. Ilonmoe BEyTrpemnee oTpamense myura, CormacHo ¢gopmyne (14.25),
HYXHO OKHJaTh, ITO CMEMEHHe HyIKa HPH OTpa<eHMH OyneT SHATATENbHHM
B TeX cayIaAx, Korma gasa Koaddunmenra oTpakenuss GHCTPO MeHASTCA ¢ YIIAOM.
9To KaK pas AMeeT MeCTO OIPH NAJeHHE NyIKa HA TPAHENY ABYX OfHOPOSHEIX Cpef
HOOof YIIOM, HECKOJHKO OPEBHMAKIAM Yrojl HOJHOT0 BEHYTPOHHETO OTPAaKeHHA.
Kaxk Bapuo m3 puc. 2.3 (3gech T'paEHIHHI yrox cocraBuseT 56°), ¢asa Koag-
$BEn@eHTa 0OTPAXKEHAA @ IPH 3TOM MenfeTcA BechbMa Orictpo. [lnma @ MH HMeeM
B JaHHOM cayTae gopmyry (2.22).

Hac 6yner muTepecoBath cayuaii, korga sin ¢ m sin &, GIESKE gpyr Apyry
m 6amskm K n. Torga Gynem mmers mpmbamxenso, yauruBag Taxme (14.11)

—_2ye-r (14.29)

km {—nt °
Jrpdepernapyn, HaXofEM BHPakeHHE A CMEMEHAA
A = (Mjrun)tg B,/) sin? &, — n? . 7 (14.30)

Msl BEARAM, 9TO CMEMEHHe MydIKa TeM (oabmie, YeM Gamie yroJ ero NafeHmd
&, npEGAMmKAETCA K TPAHHYHOMY YTJAy IOJHOTO BEYTPeHHET0 oTpaxenma. Ilpm
sin &, — n Mu mMeeyM @3 (14.30) A — .

B caygae oTpakeHRA 3.T6KTPOMATHHETHOHM BOJAHH, ¥ KOTOPOil BEKTOp 3JIeKTpH-
9eCKOTO0 HOAA OPHEHTHPOBAH MEePHeHIAKY.IAPHO IJOCKOCTH NAafleHEA BOJHH,
8 gopmyant (4.16) momywaeM opmE pu, = p, sin & > n

_ cos¢—i Vsin?@ —n?]_ o, — — 2aretg Vga_kz,:- )
cos® 4 Vsm’ﬂ—n’l g2

JnA cMemeHEA nyIKa mOJIyTaeM BHDAaXKeHHe
A = (Mjm)tg B,/Y sin? §,— nt. (14.31)

ABaNOTHIHO, €CIIH BeKTOP 3I6KTPAYECKOr0 HOJA JEXKHT B IIOCKOCTH HAJeHAA
‘BOJIHHI, EMEeM

= (Mant)tg 8./} sin? @, — nt . (14.31%)
B atEx dopMyaax A — mAmEBa BOJHH B Cpefie, A3 KOTOPOH# magaer BONHA, N —
[0Kas3aTeJb OpPeJNOMJeHHA TI'DAHMIIH,

OnHTHOE OmpefieIeAAe CMEMEHAA CBeTOBRX NYYKOB NIPH HOJHOM BHYTPEHHEM
OTpa)ieHHA Ha TPAHHNE CTEKJI0 — BOSAYX HPOHMSBOAMIOCH B paforax {161, 162].
XOoTA mpH KamAoM OTPaKeHAM CMEMEOHHE MOXKeT U0 CBOell BeJmumEe [OCTHIATh
MHOTHX JJAH BOJH, 9TOOH CHENATh 6ro XOPOmO 3aMeTHHM, IPHINIJIOCH OpHber-

(5



HYTh K MHOTOKDATHHM OTpaieHmaAM. IIpu
3TOM CMemeHHe YBeJHYABAI0CH B YHCIO
Pas, paBHOE 9ACAY oTpakeHmi. OnuTH Hmop-
TBePOHEAR TCOPeTAYeCKAe HRAHHbIE.

14.4. OrpaxcenEe BBYKOBHIX ITYy9KOB OT
TBEepOuX TeJ W OT IJacTHHOK. IIpn nagenunm
BBYKOBOIl BOJHL H3 KHJKOCTH Ha FDABHIY
Pue. 14.3. Cyentenne yInTpasBykono- TBEpROro Tema MOMHOS BBXTpeﬂiee pTpaRe-
ro nygka wactotil 1,6.107 2y npn or- HEe HEMECT MeCTo . npﬂ_ sin § > c/b,, re
paennu e10 ot rpamhud kKenroa- ¢ - CKOPOCTE 3BYKOBEIX BOJI B JKHIKOCTH,
ATMII{L a b, — CKOpOCTH COBHTOBHIX BOJH B TBeDAOM
Tene. B6ausit rpaE@MYHOrO Yria IOJHOTO
BHYTPeHHET0 OTPasKeHHA GyT1eT UMeTh MecTo,
KaK 1 B OOTHKe, 3AMETHOe CMeMeHue MydKa,
KOTOPOe MOKHO CHOBA HOACYMTATL N0 dop-
myae (14.25), nmoasayack Bupaxenuem (7.7)
oA Ko3dPUOEEHTA OTPAKeHHA M NpeacTa-
BUB ero B BuAe V = exp ip.

3aMeTHOe cMemeHHe OyaeT EMeTH MeCTO
TaK;Ke NPA HECKOJbKO OGoabmeM yrie ma-
Puc. 14.4. To e, wro 1 na puc. 14.3, AHHEA BONHH, Koraa ee ($asoBas CROPOCTH
HO L1 4acTOTH 5,5.10° 2y BONH TpaHBAOH Oymer coBmagars ¢ vy —
CKOPOCTHIO BOAHH Pajea Ha rpasmme TBep-
AOTO Tela ¢ BAKYYMOM.
BOamsn atoro yria dasa KosdPHEmueHTa OTPAKEHHA TaK:Ke ABIACTCA BeCHMa
OsicTpo Mensiomefica QyHRIMei.
Pacuer 717 cMemeHua maer B aTom cayvuae [231]

2k 6l —)—2(3—2¢)s5--5° T —1 19y
A - R s (I —gs) ] sl —¢ (14.32)

TAe A — JJIHHA BOIHL B ;KINKOCTH, OCTAIbHHE 00603HAYCHASA TaKHe :Ke, KaK
2B § 7 (cM. (7.37).

Beamuuna s = (vp/b,)? saBmcuT oT Kosddmmuenta IlyaccoHa m H3MeHSerTcH
OJA PAa3AEYHLIX TBepAHX Tea B mpemenaax or 0,77 mo 0,91, [daa amommumEs, Ha-
npaEmep, s = 0,87,

TlogcTavoBra uncieHHEX 3Haveuvii B gopmyay (14.32) maer jisa rpamED:
a) Boga — amoMHBHE A - 24,4 A, 6) keumoa — amovmEDG A = 33,4 A.

Yroa magedus Up, IpH KOTOPOM HMEET MeCTO 9TO CVelleHHe, O Ipee AMBANCH
B8 cooTHouienua sin tp - ¢/vp, cocTaB:ifeT cooTBeTeTBenHo a) Up = 31%
6) \()R == 27°.

Cmemenne A J0CTATOYHO BeAHKO, 9ToOn OLITH 3aQNKCHPOBAHHEM IPOCTHIM
o6pasom. Ha puc. 14.3, BaaToM, Kax B gBa nocaexyouux, s [231], Asobpaxena
CHATAsA HOPY HOMOMM TEeHeBOTO METOAA KAPTHHA LOJIHOTO OTPa;KeHHA yJIbTpa-
8BYKOBOro myuka (gacrora 1,6 X 107 ey) ot rpaEMnn KCHmOm — AJMIOMBHER gas
Tpex YIVIOB NajleHisA, BOSPACTARIUX ciena Hampaso. Ila cpenEeM nsobpaxenmm
yroa mafieBHs pasen {p; CMemeHHe OTPA;KEHHOTO NYYKA OTHOCHTENBHO HAMAI0-
IeT0 XOPOIIo 3aMeTHO. JTO CMemeRue OTCYTCTBYeT HAa KpaimAX Hsob6paskeHHAX,
rae yIie DageHHA HECKOJibKO OTaWYHH 0T Up. Ilomnaa mupAKa myuka cocTaBafer
12 xx; pIEBA BONHE B KCHAOJe OpH 3Toil gactore 0,08 mx, cMemenne A B co-
[JIaCHHA C PACYGTHHM OKAZHBACTCH PABHHM 2,7 Mx.

Ha pme. 14,4 mpuBefieEa xapTHHA, HOJYYeHHAA B TeX jKe YCJAOBNAX, HO A
Gonee HusKoi# wactoTh 5,5 X 10% 2y (A == 0,24 mm). [TocKOMBKY COTIACHO Teo-
pun, CMCIIeHHe IPONOPHHEOHAABHO JIMHE BUJHH, 3HeCh OHO OKAsHBAETCA eme
Gosee saMeranM. [Iyuok cMemaercA mpe 3TOM mOYTH Ha CBOK HOJHYK IMHEPHAHY.
OpBako BCIeNCTBAe YBeJAMIEHHA [JMHH BOJHH TPaEENLE OYYKa OKA3BIBAOTCH
Gomee pasMuTHMA,



- IIpm BaguamE cMemeHHA yroa ¥r ompe-
JeIAeTcH ¢ HACTOABKO Xopomel TOIHOCTHI,
9TO Ha 9TOM NPHHENHEIE MOXeT OHTH ocHOBaH
ROCTATOUHHE MeTo OmPOAGNeHAA CKOPOCTH
BonBH Pomess, a sHaYMT W YOPYTHEX Oapa-
MeTPOB CDefH.

BecsMa Goabmoe CMemeHH® 3BYKOBOTO
IydKa MOjxeT BOPHAKATH IPH OTPaKeEHH ero
OT NJaCTHHKH, TAK KaK B 3TOM ciay7ae gasa
xosdPrmuenTa oTparkeHHA MEHACTCA C YIIOM
ocobeHHO GHCTpO (CM., BanpmMep, pac. 14,5,
e msobpamena ¢asa xosddmmmenra oTpa-
JKeHHA SBYKOBOH BOJHH 0T AJKMHAHMEBOR
OJaCTHHKHE B BOBOyXe KaK QYBKOEA yria
napenns). [Ipm 3ToM mo OTHOMEHMIO K Nafiak0-
meMy OydYKy CMemaercA TaKixe H mpomep-
MAA OyIoK.
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Pac, 14.5. ®asa kosppunuenta orpa-
MeHUA 3BYKOBOH BOJHH OT anoOMuHMNe-
BOH WJIACTHAKA B BO3MyXe (pacuer).
Tonrmusa naacTREKK 3,4 mmM, TacTora
Boame 3,35.108 2y

IlBa caydasm OTpaKeHHA YJABTPasBYKo-
BOro myuxa gJactotH 16,3 X 10° 2y or aawn-
MpEnepofi mnacTHHKE, ToammHOHK 0,43 s,
8 Kcmione msobpaxenn [232] Ha pme. 14.6.
3mech HECKOABKO DAasAHIBHMA ABJAANTCH
yras OageEHs OYYKA HA nAacTEEKY. Ilpm
9TOM B OJHOM C.JIydae ME FMeeM HOYTH HOMHOe
OTpaXieHHE BOJHH, B JPYTOM — HOYTH HOJ-
Hoe ¢e NPOHAKHOBOHAE 9Yepes INIAaCTHHKY.
CMellleHAE OTPAKEHHOT0 ¥ NPOWeuero . oy%-
KOB II0 CBO®i BOTAYHHE COCTABIAIT HECKOIb-
KXo ToNmEH naacTHEKE. Bpocaercsa B rmasa
TaKxe HEOMHOPORHOCTH OTPAKEHHOTO MyIKa
IO ero CeYeHHI. 3A6Ch YMOCTHO OTMETHTH,
9T0 yueT OTpAHAYCHHOCTH IyIKa H ero CMe-
MeHAs BAONb OTpa)iamwmed cHCTeMH HMeeT BechMa CYIMeCTBeHHOe sHaJeHHe B
TEODHHE Pe3OHAHCHHX ONTHYECKHX M APYTHX GEABTPOB. JTOT BOHPOC GHLT BeCchMa
nonauo obcaexosan B paborax JI. B. Horamcema [40, 411].

14.5. PacnpeieleHne 58eprEE B ceYeHHMHE OTpamenHoro nywka. as mccie-
LDOBAHMA (BHYTPeHHETO CTDOCHHA® OTPaKeZHOT0 NydKa, T. €. PacHpeleNeHus
9HEPTHHA IO eTo cedeHHI0. Heobxo1auo B opmyme (14.20) ana Pasu xKoaddrnAen-
Ta OTpasKeHHA yYecThb YieHb BTOPOro mopsAnka *. Ilpm aroM BmecTo (14.23) M
nosydaeM CileXyiollee BhpaskeHHe NI HOJA OTPAKEHHOIO myTKa:

oo

V(&) expiter \\Fmexpi{Q [z + ¢’ (&) — nl +

-0

+ VR —(Q FE)E L+ g7 (§,) 92} dQdn. (14.33)

ALTPA3BYKO-

Pac. 14.6. Orpawemue
Boro mnyuka vacrorh 1,63.107 2y or

aNOMOHHEBO# INTACTHAKM, TOJITHHOR

0,43 sm B KcHTOT®

WYorp (2) = 21,,

My mpefmomoxEM, uro MHOKETEnb expil k? — (Q + &)t MomxHO BHHeCTH 3a
PHAK HETerpaja OpH sRaveEmd Q@ = ( Kak Me[JIleHHO MEHAKXMEACA IpPH HsMe-
menmm Q. Jlas atoro ! me KommkB0 GHITH CIMMKOM BEJEKO. ¥ 9eT 3TOT0 MHOMKHATEJ A
Doj HATErpajioM NpE GonbmEX ! fam GH BOSMOKHOCTH y9ecTh pacIUINBaHMe Iyd-
Ka H3-3a AUPPAKIEE OPH ero pacHpPOCTPaHEHWH OT MeNH A0 OTpa)kialomeld mo-
BEDPXHOCTH. JTO pacIJEBaE@e yKe AOCTATOYHO XOPOMO WCCAENOBAaHO B TEOPHH
madpaknEE. 3ech MH ero yYHTHBATh He GymeM.

* PaccMarpuBaeMi 3fech BOIIPoC GopMaTLHO AHANOTHISH Boupocy o6 H3MeReHMH $oPMH
BOJHOBOTO IIaKeTa IIpH pacllpoCTpaHeHHH B gucHeprapylometi cpege (cu. |28]), oTkyma Mu 1
GepeM cxeMy pacaera.

n



BBegeM BmecTO Q HOBYI HePEMEHHYIO ¥ COTIACHO COOTHOMEHHIO

&9+ (2 + ¢ — g’ =ny. (14.34)
Bumonnss B (14.33) mATErpEpOBaHMe MO ¥ E YYHTHBAfA, UTO
4o
S exp (i i%y’) dy=1.+i, (14.35)
moaxydaeM
Yorp () = (1 +0)/2V 79"V (8)) exp i (Eez + Vit — E31)x
“+oo

x | expl—i(e+¢ —nB2¢") F()an.  (14.36)

—_00

O6osaagnM famee

@+¢ —n)/Vng' =u. (14.37)
Tornma
Yorp () = V (Bo) exp i (§oz + sz §ol) X
+oc

X 5 exp (— inu*2) F (z 4 ¢’ — V ngu)du. (14.38)

Ilpm ¢° mocraTowHO MamoM, yumTnBas (14.35), MH cHOBa Hoxydaem dopmymy
(14.24), paromyw cuemenne mytka Ges H3MeHeHAS ero GopMm.

Hanpmeiimuit amanns Bripaxenmi (14.38) Ges nmpemeGperkeBHMA WaeHOM, CO-
gepwammM }J np”y BO3MOMEH TONBKO HPE saflaHEH ONpPeAeJeHHOTO pacmpe-
AeneHAs aMIJHATYAH BOJHH @0 CEYeHHI0 NAJAKOMEro mydxka, T.e. OPA 3aIaHAK
BEfa ¢yBKnEA F. Mu npeano.1o:kAM siech, 9T0 GYHKIES F 3a3aeTC A COOTHOMIE-
gaamA (14.7), 1. e., 9T0 maflaOIIEl Oy90k EMeeT [MEPAHY 24 W HOCTOAHHYI HO
BCeMY CedeHHI0 HHTEHCHBHOCTh. Toraa mmrerpax (14.38) daxrmueckm Gyger
Gpatscs B mpeAenax (u,, U,), ONpPefe;A6MHX H3 COOTHOGHHS

z4+¢' +Vagu,, = Fa (14.39)
80
hp=—(Fa+z+¢)/ Vg (14.40)
YuuTHBasA, 9T0 B S5TEX mpefenax F = 1, momygaem ms (14.38):
Vorp (2) = 4 V7 (8) expi oz + V 2 —£3 Eol)s exp(— inu¥2)du.  (14.4)
910 ne MONHO 3amACATh B BHJE l
Porp (2) = —— LV (0 expiEor + VI — B [f () —1 ()], . (14.42)

roe

Fw) = § exp(— imu2/2) du = C (uy) — 15 (uwy) (14.43)

0

H aHAJOTHYHO AaA f (4;) ¢ 3aMeHO# u, Ha u;. Tak kKax materpain QPpemens C
2 S ABAANTCA OCOANIAPYOMAME GYHKOEAMA CBOHX APTYMEHTOB, TO H HHTEH-
CHABHOCTD B OTpakeHHOM mydxe GyleT MeHATHCA mO CETeHHI0 He MOHOTOHHO. JTO
OOATBEPHAAeTCA W BKCIEPAMEHTOM (CM., Hampmmep, pEc. 14.6).

Cmemenre OyTKa OpH er0 OTPAHeHAH MOKHO HOJYYHTH TaK:ke, PaccMarTpH-
Bag MOTOK SHEPTHA B HaflalOIMeM H oTpakeHEoM mydkax [154, 230, 12].

14.6. Orpaskesme oT HeomHOpoAHOi cpenl. Bechma Gombmoi HHTEpec mpea-
cTaBjIseT HCCJIeNOBAHAE OTPaKeHAA OTPAaHAYEHHOTO MyIKa OT CPefinl ¢ HempepPHB-
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HO MeHMIOMEMHCH cBOHcTBamME. 3pmech nmpEmenenme Popmynst (14.25) pas cme-
MeHAs OPHBOGHT K HHTEPECHHM pesyJabTaTaM, JONOJHSIONEM OOLYHHE Iy-
9eBHe OpeACTaBIeHESA O ped)paxnnn BonH [11].

Mu paceMoTpEM xonxpe'mmn caygail, KOTfla OOKABATONb NPENOMJCHHSA
n (z) cpemn EMeeT BHJ

2<0, n=1; z2>0, n=V1—qaz, a>0, (14.44)

Ipeamonosxmm, 9T0 H3 ogEOpoAHOK cpean (z << 0) Ha rpammmy z = 0 ma-
maer orpapmdeHHHHE mygok. UTo6u HaliTH QopMy E MeCTOmONOMEeHHe OTpaskeH-
HOTO IyYKa, HeoOX OfEMO, KaK MHE BEAENH, 3HATH KOSPPHIEERT OTpaKeHAS NIIOC-
Koli BOMHH oT 3Toit rpammnu V (9). Om maiifen Ansa paccMaTpHBAeMoro caydas
B § 21 m paerca dopmymoit (21.22). lna yaoGerBa BOommeM ero gasy

¢ = —n — 2arctg [V—— to—— :‘(t;)) J —to = (ko/a)*s cos? B, (14.45)
rae v (t,) — dymxmma d#pm (em. § 21), ¢ — yron mapenns, k, — BomHOBOE WAC-
a0 B noxynpocrpancTse z << 0, Ilpegnmomoxum, aro —17, BesmKO, 9TO OCYMECTE-
AfeTcA, OCAE HsMEHEHAe NOKA3ATEJf NPEJOMJEHHAS Majo Ha [JAHHe BOJHHE
(knfa = 1), a & Be cammrom GamsKd K n /2.

Us acEmnroTmdeckEx dopmya (21.13) mm mmeem mpm £, < 0
b (to) = (— to)"sin (wo + /), V' (fo) = — (— o)t cos (wo + n/k), (14.46)
rae
Wy = - (— 1)’ = --( ‘;“)cossﬁ. : (14.47)

Honcrannnn (14.46) B (14. 45), noxygaeM
p = (4ko/3a) cos® & — n/2, (14.48)

IToxanieM, aro aT0 BHpakeHHe AasA (PasH, 8a HCKIOTYEHHEEM CAATaeMoro 1 /2
(koTopoe IpHE CAEJAHHHX HAMH IPOJION0/REHEAX MAJI0 NO CPABHEHHIO C MOPBEIM
9/16H0M), MOieT GHTH HOAYYeHO B PAMKAX MydeBold onTHKE, [eficTBATeNbHO, MY,
DafialME# Ha IPAHENY HOA yriom ¥, GyAeT mpE OPORSBOABLHOM Z COCTABIATDH C
ocpl0 z yroa & = & (z), Koropuii HaxoAUTC A B3 cooTHOMeEHNAA (3aKon CHennAyca

(cp. $opuyny (23.17))

n (z) sin® (z) = sin¥, (14.49)
B ToYKe e «3aBOPOTA» Z = Z,, ONpefeNAeMOi Hs YpaBHOHASH
n(zy) = sin @, (14.50)

dyq OPHEMET TOpH30HTaJbHOE IOJO0KeHHe H B nanbﬂemnem saBepHeT oﬁpa’rﬂo

(pmc. 14.7).
HaGer ¢asm npmE mpoGere mmocKo# BOAHE OT rpaEANH z = ( M0 DIOCKOCTH

z = z,, @ oGpaTHO OygmeTr, O9eBHEHO,
Zm iy
o=2( kdz =2k S n(z) cos ¢ (z) dz.
° o

910 B Gymer dasoit KospPmAumenTa OTparKeHHEA B Jy4eBOM HPHOIAKEHHH. Vap-
ThBag cooTHomenme (14.49), momygaem

z
P = 2kq gﬂ Vni(z) —sin®Odz. (14.51)
0
Ecam Temeps BOCHOAB3OBATHCA 3aKoHOM (14.44), To

™
P = 2k, ( V cos® & — azdz (14.52)

[}
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®JIA mociae 3aMeEm [ = cos? ¥ — az,
2k e
p=— S §idg = —?TI:L cos® 9, (14:53)

(]

gr0 coBmamaer ¢ (14.48) ¢ ToIHOCTHIO M0 uneHa /2.

BrramcaEM Tenmeps' cMemenne MydKa OPHE €ro OTpPa’KeHHH, BOCIOJb30BABIIACH
mocaeIHAM BhpaxeHuem Aus ¢asn. Brnipasus € gepes &, coraacHO COOTHOIIEHHIO

. = ko sin 9, (14.54)
mosrygaeM
@ = (4%o/3a) (1 — E2/A2Yn. (14.55)
3
(x,a%/%) "4
70
DIn 000K 08
172/ 4
' |
e —
T z
1
Zm
Heod, g 1 1 1 ] 1 1
" e 0 1 2 3 & & o4
Pme. 14.7. JlyqaeBasa kapTaHA HOAHOIrO Puc. 14.8. CmemeRRe MydKka OpH OTpaxe-
OTpa’KeHHA 0T HeoXHOPORHOM Cpeln HAH KaK YEKOUA mapameTpa £,

ITocae sToro ms (14.25), yauTHBan Takke, a0 £, = k, sin &,, rme &, yroa, coc-
TaBAAEMLIH OCHI0 IydIKa ¢ OCHIO Z, MOAYJYaeM

A = (2/a) sin 29,. (14.56)

JTo e BHpakeHHe NJSA CMEMEHHA MH HOJYyYHM, PAcCIATaB XOX Jyda Ha
pEc. 14.7 @ yars opm atom coormomenma (14.49) m (14.44). Mu npepmocTapasem
gaTaTeNo0 YOemHTBCH B BTOM CaMoMy.

He 6yngem Temepp orpaHAYMBATHCA NPHGAHEHAEM reoMeTDPHIECKOH ONTHKA,
Mu mmeem cormacHo (14.45) m (14.54)

to = (B2 — ko) / (ako)™>. (14.57)
Orcrona HaxommM, yIuTHBasg Takme (14.54),

3 (akg)'/' oty T (kpa)'s It °

Temeps mosyuaem naddepennapoBanmeM ¢ B (14.45):

— Al _ 2sin28 _ tgd o’
A= ( 3 )E—E. a (akg)"" popur o (14.59)

rne v=Eov(l), V=1 (t.,) IIp= ;md)d)epemponannn yYTeHO ypaBHEHHe [if
dysxnmr dipm 7 () = tw ().
~ Ipennmonoxmy, wro srmonEeHo ycaosme (a/k,) << 1. Torpa moabsoBaThCA
dopuynoit (14.59) AMeeT cMHICA TONBKO IPH MAJIHX YIJIaX CKONBHEHHA Yo =
= ¥, —n /2, Tak Kak B IPOTHBHOM CJy4aé HeJecoofpasHo HCIOAb3OBATH Gosee
mpoctyio ¢opmyny (14.56). Vimeem mpm mammx y,:

sin®, =1, cos®y=%y, to= — (i)% X2 (14.60)

a
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Qopmyna (14.59) aas cremeHHA B 3TOM cAydae MOMeT GHTH 3amEcaHA
koad \Ys w7 1 v’

Ha pmc. 14.8 Bemramma (-"-"Z—’)V'A msobparkena rpafmuecK® Kak QYHKNESA I,

(cwromnas nuAmsA). WETepecHO cpaBHETH HOJyYeHHOe sHavenme A ¢ DpmGam-
wmenHnM (14.56). Ilocnemgmee moaywmrcs ms (14.61) mpm sameme BripaseHHsa
B KDYIJHX CKoOOKax e[HHHIOH:

(ka4 A = 20 —F,. (14.62)

T'pagur sTof Ppymxnmm ma pHc. 14.8 msofpasken nyBKTEpHOH nmnadeit, Us cpas-
HeHHES CIUIOITHOR B OyHKTEpHOR KPHBHX MH BHIWM, 9TO JydYeBasd TeopHaA [daeT
OpEGAASATEAbHO NPABHJbLHHA DPesyJabTAaT OPH YCJIOBHE

—to>1 Bam 9y > (alke) (14.63)

IIpm BeBHUNOJHEHHE 3TOTO0 YCIOBHA MeMAy TOYHOH H nydeBOlk TeopHedl BozHE-
KalT CYmecTBeHHHE - PaCX0KNeHAA.

Buipaenme (14.61) ana cmememma B obmacTE | to | < 1 cnpaBemmmBo He
TONBKO AN CcNydas, KOIfda IIOKagaTedb HpPEJOMIEHHA n (z) BafaH B3aKOHOM
(14.44), HO Tak#e BO BceX TeX CJAydYaAx, KOTMa pasioieHHe QYHKIOHE n (2)
B PAR IO CTeNeHAM z EMeeT|AAHEHHKH WieH, T. €. KOrfa OpA MAaJHX Z MOKHO IO-
JIOHHATH
n(2) =1 — az/2, (14.64)

rge a — HeKoTopHii mapamerp. Takas mHEpoKasg DPEMeHEMOCTD HOJAYIEHHOTO
pesyabTaTa 0GyCHOBAEBaeTCA TeéM, ITO NPE MaJHX yriaX CKOJbMeHHA mpomecc
OTpa’keHAR BOJHH HOPR moGoM saKoHe HamMeHeHHA n (z) PasHIDHBAETCH B CJoe,
rge az << 1 B, ciefoBaTenbHO, COPaBefAMBO pasdorkenHe (14.64).

JleficTBATENbHO, Ba HaHGOABIHE yroa CKOMBHeHAA, NPH KOTOPOM HempHMe-
HEMa Jy9eBaf TEOPHA B HyKHO mOAb3OBATHCA TOTHOH dopmymol (14. 61), MOIKHO
cormacHo (14.63) BsaTH yroa

Aep = (alkg) 1K1, (14.65)

Jlyq, magaromuii Ha I'PaHENDY OXHOPOAHOH B HeOMHOPONHOH cpej HOX 3THM
YIIOM CKONbHeHHA, MPOHEKAET B HEONHODOAHYW cpefy Ha TIYyGHRY 2z, Ompe-
HemseMy®0 H3 cooTHOmeEHHEA (cM. (14.50))

N (2m) = €08 Ypp = 1 — Yop/2-

BocnoabzoBaBmuch pasnoenmem (14.54), momygaeM H3 mOCHegHETro COOTHO-
OieHH 1

m = 'Xﬁp< 1,
9T0 B HY)KHO GHIO JI0KAsaTh.

HcoonbsoBaHEKe 8feCh JYIeBEe NPeACTABIGHHNA CTPOT0 TOBOPA HEN PAMEHMMH
OpE MAJHX YIraaX CKoabwendsa, ONHako, KaK DOKaswBaer H cTporag TeopmsA,
OHA JAIOT NPAaBHABHHE HODANOK IAA Z,.

3agada 0 DOJTHOM OTpaXeHHA BOJH OT I'PAHHIH OJHOPOXHON M HeOLHOPOXHOIM
cpen pemanach Takxe P. I'amcom [158]. UM 6eim paccumTam Xof mydeit BGAH3H
TOYKHE 3aBOPOTa B HeodHOPOAHOH cpepe. IIpm aTom om Hames, 9T0 Jayd B camoif
TOuUKe 3aBOpOTa o0pasyeT HaioM. Ero pesyapTaT me EMeeT $H3MYECKOIO CMHICHA,
TaK KaK IPOCJE;KABATH XOf Jy3a TaM, I'le HOIPAMEHAMA JyIeBasd TeOPAA, HOIb3A,
Bonee noapoGHo 06 oToM cM. B § 25.8.

& 1. M. Bpexoscmx 81



§ 15. Orpamenme EMmyancoB

15.1. O6mme cooTHOmenMA. JaKOH COXPAHEHHA HHTErPATLHOTO HMIYJBLCA.
PaccMoTpEM OTpajieRHe HMOYJAbCa ¢ IVIOCKHEM (POHTOM OT INIOCKOH IpaEmNE.
Jna aToro BocHmoJAb3yeMCA PasioieHHEeM HEMOYJILCA HA T'aPMOHHYOCKHE BOJHH €

TeM jKe yIIoM HafleHAs, 9T M HMIOYJISC,

IlpegmonosxmM pJXsA OHpefieNeHHOCTH CHOBA, ITO IJIOCKOCTh HafleHHA COBME-
meHa ¢ miIocKocThio xz (pHe. 15.1). Torga B o6mem Bripa)keHHW AAf HMOYIbCa
(1.1) 6ymem mmerp n, = sin ®, n, =0, n, = cos &, & — yrox majgemmn. Pas-

Doonm
iAo
umpyrscs

Pre. 15,1, Mapgerne AMOyancA
¢ mWIocKEM $poHTOM HA INIOCKY IO

rpaBHIy

Z

J0eHHe NAJAaKMmMero HMIYAbCa IO TapMOHHMYeCKEM BOJHAM, coTaacHo (1.3a),
6yner Emers BH[

F()= S D () etdo + K. c. (15.1)
t= M —t, . (15.2)

4

I'fle CEMBOJIOM K. C. Jaf COKpamenus 000o3Hagaercs 9:1eH, KOMIIEKCHO-CONMPS-
JKeHHH# BHOHCAHEOMY BIEpPeJH WIEHY.

3necs nop F mu1 Gynem moEEMATh 3BYKOBOe aBAeHHE, eC.1E PAacCMATPHBACTCH
aKyCTHYeCKEH ciydail. B sanmexTpomaramrmom cirydae mon F (§) HyskmO moEEMaTh
BeNWTHRY 3JeKTpHYecKoro moas E,, ecim E nepuneHREKYAAPHO INIOCKOCTH Ia-
AeHHS, H BeJIAIMEY MarHNTHOro noias H ,, ecnE H nepnesguxynapno aToil maoc-
KOCTH,

OGosBagumB, KaK H pamee, KO3PHIAEAT OTpPasKeHHA IJIOCKOMH rapuomecxon
BOJHH 9epes V, oTpakeHEH# HMOyNAbC sammmeM B BHEAE

o
Forp &) = -;-S VD (@) et do + ke, {=Zind—te® 53

[} .
OrpamenHu# EMOyasc HEMeeT B ofmeM ciaygae ¢opMy, OTAHYHYK® OT POpME
nmafapomero auMnyasca. Dopma EMIyabCa He MEHAETCH TONBKO, ecan V sBasercs
BemecTBeHHOK BeamumHO#, He 3aBHcAmel oT w. [[eficTBATENbHO, B 3TOM CJaydae
V* = V, npuuem V KaK HOCTOSHHAS BeNEYMHA BHHOCHTCHA 38 3HAK HHTEIpaja,
2 A3 (15.3) un noxydaem Bhpamenwe (15.1), yMmoxemHoe Ha KoadPHMEeHT
OTpayKeHH A C TOH JHMb pasHANEH, 9T0 B OJHOM CAydae GATypEpyeT Beamdmna &,
a B ipyroM &~. OxHako, ecid MH HMeeM LONHOe BRYTDeHHee OTpa’ieHHe OT rpa-
HEIH pasflela ABYX OJHOPONHHX CPef, Ifie V xoTa A He 3aBACAT OT JaCTOTH, HO
ABJAETC 1 KOMILIEKCHOH BesmuAno i, §yBRIEA Forp () GyaeT oTamuaTECH OT Fl,.rp ©),
T. o. opya EMITyJbca H3MENHTCS. To me GyAeT OpHE HOXHOM OTparKeHHHE BOJHH
B HeogHOpoaHOH cpefie (§ 14.7). ITH cayyam Mu- moApoGmee HCCielyeM HEMe.

IIpomepma# EMmynbc sanmmercsa mo amanoram ¢ (15.3)

Fap(€y) =TS WO (o) dotdo + ke, G =—nditzesth 54

1
(]

roe ¥, — yro;m mnpenomieHAs, CBABAHHHH ¢ YIA0M OafleHAA COOTHOIIGHHEM
sin®, = (¢ /c) sin &, W — kosddrnmenT mpo3pavIHOCTH.
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JokaxeM TeopeMy COXpaHeHHS IOJHOTO HMIYAbCa: MOJHHE (AETErpaJbHEH)
EMOYabe B A1060it TouKe BepXHel cpe[ill paBeH IOAHOMY HMIYALCY B J060# ToqaKe
HEREel cpemH *.

Ma'reuamecxn TeopeMa BHIPa’KAeTCH TOMEECTBOM

+0o0

N+ Fomat = SFmﬂL | (15.5)

-0

KOTOpOe OCTaeTCA COPaBeAJHBHM HE3aBHCHMO OT ¢OPMHE mafiaiolero AMIOYabca B
TOYeK B MPOCTPaHCTBE, NJiA KOTOPHX GepyTcsA HHTerpaJH B mpaBoii B JeBOi# Jac-
TAX DPaBeHCTBA.

Tak, BampEMep, IPE HOJHOM BHYTpPeHHeM OTpa’ieHAHM HMIYJbCa MAKCHEMAIB-
HOe 3HaUeHHe Fpp B HMOyabce, KaK MH YBEJAM HHEKe, GyaeT y6mBaTh ONpPH yI-
ny6neHEE B CPefy, OT KoTopoii Hccrenyerca oTrpasxense., OXHAKO ODH 3TOM HM-
OyAbC PACTATHBAETCH BO BpeMeHH TaK, 9TO €ro IJOMAajb, AaBaemas HHTErPATIOM
B npapoi gacTE (15.5), ocraercs mocToAHHOM NpE KaK yrogHo GoabmoM yHmaie-
HAH OT IPaHHOH.

HoxasarenscTBo (15.5) HauBeM ¢ paccMOTpeHHS HHTErpajbHONR BeJAIHHEH
DaflaloMero EMOyabca. Y YATHBAA, 9T0 coraacHO (1.4), MH HEMeem

D*(0) = P(— o), : (15.6)
pripaenme (15.1) AIA HafaOmMeEro EMIYAbCa MOMKHO BANHECATH B BHME

D () etdo + —H D (— o) et do,

0

Fl)=—

s g

HJIH, 3aMeHAA BO BTOPOM HHTerpaje — ) Ha @ H ofbeqmuAsn ofa HHTerpama B
OIWH, HOJydaeM
+00

F)=—+ S D (o) etdo, (15.7)

-0

Wpgrerpan mo ¢ B 60cxone'mmx npefienaX SKBHBAJIOATOH MHTErpagy Io C
IosTomy

+§ Ft)dt = +§ F)dt=— S§ D (o) etdtda. (15.8)

Ho, Kak H3BeCTHO, HMeeT MeCTO COOTHOmeHHe (cM., nanpm:ep, (39], ra. 14,

§ 2):

+00
{ eotat = 218(a), (15.9)
rge § (o) — $ynknEA [JApaka, paBHAA HYJIO BCIOAY, KpoMe TOUKE @ = 0, npn-
9eM B 3Tol TouKe 0Ha obpamaerca B GeckomeanocTs. Pynknmsa JJEpaka obmagaer
clIegylOMEME CBOKCTBaMH: -
+00 +0o0
{o@do=1, §1@s@do=710), (15.10)
rge f (w) — mpoHsBosbHAS HenpepHBHAR B Hyhe ymknma. Temeps (15.8) sa-
tmAmerc s
. oo \
{Foyat=n S D () §(a) do = a1 D (0). (15.14)

* Cm. [12]. las HeKOTOPHX OrpaHMIGHHHX CIYyJaeB 3TOT 3aKoH Oua chopmynmpoBam
vaxoxe B [149].
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ITOT pesyabTar MO;KHO OnJI0 Om mpexyrajaTh B 3apaHee, MOCKOJBLKY H3BOCT-
HO, 9T0 mIOmaAb KpHEBO# faeTc A HOCTOAHHOM cOocTaBaAwmek (CooTBeTCTBYIOmeH
® = 0) pasnoxeBEs 9TOi KpHBO# B pax mam maTerpaia Dypse.

KaskOas ®3 DAOCKEX BOJH flaeT, cOraacHo (15.3), oTpakeHHY BOJHY

5V (©) D (@) e%" + . c. = 5 Re [V (@) D(w)] (¢ 4 e-bot) —
—Im [V (0) D ()] sinof~. (15.12)

Ilpm maTerpEpoBaEAn 00 [~ mocaensdit 9ien obpamaercsa B Hydb B CHIY €ro He-
9eTHOCTA IO OTHOINGHHIO K {~, a OepPBHH, Kak B B CJydae Hafialomeil BOJEHH,
naer i Re [V (0) @ (0)]. ABanmormdaroe Brpasenme ¢ saMeBoii V ma W momydaer-
¢ B [Af HATErpala OT IPEJOMICHHOTO HMOYJIbCa B HPOH3BOJBLHOM TOIKeE MPOCT-
paHCTBA.

TakaM obpasoM, nas moxasaTeascTBa (15.5) mocratowmo yGegmThCH B cmpa-
Be[JIABOCTH PaBEHCTEA

® (0) + Re [V (0) @ (0)] = Re [W (0) @ (0)].

Coraacao (15.5), Mm mmeem d* (0) = @ (0), 1. ¢. @ (0) — BemecTBenHO. Il03-
TOMY HOC/I¢AHee DPABEHCTEO CBOTHTCHA K COOTHOIIEHHIO

1 + Re V (0) = ReW (0). (15.13)
Onpgpako copasegamBo Gonee obmee paBeECTBO
1+ V(0) =W\(0), (15.14)

B3AB BeMECTBCHHYIO YaCTh OT KOTOPOTO, Mn H moaydumM (15.13).

JleicTBRTEABHO B CIydae OTPa:KeHES OT FPAHANK Pasfeia ABEYX OXHOPOXHHX
cpen koapdmnmentrs V @ W mHe sapmcaT OT wacTOTH H pasemctso 1 + V =W
CHI¢AYET OPOCTO M3 YCAOBHH HENPEPHBHOCTH 3BYKOEOTO NABICHHEA HIH COOTBET-
CTBeHHOY KOMIOHEHTH! 3I¢KTPOMArHETHOro mo.is (cm. §§ 2, 4). B Gomee caomx-
HHX CJIydYafix, KOrjJla 0Tpa)ieHEE¢ IPOHCXONMT OT CJIOA HAH COBOKYIHOCTH CIOEB,
pag 9acToTH @ — 0 (T. . anA GecKOmedHO# NAMHEN BOJHH) BCA 3Ta COBOKyN-
HOCTh GymeT mpencTaBAATH cOGOH COCPeOTOUCHHYI0 CHCTEMY, KOTOpas HHKAK
He CKa)eTCH Ha Ipomecce OTPaXkeHHs, HW mOcaeAHMmE Oymer MPOHCXOAHTH TaK,
Kak Gynro 6m cpeml, pasfeldsieMule 3TOY COBOKYNHOCTHIO, CONPHKACAJHACH HEmoc-
pencteenno. JIaA caydas ONHOrO CJIOSA 3TO MOKHO BHEAer> m3 dopmyn (3.10) m
(3.16), KoTOpHe mOKa3HBAWT, 9T0 @ — 0 (k,, — 0) sxBEBajJenTHO cayuano d — 0,
T. ¢. HCKJIOUCHUI) BIAAHAA CIOSA.

IpencTaBaseT HATEPEC B APYroe AOKa3aTedbCTBO 3akoHa (15.5), KOTOpoe MH
DaldM IS cIydas aKyCTHYeCKOro EMOyiabca *.

v

o/’
ﬂ—,l Iq—e
J o Pre. 15.2. K mokasaTeabcTBy
z 3aKOHA COXPAHEHHJ NOAHOTO
HMIIYIbCA .
z J

Mpewxae ncero Ges mokasaTeabcTsa ACHO, 4TO B ABYX Toukax A m A’ (pme.
15.2), Aemamux B IJOCKOCTH, IapajieJsHON OTpakaomeldl rpanEne (B JaHHOM
ciaydae B INIOCKOCTH z = cOnst), HHTErpaJbHHE EMOYJAsC GyfeT OMEHAKOBHIM,
Tak KaK 3TH JB¢ TOUYKE PACHOJOMeHH COBEPIICHHO OZHHAKOBO IO OTHOINGHHIO K
orpaxawoumei rpanmne. IlosroMy HMeeT CMHICH CpPaBHHBATh WHTErpajbHHe
BMIYbCH JHIIb AAR TOYeK A H B, JexamBEX Ha OJHOH H TO# )Ke HOPMaJH K
rpasnne.

* Ha B03M0KHOCTH 3TOr0 JOKA3ATENLCTBA aBTOpy YKasam M. A. McaroBug.
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IIpepcraBaM cebe smeMeHTapHHH DAAEEApP ¢ GeckOHEYHO Mayoi mIOMAABIO
OCHOBaHHUH, HA KOTOPHX H PacHoI0KeHH TOYKA A B B. ITOT MEAAHAD A0 OPOXOMK-
AeHHs BOJAHH ORI B IOKOe A OCTAHETCH B MOK0® IOCHe MPOXOMIeHHES BOJHK. ITO
SHAYAT, 9TO NOJAYJYaeMHA HM NOAHHH AMOYJILC pPaBeH HYJNIO, T. 6. HHTETPai OT
AeHCTBYOMero Ha NOBePXHOCTh MEAMHAPA AABICHHSA NO BCi ero mOBePXHOCTH
¥ II0 BpeMeHM £ OT — oo 10 + 0o paBeH HyAW. Tak Kak jedicTBHe cHx Ha 60KOBYIO
OOBePXHOCTH (CTPENKH Ha pHC. 15.2) B3aMMHO KOMOEHCHPYETCH B CHMJIY PaBHO-
OPABHOCTH TOYEK, JeamMX Ha OOKOBOH MOBEDPXHOCTH, TO AONKHE GHTH paBHH
BHTETpadbHLE HMIOYJAbCH, ACHCTBYyOmHAe Ha OCHOBAHHE NHIBHADA, T. €. BHpa-
MeHHSA

+00 4+
ds § paar = as § poyar,

rae dS — mnomanb OCHOBaHHI NEAHHAPA, Pa (I) B pp (f) — 3BYKOBHE fAaBle-
HAA B T0ykaXx A B B Kak ¢yEKnmm BpeMernd. TakmM oGpasoM, AMeeT MeCTO pa-

BEHCTBO 1
+% +00 ‘ Ff;)-:z.,;z
{pawar=\ psya,
-0 -0
KOTOpOe HaM B HY)XHO OBLIO [MOKAa3aTh.
K umcay oOmmXx 3aKOHOB, BHIOJHSAOMUXCH
OpHE OTPa)XeHAA AMOYJNbCA NPOH3BOAbHOH (GOPMEL, _
OTHOCHTCA TaKKe, KOHEYHO, H 3aKOH COXPAaHeHAA -
9HePrHEd, KOTODHIH 3amACHEAeTCHA B BHIE '3
S +SO'lp Snp (15.15) Pac. 15.3. (Dopua HMOyasca,

NpuHATAA JJIA pacdera

rae sepes S,, S;™ B S7° 0603HaUGHN KOMIOHEHTH HHTErPANBHOTO MOTOKA SHED-
THHE IO OCH z COOTBETCTBeHHO B IAJalOmeH, OTPaiKeHHOH W IpeJIOMIenHOH BOJ-
gax. S, B S;’ HMEIOT pasHHe SHAKH.

B caydae sBykoBOro HMmyJbca HMeeM
’ +00
S,= § pva, (15.16)

Ijie P B v, — 3BYKOBOE JaB.IeHHe H KOMIOHEHTA CKODOCTH IO OCH z B mafaiomei
BONHE, AHAJNOTMYHO 3amUCHBAKTCA Tak:ke So'° m SIP, '

Y6emutsca B cmpaBegmmeocTH (15.15) A1s uMOydbca HETPYAHO, HOCKOABKY
OH BHIOJHACTCHA A KaMAOH M3 rapMOHNYECKAX BO.TH, Ha KOTOPHe MOKeT GHTH
pasioxeHn EMIOYJBC B HOCKOJNbKY HOTErpajJbHHE OO BpeMeHII HOTOK JHePram
ABAAETCH aAAETEBHOY BenmummOl. IIpE mommoM BuyTpemmeM oTpaskenns S3° =
= 0, DOCKONbKY NPENOMIEHHWHE HMIYJBC PACHpPOCTPAHASTCHA BAOAD TPAHEIN
pasmena. Jokasateanctso (15.15) B aToM caygae cm. B [78], cTp. 7.

15.2. Msmenenme (opMEI EMITYJIbCA NPHA NOJHOM BHYTPERHEM OTPasKCHHH OT
rpaBMON BYX ORHOPoOgHEX cpell. PaccMorpmm scaex sa @. (mmepom [149]
BMOyanc, gopMa KOTOPOro 3ajaercs QyHKnmeid (cM. puc. 15.3)

F©)= (15.17)

&
RN
Ifie € — mapaMerp, XapakTepHAsyomAi MAPEHY AMOyabca. Pasmoxende B HE-
terpan Dypbe, KAk JETKO NPOBEPATH, EMEOT BHJ

F(t) = %S eteriatdy | k.c. (15.18)

0
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HIR

+o
FE) =~ Se-q«m«tdm. (15.19)

CpapmmBas ¢ (15.7), Haxommm
@ (@) = e=¢lol, (15.20)

M3z (15.9) = (15.19) BEgHO, ¥T0 mpA £ — 0 paccMaTPEBacMHik AMIOYJALC OEPEXOHT
B S-EMmyasc,
YunThBas sHaveHHE {, Dafaomui mMmyasc (15.17) MokHO sammcaTh B BHJe

F(z,2,1) = (15.21)
32

e
zsin® -+ 2 cosd 3
MECCEZE .
Ecnm mmeer mMecTO o0nramoe, a He mOJHOEe BHYTpDeHHee OTPa)keHHe, TO, Kak
MH BHfEIH, GOpPMa OTPa’KeHHOro ¥ MpPeIOMISHHOr0 HMIOYJILCOB GymeT coBmafaTh

¢ ¢opmoii majalomero EMOyJbCa, T. €.

N e
Forp(z,2,8) =V g, [ZSin®—zcosd 2’ (15.22)
Q| ——————t

3
Fuol@2,0) = W 2 (zsin\‘h+zc0801 )2 ! (15.29)
e 4 - —t

[}

rie V B W — BemecTBeHERe Ko3(¢ANAEHTH OTpa)keHHA B NPOSPavHOCTA,

B caydae momHOr0 BHYTpeHHEro oTpaxeHHa V m W ABIAIOTCA KOMIUIGKC-
HHMHA BeJAMYMHAMHA. PaccMOTDEM AAA OOpede;IeHHOCTH AaKYCTHUOCKHH ciydai.
Torga (cM. (2.2)

V =(mcos$ —is)/(mcos® +is), W=1+V, s=Vsin®®—ns. (15.24)
Ilomoxxem V = A + iB, rne

A = (m?cos® & — s%)/(m?cos? & 4 s%), = — 2smcos &/(m? cos® & 4 s%). (15.25)
OrpaxerEnil EMmyasc ¢ yderoM (15.3) m (15.20) sammmerca B BAge
“+oo a®©
Forp (8) = —';— S e-tlot+iel-gy BS et sin w{dw. (15.26)
-0 0

O6a HHTErpasa B mOCHefHEM BoipakeHAH GepyTcs Ges Tpyaa, B MH mONydaeM,
yuTA SHadYeHHe [~

N (zsin® —zcos9) —t

Fop=A — —B ¢ (15.27
82+(131n0—c-zc080_t>2 32.}.(:31“0:"080—-:)2’ )

Bam opE e — 0 )
_ z sin® — zcosd 1 -
Fo,,p_:tAG(——c————t)——B S s (15.28)
[

Takam o6pasoM, oTpa)ieHHH#i EMIOYJBC COCTOHRT M3 NBYX dacTeili, OfHa H3
KOTODHX mepemaceT ¢OpMy MHaJaloOmero HMIOyJbca.

PaccMoTpEM IPOHEKAMEX B HEKHIOW Cpefy mMOyabc. B Brpamennm (15.4)
B HETO MBI HMeeM

1= zsinh + iszfc. (15.29)



B pesyapTate, ymaTHBaA Takie (15.20), momygaem
o
an = LZLS e—w—mz/ceiw ( "510': - )d(,) + K. c,
[1]
ann, 06osHagaA JAA KPAaTKOCTH
! . t—(zsindy)/e, =g, e+ szfce=nh - (15.30)
@ DOACTaBiAAs BSHAYEHHE HHTErpasa

§ eha-igod = 1/(h + ig), (15.31)
SyneM HEMeTh )
Fup= —;—IW/(h —ig) + W* (h + ig)). (15.32)
Yura pasencto W =1 + V r (15.25), mo- 7 4

Ccllef[Hee BHpA’KeHHe MOKHO mHpeoGpasoBaTh K
8HIY

Fnp = [(1 + A) b — Bg)/(h* 4+ g?). (15.33
AMA, BHPasHB h A g Uepes KOODAMHATH A BpeMs

__ @4 A)(e L s2/c) + B (@ sin dujer — t)
an - (e s2/c)? - (z sin B/or — )2 . (15,34)

B caydae ¢ = 0 (magaommi#i §-EMOyasc) Hs
{15.34) Emeem

- B(zsin®fer—t)+szicd + A) 15
oo (s2/e) + @ sindyfer— 1 (1.3 Pame. 15.4. CxemaTaecKoe HB0G-

M1 BEZEM, 9TO IpeAOMICHHNI EMIYIbC He COBHA- gﬁﬂ;&:&%&;‘;ﬁﬁ;
Xaer m0 ¢opMe ¢ MajalomuM EMOYAbcoM. B §op- pyapca
myan (15.34) m (15.35) BpeMa ¢ BXOJHT TOABKO -
8 KoMOmmamum (Z sin ¢,)/c, — t. OTciofa caenyer,
<10 B HE)KHe# cpefle HMIYJBC PacHpOCTPaHAETCH
BIOAD TPAHHANE CO CKOPOCTBI C¢,/sin Oy, papHO# cormacHO sa.nony npenounennn
€/sin & — CKOpOCTH paCHpOCTpaHeHHA CJlefa EMOYJILCAa B BepXHEH cpefle BIOIb
rpaEgns paspelna.

HETepecHO OTMETHETH, 9TO Ra OpAMOK

B (zsin e, — ) + (1 + A)szle=10 (15.36)

TIOJle NPeNOMJIeHHOr0 HMIYJAbCa PaBHO HYJN0 B AMeeT PasHLil 3HAK IO pasHHe
cToporH oT Hee. Ha pHc. 15.4 cxeMaTdeckE H306panieHa KapTHHa Hafal0mero,
OTPaKeHHOr0 ¥ IpeJoMJeHHOTr0 EMmyiancoB mpHE ¢t = 0. Ilagaomu# mmoyasc
opefmosiaraeTcsa safmaHAEMM O-QyErmmel. Ha stoM paEcyrke AA — rpaHEOa
pasgena cpen, OB — $poHT majanmero HMOyJabca, BafjaBaeMuii ypaBHeRHeM
zsin® 4 z cos & = 0, OD — ¢porT TOf YacTE OTPaKeHHOTO EMUIYJIBCA, KOTO-
paf cooTBeTcTBYeT mepBoMy wieBy B (15.28). IllTpEX0BKA CILIOMIHHME JHHHEAMHE
¢ opHOf cTopoHK oT OD M UmyBKTHpPHOH — ¢ Apyro#i cXeMaTHYecKH 0TOGpa)kaer
sTopoii wien B (15.28). IllyEkTApHaA MTPAXOBKaA COOTBETCTBYET OTPALATEABHOMY
oM, MTPHEX0BKA CIVIOMHHME JHAAAMA — NojoxkuTenbHoMy. Ilome yGuBaer
OpA yAajeHER OT JHHEEE (0D, 9T0 COOTBETCTBYeT YMEHBIIGHHIO T'YCTOTH JHHHE,

ITone mpesnoMieHHOro EMIyJABCa Besfge, KpOMe Hadajla KOOpAEHAT O, EMeer
KoHeyRyI0 BeamumHy. Ha aAEmm OF oHO o6pamaercs B HyAh B OO PasHEE CTO-
POHH OT Hee HMeeT PasHHE 3Hak. CTpelKaMH OTMedYeHH HaIpABJIEHHA PacUHpo-
CTpaHeHAS NANAMEro, OTPAKEHHOT0 H IPEIOMJIEHHOTO HMIYJILCOB.

OTrMerEM, 9TO 3aBHCHMOCTD IOJAA IPENOMICHHOr0 EMOYALCA OT KOOPIHHATH
2z mpm z = ct/sin ¥, cormacmo (15.35) Gymer Fnp = (1 + A) c/sz.




TaxeM o6pasoM, OpHE yAaJeHEH OT TPAHHNH L0Je CIafaeT He II0 dKCIOHEH-
IHaTLHOMY 3aKOHY, KaK B ClIyIae rapMOHHYeCKOd mmockoli BOJHE!, a 06paTHO
OPONOPIHEOHAIBFHO BOIWYHHE yAaJCHHUSA,

B amrepaType MO)HO HAMTH HCCcIeOBaHHA HsMeHeHHS QOPMH HMIyJIbCa
OPH IOJHOM BHYTPEHHEM OTDa)KeHEHM W JJA CIyUaeB APYTEX ¢opM Hajaiomero
mmnyasca. Tak, O. Opagnasmep [156] HccmenoBan oTpaxiende B MpeIOMIACHHS
€cT0006pasHOrO» AMIyJNbCa, T. 6. AMIYJAbCa, IONEe B KOTOPOM HMeeT HOCTOAH-
HYI0O BeJWYEHY Ha HGKOTOPOM OTpesKe BPeMeHH (I, {;) H PaBHO HYJIIO BHE 3TOTO
OTpesKa. '

A. Aporc m Hermmm (78] paccMoTpensm oTpakeHHe 3KCIOHEHIHAJBHOTO HM-
oyapca, 3afaHHOTO yDPaBHeHHEM

0 >npn t <0, .
F ‘§’={Foexp(—xc) apm £>0. (1537

ITa PyHKIEA HemA0X0 OHACHBaeT ¢opMy BMOyianca B yAapHO# BomHe HPH HOf-
BOIHOM B3priBe. CBOX TeopermdeckHe BHBOXH aBTOPH CPABHHIA ¢ BKCIOPHMEH-
TaJBHKMHA PESYAbTATAME, NOJIYIeHHEIMEA MyTeM PerEcTPAmBH BSPHBHOTO EMITYIIb-
ca B ClI0@ BOJIH, OTPaHEICeHHOM CBepXy CBoGOIHOHE MOBEPXHOCTHIO BOAH, a CHABY
IHOM,

JI. Naiixepc [140] paccMoTpes oTpaneHHe HMIYIbCA, B KOTOPOM JKCIOHEH-
OHaJbHOMY clafasdio mpHE ¢ > 0 (kak B (15.37) nmpexmecTByeT nHBefiHOE Hapac-
TaHHe B TeYeHHe HEKOTOpPoro BpeMenm npm f < 0. MckaxenHe QopMii KBasH-
MOHOXPOMAaTHIECKOTO HMIyabca (¢ OpAMOYroasHO# mim rayccoBoil ormfaromeii)
paccuntago B paGore B. Kpoma m A. Hyrrana [135]. OTpakenme m mpoxosxme-
HHAe SKCIOHOHNAAJbHOT0 AMIYJIbCa 4epes NJIaCTHHKY IPH HOPMaJbHOM IafeHHAR
paceMorpeno B paGote [191]. Boaee cnoxmmit caydali oTpamenns AMOyabca OT
cioa (¢ DOTJOmMeHHEM), PasfeAfiomero fABa OJHOPOAHHX NOJYIPOCTPAHCTBA,
OPOAHANASHDPOBAH ¢ MHOTOYHCIGEHHMH IpEMepaMm B pabore [206].

1. Taym [253] paccMoTpen o0TpaskenHe mA0CKOro AMOYALCA KAK IPefe1bHHI
crydaili oTpaxkeHHA cdepHUeCKOT0 HMOyJAsca OPH yAaJeHHAH OT HCTOYHHKA Ha
GeckomewHocTh. OH He HMONYYHA NPeABECTHHKa, KOTOPHE Kak, HalpAMep, B
[78], maBan 6u mose, oTamEYHOE OT HyAA HPH Beex £ << 0. IT0 H ecTecTBeHHO, HO-
CKOJIBKY TaKOH HpegBeCTHHK MOT Om 06ycA0BAHBATHCH TONBKO 00KOBOH BONHOR
(cM. mmxe § 30), o oHa y6nBaer kak R~2%, mo cpasenmio ¢ R™! jaa ocTaxpHOro
noiss B moaToMy npE R —» oo Oyaer maBaTh Hcuesaome Maini BKIag B Ioje.
I9TOT pe3yAbTAT CTAHOBHTCA ACHEIM, €CJIH Y4eCTh HeflaBHO BHIIOJHEHHYIO paloTy
M. JI. UpanoBa *, KoTOpHi# mOKasall, WTo Bafada 06 OTpa’KeHHMH ILIOCKOro
EMOyAbCa SABIAETCA HEONHO3HAYHOH, ecIH He NPHEBAEYHL HAYAJbHHE YCIOBHR
OIS OTPa)eHHOI0 H IpPeJOMASHHOTO EMOyAbcoB. B wacTHOCTH, yunTaBadA pabory
J. Taysa, pasyMEHME HaYaJbHHMHA YCIOBASAME SABIAIOTCA YCIOBAA, 4dTOGH
OpeJAOMIeHHHE A OTPa)KeBHHA EMIyIbCH ORUIN OTIMYHE OT HYIA B HRTePBale
Bpemern I', Kak B magaomaid aMoyasc. WM. JI. YBamoB moxasald, Kak J0IKHA
pemaThcA safada OPH 3THAX HAYAJHHHX YCJIOBHAX.

15.3. Mommoe orpamenme 8-mMuynbca B meogmopoRmoil cpeme. B § 24 pac-
CMOTPeH cAydail IO HOTO OT parke R IIOCKO% MOHOX DOMAaTHYeCKOH BOJTHH OT IOy -
npocTpaHcTBa. B nprGamxennn reoMerpayecKof oNTEKHA KOAPPUIACHT OTPAIKOHUST
MOxeT GHTH HmpeAcTaBieH B BEAe V = exp ip, rae gasa (cM. dopmyny (24.27)):

iy

¢ = 2k, S n(z)cos ¥ (z)dz — —:,;i . (15.38)
[1]
3pmech nepBuii wien faeT Haler ¢asil B reoMeTpHUecKOM HpHGIH)KeHEH OPH IPO-
Gere BOJHH OT rpaHEOH z = 0 [0 IIOCKOCTE 3aBOpOTa 2z = Z, ® oOpaTHO.
Q@opmyay (15.38) MoxkHO TpaKTOBaTh Tak:

* HA.]J. Heanos. K Boupocy 06 oTpayKeHEE H OPeJOMISHHH NAOCKOT0 HMOYABCA HA Ipa-
HEI® Pa3feja KHAKHEX Cpef. AKyCT. k., 1973, 19, sun, 1, 106—110.
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1) ot muockocTE z = 0 O IIOCKOCTH z = z, B 0GPaTHO BOJHA PacopoOCTpa-
aercA Ges oTpaxeHAA ¢ OOLIHEM reoMeTPHISCKEM HaGeroM ¢asel;

2) B INIOCKOCTH 3aBOPOTA Z = Zy, AMEET MECTO HOTEPH (ashl BOJHH f1/2 He-
BaBACAMO OT 9YAaCTOTHL -

JomycTaM Temeps, 9TO Ha I'PaHANY HEOAHOPONHOrO HOJYIPOCTPAaHCTBA Ha-
Aaet §-EMOyABC ¢ NAOCKEM PpPOHTOM, BamaBaeMuli gopmyaoi (15.19) mpm e = 0.
Bup aMoyasca, DONYy9al0meroc A mocie oTpaxenns, Gur Accaenosan M. TomeTons
[250]. ¥ Bac om Mosxer GTH mOJNyIeH mPOCTHM 06pPasoM Ha OCHOBAHHH De3yJb-
TATOB HpPeAHAYINEro paspgeia.

3aMeTHM mpekfie BCero, 9T0 6CAH EMEeTCH IPOH3BOABHAIM EMIYIBC ¢ MIOCKEM
dponToM, sanaHENE B BAfe pasmoxendd (15.7) mo DNOCKEM BONHAM, TO yMHO-
MeHHe BHIDa)KeHAA OJAA KaM[AOH INOCKOH BONHK Ha B3KCIOHEBTY exp (iwT),

. T/ie T He 3aBHCHT OT YacTOTH, HEé MeHAeT BHJa HMIOYJbCa H JHIb CABATAET €ro
BO BpeMeHH Ha T. J|eHCTBATeNbHO, BBeJOHHE TAKOT0 MHOMKATeAA IOJ HHTErpal
B (15.7) mepesogmr F ({) B mexotopyw F, (T), rae

400
Fif) = | O eoerdo = F ¢+,

o0

970 # TpeGoBajloCh MOKABaTh.

Pacopoctpamense §-mmmyabca oT z = 0 g0 z = 2, COOTBeTcTBYeT Habery
¢$asH Kammodl mJOCKOH BOJHHE Ha BeJMYAHY, PaBHYI0 IOJOBHHE IEPBOTO YJeH&
B (15.38) T. e. BenWuEAYy BHfa @T, HOCKOABKY k, ~ . TakaM oGpasoM, Ha 3TOM
ydacTKe HMOYyJbC, DepeMemasch, He MeHseT cBoedl gopmun. Takmm e oGpasom
B OpHE 06paTHOM XOfie OT Z == Z,, 0 2 = 0 EMImyibc He Gy/ieT MeHATH CBOETO BHUAA,
KaKEM GH OH HH OKa3aJCs HOCJe IPOX0KAeHASA TOYKHE 3aBOPOTA 2 = 2Zy,. CremoBa-~
TeJbHO, HAM OCTaeTCA NPOaHAJASAPOBATH JHMb H3MEHEeHHEe MMIYJIbCAa IPH IPO-
XOeHHH TOYKH 8aBOPOTA HJH, KaK GBJI0 BEIHO BhIe, PesyAbTAT HOTEPH KaKaoi
SICMEHTADHOM 1'aPMOHMYECKO# BOMHOM Qasn /2.

IT0T caynail ME mONyYEM H3 PaCCMOTPEHHOTO B HPeAHAYIEM pasfeie CIy-
9af, ecAE moaoxmM B (15.25)

mt cost & = s® = gin? & — nt. (15.39)

Ilpm aroM Mm moayuaem
A=0, B= —2o0s*8(1—n?, V=iB=exp(—in/2)|B|. (15.40)

B aToM ciyuae mpH oTpakeHEE Tak:ke Gymer moreps dasu /2.
OTtpaxenHnii mMOyabc GymeT JaBaThca dopmyro# (15.27), rme Temeph Hago
nonoxHETh A = 0, & = 0. B peayabTaTe noa1y4aeM, 4TO IpU OPOXOKAGHEHE TOYKH

3aBOPOTa O-EMIOyJABC IpeBpamaeTcs B

Fony=— Bl = — p(-508= 20080 _ )7, (15.41)

Kak m 6-mMoyanc, Forp, BeOTpammuenmo pacter npu [~ — 0, T. e. Ha poHTe,
HO eme AMeeT OTJHYHEe OT HYJAA SHa4eHEA OPM [~ > 0 — «OPefBeCTHHK) K
opa {~ << 0 «xBoCT».

3aMeTHM, 9TO HOJYYeHHHI Pe3yAbTAaT CHPaBeAJBB NPHE J0GOM 3aK0HE 7 (2),
namp 65 EMe0 MeCTO IIONHOe OTPaKeHHe H yroJ IafeHHS BOJHBL He GHUI CIXmmI-
KOM Oam3kmEM K 7 /2. OfHAKO OH CHPaBEAJHB AJA INIOCKOH BOJHH H HPAMEHATD.
€ro K cAy4ai OrpaHmdYeHHOr0 myIKa HJIH TOYEYHOro HCTOYHHKA HANO C OCTOPOMK-
HOCTBIO. PaceMOTpEM Bce e Clydail T09eYHOTO HCTOYHAKA B OPAMOBOPXHOCTHOM
BOJHOBOJE- (0 KOTOPOM pedb mompmer moppoGmee B §§ 43, 44). Ilocnennmit xapak-
TEPH3YeTCA TeM, 4T0 IPA YAAaJeHEE OT alCOAIOTHO-OTpa)kalomed INIOCKOCTH
z = 0 cKOpPOCTH 3ByKa yBeAHIHBAETCA B OmpeeNeHHHNE KIace Jydel, BHIISIIAX
A3 HcTOYHAKA O, 3aBOpPaYHBAaeT B Cpefle B CHOBa BO3BpamaerTc K TIpaHHIe.
Ha pme. 15.5 msobpaxer ogHH H3 Takmx Jydveil, 3aBOPAUYHBAIIIMA Ha TOPH3OH-

Te z = z,,.
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Ipegnonosam, aT0 rpanama 2 = 0 aGconwTHO MATKa A (KoadPrOEEHT OTpaKe~
gEa V = —1) B 910 B O H3nydeH O-HMIyabc, CXeMaTHIOCKH H300pakeHHHE TOU~
Ko I Ba pmc. 15.6. Takoii ke EMmyanc Gyzner B Touke I mo xoxy ayda (cM. pmc.
15.5). Kako# sy EMOoynbca Hamo o:kuparh B To9kax 2, 3,...7 Ilo myrm B Touxy
2 a1y memaTHBaeT OHO LOJHOe BHYTPeHHEe OTpaXiemme Ha YDOBHE 2 =
H, cIefoBaTeAbHO, HANO OKANATH, 4TO OH Gyner ommcumarscsa gopMymod (15.41).

4

2=0

Epom — S

Pme. 15.5. JIyd B HempepHBRO-CIIOHCTO# CDefle P HAJHYNA HOAHOTO OTPAKeHHA

Oro tak | Gyger npm [~ << 0. IIpm {~ > 0 B oTamume OT cAyJad IIOCKOH BOJI-
JBH (ecE npeBeGpeus THGPakIROHHEME 3QPeKTamMn) 3ByKOBOe moie Gyaer paBHO
HYJI0, XoTa 0N 10 OpABNEIY NDPHIAHEOCTH, HOCKOABKY B STOM CJIydae B TOUKY
Habmoneana He ycoeBaeT HpHEATH KaKoe-THGO BOsMyIIeHHe OT HCTOYHMKa. VM-
.myabe Gyper msobpamarbca xaprEmoil 2 ma pme. 15.6. Ilpm mepexome ms To9-
'KE 2 B TOUKY 3 JIyd HCOEITHBAET OTpaxieHHEe OT rpaHENH z = 0 ¢ HOBOpPoTOM PasH

d ‘ o
-

Pme. 15.6. MopMa EMOyaBCa B PasHHX TOIKAx aAyda (cM. pHC. 15.5)

‘BOJTHH Ha 7, 94TO fAaer 3 Ha pHc. 15,6, T. e. npocToe NaMeHeHHe 3HaKa MMIYJbCa,
B Touke 4 mo CPABHERHIO C roaKof 1 Ayd EMeeT ZBa 3aBOPOTa B IIOCKoCTH 2 = 0
-¢ ofme# moTepeir ¢asm 5, a TaKKe OJHO OTPAYKeHHe OT IIocKocTE z = 0 ¢
nprGaBko#i . B ¢aze. Hoa'rouy B ToUKe 4 AMOyabc Oyaer EMeTh TOT ke BHA, ITO
g B Touke 1. [Ipm nepexope B TOYKY § OH OPOCTO H3MEHHT 3HAK H3-8a OTPaKeHHA
@8 miockoera z =0 = T. ;.
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HEKOTOPBIE IPHMEHEHHAA
TEOPHH PACIIPOCTPAHEHHA BOJIH
B THCKPETHO-CJIOHCTBIX CPEJAX

Kpome Toro, 9To pasBHETas B riaBe I Teopma HeoGXoxHMa I/ IOHAMAHHASA Ma-~
TepHasa NOCAeQyOIIAX TAaB, OHa HAMEET Ba)KHEe OPHEMeHEHHA B paAme obmacteit
TeXHEKHA. M pacCMOTPEM HEKOTODHe H3 HAX, He BaBafich IPA 3TOM B feTaid,
TaK Kak 00 KaKAOMY H3 pacCMaTPHBAEMHIX HHKe BONPOCOB CYIECTBYeT CBOS
chenualbHAA JHTEpPaTypa.

3amaueit arofi raaBm OymeT Takxe MPOCHEAHTh HOKOTOPHEe METONH H Hpef-
CTABJIGHAA, ABIAIMACCA OOMAMA Ans PasAAIBHX 00macTek PA3EKE B TeXHAKH.
OngeAM B3 IPEMEPOB TaKHX OOMEX mpeACTaBJIeHH ABIACTC A NOHATAE AMIENAHCA.
Hakosen, B aTo#f riaBe MH IpHBefieM PesyABTATH CPaBHEHHA H3I0MXKeHHOH B
OpefHgyimeif IiaBe TEOPHH C 3KCIOePHEMOHTOM.

§ 16. IIpoceeT1eHAe ONTHEH

ITog mpocBeTneHweM ONTHKH NOHEMAIOT, KAK H3BEeCTHO, HNOHHMEHHE Kod¢-
$runenTa OTpaxKeHAA Ha TPaHAN® BO3XYX — CTEKJIO HyTeM HaHECEHHsA Ha CTEK-
710 TOHKHX CJI06B PasiEIHEHX MaTepHaJoB. UeM Goabme cioeB MoxeT GHTH HaHe-
CeHO Ha CTeKJI0, TeM B Gonee MHEPOKOH cOeKTpanbHOH 06macTA B 06AaCcTH YIIOB
DafleHAA MOKeT GHTh NOCTHTHYTa NOBHMIeHHaf NPO3PavHOCTH TpammEmB. OfHAKO
TOCKONbKY GoabIme TPex ciioeB OGKHYHO He DpHMeHSETCA, ME PacCMOTDHM CXy-
gal ofHO-, ABYX- H TPeXCHOHHOTO IPOCBeTJEHHAsA, OCTAHABAHBAACH JHIDL HA
OCHOBHHIX TEOPETHYECKHX pe3yJbTaTaX H Ha mpoBepke mx omuroM. IlogpoGmoe
OcBelieHHe 3ToH mpobaeMm cM. B Momorpadmm [30], B oGaopmoit paGorte [80],
a Taxxe B paBorax [70, 185, 228, 234]. B mocieqHEX ¢ ycmeXoM HIPHMEHSETC A
paspaloTaHHHil B pagHOTeXHHKe almapaT TeOPHH AAHHHWX JAHAH H YeTHpeX-
HOMIOCHUKOB,

B nocienHee BpeMsa cTala aKTYyalbHOM mpoGieMa YBeJHYeHAA NPO3PavYHOCTH
rpaHHL AJ8 YIbTPasBYKOBHX BOJIH. JTO 00BACHAETCA BO3POCIIEH DPONBIO KAJ-
KAX H TBEPAHX JAHH3, OpPAMeHAEMEX 418 POKYCHDOBKH 3ByKa IPH peIIeHHA
opofeM yIbTPa’BYKOBOHR fieeKTOCKONHME B mpobieM «BHAeHHA» B OOTHIGCKH
Benpo3paunnix cpefiaX [182] mpwm nomommE yapTpaszBykoBuX BONH. Hamoxempme
HWKe PesyiabTaTH B AX ofmeM BHfe GYAyT OTHOCHTBCA TaKKe B K «IPOCBETIE-
HEIO» 3BYKOBRIX CHCTeM.

OTMeTEM, 9T0 GoAbmO# HHTepec TaKiKe MMeeT 3afada YBeJHYeHHA NpPO3pad-
HOCTE ofTekaTemell PafiHONOKATOPOR Ha CaMOJeTaX H MpPo3PavHOCTH obTeKaTenmeik
OOXBONHKX YJAbTPa3BYKOBHX JOKATOPOB. JTa 3ajada B TeOPeTHYeCKOH cCBoeld
9acTZ TaKM¥e PelaeTCsA HpH NOMOIIA H3JaraeMHX HE)Ke METOMOB.

16.1. OgmocnoiiBoe morpuiTEe. TeopHA OTpaeHHA BOJH OT IJOCKOmAPAJ-
JeIPHOTO CII0A, PasfeAsomero Jse cpefn, 6una paccMorpena B § 3. Iloryvennyio
taM  PopMmynay (3.10) pmma xoappmmmenTa OTpaxkeHHA OYyTeM HOACTAHOBKHA
exp (3= iky,d) = cos ky,d - i sin k,,d ¥ noceAyomAX HeCHOXKHHX mpeobpaso-
BaHAH MOXHO 3alIACATH B BHJe

Zy (21— Zg) cos ky d — i (22 — ZnZs) sin k,y d

= : (16.1)
Zo(Z1+ Za) cos ky d — i (ZE + ZaZa) sin kgl

3necy d — tTonmmEHa cmof, ky, = k,cos O, — mpoexkmEA BOJHOBOTO BEKTOpa
B ClI0e Ha HOPMaJb K I'DaHAIAM Da3felia, Ky,d — Haber fasn BOJAHH Ha TOJIIAHE
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cmon; Z;(j = 1,2, 3) — mMnenanc, onpefeameMuii gopmymamn (4.24), &; —
Yrol MeXJy HOPMadbid K (POHTY BOJHK H HODMaJbi0 K I'DaHALAM pasfiela
B Kammo# H3 cpepl.

Homepa 3,2,1 mpm oToM NPHCBOEHHM COOTBeTCTBeHHO Cpefie, M3 KOTODOil ma-
AaeT BOJHa, CAOK B CPefie, B KOTOPYI0 HPOXOAHT BOJHA.

B caydse HOpPMaJBHOTO HafieHAR 3AeKTpoMarEETHOH Boanm (¥; = 0). mpep-
moyaras TaKxe, YTO MalHATHASA NPOHHNAeMOCTH CPell |L; PaBHa eZHHMIIE, MEE
Gymem mMeTh fasA oGomx cAydaeB moasapuaanud BojHW Z; = 1/nj, rae nj — mo-
KasaTeJb IpeJIoMiIeHAA j-# ¢ pexsl, # gopmyay (16.1) moxHo Gyner saamucaTh B BEfe

V= ng (ns — ny) €08 (21d /A2) — i (ins — nl) sin (2nd /A2) . (16.2)
ny (ns + 1) €08 (211d/he) — i (mns -+ n3) sin (2nd /A2)

3mech A, — AAEHA BOJHH B CJI0E.

Kos¢punment orpamenma V obpamaeTcs B HYJAb, OCAH BHIIOJHEHH [B&
YCIOBEA:

ne=Vmm, d=h@k+1)4 k=01,2,..., . (16.3)

T. e. eCJ¥ TOJIIEHA CJO0A COCTABIAAET HeUeTHOE IMCJIO YeTBepTeil [UIHHH BONHH,
a IOKazaTeJb NPENOMIEHHA CJOA ABIAGTCA (pefHAM TeOMETPHUECKHM N3 IO-
KasaTeJed mIpeJOMIEeHMA KpadHHX Cpefl.

B canydae HakJOHHOTO HMafeHHAA BOJHBI YCJIOBH}I (16.3) momxun OHTL 3aMe-
HeHH Gomee o6mMEME yCIOBHEAMH

Z2,=VZZ, dcos?d,=r(2k+1)i4 (16.4)

TaknoM 06pasoM, Opu 3aflaHHOI 9aCToTe E yr.e HajfeHHA BOJIHH B OPAHNHAIE
Bcerga MoxxeT OwTh mofobpair mpoMesyTOUHHI ¢.10i. ofecnmeunBaomuit 0TCYT-
CTBHe OTPAaKeHHA OT IPAHHIH.

KagecTBo NOKpHTHA 0OHYHO OmeRnBaloT BeandnHoil KO3$dNLNEnTa OTpaske-
HEA 1o smeprmd R = | V |%. [laa aToit BeMYNHHM MK HMeeM 13 BHParkeHHA
(16.1)

Zg (Z1 — Za)? cost kyd + (Z — Z1Zs)*sin® ky d

: (16.5)
Z3 (2 + Zy)rcost ky d + (23 + ZaZa)tsint kyd

IIpz BakmOEHOM majeHHE KO3Q@UIUeRT oTpaxeHHA GymeT 3aBHECETH OT IOJMA-
pusanEd BoaHH. Ecam 0603Ha9ATh ero BeNHYIEMHY fJiA CBeTa, HOJAPH30BaAHHOTO
NepHeHJHKYAAPHO H IapajaelbHO NIOCKOCTH HafeHHs, COOTBeTCTBEHHO depes
R, m R, To, Kak H3BeCTHO, KO3QPENEOHT OTParkeHN A HENIOAAPH30BAHHOTO CheTa

Gynmer
Ha pme. 16.1 nsobpaskena mo [30] saBncmmocTh KodhdumuenTa OTparkennsn
R OT yIJa HafjeHdd OJA CIAydasd, KOorjga moKasaTte:b ope1oM.JIeHAA H TOJIMAHA

IPOCBETAAOMEro CI0A BHOpanbt cormacho ycaoBmsaM (16.3), T.e. n, = Vg
(nna Bosgyxa ny = 1), d = A/4.

£, % £ Pae. 16.1. 3asucnmocts
e - e Kood$uumenTta oTpaieHAA
‘ OoT yraa majgenng HOpH
NpPOCBETHEHUH CTeKIa ofi-

o HOCYIONHKM TOKpHTHEM

{4u

o Puc. 16.2. 3aBECEHMOCTHL
KoagdniIeHTa OTPaKeHHA
20+ OT yria majeHHs npH opo-
CBOTACHHH CTeKJNA cNoeMm
Vd I W S JABYOKHCH THTAHA (ny=2,2)
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Opmocnoiitioce NOKPHTEE EMeeT ClAeAyIIIHe HeJOCTATKH:

1. Ilpm HE3KOM HIOKa3aTele NPEJOMIEHAA MPOCBETAAGMOH feTaldd MOKasaTeln
TPEIOMJICHESA CJIOA AOMKeH He CINIKOM CHJIBHO OTAHYATHCA OT eguEANM. Tak,
ecan He06X0 MO OCYMecTBUTh MPOCBETIeHNE [JJIA 36PKaAbHOTO cTekna (n = 1,52),

T0 CJHOH [OMMeH MMeTh NOKA3aTeNb HPEJOMIEHHA N, = Vn, =1,23. Onnako
nofofpaTh TBePI0e IPo3PavHOe (K TOMY K6 OCTATOYHO TeXHOJOTHIHOE) BemecTBO
¢ TAKAM IOKAa3aTeleM NPeJIOMIEHAA 3aTPYIHHATEABHO.

YoorpeGnAeMuie Ha IpPaKTEKe BEMECTBA [JIA IPOCBeTAANMHAX HOKPHTHH
©06mafaloT 3HAYETEABHO OONLIIEME NOKA3ATOJAMA MPEJOMJEHHSA, BCJISACTBHE
9ero m KaveCTBO IPOCBETIEHAA YXYAIAaercA.

Ha pmc. 16.2 npreepena nmo [30] Teopermueckas saBmcuMmocTh Koaddunuenta
oTpamxenEA R OT yria mafieBEA BOJHH A CIydas, KOrja CTEeKJIO ¢ IOKa3aTe-
JieM mpenoMieHEA n, = 1,52 mokpwro croem npyokmcnm TETana (TiO,) ¢ mokasa-
TeleM IpPeNOMIEHEA n, = 2,2 ® Tonmuao# d/A, = 0,034.

2. Ilpm pomMomu OFHOCHONHOrO HOKPHTHA BeCbMa TPYAHO OCYMECTBHTH
Ka4deCTBeHHOE HPOCBeT/IeHHe A MEPOKOH 0o6macTH CHmeKTpa, TaK Kak OpH OT-
Xof¢ OT ONTHMAJbHOH [IMHM BOJHH, [JA KOTOPOH mOM0GpaH0 mpOCBeTIeHHe,
®oapPunmentT oTpaiKeHHA CPABHMTEIbHO GHCTPO MOBHIIAGTCA.

Puc. 16.3. 3aBHEcEMOCTD Ko3dpADIEHTA

OTPaKeHHA OT JJUHN BOUHH IpH
OPOCBeTACHAR CAOAMI Pa3IHIHOI TOA-
M HH

I 1 1 [ i
g7 47 41 4S5 48 27A,ma

Ha puc. 16.3 mso6pamena no [30] aasECuMocTD KoapdunmenTa oTpamenws
OT OAWHH BOAHH AAA caydada n, = 1,52, n, = V n, = 1,233 nasa pasEHX Toa-
IIEH CI0eB, mofo6paHAKNX TaKEM 06pasoM, 9TOOK NONHAA IPOSPATHOCTD OCYIECT-
sasazach npy aamuax soas A = 0,50, 0,58, 0,70 m 0,80 «x. IIpm pacueTe He yum-
TRIBAJIaCh BaBECHMOCTH MOKa3aTe el IPeaOMIeHH A CTKIa B CIIOA OT UIRHK BOMHH .
Ee yueT He MeHfeT CYMeCTBE@HHO DPO3YIbTAaTOB.

16.2. JIsyxcnoiigoe noxpeitne. KodddAnmenT oTpaxkeHAA OT ABYX CJ0eB,
pasgen AIOMMX ABe PasIHIHHE CPenH, gaeTcsa dopmynamm (3.38) m (3.40). Orpa-
HAYAMCA CJAydaeM HODPMAAbHOTO mnajgenEA. Torma Z; = 1/n; j = 1,2,3;
Z, = 1/n, = 1 (n, — nokasaTe1b mpe;oMieHHA Bosgyxa). Jaa xospdmnmen-
Ta oTpaxenua no sHepram R = | V |* ma dopmya (3.38) = (3.40) momydaem

[nana (1 — n1) — (n} — n1n3) 8s8a] i [ns (r1 — nd) 83 + na(nu — 2 &s] |

= : 3 ! 2 2 . (16.7)
[rans (1 4+ n1) — (nf 4+ mny) 8:83] i [n3 (n2 4 n3) 62 + na (n1 -+ nd) &)

3necs n,, n,, n, — NOKasaTeJH NPEAOMJIEHHs COOTBETCTBEHHO MPOCBOTIAEMOM
JieTalld, HAKHETO B BOPXHET0 CI0eB; O; = tg P, 0; = tg @,, THe ¢, = 2nd,/A,,
@y = 2ndy/Ah, — HaGer $asy B HE)KHeM H BepXHEM CJOAX.

B caygae, korga ofa ciroa — 9eTBepThBONHOBHE (1g¢, — tg @, — o0)
m3 (16.7), momydaem

R= (ng - n,n§)2/(n§ + nxnzzx)'z- (16.8)

TaxmM o6pasoM, B 9TOM CjayJae OTpaieHHe HCYe3aeT OPA BHIOJHOHHH
yCI0BRA

ng = nlng. (16.9)

¥ e oTciofa BEAHO, 9TO BHOOP MaTepHANOB ANA ABYXCIOMHEOr0 MOKPHTHA MOMXET
OHTH CPaBEATENBNO IIHPOKHEM H TOpPasfgo Jerde OCYMECTBEMEHM, 9eM B CJaydae
OflIOTO CJIOA. ‘

Onsako paBencTBo HyJ 0 Kod(PHIEeETa OTpa)keHHA JOCTHraeTCA HE TOABKO
B cilydae JeTBePTHBOJHOBHX cjoeB. IIpApaBHMBAaA K HYJNIO IO OTAeABHOCTH Be-
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MEeCTBeHAYI0 B MHEMYI0 9acTH wmcanTenasd B (16.7), MM BHaXoA®M, 9TO OPH OTCYT-
CTBHE OTPaj{eHHA [OM)KHH BHIOJHATHCA COOTHOIICHHA:

tg gy = — — ") (= n) tg os, (16.10)
ng (ny — nd)
ng (i —1) (n—n) 7'
tg g, = | —2 I 16.11
go [ A ] (16.41)

Ecna BhipaxeHEe B KBafiPaTHHX CKOGKaxX B mocjefHeM COOTHOIIGHHH IOJO-
JKATEABHO, TO tg ¢, GymeT BemecTBeHHHM M, CHeO0BaTeAbHO, MOTYT GWTH mofo-
6paHH TOAMWHH CI0EB, OTAHYHKE OT YTBEPTHBOJHOBHX, AAIOMAEE IOJHOE IPO-
CBeTJIeHHe. ‘

ITokasaTemm mpesoMJIeHHs BCeX BEIeCTB, NPHTOAHHX A HaHeCeHHA B BHfe

ClI0eB [JIA OPOCBETIEHHS CTEKJNa, CYMecTBeHHO (oiabime, IeM V1,5 me Y 1,6,
moaTomy Mu Gymem cumrats, 9to B (16.11) ny > n,, n3 > n,. Takmm oBpasom,

BHIpaneHHe B KBaJpPAaTHHX CKoGKax Gyfer mOMOKATENBHHM, €CIH TONBKO ny >
> nyns.

Ecan nokasaTensb npeoMJIeHAA CTEKJIA n, 3afiaH, TO OCTAeTCA €I[e MHOTO BOs-
MOXKHHX KOMOHHADHH n, B ng OPHBOAAMAX K OTCYTCTBHEIO OTpa)ieHEsA. Eciam
BBATH NPAKTHIeCKHE PeaNbHHI caydail, korma n, = 1,75, n, = 2,0, T0 n, moms-
HO GHTH Membme 1,51, 9To HeTpygEo moaydmTs. Ecim n) = n,ni, Mm BosBpa-
TEMCA K CIy9al0 9eTBePTHBOAHOBHX CJOEB.

Ilpmeemen (cmemys [192]) HekoTopHe aKCHepHEMeHTaNbHHE AaHHHE, Kacawo-
mpecs 3¢PeKTABHOCTE ABYXCIONHHX MOKPHTHI, X CPaBHAM IIX C TeOPeTHICC KAMA
pesyabTaTaMa.

ITycTs cTexno, KOTOPOe HeOOXOAEMO IPOCBET.IHTh. liMeeT HOKA3aTe.1b MPOTOM-
aemusa n, = 1,525. HaumenpmnAii noxasarte1b mpe.10M.IeHEA C.10A. KOTOPHIl eme
Ges Tpyma MOXHO NONYYHTH, YIHTHBaf. UTO CJIOH ;101:k6H OHTb NPOYHLIM U HE
paccemBaTh cBeT, pases npmMepHo 1,47. Ilomaraa n, = 1.525 ®m ny = 1,47,
ms (16.10) momygaem paAA DMOKasaTeNs NPEMOMIGHHAA BHYTPEHHEIO CJOS
Ny = 1,81.

IIpencrasaser AATepeC HPOCHENHTH, KAaK MeHAETCA KO3PPUNEEHT OTPasKeHHR
R npH OTKIOHEHEE n, OT 9TOd BeamumER. JT0 BEAmHO HS pumc. 16,4, rae mo ocm
abcnAce OTKIAAHBAeTCA SHAYEHHE Ny, N0 OCH OpAMHAT sHavYeHme R. Toammawt
0GOHEX CJI0@B COCTABJAIT 9eTBePTH AAHHK BOJHHE, TaK 9TO IPA A3SMEHEHHH 71,
MeHAETCA COOTBETCTBEHHO M TONMMHA cixofi d,. CniomHas KPHEBafg mojgydeHa
TEOPETHIECKH, TPOYTONbHAKA — JKCIEPAMEHTNbHHe ToINH. BHnHO xopomee
COBMafIeHAe TEOPHH C JKCIEePHMEHTOM.

IIperMymiecTBO ABYXCAOHXHOTO mMPOCBOTIEHHA MO CPaBHEHHIO ¢ ONHOCIOHHEM
xopomo BagHO B3 puc. 16.5. Ha BeM mo ocm aGenmEce 0T.10:keH mMOKasaTeab Ipe-
NOMIIeHASl CTeKJa, MOJJIeKAMmero IpPOCBeTIeHA0, N0 OCH OpPAHHAT — Koapdu-
OHeHAT oTpamemnsA. IIyBRKTHDHaA KPABafA COOTBETCTBYeT IPOCBETIOHHI0 ONHMM
cioeM ¢ moKasaTeJeM npenaoMaerna n, = 1,38 (MgF,). Conomuasa KpABaA COOT-
BETCTBYeT ABYXCJOHHOMY NPOCBETIGHHIO 9€TBEPTHBOIHOBHME CIOAMA NIPA IIOKa-
BaTemAX HPeJOMIEHHA BHYTPEHHET0 W BHOIUHETO CJI0EB, PABHHX COOTBETCTBEHHO-
1,80 m 1,47. U3 aToro rpadEKa ME BHAEM, 4TO, HCOOJHSYA YeTBePTHBOIHOBHE:
CIIOE IBYX BemECTE C ITHMH IOKasaTeJfAMHA OPEJOMJeHHA, MOMXHO OCYMECTBHTH
OpocBeTIeHHe BCex COopTon cTekaa oT n; = 1,50 mo n, — 1,70, mpmyeM koad-
¢unment oTpamenmsa me Gyaer npesmmats 0,5%.

Baxmo#f xXapakTepECTHKOH HOKDHTHA ABJIAETCA WAPHHA o06;1acTM d9acToT,.
B KOTODO# ocymecTBiserca mpocBersnende. Ha pmc. 16.6 npmBepenrt Teopern-
9eCKaA B PKCIepPHMeNTAaAbHAA KPUBHE JiA KO3PPANEeHTa oTpakeBHA KaK QyHK-
OEE AJAHH BOJHH CBeTa B CiydYae ABYXCIOWHOTO HPOCBETIEHHA UeTBEPTHBOJ--
HOBHME caosmBE. CoBmajierme Me/KAY TeOPEeTHYECKOH H 3KCIOPEMEHTANBHON
KDHBHMHE MOMKHO CYATaTh YHOBIETBOPUTENbHHM. Pacxomiendme MoxeT OHTH-
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Pme. 16 4. BaHAHHe BeJHYMHH HOKA3ATeNd IpENOMICHHS BHYTPeHHEro Clod HOpH ABYXCHOH--
HOM NpoCBeTAHHH CTOKIA HA 3HAYeHAe MEHAMAABEOTO Kod(pGHENHEHTA OTPAIKEHUSA, OCYIECTB-
AADMmeecs NpH 9eTBePTHBONHOBHX cloAX. [lokasartenb mpeloMieHHA BepxHero cioa 1,47,

crexaa 1,525

1 — TeoperHYeCcKan BENHUMHA; 2 — PKCHEepAMERTAlbHAA

Pme. 16.5. TeoperwueckHe 3HATOHAA MEEEMANBEOro Ko3(pHUHEHTA OTp@KeHHS, MoAydaw-
merocs NPH OPOCBETNeHHE CTEKIa OREHEM cioem MgF, (n = 1,38) H IByMA TeTBepTHBONHOBH-
ME cioamMH (n = 1,80, ng = 1,47)

1 — onHocHO#HOE HpOCBETIEHHE, 2 — pByxCaoMHOE mpocseraenne (n; = 1,38)

00BACHEHO HEKOTOPOH HETOYHOCTHI0O B ONMPENENeHHH TOJMPAHKE CH0eB, 4 TAKNKe-
HOYJIeTOM SABACHMOCTH NOKAsaTeJeil NpeJOMJOHHA OT AJHHH BOJHSH.

Ha pmc. 16.7 mao6paxena amaJOrmIHAA 3aBECHMOCTL KoapdmmmenTa oTpa-
MeHAA OT AJIUNHHK BOJHH AJIA CIAydas, KOrfa BePXHHH CJ0H EMEOT TOAMEHY, PaB-
HYIO He OfHOH, a TpeM 4eTBepPTAM NJNHH BOJHHL.

CoBnajenne Mex gy TeOpmell m JKCIePHMEHTOM CHOBA MOKHO CYHTATL XOpO-
mam. Heo6xoamuMo oTMeTHTE GoMee Y3KYIO IO CPABHEHMIO C MPEHIAYIIAM CIydaeM:
CHOeKTPAaJbHYI0 HIOJOCY IpOCBETIEHHA.

Kax BHIIe yKasSWBANOCH, OPOCBETIOHHE MOKET GHTL OCYIeCTBIGHO HE TOJIbL-
KO YeTBePTHLBOJNHOBHME cJosmm. Ha pme. 16.8 msobpamema cmeKTpampHAA:
XapaAKTePHCTEKA ONHOIO TAKOr0 HOKPHTHA.

6

0

A

-«

Ny

Resppayucnm  ampamcensn, o,

Resppuayuenm ampawcene®, s

1 1 N | L 1 i
v000 5000 5000 A5 0 SO0 6000 A,

Prc. 16.6. CoekrpaapHas xapaKTepHCTHKA IPOCBETACHUA ABYMA UeTBEPTHBONHOBHMH CJOA-
mH. [Torkasarenu mpejioMlleHHA CTeKAa BHYTPeHHero H BHeIIHero CJIoeB PaBHH COOTBETCTBEHBO -
1,525; 1,80; 1,47

11— TeOpeTaveCKaA KpHBasf, 2 — 9KCNCPHMEHTAJbHAA KpHBafd

Pac. 16.7, CoekTpanbHas XapaKTepHCTHKA ABYXCIoiiHOro IPoCBeTAEHUA NPH TolIQUHE Bepx-
HEro CJIofl B TpH, a HEKHero B oHY YeTBepTh AJHHK BojHH. [TokasaTesu mpenodiIeHUs CTeK-
J1a BEyTpPeHHero H BHeNHero ¢JIoeB PABHK cooTBercTseHHo 1,53; 1,87; 1,47

1 — TeopermuecKas KPHBAA;, £ — DKCOEPAMEHTADLEAR KpHABad
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Prc. 16.8. TeopeTHuecKas CHEKTPANBNAg XAPAKTEPHCTHKA ABYXCIOXHOro MNOKPHTHA
JlaHRble MOKPHTAA: BHYTDEHHMI CITOM ny = 2,0, dy = 0,385 A,; BREmHAR CIOR Ny = {,47; dy = 0,100 A,
CTeKNo n; = 1,53

Pue. 16.9. CoexrpanpHas xapaKTePHCTHKA ABYXCJIOHHOro MOKPLITHA, HMEIOMEro CPaBHUTEI b~
HO MaJHi Ko3YHUIHMERT OTPAKEHNSA [UIA Beell BAuMoil 061acT cOeKTpa, Ho He o6pamanoiuuica
B HyIb HU OPH KaKoil AAMHe BOJHHK

JaHnne DOKPHTHA: BHemHAK ciaoft dy = 0,350 A,, n, = 1,87; BAYTPEHHH{t cioft dy
CcTekno ny = 1,53; 1 — TeopeTHyecKadA KpHpadA; £ — BKCOEPHMEHTAIbHAA

= 0,20 Ay, ny = 1,47

CoBceM He 06A8aTeALHHM ABIAGTCA TpebaBaHMe, YTOOK IpH HEKOTODPOH AamHe
BOJIHK KO3PdunmeHt oTpamenus obpamanca B myas. Ha pmc. 16.9 msobpamena
CHeKTPANLHAA XAPAKTePHCTHKA NOKPHTHA, KOTOpPOe PACCYHTAHO [JIA CTEKJa,
B KoTOpoM n; = 1,53. Hax BeTpypaHO BHfeTh W3 PHECYHKA, OTPajKeHHE BO BCOH
06IacTE BAOAMOro CHeKTPa BecbMa Mano. Koapduuuenr orpasxenns, HoMepeHHHH
Opa noMomy GOTOIIeMeHTA ¢ KPAROH 9VBCTBUTE.1LHOCTH, IPAMEPHO TAKOH ske, KaK
y raasa, coctasma 0,53%. Meskay Tem. KoapumueHT oTpaskeHnA BHH OPH KaKOi
JAJAEHE BOJHH B HY b ie 06pamaeTcA. X0TA €ro HAHMeHbIIee 3HAYGHHEe COCTABJIACT
Bcero aume 0,04%.

16.3. Tpexcioiinoe mokpuaiTae. [IpEMenerne TPEXCIOHHMX HOKPHTHH HOBBO-
xAeT eme 6oapme pacIUpPHATHL 06IACTh COEKTPa, B KOTOPOH OTpakeHH® ABIAAETCH
AOCTATOYHO HHUSKHM, NPHOAESHTLCA K OCYMECTBIGHAIO «HEBHIMMOTO CTEKJa»,

KosppummeHT oTpaxkeHnA OT CHCTeMH Tpex cioeB naerca ¢dopmynamu (3.38)
B (3.41). CBoe paccMoTpeHHe ML CHOBA OTDAHHYHM CAYIaeM HOPMAILHOLO Ia-
nemms, korpa z; = 1/nj, j=1,2,3,4; Zg = 1/n; = 1. Ecam, kpome Toro,
BOCIONBLB0BATLCA oGosHauenmem §; = tg pj, rme ¢; = 2nd;/A; — naGer ¢asm
B j-M camoe (Aj = A/n; — DAMHA BONHE B 3TOM CJ0€), TO BHPAMKEHHe IAA Kodd-
¢unuerTa orparkenusa mo sHeprmm R = | V |* moxer OwTb 3ammcaEO B BHJE

R=|(4—B)J4+B)| (16.12)
rne
A = [nyngn, — nyny8,8; — niny8,8, — nyn3dy8,1 — i [nynan,6, +

2
+ nynangdy + nyngngd, — nyn36,8,6,1,

B = [nynyngn, — nyngn,8,8; — nynani8,8, — nynyniBad,) —
— i [n3ngn;8; + nyningd, + nonanid, — nings,856,]. (16.13)

Bayrtpennnii caoff, npumeraomuil K CreKay, oTMeYaercs MHIEKCOM 2, Cpe.i-
HH# CHOH — HMHJeKCOM 3 M BHEIIHHH CJIOH — HHEEKCOM 4.

W3 Bcex Bo3MOMHLIX KOMOMHAmUY TOMMME CJOEB H HX MOKAsaTeaell mpemoM-
JIeHH A, BelyIHUX K HCIGSHOBEHUIO OTPAKEHHA IPH ONPEeNIeHHON JJIMHEe BOJHH,
MH DAacCMOTDHEM TOJNBLKO [Be:

1. Kaxamui coii uMeeT oOTAYECKY IO TOMMUARY, PABHY0 YeTBéPTH JAJTHHK BOJHE!
(n;jd; = A;/4). B arom caywae 8, = §; = §, = oo m ms (16.13), mopexms mpep-
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A
BAPHTOLHO BCe BHPasKeHHe Ha mpomssenierne §,0,0,, moxydaem 5 = nyng /n} n
Haa xospdummenra e oTpasxeHES B 5TOM CIyYae HOXydaeM

R = (mn3 — mand)*/(myng 4 ning)®. (16 14)
Taxmm oGpasoM, Koaddmmment oTparcenms o6pamaeTcs B HyJb, 6CIH
V' mny = nyny. (16.15)

2. Kpaiigme caom — deTBepTHBONHOBHE, CpeqHA CJOH — DOMYBOMHOBOIA.
B atoM cirygae 8; = §, = oo, 8; = 0. Ilofienws umCAWTENr H SHAMEHATEND B

(16.13) ma 8,0, # nomomms sarem §; = 0, momywaM -g— = n3 /myn; B, caepmosa-
TeJBHO,

R = (n; — n,n*)/(n; + myni)* (16.16)
TaxaM o6pasoM, B 9ToM ciaydae, monydaeM R = 0 opm
ny = mynj. (16.47)

Kak Mm BEgAM, B 9TOM CAYYae B YCIOBHe HCI63HOBOHHSA OTPAKGHHA HE BXO-
AT IOKasaTeJb IPEJOMICHHS CPeNHero CJIOA. JT0ro HYMHO OHIO OKEJATh H
sapaHee, HOCKOJbKY B Ipeanaymeil raaBe GBI0 DOKA8aHO, YTO HOJYBOJHOBOH
caolf 9KBHBAJIEHTSH CJOI0 HYJEBOH TOJMIEHH.

Ha pme. 16.10 m 16.11 npusepenn BuwamciaeHHEHe mo Gopmymam (16.12) m
(16.13) cmexTpanmbHHE XapaKTePHCTHKA JJIA ABYX KOHKPETHHX CJYJaeB Tpex-
caoitaoro mokpuTEA [192]. B nmepsoMcaydae Bce TpE ClIOA 9YeTBEPTHBOJIHOBHE,
BO BTOpOM CJIydae, CpefHEHA cjoff MoayBoAHOBOH. Pas3amiHNe KpHBHE HA PHCYH-
KaX OTHOCATCA K PasiAIHNM 3HAYCHHMM NOoKa3zarTeaeil mpexommenna. Iloxasarens
OpeJoMJIeHHs CPeJHero CJAO0f BO BTOPOM Caydae ArpaeT BaKHYI DOJb HA BCex
INJRHAX BOJH, ACKAIYAS Ty JAHHY BOJHH, IJIf KOTOPOH# OH ABAAETCA HOIYBOJ-
HOBHIM.

Mu BHgEM, 9TO TpPeXCJHOHNOe HOKDHITHE, i@ BCE CIOE SBAAIOTCHA JETBEPTh-
BOJHOBNMA, pnaeT Oosee IMAPOKHHR MEEAMYM Ko3ddEmmenTa OTparieEHA, dUeM
PacCMOTpEHHHE paHee ABYXCHOMHNe NOKpHTEA. Ondako BamGosee mmpoKHH
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* Pme. 16.10, TeopeTHdecKHe CHeKTPANBELE XaPAKTOPHCTHKE TpexcJoifHOro NpocBeTIenni i
pasnMURHX IOKA3ATeNell OpeJOMIeHHA CI0eB o :
e — = 1,535 ny = 1,70; ny = 2,02; ne= 1,47, —n, = 1,53; ng = 4,80 ny = 2,14
e = 14T} ceverren 8y = 1,53; ng = 2,00; ng = 2,38, n¢ = 1,47. Bce ¢710R 9eTBEPTEBOJHOBHE

Puc. 16,11, Teoperveckan CUeKTPAILHAA XAPAKTEDHCTHKA TPXCIOHHOTO UOKPHTHA ‘(ipail-
“HHe GIIOE — TeTBOPTHROAHOBHe, CPEAHHAS — MouyBoaHOBOH). [loKasaTenE NpenONTCHHE): CTRE -
a8 1,53; emxmero eros 1,80; Bupxuerc 1,47, cpepaero — PASAETHHS

JI. M. BpexoBCKAX .
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Pue. 16.12. CpaBHeHue TeopeTHTecKoli 1l 3KCHepUMEHTAABHOH CHEKTPAIBHBX XAPUAKTePHCTHR
TPexCJIoiiHOro HOKPHTHS (KpaiiHMe cJioll 4eTBepTHBOAHOBHE, CpelHHIl — 110J1yBOMHOBOII)

1 — PKCOEeDHMEHTAALHAA KPHBAA; 2 — TeopeTHYeCKasA C y9eToM RUCIepCH:; 3 — TeopeTHuecKas (es
yueTa mECOEpCHA

Pue. 16.13. KpHBue aHCOepcHA, HCOOA b3oBaBmMiuecA Oa pacyera pic. 16.12
1 — cpepnufl ciof; 2 — HHKHEHB CIhoMl, 3 — CTeKJo; 4 — pepxuuft cioft

MEHUMYM NHOJY4aeTcA B Cjaydae, KOrja kpaiHde c10H ABIAKNTCA Y6PTBEPTHBOA-
HOBHMHE, a4 CpeAHuii non1yBoanossm (puc. 16.11). Bopodem nan6Go.nmas mEpuHa
MAHAMYMA DO0AYYA€TCHA ONPHN 3HAYEHIAX IIOKA3aTe. 14 NPE.TOM.IeHAA N0.1VBOAHOBOTIO
cnon mopapka 2.3—2,4. Takasa BHCOKAA BeIWUNHA HOKa3aTeIA HOPEIOMIGHHES
3aTpyAHAET BHb6Op MaTepHa1a. TAK Kak IPH 3TOM
H600X0qIMO0 00€eCeYnThL TAK:He OTCYTCTBHEE 3aMeT-
HOTO HOTJAOmMEHHS CBeTa.
Ha pme. 16.12 nprBepeno cpaBHeHTe TEOPOTH-
2 HeCKHX H JKCOOPUMeHTAJbHHX NAHHWX JJA SaBH-
CEMOCTH KO3(PHnEeHTa OTPAIKEHAA OT CTEKJa,
DOKPHTOT0 TPeXCHOUHEM HOKPHTHEM, B KOTODPOM
CpeNHEH CIOH ABIAETCH MOJYBONHOBHM, A Kpaii-
oa. o - HAe CJOH 9eTBEPTHBOIHOBHME. 3ABHCHMOCTH IO-
e e : Ka3aTeJAsA MpPEJOMJICHHA CTEKIa ¥ KRaMKMAOTO N3
R .""q CHI0eB OT AAWHE BONHH H306pakeHa Ha puc. 16.13.
Puc. 16.14. Coextpampane xa- Ha pme. 16.12 HaneceHw JBe TeOpeTHIECKH® KpH-~
PARTOPHCTUKH THIMTHRIX OHO- pye, QnHa M3 HEX HOoayIeHA 6e3 yUeTa 3aBHCHMOCTH
ciofidoro (kpHEBas I), By XCJIOl- .
Horo (KpHBaa 2) H TpexcioiiHo- OKA3aTelNedl IPEIOMIOHHEA CTOKIA ¥ CII0OB OT [N~
ro (KpHEBaA 3) HOKRDPHITHI HH BOJHH, ApYyrag (IyHKTHD) — ¢ Y9eTOM 3TOoR
3aBACEMOCTHE. Myl BEEAM, 9T0 060 KDHBHE PaszHAT-
cA Mexpay co0ol HeCYmeCTBeHHO W YNOBJETBOpPH-
TeJbHO ePeJaloT XOf dKCIePDEMEeHTAJIbHONW KPHBOM..

Ha pmc. 16.14 pnsa cpaBHEeHns mpUBeeHK HOMYIGHHHE HA OIHTE CIOKTPATB-
HHE XapaKTepHCTHKE THUOMYHEIX OAHO-, ABYX- B TPEXCJOHAAOr0 HOKDHTHR IIA
CTeKJa ¢ HOKasaTeneM MNpenomieHEs n, = 1,53. B caygvae omgmocmoitmoro mo-
KPHTHA XPABAA NOAYIeHA dKCHODHMOHTaAbHO maa caon MgF,. Ha pmcymke scao
BHHO HIPEEMYIIECTBO TPEXCJOWHOr0 HOKPHTHA.

@opMyan aaa pacdeTa Ko3GPHOEEHTA OTPAXKEHEA SBYKOBHX BOMNH OT CHCTOMH
¢7I0eB, HAHOCHMHIX Ha TBeDJHE NOBeDXHOCTH [JA YBEJHYCHHA HX 3BYKONpPOHH-
DaeMOCTH JASA CAyJas HOPMaJAbHOTO HAJIeHAS BOJHH, HONYYAIOTCH AHAJOTAIHHM
o6pasoM m3 o6mmx dopmyn § 3. HeroTopre pesysbTaTm o sTOMY BOHpOCY CM.
B FQO]. IIpn Hak7OHHOM DAafeHEN KapTHHA CHABHO OCHOMKHAETCH BCICACTBEE
TOro, YTO BXOJAT B HI'DY CABHEIOBHE BOJHH.

NN N R Y
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§ 17, Unrepde seBumonane CcBeTCPRILTPH

17.4. O6mue coobpaxkennn. B onTnke HAXONAT MEPOKOS NPHMEHEHEE CIOWC-
THe UJIE TaK HasbiBaeMsle EHTepdepeHnmoHHBe CcBeTOPEALTPH. IIpmEmnD
meBCcTBEA TAKAX GUIBTPOB OCHOBAH HA HCIOL30BAHEY HHTepP(ePEEN AN BOH, OTPA-
JKEHHBIX OT CJI0eB, U3 KOTODHX COCTOHT GENLTP. ITOT IPEERAD GAESOK K MpHE-
DEDY ReHCTBHA dIeKTpuIecKHX ¢uabtpoB [122] m mexamugeckux $uabTpoB B
akycTEke. Takoro popa QEIBTPH yHOTPeGIANTCA TAKMKE AJIA CAHTHMETPOBHX
PagHOBOJIH.

ITo cpapmennio ¢ 06kIBEME a6coPOnNOBANME CBeTOQHIBTPaMH HWHTEPdepeH-
IHOHHKE CBeTOPEIBTPH 0612/A10T TeM NpenMyMEecTBOM, 9T0 HOTEPHE CBETAa BHYT-
P IOJOCH NPONYCKAHAA B HAX MOTYT ONWTH 8HAUHTEJbHO MeHbme. IloJxokeHme
HOJOCH NPONYCKAHHA B EHTePPePeHNMOHHHX CBETOPUIBTPAX MOMOT Jerko
HSMEHATHCAH.

C npyroii cTOpPOHH, N0 CPABHEHHI0 C MOHOXPOMATOPAMH PAa3JMYHOr0 BHJA
HHTePdePEeHHOHHANe CBETOPHIBTPE HMEIOT TO LPeHAMYIIECTBO, 4TO CedeHHe
PEIBTPYeMOro OydKa MOMeT GHTH BecbMa BHAYHTENbHHM.

OcHoBEHEe Pm3MIecKHe BONPOCH, BOSHEKAIOMMe OPHE aHATESe PaGoTH cBeTo-
$uIBTPOB, PACCMOTPEHH B cmenua1sBol Tareparype [166, 220]. OcoGenro monmo
3TH BOHNPOCH H3J0XeHH B 0630opHO# paGote I'. B. PosenGepra [80].

3mecb MH OCTAHOBHMCHA THINIb HA OCHOBHHX TeOPeTHYeCKHX pesyJbTaTax,
KAaCAOmEXCA CBETOPHIBTPOB, PaGOTAOMHAX KAK B OTPAXKEHHOM, TAK H IPOXO-
AAmeM CBeTe, I HA CPABHEHIN KX C ONHTHHIMHE JAHHEMH. .

ITpocreiimmit A mETepPepeHHNOBHOr0 PHALTPA MR PAGOTH B OTParKeHHOM
csere m3obpasxen Ha puc. 17.1. B nem na xopomo oTpaskaomee MeTanamIecKoe sep-
KaJ0 ga HManreceH CJ100 QEITeKTPUKA baab, HOKPHTOr0 B CBOK 0YepeAb TOHKMM
OOJYOPOHAHAEMEM JJIA CBETA MeTa LIM49eCKHM CaoeMm bb.

IIpn HOpMAaJNibHOM HANeHME BOJHE HA TAKOH QuABTP OT HEr0 HOJHOCTHIO OT-
paxkaoTcs Te 0GJACTH CIEKTPA, AAA KOTODHX PACCTOAHHE® MEKAY BEPKAJIOM M
MOTAJIEIECKEM CJ0eM COCTABIAOT IeJioe YHCJO HOJOBHH AJHH BOJH

A

A=2, 22 32 (17.1)

sgech A -— NJIUHEA BOJHH B gmanexTpmke. HaoGopor, orpakemme Gynmer MumHE-
MAJIBHKM (OPAKTHYECKH HYJeM), ecJd BHIIOOJHAETCH YCJIOBHEe

A=t 32, 5% .. (17.1a)

JelicTBETEIBHEO, €CAHM HPeJHo.10;KHTh, 4TO BePKAJI0 ABJIAETCA aGCOIIOTHRM
OPOBONHAKOM, TO HA I'PAHUNE aa i HA PACCTOAHEAX, KPATHHX A/2 oT Hee, BCJeA-
CTBHe WHTepdepeHNAN OPAMOH H OTPaKeHHOU BOJH, HANPAXKEHHOCTh 3JIEKTPH-
qecKoro noag Oyaer paBHA Eyino. Ecim meTaniwgeckmil ¢JIo# momemeH B OfHO
E83 3THEX MECT, TO OH IOYTH He HOTJOMmAeT PHEPIHE 3JeKTPOMATHETHON BOJHH,
H BOJHA OTPa)aeTcs IOJHOCTHI. JTOT CIydadl KAK Pas M Peajusyercs IPHE BH-
. mormenmm ycioEs- (17.1). HaoGopor, ecnim Bmmoxmsercsa ycixosme (17.1a), To
MOTAJLIAYeCKHEN CJIOH OKAaSHBAGTCA B HYYHOCTH 3JEeKTPHYECKOr0 HOJA W HOTJO-
MeHAe dHePruy BOJHH Oyner HanGonpmum. Takne BoHE OyAyT MOUTH HOJHOCTHIO
NOTJIOMATHCA PUIBTPOM.

IIpocreitnmit Bua $uIbTPa AJIA OPOXONAMEro cBeTa msoGpanen Ha pme. 17.2.
OH cocToNT M3 ABYX TOHKHX METAJJIHMGECKHEX CJO0€B aa B bb U CJOA TADJIEKTPHKA
mexny maME. Takag cEcTeMa WMeeT MAKCEMAJBHYI HODOHHNAEMOCTb NJIA Tex
BOJIH, AJIA KOTOPHX TOJIMHA AAJIEKTPUIECKOTO CJIOA COCTABJIfAGT MeJoe KpaTHOe
[OJIOBAHH MJIEHK BOJHK, ONHAKO NPOHARAaeMOCTh OPH 3TOM HBJAETCH He HOJ-
HoH, 2 papHOH B mpakTugeckmx ciaydasx 30—-40%. HesosmoxHoCTE mOCTHHe-

HAS NOJHOH NPO3PAYHOCTE CTAHOBHTCA ACHOH ¥8 CieqylomuX cooGpakenmi.
Iorsomerne BOJHKM B CBeTOPHEJIBTPe O0GYCIOBJIMBAETCHA OMHIOCKHMH MOTEPAMHE
TOKOB, MHAYIHPOBAHHNX B MeTAJIMIOCKEX cjofiXx. OHO GyaeT OTCYTCTBOBATH
TOJbKO B TOM CJYdae, €CJIH B MOCTAX PACHOJOKEHHA METAJLINISCKHEX CJI0eB BJIEK-

”» : 7
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Pme. 17.1, IIpocrefmmii BEX OTpParRATeNBEOTO HHTOP(EPEHNHOHHOTO CBETOQHHALTPA

Pme. 17.2, CxemaTaIeckoe H3o6paskeAme aHTepepeHIMHOHEOr0 CBETOPHALTPA AIA
HOpOXOofAmere cBera :

rpuveckoe moxe Gymer mocrosmso pasHO EyaK. [lnA aToro, oueBEmHO, HE0GXo-
pEMo, uTo0H B duaAbTpe 06pasoBasach CTOAIAA BOJHA, HMEOMAA YSIH IeKTPH-
‘9eCKOr0 IOJA B MOCTAaX PACHONOMeHHA MeTajaudecKumx caoeB. OpEako Takas
cToAYAR BOJAHA MOKeT 00pasoBaThCs NEIIb OPH HAJMIMHA OTPAayKeHHOH BOJHH C
aMmaarynoi, paBHO aMmamryne mapjaomei Boamw. IIpm arom BMecTo moaHOrO
OPOXOMIeHEA MK IIONYIaeM HONHOe OTPaKeHHe.

linprEa DONOCH NPONYyCKaHEA (PEABTPA MoMkeT OWTH CHelaHA HOPAAKA
100 A. .

MuBEManbHEYI0 DpONYyCKaemocTh (Ha mpaxTEKe mesbme 1%) ¢uasTp, m300-
pameBHHH Ha puc. 17.2, AMeeT mo OTHOIIOHHIO K BOJIHAM, YAIOBICTBOPAIOMMAM yC-

A= 3t B
moBui0 A = -, 3——,...Borou caydae, ecru onun
H3 MeTaJJIHnYeCKBX CI0€B OKa)KeTcHA B ysne anempn-

9eCKOro mo.1f, APYroi# mpm atom oGmsaTennHo Gymer
B NYYHOCTH, B B PesyJbTaTe HOTJIOMEHAe Gyner MaK-
CHMAJIBHEM.

17.2. Teopuma mnpocTeiimero OTpaKATEILHOTO

¢mnpTpa. KoaddunmenT oTpamenms namaomeil Ha

¢uABTP CBETOBOH BOAHHK MOXeT OHTH HalifleH HmyTeM

" IOJTHOT 0 PemeHH A 3a1aTH 00 2IeKTPOMATHATHOM HOJe
B KaKJoM U3 ClI0eB QUIbTpa ¢ yIeTOM COOTBETCTBEH-
HHX ycaoBmii Ha rpammpax. OpEako M moiifeM mo
Gosree mpocTOMY OYTH, Y€ HCHOJb30BaHHOMY B §3.2.
OTpaxeBRYI0 0T GEABTPA BOJHY MOMKHO IPEACTABATH
cefe Kak Cymepmosmnmio NAOCKNX BOAH E; + E, +
+ Eg 4-... (pme. 17.3). rme E,; = V,,E, noaydaerca
B pesyabTaTe OTPa)keHHA Nafalomeil BOJHH OT Me-

taanmdeckoro caos (uepes Vg 0608HAUem COOTBETCTBOHHHE KoapdummenTt

orpamenusn); E, = Wy exp (2ip) V,sWy,E, momydaerca B pesyabTaTe mpo-

HEKHOBEHH S BOJHH 4Yepes MeTaJIM4ecKEid - caoil (K0>pPEINeHT IPOHUKHOBE-

gas W;,) mpofera mo ciol NABIEKTPEKaA TOAMEBH A (HaGer ¢asu ¢ = knjzA.

-cos ¢, rge k — BONHOBO® YHCIO B BAKYyM®, ng — IOKA3aTeNb NPENOMICHES

OHDAEeKTPAKa, 33 — Yrod NPeJOMIEEHEA BOJAHH B THAIGKTPHKE), OTPaKeHHA OT

MeTaJIaYecKorv sepkama (roagdumment orpamenms V,;), BropmamOro mpoGera

IO CN0K RM3IGKTPHKA ¥, HAKOHON, IPOHAKHOBeHHA dYepes MeTAIJIHYecKHd caoi

CO CTOPOHH [WAMeKTPEKa (Koaddmpment mpomEmKHOBenEa Wy,); Eg = W,
-exp (4ig) VW, E, monydaerca B pesynbTaTe OPOHEKHOBEHHS €epes METAl-

JAU9eCKAfl c¢Jofl - deTHpexKpaTHOro npofera IO JUAAEKTPHISCKOMY| CIOI0,

ABYKPATHOTO OTPaKeHHA OT METAIAMISCKOTO 36PKaNa, OMHOKPATHOTO OTPaKeHAA

‘0T METANJIHYECKOro C.10f CO CTOPOHH IMIMEKTPEKA (KO3(HMEeHT OTparkeHHs
Vis) B 06paTHOr0 HPONMKHOBeHHSA Wepes METAJNINYeCKHH C0H @ T. ..
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Prc. 17.3. K pacaery road-
dunmenta oTpaskeEHa $unab-
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CyMmEpys BCe BONHH, HOAydYaem ANA Koapduumenta oTpa)keEms QmibTpa
EJE, = Vg -+ Wyyexp (209) VisWs -+ Wigexp (4ig) ViVisWy, -+
+ W36xp (6ig) ViVisWa + ... = Viy +

+ WisWaVagexp (2i9) D) exp (2isp) VisVis.

§=0
0‘1‘0!0118, BOCIIOJIH30BABIIACH d)OpmyJIOﬁ reOMeTpmecKOﬁ OporpeccHd, IONyqYHM

_E_ — Vll + V‘S exp (2l¢) (Wan — VIBVJl) 17 2
Ey 1 — VV1s exp (2i@) : (17.2)

Koadpdpmumertnn Vg m W,; oTpaxkeHHA BOJHH OT METANIHYECKOT0 CIOA X
OPOHUKHOBEHAA ee uepes cioit paBEM V m W, maBaemum gopmymnamm (3.28)—
(3.31). Koaddmmmertrs V3 m Wy, cooTBeTcTByIOmEe 06paTHOMY XOAYy ‘BOMHH,
OOJMYy4aloTCA M8 J3TEX $OpMyJN mepemenHoi pomedl mHmexcoB I m 3.

Gopuyny (17.2) mMOKHO YHpOCTHTH, OrpaHMYHB OGMEOCTH paccMOTpeHHs
safjavd.

Bynmem npeamonarath, 9TO OTPaXeHEme OT METAJJIMIECKOTO B3epKaja ABIA-
ercs NOAHEM, T. 8. V3 = — 1. OrpunmaTensHnii sHak V,, BHTeKaer H3 Tpe-
Gyemoro rpaEWYHEM YyciaoBEeM o0pameBEMs B HyJb TaHMeHOUANbHOH KOMIIO-
HOHTH 3JI6KTPUMYeCKOro MOJNA Ha NOBEPXHOCTH SepKaJa.

Baxuo#t o06macThi0 OpPEMeHEHnsA OTPaXKATeNHHHX WHTepdepPeHIOHAKX
¢unbTpos sBAAeTCA HHPpakpacHas 061acTh cmekTpa, rme mopGop oOGHTHMX
a6copOnEOHAKX CBETOQHILTPOB OKABHIBAETCA OUeHb 3ATPYAHATENbHEM HIH
Aaxe BOBCe HepOSMOKHHIM. Ilns aTOM 06AAacTE COEKTpa TONIMEEBY MeTAATHge-
CKOTO CJOA MOMHO CYHTATh MAJOH IO CPaBHEHHWIO C AAWHOH poaEM. lna mo-
Ka3aTeld e HpeloMieHHs MeTanma Oymem mmerb n? =~ 2ic/v, rme ¢ — mpo-
BOJEMOCTD MeTaJlJIa B FayCCOBOH CHCTeMe OIMANN, V — 9acToTa, IPH aToM | n |* >
>1.

B pesynbraTe, ecim OrPaHHUHTHCA IOKa CIydaeM HOPMAaJAbHOTO NAM@HHSA,
GymeM HMeTb 1A KodpUnEeHTa OTparkeHHA ¢uAbTpa OpubaExenHO®

R =|EJE,|* = [(1 — /) -+ nd ctg? 2nngA/N] [(1 + f)* + nj ctg? (2nngA/N)] ™,
(17.3)

rge f = 4nol/c, npugem ¢ B A — CKOPOCTh CBeTa H JJIEHA BOJHH B IYCTOT®, [ —
TOMIMEBA METAJJIHYSCKOTO C.I0f,

Kak BmaEo ms mocieamedt ¢gopMy:Tsi, KoaddnmmenT oTpaxkeBnsa oOpamaercs
B HyJb OPH BHIIOOJHEHAE JBYX YCAOBHH:

f=1, A=Q02m —1) Ming, m=1, 2,.. (17.4)
HaoGopoT, mpm BHOONHEHEH YCIOBHSA
A = mM2n, (17.5)

Ko2ppunuenT oTpaskemua ofpamaeTcs B eNHHENY.

Ha pmc. 17.4 xosddmnuenT oTpamenns PuabTpa msobpareH Kak GyHKIUA
gactotTH masg [ = 0,5; 1, 2 B mpemmomoskenmm, 4to n, = 1,3. Uepes v, oGo-
BHa4YeHA d9acToTa, NIA KOTOpo#r A = A,/4n,.

Anranms ¢opmynn (17,3) noxkaseiBaeT, 4TO0 BHJ KPHBHX, JAaOMEX 8aBACEMOCTH
R oT 9aCTOTH, SABUCHT OT Nng4. IIpE yBeNM9eHNH 1y MAKCHMYME! OTPaXeHHS CTa-
HOBATCA IDEPe, B TO BPeMSA KAK MEHEMYME CYKalOTCH.

* 9ty dopMyay MoKHO HOMYIMTH, HCXOAA H3 BRpakeHHH (17.2), (3.10) n (3.16) mpH ye-
A0BEU kyzd = 20dn,/h £ 1. Cu. Taxske [166], rae BupaskeH#e Aja [ 3ANBCHBAETCA HECKOILKO
HEAYe BCAOACTBHE oCofeHHOCTel MPHHATOR TaM CHCTEMH eIHHKN.

fot



B cnyuae BaKJIOHHOrO majeHud ¢BeTa HA PUABTD MH OGyaeM EMeTh OAS pas-
JAEYHHKX noaApusaumié ¢opMyas, amamormunmne (17.3)

(A — 1P+ (@/pFetgt @ngA/h) -
R = 07t WP @ed) * (17.6)
R" _ (1 —1p)* 4 (n3p/q)® ctg® (21gA/D) (17.7)

(PP + (nsplg) ctg? RngA/d)

THe 8HAUKE | W | 03HAWAIT COOTBETCTBEHHO ¢jyval, Koraa E mepnenauxyasapao
H OAPajJeabHO NJiocKocTH mameEmA. HKpome toro, p = cos Oy, ¢ =ng cos ¥y =

= Vﬁg — sin®t,. Koagduunentn orpamenmus R, W R B pAme CiIydaeB MOTYT

EMeTh CYMECTBEHHO pasiAMYHHe 3Ha4eHAA. B yacTuocTH, ecam $EABTP paccynTau
Tak, 9To6n moxyymts R, = 0 npu yrae mape-
Hng ¥, = 60° (aaa wero momxno 6uiTe f = 1/2),
T0 a8 R | opm aTom momydaem Ry = (1 — fp)?/
/(1 + fp)* = 0,36, 1. e. BecbMa 3amMeTHYIO Bean-
qury. Tako#i ¢uaAbTp MOKeT GHITH HCOONB3OBAH
A OOAydYeHAA NONAPHSOBAHHOIO CBeTa.
17.3. Teopma npocTeiimero ¢pnasTpa B 1Upo-
xoaamev cBere. Kak m B IpempiaymeM paspe-
Je, CYMMHADPYA IOCTENOBATEJILHO BOJHEI, HMEI0-
mAe paszandeoe 4HCI0 npoleroB B JHIJAEKT-
L | PAYeCKOM CJoe, HeTPYAHO IOJAYIHTH BHpae-
0 4 3 HAE I aMOIJATYZH BoaHM Egp mnpomemmei
aps
depes CHACTeMY, COCTOAMYI H3 ABYX TOHKHAX
ONHHAKOBH X METaJIINYeCKHAX CJO0EB M AHIJIEKT-
pruecroro cioa (puc.17.2):

Eqy = Wil gei*(1 — Viget®) 1 By, (17.8)

rae E§OE ghm:m'ry;(a Dajaomeid BOJAHH. OCTAa.JIbHEe 0603HadeHOA Te ‘Ke, 4TO
H B R

O603ma9nM
Wg = ng1 exp iy, Wis = t1g exp iD,,, V:a = psexpipis. (17.9)

R
100

g7
gsof-3)

925

Pre. 17.4. Koapdumuenr orpame-
BiA ¢HAbTPa KAaK YHKONA 4ACTOTH

Torpa ms (17.8) momysaem mns koaddupEeHTa mpoSpavmOCTH GUABTPa
T = | Enp/Eo[* = n2m2, [(1 — p2,)? + 42, sin? (p — @)%, (17.10)

MakcmmanbEas DpOSPAadnmOCTs MMEET MeCTO [JIA 9acTOT, YNOBICTBOPAIOMIAX
YCJIOBHIO

q) + q)ls = mﬂ, m = 1., 2,...
IIpm sTEx uwacroTax

T = Tnax = n3 12, (1 — p2) 2 (17.11)

Haobopot, MuarManbHas npospasmocTs mMeeT MECTO NpE ¢ -+ g3 = (2m — 1)
- n/2, npudem

Togn = 302, (1 + p3) 2 (17.12)

[Izpury moNOCH HPONYCKAHMS § ompefendM Kak YABOGHHYIO BeJIHIHHY
HHTEPBAJNA [UIEH BOJNH MEXIY MAKCAMYMOM HPOSPadHOCTH ¥ TOUKOH, Iie mpos-
paanocTs I’ papma mojoBEHEe MaKCEMaabuuil. s mee monmygaem us (17.10)

: 25
8= zax arcsin [(1 — 02,)/2¢ 1713
ma — Qi + arcsin® [(1 - Pfs)/zpml [( pla)/ .'lS]r ( )

rae Amax — JUIEHA BOJHH, COOTBETCTBYMOMAf MaKCEMyMy mpospaumocTn. IIpm
BhiBonte gopmynn (17.13) mpepmonaranocs, 9TO BeMEYEHH 0y5, Pps, s E Mg
B'Opefie/lax OOAOCH OPONYCKAHASA MOMHO CUHTATh MOCTOSHHLIME.



Kaxk Bugro us ¢opmyan (17.13), maprHa DoA0CH NPONYCKAHKSA OKA3HBAETCH
TeM MeHbme, YeM Oonbme Ko3pPunmeBT OTpaKeHHES OT METAJIMIECKOro CIOoA.
OnHaKO mpH yBeIWdeHAHN KO3PPHnuenTa OTpasKeHHS YMEHBIIAGTCH HPO3PAIHOCTH
$unETpa, HO9TOMY B MPAKTHYECKAX CIyYafAX NPAXORATCA NCKATH HEKOTOpOEe oI~
TEMAJIbHOe 3HAYEHHE OTpa)keHWmsd, ofecmeunBalmee HEOOXOMAMYI0 HWMPHUHY Ho-
JI0CH HIPONYCKAHHEA BMeCTe C YAOBJETBOPHTONbHHM B3HAYEHHEM MOPO3PAaIHOCTH.

lmexnna
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O6naEo HamGosee me1eco0Gpa3HBIM OKAaBSHBAETCH BHGEpATH MAKCHMANLHYIO
npospaarocts or 10 mo 40%. IlEpmHA moMOCH mpONyCKAHHS IPHE 3TOM OKABH-
Baercsa paBmo#t or 50 no 300 A, B 3aBECEMOCTH OT mOpAAKa mATepdepeHnUE m
7 obmacrtm cmexTpa. MEHEManbHOe 3Ha4eHHE IPOSPAYHOCTH HOCEPeMHE MEMIY
COCOTHHME IOJOCAMH OPONYCKAHHA IPH 3TOM MOKeT GuTh meAsme 0,25% .

Ha puc. 17.5 npuBefeHa mOJAYyJeHHAs IKCIEPHMEHTAJBHO KPHBag mpospad-
HocTH (mABTpa paccMoTpeHHOro HaMm Bama [163]. 3HaueEms MumEMamnHOR
OpOSPadHOCTH MEMAY HOMOCAMA m = 2 W m = 3, a TaKkme MexAy m = 3 m
m = 4 pasEn coorsercreenno 0,03 u 0,15%.

17.4. Bonee ciaoxibie PHALTPHL. YBEAWYWBAA YUCAQ CA0SB B (EALTpE, Mh
momydaem Goabme BOSMOXKHOCTOH A BHGOPa GEABTPA ¢ HOOGXOmAMEIMA XapakK-
TepucTHKamMA. B wacTHoCTH, MOMKHO MOOHTHCA MONABAGHHA HEOKENAaeMHX MOIOC
OpPONYCKAHHA W OTPa)KeHHA.

Ha pmc. 17.6 npencraBrena xapakTepPECTHKA IPOCTEHIIEro OTDPaaTeABHOrQ
¢unsTpa, cocroamero u3 c:108 MgF,, ykpenmemEoro Ha sepKase W3 aJOMEHHSA
¥ IOKPHTOT0 TOHKMM c.10eM 3T0ro :xe metamaa [80]. Ha arom ke pumcymke mpe-
BeeHH KPHBHE, IOKA3HBAKIHE OTPAKATENLHYI CHOCOGHOCTH ANIOMHHMEBOTO
8epKaja B TOHKOTO aJIOMHHAEBOrO C:10f. HCIOJb3OBAHHOIO B (HIBTPE.

Ha pmc. 17.7 m3ofpasxema xapakTepHCTHRKA OTPa)aTeAbHOro QHABTPa, coO-
CTOAMEro W3 JBYX CJ0EB AUIIEKTPAKA R ABYX clHoeB MeTamma. MW BamgHEM, 19TO
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Pme. 17.6. THUH9HEAA COeKTPANBLHAA XAPAKTEPUCTHKA OPOCTOHIIEro o YPAsKATEALHOTO GAIBTPA
Pre. 17.7. CuexTpaJbHAA XAPAKTOPUCTHKA JBOMHOIO OTPAKATEJBHOr0 HIBTPA
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Pme. 17.8, @uasrp B mpoxons-
IeM CBeT®, OTPAaKAMIAH HE)-

BTOPOH MaKCHMYM OTPa)KeHHA B [IWHHOBOJHOBOIM
o61acTH, XOpOmO BHPaKeHHHH B caydae mpOCTel-
mero dmastpa (pmc. 17.6), specs okasauncs cpe-
BaHHEIM.

Ycnemno -paspabaTHBAlOTCH TaK:ke UIBTPH,
COCTOAMMe U3 PANA CJIOEB JHAJEKTPHKA, OpHUeM
CJIOW C HHSKEM U BLICOKEM IOKA8aTeJ AMH IIPeJOM-
JeHWsA depenyTcAa APYr ¢ apyroM. Meramamve-
CKEe CJOW IpH 3TOM OTCYTCTBYWT. [Ipemmymect-
BOM TaKOro poja (UILTPOB ABJAECTCHA OTCYTCTBHE
moTeps sHeprmm Ha moriaomerme. HamGonee ynod-
HHM METOJIOM pACUeTa TAKHMX MHOTOCIOHNHEIX CHC-
TeM ABIAETCA MeTON HMOefaHca, , Hal0KeHHHH

paKpacaue Ay4YH

B § 3.

Ha pmc. 17.8 npnBenena XapaKTePHCTHKA MHO-
rocioéinoro ¢umiarrpa Ges meramnimueckmx cxoeB [163), oTamuarmerocs Toi
0C0GeHHOCTHI0, 9TO OH NPOIYCKaeT BCKHO BANEMYI0 06;1aCThb CHeKTpPa H XOPOImoO
OTpa;kaeT o06JacTh COEeKTpa, Ife JeKAT MAKCAMYM TeIJIOBOIO HSJIydeHHH Y
GorbmmHECTBA yHoTpebiaseMHX MOMHAKX ECTOYHAKOB cBeTa. TaKOro pona QGUILTPH
HMEIOT BecbMa GoJbmOe mpaKTHUECKOE BHAUEHHE.

B sakioueEne HAaDOMHEM 3aMEYaHHe O Ba;KHOCTH Yy9eTa OIPAHEYEHHOCTH
OydKa, cheiaHHhe B komme § 14.4.

§ 18, Cnoucras sBYKOH3DJIALMSA

18.1 Teopma ciomcToii sBykomsonsmuu, Ucnonp3ys c10HCTHE KOHCTPYKIHUH,
MOKHO CO3[IaTh JIeTKHe H J0CTaT0uHO 3J¢eKTHBHHE 3BYKOH3OAHPYIOIMEE Hepe-
ropoaku. Takme meperopogkKE COCTOAT M3 9YepeIyOmHAXCA Me®IY C060H ci10es
HONPOHANAEMOT0 (1A CTANMOHAPHOTO MOTOKA BO3AYXA) MaTepuala H ClI0eB
IDOPHCTOT0 MaTePHaJjia, Pa3AeJeHHHX B PAfe CIyiaeB Tak:xe ellc BOBAYITHHIME

OpOMeKYTKaMa. UHCI0 pA3IMYalOMBICH MeKRY

9 o, cooif KOHCTPYKOHH Mo:eT GHTH BechMa GoJb-

INHM .
B atoM paspene mMu pacemoTpEM (mo [114]) Teo-
PHIO 38BYKOHB0JIANARA KOHCTpYKmui (pme. 18.1), co-
cTosmei u3: 1) cioA HempoHHEMaeMoro MaTepmaia ¢

—>olp 0 —  Maccoil 6, cu”% 2) BOSAYmIHOTO NPOMEKYTKA TOJ-
oY 25 % .

INEHH l; 3) ¢JI0A mOPHCTOTO0 MaTepHaJa TOJIIEHE

2,2V 2 Zs d,; 4) HeNPOHMIAEMOTO CJIOA C MACCOH o, cm™?%;

CJIOf MOPHCTOrO MaTepmaja TOXIMAHH dj,
. KoucTpyknee Takoro BEja HOZBepTaidCh fe-
‘¢ 4, 4, Ta;AbHOMY H3Yy4EeHAI B NEJIAX CO3NAHHA 3BYKOH~-
BOJANEE [JA caMoJeTHHX Kabmm. B atom cayuae
HeNIPOHALAEMEM CJ0eM ¢, ABIAETCA HnlopajeBad
CTeHKa KaOHHLL

B mBacTosmem paspnene MH OTPaHEWYEMCH CIY-
qaeM HOPMAaJBHOI'O ManeHMs BOJHHL,

O6osHauEM 3BYKOBOe fNABJIEHHE IepeJ CJIOHCTOH KOHCTpYKOumeH (CyMma naB-
JeHuii B najalomeil © 0TpaKkeHHOH BOJHAX) Uepes Py, & SBYKOBOE faBleHHe B BOJI-
He, mpomexmed KOHCTPYKOHW, depes p, (cM. pmc. 18.1). 3ByKomanaaAnmA KoR-
cTpYKOuE GyneT ompenesiATHCA OTHONGHWEM po/pg, HAHTH KOTOPOe U ABJIAETCA
Hame#d sapgavei.

IIpesxne Bcero cBs;keM IOCTeNO0BATeNbHO APYT ¢ APYIOM BeJMYAHH 8BYKOBHIX
RXaBIeBEH Py, py,...,Ds- TaK, HAOPAMEpP, CBASH MEKAY P, B p; ONpPeReJdercs
ypaBHeHHeM [BH;KEHUA CJOA ¢;, PaccMaTPMBaeMOT0 KAK MHeDTHAH Macca (TOJ-
IMEHEA 3TOTO CJOA HPENIONaraeTcs MAaJiO IO CPABHEHHUIO ¢ JAHNHOH BOJHH), T. e.
Do — Py = G,dv,/dt, Tae v, — CKOPOCTH CJIOf.
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VauruBag, wro dyydt = — [0, a TaKKe oOmpefeleHNe HMIefaHCA Z, =
= p,/v,, 3T0 YPaBHOHA® MOKHO BaHWCATEL B BH[E

po/p = 1 — iwa)/Z,. (18.1)

Amayormdso GymyT cBAsaHH Me;KLy cOGOH naBIeHHA p; B pj.

CBsxem Temepb Mekay COGOM JaRTOHHA p, U p, B TOYKAX, PaBIGNOHHBIX MEH-

ny coboif BOSIYIITHEIM CJOEM. .
JlaBieEme B ci0e, OTKENLBasA Kak o6uramo garrop exp (— i®l), MOXHO 3a-

onacaTh B BHJE
P = @b | age?, (18.2)

Iie 2 — KOODAHHATA, OTCYATEHIBaeMasA B HANPABJIGHNH, NEPNOHANKYJIAPHOM LI0C-
KOCTAM CJO0eB, b — HOCTOSHHAA PAaCOPOCTPAHEHHA, PABHAA B Clydae Hemorjo-
mapome# cpegn iw/c, THe ¢ — CKOPOCTH BBYKA.
Bupaskenze (18.2) Mo;kHO BamECATh TAKke B BHJIE
p = 24 ch (bz + &), (18.3)

rpe A B ¢ — DOCTOAHHAEE, CBASAHHLE C 4, H 4, COOTHOMEHHAMA
al = t‘.ql, az = Ae"'.

Kooppuraty B (18.3) Mu GyneM OTCYMTHBATEL OT TOUKE, e HMIOENAHC HPe.-
monaraercA sanaHEmM. OG0SHAYEM 3TO 3HAUEHH® MMIEAAHCA, COOTBETCTBYIOMEE
z = 0, gepea Z,. Ilocrosmmyio & HeTPyAHO BHPasETh depes Z,. JleicTarrenbHo,
VIHTHBasA, 4T0 B IIOCKOH MOHOXPOMATHYECKOW BOJHE CKOPOCTH BHIPaKaeTCA
yepes naBienme gopmyxoi (2.1), Haxopum ms (18.3)

Z, = (l)po = iw0p (p '/ ﬂ) = inp/bthe, (18.4)

v dz jz=0
HO {wp/b = Z, — xapakTepECTHYECKEA mmmemaHC cpepnl. IlosToMy
e = arth (Zo/Z,). (18.5)

Mpamersa ¢gopmyny (18.3) k BospymHOMY CI0I0 M IpeAmoJiaras, 4To TOIKa
z = 0 COOTBeTCTBYET ero TPaHHUE ¢ SBYKONOIIOMAKIIEM CJXO0eM d;, HAXONEM

ps = 24 che,, = 24 ch (jalfc + &), (18.6)
rne
e, = arth (pc/Z,).

