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ITAPAMETPUYECKASA M3JYYAIOLIAS AHTEHHA
I THAPOAKYCTUYECKOI'O MOHUTOPHUHI'A TOBEPXHOCTH
BOJOEMA: AHAJIN3 BO3MOXXHOCTEN NMPUMEHEHMUS
B BOJTHOM3MEPUTEJBLHOM AIIAPATYPE (OB30OP)

PaccmoTpeno npuMmeneHne napamerpudeckoit n3mydaromeii anteHHs! (ITMA) B HOBoM kadecTBe — KaK HCTOYHHKA
HHU3KOYAaCTOTHOTO YIbTPa3ByKoBOro (Y3) cHrHasa ¢ NepecTpauBaEMbIMH XapaKTEPHCTHKAMH B BOJIHOW3MEPHUTEINb-
HOH anmaparype, UCHOJIb3YeMOMH JUIsl THAPOAKyCTHYECKOT0 MOHUTOPHUHTA BOJHO ITOBEPXHOCTH MPUOPEKHOM aKkBa-
TOpUH, HaNpUMep MpPU AUCTAHLMOHHOW OILEHKE CTENEHU BOJHEHHS NPU NMPOBEJCHUU M3MEPEHHUN THAPOYCIOBHH.
OO0cyxIaroTcsl pe3ysbTaThl MOAEIBHBIX KCIIEPUMEHTOB 10 U3yYEHUIO 3aKOHOMEPHOCTEH paccesHust Y 3-1oJis Ipu
TIOJIBOJIHOM OOJIy4E€HUH KaK TJIaJIKUX, TaK ¥ BO3MYIIEHHBIX BETPOBBIM BO3AEHCTBUEM I'PaHUI] pa3Jielia BOAa—BO31yX.
AHanu3 JaHHBIX MO3BOJIMII YTOUHHUTH Mozieib [IMA B pamkax 3agauu 3X0IOUCKa OOBEKTOB Ha MEJIKOBOJbE BOJIM3U
aKyCTHYECKH MSTKOM IpaHHIBI BOAAa—BO3AYX, B KOTOPOH HCIIOJIB3YETCS METOJ] MHHMOro MCTOUHHKA. [Ipeanoxen
nH(pOPMATHUBHBIA NPHU3HAK U 00CYKAAIOTCS OCHOBBI CII0C00a M3MEPEHHS TapaMETPOB B3BOJHOBAHHON MOPCKOH MO-
BEPXHOCTH C HCIIOJIb30BaHUEM 3()(HEKTOB HEIMHEHHON aKyCTHKH, HAPUMEp, AT PEXHMMa IIHPOKOIIOJIOCHOTO 00-

JIydyeHUs V3-curnanmamu co CTOPOHBI 1HA.

Kniouesvie cnosa: mapamerpuueckas U3Iydaroniasi aHTeHHA, HEJTMHEHHas akyCTHUKa, paccestHue Y 3-BOJH

Ha B3BOJTHOBAHHOM T'paHUIIC pa3/ciia BOAa—BO3AYX

BBEJJEHUE

B Hacrosimee BpeMsi Kpyr NEpCIEKTUBHBIX I'Pak-
JNaHCKHUX 3a]ad, KOTOpble MOTYT OBITH 3((PEKTHBHO
pelIeHbl C IOMOIUBI0 THUAPOAKYCTUYECKUX CHCTEM
AKTUBHOM JIOKAIlMM C PEKUMOM IMapaMeTPUUIECKOro
m3nyuenust (PIIN), T.e. cHaGXeHHBIX TapamMeTpude-
ckoil wm3mywaromeir anteHHod (IIMA), ycrosmncs
B IIPAaKTUKE: MOpPCKasl I'€0JIOTHs, I'€0aKyCTHKa, Oa3u-
pyrolmecs Ha aHajuu3e CTpaTH(QHUKALUN JOHHBIX OT-
JIO)KEHUN U OIpeNlelIeHnH CTPYKTYpbl JHA, MOMCK
PBIOHBIX CKOIUIEHWH BOJHM3M BOJHON W JOHHOHW IIO-
BEPXHOCTE Ha MEJIKOBOJAbE, 3KOJOTMYECKUN KOH-
TPOJIb BOJIHBIX PECYPCOB, HAIIPUMEDP IPU HAOIIOAECHUN
32 COCTOSHMEM TPYOONPOBOAOB, 3aKPBITHIX CIOEM
JOHHOTO I'PyHTa WJIN CTENEHbIO 3aWIMBaHUs aKBaToO-
puii mopToB, KaHanoB, (apsarepoB u T.A. [loguepk-
HeM, uyto [IMA BcnencTBrue BO3MOXKHOCTH (POPMHPO-
BaHUs BBICOKOHAINPABICHHOTO H3JIyY€HHsS BOJH pas-
HocTHOM wactoTel (BPY) B nnuHHOBOIHOBOM mepe-
CTpanBaeMOM JHala3oHe, IMEPCHEKTHUBHO HCIIOJIb30-
BaTh MpH pellieHHH 00paTHO 3amaun paccestHus Y 3-
BOJIH — ONPEAEICHUH IapaMEeTPOB MIEPOXOBATOM
TpaHuIBl pasfiena Mo XapakTepUCTHKaM PaCcCeSHHOIO
BTOPUYHOI'O THIPOaKyCTHYeCcKoro moisi. PaspaboTka
TEXHUYECKHUX OCHOB BOJIHOM3MEPHUTEIIEHON THIPOaKy-
CTUYECKOM amnmaparypsl ¢ pexumom PIIN nns rugpo-
aKyCTHYECKOI0 MOHHUTOPUHIra IOBEPXHOCTH BOAOEMA
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SIBISIETCSI aKTyaJIbHOM 3aJladyeil, 0JHaKo JaHHAs TeMa,
Kak M 3ajaya uccienoBaHusa paccessnus BPUY B3Boui-
HOBaHHOH I'paHULIEH pa3zena BoAa—BO31yX, OCTAETCS
OTKPBITOM.

Jns konMuecTBEHHOM ONEHKM paccesHus Y3 1o-
BEPXHOCTBHIO MOpsI OOpaTHO B TOYKY H3IIyUCHHS HC-
MOJB3YIOT TOHATHE Kod(p¢uimeHTa o0OpaTHOrO TOo-

BEPXHOCTHOro paccesnus mg=P'/ 1S, tne I, —
MHTEHCUBHOCTH B najarouieil ¥Y3-BojgHEe Ha HEPOBHYIO

