AKYCTHYECKHH XKYPHAJL, 2022, mom 68, Ne 3, c. 285—299

AKYCTHUKA OKEAHA.

I'MAPOAKYCTUKA

YIIK 534.231

OIIEHKA CKOPOCTH 3BYKA B 'ASOHACBIIINEHHOM CJIOE OCAJIKOB

I1I0 BPEMEHMU IIPUXOJA CUTHAJIA ITIOCJIEBECTHUMUKA
© 2022 r. B. A. I'puropnes*

Boponexcckuii eocyoapcmeennbiii ynusepcumem, Yuueepcumemckas na. 1, Boponexuc, 394018 Poccus
*e-mail: grigd@yandex.ru
IToctynuna B penakuuio 07.12.2021 r.

IMocne nopadoTtku 07.12.2021 .
IMpuHsaTa k nyonukanuu 25.01.2022 r.

B paMKax 4MCIIEHHOTO MOIEIUPOBAHMST pACCMOTPEHO PACIIPOCTpaHEHNE HU3KOYaCTOTHOTO 3BYKOBOTO M-
MyJibca B MEJIKOBOITHOM BOJIHOBOJIE, COCTOSIIIIEM M3 TPEX XKUIKUX CIOEB: BOTHOTO c10s1 (TomimHoi 30 M,
co ckopocThio 3ByKa 1500 m/c), cnost razoHackieHHbIX ocankoB (0.4 M, 300 M/C) 1 HUXKHETO TMOJIYIIPO-
crpancTBa (1560 m/c). TTogoOHas cuTyarys uMeeT Mecto Ha o3epe Kuneper. ITokazaHo, 4TO IIpU pacro-
JIOKEHUY MCTOYHWKA W TIPUEMHUKA BOJIV3M THA Ha paccTOSTHUY Topsinka 10 myGMH BOJTHOBOAA APYT OT
Jpyra, B IPMHUMAaeMOM CUTHAJIE XOPOIIIO HAOIIOAAIOTCS IBa TUIIA UMITYJIbCOB, 3HAUUTEIbHO pa3aeIeHHbIX
Mo BpeMeHU npuxona. CHavaja MIpUXOIUT TPYyIIIa UMITYJIbCOB, COOTBETCTBYIOIIAsI CKOPOCTH 3BYKa B BOI-
HOM cjioe. 3aTeM MPUXOAUT ONMHOYHBIM UMITYJbC — MOCAeBEeCTHUK. OH MPUXOAUT C CYIIECTBEHHON 3a-
TIEPXKKOM U COOTBETCTBYET PACIIPOCTPAHEHUIO 3ByKa B HU3KOCKOPOCTHOM Ta30HACHIIIEHHOM CJIO€ OCajI-
KOB. MOMIOBBIi1 aHATM3 MOKA3bIBAET, YTO MOCIEBECTHUK MPEACTABIISIET COO0I BeCbMa HEOOBIYHYIO MEPBYIO
Moy (TaK Ha3bIBaeMYIO BTEKAIOIIYI0 HOPMaJIbHYIO MOJTY), 3aXBa4eHHYIO Ta30HACHIIIIEHHBIM CI0eM o100~
HO TMOABOIHOMY 3ByKOBOMY KaHaly B okeaHe. CKOPOCTb paclpOCTpaHeHUsT UMITYJIbca MepBOil MOMIbI OKa-
3bIBaeTCs OJIM3Ka K CKOPOCTH 3BYyKa B TA30HACKIIIIEHHOM CJIO€ B TOCTATOYHO ITMPOKOM JTUAITa30HE YacCTOT,
YTO JaeT BO3MOXHOCTh OLIEHKU 3TOI CKOPOCTU IO BpEMEHM MPUXO0/ia MOCIeBECTHUKA.

Knroueswie crosa: Menkoe MOpP€, ra30HACBIIICHHBIC OCaAKH, ITOCIICBECTHUK, HOpMaJIbHasaA MoJa, BT€Karolias

MOJ1a, BBITEKAIOLIAsI MoJa, KBa3uMoa
DOI: 10.31857/50320791922030030

BBEAEHUE

ITpu pacnpocTpaHEHMM aKyCTUYECKUX UMITYJIb-
COB B MEJIKOBOJHBIX BOJTHOBOAAX C YKECTKUM THOM,
T.€. KOTIJa CKOPOCTh 3ByKa B JIHE OOJIbllle CKOPOCTH
3ByKa B BOJIE, MPU OINPEIEICHHBIX YCIOBUSIX MOXHO
HabJ1101aTh CUTHAJIBI IPEABECTHUKMU (precursor signal
(presignal)). OTu curHajbI CBSI3aHEI C pacIIPOCTPaHe-
HHEM 3ByKa B IIPUNIOBEPXHOCTHOM CJIO€ IHA U TO3TO-
MY MPUXOIST ObICTpee, YeM CHUTHAaJIbl, PacrpocTpa-
HsIIoIIMecsl 0 BOOJHOMY cJioto. B yacTHocTu, mnpen-
BeCTHUKaMU (presignal) sIBSIIOTCSI TaK Ha3bIBaeMble
OOKOBBIE€ BOJIHBI U TPYHTOBBIE BOJIHHI [1, 2].

BosHukaeT Borpoc, 4To OyIeT, eCliv JTHO MSITKOE,
T.€. KOIlIa CKOPOCTh 3ByKa B JHE MEHBIIIE, YeM CKO-
pocTh 3ByKa B Boze? B 3ToM ciiydae, eciii oKa3bIBaeTCsI
BO3MOXHBIM pacIipoOCTpaHEeHME 3ByKa B IIPUIIOBEPX-
HOCTHOM CJIO€ IHA, TO JOJKHBI HAOMIOAATHCSI CUT-
HaJIbl MOCIeBECTHUKU (postsignal), T.e. HU3KOCKO-
POCTHEIE TPYHTOBBEIE MMITYIbCHI, IIPUXOASIINE I10-
Cclie  BBICOKOCKOPOCTHBIX BOIHBIX MMITYJIbCOB.
Bpems 3agepXKy MOCIeBECTHUKOB JTOJDKHO OBITh TEM
Oosnbllle, yeM 0oJice aKyCTUYECKU MSITKUM SIBJISIETCSI
MOPCKOIi TPYHT.

B Hacrosiiee BpeMsi XOpOILlO U3BECTHO, YTO JaxKe
He3HAYUTEJIbHOE TIPUCYTCTBUE MY3bIPHKOBOIO ra3a B
JIOHHBIX OCaJKaxX CYLIECTBEHHO yMEHBIIAeT CKO-
pOCTb 3ByKa B HUX, IPeBpalliasi IepBOHAYaAIbHO aKy-
CTUYECKU KECTKOE THO B aKyCTUUYECKU Msrkoe. Tak,
pu 06BEMHOM COAEPXKAHUM Ta3a B OCagKaX BCETO
0.1% ckopocTh 3ByKa B AHE MPUHUMAET 3HAYCHUS
100—300 M/c, 4TO MEHBIIIe CKOPOCTH 3ByKa B BO3IIyXe
[3]. ITomoGHEIE, KpaiitHe HU3KME 3HAUCHWST CKOPOCTH
3ByKa B JIHE, HEPEAKO HAOIIOAAIOTCS B MPUITOBEPX-
HOCTHOM JOHHOM CJI0€ BOJOXPAHWIUIL U 03€ep, UTO
OOBIYHO OOBSICHSIETCS BBIIEJICHUEM ra30B B IIpoliecce
pasiioxxeHus1 opraHuku. Hampumep, sKcriepuMeH-
TaJTbHO OTMEUYEHBI CJIEOYIOIIe 3HAYEHUsI CKOPOCTU
3ByKa B Ta30HaCHIIeHHbIX ocankax: 100 m/c — Kirsi3b-
MUHCKOe BomoxpaHwmmiie [4, 5], 200—250 m/c —
HMBanbkoBckoe Bogpoxpanwuiie [6], 100—500 m/c —
o3epo Kuneper [7, 8]. Huskue 3HayeHNsI CKOPOCTH
3ByKa BCTPEUAIOTCS TAK3KE B Fa30HACHILIIEHHBIX OCall-
KaX BHyTPEHHUX U 11enb¢oBBIX Mopeil. Hanmpumep, B
JIOHHBIX oT/IoXeHusIX bantuiickoro Mopst 3auKkcu-
poBanbl 3HaueHust 70—90 M/c [9], B ocankax adpuKaH-
ckoro mejbda AtaaHtTudeckoro okeada — 500 m/c [10],
Ha bapenueBo-Kapckom mennspe — 800—1200 m/c [11].
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Puc. 1. Moaenb BOJTHOBOAA.