B nponmecce BrBOga MH Y9aH, 4TO AJAA BOSAYMHOTo cioA b = imje, Zy = pe.
N3 (18.6) momygaem

/P, = ch (inljc + e))/ch e,. (18.7)
ITo amanormm ¢ (18.7) m (18.1) mmeem paxee
Pe/ps="ch (bd) +&5)/che,, &, = arthi(Zy/Z,), (18.8)
Pa/Py = 1 — (052, (18.9)
Pa/Ps = ch(bdy + &y)/che,, & = arth(Zy/Z;), (18.10)

3pecy Z,, Z,, . . ., Z, — EMOENAaBCH B ILIOCKOCTAX, YKasaHEMX Ha pmc. 18.1,
npmaem Z, = pc — BOJHOBO® CONPOTHBIeHEe BO3XyXa; Z, — XapaKTepHCTAYe-
CKHH HMIefaHC MOPHCTOTO MaTepEajta; b — ero mOCTOAHHAA PacHPOCTPaHEHIIA;
Z, 1 b ABIAIOTCA, BoOOme roBOPA, CIOKHHMA YHKOAAMA NAapaMeTPOB, XapakK-
TepESYIOIMEX OOPHECTHH MaTepPHAJ: YHeJIbHOTO CONPOTHBICHHA R,, IIOTHOCTH O,
I B MeHbIedl cTenmeHm cTPYKTypHOro dgakropa i [103), mopmctoctn Y m ofbeMHEREIX
103¢PunuenToB ynpyrocTm Bosayxa B marepuate K H camoro marepmaia Q.
1Ipn aToM MH OTPAaHAYHUMCA CIy1aeM MATKOIO OOPHCTOrO MaTepmasia (OTHOIIeHHE
K/Q Goxbme, uem, ckascem, 20), B xoTopom BOnHA, PacHPOCTPAHAIMAACA IO
ckexeTy, OymerT BecbMa GHICTDO BaTyxammeid M e MOKHO npeneGpeds. ToJsbKo
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OPHE 3TOM YCJAOBII MATepira1 MOKIO XapakTepu30BaTh JHIOb OQHON HOCTOAHHOM
pacupoctpaHenus b.

Cpasp Mekpy uMmenaucamn Z, u Z,, Z, 1 Zy u T. §. B TOUKaX, PasfeJeHHEIX
croaME, Guia paccMoTpena Hamu B § 3, ogEako 3pech Ham ynoGHee npeacTaBETH
3Ty CBA3b B NECKOJBKO IIHOM BHpE.

Kak mu Bome smpenm, papiemdme B Cioe, ¢ onHON CTOPOHH KoToporo (npm
z = 0) mmnepanc pasen Z,, paerca gopmynamn (18.3) m (18.5). [1a mMuenanca
¢ ppyro# ctopoHH Cxosa mpH z ~ [ Doxydaem

Z=tup (p/%)ﬂ == 92 oth (bl + ¢) = Zyoth (bl + ¢). (18.11)
B caywae Bospywnoro cioa Z, = pc, b = io/c.

Tenepp Mur MOKeM BLIHACATH BCIO 11e06XONAMYI0 1A PaCqeToB CICTEMY EMIIe-
naHcoB. Ilpe:kme Bcero 1neem

Z;, = pc, Z4 == Zocth (bd2 + 84). (18.12)
ﬂaﬂee, TaK Kak Ho 069, CTOPOHE! IEIPOHKI[AEMOTQ CTOA 0, CKOPOCTH OJHHAKOBHI,

TO OTHOIICHR® MMHEIAIICOB NO Pa3HEE CTOPOHH OT 11€r0 PaBHO OTHOICHHI 3BY-
KOBHIX QiaBJeHmii, T. e. coriacHo (18.9),

Zy = pyZ,/p, = Zy — 100,. (18.13)
Hakomen, no aumamorun ¢ (18.12)-
Z, = Zycth (buy, + &), Z, —=pccth (iolic 4 &)). (18.14)

lepemuosxas ypasuemnua (18.1) n  (18.7) — (18.10), noaywaem HckoMoe
oTnowenue p,/p,. Yuntusaa ypaBnenus (18.12) — (18.14), aro oTHoweHme
MOKHO [IPEACTAaBUTEL B cleaywoieM, nanbo1ee yao6uom KT pacHeToB Bipe:

Po/ps = ch bd, (X, ch bd; - X, sh bd,) — sh bd, (X, ch bd, -- X, sh bd,),

(18.15)
rge
X, =A— i(B 4+ Aw3,/pc), X, = AZyoc — i(Bpe Zy + Awss Z),
X, = AZyjpc — Bws,/Zy— iBpc;Z,, X,= A — 0s,0cB/Zy— iB (18.16)
A, HaKOHeIl,
4 = cos (wl/c) 4 (woype) sin (ol/c), B == — sin (ol/c) + (00, pc)cos (wlle).
(18.17)

IlpencTaBaAeT nuTepec paccMOTPeHle PAAA 3BYKON3OIUPYONUIX KOHCTPYK-
i, DOJY4alMEXCA M3 PaccMOTPeINOH 30eCh KOHCTPYKIUI NPl 9acTHHYN 3Ha-
9eHAAX XapaKTePU3YIIMHX ee apaMeTpos.

r a Ir I 0

G %o %G G GG
Pre. 18.2. CxemH 3Bykonsonn-
pyouMx KOHCTPYyKUNiL pasimy-
HBIX 9ACTHHX BHIOB

i d ld ld 4 l

Mu paccMoTpaM 3pech OATH TaKAX KOHCTPYKU M, 0603HaYNB X HOMEpaMH
ot O mo IV, npraem Bo3pacTaHme HoMepa GymeT COOTBETCTBOBATL YBEJIHYOHHIO
CJI0O}KHOCTH KOHCTPYKOnin. PaccMoTpeHHad BHINe KOHCTPYKOAA, KAaK CaMaA CJIOMK-
Hag, B pajibueimeM OymeT oGosHauaTbcA HOMepoM V, ocrajbHEE GynyT mOXYy-
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qaTbCA A3 Hee OPH CJAeNYIONAX 3NadeHAAN HapaMeTPOB KoucTpyknmii (puc. 18.2):
IV d,=0, d, =d;
1T d,=0, d,=d;
N =0 d=0, d, =d;
I l:O, 62::0, d2=0, dl—'——d;
0d =0, dy=0.

Taxmm obpasoM, konmcTpykmua 0 mpepcraBisieT coGoii iBe HeOPOHAMAEMEIE
CTenKH, pasfelennbe BO3AYMHHM IPOMEKYTKOM, KoHCTPYKOEA I — cremky
¢ HAKJCeNHHM Ha Hee CJIOeM HOPHCTOTO MaTepWata H T. A.

Hs dopmya (18.15) — (18.17) nonywaem GopMynt pJjiA 3BYKOHSOJANHH BCEX
YKasalnnexX BHIE KOHCTPYKOmA:

IV po/ps = X, chbd 4+ X,shbd, (18.18)
T py/ps = Xychbd 4+ X;shbd, (18.19
11 po/ps = (A — iB) ¢hbd + (AZy/oc — iBpc/Z,) sh bd, (18.20)
I po/ps = (1 — iws,/pc) chbd 4 (Zy/pc — iw3,/Z,) shbd, (18.21)

0 po/ps= X, = A — i (B+ Aws,/pc). (18.22)

[lpencTaBiseT HHTepec TaKKe pPacCMOTPETb KOHCTPYKIHIO, COCTOALLY0 H3
ABYX ONUMHAKOBHX HCHPONHNAEMHX CJ0€B, HPOMEKYTOK MEEKXY KOTODHIMI 3a-
HoJIHCH 3BYKOHoTJomatomum Matepuataom. Ilpu atomd, =0,1=0,0, =0a, == ou

Po'ps = (1=2iwclpc)ch bd + (Zy/pc — w?0%Zope — iwo/Zy) sh bd. (18.23)

Kpusnie 3pykomsonanam AjisA koHcTpykumu 0 (mpofimas cTemka) H KOHCTPYK-
1uu V B 3aBACHMOCTH OT 9aCTOTH, PACCUNTAHHBE IPH MOMOMY HOJYYeNHHX BHIIIE
dopmya, usobpaxenn na pme. 18.3 m 18.4.

Mu BMAMM, 9TO Ha HEKOTOPHIX dacToTaX mpmGaBienme BTODOi CTENKH pake
noumxaeT 3apyKomaoaanmw (cm. puc. 18.3). Herpyano mokasaTb, 9T0 3TO COOT-
BeTCTBYET 4acTOTaM pe30HAaHCAa BCell CACTEMH, COCTOAMmed m3 ABYX CJOEB ¢ BO3-
AVITHHM HPOMEKYTKOM MEKQy HHMH, Harpy:KeHHOi ¢ 06emX CTOPOH Ha BO3AYX.

Ha KpuBbIX 3BYKON30JANUM IBOMHON CTEHKHE AMEeTCA TaKsKe JOBOJBHO MIOTO
XOpOIO BHIPa)KEeHHHIX HNKOB, COOTBETCTBYWIIEX MECTHRIM IpOBajaM 3BYKOH30-
JANHA. STE NHKE HaGX07al0Tcs na 1acTOTax, OPHE KOTOPHX B BO3AYIIHOM IIpOMe-
JKYTKe MEKAY CTeHKAMI YK.1a HBaeTCA LeJoe WHCJIO NMoxyBosn. MoKHO HOKa-
3aTh, UTO0 IPH 3TEX 9acTOTaX 3BYKOI30.JIANMIA DaBHa

101g | po/ps |* = 101g [1 + @* (51 + 55)%/p%c?], (18.24)

T. e. B 3TOM cjiydae obe cTeHKH leHCTBY(0T KaK OJHa CTEHKAa ¢ CYMMapHHM BeCoM.
Jroro m HY:;KHO OHUIO OsKEIATh, HCXOAA U3 M3J0oKeHHOH B § 3 o0meil TeopuH, rue
ObLJ10 MOKa3ano, 4TO CJIOH, TOJMANON B MeJoe IMCJI0 NOJYBOJH, HAKAK He BIAAET
Ha K03¢)$AOEeNTH NpPO3PaYHOCTH U OTPAKEHHEA CHCTEMH M 3KBHEBAJEHTEH B 3TOM
OTHONIGHHH CJIOK0 HYJeBO#l TOJMUHH *.

B mpomeskyTKax Me;xky ODHKaMP 3BYKOH3OJANMA OKa3hHBAaeTcA paBHOMH

101g | po/ps|* = 10lg (1 + wisi/p%?) + 101g (1 + ws}/p2c?), (18.25)
T. ¢. B 3TOM ciydae 3PdeKT oT o6emx cTEHOK CKJIAAHBAeTCA HE3aBHECHMO.

* B caydae ofuHOTHOIl CTeHKH 3BYKOH30MALHA y nac sHpaxkaerca dopmyroit 10lg (1 +
+ w2s?/p%c?), rae 6 — WAOTHOCTH CTeHKH HA 1 cu. ITo oTAmIAeTCH OT OGHYHO yHoTpeGaAeMoit
dopmyan 101g(1 + 0%6%)/4p2c?). Pasmuna ofyclosiusaerca Ted, 9To B Hames CAydae HOf
3pyKonaoNAnHedl CTeHKN HOHEMAETCA BHpAKeHHOE B fennGesax OTHOIICHHE 3BYKOBHX HaBJie-
1uil nepex cTeHKOi H mM03ajgx Hee, B TO BPEMA KAK OGHYHO MOf 3BYKOH30JAUMHEH NMOHHMAETCA
BHpaKeHHOE B flenHGEIAX oTHOUICHNE JABJNEHUI B onHOHA H TOH jiKe ToUKe H03aJH CTEHKII HPH
HaJuUME CTEHKII M Ge3 mee. B wacrHocTH, OPH ws/pc S>> 1, koraa mMeer MecTo HouT!l NOMAHO®
OTpayKeHHE OT CTeHKH, AaBJeHHe Hepef CTEHKOI YABANBAELTCA, U PA3HULA ME;KAY TeM U AP yrHM
onpegeneHneM 3BYKOU30AAUME Gymer cocrasiaaTh 6 36. Hame ompepencHHe 3BYKOH30JAANUE
HAM KaKkercA Gollee eCTECTBeHHBIM.
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Ha prc. 18.4, cooTReTCTRYIOMEM CPABHATENBHO CIOKHOM 3BYKOR30JHPYOMeR
KOHCTPYKIEH, COJep;Kameil CJIon MOPACTHX MaTepHAJOB, H3-3a HANWYAA TPEHHAR
B 9THX CJOAX NEKE HAa KPHBHX BHpaKeHH MeHee cuibHO. Ha aTuX pECYHKax pp,
03HaUaeT ILIOTHOCTH HIOPHCTOTO MaTepmaJa,
ynexonoe (dur-cex/cwu?) CONpOTHBIEHHEe MaTepHaja, GiIH3Koe Ha BCeX 9acTo-
TaX K CONPQTHEBJEHWI0 B HOCTOsAHIOM mOTOKe. [lJIa ompenerenms DOCTOSHHOK
pacmpocTpaBenns b GbiiM HCIOIb30BAHK pe3yabTaTh paGoTa [143]. Tan sxe Guno
MOKA3aHO, 4T0 IJA MATKUX HOPHECTHX MAaTepPHATOB, AMEIOMUX 3HAYEHHe 0 PHCTO-
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Pre. 18.4. 3ByKoHBONANMA KOH-
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Pne. 18.5. CpapHeHHE PKCHEPAMEHTANLHHX M TeOPETHISCKHX RAHHHX ANA 3B YKOH3OMAMMI
pa3IiyHEX KOHCTPYKUHE B 3aBHCAMOCTH OT 9aCcTOTH. IT0 OCH OPAHHAT — TpPeBHMeEHHe 3BYKO-
HIBJAINE AAHHOM KOHCTPYKNMH HO CPABHEHNI0 €O 3BYKOH30MANMeH oAuHO4HOE CTeHKH C
TNOTHOCTBIO 6y/cn?

!/ — TeopeTHYecKanA KpHBad; 2 — 3KCcHepHMEETAbHAA

cte Y Goxrme 95%, XapakTepHCTHUECKHH HMIEXAHC Z, cBA33H ¢ MOCTOAHHOI
b coornomenneM * Z, = —iKb/wY.

18.2. CpaBmenme c oxcnepumenTon. Amanms Apyrax cayvaes. IIpm axcmepm-
MCNTAIbHOM HpOBEpKe TEOPHH CIOHCTOH 3BYKOH3OJIAMEA OKA3AJIOCH HeoOXomn-
MBLIM ITPelyCMOTPeTH PAR HpPefoCTOPORHOCTeH. B 9acTHOCTH, O9eHpr BAKHO OHLIO
HCIAWYITS BO3MOKHOCTh NMepefadd 3BYKAa depe3d CJOH myTeM BO3GYMHOeHHA HA
ieM H3rH6HBIX BOJM, KOTOpPHE H3TYyYAl0T 3BYK ¢ APYTo#l CTOPOHH CJIOA.

JT0 MOCTHTraJoCh TeM, 4TO cI0i COCTABIANCA H3 COBOKYIHOCTH §0Jee TOHKAX
MCTAJLTHYECKHX CJOEB ¢ HAKICCHHHMH Ha HHX CIHOAMH CIOOH € IJIOTHOCTHIO
0,04 2'cu?, co3paomuMn BeckrMa 6O.IKIIOE 3aTYXAHHE JUIA M3rHOGDHX BOJH. Tak
COCTABJIAIACH CJIOHM ¢ mojuoi miorooctsio ot 0,16 no 1,6 2/cu®. OnmT nokasad,
YTO TOJBKO HPH NPUNATHE 3TOll NPeJOCTOPO:RHOCTE YHaeTcA AOGHThCA TOTO,
yTOGL OZNOYHAA CTeHKA NABAJA 3BYKOH3OJIARUWIO, COOTBETCTBYOIYIO €e Becy.

Kpome Toro, neo6xomuMo GrUIO TAaKIKe HCKIIOYATH BOJHE, PACITPOCTPARAI-
Heest BOJL BO3MYNIHOTO 3a30pa MeMpy ciaoAMd o) B d;. Jlas atoro mo Kpaam
BOBIYLIHOTO 3330pa NOMemAXcA 3ByKomoraomamomuait matepmaia. llozpo6moe
DIHCATNE DKCOEPNMENTA 9uTaTeldh MO:keT HaiiTm B paborax [113, 114].

JRCNepitMEeHT X0POIo NOATEBePAMI Pa3BHTY0 Bhme Teopiso. Ha puc. 18.5 n
18.6 npuBeaensl 3KRCICPHMERTANBHEE H TEOPEeTHYECKHE KDHBHE 3BYKOH30JAMBH
iy pAga ronerpyxknuil. Ha rpagukax mo ocm abepmee OTkIAALIBAETCA JACTOTA
B I'CPEAX, 110 OCH OPAMHAT NpeBHIeHHe 3BYKOH3OJARAM B gepnbelax HAM 3BY-
KOTI30AAMMeN OM1I09HOH CTEHKH ¢ NOBePXHOCTHOH miIoTHocThiO 0. Pme. 18.5
OTHOCHTCA K YCTHPEM PA3ANYHKM KOHCTPYKmUAM, puC. 18.6 k koncTpyriuan 111
i IV. O6o3navcuna mapameTpoB KOHCTPYKEMIl Te e, 9To If Bumie. B xadecTse
SBYRONOTHOIAIOINCTO MaTepHala B KONCTDPYRIIHAX _YHOT[)(‘6.'I}UI('$I BOITTOK 113
MIUICPAJ B0l BATHL.

* Mu BuifHpaem BpeMerHOil MHOKHTENR B RHJC ¢XP(—iwt), B To Bpema kak b [113] 1 [114]
on BWOpaR B Blge 6Xp i©¢, B CBABK C 9eM 3HAKA Hepefy { OKABKBAIOTCA nCIOAY ITPOTHEONON O~
1BEMIL
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Puc. 18.6, To :ke, uro na pnc, 18,5, Ho gAA APYTIX napaMeTpon KOuCTpyKnii

H3s rpaduxoB Biugno, 970 06wyt XOJ{ TEOPCTIHCCKIIN H 3KCHEPIIMEHTANBIDIX
KPIIBHX XOpPoilio coBHA;weT. llompoGioe irsyueniie 4acTOTHEX XapakTepHCTHR
SBYKOUSOIALUT PASHIMIIN ROHCTPY KT flokasado. 4To:

a) misi obecnedcnnA Xopouieii 3BYKONZO ALK Ha IHAKIN HacToTax Heobxo-
JHIMO, 9TOOHI alilasi ToINUHIE KOHCTPYRIWE Ouia MakcnMaIsluil:

6) na gacrotax 1000 5000 ey, Hanboice ¢YUMECTBOHUNX B fijod. eMe  3BVRO-
UB0ASALHE CaMOseTHRX Kadin. kouerpy ki 11, IV i Vgt npasepin olnia-
KOBble DPe3yJhTaTH.

Becpma cymecTBensoit B pAje ciIyyaeB ABIACTCA 3ajaTa 00 ompele.IeHIH
cpemiell 3BYKOM3OMAUMII JUIA PasTHIubiX YINIOB HajeHyuA 3BYKOBHIX BOJH I11a
CTeHKy. D TeopeTmdeckom oTHOmENNI 3TA 3aa9a He COMeP:KHT NPIHIHHIAJLHEIX
TpyAaHocTell M 3aKao9aercA B 0600mennn nodydenssx Bunie GopmyT a HPOH3-
BOALHHI yroJ mafennsa (4T0 Npu ydeTe pe3yJisTaTOB § 3 me mpejcTaBIAer 0CO-
0oro Tpyma) W B HOCJHEAYIOMEM YCPEHEHHH Pe3yJsTaToB mo yr.iIaM.

IlpakTiaecKn aTo ycpeAuenue CBOAMTCA K YHCAEHHOMY NHTCTPIPOBAHIIO.
YacTuuuo 3ToT Bompoc paccmorpen B paborax A. Jlomaona [193. 194]).

LenecooGpasno Tax:xe yKasaTh Iia HEKOTOpHe §0Tee cTaphie pa§oTLl HO 101~
croii apyronsoxanuu. B paGore [131] paccmatpuBaeTca 3BYKOU30TIALIA IBYMH
OFANAKOBLIMII IEePeTOPONKAMM, paspeJeNHHMI BO3XVHIHKM  HPOMCKYTKOM.
B paGore [174] paccmaTpuBaeTcs 3ByKOR30JIAUNA CICTEMOIi HEPErOpOIOK, KaMaas
Hs KOTOPHIX HMEeT HEeKOTODyI0 coOCTBeHHyIO WacToTy koJedauuii. [1pemcrapiser
takme mutepec pabora [132].



IMaasa IIY

BOJHBI B HEIIPEPBIBHO-CIOUCTHIX CPEJIAX

B raase T MB1 pacemarpiisaiin TeOpiI0 WIOCKHX BOMH B 0;|HOPOJHHX Cpelax,
CONPHKACAIIMMUXCA APYTL ¢ APYTOM BAOJb MJIOCKHX rpauup pasgena. IIpm mepe-
XOfie 4epe3 3TH TPAHANE CBOHCTBA Cpef MEHAJHCH CKAuKoM. B aToit rmase MH HC-
cJeflyeM cIydaii, KOT{a CBOMCTBA Cpefibl lENpPepHBHO N3MENAITCA B HANpAaBIe-
HUM ONHOH u3 ocell HPAMOYTOJbHOE CUCTeMH KOOPAMHAT (HampmMmep. ocH 2)
H OCTATCA HEeH3MEeHHRHMII B NIOCKOCTAX, HepHeUAUKYJIAPHBIX atoif ocH. Cpe,fl,hl
TAKOTO pofa MH GymeM HasHBATD HENpPEPHBHO-CTOMCTHIMII. 3emliad aTMocdepa,
MODCKasA BOXA ¥ 3¢MHAA KOPa B I1I3BECTIHOM npﬂﬁmmccmm ABIAKTCA TaKiIMI
CpefaMy, HOCKOJIBKY MN CBOMCTBA (CKOPOCTH YUPYIMX 1 HIeKTPOMATHHTHRIX
BOJIH, OJJOTHOCTh H T. 11.) 3AMETHO MEHAIOTCA N0 BCPTIKAAN; HIBMEHCHIIA ke B ropii-
30HTAJDbHOM HAINDABJEHHM BBIPAMEHH 3HAYHUTETLHO MEHBINEC.

Hameii 3apasei 6yger uccaenosanne 3BYKOBOTO Il 3JEKTPOMATHUTHOTO Moded
B Taworo poiua cpemax. B YaCTHOCTi, CYIRECTBellNBIM ABIsAETCA ompegeneHune

KoagdEmuenTta oTpaskemus BOANI OT PA3TITIOL0 POAA HEORNOPOJAIOCTeH CTOHCTO-
TO XapaKTepa.

§ 19. YpaBmemus1 3ByKoBOTO H DJIEKTPOMATHMTHOTO moeil
B HeommoponHolt cpene

19.1. Ypasmemna sBykoBoro nois B meojHopofHOi cpexe. YpaBHEHHA 3BY-.
KOBOTO IOJIA B HEOXHOPONHOH cpefie, MeTKo mOJydJalOmuecs nyTeM JiHHea pasanus:
ypaBHeHHi THAPOAMHAMHEKH, HMeIoT Bup [55]:

dp | T v i _ 19.1
-BTT‘OC (ll\\ '—-O, -(I_t Tgradp——o, ( . )
rge p — 3BYKOBOe JaBJeHNe; v — CKOPOCTh B 3BYKOBOH BOJHE; p H ¢ — IJOT-
HOCTb CpefHl B CKOPOCTh 3BYKa B Hell. B ofimem cnydae p 1 ¢ 3ABHCAT OT KOOPHH-
HAT TOYeK B mpocTparctee. Ileppoe 13 ypasuenni (19.1) moxy1aerca ma ypasite-
AUA HePa3PHBHOCTH, BTOpOe W3 ypaBHeHHA Oifiepa.

Ilosaraa pis rapMOHMYECKOH BONHHL 0/0f = —i® B HCKNKOYAA M3 yPaBHEHHI
(19.1) v, moxygaem

o div (—‘p— grad p) +kp=0 (19.2)
HJIn

Ap + k*p — ,:— gradpgradp =0. (19.3)

JTo ypaBHeHZe MOKHO mpeobpasoBaTh B ypaBHEHEE THNA BOJHOBOTO. I 3TOro
BBeJIeM BMECTO p HOBYIO QYHKOHIO 1:

v=p/Vo. (19.4)
ITocae BecnoxBHX mpeobpa3oBaHmi mJiA P HmOJydaeM ypaBHEHHE
A\p + K* (I, Y ZN’ = Ov (19'5)

rue

K3(z,y,2) = k* + 55 Ap —_}(_’;gmdp)z. (19.6)
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19.2. YpasBenns 3JeKTpomMarHATHOTrO mojiA. B ciygae BeomHOpORHON Cpemu
ypaBHeHHA (4.2) 0CTAOTCA B CHJE; OMHAKO KOMIJEKCHAA NUSJEKTPHYECKAA IO-
cTosEHaA ¢ (B AajdpHeiimem mTpux GydeM OOYCKATh) ¥ MATHATHAA IPOHHEKAE-
MOCTH | B HEX GymyT Temeph pyEKOEAME KoopamHAT. JIBa e ypapHenusa B (4.1),
conepxamme div E m div H, samensmoTca clefyoumiamMe [BYyMA YDaBHOHHAMH:

div(eE) =0, Jiv(uH)=0. (19.7)
Mu orpammaumca ciydaem p = 1. Torma m3 ypasmenmii (4.2) moaydaem
rot rot E = (w%/c?) E (19.8)
win
AE + (0%/c*)E — grad divE = 0. (19.9)

9To ypaBHeHEme MOeT OHTH IPeACTABIEHO B HeCKOJIbKO HHoM smpe. Jleii-
CTBATeJIbHO W3 TmepBoro ypasuemusa (19.7) moxygaem

edivE+ Egrade =0,
Bupasus otciona div E u momcrasus B (19.9), Haxomam

AE + % ¢E + grad (E_ie-grad s) =0. (19.10)

OTcofa BUAHO, YTo IPH JOCTATOYHO MEJICHHOM H3MEHONNN € B IPOCTPAHCTRE,
KOIJla MOCJeAHEM TJIeHOM MOKHO Ipeiie6peds, ypasHEHRE AJIA 3JeKTPHIeCKOTo
HOJA CBOAATCA K OOLIYHOMY BOJHOBOMY YPABHEHHI0 C NEPEMEHHKM BOJHOBEIM
qncjaoM k

AE+ I3 (r,5,9)E=0, k(59,7 =0%(,y2k  (19.41)

Onuaiio 11e0CTOPOsiioe OTOpacHBaHie MaI0To 4.1eHa B TuddepennnaibHOM
ypasnennu (19.10) uxoraa MoskeT nmpupecTi K rpy6oil omubre B 1OnedioM pe-
syabrate. IloaToMy npeacTaBifer uuTepec paccMOTpeiie MeTO10B, oTOPHe IO-
3BOJIAIOT CBOMUTH K BO.IIIOBOMY ypaBueHinlo To4xoe ypasuenue (19.10). 310 oka-
3HBAETCA BO3MOMHLIM HNPH HCHOJb30Baililil CKAJIAPHOTO N BEKTOPHOTO HOTEH-

HHAJOB @ H A.
Kak naBecTHO, 2JeKTPEIECKOE M MATHHTHO® IIOAA BHPAMKAKTCA Yepe3 NoTeH-

uuajdn ¢ ¥ A mpu momomm ¢opmyx (mpim u = 1) *
E= —grade — (1/c)0A/0t = — grad ¢ -- (ivjc) A, H=rot\, (19.12)

¥pasueunsa (4.2) u (19.7) 6ynyT ymoBJeTBOpPATBCA, €cif MOOIHHAUTL ¢ H A

YCI0BHIO
¢ = — (ic/wz) div \, (19.13)

K ecau .\ 6ymeT yROBAETBOPATH YpaBHEIHIIO
AA & KA — (2/K) div A grad £ = 0. (19.14)

B gaasueiiniem Mu GymeM pacemaTpuBaTh c.aydaii cjoncToil cpefin, IKoTxa
BOJLHOBOE 9UC;10 A 3ABHCHT JAMHIL OT ofuoii roopuiate », Kpose Toro, B aToi
riaBe Mpl OTPAHUTHBAEMCH NJOCKON 3ajgauell, 1 HANpaB/cHiie OCH ¥ MOKIO
BHOpaTh Tak, WToOM OT JTOii KoopuuuaTit -\ e saBnce1o, OcTanoBuMCA N0 OT-
TeIBHOCTH HA JBYX CJIydaAXx:

a) Bextop A wnaupanaen mo ocu z (A, — 4, = 0, 4, = 4). 13 dopmyxn
{19.12) ¢ yuerom (19.13) nomydsaem

in? 01 . io 3] [
. — m— —= == e - 14 — —
E. ck® ogroz ? Ey =0, E, c [A Yooz ( kT oo J'
3
H.—=0, Hy=—5>, H.-=0, (19.15)
* B oanopujloll cpee BURTOPHLIE HOTEHUHaA A ¢ TodHOCTHIO jI0 NOCTOANIIOr0 MHOMKHTE-

A1 ~—iog/c COBOAJACT ¢ HCMOABL3YCMBIM B HOCAELYIOMIX riIaBax sextopom Iepua IT
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TaxuM o6pasoM, MH uMeey cayuail BOJHH, NOJAPH3OBAHHON B IIOCKOCTH
aajgenns,
I3 (19.4) moaywaem ypapHenma a1sa A

A+ kA — 21 28 o, (19.16)
Beenem BmecTo A HOBYIO QyHKLNIO
Y = A/k. d9.47)
13 (19.16) 112 nee Ges TpyRa moaydacM ypaBHeHHe
A + (K + k" — 2Kk =0, (19.18)

rile WTpHX y A 03HaYaeT mPOUBBOANYIO 1O 2.

B pesayabpTaTe MH HOJY4YHAM BOJHOBOE ypaBilemie ¢ HEKOTOPLM «3dderTun-
HBIM» KBADATOM BOMHOBOTQ WuCTA, PABIHIM

K? = k2 2 [ — 20"k (19.1)

3:ech, 0MEBHLII0, HAMO NPeANOJI0/KITH, uTO B Cpene HelipepuiBHO Kak k, Tak n A’
{r. e. cymecTByoT k' u k"),

6) Bexrop .\ mampaBienm mo ocu y (A, = 4, =0, 4, = 4). Ila (19.1%)
anAa A meaydaeM HemocpeicTBeHHO BOJHOBOE YpaBHEHiie

A4 + k24 =0. (19.20)

113 (19.12) mas cocTaBIAIOMIN BTICKTPOMATHIUTIIOTO 110IH HOJydaeM (3aMeTmu,
9710 npi sToM ¢ = ()
E,= 0, Ell = (i.v),"(.‘) 4y, E,= 07 (19 21)
H,= —04,8:, H,=0, H,=0A4,/0z. -
Takus 06pa3on, 3mech Mbl uMeeM CAywail BOANM. NOAAPH3OBANHON HepHen-
AMRYJIAPIO ILIOCKOCTH NAJENHA.

§ 20. Otpaskenie BOAHBI OT CJIOA JmmTeiina

20.1. Ilocramoska sagagn, CTporoe pemenre 3aaa9% 00 OTPAsKeHHH BOJHH oT
HEOAHOPOAHOT0 CJA0A CBO/UITCA K PCIIEHIII0O HO.TyWellnXN B HpPeNnAVIOEM Hapa-
rpade ypapHeHNil ¢ COOTBETCTBYIOMUMI TpanudiniMit ye10BuAMA. Takoro poaa
PemeHHA B KOHEYHOM BHJE N3BECTHH TO.ILKO 1.1A HEMHOTHX BUAOB QyHKIHII K (2)
(cM. § 22). Mu paccMOTpEM 31eCh O1nH TaKofl C1yTail AJA TOro, 9To6H mpencTa-
BUTb cefe 0CHOBHHE 3AKOHOMEDHOCTI OTPasieHuA OT HeOMHOPORHEX ciaoes. Caoit,
OTPA;KEHHE OT KOTOPOro Mu 0yAaeM aHAAN3UPOBATH, BIEpPBHE OHJ paccMOTpeH
1. Smmreitrom [143]. OnEako MH HECKOJBKO 0606mEM ¢TI0 BHIKJIANKH H BMECTO
CAyYaAd HOPMAJHHOIO MAMICHHA BOJHH DPACCMOTPHEM CJYydail mpou3BOJHHOTO yriaa
Dajenus.

MaTeMaTH9ecKn 3ajaYa CBONUTCA K pemeHdI0 BOJHOBOTO ypaBOenus

AY + B gy = 0. (20.1)

[\ak n pambme, IJIOCKOCTh NageHNA BOJTHH OygeM CYATATH COBMEMEHHOH ¢ I.T0c-
kocTho xz. [loaToMy ¢ Gymer dyHKmmeil ToJNbKO mepeMeHHHX z B z. CMHCT 8Tolt
Pyuxnuuy Gymer pasiMUHHIM B PAa3HEX CIYYasX.

a) B akycTuvueckom ciyuae P maerca smpaemmem (19.4), a Bmecto A% (2)
B (20.1) nosxuo purypupoatb K? \z) u3 (19,6). OnBaKo, BTOPHM B TPeThEM T1e-
HaME B (19.6) MoxHO mpeme6peun, ecE H3MeHEeHVe NJIOTHOCTH MAaJO HA AJIMHE
BOJIHHI,

6) B alzekTpoMarmEmTHoM ciyuae, KOrma E JEKHET B mIOCKOCTH rz, COTIACHO
(19.17) mmeemp = A/k. OnBako ME1 MoxeM B3ATb Y = H ,/k TOCKOJBKY COTIJIacHO
(19.5) H, nonysaercsa m3 A AudpepeRmEpoBaHEeM DO z, 9TO, KaK BHAHO Gymer
AaJbme, B BameM cJIydae 3KBEBAJeHATHO YMHOKEHAI0 Hd NOCTOAHHYI0 BeIMIAHY.
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¥Ypasuenne (19.18) naa ¢ mmeer sup (20.1), ecam Bmecto k% (z) mompasymeBaThb
apdextmBHOE K* (2), maBaemoe Bmpakemmem (19.19).

B) B aaexkTpomMaramrBOM ciydae, Kormga E mepmeHAWKYJAPHO IJIOCKOCTH 2z,
sa ¢, rak BugHo ws (19.20) m (19.21), moxkno B3aTh E .

Urak, mMeem 1A HAIIEX TpeX cIydaeB:

a) p=p/Vp, 6)v=Hyk(z), BYv=E,. (20.2)

3amada 06 OTpasKeHME NJIOCKOH BOJHH OT HEOJHODOAHOTO CJOS CTABHTCA
tTakmMm obpasom. Ilpegmonaraercs, 9To HEOXHODORXHOCTHE CPENH CKOHIEHTPHDO-
BAHH B OrpaBM4eHHOR 06JAcTH z, T. . GYHKOHA & (Z) CTPOMATCA K NOCTOAHHEIM
8Ha4YeHAAM Kk, (IpE z - — oo) 4 k; (opE z - + oo). IIpeamonaraerca, 9To mpa

Z = — oo BaflaHA NAJAOMAA IVIOCKAA BOJHA eNUHAYHON AMIIATYAH

Yrax = €XP i (2 — Ko c0s 9,2), (20.3)
rie 4, — yroa mageEdsa (yroJd MeKAy HOPMaJabl0 K (POHTY BOJIHH H OCBIO 2).
Haxnune croa (061acTH nepeMeHHHYX £ (z) IPEBOANT K NOABJIEHNI0 IPA Z = — 00
OTpa)KeHHOR BOJHH

\po-rp = V exp i(g:t + ko (1]} ﬁoz), (20.4)
a B o6aacTn z = oo IpomeAme# BOJHH

VYap = Wexpi(Ez — k; cos 9,2), (20.5)

rpe ¢, — yroa mpeiomieHEd, a V @ W — moCTOAHHEe BeJMINHEH — Ko3pdu-
OUeHTH OTpa)KeHEA ¥ Ipo3padHocTH. Besmumma

g = ko sin ﬁo = kl sin ﬁl (20.6) )

ABJIACTCA «TOPH3OHTAJIHHHMY BOJHOBHM INCJIOM B ONpenessaeT GasoByio CKOPOCTD
nepememenna cucTeMu BOJH (20.3) — (20.5) Tak Ke, KaK W HOIA B 0, BAOJD
ocH Z.

¥rox 9, ompenexsercs wepes ¥, ns (20.6). 3azaga sar.109aeTcA B ompesese-
gun V u W, Ina aToro Eeo6xofmMo IpoaHAIASHPOBAT PEMeEHIA 17§ B CJIOe.
EcrecTBeEHO HCKATH 3TH pewleHNsA B BHJE

VY (2, z) = Z (2) exp itaz. (20.7)
Jna BoBoii HemssectHO# QyEkmmE Z (z) moxysaem mnopcTasOBKOH (20.7)

B (20.1) ypaBmeHme
Z" + [K*2) — E2%1Z = 0. (20.8)

B cayuae cios dmmreitBa sapacuMocTh k (z) Takoma, 9to (20.8) cBoguTCA R TE-
TmepreoMeTPHIECKOMY YPaBleHui0, KOTOPOe MBI il PACCMOTPHM KPATKO B C1eaylo-
meM pasfere.
20.2. TunepreoMeTpEuecKoe ypaBHeHMe. I'lnepreoMeTPEICCKHM yPABHEHHEEM
ria Pyuknoma F ({) BaswBawT ypamHeHHe
d*F _ (@+B+NE—71 dF = o8 _ 9
i ti—o @ ta-pl- 0 (20.9)

e o, B m y — mapaMmerpHL.

l'lpoc'n,mn, XO0TA B IeCKOJbKO TDOMO3NKHMH ONepaHAMHA MOMHO IOKa3aTh,
9TO0 NIyTeéM BaMEeHB

F=r@z t=P, (20.10)
rne P (z2) — npomsBorbHAaA QYHKOAA, a
F(e) =g r (1 — ) (r —a—B—1) (%C_) (20.11)
ypasrenne (20.9) cBommrcs K BOJHOBOMY YpaBHEHMIO
d*Z/dzt + g (9)Z = 0, (20.12)

npa 3toM B (20.11) ry — mocTosAHEAA BeJEYHEA.
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Oyurnusa g (z) AaeTcH BHpaKEHHEM

e = {7 (n ) — &)}

d 2 P P
._(-JE-IDP) {K1+K2 1P +K3 (1—P)'3}’ (20.13)
rae
4K1 =9 (Y - 2)7
4Ky =1 — @ — B + vy — 2), (20.14)

4Ky =(a+p—9v)°—1.

Bubnpas pasimaamm o6pasom yErmuo P (z), MOKHO HOJYIMTH pasamIHHE
¢ymxnme g (z). CpasmmBan ypasmemme (20.12) ¢ (20.8), Mp BEmEM, 9To BH6pas

onpenejJeHEHM 06pasoM pyBKOmO g (z), MOXHO Hail- AL i
TH pemeHde Hamel 3agadw AJA CJIOA, XapaKTepusy- 76k
eMoro Qyurnuei ’
24
k(2 = g (2) + E& (20.15) 22l S
B wactHOCTH, IpE HOPMAJHHOM NAMCHAHW BOJHH Ha V4
ciaoit (¢ = 0) ksampat BosHOBOTO 4meaa k® (z) 6ymer -s./t
HEenOCPeACTBEHHO COBIAAATH ¢ gymkmmei g (z). cguk
Iasa nanpHeHIIEro analm3a ME HOJOMKEM - ﬂ A
’ 1 1 1 1 1 i
P(z) = —em. (20.16) g gy J4

Puc. 20,1, ®opum cmpier-
puaBoro (1) # nepexogHoro (2)

IIpn stom m3 (20.13) u (20.15) Mu monmygaem mua

KBagpaTa BOJHOBOI'0 4YpCia B Clioe CJI0EB
k()= 8 —mt (K4 )+ meK,— 4 ek,
H=8—m o)+ mK,——— + mKg—
( 1T 4) l 21—l-e"” s(1+e"“)2

Iloctosnmme K,;, K, u K; ne1ecoo6pasno BLIDA3UTHh Uepes BEIHYHHY ko U Jne
HOBHX HOCTOARHHX J/ M N ApPH UIOMONIE pPaBeHCTB

K=& —k)ym:—1/4, K,=—KEN/m,

Quangeckmii cMuCa mocToAnHX I 1 .V GyfeT pasbacHen umue. Temeps Gynem
HMETh

Ky = — 4EM/mb. (20.17)

= mz

Ll R N N | ULy (20.18)
Ky 1™ (1 + ™

Ha pme. 20.1 rpaduuecrn nsobpaxena semwanna n? = k? (z)/k5, T. e. KBagpat
NMOKAa3aTeAA WpeJoMJeUHs cpeas xak GYnkOuA z QIA ABYX ciaydaes: M = 0,
N=+=0unM=+~0, N=0. Mu Bugim, aTo B mepeoM cxydae ¢opmyia (20.18)
ONECHIBAET «IEPEeXONHOI» CJI0H, B KOTOPOM IOKA3ATeJNb IpPeJOMJeHHA OT 3HATe-
BuA n® = 1 opa GoipmpX OTpPHHATENBHHX 3HAYCHAAX Z, IJIABHO H3MEHAACH,
OepexonuT K 3HaUeHH 2 = 1 — /N mpn 60JbmAX NOJOKATENIbHHX 3HAYCHAAX Z.
Bo BTOpOM e Cry9ae MH NONYdaeM «CHMMETPHIHHI CJIOH, B KOTODOM HOKAa3a-
TeJIb OPeAOMIeHHA ABJIAeTcA weTHOH ¢ymErmueit z. IIpm aTom om obpamaercs B
emuHEUNY mpd GOJBIIEX yAAJeHHAX OT cpefHell miockoctm z = 0 m mmeeT Hau-
Gonnmee oTKI0EeHHME OT eauBEnH npH z = 0, rme n? = 1 — M. Ilo ocm abemuee
Ha pmc. 20.1 okasanoch yaoOHHIM OTKIAXHBATHL He BeJRIEHY n?, a (1 — n?)/N
BiaA mepexonnoro c¢iaos u (1 — n®/M piA CHMMETPHYHOTO CJOA.

ITo ocu opmmmaT oTkaammBaercs kKoMGmBamuaA z/Shy = mz/4m, Ie BelMYHHA

S = 2k/m (20.19)

O00OHYHO HA3HBACTCA OTHOCHTENLHOHM Toamummoil ciod. IIpocTre pacueTn mokasH-
BAKOT, YTO B Ciydae CAMMETPHEYHOIO CJIOA IOJHAA TOJIIEHA CJIOA, OUpeneaAeMan
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KAk PACCTOSTHIIE IO OCH Z ME/KJY TOYKAMH IO 05e CTOPONH CepegAlbl CI0f, B KO-
roprix 1 — n? paBHO NOJNOBMHE 3nadeHHS ITOH BEJWIHHH B MakcmMyMe (npm
z = 0), okasuBaercsl paBHOi

! = 0,282,S. (20.20)

Ham ocraercs Temeph ¢BA3aTh XapakTepHaymomyiie coit mapaMerpu S, M @ N
¢ DapaMmeTpaMd THOCPTCOMETPHYCCKOTO ypaBleHusa «, f i y.
Pemasn cucremy ypasuennit (20.14) oruocurenpuo =, p u y, noaydaen

L+ VITaK, + VIt ek, — VIF 4K — Ko,
(- VIFEK - VI8, + VT 4K — Ky)l, (20.21)

o =

7
1
3=
r=1- VILT4K,.

C apyroit cropount, ydurmBas (20.17), noaysacM n3 nepeoro ypaslelHsA
(20.21) .
- —— [
VI--4K, =@2m)V g2 — ki = iScos ¥,. (20.22)

AuaJorigHo, A3 ABYX Apyrux ypasueunit (20.21) naxoqum

VIiFaK,—Ky) =iSVcosi¥—N, VizZaK,= Y1 —4ST =2(d,+id),
(20.23)

rae depes dy M d, 00031a9eNEI COOTBCTCTBCINO BCIECTBEHHAS I MINMasg dacTd
kopusa (1/2))/ 1—4S*M. Temepb nomygaem

o2 =1, +d, + (iS/2) (cos By — Vcos® ¥, — N) + idyy

B =1y 4 d, + (i8/2) (cos 0, = } cos® 0, — .V) — id,, (20.24)
1T =14 iScosd,.

Iepeiiger Temeph K aHalH3y peIMenHji TANEPTeOMETPUYECKOTO Y pPABIENHSA
(20.9) 1 k onpemenenmio koddPHuUICHTOB OTPAKEMHA H HPO3PATHOCTU CIOA.
20.3. KosddpunuesTH! oTpaxkennsa u npozpagmoctd cnod. B kypcax marema-
THYeCKOro anaiu3a (cM., nanpumep, [95, ri. 14]) nmokasuBaercs, 4To ypaBHemue
(20.9) moker GuITH YIOBIETBOPEHO CIEIYIOMUM (THIEPTEOMETPUIECKIM P ALOMN?:

Fi=F@p1,0)=1+2¢+ 20t 0 0m

T+
a@+1)@E+2BE+DB+ 55, .
+ 123777+ +2) B (20.25)

dror pax cxomarcs npu | § | << 1. Mo:KHO Tax:ke NoKa3aTh. ITO BTOPHIM JIAHeHHO-
HE3aBICHMLIM pellleHHeM ypaBHeHHA, cXogAmmicA B obaactn | §| <1, aBaa-
ercA PAA

Fo={Fa—1+1, 3—1+1, 2—1,0) (20.26)

Vpasuenne (20.9) mmeer Tpm ocobue Todku: [ = 0.1, co. CooTBeTcTBORHO
MMEIOTCSA TPH NADHI JHHEANo-He3aBACAMHEIX PeINeHni, npadeM Ka:Kgafd Dapa 3THX
PeINeHHIT CX0ZUTCA OKOJO «CBoei» ocoboit Touka. Tak, okoro § = 0 pemennamn
ABNATCA CXOAMEeca BONIZH ITOH TOYKE PANH

F1=F(1, B’ T’c)v F2=§1—YF(1—T+1, B—T+1’ ?‘—T,c), (2‘0‘?‘7)

Ha 9TO yKe YKa3LIBaJoCh BHIIIe.
Bo6om3u toukn § =1

F3=F(193,1+B—T+1’ 1—c)9
Fo=(1—=-0P*F(t—a,71—B,1—2—8+1,1—-0). (20.28)
116



B6nnsn Toukn { =

Fs=toF(x,2—1+1, a—B+1,7),
Fom0F (B, B—1+1,8—2+1, ). (20.29)

Naskgoe 13 9THX Bplpaskeudii mpejcTaBiasieT co00il aHaMNTUIECKYI0 QYURIIII.
ABJNSIIOIYIOCA PeINeHHeM TMIepPreOMeTPHIECKOTO YPABHEHAA BO Bceil ofaactn
CXOMIMOCTII COOTBETCTBEHHBIX DPAMOB.

MeToioM alIAMITHICCKOTO OPOAOLKCHUA Karmkoe N3 ATUX pemicnuii Moskilo
NpOAOIZKUTL 3a Tpamumnl o0JAaCTH CXOJHUMOCTH COOTBETCTBYIONIETO €My PAiA.
1ipn aTom MH B HOBOIl o0JacTm monydaeM y:;Kkeé TPH DeIMeHAS — OANO, MPOJO.I-
skenioe 13 npyroﬁ oGiacTd, H gBa pellelins, JaBaeMpie ogHoil u3 dopmya
(20.27) — (20 29). Tar xak B ra:aoii ns obaacteil MOKeT CymecTBOBATHL JTHANIL
ABa  JHINEITHO-HE3ABHCHMBIX Pelleniis, TO M/ Iy dTHMI TPEMs PelieHnaMIl Jo:1-
A pMeTLeA Jnnelilan ¢BAsh ¢ nocToannuiMn kodddunnentamn. BB gaanueiimen
ME] 1ICHOIL3YeM TIHbL 04y CBf3b 3TOro poja. Tax, oxaswiBaercs [95], gro ecan
pemtenie

Fome 7 (3,2 — 7 -2, 2= 344, ), (20.30)
\ L}

cnpasexnnpoe B obiacrn | £} > 1, anaanrmueckn npojosKNTL B 08Tactn
| €1 << 1, To B aToil mocaeuieit 06TaCTII NOTYYLCM 1I0BOE Pelienile, KOTOPOE Bypa-
maeTes uepes Fy u F, npn noMomi Jmieiineil KOMOMIAmIL:

s PE—B+NTd—7 : ez PE=—-B+O)T(r— a
=V =i san e =BT e 08D

rie ' — ramMa-dyusnosn.

Hepeiinem Tenepos npi momomn coornomenuii (20.40) u (20.11) or pemcnnn
IHIICPTEOMETPIIECKOTO YpaBneluns F K peinteline BOIHOBOTO ypaBheuis /.
Tar waxk B Hamem ciaydae

ooz m—emz dCidz -=mi, (20.32)
MLI TIOTTYHAEM
a+a-t+j3-v)

1 ]

Z =rtm ¢ (l — ) F. 20.33)

PaceymoTpuns Tenmepn acidiToTiUCCKIE BLIpavKenns Ads pemeniii BeJiioBoTO
vpasuenusa 4. coorBercTnYViciiiun £y, Fyn Iy 18 clIyuaeB a) z — oo. 470 COOT-
BCTCTBYCT ¢ — — 00, 0) 2 — — 00, 4TO COOTBCTCTBYeT { — {).

3 cayuac a) MOYKHO BOCHOIb30BATLCA BhipasenueM (20.29) aaa F.. npnuem
B BRMpPaCLMIl J1s rOnepreoMerprraeckoro pajga F opa | { | — oo ocractea o/uin
nepssiii 9ern, pasmoiil egninmne, BB pesyisrate, yIuTnBas TakdAe cBA3zL (20.52)
MOJLY § M 2, MOJIyuaem

' L=z Lm@-n:

z—o00, Z—rgtm *(—1)2 et . (20.3%)

Taxmm :xe oGpazom U B caydae 6) Mbl MOKEM MOJTYIMThL aCHMIOTOTHICCKIIE BLIpa-
ATGNHA A PemlenHii BOJHOBOTO YpPaBHeNOd, COOTBETCTBYIOMEAN pellelnaM TI-
nepreoMerpuyeckoro ypasuenusa F; n F,. Ognako Msi DOXYYIEM cpa3y aciMATo-
TIYeCKOe BHpakenmme maa cunelinoii komGunanmme (20.31). CuoBa, wnoan3yscs
pupaxkennamu (20.33) 1 (20 32), moxcraBass BMecto F mocienoBatedbno I
11 F,, xoropuie npr { — 0, cornmacuo (20.27), nepexogar B 1 u B 17, noayaaen
upn z -» — oo aaa (20. 31)

1 1
SR T(*_l)"" Fr@—B4+NDrd—y) sme-1z_1
rom * (=) [1‘(1—_3;r(1+u-»n ’

I‘(i—B-HH‘(T—n '-*:—‘m(Y-—l)z'I (20,57

'y —%1 @) i -
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Tocneguee BLIpaskende, copaBegiuBoe OPH z — — 0o, ABJIAeTCA, KaK GLLIo
yKa3aHo, aHaJNTHYeCKHM Npogol:keHdmeM Buipaskenns (20.34), cmpamegmmporo
npA z — oo.

IIycTs mapaMerps! TiNEPreoMeTpHYICCKOr0 YpaBHCHHA ¢,  H ¢ BHOpaIu Ta-
kasu, 910 (B — a)/i'u (y — 1)/i ABAAOTCA BemecTBEHHLIMHM IOJAQRUTCABILIMA
peamanmamu. Torga Bmpaxkenne (20.34) Gyger npegctaBaaTh co6oil nIoCcKyI0
He3aTYXAWIYI0 BOJIHY, PACPOCTPAIIAIOMYIOCH B CTOPOHY 2 — 0o. Bripaskenue e
(20.35) Gyger mpeiacTaBAATH c000il KOMOMHAIHIO ABYX NJIOCKIX BOJIL. pacnpo-
CTPAHAIIMUXCA OFHA B CTOPOHY 2 = — oo (BTOpO# 49ieH B cKobkax), jpyras
B 00OpaTHOM HampaBJeHMII.

Hafinennste Buille pemmeHus rumepreoMerpadeckoro ypasieuns Fy, F. o F,
RaOT BO3MOKIIOCTL HAilTH pelnenye BOJNIOBOIO ypPaBUEHHA BO BCEM MHTepBale
a3Mellenif z 0T —oo 10 -i-00, NPIYEM 3TO PemeHHe OPI z2 — co BHIPOKIAETCA
B milockyio Boany (Bupaskenne (20.34)), a mpu z & — oo — B KoMGuIanuK0 H3
JBYX IIOCKHX BOJI, PAacHPOCTPAHAIMNXCA B NPOTHBONOJOIKHEX llANPaBJIeHH-
ax (Bupastenue (20.35)). 113 storo BuTekaer, uto phpa:kente (20.35) Mul MoKeM
TPAKTOBaTh KaK CYHNEPHO3MNINII0 Najgaomeil A OTpaskenloil BOJH ma J0CTaTOYHO
GOMBIIOM VIATEINH OT CIOA. TAe cpeay Yy:Ke MOiKIo CIUNTAaTh OJHOPOJIHOI,
a pupaeune (20.34) — kak upomeamiyio Boamy. CpasunBas koadpdmmEeHTEHI
riepell COOTBETCTBEHIIHIMN 3KCHOHEUTaMH, molydaeMm aiA woapdumuenra orpa-
IKeINIA:

ST - DTA =BT Ly o
v Fd—mra-sre (20.36)
aaa Kodpdumyenta npo3padmaocTyr CIOA:

T =BT +2—7 .
W - rd—mr@a-3+n° (20.37)

Ta[{ﬂ.\[ 06])1\30)[, [aM upumiIoch BOCIHOILAOBATLCH JT1H1L HPEICTbILIMI 3Ha9eHH-
AMH THOePreoMeTpHdecKNX PA;oB. [loanayvacs oTuMn pgiavin ;1A NpPoU3BobHEIX
3HaYeHHH NepeMeHHoi, MO:KIO OLIIO OB paccYnTarh 1oJe B 11000il TOYKe CAOA.
OpHako B ganbHelffmeM HaM K 9TOMY NpR6eraTh He NPHIETCH.

20.4. Koadpdumment oTpasenus oT nepexomHoro cios. lIpoaHalmampyem
dopmyay masa kospdmumenra orpaxenus (20.36) B ciaydae mepexomHoro cios,
T. e. B cnyuae M =0, N £= 0. Uz (20.23) u (20.24) npu M = 0 nonyvaem

d, =0, . =172, =1 4 (iS/2) (cos B, — V cos? B, — V),
(20.38)

B=1+(iS/2) (cos By + VcosT8, — N), =1+ iScos B,
Bupaskenne (20.36) B aTom ciyvae mpAnHMaer B

v — DS cos Bo) T [(— 15/2) (cos B0 + V c0s2Ga — M) T [1 — (£5/2) (cos B0+ V costBo— N)]
T (— 1S cos o) T [(i5/2) (cos B0 — V' cost @ — N)| T [1 + (I5/2) (cos Bo— V cosiBo— N)]

(20.39)

Bonee mpocroe BLIpaiseHme molydaercs s Mogyis KoddHIHEnTa oTparkeHHA
p =|V|=VVV* Iipu oToM MU BOCHONBIyeMCA N3BECTHHM COOTHOMIEHHEM
(I (1 — 2) = x/sin nz. (20.40)

Heo6xogmmo pasmmaars gsa caywas cos?®, << N u cos? €, > N.

B mepBom caywae mpt Gygem umers } cos?9, — N = Y N — cos? 1y, Ymito-
waa Bupaxenme (20.39) Ha ero KOMIUIGKCHO-COTPKEHHOE, HOJYdaeM B ITOM
caydaep = 1, T. e. mONHOe OTpa’KenHe BoJHL. Bo BTopoM clydae anA MOZYNA
xodunEenTa oTpaskeHHs TaKWM e obpasoM mosydaes

. 8h [(08/2) (cos B — V cos*Ho — V)] ) (20.4)
sh [(nS/2) (cos G0 ¥V cost B — N))
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Bume (cm. pasgen 20.2) 6umo mokasano, 9o 1 — N = nd, rae ne, — mo-
Ka3zaTeJdb IpeJoMJEHHA CPeJil BJAJNH OT CIOfA CO CTOPOHEI, IPOTHBONOJIOMHOM

nagaomeii Bonse (npx z = oo). Iloatomy ycaoBiue moanoro orpasenns cos® 4, << N
MOKHO 3aIIUCATH B BHIE

sin €, > ne. (20.42)

Ilpm crpemienun TONMMHEL DEPEXOAIOT0 cloA S K NYNI0 MH Iojydaem W3
(20.41) dopmyny Mpenena ans koadduiuenta oTpa;keHHA BIEKTPOMAaTHHUTHOI
BOJHLI, NOJAPI30BAINOH UePUEHINKYJAPHO NJIOCKOCTH mafeHms (cM. § 4)

_costh— YnZ—sint Oy
cos®y L V2 —sin?d, '

uprieM 1ago6110CTh B MHICKCE 0o ¥ n B 9TOM caydae yse ortuagaer. [pm § —0
MBI e NOJy9aeM NpaBILILHOTO 3HAYEHHA A KOIPOHIUEHTA OTpPas;KCHHOA aJeK-
TPOMATHOTIOH BO.THBL, NOAAPUI0BaAHHOL 6 naocKocmu nadeHuf, a Takme A
Ko3@duIIenTa oTpa)kelHsA 3BYKOBOH BOJHH. IT0 0GBACHAETCA TEM, 9TO B ITOM
cllyuae TPAJHEHT HOKA3aTeNs npeloMJIeHUA CTPEeMATCA K OeCKONewnocTlr, i mpI
CBeIEHNIl YDPABHEHHA UOJA K BOJIHOBOMY yDaBHEHHI0 «3§(eKTIIBIIOe» BOTHOBOE
anciao, gapaemoe gopmynama (19.6) m (19.19), Taxske crpemurcs K 6eckoneuno-
CTH, B Pe3yJbTaTe Uero BHODAHHLIA HaMH MeToJ peIdeHUs 3afadl CTaHOBUTCA
Hempumenmy. Crydail MasNbIX TOMmMH cioA Gymer paccMaTpmBathes B § 24 1as
caos Gotee 06IIET0 BAAA, YeM PACCMATPUBAEGMEIR 31€Ch, NOITOMY HA 3TOM BOIIPOCE
MmH GoJbIMe OCTaHABIHBATHCA He OymeM.

Ha pumc. 20.2 1 20.3 mzo6paskeH KodduIEeHT oTpaskeHHA P OT HEPEXOJHOTO
clofl KaK QyHKmmA yria pageHma BOJHH ¢, mIA ne. = 1,1 # ne = 0,9, upm
pPa3NAYNLIX 3HaYeHHAX oTHomeHmA l/dg, rme ! — oPdexruBHasA TonmuHa c1od,
oupenensieMas pupaskenueM (20.20). HauommHaem, 9To BONHA upeguollaraercs
pajalmei u3 z = —oo, rAe n = 1 m AnmHa BoXHHM A,. Ilo ocm a6cguec Ha rpadm-
KaX OTKJIAJLIBAeTCA YToJ majgeHds BOJHLL, HO OCH OPAMHAT KodpdmumeHnt orpa-
JKeHH A, BupakeHHH# B merubelax. MH BHgAM, 9TO NpH yBeJAIeHHH TOJTMHHLL
cloA KoddpHmUeHT oTpasieHHA pe3ko nagaer. Tak, B crydae HOpMaJBHOTO nage-
Husl npu yBelmdenmm toxmuust cxos [ or 0,14, g0 SAy aMBIATYga oTpasKeHHO#
BOJIHE! OPM N = 1,1 ¢ 27 16 (p = 4-107%) ymenpmaerca 50 486 16 (p = 5-107%%),
3aBHCIMOCTE KOIPPUINEHTA OTPaskellNA OT YIWa majellus BrIPakeHa TeM pe3de

(20.43)

7° 29 4o b0 80 D, 2° 720 49 60 P
|24l | T

1

100 100

200 200

Jog Jog

K74 774

—ZILg £

2oL p
Pac. 20.2. KospdrunesT oTparkeHmsA BOXHH OT NEpeXOXHOIO CA0A B 3aBHCHMOCTH OT yraa
wafileHus JJIA Pas/IuYHHX TONNIUE CIO0A n, = 1,1

Puc. 20.3. KoapdunnesT oTpaskeBHA BOJH OT ePeXONHOTO CIOA B 3aBIICHMOCTH OT yrIJja ma-

NeHHA [AA PasfAiIHLIX TONMMAH CH0A ny, = 0,9
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weym Goabme TonmmuHa cros. Hpu & — 90° mieem p — 1 (Igp — 0). B cayqae
ne = 0,9 mpm ¥, > 64°10’ umeer MecTo moamoe OTpaskeHHE BO.THHL
IprBeeHAbIC BHIE pe3yJNBTaTH HO3BOJSIOT BO MHOTHX NPaKTHIECKIX CIXY-
9asX UPaBAJBHO OLENNBATh KAYeCTBEHHYH) 3aBHCHMOCTH Ko3PPHTIMeHTa oTpa-
AEHHA OT TOJIINNK C105, YINIa UafleHdsl BOJIH, 0T 3HaTeHUH HOKA3ATeI A NPeToM-

JeHHA L0 TY U APYTYIO CTOPOHY CIOA M T. A
20.5. Cpasnenne ¢ suHeitapM caoem. MHTepecno cpaBREETh Koaddunnent ot-
PiGKeNnsA O AAA ABYX BIIOB HEPeXOJHOTO CJI0A B CIyvac HOPMAJILHOTO NaleHus

ROJIIIBL,
Qopayaz (20.41) gas wopmansuoro nagenns (4, = 0) npu ydere cooTuorne-

A N =1 — ni Syaer uMers BHR
p == shl_ (- le)J/bh[—— - Il,g)} . (20.44)

PacesmoTpint oTpaskernie ot ciosi Tonmunut L, NokazaTeldb IpeTodIenis
s totopoM mpu —L/2 < z < L/2 meusercsa o sarouy (Inmeiinas 3aBICuMoCTh
0T 2 JLIA CKOPOCTH pACHPOCTPaHeINUA BOIII):

n=AA +zL+12 A =n/(1—n), (20.4H)
4 ny — HORasaTeNp UpestoMacnua upu ; J> L/2, ITokazarean upes1ovMIenst ¢ pein
¢ Tofl cTOPOOL €105, OTKY1a HagaeT Boata (z < (), Kax 1 BHIUe, OPENIOIATAETCS
pasubey 1.
oo Pumient oTpa;Kels OT TAKOTO CMOA P HOPMATBIIOM NAJCIHIN DACCYN
THBACTCH CPABIMTEILIO 1eTKO It okasuiBaercs paBuoim ([188, 84, r. 1, § 148s))
upu folA << 1/2
sh(p o np Vl N
) e e (#uLA 20.46
f Vshi Wi ay) +4n2 ¢ ) ’ (20.46)
upn kol A > 172

sin (m n ) T
) == — e e n - I L.-"-—l .
‘ VsinZ (e dn ny) = 4m* ’ V( 0 )

3iech kg = 2n/k, — JInia BOJULL B cpese, 13 KOTODOI BOIMa najaer ua ¢Ioii.

Ha pue. 20.4 upegcrasiacust koofduumeHTsr oTpaskeHns, gasaesue gopmy . 1oi
(20.44) (xpuBas 1) 1 dopmymamu (20.46) (zpuBas 2). B obonx caysaax mokaza-
Tedb NPETOMICHTIA CPEAL ¢ IPOTHBONOI0KHOII N0 OTHOLIEHIO K Nafaioiell Boate
cTopoHst cnod [n, B dopayirax (20.40) 1 ne B Poparyae (20.44)] Baat pannpiv 0.8,
CooTIOmMEHNe MC;KIY TOoaDIHAMP caoeB BHGpaHo Taxuwm, 910 S == 2.00L 7,
riie S XapakTepuayeT ToJuyiny mnepexojnoro caos Jumreiina. Ha pne. 205
u;soc’)pa;neua 3aBUCIMOCTL # (2) B TOM 11 gpyrom ciaydae.

Mpr BHAIM, 9T0 B ¢JIydae MIABHOTO tepexommoro c10a (kpnBas I na puc, 20.5)
£02(PHICHT oTpaskeHus yOLEBACT ¢ yBCINICHNEM TO.IMIHLI CI0A MOIOTOINO

4
A e
R
44
aast z2er
| V4 Lo
484
504 |- 07 F
- ~go}
) 7 1 a3 S Ayl g8t

Puc. 20.4. Cpapnenre Km(bd)nuuen'ron OTPARKENNA B QYnKLI TOTIHIE C105 1A IBY X “Bii;10B
HePUNOAREIX CTOCH, LOKA3ATENL Npedoyienns JI1A KOTOpHX H300paken Ha pnc.}20.5;

Puc. 205, Cpapnenne aagnemvactu n(z) n1s AsyX BHIoB ¢loen
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B cnygae e orpaHmdeHHOT0 IO TOJMIIHe NePeXogHOro closA (KpmBas 2 Ha plC.
20.5) koappunmenT orpaskeHHA ofpamaerca B HyJIb B TOYKaX, YHOBJETBOpAK-
IUX ypaBHeHHIO mlnn, = vn, roe v — medoe gmcao [cm. (20.46)], a mpm6au-
BUTENBHO HOCePefHHE MEMKAY OTHMI TOYLAMHA HMEeT MAKCHMAJLHHC SHAUeHIIA.
910 06BACHAETCS, 0OUeBHAHO, HIITepdeperuneil BOJH, 0TPaxKeHHHX OT II0CKoCTefl
z = =+ L/2 paspuBa npousBognoi dn/dz.
IIpi BeckMa Gonpmoit Tonmane c10a Gopmyant (20.44) u (20.46) gator coor-
BCTCTBEHRHO
as/2>1, px e (20.47)

koLA 71,  p= (1/2m)sin (m1nnr,). (20.48)

Tawuys oGpazoM, B ofioM caydae Koadduiiesnr orpakeifa majaetr ¢ yBeldnte-
MHCM TOJNMHMB CXOsl IO OJKCIIONCHTE, B ,IiPYroM CJydae — B CpeqiicM odpariiu
{IPOMOPIHOHANBIO TOJMUHE CIOs,

My ne 3anmMaanen anatnsdoM kodddumenta nopospaunocta W caos. O1nqno
¢ DTOM HCT HeoOXOMUMOCTII, NOCKOIBRY B GO:IBILITHCTBE CIIYUaeB LPEICTABIACT Hii-
Tepec JmmLb Beamunna | 1V | 2, koTopast nocde otpefeIenuA p MOiKeT GLITi. 1oy
Yelll H3 3aKOHa coXpallelUid SHepriuil.

20.6. Koapdunment oTpaskenns ot cimverpiuaoro eigod. Ilpoanmatnnpyes
teneps Gopmyny pas woaddunnenta orparenus (20.36) A caydasg cumMyMeTpiry
Horo caos, sagaBacyoro Popmyaoil (20.18). b voropoit N = 0, M == 0. Napax:
TCp 3aBHCHMOCTH n (2) B oToM cavaac pijen us puc. 20.1.

[lorarast B dopmymax (20.24) .V - O, noJeraRIsas HodyIaOMIUecd 3iadenis
¢. B u vy u Bupaskenme (20.36) n uenosinsys Gopayviay (20.40), wodygaem 114 ro
afpdnnenta orpaskenns

r {I‘S COS 011) ~ (

V= al (= i cos )

-'_‘z_ —dy — idy — IS cos 1‘}0> X

\
xT (L, Aed, - idy — IS cos 00) cos 1 (d, -+ idy).  (20.49)

F

Pacemorpny apa ciavaan:

a) 482N L.

B arom caymae, cortacio (20255, nyeem dy = 0,2d, =V 453 — 1. Henom
3V elle pa3 cooTuofnenne (20 400, poavdaaeM I8 RBagpara MoTy A roddhduis-
efiTa OTpasKens

chs Ty

LI i (AR . 20,340
o ry ch T — S cwus Uych Wi - & cos ¢4 ( !

6) 45°M < 1.
B atom caywae d, = 0,24, =} 1 — 4&S°H 1 n3 (20.49) TarmM sxe oGpason,
KAk 1 BBHIE, LOSTyYaeM

5 . 082 Uy o -
0 =VV = — - - — 20.01
' vos T (d 4 05 cos ) cos T (dz — IS cos ) ( )
I
> cos2d,
o

= oSt idy ohi (718 cos Ba) 4 sin? i1 /2 sh? (iS5 cos Bo) *

D atux dopmynax M cBasan ¢ noxasartesdeM NpeJOMIEHHS n; B LEHTDe €101
dopmynoit M = 1 — pl. Ilo o6e cTopouH CI10A, Ha ROCTATOWIION YAAICHINT LT
1ero, I0Ka3aTeMb IPeNOMIACHHA UPCINOJaTACTCs PABHHIM €JUHINIE, B cepeie
¢JA0A OTJAHUHE WOKA3aTeNS NPETOMICHIA OT e;[MIMIH ABIACTCH MaKCHAMAIbILIM.

IIpn M — 0 cno#r mcuesaer. Ilpm atom mut mmeem d, — 1/2, H cortacuo
(20.51), p — 0, 9T0 I HyENO GHLIO OAIIATD.

3aMeTHM, 9TO €CJ B C€:10e CKOPOCTh PACHPOCTPAHEHIIA BOJH MEHDLIIE, TWCM
B cpeje mo oGe cTopoIst ero, T. €. n, > 1, To M Gyner oTpupaTeIboii Be 1o
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11 Oplt 11060# ToamumAe caof S KodpPumuenT orpaxkenss 6yaeT gaBaThcA GOpPMY-
noir (20.51). Ilpu arom, eclt TOJUIMAY CJIOA CTPEMHATb K oo, TO, KaK HeTPyJHO
BMIeTh, aTa Qopmyla maer p — 0, T. e. oTpaseHue mcIe3aer. JTOT pe3yJhTaT
BIO:TIIC €CTCCTBEH, MOCKOABKY NpM GeCKOHETHOM pacTAKeHMH CJOS TpaJlieHT
noKasaTed A NpeTOMICNUA CTPCMUTCA K nynw. I3 oToM caydae cralloBiTCA NpH-
MCHIDBIM HpUGAMsKenIe TeoMeTpudecKod omrukn (cM. § 23).

Hecko:1p10 closkiee 0GCTOMT ge0 ¢ NpeAeNbHHEM HepexogoM S — oo B CAy-
qae, Koria n, << 1, T. e. , Korga cKopocTs B cloe Gosipnie, 9eM B npuileralomux
K HeMY 0JI0POAHHIX cpexax. 3aeck M > 0 m mpu goctaroano GONBIMON TOIMIANE

€105 S MH JOJKHL H0.1b30BaThcs Popmyaoi (20.50). IIpu arom B cBOIO odepedn
HY/KHO pa3ImIaTh [JBa CIydas:

1) d, > Scos By,  2) dy < S cos B, (20.52)

B neppoym cygae, npu S — oo, mmeem

1 1
chady— e, chn(d, + § cos Bg) — —- e @S cos S0,

chau(d, — S cos Bg)— - ex@-Scos 89 (20.53)

B peayibrare us (20.50) monygaemp — 1, 1. e. Gygem nMers IoAROE OTPasKenme.

- ——
Bo BTopoM ciaydae ase mepBhe dopmyinn (20.53) ocrarorcsa Ges maMenenis,
a TpeThsl 3aMUCHBAETCSA

1
chrt(dy — Scosdy)— € (Scos Bo-dy)

B pesyasrare npr § — oo dopmyna (20.50) gact p — 0.
Ec:mm ydects, 4TO

dy= VBT — 18U =SV 1—nj
to yeiaopua (20.52) sammnyres
1) sin®y >n,, 2)sin 8, <n,.

Herpyano Buaers, 9T0 NepBOe H3 9THX YCJIOBMA 03Hadaer, 9T0 JAyd, COOTBET-
CTByOmMHEA IJIOCKOE Dajapomei BoJHe, BCJIeACTBMe pefpaKmum 3aBOPadIMBaeT
B cJ10€e M BO3Bpamaercsa oGpaTHO B Ty e cpeqy, U3 KOTODoi magaeT BoiHa. Bro-
poejycioBye coOTBETCTBYeT CIydai0, KOTAa JyY XOTA M NCKPIBIAETCA B CIOE,
HO BCe Ke BHIXOOMT Ha JIPYI'yl0 CTODORY CIOA.

B mepBoM cllygae NpORMKHOBeRHE BOJHK 9epe3 CJIOH OCYMECTBAACTCA TOJIbKO
Grarogapa NpocaIMBaHMI0 BOJHE Tepe3 CJIOH, anaJTOTHIHOMY TOHHEIBHOMY dd-
¢dexTy IpH NPOHMKHOBEHME JACTHIH Tepe3 MOTeHnUuAadbHHE 6apbep B KBaHTOBOH
mMexannke. Ilpm] yBeniriennmm TONMEALL CIOA Taxkoe IpocadmBanme oclabiaAercs,
M MH 1I0Jy9aeM IOJHOE OTpasKemue.

Ha arom mm 3akomaum o6mumit aHaxms (20.50) n (20.51). 3tm BHpaskeHHA KO-
CTaTOYHO HPOCTH, ITOOH IHTATENb CMOT GLICTPO B Ji060M clyiae NOJNYyIATH
qiic;leHHoe 3HadYeHHme KoadPurmenta orpasKeHmA.

Ha pnc. 20.6 n 20.7 snavenne —20 Igp maoGpaskeno rpagmIeckd Kak QyHKRIHA
yraa magenasa @) A PasiMUAKYX 3HadcHMi TolmuHe cioA [, paan, = 0,9 n
n = 1.,1. *.

®opmynu (20.50) u (20.51) g9acTo HenoAb3y0TCA B ClIyTae OTPasKeAMA PagHo-
BOJIH OT uoHocdepHHx cioes. IIpm HOpMaJbHOM NAJeHHH IJIEKTPOMATHETHOR
BO.THH Ha mOROCQEpHSIi cJOi AJA KBajfpaTra IOKasaTeJs IpeJOMIEHHS B cepe-
aune cioa ni umeem [28]

g =1— f, (20.54)

* [Ipuz 3agammsix n, u ¢, uMeerca 3navenue oTHomeHHA /A, UpH KOTOPOM KoapPHOEEHT
oTpazKendsA GyAeT MAKCHMAIBHLIM, TTO MOJKHO HOKA3aTh TAKKe, U0Is3yAcs dopmyioi (20.51).
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20 /4

207+
200

205

Puc. 20.6. hospdunuent orpasxenusa Jo0
BOJHB OT CIIMMETPHYHOr0 CIOA B 3aBU-

CHMOCTHl OT YIVIa HaJeHusA JJIA pasand-

HMX TOAWINH caos n, = 0,9

900

Puc. 20.7. HKoaddruieatr orpareHus
BOJIHBL OT CLIMMOTPHTHOTO CJIOSI B 32BH-
CIMOCTH 0T yIiIa uHajeuus JIA pasing-
HHX TOMU(MH C10A n; = 1,1 —2014,%-

rae / — 9acToTa BOJHH, fx — Tak Ha3siBaeMafi KpHTHIECKad IacTOTa CJNOA, BH-
pa)Kawomascsa Iepes MaKCHMAJbHYI0O KOHIIEHTPDAIHIO 3JICKTPDOHOB B clioe N, dop-
MyJoit

1% = Nme®/nm, (20.53)
m m e — Macca M 3apAjn aNeKTpoHa. [Ip: oTOM ME mpeHeGperaeM HOTJIOMEHHEM

pPagHoBOJHH B MOHOcdepe.
Taxkmm oGpasom, MH mMecM

M=1—n; = fuf (20.56)

Ha pne. 20.8 mauna saBncuMocTh KoaddamueHTa OTpaXKeHHA IPA HOPMAIbHOM
NaJeHHEN OT BeNNINHH fi/f* Npu pa3AEYHHX 3Ha9eHAAX S.

F, a/a
o

Pac. 20.8. 3aniucmMocTs Ko3pdumuernTa
oTpaikeEuA R = p? wo sHeprmm or
9aCTOTH 1A Upocreitmero momocdep- ST
HOTO COA 1A PA3IMYHWX TOJINME
ciaon

7 i 1 1 |

a5 1 4S5 2 25 P K
£2

Kax su BuguMm, npr § > 100, aro cornacHo coornomenzio (20.20), coorset-
CTByeT ToJNmuHe closi ! > 28\, BONHA mMpaKTHIeCKH HNOJHOCTBIO OTPa’KaeTcs OT
CJIOA, eCJIH ee YaCTOTa MeHbIIe KPATHIeCKOH JacTOTH, M NPAKTHIECKH NOJTHOCTBIO
OPOXOJHT CKBOSB CNIOM, eCHIH ee JacTOTa Goabime KpuradecKoi. [Ipm yMeHbIICHAN
TOJMHAHH CJOA ITHPHHA JaCTOTHOTO AMAamasoHa, COOTBETCTBYIOMEro IepeXoiHOH
80He OT MOJHOTO0TPasKeHHA K IOJHOMY HPOXOIKICHHI, YBeIHIABAETCS.

NccnenoBaBme orpasKeHHA BOJH OT CJI0eB, 8aJaHHHX SaKOHaMd, NOJydaio-
mMuEMHACA B pe3yiabrate 0Go0menna 3akoHa OmmTeiina cM. B paGorax K. Payapa
[224] u P. Bypmana m P. Tonna [126].
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§ 21. OTpaskende BONHEI OT MOJYHPOCTPaHCTBA
¢ JmuefRnM 3aROHOM
AJA KBAJpaTa MOKA3aTesis MpesioMJICHHA

21.1. O6mue coormomermna. ®yuxunu Jiipn. PaccMoTpmy cayuail, koria
0/II0POTHOC HOJYHPOCTPAHCTBO 2z << 0 Tpanudnt ¢ HEONUOPOIHLIN IOIYHPO-
crpanctsoM 2z > 0. Ilprmexr

20, n=1; 2220, n*=14az a >0 (21.1)

Iyern 13 ogmoposioro moxynpoctpaHcerBa z << 0 Ha rpannmy z = 0 maiaer
Iockan soana. Iloxnoe node, npeacrasasiomee coboil cyayMy nagawomeil u orpa-
sclmoil Boau B aToM moaympocTpaucrse, sammmerca [ey. (20.3) n (20.4))

(o, 2) = Z (c) e, (21.2)
1i1e
Bz lgsin 0, Z(z) == [eikoz 005 9l I () - thot cos O] (21.3)

dnecn U, — yroa umajemin. 1 (%) — woaddumnenr orpamenna. Onpe.esdenng
Hocaelero 1 ABIACTCH Halicil 3ajaveil. AMILIATYAY UaJalomceil BOTHLI MBI 1Ipil-
L paBHOIl ejliHlIge.

Bupaskenne past noast B neojnoponoil cpene z >+ 0 6y;1eM Takike HCKATI
v sigie (21.2), npmaes gynkuna Z (z) 6yter yaosaetsopars ypasuento (20.8).
e b (3 = lgn (2).

Bueear pialecro = nepesceinyio ¢

L=ty ty- I =13, N s (aty (214
Mpasunente (20.8) npn dToM sanmunetce s
Z7(ty = tZ (1). 1

Ero pemelnasy apasores yikignn iipy, vecaciopalubie n upoTad: JUpokay
upie 3. AL horom [97].

Hocxoabky  Gynkiin Jipl palmdit DIHPOROe LpHMeHeNle B Teolitl i
PAKIIIL It PACHPOCTPAIICHIS BOJIH I HE Pad MCHOIb3VINTCA B HToll Kilitre, JLouly
CLO.KY [X OCHOBIBIN cBoiicrs, moauayscn [97].

Asa nueiilto-He3aBrCHMbIX peweuns u (£) u ¢ (¢) ypapmennsa (21.5) moryt
BurL upeacTasdedsl KaK BeleCTBEeNUAsA I MIMMasi WacTH HHTCTpata

1 1 ot g
Z{t) = " Sexp (t,s——3—s3>(1.\', (=t.6,
T
e vontyp I' B mmockocTn s e mo ayay arcs == —21,3 13 Geckoucuriorti iy

Mo 1 00 BCOIECTBCHNON OCII OT HYdst A0 GccKkouedirocTil,

[lirrerpaa (21.6) ¢X0qUTC A TP BCeX KOMILTCKCHLIN 3HATeHAAX U OPe.LTakIsiel
cofoil 1Heayio Tpancnenjentiyo GynKunw [ JIerko mpoBepuTb, 9TO YYURLMH
Z (1), onpereaseMas OTHM HuTerpalioM, YHoB:IeTBOPsAeT ypasueunio (21.5).
Hpn ¢ — 0 nyeen

Z(0) = —“’Zi;—> exp (i:1/6) == 1,0899290710 - i0,6292708425,
3 | =

7 (0) = —2 VT oxp (— in.6) — 0,7945704238 — § 04587454481

: 4
“l ————
wr(3)
Z (1) Kar ue’as TpalcueuJeHTHaA (QYHKIRA pasjiaraercs B CTCHEIHOR psi,
exoaAmuiicA Opu Mo6nx £, 3TOT PA; UMeeT B

Z{ty=272 0)1-!---‘3 4 £ o : 1

=2 [ C2s 2 30) T EseEee -
S-tZ (01 £ e - 2 + 1. (21D
R T B0 GE D T 369 AT 10) Ty
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B caynae BemecTBeUHHX { IOJOKEM
Z () =u(t)+ iv(), (21.7")
riae u () o v (f) — BemecTBeHHHe (QYHKINH, ABIAIOMEECA ABYMsA .JuHeilHo-le-

AABHCHMBLIME pemeHmsAME ypaBHeHns (21.5). Hx pasnoskeHms B psAUH (KoToplie
\lbl HE BLIIOICHBaeM), cpady moiaydaorca m3 (21.7). Mseem pas mpouckuana

u' (o () — u (B)(t) = 1. (21.8)
B aactnocru, v () BHpaskaerca HHTErpatoM Jipu
v(t) = l;.:t' § cos <xt + —;-s") ds. (21.9

u(hne (t), ABJAKIMHNECA MeJHMH TPaHCIeOAeHTHMMHA d)ym\'mm.\m t, oupejeie-
U Talike M JITA KOMILTICKCHBIX f. IIpH 3TOM HMEIOT MECTO COOTHOWICLIISA

Zt)=u(t)+ i), Z(te™) = u(—t) + v (— ),
Z (tein3) == 2eivty (— 1), Z (tetins) = 25y (2), (21.10)

Z(temisy = em3[u(t) — iv(t)], Z(t53) = el"3 [u(—t) —iv(—1)].
3Tu cooTHOmCUHS {AKOT, B YACTHOCTH, BhIpaskeHma Z (f) Ha wiccTn Jyuax
argt = na/3 (n =0, 1, 2, 3, 4, 5) gepes pemecTBeHRHe GyaRUUM © (£) 1 ¢ ()

DButmines acuMnroTnyecikne Bupazkelia 11a Gynxnmi 3itpa u 1x 1ponsso-
anx. Jlaa aroro mBeieMm cucTeMy noadduuienton:

-2 _ 6117 57 (T13)
h =7 02_1‘2.(7z)zv 8= TTZa g
541..-(6n —1)-7:13. . -(6n — D) DAL
= 21.11)
dn 1.2“’"(72)11 ’ ( i )
by = b, = 1135 bo — (1+13-19) 5.11) .
L= 727 2"‘1,2.(72)2e S—W,....
b _ 743 (Bn L) S5t B —T)
T 1220 (1" :
Toruaa umeeM
a9
t>0, U :E;—d-t’z,
=t SRS NI A T
u(t) =t ew(i‘ L )
’ 4l b bg .
wit) =t ew(i_T—ﬁ s
— 1 =1 ~w . M a as “\
vl) =g e (1= g — )
14 1 - b bs bs . . .
v ==ttt g ) (21.12)
t<Z0 w=i(_t)='.
’ -]
-3¢ i1 a: a a
u) =(—t"oos(w+ ) (1— 2+ or— 5+ ) +
. i ay a3 a;s ar 911
+m@+7ﬂ7—ﬁ > T ﬂ (21.13)

uw () =(— t)l/’[sim(w—l——'z-)(i+Lz-—%:.+ %._.. ) +

!



o(t) = (= [sin (w+F)(1— o+ g —ar+) -
—cos(w+ %—)(%-%-}-%_% +...)],

v () = (— 0" [—cos(w+ ) (1+ o5 — e For—- )+
panfo+ 2Bt o]

Oyurnar Jiipr BRpa)kaTcA deped MuIEHApUIeckde GyHKHAE mopsagka Y,
cregyommuM 06pa3oM (114 DUIKHIPAYIECKAX (YHKIEHA MH moab3yeMmcs 0003Ha-
senmamn I'. H. Barcona [21]):

t >0, w E—;- t*h,

w®) =V Z o) + L@, v0) = VR (L) — L@l (2144)
t <0, w=—a(—1)",

w@) =Y —F U@ —=JTu@), v =5V =t (S @) + o @),
20 =Y Z & HY ). (21.15)

B npunoxenmax dame BcerpedaeTcA ynkmma o(f). Hamam tabnmny sHadeHmi
v(f) mpu | ¢t]| << 6 (tabn. 1). Ha pmc. 21.1 1anm rpadmx dynxmmir v (f)/v (0),
npraem » (0) = 0,6293. Jra pynkmAa ocun.1upyer mpn ¢ < O o GHcTpO, MOHO-
TOHHO cmajaer g0 uyasa mupm ¢ > 0.

llone3no rtaxske BHImHCATH3HAYeHNA nyIell ¢(f) u ¢'(f). KoTopuie BCce MesKar
opu << 0. O6osHaanm ¢ (—y;) = 0,
v (—z) =0, [=1.2,...

’ . -
/";i/ ol 3uageHus y,; m x; 3aganoTca Tabammei:

l Y T

1 2,33811 1,01879

2 408795  3,24820

35,5205  4,82010

4 6,787  6,16331

5 7,94417 7,37218

O6o3HaTIIM

Pme. 21.1. Tpaduk ¢yaxmun v(z)/v(0) 3 ‘ 3
Y= (T u‘z) a, $1'=(—2‘ u’z)", )
(21.16)

w; B w; OpAOINAKEHHO (XOTA H BeChMa TOYHO Jake mpHE HeGoabmux /) jawtcs
CleyOIAME BLIpAKeHHAMH:

L 1 0,0884194 0,08328' 0,4065
"”"(l_ A )“"‘ T—1 —@GI—1F T @—=1F -
c_f;__ 3 0,1237872 0,07758 0,389 , 9
= (l T) T U=3 + GI—3F ~ @G@i—=3p T - (21.17)
Hak nerxo Bmgers ms Broporo paseHcrsa (21.10), nynm dpynxmuun Z (i) (o6ozua-
amm BX £, I = 1,2, ...) nemar Ha nyde arg { = n/3 m BHpAKAOTCA depe3 Y,
dopmynoii
t, = y,elns, (21.17")
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Ta6anuya 1. Oyuxkuan didpu

t v () R ERED | ¢ | v () t 1000 v ()
—6,0 |—0,583 ) —3,5 |—0,6656 |—1,0 | 0,9493 | 1,5 | 0,42717 | 4,0 [ 1,6866
—5,9 |—0,5054 | —3,4 |—0,7146 |—0,9 | 0,9429 | 1,6 | 0,41084 | 4,1 |1,3T12
—5,8 |—0,3977 | —3,3 |—0,73% ||—0,8 | 0,9280 | 1,7 | 0,09629 |.4,2 | 1,1122
—5,7 |—o0,2670 | —3,2 |—0,7399 0,7 | 0,9057 | 1,8 | 0,08337 |%4,3 | 0,9000
—5,6 |—o0,1211 } —3,4 |—0,7167 —0,6 | 0,8771 | 1,9 |0,07195 | 4,4 | 0,7267
—5,5 | 0,035 —3,0 |—0,6714 0,5 0,8432 || 2.0 | 0,06190 | 4,5 |{0,5854
—5,4 | 0,824 | —2,9 |—0,6060 |—0,4 | 0,8051 | 2.4 {0,05809 | 4,6 | 0,4705
—5,3 | 0,3236) —2,8 |—0,5230 |—0,3 | 0,7638 | 2.2 | 0,04539 | 4,7 | 0,373
9,2 0,4477 § —2,7 |—0,4255 y—0,2 | 0,7201 § 2,3 | 0,03870 | 4,8 | 0,3019
—5,1 0,5486 | —2,6 |[—0,3164 {—0,4 | 0,6750 | 2.4 | 0,03289 | 4,9 | 0,24tV
--5,0 | 0,627 | —2,5 |—0,199t | 0 | 0,6293 | 2,5 | 0,02787 | 5,0 | 0,19204
—4,9 | 0,6638f —2,4 |—0,0768{ 0,1 | 0,5835 || 2.6 | 0,02355 | 5,14 |0,15267
—4,8 [ 0,6736§ —2,3 | 0,0473| 0,2 0,5383 § 2,7 |0,019849 | 5,2 | 0,12111
—4,7 | 06511 | —2,2 | 0,704 0,3 | 0,4942 | 2,8 | 0,016680 | 5,3 | 0,09587
—4,6 | 0,5982 ) —2.1 0,2898 | 0,4 [ 0,4515 | 2,9 | 0,013978 | 5,4 | 0,07574
—4,5 | 05178 —2,0 | 0,403t § 0,5 0,4107 | 3,0 | 0,0t1683 | 5,5 | 0,05971
—4,4 | 0,4142) —1,9 | 0,508 | 0,6 | 0,379 || 3.1 |0,009738 | 5,6 | 0,04697
—4,3 | 02925} —1,8 | 0,6040 | 0,7 0,3353 | 3,2 | 0,008096 | 5,7 | 0,03688
—4,2 | 0,158 1,7 | 0,688 | 0,8 0,300 || 3.3 | 0,006713 | 5,8 | 0,02889
—4,1 [ —0,0072 | —1,6 | 0,7619) 0,91 0,2692 | 3.4 | 0,005552 | 5,9 | 0,02259
—4,0 |—0,4245 | —1,5 | 0,8229) 1,0 | 0,2398 | 3.5 | 0,004580 | 6,0 | 0,017632
—3,9 [—0,2613 | —t,4 | 0,875 1,1 | 0,228 | 3.6 | 0,003769
—3,8 |—0,3879 | —1,3 | 0,9080 | 1,2 | 0,48810| 3,7 | 0,003094
-3,7 |—0,4999 | —1,2 | 0,9327| 1,3 | 0,16568] 3.8 | 0,002534
—3,6 |—0,5934Y —1 1 0,9462 | 1,4 | 0,14541]f 3,9 | 0,002070

ARajloragHo, Hyan QyRKINn Z'(f) me;kaT Ha TOM 3Ke JTyTe H BLIPAMAIOTCA Tepes
z; dopmynon

t = 2,678, (21.177)
21.2. IlokazaTeln mpeIoM:IeHnsi YOBIBAET IpH yJajeHHH OT TPAHMIBI. ITOT
caIydail COOTBETCTBYeT HIKHIM 3HaxaM B (21.1) n B (21.4). EctecTBenHo motpe-

GoBaTh, YTOGLI IPH Z — oo IO:Ie He BO3pacTalo HeorpaHmdeHHo. Torga, Kax BI -
HO I3 aCEMOTOTHIECKHX Gopmy:T (21.12), M T0:KHL B3ATH pelueHue

2>>0, Z(z) = Do) (21.18)

Hawm ocraercs ygoBneTBOpHTE I'paHHIHHM ycaoBHAM npu z = 0 (HeupepLIBHOCTD
Zu 2
‘i

z=0, [21=0, [2]1=0. (21.19)

Moacrasnsaa B Hux (21.3) m (21.18) m yuaruBas npm aaddepennmposaHmil,
aro [dv (t)/dzl,— = v’ (¢,)/H, nonyvaeM 1Ba ypaBHeHHA 1A KOo(HIHEHTOB OT-
pa’keHEsl H OPO3PAaTHOCTH:

1--V=Dv(t,), ikl cosBy(1— V)= Dv'(t).

YuantuBaa, 9ro cornacHo (21.3) m (21.4), mmeeMm

— to = kjH?cos? 9, (21.20)
noaydaeM
V=— v (b)) — iV —tov(tn) D= 20—t (_)'1.21)
v (to)+ i V—tov(t) o (t)+i YV —tov(t)
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V7 MO:KHO 3anMcaTh Tak:ke B BHIe

;. . — v {t)
V=¢?  ¢p=—a—2arclg [V— to v_(t—u)'] . (21.22)
Orcrona BAIHO, 9TO ML HMeeM MOJHOe OTpa KeHHe OT NONYNPOCTPAHCTBA, a ¢
apaAercA (azoit rKoaddmmmenra oTpasxeHEA.

Bupaxenne (21.22) 6uno o6eysxaeno B § 14.7. Tam 6uuio nokasauo, 9o npu
—ty > 1 daza ¢ MoskeT GHTL NOJIyYeHa H B NPHG.INKeUnn reoMer padeckoil onTn-
KM, eC.l TOJABKO y9ecTh J06aBOTHO mOTepio (askl BOAUL /2 B (TOUKe 3aBOPOTaA»
Z = Z;,, COOTBETCTBYyWMeCi

t=0, az, =cos®?,. (21.23)

B rouke zaBopora &y4, coorBeTcTByomuil uameil Bo.Ite, mampasieH ropulon-
Tainio (Uapanteabno rpandme z = 0).

XapakTep moasA 10 MJIOCKOCTII 3aBOPOTa B 3a leii coBepmenHo pasiider.
B caywae 0 << z << z,, 3aBUCHMOCTD IOJIA OT 2 HMeeT OCUILLIAPYIOMIIT XapaKTep
(061acTh ¢ << 0 ua pmc. 21.1). AMDInTyga OCHEIIAMu{I BO3pacTacT HpU mpH-
fmnrenmn K maockocTi 3apopora. llpu z > z,, mo:e MoOmoTromnHo yGhiBaer.

21.3. Ilokasares» mnpeJoMJEHMs BO3pPacTaeT NpH YIAICHAH OT TI'pagNIibs.
Jdror caydail cOOTBeTCTBYeT HE;KHMM 3HaraMm B (21.1) w (21.4). [lome B micnem
goaympocrpatictee z > 0 6yaer gaBathcs anmelino#t KoMmMOuHammeit vk
w (t) m v (). Ina BuGopa npaBRIbHON KOMOHRAIIN BOCHIONb3YEMCSH NPUNRILILOM
npedeavhozo nozaouenus, NIAA vero sayeuwum ko, — k, (1 + in) u morpedyewm,
9T06H HpH z—- 00 loJie He BO3pacTalo. B kouedMumx pesdyabrarax iodaraeMm
n = 0. .

Mpn z— o0 m3 (21.4) m (21.13) 1umeem ~—z/H— —, w-—

2 /2
()" = F e k(1 .

I3 acAamarormIeckux mpejacrasirenuil fyrrmui Jitpu (21.13) Moikuo BueTH,
9TO0 HeBO3pacrawmeil upm z — oo Oyier koMmOmuawug u (f) — iv (f). «lwoble
apyrie JnneiiHe KoMOmBamust 6)IyT cOJepskaTh BO3PACTAKMYI0 OpH I — 0O

AKCHOHENTY exp (—3- a""z':"kon). Hrax nmeem
2 >0, Z(z) =Dlu@ + iv(dl (21.24)

CroBa, noarsysck BulpaskeHmeM (21.3) gns nona npe z << 0 & rpanAIuUHME yC-
aosuamm (21.18) (reneps 8/8t = —HA/9z), nonyvaem ana roapdunmenra orpa-
IReHI A

y— Yobwti i u (21.25)
V—to(u+ i) + iu’ + i)
rae u, v, u', ¥ Gepyrcsa npm aprymenre t = f£,.
[lomeaHo paccMOTperh jBa Kpa#Hnx ciaydas:

0) y = o (— 1) = = (ko H c03 B)® = =2 co? B, >>1. (21.26)

JTOT cIyuait MLl AMeeM IIpH MeJIeHHO MeHsmeMcA NOKa3areixe HpCIOMIEHHA
(a/k, Mad0) m yraax , He 09eHb GIH3KEX K 7/2.

BocnonpsopaBmiuck acuMnroTHIcckuMu BripakeRAAMu (21.13) naa pymkmuii
Jfips n UX Npon3BOJRHX ® npeHeGperas wieHamm 0 (1/w?), nomywaen

V = —ill2wy, = — ia/8k,cos® &,. (21.27)

Tarxam oGpason, Npu oTpakeHAR mMeeT MecTo moTepA dasul Boaunt B /2. Mougyas
KOdPPAIHEHTA OTpasKeHHA MOMKHO 3alHCATh B BH[E

— L) dn 91 2§
1Vi= B cos* &g (dz )z:so ' (21.28)
riie Ay — AMEHA BOJNHH B OJHOPOJHOM HoJympocTpaHctBe z << O,

128



3amerum, 9T0 coriacHo § 2.1 KOIPHIEEHT OTpaKeHHA 3BYKOBOH BOIHLI 0T
TpaHHILL pa3fesia ABYX OJHODOJHLIX Cpef ¢ OJAHAKOBOH INIOTHOCTBIO H C G.IH3-
KAMHE 3HAa9eHHAMH CROpOCTe# 3ByKa paBeH

V= (61— o)l(ey + co)= — Ac/2¢,, (=1.29)

rae Ac = ¢, — ¢, — nepenag ckopocru 3ByKa. [Ipm HopManbHOM nagennn (21.28)
Gyger copmagath ¢ (21.29), ecim mO:IOEHTH

_Ac _ o (dn
co 40 \ dz [:=
HJIH, DOCKONBKY n = Col¢, ¢ == ¢4t
A dc
AC = -4:—1-7 . (21.30)

Taxum 06Gpa3oM, no MOLYNIO KOIQYHIHEHT OTparKEeHHA OKA3LIBAGTCA B aTOM cay-
9ae TAKHEM )K€, Kak OT TpaHHIL pa3jelia ABYX OJHOPOMHLIX cpej ¢ HepemafoM cKo-
pocreii Ha rpaHmIe, faBaemum dopmynoit (21.30). dtor mepenan paBen mepemany
CKODOCTH B HEOJHOPOJHOH cpefe Ha paccroaHEE Az = Ay/4m.

6 _ 2 ke 3 "

) Wy = <= cos 8, < 1. Jror caywait peanmsyerca mpu GonbmEX rpagE-
eHTax cKopocTH 3BYKa (a/k, >> 1) wnu npH yrnax najeHds, 6nuskex k n/2. 3gecs
Henecoo6pa3Ho BOCHO/ib30BATECA pa3NokeHHAME (GyHKIEE Jipm mo cTemeHAM
aprymedra., Mu mmeem B (21.23), cormacmo (21.7);

utiv=ZW)=20), v +iv=2'(0)
V=—[1+2V —12Z(0)/Z 0)] +0(t).
Yunrusaa snavenma Z (0), Z' (0) m —t¢,, monydaeM

V=—1+2 (%)"’ cos 8, exp (— i%—) I‘(—;-) / I‘(—i-) + 0 (ki*a= cos? B).
(21.32)

(21.31)

npu 3¢ — /2 myecM cos Oy — 0, Vo —1,

§ 22, Od30p cyixecTBylOImux pemenmii

B mByx npemmpymnx maparpadax ML paccMOTpeNH MoJe B HENMPEPHIBHO-
cJIONCTOR cpefie B IBYX CJY9IaAX, KOIJa ypaBHEHH S HOMYCKAIOT TOYHLIE PeINenns.
B aToM maparpade ML mepeduCIHIM BCe N3BECTHHI® HaM CIYIaH 3aBHCHMOCTH K (z),
KOrJa BO3MOKHHL TOUHEIe pemeEms ypapHeHuA (20.8) B 3aMKHyTOM BHfIE

k2 (z) Y i ‘ et ;
e = ] - N—07m —— 4V ——— 2.
bR Vi Y e @.1)

— cxoit Immrefta. [logpo6uee cu. § 20, B KOHIE KoTOPOTO yKa3aHH paGoTLl, CO-
Jgepiamue oGoOmeHusa QopMyan (22.1) .

2. kK*(z) = kj (1 & az), (cm. § 21)
3. k(@) =ko(1 +a2)".

AToT ciydait A HOPMAJBHOTO MajeHuA BOJHH G paccMoTpeH Bannorom [259]
NpH NPOU3BOJBHEIX @ B m. J{JIA meJLx m 1 MPoH3BOJBHKX YINOB MafeHHA 3afada
06 oTpa>keHHR NIocKoi BoNHH Guisla pacemorpena K. Dépcrepamurom ([(152].

Tam e (épcrepamurom GLIIO JeTalbHO HCCIEOBaHO MOJe BGIU3U TOIKH
saBoporta z = O ya cay1as, Korma Koaddument npu Z B (20.8) npeacrasnserca

pAmoOM

(22.2)
(22.3)

K (2) — B = 0™ + Gmant™ -+ (22.4)
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AHasoriudnse 3aja9y paccMaTpuBaIuch B paGore Mépcrepaunra u Boocrepa [153].
4.k (z) = koa! (z + d). (22.5)
IdroT caydail Bnepere Gour paccMorpen Poaneem ([84], § 148, B) uada cnygas Hop-

MaJIbHOTO Majenus BOJHH Ha cloid. [lpm 3amene z + d = { pelenHe ypaBHeRMA
(20.8) npu & = 0 umeer By

1 tim
Z- AT E ) m = (k) —

Bripaskenue g1 xoaddunmenta oTpaskeHHA NP HOPMATBHOM MAJXeHHH BOJHBE
Ha TPARMILYy OJHOPOJHOA cpeln ¥ cpeidl, rae k (z) Bupaskaerca Gopmyinoi (22.5),

HMEeeT BHJ
V = i/2 (kea -+ m) (22.6)

Pageex 6H1 Haitjen Takke Koapdumuent orpaskens or cI1of, B KOTOPOM HoKa-

3aTe.Ih TMpe.IOMJIelMA u3MelseTcA mo 3aKoHy (22.5) 11 BHE ero oCTaeTcA MOCTOAH-

M. [las | V| ? — Koadduuuenta oTpasienva Mo [HTEHCHBHOCTY IOJYIaeTCsH
NPl BEemecTBEHHOM m:

| V|2 = sin? (m Inp) [4m® + sin® (m Inp)] 7, (22.7)
npi MunMoM m (m = im’):
| V| # = sh*m'lnp) [sh®(m’lap) + 4m'2]L. (22.8)

3necs U = n,/n, — oTHollenMe MoKa3aTeNe MPENIOMIEHHA MO 068 CTOPOHK! CIOA.
5. k?(3) = kj (a® — b¥/22%).
¥Ypaprenite (20.8) B aToM ci1yuae mMeeT B KagecTBe JBYX JTuneiino-nesaBUCHMBIX
pemeHnd ¢pynkuuu XaHKels:
1 1 D
2 HY Bz) n UHE (32).
rae
23 N l’: «
p= (kobz_:'l/d) ’ = ]‘oa' g.
dagada 06 oTpademMM NIOCKO# BOJIHH OT TaKUX Cpel GHIa DPaccMOTpeHa
C. M. PuroBeiM u @. C. IOukesmuem [83].
IIpu a = 0 mbt nosygaeM ciaydaii, Korja cKOpPocTh PacrpoCTpAIENHA BOJH

IMAefiHO 3aBHCHMT OT 2. ¢ ~ Co (z -+ d), T. e. paccMoTpeRHHN# BHle caydait
Paaesn.

6. k% ()lks=1— Pz) .

P(2) = e + 32 +€42* + €525 + gz — - - - (22.9)

Pemenue ypasrenus (20.8) wiis aroro caygas 6u10 ucc1eosano B patore (2031,
3avenoi

H
z=5"y, (=94 =1 -3 (22.10)
0
VpaBHeHMe npeobGpasyeTcA K BUIY
d*y/dz® + (kg + koe/P — Qyp = 0, (22.11)
rae
Q= — P @ (P YL = PEPYd2, (22.12)

2. 1g
ITpepcraBum § u hge/P — Q B BUme pasmorkenusa B PAM M0 BO3PACTAKMEM CTeIre-
HAM z M y9TeM NATH TePBBX WIEHOB, 9TO COOTBETCTBYeT npeicTaBlenmio 5 (z)
B BMJE PAJa MO CTENeHAM z C yqe'rou z% BraunTensno. Torna

dap )
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rae

ke ( 3 103¢2 3Y( 5 Seacy
2 0 3eq 3 K g JCals
= =2 | =2
ho {ko + 20\ 2o ! 722 + 22 ( e + 23 +
109:2 172330, 120643 )} (2214
96,2 576c) 3824} /)T T ‘
2 A
. 1 2, 1 3eq 7r:l ) ) 15
wogp (- (- N
-— R . 3
N kges 3 (20 o Baa 2803) (22.16)
2= (7;4 3ep 1V ) “ 3!": 27C2‘ / ’ o

Ypaemenme (22,13) pemaerca B QyurunAx napaboamdecxoro muammipa [95].
B kagecTBe mByx NuIeiio-ne3aBUCHMBIX PCIIGNNH MOKIIO B3ATH

Yoo D), V2 : $UD_asy (i), (22.17)
rae
1 i A o
n- — —-)‘- -%— ? (A’l - m) v (22'18)
(s e

Takum. oGpasoM, JByMA JHUEHIO-11€3ABHCIMLIMI DeUIEEMAMM yDPaBleHASA
(20.8) 6ymyr
Zy=F"CDaly),  Z=F D n (). (22.19)

3ametum KcTaTu, d9To ecnu B ypasuenun (22.9) orpanMuAThCA TIeHOM z? H
nonokatTe P (z) = c,z%, To npu ¢, > 0 no:ryanm ypasmetme llIpegmarepa mas
rapMOHAIECKOT0 OCHMILIATOD .

Cnyuait ¢, << 0 ucc.ieqoBaiica B pabore [170] B cBA3n ¢ Teopuedi mpuseMHoro
pagMoBoNHOBoOfA B atMocdepe. My ke nocsamena pabora . II. Mactepora [65].

7. k(z) = kyeos, (22.20)

JT0T caygail COOTBETCTBYET IKCHOUEHINIATHIIOMY H3MeNenHuio CKOPOCTH Pacmpo-
CTpaHeHHA BOJH B Cpefie: ¢ = ¢, exp (—az). UTpakenHe mIocKo# BOJHH OT
TPaHMIE OMHOPOAHON CpeNH M CpeH, B KOTOPOH BOJNHOBOE THMCIO H3MeHAETCSA
no 3akony (22.20), 6rlro ucciemoBano B paGotax Jnuaca {142] u Teanepa [170].
IIpn 3amene v = (ko/a)exp (az) ypaBuenune (20.8) pemaercs B IMIMIIPHTIECKUX
dynxmuax HY (v) u HD (), rre g = (ko sin®)/a. I[A8 cpaBnUTeNbHO BHCOKHX
JacToT H HeGolMpmMX yriaoB magemvs ¢ xodQUuIenT OTPaskelHA Mo dHePrHH

WMeeT BH[

R = [16 (ko/a)? cos® 4+ 1]72, (22.21)
JTO BHDPAaKEHHE MOMKET GHTh MOJNydero TaKike M NP MOMOMM NPUGIIKEHHOTO
metoga BHB (cM. muixe). B paGore npousBeieHo Takse ¢paBlieilne pe3y.1bTaTOB
pacdeTra MpPHE MOMOIIM NMPUGIM:KEIIIOT0 M TOIIOTO MCTOAOB MPM PA3IBIX TaCTOTAX
m yriax mageHns. OTpaskeHue OT CIIMMETDHUMIIOTO CJI0f, COCTABJIEHIIOTO I3 JBYX
9KCMOHENIHANLAKX 3aKoloB, paccmorpeno B [165].

8. Kk =p + (1 —p +q) ™ — g™, (22.22)

dro GmoKcmoHenmuadbibiil 3akom, paccmotpeuniiii IS, II. Macreposmm [64].
PemeHns Buipaskalorcs epes Gyuruuu Yurrekepa My, 1 Wy, [95].
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§ 23. I'eomeTpuueckasa onTHEA,
Ilpaomrenne BKB

Hockoneky 4ucio caydaeB, Korga TOUHLIe PemeHHsA CyMECTBYIOT, HeBEJIHKO,
Golpmoe 3HadeHme npmobpeldm NMPUOIHIKEHHHE MeTONLM WM M3 HHX, NOKalyi,
Hai6osjiee BasKHHM ABIAeTCA NpuGim:KeHme reoMeTprmIeckoit onTEKm. B sToM
naparpade Ml pacCMOTPHM €ro ¢ Pa3HHIX TOYOK 3PeHHA, BKIOYAfA YTOIHEHHA
MeTo(a, HeoOXoAMMEle /1Al OMACAHUA MOJSA BOIM3HM TaK Ha3LIBaeMHIX TOUYEK HO-
BopoTa. B 9ToM pacinipeHHOM BaJie METOJ T'eoMeTPHIECKOH ONTHKH OOHYHO Ha-
suBawor npatam:kernem BHKB (Beurmens, Kpamepca, Bpunnrwoana). Hame m3-
NosxicAMe MPHOIMIKeHNA TeoMeTpUIecKod ontnru H Metoga BKB He mperemgyer
Ha NOJHOTY M MAaTeMaTH9YeCKyH0 CTPOrocTb. Unrarenio, 3amHTEPECOBAHHOMY
B GoJlee yIIIyGIeItHOM PacCMOTPeHAH BOMpOca, PeKOMEHAyeM 0O0DATHTECA K MOHO-
rpapuam [102, 100, 63]. Hekotropoe pacimmpenue meroga BKB nmeerca B paGoTte
E. Baxapa [107].

Kax u Bcogy, B o70il ri1ane. caaTaeM, 9To CBO#MCTBa Cpeful 3aBHCAT JHMB OT
KOODAMHATLL 2, a B OOJACTAX, Ijie CPefia OXHOPOANA, MOJe BLIPOKAACTCA B OZHY
A ABe (BCTPEIHLIE) MIOCKUE BOJNHEL. AHAJNOTHYHLIE BOMPOCHL B CHydae To9e4-
HOTO W3JydYaTeNsd BONH pacCMaTPHBAIOTCH B riaBe 6.

23.1. Ilpp6émuxenne reomMeTpuucekcdt ONTHEM m ero (H3MUeCKEE CMBICT.
PaccmorpaM BHaYane npocTeHmA cilydai, Korga BOJHa pacHPOCTPaHAGTCA B
HanpaBieHEA ocM z. Toria, nonaras B (20.7) u (20.8) & =0, k (2) = ko (2),
nmo:iyTaeM ypaBHeHme

¥ (2) + kot (2) $ (2) = O, (23.1)
rae ko, = ®/cy, ¢y — CKOPOCTHh NPH KAKOM-THGO NpPOU3BOJIBHOM 2 = Z,. JaMeTHM,
aro 7 (z) = 1.

BypeM mpe;nonarate, 9T0 YacTOTa BOJINH @, a 3HAUNT 1 NMOCTOSAHHAA ko
[OCTaTOTHO BeTMKHA (0 KPATOPHAX «I0CTaTOIHOCTH» cM. Hiuke). Ho gem Goapime kq,
a 3HAYUT, IeM MEHBIN® COOTBETCTBelIHAA IJIHUA BOIHH A, = 271.'k,, TeM MeHBIN®
Ha pacmpocTpaHeHH® BOJHLI BJIHAKT LEe0IHOPOIHOCTH CPelHl, MacIITab KOTOPHX
oT ® He 3aBHCWT. Ecaum 61 cpema Gula BooGme ogHopopHoi (r (z) == 1), To pe-
meunamMn (23.1) 6uiH 61 aKcmoHeHTH exp (=4 ikyz). B ciydae HeogHoponHoH
cpebl MO/KHO HAJEATHCS MOJNYYATH Pa3yMHOe pellleHHe B BHME

P = exp [ik,M (2)], (23.2)

rme M (z) — OyRKousA, KOTOPYIO YKo HCKaTh B BAMle PAJa MO CTeMeHAM MaJloi
pewanHu 1/k,, Haumpas ¢ uynesoit ee cremenn. 1A nadpHeHMEX BLIKIALOK
yuoGHee (XOTA 3T0 A He MPUANHNAAIBHO) HCKaTh 1 (z) B BuJe mHTerpala oT He-
KOTOpo#l QYHKIWH, KOTODas MpeACTaBIACTCHA DA;(OM, T. €.

M@= a3 i (23.3)
Zy v=0
IloneraBum temeps (23.2) ¢ ygerom (23.3) B ypasuenme (23.1). [Ipz aTom [EMeem
V" = (ikoM” — kgM'?) exp (ikoM),
M= ylky, M= yilk.
v=0

v=0

[IpupapuuBanve B (23.1) koaddumumentos mpm ki, ko m k) HaeT coOTBeTCTBEHHO

yo = n*(2), —2yoly + iyo =0, —2yy, — yi + iyy = 0.
OTcmna HaXoouM mOCJIeT0BAaTEJIBHO

Yo=2n, n=i(nn"y, y=L41nN 0y, (23.4)
rae aprymentu y n (z) 2 y (2) onmycramwrcs.
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Temeps u3 (23.3) r (23.2) naxouus, orpanMIABAsACE TPEMA NEPBLIMA WIeHAMM
pAfa B y9ATHBasA, 910 1 (2,) = 1:

¥ = n—x/-exp[ zkog A+ )ndz], (23.5)
rae
e=n"l(m" Y2k, (23.6)

Ecam ucK1098THL 0coGHe clylan, TO HaJl0 O}KHIATH, 9TO MOJYICHHOE pelllenue
6yne'r He CHJIbHO OTJIHYAaTBECA OT TOYHOrO, KOra BHIMOJIHAKTCA HepaBeHCTBA

Yol Ky << Yk << Yo (23.7)
B0

e, (A2 0nioz<c, (23.8)

O6raHO B KadecTBe MPAGIMKEeHAA reoMeTpPrIecKoil onTHKA GepeTcA BLIpasie-
ure (23.3), B KOTOPOM BelHIHHA €& CIUTAETCA MyJeM, T. €.

¥ = n-thexp [ iko { n(2) dz]. (23.9)

Oqenmmo, OJAa ero cnpapelJIHBOCTH l'l006XOJHIMO BbHIOJINeHHe yCJI0BHA

ko\ nedz < 1. (23.10)

o

[Tk

Eenr npegmonoskmrs, 9t0 (z — 2o) = 1/k». TO OHO Gyner Gollee ;KecTKAM, eM
nepBoe m3 ycaoBmil (23.8). Takim o6pasoM, B ravecTBe 1eo6X0MMMEX yCJIOBHIA
Aaa cnpaBeguuBocTH (23.9) y nac ocraercs Bropoe yciosne (23.8), orpanuausaio-
Iiee BeJIHIMHY NpousBognoil dn/dz, n ycmosue (23.10), orpanndauBaiomee BTopyio
NpOM3BOAHYI OT I W DAaslOCTh zZ — Z.

Bripakenme (23.9) npegcraBiser co6oit COBOKYNHOCTH [BYX BOJIH, PaCIPOCTPa-
HAIOMEXCA BO B3aMMHO NPOTMBOMNONOIKIIKX HaupaBICHHAX, Ge3 BaamMoneAcTBHA
apyr ¢ apyroM. TaknM o6pa3omM, B NpHGIMKeHAM TeOMETPHIECKON ONTHKU. OT pa-
sKeHHe BOJIH OTCYTCTBYeT. BhipakeHne B 3KcmoHenTe jaet HaGer ¢asnl BoHbI NpH
pacnmpocTpaHeH N OT Z, 10 =. lIpegakcmonennnansauil MmoxuTeds B (23.11) oGec-
nedEBaeT BHINOJNHeHNe 3aKoHa cOXDaHelNsd YHEPrAm.

B cayuae nakaonno20 nadenus oanb. pemeiie BOJHOBOTO ypaBuenns 6Gyjaer
naBateca $opmynoi (20.7). rae § — mocToAuuaA BeJNYAHA, CBA3ALIAA C YIIOM
MeKEYy HODMAJbI0 K (PONTY BOJUH M OCBIG Z Ha YPOBIe z = z, QopMYy.Ioi
B = kosin 0, na oyukmun Z (z) GyueMm HMeTh BHpaKeHHe, aHAIOTHIHOE
(23.9), TombKo 'Bemmumma A% = kgn? samemmrtca nak? — E? = kj (n? — sin®d,).
B pesynbraTe monydaeM

¥ (z, 2) = (n? — sin2 8) " exp [i (gz - k°§ V nZ = sin? ﬁodz>] . (23.11)

O6mee pemenne BoaHoBoro ypaeuewstsi (20.1) B npr6IsKeHNN reoMerpHIeCKoi
ONTHKH 3anAmercs

¥ (z, z) = (12 — sin? B,)™"* [Cl exp (zl. g V n*—sin®8, smzﬁodaj +

-+ C, exp(— ik.,S V= sin’ﬁo*z) l exp (ikx), (23.12)

rae C, u C, — nmpoussonsiubie nocroAndue. Hizke Gy1eT mokasano, 9To KanIoMy
H3 JBYX WieHoB B (23.12) MoseT GHTH comocTaBleH Jyd, KacaTelbHafd K KOTO-

poMy cocraBiser ¢ oceio z yrox . IIpm arom ) n% —sin® 9, = n (z)cos ¢ (z) —
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AadA nponsponbuoro z. [lontomy (23.12) Mo:keT GuiTh 3amuCaHO TaK'Ke B Buje
R \
P (r, z) = (ncosd)™ [( e'(p\z \ncos '{)clz/: -

e

+C, exp(— iko \ ncos ﬂdz)] exp (ikr). (23.13)

[

0

JTo perenye 1e 3ABUCHT OT Bu0Opa Zp, TAK KaKk IocTe;(1I{l CKa3HBAOTCHA TOMBKO
Ha 3HAUEHIIT NpPOM3BOJBILIX HocTrosunx C, n C,.

B rputepusax (23.8) u (23.10) cnpaBeyMBOCTH JTOTO pelliellnsA TaK:Ke HYysi-
HO n 3ameluth Ha (n? — sin®*d,)"s = n cos ¥. B gacTHOCTH, TOTAa JTeTrKo BHIETH,
910 Ol Ie GYLYT YHOBlCTBOPATLCS B OKPECTIOCTH (TOYKM TOBODOTa», OMpejie-
naemoit coortomenueM n (z) — sin &y, & = 0.

IlepeiizeM Tenepb k JayueBoil TpaxtoBre pemenua (23.13). Ilpeskue Bcero,
HazoneM QporTaMy BO.1II MOBEPXIOCTH paBubIX (a3

F(xr, )=t + k l/n‘ sin? ¥4z = const, (23.14)

o /;N

JlyuaMu, no ompeefenino, nasuBAT JIMIUM, OPTOTONANbILE GpoHTaM. Jlpyru-
MIf CTOBaMil, eMIHTNLIT BeKTOp KAcaTelXLHON K Jiyyy COBmajaeT 1o mampasJe-
u ¢ grad F:

1 = grad F/|grad F|.
Ho u3 (23.14) umeenm

grad, F = - kysin U, grad, F' = -k, V n® = sin®d, (23.15)
lgrad F| ==k, 1, -sin®yn, I,- -V 1 —sindynt. (23.16)

OGosnauny gepes & =: & (z) — ocTpuiil yro.1, cocrap:ideMulil eJUIIUTHHM BEKTO-
poum 1 ¢ ocnio z. Torna, oueBuaio, A0 Tk10 6LTh [, — sin 4. CpaBunBas 3ro ¢ I, u3
(23.16), Mot maxoamm, 910  cBaAzan ¢ ¥, cooTioUenieM

nsin & = sin 9, (23.17)

YTO MO0 11a3BaTh 3aKoloM CHelltmyca mna ciiouctoi cpeast, Yz (23.16) remeps
noayyaeM I, = -- cos ¥. 31ech 3HaK NJII0C COOTBETCTRYET Bodwue (Aydy), pacmpo-
cTpanapmeiica B CTOpOIly OOJNOKUTENBIKX 3z, 31aK MHHYC — BoJHe (JIyd1y),
pacnpocTpausmome#dicas B CTOPOHY OTpMIIATeNbHHX 2. 3aMeTHM, 9YTO Mbl orpaHd-
TEIHCH CTyTaeM, KOTAA BOJILI PACHPOCTPALIAINTCA B CTOPOHY TOJBKO MOJOMH-
TeNbHEX I,

3akon (23.17) MoHO DOOJNYIATH M3 Ie3aBICHMBLIX cooGpaskeHm#, paccMma-
TPHBAfA NENPEPLIBHO-CIONCTYIO CPey KaK COCTOAMLYIO I3 09€Hb GOJBLIOTro THCIA
O9eHb TOHKHMX OJHOPOAULIX cloen. IIpmMensas 3saxon mpemomienda (2.10) Ha
IPaHHNAX STHX CJIOEB, a 3aTeM YCTPeMJAA HX TOJMMIIL K HYJ0, ML B IOJYTAM
dopyyny (23.17).

.2, Jpyroii BhiBoj npudnukeHns reomeTpudeckoit onTukm, PaccMoTpmM
BHIBOJ NpHOIMIKeHAA TeoMeTpuTecKol onTuku no Bpemmepy [119, 120], 9to mo-
3BO.IUT BHIACHUTH QM3aNdecKH#l CMuICH Jaabieimux npubimkennii. B anamormg-
HOM acmekTe Bompoc o npubaus:kenuun BHB wiau reomerpmaeckod onrmKe paccMa-
TpuBaica B paGore [112].

Mst Gygem paccMaTpMBaTL aKycTM9ecKwil] clygait, npegmoxaras, 4UTO
p = const *. PaccMoTpere 2JIeKTPOMATHMTHOTO CIydas IOCTe ITOro, NPH 3Ke-
JaHIM, He COCTaBMT TPYANOCTH.

DBynem mons3oBaThca 3BYKOBHIM HOTEHIHAJIOM  TaK, 9TO

v =—grady, p=pd/dt :— ivpy. (23.18)
* JTO UPEAUOOKENLIC HC NPUIINUIINANETOC. YeT HeHOCTOANCTBA WIOTHOCTH p cM. B § 24.
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Hak u BHIIe, mpeamosaraeM, 9T0 3aBHCEMOCTB OT Z Jaerca aKTopoM exp if«.
Torga, 0603Ha9as A1 KPaTKOCTH ¥, = ¥ M YIUTHBAsA BOJHOBOE YpaBHeHHe AJIA Y,
mojiyuaeM gBa ypaBHeHMsA [IJA HEH3BCCTHHX v H

w o

G=—0 g =F-8)" k=aoc). (23.19)
Yumuo/saB (23.17) Ha ko, MH moaydInM
k (z) sin® (z) = E. (23.20)
Teneps B (23.19) Gyzem umers
k* — E? = k* cos®® = kin® cos?d. (23.21)

Bynem mckarh pewnenue ypaBuennii (23.19) » Bage

z z
Y = (ncos 9 ’[xl exp (ikos ncos ﬁd:) -~ . exp (— ikol\ ncos ﬁdz)] exp (itz),
0 0
(23.22)
z z
v = — ik (ncos ¢)” ,rxl exp (iko \ ncos ﬂdz) — Y9 €XPp (— ik.,Sn cos ﬁdz)}exp (i),
- n 0

rae 1, = ¥ (2) 1 %2 = ¥ (2) — HOBHe HeusBecTHHe QyHKHEU. 3aMeTHM, 9TO
B (23.22) ornngaerca oT (23.13) ToabKo TeM, 9ro BMmecto mocToaHHHY C, m C,

cToAT PYHKUMIL ¥, I ¥, Il J7IA Z, Bubpato 3HadeHue z, = 0. [Ipm arom, coraacuo
(23.17)

(n* — sin? 8,)"* = ncos 9. (23.23)

Toacrasaaa (23.22) B (23.19), momygaem ¢ ydweroM (23.21), mociie HeC.I0:RHHX
npeo6pa3oBaHIli, CICTEMY M3 JBYX ypPaBHeHMH mepBOro HOPAAKA ANA ¥, U ¥.:

A= {7 [In (ncos B)]" %, exp (— 2ik0§ ncos 1‘)dz) ,
. o (23.24)
Ty % [In (ncos §)}’ %, exp (‘_).ikoSn cos ﬁdz) ;

0

Kak 6bUt0 BIIHO BHIDE. NMpPHOIH/KEHIIE TeoMeTPHIeCKOH ONTHKM. JaeT TeM
Jyqmui pesynbTaT, IeM MeIleHHee I3MeHsETCA 1 (z), a S8HAYHT H Mpou3BeJeHHe
n cos t. [loaToMy MHO/KHTEIBL ¢ OpPON3BOIHOE OT Jorapmpma B mpaBoil JacTH
MOYKHO CIMTATH MAJEIM ¥ PelaTh CHCTEMY METOJOM IOCTef0BATeNbHHX IpHOIm-
seumii. B uyinepoM npubnmiKeHmu, mojaras mpaBhle YacTH PABHEMH HYINIO,
nmoJaydJaeM

KO =C, P =0 23.25)
(

IMomcTaBHB TH 3Ha9eHASA Y, U Y, B BhpaskeHHA (23.22), MH moNyInM pemenne
PR 4 S
B IPUOIAKEHUN TeOMeTPAIeCKOHR ONTHKH, IPHIEM UJIeH, codepKamuil %, 6yaer

OIMCHBATh BOJNMY, PACHPOCTPAHAIIIYIOCH B HONOKXUTEIBHOM HAIIPABICHUH OCH Z
(«mpaMas» BoaHa), a UieH, cofepikallui ¥ — BONHY, pacHpoCTPaHAIONMYIOCH
B HAaOpaBleHHM OTPHLATENBHHX z («o0paTHasmy BoiHa). [Ipm aroM BHEIpaKemue
(23.22) ana P B TOTHOCTH COBIAJaeT ¢ NONyTeHHHM paHee BhpakeHmeM (23.13).
Ina ymobcTBa JanbHeHEX BHKIAZOK 3améileM ypaBHeHms (23.24) B Buje
A% dys
— =th(2) %) =@, (23.26)
THe € — MaJhit mapamerp. Temeps HeTpyJHO HOJNYYHTH PeMEHHA B BHJe CX0[dA-
{muxca pPAJOB Bua:

x{’") = x(‘l)) + gx{l) + gzng) RN X(Z"l) = xgo) + sxgl) + €2x§2) R (2327)
135



Ilogcrasnsa atu BLpakeHus B ypaBHenns (23.26) m npupaBuuBas KoapdunumeH-
TLl OpA OJMHAKOBLIX CTeNeHAX &, HaXOfuM, 9T0 mOcleJoBaTe]bHLe NPAOIAKeHE B
CBASaHL Mex1y co0odl ypaBHeHEmAME

S —eh(@ A, e =k @RV (23.28)

IIpu m = 1 ary cucteMy ypaBHeHHH HaJo TpaKToBaTh TakuM o0pasoM, 9ro o6-
paTHas BOJIHA HYJNEBOTO HpUOIMIKEHHA TaeT B Ka:I0# ToUIKe NPOCTPAHCTBA Ha-
9aJlo mpaMo# BoHe mepBoro mopsaka ¥ u HaoGopor. [IpyTuUME cloBaMH, BOJIHA
"HYJIEBOTO NPHOIMKeHUA, HCHLITHBAA, BCIEACTBAE HEOJIHODPOIHOCTH CPEALl, OTpa-
JeHM A Ha JNI000M TODH30OHTE Z, TaeT PACHPOCTPAHAMILYIOCA B 0GpaTHOM HampaB-
JIeHUH BOJHY HEePBOTO mpMOIHKeHHs.

x;ﬂl
‘\\ Pr
AN —7~,’—” L=z Puc. 23.1. Tenepaufin BTOpHUU-
P ass HHX BOJIHM NCPBITHHNT
V4 ”
1) o

Hpﬂ HEKOTOPOM 8aJJaHHOM Z BTODHIHAA oﬁpaTHaa BOJOa xél) moJrydaeTca B pe-

8YJIbTaTe OTPAKEHAA NePBATHON NPAMOHA B OHEL x‘l'” npa Beex {, rae z << § <Coo.
HaoGopor, npsman Bropminas BonHa %\ monygaerca B pesyibTaTe OTpaMceHUs
BoaHH %5 Ha BCEX YPOBHAX, [IA KOTOPHX — oo <~ [ << z. CxeMaTmIecKn aro
u300pakeno Ha puc. 23.1. DTE coofpaskeHHA OTHOCATCA K TeHepalHH BOJH
noboro mopsagka m.
B nosHOM COOTBETCTBHH ¢ 3THMH COOGpaKeHNMAMH HAT.IAIHOTO YapakTepa,
pellenns ypasHenuil (23.28) soryr 6niTh 3anmmcaunsl B BILIe
¢ :
W@ = { WQIIQ A @) = e O 0. (23.29)
~O0 [~
Honaras B atux ¢opmymax m =1, 2, ..., yIATHBag paBeHCTBa (23.25) m mox-
CTaBIAA monydaeMile mpu atoM Bupawenms ara %\, %P, »?, @ 1. a
B (23.27), nonyvaem pemenus Hameit 3afaqn. DT pemennsa 6YIyT coqepsKRaTh qBe
HocTosiHHLIe HHTerpHpoBaHuA C) u C, 1 moaTomy Gyayt HanGoee obmumu perme-
HUAME ypaBHeHmil (23.26). Tak, HampEMep, HeTpyAHO MOIYYNTD
b
10 (2) = €C, S M (©) ds.
-0
WM, NOJCTAaBHB 3HadeHme QyHKmum €A, (I),
l‘ z
A (2) = —;-C,_, 5 'diz (In (ncos ©)] exp (— 2ik°§ncos ﬂdz) dz. (23.30)
-0 0
Hocpencrsom MHOrOKpaTHOTO mpEMeHeHHs dopmyn (23.29) moxHO mONYINTH
ABHLIe BHpakeHma Ana ¢ymkmmi x{™ m x{™ B BEZe m-KparHOTO mHTerpala.
CrpykTypa atEx muTerpanos BmiHa, Hampumep, ms Bupaenmd mra x¥ m &
AMEOmEX BHS

W@ =6\ dk (c1)§ b ()

[t
-

Aahy ()| dEihs (),
°° = (23.31)

» -
nt

: : :
X6 = G deb ) | dtah @ e @0 § o @),

00

C LT

z
-
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Ousmaeckr 3™ m ¥™ HyXKHO TpaKToBaTb KaK BOJHH, HONYYaloIHecH
X1 x o ;
B pesyibraTe mM-KpaTHHX] oTpaenmii B HeomHopomsoii cpege. Tak, xi) m y&

mONY9aloTCA B Pe3YJIbTaTe oTPaKeHHi Ha YPOBHAX §;, Gz, {7 &, [ia nonytennn

HONHHX BHpaskeHmir Mua ¥\ m yi’ mpOMBBOEMTCA NHTErpPHpOBaHHE MO BCeM
BOSMOJKHLIM YDOBHAM OTDa’KeHHH.

TocnemoBarenbHas reHepamma Bo.IH DAasMHIHHX HOPATKOB CXeMaTHIECKH
H3o0paskeHa Ha pmc. 23.2.

CxomumocTs monydaromuxca pagos Tnna (23.27) gokasusaerca B [100] ra. 3.

HsnoxeHHHA TONBKO 9TO METOJ 060CHOBAHHA TeOMETPHIECKOH ONTHKE MeHee
yao0eH, 9eM MeTox, madosKenuuldl B § 23.1, 1A monyleHEA HeoOXOAEMLIX KpUTe-

PHEB IpPHMEHHMOCTH 2TOro npubim:enns. OUeBHIHO, OTHAKO, 9TO BTOPHIHEIE
ponau ¥ B ¥ MOMMHL GLITH MaJbl O CPABHEHHIO ¢ HepBUUHLIME ¥ m %Y.

O/ )
X Py 7 o
’ 4 p 24
Pue. '23.2. TlocnemoBaTensHas /
reHepandA BOJR Pa3gMYHHIX U0- gm7. &m7.
PARDKOB B HeomnopogHod cpeay
) y ‘ <)
2; ’zz ZZ

HerpyaHo mokasath, 910 8T0 06ecnedmBaercA NPH BHOOJHEHHI BTOPOTO H3 yC-
nopmit (23.8), B KOTOPOM, MOCKOJIbKY MH pacCMaTpEBaeM HaKJIOHHOe HajeHIe
BOJIHLI, N 3aMeHeHo Ha n cos §. Ycaosme (23.10) B oTOM MeTone He molydaercs
JA0CTaTOTHO IPocTo. Bompoc 0 ZoCTaTOYHHIX YCIOBHAX MPEMEHNMOCTH T'eOMETPII-
9ecKol ONTUKE B 06meM cygae odeHs Hempoct; [100], m Ha HeM MH ocraHaBaII-
BaTecA He OyaeM. B sakiodenme oTMeTHM, 9TO €IIe OJHH CIOCO6 MPUGIHIKEHHOMH
TPAKTOBKH OTpPa’keHMA BOJNM OT CHOHCTHX cpe, KOTAa B IEPBOM IPUGIHMKEHIIL
moJlydaercs reoMerpudecKas ONTHKa, mslosken B pabore [108].

§ 24. Ilouatme 06 3TANOHEBIX ypPaBHCAMAX.
Ilone npu EHanmIMm TOYeK MOBOPOTA

OGocHoBaHHe reoMeTpHdeckoit onTnke wim Merofa BKB MoHo maTh Tarme
OPH OOMONIA METOJA aT&TOHHHIX ypaBHeHHH. DTOT MerToJ MMeeT ITHDOKYI OpH-
MEHHMOCTh H TOSBOJAET, B TaCTHOCTH. HailTH pelleHHe 8afavd NIPH HAJUTHE
TOYKH IOBOPOTA Z = Z,, B KoTopoil cos ¢ = 0. u pemenne (23.13) TepaeT cMbica.

24.1. lipeoGpasosaunue ocmoBHoro ypapHemiia. Bygem paccMaTpuBaTh ypaB-
Hemme (23.1). OHo Gymer oxBaTHIBATDL 3 CIyIall HAKJIOHHOTO HaJeHHA BOJHEL, eC.Id
nop n? (z) moapasymesars n? (z) — sin*®,, 9To JomycTHMO, DOCKOABRY BUJ (Y HK-
oum n?(z) B (23.1) Mul He meranmsmpyew. [IpeanosaraeM ToJNbKO, 9TO B PaccMa-
TpuBaemoil o6nacte QyHKINEA 1 (z) HempephiBHAa BMECTE CO CBOMMH NPOH3BOAHEI-
MH. 1 (2) MOKeT 06pamaTbCA B HYJb OPH HEKOTOPOM Z = Z,, M 3Ty TOUKY Mbl Ha-
BLIBAEeM TOIKOH MOBOPOTA. B clIyTae HaKAOHHOrO HaJeHU A BOJHL B TOYKE IOBOPOTA
n (2;,;) = sin €, mnm cormacuo (23.17) ¥ = n/2, T. e. KacaTelbHaA K Jy9y B JaH-
HOH TOUKe JIeHT B IIockocte z = const. [IpoBemeM HekoTophle ¢opMalpHELe:
npeof6pasoBaHuA ypaBHenus (23.1), caeaya O. Xuamury [102]. Beeaem BrecTo
Z HOBYI0 HesaBHcEMYyI0 mepemennyio f. Ilycrs z = z (f). Torma dy/dt = ¢'/7’,
rae WTPHEX 03HavaeT OPOH3BOIHYIO TO 1.

o d (‘P) 1 _ ¥ tP:’Z”

d:3  dt
Ypasuenue (23.1) Tenmepsr sanmmercs
¥ — (@)Y - Kt = 0.
Yro6H 0cBOGOTETLCA OT WieHa C W', mpom3BefeM 3aMeHY Y Ha ¥
¢ = (2)"Y, (24.1)
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4TOo [Haer
¥ == (7)) + %—(z’)"/’z”{".
¥ = ()Y 4 (&) %(z')"/’z""l' — :7(2’)"’ ()Y
Teneps moaysaem ypasuenue giaa ¥~
- k() Y = [3(z"R4(z) — =" 22’ | ) (24.2)
24.2. Pewienne B o0jacTi, He coJep:kameil TOUKI noBOPOTA. 3aJagMMCH

Tenepb KOHKDETHHM BHMIOM QYHKUMH Zz (f), NO.TOKIIB

t = iko\ ndz. (24.3)
Toraa
2 = 1liken, 2"/2' = in'tkon?, 2"z = (n" — 3n'%n)kn?, (24.4)

rie wTpaXu y n’ 1 n” 0311a9al0T IPOM3BOAHEE 1o z. Y paBHenue (24.2) Teneps 3a-
nHuerca

¥ — ¥ = [3(n)}/2n — n"}/2Kn®. (24.5)
Ipu 6oasmix ko mpaBoil FacThi0 MOiKHO npeneGpeds. Y paBHeHIe
¥ V¥ =0 (24.6)

naspiBaercs amaonnsim [32] mo ornomenuio k (24.5). Ero pewernne npegcraeiser
co0o#i paBHOMEDHYIO acCHMNTOTMKY peulenusg ypasHenus (24.5) mnpu k, — oo.

JByMga nMIefto-He3aBUCIIMEIMI PeileH M ¥ pagHekua (24.6) 6yayt Y = et!
i, nmepexoas oT ¥ n £ v I z, noIydaem

e

P = n-'zexp (: %o nd:) , (24.7)

o

L

910 coBmagaer ¢ (23.9) — pemenmeM B NPHGIHKEHHE TeOMeTPHIECKOH ONTHKH.

24.3. Cayvaii HanUIHA TOYKM NOBOPOTA. Des orpanHYenns OGIMHOCTE MOMKHO
IPeNoJIo’KATh, 9TO TOYKA HoBopora cootBerctByer z = 0 (1. e. n (0) = 0).
OgeBugHo, npu z, 6IH3KHX K HYJTI0, pemenne (24.7) Tepaer cMbica. B aToM ciydae
ypaBHenue (24.6) e ABIAETCA 3TAJOHHBIM I10 OTHOIIEHII0O K ypaBHeHHIO (24.5),
Tak Kak npu z— 0 npaBas 9acTh B mocJieHeM He Ma:1a, a Hao0opoT, HeorpaHu-
TeHHO BO3pacTaer.

Hpeanonosxum, ato 72 (z) B (23.1) B6AU3n - = 0 MoKeT GHTH npeacTaBiIeH
pAIoM

n?=—az+ b2+ ...,a>0. (24.8)

B atom caygae z = 0 HasHBaT TOIKOH MOBOPOTA epBoro nopaaka. [Ipu a = 0,
b == 0 6mna Gbr ToUKa 1MOBOPOTa BTOPOTO MOpAAKa M T. O.

Ecay npeneGpear B (24.8) Bcemu wieHamMu Kpode IIepBOTO, TO MBI IIOTYTHM
cayyaid, mccregoBanHuid B § 21. Kak MH Bugenm, pemenue B 9TOM clydae BrIpa-
maerca gepes Ppyukuum Jfipu. OTo HATATKHBAeT HA MHCIb, 9T0 3TAJOHHBIM IS
aToro cilydas Gyner ypaBuneHue i Gyukuui iipn. Uto6r npeofpasoBath K HeMy
ypaBiuicHue (24.2), BBemeM nepeMeHHYo [

z ., ) . z
t = ( 5'2"" Sndz) mm ¢ = %Sndz (24.9)
0 0
Orcoga
t7dt = ikyndz, 7' = t"%iken. (24.10)



Ecny saMenuTh B paccMaTpuBsacMoM cJaydae HpaByml dgactb B (24.2) ny.aes,
TO MH [geHCTBUTENBLO HOJIYIUM ypaBHCHHe JHpmH:

Y ¥ = 0. (24.11)

t coraacho (24.9) Mosker 61T 011103HATHO 3a4al0 HA TPEXIHCTHOH NOBEPXHOCTH
Pumana ¢ roukoil BerBienna z -= 0. Urobs ocraBaThCA Ha OJHOM JICTE, ML
nposeicM paspes, WIYMME 0o KaroMy-11u0o Jydy w3 Toukm z = 0 na GecKoned-
HocTh. JlMa Haxo:kgenMa HY:KHOTO HaM JIMCTAa DacCMOTpHEM clydail Majibix 3z,
Korja B (24.8) MO0 OTPAHMINTLCA IEPBBIM WIEHOM pAJa

n* = —az. (24.12)
Toraa, Bomonuaa B (24.9) uurerpupoBaie, MoJXydaeM
t = (—1)z/H. (24.13)
Kax u B npexnaymux naparpadax, nac Gyger MaTepecoBaTh 3agada o0 orpaske-
HHM ILTOCKOIl BOJIIK, mpuXogameit 113 z = —oo. B sToM caywae neaecooGpasto
BUGpATH TAKMe 3HAKM pauuKaloB B (24.13), uro
t = z/H. (24.14)

JTUM cOOTIOmMEN M, cTPaBeLTHBLM OPH MaJsx Z, u Oyder onpenenarsca BeGop
HVIRIOTO AMA uac JicTa momepXmocTH PrMaHa.

3avMeruM, aTo coraacuo (24.14), umeeM z' = const, M npaBag Jacts B (24.2)
ofpamaercsa ToslecTBel0 B IHYIh. JUATHT OPM JOCTATOTHO MaJHX 2, KOTia
cnpaseiuBo (24.12), pemente ypasueuiisa (23.1) 6yaer BuipaskaTbcsa 9epes Qyuk-
nui Jitpu v (8).

CroucTpyupyeM Teneps pemmeniie ypasuenna (23.1) npu mobux z. Jna aroro
soigeauM B6ausu ¢ = 0 (1. e. z = 0) obmacrs | ¢ | < ¢y, t; > 1 Taky®, B Ko-
TOpoif clpaBelnuBO pa3sioskemue (24.12). Hak Bcerga, cudraeM, 910 mpm
2—> — oo, 1 (z) > ny = const. Orcioga Ha Hamy cpefy MafaeT INIOCKasA BOJHA.
Ham tpebyerca Hajttm ¢y npu Bcex z. CauraeM, 4ro APYTuX TOYeK DOBOPOTA
xpome z = 0 ner. PaccMoTpuM BolpasieHue s p, 3aJaHHBE IPH pPa3HBIX 3Ha-
denuAx z u ¢ dopMymami:

F4 z
t<<—t,, Y- n'RCexp (iko g ndz) -~ n~C, exp (— i/c.,S niz) , (24.13)
N (‘) -

0

|t <ty § o= Co(— t 2 e (t), (24.16)
Tae mpu z, t << 0, n2 >0
= (_E%_ dz)"’, (24.17)
apu 2z, t >0, i< 0 ’
t = (E}Q __rz‘zdz)"", (24.18)
6

anax J —n? sgech u HuiKe Oeperca apudrmeruTecKMil.
Jlajee

z
E>0, 9=Co(—n)"exp (— k| V=), (24.19)
0

rae Cy, . . ., C4 — HOCTOAHHEIE.