MOBEPXHOCTh S; P' — cpeaHsis MOIIHOCTb, pacCceu-

BaeMas y4acTKOM S B HaIpaBJICHUH K TOUKE U3ITyde-
HUSl W pacCUMTHhIBa€Mas Ha €UHUILY TEJIECHOTO yTiia
[1]. AKTyalbHOCTH HCCIEAOBAHMS B3aHMMOJCHCTBUS
VY3-konebanuii ¢ TaHHOW rpaHUIIEH pa3jiena 00yCcIoB-
neHa TpobseMor (PIyKTyaruii aMIUIATY]] CHUTHAJIOB
B TOUKE IpHEMa 3a CUeT MHOTOKPATHOCTU OTPaKEHUMN
OT MOPCKOH TOBEPXHOCTH W JIHA; PE3YNbTATHI MOIY-
YeHBI 33 CUET MPUMEHEHUS MHTEPPEPESHIIMOHHBIX aH-
TEHH THAPOAKYCTUYECKHUX CPEJICTB M OIHCAHBI B JIH-
teparype [2—4]. OqHako cieayeT OTMETHTb, YTO IS
MOJTyYeHHUs] JaHHBIX O B3BOJHOBAHHOW TMOBEPXHOCTH
WCTIONB3YIOTCS TOJIBKO aMIUTUTYIHBIE XapaKTePUCTH-
KM OTHOAOIIUX PACCESHHBIX CUTHAJIOB, B MPHUEMHBIX
TpakTax 3a CYeT JAETeKTHPOBAHUS PACCESTHHBIX CHTHa-
joB mH(popMaiusi o (Pa3oBOH CTPYKType TepseTCsl.
Hampumep, B [3] omucaHbl SKCIIEPUMEHTHI IO HCCITE-
JIOBaHUIO peBepOepaly B OTKPHITOM MOpPE Ha 4acTo-
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te 60 k['11. T.e. npu PUKCUPOBAHHOM JUTHMHE Y 3-BOJIHBI
2.5 cM, Ip¥ MOHOCTaTUYECKOU CXEMe HX030HIUPOBA-
HUsI. AHTEHHasl CHUCTeMa BKJIIOYaja B ce0sl M3ydaro-
M U PUEMHBIN 3JIEKTPOaKyCTUYECKUE mpeoOdpa3o-
Batenn (DAIl) amamerpom 10.7 cM ¢ yrioBoi mupu-
HOW OCHOBHOTO JIETIECTKA XapaKTEPUCTHKH HaIpaB-
nerroctd (XH) no yposHto 0.7 oxomo 14° xaxmbli,
4TO MO3BONWIO Ha JuctaHiuu 40 M chopMupoBaTh
o0nacTe OOJydeHHWs Ha TPaHHIE pa3felia pa3MepoM
okosio 10 M. 3aperucTpupoBaHbl 3aBUCUMOCTU CHJIBI
oOpatHoro paccesinusi (ot —25 n0 —50 nb) mopckon
MOBEPXHOCTBIO JUIS JHANA30HOB M3MEHEHHS KaK CKO-
poctu Betpa 2.6-9 M/c, 4TO 3a/laBajO BEJIMYHMHBI
0.045—-1 M cpeaHEKBagpATUYECKOIO CMELIEHUs MO-
BCPXHOCTHU OTHOCUTCIIBHO HCBO3MymeHHOI71 TpaHUIbL,
TaK M yria ckoibkenus (ot 5° mo 90°). Ha moiry-
YeHHBIX TpaduKax BBIICICHBI TPH 00JACTH 3HAve-
HUN YTJIOB CKOJIBXKCHUSA, IJId Ka)XKA0T'0 M3 KOTOPLIX
NPEIJIOKEH CBOM MexaHu3M paccesHusi. OrpaHuue-
HUS, OOYCIIOBJICHHbIE YBEJIHMYEHHUEM Macco-rabapur-
HBIX [OKazareneld MHTep(EpPEeHIHMOHHBIX aHTEHH
U [IOMEXOH OT MOPCKOTO AHA, IIPUBEIHM K TOMY, YTO
u3MepeHust 0OpaTHOTO paccessHus MOPCKOH MOBEpX-
HOCTBIO Ha HM3KOH 4acToTe OOBIYHO IPOBOJMIINCH
B IIIyOOKOM OTKPBITOM MOpPE C MCIIOJIb30BaHUEM He-
HaNpaBIeHHBIX (TTaBHBIM 00pa30oM B3PBIBHBIX) HC-
TOYHHMKOB 00nyueHus: B quamnazone 400-6400 I'm [5].
Craenyer OTMETUTh, YTO paccessHhue OT MOPCKOH Mo-
BEPXHOCTH ONTUMAJIHO U3MEPSThH C MCIOJIb30BAHUEM
HaIllpaBJICHHbBIX HCTOYHUKOB y3-H3J’Iy‘ICHI/Iﬂ, ‘ITO6I>I
CHU3UTh MacKUpYIOIIee BIUsIHIE 00beMHON U JTOHHON
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peBepOepanyi, a TaKke YMEHBIIUTH TUIOIMAAhL S yd4a-
cTKa OOIydYeHHs, TMpHUYEM KelaTeJIbHO O0ecreynTh
MOCTOSIHCTBO 3TOM BEJIMYMHBI B TPeOyeMOM JIuanaso-
HE 49acCTOT. I[J'I}I IOBBIIICHUA TOYHOCTH U ACTAJIN3allN
W3MEPEeHUH MOXKHO HCIONb30BaTh APPEKTH HENu-
HEWHOHN aKyCTHUKH, B YACTHOCTH MCIIOJIb30BATh THJIPO-
aKyCTHUYECKYIO ammnaparypy, CHaOXEeHHYIO H3Iydaro-
M tpaktoMm ¢ [IMA. B [6] npencraBneHs! pe3yibTa-
Thl CEpPUM DKCIEPUMEHTOB IO H3MEPEHHUIO 3aKOHO-
MEpPHOCTEM paccesHus MOPCKOM  IMOBEPXHOCTBIO
Ha MEJIKOBO/IbE BOJIH pa3HOCTHOM yacToTsl (BPY) mpu
OMCTAaTUYECKO CXeMe HaKJIOHHOTO 30HAMPOBAHHMS:
WCTOYHHK JTHHHOBOJHOBOTO Y 3-00mydenns — [TUA
c DAIT 0.6 x 0.5 M npsAMOYroJabHOIN QOPMBI, TPUEM-
HUK — TOpPH30HTaNIbHAs tuHeiHas anteHHa ([J1A).

OB30P DKCITEPUMEHTA 10 JIABOPATOPHBLIM
HABJTIOJIEHUSIM PACCESIHIS Y3-BOJIH
B3BOJIHOBAHHOI I'PAHULIEN PA3/IEJIA
BOJIA-BO3JIVX [7]

B [7] omucan maGopaTopHBI 3KCIIEPUMEHT, B KO-
TOPOM MOJIEJIUPOBANIOCH paccesHue Y3-BOJIH B3BOJI-
HOBAHHOHW TpaHUWIEH paszziena Boma—Bo3ayx (puc. 1),
[pUYEM MpeUIoKEeHa OPUTMHAJIbHAS CXEMa BHU3yallu-
3aiun (pa3oBBIX U aMIUIUTYIHBIX UCKKEHUH B Tiepe-
M3IyYeHHBIX CUTHajax (puc. 2). AHAIHU3 pe3yabTaToB
MOJKET OBITh IMOJIE3eH ISl pa3pabOTKU TEXHHYECKHX
OCHOB  BOJIHOM3MEPUTENBHOM T'MAPOAKYCTHYECKOU
anmnaparypsl ¢ pexumom PIIN.
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Puc. 1. Cxema uccnenoBanus paccesuus Y3 [7].
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Puc. 2. I'eomerpust skcniepuMeHTa U GOTO 3apEruCTPUPOBAH-
HbIX (pasorpamm [7].

PasBepTka oOnacTi ObLTa OTJIOKEHA W PACHIMPEHA, YTOOBI
MOKa3aTh OTHeNbHBIE (ha3bl: MOJIOKUTENbHAs (pa3a cBeTias,
a orpumarenbHas (aza TeMHas; XapaKTePUCTHKH 3IXO-
CHTHaNa s TIAAKHX TIOBEPXHOCTEH TIIpencTaBIeHBI (a);
cierka mepoxoatsie oBepxHocTH (b), (¢) u (d); npomexy-
TOYHAs MIEPOXOBaTasi MOBEPXHOCTh (€) M IIepoxoBaTas Mmo-

BepxHOCTH (f)

Onnako B pabote [7] He MPUBOAATCS DKCIIEPUMEH-
TaJbHBIE 3aBUCUMOCTH 110 U3MEPEHMIO YIJIOBBIX pac-
npefeNeHnii aMIUTUTYJ] 3BYKOBOTO JIaBJIEHHUSI pacce-
SIHHBIX Y 3-CUTHQJIOB B BOJHOM IPOCTPAHCTBE, aHATIN3
KOTOPBIX MO3BOJNIMJI OBl MOJYy4aTh KOCBEHHBIM 0O0pa-
30M MH(OpPMAIHIO O CTETIeHH B3BOJIHOBAaHHOCTH BO/I-
HOl moBepxHOocTH. Kak ormeueHo B [8], xapaxrep
paccesiHUsI B3BOJIHOBAHHON MOBEPXHOCTBIO ONPENesi-
€TCS OTHOILEHHEM CPEIHEKBAaIPAaTHUECKOrO CMelle-
HUA TIOBEPXHOCTU OTHOCHUTECIBHO HCBOSMyHICHHOﬁ
I'paHMLBI K [UIMHE BOJHBI Y3, a TaK)Ke HAIPaBICHUEM
o0Onydyenus. PaccesHHoe Y3-mosiie COCTOMT M3 KOTre-
PEHTHOM M HEKOT€PEHTHOW COCTaBIAIOIIMX, NPUYEM
UX KOJMYECTBEHHOE COOTHOILEHHE ONpeesIsseTcs Ia-

pametrpom  Pames  P=2kocos3=khsiny, rae
k=2rn/A, A — BOTHOBOE YHMCJIO U IJHHA BOJHEI
¥3; o=h/2 — cpenHeKkBaIpaTUYECKOE CMEIICHHE

MMOBECPXHOCTHU OTHOCHUTCIILHO HCBOSMYHICHHOI\/'I rpaHu-
IIbI, pPAaBHOE TTOJIOBMHE pa3Maxa /4 MpOQuIIsT B3BOIHO-
BaHHOW moBepxHOCTH; § = (90° — y) — yron nageHus,
OTCYUTHIBAEMbBI OTHOCHUTEIBHO HOpMAJIM K HEBO3-
MYIICHHOW TIpaHule; y — Yyroia ckoibxeHus. [lo-
BEPXHOCTH MPUHATO CUUTATH CIIA0OIIEPOXOBATON MPH
P < 1 B Y3-none, nepen3ydeHHOM B HaIlPaBICHUU

3epPKAJILHOTO OTpaKeHHs, MpeobiagaeT KorepeHTHast
cocrapisitomast. Ecnmu P > 1, TO NOBEPXHOCTh SBJIS-
eTCsl CYIIECTBEHHO HEPOBHOW, OCHOBHAas N10Ji mepe-
W3TY4YE€HHOT'O II0JIS1 3aKJI0Ye€Ha B HEKOTE€PEHTHOH co-
CTaBJIAIOLIEH.

