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1. BBenenne

Henuneitnpie ynpyrue cBoiicTBa KOHIEHCUPOBAHHBIX CPe[l U
HEJIMHEWHBIE BOJIHBI B TAKMX CPeJaX HHTEHCHBHO M3Y4arOTCs
yxke 6osee 50 JIeT B paMKax CIIOKHUBIIIET OCS HATIPABJICHIS —
HesmHerHo# akyctuku [1—3]. B mocnegnne robl 60JbIon
MHTEPEC BBI3BIBAIOT AHAJIOIMYHbIE UCCIIEAOBAHUS 1JI HEOI-
HO(A3HBIX cUCTEM (Ta30’KUAKOCTHBIX Cpell, TPaHyJIMPOBaH-
HBIX ¥ (IIFOMAOHACBHIIIECHHBIX HMOPUCTBIX CPEll, Te0JIoThYe-
CKUX CTPYKTYD, TeJiel, KOMIIO3UTOB), & TaKXe TBEPABIX TeJl
¢ meeKTaMH M HEOJHOPOITHOCTSIMH MeE30CKOIMHYECKOTO
(HagMoJIeKyIIpHOTO) MaciiTaba. DTOT MHTEpEeC CBS3aH C
HEOOBIYHO OOJIBIITUMHU HEJIMHEHHOCTSIMHM Takux cpeia. B
CTPYKTYPHO-HEOHOPOIHBIX Cpedax 4acTo ynaercs: HabJiro-
JIaTh CUJILHO BBIPQKEHHBIE HEJIMHEWHBIE SIBIICHUS MPH yMe-
PEHHBIX 3HAYCHHSX WHTCHCHBHOCTH 3BYKa, YTO OTKDPBIBAET
BO3MOXHOCTH JIJISl PA3BUTHUSI BBICOKOYYBCTBUTEIBHBIX METO-
JIOB HEJIMHEWHOW NUATHOCTUKH, a TAKXKe JPYTHX MPUIIONKE-
HUM.
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Kax cunrtanock panee, MaKpoCKOIIMYECKUE YIIPYTUE CBOM-
cTBa (hopMaJILHO ONpenesIsItoTCs PA3IOKEHUEM BHYTpEHHEN
SHepruu ciaado neopMUPOBAHHON Cpebl B CTENEHHON psilt
110 UHBapHaHTaM TeH30pa Aedopmarnuii [4]; koadduireHTo
TIPH KBAJIPATUYHBIX YIEHAX PA3JIOKEHUS SIBJISIFOTCS JIMHEH-
HBIMH MOJYJISIMH YIPYTOCTH, NMPH KYOWMYHBIX YJIEHAX —
HEJIMHEWHBIMU MoayJismu Jlanaay (WM MOJIYJISIMA Tpe-
ThEro MopsiaKa). Takyro HEJIMHEWHOCTb MPUHSTO HA3bIBATH
"pusnueckoii" [5], MOCKOJIBKY OHA CBSA3aHA C HEJIMHEHHOCTHIO
CIUT MEXMOJIEKYJIIPHOTO B3aMMOJEHCTBHSI B KOHAEHCHPO-
BAaHHOM cpeJle W, eCTECTBEHHO, PAa3JIMYHA ISl PA3HBIX KOH-
KpeTHBIX cpea. Hapsnmy ¢ addexramu B3anmoaencTBus
AKYCTUYECKUX BOJIH, 3Ta HEJMHEWHOCTb OTBETCTBEHHA 3a
MHOTHE M3BECTHBIC SIBJICHUS — TEIIOBOE PACIIUPEHHUE Tell,
OTKJIOHEHHs1 oT 3akoHa [lrosonra u Iltu mpu BbICOKHX
TeMIlepaTypax, 3aTyXaHue 3ByKa B pe3yJIbTaTe B3aUMO/IeH-
CTBUSI KOTEPEHTHBIX (POHOHOB C TEILUIOBBIM IITYMOM [6]
(mexanu3Mm Jlangay — Pymepa) u mp.

Btopoil THN HEMMHENHOCTH ONpeAeIsieTCS HEJIMHEHHOMN
CBSI3BIO MEXAY KOMIIOHEHTaMHU TeH3opa Aedopmanuii u
IPOU3BOJHBIMU OT KOMIIOHEHT BEKTOpPa CMEIIEHUH M0
KOOpAMHATAM. DTa CBsI3b, KOTOPAs HE 3aBHCUT OT (HU3MUe-
CKHMX CBOWCTB Ie(hOpPMUPYEMOro Tejia, Ha3biBaeTcsi "reo-
MeTpuieckoit" [5] HeJIMHEHHOCTBIO.

Hanomuum, xak BBIACJSIOT (PU3NYECKYIO U T€OMETpHUYe-
CKYIO HEJIMHEWHOCTh B YPABHEHUSIX THUIPOIMHAMUKY [7]:

%—l—div(pu):O,

p=rp), 2)
rae 1, { — ko3 punmeHTs CABUrOBOM 1 00bEMHOM BSI3KOCTH
COOTBETCTBEHHO. JIJIsi IPOCTOTHI U3MEHEHUE SHTPOIUHU B
cucteme (1), (2) He yuutbiBaercs. IlycTh HEBO3MYILIEHHOE
COCTOSIHUE CPEIBl ECTb p = Py, P = Po, U = 0. Boamymienus
mapaMeTpoB, CBSI3aHHBIE C BOJIHOM, 0003HaYnM Kak p’, p’ u
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nos10xuM B (1), (2)
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AN L Sy

= po + /7
p=rowr P P <o

p=pot+p,

VpaBHEHUS JIBHXEHUSI U HENPEPBIBHOCTH C yJEpPKAHHEM
MaJIbIX YIECHOB HOPSIKA (> TOTAa HPUMYT BUI

0 .
P20 a—l;Jer’ — nAu — <C+g) graddivu =

Ou
! !
=P 5 (po+p")(uV)u,
t
dp’ . .
—+ podivu= —div (p'u).
ot
B JIeBBIX WaCTSX JTHX ypaBHEHUH COOpaHBI JIMHEHHBIE, B
NpaBbIX — HEJHHEHHbIE 4IeHB. I1osBIICHHE MOCIEIHUX

00YCJIOBJIEHO HEJIMHEMHOCTBbIO MCXOAHBIX YDABHEHUI, a He
CBOMCTBAMU CpeNIbl, TOATOMY TaKyIO HEIMHEHHOCTD U Ha3bI-
BAaIOT T€OMETPUUECKOM.

HamnpoTus, npu pa3ioxeHnu B psifi ypaBHEHUS COCTOSI-
HUS

1/dp
2 0 12 _
p=cp +§<6p2>p T

p' 1 p"\’
:C1—+—C2<—> 4+ ... 3
po 2 Po ®)

B 3aBUCHUMOCTH, CBSI3BIBAIOIIEH MEXy COOOU mpupalleHus
JIaBJICHUS] U TJIOTHOCTH, MOSIBJISIFOTCSI HEJIMHEHHBIE YJICHBI,
T.€. 9TO — (pu3HUecKas HEJIMHEHHOCTD.

JJ1st U30TPONHBIX TBEPABIX TEJl yPABHEHUE JABIKECHUS U
CBSI3b TEH30POB HANPSIKEHUH 7;; U AepopManui e;; NMEIOT
BUJT

’U; 0

ik y

PO T ox (4)
1
oir = Keydix + 21 (eik —3 5ik€/1> +0(e),

rae U; — BekTop cMelieHuit, K, [t — MOIyJId BCECTOPOHHETO
CXKaTHus u casura [4],

1 (oU, U, 0UdU;
ik =75 \a-T= 1= ) S
¢ik =3 (axk T o ax,-) )

O(e?) BKIrOUAET B ceOsl HENMHEMHBIE YICHBI, OMMCHIBAIOIIIE
OTKJIOHEHHS OT 3akoHa ['yka:

A\ (0U,; 0U, 0U; 00U, 0U,0U;
O(e?) = Sl Y it it B W
(eir) <“+ 4) <6x,« o o o | om 6x1>
1 2 oU; oU; oU; oU;
(k=2 B) (L S 2
+ 2 < 3H + ) <axm 0x,, ik + Oxy ax,)
AQULOU; | (000U, ¢ 30 OU;
4 0Ox; Ox; 0x,, Ox; ik Ox; Ox;
ou, oU,
+C?‘qa—xl ik -

3nece A, B, C — HeluHeHbIE MOIYJIH YIPYTOCTH TPETHETO
nopsiaka (koapdunuentrr Jlangay [5] B pa3jioxeHUN BHYT-
PEHHE SHEepruy Mo CTeneHsIM TeH30pa JehopManuil):

K A C
E= :“efzk + (5 - g) e,% + 3 eireirer] + Beizkey + 3 61:; .

O4eBUIHO, YTO TEOMETPUYIECKAsT HETMHEHHOCTD MOSBIISICTCS
B 3aBucuMoctu (5) TeH3opa aepopmanmii OT KOMIIOHEHT
BEKTOPA CMEILICHHH, a (pu3nueckas HeJIMHEHHOCTh — 3TO BCE
wieHsl B BbIpaxennu O(e? ), conepxanme koddduiments 4,
BuC.

Hunst xunkocted W ra3zoB kodpduimeHT Qu3nueckoit
HEJIMHEWHOCTH MPUHSATO BBOJUTD, OCHOBBIBASICH HA Pa3JI0Ke-
an (3): gpn = C»/2C,. Koaddurment reomerpudeckoit
HEJIMHEHHOCTH paBeH &g = 1. CyMMy 3THX BEJIMYUH

G

s:sg+sph:1+2—cl (6)

HA3BIBAIOT MPOCTO KOIHHUIIMEHTOM aKyCTHYESCKOM HEJTMHEH-
HOoCcTH. [Jig Ta30B 3TOT KOI(DQUIMEHT BBIpaXaeTcs 4epes
moKasaTesib aguabaTsl ) = ¢,/c, CIEIYIOMUM 06pazoM:
¢ = (y+1)/2. OueBuaHO, YTO AJIST BO3ayXa (ABYXaTOMHBIN
ra3) ¢ = 1,2. B ciyuae ’xunkocteld ¢ u3sMepsieTCst 3KCIepruMeH-
TaJIbHO, HATIPUMED, TI0 TeHepAIuu BTOPOU rapmMoHuk [1 — 3].
Tunuuasie 3HaueHuss npu Temmepatype 20°C: ¢ =35
(mucTunmupoBaHHas Boaa), ¢ = 5,6 (ameToH), ¢ = 6,3 (ayko-
rOJib).

3ametuM, uTo Ko3(duuueHT ¢, BBeneHHBIH (hopmyioit
(6), mpUCYTCTBYET B OCHOBHBIX MAaTEMAaTHYECKUX MOJIEIISIX,
OTIHMCBIBAIOIINX PACIPOCTPAHEHNE HEIMHEHHBIX BOJH B KH/I-
KOCTSIX ¥ Ta3ax: B YpaBHEHHUSX PUMAHOBBIX BOJH, ypaBHe-
Husx broprepca, XoxigoBa—3a00JI0TCKOW M Pa3IUYHBIX
MOAU(pHUKALIUSIX 3TUX ypaBHEHMI [8].

IMpumepsl Takux Mojeseld npuBeneHbl Huke. OOiee
OJHOMEPHOE YpaBHEHHE, OMHCBHIBAIOIIEE PACIPOCTPAHCHHE
PACXOASIIAXCS U CXOSIINXCS BOJH (PYIOPBI, KOHIICHTPA-
TOPBI, JyYeBble TPYOKH B MPUOJIMKCHUN HEJIMHEHHOW Teo-
METPUYECKOU aKyCTUKH), IMEET BUJT

o pd € op b p

PP ey _ L °p _
ox T 2dx nS(x) c03p0p61 2¢3p, 012 0, @

rze S(x) — mionaas cedeHus Tpyoku, T = ¢t — x/co. Baxkubie
qacTHble ciyvan: npu S(x) = const (7) HEPEeXOIUT B ypas-
Henne Broprepca sl IIOCKUX BOJH, S(X) ~ X COOTBET-
cTByeT muimHapuieckuM, S(x) ~ x2 — cdepuueckuM BOII-
HaMm. [Juccunarus (BTopasi Ipou3BoIHasl) CBsi3aHa ¢ 3dek-
TaMH BSI3KOCTH U TEIJIONPOBOJHOCTH. [l yyera MOoTephb
IPU PacCcesHUU Ha MEJIKUX HEOJHOPOIHOCTSIX UCIIONIb3YeTCs
AHAJIOTUYHOE YPABHEHHE C YeTBEPTOU POU3BOIHOM [9].
Wuterpo-nuddepenimanbaoe ypapHenue [2]

T
g—p—%pa—p—ﬂ_ij K(t—1") 6_]7/ dt/=0 (8)
X cipy Ot 2c0 0t )_ ot

OINCBIBACT HEJIMHEHHbIC BOJHBI B HACJIEACTBEHHBIX CpEax.

Baxnbiit ciyuaii sinpa K(t) = exp (—¢/T) cooTBeTCTBYeT

penakcupyrolueil cpege, 1 OMOTKAHEH MCIOJIb3YIOTCS

CTEIEHHEIE SI/IPA, JUISl PACILIIABOB U CHIIBHO BSI3KHX XKUIKOC-

Teil — MOJIEJTH C HECKOJIbKMMHM BPEMEHAMH PEJIAKCALMH.
Ba3oBbIM ypaBHEHHEM /Il HHTCHCHBHBIX aKyCTHYECKHX

Iy4YKOB SIBJISICTCS ypaBHeHHE X0xJ0Ba —3abo00Tckoit — Ky3-

meroBa (X3K) [10]:

ofop e dp b ] «

— = p = —|==A 9

ot [ax cgpop ot 2¢ip, 012 2 b ©)
rae A, — "monepeunsiit" omepatop Jlamnaca. OGuas

KOHCTPYKIOUA YpPaBHCHUA OJIA ,III/I(bpaFI/IpyI-OH_II/IX IIYYKOB
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TaKoBa. 2. Knaccuduxamusi THnos

d - o AKYCTHYeCKOW HeJIMHEeIHOCTH

&[H(P)} :EALP- (10)

3neck I1(p) — 7eBas 4acTh COOTBETCTBYIOIIETO yPABHEHHS
JUISE OJTHOMEPHBIX BOJIH (HAIpuMep JIF0OOTO U3 ypaBHEHUU
(7. (8)).

C TUpHCYTCTBHEM B O3THX YPaBHEHHUSX KBAJIPATUYHO-
HEJIMHEWHBIX YWICHOB CBS3aHO IOSIBJICHHE XapaKTEPHOTO
napamMeTpa — HEJIMHEWHOU JIJTMHBI

3
5 Po A

=00 —_ = 11

ewPy  2meM,,’ (11)

rae A — JUIMHA BOJIHBI, M, = Po/cgpo — aKyCTHUYECKOE

ypciio Maxa [ajs BOJIHBI ¢ 4acTOoToM . B maeanbHOM
ciIyyae, KOTrJa HeT 3aTyXaHus, TUPPaKIUd U APYTUX KOHKY-
PEHTOB HEJTMHEHHOCTH, HA PACCTOSHUM /N, OT BXOJA B CPEIy
B MCXOJHOHW TJIOCKOW TapMOHHWYECKHWI BOJHE obOpa3syeTcs
paspseIB (yaapHslid ppoHT). Hampumep, 11t BOJHBI ¢ aMIUTH-
Ty[0# aKycTHueckoro AasieHus Py = 5,5 x 10° I1a (uaTen-
cuBHOCTh 10 BT cM~2) u wactoroit 1 MI' B Boje AJMHA
INL &~ 25 cM. AMIuATY1a BTOpO# rapMoHUKU P, 0e3 ydeta
TepepacIpe/ieieHus e SHEPTUH IO BBICIITUM FapMOHHUKaM [§]
BO3pacTaia Obl C YBEJIMUCHUEM X JIMHEHHO U HA pacCTOSIHUU
x = Inp nocturana Osl BemuuHbl 0,5P) (3KCIIEpUMEHT U
TeOpus, YYUTHIBAIOIIAS BBICIIME TAaPMOHUKHU, JAIOT MEHb-
ee 3uavenue: Py, = J,(2)Py ~ 0,35P, tae J, — QyHkuums
Beccenst). Takum oOpa3om, MpOCTEHIIHA crioco0 OIEHUTH
HEJINHEMHBIN MapaMeTp &€ — 3TO ONPENCIITh HEJIMHEUHYIO
JUTMHY WJI U3MEPUTH aMIUIMTYy BTOPO TapMOHHKH P, Ha
HeOOJIbIIMX paccTOTHUSIX X < 0,5/N1:

8_263p0 P2_ 1 M2w
T wx POZ_nNMZ’

w

(12)

rae N = x/A — 4HCIIO JJIMH BOJIH, YKJIA[bIBAOIIMXCS HA
paccrosiauy X. CylecTByeT MHOTO APYTUX CIOCOOOB OLEHKU
&, OCHOBAHHBIX Ha M3MEPEHUH POCTPAHCTBEHHO-BPEMEHHEIX
7 CTIEKTPAJIbHBIX XapaKTePUCTUK OETyIIUX BOJIH, a TAKXKe Ha
pe3oHaHcHbIXx MeTonax (cm. [1—3, 11-13]). ITocnennue
HAIUIA MIUPOKOE IPUMEHEHNE B OMOMETUIIMHCKIX HCCIIE0-
BaHusX [14, 15], B KOTOPBIX ISl IPABUILHON TUATHOCTUKU
TKaHel, OpraHoB U OHMOJIOTMYECKUX PACTBOPOB HEOOXOAUMA
BBICOKAasI TOYHOCTb U3MEPEHHS (PU3HIECKON HETMHEHHOCTH.
B TBepaBIX TeIaX MOTYT B3aUMOIEHCTBOBATE PA3JINYHbIE
THIIBI BOJIH, TO3TOMY YHUBEPCAJILHOTO BBIPAXKEHUS IS
HeJmHelHoro koaddurmenTa (6) He cymecTByeT. B uactHOM
cJlydae MJIOCKHUX MPOJIOJIbHBIX BOJH B U30TPONHOU cpefe [1]

3 1
2 P

N3mepenus nokas3asu, 4To 1Jisi OTHOPOAHBIX TEJI ¢ UMEET TOT
K€ OPSIIOK, YTO U JIS KUJIKOCTEe! (Hampumep sl aJIFOMHU-
HusS ¢ = 7,2), ¥ peIko ImpeBbIIaeT 3Hauenne 10!,

OmHako BO MHOTHX 3KCIIEPUMEHTAX HAOIIOHAJINCh IS
CTPYKTYPHO-HEOQHOPOAHLIX cpel 3HaueHus &~ 102 —103.
IMpu4rHBl TOSIBJICHUS CTOJb OOJBININAX 3HAYECHWA OTJIH-
YarOTCS OT TeX, KOTOpbIE OOCYXIaJIHCh BBIIIE B CBSI3U C
(bU3HUECKOI U TeOMETPUIECKON HEJTMHEHHOCTSIMH. DTO CIIy-
JKUT OCHOBAHHEM ISl BbIIEJICHUS! HEJIMHEHHOCTU TPETHETrO
tuna — "cTpykrypHOit".

Hrak, neinecoobpazHo pazimyaTh TPU TUNA HEJIMHEHHOCTH:
TEOMETPUUECKYIO, PU3UUECKYIO M CTPYKTYpHYIO. [Ipu aTOM
KaXxJas U3 HUX MOXET OBbITh MJIM pacipelieiieHa B o0ObeMe
CpelIbl, UJIM COCPEIOTOUCHA B OOJIACTH MPOCTPAHCTBA, MAJION
10 CPaBHEHUIO ¢ NIMHON BOJHBEI [16]. DddexTh 06BeMHBIX
HEeJIMHEWHOCTEHN ClIOCOOHBI HAKAIIMBATHCS IPU PACIIPOCTPA-
HEHHUU BOJIHBI (€CJIU KOHKYPHUPYIOIIUE MPOIeCChl — 3aTyXa-
Hue, Audpaknus, TUCIEpCHsl U Ap. — JOCTATOYHO CJIaOBbI),
MPOSIBJISISICH TEM CHJIbHEE, YeM OOJIbIIE MPOIACHHOE BOJIHON
paccTosiHie, U MOTYT CTaTh CHUJIBHO BBIPKEHHBIMH TaXe
pu cinaboii HenmuHeHocTH. HanpoTus, HakomieHue shdek-
TOB TPAaHUYHON HEJIMHEHHOCTH BO3MOXHO TOJIBKO MPH
MHOTOKPATHOM BO3/ICHCTBAU BOJIHBI HA HEJMHEHHBIN 3Jie-
MEHT (TpaHUILly), HAalIpUMeEpP, KOT A 3TOT 3JIEMEHT IIOMELLEH B
pe3oHaTop.