I1pu 5TOM B MOPCKHUX U LIETB(OBBIX 30HAX MTOMUMO
pa3lIoXeHUsI OPraHMKU B MPUIIOBEPXHOCTHOM CJIO€
JTHA 3a4aCTyI0 IIPUCYTCTBYET (haKTOp BhIICJICHUS ra3a
13 0oJiee TNIYOMHHBIX CJIOEB.

I1y3bIpBEKOBEIN Ta3 OOBIYHO KOHILIEHTPUPYETCS B
MPUIIOBEPXHOCTHOM JTOHHOM CJIO€. DTOMY MOTLYT
CIIOCOOCTBOBATh TOHKUE INIMHUCTBIE OTJIOXKEHUS Ca-
MOIO BEPXHETO OCAJOYHOTO CJIOSI, BBIITOJHSIOIINE
pOJIb MOKPHILIKU U CAEPXKUBAMOIIUE BBIXOMI Ta3a U3
rpyHTa B Bomy. Takum oOGpa3oM, BO3HUKAET CUTYya-
111, TP KOTOPOM BBIIIIE Ta30HACHIIIEHHOTO CJIOS
0CaIKOB pacIiojaraeTcs Boaa, a HIKe — I'PYHT ¢ Ma-
JIBIM coaepXaHWeM rasza win 0e3 raza. CooTBeT-
CTBEHHO, CKOPOCTb 3ByKa B Ta30HACHIIIICHHOM CJIO€
OKa3bIBaeTCsl HUXKE CKOPOCTEil 3ByKa B OKPY>KaIOIINX
cpenax, T.e. oopasyercs Ipo@duiIb CKOPOCTH 3ByKa C
JIOKaJIbHBIM MWHUMYMOM IIOJIOOHO ITOABOTHOMY
3BYKOBOMY KaHaJIy B oKeaHe. B 3Tux yclIoBusix, Kak B
MOOBOJHOM 3BYKOBOM KaHaJle, BO3MOXEH 3aXBaT
aKyCTHUYECKOTIO II0JISI BHYTpM KaHajia U €T0 paclpo-
CTpaHEHUE CO CKOPOCThIO OJIM3KOI K CKOPOCTU 3ByKa
B ra30HAaCBILLIEHHOM CJIOE.

B manHoi1 pabote Ha mpuMepe Moaeau o3epa Ku-
HepeT paccMaTpUBaEeTCsS OIMCAHHAS BBIIIE CUTYa-
uus. [lokaspiBaeTcsl BO3MOXHOCTh HAaOIOACHUS
CUTHAJIOB TIOCJIEBECTHUKOB, PACIPOCTPAHSIIOIINXCS
B Ta30HACHIIICHHOM CJIO€ OCAIKOB M IPUXOMSIINX
M03Xe CUTHAJIOB, PACIIPOCTPAHSIOIINXCS B BOTHOM
cioe. Bpems mpuxona mocaeBeCTHUKOB MO3BOJISIET
OLICHUTh CKOPOCTH 3ByKa B TA30HACKIIIIEHHOM CJIOE.

3aMeTUM, YTO O BO3MOXKXHOCTH BOJHOBOIHOTO
pacripocTpaHeHUs 3ByKa B NMPUIOHHOM Tra30HAChI-
IIEHHOM CJIO€, TO-BUIUMOMY, BIIEPBBIC OBLIO BBI-
ckazaHo B [12]. OnHaxko B [12] He paccMaTpUBaIOCh
UMITYJIbCHOE U3JTyYeHUE U CBI3aHHOE C OTUM ITOSIB-
JICHUE TIOCJIEBECTHUKOB, Ha YeM JeIaeTcsl aKIeHT B
JTaHHOIT paboTe.

AKYCTUYECKUN XYPHAJ Ne 3

TOM 68 2022

289
1. TOJE B BOJIHOBOJE. TEOPU4
1.1. OcHosgHbie coomHouwerus

PaccMoTpuM MI0CKOCIOUCTHIN BOJHOBOJ, ¢ BOJI-
HBIM CJI0EM TOJIIIWHBI H Y THOM B BUIE OOTHOPOIHO-
IO XKUAKOTO CJIOSI TOJIIWHBI A, JIeXKalllero Ha OIHO-
POIHOM XUIKOM IToaynpocTpaHcTBe (puc. 1). ITapa-
METpbl COOTBETCTBYIOLIMX CJIOEB 0003HAUYUM: ¢ (Z),
¢, ¢, — CKOPOCTH 3BYKA, P, Py, P, — IUIOTHOCTH, 3, /,
B,; — KO3MGULMEHTDI TOTEPb.

I1ycTh TOYEUHBIH N30TPOIMHBIN MCTOYHUK PacIio-
JIOXEH B BOIHOM ciioe U umeeT koopanHartsl (0,7, ).
M CTOYHUK M3JIy4aeT UMITYJIbCHBIA CUTHAJI CO CIEK-
TpOM s, (®), Toe ® = 27mf — yacrora 3ByKa. Bymem
CUUTATh, YTO S (()) — CMEKTP KOMILIEKCHOTO CHIHa-
Jia, KOTOPbI paBeH HyJIo IIpu o < (. PazamepHOCTh 1
BEJIMYMHA AMIUIUTY/IbI M31y4aeMOro CIIEKTPA B 1ajb-
HeifleM He OYIyT BaXHBbI, T.K. IPUHUMAEMBbIil CUT-
HaJj1 OyJeT pacCMaTpUBATLCA B HOPMUPOBAHHOM BU-
ne. Ho g onpeneneHHOCTH OygeM CYMUTATh
max|sy(w)| = 1 ITa ¢ M, r1e pa3sMepHOCTb BHIOPaHA B
COOTBETCTBUU C pa3MePHOCTHIO (byHKIMK [prHa (M~
CM. HIKE) TaK, YTOObI IPMHUMAEMBIN CUTHAJI UMET
Pa3MEpPHOCTD JABJIEHUS.

I[IpuaMMaeMblii curHaa (3BYKOBOE IaBJIEHHE) B
HPOU3BOJIBHOI TOUKE (7,Z) BOJIHOBOIA 3aIUILIEM B
BUJIC

p(t) = Re?s (w)exp (—iot)dw, (1)

rae s(®) — CIeKTp NPUHMMAEMOro KOMIUIEKCHOTO
curHana, ¢ — spems. Mznydyaemblii 1 IpUHUMaEeMblit
CIIEKTPBI CBSI3aHbI PAaBEHCTBOM $() = G(W)s, (W), rae
G(w) — ¢yukuus ['puHa BomHOBoAa (MM B APYroit
TEePMUHOJIOTUM TiepeaaTodyHasi (PyHKIIMSI BOJIHOBOA).
®Oynkiusg ['pyHa HaAXOAUTCS U3 PEILICHUs] ypaBHEHUS
I'enbMronbplia MpU COOTBETCTBYIOIIMX T'PAHUYHBIX
YCIOBUSIX:

{li(,@) a—2+K2}G = 3(z- ZO)M

ror\ orl 97 2nr’
G|z=0 =0, G|z=H— = G|z=H+ )
196 _ 106 @
p 0z =H- P 0Zl =+ ’
. =q_, , 196 _-1G
=H,— =H+

Pi 0z =t- P2 0z =H+
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k, 0<z<H,
K =3k, H<z<H,
k2: Z>H1a
(O] o .
k==, kl,2:_+lBl,2ffa
c Clh

8(-) — nenpra-dbynkumsa Aupaka.

JloImoMHUTEeILHEIM YClIoOBUEM K (2), BBIOEISIO-
IIUM €IWHCTBEHHOE pelIeHUE, SIBJISIETCS YCIOBUE
U3TydeHUsT Ha OECKOHEYHOCTH, KOTOpOE€ B CiIydae
TTOTIOMIAIOIIETO JHA CBOIUTCS K OTPaHUYCHHOCTH
dyHk1mu I'pruHa Ha 6eckoHeyHoCTH [13]:

|G| = 0(1) npu (r,z) — . (3)

3agaya (2) UMeeT TOYHOE pellleHue, 3aluchbiBae-
MOe€ TSI KaXKIIOTO CJIOST B OTACIBHOCTH B BUIIE HECO0-

CTBEHHOTrO MHTerpaia G = J. B 0(&)d&. Mns BonHoroO

CJIOST TAaKOM MHTErpall l'IpI/IB_eI[eH B [14] (dbopmyibl
9)—(12) npu X =1).