Cxema nabopaTOpHBIX M3MEpEHH JaHa Ha puc. 1.
[Tomyuennsie pe3ynbTaThl, (ha30rpaMMBbl, H300PAKEHBI
Ha puc. 2. JIeBbIil a5eKTpoaKyCcTHYECKUi Ipeodpa3o-
Barenb (puc. 1, TX) cHE3y 1o HampaBIeHHIO, OJn3-
KOMY K HopMaiu, (GOopMHpYsS B BO3IYLIHOH cpeje
MHUMBIA HCTOYHUK [9], 00xydaeT TOHANBHBIMU Y 3-
MMITYJIbCaMH JUTUTEIBHOCTRIO 35 MKC ¢ 4acTOTOM 3a-
nondenust 200 xI'n npu yactore ciegoanus 100 I'n
TpaHWIly pasnena Boma—Bo3ayXx. llpameni DAl
(puc. 1, RCV) npunumaet paccesHHbIE Y 3-CUTHANBI.
O6a DAII obmamaroT HaNpaBJICHHBIMHA CBOWCTBaMHU
(yron, oxBaThIBalOIIMi OCHOBHOM Mmakcumym XH
oxoJto 40°), ¥ UX B3aUMHOE PACIIOJIOKEHNE B TIPOIIeC-
ce DKCHEepUMEHTa HE M3MEHSUIOCh. BeTpoBbIe BOJIHBI
Ha IOBEPXHOCTH BOABI B OacceilHe BO30YKIaIUCh T0-
TOKOM BO3/lyXa; 3a CUEeT BbIOOpa MOITHOCTH BETPOBO-
rO BO3JICHCTBUSI MX BBICOTHI MOXKHO OBUIO M3MEHSThH
(cMerieHHEe MOBEPXHOCTH OTHOCUTEIBHO HEBO3MY-
meHHol rpanunsl ot 0.014 no 0.13 cm, nepuos xo-
nebannii moBepxHOCTH Boabl okono 0.2 c). B menwm
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PI3MCpCHPII71 BXOOMUJIO, B HaCTHOCTHU, BbISICHCHHUEC B3au-
MOCBSI3U MEXIy BBICOTOW OeryIieil BETpOBOW BOJHBI
1 (ha30BBIMH HCKOKEHUSIMH B TEPEU3ITYYCHHBIX Y 3-
CUTHaJIaX, MO3BOJISIONIEE MPOWIIIIOCTPHPOBATh COOT-
HOILIEHHE KOTNEPEHTHOM M HEKONEPEHTHOW COCTaB-
JSIOMUX BO BTOpUYHOM Y 3-mojie. C BhIXOAa TIPHUEM-
Horo OAIl »srmekTpudeckne CHUTHAJIBl ITOCTYTANN
B CTpOOMpYeMbIld MpPUEMHBIH TPaKT, 0COOEHHOCTBHIO
00pabOTKM B KOTOPOM OBLIA MOIYJISIHUS JTyda dJIeK-
TpoHHO-ny4ueBor  TpyOku (DJIT) ocummiorpada
1O SIPKOCTH, B pe3ysbTaTe KOTOpOW Ha 3KpaHe (op-
MHUPOBAJIOCH M300paXeHHE TOJIOXKUTEIBHBIX / OTPH-
HaTeIbHBIX TONYNEPHOAOB KoJeOaHH PacCesTHHOTO
Y3-curHana B BUAE NEPHOANUYHO HYEPEIYIOLINXCS
CBETIIBIX / TEMHBIX "TOYEYHBIX OTMETOK'" COOTBETCT-
BeHHO. Kak BUIHO W3 Tpe/cTaBIeHHBIX Ha puc. 2 ¢o-
TO, moje (hazorpaMM HMMEET BEPTHUKAJIBbHBIA pa3mep
(o ocu Bpemenu ot 530 mo 600 MKc), onpeaemnsieMblit
paBHOMepHBIM TiepemerierneM nyda DJIT mo crpoke
pa3BepTKU CBEPXY BHU3, IPUYEM U3IMEHEHUS €T0 sp-
KOCTH B COOTBETCTBYIOIIME MOMEHTHI BPEMEHH PETH-
CTpUpYIOTCs Ha (HOTOIIIEHKE, 00pa3ysl Ha Hell BepTH-
KalpHBIA "cllef-Tpaccy"” AJIEKTPOHHOTO JIyda, KOTO-
pBIf JienaeT BUAUMBIM (ha30BYIO CTPYKTYpPY MPHUHSITO-
ro paccessHHOro curxanga. Ciemyer y4ecTb, 4TO Ipo-
BOJAWINCH cepud uzMepeHuil no 200 nmocinegoBaresnb-
HbBIX IUKJIOB 3XO030HAUPOBAHUA B3BOJIHOBAHHOM rpa-
HHUILBI pa3ziena, BCICACTBHE Yero B KaXKIOM IOcCie-
JIYIOIIEM IUKJIE (POTOPETUCTPAIK OBLJIO MPEIyCMOT-
peHo "maroBoe" mepeMernienrne (HOTOTUICHKH IO/ HO-
BBIH "clien-Tpaccy" 3JMEKTPOHHOIO JIyda, MPUYeM CHH-
XpOHHO ¢ Bo3BpamieHueMm nyda OJIT B HadambHYyIO
TOYKY pa3BepTKU. OTO IO3BOJSET PETUCTPUPOBATH
AHAJIOTUYHYI0 WHQOPMAalUI0 B BHJIE TOCIEAYIOMINX
199 peanuzanuii BEPTUKAIBHBIX U MapajlIeIbHBIX
Ipyr apyry "cuen-Tpacc" 3J€KTpOHHOTO Jiyda, KOTO-
pble B COBOKYIHOCTH OOpa3ylT TOpPHU30HTAJIbHBII
pasmep (2 ¢) dazorpammbl. OTMETHM, YTO BEPTHUKAIIb-
HBIEe "CIeA-TpacChl" IEKTPOHHOTO JIyda, pacroiara-
ACh PSIIOM JAPYT € APYroM, 0Opa3yroT B BEpXHEH vac-
T4 QoTorpaduii uHGOpMaTHBHYIO 0071aCTh CBETIIBIX /
TEMHBIX TIOJIOC, BHU3YaJlbHBI aHAIN3 OCOOCHHOCTEH
KOTOPBIX MO3BOJIACT OLUCHUTH BJIUAHUC MOBEPXHOCT-
HOI'O BOJIHEHUS Ha ()a30BYIO CTPYKTYPY PacCEsIHHOTO
V3-curnana. Mrak, mo ONMCAaHHOM BEIIIE METOIUKE
W3MepeHnid OBUTM TOJNy4eHHl TIecTh (paszorpamMm
(puc. 2, cipaBa) U1 pa3HBIX BEITMYUH CMEICHUS I10-
BEPXHOCTH Oeryliel BeTpOBOii BOJTHOM:

— ruankas (poto (a), mapamerp Panes Py= 0 pan);

— cmerka B3BonHOBaHHas (doto (b), A/A =
=0.037, P;= 0.24 pan; doro (c), /A = 0.048, P, =
=0.3 pag u ¢oro (d), 1/ A =0.059, P,= 0.37 pan);

— yMepeHHO B3BoiHOBaHHas (doto (e), A/ A
=0.21, P;= 1.34 pan);

— cuiabHO B3BONHOBaHHas (dporo (f), A/ A
=0.347, P,=2.18 pan).
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OO6cynuM MHPOpPMAIIHIO, OTOOPAKEHHYIO Ha MOJIe
¢dazorpamm. [IpoBesieM OICHOUHBIE pacyeThl JUIs Tia-
pameTpoB: TiryOmHa pacrnonoxkerns: ooonx DAIL 0.4 wm,

BpeMs [HKIAa "H3TydeHue-Tprem" t= (2 X
x 0.4m)/1500M/c= 533 MKC, YTO COOTBETCTBYET

udpam (535 MKC s aKyCTHYECKOH OCH), TIPEJICTaB-
neHHbIM Ha puc. 2. J[amee, mna VY3-curnama
c yacroro f =200 k' oguH mepuon KoieOaHWH
T=1/200k'u=5mkc. Ha mnpexacraBneHHbIX (a3o-
rpamMMax CBECTJIbIC / TEMHBIC IMOJIOChI COOTBECTCTBYIOT
MOJIOXKHUTENbHBIM / OTPHULATEIBHBIM IOIYIIEPHUOIaM
kosieOanuii. B TakoMm citydae B OJTHOM MaJioM JICJICHUU
1o BepTuKanu 10 MKC JOJDKHO YJIOXKHUTHCS JBA IEPUO-
Ja KoJieObaHuii, YTO BU3YyallbHO JIOJDKHO OBITH OTOOpa-
JKC€HO KaK 4YCTBIPEC IMOJIOCHI — ABE 6eJ'II)IX U ABEC YCp-
HeIX. [lanee mpu IIUTETHHOCTH UMITynbca Y 3-001y-
yeHuss 35 MKC (IIPOCTPAaHCTBEHHAs MPOTSHKEHHOCTh
5.25 cM, 7 nepuonoB win 14 momymnepruoaoB Koieda-
Huid as gactoTel 200 kI'I) BepTHKaJIbHAS JJTHHA
(azorpaMmbl J10JKHA COCTOSITH U3 CeMHU OeNbIX U ce-
MH YEpHBIX ToJNoc. PacdeTsl COOTBETCTBYIOT Ipen-
CTaBJICHHBIM JaHHBIM, YTO HauOoJiee OTYETINBO BU-
HO Ha ¢oTO puc. 2, a.