Tlokaskem Temeps, aro dopmy.anl (24.15) — (24.19) npu cooTBETCTBEHHOM BLI-
60pe MOCTOAHHHX H ABIAITCH NPH JOCTaTOTHO GONBINOM k, pelleHHeM ypaBHOHRA
(23.1). Jleiicranrensno, npu | ¢ | << ¢, Mu umeem ¥ = v (f). Ucnonb3ysa dopmyny
(24.1) mepexoma ot ¥ k ¢, a Tak:Ke 3HaueHHe z' B COOTBeTCTBHE ¢ (opMyloil
{24.10), vu u nonydunm (24.16).
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Buipakenna (24.15) m (24.19) ABAAOTCA 8HAKOMEIMH HaM PeICHAAME B IPH—
OMMKeHMM TeOMETPHYECKOH ONTHKH, 9TO H eCTeCTBEHHO, IOCKONBKY YCIOBMe
| t] > t, >1 osHawaer Goapmyio yaalemHOCTH OT TOUKE IOBopoTa. llpaBaia,
sapaHee HeACHO, TOCTAaTOYHA JIH 3Ta YOAJEHHOCTh AJIMA TOro, 4TO0H OpHOImKeHne
reoOMETPHIECKO# ONTHKE TOJHNIOCH. ITOT BONPOC PEMMAeTcA NONOMKHTEIbHO TeM,
9710, KaK MHL ceildac moKakeM, aCHMOTOTHKAa Bupasiennsa (24.16) mpu —¢ = ¢,
coBmagaer ¢ (24.15), eclm cCBASaTh COOTBETCTBEHHLIM 00pasoM HOCTOAHHLI®
C,, Cy m Cy. Ilonbsyscy dopmynoit (21.13) m oTkmanBag WIeHH mopAaka 1/w m
MeHbIIe, gamemm sin (w 4 n/4) Ha cyMMy SKcmoHeHT, mo.iylaeM u3 (24.16)
npu <<

Y= % Cyein2n-"t [ei(w+%:) — e_i ("w+%)] , (24.20)
w=a(—t) = — Iroindz. (24.21)
0
3ameuaenm, uro (24.20) coBmapaer ¢ (24.15) mpu
C, = % Csexp (im/4), C, = % Cyexp (— ix 4). (24.22)

Takmm ke o6pa3oM J1erko mokasaTth, 9To OpH ¢ > ¢, >>1 Bupakenue (24.16)
acAMNTOTAYECKH nepexoAnt B (24.19), ecau mono:kOTH

Cy = 2C,. (24.23)

Buipasum Bce nocrosuuble uepes C,, Torja pemenne ypasueuiia (23.1) npmr go-
craTo9Ho OGonpmux k, Oymer JaBaThcA BHPAaKeHIAMHU

S,

tl—t, Y=, %, P, = Cln“/rexp(iko nd:) ,

b= Cathexp (= tho{nds), (24,24
0

[t]<ts, ¥ =20, (— tm2)hv (), (24.25)
(Onpegenenune t cm. (24.17) m (24.18)).
t>t, b= (— i ep(— kY TE). (2426
0

Kak 6uu1o noxasano B npeAmaymux naparpadax, ¢, uy_ B (24.24) npeacraBagior
co00# COOTBETCTBEHHO NPAMYIO (aJalomyw) H o6paTHYI (0TparKeHHYIO) BOJIHLI
B NpHONH;KeHHH reoMeTpHiecKoidl oNTHKA. BHpakeume (24.25) ommchBaeT nole
BONHSH TOUKE NMOBOPOTa, a (24.26) maeT 9KCHOHeHNHANLHO SaTyXalIee NPH yBe-
Iu9eHHN Z II0JIe 8a TOYKOH MOBOpOTA.

IIpeacTaBuser mHTepec oTHomenme V (z) = P_/p,, KoTopoe MOMKHO YCIOBHO-
HasBaTh Ko2ddHOMeRTOM OTpaKeHHA, OTHECEHHHM K IockoctH z. Vmeem, yum-
THBaA, 910 k (2) = k,n (3).

0 [y

V (2) = exp (Zi ‘k (z)dz — -“21) ) (24.27)

!
Hanomanw, aro 3gech z << 0, mpaueM z focTaTo9HO yaneHo ot Bynsa., Muarerpaas-
HHi WieH B akcmoHenTte B (24.27) naer Hafer $asLl BONHK B reOMETPHIECKOM
OpubnmkeRnd Opd npoGere BOJHLL OT YypOBHA 2z fo ypoBHA z = 0 m ofpaTtHo.
Cnaraemoe —in/2 maer moTepio (asul B %/2 B TOIKe MOBOPOTA, He MpeACKa3HBae—~
MY TeOMeTPHYOCKHAM NPHGIMIKEHEEM.
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24.4. Ciryqaii gByx To9ek NMOBOPOTa. JTOT clIydail pacCMOTPeH B psie pabot
{cM., Hampumep, [98, 19, 46, 71]). Hmke Mu B ocHOBHOM GasmpyeMcs Ha pabore
E. Mapdm [202].

Vno6Hee mrmeTs B BHAY SABHLIM 00pa3oM HaKJIOHHO® MaJeHHe BOJHH. IToaromy
smecto (23.1) Oymem paccmaTpaBaTh ypaBHERHe

Y (z) - kep? (5) W (2) =0, p? =n*(z) —sin®B,. (24.28)

Tlycrs BenmIEEa p® (z) ofpamaercA B HYJIb B TPEX TOTKAX Z = 2, 25, a MEX1y
maME mmeer MEEEMYM. CooTBeTcTBylomuti rpaduK A1 cKopocth ¢ (2) H3oGpaxen
ma puc. 24.1, a. Ha uem z,, — ropusonT Makcmmanbmoit ckopocrs. Ilycrs mpm
1leKOTOpOM NPOH3BONBHO BHOPAHHOM Z = Z, CKOPOCTh PaBHA ¢ (Zg) = ¢y YIoX
nagennda Bonan ¢,. Torga ropu3oHTH 3aBOpoOTa
2, M 2, HaXONATCA 3 PaBeHCTBa ¢ (2)) = ¢ (%) =
= ¢o/sind,. OTaNoHHHIM YypaBHOHHEM, TaKxke
MMOIOI[eM JBe TOYKHE 3aBOPOTa, ABIAETCA YPaB- 2%
HeHH® .

¥ 4+ (E 4+ )Y = 0, (24.29)

2

tne £ — moka ueompegenennnlit mapamerp, He
gapucAmui ot t. Urobu nesasa dacts (24.29)
coBmajgala c JeBoit JacTelo (24.2), (rge BMecTO
n® Gyner p® (z)), MBL JOMIKHEL HONOMKHATH Pac. 24.1. Jlyuepaa kapTERa OpH

HaJIA9HA QBYX TOYTEK LOOBOpOTa Jyda
E 412 = kop? (2) (dz/dt)®. (24.30)

YsBneKkas KOpeHb M HHTEDEDPYS, ML H HOJYyIdM CBA3b MEKIY MepeMOHHRIMHA
Iz

S .

(E 4+ ) *dv =k pt)at. (24.31)

~~e

b

B kavecTBe MOCTOSIHALIX HHTETPHPOBAREA f, W 2, BubepeM BeamIuAL, oOpamaro-
afEe B AYJIb MOJLIHTErpPaTbHEe BLIPAsKeHHA (0JHA H3 ToUeK Hosopora). Ilapamerp
E Ttemeps mMul MoskeMm BuOpaTh Tak, 9To0Ll BTOpo#t TOUYKe MOBOPOTA Z; COOT-
BOTCTBOBANO I,, Takike ofpamamomee B Hyns Benmauay E -+ t2. Torga, momaras

B (24.31) B BepxHMX mpegelax z, If {, B OCYmeECTBAAA HHTOIPHPOBaHHe CleBa,
HAXOTHM

o & .
E = -T‘\ p ) dg. (24.32)

Msanaraeman TeopusA NPHMERNMa KaK K CIyJal HAJTHIUA BeMECTBeHHLIX TOTOK
BaBOPOTA 2, H 2, (OTpa’KeHHe BOJHH OT «NOTOHIHANbHOro Gappepay — MO KBaH-
‘TOBOMeXaHHIeCKOH TePMWHO.IOTHH), TAK A B cIydae OTCYTCTBHA BemeCcTBOHHLIX
ToYeK 3aBopoTa («HagfapbepHOE» pACOPOCTPANEHHe H OTPa)keHHe BOJHH).
B KasIoM ciryTae BaKHbIM ABJIAOTCA NPABHIBHLLA BHOOD 3HAKOB KOpHeH B myTeH
uATerpupoBannA. Ilpm BemecTBemmnx 2, m 2, Mu BuGmpaeM Imp >0 npm
2, << z<C 2, u Torja £ — BemecTeenHas oTpumarenpHas BexddmHa. Ilpm kom-
TIeKCHLIX 2, U Z,, Re p > 0, £ — BemecrBenHO, MONOMKATENBHO.
IIpe samene
z =V 2texp(—iv/h), n=(@GE—1)72 (24.33)

ypapaenne (24.29) Gymer coBnaJaTe ¢ KAHOHHIECKHM ypaBHeHHeM 1ns GyHKumi
mapabonmdeckoro mmimagpa [95]

d*D, (x)/dz® + (n </, — 2%4) D, (x) = 0. (24.34)

Ionsaysacs dopmynoit (24.1). cBasuBaomeir dyaknua b 1 ¥, Mu monytaem JIR
pemenns ypaBHeHds (24.28)

¥ = (dz/dt) *Dgg—yy» (Y 2te™™Y), (24.35)
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AcHMNTOTMKA 9TOT0 pelienus Opu z — 4= oo wmeer Bug [95]

—ec, Q(E)$() = C(E)prexp(ihoRe p (1) L), (24.36)

2— — o0, Q(E)y(z) =~ A(E)p-rexp (— ik.,ReS p(@) dC) +

-

.

- Bptrexp (ikoRe P d:), (2437

O,

rae
A (E) — (1 'T e:!E)X_gel'/.(l'.')’ B — e—in 2’ C (E) i 8;11-; 2’
Q(E) = (27" (| E| €™ 2) 7, 24.38).
()~ 2 —Z i L tminr it + B2y, (24.39)

3aece Im u Re 03Hagai0T MOuMy0 B BemECTBEHHYIO JacTH.

Buipasienue (24.37) npeacrasinser colo#t cymepmosumuio majaomiei U oTpa-
weltnoit Boau, Bupamenve (24.36) — npommegwyno Bonny. Bedmanust

V = BjA = (1 4 &E)y 170D, 24.40)
W=ClAd=(1+ ey 7% (24.41)

YMECTHO HAa3BaTh KooPQMIMEHTAMM OTPA;KEHHA II NPO3PAdloCTH. AMIINTYAY
u a3y oTpaskeHHod M npomefmel BoMH B JOCTATOTHOM yJalellliH OT CJo0A
(21, 2;) MOKHO HAHTH, YMHOKHB aMIIMTYAY Oajalomedt Boanw wa V u W n yara
COOTBeTCTBEHNLIA naber ¢as, maBaeMmbiil reoserpmdecrofi onTmxoii. Kar mnoka-
zano B [202], | ¢ (E) | <€ 0,095n/2. Koodduumentn oTpasenis 1 npospaTiocTs
oo dHeprum OymgyT

[VE=1/1+eF), |WE=1/(1+eE), (24.42)

Bupasiienue (24.32) misa E MoskHO HepenMcaTh TaK:ike B BILIe
2y
E= -_zt—s V sin® v, — n*(z)dz, (24.43).

23

rae n (z2) = k(2)/ke, ko= k (24), 09 = 0 (20). s Taroro yraa nagenns &ty = 4,
Korga n (z,,) = sin #,,, T. e., Korga coOTBETCTBEHHLIH 1YY 3aBOPavIBALT KaK pa3

- 1
Ha TOpI30HTE MAaKCMMaJbHO# ckopoctu, mmeeM E = 0. |V |? = | W[} = -,
T. €. NONOBHNA JHEPTMH NPOXOJHT, MOJIOBUHA OTpAsKACTCH. -

ITonydennue pe3ynbTaThl OPHMEHMMH K NPONBBOIBIIOMY 3aKOHY THMa, H30-
GpaskenHoro nHa puc. 24.1, aump Ou OLUIE BHIOJTHEHE HEKOTOPHIE HeolxoaMMule
ATA MeToa JTANOHHOro ypaBHEHHS TpeGoBaHMA MeJTeuHocTH m3Meuelus n (z).
IIpaanunuansuo aTa TpeGoBaHHA JON:KHEL ofecmeaMBaTh MAaJlOCTh NPaBoO# TacTH
B (24.2), ogHako NpaKTuYecKM MX NOJNYIHTH nempocro. Hexoropoe mpeacTas-
Jlenme o MpegesNaX NPUMEHUMOCTH METOJAa MOSKHO MOJY9IMTh, CPABIHBAA HONY-
9eHHLIE METOJOM 3TANOHHOTO YPAaBHEHHA DPE3YJNBTATH C DPe3YJTBTATAMU TOYHOTO-
permeHusl, KoTAa €ro MoHo noxyddars. Jasa Taxoro cpapuenusa E. Mapdu [202]
Oeper Tounoe pemeHne A ciod Jnmreitna (cm. § 20.6) 1 moxaspiBaer. 910 npu-
0aImKellioe permeHye T0CTaTOYHO XOPOMO COBHNAJAET ¢ TOTHRIM, ecit mhy T 1.
Kak yxasano Bume, B clydae 0JHOE TOYKH NMOBOPOTA MOXHO NPEACTABUTH cebe:
Iyd9, KOTODLI 3aBOPAavIdBaeT HA ONPeJENEeHHOM TOpM30lTe, TEPAA NpPH 3TOM
B TOUKe moBopora fasy mn/2. Kakum 6yaer cooTBeTcTBeHHOE IyIeBOe NPEICTaB-
NleHHe B clyvae ABYx Touek Iosopora? E. Mapdu [202] pewaer aror Bompoc,
HccaeayAa moBegere orpauudenHoro nydka (cm. § 14) m momydaer pesymerar,
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n3obpaskennnit na pmc. 24.1, 6. JasA 3ocTaTo9HO TOJNCTOTO CJHOA OTpPAKEIHH i
ay9 OA B BHIIAJAT TaK e, KaK K DA 0IHOH TOYKe 3aBOPOTA (BKINYAA MOTePIO
dasst 1/2), HO TONLKO ero aMINIATY/Ia, eCTECTBEHNO, He PaBHA aMILIATY/e Mmajalo-
mero nayda. Ilpomegmwit nye CD wnajo mpeicraBnArs HaduHawmumca B C.
«Cragor» 1y9a 13 A B C npomcxoqut 6e3 morepH Ga3nl, Ho C yMEHbIIEHHEM aMIIN-
Tyan. B ciydae HeGonnmoit ToMmMAHK c10A (mhy << 1 1aa coa Inmrefina) 114
Jyda ¢ TOPM3OHTOM 3aBOPOTAa, ONH3KHM K Z,,, Mepeckok u3 A B C npoucxouT
C TODPH3OHTAJbHBLIM CABUTOM, 3aBHACAMIIM OT AJWUIIBI BOJHLIL.

CTOHT TaKsKe OTMETHTDb, 9TO NPH NpUl.TIHeHHN YIJa DaJeHHA K KPUTHIECKO-
My U, (O0pm yrie nagesns O, AyY moBopadYABaeT Ha TOPH30HTE Z,) BEIHYHHA
TOPM3OHTAJRNEIX paccTOAHMA Mexay todkamMA O m B, O m D ueorpauudenno
BO3pacraer.

§ 25. Otpaskenne BIHSI OT €JI0A
¢ NMpoM3BOILHBIM 3aKOHOM N3MEHEHMSI MapaMeTpoB

Kak Buano u3 § 22, roanne penientiss 33Ja98 00 OTpaMennu BOJHLL OT HEOJ-
II0POJHOTO CJIOA CYMECTBYIOT MUIMb J1A HeGoanmoro 4ncia ciaydaes, XoTdA 1uc-
clenoBallHe 3TUX CIydaeB MMeeT BechMa GolbInoe 3Ha9YeHAe M PAacKPLIBaeT pAX
Ba;RIIBIX 3aKOIlOMEPHOCTeH, 3TO He CHMMAaeT Bonpoca 00 HCCIeJOBAHAH OTPAeHIA
BOJH OT CJI0eB, B KOTODHIX 3aBACMMOCTb IapaMeTpPOB cpedbl OT KOODIMHATH 2
MOKeT OhTh HOPOM3BOJBHOM.

CymecrBeHHO TaKsKe, ITO B PEATBHHIX TeOPU3ATECKAX CHTYAURAX I1aPAMETDhI
cpeabl He OCTAIOTCA MOCTOSAHHLIMHM, a IICHHITHBAIOT C TeIeHHEM BPEMEHH KakK
cUCTeMaTHIeCKHe W3MeHenusd, TaK W u3MeHelnmsa QIIOKTYauMOHHOTO XapaKTepa.
HeobxomnaMo 3HaTh, KAK 3TH M3MEHEHNA CKA3HIBAIOTCA Ha Koapduuuenre orpa-
sHeHuA OT CJI0EB ¢ OPOH3BOJBLULIM 3aKOHOM H3MeHeHHsA mapamerpa. 3aberasa Bne-
pex (cMm. § 25.5), yKaskeM, 9To fake HeGoNbImMAe H3MEHEHMA B 3TOM 3aKOHE MOTYT
CYMECTBeHHO CKa3nBaThCA Ha Ko3Pdrumenre orpakenus.

HceenemoBauve kosddnumenta orpaskenms mIOCKOH# BOJHLL AMeeT 0oJblioe
3HadeHye TaKKe A 1A PeMeHns 3aJa9d o moje TOIeTHOTO H3IydaTeasd B CAOUCTO-
HEONHOPOJHON cpele, MOCKONBKY cepHIecKas BOJHA MOMKeT OLITH pasio;keHa
1a mIoCKHe.

Psapx pesynsraToB AnsA croncro-HeogHoPogHoM cpequ ofmero Brga 6ula moay-
den B paborax [108, 141, 171, 173, 223, 77, 261. 164]. Henocpeacreennoe oTHO-
IIeHAe K paccMarpuBaemoil npofaeye umeer taiixe pabora M. Jleccepa [190].
Mu paccmorpmM 3meck MeToz. Go.ee noapobmuo paspaGorannwtit Hamu [9].

IlycTr 3aBACAMOCTD mapaMeTPOB Cpelsl OT KOOPAIHATHL z 1aeTcA QYHKIHAMY
p=p(2) 8 c=c(z) — B akycruke; ¢ = € (zZ) — B 3MEKTPOMAaTHATHOM CJy9ae.
31ecs p U ¢ — MIOTHOCTH CPeIH I CKOPOCTH 3BYKA B Hell, € — JAMANIEKTPUIECKAA
NoCTOAHHAA (B o0medM caydae kommiexcuas). Jas npocToTu monaraem p == 1,
Ilpeanonaraem, 9ro Opu z == — 00 A Z = 0O MAPaMeTPH CPeJLL CTPeMATCA K 1o-
CTOAHHLIM 3HAYEHAAM, DABHLIM COOTBETCTBEHHO Pg, Co» € H Py, Cy, &

25.1. Ypasseume gasa koaddmumenra orpaskenna ssykoeoii Boanm. Ilycrs
Npy z = —oo 3afaHa INIOCKasA BOJHA, PacHPOCTPAHAMAACH B CTOPOHY IHOMoO-
JKATENbHBIX z (Majamomas Boaua). IlycTs HopMans K ee ponTy JeskuT B mTO-
CKOCTH 2Z (NJIOCKOCTh MAaJIeHU ) M COCTAB.IAET Yrol ¢y (YToJM mageHus) ¢ DOJOMI-
TeJIBHBIM HanpaBJeHAeM ocH z. Ha oCHOBAaHMHA H3JI0:KeHHOTO BLIINE €CTeCTBEHHO
NpemoNOMTh, 9TO BO BCEM NPOCTPAHCTBE 3aBACHMOCTH BENHTHII. XapakTe-
PM3YOIAX MOoJe OoT KoopAMHATH z. OygeT maBaTecA 3KcroHeuTolt exp i&r,
& = kysin €y, ky = w/co. Bonpoc o 3aBMCHMOCTH 0T z 3HAYATENBHO CIOKHEE.
B ofmem ciydae ypaBHeHRsA /ISl aKVCTHIECKOTO H 3JE€KTPOMAarlATHOTO Mojed
MOTYT OLITH YIOBJIETBOPEHLI TONBKO NP JONOYVIMIEHMII, 9TO MPA Z = — 0O CyIIe-
CTBYeT TaKKe OTpaKeHHas Boiua. Hameii 3agageit OyaeT oTuCcKanue OTHOIMeNUs
KOMNJMEKCHHX aMIUIATY[ OTpaKeHHoil m magaromei BoaH, T. e. Ko3ppumuenta
oTpaskeHHA Mo MoAyiw m (daze. IIpu stom MH He mofigem mo oOLITHOMY myTIL,
coryaciio KOTOPOMY HYHO OLLTO 6Ll HADMCATH BOMNOBO® ypaBHEHHE AJA HOJA
0 HOMHITAaThCA ero PeIATh. B KonedHoM cdeTe HAM HYKHO 3HATh He HOJE, 3 TONBKO
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armb KoaGPEIHEHRT OTpasKeHHSA, IS KOTOPOTO OKAa3HBATCHA BO3MOKHEIM HOJY-
qeHEe 0c000ro ypaBHeHHA,

PaccMoTpEM cHagala cJIy9ail 3BYKOBO#l BOJHH. 3BYKOBOE HOJie B HEOJHO-
ponHoil cpefie ommcuiBaercA ypapHeHmAMa (19.1). VumrmBas, wro 9/dy = 0,
d/0x = ik, §/ot = —iw, monyvaem, B3AB Z-KOMOOHEHTY OT BTODOTLO H3 ypaBHe-
grii (19.1)

vz = Eplpo. (25.1)

YanTHBasA 9T0 COOTHOINEHHE, MOJydaeM IJSA Z-KOMIOHEHTL TOTO 3Ke ypaBHeHHSA,
a Tarke [JaA mepBoro m3 ypapHemmi (19.1)

ov,'0z = idpjpw, Op/dz = ipwv,. (25.2)
3aecs o6ozBaveHO

B=B(z)=kcos® =V K —E , (25.3)

¥ aBxsercsA yriom, CoCTaBIeHHHM HODPMANb0 K (POHTY BOJHH C OChI0 Z NDH
OpOR3BONBHOM Z.

Ina ynosnerBopenus paBeHcTB (25.2) BBegeM MOHATHE O «NAJAK0MeEd» B «OT-
pa:keHHOH» BONHAX OpH J00oM z, ompemelHB HX cilenyromum obpasom (dakrop
exp i(§x — wt) Bciogy mogpasymeBaeTcs):

HDajanmas BOJHA

p=P (Z), v, = (B/wp) P(2), (254)

OTpakeHHAs BoJHa
p=R(z), v,=—(Blop)R(2), (25.4)
rae P (2) 1 R (2) nBe HoBHe HemsBecTHHe yHKmEH. 3ameT:m, ITO MOCKOIBKY
p/wp = k cosd/ap = cos B/pe, (25.5)

TO CBA3b MEKAY P H ¥, B KaXKIoH M3 BOJH TaKaf :Ke, Kak H B mpuOameRAn
nydeBoil TeopHH, Korga NaJalomas A OTPa)ieHHAS BOJIHH PacHPOCTPaHAITCA,
He BaamMofelicTBy A Apyr ¢ aApyroM. OgEaKo, HECMOTPA Ha YCJOBHOCTH olpesee-
ama (25.4), Mu DoKa ue Gygem BBOJHUTH Kakme-1aGo npubnmxenma. Ilogcrasus
B (25.2) BMecTO p B v, cCyMMy majalomedi m orpaskemHoM Bonm (25.4) m (25.4),
nosydaem ypaBuenmsa 11sa P (z) u R (z)
’ ip(P— R — P'— R' =0,
—ip(P+R +P —R 4+ (P— R)'jg=0.

3mecs 1 Hm;ke mTpEx ofosHadaer auddepennupopaBme mo z. Pemas mociexnme
ypaBHeHHA oTHOCATeNbHO P’ m R', maxoamp

P'=i3P—q(P—R), R =—1i3R+1(P—R), 75%(%)'%,(25.6)

Onpegenam KoahPuImEeRT OTPaKEHAA 115 OPOH3BoIbHOTO 2 Kak V (z) = R (2)/P (2).

VYmEOKAB mepBoe m3 ypasHenui (25.6) na R, Bropoe Ha P, BRYTA HX ADYT H3

JApyra A HOJEJHB pe3yasTaT ua P2, nonydmm nias KodpduImeATa OTPaKEHHA yPaB-
Hegnme PmkarTh:

Vi=—-23V+y(1l -V (25.7)

B radecTBe rpaHMYHOTO YCIOBHA, HeoOXoquMOro AJaA OJHO3HATHOrO ompene-

neHHA pemeHns ypasHenms (25.7), MO)KHO B3ATH ycloBme oOpameHHS B HYIb
KoapdmmmenTa oTpakeHAS Ha 0(ECKOHETHOCTH

V—0 opa z— oo, (25.8)

OOCKOJBKY IpH Z — oo (mo3agu HeoJHOPOTHOTO CJIOA) OTPAsKEHHAA BONHA OTCYT-
CTBYeT.

B kauecTBe rPaHEYHOTO YCJIOBHA MOMKHO HCHONB30BATh TaK:Ke 3ajamme V (z)
Opm HekoTopou z,. T'ak, ecim npu z = 2, pacmonoKeHA MONEOCTbIO OTPANKAOMAA
rpagmna, o V (z) = +1.
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OrvernM, 970 ypaBHeHRe PHKATTH A.1A Koapdnmmenta oTpaskenusa B aKyCTH-
decKoM ciayuae HoaydeHo Takike B pabore [247].

235.2. Ypasuenne ann koadPunuenra oTpaskeAuA 3JEKTPOMATHISTHON BOJHBI.
PaccMoTpuM Bnauaie cay4wait. Korja Bexrtop E nepmeHARKYJIADEH HOXOCKOCTH
nmanenus (E, = E. = H, = 0). Yanrspad. cuosa, 9ro d/dx = i§. n3 Broporo
vpasuenns (4.2) naxonum (w/c)H, = EE,. llocne atoro. a3 nepsoro n3 ypapHe-
unil (4.2) n m3 ypaeuennsa div H = 0 moaywaem aBa ypasuenns gna H, u E,:

My | ic ;00 oo 2, oF ) .
S (B E, = 0, A»z(z)E\cL’) e, s i — M, = 0. (25.9)

Kax 11 B akycTnueckoM caydae, pemaeM 3TY CACTEMY, BBeas L
NaJaMmyo0 BO.THY

E,=P(zs), H.=-——=3P@), B=VFE-2; (25.10)

OTpa/keHNyI0 BOJIHY

E,=R(z), H.=-—pl), (25.10")

rae P (z) m R (z) — nemssecthue noka ¢yurimu. IlogcraBias cymmy noaeit
(25.10) 11(25.10") B ypaBuenus (25.9). Kak M B aKyCTHMIeCKoM ciayTae, nif Kodd-
$nrnnenta orpasienna V (z) = R (z)/P (z) nomyuaeM cHoBa ypaBuenne (25.7). rae

v = B'/2B. (25.11)

B caygae, rorqa E ae:kut B miockocTy najxeHas, Oynem myeTnh
naawmyo BOJINY

E,=(03ck?) P (2), H,=Pz)
OTPAsKEHHYI0 BOJHY
E.=—(o83ck®*)R(2), II,~= R(2). (25.12)
Ian koaddrnnenta orpamenus V (z) -: R (z)/P (z) cnoBa no:iydaeM ypaBHeHme
(25.7). rae
1 3\ k2 -

25.3. YpaBueHie aas mvnelamca. MoikHo NOAYIATH ypaBHeHne Pmrarrm
Tarke ANA AMNeRanca Z; = p (z) r: (z). Mbl paccmaTprBaeM 31eCh aKyCTHUCCKAH
crydait. JIEKTPOMATHATHHI (3.M.) cIy9ai paccMaTpHBaeTcA aHajloruaino (ca.,
manpaMep, [216]). Ymuowus nepBoe 13 ypapuenmi (25.2) ua p, Bropoe Ha v,
A BWYITA A3 NEepBOTO BTOpOe, HOIYIHM

' ‘ . 2,2 2y 2 2
vep — pu. = ipa [(37/p7w") p°— vi].
Pa3neTnB aTo ypaBHeHNe Ha U, Mbi NoTyJaeM HCKOMOE YpaBlenHe
Z' = ipw [(3F/02e?) 2 —1]. (25.14)

Ipr momomm BToporo u3 ypasuenuii (25.2), AMmeganc moskeT OHTH BEIpaseH
depes p H p’ Tak:

Z=plv. =ioop/p’, (25.15)
OTCI0Ja HAaXOJHM
p''p=ipv/Z,
HJIA, HHTETpHDPYA,
Inp=iv\pz:, p=explin S pz'ldé] . (35.16)
\ ) ]

o
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Hmxkenit npegen 2z, MosKeT OuiTh BHOpaE OpPOH3BONBHO, AJMA YIOBIETBODEHUSF
rpagrgHux ycioBuil. Takam o6pasoM, mocne toro, kak mmnegasc Z (z) uaiimen
(ckaskem, Oytem pewendsl ypaBHeHEA (25.14)), naBiemme Moker OHITH HaiigeHo
mo dopmyrne (25.16).

25.4. Ilepeuiit MeTon mocieNoBATENbELX nNpubiamenuii AgA ompeneyennss
roodprmueurta orpaskemna [9, 10]. Mu mamoxmm gBa MeTofa mOCJHeA0BATENBHHX
mpuONE:KeRn#d ANA ompegeteHds koapdammenTa orpakesams V. Ogma u3 HuX,
paccMaTpEBaeMLIil B HacToAmeM pasgele, yno6HO OPEMEHATH B CAyIafAX TOHKHX
clIo0€eB, APYroil, m3maraeMolii B cleylomeM pasgesne, AaeT OLICTPO CXOJAMBHCST
PAn B caydae c1abo oTpasKalOMEX CJI0eB, TIe B KadecTBe NepBOro NpHOIMKeHHE
MOKHO NPAMEHATH TEOMETPHYECKYI0 ONTHKY.

Mu Gynem mexoauts u3 ypaBmenas (25.7) B koTopoM, KaK IOKa3aHO BHIme,

v=4q'/2q, 2517y

rae ¢ = B/p — B akycruke; ¢ = p — B a.M. cnydae, E mepnesamkynsapHO Mioc-

Kocth mafiesns; ¢ = PB/k® — B 3. M. ci1ydae, E NeHT B IIOCKOCTH HafeHuA.
IlpexcraBrM xoaddummment orpaxkenmsa V = V (z) B Buge

_ gr—gqui (25.18)

’

qv 4+ quu
rie u = u (z) ¥ v = v (z) — gBe HOBLe HEHW3BeCTHLHEC QYHKIEH # ¢, = lim q.
Z=000

Hogcrapnas (25.18) B (25.7) m yauruBas Bupamenne (25.17) nia y, morydaen
ypaBHeHHe

ot W _ gl g @
A —iB[q T_TT]' (25.19)
9To ypaBHeHHEe MOMKHO YAOBJICTBODHTb, HOJIMHAB & H ¥ JBYM YDaBHEHHAM:
u =ifqu/q, V' =i3qulg. (25.20)

Ux pemeuds ¢ rpanm9IHeIMA YCIOBHAMO
u(o)=1v(o)=1 (25.21)

maet Bupaxkenme (25.18) maA koapdmmmenra orpamenHA, ymoBleTBopALmEe

ypaBEeRu© (25.7) 1 rpagmaHOMY ycioBuIO (25.8). Do m Gymer pemenmeM Hamei

sagaqn. [Ipm mafimemnunx u w v ana KoaddHIEEeHTa OTPasKeHHA B TOUKe Z = Z,
Ha JOCTAaTOYHO OOJNBINOM YHaJleHEA OT cllof molyTaeM, ofosmatan ¢ (z,) = ¢,

— 902 (20)— qat (2) o5
= Tqw ) F quetany (25.22)

Pemenns cacrenmut (25.20) MokHO HaiiTH OpO MOMOIMM METOA IMOCTIENOBATEN b~
HuX OpROamuennii. O6osnagmm

M == n{g/q)cos®, n, =n(q, g)cosd, (25.23)
Torga cucrema (25.20) sanmmercs
uw =thymy, v =ikgmau. 25.24)

3ameHAA mpaBule YacTH YpaBHEHHH HYJNAMH, MoJyIaeM B HYJIEBOM HpPHEOIH-
eHHH u = const, v = const mam, ydmTHIBaA TPaHHIHEe YciaoBaA (25.21),

noJyIaeM
u=1, ov=1. (25.25)

HogcraBaas nafineHHLle 3Ra9eRNA u ¥ ¥ B OpaBrle JacTu ypasmermil (25.20),
moXydaeM, OOATh YIHTHIBASA T'PAHATIHHE YCJIOBHA,

u(z) =14 ik, "S Mmzdz, v{z)=1<+ik S'qz(z) dz. (25.26)

-
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ToagcraBas (25.26) B npaBrie 9acta (25.24) n B3AB AHTErpal oT obenx Jacrei
paBeHCTB, DONYTHM BTOpoe npuOamKeHme AaA u B v B T. 1. B pesynsrate u (2)
n v (z) 6yayr BupaKaTbc B BRjJe OeckoHeuHwnXx pAgoB. IIpm mpomaBonbHOM, HO
3aJaHHOM Z = 24, OydeM HMETb

u(z) =1+ ik §nn1(2) dz — kg 3 Mm(2)dz §nz (z)dz —
— ikj §n1(2)d2 §nz(;)d2 §n1(2)dz +.oeey
v(20) =1 + ik, 5 12 (2) dz — kg i"‘]z (2) d2§n1 (z)dz —
— iy gnnz (2)dz gnl(Z)dz fnz (2)dz+... (25.27)

IIpakTAE9ecKH B HIMKHAX mpejesax Bcex HHTEIDAJOB BMECTO 00 HeoGXomuMo
6patb z = z;, COOTBeTCTBYIOINee TpaHAIE CIOA.

Herpymao moKasarth, 9T0 NOJTYIeHHHE HaMA PARH JAOT pasiioxenne GyARmui
u B v no crenenaM kol = 2nl/A,, roe | — TonmuaHa caoA. Ilna aToro B ypaBHeHRAX
(25.20) Bmecto z BBegem OeapasmepHylo KoopamHary { = z/l @ o6osHaanm
M (2) =0, (§), M, (2) =0, (). Torna ypasuenma (25.24) sammmyrtcsa

dujdt = iklo,()ev,  dv/dl = ikylsy (§)+u. (25.28)

Hurerpapys mocliegHion CHCTeMY METOZOM NOCTeROBAaTeNbHHX npHOImie-
HA#, moJlydaeM CHoBa pAgH THma (25.27) ¢ Toit JAmmp pasHENEHd, ITO mepen ot-
JeNbHHMA WIeHAMH BMecTo MHoskATenedn ky, n = 0,1, 2, ..., OyayT cToATH
muoxaTenn (k )", aro m TpeGoBanoch T0Ka3aTh. 3aMeTHM, 9TO B HYJIeBOM IDH-
OnmKeHAn, Korga u = v = 1, M u3 (25.18) momxydaem

V (20) = (90 — 9)/(g0 + @) (25.29)

— koajRImEEHT oTPa;ReHAA OT T'PAHAMH pasfeNia ABYX Cpef, 9TO H eCTeCTBEHHO,
HOCKONBKY 3TOT CIY9all COOTBETCTBYET OECKOHETHO TOHKOMY NEePEeXOJHOMY CJIO0K0
(I1=0).

Pagu (25.27) apasiorcs cXo1AmuMncA, ecan yHKnEA ¢ (z) Bo BCcei paccMa-
TpHBaeMoil HaMA 06TacTh (29, z,) He ofpammaercs HA B HYJNb, HA B 6eCKOHETHOCTS.
9o clefyer n3 TOro, 9TO NPaBHe TacTi ypaBHeHAH (25.24) yH0BIeTBOPSAIOT BCeM
VCIIOBAAM, HeoGXOJHMEM IJIA CXOAHMOCTH ACIOJH30BAHHOTO BHINE METOZA IIO-
ClleJoBaTeNbHNX NpPAOIMKeRAi. B gacTHocTH, CX0dAMOCTh 3THX pAmoB Ges Tpyaa
noKasnBaeTcs mpE momomn Teopemn Hawtamomosnn — Trxonoa [74). Cxoam-
MOCTb DAZOB 3TOTO BHJA paccMaTpmHBaercA Takxke B kuare H. @péman n
II. ¥. ®péman [100, ra. 3.

25.5. Bropoii MeToR mociefoBaTensHLIX NpUGTMKEHAA LI onpefieseHus Ko-
oippanuenta orparenna [9). Ypasnenme (25.7) MoKHO 3amHCaTh B BHIE

4 exp(zi §de)] =11 —V? exp(2i §de) . (25.30)

F29 20

Hmxuaii mpemen ARTerPHPOBAHASA Zo, B BKCIOHEHTE ABIACTCA IPOH3BO.TBHBIM.

Vpasnennio (25.30) ¢ rpanATHEM ycaoBaeM (25.8) aKBABaJEHTHO HHTETPaJib-

HOe YypaBHEHHEe
z

exp(Zi Sde) V()= — ogfr(i - eXp(zi §de)dz. (25.31)
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ITocneanee cHoBa Oyaem pemaTe METOJOM MoOCJH€fOBaTeNBHHX I PAGIMKEHA.
Cantas y maJoil m npenebperas B HyJNeBoM NpHOJMKEHAR NPaBo#l TaCTHIO, MH
monyzaeM Vg (z) = 0. JTo cooTBeTcTBYeT N pHOIAKEHAI0 TeOMETPRIECKO ONTHKHA,
B KOTOPOM, Kak MH pijeam (cm. § 23), BonHa pacmpocTpaHsiercsl B cpeae 0e3 or-
pakeHns.

Hoxcrasnsaa V = 0 » mpanywo dacrs (25.31) m oboaHagasn

z
s(z)=2 SB(z) dz, (25.32)
Z
mojiygaeM B NepPBOM NpRAOTMKeHAR
Ve (2) = — e-i»«z)S 1 (2) 49 dz, (25.33)

z

Bropoe npubamkenye monydaM, mogcTaBIAA IocjiegHee BHPa)KeHHe B NPaBYIo
gqactb (25.31) u 1. g. B pesynbrate monyuam mnocleoBaTeNbHOCTh QYHKmEM

YVao- Var Ve, o - ., rae Vi, Haxogarca 83 Vi, IPE DOMOIIE COOTHOMEHHA
oo

Vi (z) = — e‘is(l)s 1(2) [1 — Vimy (2)] €5@dz. [(25.33a)
N 2

Moo mokasats, 9To ecam QyHKnmsa y (z) Bo BCeX ToYKax orpaHm¥eHa 0O
cBoeil nesmanue, 91 coraacuo (25.17) ¢mamdeckm o3HadaeT OTCYTCTBHE MeECT
€O CKauK000Pa3HKIM [3MEIeNueM IapaMeTpoB cpefs H TodeK, rae m (z) = sin G,
COOTRETCTBYIOIIIX 3aBOPOTY AYYa, TO OPH n — OO0 MH NOJYIaeM CXOAAMYIOCA
IoC.1eI0BATCABHOCTE g V (2). ITo HemocpeacTBeHHO cleayeT A3 oOMHAX KpATe-
pAeB CXOANMOCTH MeTo;a HocnefgoBaTeldbHEX npmbamuennit Ilmkapa (em. [74,
§ 42], 1100, ra1. 3]).

113 usnossenHoro Buime [ETPYIHO TaK:Ke BOAETh, 4TO IOCIEJOBATEILHOCTD
DoJay9aeMHX OpUbauskennmii cXoAutca TeM OmicTpee, Wem Meubime abcoloTHoe
3navenne KBagpaTa Kooddmnmenta orpawmenns |V |°.

Paznmanpe npabamaeHns gia KosddumuenTa oTpaxeHHA HMEIOT NPOCTOH
¢nangeckuit cmmcn. KHak yme ykasmBasocs, Hydesoe npabamkennme m = 0,
B KotopoM V = 0 cooTBeTcTBYeT npAGAMKeHAI0 reoMerpAdeckoil ontaka. Moo
TaK:Ke IOKa3aTb, 4To nepsoe mpubmienne (25.33) cooTBeTcTBYeT ydery omHO-
KpATIHX oTpaxkennil B HeoqUOPOJHOH cpesie, mocTeyOMAe ke NpAdIMmKeHAA —
ABYKDAaTHOMY, TpeXKpaTHOMy ¥ T. . orpasseuusaM (cm. § 23.2).

JleficTpnTeabno, paccMoTpPuMM noapobiiee muipaskenue (25.33). Hpm z =
B3 HEro noJdydaem

Vo (ze) = — §7 (z) exp (2i ;de) dz. (25.34)

Yrofm narinsgHee npeicTaBATH cefe GU3ATECKMi CMEICI 3TOTO BHPAaKeHHS,
pa3obbeM BCIO MEONNOPOAIYI0 CPEXY OT z = 2, 40 2 = oo 1a Goablloe THCIO
o0YeHb TOHKAX CJ0eB, NPOCTHDPAMMUXCA OT Z, 70 2;, OT 2; J0 25. OT 25 A0 24
B 1. §. PazoOsem unterpan (25.34) Ha cymmy AHTerpanoB, Kamgmil 113 KOTOPHIX
pacnpocTpaHfieTCA 11a OTAeNLIIE CcloH

Vi (z) = — i"r(z) exp (2i gde) dz — Sy(z exp (2i {de)
2o 2, z: £ &)
e — §+17(z exp( S de) dz—... (25.35)

n
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Paccmorpam mHTErpan ot 2, 40 2,,,. ECIH B3ATH 2, H Z,,; JOCTaTOIHO GJH3-
z

KAMH, TO BeJWIAHA exp<2i SBdZ)B npefesiax sToro cliofd 0ymer MEHATHLCA Malo
2o

H ee MOXXHO BHHeCTH 3a 3HaK HHTerpa’la Npn 3HadeHHH, cKaxeM, z = z,. Ocraio-

muiica HHTerpan or y (z) npm ydere (25.17) 3amamerca

o LY
* _ 1 ¢ 1 dq

5 T(Z)dZ—T 5 TTCZZ.

z'l z'l

CHoBa, BHHOCA 1/¢ 3a mHTerpas npn 3Ha9eHRAA ¢ = ¢,, HOJYIaeM

o 1 g q q
q nel — In
7 (@)dz = 99 g = Int "
IS ) 2qn R 2z 2qn
™ “‘n

3neck BcaeacTBre GnmsocTh 3HaYeHAH ¢, B ¢,,,, BEANIAHY 2g,, MOKHO 3aMEHATH
Ha qn. + qn+1-
B pesyarrare ana n-ro wiena B (25.35) momydaem

_ 'Sl 7 (z)exp (2i §de) dz = _g_:;’_:i exp (zi ZS" de) . (25.36)
; R p

n

N

Orcioga sEamM, 910 n-it 9ien B (25.35) npeicraensier coGolt BoNHY, oTpaskeH-
2

»
HyI0 OT cnof (2,, Z,,). Ilpa stom daxtop exp(2i Sde) Jaer HabGer ¢asu npm
20
pacmpocTpaHeHRAR OPAMOM BOJHH OT Z¢ A0 2, H OTPakeHHoH BOJHHK npH o0paTHOM
npobere. Parrop xe (¢, — ¢n,1)/(gn + Gn.1) ODPeacraBiser coboilt KoaddrumenT
otpamenns ot cloda. Ecnm npeacraBaTs cebe, 9To HamA cI0A ABIAITCA OJHO-
poIaiHMA, a A3MEeHeHAe CBOHCTB Cpefn OPOHCXOJAT Ha AX PAHAIAX, TO HOCIeA-
Hee OyJer coBmajaTh ¢ H3BECTHHIM BHPaj)ieHHeM MJA KoapPrumeHTa oTpakeHHA
Ha TpaHHIeE pa3fge;a ABYX Cpel.

Takam obpasom, Beipa;kerme (25.34) npemcTaBiasieT coGoit cymMMy BoJIH, OT-
PasKeHHHKX B IOJYOPOCTPAHCTBE Z,. 00 H CYMMHDPYOIIAXCA NIPH Z = 2o Kaxkgasd
co cBornM Haberom ¢asn. B nroM npuf.imrennn npsaMas BoJNHA, PacopoCTPaHAI0~
MAsACA OT 2 = Zg K 2 = 00 1 «TeHePHPYIOMasa» Do JOPOTe OTpakeHHHE BOJIHH,
npeAmoJaraeTcA AMeOIe# HeM3MEeHHYI0 aMIianTyay, paeayio 1, T. e., ee ocaab-
JeHneM npeHeOperaerca. B caeayompx npuOAMKeHHAX YTIHTHIBaeTCA KaK 0OC-
nabnenre NpPAMOM BOJHHE, TAK M MHOTOKDAaTHHeE OTDaKEHHSA BOJH B DPa3HHX
CIOAX.

B saknioueHne oTMeTmM, 9T0 mof KoapdmmmeHTom orpaskeHmA V (z) Mm mo-
HAMaeM OTHOIMEeHHe KOMIJIEKCHHX aMIJIATY] OpSAMo#t A obpaTrHO#l BOJH ¢ ydeToM
¢a3u Toit m gpyro#t Bonum. Tax, Hampumep, eclEm OH DPH HEKOTOPOM 2 = Z,
B ofHOPOAHOH cpefe Obla pacmogdoskeHa aOCOMIOTHO OTpaj<alomas NIOCKOCTD,
A Kotopoit V = 1, To npn z = z, nam Koa@RIHEHT oTPakeHNA 3anHCaIcA OBt
B BHJE

V (z0) = exp [2ik, (2, — 20)].

Jro BHpa)keHHe cpa3y HoJyJaercAi ODPH RHTerpmpoBaHmm (25.30) mpm y =0
A rpanggHoM yciaosan V (z,) = 1.

HerpyaHo BAAETH, 9TO €CHH TOUKY, AJA KOTOPO# onpegensercs Kod§dunaeHT
OTPaskeHRA B clydae OTPa*keHAA OT HeoJHOPOJHOTO CJOA, NIePEHECTH U3 Z = Z,
BZ = zo — A, npHYeM Kak Z,, TAK H 2, — A Jesxar BHe o0JacTh, Iie AMEET MeCTo
8aMeTHOe OTpa)KeHHe, TO CIpaBeJIABO CleIyIOMmee COOTHOIIeHHE MeKAy koapdn-
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OUuelTaMna o’rpa;ReHnﬂ B 3THX ABYX TOYKaX:
:
Vi(zo—A) =V (2) exp(— 2i \ de). (25.37)
QL

25.6. CpaBHeHne TOYHOTO H NPHGMCKEHHOT0 METONOB DacdeTa Ha KOHKPeT-
‘HOM mpmvepe. B KadectBe mpaMepa paccMOTPEM HOPMAJdbHOE Hafenue 3JIeKTpo-

MarmiTHod BOJHH I1a ciloi, mpocTapanomuaiics ot 2 = —L/2 go z = L/2, B Koto-
PO NOKa3aTeldb NpEIOMIeNds MeuseTca Ho 3aKony
n=A4A[4 4+ L+ 1217, A=njll —ny), (25.38)

a 32 HpeeyaMIl 3TOTO HIUTE[BaJa UMEeT NoCToAlNLe 3nadennsa, pasiue 1 upm
2 << —L/2) u ny (npu z > L2). Beegenuste sutme dyuxnan p (2) u v (2), a Takme
g 1t ¢; 31ech OVANT 1MeTh 3uadeHns B = kyn, vy = n'/2n, ¢ (2) = nk,, ¢, = nk,.
ATOT c.a1vdail oTHOCHTCA Taxie H K aKYCTHKe, €CTil NOoKAa3aTeNb NPEJOMJICHHA 71

P
&Y

K
C" -

Pue. 254, Cpapireiitie peayan-
TATOR TOMIOrO I MPHOMILKCINGO-
ro MCTOMOB pacucta Koadgui-
eNTA OTPAKCHIIA

! N
NN

IVt 1)

L1 1 i L
G2AIGVEE [T 2 F 4 5 870 Kyl

fr

—r il

Y

3aMellTh Na BEeIMIHIY PoCy/pC, THE Po I € — MIOTHOCTEL CPEH N CKOPOCTDL 3BYKa
B Heil npu z < — L /2. llpu Beunc.TeMuAX Mb OrPAUIIYIMCA BTOPLIMI NpUS1asKe-
HEAMI B ofomx merogax. Toumoe Boipasieune 114 Kooddmmuenra oTpajieHEs
B 3Toy caydae gaetcA dopmynamu (20.46).

Ha pnc. 25.1 mpuBenenm pesynsraTel pumcaIeliiii mony:.1a roaddammenra
orpawenusa p = | V| opu n, = 2. Ilo oca opanuar or;103eHo p B HaTypPaJbHOM
macmrabe, mo ocu abcumce koL B morapadmudeckom Macmrabe. IlynrrapHas
KpHBas BWYMC.I€HAa N0 NEPBOMY MeTOAY, CILToMINaA — no BropoMy. IIpm mMamakx
koL obe xpuBHe coBmazalT APYT ¢ gpyroMm. lla pmcynke ne namecena Kpapas,
BHTIC/TeHHAA 0 ToTHod (opMyNe, TaK KaK olla OPaKTHIECKI HAJOKHIACH OH
Ha cniomuylo KpuByno. OxasniBaeTcs, 9To B 3TOM c.iy9ae BTOpoe NpUGIH:keHRe
BO BTOPOM MeTOfie NocJeJoBaTeNbHLIX HpHOMIGKeunil npi Bcex 3uadeHmAX KoL
JaeT 3HAYEHHA p, OTAHYAlOmMUEcA OT BHIHCICHHBIX Ho ToYHod dopmyne He
Oonpme wem ma 1%.

Ilonydennoe npubqamsenunM nyreM 3Havenue koL. 114 Kotoporo Koaddn-
TMHEHT OTDPaKeHHAA p o0 pamaeTca B HYJIb, COBOAIAET C TPABAIBILM ¢ TOTHOCTHIO
mo 0.02%. W3 pmcynra BEmHO, 9To NepPBHil MeToI NociefoBaTeAbHHIX nprOIRA-
MeHHil MaeT yJOBJCTBOPHTENIBHHH PE3YJIBTAT TOALKO 10 kol =~ n/4.

3aMeTHM, 910 B pacCMOTPeHHoM cilyd9ae QyHkmus y = n'/2n ameeT pa3pHB
Hellpe PRIBHOCTI Ha rpannunax cixos. HecmoTpa Ha dTo, mpessioxKeHHEe BpiIe Me-
TOAL NOCJEJO0B:.TeIBHNX NPUONAKEHAH ITPEMEHUMBL.

Cpasuenne TodrbX 3Ha9eHAR 114 Koadduumenrta oTpaskeHns ¢ I0ayIe HHHMA
OpHOINACHIBIM ITHTErpHDOBaHHeM ypaBHenHA Pnkarrm ansa gpyrnx ciydvaes
cM. B pabore [155].

25.7. Orpasenne BOJIHHI OT HEOTHOPOXHOro NoJympocTpanctsa. IlpameHnm
BTOPOIl MCTO7 mOCJeJOBATEbHEX NPHOIMKeHA# 114 BHIECIeHAA Ko3dPrimeHTa
OTPa;KeHH A OT HOJYNPOCTPAaHCTBa, B KOTOPOM KBafipaT moKa3aress NpeJoMiIeHAs
n3MenAercA No JAHeAHOMY 3aKoHy. I[lpeanonokaM, 9YTOo 3TO HOJYIPOCTPaH-
CTBO B IJoCKocTH z = () CONMpPHKacaercsi ¢ OJHOPOJHHIM IIOJTYHpPOCTPAHCTBOM.
3aBncnMocTh mOKa3aTeds mpeloMIeHHA n (2) = cofc (Z) oT KoopmgaHATH z Gymer
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namsatbcA dopmymnamna *
20, n=1: 2>0, »*=1+4 az (25.39)

BonHa mpeamosaraerca majaomeil m3 ogHopodHo# cpPenH. Yron majgeHHASA
‘HaK U paHbmie, oGo3Hadnm gepe3 U, MH mpegmososxmM, TaKike, 9T0 BeJHIAHA @
JocTaTo9Ho Maka [cM. mepaBeHctBo (25.47) Hmmel. 3To mo3BonmT Ham orpaHm-
9ATLCA NEePBHM NPAOIHMxeHHEM, JOCTATOTIHHM JA MHOTHX NMPaKTHAYeCKAX IPH-
MeHeHRH.

B supamennn (25.34) mns Kosddnmmenta orpasxenma npamem z, = 0. 3To
OyJeT CoOTBOTCTBOBAThH NPeJNONOMKEHNIO, 9TO TOUKA, B KOTOPOM BRYHCISETCA
K02 duIAERT OTPaKeHNA, Je/KAT B miIockoctd 2 = (), T. e. Ha rpaHANe pa3fena
oxHOPOIHOH n I1eoJHopoANOH cpen.

PaccMoTpAM 174 ompefesieHHOCTH cJydaff oTpaKeHAA SJEKTPOMATHATHOM
BOJTNL. B KOTOPOH BOKTOD JJE€KTPMYeCKOT'0 HOJA HampaBieH nmePrneHIAKY.JIADHO
minockocth nmagenns. Oynknun v (2) u B (z) B (25.34) cormacno (25.17) r (25.3)
3anumyrcA

3(3) =k Ve (z) —sin®it, =k Vecos® i, |-az ,

(25.40)
T — 3728 = ajk(cos* B, + az).
Tenepr ns (25.34) noayvaaem
Vo=— T(ZS 'ﬁ:;‘exl)(zi/"" \ Vcos® ik, - az r"';l . (25.41)
0 i}

3aecns ML AMeeM

2\. Veostth, — az dz = T/:;' [(cos® & + az)*?); = Té' [(cos® B, + az)*2 — cos® B,].

(25.42)
BrerieM BMecTo z HOBYIO mepeMenmHYI0 { B COOTBETCTBHH C PaBEHCTBOM
4k 5 . . =
- [(cos? 1, - az)32 — cos® ] = if. (23.43)

IIpexent mHTErpHpPOBaHMA 1o Toii mepemenHoit 6yayr 0 m — ico. OmHako, mo-
CKOJILKY B 9eTBePTOM KBagpauTe ILTOCKOCTH (e CONEPHIATCA HAKAKAX 0COOBIX
ToYek HOJBIHTErPaNbHOM (YHKIMII. ITHTeTPNPOBaHHe mO MHHMOHA ocu oTr 0 7o
—ico MO/KHO 3aMEHHMTL HHTerpHpoBalifieM Do BemecTBeHHoll ocy ot 0 o oo.
B peayasrarte Beipa:kenne (25.41) sanucwhBaerca

[~

V= S(cos B + Lg) e=sdL. (25.44)
0

3,'10Cb ooj HHTer paJioM NpoH3BeJeM pa3do-KeHre IO CTEeNeHAM C

3n ..\l 1 3a it 9a2 &2 \
3 R 1 (1 _ e _
(cos ¥ + 4k, L’) cos? &, ( 4ky  cos3 Oy 16k? cos® @, o )

._*,_

@ BOCHOJb3yeMCA 3HAaYCHHeM HHTerpaJla (p — nejioe ‘IHCJIO)

[~
2

\ estraas = (p— 1) !

0

* B § 21 paccmoTpeno Tounue peweHse 3Tolt 3aaaun, Tpebylomee UpUBIeYEHNA 3HAYNTENb-
&0 Goflee CIOKHOr0 MaTeMaTHYECKOr0 auuapata.
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Torna Beipainenne (25.44) mna Koaddmmuenta oTpaReHAS 3aniCHBAeTCH
—_ a 3i a 9 a N2 -
T= m— N P e S e — 2: _/
V Bk, cos® 3, [1 4 ( k.COS*{},) [ ( o COS U ) T m] . ( ) &5)

Tax Kak B namem BhBosie mpenonarasiock, 9to | V |2 <€ 1 [ro:tbko npn oo
yciopin cnpasesiaBa  dopmyna (25.34)]. To, ciemoBaTeabllo, BeIdNHA
afkqcos®y mommkua GuTH MaNoit mo cpapHenuo ¢ eqnunneid. [Toatomy Bece Taenst
B KBa/JPaTHO# CKoOKe KpoMe efAHHIB MO;KHO OTOPOCHTH, H MK HIOJYydaeM

V = a/8iv, cos® §. (25.46)

OToT pesayasrar coBmagaer ¢ dopmyioi (21.27), momydennolf Goiee CAOMHBIM
metozoM. JlnA cnpaBemnmBocTh (25.46) HeoGxomiMo, KaK MH BIIHM, BBIIOICHAE
HepaBeHCTBa

ajkycos® By, < 1. (25.47)

J1a caydas HopMalbHOro Dafenns BoJuk Brpaskenue (25.46) 6uio noaygeno
eme P. Tancom [158]. Ognako P. Canc m nociegyomue aBTopH TPaKTOBAIIl 3TO
BHpakeHHe KaK Kn3PPHIEEeHT oTpakelns OoT TPAHEUB pa3fela oJHOPOmIOH B
Heoj10pPOJIIOH cpey, T. €. OT IPAHALB], TJe TPAaJHEHT JAIIEKTprnIecKoil mocToAH-
Hoil TepnnT pa3puB. [Ipm atom camratock, 9To HMeeTcA GIA3KasA aHANOTTA MEKIY
OTpaskeHHeM B PAacCCMAaTPHBAEMOM CJIyJae H OTpajkeHHeM BOJHH OT I'DaHHIH ABYX
ogHopogHuix cpex (popmyna Dpenens), TolrKo B NEePBOM CIydae OTpaxeHHe
LPOACXOJAT OT FPAHHIH, IJe TePOAT Pa3PHB IPaJHeHT JHIJIeKTPHIecKo# mocTo-
AHHoII, a BO BTOPOM Cly1ae — OT IPAaHAINH, Ha KOTOpoil cKagkoolpa3Ho n3aeHs-
erTcA caMa JH3JeKTpudecKaA mocTosimHaA. M3 Hammx ¢opmyn (25.34) m (25.41)
BH/IHO, 9TO B JAe¢HCTBATEJLHOCTH B DEPBOM Clydae oTpaskaeT He rpammma z = 0,
a Bcé HEOJHOPOJHOE HOJYHPOCTPAaHCTRO.

Taxk, B wacTHocTH, mo lancy, oTpaskenue moT:&io Gnlto 6K NCIE3HYTE, eCan
¢yurumo n (z) crmagate Tak, 9To6H dn/dz GBUIO HenmpephBHOII QYHRINeH 2z.
[lonr3yscek :ke HAamMEMA Pe3yAbTaTaMH, JTErKO MOMKHO IOKa3aTh, 9TO CI.IaKMBa-
HEe cxadKa dn/dz Ha maTepBane Az, MaloM mo cpaBHeHRO ¢ 3dderxTARHOI AIAHOIN
BOJIHH B HampaBJIeHHH Z, PaBHO# Ag/cosy, HMKAK He CKasmBaeTCA Ha 3uadeHHIT
Koaddammenta orpaskeHnm.

25.8. O meoHO3HAYHOCTH Pa3fueHMsA MOTHOFO MOJA HA NPAMY H o6paTHYIO
somunl. Bo m30exkanme HemopasymeHmil HeolXoJuMo HMeTh B BHIY, ITO YDaB-
HeHAA MOJIA, A3 KOTOPHX MK HCX0AHM (ypaBHeHAs 3ByKoporo moua (19.1) wiu
ypaBHenne MaxkcBenna (25.9)) ompegensloT ToJNbKO MmOTHOe 3HAYEHIE MOAA.
PazGmenne ;e mociegHero Ha cyMMy Iajaiomeir B oTpajeHHO{l BOMI, Kak 3To
CIeJaHO BHINE, CONPAMEHO C HEKOTOpo#l CTemeHp0 mpou3Boaa. Mckiouenmem
ARIAITCA JHIb CIYIAH OTHOPOIHOM CPeIH ILTI ¢Pefbl ¢ MeTTeHHO MeHAIOIIIIMIIC A
cpoiicteamm. TonpKo B HEX moJie ofHO3HadIo MOkeT OHTH pasbHTo Ha BO.THEL,
pacnpocTpaHAom@ecss B Ty A JPYIyi0 CTOPOHY.

B neognopoaiioit cpene Gerymeit BosiHO# 06HYHO HA3LBAIOT BHPajkeHUe BHJIA
A (z) exp i® (z), roe A — amMoaaryga Boams, a @ (2) — daza. Ogmako ato
BHIpa;keHHe, eCNH ToNbKo A (z) He ABAAETCA NMOCTOAHHOE HIM MEIJIEHHO MEHAI0-
meiica GyuKmeH, MOMET ¢ TAKAM Ke YCOEXOM IPEACTABIATH Co00f H CTOATYIO
Boiny. Uro6u yGeJHThCA B 3TOM, PacCMOTDHM CJIEIYIOMA#A NPHMEP, YRa3albit
C. MNlenkyuosum [229].

ITycts Mu mMeeM $yHKAIO

E (2) = cos Bz -+ € exp (if2). (25.48)
IIpn ¢ <€ 1 ata QyHKAA ONACHBaET BOJHY, ABASAOMYIOCA B OCHOBHOM CTOA-

qell, Tak KaK JOMAHADYeT nepBuil ameH. OgHako aTo ke BHPa)KeHHE MOKHO
NIpeCTABATh B BHIE

E (z) = A (2) exp i®D (2), (25.49)
152



rae

A@) =V + €)cos® Bz + &? sin? Bz,
® (2) = arctg [e sinBz/(1 4 ¢€) cos Bz).
Tem camuM 3T0 BHIpaskenme Kak 6n mpmoGperaer BEj Geryme# BoNHH.

Ilone B HeogHopoaHoit cpege B ofmem ciaydae Bcergja MoO)HO NPeICTAaBITD-
B Bage A (z) exp i® (z), Ho pa3meNHTh OJHO3HATHO 3TO BHIPAXKEHHE Ha CYMMY
«OpAMOi» H «OTPaKeHHOH» BOJH He NpeAcTaBiIAeTcA BO3MOKHEM. Bomee Toro,
TaKoe pa3fesieHye B 00meM clydae He mMeJN0 GH HEKaKoro H3HIECKOTo CMHICJA.
Ilonamanme aToro MHOTJA OTCYTCTBYET fasKe B BecbMa COJNHAAHHX paGoTax mo
pacmpocTpaHeHHI0 BoJdH. B gacTHoCTI, 3THM OGBACHAETCS OfHA CYIMECTBeHHAA
omubKa B y:Ke ynomAunytoil sume pa6ore P. Tanca [158]). Uccaenya noanoe or-
pakeHme BOJIHH B HEOMHOPORHOH cpefe, OH HOJydaeT COBEPIMEHHO MPABHIBLHOE
BHpaKeHHe JAA Noas BGIHSH ToUxn moBopora: w'® [¢™ H{)(w) 4+ HE)(w)].
B a10M BHpaskennnm on camraer wien w':HiY (w) nagaomei BoTHo#M, KpYToil ke
qJIeH — oTpakeHHo# Bosuo#t. OcHoBaHHEM [JIA 9TOTO €My CIYKHT TOJBKO ToO,
4TO BOAJH OT TOYKH OTpakeHHS (w — BeJHKo), Ile NPEMEHAMa reoMeTpHIecKas
ONTHKA, 3TOT WJIeH MePeXofuT B Mafalmyio, a APYrodl B OTPa:KeHHYIO BOJHEI.

OnHaKo MOYKHO NPeRJIoKUTH MHOTO CHoCOGOB PasGHeHMS BHOHECAHHOTO BHIIIE
BHpaKeHAA Ha (MafalomyIo» H «OTPa’KeHHYIO» BOJHBI, Ka)KIHHE 3 KOTOPHX mpm
w — 0o GyfeT MPHUBOAUTH K OQHOMY H TOMY jKe Pe3yJbTaTy H aBaTh COBepIIeHHO
pasIMIHHEe 3Havuemns mJaA Toir m gpyroél Boaum mpm w << 1.

B pesyasrare cBoero ommGodHoro mpegmonoskenms P. Iadc mpmme:a k an-
IeromMy BCAKOTO CMHCJA 3aKJIIOIEHHIO, 9TO B TAK Ha3HBaeMOH «TOYKe oTpaske-
mis» (To9Ka, cootBeTcTByomasn w = 0) magaomud u oTpaskeNHHE JyIH cocTaB-
NA0T MesKy cobolt konednmil yron (cM. o6 9rom Takse B § 14.6).

25.9. Ina BonEnI [aHHOW 9YacTOTH BCErfja MOKHO HAlTH HEOTpaskalougiii
croii. B sakmiodenme nmaparpada Mm moKakem, coriacHo B. Kodmury [184],
4TO MPH 3afaHHOA 9acToTe BOJHH BCEr[a MOKHO YKa3aTh CJOH ¢ TaKEM pacOpe-
ReJleHHeM DapaMeTpPoB Mo ero TOJMEHe, 9T0 OTPasKenHe oT Hero Gyaer oTCyTcTBo-
BaTh. [INA IPOCTOTH PaccMOTPHEM cJIydait HOPMAaJbHOTO MAfJeHHs BOJOH 1A C.10H.

B § 23 6mno mokasano, 4ro BeipasieHEA (23.9) ABAAOTCA DPHGIAKENIILIME
pemennamu ypapHennsa (23.1). ecan pyuknus n (z) ABAAETCA FOCTATOTHO MEIL1€H~
Ho mensomeiica. HemocpeierBenHolt mogcTamoBkoii JlerKo MoKa3aThk, 9TO BHpa-
aeHrA (23.9) ABIAITCA TOIUBMI pemelnAMI Y PaBHeHHA

¥ - kENT = 0, (25.50)
re

. n” 3 7 \2 - =
N=n2(2)+ P(G), F(2) EE}C—;[T ——2-(%-> ] . (25.51)
Ecxn npegnmoiomurs, 910 OpE 2 = -+ oo Beamuuma n (z) OpEHAMaeT HOCTOAH-
HHe 3HaveHmsA, To P (z) B oTEX o6GJMacTAX GymeT HcIesaTh.

Cunoli, moKasaTeJb OpeJoMJICHHA B KoTopoM paBen N (z), sABiflercA ajiA da-
CTOTH @ HeoTpakalomuM. B HeM He3aBHCHMO APYT OT APyra, B OPOTHBOMO.IOMK-
HEIX HallpaBJeHHAX PacOmpocTpaHaoTcA Ase Boiuu (23.9). Hrax, ecan B3ATH He
obpamanmyocsa HETAe B Hyab QyHKOMIO 1 (2), To U3 1ee MoxHo No (25.51) Haiitu
N (z) nna caos.

Jlna mpmmepa paccmorpEM caydail, Korma QyHknmaA n? (z) 3agaercs mo Im-
mTeHy, a HMeHHO:

g & g, —2a1 mz €8 4., MZ -
n? (Z) = 3 + 3 th T + —4-ch ZT , (23.{)4)-
aro cosmagaer ¢ (20.18), ecan monowmre €, =1, e, =1 — N, e, = — 4M,

n® = k2 (3)/k3.
Jna mobaBodaHoro WwiesHa 7 (z), CBORAMNEro oTpakeHHe K HYJIO, NOJydaeM,
noxpcraBaAsa (25.52) B (25.51)

P(z) = —a(2) S [(e1 + &2 + &3) + &26™" - 1772, (25.53)
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T

¥(z) = '%‘ [(es — 31)’ + 23;] + 2e4(ey 4 £1) + [&; (82 — 8) — £,84] ™ —

2
— [es (e — &) +e185] €™ ey (e, — &) th 25 — TLen2 M2 (25.54)

Beanmamua S, nponopnHoHAJBHAS TOJIHHE CJIOA, AMEET TO Ke 3HAYeHMe, ITO
m B § 20 [em. (20.19)].
Ma (25.53) mu BEgEM, 9T0 K0GaBOYHHEA Wien ofpaTHo mpomopmmoHa’teH S3.

Taxkum 00pasoM, OpE GoJBIIEX TOJMEHAX CIOA jJaze neGosbmae goGaBKA K 8
ROCTATOYHEI, 9TOOH CBECTH OTPA’KeHHe K IIYJIO.

7lz)

Pnc. 25.2. Tpaduk nodabouno-
ro wieHa, CROJAAINEro K HYIIO
OTPAKCLie OT HePexoHoro CloH

~80%

Pacceyorpum moppobuce o6a mccmegopanusx B § 20 ommTeifiioBCKEX caygas.

a) Ilepexonuoit cnoit (e, = 0). Koadbdumueur orpa:renna B 3ToM caydae ga-
etca popuymoir (20.44), rne n. =V ese,. HoGapouumit wicH, cBogAmEi oTpa-
yReHne K HyI0, OymeT

1
— e

e (€2 &1) €M7 — 07 - ,
P (Z) =5 [e2(d +e™) &1 (2 ™2 = PR . (-555)

Ha pmc. 25.2 pobGaBounniit wnen P (z) usobpasren rpapuueckn gag § = 2,
e, =2, & =1 [184].

MarcuManrHoe NOJMOMITENBbIIOE 3iadelie T00aBKI. IMepmee MeCTo OpH

mz = —2, coctaBasger (0.0232, a marcnmyaiLHOe 1O MOIV.TI0 OTpHIATEIbit0e 311a~
, A P

T(z2)
q0%

L T 1 ! ', Puc. £25.3. To e, uto i1 na

-7 -5 -J \/ ] 7 5 mz pre. 25.2, no [LTA CHMMCTpHY-

1H10ro CJOA

~40%
~408,

wenne (opu mz = 0,73) cocrapaser —0,027. 3uavenne § == 2 cormacuo (20.20)
o3ravaeT. 910 s(PeKTNBUAA TONMANA CIOA cocTaB1seT mpuymepno 2/2. Tar Kak
noGaBognniil TNeH o6paTHO HpomopmEonanen S 1 Ha puc. 25.2 on nsobpaten Lua
S = 2, To gas Bcex ppyrux snadendii S oH GyaeT mo.aydYaThCA 113 3TOTO PHCYHKa
myTeM yMHOsReHHA opauHar na seamamny (2/S)2. Tax. mpm S = 20, xorma ag-
dexTHBIAA TOIMAEHA cIos cocTapisger npumepno 104, 106aBKa K € He NPeBHIIAET
snagenns 0,00232.

6) Cumuerpranpit cioit (e, = ¢,). Hoapdmuuent orpaskeHMA oOT cllod fa-
erca dopyymamm (20.50) m (20.51). JloGaBounsiii wireH, cBORAMHUE OTpakeHHE
K HyT0, Oymer

P(z) = — DS (38, - &5) + 271€™" L £,77) 2, (25.56)
rue

1 2 2 . . mz
D== T(E]_ + 283) + 683"1 *f- ..).81 (81 — 83) e —
2
~ 3 ms €3 ., Mz
—el(el—l—es)e mz +-2—~1°3th—:—2—' —-z—th —-—2—'
T'padmaeckn aror wren mpu S = 2,8, = &, = 1, &; = 8 msobpaxen Ha puc. 25.3.
Mui BEOEM, 9TO KaK H B clIydae mepexogHoro cios, fo6aBke k n® (z) HeBenHKH,
maske oA S = 2, m GyAYT TakdKe yMeHBIIAThCS HPH YBeJIWdeHHH S.
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I'naea IV

OTPAJKEHMUE U NPEJOMJIEHUE
COEPHYECKHX BOJIH

B Teoprm pacmpocTpaHeHHA DICKTPOMATINTILIX B 3BYKOBHIX BOJH, KaK Opa-
BH.I0, HAO0 YINTHBATH KOUEUIYI YAATeN0CTh MCTOIHHKA BOJH KaK OT IPHEM-
HAKAa, TAK H OT TPaHNI pasgesa cped. Wiaccnmueckoidt m mpocrefimeit sagageif
TaKoOr'o pofila ABIfAETCA 3afaua O Ho.¢ TOTEMHOro HM3NydJaTeids, Pacmodo:KeHHOTO
HA KOHETHOM YHaJeHHH OT HJIOCKOH IpaHIIB pa3sfela ABYX OgHODOGHHX Cpef.
JlpyrumA ciaoBaME, aTo 3afada 06 OTpa;keHUU M MpeNoMIeHHH cHepHIecKoR
Bo.anpl. Eif m 6ymer nocBAmena HacToAmAanA r;1aBa. BoepBHe aTy sagady AxA dJeK-
TPOMaTHETHHIX BOJIH CPaBIMTE.IbHO moJitto paccMorpen A, 3ommepdensn [240].
B nansueiimes mossmamcs dyngamentaannnie paboru Beins [263], B. A. doka
(cm. [99], raaBy 23, orpeiaxrnpoBaunyio (Doxom), M. A. JleouroBmua [58],
M. A. JleonToBdaa m B, A. Moxra [59], A. Dauroca [109]).

Hu:xe Mu 6yaem coiegosatsh B ocrioBuoM csoim paGoram [7, 8]. IIpn momomu
M3.10;KeiHOTO B IIHX METOA MOKIO ¢ eqHUOH TOIKH 3peHUA HCCIeqoBaTh CIydaH,
paccMaTpHBAaBIIOeCS [0 CUX OOP pa3.IHIONMI MeTogamu (Hampmmep, caydaH
M8JyvyaTeNs Ha TPAHHOe pasgesa M OOAHATOrO NM3NydaTelNf, clydail ymMepeHHOH
u 60.ThIN0# DPOBOEMOCTH OfHOM B3 cpeq, aKYCTAYeCKHH cydal B T. [1.). ITHM e
MeTO10M VAAeTCSH PemMTh 3afavdy o NpeiomieHud chepmieckux BoaH. OcroBoi
MeTola ABJAETCA HCOOb3OBAlEe W falblieiillee pa3BETHe NIpepnyoskeHmsa Beiins
[263] o pasmomcenun chepmaeckoit BonHH Ha miIockue. Mu Gygem paccmaTpaBaTh
JHMDL cayuail rapmormtmmeckoii Boduel. Teopus oTpaskenus cdepuaeckoro M-
oyasca paspuTa. manpusep. B padore J]. Tayua [252]. Hexoropse ocoGeHHOCTH
OTPACIIA OT MIOCKOLT TCPAIIIH IMINILCA, U3IY494CMOTO NIIICHHBM HCTOTIN-
KoM, Hcciemopannt B padnte A, Hupea [210]. B gactioerst. Tetaanio mpoanaJu-
BUPOBAIK XaPAKTEPUCTHRI BCTVILICHIIH oTpadcintofi 11 upeioyremof Boa I
CPABIICIIBI C TEMIf. KOTOPHIC paiiee SN HALIeHb B IPHO. IR I TeoMeT pHIeckoi
arycrurn @pugpuxcom 1 Reaqiepon. lHekoTopsie TeopeTiiaeckue H dKcOepHMEH-
TAIbHLIE Pe3V.IBTATH. OTHOCAMNECH K OTPAKCIII AKYCTHIECKHMX BOIH, CAM.
B paborax [176, 189, 227).

§ 26. Cdepudeckue BoTHH

26.1. IMose @dMeMEHTAPHOrO HSIYATENA DICRTPOMATHHTHRIX BOIN. JJI€MeH-
TapHBIM H3aydaTedeM NIeKTPOMATHITHRIX BOII ABJIAETCA, HaOmpHamep, nepemMen-
HBll 2nekTprueckiil gumont, Hamommmy, 9To BeKTOPHBIA NOTEHIIMaj NPOH3BO.Ib-
HOM CICTeMH ToKOB Bhpa;naeTcsa dopmyioit [89]

-
A= _1-5’_(i_>"_ (26.1)
C r

TpIYIeM HHTEerpIpoBaiie npoi3BoIITCA OO 06’!:eMy BCeX TeJ, Ir'ae O.IOTIIOCTh TORA j
OT.1I9IIa OT HYJA, a r — paccTodAllle OT NPOHU3BOJBIIOTO aJqemerTa unrerpiupo-
paiiA dv 5o Toaxu nab:a07ennd. [Ipu oTom Mt moas3yeMcsa raycconoii clcTeMoi
€eIHIN.

B mpocreiimeym ciygae mepemennsiil 31eKTpHdecKME JUMOONL WM, KaK MHOIAA
TOBOPAT, JMEKTpHIECKUA BUOpPATOpP. MOkeT GBHIThL OpeAcTaBiell B BMAC HpAMOIH-
geiiroro oTpeska mpoBofa 1.1iuH [ (I << A), K KOHHIaM KOTOPOTO OPUJIOH{eHO Mepe-
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MeHHoe HampsmkeHme. Ilpegmonarass cuJIy Bo3HMKaoIero mpe aroM Toka I mo-
croaunoit mo gxauue I, dopmyay (26.1) moxno samicaTs B Buge

A = 1(¢t — Rlo)leR, (26.2)
rae R — paccrosnne ot cpegHed TOYKM JHNOJA N0 TOYKH nNaGiaiogenns.
3unaa A, ckaJApnbid NOTENIMAT ( MOKHO RAMTH M3 COOTHOMEHHSA

div A = — (ep/c) dgidt, (26.3)
mocne 9ero dJACKTPHYCCKOC H MATHMTIOE MOJA NaijlyTcs mo QopMyam
H-rotA, E=—gradg—— 2>, (26.4)

[Ipir nccmemoBauim noasA 3JeMENTAPHOTO JHUIOASA OKABBIBAETCA YA0GHBIM
BMecTo 1YY ¢yHrmuit A u ¢ nons3oBaThcA onuoil QyHRIIEH — BEKTOPOM
Tepuma II, gepes koTopyw A 1 @ BHIpaMAIOTCA CAEYIOMMM 006pa30OM:

A = (ep/c) 011/0t, = —divIl. (26.5)

Tpit aToM cootHomennme (26.3) yaosacrsopaerca asTomarudecku. Bekropa E i H.
Kar Jerxo sugers 13 (26.4) m (26.5), gepes rekrop I'epma GyayT BEIpasKaThCA TaK:

E = — (ep/c?) 02 11/0t2 4- grad divII, H = (#u/c) 3/0t (rot II). (26.6)

B (206.2) st cnenacs sameny Il = dp/dt, rac p — omektpudeckuif MoMeHT -
moaa. CpaBuupasg moJydawmieccs OPH 9TOM BRIPA;KEHHE ¢ NEPBHIM M3 COOTIIO-
menuii (26.5), MBI Dollydaem It gBHoc BuIpa;kemme 1J1s camoro Bekropa Iepma

t— Rle :
m= Pe_Ro (26.7)
nek

B paneueitmey Mpl GyJeM paccMATPHBATL IOYTH I[CKIHYUTEILHO CIHYCOR-
HanbHBEl BO BPEMEHH POWEIM (3ayveniid. 3aTaBag. Kak 11 BBIIE. 3aBICHMOCTh
oTf ¢t B Bisie dakropa exp (—imf). M mOIyyaeM

II = (popeR) expi(kl — wit), (26.8).

Ije p, — AMIOATYA UIOIBHOTO MoMeHTa. Takim oGpasos, mora3aHo. 9TO BEK-
top Iepua dnemenTapiioro m3nydaresss Bepa;kaeTcs B Bie cdeprIeckoli BONHBI.
Hoae mepsmgmoit cdepuueckoit BoMHB B pe3ysbraTe BIHAHHA HEOXHOPOTHOCTEH
cpelll MOYKeT CHALIo yeao:sHAThes. Ofnako Bo BceX caydafaN. DOJY9IHB BERTOD
Tepma aTtoro mons. Mbi Bcerga Mo;keM mepeiité k sextopam E n H mo dopyyviaam
(26.6). Bpuay Toro, 9To Taxoii mepexoy HMKorJja me mpeACTABIAeT IOPHHIIIHATIEL-
IBIX 3aTPyIUenuii, Mul ¢Bol 3ajaqy GygeM canTaTh peinerioii, ec1n 6yJeT nai-
aen sexrop II.

3aMeTHM. 9TO B cIydae CHHYCOMTAJALIOTG pOKIMA. RoTga 8/9t = —im,
yvpaBuenna (206.6) samnchBakTes
E =k - graddivIl, H - —(iosp c)rot I (26.9)

Herpyano mokasars, 9ro mocaermume sopakenna 114 E n H yronaernopaswor
vpaBrenuam Marcesesia (4.2), ecan sekrop II yiioBeTsopsaeT BOTHOBOMY ypan-
HeIHIo.

IMpusegennsie BHINC pacCy;RACHUA MONYCKAKT o01HO BaykHoe o0oGIleHye.
Moskio 3aMeTnTs, 910 ypapuenus (4.2) uMeloT onmpefeNeHHYI0 CHMMET DI OTHO-
curensio sekropoB E u H. TloaTomy oTuM ypaBuenusa y10BaeTBOPAOT HE TOIBKO
peipasrenus (26.9), wo takike M BRIpaKeHHA

H-- — I, +graddivil,, E = (isp/c)rotIl,, (26.10).
rae mo cpasienmo ¢ (26.9) poau E u H mepemecuenst (¢ ToTmocThIO 10 3HAKA).

Pemcnme (26.10) nasniparoT mMaTHMTHEIM pemenieM ypasheumi Makcserna,
a ourypupyomuii B (26.10) sexrop Il — maraurusnt Bextopom Iepma. 3agagmm
kR
e

7

Bekrop II, B Bume cdepudeckoii pomusl Iy = M
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Herpyano nokasats. 9to monydaromuecs npu atom u3 (26.10) E m H 6yayT mpea-
CTaBJIATh CoGON MEKTPOMATHIITHO® IOJIe HEPEMEHHOT0 MATTIHTIOOTO JMIOMAA C MO-
menutoM M. B camom gene, sagasas pansuie II 5 Buae (26.8) u nonnaysacs gopyy-
namm (26.9) gna mepexoga or II k E, Mpt molywanu Hose mepeMeMHOTo dek-
mpuyecko20 TANONA. ¥ KOTOPOTO JIEKTPIUECKUE CHIORbIE JIMHUH JICHAaM B Mepu-
AHOHAIBHHX INIOCKOCTAX, IPOXOAAMIX depe3 oCh AMIOJA, a MATHATIIBE CITOBEE
JEHMN coBmagadn ¢ muporHeMu Kpyrama. Temeps, mockonbky secra E m H
DepeMeneHH, MH MoJydaeM DJEKTDOMATIMTIIOC [0Je, B KOTOPOM MATHITHEHE
CUJTOBbIe JILAHH HampaBlelbl OO MEDILTIaHAM, a dJIeKTpHYIeCKHe CHJIOBBE JNHHH
00 UUIPOTHBIM Kpyram. JTo M GylJeT Io.1eM IepeMmelHoro MAaTHUTHOTO JHIOJA.

Hpakrmgeckm Takoit aMmons ocymecTnaAeTcS B Bue HOPOBOJOIION paMKH
MaJhX 0O CPAaBHEHHIO ¢ JJIMIONR BOINLI PAa3MEPOB, ¢ NPOTEKANIMM oo Heil nepe-
MEHIIBIM TOKOM.

26.2. JmemenTapHuiit m3nyuaTens B akycriike. B akycTure mpocredimum u3-
AydareseM ABIAACTCA OyaLcUpylomasn cPepa Maxoro pagmyca. 3ByKoBoe gaBJIeHHe
HJIN 3BYKOBOH DOTEHIIEAn HTOro H3JIydvaTelf Tak:ke OymeT BeIpa;kaTbcA B BINe
cepmgecKoil BoXHBI yKa3aloro Bouime BiiTa. KcaH cHOBa OrpaHHYNTBCA CHHYCO-
HIANbHBIM PEKEMOM I3IydaTeNs [ Npelmo.I0iHTh, 9T0 pajuyc cheps Maa1 HO
CpaBHCHINO ¢ AJIAHOI BOTILI. TO 3BYKOBoIl MOTenn4an na paccrosuun R or chepu
6ymer BBIpaskaThca (opmy.toit [101]

v = (Vy"anR) exp i (kR — @ f),

2, -
rae Vo = 4dnrgry — Tark unazpiBaeMag 00beMuag CHOPOCThL H3TYYaTeIfA. pPaBHas
OpPOH3BEICHHI0 ILTOMA,II cPeprl a AMILINTYIY ¢ KOPOCTH ee IIOBEPXHOCTIL.

B naasmefimen MH GyjeM m3yuars oTpaskentie I mpeiomiere cdepirueckoit
BOJIHE G€30THOCHTENBIIO K TOMY. KaKOE HO.1e. DICKTPOMATHUTHOC AN aKyCTide-
CKoe, ofla coboif mpeicTaB.IfCT.

26.3. Pasnomemise eepryeckoil BonaEM Ha mwiockne. TpyauocTs 3ajaqn o6
OTpasKeHMH W mpe.IoMiernuu cepuieckoif BONHK 11a ILUIOCKOH Tpalie pasiena
ABYX cpe;y o0ycnoBIMBACTCA pa3;iuMdHeM Me:k/ly cusmMmerpiiedfl BOJMUBI I BIUIOM
rpannnst. B To Bpesa xak pojna umeer cPCpHUCCKYIO CIIMMETPIO. Tpamiina fB-
JAETCsi MIOCKOM. FlcTeCcTRe Mo HOATOMY peliaTs 3ajlauy, pas3o;kus ceprdecryo
BOJIHY Ma ILTOCKIG, TeM D0.10¢ UTO TCOPIH OTPAYKCUMA [ MpPCIOMIEHIS ILTOCKHX
BOMH TeOepb 1AM XOpOlIO [3BecTia.

OrxnauiBas Beway Gakrop exp (—iof). a Taxske GarToput. xapakTe pU3y0IIe
MOIIHOCTh U3IydaTe1sd. cdepisdeckyio soauy sanuueM B piie e'*?/R. Hpennoaa-
rasi, KpPoMe TOro, BpeMeiiin. uTn I3IVYaTeTh UHAXOINTCA B laya’e KOOpAMHAT,
6ynem mmvers R =V 1t y° —2°

B naockoectm z = 0 moae cmbepuqecuoﬁ poanst Gymer umeTs Bux ef/r. rae
r =V % ¥ y® Pasaoxkny 510 moae B Boiitiofi murerpan @Dypbe Mo me peMeriM
THYy

ll\l >
ﬂ) Ak, k) @55y Qe di (26.11)
Iaa onpeneienus A (k,, k,) uMeeM corlacHo Xopouo u3BecTibiM GopMyam
p o By I PM}
X ikr : .
(20 A (ky, ) = § L oy, (26.12)

TlepeiineM K mOJIAPHLIM Koopauuatam ¥ o06o3iaduM

k.=gqcosy, k,=gsiny, q=Vki+kf,v
Z=rcosQ, y=rsing, dzdy=rdrdy, (26.13)

Torma nonygaesm
2

(22 A (ke k) = § do{ ertv-acose—o gy,
0

0



Harerpan mo r Gepercs alementapHo. Eciam, Kpome TOro, NpeAmoNOKHTh, 9ITO
B cpele AMeeTCS HEKOTOpoe, XOTA OH KaK yrofmo Majoe morjiomeHme, T. e. k
AMeeT NONOKMTEJIBHYI0 MHAMYIO 9aCTh, TO HOACTAHOBKA BEepXIero mpegela gaer
HYyJIb M MH HOJydaeM

2n

do ot ¢ dd
2n)® A (ks k) = S F_gcos(p—9) K § 1 —(g/k)cosd

HOJICT&BJIF[H 3Hadenme TaOIHIHOTO HHTerpaljia, HaxXOOHM
1 i

Ak, ky) = 5— 2n Vk’—q Ve = {26.14)
Takmm obBpazonm, '
ik z(k Xtk u)
e
: 1
- S\ T e dkxdk,,. (26.15)

Tak e, kKak aro genanocs B § 14 giaa orpaHndennoro nydka, mocjegHee BHpaske-
HEe, ONHACHBAIOIee Nojle B IJIOCKOCTH Iy, AETPYMHO «OPONOJKHETH? B IPOCTpPaH-
crBo. Kak maBectHo, Kaskpas komnonenta Dypre npu atoM OYET COOTBETCTBOBATh
B mpocTpancTBe miockoi Boane. C dopmalpHOM CTOPORH IpH TAKOM «IPOXOI-
FKeHHM» JOCTATOYHO B aKCIOHEHTE IOJ HMHTErpajioM f00aBHTH 9JIeH

+ikz, e k,=V i _ kK (26.16)

3HaK mI0C COOTBETCTBYET TOYKAM, JeKAmMuM B OOTympocTpaHcTBe z > 0,
BOJIHAM, PACHpOCTPAHAIMUMCA B HANPABICHHH MOIO:KHTEILAHX Z. 3HAK MUAYC
COOTBETCTBYET TOUKaM, MIsA KoTopHx z << 0. Takum oGpasom,

o

kR e rok ik dk
{ " .y (R
Z>O, eR ='F“ ez(kxx‘l\_,,uﬂ:.) \ v
Lo z
7 kR £ e Rl X
<0 F=w SS L1, (26.47)
Z
-0

IIpaBnapHOCTE IpPOJETAaHHOTO 3[ECh «HPONOJKeHHA» 0GOCHOBHBAETCA TeM, 9ITO
opapaf 9acTh HOCJHeJHEero BHpaXKeHHsA YHOBJIETBOPAET BOJHOBOMY YDPaBHEHHIO
(moCKoJILKY eMy yOOBJeTBOPAET MOALHTErPAJILHOE BHpasKeHHe) I TaeT NPABH.Ib-
Hoe 3HadeHme moixsa mpm z = 0.

Bripaskenus (26.17) a mpencrasasior coGoil pasioeHue chepiIecKol BOJHH
0O MIOCKEM. JKCHOOHEeHTA HoJ HHTETPAToM ABIfAETCA ILTOCKOH BOJHOH, Hampap-
JleHHe DACcHpOCTPaHeHHS KOTOPOH 3ajaercsA 3HAYeHHAMI KOMIIOHEHT BOJHOBOTO
BeKtopa k., ky, k..

B (26.17) mHTerpEpoBaHHe 0 rOPH3OHTANLHHM KoMOoHeHTaM k. m Ky BOJ-
HOBOTro BeKTopa kK MO3KHO 3aMeHHTH HHTerpHpoBaHHeM Ho yriaaMm U (p, XapakKre-
‘pHU3YOIAM HampaBleHHe PAacOPOCTPAaHEHHS KAaXKIOH K3 NJIOCKHX BOJH (CM.
pac. 26.1). Ilpm arom

k.=ksin8cosp, k,=ksin®sing¢, k,=kcos?. (26.18)

Hurerpaposanue mo ¢ 6yaem npoumsponuts B npefenax (0, 2x). Marerpuposanme
Oo § He MOKeT OTPAHHIATHCA BeIleCTBEHHHME 3HadeHmAME atoro yriaa. Coraac-
Ho (26.16), k, mamensgerca ot 3Havenusa k, = k opu k, = ky, = 0 go k, - ioo
opA k. — 4~ o0 mam ky— -4 oo.

Hocxonbxy corlacHO (26 18), mmeem cos & = k,/k, € Gyger mpm 3TOM MEHATDH-
caor % = 010 & = n/2 — ioco. Ilyrs mHTErpHpOBaHIA N0 & MH BHGepeM B BIIE
xoutypa I'y,, m3oGpaskennoro ma puc. 26.2,
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Ipu noMomum ¢opmyx mpeoGpazopaHHA mepeMeHHHX moaywaeMm dk.dk,/k, =

= kosintdide.
B pesyasrate pasiaoenme (26.17) Mosker GHTp 3aIIACAHO TAKIKE B BHIE-
kR . Tl n
e ik ik x4k y+k,?) o
230, = S | ey sin gata,
0 0
ikR g ety
2<0, Fm=-- 5 Se’("x""u""‘zz)sinﬂdﬂd(p, (26.19)
0 0

rae ky, ky, v k, BHpaKawoTcs 9epe3 & u ¢ npu momomm dopmyx (26.18).

TakuM oGpasom, MH BHJFM, 9TO B Pa3l0KeHAH CHepHIeCKOHA BOJHLI, KpPOME:
OOMYHHX BOJH BCEBO3MOKHHX HampapieHmi B mpeflemax yriaop 0 < ¢ < 2m,
O % < /2, comepskaTcs TaKyKe BOJHH, COOTBETCTBYI0I{He KOMIICKCHRIM yTaaMm §.

1
Tracuocms P50

Pac. 26.1. Pacnonomenne Bek- wk

Topa k B NIPOCTPAHCTBE I CMHCIT £ 7

yraoe ¢ n ¢ 7 —>3'
\ B2

Pac. 26,2, IlyTs unTerpmposa-

HHA B KOMILICKCHOH IIOCKOCTH

(4

Boxnn Ttakoro tmma, HasHBaeMHe TaKke HEONHODONHHMZ, OHIIH paccMOTpe-
HH B § 1. B Tourax & = n/2 — iz, cooTBercTBYIOMEAX KOHTYDPY HHTeTPHPOBAHHST
Iy (cm. pmc. 26.2), rne a — BemecTBeHHaA MOMOKHUTEIAbHAA BEIMIHHA, 3TH BOJ-
HH pacOpoCTPaHAITCA ¢ YKOPOIeHHOH LIHHOE BOJAHH BI0JAL HEKOTOPOro Haopas-
AeHAs B NJOCKOCTH Iy (3aaBAEMOTO YIIOM @) N 3KCIOHeRIEAaAbHO yOHBaoT MO
aMOJIHTyfle B HANpaBIeHND Z.

Cynmepnosunmeit o1HEX TOIbKO OGHYHHX INIOCKAN BOJH HeAb3A MOXYTIHTS-
Hole, ROTOpoe EMeXo OH Tpebyemyo ocobennocts mpn R — 0. Onnako HeTpynHo
U3 HATAAAHHX COOBpaskeHH# NOHATH, KAK TaKafA 0COGeHHOCTb HOMYJIaeTcs OpH
HCNOIb30BAHAN HEOQHOPOAHKX BOJIH.

Honarana & = n/2 — ia, Mu mosygaem B3 (26.18) MIA KOMINOHEHT BOJHOBO~

ro BeKTopa HEeOJHOPONHHX BOJH
ky=kcosqp-cha, Fk,=ksing.cha, k,=isha. (26.20)

IIpr a — oo momydaem ky — oo cosQ, ky — oo sin ¢, k,— ico. ITo o3magaer,
9T0 MH HMeeM BOJIHH, pacOpoCTpaHAOMHEeCS B T'OPH3OHTAILHOR OJIOCKOCTH
(nocKocTH IY) ¢ BAMHOM BOJHH, CTpeMAMeHACA K HYM0, H OHHOBPEMEHHO 3aTyXa-
IOMHAe B BOPTMKAJILHOM HanpapieHFH ¢ KoaddumneHToM 3aTyxaHEA, C¥peMAMBM-

¢A K OeCKOHEeTHOCTH.
llpa 2 = y = z = 0 cynepnosunua GeCKOHeYHOro IMCIa 3THX BOIH [mHTe-

rpax (26.19)] naer Geckoneanoe suagennme nas noxas. [Ipa orxone ke or aTod Tog-
KE [ONYYaloTCA KOHeYHHe 3HaYeHHmA WIH H3-3a 3aTyXaHus (Opm z == 0) uam
ng-3a pachasmpoBkd (npm z 5=0 mam y 5= 0).

YMecTHO 3aMeTHTH, 9T0 HalpaBleHHe 0Ceil KOOPAEHAT DK NPOBECHHOM BHIIe
pasiao;kennn cheprIecKOM BOJIHE Hy 11 UCKHE MUKET BROMPUTECH UPOMBBONBHAIM,
IoaTosy MosKHO pasIoKHTh ChepHIeCKy0 BOJAHY HA INIOCKHE BOJHH TaK, ITOOH
BXOASIHE B aTO Pa3jI0KeHHe HeoQHOPOXHHE BOJHH 3aTyXalH He B HANPABICHHM
ocH z, a B MoGOM [pyroM Hameped 3afaHHOM HampaBIeHHH.
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3avernM, maKomel, 9T0 B JalbHeHUIeM MK 9aCTO BMeCTO yria magenms & Oy-
meM 1N0;1b30BaThCA JONOSIHOTENBHLIM K HEMY YIJIOM CKONBKEHHS ¥. JaMeHa R
(26.19)y O ma O = n/2 — y pmaer (ana z > 0)

s ix 2%
ell\'R ik > » . . o
T ) )T cosaande, (26.21)
=20

rae k. = keosycosp, k, = kecosysing, k, = ksiny.

ITyTe wHTErppOBanMA N0 ¥ OpPOXODHT OT ¥ = 7/2 MO BemecTBeHHOH ocH
a0 a = 0 u 3areM mo MHEMOH ocH [0 ¥ = i.
31cCh MBI PACCMOTpeNIH pa3fiolKeHHe Ha INIOCKME BOJHH rapMonmdeckoi cde-
pil9ecko#f BOJINE, 3aBHCHMOCTHL IOJA OT BpeMeHE B KOTOpO# AaercsA (aKTOpoM
exp(—iw?). AHalormdHoe paszlo:keHme A8 cdepmdeckol  BOJHH  BHAA
(1/R) F(ct — R) c mpomspolsmoil pyHKIEElH
z p Plz,y,z) F mano B pabore [221].

2 26.4. Orpaskenmas BOJIHA B WHTETPATLHOM
npefcrasnenni. ITycrs B Toake O ma paccros-
z % z IME Z, OT TpaHnILl pasgelta (pac. 26.3) many-
2 s l qaerca cPepudgeckan BodHa. IIpm ydere oT-
2 pajeHHs OT TPAHHIL pasfesa IOJIHOe moJe
s 4 Bymer
2.7 29 1 .

» 2 Y=g @R+ Yorp,  (26.22)

e —————— —
7’ rae Porp — OTPaKeHHAA BOJHA, aHAIM3 KOTO-

Pnc. 26.3. Pacnonosenie nantyvatens POH M ABIAETCA nameii 3afauei.
g":)-r:?;;;:f?;;gg:aP o oTHotne- B pa:snelimey mu 6y7ey npegmonarats,
qro HaYas10 IPAMOYTOIBIOI ClCTeMb KOOp-
ANHAT 10MeLICHO l1a rpannue pasiesa cpen
(puc. 26.3). Pazmo:kemnie najawmeii na rpannily edepndgeckoii BO.THH 0O mJIo-
CIIM BOIHAM 1P 3ToM Gy geT 3amicnBaThes B Bitte dopmy. (26.19). re BMecTo
z 6vieT z — 3.

OTpaskenas BOIHA Porp. OUEBILTIHO, MO:keT OLITH IPCICTAaBI€Ha B Biffle cymep-
O3 IAOCKIX BOJII, DONYIAIOWUXCA OPU OTPasKeHHH IJIOCKUX BOJI, Ila KO-
TODHe packiafbiBaeTcs meppuduas cepuueckas BoiaHa. [Tpu oTpaskenny Kargoi
IJI0CKOIT BOJIIBI C€ aMILINTYNA TOJPRHA OHTH YMHOKeHA Ha Ko3addRIHEHT oTpa-
mentia V(9), rae + — yroia mameHus BOJNK M, KpPOME TOTO, AOJ:KCH OHTH YITEH
HaGer ¢a3n BONHB OpN €e MpOXOMe OT MaAyIaTeldd A0 TPaHMLL 1I 3aTeM obpaT-
HO [0 TOYKM HablogeHus.

IlockoapKy ODpoeKIMI NPOXOOUMOTO NPM HTOM BOIHOI mYyTII IO OCAM KOOD-
mIHaT ecTh I, Y M Z -+ Z,, BHpasieHue QiAA OoTpaskeHloil miockoil BoHE Oyger

V(®expi[hka +kyy -~ k. (=L 2l (26.23)
rae Ay, ky u k, mo-mpesknemy j1anorca dopmyaamn (26.18).

IInTerpupys mo BceM IIOCKIM BOJAHAM, MH NOIyIuM BHpaskeHue Porp B BUAE,
aHazorndxom (26.19)
% 2—i% 2%

Yorp = i_’;t_ S S eik[xsin8cosa+ysin8sinas(z+:)cos 8] (ﬂ) sin ﬂdﬂd(P. (3624)

0 0
Hnrerprpopanme mo & u @ ocymecTBiIseTcs B TeX ke Ompefelax, ITO U B BHpa-
xReunu (26.19) nasa nepeuIHOM cdepmdeckoil BOTHH.
Mocaeanon0 GoPMYIY MO/KRHO 3allMCaTh B APYroM BuAe, YITA, Ur0 HHTETpalx
10 ¢ ceomures Kk pynkuumm Beccexs mymesoro mopsagka. [eiicrure:ibno, o6o-
SHaINM T = rcos¢,, y = rsing,. Torga B (26.24) OymeM umers
2= 2%
¢ib(xcosp+ysina)sin 8 o — S elkrsindcose=2d g = 2], (1), (26.25)
0 0
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rie u = krsin®. B pesyasrate (26.24) sammcmmaercs
= /2—fico

Vorp = ik S Jo (1) el z+200038 17 (8 sin 049, (26.26)

ITocnennee BHpaneHHme TaKske medecoo0pasHo mpeoGpasoBarh, H3MeHHB Mpeesl
MHTeTPHPOBaNHA M 3aMenuB ¢ynknumio Beccems depes dpynrnmm Xaukens. Jna
ITOTO 3aMeTHM, 9ITO

To(w) = (HS @)+ HP @),

rne HPu HY — ¢pynkman Xankexs 1 m 2-ro ponma.

IlopcTaBuB nociaemeee BHpaskenme B (26.26), MH pa3ofpeM EHTerpamx Ha JBa
mHTEerpasa. B rom n3 Aux, B KOTOpHi BXOANT H(.,’) (1), samesmM €@ Ha — @ m yurem
aro (cm. [21], crp. 89) HS (e u)= — HP (u), a rawme, ar0 V(—9) = V(9).
Torga momydmm fBa HHTETPAJIa C COBEPMIENHO OJHHAKOBHME MO[NHTEIPATbHHME
BHIpAeHHAMM, HO OJMH, B3ATHH B mpegenax or 0 o m/2 — ioco, mpemenH sxe
BTOPOTO Oyayr or —t/2 + ico go 0. O6remmuas o6a nm'erpana B OMTHH, B3fl-
ThI# B Ipefenax or —x/2 + ioo 1o /2 — ioco mo myrm Iy (cM. Hmxe puc. 28.1),
nosyvtaeM

Yorp ‘,._ S H® (u) ik r2000:8 7 (8)sin & 4. (26.27)

-2

Hoabsysce sroii q)opnynoﬁ, MOYKHO DACCTITHBATH BOJHY, OTPaYKCHHYI0 He
TOJXLKO OT TPANMIK pa3sfena ABYX OTHOPOJIHHEIX Cpef, HO TaKKe H OT awboro
HEOHOPOMHOTO cI0A, MOACTaBIAA COOTBETCTBENNbH KOIPPHOHEHT OTpasKeHHA
V() *

Buipasienna s kKoop@HIEEHTOB OTpasKeHHA 3BYKOBHX H 9JAeKTPOMATHHT-
HHX BOJII-12 oT rlfammu pasgesa OgHOPOMHBIX cpefl OHJIx NOJXYIeHH COOTBETCTBEH-
H0 B §§ 2 m 4.

§ 27. Meron nepenana.
JTanoHHKIE HHTETpAIbI

B mampbeitiem Mul 6yeM nHTepecoBaTBCA AHAMH3OM OTPAXKEHHOH BOJIHH,
HaBaeMoi muTerpaaoy (20.27) B BOIHOBOI1 30ne. T. €. Ha GOJBIMAX IO CPABHEHHIO
¢ OAMHO# BOJHH paccToAnnAX or uaayvdare.as. llpnm srom ero okasHBaercs Bo3-
MO’KHHM NpPeICTABUTh TAKIM 06pa3oM. YTO OCIOBHYIO POJb OYAYT HrpaTh TOAL-
KO Te INIOCKME BOJHH, NANpPAaBIeHNe KOTOPHX 0.M3KO K HAampaB/JeHHI0 Jyda
O'P (puc. 26.3), COOTBCTCTBYIOMEr0 OTPA;KCHHI0 IO 3aKOHAM TeoMeTpHIecKOH
ONTUKH,

27.1. Meronnepesansa. Y oGHKM MaTeMaTHICCKEM IIpHEMOM 3/IeCh OKa3HBaeT-
€A TaK Na3pBaeMbiil MeToq nepeBata. OH CJAYKHT [JA ONEeHKHE 3Hadenid HHTerpa-
J0B BNAa

F=§eoFE)d (27.4)
.

npu 00abUUIX 3Hauennax mapamerpa p. 3aeck f(§) u F({) — Herkoropue, B 06meM
HOBOJILHO OpPOM3BOJBIHE aHaJHTHIeCKHe (QYHKIMU KOMIUIEKCHOH mepemeHHOH
{; € — nyTh mHTerpnpoBaHUA B MJOCKOCTH [, KOTODH# B 9aCTHOM cJIydae MO-

M{eT 3aXBATHBATH TOJALKO BEemCCTBeHHHE 3HaYeHHmA G.
O6myw TeopHmi0 MeTofa HepeBaJa YHTAaTedh Haiimer B amreparype [51, 86,
68, 121, 151, 178]. B ocHOBHHX depTax aTOT Mero[ CBOOHTCA K CHAYIOIEMY.
[Tyt nnTerpupoBaHEA B KOMILUIEKCHOH OAOCKOCTH B H3BECTHBIX Opefie]aX MOKHO

* OCcHOBHIBafchL HA HManaraemom 3fech merone, C. C. Boitr [23] pacemortpen 3amaay 06
oTpaKeHHH cepAIeCKOM BOSHE! NPHE Nepexojie U3 HeloJBESKHOM CPe/IH B [BUKYILYIOCH.
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HeOpMUPOBATD, He MellAA IPH 3TOM 3Hadenus wurerpana. [loapaysace aTuM, me-
crapaeMcs NYTh MHTerpMPOBAHUA BHOPATh Tak, YTOOH MOMKHO GHJIO BHIRMIMTDH
HEKOTODPYI0 9aCTh IYTH, IIPDUTOM CPABHMTENLHO KOPOTKYIO, KOTOPAasg B OCHOBHOM
B ompefieANa G Bce 3HawTenne unterpaia. Torga, Kak MBIl yBUIMM, NOAKIITErPalb-
HY10 QYIKITHIO YIAETCA 3aMEIIUTh HA [PYTYI0, Gollee MPOCTYI0 PyHKIII0. JOCTATOY-
HO TOIIO COBIAAMYK) C MONKHTErpalbHOlM PyHKIMeH 114 DTOM CyLIECTBEHHOM
y9acTKe OYTH HNTeTPUPOBAIINA, 11e 3a60TACH 0 TOM, Kakoll ona 6yder na mapyrux,
HECYmeCTBeHHHX Yy9acTKax.

He orpanugusas obmHocTH, p B (27.1) MO:KHO CUIITATH BEMECTBEIHLIN H MO-
1oxuTesblEM. Bupennn B f(L) BemecTBennyio u munnyo gacta f(§) == f,(8) +
+ if,({). Torga okcmonenta mojy MuTerpajom B (27.1) samumercs

eiP,’HPh. (_)‘7._)')

Iyt nnterpuposalnus OyfeT YHOBIETBOPATh YyKaszaHHOMYy BHime Tpebo-
BaHUIO, ec/iH ero BLOpaTh Tak, 9To0H Ia HeM QyIKIGIA f, MMeia B HCKOTOPOIl
TOYe MAKCHAYM II cOafalla BO3MO;KHO OHICTpee UPN yHalleHHHM OT STOM TOUKH,
IHo MHIMasA W BemecTBeHHAS YaCTH aHAJIMTHYeCKOH GyHWKIMH — B HameM ciIy-
qae f, 11 f, — 0061a73a0T TEM CBOMCTBOM, 9TO B INIOCKOCTH KOMIUIEKCIIOTO fiepeMel-
HOTO JIHHH OLCTPeiilero cnafa OXHON M3 HIX ABIAWTCA JMHMAMY MOCTOAHHHIX
sHagennii apyros.

Tar xax OyTh IIHTerpHPOBANUA JOJ:KEH MATH No JuHuM OGHeTpeiimero cnana
f1» TO OTCIOIa BLITERAET, UTO Ol HOJHEH COBNAJATL ¢ JUuMed f, — const — Ju-
Huell nocroAnuoi ¢aasn. Pacnososiennas 1a 5TOM NYTH TOYKA. B KOTOpO# [,
OpRHUMAaET MaKcHMMaNblioe 31a9eHNe, Ha3hBaeTCA TOIKOM nepepata. B neit goms-
Ha OwTb paBHa Hyli0 mpoussopnas or f,. Tak kax ma orom mytn f, = const,
TO, C1¢[0BATEJNBHO. PABlA IYJI0 N npousnoanaf or f,. Takum obGpazom, Toyka
mepepaia MoyKeT OwITb laffficlla U3 ypasieiis

df.dt - 0. (27.3)

Hrak, Haubodee BHITOMILIT OYTh INTerpHpOBaliifA J0. kel NPoXoINTh Yepes
TOYKY DepeBajla, ompe/ie.iAeMyI0 ypasnenneM (27.3). 11 yXo:uiTh OT 11ee MO 0T
f» = const. Taxo#i myth Mul OyfileM Ha3HIBATH «fepPepaiblilM IyTeM NHTETPHpPO-
Bauusy. [clu p BeIMKo, To sKcnonenTa (27.2) npu ylaaeunn oT TOIKM mepenalia
Gyaer GHCTpO cOanaTh, TaK 9TO CYMECTBEIHYI0 POABL GydeT UrpaTh TOJILKO MaJas
9acTh OYTH HMHTErPUMPOBailfifi, BK/INUAKMas TOUKy MepeBaJa.

Jonyctum, 9To peiuad ypasuenue (27.3), Mpl DOTyIMJAH ANA TOUKH IepeBala
sHagenne { = [,. Torma ueTpynHo BUAeTH, 9TO mepeBaJiblLM OyTeM OymeT reo-
MeTpUIECKOoe MeCcTO TOYeK, OmpefesisAeMoe ypaBHellHeM

0 = H(to) — 5%, (27.4)

rge s — BemecTBenHo, — ~o < s<  oo. Toura mepemaaa coorpercTByer § = (.
HeiicTHTeNIbHO, B3AB OT (27.4) MUMMYI0 # BeluecTBElIHYH TACTH, NONydaeM
f2(8) = f2(Lo)s £1(8) = f1(Lo) — 5% Otcroma BuANO. uTO MumMaf gacTh GyUKIUH
f(£) ocraercA mOCTOAHHOH, a BemecTBeNnas 4acTh, MakciMaibHas Opi s = 0,
y6HBaeT mpH yAaleHHM OT ATOi Touku B o6e cTopomu.

Hepeiinem B unterpate (27.1) o { Kk HOBO# KOMIUIEKCHO} mepeMeruoil s
npu momomu ypasrenisa (27.4). Ha miockoctn s nepepasipHHil IyTh MHTET PH po-
BAHUA COBOAJAeT, KAk MUl TOJBKO YTO BUAENH, C BemecTBeHHO# ochio. Onuako
HHTEePEeCHO MCCJIeOBATE Brlpasteime (27.4) ana f({) ne TONbKO AJA BeMECTBEHHBIX,
HO H OJA OPOM3BOJBHLIX KOMIJIEKCHHIX 3Hauenmii s. ITono:us s = & -+ is’’, mo-
nJydaeM, OTAEIHB APYr OT APYra MHMMYIO H BemeCTBEHNYIO uacTit f; —= fi(§,) —
— (2 — "), fa = fu(Lo) — 25's”’. Orcioma BLITEKaeT, 9TO B IVIOCKOCTH § JM-
HUAMHY f; = const u f, = const ABIAWTCA OBA OPTOTOHAJILHBIX ApPyr Apyry ce-
meficrBa rumepbon (puc. 27.1).

Hak yxe Onuo mnoxasailo, TOYKOR nepeBata fABasAercA Touxa s = O,
a mepeBaNbHHIM NYTeM HHTEIPMPOBAaNMA — BemecTseuHasa ock (s :0). Us
pEc. 27.1 MH BMAMM, 9TO BemecTBeHOAasA OCh ABIATCA OXUOMN U3 AMHMIA f» = const
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H AfeT NepIeHUKYIAPHO IMHMAM f, = const, T. €. 10 JHHAM OHicTpeiimero cma-~
ma f,. 3aMeTHM, 4TO 9epe3 TOUKY mepeBaia s == () NpOXOANT eme OJLHA JUHAMSA
f. — const, a umenno muuMas och (s — 0). Omnako Ha 2TOH THuUMI NpH yuaTe-
HuK oT TOUkM § = 0 Mul uMeeM 1e yOnBaime. a, naoGopor. Bospactanue f,. Ta-
kMM 00pa3oM, nyTh s’ == 0 Asaserca ne nyteM OulcTpeifinero cnata, a nyTeM
bwcmpeiiiuezo napacmarus f,.

Ilpepcrapum ceGe MuicienHo penned QyHKIMM f; 1147 NAOCKOCTHIO 5. MOTY-
TA0MMACA, ec/iH B RaxJI0M Touke (s'. &'') mepmeHTUKYAAPIO MIOCKOCTH 5 BOC-
CTaliOBIITL OTPE30K, HIMIA KOTOpOro Oy;1eT NpOHODPIMONA/ILIA 3MavelHi PyIIK-
mu fi(s’, 5''), 11 3aTeM 4epe3 KOUIBI BCCX DTUX OTPE3KOB NPOBECTH MOBEPXIIOCTD.
Jdror peaved s6auzu roqiu s - 0 Gyaer iMeTh BIA Ceflda, TaK Kak 110 08¢ cTOPORH! 0T
TOYKH s ~— () BXOJDL BemecTBelllI0i OcH 011 01V C Ka-
eTcA, a B NepHeHAUKVJAPIOM HappaBiICHIH
BIONL MHUMOMH ocu noguHumaeTcA. llpoxond no
BEMECTBEIIHOM OcH cjeBa LaDPaBO. Mbl cHava-
JMa ApM OpubaMkeHuM K Touke s = () no;ma-
eMcA 1o peasedy, a 3aTeM, mpoiiiA OTY TOUKY
Il nepeBaJMB Kak OBl uepes repepa.l, OnycKaeM-
ca. Iloatomy Togka s = 0 1n masniBaercs Tou-
Kot mepeBana. Muorma ona nasupaetca takike
cedn060ti moukoi.

Hurerpan (27.1) no wmytu C Mosker OuTh
3aMeriell MIITETPAiOM OT TOfi ’Ke MOILIITerPaib-
HO#Ml QYHKIINM, B3ATHIM 1O NEpeBaIbIIONY NVTIL. Pue. 27.1. ORpeCTHOCTH TOUKH
Boamorkiio TOTBIO, ITO K HeMy HpIIeTCA 1oda- nepenasa
BUTL HEKOTOPDIE CIaraeMLie, 0.1y JaO LI ec A Nl
obxofe 0coOBIX TOUEK, eciiu OHM BCTPETATCA npif aedopManun nyri C B mepeBaib-
HBHA 0yTs. B gacTiiocTu. ecaiv HaM npugercs 000HTH HOMIOC. TO [{0GABIITCA BhiueT
B 3TOM noOJice; eciiv QyNKOMA OKasKeTCA MHOTO3HATHON. TO BO3MOH0, Gyaer
HY#<HO 100aBITL unTerpal no GeperaM nPOBEAEHIOTO COOTBETCTBY IOILNIM 06pa3oM
pa3pe3sa. lle paccmaTpuBas 31ech oTHX 106aBOK, MLl OCTAIIOBIIACA 11a BLIUICIeHAR
HIITErpaJia 1O HepeBaIbloMy HYTH.

OBGosmagumM upy saveiie mnepemensnofi ¢ ua s

F(Odeds = d(s). (27.5)

"Il

2 o=gonst

4
s, 5 =const
s L,

N/

YautuBag tawske (27.4), nnrerpat (27.1). saATuil no nmepesaibHOMYy NyTH, 3a-
onmeM B BUAe

I - evio \ =i (s)ds. (27.6)

—
Tak Kak p npegnoxaraerca GOJBLINM, TO IOJ MHTErpa1oM OVAVT cymecTBeH-

Hbl TOJhKO Mallble 3Havetns s. BeaemerBue ororo pynkipmw @ (s) neaecoobpasuo
OpeACTABIITL B BMjie PsAda MO cTemensaM §

1
D(s) = D) 4- D' (0) 5 - 5 D" (0)s* . .. (27.7)
l‘[onc’rannan JTOT pAT NO;J{ HHATEerpaJs u YuuTniBasg 3HaueHUA HITerpaIoB
“La . Ag_:o —_
Vewas Y 2, N eendse ) 5 (27.8)
—_— —w»
noayuaem
! |
| l/ _Hq) 0 + o— @7 (0) -.. ] (27.9)

Takum o6pasom, MeTo[ nepesa1a N0O3DO. AET NPEACTABUTH 3HAYRIINA MUTErpa-
Ja B BHAe pAfga no obpatiuniy crenenas 0ospimoro napaMerpa p. Ecan yhxiad
U (s) ABIAETCA AOCTATOMHO MeITICHHO MelAWIelcA MO cpaBHENHI ¢ DKCIOHeN-
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10ii exp(—ps®), T. e., ec.Iu ee MPOH3BOAHEE AOCTATOUHO MalH, TO B (27.9) MOKHO
OTPAaHHIUTHCHA ONHUM IJIM HOCKOJLKAMHE NEPBHIMH dJIeHAMH,

3amerny, aro wacto pynknmio ((s), onpepensemyo cooTHomenmeM (27.5),
I PEXOMITCA CPa3y HCKATh B BHJIe PANA IO CTONEHAM §, TAK KaK OTHCKAaHA® IBHOTO
ce BHDa;KeHMsA B TOTHOM BH/ie OKAa3HKBAETCH 3aTPYEHATEIHHHM (CM., HaIPEMeD,
caexyiomiid naparpad). OrpaEMduBasch BRNMCANIKMA B BHpakenuax (27.7) m
(27.9) unenamm, MH MoxeM HailTi sToT psAg B obmeM Bupme. uddepennmpys
(27.4) mo s, moaygaem f'(L)dt/ds = —2s.
Buipamas orcioma df/ds m mopcraBiusa B (27.5), Haxogmm

d(s) = — 25F(L)IF(D). (27.10)

ITpeacrasum Temeps ¢yaknan f(§) u F(L) B same pAmoB no cremeHsAM I =

=L— &
€)= f(Go) — AZ® + Ba® L C2* + ...,

1 " 1 /4
= —— 1), =51"G) C =,—4 1V (So); (27.11)
FE) == FGo) (1 + Pz -+ Qz* - ..),
P=F (C)IF (50), Q= F (5o)2F (o). (27.12)
Moucrapnasa f(£) na (27.11) B (27.4), mo:ygaem
—Az? + Bx* + C2* 4 ... = — &% (27.13)
(Obpamas 3TOT pPaAjI. MOsKeM IPEACTABUTH £ B DHJE PAfa mo cTeneHaM s. Husa
ATOro mnoOJI0IKUM
z=s(l Fas i oap? -, )V A (27.14)

IMopcraBaas sro Bupakenne 8 (27.13) n upnpasuupag Koadgdumnentn npn oxE-
MaKOBHIX CTCHENAX §, HO.IyYaeM

ay -B/:.!:l‘", a, = 2 : - 5B 8-1"
3 (27.10) ¢ ygerom (27.11) n (27.12), nveem

T 14 Pr-- Qa2
P(s) =~ — 2F (o) =gy o

[Togcrapnsas croaa 3uademne z u3 (27.14), yske uerpyaHo mpeactaBats @ (s)
B BIe PAgA mO cTemeusaM s. B pesyianTaTe moayuaeM

(l)(.\‘): f(b") I-l__'_(L_ ]_{_)g:_(ﬁ_: 15 B2 ‘__3___{1.. +_:}--B,T’:'>82+-”]o

Vi g ' A ERnD KN
(27.15)
13 (27.14) umeem O3 ToukH nepelm'm r=5— =8V A. Moyromy
opu s >0 wumeem arg (1/ VA = arg(§ — &). Ha mociieanero coorouwrenns

E onpefmensieTcsA 3HaKk wopus | A.
Yautseaa snavenns seymann A, B, C, I’ u @, coraacuno (27.11) m (27.12),

nosiygaen
OO Y — e F (G

P Floo1 5 (me _ F’ _
FUO OO\ T -] 10

[ToctanoBka orux supamenni B (27.9) u pemaer 3azady.

Pacemorpuns qacmmu ciaydaii, korga B (27.1) f(L) = ipp(L), o(§) — Bemecrt-
senno; ¢'(5,) —= 0, {, — Touka cmuuonapnou dasu, BOausn nmoc.efHed uMeeM

npubassrenno f($) = ip(L,) + 3 =0 (Lo) (& — & ):. Bénmsm §, mnepemanpHHit
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nyTh HAET IO NHHHH, Ha Koropoi arg (§ — §,) = [3mnak ¢''(L,)] -J[:— IToatomy
B (27.15)

~ = @9 G exp( i)

H, cJAenoBaTelblo, B nepBOM lelﬁ.‘]n?[\'e[l[[[[ MeTO[Ia nepeBa.TIa
+oo
J= § 0 Pydt = @uiol 6 @)+ F o) expi (o) £ /dl,  (27.47)

—00

TAe 3HAK IIepefl W/4 B OKCIONEHTe MOM:KeH CoBHOAfaTh cO 3HaxoM ¢''(L,). Hamo-
JKeHHUIH Meroq monydeHus Gopmyan (27.17) ma3wBalOT MeTOOOM CTAIMOHapHOH
dazn. '

27.2, Jranomame mHTEerpambi. Mero1 mepesalla ABIAeTcA npocTeiimeil pa3s-
HOBHIMOCTBIO MeTOJa JTaJOHNEX NHTerpanoB. Mpmesa mocieamero sakamodaercA
B crepyiomeM. [Tycte HaM TpebyeTcsa BLIMIICANTD KAKOH-TO MnTerpas Tuma (27.1).
LA aToro MH 3aMeHHM ero Ha ApyToii. 601ee mpocroit (sTalolHuE) nuTErpad,
B KOTOPOM INPaBMJIBHO nepejiaerca noseienne ¢yuxmni f(£) n F(§) B6an3u
HEKOTOPHIX, CYUJECMEERHNZ TOUCK. 1l KOTODLIl yiKe MOxeT GHThH BhIpaskeH depes
HeKOTODHe, KaKk IpPaBW10, H3BecTHhie ¢yuKmun. JTalounwii MuTterpan Gyaer
HaBaTh aCHMOTOTHYECKOe 3nadeHue nnrerpata (27.1) opd p — oo. B ofuigHOM
MeTofle DepeBalla CCVIECTBENIOfi» AB1AeTCA C[IIHCTBeHHAasA TOYKA mepeBala,
BGuR3N wortopoit f(£) 3ataercsa Bupaskerten (27.4), a dyurkmma F(L)dS/ds pagom
(27.7). OTaloHHLIMII B JTOM CIVvae ABJIAKWTCA HMuterpaas (27.8).

B nanpHeimeM, 0ogHaKo, MH BCTPCTIMCSA If ¢ APYTHMH, Gollee CIOKHEIMHE 3Ta-
JOHHRIME HHTerpalamu. M3 HUX paccMOTpriM

“+oc
I, = S e"psf%;_ ) (27.18)
—00 D
3nech HmofbHHTerpaibHas QYHKIEA MMeeT KDOMe IepeBalbHOH ToukH s = 0 Tak-
e IOJII0C § == Sp. JloKaxkeM, 9TO mpH OPOH3BOJIBIOM DPACHOIOKCHIIE MOTICA
0O OTHOINEHHI0O K ImepeBajlbHOi Touke, J, BLIpasKaeTcsl depe3 MuTerpas BepoAT-
HOCTH CJe[yIOmIN 00pazoM;

L=TF2Y e 0 (=is, V), Q) =\ eda 27.19)
u
Bepxune 3marku Oepytcsa mpu Ims, >~ U, miknne npe Ims, < 0.
BoabMeM Tabamameii muTerpa.1
+ J—
S e~%8ds — .l/_'T_ " arg V"§—<_ﬂ:. . ()T ‘)O)
7 : =t

YmuoruM o6e gacte (27.20) na exp (Es;) # nporuterpupyem no &, [TyTs unrerpu-
POBaHEA NPOBEEM OT TOUKE £ = p (BCmMECTBeHHO) B DECKOHETIOCTL TaK, ITOOH

Ha GecKOHeTHOCTH Reks? < 0. 3ameTis, 9T0 3TO MBI MO’KeM CleJlaTh, He Iepece-

. - 2
Kasl BeOeCTBEHHOU HOIO/RHUTCJIBHOM HOJYOCH B ILIOCKOCTH §S,,. B pe3yJbTaTe,
HNOMICTABIAA 3HadeHlie Tal:IAIHOTO HiTerpala, noiaydaem

a +~ -pst s o0 isz

S = p .

AT A V“S e P g (27.21)
N o VE

IIpom3peneM B mpaBoif 9acTn 3aMeHy & — = is,}/ §, rae BepXHMil 3HaK BLIGHDa-

efcda, ecam Im s, > 0 m umkmnit, ecan Im s, < 0. [lyrs wHTerpEpoBaumiia He
mepeceKaeT MEAMOM OCH B ITOCKOCTI & 1 NIPH YKa3aHHOM BHGOpe 3HAKOB IeIHKOM

ZexuT B npaBoil momymiockoctu. Hawamo ero 6Gymer npm z = °F isy} p,

165



a KOHeIl MOJKHO COBMECTHTb ¢ & = oo. Temepn (27.21) sanmwmerca

o oo

2 ~p8?

A g e *ds T 2V n e dx

Jost—g? ls - ’
- P ?fispr

VYMHOKAM 9HCANTEHL H 3HaMeHaTedb nof unrterpajiom B (27.18) nas + s, Torma
nonydaeM (NOCKOALKY HHTErpall, cojep:kamuii sds, Mcue3aeT BBM/Y HEICTHOCTH
MOJILHTErpabHON Y HKIMIU)

+
- ds
I,:=sp \ €7P .
oo

2. g2
$ sy

CpasumBas 510 Buipaskenue ¢ (27.22), moayuwaem (27.19).

Tlpu mepexone s, 9epes BellecTBEHIYIO och 3nauene J,, kax Bugno u3 (27.19),
A3MENACTCA CKaIKOM. 3TO ¥ eCTeCTBEHHO, TAK Kak NpH 3TOM JobaBiseTcs Buider
B NOJIOCE § = §p.

Eca# s, OOCTaTO4HO BEIMKO 10 MOAYTIO TaK, 9TO

plsp[>1, (21.23)

T e. NOJIOC JEKHT AOCTAaTOTHO JAJEKO OT TOUKH NepeBalla, HOI HHTErpalioM
B (27.18) 6ymyT u3-3a 1A HITA A DKCIIOHEHTH CYMECTBeHHK TOJNBKO S MaJihie o CpaB-
HEHHIO C s, W BeMMIHHOH s B 3ilaMenaTede yoskno npenedpeas. Torpa uz (27.18)
noxydgaeM

: 1 EN

Do e ——1 =. (27.24)

8 7]
P H

dto ke suagenne aag I, Mol moayuny pa (27.19). ecan yuresm. uto npi u > 1
moiydaeM NyTeM HHTErpHpoBanig HO YacTsaM

i i 3 Yoo 5=
Q (1) = (__.__‘,‘__.._g:.s_,—“.\;e v, (27.25)

= 4
\ =t au {

Cregywomuii staJonnunii HATerpaj, KOTOPDHE MB TOIBKO YIOMSAHEM, IO-
CKONBKY OH yike paccyatrpuBaica B § 21, Oymer (cm. (21.10)):

T oidsteLa) N _
I, = \ e B Tds =2\ cos (st + —.li-s")ds =2V v (). (27.26)
e ° : ' .

lognmrerpasiniioe shipaskenie B 1, uMeert B¢ TOURH mepeBata s, = -1 Vi.
ITpu 60aLiOM PacCTOsiHIH MesKAy HIMIE (¢ Be/HIK0) MOKHO BOCTIONL30BATECA aCHM-
OTOTHYECKHM NpejcTaBienneN A ¢(f), nasacssnt dopsyisann (21.12) n (21.13).

§ 28. Anaans nona orpaskennoii BOTHBI

28.1. Mpuvenefine veroxa nepesana. Iloie v woawonoit 3ome [7, 8. 208).
MMpoananuzupyer Buipaskenue (26.27) mna oTpaskeioi Bo1un Ha 60MLHIX 1O
CPaBIIeHHI0 ¢ JIHIION BOTHN PACCTOALHAX OT MCTOYHNKA. BOCNOAB3yeMCA acHMI-~
TOTHYECKIM HpeiacTanIenmeM Pyukiuin Xankeis

- i(u—-i
P wy = ‘/—')-'- e 1 ) (1+18iu ... (28.1)

T

Hoaaras u = krsin®, noaydaem nog unrerpa:aom B (26.27) expikl(z + z,)cos ¢ +
4+ rsind).

VunurniBag, 9T0 z - z, - R cost,, r -—= R,;sin},, rie R, — paccrosanne or
MinMoro uanydareds O 10 touxu nabmopgenna P (puc. 26.3), 3TY JKCUOHEHTY
MOJKIIO 3anHcaTh B Bu;e expikR,cos(t — U,). B peayaprate oTpaskeniitas BOIHa
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3anuvineTrcs

7 2—ioo
Vorp = )/ o et | emeoso-00(1 1 4/Brirsin ©)V (6) V5 B de. (28.2)
—z2tin

[Tockonpky no npegnono:kennw AR, BeINKO DO cPaBHEHAK ¢ eHHNIeH, aTOT
HITer pail neiecoofpa3no analu3upPoBaTh IPH NOMOMM MeToga mepesala. Ofo-
311aTMM NYTh MHTET PAPOBAHM A, EAYMM il M3 TOIKM — /2 4 § o0 B TOUKY ®/2 — {0

Puc. 28.1. TlpeoGpa3soBaiite my-
TH HUTEIPUPOBAHIist B KOMILTCK-
CHOIl IIUCKOCTI

|
Py, Ps i Py — HOMOCH B 3JICKTpGe |
|

]
[

MATHHTHOM cliydae

uepe3 I'; (puc. 28.1) u Haiigey 0o NpaBM.1aM, YKa3aHHHM BEIIeE, NePeBaTbHHE NYTh
I' *. CpaBuuBaa nurerpa1 B (28.2) ¢ (27.1), Mn mosaraem

p= kRy,  f(8) —icos(} — ),
F) = s/ (1 18k sin 0)V (8))/ 500 8- 28.3)

Toura mepemasa, ompexenseMas ypasuenueM df/dd = 0, Oymer ¥ = ¥,.
¥Ypasueune (27.4) o714 nepexoja K mepeMeHHOH s B nameMm ciydae Oyier

cos(V — ) = 1 + is% (28.4)
IlepeBanbHNE NyTh MHTEIPHPOBAHHA COOTBETCTBYET BEMECTBEHHBIM 3Hade-

HAAM s. 133AB BemecTBeniine gacTii OT 06eHX CTOPOH PaBeHCTBa Il yITA, ITO NPH
4 = i

sind -~ sin®’ch®” — { cosd’sh)”’. cosd == costt’ch)’’ — isin¥’shd’’, (28.5)
MKl HO:Iy‘I[[M ypﬂBH(’llllC‘ n‘.’l){‘Bﬂ.’lbllOl‘O VTt 8 l\'O.\ln.'H.‘l\'('HOﬁ OJ0CKOCTII
cos(t” — O )chd’” = ], (28.6)

Herpyano mokasars, 4TO 9TOT nyTh OV7IeT HepecekaTh BCIECTBEHIIYI0 0Ch
B roate € == #, mom yraonm B 45° 11 yXoauTh € 0:tt0fi CTOPOHBI B —n /2 + Uy + i 00,
a ¢ apyrot — B n/2 + %, — i (myte I' nma pme. 28.1).

IIpeixye 9eM npMCTYNMTH K OMEeNKe HuTerpata mo myrn I', paccMoTpmEM fae-
TaNbLIO BOBMOMHOCTG 3aMetnt nyrn muterpupopaung I'y na I'. Iina sroro neod-
XOMIIMO NPOaHANH3HPOBATh, KAaKME 0COGbie TOUKH HOJMIHTErPalbpiof GyHLIUE
MOT'YT BCTPETMTLCA Ha IJIocKOCTH 4 mpu uenpepuBuoit gedopaamun Iy B T,

ITpeaige Bcero, Tak Kak MoJ MUTErPaj BXOjmT )/ Sint, To M IMCEM TOUKY
Berpaerima - 0. Oanmaxo oma 114 Hac He ABIAETCA CYMECTBEHHOH, Tak Kak
MoseT OHTDH oGoi’meua routypoM I'; cBepxy H, ciaejoBaTenbHo, 11e Oyner 3ajera
npn gedopmanim ', B I'. Topa3go 6onee cymecTBEeHHLIMH ABAAIOTCH 0COGHE TOU-
KII, OPIBHOCHMbi¢ B HO;IbtITEerPasibHoE Bepasenne pyurmueii V(). Hax B a.1exrpo-
MATHHATIIOM, TaK O B aKycTHYecKoM c.Iyuafix (cM. §§ 2 v 4) on1a coJep:RAT KopeHb

* B mammsx pacCyiKICHIAX HETPYIHO OGHAPYIKITh OMIly HECTPOroCTh, 3AKJIIOTAIOHIYIOCH
B TOM, 9To Ha iyTu I} iveetca Touka paasersienus ¢ynkuinz Xaukenas u = 0, TaK 410 1105b-
30BaTLCA ACIHMUTOTITECKIDI [PCICTABTCHICM HA BCeM 2ToM nytn uenb3sa. OmHako paccysxpe-
HuA GYNYT COBEpPIIEHHO CTPOTInMi. eCTH CHAYANA MYTh HUTErpHpoBAHHS Nepesefem B myTh I',
oupemeNentinlil HibKe, H TOALKO HOTOM YiKe BOCHUABb3YeMcA ACHMIITOTIMTECKIIM LpeaCTaBIeiiieM.
IIpm 3ToM pe3yNbTAT OCTAeTCA TeM :Ke. COBEpUIEHHO CTPOrO 3TOT BONPOC PACCMOTpEN B BECHMA
obcToATenbHOE MoHorpadu A. Bampoca [109, § 3,
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¥V n? — sin® @, Bcaeacteue wero toukm @ = - arcsin n 6yayr ToukaMm BeTBIie-
Hus. Koagdunment orpakenns V(8) npm kaxpuom & Mosker DpaHAMaTh JBa 3Hade-
HES, B 3aBHCHMOCTH OT TOTO, KaKoll M3 3HaKOB KopHsA MH BrOepem. YaoOHO
rOBOPHTH, KaK aTO BCerja H JeJaoT, 0 ABYX JHcTax miIockocta ¢ (oOpasyomms
JABYXJIACTHYI0 PEMAaHOBY MOBePXHOCTB), HA Kam oM B3 KoTophx ¢pyurnusa V() 6y-
JeT ye oqHo3HaTHOH. Ha oHOM nMHCTe (Ha30BeM ero «BepPXHHM») MH 6y /1eM IpeAtno-

marats, aro lm |}/ n2 — sin?¢t > 0, aHa apyrom, «amxHes», Im Y n* — sin? ¢ < 0-
CornacHo mogcTpoYHOMY mpuMedaHmio Ha crp. 11 (§ 2.2), myTs mHTEerpEpoBaHHA
JoMeH mpoxoguts Mo BepxmeMy Jucry. O6a Jmcta GyIyT CoeJHHATHCA DO
nuamay Im )/ n® —sin® ¢ = 0, HaYMHAOMEMCA B TOYKaX BeTBICHHA.

Jna ynoGcrBa MH mpoBegeM BIOJNb 3THX JHHHAK «Pa3pesny KOMMJIEKCHON IJIO-
CKOCTH. YpaBHeHHe 3THX Da3pe3oB Oyger

12 —sin? & =22, O0<Ca?<Coo, (28.7)

Ilpm z = 0 mMeem sin®= n (Touxa Bersiaenusa). Iipm 22— oo mmeeMm sin® —
— 4 ico, oTKyZa mpu ydere mepBoit m3 Qopmyn (28.5), momyzaem 9 — O,
4"’ — 4 oo. Ha puc. 28.1 usobpa:keHH JBe TOUKH BeTBJeHHA A, 1 A, B ugymue
OT HEX paspesm miaa cilydasa n < 1.

Bxoaamas mog mHterpan (28.2) dynxnma V(#) umeer B KadecTBe 0COBHIX
TOYeR TaKike moMiock. VX Hy»<Ho paccMaTpHBAaTh Pa3gelbHO JJNA 3JE€KTPOJHHA-
MAKE H JIA aKyCTHKH.

a) Axycmura. Cornactio (2.17), koaddunuenr orpaskennms V(#) 6yzer aMers
nomoc opa ¢ = 4,, rae ¢, maxoauTca M3 ypaBleHus

mcos ¥, + YV n? —sin*d, =0, (28.8)
OTKyIa

sin®, = & 1/ (m? —n?) /(m® — 1). (28.9)

Haitna orcioma ¢, m moacraBus B (28.8), mut moskem maiitn J »n® — sin®*@,
B U3 3HaKa ero MHHMO# 9acTu OmpeJe.1NTh, Ha KaKoM JuCTe HaXoHMTCA TaHHHE
nomoc. PaccMorprm BHadate caydait n < 1, m > 1. I3 (28.9) Bmamm, 9T0 B
aToM carydae sinf, BemecTBeH, mpuden | sind, | > 1. 910 JaeT dYeTHpe 3HaUeHHA

ana ¢, = ﬁ 4+ zﬁp
)8y =n/2, 0,>0; 2)0,=—n/2, 8,<0;
3) 0, = /2, 0,<0; 4) 8= —m2, 9,0,

Tonroc 2 caMMerprdeH moaiocy 1, a moawc 4 cEMMeTprIeH moJaiocy 3 MO OTHOINE-
HEI0 K Hadaly KoOpAHHAT.

Ouapegensa npu momomu (28.8) smax Im Vn”— sin* ¥, amA Kaxkjoro mna
OOJIOCOB, HeTPYAHO yOeqmThcs, 9To Hmodioch 1 M 2 JeikaT Ha BepXHeM JHCTe,
a3 m4 — Ha HmkueM. Otcioga, a TakKe M3 puc. 28.1 ME BUAHM, 9TO HH OfHH
u3 nodocoB npm gedopMammm I, B I' He sarparuBaercs, npmdem momiock 1 m 2
He 3aTPardBalOTCA HOTOMY, YTO OHHE He JeaT Meskay I, u I, a 3 m 4 — moromy,
YTO OHH JIe;KaT Ha HHEKHeM JiEcTe, B TO BpeMsa Kak [, m I' — Ha BepxHen.

Herpyauo npoBepHTh, 9T0 aHAJOTHIHHM 06Pa30M MOJIOCH He 3aTParMBalOTCA
H OpE JPYTHX 3HaYeHHAX BeJWIAH m U N.

6) Juexmpodunamuxa. [IpenoNoKEM JIA MPOCTOTH, ITO MaTHATHHE HPOHH-
IIaeMOCTH CPeJ PaBHH, T. e. W = ;. Torga coriacuo (4.20) ypaBuenue gna mo-
JA0COB B CJIydae BOJHH, MOJAPH30BaHHON B INIOCKOCTHE NaJeHHSA (BePTHKAJIBHHR
aneKTpHYecKAi AHmONB), GyaeT coBmagatsh ¢ (28.8), ecnm mpmHATH, 9TO M = n2.
W3 Hero moxygaeM

sin®, = +n/¥n? +1. (28.10)
ITonoskem n = [n| expip. Bo Bcex MpaKkTHIeCKHEX CIy9aAX MOMKHO CYHTATh, 9TO
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0 < ¢ < m/h Toatomy VY2 + 1 =V n®+1|expip, rae < @ H 3HATAT
sin®, = 4 |n/V 12 +1]expi(p— ). (28.11)
Orcoga monydaeM Takme 9YeTHpe 3HAYEHHSA ann 8, = 0, + iy
P;0<LO,<n/2, >0,
P, — cammerpuanuit P,,
Pg; /2 <ﬁ;,<:r, ﬁ;gO,
P, — cemyerpuanni Py,

Ins Toro, 9T06H pemMATH, Ha KAaKOM JIHCTe IaXOJUTCA Ka:KABH H3 3TIX

OOMIOCOB, 3aMETHM, 9TO KOPEHb

Vnt—sin?, =4/ Yl +1=—|n2/Vn? +1|expi(Re —v) (28.12)
Ha BeDXHEM JIHCTe M0JKeH HMCTh HO.I0/LUTEILHYI0 MHMMYI0 acTh. ClegoBaTelb
HO, U3 JBYX 30aK0B HaJo BHGpaTs niioc. Torga Bupaskenne (1.n%) Y nE— sin?d,=
= —cos®, momkHO OHTH mpomopmmuouaibno exp(—iP), T. e. JdeHaTh B 4-M
KBagpaHTe, a cos®, — JeskaTp Bo 2-M KBaipaute. OTCIOma yKe JIerko HONydIHTD,
qro moiocH P, m P, neskar na uinkdeM. a P, u P, -—— Ha BepxXueM JIHCTax.

Ons |n| <1 momocu P,, P, u I3 nzobpasens Ha puc. 28.1. IIpn aedop-
Manme KoHTypa Iy B Kontyp I' cHoBa Il oJMil M3 MOJIOCOB He 3aTparmBaercs.

Hdna manbHeiimero maM Heo6X0JUMO TodHEe ONpeJENHTH MECTONOMO/KEHIe
nomoca P,. VimeHHo, MH DoKa/keM, 9T0 OH JI€KAT HMe (a He BHINE) pa3pesa,
HIymero OT TOUKH BeTBiIeHnAA,. J1A3Tor0 B Ton0IHEeHMe K Pa3pe3y, MpPEACTaBIA-
fomemy coboit maHu0 Re ) 7 — sin?® = 0, npoBeem auunmo Re ) n® — sin?® = 0,
Ha pmc. 28.1 oma msofpakesa myHKTHpOM. 3Hakm Im} nf —sinf® «
Re |/ n? —3sin?® menswoTcs TONbKO NpH mepexofe Uepe3 OHY M3 STHX JHHHIlL.
Kak Bmmso m3 (28.12), 3makm Toro m Apyroro Ha HEKHeM Jucre [ 3Hak — B
(28.12)] orpunmatensur. B touke & = 0, rae na mmxmem mucre } n? — sin® 0=
—n = —|n|expip, onn oOTPHNATEJbHH. JTO jKe HMEET MecTo, Kak JIeTKo
YCTaHOBHTB, K B moiioce P,. 3uaunt moiwc P, mo Ty e CTOPOHY OT pa3pe-
8a, ITO U HAYA.T0 KOOpANHAT.