OO0cy MM MpUMephI TPAHUYHBIX HEJIMHEHHOCTEH .

Ilpumep 1. I'eomempuueckaa epanuyHaa HeAUHENHOCHb.
PaccMOTpUM ILTOCKHI TOPIIIEHB, COBEPIIAIONIIA KOTeOaHMs
10 HOpMaJIu (COBINAIaroIel ¢ OChbIO X) K CBOEH IOBEPXHOCTH
U BO30YXKIAIOIIMKA B yNPYyromM IOJYOpocTpaHCTBe X > 0
Gerymryro BosHy. CMeleHne MOPIIHS U3 CPETHETO MOTOKe-
Hua x =0 omuchBaeTcsa 3akoHoM x = X(7). OT mopruHs
yberaeT BoJIHA, B KOTOPOI CKOPOCTBH YacCTHIl Cpedbl M3Me-
HsieTest Kak u = up®@ (1 — x/c).

ITockosbKy CKOPOCTbh MOBEPXHOCTH MOPIIHS PaBHA CKO-
POCTH YacTUIl CPeIbl, HAXOMSIIUXCS Ha 9TOW HOBEPXHOCTH,
ISl HeM3BecTHO! @ moyvaeM (HyHKIMOHALHOE yPABHEHHE

dx X(1)
- W(’ ‘T) ,

petienue [17] KOTOPOTO HEJIMHEWHO 3aBHCUT OT U3BECTHOU
bynknum X(1):

(13)

d(1) LJCX exp (iwt) do X

2m J_

x JOO (12—Xexp {i % X&) - iwé} dé. (14)

2
—0o d&
B wacTHOCTH, eciM MOpIIEHb ABIKETCS IO TapMOHMYe-
ckoMy 3akony X(7) = — X cos wt, To ypaBHenue (13) npunu-
MaeT BH[

iz(b(wH-@coswz) =sinwt, uy=owXy. (15)
Ugp C

OueBUIHO, YTO TMPH FAPMOHUYECKO# 3aBucumocT X (1)
(dopma Oerymieil BosiHBI () CONEPKHUT KaK IMOCTOSIHHYEO
COCTABJISIFOIIYIO, TAaK M BBICIIMEC TapPMOHHKH. Pasnuyue
Mexay X'(f) m @(r) ycunuBaercst ¢ pocToMm umciaa Maxa
M = uy/c v cTAaHOBHUTCSI OCOOEHHO 3aMETHBIM HPHU CKOPO-
CTSIX IBHKCHUS MOPIIHS, CPABHUMBIX CO CKOPOCTBIO 3BYKa.
Takast cCHTyaIMsi MOXKET BO3HHKHYTh B )KUIKOCTSIX, COJIEpKa-
LIUX My3BIPHKH Ta3a, B KOTOPBIX CKOPOCTh 3BYKa MOXKET
OBITH OUEHb Maja, & TakXke B pe3oHaTopax, rae 3(dexTs
T'PAaHNYHON HEJIMHEHHOCTH MOTYT HAKAIlJIMBAThCS CO BpeMe-
HeM. [lockosbky HenmHeHHOCTH cBsizu (13) He 3aBHCUT OT
CBOWCTB CpEJIbL, €€ UMEET CMBICI HA3bIBATh T€OMETPHUYCCKOI.

®opma BoJiHBI (15) mpu Maibix 4muciax Maxa Mmo4Tu
CHHYCOU/IaJIbHA, & IPU KOHEYHBIX M €€ MOJIOKUTEIbHBIN 1
OTPULATENLHBINA "TTOTyHepHOIBI" MCKaKEHBI HEOMHAKOBO:
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(ha3za MoJOXUTENbHBIX 3HAYCHUN ¢ YKOPOYEHA MO IJIUTEIb-
HOCTH W HUMeeT OOJbIINA MaKCHMyM IIO CPaBHEHHUIO C
a0COJIIOTHOW BEJIMYMHOW MakcuMyma (pa3bl OTPHUIATEIIb-
HbIX u. CHekTpajibHble KOMIIOHEHTHI (14) 3Toil BOJIHBI
ONpeNENISFOTCS pa3jioxeHneM B psia Pyproe:

—n

u ii
uo -0 n

o
= Z(A,7 cosnwt + By sinnwt) .
n=0

J'(nM) exp (inwt) =
(16)
B wactHOCTH, 17151 HOCTOSIHHOM COCTABJISIFOIIEN U aMILTATY T
TEePBBIX IBYX TAPMOHUK UMEEeM
AO =~ 5
By =Jy(M) — (M),

A = —%[JI(ZM)

(17)

—J3(2M)] .

ITocTosiHHAast cocTaBisitolas CKOPOCTU HAIpaBjeHA B CTO-
pony nopiuHs. [losiBiieHre 3TOW COCTaBIISIONIEH CBA3aHO C
TpeICTaBlIeHrEM KoJieOTroleiicst rpaHuIbl B BUAE OeCKOHEY-
HOHM TUIOCKOCTH: TOCKOJIbKY JaBIIHHE B JIFOOOM OPTOrO-
HaJbHOM K X HaNpaBJICHWH OJUHAKOBO (B OTJIWYHE OT
JTABJICHHSI B CJIy4ae MOPIIHS KOHEYHOTO pa3Mepa) KHUJIKOCTh
HE MOXET IOJITeKaTh K ocH (CM., HarpuMmep, 3aaauy 4 B [7,
§ 101)).

Wrak, mposBieHNs] reOMETPUIECKON TPAHWYHOU HEJH-
HEMHOCTH HE 3aBUCAT OT CBOMCTB Cpelbl U MPOUAECHHOIO
BOJIHOW PACCTOSIHUSI — OHM YCHJIMBAIOTCS C POCTOM YHCJIa
Maxa M.

T'eomeTpuueckas rpaHYHAS HEJIMHEHOCTD MOXET CTaTh
3aMETHOM, KOT1a B )KUJIKOCTH BOJIM3U MOIIHOTO YJIbTPa3By-
KOBOTO W3JyYyaTesisi BO3HHKAeT OO0JIAKO KAaBHTAIMOHHBIX
my3bIpbKOB. CKOPOCTD 3BYKa B TAKOH Cpejie HHOT]a YMEHb-
maetcst 10 2040 M ¢! TIy3bIpbKH KOIEBIIOTCS, CXJIOTbI-
BAIOTCS, U3JIy4asl IIUPOKOIMOJIOCHBIN IIIyM. DTOT LIYM B3au-
MOJEHCTBYeT ¢ KOJIeOAaHMSIMU TPAHUIBI, M €ro CIEKTp
BOCIPOU3BOANTCA Y "moaHOXuUsA" NUCKPETHBIX COCTABIISIO-
IIUX — BBICIIUX TAPMOHUK OCHOBHOM 4acTOTHI (puc. la). B
pe3yJibTaTe IyM YCHJIUBaeTCs, a crekTp 3ddexTuBHO pac-
mupsiercss [17]. OnucaHHBIA MeEXaHU3M 3TOTO  SIBJICHUS
JIOTIOJIHSIET U3BECTHBIE [6] MEXaHU3MBI YIINPEHUsI CIIEKTPOB
o AeHCTBHEM 00BEMHON HETMHEWHOCTH.

Hpyrue 3amaun, TpeOyromue yueTa KOHEYHOCTH CMellle-
HUSI TPAHUIIBI, CBSI3aHbI C HAKOTUIEHHEM HEJTMHEHHBIX HCKaXKe-
HUIT B JOOpOTHBIX pe3oHaTopax. [Tockosbky hopmMa HHTEH-
cMBHBIX "CTOSIYMX" BOJIH CHJILHO MCKaXXEHA, IPOUCXOIUT UX
HACBIIICHUE MIPH MCHOJIb30BAHUHM FAPMOHHYECKON HAKAYKH.
CregoBaTebHO, IS TOTO YTOOBI TPOIOJDKUTE MPOIECe
"3akaunBauus" SHEPIUM B PE3OHATOP, HYKHO M3MEHUTH
bopmy konebanunii rpanunsl [18] (Mog00HO TOMY, KaK MBI
YBEJIUYMBAEM MPOMEKYTOK BPEMEHH MEXY TOTYKAMHU TIPU
packaumBaHuu Kauejeil). HeoOxomumast isi moaiepxxaHust
PE30HAHCHOTO BO30YXAeHUs (popMa JBUKECHUS CTEHKH (OITUH
nepuoa) n3oopaxxena Ha puc. 16. IHTepecHo, 4TO pe30HaHC B
CHCTeMe C TPAHMYHOU HEJIMHEHHOCTHIO HAOIOJAeTCs HE Ha
OTIPE/ICJICHHBIX JMCKPETHBIX COOCTBEHHBIX YacTOTaX, a B
[10JI0Cax 4acToT, IIMPUHA KOTOPBIX PACTET C yBEJIMYECHUEM
aMILTUTY 1Bl KoJIeOanuii rpaHusbl [19].

Ilpumep la. ITOT MpUMEp OTHOCUTCS K HEJIMHEWHOCTHU
TOTO e THIIA, YTO U MPpUMeEDP |, HO MPUBOIUTCS MOTOMY, YTO

Puc. 1. (a) Ymmpenue crekrpa KaBHTAUMOHHOTO Inyma S(w) mnpm
B3aUMOJICHCTBUM ¢ rpaHuueit (/) , KoJieOromeics 1o rapMOHUYECKOMY
3aKOHY, 2 — KaBUTALMOHHbBIE My3bIPbKU, 3 — KHUIKOCTh. (0) Popma
OJ/IHOTO TIEpHOJaa KoJeOaHUW TrpaHMIbI, 00ECHEeYMBAOILAS HAKOILICHUE
SHEPruM B TOJIOCTH PE30HATOPA B YCJIOBUSX HPOSBICHUS T'PAHUYHOI
HesmHelHocTU. KpuBble / —6 0TBEYalOT BO3PACTAIOLINM 3HAYCHUSIM 1.

OH CBSI3aH C XOPOIIIO U3BECTHBIMH YCTPOHCTBAMH — pe30-
HAHCHBIMH 3BYKOIMOTJIOTUTEJISIMHU, KOTOPBIE UCIOJIB3YIOTCS
IUISl CHYDKEHHSI IIIyMa B MTOMEIIeHUsIX. Pe30HAHCHBIN 3BYKO-
MOTJIOTUTENb OOBIYHO MPEICTABIISAET coO0M neppopupoBaH-
HYIO IIaHeJb, KOTOPasi MOHTUPYETCSl Ha CTeHEe TaKuM obpa-
30M, YTOOBI MEX/Jy CTCHOW M MaHeJbko o0pa3oBajics He-
60JbI110# 3a30p. Takoe yCTPOMCTBO 3KBUBAJICHTHO CUCTEME
CBSI3aHHBIX PE30HATOPOB [ eIbMIOJIbIIA; KaXI0€ OTBEPCTHE
ciyxut "ropnoM" pe3oHaTopa, a HaXOAIIMICA 32 HUM
BO3AYyX B 3a30pe — IOYTU HEMOJBUKHBIM CXHMAEMBIM
o0bemMoM. KosiebaHus Bo3/1yxa B OTBEPCTHSIX 3aTYXarOT U3-
32 TpeHHsI O CTEHKH OTBEPCTHU U MOMEIIEHHBIE BHYTPh HUX
CeTOUYKM WJIH CIIEIIMAJIbHBIA BOJOKHUCTBIA MaTtepuai. [lpu
MPaBIJIBHOM BBIOOpE MapaMeTpoB Ha ONpEIEJICHHON
4aCTOTE MOXHO JOOUTBLCS MOJIHOTO MOTJIOIICHHUS Hajgaro-
et BoJiHbl. HemmHeHOCTh MoXeT ocinabuth 3ddext s
MOTJIOTUTEJNSI, HACTPOSHHOTO HA PE3OHAHC IO JIMHEWHBIM
mapaMeTrpam, WA, HA0OOpOT, YJIYYINIUTH MOTJIOIICHUE
IJIOXO HACTPOSHHOM CHCTEMBI, IPHUOJIM3UB €¢ K TOYHOMY
pe3onancy [20]. Takum oOpa3oM, IpU CO3AAHUM MTOTJIOTHTE-
JIel JUUI MHTEHCHUBHOI'O 3BYKa HYXHO YYUTBIBATH 3QQEKTHI
rpannyHoOi HenmHeWHocTH. Ilpupoma 3Toi HenMMHEWHOCTH
HOCHUT OONIMI XapakTep W MPOSBISCTCS NPH OOTEKAHUU
OCHUJUIAPYIOIIAM TMOTOKOM TeJI € OCTPHIMH KPOMKAMU.
I'paaueHTsl MOTOKA 3/16Ch UMEIOT MOPSIoK u/ max (rg, d),
red = 4/v/w— TOIIINHA AKYCTHYECKOTO MOTPAHCIIOS, g —
MHUHAMAJIBHBIA paauyCc KpUBU3HBI MPENIATCTBUSI, V — KHHE-
MaTHYecKasi BSI3KOCTb. I[Ipum OOTeKaHWMH TelX C OCTPBIMHU
KPOMKaMH TOJIIMHA O SBIISETCS onpenesstoeid. Hemmneit-
HOCTh CyIIleCTBEHHA Tpu uucie PeitHonbaca Re ~ 1, mpo-
MOPIUOHATIHFHOM OTHOIIICHHUIO YJIEHOB B JICBOW YacCTH ypaB-
HeHus1 ABMKeHUS (1), KOTOpOEe MOXXHO OIIGHUTDH KaK

(uv) u (2?)

rae I — uHTeHcuBHOCTD 3Byka. CoriacHo (18) B BO3myxe
(1= 0,018 x 1073 Ia c) Ha wactoTe 500 'l HeIMHEHHOCTD
MPOSIBJISIETCS TPU ypoBHSIX 3BykKa ~ 120 nb. Drta orenka
corjlacyeTcsl ¢ JaHHBIMH 3KCIIEPIMEHTOB; €CJIH e Ha KpasiX

SRy (18)

Re ~ ,
con
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OTBEpCTUH OOpa3yrOTCS BUXPHU, HEJIMHEWHBIC SIBJICHUS
HaOII0JAr0TCs yKe HaunHast ¢ ypoBHs 3Byka 90 ob [20].

Ipumep 2. Dusuueckaa epavuunad HeauHetinocms. Bo
MHOIMX 3a/layaX M3BECTHBIM CJIEJyeT CUUTATb HE 3aKOH
cMmettenust mopiuHst x = X(7), xak B npumepe la, a npuio-
XEHHyI0 K mopiuHio cuny F(r). Hampumep, xorma Ha
9JIEKTPOMEXaHUYECKUH NpeoOpa3oBaTesb MOJAETCs Iepe-
MEHHOE JJIEKTPUYECKOe HANpsDKEHHE V, M3BECTEH MMEHHO
3akoH V(t) u, ciaenoBatesbHO, F(t). YpaBHeHHe KoaeOaHuUil
MOPLIHSI MACCOH 7 Y IJIOLIAIbIO TOBEPXHOCTH S

d*x
YUYATBIBACT PCAKIUIO p, — HOABJICHUA, CO3aBac¢MOI0 y6e-

rarouieifl BOJHOM. DTO JaBJICHHUE CBA3aHO C KOJeOATeIbHON
CKOPOCTBIO U HEJIMHEHHBIM COOTHOIICHUEM p, = p,(u),
WU3BECTHBIM U3 TEOPHUH PUMAHOBBIX BOJIH [7]. [TockosbKy Ha
MOBEPXHOCTH HopiIHs u = X'(¢), B ypaBHeHuu (19) HyxHO
MOJIOKUTD p, = pa(dX/dz). Ecin HenmHelHOCTH ciiaba U
MOHO OTPaHHYUTHLCS KBAAPAaTHYHO-HEJIUHEHHON CBS3BIO,
TO ypaBHeHue (19) npumeT Bug

d’X  ¢pSdx <1 P dX) 1

a7 (20)

m dt 2¢ dt _mF(t)'
ScHo, yTO peaximsi yOerarorieil BOJHBI HA MOPIICHb TAKXE
HenuHelHa. [Ipu rapMOHHYECKOM 3aKoHe u3MeHeHust F(r)
¢bynkuus X(¢) Oyner comepkaTh BbICIIME rapMoHuky. Heiu-
HEWHOCTH MPOSIBUTCSI TEM CHJIbHEE, YeM OOJIbIIe IPOU3Be/Ie-
HHUE HeJIMHEHHOT 0 TapaMeTpa cpelibl U uncia Maxa, T.e. eM.
Peaxmmst 00yciioBiieHa HeJIMHEHHON 3aBHCHMOCTBIO J1aBiie-
HUS OT CKOPOCTH WJIM OT BO3MYILEHHSI ILTOTHOCTHU CPefbl (B
TBEPJBIX TeJIaX MOXHO TOBOPUTH O HEJIMHEWHOW 3aBUCUMO-
CTH HANpsDKeHHS OT JAedopmanuu), mo3TOMY ONMUCAHHYIO
HEJIMHEWHOCTHh UMEET CMBICIT HA3BIBATh (PU3MIECKOM.

Ilpumep 3. Cmpykmyphnas epanuunas veauneinocms. Ha
pHUcyHKe 2a n300paxkeHa cuCTeMa U3 ABYX IUIACTHH, OJTHA U3
KOTOPBIX (HUKHSS) sIBJISIeTCS TJIAJIKOM, a Apyrasi — IIEPOXO0-
BaToil. OUeBUIHO, YTO C POCTOM HPMKUMAIOIIETO ycuiust P
Bce Oosbiuee umcno "3yOmos" (T.e. MHUKPOBLICTYIIOB Ha
KOHTaKTe) JeOpMHUPYETCs M KECTKOCTh KOHTAKTa BO3pa-
CTaer.

CTpyKTypHasi HeJIMHEHHOCTb HAOJIIOJAETCS B IPOCTOM
skcnepumMenTe [21], cxemMa KOTOpOro mokasaHa Ha puc. 3; B
9TOM cllydae CTPYKTYPHYIO HEJIMHEHHOCTh YAAeTCsl MCIOJIb-
30BaTh JIJIs1 OIIEHKH Ka4eCTBA KOHTAKTHPYIOIIUX [IEPOXOBa-
TeIX moBepxHoctel [22]. [lpm P — 0 magaromias BoJHA C
YaCTOTOH  TOYTH TOJHOCTBIO OTPA3UTCS OT TPAHUIBI
pasaena. Hanpotus, eciiu P — 0o, TO BOJIHA IPOMAET uepes
IrpaHMIly, TOCKOJIbKY aKyCTHYECKHI KOHTAKT OyleT naeab-

a 0
P

s

Puc. 2. (a) CxemaTHyeckuii BU] IEPOXOBATOU MOBepXHOCTH. (6) Moenb
[IEPOXOBATOM MOBEPXHOCTH B BI/IE AHCAMOJISI IPY)KHUH C PA3HOM THHOM,
HO OMHAKOBOI )KECTKOCTHIO.
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P — craTtuueckast Harpy3ka
Bxox w ‘ ‘ ‘ Beixon w, 2w

Puc. 3. CxeMa IMAarHOCTHKM IIEPOXOBATON IOBEPXHOCTU Ha OCHOBE
reHepalyy FapMOHMK, BOSHUKAIOIMX OJ1aroiaps CTpYKTYPHOM HEJIMHEH-
HOCTH.

HBIM. B 000uX Cityuasix OTpaKeHHOU BOJIHBI HA YaCTOTE 2 HE
BO3HUKHET. BTOpas rapMOHUKa POXKIAETCS IPU MPOMEXKY-
TOYHBIX 3HAYEHUSIX P, a 3aBUCUMOCTb AMILIATY Il CMEIICHUST
U, oT P umeet makcumyMm. MlHTEpecHO, uTo kpuBas Us,(P)
MPECTaBIACT COOOMN CTATUCTHYECKOE PACTIPE/ICIIEHIE BBICOT
MUKPOBBICTYNIOB [22] (B paMKax MOJeJH, NMOKa3aHHOM Ha
puc. 206).