Hanee paccMOoTpuM (GU3UYECKUI NPUHIMIT pETH-
CTpalliil aMIUIUTYAHON WH(GOPMAITUH, COMepKAIIEHCS
B monocax QazorpamM. HanmoMHuM, 4TO B COOTBETCT-
BUM ¢ npuHOuNoM [roiireHca—®peHenss TOYKU Mpo-
¢unst Oeryiield BeTPOBOUM BOJHBI Ha B3BOJIHOBAHHOMN
TpaHuIe pasena, o0IydaeMble CHU3Y BBEpX Y3-CHUT-
HaJIOM, CTAHOBATCA HMCTOYHHUKAMU TMCPEU3ITYyHACMbIX
AIIEMEHTAPHBIX CPEPUUECKIX KOTEPEHTHBIX / HEKOTe-
PEHTHBIX BOJIH, IIPH HAIOXXEHUHM KOTOPBIX OCYIIECTB-
nsieTcsl uX uHTepdepupoBanue. M3 npuHIuna He3aBu-
CUMOTO HAJOKCHHS BOJHOBBIX (KOJeOATEIbHBIX)
MPOLIECCOB JIPYyT Ha JApyra CleayeT, YTO pPe3yibTH-
pyrolee cMeIIeHrne YacTHIIBI BOJTHOW Cpebl B 00O
MOMEHT BPEMEHM SIBJIIETCS TEOMETPUUYECKON CYMMOM
CMCMCHHﬁ, BbI3BIBA€EMbIX KaXIbIM H3 CKJIaJbIBAaKO-
HIMXCST KoJieOaTeNbHBIX IPOLECCOB B OTAENBHOCTH,
NpUYeM B PE3yJIbTHPYIOMEM KOJNeOaHNH KaK aMIUIU-
Tyla, Tak U (haza 3aBUCAT OT COOTHOLIEHUH MEXIy
¢dazamu cnaraemblx KoneOaHuwid. Takum o0Opaszom,
B O0JIaCTH PETHCTpAIH Pe3yJbTUPYIONIero Koieda-
TeNnpHOro Y3-mpoliecca Ha anepType HEHOABHKHOTO
mpaBoro mnpuemHoro OAIl dopmupyercs skBuBa-
JICHTHasT WHTEePQEPEHUUOHHAasi KapTHHA [JaBJICHUH,
npeoOpasyemasi B COOTBETCTBYIOIIUHN AJICKTPUUCCKUIA
CUrHaJl. YTOUYHHUM, YTO JJIs1 BOSHUKHOBEHHS HHTepde-
pEHIIMKM B BOJHOHM cpejie HEOOXOAMMO BBIMIOJHEHUE
OIIPEJENICHHBIX YCJIOBUI: OJMHAKOBas WM KpaTHas
4acToTa CYMMHPYEMBIX KOJIeOaTeNbHBIX MPOIECCOB
IPU COBHAJCHUM HANPABICHUM CMELICHUS 4YacTHUI]
Cpeabl PacIpOCTPAaHEHHMs, @ TAKKE MOCTOSHCTBO Pa3-
HOCTH (a3 TMepeu3TydyacMbIX 3JIEMEHTApHBIX chepu-
9ecKuX BOJH. OTMETHM, YTO IOJHOCTBIO YCJIOBUS
BBITTOJIHAIOTCA JIsI SKCIICPUMECHTA C rnazucoﬁ T'paHu-
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el pasnena Bojma—Bo3ayx (poro puc. 2, a, mapameTp
Pones P, = 0 pax), a B MOCIEAYIOIMX OIBITAX
3a CUET BOJHEHHS BHOCSTCS M3MEHEHHS B Pa3HOCTH
(a3 mepensnydaeMbIX BIIEMEHTapHBIX CHEPUIECKUX
BoJH (doto (b), Pr=0.24 pax; poto (¢), P, = 0.3 pax;
doto (d), Pr = 0.37 pan; doto (e), P, = 1.34 pax; do-
to (f), P, = 2.18 pan), 4To 0TOOpaxaercs B HEKOTO-
POM U3MCHEHUU MECTOIIOJIOXKCHUA CBETJIBIX / TEMHBIX
"TOUEYHBIX OTMETOK" Ha BEPTHKAIBHBIX 'CJel-
Tpaccax" aiekTpoHHOro jy4a. [loguepkuem, 4to B [7]
HE M3MepsIeTCcsl HEPaBHOMEPHOCTH MPOCTPAHCTBEHHO-
MOTIEPEYHOTO pAcTpeNieleHns aMIUTUTYAbl (WHTEH-
CHBHOCTH) Pe3yJbTHPYIOIIETO PACCESIHHOTO B3BOJIHO-
BaHHOW TpaHuIe Y3-curHaia, T.K. B3aUMHOE PacIio-
noxxenue oboux DAII B mporiecce 3KCIEpUMEHTa HE
M3MEHSJIOCH.

AHAJIU3 PE3YJIbTATOB PACCESIHUS Y3-BOJIH
B3BOJIHOBAHHOI T'PAHULIEN PA3JIEJIA
BOJIA-BO3JIVX [7]

OTMeTHM, YTO BEPTHKAIBLHYIO OChb BPEMEHU MOXK-
HO "OTrpamynpoBath" B BeNIWYHHAX (ha30BOTO CIBUTA
konebanuii. Tak, ecnmu Ha 10 MKc yKiajgsiBaeTcs JBa
neproaa Konebannii (aBe OENbIX U JBE YEPHBIX MOJIO-
CBI), TO 3TO COOTBETCTBYET (pa30oBOMY CABHTY 47 paj,
a PacCTOSIHUIO MEXAY CEpeIUHAMH COCEOHHUX Oenon
Y 4epHOM MOJIOC (WK MIHUPUHE TMOJIOCHI) COOTBETCTBY-
et  pag (180°). YTouHum, uro Hac OyaeT UHTEPECO-
BaTh BEJIMYMHA OTHOCHUTENHHOrO (ha30BOrO CABHIa
B TECYCHHME Pa3HbIX CEPUM U3MEPEHUN, BEJIMUUHY KO-
TOPOTO MOXXHO OLICHHThH MO CMEIIEHHIO IO0JOC OTHO-
CUTEJIFHO UX MCXOJHOTO PACIHOJIOXKEHHUS, T.€. IPU OT-
CYTCTBHUHU IIOBEPXHOCTHOI'O BOJHEHUs. Tak, mpH OT-
CYTCTBUH MOBEPXHOCTHOrO BOJIHEHUS Ha (oTto puc. 2, a,
0TOOpaXEHO COBMAJCHHE BO BPEMEHHU MEPUOTUYHO
YepeLyIOIUXCsl CBETIIBIX / TEMHBIX "TOYEUHBIX OTMe-
Tok" Ha Bcex 200 BepTHKaNbHBIX 'cien-Tpaccax'
JIEKTPOHHOrO Jy4a. IlodydeHHble 4YeTkne ropu30H-
TaNbHbIE CBETJIbIE / TEMHBIE MOJIOCHI Ha (pasorpamme
(doto puc. 2, a) TOBOPAT 0 TOM, 4TO pacha3supoBKa He
BO3HHKIJIA M TIOJIOKUTENbHBIE / OTpULIATEIbHBIE TIONY-
NEepuoabl KOoIeOaHUI XOpOLIO COOTBETCTBYIOT APYT
apyry. Kak BugHO u3 mnocnexyroounmx ¢asorpamm,
B TEUEHHE MOCIEAYIOIIUX CEPUN M3MEPEHUN CBET-
Jble / TEMHBIE TI0JIOCHI HAUMHAIOT XaOTHYHO, MPHYEM
C HapacTaHHEM pa3Maxa, CMELIaThCs KaK BBEpX, Tak
U BHU3 OTHOCHTEJIBHO HCXOAHO-TOPU30HTAIBHOTO
nonokeHus. Hampumep, ecinu MCHoib30BaTh BEPTH-
KaJIbHYIO OChb BPEMEHH C Pa3MeTKOH (ha30BOro CIBUra,
TO ISl Pa3HBIX aMILTUTYZ TIOBEPXHOCTHOH Oeryreit
BETPOBOM BOJHBI BU3YaJIbHAs OLEHKA OTHOCUTEJILHON
JIOJIM CMETIEHUS TIostoc coctaristeT: s (b), (¢) m (d) —
ot 0.08 10 0.12; s (e) — no 0.4; s (f) — n0 0.7,
YTO CONOCTaBMMO C ()a30BBIMH CIBUIaMH, OIpere-
nseMbIMu mapametrpamu Penes. U3zBecten [1] xpute-
pUil aKyCTUYECKOHM POBHOCTM B3BOJIHOBAaHHOH IIO-