I/ITaK, MBl BHJIM. 9TO HO.TIOCH HNOJBIHTErpa.-TbHOTO BHIPAKEHIIA MOYRHO HC
YYATHBAThH OPI aHAII3e MOIA OTparkeHHOI BOIIL. To 3Ke camMoe MOKHO NOKa3aThb
u JJIA cly9as ropE3oHTaJbHoil Doaspusamuu £E. B onmpemenenHnx caydasx mpm
pedopManuu I';, B I' MoskeT DoABHTHCA 10MOIHOTEIBHO HETErpat mo feperaM pas-
pesa, maBaA CcBoeoGpasHyio («60KOBYIO») BOJIHY, aHAJH3 KOTODOH Mhl OTHeceM
K § 30. Teneps ke BepHeMCS K omeHKe HHTerpaJia 0o OePeBaJbHOMY OyTH, BXO-
asamero B (28.2). Ilpa ygere dopmyn (27.9), (27.17) u (28.3) ara omenka mpons-
BOJHTCA 37eMeHTapHo. Posb mepeMeHHo# B 3TOM ClIyTae §y/eT BHIOOIHATH Yyroa .
B pesynbrate, mpeneGperas Beqmumuamam mopsinka 1/(kR,)® mo cpaBHeHH.
C efHHHIEH, MOJyTaeM

e”‘R' . .
Yorp = Ri [V (8) — iN/kR,], (28.13).

rae
N =1, [V (8,) +V’ (8,) ctg 8,l. (28.14)

3mece V'(®,) m V''(8,) — npomspogHnie Koaddmmmenta oTpaskeHAS MO YIIAY
®, BsaTHe B Touke € = ¥,. YacTro oxasmBaercs yao6HHM BHpasuTh V depes
BeamdrHy ¥ = cos®. Torga, kak B clydae akyCTHKE, TaK A B PacCMaTpPHBAGMOM
HaMHE 3JIeKTPOMaTHHTHOM c.Iydae (BeDTHKaJlbHasl Moaspu3anus), V BEpaKaeTca

dopmy ot

R e T
T e (28.15)

Fie m = p,/p — B aKycTuKe, M == n? — B 3JIeKTPOJEHAMHKe.
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Bripa:kenne (28.14) upm sToM MoOKi0 3amdcaTh B HECKOJBKO WHOM BHIE
N =11 =10 V' (10) = 1oV’ (To), Yo = cos B, (28.16)

rae ITPHX O311a9aeT NPOM3BOJHYIO IO .
Vautnaa (28.15) u BuuMciag mpomssogHnie ot V (y), momydaem

RO fom (et —1) + 3myS 4 gote (202 +1 — 1)) — myg], (28.47)

T g onre - qop

rIe

o=y n®—1+ Y2 = VrE=sm®8,. (28.18)

28.2, Hexrotopbie Bsioasl. Ilpesesinr mpaMeHnMOCTH reoMeTpaIe KO ONTHKA,
Jlerrko maTh ¢M3MyecKkyw HITepOPeTaNUI0 MaTeMaTHIeCKMM oIepamMAM, Opo-
113BOMMLIM OPH NOJy4YeHHU BuipaskeHus (28.13) ans orpaskennoit Boxus. Hedop-
MayHMA MepBOIa9anbHOTO OyTHI MHTerpupoBanua I'; B mepeBadvHH# nyTs I' o03-
HavaeT, 9TO OO0 U TO ;Ke Node mpeACTaBIAETCA NpI IIOMOMM HabOPOB IJIOCKHX
BOJIII, BEIGpalHLIX pas3nmuubiME ciocobamu. Butbop nyru I’ coorBercTByer TOMY,
9T0 mOJME COCTABJIAETCA 113 TGN IJIOCKMX BOJH, KOTOPHE HMEWT B TOYKe Halmiwo-
JeHHA O111aK0oBYI0 dasy. a MMEHIIO Ty ke, 9T0 1l BOJHAa, OTPA;KAIOMafcA OT
rpauunn nog yriaosm ¥, Ilyro, na xoropom ¢asa mocroguna, cormactio o0mmm
-CBOMCTBaM alladNTHICCKIX PylIKIHi, ABIACTCA TaKike MyTeM, HA KOTOPOM MOZhIH-
Terpanpitasg PYHRIUA OpH Y/JaiellMH OT HepeBajJbHON TOUKI OHICTPee BCEro
y6uiBaeT *. 1103TOMY-TO 1l OKa3an0Ch, 9TO OpH arlanu3e HHTErpaja OLUIM CymecT-
BeHHbl TOILKO YIaCTRI HepeBainlloro OyTH, GJN3Kie k Todke mepesana (U, Onms-
rue K ¢,). IT0 03HauaeT. uTO HOJe B ToOUKe HAb.116/leliA B OCHOBIIOM COCTAaBJIAET-
cA M3 OJOCKHX BOJI, OTpasKellILIX OT Tpanuuhl 0o yTr.aami, Oa1m3kmin K &, —
YIIy oTpazkeng (& CIC0BATCIbI0, I Ha/1eHIIA) Tyda. HOCTPOCIHIOro 110 3aK0HaM
TeOMETPHICCKOR ONTHKII,

B coorBeTcTBuM ¢ HTHM OCHOBHLIM wienoM B (28.13) Anigerca nepnsii Tilen
B CKOOKAN. JaOmMA OTpayKellllylo BOJNY B 1pUdIIKeNIN TeoMeTpiueckod om-
THKH. BB atoM npubmirennn edepruaeckad Bodia oTpaskacTcA ¢ TeM ke Koaddu-
IHeNnTOM OTpa’Keltus, 9T0 M NJIockaf BoJHa. Bropoii 9:1en MosRHO paccMaTpHBaTh
Kak monmpaBKy (McUesawmyw mpu k — co), MTpawmlyo, ofHako, B pAge caydaes
BEeChMa CYIMECTBCIHYI0 pO.1bk, B YACTIOCTH, KaK Mbl IOKasKeM III;Ke, Korga M3Jy-
qarens 11 OPHCMHHEK HAaXOINATCA lla MaJblX 0O cpaBlieli0 ¢ MIHHOH BOJHH pac-
CTOAHIAN OT TPAHMIL.

Honpasounuit uien. coriacno (28.14), obpamaeTcs To:RAecTBellllo B HYJb,
ecant V — const, T. e. ecan koddoniyient oTpascennd e 3aBICHT OT yIia mage-
LNA. 3TO [IMEET MECTO, B YaCTHOCTH, AJIA abCoMI0TIIO OTPasKAIIIN TOBePXHOCTeH
(V = -2-1). IIpuMenuMocTs TreorleTpHICCKON ONTHRII B DTOM cIydae XOPOUIO H3-
BECTHA, OpHIeM OTPAsKeHNYH HO:Iy 3ACCh Y0610 nNpe1cTaBIATh KaK 0Ll Hcxoad-
meit 13 BooGpaskaeMoro («nualoros) naaydareaa O, 13006passennoro Ha puc. 28.1.
B cay4ae axycturn Ko3dQUOMEHT OTpasKeHIIA I1¢ 3aBIICAT OT yIJa, KpoOMe cly-
qaeB NOJIIOT0 OTPa’KeHNA. a Talk;ke OPHM pPaBelCTBE CKOPOCTCH 3Byka B ofeMx
cpegax. JlefictButeanno, nomaras B (28.15) n = 1, nonysaem V = (p; — p)/
Ap, + p). Boarou caydae reoMeTpuveckas aKyCTHKa TakiKe CTPOTO cnpaBel.1MBa.

BoiBenesm Temeph Lk purepuil, HOKa3LBalMUM, KOrja DOOPABOYILIM YICIOM B
(28.13) moskno mpemnebperats, ecan V 5= const. OGparmica cHa9ana K clydalo,
Korfa H3IydaTelIb ITM NpPHeMHUR (1aA ompegenedHocTH OymeM cuNTaTh, 9TO
nepeHil) naxomutTca na rpanuie pasgeraa. Toraa R == R, (cm. pne. 26.3), u ye-
JOBHE MaJOCTH HOlipaBounoro diena B (28.13) mo cpaBuenmo ¢ cyMyoii mpAMoi

ikR i
BOJHH E_IT M OTpa’KeHHOH BOJIIHI V(ﬂ.,)-eﬂ-, B3ATOI B TeoMeTPHIECKOM

* Jlunun nocToanHoii ¢a3nl Mo:KeT OBITh TAKMKe NMyTeM, & KoTopoM HOAbIHTEIpaibHAA
dynruna GuicTpee BCero eospacmaem, oflHAKo HTH ABA NYTH JerKo PAcHo3HAIOTCA 10 RHAKY
1" (L)
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npubiMsKelnH, 3anMmeTcA

kR 3V (8| >N |. (28.19)
Noabaysace (28.15) mpl moaygaem
1V (8) = 2T (28.20)

e - Vn‘-‘ —1--13

B cuy toro, uto AR mo npeAnolosneni Beluko, ycioBue (28.19) MoikeT me
VAOBIeTBOPATHCA TOJNbLKO pasdBe Npll MalLlx ¥, == co8 ¥, 9TO COOTBETCTBYeT yI-
J1aM majten i BB, OJMMBKIM K cRoabagmny (Y = n/2). IIpum yaere, 910 cos ¥ =
© 'R u oy, madoe, veaosue (28.19) Moskio sammcare B BHje

o]
ey S| e V2 -1 (28.21)

(e - Y 1Rl

vl

3

Eem my, <€ Vn2 — 1, moc:te:iee yc1oBlie MO0 3aNHCaTh Tarike B BHAE

ks (28.22)

e

Tarny o6pasos, [K1s HPHIMCHIMOCTI FEOMCTPHIECKOH ONTHKHM HeobXoamiMo,
9TOOH BO3BHIIENIIC MPIEAMIITIKa 1a’l Tpanleit pasgena 6uI0 JOCTaTOIHO BOIUKO
no CpaBleHuIG ¢ UHIIOM  BO.IIM.

Hpn [m ] — oc s nvees nepexol K abcolioTiio oTpaskaomeil rpaiinme,
Tak Kark cordaciio (28.15). npn stom I'— 1. 13 cooTBeTcTBUM C 3THM npaBas
yacth (28.21) eTpeMnTes K Hy 10, OTKY1a Il c.elyer, 9To TeoMeTpudeckas oml-
TiKa (aNyCTHKA) B OTOM ciydae cnpaBefTnBa IpH Nw0OLIX 3HATOHHAN Z.

BB c:1yvae oTpasieina pagi0Bo:1l OT NOBEPXIIOCTH 3eMIH, m = n? = & ofnLTHO
BCJNIKO MO MOAYMi0 mo cpasitenuio ¢ exununei. Torma (28.22) sanucuBaerca
COBCCM  IIPOCTO

kz3>|n| (28.23)

Hetpymino nonsth, modeMy HpH OpUSTIFLCI IPHCMIHKA K Tpallie pasJieia
npudaikenne reoMerpiueckoil ONTHKI Bee Menee 1 Meliee npuentmo. Mu
BUTIL, UTO I ATOM Bemdnna Y, - costly —— yohBaCT. TaK RaK yrom nafenu s
cTpesuTest K L2, 1 najeniie BoJnul ¢Talopntef Bee 6o1ce cKoan3amuM. Ilpn
9TOM. Kak BIANO 13 (28.15). roasdubimiuient oTpaikenns cTpesurca kK —1, Bcaea-
CTBIIC YCTO NAJAmMAA U OTpakellllag BOIIL HaulIAKT Bee Gosee it 6onee KoOM-
eI POBATE JPYT JIpYTa, a MompaBKa UrpaTh Bce oMby pods. Ecan npmey-
HIIK 1IaXOWUTCs Ha cavoi rpammte pasieia (y, = 0), To B reoMeTpiTecKoM mpu-
6-nnkeninn none 6yICT TOMICCTBCIHO PAIO Y0 (MPAMAA M OTPa/KeIHAS BOJIHLI
HOGCThKY KOMIENCHpYT Apyr apyra). B oroM caydae umelr, KOTOPLIA Mmbt
HasbBAeM MO paBovibiM, Gy/leT HOANOCTHIO OUpedelIATs Hoje, KoTopoe Oyfer
yOLBaTh ¢ yiadelieM TOUKH Habiwzennsa oT usiyvatensa wak 1/RZ

Muoro cyumeeTBemnx pesy ibTaToB, Kacawmuxcs cPepPHIECKHUX BBYKOBDIX
BOJIII OT Tpalillithl paz;leda ABYX cpejl, YMTaTe: b MoykeT Haiiti B paborax [176,
189. 227|.

Bonpoc o no1110M BIvTpeles oTpaskeliHil 3BYKOBOTO HMIYJILCA, H31Y9a6MOT0
TOTEUINM H31yUaTe ey, Onl1 paccyorpelt 8 paore [256]. O6 orpasmenun cdepn-
YECKOTO 3BYKOBOrO IIMIIVIBCa OT Oeckollednoil morjomaromeid NIOCKOCTH CM.
1136].

Haxounew, oTsieTinni. uro mopA 0K BeJIMHILI HOIPABOTIOr0 9WIeHa MOIKIIO
Ons10 611 OLEeNHTH, TaKike UcXo1s 113 npuAnuna [wifrenca u npeacraBieHuit o
sonax (pemens na orpaskaiomeii mwiockocri |[4].

28.3. Obobienne Ha caydaii IpyrixX 3ayvareneii: MATHATHEIE MI0Jb B ro-
PH3OHTANLHMIT BNEKTpiueckuii Tunoab. Bee uaio:xenHoe 6e3 Tpyga Momker OHTh
obobmeio ma coydaif gpyrux nsivuareneil. B wacTHocTu, KOTJa H3IydaTesieM
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ABNAOTCA BOPTHKAJNBAHNE MarHETHHA aumois, o Gopmyan (28.13) m (28.14)
AJIS OTPasKeHHOi BOJTHH OCTAlOTCA B CAJO, HO TOJMLKO A1 Kosdumienra orpaxe-
HESA NpE PaBeHCTBO MaTHUTHo# NpoHMIaeMoctd cpex BMecro (28.15) 6yaer cuopa-
BeannBa Qopmyna [em. (4.16)]

_i—Vi_ifp 98.94
T4+ Ve—1 72" (28.24)

B stoM canyuae Bexrop E HampaBieH mepmeHIUKYIAPHO NMIIOCKOCTH IaJeuds,
dro AcHO XoTA OH H3 TOro, 4TO IPH IEPeX0/le OT 3.ICKTPHICCKOTO K MarlliTIOMY
amnomio poix E u H mensoTcs, a c1egoBaTelpHo. MOHAOTCA M XapaKTep MOIAPH-
3allEd TeX IJIOCKHX BOJH, HA KOTOPLIe pacKJIaamBaercs cepidecKas BoOJIHa.

CymecTBeHHO clIo3KHee OOCTOHT geslo B cilydae TOPH3OITAIBHOTO 3JIeKTpH-
qeckoro Ammois. [IpeamosoKuM, 49T0 JANOJL HANpPaBJIeH NapaiiciApHO OCH Z.
Hsygaemana mM cdepHueckas BoJHA OymeT oOMCHBATHCA KOMIOHCNTOH BeKTopa
Tepma II.. Haskgaa m3 nurockmx BOJH, Ha KOTOPYIO pacKIaanBacTcA HTa cepu-
JecKaf BOJHA, TaKXkKe Oyxer comepmarb ToJlpKo KoMmomneHry IT,. Ojuako okassi-
Baercd, 9T0 B OTPa’KeHHoH ® mpesoMienuoil Bomuax, kpome II., Gymer Takke
u KoMmoHeHTa II,, TaKk KaK mHade He MOTYT GHTH Y/ 0BJeTBOPelH TeTH e rpaHuI-
HEO YCJIOBHSA, BHPaKalollne HernpepHBHOCTh KOMIOHeHT noisa I, Ey, I, u H,
IpE Tepexofe 9epe3 rpaHumy pasgena. W3 stnx ycJoBAH meTpyano IOJAVIATH
aMIUTHTYJH BCOX 9OThIpeX BOJH (IBe B OTpasKelHOW H aBe B npeioMienioi).
Ecag amnauryay nagaomeid miockoit Bosng Aad I1, DIpUHATL 3a @JAHHIIY, TO
aMILIATY/AKl STUX BOJH OyIyT COOTBETCTBOHHBLIMA Kodddmmmentamu oTpaskenus
npenomyeHus. IIpu sTOM KoMmJeKcHas amnautyja I, B orpaskenioil BOJHe
oymer

I el Ml vas
e e (28.25)

Ammuryga II; B orpasicennoit sone

2Y(—nd YT =72 \
Vir = 1§ okl R el — (28.26)
O+ ViE—TE ) ey + Var—1 - 19)

Mu Bugmm, 910 V., coBnagaer ¢ Boipasienuen (28.24) qna V — kooddnmuen-

Ta OTPa)<@HHUA TOPHSOHTAJLHO NOJAPH3OBAHHEIX BOJH.
Tlocae TOro, Kak onpeenessl BeTHIMHH V. U V,, faldpHeilmnne BLINCISHHA
6yayT mporekarb HO H3II0/KOHHOMY BELIN® NPaBILTy. B pesy:awnTaTe nomydaenm

I1A TOJMOrO moJsd o'rpa;lcenuon ceprIeCKOU BOIHEI

0 = S [V (r0) — S (28,27
xx TO) k”l ’ o )

kR A
ot __ = [V“ (Yo) — W] , (28.28)

roge N, n N, 6yayr gaBateca Gopmymoir (28.16), B xoropyio BmecTo V (o)
Hago DOJICTaBAATH cooTBerctBemuo V.. m V..

Tocxe Toro, kak Haiigen Bektrop 'epra orpaskenHoii BOXHH [1°TP ¢ KoOMIOHeH-

ramu [17"° 1 13", sHavenna E n H B oTpasenuoir nonne naiigyrea no gopraymanm
(26.6) mepexoma or I k E m H.

28.4. Crazy nosiAg W3JyuaTelif, PACNCJICKCHAOTO HA TpaHALE, C NOIOM IOJ-
HATOFO MH3NywaTesA. lIMeer Mecto BechbMa NpocTas CBA3h IOJA HpPOI3BOJBHO
PacIoNIO}KeHHOTO H3JNydIaTessl ¢ HOJeM H3Nydarens, HaXoJAMerocs ua CpaHHIe
pasgena. Hak m Brme, uaygaTenb MH IPeICTABAACM B BHJe BepPTHKaJIbHOTO
qanona *,

* Bce n30KeHH0e HU3Ke € OMHEAKOBLIM YCIIEXOM MOKCT OTHOCHTLCS K 110110 BepTUKAALHOTO
MATHHETHOTO QHOOJNA H K HOJI0 AKyCTAUECKOTo Hany4aTedsa, UPeacTaBAAEMOro B BHAe OyJb-
capyionieii chephl Magoro pagmyca. B mocnepueM ciyuae ¢y GymeT 03HauaTh 3BYKOBOIl nmoTeH-
gHaJ.
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(O6o3nagmm depes ¢ (r, z, z,) BePTHKAJIbHY0 KOMIOHeHTY BekTopa I'epma
8 TodKe (r, z) OT H3JNydJaTe.s, PACHOJOKeHHOTO Ha BHICOTe Z, HajJ TpaHHei
paszena. CoorBercrBenHo Y (r, z - z,, 0) Oyger snagenmem Bexropa I'epma
B TouKe (r, z -+ z,) OT H3JydYaTeNA, PAaCIOTOKeHHOro Ha rpanmite. Mu moxaskeM,
9TO 1IMEeT MeCTO TOKIeCTBO
GKR kR

Y(rz,z) = - — e (r,z + 2, 0), (28.29)

rie B 1 R,, Kak o BHme — PaccTOAHIA TOUKH |[IpHeMa OT M3JAYIaTens i OT
<OIIHMOTO» H3Ty9aTelsl.

TakuM 06pa3oM, YTOGH mOYIUTL 118 NPOH3BOILHOM TOURE (r, z) BOPTHKAIb-
HYH0 COCTABJIAWMMYW BekTopa I'epua Innoixsf, NOTRATOTO Ha BEICOTV Z,, HY:KIO
B3ATL NpAMY Boany e"f/R m nobamuTth K Heil:

a) Boamy — e*f4/R,  ncxogAmyw 113 MHEMOTO
A3/1\4aTe A, B3ATY 10 CO 3HAKOM MHEHYC.

§) BepTHKaJLHYI0 COCTaBIAWMYI0 Berropa I'epra
IHIOJA, HaXOAAMETIocA Ha TCpaHlIe pa3ieaa, HO
BHIUHCIONHY0 1ie JIA Toakn P (r. z). a 314 Benomo-
rateapHOft Touxm P’ (r, z -~ zp) (puc. 28.2).

JTOT BechbMa MNOJe3HbIil peldlenT 11 BLITACJIOHHSA
TIOAA TOAIATOro AMHO.A Obl1 BepBhle NOIy9eH, Ho-
pi;uniomy. Depuieapyanoy eimme B 1911 r.. a sarem
apyriuy Metogod K. llnoeccenom (em. [205]). Bubog
ero B ofellx ysasalliLiX padoTax BecbMa TPOMO3IOK.
o eymectBy e opyyiaa (28.29) cieayer us j1o-

BO.16110 HPOCTHX 11 HATIAIHLX coodpaskenuii [8]. Prc. 28.2. K nompocy o cos-

BeprukalsHaa cocTapagiomas Bextropa ['epma B 3u oAen MOARsITOro U3y a-

P b Jiit op Ui TellA H H3JydaTens, HEAX0IA-
TIPOH3BOJILHOH TOIKe COCTOMT M3 NPAMOM H OTPAsKeH~ merocd Ha TpaHilie pasgeiaa
1noii Boan

eil\'ﬂ
¢ (r, z, Zg) == it “+ Yorp (r,z, Zy). (28’30)

Kax sugio u3 nepsonagaisnoro supazkennsa (26.24) Ana orparkeHHO# BOJHH,
BeJANUIIK Z 11 5, BXOZAT B 110 TOIBKO B BIIJ® CVMMEL Z + Z, H, C.1eJ0OBaTe.TbHO,
3Hadenne Yorp 1€ [IMCHITCH. €¢Il BHICOTY N3IYYaTOIA YMOHBIIATH, BHCOTY
TpUEMHIIKA YBETHINTE a 0Ny O TY ke BeandnHy. Taxum oGpazom,

.qIOT.T" (’-’ :e :0) = ‘l'mp (’.’ z ":‘ zOy O)- (28.31)

ITO COOTHOIIeRII® MOHATHO TaKyke H 113 HalIATHWX COOOpasKeHHH. IOCKOIbKY
Opll TAKOM H3MeHOHUH BHICOT 113:1y49aTesA U IPHOMHHKA HO MOHAITCS HA CyMMap-
unlii 11a6er ¢ass, HE yroa majenNd Ha TPAHHENY JNW0OOH M3 IIOCKEX BOJH, H3
KOTOPBIX COCTAB.JIATCA mOJIc¢ OTpa;kenHo# Boduu. Ha pumec. 28.2 ato Bngno gias
BOJIHDI, Naalmei Ha rpailiiy Oox YriIoM cKiodsxeHua ¥. Ws sroro cpoiicrpa
oTparielHO# BOJNHH cpasy W BHreKkaer $opmyna (28.29).

Ile#cTruTe1bHO, OTpaKeHHY BOJHY IpPH H3idydaTelNe, PAcHo/10;KeHHOM Ha
rpaHume, T.c. Yorp (r, z + 2zo, 0), MOKHO BHPaA3HTH UepPe3 WOJHOe NoJge LA
3TOTO CJHy4afl, TaK KaK HOJUoOe HOIe ABIAGTCA CYMMOH NIDAMOIl B OTpaeHHOH

BOJIIT
elk R,

(5= 20,0) == T + Yorp (r, 2 + 20, 0). (28.32)

31ech mepBHil WIen npejicTaBIAeT cOGOH OPAMYI BOJHY, IPHIEM PpAcCTOAHAD
OT n3nydYaTesdf 10 HpHeMInika paBHo 3jece CP’ = R, (pumc. 28.2).Bupasus
otcaa Yorp (fy, 2 5 Z,. U) 1 moicraBu B (28.31), moaywmm

AR

"'lIOTP (I‘, z, :0) = ¢(I‘,Z J‘_ZO’ O) - l_fl-'

Haxonen, noncraBme sto Bupaskenme B (28.30), momyaum dopmyry (28.29).
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Taknm o6pa3soM, ecaum BuMMcIeHo LOJe W3NAyyaTelds, PACHOJIOAEIHOTO Ha
rpaHHuie pasgesia cpeii, TO IePeXo/] K MOMIIATOMY H3/1YTaTeNI0 y:ie ue npeicras-
JIfAeT CYMeCTBOHHHLIX TPYAHOCTOH.

§ 29. BepTHKAIBHBIT XHIONB.
®opmyna Beitna— Bar-gep-Ions

29.1. Tpammun npuvermMocT Bhmpaxenns (28.13). Iomartwe o uncrennom
paccrosamm, [Ipuyenmocth (28.13) umeer cymecraeliiioe orpanndense. su3Bali-
HO® TeM, 4To B CJy4ae BePTHKAIBIIOTO 3JI@KTPHIECKOTO JUNOIA OJHII H3 [O.TI0COB
ko3¢ dunnenTa OTPALKEIIN A MOHOT NPHOIUIUTHCA It TOUKE TIOpeBalia, YTo IPIBOAUT
K HeNpHMEeNNMOCTH LT DTOTO CIyuas ofmbvIoro erojga mepeBaa.

B sroym maparpage M Gyfem paccmaTpuBarhk Caydail CKOIb3AMeEro majelus
(9 = /2, cos ¥, <€ 1) u, kpome Toro, mpexmomarars, uro |n|>>1. Toraa
K03(@UmMONT OTPAKEHMA NS PACCMATPHUBAENMOrO CJAYYAA MO0 3anncaTh
(cu., nampuyep, (28.15), rae mago nojoNuTL M = n?)

V(1 = (ncos® —1)/(ncost {-1). (29.1)

Mu cuoBa mepeiiieM oT @ K DepeMeHHO s B COOTBETCTRILIL ¢ cooTomenueM (28.4).
Pasunaraa xocunyc B (28.4) nmo cremengm Majoii pasnocti ¢ — ¢, ¥ OrpaHmiIn-
Bafich BTOPOHl CTENCHBIO. MK DTy CBfI3h 3AIMICM B Bijge

9 =V Zexp(— in4)s - 9, (29.2
Y paBueHpe A I0JI0CA
ncost -1 —10 (29.3)y

npH monictalnoBre cwaa {13 (29.2) sanmuerca (yUNTHBAKTCA cTeNeNn s 1ie BuIOe
nepBoi)

neosty — | Znexp(—ix Hssind, -1 =:0

Tonarasa sin®, =~ 1, cos®, == ¥, — YTOI CKOJIBLENNA. UAXOINM OTCHIA 3Ha-
YeHHUe IMO0JCA Sp

sp = (1Y 2n) (nx, -I- 1)exp (in'4), (29.4)

Iipu | n|— o0, %, —> 0, moawc s, mpubamiaeTca X Touke IepeBata s = (.

Jlasa npuMentuMocTH yOOTpeGIenHoro HaM4 BHIIIe MeToAa Nepesaia neodxoqu-
MO. YTOGH MOJOC TO3Kal ;JOCTATOUIO0 TaeKOo OT 00JacTH «CyN(ECTBENIIBX) 3HATe-
Huit s, T. 0. snagenuil 0 < s << 5,, IPH KOTOPHNX NoAnIITerpaIbiasg pyurnusa eme
He ouennr Maia. [Jog umterpan Bxodur OncTpo yObIBAOIAA C BO3pacTamyeM §
akcnonenta exp (—AR,s2). BCIeICTBHO MOro MOKHO Moka3aTh. uto s, ~ 1,V kR, .
Ilna toro, urobH HamWTIe HOTOCA HO CKAa3hlBaI10Ch. J0CTATOTIO HOTPCHOBATH
BHIOOMNEHNsT yCIOBHA |s,/sp|? <€ 1 unm

KRy |sp 2> 1. (29.5)

Besmuny w = VA‘h’,sp NPUUATO HA3BIBATH WNCACHHHM paccToguueM. Caeno-
BaTeJabHO. AJMA DpuMenuMocTH Gopmyant (28.13) neobxoaumo, uTobH unc.ienoe
paccrosAnue OHIIO BeJHKO.

Tpu Goapmux sHAUEHUAX | 7 | UNCIEHHOE PACCTOAINE W MO MOTYII0 MOOT
OLITh MOPAKA ©UHMIIK U MeHpIIe, HOCMOTPA 11a TO, YTo kR, Beanno. 13 aroMm
clly4ae H3JO)KeHHWH B mpefngymes naparpade MeToJ analila OTpa-AelHOH
BOJIHHl HEN PUMOHHM.

PaccmoTpum, Hanpumep. caydail mopckoit moam (e - 81, ¢ — 4-10').
Jlna npuemHoit u uanyuawmeil anteiy, pacmoioskeniux na rpamme (y, - 0),
noJxyvaem

fwir kR 2|0 = (kR2)(e* - 432 )2,
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Hna gnmesl Boamm A = 300 m noxydaem |w|? = 1,3-10"* kR,. Orcioga n
BH/{HO, YMTO YCIOBH® ]w [* > 1 MokeT oka3aTbCA 3HAYHTONBHO 60.100 FKeCTKHM,
veM ycaoBme kR, > 1.

29.2. (bop.wyna Beiina — Ban-gep-Ilona. Bupaskenue (26.24) faa orpasen-
110H BOJHH Mbl HOPENIIeM B [IECKOIbKO HIIOM BHAe, AudA wero B dynxmun V (3)
OOJ HHTerpaloM BeMTeM u npubaBum eauuuny. [Ipm atom moayumm pesyabrar,
KOTODHH MOKHO 3amincaTh B BHMIe

. = 2=ioc 2
" Yorp -—1% \ g exp ik [xsin®cos¢ —+— ysin¥sing + (z +
0 [

= 2~in a2

i- Zg) cos ¥] sin & d¥ dg -I- ﬁ‘- \ 3 exp ik [«sindcos@ + ysindsing -
oo

-t (z + zo) cos 8] |V () — 1] sin ¥d ¥ dy.

3mech nepBuit wien mpejcTaBager coboit chepuueckyw Boauy (1/R,) etkk:
(e R, =V y* 4 (z + Zp)*), MCXOIAMYI0 I3 (MHHEMOTO» HCTOUHMRa O,
{(cm. puc. 26.3), B WeMm HeTpyaAno yOeIuTLCA, CPABHHB ITOT LIell ¢ MEPBLIM H3
npipaskenmit (26.19). Bropoit wi1enr mpeodpasyem Tak sKe, Kak HpeofpasoBLiBa-
Jgoch Bulpaskenue (26.24). [lpu arom npuxoTuMm xk dopMyre, coBepmIenHo aHato-
ruTHoi dopmyne (28.2) ¢ Toil ToIbKo pasnuneis. uto Bmecto V (§ ) Gymer dury-
pupoBats V (¢)— 1. Kposme Toro. Mmu npene6pemenm unenom 1/8 krsin® no
cpaBiiciii0 ¢ eanunmefi. B pesyasTaTe nodyvvaem 11 OTpaskeHHOH BOMHK
eim,
"-l'm'p = Th —f‘- 1,

= 2=ioc

]/—-em g eikRicos (-89 (V7 (§) — 1]} sin ¢ dO. (29.6)

i 24i0o
IipousBogum sameny mepemernnoil nuterpupoBanua ¢ na s coraacuo (29.2) m mm-

TerpupoBaHue 6yIeM npoBoITD 0 BeILECTBe b S (IepeBaabILIA NYTh HHTETPII-
poBaHus). [lpun arom

dit - ) Zexp(—ix A)ds. (29.7)

BocnonszoBaBmes (29.1) u (29.2). ueTpyImo NOJIy4nTh
V(@ — =[] 2n(s—s,) =1, (29.8)

Ilonaras ganee B (29.6) sin® = sin®,, rsin®, = R,, NoIylaeM
Foc
1 2k . s T ds
— (= 4+kRy) -ikRst __® 2

I n .l/n/h il Aok Rs . emtie §—sp ("'9'9)

-

Mu monmyunnd 3TAmOHHLIE HuTerpai, paccMoTpendnii n § 27. Jamerum, ¥TO
cornacuo (29.4) Im s, > 0 (mockoikky arg n << n/4). B pesynbrare coriacno
(27.19), poayuaem

/ —,ll- ] 3 exp('311 + ARy — w?)Q (— iw). (29.10)
Teneps B cootsercTaum ¢ (29.6) noiydaes JAS OTpasKeHHOH BOJIHHI
u.R,
Your = o [ =5 L) BER, e et ) (— zw)] (29.11)

Uncacunoe paccromume uw - ) Alt’,.\ naxosxutca npu nomomu (29.4). ITomnoe
3HAYeHHe [JIA HOJA HOJMYYMTCA. eC.IH MEL K 3TOMY BBIPayKCIHHIO JoGaBUM BLIpa-
JKeHMe MJIA UPAMON BOJHEL e"H/R,
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Qopmynu (28.13) m (29.11) B3ammHo gomonusior gpyr apyra. Ilepeas mpm-
ToJHAa Ui pacueToB MpU JIOOLIX 72, HO JHIMb Opd GONBOIAX TACHEHHHX PACCTOA-
HaAx. Bropas, naoGopor, rogurcaA nums npa Golpmux | n |, HO saTo mpa MO6LIX
qHCleHHNX paccToAnmAX. I[Ipu Gonpmux | n | u GonpOlnX YHCIEHHLIX PACCTOA-
HEAX w? 06e opMyNLI NPUMEHEMEL ¥ JOJNSKHLL 1aBATh ONMH H TOT 7K€ Pe3yJIbTAT,
aro OyaeT NMORa3aHo HEIKe.

B gactHoM caydae, Korga ua;qydaTeNs HAXOJUTCA HA TpaHEume pasgela, ME
mMeeM R = R, (cm. puc. 26.3) u gy1a DOoJMHOTO HOJNIA B Bepxueld cpese moayIaeM

kR, -

= [1 T VIR et  (— ). (29.12)

Tlocneanee BoipaskeHuc OOLITHO HABLIBAOT GopMynoir Beiina — Bau-mep-Tionsa.

HKak ME BHAMM. HAm MCTOJX 7131 BO3MOSKHOCTD MONYIHTH GopMyry (29.11), copa-
BeJJIHBYI0 TAKiKe M A MOJUATOrO JMIOJA.

Benmauna (2/R) ei¥ B (29.12) coorBercTByeT BekTOpy I'epma B ciydae
abCoI0THO OTpaskalmeil rpanunul. MHOMKHTENb, 3aKIIOYEHHLIE B CKOGKH,
XapaKTepu3yeT JOMOJHUTEIBHOC OCHAaGJcHHe NOMA BCJEACTBUE OTTOKA dHeprum
9JMeKTPOMATHHTHLIX BOTIH B HHKHIOI Cpeqy H HAsLBaeTcA yukmuei ocrnabrenus.,

IIpu GoanLIMX THCIEHHLIX PacCTOAHEAX Bupamenue (29.11) gomskno copma-
JaThb ¢ BupasienueM (28.13). moaygennniM ofmansiM Metogom mepeBana. IIpose-
pum ato. Ilpn ywere (27.25) Bupawenme (29.11) szamumercs

eih‘R,

- 1 T de oinia ot ) aps
‘l,’u'rp = T{'— l:i _ ;w—Vélllil en4 (l + 11.).11/2)] v
WIM, yara 3Hadenue w* = kR,sp cormacmo (29.4), nomysaem
PLE 9 i n \
o = o [ = (U7 =)
lHocnexnasa ¢opmyna .derko mnpeobpasyerca K BuIy

R, Yo -1 2in® 5
i e A o 2
tore = 7y ["Xoﬁ‘i " RRCE e ] (2943)

ITocneguce BLpaxkeHue MOJAIOCTHIO coBnagaer ¢ (28.13), Tak Kak TaM npu HAMAX

opemmosiozkeHuAX ((n | > 1, 1o= (W/2 —§ ) << 1) Mu DolydaeM, COrJTAcHO
(28.15) m (28.17),

ny — 1 2n2 .

o= V=L N — —— 29,14

10 X(Jv %o + { (1 + "X“).’ ( )

ITpumenenunlit B nactosfimeM maparpage oGobmenHuii MeToI MepeBala Mmo-

3BO/IICT MONYIHTEL JOCTATOUHYI0 ACIOCTH B BOMPOCE O CYMECTBOBAIIME MOBEpX-

HOCTHOH BoJHEI Ilenieka B 104¢ BePTHKAIBIOrO OO, PACHOJOMCHHOTO HA

rpanune pasgesda tByX cpex [209}. uckyccuu To 3aTHXAJMII, TO BHOBb BO3HUKANH.

CoBpemeHiniit 0630p Bonpoca YHTAaTe.Th MOKeT HaiTn B KHure A. Bannoca [109,

§ 4.10).

§ 30, Dokosas Bomma

30.1. Bopamenue gvr GoxoBoit Bonmm. Ilpm aHanmse oTpaskeHNO#l BOJHH
BHIINe 1e OLLT yaTeH QakT xByshadHocTH GyHKnmn V (¢), BXoasameii oy unrerpan
B (28.2). YderT 5Toro 06CTOATCABCTBa 3ACTABIAET JOGABHTH K 1O VICIIIOMY BLIHIO
BHpakcHMIO (28.13) m1a oTpaskeniioil BONHLL eme ogdH WIEH, COOTBETCTB YOI AR
TAaK Ha3uBaeMoil OokoBoil Boxme. llpuBegem cuagzasa GopMaIbIO MATCMATH-
qeckoe 000CHOBaIC 1A HOABIEHHSA ITOTO WIEHA, 4 3aTeM BHACIIIM €ro pu3H-
9CCKIH CMLIC.

B § 28 unterpupoBanme no nepsoHaganpHoMy OyTe I', ML 3aMCHUIM HUTETDH-
poBanmem no nytu I' (cMm. puc. 28.1). Hak yike ykasnBaloch, DOAHITEr PANbHAS
$yukmma B (26.27) 1BysHauHa, TAK KAaK B BhpaskeHme faA V (§) BXogMT KopeHb
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YV 'n®* —sin? ¢ . Ham neponavanenmit myTh muTerpmpoBanmsA I mpoxoguT mo
BepXHEeMYy JHCTY COOTBETCTBeHHOH moBepxHocTH Pumana. Jegopmamusa ero
B NeépeBaJbHHA NyTh HATerpmpoBaHmA I BOSMOKHA TOJBKO TOrga, KOrAa IO
KpaiHed Mepe Hadalo H KOHeI[ HOCIeJHETo JesKaT HA aTOM jKe OyTH.

PaccMorpuM, Hampumep, caydail, KOTfa MHEMAs 9aCTh 1 KCIe3a0Me MAaja,
a BemeCTBeHHAA MeHbINe exuHHIL. Eciu npm aroM yroil mageHEA S o yAOBIETBO-
pseT yCIoBHIO

¥,< 6, 6= arcsinn, (30.1)

T. €. He OpPeBHINAeT yIJa MOJHOT0 BHYTPEHHETo OTpajkeHHA &, To MH Oymem
HMETh B KOMIIEKCHO# INIOCKOCTH KapTHHY, m8o0paskeHHyl Ha puc. 28.1 (Todxa
A, coorBercTByeT ¢ = §). 3gech paspe3 MNepeceKaeTCA MEePeBANBLHEIM IyTeM
measraul. [lepexon or myru I'y k mepesasisHoMy nyta I' npomsBoguTCs 68 BCAKAX
ocnosxHeHnit. [Ipm aroM myTs I, 8a mckmI09eHmeM HEKOTOpO# TacTm, OTMETeHHOMH
Ha pHCYHKe NYHKTHPOM, OyjeT JesKaTb HA BepXHeM JHCTE.

B aToM cnydae mposemennsiit B § 28 ananms ABIAETCA DONHHM B OoKoBas
BonHa Oymer orcyrcTBoBarh. MHoe mo:ioskeHEe Mul GyaeM mMeTb B oBparHOM
crydae, Korga yron §, Oonblle yeia 10.1H020 GHYMPEHHEZO0 OMPANEHUR, T. €.
Korga

8o > arcsinn, (30.2)

BsamMHoe pacmosnoskeHne TOYKN BeTBJIeHHA [ MePEeBAaJbHOTO MyTH HHTETPEPOBA-
HAA s 9Toro ciaydas msobpaxeno na pme. 30.1. 3mecp mepeBanpHLIA ONyThb
HHTETPHPOBAHHSA MepeceKaeT paspe3 OIMH pa3, HePeXOJAT € BepXHero JHCTa
HAQ HEKHAH B yXO[AT 0 HeMy Ha OeCKOHETHOCTH, He COeJHHAACH HHTJe C MyTeM
T';, 9ro HemonycraMo. OfHAKO MEL MOsKEeM CKOHCTDYHPOBATh 0onee CIOKHKE OyTh
HHTeIPAPOBAHYSA, [ONOIHHB NEPEBANBHEA HyTh KOHTYPOM, OXBATLIBAIOIIHEM
paspe3 Tak, 9To y aToro Gojee CI0;KHOTO NyTH Hadalo H KoHeI CHoBa OymyT
Nle;KaTh Ha BepXHEM JIACTE. , .

Ionuui#t nyrs mATerpEpoBanus msobpasken Ha puc. 30.1. JtoT myThH OT TOU-
Ke — /2 + 8§, + ico maeT Mo TOUKH io0 M 3aTeM OXBATLIBAET paspes MO KOH-
typy I,. Ilocne aToro on mepecexaer pa3pes m ysKe IO HH;KHEMY JHCTY HAET
CHOBA B MCXOJHYK0 TOUKy — 7n/2 - @, -- ico. 18 Hee mHTerpHpoBaHHEe HIET
0o mepeBatpHOMY myTn I'. Hagajibnag 9acTh KOTOPOro, 00o3Ha9eHHAA DYHKTH-
poM, Temeph TERUT HA HILKHeM JIHCTe.

B pesynsrate, moiHoe BLIpaskeHie 1A OTPaKeHHOIN BOJHH OymeT COCTOATH
H3 ABYX 4YacTei:

]4‘ = l“orp —— l“(]’ (30.3)

rae Porp — COGCTBEHHO OTpasKEHHAS BO.IHA, BHPAKAOIMAACA B BHJE HHTerpaia
mo mepeBaJbHOMY NyTH, GnUTa mCClemoBama Hamm B § 28, a P; — «BokoBas»
BOJIHA, BHIPasKeHHE AJIA KOTOPOil maeTcs mHTErpasoM mo kKoHTypy I'» (muTerpanzomM
no Geperam paspesa). Mcmoassya (28.2) m npeneGperas peamamgHoit 1/8 kr sind
WO CpAaBHEHHI0 C eJHHUIEH, MOJyTaeM

2xr

— 44
Y = Leix,a[ S eikRicos(8-89) V7 (9) I sin 0 dO® +

+ S cikRic08(6-8) '+ (8))/ 3T O dﬂ]
Ay :
3mecs V(98) m V' (9)— snatennsa KoddpummenTa OTpasKeHHA COOTBETCTBEHHO

Ha JicBOM H NpaBoM Oeperax paspesa. Bxogamumii B HEX KopeHs ¥ nT—sin? ¢
HMeeT HA paspese MHHMYI0 TacTh, PaBHYK HYJNI0, 4 ero BeMECTBEHHAs JacTh
ma obomx Gcperax mmceT pasnuc smaru. Ilostomy V (§) m V* (8) 6yayr oTam-
9aThCA APYT OT JIPYTa ToTbKo 3HaraMn Kopusa. Kak nokasano B § 28.1, Ha nesoM
Gepery paspesa (kak m npug = 0) BemecTBeHHAA TACTb KOPHA MOJOKHTONbHA,
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n

~ 7 CumeHHB MeCTaMu mpeJeJILl HHTOTPEPOBAHASA B MepBOM HHTeTpale, MH MOKeM
cBecTm ofa HHTerpaza K OJHOMY, BSATOMY OT A, f0 ico BoNbL paspesa. IIpm
3TOM MONy9aeM

—_— {co
vo=} 5 e*m§ lkRi008 (0-9) ) (8) J ST0 0 9. (30.4)

Cornacno (28.15) m npm ygere, aro V* (8) monygaercsa us V (8) mepemenod
gHaKa kopHa J n? —sin?®, monydaem

(mcos 9)? —n? 4 sin? °

Bce nanpmeiimme BHMECNIOHHA y1oGHO NMPOMSBOAHETH METOJOM OLICTpeifmero
CoyCKa, aHANOTHYHHIM MeTORY HmepeBaja. J[nA 3Toro mnyTh HHTErpPHPOBAHHSA

_'/.I.._'} l’”
770 »” Pac. 30.1. TIpeoGpasopaume Nye
™ + Hh TH HHTErpNpoBaHHA B KOMILIEKCe
e iy BO# ILTOCKOCTE ¢ 06X00M pase
\\ | Rl peaa
| I
\ N
Fh
\ : (\ Puc. 30.2. K 6
\ me. 30.2. npeo6pa3oBaBHIo
Vi B % P LN /2 ., urTerpana no paspeay L B HH-
I > T |7 4 Terpal fo NyTa OHcTpedmero
— 12, \/' z 7% cnaga T,

meopMHEpyeM TaK, ITOOLL OT TOYKE BeTBIeHHs A; OH HleJ MO JMHHE, HA KOTOPOR
9KCHOHEHTA MO HHTErpajoM OLICTpee BCero cmnagaer. JTo OylerT JNHEA, HA
KOTOpo#l BemecCTBeHHAas dacrh BLipaxkeH:ms kR, cos (& — & ,) mocToAHHa

Re cos (8§ — ¢ () = const.- (30.6)
Ilpm aroM HeoOXxoammo, dTOGLI
Im cos (§ —8,) > 0. (30.7)

Ionaraa B (30.6) § = 6 (6 BemecrBeHHO), HonydaeM const = cos (6§ — ¥g)e
Temeps, y4ta, d9ro
cos (& — &), =[cos (¥;+ i9%— O) = cos (', —

—8,)ch® —isin(® —¥,)shd",  (30.8)

s (30.6) monyvaeM ypaBHeHme NyTH HHTETPHPOBAHHUA
cos(@o—9')chg” = cos (§ —B ). (30.9)

Jror nyTh B3 06pasken Ha puc. 30.2 B Buge cunomHuol Muuny (myTh ). Ha Hem
BumoNHsAerca Takske ycaosme (30.7). Hedopmanma myTH HHTETPHPOBAHHA OT
paspesa L k KOHTYpy T} npom3BouTCA GecnpenATCTBEHHO, TAK KAK B TOdl JaCTH
mrockoctr ¥, KoTopas NesRHT MeKIy HEMH, HET HEKAKHX OCOOLIX TOTOK IOARIH-
TerpalbHoro BHpaskeHmA. B wactHocTH, Kak 6nulo mokasamo B § 28, momoc
P, (cm. pumc. 28.1) nesxmr BHe aToél oGnactm.

B pesynbrare, ecim yduects Takske Brpaskenme (30.8), Gyem mmers m3 (30.4)

3y
R { @@ e-smumerore Y singas.  (3040)
Te

3mech, BoCMONb30BaBMIKCH paBeHCTBOM (30.9), BLIpasmM BCe MOJLIHTETrpPAJBbHO®
BHpaxeHHe Jepe3 0 m GyaeM CIATATh 3Ty BeJWIAHY HOBOil MepeMeHHOH HHTErpH-
poBanms. I[Ipesessl mHTerpHpOBAHHEA Mo Heil, KaK BHAHO Xors 6 m3 pumc. 30.2,
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Oyayr O moo. Tak kak kR, mpemmonaraercs GonpmmM m Hamu BHGpaH myTh
6uicTpeifmero cmaga, TO MO HHTErPAloM CYMECTBEHHYIO poiab OydyT HIpaTh
TONBKO Mannie 3HavenmA§”. Hpome toro, xak Bmamo m3 pmc. 30.2, Ha Hagaiab-
Hoil JaCTH MyTH MHTETPAPOBAHEA MO;KHO mpEHATHL ¢ == 6. [loaToMy momaraem
sin (g, —9')shg” =sin(9, — 6)9", do = idd".

B Bupaskennn (30.5) mna @(§) BCogy MOKHO MONOKHATh § == § 3a HCKIIOTe-
HEeM KopHa )/ n? —sin®{, kotopuit mpE aToM ofpamaeTcsi B HyTb, TaK Kak

sin 8 = n. IloatoMy MW BEIECIEM ero B Gonee BucokoM mpmbammennmm, HMmeeM

¥V n* —sin? ¢ = ¥Y'n* —(sin 9’ ch®” + icos & shd")s,

Ilonaraa 3mech § =~ 46, sh9” =9", ch§” =1, nomyzaem
Vni—sin? 9=V —2incosd.- 9 = — Y 2e-n4 YVncosd- .

3mech M3 JBYX BO3MOKHLIX 3HadeHmit )i B3ATO TO, KoTopoe obecmedmpaeT

HONOKATeNbHOCTs MHEEMO# wactm )/ n? — sin’g. Temeps Buipaskenme (30.10)
3ammmeTcs

Vo = ;4‘#_"__ eikRicosis-dn { g-kR.sInO-016" 1/ F G, (30.11)
Varm Veos 6 P

Beeasa HOByi0 mepesmeHny0 )} ¢ = ZHYyYTA 3HAYCeHHE BTOPOTC H3 HHTETPAJOB
27.8), monywmm

— 2inetk Ricos (8-85)

Yo = km Vrcos8 [Rysin (6 — )"

JTO H eCTh HCKOMOEe BLIpasKeHHe AJA GoKoBoi BoJHLL. Ero MoskHO mpeicTaBETh
TaKsKe B HECKOJbKO mHOM BHfe. Mu mmeeM kR, cos (6 — @ ) = kR, (cos 6 cos® o+
+ sin § sin®,). Yarem, wro (pme. 26.3) R,sin®,=r1, R cos®,= 2+ 3,
H, KpoMe Toro, coraacHo pmc. 30.3, r= L 4+ (2, + 2) tg 6. Hamnee, mmeem
ksin § = kn = k,. Tipu ydere BCex aTAX COOTHOmEHHH JErKo OONYYHTDH

kRycos (8i—8,) = Ji [nr ~ V' 1 —n?(z L+ z)] = k(Lo + L) + kL,

lR,sin (8 — 8) = R, (sin ¥, cos 8 —cos B, sin§) =
=[r—{(z +~2z)tg 6] cosd = L, cos 6. (30.13)

(30.12)

B pesynbrate Buipasenme (30.12) 1:1s GokoBofi BONHW MoskeT GLITH 3ammcaHo
B BH[E

= Zin $(Lor L)+ik Ly .
be = km (n2— 1) ]/}-' L‘l/: € . (3014)

Bupaskenme k (L, + L) + kL, MoskeT TpaKToBaThCA Kak Haber ¢asu mo nydy
OABP (puc. 30.3), coegmusaiomeMy H3ITy9aTenb ¢ ToUKo# HabmiogeHmA. IToT
Jy9 COCTOUT U3 OTPe3KoB L, # L, mo KOTOpHM BOJIHA PacHpoCTpaHsAeTCA B BepX-
Heif cpefe moJ yriosm 6 K HOPMAaJd K TpaHHNe, K OTpe3Ka L;, o KOTopoMy BOJHA
PacmpoCTpaHAeTCA BIOJNB TpAaHANL CO CKOPOCTHIO, PaBHOH CKOPOCTH B HHsKHei
cpege. Ha Gonbmux paccrosHEAX, Kormar > (2 + 2,), uMeeM L, = r, oTKyaa
BHIHO, 9TO aMIIuETY/Aa GoKoBo#t BonHu Gymer yGuBaTh ¢ paccrosHmeM Kak 1/r%.
KHak Mu BagmM, nonydenHoe HaMu BLIpasKeHHe 1A GOKOBOA BOJNHLI TepSeT CMHICI
opu o — 1 u npu L, - 0 (npu § , — 8). Ilocneanee orpaHmdeHne MLl CHHMEM
B § 31, cnyvail ke n, Bechma 6Iu3KEi K eJEHHIE, pPACCMOTpeH B ocoboil pabore
aBropa [5]. BecbMa mounnoe pacccmoTpenne Bompoca o GOKOBLIX BOJHAX B Pa3HHX
(8MeKTpOMArHUTHLIX) ¢.IydasiXx coiep:kutca B pabore JI. densszena [148].
30.2. dusugeckmit cmbicT GoroBoii BoMHBI. W3 H3M0/KeHHOrO BLINIe BHIHO,
q9r0 60KOBasA BOJHA CBA3aHA ¢ PaCOpPOCTpaHeHHWeM B HUsKHEH cpefie Ha y9acTKe
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L, (puc. 30.3). [ToaToMy monuuit anann3 npupoaLl GOKOBOM BONHLH ML HE MOKeM

npmBecTH 0e3 pacCMOTpeHHA BOJNHOBHX IIpOIeCCOB B HuskHedt cpege. Bouxee

noapobHo oHm GyayTt mccnegoBaHn B § 32. 3mech jKe MH OCTAHOBHMCSH TOJBKO
HA HEKOTOPHIX KAJeCTBEHHLIX C000pasKeHHAX. '

ITpeanonoskmm, aro B todke O Ha pumc. 30.4 pacmosloskeH HCTOYHEK BOJH.

B Toaxy B, moctaTouHo yAaJeHHYIO OT H3aydarend O, Ho pacnolo;ReHHYO BOIH3H

rpaHHIH pa3jgeNa B HEKHeidl Cpefe, BONHA MOMAJaeT XBYMA NyTAMH, COOTBeT-

creenno aAydaM OAB u OC. Jlyn OC magaer Ha rpaHany mog yrioM GOmbmmm,

Nl

2\

/
{
{

/ ~

3 / N :

NG T
€ /7 "’ | [’}" ”I l\a [/>[

Puc. 30.3. K nydueBomy npegcras- Pue. 30.4. K o01nAcHeHWIO UpH-
Jenwio GOKOBOIl BOJNHBI pork GOROBGiT BOJIHH

9eM yroii MOJHOTO BHYTPEHHETO OTPasKeHHA H, MOJHOCTBIO OTPAKAACH, CO3/AeT
B HE;KHe#l cpefe 9KCHOHeHIHAJIBHO 3aTyXalomyio NpE yriaybGnenmm BoaHy. Jlyu
0OA mcouThiBaeT 06GLITHOE HpeloMIeHHe, H B BHAe CBoero HpofgoisxeHas AB
B HmKHed cpeme momagaetr B Toaky B. Yem Gonpme nya OA npubnmskaerca K
nyHKkTEpHod MuHEE OD, cooTBeTcTByOmE# yriy moJHOTO BEYTPeHHETO OTpPasKe-
HEA, TeM Oauske K rpaumue Oyger mpmierars ero mpogoiskenme AB. Bouxna,
npescTaBiseMas aydoM AB, m ABnsercA npmumHoH GoKoBod BesHH. JledcTBH-
TeJIbHO, OHA PACHPOCTPAHACTCA BIOJb TPAHANH CO CKOPOCTBIO €, CO3JaBaf
Ha rpanmne Bo3Mymenue. [locneatee maer HagaTo HOBO#A BodHe B BepXHei cpeje.

Pue. 30.5. CooTHOUieHHE MEKAY
JAHHaMil BOJH B BepxHeii if

i é‘ A \\ HIKHeIl cpegax M yIJIoM HaKJO-
\} Ha dpouTa OoxoBoll BOMHM
A ’/

ITockonbKy DpOCTPAHCTBeHHHH NepHOJ 3TOr0 BO3MYyIleHHA BJOJAb TpPaHHIEL
paBeH A; — IHHe BOJHLI B HEsKHed cpene, BoJHA B BepXHeH cpeje MosKeT «IlpH-
[DacoBATHCA» K 3TOMY MEPHOAY TONBKO B TOM CJydae, eCIH HANpaBleHHE ee pac-
OpoCTPaHeHlUA GyneT COCTABNATh ¢ HOPMAaXbi0 K TpaHHme Takod yrox §, 4ro
A = X;sind (pac. 30.5). Umenno tak m nanpapieHa GokoBas BoJma.

B kagecrBe no6aBoaHoro 060CHOBAHHA NpPHBEJCHHLIX pACCysKICHHT MOKNO
nokasatb (CM. TaKske § 33), 9To Bech BOJHOBOi mpolecc, pacnpoCTpanAmMHALCA
BIONB Tpauiiul, pa3éuBaercs ia gpe TPynnul BOJU. B mepBym rpynny BXoauT
o0nHaA nagaomasn BoaHa (ny1 OC, pumc. 30.4), cooTBeTCTBYIOMAA OTpasKeHHAA
BOJTHA M OpeNOMIeHHAA 3KCIIOHEHIHANbHO 3aTyXxawmasa Boaxaa CB. Bo Bropyio
rpyunny BXOJHT BOoJHA, naymas no nyta OAB, u Gokosas Bonna. Haskgas rpynna
pacnpoCTpaHsAeTcA BIOJb I'paHANL CO CBoed CKOPOCTHIO B B OTAEJIBHOCTH YHOB-
NeTBOPAET T'PAHMYIHHIM YCIOBHAM.

Ha yaactke O'D rpananu (pmc. 30.4) cymecTByeT ToNbKo majgaomas, OTpa-
7KeHHAA H OpeJOMICHHAS BOJHLI, BXOAAIlEE B NEPBYI H3 ABYX YHOMAHYTLIX
BHMe rpynn Boan. [loaroMy 9TOT yIacTOK IpaHANL He H3TydaeT 60KOBOH BOJHLIL.

Taxnm o6pasoM, ecnm yrong , Gonome, gem 8 (prc. 30.6), To B Toaky P mpm-
XOIAT f[Be BOJHELI: OTpaskeHHas, CooTBercrBylomas nysy ODP, u GokoBas,
dasa koropoil jaerca ontuveckodl Anmmoir nysa OABP.
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B cnywae mmmynncuoro wmanydenus GokoBas BoJHA HPAXOJUT B TOUKY
HabmogeHns mepBoit. Ha ee permcrpanmm m aHaxms3e OCHOBAaHH BecbMa ag-
doKTHBHEIe MOTOHH CoiicMmIeCKoll pasBeaku. B ceiicMuke 60KOByI0 BOJIHY HA3H-
BalOT OOKTHO roJoBHOM BosHoM. Teopuo 60KoBoi BOJHLL [ OpOCTeAIIHX BHAOB
EMOYJIBCHOTO H3NyYeHHA cM. B paborax [36, 157).

Kak BmgHo u3 Bupassenmii (30.13) u (30.14), dpoBT 60KOBO! BOJNHH maeTCA
ypaBHeHHeM

k(Lo + L) +kL,=kinr +VT—=n?(z + 2,)] = const. (30.15)

B ninockocrd zz 3to mpsAMas amHEA. B mpocTpaHCTBe B CHIY IEIEHIPETIeCKOM
cEMMeTpuE 33Ja9H QpOHT OyJeT KOHMIeCKHM.

Ha pumc. 30.7 msobpaskeH:H QpOHTLL NpAMoH, oTpaskeHHo# u GoxoBod BOJH
H BOJHH B HH:KHeil cpefie, Jaomei Hagalo 6oKoBoit BoiHe. CorjlacHO ypaBHeHHIO
(30.15), nopmans k poHTY GoKOBOH BOJHLL COCTaBNACT yron § = arcsin n ¢ Hop-
Manbi k rpanmne. Hmxmmit kpail ¢ponTa O0KoBo#l BOJHEI COBIAJAaeT ¢ KpaeM
PpOHTA BOJHH, pacOpoCTPAERIMEACA B HAKHeHE cpeme Co CKOPOCTHIO ¢, (6, > ¢).
Bepxnmit ee kpail cimBaerca ¢ QpoHTOM OTPaKeHHOH BOJHLI, KOTOPYI0 MOKHO
IpeiCTaBIATL Cofe mcxogsmeil m3 Mummoro ncrounmka O'. AMmiarysa GokoBoit
BOJIHEL BO3PaCTaeT NpH MpOJBH;KOHHEHA 0 ee GPOHTY OT PAHUNK pa3fesia K TOTIK®

s !
4

Pme. 30.6, Myru ayweii. npa-
XOJAMEX B TOURY Hadal01eHEna P N2 ]

4 V4 Va

CcIuAEAA € OTpaskeHHOH BoJHOH. ITo BmmHO H3 PopMyaul (30.14), moCKOABKY
npu aToM BenmdmHa L, ymeHnbmaercs (cM. puc. 30.3, rae dpoHt GokoBoil BoNHL
oTMedeH OYHKTHPHOH nmEmeir PP’).

OrMeTEM, 9TO BCe W3JNoKeHHHE B MpegHIyMeM pasgele BHKIAZKE MOKHO
On1o 6u mpoBect: m s caydaa n > 1 (¢ << ¢). Ilpm aTom Mu monyumam OH
BHIpaskeHme 1715 60ROBOM BOIHLL. MOJHOCTHIO CoBmagaomee ¢ (30.12), B KotopoM
§ = arcsinn 0110 y:Ke RoMmTeKcHoli BeqmanHofl., Yuutnpasa Bupaskenme (30.13)
aas gasn 6oxonoﬁ‘ BOJHH I moJ1arag n > 1, Mu moaydaem B (30.12) MHOKE-
tenb oxp [— kY n® — 1 (z — zp)], Jaomnii SKCHoHeHmmanbHoe yOHBaHme
aMIVIATYALL BOJHLI MpH yBeudeHUH KaK z, TAK H Z,. B 3ToM caydae Ml mMeeM
HeoJHOPOARYIO BOJHY.

C mepBoro B3riIAga KasKeTCA, 9TO B 3TOM ClIydae B HEKHEH Cpefe He MOKeT
CymeCTBOBATh BOJHA, pPACHPOCTPAHAIMAACA BJOJb TPAHEOL pasfena, TaK
Kak Opm n > 1 npomcxomut 00KYHOe NpeloMieHme BoJHL (6e3 monHoro oTpa-
sKeHHA), @ HOPMaJb K QPORTY BOJHLI IpPH NpeJOMIEHAHN NpPHONHKAETCA K HOP-
Majlm K rpaHmme pasgena. OfHaKo MH JOJsKHEL Y1eCTh, YTO TOYCYHEIH HCTOTHHK
m3TydaeT TAKKe H HEOJHOPoJHEIe IUIOCKHe BONHL, OQHA B3 TAKAX Heo HOPOTHHIX

BOJH, KOMIOHEHTH BOJNHOBOTO BeKTopa KoTopoll paBHm k, =ik} n? —1,
kx = kn, npm npelloMiIeHHE B HEKHIOI Cpefy npeobpasyerca B 06wuHyl0 NAOCKYIO
60AHY, PACHpPOCTPAHAIMYICA BIOJb TPAHEIH C BOJHOBLIM BeKTOpOM k. = kn,
k, == 0.9TannocKas BoIHA K H3TYIaeT B BOPXHIOW Cpeny 00KoByI0 BoJHY, KOTOpas
Oymer TaksKe JKCHOHeHIHANBHO 3aTyXapomed.

Mu BmgmM, 9To GoKoBast BoJHA Bo BCEeX CIYIaAX HpeicCTaBIseT Cobod Hedro
BpoJe OTBeTBJEHHA BOJHH, pacmpoCTpansAmomeics B HukHed cpeme. Ona pac-
OpoCTpaHAeTCA Kak Oul c6oKy oT 0CHOBHO#M TpacCCHl (Jesxamei B BepxHeil Cpefne),
9eM # ONpAaBHHBAETCA ee Ha3BaHHe.

30.3. Cmemenme ayueil npz oTpakeHBE B GOROBAsA BOJMHA. BosHHKHOBeHHe
GoKoBo#l BOJHLI JIETKO TaKsKe DOHATH, €CIA YIECTh CMeMeHHe Jyded mpH OTpaske-
HEH, paccMoTrpennoe namm B § 14. ITpaBma, TaM ORJIO paccMoTpeHO CMeIIEmHO
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OTpaHMIEHHKIX NYIKOB, OfHAaKO B ClefgylomeM Naparpade Gymer mokasaHo, 9To
nonyuennoe B § 14 cMemenme HeoGXogMMo OPHANHCHIBATDL KAasKIOMY JYTy, BEIXO-
AAmeMy H3 ToUedHOro H3INyIaTeNsd H HCOHTLIBAKOMEMY MOJHOEe BHYTpeHHee
OTpasKeHINe.

Yem 6amte GygeT yron mageHms Jyda Ha TPAHMIY K YTy HOJHOrO BHYTPEH-
HEro OTpakeHHSA, TEM GoJbIIe CMECTHTCA Jyd BOJNb TPAHAIL OPH OTpasKeHHH.
B pesyaibrate, ncxogamumid m3 O 3amTpEXOBAaHHLIE MYTIoK JydTed Ha pHC. 30.8
moCe oTpaKeHHmA pasoliieTca B CoBoKymHocTh nyweis BB, CC, EE, FF n 1. n.,
MIVINX RNOYTH MapajlIedbRo. ITH JYIH B ofpa3yloT GoKoBYI0 BONHY ¢ PponToM

7 2 & & £ F

Pre. 30.7. ®poETH BONH pa3naIHHX Prc. 30.8. CBa3p cMemeHnus JyTeil upu
THUOB: oTpaykeEHN ¢ GokoBoil BosHOM
1 — npaman BOJHA; 2 — Gokosaf;

3 — oTpamkeHHan

MM . Tarum ofpasom, B IpoH3BoJBHO# Touke P GygyT HMeTHCA ABE BOIHLL —
OoxoBas. npeacrasnennasn n1ydoM OABP, u o6udnas oTpaskeHHas, OPegCTaBIeH-
Has aytoM ODP. ucouTLIBa0MAM BEChMA He3HATUTEIbHOE CMEMmeHHe, eCJIH yIoi
€ro NaJieHHusa e o4eHb OJIM30K K 6.

ITr coofparkeHus Mo3BOJIAKNT HONYIHTH He To.AbKo (Pazy GoKoBoHl BOJHEHL,
a CIefloBaTeNbHO. M MOJO:KeHWe ee PPOHTA. HO TaK:ke N ee ammantyay. Heiicrea-
TeabpHo. B § 14 610 mokasaHo. 9To Ay4, Majamuifi Ha TPARANY HOA YIJIOM
¥ (0 > 6). cmemaercs mpE oTpaskeHHHM BIONbL TPaHHIL Ha BeJHIEHY A =
= (A/zum) tg 9, (sin? 6, — n?)-1/2,
Topusontampnoe paccrosame OB (pmc. 30.8) 6ymer r = (z + z,) tg 8, + A.

Bocnoasayemcsa dopmynoit (43.14") gns ompemesneHus aMILIATYAE 3BYKOBOTO
JaBieHHs B Touxe P. MmeeM, YIMTHBaA, 9TO B HamIeM CIyTae ¥ = ¥y = m/2 —
— 8, py=0p, ¢, = ¢, a Takme MmamocTp pasHoCTH sin ? U — n?

Or/0By 2= — (A/ntm) sin? B (sin 8, — n?)~% — (sin? Bo/tg® ) (Tm/A)? A2,

Moncrapnan (r/d8,) Buecro | ar/dy, | B (43.14), momygaem, monaras sint, =~ n
p = 2nfkmr (1 — n?) A’

9to coBmagaer ¢ |Pg | m3 (30.14), mockonbky Ly = A.
O cBA3n GoKoBoHl BOJHLL CO CMEMEHHEM Jydedl IpW OTPasKeHHH CM. TaKsKe

{196).

30.4. Cnyvaii manymaTesisi H NpHEMHERA, PACNOJOKEHHHX B CHIBHO MOIIO-
watomeit epege. Mu ysxe ynommHanm, 9To cymecTBeHHY0 poib 60KoBas BOJHA
Urpaetr B ceCMAYECKOH pa3BeJKe, TAaK KAK COOTBETCTBYIOMHIi eff HMOYJIBLC BCTY-
naer mepBuiM. JIpyrEM ciydaeM, Korga 00KoBas BOJNIHAa HMeeT oIpe/essiomee
3HaveHHe, ABJIACTCA CayTall paJHOCBA3HM MEKAY ABYMA TOIKaMM. PACHOJIOKEH-
HBHIMH B CMIBHO HOTJIomalomeil cpesfie, HaOpuMep B 3eMJe HJIH B MOPCKoi# Boge.
IIpaMas B oTpaseHHas BOJHEL B 9ToM Caydae 6yayT pacOpoCTPaHATHCA B MOTJIO-
maromeii cpefe (1JIA KpaTKoCTE 6yaeM TOBOPHTH — B 3eMJe) M, CJEJOBATEJBHO,
oueHb OLICTpo saTyxaTh. B pesynbrare ocraercsa GokoBas BoiHa, KOTOpas Hpo-
HHKaeT U3 3eMJIH B BO3AYX, PAaCHpoCTpaHAETCA TaM H 3aTeM oOATh HoNaJaeT B
3eMIII0.
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Ecnm m3nydareneM ABNAETCA BePTHKANbHHE JHMONB*, TO COOTBETCTBYIOMAA
KommoHenTa Bektopa I'epma GokoBoit Bonuul 6yger maBathca BupaskenmeM (30.14).
Opnako 210 Bupaskenme Heolxogmmo HeCKolbKo mpeoGpasoBars. B (30.14)
uMeeM: n = ¢/¢q, Tae ¢ — CKOpPoCTb B TOi Cpemge, rAe pacmoNosKeHLl H3JNYJaTelb
M OpWEeMHHK, B HameM cjlyiae — B 3eMJle, a ¢; — CKOpOCTH B Bo3gyxe. Ecam
0003HaYNTH, KAK BCerga, 4epes3 ny; — MOKa3aTedb NPENIOMIEHHA 3eMIH 1o OTHO-
WeHHI0 K Bo34yXy, a He HaoGopor, mpmueM ni = e -+ i(4nc/w), rae e 1 0 —
IM2NIeKTpAdeCKasA MOCTOAHHAS H OPOBOJEMOCTh, To n = 1/n;. Ity saMeHy MH
cmenaem B (30.14). HeolGxommmo Takske ydecrp, 9TO B BTOM BLIDasKeHHH k =
=@le, =kpng, m =nt = 1/n}, rge k, — BoNHOBOE WHCTO B Bo3gyXxe. Bocmonnb-
ayeMmcs BupaskendeM (30.13) maa dasu n orpaHEIEMCA CIyTaeM, KOTa pacCTos-
HEe W31ydaTe]f M NpHEMHHEKA 10 TPAHNOHL pasgesia Majlo o CPAaBHEHHIO € T'ODH-
B0HTAJILHKEIM pACCTOSAHHEM MEKAY HEMH. B aToM ciyvae MoskHO MoloxkuTh Ly = T
(cm. pme. 30.3). B pesynsrate m3 (30.14) momywaem

Ztn"' iKo[r T:-z
Vo = TerTH Ve, (30.16)

Ys 6ymer GucTpo yOLIBaTH NpE yBeImdeHmO I'TyOHMHEL KaK H3IyIaTeNsd, TaK
¥ OpheMumKa. YOuBanme aMmanTyJul GyJer NONIAHATECHA 3aKoHY €-Fox(ziz),
rae % =Im }/nf —1,a z u zyg — rayGuRL NpueMHOH K WINYTAKOMEHd aHTEHH.

30.5. BoroBas BofHA {Npn HAJIHYEE NepexomHOTO cios [Memmy moa ympoer-
paHcTBaME OLlna mccnemoBana Jeraibno Jlanrom m moiicom [187].IIycts mepe-
XONHLIA ciaoi 3ammmaer of1acte —L < << 0. On pasgenser BepxHee mony-
npocTpaHcTBo z > 0. B KOTOpOM pACHOI0:KeH NCTOYHHK H TOUKAa HabnogeHHA
B Te CKOpPOCTb BOJH C,. OT [HKHEro MOIYNpPOCTPAHCTBA, I'ie CKOPOCTb €5 > Co.
CxopoCTs B CamoM Clioe Npeglolaraercs m3MeHswmeics MoHoToHHOo. BokoBad

BOJIHA NONYYaercs BClefcTBume AHQpPAKIEE HA TPAHENE Z2 = — L «KPHTHIECKOTO»
nyda, magamimero Ha ciaodl mom yrioMm ¥, = arcsin (cy/cq). Ee ammnmtyma cy-
MEeCTBEHHO 3aBHCHT OT HOBEJeHHA OPOM3BOJHLIX OT € Mo Z ONpH z = — L u Bo

BCeX ClyJaAX yYMEHbIIaeTCsa NpH yBeJHIEHWH TOJITHEE NEepexojHoro CJof L.

§ 31. Ilone B oGnacry, 6/m3kol Kk yray
NOJHOTO BHYTPEHHEr0 OTpPaReHMSA

31.1. KavectBennsre coodpaiennsa. O01acTh NPEMEHHEMOCTH NONYyYEHHBIX
sume gopuyn. Hak 6ui1o orveveno B § 30. BHpa:keHHe 1S (GOKOBOH BONEH
(30.14) Tepser cmuc1 npm npndanseHnN ToYKN HaG.T01eHEA K MECTY CMLIKAHHSA
dporToB O0KOBO# B OoTpakeHHOIT Bo.TH. B aToff 00aacra oTpaskeHHLHE Tyd COCTaB-
JseT ¢ HOpMAJbI0 K TpaHWme yrol. 6Au3kmil K yriay BHYTDEHHEro OTpPasKeHHA

Pre. 31.1. O6macrs yrios,
GJIN3KaA K YTy UOJNHOrO BHYT-
PeHHero oTpaKeHHA

1 — GpoHT Goropoit Bonmu;)
2 — QpOHT OTpaKEeHAHON BOJHH

(pme. 31.1). IIpm arom Touka P mpubammaerca k P’ (pmc. 30.3), a Benxpumaa L,
erpeMatcs K Hymo. [IpaMensasa gopuyny (30.14), Mu nmomydaem P — co. To mke
caMoe monydaerca m m3 dopmyan (30.12), ecnm €, —- 8.

¢ Ecnn qumonstooMemeH B puIMHAPAYECKYI0 AIE cfepHIecKyl UOXOCTh, TO Tpefyerca
AOUOMHATENBEOE PACCMOTPOREE H3NIYIEHAA CHCTeMH AHNOJA B UONOCTH, 9TO BHXOAAT 88 pam-
KR Hacrosmeil paGorH.



B aroif 061acTH yrioB TepseT CMHCI TaKske H HolyIeHHOe BHIIE BLIPA;KEHHO
(28.13) ana orpaskenno#t BonEH. [eficTBETENLHO, BxogAmas B 3To BLIpasKeHHe
BeqmapRa N, cornacHo (28.17), cogepskur B 3HamenaTesne BeqMIHHY ¢, KOTOpPaR
opE ¢ — 6, (sin &, — nr) cTpemurca k Hymo. BesencTBEE aToro Bulpaskenme AJA
OTpasKeHHOH BOJHLI ofpamaeTcs B GeCKOHEeTHOCTE.

IIpramHa HenpEMEHEMOCTH HONYYEHHLHX HaMH dopmyn mpE 8, — 8 sakmio-
qaeTcA B ciaeayiomeM. IIpm BEX BHBoge MLI mONB30BAJHCH METOgOM NepeBala,
cuamras kKodpdemmment orpaskeHsa V (¥) Megienno MeHsaomeiica ¢yHKumei.
Mesxny Tem BOJB3E yria mOJIHOrO BHYTPEHHErO OTpPaXkeHHA aTo He TakK. Ilpoma-
BogHaa (dV/d®)g.s He TONBKO He Mana, HO, HaoGopoT, ofpamaercsa B GecKoHeq-
HoCThb. [ledCTBHTENBHO, MLI HMeeM

meos® — Vr2—sine 9

V(®) = meos®+ Vrnt—sinE g’
(31.1)
(ﬂ)= 2msin @ (1 — n?)
) Vo —sinif moss 8+ Vi —smi0p’

opE ¢ - § MuI mmMeeM sin & — n, otkyaa cnegyer (dV/d8)s — oo. Orcioga BARHO,
aro ¢yrknpmio V (0) B aroit 00nacTE yrioB HEKAaK HeJb3A CYHTATH MEIJEHHO
MeHAWmEedca B, ClIegoBaTe]bHO, MeTO] HepeBala NpPAMEHATH HEJb3sd.

B HacTosmeM pa3mene MW mpoBegeM aHaNH3 mons B ofnacTE yrioB, Gam3KEX
R YrJy OOJHOTO BHYTpPeHHero orpaskeHHsA. IIpm arom Gyger mokasaHo, 4TO mOXy-
YeHHHe BLIIIe Pe3yJNbTaThl COPABENJIHBLL JHIIP NOPH BHIOOJHEHHH YCIOBHS

KRy (8, — 8)2 > 1. (31.2)

Tounas Teopms mos3BoNAET MpOCHEIUTH, KAK HpH mepexoge B3 obmactm ¢, < §
B ofnmacts ©, > 6 or dpoHTa oTpaskeHHoH BOXHL OTBETBIAeTCA PpPOHT GOKOBOIM
BOJIHH.

HETepecHo TaKske OTMETHTH, 9To mpn ¥, = 6 oTpakemmas BoIHA B IepBOM
npEGJIH;KeHHE MOsKeT BHMHECIATHCH IO IeoMeTpmIeCKo#f ONTHKe, HO HONpaBKa
B clegyomeM npubanskeHnn 6ymet ne mopsagka (kR,;)~!, rax nanpEMep, B (28.13),
a mopagka (kRy) Y.

31.2. loname Bupamennsa AaA noad. 3afiMemcs cHadana aHanB3oM GokoBoOH
BOJNHLI, IpAYeM CHoBa OymeM BcxXogwrb H3 mETerpana (30.4). ITockonbky Hac
HETepecyeT cayiai € 6aE3KEX K 6, ymo6HO BBeCTH HOBYIO IepeMeHHYIO HETETpH-
poBanma P =8 — €. Ilpm srom moxm mmrerpamom Gymem EMeTH

exp tkR, cos (& — ©g) = exp ikR, [cos (8 — B,) cos B + sin (§ — B,)sin B} =
= exp ikR, cos (§ — &) exp {— 2ikR, [cos (6 — 1) sin”—g— —

— sin (5 — 8 sin —o-cos %]} : (31.3)

Moskno BLIGpaTh TaKol myTh BHTEIPHPOBAHEA B IJIOCKOCTH P. 4TO moj HATErpa-
oM CYMECTBEHHYI poias OygyT WrpaTh TOJBKO Majdule [, He IpeBocxoiAmme
00 TOpAIKY BeJIWIHHEL

|Blmax ~1/ VERy, kR >1. (31.4)

ITpeoGpasyeM, mcmonb3ys aTo o6CTOATENBLCTBO, OCTANBHYIO TaCTh MOJLIHTET PATb-
Horo BuipaskeHHA B (30.4). Hmeem B (30.5):

VYnt—sin? 4 =) sm?d —sin® 9 = )/ (sin 6 —sin 0) (sin 8 1 sin V) =
= V/'sin(8 + 9)sin (6 — 0) = V/sin (26 — P)sin B — }/sin 26 sin p. (31.5)

3meck yureno, 9ro f << 8. 3Hak KopHA BHOHpaeTCA H3 YCIOBHA
Im 'n? —sin® 6> 0.
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Mu monoskmnm sin (26 — ) = sin 26, uTo MosKHO JenaTs BCerga, 3a HCKIO-
TeHHEM CIy9as, Korga 6 6amsko k n/2 H, cregoBatenbHo, i 6anm3ko K 1 (mockonBKY
n = sin §). Paccmorpmm aror caydait mogpoOuee. Ilonoswmm & = m/2 — g,
x << 1. Nmeem: cosy =n, siny=~y = V1 — n® n ganee sin (28 — B) =
= sin (2x — B). Temeps Mm BEgEM, aTo mpeHeGpesxkeHme BeqwamHod B 3mech
BO3MOKHO, eclH i < 4. YauTHBag sHaYeHAe y H CooTHomeHme (31.4), monydaem
KpETepHil, BHIOJIHEHHE KOTOpOro HeobxoamMo:

|[VER, (1 —n% [ >1. (31.6)

Taknm o6pasom, n He gomkHo GuTh 07ens OnmskeM K 1*. Uckmogasn aror cnyqait,
yamThBas paBeHcTBo (31.1), a Takme masocts B, Mul Oe3 Tpyma mpeoGpazyem
Bupazkense (30.4) x BEgy

.8—1'.0

4V2Vkne'™t ¢

Y6 = — ———— exp {{kR, [cos (O, —
m VY arcosd §

/s
— 8)cos — sin (8 — 0)sin B]} (tg %) ‘sde?p/W- (31.7)

MNHrerpan B TakoM Bre MoskeT OHITH BupaskeH depes pynrnun Bebepa (¢pynkmum
napalonmueckoro mpaEHApa). [lefCTBUTeAbHO, NONB3YACH HHTErPANBHLIM Ipef-
craBjleHWeM 3tHX (yBKomif, MoKHO DOKa3aTh, ITO MMeeT MeCTO TOKAECTBO **

n/2+Bo-ico
1 : i e .. B\™ 48
T=n § exp [T (E* — n*cos B — ign sin B] (l tg T) TG

=Dn(E— &) Du(n +in), (31.8)

rae f, — mpomsBoNbHAS BemeCTBEHHAs BeJAYMHA B mpegelax —m/2 << P, <<
< n/2. Ham marerpan (31.7) cBegerca k Bmgy (31.8), ecnm momosmxmrs

£E= }/Tc—lfcosﬁ"z_6 , 1M =V2kR,sin 0"2_6; (31.9)
B pesyJbTare NOIydaeMm

Vo= 1/ Z D (t— 1) Dyln + i (31.10)

Tak Kak § > 1, To MOsKHO BOCHONB30BATECA ACHMOTOTHYECKEM IpeICTABIeHHEM
([95], ra. 16)

Dy, (& — iE) = (V 28)" *exp i (3n/8 -+ EY/2).

Yura eme, uro
(8 — %)/2 = kR cos|(8 —8),  {n = kR,;sin (8, —9),
a rakske coorHomeHnmsa (30.13), momyuaem

24

rae
F () = (2n*exp i (n*/2 — 5nt/8) Dy, (n + im). (31.12)

¢ Cayvaii n, Gnuskiuii K eEHENE, PACCMOTPEH HaMm OTHeAbHO [5].

** Ha cymecTBoBaBHE dTOr0 TOKAGCTBA aBTOPY YRasan B. A. Mok. 3ameraEM, 9T0 THTPTPad
(31.7) MomxEO BHpasuTh 9epe3 ¢ymxpuio BeGepa, He npuGeras k cooTHomeHdwo (31.8).
B caMom fere, eCa MH 9KCIOHEHTY NOJ HETErpanoM BossMeM B Bufe (31.3) u samenuy sin f/2=
= ¢, npadeM cos /2 ~ 1, To moayuarmuiicAs HHTErpaJ cOBUAKAET ¢ TeM, KOTOPHH BXOAHUT
B mHTerpaxbsoe npeacrasienne pyBrnmm BeGepa [95]. Onmaxo mHam ynoGHee noOJb30B8THCH
bopmynoit (31.8).
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Takmm o6pasoM, B yToTIHEeHHO#l Teopum MH Ionydaem Buipaxkenme (30.14) mas
GoKoBoO# BOJHL, HO ¢ AOHOMHETeNbHEM MHo;kHTedeM F (). I[IpmBexeM acmMmro-
TUdeckoe pasioxenne F (v) mo crememsm 1/n%:

4 3579 | 3.5..45.7
F(n)=1 — @ T 2iesEme T

15 7.-9.41.13
+ e (1~

7-9...19.21
5.6 (82 +7%810 o ) (31.13)
IIpe mocraToano GoJpimoM oTNMYEE yINa mHageHEA U, oT yIlla HOJNHOTO
BHYTpEHHEro oTpakeHHs mMeeM 1) S>> 1, F () = 1, mocie Jero nonytaeM pesyib-

TaT NpemWAymero maparpada.
Jagmm Tarke pasmomenne F (1) mo cremeHam 1

F (n) =V m exp (3ni/8) n'/-{FT"L—S[i +3 —5—173("7) -

4
_%%(L;)“+,,,]_ V_E_uiim[i +%(ﬂ;-)i—

3
r(7)
5.9 /fqz\? 5.9.43 /2 \3,
— e (T) i3 3_5_7(_2-) z+...]]. (31.13a)
[onbsysacey ¢opmynamm (31.13) m (31.13a), Momxuo rabymmpoBaTh QyHKIHIO
F () (raba. 2). Mopmyna (31.10) mosBoaser NoMYyIHTs SHaUeHHA NoJA 0okoBOI

BOJNHLL BO BCeif obNacTE ee cymecrBoBanma ¢, > 6 (cM. pme. 31.1).

Ta6nuga 2. 3savenna ¢pynxunn F(y) =|F) el®

v | IFf |éme| nw | IFl [@WDe
0,1 0,25 1,12 | 1,6 | 0,8 0,48
0,2 | 0,3 1,00 | 1,9 0,8 0,43
04| 051 | 08 |22]| o8 | 0,39
07| 065 | 07 |30/ 08 [ 0,30
1,0 | 072 | o6t |40 09 | 025
1,3 | 0,58 | 0,53 |50/ 094 | 0,22

WnrepecHo ormernrs, aro mpm ¢, — 6 (v — 0), T. e. mpm moAX0R€e K rPaHHELe
obmacTu, B KoTopoll cymecTByer OoKoBadA BOoJHA, AMIUIHTyJAa HOCJHEIHEHM He
o6pamaerca B HyJb, KaK 5T0 MOTJI0 OLI IOKa8aTECA ¢ mepBoTo B3rMAa. JlelicTBH-
rensno, B8 (31.11) momywaem mpm n = O, yamrmBas, aro cormacuo (30.13) m

(31.9), kL,cosé =V 2kRyy:

Yo =

4in V2n exp (—mifg)  €l*Ps (31.14)
mT (s) Vsin2d (kRy2)%  f

B caydae oTpaskeHHOH BOJNHEI MLI OTpaHEIEMCA aHaJB8oM EHTerpana (28.2)
npu #,, BeceMa Gnmskom §. IIpm sToM mpeneGpexxem wnexoM 1/8 krsin O mo

cpaBHeHuIo ¢ eguunAneir. Kpome Toro, B Buipamkenun (30.1) kopens }/n2 — sip* v
MOKHO CIMTATH MAJIHIM, MOCKOJBKY MH IpefmoliaraeM, 9To To9Ka mepepania ¢,
6nmska k 6. [loaToMy MoKHO HOJMOKETEH

V(%) =1—(2/mcos®) } n*—sin® 9.

BBegs crHOBa BMeCTOo ¥ HOBYIO mepeMeHHyI0 mHrerpHpoBanus f =8 — €
B yunTHBafg cooTHoweHme (31.5), moaydaem

V(%) = 1— (2/mcos®) V sin 26 sin p. (31.15)
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IIpn npumeHeHmm MeToga mepeBajiia O 33ech MO/KHO SaMeHmTh 4epes &, mim,

npexooJaras, 4910
[(8, — 8)/8, | <A, (31.16)

¥, B cBoI0 0Yepexb MoMHO aMeHHTH depe3 6. B pesyabrare
V(8)=1— 2V Znm)V sinp/cos .
3aMerum KeratH, 9o yenosme (31.16) ofecnednBaer TakKe MaJIOCTh ONYIMEHHLIX

TIeHOB pasiioskeHHsl B mociegHed ¢dopmyde.

ITocne Bcero mamokeHHoro murerpal (28.2) 0es Tpyaa Buipaskaercsl depes
JaBa lHTerpata tmna (31.8). YdauruBas TakKe ykasaHHOe paHee IpPaBHJO AJIA

suiGopa sHaka kopHa }/ sin B, momydaem

R 9 2k . sent s , , ,
Yo == — 5 V e Ds(E— i3 [E Day(n+ in) — iDa(—n — in)],
(31.17)

rAe 8HaK IJIOC OTHOCHTCA K cIyial O, << 8, a sHak MHHYC — K CIydaio

4, > 6.

Ilpa 8, << 6 soipamenne (31.17) mpexscrapisier coboif mosHoe BLIpayKeHHE
BJIA moJA B BepxHed cpeje (ACKIHOTasA, KOHeTHO, MAJAIIMYI0 BOJHY), TaK Kak
6oxoBas BOMHa B 8TOH o6IacTn YIIoB oTcyTcTByeT. IIpH 3TOM NmHelHaA KoMOm-
Hannaa ¢yHkomi Bebepa mopsaka —3%, B KBagpaTHo#t cKoOke oObegmHAETCS
8 Pyukuuio Bebepa mopsgra 1/, (cv. [95]). B pesynbrare momydvaem
=

1R, n
Yo = S+ Y e TDLE—®) Dyt — ). (3148)

Ry m r cos §

IIpm 6, > 8 B Bupamenmn (31.17) HyKHO B3ATH 3HAK MHEYC H x00aBHTH
Buipa;kedne (31.10) gna 6oxopoit BonHH. [IpB aTOM O ATE MOXydaercsa BLIpakeHHe
(31.18). Takmm oGpasoM, mociegHee ABIAECTCA BLIpa’KeHHEM AMA OTPayKEHHOTO
noJifl, NPHETOAHBIM A Ni00ux §,, onmskax Kk §. [Ipoanaamsmpyem ero mpm pas-
NAIHEIX BHAYeHNAX 1), T. €. paslmaHux &, — 6.

Bocronp3oBasmmncs n3BectHuM pasioskeHneM ¢yuxnnii BeGepa mo cremenam
apryMeHra, a Ttarkke viara (31.1(). norydaem

elkBs { 4n exp (i71/8) /T a in? 3 /gE\2
== — —-L —— — —
Yorp 1y 1 mT (1) (kRyj2) ] sin 28 [1 ) 211.3 (2)
—i L 4 =0nrEdhin i 1.5 ()2
iy (3) —- o+ iV (1—5F—aws(Z)+

3
+ i (1) +...)]. (31.19)

Mpp ¢, =86,1.eenm=0, s (bnrypumx CKoOKaX oCTalTCA BCEro gBa WIeHA.
M3 HEX mnepBuil B oCHOBHOM WIeH — eJUHHIA — paBeH Ko3(QHIHEHTY oOT-
payeHHA MIoCKo# BOJNHLL gnA ciydaa§, = 6. Takmm oGpasoM, reoMerpmde-
CKafl ONTHKA KaK mepBoe npnﬁnnmeune TOAUTCA H B 3TOM ciaydae. OgHako BTO-
poil 4ien, mpeacraBnsomuil cofot mompaBKy K Heif, ¢ yBenmdenmeM kR, y6u-
BaeT 8HATHTEJNBbHO MejIeHHee, TeM NonpaBoIHHHE wien B (28.13), a mMeHHO, KaK
(kRy)~'. Hactp aToro umeHa cocraBisier G0KOBYIO BOJHY, OTAeNbHO IpoaHa-
JAH3HPOBAHHYI0 HaMd paHee [cM. Bupaskenme (31.14)].

Pasnomenne mo cremeHaM 1/v saBpcHT oT sHaka 1. Ilpm 1 << 0 (8,<6)
HMeeM

B 135 2 V sin 26sin (§ — ) i 1:3-5
Yorp = I3 {1 - m cos b [1 2(8112) + 2A@ *

1.3:5.7
+ IW—...]}- (31..20)
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[Ipm n*>>1 B KBagpaTHOH CKoOKe BCEMH WIeHaMH, KpoMe eqUHEIL, MOKHO
npese6peds. Ocraomupeca B Guryproi ckobke qBa WIeHa mpeaCTaBIAIT CoGoX
ABa IepBHX WIeHA DaslioKeHHA KoaddHnEeHTa orpaskesda (31.1) B pag mo
creneAsM kopHA ' n®—sin®®,= )/ sin20sin(0 —¥,) B NpeAIONOIKEHHE
(31.16), T. e MK moNydaeM npm6nmKenme CeoMeTpHYeCKoH ONTHKH. 3aMeTHM,
9ro ycmoBEe 12>>>1 mpm yduere sHaYeHHA 1) BaNHCLIBAETCSA

ER, (8, —5)2 > 1. (31.21)

[Ipm v > 0 acuMorormYeckoe sHademne ajaa D, (1 — in) EMeer ymke mHoK
BHX H COAEPIKHT ABa UJeHa, B3 KOTOPHX OfHH B TOYHOCTH coBmagaer ¢ (31.20),
a apyro#f gaer BoNHY ¢ KoHmYecKEM ¢pomToM (31.11).

B pesynbraTe MH BHIACHEJIH BCE J€Tajd NOBEJeHHSA BOJH NpH yrie HOJHOTO
BHYTpeHHETo OTDa)kKeHHA H, B 9aCTHOCTH, XapaKTep CMHKaHHS OokoBo#l B OT-
paxeHHo#l BoJIH B 3To# oOmactm. Hpome Toro, mpose-
ReHHHH TOJNDBKO UTO aHAJH3 HOBBOJAET OMHCATh OTpa-
MKEHHYIO BOJNIHY Porp OPH BCEX YTIaX HageHHA ¢ .

IledictBETeNbHO, npe Bunodsennn ycaosusa (31.21)
cnpaBeAiHB aHaNPs, npoBexeHHL B § 28. C gpyroi
CTODOHLI, €CIH 3T0 YyCJOBHE HE BLINOJNHSETCA, TO
(8 o—908)/%,<< 1. OnBaKo BLIDONHEHHE 3TOT'0 YCJIOBHA
/ nosBOJIAET NpoH3BeCTH pasioxkenme (31.15), B pesyns-
TaTe Yero mojydaercs Bupamenme (31.17).

31.3. Jywesme npegcrasnemma. Kaycranra. OcoGen-
HOCTH, BOSHHKAIOMIHe NpH yIJaX, OJHSKHEX % YLy

V4 1

Pre. 31.2. Ceasp cMeme-

HAA Jyd9a € YTJIAOM €ro
upuxofa B TOUKy HaGmio-
JAenusn

NOJMHOTO BHYTpPEHHETO OTpaKeHHA, IeTKO 00BACHAIOTCA
Opy ODOMOImM JYYeBLIX mpegcTaBJIeHHM.
ITokameM mpesxge BCero, d9ro mnonyuensoe B § 14

BLIpajkeHHE JJIA CMelleHAs OrpaHAYeHHOro mydIKa Jy-
Yefl mpHE OTpajKeHIl1 CHpPABeITABO TaK:Ke H JTa Kam-
xoro w3 Jayded, HCXOQARX K8 TodedHoro ms.aydareias O (cm. pme. 30.8).
Jaa atoro MH CHOBa BOCHOJB3yeMcA BRpaenueM (28.2) aas orpames-
HOM BoJHL, npeHedperas B HeM wiaenoM 1/8 kr sin g mo cpaBHEeHHIO ¢ ejmHHLEH.
[lomomns B aToM BuipamenmH V() = expi ¢ (8), rae dasa koaddunmenTa
oTpaxeHnA @ (§) MoeT OHTH B KoMINeKCHON ¢yHKIHeH, moaydaeM

— 7[2—ic .
i ¢! ® VS 6 de, (31.22)
~nf24ic
rge
f(8) = kR, cos (8 — ) + ¢ (8). (31.23)

Hurerpan (31.22) Gynem amampsmpoBaTh MeTomoM mepeBaia. JiA ompegene-
HEA TOYKH mnepeBalla ¢ = y mMeeM ypammeHme f' (y) = 0, T. e.

sin (y — 8, = ¢ ()/kR,. (31.24)
YuanruBas, uro kR, Belnmko, mocliefHee ypaBHEHHE MOKHO peIIaTh METOAOM
nocaegoBareabELX npubamkenni. [lomaras B HyNeBoM npulIEKEeHNE IPaByIo

qJacTh paBHOH HyJNI0, HaXoguM y = @ o. IloacTasaAaa aTo B mpaBylo 9aCTh ypaB-
HeHHA, HaXoAWM B HepBoM npuOamKeHHm

v =0, + arcsin [@’ (8,)/kR,]. (31.25)

y mpexgcraBisier Co0o# yros, mox KOTODHIM Jyd HpHXOAUT B TOUKY IpPHEMa.
IIpm orcyrcTBEE CMemeHHs JyYa yroJ npExoga 6uut 6u pases ¢, (pme. 31.2).
Pasmaras f(6) B (31.22) B paAxg mo & oKoJNio TOYKH mepeBajla y B BLIHOCA

V sin®, kak MepdleEHO MeHAKIyIocA (QyHKIHK 3a HHTerpajd npHd SHaYeHHH
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4 = y, monygaem

nf2—io

Vo =V ptexpitf )+l { expi[3rmEe—1+

—n/24ico

AT (O — 1)+ -] a8, (31.26)
rae
f" () = — kR, cos (y —8o) + ¢ (7)- (31.27)

Hpeﬂeﬁpemem IIOKa KyﬁH‘THH'M H DOCHAeYyIOMmHAUMHA YJleHaMH B 3KCHOHEHTe.
Torna, BBeJsl HOBYIO NE€pEeMEHHYI0O HHTeIrDHPOBAHHA Y —9% =isnm YITA 8Ha-
JeHue HMHTerpala

0

1 — 1/ 2 _ i .
_S exp[—gf”('r)sz] ds = ]/ —ra e (31.28)
TONyTHM
. P T X
Yorp = 1 o AU (31.29)

3HaA yron y, mox KOTOPHIM IyY NPHNOAHT B TOYKY IPHEMAa, MOMKHO Ompe-
Jenuth cMemenme Jyia A = AB (puc. 31.2). Mu mmeem:

‘ OD := O'Psin(%, — ) = R, sin (8 — 7),
rge R, = O'P — rak BCeria. pacCTosHiie oT MHEMOTO HCTOYHHKA R0 TOUKH
nabmonenns. C gpyroit cropoust, O'D = AC = A cos y. IlpupaBHmBaa gBa
noClieHEX BLIpajKeHHA, a TaKme ydmrTuBas (31.24), moaydgaem

A= — (% (31.30)

T Fcost \d®)or"

ITo BLIpa)eHme TommecTBenHo (14.25) muA cMemenmsA, moMydeHHOTO ANA CIy-
9as OTpaMeHHs OrPaHATEHHOTO MyTKa, eCIH yIeCTb, 9To & = k sin y.

UnTepecnyo 0CofeHHOCTs AMA MOIA MH moJydaeM B TeX TOUKaX, Tae OfHO-
BPeMeHHO € NepBoil mpom3BoXHO# oT f oOpamaerca B HyNb TaKye H BTOpas
Opou3BoIHaf, T. e. 0JHOBPeMEeHHO BHIOTHAWTCA IBa PaBeHCTBA

kERycos(y — 1) = ¢"(7), ARysin(y — &) = ¢’ (7). (31.31)

B arux Toukax, kak BuzHo u3 (31.29). y,r, B TyTeBoM OPEOMEMKEHHH CTPEMHTCH
K oo (mockombky f'' (y) = 0). [eomerpmdecroe MeCTo 3THX ToUeK obpasyer
KayCTHKy. YpaBHeHHe KayCTHKE B OOJAPHHLX Koopamparax (R,, §,) ¢ menr-
poM B Touke O (cM. pmc. 31.1) momydurcsa myTem HCKIIOIEHASA K3 COOTHOMEHMH
(31.31) mepeMenwnoii y.

Taxi o6pasom, Gmarosaps CMemeRnHuio JAyTedl IPH OTPayKeHHH OT PayKaloma s
IJIOCKOCTh NPpOMSBO/JMT B HeKoTopoil 00JaCTH yriioB mageHHA CBOETO poOAa
doxycapyromee geficrBme. BosHAKHOBeHHE KayCTHKH JIerKO HpeACTaBHTD,
HCXOAA M8 JyYeBHX mpeAcTaBieHdmil. PaccMoTpEM myToK Jydeil, magaomux Ha
rpaHddy HoJ yriaMpm, OMHSKEME K yriy HOJHOTO BHYTPEHHEro OTpaKeHHA 0,
HO HECKONBKO 00JBIIAME €ro. Y9reM, 9T0 OPH OTPaKeHHH Ka)KALIA JIyT cMe-
maeTcs BROJMb IpPaHMILl, NpEIeM CMemeHHs OyayT Tem Goabme, IeM Oamxe
yrol mafeHus Ayda x yray 0. B pesynbTaTe mis oTpaKeHHOTo NmydKa Jdyded
Oonydaerca msobpasenmasa Ha pmc. 31.3 kaprmua. Ormflatomas cemeiiCTBa
ayqeit m Gymer mpeicTaBiATh CoGo#f KayCTHKY.

HAna onpesgenennsa mons B6nmSEm KayCTHKH, Tae Hecmpapeaimpa (opMyJa
(31.29), neobxommmo mCxoamTh ms mHTerpa;a (31.26), yIHTLIBAA B IKCHOHEHTE
WIEeHL! TPeThero mopAaka. Mu He Gygem aToro mpodelLIBATh, TAK KaK BHKJIAaAKK
Onuin 6L BeCbMa CXOANLI C M3I0MKEHHLIM HIKe, B § 46.
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Prc. 31.3. OGpasosanue kaycTHkil B pesyabrare Pre. 31.4. K ypaBHennio kaycTEkm
CMEmeRna ayue B NMOJAAPHHX KOOPAHHATAX

PaccMorpmm geranbuee Bupy kaycrukm. Qopmyna (31.1) ana koapdunmenta
OTpajkeHHs B Clyvae sin® > n (moJHOe BHyTpeHHee OTpaMieHHe) NPHHEMAOT
BHS

yomeosd i VSIB—m _ o .
mcos® 4 i Vsin®® — n2 e, (31.32)

@ (%) = — 2 arctg (J/ sin? & — n?/mcos ). (31.33)

OrpaHm9mBasch yriamd, GIESKEME K & (sin ¢ 6EBOK K n), modydaeM

V'sin?§ —n? = V'sin (§ + B)sin (8 — 6) =~ /(0 — 0) sin 20.

B pesynbrare Buipaskenme (31.33) Momer GnTh sammcaHo
e =—a(®—208)", a=20n)"Ym (1 —n¥)" (31.34)

IIpeobpasyem ypasuenms (31.31) ¢ ygeros (31.34). IIpm arom, BemegcrBme Ma-
nocra y — O, MOKHO DONOKHETE sin (y — @) =y — @, cos (y —8,) = 1.
B pesynbrare ypaBHenma (31.31) sammmyrca a (y — 6-*:) = 4kR,,a (y — 6) " =
= 2kR, [(8y — 8) — (y — §)L.

Hckmoane ng stux ypaBHeHm#t y — 8, mafigem

B — 8 = = (2a/kRy)™. (31.35)

JT0 m ecTh ypaBHeHMe KAayCTMKM B HONAPHOH CMCTEME KOOPAWHAT C LEHTPOM B
MmuEMoM ucrodnmke O’ (pumc. 31.4). Ilpm R, — oo mmeem ¢y — 6. Onnako pac-
CTOAHEE OT KayCTHKH g0 mpaMoii #, = 6 (mynkrmpHas mpsamas Ha puc. 31.4)
HempepLIBHO BO8pacraer, Tak Kak

s= Ry (80— 8) = 3 (2a/k)™ R}". (31.36)

1§ 32. Ilpenomnenue cdhepnyeckux BoaAE

3agada 0 BHYUHCICHAH @IOJNA NpENOMIEHHHX CepmIeCcKHX BOJH HMeer
npakTHIecKnil mHTEepeC B psaje ciydaeB. K Heit cBogurcsa, HampuMep, BHIHACHTe-
HHe IOJA pagHoBOJH HJIX 3BYKOBLIX BOJIH IOX 3eMJell mim B Boje OpH H3Jydalo-
mei anreHHe, Haxogamedcs B Bosgyxe. IIpm aroM, Kak m a71A OTpameHHOH
BOJHH, B KadecrBe MepBoro NpHONEKeHHS ML HoJydaeM TFeoMeTrpuIecKyio
ONTHKY, a B MOCTeRYIOMMX NpubIMKeHHAX — NOnpaBKH K Heif (mHorga BeCchbMa
cymecTBenHnie). Mu ocraHOBEMCA CHaYalla Ha_aHaJmse NpeJIOMIEHHOH BOJHHI,
HCXOQA H8 JIY4eBEIX IpPeRCTABJICHHMH.
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32.1. Iloae npenomiensoli BOTHN B NPHG/IHKEHAN TEOMETPHYECROH ONTHKY.
Cpeny, B KoTopoi#t HAXORWTCA H3Jy4aTes]b, ML YCNOBHO, HAa3HBaeM «BepXHeily.
CrnenoBatenbHo, 3agaveif HacToAmero maparpaga Gymer aHANW3 MONA B «HIK-
Heif» cpege.

Yepes miobyo Touky S B HEmHell cpege mpoxoguT oRiH K3 JNydeif, Bumesn-
mnx u3 m3Nydaresia O m mpeJoMHBIINXCA Ha IpaHHNe IO 3aKOHAM OpelioMJe-
HEA reoMerpmieckoit omrmku. Ha pume. 32.1, orHocAameMcs K ciaydaro n << 1
(¢, > ¢), aro mys OTS. VYron mageHnsa § cBA3aH ¢ yrioM HOpeJoMIeHHA $, pa-
BEHCTBOM

n sin®, = sind, n=kik=ce. [(32.1)

AMnnaryaa BoNHL B ToUKe S B NpnGTiKeHHHm TeoMeTpPEIECKOH ONTHKH MOMKET
OuTh ompegeNieHa M3 YCJAOBHA COXpaHEeHUs IOTOKAa BHEPTHE BHYTPH JydeBoif
TpyOKH, a (asa — m3 ONTHYECKO# IImHH JNyda. PaccimTaeM cHadala Qasy.
Ona pasea 2n (OT/A + TS/A) = £.0T -
+ kTS, rne OT u TS — RNMHHL OTpe3KOB,
A3 KOTOPHX COCTOHT Ayd. [lNA HEX coriIacHo
puc. 324 mmeem OT = zj/cos &. TS=
= D/cos #,, rae D = — z— paccTosiHme To9nm
S oT rpanmiu pasgena.

YamrrBaA 3akoH OpedoMIeHus (32.1), mo-
nydaeM gJs HaGera gasmnl

k(zicos® - n?D }y nP—sin9). (32.2)
Yron{ mpu 3ajaHHOM pAaCHOIOMeHIN M3Tyda-

Tena O ® mpueMHuka S HaxoINTCA IMyTeM Iic-

KnpleHns ¢, u3 ypaBHeuna (32.1) m ypas- Pac 32.1. X Buuuciesmio MoJa B
HeHES HIDKECH Cpefie JIYYEBHM MeTOHOM

z2,tgd + D g9, =r, (32.3)

reoMeTpHIeCKMil CMLICH KOTOPOTO OYeBHAEH.

Jlns onpefedeHnsa aMIIATY AL BOJHEL B ToUke S mocTporM 1y10T'Q (prc.32.1),
Nemampid B maockoctt OTS m pmagajomuit ma rpaHmmy IOx yrioM O — A@,
rxe A® Mano. PaccMoTpum Temeps Bee Ty9H, 3aKJIIOYENHHE MeyAy HOBepXHO-
cramu, obpasosanarimn Bpamennem 1yacii OTS u OT'Q Bokpyr ocu 2z. JHep-
rufi, KOTOpPYyIO HeCyT ITH .JIy9il, TacTUIHO OTpaskaercd, JaCTAIHO HPOXOAUT B
HHAKHIOW Cpegy il pacupocTpansercsa taM mMexay I'S m 7'Q. Ilyers amnanryaa
BonHL B Touke I B HmxHen cpeie Gynetr A (T). Jinsa onpegenenma A'(S) —
aMIUTMTYAHL BOJHLL B S — Heo6Xo1mMo yCTAHOBOTH 3aBHCEMOCTD MEIKAY AJTHHOM
orpeska SQ, Koropuit nepnengmryaaped & I'Q B S m aumHoit orpeska IT'Q’,
KOTODLIH NepHeHguKyAApeH K Toi e AmHnn B Todke @'} IloTok aneprum depes
o6a koxbna, o6pasoBannnx Bpamenmem Q'T’ m QS, onunakos. CrenoBaTenbHo,
OTHOMEHHe AMIUIMTYJ BOJHH B To9KaX I m S paBHO KODHIO KBajpaTHOMY  H3
o0paTHOro OTHOmeHHA miomageii koierm. IlMomagb KoJbna, 06pa3oBaHHOTO
BpamenneM Q'T", paBHa 2n (CT')Q'T')=~2n (CT)(Q'T’), mmomagb #e KOJIb-
na, o6pasoBanHoro Bpamenmem SQ, Gyger 2xr (SQ).

CnegoBarensHo,
A(S)/AT) = V TDQDISOY- (32.4)

d (CT
CT = z,1g9, T77=2ED)

Q'T' = TT' cos®, = 2z, cos®,dd/cos’y. (32.5)
SQ paBHO gamHe orpesxa Q'T’ y rpaHmmul, yBelmIeHHoO# Ha n00aBOYBHIL oT-
Pe30K, MoJIyJalomHEicA m3-3a BpameHHA Jyda B IVNIOCKOCTH IagxeHHd

SQ = Q'T' + TSd9, = Q'T' + Dg®,/cos¥,. (32.6)

IlponuddepennupoBas ypaBuenme (32.1), naiineM BupaskeHme df, Tepes d:
cos®dd = n cos®,df,.

Ho
d8 = z,d¥/cos? ¥,
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ITome ¢, B Todke I HemoCpeaCTBeHHO HEKe TpaHHILI pasgesia CBA3aHO C
moJNieM P B 9TOH jKe ToUKe Hajg rpaHpneil cooTHomeHmeM *

mp = ¥, (32.7)

rAe, Kak H BHIe, m = p,/p — AAf aKyCTHKH, m = n® — pJiA aJeKTpoxHHa-
MEKH B ¢clly9ae BepTHKaJbHOH modApESanBd, m = 1 — gif 3JeKTPOXEHAMEKH
B CcJNy49ae TOPH3OHTAJbHOH HONApH3ANHH.

Han rpansmeit pazgesia, TRe CKJIaALBAIOTCA OpAMAas H OTpayKeHHas BOJIHLL,
AMINIATYA CyMMapHOM BoJHH paBHa [ | = |1 + V (8)|/R.

ITocne aroro, monp3ysach paBeHcTBoM (32.7), HeTpyaHo HaiTH aMIIHTYRY
A (T) = |V, |, a mons3ysacs popmynoir (32.4), tarxke B A (S) — ammaETyRy
BOJHEL B TO9Ke S. YdITA 3aTeM HaGer ¢a3n, gaBaeMulii gopmyiod (32.2), m Bu-
paxennme (31.1) ana xosdpdmumenra orpamenmsa V (¢), ML HoJNydaeM IoCJ]e
HOCJOMKHLIX mpeobpa3oBaHEd [JIA mojasA B S

$1(S) = 2 V¥ sin® exp ik [2v/cos @ - nD/cos &) (32.8)
! ¥V r (20 o5 O + (D/n) cos— &) (m cos & - n cos &) ’ '

rae cormacuo (32.1) cos®, = YT —n?sin’®, a yron¢ maxogmrca m3 (32.3) m
(32.1).

Brrpaskenne (32.8) cnpaBegiimBo, eClE paccToAHHA B3JTydaTeNiA B NIpHEMHEKA
OT TPaHHBIH pa3fgesia KOCTATOTHO BeJHKH IO CPABHOHHIO ¢ JIHHOK BOJHEL, 9TO
OyaeT BEgHO H3 (GoJlee TOTHOTO pelieHHsA, NPHBeAeHHOTO B cloAyIOMeM pa3gele.

32.3. MonpaBRE R reoMeTpHTECKOH ONTHRE IS NpejgoMieHHnXx BomH. Tod-
HO© BLIpajKeHHe AJIA IOJA IpeJoMIeHHOH BOJHH (moJle B «HEDKHed» cpexe)
MORoT OLIThH MOJNY9eHO B HHTErpalIbHOM BH@, aHaJOTHIHOM BHpaskeHHIO (26.24)
ANA oTpasKeHHOH BoJHH. [lsA aToro cHoBa cepmIecKylo BoJHY HeoOGXxogBEMo
OPeACTABHTH B BHJe pAa3lIOMeHHSA IO IJIOCKEM BodHaM. IIpm mpoxoge dYepes
rpaHHEIly pa3fesia cpel KaK{o#¥ M3 IJIOCKEX NaJalomMuX BoJH ee aMIVIBTYAA
MHOKHTCA Ha kKoadpdmmuent mpodpaddoctu W (§). Ecan npuaars aMmiamrygy
majapomel BOJHLL 8a efHHHLY, TO aMILIHTYJa OTpa:keHHoi BoaHu Gyger V, a
npomeguweit W. YunruBas, 9To moJiHoe moJie 0KoJIo TpaHANL B BepXHell cpese
Oyaer p = 1 4 V = monme B HEKHell cpexe P, = W **, Mu molydaeM H3 COOT-
HomeHus (32.7) cBA3b Mesmay Ko3QPHIHeHTaMH OTpasKeHHS H OpPO3PavHOCTH
mW = 1 4 V. [loce aToro, yInThHBas TaK/Ke COOTBETCTBEHHHIX HaGer ¢asm,
MLl OoJiydaeM A moJiA B HH;KHed cpefge (z << 0)

n/2—ioc BT
P = - R g oxp i [k (zcos ¢ + ysin ) sin® 4 kz,cos & — kyz cos §;] X

0 0

ix (1 +V)sin 848dp.

AHaIM3 3TOTO BHpasKeHHA Ha GOJBIIEX OO CPaBHEHHIO ¢ XIHHOUW BOJNHLL pac-
CTOAHHAX OT HCTOYHHKA I[eJIeco06pa3Ho MPOH3BOAMTHL METORXOM EepeBajla TaK sKe,
KaK 3To gelajock B § 28 pua oTpaskeHHOH BonaHn. Mul He GygeM DpHBOZHTH
BLIKJIAJOK BBHAY HX TO/KXeCTBOHHOCTH BLIKJagkaM § 28 m ocraHOBEMCHA Cpasy
Ha pe3yJIbTaTax pacCueToB HX H (GH3NIOCKOM cMuiche. IIpm atoM ocHOBHO# mH-
TepeC MMEIOT NONpPaBKH K MOJYYeHHOMY BLIMe pe3yJbTaTy TeOMeTpHIeCKOH
ONTUKHA.

Paccsorpus pme. 32.2, rge maobpaskeHHl gBa Cly9as NpeIOMIeHHS BOJIH:
aan>1unn<1. B obonx cnysaax OTS npeacraBasier coboit Jyd, mo-
CTPOeHHLIH IO 3aKOHaM TeoMeTpHYeCKo# ontakn. CooTBeTCTBYIOmMEe eMy BLIpa-

* Cooruomenae (32.7) B c1ydae aKyCTHKHA C/lefyeT N3 PABCHCTBA 3BYKOBHIX RABJICHHHE HO
00edM CTopoHav TpaHMms: p = p;. OTCiOfa M moNydaeM COOTHOMENNe ANA 3BYKOBHX HOTeH-
LAAT0B: pY = pyy man mp; = P. B ciydae aneKTPOAHHAMHKHA M BepTHKANBHON DONApH3a-
unit 13 (26.6) nonyaaew H, =—(weky/c) II. Tak Kak npe mepexofie depes rpanuny H, fomx-
no GLITh HENpepHBHHIM H k, TAKKe He H3MeHAOTCHA, TO 0TCIOfia clefyer ycnosue ell = g I,
win II = mll,.

** C TOYHOCTHI0 A0 00imero AJMA Beex Tpex BOAH $azoBOro MHOMHTEJIA.
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)enMe ANMA 3BYKOBOTO HoTeHHHmaia wau BeKTopa Depma aaerca dopmyloi

(32.8).

Kak m B ciygae orpaskemHoH BOTHH, YTOYHEHWe TreoMeTPHYECKOH oOTHKH
MJeT mo ABYM JIMHMAM.

1. Yaer Broporo npubiuKeHis B MeTode HepeBaia, Gilarogapsa deMy K
Beipakenuo (32.8) npubasusercsa eme oxuH Tien mopaska 1/kR,.

2. NloGapnenne BoJMHH 10BOTO THMNa (MO.IyYapmeific OT HHTETPUPOBAHMSA 110
Geperam paspesa). aHaJoTMIHOH GoroBoil BoJiHe B CllyTae OTPAaKEHHBIX BOJH.
Ilepenoc aneprum oT uanaydaTels K HpPUEMIHMKY 3ToH BOJHOH HpoH3BOINTCA
CymeCTBEHHO HLIM NyTeM, YeM B reoMerpudecrol ontauke, Ha pume. 32.2 aTo —

Puc. 32.2. [lyTn uponukiro-
Ben Bolii B HII?I\IIK)K)
cpeny ;1A cay4daes n > fu
n

semsssttat])

AN

oyth OMS. B cayuae 8) cync1 9Toil Boaum ocoGeHHo mpocT. 31eck oHa mpeA-
CTaBlsieT C060H XOPOILO [I3BECTHY 0. 9KCIOHEHIMANbLHO 3aTYXA0MY0 IPH YTy G-
JeuuM# B MK CPCIY BOJIHY. HOIVIAWIYIOCA MpH oTpa)kenMu Jyda OM,
Dagaomero Ha Tpaiuny pasiela mol YriIoM. 60asmEM, 9eM yrod IOJIHOTO
BHYTpeHHero oTpa:keniis (sin § > n). B cayuae a) oHa DolyTaeTcs BCIeACTBHE
TOr'0, 9TO HEOJHOPOIHHE, IKRCIOHEHIIHA ThHO 3aTYXalmue N0 Z MIOCKHEe BOJHEL,
OPpUCYTCTBYOmMHAE B pasfioskeuun ucxoismei 13 O cdepmdecroir Boaun (Ha
puc. 32.2 onu uso6paskeHH CHCTeMOH TOPU3OHTAJILHHIX 9epToveK), majad Ha
rpaHmuy, Bo30ysKgaoT B HmKHedl cpefe oOLIYHHE NIOCKHE BOJHLL, pacHpoCT-
paHAKOmMMEeCA NOX BCeMH yrJaMy HajgeHud [, YAOBIETBOPAIMEME YCIOBHIO
sin § > 1/n.

daMeTumM. 9To cAydaill a) moiyunrca u3 6), ecAm B moclHegHeM IOMEHAThH
MeCTaMM M3JyduaTe]Ih II HplHeMIlk.

He opupogs. Kak Mu Vike VCIOBIINCh. HOIPOGIOro MCCAegoBaHAA B KoM-
NIeKCHOM IL.TOCKOCTII. KOTOpOe IMeeT COBeplilieHHO TaKoil Ke Bujg, KaK U B CIy-
qae OTPasKeHHBIX BOTH. BHIONUICM oKoidaTedbible pe3yahraTsl. [Ipm aToM MH
OyxeM pacCMATpUBATDL CIYTAfl MATIHX YII0B CKOIb/ReHHSA, KOTAA TOJIhKO H MO-
IyT GHThH CYmeCTBEeHHEI HONPaBKI K reoMeTpideckoil ontuKe. B cooTBeTcTBHH

¢ aTEM GymeM mpegmodarath. 4To (12— M <1, m@n2—-H<L VnE=1,

2¢08 < 2, V' i — 1. B peayanTaTe mMeex:
a) n > 1. Bupaxenue (32.8) B yToTHeHHOM BHAE 3aIHCLIBAETCA

2 s —g V rlza cos 9 ir
Q) - = ik (rsin 812 c0s 8+D Var—sint B 32,
1 () r ( mcos® + Y- sinz® TR k" -(329)

¥Yrol ¢ 3sech, KaK yke YKAa3WBATOCh, HANOAMTCA OyTeM HCKIodYeHHs &, H3
ypaBHeumit (32.1) u (32. 3). Ecayn npu 5ToM BOCHOML30BAThCH YCIOBHEM MaJo-
CT 7/2 — ¢, TO MBI TOAYINM

F—%=z(— DY@ —1)1 (32.10)
Ecint B BoipakeHuu (32.8) mpeneGpeds D cos™@; mo cpaBHeHHIO € Z, Cos %
(aTo BO3MOKHO IPM HaleM TpPeANOI0REeHMH 0 MAJoCTH 7/2 — &) m mpeobGpa-
30BaTh HECJOMKHBIM 06pa3oM IKCHOUEHTY, TO oHO HepexoauT B (32.9) mpu or-
OpolleHHOM BTOPOM WIeHe B CKobxax, 9To M HOJKHO OHITh, TaK KaKk 3TOT WIeH
RXaeT monpaBKy K reoMerpuueckKoil omruke. IIpn & — n/2, Korga nepBL# WieH
B (32.9), cooTBeTCTBYIOmMiT reoMeTpuIecKoi oNTuKe, ucIe3aeT, BTopoit (mo-
OpaBOYHHI) YieH CTAHOBUTCA OCHOBHEIM.
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K Bupasenmio (32.9) HyskHo RoGaBHTH TaKsKe elle BOJHYy THOA 6oKoBOR
BOJIHL, OOMYYAalOMmMYyIoCA OT HHTeTpHPOBAHEA Mo GeperaM paspe3a B KOMIJIEKC-
Ho#t mMockoCTE. OHa EMeeT MeCTo TOJbKO HpH JOCTaToYHo GOMBINEX yriax P
(pme. 32.2), yaoslerBopAwmEX ycloBmio sin f > 1/n. Ee anaaurmueckoe BLI-
paskeHHe HMeeT BHJ

27 R kz, Vs e cosB : ] 32.11
Y5 = RE o sin ! ncosB 4+ tm YBsin?B—1 + m({—na)kR_’ ( )

rae
R = VT"" + D2,
Kak Mu BEAEM, aMINIETyAa aTod BOJHLI, SKCIOHEHIHAJbHO, yOLIBaeT mpm
yaaJleHHB H3Jy4daTeNId OT TPAaHHIL pasgela. ITonHoe mone B HH;KHEH cpexe

Oymer cymmoit P, 4 Py6.
6) n < 1. B aToM cayduae cOOTBeTCTBeHHHE (GopMydn GyxyT

. 2R i (krsin 8 + Kz, 08 8 + £,D cos 8y) [ V'rID cos* t ] .
b= e ncos® +m Vl—n*siuiﬁl_'_m“(i—"’)kr
(32.42)

IIpm aToM mpeamonaraercd, 4to n/2 —8, < lun(nw/2 —6,) << m (1 — n?)'s.
U3 ypasueumit (32.1) m (32.3) mpm 3TEX DpegmoNioKeHHAX HMEeM

/2 — 8, = D (rj— nz,/Y T— ). (32.13)

Ilo6aBounas BoNHa TEma GoKoBoif, mMelomas Mecto Hpm sin B > n, Gyaer

2 ikRr—kD VS p—m cosB - im ) 9
o = R [mcosﬁ-l— tYsiep—nt = kKR(M—1) ]’ (32.19)
rae
R=yYrEx z2.

Ilpm aroM mnpeamotoskeHo, aro m (/2 —3)<€ ¥V 1 — n®. Ecam HaoGopor,
m(n/Z—B);‘_>>-]/1 — n?, To RJAA BTOPOTO WIeHa B CKoGKaXx moayImioch Ok
(2/kRm?) V' T— 1% cos® .

Ha pme. 32.2 BmgHo, 9To ogumH CIydvail mepexogur B Apyrodl mpm 3aMeue
z2o2D,n—>1/n,m—1/m,9 29,. Orciona ciaenyer, 9To Opm TaKoid 3aMene
dopmynu (32.9) m (32.11) moMKHLHL mepeXoAUTh COOTBETCTBEHHO B (GOpPMYyJH
(32.12) m (32.14) m o6paTHO. TO AEHCTBATENBLHO HMEET MECTO, B 9eM HeTpyIHO
yGeguthesa. [Ipm aToM mago eme ydecTh HeoO6X0oAMMOCTH feJIeHHASA Ha m Kask-
moid ms GopMys npm TaKo#l saMeHe, UTO BLITEKAaeT, HaIpHMep, B aKyCTHKe H3
TOTO, YTO 3/eCh MH OCHOBLIBaeMCSl Ha NpPHHI[HNE B3aOMHOCTH, CIPABEXIHBOM
AJA 3BYKOBOTO RABJEHHSA, B TO BpeMA KaK Y y HaC o3HavaeT 3BYKoBoil moTeH-
OHaJl, OTAHYAMuicA oT AABJEHHA MHOKETENeM () B BepXHeidl Cpege m p, —
B HHAKHeH.

OcHOBHIBafICH Ha DOJMYYeHHHX OpMyNaX, HalAeM rpaHMi(Hl IPAMEHHEMOCTH
npubnumsKeHUA reoMerpuieckoil ontuku. B cnywae n > {1 m3 ycaoBmsa mpeueG-
Pe;KEMOCTHE BTODHIM YJeHOM B ckobkax (32.9), kak u B § 28, moayuaem

kzy>m/Y P —1. (32.15)

TakuM 0GpasoM, A1 NPEMEHEMOCTH TeOMeTpHYEeCKOd oOTHKHE HeoGXoammo,
9ro6Ll BOSBLIIeHHE HBJMydaTels Haj TpaHmnei pasgeNa GLLO JOCTaTOUYHO Be-
JMHKO IO CPABHEHHIO ¢ JJIHHOH BOJNHH. 3aMETHM, 9TO NPH yBeJIHUYEHMH Z, CTpe-
MHTCA K HyJIIO TaKKe aMIIaTyga BodHH (32.11), 9T0 m goikHO OHTH, TAK Kak
B TeOMeTpUYEeCKO# ONTHKe 3Ta BOJMHAa OTCYTCTBYeT.

Ananorm4so, B ciydae n << 1 ycaoBme Majoct Broporo wieHa B (32.12) mo
CPABICHHIO C NCPBLIM JOET

kz>1mV1T—=r. (32.16)
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TaxmM o6pasoM, mIA NpPEMeHEMOCTH reoMeTpHYeCKoi# onTmkm mpd n > 1
HeoGxoxmMo, 4TOOH H3TydaTeNbh GLUT JOCTATOYHO KAJEKO yaajeH oT TpaHUOH,
OoM0/KeHNe jKe OpHeMHHKa CyMmeCTBeHHOHd pOJE He HrpaeT (ogHAaKo HalloMAHa-
eM, ITO paccMaTpmBaercA clydadd z <<€ r, 3, << r). Ilpm n << 1, HaoGopor, He-
00xoxuMo, 9TOGH XOCTATOYHO AAJNEKO OT TPAHHENL GLUT yxaleH MpHEMHHK.

32.3. Cnyuait, xorna omma m3 cpex o6GJafaeT 3aMeTHbLIM MOIJIOM{CHMEM.
PaccMorpuM ciywail, korga NpmeMHHK HAXOAUTCA B NorJomammed, a HaTyda-
TeJlb B HemorjJomamwinei cpegax. B alexkrpoguHaMuKe 9TOT Ciydaii pealm3yeTcs
Ip¥ pacOojiosKeHHH NpHEeMHO# aHTeHHH! B 3eMJIe HJIH MOPCKO# Boge.

IIpm mocraTouHo GonbmoM yaaieHOH H3Ny9aTeNs W OPHEMHHKA OT TPaHEIIL
pagaesia 3ajava pemaeTcs JeMEHTAPHO NpH MOMOIME TeoMeTpPHYeCKOH ONTHKH
(cM. popmyny (32.8), B KoTopoif n HyMHO CIHTATL KOMIJEKCHOH BENHIHHOM).
Mu 6ymeM paccmaTpmBaTh Caydail, Korja yajleHHA HEBeJNHKH IO CPABHEHHIO C
JJIEHOA BOJIHEL.

Ilpr Hanmumn noriomenmss B HmkHell Cpese 3 ABYX PacCMOTPEHHHIX BLI-
Ile BOJIH 3aMETHOH aMINIHTYROHd B TOUYKe mpmeMa Oyger o6aagaTh TOJMBKO Ta
BOJIHA, KOTOPAasA OCHOBHYI0O 9AaCTh CBOero HNYTH HAET B BepXHeidl, Hemoriomamw-
meid cpege. ITo Gyaer Bomna OTS B cayuae a) m BonHa OMS B cnydae 6)
(puc. 32.2).

Takmm oGpasoM, B aTmX ABYX cayyaAx BekTop [epha, mam 3ByKoBo#l mo-
TeHnEan GymeT gaBaThcA cooTBercTBeHHO Qopmynamm (32.9) m (32.14). Ilo-
cleqHne PasHATCA IPYT OT Ip)yra TOILKO TeM, YTO B OfHY BXOQAT yron® mr,
aB apyryo f m R. Oauaro. ecaun B dopmyae (32.10) ansa ¢ mpenebpeus D mo
CPaBHEHHI C I, To moayImM § =~ P =~ /2 — z,/r, r = R.

Taxmm 06paszoM. 1as Hamero cayIad

2 . e arerrary cos & im
r (r. DY = 2 pikR+ikD 3 ni-sini & , (3247
Yo {r, D) A mcos® 4 VrE—sinZ ® + (P —NH kR ] ( )

rae cos 9 = z,/r.

Wutepecno cpaBHUTH 9TO BHpaskeHHe ¢ BLIpaKeHHeM JJIA HOJsA B HAMKHed
Cpelle HemoCpejACTBEHHO HAjx TpaHHNeil pasgelia, Ha TOM ’Ke DACCTOAHHA T
or wm3nydareasa. IlocieaHee Mpt DOIy9mM, CKAaguBas NPAMYK BOJHY
(1/R) exp x (ikR) ¢ orpasennoit Boamnoil, naBaemoir (28.13). 3amernm, 9To B
mochexneM yroa ¥, coBepmeHHo TOTecTBeH (GErypapyiomeMy B HaCTOAIMEM
naparpafe yray . Y4ra. kpoMe Toro. Bupamenne (28.17) m cHoBa orpamm-
YEBITACh MAJBIMII YTIaMU CRO:Ib:keHOA (Y, = cos O, Mallo), HoNydZaeM AN
ToJIHOTO MONA B BepXHeit cpee BOam3u rpaHmpul pasgena (z = 0)

= M i cos & i ]
b (r, 0) R° [chS'O+ Vs ® + k# (nt —1)

CpaBumBasA mociegnee Bupaskenme ¢ (32.17), momyvaeM
mp, (r, D) = ¢(r, 0) ¢¥D ¥ —~sin: 8,

Jdra dopMyla mpoCTHM oGpa3oM CBA3LIBaeT HoJie B Hu:KHed cpege B Touke §
(pmc. 32.1), ¢ nomem B BepxHeil cpege, B3ATHM Ha caMoli TpaHHIe paspesia
(roura A). OHa moxasmBaeT, 9ro yrayGJeHne mpHeMHHKa CKa3LIBAETCA TOJNLKO
B mosBAeHmm MHokmTens exp(ikD)/ n* —sin?®). Baas Moayms ot obemx
qacreit mocleaHell QopMyan, DoAyvYaeM 3aKOH CHAZAHAA AMIUIHTYXH BOJHEL

opu yriayo6JaeHmn
m ¥y (r, D)[ =¥ (r, 0)[eP, (32.18)

# = (271/A) Re ¥/ sin*® — n?.

B akycruke, yura cBA3p Mek/ly DOTeHHHAJOM H 3BYKOBHM faBieHmeM, gop-
myny (32.18) mosHo mepemmcath B BHAE

[ra(ry D) =[p(r, O) [P, (32.19)
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Tide P M p; — 3BYKoBO€ [aBJIEHHe COOTBETCTBEHHO B BepXHell M HMsKHeH cpegax.
AHaJIOTUTHO. B JIEKTPOJIEHAMUKe BMecTo o pMyinl (32.18) MosKHO MOMB30BATHCA
dopMyTaMu. CBA3LBANMAMH 3HATeHHA HENOCPeJICTBEHHO KOMOOHEHT HOJA B
HM;KHelt 1 BepxHeil cpenax [6].

HNuTepecto oTMEeTUTh, ITO GOPMYJNb, KOTOPHMYM ML OOJb30BAJHCh NPH BbI-
Bolle cooTHomenus (32.18), B 9acruocTm Bupaskenme (28.3), cnpaBeaHEBH
TOJbKO NpPH YCIOBHH. YTO NOJIOC Je/KHT CIHIIKOM GNH3KO K TOYKC HmepeBaja
(cM. § 29). JTo o3HaTaeT, UTO IPU 3aJaHHHX PACCTOSAHHH I H JIIMHC BOJHEI
OPOBOJIMOCTH HOYBH He J0JIKIA OHTh CHMUIKOM BejmKa. OgHaKko MOKHO TO-
kasath [G]. 9ro coornomenme (32.18) cmpasemnmso B ropasgo Gonee obmeM
clyTae, Rorja BHIOOJIAOTCA Aumb yclaoBua kR > 1, (n/2 —0) < 1.

32.4. 3BykoBoe mose B Bofe OT H3JdyYaTeNsa, HAXOARIIETOCA B BOZAyXe.
3ByKoBoe Hoje B Bojle. COo3[aBaeMoe HBJyJareseM, HaXoJAIEMCA B Bosmyxe,
CKJaJ(LIBAETCA M3 IBYX 4actedl, naBaeMux gopmymamu (32.12) m (32.14), npu-
dgeM JJIA 3TOro YacTHOTO CIydas Halo mojioskuth m = 800, n =~ 2/9. Tak kak
m o9cHh BeJMKO, TO BTODHMM WieHaME B ckobkax B (32.12) m (32.14) moxHo
npeneGpeds [cm. ckasaunoe mocie dopmynu (32.14)). Takum oGpasom, mepBas
COCTaB.1AIILAA 3BYKOBOTO 1oJA, KaBacMas ¢opmymod (32.12), coorBercTByer
06uI10 reoMeTpHuecKolt akycTuke. Ecim yaects Takke eme ¢opmyny (32.13),
TO JTA aMIVIMTYHS! 3Toil CoCTaBismome# MmoNMydaem BLIpajKenme

2nD S—— .
[$:(r, D)| = mlf_—r’(?i——__n—ﬁ'(r —nz/ Y T — 3™ (32.20)

BTopas 4aCThb 3BYKOBOTO NOTEHIMAJda OTJIMTIHA OT HYJA TONbKO NPH BLI-
' » — . 2 o]
moinennn ycaoBus sinB =x r YV r® + 2>n 1.0 BT

U3 (32.14). npeanomaras. utomP S 1. moiaydaes VI aMIVIMTYHUEL 9TOH 9aCTH
nons

Y] =@myre +z)exp(—iD} sin? i — nd), (32.21)

Mer BHIMM, YTO OTa YaCTL 3BYKOBOro HOTEHNIIATIA HPIU YIIVOJIEHHMH B BOAY
aKcmouenuHaabio 3aryxaer. OuHako mpm Maanx D aMmoaarymxa 9Tol BOJHBI
MOJKET BO MIOTO Pa3 OpeBHINATh aMOMHETYAY BoinH (32.20), cooTBercTByHOmEHN
reoMeTpHICCKoil ONTHKE, TAaK KAaK HoCleRuAsA OpomopnmoHanbua D. 3amaua o
opeloMaeHnn cpepnaeckoii BOMHLI B CIyTae, KOTJA «HUKHAA» cpeja obnajaer
GoJbUICH CKOPOCTBIO PpaCnpocTpaHeHus, pacCMaTpuBajJach TaKe B paboTe
[159]. Umnero aydeBas Teopita 3ByKoBoTo HoJdA B Boje OT H3NydJaTcliA, pacmo-
JIO;KEHHOTO B BO3jyxe, paccMoTpelnta Takske B [172]. TogHulil BoMHOBOH pacuer
NnoJafA B BoJe B TOUKe, Jie;KameHd Ha oJHOH M TOM ke BepPTHKAaJMM, 9TO M HU3Jayda-
Tedb B Bosjyxe, cienan M. Baltumreitnom [264] naa pasumx gacror. Oriuuame
OT TeOMETPIYeCKOH TeopuM 3aMCTHO JMIOb HAa TARIX JacToTaXx, KoTJa ymajcuue
KaK M3JydaTedf, TaKk M NPHEMHMKa OT HOBEpPXIOCTH BOIH COCTABJAET AJMMHY
BOJINH 1K MeHbIme. B nToit e paGoTe yuTeHo ¥ BJIHNAHIE oTpasKaomero gua.

§ 33. Orpaskenve m npenomaeHne cdepraueckoil BONHK
HAa rpaHAmNe pa3jesia OBYX YUPYIHX Cpeq

Crenyrouieit mo TpymocTv 6uma 6nt 3axada 06 orpaskeHHH H IpeJIoMJIe HuM
cheprdecKoil BoJIHE 1a TPaHHNE SKMIKOTO M yOpPYroro mojympocrpaHcts. Ofn-
HaKo ML «nepelpLITiien» depes 3TOT OTal ¥ H PacCMOTPMA Cpa3y OTpasKeHHe u
npedoataenie chepuaecKoil BOJAHH Ha Tpaldme ABYX ONHOPOUHKX YIODPYTHX
OONYNpOCTPancTB. 3Ta 3ajada ABJIACTCA OXHON 13 OCHOBHBIX B CCHCMOJOTHM.
BaecTe ¢ paziHaunMu MoIMPUKAaOMAMHE OHAa PACCMaTpIBaJach B MHOTOIMCIEH-
ALX paGoTax. 113 KoTopsiX Mbul yoomauem pabors B. M. Campunosa u C. J1. Co-
Goaesa [88]. B. [i. Kynpaasc u C. JI. Co6onena [50], I'. M. Ilerpamens u yde-

* Xopomwnii TEOPETIYCCKIT 11 HKCICPAMENTANbHLHI aHaM13 artoii 3amaynm cM. B pafore
[243). R oromy ke Bonpocy otnocnresa pabora [138).
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HukoB [24], T. H. Ilerpamena [73]). B. U. Keiinnc-Bopokra [43]. Bonee moa-
po6HyI0 Gubmuorpadiro IutaTeds naier B [43]) u B coAcKe ANTepaTypH K I1. 3
monorpadpum B. M. IOunra, B. C. fipaerckoro u @. IIpecca [145]. B atom
naparpajge Mu CTaBIM ceGe Orpanngeniiyi 3ajgady H3J0KUThL OCHOBHHE pe-
3yJAbTATH aNajiM3a NOoaA TOYETHOr0 MCTOTHMKA CeHCMWYeCKHX Boall MpH Ha-
JMIMM INTOCKO# TpaHMIB pa3lieda IBYX ONHOPOAHBIX MOJYNPOCTpPANCTB. MOJb-
3yACh CXeMON M3JOMKelNA W MPEJCTABICHUAMM, MPUHATHIME B JIaHHOM KHITE.
Ounoid u3 ocobenHoCTed MBIOMKEHIIA. B OT.IMYME OT MIOTMX paGoT ceficMIMeCKo-
ro mpoduiis, GyineT noclenoBaTelnlio¢ NpPUMEHEIMe CHEKTPaJbHOTO MeTOAA.
Bopodem, nociegnni u B ceficmiueckoil .11Tepatype npuo6peraer Bce Goaburmi
BeC M3-3a paCUIMpeHUS TNPUMEHIMOCTI CHEKTPAJbIIBIX METOIOB H3MepPEeHIH.
B cBoem u3lMomeHUE MH CymECTBEHOHM o6pa3oM HCHOJIb3yeM pe3ynbTaThl pa-
6ot II. A. Xumaua [168. 169].

33.1 Neroanur cdepuueckoii Beambs B TBepRoil cpege. B skuakoit cpene
NPOCTEHAUINM WCTOIHMKOM YNpyroil Bo.IIib ABAAETCA NydbCHpylomas cdepa
Malloro pajguyca. Onnako JoGoit 1pyroii HCTOIHUK HYJeBOro HopsAka (HCTO9-
HUK € KONEYHBLIM 3ladeHueM oGBeMHOl CKOpPOCTH), €CIM TOJILKO €ro pasMephl
Malbl 0 CPAaBHEHMIO ¢ AJIMHOM BOIHHL. TaKyke M3JydaeT chepHIeCKYw BOJHY.
IToatomy npexmonoskenme o chepuueckoil Gopae U3MyIaTeds JAeAaNoCh HCKIIO-
YUTeAbHO IS OpocToTH paccykieunrii. C1oskiee moiosKenMe B clydae I3aTyda-
TeJIA B TBepRo# cpeje. 31ech xapakTep BOIHH GydeT CyImEeCTBeIIHO 3aBHCETD
oT gopMHEl M3MyTaTe s, Mpt Gy 1eM npeInolaraTs, 9To U3NydaTedb MMCCT IHINH-
apadeckyw cuyMerpiio. IfoatoMy noae ympyrax Jedopmamuil u HampsA:ReHUH
MoKeT ObIThb ONIICANO HPH HOMOILII TpeX BCHOOMOTATEAbHEIX GVHKIHE (¢HOTEH-
UMAJNOB») Qg, Yo, Yg. YIOBIETBOPAWDINX BOIHOBHIM yPABHEHMAM

Ay = PPqy 0%,  LPAgy = /01,  bPAyy - 9%y, 03, (33.1)

rae ¢ = (A + 2p)*/p** u b = w'fp't — ckopocTM BOJI CHATMA It COBOrO-
BLIX BOJH B TBEPXOM Tele.

Mu 6ygeM moNb80BAaThCA IMEIMHIPHICCKOH CMCTeMOH KOOpAMHAT I. § M Z.
KoMnoHeHTLI CMemeHRH &, v M w B HAIPABIAEHUAX I',d M Z COOTBETCTBEIHO GYAYT
BLIDAyKATBCA I€PE3 HOTEHINATIN Npu moMOII (Gopmyst
AP, anpt A a¢, 1] P,

& e e S LD (G0 (33.2)

= = - = w- Y - ——(r==
! or

or aroz’ ot A r or

Kak Mu BATIM, ¢ ABTIAETCA NOTEHILA TOM BOTH C/KATHA, Py M (o — HOTEH-
nuajlaMid CABHTOBHIX (OKBIBOIIOMINA.IBNEX) BO.TH, NOJAPUSOBAHHLIX COOTBET-
CTBeHHO B IJIOCKOCTH rz ¥ NepHeHINKYIApHO K Hedl. Hanpsskeumsa depe3 mo-
TeHIHAJL OyZyT BHIpamaThbCsi TaK *

(a¢.

T = Mg, + 2p

nrd')
2] a (} P
= pg (254 At — 258, |
N a2
2z = M@ + 2p = % (ocp — Ay — lp ) , (33.3)

3 m (a?,x" 1 8,(.\) , :,ﬁ — azx"

of T F ar oroz *

Kaxk m B §§ 26 u 28, moTeHImAaIH MOKHO NIPEJCTAaBATL B BHJE DpasioKeHHH
0o mIockmM BosHaM. Kpome Toro, mpeamoiiaras, 9T0 PeKAM H3JydeHUS B o0meM
clyvae MMeeT EMOYJLCHHE XapakTep, MH OyjeM OpeACTaBIATh MOTCHIMAJK B
Bajie mHTerpanoB (Dypne mo BpemeH.