HenuneitHocTh KOHTAKTOB [23] yX€ MCHOJB3YeTCs IS
U3MEPEHNM M peajM3allid B3aUMOJEHCTBHU pPa3JIMYHBIX
THIIOB OOBEMHBIX M TOBEPXHOCTHBIX BOJIH (B YaCTHOCTH
IPUMEHUTEIBHO K YCTPONCTBAM AKYCTOIJIEKTPOHHMKH IS
00paGoTku curHasnoB). IlosiBuiicss TepMuH "KOHTaKTHas
akycruyeckas HesmHeinocts" (KAH). Dtu BOmpocsl moa-
poGHO HM3J10KeHBI B 0030pe [24].

BenmuuHa curHalia, BO3HUKAFOIIETO MPH OTPAKEHUH OT
HEJIMHEWHOTO JJIEMEHTa, 3aBHCHT OT psijia MapaMeTpOB.
ITo3TOMYy TOBOPHUTD O "THTAaHTCKUX HEJMHEHHOCTSIX Cpeubl”
3[eCh HYXKHO C OCTOpPOXHOCThro. OOCyaum isi mpumepa
3aJ1a4y 00 OTpak€HUM B MPOCTEHINEH OJHOMEPHOW MOCTa-
HoBKe. IlycTh cMmerenne X (7) ajemMeHTa, HaXOMSIIErocs B
Touke x =0, MOx MAEHCTBHEM aKyCTHYECKOTO JIaBJICHHS
onmckiBaeTcst ypasuennem L(X) = p, (1), Tae mose mabie-
HUS €CTh CyMMa NaJarolieid (M3 —oo) 1 OTPAKEHHOW BOJIH:

Pa(x, 1) :p+(1—§> —|—p,<l+§>4

I[.]'Iﬂ HaXOXACHUA OTpa)KeHHOfI BOJIHBI ITOJIyYa€TCs CUCTEMA

dx

dx .
pc—+ LX) =2p.(1), —pe g

dr P- =D+

B wactHOCTH, IJIT TapMOHWYECKOW MaTaroIliefl BOJHBI U
cy1aboil Oe3bIHePIIMOHHON KBAJAPATHYHON HEJIMHEHHOCTHU
L(X)=E(l +¢X/h)X/h, rne E, ¢ — monyn, FOura u
K03 pUIIMEHT HEJIMHEHHOCTH MaTepuaia COOTBETCTBEHHO,
Ji — TONIIMHA HEJIMHEHHOTO CII0s, MTOJIyIaeM

M, ctp G 1
Mo 4P @ 1 .
M2 E 1+G*\/154G2 "’

o cp

Bunno, uto oTHOIIEHNE uncia Maxa BTOpO#l TApMOHUKH H
KBagpaTa yucia Maxa mepBOil TAPMOHHKH MOXET YyBEJH-
YUTHCS HE TOJILKO NMPHU BO3PACTAHWU HEJMHEWHOTO Mapa-
MeTpa &, HO TaKXe C POCTOM OTHOIICHHS CKUMAEMOCTEN
¢’p/E menuneitnoro matepuaia u "Oydepnoit" cpensl, B
KOTOPOH MPOMCXOIUT BO30YXKACHUE MATAOIIETO M DPEru-
CTpanys OTPaXXEHHOTO CUTHAJIA.

CpaBauBas (21) B mpenesbHOM Cllydae HU3KUX YacCTOT
(st MaJIbIX 3HaUeHU () C AHAJIOTUYHBIM BbIpaxkeHueM (12)
Ui 0ObEMHOW HEJIMHEWHOCTH, BUJUM, YTO KO3(pduuueHT
nepex ¢ B (21) BMecTO umMciaa JJIUH BOJIH TN COACPKHUT
POU3BEICHNE MAJION BOJTHOBOH TOJIIIMHBI CJIOS HA KBAAPAT
oTHOIIEeRHs CxIMaemocTeit 4kh(c2p/ E)*. Ecii HeTHeHbII
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p/ps

AMIUTATY 1A, OTH. €]I.

0,06

0,02

-1

12

wt 0 5

10

Howmep rapmonuku, n

Puc. 4. Popma nepnoMIecKkoro BO BpeMEHHU CUIILHO HEJIMHEMHOTO OTKJIMKA CJIOs (2) MPU Pa3JIMYHBIX 3HAYECHHUX b U crieKTp oTkjuka (0) mpu b = 10.

9JIEMEHT HWMeeT JIMHEeHHbId Monayiab FOHra, manelii 1o
cpaBHEHUIO ¢ MoxyJsieM uist "Gydeproit" cpedsl, TO mpa-
BWJIbHEE TOBOPUTb HE O CHJIBHOM HEJIMHEWHOCTH, a O
CHUJILHOM TIPOSIBJICHUM CIa001 HEJTMHEHHOCTH.

ITpruMepoM MOXKET CIIYXUTb OTKJIMK TOHKOTO CJIOS ra3a
(pg, cG), HAXomsIIErOCS B XKUAKOM (pp,cL) cpene (puc. 4).
Tounoe pemieHue 3agaum [25] 00 OTpakeHHMM rapMOHUYE-
CKOT'O CHTHaJjia OT CJIOSI, 3aBUCUMOCTD INIOTHOCTH KOTOPOTO
OT aKyCTHYECKOTO AABJICHUSI MOMEIMPYETCS BBIPAXKEHHUEM
c2p/p. =In(1 + p/p.), umeet BuI

l%: exp (—% coswt) X
¢ N ny (€ ¢
X |:10 (Z b) +2;(_1) In <Z b> 7#’2 +n2A2 X
-1
X COS (nwl — arctan %)} -1, (22)

rae Iy, I, — momudunmposannbie pynkiuu beccens. 3mech
MPUCYTCTBYET OTHOIICHHE [BYX MAaJIbIX MapaMeTpoB
{=pgec/(prer) u A= wh/2c.. Kpusele Ha puc. 4a
HOCTPOEHBI [JIs1 OoTHOIIeHUs! (/A =1 u 3Ha4YeHwil mapa-
metpa b = Py/p., paBubix 1, 2, 5 u 10. BuaHo, 4T0 ¢ pocTOM
b HenUHEWHBIC MCKaXEHWsS ycHIMBAIOTCsA. OTpakeHHBIN
cnekTp nupu b = 10 (puc. 40) COOEPKUT MOPSIKA AECATH
TapMOHHK YaCTOTHI Majaronieid BoyiHbl. Kak moka3zaHo B
[25], oOpabaTbiBass IMIMPOKHUIA CHEKTP OTPAXEHHOTO CHUT-
HaJa, yIaeTcsl PEIUTh OOPaTHYIO 3a/1a4y — BOCCTAHOBUTH
ypaBHEHHE COCTOSIHUS CIIOS.

B omimume OT OTHENBHOrO €iaabo HEIMHEWHOTrOo 3JIe-
MEHTa, (OPMUPYIOIIETO CHJILHO HEJIMHEHHBIN OTKIIMK, IS
pacrpeesIeHHO CHCTEMBI, COCTABJICHHON M3 TAKUX JJIEMEH-
TOB, TepMmuH "cusbHas" wiam maxe "rurantckas" HeaMHEN-
HOCTB MPEJCTABIISCTCS BIIOJIHE YMECTHBIM, [TOCKOJIBKY Peyb
uaet 00 3(p(PEeKTUBHBIX XapaKTEPUCTUKAX YIIPYTOCTU CTPYK-
TYPHO-HEOTHOPOTHOM Cpebl.

Cka3zaHHOe HE OTHOCUTCS K OTJCJIbHBIM 3JIEMEHTaM,
OOHAPYXKUBAIOIIUM CUJIBHO HEJIMHEHHOE TMOBEIACHUE YKe
npu ci1aboM akycTmueckoM Bo3zeiicTBuu. Ilpmmepamu
MOTLYT CIIY)XUTh HEJIMHEHHOCTH CHCTEM CO CBSI3SIMH, OTPDaHU-
yeauamu (0 "xJjomaromei" HeJIMHEHHOCTH CM. pasmen 3),
HCTIBITHIBAIONINX YAApbl WA COJAECPKAIIUX OCOOCHHOCTH B

yYpPABHEHUM COCTOSHUS; B TAKMX CHCTEMAX, KaK H3BECTHO,
MOXET BOOOIIE HE CYIIECTBOBATH JIMHEMHOIO PEXUMA TAKE
OpU MaJOM OTKJIOHEHHH OT paBHOBecus. Ecimm cpema
COIEPKUT aHCAMOJIb TAKHX CHJILHO HEJIMHEMHBIX JIIEMEH-
TOB, TO TEPMUH "TMraHTCKasd HEJUMHEHHOCTL'" IPUMEHUM K
Hell ¢ elne OOJIBIIIME OCHOBAHUSIMI.

3. MexaHu3Mbl CTPYKTYPHOIl HeJIMHEHHOCTH

OO0Cy MM HEKOTOPBIC IPUYUHBI, TIPUBOISIINE K TOSIBJICHUIO
OGOJIBIINX OOBEMHBIX HEJIMHEHHOCTEH CTPYKTYpPHO-HEOJHO-
POIHBIX Cpes.

B xuakocTsAx 3TOT THUN HEJIMHEWHOCTH BO3HHMKAET MPH
BBEJICHUM CHUJIbHO CXKMMAEMbIX BKJIFOUCHMI, HATIPUMED IIY-
3BIPHKOB Ta3a; N3BECTHO, YTO HEJIMHEHHBIN ITapaMeTp Tra3u-
POBAaHHOW BOJBI MOXET Ha 2—3 MOpsiAKa IPEBBICUTH HEJIH-
HEMHOCTb KaXXIOW M3 COCTABJISIFOIIMX CMECH — Kak rasa
(e =1,2), Tak u Bompl (¢ = 3,5).

Takue HEJMHEWHOCTH HEOJHOKPATHO HAOJIIOJATNCh U
WCIOJIB30BAJIUCH ISl PEAIM3AlUU  Pa3JIMYHBbIX aKyCTHYe-
CKHMX B3aMMOJCUCTBUN B XUAKOCTIX (CM., HApuUMep, [26—
30]). bonbmme HeMWMHEWHOCTH TMApo- M Ta30XKUIKOCTHBIX
CUCTEM XapaKTEPHBI JUUIS PsiJia BOJHOBBIX 3a/1a4 MEXaHUKH U
tertopusuku [31, 32].

I'uranTckasi HEJMHEHHOCTh MY3bIPHKOBBIX JKUIKOCTEH
OTKpBLJIA BO3MOXHOCTb PEHICHUS psifa TPUKJIATHBIX MTPO-
06yeM, TakKMX KakK JETEKTHpOBaHUE HeOOJbLIOro umcia (u
Jla’ke OJIMHOYHBIX) IY3bIPbKOB C IIEJIbI0 OOHAPYKEHUS KHUJIb-
BATEPHOTO CJieia MPOIIEIIIEr0 MOPCKOrO Cy/IHAa, MOHUTO-
pUHT TpoOIecCCOB (epMEeHTAIMM M Tpolecca 3aKUIaHUs
TEIJIOHOCUTEJIS B SI/IEPHBIX PeaKTOpaXx, IMarHOCTUKA KECCOH-
HOU 00JIe3HU NpH IeKoMIpecchn. HeJIMHeHOCTh My3bIPbKO-
BBIX JKHJIKOCTEH TIpejsiaraercsi TakXe HCIOJb30BaTh B
PAa3JIMYHBIX MPOMBIIIJIEHHBIX TEXHOJOTUSIX. DTU paboThl B
1980-x rogax nHTEHCUBHO Benuch B HCTUTYTE pUKIagHON
¢usuxu PAH [33, 34]. Ceituac 60Jibl110€ pa3BUTUE TOJTYYHIIN
MEUITUHCKAE AUATHOCTUYECKNE TEXHOJIOTHH, OCHOBAHHBIE
Ha MHXEKIUU B KPOBEHOCHBIE COCYIbl CHEIHMATbHBIX KOHT-
pacTHBIX areHTOB — CTAOWIbHBIX MHUKPOIY3bIPbKOBBIX
B3Beceil (cM. pasjen 5).

3HAYUTEIbHBII POCT HEJIMHEHHOCTH CpEll, COACpPKAIIUX
CHUJILHO CKHMMAaeMble BKJIFOYCHHUS, MOXHO TMOSICHUTh Ha
mpoctoM nipumepe. [1ycTh TOHKUH CII0¥ JISTKOU CRIMAaEeMOit
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cpenbl OKpYKeH OoJiee IUIOTHOW cpelod ¢ OOJIbIIUM 3Ha-
YeHHEeM CKOPOCTH 3BYyKa (IIpUMEpP — TOHKHU CIION BO3ayXa
B BOJIe WJIM BOJAHOM reje). 3/ech eCTh IBa MaJjlbIX IMapa-
METpa — OTHOIIEHHE aKyCTUYECKUX UMIIEJAHCOB U BOJIHO-
Bas TOJIIMHA CIOS pgCG/pLcL ~ wh/cg < 1. Pemenne
3aJla4M O TPOXOXKICHUU BOJHBI 4epe3 3TOT ciioi [25]
MOKA3bIBAET, YTO BTOPAsi FTAPMOHMKA HA €rO BBIXOAE OKa3bl-
BaeTcs B K > 1 pa3 cuibHee, KOTJa JIETKWI CIOM OKpYXKeH
IJIOTHOU cpefoit (o CpaBHEHUIO CO BTOPOU TapMOHUKON B
cilydae OTCYTCTBHS IJIOTHOM cpejibl). Benmunna "ycunenns"
HEJIMHEWHOCTH JIJIs TEHEPAIIUK BTOPOIl TapMOHMKH paBHA

R THE A
P 3eL \cGpg

(23)

Jluis Bo31y1Horo cj1os B Bojie K ~ 5,5 x 107. Cioit, cocTos-
UH U3 BOJBI C My3bIpbKaMH, 00bEMHasl KOHIEHTpalus
KOTOpBIX ~ 107, obecmeunBaet ycunerne mopsaaka 5000.

OOBsICHEHHE TUTAHTCKOMY YCUJICHUIO HEJIMHEHHOCTH
oueHb mpoctoe. [IycTh B cj10€ BOIBI PACHPOCTPAHSETCS
BOJIHA C XapaKTEePHBIM JaBJICHUEM MOPSJIKA HECKOJIBKHX
atMocgep. 9To — ciabas BOJHA, TOTOMY YTO BHYTpPEHHEE
JaBJIEHUE B BOJE CE p coctapysieT nopsnaka 23000 atm.
OnHako, KOrJa Takoe JaBjIeHHe HAYMHAET eHCTBOBATH HA
CJIOW BO3IIyXa, €ro 00beM HU3MEHSIETCS B HECKOJIBKO pa3 —
9TO CHJIbHBIE JeopManuu, TPHUBOJSANIME K TeHEpaIud
TapMOHUK.

HecMoTpss Ha mpocTOTy S$BJIEHMS, 1O CHX MOpP HET
XOpoIIell Teopuu, MO3BOJSIOLIENH KOJIMYECTBEHHO OIEHUTH
TIpeIeIbHO BO3MOKHBIE 3HAYCHU I TapaMeTpa HeJIMHEHHOCTH
ra30XUAKOCTHBIX cpen. dopmyia (23) monydyeHa U3 CIIUMI-
KOM YIPOIICHHOW MOJIEIN U JTAeT, KOHEUHO, JIAIIL OIECHKY
cBepxy. MoxHo, cienys [30], paccMOTpeTb JUHAMHKY
OJMHOYHOTO MY3BIpbKa M 3aTeM MepelTH K >XUIKOCTH,
cozepKalleil ancaMOJIb My3bIPbKOB (HEJTMHEHHBIX OCHUILIS-
TOpPOB). YpaBHEHHE KOJIeOaHMIA My3bIpPbKa B TIOJIE aKyCTHYe-
CKOT'O JABJICHUSI B )KHIKOCTH p(f) BHIBOAUTCS U3 YPABHEHUS
Panest [7] ¥ ¢ yueTOM CKMMAEMOCTH ra3a BHYTPHU My3bIpbKa
UMeEET BUJ

d*w 1 dw  (dw)? s , p(t)

FTERS {Zw Frel (E) } + apw(l —egw) = —wy Zoa
(24)

31ech W, @] — OTHOCHTEJILHOE BO3MYIUEHHE O00bEMa Iy-

3BIpbKA W KBAJAPAT COOCTBEHHOW YaCTOTBI €rO JIMHEMHBIX
KoJieOauuii,

/ .2
w:;, %2231;_2;/)_@7 (25)
0 0 PL
Vo, Ry — paBHOBECHBI 00beM c(heprueckoro my3bIpbka H
ero pajauyc, &g — HeJMHeHHbI napameTp rasa (6). Peso-
HAHCHAsl JIJIMHA BOJIHBI B COOTBETCTBUH C (25) oka3bIBaeTCs
HaMHOT0 OOJIBIIEH paguyca My3bIpbKa, TOCKOIBKY OCIHIIIIS-
TOp UMEET MAJIYIO CKMUMAEeMOCTh (ra3) U OOJIBIIYIO MPUCO-
€IMHEHHYIO MAaCCy COKOJICO TroILEHCS )KUAKOCTH. Tak, ynHa
BOJIHBI B Bojde Ha vactotre 1 MI'm cocrasisger 1,5 MM, a
pamuyc "pe3oHaHCHOrO" My3bIPbKa — JIMIIIb 4 MKM.
VpaBHeHue (24) cogepXUT KaK T€OMETPHUYECKYIO HEJIH-
HEWHOCTh (UJICH B KBQJIPATHBIX CKOOKAX, MOSBIISIIOIIMIACS B
ypaBHeHMU Pajiess BcleICcTBUE HEJIMHEHHOCTH YpaBHEHHS
Ditnepa), Tak U (PU3MUECKYIO, TTPOTIOPLIUOHAJIbHYIO &G. VX
OTHOIIEHHE — BeJIMYMHA Mopsaka o’/(2egm3), rae w —

6*

YacToOTa aKyCTHYecKux kosieOanmil. Takum oOpazom, s
HU3KOYACTOTHBIX (HEPE3OHAHCHBIX) My3bIPHKOB (hU3HUYECKAS
HEJIMHEWHOCTh CYIIECTBEHHO NPEBOCXOIUT TE€OMETpPHYEC-
KyI0, TIO3TOMY TIOCJIETHEed MOXHO mpeHeOpeub. MMeHHO
00JIBIIIOI HETMHEHHBIN OTKJIMK HA HU3KUX YaCTOTAaX, CBSI3aH-
HBIN C CHJILHOM CKMMAaEeMOCTBIO Ta3a B My3bIPbKE, SBJISICTCS
OCHOBOM HEJMHEWHON IUArHOCTUKH OTAEJIbHBIX MHUKPOILY-
3bIpbKOB. [1pu MPUOIMKEHNH YaCTOThI K PE30HAHCHOM Tpe-
00JTaTafoIIMM CTAHOBUTCS JIMHEHHOE paccesiHie; pe3oHaHC-
HOE CEYCHUE pACCesSHUS ITPEBBIIIACT IONEPEYHOE CEeUCHHE
my3elppka B 4/ (kRO)2 pa3 (mas my3sIpbka B BOJE NOCTH-
raeTcs OTHOCHTENILHOE YBeTnueHne mopsaka 2 x 10% [35]).

CoxpaHsisi B ypaBHeHHH (24) TOJILKO HEJIMHEWHBIN JIeH
~ &G U JIOTIOJIHSISI €70 BOJTHOBBIM YPaBHEHUEM JIJIS1 AKyCTHYE-
CKOTO JaBJICHUs, KOTOPOE BBIBOJUTCS U3 JIMHEAPU30BAHHBIX
YpaBHEHUIA TUAPOTUHAMUKH ISl KUIKOCTH € IPPEKTUBHON
mwiotHocTei0 p = p (p)(1 —nV(p)), rae n — wumcno my-
3BIPBKOB B €IUMHHIE 00beMa, YAaeTcs MOJIYYUTh CHUCTEMY
ypaBaeHuti [30]

dw > p(1)

il 1 —egw) = — 26

dr? + wyw(l —egw) @y oG’ (26)
1 &% w

Cucrema (26), (27) coBnamaeT ¢ ypaBHEHUSIMH, HCIIOJIb3Ye-
MBIMU B HEJIMHEHHOW ONTHKE AMAJIEKTPUKOB [36], roe p —
9JIEKTPUYECKOE TOJIe, W — MOJISIPU3ALMS CpeAbl B MOJENN
tuna dpyne —Jloperna. DTy cucreMy yI100HO UCTIOTIH30BATh
JUJIsL PEIIeHus] BOMPOCa O MpeAebHO BO3MOXHBIX HEJIMHEH-
HOCTSIX.