BEPXHOCTH MOpsi — paszHocTh xoxaa (¢a3) Y3-cur-
HAJIOB, HaJalOIIUX HOJ yIJIoM § U COOTBETCTBEHHO
OTPaXXCHHBIX BEPXHEH M HWKHEH FPaHHULIAMU MTOBEPX-
HOCTHBIX HEPETYJSIPHOCTEH, AOIKHA OBITH MEHBIIE
A/4 (n/2 pan). Ecnu yuecth TO, 4TO B [7] UCHONB-
3yeTcsl BEIMYMHA CMEILEHHS I[OBEPXHOCTH OTHOCHU-
TE€IHHO  HEBO3MYIIEHHOM  TIpaHUIlBl  (TTOJIOBUHA
paccTosiHuST Mexay "BepmmHON"' W "momomBoi” mo-
BEPXHOCTHOT'O BOHHGHI/Iﬂ), JaHHbIC OTHOLICHHA HaI0
YMEHBIINTh B JBa paza — A/8 (m / 4 pan, unm
0.785 pax, 5TO rpaHMYHOE 3HaYeHUEe napamerpa Pa-
nest). CpaBHUM TpaHUYHOE 3HaueHUE mapameTrpa Pa-
Jiesl ¢ UMEIOIIMMUCS BETMYMHAMU: €CIIU CJIeTKa B3BOJ-
HOBaHHBIE COCTOSHMS TpaHuLbl paszena (poro (b), Pr=
=0.24 pan =14°; ¢oro (c), Pr= 0.3 pax =17°) u doto
(d), Py = 0.37 pan = 21°) eme eMy COOTBETCTBYIOT, TO
A5 YMEPEHHO B3BOJHOBaHHOro (doro (e), Py =
=1.34 pan = 77°) u cuiIbHO B3BOJHOBaHHOTO ((poTO
(f), Pr=2.18 pan = 125°) cocTosiHMif — He yJ0BIIe-
TBOPAIOT. [loscHUM MexaHu3M HapacTaHusl (a3oBBIX
HCK)KEHUHM B PACCESIHHBIX CUTHAJIAX C YBEJIWYEHUEM
aMIUTUTYJIbI BETPOBOM BOJHBI (puc. 2, ¢oto). Ecmu
00Jy4aeMblii yd4acTOK TJIAJKWH, OTpakeHne Oyner
3epKaIbHBIM B (POPMHUPYETCS MOUIHBIMH 3XOCHUTHAJIA-
MU, NpHULIEIIIMMH [0 KpaTdadlieMy pPacCTOSHHIO
(puc. 2, a). Pactipenenenus a3 koneOaHUI IXOCHUT-
HQJIOB MOKHO OTCIIEAMTH NIpH aHaiu3e Bcedl (oTto-
rpaduyeckol 3amucu — (azorpammbl. Eciou 00my-
YaeMblid y4acTOK IMOBEPXHOCTH CJETKa B3BOJHOBAH,
TO MHTEHCHBHAs HadajbHas 4acTb dXOCHTHaja (op-
MHUPYETCSl OTPOKEHHUSIMH OT YYacTKOB HEOOJBIINX
MOBEPXHOCTEH, KOTOPBIE PACIHOIOKEHBI HOPMAaJIbHO
K JIydyaM " BXOJAT B OCHOBHOM JI€TIECTOK UX UHIUKAT-
pHUCHI paccesHuUs; "XBOCTOBasA" YacTh 3XOCHUTHAJA 00-
pa3yercst B pe3yibTaTe BOJHOBOW HHTEpepeHINN
3ama3pIBaIOIIMX 9X0-CUTHAIOB OT OOJNbIIel MOBEpX-
HocTH oOmydeHus (puc. 2, b—d). Tak, Bpems pacmpo-
CTpaHCHHA 3XOCUTHAJIOB IJIA KpaﬁHHX 3JIEMEHTOB I10-
BEPXHOCTHOTO BOJIHEHHUS (Ha OKPYXKHOCTH PaJANyCcOM
16 cm) cocraBmsuio 575 mkc. Pazpynienne ormeueH-
HO¥ BbImIe (pa3oBOi KapTHHBI TS "'XBOCTOBOH' 4acTH
paccessHHOTO CHrHalla — CBeTJasi / TeMHas TOJIOCHI
YCIOBHO COOTBETCTBYIOT IOJIOKHMTENIBHON / OTpHUILA-
TeapHOHN (pa3am KomeOaHnii — HaOIFOIaeTCs yKe MpH
BpeMeHH pactipocTpaneHus 570 Mkc. M3 pe3ynpTaToB
9KCHEpUMEHTa [UIi  YMEPEHHO  B3BOJHOBAaHHOM
Y CUJIBHO B3BOJHOBAaHHOW MOBEPXHOCTEH: pucC. 2, e,
napametp Panesa Py = 1.34 pag — mepexon OT Kore-
PEHTHOTO K HEKOTePEHTHOMY paccCesiHhio; puc. 2, f,
P, =2.18 pag — mpeBanMpyeT HEKOI'€PEHTHOE pac-
cessHWe. 3a cueT HamOombmel "pacdazupoBku’ die-
MEHTaMH Oerylieil MOBEPXHOCTHOW BOJHBI MaKCH-
MaJIBHO HEKOTEPEHTHbI 3JIEeMEHTapHble CepuuecKue
V3-BonHbl, o0Opa3zyionipe pe3yNbTUPYIOIMA OTpa-
KeHHBIN curHan. B pesynprare Ha dorto (f) orobpa-
KEHa CYIIECTBEHHO HCKaXeHHasi (hazorpaMma, Mpu-
4YeM B JAHHOM Ciy4ae HaOJroAaeTcs IMEepHOANYECKOe
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cMeleHue Havana '"ciie-Tpacc” OTHOCUTENBHO YIIO-
MSHYTOM BBIIIE TOPU3OHTAIBHOH CTPYKTYphl, 4TO
00yCIIOBIIEHO TPUONMKEHHEM / yJaleHueM Habe-
rafomux "BepmMH" W "mogomB" MOBEPXHOCTHOTO
BOJIHEHUS, T.K. JabopaTopHas yCTaHOBKa paboTtaer
Kak "oOpalieHHbIH" 3X0NoT — BosHOTpad. Ilepuon
KoneOaHWii TpaHuWmbl pasgena w3 ¢oro ()
~ 2¢/9=0.22 ¢, cpenHee 3HaAYEHHWE CyMMapHOH am-

IUINTYAB! PACCEIHHBIX CUTHAJIOB, MPUXOASLINX OAHO-
BPEMEHHO B TOUYKY HaOJIONEHMs, B OIpEIe/ICHHbIE
MOMEHTHI BpeMeHH (Hampumep, 537 Mkc, 543 Mkc
U T.71.) OJNM3KO K HYIIO, BUTHA BEPTUKAIIbHAS CTPYKTYpa
CIUIOIIHBIX CBETJIBIX BEPTUKAIBHBIX "ciea-Tpacc” 3Jek-
TPOHHOTO JIy4a YBEINYCHHOHN AJIUTEIbHOCTH.

CreneHb B3BOJHOBAaHHOCTH T'paHMIBI paziena ofl-
HO3HAYHO BIIMSET Ha MEXAHHU3M PacCesHUsl, IPUBOAS
K H3MECHEHHUIO CTallMOHAPHOTO IIPOCTPAHCTBEHHOTO
pacmpeneneHusi aMIIMTYasl U (as3bl pe3ylbTHPYIO-
mei Y3-BonHBI, c(hOpPMUPOBABIIIEHCS B TOYKE IMpHE-
Ma. OueBUIHO, YTO 3TO O0YCIOBICHO "pachazupos-
KOH" AIIeMEHTapHBIX CPEepUIecKNX KOTePEeHTHBIX Y 3-
BOJTH, PACCESIHHBIX TPaHUIIEH pa3zaerna ¢ U3MEHSIOIIH-
MHCSI T€OMETPUYECKHMMHU CBOHCTBaMH, MPUYEM POCT
BCJIMYHUH (I)a?;OBI)IX CABUT'OB COOTBCTCTBYET YBCINYC-
HUI0 aAMIUIATYAbl IIOBEPXHOCTHONM BETPOBOM BOJIHBI.
Kax Bumuo u3 puc. 2, b—d, ¢azoBeie casuru erme
MaJIbl 1 MOXXCET BLINIOJHATHCA YCJIOBUC KOHCTPYKTHB-
Ho¥ / nectpykTuBHON nHTepdepermn [10] mpu dop-
MHUPOBaHUHM paccessHHOro Y3-curHana. JlanmpHeiimiee
YBEJIMYEHHE BETPOBOTO BO3JACHCTBUSI MO3BOJIAET IO-
IMOJIHUTh KOTC€PCHTHOEC PpaCCeIHNC HCKOI'CPCHTHBIM,
U 1pu GOPMHUPOBAHUH paccessHHOro Y3-curHana Ha-
YHHAET IIPEBAJIMPOBATh IHEPIETHUECKOE CIIOKEHUE
3JIEMEHTapHbIX "pacda3upoBaHHBIX", T.e. HEKOre-
PEHTHBIX, cheprdecknx Y3-BoiH 0e3 HHTEp(epeHIH-
OHHOTO ycuiieHus / ocnabnenus. K coxanenuto, B [7]
NPEACTaBIEHbl  3KCIIEPUMEHTANbHBIE  PE3yJbTaTh
IO perucrpaluvu paccesiHrsd B BOAHOM MPOCTPAHCTBE
B3BOJTHOBAaHHOW TpaHUIIEH pa3zena JUMIb Ui "MOHO-
yacToTHOTO" pexknma Y3-o0mydenns. OmHAKO 3TO HE
CHIKACT BIICYATIICHUC OT HAIrJIAJHOCTHU OTO6pa)K€HI/IH
HOJIydEHHBIX PE3yJbTaToB, MIPUYEM U3 HHUX CIEIyeT —
BO3MOXHO U "oOpaTHOe" HaImpaBJICHHE TIEpPEexoa pac-
CesIHUS — OT HEKOTePEHTHOI0 K KOT'€PEHTHOMY —
3a CYCT YMCHLIICHUSA YaCTOThI f / YBCJIWYCHUA OJIN-