Nanygarens, Kak m paHbmre, 6ydeM NpeANONaraTh PACHOJOKEHIHIM Ha OCH
z, Ha PacCTOSAHHH Z, OT Havalla KOOPJWHAT,

* 3nech yno0Hee MpUMEHATE HECKONBKO HHEIC 0003HATENAA INA KOMIIONCHT TCH30PA HAIPH™
. —~
Menni 1Mo cpapHeHmio ¢ § 5 (nampmMep, zz BMecTO Z; 1 T. O.).
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B pe3yJbTaTe MOMKHO HOJOMKHATDH

Py = ReS eivetale § £, (k, 8) HE (kr sin ) eik Go-2 05 5in 939,

0 T
o = R eivadk (g, (k, 0)H® (krsin 8) e - osv sin 0 d8, (33.4)
0 I,
o= Ref e-iecidk § 1, (k, 9) HY (kr sin ) eix o= o3 v5in .8,
0 )

I7ie ¥ U 'y CBA3aHH ¢ k ©§ COOTHOINEeHHAMH
b = ke, ksin® =xsiny. (33.5)

Ilyrs murerpmpoBanuss I, B KoMIIIeKCHOH IJIOCKOCTH H300paskeH Ha
puc. 28.1. Ilpm nanpueiimmeM aHajJuse HHTETPAJIOB ¢ NpHMeHeHHEM METO/a Iepe-
Basa yurouu fo, g0 11 ko OYAYT OTHOCHTBCA K KAACCY MeJJIeHHO MeHSOMAXCA
00 OTHOIDeHHIO K 06euM nepemenunM k& #d. Xopomee pacCMOTpeHHre mpocTedmux
BCTOYHMKOB YOPYTHX BO/IH IHTATE]Nb MOMeT HailTm B KHHre ¥ aiita [266].

Hatepeceu pia ceficmonoruy caydaff, Korma ECTOYHMK BOJHL! HpEACTaBIAET
cofofi nMOyJIbCHBIIOE HATpPA/KEHME, OPHIOKeNNoe K DOKOBHM CTeHKaM IHJIHH-
¥Ypmgeckoil moloctH. Eciu paguyc B gimHA DOJOCTM MAaJH 10 CPaBHEHHIO C
AJHEHOIT BOJHH Il OCh IIMJXAIPAa HANPaBJieHa BePTHKAJbHO, TO AAA QyHKumi f,,
go U Iy na BoIBUNIX paccToANBAX B Hammx oboszmadeHuax umeem [168]

fo =1ipy (k) [2 (B*/c?) cos® & — 1] (kA/8p),
g = py (k) cos ¥ (b2A/4auc?). . (33.6)
hy = 5, (k) (cos B/cos 1) (kA 4aiuc),

rpe A — obbeM mo:tocti, a p; (k) 1 s (k) — xommoueutst dypbe HOPMaAIbHOTO

H TAaHTeHNBAJbHOTO (lIOpMél.'IbHOl'O NI0CKOCTiI TZ) uaupﬂmeﬂnﬁ, NPHIOMKEeHHBX
K T'paHHnaM HOOJOCTH

J

p({t) =Re

Ctwyp

py (k) eiwedk, s (t) = Re s (k) e-ihe d, (33.7)
0

rme p (t) m s () — COOTBeTCTBeHHHKe HANDSKEHHA KAK (YHKIHH BpeMermd,

MoacraBasaa Bupamenus (33.6) B (33.4), a 3ateM BrpasKeHHAA AJA @y, Yo K
Yo B (33.2), MOKHO mONYYHTH BHPaKeHHA JJAA CMeMeHHMH.

B kadecTBe mpmMepa moJyYHEM BHPasKeHue JJIA BePTHKAJIbIOTO CMeMEHUA B
BoJIHe C)KarHA. [Ipmnmmem BosdHe CKaTusl HHIEKC £, BoJHe CABHTa, HOJADH-
30BaHHOH B BePTHKAJNbHOH INIOCKOCTH (IJIOCKOCTb 7z), mHIeKC SV m caBHroBoi
BOJIHe, MOJADH30OBAHHOH B TOPH3OHTANbHOE MIOCKOCTH (ILIOCKOCTb z == CONst),
unnexc SH. Wa Bupaskenua gas u B (33.2) Mul BuguM, 910 ¥ = Up + Usy, T. €.
BePTHKAJIbHAA KOMIOHEHTA CMeMIEHHA CKJIANLBAETCA 3 CMEMEHHA B BOJIHE CiKa-
THA B CMeIleHHs B capHroBoid BoaHe (SV). Iipu atoM up = 39y /dr, usy =
= — gW,/ordz.

Ilonbaysacs Bupaxkenaamu (33.4) u (33.6) m npomssoas guddepennupobanme
[0Ji MHTErPAaJoM, HOoJydaeM

up = Re et (k, 7, 2) dk, (33.8)
0
e
Us (b, 7, 2) = 2028 ( (2 B cost & — 1) 2 A (kr sin ) et - 03 85in 8 a9,
Iy
(33.9)
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Ha tex e ocHoBaHHAX, 9To H B § 28, MK OymeM moJb30BaTbCA aCHMITOTH-
weckmM mpejcraBaeniey ¢ynxkmmm Xaukeas (28.1), mpmuem HaMm 3jech Her
HYXJH yIATHBaTh ODonpaBounni aies 1/8 iu B cko6kax. Kpome Toro, ydreM,
910 cornacHo puc. 33.1,

(20 —2) = Rcos®y, r=Rsindg (33.10)
Toraa Bripaxenne (33.9) MokHO nepemlca'rb B BHJIE
_kp Ay S 2 cos? 1iR 008 (6-90) 5in*+O 9.
Usp (%, r, 2) S mre’ ‘[\l’ ? cos ® — 1) ¢liR cos sin**® d@
(33.11)

3aMernta mepeMeHHoH corjacHo (28.4) u mepexon ¥ OyTH HHTeTPEHPOBAHHA, Ha
KOTOPOM § npoﬁerae‘r B3¢c BCHIeCTBEHHDLIC 3i1ageing oTr — o0 10 + oo, MO3BO.TAET

OPHMEIHITh METO]| HepeBala. M3Tomel- Yemavwas
ubid B § 27. Jleno cymectBeHRO 00~  Jrozase )
JlerdaeTcs TeM, UTO LaC B IaHHOM C.IY- cpedn >~ ,e
qae HHTEpPECYeT TONbKO MIABHKE Tien. 4, z, o z %
. 9 24
B peayabrare Tak :xe. xax B § 28.1 --————_7F{rz)
Up —=
. PPP77PTA77777. 77,
tkpy (kY A . el it Huwcneg
W() —-c s20 1) sin @) S—. cocoz
(33 _1_') Ay /P

. ] Pue. 33.1. K Buupscieunio uosis DpAMOil
Ioacrasaaa rteueps U'p B (33.8). BOTHB

3aMeqaeM Opekfie BCero. 94To ecC.aH He
YIMTHBATL BPEMEHHO MIIO/RHTEIl, HE 3aBHCAN(IIe OT X, TO DONYIHTCHA TaKoi
uurerpan mo k: :

o0

ReSikp, (k) emike =R ey ffe — — - at 9 Re

0

" _ 1 dp(t— Rfc)
1, 1-R/ T e—— e D
P (k) e-the ¢=Rio) df — . .

at

SS9

YanTuipan TEHNepL Taky/ke I OCTATILHLE MIOHMHTENH, NnojJyJaeM AJA BepPTHRAIb-
HOTO CMemeIHA B BO.IIe CiaTug ¥

N R . d ) .
mon 1 -2 5 cos? ¥, 1 sin 9 T [p(t — Rjo). (33.13)

Uup =
Towno Taxmm e 06pa3oM MosKHO mOJYYNTh I IPYTIle KOMIOHEHTH CMEmMEHHi.
B pesynbrare GymeMm uMeTh 118 P-BoaHHM

[“P] [F‘,‘f‘”{ (t—R/c)}][ sin ] (33.14)

wp —cos 9,

3unavenme F, (§,) ca. mmKe. Mu BuInM, 9To cMemeHue, JaBaeMoe MoCJeHei
dopMyoil, HampaBleHO HO pAaIIYCy-BEKTOPY, MCXOAAMEMY H3 HCToIHHKa O,
T. ©. BoJHa P sABnsdercA mpojoiwHoii. 14 casmroBoit SV-Bonuu GymeM mMerb

[“SV] [ sipe - R/b)}][:w"]. (33.15)

wsy n @,

9Ta BONHA, Kaxk MH BMJHM, ABIAeTCA momepedHod. [uas capuroBoii SH-BoNHHK
monyTaeM

vsi = 20 g5 — Rpp)). (33.16)

* Takoe cMemeHKie GyOCT NPAHATO U 3amicaHo NPEGOPOM, 0G/NAJAMHEM «HXEATBHOL»
9aCTOTHOH XAapAKTEPIUCTiHKOii, T. . NpUOOPOM, HMEOMAM HEU3MeHHYI0 4yBCTBHTENbHOCTb
npu Beex & or 0 no co. 14 TOr0, 9TOGH MOAYYATH Pe3yJibTaT, NABAEMElE peajbHEIM NpuUGOpoM,
NONKHTETPANIBEOE B PAXKEHIIE B (33 8) HeoGXONMMO YMHOMHTD HA JaCTOTHYI0 XaPAKTePHECTAKY
apu6opa. IT0 3aMedaHHe OCTACTCA B CHie W AJA BCETO JajbHEHAINEro U3/0oMKeHHA.
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B BunopcaHmx Brmle (OpPMYNTax HCHONb30BAaHH Clefyomue 0003HaYeHHA:
Fy (8) = (8/4mpc) (1 — (26%/c?) cos? By],
Fy (0g) = (Aldapb)sin 20, K (8y) = (A,4npb) sin O,. (33.17)

33.2. dopmanpHoe pewenue NIA OTPAKERHOH W NPeNOMIEHHOIl BOJA.
O6o3HaumM 9epe3 ¢, Y M ) COOTBETCTBEHHHE HOTEHIHAJH B OTpakelNHOH,
a 9epes @', V' um ¥’ B mpelomiIeHHo# (B HEKHeill cpefie) BonHax *. UroOu nHafiTu
HX, 3aMeTHM, 9ro moreHmualn (33.4) «majawomei» Ha rpaHEny cdepHIecKoin
BOJHEI, TaK jKe Kak H B § 26, M0KHO NMpeACTABATbL B BHJE CyNepmosUIBM MIOC-
Kux BoaH. OTpakas m DpPEIOMIAA KaKAyi0 NJIOCKYI0 BOJHY Ha T'paHMie pas-
fena, yunTuBag cobctBenumnii Haber {aswm npda moaxosne BoJHH K TPaHHLE U
OpM OTXOfie OT Hee, a 3aTeM COOHpag CHOBA BCe MIOCKME BOJHEI, IOJYJaeM

¢ = Re e-““‘dk HLHS (Er) ez sin 9de,
T

¥ = Re{ e-iretdk { g, HY (&r) etz sin 0a0,

|
;

f
x = Re{ e-iketak {nH® (Er) et sin 0as; (33.18)
0 I
¢ = Re S e-iketdle \ f HY (Er) e~ sin 949,
0 T,
¥ = Re { emetan { g/ H® (&) e sin 049,
o T
¥ = Re{e-iretdt (B (&) e sin 840, (33.19)
0 T
rje
a = kcost, B=wucosy,
a' =k cos®, B =wuncos’,
£ =ksin® =k'sin®’ =xsiny = «'siny’; (33.20)

fr = foVueirn + goVyeibae,  f = foWyelaid 4 ggW e,
g1 = foVue'* ™+ goVyebn, g = fWeix= - g W eifo,
hl = hoVeipzo‘ h' = hOWei"“°. (33.21)

3mecy Vyy, .. ., W, — Ko3QQBIEEHTH OTpa)eHHsA H NPO3PaTIHOCTH, HaljeH-
Hue B § 8. Vu W koaddunmeHTH 0TpaskeHH A u Opo3paTHocTH Aas SH — Bomst
(cM. § 5). Kontyp murerpupoBauusa I'; Tor e, 9to m B § 26.

CMemenne B oTpakeHHOH BONHe CikaTMA GYymeT COCTOATH M3 JBYX dacTei
(Ur, wy) B (U, wy).

Ileppas wacrb, koropyw Mu OymeM HasmBaTh PP-gactbio, o0ycioBlela
nafalomeif BoNHOH C3KaTHA, BTOpaa 9acTh, HaswBaemMas SP-gacTbio, 00yCIOB-
JleHa majaomeil CABMIoBO# BONHOM, KOTOpPAfA, KaK Mbl BUAEIM, OPH OTPasKeHUH
Ha rpamgie YacTHIHO NEPeXOoAMT B BOJHY CiRATMA.

Tlonbaysach BupameHmamu (33.18) pna moremmmamos u gopmylamu (33.2)
BNA mepPexopa OT HOTEHIHANOB K CMeMEeHAAM, OONyIaeM (AJIs COKpameHMs

* YroOu naGexaTh NYTAHHUE! B HHACKCAX, B JAHHOM HAparpade HeTHTiiibl, OTHOCAU(HECA
K HIKHeH cpeme, MBI OTMedaeM IITPHXOM CBEPXYe
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oc
8allACH O'yCKaeM onepanmos e-ikeldk) :
0

Uy = — ‘Sg,f.,vl,Hg“ (Er)eie G sin 0d9,  w, =i | afoV, HE () ei* ¢+:9 sin 9dd;

I

(33.22)

= — (ea WO (@) oo sin 030, 1w, — 1 fagoV HY (i) o sim 9
Fy 1

(33.23)

CMmemenne B caBuroBoil SV-BoslHe Tak:ie COCTOMT H3 ABYX 9acTeli: (u,, w,), Co-
oTBeTCTBylome#t PS-BonHe, B (4,, w,). cooTBeTCcTBylomeil SS-Bonne,

us = i §ERTOVIHD (Er) elGsand sin 809,  wy = — B,V HI(Er) 024320 sin 900,
l‘t T

(33.24)

Uy =i S EBgoV  H (Er) eG+) sin §dd.  u, = _ﬁ\ g2g,V, H (Er) € @+ gin 8d9.
L 1

(33.25)

Hakouen, c¢aBuroBoe S/ (ropusoHTaIpHO HOJIAPH30BAHHOE) CMEMEHHE COCTOMT
H3 OfHOTO WIEHa

vy = — \EhVHY (r) €3¢+ sin 8d9. (33.26)
Iy
AHaNOTHIHO 3aNMIIYTCA CMEIeHHS B HEkHe# cpeje z << 0 (B mpomepmeii de-
pes rpaHanmy BoaHe). B qactHoCTH, CMemeHHe B BoJiHe CKATHA 0y7eT COCTOATH U3
ABYX JacTeidl — cMemeHuA(u;, w;) Tuna PP* mcMemenusn (u,, w;) Tana SP. Ilpu
9TOM

’

uy = — {EfWLHD (&) eiezees sin Ba9,

I
wy = — i Sl'fo‘Vqu) (&r) e' @22 sin 948, (33.27)
Iy
uy = — \ g Wy HD () e'G=xd sin 949,
r
wy = — iIS 2'goW HP (tr) ei3='D sin 8d9. (33.28)

CnBuroBoe cMemeHme Take OymeT COCTOATh HM3 ABYX dacred: (ug, ws), CoOT-
BeTCTBymeil Boaue Tuma PS, m (u4;, w;), COOTBeTCTByIOmedl BoJiHe THOa S,

uy = i e oW HP () et @90 sin 048,
I

(33.29)
wy = — (BF W HE (&r) el @D sin 828;
r

1

uy = — i &g W, H (&) 059 sin 0,

Iy

(33.30).
wy = — \Eg,W HE (£r) ¢! ®-¥2 sin 8dD.
ry

* Yepranon GykBoii 03HaTaeT, 9TO C 00T BETCTBYOMAA 3T0l GyKBe BOHA Npoferaer B HInK-
Helt cpepe.
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Haxkoner;,, cnpurosoe SH (ropmaoHTalbHO MOJADPH30BaHHO®) cMemeHHe Oyrer

o= — Sgh.,WHﬁ‘) (Er) € B2-#'D 5in 049, (33.31)

Iy

Dopmynu (33.22) — (33.31) B coBoKymHOCTE mHpeACTaBIANT cofodi moxHOe
pemeHne 3anadm 00 OTpajKeHHHM H OpPeNOMIeHHE CdepudecKod BOJHH Ha rpa-
HEIe Dasfiesa ABYX YOPYTHX Cpejl.

33.3. Asamus peuwrenua. OrpamenHas m Gokosas Boumm. IlonydeHHHe BH-
me THTerpaibHee (OPMYNH A CMOmMEHHH BeChbMa CJIOKHH H He NO3BOJIAIT
cnenaTh B o0meM Bujie KaKHx-Tu0o fajleKo MaymEX 3aKIIOIeHHHA 0 XapaKTepe
BOTHOBHX MDPOLECCOB, CONPOBOMKIABIIEX OTPaj)KeHHe H IIPEJOMICHHe BOJHH.
Kak 11 B mpeampymux maparpadax, MH OCTaHOBEMCA Ha amaju3e CMOmeHHH
Ha J0CTaTOYHO O0OabLIEX DaCCTOAHMAX, KOrJa CTAaHOBATCA CHPaBejHBHIME
ACHMOTOTHYOCKIe NMpejCTAaBJCHHA *. AJSKBATIHIM A aTOT0 MaTeMaTHIOCKHM
METO/I0M, KaK 1 BHINe, ABJIAETCA MeToj MepeBala.

Paccmorpus nna npusepa Bmpaskenme (33.22) mia u;. AHaXOrMIHO TOMY,
Kak 9To cpmexaHo B§ 28, myTb muTerpaposanua I'y Moker OuTL fedopMupoBan
TaK. 9TO Ha HOBOM HYTH NPH AOCTATOIHO GOJbIIOM r 6YmeT BCIOAY BHNOJHATHCA
yeaosue &r 3> 1. Torma ¢yukuna XanKensa Mmoxnier GHTH 3aMeHela ee aCHMI-
TOTHIECKHM I Pe/ICTABICHMEM Hﬁ’)(gr):f]/‘_)./ngrexpi(gr—3n/4).

Kpoxe Toro, yarem. aro (cm. puc. 26.3) r = R, sin®y, z + z, = R, cost,,
a tare obosuavenus (33.20). Torma BHpa)enue I U, 3amuldeTCA

uﬂ.—: V ’: enia 5 foV etk Ricos(8~8) sin': 440, (33.32)

T

Hoswil nyTh uHTErPEPOBAHESA HeJecoobpasHo BHOpaTh TakK, YTOOH OH Hpo-
XOME.1 Yepe3 TOYKY mepeBalla, I/i¢ BHPasKeHHe B HKCIOHEHTO HMOET HKCTPeMYM,
M YXOMHJI OT Hee Io OyTH, Ifie a6COMOTHOE 3HadeHNIe AKCIOHEHTH OHCTpee BCETO
yOuiBaeT **,

Kak m B § 28, TakmM okasmBaercs myres I' (cM. pmc. 28.1), Ha xoropom
HepeMeHHas §, BBeJleHHas COTJIACHO COOTHOMGHHI €03 (§ — Ug) = 1 + is?,
Opoferaer BCe BEeMECTBOHHEE 3HAYeHHA OT — oo jio + co. IIpm aroM Touxa
mepeBaja CoOOTBeTCTBYyoT $ = 0.

Nuterpan mo nyte I" BHYHCH f0TCA NpH NoMOINA MeTo/1a HePeBana, H3TOKEH-
Horo B § 27. Mu orpanumumMcs 3mech mepBhM NpEOImMKeHHmeM, KOTAa BCKO INO-
ALIHTETPANbHYI0 (YHKIEIO, KpOMe 3KCOOHOHTH, MOKHO BHHOCTH 3a 3HAK HH-
Terpaia mpm 3Havennm ¢ = @,. B pesynbrate momydaem ***

U, = 2fo(B) sin 8,V (By) (ei5R:/ R). (33.33)

* Ecaz 05036a49nTh 9eped Ay, MAKCEMANBHYI0 AINAY KaKoi-Im6o m3 YHpyrax BOJH,
COOTBETCTBYONYI0 HaHMeHbIIEH JacTOTe, BOCHPHHIMAEMOll ammapaTypoii B ONLITE, TO HAMIN
pe3y.IbraTil GYAYT CIPABCIMBL HA PACCTOABHAX R, yNOBIETBOPAIOMEX YCAOBHIO R 3> Ao

Ecnit :xe nonycTTh, 9TO NPOIECC PETHCTPHPYETCH «HealbHOil» anmaparTypoii ¢ n1oITH paBHo-
MEepHOIi TaCTOTHOH XaPaAKTEPHCTHKOM 0T ® = 0 0 ® = o0, TO HAMHA ACIMATOTHIECKHE OPMYJIbE
OynyT BCe K€ CIIpaBe;VIMBH [JA MOMEHTOB, GAU3KEX K BCTYNJIEHHAM BOJNH, TOe NMpomecc Bo
BPeMEHNA H3MEHAETCA CPABHATENbHO GHETPO M, CIENOBATENBHO, BHCOKOTACTOTHAA HACTh MpoO-
gecca ABNACTCA OCHOBHOIi.

** Ilpenmosaraerca, 9TO TATATENI0 H3BeCTHO conep:xanue §§ 28 m 31, rme paccMorTpeHn
aHaJoruiane, HO Gosee NPOCTHIE BONMPOCH.

##* Ecin oTpaKeHHAA BOJHA B 9KCIIEPEMEHTE PETHCTAPYETCH PA3felbE0 OT IPAMOIl BONHE,
‘TO yTOTHEHHe pe3yJibTaTa NyTeM HAXOKACHAA JAIbHEHMAX NMPHOJIGKEHHN He MMeeT CMBICIA,
TaK K&K majbHeflINe MONPABKE 110 CPaBHEHA® ¢ BupaskeHmeM (33.33) Gyayr mopanka 1/kR:,
1/(kR1)? 2 1. 1. Ecnm ke mpAMas E oTpakeHHAA BOJHH HAJATAIOTCA PYT Ha gpyra, TO mpif
MAJEIX Yriax cKoabkeHusa (& — n/2), korga Vi — —1, punncasnuit B (33.33) wien moser
B 3EAYUTeNbHOH CTENEHN KOMNIEHCHPOBATbCA NpAMOil BojaHO#. Ilosyqaomuiica OCTATOK MOKeT
0Ka3aThCA TOTO e NMOPANKA, ITO H NEPBH monpaBouHui Tien. OqHAKO MOMXKHO NIOKA3aTh, ITO
JIKe B R OTOM CJIYy9A€ NONPAROIHKA YITeRW He OYAYT UTpaTh HUKAKOE PO, eCI CyMMapHOe
ynameHEHe M3MydaTeNiA B NPHEMHHKA OT TPAaHAMH pPasgeia BENAKO [0 CPaBHEBHMIO ¢ [UTHHOL
BOJIHEL.
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MH DonyYmnm BHpaKeHMe AAA OTpakeHHod PP-ponun. 3aech daKrop
2f, (8y) sin ©, XapaKTepuayer aMOiATYAY Oajaomed BONHH CKarthA,a Vi, —
KoapdummeHT oTpaskenus. IIpeacraBum mocnepHnirt B BHAe

Vi (Bo) = A () + iB (), (33.34)
npmgeM, ecnd 8, << aresin (c/c;), To B = 0. -
Ecam temeps k BupaskeHmio (33.33) npuseHnTh olepamHio ReS e-ikeldk 1o
monydaeM oKoHdatenbHo [cp. (33.14)] 0

0, d .
wy = ———F’](;l}) {A (%) ’:_:' [Pre(t — Ri'c)] — B (8) = [P1m (¢ — Rl»’c)l} sin,,

(33.35)
rae

Re \ (— i) p, (k) e-iket-Reodh

St

< [Prelt — Ric)]

—%— [Pim (t — By ¢)] = Im\ (— ikc) py (k) e-ikel-Riady,

EL )

AHanoruyHo MOJIy4fM W BCe APYTIe KoMIonelTH cMemeHmi. B wacrHocTm,
BHpaxteHie giA w, Gyner oTandarnca oT (33.35) Toxbko saMeHoit sin ¢, ua
cos tty. ITo moKA3BIBACT, 4TO B HepBOM HPHOIIKEIHH BOJHA CIKATHSA SABIACTCA
IPOJIOAbHOU BOJHOIL,

I1pu nmpeo6pasoBaimim myTu uurerpupoBaniusA I', B unepeBaabHu# myTh I
MOKEeT BCTPETHTBCA 11€00X0IHMOCTDh 06X0]a HMEMMUXCA B MITOCKOCTH ¢ 0COOHX
To4YeK MoJKHTerPajJblioTo BupPaeHAA. Ocobke TOYKH MOTYT GHTH IBYX BHIOB —
OoTI3H M ToIKA BerBiAeHusA, O6xop modwcoB f06aBiAfeT K BHPaKeHHIO
(33.35) Bugern B HuX. I3 pesyabTaTe Mm HoJy49aeM BHpakeHHA JJIA OOBepXx-
HOCTHHX BoJH CToHeNH H TaK Ha3mBaeMHX «BHTeKAalOMmMHX BoJH» (leaky waves).
Ammartyna Bosn CroHeJan sKcOOHEHIHaNbHO YOHBaeT IpHM y/jaleHaa B o0e

CTOPOHH OT I'PAHHIH Pa3;ie:ia I o 3aKkoHy ~1/)/T OpE yjraleHHH OT HCTOYHIIKA
BOJH Bj0J1b Tpaliigel pasiesia. CBoHcTBa BOJIH 9TOr0 THOA pacCcMAaTPHBANHCh
BHmeE B §§ 7.4 1 8.2 1 mosToMy Mbl He GyIeM Ha HHX 37lecb OCTAHABIMBATBhCA *,

Hanudane Touek BmeTm.lenisg 13-3a HeoJUO3HATHOCTI! MOIHHTETPANBHOTO BH-
PaKeHNA OPHBOINUT L 110HXOTHMOCTH J00ABUTH & HAUIEMY pPeIIelnio HHTerpa-
JH Mo GeperaM paspesoB. D pe3vibTaTe Mbl HOJyYaeM CIICTEMY (TOJOBIIRIX»
IiAH «GOKOBHX» BONH ¢ KoHuTecknMu ¢poutamn, OfHa M3 TaKEX BOJH JJIA
npocTeimero ciydas ODofpodno dm.1a mccaeloBadHa B § 30.

Jdaa mpumepa paccmotpuy Bupawkeuwe (33.32) aaa u,. B koapdEmment
orpaxkennsa V; cormacuo (8.14) Bxoasar ** Beamdunuw o', B, B’, KoTopHe mpu
nomomu (33.20) MoryT 6HThH BHpPaKeHH depe3 ¢

2= Y EEsint 0 — (B, 3= VIsint0 —«%, § =} R sin?¢— (1) (33.36)

Vi MosKeT OpAMMMaTh pa3HHeE 3HaYeHHA B 3aBHCHMOCTH oOT |BHGOpa 3HAKOB
3THX panmKagoB. J[Ns To9eK BeTBIOHHA, I'fle PaAHKaJH o6pamawnTcAs B HYIb,
MHB DOJydaeM 3ladesds

8y = arcsin (k'/k), Oy =laresin (x/k), O, = aresin (x'/k). (33.37)

PaccMoTpEM GokoBylo BoNHY, CBA3aHHYIO ¢ TodKoit BerBienma O7F. Xox
paccysk/ieHHi npm atoM GyjeT B TOYHOCTH TaKoif ske, kak B § 30. B mpomecce

* TlpencTaBideT METepec ompenesdeHEe Ko3ppHOEeHTOB BO3CYMEEHAA STUX BOMH B 3a-
BUCAMOCTH OT PACMOJIOMKEHUA U3JIYyTaTesid BOJH OTHOCHTeNbHO paHupdl pasgena, OgHaKo Ha
3TOM MBl HE HMeeM BOBMOMKHOCTH 3[ech OCTAHABAMBATHCA.

** B § 8a’ nf’ ofoanagaguch gepes o 2 fi.
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BHIIMCJICHMA CHOBa moABATCA Bhpa)eHus tuma (30.4) u (30.10), npmaem @ (8),
oo aHajnoruu ¢ (30.5) GymeT onmpeeNATHCA BhipaskelHenM

O (1) = Vi () — V,, (8), (33.38)

rae Vi (9) noayuaerca u3 Vy, (8) samenoit «’ — — «’. Cornacio (8.14) u (8.15)
mMeeM

Vi—(Q +P)/(Q +2P), (33.39)
rae

Q = A} + BA3/x + mp'x'*/4BES, Q) = AT —BAza +mB'B,  (33.40)
P = (1/3") (B} + BB3/2) -+ mu}/bxEs, Py = (1:3) (B} — 3B; 2) — mu'4/4xE,

a BeJMIUHH A,, . ... B, naworca gpopMynamu (8.9). Temeps moiryuaeM B cooT-
BercTBuit ¢ (33.38)

® () = 22" (P,Q — O\ P) [(0* — )PP, (33.41)

B pesyabrare Tax ke, Kak u B § 30, moxydaes A cMemeHMsA u, B GoKoBoii
BOJIHE

ty = [K'fo (8) (PyQ — Q4P) /Q% cos 8] —s .S,‘,“]&, LY (33.42)
3neck nus yno6eTBa cpaBnenus ¢ pedyabrataMu § 30 Mu oGosnagunm ¢4 = 6.

Bermamua kRs (33.42) wumeer 3uawenme kRj .- k (z + zg)/cos & + k'L, —
=k (Ly + L) + K'L,.
Currca Benugun Ly, L v L, nMeomux pasmepuocTs TIui. BujeH m3 pmc, 30.3.

Tpumennm Temeph x u, omepammo Re\ e-i®/di u yareMm mpm 3ToM cCo-

Iy

orHomenusa (33.6), (33,7). (33.17), (33.20). moaydgaes 0OxrouIaTEABHO

o

Uy = — ik’csin 8 [(QPy — PQ,) /0% cos d) “—(‘”L”ﬂ (33.43)
rL;
rme
ty =t — (Ly + L)lc — Ly/c, (33.44)

Bripaxenne nna cMemenns w, Gymer cosmaznate ¢ (33.43), B koTopom sin § 3a-
MeHsaeTcs Ha cos §. Takmm oGpasom, cMemenne B GoKOBO BOJHe HPOHCXONAT
Broab nyda BP (pmec. 30.3), T. e. BonHA ABAAeTCA MpOOJbIOH.

Nmnynbe, cooTBeTcTByomuii GokoBoit BomHe, npoxonm' OT H3NyJaTeldsl fo
TOYKM Habaonenusa 3a Bpema ¢t — &, = (L, -~ L)ic + L,/a,, T. e. mpoxognt
y9acTku Ly u L Ha puc. 30.3 co ckopocThio c, a ydacTor L, co CKOpOCTBIO ¢,.
BokoByo Bonuy aToro tmma yno6Ho 06o3HaYINTbL depes Pc’P, 9T0 03HavaerT,
9TO HaYaJbHHA M KOHeUHm# ydacTok (L, m L) BoNHa HPOXOAHT B BHJE BOJHH
CAaTHA B BepXHeit cpesie (BoMHm THma P), a cpeguuil yvactok (L,) mpoxomnT
BIOJb TPaHHIIH CO CKOPOCTBIO ¢’.

OTMeTHM HECKOJNBKO BasKHKX CBOHCTB GOKOBO# BOJHE B PacCMaTPHBaeMOM
craydae.

1. MHoskurens F; () B (33.43) mokasmBaer, 9T0 aMnnmTyna 60KoBOH BOJIHH
OpONOPIHAOHANTBHA aMIUIATY/le NePBHIHOrO Jyda, MAJIAI0MeEro Ha FPaHHIY HOJ
YIJIoM MOJHOTO BHYTPeHHEro oTpaskeHHA §.

2. 3aBHCHMOCTH CMemeHHs 4, OT BpeMeHn jaeTca Ppakropom p (¢). Ecnm mc-
TOYHHKOM BOJIH fABJIAETCA DHJIMHADAIECKAas MOJOCTh MAaJHX pas3MepoB, TO 3Toi
e QyHKOme#i XapaKTepH3yeTcA B3aBECHMOCTb OT BpEMEHM CHIK, OPHIO-
KeHHO K GOKOBEIM CTE€HKaM IOJOCTH. 3aMeTHM, 9TO B mpAMO# M OTpasKeHHOH
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BOJNHAX 3aBHCUMOCTh CMeMeEHHs OT BPeMeHH XapaKTepm3oBalach QyHKmued
- p(t— o).

3. Kak u B § 30, Bupamenue (33.43) 115 GoKOBOH BOJHEI TepAeT CMHICI lia
nyde, HCXOASAMEM H3 MHUMOTO HCTOYHIIKA O’ nox yraom §. Ha atom aywe L, = 0.
Tpu ueo6XxomuMocTH 3uavene cMemeHili Ha 2TOM Jiyde M ero OKpeCTHOCTH
MOKHO HOJYUMTh MeTofioM, uanoweinisiy 8 § 31. Toxe BO.IM3HM KRPHTHYECKOTO
yria OONHOrO BIYTPEHHEro OTPaKeHId COeNUaJbHO PAaCCMOTPEeHO B [129].

Bume 6w mpoBefeil aHaiu3 oTpaskeinnoit Boxun PP u GokoBo# BoJuH,
CBA3aHHON ¢ Toukoil BeTBJeHHA $, . PaccyoTpeHue APYrMX BOJU HPOBOAMTCA
AHAJTOTMIHO. AnajJu3 mOJoH cMCTeMH! BOTH If 06acTH CYIECTBOBAHHA KaXK-
moit Boxuul cM. B paGore [169].



I'aasea ¥V

IIOJE TOYEYHOT'0 NCTOYHUKA BOJH
B JHCKPETHO-CIIOACTBIX CPEJAX

B HacTrofime# riaBe ME H3JIOKEM TEODHI0 PACIPOCTPAHEHHA BOJH B OfHO-
POAHOM CJI0®, OTPAHAICHHOM C JIByX CTOPOH ILIOCKONAPaJUICNLHKIMHA T'DaHAIA-
ME, HccaegoBaHme 3TOTO ABJI@HAA Ba)KHO B PasTMIHHX ofnacTax ¢usmkm. Tak,
pacmpocTpaHeHHe pagWoBoJH Ha GoJbpmme paccroAHmsA B arMocdepe coBep-
mIaeTcA B ¢JIoe, OTPAHAYEHHOM C OJJHOM CTOPOHH 3eMJeil, a ¢ Apyroif — moRro-
cdepot. B cayvae AIMHHEMX BOJH 5TOT CJION NPOABIAST THOWYHO BOJHOBOJHEIE
cBoiictea {1, 148, 125].

Bonbmoe snadeHne mMeeT HCClIeoBaHHe PAcOPOCTPAHOHHS 8BYKa B OKeaHe.
B 3ToM caydae cloit Bogs orpaHHYeH ¢ OHOM CTOPOHH HHOM oKeaHa, a C ApPY-
Tof — moBepxHOCTBIO BoAL., Teopmsa pacmpocTpameHHs BOJH B CIOAX HMeeT
Gonbmoe 3HaYeHme B CeHCMOJNOrHMH H B ceicMmueckoil passemke [73, 43].

B Hacrosamell riape MH OCTAHOBHMCH JIAIIE Ha HeKOTOPDHX OCHOBHHX BO-
mpocax TeOpHH, MMeIIMX OfHHAKoBO Ba)KHoe 3HaUeHHe KaK JJIf pacmpocTpa-
HOHHA yOPYTHX 3BYKOBHIX BOJH, TaK B JJIA Pa3JAYHHX CIYIaeB pacopocTpa-
HeHHAsA 3JIOKTPOMATHATHHX BOJH B cJosAX. M mocTapaeMcs TaK:Ke IpoaHaIH3H-
POBAaTH HEKOTOPHeE uamIecKHe IPeICTABICHASA, CBABAHHKE C PACIIPOCTPAaHEHHEM
BOJH B CIOAX.

§ 34. Caoti ¢ abCONIOTHO OTPAKAMHAME CPaHAIAMH.
KapTeBa MHMMHMX WCTOTHHKOB M JIyweii

34.1. Kaprana mmumntx wnerogamkoB. ITpespcTaBus ceGe cloil ¢ TPaHANAMA
2= 10muz=~h (puc. 34.1). Ucrounuk cepudeckoil Boanu GyneM mpeamoararh
PACIIOJIOKeHHHM Ha OCH Z, B TOUKe Z = Z,. CKOPOCTh pacnpoCTpaHeHHS BOJH B
cioe oGosHaTaeM wepes c.

/’/,; z) Pme. 34.1. Pacuonosenne
4 f H3IYIATONA ® TOYIKM TpHeMa

V4 IZ B C1o0€

2
r

Hamm paccyjeHEA GYIyT ONHOBPEMeHHO OTHOCHTBCA W K CIy9al0 pac-
OpOCTpaHeHHs BBYKOBHIX BOJH B CJI0e, H K CIYyJal0 PacIPOCTPaHOHHSA JIeKTpo-
MATHHTHHX BOJH. B mepBOM ciydae MCTOYHHK BOJH, Kak Bcela, GyneM mpej-
nojarath B BAje OyJbcEpyiomei cdepn Masoro paamyca u GyneM cadrarh, 9To
cpesa, 3aMONHAIINAA CJON, He EMEsT CONDOTHBJIGHHA CHABHTY (AREJKOCTDH
mnm ras). Bo BTopoM ciysae B KadecTBe u3JNyJaTels BO3bMEM BEDPTHKAJHHEIA
JAOOJE,

Qyuxnua P, OpeacrapiaAnmas coboll B 3JeKTPOIWHAMUKe BePTHKAILHYR
KOMITOHOHTY BexkTopa I'epma, a B akyCTHKe — 8BYKOBOHl MOTEHIMAJ, YAOBJIET-
BOPAGT B CII08 BOJIHOBOMY YDaBHEHHIO

Ap + K =0, k= ale (34.1)
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I'panmmm crnos Gymem mpeamosiaraTh aGCONIOTHO OTPaalOWEMH, CIHTasA,
9T0 Ha HHEX BHIOJHAKTCA YCJIOBHA

z=20, h; pldz = 0. (34.2)

B aKkycTHKe TO COOTBeTCTBYET HeMOJATIHBHIM CTeHKaM, a B BJIEKTDOAHHA-
MHKe — aGCONITHO MPOBONAMYM ITOBSPXHOCTSIM.

[oxaxkeM, 9To Mmoje B MPOH3BONLHON Todxe (r, z) Moxer GHTH mpencTaB-
JICHO B BHjI@ CyMMbI OPAMOIT BOJHK B BOJIH, H3yTaeMHX GecKkoHeTHOH MenodK ok
¢MHEMBIX» HCTOYHHKOB, IOJTyIalOMeiicsA B peayiapTaTe IOCIEOBATSNBHEIX 3ep-
KaJbHHX 0TOOPa)KeHH i maydaTe/ld B IPDABAI{@X CJIOSA.

z

A1 2)
Pac. 34.2. HNanyuarenb BodH ”y/ Iz
O ero 38pKAIbHOE OTPAXKeHH®
B HIDKHEN IpaHume
%z

HeficTBHTEIBHO, AOMOJHEM MONEe HAMero HsIydaTens (0GosnadmM ero (g,
puc. 34.2) moseM MHEMOro HBayJaTensi Oy, NONYYAlMErocs HyTeM SepPKab-
Horo orofpameHua B HmkHell rpaHmme cxos. CymmapHoe mone Gymer

e”‘Rol e"kRu
V=—pg— =5 (34.3)
r7e
Ru=Vr+(—1z), Ru=Vr+ (z +2,)° (34.4)

— paccrosiHaA oT Oy H Oy 10 TOUKE mpuema P (r, z).

Bupaenme (34.3) nms Y Gymer ynoBieTBOPATL BONHOBOMY YDPaBHEHHIO
(34.1), Tax xaxk 9TOMy YPSBHEHHN YJOBASTBOPAET KAMIHHE HS JBYX WIEHOB.
OHO GynmeT ymOBIOTBOPATH TAK)Ke M TPAHHIHOMY YCIOBHI0 Ha Ipammme z = 0.
Ilocnenuee sAicHO w8 TOro, 4TO CHCTeMa msiydaTeneidf Oy m Ogy CHMMETPHIHA
OTHOCHTeNBbHO TpABHNN z = 0, a W3 YCIOBHA CHMMETPHH HEMOCDECTBEeHHO
clenyer W BHIOOJNHOHHe paBeHCTBa dp/dz = 0 Ha aroif TpaHmIe.

Onmaro cymma (34.3) He MOReT GWTH pemeHmeM Hameit 8ajaiu IOTOMY,
9TO OHa He yjOoBNeTBOpAeT ycaoBmio (34.2) Ha rpammme z = k.

HomonnnM teneps msnysatenn Qg u Oy, Dapoit MEAMHX H3TydaTenel Ogy
u Oy, NonydaloOmExcA MyTeM BePKAJBHOTO OTpakeHHA HEepBHX ABYX B Bepx-
He# rpammme cios (puc. 34.3). Ilonydawmeecs pemenne GyneT ynoBIeTBODATH
BOJIHOBOMY ypaBHEHHIO X T'DaHHIHOMY YCJIOBHIO Ha BepXHeil rpammie (Tak Kak
noTydeHHad cuCTeMa H3JiydaTeJell cmMMeTpmiHa N0 OTHOMEHHI® K 3TOH Ipa-
HEne), HO He GyneT Temeph YIOBJIETBOPATH I'DaHAYHOMY YCJIOBHIC HA HEKHEH
rpaHnIe.

Ilocxe sroro mpuGaBuM K HamMeMy DeIeHHIO BOJHE, H3JTyI80MHE MHEMBIME
ueToIHEKaMA Oy, # Oy, Tax Kak mprGaBneHnme 5THX HCTOYHHKOB CHMMETDH-
8yeT KapTHHY BCTOYHHKOB [0 OTHOMICHHIO K HH;KHed IpaHHIE, TO TpaHHAIHEIe
ycaoBas Temepnr GYAYT yHOBIETBOPATHCA Ha HUKHeH TpaHmue, HO He GyayT
YIIOBIeTBOPATHCA Ha BepXeeit m T. 1. llpomommxas panbHeifmee HOCTpoeHHe
OeNOYKE MHAMHX H3nydaTeNeil, MH HollepeMeHHO 6yneM MOJYYaTh BHIIOJNHe-
Hpe TPaEAYHHX YCJIOBHH Ha OfHO@ IpaHUIEe M HeBHOOJHeHHe HA JDYroi.
Oxmaro BBEEY TOro, 970 KaXX[NH# paa joGaBasfeTcA Mapa Bee Gonmee yyameHHHX
marydatenei, fo6aBka K moio B Touke P (r, z) 6yneT Bce BpeMs yMeHbINAThCA,.
a B IpesieJie NpH GeCKOHETHOH IENOYKe H3IydaTeNeil' 6yIyT YAOBILETBOPATHCA
YCIIOBHA Ha Toif m Ha apyroil rpaHmmax.

B pesynsrate monnoe mone Mosmo Gyner sammcath B BHpe

@ ; kR ikR ikR ikR
( en i e P PR e )
b

b= 2| % 7 R, TR,

1==0

(34.5%

1 2 8
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Tae

Ru=Vr+@h+z—z), Ry =V 7Tk Tz ap

Rg=Vr+120+T)h—=z2—20%, Ryu=VrE+20+1)h+z,—2]~
(34.6)

Pemenne (34.5) ynoBnerBopser BOMHOBOMY YpaBHeHHIO, NMOCKONBKY Cla-
raeresl U3 cepAISCKUX BOJH, Kamjad M8 KOTODHX yhoBiaerBopser emy. laee,
OHO YHOBXETBOPAET H YCJIOBHI0 Y UCTOYHHKA, IHOCKONBKY WPB HPHOIMKeHHH
T09KH P K ocHOBHOMY HCTOUHMEY O, B cymMe (34.5) Gyder OCHOBHEIM Iwrmh

1Ry
Ry
Ju, 9TO OHO [IOJ/KHO YHOBJIETBOPATh TaKMKe H TPaHAYHKIM YCIOBHAM (34.2).
OnHaxo mocienmnes MH LOKameM 0C000.
IIpousBonEyio p/dz, cormacuo (34.5) Moxkno sanmcaTp

o _2 5 Ry 3R11+ P LT oR,, .
o aR, \"R oz Ry \ "Ry, | oz

=0 2]
N i 8 [ i*Bu oR, N d (R oR,,
aR[g Rm 0z aRu R N 0z .

ofiuH dieH

, HLAONMHE HYKHYI0O HaM o0COGeHHOCYTb. Dhlme Miu pmfe.

N3z (34.6) umeem

0y 2hdz—g IRy 2h+z143
oz . R, F7 Y
(34.8)
ORyy _ 204Dh—2—n Ry 204 hh—:zin
FP R, S R, :
Kpome Toro,
ikR i kR
F) P !1) kR, —1 5 .
= H T.JA. 34.9
aRll( Rll Rll Rll ( )
s (34.6), (34.8) r (34.9) Mn momy<aeM Ha pepxHe#l TpaHHmE Z = h:
Riu = Ris, Ria= Ry,
s (eikRn) 5 ( e“‘“‘w)
o, \ Ry ) TR\ "Ry ]!
(34.10)

P ( eilme ) Py ( gﬂrR[d )
oty \ Ry | AR\ Ry, )
R, OR, oR,,

foR,,
oz oz 0z :

oz

YunrhBan mocaefHme COOTHOINEHHS, MH noxyqaem ma (34.7) (0%/82),;=p = 0,
9T0 H TPeGOBAIOCH [IOKasaTh.

AHaNornYHO IPOBORHTCA MOKABATENBCTBO [JIA HWwkKHeHd rpaHmmm z = 0,
TOIbKO TPYNNHPOBATH WIEHH I€Aec000DasHO HOCKONbKO HHade, Hof6Hpas B
Oaphl TIGHHl, COOTBETCTRYIMHe HCTOYHHKAM, pAaCIONOKeHHHM CUMMOTpUIHO
OTHOCHTEIBHO HEGKHOH TI'paHHUIH.
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HomeaHo OTMeTHTB, UTO KaKEOMY MHEMOMY
HCTOTHUKY COOTBOTCTBYOT PpacIpoCTpanfomuics
10 CJOK JyY, HCONTHBAKIIAA Ha CROEM OYTH OT
AaTydatesn [0 OPHEMHHKA ONpeleleHHOE KOMA-
qecTBO OTpaMkeHm#i oOT rpaunnm ciaosa. Ha pme.
34.4 Ta BKBEBANIEHTHOCTH HATIANHO BHAHA, Ha-
opEMep, 1714 MHAMOTO HCTOYHHKA O,

34.2. Caywait oTpunmatensHoro koadduumenTa
orpaxemus. Ha aGconiotHo oTpaskawmeii rpaHane
BMecTo ycaoBua dP/6z = 0 Momer BHNOTHATHCA
TaKke ycaosme P = 0. IT0 mMeeT MecTo, Hampm-
Mep, B BJIGKTPOMATHHTHOM CIydYae Ipu NafeHHH
TOPH3OHTANBHO MOJAPU3OBAHHON BOJMH Ha abco-
JIOTHO NpOBOAAMMYI0 rpanumy. Ilpm pacopocrpa-
HeHHH 3BYKOBOH BOJHH B G100 KUJKOCTH C IOJ-
HOCTBI0 HENOJATIUBKIM THOM H CBODOIHOM MOBEPX~
HOCTBIO Ha JHE BHIOIHAGTCA ycaonme hp/dz = 0
(sanmpemeHH HopMaibHBIE CKOPOCTH), a Ha CBOGO~
Ho#t moBepxuocTH ycaopue P = ( (paBHO HYII0
HaBieHHe).

Hoa¢duument orpaskendma OT NOBePXHOCTH,
Ha KoTopoit BHODoxHaerca yciopme P = 0, pa-
peH —1, B TO BpeMA Kak [JIA MOBEPXHOCTH, Ha
RKOTOpo#l BHOIOJAHseTcA Yycaosme p/dz = 0, onm
pasen 1. [lemoura MHHMEX HCTOYHHKOB, IOCTPO-
eHHAsA J7f CIO0s, B KOTOPOM ofiHa mam ofe rpaHm-
s ofmafaloT KoaddmmEEnTOM oTpasKeHHA, paB-
HEIM —1, CONeP!KHT MHHEMEIE HCTOYHAKH, paboTalo-
mue B npoTERodase c OCHOBHHIM HCTOTHHKOM. ITO
OyIYT Te HCTOYHHKH, KOTODHE COOTBeTCTBYIOT
aydaM, OTDA3HBIIAMCA HedeTHOe YACAO pa3 oOT
rpasuny, rge V = —41. Ha pmc. 34.5 moctpoena
KapTEHA MEHAMHX HCTOYHUKOB [IAK cIydas, Kormga
HWKHAA TpaHAIa Cjoa coorBercrayer V = 1, a
pepxHAs V = —1 (ymoMaHyTHiI pHIme axycTmde-
ckmit cnyvait). OCHOBHO! HCTOYHHK H cHH(A3HbIe
C HEM OTMEYEHH 3HAKOM INIOC, HCTOYHAKH, pabo-
Tamue B nporasodase C OCHOBHHIM, 3HAKOM MH-
Byc. Herpyauo aaMerurs, 9T0 IMHUH, COENUH A~
fTae NOCIe[HAe HCTOYHUKHA C TOTKOA HabaomeHHs
P, nepecekaoT HeTeTHOE YHCIO Pa3 MYHKTHPHHE
TOPH30HTANBHBIE JIWHAH, NPEACTaBIAINHe coboi
BEPXHIOI0 TPAHHIY CI0fA H ee NOCIeyomue 3ep-
KaIbHEe OT00paKeHHsA.

Buipasenue fia nona, aHatormidoe (34.5), B
9TOM CiIyviae 3aNHIIeTCs

o KR}y ikRyy kR kR
- — iy £ 8 _ _ e ]
v Eo( )[ Ry + Ry Ry ,
(34.11)

IIpuBeeHHEle PACCYKIOHAA NOIE3HO HOCKOIb-
Ko 0000muTs. O6o3natpM KoaddummeHT oTparke-
HHA OT HmxHell rpanmnH depes V., a oT BepxHeil
wgepea V,. Kak ToT, Tak m fpyroit Moryr npmam-
Math 3Havends 4= 1. IIpocaenms wmcmo oTpame-
HE# OT I'paHuI JY9eH, COOTBETCTBYIONMIAX KaMKI0-
My M3 MHAMHIX HCTOYHHKOB, HeTPYAHO LIOKa3aTh,
9T0 BHIpAjKeHHE [IAA N0dA B dTOM o0meM ciyiae
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Pme. 34.3. Ilenmouxa MHEMHX
HCTOUHEROB, HOIYTAIOMAACA B
pesyabTaTe MHOTOKPATHHX OT-
PaKeHH Ha rpaHupAX CJIOA

Pae. 34.4. Mupmmuni HCTOTHEK
Ops B coOTBETCTBYIOIHE eMy
Jyd, PACHPOCTPaHAKMMECA N0
CIIOK0

Ty (=)
)

Pue. 34.5. Ilemoura MOouMHX
MCTOTHHKOB NIA CIy9ad, KOTHA
KoopPNIUeHT OTPaKeHMA OT
BepxHefi rpammms paBen —1



Oyner

KRy ikRyy kR,

had ‘ikBu f
e e e e
\p = 2 (‘,]..Vﬁ)z [ R“. + Vl R[z + V’ R‘s + V1V2 Ru ] . (34.12)

1220

Orcopa, KaKk 9acTHHE CIydYad, UOAYIawTCH gopmyan (34.5) m (34.11).

§ 395, Cnoit ¢ aGeom0THO OTPAKANIGEMEA TFPAHHIAMHE,
HopManbumé BoaEs

35.1. Hnrerpamseoe npefcrasnegme noasa B cioe. Jlose B ciroe MoXKHO
UpeNCTaBATh TAKRE B BHE COBOKYNHOCTH (HOPMAJBEHX BOJH)Y, KaKKafd HB
KOTOPHX B OTHeJbHOCTH YZOBIOTBOPSET BOJHOBOMY YDPABHEHHI0 H IDaHEYHHM
YCIOBHAM M PACHPOCTPAHAETCA BHOIB CI0A CO CBOEH CKOPOCTHIO.

IpeoGpasoBaHme MOAA COBOKYNHOCTH MHHMHX HCTOYHHKOB B IoJe HOD-
MAJBHHX BOJH MH IPoH3BefeM, BOCHO/IB3OBABINACH MHTErPaJIbHEIM IPEACTAB-
JeHmeM uois cdepuieckoid monmu. Iloapsysace cooTHomenmem (26.19) n
yauthpas npeobpasonanma (26.3) — (26.6), monygaem

‘]
- eR = 2\ ikecoso g0 (kr gin ) sin 949, (35.1)
' {
I 3HAKH ILTIOC B MEHYC OTHOCHTCH COOTBETCTROHHO K caydaam z> 0mz <0
IIpumennm mocienHee COOTHOMPOHMe K KAKIOMY M8 WiIeHos CyMMu (34.12), mpm-

wem pejaminHa 2 B (35,1) 6yner npoGerats nce snaTennnz =z, L = 0,4, . . ., j=
= 1,2, 3, 4, rme cormacuo (34.6)

[
211=2lh+z—20, ' z12=2lh+z+zo,

—_—
=20+ Vh=~z—125 zp=2(14+1)h—z+2z, Riy= Ve + zj;.(35.2)
Ipm orom mmeeM z;; > 0 s Beex [ u j aa HCKIOYeHHOM Zgy = Z — Z¢, KOTOPOS
MOeT OHTH KaK HOJOKUTONIbLHBIM, TAK W OTPHIATENBHEIM.

Jdnf ompenemeHHOCTM MH Bo3bMeM CHagajga cayiait z> z, BHpaxeHHe
(34.12) npm mopcraHoBKe B Hero pHpaenmit ¢ li/R,;; npeoGpasopaEHEX mo

Jopmyae (35.1), mocae mepeMeHH mOpANKA CYMMHPOBAHHA H HHTETPHPOBARAS B
HeKOTOpHIx HECJOMRHHX NPeofpasoBaHEH Mo eT OHTH sammcaHo

b= %‘.‘S H (ke sin ©) X [0 4 V goevad | Vb o220 | VY ebih-z420] 5

X ) (VyVs)l et gin § d8. (35.3)
=0
3aechr MCIOIBEBOBARO 0003HaYeHHe

b=ikcosd. (35.4)
YureM TomgectTno

eb(z—20) - Vleb(z+zo) - Vgeb(Zh—z—zo) +iV1V,eb(2"-“z°) =
= [t |- Vyebo0] [eb? 4 V’eb’(zh-z)]. (35.5)

Hpowme Toro, mmeen fsa GecKOHeTIHOH FeoMeTpHIECKON IpPOFpPeCCHE

-

PO e p— — (35.6)

l=0 1 —V,Veth °

CxopmmocTs pAna B JIeBoH TaCTH HmOCHeyHETO paBeHCTBA He OY[eT BHBHBATH
COMHOHHH, 6CJIH yIeCTh HAIHTNG Y BOAHOBOTO 9HCJIA & HeKOTOpOoH Mamoil MHE-

MO 9acTH (IOrIomeHHe B Cpefe) WM OTAHIHe (XoT#A Ou m Maxoe) V, mmm V,
OT eXHHHANH,

210



B pesynsrate ms (35.3) momyvaem naa z> z,

~bzo bZo) (,—b(R-2) b(h-z)
,p:ig_‘s (% 4 Vi) @00 + Vi) o) 1 sin 0y sin @ d6.  (35.7)

] e—bh <1 _ VngeW')
Taknm xe 00pasomM MOKHO NOKAa3aTh, 4TO 3HAYOHHE NIOJA B clydae Z < Zy
nonyunrca u3 (35.7) samenoil z Ha z, 1 06paTHO. JTO e, BOPOTeM, CIefyeT H A3
OPHENANA BBANMHOCTH.

Hmxe 6ymer mokasamo, 910 BhpaskeHme (35.7) mmeeT BechMa ofimee BHa-
deHHe. 37eCh e MH PaccMOTPHM HeKOTOpHe JacTHie crydam. Ilomo:xuM BHa-
qane, kak u B § 34, V, = V, = 1, 4r0 cooTBETCIByeT paBeHCTBy BYAK HOp-
MaJbHON NpOM3BOXHOHA axp/az Ha ofemx rpaHmmax ciod.

Ipu arom m3 (35.7) momyTaen

1>, Y= Zik‘S ih%’;,?-’f%‘—ﬂ HY (krsin ©) sin 949,  (35.8a)
1

hbz—chbd(h—
1< 1, ¢=2sz° ’34:, B %) g® krsind) sin 0 4. (35.86)

Ty —¢

Hoxkaxen, Ir0 maTerpany (35.8) cxomaATca BCOAY, 88 HCKIKNYEHHOM TOIKH
2 = z,, 7 = 0, T'ie OHE HaoT HymHYW0 ocobennocts puna 1/R. Ha Geckozedno
VAJIeHHEX Y9acTKax NyTd HHTerpHpopanda I', (cm. pmc. 28.1), T. e. mpm
¢ = L (n/2 — ia), a > co, MH HMeeM

b=ikcos® = —ksha—oo; sind=J-cha— J-oe. (35.9)

Ha ormx yYacTKax mOREETerpanbHoe BupaseHme B (35.8a) Mosmer ORTH 8a-
m@camo B Bmme e-t-zshaf®) (4 kr ch g) cha. Orcooma BEmHO, 9ro HHTer-
pax (35.8a) cxomares. Jase 0pa z = z,, KOTJA SKCHOHEHIHATBHO YOMBAOMEE
darTop eh(z-25hae pupokpaeTCA B eAMHHENY, HMHTEIDAJ CXOJHUTCH BCIEACTBHE
OCIMIAEPYIOMero Xapakrepa ¢yuxkumme XaHKels mpHE GONBITHX SHATEHMAX ee
aprymeHsTa.

Ipu r — 0 HaGI pACCYHNEHHA OCTAIOTCA B CHIIG, €CIE 2 =F 2y, MOCKOIBKY
BKCNOHeHTa ¢~F(*~f70sha po-mpeskHeMy ofecmeImBaeT CXONEMOCTL MHTelPATA.
Ocoboro pacemorpeHns Tpebyer caydalt, KOTfa ONHOBPEMEHEO Z —- Z,, I'—> (.
Ipa pTom BBHEAY Toro, ITo Hop HMHTEIpad BXOJHT (QyHKMAA H) (kr sin ), oc-
HOBHYI0 poxb OYAYT HIpaTh Y/ANeHRHe OT HAJala KOOPAWHAT yJaCTKH HyTH
HHTeTPEPOBAHHA, Tyie Sin & BelEK. Y9IuTHBAasA cooTHomeHns (39.9), BHpaeH®e
(35.8a) MoxHO mepenmcaTh B BHT®

p=5 § g2 0038 5 (fr sin 9) sin & d,

Cpasuense ¢ (35.1) noxassBaer, IT0 B 9TOM Ciydae | Mpe/CTaRIACT coboik
cepmieckyio BonHy ¢4R/R, wro m TpeboBanoch MOKasaTk.

35.2. Hopudnbame BoaEH. [IpeoOpasyeM Temepb WHTerDAIbHHE BRParKeHH
(35.8) ana P B cyMmy HOPMANBHHX BoaH. sl 8T0r0 MONESHO BMECTO ¥ BocC-
monbaoBaThesl mMepeMeHHoit § = k sin @, mETerpmpoBanme 10 KOTOpOX 6yner
HpOHCXONHTh OT — 0o A0 + oo. B pesynbrare monydaeM ua (35.8)

4o
hbzychb(h— P
>n, b=\ SR HY @) (35.100)

o OO

00

+
h— ,
1<a,  y= | DR B @)t (35.106)

e €0

b=VE—R.
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IlonyderHsie TakuM 00pasoM HMHTErPAJH MOKHO CBECTE K CYMMe BHIIETOB
B NOJNIOCAX MOJHHTETPAIbHOTO BHPAMKeHH .
ITomocs pacmomosxeHsl B TOYKAaX, ONpeelNA6MHX KODHAMH YDPaBHOHHSA

sh bh = 0, (35.11)
pelmeHHeM KoTOpOTo Oymer
bh=iln, 1=04+1,+2,... (35.12)
Bonusm kopus, coorBercrayiomero ! = (, mmeem B (35.10)
1 1 1 ‘
Gshoh “HR T R@E—F) (35.43)

Ilocnennes BHpaieHHe HMeeT MONIOCH MOpPBOTO MOPALKaB ToUKaX §, = + k.
Boo6me e npm npomaBosbHoM ! u3 (35.12) aMeen ana momiocoB

o b, =4 ViE—(nh). (35.14)
t IIpu In <kh, 1. €. mpu
Daoenocme I < 2h, (35.15)
o 5% i
0 o o4 OHH JIe;KaT Ha BeIIeCTBeHHOI oCH BILTOCKOCTH £, NpH
-« - ° 7' 66apmux 1 — pa MEEMOI ocH.

0 ITockoabKY OT 3HaKa ! HEYero He BABHCHT, MEI

° 0yneM paccMaTpEBaTh TONILKO MOJOAATENbHEe [.
0 Ananmas marterpanoB (35.10) B ‘KoMmiercHOH
4 MIOCKOCTA 00er<aTcs, ecJid YIecTh, UTO B cpefie,

3aoMHALMmeH ClI0ii, BCOTa MMeeT MeCTO HOKOTODO®

norjomenne BoiH. [loaroMy Mu Gymes cimrarh, 9TO

::o‘gp aanié%ne %ﬁi;‘zm"g‘:: BeJIHTHEA k obmagaer wmamoit (mONOMETENBHOM)

NONIOCOB  HA KomwiekcHoj MBEMOHE TacTbio, KOTOPYIO B KOH@UHEIX Pe3ybTaTax

ILIOCKOCTH MO’KHO CTPOMHTHL K HYN0. B proM exydae momiocu

pacmonaraoTcA He Ha KOODAWHATHHIX OCAX, a TaK,

‘ KaK MOKaBaHO CXemMaTHiecKH Ha pme. 35.1.

OrrsHeM Temeph NYTh WHTEIPHPOBAHHA ¢ JeHCTRHTeNhHOH OCH Ha Oecko-

HeUHOCTh B BepxHIOK noymxockocTs. Ha OeckomevmocTs GyHKmus HY &)

6yner crpeMuThCA K HYNIO, ecal ToIbKO r == 0. MoskHO NokasaTh, 9TO WHTerpaj

no GecKOHeYHO YNANGHHKM 1acTAM KONTYpa HHTOIDHPOBaHHS Oyner mCue3ath.

B pesynrrare Bce BEpaykeHHe AJA W CBeleTCHA K CYMMe BHITeTOB, BSATHX B IO-

J0CAX, PAcHONOKeHHKX B mepBoM KBampaHTe. Memonnsys cmmson Res mun
BHYETOB, moxydaeM nas moboro [, kpome I = 0,

Echbzchb (h—2) __[Echbzochd (h—1)
Ros [ X225 55— ]z=z., T ]e=e, :

Ho mpm £ =E; mmeem shbh = 0. Bocnonb3oBaBmmCh 5THM, HOJYIEM
{chb (b — z)lz—¢, = chbk ch bz; kpome Toro, mmeeM d (sh bh)/dE = (Eh/b) ch bh;
8 pesyabrare Res[ | = —i—ch bz ch bz,

Jlnn momoca I = 0 mmeem, cormacho (35.13),

1 1 !
Res [ b Shoh ]z=k = Reswo—pern = -
B pesynrrare, ecim yaecTs eme (35.12), To momysaeMm mjaa moad B cioe
omi [ 1 o Iz 1
v =2 B ) + 3 cos FF cos T HE G}, (35.16)

=1

212



e &, maercs Bupaskenues (35.14). IlocenHee Bupakenme ANA ) He HBMOHH-
eTcs IIpH BaMeHe Z HA 2, B 00PATHO H, CIIEfi0BATO IbHO, CIPABeATHBO IPH JROKX
o<z M.

Pemenme (35.16) ymoBzerBopsier Bcem ycnoBuaM 3anaTn. B gacraocrn, zer-
KO DIPOBEDHThL NO[CTAHOBKOM, YTO OHO HOWIEHHO YXOBIETBODAET BOJHOBOMY
ypasuenmio (34.1) m rpammuHuM yemoBmam (34.2). Kapui wien B (34.16)
npeneraBusier cofoii Tak HasLBaeMylo HOPMANBLHYIO BonHy. Paccmorpmm ee
fusmIeCHEE CMEICK,

Ha Gonpmux mo CpaBHOHHIO ¢ [IAHOR BONHH DACCTOSMHHUAX OT HBIyJIaTens
dyuxnmo XaHKeNIs MOKHO SAMEHATh 0@ ACHMITOTHIOCKHM IP6/ICTABIOHHOM.
B peaynpraTe M moxydaem

 — oc 7
i 2 ; i Inz Inzg 1 &7 ¢
Y= V—- gir/a {—T gikr 2 Dy cos —— cos —t } . (3547
h r Vi lz=1 h h VEI
Mur BrAEM, 9TO KQMKIAA HODMAJIBHAS BOJHA PACHPOCTPAHASTCH BIONB CIOA CO
CKOpOCTHIO

V,=oft, =c[1 — (IM2R?]™A, (35.18)
AMDIHETYNA KamKgOH BOJNHH YOMBAeT BLOJEB CJIOM MO 3aKOHY 1Vr.

Us mocnenmeit Gopmyns Bmgmo, 9To V, > ¢ mpm L < 2h. Ilpm IA> 2k
ckopocTh V), cramoBarca MHEMOH. CoOTBeICTBYHOIIMe HOPMAaIbHLe BOJHH
NpencTaBIART coboli HeogHOPOAHHE BOJIHH C AMIUIATYLOH, yOmBaome#l mpa
YBOIMYeHAN I N0 SKCHOHEHNUANBHOMY B3KOHY. AHAIOFHIHO HBIOREHHOMY
B § 26 HaIMIEe TAKuX BOJH Heo0XomuMo AJA HolyvweHms TpeGyemoit ocoben-
HOCTE B HCTOTHHKO.

1 1 T
Pme. 35.2. UaMeReEMe aMIIHTYAM I
NEpBHIX 9YeThpeX KOPMAJABEEX BOIH | h
no ToAmEHe cnodA, [paEmu  CcIoA 1
gpefmonaraloTca NOMHOCTRIO OTpaska- I
I h
Z J

OIAME ¢ Kos§uuuenTon dTpaskenns, |
paBubiM 1 7 7

Tpe r > h B cymme (35.17) NpaKTHYeCKH HYKHO YIUTHBATE TOJHKO KOHOTI-
HOe WHCIO WIeHOB, AJMA KOTOPHX IA << 2k, VX 9meno paBHO IACTY OONYBONH,
VKIagHBAOIMMEXCA HA TOJNMUMHe CIOS.

Kaxpuiit w3 wienoB B Bupaxenns (35.17) mpenerabnsger coGoi Bonny, Ge-
IYMYX B HANPABICHAH I H CTOAYYI0 B HANPABJIOHHAN z. 3ABHCHMOCTD aMIJIATY I
Eakoli BOJFH OT KOOPJAHAATH Z faeTcs MuoumreneM ch bz, Hua | = 0,4,2,3
aTa 3aBACHMOCTH H300paskena Ha puc. 35.2, Ha rax/of Ha IpanAR OpoH3BOfHAA
p/0z pasna nymo. Ilpu [ = ( M MmeeM IIOCKYK BONEHY.

Bo Bcex paccy:kieEEAX MK HCRIOTaeM Tarodl cydail, KOrAa Ha TONWHHE
CJIOR YRJIANHBAeTCHA IIEJI0e YACIO moayBoxH., Ecnm 5To HMMeeT MecTo, TO OfHA
u3 £; CTpeMHUTCH K HYJIIO, 4 aMIIATYA CooTBeTCTBYOMmeH Boan: B (35.16) cTpe-
MHTCH K OOCKOHOIHOCTH W3-338 HEOTDAHHMYOHHOTo BospacTaHWA ¢ynknmd Xan-
geJsA, ITo caydai cBoeo0pasHOTO pe3oHAamca, OPH KOTOPOM, 6CJIH HE YIHTH-
BATh KAKOTO-TH00 POfa HoTeph, YCTAHOBIOHHE CTANHOHAPHOLO COCTOAHHA He-
Bo3MOKHO *, YacToTy ©;, IpE KOTODPOH BHIOJHAETCH STO YCJIOBHe, HABHBAKT
gpaTAdeckoif Tacroroil - HOpMAaNBHOE BOJHH.

Ilonesno OTMETHTH TaKe, ITO KAKZYW HOPMAJIBAYIO BONHY MOMKHO IIpen-
CTABIATH Celo B BA/e CYNEPNOSHUIME ABYX OeryMuEX INIOCKEX BOJH € oNpefieen:
AHME YIJaME HakjJoHAa HX QpomroB, IeiicrBurensno, B (35.17) M Hmeen

iE 1 H(E, T+ i(&,r=a 7}
chb,zei r =—2——[e(’r ulz) +e(’r @ [z ]’

* ConpormBnerus @HES HCTOYHMKA NpU DTOM CTPEMETCA K GECKOHGWHOCTH.
Y P
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rne lem. (35.12)]
oy =—iby = In/h, u} +Ef = k2 (35.19)

Bupaxenne (35.19) mpencraBiser eoGoit cynepnosumeio BYX MIOCKEX BOJIH,
pacnpocTPan ANMHAXCA N0 Z B pasHuie cToponw. [nsa yraa €, cocTaBiasmemoro
HOPMANIBI0 K QPOHTY Kamkpail M3 BOJH € OCHIO Z, HMOEM COOTHOIIGHHE

tg 9, = Ei/o, = V (kR — (In)*ln wmm cos®, = Infkh, (35.20)

Npr ysenmsenun [ (mpemuonaraercs, ofHako, ro In << kh) ¢, ymenpmaercs,
T. ©. HARIOH IUIOCKHX BOJH MO OTHOIIGHHK K TPAHMIAM CJIOf YBelHYuWBAeTCH.

Ypasrenne (35.12) mme nocnenyomue ero gopuu (35.14) m (35.20), ompe-
nexsomee $asoByi0 CKOPOCT: HOPMANBHHX BOJNH ¢;, HASHBAETCH NUCNODCHOH-
HEIM ypaBrenzeM. ‘

SacaymmBaer ocoboro paccMorpenta cxydai Vy, = 1, V; = —1, eooter-
CTBYIOI¥M PAcHPOCTPAHEHHI0 3BYKOBHX BOJH B CJ0@ SKHIKOCTH CO CBoGOLHOM
HOBePXHOCTEI0 W a0CONIOTHO HeNonaTiAMBuM JHOM. IlONCTABIAR STH SHAYCHHS
'AA Kod(UIMEeHTOB OTPAKeRMsA B HATErpaibHoe Bupasenme (35.7) OpoH3-
BOIA Te ke AaNbHedIIHe ONODALNV, TT0 H JJIA PACCMOTPEHHOTO BHIIIe CIydas,
MH monydaeM asasoruduo (35.16)

o

— 2 3\ chbzyohbzHP (1), (35.21)

1=
Iae

by = i (L4 Yal/h,
W= hVE+ B = VP =TT UPm, 1=0,1,2,... (3522

Hopmanbgue BoNHE MOTYT pacmpocTpanATECH B Clloe Ge8 saryxamms TOJBKO,
ecnm kh > nu/2 mnm h > A4, 1. o. Rorna ry6mea Boxu Gompme 9eTBOPTH [IHEH
BonHE. B npormBHOM cy4ae, kak ato BupEo w3 (35.22), He CYEeCTBYeT TAKOTO
{, opm KoropoM E; 6Rulo GH BemecTBeHHOH BejumIMHON. YacTora @gp = nc/2h,
npa kotopoit = A/4, HasmBaercs KpHTHYeCKo# TacToTOR BoXHOBONA. BoNHH
¢ JacToTamm, HIHKe KPHTHYecKoil, IpaKTHIeCKH HO pacOpOCTPAHAITCA B Cloe.

| i
| 1 ' ( Pac. 3.3. To e, ato 1 Ha pmc. 35.2,
| 1 HO Opu IPeAnopoKeBHH, 4T0 Kodddu-
I OHEBT OTPA}KeEHA OT BEDXHed rpamm-
I 1 i i T paBed —1

7/ Z J

7

Ha pume. 35.3 msobpamero pacnpenenenne aMmiaryam 8BYKOBOTO JABJeHHSN
T0 OCH 2 JJIA II@PBHX 4eTHpeX HopMalbHHX BoJH. Bo Beex ciywasx Ha moBepx-
HOCTH KHAKOCTH (BePXHMA TpaHENa CHof) JaBlleHMe paBHO HYmo. [lmockas
BOJIHA, B NPOTHBONOJIOKHOCTh NPONHAYIEMY CJIyTIaio, 37eCh CYIIeCTBOBATh He
MOZeT, TaK KaK BCJO[CTBHe TPeGOBAHASA DABEHCTBA HYII0 3BYKOBOTO NABIOHRA
Ha NIOBEPXHOCTH JKBAKOCTH OHO Guio G paBHO HYJMIO AJA BTOH BONHH H BCIONY
B Cl0e.

35.3. Coormomenne MemNy KapTHHOE MHEMHX HCTOYHHKOB B HOPMATGHBIME
BonBaMH. BecKoHeWHO NpOTMKOHHYIO NENOTKY MHAMHX HCTOYHHEKOB MOIKHO
PaccMaTpUBATh KAK CAMOCBETANYIocs ANPPAKOHOHHYI0 pemeTKy. Ilome Takoif
PeIlleTKH MOKHO MPe[ICTABATEL B BEA® COBOKYIHOCTH CIOKTPOB, KAKAHH U3 Ko-
TOPHX pacnpocTpaHaercs Moj CBOMM YINOM K OCH pemerkd, MoHO Moxasars,
910 KaK[afA HOPMaAbHAA BOJNHA W NpeRCTaBaser coGoli cOBOKYNHOCTL MapH
CI@KTPOB, HANPABIOHRE KOTOPHX CHMMETPHYHO N0 OTHOMEHHI K IIOCKOCTH,
OepueHIAKYIAPHOR ocH pemerkm. BosbMeM nas ompegemeHHoCTH caygair
Vi = V; = 1. Mu nokasanm panee, 910 Ramnuas HOpMAaJIhHAf BOJHA DKBHBA-~
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JIGHTHA mape BOJIH, HARJIOHH HopMajieii kK OpoHTaM KOTO-
pux ompegensiores ypasHenmeM (35.20). Ilokasmem Te-
neps, 9TO STHM 3K YpaBHemHeM OYIYT oNpeNeNATLCH O
HAKJIOHH CHEKTPOB, €CIH HX ONPONeNATh OpH HOMOMH
BIeMeHTapHOR TeoprH XEPPAKIEOHHWX peMIeToK.

Vron, onpenensmomuit Hanpasiesue l-ro cmexrpa, Ha-  J4
XOMETCH, KAK H3BOCTHO, W3 YCJIOBHMA, COINIACHO KOTOPOMY
pasHOCTh Xofja Ha OeCKOHeTHOCTH ABYX Jyvel, HoyIgmx
napaiiedbHo APYr APYTLY H HAUNHAKWIEXCH H3 JBYX
AeHTHIHHX BJOMEHTOB B CMeKHHX MOPHONAX PpeIleTKH,
HOMKHA PaBHATHCA Heaomy Taeny BonH. Ha pme. 35.4 2
so0pasKeno HECKONbKO BJIOMEHTOB MENOTKH MHEMHX
HCTOYHHKOB, COOTBéTCTBYlomeit puc, 34.3. Oreiona mony-
qaeM yeaosde 2k cos 8 = I\, coBmagalomee ¢ ycToBHeM
{35.20), B koTOpPOM kK = 27/A. Pue. 35.4. K Bompocy

C TONKE SpeHHA KAPTHHH MHHMHX HCTOTHHROB MH- o iieremeioows 5op-
TepecHo ofbAcHsAeTes HaKkT Kpaite Goabmoro SaTYXaBEA  [op pagxmamHx HOpAI-
BBYROBHX BOJH IIPE RACIPOCTPAHOHNM HX B CII00 JKEAKOCTH  RoB
© HeuoJ aTIMBHM JHOM B CXy4ae, KOTa I1y6usa BOXH MeHb-

I 9eTBOPTH IMHK BOXEH (cu.BHme). B aroM ciydae ms-sa masoro '¢mephona»
pemerkn coaflaeTes Kak OH ¥OpOTKOP 3aMHKaHHe APYT HA JPYTa COCONHAX MHH~
MEIX HCTOYHHKOB, paboTaiomux B mpotmBodase ApYT ¢ npyrom. JIpyrEME clo-
BAMH, BMeCTO HSJIYYeHHS SBYKOBHX BOJH, MM B 9TOM CJayvae OymeM HMeTh
HeprofuTeckoe NepeKaTHBARHO JKATKOCTH MemIy CoCemHuMEm MHEMHEIME HCTOY-
HAKaME (KOTZa ONME HCTOYHHK BHTECHSeT MKHIKOCTh, XPYTofi B 8T0 BpeMH
BOmpaer ee, m HaoBopor). X

[epBHEX pasfesax HacroAmero maparpajga Mm mposes:m GopMalbHO Ma-
TeMaTHYeckoe mpeo0pasoBaHme MoNell MHEMHX HCTOTHHKOB B COBOKYIEOCTD
HOpMaIbHHX BoJIH. IlpesicTaBiiAer EETepec NPOBOCTH TakKxe H 00paTHOe N
o6pasopanre [214]. lnsa sroro Mu Bocmonbsyemes d)opmynoii [IyaccoHa [83]

2hcos &=d;

rme

F)= l/ —i-icf(t) cos (zt) dt, a3 = 2w, & >0, (85.24)

Kar Bamum, dopumyna llyaccoHa mossonser mpeoGpasoBars ofdH PAX B APY-
roi, mpadeM ITeHH HoBOTO PANA MOJYYAlTCH M3 WIEHOB CTApOro pARa OyTeM
upeoOpasosanaa no Mypre.

B mamem cnydae, cornacHo (35.16),

f== 2nd H® [r (k2 — Pad/hd)h) cos - lm cos —lﬂ%

Bsenem mepemennyio u = In/h., Torna, monnsysace Qopmynoit (35.24), momy--
qaem

F(2)=2i V—%—S cos (hau/m) HP [r (K — u?)'] cosuz cos uzodu. (35.25)
[}
OtMerny, TT0 MMeT MECTO TOMKIECTBO
S H® [r (k2 — utyhs} cossudu = — (i/R) B, R =V 2* - r%. (35.26)
o]
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H, xpome Toro,

cos (hzu/m) cos uz cos uz, = —;— [cos(v+2 +3) +
+ceos(v—z+20) +cos(v+2z—ze)+cos(v—z— 2],

rie v = hz/r. B pesynbrate ms (35.25) momyzaem

F(@) =~ 8P+ (0 + 21— 2+ el + 0 s — 20 +
Felrt+@—z+2)1+ g+ —2—2) D

Ime A COKPAeHHA BBe[ieHo CHMBoJmdecKoe ofosHadenme g (R?) = é¢i*R /R.
' Ilomaras temeps & = 1, B = 2x, z = IP, MH monyTaem B NeBoi JacTH pa-
BoHCTBa (3D.23) GecKOHOUTHHE PAM, COOTBETCTBYMINMA Mol GeCKoHEIHOH Ie-
NOYKY MHHMHX HCTOTHHEKOB. JTOT PAN, KAK HETPYIHO MPOBEpPHTh XOTH OH mo-
TIeHHHM cpaBHeHumeM, Gyner SoBnanars ¢ panom (34.5) m Gyner oramdaTses OT
Hero ToJbKO HyMepamueil IJIeHoB u o0beJHHOHEeM HX B OTAEIbLHHE JeTBOPKH,
BsauMooTHOEEHe Meyk[y TYyIaMH M HOPMAJTbHHMHE BOJHAME MPOTHCKYTH-
popaHo Takme B paGore M. Toncroro [249). B mHTOpecHKX MomenbHHX omHTaX
A. Byna [75] parnagso BEgHO, Kak HOpMAJILHHe BOJHE GJIHSKEX HoMepoB o0-

pasyior nyau. [lanpHefiee HCCTeNoBaMEe 3TOTO BOIPOCA CONOPKETCH B pa-
Gore JI. Becroma [265].

§ 36, Caofi ¢ mpoumsBoNBLHEIME TpDAaEANAME

36.1. OGobmenme pesyaprTaroB NpeALIAYmero mnaparpaga Ha cayuait mpo-
umanoanHpx rpaEmy. Mopamyna (35.7), moxyieHHad s exydas abconoTHO OT-
PAHAOMEX TPAHMI, OKABHBAETCHA CHPABENIMBOA H [is cIyIafd HPOH3BOJBHHX
rpamarn, Korna KoagdumueETs oTpaskeHHA ABIAMIOTCH PyRKIEAME YIia Oaje-
Hus. Mn ceirgac mokamen oro [10], nomyams dopmyny (35.7) BHoBb nust Gonee
ofmero ciydas, Korfla KapTEHA MHEMHX HCTOYHHKOB, H3 KOTOPO# MH paHee
HCXOJWIN, MOKeT OHTh E HecmpaBeniamBoR. Ilp:m eTom M GyneM HCXONETH H3
HpegcTaBIeHHS o cepuTecKol BoNHe Kak CYNOPHOSHIME NIOCKAX BoJH H
00obmars paccympennsn § 26.

Ecnm rpanmmu cnos Ha puc, 34.1 npencrasurs ceGe OeckoHOTHO YIATOHHEME
OT HmBAyIaTeNs W NPHEMHHKA, To B ToIKe P (r, z) Oymer Habmiofarsca AHmp
omEa mpaMan cepHIieckad BoIHA, KoTopad MomeT GHTH OpeicTaBieHa, KAk Ml
BAJONH, B BHAe CYNepHoammMM MJOCKHX BojH TtHOA exp i lk.z + ky +
+k,(z — z0)l, rme k., kyu k, nalores popmynamu (26.18). 3necs z, y 1 (z — zg) —
OpOSKHHA HA OCH KOOPAEHAT OTPeSKa, CBASHBAKNELo HCTOTHAK € TOIKOH
HaGIOmeHNA, ‘

Ecam Ha KoHeTHOM PACCTOAHEM OT HSIYIATONA B OPHOMHAKA OPHCYTCTBYET
EWKHAA T'paHALa, To KpoMe OpAMOR BONHH Oymer HabmiomaThCfA TaKke OT-
paKeHHasf BOJHA, KOTOPYI0 MOKHO IpPeACTAaBHTH cefe B BHJe CYNepHO3MIHE
nnockux BomH smua Vy (8) exp ilk.z + kyy + k. (z + z0)], tne &y, Ky, b —
To 3K BeJMYWHE, 9TO0 K Bume, a V, () — KoapdmumenT oTparkeHus oT HIxHelH
TpaHBNH, .

0600man aTy paccy;KIeHUA, MOMKHO TOJYIATH BHPAKOHHe A HoJA Toded-
HoTo HMCTOIHAKA, HaXoJAmeroca B cioe. B 3ToM ciaydae B To9ke mpHeMa, Kpo-
Mo mpsaMol BoJgHH, OymeM HMeThb emfe OeCKOHETHHHE pfAj BOJNH € pasIiHIHEM
9HC/IOM OTPAsKeHHN oT IpaHmm ciof. Pasa KaKo#d M8 3TEX NJIOCKAX BoJH B
FoUKe mpHeMa Oyner gaBarbes BHpamenneM k,z + kyy + k.2,5, THe 2;5 — MPoeKIHAA
Ha och z IyTH, mpoXonuMoTo BonHok [em. § 35.1]. Hupexen lj xapaxrepmayior
9HCI0 OTpasKeHHH BOJHH OT I'DAHHEI c10f B npoberawT suatenma [ = 0,1,2,...
.o.00,j=1,2,3,4.

B wactHoetn, 1) pna mpamoit Boamm (I =0, j = 1) 2y = 2 — 243 2) nan
BOJHH, OTpaseHHoit or HmkHei rpaHEmu (I =0, j = 2), 24 = z + 24
3) nun BonHH, oTpaykemHo# oT BepxHeit rpaHunm (I = 0, j = 3),23 = 2h —
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—2 — 2,3 4) A BOJNHH, oTpaKeHHO# cHavala oT HEbKHeil, baTeM oT BepxHeid
rpanmus pasgena {{ = 0, j = 4), 2oy = 2h — z + z,. 3HavennAsn z;; A Tpo
usBoJbHEX [ 1 j paloten dopmynamua (35.2).

TonHoe mojie ME HOJNYIEM, eCJH HPoCYMMEpPYeM BCe ILIOCKHe BOJHE, HMe-
10T0He OfIHE B To ke HAIPABIAIMAe KOCHHYCH, Ho PasIndalomupecd IHCIOM OT-
payKeHH# OT TPAHMI,, I NPOMETErPHPYEM 3aTeM 3Ty CYMMY o BCeM HAIPABIAL-
IEM KoCHHYcaM. Y9IHTHBas mepBHIHoe pasioxeHme (26.19) chepudeckoir BoJ-
HH Mo IUIOCKHEM BOJNHAM, a TAaKKe, 9To MpH Ka;KIOM OTPAsKeHHH OT T'DaHHLEN

z v V4 2
Pme. 36.1. K suBoay swpawenms 7 \‘7 /‘/\i‘\/\i‘/\/\
WIA NOJA B HIKHE cpemeé
Yoo by s Y

aMIUTETYZla BOJHH YMHOMKAETCH HA COOTBeTCTBEHHHH Ko3(QQUIIMeHT OTPaKEHH A,
MH IOJTY9aeM [ MoJHOTo IIOJA B cJoe IpH z>> z, (cpaBHE ¢ cymmoi (34.12)):

& #/g—~ico 2 o
V= —215' g S ek ) 2 [F:C70 Ly et gy iRz
F 1=0

4V, V@0 (7 V) ¥ sin 9 do dg. (36.4)

| Bunmonums B mocimegHedt gopMyle HMHTerpHpoBaHme Mo ¢, KAK 3TOo CHIAHO
B opmynax (26.24) — (26.27), a Tawke yIrs coorHomenmsa (35.5) m (35.6),

noiydaeM NpH 2z >> z

th R (6% 4 Vaé™) (0D 4 Vo)

‘q) S T I.‘ e-bh (1 — Vﬂ/ge‘wh)
1

HP (krsin ®)sinddd,  (36.2a)

rme b = ik, = ik cos¥.

910 BHpameHme coBmanaer ¢ (35.7) ¢ Toll nMWB pasHHENeH, 9To Temeps V) B
V, He mOCTOSHHKe BeJHIEHH, a pyHKuun yraa 4. 3ameHol z Ha z, m oOpaTHo
moJyIaeM Jjajiee OpH z < 2,

" (e—bz + Viek?) (D20 | ppebh-z0 y
b=
1

p= i o e HY (kr sin ¥) sin ¥ d0.  (36.26)

IlonydmM, clenyfA ToH e MeToIHKe, HHTelDAJbHoe BHpakeHHe NJfA MHoaf B
HImEKHeM HonyupoctpancTBe (z < 0). Ilpm sToM MH npefdosoMKEM, ITo ILIO-
CKaf BOJHA, o0nagfajoman B Todke £ = y = 0,z = z, ofUHAIHOE AMIUIATY0K
n HyazeBoi dasoit m majaoman Ha rpauuny z = 0 mox yraom umagenms &, coa-
[AaeT B UpPOM3BOIBHON Touke z < 0 mome

f(z’ '&) expi (kxz + kuy + kzzo)» (363)'

e k., ky, k, naotca popmyaamu (26.18), a f (z, %) — HaxopmmTCA H3 BoxHOBOIC
ypaBHeHHS [J1fi HE)KHEI0 UNOLYNPOCTPAHCTBA M Y/OBIETBOpPSAeT NPHHIANY Npe-
[eNbHOTO SaTYXaHHA HAM HATYIeHHA UPH 2 — — oo. B dacTHOM caydae, Koria
upr z << 0 uMeeM omBOpDORHYIO Cpeny

(3, 9) = We i, (36.4)

rne ky =V iE— k2 — ki = kV n® — sin®, n, = ky/k, k, — BoaHOBO® THCIO
B HmKHeil cpene, W — KoaddummenT upospawmocts rpammust (cm. §§ 2, 4).
Ha puc. 36.1 m3o6paenH TeTHpe npocreiimux (z8 GeCKoHeTHOTo HX THCIA)

IYTH, KOTODHME BOIHA OT HCToYHEKa O B CIoe MoKeT mouacTb B ToUKy P, B
HIDKHeH cpefie.
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IlpencraBam Tenepp cHoBa CepuaecKylo: BOAHY ¢ HCTOYHEKOoM B 0, pad-
d0)eHHOH wo wilockmM BoxHaM. Hakmas ms 3THX <mepBHYHHX» BOIH Gymer
HCUHTHBATL MHOTOKpaTHHE OTDATKEHHSM OT TPAaHHIL CJ0A, IPOHHKAA LPH BTOM
a 3a rpauans. [Ipm mpocteiiiifeM npoHEKHoBeHHMHE B P; — cayvad a) Ha pmc.
36.1 oxe Gyner nasarses dopmymoii (36.3). B cxyuae 6) mome Byner

f(z, B)expilks® + kyy + k2 (2h — 25)] V2 (B), (36.5)

rae f (z, #) — 1o ke, r0 W B (36.3), a V, () — roadduyment orpakenus ot
BepXHefl TPaHANH CHoA. AHAIOTMYHO UOAYYAITCH UONA [ifA CiaydaeB B), T)
7 Goxee cnoykunx. CKagiBas UOLA BCeX KPAaTHOCTEH OTpaKeHMi, ME HaX0XHM,
9T0 NepBHYHAA NIOCKafA BOIHA CospaeT B P, moie

[+-]
f(z, B [ v, ()Xl D) (V1) R (36.6)
=0
YdurHBaf sHaveHme BXofAme# ciofa CyMMHE [em. (35.6)], a TaKKe HHTerpu-
py)l 0 BCeM Hanpannammnm KOGKHyGaM UIOCKHX BOJIH, nonyqaeM
ik & bh—20) + Vzeb(h—a)
b ={ 1S = Ty )
1

f (z,9) HY (kr sin $) sin & 49, (36.7)

rme cHoBa b = ik,. AHamormIHEM oBpasoM MomHo GHio 6H mOIyIHTH H TOJE
P, B BepxHeilt cpene.

TlokaxkeMm Teweps, 9To BHpaxkenua (36.2) um (36.7) ynoBmzeTBopsioT BeeM
HeoOXOMEMHEM' yCIOBHAM, 3 AMEHHO:

1) mHTEIpAAH CXORATCA BCIONY, 3a HCKAKTeHHeM TOUKE O, TIe OHH HMEIT
HYKHYI0O 0C00€HHOCTD;

2) yhoBIETBOPHWT yCIOBHAM Ha IpaHMIaX CION;

3) ynoBzeTBopAKT BOIHOBOMY ypaBHEHHIO,

Has noxasareascrBa * n. 1 HeoxopmmMo HccnenoBaTh NOBeNEHHE LOMBHTEr-
panbHEX BHpaKeHHH B GecKoHeTHo yNaleHHHX TOYKAX NYyTH HHTEIPHPOBAHHSA
I, (oM. pme. 28.1). B waocroers ¢ = & -+ i¥’ sro Toukm ¥ = + /2,
¥’ = T oo. Bo Bcex msBecTHEX umam cxy1aax (a B [10] umokasaHo, 9ro m Bo-
ofme) rodpumuentn orpakenns V, (§) u V, () upm upubamxeHan K sTmM
ToUKaM OCTalTCH orpasadeHHEmu. Tak Kak upm atoM b = ik cos ¥ =
= ik (cos® ¢ch ¥’ — igin$ sh¥’') - — oo, To Ha yaneHHnx ydacTKax I';
mofHHTerpagbHOe BHpakeHné B (36.2) sammmercs

e HY (kr sin ) sin ¥ d9. (36.8)

Ecam BBeCTH HOBYIO nepeMeHHYIO mHrerpmpoBaHud E = k sin O, mHTETpHpOBa-
g#He 1o KoTopolt 6yneT oCymeCTBIATHCS 110 BEIIECTBEHHOM 0CH 0T — 00 [0 -} 00,
# BOCHOIB30BATHCA ACHMOTOTHIECKHM UpefcTaBieHmeM yHKumm XamKensd, To
3T0 ’Ke BHpasKeHHe SANHMETCH ¢ TOYHOCTHI0 [0 IOCTOAHHOTO MHOIKHTEIA Cie-
Ayiomum ofpasom:

exp [itr— (z — z)) VE — E}}dy/V E.

B pesyxzprare MH wolylaeM cXofammitcA EHTETpal NAA BCeX ' M z, 3a HCK-
movepneM toukm r = 0, z = z;, wotopas Tpefyer ocofioro paccMorpeHuUs.

Ilpr r —» 0, z > z, 0CHOBHYIO poxb HTPAIOT yHAJAeHHHE yIaCTKE UyTA HH-
terpupoparns I',, rie sin & m cos ¥ wo mopyao Benmkm. Ilpm aToM mogHETEr-
panbHoe BHpakeHme B (306.2) MoKHo 8ameHHTH BHpakeHueM (36.8). B pesyas-
‘TaTe MH HorydYaeM BHpaxeHue (35.1) nua cPepudeckoi Bonnu. TaxnM o6pasow,
@HTerpal BCIONY CXORXTCA, 8a HCKAIOTeRneM To9Kn r = 0, z = z,, B6aHSA KoTo-
poii o Befer ce0s Kak cepmdeckas BoJdHA, T. €. HMEET 0CoOEHHOCTL BHEA

1/V (z — 2o + %, 9To u TpeBoBazoCh KOKABATh.

* JloxasareabcrBo N. . 1—3 MH npoBogEM Ra ypoBHe TaK HasuBaemMoX ¢uamdeckol
CTPOrocTH, T. €, HE CTABA cBoell MENLK CTPOrOS MATEMATHIECKOS HaMo/KeHHe BONPOCA.
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AHaTOTHYHEHE PpACCYMKICHHSA MOMHO UPOBECTH TaKie H [AA BHpasKeHmi
(36.26) = (36.7).

JlokasaTenncTBO U, & UpoBeNeM A4A HIPKHEH TPAHAIN H JacTHOTO CAyIas,
ROTJa HWKHee MOIYUDPOCTPAHCTBO ofjHOPojHO (fuasA obmero caydas nokasa-
TennctBo oM, B [10]), I'pamunsie yemoBus pus 3ByKoBHX BOIH UDH 3TOM s8a-
macuBaTen *

z=0, 090z =20p/dz, Y=mp, m=pp. (36.9)

Toncrasasn (36.7) m (36.26) B (36.9), yumrupas (36.4), upomsBomsa mud-
{epennupoBanme moJ HHTETPAIOM W UPHPABHEBAA UoAMHATEIpalbHHE BHpa-
#KeHHs, modyIaeM

kle]_ = kz (1 -— Vl)? mW1’==l +iV1. (36,10)

OpfHaro MH HoZydaeM 9T Ke ypaBHenusa naa V, m W,, peman sagady o6 or-
pasKeHEA WIOCKOH BOJHH oT IPaHANH pasfelIa ABYX Cpei. OTo AerKo mpobe-
PETH, 8alaB Iole B ofHOH Cpefe B BHAe CYMMH najalmeil n oTpakeHHoH BoxH

w — ei(kx:c-rhyy) [e-ikzz + Vﬁi’z]’
a noze B Ipyroi cpexe B BHAe IPeIOMIEHHOH BOIHH
,q)ll= W1e1(kxx+kuu-k]¢z)'

IlogcTaBuB 3TH SHaYeHHA P W V), B TpaHmIHHe ycaobud (36.9), moxydaem co-
oTHomeHH A, ToXKnecTBeHHHE ¢ (36.10). MH, ecTeCTBeHHO, TOXKHK IPeAIOLIOMKATD,
9T0 TH COOTHOMICHAR BHUOIHAWTCAH.

Brimoxsenme 1. 3 cIexyer ms Toro, YTo LONHHATETpaNbHES BRparkennsn (36.2)
a (36.7) ymoBIeTBOpAIOT BOIHOBOMY ypaBHEHHIO. g

36.2. O xapTuEe MHAMHX HCTOYHHROB. MH [0KasalW BHIme CTPOTYI0 HpH-
MEHEMOCTH KapTHHE MHAMHYX HCTOYHHKOB [afi cIydas alcolioTHo orpakaio-
mMEX Tpasny, B caydae rpanuy, ko3ddAmuenT oTpamkeHns gasn KOTOPHX OTIH-
9eH OT e[JEHAIE K 3aBHCHT OT yIIa DafeHus, CyMMa Holeit MEMMEX HCTOTHHKOB
He mpefcTaBaseT coboill, Boofme roBops, IpaBHIbHOI'O pemIeHAA sajasn H Gy-
JleT B oupefereHHHX CIyJafAX IMMb HEKOTOPHM UpHOIMKeHHEM K NeHCTBH-
“TeIbHOCTH.

Bepremcs cHoBa kK TodHoMy Brpamenumio (36.1) nas woxs B cmoe H sanm-
ImeM ero B BHfe

o 1
v=2 2 b, (36.11)
I=p j=1
Iie
.. m2—ico2nm .
iy = S S RN L (9) sin & O do. (36.12)
0 0

3necs z;; maercn Bupawenmamu (35.2), a V,; onpenexsiercs paBeHOTBaMu
Vll = (V1V2)11 Vll = VII-HV;? Vls = VIIV;H.) qu = (V1V2)1+1- (36-13)

Kapoe u3 P;; MoKeT GHTH COBOCTABIEHO OUPe/ieIeHHOMY MEAMOMY HCTOIHHKY.
B gactHoeTH, ecam V, m V, ABIAIOTCA mOCTOAHHHME BeIMYMHAMH, T. €. He sa-
BHCAT OT yraa HafieHms, To \,; GymeT TOTHEIM BHpa)KeHHEM HOIA MHAMOTO HC-
TouEEKa. JeficTBATenbHO, BEHOCA V;; 8a WHTerpal W yIATHBAA COOTHOLIOHHEe
{35.1), voxyTaem

Ry

b= Vuy B, (36.14)

* B amekTpoHEAMHKe B CIy94e HBAy9aTedfd — BOPTHKATBEOre [AHIONA m = ki‘/k’,
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rae R;; naercsa Bupakernmamu (34.6) m upencraBaser cofoil paccTosiHEe oT
MHHMOTO HCTOYHHKA ¢ HoMeLoM (lj) mo Touxm BaGaionenms,

B o6mem cay1ae, kKorpa V, m V, asasorcn dynknuama ¥, nETerpaz (36.12)
MOKET BHIACIATHCH METOOM LepeBala B TOTHOCTH TAK ke, KaK BTO MH [ealn
B § 28 upm aHammse BOXHH, ONHOKPATHO OTp&KEHHOH OT TpaHMNE paspexa.
Mu Momem mombsoBarheA Qopmyazamm § 28, ecam kKosddumueHTY OTparkeHHs
V (3) 6ynem comocTaBIATh BexwemHy Vi,

Bo BTopoM upnfamweRnE MeTOAa nepeBada HOAydaeM [Af P;j O aHAIOTHE
¢ (28.13) u (28.14)

iRy

e
Vi =5
7 sz

v 13
VIJ' ("}IJ') - kRU ' (3615)'
rje

i e .
Ny=-3 [Vig(dy) + V() etgdyyl, 8,5 = aretg (r/zy).

B wacTHOM CIydae, KOTa BepxXHfAA TPAHHEIA CZOH OTPAXKAET NOTHOCTH-
(Vo = 1), mummeem Vi, = Vig = Vi; Vi = Vi, = Vi, Tomaram pas kpar-
KoCTH

my — -
Vi) =k, T=costy, g=Vnrl—sin’d; - (36.16)

noryJaeM oCle BHYMHCICHH A UPOH3BOJHHX

2m(nf—1) (my— gt [LE—Dm@i—)d—1g
M= M= == g w1 B
l

— =m0 44— 17 g 4 2m (nF — 1) + 3m72]}. (36.17),

Ny, 1 Ny, noxyuanTcs orcionia yBenrdenneM | Ha e[HAALY.
Onenra poam woupaBoYHoro wiena B (36.15), comepamero Nij mpous-

BOJATCA TaK e, Kak n B § 28. IIpm sTom orasmBaeTcs, IT0, KAK UPABHIO, ME

MOMeM OrpaHmIHThCH UepPBHM UpHOIMKeHHeM
MeTofla mepeBana (T. e. y9eTOM TONHKO IEPBOTO
Wiena B KBajpaTHHX Ckofkax B (36.15)), ecam
z}; BEIHKO 10 CpaBREEHHIO ¢ [ImHOR BomEH. Ta-
KEM of6pasoM, B CIOAX, TOLM[HEA KOTOPHX
BeIMKa 10 CpaBHEHHIO ¢ [IMBON BOZHH, IPAKTH-
YeCKE BCEIla MOKHO LOIb30BATHCA TpPENCTaBIe-
HEeM 0 MHHMHX HCTOYHHK&X., B caydamx ToHKHX
¢IoeB (¢ TONMEHOH, ¢ paBHEMOH € JIHHOH BOABL
UIH MeHbIIe ee) KapTHAA MEWMHX HCTOYHHKOB

{.? 7 4 77( #’ cnpaBefiEMBa TOIGLKO AAA HOCTATOYHO BHCOKHEX
1 o — HOMEPOB OTpaKeHHI.
Feteis” 36.3. Hopmamsane somant. Keasnvongur, MHTer-

paxz mo nyTm I'; B (36.2), Kak Zerro BHEaers HZ
Pae. 36.2. K monpocy o npeoS- pme. 36.2, sKBEBamZeHTeH CyMMe MHTETpaioB Io-
PasoBaEWd IyTd HMETErPEPOBA-  poppenam I'y u I'y. Memuo HoKasaTh, 9To HETET-
HUAA B KOMIITEKCHOU IITOCKOCTH
pax no I', o6pamiaeTcsi TOKAECTBEHHO B HyIb.
s atoro ynobHuo BuecTo yTia ¢ BBeCTH B KadecTBe
mepemeHHoll HHTETPHpOBAHAA yIol CKoabienma y = nt/2 — ¢. Ilpm wepexone
of & k 4y oyrs I'y upeofipasyercs B KoHTYp, CoBHAfA0IWH ¢ MHEMOH OCBIO.
Ecanm oCTaHOBHTBCA NIA OUpeNeIeHHOCTH Ha CIyTae z > Z;, TO COTIacHO
(36.2a) muTerpax mo I'y Mosker GuTH 8aumMCaH B BHRE
Fie
S OH (kr cos x) cos x dy, (36.18)

—io
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Tae

O = i (e‘bz'-i—Vleb’“) (e—b('l—z)+ Vgeb(h_z)) ‘ (36_19)
2 gor (1 — ViV, 2’e2bh.)

Uurerpan (36.18) paBen TommecTBenno nymo, Tak Kak Qynkumsa @ (y) apas-

eTcA HedeTHON. UToOH yOeguThCs B aToM, 8aMeTHM, 9TO BO BCeX CIy9YaAx,

KOT/Ia HaM M3BeCTHH aHaXMTHYecKme BHIpamenmsa fasa V, m ¥,, oKasHBaercs

<IpaBeANABHM COOTHOIIEHHO *

Vi(=0=1Vi(0, Vi(—x%)=1/V2(¥)- (36.20)

B mpocreiimeM caydae oTpasikeHmA 3BYKOBOH BOAME OT TPAHHOH pasgeda
ABYX OIHODPOJHHX Cpex 5To cpasy clexyeT m3 dopmyam (2.17), ecam
saMenuTh TaM ¢ Ha y. IIpm meMenenmm smaka Yy Bexmdmua b = ik sin y Tarme
MeNseT 3uaK. YIaTHBAas 3To, a Taxe (36.20), mu ms (36.19) mozywaeM Ges
pyna @ (—y) = @ (x), 910 ® TpeboBanocs AOKa3arh.

TaxuM o6pasoM, HaM oCTaercAd BHYMCIATH murerpax mo nyrtm I';. Orramem
oyts I'y B mozoRuTedIbHO-MERMYI0 GecKOHETHOCTH, TAK 9TO OH HepeiigeT B Gec-
Koueano ynamenumi# myrs I'; (pme. 36.2). '

Moxto mokasaTb, 9To mHETerpax mo myTtm Iy paBen EByamio. B pesyasTate
IyTh WHTEIPHPOBAHHA 4MOBECAOTY HA OCOOHIX TOYHAX HONHHETETDATBHOTO BH-
paskeHHsA, KOTOPHe OpHEXOAMTCA 0OxomuTe npm nedopmwpoBanmm mytd. B Ka-

9eCTBe TAKOBHX IPeMIe BCEro HaNO YIMTHBATH Homwocuty. Gy, . . (P, Py, . . .
Ha puc. 36.2), MeCTOmOMOKeHHe KOTOPHX ONPeAeNsercsA ypPaBHeHHeM
{1 —V,Vyeh = 0. (36.21)

CymMMa BuMeToB B IOIIOCAX

P = 2mi ) Res [@ (&) HY (kr sin ;) sin O], (36.22)
1

e ! oBHaYaeT HoMep HOIIOCA M JaeT HaM CyMMapHOe MOIe BCeX HOPMAIbHHX
BOJIH. JTO TaK Ha3HBaeMH JUCKPETHHI CIOKTD moxsa. KpoMe Toro, B KaTeCTBe
0cOGHX TOUeK MOTYT OHTb TOUKE BeTBJAEHHA BBHRY HeommosuagmocTa @ (9).
Torga or umEx HeoOxofuMo nposecTa paspest, u K (36.2) 1o0aBsIcA HATEIPATH
oo GeperaM paapeaoB., JTO TaK HASHBAaeMHH COIOMHOA CIOKTD 3aja4m HIH
GokoBre Bonnm. Ha pue. 36.2 msobpasxenm nBe TodK:m BeTBienms A, m A,.
SroT cayvail GymeT WMeTh MeCTO, 6CAH CJOH OrpaHAYeH HEJKHME OJHODONHHME
NOTYNPOCTPAHETBAMH ¢ BOIHOBHME umciamm k, m k,. Ilpm atom A, m A, pac-
Tmozoxenn B Toukax @, = arcsin (k,,/k). Auazorminas cuTyamma Gyger
#MeTh MeCTo, eCIM MOIYNPOCTDAHCTBA JKHAKHO CIOHCTO-HEOAHOPOAHHe, HO
liEJ k (Z) = kl,gn

Z-44 0

B cayuae ynpyrmx NonympocTpaHeTB OyneM HMeTb 4 TOYKH BeTBIIeHHA
4,2 = arcsin (k,,o/k) u¥,,, = aicsin (x,,./k). B arom maparpade Mz ne Gymem
paccMarpmBaTh OOROBE® BOIHE (mompofumii amamms GoKoBoil BOJHH B 9acT-
HOM caxydae cM. B § 37).

Bupakeune (36.22) mrs HOPMAaTbHHX BOLH MOMKHO [eTAIHSEPOBATH, CIH
npeANoI0KATh, IT0 HMOKTCA MOMIOCH JAANIL NeDPBOTO MOPANKA M HA ONMH H3
HEX He IGKAT CIMmMKOM O0ImBKO K TouKaM BeTBienms (KpmTepuil GamsocTd B
KOHKDeTHoM cIydae cM. B § 37.4).

YaurmBas, 910 O0pa aToM fas [-ro modoca

Res () = (3 VW)
®, KpoMe Toro, 410 ¢ ydJeroM (36.21), mMeem
[e—b(h—z) + Vzeb(h-z)] ebh . (e—bz + Vlebz)/Vh
* B [10] aTo cBoiicTBO noxaa}ino Jma CHOHCTHX Cpef BechMa ofmero BHIA.
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noxydaeM

‘p _ nk Z (e—bln + Vlebz) (e'"bl + V],eb’)

: HY (krsind)sind,. (36.23)
H V1 "é'é‘ (V;Vzeabh)

ls,

1o 7 ecTh hopMyra OiA MOAA HOPMANBLHHX Boau B oOmeM BHAe. Oua ne mame-
HAOTCA OPH 3aMeHe Z, Ha Z K 00PaTHO, CIEKOBATOABHO, CIPABOIAMBA NPH BCEX
0 < z< h. Ee, roueuno, Momuo Omao Om sammcarh B BHAe, Ie BMeCTo Vi
Bxoguao Ou V,. Jlazpueitmee mccaenoBanme Bupamenns (36.23) B o6meM Buge
BO3MO:KMo B CIydae TomcTHx caoer [10].

JaMernM, uTo mpefcTaBIeHHe MOIA B BHEAe CyMMH HODMAaTbHHX BoxH (BH-
pamenme (36.23)) nao¢ COZOMEOH CIEKTD OKABHBAETCH BOBMORHHM [ame B
Caydasx, KOrja OTHeAbHO B3ATad HOpMamblaf BONHA KAasaloch OH He HMeeT
cMECIa. BospMeM aasA NpEMepa Caywai, HNofpoOHO NMpOoAHAZMSHPOBAHHEIN B
caefyomeM Naparpade — paclpoCTpaHeHne 8ByKa B CI0O HAIKOCTH, IeKaneM
Ha KEKOM e MOTyNPOCTPAHCTBe, M NPERUOLIOAKHEM, UTO CKOPOCTh BBYKa ¢
B OOIyOpOCTPAHCTBe MEHEMmO, 96M CKOPOCTH 3ByKa ¢ B croe. HopMazbume Box-
HH B ¢zoe OyQyT saryxalh ¥3-8a YTeUKH SHOPTME B IOIYyODOCTPAHCTBO, B CHIY
9er0 TOPHBOHTAIbHOe BOAHOBOe THCIO OymeT KoMmmekenmM: £ = E, (1 + i)
(¢ >> 0 ms ycxoBms KoneuHOCTH MOAA NpPH r —- oo, IpeANOTaraeM, KpoMe Toro,
aro o <& 1). Takas nopMazsHas BolHA OyfeT mMers 3aBHCHMOCTH OT Z BHAA:
exp ik, z, k, =VE —2=VE — 2 — 2k}, te ¥, = ole, naa mpo-
CTOTH mOpefNolaraeM BemecTBenuuM. HerpymHo Buperb, WT0 B 3aBHCHMOCTH
OT 3HARa Kopus k,, GydeT aeskaTh B.4eTBOPTOM HAH BTOPOM KBagpaure. drobnt
VIOBIETBOPHTH MPHEENANY H3nyYeHHs, Mul JOXKHE BEGparb BapmanTt Re k,, >
> 0 (geTBepTHIt KBA#pAHT), YT0 o8Hadaer, aro Im k,, << 0 m mome Gymer neor-
PaHmIeHHO .BOBPACTATH NPH Z — co. MH €HOBA 3feCh CTOXKHYIHCH ¢ PAcCMOT-
peHEEM B § 7 CIy9aeM BHTeKawmux BOAH. Tak KaK HOPMAIbHEe BOIHH TaKme
HASHBAIOT ¢MOJAMH®, TO TAKHe $HEBAKOHHEEY HODMAIBLHEE BOJIHE HaBHBAKOT
«kBasEMonamms. VcmonnsoBanme KBasmMoj B 8aflade O IOZe COCPeIOTOYEHHOTO
HCTOYMPKA OKABHBAETCH BIOLHE SaKOHHO, 9T0 MoKAasaHo, B JacTHOCTH, B pa-
Gorax B. M. Kyprenosa [52, 53] (B npmnoskeHHE K BONHAM B TOHKOH mac-
tueke) 1 A. Kap6oeuaka (179] (B npmmosennn K BoAnaM B BOIHOBOfE CO CTEH-
KaME KoMeTHOH Toxmuexl), XOPOmY0 QACKYCCHIO O NDAMOHEHKA KBA3HMO[, CM.
rakme B [180], Ilockoabky aus KBasmMop Im kg, << 0, cooTBercrByiomme mM
DOJIOCK! JOMKAT HA HEAKHEM IucTe NoBepxuocTn PrMada. Oum «saxBaTHBAOTCAY
OpK BHYECIOHHH HHTeTpaxa Mo GeperaM paspesa, HAYMero H3 TOYKH BETBIe-
HEA, ROTOa NyTh MHTeIDHPOBAHHMSA NPW BLHMHCIOHHH 3TOTO HHTerpana medop-
MEDyeTcA B OyTh OGHCTpeilmero CHycka.

Hexoropre o6mume cBoiicTBa HOPMaZbHHX BOJIH PACCMOTPOHH B MOHOTIpa-
duax U. Tomeroro m K. Kaen [94] u 8 pabore H. Toacroro [247].

36.4. Jlpyroit cmocol6 moxyyemms AMCOOPCHONHOTO YPaBHEHMA A HOD-
MaTbAENX BorH, Y paBuenme (36.21) mas momiocoB, HasKBaeMOe TAKMKe AHCIED-
CHOMHHM ypaBHeHEeM AAA HODMAZBHHX BOIH, HMeeT BeChbMa BAJKHO® 3HaTe-
ume. [loaroMy M DoXyqnM ero elie APYTEM ¢H0C000M, B3AB O ONPOOIeHHOCTR
aKyCTHYeCRH# Caydaili. 3ByKoBoe [aBleHme BO BCeX TOUKAax cxoA (HCHIIOFaA
HCTOUHAK) MOMMKHO YIOBIETBODATH BOIHOBOMY YDaBHEHHIO

Ap + k*p =0. (36.24)

VYupTHBaa nuauuApPEYeCKY0 CHMMOTDHIO Bafiaudm, ME MOMKeM HCKATh DemeHHe
B Bume p = Z (z) R (r), mocae ero momyuaeM ofEramsiM cmocobom R (r) =

= H(er) u ypauenme faf Z (z)
Z' 4 (k* — B8Z = 0, (36.25)
rge § — mapaMerp pasgeleHHA.
Hocaegnemy ypasHeHHIO yAOBIeTBopAer ynrmms
Z(z) = Ae*t 4 Besz,  a=VE_E. (36.26)
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Kpome ypasuemus (36.25), dyaxnusn Z (z) momxHa yHOBISTBOPATH Takie OI-
DPelleTeHEMM YCIOBHAM Ha rpaEmmax caod z = 0, kb, OTKyfa HoxydmM fonycTa-
Mue snadeHEA § = ;. Tak xKak 6espasimiHO, HA K4KHX DacCTOAHMAX I pac-
¢MATPHBATH 3TH YCJOBHA, TO MBl DacCMOTPHM y9aCTKHE C1os Ha BechMa Goab-
oM YNANeHmE o7 HCToYHEKa (r— co). Torma, momarad r = z H 3aMeHAA

Hﬁ”@z) ee ACHMITOTHIOCKHM MpeACTABIeHHeM, OTyJaeM DemeHme B BHAe

.

o= _‘E_OV_E%E (AeiGasaz) Bez(bc—uz))_
Tps Gombmmx 2 HeGOXBIIMME HSMEHOHNHAMA I MOHO mpenefpeds m OTHOCA
const/} 7 B mocrosmHme A m B, MH HomydaeM
‘P=DP++ P,
p, = Aeix+a?) - p = Beifx-az), (36.27)

Taxoii BEJ PelleHHs Ha GOIBIIEX PAaCCTOAHMAX MOMKHO GHIO NPOANOLOKHTH
¢ caMoro Hadana. [leficTBATeNsHO, 6CAH NPeHoGPeTb KPuBH3HOH GPOHTa BOXHK

A

Pume. 36.3. K sompocy o mpwm-
G6AMmeHHEOM ONpPEfleIeHAR Xa-
PAKRTEPMCTHK HOPMAALHKX BOJIH

te— W —f by

X

4

B y9eCTh HaIEIde OTPAKEHHH Ha TrPaHAue CIOA, TO ME He MOKeM NOIYINTH
HE9ero Pyroro, KpoMe CymepHO3MLWH ABYX OioCKmx Boxx (36.27), n8 KOTOPHX
P, DAcmpocTPaHAeTes B CTOPOHY INONOMHETOABHHX, a p. — B CTOPOHY OIpE-
matensnmx z. Hanpabienme HopManei kK $poHTAM aTHX BOIH HB00PaeHO Ha
pac. 36.3 crpearama.

HorpeGyeM Temeps, wro6n cymma aByx Boau (36.27) ymoBaersopsama yc-
JAOBHAM HA TPAHANE, BHPaKeHHEM Jepes Ro3dPmumenTH oTpasenns V, m V.
PaccMorpuM pme. 36.3. Ha mmxmedt rpaHmme ¢I0A p_ ABAAeTCA Majaiomed
BOIHOI, a p, OTpakeHHOU BojyHolk. IloaToMy fo7XHO BHDOIHATHCA PaBEHCTBO
(p,/p_)sms = V,.IlomcraBass ciopa p, u p_ ms (36.27), nomysaeMm

AIB=7V,. (36.28)

Ha pepxHeit rpanmue p, ABIAeTCA majawleli BoaHoR, a p_ — OTPameEHOM.
[JosTOMy HOMKHO BRIOZHATHCH PaBeHCTBO (p_/p,)e=h = Vi mam, yura (36.27),

(B/A)e2ar =V, (36.29)
Tepemuontan (36.28) m (36.29), moxyvaem |
V Vpetiah =4, (36.30)

aro coemagaer ¢ (36.21), ecam yuecTs oGosHawenme ¥ = iq. Taxmm obpasom,
Kamauid waen cyMmu (36,23) mo oTfeabHoCTH yMOBAETBOPHET Kak BOLHOBOMY
yPaBHeHHI0, TAK M TPAaHAIHKM YCIOBHAM H HpeACTaBIAeT Co(oil OTACALHYI
HOPMAJTBHYI0 BOIHY.

36.5. 06 ycrosmoctn BwGopa rpammy cios. Bce momydeHHEe BEIIO Pe3ylb-
TaTH CHPaBe[mBE B TOM THCIO H TOIAAa, KOTAa CBOACTBa cpel, OIPAHEIABAI0-
‘Imax cxoil, M3MOHAIOTCA ¢ M3MeHeHHeM 7 MaaBuno. B sToM caydae Bebop rpaHmn
z = 0, h MoKeT OKa3aTECA N0 HEKOTOPON CTeNmeHH YCIOBHEM. B gacTHOCTH, MEI
Beerga Mo:KeM cOamsmth mx (E B Opefiene Hayke momomumrs b = (), mpmamcams
9acTh OMHOPOJHON CPeNH K HHMHeMy HIW BePXHeMy MOZYympOCTPAHCTBAM.
Moo, HaoG0POT, PABAPEEYTh HX, @CIH 34 HmpejexaMa’ mOPBORATAIBEO BH-
fpamEHEX IpaEEI HeOXHOPOAHOCTH CPONH BHpaxenacrabo. Moxuo yGemutecs,

223



w10 mpm 3T0M HE ypasHeHme (36.21), um cyMma (36.23) me msmenarca. Jomy-
©€TEM, HAmpEMep, UTO TOLMIEHA CAOA yMeHpmeHa ch mo W' = h — A sa cuer
BHOOpa HOBOTO MeCTONOJIOKeHHA BepxHell rpammum cxod. Ilpm srom daza
Koabdummenta orpasenns V,, oveBmaRo, yBeIMYRBaercs Ha BeImYEHY, DAaB-
Hyio Halery (asm npm npsamoM m o6paTHoM npoxofe BoaHoid Toxmmau A. Ho-
BHiT KoatphumgmenT oTpamenus Gymer Vi = V,e?2, Bpesyasrate mMeeM Vyeq =
= V,e?* m ypasuenme (36.1), TaK ixe Rak m BupaeHue (36.23), He mBMeHseTCA.

§ 37. 3ByroBHIe BOJHSNI B JBYXCIOHHOH KHAKOCTH

IIpuMeHEM pasBETYI0 BHle OGIKYI0 TeopHI K 8agade O PacmpOCTPAHOHHH
BBYKA B MKHIROM G0, JOKAMeM HA MAIKOM e Ioaynpocrpancrse. [ipaz > h
{pmc. 37.1) mpepuomaraeTcs BAaKyyM HAH JOCTaToYHO padpeieHHas cpema™*.

‘4
T ;
v 7 Prc. 37.4. K Teopunm pacmpocr-
J_ 2 X z pamen®s BoXH B Gloe
7

oy

Ilpm z << h cpena sABIAETCA NBYXCTOHHOH (ToMMEHA HEKHEro CI0s GeCkoHed-
Ho Benuka). PasBaBaeMass HE:Ke TeopHs IpmMeHAETCA rIaBHEM of6pasoM K pac-
OPOCTPARGHHIO BBYKa B MODe, €C/IH ero HO H HOBeDPXHOCThH CYATATH INTOCKHMH,
a TPYHT — MESKEM I OJHOPOAHBIM,

37.1. Hopmansaste BonHH. B paccmarpmBaeMoM Cayzae mMeed (cM. (2.17))
Vv, = —1, .

mcos§ — VE—SEi g ‘
- o = = cley. 37.4
L meosd + Vi simee | m=pfp, n=cle (37.1)

Bregsa oGosuauemms

v2=1—n? bh=iz, z=khcos® k=gle, (37.2)
JIACIePCHOHHO ypaBHeHHe NJA HOPMAnbHHX BoaH (36.21) sapmmmesm B Bmue
otgz = — Y (Fhv. (37.3)

3uaK BXOJAMEIo CIOfA KOPHA MH Aia ompefeideHHocT:n Gymeir BrOmparh Ta-
KEM, 9TO UpH

v— 0, V& = (k) — z.

Pacemorpus fetanpHee pemeHms ypaBHesms (37.3) B Qyakmmm uapamerpa
khv. TlocnemHmii M BHagade GyfAeM CUmTaTh HMOTOMETOALHHM, WTO 03HATaeT
n <1 min ¢; > ¢. Kpome Toro, Mu mpeguotomun, ato m > 1 (p, > p).

Ipu khv = 0, 1. o. upm HyTesofi 9acToTe HIKUPH n = 1, ypaBHeHHe mpH-
HEMAeT BHAJ

ctg z = i/m. (37.4)
Pemenne nocaennero Gymes mckats B smge: 7 = (21 + ) n/2 +iz'’,1=0,1,2, ...
Ipm srom musa z'' momyuaem ypaBHenme th z'' = — 1/m, orkyma z'’ < 0.

Taknm obpasom, ypaesenme (37.4) mmeer 6eCKoHeYHOe YHCIO KOpHEi, pacmo-
JIOReHHHX BIOJNb UPAMOH, napallleNbHOH BEmMECTBOHHOU OCH, SKBHIHCT»HTHO
vepes %. OgHako BCe OHE JeaT Ha Hmwueit moBepxHocT: Pmmana. JleficTBm-
TeasHo, upd stoM ImY n?—sin® ¢ = (1/kh) Im Y 2% — (khv)® = (1/kh) Imz =
= z"/kh <0,

* Cnyu=alt, Korja rpanvma z = h aBaAerca a6CommoTRO HEUOJATAMBOM, PACCMOTPOH B Das
Gore W. M. Wang, J. Acoust. Soc. Amer., 1971, 49, 2t 3 (2).
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Bynem temeps yBenminBaTh 3naueHme mnapamerpa khv. Ilpm O <C khv << 7t/2
ypaBuennio (37.3) 6yayT ynoBIeTBOPATH NHINL KOMIUIGKCHHe 3HaueHHA I, J6-
ANlEe Fa HUMKHEM JIACTe HOBePXHOCTH PHMaHa, CHMMETPHYHO OTHOCHTEILHO
Havana Koopauuar. Ilpm sToM npm yBelMYHBalOmMeMCs 3HAYeHHH kAv RayKEAA
mapa CHMMOTDHIHHIX OTHOCHTEILHO BOMIECTBEHHOH OCH IOJIOCOB LI@POMEMAeTC
TaK, UTO UOJICH NpACIMMKAITCA Ha HEUOM JHCTe K MOHCTBHTOIBLHOR ocH H
CIABAIOTCH B HOKOTOpPOll ee Todke BHe oTpeska —n < sin® < n [27] *. Hpu
AajdpHelimeM UOBHIIEHWH 3HaYeHus kAv mOIIOCH pacxofiarcs (ocTaBasch Ha
HIGKHEM JIHCTe), UpHvYeM OfUH W3 unapH UPHAGIMKAaeTcs K TOUKe BETBIOHAA
sint = n, a gpyroi ymansercs or Hee. Hako- T

genm, npu khv = n/2 (KpuTUYecKas 9acTora) z ’
IOJI0C UONafaeT B TOUKY BETBIEHAS H NpH ,: ————————— Izt
gadbHe#meM yBelIMYeHHNR fhv cHOBa yOalsercs p !

OT Hee, HO Y’Ke 1O BepXHeMy JIHCTY. Takmm 0G- P i !

pasoM, upu khv > /2 MH GygeM uMeTh OHY - ————— | 422
HE3aTyXalomyl HOopManpHy Boamy. Ilpm 7| | |

kv — o 10T KOpems ypaBmemmsa (37.3) crpe- [ ' l

maTca K Bornmumne z = m. Ha pume. 37.2 ums- é :/”T”—m
Hsa KpuBas (! = 1) maer saBACcEMoOCTD Benmdn- < [| I I .
HH KODHA OT mapamerpa khv upn m = 2. Ilpm L Ll

11 1 i
e 4 T 3 X7 7
yBenuvenuy khv B mHTepBane /2 < khv < Fe7 sIF I by

< 3n/2 noBHE KOpeHb UPHOGIMIKAGTCH K TOUKe  Pme. 37 2. KopHE gHCIepCHONHOIO
BeTBIEGHHA H BHIXONHUT HAa BepPXHHAH JHCT I0- YPaBHeHHA B 3aBMCUMOCTH OT TOA~
Bepxuoctd Pmmana wupm khv = 3n/2. ror’ TMEH CIOR U SaCTOTH

BTOpPO#l KOpeHb IpH kk —~ 00 CTPeMHTCA K 3Ha-

qennio z = 25t (cm. I = 2 wa pme. 37.2). Ilpm panchefimes ypenmvennm khv
yparueunwo (37.3) 6yaer ymoBIeTBOPAThL BCe GOJBIIGE KOJATECTBO BEIIECTBEH-
HEIX KODHOH.

Kampmomy ROpHIO ypaBHOHWA, JeKamleMy Ha BEPXHOM JHCTO, COOTBETCTBYOT
oTdeNbHAs EOPMAJTbHAS BOJHA, DOXYIAIOMAACA KaK BHYET B COOTBETCTBYIOMEM
nomwce. Yaobuuit cnocob dmciaenHoro pemends ypasmemmsa (37.3) cm. B [94,
§ 4,3; 218].

Paccmorpum cyMmapHoe nome HOpMadLHHX BOIH (36.23). Vpaprenne mommo-
coB (36.21), yunTEBas, 9T0 B paccMaTpmBaeMoM cayiae V, = — 4, sapmmen B
Bue V, = —exp (—2bh), nnm

V, = —exp (— 2iz), (37.5)
moce wero B (36.23):

[ %(&bzo + Vyeba) (eb2 + Vlebz)]a, = — [e2) — e‘”"”‘”la, %
X [0 — 202 |5, — 4sin [z, (4 — 2ofh)]sin [z (1 — 2/B)].(37.6)

Jlanee, yuuthBag, 9ro coraacmo (37.2) [8/69 = — kh sin®d/dz], maxommm
npr ¢ = &, yaureBas Taxme (37.5),

ot (ViVae®) = kh sin & - (V,%%) = kb sin 9 (zz'viezix + 20 eﬁx) -

- —khsmﬁ(Zz RS ‘”’1) (37.7)
3amena O Ha z B (37.1) paer

Vi=[mx — sz — (khv)?] [mz +V 22 + (khv)*).

* Hanm6oxnee NonHOE uccaefoBaHEe HOJICOB JUIA CIYyYas JBYXGHO#HO# cpefs IuTATeaD
Moxet Haiita B paorax I'. H. Maxaposa u B. B. Hoeuxosa ¢O coGCTBeHRHX 3HATCHHAX HOP~
MAaJEEHX BOMH B IWIOCKOM BOMHOBOAHOM KAHAJE) K ¢D/IEKTPOMATHATHO® 11076 B ILIOCKOM TOHKOM

BoMuoBoges B o6. «Ilpo6aeMu puppaknua B pacnpocTpaHemEA BoaH», Bm. XI. Hap, JT'Y,
1972, crp. 3,
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Hocne aroro HaxoOuM, BCHoAbL3Ys TarKe (37.3),

1 v\ 2 . -
(Vf'—a:c )“1 = = (khv)* tg z,sin® z;.

Teneps Bupaxkenme (36.23) sanmmercs

- 2 E sin [z, (1 — z/h)] sin [z, (4 —3/h)] AW (kr sin 9,) (37.8)
h 1 1 — (khv/mz 2 (/%) tg = sin®z !

ksin®, = —V (kb — ],

Bpech £; — KopHY ypaBHeHns (37.3). llpm sToM ME npefionarann, ITo BH ONMH K3
DOMIOCOB He IIefHT CIMMKOM GIM3KOo K ToUKe BeTBIeHHA, OGpaTHLIA ciayvaik
cM. B pasfene 37.4. Unorna (Haupmmep, y K. Iexepuca B [213]) mcoonsayercn
npyras Qopma aHamMeHaress mop cymmoit (37.8), monydalomascs ms Hamei,
ecam B coorTBeTcTBHE ¢ (37.3) aameHHTDH

(khvma)? = ctg?z +1]m®, (37.8"

Brupasenue (37.8) e MeHseTCs UDH nepeMeHe MECTAMH Z H z, H, CJe/loBa-
TeabHO, CUPABEIMBO upH J0OHX z B upefetax 0 <z < h. B upenmensnom
ciIyd4ae HEIOAATIHBOrO JHA (m — ob) BTOpOil WieH B 3HameHaTesne B (37.8) o6-
pamaercs B Hyub, a ypaBHenme (37.3) sanmcuBaercs cos £ = (. B peayuprare
pHpamenns (37.8) m (35.21) 6yayT ToMTECTBORHLL.

LhpoLTTe

PIYRC MICER Aunaymgda datrcnar (8 geaodus/ s EPuntqoz)
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Pue. 37.3. 3aBEcHMOCT: aMImUMTYAR NepBoil HOpMaibHOII BONMHLI OT KOOPAEHATH z DPH
PABAHYHKEIX YacToTax; V, — (asoBas CHOPOCThL PAcHPOCTPaHeHHAA HOPMAaJbHOE BOTHH

Kaxgas HopmalbHasi Bonda B Bripamennmn (37.8) xapakrepmsyercs ompe-
HeleHHKM pacupefielieHHeM AaMINIATYAH 10 BePTHKAIH (B ‘HAUPABJIEHER Zz),
a TaK:ke onpefeneHHoll a3oBol CKOpPOCTBIO PacUPOCTPAHEHHA BIOJb CIOA W
8 aryxanmem. Ha pmc. 37.3 maobpaskeno (Bssato ms [213])) pacupepmeneHme amm-
ANTYAH DePBOH HOPMAaNbHO# BOJHE Ho BEePTHKAIH AIA caydas ¢ = 1500 m/cen,
¢, = 1504,5 w/eer, py = 2p, h = 90 m pmuA pasaAuHLIX 9acToT. AMDIATYRA
BOJIHH CIafiaeT UPH YriayGleHHH B HE)KHIOK CPeAy IO 3KCHoHeEWHMATbHOMY 3a-
Kouy, IpHveM 9eM BHIme 1acToTa, TéM ObicTpee cuagazme. Ha BHCOKEX dac-
TOTaX UPAKTHIECKH BCS 3HEPrus BONHLL 3aKIOUEHA B CIoe,

VaurHBasg, 9TO BelmImHA ksinf}z:(i/h)v (kb —z?, Bxopmsmas B ap”
ryment Qymknume XaHKeis, HrpaeT polb KOMIISKCHOTO TOPH3OHTAIBHOTO
BOJHOBOTO UHC]A, LONydaeM s $a30Bofi CKOPOCTH BOJIH BROJL clioA V; A
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xoappEnmenTa morromennsa P,

Kkhe Im V (e — af
Vi= ————e, =—, 37.9
"7 Re V(kh)2 —a? : h (57.9)

Ha pme. 37.3 ykasama dasoBas CKOpPOCTh IePBOHi HOPMaabHO# BOIHH V,
g pasamapHx dacror. Ha camoii Husko#l ms npmeemeHHHX wacror V, Gnamska
K CKOPOCTE DacOpocTPaHeHHs SByKa B HMKHeit cpefme. Ilpm yBenwuenmm wac-
TOTH CKOPOCTh YMOHBINAETCA H CTPOMHTCS K CKOPOCTH PacOpPOCTPAHEHHs BBYKA
B cJIoe.

Ha dopmyn (37.9) BagHO, UTO HOPMATBHAA BONHA MOMKOT GHTHL HesaTyxap-
mWeil TONBKO HOPH X; BeMECTBEHHOM, NPHYEM JOIKHO BHITOJHATHCH TaKKe YC-
noeme z; < kh., Bume mu smfenm, Iro HamMmeHbmmee Kk, DpPE KOTOPOM mMeeT
MECTO BejeCTROHHLIA KOPeHb, PaBHO kh = 7/2v. TonmmmHa cjios Opu sToM paBHa

ho=n/2kv = M4V 1 —nt (37.10)
Ilpm sagamHOM ) coOTBeTCTBeHHAf UaCTOTa BOJHEHL (KDATHIECKasA YacToTa)GymeT
fe=cithV1T=rt (37.19)

Boann, wacTOTH KOTOPHX HMMKE fy, He MOTYT PaCIPOCTPAHATHCH BIOJb CION
Ges saryxaHma. lna ciaysas, msobpaskeHHoro Ha pmc. 37.3, KpHTHIecKas
gacrora cocraBiser 93,3 ey.

MasoBaa CKOPOCTH BONHH, TaCTOTa KOTOPOil paBHA f,, momydmrcs ma (37.8)
Oopu moicranoBke B V), sHauenmsa x, = n/2, kh = n/2v. B peayabrate Gymem
muets ¥V = ¢/n = ¢,. Takam o6paaoM, PasoBas ckopocTs HepBoil HOpMaJILHOI
BOJIHEL B MOMEHT € 3apo;KueHmA (mp f = f,) paBHa CKOPOCTH PacCHpOCTPaHe-
HES BOJH B IPyHTe.

Hdanee ms coornomenmit z; = kh cos ¢ = n/2, khv = /2, cnpaBegnABHX
RNA mepBoil HODMANBHOH BONAH, HaxomaM cos® = n/2kh =v =) 1—1f
sin® = n,

Buine 6510 moxasaHo, 910 © — €CThb YroJ NafeHHA Ha TPAHENY RasKmo#
M3 JABYX OJIOCKHX BOJH, CYNepmoSWAs KOTODHX /1aeT HODMaJIbHYIO BOJHY.
Takxnm ofpasoM, mepBas HesaTyXawias HOPMaJbHAS BOJHA BOIHAKAET TOI[A,
ROI[a YroJl mAAeHHA COOTBETCTBYIOIMEX IIOCKEX BOJIH CTAHOBETCSA PaBHEM YIIIy
HOJHOTO BHYTPEHHEr0 OTPAsKeHHsA. JTOT Pe3yabraT MMeeT NPOCTOR (uamTecKmil
cMHclH. OTcyTcTBHMe 3aTyXaHHS BOJHEL, OYeBHHO, OGYCIOBIOHO HalMYHAeM
HOJIHOr0 BHYTPERHEro OTPaskeHHs Ha TPaHHILE.

Ilpm panpHeiimeM MOBLINERHH JACTOTHL BOJHLL KODeHb Z;, KaK MEI BLIINO
BHJEJIH, OCTAeTCH BOIMECTBeHHLIM K CTPEMHATCH K BeJIWYmHe Z, = x. llpm arom,
cornacio (37.9), ¢asoBas cropocTh BOJNHLL V| CTpeMHTCS K ¢ — CKOPOCTH
pacmpocTpaHeHns SBYKAa B JKEJKOCTH, 8AMOIHANMPHE CIOi.

Ilpn khv = 3n/2 nosenserca BTOPO BeIMECTBeHHHI KOpeHb =, = 3m/2,
uTO 03HAYAOT MOABIEHHS BTOPOIl HesaTyXaomedt HOpMalpHON BOXHLL. Jlerko
HOOKasaTh, 9T0 (asoBafg CKOPOCTH #Toi BoJHH npd khv = 3m/2 croBa paBHa
€, a yrox HaKIoHa yJoBierBopseT paBeHCTBY Sin O = n. Ilpm poBLImenum
9aCTOTH (asoBafg CKOPOCTh, KaK H B cllyuae MepPBOil ROPMAJIbHOH BOJNHLI, CTPO-
MUTCH K C.

Ilpm panbHeiimem ypenmuenmu khv GYLYT MOABIATHCA HEBATYXAIOINEE .HOD-
MaJbAHNe BoJHH (ojiee BLICOKEX mopsAfKoB. Ilpu sagannoM khv ux uncio pagHo
MaKCHEMAJbHOMY HeYeTHOMY 9IHCJY, PABHOMY mId MeHpmeMy 2khv/m,

Bupasmenume (37.40) mpencraBiseT co6oii BechbMa BasKHOE COOTHOINAHHP
MORJY TONMMHONR cioa k, mokasarejieM NPEeNTOMIEHHs n W IPDaHHYHOR AnmaEOK
poanul A. Tak, spas h m A, MoHO HaliTH 72, a CJIefOBATONbHO, H CKOPOCTb SBY-
Ka B HEH;KHeil cpepe.

Bce manoskeHROe Bhme oTHocmioch K ciydaio n << 1 (c; << ¢). B o6parHou
cayuae, Koria 2 > 1, msuuecKas KapTHRA pacupocTpaHeHAA GyfeT HeCKOJBKO
mHoii. B gacTROCTH, HeBaTyXamwmme HOpMAJBHHE BOJHH GYRyT 0TCYTCTBOBATH
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H3-3a OTCYTCTBHSA HOJIHOr0 BHYTPEHHero OTPasKeHHs, Bce KODHH yDaBHEHHA
(37.3) 6ynyT mMeTh OTIMMHYI0 OT HyJsA MHAMYK vacTh, llpaBma, B oupepeien-
HBIX Ccy9adX (HaEpHEMep, OpH BecbMa GounbinoM n) kospAmueHT OTParKeHHA
0T HH;KHCH rPaHANH MOMeT GHTH BecbMa OJIH3OK K e[NHHANE M TOrAA 3aTyXa-
HWe HOpMaIbHHX BOJIH Gyner HeaHaumreapHHyM. Ilpm GonbmoM n fame HeaHa-
quTeAhHAE A3MEHEHHAA YacToTH GyoyT NPWBOZMTEL K CYIIECTBEHHLM H3aMeHeHAAM
BennInaH khv, oupeflenswomed KOpHE ypaBHemms (37.3). 9To mpmBommT K TO-
My, 9TO AMIJIATY[A NepBOH HOPMAIbHOH BOJHE HA HEKOTOPOM PACCTONHHHE OT
majlyvuatelns ¢ yBeImieHueM YacTOTH Gyger peaxko BoapacTaTh. B peayabTarte
MEl NOTyd9aeM ABIEHAE, CXOMHOE NO CBOEMY XapaKTepy ¢ «3aposkieHHeM» HOD-
MaJILHOMA BONHH B Ciy4dae n << 1, KoTopoe raM GHIIO CBA3AHO C MONHHEIM BHYT-
[eHHHM OTpPasKIHHEeM.

AHanua HOpMANBHHIX BONH, PaCUPOCTPAHSIOMAXCA B KALKOM Clloe, JeyKa-
meM Ha JKAJKOM Ke NOJynpOCTPAHCTBE C IOLJOMeHHEM, a TakKe CDaBHeHHDe
TEOPHHA C ONKITHHIMA JAHHRIMK AJIA JACHePCHA BOIH, MOJYYeHHHME OPH HCCIE-
JNOBAHME PACHPOCTPANICHNA 3BYKa B BepHATOBOM MOpe, YHTaTeN s MOKeT HAMTH
B pa6ore Dyrepa [124]. B meii yuuTHBaeTCH TaKike 3aBHCEMOCTH CKOPOCTH
3ByKa B BOJe OT TIyGMHHL.

37.2. Tonerwit enoit ¢ nornoniaw nei rpaanuelf. PaccmorpuM CHOBa ciyvai
n >1 (ci << ¢). HopManpuee Bomnu GynyT saTyxawmuME Ha-3a8 yTeUKH »Hep-
THE B HHKHEE NOIynpocTpaHcTBO. Ilpeamonaraem, uto kh >1. B arom ciyuae
TUCII0 HOPMAaIbHbIX BOIH Gyner Bennko. Ha BocTaTo4HO GoabIHX PacCTOAHHAX
MOJKHO YUATHBATH JIANIb HARMEHee 3aTYXAWIIAE BOJHLI, AMEmye HauMeHbIIHe
HomMepa [, ANA KOTOPHIX HETPYJAHO UOJyYmrh UpHOIM:KeHROe pemeBHe YpPaB-
wenmn (37.3) lefictBuTenbHO, 3auuMiueM ero B BHMe

tgz = —imz [(kh)¥(n* — 1) + 21 (37.12)

Tlockonbky kh >> 1, nmeem B nepBoM upmbnmwenum tgr = 0, z = Ix. Ilog-

CTaBIAA 8TO 3HAYEHAE I B MPABYIO YAaCTh, HOJyYaeM B CIeNyIlomeM MpH6ImKe-
HiH *

n=nl—i M ﬂ%‘—i +0[(ki;)z] . (37.13)

Lcoonpsyn (37.13) m (37.8),| B. JO. 3aBancrmit m B. J|. Kpynmn {351 Braumc-
JEIM 3HAYEHA A CyMMaPHOTO MO HOPMaIbHEX BOIH OpHE r >kl nt —1/m.
Ha pmc. 37.4 maofpasmen ofEm m3 peayibraToB Aua ciaydas khY n? — 4/m =
= 500, z = z, = 3h/4n. Tlo ocu abemmec otTnomen 1g(r/ry), te r, = 10-3k%H%.
¥ n* —1/nm, nmo ocu opmurar 101g |$/d, |, rme v, = (r). IymrEpnas
npsaMas COOTBEICTBYET saroHy |P/P,|* ~ 1/r2. Ha Gonbmmx paccroanmsx,
Korma lg (r/ry) > 2,5, B BONMHOBOJE OCTaeTcs mepBafg, HaEMeHee 3aTyXaoIMAas
BOJIHA, TOJIE CHafaeT C PACCTOAHAEM IO SKCIOHEHIManbHOMY 3akoRy. Ha «cpex-
HEX» paccTosmmAxX, korxa 0,5 << lg (r/r,) << 2,0, urpaer poxp 6oapumioe HHCIO
HODMANBHEX BOIH, H IIOJI¢ HMEET CJIO:KHHN mETepdepeHnmoHmLIE Xapaxrep.