He uHTepecysch pe30HAHCHBIMU SIBJICHUSMH, TpeHeOpe-
JKEM BTOPOU mpousBogHOM B (26). DddexTuBHAS HU3KOYA-
CTOTHAsI CKOPOCTbH 3ByKa

‘L :CEPL
L+nVy B’ c&dpg’

(28)

Ceff =

[IPH 3TOM MAACT KaK C POCTOM ra30CcoaepKanusi nVy, Tak U ¢
pocToM oTHoleHus1 cxumaemocteit 5 cpen. Cucrema (26),
(27) sBnsieTcst ciiabo TUCTIEPTUPYIOIIEH, U MOXET OBITh C
MTOMOIIBIO METOAA MEIJIEHHO U3MEHSIFOIIETrocs poduist [36]
CBeJICHA K YPABHEHHIO PUMAaHOBBIX BOJIH (cp. ¢ (7)):

O eerr

op Eeff
=5 Py =0, S
OX  Cofp Pefr

P = 3

ot Cefp Pefr
rme T=1— X/cqr — BpeMs B "compoBoxnaromieit" BoHy
cucteme koopauHaT. OTCro/1a HaX0IuM 3HaueHue 3P HexTHB-
HOTo Ko3((unneHTa HeJIMHEHHOCTH:

Eeff ﬁznVo(l —nl))

£G (1+ pnvy)’ (30)

Buano, 4T0 MakcuMaJibHASl HEJIMHEWHOCTD

,82
Ceff = &G 7 17

(31)
4p+1)

-1
JIOCTHTAETCsl IpH razoconepxanuu nVy = (f +2)~ . OueHku
JUTsE IBYX(pa3HOM CHCTEMBI, COCTOSIIECH U3 BOJIBI M COJIEPKa-
IIUXCSl B HEH BO3OYIIHBIX MY3BIPHKOB, MOKA3BIBAIOT, YTO
o deKTUBHAS HEJIMHEHHOCTh MOXET BBIPACTH IO CpaBHE-
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HUIO C HEJUHEWHOCTBHIO [BYXaTOMHOIo raza B K=
= gt/ ~ 3900 pa3 u MOCTHYb MAKCHMAJIbHOTO 3HAYCHUS
et =~ 4700, mpuyeM 3TO MPOUCXOJUT MPH OTHOCUTEITHHOM
00BEeMHOM cOlepKaHUH Ta3a Beero aumb 0,7 x 1074,
VYkazaHHbIE 3HAUYEHHS COTJIACYIOTCS C OLIECHKAMH MHOTHX
U3MEpEeHUid, a TakXke ¢ oleHKo# 1o ¢popmyte (23). Bmecre ¢
TEM TOBOPUTH 00 OKOHYATEJILHOM SICHOCTH HeJib3sl. [1y3bIpek
paccMaTpUBAJICS BBIIIE KaK OCOMILISATOP 0e3 moTeps, Aedop-
MaIH MPe/oJIarajuch KOHSYHBIMH, HO MaJIbIMH, HE Y4H-
TBIBAJIMCh paccesiHue 1 psia Apyrux pakropos. Kazanock Obl,
JUTS IPUHITUINATIBHOTO PEIICHUs BOIPOCA O MAKCUMYME Eeff
MO’HO PacCMOTPETh OJHOMEPHYIO 33444y O MEePHOIUUECKU
YepeaYIOMUXCSl TUIOCKONAPAJIICbHBIX CJIOSIX JBYX CpPel
PGCG, PLCL C TOJMIMUHAMH /i, /. B nuHEWHON mocTaHOBKE
Takas 3ajJava JaBHO pelreHa (cM., Hampumep, [36, 37]).
CoOTBETCTBYIOIIIEE TUCTIEPCHOHHOE YPaBHEHHE

cos (kegr(h + hL)) = cos (kghg) cos (kphy)—

! (k_G N k_L> sin (kohg) sin (ki)

: (32)

ky ke

HOJIy4aeTcs B pe3yJIbTaTe CIIMBAHMS HA TPAHULAX PEIICHHIA
BOJIHOBOT'O YPaBHEHHUS [UIsI K&XJOrO W3 CJIOEB. B mimHHO-
BOJIHOBOM TNipuOJimkenuu u3 (32) cienyer

hg+h., hg ho
o ot (33)
Cefr G ‘L

Ipu ycnosun ¢ < ¢f u3 popmyasl (33) momyyaeTcs Hempa-
BIJIBHBIN PE3yJIbTAT, HE COTJIACYIOIIHMUCS C IKCHEPUMEH-
TaJbHBIMU JaHHBIMH. Tak, MPH OJMHAKOBBIX TOJIIIMHAX
CJI0€B BOJBI M BO3/JyXa HaOJIOTAFOTCS MaJble CKOPOCTH
3Byka (30— 100 M c™'), a cornacuo dopmyne (33) ckopocTh
3ByKa gocturaet 235 M c~!. JIe0 B TOM, 4TO B KJIACCHIECKOM
Teopun (32) He yYTEHBI CMEIIEHUS] TPAHMUI, CYIIECTBEHHBIE
npu OONBIION CKUMAEMOCTH BO3/ayXa, T.e. T'PAHHYHAS
HEeJIMHEHHOCTH (cM. npuMep | u3 pasnena 2). [IpaBuiibHbIN
pe3yJIbTaT, MOJIYYEHHBbIN B paMKax KBa3UCTATUYECKOTO MOA-
xona (popmyia Mamioka [31]),

(ha+h)* 1 pp 1 pg 1

2,2 2
hohi  cg  pc g PL L

(34)

MOKA3bIBAET, YTO IPU OJAMHAKOBBIX TOJIIUHAX CJIOEB g = AL,
MOJIYyYaeTC MUHHMAJbHO BO3MOXHAS CKOPOCTb Ceff =
=238 M ¢!, ropa3mo MeHBINAas CKOPOCTH 3ByKa Kak B
BOJIe, TAK U B BO3JIyXe. PacxoxaeHue Ha MOPSIIOK PEIIeHs
JINHEHHOW 3a]]Ta4d U peasIbHBIX TAHHBIX, CBSI3aHHOE C HEeyue-
TOM CMEIIEHUS] I'PAHUL, JEMOHCTPUPYET TPYIHOCTU CTPO-
roro perrenns 3agaud B "dusnuecku HeauHelHou" mocra-
HOBKE.

K HescHocTM OTBeTa Ha BOIPOC O TOM, HACKOJIBKO
OGOJIBIIIMMHU MOTYT OBITH HEJIMHEWHbIE MOYJIH, 100aBJIISETCS
JIPYroi, He MEHee BaXXHBbI BOMPOC: HACKOJLKO OOJBIIUMU
MOXHO cJielaTh akycrmyeckue umcia PeiiHonbaca [1-3],
XapaKTepU3YIOIUEe OTHOCUTEIbHBIE BKJIAJbl HEJMHEHHBIX
3(hdEKTOB U KOHKYPUPYIOLIETO ¢ HUMHU 3aTyXaHUs (BCJIEH-
CTBUE JVICCHUIIAIINY, OTPaKECHWsI, PACCeSIHUS BOJH M T.1.)?
YacTo pocT HEJIMHEHHOCTH COTPOBOXKIACTCS eIlle OOIbIINM
YBEJMUCHUEM TOTEPh, YTO 3aTPYIHSICT MPOBEICHUE U3MEpe-
HU.

Ilepeitnem Temepsr K TBEPABIM CTPYKTYPHO-HEOTHOPO/I-
HBIM cpefiaM. B Takux cpefax (rpaHyJIMpOBAHHBIX, (HIIFOUIO-

Co 0 <O

Puc. 5. Henmneiinenit kontakt I'epra.

HACBILIEHHBIX, TPELIMHOBATHIX, MOPUCTHIX U 1p.) YCHJICHHE
HenmHeiHocTH K TakXke AOCTUTaeT, MO NaHHBIM MHOTHUX
skcepumenToB, 102 —10%. 3nech pocT K — mpu3HAK HAIM-
yust 1eexToB.

ITpumepom cpenbl, 001aar0IICH CUIILHO HEJIMHEHHBIMU
CBOMCTBaMM, CITYXKUT cuctema rpanyi. [11omanb KOHTaKTOB
MEX/]1y TPaHyJIaMH 3aBHCUT OT NMPUJIOKEHHOTO HATIPSIKCHUS,
T.e. cucteMa aedopmMupyeTcst kak aHcaMOJIb HEJIMHEWHBIX
npyxuHoK. [Ipumep maet kiaccuueckasi KOHTAKTHAs 3a/1a4a
TEOPUU YNIPYrocTu — 3a7a4a o ABYX I1apax (KOHTakT I'epra
[4], puc. 5). Cuna, ¢ KOTOpOH OTTAJIKMBAIOTCS IIIAPUKU
pamuycamu R; m R;, HEIWHEHHO 3aBUCHT OT PAa3HOCTH
cMelleHuit ux HeHTpoB (&, — &), MOSIBUBIIIEHCS BCICACTBHIE
neopMHUPOBAHUS:

RiRy, . . 3p _
E\/7R1+R2(Cz )06 — &)

3nech 0 — ¢pynknus Xepucaiina, E— 3¢ ek THBHBINA MOTYJTb,
3aBUCAIMA OoT MonayJyieii FOHra martepualioB cdep u ux
ko3ddunuentos Ilyaccona. I[Ipu oTpumaTebHBIX 3HaYe-
HUSIX PAa3sHOCTH cMelleHuit (&, — &) mapsl pacxomsiTcs, He
nedopmupysich, U ciiia F paBHseTcs Hyro. [Ipu moixoxu-
TEIbHBIX 3HAYCHUSIX 3TOU pa3sHOCTHU cuia F 3aBUCHT OT Hee
kak (& — 61)3/ 2, OuYeBHUIHO, YTO MPU KOJEOAHUSIX CHCTEMBI
U3 JBYX HIAPUKOB MO ACUCTBUEM TEPHOINYECKON BHEITHEH
CHJIBI HEJIMHEHHOCTh OyAET CYIIeCTBEHHON TOJIBKO B cllydae
CHJILHOTO M3MEHEHH S IUTOIIA 1 COPUKOCHOBeH s Tesl. Ecn
KOHTAKT "Mo/KaTh" GOJIBIINM CTATHYECKAM YCHIIHEM, TO
HEeJIMHEWHOCTh yMeHbInuTcs. [Ipn crabom mopkaTim, Koraa
pACTSATMBAIOIIUE CHJIBI MOTYT Pa3opBaTh KOHTAKT, B (ase
CKATHS IPAHyJIbl COYAAPSIIOTCS; O TAKOM MEXaHU3ME I'OBO-
pAT Kak o "xuonaromeil” HemHeHOCTH. MO €L CUCTEMBI, B
KOTOpOit AepopManuy cxkaTs U pacTsDKEHU ST OTIACHIBAIOTCS
JINHEWHBIM 3aKOHOM ['yka, HO ¢ Pa3sHBIMH MOIYJISIMH
yIOPYroCTH, HA3bIBAIOT "OUMOIYIbHONU"; OUEBUAHO, UTO
cucrema ¢ "xjonmaromuMu" KOHTAKTAMH €CTh YaCTHBIA
ciyyaid OMMOJYJIbHOM CHUCTEMBI, B KOTOPOH OTCYTCTBYET
YIPYroe CONPOTHUBIICHUE PACTSIKECHUIO.

Henuneiinble MexaHU3MBI, T0JOOHBIE OITMCAHHOMY MeXa-
HU3MY T€PIIEBCKUX KOHTAKTOB, HCIIOJIb3YIOTCS IIPU OTIUCAHUN
IUHAMUKU TpaHyJIMpoBaHHBIX cpea (cm. [38]), KoHTakTa
LIEPOXOBATHIX MOBEPXHOCTEH [22] M psiga APYTUX CUCTEM.

Eme oIHUM BaXXHBIM HPUMEPOM Cped ¢ OOoJbIIoi
CTPYKTYPHOH HEITMHEHHOCTBIO SIBIISIOTCS TPEIIMHOBATHIC
cpensl (puc. 6). M3BeCTHO, 4TO MPUIOKEHHOE K 00pasIy
Ccpelbl HANpPSDKEHWE o YCHJIMBAETCSI HA KOHYUKE OCTPOU
tpetwmssl (6* = Ko) B K = 1+ 24/1/2ry pa3, vae [ — nnuHa
TPEIIMHEL, ) — PAJANYC KPUBU3HBI B BEPIIMHE BhIpe3a (CM.,
Hanpumep, [39]). Korma ry — 0, ycunenue K — oo. Ilpm
0OJIBIINX HANPSDKEHUSIX BOJIM3H OCTPOI BEPIINHBI TPEIIIHBI
cpefia OOBITHO ILTACTUYECKU Ae(DOPMUPYETCS U Fg IPUHIMAET
HEKOTOPOE KOHEYHOE 3HAUCHUE.

ITycTh k TBEpAOMY 00pa3Ily C BHYTPEHHUMH TPEIUHAMU
(puc. 6a) MPUIOKEHO MEPEMEHHOE HATIPSIKEHUE, HAIpUMeED,
MOCPEJICTBOM OOJIyYeHHUsI €ro BOJHOW C 4acTOTON « WK
IByMsi dactoTamMu m, Q. OmHOpoaHbIH 00BeM aedopMu-

F= (35)



T. 176, Ne 1]

TUTAHTCKUE HEJIMHEMHOCTU CTPYKTYPHO-HEOJTHOPOJHBIX CPE]] 85

=, | €5
g o
] ! <> -
Jd/~.

Puc. 6. (a) BOom3u ocTpoii BepIIMHBI TPELIUHBI TPUIIOKEHHOE HAIPsKe-
Hue ycusieHo B K > 1 pa3. (0) BepluuHbI TPEUIMH U3JIy4atoT FTAPMOHUKYI U
KOMOWHAIIMOHHBIE YACTOTHI CIIEKTPA TAJAIOIICH BOJTHBL.

pyeTcsl IMHEHHO, OJTHAKO BEPIIUHBI TPEIIUHBI TEHEPUPYIOT
BTOPYIO TapMOHHKY 2 WJIA KOMOWHAIMOHHBIE YaCTOTBI
0w+ Qu w—Q (puc. 66). C yBeauueHNEM YUCIA TPELIUH
YPOBEHb HEJIMHEMHOT O OTKJIMKA JOJDKEH BO3PACTATD.

BiusiHue neekToB CTPYKTYPBI HA HEJIMHEMHOCTD Aedop-
MHpOBaHus O0eTOHA HAOMIOAAJIOCh MPH YIBTPA3BYKOBBIX U
TEH30MEeTpUUECKUX u3MepeHusx [40—42]. YcraHoBIeHoO, 4TO
BOJIOHACBIIIIEHHBIE O0OPa3lbl UMEIOT ICEBIOYNPYIHE CBOW-
CTBa, @ IIPU UCIAPEHUU BJArU (BBICBIXAHMU TPELIUH) HEJIH-
HeHOCTh ycuyiuBaeTcsi. OTMeUeHb! MOSIBJICHUE 3aBUCUMOCTH
HEeJMHEWHBIX 9Q(PEKTOB OT 4aCTOTHI, @ TAKXKE TUCTEPE3UCHBIE
SIBJICHUSL.

IIpsiMoe moATBEPIKACHUE YCUIICHHS HEJTMHEHHBIX CBOWCTB
Cpebl ¢ poCcTOM uucia TpemuH mano Pobcmanom [43, 44]
(puc. 7). beroHHas 6ajka HarpyxaJjach Ha CTCHJIE CTaTHYe-
CKUM HaIpsDKEHHEM, BO3PACTAIOUINM BIUIOTH A0 €€ paspy-
menns. C TOBBIIIEHUEM HATPY3KH YBEJIUYUBAJIOCH YHCIIO
TPEIINH, U CTPYKTYpPHAsI HEIMHEHHOCTh Cpe/ibl BOo3pacTaja.
IIpu omHMX M TeX >Xe 3HAYCHUSAX [JIMHBI Oanku (6 M) U
YPOBHSI UCXOJTHOTO CUTHAJIa HAOJIIOAJIOCh YCUJICHHE HeJT-
HEWHBIX BOJIHOBBIX B3amMmojevictBuii. Ha pucynke 7 B
KayecTBe TMpUMEpa TMOKA3aHO B3aUMOJEUCTBUE Y3KOU
JIMHAHA aKyCTUYECKOTO CHTHAJIA C MIMPOKUM IIyMOTOI00-
HBIM CIIEKTPOM, MPOU3BOAMMBIM yAapom (cp. ¢ puc. la).
IIpomecchl TeHepanuy BBICIIAX TapMOHUK, TOSBIICHUE
HIMPOKKX "MbenecTanoB" y Kax[Iou CIEKTPabHOW JIMHUH
BBIPAXXEHBI CHJIbHEe IpH OOJbIIMX Harpys3kax. OTMedanoch
MOSIBJICHUE CHTHAJIOB AaKyCTUYECKOH OMECCHU, POXKAAIO-
IUXCSl IpU 00pa30BAaHUM HOBBIX TPEIIUH, KOTOpBIE TOXeE
BCTyNAJIM BO B3amMojencTBue. HemocpeacTBeHHO mepen
BHE3AIHBIM pa3pylIeHHeM o0paslia CHEKTP CTaHOBMJICS
OYeHb CJIOKHBIM; 3aMETHO YCHJIMBAJACh €ro CIUIOIIHAS
cocTapisitornasi (0eblit 1ym).

O4eBUAHO, YTO C PA3BUTHEM CHUCTEMBI TPEIIMH YMEHb-
IAeTCs MPOYHOCTh MaTEPHAJIa, TO3TOMY YCHIICHHE HEeJTMHEH-
HBIX 3(GEKTOB B IePEKTHON Ccpelie MOXKET CIYKUTh KpUTeE-
pueM MoTepu NPOIHOCTH.

B mnocnegnue roapl myOJMKyeTcss MHOTo paboT 1o
HEJIMHEMHOW aKyCTUKE Cpell C HACJIEACTBEHHBIMH, B TOM
YHCJIe THCTEPE3NCHBIMH, CBOWCTBAMHU. DTH PabOTHI TOKA
c1abo CBs3aHBI C MHOTOJICTHUMH HUCCJICIOBAHUSMH IO
MEXaHUKE HACJCICTBEHHBIX CpeJl, Ha4ajJ0 KOTOPBIM IMOJIO-
xwm bonbivan (1876 r.), Paneit (1887 1.) m BoabTeppa
(1913 r.). Bmecro "ypaBHeHHH coOCTOsIHUS", COAEpKAILUX
(bu3MUecKyI0 HEJIMHEHHOCTH, 3[1eCh NMPUHSITO TOBOPUTH 00
"onpeaensromux ypaBHeHusx".

Eme BosbTeppa npu MOCTPOCHUM HEJIMHEHHON Teopuu
HACJIEACTBEHHOM YNPYrocTU HUCNOJIb30BAJ IPEICTABIICHUE
Opente 1715 GYHKIMOHANA B BUIE PSAa KPATHBIX MHTETrpa-
JI0B, oboOaroniee psia Teitopa. st oqHOMEpPHOTO ciyvas
pasyioxenust Boiabteppa—®Pperie B CKalsipHOM BapHaHTE

Cratnyeckast Harpyska

0,8 -
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I, oTH. enn.