3HaHMe TOYHOTO PELIeHUs] BaXKHO TIPU pacyeTax
MOJISI, a TaKXKe UISI TECTUPOBAHUST MPUOIMKEHHBIX
pemienuii. OOHAKO MHTErpajbHas (opMa TOUYHOIO
peleHus HeynooHa 1Tl (PU3NIEeCKOro aHaam3a Io-
JIydeHHOTro peuneHust. JIis mpoBedeHUs aHaIu3a, a
3a4acTyio U IJIS YCKOPEHHUsI PacdyeToB, B aKyCTUKE
MEJIKOTO MOpSI IIMUPOKO IPUMEHSIETCS MOIOBBII
MOIXO/.

I[Ipr MomoBOM TIOmXOIE WCITONB3YETCS TEOPHS
BBIUETOB [IJIsI MIpeoOpa3oBaHUsI TOYHOIO PELICHMUSI,
3allMCAaHHOTO B BUIE HECOOCTBEHHOTO MHTEIrpaia, B
CyMMY MOJI IWCKPETHOTO CIIeKTpa (BBIYETHI (DYHK-

uun (&) B nomocax £,,) 1 HENPEPLIBHOTO CIEKTPa
(uHTErpaj 1mo 6eperaM paspesa, UAYIIETo OT TOUKU
BETBJIEHUA K, ):

G =2y Reso(8) + [ 0(8)dE.

Pa3zpe3 MoxeT OBITE ITPOBENEH IIPOU3BOJILHO [ 15, 16].
B cooTBeTCTBUM C 3TUM, MEHSIOTCS 3HAaYeHUSI He-
MIPEPBHIBHOTO U AUCKPETHOTO CIIEKTPOB IIPU COXPaHe-
HMU UX CYMMbl HEU3MEHHOI U paBHOI TOYHOMY pe-
IIEHUIO. 3aMETUM, 4YTO WM3MEHEHME IUCKPETHOTIO
CIEKTpa CBsI3aHO C U3MEHEHUEM YKCcia MOCoB &,
Ha KOMIUIEKCHOM IUIOCKOCTU, KOTOPBIX CTAaHOBUTCS
0oJibllle WM MEHbIEe B 3aBUCHUMOCTU OT CIIoco0a
MpoBeIeHUs pa3pe3a (IToapobHee O pa3IuYHbIX THU-
max pa3pe30B CM. HIXKE).

Ecniu HempepbIBHBIM CIEKTPOM MOXKHO IpeHe-
6peub (4TO peryaupyeTcsl TATIOM pa3pes3a U pacCTos -
HUEM r), TO pemeHue (2) mpuOIrmKeHHO MpeacTaB-

I'PUTOPLEB

JIIETCSl AUCKPETHBIM CIIEKTPOM MOJI, UMEIOIIUM B
[14, 17]

G =12 V@V (R H Gr) @)

rie M — 9MCIo MO IMCKPETHOTO criekTpa, H ()—

¢byHkums XaHkessi repsoro pona, V,,(z) u §, —
HOPMUPOBAHHbIE COOCTBEHHBbIE (DYHKLIUU U COO-
CTBEHHBIC 3HaueHUs (1omioca) 3amaum IllTypma—

JInysunng B obnactu 0 £ z £ H,:
\u',:,+82\|1m20, 0<z<H,

v, +Ey, =0, H<z<H,
Won (O) =0, Y (H _) =Wy (H +)3 (5)

my,, (H =) =, (H +),

v, (H)+ glw‘m (Hi-)=0
C YCJIOBMEM HOPMUPOBKU

H H, .2 (H)

i
J.an(z)dz+ij‘\vfn(z)dz+h=l, (6)
9 m s 2mye,

fIee = \Ikz _gi’el = \Ikl2 _gfnsml,Z :&’gl :%;
p me,

LITPUX O3HAYAET TPOU3BOIHYIO IO Z; 00JACTh IOKC-
Ka nomocoB Re&,, > 0, Im¢,, > 0.

Bce pagukanst Ve B MIPUBEACHHBIX BbIIIEC (pOpMY-

JJaxX U gajie€ Imo TEKCTY INOHMMAaroTCA OOAHO3Ha4YHoO,

KakK IJlaBHO€ 3HEI‘1€HI/IC1 KOMIIJIEKCHOTO KBaaApaTHOTI'O

KOpPHS, Y KOTOPOIro Re+# > 0. Ecim Re+ = 0, To

BbIOMpaeTCcs 3HaYeHUE, Y KOTOPOTO Im+* > 0. HaH-
HOE TIPaBUJIO COOTBETCTBYET (DyHKIIMU Sqrt B TTaKeTe
npuKiIagHbIX mporpaMM MATLAB.

BrlpaxeHue ais NEpeMEeHHON €, 3aluChIBAETCs
MMO-pa3HOMY B 3aBUCHMMOCTH OT BbIOPAHHOTO THUIIA
paspesa. B iutepaTtype ucrnofib3yeTcsl Tpy TUIIA pa3-
pe3a [16]: M-pa3pe3 (pa3pe3 MATLAB), P-paspes (pas-
pe3 Ilekepuca), EJP-pa3pes (11o umeHu aBropoB Ewing,

Jardetzky, Press). O6o3HauuM g, = \/kzz —éf,, To-
roa (puc. 2):
1) nnss M-paspesa: €, = 834 (TuHuUsa paspesa
Ree) =0);
M
g, ¢ NM2,
2) nnsa P-paspesa: g, = : o S rae
-, &, € NM2,
NM2 — 06J1acTb COBMECTHOTO BBIMTOJTHEHUSI YCJIOBUIA
Im eéw < 0 u Re& > Rek, (muHMs pa3pe3a UaeT Bep-
TUKAJIbHO BBEPX OT TOUYKHU K, );

1 BTO]:)OC HE TJIaBHOC 3HAYCHHNEC KOMIIICKCHOTO KBaapaTHOIO
KOPHs OTJIMYAC€TCA OT IJTaBHOI'O 3HAYCHUS 3HAKOM.

AKYCTUYECKUM KYPHATT Tom 68 Ne3 2022
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Imé M-pa3pe3 Imé P-paspes Imé EJP-pa3pes

\\ | Imed =0

\\ \\ QM

\ QM \
' \ NM2 NM2
\\\ Reed =0 \\\W
e _
NMI k'z\x NML "t NMI "t

0 Reé 0 Reé 0 Reg

Puc. 2. [Toka3aHbI TpU TUTIA pa3pesa (KUPHAs JINHISI), UAYIINE OT TOYKU BETBICHUS k. [lommoca &, MOTYT HaXOIUTHCS B 00-
nactsix NM 1, NM2, QM, 4To cOOTBETCTBYET TpeM ThIlaM Moa: NM 1 — BeITeKatole HopMaJibHble MOIbl, NM?2 — BTeKalolme

HOpMaJbHble MOIbl, QM — KBa3uMO/bI.

M M
g, Imeg, >0,
YTO
M M
-&,, Imeg, <0,

. [g2 2
9KBUBAICHTHO €, =i\, —k;, (1MHMA paspesa
M

Hna EJP-pa3pes3a uncino Mmom M KOHEYHO, IS
M-pa3zpesa u P-pazpesza — 6eckoHeuHo. HezaBucu-
MO OT TOTO, KaKOU THUI pa3pe3a UCIOIb3yeTCs, IPU
pacdeTax IUCKPETHOTO CITIEKTpa OepeTcss MUHIMAaJTb-
HOE Y1CJIO MOJI, TIPU KOTOPOM A00ABOYHbBIE MOABI HE
UTPAOT 3aMETHOM POJIH.

3) nnsa EJP-paspesa: ¢, =

Nrak, coracHo (5) u (6) HaxomsTes momoca &, 1
COOTBETCTBYIOIIIE UM HOPMMPOBAHHBLIE COOCTBEH-

Hble yHKuMKM Y, (z) B obnmactu 0 <z < H,. Ilpu

z > H, (B HMXXHEM TOJNYNPOCTPAHCTBE NHA) COO-
CTBEHHBIE (DYHKIIVH paBHbI

(7)

VYuuteiBag, 4To ¢; = const B cnoe H < z < H,, u3
BTOPOTO ypaBHEHUS (5) U TpaHUYHBIX YCIOBUIL IIpU
z = H mnojyyaeM BBIpaXeHHE IS COOCTBEHHBIX

¢dysxumit npu H < z < H,; (B BEpXHEM CJIO€ 1HA):

Y, =V, (Hy)explie, (z - H,)].