HBl BONHBI A Y3-cWrHama, HampuMmep MpH "TOJ-
CTpoiike" JaHHOTO MapaMeTpa O0JIydeHUs IOJ CyIIle-
CTBYIOIIHE YCIOBUSI BETPOBOTO BOJIHEHHS HA MOPCKOM
TIOBEPXHOCTH.
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INEPCIIEKTUBBI ITPUMEHEHU S ITNA
A UCCIIEJOBAHMA PACCESHNA V3
B3BOJIHOBAHHOU I'PAHUIIEN

Pesicum monocmamuueckoco 06pal/l4€HH020
axoioma

O6cynnM akTyallbHOCTh JaHHBIX PE3YIbTaTOB IS
OIIeHKU nepcrnekTuB npumenenus [TMA mis moHOCTa-
THYECKOTO OOJTydeHUs] B3BOJTHOBAHHOW ITOBEPXHOCTH
BOjiOEMa TMOJA OOJBIIMMHU YIJIaMH CKOJBXEHUs (¥

1o 90°), T.e. 0OpaIIEeHHOTO 3XOJIOTA C PEKUMOM Ta-
pamerpudeckoro uanydenus (PIIN). [lnst Havana ot-
BETHM Ha BOIIPOC: @ MOXKHO JIM B JaHHBIX YCJIOBHUSIX
o0JlyuyeHHsT CHJIBHO B3BOJHOBAaHHOM IOBEPXHOCTH
(o0 =0.13 cm, ko = 1.08, mapamerp Panes P, =
= 2.18 pan, puc. 1, f) BoccTaHOBUTH CTAlITMOHAPHOCTD
MPOCTPAHCTBEHHBIX  PACHpPEACNCHUH  aMIUTUTYbI
u (asel pe3yabTHpyOIeld Y3-BosiHbl, chopMHUpPOBAB-
LIelcsl B TOUKE NIPHEMa, B YaCTHOCTH (Pa3oByIO CTPyK-
Typy paccesHHOTO CHTHaja, HampuMep, Takyl Kak
Ha ¢oro (b) (¢ = 0.014 cm, ko = 0.12, napameTp
Panes P, = 0.24 pan)? BoccraHosieHue ¢a3oBoit
CTPYKTYpBI 3XOCHTHANa, UCXOMs M3 PAaCCMOTPEHHOTO
9KCIIEPUMEHTA, O3HAYaEeT BBIIOJHEHUE KPUTEPHS aKy-
CTHUYECKOM POBHOCTH ISl JAHHON CWJIBHO B3BOJHO-
BaHHOM IMMOBEPXHOCTHU, YTO MOXKCET 6LITL JOCTUTHYTO
3a CUET YBEIWYEHUs IJIMHBI BOMHBI A Y3-001ydeHus.
Cnemaem pacuet ans puc. 1, f, — ko = 1.08 u BeICO-
Ta HepoBHocTell o = 0.13 cm; Ham Hamo, YTOOBI ko
ctano paBHbeM 0.12 mpu o = 0.13 cm, Toraa ¢ yuerom

Vs
qro k_=——o),

HOB

TOTO, MOKHO 3anmcatb —

27 x0.13 _ 0.12, otkyna 4,,= 6.8 cm, 4T0 cCooTBET-

HOB
CTBYeT 4acToTe obnyuenus f, = 22 xl'u. [lanee, BbI-
TIOJITHUMO JIU ATO B ONMKMCAaHHOM dKcnepuMente? bynem
CUMTaTh, YTO YacCTOTa MCHOJIb3YyeMOro Y3-curHana
f =200 I'm sBIseTCS PE30HAHCHOW ISl ITbE303JIe-
MeHTa uanydaromero DAL Torma ero momoca mpo-
nmyckanusi okoio 20%, T.e. 40 xI'u. B nanaom ciryuae
npu OUrapMOHUYECKOM BO30YXKIECHUH HE303JIEMEHTa
m3nyqarorero DAIl  »leKTpudeckMMH CUTHATAMU
¢ wacroramu f, = (200 — 11) kI'u u f, = (200 +
+ 11) xI'n, T.e. mpu Gopmuposarnu [TMA nByms KoI-
JUHEAPHBIMUA C(a3UPOBAHHBIMU IMy4YKaMH BOJH Ha-
Kaukd C JaHHBIMM 4YacToTamu, TreHepauus BPY

F_ = | fr— f1| = 22 xI'u npu pacnpocTpaHeHHH K TO-

BEPXHOCTH BIIOJHE OCYIIECTBUMAa W HIMPOKOIIOJIOC-
HBII u3nyvaromui TpakT Ha BPY peanmsyem.
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OtmeruMm eme oaHo mnpeumymiectBo IIMA mpu
TUIPOaKyCTHYECKOM MOHHTOPUHIE B3BOJHOBAHHOM
MOBEPXHOCTH BOJIOEMA, B YACTHOCTH U B PEXHUME 00-
palieHHoro MoOHOCTaTh4yeckoro sxoisora. Kak orme-
gyero B [11], ms [IMA npocTpaHcTBEHHas! CTPYKTypa
F€HEepUpyeEMOro HHU3KodacToTHOro mnoisis BPY xapak-
TEpPU3yeTCs HE TOJIBKO paclpelesieHHeM aMIUIUTY[
3BYKOBOI'O JaBJICHU, HO U 3aBUCUMOCTBIO N3MEHEHUH
TG PaKIMOHHON (ha3bl, YTO B COBOKYITHOCTH U OTIpe-
JeisieT KOH(UTYpaluio ee OCHOBHOTrO Jjernectka XH.
OcobenHocThio chopmupoBanHoro moyst BPY sBiis-
eTcs TO, YTO B THIPOAKyCTHUECKOM KaHaJle OTCYTCT-
BYIOT pe3KHE OCHMUISUH aMIUTUTYIbl U TU(PpPaKIu-
OHHOH (ha3bl, UX HPOCTPAHCTBEHHBIC pacIpeleseHNs
B3aUMHO OO0yciOBIIeHbl. Tak, HampuMmep, W3BECTHBHI
pe3yabTaThl SKCHEPUMEHTAIBHBIX W3MEPEHHUH IoIe-
peuHbIX (OTHOCHUTENBbHO akycTuueckod ocu I[IMA)
aMIuTynHoro u (aszoBoro pacmpeneneHuii BPY
(F=50,75,100, 150 u 200 kI'11) Ha pa3aIUYHBIX pac-
CTOSIHUAX, KpaTHBIX 1, 2, 4 niuuHaMm OJvbKHEH 30HBI
(30 cm) mma DAIl Hakauku ¢ MBE303JEMEHTOM JIHa-
MeTpoMm 30 MM H pe3oHaHCHOU dacToToil 1.875 MI'm.
W3 Hux cienyer, 4TO IUIsl MAKCUMaJIbHOM HUCTaHUUU
W3 YKa3aHHBIX B Mpejesiax OCHOBHOro Jjenectka XH
c(hOpMHUPOBABIIHIICS BOJTHOBOW (PPOHT IS BCEX YyKa-
3aHHBIX HM3KOYAaCTOTHBIX CHI'HAJOB MOKHO CUHMTAaTh
CTaOMIBHO TIOCKHM, T.€. aHAJIOTWYEH IO CTPYKType
n300pakeHnto Ha (haszorpamme (puc. 2, a), 94TO SBIIS-
eTcsl BaXXHBIM TIpH ucnojib3oBaHuu [IMA B kadecTBe
LIMPOKOIOJIOCHOTO HUCTOYHUKA Y3 IS MPOBEAEHUS
TUAPOAKYCTHUYECKUX U3MEPEHU.