0 20 40 60 80 100 120
1,2 -

Yacrora, kI'g

0,8 |-
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Puc. 7. Henuneiinble B3aMMOAEHCTBUSI IHIMPOKOINOJIOCHOTO IIymMa H
MOHOXPOMHOI1 BOJIHBI B JKeJIe300€TOHHOM OaJike (a) Ha pa3HBIX yPOBHSIX
pa3BuTHS TpelwH: (0) B OTCYTCTBHE TpEIIWH, (B) IPH IIOSBJICHAH
OJIMHOYHBIX HECBSI3aHHBIX MHUKPOTPELIMH, (B) MPHU Pa3BUTUH CHUCTEMBI
CBSI3aHHBIX TPELLUH Nepe]] BHE3AMHBIM pa3pyllleHneM Oajku, / — HHTeH-
CHBHOCTb BBIXOJHOI'O CUTHAJIA.

UMCIOT BU

o(t) = Ji Gi(t — 7) de(t)+

t t
+ J Gy(t —11,t — 12) de(7y) de(t2) + ... .,

—00 J—00

(36)

e(t) = Ji(t—1)do(7)+

—00

t

t
+ J Jr(t—11,t —12)do(t1)do(ta) + .. .,

—00

re o, ¢ — HanpspkeHue u pepopmanus, Gy, J, — QyHKIHA
penakcanuu U nosiydectu [45]. MHOTIA MCHOIB3YIOT MO-
JIeTbHBIC Pa3JIOKEHHs], HATpUMeEp, YpaBHeHue PaboTHOBa

ple()] =a(r) + L K(t—1)o(t)dr (37)
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uu Jlunnepmana — PozoBckoro

t
e(t) =ylo(n)] + j K(t — ) y[o(1)] dr, (38)

—00
B KOTOpBIX ¢(e), Y(0) — HekoTopble QyHKIMH; QyHKIHO-
HaJbHbIC psiabl (36) 34ech MPeanoIararoTcs YaCTUYHO MPO-
CYMMUPOBAHHBIMU. DTH (PyHKIUH, KaK U sIAPaA MO HHTErpa-
Jlamu (36), B MEXaHHMKE MMOJOUPAIOTCS HA OCHOBE OOJIBIINX
00bEMOB 3KCIIEPUMEHTATBHBIX JAHHBIX I KQXKIOTO KOH-
KpeTHOro Matepuala [45]. B akycruke, rjie 1uana3oH 4acToT
IApe U CTPYKTypa siaep (MM MX CHEKTPOB) ropasiio
CJIOXHEe, JKCIEePUMEHTAJbHBIX JaHHBIX KpaiiHe Malo.
Takue nanHble MOTJU OBl OBITH MOJY4YEHBI Ha OCHOBE
HEJINHEWHOW CHEKTPOCKOIHNH, IO AHAJIOTHU C ONTHKOH (CM.,
Hanpumep, [46]), 0IHAKO O pa3BUTUU 3TOT'O HAIIPABJICHUS U O
MPOBEJICHUU TIOTOOHBIX U3MEPEHUI y HAC CBeJcHUIl HeT. B
AKyCTHKE 3TOT TEPMHUH HCIOJIb3YIOT B APYI'OM CMBICIIE;
HanpuMep, "HeauHelHas pe3oHAHCHAs cnekTpockonus"
MOJXET 03HA4YaTh MPOCTOE U3MEPEHHE AMIUIUTYIHO-3aBUCH-
MOit YacTOTHI KoJiebaHuii pesonatopa [47].

Teopuu, mogoOHbIe Teopun BosibTeppa, OTHOCATCS K
mpoueccaM C 3ama3fblBaHHEM, HO OOpaTUMBIM, B TOM
CMBICJIE, YTO KPHUBbIE MIHOBEHHOIo naedopMHupoBaHus (B
3aBHCUMOCTH HATIPSOKEHUs OT AedopMaiuu) mpu Harpyske
U pa3rpy3Ke COBMAAIOT. B rUCTEepe3UCHBIX Cpeax CUTYaIus
MOXeT ObITh MHOH. HeJIMHeHHOCTh B MeTasl1ax, HampuMmep,
CBSI3aHA C HAKOIUICHWEM CYIIIECTBEHHO HEOOPaTHMOH Ija-
cTUuecKkod aedopManuu M 3aKOH pasrpy3ku OJIM30K K
nuHeHoMy. B MaTtepmanax ¢ HeCTpyKIMOHHOM TICEBHO-
MJIACTHYHOCTBIO (IPUMED: apMUPOBAHHBIE TJIACTUKHU C KOH-
HNEeHTpaNuell HANPSDKEHUH Ha M3TH0aX BOJIOKOH, TPEIINHAX)
NpU pasrpy3ke YacTh TpelluH "3akpwiBaercs", W rpaduk
pasrpy3ku npuoJIKaeTcs K Havajly KoopAauHaT: 0 = e = 0
[45]. "3aneunBanue" Tpemmy B nporecce AehOpPMHUPOBAHUS
HaOmoganoch B OetoHe. HemaBHO sIBJIeHHE POXKICHUS —
ncye3HoBeHNs AedexTa HabOMromanmu B MeTallle 1Mo TeHepa-
LMY BBICIIAX TapMOHUK [48]. 171 NUKJIMYECKUX MPOLECCOB
yII0OHA MOJIETb 3aBUCUMOCTH HAIIPSDKEHUS OT JeopMarmu
B BHJIE TUCTepe3ucHoi 3aBucumoctu Pases. Takas rucrepe-
3UCHAsl TEeTJid Ha puc. 8a 3ajaHa (popmysamu (y4acTku
A'B’A, ABA')

b
o= (E+b€m)€+§(€2*€é),

b
— 22
o= (Eerem)efE(e —er)
u o = Ee — be? na yuactke OA’. OcTaTOuHBIE HAIPSKEHHS 1
THCTEPE3NCHBIE MOTEPH (3a IHKJ) MAFOTCS CIIETYFOINMHA
BBIPAKCHUSIMH:

* b 2

g zzem,

W:E#;edozgesﬂ.

OmHaKo 3Ta MOJIEITh CIpaBeUINBa TOJIBKO JIJIs KBa3HCTa-
[MUOHAPHBIX MPOIIECCOB: OYEBUIHO, YTO MPH OBICTPOM U3Me-
HEHUHM [TPUIIOKEHHOTO AKyCTHYECKOT'O TABJICHUS BHY TPEHHSIsI
nepecTpoiika cpebl He OyIeT yCleBaTh CJIeJ0BATh 3a HUM, a
Ha OYeHb BBICOKMX YacTOTaX BHYTPEHHHE HPOIECCHl OKa-
KyTcst coBceM "3amoposkeHHbIMU" . [HCTEPE3UCHBIE TOTEPH,
ompeelisieMble IUIOMAAbI0 TETJIM Ha pHC. 8a, C POCTOM
4aCTOTBI JOJIKHBI YMEHBIIATHCS. B 11eT0M KapTHHA HATTOMU-
HAeT Ty, KOTopas OmucaHa pejaKkcalmoHHOU Teopueit MaH-
nenbintamMa u Jleontosuua [7]. OgHako B OCJIEIHEN peak-
CHUpYeT JIMHEeWHBI BHYTPEHHHUHA TMapameTp (KOHIEHTpANUs

(t=x/c)/T

Puc. 8. (a) I'ucrepesuc Pasies. (6) IIporiece yrnIoTHEHUS CPebl BOJHOM:
Harpy>xeHue UJIET 110 IITPUXOBON KPUBOH, pa3rpy3ka — 110 NpsiMbIM [ — 3.
(B) Uckaxenue npoduiis 0JHONOISIPHOTO UMITYJIbCA TIPH PACIIPOCTpaHe-
HUM B TUCTEPE3UCHOU cpefie (CIUIOIIHBIE KPUBBIE) U B OOBIYHOM HEJIMHEH-
HOI1 cpenie (IITPUXOBBIE KPUBHIE).

OJTHOM M3 XMMHYECKH PEArupyFOIIMX KOMIIOHEHT, Kojeba-
TEJILHO-BO30YKIEHHBIX MOJIEKYJI U JIP.), TPUOJIKATOIIIIACS
K PABHOBECHOMY 3HAYEHUIO CO CBOMM COOCTBEHHBIM Xapak-
TEpHBIM BpeMeHeM 7T, B DE3yJbTaTe 4Yero MOSIBISAETCS
"JiuHeitHas naMsaTh" B 3aBUCMMOCTH BO3MYIIECHHS IJIOTHO-
CTH Cpebl OT aKyCTUUIECKOTO JaBJIeHus [2]:

t ! !
i P € 2 m ap(xal ) -1 l
N — der’.
= c4pp +c2pT J_OQ o P T

(39)

XoTsl BHyTpeHHUE IBUKEHHUSI BHOCST IOMOJHUTEIHHBIE
norepu ("Bropast Ba3kocts'" [7]), peakiust oGpaTUMa, U mocjie
MPOXOXKIACHUS BOJHBI Cpeia BO3BPAIACTCS K PABHOBECHIO.
HanpoTus, B rTHCTEPE3UCHBIX CPeIax MOCIIEC CHATUS HATPY3KH
BO3HHUKAET "HelMHelHas naMsaTh" — HeoOpaTuMble edop-
MaIiH WA OCTaTOYHbIC HAIPSDKEHHUS.

B pabote [49] paccMoTpeHa cpenia TUMA TPYHTA, YIJIOT-
HSIFOIIIETOCS] TPU OJHOKPATHOM Harpyxenmu (puc. 80), B
KOTOPOI IpoIiecc pasrpy3kd B 3aBUCHMOCTH OT €ro CKOpo-
CTHU UJIET 10 pa3HbIM IyTsM. [Ipsmas / Ha puc. 86 cooTBeT-
CTBYET MEIJICHHOMY HPOIECCY; OCTATOYHbIE nedopmManuu
IpH 3TOM MakcHMaJbHBL. [Ipm ObICTpOM muKie mpsmas 3
OJmM3Ka K HArpy3ouHoil kxpuBoi. B otmmume ot (39), 3mech
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BHYTPCHHAS JUHaAMHUKa OIKMCaHa HEJIMHEMHBIM HUHTErpalib-
HBIM YJICHOM!:

P &
pl=5 -
2 ¢

+%1le [p(x, 1) = pm(x)]” exp (J_—Tﬂ> di’. (40)

m

BoJsiHOBBIE ypaBHEHHUsI IBOJIIONHOHHOTO THIA [UJISI 3THX
CJIy4aeB BBITJISIIST HO-pasHoMY. JlJIst onpeiestsiromero ypas-
Henus (39) BoJIHOBOE ypaBHEHHE UMeeT BU/ [2]

3 N e ) _m&p
ot T)\ox c3ppar T 2¢ 012

a 1151 (40) 3anuceiBaetcs [49] kak
o 1\/op & Op\ e 0 2
(a + 7) (a T a) =~ 203,7 5 (P~ Pm()"

Ha pucynke 8B moka3zan nporiecc TpaHCHOPMAIIAN OJTHO-
MOJISIPHOTO HMITYJIbCA B OOBIMHOW HEJTMHEHHOW cpejle W B
cpele ¢ ocTaTOYHbBIMU AedopManusMu. BuaHbl npuHIMNIN-
aJibHBIE pa3inyus: 1) B OOBIMHOHN cpeje IIoagb UMIYJIbca
MOCTOSIHHA, a B HeoOpaTumo aeopMHUpyeMoii cpesie YMEHb-
IIaeTCs MPU PACIPOCTPAHEHUH; 2) CKOPOCTh 3aJHero GpoHTa
OoJIbIlle, YeM MepeHero, MOCKOJbKY 3a/JIHUN (POHT JIBH-
KETCS TO Cpelle, YIUIOTHEHHOW NepeaHuM (QPOHTOM; 3)
(GpOHTBI CONMKAIOTCS, BCIEACTBHE YEro HacTymaer "KoJ-
nanc" ummyibcea; 4) B OObIMHON Cpejie UMITYJIbC ACHMIITOTH-
YeCKH 3aTyXaeT MpH X — 00, HO MOTEPH HAa OCTATOYHBIE
nedopMany NPUBOIST K €r0 MCUYE3HOBEHUIO HA KOHEYHOM
PACCTOSIHUM.

ITo-BunumoMy, HanOOJIBIIMK MHTEPEC B 3TOU 00J1aCTH
OpEICTABISCT AaHAJIW3 MNPSIMBIX M OOpPATHBIX BOJIHOBBIX
3a7a4, B TOM YHCJIE s LeJed HeJIMHEHHON IUArHOCTUKM.
OnHako OOJIBIIMHCTBO AKYCTHUYECKMX PAOOT MO HM3YUYCHHIO
HACJIEZICTBEHHBIX CPEJI HOCUT CKOpee MaTePHATIOBEUECKAN U
omnmcaTeIbHBIA XapakTep. Kak BUAHO W3 pHC. 8B, BOJIHBI
BeAyT cebsi B TakuX cpelax MHaye, 4eM IpH OOBIYHOMN
anreOpanmyeckol 3aBUCUMMOCTH HAIpsDKeHUs OT Jedopma-
mau. B cayuae "pemakcupyromux" (B cMbicae Manaeib-
mrama —JICOHTOBIYA) 3aBUCUMOCTEN MeXIy IapamMeTpaMu
HEeJIMHEHHbIE BOJIHBI WCCIEOOBAHBI TMOAPOOHO [2], HO IIs
TUCTEPE3UCHBIX CPel TAaKUX Pe3yJbTaTOB HEJOCTATOYHO
(cM. 0630p pobiemsl B [49 —53]).

4. O HeIMHEHHOU TMATHOCTHKE

B ocHOBe OOBIYHON aKyCTHYECKOW TUATHOCTHKHU JICKHUT
CIIOCOOHOCTH aKYCTHYECKUX BOJIH NPOHUKATH B CPEIBbI,
HEeNpO3pavHble IJI UHBIX BUIAOB M3JIy4eHusl. V3BecTHO, 4TO
BOJIHBI HU3KUX YACTOT CIIOCOOHBI PACHPOCTPAHSATHCS HA
HECKOJIBKO TBICSY KUJIOMETPOB B OKeaHe W MO 3eMIIeH;
BBICOKOYACTOTHBIC BOJIHBI MOXHO C(OKYyCHpOBATh Ha
000 BHYTPEHHUI OpraH 4eJI0BEYeCKOTO TeJla U MOJIYYUTh
ero yJabTpa3ByKoBoe m3obOpaxenue. MIMEHHO 1Mo 3TOU mpwu-
YHE aKyCTHYECKasl IMAarHOCTUKA IIMPOKO PACIIPOCTPAHEHA B
reousmke, MeaUIUHE, TPOMBINIIEHHOCTH. JInHEHHBIE
METOJbI TO3BOJSIOT HCCIENOBATH OOBEKTHI, BAapbUPYS
qacTory, dasy, NoSIpU3alMI0O U HalpaBJIeHUe paclpocTpa-
HeHust BOJTHBI. C HCMOJIb30BAHUEM HEJIMHEHHBIX SIBJICHUN
BO3HHUKAET 3aBHCUMOCTb OTKJIMKA CPeIbl OT aMILIUTYIbI
(MHTEHCUBHOCTH) CUTHajia. TeM caMbIM BO MHOXECTBE
METOJIOB U CXeM aKyCTHYECKOH ITMAarHOCTHUKH MOSBIISETCS

"HoBOE M3MepeHue'"; B IPUHIIKIE JTFOO0M U3 CYIIECTBYIOIIUX
METO/10B 0000IIAETCS U PACIPOCTPAHSICTCS HA HEJIMHEHHBIN
CIIy4aif, ¥ YUCIIO TAKUX MOAU(DHUKANUA MOXKET OBITH OYCHb
6ousbM. [To3TOMY UMeeT CMBICT 0OCYTUTh TOJBKO HEKO-
TOpBIE CXEMBI, B KOTOPBIX HEJIIMHEHHOCTH YXKE CEerOJIHS
OTKPBLIA HOBBIE HHTEPECHBIC BO3ZMOXXHOCTH.

Wpnewn, nexarnye B OCHOBE HEJIMHEHHBIX METOIOB JUArHO-
CTHKH M Hepa3pyIIArOIIero KOHTPOJIsl, XOPOIIo u3BecTHb. C
pPOCTOM aMIUTUTY/] BOJH HAPYIIAETCS MPHUHIUI CYIIEPIO3H-
UM TIepecekasiCh BO BPEMEHHN W B IPOCTPAHCTBE, CUIbHBIE
BOJIHBI HAUMHAIOT B3aMMO/ICHCTBOBATh, OOMEHHUBASICh JHEP-
rueil. Ilpu 3TOM Kaxmas u3 BOJH '"3amomuHaer" Kak
XapaKTEPUCTHKU CBOUX "mapTHepoB", Tak 1 MaTepuajbHbIE
XapaKTEePUCTUKH Cpeabl (B TO#M 00JaCTH, IAe HPOH3OILIO0
Takoe B3amMoOJeHcTBHEe). DTa MHDOpManus MOXeT OBITh
"mocrasyena" K NPUEMHHMKY KaK CAMAMM MCXOTHBIMH BOJI-
HAMH, UCTILITABIIMMEI KPOCCMOTYJISIIUIO, TAK U U3JIyYCHUEM
HETIOCPEACTBEHHO U3 O0JIaCTH B3aMMOJCUCTBHUS B BHIC
HOBBIX CHEKTPAJIbHBIX KOMIIOHEHT, OTCYTCTBOBAaBIIMX B
HCXOTHOM BOJIHOBOM CIIEKTE.

Ha pucynke 9 m3obpaxena oOJacTh mepeceueHus ABYX
BOJIHOBBIX MYYKOB C 4aCTOTaMH ®, Q. DTa 0071aCTh MOXET
U3JIy4aTh TAPMOHUKU U BOJIHBI KOMOWHAIIMOHHBIX YACTOT,
AMILIMTYIbI KOTOPBIX 3aBUCSAT KaK OT AMILIUTYI UCXOHBIX
BOJIH, TaK U OT NapaMeTpoB cpe/ibl. OOpabaThIBasi CUTHAJIBI,
MOJHO TOJIyYHTHh HHPOPMAIIMIO O JIMHEHHBIX U HEJTMHEHHBIX
CBOICTBAax cpe/bl B 00J1acTH B3auMo/ieiicTBus. Kpome Toro,
KK/l MyYOK Ha BBIXOJEC M3 ITON 00JIACTH OKa3bIBACTCS
IPOMOIYJIMPOBAHHBIM CHEKTPOM JPYroro myuka. B ocHoBe
9THUX sBJIEHUH JeXHuT 2QdexT "paccesuus 3Byka Ha 3ByKe"
[56] (moapoOnee cm. [57, 58]). Ilpumepom ycTpOWCTBa,
peaym3yromero HejmHeHoe "3anmomumHanwme" cHrHATA,
aBiseTcs "mapamerpudeckuit" npuemuuk 3Byka [10, 57],
UCHOJIb3yeMblil B ruapoakyctuke (puc. 10). Ilpuemnou
AHTCHHOM 3/1eCh CITY)KUT CTOJIO BOJIBI BHICOTOM B HECKOJIBKO
JIECATKOB WM COTEH METPOB, B KOTOPOM JIOKAJM30BaH
MHTCHCUBHBIN BBICOKOYACTOTHBINA My4oK . [lapamerpude-
cKkue mpubOopkI, paboTarolue B BO3/IyXe, HAYMHAIOT ceifuac
UCIIOJIb30BATLCS IS TUCTAHIMOHHON MUATHOCTUKH OOBEK-
TOB [59].

CTporo roBopsi, YCJIIOBHE CHHXPOHHOTO (PE30HAHCHOTO)
B3aUMOJCUCTBUS TPEX BOJH HA KBAaJAPATUYHOW HEJIMHEU-
HOCTH

w3 =w+w, ki=k +k

o+Q 0w-—Q

Puc. 9. Paccesinue 3Byka Ha 3ByKe M KPOCCMOJIYJISIIUS B MHTEHCHBHBIX
IyYKax.
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Puc. 10. IIpuanun paboTbl npueMHON "mapaMeTpuuecKoii’ aHTEeHHbI:
CHJIbHASL BOJIHA  Croco6Ha "3amomuHATH" mapaMeTpsl caboro cur-
HaJa.