Vo =V, (H)cos[e (z - H)]+

A 8
My, (H)sinle, (z = H)) @
1

re v, (H) = v, (H -).

IMoncrasnsag (8) B rpaHUYHOE ycIoBYE IpH 7 = H,
n3 (5), mojiydaeM OIHO TI'pPaHMYHOE YCJIOBHE IIpU
z=H n 3agauy lrypma—JluyBmwuigs B obiactu
0 < z < H (B BOZHOM cJIOe):

”" 2
m + 8 m = 09
v, (0)=0, v, (H)+gy,(H)=0,
AKYCTUUYECKUH XKXYPHAJT TOM 68 No 3 2022

e _imy| 1+ Dexp(i2¢eh) Mg — mg,
81 1 - DCX]) (izelh) ’ m281 + m182
VYcnoBue HOPMUPOBKU COOCTBEHHBIX (DYHKIIMI MPU

pemeHnu (9) octaeTcs MPeKHUM, T.¢. (6).

B yactHOM ciydae mpu ¢ = const peuieHue (9)
npu 0 < z < H uMmeet BUf
vy, = Nsin(ez), (10)
rie N — KoadhGULMeHTH HOPMUPOBKU, BHIYUCIISIC-
MbI€ [JIS1 KaXXIOM MOIBI OTAEIBHO U3 (6).

IMomtoca &,, mpu ¢ = const HAXOASITCS U3 pelie-
HUSI ypaBHEHUSI

sin(eH )+ gecos(eH) = 0. (11)

1.2. Knaccugpuxauyus moo

B manHoM pasznelie mpoBelneM KiaccupUKALIAIO
MOJ U YTOUHUM TEPMHUHOJIOTUIO, YTO HEOOXOAUMO
JUJTSI JIy91Iero MOHUMAaHUS IPUBEACHHBIX B pasaene 2
pE3yJIbTaTOB PacyeTOB.

Kazknoe cnaraemoe qucKpeTHoro crnekrpa (4) Ha-
3BIBACTCSI MOJIOM. MOIBI SIBJISIIOTCS YaCTHBIMMU pelle-
HUSMH OTHOPOIHOTO ypaBHeHUs [enbMToibiia ¢ co-
OTBETCTBYIOIIMMU I'paHUYHBIMU YCJIOBUSIMU (3a7aya
(2) ¢ HyneBOM NMpaBoii YacThiO B ypaBHeHUU [eabm-
rojbia). HopMarbHBIMI MOZaMM Ha3BIBAIOTCSI MO-
JIbl, JOTIOJHUTEBHO YIOBJIETBOPSIOIINE YCIOBUIO
n3nydyeHuss Ha OeckoHeuHocTH (3). KBasumomamu
Ha3BIBAIOTCS MOIIBI, HE YIOBJIETBOPSIOIINE YCIOBUIO
HU3JIy4eHUs Ha OeCKOHEYHOCTH (3).

[TpuszHakoMm, OTAMYAIOIIUM HOPMaIbHbIE MOIbI
OT KBa3UMOJ, SIBJISIETCS MOBEIEHUE BOJHBI B TOJY-
npocTpaHcTBe aHA. Mcnonb3yst (7) U aCUMIITOTUKY
dyHKIMM XaHKes

HY (&, ) - EX2U5)

Er

b



292 IPUTOPHLEB
(a) (6) (B)
NMI NM2 oM
q P
q —
—
P P a
Z Z

Puc. 3. Ctpykrypa BojHbI (12) B HIDKHEM ITOJIYIIPOCTPAaHCTBE MHa: (a) — BBITEKallasi HopMajibHast Mona, (6) — BTeKarolast
HOpMaJibHasi Mojia, (B) — KBa3uMoa. AMIUIMTYIa BOJTHBI YObIBAaeT B HAIpaBJieHUY BeKTopa p. Pa3oBbie GPOHTHI NEPIEHI -
KYJISIDHBI BEKTOPY . PactipoctpaHeHue $ha3oBbIX GDPOHTOB U IEPEHOC IHEPTUU TTPOUCXONSAT B HATIPABICHNH (.

noaydaeM u3 (4) 11 KaxkKIo0ii MOIbI B IOy POCTPaH-
cTBe AHA (z > H,) BOJIHY BuOa

G, ~expli(§,r+&z—wt)| =

12
= exp (—pr)exp[i (qr — o7)], 2

roae AOINIOJIHUTCIBbHO BBCIACH d)aKTOp BPpEMCHHN

exp(—i®?), BBeIEHbl 00O3HAYCHMS] BEKTOPOB:
r=(r,z), p=(Img,,Imsg,), q=(Re§,,Res,), n
I/

-1/2 o
JIJISI TIPOCTOTHI OIMYILEH MHOXUTENb '~ , KOTOPbIi B
OKPECTHOCTHU IIPOU3BOJILHOTO PACCTOSHUS ¥ MOXHO
CUMTATh KOHCTAHTOIA.

Bomna (12) gBisercss HEOTHOPOMHOIM BOJIHON
[18]. Ee ammuTyna yObIBaeT B HAIIpaBJIeHUM BEKTOPa
p, dazoBbie (PPOHTHI NEPIECHAUKYJISIPHBI BEKTOPY (.
BekTopa p 1 q HeKoJITUHeapHBIE, TO3TOMY aMILTHUTY-
JIa BOJTHBI MeHsIeTCsI BHOJb da3zoBoro ponra. Ilom
HaIpaBJIcCHUEM PacHpOCTpaHEHUs] BOJHBI MOHUMA-
eTCs HampaBlIeHUEe paclpocTpaHeHus1 (Ha30BOro
dpoHTa, T.e. HampaBlieHHe BekTopa (. IlepeHoc
SHEPrum IMPOUCXOIUT TAKXKe B HaINlpaBieHUU (. eii-
CTBUTEJIBHO, 1JIs1 BOJHEI (12) mmeem [19]:

I; = 20p,) " Im(G,VG,,) ~ qexp(-2pr),

rae I, — BEKTOp IUIOTHOCTU IOTOKA aKyCTUYECKOM
MOIIITHOCTU, YCPEIHEHHBIIl 3a Mepuol; 3Be3I0oYKa
O3HavaeT KOMIUIEKCHOE COIpsikeHue, V — oneparop
Ha6sa. Kak BunHo, HanpasieHue Bekropa I, coBna-
JIaeT C HarpaBJieHUEM BEKTOpa (.

IMomtoca &, pacrionaraiotcst B MepBOiil YeTBEPTU

KOMIUIEKCHOM 1iockoctu: Re&, >0, Im¢E, > 0.
Orcroma cienyeT, 9YTo HalpaBJeHUe pacipocTpaHe-
HUS U XapaKTep 3aTyxaHus BOJIHBI (12) onmpeaessior-

cs 3HaKaMu BeJnyuH Re e, u Ime,.

Ha puc. 2 n1g Tpex THTIOB pa3pe30B IToKa3aHbI 00-
nactu NM1, NM2 1 QM Ha KOMITJIEKCHOM TJIOCKO-
CTH, COOTBETCTBYIOIINE YCIIOBUSIM:

NMI1: Ree, >0, Imeg, >0,
NM2: Reg, <0, Imeg, >0,
QM: Reg, >0, Imeg, <O0.

(13)

YcimoBue, TIpy  KOTOPOM  OXHOBPEMEHHO

Ree, <0 ulIme, <0, HE peanu3yeTca HA paccMar-
pUBacMOM JINCT€ PUMAHOBOM ITOBEPXHOCTU, TIJIie

utrytes rnosoca &, .