[IpomomxuM aHanM3 [OOCTOMHCTB HPUMEHEHUS
TUAPOAKYCTHUECKOM amnmapatypbl, B KOTOPOU H3Iy-
yarormid Tpakt cHaOxen PIIN. Moaens [TMA B pam-
Kax 3aJayd dXOIOMCKa OOBEKTOB Ha MEJIKOBOIbE
BOJIN3W TpaHUIl pasjesia, B YaCTHOCTH aKyCTHUECKH
MATKOH (Boma—Bo3myx) [12, 13], ocHOBaHa Ha MeToze
MHUMOT'O UCTOYHUKA, TCOMETPUA U YCIIOBHUA KOTOPOTO
ommucansl B [14]. [Ins [IMA B MeTonme Hamo yd4ecTsb,
YTO IPU OTPAKEHUU HA AKyCTUYECKU MATKOU I'pPaHULE
(Boa—BO311yX) 00a cUrHajia HAKa4KH ¢ JUIMHAMU BOJTH
A=clf, A, =c/ f, npuobperatoT (Hha30BbIii CIBUT
Ha 7 paj, "u3mydaroTcs" MHUMBIM HCTOYHHUKOM, KOTO-
pBIif  (pOpMATEHO HAXOMWUTCS B BO3IYIIHOW Cpene.
B pesynbrate obpasyercst Bropas [IMA, xotopas re-
HepupyeT B BoaHoM cpene BPU ¢ Toit xe nnuHON

BOJIHBI A=c/|f1—f2

CUTENBHO paHee chopmupoBanHoro nepBoit [IMA (mo
OTpa)XEHHUs) HU3KOYAacCTOTHOro curHana. Mcxons
U3 3TOro, cOPMHUPOBAHHOE BTOPUYHOE THAPOAKYCTHU-
YecKoe T0JIe B BOJAHOM cpejie, B YaCTHOCTH Pe3yIbTH-
pytomnii curian BPY mocne oTpaxkeHus: OT TaJKou
cB0o0OOHOM ToBepxHOCTH [12, 13], IpencTaBisoT KaKk
pe3yabpTaT HHTepPEpEeHINN KOTePEHTHBIX, HO "pa3Ho-
ammuaTyaaeix"  curHasmoB BPY ot obemx [IHMA.
YTOYHHM, 4YTO MPH MOHOCTATHMYECKOM OOJIydeHHU

, HO "mpoTHBOda3Hyr" OTHO-

IpaHuIBl pasjena Moj yrioM cKoikkeHus y = 90°,

T.. B peXUMe OOpalIeHHOTO 3X0JI0Ta, (QU3NIECKUN
HNPUHLMII CYNEPIO3ULHH, T.€. HE3aBUCUMOI'0 HaJIOXKe-
HUS BOJTHOBBIX HPOIIECCOB JPYT Ha APYra, BHIIOJHS-
eTcs, a X HaIpaBICHUEM OJHOBPEMEHHOTO PaCIpo-
CTpaHEHUs] OT TPaHHUIBl pa3jliesia B BOJHOW cpefe siB-
Jsercd HopManb K Heil. [ ysCHEHHs reoMeTpuu
MOHOCTaTHYECKOTO OOJIy4eHHsI TPaHMIIBI pasjena 00-
paTuMcsi K CXEMe MCCIEeIOBaHusl paccesHust Y3
(puc. 1). Ha Hem: JeWCTBUTENbHBIA HCTOYHHK —
nepBast [1IMA, ato nesbiit DAIl (TX), nznyyarommii
BOJIHBI OMIapMOHUYECKON HAKaukKu f, f,, U y4acTOK
BOJIHOW CpeJlbl 10 OTPaKaloUlel rpaHuIbl, B KOTOPOM
s dexktrnBHO copmupoBaH mepBeii curHam BPY
1o paccesHusi. Jlagee MHUMBIA HCTOYHHUK — BTOpas
[N A, 3epxanbHOe m300paxenue geBoro DAIL B BO3-
nymHoN cpene (Ha puc. 1 He HapHCOBaH), Ty4d OT
KOTOpOTO "MPOHU3BIBAIOT CBEPXY BHHU3" y4acTOK Ipa-
HUIIBI pa3zena, u 00J1acTh BOJBL, B KOTOPOH K NPHEM-
Homy mpaBomy JAIl (RCV) pacnpocrpansiercs VY 3-
my4JoK "pacdazupoBaHHON U TpoTHBO(DA3HON" HaKad-
KH, HedpPekTHBHO opMupys BTopoi curaan BPY.

Ucnonvzosanue [11A 6 pvibonouckosotl
annapamype

Hwxe paccmotpum ucnonszoBanue [TUA B poido-
MOMCKOBOM ammaparype Jjisi paboThl B YCIOBHSIX
nienb(a Mpy MHUHAMAJIBHOM YPOBHE MAaCKUPYHOLIEH
MOMEXH OT MPOTSHKEHHBIX TpaHUl] paszziena (Boma—
BO31yX) U (BOAa—IHO), YTO OOYCIIOBIEHO BO3MOXHO-
CTBIO (POPMHUPOBAHMSI Y3KOTO OCHOBHOTO JIETIECTKA
U3Ty4eHus: 6e3 JIOTOJIHUTENbHBIX MAaKCUMYMOB, T.€.
HaJM4ueM 3oHaupytomero monss BPY cneumduue-
ckoit popmer. OcHOBHBIE TpeOOBaHMS K cxemaM (op-
MHUPOBAHUS UIEKTPUUECKUX CHUTHAJIOB HAKAYKH IS
mnydaomux TpaktoB ¢ PIIA wm3noxenst B [11].
B wactHocTH, mis ¢opmupoBanms [IMA B BOgHOU
cpene Ha DAII momaroTCs 1Ba UM HECKOJIBKUX DJICK-
TPUYECKUX BBICOKOYACTOTHBIX CHTHAJIOB, YacCTOTHI
KOTOPBIX HAaXOZSTCS B €ro moJyioce npomyckanusi. Ha-
MpUMep, HW3BECTEH pPBHIOOMMONCKOBBIN dxonoT "llec-
kapp" ¢ PIIM, B KOTOpOM HCIIONB3yeTCS OAHOKAHAb-
HBIA MeTOJ] (QOPMHUPOBAHUS AIIEKTPUIECKUX CHUTHAIIOB

OUrapMOHMYECKOH Hakadyku C 4YacToTaMH f, =
=250 kI'm u f, = 300 xI'n (4ro comocTaBUMO C Be-
JTUYIAHON YacToThl obOmyuenus B [7] — 200 xI'm),
B pe3yJibTaTe 4ero B BOAHOW Cpele COBMECTHO pac-
MPOCTPAHSIOTCS ¥ B3aUMOJCHCTBYIOT c(pasupoBaHHbIE
VY3-xkonebanuss B Bume OueHmit. B ycrpoiictBe wmc-
nonb3yeTcst DALl ¢ Mbe30371eEMEHTOM B BUE KPYTJIOTO
MbE30KEPAMHUYECKOr0 IUCKA AUAMETPOM 65 MM C pe-
30HaHCHOM YacToToi f, = 275 kI'1, 9o oOecneunBa-
€T B M3JIyYeHNHU BOJIH HAKa4YKH CIIEAYIOIINE MapaMeT-
pbl XH: yrunosas mmpuHa ocHOBHOro jenecrka XH
o ypoBHiO 0.7 okoj0 6°, 94TO 3a7a€T HA JUCTAHIIUU
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50 M MATHO 3aCBETKH B BOJHOU Cpele OKOJIO 5 M,
a Tak)Ke HaIpaBIIEHUS OTHOCHTEIHFHO aKyCTUYEeCKOU
OCH JUTA TIEPBOTO M BTOPOTO JT00ABOYHBIX MaKCHUMY-