Tonesro ormeTHTb, uTO ecam |p[> ycpenHuTs mO TommEHe CIOs, TO BTA yC-
peuuenﬁa(ﬁ BeIMIHHA CHafaeT Ha (CPeJHAX» DACCTOAHHAX MO B8aKoHy [Pf? ~
~rs N

37.3. Borosan sonma, Qynxnua V, (§), rax Bugno ms (37.1), nmBysmausa,
BBHTY ABysHaunoctH Kopas ) n® — sin?d. B aToM ciyUae KOMILIERCHYIO IJIOC-
KocTh & moneaHo mpefcraBuTh cefe cocrosmiei W3 [BYyX IHCTOB: BEPXHEro,
Ha ®otopom Im Y'n® —sin®® >0, m mmxmero, rme Im Yrnd— sinit < O.
Myt mrrerpapoBanna T, B (36.7) nemur nma Bepxmem imcre. Mu nposesem or

* DTOT e PE3YAMBLTAT MosHO NonyTaTs (cM. [10]), npencTaBnsan NpE ManHX Yraax CKONb-
sennn woddunment oTpaskenmm B Bmpe V = —exp(—2px) 4+ O(x®), p = m/ Yt —1u

pemas ypasaemne (36.21) upz V, =—1. 3Tor nogxof MOmeT GHTH NpPEMeHeH K AIA KPYTHX
BHEAOB FPaEmm, KKANH paa, ecTecTBEHHO, CO CBOEM SHAYOHUEM p.
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Pre, 37.4. Ilone B cloe pas oxsoro KOHKPeTHOTO ciaydas mo [35)

TOUKH BerBnesAs ¥ = 8 = arcsin n paspez wo MEEERm

VrP—sin*® =2, Imz=0,
(37.14)

z=0, 4=8 z=o0, ©O=Ix

7 GyneM nefopmmpoBars uyrs I, murne He umepexoms vepea paapes, T. e, Bce
BpeMsl OCTaBafiCk Ha BepxXHeM JmcTe. B peaynbTaTe, Kak yie YKaabiBajoch
B § 36.3, K cymMMe BEYeTOB B modI0CaX (36.22) mau coorBercrBeHHo (37.8) mago
EoGaBuTh Moste (GOKOBOH BONHED, HONyvAOMEec st KaK mHTErpaJ o Geperam pas-
pesa

100

&
Yo = S @ (8) HY (kr sin 9) sin 9 49 + § @* (9) HY (kr sin 9) sin 8 d®, (37.15)
oo [

rae @ () B coorBercrBrm ¢ (36.19) m yuerom, wro V, = — 1
Q (\‘}) =ikshb (z _ h) (esz., + Vlebzn) obh (1 + Vlgzbh)-l' (37.16)

@* () monywaerca ms D (0) mepemeHo#r sHaka papakala J n® — sin®t,
OprieM B nepBoM HHTerpaie B (37.15) aror sHak BmOHpaetcds Tak, YroGm
Re V' n* —sin®d > 0,

* JleitcTBRTenbHO, B Touke § = 0, jemameit no Ty me cropony paapesa, YTO HOYTH WHTE-
TPRpOBaRAA, B N8PBOM HHTerpane B (37.15) nmeem HA BopxHEeM JHCT Re Vnz —sin2 9 =

= Ren >0,
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CMeHHB HampaBlleHne HETeCPHPOBANWMA B IepBoM HHTterpajte B (37.15) Ha
ofpaTHoe, MH CMOKeM o0bemuHATL 006a HHTErpaja B OXEH, B3ATHH 0T § ;o ioo,
B KotopoM BMecto O (®) Gymer durypmpoBars @ (3) — @ (3). B peayasrare
nonydaeM, ydaaruBasn (37.16)

i

o = — 2k |

&

TopcrasaM ciopa BHpakenwe Ana Vy ms (37.1). Ilpm arom

Vi—v, _mcos®+ VrP—sin?®  meosd— YrP—sin?® __ 4dmcos® Y n¥—sinid

(VE— Vi) shb (h— z0) shb (b — 5) HED (kr sin 9) sin O 49
(e—bh + V]_GM) (e—bh + V-:ébh)

. (31.47)

" meos®— Vi sintd mcos® 4 ¥ n?—sin? " micos* 9+ -sin?d—n2*

(37.18)
AnanornmyHo mpeofpasyercA M 3HaMeHaTelb B HONHEHTErDAJBHOM BHpPa’KeHAH
B (37.17).
B peaynbrare mosnywaeM
" R YA st D sh b (h— 20 sh b (h—2) HD (hr sin ) sin 9 dd 274
Yo = 2i S m co8 & [ch? bh — (n® — sin2{)) sh2 bh/m?2 cos? &) . (97.19)

&

3mech, mpeguodarad kr > 1, MH MomeM BOCHOJNBAOBATHCA ACHMITTOTHYECKHEM
mpencranennem H® (kr sin 9). Jlanee, mMea B cBoeM pacmopskeHHE Golbmoi
_ mapaMerp Ar, MH; Kasalxoch 6k, MoIH Gea Tpyfa, HOJbaysach METOROM GmicTpeit-
mero chiycka (aHaJOrMYHEM HaloskeHHoMY B § 30.1), mpemcraBmth g B BHfE
pana oo crenedaM 1/kr. Tax oHo u 6ymer, KpoMe Tex clIydaeB, Korfa OfHH A3 M0~
JI0COB MOJHHTErpalbHoro Bupaykenns B (37.19) coBmagaer ¢ Toukoir & = O
WA OKa3HBaeTcs CIMMKOM 6auakuM K Heil. Torna o6HTHMIE MeTof ObCT peiimero
coycka He roaurea. HerpynHo ybemurbeA, WTo MOMIOC OKASEIBAGTCA B TOURe € =
= § Kamgmi pas, KOTfa MacToTa coBOafaer ¢ KPHTAYECKOM 4acroroil ommoit ms
HOpMaJbHHX BoiH. [lefictBuTenbso, MOMIOC MOAHHTErPAJIBHOrO BHIpaKeHHA B
(37.19) ompemensnerca paBeHCTBOM

m? cos® ¢ ch?bh = (n® — sin® ¢) sh®bh. (37.20)

IlokasesM, 9WT0 Ha KpuTAYecKo#l YacToTe 3T0 paBeHCTBO YAOBJIETBODPAETCA HpH
® = 6 = arcsin n. Kax Mmu Bagena B § 37.1, kpurmueckas dacrtora I-ii HopMain-
HOii BOJIHH ONpefeNAeTcA U3 ycaoBHA (mph R < 1)

khv =@ +On2, v=V1=r. (37.21)

Ecim, kKpoMe Toro, mogoxmM sin® =n, ro bh = ikhcos & = ikhv= 21 +
+ 1)in)/2, chbh = Om ypapuenume (37.20) yEoBIeTBop ieTCA TOKAECTBeHHO, [1po-
BefieM aHajums mHTerpana (37.19), y4mTEBasA BO3MOMKHOCTH COBIAJEHAA TACTOTH
C OfHON M8 KPHTHYECKHAX 9acToT *.

3aMernM, 9T0 BeJAIWHa z, ompefeiaeMan GopMyioi (37.14), mpmummaer Ha
HalmeM IyTH HHTErPHPOBAHWA BCe BemecTBenHne sHadeHHR or O mo oo.

B nanbueiineM M1 YBHIAM, IT0 HAXOOIBIIHEN BKIAL B HETETPAJ AT MATHe 2.
TlostoMy pasmoKHEM KBagpaTHYI0 CKOOKY B 3maMeHaTele IIOJ MHTErpajioM B
(37.19) B pag mo cremeHaM z, orpaHEYABUIECH T

[ | = cos?khv + (z3/3) (S_‘",’T’;"l — khv sin khv cos khv) )
B pesyabrare (37.19) upnMer Bmp
o zf:v ‘g“ zsind (b — 20) sinb (b —2) B (kr sin 9) sin 9 19 . ¢1.22)

1
5 v2cos? khv + 22 (;,: sin? khv — khv sin khv-cos khv)

* Cu. 1o sromy sonpocy paGory 0. JI. T'agapsma [27].
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Jaa naasRefimero BaM yA06H0 NyTh MHTEr pEPOBARASA IPOBECTH IO YWy arg £ =
= — n/4. Ilepexon or nywa arg z = (0 Ee BeTpedaer 3aTpyAHemHd. [leicTmm-
TelbHO, B clyJae MaJuX cos Ahv Hyad 3HaMeHaTels IO HATerpaioM B (37.22)
JeKaT NPEGIA3ATENBHO B TOYKAX £ = - im®v? ctg khv W He MemaloT nepexofy
OyTA METePHPOBAHHSA ¢ OJHOro Jyua ma fApyroi. IIpm me madux cos khv, Kak
6yaer BWAHO Jialiblne, YJIeH ¢ r? B sHaMeRaTeJle 110]] HATErpaioM B (37.22) soobme
MOXKHO He yuuTHBaTh, [ladee, B (37.22) BOCmONB3yeMCA aCMMITOTHYECKEM pas-
noxeEdeM GyHEKIEE XaHKeAA. YIUTHBag, ITO OPA STOM NOJdydaeTcH dKCIOHEHTA

exp (ikr sin ), BBeem BMecTo & HOBYIO NepeMEHHYI0 HHTEIPAPOBARUA § COTIACKO
COOTHOINEHNO

sin O = n + is*kr, (37.23)

1IpHYeM ¢ TOYHOCTBE O s%:

d® = 2isds/kr cos & = 2isds/krv, z =V 2n/krexp(— in/4)s. (37.24)

Teneppb B YucIHATeNe IO/ AHTeTPalioM B (37.22) MOKHO IOJOKHETH BCIOAY Sin & =
=n,co8%=V1I=nl=w, b=ikcos® = thv (zro cooTBeTCTBYeT $ = ()
33 HCKIWUEHAEM SKCIOHEHTH, NONYYaomleiica B acCHMIOTOTHIECKOM IpeNicTaBlIe-

gud dyaknnn Xankens. B peayianTate Bripaskenne 1A G0KOBOH BOJHH NPHANMA~
€T BH]

Yo = ,:::, sin kv (b — z,)sin kv (h — 2) elér], (37.25)
Tae .
4iw? ¢ ¢ ¥stds
=i S o (37.26)
__ kr Vvem?
= g R B (37.27)

Tlpubapasaa u BEIATaA iw? B uACARTeNe TOX HETErpaioM B (37.26), Mu moJaydaem,
TONB3YACH 3HAYEHNEM TaGIMIHOTO MHTErpata m ToxaecTBoM (27.22) mpm p = 1,

Tab6auna J. 3navenmn K (w?)

w? 0,00 0,01 002 | 0,03 | o004 | 005 | 0,06 | 0,07

1

ReK 0,0000 | 0,00214| 0,00525 0,0098 | 0,0143 | 0,0194 | 0,0245 | 0,0300

ImK 0,0000 | 0,075 { 0,0330 | 0,0475 | 0,0608 | 0,0737 | 0,0860 | 0,0975

w? 0,08 0,09 0,10 0,20 0,30 0,40 | 0,50 | 0,60 | 0,70 | 0,80

ReK | 0,0357 | 0,0411 ; 0,0470 | 0,44 0,16 0,2210,270,320,36 | 0,39

ImkK | 0,409 | 0,420 | 0,43 | 0,20 | 0,26 |0,30|0,32{0,34|0,35 | 0,3

*

w? 0,90 1,00 1,50 2,00} 2,50 | 3,00 | 4,00 | 5,00 | 6,00 | 7,00 | 8,00

ReK | 0,43 | 0,46 | 0,60 |o0,68{0,76|0,79|0,85|0,80]|0,92|0,94}0,95

mKk | 037 | 0,3 | 0,38 |0,3(0,3|0,31|0,27}0,24]0,21]0,9]|0,47
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Sp = exp (— in/4) w,

o0 o0 o0
Y st g —g8 sy 2
¢ stds Yy a X e tds Y w .
S : S = - V [ ‘p e dxr =

34wt -~ 2 Sp

r

23

=—3 —w Y n g (eniy),

Hererpan seposarrocra @ (1) ompemensercsa fopmydoi (27.19). B peayasrare
AMeeM

1
I=— v3 cos? khv K (w), (37.28)
roe
K (w) = 2iw? [1 — 2wemaQ (eimin)), (37.29)

Ipa Goxpmux w, 9t0 coracHo (37.27) peannayerca mpM He oYeHb MaJHX
tg khv (upA gacroTax He OUeHb GNM3KAX K KPHTHYIECKEM), WMeeM, YUMTHBAs
acmMnToTHRy (27.25)

15 ’ 3 105
K=1— e +... +1<W——ST+) (3730)
Tlpn orpaHMYeHMH 3/lech NepPBHM WISHOM HMeeM corntacko (37.28)
I = — i /¥v%cos? khv. (37.31)

Jro e 3HaUeHHe MEI MOXKeM IONYIHThH HemoCpencTBeHHo us (37.26), npenebperas
B 3HameHaTedle ITof] mATerpasoM wienom ¢ 82, Ilogcranonka (37.31) B (37.25) naer pi-
paxkenne 1A GoKOBOH BOJNHH 5, CIIAAAIONIEe ¢ PACCTOARMEM KaK 1/r2. 1o, ReTaTH,
Bcerna Gyner ameth MecTo IPH 7 > 1, Tak Kak B 9TOM cliydae | cos khv | me Malo

(ff‘" Tabamna &
27 =l cler [olor | kb [ 2ok [ s ih |
, I
% 4 SN 1] 0,6 | 0,50 1,7952 0,70 | 0,4
’ 5 N 2|20 0,5010,8 10,75 0,0
47 . 32007108 |07/ 0,0
7277 : 4| 2,0 §1,00{0,8 |0,75| 0,0
e iy 5120 {1,508 }0,75| 0,0
47 \
g0z AN : H, clefoBaTelAbHo, W! BemmKo.
707 IIpm maneix w A3 (37.29) wHe-
0007 C TPYSHO TOAYSHTb PasilokeHHe
7 —
//;ZZ"; K=~V imw( +w?) — dut +
7002 ) +i[2ut —V 2Zmwt (1 — wd)).
oo LAY (37.32)
’ \:‘J\ [Ipn wactorax, BechbMa HIMBKAX K
AT\ KpATAYecKuM (COS khv 0geHBMAT),
‘r:\\\ Tagax, uro w? = (kr/2n) vim?® X
A X cos? khv <1, Bmeem u3 (37.32)
2000 LN K =~ 2 iw® win, yInTHBag 3Hage-
: 3 ume w?, nonygaem us (37.28)
1
N I = — ikr m¥n, (37.33)
i ¥is (37.25) sl Bagmy, 9TO ammna-
H‘ TyAa GOKOBOW BOJHH chajaer B

77 47 G4 qF 10 £ F ST /7 2097 oy war OTOM Clydae C paccrosfnHeM HO
3aKory Ye ~ 1/r.

Pue. 37.5, Cuananme 3ByKOBOTO IOIA ¢ PACCTOAHM- B ra6x. 23 OpUBEfeHH  3Ha~
eM A HeCHONBLKMX HOHKPETHHX CIydYaeR wendn K (w?).
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Bume Mn nposogunm ananua moid Ha Goapmux paccrommuax (kr > 1),
KoT/la yaBadoch IPUMEHHTH Te WA HHHE acHMOTOTHIecKne MeToarl. Ha ymepen-
HHX H MaJHX PacCTOAHAMAX NOJIe MOYKHO BEIYHCIATH OPAMHIM YHMCICHHKM HHTET-
pupopammeM pupaxennit (36.2) (mpm V, = —1 m V,, naBaeMoM BHpa)XeHHAeM
(37.1)). Ha puc. 37.5 npaBefern peayAbTaTH TaKAX pacieToB (Baareie m3 [213])
OAA mapaMeTpoB 3agaim corAacHo Tabia. 4. Hpymoukda Ha PHCYHKe o3HawawT
8HaueHHe BeAMTnHH | 1p/2k |, MonydeHHO® IHCACHHNM HHTeTprpoBammeM. Cnjom-
HHE NHHHA TPOBEJeHH IO STHM TOYKaM. IIYHKTHpHbI® NPAMKE COOTBETCTBYIOT
nomo GoKopoit BOMHE, nonydeHHOMY No fopmyie (37.25) mpn I, naBaemoM fop-
myno#t (37.31). Kak MH BugaM, yme npu kr mopAgKa HeCKOAbKHX eJWHHII, IPH
BHOpaHHKX 3HEa9eHHsX kfz, moje NPaKTHIECKN L(eARNKOM oumpeneiaseTca moiem 6o-
KOBO# BOMHH, CHAJAIIEM N0 3aKoHy 1/r%

§ 38. PacnpocTpanenme umnymnbca
B cli0e ¢ a0CONIOTHO OTP&KAIIIHMH TDAHANAMM

Pacnpocrparerue 3BYKOBOTO CATHaja OTPaHEYeHHOM JUIMTeJIBHOCTH HMeeT
MHOT'O JONOJHMTEIBHEX HHTEPECHHX ocofeHHOCTel MO CpaBHEHMIO ¢ pacHpoCT-
paEeHEEeM MOHOXpoMaTHiecKo# BoaEn. K paccMoTperHio 5THX ocofeHHOCTEN
MH ceiidac um mepeiigem.

38.1. 3aganme mmnymsca. IlycTh 3aBHCEMOCTH 3BYKOBOTO AaBAEHHA OT
BPEeMeHH B M3yYaeMoM HMuynbce faetcd pyEKuumei f (). ITo oaHaZaeT, 9To Ha A0-
CTATOYHO MaJIOM paccTognal R oT M3inydYaTelds 3BYKOBOe JAaBleHHEe (WM 3BYKO-
BOM DOTeHIWAA) paBHO

¥ (R,f) =4 f(t—Ri), R=V7&|z (38.1).

B paabueitmem wepea ¥ (r, z, t) 6yneM o6osHauaTh TeKyIee BO BPEMeHHN 3BYKOBO®
RaBJeHHe B MMIyJbCe, B OTJAWIHE OT ymoTpeGiaBImerocsa paHee 3BYKOBOTO AaB-
JleHAA MOHOXPOMaTHdYecKoro Haiaydarelds ¥ (r, z) exp (— iot).

(Dysxuuio f (f) npegcTaBuM B BAAe paafioixenna B uaTerpan Dyphe:

“+co
1= \ e (0)do, (38.2)
roe o
AN
g(0) =~ S £(t) éivtde. (38.3)

—_—0c

ITockoAbky f (¢) ABnAEeTCA BemecTBeHHON yHKIUMEH, To JOMKHO BRIOAHATHCA
PABEHCTBO

g(—0)=¢"(). (38.4)

Jaa npaMepa pacCMOTPHM ABa KOHKDETHHX BHJa HMOYJbCa.
a) Mupoxonoaochuii umnyavc

t0, f(t)=0; >0, f(t)=et. (38.5)
Iloacramopka B (38.3) » HHTErpHpOBaEM® JaeT
g(w) =127 (8 — iw). (38.6)

IIpE Maasx o (0 << §) cmexTpanbHag NJOTHOCTH mocTomHHA: g (0) = 2n/8.
IIpr © > 0 g (w) y6rBaer npu ypedudennd gacToTH. Taxum ofpasoM, mEpURY
CIeKTpa TaKkoTo HMIYJbhCa MOXKHO IPH PasHOTO POfa OuUeHKAX NPRHEMMATh PaB-
Hoit 6.

6) Yaronosochwri (KeasuMoHOXPOMAMUYECKUT) UMNYALC

_b<t<b1 f(t)=COS(I)ot, (D(]b:>>i;

1t|>bs f(t)=0
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Marerpan (38.3) B oToM ciydae Raer
.y Sin(w4 w)b sit(@ —@)b
g(») = 21 (® + wo) + 2a(0 —wo)
MarcaManbHEHe 3HaYeHAn g (®) AMENT MECTO NPH MAajdHX OTKAOHEHHAX @ OT

QaCTOTH 3aNOJHEHHA (), IIpA PTOM HEPBHM WIEHOM B HOCAEAHEM BHPa)KeHHA
MOXXHO TpeHefpeus N0 CpaBHERAN CO BTOPHM, H MH IOJyYaeM

g(v) = %ﬂ’l—b ’ = 0 — W, (38.8)

Jluprra coexkTpa afis dToro ciayiad pasHa mpubamsmrenasuo m/b.
Temeps 3BYKOoBO€ JaBleHHE B H3JIyIaeMo# BOJHE 3alHMETCH
4

¥ (58 = 5 S - ibR-eg (0) do. (38.9)

—00

3ByxroBOe moJe B BOIHOBOJE, KOTa HalyJaercn edeprieckan BoliHa eikR-o0/R
HaMH 6HJ0 HcCAefoBaHo pamee. OHO TpefcTaBAAETCA B BHJe Cymepmo3dIHH
HOPMaZbHHX BOJMH H MO)KeT GHTH 3amHCaHO B BH[P

P (r,2) eiot = D) e, (38.10)

1=0

rRe, (r, z) — nofe oTgeAbEOi HopMaabHOH BoAHK (cM. § 35). Temephb, Kak BH[~
g0 ma (38.9), urofn moAydmTs moNe HMIYJAbCHOro Haidysarens, Hago (38.10)
YMHOXHTH Ha 5 g(®) B TPOHATETpHpPOBaTh MO ® 0T —00 [0 -{-oo. Hamenus,

KpoMe Toro, NOpAAOK HHTErPAPOBAHAA H CYMMAPOBAEHS, NOJAyYaeM A1 NPON3-
BOJBHEIX 1, Z H [

‘ ‘F(r! Z, t) = 2 ‘Fl (r7 z’ t)y (38.11)
l=¢
rae
¢
¥,z 0) =4 | $g(0) eiedo (38.12)

—e
— ¥MOyAbCHOE MOJie HOPMaJdbHON BOJAHH HoMepa [
Yamrusas paeeEcTBo (38.4), mociegHee BHpajKeHHe MOMKHO BaMmHCaTh TaK,
9T06H nmerpnponanne OPOH3BOARJIOCH TOJBKO IO NOJOKATEJbHBIM dacTOTaM
]

¥y (r5,8) = 5 Sxplg(m) e-iotde - x. c., (38.12)

0

rne CHMBOJI K.C. O3HavaeT BeJHYMHY, HKOMIUIEKCHO-CONIPAXKEHHYH IepBOMY
leHy.

Ha gocrarouno Gobmux paccroaruax (§;r S 1) ), aasucnT or r, kak ¢&/) 1.
Tloaromy ana AadbHeiimero HaM YyRo6HO HOAOKHTB:

Al (38.43)

rae @y = D (z, 24, §;, ©), — GyEROUA, He 3aBECAmMAA oT . Teneps ada AMIyAbC-
HOTO mOoJAA HOpMaJIbHOﬁ BOJHK Ha 6oJabpImHX PacCcTOAHHAAX nojydaeM BuIpa-
JKeHHe:

¥ (r,3,t) = 2—1—8 0,2 (©) €4 e + . c. (38.14)
0

r
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38.2. Nunynbemee mode oTHeABHOR HOpuanbHON BoAEbI. Ipymmosas cko-
poers, Hurerpan (38.14) GyaeM aEaJHsHpOBaTh C NOMOINBI METOJa CTALHO-
mapHoit jasm (cM, xomer § 27.1). BrpaeHHe B 9KCHOHEHTe 3alHIIeM B BHJE

Er — ot = pp(n),
Ime

p=r, @(»)=(E—ot/r). (38.15)
Todxa cTamHOHapHOM ha3sl w, HAXOQHTCA M3 YPaBHEHAA

P (0) =0 mm t/r—E (o). (38.16)

3xech W HmKe mMTPHX O3HAYaeT NPOMBBOJHYH mO . 3HaYeHMA IPORSBOJHHX
sarem fepyrca npd @ = o, IIpu suuAciAenna muTerpaia B (38.14) meegeM HO-
BY0 NepeMeHHYW HHTETDAPOBAaHAA [ = ®© — ®,, HHTEIDPHPOBAHHE IO KOTO-
PO MO’RHO PacHpOCTPaHATh OT —oo A0 oo (IPH YCJAOBAH, 9T ©, He 6AM3KO K
azyan). Torga, BocmoabaopaBmuch popmyolt (27.17), noxyiaem

Vi, 0,8) = —Va2]8 |, (0) 8 (0) exp { Er — ot =) + 5. ¢, ' (3847)

Tjle 3HaK mepeq 7t/4 B 3KcOOHeHTe BHOMPaeTCA TeM ke, 9TO H 3HAK mepeq 13 (o).
Mu supmmM, 9ro ¥ mpepcTasiaser cofoil BoAROBOM NPOIECC ¢ HenPePHBHO A3MeHS-
zomefica BO BpeMeHH dacToToil. IIpH 3afaHERX 'DacCTOAHHH ' M BPEMEHH ! dac-
ToTa aTo#f BOJNHH papHa ®,. CKOpDOCTh, ¢ KOTOpO@l pacmpocTpaHseTcs CHTHAN
«©aCcTOTH @, T. €. FPYONOBag CKOPOCTh, Kak BHpgHO ma (38.16), pasHa

U (0) = r/t = (IE,/do)™. (38.18)
WNau, nockonbry o = E,;Vy, V; — dasosag CKOPOCTh, HMeeM
Uy(@)=dEV)dE, =V, +EdV /dE,. (38.19)

TaxuM ofpazoM, BOAHOBOJ ABJIAETCA NACHEPCHOH cmcTemoilt, pasgeiasomel Bo
®peMeHH Da3simdHNE CHeKTpalbEbe COCTaBAAIHe HMNYIbCHOrO CHI'Haja,

VYpasnrerre (38.16) B ofmem cnyiae MoxeT HMeTh ABa U Golbme KopHed, 9To
©3Hadaer, YTO NPH 3afJaHHOM r B JaHHOH HOPMaAbHOH BOJHE MOTYT OJHOBpE-
MEHHO NPRXOJATH CHUTHAJNH ABYX H Godpmme 4acTorT.

AmMnauTypa curHaja 9acTOTH O, B JaHHKH MOMEHT BPEMeHHN NPONOpPIHOHATb-
#a, kpome setaImE D (0,) 1 g (©,), XapaKTepH3YIOMEX BOJTHOBOJ U BHJ CATHaAA,
TaKke eme | BelWIAHE 1/V| B|~U 1(©)/V U (0,) |. Caegopatensmo, ammnm-
Tyma cHrHajla Bo3pacTaeT ¢ YMeHbIIeHHEM IPOH3BOJHOM U (o,) 1 ofpamaer-
< B GeckonegRocTh IpH U] (w,) = 0, 1. e. Korga rpynnosas cCKOpPOCTh AOCTATAET
MAHEMYMa HJIA MaKcmMyMa. IIpH COOTBETCTBEHHHIX YaCTOTe H BPEMEHH, a TaKike
B6,M3n UX, pa3BATasg BHINE TeOpAs HecIpaseqjIWBa.

Cronr Tak)xe OTMETHTH, YTO IIPA 3aJaHHOH YaCTOTe M, AMIIATYAA AMOYABCHOTO
<chrEaia y6HBaeT ¢ paccTosHMeM Kak 1/r B mpormeomonoxmocth 1/} r B rap-
MOBHYeCKOH BoJiHe. Bce cKazaHHO® phle OTHOCHTCH K HOPMAJbHEIM BOJIHaM B

BoaHOBOAe M06oro THma. PaapurHe aTOr0 BOmMpOCa SMTaTeNB MOKET HAMTH B pa-
Hore B. A. Ioasancroit [76].

38.3. Uunyabcenoe moite HopvAaAbHOR BOJIHLI B BOHOBOJE ¢ abcondTHO 0TpaA-
JKal0o MUvA rpagEnava. PaccMoTpaM Tenmephb npocremni caysaif, Korga ogEOpOA-
HHH xAARRHE cA0# TONMUREHN A orpaHEAdeHE CHA3Y aGCOANTHEO HONOJATANBHM JHOM,
a cpepxy — cpoBogHoil mopepxHocThI0 BOA. CormacHo (35.22) HMeeM

LE=VE—({+12)@hR:, 1=01,2,... (38.20)
Orcioga faa rpynmoit CKOPOCTH:
U, = (d&/do) ™t = c (dE/db)™* = c VI = (T + 172 (/kh):.  (38.21)
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wie (Masopas cropoctb pasEa V= ofE;. Ilo~
e DTOMY MH HMeeM [UIf [AHHOrO CAYIam
npoctoe coorHomenue U;V; = ¢

Iomygermsle BHpaskenna AMa pasonoit
U rpyniaoi CKopocTeil BHTeKalT TaKXe H3
TPAKTOBKH HopMajbHOII BOJNHH KaK CYy-
OepUo3dmAN [BYX INIOCKWX BOJH (CM.
§ 35.2). [eficTeATeNbHO, HETPYAHO [Ora-
AaTbcd, 9TO AJA IVIOCKOM BOMHH, HOP-
Malb K QPOHTY KOTODPOil COCTABIAET yTroJ

I #; ¢ BepTAKa’Zbw, NPOCTPAHCTBEHHHA
M #4/x  [epHoN B TOPHAOHTANBHOM HATIPABIIEHEH
Pre. 38.1. Kpuswe an rpymmosoi cko- OYAET Asin @, Cnenoparenbmo, pasosan
PocTH HOPMAAGHKX BOJAH pPAasHHX HoMme- CKOPOCTbH Gymer Af/sin &; = ¢/sin ﬁl(f"‘ ga-
pos cToTapoik). BuactHoctn,ecan®; =0,t. €.

BoiiHa Ge)KHT B BepTHKaJIbHOM Hampaslie-
Aun, gasa Ha AHHOM TOPHAOHTE H3Me-
HAETCA OJHOBDPEMEHHO Ha n106oM paccTos-
HAHM OT H3JydYaTeds, a 3To o3Haiaer, 9To-
dazoBad CKODPOCTh paBHa GECKOHEYHOCTH,

4 z C apyroi#i cTopoHH, cAruam (RanpHaMep,

KPaTKOBPeMeHHb # HMOYTbC), 1P eHOCHMELH

Takod miIocKoil BoJHOH, pacmpocTpaHaeT-

CA €O CKODOCTbI0 ¢ B HANpaBiIeHAH HOP-

Mamd K QpoHTY BoJHH. EcTecrBeHno, 4To
gfﬁéaﬁza'ngﬁné'ﬂﬂ’;‘i TpM PACHPOCT-  cKOPOCTD PACTPOCTPARERK A3TOTO HMTY b~
TOTHO-0TpaMAKOUWMK  rpanumayy azn O3 B ZOPUONMEABHOM HONDAGACHUL, T.e.
HOpMAIbHoi BOJIRK HoMepa [ rpynmoBas ckopocth, Bymer U; = csin ¢,

B peayabraTe MH DOJTy9aeM COOTHOIIE—

aue UV, = ¢2. Kpome Toro, ecnm ygecTs,
are §; = ksind, m mogcraButh cioma §, ma (38.20), TocoorTHomemme U=
== ¢ sin @, cpaay macr pupakeEme (38.21) maa rpynnoBoi CKOPOCTH.

Ha pue. 38.1 usofpaskena aapucumocts U,/c oT peamanEn khin = whlcn =
=2n/hgal=0,1,2,3.

MH pmguM, 9TO IpynnoBas CKOpocTh paBHa HYMO NpH KPHTHIECKOH wacTOTe
faHHo# HopManbHOH BoAHH lIpm jambHefmeM BO3pacTaHMH YaCTOTH (nnm BoOM-
HOBOTO YHc/a k) rpynmoBasg CKopPoCTh HempepHBHO BO3PACTaeT M CTPEMHETCA Ha
BHICOKHMX JacTOTaX K BeJIMIMHe ¢, PaBHOM CKODOCTH 3BYKa B Oesrpanminoit cpege.

Teneps merpyamo mpeacTaBuTh cefe BAJ 3ByKOBOTO CHrHala, 06ycA0BACHHOTO
Kamjgoil HopMadbHO# BonHOH. [lepeumm Ea mwfoe, mpoHaBonbHo BHEpaHHOE
PaccTOAHME I HPAXOAAT BHICOKHE YACTOTH, PacHPOCTPAHAMINMECH CO CKODPOCTHIO,
Gauskoit k c. OHE 06ycAoBAHBaKOT Hafwide PPoHTa CArEala B Ha9aJbEKI MOMEHT
BDEMeHH ¢, = r/c. 3aTeM nPEXORAT Bee Gouee HMaKME YacToTH. IIpu Godbimmx ¢
OPEXOAAT YacTOTH, (MM3KMe K KPATHYECKON 4acTOTe JAaHHOH HOpMaJbEOH BOT-
HH., AMIVIATYJa BONHH C TeYeHMEM BPeMeHH HeNPEDHBHO YMEBbIIAETCA.

Cpasmns (38.10) ¢ dopmyimoit (35.21), mu mafigem ¢,. 3agapmmch Takke Bu-
oM mMoyabca (38.5), a TaKike BOCHONB3OBABIIACH ACHMIOTOTHKOR (yHKIHEA

HP (&), maxomam
‘IPI =

775

.

1 I A
7 =7 7 77

40U, (o)
ear (I +1/2) Vi+ 0%/0?

a = (E+172)(w/k), 12y = o,/

Cxemarnuecknit pug ¥, kar GyHKIUE BpeMeRH ¢ IDH 3aJaBHHX T, 2, Zo A306pa~
skel Ha pdc. 38.2.

HOJIHOG JdHaUeHUe 3BYKOBOro mojsa 6yne'r COCTAaBJIATbCA H3 CYMMH TaKoOro
poja CHraa/ioB Opm pa3nmmemHX [, B Rakqsl#l maHAKA MOMEHT BpeMeHH DajHHe
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HOpManbHEKeE BOTHN 6yAyT IPHXONATH B JAEHYN TOYKY ¢ Pa3EHIMHA YacTOTaMH, HO ¢
-TaKUMH, 4TO 'PYNNOBAA CKOPOCTh A7A HHX ogmHaKopa. CaegoparelbHO, COTIaCHO
(38.21), yamTHBaA, 4TO £ = ©/c, MH MONydYaeM AJIA MOCNEROBATENHEOCTH 4aCTOT
o, | =0,1,2, .., DPHXOJAIHNX OXHOBPEMEHHO YCIOBHE

(21 4 1)/»; = const (38.23)
mad, nonaran ! = 0, maxogmmM const = 1/w, = 1/ke.

Teneps na (38.23) momyuaeM 1 OPHXOAAMEAX OFHOBDEMEHHO YacTOT Pasnmy-
HHX HOPMAaJbHBIX BOJH:

; = (21 + 1) o, (38.24)

Ha (38.22) HeTPYNHO IONYIATH, YTO MPH 2TOM aMINIHTY/A BOJIHH C yBelH4eHIeM

HoMepa ! yGHBaer 06paTHO MPOMODPIHOHAIBHO KODHIO V(Zl +1)% 4 6% wp.

38.4. JIyuesan TpartoBxa. [lonyuenHLIe prme pe3yIbTaTH KaveCTBEHHO BoCHMa
TIpOCTHM 00pa30M BRTOKAlOT H3 KaDTAHK MHUMHX M3nywaTenodl  nyweBHx mpen-
crapienuit (cM. § 34). IIpeamonoxum, AnA ODPOCTOTH, UTO HanydYaTenb H IpHeM-
HIUK PaclONOKeHH Ha HixHell (HemomaTiuBOd) IpaHMIe CJIOA, HA PAcCTOAHHH T
apyr or apyra. [1pu t, = r/c npHeMHAKa JOCTATHET UMIYIbC, PACHPOCTPAHAOIMK M-
<A 0T HerouarKa 6e3 orpakeRHit. B nociemyomae MOMeHTH BpeMeHH B OPAEMHAK
6yayT OpAXONATh HMIOYJBCH, «<ICXOAIIAe? H3 Bee Gosee n Gosee yaaleHHHX MEM-
MHX H3anygaTesnefl. B MOMeHT BpeMeHH ¢ — r/c sin & TOUKH mpHeMa JOCTHTHET
PMOYIBC, PACHPOCTPAaHARMHUACA OT COOTBETCTBEHHOTO MHMMOT'0 HCTOYHHKA IO
Iy4y, XapaKTepu3yeMoMy YIJIOM HakiIoHa . YYATHBafA paccTOAHAE H BpeMA
IPUXOfa, AAA [PYOIOBON CKOPOCTH MOTywaem

U=rit=csind. (38.29)

ITocneqyomue HMIOYABCH OPHOHBAIT NPAGIHAUTENBHO YePe3 PABHEE TPOMEXKYT-
KA BpeMeliy, IPAYEM COCEAH¥e HMIYJIbCH HMBIT DA3HHA 8HAK. JTO CO3JaeT B
-TOYKe NpHeMa Kpa3WmepHOmAuecKH# mpomecc ¢ mepuogoM I = 4 h/c sind. Ta-
®AM 06pa3oM, 3TOMY BpeMeH¥ HabII0qeHAA COOTBETCTBYET OCHOBHAA YacTOTA MPO-
Tecca:

wy = 2n/T = (nc/2h) sin 9. (38.26)
Yura cooTHOmeHNe w, = k¢, moXywaem u3 (38.25) m (38,26)
U=cy1 < (n2kh)t (88..7)
To e caMoe MH noaywunn 6 3 (38.26) gna U,.

Takam 06GpasoM, OpocTHe Jy4eBne NPEACTABNGHHA AANH HaM BOZMOXKHOCTDH
TONYYATH CBA3H MEKAY WacTOTOH H IpymmoBofi CKOPOCTHI0 HylepOil HOpPMaJbHOM
BONHHL

Onuako paccMOTDeHHHH HaM¥ KBa3HmepHOAWYeCcKHHA Opollecc B TOuKe Halimio-
JeHN A B MOMEHTH BDEMeHH, CefylImye 3a ¢, KpOMe OCHOBHOH! wacTOTH ®,, fymer
<cofepKaTh TaPMOHHKE 3wy, D0 u T. [., BCEé COOTBETCTRYWIHE, eCTECTBEHHO,
onuoit m Tof ke rpymmopoit ckopocrn. Tawkmm oGpasom, coorHOomenme (38.24)
TaK)Ke HaXOMHUT ceGe ecTeCTBeHHOe 00bACHEHHEe B PaMKaX IyuYeBHIX MpefCTaple-
HA#,

38.5. Cayuali KBA3EMOHOXPOMATHYECKOTO HMIOYJIbca, AHAIH3 HMIOYIBCHOTO
1OJA HOPMATbHEOH BONHH BHINE OCHOBHBAJICA Ha IPENIOJI0KeHKH, ITO B HATETPa-
ne (38.14) ocnmnnANMEA 3KCHOHERNHMAIBEOTO MHOXHTENA ¢ HaMeHeHHEM @ IPO-
ACXOAT OHICTPO WO CPABHEHHIO ¢ MejieHHKHMHE HSMEHEHH AMH OCTAIbHOH YacTH
TORHHATErPaIbHOTO BHpaMKeRH.

B ciydyae KBasHMOEOXPOMAaTHYECKOT0 EMIYJIbCa 3TOT MeTOR aHalH3a He Ipo-
x0maT. B atoM cayuae g (0) B (38.14) cama sBnserca GucTpo Mersuomeiica dyRk-
nueft, MeoOMeR OCTPHiE MAaKCHMYM Ha HeCyIIeH wacTOTe © = .

Mu paccMOTpHM KOHKDETHH#l BW HMOY7TbCa, 3aJaBAeMOTO BHpasKeHHAMH
(38.7) m (38.8). Kpome Toro, yurem, uro ¢ymEkmEA CHEKTPaIbHOA MNIOTHOCTH
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g (@) cymecTBeHHO OTIMYAeTCA OT HYNA TONBKO B Manoit ofmacTm BOIH3M m,,
a mosTomy B (38.14) MeIeRHO MaMEHAVIYIOCA ¢ HaMeHeEdeM @ yRKIEO @, (o)
MOXKHO BHIHECTH 3a HETETPa] IPH 3HaUeHAA ® = 4. B pesyibTaTe MH NONyzaeM
AAA AMOYNBCHOTO MOJNA HOPMANBHOH BONHH HOMepa [

Dy (o)

¥i= 21

d,—L)+x c., (38.28).

Txe 0603HAUEHO
I, = S exp i (§;r — ot + bg)dw/q, q=0— w0, (38.29)
0

I_noxywaercs ua I, maMeHeHWeM 3HaKa mepef, bg p 9KCIIOHeHTe,

Jna sraucnenua I, u I_ pasmoxaM BonnOBOe THCHO £, (0) B DKCOOHEHTE B

pAR mo crememmm ¢: [§; (@) = §; (o5) + E (00 ¢ + & (0o} g2+ ...]. Brecs
§, (wg) = 1/U,; (w,), U, — rpynmopas ckropocTs. Kpome Toro, ana gampueii—
mero ssefeM 0G03HAUEHNE

rE; (o) = — rU1 (00)/U% (0g) = a?/2. (38.30p

Torga naTerpan (38.29) Mosxer GHTh 3amrcaH

oo

I, =expilk;(0)r — ot} S exp i (v,g + a%q*/4) dw/q, (38.31)
0
TRe
T, = r/U,(0) —t + b. (38.32)

B peaynbraTe HaM HeOOXOFMMO BHUACIHTH HHTETpal

o0

J= S exp i (1,q - ¢*¢*/4) do/g. (38.33)
0

Ilna oToro BHYMCIAM OpefBapHTENHHO KPYTOH MHTErpal
o0

Jo= { expi(v,q+ a%g¥/b) do. (38.34)
0

Iocnemuanii MO)XHO BANHCATH TaK¥Ke B BHJE

Jo = exp (— iTi/az)S expi (—“Zi + %)2 do.
1]

3rnech 1eneco0Gpa3E0’ BBECTH HOBYH TePEMEHHYIO
E=0ag2+7Tsa, 2d[=

HATeTPHpOBaHKe MO KOTOPOH Gyjer OCYMeCTBIATHCA OT

v

Lo =1,/0 — 00y/2 (38.35)
0 GeCKOHeYHOCTH.
IIpegmonosxum, dTO
a0y >1, 1, <<dw, (38.36)
Torpga §, npu BEYACTeHAA HHTETPATA MOMHO IPHHEATD 3a —00 H, CNEIOBATENbHO,
“+eo

Jo= % exp (— t3/a?) S et = (2 n/a) expi (W4 — 75/a?). (38.37)

-0
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Cpasrusas pHpaxernua (38.38) u (38.39), Mu sugmM, uro dJ/dt, = J,, cnexosa-
TeJBHO,

_ T

2
~it, /g
Y ginia S e +dt, +Cy,
[}

J=

rae C, — HMOCTOAHHAS MATETPAPOBAHAA. 3AeCh HMOX HHTETPAJIOM CHOBA L(eNecood~
PasHO CAellaTh 3aMEeHy NMepeMeRHHX, 06osHaums T,/a = x. Torga

T+/8

J =2V neini S e*dz 4 C,.
H

Teneps B cooreerctsmn ¢ (38.31) modywaeM

Tye
I, = (e (@or-od] [2 V weina § e*dx 4 Cl] ;
0

I_orcofa moaywATrcs 3aMeHOH T, Ha T_ (T. MONyYaeTCA H3 T, H3MeHeHHEM 3HAKE:
nepeg b) m C, ma Cy. B peaynma're 6yneM HMeTh

T./a

T4/a
I,—L =2Vl eor—oitnil[ { pimgz [ iz 4 C], (38.38)
0 0

e C — mopas nocrogmnas. Hax suamo us ompexenenns !, (cM. (38.29) m amamo-
rmgeoro ompenenerns J_, mMeeM: (I, — I oo = 0. Tonoxus B (38.38) b =
= 0 = yurd, ur0 npH aTOM T, = T_, monyuaem C = 0.
HKpome Toro, yureM, 94r0 B COOTBeTCTBHH ¢ OGIMeNMpPHEATHME 00G03HaYCHHAMB
T4/a

| e#dz = Y72 F (v,0) (38.39)
0
— mnarerpan Openens.

B pesymbrare ma (38.39) momywaeM AnA MMIYTBCHOTO NOJAsA HOPMaNbHOK
BOJIHH

¥, — _;D_;V__(";l')_ & (o] { F (%) _F (_T;—_)} + K. (38.40)

Mu sEgEM, 110 ¥, npepicrapnser cofoi CHIHAM ¢ waCTOTOH ®o H AMIMHATYROH,

y6uBalomeit ¢ paccroarmem rak 1/ r. TIpa safaEEOM I 3aBECEMOCTD aMILTHTYXER
OT BPEMeHH JaeTCs BHpa’KeHHeM B GUIypHHX CKOGKax. B coorpercTun ¢ 0Gme-
HPEAATHMA 06o3maweHHamMa [29] mMeem

F(z) = C (2) — iS (), (38.41)
Tae

C(z)= ]/%Scos 22 dzx

0
B aHAJOTHYHO s S (x) ¢ 3ameHO#t MO HHTETPanoM €os x? Ha sin x%, JaMermM, 4TO-
npa |z }>1 nmeeM C (z) = S (z) =Y/, upr monoxmrenpnXxz uC (x) = § (.1:)
OpH OTPALATENBEHX I,
AMunuryna cMrHala HpH 8ajdHHOM r DPOLODIAOHATHEA BEJHYHHE

4=l -7 (%)
TV ) - e ()= s (-
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Msaosxarens 1/} 2 ciofa BRIOYeH A718 TOTO, YTOGH BeHYEEA A B HeHTpe CHTHATA
6mna papHa egumuIe. JleficTBHTenBHO, coraacHO ompepmenenuio (38.32) v, =0
npr ¢t = b + r/U; (@), T. €. B MOMEHT mPHUXOfia 3afHero PpPOHTa HMIOYIbCa, eCIH
6H mocnegHuil pacupocTpaBaica Gea HekaxeHUA ¢ rpymuopoii ckopocThio U (@).
Ananormano t_ = ( B MoMenT mpuxopna nepegsero pporra. Kax sugno ua (38.42),
HavYano0 W KOHeL MMEY/bca OyAyT HCKa;KeHH Ha HHTepBaje BPEMEHH MODAIKA (.
Ecau a << b, 10 MoxH0 BEGpaTh Takoe ¢, TPX KOTOPOM T,/a GyAeT MOI0HNTeIbEO
A BEJIEKO, a T_ — OTPHIATeJbHO H BOJIHKO m0 MOxyai. Takue [ 6yxyT cOOTBETCT-
BOBATh HeNCKasKeHHKIM YacTAM EMOy/bca. [Ipu sToM ma (38.42) monygaem A = 1.
Ha pgocrtarouso GOJBIMHX pacCTOAHHAX, KOTAA

bla <€ 1, (38.43)
BUJ CUTHAa COBCEM He GymeT MOXOJATH Ha NEPBOHAYAIbHO H3TYIeHHEE HMIYIbCy
H 3aKOH CNajaHAsA ero MaKCHMAaIbHON aMImJATYAH ¢ paccrosanueM Gyper Gomee
GHCTPHM. 1A pacCMOTPEHHA 3TOTO Caydas 3aMeTuM, uTo B (38.39) npn Mannx z
MOXHO HpHEATH eXp (— iz?) =~ 1. CxegomaTenbHO, TOTAA
/e

Fjoy~ | dz=V2m(,a).
0
Teneps » (38.40) Gynem mmers

PlE)— p(L) o Lot /20
a [ n a L

Vunresasa (38.30), monygaeM Temeph ANA HMIYJALCHOTO MOJAA HOPMAIbHOM

BONHH

D, (0)b
r V 215, (@)
Taxum 06pa30oM, B BTOM CIydae, Kak B ciydae MMAPOKOMOTIOCHOTO IMIYIbCa, IO~
Jle cliafaeT ¢ paccTosAHMeM Kak 1 /r.

IMocnenmas PopMyna HemocpescTBeHHO BHTeKaeT Takke m3 popmynu (38.17)
< y1eToM TOT0, 4TO npHd aToM g (®) = (sin bg)/g = b. ITO HecTeCTBEHHO, MOCKONb-
Ry ycaosme (38.43) BHUONHAETCA Ha TAKHX GONBINMX PAacCTOAHMSAX, KOTa CHOBA
9KCHOHEHIMANbHNA MEO)KHTeNb IO HuTerpanoM (38,14) Moxuo camrars GuCTPO
HA3MeHANIEMCA N0 CPaBHEHW) ¢ QYHKIHell cmekTpanbHOM mimoTHOCTH g (®).

O6paruMca Tenepb k ycaosEaM (38.36), pHImONHeHMe KOTOPHX MpexHoOjara-
Jock. Haurem co Broporo u3 Eax. MakcAMankHOe 3HAu€HHe T,, KOTOpOe Hac HH-
TepecyeT, mMeer nopsgok b. CiegoeaTenbuo, 3TO yCIOBHE MO)KHO 3alMCaTh

¥, - (e ear-at-riall (38.44)

b<< aw,. (38.45)
Yunrupan (38.30) 1 coorromenme r = U;f, MOXKHO ero TaKiKe 3amHCaTh
o, (dU,
b<t g () (38.46)

(0]
Ec/aE mpeAmoN0KATh, YTO BeJIMUAHA T"(#) AMeeT NOPAJOK eMWEMIH, TO
Hame yca0eHe Gymer L @

b< t. (38.47)

JpyruamMu c1osaMH, HpopeaeHER BLINE aHAIA3 NPATOXEH HPH £, TOCTATOTHO OB~
mMOM L0 CPABHEHHI ¢ AJINTENHEOCTHI0 H3TYIeHHOTO0 MMIYJIbCa.

JdaMeTHM, Jasee, ¥TO IO YCAOBHIO KBa3UMOHOXPOMATHIHOCTA HMILYJbCa HMeeM
bw, > 1. CregopaTenbHO, eci1M BHOONHSAETCA yenopde (38.45), To mepBoe M3 yc-
aosui (38.36) Gyner sunonHEATHEC A TeM Gonee. [0sTOMy €ro MOXKEO He yUNTHBATH.

B sakaiowenne maparpaa OTMETHM, YTO M3J0)KeHHA A BHINE TEOPUsa NpPEMeHd-
Ma K pacOpOCTPAHEHHI0 KBa3MMOHOXPOMaTHYECKOTO MMIYibca B nM060# gucmep~
rapywome# cpege. Ee mpunokeAwe K caydald pPacIpOCTPAHEHHA DaguOBOJH B
morocdepe cM., Hanpumep, B [28].
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§ 39. Pacopocrpanenme mMnyibca
B JIBYXCIOHHOMK JRUIKOCTH

Tlepeimem Temeps ® Gomee GIM3KOMY K OPAKTHKe CIyYdl) — pPaCHpOCTpaHe-
HIOI 3BYKOBOTO HMIYJhca B CHOe KHJKOCTH, AeXKAINEM Ha >KEAKOM MOJLympOCT-
parcTee. [lonyuenHHe OPH 3TOM peayAbTaTH GYAYT EMeTh 3HaweHHE NPH aHATHIS
PacIpOCTPaHeHHA 3BYKA B MEJKOM MOpe H, B WaCTHOCTH, OPH ONpefeleHHH Xa-
PAKTEePHCTEK MODPCKOTO I'PYHTa MO HaONWgeHHMI) PACLPOCTPAHeHHA BBYKA BAPH-
8a B Mope. Brmepsiie sToT BOIpPOC feTanbuo Oun paccmorper ITexepmcom [213).
Hame nanexeHue B 0cHOBEOM Gyner ciegopaTh ero pabore.

39.1. KauecTemman RaprMHa pacmpocTpaHenus mmmyibea. B § 37 6muao
TONy9eHo BHpakeHAe [ NONA HOPMaXbHO BOTRK TOYETROr0 HATYyIaTeNd 3BYKa
94CTOTH @ B NIPOH3BONLEOM TOUKe KAAKOro cioda (cM. dopmyny (37.8)). Bocmomns-
3yeMcs aCHMIOTOTEICCKEM NpefCTaBIeHAeM GYBKOEM Xamkens n 0603HaTvM Kak
BCcera Teped §; BONHOBOE TACIO KAKION HOPMAIbHOH BONHH, TNe

G =ksin®, =kV 11— (zjkh)%, =z, =khcos?,. (39.1)

Toraa Bupaente ana GyHKRMEN b, 3a KOTOPYIO 31eCh ME BO3bMeM 3BYKOBO® aBe
JIeHHEe, MO;KHO 3anucaTh B BAAe (yIuTHBag Tarkmke (37.8))

b = Qexp [— i (of — kyr — w/4)] @, (w), (39.2)
{
rne
_2n 2 (z,8in[z), 1 —z/h)]sin [z, (1 ——za/h)]}
Qu(v) = B l T {zl — iz, cos z; — (sinz, tg z))/m?) * (39.3)

Jlns nonyTeEn A mOAHOro pemeRdsa K BHpaskerno (39.2) pusa ¢ meobxogumo noba-
BuTh empe GOKOBYIO BOIIHY, JaBaeMymw HETerpanoM mo GeperaM paspe3da. OgEako
MH GyfeM paccMaTpEBaTh Dofle Ha GoNBIIAX PACCTOAHAAX, Korga GokoBoit BoiI-
HOlt MoxxHD mpemebpedn. Boamoskmoers Taxoro mpemeGperiensus obycmoBnera
TeM, ITO aMIUTATYRA OOKoBo# BONTEH yGHBaeT ¢ paccTosiEMeM no 3akomy 1/r%
{(unu 1/r mpn khv = (2 4 1) n/2), B TO Bpemsa Kak aMINTHTYAH HOPMalbEEX BOXH

y6uBalor mo saxomy 1/) r (paccmarpmBaercs caydaii ¢, > ¢, KoTla Ha rpasmIe
CNI0s1 WMeeT MecTO HONHOe BHYTPeHHee OTpajkeHHme) ¥,

B cnygzae mMIyTBCHOrO HCTOYHHEKA, YUHTHBAA H3N0KeHHOe B § 38.1, M Gyaem
nMeTh 3717 3ByKoBoro masnenns ¥ (r, z, t) dopmyny (38.11), rme ¥; (r, z, 1) —
BMITYIBCHOE NoJe HOPMANbHOM BONMHK HoMepa ! 6yaer cormacmo (38.12°): °

oo

Wi(r, 7, 8) = o\ exp{— i [0t — & (@) r — 141} ¢ () @ (o, 7, 2)do + x.c. (39.4)

Mzu 6yneM mpepmonaraTh, 9TO H3yTaeTed cArHan BHAa (38.0) Tax, YTO ANA CHEKT-
PATIbHON MIOTHOCTH g (©) MOMKHQ BOCIONb30BaThc A PopMyaoi (38.6). B pesynbra-
Te HMeeM .

¥, 2, t) = ;—ngng-l's—(%exp{——i [mt —& (m)r———}-]}dm—i— K. C. “ (39.5)

0

v

Jl1a KauecTBeHHO0 aHANN3a PacNpOCTpaHeHAsA HMIYJIBCa MONE3HO MpeacTas-
Aarh cebe 3aBECAMOCTH (pa30BOM M rpymmoBoid ckopocTel BomH OT YacToTH. Ha
pHc. 39.1 BepxHee ceMelicTBO KPHBHX faer (no [lexeprey [213]) saBmcmmocTs da*
30Bo#t ckopoct: V; = ©/t; or mapamerpa y = h/A = fh/c nua mepBo& HOpMANb-
goit sonHK (I = 1, mEgeKe 1 Ha pPHCYHKe OMYIIeH).

IInoreocTh rpyHTa Bubpana p;, = 2 2/cu3, Pasune KpHBHe OTIHYAIOTCA 3Ha-
TeREAMHE C;/c. Bo Bcex caywasx ¢asoBam CKOPOCTh MOHOTOHHO yOHBaeT ¢ yBeld-

* Koneteo, G0K0BYI0 BOJINY HAJQ YIUTHBATH B TeX CIyIadX, KOINA ee HPAXOJ OTACIAETCH
10 BpeMeHH OT NPUXOJZOB IPYTUX BONH,

16 11 M Bpexoscxux 24t
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@ ¢
Pac. 39.1. Jasmcumocth

(aseBoii ¥ rpynnoBoit cKo-
g6 pocteii mepmoii HOPMAIH-
HOM BOJHBHI OT 9YaCTOTH:
AIA HECKONBKYX CIy%aes

5 =
T T T L TR R R T 304030 70 00 (badp = 2)
¥z=c

9eRMeM IacTOTH. Hiraee ceMecTBO RpHBNX H306paskaeT IpyNINOBY IO CKOPOCTD AJIS
9TAX j®e ¢IydaeB. Mu BATWM, 9T0 NoCAegHEAsA BO BCex CIyTadaX HPOXOJHAT Tepes
mMuHAMyM, opadeM npu U < ¢ KoMy sHa9eHHI cKopocTd U COOTBeTCTBYeT [Be
9acTOTH. JTH 0C0G@HHOCTH KPHBHX IPYNOOBOM CKOPOCTH M ONpeNeN T KageCTBeH-
HYH KapTHHY PacHpOCTPaHeBHA HMIyasCa B cloe.

N3so6pasum cxeMaTHIECKH KPABYIO JJIA FPYNIOBOM CKOPOCTH, KaK Ha puc. 39.2
(sra KpEBag ImepegaeT BCe OCHOBEHe ocofeHmOCTEH KpuBhX Ha pmc. 39.1),
B GyjeM mOKa pacCcMaTpHUBATh TOJBKO OFAY (CKaj)keM, NePBYI0) HOPMANBHYHO BOJ-
my. Us puc. 39.2 BAgHO, ¥TO NepBOfi K NPHEMHAAKY HPHAET NOYTH CHHYCOHANb-
Has BOJNHA TACTOTH fy, THE fx — KPATEYecKad HAcTOTa AAS NEPBOH HOPMANbHOR
poamu [em. opmyay (37.11)):

fe=clhVTI—rE, n=cl. (39.6)

Bpemsa mpnxopa sTo#t BOAEH 6yuer £ = r/c; W €00TBETCTBYET EKOPOCTH Paclpo-
cTpaHeBHA BOJNH B rpyHTe. G TedeHHeM BpeMeHH TaCTOTa H aMIIHTYZa B 3TO Tak
HashBaeMOi I'DYHTOBOI BOJHE IOJKEK BOSpacTaTh. BoapaeTam®e 4acToTH 00BsaAC-
HAeTCA TeM, 910 B 6oNee mMO3gHAE MOMEHTH BpeMeHH NPHXOAAT YJacTKA BOJHH,
BMEIOMIHe MeHBINYI TPYNIOBYI0 CKOPOCTH, 9TO Ba puc. 39.2. COOTBeTCTBYET IpO-
JBIKEHH 1O Jepoil BeTBA KPMBO B HanpaBleHNH NOBHINEHHS YacTOTH (Hanpap-
aeEme crpedkn). O mpEIMHAX BO3paCTAaHMA aMIIHTYAH Gymer ¢KazaHO mO3jHEee.

B MomeHT ¢{ = r/c KpoMe HaCTOTH fy, COOTBETCTBYOMEH JeBOH BeTBH KPHBOH,
mpUAyT Tak#e BeChbMa BHICOKHe YACTOTH, COOTBETCTBYOMIN® e¢ IDapoil BeTBM
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(serBb B), dTy HOBYI0 BOJIHY, BCTYI/IEHHE KOTOPOH HAaTHHAGTCA ¢ BECHMA BLICOKAX
44CTOT, YMECTHO Ha3paTh 60dKol sosnoll. Ep HavanbHan dasa pacmpocTpanserca
€O CKOPOCTBIO, PABHOM CKOPOCTH PacHPOCTPAHEHHA 3BYKOBHX BOJH B BOJeE.

B Bonnoit BO/IHe TACTOTA ¢ TeUEHHEM BPeMEHH JOMMHA YMEHBWATBCA, ITO CO-
OTBETCTBYET UPOABMKEHMI0 10 BeTBH B B nepyio cTopory. B OponsBoabHMI Mo-
MenT Bpemenu r/c << t << r/U,, rge U, — MEHEManbHAA TPyNOOBAA CKOPOCTD,
nepeas HopManbHas ponna Gyner mpepcTaBaATh OGO CynepUOSHIINO NBYX BOJIH
PasHHIX 9acToT fr ¥ fz, KOTOpHe MK Gynem HaBHBATL YaCTOTaMH IPYHTOBOMR H BOJ-
HOM BOJIHM, Ha 9TO H yKa3MBAaKT HX HHAeKcH. IIpm ¢ = r/U/,; 9aCTOTH 3TAX BOJH

&
u

Pme. 39.2. CxemaTndeckas 3a-
BHCHMOCTE I'PYLIIOBOE cxopocTH
OT JACTOTH

©

o=
s ——

COBIAJAI0T, U MK GyemM HMETh IPOMECC ¢ eKHOM YACTOTOMH f4. ATy 9acTh OpHXOAA-
meil BOJIHK HABKBAKOT BONHOM Ditpn. Ee MaTemarEdeckoe onncaEme OKa3kBaeTCA
AHAJIOTHIHHEM pAcdeTy HOJsA BGIH3M KaycTHKH.

Ha puc. 39.3 usoGpasxena paranciennas reoperuaecka (cM. [213]) aapncamocTs
3BYKOBOI'0 JaBJIeHAA OT BPEMeHH AJiA OJHON0 KOHKDPETHOTO cAyuas. Ha nem sHfHO
BCTYIVIEHHAe I'DYHTOBOR BOJHE (UpH £ = (), DOCTeNeHHOe YBeMMIEHRE e aMILIATY qhl
B 9aCcTOTH, BCTYI/IeHHe BOAHOA BOMHM (mpu ¢ == 0,5 cek), HanoxeHme Apyr Ha
Apyra mocie sToro oGeHX BOJH, I3 KOTOPEIX IPYHTORASA IPOJOMIKAET YBEAHTABATE-
Cfl TIQ aMITATYAE H 1aCTOTe, B BOJIHOM e BOJIHE AMILIATY XA CO BPEMEHEM YBeJH-
YHBATCS, a YAcTOTa ymembimaercs. Homer BammCE cOOTBETCTBYeT BONHe Opm ¢
aMIIATyo#, yOupaomeil 00 3KCOOHEHIAANLHOMY 3aKOHY, M HOCTOSHHOMR JacTo-
Tof.

39.2, Jlyuemne mpepctannemsa. Bup KpEBHX s rpyunmosoft cKOpocTH Ha
puc. 39.1 MOKHO 0GBACHATH, HCXOAA U3 3JIEMERTAPHMX JyIeBLX UPeACTABICHAT.
Jas 3roro y4utem, 9To NpH ¢; > ¢ B TOYKY OpmeMa P OT HCTONHHKA 0 LPHXOLAT
3BYHOBBIE AMOYJBCH IO Jy9aM JBOAKOTO poaa: —

a) Bodume ayuu— pacmoNoKeHHbe TeTHKOM B CJI0® KHAKOCTH, HO HMEIIHe
pasnngHOe WHCAO0 OTPaKeHHH OT rpammy ciaod. Ha Goabmex paccTOAHHAX T

§ dl A [pyHmobar GonHa
Qg
S | Havaso 2pywmobod Eonwsi
N-2 1 | ] ! 1 |
7] 005 an a15 220 ]
Bpema, omevumsifaemoe ¢ momeHma Gemynnenusn epynmobou Bonnsi, CexX
ir
4 . Boska Jipu
v 2
X
§ ) q [L/
3 V v
Sy Tpynmobas onna
- 4 -
6 1 1 i ] J S

L 1
q3s 940 45 4250 a5s 460 465
Bpems, omevunnbaemoe ¢ momenma Gomynnexus epyrmoBou 60nkne, cex

fne. 39.3. JaBucHMOCTE 3BYKOBOro LABNEHUS OT BDPOMEHN AJA KOHKDETHOIO caygan
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/R . COBOKYOHOCTh HOC/EeJOBATENIBHO OPHXOgA®
K MHX [0 PasaWdHEIM JIyYaM CHTHAJIOB oGpa-

1‘-2\ _______ ByeT KBasmmepmoAwiecKmid curuan. Ilomro-

| PAA paccy:KueHns, TpABeaeHHHe B § 38.4, MH
4 k"_\T _____ nonysaeM gopmyay (38.27), cBaAsuBaromyI0

AN /‘ TPYHOOBYI0 CKOPOCTh ¢ WACTOTOH And 9TO#

RN/ AN 1 7acTd ODPOxecca. .

| P 6) I'pynmoswe aywl, — OPOXONAT HaCTh
7 _f OyTHA B HE3KHEM mOAyzpocTpasctee. OHE co-

’ 4 2, orseTcTBY0T G0KOBEM BoxHAM. [IpegmonosremM

S R, ¢ —— AAA OPOCTOTH, ITO H3TYy4aTe]b H OPHEMHEK
KH, COOTBETCTRYIOINIS rpyn'ronoﬁ BOJI~ PacOoosoKeHH Ha HHXHEM Trpamune CJaos.
ae Tpyuromre ayam 6yayr OP, O0OA,B,P,
0A,B,A,B,P, ... ua puc. 39.4. Mx moxno0
OpefcTaBiAATh cefe HCXONAIEMA H3 HCTOY-

e uuroB 0, 0y, O,, ... Yroa, 00X KOTOPHM OHH
L l NMagal0T Ha HEKHIOI TPAHEIY CIOA, PaBeH
A KPHTHYECKOMY YTy MOMHOrO BHYTPEHHEro

24 oTpareEHa O, = arcsin n. Cocemgme o
] BPEMEHE WMOYJIbCH, OPEXORANAE 0[O ATHM
LI Iy"aM, pPagHATCA Ha OHO OTpaskeHHe OT JHA
] H OJIHO OTpayKeHHe OT HOBEPXHOCTHE BoAH. Of-

A4 nl HAaKO, OCIE NpH OTPaKeHEH OT fJHAa HpH
| 4 = 4, roadpdunmenT oTparkeHHA paBeH egH-~

57 Huie (cM. gopmyay (2.21) mpE sin § = n),
TO OTpaKeHHe OT NOBEDXHOCTH HIMEHHOT

75— ", l.; IIJ' /‘y le J‘l‘ pasy caruana Ha m. IIosToMy COBORYHHOCTD
OO AT (TPYHTOBHX» UPHXO0B 06pasyer mepuoim-

9eCKYI0 HOCHEfOBATENBHOCTH ¢ HEPHOAOM
T = tyy — ty, TH® iy — BpeMs, HeoOXomm-

CKOPOCTH OT 9aCTOTH II0 TOYHO# Teo~ ! )

PuE (cIMOmHAR KpmEan) m B aymopou MO AUA UDHXOMa CUIHANa OT HCTOTHMKA On,

OpuiIaKeRN (TyRKTADAAs) oo cooTBercTBeHHoMy myrH. M pme. 39.4

BHAHO, 910 I’ He Gynger saemcetrs oT N m

paBeH BpeMenn npoGera ygacrka OA,B,4,B,,

T.e. T = 4hlccos 1‘10 = 4h/c Y 1 — n® mpas coorsercTBenHOR TacToTit f = 1/T
pmoxayqaem fk /¢ =7 Vi—n®— TOCTOAHAYI0 BeJHYHHY.

Ha puc. 39.5 OyHKTHPOM mB06pariesa 3aBACAMOCT IPYLNOBO# CKOPOCTH 1O
AyaeBod Teopud aaA n = !/, Jlesga merss (fi/c = 0,24) — rpynToBas Boana,
mpaBasx Bersb (fh/c > 0,3) — Bogmana Bomua, CnnomHas KPHBAR B3ATa Ha
puc. 39..1. Mt BEgAM, 4To Jyuepas TeOPHA UPABHABHO HEPeaeT TeHNEHUHIO XO0Aa
#puBoil, B ciywae HopManbHEX Boam 6osmes BHCOKOTo HOpAAKA coBmamenme Gy-
Ret eme nyime. OpHaKo TyYeBas TeOPHA HeOPIMEHIMA B 06aCTH 9acTOTH JipH.

39.3. Houmas Teopus pacupoctpamesma mwmynnca. IIpu HcclenoBaHEH HH-
Terpana (39.5) yurem, aro Q; (0)/(8 — iw) ABAAETCA CPABHHTENBRO MEIEHHO
MeHMOMEeRCA pynrauell », BTO BpeMA KaK 3KCHOHEHTA — GHCTDPO OCHUIIKDPYIO-
mas dyurgua. Inaenas gacTh HuTerpana HOMyJaeTcH 3a cueT oGnacTeit B6amsn
ToueK CTAlHOHAPHOM Ga3sl = @y, OnpesensaemMuX U5 ypabHenasa do/deo = ¢ = 0,
mprvemM dasa ¢ JaeTcA BHPasKeHHEM

@ = ol — E; () r — n/4, (39.7

Pme. 39.5. Bapmemmocts rpymmosoi

Touka cBepxy 3jech H HIxe 03HadaeT Au(PepeHNUPOBAHEE O ©.

FB OKpeCTHOCTH TOYKH CTANHOHADHOH (ask MOKHO TOMOKATE @ = ©, + U,
THe & — Majlag BelMYHHA, PackiaguBas ¢ (@) B pAR 00 CTeHEHAM U, HaXOMUM

@ (0) = g(og) — 2l T s (39.8)
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B maTerpane mo u cymecrseHHN GYyAYT AMIb MaJIHe@ U, KaK HON0KATEbHEE,
TaKk H OTPHNaTedbHKE, HOCKOJIbKY OYTh MATErpAPOBAaHAA UPOXONHAT Yepes TOI-
RY @, a HEe HauAHaeTcA B wed. Uncro GopmanbEO HNTErpAPOBAHHEe OO U MOXKHO
OpPOHSBOJATH B HPEeNaX OT — 00 A0 - 0o, PAIeM U0 yKazaHuHM Brmme coobpa-
WOHHAM CymecTBeHHHH BRIay B WHTErpan OyAyT AaBath NAMb Majke U.

Taxmm oBpasom,

o0

1 Ql — i (w) d 1 Q ((')0) exp [— ip ((')0)]
.i?t"& 6—i(oe ® =37 8 —iwo

0

+x v R
X S expi['gg'"’) u? - ngﬂo) u’—[—...]du.

Ionssyscy dopmynamu § 27, HeTpygHO HOKasaTh, ITO

t

S expi[‘r%u2 + %u’—[—...]duz
~1/ 2 ;aN[p s E 0_1_} 39.9
~1/,-|'E'|exl)(i—14>{1 r [ 24(‘5‘)“+8(€)2}+ (ﬂ) , (39.9)

e B 9KCOOHeHTe Gepercs amak mmioc, ecnm & > 0, u sHar Mumye, ecaz § << 0.
Takmm o6pasom,

opr £ >0
10 QO i 1Q, (@) ) om
‘Ffz'z?g il “P”d“’=me"p‘[g("’°)"‘°°‘”/7ﬁo€ﬁ{ be
1]
(39.10y
npn"é<0

Q, (wo) . 2
¥ = E-ST:&)—expz [E (o) r — ®¢t] ]/TE(?DW{ }, (39.11)

rHe cuMBON { } O3Havaer BHpakeHAe B PHrypHEX ckobkax B (39.9). Uro6u mo-
JyuuTh NOJHHE BHPaKeHHA AJIA AaBieHusd, HeoOxogumo, cormacmo (39.5), B
(39.10) = (39.11) nofaBmrb eme KOMIIEKCHO-COMPMKEHHKE HM BHPaKeRAA.
B peaynbrare, ecim eme npaEate { } =<1, T. e. IpeHe6peTs BTOPHM HTDETHHM
ujieHAMH B CKOOKe, TO mOIyTHM "

§ > i (r, z, t) = [2mr | é‘(mn) g 6+ (1)(2))]"1’ ’ ( 91&)
w“ 2Q; (wo) cos[(oot — rE, (@) — arctg %]
<0 Wilnz 1) = . (39.13)

[27r | E (@0) | (82 + 0"

Cnyuwaii § >> 0 peannayercAa Ha TOH BeTBH JUCIEPCHOHHOH KPHBOH, KOTOpag Co-
QTBETCTBYeT IPYHTOBOR BOXHe (ClIeBa OT MAHWMYMa Ha Kpapoit pme. 39,2). Heir
crBETONLHO, Ha Hell peamanHa 1/U = dk/dw ysenrwmumpaerca IpH yBelWIeHHNE
wacToTs, T. 6. d*k/dw? > 0. Cryuait § < 0 peannayerca ua BeTBH JACTEPCHOREON
KpuBO#, cooTpeTcTBylomeil ponnO# ponme, TakmM oGpasoM, BHpakemme (39.12)
AaeT TPYHTOBYI0 BOJHY, a BHpaxende (39.13) — soxmyo Boxny. Hampaoe n3 Hux
npepcTaBiger cOGOR myr BOJNH, MOAYNHDOBAHHHX N0 9YacTOTe H aMILIATYAE.
B KaIelt MOMEET BpeMeHH 9TacTOTa ©, HaXOAHTCA H3 ypasmemua Ut — r = 0,
4/U = dt/dw. D10 ypasEerde B GONBIHMACTBE CiaydaeB yaoOHO pemars rpadmae-
CRHEM IyTeM, NOCTPOUB IpejBApHTEIbHYI0 KPEBYW AdcmepcHE U (o).
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OuennM Teneps TpaEALNH IDPAMEHAMOCTH BHpaeBH# (39.12) m (39.13). 1lpm
HX BHBOJE MH IPEANOJAraid, YTO BHIOAHAETCH YCIOBHE

Af_see ¥ ]
-]t (39.44)

970 HepaBeHCTBO BHIIONHAETCH BCIOAY, 33 HCKNIOYOHHEM MaJLIX DacCTOAHAR H
o6iacTu MEHAMYMa KPHBOH Ipynnosoil ckopocru, rae 5§ = 0. Boumam sroit Tos-
KH HEOGXOJHMO IPOBECTH PacCyXAeHHA 0c060, 4T0 ¥ GyeT CACIAHO B CIBLYIOMEM
paspeue.

39.4. Bosma Jiipu. B6umsn mammmyma rpymmosoit ckopoctd, rae & (@) =
= 0, B maTerpaie (39.5) HOIOKAM ©® = ©, | U H BOCHOIBLIYEMCH CISNYIOMHIM
PAaBIoKeHAeM B PAM L0 CTENEHAM Uu:

@ () =0t —E(2) 7 — /4 = () +au+bu? 4., (39.15)
e
a=t—rfy=t—rill, b=—rE/6>0. (39.16)

Waaekc 0 y nporasoansix or § 03HaYaer, 9T0 OHHM AOIKHH GHTH B3ATH IpH ® =
= o,. CxepgoBarenbH), B OTIAYME OT IPEJLIAYMEr0 Pa3fena, STH INPOH3BOLHES
ABJIAKTCA MOCTOAHHKNME BOJIMYAHAMH, He 3aBACAMIMME HA OT [, HA OT I.

Yura, g9ro K (39.5) momKEO GHTH [OGaBIEHO KOMILIEKCHO-CONIPH;KeHHOE BHI-
pajkeH¥e, MONyUaeM

oo

L gie®) Pl 1 ¢ Q, (@) ®
WV, = HS O (m)[é_—i_m 4+ m] do = ?S Voo 1—65005 [(p(o) — arctg T] dw
] ]

Ilocne aroro mveem mpuGiudxeRHO
+x
¥, =~ 4 _Qle) § cos [A + au + bu’] du,

14 ]/624—(1)3_'@

(39.17)
A= [wg — E (w,) r — arctg (ng/8)] — m/4.
Haiee
+0 %
S cos [4 + au + bud] du = 2 cos AS cos (au 4 bub) du.
—C0 ]

3pech HedeTHHE IO OTHOMEHHIO K U QYHKINY IpH METeTPHPOBAHHHE 0T — o [0
- oo manm Hyap, a HETETPANX OT YeTHHX (YHKNUHA 3aMEHEH Ha YJBOCHHBIA HHTEr-
pax or 0 mo o».

Beena ofosmauenma

s={30)"u, y=a(3)™" (39.18)

mocaenEAil METerpan coraaceo (21.9) ceoguM k ymKnuE J¥pH, a WMEHHO:
{cos (au + bu®) du — (38)° " co ( s(sy + ’TSS) ds = 7 (36" v (v). (39.19)
0 °

Cornacro (39.18), mockonbky b >> 0, 3HaK 7y cOBHAZAET cO 3HAaKOM @. Temeps
cormacro (39.17) monywaem, yauTmpang smagsenue b u A

\

2 /‘Q, (@) cos [t — E (on) r — arctg (wnf/8) — n/4] v (¥)
Vark—g)" @ +op '

Ilocienmee BrIpas;enWe mpefcraBiaer cofolt BOXHY IACTOTH g, ¢ AMOIHTYAOH,
H3MOHAIOMEHACA BO BPEMEeHH B COOTBETCTBHH ¢ M3MEHCHHEM (yHKIHA

v (x) = v [ — r/U)/(— 2Er)"). (39.21)
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IIpn << r/U, $yExnmn mEMeeT ocHmuiApywmmil xapakrep (cm. pue. 21.1), npm
t > r/U, — oKCIOHeROBANBHO COAfAeT ¢ yBenamueHWem passocty § — r/U,.
Makcumyma amuamrTyaa JoctEraer mpm y = — 1,02, rme v (y) == 0,95.
Tlockonbky cormaceo (39.3) Q) ~ 4/r's, TO 32KOE cHAJaHAA MAKCEMyMa «BOJ-
nn Jitpm (39.20) 6yner r~™ BMecTo 3aK0HA 1/r, cOpaBeANHBOrO And OCTANBEHX
wacTei UMOyJbca H, CICOBATEIBHO, Bee Gonee 1 6onee Gyfer mogIepKABATECH IPHA
yBeJIMYEHAH PacCTOARYA 7. BpemeHHas npoTAKEHHOCTE ATOTO YIACTKA ¢ NOBHINEH-
HOft aMTIMTYRO# OrpaEwucHa 3EaTerRmama | ¥ [ S1 mim |t — /U, [ S (— 2 g™,
T. €. TAKIKE YBEIWIABAETCHA, KaK r's, .

39.5. Koappaauerrsr mo3GymNeHnsa paamAYnLIX HODPMANBHHWX BOIH., Jlo
CHX TOp HAN¥ PACCYKIEHAA OTHOCHIHCH K OfHO# HOpMAanbEO# pome. [IpakTHue-
CKH 9aCTO 3THM ¥ OTPAHEIABAIOTCHA, CIATAH, YTO OCHOBHYIO POIb HIPAET MepBas
HOPMAJIbHAA BOJIHA, A BOJHH (0j6¢ BRHICOKHX TOPAAKOB Bo3by:;xmaworca ciaGo.
Onmako aT¥ c000paskeHWA He BCErAa CHPABENIMBH. Te0OpHs, M3T0KOHHAA B Ipe-
JBAYOIMX PA3fenax, MO3BOJAeT ONPENEIUTH POIb BOJH PA3IHYHHX NOPHAKOE B
pasumnx $asax mMmyabca.

Toncrasne pupaskenne (39.3) nas Q,; 8 popmyns (39.12) m (39.13) u orpanmams-

TIUCh CTyIaeM, KOTJA M3IydaTeJb M OpPHeMHUK HaXOfArca Ha Aue (z = z, = 0),
HAXOAWM AMILIATYAY TPYHTOBOH H BOAHOH BOID
4e
| = % g
hr V 8 !
+ @
TIe
z,sin?z
G, = £ L (39.22)

[z, — sin z; cos 2, — (sinz, tg =,)/m?] ¢ Vel

‘Taxum ofpasoM, aMIuIATYAa HOPMAIBLHON BONHK LD PA3AHX YACTOTAX OmpPeNsis-
erca Qynxunuedt ;. Hamommnm, aTo upm vacrorax, rae § > 0, Mbt umeem rpysn-

-ToBy® BONHY, a mpu § <7 0 — Bogmyw monmy. Llenecoofpasmo BBeCTH Aiam HAX
pasiHuBNe ofozHauemma Gi® ¥ Gi, TAK 4To

mpr £>0  G,=G",

> (39.23)
mpr £<0 6, =G].
Ha prc. 39.6 nyEkTApHEME InEAAME H306paxenn (mo INekepmey [213]) paceun-
-ragune no gopmyne (39.22) aMOAATYAH rPYBTOBHX H BORHHX BOIH KO TPEThero
TOPAKA BKINIUTENBHO B PASHHX CTaJAHAX AMOYJIbCA IPHE M = P/p = 2, ¢; =
= 1950 m/cex. Ilo ocm aGemmec orkmaxeisaercs seamamna (T — T)/T,, xa-
PEKTEpPHIYIOIAA BPeMsA, NPOTeKINee mOCHe BCTYIIeHHA BOAHOE BoaEH. [Ipn arom
T — BpeMa, OTCUNTHBAEMOE OT MOMEHTa B3pHBAa, a T, = r/c — BpeMA BCTYNIIe-
HHAA BONHOH BOXEH, [IyBRRTAPOM KawH kKpueke Gi°, Gy', G 3, H306GPayKAIOM¥e B YC-
JIOBEHIX JHHMNAX AMIUIMTYAH I'PYHTOBHX BOJH TPeX NEPBHX MOPAAKOB, A TaKiKe
‘apanormaEme Kpmeue Gi, Gj, Gj MuA BOZHHX BOIH.

U3z pucyuxa BHAHO, YTO B IPYHTOBOH BOIHE AMILIATYJAA NEePBOH HOpMaibHOH
BOJIHH HA TPOTHXEHAH IOYTH BCOTO BPEMPHX NMPOXOKABHAA HMOYJIbCA IPAMEDHO
B Tpd pR3a 6oibme aMOINTYXH BTOPO HOPMAJBLHOHR BOJHH H MOYTH B NATH Pa3
GoIbIe aMOJIUTYRE TPeTbell HOpManbHOA BOxHH. C APYroi ¢TOpOHH, B BOXHON
BOJIHE AMIJIETYXH BOJH PAsHHX NOPAAKOB OTIMYAOTCSA COBCEM HE3HATHTEILHO,
TlosToMy HATIO OUAATH, YTO B NPASMHOM TPAKTE ¢ JOCTATOYHO MHUPOROH TACTOT-
HO mO;j0coit mpomyckanusa OymeT samHCHBATHECA BOAHAA BOJHA, COCTOAMaA HB
HEeCKOJNbREX HOPMAJIBHHX BOJIH TMOYTH OJHHAKOBOH aMILIMTYAH, HO PasHEIX dac-
sor. Takaa aanmch GymeT HmMeTh BechMa caokEHHA BAA., OgHAKO, MCHOOIL30BAB
-TPAKT, IyBCTBUTEIbHEA TOTLKO K JOCTATOYHO HH3RHM TaCTOTaM, MOKHO BREIHATH
TOMABKO MEPBYI0 HOPMANBHEYM BOxHy. Crromere kpuene Ha pue. 39.6 paror aaBm-
€AMOCTh YACTOT MEPBHX TPeX HOPMAJBHHX BOJH, ¢ KOTODHMH OHH TNPUXOAAT B
TOYKY npumeMa B 3aXAHHHC MOMOHTH BpemeHH. [[0 OCH OpAMHEAT OTKIAAHIBACTCA

%1
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Pre. 39.6. AMIUTYAH M 9acTOTH TPYHTOBHX M BOJAHEIX BOJM [0 TPeThEro HOPAAKA BRIl
9UTeNEHO B PA3HHX CTafUAX DPHEMMAsMOro RMIYILCE

BexmadHa V; = h/A;, rae A, — AAMEa BOMHH B BOJE, CBABAHHAA C COOTBETCTBYIO-
meit gacroToii coorromennem A, = ¢/f, Iam xaxxmoro T mMewTca Apa 3HAUEHHT
¥, A3 KOTOPHX HanGonbmee cOOTBeTCTBYeT BORHOf BoNHe, C mopHImeRMeM HOMeDa
HOPMaALEOH BONHH [ BEIWINHA Y}, a 3HAIAT H aCTOTa NOBHMAIOTCA.

39.6. XapakTepHCTHER MMIYJhCa, W3 KOTODHIX MOKHO CeJIATH 3AKIIOIEHUE O
mapameTpax rpyATa. ITocMoTpay, Kak U3 XAPaKTePHCTHK HMIYIbCa, 3ANNCAHEOTG
Ha JOCTATOYHO OOJLMOM PacCTOAHAHE OT B3PEBA, MOMHO NOXYIATH CBeJeHAA O
mapaMerpax TpyHTAa.

Bpenms écmynaeHu s epyHmosoli 60atn. I10 BpeMeRn BTy ILIeHAA PPYATOBOK BOX-
HH T, onmpefelserca CKOPOCTh aByKa B I'pyHTe ¢y = /T, Ounr nokxasmBaer, 910
MOMEHT BCTYIIIEHAA I'PYHTOBOM BOXHH TOYHEe BCero PUKCAPYeTCA HH3KOIacTOT-
HHM TPaKTOM.

Huenepcus ¢ 80010l soane. Jonycram, 910 Mu QHKCHApYOM BCTYILICHH® BOXEH
HECKONBKHMA TDPAKTAMH, O6rafalOMEMH DASTEIHHME BEPXHHMH TIPaHNIHHME
gacToraMH. TOTJa BpeMsa BCTYNIEHAA B PasIMIHHX TPAKTax Gyayr pasHHMHA B
COIIIaCHE ¢ MCOePCHOHELMA KpueuMa Ha pac. 39.1 m 39.2. Hocrpoms skcnepn-
MEETATbHYI 32BHCEMOCTH CKOPOCTH DPacHPOCTPAHEHHS OT YACTOTH M CPABHHB ee
€ TeOpPeTHYECKAMH KPUBHMH THNA H300paseHHHX Ha puc. 39.1 nua pasauaHEX
HapaMeTpoB IPYHTa, MOMHO CHENATH CYMAEHHA 0 nociaenHmx. IloxyvemHne npm
$TOM NmapaMeTpPH B Cry9ae HeORHOPORHOTO TI'PYHTa OYZYT OTHOCHTHLCA K BEDPXHe-
MY CIIO0 TPYHTa NOPAAKA FIHHH BOTHE (COOTBETCTBYI0NIE BepXHel rpamuIe npo~
OyCKaEAA) HIH MeHbIle, MOCKONBRY BOJHEE BOXHH Ha BHCOKHX JacTOTax mpo-
HWKaloT B I'PYHT Herayboko (cM., HanpEmep, puc. 37.3).

Yacmoma epynmosoti 60aHS 8 MOMEHMY SPeMEHU, Hemocpedcmeerrno rpeduiecm-
ywUUe SCMYNACHUIO0 600HO% 604HK, JKCIepPAMEHTaAbHO HETPYNHO ONpPEJeIBTH
YaCTOTY I'DYHTOBO}f BOXHH B MOMEHT BPEMEHH, HefOCDENCTBeHHO NHpEJNIecTBYio-
mEit BerymreRmo BofHOM BomHm (f == 0,5 cex Ba pumc. 39.3). Ha pme. 39.2 aro
qacrora fg. Oma TaKk:ke HemOCDEACTBOHHO CBABAHA ¢ XapPAKTeDHCTAKAMHE TPYHTa.
Ha puc. 39.7 pama Kpmaaa muayg = hihp = th/c B 3aBHCAMOCTH OT OTHODIGHHIR®
¢i/e mpr m = pylp =

Kpumuueckas uacmoma. 06038a7UM Jepes fx TACTOTY rPYHTOBOK BONHK B Ha~
Yame ee BCTYmuIeHAsA, JTO OymeT KPHTEUeCKAS TACTOTA, JABAeMas YPABHEHHEM
(37.11), 1. e, HammiBIasA YacToTa, KOTOpas MOxer fea Sonbmore saTyXaEHA pac-
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TpOCTpPARAThCA B c1oe. I'padmuecku 3aBHCHMGCTE Yy = h/Ay OT ¢y/c uB06paskena
ga pac. 39.7.

Yacmoma 8oanbl Jipu. Kak yme ropopHIoch, 9acTOTA BOJHOHR BOJHH B IDPO-
necce NPOXOMIEHAA MMIOyJbCd YMEHBINAETCHA CO BPeMEHEM, B TO BPeMsA KaK 9ac-
TOTA I'PYHTOBON BOJHK HeOPEPHBHO YBEJIMIMBAETCA [0 TeX IO, IOXa 0Oe IacTo-
TH HE CTAHYT PaBHK OfHOH M TOH »e wacTore fa, HABKWBAEMON JacTOTOH Jiipwm,
KOTOPAA TAK)KE 3ABMCHT OT XaPAKTePACTHK qHA. B MOMEHT OpHXOXA BOJHE C 9a-
cTOTO# JHpH aMOJATYA BOGHOHR BOJHH JOCTHIAET MAKCHMYMAa H B HOCIeIyXINUe

14,
Y
Pac. 39.7. 3aBucuMocTh pas- N 40
JIWINHX XapAKTEPUCTUK OpPUHH- \i
MAEMOr0 UMOYALEA OT COOTHO- N
IieHUS CKOPOCTeH 3EyKa B Boge X 4F
B IPYHT® UPE p,/p = 2 3
N
42
) 1

AT S TS YO O S T
L0 L9 LF 22 ZF g/

MOMEHTH BPEéMEHH HAIAHAET YMEHBIIATBCHA, B TO BPeMA KaK €€ 9aCTOTA OCTAeTCs
NOCTOSHHOM. JKCIePUMERTAILEO MOJKET OHTH ONpejeNeHa KAK IacToTa J#pH fa,
TaKk H MOMeHr ee mpmxoga ¢ = r/U,, CBA3aHEHNA ¢ MHNNMATBHOH IDYINOBOM
ckopocte. Ha pme. 39.7 paEM KpUBHe, XApPAKTePHRYIOMUe 32BUCAMOCTE-
va = hiAa u U, /c or orBOmMeHHA cylc. )
Takum 06pasoM, IpH TMATEALHOM aHAJMAE SKCHOEPMMEHTAILHHNX 3aMMCel M-
IYALCOB MOKHO MOJYINTH NOCTATOUHO NOJIHHE CBeJGHHA O mapaMerpax I'PyHTA.

§ 40. PacupocTpamelne 3ByKa B TDPeXCIIOHHOMN BIAKOH cpepfe

40.1. Mlarerpammaoe BuIpaxkenne B mods. Ilpegnonoxmm teneps, 910 mun-
EHil ¢10# (TOMMUAER k) Je;KUT He HENOCPEACTBEHHO HA (eCKOHETHOM OgHODOSHOM
NOJYTpOCTPAHCTBE, a OTAENeR OT Hero APyruM cioeM (ronmued d). Ipaxrnuecka
3TO Ba)KHO JIJIf ACCICNOBAHAA PACHPOCTPAHEHHA 3BYKOBHX BOJH B KHIKOM CJ0€,
KOrja TPYHT ABIAETCA CIOUCTHM. Bce TPH cpems Mu OyAeM NPegnoiaraTh yKHK-
gmmn. OG0OsEAYeHAA AJIA mapaMeTPOB cpPexy maHH Ha puc. 40.1.

£
r &, 7 I
Pme. 40.1. OGosmawemme mapa- Yl |
MeTPUB cpefi, & TaKiKe KapTHHA 7 |z
PACIONOKEHHST HBIYYaTeNs W 4 X
npueMBRKA B TPeXcaolnol cpexge
i ' i X 2
2%

Brepene mocraBiemmas spech sapgaua 6maa paccMotpena B [213, 207) mpm
NOMOIM HECKOIbKO MHHIX METOZOB IO CPABHEHHIO ¢ OPUMEHAEMHM HEe. AHaio-
THIBAq 8aflada paccMaTpHEBaeTca B pabore [201].

Marysarens m mpueMHEK MH OpegnmolaraeM pacmONoXeEERME B BEPXHEM
¢Joe Ha PACCTOAHMAX COOTBETCTBEHHO Z, H Z HAJ 6r0 HMMKEeH rpammmei. B paan-
mefimeM MH GygeM IOmb30BaTLCA 0GOZHaYeHHAME

my=04/p, My=palpy, M=Ctle, Ny=cleyy, k= 0/c, b =w/c,, ky=0/c;,

(40.4),
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Tloxe B amwGoii Toaxke P Bepxmero cnos 6yneT gaBaThea 0BmmEMA dopMyaamn
"(36.2a) m (36.26), B KOTOPHX HyxHO mOnoxurh V, = —1. Jlaa V, nago saaTs
‘3HaTeRne KOIPPHHHEHTa OTPaReHUA NIOCKOH BOJHH OT LIIOCKONADaILIeXbHEOTO
c10a cordacno (3.10). IIpn arom Heo6x0xuMO yUECT Pa3HAMY B cACTEME 0603HaTe-
Hmit B § 3 1 B EacTORMEM na parpade, 06yCIOBIOHHYO PaSIHTHEM HYMeDaIHH CPeft.
B wacrrOCcTH, mapaMeTpH cpegH, M3 KOTOPO# majaeT BOJHA, B § 3 OTMewaHCH HE-
JAeKcoM 3, Temeph ske OHM BOOGmE He Gy;yT MMOTL HHAEKca.

O6osrayum

Z = pcjcos®,  Zy=pye,/c0sDy,  Z, = pacy/cos By,

o =kcos¥, oy = kycos ¥y = kan — sin? 9,

J—

dg = kycos By, =k V nj —sin®9, (40.2

3pech 0y B ¢, — yras nperoMIeHns, CBA3AHALE ¢ YIIOM NajgeHUA BOJHH COOTHO-

TMIeH AeM

ksin® =k, sin®, =k, sin 0,. (40.3)

Teneps Bupawenne gua V, moxer GuTb modyero m3 dopmyas (3.10) mpm

CHeAyOIeR 3ameHe B Heit ofosmawermil Zy ~ Z, Z, > Z,, Z, — Z,, kyr > ay.
B pesyuabrare HaxommM

_ (Bt T B — T (2 — 2y) (& + B) 0

@1+ Za) G+ D) e - (a— Zy) (2. — D)

PaccmaTpusas ana onpegenemmOcTH caydail z >z, ¥ mogcrasaas B (36.2a)
3Hawends V, @ V,, momyiaeM

1

(40.4)

Y= kS 71\7 [my S cos (azg) 4 o Sin (32,)] sin [a (h — 2)] X
r‘ x B (krsin)sin8d9, (40.5)
rae
mydts t8 (ad) =+ imay
mydtg — img¥1 tg (ad) *

N =mpScosz -} a;sinz, (40.6)

‘Caywait z << z, momywaerca ms (40.5) mepemeno#t poneit z m z,. I pegennrmuii cay-
wail QByXcno#nO# cpepw m3 opmyns (40.5) MOXEO MONTYYHTH BYMA cOOCOGaMM:

a) OpA my — My, G, — Oy, YTO EAWIECKHE O3HAauaeT BHpaBHMBaHWe CBOHCTB
cpem 1 m 2;

6) mpu d — 0, 4T0 0O3HaYaer MCHEIROBeHUe IPOMEMKYTOTHOIO ci10a. YnTaTelso
TPeaoCTaBIAeTC A Opom3BeCTH 3ITH opeaesbHLIE nepexoakul CaMOMmy.

Auannms murerpana (40.5) IpOM3BOAMTCA B TOYHOCTH TaKMM ke 06PA3oOM, Kak
B § 36. Ilyrs meTerpmporanna I'y npeoGpasorusaerca B Ty (pue. 36.2), a mocaen-
HAA B CBOI OuepeNb OTTATHEACTCH HA GOCKOHEUHOCTh M NEePeXOAMT B OyTh 1.
B peayabrate mATerpasn cBOTETCA K CyMMe BHYETOB OOJHHTEIPaJbHOrQ BHparie-
HAA B NOMCAX, ONpeAeIAeMHX ypaBHCHAOM

N =maScosz 4 a,sinz = 0, (40.7)

-4 TaKJHe K MATerpay no Geperad padpeaa, MAYMero 0T TOYKHA BeTBJICHMA TOTHHTET-
PaibHOR ¢yHKIAD,

B nopmnrerpanbeoe Bmpaskerme B (40.5) BxOmAT ABa pagdKala o W ,,

OHAKO 3TO BMPaKeHHE ABKAETCA 4eTHON QyHRMEH 10 OTHOMERMIO K 0.y H H03T0~

My OT BH0Opa 3HaKa 3TOr0 pajMKala He 3aBHCHT. B pe3yibraTe 0CTaeTcCs HEOL-
HO3HAYHOCTh YYHKNHH, BHBBaHEAA BOSMOKHOCTBEO [BOKHOIO BHGODA 3HaKa Kop

81 @, = kV n} — sin? 9. Touxos BeTByerms ABYAUCTHOH moBepxHOcTH PuMmanma,
Ha KOTOPOH mOAHETerpanbHan QyHKLWA OfHOBEaTHA, ABAHETCH TOUKa

¥, = arcsin n,, (40.8)
Wnrerpan no Geporam paspesa, MAYIMEro M3 9TOM TOYKH, BHIMCIAACMHI B TOYHO-
CTH Tak e, KaK COOTBOTLTRY M A mATerpa B § 36, act 60xoByI0 BONEY, pacmpo-
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V277 ]
AT, MfCER IWOTETYTU TEOTENES (S YEOINST ETUNIYET)
WIS ISR 2 Q51 B 8SF 0 857 0 45f 8457 4G5/

JI,
A
'§ 57
S
N 7
K]
S120
§ F=A50 A6 fsIi8  FIFEry
L K =AILS B=ISO0F V=000 Vel SO0 micen
" Puc. 40,2, 3aBRCUMOCTD aMIUIATYAH
P nepeofi HopMANIbHOH BOJHE 0T KOOP-
FH7 Feilidzy AMHATH z B Tpexcioimoft cpepme: V;—
Y=LV Y130, Impcen g)gzgf;m CKODOCTh PacIPoCTPAHEHAH

<TpafARIYCa BIOIb CIOS CO CKOPOCTHIO ¢, M ¢ aMIIATYAOH, y6OHBanmeii oo 3a-
xomy 1/r?. AMONETY/a BOJINH 3aBHCHT Takme OT MapaMeTPOB BCEX TPex cpef.

NuTepecHo oCTaHOBHTECA Ha OpenenLbHOM mepexoge d — oo. Tpu yrennuenmm
d aMunwTyna GOKOBO# BOJNHH yMeHbIIaeTCs M B mpefete o6pamaercA B Hylb.
OnHako OHOBDEMERHO ¢ 9THM KOPHH ypaeHenzs (40.7) paapensiorca Ha fBa ce-
meficrpa. OTHO ceMeHCTBO maeT paccMOTDeRmHe B § 37 KODHH, COOTBETCTBYIOIIHE
HOpMaJbHEIM BOJHAM B J(BY XCI0iHOi cpene. B gpyrom cemeiicTee KOPER npH d—
— o GeCKOHEUHO cOImKawTCa APYT ¢ APYTOM, H CyMMa COOTBETCTBYHOIAX HAM
HOpPMaJILHBIX BOJIH BHDO)KJAETCA B MHTErpal, japmuit GOKOBYH BOIEY, Pacmpo-
CTPAHAWIYKCA BAONL CJI0S CO CKOPOCTBIO C.

40.2. Hopmanbunie Boanant B Tpexedoiinoii cpeme. ITepefinem remeps k pac-
CMOTPeHHI0 HODMAJbHHX BOJH, AABaeMHX BHYeTaMH NOJHHTErPaibmoro BHpA-
sxerna (40.5). '

Tomomam P = Py + VPs, TAe Pg — YaCTH TOJA, ofycioBneHHasA HOPMaJIbHM-
ME BOTHAME; {5 — O0KOBag BosxHA. Wa (40.5) mMeeMm, yuuTHBas OpaBhida OIpe-
JeneHud BHYETOB . ’

= 2005 SV F () (%o’i): HY (krsin®,) sin 9, (40.9)
i 1

rpe 0, (I = 1, 2, ...) — xopmm ypaererza (40.7) u F (&) = [m,aS cos (az,) +
-+ a.sin (az,)] sin [& (b — z)]. Moxno moraaars, wro

! (—aﬂ->9 = {—1— [(xf — a2)SinZ C0S T — 0T —

ksin®, \ 8¢ oy COS X
imgy (0 — a?ycos? z (m¥at 4 altg? s
—Til:dcos’x(mfa’—{—aftgzx)— i z’) — ( T g :l} ,(40.10)
o (midt, — mgay) 8=98;
avsin {&; (b — 38))]

[my2§ cos (32q) + 0y 9in (x2o)]e, = —

cos z
B peaysbTare mOMywaeM

2
Yy — — 2mi Zml{%mT sin [% (b — 7)] sin [2 (b — z.,)l} HY (krsindy). (40.11)
1 91 .

Bnech nox [ | momumaercn kpagparHasa ckofxa B (40.10),

Kak 7 B ciydae gpy XCOMRON CPeAH, KasKIHI WieH B 9TOR cyMMe OpPeACTaBIACT
€060ii OTHeABHYI0 HOPMATBHYH BOJHY, XapPaKTePE3IYMYICA CBOSH CKOPOCThIO
PacmpoCTPaHEeHAA ¥ 3aBACHMOCTBIO aMIIATYIEL OT Z.

Ha pme. 40.2 mao6paskena (uo Ilexepucy [213]) 3apmcumocth aMuaATyuH nep-
BO# HOPMAJBHO} BOJHH OT TyGHHH 471 PasubX wacTOT, HaYMHaA ¢ [ = 157 ey.
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Ciresa nao6paeHa 3aBHCAMOCTh CKOPOCTH 3BYKa OT INIyGHHH, MONOKCHBUA 8 UC
HOBY pacueTa. ipATHUecKafd wacToTa [JA 9Toro ciaydas cocraeiser 103,5 ey,
Ha pncyrke yxasama rakxe (azoBasg CKODOCTh pacOpocTpaBeHHS BOJHH
V,. Mu smaum, wTo wem BHme wuacTora, TeM Golbiie mepBas HOPMaJiLHEAf BOMHA
COCPeROTOUABACTCS B IPOMEKYTOYHOM CJ108, IAe CKOPOCThH SBYKA HaEMeHBINasd,
40.3. da3oBHe u TPyITOBRE CKOPOCTH MOPMANLELIX BOJH, DyjmeM mpegmosa-
raTh, 9TO BHOOJHACTCA YCIoBHe ¢ << ¢; << ¢,. lIpm sToM mMeer MeCTo HmolHOe
BHYTPeHHee OTpakeHHe OPH yIiaX, OPeBHINAOMAX KPATHIeCKoe 3HAYGHHe. JTO
8HAYNT, YTO CYMIECTBYIOT He3aTyXalOMHe HOPMalbHEE BOJHH, €CIH YacTOTa BONH
OpeBHIIaeT KPUTHYeCKYH wacToTy. MoHO mOKa3aTh, 9T0 B PacCMaTPHBAEMOM
cnyuse $azosas CKOPOCTh V, KamA0H HOPMaJbHOM BOMHK M3IMEHAETCA OT 3Haue-
HOA ¢, MPH COOTBETCTBYIOmEN KpHATHYeCKOH TacToTe [0 ¢ B mpepmene OpHU O49eHb
BHCOKAX YaCTOTaX.
®azopas cKOpOCTh BOMH ompepensercs us yparmerns (40.7), koropoe MoOxHO
TaKk:e 3alHCcaTh
tgz = — maS/a,, r = ah, (40.12)

rjge S paerca supasendeM (40.0). Bxogsamue B 3TH COOTHOMEHHA BeNHYHHH O,
o, W a, CBA3aHH ¢ $a30BOd CKOPOCTHI0 PaCmpOCTpaHeHHS BONHH.BROAB Ciod V
YDaBHEHAAMH

a=kYT—=(c/V), =k VI (/Vp opE V > ¢,
oy = ik, ¥V (cofV — A= isy, o= ik} (c;/V)? — A =1is, npr V<L, (40.13)

IIpw BHBORe 3THX BHpaAMEHAH yuTeHo, uto o/V = k sin &, rge k sin & — mpoex-
Ids BOTHOBOTO BEKTOPa Ha INIOCKOCTH z = const, IKpome Toro, MCHmOIb30BAaHH
ypaererna (40.2) m (40.3).

Ypasrerne (40.12) nasaonpenenenus dazonoi ckopoerd V moncer GHTH Temepb
3anACaHO B TaKAX ABYX BHAAX:

_ mid  miss tg (d) -+ many
B = o s — mg g ) 07 V> e (4014

— me missth (.nd) + mesy
tg T= ‘—sT msg -+ masy th (S d) npu v < ‘e (40'15)

OTd ypaBHERHS MOTYT GHITH HOJI0MeHEH B OCHOBY WHCIEHHHX pPACYETOB.

PaceMoTpuM HEKOTO[LHe 4aCTHLIE CAydYaH.
Ilpm kpmrmdeckoi wacrore mmeeM V = ¢, @ s, = 0. TIpm srom ypapBeRue
(40.14) mpmBopmTCA K BHRY

tgztgy = m, ala,y, (40.16)
rae

z=oh=khVi—(ci/er)?, y=o0yd=hkdV1—(cjc)s. (40.AT7)
Vpaprerre (40.16) noseonser HalTH KPATHweCKYM uacTOTY, €CJIH H3BECTHE
TOJNMEUHK CJIO0eB H XaPAaKTePACTHUKN cpeq.

B wacTrocTH, npu d — 0 (mepexon K pByxcuofinoit cpege) mmeem ms (40,16)
tg = > ob, OTKyAa HONYJaeM CBASH MeKAy KDPUTHYeCKUMHM 9ACTOTAME ¢ (I =
=1, 2, ...) HOPMATBEHX BOJH M TONMHMHON €0 RiuA ABYXCIOHHOHE CpemwL:

h
2= (=12 n ===V T (e, (40.18)

uTo ABJAsACTCA ApYyroit sammchio Popmynw (37.21).

TpexkpacEMii aHanHs pacupocTPaHeHHMs 3BYKa B TpPexcioiiHo# cpeme mMeeTcs
v U. Toncroro m K. Knea ([94], § 4.6). Kpuene pua rpynmoBoil cKopocTH And
BEHICOKHX NOPANKOB HMEKT OCHILIAPYHINE# XapaKTep ¢ DAXOM MHHAMYMOB K

%02



MaKCHAMYMOB, IT0 00yCloBIeHO B3aHMOfelicTBHeM KosneGauuit BepXHero M mpome-
KYTOIHHX CJIOEB.

XopomHe 3KCHePHMEHTATbHME HCCIIeNOBAaHAA DacIPOCTPAHEHHS HEIKHX
qacTOT B TpexcioiiHoi cpege Gunm mposegenn @. V. Kpmwesum n H. A. ITerpo-
Bum [48).

§ 41. BomHm B sKHEgKOM Cloe,
NexalleM Ha OHOPOJHOM YIPYIOM NOJYINpPOCTPAHCTBE

PeanpHoe Mopckoe mHO obmagaeT oNpefeseHHEM COUPOTHBIeHMEM CABHTY.
Ecan B caydae 0CaJoYHHX TOPOA 9THM CONPOTHBIeHHEeM MOkHO mpeHeGpeds, TO
B CIydYae TBegHX mOpPoX TaKoe mpeneGpexkenue OHio OH y)xe HeCIpaBOIIHBEIM.
MR orpaERTHEMEA 31ech HEKOTOPHMI 3aMeda N AMY, KaCAanIM¥MAC A BUAA HOPMAIb-
HHIX BOJH, KOTOPHE MOTyT PacHpOCTPAHATHCA B CIIOE.

B aucmepcrorEoM ypasuennn (36.21) nua HopManBHHX BONH Temeph MEI JOI-
JKEH monoxuTh V, = — 1, a mua V,; BocnoassoBaTbes BmpaeBueMm (7.7), B
KOTODOM @, oy, P; U p, marorcsa Brupaxennsamu (7.3), (7.4) u (5.13). Jasa mesa-
TyXalMHAX HEOPMAJTHEEX BOTH (NOrIOmEeHHeM B cpefax mpeHeGperaeM) oty u By —
MHAMHE BeIHIAHEL

—iVe—K p=iVe (41.1)

k, B %, — BOTHOBHE YHCJA COOTBETCTBEHHO NPOROJBHHX I NMONEPEIHHX BONH B
yopyrom momympocTpaHcTee. Torga (7.7) MoHo 3anmcaThb

yoo AVERremea-Ve RVe D
AVe—K—wmep—Ve—KVe—s)
tmarr (2 —Ver— Ve
¢ = arctg i =
AT
mbt V (Ve —1 (@2 — Vb2 — 4 VI— (V] V1 — (V/bi)Y)
1%) Vi — (V/Cﬂ
Ie y9YTeHo, 4TO & = (.;J/V, k=wlc, ki = @fcy, %y = @/by, V — dasosag cKopPocTh

HOPMaJNbHO# BOJNHH, ¢ — CKOPOCTh 8BYKa B ;EMAKOCTH, ¢y M by — CKOPOCTH mpoO-
HOJNBHHX W NOIlePeYHHX BOJH B YIPYTOM mOJNYIOpOCTPaHCTBE.

Vunrueas, yro B (36.21) b=ix =it )1 —(¢c/V), MH MoXeM 3aIncarh 3TO
yDaBHeHHe B BHEJE

= arctg , (41.3)

exp [2i(p + oh)] =1 (41.4)

xn
ah = In — o, =012, .., (41.5)

A
ki = (in — @) [1 — (¢/V)2)-*. (41.6)

ITocnepmee ypaBHeBHe mosBonser KampoMmy V comocraBATh OIpefeneHuoe K,
T. €. TOCTPOHTH AUCTEPCHOHEYH KPHBYI. HHTB})BCHHB GJIEJICTBH A IOJIYIalOTC A U3
8TOTO0 YpAaBHEHHS A Hy.nenon HopManbHo# BoxHH. Mmeem, moxaras B (41.6)
=0,

kh = —[1 — (¢/V)}} e q. (41.7)
3amernm, uTo KBagpaTHas CKobKa B (41.3) o6pamaercs B Hyap mpua V = Vp, e
Ve — cxopocTs ponnu Panes (cm. ypasmEenme (6.21)). Ilpu V < Vg — cayuait,

KOTODHIt MH TOIBKO H GyjeM pacCMaTpPHBaTh, 3Ta cKobKa orpmnaTenbHa. lIpegmo-
noxmM nanee, uto ¢, < Vp. Torga BoamoxHH gBa caydas:

1) eV<Vg 2)V<cLVp. (41.8)
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B nepeoM cxydae, Kak saamo 13 (41.3), ¢ BemecTBeHHas OTPANATEABHAA BeTHIAHA
H ypasEeEHe (41.7) mosBonAeT MOMYYHTH COOTRETCTBeRHOE k HpH 1060M V B mpe-
Jenax ycaosnsd). Hpa V — Vg mu mmeem k — 0, T. ¢. IPH NOREKeHAA TaCcTOTH
CKOPOCTh HOPMAJBHOR BONHH CTPEMHUTCA K CKOPOCTH BoIHN Panes ma cpoGogmoit
Tpaudme ynpyroro moxynpocrpaHcTea. B orom ciyvae sxmakmil cioit He mrpaer
HHKaKko#l ponm (ero ToamuHa npenefpe;xdMo Maja 1O CPABHEHAN ¢ AIMHON
BouEH). B ciyuae 2) cormacmo (41.3) M mmeem

mb} VI=(VIop [(2 — V2Rl — 4 VI— (ViR VI— (Ve

VA V1 —(Vied? i
(41.9)

Q= —Iin, = — arcth

I'fie | — HOnOKATenbRO. ¥ paBEeRHe (41.7) mpH sToM 3anumercsa
kh = /YT —(c/V)-. (41.10)

CroBa npu 3agaweoil V MH HaxofdaM cooTBeTCTBeHHO k (T. e. wacTory). OrmernM,
9TO eCIIH BBATE 3a V CKOPOCTH HoBePXHOCTHOH BosiEH CTOREIH, YIOBIeTBOPAIIYI0
ypasuenno {7.39), ro aprymenr arcth » (41.9) Gyner pa-
BeE —1, a cuegoBarenbuo, 1 = oo u cormacuo (41.10)
= oo, TakEM 06pasoM, npH BHCOKHX YacTOTaX HyJe-
Bas HODMaJbHasd BONHA BHpOxAaeTcs B BoiHy CTomed,
VAEPIKABaEeMY0 TIpaRURe# KHAJKOCTh — YHOPYroe MOIy-
npocTpaHCTBO. fRugkMit Ciiod B aToM CIydae SKBHBATEH-
TeH KAAKOMY HOJIyHNpOCTPAHCTBY (MOBEPXHOCTHAA BOTHA
3aTyxXaerT, He JOXORA 70 BePXHe# IPaHANH ¢JI0M).
TaxuM o6pa3om, ME BHJEM, YTO HYJIeBas HOPMAIb-
Haf BOJHA CYMECTBYeT NpH mOOHX wuacToTaX. B aToM
CYIECTBeHHO® OTJNHIAE DAcCMaTPHBAEMOTO CIYIad OT
. | ciydad KBYXCIOHEOH SKMIKOCTH, Ifie HA YaCTOTaX, HAMKE
Y v 4 /4 - Kpurmdeckolf, pacnpocTPaEANMEXCA HOPMAJIbHKX BOIH
Puc, 41,1. Tumcuepcuon- HeT'H
Hue KpHBHe Tust Bom B a puc. 41.1 mso6parkeHtl TpE AUCHEPCHOHEHe KpH-
ciloe ¢ yaerom capmronoit  EWe (B3gTHe u3 [115]) pna ponam [ = 0 npu sHavenHaX
ympyrocTs rpynra (p;=p)  koaddmumenta Ilyaccoma o = 0, Y,, 1/, m py= p. Ilo
ocn abenuce oraoxeHo AMh (A — guMHA 3BYKoBOH BONHH
B JKHAKOCTH), IO OCH OpJAEaT ~ OoTHomemme V/c. Iipm A — 0 gua V noxydaem
ckopocTh BOXEH CToHendm, mpd A —® ckopocTh BoiEH Psmea (npm o = 0,5,
-Hanpamep, V = 1,432 ¢ = 0,955 b,). Ha srom e pucymke n3o6paxeRs amemep-
CHOHEHE KPHBHe i BoMH ! = 1 B | = 2 npn o = 1/,, paccuarannne no Gopmyne
(41.6). IlnsA 9THX KPHBHX MH He MMéeM HMYero OPHALANMAAIBEO HOBOTO IO CPAB-
HEHMW €O CIyYaeM AByXciohroll rxupakocrd. Jna kammol kpHeoit umeem V >,
OpH9eM JJIA KaWIoro ! cymecTByeT CBOSA KpHTHYECKas dYacTOTa, COOTBETCT-
Byomaa V = b, (mpemmonaraerca, wro by >c¢). [Jleiicrearensro, m3 (41.6)
BHJHO, YTO BEMECTReHHHe K BOBMOMKHH TOJIBKO IPH BEMECTBEHHHX ¢, MIA ero
coraacEo (41.3) me6xogmmo V > by. llpm V = b, mmeem

@ = Qo = arctg {m [(by/c)? — 4]% {1 — (by/cy)?] "} (41.11)

2/¢
e
z,

28 B N |

A BOJEOECe 4UHCO K, COOTECTCTBYJCINEe KPHTHYECKOM 9acToTe, HaXOZWTCA HB
ypaBHeHnAsA

kh = (It — o) [1 — (c/b))%1 7. (41.12)
Ha pmc. 44.1 kpmrmueckum wactoTam coorsercTeynwT Mh = 3,00 qua [ =11
MR =146 qua | = 2.

PacnpocTpaHeRHe BOXH B CIOE JKHJKOCTH, JeKalleM Ha YOPYroM NOLyNpo-
cTpancTBe, paccMoTpeHo B knurax U. Toncroro n K. Kues [94], B. IOngra, B. fip-
nercxoro H O, Ilpecca [145] » paGorax [104, 115, 242, 37, 38). Pacuer xapakTe-
PHCTAK BOJHH THNA p9JeeBCKOX B CHCTeMe RHAKAH ciofft — ympyroe Hoay-
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gpocTparCTBo ¢M. B pabore [lopmana [137]. Pacopocrpaterne ssyxoporo aMnyns-
ca B ClI0¢ JKHTKOCTH, J&)KalleM Ha ynpPyroM DONYMPOCTPAHCTBE, PacCMOTPEHO B
pa6ore E. Crpuxa, B. Posepa u T. Buaurra [243], a ora ke sagaua qusa cryqas,
KOTAa Ciaoil KUAKOCTH JIQ)KHT Ha yOPYTOM ClI0e, KOTOPHIA B CBOI0 odepedb NOKONTCH
Ha yOpyroM HOJYIpocTpaECTBE, paccMoTpeda B paGore A. Bakropa, @. Comn-
Horna B E. Maxkneposa [257].

§ 42. Hopmannunie BoaEw B ynpyroM cioe [13]

W3 npegnpymero acEo, RaCKOJBKO BAKHKM ABJIAETCA onpefieeHAe TaKAX Xa-
PAKTePHCTHK HOpPManbHHX BOIH, Kak gazosad H TPyNIoBas CKOPOCTH, paclpesese-
Ede aMIAETYgH BOJHH N0 KoopgHHaTe, mepmeHRAKyisApHod exoam. B § 36.4
OOKa3aHo, KaK JHCHEPCHOHHOe YpaBHeHHe [ HOPMaJbHHX BOJH B JKHKOM Cioe-
MoKeT GHTh mony4eHo NMPOCTHM nyTeM, Ge3 aHasH3a HETerpaabHERX BEIPAKeHHIL
[JIA TOAA B CIOe, JTOT METOJ MOMHO DPacnpOCTPAHATh M Ha Ciaydail ympyroro
€107, OrpaHWYGHHOTQ NPOMSBOJIBHHME HEONHODORHHMH YNPYTUMHE HOXYNpO-
cTpaHCTBaME, YTo H Oyner cuenaEo HIMKe.

Crno#t mpegnonaraeM ogHODOMHHM, orpaBWdYeEHEM mpockoctamm z = 0, h.
BonHoBHe THCIa, KaK Beerga, 00osHauaeM k = w/e, x = w/b; ¢ B b — CKOPOCTH
OpoRoNBHEIX W MOMePEeIHHX BONH B ciioe. PaccmarpmBaeM ciydail BoaBM, mOjs-
pU20BaHHOR B IIOCKOCTH pacHpocTpakeEdsa. B ciydae ropHsoHTalbHOH molisd-
pusanuu (SH-BonEH) sajava BIOJHe aHajmoTHYHA yie paccMorpemmod B § 36.4.

IloTeEnAaIH nPOJOABHNEX (¢ U NonepeYRHX P BOJE B C1o¢ Ka HopmMX paccTo-
ABUAX OT UCTOYHAKA mo aHajormm ¢ (36.27) mokmo sanmcaTh
P-ponna

P =0+ ¢, = deitua, g = Bale;
S-BoxHa

Y=1, + 1, Y, = Cei(Ex+Bz)‘ Y= Dei(Ex—ﬁz)’ ( 42_1)_

«=VE=E, B-V@—F,
rae £ = o/V — ropuaorTanbeoe BoNHOBOE YHCI0; V — $asoBaf CKOPOCTH BONEH.
OG6paTBMcA K COOTHOMEHNAM Ha TpaHunax ciod. OGosmaumm, Tak e kak B § 33,

wepes VP, VP, Vi m V? pasnmymne xospdummenTH oTpaxenns Ha HIyKEEH Ipa-
smme cxost (z = 0). Ilpm arom VP maer ammnmryny noTeHmHmama oTpaemHOM
P-ponEH npH nagaomei P-poaHe; Vﬁ) AaeT aMmiiuTyay P-BoJEH npn magaomeh
S-ponre; Vi naeT aMmamTyny S-BoHKE OpH naganmei P-ponme; V¥ paer amnum--
TYay S-BOAHW npd majanmedl S-Boime.

Kospunuenrn VP, ... saBHCAT oOT t u matigenn B § B8.1.
Ha mmxmedl rpanmme ciod BodEKN p-_u Y_ — Taganmme, a BOJHH ¢, H Y, —
OTpaXkeHANe. AMILIETYAa OTpaeHHOR BOXEN ¢, 6yeT onpefe AThCsa aMINIATY/1a-

MHA 000X magalolEX BOJIH ¢_H4_, a TaKike KoofHmHeRTaMH Vﬂ) a Vﬁ). To we-
€aM0@ HYJKHO CKa3aTh H OTHOCHTENHHO Y.
IlosToMy EMeeM Ha HEskHeH IpammIme

0, =V + VP,
Py = Vg)‘P- + Vgtl) -

Ha sepxmei rparmme, HaoGopoT, ¢, u P, GyayT majaomumm, a ¢_ & ¢ — oI-
paykeHHnMHE BonHamH. IloaroMy amazormano

Q. = Vf?%, + Vz(?)il%»
b= ViR, + Vip,,

rae VP, ..., V) — koodbdmmuenTH oTpasKeEEA OT BepPXHeil rpaHHIK.

2=0 (42.2)

=h (42.3),
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Moperasnsaas (42.2) u (42.3) supamenns (42.1), monyuasM CACTEMY H3 YeTHIPeX
ONHOPONHHX ypaBHEHHR orHocHTentmo 4, B, C n D

A=V{PB4+VPD, C=VPB+VPD,
Beizh = Vi geish  VCeih,  De-ith = VP deian | Vf%’cem. (42.4)

‘CucreMa GymeT MMeTh OTIMYHHE OT HYJISA POIIEHHS TOILKO NPH YCIOBHH, YTO
eTePMHHAHT CHCTeMH GyAeT paBeH HyxI0. B peayibTaTe mOCIe CPAaBHHTEILHO
HECIOXKHHX Ipeobpa3oBanmil moayTaeM

otk [V?i)Vgtl) gl) 1)1 Vi E)V(Z) (E)Vg)] _ Vg)yg)ei(@—u)h —
—VPVPeic-or — (VRVY 4 VPVE) 4 et =0, (42.5)

910 u Gymer muCmepCHORHOE YpaBHEHHE Ais TBeproro cnosd. Pemas ero, maiitem
fleckOHeTIHY0 COBOKYNIHOCTEL KOpHed E;, [ =1,2,3, ...

MaaoBan CKOPOCTH pacHpocTpaHeHHMA /~-# HOPMalNbHOH BOJMHH BROML CHAOH
Syner V; = w/%;. B ofmeM cayuae V; 6ygeT koMIIeKCHOH BermIEHOM, OTKYMA
MOXHO OTpENeNdTL W 3aTyXaHHe BOJH.

YpynmoBas cKOpPOCTE HODMAJLHEIX BOJH, KAk BCerfa, OyAeT BHIMCIATHCH
no dopmyne U = dw/dE,.

Ecan B ypaeaenan (42.5) noxomats VP = VP = VR = Vi = 0, wro coor-
BeTCTBYeT (YHCTO THIOTETAYSCKOMY) CJY9al BHEKIIOYeHHA B3aHMOMEHCTBHA
OPOROABHEHX H DONepedHHX BOJMH, TO 3TO YDABHeHHe OPHHAMAeT BHJ
ek PV — g-iah] [cithyPYE e"#h] = 0, 1. e. paabuBaerca Ha ABa COBePIIEHHO
DKBUBAJeHTHHX YDABHeHHsd, OXHO M3 KOTOPHX OTHOCHTCH K HPOLOJLHEM, a APY-
roe K DONEPeYHEIM BOJHAM.

Hakouen, samernM, ¥r0, pemas ypaBHenma (42.4), MOMKHO TPH TOCTOAHHH®
BHIPaSHTh Yepe3 IeTBepTylo, HanpuMmep, B, € u D wepes A. Ilogcrapana Balifen-
HEe TakHM 06pa3oM IOCTOAHHNS B BHpasxemma (42.1), momygaem ¢yHKIEH, Xa-
PaKTe pU3yOIMAe 3aBACHMOCTE OT z mojia A1060it HopmaapHO# BonHK. OOATH KAA
KaMrod HOPMaALHOM BOJNHH OCTAaeTCA HeompemeJeHHHM oxmH Koaddu rmwenr A,
KOTODH 3aBHCHT OT MEeCTOUOJOKEHHA W MOIHOCTH WCTOIHAKA,



I'anasa VI

IIOJIE TOYEYHOTO MCTOYHHUKA
B HEIIPEPBIBHO CJIONCTON CPEJE.
JYYEBAA TPAKTOBKA

~lygenoil MeTon, HeCMOTPA Ha ero OpHOIMKEBHOCTE, OCTAeTCA BCE emle MOMI-
HEIM CPeACTBOM A M3yIeHHA pacOpOCTpPaHEeHAA BOJIH B HEOLHOPOLHHX Cpefax B
clIy7ae fOCTATOYHO BHICOKHX YacTOT. B 3TOR riaBe MH HB8/10:xHM HEKOTODHe BOI-
POCEI JIyIeBOd TEOPHH BOIHOBOAHOrO pPacOpOCTPaHeHHs, a Takye AaguM oGocuo-
BaHHe 3TO} Teopdy, HCXOAA M3 BOJHOBHX npexcrasieHmit. Ilogpofuo Gyner pac-
CMOTPEHO TO0Je OpH HaJWIHA KaycTHK. lIpH BOJXHOBOZHOM pacOpOCTPaBEeHEH
Ay9eBOfl MOAXOX NpHMEHAM INpPH HECHAMMKOM GOXLMHX pPACCTOAHHAX MEKTY
M3nydaTeleM M TOYKOHE Opmema. JTOT BOHpOC paccMaTpaBaerca B § 45.3.

§ 43. BosmoBomHOe pacOpocTpaBeHHe
B HempephiBHO CIOMCTHX CPefax

O6mme BOIpPOCH JIyIeBOil TEOPHM BOJHOBHX NOJEH pPacCMaTpPHBAJIHMCH PAJOM
apropoB (cm., Hanpumep, ofzop 10. A. Kpasuosa [47]). Jlyueoit mopgxon mos-
BO;xeT CPABHETEILHO OPOCTO MOJIYYHTH DAY BaXKHELX CBEJIGHAR O pacIpefeicHAR
3BYKOBOrO IIOJA B OPOCTPAHCTRE.

Mu orpaHHY®EMCH CiyJaeM, KOIJla CKOPOCThH BOJH ABIAETCA (pYHKIHEH OFHOM
(BepTHKanbHON) KOODAMHATH Z ¥,

43.1. Jlysesan wapTmHa B BosHOBOZe. PaccMOTpMM BHawame miam OPOCTOTH
BOJHOBOJ, YPOBEHL MHHHMAJHHOU CKODOCTH 3ByKa B KOTOPOM cOBmagaer ¢ ab-
CONMOTHO OTpaskaomiedl rpammneil., Ilpw ypaseHm# jxe OT rpaHEOE CKODOCTH
MOHOTOHHO BOspacracT. Ha puc. 43.1 m3o6pameH cooTBeTCTBEHHHE OTpPOHHIB
¢ (z). Uanyuatens Boan OyneM BHagase IpefmoyaraTh PaclONOKEHHKM B IIOCKO-
<t z = 0, B Toury uabnonenna P (r, z) 6ygyr DpEXORATHL pasnudHke JIyIH (Ha
puc. 43.2, a m3ofpaxer ofuE U3 HuX). Kaaail w8 9THX Kydeit MOKHO XapaKTepH-
30BaTh WIM YIJIOM BHXOJA A3 M3IyJaTeId WIH IHCIOM OTPA)KEHWH OT T paHHNH.
O6ozuaunm (cm. pac. 43.2) %, — Yroa HAKIOHa Iyda MO OTHOMEHWIO K paHMIe
TP BHIXOfe ero W3 Waxydatesd (yrox ckoxmxenus), A = A (x,) — paccrosmme,
TIPOXOAAMOE JYUOM 10 IOPHBOHTAJHY? MEJKAY ABYMA MOCJIEOBATEILHEIMH OTpa-
WEHWAMA OT I'paHMNH (IM¥Ha NHUKIa), £ = g(z) — OTPe3oK, KOTOPHit Haxo roba-
BATH K 1 (puc. 43.2, @) ual BH9ecTL #3 r (puc. 43.2, 6), 9T06K DONYIUTH Ned0e
gmcno nuknaos, OweBupHO, g(z) << A (¥)/2.

Hetpynuo BupeTh, 9T0 MMeET MeCTO OZHO H3 IBYX DaBEHCTB:

r=NA4+g mwm r=N-+1VA—g N=012 .. (43.1)

TMepBoe ¥3 HAX OTHOCHTCH K CAYIal0, KOTTa TOYKa P meuT Ha HECXOAAMEH BeTBH
ayqa (puc. 43.2,a), a BTOpOe, KOIfa OHA JIGXKHT Ha BOCXOAAMEH BeTBH (pac. 43.2, 6).
N — uncao orpaskendit nyga ot rpaHauu. Ha pme. 43.2 N == 3. CoornOmeHHs
{43.1) MOKHO paccMATPHBaThL KAK yPaBHEHMA [JA ONpefejieHMA yIjia BHXOMa
%o TpH 3afMaBHEX 7, 2 B N. CBaxem A 1 g ¢ mpodunem ¢ (z). Ha puc. 43.3 m3obpa-

* Paccmorpenus Goxee o6uiero cayqas oM., ganpumep, L. P. Solomon, L. Armijo. J. Aco=
ust. Soc. Amer., 1971, 50, N 3 (P. 2), 960,)
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4 17 £72) Pac. 43.4. Ipodmap cropocTm B HpEmOBepPXHMOCTHOM

BOJIHOBOJE
Pae. 43.2, Jlyvepan KAPTUNA JIA OPUNOBEPXHOCTHOFD .
BOJIHOBONA
7 & f—di) gl
| 4, Zm / \\!:'
[ K&t
I r ]
7 LA el e W 3
zy \ s 2o e
‘ \ 4
AN ‘,
b« r —

eH anement Ayda. Wmeem dr = dz/tgy. Ilosromy
g= Sdz/tg X (43.2)
0
VYron maknoHa xyTa ¥ (z) Upm npomssoarHoM z cBasam ¢ yraom ¥ (0) = %,
saroroM Crexnmyca (cm. (23.47) ¢ ywerom Toro, w10 % = n/2 — )
RCOSY = COS%y 7 =Co/c(2). (43.3)
Haitna ma nocnemuero ypasmesns tg y, nupaskenne (43.2) sanmmen
z
g(3) = cosy, S

0

dz
V aF —cos? Xo

. A=2g(zn). (43.4p

3lech 2z, — MAaKCAMAJILHOE YIANeHWE jyya OT IPammmi. IIOCKOIBRY mpm Z =
= 2,, mMeem ¥ = 0, m3 (43.3) caepyer - )

1 (2Z) = €OS %,. (43.5)

Pume. 43,3, duement ;yva muA pacuera Jyderoil KapTHUHED

Prc. 43.4. BoaHoBon B EHeoHopojHOH cpene
¢ — OpodrAL CKOpPOCTH; 6 — ommH u3 nynel
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Ecuan npu z — o0 Takxe # ¢ (z) = c©, TO BOJHOBOTY BynyT OpAHAIEIKATE JIyIH
¢ aobuM y, B mETepBage (0, 70/2). Ecan sxe ¢ (o0) = ¢y — KOHeIHAA BenUuEHA,
TO BOJIHOBOJOM 3aXBaTHBAITCA TOJLKO Te IYIH, M KOTOPHX

Xo < XP2X = arccosny, My = co/Cq. (43.6)

Jlyunm, g8 KOTOPHX %o >> Yo ., YXORAT Ha GeCKOHETHOCTL HHe BO3BPAMAIOTCA
o6patEO K rpaumne. QHm He WpHEagjexaT BONHOBOZY H ypaBHeHHe (43.5) ue
EMEeT B ATOM CIIyUae PeIeRHA LA Z,. YTOI g ABIAETCA BajKHOH XapaKTepH-
CTHKOH BOJHOBOZA.

Paccmorpum Temeph o6mmit caygail, korga MEHAMYM c (z) {(«oCh BOTHOBORA»)
He COBIafaeT ¢ OTpa)kaloleidl rpamumeit. Ilycts mpodmab ckopocrd ¢ (z) maobpa-
MaeTCcA rpaduKoOM CieBa Ha pHc. 43.4. 3mech z, — ypoOBeHL MUHHMAILHOM CKO-
pocTH, a ¢, = c (2,). IIycts B Touke 7 = 0, 2 = 2, pacmonOxeR HaIydaTelh O
{puc. 43.4, 6). PaccMorpuM Iyd, BRIme A w3 H3TyTIaTeldd TOJ YIIOM CKOXbsKe-
BuA ¥;. OH 6yneT 3aBOpPaIMBATEL Ha TOPHAOHTAX Zmax ¥ Zmin. O603HATEM € (Zrax) =
= ¢ (3min) = Cpm- OUpenennuM SHAYCHUA 7', IPA KOTOPHX 3TOT JIyY IPH fakLHelieM

Pmc. 43.5. To e, 970 Ha pHc. 43.4,-6, Ho [/1 1y4a, BREINEJMEro N3 MUAIYUATENA BHU3

CBOEM XOfe IepecedeT IIOCKOCTHL € 3amadHEM z (Toukd A,. B, A, B, A,
P ua pmc. 43.4, 6). Ilycts A — muAHa TOJIHOrO NUWKia Jyda, g (z;) — NMpOSKOHA
Ha TOPHMAOHTAJLHYI IUIOCKOCTH 2z = const myTH Jyua oT O 70 BepXHeH TOUKE
saBopota. CoBepmenno aBajormuuo (43.4) mmeem

Tmax
d
g(z) =cosy Tmi—*m ., n{(z)=cyfc(z); 43.7)
Zmax
A=2cosy § ==t (43.8)

2(2) — cost vy
Zmin l/n (z) —cosiya
Kaxk BEgHO ma pmc. 43.4,6, ropMaoHTannHEag KOOpPAHmATa mepeCedeBMA Jayda
C TOPH3OHTOM Z JAETCH COOTHOIICHHEM

rBD=NA+g(z1)"_g(z)1 rBB=NA+g(zl)+g(z)1 N=011121"'(43'9)’

3nect ryp HIN rpy OBHAYAIOT COOTBETCTBEHHO KOODAHMHATy Todek A,, Ay, ... HIK
B,. By, ... NHgexc «eB» (Bepx, Bepx) 03HaTaeT, IT0 MaTydaTelh H NPHEMHHK ofa
HaXOATCA Ha BOCXONAMEX BeTBAX Iy7a. WEpexc «sH» (BepX, HE3) 03HaYaeT, ITO
AB3JIyJaTedb HAXORUTCH Ha BOCXOJAINEH, a NPAEMHAK Ha HECXOAAIMEH BEeTBAX.

Ha pmc. 43.5 msobpaker ayu, Bumepmaii aa O mox TeM se, 9T0 A Ha pPWC.
43.4, 6, yraom g4, mo BEE3. OH 3aBOpaYmBaeT Ha TEX e FOPH3OHTAX Zmin, Zmax,
a rOpPH3OHTAJbHAE KoopaumEaTh Touek Cy, Dy, C,, D,, ... ero nmepecesenns ¢ ro-
pusonToM z 6yAyT maBaThCH paBEHCTBaMA:

rm=N+1)A—g@)—2(), rm=W+1)a—g()+g(). (43.10)

3dnecy «HB» 03HAYAET «HA3, BOpX», a «HHY 03HAYaeT «HA3, Hamav. N npoberaer Te
xe 3Havemus, 910 # B (43.9). Ipu suGope npoM3aBodbHOE TOYIKHM HafurZenms
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P (r, z) B BajaEEOM NONOKEHHWH HBIYJATENA MOMKET OKAasaTheA, 9UTO HH OxHO
U3 3THX YDaBHEHHH HE YAOBJETROPHAETCA. JTO crydail, Korga P nexuT B ofpacTH
- TeoMeTpHIecKoll TeHH. Ecin xe 8 P npaxoanT offH MK HECKOXBKO IyIel, To H3
Beex yparmemmit (43.9) m (43.10) GymeT ynommeTBOPATBCA OQHO WIH HECKOIBKO
YPaBHOHMWI, AaBag NPH BTOM B KaYeCTHE CHOMX pEMEHMH yrias BEXOKa X4 €OOT-
BOTCTBYIMMAX JyIeH M3 HBIydaTedd.
lpusenem Temeps OPMYIH, mOBBONAIOMME BEMHCIATL BpeMs, HEOGXOAMOE
faa mpobera sByKOBOTO HMUIyaLCa A0 TOYIKH mpHeMa P mo KamxioMy H3 Tyuei.
Iayv onpegenserca u asa ryda B mobol Touke, sHande KOTOpOo# Heolxoqumo npu
pacdere WHTepdepennEE Iyded. "

Pac. 43.6, K puuucnerun dak-
Topa (OKYCMPOBKR

Bpéma, meobxoguMoe nnm mpofera snememta maMBH dywa ds (pme. 43.3),
panuo dt = ds/c, Tae ¢ = ¢ (z) — CKOpOCTb B QNaHHOH TOIKe, a ds = dz/sin ¥.
Apanormano (43.3) mmeem n cos ¥, = cos y. Ioasromy

{ n?dz

3t = = —— ———, 43.11

1 'Vnz__c(,sle ( )
B pesyabrare momydaem:
BpeMsa, Eeo6Xogumoe giad mpofiera mojHOrO MAKJIa Iyda,
5 Zmax
d

T=2 § 7—"_—2;_— (43.12)

Zmin n? —cos*y1

BpeMA, HeoGxogumMoe AaA npobera OTpPesKa Jsyda OT YPOBHA -Z JO BePIIHHH,
Zmax
1 Icd

t(z) = — 5

1
z

s ___ ‘ (43.13)

. V ri = costx1

B pesyxbrate nonHoe BpeMa mpofera, HanpAMep, 0O nydy Kjacca «BEpX, Bepx»,
Oyper: tws = NT -+t (2) —t(2), N=0,1, 2, ...

43.2. Iloror smeprEm B mywesom npnbmmxenmn. ®akrop Poxycuposka. Pac-
CMOTDHM 3BYKOBOE HoJe TOYSTHOT0 HEHANDABJIEHHOTO0 MCTOYHHKa. B pamkax my-
9eB0i TEOPHH 3aBUCHMOCTH WHTEHCHBHOCTH (CHJIH 3ByKa) BOJHEH, COOTBETCTHYIO-
et mofoMy w3 Tydeit, oT pacCToAHAA, ONMpPeReaAeTCA 3aKOHOM PaCIIMPEHHA 3Jie~
MEHTapHOH xydeBoii Tpybxm.

Ha itmeM ey sByKa / — ncTOK 9HEPINMA 3a eJMHUILY EpEMEHH UE[ €3 eAHEHIHYIO
IIOMaAKy B mpomsBonbHOE touke P (r, z) (pmc. 43.6). Kaxk n Brime, o6oaga-
JagM yro.T BLIX0a COOTBETCTRYOMETO 1yda n3 ncroanuka O gepes Xy. Ilpm sagan-
HOM Z DAaCCTOAHNME I, NPOX0JAMOe JydI0M, ABIfAeTCA QyHRUmeldl yria BHXOZa Y,
T. e. r = r (X;). MycTs B Touky P’, pacmoI0HEHHYO Ha TOM e TOPABOHTE, 9TO
n P, mpuxognt ay%. smmemuwmii n3 O mop yruom Xy + Ayy. Ouermpuo*, PP’ =
= {9r/0y| Ayy. Ceuenne myueBoit Tpy6km B mmockocTd Yepresxa Gyger BP =
= PP’'sin ¥ =19r/d¥%| Ay, sin X, rge % — yroa ckoxbxkenra B touke P. Ecna
TUIOCKOCTA z = const yruoBod pacTBOp aydeBoit Tpy6km Ag, To miuomapgb ee
nmomnepednoro ceicEHa B P Gymer '

ds = | 8r/dy; | sin xAy,rAg.

® Benpuuna Jr/9%; Momer OHTH H OTPHIATEdbHOM.
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Nycre W - nofnHas MOMHEOCTH, H3nydaeMad HMCTOYHHKOM. B mamy nywenywr
TpyOKRy H3nydaeTcA sHepTAA

dW = (1/4 5t) W cos y,A¥%Ag.

CnemoBaTeNbHO, YAENLHHR MOTOK 3HEpPrAHM WM CHjia 3ByKa Oypmer

_dw W COS %1

T Tds T Gmr sinyglor/opd * (43.14)
Ecnn B menocpencTeeHHO# 6aH30CTH OT TOYETHOrO H3TYIATE A SBYKOBOE HaBie-
nue 3apgano B rupge P = (1/R) exp ikR, to W = 2 ni/pyey. C pmpyroit cropoms,
I = |y |¥2pc. Torpa pna kBagpaTa aMujMTYAH [aBJIeHAA B TOUKE NpHeMa MH
Gymem mmers ma (43.14)

LI LA b+ 7 ,
¥l = orc1 rsinyloriogi] (4314

B opmoponmoii cpeme M mMend 6 1A CHIH 3ByKa

I, = W/4dnR% R®=r%+ (z— z,)% (43.15)
Ormomenue f = I/I, mu Gynem Haswsath farTopom Qoxycmposxd. (uermmHo,
f= [r2+ (2 —z1)%] cos 11. (43.16)

r|orfoy;|siny

Kak MH yBEOAM HHxe, CYMECTBEHHHE HHTEPEC NPEACTARIAIT CIyJad, KOTHIa
BeqmumHa f mam 1/f mMHOrO Gonbme efWHHANE.

CyImecTByIOT IeOMETPHIECKHE MECTa TOUEK, HAa KOTOPHX (akTop (GOKycHpoB-
KH ofpamaerca B 6eCKOHETHOCTH. TaKOBHMH HBJIAITCA Oormfaiomme ceMeHCTEa
Jiydel MIA KayCTWKH, a TaKke (QOKYCH.

YpaBHeRUE KaxkIOr0 M3 Jydeil MOKHO 3ajaTh B DHJIC

r =r (%, 2), (43.17y

rae % SBIAETCA MapaMeTpoM cemeficTBa nyded, Buxogamunx da 0. Kak mapecTHO,
ormfapmas TaKOro ceMeiicTBa jiyueil mOnyuaeTcs NyTeM HCKJIIYeHAA X, U3 mo-
CIEHETO YpPaBHEHHA M H3 YpaBHEHHA

or (1, 2)/0x, = 0. (43.18)

Orcona, a Takme H3 (43.16) pagmo, wT0 Ha ormfalcmeit ceMeiicTna nydeit pakTop
dokycmpoBKH pneficTBmTenbHo ofpamaerca B GeckomeaHocTs. [llmpuHa 1ydeBHX
Tpy6ok ameck ofpamaerca B Hynb. Eme Gonee canbuasg GOKyCHPOBKa BOTH HMeET
MecT0 B (OKycax, KOTOpDHe MOryT GHTH HIH H30JMPOBAEHKHMH HIH ABJIATHCA
TOYKOH BO3BpaTa KaycTHK (CM. HIKE).