Ecnu mosmoc &, pacnonaraercst B o6mactsix NM1
v NM2, To comIacHO OIpeAeICHUIO, ITIPUBEICHHO-
My B Hayajie pasneia 1.2, 3TO COOTBETCTBYET HOP-
MajibHOI Moge. [1py 3ToM BEIIOIHSIETCS YCIOBUE U3-
JIydyeHus Ha 6eckoHeuHOoCTH (3), T.K. BojHa (12) 3a-
TyxaeT B MOJYIPOCTPAHCTBE AHA IIpU YHAJCHUU OT

ucTouHuKa: |G,,| ~ exp (—pr) — 0 mpu (r,z) — oo,

Hopmansabie Mogsl NM1 1 NM2 nmeror pa3Hbiii

3HaK BEJIMYMHEI Re €,. DTO MPpUBOINT K MPUHLIUITH-
aJIbHO pa3IMYHOMY HAIIpaBIIEHUIO pPacIIpOCTpaHe-
HUS BOJHBI (12) B HIDKHEM MOJYIIPOCTPAHCTBE AHA.
st Mool NM1 pacrpocTpaHeHue BOJIHEI (12) rIpo-
HWCXOIUT CBEPXy BHU3 OT IPaHMIIbI ITOJIYIPOCTpaH-
ctBa (puc. 3a), a 11t Monbl NM2 — cHU3Y BBEpPX K
rpaHuie moaynpocTtpaHcTBa (puc. 36). ITockobKy ¢
pacrmpocTpaHeHHeM BOJHBI (12) CBsI3aH IIepeHOC
sHeprum, To Moxy NM1 MoOXHO Ha3BaTh BBITEKAIO-
1eit HopMaJIbHO Moo, a Mogy NM2 — BTeKaro-
el HOpMAaJIbHOM MO0, DTOit TepMHUHOJIOTME Oy-
JIeM MOJIb30BaThCsl B TAaHHOI padoTe.

Eciu mosmoc &, pacrionaraercs B o6nact QM, To
CONIACHO ompeAeeHUI0, NMPUBEISHHOMY B Havaje
pasnena 1.2, 3T0 COOTBETCTBYET KBa3zumoje. J1Jist KBa-
3UMOIbLI HE BBIMOJHSIETCS YCIOBUE W3IYYCHUS Ha
AKYCTUYECKHWH XYPHAI Ne 3
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b6eckoHeyHOCTH (3), T.K. aMIUIUTyna BoaHHI (12) pac-
TeT ¢ TIyOMHOI TpU KaxXnoM (PUKCUPOBAHHOM 7:
|G| ~ exp(—pr) — o npu z — co. PocT amMIuuTyIBI
¢ IyOMHOI MMeeT pU3nIecKoe 0ObsICHEHHUE, HO 10
OInpeAeaeHHON KOHeuHoM IyouHsl [16]. “HeHop-
MaJIbHOCTbIO” KBa3MMO/Ibl SIBJISIETCSI HEOTPAHUUYEH-
HbIA POCT aMIUIUTYIbI C POCTOM IIyOUHBI. s KBa-
3UMOJIbl pacIpoOCTpaHeHUE BOJHBI (12) B HIDKHEM
MOJIYIIPOCTPAHCTBE [1HA TIPOMCXOIMUT CBEpPXY BHU3
(puc. 3B). DTO 3HAYUT, YTO KBA3UMO/Ia SIBJISIETCS Bbl-
TeKawlleld MOOOM.

BepHeMcs K BTeKamOIIMM HOPMAaIbHBIM MOJIaM U
clejiacM HEKOTOphIe 3aMe4yaHMsl, YYUTHIBasi, YTO
MMEHHO BTEKaII1e MOAbI OYIyT UTPaTh KIIOUYEBYIO
pOJIb B JaHHOI paboTe.

Ecnu ToyeuyHbIii MCTOYHUK PaCHoOJOXEH B BOJI-
HOM cJ10€, TO JJIs1 KaXKI0M MOIbI 1 IS TIOJISl B 1IEJIOM
BBITEKAHWE 3HEPTMU B HUKHEE IMOJYNPOCTPAHCTBO
JIHA BMOJHE ecTecTBeHHO. HaobopoT, BTekaHUe
SHEPrum U3 NOJYMPOCTPAHCTBA THA B BOJTHOBOJI BbI-
MISSAUT B paccMaTpyMBaeMOU CUTyalluM BeCbMa He-
0o0bryHO. ITo 3Tol MpuYKMHe BTEKaroe MOJIbl, 00-
HapyXcHHEIE B [ 14], GBI OTHECEHBI K “HEHOPMaJlb-
HbIM” MOJaM M Ha3BaHbl KBa3dWMOIaMU BTOPOTO
tumna. ckioueHre 13 MHOXeCTBa HOPMaJTbHBIX MOJT
peryiupoBalioch B [ 14] BBeaeHEM BTOPOTO yCJIOBUS
HU3Iy4eHMs Ha 06CKOHEYHOCTH (B JonoaHeHue K (3)),
TPeOYIOIIEro OT YaCTHBIX U OOIIMX PEellIeHU I ypaBHe-
HUs [ebMrofiblia BEITEKaHUS SHEPTUU U3 BOJTHOBO-
na. OmHako AeTajbHbI aHaJlu3 MOKa3blBaeT, 4YTO
BBEJICHUE BTOPOTO YCJIOBHUSI M3JIyYEHUS SIBJISICTCS
JuiiHuM. OHO He BJIUSIeT Ha TOJIyueHHbIE pelleHN s,
a TOJIbKO TTPUBOJIUT K UBMEHEHMUIO B Kj1accuUKaluu
mog. ITo 3Toit mpuYrHe JO0CTaTOUHO OMHOTO YCIOBUS
(3), a BTekalomye MOIbI CJIEAyeT CYMTAaTh HOPMaylb-
HBIMU MOJIaMU, XOTSI U HEOOBIYHBIMU.

ITpuBemeM KauecTBEHHbBIE 000OCHOBaHUS ITPUHAI~
JIEXXHOCTH BTEKAIOIINX MO K HOPMAaJIbHEIM MOIaM.
WN3BecTHO, YTO T100ast HOpMaJbHAasl MOJIa TEOpETHUYE-
CKU MOXKET OBITh BO30YKIeHa B BOJIHOBOJIE OTIEC/Ib-
HO, 0e3 IIpuMeceil IPYTruxX MO, IIPY UCIIOJIb30BaHUN
0EeCKOHEYHOU BepTUKaJbHON aHTEHHBI C KO3(hdu-
LIMEHTOM YCUJICHUS (z) Hao6opoT, Hukakasi KBa-
31UMOJIa HEe MOKET OBITh BO30YXIeHA OTIEILHO, 10~
CKOJIbKY IIJISI 3TOTO TpeOyeTcsl 66CKOHEYHAsI SHEPTUS
W3Iy4yalonieil aHTeHHbL. Bo30yxXmeHue OToelbHOM
BTEKaloIlIeil MOAbl HUUEeM He OTJIMYAeTCsI OT BO30YXK-
JIeHUsT HopMaibHOU Moabl. I1pu aToM nepeHoc 3Hep-
TMM CHM3Y BBEpPX B ITOJYIPOCTPAHCTBE THA MOXKHO
OOBSICHUTb JOMMHUPYIOLIUM BIUSHUEM 3JIEMEHTOB
BEpPTUKAJILHON aHTEHHBI, PacCIIOJIOXKEHHBLIX B ITHE.
[1Ipu HaMMYMKM OMHOTO TOYSYHOIO MCTOYHHMKA B BOI-
HOM cJjioe BO30yxnaercsl lieablii crektp mona. Eciu
IIpX 3TOM BO30YyXXIaeTcsI TAaK:Ke BTEKAIOIIasi MoAa, TO
IUIST Hee TIEPEHOC DHEPIMM CHU3Y BBEPX B ITOJIYIIPO-
CTPaHCTBE JTHA MOXHO OOBSICHUTH JOMUHUPYIOIIUM
BJIMSTHUEM MHHUMBIX ICTOYHUKOB, PACIIOJIOXKEHHEBIX B
ITHE.

AKYCTUYECKHWH XYPHAJ Ne 3
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2. PESVJIBTATHEI PACUETOB
2. 1. Yucnennvie napamempol

[1pu BeIOOpPE YKCIEHHBIX ITApaMETPOB BOJIHOBOAA
(puc. 1) OyneM UCXOIUTh U3 YIIPOILIEHHBIX IIPEICTaB-
neHuit o nHe o3epa Kuneper [7, 8]. I[Ipennonaraem,
YTO THO IIPEACTABJIEHO OMHUM TUIIOM I'PYHTA C IIOPH-
ctocThio K = 0.5 (MenKUii ITeCcoK, KPYIMHBIN aJIeBPUT).
Bepxxwuii cioii nHa TommumHoui A = 0.4 M sBnsIeTcs ra-
30HACBILLIEHHBIM CO CKOPOCTHIO 3BYKa ¢; = 300 M/c, yTO
COOTBETCTBYET 00beMHOMY cofepkaHmio ra3za ~0.1%.
Huzke naHHOTO Cj10$1 mojiaraeM, 4To ra3 OTCyTCTBYET,
T.€. TPYHT SIBJISIETCS IBYXKOMIIOHEHTHOI cpenoii (Bo-
J1a 1 MUHEpaJIbHbIC YaCTUIIBI).