B aKYCTHYECKHX CpeJiax co caboil qucrepcueil BHITOIHSICTCS
TOJILKO JJIS MAJIBIX YIJIOB TIepeceueHrs MyvykoB. B uacTHO-
CTHU, XapaKTEePUCTUKA HANPABJICHHOCTH NPUEMHUKA, Npea-
cTaBjieHHOro Ha puc. 10, uMeeT OoCTpbli MAaKCUMYM B
HAMPaBJICHUH U3JIyYeHHUs! OMIOPHOTO MYyYKa, (POPMHUPYIOLIETO
"Gecresecuyro" npuemuyro antenny [10]. OmHako B 9KCriepu-
MEHTaxX YIaeTcs M3MEpPUTh 0e3 0coOOro 3aTpyIHEHUS U
3¢ dexT Hepe3oHAHCHOTO paccestHUs IPH JIFOOOM YIIIe Iepe-
ceyeHus: my4ykoB. [ToaToMmy 0061acTh mepecedeHus: MOKHO
nepeMelaTh B MPOCTPAHCTBE JJIsI U3MEPEHUST pacrnpeaese-
HUSl XapaKTepUCTUK Cpenbl. Y IaJloch Jaxe pPean30BaTh
CXeMy aKyCTHYeCKON ToMorpaduu Ha BCTPEYHBIX ITyYKax, B
KOTOPOW JUIMHA CHHXPOHHOTO B3aUMOICHCTBHS BOJIH MUHH-
MaJibHa [60]; ckaHMpOBaHUE IO MTPOCTPAHCTBY OCYILIECTBIISI-
JIOCh C TIOMOILBIO 3aJIeP’KKU UMITYJIbCHBIX CUTHAJIOB, OJ1aro-
J1apsi KOTOPOU MMITYJIbChl BCTPEUAIUCh U B3aMMOJIEUCTBO-
BaJIA B pa3HBIX MECTaX.

Jnst mosyvenust HamboJiee MOJIHOW WH(MOpPMAIUH O
MPOCTPAHCTBEHHOM PacClpeIe/IeHIH HEJTMHEHHOT O apaMeT-
pa &(r) HyXKHO HCHOJB30BATH METOJBI AUPPAKIIMOHHON
PEKOHCTPYKTHBHO# ToMoTrpaduu. [Tpocreiiiias cxema Tako-
Ba [61]. IlycTh HenuHelHast 06JacTh (Hampumep, 00JaKO
My3BIPHKOB B BOJIE YUIM OMOTKAHU JIMOO CKOIUIEHHUE TPEIINH
B TBEPAOM TeJle) 00IIydaeTcsi BOJTHAMH ], (03, HAIIPaBJICH-
HBIMH II0 €JMHUYHBIM BEKTOpam nj, my. M3mepsiercs pas-
HOCTHAsI 4aCTOTa w3 = (] — (7 B HAIIPABJICHUH 3. Perienne

HEJIMHEHHOTO BOJIHOBOTO yPABHEHHUS
2 22
Oy, o) O
012 c2p 012

B OOPHOBCKOM MPHUOJIMKEHUN AJISI AMILTUTYIbI PA3HOCTHOTO
CUTHAJIA B TAJIbHEM I10JI€ UMEET BU/L

2w} exp (i(ws/c)r)
c2p r

(W3 ! )
P = P1P2*£ —m——n +—nj,
C C C

rre £(k) — dypbe-o6pa3 dynkuum £(r); HawAIO KOOPIUHAT
HAXOJUTCS BHYTPHU pacceuBaTesis. st KOJUIMHEAPHBIX 30H-
JIUPYIOIINX BOJH, N = Ny, B (41)

(6]

5[73(“3 - “1)} :

™
I

(42)

T.e. JUIS KaXJIOr0 HAamlpaBJIeHUS OOJIyuYeHHS MOXHO HM3Me-
PUTH BEKTOPBI N3, KOHIIBI KOTOPBIX PACHOJIOKEHBI HA cdepe ¢
eIMHUYHBIM paauycoM. TakuM o0pa3oM OTNpeaessiroTCs
3HavYeHUs1 aprymenTa TpanchopmanThl Dypbe (42) Ha chepe
paauycom ws3/c. Bapbupys 3HaYeHHs] pAa3HOCTHOM 4aCTOTHI
WM MCTOJIb3YS pa3JIMuHble KOMOWHAIMM HaNpaBJICHUU
00JIy4eHUs ¥ IpUeMa, MOXKHO 3aIO0JIHUTh IAHHBIMH U3MEpe-
HU BHYTPEHHOCTh COOTBETCTBYIoMIIEeH cepsl B k-TipocTpan-
crBe. [Tocie aToro pacnpezeseHue £(r) BOCCTAHABIMBACTCS
YUCJICHHBIMH METOJIAMH, PeaIn3yIoIUMU 0OpaTHOE Mpeod-
pazoBanue Pypsbe.

CrocoGHOCTh HEJIMHEWHOM BOJIHBI "3amoMuHaTh" CBOIA-
CTBa TPACCHI UCIOJIL30BAHA B CXEME JTUATHOCTHKYM BOJTHOBO-
J10B iepemeHHoro ceuenns [62]. Ecim dyrkuus S(x), onucer-
BalOIasi U3MEHEHHWE CEYCHMs, HEM3BECTHA, TO €€ MOXHO
HaiTu, pemuB ypaBHeHue (7) Ui BTOPOM T'apMOHMKH,
MPE/ICTABJICHHOE B BUJIE MHTETPaIbHOTO ypaBHeHUs1 Ppej-
rojbMma:

2¢3py Pa(x) _ [-\[S(x))]l/z exp {b_“ﬂ(z_x)] dz.

ew  PE(x) o | S(z i po

IIpoduis kananza ynaercs BOCCTAHOBUTD, UCIOJIb3Y s 3HAYe-
HUSl aMIUTATY] OOeHX TapMOHHK, U3MEPEHHBIX Ha PACCTOsI-
HUH X TIPH PA3JIMYHBIX YACTOTAX UCXOAHOTO CHTHAJIA.

B paborte [63] mis npoduimpoBaHusl KaHAJIOB MPEIO-
KEHO WCIOJIb30BATh APYroil 3hhekT — camMooTpaxeHHe
BOJIHBI TIOCJIEe 00pa3oBaHUs B HEil yJaapHbIX (QpoHTOB [2].
Bappupyst aMIiiuTyay UCXOQHON BOJIHBI, MOXXHO U3MEHSTH
paccTosiHue, Ha KOTOPOM 00pa3yeTcsl pa3pbiB, HHTETPATBHO
3aBUCSINIEe W OT TMOINEPEYHOTO CeYeHUsl KaHama. V3mepsis
BpeMeHa MPHUX0JIa CaMOOTPaXCHHOTO curHaa [64], mepen-
HUI (QPOHT KOTOpOro 3azepxkaH Ha Bpemst 2Inp/co (11)
OTHOCHUTEJILHO 30HIUPYIOLIETO UMIYJIbCa, MOXKHO CHOpMHU-
pOBATh MACCUB TaHHBIX JJIS1 pEIIeHHsI OOpaTHON 3aJa4H.

Takum oOpazom, o0 MOAXOM K BOCCTAHOBJICHUIO
TPaHMIl ¥ BHYTPEHHEH CTPYKTYPHI HEJIMHEHHBIX paccenBaTe-
Jiel oJKeH 6a3upoBaThCS HA METOJAaX PELeHus: 0OpaTHBIX
3a7a4, pealu3yeMbIX B HEJIMHEHHON akyCTU4ECKOi ToMorpa-
¢un. OnmHaKo J[axe MPOCTEHMIIUN CHoco0 TMArHOCTHUKU,
OCHOBAHHBII HA TeHEPAIMY TAPMOHUK ¥ KOMOMHAIIMOHHBIX
4acToT, BecbMa 3((PeKTHBEH, OCOOCHHO KOTAa cpe/ia Coep-
KHUT CHJIbHO HEJIMHEHHbIC BKJIFOUSHUS TUIA MY3bIPHKOB KN
TpemmH. PakTuuecku Jr000e aHATIUTUIECKOE PELLCHNE Ipsi-
MOW HEJIMHEWHOU 3a/laud BKJIOYaeT B cebOsl mapamMerpbl
(HeMHEHbIE MOAYJIH, AMIUTUTYABl BOJIH, T€OMETPUUECKUE
XapaKTEePUCTUKHN), KOTOPbIE MOXHO ONPEACTUTh JKCIEPH-
MEHTAJIBHO TI0 U3MEPEHHSIM HEJIMHEHHO MCKaKEeHHOTO BOJI-
HOBOTO TIOJIs1 LJIK €0 CIIEKTPA.

O6paTuM BHUMAaHHME HAa HECKOJIbKO NPUHIUIHAIBHBIX
0COOEHHOCTEN HETMHEHHOM TMATHOCTHUKH.

3aBUCHMOCTb OTKJIMKA CPEIbl OT aMIUIMTYAB! (MHTEH-
CHBHOCTH) 30HAMPYIOIIEH BOJHBI MOXKHO HCIOJIB30BATH IS
BBISIBJICHHSI BHYTPEHHUX TOBPEXICHUAN B Cpeile MPH OTCYT-
CTBUHU aMpHOPHOW HMHPOPMAIMK O BJIUSHUM JePEKTOB Ha
n3MeHeHue otkiuka. Ecim, Hanpumep, TpeOyercst oociieno-
BaTh MAPTHIO JeTaJIeid OOBIMHBIM (JIMHEHHBIM) CIOCOOOM, TO
Heobxomum "akycruueckuit macnopt" wumeannHOM (Hemo-
BpeXAeHHO) neTanmn. CpaBHUBAS OTKIIUK IeEKTHOTO H3/1e-
JIUS C UACAIbHBIM, MOKHO CYTUTh O CTEIICHHU MOBPEKICHHO-
ctu. HanpoTus, eciiu geexT sIBIIsIeTCs HETMHEWHBIM pacceu-
BaTejleM, TO cCpaBHeHHs He TpeOyercs. JlocTaTouHO
MPOBECTU CEPUIO0 M3MEPEHWH NPU PA3JINYHBIX 3HAYECHHSIX
MHTEHCHBHOCTU BO30YX/JEHWS 3ByKa BHYTPU KaXIOU
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Puc. 11. OTKJIMK HEMOBPEKACHHOM AECTAHN JIMHEHHO PACTET C YCUIICHHEM
BO3EHCTBHS (a); BO BpEMEHHOM U CHEKTPAJILHOM OTKJIHKE IedekTHOU
JIeTaJIH TOSIBIISIIOTCS] HOBBIE 4epTHI (0).

neramu (puc. 11). Eciu okaxeTcs, YTO BPEMEHHOM OTKJIUK
nepecTaeT JIMHEHHO pPACTH C YBEJMYCHHEM AMILIATYIbI
BO30OYXXIECHUS, T.€. B OTKJIUKE IMOSBJISIFOTCS HOBBIE YEPTHI,
WJIH B €70 CIIEKTPE BO3HUKAIOT HOBBIE CHEKTPAIbHBIE KOMIIO-
HEHTBI, TO 9TU MPU3HAKH MOTYT CIIy>)KUTh OCHOBAHUEM IJIsI
BEIOpaKkoBKHU Jetand. [Ipocreitimmii cmoco® AMArHOCTHUKH,
OCHOBAHHBII Ha BO30YXIEHHU 3BYKa yIapoM, JaBHO HC-
MOJIB30BAJICS 7151 OOCIIEOBAHMSI KOJIECHBIX Iap MOE3/10B, a
TaKXe 151 MPOBEPKU XPYCTAJIBHBIX U (hapdopoBbIX U3 aennit
MO0 WX 3BOHY NIPU MOCTYKMBAHUH. 3aMETHM, YTO YAAPOM
MOJHO BO30YyIUTh UMITYJIbCHBIH CUTHAJI C CUIILHO BBIPAXKEeH-
HBIM HEJIMHEIHBIM MOBEICHIEM; OH MOXET B3aMMOJIeHCTBO-
BaTh C JIOBOJILHO CJIa0O BOJIHOM, KOTOpasi caMma mo cebe
HeJIMHEHHOCTH He mposiBiisteT. Ceifuac Takue B3aMMO/ICHCT-
BUS YaCTO MCHOJIb3YIOTCS B JUATHOCTHYECKUX LEJSAX (CM.,
Hanpumep, puc. 7).

Paznmuune nuHEHHOTO W HEMMHEHHOTO OTKJIMKOB HAIILIO
MpPUMEHEHNE BO MHOTHX CXeMax m3mepeHuid. Tak, B Meau-
IMHE UCTIOJIb3YETCs "METO1 UHBEPTUPOBAHHBIX MMITYJILCOB" .
B uccienyemslii 00beM MOChUIAETCS CHAYAJIa OJMH UMITYJIbC-
HBIA 30HAUPYIOLIMIA CUTHAT p) (1), a 3aTeM — IPYroii, TaKOu
XKe, HO ¢ MHBepCcHell naBiieHus, p,(f) = —p(¢). Paccesnuble
CHUTHAJIBI PETHCTPUPYIOTCS OJTHIM MPUEMHHKOM, W 3aTeM
HAaXOTUTCS WX Pa3HOCTh. JlJIsl JIMHEHHOTo paccemBaTess
MIOJIy4aeTCsl HyJb, & HEJIMHEHHOCTh NPUBOIUT K HEHYJIEBOMI
pasnoctu. [TpernMyIecTBO 3TOro MoAX0/1a 3aKJII0YaeTCsI eIlle
1 B TOM, YTO 30HIUPYIOLIUE CUTHAJBI MOXHO CHOKYCHPO-
BaTh B HYXHOH OOJIACTH NPOCTPAHCTBA M TEM CAMBIM
YBEJIMUUTh HeNnuHeHHbIH oTkimk B K2 pas (rme K —
KOo3hGULIUEHT YCUJIeHUs 3O0HIUPYIOLIUX CHTHAJOB B
(doxyce), a TakkKe OTCTPOUTHCS OT INOMEX, CO3/1aBAEMBIX
OTPAXEHUSIMH OT TOBEPXHOCTH (KOXKH) B OO bEMHBIX HEOJHO-
poaHocTei.

B MemunuHCKOW ITHATHOCTUKE WUCIOJIB3YETCs HEJIMHEH-
HBI croco® ynpaBJIeHUs! MOTJIOIIEHUEM JHEPTHH YJIbTpa-
3BYKa [JIS1 TOBBIIIEHUS JIOKQJIU3AIUU MPOIECCOB HAarpeBa-
HUs OMOTKaHel WK BO30YXACHUS B HUX PaAUAIlOHHBIX CHIL.
N3BecTHO, 4YTO M3OBITOYHOE MOTJIOIIEHNE WHTEHCUBHBIX
BOJIH MOJXET CYIIECTBEHHO IPEBBIIIATH OOBIYHBIEC AMCCHIIA-
TUBHBIE ToTepu [1—3]; 3TO sBIEHME OCOOEHHO XOPOIIO
BBIPQXEHO ISl CUJILHO HWCKaXEHHBIX BOJIH C YIapHBIMHU
¢pontamu [8]. Ilpu 3HAYEHUSX HMHTEHCUBHOCTH YJIbTpa-
3ByKa B HECKOJILKO KHJIOBATT Ha | cM?, JOCTHraeMbIX B
(dboxanpHOW 00JIaCTH COBPEMEHHBIX MEIUITMHCKUX MPUOO-
pOB, HEJIMHEWHBI KOAIPPHUIIUEHT MOTIIONICHUsT OOJIbIIEe JIH-
HEWHOTo Ha MOPsIoK [65 —68]. OueBUIHO, YTO AKYCTUIECKYIO
SHEPTHUIO0 HYXKHO C MUHUMAJIbHBIMU MOTEPSIMU TOCTABUTD B
3aJIaHHYIO0 00JIaCTh Cpelibl U OOECIEeUUTh €€ TMOJIHOE MOTJI0-
IeHre B 3TOoi obsiactu. [Jiss opraHM3amuud TaKoro TpaHC-
mopTa TpeOyeTCcsl BBECTH MPEIbICKAXKEHUS B HM3JIyYaeMYO

Puc. 12. O6pa3oBaHue CTPYH MO/ ACHCTBUEM paTHAIIMOHHOTO JaBJICHHUSI.
(®otorpadus npenocrasiera O.A. CanoxHUKOBbIM.)

BOJIHY, TaKHe, IPU KOTOPBIX B poIiecce HeJTMHEHHO-Tuppak-
IIMOHHOW 53BOJIFOIIMU NPOGMIST BOJHBI YAapHbIE (POHTHI
00pa3oBBIBAJIUCHL OBl HEMOCpeACTBeHHO B ¢okyce. s
pacyeta (GOpMBI BOJIHBI, 3BOJIIOIIMOHUPYIOIICH TaKUM 00pa-
30M, HYXHO PElINTh HEJIMHEWHYIO 00paTHYIo 3aaauy [68].

Konmenrparus sHeprun B (HoKyce UCIOIb3YeTCs B aKy-
CTUYECKOU IUNepTepMUHU (TEPMOIECTPYKIIMU 3JI0KAYECTBEH-
HBIX HOBOOOpa3oBaHUH), B YJbTPa3ByKOBOM I'€éMOCTa3HCe
(ocTaHOBKE BHYTPEHHHX KPOBOTEUCHHH IIyTEeM HEHMHBA3WB-
HOT'O 3aBapUBaHUS COCYOB) [67], A5l pa3pyllieHUS] BHYTPH-
KJIETOYHBIX CTPYKTYpP C II€JbI0 MOOWMIIU3AIUU UMMYHHOTO
OTKJIMKA Ha OHKOJIoTMYeckue 3abosieBaHus [69] u B npyrux
MEIUIMHCKUX MPWIOKEHUsX. OCTAaHOBHUMCSI TOJILKO Ha
JIUATHOCTHUKE C TOMOILBIO MYyJbCUPYIOIIUX PagrallOHHBIX
CHJI, KOTOpBIE CO3HAIOTCS BHYTPH HCCIEIYeMOro OOBEeKTa
(OKyCHpOBaHHBIM YJIBTPa3BYKOM. PanmanumoHHoe aaBle-
HUe, oTKpbITOe B 1902 1. PasieeM, — 3To cuitbHBIA 3 dekT,
3aMETHO IPEBOCXOASAIIMIA AaBiieHue ceeta. Hanpumep, npu
(hoKycHpoBKe yJIbTpa3ByKa Ha MOBEPXHOCTb BOABI MOXET
obpasoBaThCsi cTpys BbicoTO# okoJio 10 cMm (puc. 12). Ilpu
TIOTJIOIIEHNH YJIbTPa3BYKa WIH €r0 OTPAXEHUH OT HEOJTHO-
POJIHOCTEH B Cpejie BOSHUKAET IOJIe CHJT, IMEFOITIee BUXPEBOI
xapakTtep. PopMajbHO MOSBJCHUE ITUX CHJI OOBSICHSIETCS
IPUCYTCTBUEM HEJIMHEHHBIX YIEHOB B YPABHEHUSIX TUAPOIU-
Hamuku (1), (2) u Teopun ynpyroctu (3), (4) npu ycpeHeHUA
ypaBHeHHMId TO OBICTpHIM ocumuisnusM [2]. TTostomy B
sxuakoctd popmupyrorest motoku ("akycruueckuii Betep"),
a B OMOTKaHsIX — HampshkeHHOe cocTosiare. Koraa ymbrpa-
3BYK MOAYJIMPOBAH HU3KUMH 4aCTOTAMMU, IEPEMEHHOE CUJIO-
BO€ I10JI€ BJAJIM OT I'PAHUI BO3OYXXIAET CABUIOBBIE BOJIHBI.
OTH BOJIHBI yaaeTcs 3adukcupoBath [70] U IO CKOPOCTH MX
pacupoCTpaHeHus! OLEHUTH CABUTOBYIO YIIPYTOCTh, KOTOpast
OYEeHb YYBCTBUTEIbHA K MATOJOTUYECKAM H3MEHEHUSM TKa-
Helr [71]: oHa yBeNWYMBAETCS, HAIPUMEP, B OIYXOJIEBOW
TKaHU Ha 2— 3 mopsaKa, B TO BpeMsl Kak Apyrue napameTpbl
(TUIOTHOCTBH Cpelibl, CKOPOCTh 3BYKA) U3MEHSFOTCS JIMIIb HA
HECKOJIbKO MPOLEHTOB. DTOT (HaKT MO3BOJIHMI MPEITIOKHUTH
HOBBIIA cioco6 auarHoctuku (SWEI), koTopsiit paccMaTpu-
BaeTcs B pazjee S.