43.3. JlyueBas xapTHHA M KAYCTHKM B NPEMOBEPXHOCTHOM BOJHOBOTe. B xa-
9ecTHE NPEMEPa PACCMOTPHM JYyIeBYH KAapTHHY B npOCTeimeM BOJHOBOAE, Orpa-
HAYEHHOM npH 2z = 0 mOmHOCTBI0 0Tpaskarmei rpamumeir. CKOPOCTH aByKa B epe-
He mycTb BO3PACTaeT OpHd y;AJEHEA OT FPAHMOE N0 JHHEHHOMY 3aK0HY

e =co (1 + az/2). (43.19)
IpemnonoxAM BHaYase, ITO WALyIaTenb HaXoAdaTcA Ha Tpannne. Pacemorpum

ERXCAAIIM M3 HETO YT MOJ yIIoM CKOJBKeHHA X, I'0p uaomranbHoe paccTod-
Bme, npoferaemoe JIyTIoM B mpefiesaX MepPBOro MOJIYNHAKIa, 6y aer cormacuo (43.2):

r = \dzftgy. Manee, cormacuo gopmymam (43.19) m (43.3), mmeenm

OF ey N

cos y = (1 + az/2) cos 7. (43.20)

B peayabrate

r —

ZS (1 + az/2) cos yodz

] VI—{ F0z/2)cosTyo !
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MOCIe HATErPAPOBAEMA H BieMERTapHHX IpeobpazoBaHwil modydaeMm
2 2 2 \2 4
(T—Ttg')'.o) +(Z+T) =

a*cos?yo
“OTclofa BUAHO, 9TO NYY ABAAETCH AYIOH OKDY:HOCTH ¢ LEHTPOM B TOUKe I =
= (2 tgYo)/a, z = — 2/a. Herpysmo norasatp, uro BHpawenme (43.21) cmpa-
‘Be[IABO [JIA BCEIO NEPBOTO NWKiaa ayda. W3 mero mpa z = (0 momywaem:

2t
-_L__EXO,

(43.21)

2
r——1igy =

OTKYla HaXOAMM TOYKH NepecedeHHA JyIOM TDaHHIH B mpefejaX NEPEO-
ro nEkna r = 0, r = (4/a) tg X,.
Cnenona'renbno naMHa nEkaa (cm. pue. 43.2)

= (4/a) tg X,- (43.22)

‘MakcHMAaNbHOE OTKJIOHEHHE Jy9a OT IPAHHIHN Z, MH NOIYIAM, TNOJIOKAE B
(43.21) r = (2/a) tg X,

Zm = 2 (1 — 08 ¥,)/a cos ¥. (43.23)

Topu30RTaIEROR pPAcCTOAHAE, OPOXONHMOE JYdYOM IPH HEPEXofje ¢ TOPMBOHTA

z = ( ua ropusonT z, 0603HaueHHOE Ha pHC. 43.2, a wepes g (z), Gymer cornacmo
(43.21)

2(s) = (2/a) tg xo — V' 4/a* cos? x, — (z + 2/a)%. (43.24)
Brpasue 3mech z + 2/a wepes y cormacmo (43.20), moxygaem
g (z) = 2 (sin y, — sin y)/a cos y%,. (43.25)

Ilycrs Temeph m3mydaTenb HAXOXUTCA Ha TOpH3OHTe z = z,. Torma ypaBme-
HUs [IA ISTHIPEX ceMedcTB aydvedl, mpHm OpHeMHEAKe, DAcHOJOEHHOM Ha ro-
pHasoxrTe z, 6ynyT maBatbcs gopmynama (43.9) u (43.10). B max r — ropusorrans-
HO® paccTOSHAe MeAY M3nyTaTeneM W npHeMHEKOM, A maerca gopmynoi (43.22),
dopmyna (43.24) (mxm (43.25)) onpemenser g (z) u g (z,). Ha puc. 43.7 uzoGpaske-
Ha nyuesas KaprHHa i aToro ciydas. Ilo ocm abemuec m OpAMEAT OTIOMEHH
cooTsercrEenn0 Gespasmepruie Benayuuul ar © 100 az. IIpmuaro az; = 6-10-3.
Ha srom ke pucynre msoGpaxemn raycrmkm. Ha pme. 43.8 mocnennwe m3o-
Gpasxensl oTaeabH0, KayCcTHKE HATAE Ha KOHETHOM PacCTOAHMHA He HAYAHAKTCH M
He KomualTcA. Ha ropmsomre z = z, mph paccrosmdax ar = 4 N Vaz, N =
= 1,2, ... OBM HMEIOT TOYKA BO3BpaTa, rAe CTemeHh QOKYCHDOBKH NOBHIICHA,

B Tex cayganx, KOrga yrisl CKONBKEHHA JIyIeil Malbl, B BHpaxkeHAaAX (43.22)
o (43.25) TaBreHCH M CAHYCH MOKHO 3aMEHMTH apPryMEHTaMH, a KOCHRYC mpPAHATDH
sa egmmuny. Torga gerwipe cemeficrsa mywedt (43.9) m (43.10) sammmyrca:

ar =4 Nyo £ 2 (% — %) £ 2% — % (43.26)
{Ipm arom, cormacwo 3akomy Cmenndyca, mMeeM
€0s Yo/co = €Os ¥3/c, = cos y/e. (43.27)

Hanomugraem, uro 3gech m HmEe mEgekcH 0 B 1 OTHOCATCH COOTHeTCTEEHHO K
YPOBHK HamMeEbIe#d CKOPOCTH 3ByKa (0Ch BOJIHOBOAA) H YPOBHIO HBIydJaTens,
Bennunan Ge3 HAAEKCA OTHOCATCA K NPOWSBOIBHOMY IOPHBOHTY Z.
Ixsa ompemesnenna daxropa doxycuporkm (43.16) Hago BHIHCAHTH 6r/6x1
Judpdepenmupyn (43.27), maxogaM mph MaIHX yriax:
AeldXa = Kal¥o,  ANAY2 = Ya/X- (43.28)
Teneps, muddepermupyn (43.26), maxogmm
a or &N (1 -1 )
= 22— —

Xo b 4
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Puc. 43.7. JlyueBasa KapTWHa B OPWIIOBEPXHOCTHOM 3BYKOBOM JaHame
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Puc. 43.8. HaprnBa KaycTHMK B MPHMOBEPXHOCTHOM 3BYKOBOM KaHale

Haycrurr Gyayr onpemeasithcA ypaBHEHHEM

2 NJxo &= (/%0 — /%) £ (/%0 — 1/%) = 0 (43.30)

u ypasuenmeMm (43.26). [IpaxTrrdecK: moCTpoeHHe KayCTHKE LNPOHM3BORUTCA Cle-
xyommM o6pazom. 3ajaeM z,, ¥, N & BubupaeM cooTHomeHAe 3HaKOB B (43.26) m
(43.30) nas mymxuoro maM cemeitctsa ayueit. Ilocae aroro m3 (43.27) maxommres
%o, 8 B3 (43.30) x. Buan y, Mo w3 (43.27) naiinem z, a us (43.26) r — KoopawHATH
OJHOH TOYKH KayCTHKH W T. ..

43.4. ®GorycnpoBRa Ha OoCH BOTHOBoAa B BO/u3m Hee. PaccmorpmM, caeays
H. Toacromy m K. Kaew [94], cummerpwanmii pomnoBOA

c(z) =coch bz, — 00 << z<C 0 (43.31)
¥ UPEANONOKAM, ITO H3IyJaTe b HaXonrTCA Ha ocH BoaHosoAa z = 0. Ilockoasky

B faHHOM caydae n = 1/ch bz, dopmyna (43.4) sammmercsa
z

€0 = coso)
¢ 0

I

z
dz . S chbzdz . 1

Tenihe — e, ——————— — —— arcsin (sh bz/t .
¥V 1/ch?bz — cos?xo Vi e b resin (shbe/tg o)

(43.32)

MaxcnMansHOe OTKIOHEHHe 1yda OT OCH Z, OUPEAEIAETCH W3 COOTHONIEHHA
n (2,) = cos %o Orcoma

0

t

z,, = arcch (1/c0s ¥,). (43.33)
Jauna mmraa ayda, ceraacHe (43.4), pasHa
A = x/b. (43.34)

Taxum o6pasom, He3aBHCEMO OT yria BHXOAA K3 H3aydaTels, Ayd BO3Bpama-
-eTca B mIecKocTs z = 0, mpoiiga gucranmmio st/b. Ha pue. 43.9, a msobpaen
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npodunb cxopoct: 3ByKa, ma pumc. 43.9, 6 — aydesas xaprmua. B rouxax O’,
Q”, ... HA OCHM BOIHOBOA MH HMeeM H30JHPOBAHHEE (HOKYCH.

Bo Bcex cayuasax, korma upoduab cxopoctd ¢ (z) mMeer 6amsn z = 0 pas-
JoskeHEe BAAA ¢ = ¢ [1 + b%2%/2 + O (2%)], nMeer MecTo doxycHpoBra Tmapak-
coanabHHX (BHXOAAMAX UOA MAaJHME YIIaME Y,) aydeir. Paccroanme Mmexay
¢oxycamu pasHO /b,

[ a V)

2

Prc. 43.9. @oxycHpoBKa Jydell B BoNHOBOAe ¢ NMapaGolMYecKEM mpoduiem

doxycuporka B mnapabonmaeckoM BoaHoBome (ca/c? (z) = 1 — b%?) Guua
Hecaegosana aeraabHo B paGorax JOGepanna m Huxonaca [204, 254]). Hone B
o6nacT OKYCOB B BHE X HOACIATHRAIOCH CYMMUIPOBAHAEM MOCTATOIHOTO KOIH-
9ecTBA HOPMAaJbHEX BOJH, B srux paforax mMenTed Xopomue madcTpanun, Te-
opHI0 mapaGoaMYecKOT0 BOJNHOBOAA CM. TaKke B § 52.2.

Nccnegopanme aydeil, pacnpocTpaHAIOMEXCA BOAM3E OCH BOAHOBOXA, HPOBE-
neHo A. Buabamcom m B. Toprom [268] u ocoGernno mogpobuo M. Ilemepcernom
[211] ans BeckMa mmpoxoro xaacca upodumaeii ¢ (z). B. Byaxupes [20] noxasaa,
910 OPH CTPOTO#l BOTHOBOM TPaKTOBKE 3ajaam nydaM, GIH3KMM K OCH, COOTBETCT-
ByeT ¢Boeo0pa3Has «ocepas BOJHA», W HCCIEAOBAJ ee BHUJ.

c(z)

Pre. 43.10. doxycmposka JIy-
gl B HeCAMMETPHYMOM KaHAale

z

Ilyers Temeph mMeeM HeCHMMETPHYHHIE BOIHOBOJ,
c=coch bz, 2z>0; c = coch bz, z<C0. (43.35)

Ha puc. 43.10, a usoGpaxxen npoduas c (z), Ha pue. 43.10, 6 — nydepasa Kapru-
Ha. Jlyun, prmenmne u3 O Do HATpaBIeHHUIO BHA3, POKYCHPYIOTCHA Ha PaCCTOAHAN
n/b;, Ayun, BHINEAmHKe BBEPX, — Ha paccTOAHEE n/b,. B arEx Touxax Gymyr
HaXOUThe A «IacTHIHHe» PoxycH. «Iloauniy poxye 6yaer HaXOAHTHCHA HA pacCcTonA-
wam nt (1/6; + 1/b,), rae poxycupyrore s Kax 1ydm, BHIIEANINe BHA3, TaK B Jy1H,
BHIIGAMEE BBEPX. Jto OyfAer, KCraTd, ¥ AAMHON NOJHOTO HUKJIa JAyIeidl mIphm BX
pacOpocTpaHeHHE B BOJHOBOJe.

. Yaitr [267] pemua 3amauy o Bo3MOKHHX NpoPRIAX CKOPOCTH 3BYXa c (),
IPH KOTOPHX Ha OCH BOJHOBOAA EMeIOTCA POKRYCH, T. €. XoTja BCe JYydH, BHINEA-
mie A3 U3ayIaTeNA BBEPX, KU BCE JYUH, BHINGANIAe BHA3, HIN Te B APYyrue cofu-
palTcsa 3aTeM B TOUKY Ha ocH. VI3aydaTeab IpH 3TOM IpeAmoaaraeTcsa pacmoso-
JKeHHHM Tax;ke Ha ocu. Cpeam HaiiieHHHX EM npodmiaei cogePHATCA, HAaOIPHAMeP,

6uOKCIOHEHIEATBHEE Tpoduab
ca /c¥(z) = 2e2NP . Az AP, (43.36)
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Pme, 43,11, ®oxkycupoBkra aydeit miaA
npoduaA CKOPOCTH 3BYKa, BABAEMOLO
7 dopMymonr (43.36)

Ha pue. 43.11 caera m3o6pasken npodmus ¢ (2) AnsA sToro caydas, cmpara — Iy-
d9epasi KapruHa. (DOKYCHpPOBKA HMeeT MECTO IDH KAa)KAOM 6mopoM NepecedeHHm
Ay90oM OCH z = z,. JI. Yaiir moxasan, uro npoduas (43.31) (xerars, Ha doxycm-
pyomue cpoiicrea sToro mpoduas puepewe yxasaa JI. Camxrep [239]) asasercar
e/IMHCTBOHHEIM, IPH KOTOPOM (OXYCHPOBKA HMeEeT MeCTO IPH xaxcdom mepecede-
HEO OCH KaHaJja.

B 3axaiouenne naparpada yMecTHO OTMETHTH, UTO IPH BOJHOBOJHOM pPacupo-
CTPaHEHAH WCUOJb30BAHUE JyIeBoll KapTHHH BO3MOMKHO TONBKO ODH OTPaHHYEH-
HOM DaCCTOSHHE BAONbL BOJHOBOZA. JTOT BOUPOC PaccMOTPeH Hm:ke, B § 45.3.

§ 44, Jlyuepasn Teopusa Kar TpeAeNbHBI caydail BOIHOBOHK

Yro6H He YCA0KHATH KAPTHHY HeOPHHIEIKAJILHEMHA AeTANAME, PaccMOTPEM
CHOBA pacEpocTpaHeHMe BoNH B moxyunpocrpaHctee 2 > 0. Ilpepmonoskum, dro
CKODOCTH 3BYKA ¢ (2) = ¢o B ¢aoe 0 < 2 <{ 7 ¥ MOHOTOHHO BO3pacT4€T OPH BO3-
pactaHmE (2 — k). [InoTHOCTS p, KaK K BEIIE, TPeATONATAETE A NOCTOSHHOR BCIOAY.
TMone B caoe Momer GuTh npeacTapaeHo pupaxsenueM (36.1), rae pasHue YneHER
GecKOHeTHON CYMMH ¢OOTBETCTRYIOT PAa3AMIHOMY YHCAY OTParkeHHH BOJH OT rpa-
HAL ogHOpPoAHOTo ¢a0A 0 < z << h. Mu npeguoaoxuam, 4ro xoadPunueHT orpa-
sweHns V, or rpanumnu z = 0 papeH egmHENe, W W3aydare]Nb HaXOfHTCA Ha rpa-
mune (z, = 0). oxe BHe ¢cl0A mONYUHTCA, €CAE MK YMHOKEM Bhipaskenue (36.6)
Ha exp i (k,z -+ kyy)-sin 9d3do u npomnTerpupyem mo O B @ B TeX ke mpefenax,
qro # B (36.1). Iloxosxus cHOBa V, (0) = 1, 2z, = 0, MH moxydaem

n/2—ico 27 %

s>k, p=—gr (e 5@y @t vV (2, ) sin 0d0,do.
0 0 N=0

(44.1)

3necy ky — BoaHOBOE 4mCHO B Caoe, f (z, §) — PyHKUEA, RaoOmad Doje B HOIY-
mpocTpaHETRe Z > B IpH NAYIeHMH HA HEro K3 OHOPOAHOTO NOAYNPOCTPAHCTBA,
3aI0JHEHHOTO TOH JKe ¢peoi, 9To 1 ¢ca0i nox yraoM U TA0CKOR BOJHE eNUHAIHOR
aMmoamrynu. Hyers remeps B (44.1) b — 0. B pesyabrare sro BmpaskeHme Gyger
OUHCHBATH IOJe BO BCeM moaynpocrpaHcrse z > 0*. HpoMme Toro, ocymecTsum
HHTETPEPOBaHEE HO0 ¢, KaK 370 caexano B § 26. Torga moaydaem
®
20, =ik 3 | Vif(s,0) HY (kyrsin®)sin9dd.  (44.2)

N=0T;

* Kax umTaTedb, mo-BEAEMOMY, 3aMeTmit, BBefflenne ci1of 0 < z < h HaM 6runo HeoGXOMHMO
TONBKO JUIA TOro, 9TOGH BOCHIONIB3OBATHCA peayiabTaTaMs § 36. IIpH Apyrux cuocofax BEBOMax
dopMynn (44.2) mpeRnmONOKeHNe 0 HANWIAKA TAKOTO CJIOA He TpefyeTcH.
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3mecs ky = k (0). [Tyms mATerpAponanns I'; maobpasern Ha puc. 28.1. O6o3maunm
E—kosin®, oap=Vk _—g=koecos® Ima,>0. (44.3)

NaTerpaporaime mo ¥ 3KBABANEHTHO HHTPIPEPOBAHMAIO Ho § o ReMecTreHHO#l ocH
0T — 00 J0 4 oo. § mMeer CMBICH «FOPH3OHTATLHOTO» BOJHOBOTO YHCIA JJIA Kajk-
moit M3 MAMAHAPHIECKNX BOAH WoA HHTEIpanoM B (44.2). Bupamenme (44.2)
BaTHIIETCA

~

P
v=13 { Ve e . (44.4)
N==0 —o

3aecs f, (2, E) = f (3, 9); V, — KodpduuyenT oTpakeHAA TIOCKOH BOMHM, Da-
malome#l M3 offHOPOAHOrO WoJAyHPOCTPaHCTRa, rae k¥ = k,, Ha CPaHMALlYy paccMaT-
PHBAEMOT0 HEONHOPOJAHOro moJympocTpaHcTRa z > 0,

OcymectraM teneps B (44.4) mepexom ¥ nydesoMmy HpubiamgenHio, cuHTaf
ko — oo. Kak cnenyer ms § 24, 7, (z, &) mpeacTaniifeTca B aToM Ciyuae B BHAe Cy-
MePUO3MITAN BOXH, PaCHPOCTPAHANIMAXCH B CTOPOHY TOMOMHATEABHHX H OTPHIA-
TeabHuX z. Manoxenne B § 24 neferca AiifA cydas HOPMANbHOTO Nage HAA BOMHH,
Mpu mepexofe K HakMOHHOMY HafeHHI Hafgo n (z) saMeHHTh Ha J/ n? — sin? ty=
=ajk,, a= ]/k2 — g%, B peayasTaTe, aBamoruuso (24.24), MoykeM 3anHcaTh

iy =1 +T,

f* = Aa-*exp (z§ adz) , [~ = Bxrexp (— i§adz> . (44.5)

Ilocrosnnase A 1 B ueofiXxoquMo BHOpPaTh TaKHMH,9ToOB BEOOMHANACh YCIOBHA:
1) z =0, f*+ =1, DoCKOIBKY B COOTBETCTBUH C oNpeAeNeHWEM $YHKIHAR
{1 (2, &) magaromas BonHa upH z = O gonmKHa HMeTh efHHHYAYI0 aMILIATYLY;

22=0, /I =Vi()=expip,

Im

¢=—n242 | adz. (44.6)

0

3pecs V, (B) — xosdpdHumenT oTparkeHHA BOJEH OT IIOJympocTpaHCTBa z > 0
B reoMeTpHYecKoM mpHiamxeRnd (cM. mpipakerme (24.27)). z,, = z,, (E) — mie-
«€KOCTh IOBOPOTa BOIHE, oNpefeNfeMand H3 ypPaRHeHHA ¥

k(2pn) = E. (44.7)

U3 yenommit 1) m 2) HaxopuM
A=(lg—E)=a B=ajexplig) (44.8)
ITopcraruM Temeps f; (z, &) na (44.5) B (44.3), nocmosnbayeMca acEMnTOTHYE-

ckaM mpeacTaniemdem (28.1) ¢ymknnm Xamrens (yaepmupas AHMbL TIaBHBIH
9nen) ¥ obo3mavum

T =108 ={ad (44.9)

*'B § 24 B nnocKocTH moBopora GEIo mpuuaTo z = (. 3gecs mrocKkacTk z == 0 cosmemena
< a0ColTHO OTpwKAaLmedl rpampmed.
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Torga moxydaem

P= D) (BN +¥n),

N=0
+oo
1]7;1 ‘l/- 2 ein/a S eilr+Nop+Er) 1/- 3 dg, (4410)
~+o00

- 7., . £
— _2 _pin/k i[~v+(N+Do+Er] ‘l/-__ ,
¥ 1/- i € S ¢ oot dg

—00

M
MoraeM, aTo Yy EPy, N = 0, 1, 2, ... galoT B IpegeTbHOM CiIy4ae BRHCOKAX
9aCTOT moJle Ka)kjoro Ma jaydeil, paccMoTperHNX B § 43.1. BoapMeM mna npuMepa

1p$,. Harerpan mo § GygeM oleHmBaTL MeTomoM mepesaia. OfosHauuM

w(r,z, & =v+ No + &r. (44.11)
Toura nepesana E == {, maligerca #3 ypammeHns (dw/dE);, = 0 mam
r=—(Ng' + 1)z, (44.12)

rie MTPHX o3HaYaeT Auddepenmuporamne no E. [onbaysack cooTHomendeM §, =
= kg cos %o, TOYKe Neperala £, MOMKHO CONOCTABHTb \yIOJN CKONbKEHHA Y.
Herpyaso gokasars, 9To

A (%) = — (@), (44.13)

rae A (%) — AaAHa oAkmaa ayda (cm. puc. 43.2), Bmpamalon’mncn dopmymoit
(43.4). Ona sroro nmocraTouno npomhddepermuporaTs eHpamente (44.6) pna ¢
no t m monoxmTs £ == £, = k, COS %o. ITO ke, OMHAKO, ClefyeT H H3 POoPMYIH
(14.25) pas cMemenma myda.

TakuM xe ofpadoM guddepennuponanmem $opmynu (44.9) m cpanEenmeM
¢ (44.3) moxassiBaeTcd, 4TO

— ()2 = £ (%o, 2)- (44.14)
B pesyabrate ¢opMyma (44.12) sanmcmBaerca
r=NA(%o) + & (X0, 2)s © (44A5)

9To commajaeT C IepBEIM ypasHeHHeM (43.1).

Ecnn G MH paccMOTpelH BRIpaskeHHe MIA Py, TO MOJYYMIH GH JTyYT A3 Ce-
meficTRa, AaraeMoro RTopmM H3 ypanueumi (43.1). TaxaM ofpasoM, ypamsneHHe
{44.12) num ompefeneHN A TOUKH IepeRaja ABAAETCH YpaBHeHHeM Jyda.

Jlns omenxn muTerpana Yy B (44.10) Bocmombayemca dopmymoi (27.17). Vu-
TeM, 9To

(100, = VB — & = ko sin g, Vi@ —8 =k V@ o
WM, TOCKOABKY COINAacHO 3aKOHY CHemmyca n (z) cos y = cos yq, TO
(o), = ko (2) sin Y, (44.16)

Te Y — YroJl CKOJILeHHA JyYa Ha OPOM3BOJIbHOM ropusomre z. llocie sroro
JMeTKO moNydaem

Vi = 2(nkor g %o siny | w” (Eo) | )2 exp i (w, + 8) 14417)

rae § = n/2, ecam w” (E,) > 0, § = 0, ecim w” (§¢) < 0. PaccMoTpnm BHaTame
¢asy mupamenus (44.17). Hak MH BEIEM, oHa M3MEHAETCA CKaYKoM Ha m/2 mp:
nepexope Touka w” (E,) = 0. B § 45 Gymer nuguo, 4To 9Ta TouKa jeKHT Ha Ka-
ycrake. TaxuM ofpasom, npa npogBHAXeHAN o JAHEOMY aydy ¢asda H3MeHAeTCH
CHAUKOM B TOYKe KacaHhd JyIoM KaycTHrHE. EcrecTremHO, 49To 3ToT 3ddexT me
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mor GuTh nody=ed k § 43 B paMKkax 9ECTO MyYeBHX mpeAcTabiennii. B ocrannEom
e dasa B (44.17) Moker GRTH MOTYIEHA OPOCTHM BHYHCIeHHEM BPeMeHH mpofe-
ra BOJHH OO JyTy, XapaKTePH3yEMOMY NapaMeTpoOM &,. [leficTBATENBHO, ecim
8TO BPEMA PARHO £, TO Pasa 6yaeT w = 0t = ko f. Yautnnan dopmyny (43.11),
JUIA BpeMeHH wnpofiera moJydaeMm

Zm

w=2koNS i —l—koS _ | (44.18)
0

¥ 2= cos? yp ) YV r¥ = cos® xu

3necs meprull mETErpan gaet mpeMa npoera mo N DONHKM LERIAM JAyded, a
BTOPOHX — A0GaBKY, PaBHYI BpoMeHU mpofGera 1m0 OTPE3Ky JAydYa OT IpaHHIE
z = 0 pgo yponua z.

B uwHcnmTene kamIOro METErpajia BHuTeM H gobamuM cos? x,. Torpa, mampm-
Mep, AAA IDEPROIO WieHa DNOJMyTIaeM .

Zm Zm

aN g adz - 2o cos? xg S L S (44.19)
]

: VnE—costy, '
wia, yarThiean (44.6) 1 (43.4), .
N(p+ n/?‘)ﬁo + NA {Xo) ko €08 Xo- (44.20)

IIpeofipasys Taxse H nTopoil wiew » (44,18) m yuaThBas sHauenHme r, [aBacmoe
HepBHM H3 gBYX ypasHenmit (43.1), nomyzaem

w= (7 -+ No+ &r)g, + Nn/2. (44.21)

Cpasuenne c (44.11), reateiM npa § = &,, noxaskBaer, 910 $asa, pacCIMTaH-
Hag 00 BpeMeHy upofiera mo AydTy, JHUb Ha BedHIAHY Ni/2 OTIHYaeTICH OT (TOT-
HOM» $a3H w,. dTa pasHHIla NONYIAaeTCH H3-3a TOTO, ITO B JyIeBOH TEOPHH MH HE
yYATHERaEM TOTEpH $asu /2 NpPA KaXKqOM KaCaHHH KayCTHKH, YHCJIO KOTOPHX
passo N,

Toka)xeM Tenmepsb, 9TO M aMIIIATYRa ROJIHH B (44.17) cornmagaer ¢ Tol, KOTOpas
OONyYaercsi Ha OCHORE JIYIeBHX MeTORoB. Yamrainas (44.41), mmeem

w =7 4+ Ng' 4+ r. (44.22)
Brepem ¢yarmmn r (z,£) coriacEO COOTHOINEHHIO
r(z8) = — (¢ + Ng') (44.23)

A fygeM OTaMYaTh ee OT PUKCHPORAHAOrO r (IPH 3aJaHHOM TOJNOKEHHN TOUKA Ha-
GaomeRnA).

Cornacuo (44.12) ameem r (z, &,) = r. B arEx 06osHauenmax (44.22) samamercs

w =r—r(z, §), (44.24)
opuaem ('), = 0. Juddepennupya (44.24), naxomum
W= —0r(z, )08, w(§)= — (0r/ok), {44.25)

HO HOCKOMLKY § = kocos g, Eq = kgcos yg, TO 8/0E = —(1/k, sin ) 8/07,
k, sin x, w'(Ey) = dr/dy,. B peayavrare ms (44.17) uaxogam
o 4 €08 %o

VN = T e (44.26)
B pamxax ;ygeroii reopan Myl nonyImian popmyny (43.14"). Benmaaua ¢ b Hacro-
AmeM naparpade rGadsE McTOTHHKA gaerca gopmymnoi (2/R) exp ikR, Tak Rak
HCTOYHHK DPacHONOKEH Ha aGCOMIOTHO OTPasKAlOmed rpanmmne. JTAM O6BACHAETCH
BayATRe MEOEHTENA 4 B (44.26). Manee, samerum, 910 ¥, 4 ¢, B (43.14") coorner-
CTBYIOT X H ¢ B (44.26), npaaem n = cq/c. Kpome Toro, 3geck p = p,, MOCROILRY

NIOTHOCTh OPefNoOJarajachb NOCTOAHHOR. B ocranveom dopmyan (43.14°) u
(44.26) connagnaxo'r.
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§ 45. AcmMnTOoTHRA OMA B OKPECTHOCTH FAyCTHKH

Bonpoc 0 mone B OKPeCTHOCTH KayCTHKH MH OyneM paccMaTpHBaTh, HE TpH-
BA3NBAACH K YAaCTHOMY CAydald NPHOOBEPXHOCTHOTO BONHOBONA, KAaK 3TO OBIIO B
HpeasnymeM naparpade, OgHako N0 aHAJNOTHM C PacCMOTPEHHHWIM TaM CJAy9YaeM
MOKHO IIPEAUONO:KUTh, ITO A B OOMIEM CITYTae NOTHOE IOJE B CPeje aCAMUTOTAYECKH
opa k — oo MOMEO HpeACTaBATh B BHJe HATEIPajla BAAA

4
p=r { Geoag, (45.1)
rae @ = @ (z, z;, ¥) — Megueuno Meugwmanca Qynxnas,
w=uw (Z, 21, Ty E) = f(z’ 25, E) + ET, (452)
of
5= —remb). (45.3

Kax mcerga, KOOpgHHATH TOUKHE H3nydenHs ® npdema 6yayr (0, z;), (r, z) coor-
BeTcTReHHO, KpOMe KOODAWHATH r — IMOCTOAHHON BEJIUIAHE NPH 3aJaHHOM NONO0-
JKEHAM TOYKA TpAeMa, MBI, Kak ¥ B § 44, mrojuM Qyukimio r (z, z;, £). Bupa-
sxenne (45.1) COOTRETCTRYET OmpesedeHHOMY CeMeHCTRY aydel H B IaCTHOM Clydae
IPANOBEPXHOCTHOrO ROJHOROQA ADJAETCA OJHAM U3 WieHos cymmu (44.10).

ITpm 6oavmowm k piia suamcierns uuTerpaia (45.1) menecoobpasuno npAMEHATD
Meroy meperada. ToYxka mnepemada £, HaxopgdTcs M3 ypamueHmid (dw/dE);, = 0
o

r=riz z, &) (45.4)
IlocTymas Tax e, Kak ¥ npd moxysesnd {44.17), n yuaTemasg, 910
(02w /08, = — (9r (2, 21, E)/OB)z, = — T, (45.5)
Mbl HAXOJWM B IEPROM NPHEOAMMEENN METOFa Hepenala
v = ()" ot @)y, (45.6)

THe 3Hak mepex T/4 B 3KCTOHEHTEe BRIOMpaeTCH TeM ke, 9TO H aHar mepepn (— ry).

Qopmyna (45.6) maer mome, COOTBETCTBYWmEe JY4Yy, YPAaBHEHAE KOTOPOTO
ectb (45.4). £, crA3aHO ¢ yriaaMd CROJIb:KEHHA dydYa HA TOPH30HTE H3NydIaTeNd
%, A TOPH3OHTE TPHEMA % COOTHOUIEHHEM

tEo = Kk, cos x;, = kcos g, (45.7)
tae k, m k — BOMHOBHE WhC7Ta Ha ITHX TOPH3OHTAX. '
43.1. Tlome B orpecTHOCTH Heocoboii Toukm kayctHkd. Qopmyma (45.6) Te-

PHAET CMBICI, KOrga R
R= (07‘ (Zy 21, E)/ag)Eo = 0' (45'8)

.
Mcrnogan ua (45.4) m (45.8) mapamerp E,, MH moaydaeM ypaBHeHAe KayCTUKH
s (2, ;. 1) = 0, T. e. ypannenne orumbaomei Hamero cemencrna Ayded. Hampod
TOYKE KayCTHKH COOTRETCTRYET CBOE 3HAUEHHE &, XapAKTEPH3YIOMEE B TO JKE Bpe-
MA B JIyY, KaCaMHAHCA KayCTHKH B AaHHOH Touke ¥,

HepefigzeM Temepsr K amanmay mOXA Ha KaycTHre d BOyus3d Hee. DyErmms
r(z, z;, t) opn &, 6anaxex x E, m306paxema ma pac. 45.1. Ha waycruwe npu
t =L, umeeM r = ry, (0r/0t), = 0. B mwbyw Toury r > r, ma puc. 45.4, ¢
ur < ry Ha pac, 45.1, 6 NpPEXOAAT [BA NyUa, 3HAUEHHA NapaMeTPOR KOTOPHX &;
A §,. O6muM npaBHIOM ABIAAETCA TO, ITO KayCTAKa JaHHOro ceMedicrna aydeit
OTJENAET 06aCTh, KyJa JTYIH 9TOTO CeMEeMCTRa He MOMAfalT, OT 05JaCcTH, B KakK-
AYI0 TOYKY KOTOPOH mPHXOJAT qBa Jy4a — OAHH, Y/KE KOCHyBIIMHACH KayCTHKH,

* Mu mpegmoiaraeM, 9T0 Kaypoil TO9Ke KAYCTUKM KAcAeTcs AMIMb ONAH AYY (¢Beocobam
TOUKA» KayCTHKH).
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rez,2,4) ree, z )

17 % 5
p——
i |
r ——t— Pue. 45.1. K BuBOgY BHpame-
| | I*p»., HEA pua GoMA B OKpeCTHOCTM
| | | ¢ KayCTUKH
[ b
i | |
5 Eﬁ" 52 {

Apyroit TonbKo mpubamkanomuiica x Hedt (cM., manpumep, pue. 31.3). Pme. 45.1
HAaTAJKHBaeT Ha MHCJIb, 9T0 BOIH3H &, COOTBETCTBYIOMIErO KaycTUKe, Ieaec000-
Pa3HO BOCTIOJNb30BATECA Pa3iosKeHAeM (YHKOUH T (2, Z,, §) B PAL O0KoJI0 &,

r(2,20,8) =To+ 5 roE—E) 4+ ..., (45.9)
rae
ro = (0%r/0E%), = — (630,08, (45.9)

Ilpr orxopme oT rayerurE mas §, m &, momyuaem m3 (45.9)
B2 = o TF [2(r — ro)/rol™s (45.10)

IlopcraBuB pasnoxende (45.9) B (45.3), muTerpmposanmeM ©no & MokeM HaiiTm
I (z, 2;, &), a 3aTeM ¢ moMompio (45.2) u w. Ilonywaem

(2, 21,7, 8) = wo+ (r—ro) E—E) — 5-ro —E)° + ..., (45.11)

rae o6o3Ha%eHO wo=w(z, 2, 1, &;). OOparuMca cHoBa X HmHTerpary (45.1).
Bugocs @ 3a muTerpan upm &£ = £,, aBMecTo w noxcTapaaa pax(45.11), orpann-
YARMIACH BHIOACAHHHME YiIeHaMH, NOJyYaeM
o o
P =rDE) e | oxp|i(r—r) 6 —t) — 5o —E)|dE  (i5.12)

—_—0

3amermM § Ha HOBYI0 HepPEeMeHHYI0 S U I' — Iy Ha 6e3pasMepHOE paccTOSHHEE [0
KayCcTHKH {

s=|rf2[h(E—Epsiga(—ry),  t=|ro/2|s(r—ro)sign(—rg). (45.13)

) 1,
OXCUOHeHTa NOJ EHTETrpajoM Temeph 3anmmeTcH eXpi(st + —s°). Pas6us

WHTErpaj no s Ha fipa: oT —oo f0 O # ot 0 1o oo, HETErpal oT SKCNOHEHTH HPpeol-
pa3yeM B HHTerpaJ oT XocuHyca. B peayabrate, yIBTHBaA onpeieeRre GyHRIAN
diipr (21.9), moayuaem

b =2V r|r | @ (&) e (2). (45.14)

Iopenenne pynknnu v (f) mayueno B § 21. Ee rpadux cm. ma puc. 21.1. Vmeem
v (0) = 0,6293. Ilpm << 0 ¢PyHEKRNEA ©DMeeT OCHILIHDYIOMEA XapaxrTep.
Ee MaxcmMaibHOe 3HaYeHHe AOCTHTaeTcs OPH OTPHIATENbHHX I, a HMEHHO:
v(— 1) = 0,949. Ilpu ¢t > 0 pysxuma v (f) MoRoToHHO B OHicTpo cuajaer.
Hapo noMunTh, 9T0 opMyta (45.14) nonyvena aump OTpyE orpaHAYCeHHOM yHa-
JeHAN OT KAYCTHKH, 8 AMEHHO TAKOM, IPH KOTOPOM MOKHO OT DAHEMIATHC A BHIIHACAH-
HHME WICHaMH B pasiokennu ¢asu (45.11). Vura (45.13), a Taxke morpeGonas,
aro6u B (45.11) mepemit HepnmMcaHAHHE wien r, (& — &,)* 6HUI Man mo cpaBHe-
HHEIO ¢ TOCJeIHNM, BHURCAHHEM, B HCN0Jb30BaB BHpaxernme (45.10) gua § — &,

270



mONy7Aaes, 9T0 PASHOCTE F — Fy NOIMKHEA YAOBIETROPATH YCIORHKD -

ro (ro)i(r — ro)¥s<< 1, (45.15)

Beegem mpocTpancTrenumi Macmrrab R Myuenoil KapTHHW, 3a KOTODHEA MOJKHO,
HanpaMep,. B3ATE PAJAYC KPHBHIHE! KaYCTHKH. Torpa mmMeemM mo mOpAARY BedH-
wmmEn ry ~ R/K?, r, ~ R/K® 0 yenosme (45.15) mepenmmeres:

r— ro)/ R, (45.16)

Jaa pacueTa Do Ha KayCTHKE K B €€ OKpecTHOCTH mo dopmyae- (45.14) cos-
CEM HEOLA3aTEILHD NPEHBapPHTEILHO HMETH HHTETPAJLHOE MPOACTABIEHAE NONST
(45.1). IlpegmonoxumM, 9TO0 HaM M3IBECTHO ypaBHEHHE Jdywgeil (45.4), rme ¥, cnaza-
HO C YIJIaMHA CKOJLKEHAA dyda cooTHomenmeM (45.7). Torga MOryT 6KTL BRHUECIS:
HH r, = 62r/6§2 ¢ H w, — $ada IyJa Ha Kayerure. [lorasxem, kak, nOAB3IyACH
xydenoi reopueit u popmymoit (45.14), MoxHO OIpPENENNTL aMIIATYAY TOAA BEIA-
M KayeTHRW, BHpasEM mpomsBONEME mo t gepes OpOH3BOMHME IO 7, — YIAY
CKOJILKCHHA JydYa B TOUKE HANY9YeHHA. YUHTHBaA cBA3b (45.7), mmeem

Orjot = — (1/k, sin x,) Or/oy,. (45.17y
Janee, yauTeinas, 9T0 Ha KaycTEKe dr/dy, = 0, nmeem )
(6°r/0E%)e, = (1/Ky sin%xy) 0°r/oxs. (45.18)

Oyuxnna O () B (45.14), sarHcAmAA OT MOIEOCTH H3JyIaTedA H He 06Iagaio-
IaAd HAKAKO# OCOOEHHOCTELIO HY KayCTHKEe, MO;KET GHITEL OnpeaeeHa N3 HHTEHCHR-
HOCTH moJiA (CHJH 3BYRa), B TOUKaX, AOCTAaTOTIHO YAAJeHHHX OT KayCTHRH. Basns:
[V? | ma (45.6) u cpasums ee ¢ Bepawennem (43.14"), malifeHENM HS Jy9EBHIX
OPSACTaBICHAH, NOJAYIaEM, ytm’rmnai{ rarke (45.17) m (45.18).

[ D (ko) |2 = p/2 mpyk tg ¥, sin . (45.19)

Tenepsn, mogeraraas sToT peayastar b (45.14), MOHO HaliTH KBagpaT aMIINTYTEF
% B OKPECTHOCTH KayCTHKH ,

- I P 9% pk*in*’s gin" %1 cos 11 o —*

V= pirsin Y, o

v (t). (45.20).

H3nomennniit MeTO OTPEEJNCHAA MONA B OKPECTHOCTH KaYCTHKYE HCKIOTATEILHO
Ha OCHOBe 3HAHEA JYYeROY CTPYKTYDH HOJA HHOTJa Ha3HBAKT «HapallHBaHAEM
fudPaKOIHOHHOTO MACa Ha JYIeBOH CKeleT».

IIpencrapasAer HHTepec PaccMOTpeTh BHpaikenme (45.14) mpm — ¢ > 1. Boc-
O0JL30BABIIECEL acUMOTOTEIecKod dopmyaod (21.13) mas v (t) yAep:KaB JHIDG
TIaBHHA WIeH W BHPa3AB CHHYC 9epe3 DKCIOHEHTH, MOIydaeM

WY Tl — ro) 21D () et | i - ), (45.20)
rae z = (2/3) dh, a = — 1. ‘

IToxasiem, 9T0 PTO k€ BHpaXKeHAe TONYIATCA, 6CIH BOCIONLIORATRCA DOPMY-
J0# (45.6) gus n0As OGKHYHOrO TyYa H YIeCTh, IT0 B OGaacTy ¢ < O mmeoTCH ABa
JIyda ¢ TouKaM¥ nepesana §; u E, (cM. puc. 45.1). [JlelicTBATENBHO, €CIE nocnomr
30BaThCA mpepcTaBieHHeM Pasw B BEge paAma (45.11), To ypasHemme dw/dE =
JUIf TOYKH mePeBaia Jaer ABa pemenns f, ,, Bupamanommecsa Gopmynoi (45. 10)
Taddepenmmpya (45.9), HaxommMm

a . . .
(—C> =To(E1,3 — &) = F o [2{r —ro)/ro) (45.22)
08 [&p 4
Daau wy,, B TOUKAX HePeBaa MOJIYIaloTCs ONPH NOACTIHOBKE (B, — Eo) B (45.11)
Wiy = wo-Tﬁsigﬁ (r;) 212 (r — "o) "o] 1 = wy T (sign l"o) z, - (45.23)

THe W, — hasa Ha KayCTHKe.
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llone, naBaemoe gBymMnA ToukaMm mepeBand, Gymer cymMmoil Bupamenmil (45.6)
(0503Ha‘IEM Hx Uepes Y, H 1,). B KOTOPHX £, 3aMEHEHO NOC;Ieg0BaTelbHO HA
%, n E,. B cuny megnennoctn namerennsa O MOKHO nonoKATh O (E,) = D) =

= @ (§,). Torna monyqaem, wanpumep, mpu r, < 0

Yo+ §o = ( ) D (E6) LT — ro) rof2] eelwnrmia) [gix | gi—rin)],  (45.24)

aro coBmanaer ¢ Y B (45.21). Irar ae pesynbraT, KaK HeTPYAHO HPOBEPHTH, Oy~
waerca B upm r, > 0.

HKak sagHO 13 (45.21), pazmocTs das gByx aydeit paBHa 2z — n/2. Kak moxno
NOKa3aTh, 2 ABJAETCHA YHCTO TeOMETPHIECKOR pasHOCTHIO XOfa JyIcH, B TO Bpe-
M KaK — 7i/2 BO3HHKAeT W3-3a TOT0, ITO JHyY, KOCHYBMHANCA KaycTHKHA, [ONOTHMA-
-TeAbHO Tepaer Hasy mn/2.

Bupaesne (45.1%4) saBaserca acumnrormdeckuM (npH kK — oo) mnpepcraBie-
HEeM I0JIs Ha KayCcTHRe U B6IA37 Hee 0 PaCCTOARAH, yfOBATBOPAIIIAX yCIAOBAI0
(45.15). 10. A. KpaBnosum [44, 45], a norom M. JIrogsurom [195] 6rna nonygena
6os108 TOUHAA ACHMOTOTHYecKaf $opMyna i HOAA B OKPECTHOCTH KAayCTHKH.
Mn npmsegeM 3gech HX peayn1bTaT B Popme, manoxesnod B, A. Boposakosum n
B. E. Kun6fepom *. ‘

ITycts mMeeM KaKylo-TO TOUKY P = (2, y, Z) B OKPeCTHOCTH HeocoGolt Touxm
KaycTukH. Ofo3HaumM B 9TOM TOYKe DHKOHAN MORXOFAMEro K KaycTHKe Jyda 1e-
pes s, (pasa ks;) m pEKOHAT nyda, KOTOPHA yxe KOCHYJNCA KAyCTHKH, depes S,
(dasa ks,). Paccroanna or r g0 TOYEK KacaHHA KayCTHKH BAOJMb Jiyuedi 0603HaqnM
“COOTBETCTBeHHO 9epe3 p; H P,, TOIna OKaaLBaeTCA, 9TO BHpaKeHHeM i moid,
aHaJOTHIHENM HameMy (45.14), HO fomee TOUHHM, ABAAETCA

U= {k"E (v, k) v(— E"4)) + kF (v, k) v (— k" 4,)} V qetide,  (45.25)
‘re v — mpouwsBagHaa or pyHKUHEH JidpE mo ee aprymem‘y u
3 *3 p
4y = (51 + )2, A= [T (s? — 51)] . (45.26)

E m F — $yuxman, ponyckapimae pasnoeHme mo cremeuaM 1/k, HawmHAA ¢
anenos K, n F, re 3apucAmux oT ¥ (KOTOPHMY MK B OrPAHTIAMCA)

2 \'a Y (1) C (Ea) 2\ o, J C(Ed) C (1) ] :
== — F — A —_—— "] e 45.:7
Eq <”‘) [ Vo + sz] ° <”‘) ! [ Vo Vo ( )

Tpa r — r,, yaoBaeTBopaOmMux ycaosnw (45.15), dopmyana (45.25) nepexopur B
Aamy $opmyny (45.14). [leiictBaTenpH0, uMeeM jiisd apTyMeHTa QyHROME Jiipn
8 (45.25)

s T L I O N L B ] R C A

Mgu mafigem w, — w,, nogcrasaas B (45.11) nocnegoparensuo &, u &, u Gepa 3ateMm
PasHOCTh NOJYIANIUXCA BHpParkeHNA. B pesynbTaTe mMeem

— k4= — (B2 = —a=t. (45.29)

B dopmyne (45.26) s, COOTBETCTBYET Jydy, KOCHYDIIeMyCsl KayCTHKH, ITO ¥ HAo
COOTBETCTBYET W, ecld r, > 0. B ciydae ro < 0 ME EMeeMm ks, = w,, ks, =
= w,, B0, KaK JIeTKO IPOBEPHTH, COOTHOMmenHe (45.29) ocraerca HEH3MERHEIM.
,Z];oxamem [anee, 9TO NpPH BHNOMHEHHN ycaoBHEA (45.15) wiem ¢ v’ (— K4,)
B (45.25) 6ymeT Manm mO cPaBHeHMIO ¢ MePBHM, 4TO 06YCIA0BIEHO GIM3OCTBIO Py
u p, B (45.27) m BemepcTBme aroro mamocrpi F . ComocraBnas mepBuHil WieH B

* B. A. Boposuros, B. E. Kun6ep. TeoMerpudeckas teopus mndpaknus. B cf, eAnainze
TH4eCKWe METONH B TEOPHH Au(lpaKufH H pacapoctpanesss Boaus. M., Hayd. coBer mo akyce
mke AH CCCP, Mmuncrepcrso papgmotexH. mpoM, CCCP, 1970,
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duryprnx ckobrax B (45.25) ¢ (45.14), maxommm:
CE) = C (&) = C (&) = 27K (i)' D (&),

Pr=pa=p, AV p=]|rl". 45.30)
Kpome Toro, yumrusas (45.13), ameem npm ¢ << 0
Ay = —EP =B 2 (r — 1) (45.31)
CnepoBarennHo, u3 (45.30) u (45.31) nonyuaem '
- i T 7 -t
ss_ﬁ=2 e [(r — ro) rg) " (45.32)

Temepb HeTPygHO YCTAHOBHTH, YTO ;i MajocTH BTOPOrO0 wieHa B (HTYPHHX
ckob6kax B (45.25) Heo6xogmMo

(55 — $p)/s L tlopy, (45.33)

HO s, — 5y = (0s/08)g, (E, — E,). Mcnompays (45.32) m (45.10), mepaBercTBO
(45.33) Teneps mepenmmeM B BHxe

ro (royh (r — ro)te << t'vpv. (45.34)
Wnm, ecam cioBa BBecTH NMpOCTpaHCTBeHHHIE MacmTal ayveBod rapruan R, To
[(r — ro)/ R <ty (45.35)

Herpynuo y6ennthed, uTo npm sHaweHHAX (r — ro), yaoBiaersopsiomux (45.16),
HepaBeHCTBO (45.35) Takxe ynoBmerBopsAerca. JleHcTBHTENBHO, 3TO CPady BHHO
opu t ~ 1, korga /o' ~ 1. IIpn ¢ > 1 uMeem v/v' ~ ¢4, YumTHiBasA 3nadenne
t cornacuo (45.13) u omeHEBaA MOPARKA BeJMYAH, HePaBeHCTBO (45.34) 3ammmem
B BHJE

[(r— ro)/RI"™ (kR " <1, (45.36)

uro npn BunonAeHun (45.16), GesycnoBHO, BHNOTHAETCA, NOCKONBKY IDOIONa-
raercs, uTo kR > 1%,

Urak, cpaBaeRHe ¢ Gojee TOURKMHE GOPMYIaME TaKKe IOKasHBaeT, YTO Hama
dopmyna (45.14) sABnsAeTcsA acMMOTOTHROH WO B 06MAacTH, yqOBIeTBOPAMIEH
BeCchkMa ecTeCTBeHHOMY yciaoBmio (45.16). 3aMermM KcTaTH, wTO B mOCIeNHee He
pxonaT k.

Brpamerne (45.25) npa k — oo mepexopHT B mose B ydeBoM NPHGIHKeHAA BO
BCell OKPEeCTHOCTE KayCTHKH e3 orpaHmweHHA game ycaoBHem (45.16). Heiicren-
TeNbHO, HCHONB3YA acAMIOTOTHIeCKHe GopMynn anda v (¢) | ¢' (f), MH momydaem
A mePBOro WieHa aCHMITOTHXH H3 (45.25):

C(El) C(E2) ke,
U = L ems, + 2% ei(k,, 7:/2)’
Vo Vs

T. €, mOIe, COOTBETCTBYIOMEE JBYM JydaM.

OrveTaM TaKme, 4T0 QyHpaMeHTaJbHHE HCCIEAOBAHHA NMOJIA B OKPECTHOCTH
KayCTHKH copeparcsa Takxe B paGorax [63 m 47]. Iome B oxpecTROCTE KaycTHKH
nPA AMIYJbCHOM H3TyYeHHH (HAampuMeD, B3apHB B ciywae NOABOAHOH aKyCTHKu)
nccaenosano B pabore I|. 3akca m A. 3mnpfHmrepa **.

45.2. Tipumenerne ofmeit dopMyan K cayuaro DPAOOBEPXHOCTHOTO KaHAJa,
IIpr pacnmonomenHn W3nywaTens Ha IPaHANE DPHIOBEPXHOCTHOTO KaHama, Kak
9TO mpejmodarasoch B § 44, acHMOTOTHKA mONA B HMETETPadbHOM BHje JaeTCH,
dopmynamm (44.10). U3 mux Yy OPH nepexofe K JAydeBoil KAPTHHE AaeT HECXOAA-

* Vemosme kR >> 1, KakK meTpyano yGemurecsd, ofecmedmpaeT BLIIONHEEE® ECPABEHCTBB
(45.35) mpu t, GIEBKHEX K HYJIO.

** D. A. Sachs, A. Silbiger. Focusing and refraction of harmonic sound and transient
pulses in stratified media. J. Acoust. Soc. Amer., 1971, 49, N 3(2), 824.
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nwe yuacTKn: Jywa (yaadfmompecs oT Tpanausl), a Yy — Bocxopsuye (mpmba-
malomEecA K TpaHuie) ywacTke nyta. KaycTdrn EMewTca admb Ha HACXORAMAX
y4acTKax ayuel. BER KaycTHK MOMHO mpencTaBHTh M3 PHc. 43.8, MHCIEHHO mo-
Melllafl ICTOYHMK Ha rpaHurny. lIpn aToM mapu KaycTak canBanwrcd B ogay. Cpas-

gmBag P B (45.1) ¢ ¢y B (44.10), MK HaxogUM, ITO B 3TOM CiIyTae

® =V 2memne Efan)s, w= -+ No-ErHn/k (45.37)
¢dyakunma r (z, &) npu sroM gaerca ypasHenHeM (44.15), rne yrox y, saMmensercs
ma =k, cos y,.

Mocae oToro BeEMHUCAeRAe WOiaA BOMU3A KaycTHK mo dopmyne (45.14) nponma-
pogurcsa 6ea Tpyma. VicknoyenHem ABIAWTCA yIACTKH KayCTHKH, HMEIOLIAe TIO-
PHBOHTANLHOE MU GIM3KAe K HEMY HaNpPaBiIeHAs, TAK KAK OpPH o, oy — 0 GyHK-

S
N

4

Pue. 49.2. Opwn ®3 ay-
el ¥ KAYCTAKH B IIPHIIe-
BEPXTOCTIOM BOJHOROI®

z

nua @ B (45.37) Tepser cmuica. JTo OrpaHAYeRAe 6CTECTBEHHO, TAK KaK, MOMyTasa
(44.10), Mn DONb3OBAaMKCH ACHMITOTHKOM 1OJMA MAOCKEX BOIH, KOTOPas HeCHpa-
Be[UIEBa Ha IOPH3ORTEe MOBOPOTA BOIHH U B6aH3H ero.

Pacemorpem daay nywa, npmfamsawmeroca k kaycrmke, Cormacao (45.21)
OHa paBHa w, -+ n/4 — z. Ha camoit xaycruke (z = 0), ecam yuecrs (45.37),
nonygaem masa Qassl aysa ¥ = (y + No -+ &)z, + n/2 mam, ecam YydecThb

(44.6) u (44.9), To
¥ =W, — (N —1) n)2, (45.38)

Zq z
e ¥, = [2N S adz -+ Saiz + grL ~- TeoMeTpHIecKHil mafer ¢asum no mywy,
b o 0 '

crenaBmemy N meaHX MEKJIOB M yAaJUBIIEMYCA HOCHe HOCHEeRHETD OTPa)KeHAS
Ha paccrosnve z or rpanmms. Ha pmc. 45.2 maobpaskeH ojMH H3 TaKEX mydeir,
KOIa H3NyuaTeNnb PacloyioxeH Ha rpanmme, a Ipoduns ¢ (z) Takol e, RaK, cKa-
WeM, i caydas, A3o0pakenEnoro sa pvc. 43.8. B roukax Ay, N =1, 2, ... om
KacaeTcA kaycTHK. Jna rouku 4y, ¥, npencraBuser co6oif onTHIeCKYIO AIMHY
oyt ayda oT 0 5o Ax. Ho, xak BugrO 3 (45.38), uro6n nonywnrs dasy ayda,
nogxopsamero k Ay, Bago 3 ¥, Braecrs (N — 1) n/2. 3ro m ecTecTBeHHO, Tak
KakK A0 noaxona K Ay on N — 1 pa3 kocHercA kaycTak ¢ nomepamd ot 1 jo N — 1
BRIIOYMTEARHO, TOPAA OPH KaskaoM KacaHEH dasy n1/2. Ilocae mpoxona Ay or mo-
TepsAeT ele fonoaHATensEO Pasy n/2. Hexoropoe Bpems TOMy Hasaj MMera MeCTO
{251, 269, 238] oxmBuemHAA nuECKyccHA Ha TeMy O TOM, Ine TepseT ayd $asy
#/2, npm 3aBopoTe ero B cpene (TOYKH, ITe Ba pHc. 45.2 KacaTempEHe K IYIy
HEKAT B NAOCKOCTA z = CONSt) MM NpPA KacaHHW KayCTHKH. M3 TOIBKO 410
HAX0XKEHHOT0 BHAHO, ITO HPH 3aBOpOTe ayY asnl He TepsAeT, a 8Ta MOTEPSA MpPO-
HCXOJHT B TOUKAX KacaHAA KaycTdk. JleficTBHTCxBEO, 70 mpHEXoxa B Ay Ayd 3a-
BopaumBaer N pa3, W ecad GH morepsa ¢asH NpOMCXOmHIa IpPH 3aBOPOTAaX, TO B
(45.33) nommua 68 6uTh Beawamra — N1/2 BMecto — (N — 1) 11/2. Dakr more-
pa xydoM dase m/2 mpH KacaHAH KaycTHKA GHI oTMeYeH Tarme B § 44.

45.3. JlonongHETenbHOE OrpaHMuEnNe HA NPEMEHEHBE JyueBOod TeOpEH HpH
BOJIHOBOAHOM pacumpocrpadennn. B § 23 Mu moayyume ycxoBAs DpAMERHMOCTEE
reoMerpuIeckodl ONTHKH (IyYeBOH TeOPHH), BHpa)kalIEeCH B HODABOHCTBAX
(23.8) m orpammumBaomu@e BexmIEEH n' (z) m n” (z). [IpE BoxEOBOTHOM pacmpo-
CTPaHEHAH, KOTJa Iy MHOTOKDAaTHO BO3BPAaIlaeTcsA Ha ONEH H TOT ke [OPHSOHT,
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AMeeT MeCTO JONOIMHUTENTbHOE TPeGoBaHHEe, OrPAaHAIHBAIMEEe PacCTOAHAE BIOIb
BOXHOBOA 7. MH orpaEmuEmMca €0 GOpMyIHPOBKOM AuA CIydYas IPHNOBEPXHO-
CTHOIr0 BOIHOBOAA ¢ 3aK0HOM ¢ (z) B Bage (43.18). B § 43 mut Bapenm (puc. 43.8),
9TO B 3TOM CiIydae BO3HAKAET CACTeMa KaycTHK. JlydeBas TeopHs NpHMEEHNMa BCIO-
Ay *, 8a HCKI0UeHHeM 00macTell, HeIOCpPECTBOHHO NPHMKHKANIIEX K KayCTHKAM,
tme | ¢ | < 1**. B coorBercram ¢ (45.13) mEpnHa STHX 30H paBHa IO HOPANKY
BeXAIAHH

8 ~ (ro)¥s = (3°r/EDL. (45.39)
Cosepmenno amamormano (45.18) mmeem
(), = mm (2
OF* J&%  klsin?% 013.)mm'

TopunaorTansEOe paccTosEme r samdchiBaerca (cm. § 43): r = NA (yx,) -
+ g (21, %o) 3~ g (2, ¥o), r1e A — guEHEA mOMHOro NMUKIa nyda, a g (2, Yo) H
g (2, ¥o) — noGaBKE K HeMy, 3aBHCAIIHE OT NONOKEHAS MBJIYIaTeNA U IPHeMHH-
kKa. [Ipm N, Be MembImeM HeCKONBKHX eJHHAN, fuA OMEHOK B BHpa)keHHd fiusi r
MOKHO OTPaHMYATHCH NMePBHM YaeHoM. Torpa, yaurmBas (43.22), moxyuaeMm

(45.40)

r=~NA, A= (4/a)tg 1. (45.41)
Vcnoasaya coorromenne (45.40), maxomam ‘
a%r 8N A
<W)g"= AT (45.42)

PaccMOTpHM irydd ¢ MaIKIMHE Yo, KOTIA MOXKHO MOIMAraTh sin y, == ¥, €08 %0 = 1.
Torga npubamxenno umeeM u3 (45.39) m (45.42)

8= (4N  Hlyey, H = (aki) . (45.43)

Hax BagEO x0Ts 68 H3 pmc. 43.8, HamMeHbIIee PacCTOAHME MEXAY KayCTHKAMH
MMeeT MeCTO fqusf Jydeil, BHIMeNMIEX H3 H3XYYATexs OPH3OATaXbHO. [xsA HEX

to=Vaz, A=4Vzp. (45.44)

Jamra nomroro nukmxa A Gymer OfHOBpeMeHHO H PacCTOSHMOM MEXKAy KayCcTHKa-
A gaa aTax aydelt. IlpemcraBaser mmTepec maliTH oTHOmeHHe § K paccTOARHIO
MesRny Kaycturamd: ma (45.31) m (45.44) mmeem

8l1A= & N"H/z,. (45.45)

Jlxsa Toro 4To6H MExIy KayCTHKaMH HAaIIIACh TOURH, IAe MOKHO IPHMEHATH
Iy9eBYI0 TEODHI, Haj0, ITOOH 8TO OTHOMeEHe GHI0' 3HAYWTEAHHO MEHbIIe
eHHANH. JTO faeT AJaA MaKCAMAJHHOIO HOMEépa KayCTHKH, A0 KOTOPOH MOXKHO
TOXOTHTH

i

N < (z/H) (45.46)
AIA [as MaKCHMAaJdbHOI'0 DacCTOAHHSA
r=NA<< (5 H) A, (45.47)

Kcratn, Ha pacCTOAEAAX, He YAOBIETBOPHIOMHX DTOMY YCAOBAK, HENPHMEHEMA
TaKye I Pa3BHTas BEINe TeODHH KayCTHK, TaK KaK KayCTHKH cOIAKA0TCA APy €
APYroM HacTONLKO, ITO HaUAHAWT BaamMopeH#cTBOBaTh. EXMACTBeRHEM crocobom
BETACTORHAA NOIA B BOTHOBOJE IIPH 9TOM OCTaeTcA cnoco6 EopMaxbEuX Boxs. Ilpa
oToM ycmoBue mpumerdMoctd upuGumwenns BHB nusa mopMaubHHX BOxE OKa-
3HBaeTCA eme Oomee jxecTkuM, deM (45.47). 06 arom cm. moppoGuee B § 48.5.

45.4. Tlone B OKpecTHOCTH TOYRE BO3BpaTa Kaycrmkm. Tunuurofl ocobGemmo-
CTHI0 KAYCTHIECKVX KPHBHX ABIANTCA TOIKH BoaBpaTa. Ha pme. 46.3, ranpumep,

* Venoena (23.8) mpepgmonaramoTes BHOOANCIHEMA.
** Jlyyenad Teopua B OGHYHEOM BHAe HEIPAMEHMMA BCIOXY HA TeHEBOM» CTOPOHE KayCTEKE.
Onpako 3meck mome mpH | t| > 4 BecbMa Majo, H MEI ET0 He PacCMATpHBAEM.
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‘

Puc. 45.3. HaycTukE B OKPECTHOCTH TOYKME
B03BpaTa

Pue, 45.4. K awanusy mons B oKpecTHOCTR
TOYKK BO3BPATA KAYCTHKH

L/

%
|
|
|
|
|
|
|
|
|

>

______ ;f, |

o10 Touka A, A'. IIpu BomHOBOZHOM pacHpOCTPAEEHHH TOIEK BOZBPATA MOMKET
GHTH CKOXb YTOXHO MHOTO (cm., manpumep, pac. 43.8). [Ipm npubiamKeERN K TOIRE
BU3BpaTa KayCTHKH ro— 0, m mooTomy dopmyma (45.14) gaa pacera moxs B
OKDeCTHOCTH TOYKH BO3BpaTa He TONHTCA.

Kaycruka ma pHe. 45.3 maoGpaskeHa sxApHHME JAREAMH. 0 — TOYKa BO3Bpa-
Ta KaycTakd. JleBee BeTBH KaycTHKE OA uepes Kakaylo TOYKY OPOXOJAT ONHH
ay4 (manpumep, S3'), kKacanmuiica sersu OB. Amamormuso, npasee OB gepea
KasXAy!0 TOYKY mpOXOmdT ryd, Kacanmuiica OA. Mexny Berpamu OA u OB ge-
pes Kakayo Touky P mpoxonar Tpa xyda (Ha pHC. 43.3, 9T0GH He 3arpoMOMXKAaTh
PUCYHOK, 0T P OHE mpoBejeHH TONBKO B OfHY CTOPOHY). JIBa H3 HAX KacamwTcA
«6nmxaeity petsa KaycTHKE (Ha PEHC.. 45.3, mersm 0A), TpeTHi — naJIbHeK
BeTBH.

Iycrs pusa ayga OM E = &, *. Jlxa Bcex aydedl, Kacaomuxcsa KaycTHK BGiu-
a3m O, t 6mmako k E,. IoaTomy nenecooépaano $asy w B HHTEIPaIbHOM BEIpaske-
pAd aaa noxa (45.1) pasmoxurts B pag no (E — &), BEO Temeph yke ¢ yueToM
(E — &) ¢ srmoaarensro. Hak 1 B pasgexe 1 macrosmero maparpada, BraZamre
BechbMa NOYUATEXBEO paccMorpeTh QyHKMED r (2, E) BOmu3n £ = £, npu nocros=n-
HOM z. PaccmoTpuM, Hanpamep, r B TOYKaX, JdeKamux Ha npamolt SP Ha pHc. 45.3.
Herpynmao mokasaTh, 9T0 pgaa Irydell, mepecexaomux 5Ty OpAMYy®L, (yHEKIHA
r (E) ameer BHj, H300pakenusidt ma pmec. 45.4. Ilpm r < r, (manpumep, S =Ha
pHc. 45.3), KamaoMy I COOTBETCTBYET OHO E,T.e., ogEH uayd. [IpHr = r; Mu AMe-
em oxcTpemyM kpapoi r (E) mpu £ = E;, 970 0amagaeT mepecedeHHe KayCTHKE H,
KpoMe Toro, ofsrammt sya E == Eg. Ilpu r; <<r <<r, mu ameem Ha pHc. 45.4
Tpd aHaueRHA E quA Kampmoro r, T. e. mepecedernde Tpex aydedt. Ipm r > r, cm-
Tyama aHaXOrHIHa r < r;. Pasmoxennme r (z, £) B oxpecTHOCTH Iy = r (z, &)
AMeeT BAR

r(z, &) = ro(2) + 7o (2) (6 — &) + 70 (2) (& — Eo)Y,
ro(z) = (0r/0), 1o (2) = (Or*/0E%):,

Ha yposme ToukE BosBpaTa (z == 0), ro (0) = 0 r xpmBag (45.48) BHpOxKyaeTca B
ky6maeckywo napabomy.

Haiinem ypaBHeEHme KaycTHK BGJIHM3H TOUKH Bo3Bpara. IlpHpaBrREBas Hymio
Onpom3BOgHY™ 1m0 £ oT mpaBoit wacTH ypapmeRdA xydedt (45.48), momywaem

(45.48)

ro (@) 4+ 574 (2) € — &)t = O. (45.49)

Heknogana orciofa B us ypaBHerda (45.48) pasmocts (E — &) (yumTmBasg, 4T0

rer

COrmacHo pHc. 45.4 ry > 0, ry << 0), MM B moxyJaeM ypaBHEHHe KAYCTHKH
[r — 1o (2)]% = 8 (ro (2)¥/9 | 75 (2) . - (45.50)
* JIys OM, KoHeYHO, MOKeT ¥ He COBOAXATH C OCHIO Z.
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[Ipeanomoxnm, 910 B PasioxeBAH ry (z) mo z npa z <7 0 MOXXEO OTpaHHYHTHCH
TAHEHHHM WIEBOM T (2) == — bz, b = const > 0. IlpegmomoxamM pmates, 4To
ro (z) orawuno o Hyna npH z = 0 H EMeeT B 3TOR TOUKE KORETH Y MPOHBROMHYIO.

by

Torga mpE MamNX 2z MOXIO NOXOMHETL —ry (z) = —ry (0) = d = const >0,
Ypabuenme Kayctakm (45.50) npm arom sammmercsa

[r—ro(2)]* + 86%°9d =0, 2z<0. (45.51)
Ha pue. 45.3 naoGpaxen gacTENE caydail ry (z) = r, = const.

Hepeiinem Temeps k amaxHay moiIsA B OKPECTHOCTH TOYKH BoaBpara. Ilomcras-
ass (45.48) B (45.3), morerpaposarnem no t madpewm f (z, z,, E), mocae uero ma
(45.2) momywaem paa dasn BHpaKeEHe .

Wz, 21,1, B) = wo+ (r — o) (§ — Eo) — 570 (E— Bt — mrry (E— L), (45.52)
rae ro=ro(2), ro=r, {z) = (0r/o%);, W amamormumo pma r, . llopcTaBEM

(45.52) B maTerpax (45.1), Bumecem @ (E) 3a marerpan npu & = &, H BBegeM BMe-
cro (E — E;) HOBYH mepeMeHHYH HHTElPHDOBAHHA

t = (— ro/24)" (€ — &o). (45.53)
Torga momysaem
p=r"(—r2h o), (45.54)
rae
+oo
J = S ei(Yl+Xt=+t‘)dt’ (4555)

—00

1

V= (o2 r—r), X=r(—rj28 o (45.56)

Beiogy Gepercs apmmerddeckoe aHAUeHHE KOPEA (moMHEM, 9T0 — Fy > 0).
B nepemensnx X m Y ypaBmernme kayerurdm (45.50) sanmmerca
8X® 4 277 = 0. (45.57
[lpu MaxHX 7, B COOTBETCTBHH CO CKABAHHKM BHINE, MOKHO MOJOXKHTh — Fy =
== d, ry == — bz. Torga’ X 1 Y BHpasfATca Iepe3 KOOPAHHATH I H z YOpPMyTaMH
Y = @4 r —ry), X= _%. @4/d)""z. (45.58)
B Toure BoaBpara (X == Y = 0) mmTerpax I aBuserca Ta6uaYHEM @ paBeH
I, = 1,84 3¢, (45.59)

Ilpu xonesnwx X u Y muterpax I momxeT G6uth nonyden sacuenno. Ha pamc. 45.5
n3aobpamen no T. [upcn [210] mogyns mrTerpaxa I, a ma puc. 45.6 ero dasa. Ilo-
CKONBKY KapTHHA CAMMETPHTIHAA OTHOCHTENbAO ocH X, H306paxkeH TOXbKO crydait
Y > 0. Kaycruka maobpamena nyekTapeoil xaamedt. Wa pme. 45.5 Mu BHpgmEM,
9T0 MaKCAMYM HHTEHCHBHOCTH DacmOIOEH He B caMOWl TOUKe BO3BpaTa, a NpH
X = -2

Amanmanpysa namenenne $a3sl Broxb ocn X Ba pac. 45.6, MoyxHO mpocrennTh
H3BECTHHH PaKkT HaMeHeHHA a3kl BOXHH Ha i IPHE NPOX0fe Tepes POKYC, KaKOBHM
m ABIsAETCA TOUKa BO3BpaTa. PeaynbTaT HETepdepeHIEA TPOHUKH xyTelt creBa OT
KaycTHKY Ha pHc. 45.5 u 45.6 ofycroBiuBaeT HEpaBROMEPROCTH mOJAs B 9TOR 06-
macta. CnpaBa OT KayCcTHKH I€Pe3 Ka)kAyI0 TOIKY NPOCTPAHCTBa OPOXONAT IHITb
OJHE JIyT A MO3TOMY NOJE M3MEHAETCA B OCHOBHOM MOHOTOHHO.

TMonmni# amamda acMMOTOTHKE noxas BOaWMad TOYKM BoaBpaTa KayCTHK, KaK,
BOpOYeM, H 0COGHX ToUeKk Goumee BHCOKOrO mopsamka, cM. y J. Jloxsmra [195].
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§ 46. Kayeruga npm orpamenmn cdiepnuecroil BOTHBI
0T HEOAHOPOJHOYO MOJNYNPOCTPAHCTBA

IIpeacraBageT WETEpEC NPEMEHWTH NMONyYeHHLE BEINe Pe3Y/BTaTH B clydae,
korga cepmieckas BONHA, H3TyZaemas B Touke O (r = 0, z = z,) OfHOPOAHOTO
nonymnpocTpaEcTBa z > 0, magaeT Ha HeOFHOPOLHOE HOIYNpPOCTPaHCTBO z << 0,
B KOTOPOM CKOPOCTH BOJTH MOHOTOHHO BOSpacTaeT npu yBenmiennu z. Ha puc. 46,1
A306pakeE OgWH U3 nydell fiA aroro ciaygas.

Pue, 46,1, Opun u3 ayaeid mpu
OTP&JKEHNN BONHHEL OT HEO[IHO-
ponHOoro HOAYNpOCTPRHCTBA

Hax mu sapennm B § 45, ocHOBO#M nis pacieTa KaycTHK HMBIfAeTcHd (yHRIEA
r =r(z 2, Yo — POPUBOHTANIBREOE PACCTOAEME, HpOXomMMOe AyIoM. Cormacmo
pac. 46.1 m popmyne (43.2), umeem

r=(z 4+ z)ctg x, + A (%), . z>0 (rouxa B), (46.1)
r=zyctgy, —l—% A (¥ - S (dzitgy), 2<0 (roukm A’ m A),
rae -
A(xg) == 2 § dzftg . (46.2)

Zm

36.1. Cropocrs /muelino BoapacTaeT mpHu yAaJEHAH OT rPauEBKL. PaccMOTpIM
cHauaJa caydail *

20, c=c¢,(1 —az2), a>0, (46.3y
970 O3HadYaeT
n(z) = (1 — az/2)L (46.3")
Z,, BaeTca gopMymoi (43.23). Jamenas nox maTerpanom B (46.1) m.(46.2) z gepes
¥, ¢ DOMOmMbIO COOTHEOIEHHS
n (2) cos ¥ = co0s Y, . (46.4)

H OCYMECTBIAA HHTeIrpPEPOBaHMEe, HaxomuMm jaud A (y,) BeipaxkeEwe (43.22) m
Aafee ;

20, ar=fctgy, +4tg 1y, {=ua(z4z) (46.5)
20, ar=2Cctgy, +2tgy, 1+ 2siny/cosy, 1= az, (rouxm A', A).
' (46.6)

B nanbme#tmeM mu Gynem npn z << 0 HAETepecOBaThcA JNHIIL BOCXOfAMEH BETBHIO
’

ayda (Touka A’, sgak mmoc 8 (46.6)), Tak Kak HEcXOfAmMAA BeTBb HE MMEET Ka-

yerern. [lonygaem us (46.5) m (46.6)

220,  adr/dy, = —L/sin?y, 4 4/cos® y,, (46.7)
2<C0,  adr/dyy = — Ly/sin® 4y + 2 (1 4 sin x,/sin y)/cos? ¥,. (46.8)

pn nupdepernuporannn (46.6) Mu yam, 910 ws (46.4) npu z_= const mmeex
0%/8%, == sin X/ siny = tg Xo/tg X. (46.9)
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Ha xaycrmke mpaBue dacTe BHpaxeHmil (46.7) w (46.8) o6pamaloTcd B Hymb,
MO3TOMY MMeeM Ha KaycTHKe
1 .y,

z>0, th,O = 2 E y Cl = tgx0\<-.°°1 (4610)

a nogcraBadAs tg y, oTcoaa B (46.5), monydaem ypaBHeHHe KayCTHKHA B O[HOPONEOM
IO yOpOCTPaHCTBE -

z 4+ z; = ar?/16 (46.11)
— BeTBb mapaBonu BC ma puc. 46.2. Ha sTom pucyEKe m3o6paker Tamxe 1yd
Yo = arctg (% £{*), B KOTOPOTO paccTOAHME BHXOAa B BEPXHIW Cpepy MHHH-

1
ManbHEO W PABHO armin = 457

7 ¢
(N

Pre. 46.2. Kaycruka opu oTpa- Zg |

SKEeEUH BOAHH 0T HOAYIpPOCTpAH- |

CTBA C JMHEHHKM 33KO0HOM A l | A £

CROPOCTH BOJH 2y T N Vp
[

|

|

. ]

¥ Tmin >
B mmxueR cpene, npmpaBEABag K Hy10 OpaBylo dacTh (46.8), maxogmm

siny = sin 7, <—CZ‘— ctg? gy, — i)_l. (46.12)

IockonbRy ¥ cBAzamO ¢ z ypaBHenmeM (46.4), oTcloga MOKHO HaWTH Z Ha KaycTH-

ke Kak pyHKOED %,. Dogcraems (46.12) B (46.6), Mu malizeM r Ha KaycTHKe Kak
Qynxnmo %,

ar =G (G tg 1 — 2tg% 1oy 7, (46.13)

mpu tg ¥o = {2 mmeem ms (46.12), (46.4) m (46.13) 2 =0, ar = 44, 1. e,
KayCTHKa B HIKHEH cpene cMHKaercsd ¢ Kaycrukoil (46.11) B Bepxmeii cpene. On-
penensia axcTpeMyM Bupakermsa (46.13), maxommm, 9to npm Y%, = acctg (£,/6)",
r OpEHAMaeT .MAHAMAJbHOe SHaUeHHWe rp (TOYKa BO3BpaTa KaycTHKH), IpPHIEM

ars =3(34/2)%, ez =2(1 =V 1+E/8), (46.14)

npn §, — 0 cormacmo (46.13), (46.12) m (46.4), Aameem r — oo, z — 0, T. e. Kay-
CTHKAa YXOAWT Ha GeCKOHOYHOCTH, ACHMNOTOTHIECKH npmGamxagch K I'DaHUNe
z =0 (serBb O'D mHa pmc. 46. 2)

Mu BEAMM, 9TO COBOKYHHOCTH Mydel, magalomuX HA TPAHAIY IOJ PA3ELIME
yriaM®l CKOJNb:KeHUA %, o6pasyer pasmHe y4acTKH KayCTHKH, a HMEHHO (cM.
puc. 46.2):

1

BerBb (B — r<tgn, < :rt/2

yaacrok BO' (;/6)" < tgy, < el (46.15)
sereb O'D 0 <tgy, < (Cy/6)™

B coorserctemm ¢ (45.13) m (45.14) mmpura 30EM kaycTEKE (067ACTh HeNOPH-
MEHHMOCTH Jy4eBHX NpPeCTaBJeHRI) 0 MOPAKY BeAMIARK paBHa & = |ry| ™,
B TO BpeMsa KaK ycuiende TOAA N0 aMIUVIATyAe Ha caMOil KaycTHKe nponopxmo—
HaabEO 1/8. Onpenenum 8 gas 2> 0 (Berss BC kaycrukn). [uddepermupys (46.7),

1 .1
moJyJaeM, YIRTHBasA 9TO Ha KaycTHke tgy, = TC‘/’, a TaKXKe NOJNB3YACH CO-
orEomenuem (45.33),
8 = (ak})

_1/,

A+, L=aln+2) (46.16)
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IllapnEa 30HH KayCTHKE yBeJHIHBAeTCA OPH yAajdeHHHE OT CPAEAIE, a YCHACHHE
B KayYCTHKe OPH 3TOM Dafaer.

46.2. Ksagpar moxasartens DpejoMJIeHHsA JHHCHHO yOhBaeT IpH yAANCHEH OT
rpasnugr. TlycTs Temeps

R=cl@E =1+a, K0 (46.17)

u no-mpexxaeMy n = 1 mpm z > 0. Budmcasaa smemenrapawil maTerpan (43.4),
BaXoJWM ypaBHEeHme AyTa mpu z > 0

ar = {ctg %o + 28in 29, £ = a (z 4+ z)- (46.18)

{Ipu Manux az, %, 3axom (46.17) Gmmaox k (46.3"), a popmyna (46.18) x (46.5).
TlosroMy, KOT/a WETEPECHHN NTyIH ¢ MaJEIMH Y, 3aKOHH (46.3') u (46.17) aas n (z)

¢ Vi

'L )
l s 7 Pme. 46.3. Kaycteka mpm am-
- P HeliHOM 3aKORe JJXsI KBagpata
L——j IOKA3aTeNsl NPeIoMACHHS

©ofLMEO paccCMaTPHBAKTCA KaK 3KBHBalenTHEIS. [LlocMOTPHM, KaK pasimIaeTcs
KapTAHA KaycTHK B STHX jAByX CIydasX.
[IpupaBEABasd K HyIIO HPOH3BONHYI0 Lo ¥, OT IpaBoii YacT H (46.18), maxommm

{ = 4 sin? %, cos 2y, (46.19)
a moAcTaBAAA 9TO BHpaxeHHe aiad { B (46.18):
ar = 4 cos? y, sin 2y,. (46.20)

Bupamernns (46.19) 1 (46.20) aBnaoTrca ypaBHOHAAME KayCTAKHE B BePXHEH cpeae
B mapaMerpmaeckom Baje. Ma (46.19) maxopmm

sinty, = (1 + VI—2), (46.21)

IpPH 3TOM IpeANonaraercs, 9ro &, == az < Y/;. Orcioma BaamM, 9T0 {max = Y,
T. €. KayCTHKa B BepXHeil cpee He yXomET Ha GecKOHEYHOCTH, Kak Ha puc. 46.2.
Iipm

L= 1]21 ar = 2, Yo = J-[/4 (46'22)

HMeeM TOYKY Bo3BpaTa KaycTukE (Todxa A, puc. 46.3). Hpm § << 1/, ansa ramporo
§ WmeeM gBa 3HavemHA 7y, a H3 (46.20) — gBa 3mHaveHAs r, 9TO COOTBETCTBYET
JBYM BETBAM KayCTHKH, KaK 3T0O BAAHO Ha puc. 46.3. Ipm atom

Ha BetBE AB Kor < Yo <[m/4,

Ha BerBm AC /4 <y, < Koas
e

¢

Yora = aresin (/, 5 V¥, —,/8). (46.23)

Koopaurara r rodex B u C maimercsa npa nmoacramoske B (46.20) COOTBETCTBEHHO
Yoo H Yoo lloNHas KapTHHa KayCTHK, BKIKYas H HoXynpocTparcrBo z << 0,
paccMorpera JO. M. OpnosrM [72] m msofpamema pna cnysaa §, <!/, Ha
pac. 46.3. .

Opa a — 0 us (46.22) mMeeM s Todkm BosBparta A: z + 2, =,1/2a = oo,
T = 2/a — 00, T. e, 9Ta TOYKa yXoAuT Ha 6eckomeynocTh, Ha persm BA B TouKax,
fHejlaleKo yJaNeBHHNX oT B, yMIH ), OpH 5ToM MOsKEO cidTaTh Madumd. Torna,
saMernaa B(46.19) m (46.20) carycH apryMerTaMd, a KoCHHEYCH eARANEH A HCKI0-
Yas aTeM Yo, MH IOXyYdM ypaBHeHHWe, coBmajgamomee ¢ (46.11).

Hpr §, > 1/, kaycTEiecKasd MOBePXHOCTh B OCHOBHOM HMEeT TaKoH e BHJ,
Ho ToYKa BoaBpaTa A Bymer memaTh yxe B HmxkHeH cpeme [72]. .



laaea VII

TOYHAA TEOPUA BOJHOBOAHOIO PACHPOCTPAHEHUA
B HENPEPBIBHO CJIOUCTBIX CPEJAX.
HOPMAJIBHBIE BOJIHbI

B wacrosmeit rinaBe 6yjer H3noeHa TOUNASA TeoPHA BOJIHOBOTHOTG PacHpocT-
paHeHAA. B OCHOBHOM BOIPOC CBefeTC A K MCCIIeOBa HAK XaPaKTePACTHK HOPMalh-
HHX BOJH A KospPAmuenToB uX Boabyxennsa. OcHoBroe BEAMaHAe YAeNAeTC A BOJI-
HOBOJaM B Cpefax, Tie KBajpaT BOJNHOBOI'O WAC]a 3aBHCHT OT KOOPAWHATH 2
o NmHe#HOMY 3aKOHY H IO 3aKoHY JumreiiHa. 3aMeTHM, 9To sagada o mapafo-
JAAIECKOM BONHOBOgE paccMaTpuBaercs B [204, 254] n B § 52.2. B korme macTosmei
TIaBH PacCMOTDEH TaKKe ¢clydall BOTHOBOga B yOpPYroM MONYIpPOCTPaHCTBE,

§ 47, OOmme BMIpMKEHMs NIA MOaA
B HeNPEepPhIBHO CIOHCTHIX Cpefax
IpH Ha/MYAM BOTHOBOJAA

47.1. Mnrerpantroe Bupasenne mna noas. PaccMorpaM mempepHBHO CIIOHC-
TY0 cpepy ¢ MoKasaTeleM IpeloMierns n (z) = cy/c (z) (c, — CKOpOCTH Ha mpo-
H3BONBHOM I'OPH30HTE), HEIPEPHIBHEIM BMECTE €O CBoeil IepBoil mponsBopmoi. Io-
e HCTOTHHKA, PaCIONOMKEHHOrO B Toure r = 0, z == z, I EMeoImero ocoGeBHOCTh

Baja 1/R mpu R = V'1® + (z — 2,)® — 0, onmcsiBz>70A BOMHOBKM ypaBHERHEM
{68]

A+ k2 (3)p=4nd(z — 2)8/(r), k(z) =k (2), (47.1)

rpe 8 (z) — menpra-gyErmua, a §; (r) paBHEa HymoO BcooAy, KpoMe r = 0, B ofma-
fiaeT cBOHCTBOM

o0

mgmmmww=ﬂw (“1.2)

rae f(r) — mofas menpepHBHasA B Hyle ¢yAKmuA. lIpuMeEMM K ypaBHERHIO
(47.1) mpeoBpasoBanme Dypre-Beccensa. O6osmaunm

m@n=x¢mna@dwn (47.3)

Umeer mecTo (cm., Banpumep, [68]) m ofipatHoe cooTHomeRHe

o0

br )= @ 27 Enear (47.9)

0

Wid, ecH® 3pech HETerpaid ¢ gyexumedt J, (Er) mpeoBpasosarh (kak B § 26.4) B
mETerpal ¢ pynxumedt HY (Er), BaaATHE oT — oo go + o0, To

¥ (r, z)=% 5 B ) HO Er)Ed, (47.3")

Ywuuosmus (47.1) Ha J,, (8r) rdr u nponrterpuposas mo r ot 0 1o oo, monyvaeM
T+ (R —E)F =280z —2). (47.4)
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Itpax ossawaer mudpdepenmuponanme mo z, TakuM obpasoM,  (E, z) ynoBmeTBO-
pAeT yPaBHEHHIO

T+ —85=0 (47.5)

npH| Beex z, KpoMe z;. Uro6H ycTaBOBATE ocofeHROCTh, KoTopoil ofnanaer § (§. z
OpHE z = z,, OPOHHTerpApyeM ypaBHemde (47.4) mo z ot z; — A go 2, + A, a
aareM monoxaM A — 0, IIpm arom momydaem

@ )zrt0 — (F)er0 = 2. (47.6)

Taxmm ofipasoM, P’ mmeer npn z = z, paspus, Cama QyHEKnHAA, Kak HETPYIHO IO-
KasaTh, IPH 2Z; HeOpepHBHa

(Bzrro — (Fhao = 0. (47.7

Pememma ypapEerng (47.5) HOMXHH yROBIeTBOPATH ONpefeNeHHEM YCIOBHSM
mpd z == =~ oo WIA Ha TPaHMLaX, 6CIH MPOCTPAHCTBO gpefesrpaHAYAO WO 2.
O603HaTmM T wepea T, (z) 1 §, (z) nBa nmHejHO He3aBACEMHX pemerdd (47.5), BH-
fpaB HX Tar, TTo6H T, (z) yIOBIETBODPANO YCIOBHI LpH Z — —— oo (ATH Ha Ipa-
HHNE, PacHONOKEeHEOR NpH z << z,), a Y, (z) yCIOBHI mpH z —> oo (WA Ha rpa-
HALE, PachollokeRHOl npH z > z;). Torga pemenmEeM ypaBrerns (47.5), yaoBuer-
BOPAIOMAM BCEM HamHM ycjioBmaM, Gyper

1<s, Pl =2R0RE .5, Gy =2EREO 44
e )
w =B, (2)Fa (&) — Tal2) T (2) (47.9)

— BpoHCKHaH, [leiicTBATenbHO, ompepenerEad mo (47.8) ¢ymxmma § (E, z)
VAOBIETBOPAET YCIOBAAM NPH z = —~ oo (HJM Ha TpaEHOax) @ yciaoBaAM (47.6)
n (47.7) upu z,. llopcrapnas (47.8) B (47.3"), molydaeM HETerpalibEOe BHPasKeHAe
LA mojiA B ofmeM ciydae

+o .
<z, b=\ RORO HPena,

- (47.10)
:>n, p= | BEAROEP e

—00

47.2, [Ipyran dopma HuTerpanmcHOYo BhIpameEus mag mons. lIpepcrapna-
er HETepeC MONYYATh MHTETPANBHO® BHPaMKeHHEe A IONA COBEPIIEHHO APYTHM
nyTeM H B apyroM BHje. Buipaxkemme (36.7) maer mnrerpaibHOe HpeiCTaBIeEne
nonaA B cpefe 3a npepeiaMH ogHOR M3 TPAHEN OJHOPOAHOTO ClI0A IPOM3BONBHOM
TONMEHN h, B KOTOPOM pacHOJIOMEH H3jydJaTelb. AHANOTHIHOE BHPaXKEHHO
MOHO NOJIyddATh H JJIA NONH N0 JPYTYI0 CTOPOHY ¢lofl. YCTpPeMiaAd TolNMARy k-
K HyJ0, MH DOXYIAM cAydall HaTydaTens, pacuoloKenHOro B EeNPEPHBHO CJIO-
AcTolt cpene. Ecam, KpoMe Toro, MiIocKocTh z = ( COBMECTATBH ¢ TOPHBOHTOM 13-
NydaTensd, a BMECTo NePeMeHHON HuTerpHpoBaEHA ¢ BoabMeM &= k, sin 9,
ko =k (0), To Donydaem

o«

20, p=3 | 7o 6 D HY @)t dia

-—00

i

(47.11)
1

4o
220, p=g | $50- LG D HD G5,

—m

a=Vk§—§2
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Urobu moscEmTh cMuca V, =V, (§), V, =V, (§),f, (§, 2) u f (§, 2), mpen-
craBuM cefe cpegy, B KOTOpPoll BoNHOBoe WACHO X (Z) A3MEHAETCH IO KAKOMY-TO
saKkoHy, HaofpaxkemHomy Ha pHc. 47.1, a. IIpepcraBuM cefe MECHTemHO, dUTo
HeOfHOPORHOe NolynpocTpancTBo z >0 ymalemo u B3aMeHeHO OJHOPOAHHM
nolynpocTPaHCTBOM, B KotopoM k (2) = k, = const. llomydnm rpadux k(z),
w3ofparkeranfl Ha pHC. 47.1, 6. AHaJlorm4ao, MOXXHO 3aMEHHTh OfHODOAHEIM
HO;HEe monymnpocTtpancTBo (puc. 47.1, ¢). IlpepcraBuM Temeph, UTo B ciydae
puc. 47.1, 6 B3 Bepxmero ogHOPOJHOTO WOMYHNPOCTPAHCTBA Ha rpamany z = 0
pnajaeT INIOCKad BojlHa emguEmIHod ammmaryam exp i (Ex — az). Hampabmenme
z B OPAMOYTONBEON cHCTEMe KOODAMHAT coBIajaeT ¢ HampaBmemueM r. V, (E)-

z r a Zh 5 Zh 4
|
Pmc. 47,1, K ompeneneErm Ko- p |
s PUIHEnHTA OTPAKEHHT OT HEXK- 7 7] ) 147 )
Hero ¥ BEPXHOTO HEOHOPOLHHX 7
HOAYIPOCTPAHCTB 1z) \(/ 2 : K(z)
!

B (47.11) aBnserca xKoaPUIAEHTOM OTpasKeBAA 3TOH BONIE, TaK ITO CyMMapHOe
nolle NafapoMel A oTpaXkeHHol BOJIH B BePXHEH cpege salHImeTCA

(e-iu 4 Vleiaz) eitx, (47.12)

Dyrrupsa f, (, 2) aBaaerca momeM, Koropoe BosOy:kpaeTci Takod magaiomed
BoJHOR B HeogHOpojHOM HonynpoctpamcTBe 2z < 0. OueBupHO,

hE 2)=WEHE 2), (47.13)

rme ¥, (§, z) AMeeT TOoT e CMHCH, YTo H B NpefEpaymeM pasgene, a W, (§) —
KoapPUIMEHT NpPO3PaYHOCTH TI'PABHIN, AHATOHIHEM o06pasoM oLpefeNAnTCHA
Vo (E) u f, (§, 2) nna BepxHEero momympocTpancTBa (pHC. 47.1, ).

IToxraxeM Temeph, 4To Bupaxkenma (47.10) m (47.11) axsmBanenTHH. [leiicT-
BHTEJIBHO, H3 YCIOBAA PaBeHCTBa BHpakeHHi (47.12) u (47.13) B BX DmepBHX mpo-
MBBORHHX Ho z npm z = (0 HaXogmm

-
yo= OO oy (47.14)
apa (0) + iy, (0) aps (0) + i, (O)
rae
O =HE0,  ¥,0)=0%E /0D (47.15)

Bupawermna gna V, 1 W, monysatca ms (47.15) ¢ saMenoit mupmexca 1 ma 2 B
o Ha —q. Temeps, ckaxeM, npa z < 0 B (47.11) mmeeM

A4+-v)w: 2iPs (0) 4716
a1 —7b) 2 (0)%; (0) —¥1 (0) %, (0) (+7.16)

Temepsn, ecnu yuecTh, 9To y BaC BpeMeHBo Gmio npuaaTo z;, = 0, Mu H Hail-
IeM, 4To HepBHe mHTerpaisl B (47.10) m (47.11) TomnecTBeRHO coBmagawr. To
e, KOHeUHO, MOXKHO JOKasaTh W JIA BTOPHX HHTErpajioB. :

47.3. Ilpanosepxnocrrmiit BonmooA. Hopmansawre soamts. Pacemorpum dop-
myns (47.10) pna nomympocrpametBa 0 << z << 0o, orpaEHYeHHOro NpHE z = 0
abcomoTHO oTpakaoMmell rpaHANeH, npmIeM MoryT GHTH IBA CIyYaA:

a) ¢ (0) =0, B) (0%/02)19 = 0. (4717)

Cnyuait a) Baker B rumpoakycruxe. Mamyuarenp mycTh 6yneT pacmoloieH mpH
npoUsBONbHOM z = z,. OGo3HAYNM jgBa NHHEHHO He3aBHCHMHX PEIICHHA ypaBHE-
umA (47.5) vepes u (z) 1 v (z) *, B3 HEX mocJenHee mycTh ofpamaeTcsA B HyIb NPH

* Bepnuee, Hago Gumo 651 mueats u(t, z) n v(E, ), HO AAA RPATROCTH 3aluCH & B APTYMeHTe
MH OOyCKaeM, '
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z — oo, Torpa, B KavectBe Y, (z) 1 ¥, (z), ygoBIeTBOp AMAM HeOGXONEMEM Ye-
nopuaM npd z = 0, co MOKHO B3IATH

0<z<Czy &) Bu(2) =u(z) —u(0)v(z)v(0),
6) Tl —ul)—vOo@w O  (47.18)
a<i<o 2,6 Hl) =)

Iloncramnas (47,18) B (47.8), nonyqaem
2z a) (& 2) =—= wv(O) [@z)v0) —u@v(2)jv(z),
) (&, 2) = ooy 14(2) ¥ (O) — 0 () (O)] vz,

(]
®opuynn g 2 > z, nonydarca us (47.19) paanMuoil samMerolt Mect z 1 z,. Bpon-
ckaaH (47.9) mpm aroM Gyper

w=u'(z) v — 2 (2) ulz). (47.20)

(47.19)

Iopcrasnas (47.19) B (47.3"), MH ¥ monydaeM HHTerpalibHOE IpecTaBleHAe-
OoNA B gaEHOM ciIydae. IlpennomosxaM, 4To HETErpal, B3ATHIE DO MONYOKPYXK-
HoCTH BeckoHeUYHOTo pajgAyca B BepxHeil momymiaockoctH §, mcdesaer. Torpa
8HaveHHe METeTpala (47.3") Gymer maBaThcA oGXogoM ocobeEBocTeldl mMogHHTEr-
PalBHOTO BHpPAaXKeHEs B BepXHell monymwriockocTH, TakoBHMH ABIAIOTCH TOYKH
BeTBIeEAA H monocH, Mombo nokasatk [10), 4ro ecan mpm z — — oo, n (z) >
— ny = const, To ¢pypxmma V; (§) mMeer TouxkE BeTBlemma £, = - kyn;. Ana-
normaroe cnpaBeyimso 1 piA V, (E). Wurerpann mo GeperaM paspesos, Agymux
OT To4eK BeTBIEHHA, AaAyT G0KOBHe BOIHH (CINIOMHEON cnexTp). Mu paccMoTpHM

8aech HopMa/JhHEE BOJHH HIA BKIaj OT HONIOCOB §;, [ = 1, 2, ..., MecTomonoxe-
BHe KOTODPHX A8ercA ypaBHeHMaMHA *
a) v(0) =0, 6) v (0) = 0. (47.21)

IIpn BHTACIEHHE BLMMeTa B NOMIOCE IONESHO yYecTh, gro cornmacHo (47.20) mme-
eM, nojarag z =0, £ = §,,

‘ a) u (0) = —wf»’ (0), 6) u’ (0) = w/v (0). (47.22)

Ilocne atoro momygaem i CyMMH BH4YeToB METerpana (47.37), unpegmomaras,
9T0 HOJIOCH IPOCTHE:

v €. mo €, ) HYENE,
a) P(r, z) = 2ni Z;J[avl(g, 3) avl(g, z) —

oF, 9z :L=0, g=1

: (47.23)

v, mvE, ) HY ENE,
[mv €9 ]
080z g0, E=E,

6) Y (r, 7) = — 21i (47.24)

L v, 0

31ech ME I/A ACHOCTH BHIHACAIA DONHOCTHI aprymenTH QyEkmmii. CyMmMmmpona-
HHE BefeTcA No &, Me:kalmM B BepXHel momymnockoeTH £, Hmxe MH yBHgAM B
KOHKPETHHX CIYYafAx, ITo §, He Jie:xaT Bo BTopoM KBajpanTe. Brpamenna (47.23)
g (47.24) me WsMeEAXTCA NPH 3aMeHe z Ha 2, W o0paTHO W cHpaBe/IABR
OpHE BceX z B mATeprane O < z << co.

47.4. Mpadmaxesme BKB. Pasoswmii narerpas. Eciau EBoCHOIb30BaTHCA
ABTErpafpHEM BHpaxenueM qua mons (47.11), To ypaemenHe gia momwcos 6y-
et

1— v, (§l) V, (gl) =0. (47-25)
* BponckE&R w B CANy OPeUoJOKEHAS O NHHCHION ICIADHCAMOCTH DemeHHE u(z) B

v(z) B Hyab 0GpAMATHCSI HO MOKEY.
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JTo ypaBHeHHe CIpaBepjdEo B caMoM ofIleM ciydae. PaccMOTpHM ero B mpmbmd-
xemmn BHB, npexnonaran, 4to n (z) aaMermerca ocraTodno MegieRERo, HMeeM,
cornacHo (24.27), nna ®oadpPEmmenTa OTparKeHHA:

0
M= ==t | ad

z
m

a=VE@D =8, k@Em=t 2.<0. (47.26)
Amajormiso
V@)=, g= -+ {ads,
]
k(zm) =8 2,0, (47.27y
Pemenmem ypasmenus (47.25) asnserca
Pte=2n, 1=012. .. (47.28)

HIA, yIATHBAA 3HaJeHMA P, A Py,

Smadz — 2n (l + %) (47.29)

.Kopem aroro ypasmemma &; ABIAKNTCA HONHOBEIMHA YHCIAMA HOPMaJbHEHX HOMH.
Dasoran CKOPOCTL HOPMaNbEOM BonH V,; = ®/t;, rpymmozas U; = dw/dt,.
Merop Raxompends §;, ¢ ACmonL3oBanAeM ypasrerds (47.29), HEorqa Ha8HEBAKT
MeTOgoM (a30Boro MHTerpaia.

Vpasrenne (47.29) cnpasegiuso pgiia GesrpaEEYHOTO MPOCTPAHCTEA HIH B0
BCAKOM CIIy9ae, KOIZia IPAaEAIH PACIONOKEHH JOCTATOYHO JaleKo OT HHTEPBANa
Zrmy z,,.) OTPaHWYCHHOrO FOPHSOHTaMH WOBOpOTa BONHH. HeTpymmo momyumTsh
MopudHuKanue 3TOr0o ypasHeHAA 1A CAYYaeB, KOrqa BOMHOBON ¢ ONHOM HIH 0GeHX
CTOPOH HMMeeT CPaHAIH.

§ 48. BoamOBOA ¢ JIMHEHAHBIM 3AKOMOM
A8 KpafpaTa NOKABATENA NpPeJOMJICHAS

ITparATo pasnmyars DPANOBEPXHOCTHHIH H BHYTpeHHHMIE BolHOREOAH. B mep-
BOM CIy9ae MHHIMYM CKOPOCTA N@XKAT Ha rpaRdne NOTYHOPOCTPaHCTEA, a HO:
BTOpOM — BHYTpH cpegsl. Hmxe 6yger mokasamo, 4To ecid pelleHa 3ajgada ANsA
IPANOBEPXHOCTHOrO BOJIHOBOJA ¢ FPAHNYHEMH YCIOBMAMM IBYX POROB ) = On
op/6z = 0, To TeM caMBIM OKa3KBAETCH PEMEHHOM ¥ 3ajada 0 CHMMETPIIHOM BHYT-
penHeM BoiHORoge. IToaToMy ME HaumHaeM PacCMOTpEHHS ¢ NPHIOEePXHOCTHOIO
BonmmoBoia. B aToM maparpaje Oymer paccMOTpeHO TaK:Ke ABIeEHe IMEMTyMHEX
rajnepeif, mMeomee Ty e MPAPORY, ITO H NPHIOBEPXHOCTHHI BoMHoBog. Hpome
TOro, MH Ha NpHEMepe OPANOEePXHOCTHOrO «MHHEHHOro» BONHOBOZA PacCCMOTDAM
orpaHWvYeHMA Ha HPEMeEMMocTh MetTofa BKDB npm amanmse mommomopmHoro pac-
TIpoCTpaHeHHH.

48.1. MpanosepxrocTHMIK BoMHOBOA ¢ afcomoTHO MArkoi rpamuneii. Ilpen-
LONO)KAW, YTO KBagpaT IOKa3aTelid NpPETOMIeHHA faeTCAd 3akoHoM *

it (z) =1 — az, (48.1)
uTo conmagaer ¢ (43.19), ecmm az << 1.
* JaMermM, ato Yopmyna (48.1) ne mmeer cMuCHa mpx z > 1/a. Ongnako 21a 0614CTH 3HA-
yeuui z A nac RecyTiecTBeHHA. MH 6yI[BM OI'DARMYABATECA BOJHAMHA, KOTOPHE RoBRO8HTPH~
Pytorcs BOMU3H TPAHANH,
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Vpasrenne (47.5) mpH 3ToM 3anwmercs
¥+ [ko(l—az)— B §=0. (48.2)
BregeM o6osHadeHnA:
= (akd)™®,  t,="HY(E* — k), t=t,-+z/H, (48.3)
Torna ypasmenme (48.2) GygeT
A2 (2)/de? = t (). (48.4)

YacTHRME pemeHHSMH 3Toro ypapEemdAa Oynyr dyEknmm Oipw u () @ v (f)
(cM. § 21). M3 5mx BaM B panbEeimeM noHagoGHTCA TAIIE » (£), YAOBIETEOP AMAA
yeopmw §— oo, »— 0.

Ilpennonoxum Tenepk, 9To Ha rpaEmHe z — () BHOOAHseTcA ycaorme P = 0.
B axycrEKe 1) MosKeT GHTH 8BYKOBKM NOTEHI[HANOM HJIH JaBNeHHEM H TOLJa pac-
CMaTpHBaeMHil Clydail COOTHETCTBYeT, HanpHMep, NPHMOBeDPXHOCTHOMY IOABOA-
HOMY 3BYKOBOMY KaHaJIy B oKeaHe. PemeRde B BHge ¢yMMHK HOPMaJIbHKX BONH /LA
aTOro ClIy9ad faeTcd BHpakeHEHMeM (47.23), rpe &; HaxoguTCA H3 ypaBHeHHA
(47.21a) unm B gaEHOM Cciydae

v () = 0. (48.5)

OG6o03rauuM pemeHHe 3TOTO YpPaBHeHHA iy = — y;. 118 rabmay kopmedl $yHKRumi
O#ipm mmeeM y, = 2,338, y, = 4,088, ... Vunrusan (48.3), EaxoguM Temepb

B = ki —y,/H~ (48.6)

IIpu nemecTrernoM &k, KopHE E; NexaT Ha memecTseHHOM ocd. Jlerko mokasaTb,
npugasas ky Malyio MEEMY¥0 JacTh,IT0 IPH KOMIUIBKCHOM K OHH Jle)xaT B IepBoM
d TpeTbeM KBagpaHTax.
O6o3raumm
ty=z/H —y, tu=zun/H-—y, (48.7)
rge, Kak Bcerga, z, — KOOpAMBaTa H3yJaTels. Y4TeM, KpoMe TOTO, 9TO COLJIaCHO
(48.3)
, d/0z =1/H 0jot, 0ot = 2H?ED/0¢. (48.8)

Torxa pemenne (47.23) B paccMaTpaRaeMoM 3eCh cIydae 3alAIIETCH

B(r, 2) = sz‘,u(t Yo (t) HE? Gy’ (— y)l%,

(48.9)
V' (= ¥)) = (30/0)mmy-

Ha pmc. 481 maolpaxena 8aBHCEMOCTb aMINTATYqH HECKOJIBKAX MePEHX HOp-
MaJbHEIX BOMH OT 2z, T. e. Tpadpmkn $ymxmmit v (¢,). Ilo ocm opAMEAT OTIHOMKEHA
GespasMepHas kooppuHarta z/H. Mu sagaM, TakmM oGpasoM, 4To H mo mopsapky
BeIHYAHE ONpefe/lAeT IMHDHHY BOIHOBONA.

MDazoBasg CKOPOCTH [-I HOPMAJIBHOW BONHEI paBHa

V= o/t =co [1 — ¥/ (ke H)} ™, (48.10)
e co = ©/ky — CKopoCTh BoNH E cpene npd z = 0. 'pynnosas ckopocts
Us = oy (dko/dB) = (1 — yu/ksH)* (1 — 29,/3k5H?)™, (48.41)
B namGonee matepecuom mna mac caygae 1/ (k,H)2 = (afky)”s < 1 uMeem
Vicco(l + yi/2KH?Y), U, =co (4 + yi/6KGH?). (48.12)

B rmgpoakyCTHKe B IpHNOBeDXHOCTHOM KAHajJe 3aKom (48.1) coxpamserca
ANmS 0 HeKOTOPOH INIYOHEH 2, mocle 9ero YMeHBIGHHE r (z) IPA YBETHYCHAH
Z 3aMeqiideTcHd, a 3aTeM H CMeHseTcH Ha Bospacramme. Pacder XxapaKTepHCTHR
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44 0 48  4F 7 4 ~4f ¢ g0

Puc. 48.1. 3aBmcuMocTs amMmm- “d %) 745
TYN HOCKONBKUX NEPBHX Hop- 2
MAaJbLHHX BOJH 0T Ge3pasmepHoi ¢
KoopawHaTtH z/H B ciywae 86co- 4 ¢ ¥
JIOTHO MONATIWBOM  TrpammmK
=0 4 7

o

z/y

2/

PacmpocTpanerua mia OmmmmEeitnoro npodmas n? (z), Korga AEMeHEME 3aKom
YMEHbIIeHHA n* (z) Ha HEKOTOPOR IIy0Hme CMEHAETCHA TaK:Ke NHHEHHEM 3aKOHOM
Bospacrauus n? (z), paccMorpen s pafore A. KuG6meraiire u P, [lenxama [181],
Teopernieckme pesynbTaTH CpaBHEHH ¢ pe3yJAbTATAMH LDOABOAHOTO BKCHe-
pUMeHTa.

48.2, TpanorepxHEocTHLI BOMHOBO ¢ abcomoTHO HOIOJATANEDt TpaHMIeif,
Ilycts Temeps Ha rpamMme NONyNpOCTpaECTEa BHUOMHEHO yenosde. (p/0z),—y =
= 0. B akycrmke aTo Tmepgas cTeHKa.

7 ARyl 174 /,
”{tlrL T 4 T irﬂltz)uLIv I/ /ﬁlfflf.;:

Pre. 48,2, 3aBucuMOCTE aMIVIE-
Tyh [RECKOTLKHX NEPBRX Hop-
MAJBHEIX Boxm OT Oe3pasMep-
Hoit Kooparrat z/H B ciyuae
a6coi0THO wemogaTAuBoN {rpa-
ArnE 2= 0

L
\\1§=~[\
T

S % N W NN
T
S % o SN

/4 2/ z/4

Hoxne » BEje cynepmosHIHM HOPMANBHEX BOJH JaeTcA BHpaskenmeM (47.24),
rae §; — xopem ypasrenus [9v (8, 2)/0z) = O mam " (¢,) = 0. Ua rabmun ¢ymk-
mmit Jitpa EaxopmmM t, = —zx;, %, = 1,019, z, = 3,248, z; = 4,820, Temeps na
(48.3) nomygaem

H =k} —z,/H2. (48.13)
Hanee, 8 supamennn (47.24) umeeM ¢ ywetoM (48.3)
22 o ot
(T;Z‘)z-ﬂ), & B (%E)z=o. g = 2H% (tw (to»F., = — 2Hz kv (~ z).
B pesynbrate mupaenme (47.24) B paccMaTpHBaeMOM cJydae SamHmeTCH:
P(r, 7) = i;. Do) v (ty) HY Er)zp? (— z)). (48.14)
i

3necs
t = z2/H — Zy, ty = Zl/H ~— Iy (48.1.5)

3apHCHMOCTS AMIIATYAH HOPMAdbHOM RONHBL OT z, onpependeMas ¢$yHKImei
v(t;), waoGparxena qua [ = 1, 2, I ma puc. 48.2. [lna pasoroii u rpynmosoi cropocTh
HOpPMaXbEHX BoiH GynyT chpapenadsn fopmynn (48.10) — (48.12), ecnm sMecTo
Y DONCTABATE ;.

48.3. Beyrpemnnii caMmerpmwmii sowmoson. [omyeraM, TTo orpaxkawmman
TPaHALA oTCyTCTEYOT B WMeeTcH BONHOBOJ, 3aflaHHbI CHMMeTpHIHOM dymKmmeit

i) =1—a@), —o<z<<®, a(—1z) =al(2) (48.16)
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Tpebyerca maiiTy nole npa ACTOYHHKe, PACIONOKEHHOM B TOURe I = 0,z =2
Jdry sapgauy MH GyaeM HasHBaTh OCHOgNOU Bamadei. HasoBenm cummpuquo&
safjavelf clygaii, KOrja ONpe/eNAeTCs moje IBYX MCTOIHEKOB O (z;) B O’ (— 2),
AMewIEX OfPHAKOBHe MOmMEHOCTE H paforammux B dase gpyr ¢ ApyroM (puc.
48.3, a). BenmepcTeEe cHMMOTPHEH 3a/a9# BHIONHSAITCA YCioBHO (0/0z)s— = O.
910 sHAYMT, YTO B MIOCKOCTH Z == ( MO/KEO IOMECTHTh HENOAATIHBYK TPAHHENY,
He MSMeHAA MOJNle B Ka)XKAoM M4 noiynpocrpaucts. Ho ana aToro ciysaa MH yxe
HMeoM PelmeHne (48.14), xotopoe m Gyder, clef0BaTeIbHO, peleHMEM CHMMET-
puuHOi Bafavd.

HagzoseM gnmucummempuynoii 8afagelr sagazy o nome mcrogrmros O (z) ®
O (< z,;), paGorammux B nporaBodase apyr ¢ Apyrom (puc. 48.3, 6). lockonbxy

aq ’
'] 74
te0 el X4 Pac. 48.3. K BrrucTeHuo moasa
B CUMMETDHYHOM BOTHOBONE

+e /7 +e7

speck (P),=9 = 0, To npm z = 0 MomxHO mpeAcTaBATh aGCONITHG MOXATIABYIC
rpanEny. CrenopaTeNbHO, POIIeHEMeM ANTHCHMMETDHYIHON 3afavud ABNAETCH BH-
parkenme (48.9). Tenepp, monbsysaChH TPHAMANOM CYNePHOSHUAM, ME MOKeM
BallOKHTh 3TH fipe safadd. IIpd oToM ncToYEAKE O KOMUERCHPYWT APYT Rpyra,
a aMIUmMTYAA nerounmKa O yxsoutcs. OTciona clegyer, 4ro pemenne OCHOBHOH 8a-
a9E B CHMMETPIIHOM BOJNHOBO® ABNAETCA MONYCYMMOil DelleHHH cHMMeTpHY-
Hott (48.14) m amTmcEMMerpmuRO#H (48.9) sapad.

48.4. Menwynme ranepen. [Tonrywenntie B 48.2 u 48.3 peaynmpraTil gAnA npE-
NOBEPXHOCTHOTO BOMTHOBOJA MOrYT GLITH HCNONB30BARK B TEOPAH TAK' HABHBAGMEIX .
MeImTyINuX Tajfepeii — ABIeHAs, B03 EAKANIEro NpH PacipoCTPaRe HAN BONH BROIE

Pue. 48.4, TeomerpHa 3amain
npd  pacnpoecTpaEeHHW BOJNHHE
BI0Ab KPUBOJINHENHOR TpaHulH

ACKPUBAGHHHY rpasuym. Tammanofl sagadeil 0 MENTymAxX raiepesx MOMKHO CYH-
TaTh ABYMEPHYI0 3aJady O 3BYKOBOM I0lle BHYTPH KPYTOBOr0 mmamaapa ¢ ab-
COMIOTEQ HeIoJaTals Ol rpammei‘: ©03/1apaeMOT0 HCTOTHUKOM () B BHAG NYIbCADPY-
Tompll HETH, mapalNeNbHOH OCH IUIME[PA A PACHONOKeHHOH BGMHsH rpaHHIE!

(puc.. 48.4).

YpasHeHHe [Jis1 3BYKOBOTO [2B/IeHAs WIM 3BYKOBOTO MOTEHNAANA ) B MOMAP-
HHX KoopAamHaTax p, O sanmchipaercs

% 1 @ i &
3}:' _P_%q--;,-%q-kﬁw-_—o (48.47)

¢ ‘'TPaEMYHKM YCIOBHEM
(Gb/p)o=r = 0, (48.18)
ky, = ®/c agech MocTOAHHO.
Bynem ackaTs pemenwe ypasmeHus (48.17) » nmpe
P = p (p) eiERE, (48.19)
Torma mua P (p) momyaaen ua (48.17) u (48.18):
V+ (/40 + B —BRYNF =0, P (R)—F2R=0.  (48.20)
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Hycrs H 6yaer 10 NOpAIKY BeIMYAHE TONMUHA NPACTEHOTHOTO CAOA, B KOTOPOM
B OCHOBHOM CKOHIEHTDHPOBAHO moNe. ME mpegnonosxam, ITO

H<R,  kR>1 48,21y
BeepeM, kpome Toro, xoopgamaty z = R — p <€ R. Toraa
(RlpP=1+az, a=2/R, (48.22)
Ilpere6peran 1/p? no cpapmenmio ¢ k*, M MoxeM nepemmcath (48.20) B srpge
V=2 +alF=0  (F)eo=0. . (48.29)
3nech WTpAX O3EAJaeT NPOH3BOAEYI mo.z. Ofo3HaumM
H=(al®", ty=H k), t=t+ z/H (48.24)

Torpa ypasmenne (48.23) ana ¢ (¢) cosumagaer ¢ (48.4). Jlanpreiimme BHKIagKE
6yayr mpocTo moBTOPATH BRKIaAKA § 48.2. MecromonosreRdme mnonmocos Gyrer.
masarbed Qopmynoi (48.13). EqurcTeeBras pasauma 6yAer B TOM, 9TO B Onpese-
nermn H B (48.3) cromt &}, a B (48.24) §2. Opmaxo ara pasnmna Kaxymascd. Jleii-
CTBHTEJIbHO, NPH CcJeTaHEHX HAMH NPEANONOMKEeHHAX, BTOpoH wmem B (48.13)
Mall | B HeM, T. . B H, §? BIIO/IEEe MOKEO 3aMeHUTH Ha k3 @ HOIB30BaTHCH BHPA-
wenneM (48.3) pna H. Mromxurens s (48.19), aanncamnﬁ or 8, mpu BBejIeHIH KOOP-
muHaTH z = DR, sanncupaetca exp (iEr) H OmECWBAEGT pacHpOCTPAHEHHE BOJNHH
BIOXb CTEHKH. -

TakeM 06pasoM, B paMKaX CASMAEHHX HPEANONOKeRmH HOpMaJ[bHHe BOI-
Hbl, PACHPOCTPAHANIIMECS BXONb MIOCKON CPaEMIK HEOFHOPOXHOH Cpems NpH
saKome (48.1), AMEIOT Te ke XapAKTEPUCTHKH, YTO H HOPMATbHHE BONHN, PacIpo-
CTDAHAKMEECA BAOTh BHYTpPeHHeH cTeHKH NMJIHHIDA, €CIH WNONOKATH q ="
= 2/R. Moxno noxasaTh, 9T0 1 K02()PANHeHTH BO36YKICHAA COOTBETCTBeHHRIX
BEOPMaJbLHEX BOIH B 3THX JBYX cIyJaax GyayT ogHHaxoebiMA. BrpoueM, Takas
SKBHRAJIGHTHOCTh KPHBHSHEI I'PAHANH A TPAafAeHTa n® B cpeje M3BECTHA B Teopmi
pACIpOCTPAHERAA BOAH yixe XABHO. JTa OKBABATEHTHOCTD JIEIKO nnnchpnpyeTc}r
BA JAy9eBOM ssmke, [leficremrensHo, B 060HX CiydaAx myTh A, Ipoxo-
RHUMHA TyJ0M BAOIb TPAHMIE OT OJHOTO OTPajeHHS g0 APYTOrO, H M‘éd(cnna.ub-
HOE OTKJIOHGHHME Z,, OT IPAHMNH GYAyT OJHHAKOBEIMHA H DAaBHEIME

A=byle, zZn= x2/2a, ‘ -{48.29);

tAe %o — YION CKONbMKeHWsA JIyda mPE OTPa’KeHHNW 0f TDAHWIE,

B cymmocTE sgech Ba;KEA OTHOCHTETbHASA KPHUBASHA Tydell H TpAHMIMH, KOTQS
pag B STHX CIydasAx ABNAETCA OAHHAKOBOM. .

fAsnenns¢ merwymuax razepel, saranUanmeecs B NOBKINEHHOHA CIHIIEMOCTH,,
€CJIE KOPpeCHOHAHpYIOIIne HyHKTH HAXOHgATCA BOIUBH ACKPHBIGHHOM IOBEPX-
HOCTH, BIEDBHE, NO-BHAUMOMY, HabT0anoch Ha rajnepee IIOf KyIoloM B coSope
cs. Ilerpa B Pume u 61110 06bacEeno Poxeen. C Touxu 3perns 1yveBoit KapTHEH
TAKAS KOHIEHTPANEA ecTecTpeHHA. JleHCTBHTENBHO, MPH YMeEBIIEHHH yTAa Y,
BHepIMsA, H3NyIaeMas B BETepBanN yrios 0, ¥, YMEHBMAETCA KaK %,. TONMEHA KA
¢JI0s, Ha KOTOPHI pachpepgenseTcsa 5Ta SHEPTHsA, Kak pufBEO ma3 (48.25), ymens-
maercs, Kak ¥, T. €. Grcrpee. ITosTOMYy mpl NpAGTHEMEHNN K CTeEKe IIOTHOCTH
amepram pacrer. HMccnegosande sdfexta memdymmx raiepeil B anempomarnm-
HOM cIygae cM. B pafore {67].

B saxioueEne CTOHT OTMETHTH, ITO CyTaH PACHPOCTPAHCHHS BOLD mnockok
TPRHENN B cpefe ¢ IPAJIHeETOM B BRONb OWIARLPAYECKOl FPaHEIH B ONEOPOLHON
cpefe mepecTaioT, ecTeCTBeHHO, OHTH SKBHBANEHTHH, eClIH pPAacHpocTpPaHeHHe
BONb NRIAHRpAYeCKOH TDAHENH OCYMECTENAeTcs Ha PACCTOARASA, CPABHEMEN
¢ pajuycoM nuIuEgpa. B aromM ciydae, Hampumep, Gynmer HaOMIORATBCA «ARTHTION-

HHiD 3ddexT, Korga aMmAnTyqa GyfeT peako BO3pAcTaTh Npd mpHlHkeRME YIAX
4k n
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48.5. O rpammnax npavennMocrn Merosa BHDB npm BoamoBojuom pacupo-
crpanernd [16]. PaccMorpnM Ha mpAMepe mpEHOBEPXHOCTHOrO BONHOBOAA. rpa-
gunH npmvemuMocTa npabimrerns BB, Venosus (23.8) upeqmonaraeM BHIION-
BemanmE. TloKaskeM, ITO KPOMe 9TOr0 B BOJHOBOJ® HMeeT MecTO OrpaHRYeHAe Ha
paccTosHNe BAONH IPAHANH r. JacTHIHO TUCKYCEHA BTOrO BOIPOCA YKe mpoBe-
meEa B § 45.3. 3mech MH ee HPOJOIIKHM ¢ HOCKONbKO HHOW TOIKA 3PeHHH.

Bynem paccMarpHBaTh BOTEOBON ¢ MATKO# rpammmeii (pasgen 1 cM. pEime).
Bonrosoe umcio §; maerca gopMymnoii (48.6), rme y; BaxoamTcs W3 ypaBHeHHH
v (— yl) = 0.

Hmeer Mecro paanomenme (cM. [97]):

L R = PENCY.

Herpynmo yGegmrscs B Tom, aT0 B mpubimuenns BRB dyrxmmeii, onHcrsan-
meii mole B BONEOBOAE, OymeT MEPBHA WieH acHMITOTEWeCKOro psga (21.13)

nas dyekumn Jipn. &} s npubamuenwn BKB 6yger crosa gasatbea dopmymod
{48.6), B xoropoit sMecTo y, Gyner

Y1, BKB = [Ezi <l — ——:—-) T/’, (48.27)

noxyvanomuiica ua (48.26), ecin B KBagpaTHHX CKOGKAX yAeP:KEBATh JHME HEp-
Pwit 91eH pAga, B peaynnrate monywaem mpmbammenHo mpa L S> 1

1 1 0,011/ 2 \% 1 \-Y
§i— Busre =5 (& — &1, Bus) =g YuBrE — W) = 7(0-;1‘;(—) (l——“)

3n 4 ‘
(48.28)

Jlaa npumermmoctu npubmuxenns BHB ecrectsenno morpeGoBath, aTo6H
(B — &, pup) r L 4, (48.29)

T. . urobu omn6ra B Pase Ha paccToAHEA r OHMa Mana IO CPABHOHMIO ¢ eHHH-
weil. ITa ommbKa yMeHBMAeTCA NPH yseJwIennd [ W BOZHHKaeT BOIPOC, KAKH®
! mopcrapnats B (48.29). IIpn HeManbx rayfMHAX HBIyYaTelf z; H NPHEMHHEKA 2
HOPMAaJbHEE BOJNHH ¢ Malumu [ Bos6ymxaaorcsd cnalo B HX MORHO He yIATHBATE.

YCTh 2z, — IOPHBOHT 3aBOPOTa HOpPMANbHOH BoaHm [ B npubamxenmu BKB,
ompenensemsit u3 ycuosua &, = kgn (z;) = k, (1 — az;). Bocnonsaosammch
supamenueM (48.6) qud &;, kyxa BMecTo y; moacTaBAM ¥ prt 13 (48.27), Hafinem

7 = (3n/2)" (1 — Y,)"H. (48.30)

OueBmpro, spdexTnBHO GyayT BO3GYKAaTHCA M BOCHPHHEMATHCA NPHEMHHKOM
AANE Te HOPMANBHKNE BONHH, AIA KOTODHX 2; > 7, 2. PaccMOTpEM [ owpene-
MeEHOCTH cliydait z, > 2. Torna ma (48.30) maxoguM MHHEMANBHHEA NOPALOK
3¢pPerTaBHO BO36YXKAANmMEHCA BOIHH;

1 Y
lnin = e + % (%‘) /. (4831)
TtopcraBass lm, BMecto I B (48.28), monywaem ms (48.29)
r << (3n/2)«10%,23, (48.32)

TTonygennoe BaMn paree yciopue (45.47) DpEMeBMMOCTH TyIeBoli TeopHH IpPH
yuete (45.44) moxer OhTH 3amEcaHO

r <€ b ki (o H)M (48.33)

[lpa Goxpmux k, mocnepHee ycnoBme NpE 3afaHHOM r BRIONHACTCA Iydme, IeM
(48.32). 9to m moHATHO, TAaK KaK Tpe6oBaHHe TOYEOrO HOCHDOMSBeNeHHS (ash

[oAs ABUAOTCH, KaK -MPaBHAO, BechMa >xecTkmM. IIpm BmiBome (48.33) rakoro
tpeBoBanmsa He CTaBAIOCD.

0%



Opmaxro ofnvHO 3manme $ass MONA He Tak yx cymecTBenHo. Kak mpasmio,
MOXXHO OTDAaHWIATLCS 3HAHHEM AHTOHCHBHOCTH IONA KaK (YHKNHH KOODAHAT.
Hnsa 8Toro HEO6XONHMD C OCTATOYHON TOTHOCTHIO BHUMCIHTH He £;, a DasHELY
8 — Etn (I m m — Homepa BonH), KOTOpasA ompepensier AHTePPepeHIHOHH Y0
cTpyKTYpy nona. Ecmm I, m > 1, ro, nomeayscs (48.26), maxogmm

b= b= g (6 — £h) = g U — 0 = (6 — Endais + ¢, "
LR )" 04 |

Benmunny er MoxHO caaTath OMHGKOH B OIpeneNeRHH pasHOCTH (a3 ponu [ @ m
1 1109T0My n0TPebyeM, atobri er <& 4. U3 ckasdarmoro Brme scHO, I10 [, 1 > Imn,
ORHAKO B OCTaJIbHOM B BHGOpe ! u m ects cBoboxa. Ilyeth I = Ipjn. Torna, ecin
CUHTATH, ITO M MOXT GHTh NPOM3BOIBHEM m > I, TO yCIOBHS er << 1 cpeperca
CcHOBa K (48.32). Bro H eCTeCTBeHHO, MOCKONbLKY NPH MPOM3BONBEKX [ & m Tpe-
6oBanme Ha TOYHOCTH B PasHOCTH (a3 aTo TO 3Ke caMoe, IT0 TpeGoBAHMe Ha TOW-
HocTh Kapmoit m3 as. Ilpepmomo:xmm, opmaro, remeph, Tr0 I = Iyin > 1,
m = lnm + Al, Al nmeer nopagox egunmn. Na (48.34) nomywaem

o= 200N & (%)"’ (btn _%)’”’. (48.35)

Ilpm ydere renmepn (48.31) ycmoBme er << 1 cmopmrea K (48.33).

®urareckaii cMuCHT aTHX yenoBHY cTaHeT AceH, oClH MH 3aMeTHM, UTO CJIOMe-
HE® HOPMaNbHKX BONH lyin B lynyy NaeT METEPPEPEHIMOHEYI0 CTPYRTYDY ¢ Lpa-
crpaEcTBeHENM mepHogoM A = 2 5t/(§;min — &l mio+r), PABHEM (Kak HeTPyHHO
ToKa3aTh, NOB3YACH 3HaTeRHeM §; B npubnnxenrd BKE m Bupaxkennem (48.31)
s Inio), AfMmHe qAkIa ny9a A = 4 (z,/a)'= *. Tpefosanme, uTOGH mpaBEIBHO
nepefiaBalach B3amMHas (pasa PTHX BOXH, 03HaTaeT TpeGoBaHHe NPaBHILHOTO

ommcaHnsA feraledl 3BYKOBOTO IOJfA, LPOCTPAaHCTBEHHHHA MacwTal n3MeHeHHA
KOTODHX MMeeT HOPAXOE A.

§ 49. BoxnmoBon ¢ 3aroHOM Jmmreiima

B npemupymem maparpage Grilo mokasaHo, ITO Bafgada O BHYTDPHHEM CHM-
MeTPHIHOM BOJIHOBOe Oymer pemeHa, eclil PemMThH 3agaTy O OPANOBePXHOCTHOM
BOJTHOBO/I® C BYMsA DasHEMM rpaHAYEEMA yeloBaamH. IloaToMy B aToM maparpa-
e MH paccMaTpHBaeM TONBKO HPHMOBEPXHOCTHHA BOIHOBOS.

49.4. OcHoBEmg ypaBmemmsa, Ilyets B momympocTpamcTBe z > 0 k? (z) aa-
AaHO 3aKOHOM JmmreiiHa **:

K2 (z) = K} (1 + M/chﬂi;i> . M>0. (49.4)

CxeMarmaecky vToT 3aK0H HaobpasKen Ha puc. 49.1. Bonnonoe 1mcie Ha rpannDe
K (0) =k (1 + M), Ha Geckomeumocru k? (0o) = ki. Cymecrsenno#r ocoben-
HOCTBI0 TOI0 BaKOHA L0 CPABHEHHIO ¢ PaCCMOTPEHHEM B § 48 ABIsercs To, ITO
Ha rpaumme dk®/dz = 0.

VYpasnenne (47.5) sanmmercs

V[ M+ Mok ) —2]§=0. (49.2)

* PaBeHCTBO MpPOCTPAECTBEHHOTO IepuoAa mATepdepeHIMA HOPMAJABHEHX BOAH COCEHHHEX
(mocTaTo9HO BRICOREX) HOPAAKOB W FAHEHE MUKAA AyYa CHPABELIHBO [IA JIOGHX BOAHOBGAOB
(em. [94], § 5.3). .

e Pacéuorpeane aToro CIyJas BnepBHe 6umo ocymecraxeno 0. JI. Tasapamom [25, 26).
JanpHeiiee paasHTEe BOHpPOCA €M. Tawme B paGore Baora [117).
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Brech nenecoo6pasto BBecTH Ge3pasMepHyK KoopgaHEaTy § = mz/2, a raxie 06o-
BHATATEH

Q@ky/mPM = Qo/me,f M =v(v—1), v='+ Vi, + @kJ/m} M, (49.3)

upmaem Geperca apadMerndecKkoe sHaleNHe KOpHA. Benmmmua v ABIASTCA aHANO-
rOM 9acTOTH H IODH HBMeHRHHHA O or0 o oo

KE(1H) &2 . Bospacraer or 1 o co.
T T >A4(z) HonosxaM Xamtee
) b = (2/mP (& — k) (49.4)
: H yCIOBHMcS) IDH BeMiecTBeHHHX § caHTaTh
l Rep >0, ecna & >k
u
a ' Im p <0, ecnm § < k.
Puc. 40.1. S?Hcmgm K2(s) man Yp:mueune (49.2) npm aroM samHcHBAETCH
BOXHOBOA& JINIMTEHHA —1 —
ST —wle=0 . @y

PemenmeM aT0r0 ypaBHeHHS, IpPeRCTABIAONEM c0God mpm z —- 00 yXOopf-
My HIE DKCHOHeHXMANBHO BaTyXaomyl BonHy, Gymer (cM. [143])

v=eR{lteB)Fvip,v,14+p, — %) (49.6)

Mpu { — oo HmeeM » =~ ¢~#¢. Hcnonssys @aBecTHOe BHpaKeHHe cGopHIOCKEX
¢yHxnnit Tepes ranepreoMerpadeckue (cM. [29]), Bupasxenme (49.6) Mommo zamm-
carhb

v =T+ p) P (th). 49.7)

49,2, AGcomoTHO MArKas rpaEdna, Bocnons30BaBmuCh dopmymoii, paomei
sEauenne cfepaaeckoii Gynxmmm or Hysesoro aprymenra (cu. [29]), ypasnenue
mua oomocos (47.21a) sanameM

T(t+w) _
r (—————H;H)I‘IL(H“EV)—O o

Hac nuTepecynoT MHIB Te MONKCH, A KOTOPHX

Rep >0,

Tonexo Takue MOMICH cOOTBETCTBYIOT HOPMANBEMM BOJNHAM, BaTyXalomuM (a He
BOBPACTAIIAM) 10 AMITATYLE IPH Z —> o0, IIpa 3TOM yC/IOBHHE, HOCKONBRY TAKIKe
n Re v > 0, aprymentil y Beex ramma-pyurmmii B ypasmenan (49.8), Kpome
I'(1 + (p — v)/2), nemar B npaBoil NOTYIIOCKOCTH, T. €. 3TH (YHKIHH HMEKQT
SHaveHHS, OTAHIHHE OT HyIA U Geckoneumoctn. CllefoBatennHO, HATEPeCYIONTHE
Hac KopHH ypasHeHmsa (49.8) malixyrcs u3 ycnosud:

TH+(p—v2l=w (49.10)

u Gynyr
1+(|-11—'V)/2=—'z, P’l=v_’21_'27 l=0,172,-'- (49‘11)

Ioncranosra 3THX KopHedt B (47.23)  gacT EaM moNe HOpPMAaXBHHX BOXH, [Ipm
aToM

=VE+(m2py, Img>0 (49.12)
BuumenuM mpomsBogmbie B aHaMeHarele B (47.23).



Monpaysach Bupaenmem fua edepmacckolt dymnkumm B myae (eM, [20]) u
dopuynoit

4T (p) = sinnp/xl’ (1 — p), (49.13)
a raioxe gopmynod (49.16), Emxe momyIHEM
ptv+1
) Fa4u)r (—“—"
[ v (azz El)] N\ 1 3 ) (49.14)
=0

w,—vH+1\ "
I'(V+P',)I‘(;—2—'—) '

Jance, B Bupamennn (47.23) EMeeM, eclid BOCHONb30BaThesA fopmynamu (49.6)
= (49.11),

[h0] 2rrat “’r(v_j;‘p')_é_ 1
% g, Fv+m 3 P(H_P';V) ‘z'

O6osmaamm 1 4 (p — v)/2 = p, p (§;) = — I. BocnonssoBasmuch Gopmy-
Jaoi (49.13), monyzaem

é _1__ _} 8 [sinnp _ ‘a_p e 2, .
(Tﬁ Ly >El - [-b_i( n rd p))]p-—l (85 )El = ( 1) mp, ra+ l),
B pesynbrare HaxogEM

- (e
[30(0,5)] _(—1) 2g, TU+WT\—3— T+
% =y, miy Tw+e)

(49.15)

HogcraBaM Teneps Bupaxenns (49.14) u (49.15) B fopmyny puag mona HopMads-
HHX BoJH (47.23). Yarem NpH 3TOM H3BeCTHHe COOTHONEHAA [iA raMMa-(yHK-
muit (cM. [95], ro. 12)

Tz4+1)=2T(z), 2¥T(5)T(z+) =2V =T (22). (49.16)
Torpa DonxydaeM _

I TErry @@ g
. p =inm EAW"—%— Hy' &), (49.17)

rue g a &; Haxopatca us gopmyn (49.11) m (49.12) m pna ynoGersa samucn MH
00603839
vz, B) =2y, V(2 &) =0,(2). (49.18)

OysRnEw v, faBaeMyn Qopmynolk (49.6), MoxkHO 3ammcaTh TakXKe B BEIe (cM,

129))
-t
v=eWF ('V, | -V, 1 + Py —eé‘;?), (49.19)

A TpE mopcramoBke £ = E; Takxe B Bmfe [25]

b= —2YaT{ +p) 28— ., (49.20)
I‘(~—§——l)r‘(v—l—i)

rap F, — mpyroe pemesnme TFHmepreoMerpudecKoro ypaBHEHHEA

F, =sh;ch-1;-F(1 Ay Ahedy 8 th’;),
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KOTOpoe MO’KHO BHPASUTH TAKKe depes DoamuoMu flkoGu. Ilpm E = E, mMeom

., thg 1 3
F, _l_#ch"‘"”‘t G, (v — 2l — - 5 th’C) . (49.21)
3nech

L= mi2 = s/H. (49.22)

Bemwunua H mosxer GHTb ycJ0oBHO HasBaHa MAPHHOH BONHOBOAA (cM, puc. 49.1).
Ilpa atom v, cormacro (49.3), sanmmercs

v="%+Vi+ kRHFM, (49.23)
a p; B (49.20) Gymer
p=v—2(+1). (49.24)
Benwanna,
N = (kH? M, (49.25)

KOTOpPYI0 MH YCJOBHO HA30BEM ¢BONHOBHIM IIapaMeTpPOM», ABIAETCA Ba)KHON Xa-
paKTepdcTHKO# BOJHOBOAA.

Oynrnua v; (z) B (49.17) xapakTepHsyer 3aBECHMOCTD aMIIATYH HOPMATh-
HEIX BOJH 0T KooppzHarH z. Ha puc. 49.2 cunommrmMu Jneasmn us06pamment rpa-
$EIeCKE HeCKONBKO NepBuX dymkNuit v; npu N = 63,75 (v = 8,5), xorma cyme-
CTBYIOT YeTH e HeadaTyXxalomne HOpMaJabHne BOJNHH. Ilo ocha 36(‘,]1]1(‘,(‘, OTHJIapH~
BaeTcA Uy B JHMHeHHOM MacmTade; 3Aavendd | yKasaHW BHR3y,

®azoBas cxopocTh Kakpoi HOp-
MaJbHOH BOJHW paBHa V, = w/§;
\ IR OpH yIeTe cooTRomenHuit (49,11),
Yalll (49.12) m (49.22):

— - m_. ————— =%
b VA (i 2k
oL

~Vix =20 OP(

- 772

zzZ §u 2

o
N
N

Vi

(49.26)

< 49.3. Kparnueckaa yacrora BOJ-
moBoga, Hak yke yKaawBajloch
BHOG, HAC HHTEPECYWT TONbKO
Te pomenna ypasmemma (49.10),
Pac. 49.2. Yerhipe mepphie HopMageBHe BonHH [IA KOTOPHX BHIONHEHO YC/IOBHE
mpr v = 8,5 Rep; >0.Us dopmyast (49.24) Max
BHAMM, 4TO IJsA Kakgoro Homepa !
¢ymecTByeT MAHHMAJTbHOE 3HAYeHHE
g=7= &= L:,’_Z $= 122 =72 BeINYHHH V, & CJeoBaTeabHO, 0 MHA-
HAManbHOE 3Ha4YeHHE JacTOTH, HpHE
KOTOPOM BTO YC/IOBHE,MOKET BHIION-
HATbCA, [ pyruMa cnoBaMu, AAA BOP-
MajibHOR BoJAHH mGoro HoMepa
CYIeCTBYeT KpHTHYCCKAsa dacToTa.
] Hanbosnee muwskas xpmrwdeckas 9a-
\ . > CTOTa, COOTBETCTBYIOImas HODMalb-
s < < Holi BoXHE HymeBoro HOpSALKE

( N N (1=0), moxer 6MTH Ha3zBaHa KpH-

P s 2 7 THYeCKo#t YacToTol BolHOBoa. Hak
Puc. 49.3 BHEAHO U3 (49.24), oHa Momer G6HT®

To e, 9T0 M Ha DHC. 49.2, WpH ApyroM rpa naﬁnena U3 _yCHIOBHA v=2 mim
. . 49.2, HAYTHOM YC- ——e
HOBRH HA FPAHANS BOAHOBOKA Vllq + (kyH)? M =3/,, Orciona mo-
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TydaeM iA KPETHIOCKOH (MAKCHMalThHOM, «ynep;KHBaeMOd BONHOBOZOMY) And-
HEl BOJTHK

(xl)max =7 VZTW—H. (4927)‘

49.4. Conoumott cnextp. YTo6u monydnTh TOTHOE BRpaXKeHHEE JIA HONA B pac-
cMaTpuBaeMOM HaMH BOTHOBOJE, K DOTYJYeHHOH BHIIE cyMMe HOPMANbHEIX BOJIH
geo6xoqumMo 06aBaTh mHTerpan mo OeperaM paspesa, HCXOZMIETO H3 TOUKE
BeTBlleHNs § = k,. DToT HATerpan mpecTaBiser coGoil GokoByw BoNHY, aMIIA-
TYAa KOTOpoil YGrBaeT ¢ paccTOAHAEM, Kak IpaBHIO, o 3aKoRy 1/r%.

B gacrEOM cnygae npu t — v = — [ (I — Te0e YHCIO WA HYNb) CONOMEOR
COEKTP IpefcTaBIsAeTca AHTErpaioM, abcomowTHOe 3HaYeHHe KOTOpOro yOmBaer
kak 1/r. B dacTEOCTH, IpA HcYe3HOBEeHHA HEOTHOPOAHOCTH cpedH, korga v — 1,
[ — 0, sTOT HHTerpal BHpPOXXJaeTcAd B BHpaKeHH® A OpaMolt Boumm e*R/R,

49.5. Boanmoson, orpammuensnif menmomaTnmpoit cremkoit. Ilome mopMans-
HHX BOJH B 3TOM cJiy¥ae Gyaer naBaThes BH paskenneM (47.24), a §; HaxonATeA HE
ypdBHeHHH

[9v (&), 2)/02],= = 0. (49.28)

Wa (49.6) monyyaem, Kak W Bhude, Nocle HEKOTOPHX mpeoGpasopammil

_ ___2"mVari+m
, (0v/92), = r(”")r(”“‘")' (49.29%
2 2
Orcrona BHHO, 4TO ypaBEerHe {49.28) Moxer GHTH ynOBNeTBOPeRO HPH U =
= 1y, I |1} BaXOUTCA H3 PaBeHCTBA
p=v—20—1, 1=01,2,.. (49,30)

IlyTeM BHKIANOK, aHaOTMYHKX N3NGIKeIHHM BHITe, A3 GOpMynn (47.24)
gonydaeM Jid NONA HOPMANbHHX BOIH

Clvtp)o, @)y, () .
—inm 120 P TEGIT (21 - 1) HY & 1), (49.31)
rae &, nonydawresa npa nogeranosxke (49.30) B (49.12). Heckoanko nepBux ¢ynx-

nuhk v; (2) gag N = (k,H):M = 63,75 msobpakenH cOIOMHKEME JHHEAME Ha
pac. 49.3.

B paccMaTpuBaeMoOM clyYae HOpMalbHasd BOJIHA HyJIeBOro mOpAAKa He HMeeT
KpATHIecKodl dJacToTH (HNH, BepHee, OHa paBHa Hymwo). JleficTBHTenbHO, OpH
I = 0 mmeeM p, = v — 1 — ypaBHenHWe, HMenIGee PemeHHe yiA M0G0, B ToM
YAc/ie m KaK yTrogHO, HH3KOH JacTOTH.