HJ1st AByXKOMIMIOHEHTHOM Cpelibl, T.€. IJIs1 HUXKHE-
rO TOJIYIIPOCTpaHCTBa AHA (puc. 1), UCITOIb3yeM M-
nupudeckue dopmyasl Diikana [20] u MaMuiabroHa
[21] cBs13M TTapameTpoB (cz, Py B, f) C IIOPUCTOCTHIO
TPYHTa K, SIBJISIOIIMECS 0000IIeHNEeM PKCIIEPUMEH-
TaJIbHBIX TAHHBIX 0 BceMy MUPOBOMY OKeaHy:

¢, = (1.631—1.78k +1.2),
P, =p(2.604 —1.606%),

bl

0.2747 4+ 0.527x, 0.36 < k < 0.472,
4.903x —1.7688, 0.472 < k< 0.52,
3.3232-4.89x, 0.52 <k <0.65,

0.7602 —1.487x + 0.78x”, 0.65< K <0.9.

IMonarasg mapaMeTpbl BOTHOTO CJIOS PABHBLIMU:
H =30wMm, ¢ =1500 m/c, p = | t/cM3, moydaem mipu
K = 0.5 3HaueHus:: ¢, = 1560 m/c, p, = 1.8 r/cm?,
BZf =0.7 n1B/xm/T11.

Ocrajoch onpeiaeauTb IapaMeTpbl Tra30HaChl-
1eHHoro cost p; U P, ;. [ockonbKy 06beMHast 10715
raza B cioe maia (~0.1%), ToO IUIOTHOCTH TpPyHTa
MOXHO CUMTaThb HEU3MEHHOI p, = p,. [lomouieHue
3ByKa, OMMChIBAEMOE BEJIMUMHOM [3, -, CBA3aHO € Tpe-
HUEM MEXIY YaCTUIIAMU IPYyHTA IO Mepe ITPOXOXKIe-
HUSI aKyCTHYecKoil BoiHbI. He3HauuTelbHOE TpU-
CYTCTBUE ITy3bIPHKOB I'a3a B TPYHTE HE JTOJIKHO CUJIb-
HO M3MEHUTH XapakKTep TPEHUS MEXIY YaCTULIAMMU.
[MosToMy MOXHO cumTath, 4T B, = B,,. [1pn 3TOM
MpeanojaraeM, 4To MCITOJb3yeTCsl HU3Kas 4JacToTa
3Byka (~100 I'x), nmajekast oT pe30HaHCHOM YacCTOThI
my3bIpbKOB (~1 kIT1).

3ameTuM, 4To Ipu pacueTax B cucteMe CH HeoO-

xXoarMa (opmyiia CBSI3U MEXKIY eIMHUIIAMU U3Mepe-
HUS:

nb 4 1
——— | =2x%x10"1Ige — .
Bl,2f {KM I"IJ ( g )Bl,2f {M F]J
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2.2. Moooebiit ananus

Ilepeiinem Kk KOHKpeTHbIM pacyetaM. Ha puc. 4
JUUIST paCCMOTPEHHOI MOJIeJIM BOJIHOBOJA IMPUBENECH
MpUMep PACIIOIIOKEHUST TIOTIOCOB &, Ha KOMIUIEKC-
HoO# 1utockocTu Wi yactoTel f = 120 Tu. IMomtoca
MOJIy4eHbI ImyTeM petieHus (11) mpu ncnoab3oBaHUU
pa3pesa Ilekepuca. B Tabdn. 1 mpuBeneHbl 3HaUCHUS
€, ¥ €, U NIEPBbIX AecsTH Mo. [IyHKTUpHAs Ju-
Husg (runep6oJjia) Ha puc. 4 ONMMCHIBAETCS ypaBHe-
uuem Im& = Rek, Imk,/Re&. CoBmecTHO ¢ uHu-
eii P-pa3pesa rumep0osyia 4eaUT MEPBYIO YETBEPTh
KOMIIJIEKCHOI IIocKoCcTH Ha o61actu NM1, NM2 u
QM, m1s KoTopsixX BeITonH0TC yeaoBus (13). Co-
OTBETCTBEHHO, Mona | sBJisieTcs BTeKaloleil Hop-
MabHOI Momoit (§, € NM2). Mombl 2—8 sIBIISIIOTCSI
BBITCKAIOIIMMU HOpMaTbHbIMU Moamu (&, ¢ € NM1).
Ilpu aToM Monbl 6—8 He MpuBeAeHBI Ha puc. 4, T.K.
BBIXOJSIT 32 paMKM pUCyHKa. Bce mocnenytoiye Mo-
IIbl C HOMEpaMu m > 8 SBISIOTCS KBa3uMOJaMu

(En>s5€ QM).

OO0paTtuM BHUMaHMeE, YTO ecaIu BMecTo P-paspesa
KCIIOJIb30BaTh M-pa3pes 1151 BLIYUCIIEHUS TTOJTI0COB,
TO M3 AUCKPETHOIO CIIEKTpPa MCUe3acT BTEKarollast
HopMaJbHas Mona, T.e. Moda |1 (oHa CTAaHOBUTCS 4Ya-
CThIO HEMPEPHIBHOIO CIIEKTpa). B HaleM citydae 310
00CTOSITENIBCTBO IIPUHILIUITUAIIBHO BaXKHO, T.K. UMEH-
HO ¢ Mojoii 1 OydeT cBsI3aHO HAOJIOAECHUE CUTHAaJa
rnocjeBecTHUKA. TaknuM 0O6pa3zoM, BBIYUCIIEHUE MO~
JIFOCOB HEOOXOIUMO TPOBOIUTH, UCIONbL3ysT P-pas-
pe3 umu EJP-pa3pes, — TonbKo B 3TUX cliydasix Mona |1
COXpaHsIeETCs B JUCKPETHOM criekTpe. I[1pu aToM ecnu
BMecTo P-paspesa ncronms3oBats EJP-paspes, To n3
JUCKPETHOTO CIIEKTPa UCUE3al0T pacTyIlue C IIyou-
HOI KBa3uMOJbl. B 3TOM cltyyae IUCKpETHBIN CIIEKTP
COIEPKUT TOJIBKO HOpMaJibHbBIe MOIBI 1—8, a Bce MO-

0.015 :
NMI YQM| NM2
0.010 F N
3 koo
= . 7
P AN [ )
£
0.005
5
[
s
1 Ifgl 1 1
0 02 04 06 08 1.0 1.2
Re&, 1/m

Puc. 4. Pacrionoxenue monocos &, (Touku [—5) Ha KOM-
IUIEKCHOI T1ocKocTH nipu P-paspese mist yactoter 120 I,
HyMmepatiyist moitocoB COOTBETCTBYET HOMEpaM MO/,

Ibl ¢ HoMepamMu Oosblie 8 (BCE KBa3MMOIBI)
CTaHOBSITCSI YaCThIO HEMPEPHIBHOTO CHEKTpA.

Ha puc. 5 uzoOpaxeHbl peajibHble YacTU COO-
CTBEHHbIX (PYHKIIMI TIepBbIX YETbIpeX MOI IS
f =120 Tu. BuaHo, yTo MakcuMyM mMofsbl | pacnona-
raeTcsl B ra30HaChIIIIEHHOM CJloe, T.e. Ha JaHHOI ya-
cToTe Mona 1 3aXBaTBIBACTCSI CJIOEM U OT Hee CIeayeT
OXHUOaTh CUTHAJ TTOCTIEBECTHHKA.