CHIBHUIOBBIE BOJIHBI 4YYBCTBUTEIBHBI K CTPYKTYPHBIM
HEOJTHOPOIHOCTSIM, OTBETCTBEHHBIM 34 OOJIbIIINE HEJIMHEH-
HoctH [24]. TToaTOMY METO/ IUCTAHIIMOHHOTO BO30YKICHUS
CIABUTOBBIX BOJIH MOXET HCIOJB30BATHCS IJISI MCIBITAHUS
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KOHCTPYKIMH B TPYJHOJOCTYIHBIX 30HAX, HampuMmep, s
aHAJIN3a YCTAJOCTHBIX HM3MEHEHHIA B MeCTax COUJICHEHHS
KpbLIbeB M (Dro3esisbka caMoJieTa; 3Ta mpobjema ceiuac
00CyXKIaeTcs B CBSI3H C peain3allieil HOBBIX CXeM JIMarHo-
CTHUKH.

JlononHuTeNbHbIE BO3MOXHOCTH U3MEPEHUSI HEJIMHEN-
HBIX IAPaMETPOB Cpel OTKPHIBAET UCIIOJIB30BAHNE aKyCTHYE-
cKkuXx pe3oHaTopoB. OObIYHBIE 3HAYECHUSI TOOPOTHOCTH IS
mux 10?—10%. Bo cToIbKO %ke pa3s aMIUIMTyAa KoleOanuii B
MOJIOCTU pe30HaTOpa OOJIbIIIE aAMIUTUTYAbI KOJIeOaHUN ero
rpaHuibl. DTO O3HAYAET, YTO B IKCIHEPUMEHTAX MOXKHO
HCNOJIB30BATh UCTOYHUKH 3HAYUTEIBbHO MEHBIIEH MOIIHO-
CTH, YeM NIPU U3MEPEHUSIX C Oerymmu BotHaMu. Pekopano
BbICOKHE 3Hauenns qobpotaoctu (108—10°) 6pum mocrur-
HyTHI rpynmnoi bparuxckoro [72] mpu co3qaHuN TPUEMHIKOB
IPaBUTAIMOHHBIX BOJIH. BO3MOXHOCTH MOBBIIIIEHHS TOOPOT-
HOCTHU C y4€TOM CHJIbHBIX NMPOSIBJICHUN HEJIMHEHHOCTH MPO-
aHaIM3UpOBaHbI B [73]. B akycTuke U3MepeHust HeJTMHEWHBIX
mapaMeTpoB cpejl B pe3oHaTopax ObLIM HavyaThl B 1960-x
rogax 3apembo c¢ corpynnukamu [1]. B Gosee mosmuei
pabote 3apem6o u ap. [40] obcyxaaeTcs mpobiiemMa OLEeHKU
IPOYHOCTH OETOHA MO0 aKyCTHYeCKMM NaHHBIM. ITokazaHo,
4TO MpeaesIbl MPOYHOCTU Ha CXKATUE M PACTSDKEHHUE OIpere-
JISFOTCSI OAHOBPEMEHHO KOd(hPHUINEHTAMHU KBAAPATHYHON 1
KyOuuHO# HenmuHelHocTel. KyOnuHast HelTMHEHHOCTh M3Me-
psJIACh TIO CIIBUTY COOCTBEHHOM YacCTOTHI pe30HATOPA BHU3;
MIPH YBEJIMYCHUH aMILTUTYIbI aKyCTUUECKOH neopmanuu ot
1077 mo 7 x 107% cobcTBennas 4acToTa GETOHHOro GI0Ka
yMeHbIajgace ¢ fo =6,033 xI'm Ha BemumHy Af=
=5x1073fy (nmpn medpopmarmu 7 x 107°). OneHennas mo
HEJIMHEWHOCTH MPOYHOCTH  XOPOIIO  COOTBETCTBOBAJIA
U3BeCTHBIM JaHHBIM. Ceifyac W3MepeHHsi B pe3oHaTopax
MPOBOASATCS IPYTUMH I'pynnamMu (cM., Haipumep, [13, 47]).

HeobxonuMo ymoMsiHyTh Takke HEAABHO Pa3BUTHIE
METO/IbI, UCIOJIb3YIOIIUE OOpallleHue BO BpeMeHH cl1aboi
BOJIHBI JUTsI (HOPMUPOBAHUSI MHTEHCUBHBIX M XOPOIIIO CHOKY-
CHPOBAaHHBIX CUTHAJIOB [47]. Buauane ciaOblit mMmyJibc,
U3JIyYCHHBIH HEOOJIbIIUM  HWCTOYHUKOM, HAMPAaBJISIETCS
BHYTPb cocyna (TpyOsl), I'lle B pe3yJbTaTeé MHOTOKPATHBIX
OTpaXX€HUIl OH CHJIBHO pacTATrMBaeTcs BO BpemeHu. Pacts-
HYTBIA CUTHAJI IPUHUMAETCS], 3aIIMChIBACTCS U oOpalaercs
BO BPEMEHH, a 3aTeM YCHJIMBAETCSl M MOChLIAeTCsl B 00pat-
HOM HampasieHun. [lociie Bcex mepeoTpaxeHuid Ha oOpat-
HOM IIyTH UMIIYJIbC CKUMAETCSI BO BPEMEHU U IIPEBPALLIAETCS
B KOPOTKHUI MHTEHCUBHBIA UMITYJIbC, C(POKYCUPOBAHHBIN Ha
Ty )€ CaMylr MaJlyro o0JlacTh, U3 KOTOPO# ObLI mocjaH
MEPBOHAYATBHBIN CITA0BIA UMITYJIBC.

[ HeNMWHEWHOW JMAarHOCTUKU HUCIOJBb3YIOTCS TaKxke
CHTHAJIBI ¢ 0OpaIlleHHBIM GppoHTOM [74]. DTHUM BoIpOCcCaM Ha
ceccurt ODH ObLT MOCBSILEH OTASIbHBIN JOKIad [75].

5. HexoTtopble npuioxennst

B nociiennue HeCKOJIbKO JIeT HabJIroAaeTcs 3aMETHBII poCT
yuciia MyOJIMKAIU, MOCBSAILIECHHBIX HEJIMHEHMHOCTU HEOIHO-
POIHBIX Cpel, MaTepuajaoB, HIPOMBIILICHHBIX U3JETIUl,
CTPOUTEIBHBIX KOHCTPYKIHMIA M T€OJIOTHYECKUX CTPYKTYP, a
TaKkXke METOJaM WX HeluHeWHo! mumarHoctuku. Co3paHa
rpynma NATEMIS, o6bemunsiromas eBpONeicKuX yUeHbBIX
OKOJIO AECSITU CTpaH; OHa MPOBOIUT padouue CeMHHAPBI
1-2 pa3a B rox u B IOCJEJHEE BpeMs OpraHU30Baja
WCCIIEIOBAHUS MO ABUALMOHHOM NHMArHOCTUKE. AHAJIOTHY-
Hble paboThl B CIIIA cBsI3aHBI C Te0JIOTHEH, 0€30MACHOCTHIO
SIZIGPHOM SHEPreTUKU U PA3JIMYHBIMU OTPACIISIMUA HTPOMBIIII-

Puc. 13. Ily3bIpbku B aKyCTHYECKM KOHTPACTHOM Iipenapare (a) u
BU3YQJIM3UPOBAHHBIA C MX MOMOUIBIO Y4aCTOK cocyaucToro pycia (0).
(®ortorpadun npeaoctapieHsl B.A. X0x10Boii.)

JieHHocTH. [ToMuMO oueBHAHON MPUKJIAIHON HAIIPABJIEHHO-
CTH 3THX paboT, UHTEpeC K MpobJieMe CTUMYJHMPYETCS U
(yHIaMeHTaIbHBIMU BONPOCAMH HEJTMHEHHON (GU3NKU U
MaTepHaIOBECHNS, PSIT KOTOPBIX IO CHUX IOp HE PEIleH.
OO6cyxaaeMble HIDKE MPUIOKEHUS — 3TO HEMHOTHE MpH-
MepPBbI IUarHOCTUYECKOT O UCTIOJIb30BAHNS HEJIMHEWHBIX SIBJIE-
HUH.

JeTekTUpOBaHMEe OTACIbHBIX MY3BIPHKOB ra3a WM UX
CKOIUIEHWH B KHJIKOCTH, O KOTOPOM T'OBOPHUIIOCH B pa3-
JieJie 3, HaIlu10 HEOXKUTAHHOE JIJIsS POCCUICKUX CIEIUAIICTOB
MpUMeHeHNe B MeauirHe. K YiciTy KOHKPETHBIX JOCTUKEHHUN
B 3TOI 0OJIACTH CJIEIyeT OTHECTH CO3JaHMe KOHTPACTHBIX
pemects tuna "Albunex" s meneil BuU3yaaMsanMum Kpo-
BOTOKAa U MeAWIUHCKON AuarHocTukd. O Macimrabax paboT
TOBOPUT Takoil (DakT: Ha CO3/IaHUE ITUX BEIIECTB M IPO-
BeJICHUE KIIMHMYESCKUX UCTILITAHUI aMEPUKAHCKHUE U €BPOTICH-
CKHE KOMIIAHUU YXX€ M3PACXOIOBAJIH COTHH MHJIJIHOHOB
nojutapoB. Ilpemapart npenactaBisieT coOOH CTaOUIbHYO
B3BECh MUKPOITY3BIPbKOB MHUKPOHHBIX Pa3MepOB, KaXIbIi
73 KOTOPBIX OKPYXeH OMOJIOTHYECKH MHEPTHON 00O0JIOUKON
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ITpuemuuk Y3

Uctounuk V3

Puc. 14. Cxema nmpuMeHeHHs Iy3bIPbKOBBIX NIPEHAPATOB I BH3yaJI3a-
LIUH KPOBOTOKA.

Puc. 15. [ToBepXHOCTD y4acTKa IUIUTHI, KoJieOromeiics Ha yactote 20 kI 1y
(a) ¥ JI0OKaJIM30BAHHBIN AE(EKT MO HOBEPXHOCThIO, H300paKEHUE KOTO-
poro moistyueHo Ha cegbmoit rapmonuke (140 xI'm). (M3oOpaskeHus
npenocrasiens! M.FO. CononoBbiM.)

(puc. 13). I1y3bIpbKI HHXXEKTHPYIOTCSI B COCYANCTOE PYCIIO,
MOCJIe Yero WX MepeMeIlleHHe IMOTOKOM KPOBU DPErHCTPH-
pyeTcst Kak IO OOBIYHOMY DACCESIHUIO 3BYKa, Tak M IO
BTOPOl TrapMOHMKE MJIM KOMOMHALMOHHON 4YacToTe
(puc. 14). Bosibias JoKaJibHASI HEJIMHEMHOCTb U OTCYTCTBHE
TOMeX OT JIMHEHHBIX paccenBaTeIeil Ha BBICIIAX TAPMOHHIKAX
TO3BOJISIFOT CJIEUTH JINOO 32 OJUHOYHBIM IY3BIPHKOM WJIH
HEOOJIBITNION TPYNION My3BIPHKOB, JIN0O 33 TepeMeICHUEM
(bpoHTa 00J1aKa ITy3BIPHKOB, JINOO 32 YIACTKOM COCYIUCTOTO
pycia B LIEJIOM.

Peiiena anajmoruvyHasi 3ajava oOHapyxeHusl AeeKkToB
(TpeumH) B o0BbEeMe TBEpAOTENbHBIX W3AeIuid. Bojbimas
HEJIMHEWHOCTh TPEIUH MO3BOJISET MOJIYYaTh UX H300paxe-
HHE Ha BBICHINX TapMOHHWKaxXx. B kavecTBe mpumepa Ha
puc. 15a u3o00paxeHa MOBEPXHOCTb IJIACTMHKH, KOJIeOJIto-
masics Ha yactote 20 kI '1; penbed cMelleHuid TOBEPXHOCTH
BU3YaJM3UPOBAH Jla3epHbIM BHOpomeTpoM. Ha artoit
YacTOTE CHTHAJ OT TPEUIVHBI He BUACH Ha (hOHE CHILHOTO
CHTHAJIa OT IOBEPXHOCTH, SIBJISIOIIETOCS B TAHHOM CiIydae
nmoMexoil. 3aTo HpHM perucTpalyy CUrHaja Ha BBICIIUX
rapMOHMKaX TpeIIMHA BUJHA 4eTKO (puc. 150), MOCKOJIbKY
rapMoHuKa (B JTaHHOM 3KCIIEPUMEHTE — ceAbMasl) POXK/a-
eTCsl TJIaBHBIM 00pa3oM mpu KoJeOaHUSX TpPEUINHbI, a
MOBEPXHOCTH HA 3TOM YACTOTE MTOMEX HE BHOCHT.

MNurtepecnas HequHeliHash AMHAMMKA OJMHOYHOIO [ie-
(exTa B TBepIOM Tejie HAOJIIOJAIACh B dKCIIepUMEHTe [48]
(puc. 16). ABTOpBI BO30OYX AN pa3JIMYHbIE MOJIbI KOje0a-
HUM METAJUIMYeCKOTO AMCKAa W CHUMAJIM paclpeleseHne
AKYCTHYECKMX CMENICHUH IOBEPXHOCTH BHOPOMETPOM

"Polytec". KapTuna cMelneHuil st OJJHOM U3 MOJI MOKa3aHa
Ha puc. 16a. CrekTp MO He SIBJISUICS IKBHIUCTAHTHBIM, W
HECKOJIbKO MEPBBIX TAPMOHUK OCHOBHOW MOJIbI HE MTOTIA 1IN
Ha 4YacTOTHl BhICHIMX Mox. [losToMy npu BO30YXKICHUH
JIUCKA Ha BTOPOU-YETBEPTOl TapMOHHKAX CMEILCHHUS I0-
BEPXHOCTH OBbLIM MaJjIbIMH, 3aTO OOHAPYKHUBAJIUCH KOJeOa-
HUs1 BHYTpeHHero nedexra (puc. 166), BeposiTHEe BCEToO Tpe-
muHbl. [Tocse nmTeIbHOro Bo31eicTBUs Ha AeekT kojieba-
HUI GOJIBIIION aMIUIMTYIbI JIOKAJIbHAsI aHOMAJIHS Hcyesala,
YTO, MO-BUAMMOMY, CBUIETEIBCTBOBAIIO O "'camo3alieunBa-
wHun" Tpeuuabl. CUrHAI HAGITIOJAIICS, KOTIa CMELICHUS Ha
HepBoOii rapMoHuke gocturaiu 107> M, u cymiecTBoBan B
y3KOM IMHAMUYECKOM Auana3oHe nopsaka 10-¢ m. Maxkcu-
MaJIbHbIE CMEIIICHHSI Ha YACTOTaX BTOPOH, TPEThel U YeTBEP-
TOH TapMOHMK oIeHmBaroTcs kak 2 x 1077, 1,2 x 1077,
0,2 %1077 m.

Meton SWEI (shear wave elasticity imaging), npemio-
keHHbIE CapBassiHoM [71], OCHOBaH Ha JUCTAHIMOHHOM
BO30YXKJICHUW CIBHT'OBBIX BOJH BHYTPH OOBEKTa C TO-
MOIIBIO MYJILCUPYIOIIETO PaAUAlIOHHOTO TaBJICHHsI, CO3/a-
BaEMOT'0 MHTEHCHBHBIM MyYKOM MOJIYJIMPOBAHHOTO U cho-
KYCHPOBAHHOI'O YJIbTpa3Byka. Mliesi COCTOsIa B TOM, YTOOBI
WCIIOJIB30BAaTh YJIBTPA3BYK, MOJOOHO NaJIbIlaM XUpypra (CM.
puc. 12), mis "manenupoBaHus'" BHYTPEHHHX OPraHOB U
TKaHei yesoBedeckoro Teia. ITockoapKy 00JacTh KOHIICHT-
pamnyu pagranoHHBIX CHJI BBITSHYTA BJIOJIb OCH (DOKAJIbHOM
ob6iactu [66], oHa M3JIy4YaeT NUJIMHIAPUYECKYIO CABUTOBYIO
BOJIHY, pacxodsuiytocst oT ocu (puc. 17). CkopocTh pacnpo-
CTpaHEHUs 9TO BOJIHBI MaJla IO CPABHEHUIO CO CKOPOCTHIO
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Puc. 16. CobctBeHHass MOJ1a KOJIeOAHUN MeTaJIMYECKOro Iucka (a) u
kosiebanus nedpexta (0) Ha TpeTheil TapMOHHMKE OCHOBHOW Mojbl. Pe-
3yabTaThl npenoctasieHsl A.M. Kopo6oseiM 1 M.FO. M30cuMoBO#.
DJIeKTpOHHAS BEPCHs CTAThU Ha caifre http://ufn.ru no3BoisieT yBuaeTh
9TH KOJIeOaHUS B IMHAMUKE.

3ByKd W MOXET H3MEHSTHCS OT HECKOJIbKMX EIUHUIl JI0
HECKOJIbKAX COTEH METPOB B CEKYHIY B 3aBHCHMOCTH OT
COCTOSIHUSI TKaHU. DTa CKOPOCTh U3MEPSUIaCh ONTHYCCKUM
metoaoM (B mpo3pauHoMm dantome [70]), a Takxke C moO-
MOIIBIO SIIEPHOTO MATHUTHOTO PE30HAHCA W IOILICPOB-

CKOTO CMEIICHUSI YaCTOTHI NPOOHOIO YJIBTPA3BYKOBOIO
nyuka [71]. Takum oOpa3oM yaaeTcsi U3MEPUTh MapaMeTp
(CIIBUTOBYIO YIPYTOCTh), Ha0OOJIee YyBCTBUTEIbHBIN K MATO-
JIOTHSIM. 3aMeTHM, 4YTO KOTJa, IMPOIIYNbIBasl OIMYyXOJb,
TOBOPSIT O JIOKAJTHHOM YIUIOTHEHUH, IOMYCKAIOT HETOY-
HOCTh. HeoaHOPOOHOCTh, CYOBEKTHBHO BOCIPHHHMAaeMasi
KaK YIUIOTHEHHE, Ha CaMOM [IeJie SIBJISeTCsS OOJIaCThiO C
TOBBIIIIEHHON CIBUTOBOM YIPYTOCTHIO.

B Hacrosimiee Bpemst rpymmoit Artannlabs [71] BegyTcs
paboT1sl mo moaudpukanurn SWEI 17151 THarHOCTUKH KOCTHBIX
¥ CyCTaBHBIX 3a0osieBanuii. [Ipn 3TOM yJIbTpa3ByK, IPOHU-
Kasi CKBO3b MSITKHE TKaHHU, CO3/1aeT PaAUAIIOHHOC TaBJICHUC
Ha KOCTh M BO30YyXJaeT B Heil pa3iuyHble TUMBI BOJH. [1o
CKOPOCTH PAcIpOCTPAaHEHUsI MOXHO CyIUTb, HAIPUMEp, O
neduIuTe KaJblys; Ipu 00paboTKe CeKTpa MPUHUMAEMOTO
CHTHAJIA MTOJIYYaroT MH(QOPMAIHIO O IPYTUX OTKJIOHEHHSX OT
HOPMBI.

OueBH/IHO, U[EsI UCIOJIb30BAHUSI PATUALMOHHOTO [aB-
JICHUS! SIBJISICTCS TIEPCIEKTUBHON U [IJIs1 TUATHOCTHKH CIIOXK-
HBIX KOHCTPYKIHUH, MOCKOJIbKY OMHCAHHBIA CIIOCOO TO3BO-
JIssleT OeCKOHTAKTHO BO30YXIATh KOJEOAHUS OTICIBLHOTO
JIEMEHTAa BHYTPH KOHCTPYKIMHM W aHAJIU3UPOBATh €ro
OTKJIHK.