OrMeTaM TaKike, ITO IONYICHHEE B pasfenax 3 4 D pedyabTaTH OO3BONANT 6e3
TPYRa mONYIMTh BHPpaKeHHe JJiA OoNA HOPMaJbHHX BOJH B cryYae, KOrga rpa-
HHIa BOJTHOBOJa OTCYTCTBYET, a 3akoH (49.1) pacmpocTpaHeH H Ha OTpANATeNb-
HHe 3HaYeHHEA 2. B 9TOM clIydae MH HMeeM JeJI0 ¢ pacIpPOcTPaHeHHeM BONH B CHM-
METPHYHOM BONHOBOAE. [T0/e HOpMANBAKX BONH B 3TOM cirydae GyfeT BHpaskaTbes
B BAfe MONYCYMMH «aETHCHMMeTPHIHOM» YacTH (49.17) B «cHMMeTpWIHOHY JacTH
(49.31) (cm. § 48.3).

49.6. CpasmeHne ¢ peayanTatamW, unoaytenaniMM B upummxenmn BRB.
@yawuas v (8, z), furypupyomas B dopmynax (47.23) u (47.24), moer Ourh
nonysena B npubamxenna BKB B coorBeTcTBEm ¢ HsnoyxkeHHEHM B § 24.3, ecnm
Tam n (z) samennts Ha (n? (z) — E¥ke), npmuem n (z) = ¢ (0)/c (), ko = k (0).
Torga molle HOPMAJBEHX BONH Aiid «MArKof» rpaEunn OypeT, Kak DOKasal
10. JI. Tazapam [26],

b =2 2 Z &) % © Holtrr). (49.32)

==



0603raTHMM

ny=kyky 1 =arch[1— (2l 4+ ¥)Hk, V1 —nj, (49.33)
Torga uMeem
t<n: .
_ oxp i (/4 + Im)
Zi0) = (chin/ch® L — 1)"
. = 1 . .
X sin {H kq Vi— n [m arcsin (sh{/shn) — arcsin (th§/tg 'q)]} , (49.34)
c o (in/&
z - exp (in/4)
O = ey
X eXp {Hk,,l/i - ni[mh (thE/Ahn)—

X

c;n arch (sh ¢/sh n)]}. (49,35)
Jdna §; noxydaem
Bimko Vnlp (V1 — it — (204-3/2k, HY. (49.36)

-3Havenna ¢pyBrumi v; (E) B npubamxenan BKB naoGpament Ha puc. 49.2 myAk-
THPHHMA NAHAAMA,

B cayuae, KOTfa BOXHOBOX OTPAEMYEH ¢ OJHON CTOPOHH (TBEpROH CTEHKOI?,
Z, cHOBa Haercsa BHpasKeREAME (49,34) m (49.35) ¢ saMenoft B nepBOM CHMBOMA
sin Ha —cos. B (49.33) n(49.36) 2] 4 ®/; samemsercs Ha 2]+ Yy, B ocTamsEOM
PesyNBTATH OcTAIOTcA HeHAMeHHuMH. COOTBeTCTBeHHHE 3HAYEHHS U; AN BIOTO
-cydaa naoGpakenH nmyEKTHPHEIMH JTAEAAMA Ha pdc, 49.3.

CyIecTBeHHO OTMOTATH, WTO MeTOR $ag0BOTO MHTerpaja faer pellcHHD, He-
©TpaEAIeHHO NPHGIMKRAIINESCA K TOYHOMY npd yheawdonrd [. OpgHako npa sa-
JaHHOM HOMBSPe HOPMAABHOHX BONHH H NDE YBENHICHEW TaCTOTH PacXOkIeHWE
MeMay TOUYHHM H npubAmKeHHHM pelleHHAMH He cTpemMaTcA K ByXio [26]. Tak,
Aaa | = 08 cxydae cHAMMETPHYHOTO pelleEAS OKa3HBAaeTcA, UTO TIAaBEHI WieH
ACHMOTOTHYECKOTO paanoxkennsd Z, no 1/k H ornavaercd aisa TOIHOTO W npHOAM-
KEeHHOTO pelliennit Ha 4% . JT0 HETPYAHO MOHATH, eCHH yIecTh, 4TO NPH yBelXmde-
IIEHA TAcTOTH MH NOJIyJaeM NpaBAABHOE PellleHne B PAGAMKeHAN Te0MeTPHIeC KO
ONTHKA TOABKO B TOM cly4ae, ecld PaccMaTpHBAETCA mOJNe NAOCKOH BOJHH, ma-
Japomeii Ha HeOTHOPOJHYK cpegy mOj OnpefedeHHHM, PEKCHPOBAHHEM YTAOM
magesdda. MesKay Te, eciu cYATATH 3A0AHHKM HOMEp HOpPMaJbHON BOJHK H YBe-
JAYABATH YACTOTY BOMHH, TO YIAH CKOJIBbKEHHS COOTBETCTBEHHHMX HOPMANBHEIX
BOMH Oymyr yMempmathces. Taxkmm o6pasom paccmaTpmBaemuiit Merof (MeTOR
BHE), Boo6mp rosops, He gaeT acEMOTOTHYECKOTO 3HATCHAA HOPMAABHOA BOJHH
ApEKCHPOBAHHOTO HOMepA, OXHAKO, MOIKHO OJKHIATH ACHMOTOTHYHOCTH OSHOBpE-
MEHHO 1O JacTOTe H N0 HOMEpy.

Coo06pazxeRus 06 OTpaHAYEHAN 10 PaccTOARMIO Ha IPAMEHAMOCTD PedyIBTATOB,
monydenanx mo Meroqy BKB, manokenane B xoHme § 49, npuMeHHMH H 37ech.

§ 50, IpunoBepxmocTAail BOTHOBOA B TBEPAOM TeIIe

lpencraBaser mATepe¢ HcclegoBaHEe pacnpOcTpaHeHHs YOPYTAX BOIH B
3eMHOIL Kope, KoTa HX cKOPOCTH BO3pacTaeT ¢ IIyGuHOM, T. o, HMpeT MECTO IpH-
I0BepXHOCTENIE BOIHOBOX, :CoBepmeHHO aHANOTHYHON ABIAETCA 3aKava O pac-
TpOcTpaHeHNA YNPYTHX BOJH THHA BONH MIeNYymIUX rajepeil BAoJdb KPHBOXUHEE(-
HOX IpaHHIH TBEPJOTO Tela. JTHM BONPOCAM H NOCBAMeH NaHHEHA maparpad,
ocHOBaHEHm# Ha paborax [15 m 17] *.

* Tlocame cpavd KAMrY B MOYSTh ODOABAAACH Pabora H. K. Acharva (J. Acoust, Soc. Amer.,
1971, 50, N 1 (P.2)), B xoTopoit HeCKOABKO APYTEM METOXOM W IPH APYIUX HPEELONOMEHANX
FAKXKe PACCMATPEBAETCH 3a7a9a o IPHIOBEPXHOCTHOM BOJIHOBOJE B TBePLOM T,
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50.1. ocranmonka sagaum. Mu npegnonaraeM, 4TO MAOTHOCTH cpegn P (z)
m napaMeTpu JIsaMe A (Z) 1 p (2) ABAMOTCA ROCTATOYHO MEMCHERME $YHKIHAMA
2, 9T06GH B ypaBHeHHAX yIPYTOCTH HPOHZBOHLIMHA OT O, A H | 110 Z MOXKEO ORIIO
mpeaeGpeus (kparepuil cM, HWKe). JT0 06ecneTnT HAM OTCYTCTBHE B3aMMopeicT-
BHA 00BEMHHX W CABHTOBHX BOJNH B cpege. Takoe BamMoneiicTBue GyneT HMeTh
MecTO JAmB, HA TpamEne z = 0 yopyroro moXynpocTpaHCTBA ¢ BAKYYMOM,

HpexgnonosseM, 9T0 npu OrpaEAYEHHHNX Z, Je)KAIAX B Npefedax npHAIOBepX-
HOCTHOTO BOJIHOBOAA, 3AaBACHMOCTD BOJHOBHX dncenx o6bemanX (k= w/c)m cpBm-
TOBHX (¥ = @/b) BOMB OT z AAeTCA BH PAYKHASMH

B =kl -0, ®@=x1-—0a) (50.1)

OrE $opMynAn MOKHO pacCMATPHBATH KaK IepBHe WIeHH pasnoxeHHA A® (z)
#%? (z) B pAg no z ¢ OrpaEEYeRAeM AnHefENMH YdeHamMu. Mu Gymzem mpepmona-
raTh, 9TO

o D1,  aH <1, (50.2)

Tae D m H onpenenenst gmxe (e, (50.11) u (50.12)) 1 mmeroT mopAnoK BeamInH
TONMHKE BOJHOBORA ANA 00BEMHHX H cqBATOBHX BOJNH. BHIOAHeHHEe mOCASIHAX
yeaoBmil BnonHe o6ecnednBaeT yOOMAHYTYIO Bhlle HeOOXOqHMYIo MeAeHHOCTH
am3Menennd p (z), A (z) u p (z).

Ipegnoxosxum, 410 B Touke r = 0, z = z, HUAAERPEIECKOl cHCTEMH KOODPIH-
HAT pacnoNokeH TOYeYHnE HeTOYHHK cepHIecKHX ynmpyrax BOJH THNA, pac-
cvoTpernoro B § 33, [loxe nedopManui u manpsxennii 6yQyT uMeTh WHAHE] PH-
9eCcKYI0 CHMMETDHW H OmECHBATBCA TpeMsa NOTenmmaiamu ¢ (r, 2), Y (r, 2) &
% (r, z), 9epes KOTOpPHE KOMIOHEHTH CMEMEHAR L, U, W B UIAAALPAYECKOR CACTe-
M6 KOODJHHAT r, O, z 3aIACKHBa0TCA NP HoMOmA GopMya, anamoTHIEuX (33.2),

_ o o o % 40w
U= V=g wegtTg(r). 609

¢ ABJAETCA MOTeHNHAKXOM 00beMHOR BonAn (P-BOMHA), P — DOTEHIAAIOM CHBH-
TOBOi BOJMHE!, HOAAPH3OBAHEOH B mAockocTd rz (SV-BoxHA), ¥ — DOTEHIHAIOM
CABATOBOH BOJNHH, NONAPH3OBAHHOR NepneHnAKyaApHEO nxockocra rz (SH-
Bonga). Bo Bcex TouKax, aa HcKAOIeHAEM 06NacTH, 3aHATON H3NydaTeneM, PyHK-
was ¢ (r, z) yIOBIETBOpAET BONHOBOMY ypapHeEHN Ag + %% (2) ¢ = 0, Dymr-
qua Y (r, z) 1 % (r, 2) YIOBAETBOPAIOT TAKOMY e yPaBHEHHIO, Txe BMecTo k* (z)
cTouT %? (2).

KOMIOHERTH TeH30pa HANDPMKeHHH zz, 77, 29, ABIAIMUECA KOMIOHCHTAMH
canel, peficTeyromeit Ha rpamame z = 0, Bupaxawtcesa gopmyiamn (33.3), ecan
ram onycTuts mEAexc 0 y noTennnanos. Yeaosus ofpamennsa ux B Hyab (cBobox-
Has TPaHHIa) NAl0T, ¢ yIeTOM TAK)Ke BONHOBHX ypaBHEHHH N/ MOTeHIHATOB:

9 2 9 9 _3—0 i)
”o¢+“—(’—o;)— : “(’m?)»

-0 _20_3.=n%1p+%_2_(r—‘£-), (50.4)

JouycraM, 4T0 HCTOYHAK H3NydaeT P-Bonmy, Torya Hago mnorpeGoBaTsh, YTOGH
npa R—0

o=¢“B/R, R=V7r+ (@—z) (50.5)

Amanornduuie ocoGeEHOcTH GymyT mMeTh Y-BonHa (SV-mcTOYHHK) mim %-BOIHa
(SH-mcTOYEMK) B 3aBHCHMOCTH OT TOTO, Kakasd BONHa H31ydaeTcsd B KalecTBe
nepBugHOi, Mt Gynem TpeGoBaTh, ¥T0GH IpH z — 00 GYHKIER @, p H Y HCTEIATH.

Kak norasano B [15], pemenne Tak nocTaBIeHHOH 3aqa9l ONACHBaeT TAKIKe
BONHH INeNYymuX Tanepeil B TBepoil cpege, OTPAHAIEHHOH cdepmieckod mim
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NEAAHAPAYScKOR TpaHNaMe pagAyca p. DB 9TOM cuaydae Hago NONOXATH q =
= a, = 2/p. Koopamuara r npum sroM OyfeT OTCYMTRBATHCA BOJb TPAHANH, &
g HOpPMaJIbHO K Heil. Eciua 7Ke KpoMe HeoJHOPONHOCTH cPefH, XapaKTepa3yemqir
popmynamn (50.1), mMeeTcH TakkKe KPHBH3HA TPAHALH, TO K a, ¥ ax Haxo npmba-
BHTb BenmanHy 2/p. Benmunna p cYmTaeTcA MOIMKHETENLHOH, ecid HallpaBJeHHE
OT IOREPXHOCTH K IeHTPY KPHBASHH COBNafaeT ¢ HANpPaBieHAEeM OT IOBEPX HOCTH
BHYTPH TBePAoOi cpenil B OTPHOaTenbHON B 0GPATHOM ciydae,

JaMeTHM, 4TO B clyYae ropH30HTaIbHOY monspusanmm (SH-Boana) 3agaia
onpeneseHns NOTEHIWANA ¥ (7, Z) TONHOCTHIO DKBHBAJIEHTHA 3afa’e 0 NPHANOBOPX~
HOCTHOM AKYCTHIECKOM BOJHOBOLE ¢ alconioTHO Hemopariampod rpammiueir, ITo-
caegnaa Opia gocraTouno mogpoGHO paccMorpeHa B §§ 47, 48, moaTomy Ha ciay-
vyae SH-nomspmaanuu HEMKe MH OCTAHABIHBAGMCA Mali0, paccMaTpuBaf TJIap-
HuM 06pasdoM cay¥am P- m SV-ucTOYHNKOB, JalOmMHAX coOTBeTCTBeHHO P- m S V-
BOJIHH, NOJAPA30BAHALE B BePTHKAJBEON MIOCKOCTH,

50.2. NeTerpaiinpgble mpegcTAaBIeHAA AdsA NOTeHDHanoB. BremeM, Kak I B
§ 47, rpamcdopmantn Qypre — Beccena ot ¢ (r, 2) m ¢ (r, z), 0603HaUHR MX
vepes § (£,z) ¢ (§, z). Tak, manpmmep,

oo

o )=\ 5& 0@, FE = ol @)rdn (0.6

P
# 1o e guay (r, z) mP (&, 2).

I'pammanse yenopus npe z = () mojgydarcs npd mogeTasoke B (50.4) BMe-
TO ¢ U ) HX BEpa)keHwuit wepes P A P

:=0, pp=%, ¢ =pt¥, (50.7y
e

=& — %), (50.8)

-4 MTPAX 03HaYaeT gAPPHepeHHpoBaHAe 1O Z,
PacemoTpEM Temeps:

a) SV-uemounux, B aroM cayuae ¢ (r, 2) 1 ¢ (r, zZ) yHOBIeTBOPAIT ypaBHE-
amaM (cp. § 47.1)

Ao+ k(2o =0, AP+ %*(2)p=4nd(z—z2,)5,(r). (80.9)
3 (50.6) nomyvaem, xak u B § 47.1, ypapmenus
FE—F=0, PHE—-PF=2B6—zn). (010

Otcioma ciegyer, ato ¥ YAOBJIETBOPACT NPH Z = Z; YCJOBHAM (47.6) u (47.7),
T, e. EMeeT paapHB B NDOASBOAHOM.
Kak # B § 47, MH MomemM 3aMeHHTh NpaByi 4acTh BTOPOXO H3 ypaBHEHHA

(60.10) myxnem, moTpeboBaB, 061 \ YAOBIETBOPANO IpH 3 = 2, ychoBasaM (47.6)
n (47.7). YVumrusaa teneps (50.1), 9TH ypaBHEHHS MOXHO 3aLHCATh

PH0* =q9(@), 9=+ 2D, @ =DE—k), D =gk (50.11)
PO =5 (),  t=to+yH, L=H(@E—x) H=(@x)y" (0.12)

PemeRusMa 3THX ypaBHeHu#l apagioTca Qyarumm Jitpm (cm, § 21). Yumrmbam
rpeGopanme ¢ — 0, p— 0 Opum z — oo, mOXOHKAM
§ = Av(g), 0<s< o0, (50.43)
$=Bul)+Coly), 0<z<z,
= Ev (1), 2y Lz o0,
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Hocronmmwe 4, ..., E mafnem 3 rpaamianx ycioemii (50.7) m yenosnk (47.6),
{47.7) npu z = z,. B peaynbTaTe monydacM

~ 2DH pEy (t1) » (g)
0 < 2 < 00, (p - DIIP’P (qﬂ) v (tﬂ) — (qn) l}’ (to) ’ (50‘15)

& __ v’ {go) u’ (3) — DH p2 (go) u (to)
0<s<s,  §=2Hv (@)[ul)— SRR o], (0.6)
rae t, = t, + 3,/H. llltpaxua osEavawor raddepennuposamns mo aprymenTaM QyHE-

mi 3npn (g 1 7). Bupasxernne ans ¢ opa z, < 2<< oo monydaerca u3 (50.16)
3aMeHOA MecTavh ! H iy,

6) P-ucmovnux. CopsPIIPHHO aHATOTHIHO HMEAM /S BTOrO CIydas
= v’ () ' (go) — DH p% (t) u (q0)
0<s<s, §= 2Dv(q1)[u @ — S =TT v(q)], (50.17)
¢ = g0+ 24D.

Bravenme § ana z, < 3 << oo moiyvaerca ua (50.17) mepemenoit MecT z 1 z,

2DHpv (1) v (t)
0<zlo0 ¥ =imEma - @7 @l (50.18)

Muarerpansnoe OPOJCTABJICHAS JIA @ (r, 2) momysaerca moucTamOBKOR G (E, z)
u3 (50.15) = (50.17) B mepruit marerpai (50.6) u coBepMAHEO aHaNXOTHYHO MIA
A’ (r, g

Hopmansusie Bosanl, Ilepenit uaTerpan s (50,.6) n apanormuEMi eMy
Ja w(r 2) menecoofpa3go0 mpeofpadoBaTh TaK, YTOGH HHTErpupOBaHHE IIO
£ ocymecTiANOCH WO BCOH BEmEcCTBeHHOR OCH. 31‘0 nemaerca, kak u B § 26.4,
3ameroi dymkmua Beccens monycymmo#t $ymkimmii XagKens # HCOOTH30BAHABM
coorromenus o6xoga H(e-"z)= —H (z). B pesyabrate mooM

oo
o= § 962 HP @t (50.19)

—o0

¥ aHanormeno gaa§ (r, z). Ilocre sroro maTerpan mo nemecTnennon OcH 3aMPHEA-
<M HHTOTPAJIOM 10 GeCKOMOIHOM HONYOK PY/KEOCTH B BePXHEH NONymIOCKOCTH (KO-
TODHI PaBeH HYNI0) NIIOC HETETPAIH IO KOHTYPaM, OXBAaTHBAIOIEM 0COGPHHOCTH
{B JaHHOM CyYas DONIOCH) B BOPXHEH NONYNIOCKOCTH, B pesyibrare DOTEHIHA-
J6 6yAyT OpegcTaBiSHH B BAJE CYMM

Q(r, )= (r, 2),  b(r, 2) = D9, (r, 2), (50.20)
i i

TAG @ HP; MONYYal0TCA KaK BHUSTH COOTBETCTBOHHEIX MOJHHTATPalbHHX BHpa-
sxemMit B [-M momoce § = §; M garorT mone HOpMalbHOH| BOMHH HOMepa [,

. Rak smagmo #3 supamenmit (50.15) — (50.18), momocw §; seaswoTcA peme-
HEAMH YpaBHEHHA

DHpw (1) v (go) — v’ (10" (g0) = 0. (50.21)

Hcnonbays 8T0 ypaBHAHHS, a TaK)ke ypaBHEHHE IAA QyHKIEA Dfipu H SHadepme
sporckmana v’ (f) v () — u (f) V' (f) = 1, M0oXHO WOKa3aTh, ITO

[U\’ (20) u’ (to) — DHp* (g} u (to)]E, = (90)”’”0]5, (50.22)
@ aHaNOTHIHO ¢ BaMeHOH I, = q,.

Ilocae aToro HaXOoquM, BHNACHBasA 9HAYOHAE BEYSTOB B MOJIOCaX B MpeNmoac-
$KOHHE, 9TO OOCHSQHUS ABIMOTCA MPOCTHIMH,
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SV-ucmounur:

2niDH
0<zoo, @ == — [P (t) 0 ()5, HY (&)
(50.23y
_ 2niH [ g () v (g) bt
“pl - Ql [ ) (to - )-I (glr)’
P-ucmounux:
2 H '3 -
0<<oo, g =22[2@EH, (q)] H @),
: (@) (50.24)
2mDH (1) )
Y = [pv (g:)v(®)Ie,Ho" Eir);
rae
— 8 2 oy '
0= {7 IDHPw (@) 20— ¥ (@)’ G,
{DHapz/c?E—- 2D%g ~ (' (@lv (@) 5 f,”
— 28 [ty — (v (to)0 () S}, [0(a0) v (o), (50.25)
1 aBaformgEsM o6pasom gia SH-ucrousmka (cp. (48.14)):
<z<loor x(n7) =2l 2), (50.26)
vt o )
= :;; ',—v%l(—— HE @)y (50.27)
rae
ty=z/H—z, t,;=z5/H—z, (50.28)

z; — Hynn npomssopmof ¢ymkmmm Spm (v (—z;) = 0, cm. § 48.2)).

IIpegmonaras E;r =1 # BOCHONB30BABIIACH OEPBHM TICHOM acCHMNOTOTHKI
¢yaxomn XaHKels, NONyYaeM NIA CMEmMEHHA B clydae SH-ucTouHMKa

v=2ay/or = D) Aw (t)) €',
{=1
A=t /2 () e-ini, (50.29)

z H o vi(—x)

3aBHCHMOCTD aMILTATY K HOPMAIBHOH BOJHH HOMepa [ OT Z faercs dyuxnneir
v (t;). Ita pysxmua opu [ = 1, 2, 3 naoﬁpamena Ha pHc. 48.2.

Mazopan H rpynmonas CKOPOCTH KasKAO# HOPMANBHOK BOMHH GyAYT JaBaThCE
dopmymnamm (48.10) — (48.12), rne emecTo y; HeoGXOgHMO TMOACTABHTH Z;.

dametnM, 94TO pacupocrTpaBeEde SI-BONH B NPHTOBEPXHOCTHOM BOIHOBORE

B JBYMEpHOM ciyuae HcciegoBanock B, M, Bafmuem m M. A. Momorkosum (3],
npaega, 6e3 pacCMOTPEeHHA HM3NydaTeld, a clef0BATENbHO, e3 DONyuYeRHA A;*
3aTo pemerne HMH 6110 0606meRO Ba ciydall, KOTA BEIHINHA Gy MOMKET MeHATb~
CH B HalpaBleHAH pacHPOCTPAHEHHA BOJHH.

50.4. AHann3 HOPMAIBHBLIX BOJIH B ¢IyYae BepTAKaabHON mosapmsanun. ITpo-
aHanMaMpyeM ypasHenue momwcos (50.21) u BHpamends mIa @; B P; B cIydae,
korga &; 6MHMBKO K %, HO &< %, a cleqoBaTeNbHEO, PazdBag CKOPOCTh HOPMA b
HHX BOJH 67H3Ka K CKOPOCTH MOMePeYHHX BOJE HA IPAHAIE IOJIYIPOCTPAHCTBA,
o Gompme ee. B cmny npegnonoskemma (50.2) wmmMeem, ywmrsBam (50.14)
go = D? (#,> — k%) > 1. I10 mM08BONAET BOCHOABBOBATECA ACHMITOTHIECKHMHA
dopmymnamn yua v(q) # 2 () (cm. § 21). IIpa npere6pexennn penmaaramMn (Dx,)~*
10 cpaBHERHI0 ¢ egHEAneit, ypasrerne (50.21) sanncxBaeres

vt = (t),  s=— 5@ — k)8 — )" (50.30)
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Herpyano noxaaarh, 9To €ro pemenueM Gymer
B = ug— y/H? + 0 (1/x*H?), (50.31)
3nech y; — xoprm ypapmerMa v (— y) = 0 (cm. § 48.1). Jlsa mepsmx uneHa

B IPaBO¥ acTa (50.31) uonyqaxo'rcn, eCIH B CHNY MajnocTd s ypapHerde (50.30)
3aMeHATs Ha v (l)) =

B BHpaKeHIH (50. 25) TMaBEKM 91eHOM B $HrypHHX cKoGKax mmne'rcn no-
cleqHAM, HeTpYIlHO moayunTh, Mpene6peraa ManumMu (%, H)~2 1 (x,D)~? mo cpas-
HeHHIO ¢ eJHEWNE, Cle/(yiomee BRDasKeHHe:

Qu=3 D (oH)* I (t0) ¥ (go)e- (50.32)
Mogcrapaaa nocnegsee B dopmynn (50.24), a Taxme yaaTHBAA, ITO
v =™ +0U/mP), m=Vi—HK,

MH OONydaeM s clydas, P-Mcrounmka BO Becem monympocrpamctee 0 <z <<
< o®

— 4nigemtn BO (8) [1 + 0’(%2-) £ 0(-;2‘?-)] : (50.33)

Vi = 2riaHemmw (8) HY @) [1 40 ( 5 ) +0 ( n?;{ - )] . (50.34)

TIe Tenepb
ty=z/H —y. (50.35)

BenmunHa gy, XaPaKTePH3YIOMAs BePTHKAJBHKM [ PajIIEHT CKOPOCTH TPOJOTb-
HHX BOJIH, H3 OKOHYaTeIbHHX Pe3yNbTaTOB BHOala, 3TO H €CTECTBEHHO, IOCKO b
Ky MH BHTepecyeMcsa BOJAHaMH, 0a30Baa CKOPOCTh KOTOPHX §IH3Ka K CKOPOCTI
momepeYHEIX BOJH. IIpm 5TOM MpogONBHEKE BOMHH GynyT HeONHOPOJHHMH BONHA-
MH, DKCNOHEHT(AaTBHEO 3aTYXAKIIEMA OPH yJANeHAE OT I'PABEANH (3TO BENHO H3-
(50.33)) » npoHAKaMUMA B cpefy NUINb HA TAYGHHY MOpPAZKa NIKHH BOJIHHL
B cuny npepmomaraemMo#t ManocTH a, M3MeHeHHE XaPaKTePHCTHK CPegH Ha 9TOir
r1y6aBe eme He CKasKeTCAH.

TTopcrapes upakerna (50.33) m (50.34) smecro ¢ 1 ¢ » dopmynn (50.3), ar
TaK)Xe BOCHONb30BABIIACH ACHMITOTHKOM 1715 $yBEEnAR X AHKENA B IPeIOLONKe-

mmn §;r S>> 1, ME NOTyYAEM A KOMIOEGHT CMPIISHWA B HOPMAJEHOM BOJEE HO-
mepa [ ,

u'—i[’(t —p=mzy’ (— e
=g v l) e l)( yl)]e r

) (50.36)
wy, = — kel [v(tl) -i—ﬂz—v’ (— y,)e—"“] Pl i
910
— 2:H | 2mv40 mz,—iﬂ/ﬂ R
S (50.37)

Kak spgro 13 (50.36), w, cMemeno o ¢ase orEOcHTeNsHO u; Ha — 71/2. Cego~
BaTeJIbHO, BIKeHHe TacTull IPORCXoguT no birmncy. OpmaKo, Tak Kak xoH > 1,

10 |u; | <€ | w; |, HoMTANC OKA3HBaAETCA CHIBRO BHTARYTHM, a BOJHA NPaKTHYe-
CKH CIBHTOBOH.

Jna daszosoit u rpynmosoil ckopocTelt momysaeM Ha ocmope pemenua (50.31)
dopmynu, anamormamEme (48.12),

Vi=bo(l + y/26HY, Up=by (1 +y/6mH?). (50.38)
803



Jna cnygan SV-ucrouruka, o6pamanck k hopmynam (50.23), HRXOZAM ¢ TOM
sKe TOYHOCTHI0, UTO W BHIIE

2 v (t) P
%= Fry iy ¢ HP @), tu=gr—u (50.59)
L i (1)
Y= T cpp v He ). (50.40)

Jna cuemernit My crOBa moxygaem $opmynn (50.36), B KoTopHX Teneps

vy emin/d 2txg
E_WMWWV ' (50.41)

PaccMoTpHEM Temeph ypaBHeEHe IONIOCOB B ciaydae & > x, (4 > 0). Yauru-
‘Bafg XapaKkTep mosegeEHs ¢yHKUEM v (f) mpE ¢ >0, HeTpynHO OOKasaTh, 4TO
ypasserne (50.30) 6ymer mMeTs B aTOM O6NacTH egmAECTBERE KopeHs. Ilpemo-
JIarTas, 970 3TOTKOpeHb §r He CAMIIKOM GIA3OK K ¥, TaK, 4TO f, OCTATOIHO BENH-
KO, MH nonyvaeM m3 ypasmerma (00.30), BOCIIOJ[LsOBaBI[IHCB aCAMOTOTHISCKEMHU
dopmymame mua v (t,) BV (L), -

(P-tn) —0VE—VE—R . 0

‘910 N3BECTHOO YpaBHeHHe [lIA CKOPOCTH noaepxnoc'moﬁ BoNEN Panen. Iloten-
IEaNH Qp ®\Pp AIA 3TOH BONEHW MOTYT ONTH fromywenmer ws Qopmyn (50.23) —
(50.25) ¢ aaMenoi mupexca [ Ha R. Ilonpayses acHMITOTHROR giiA $yHKman Dipa,
MOMHO NOKazaTh, 910 B dopmyne (50.25)

do — (m\)z =-

v (qo)

2D Ve it

¥ aHaJOTHIHO Aia v (f,) ¢ 3aMeHOR ¢, —> ty, ko — %, D — H. Iocme sroro mo-
Jiyzaem apanormano dopmymnam (50.33) m (50.34) smpamenmna Ui moTeHNHAIOB
paNeeBCKO BONHH B cJaydae P-ICTOYHAKa

P = (Wya/iL) e HP (Ear),

Ve = [im (8 — 7 od) [ L] HY Ear), (60.43)
= Vﬁ?_;-‘?i ‘ Te 15 l{l& —T:':, (50.44)
L=t—g(f) ~r(+ )

TRe By — xopemp ypapmHeHms (50.42).
ApanorayE0 gng SV-mcTOYRMKa

O = 7 (B — ) Y ), (50.45)

_ T evs(t+z) @
Vg = e HD (ar),
CMemeHHA B PBIeeBCKOR BONHE NONYYAlOTCA NYTEM NOQACTAHOBKHE Qg H Pr
8 dopmyant (50.3). Bocnonb3oBaBwiuch Takske aCAMOTOTHKON afa $ynknun Xas-
Kelld B OpegmoNoeRuu tpr > 1, momywaeMm
IERT

= e 17 — (1 — ij28h) ],

1
w mlu —x /gg )e aid

RN — PR, (50.46)
It
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rne ana P-AcTouRmKa

B =_TE2_.V’ 21‘[§R e_-{lz,—iﬂlal’ (50-47)
pna SV-AcTounnKa
V 2nEg 1
B — — _L_R (gz - K:) gotz—in/d (5048)

IMocnegane GopMynaH Be cogePsKaT BEIHIAH ay U 4,. OHE nONydeHn npH nperebpe-
JHEHMH BeIHYHEAMH NOpPARKA (x,H)~2 1 kD mo cpaBHEHHIO ¢ eAHHERNEH B aMIIIH-
TYAHEX MHOMKHTENAX, H BelWanHaMi mopanka (xoH)~* u (kD) ® npu nonysernn
ypaprerda (D0.42) ana Er. Takmm o6pasom, B 310M NPHGIMKERHA BCE XapaKTe-
PHCTHKY PeNeeBCKOl BOJHH OKa3HBAOTCA TaKMMH 3KE, KaK H B CIydae OfHODOA-
HOr0 IONYHNPOCTPAHCTBA, XAPaKTePH3yeMOTO BeAWIMHAMH k, # x,. IIpm npmme-
HEeHHA NONYy4YeHHHX B HACTOAmEM maparpade $opMyn Hago NOMEHTH, 9TO HCTOY-
gAKRM Bcex Tpex BHAOB (P, SV m SH-WCTOYHHKH) HOPMHDOBAHH TaK, IT0 OpH
R — 0 coorpercTBeRENE NOTeRTHAN J/ig NEPBHYHOH BOJIHK ONMHCHBAETCH BHIPa-
menneM eFRIR,

20 JI. M. Bpexosckux



Taaea VIIT

PACIHPOCTPAHEHUE BOJH
B HEOJHOPOJXHOM IIO TPACCE BOJTHOBOJE

B reousngeckux nmpHIOKEHEAAX HEPEAKO MPHXOTHTCH CTANKHBATHCA CO CHIy-
9wagMH, KOT4a cBOMCTBA BONTHOBOA H3MEHAKTCA BAOIb HANPAaBIEHKHA pacupocTpa-
HeHHA BOIH. OTO CIy4ai TAK BABHBAEMOTO HEOJHOPOTHOrO BOXEOBOAa. [Tapamer-
PH cpeAH 3feCh ABIAIOTCH QYHKNHAME He ONHON, a AByX HJIH TPEeX KOOPHHHAT.
Humxe M paccMoTpHM BHa"alle caydalf, KOrga 3ajagda AonycKaer TOYHOE peme-
HAe. 3aTeéM PacCMOTPHM ABA HPEGIMKEHHHX METOAa, IPAMEHAMHX K MHPOKOMY
Knaccy BonHEOBOR0B. OAMH M3 HEX COCTOHT B OTHCKARHM EHCOKOTACTOTHOM acuM-
OTOTHKA Dafad¥, a APyroi (MeTos nonepeIHNX Ce9eHN), Ha0G0pOT, TPAMEHEM Ha
HA3KAX TacTOoTax. BoBcex cnydaax MH OyfeM OrpaHHYABATHCA IIOCKOH 3agaveir,
KOTJIa CKOPOCTE BOMH ¢ = ¢ (x, z) ABNAETCA QYHKIACH ABYX NPAMOYTOIBEHX KO-
opaunar. Byayr paccMaTpABATBCA HOPMAJIBHEE BOJIHH, PACUPOCTpPAHAOIIHECT
B TAKOTO poOJa Cpeqe.

Jlywenoit hopManuam ana caydas ¢ = ¢ (z, y, z) paccmorpen b paGore [255].
JlyueBan Teopma noOgBOAHOTO 3BYKOBOTO KaHA/la, HEOXHOPOXHOLO WO Tpacce,
paccmoTpera B paGore Bopdmnza u fAxoGeora [262).

§ 51, Heopuopoauniii BosEoBOX. YacTHmil coayvail

B macrosmem maparpade MH pPacCMOTPHM CIy9all, JONYCKAWOINHA TOYHHE
pelleEds X n03BONAWINAR TPOMIIIOCTPAPOBATh HEKOTOPHE OCOGEILHOCTH HEOTHO-
ponrux ponuosonos [14). ns npamepa Gymem pacecMaTpHBaTh CAy9ail BBYKOBHX
BonH. IlycTh KBAAPAT BONHOBOIO YHCAA B CPEJe 3aBHCHT OT JBYX KOODAHEAT Z, Z
A JAeTCH BHPAyKEHHEM

kZ(x,z)=k§<ﬁ%+bbh_z-+a), 0<a<t, L>0. (51.4)

ITpw moGom PpmrcuponarroM x, k?* (z, z) uMeer MakcumyM mpm z = 0. dror ropu-
BOHT ABJiifeTCA, CIENOBATENbHO, 0ChI0 BOXHOBoA. IIpm |z] > L BonmoBOX MOMKET
cuETaThCA OfHOpOmHEM (k* =~ k? (z)). 3mawemns |z| < L coorsercrsywor mepe-
XOfHO# 30He, B KOTOPOH OAHOPOAHHHE BONHOBOX CO CBOMCTBAMH, COOTBETCTBYIO-
MUMH r — — ob, NEPEXOHT B APyro CO CBOHCTBAMH, COOTBETCTBYHIIAMH
z — oo, Ilocrosaran H xapakrepusyeT mHpPWEY BOIHOBOJA, k) = w/c, — BOM-
HOBOE 9HCIO0 B TOUKe r = z = (. IIpn 3ajaHHEOM 3HAYEHAN I CKOPOCTH 3BYKA BO3-
pacraeT co 3HaYeBHA Cmin = co/} 1 1+ bth (z/L)na ocu Bonnosopa (npaz = 0) no-
Cmax = co/}/a +bth(zr/L) opm |z| > oo, OrHomenme

Cmaxlema = (1 + bth (z/L)]% [a + bih (z/L)] " (51.2).

ABJIAETCHA BAXKHOH XapaKTePHCTHKOR BOIHOBOZA upu ganHoM r. Uem Gombme aTo
OTHOIIGHHE, TéM CHIbHEE BHPAKeH BONHOBOH.

W5 supaxenna (51.1) cnegyer ypasHEeHue qiia cemeiicTBA NHHMA PABHHX CHC=
pocTeil 3ByKa B MIOCKOCTH IZ

z=Harch )/ 1 — [c}jc* — a — b th(z/L)]/({ — a).

Wsondnud paBEHX 3HAYEHHAH NOKA3aTelIA NpPEeOMIEHHS n = Cy/c AAA OJHOIO H3
KOHKDETHHX clIy4aep w3o0paxerw Ha puc. 51.1 mymEKTMpOM,.
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PaccmoTpaM 3BYKOBOE mOJIe B MIOCKOCTH 7Z IIPH HCTOYHHKE BOJIH, HACTOIBKO
YAaNcHAOM OT HEOTHOPOTHOTO yYacTKa BONHOBOAA, UTO KPHBU3HOH GpOHTA BONHH
Ha BTOM y9acTKe MOKEO npeHeGpeds. Torga 3agada CBOJUTCA K WIOCKOM.

Tna anyuonoro no'remmana V¥ (z, z) M AMeeM OGHYHOE BOJIHOBOE yDABHEHHE

1
L 'S = +k°(ch’( /;1) +bth++ a)w,p =0, (51.3)

IMocnennmee Mu GYI(BM peImaTh METOAOM DasfelieHHA MePEeMeHHKX, IJIA 9ero TONo-
maM P (z, z) = X (2)Z (z). Qna $yrennit X (r) 1 Z (z) nonyuaeM gBa ypaB-
HOHAA

X R thr+8)X =0, (51.4)
£ +[4{ -9 -¥Je -0, o

rge & — mapamerp pasjemeHHa. Bpegs HOBME mnapaMerp v, XapaKTepHs
3yl0mAA BONHOBOJ, HYTEM COOTHOIIEHHA

v=1 + VT T Y —a), (51.6)
a Takke BBenA 0603HAUEHMA
t=zH, p=H )& —FEa, (54.7)
ypaprenre (51.5) MOKHO mepemmcaTh B Golee mpOCTOM BHfE
d*Z viv—1) 2]z -0 1.8
'ﬁfﬂ"}ﬁ‘“] - 1.8

9ro ypanuenme 6nmo uccnenopano s § 49. Ero pemenus, ynosnersopsaomae seceM
HeoOXOMUMHM YCAOBAAM, faoTca CPepHiecKAMA §yHKNAAME

Z(z) = Pk, (thi). (51.9)
9TH xe pemeRAA MOKHO BHDA3ATE Yepes MOAHHOMH SIKoGH.
CoGcTBeHHN® 3HAYEHHA ypPABHEHHA ONPEAENIAIOTCH COOTHOMCIIHEM
p=v—1i—1 1=012... (51.10)

oTKyxa mpu momomy (51.7) maxopaTcs coorBercrBylomue sHauenma £, Ilemoe
9HCIIO0 | ABNAETCA B TO XKe BpeMA HOMEpOM HOPMANLHOH BOJHH.

V904

Pmc. 1.1, Usonunuy moka-
8aTelIA OpeJoMIenns U JyIn
IAA HEONHOPOXHOTO BoOJHO-
BOJA YACTHOTO BHJA

VYpasmerne (51.4) gocTaToYHO MONTHO WCCAENOBANOCH B CBA3H ¢ Bafaueit 06
OTpajKeHNH INIOCKAX BOIH OT HeogHOpOxHOTO cnod. Ilyrem coorBercrs yromeii nog-
CTAHOBKH OHO CBOJHTCA K I'MIEpreOMETpHIECKOMY yPaBHEHHIO,

Bpepem oGoamauerns

§=iL) & _kb=i, A=IL)VKb+E. (51.11)

Ommo M3 9acTHHX pemeHHir ypaBEeEHs (51.4), ocrapomeecs KOHEYHWM mpH
£ — ¢b, 3aNHCHBAETCA TAK:

X,=e* (1 4o F (1 L L Y —e""), (51.12)
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rae n = z/L. llpa z - + oo mu mmeem X; — ¢~ [Ipa BENONHEENH yclonma

kb + 8 >0, (51.13)
BendumHA A MOKeT OLTL BHOpaHa OTpANaTenbHO MEAMOHE (A = — iA,). B peayumn-
rare pemerue (51.12) npa pocTaTOIRO GONLMAX NONOKATENLERX £ (CHIpaBa OT me-
pexoxHoi 30EH) GyAeT npeacTaBAATL c060M GeIyImylo B cTOPORY MONOKETENLERX
z sonmy suga exp i (Mz/L — wt). HaoBopor, npm

KOTAa BelMYMHA A MOeT GHTL BHGPAHA MONMOXKHTeNLHO BEWECTBEEHOM, 3TO e
pemenHe Gyper COOTBETCTBOBATE DKCIOHEHIMANLEO 3aTyXAWMed mpH yBelmge-
HEE £ BOJIHE.

[Ipopomxan ananmrwdeck: pemende (51.12) B o6macth z << 0, momywaem
BEIpasKeHNe:

r(—8)Td-+2

SRR R pre

xep (1425 4 50 s — o)

reyrd+a _ A—b A6
+r(x+a>p(1 x+a>f“‘”(1+ 71— ,1—6,—e“)],(51-15)
2 +

3pecy I' — ramma-dyuxuma.

[Ipa nonoxmrentuo mummom O (51.45) coorBercrByeT kKOMOmHammm AByX
BOJH, H3 KOTOPHX OfHA PACIPOCTPAHAETCA B CTOPOHY NONOKHTENLELX & (mepBHit
wlgH B KBAJPaTHHX cK0oOKax). a apyras — B o6paTuoM HampaBiesdd (BTOpOi
unen). Ilpm r — — oo acuMmyoTHYecKEM BHpameHHeM MIA pemerds -(54.15)
Bymer

X T(—8TId-+A reyrd-+a
=

2—35 =5y ¢ T AT A0
(A)r(eir) )

Taxmm o6pasom, pemenme X; naBaemoe B pasuuX 0GNacTAX BHparKEHAAMH
(51.12) m (51.45), Gymer mpeacraBiATh cOGO CynepnosENMuI magaomel @ orpa-
’KeHHOM HOPMANLHHX BOJH HOMEpa [ clieBa OT NEPEXOAHOH 30HH W NPOMENmYI0
BONHY (yXOAMMyH HIH 3KCHOHEHNHANLEO 3aTYyXawIIylH) COpaBa OT mepexOogHOi
s0uH. Ycnosme (51.14), npE KOTOpPOM cnpaBa oT mEpPEXOTHON 30HH OTCYTCTBYET
yXOAAMAsA BONHA, COOTBETCTBYET MONHOMY OTDAjKCHHI) B mpejge’ax mepexogHoR
30HHL.

IToamoe Brpaerne xas HopMaNLHOK BONHH HOMepa [ Gyger

¥ = X, (2) 2, (3), (61.17)

a IOJHOE PemeHHe 3agaTd OymeT COCTOATL H3 CyNepno3MmEH EOPMAILHHX BOJH
PA3HEIX HOMEPOB:

e¥n.  (51.16)

V(z,2) = ZlCzXz (@) Z, (2), (51.18)

rape C; — koappHNHenT Bo3OYMKOEHEA COOTBETCTBEHHOH HOPMAILHEOH BOMHH,
ITockonnky mpegnonaraercs, ITO H3XygaTeldh PACHONOKEH B mpegenax OgNOPOR-
HOX 9acTH BONHOBOKA, KoapdmmuenT C; MOxeT OHTL HaHIeH H3 pPeIIeHHA 3a7aTd
ofi OmMHOPOJHOM BOJLHOBOAE.

CymecTBeIHO OTMETHTL, 4TO 3aBHCAMOCTL aMONATYJH 3BYKOBOTO MOTEHI{HA-
la, 8 cllefoBaTe/IbHO, H 3BYKOBOTO AABJIEHHA OT KOODAMHATH Z, ompepeligeMas
IUiA HOpMalLHOM BONHHK HOMepa [ PyEKnEeil Z; (z), ocTaeTca HEM3AMEHHOH N0 Beed
miaee Boiuopoga. Ilo mepe mpogBmiwenms BIONAL BONHOBOJA, M3-3a M3MEHEHHg
¢yaroun X, (z), I3aMeHAETCA BeJHIAHA 3ByKOBOTO JABICHHA, HO OTHOCHTEILHOE
pacnpefeieHde 3BYKOBOR DHEPIWH N0 Z HE H3MEHAETCH.
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Herpyaso smpers, wro 570 Gymer MMeThH MecTO BO BCEX TeX CNyYamX, KOTAd
KBaipaT BONHOBOTO uHcna k? (z, z) 3agaeTca B BHAE CyMMH 1BYX $yHKmmil, ogHa
H3 KOTODHX 3aBHCHT TOJALKO OT Z, a APYyrag — TOILKO OT z H, CIeJ0BaTEALHO,
nepEMEHHHE B BOAHOBOM YDAaBHEHHH Da3felAlTCA.

HWa supaxenna (51.15) werpynao onpepenurs ko3pdunmenT oTpakeHHA AaH-
HO# HOpMANLHOX BOMHHK 0T mepexogHol soun. [Ipm £ - — o rumepreomerpHde-
ckme pynknum F B 970M BHpakeHNH ofpamarorcs B egmHENy. [Ipm MuaMoM mo-
N0;KATENLEOM § mepBHE wieH B KBagpaTHEHX ckofkax GyneT gaBaTh nafawIyio
BONHY, a Bropodl — orpamennyio. OTHomenHe K0dHPHLMEHTOB nepey STHAMH
9KCIOHEHTAMH M AaeT KopQOHmUeHT OTpa)keHHA

P(«S)P(’“ES)P(1+ 7“?3>
1= .
r(—s)r(-%i>r(1+b—;—6>
[Ipu punoauesnn yenoema (51.13), korga MOXXHO NOMOKATL A = — i, HCIOML-

ayn mapectHoe coornomerde I (z) T' (1 — z) = n/sin nz, Mm moxywaem BHpa-
JKeHne NNA MOogyla kOshPHuHMenTa OTpa;xeHHA

(51.19)

1
— sh(h— &)
=1V =V =—f—. (54.20)
sh—- M+ &)

Ecnu sunonanerca yeiosne (51.14), 1. e. A BemecTBenHO, To, KAK HETPYAHO NOKA-
3aTh, MOAY/Ib Koaddunmenta orpamends Gyner papen egmHHANE. JTO COOTBETCT-
BYET CIyd4ai0 MOJHOTO OTPAXKEHAA HOPMANbHOM BONHH OT HEOJHOPORHOH 9acTH
BOJHOBOJA.

Haiinem renepb $a30By10 H IpynnoByo CKOPOCTH KaM/0i H3 HOPMATBHEX BOJIH
A 3aBACHMOCTh 3THX CKOpOcTedt oT Kopamuate z. [Ipepmomoxmm, aro cmoiicTBa
BOIHOBOJA Ha ANHEE BOJNHE H3MEHAIOTCA MAJN0 A npHOImKenHO MOXeT GBHITH
npAMEREHA TEOMETpHuecKas axycTHka. Tormga mis asopod ckopocTH MH Gyzem
HMeTh BHpaxkende (cM. ypasuerme (51.4)): v, = @/x,, TAe %i = kb th (z/L) +
+ & a & ompepensercs ms pupawenmds (51.7) m pasro } = ke +
+ (v —1—1)YH

Torga $asoBas ckopocts Gymer mMerh BHA:

v, = ¢y la + bth(z/L) + (v— I — 1)A2H2 ™. (51.21)

Ha pmec. 51.2 wmaoGpamena dasopam CKOpOCTH mepnoii HOPMATbHOA BONHL
B 3aBHCHMOCTH OT z/L B cllyuae IOJHOTO OTPAMEHHs WA agasennit k,H = 5, 10,
15, 20 (mapamerput cpegst ¢ = 0,797, b = — 0,975). Homepa kpHBHX yBenmdH-
BaOTCA npd yBenmdermn kM.

T'pynmosaa ckopocts HOpMaNbnoR BoMuu Gymer

U, = (dny/do) ™ = (v) [ + bth(z/L) — (1 — @) 2L + 1)I2v — 1)1 1. (51.22)

Ha prc. 51.3 maobpaskeHa 3aBECHMOCTD IPynmnoBOii CKOPOCTH NePRo# HOPMAIb-
HON BOIEH 0T z/L Ana Tex me sHauendmit kyH u mapamerpos cpegH a u b.

PaccmoTpuM Teneps 3afauy ¢ TOUKY 3PEHHA JYUEBOH TEODHM.

Vpaemenue oitromana (9L/6z) 2 + (AL/dy)® + (0L/9z)* = n? (z, y, 2), TAE

L — »ixomax, a n (z, y, ) — NOKa3aTeab NpenOMieHAA, B HameM ciydae Gymer
HEMETHh BHUJ

(L/8z)* + (0L/0z)* = (1 — a) ch~2 (z/H) + b th (z/L) + a. (51.23)

HonycraM, uro siikoHan L (z, z) moxker GHTh OpeAcTaBieH B BHAE CYMMH ABYX
$yHKIAN, OfHa A3 KOTOPHIX 3aBHUCHT OT Z, a ipyran — ot z; L (z,2) = L, (2) +
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-4 7 A4 L5 2/ 44 Vi 24 (6 2/l

Pme. 51.2., @aaoBue cKopocTu mopmans- Pame. 51,3, Ppymiuosne cKOPOCTH HOPMaNhe
HEIX BOJH [IA HOONHODOTHOTO BONHOBORA HEIX BOIH HIA HOONHOPOLHOTO BONHOBOXA
QACTHOTO BHAA 4acTHOTO BHAA

+ L, (?). Pemana ypasmemme (51.23) meTomoM paafenemEAA NEepeMeHEHX, NOIY-
gaeM

dL,jdz = Vo Wm@D) +m?, dLJoz =V (T —a ok (5/H) + a—nm?,

rge m*— napaMerp paspexerns. Hanpasamompue KocHEYCH JTydYa 6ymyT

aL —— e
_:,‘%I‘:E:%_E:T'_cosx_mebh z/L) + m?,
1 4L 1 9

6L,
_—l =k —smx——-—V 1 —a)eh™(z3/H) + a — m?,

IAe ¥, — Yroa HaK:IO0Ha JydYa IO OTHOMEHHI K miockoctH 2= 0. Torga

_ _ (1 —a)ch™2(z/H){ a— m®
B = V bth /L) 2 . (51.24)

[TapaMerp m MOxeT GHTH BHPasKeH YePeE3 yroiu y, BHXOAa MydYa A3 HCTOUHAKA.
IlpeamonoskEM, 4ro moclHefEAR pacholdo:keE B muaocxoctH z = (. Bume yme
610 MpeANONOMKERO, YTO OB HaXOAUTCA Ha JOCTAaTOMHO GOJNBIIOM PacCTOAHHE OT
HOOJHOPOAHOA YacTH BOJIHOBOJA, CJA€Ba OT HEE, B MecTe, IIe BOJHOBOA MOKHO
cuATaTh ONHOPONHHM. TOrma, HOACTaBIAA B NocaefHee pHpakeREe z = 0,
Z = — o0, ¥ = Xp, DOTyIaEM

m? = cos? y, + b sin® y,. (51.25)
Haiizem Teneps BHpaskeHHe AJA iy%a B sipHEOM BHfe. Ma (51.24) ameem
i dz (51.26)

Vi—-ad Gl fo—m Voh@D tm

I/Icnom.aya 3Ha9eHHe TaGIMYHHX HHETETPatOB, MOJIydYaeM YpaBHEHME My4a

o = > [ —m?) ek L g f—ma
ch— m{(l m)ch[ﬁq arthq_mF

— L Conin c] T 1}"’. (51.27)
2
rae py = Vc_l_:_ﬂ:é, @H= va 4= Vmi —b, F= Vb th(z/L) + m*,

C — mocTosHHEaA MHTEIPHPOBAHMA, KOTODag MOKeT OHWTh ONpEASNeHa, BCIH Ba-
AaTh CA TOUKOH, 98pPP3 KOTOPYI0 MPOXORAT paccMaTpHpaeMHit iwyd, Tax, gua nyua,
IpOX OfAMero 9epe3d ToUKy £ = z = (, mmeem C = 0.
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Ilpn p, BemecTBEHHOM, KOTAa @ > m?, 9T0 cornacuo (51.25) punonugerca ana
Jydedt, BHmENMEX H3 HCTOYHHKAa MO yriaaME 7y, >>arctg V' (1 — a)/(a — b),

Z ABJAETCA MOHOTOHRHOH QyHKOHA r. ITO O3HAYaeT, YTO TaKHe Jy4d He 3aXBaTH-
BAlOTCH BOJHOBOJXOM M YXOAAT H3 HETO.

HKorga a << m?, 1. 8, %< arctg V(1 — a)/(e — b), ypaBHeHHE iydYa HMeET
BHQ
z=H arch—i-r —a— (1 —m?cos? [ﬂuthu‘l’- —
P2 Hq

g?—mF

— rth(ﬁ—w- + C]' (51.28)
q q —

THe Py = J m? — a. 113 5TOr0 ypaBHEHHA BAJHO, YTO 2 ABIAETCA OCHMILIApYOMeR
$yRKnHEeRt z, T. e, TaKHe Jy9HA 3aXBATHBAIOTCA BOJIHOBOAOM H PacUpPOCTPAHAITCH
BOJB HETO.

B pepmmmax nyua yron uakmoHa ayda K TFOpM3OHTY ofpamaeTcs B Iyib.
Tax xak amameBaTenb B BHpaskeHnH (51.24) AprseTcs KOHEYHOR BeTAYHHON MpH
JOGHX 3HAYeHEAX %, TO HPHPAaBHEBAA YHCIUTENb 9TOr0 BHPaEHUA HyJIO ¥ pasz-
pemas DOTyYeHHOE YPaBHEHHE OTHOCHTEIBHO 2, MOJNYYaeM BRIPa)KeHWE JJIA MaK-
CHMAJbHOTO OTKJOHEHHA Jy4Ya OT HmIOCKOCTH 2 = (:

Zmax = H arch YV (1= a)/(m* — a). (51.29)

CileoBaTeIbHO, 3BYKOBOR Jy4, BHINENIHNA H3 NCTOYHHKA HOJ YTJIOM Y,, OpH
CBOEM JBEKEONH BHOIb OCH Z GyaeT OTKIOHATHCH Ha OfHO H TO KE MaKCHMAJTbHOE
paccTosHHe, OnpefenaAemMoe BHpasxermeM (51,29).

W3 nociefHEero BHpasKEHAA BAAHO, B YaCTHOCTH, D COTJIACHHA CO CKasaHHEM
BHINE, 9TO OPH a = m? TOYKa 3aBOPOTA Jyva yXOogHT Ha OECKOHEYHOCTH, a NMpH
a >>m? Ee MOjkeT GHITh BEMECTBEHHHX 2, IPH KOTOPHX JIyY HMEET [OPH3OHTALb-
HOe HaImpaBJeHHe.

W3 ypanmeunma (51.24) purekaeT eme ogmo EATEpecHOe ciepcTeHe. [lomoxms
B HeM z == (), Gynem cieaHTh 3a H3aMeHeHHEM yria HaKJIOHA ¥ lTydYa IpH NOCIERO-
BaTeIbEHX TepeceYeHHAX MM OCH BOJIHOBOJA, T. €. NPH mameHenww z. Ilpu oTom
MH yBH[¥M, 9T0 ¢ yMEHbIIEHWEM CKOPOCTH 3ByKa Ha OCH BOJIHOBOJA IPH yBeimde-
gad z (b > 0) yrian HakiaOHa Jyda K FOPHM3OHTY B TOYKaX NEPeceIeHHA WM OCH
BOJHOBOJja YMEHBIIAKTCH, a PaCCTOAHNE MEKAY ABYMA COCEAHAMHA TOYKaMH mEpe-
CEUCHHHA JyJOM OCcH BONHOBOJA yBeiamumpaerc. Haof0poT, IpH yBeaHueHRH CKO-
pOCTH 3ByKa LpH NPOARWIKEHHMYM BJOAb OcH BOnHOBOZa (b << 0) yBenawmumparoTcs
yIJIH HAKJIOHA JTyYa K TOPH3OHTY H YMEHBINAETCHA PacCTOSHHE MEMAY ABYMA CO-
CeANMEMHA TOYKaMH IEPECEYeHHs JIyY0M OCH BONHOROAA. B mociequeM ciydae IpH
OIPefeTeHHHX YCIOBMAX YrOJ HAaKIOHa Jy9a K TOPH3OHTY MOskeT moctmup 90°,
TOCJIE HETO JIYY 3aBePHET M HaYHET PacIpOCTPAaHATHCA BAOJb BOMHOBOAa B ofpaT-
HOM HaIpapIeHHN,

Kax paguO m3a supaskends (51.24), cayuail g, = m/2 MOKeT peanA3oBaThCH
TOJIBKO, €CIM 3HAMEHATeNb IPAapOd YacTH MOKeT ofpaTuThca B Hyab. Orclona MH
TWOJIyYaeM BHPaKeHHA A Lpax, T. €. MAKCHMAJIbHOTO PAacCTOAHHA IO OCH I, Ha

KOTOPOE PacHpPOCTPAHAETCA 3BYKOBOM Jy4, €CIH OH ACOHTHBAET WIOJIHOE OTPa-
WEHUE

Tmax = L arth|m?/b|. (61.30)

N3 supasennit (51.28) u (51.30) cnenyer, 4To ycoondem 3aBOpOTa jayua Hadaj
K HCTOYHAKY ABJIACTCA BHIOTHEHHE HEPaBEHCTBA

a<m*<[b], b<O. (51.31)

Ha puc. 51.1 cnaomuoit nurne naobpasken a1yT giad OAHOTO H3 TAaKHX CIyTa-
es npu a = 0,797, b = —0,975, L/H = 9,7, ¥roa Haki0Ha IyYa K TOPH3OHTY B
Hawajie KoopAammaT 6w nmpuHAT paBHH’M 20°
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Ofofmenne Teopud Ha IEKTPOMATHHTHHI ciyYail He mpejACcTaBAAET 0CO60TO
Tpyaa. BmecTo 3ByKoBOro moremmmana 6yneT GHrypHpOBaTH COOTBETCTBYIOINAH
KOMIIOHEHTa BEKTOpa lepma.

Herpynmo Taxke BHgETH, YTO aHAJOTMIHO BHINEH3JIOKEHHOMY MOKeT OGHTH
DOCTPOEHA TEOPHA HEOJHOPONHOTO BOIHOBOAA BO BCEX TeX CIyYasAx, Korja k* (z,z)
ABIAGTCH aJlATABHOH yHKNHUel CBOHX mepeMeRHEWX. Bo Bcex aThx caydasx iio-
Gag HOpManbHafA BOJIHa HPH NajeHAHN ee Ha NEPEXOJHYI0 30HY B BOIHOBOZE Gy-
AeT JAMb HCUHTHBATh YaCTHYHOE HJIH IOJTHOE OTpakeHHe, HO HEKOTAa me Oymer
POMJaTh BOJHH APYrAX NOPARKOB. DBojee TOro, MCHONB3yA COOTBETCTBYIOMEH
pesyibTaT M3 TeOPHH CIOMCTHX cpep (cM. § 25.9), MOEO BCETHa Tak CKOHCTPYH-

PoBaTh mEpPeXOAHYI 30HY, YTO6H OHa GHia NOJIHOCTHI) HPO3PaYHON AJA BOJIHH
JMAHHOTO HOMEpa.

§ 52. BnicoxouacToTHAA acHMNTOTHEA NOJSA
B HEOZHOPOJHOM BOJHOBOXE

52.1. OprnoBepxaocTamii BommoBoa. [Iycte B momympocrpamctee z >0
CKOPOCTh 3BYKa ABJIAETCH NPOH3BOIBHON (QyHEKIHEH ¢ = ¢ (z, z), HO TakoH#, 4TO
(de/dz) ,—y > 0. Torga B6nu3n rpaBAnH 7 = 0 gaA BOXH ZOCTATOYHO BEHICOKHAX Hac-
ToT Gynmer cymecTBOBaThH BOJAHOBOZ. VMameHemHe ¢ (z, z) B HallpapjeHHH I CYH-
TAeTCA MeJJIEHHLM 10 CPAapHEHHIO ¢ H3MEHEHHEM MO Z. BHCOKOYaCTOTHAA aCHMI-
TOTHKa HOPMaJbHHX BONH AJA TAKOTO pofa safgaud GHia pacCMOTPEHa Ha mpH-
mepe ponH Jlppa B ynpyroi cpexe Ba6muem m Monorkoeum [3]. B nanbredmem
aBaJIOTHYRYI0 3ajgauly AnA BonH Paxes pacemorpenm Y. B. Myxmma m 1. A. Mo-
notkon [69]. Huwe mH Gynem HsmaraTh 3agady 06 aKyCTMUeCKOM NpHIOBEPX-
HOCTHOM BOJHOBOJE ¢ TPaEAIHHM yciaopdeM z = 0, p = 0%,

[lpegnonoskuM, 9rTo Kpaj(paT BOJTHOBOTO YHCIA 3afaeTcHd 3aKOHOM

k2 (z, 1) = K [1 —a () 2], (52.1)
T. €. MH AMEeM JTHHEHRYIO sapAcAMOCTD k? (1, 2) ot z. HExe Gymer nokasamo, Kak

pOImeHHES TaKOH 3afaid IEPEHOCHTCH Ha OOMMHA ciygait, ecnm (dk?/dz),— =+ 0.
Byaem dcrarh pemeHus ypaBEEHAA

AY + k[l —a(@)z]p=0 (52.2)
1~Pz=0 = 0» 1Pz—~ea ~- 0. (523)
B § 48.1 mu Bagenn, 4To B crydae OAHOPOAEOTO BOLEOBOAA (¢ = const) MmMEpHHaA

BonrOBOga H mponopmmomanbua k,~ ", IlosTomy menecoobpasuo Bmecro z eecTm
ePEMEHEYI0

npa yCIOBHAX

¢ =kyz. (52.4)
Vpaprerne (52.2) npH aTOM 3anWimercs
BWJOTE + Ko?dPpJALE + kip — ke () Lp = 0. (52.5)

IIpr a = const emy Gyner ymOBIETBOPATh TaKOE BHPAKEHHE NJIA HOPMAJbHOH
BOJHH HOMepa [ (¢ TOYHOCTBIO XO LOCTOSHHOIO KOa@UmHeHTa)

v=v@) e, b=k VI—ylkHyE, ti=3/H—y, (52.6)

B 9eM MO)XHO yGepnAThca, B3AB OTAeNbHHI wieHn B (48.9) m 3amenns H(f”(g,r) Ha
exp (i8,2) (mepexony K nmockol 3amage). YYATHBag, 9TO coracHO  (48.3),
kH = a“/skal *, £, MOXHO pasIOKHTh 1O CTemeHAM F,’. Toraa
i v, 1. Y, i a5 73—/ 1
Y = exp [ikoz — ?yla/'k.{x — is-yfa kg — .. ] v (@l —y)), (52.7)

* B 3T0M HANOKeHEE ABTOD HOAB3YeTCA MATePHAJaMH, A100e3n0 HpeIocTaBTenHEIMH eMy
H. A. MonoTKoBEM.
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B caygae ¢ = a () 6ynem HcKarb pemenne (52.2) B sAge
= ebo (L), (52.8)
rge A B [ pAmu mo cremensm ky 't

A =ikt (@) + ke @)+ Dom@ DK™, L= Z B (2, D™, (52.9)

m=0 m=0

a a, a4 B, EMe0T BHJ DOXAEOMOB IO { ¢ KospdAnmenTaMd, 3aBUCAMEME OT I.
YunThBas ypasEeEne aia $yEknmn Oitpu v” (L) = Lv (L), MH AMeeM

Pz = A [(Axx + A+ LLY v (L) 4 (2AxLy + L) V' (L)) (52.10y
A COBEDPINEHHO aHAJOTHYEO ANA ... IloacTaBNaa 3mauemHMs BTOPHX OPOH3BOA-

HHX B (52.5) B OpHpaBEABaA K HyXI OO OTReAbHOCTH KodddunuentH npd edy (L)
n ¢Av’ (L), monydaeM fBa ypaBHEOHA:

A+ Ad+ LLE 4+ B+ B (Age + A + LLg)— kda(2) =0,
2AoLy+ Loy + ki QAL+ Ly) = 0.  (52.11)

Mopcrasnaa cloga A m L w3 (52.9) w mpHEpapHumBag K HyAlw kKodddmmuenrn
OpHE PadEHX CTemeHAX K,, OOoMydaeM M3 mepsoro ypapmemma (52.11):

KB 1—@pr= 0, (52.12)
:)/') —2v (P + 0;2 + (055 ) + Bo (ﬁy —a (x)z = 0 (5213)

Ry i 2y + 52 g 2% ‘90°g+2;30%‘2° L Bl( ) (52.14)

A3 Broporo ypasmemas (52.11):

A 0 0 a2
) 002) 0B§o + ag: -0, (52.15)
ko)  2iv'B, 4 29% %”g’ %Bcl 42 ‘f;g ‘ffg o % =0, (52.16)

e & & & o ¢ e e ¢ e ¢ e e«

Tae mTpHEx o3Havaer gaddepernmposaHEe mo 2. [Jig Toro, 4To6H HEBA3Ka B ypap-

mernd (52.5) He cofep:Kala MOTOMATENIbHNX cTenenel k, (u, cregoBaTenbHO, AC-

uesajia OpH k, —- 00), MK AOMKHH OHAM OH BHIHCaTh eme KoaddumuenTH mpw
1,

ko*u k*, wero mMu1 He genaem, 9TOBH HBMOKEHAE HE HHIIO 0YeHD IPOMOBIKEM.

Wa (52.12) nmeeM 1 = + z. B panbmeiimem, Mn paccMaTpdBaeM clIydai
T =1 I/I3 (52 15) nonyuaem

8‘3[30 9Be Pog BBy 0[30 B0 | 0B \2
-G v e R e
Honcmuonxa B (52.13) maer

o[ - B M) o) 0. cuin

Orcioga cmenyer, uto P (x, ) — mommuom 1-it cremenn mo [. JleficrenTenbHo,
ayers By (2, §) = Bog @ L8 - - - + Poo (@), Baq (¥) 30, m mpenomomany,

uro g > 2, Torpa amesas wacte (52.18) npepcraenser cofoif HOXAHOM CTEMEHM

5 — 4 co crapmmm uneroM ¢*Pg; (z) 3974, Taxk kak (52.18) 1oMHKEO BHOOTHATE-
€A TOXJECTBEHHO OTHOCHTENIBHO «;, TO [30q = (. CnegoBaTensHo, ycioBue ¢ > 2
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HeBoaMokHO, Takmm obpasom,

Bo (2, L) = Bo () § 4 Bool). (52.19)

U3 mepsoro ypapuenus (52.17) cmenyer, uro a, = G4, () — NOMMHEOM HYyIXeBOH
creneny no . V13 (52.18) numeem Temeps

— 29" 4 (Bosk + Boo) B = a (), (52.20)
OTKYyJa
Bu=1d'r(z), ¢ = % Booa™ (z). (52.21)
W3 rpammunoro ycmosna (mpum [ == 0) chmegyer
v[L{,0] =0, L(0)=—y, (52.22)

The, Kak B B§ 48, y, — Kopersb ypasEerusg v (— y) = 0. (52.22) pnaer npH yuere
3daueHHA L uz (52.9)

Bo (2, 0) = Bgo () = — ¥y, , Br(*,00=0, m=1,2,... (52.23)
Tenepp ma (52.21) Haxomum

P = — g u{ah(z) de, (52.24)

0

a n3 (52.19) ¢ yueroum (52.24) n (52.23)
Bo(@,0) = @h (@ — yi = (@/H) —y,,  H = [a(z) ] 7 (52.25)

O6pamasich k ypasnenHam (52.14) u (52.16), 3ameuaeM, 9To X MOKHO mepe-
XHCATh TEIepb B BHgE

20tgq + 04/0C* + 2 [0 (2) L — y,] @' () OBy /0L + a¥ (2)B, = 0, (52.44)
(2i/3)a~" (z) &’ (x) { + 20 (x) B, /0F + 2By /0L = 0. (52.16")

"Takmm jxe 06pa3oM, Kak H BHIIE MO)KHO MOKazaTh, UTO Gty ABAACTCH NOJMHOMOM
BTODPOH, a f; AyneBoi cTemereit mo {

= o33 (2) 82+ 2, (8) € + 240 ), (52.26)

Bi =B (z) =0 (92.27)
{coraacro {52.23)). Temeps naz (52.14") Ameem '

g (Z) = B2y, (7)

u u3 (52.16")

o =0, o= —ia (2)/6a (2). (52.28)

“TarmM obpaszom,
%y = gy (%) = é—ln a (z), (52.29)
a5l = —¢ ‘;(—(;) 22 4 ayy (2). (52.30)

yo(2), Qg (2), Pas (2), Pay {7) OmpEenATCH Ha clegylOmEM dTalle mpH PacCMOTPe-
HUN NepBHX HEBHOUCAaHHHX ypaBHEeHHA moche (52.14) m (52.16) n r. 1.
B pe3yasTaTe momydaem

) = [5(5) (5] mm=e,

3 a‘/ 3

dyg (2) = — iyf;Sav- {;_Jr 4_211_[% (';_)2 - (%)J}dx (52.31)

Ogq (X) = %-y,a”- + y, S (@' /240" + Ta’0y, /90" — b2ai/3a'h) d.
0
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Teneps pemenue (52.7) zammmercA (C TOYHOCTHIO 7O NOCTOAHHOTO MHOMKHTENA)

¥ = o' (@) exp [ thow — | S hdz + a (z, DY + o (@, QI + O ) | o [a1H—

0
— Y+ B (2, LYk 4 O (—,t—o-)] (52.32)

Jna Toro, Yrobn HeBA3Ka IIPH DofcTaHoBKe Y B ypaBHerZe (52, 5) He comepana
MOMOKATENBENX CTeneHed ko, MK TOMKHH GHIN OH Moy SKCIOHEHTOH M B apry-
MeETe QyEKNWE JfipH BREOHCaTh eme uneHBH ag (2, {)/ky u P (z; &)/k, mpwgem
oy 1 g MoryT OHTH HageHN U IMEKT KOHeYHHE 3HA“eHMA, HO MH MX He BRIIH-
ChIBaeéM OJMA 3KOHOMHH MeCTa.

Bripamxenrne (52.32) moxer OMTH samucaHO B BHJE

p= g s fuyie L ARy ()

+a2($ ol >} i -+ Bt o) ez

Jro BHpaykemme oramdaerca or (52.32) Tombko Tem, 4To yuTeHo 3Haderme a(z,f
7 o agajoruy ¢ § 48.1 ppegena BenwamHEa

(@) =k VI —yikl), H (@) =k e @) (52.34)

B rompmecrsernocru (52.32) m (52.33) merxo yGeguThCH, DOACTABHE B ng (z)d
BMecTo §, ee pasnomeHHe B pAf mo creneHsaM y,/(k,H)?, a tarxe yuaTH, 9TO

y a'/l i kl/‘
exp[4;c:)/ +0(F/T” =3 (52,35)

3pmech BCIORY OpegmolaraeTcs, 9To TOMMYHA BOMHOBOAa BEJMKa IO CPABHEHMIO
¢ AMUHOK BOMHH, T. €. ko > 1.

Bupaxenne (592.33) craHoBATCA 0COGEHHO TPOCTHM, ClHM OpeHeOpeub BCeMH
9IeRaMH HOf SKCOOHEHTOH, KpoMe NEPBOro HHTErPallbLEOTO ¥ BCOMH WICHAMH,
KpoMe TePBHX ABYX B aprymeBTe $yHKmEM p. PaccMoTpuM 3T0T ciywait mopgpol-
Bee. [lna omeHOK DopAgKa BeNWIME Oymem npuEMMaTh, uro Y, ~ O (1),

a’/a~0(74—), M — ropmaonranbEnit Macmrab usMeHeHHA CBOHCTB CpeH,

Z ~ O (H) u cneposatenbro, &~ O (a~*%). Tpebosamme MaXoCTH BTOPOTO Lie-
Ha B 9KCMOHEHTE MO CPABHEHUIO ¢ eMHHMTEH AaeT yclopme

o= (H/M)kH < L. (52.36)

Ero BRIOTHEHN® 06ECTEUAT TAKIKE MANOCTb 10 CPABHEEHUIO ¢ ENUEMIEH TPeTHEro
wreEa (1 TeM Golee BCeX ODoCHeqyIOMuX) B aprymente y ¢ymxmum O#pm. Ilpn
ONeHKe TPeThero TLIeHa B IKCHOHEHTe 3HAYeHHE HETEIPalla MPHEMMacM DaBHEIM
AHETEpBally HHTErPADPOBAaHUA, YMHOKEHHOMY Ha HEKOTOPOE CpegHee 3HaYeHHEe
OOAMHETETrPAIbHOT0 BHPAKEEHA, TOPHANOK BeJMINOH KoToporo mpumeM M~—2g=",
VYcnoene MalocTH 3TOTO 4WieHa IO CPaBHEEHIO ¢ eQMEMNEH Oyger

8 (@/M) < 1. (52.37)

PaccMoTpuM MmpHOOBEPXHOCTHHI 3BYKOBOH KaHal B THAPOAKYCTHKE, B3SB
a = 1074 /m (mepemap TEMIEDATYPH OKONO 2° a 100 » ray6unn) n M = 10° xn.
[lonyuaem na;«e RS Takodl cpPaBHMTENLHO HMSKOM YacTOTH, xak 15 ey (ko =
= 21107, H = 136 &, ¢ =~ 10~%. Taxum obpazom, ycrosus (52.36) u (52.37)
OKABHPAIOTCH BHIONHCHHEMI ¢ GONLIAM 3amacoM. B arom cliydae orpaHEICHHE
Ha YaCTOTY CKOpEe BOBHAKAET M3 TOro o6CTOATENRLCTBA, YT0OR Ak%/0z momHo OHTH
OOCTOAHEHM NpU H3MEHeHHN z B OpefetaX, comepsKamuXx MHoro H.
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Virar, npegnonarasn yctoens (52.36) u (52.37) BHNONHEHRKME, 3alHIMEM BH-~
paserme (52.33) mgma ormenbEOR HOPMaNbHONX BONEH B HEOXHOPOJHOM NPHMO-
BEPXHOCTHOM BOJHOBOJE B TAKOM IIPOCTOM BHJE:

¥ =t (o) expli Se, @) dz)o (5 —u). (52.38)

Herpynro mokaasarh, YTo mocllefiHee BHPa)keHME YLOBIETBOPACT 3aKOHY COXpaHe—
HUA JHEPTHUH, T. €, YCAOBUIO HOCTOARCTBA NOToKa 9HEPIUM B HaLpaBleHHM I, PO~
NETErPHPOBAHIOMY IO BCEMY CEYEHUIO BOMHOBOAa. [lefCTBATENbHO, AMEEM B aKy-
_CTHKe AJA WATETPaNbHOrO MOTOKA BHEPIMHM B HANPABICHEHA %

0, KaK BCETrAa, AMA NPOCTOTH CIATAEM NOCTOARENM. Mu yaru, uro cos X, (z, 2) =
= t, (2)/k (z, z). Uopcrapum ¢ u3 (52. 38), a MHTErpall Mo 7z 3aMEHAM MATEIPaJoM

mo ¢ == z/H — y,. Yuarusag, gro j‘ v?(t) dt upm 3agamAOM ! ABAAETCA KOH-
-u

craETOH, MH yOexpgaemca B BezapucHMocTH I, or z. Bmpamenme (52.38) gua ¢

MOIYCKaeT mpocToe ofobmenne ma obmuit cnygait k2 = k2 (x, z) opm (6k%/02) e <

<< 0. MmerHo sToOT 0OmUit cirygait pacecmorper B paborax [3, 69]. Orasmpaercs,

qr0 JIA dToro Hago B Kadectee a (z) B (52.38) Gpats

_ 1 rom(s,2
\ 0(@) = — [____6z JPO (52.39)

u B BupakeHrAx (52.34) ana t, m H wmonarars ky = k (z, 0) — dymEkmua or z.

B 9rom maparpade Mu paccMaTpuBaeM cliydait, Korga omdesbras HOPMAALHAR
80440 YHOBJETBOPAET BOJAHOBOMY yPaBHEHHIO H PaHEMYHHM YCTOBHAM HE3aBHCH-
MO OT HOPMaIbHHX BOIH APYruX mopspkos l. Mu BHauM, 9TO HPH AOCTATOIHO
BHCOKHX JacToTaX M HE CIMIIKOM GOJBIIMX PacCTOAHMAX, mPeAcTaBlleHHe O He-
B3aEMOJIEMCTBYIOIIX HOPMAaXbHKIX BONHAX 3aKOHHO, YCJOBHA, KOTOPHE OpH
5TOM HaJlaral0TCA Ha YaCTOTY W PAcCTOAHHe, BHTEKAlT M3 TPEHoBaBHsA, ITOOH
acuMOToTHIECKMe DAAHN (52.9) HO3BOMANA HOMYYATH HPABHIBHHE pPe3ynbTarT.
Ha srux ycmoBHAX MH He oCTaBaBIMBaEéMCH, HO ACHO, 9To OHH Goxee ciabie,
aeM ycaosud (52.36) u (52.37), npu BHITONHe HMTH KOTOPBIX MK MOIJIA OPaHHIATHCA
J¥Ib BECKOABKEME NepBEIME wneHamn. HeTpynHo moKa3aTh Takike, 9TO B BTH yC-
JIOBAA TaKiKe BOHJET oTPaEMYEHAE Ha FOPHBOHTANBHOE PACCTORHME % ¥,

52.2. Buyrpennmit BosmoBon. IlycTs mMeenm cHoBa BONTHOBOE yP@BHEHME

MY )v=0 k2 =ol(2. (52.40)

IIpegmonoxdm, 9To B Cpeae CYMECTBYeT HEKOTOpaf OeCKoHEYHam KpuBad L
(och BOTHOBORA), oGMajaroMan TEM CBOHCTBOM, UTO JIyY, BHIMEMHAN U3 mwbol
TOTKM STOH KPHBOH IOA JOCTATOYHO MalBIM YTJIOM, Mepecexaer 3aTeM ee Heorpa-
HAYEHHOE 9YHCIO Pa3. Beepem KOOPAMHATH Z U Z, OTCINTHBACMEHE COOTBETCTBEHHO
BONb Kpupoit [ 1 mo HopManm K Hed. Mu 6yneM npegnomaraTh, 9T0 BAOAb T

k (z, z) usMeHARTCA CYMECTBERRO MEICHHEE, 9eM BAoab z. Torga ycioene, ITobH
L 6110 0ChI0 BONHOBOJA, BAMACHBACTCHA

|8c/dz ], =[0,  (9%/02%)L> 0. (52.41)

Mu SymeM HCKaTh «BOXHOBOTHHE) PeIIEHHA YDaBHeHHA (52.40), T. e. pemesrnus,
OCHMIHPYIOMAE B HEKOTOPO MOoCe, cofep:xamed B cebe [, 1 3KCTOHERIAANb-
HO 3aTyXanlme BHE 9Toii moimoch. [llmpuma sroit momocH pasmmgHa NAA «HOP-

* J710 cexyeT U8 TOTO, UTO Gy (x, §) 4 Bry(z, §) conmepikar nHTErpadH o T, OLEHKA KOYO-
PHX C DOMOIIBI TEOPSMH ©O CPeJHWX 3HAYeHHAX M HPHBONHT K NOABICHHD .
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MaJIbHHX BOJH? pasHpXx MOPARKOB [, HO CTPEMHUTCH K HYJII HPH O — 00 ¥ KO-
HeIHOM .

PacemoTpuM BEauasie 9acTHHI cay4all, Korga Kpusaa [ coBOagaeT ¢ OCHIO & U
1/z2 o
B =HK[1-; \T) | ko= =const. (52.42)

Pemenne ypapmenma (52.40) mmem B ume Y = exp (it2) Z (2). Oaa Z (2) momy-

JaeM YypaBHeHHE
d2Z k: z 2]
7 [kﬁ . (7:) Z=0, (52.43)

CpapHuBafA TOCHeAHee ¢ ypapHEHHEM NIA Hapabommieckoro muamumpa (24.34),
0003HaYasA BMECTO 7 HOMED §YHKIHM depes [, mOmMydaeM

Z(z)=D,(‘l/;c:—':z ) I+i=(R -k, (52.44)

ko
Hasectno, uT0 Qyurina napabommieckoro umaumuapa D (]/—;'Tz)—»O opa

Z — = od TONBKO, eciaHd | Hyab HJA Leaoe 4ucao. TaknM 06pasoM, oM ydaeM ANA
HOPMaJAbHO# BOIHE HOMEpa | ¢ TOYHOCTHI 70 HOCTOAHHOrO Kodpdmmumenra *

lp:eiizxpl( k;:z) b=k} 1~ (1+3)ar . 1=012.

(52.45)

W3 yenosua &, = 0 momydaem BHpa)eHne AAA KPATHIECKOH JacTOTH [-if HOD-
MaJbHOH BOJNHH

= (Il 4 5) (co/h). (52.46)
Tlpn ¢ << @ TOPABOHTAIBLHOE BOTHOBOE IACI0 [ MHRAMO, H BOJIHA He pacopoCTpa-
HAETCHA BAOAD X.

W35 ceoficTs QyHKIEE mapabommIeCKOTO IUNNEPa HIBECTHO, UTO [), ( ’;ll z )

To —
‘l/-—;:— z <2l/l 4+ 1/, 3KCUOHEHIMANHLHO YOHBaeT B 06-
paTHOM ciaydae. TakuM 06pa30oM, fiiA BOJHE HOMEPa [ BOTHOBOA 3aKAKUGH B IMpe-

Jejlax
|2| V2RI D (k) = 2. (52.47)

Ilepexouum Temepsb K caydalo, Korga L me npaman, a k* = k? (2, 2) — dymEK-
musA obemx KOOpauHaT. lIpM mOCTaTOYHO BHCOKMX YacTOTaX BOJTHOBOX Oyaer
3aXBaTHBATh AOCTATOYHO y3KyI0 nonocy B6ausu L, B mpegenax KOTOPOH MOIKHO
NONL30BaThCA pasnoernenm (52.42), rae b = h (x). Hanomuum, 4T0 KOOpAHHATa
Z OTCIYNTHBAETCA BAOAb KPHBOH L, a z HODMAJbHO K Hel.

Ifo ananorum co cryJaeM, pacCMOTDEHHKM B NPEARAYIIEM Pasfene I yINTH-
Bag (52.4D), BHICOKOYAaCTOTHYH ACHMITOTHKY AJNA HeOJHODOJHOILO BOJHOBOAA
@CTOCTBEHHO HCKaTh B BUJe

$ =B (@) exp (iEE;(x)dx)Dz( %z ) a=k}/ 1= (1 +5) ] kb @)

(52.48)

rJAe HEM3BECTHYI0 NOKa QyHEKuuio B (r) ompeaeamm u3 yciIoBAA COXpaHeHAA
MHTErPaJbHOTO O z MOTOKAa HHEPIUH, T. 6. VCIOBHA (CM. MpepuayIuit pasger)
o0

e = (£i/200) [ |9[dz=const, (52.49)

OCOUITADYET, eCiH

* 3aMerTuM, uTo Ompu HerHx ! ymrmma D;(z) BHpaKaeTca d4epes NOTWHOMBE JPMATA

Dy (z) = 27112~ H (2] V2).
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Ilopcrasann clona Y u3 (52.48), seoaA HOBYIO nepemeREyI0 § = (k/h)¥*z m yim-
THBag BEOPMEPOBKY

+oo

{ Drya = emynny, (52.50)
moNydaeM —w
B(z) =CY b0, (52.51)

rae C e 3aBHCAT OT z W 2.

Taxum 06pa3oM, MMeeM OKOHUATENIHHO AN BHICOKOYAaCTOTHOH aCHMITOTHKR
0XA ¢ TOYHOCTH) A0 MOCTOAHHOIO MHOMKHTENA

= h—/a —i/y 'x ) :’f—‘?__ .
Y = k=" (z) E~* (2)exp z§§, (z) dz; D,(‘/ z) (62.52)

k(2)

Crporoe 060CHOBaHNe BTOr0 peMIHHA ¢ OMPEAGNEHHEM NOCHASAVIOINEX UAEHOB
aCHMOTOTHYECKOTO Dasioemuf cojepwures B pabore B. C. Bymgmpesa [18].
ITockompKy MH BHECH DTHX WJIGHOB HE pacCMATPHBaeM, MH HE MOXKEM LONYIHTH
KpUTepuy OpUMEENMOCTH BHpaskenus (02.52), Ograko mo aHamOrum ¢ H3NOKEH-
HHIM B pasfene 1 MOXHO gyMaTh, 9T0 B Ciiydae TOABOJHOTO 3BYKOBOI0 KaHala
OHHA GyayT X0pomo BHOOTEATECA. Hurkaliman dacTora ckOpec 6ymeT OnpeseaaTh-

CA TeM, UTOSH B IPeeNaXx BONHOBOAA (— 2, Zp,) KBaADAT BOIHOBOTO HACIa MOT
OBITH amOpOKCHMUPOBAY KBajpaTWIHEIM 38 KOHOM.

§ 53. Hu3rouacTOTHASA ACHMNOTOTHKA II0JA B BOJIHOBOJE.
Merog monepeynsix cevenmid =

Jdror Merox noApoOHEO H3M0KEE H 060cHOBaH B MoROrpadun B. 3. Kaneremen-
bayma [42]. Tam ke cogepxuTcA m nuTEpaTyPa MO NAaHHEOMY BOIpocy. Jlambmeii-
mee pasBETHE MeTORa cogepxutca B pabore H, E. Manenesa [62],

JonyeTaM CHOBa, 4TO MH MMEEM ABYMEpHYIO 8ajady 00 OTHCKaEHHA DemeHdiT
ypasrerua (62.40) ¢ yemosusamu § — 0 npu z — - 6® MJIHA COOTBETCTBEHHBHMEA
VCIOBAAMH Ha I'PAaHNIAX, eCIH Cpefa orpanmdgeHa. M mpeamoxaraeM, 4To mpm
nobom QurcHpOBaEEOM z = 2z’, k?(2', 7) MMeeT MAKCHMYM IDH HEKOTOPOM Z,
obecrednBafg BOIMBM 3TOr0 YPOBHA HAJMYHE BOJHOBOJHOTO DPacOpOCTpaBeHHA.
OnmOpoxHNI BOMHOBOA, ANA KOTOPOTro k% (2) = k? (¢’, z), HAa3HBAWT BOIHOBOROM
CPaBEEHH, COOTBETCTBYIONIAM KOOpANHaTe &', B o0meM crydae mpn msMOHeHEER
2’ M3MBHAETCA M BONHOBOA cpaBEEEAA. Mu SyaeM mpegnomaraTs, YTO 3TO HBMBHE-
HEE TPOMCXONUT AOCTATOUHO MOJMEHHO (KPHTEPHH CM. HIDKE).

Jinf KasKaOro BOIHOBOJA CPaBHBHWA CYIIECTBYET CBOW HaGOp COOCTBEHHBIX

dyrxmuit exp (i€,.x) Y, (', z) 1 cobcTReEHNX sHaueHME f;, YIOBIETBOPAMIEX
YPaBHEHHEIO

9y/0z* + [ (', 2) — & (&)1 by = 0. (53.4)
Mu npegmomaraeM, w4To vp; 00paByoT HOXHYH CHCTEMY OPTOHODMEpPOBaHHRX
¢ymrnmit. Bynem Temeps necxaTth pemeHnA ypapaerns (52.40) B e

‘ p= le, @) ¥ (2,2), (53.2)

rae P; (2, z2) — coGeTReEENe (YHKIUA BOIHOBOXOB CpaBHERMA (mTpux y
B fajibHelimem Mu Gyaem omyckaTh), a 4, (¥) — HemsBecTHHE (YHKOUH, KOTO-
pHe MHE JOMMHH ompexemnTb. MmeeM, onyckaa apryMeHTH y ¢yBrmui,

82A1 8.41 0%
8:4:2 Z( dx? 6:: bz + 4 812)
o Oy
=24
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Ilogcrarnas aru mpomseogmsie B (52,40) m yunThBasa ypaBHemue (03.1) mna v,
mONy9aeM
024, 2 — 0 04; 8y g
g( o Th A')‘p' - _$( 2z oz T4 azﬂ)'

YMEOKaA DOCHeZHEE PABEHCTBO Ha P, U HETECPHDYS IO Z, MOAydaeM
2A 24 o
Zor + thn = 2%\ W vz 1 4, (T vas) (53.3)
4

Hpennonox(mu, 9TO CBOiCTBa BOJTHOBO/la ¢ M3MEHEHHEM ¥ U3MEHAKTCA HaCTOJNBKO
MEJJIeHHO, 9YTO OpaBYI0 YaCThb B NOCJIEJHEM PABEHCTBE MOYKHO 3aMEHHTH HYIIEM.

Nonyuaomeeca ypasHerue ana A, OygeT EMeTh pemeHHe, ¢ TOYHOCTHIO 10 MO~
CTOAHHOT0 MHOMHITENA

Ap(2) = “_/’(x) exp( ng (z) dz) (53.4)
Obmee sxe pemenme (53.2) 6yner
v=2ck " e (1 {1 dE) w2 ) (53.5)

rae £; — DOCTOAHHBHE, ONPeASIANINMECH YCIOBHEM Vv ACTOYRAKA, KOTOPOE ME HE
paceMaTpunaem. Apryment y & (2) omyckaen.

Taxum 06pasoM, B 9TOM MPUOIMIKEHUH PEIIEHNEM 3afadl ABJIAETCA COBOKYI-
HOCTH HE B3aNMOMAGHCTBYOINEX ADPYT ¢ APYIOM HOPMaJAbHHX BoaH., Hampgaa n3
BHX CaMOCTOATENBHO OPHCOOCAbINBasTCA K H3MEHAKIEMCA YCIOBAAM B BOJHO-
BOJE, 6€3 IIOMOIY BOJIE ApyrAX mopaakos. O506menue pupaenn A (53.5) Ha Tpex-
MEepPHHA caydai umeerca B pabore A. Ilmpea [217],

WHrepecHO OTMETHTE, YTO A CAYYaf AHHEHHOH# H KRagpaTHIHOH 3aBHCHMO-
cru k? (z, z) or 2, [-aait 9ner B (53.5) 6ymer cormajaTh ¢ TOJNYYEHBKMY B IIpefb-
mymeM maparpade BrpakemuaAMu (52.38) m (52.51) coorsercreeEmO. [leicTBH-
TEJIBHO, A ciiydas, HaIPEMEP, KBafpPaTUTHOIO 3aKOHa, yuuTmBan (52. 49), Ha-
XOAUM HOPMApPOBAaHEYX (YHKIHUIO

o= (&) 0 (V)

Iloncranoska ee B (53.0) M cpaBHEHMEe DONYYalOmMErocs BupaseHna ¢ (52.51) u
JDOKA3HBAGT CKa3aHHOE.

OnerrM Temeps mpaByEo dacTh B (53.3) m HafigeM yCIOBHE NUPHMEHHMOCTH
npubImKeRN A HEB3aMMOASHCTBYIOMIX HOpMambHEX BomH (cm. [199]) Bremem

HECKOJIBKO OPOU3BONBEO BeAWIHY k, = k, (), 3a KOTODPYIO MOHO B3ATH BOJHO-
BO@ THCJI0 Ha OCH BOJIHOBOJA, U 0003Ha TN M

U(z,2) = klzJ —k(z,2), E= k?, - g% (53.6)
Torga ypaemerme (53.1) aannmerca

A, /02t + (B — DN, =0, (53.7)y

Tlytem HecHOKHHX TPeo5pasOBaENH MOKHO MOKa3aTh, ITO

o 1 aU
Sml (CC) = Sa—;‘\pmdz = ms \I’l E \pmdz, (53.8)
(o o 1 o 1

O (z) —SW\Pmdn = ms\blw\bmdz +2 3 FE—Ea GG —Ey X

nyal,m
U au
*\ o S 0edz Wi O vz, (53.9)
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Q,.; EMeeT BTOPOH DOPAOK MAJOCTH II0 OTHOMEHWIO K MaJHM OPOM3BOAHKM IO Z
M 03TOMY A0CTATOYHO OMEHATH BIMAHNE TieHa Sy.
Ypasaesne (53.3) Temepp aanmcHBaAeTCH
4 2 ady
5+ EmAm =2 z St 57 (53.10)

lem

3nech B mpaBoi gacT paf A; MOXXHO B3ATH BEpakerEe (DJ.4) ¥ DONOKUTH TpPHe
Li%i1 v :4: )

A 1y .x
a—a?’ ~ " exp (zS§,dx), (63.11)
0

Tlpenmomoxnm, gyro npu z << 0, A,, = 0. Bygem cuarars aua rpy6oit OmeHKY, ITO
Sy OTIMYHO OT HYNA W DOCTOAHHO B METepBade O < z < %, ¥ PaBEO HYIIO BHE
aroro urTepiaxa. Cormacmo (53.10) soxma ! Belony Ha ygactke (, T, reHepUpyeT
BOXHY m. Ydarnsasf, uro pyukmua I'pmHa pag ypasrenns (53.10) ects

g (%, ) :%ﬂ:exp (il?gmdwl), (53.42)

noxydaeM

X . 5 _ X _ ,
An(@) =2 3, St { (o0, ) G2 dome g% ) St { BRI,
Is£m 0 : I#m 0

(53.13)
3pech U3 BCEX WICHOB CYMMH HamGOMbMAME GyayT daens npa L = m + 1. Oxur
W3 HAX'MH B BO3bMEM Jusd oreHKE. Torga §; = E,, MOKHO BHHECTH 3a 3HAK HATE-
rpaza OpHE HEKOTOPOM cpexueM 3HadeHmu. lIpegnomarasm Takke, 9T0f; — k.,
0CTaeTCaA mOCTOARHOR ma orpeske (0, z,), moxydaeM ycaosme MadocTH A,, Ha
aceM orpeske 0<%, < T, DO CpaBHERNI ¢ A,

SmillEr — &m) << L ' (53.14)
Kax sugno ms (53.6) u (53.8) mo mopaxky sernammEE
1 ke k
Smi~ ) ~ == (53.15)

Tne M, xaK W BHINIe, XapaKTePHHHE MacmTal m3MeHeHHsA k* B HaOpaBIeHWH Z.
Tlopcrasuaan (53.15) B (53.14) n yauTmBas, 9ro npu m = | + 1 cormacHo ckasaB-

gomy B & 48.5 §; — &, = 2n/A, A — gaWHa OEKIa Ty4a B BONHOBORE, DOIY-
qapM VCIOBHE:

AL <om, (53.16)

BHIONHAOMESC TeM Iyduie, IeM HEMKE 9acTOTa, T. €, 4eM GONbIIe gimHA BOIHK
A = 2n/k.

B OpoTHBOTOXOKHOCTS Ciyial, paccMOoTperBEOMy B § 52.1, mocmegmee ycaro-
B8Ue B cIydae NOABOSHON aKYCTHKE OKadHBaeTcA BechMa KecTKuM. Tak, pis
OpANOBEPXHOCTHOTO KaHala, pacCMOTpPeBEHOro B § 52,5, WMeeM AIA MHUEHMalb-
BOil puuEs mukxa (cm. § 43.3) A = 4 (z//a)Ys nam npm raybume mCTOYNNKa
2, = 100 4, A = 4-10° . Teneps ycaosme (52.15) sanmmerca A > 2,5 4.

Yixe n3 pacCMOTpPeHHOr0 NpmMepa IPHIOBePXHOCTHOTO KaHalla BHJHO, UTO
B KOHKDETHHX CIyIadX MOXKST CYMEeCTBOBATh 00JacTh 3Ha4eHHd %, [ KOTOPHX
OyIyT BHIOONHATHECA ONHOBPEMEHHO Kak ycaopus (52.36), (52.37), rar u ycaosue

(53.16). Hammune Tako# 06XaCcTH MOMMET GHTH JOKABaHO ¥ IPOCTHIM CpapICHHeM
Hepasercts (52.36) u (53.16).
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'naea IX

AHTUBOJIHOBOAHOE PACIHPOCTPAHEHHME BO.IH
B HEINIPEPHIBHO CJIONCTBIX CPEJAX

TIpoTHBONOXO}XHKNM BOXHOBOJHOMY ABIAETCH TaK HA3HBAaEM0E aBTHBONHOBON-
EO® PacopOoCTpaHEHNE, KOTJga Y4l yKe HIKOTAa Golee He BO3BPaNialTcA Ha ro-
PUBOHT HCTOYNHKa, [IpmMep aHTMBOTHOBOXHOTO pPacOPOCTPaHEHWA, PealM3yIo-
muiica B IOABOAHOMK aKycTHKe, HB306paXKeR Ha puc. b4.1. 3gecs creBa u306panen
mpoduas CKOPOCTH 3BYKa, cupaBa JaydeBas KapTHHa. 3amTpumxoBaHa 06aacTb
reoMeTpHIECKOM TERM, Ky[a HE MPOEHKAeT HN OJNH U3 Xy4eill. ABaJOrmIEE CIyr
Yalf *MEET MECTO OPH PacopOCTPaHERNH PafMOBOMH Hajl IOBEPXHOCTHI0 36MIH B yC-
NOBHAX HOPMANbHOH pedpakmuu. PasHEmA TONBKO B TOM, 9TO B IOCIHENHEM CIY-
Yae TpaHAIa ABIAGTCA HE MIOCKOCTHIO, a cpepoil. [l Teopuu aTa pasHuNA HE fAB-

4

2(z)

Puc. 54.1. [poduns cxopoctn [spyka (I)[¥ 'cooTeeTcTByloIas xydeBas KapTema (2),
3amTpUx0oBaHA 30HE TEOMETPHUYECKOH TEHM

NARTCA CYIIECTBEHHON, MOCKONGKY B Hee BXOJUT JHMDb OTHOCHTeNbHAsA KPABH3HA
nyge# u rpagmms (oM. & 48.4). Towmas TeopHA mOXA ANA crydas npoduud c (z)
puc. 54.1 paccMarpmpaerca B § 4. Tam e paccMaTpHBaeTCA aCHMIOTOTHKA OIS
B 06TACTH TEHH Ha BHCOKHX JacTOTaXx H BBOJHATCA NOHATHE O NA(PpPAKIHOHHEIX
ayvax Hemmepa.

CoBepIIeRHEO 110 AEOMY BRIIANAT KAPTAHA NOJIA IS APYTOTO CIydas aHTHBOI-
HOBOJHOTO PacIpOCTpaHeHHsA , KOI'Ha CKOPOCTH 3BYKa TaKike yORBaeT IpH y AajteHAN
or rpamEmH z = 0, Ho (dc¢/dz);— = 0. 3mech mpu k — co (T. e. IpH mepexone
K 06paHOK mydepodl TeopHH) dydUA 3aCBEYHBANT BCE HMOXYNPOCTPAHCTBO 2 > 0.
IlosToMy B OBHTHOM cMHCIEe CIOBA TeOMETPHIECKOH BOHH TEHH HeT. OpHako
8116Ch CymecTByeT «d(deKTHBHAA) 30Ha TEHH, TPaHHNa KOTOPOH H3MEHALTCSA € Ya-
croroit. Teopma sTOTO cirywas paccMaTpmpaerca B § 5o.

§ 54. Ilome npE HAMHYMA TeOMETDPHYECKOH TeHH

54.1. AaTerpancame BHpamenys 14 noxd. Ilpexmonomxum, 970 B HOXyNpO-
crpaHcTBe z > 0 KBagpaT mOKa3aTels MPEIOMICHHS BajaH BaKOHOM

n?(z) =1+ az. (54.1)
Tpe6yerca maitTd pemeHHe BOIHOBOTO ypPaBHEHHSA

Ap +knt(@yp=0 (54.2)
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B IPEJUOIGIKEHAR, 9TO B TOUKe r == (), z == z; PacHOIOKeH H3IydaTeldb cepmde-
CKOH BOTHH

th

b= R=VP+(G—a)r, (54.3)

a Ha Tpamune z == 0 BHEOJIHEAWTCA ycaopna (afcoaoTHO-OTpamanman IpaHH-
na)

' a)yP =0 mrm 6) /dz =0, (54.4)

Ha pumc. 54.1, ¢ usofpaxena 3aBACHMOCTD CKODPOCTH BOJE ¢ (z) == ¢ (0)/n (z) or
Z, aHa puc, 94.1,6 coOTBeTCTBeHHAA TydYeBad xapruHa, OdeBHAHO, ITO MK JONKHK
OAHEJATH COBEPIIEAHO DasIWIHHE XapaKTep NOIA B 3alITPAXOBaHHOHR 06IacTH
{30Ha TeHY), Kyfa He OPOHHKAIOT Iyid, M B OCTaIbHOH (0cBemeHHOH) ofmacTh,
B Ka)Ayo Touky P KoTOpo#l mpuxomaT nea nyda — npaMoit OP 4 oTpameHHER
or rpamunu OBP. 3o0Ha TeHH OTHeleHa OT OCBEMEHHOH 06macTH TPaHEIHHM
ayaom OA.

BospMem pemernme ypapHeRHA (54.2) » pupe (47.3"), rae P (&, z) naerca dop-
myaamz (47.8). B mmx Y, #v, ABa IuHe#iHO HeSABHCHMHX DEIIeHAS ypaBHEHAS

(47.5), » kotopom k2 = kg (1 + az). Ilocmenmee ypapnerme cosmagaet ¢ (48.4)s
@CITH TIOZIOKHTE

H= (ak})™V t,=H*(2—k), t=t,— z/H. (54.5)

Pemennsavu (48.4) apamorca ¢pynxuun Jipn. Ua max 1, (Z) ROIMKEO OCTaBATH-
¢ OTPaHUIEHENM IIPH Z — 00 U MO3TOMY MH JOIKHH mOIX0xATH (cp. § 21.3):

() = Z 2). (54.6)
Corxaceo onpegenernio (21.7') m acmMnrormueckmm Popmyram (21.13), uMeem
1->00, t->—o0, Z(t)—>(—t)hexpi(w+n/h), w=2(—t)h (54.7)

Ilpyroe pemerme ¥; (z) HOIKEO yOBIETBOPATH yCAOBHIO (54.4) npH z = 0 & mo-
STOMY MH BO3BMEM

Al () =vE)Z() —Z@)v (1), 6) Wil =0 (L) Z(t) = Z (ta) v (), (54.8)
Tae MTPAX 03HataeT NPOHSBOARYIO N0 apTyMeRTy.
Temeps HMeeM [JIA WPOHCKHAER W = ),y — Py P1, yumTHBas (21.7') =

(24.8), a Taxme, uT0 8/0z = — (1/H) 8/0t
fa) w=—Z({)H, 6)w=—2Z {)H. (54.9)
B pesyanTaTe, coraaceo (47.3"), momygaeM METerpadbHEeE BHpaReHHsA I MOIA:
15

Jo0
8) 92 =H [ [Z@)v(t) —v () ZO) 22 ()] H Er) 8,

+00
6) v(r,5)=H f [Z' () v &) — V' (t) Z(®)[Z (/2" (1)) Ho™ (5r) 5dE. 1(54.40)

COOTBeTCTBYIOMAEe BHpa)eHHA NIA Z >z, DOINydaTcd, KaK BCelqa, SaMeHOM
MeCTZH zZy, T. @ MecT t = #, —z/[H ut, = t, — z,/H.

54.2, lNone B ocBemennoli 3ome, Jlyum, Ilpm gocraToumo BHCOKEX 9acTOTax
‘B OCBEIIEHHOH 30He, KaK MH NOKameM HHxe, uHTerpaxst (54.10) MOTyT GHTEH Ome-
HeHH MeTOJOM nepesafa. LIoka e MH NpPEJUOMOKEM, YTO TOTKa IepeBala
£ = E; TexnT g0OCTaTOYHO faXeKO OT TOYKH £ = ), Tak 910

—ty= I (ks — &) > 1. (54.11)
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IlocnexHee yenoBHe, Kak 6ydeT BHAHO HEe, 03HAUaeT, YTO0 MH HCKIIOYaeM M3
paccMOTperdA TOYKH, Ginmakue k TrpanmiBoMy aydy OA. Ilpemmoaaras, xpome
TOTO, 910 Er >> 1, MH MOxeM BOCHOJNB30BaThCA ACHAMOTOTHICOKHMH NPECTaBIe-
EHAMA BCEX BXOAAMHX mox wmurerpans (54.10) dymxnmit (cm. dopmynm (21.13) m
(28.1)). B pesyabTaTe momydaem

27
He‘iﬂ:/d +e , - . =
8,6) ¥~ [ et o gicorto—zo0) eitr (4,)~W Y E dt (54.12)
2w 24y 20 v
w:.a..(—t)/:’ wo :§(—t°)/x, wl_:g-(-— tl)/z_

Harerpan B (54.12) pazobrem Ea cyMMy ABYX HHTeI'DAOB, Karkgbi H3 KOTOPHX
Gymer cojgepmaTh OgHY JKCHOHEHTY ¥3 KBagpaTHOE ckoGkm. Ilpoamammsmpyem
BHaYajle EHTETpall, COfSpKalAil NePBYI0 BKCHOHEHTY. B HeM MH HMeeM MHOMH-

Tens exp (ig), ¢ = w, — w - Er. Touka nepepana &, mafiferca U3 ypaBHEeHHS
g/t = 0 mnm
T = [0 (w — w,;)/0E]e, (54.13)
HIH, YIATHBasA 3HAUEHHE W, W), a Takme (D4.5)
r=2H% [(—t)/s — (— 1)), . (°4.14)

B panpmeiimeM, KpoMe 3afaHROTO pacCTOAHRHA r, MH 6ygeM HCHONL30BaTh dyHK-
nuio (cp. § 44)

r (&) =0(w—w)/d (54.15)
TaK, 910 r (§;) = r. O6osEaTaM
/ E, =k, cosy, =kcos g (54.16)

1 moKaseM, 9to (94.14) aenserca ypaBHeRmeM «npAMOro» myda OP ma puc. 54.1,
B TO BPEMs KaK Y, X ¥k k — yINK CKONbKeHASA TyIa H BOJHOBKE THCTa COOTBOT-
creeHno B O u P. JleficTeaTenbEO, U8 (54.5) umeeM npa § = §,

—t = z/H — H*%%cos® + ki H?,
B0 z/H + K = (z + AHH = (| + az)laH = EH.
Ilosrormy
—t = k}H?sin? ¢ (54.47)
A aHaJOTAIHO
— t, kiH? sin? 4.
B pesyasrare {54.14) sanucmpaerca

r=2H (i} cosyysin g — K2costsinX) = = (n? si n 2y — n?sin2y), (54.18)

rpe n? = k¥Yk3, ni=kYk:. D10 e ypapHeRHe Ayda MO)KHO TONYYATh H He-
TOCPEACTBEHHO U3 JyYeBOR TEeOPHW, BHYACAAA BHTerpan (cm. pme. 43.3 u op-
uyay (43.2))

) r=\dz/tgy, (54.19)

N N

y9UTHBasA IPH 9TOM, 9TO ¥ H z cBaAsanH Gopmymnol (cM. (54.16))
(1 + az) cos? y = ni cos? ¥z (54.20)

Taxum o6pasoM, ME BHMAEM, 9T0 BETEIPaJ, COZepMamuil NepBHil 4ieH B KBagpaT-
BHX ckobkrax B (54.12), cootBerciByer npsamoMy ayuy. OGosHawwM ero )gp. Toraa
B coorpercread ¢ ¢opMynoi (27.17) nomydaem us (54.12)

Vop = Hieh 0 GO (B ryin (a1, )52 | [, (54.21)
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rge +-sHax [— r'(§;)]. Cormacuo (54.16) /0% = —(1/k, sin y;) 8/0y;. Moxno
noxasaTh, NOALBYACH Popmynoi (54.18) (A0 270 BHgHO W m3 puc. 54.1), 9T0 mpm
SaJAHHHX z | 2, Or/dy; << 0, oTkyfa ciegyeT, 9TO HaM HyIKHO B3ATH BHXHHHE 3HaK
B (54.21). Vursa raxse (54.17), Haxogum

ky cos Yy .
Vmp = (Eﬁx—g‘@—l—) el (&) [(54.22)
Mu monywmnu mone nmpamMoro myda *.

CoBepIIEHHO aHANOIMIHKM 06pa30M NOKa3KWBaeTcd, ITO WHTeTpa ¢ YIeTOM
BTOPOTO WJeHA B KBagpaTHO# cxofxe B (54.12) maeT mone OTpaKeHHOTO Jyda
(my2 OBP Ba puc. 54.,1), Ma3a BOJIHH NPHA OTPaKEHAH OCTAETCHA HOHAMEHHOA B CIy~
qae 6) (sHax miwoc B (54.12) m MeHsAeTca Ha of6paTHYI B ciydae a) (sEaxk MHEHYC
B (04.12)). )

Has rpapmaroro ayva 04 umeem y = O npuz = 0, T. 6. k = k,. 310 cooTBET-
creyer cormacmo (54.16) &, = k,. Ho xax pas msnoxemsmil Brme MeTox Hempd-
MeHEM npH ty, 6nuskax k k,. Caemoparenvuo, fopmynn (54.10) acaMnToTIHIeCKH
OPABOJAT K CyMMe moJeil UPAMOTO M OTpPameHHOTO Xydell BCIOAY B OCBEI[SHHOM
30HE, KpoMe OfmacTH, GIH3KOH X TpaHATHOMY nydy **.

54.3. Moue p some Tend. Hopwansabie Bonnel. B 30He TeHR NOHHETErPaTbHMNE
BHpakenus B (94.10) He mMeOT mepeBaNBHOM TOYKA M BETHCIATH HHTETPAIH
yaobuee gpyTumM MeTOOM. Y4UATHBAsA, ITO NpPH GOJBIMHX I aCAMOTOTHIECKOE BH-
paxenne PpyHxmuit Xauxensa copepsaT sxcnoReHTy oxp (ifr), oTTaEeM myTH HH-
TEIPEPOBaHMA ¢ BOMECTBOHHON OCH Ha GeCKOEEYHYH NOJYOKDPYKHOCTH, OXBATH-
BaIMyX BEPXHIK NOAymWIOcKocThs &. MHTErpan mo 1ot momyoKpyREOCTH 06pa-
IMaeTca B HyJb A NOSTOMY 3HadeHme MHTErpation {54.10) ceegeTcsa K HETerpanaM 10
myTAM 06x0ga 0cOBHX TOYER NMOANHTETPANbLENX BHpaxeHnd. TaxopsME ABIAIOT-
€A TMOJMIOCH, MECTOMNOJIOKEHAe KOTOPHX OMPeAeAAeTcA ypaBHeHMAMA:

a) Z () =0, 6) Z' (t) = 0. (54.23)
Pemerns aTux ypaBEeEmi gawrca fopmymamm (21.17) m (21.17"), a mMenHo:
a) to = Y13, 6) tor = 7,2, (94.24)

Nurerpaxn (54.10) crogATcA K cyMMaM BHUeTOB B 9THX momiocax. (fo3madmM
t=ta—2/H, ty=tu—o/H, &=k+tyH, (54.25)

B PacCMOTDHM cHadaja cinydait a). Mmeem npm yyere (21.7') m \21.8) pua axoba-
sHa Z'v — v'Z = 1. CnegoraTexsHo, mpa £ = fay, TOCKONBKY Z (f) = 0, mme-
em v (ty) = (02/0¢);,. Teneps, ompenensa crangapTHEEM 06Da30OM BHYETH C yde-
TOM, 9TO cornacHO (94.0), mMeeM 9/0t = 2EH?3/0t,, monydaem

8) B(r, 2) = — - NZ () Z (ta) GZIOHED (), . (54.26)
'

The ¢;;RaerTca Bupaxkennev (54.24) cnydaii a). Bupasxenne (54.26) He mamemsaerca
OpH NepEeMeHe MeCT 2 U 2, (f ¥ £,) B MO3TOMY cnpaBeganeo Bo e 06macTn 0 <<z <
<< oc. OBO copaBegAmBo Kak B 0GiacTA TeHH, Tax W B OCBEMERHOH ofxacta. Op-
HaKO B MOCNEJHEM Cilydae, ECIH TOYKA HabmOfeHAA HaXOJUTCA FANEKO OT Tpa-
HETHOTO 1yda, B cyMMe (54.20) Haf0 yYATHBATH MHOTO WI6HOB H yAOOHee MO B30-
BaTbCA NpeACTaBASHAAMA JTydeBOH ONTAXH (CM. HmpegHAymdi pasgead). AHalo-

* CpasuuTe, HApEMOBD, ¢ (43.14'), rae AANO MOAOMUTE p == py.

** Pasmocte & — ko mowEAa ymoBAerBOPATH yeaommio | F(E1)| (B — k)2 > 1, ag =
= &1 — ko 2 [r'(E)]™*. Orciona moaysaen p1s mupuEN nepexofHoh aoRE Ar = (3r/dE) X
X AE =[P EDT = (0w — wi)/E), HO Aw/dk ~ (9w/dt)(3t/0E) ~ H%k,. MostoMy Ar 32
Z kyl? = (kya?)
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THYHO HMeeM

6) W(r, 2) = 25 SV G272 (ta) Z (1) 2 (t) HY (1), (54.27)
1

TIe ¢,; laeTcA BRpaxeRHeM (54,24) cayyaii 6), Tlpm sTom varero ypaeHerme (21.5)
jJuaa  dymxmmit Opu. Bupaskenne (54.27) Takme cOpaBefIUBO BO BCEM NOITympoO-
erpancTee 0 < 2z << co.

Vunrueas sTOpoe U3 coorHomerni (21.10), a Taxxe, 4T0 arg t,; = /3, mepe-
oumem (54.26) u (54. 27) B srge

8) ¥ (r, 2) = (n/H) exp (— in/B) D Z () Z (tu) (v/3t)i2—y HS (Bir),
1
6) W(r, 2) = (/H)yexp (in/6) NZ (t) Z (¢ v (— ) HY Eiry/m. (54.28)
4

PaccMOTpAM acHMOTOTHKY BHpameBdit (94.28), npegnomxoxus, 4To
Z/H>yh Z, ZI/H> Y, Ty (54‘2’9)

rae [ — man6oapmuii HOMep BCeX CYIMECTBEHHEX IAeHOB B cyMMax. B arom cuy-
qae ¢; u t;; GYAYT BeJIHKHA IO MOAY/I 0, a HX apTyMeHT 6anaok Kk m. Torga, monsay-
fick 9eTBEpTHM cooTHOmerdeM B (21.10) m acmmmrormkoi (21.13) fnm u () o
v (1), a TaKk:xe acCHMOTOTHKO# gus ¢pyEKnuE X aHKeNd, NOAyIaeM

Z (tl) Z (tll) H‘()l) (El") — :_%; (tltll)—’l‘ei (wl+“’11+Elr+u/A) , (54.30)

rie
3 2 3 1y
W, = o (— b - (s/HY — (a/H) " 1,

wy = '%T'(— tu)* z—%—(zl/H)% — (za/H)" ty, (54.31)

b = V& + ta/H? = ko + tu/2kH?
Teneph mmeem B axcmomEenTe B (54.30)

wy + wy + Eir = kyr -+ % [(z/H)" + (22/H)") +
+ (o2 H) [r—=2(V 2+ V)Vl  (54.32)

OnHako HeTPYAHO DOKAa3aTh, ITO

m=2(z +V)Ve (54.33)

SIBIAETCA [OPU30BTAIbHHM DPacCTOAHNWEM, MPOXOTEMHM IpaBWIREHIM 1ysoM OCA
(puc. 54.1) opu 3agaEEHX rOPU3OHTAX NpHeMa Z U HBIYIeHNA 2;. JleiicTBUTedbHO,
Tm =Toc -+ rcas THE roc ¥ I'ga — TOPH30RTANbHEE PAaCCTORHMA, MPOXOAMMHeE JIy-
90M COOTBeTCTBeHHO Ha ywacTKax OC u CA. Ilepeoe momyumrca mus (54.18),
ecnn Tam momouth y = 0, ny cos y, = 1 m yuects, uro ni = 1 + az,. B pe-
syabTare roc = 2 (2;/a)%. Copepmenno aHaxOTHIHO rca = 2 (z/a)', nocae gero
n noxywaercs (54.33). Teneps, yunTHBan snavenue H cormzacro (94.5) u ycaosma
{54.29), acmmoToTHKY BHpaenuit (54.28) aanmmmem B Bupe

V(r, 2) = ( g )v- (_kgo_)/ (z21) ™ exp & [kor + (/o) Kot (2% + 2] F (), (54.34)
rge

) P = n3(Z)0 e A6 —V3) (e r—ral, (5439
6) F (r) = 512 Y [0 (— x;)/z,] exp [(21/4) i — V' 3) (kaa®”* (r — )], (54.36)
14
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Mu BugEM, 9TO mpW yBeaWYeHWH DaCCTOAHHA 7, BATMHAA OT TPaHHNE OCBeL(eH-
HOil 30HH, K&/KaA HOPMaJbHad BOJLHA 3aTyXaeT IO 3aKkOHY exp B; (r,, — 1), rae

a) Bu= (V' 3/4) (koa®) "y, [6) Br = (V' 3/4) (ko). (54.37)

CneoBaTeJbHO, K BTOM rpaHHe OPMMHKaeT Nepexo(Has 30Ha, IIAPHHA KOTODOi
N0 NOPAAKY BenlwauHH pasHa Ar= (k%) ¥ B KOTOpPOH Cym[ecTBEHHO 3HATN-
TEIbHOS THCIO HOPMalIbHHX BOJXH. 3a IOpefelaMu 3TOH 30HH MOMHO OTPaHATH-
BarbCA yaeroM B (54.35) @ (54.36) Toabko mepBux wremos. IlogcTaBue w3 Tafianm
BHAYEHUA I, Y1, ¥ (— 27), (9v/0t)y, mpm | = 1 momydaem

a) F(r

~—

=1,545exp [0,576 (i — ¥ 3) (kea®)" (r — rp) +mi/12],  (54.38)
6) F (r) = 1,0897 exp [0,250 (i — V' 3) (kea®)" (r — ry) -+ 5ai/12].

OrtMernM, 9T BecbMa HOIBafg H CTPOTad TEOPHA AHTHBOIROBOJHOTO PacIpoCT-

paHeHHA IpH HaIWMIMd 30HH TeHM jaHa B pabore M. [;xomca {177].
94.4. [lnpparunonnsie aysd. Ilone B 06racTn reoMerpEIecKoi TeRM MOREO
TOJyINTh M Ha OCHOBe JyYeBHX NPeACTaBIeHNi, eclH, KaKk 8TO BIepBHe crean
Keunep ¢ corpygrukama (cM., Ha-

A — ” nopuMep, [235]) BBecTr moHATHE O

/ audpakiHOREKX Jxydax. G onEmM
BEAOM udpaKIAOHHNX Jyded MH

4 Berpegannch B § 30 opm paccmor-
P 7 W7' NF' hAlrz) peunmu GoxoBoil Boxmmel. Ilocmen-

HIOO MOJKHO GBIJIO COTMOCTaBHTDH

xyay OABCE (puc. 30.8), manamo-

meMy Ha [paBdALy TOx YyIIOM
z . TOJTHOTO BHYTDPeRHErO OTPasKeHHA,
rmc. 54.2. Tpapmunuit 1yz OCA w audpakmuonmme SaTEM  PacIPOCTPAHANIEMyCH
aywu DD', EE’,... BJOJHL YpPaHNOH H H[AlOMEMy B
Kajk/0#f TOUKe TpaHEEH HAYajlo
«wiygaM GoxoBoit Bonmwy BB, CC, EE u . 5. [11a npousBonbroif Touky C ayx
.OACC ynoBuersopsier npuanuny QepMa, T, e, Bpema npofera BO3MymeHEA OO
9TOMy JydZy MHUHAMAJIbHO IO CpaBHeHHMIO ¢ BpeMeHeM npofera mo BceM JKpyruM
BO3MOKHEIM MyTHM, ‘
TaxuM sxe 06pasom B 061acTh reoMeTpuIecKol Tery (IpaBee IPaHEWIHOLO IYTa
CA na puc. 54.2) MoxuO0 upeneraButh cefe nyan OCDD’, OCEE’ ur. p. Yrobm
HOXY4HTH HX, HAJ0 OpeJcTaBUTh cefe, 9To B Touke C rpaEMIHKI JIyT Pacmenider-
ca Ha ay1 CA u nya CDEF, caefyomu#t Bfoah IPaBANH, NaBad HATaJl0o Hempe-
PHBHOi COBOKyNHOCTH «quparumormmxy ayseit DD’, EE' u 1. n. Rampui us
9THX JyTedl PacuPOCTPAHAETCA B cpejfie MO OGHYHEIM 3aKOHaM JydeBOd TeOpHH.
Jlya OCFF’, nonafgaomuit B 0pOU3BOILEYI0 TOUKY F', yaOBIeTBOPAET OPUBIUIY
QepMa B TOM CMHCIE, 9TO eFO OUTHIECKAA AAMEA, HAMMEHBLHIAA N0 CPaBHEHHI
€O BCEMN BO3MOMHEIMHI OYTHAMM, BKJIOYad 9acTHYHO A OYTH BAOIH TPARMIH.
PaccMorpuM Temeph, KakuM 06pazsoM MonceT GHTH BHYNCHEHO MOJe, COOTBET-
CTByIOIee AUPPAaKOUOHANM jysaM. Ilorepa smeprum aygsoMm CDEF ma uziyde-
pne audppakquoRENX ayteis DD', EE’ u T. 5. 0ponopRuOHalIbHA B KQKIOH TOUKe
HMelomeiica sRepran. W3 pTOro ciemyer, wTo mpu mpoxoxaennd ysactka CF ero
aMIIHTY A3 YMHOMaeTCa HA (pakTop ociabnemma exp [— a (rr — ro), THe o —
KOap@puIHeHT, BaBACAIMMN OT XapaKTepa IPAHMYHBIX yCIOBNi, KDHMBHBHH IyTei
y TPaHENH A FIMHH BOJHH 3ByKa. Bnonb FF' coxpauseTcs IOTOK pHEPTANA B 3ie-
MeHTapHO# nyueBoit Tpybke, T. e. A% (r, 2) n z) do (z) = const, rue 4 (r, z) —
aMIUIATYAA HOJA, COOTBETCTBYIOMEro NaHEOMy Iydy, a do (z) — mupnHa TydTe-
BO# Tpy6KE Ha ypoBHe z. HeTpynuo mokasaTp, wro do = const sin g, rue
siny = (1/n) ¥ n*—1 — yron cronbmeRNa nuPaKIEOHHOIO JIyTa Ha TOPH3OH-
te z. TakeM 06pa3oM, aMmiIuTyqa OOJNA MeHmerca Boab . FF' 1o 3aKomy
const [n? (2) — 1)]-*%, CnegoBaTensmO, MONe B IPOM3BOILHOM TOUKe I, Z B 061acTn
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TeHH [OJKHO BHpasKaThea (opmynoi

‘p (T, Z) — Mea (Tm-f)ei [eogtepprtke (T-rm)]’ (54.39)
Vr

rge r, — FOPHE3OHTAJIbHOE PacCTOAHME OT HCTOYHAKa O, Ha KOTOPOM IpaHRWIBHIL
aya CA mepecekaer ropusoHT z (cM. pac. 54.2). B — xkoaddummernT, He 3aBHCHA-
muit OT KOOPAMHAT TOYKA HabuofieHds, HO BaBHCAINHIA OT KOODPAMHAT H3IyTaTe-
a1 0. 3kcnonernta B (54.39) yunrnBaer saryxamme nyda CDEF ma yuacrke CF,
JIOHA KOTOPOTO r — r,. [lociennan skcnoHeHTa yIATHBaeT Haber dasw ma BceM
nyta OCFF', rpe @, & Qrp- — Halern dasH Ha yIacTKax OC n FF', pudnciageMue
110 OBHIHEM 3aKOHaM IyIeBoil Teopnn, k, = k (0). Daxrop 1/} r yanrusaer pac-
MEpeR”e TyIeBod Tpy6KE B TOPABOHTALBEON NIOCKOCTH, KOTOPOE TPOACXOAT PaB~
HOMEpHO Ha BCeX yYacTKax ayda OCFF’. B coOTBeTCTBHE ¢ IPHENATIOM B3aHMHO-
CTH TOJIE He JOIKHO H3MEEATHCA NPH 3aMeHe MeCT M3nydaTend H TOUYKA Haboge-

RAA, T. 8. B BHpaKeHHe LA TOJA z U Z; JOKHK BXOJZATH paBHEONpasrO. [loaTomy
(54.39) Moater BHTH 3amACAHO B BHfE

Plr, ) = D2 (z) — A7 [m2 (2) 2 — 4]
X ex] [a (rm — )] eXP'E [Poc + Prp + Ko (r — 1), (54.40)

rpe D — ¢«xoadpdummenT pguPpakmum», XapaKTePH3YHIAHA cTedeHh Nepexpma
smepred B Touxe C u3 n1yga OC 8 nys CF u 8 rouke F u3 nyua CF B ayx FF'. D,
OQUEBHJIHO, 3aBUCHT OT TeX Ke BeJMTIHH, YTO A O.

KoadgumuesTH o 1 D He mMoryT 6HTH ONpefesneHH M3 JyIeBHX MOCTPOSHHH.
‘QHE oTpeneIMOTCH NPONECCaMu, Pa3HIPHBAKINAMACA B TOHKOM o€, NPAIeran-
meM K rpaBene z = 0, KoTopaa Ana AudpakqmoHBNX nyueir FF' u t, g, ABnAerca
KaycrEroif. IloaToMy B BTOM cioe reoMeTpwIecKas ONTHKa HecmpaBejinBa. Bo-
Jiee TOTO, HAgO XOTYCTHTH, YTO BOOGIIE rOBOPA, B 9TOM CJI0€ MOJIE MOMOT OMHCH-
BaThCA COBOHYIBECTHI0 HOPMAIBHKX BOMH. [lna Kampmoi M3 HAX GyLyT CBOH KO-
apdunuent D ¥ o, © 00aTOMy BMecTO dopmyinn (54.40) Hago mHcaTh

bir, 2) = 17 (z0) — 1177172 (5) — 117" ™ exp i [Qoc -+ @rr +
o+ ko (r— rm)] D) DR exp (o1 (rm — )]0 (54.41)
I
Tak Kak pgua Kaagod HOPMaJbHON BONHH (a3zoBasg CKOPOCTH PacOpOCTpaHEeHHA

B10Jb TPaEUIH Gyaer B ofmenM ciygae OTIAMTIHA OT ¢, TO Haber Pasu Ha yTacTKe

CF Gyner oTamden oT k, (r — r,,), 1 aT0 3HAaYAT, 9TO KO2dPuUMHERTH o; B 06mEM
Cllyqae JOMKEH GHTb KOMIIEKCHE.

Koagdumuertn D; 1 o; MOTyT 6HTH HalifileHH M3 HafifeHHOTO BHINe TOTHOrO

peImIeHHs JTANOHHOM 3amaud, korga n(z) = 1 -+ az. [eiicTBHTenBHO, B 3TOM
ciydae ameeM B (D4.41)

[P () — 117 [ (5) — 47 = @~ (z2) ™
orr = Ky S 28 = kg S (1 +az) s~z = 2y (slayh -+ - atir's].
0 0

P

3pech 610 yureno, uto ma FF' myeem n cos y = 1, n/sin x = n¥/ ) n? —

{ =
= (1 4 az) (a2)~». @, DOXyIUTCH BaMeHOH z Ha z,. B peayusrare, yara (54.33),
nonywsaeM B (54,41)

Qoc + P — Ko = () ks (2% -+ 21,
Cpaerusan (54.41) n (54.34) — (54.36), maxopum
8) Dy = (2a) 0" (-37) e, o = (yi/4) (V 3— 1) (kya?)"™s (54.42)

t=yy

6) Dy = (2m)aks zi M (— 2) e,y = (@y/4) (V'3 — 1) (kor?) ™. (54.43)
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Herpypmo moxydnts D; ¥ &; ¥ B elyYae AMOEAAHCHWX TPAHMYANX YCIOBHI
upn z = 0 {235, 236].

CpopMynupopaEEHe BEHITe TPHENANON TMOCTPOHHA NU(PAKNMOHEMKX JTydei
OCTal0TCA COPaBejIMBHME H JIfA KPHABOAWHeHHHX rpaman. llpm stom gopmynm
(54.42) n (54.43) 6ynyT cHOBa YORHH, HO TONLKO BMECTO KPUBH3HK Iyda a/2 B TOU-
Ke KacaBEHA FPaHMIE [i0dxHa GHTHL B3ATa OTHOCHTENIBHAA KPUBM3HA IPAaHNIH |
nysaa/2 — 1/p, rae p — pagmyC KPEBH3HK IPAaHANK, CIATAOIMACA TOI0KATELb-
HEIM, €CIIM HEHTDP KPUBM3HH JIeKAT B CpPeje, B KOTOPOH HCcleyeTcA PacmpocTpa-
EeHHe BOME. JlpyrmMm cioBaMM, BeIWYNHa g B STHX (OpPMyJaax fOXMHAa GHTH
B ofimemM ciydae saMeHeHa Ha a* = a — 2/p,

Puc. 54.3. [ndpaxguonnrie
Jydn B obmeM ciayuae

3t dopMyan merko MOFUPHOUPYIOTCA @ JJA Caydad, KOTZa CKOPOCTb BOJIH
ABnAerca QyEKumeR Brex TpeX RoopmmEaT ¢ = ¢ (, y, 2), MOHOTOHHO yO6HBaio-
mell Opu ygameENH OT paHEHE Tak, YTO EMeeTCH 30Ha TeHH HCCJIEJOBAHHOIQ
Bume THOa [235]. Cropa kamanit qudpaxnuonnnit nya OCFF’ Gyaer coCToATh
us Tpex yuacTkos (puc. 54.3). ¥Ygacrox OC 0T manydareins g0 IPaHMIH I yIaCTOK
FF' or rpaBNRH g0 TOYRYM HabdogeHENA CTPOATCA N0 OGWMHENM 3aKOHAM 1ydenoit
TEOPAN C yIeTOM TOTO, ITO STH JIY9A JOIKHH KacaThCA I'PaHMIN B ToUYKax C u F.,
Ha yuactke CF nya ckoabsmr Bpoab rpammnu. B fopmyne (54.41) mpepskcmo-
HEHIMAJIbHNE MHOMHTENb NOKeH GHTH3aMeHeH Ha MHOMHUTeJ]b, YIUTHBAIOIUH
(aKkTHIeCK M 3aKOH pacmEpeRMA IyUeBHX TPyG6ok; muourens D7 zaMensercs
Ba Dy () Dy (F), rpge D,(C) n D, (F) puancaawrca 00 gopMyiaM (54.42) u
(54.43), B KoTOPHX memoxpsyiorca sHaueRma a*(C) um a*(F) — oTHOCHTeNBHLIE

r

KPHBHU3EH xyiell B C u F; BenndmsaH o, (r — 7,,) 3aMeHANTCH Ha S a, (s)ds,
m

rge s — pgamHEa ayrm Baoab CF. o () paccumThBaeTca Takme 00 GOpMylam

(54.42) m (54.43), B KOTODHIX BMeCTO g TOJCTaBAmeTCA MeCTHOe g* (s), M3MeHSIO-

meecqa B 06mem caydae Bgoas CF.

§ 55. TpajmeRT CKROPOCTH y IpaHAOLI PaBeR Hymo*

Tlyerb CHOBa CKOPOCTh 8BYKa MOHOTOHHO yOHBaeT npu yZalewmuy OT TPARALH
noxympocrpaBeTBa 2 = 0, ogBako (dc/dz),—o = 0 (cm. puc. 55.1, @). B srom cay-
gae KapTEHEa DacOpOCTpaHeHHs BOJXH 6yaerT cylMecTBeHHO WHasd, M B IpegHTy-
meM maparpade. JTo BUAHO X0Ta OH y:xe W3 TOro, YTO IPaHMUHHIA Jyd ¥ 30Ha
TeHA B OGLIHOM CMHICIe FeOMeTPHIecKOi ONTHKH OTCYTCTBYIOT.

JlyaeBas KapTuma n3o6paskeHa Ha puc. 55.1, 6. Jlyq, nMeromuil y noBepxHO-
crit z = 0 MyneBo#l yron HakiIOHa, aCUMOTOTHICCKH (IPH 7 — co) npnbamxaerca
K 970} IIOBEPXHOCTH. OTO BHMIHO, HampEMep, u3 gopMmyun (43.4). IloroxuB TaM
€0S Y, = 1 ¥ BOCHOIB30BaBINNCH pasnoxeHneM n® (3) B page mo 2 (RadmHas ¢ 2%,
MH IOJXydYaeM, 9TO & — vo Kak In z opu z — 0.

* Ilaparpad nanaraetcallo MaTepuanaM, Ti0GesHo npegocrapaeEERM]asTopy B. M. Hyge
paAmoBrN (cM. Taxsme ero paGory [49]).
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¢rz) .

z

Pae. 95,1, Hpoduar ckopocTH 38yKa c(z) B JydeBad KapTHHA [AA CAYTAK (dC/dz)i=o =0

Mp paccmoTpHM cHazana ciaydail mapaGoamdeckoro MpodMiAA ANA KBaZpaTa
NOKasaTeNd NpeIoMJIeNns

2 —_ H 2
n® (z) = 1 + a%?, (55.1)
a TIOTOM, WCHONB3YA METOJ STATOHHOTO ypaBHeHWA, BMUNINIEM De3yJbTaThl gif
ofmero ciaysas.

Kak BugHO ¥3 mpefugymmx Naparpados, HaM Ipe;KIe BCro Hajgo HaliTa pe-
IeHMe ypaBHeHUA

d?v/dz? + [kin? (z) — E} v =0. (55.2)
-Toeneguee mpa yaere (55.1) z npu BBegennn o6osmadenuit
L=V2akz, a=E—k)2ek (55.3)
npeofpasyeTca K BUAY
dw/dg? + (¥4 — a)v = 0. (55.4)
Jlameiino He3aBACHMHKMIY peIlleHAAMMA 3TOTO ypaBHeHua GymyT
u(z), v(2) = Dpiay, (CeF™), (55.5)

rge D — $yrxuua napabonmseckoro muamuApa (cm. [95]). Ilpm { > o mmeem
acHMUTOTHRY :

u(z), v{z) ~5rexp [¢i§2/4iixln1§ — na/h T iny/8). (55.6)

Msut BEgEM, 9T0 ¥ (2) yHOBIeTBOPAeT TpefyeMoMy HIMH yCIOBWI HDH Z — 00,
T. e. MMeeT BuA yXopamedl Bomnsl. ITpejnoiosKuM, 9T0 FpaHAYHOE YCIOBHE IpH
z = 0 umeer pag P (0) = 0. Torga mETerpaZibmoe BHpANKEeHAe KA noxa Gyzer
naBatben Qopmynamu (47.3") m (47.19a). Yurs sHagsemne BpomckHama (47.20)

w = — V Zakgexp (27/2), (55.7)
a TaKKe, 9TO

T ( %) o(Eiaje-14)
Dy s,(0) = "'—‘-'§~—‘i§_“" , {55.8)
r(rF7)
IOJdy9aeM
i T :
—_— e 1at) —ix/4
. in o N2 toe/2 —ix —a [
% [ Dty (o) — e Lo L Doy, (Leive) [ ol () B3 (55.9)
Bpech L, = V 2akys,. Kax Beerja, Bupamerine mpy z > 2, noxyvaerca m3 (55.9)
3aMeHOK 2z 2 z;. lloNiocH' mOgHHTerpaisHO# QyHKIHM JalTCA YpaBHeHHeM
(47.24a). B nanmom caygae sro momiock $yrknma I' (3/4 + ia/2) 1 ciezoparens-

0<Z<Z1,
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HO,

a/¢+i11/2=—l+1, 15:1.,2,

Il
oy = 20l —1/,). (55.10)
Brruncias BHIETH B NOIIOCaX , HaXOIUM
0Lz o0,  (r,2) = X ilr, 2), (55.11)
I=1
ko o-2l+¥,in g ) /
Py(r,2) = n V% (l———m‘ﬁ—_‘_/ﬁ Doy (5ye78) Doy (Geme%) HyY (yr),
(55.12
IIe
E) =k + &koai (I — 4/,). (55.13)
Mpn ak, << 1 n BeGoxpmax [
£y kg + 2ia (I —1/,). (55.14)

Or:iona BupuM, 9T0 npu Goxbwux r, ¥, (r, z) Gyner cogepxars Garrop exp (—2alr),
T. 6. 9eM BHIIE HOMEDP BOJHH [, TeM OHCTpee 3aTyXaeT ee AMIIATYAA UPH yBEJIH-
genn# r. lpa ar >>1 MOMHO yIWTHBATH TOJABKO MEPBYH HOPMANbLHYH BOJHY
] = 1. [Ing uee mmeeM, YUHTHBafg CBAIb M@y QyHKUEAME HapaboamiecKoro
MUAHAMpa B DOJAHOMAMH JPMHATa {CM. CHOCKY K c1p. 317):

W (ry 2) =V mako Gy exp [(i/4) (€ + 81 — 1 HE (&ur). (55.15)

910 BHpaKeHAe MOKeT GHTH 0606mEeHO Ha NpPOU3BOJBHEI ciydait n (z), MoHo-
TOHHO BO3PaCTalOmero NpH yBelwdeHud z (upa ycaosan, 910 ' (0) = 0), a Tarxe
sandcaHo B BHje {04.40), cooTBeTcTRyWOMEeM KOHMennuH nudpaKkHOHABX Tyqei,
He npmBona BHBONa, YKaXkeMm, UT0 BHpa)keHHe [Jd NepBOH HOPMalbHOH BOJHEH
B 9TOM CIydae saumchiBaercs (mpu &y > 1)

9 (r, 2) = 2a [0 (2) — 117" [n* (2) — 117 (&) P exp [ — 0l — 1) |
X exp [ikyr + L% (2,)/4 + 102 (2)/4 — iny2], (55.16)
e
1, Y2 1
a=(—2—n (0;) , o aket, rm=—(5(z)3() (55.17)
Oyuknua { (z) onpenenseTca COOTHOWEHUEM

£ (2) = 4koS Vi (z) —1de, (55.18)

at oupenenne'rcn A3 [ACTEeDPCHOHHOI'0 ypaBHeHHA

g sz gl! dz=n (l — 1/4), k (z') = El' (55.19)

Herpynuo mpaMoii mopcramoBkod (55.1) B (55.46—55.18) m ncnoxbzoBanmem
acaMnToTuxE pia HY (& r) B (55.15) mokasars, Tomaecrsennocts (55.15) u (55.16)
Bas nal)_a_ﬁ_onmecxoro npodwia. B wacrmocrn, $ynknuma {(z) npespamaerca B
§ =V Zak, z B coorBercrBru ¢ (55.3). Ms BUARM, 9T0 DX yJajIeHEH OT H3TYIae-
74 DoJe JKCIOHeHNHanbHO y6nBaer. OnHAKO, NOCKOJABKY B PacCMATPHBAEMTM
cIydae 30HAa TeOMETPUIECKOH TeHH OTCYTCTBYeT, r = I,, Haj0 TPAKTOBATH KOK
TPaHALY HeKoTOopoil «addexTuBrOi» TeHH. B ornmanme or ciydanm, paceMorpennaro
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B § 54, r,, 3aBHCHT oT YacToTsl. Tak, gua mapafoamaeckoro npodmia:
F = = In (20ky22,). (55.20)

Yem prime 9acToTa, TeM JAJbINE OT A3JyYaTeNd PAacHOI0keHa TPaHANa o{peKTHB-
HOH 30HH TeHM.

Kax BugaO H3 (55.16), Kospdunuent zaryxanua BOAHL B 30He 3(dexTABHON
TeHd (B oTiawade OT ciyiag § D4) He 3aBUCHT OT YACTOTHL

IlpencTaBisier HATepec BOOPOC, KaK CBA3aHO ypaBHeHMe I' = r,, TIpaBEOH
apPexTHBHOH 30HHL TeHH ¢ ypaBHOHHEM DPeajbHOTO Jyda?

Jlya pwmemmnii g3 ManydaTens UO0[ yIIOM CKOJbKeHNs y; H 3aBOpavHBa-
A Ha TOpH30HTe z', BOSBPALIAETCS Ha yPOBeHDb 2, MPOMS PacCTOsHME IO TO-
pusonTamm (cM. § 47):

2’ ’

kod ¥ kod
r=§, V:T:é? +3 ﬁ‘;-_i?, E=Fkycosy. (55.21)

Has napaboamaeckoro mpogmas (k? = ko* (1 + a’2%)) EMeem nocie BRYHCIEHHA
HHTErPaloB

»

g, G+ VE—4¢+ VE—4),

r=-—-In , (55.22)
0ol 4o

e @ B [ no-npeskHeMy JaloTcs cooTHOmeHMAMH (D5.3). Hus nyda, Kacawomerocs

rparaqe (27 = 0), uMeem & = k;, & = 0, r = 00. OgHaKo, ecam BMeCTO 7' pac-

CcMaTpABaATh

— g i
R=r T In )
T. €. BHYECTH M3 I NOCTOAHAYI0, He3aBHCEMYIO OT z I 7, BeIRYHHY, o6pamamnmy-
oca npr £— k, B 6eCKOHEYHOCTD, MBI NOIyTaeM

e
e @tV =g+ VP4
R—TO;-].H Z .

9Ta BeXmyHHEA y)xe He ofpamaercs B GecKOHeIHOCTh H Jisi IPaHNIHOrO Jyda
(E = kg, @ = 0) paBra

i
Ry =—In(C),
T. e. copnapaer ¢ (55.20).
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