Ha puc. 6 npuBeneHbl YaCTOTHBIE 3aBUCUMOCTHU
peasibHOM U MHUMOM YacTeit &, UTst IepBhIX YEThI-
pex mon. BumHo, uto mpu f >100 I' 3atyxaHue
MoAbl 1 cTaHOBUTCS OoJibllle, YeM Yy JAPYIUX MOJ
(Im§&, > Im¢&, ,), mprUYeM C POCTOM YaCTOThI 3aTy-
XaHUe pacTeT. DTO 3HAUUT, YTO Ha JOCTATOUHO OO0JIb-

Ta6mua 1. 3Havenwus &, v €, mepBbIxX gecsatu Moj uist yactoThl 120 [11. Mona 1 — Brekaroiiast HopMayibHast Moa. Mojibl
2—8 — BHITeKaloIIre HopMaabHEIe MOALL. Momabl 9 n 10 — KBa3nMMOIbI

Howmep monbl m €, 1/M €, /M
1 0.97521 + 0.00709i —0.00264 + 0.84704i
2 0.49122 + 0.00002{ 0.04668 + 0.09986i
3 0.45535 + 0.00025i 0.16412 + 0.02776i
4 0.38838 + 0.00109i 0.28790 + 0.01476i
5 0.26816 + 0.00370; 0.40211 + 0.00915:
6 0.01088 + 0.17167i 0.51273 + 0.00547i
7 0.00787 + 0.39099: 0.62155 + 0.00257i
8 0.00849 + 0.54631: 0.72930 + 0.00005:
9 0.00961 + 0.68270i 0.83636 — 0.00226:
10 0.01093 + 0.80975i 0.94292 — 0.00443i

AKYCTUYECKUM XYPHAJTT Tom 68 Ne 3
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Puc. 5. PeanbHast yactb cOOCTBEHHBIX (DYHKIIMIA TTEPBBIX YEThIpeX MO 1151 4yacToThl 120 T11.
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Puc. 6. YacToTHBIEC 3aBUCUMOCTH PeabHOM 1 MHUMOW Yacteii &, 1UIst IIepBbIX YeThIPEX MO/,

IIMX YacToTax Momaa 1 OyneT ouyeHb caaboii 1 Henpu-
TOTHOM TS TIPaKTUIECKOTO NCTIOIb30BaHNs. BmecTe
¢ 9TuM, npuMepHo ipu f > 400 I11 BeLaensieTcs Moaa 2.

AKYCTUYECKUM KYPHAJTT  ToMm 68

Ne 3 2022

V Hee pacTer 3aTyxaHue, a aHaJM3 COOCTBEHHBIX
(yHKIIMIT TOKa3bIBaeT, YTO MOJa 2 IpU ITUX YaCTO-
Tax 3aXBaThIBACTCS Ta30HACKHIIIIEHHBIM cioeM. MHTe-
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Puc. 7. YacToTHBIE 3aBUCUMOCTH IPYIIOBOii ckopoctu U, = \a’a)/ a’E_.m\ IUJTSI TIEPBBIX YEThIpeX MOA. Tpu TOUKHU, TPAKTUYECKUA
TOYHO JIeXalllue Ha KpUBOM 1, COOTBETCTBYIOT CKOPOCTU pacCHpOCTPaHEHUsI ITOCIEBECTHUKA, U3MEPEHHOI B 1uana3doHax 150—

200, 200—-250, 250—300 It.

PECHO, 4TO B COCTOSIHUM 3aXBaTa MOJia 2 CTAaHOBUTCS
BTeKalollleil HopMaJlbHOM Momoii (Kak moma 1), Oy-
JIY4U 10 3TOTO, IpH O0JIee HU3KMX YacTOTaX, BEITEKa-
IOLIEN HOPMAJIbHOM MOJIOM.

[Ipoanamu3upyem manee CKOPOCTb pacIIpocTpa-
HeHUs1 Mon. I1py MMITyJIbCHOM M3JIy4eHUU B OTCYT-
CTBHE IIOTEPH B JHE CKOPOCTh PACIIPOCTPAHEHUS MO-
JIOBBIX MMITYJIbCOB MOXHO OIMCHIBATh T'PYIIIIOBOM

ckopocThio vy = dw/dE,,. Tlpy HanMuuyu 1moTeph B
nHe, Korma &, sBISETCS KOMIUIEKCHBIM YKCIIOM,
MOXHO paccMoTpeTh Momyib U, =|dw/dE,,
CYMTATh aHAJIOIOM IpynIoBoi ckopoctu (U,, dynem
Ha3biBaTh TaK Xe TIPYIIOBON CKOpOCThio). [lpu
3TOM, OIIHAKO, HYKHO UMETh B BUILY, YTO B KAKUX-TO

YYBCTBUTCJIbHBIX K OJOHHBIM ITIOTCPAM AHAlla3OHax
YaCTOT MOTYT IIOJIy4yaTbCsd HE UMCIOIIINUE (I)I/I3I/I‘-ICCKO-

ro cMmbicia 3HadeHus U, > ¢,.
Ha puc. 7 mpuBeneHbl 4aCTOTHBIE 3aBUCUMOCTHU

IPYMNIOBOK cKOpocTU U, 1Sl IEPBBIX YEThIPEX MO/,
VyacTku, M300pakeHHble HENPEPbIBHBIMU JIMHUS -
MU, COOTBETCTBYIOT BBITEKAIOLIMM HOPMaJIbHBIM MO-
nmaM. JIst Mmon 2—4 HU3KOYaCTOTHBIE YYaCTKU, U300~
paXkeHHbIe TOYKAMHU, COOTBETCTBYIOT KBa3UMOIIAM.
Jns mon 1 u 2 y9acTKu, M300pakeHHBIE TyHKTUPOM,
COOTBETCTBYIOT BTEKAIOIIIM HOPMAaJbHBIM MOJAM.

B ueHTpanbHOIf YacTu puc. 7 KpUBas IIepBOil MO-
Il U| 3HaYNUTETBHO OTIEJIeHa OT KPUBBIX IPYTUX MOJ
U,_,, npuueM U, = ¢;. KoHKpeTHO, npeneabHoe 3Ha-
yeHue U, npu pocTe 4acToThl paBHO 280 M/C, 4YTO Ha
7% menble 3HadeHus ¢, = 300 M/c. Takum o6pazom,
B 00J1aCTU 4acToT, rae U, = ¢;, IpU YCIOBUU OOCTa-

, VI €ro

TOYHO OOJBIIOI 3HEPruu B Moae 1 MOXHO HadJIIO-
JIaTh CUTHAJI ITOCJIEBECTHUKA, a TT0 BDEMEHM €To TP -

X0Ja MOXHO OLEHUTb CKOPOCTb 3BYKa ¢; C TOYHO-
cThio He Xyxe 10%.

MakcuManbHO BO3OYOIMTH W TIPUHSATH Moay |
MOXHO, TIOTPY3MB UCTOYHUK U IPUEMHUK B ra30Ha-
CBIIIEHHBIN cioit mHa. Ecim 3T0 HempuemieMo, TO
WCTOYHUK U TIPUEMHMK HEOOXOOUMO pPa3sMECTUTh
MakcUMaIbHO 0JM3KO0 Ko AHY. Kak BuaHO U3 puc. 5,
coOCTBeHHAsT (PYHKLIVSI MOIBI 1 BBIXOAUT Ha HEKOTO-
poe paccTossHUE B BOAHBIN CJIO. DTO OOCTOSTEIb-
CTBO MOXHO MCHOJIb30BaTh JIJISI BO30OYKACHUS U IIPU-
eMa Monbl 1. 3aMeTuM, 4TO C YBETUUEHUEM YaCTOTHI
Mojga 1 Oonbllle KOHLIEHTPUPYETCS B Ta30HACHIILIEH-
HOM CJIO€ Y MEHbIIIE BBIXOAUT B BOIHBIIA CIIOM.

2.2. Umnyavcroe uznayuenue. Ilocreeecmuuk

IIpn MomenupoBaHMM paCIPOCTPAHECHUS WM-
MyJbca B BOJIHOBOAC MCIOJIB30BaJICS M3JIy4yaeMblid
CUTHAJI, aMILIUTya TAPMOHUK KOTOPOIO OITUCHIBA-
J1ach OKHOM YeOrIlIeBa ¢ ypOBHEM OOKOBBIX JICTIECT-
KOB BO BpeMeHHOM ummnyibce 100 nb (mponemypa
chebwin B MATLAB). HavanbHas a3a Bcex rapmo-
HUK paBHsUIACh HYJIO.