Cpeni OTEYECTBEHHBIX JOCTUXKECHUNA HEOOXOIUMO BhIfIC-
JIUTh PE3YJIbTATHl HEJIMHCUHON AMATHOCTHKU B CTPOHUTEIIb-
HOW mHAycTpuu. Havano 3THX HCCeTOBAHUN OTHOCHUTCS K
koHmy 1980-x ronos. I'pynmna B.A. Pobcmana n3 MactutyTta
TpancnoptHoro crpoutesnberBa (LUHUUWC) npoBomuia B
ApmeHHH pPaOOTHI, CBS3aHHBIE C COOPYKCHHEM TOHHENS
CeBan— Apna. B To Bpems mpousonuio katactpoduueckoe
CIATAKCKOE 3eMJIETPSICEHHE, TOBJIEKIIee MHOTOYHMCIICHHBIE
paspylleHussT W KepPTBBI. [ pymmy NONPOCHIM MPOBECTH
JIMATHOCTUKY MOBPEKJICHHBIX 3JaHUNA U JaTh 3aKJIOYCHUE
0 TOM, Kakue 37aHUs MOXHO BOCCTAHOBUTH, a KaKHe Clie-
IyeT pa3pyluTh B Lesix Oe3zomacHocTH. IIpu ynbTpasBy-
KOBOM MPOCBEYMBAHUM KITFOUEBBIX CTPOUTEIBHBIX JJIEMEH-
TOB (0aJIOK, HECYIIUX CTEeH, MEPEKPBITHI) BBISICHIIOCH, YTO,
yeM OoJjiee CHJIbHBIC WCKAXKCHHS MPETEPHEBAIOT aKyCTHYE-
CKHE CHEKTPBI, TeM CHJIbHEE IIOBPEKICHA KOHCTPYKITHS.
TTo3HEE IMIUPUISCKUM KPUTEPHSIM Ha OCHOBE 9KCIICPHMEH-
TaJIbHBIX (CM. pHC. 7) M TEOPETUYECKUX UCCIIeIOBaHMIi [43, 44]

‘mElowm

Puc. 17. ITocrnenoBaTenbHble TOJIOXEHHs (POHTA CABUTOBON BOJIHBI B OJHOPOAHOM (aHTOME OMOJOTHYeCKON TKaHH (BepXHHMil psin). Hkuuit psi
COOTBETCTBYET HEOJHOPOIHOM Cpeie ¢ ABYMsI BKJIFOUEHUSMHM, MOJeJupyrolmmu onyxosb. (Pororpadum mnpenocrasienbl A.IT. CapBassiHoMm.)
DJIeKTpoHHAs BepcHsl CTAThU Ha caifTe http://ufn.ru mo3BosseT HaOIIOOATH MPOIIECC BU3YaIN3AHU B THHAMUKE.
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Puc. 18. Mumroctpanys K KOMIBIOTEPHOM MOIEIIN [JIsl pacueTa CUIIOBOTO
B3aMMO/JICHCTBUSI HOBOT'O 3JIaHUS U CTapUHHOMN LepkBu B Mockse. [lan-
HbIE N0 XapaKTePUCTUKAM LEPKBU MOJIyYE€Hbl METOJIAMH aKyCTHYECKOI
nuarHocTuku. IIpoekT crpoutenbcTBa He peanm3oBad. (PucyHok mpe-
noctasiieH B.A. Po6cmanom.)

OBLI0 JaHO OOBLACHEHHUE, U ceiiyac "HeuHeRHbIe" TPOruo3sl
CTaJId BEChbMa JJOCTOBEPHBIMU.

Pa3BuThle METOIBI TUATHOCTUKY YCHENTHO UCIIOIh30Ba-
JIICB IIPU CTPOMUTEIBCTBE TPETHEro TPAHCIIOPTHOTO KOJIbIIA B
MockBe (cM., Hampumep, [49]), Tpu pPEKOHCTPYKIHMHA U
pecTaBpali  APXUTEKTYPHO-MCTOPUYECKHX MAMSTHUKOB
(puc. 18), cTpOUTEIBCTBE METPOTOJUTEHOB, 00CIEIOBAHUN
SHEPTreTUYECKUX YCTAHOBOK C IEJIbI0 Pa3pabOTKH MPOEKTOB
YCUJICHHSI KOHCTPYKIIMU U CEHCMO3AIIUTHI, IS TUATHOCTUKA
J1e(PEKTOB TPOJIETHBIX CTPOCHUN U OMOP OOJIBIIMX M BHE-
KJIACCHBIX MOCTOB (6oJs1ee 30) ¢ 1esyibro OIeHKH (PaKTHYeCKOU
rPY30MOAbEMHOCTH U IPOCKTOB PEKOHCTPYKIIUH.

6. Herunuunble He/IMHEliHbIE SIBJICHUS
B CTPYKTYPHO-HEOJHOPOJIHBIX Cpeaax

IToMUMO TUTaHTCKOW HEJIMHEHHOCTH, OOYCIIOBIMBAIOLIEH
BBICOKYIO YYBCTBHUTEIBHOCTD HEJIMHEHHBIX METOIOB H3Mepe-
HUIA, CTPYKTYPHO-HEOJHOPO/IHBIE CPE/Ibl HHTEPECHBI TAKKE B
CBSI3M C HEOOBIYHOCTHIO HEKOTOPBIX HAOIIOIABIINXCS B HUX
HEJIMHENHBIX SIBJICHUI.

OJIHO U3 TAKUX SBJICHUH — 3TO HaJm4ue " ToMUHAHTHOR"
YACTOTHI Y CPEe/ TUIA MOKPOIO HECKa, [JINHBI, TPEIIMHOBA-
TBIX TOPHBIX Topo. Ha xakoit ObI vacToTe He BO30YXKTaJIUCh
KOJIeOaHUs B TAKOH cpelie, Ha BBIXO/IE M3 Hee PETHCTPUPYETCS
"HoMUHAHTHBIA" CUTHAJ, a IPYrue CHEKTpajbHbIE COCTa-
BJISIIOLIME, BKJIFOYAss HCXOIHYIO YACTOTY, OKAa3bIBAIOTCS
ciabeiMu [76—79]. XapakTepHoe 3HAY€HHE JOMUHAHTHOU
qacToThl st TpaBust 8—10 I'm, mopckoro mecka 25 I'm,
riuabl 40 ', spoauposanHbix rpanutoB 100 I'm [77, 78].
HuTtepecHo, 4TO NpH BO3ACHCTBIH BUOpAIMA JOMUHAHTHOR
yacToThl 12 T'm Ha OOBOJAHEHHBIM HEPTSHOW IUIACT OIS
HepTH B JIebuTe BO3pacTtaja mpuMepHo B aBa pasa [80].
IMpuunHO# TMOSBJICHUST [TOMHHAHTHBIX YaCTOT SIBJISICTCS
HAJIMYMe BHYTPCHHUX PE30HAHCHBIX CBOMCTB (hparMeHTHpO-
BAHHBIX TPYHTOB W TOPHBIX TMOPOJ, & TAKXKE CHJIbHASI UX
HEJIMHEWHOCTb, OTBETCTBEHHAS 34 TMEPEKAYKy IHEPTHU KOJIe-
GaHMii B 3TH YACTOTHI.

"OObIYHLIMH" HEJIMHERHBIMU SIBJICHUSMUA MOXKHO CYH-
TATh MPOIECCHl TCHEPAIMH BBICIIMX TAPMOHHK, CyOrapmMo-
HUK, KOMOMHAIIMOHHBIX 4acTOT. C 3TOU TOYKH 3pEHUs TeHe-
paIysi HeOCPEICTBEHHO OYCHb BBICOKOU (HAPUMED COTOM)
TapMOHHMKH 0€3 INpEe/IIecTBYIOICH eif reHepalyy Kackala
OoJiee HU3KMX FAPMOHHUK BBIIJSIAUT HeoObyHO. TOYHO Tak
e, TeHepaNusl HI3KOYaCTOTHOTO CHEKTPa C XapaKTePHBIMHU
4acTOTaMH, BO MHOTO pa3 0oJiee HH3KUMH, YeM 4acToTa

HAKa4yK¥, HAa TIEPBBINA B3I, — sIBJICHUE 9K30THYeCKOe. Tem
HE MEHEe 3TU MpOIeCChl HAOIIOJAIOTCS U MOTYT OBITh
JTIOBOJILHO TIPOCTO OOBSICHEHBI.

PaccMoTrpuM  aHcaMOsib  3epeH, TMOTPYXKEHHBIX B
KHUIKOCTh. CHCTEMa IrpaHyJ cama Mo cebe uMeeT OOJIBIITYI0
CTPYKTYPHYIO HEJIMHEHHOCTD, OOYCIOBJICHHYIO KOHTAKTaAMHU
rpanul. [1pu Hamuuy KoJieOJroIecs )KUIKOCTH BO3ZHUKAST
JOTIOJTHUTENIbHASI MHEPIUOHHASI HETMHEHHOCTD, BBI3BAHHAS
YCKOpPEHHBIM ABIDKeHueM dacTull [38]. Mexay wactunamu,
00TeKaeMbIMH JXUIKOCTHIO, BOSHUKAIOT CUJIBI MIPUTSDKCHUS,
a repieBckoe oTtajkuBanue (35) nmpossisieTcs upu aedop-
MHPOBAHUH CTAJIKUBAIOLIUXCS 3epeH (cM. puc. 5). bompime
NPOCTPAHCTBEHHBIE T'PAJUEHTBl CHJI 31eCh OOYCIOBJICHBI
0OJIBIIION HEOTHOPOAHOCTBIO pachpeneeHust macc. Cobct-
BEHHAsl JIMHEHHAsl YacToTa KOJICOAHUN 3JIeMEHTapHOTO
OCIWJLISITOPA B TAKOU CcpeJie paBHA

1 [3a RiR, \°
n=x1 = | E*Fp ——
Jin =543 < 0R1+R2> ’

rae ¢ — KO3(pPUIUESHT, 3aBUCSIIUN OT 0OBEMOB U TIIOTHOC-
Tel ABYX coceaHUX 4dacTtull chepuueckoit popmsbl, Fy —
cTaTuyeckasi NMpUKUMarollasl cuja, ocTajbHble 0003Haue-
HUs Te XKe, 4To U B (35). OmHako I aMIUTUTY T KOJIeOaHu!
A mopsiiKa TMAaMETPOB 3epeH HeJIMHEeHAs YacTOTa

(43)

a'?F)° Ry + Ry "
Joonl = IR TR, (44)
okaswIBaeTcst Ha 2 — 3 mopsiaka Mmenbineit. Korma mo xuako-
CTH, OKpYXaloIleil rpaHyjbl, OEKHUT aKyCTHYeCKasl BOJIHA,
IAPUKUA MPUTSITABAIOTCS, COYMApSIIOTCS U CJIerKa pacxo-
NISATCSI, TBUTASICh B KHUIKOCTH TOYTH cBOOoaHO. [1pwm mocie-
IYIOLIUX COYNapeHUsX MIAPUKU PACXOMSITCS BCE MaJIblle
apyr ot npyra. IToCcKOJbKYy OTHOCHTEJIbHBIE CKOPOCTH
COCEJIHHUX IIIAPUKOB B MOMEHT COYJApEeHUsI OKA3BIBAIOTCS
CIIydalHbIMH, (popMHEpYeTCsl KapTUHA CIydaliHbIX KoJieOa-
Huil (puc. 19a). Ammuiurtyna xoJsiebaHuii CO BpeMeHEM B
CpeIHEM DACTET, a CHEKTP CMeIlaeTcs B 00JacTb HU3KUX
qactoT (puc. 1906).

OmnucaHHoe MOBENEHNE YACTUI] IMEeT MHOI'O aHAJIOTHUH.
Takast e xapTuHa HAOJIFOAAETCS B TIOJIE CUJIBI TSDKECTH TIPU
VIOPYroM OTCKAKUBAHWUU IIIAPUKA OT KOJICOJIONIEHCS 1O
HOPMaJIM TOPU30HTAIbLHON IIacTuHbl. [Tocie Havasa KoJe-
OaHM{ IIApUK, UCHBIThIBAs COYIApEHUs C TUJIACTUHON B
CIy4yailHple MOMEHTBI BPEMEHH, HOINPBITMBAECT BCE BHIIIIE
10 TeX TMOop, MOKa NPHUTOK OJHEPIMH HE YpaBHSETCS C
norepssMu. IDTOT mporecc Habmoaan B 1920-x romax
H.H. Arnpees [81], ouH 13 OCHOBOIOJIOKHUKOB OTEYECT-
BEHHOM aKyCTUKH, IO3TOMY SIBJICHUE HA3BIBAIOT ""MOJIOTOYEK
Amnppeesa" (cMm. [82, 83]). CroxacTUyecKuil pasroH 4aCTHIL
(ycxkopenue depMu) MPUBJICKAOT TSI OOBSICHEHUS! MHOTHX
SIBJICHUIA; B IPOCTEHIINEH MOIEIIH 3TOT IPOIECC OTACHIBACTCS
TOYEYHBIM NpeoOpazoBaHueM Yiaama [84].

IepeiimeM Tenepb K pACCMOTPEHHUIO TEHEPAIIUU BBICOKO-
JaCTOTHBIX CHEKTPoB. IlycTb B OrpaHHYEeHHOM OOBeMe
Ccpelbl UMeeTCsl HapylleHue CIUIOUIHOCTH B BUAE HEMJIOTHO
MPIKATBIX APYT K APYTY WU CBOOOMHBIX OiokoB. [Tpmme-
POM MOXET CIIyX)HUTh T€OCTPYKTypa C TaK Ha3bIBAEMBIMU
"¢1a60 KOHCONMUANPOBAHHBIMU OTAENbHOCTAMHE" (puc. 20a).
Ecnu no cpenie pacupocTpaHsieTcst BOJIHA C JJIMHOM, O0JIbIIei
pasMepa HEOIHOPOJHOCTH, TO OHA BBI3BIBAET IMOSIBJICHHE
KBa3UCTATHYECKHX AehopManuii, 00yCIOBICHHBIX HHEPLIUCH
otaesnbHOCTel. [1ycTh eproanIeckoe N3MEHEHUE TaBJICHIS
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Puc. 19. (2) 3aBECHMOCTD PACCTOSIHUSI MEK/Ty IIEHTPAME COCETHIX TPAHY.T
d ot BpemeHH. (0) Bu yctaHOBHBIIIErOCs CIIEKTPaA S ITHX KOJIeOAHUI.
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Puc. 20. Cxema CTPYKTYpHBIX H3MEHEHHUI B 00beMe co ¢1ab0 KOHCOJIH-
IVPOBAHHBIMH OTIEJbHOCTAMU: (a) cucTema B mokoe; (0) TBepmas
rpaHuIa o0beMa YCKOPSIETCsl BOJIHOM BIPAaBO; (B) H3MEHEHUE IOJISIPHO-
CTH BOJIHBI IPUBOJUT K TepeynakoBke oTiaesabHocTeil. (r) CurHaibl Ha
BXOJI€ ¥ BBIXOJIE CTPYKTYPBIL, N300pakeHHOH HA PHC. 4 —B.

YCKOPSIET JKECTKYIO I'PAHMIy paccMaTPUBAEMOIO 00beMa B
MOJIOKHUTEILHOM HampayieHuu (puc. 200); Ipu 3TOM OT-
JIETBHOCTH CMEIIAIOTCSl W ymakoBbIBaroTcsa. CMeHa 3Haka
YCKOpEHUsl NPUBOIUT K mepeynakoBke (puc. 20B). Ilpm
KaX/JOM COyJapeHuu OTHeibHOoCcTel (OJIOKOB) MeEXAy
0001, a TakxXe ¢ rpaHUIlAMHU KOHCOJIMIUPOBAHHON CpEJIbl
TEHEPUPYETCS] BBICOKOYACTOTHBIA HMITYJIbC C YacTOTOM
nopsiAka 0OpaTHOTO BpeMeHH Mpodera 3ByKa uepe3 OT/IeNb-
HOCTb. [Ipyras xapakTepHasi 4acTOTa OMPE/IeIISIeTCs] YICIOM
CTOJIKHOBEHUH 3a mepuo/ (T.e. YiciIoM OJIOKOB B 00BeMeE).
ITockonbKy aKyCTMUYECKUH CHEKTP KaXXJAOTO TaKoro yaapa
JISKUT TOPA3 /10 BBIIIE YACTOTHI A JAFOIIEH BOJIHBI, TOKA3aH-
Hasg Ha puc. 20 CTpyKTypa TeHepHUpPYEeT BBLICOKOYACTOTHOE
IIyMOBOe akycTuueckoe mosie. CHeKTp Ha BBIXOAE COJIEp-

KHUT, TMOMUMO WCXOJHOW HHM3KOM YacTOThI, TapMOHUKHU
4aCTOThl COyAapeHWid M HaO0Op COOCTBEHHBIX YaCTOT
("3Bon") oTaenbHBIX 610KOB (puc. 20r).

IToxoxee mpeoOpa3oBaHKe CIIEKTPA MPOUCXOTUT B apo-
JIATHHOAMEPHKAHCKOM MY3bIKaJIbHOM HHCTPYMEHTE, W3-
BECTHOM Kak Ineiikep (Mo Inekepe, WM mapakac). Ilpu
TpsICKe cocyla € IpaHyJlaMH 4acToTa BHOpanuil mopsaka
1 I'm mpeobpasyeTcsi B CIBIIMMBIN uUana3oH. B ciy4ae
TEOCTPYKTYPHI €€ OTIOENbHOCTH, PA3yMEETCs, CMEIIAroTCs
Ha PAacCTOSHUS, TOPa30 MEHBIIIHE HX pa3Mepa.

Hannine MexaHU3MOB, TIEPEHOCSINNX JHEPTUIO KoJeba-
HUN B HU3KOYACTOTHYIO (CM. puc. 19) U BBICOKOYACTOTHYIO
(puc. 20r) obyactu crnekTpa, 03Ha4aeT, YTO MPUHUMAEMBbIN
CHTHAJI, MPOIIEAIINI CKBO3b PEANbHYIO CTPYKTYPHO-HEO-
HOPOJHYIO Cpely, HeceT MH(pOpMaInio He TOJIbKO 00 UCTOU-
HUKE, HO, B 3HAYUTEJILHON CTENEeHH, U O Tpacce CBOETO
pacnpocTpaHeHus. 3aMeTHbIE M3MEHEHUS CIIEKTPOB HAOJTIO-
JTaJIUCh IPH TIePECEUSHUH TEKTOHMYECKOTO Pa3ioMa CeHCMU-
4eCKOUW BOJIHOMW, BbI3BaHHOMU 3emuieTpsicenneM [77]. Cka3an-
HOE O3HAYaeT, YTO CHTHAJBl YAAJIECHHBIX 3eMIIETDPSICEHHI
MO’HO HCIOJIb30BAaTh JIJIsSI HEJIMHEWHOW TUATrHOCTUKY JIOKA-
JIN30BAHHBIX TEOCTPYKTYP, MPOBOISI ©3MEPEHHS A AOIIETO
U PaccessHHOTO CUTHAJIOB [85].

B 3axroueHne oTMETUM, YTO KaK B OTEYSCTBEHHOM, TAK U
3apyOeXHOU JHMTEepaType TMOTOK paboT, MOCBSIIEHHBIX
TUTAHTCKUM HEJIMHEHHOCTSIM U HEJIMHEHHOW IMaTHOCTHKE,
He ociabeBaer. Tak, MOMHMO IUTUPOBABIIHUXCS BBIIIIE
nyOJIMKAIMi, B MOCJIEIHUE MECSIbI MOSIBUIIUCH PAOOTHI MO
HEJIMHEHHOW TUArHOCTHKE MeTaslIoB [86], rpaHyJIMpOBaH-
HbIX cpen [87], ra3oBbIX My3bIPHKOB B OHOJIOTHYECKUX
TKaHsix [88]. Bemmen B CBET MOMOJHUTENBHBIM BBITYCK
Axycmuueckozo ncypuasa (2005 r.), TTOCBSIIICHHBIN CMEX-
HBIM MpOoOJIEMaM aKyCTUKH U reousuku. bombiioit o0bem
nHbOpMAIMK COJEpXKAT TPYIAbl MHOTOYHMCIIEHHBIX KOH(e-
pEeHIIMIA, MPOLIeAINX 3a ocyieHue 2 —3 rojga. Matepualibl
COOONIEHUH HAIIMX KOJUIET (CM. 3TOT BhIMyck Y@ H) gomo-
HAT KapTUHY COCTOSIHHS AeJT B 9TO# 001acTu.
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The mechanisms responsible for anomalously high acoustic nonlinearities in multi-phase, defected, and structurally inhomogeneous
media are summarized, and nonlinear diagnostics — a fast growing applied area of recent years — is reviewed in terms of its methods
and applications. This paper is an expanded version of the introductory talk at the 18 September 2005 session of the RAS Physical
Sciences Division. Other talks presented at the meeting are given a brief summary in this issue of Physics— Uspekhi.
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