Ha puc. 8 mokasaH npuMep U3ay4yaeMoro CUrHajia
M eTo CHeKTp s, (®) wist monockl Af = 150—200 It
s jadbHENIINX pacuyeToB JOCTATOYHO AUCKPETU-
3anuu crekrpa c marom of = 0.2 T, 9to maeT Mak-
CUMaJIbHOE BpeMsl aHaju3a B IIPUHUMAEeMOM KM-
MyJbCce, paBHOE 0.5/ &f =2.5c. IIpu 5TOM OLIEHOYHOE
BpeMsI MpUXOJa IOCIEBECTHUKA, PACIPOCTPaHSIIO-
IIETOCS CO CKOPOCThIO GJIM3KOM K CKOPOCTH 3ByKa B
AKYCTUYECKHWH XYPHAI Ne 3
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Puc. 8. (a) — Uzmyuaemslii curian u (6) — ero cnekTp muist mojiockl 150—200 I

razoHackhieHHoM ciioe (=300 M/c), Ha pacCTOSITHUU
r = 20H = 600 M cocTaBisieT = 2 C.

Ha puc. 9 npuBeneHbl pacyeTbl IIPUHUMAEMOTO
uMmysbca p(t) cormacHo gopmyse (1) mpu UCToNb-
3oBanuu (4), (6), (10), (11) u paspesa Ilekepuca.
Pacuernl mpuBeaeHBI IJTsl CIy4YaeB:

1) Af =150-200 T'u, » =20H =600 m;
2) Af =200-250 T'u, r =10H =300 m;
3) Af =250-300 'y, r =6H =180 m.

[myOMHBI ICTOYHWKA W TIPMEMHNKA BO BCEX CITyJasx
PaBHSUIUCH Z, = Z = 29.8 M (20 cM BbIllIe TOBEPXHO-
CTU AHA).

3aMeTUM, YTO BBEIYMCJIEHHBIE CUTHAJIBI Ha puc. 9
MIPEICTABISIIOT COOOM TMCKPETHBIN CIIEKTpP IIPU pas-
pese Ilekepuca. /11 mpoBepKM OBLIN TaKXKe MPOBE-
IeHbI pacyeThl p () MO TOYHOI MHTErPaNbHOI (hop-
myie ([14], dopmyna (12) npu X = 1), KoTopble Mo-
Ka3ajid, 9TO HETIPEePBIBHBINM CITEKTp ITpeHeOpesKuMO
Mall.

Ha puc. 9 B kKaxk/1oM pacCMOTPEHHOM cllyyae Ha-
OromaeTCsl MocJIeBeCTHUK (IoKa3aH crpenkoii). ITo-
CJIEBECTHHMK SIBIISIETCS WMMITYJILCOM IIEPBOIl MOZHI,
pacIpOCTPAHSIONIMMCSI B Ta30HACHIILIEHHOM CJIOE.

I[MpyHUMaeTCa MOCIEBECTHUK C 3aMETHOM 3amepsk-
KO OTHOCUTEIBHO TPYIIITEI UMITYJIBCOB IPYTUX MO,
pPaCIIpOCTPAHSIONIMXCS B BOMHOM CJIO€.

B Ta6m. 2 oyt kaxxmoro ciaydast M3 puc. 9 mpuBene-
HbI: T — BpeMs IIpuxoja MOCIeBeCTHUKA, U3MEPEH-
HOE 10 MaKCUMYMY aMILUIUTYIbI; F' — 9acToTa CUTHA-
Jla B MOMEHT BpeMeHUu T'; ¢, = r/ T — ckopocTh pac-

npocTpaHeHust mocnesectHuka; U, (F) = |[do/dg,| —
IpYIIIOBasi CKOPOCTh MIEPBOi MOJIbI Ha YacToTe F .

IIpoananusupyem Tadm. 2.

1. Bo Bcex cnyvasax F < f;, roe f, — LeHTpajbHas
JacToTa MOJIOCH curHaiia. HampuMmep, mist moaochl
150—200 I'n umeem: f; = 175 T'u, F = 170.9 I'u. Ta-
KMM 00pa3oM, eCIU U3ydaeMblii UMITYJIbC B MAKCH-
MyMe€ aMIUIUTYAbI CIIEKTpa UMEET YacTOTy KoJjeba-
HUH f; (puc. 8), TO NPpUHUMaEMBIii UMITYJIbC TTIEPBOIA
MomObl (IIOCIIEBECTHUK) B MAaKCUMyME aMIUIATYIbI
CIIEKTpa MMEET 4acTOTy MeHblle f;. OObacHseTCS
9TO BO3pacTaHMEM 3aTyXaHUsl [IEPBOM MOJIbI C POCTOM
4acToThI (puc. 6).

2. Bo Bcex cnyvasix ¢ = ¢ (F) = U, (F) ¢ TouHO-
CTBIO MeHee 1 M/c. DTOT BaxKHbBII pe3yJIbTaT ITOKa3bI-
BAaET, YTO U3MEPEHUE CKOPOCTU PACIPOCTPAHEHUS

Ta6auna 2
ITonoca, I r, M T,c F,Tu G = r/T,M/c U, (F),m/c
150—-200 600 1.6873 170.9 355.6 356.1
200-250 300 0.9643 222.2 311.1 311.9
250-300 180 0.6165 274.0 292.0 292.3
AKYCTUYECKUN XKXYPHAII TOM 68 Ne 3 2022
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Puc. 9. [TpuauMaemsblil curHai (ITOCJIEBECTHUK OTMEUYEH CTPEJIKOi) st cirydaeB: (a) — monoca curHana 150—200 I, paccro-
sHUe oT uctTouHuka 600 m; (6) — 200—250 I, 300 m; (B) — 250—300 I'x, 180 M.

MOCJIEBECTHUKA B pa3IMYHbIX JMAaNa30HaX YacTOT Ja-
€T BO3MOXHOCTb IOCTPOUTH 3aBUCUMOCTH T'PYIIIIO-
BOI CKOPOCTHU IIEPBOM MOJIbI OT YACTOTHI.

Ha puc. 7 nporyutiocTpupoBaHO, 4YTO Ha KPUBYIO
U, (f) npakTuyecky TOYHO JIOXATCS TPU YEPHbIE
TOUKU ¢ KoopauHatamu (F, ¢;), COOTBETCTBYIOILINE
TPEM PACCMOTPEHHBIM B TabJ1. 2 AMana3oHaM 4acTor.
Takum ob6pazoM, Teopetuueckasi kpusasi U, (f) Ha

puc. 7 MOXeT OBITh IIoJIyd€Ha SKCIIEPMMCHTAJIbHO
IIYTEM U3MEPCHMUA ITapaMETPOB ITOCJICBECTHNKA.

Ha ocHoBe nonyuenHoii 3aBucumoctu U, (f) Mo-
YT OBIThb MPOBENEHBI I'pyOble MM GoOjee TOUYHBIE
OLIEHKM CKOPOCTH 3BYKa B ra30HACBIIIEHHOM CJIOE.
I'pyOas olleHKa 3aKiIIO4aeTcsl B BBLIOOpE MUHUMAIb-
HOTO 3HaYeHUs ¢, MPU YCIOBUU, YTO JaHHOE 3Haye-
HYE HAaXOIMTCSI B o0JIacTH IU1aTo Ha KpuBoit U, (f).
B nHamem ciygae 3to 3HaueHue ¢ = 292 M/c. bonee

TOYHbIC OLICHKH MO2KHO ITOJYYUTDb ITYTEM MOACIUPO-
BaHUA.

3AKJIIOYEHHME

B 3akiroueHue oTMETUM, YTO, BapbUpYs 4acTOTY,
paccTosiHUEe M TIIyOMHBI MCTOYHUKA W MPUEMHUKA,
MOXHO JOOUTBHCS XOPOIIEro HaOJIONEeHUS Mocse-
BECTHUKA B HATYPHBIX YCIOBUSIX. A UMEHHO, YYUThI-
Basl, YTO 3aTyxaHHUE MOceBeCTHUKA (Moabl 1) Beau-
KO, HE00X0aMO:

— pacriojiaraTb UICTOYHUK W MPUEMHUK MaKCHU-
MaJIbHO OJIM3KO KO HY (€C/U HET BO3MOXHOCTHU 3a-
JIYOUTh UX B TPYHT);

— OpaTh HEOOJIBIINE PACCTOSITHUS OT MCTOYHUKA
(~ 10H);

— MOJIOCY CUTHAJjIa BEIOUPATh TaK, YTOObI MAKCH-
MaJILHO TIOBBICUTBH BO30Y:KIEeHHWE MOIBI 1 U MO BO3-
MOXXHOCTH ITOHU3UTh BO30YXKIEHUE IPYTUX MO,

PabGora BbIMoNHeHa Tipu moaaepxke PODU,
mmpoekTsl 19-02-00127, 20-05-00119, 20-55-S52005.
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