MOB a](nlzx =9.6°, a](fa)x = 16.8° npu UX OTHOCUTENIBHBIX
ypoBHAX 13% u 6.4% coorBercTBeHHO. ['mapoaky-
CTHYECKHH MPHOOP YCIIEIIHO MCIIOIb30BAJICS AT PhI-
0OomoucKka W THIPOJIOKAIMK B CIOXHBIX YCIIOBHSX,
B YaCTHOCTH /Il HAakKJIOHHOTO 3XOMOHMCKAa OOBEKTOB
npombicia Ha BPY F = 50 kI'n B cTOpoHE OT CylHa-
HOCHTEJISI Ha IUCTAHIUAX 10 50 M mpu riiyOuHe BOJI0-
ema 7-0.1 M, 9TO COMPOBOKIAIOCH OOTyUYEeHHEM CHT-
HaJlaM{d HaKaykd B3BOJIHOBAaHHOM TpaHMIBI pazjerna
(BomHeHHME 1m0 4 OaIOB) MO YKa3aHHBIM BHINIE Ha-
IIPaBJICHUAM IIE€PBOI'O0 U BTOPOTI'O I[O6aBO‘IHI)IX MaKCH-
MyMOB Ha JUCTaHIMAX okojio 50 M u 30 M COOTBETCT-
BeHHO. OTtmeueHo, uro Ha BPY ycTpoiictBo mmeer
BBICOKYIO Pa3pelIalollyl0 CHOCOOHOCTh U Malylo
MEPTBYIO 30HY, YCTAHOBJIEH HU3KHH YPOBEHb MacKH-
pYIOLLETO JEUCTBUSA OTPaKEHHM, B YAaCTHOCTU IIO-
BEPXHOCTHOH peBepOepanmu. [locnemnee sBusercs
CYIIECCTBECHHBIM OTIIMYUEM OT PCKHUMa 3XO030HIAUPO-
BaHMsl Ha CUTHAJAaX HAKa4dK{, MPHU OCYIIECTBICHUH
KOTOPOTo peBepOepanus HOJTHOCTBI0 MacKUPYeT CHT-
HaJIbI OT 1esield. OOBSICHEHNS CHIKESHUIO YPOBHS Mac-
kupyromero curHana Ha BPY B [12] He mpuBeneHo,
MEXJly TEM C YYE€TOM Pe3yJIbTaTOB B [7] MOXKHO Tmpes-
MOJIOKUTH cieayromiee. Tak, BBICOKUH YPOBEHb Mac-
KHAPYIOIIEH MOMEXH MO Hakauke OOYCIOBIEH OOKO-
BbIM m3inydeHneM ODAIl, ogHako pacdasupoBka BOIH
HAaKayKH, T.e. HApYyLICHWE UX B3aUMHON KOTE€PEHTHO-
CTU IIPU PACCESIHUM B3BOJIHOBAHHOM T'paHULEN pasje-
na (BoJla—BO3yX) MPUBOAUT K TOMY, 4TO d(h]exTus-
HOCTh TeHepanuy "mpoTuBo(a3HbIX" U MACKUPYIOLINX
BPY cHuxaercs. [lo cyTu nena noaydeHHBIN pe3yiib-
TaT MOXHO TPAaKTOBaTh KakK HCKIIOYEHHE IeHCTBUA
MHUMBIX HCTOUYHUKOB Ha BPU (kaxxmomy mobaBouHO-
My MakCHUMyMy COOTBETCTBYET CBOW MHHUMBINA UCTOY-
HI/IK) BCJICACTBHE TOTO, qTo BSaHMOI[eP'ICTBHC

CO B3BOJIHOBAHHOM TIpaHULEN pasjena Hapylaer
BpEMEHHOE M NPOCTPAHCTBEHHOE COIJIACOBaHME pac-
CESTHHBIX CUTHAJIIOB OMTapMOHWYECKOW HAKAYKH. DTOT
IIoAX0J MOXKET OBITh TMOJAKPCIUICH U3BCCTHBIM KaKI0-
MY BOJMTENIO aBTOMOOMJISI ONITHUECKUM SIBJICHUEM —
Ha MOKpPOW JIOpOre BCTPEUHBIM aBTOMOOWIb HUMEET
YeThIpe UCTOYHHKA CBeTa (/1Ba OT (ap M /[Ba MX MHH-
MBIX H300paKeHHsI), a Ha CyXOl ABa OT (ap 1 Bo3JeH-
CTBME€ MHHUMBIX UCTOUYHHKOB OTCYTCTBYeT. HerpynHo
MPENONIOKUTh, YTO WMEHHO LIEPOXOBATOCTH 0O0y-
yaeMOM TpaHUIbl pasfesna — JJOPOXKHOIO IOJIOTHA
C BBIPAaBHUBAIOIIEH BOJISTHOW IIEHKOM MK 0e3 Hee —
TYT SABJIACTCA HpH‘lHHOﬁ, T.C. I HAICro Cliy4das Ha-
JMYUE HEKOTOPOH CTENEHH BOJHEHUS TPAHULBI Pa3-
Jena TPUBOJUT K TAaKOMY YPOBHIO pac(asupOBKH
CUTHAJIOB HAKAYKW OT MHUMOT'O MCTOYHHUKA, BTOPOTO
MIPUEMOU3ITYYAIOIEr0 aHTeHHOTO ycTpoiicTBa (ITAY),
yro 3(QdekTuBHOCTs TeHepanuu "TpoTuBodazHoM"
BPUY cy1iecTBeHHO CHUXKAETCSI.

Ilpumenenue ITHA 6 sonnousmepumenvrou
annapamype

Hwmwxe npoananusupyeM BO3MOXHOCTU IpPUMEHE-
Hus [IMA kak MCTOYHMKA HU3KOYaCTOTHOTO Y3-CHUT-
HaJla B BOJIHOM3MEPHUTENIBHON amlmaparype, HalpuMep
3a cyeT "MOJCTPOMKH" MPOCTPaHCTBEHHOI'O MEpPHOAA
BPY nopn cyniecTByromue yciioBUsl BETPOBOIO BOJIHE-
HUSI Ha MOPCKOW MOBEPXHOCTH, YTO JOJDKHO o0ecrie-
YUTh PEXHM KOTEPEHTHOTO paccesHus. PaccmoTpum
IIPOLIECC PAacCesiHUSI KOPOTKOBOJHOBBIX CHTHAJIOB Ha-

ka4ku (A, =c/ f,,— IJIMHBI BOJIH) U JUIMHHOBOJIHO-

(A=c/F=c/|f1—f2|=|illz/(lz—ﬂl)| —
mmHa BPY) kxommonent VY3-mznyuenms B [IMA
Ha npumMepe pactazupoBku BPY, ncnonb3ys u3obpa-
KEHHBIN Ha pHC. 3 TPOQHIH B3BOJTHOBAHHON I'PAaHUIIBI
pazzena.

BOM

Puc. 3. 'eometpus paccesnus ¥Y3-nosist BPYU B3BoIHOBaHHOM rpaHuLiel pa3jena.
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O06o03HaunM 4vepe3 ¢ yroi, KOTOPBIM Tajaromas
BPY o6pasyer ¢ HOpManbio K TOPU3OHTAIBHON TIITOC-
KOCTH — [IOJIO)KEHHUE HEBO3MYIEHHON TI'PaHUIIbI
(M300pake€HO IITPUXMYHKTUPHOW JMHHUEH BHYTPH
npoduist). Ormerum, uro orpeskd AC u BD, mep-
NEHAUKYJIAPHBIC JIydaM HaAaronux W OTPaKCHHBIX
BPY (crumomrHeie THHUH CO CTPENIKAMH), OTOOpaKatoT
pAacIoIoKEHHE COOTBETCTBYIOLIMX BOJIHOBBIX (PpOH-
TOB. B nmaHHOM ciydae pa3sHOCTb XoJa PacCEsTHHBIX
BPY, uncxomamumx oT Touek A u B B3BOJIHOBaHHOI
HOBEPXHOCTH IO yrIIoM 3’ K HOPMaJH, ONpEAeIsieT-
cst  BeipaxkenueM A=AD-BC=qa(sind - sin3) +
+ h (cos9' + cos3 ), rme AD — paccrosiHue, Tpoii-
JeHHOE "HW)KHHMM CIUIOIIHBIM" JIydeM Tocje OTpaxe-
HUS OT BIIQAMHBI IEPOXOBATOW MOBEPXHOCTH A0 00-
mero BosHOBoOro ¢poHTa; BC — paccrostHme, KOTO-
poe JOJKEeH MpOWTH "BEpXHUM CIIOMIHOW" Jy4 10
OTPaXKEHHUSI OT BEPIIMHBI MIEPOXOBATON TOBEPXHOCTH,
KOTOpasi HAXOJUTCS Ha YKa3aHHOM BbIIIE 00IIeM BOJI-
HOBOM (pOHTE; & U @ — TapaMmeTpsl IPOQUIIS BETPO-
Boro BosHeHusi. Eciu 3'=9, 10 pa3HocTh X012 0y-
neT paBHa A=2hcos$. Eciam pazHOCTH X072 YMHO-
)KUTh Ha BOJIHOBOoe yuciao k =2x/A pmgua BPY,

TO TONy4nM pasHoOCTh ha3 A, = (27 -2h cos 3/ A),

BbIpaKEHHYIO uepe3 jummHy BPU. Bugno, uto Benu-
yiHa pacdasupoBku, BHOocuMas B BPY mpu pacces-
HUM TOYKaMd A u B BoiHOBOTO mpodwuisi, 3aBHCHUT
OT OTHOILIEHHS BBICOTHI HEPOBHOCTEH /i K anmmHe A
BPY, T.e. 6e3pa3zmepHoro mapamerpa /i / A, v HampaB-
JeHHusT OONYYeHHS! OTHOCHUTENbHO HEBO3MYIICHHON
rpaHuibl. HanmoMHNM, 4TO B COOTBETCTBHH C NPUHIIM-
noM [roiirenca—®penenss Kaxaas TOYKa BOJHOBOIO
mpoduis, manpumep E, F, G, ..., H, I u 1.1., KOTOpBIX
TaK)Ke JOCTHTacT PaclpOCTPAHAIOMANACSA TMaJaronias
BOJIHA (LITPUXOBBIE JIMHUU CO CTPETIKaMH), CTAHOBUT-
Csl MCTOYHHMKOM 3JIEMEHTAPHBIX CPEPUUECKUX KOTe-
PEHTHBIX BOJH, B3aMMHOE HaJIOKEHUE KOTOPHIX 00pa-
3yeT BOJHOBOH (PPOHT pe3yIbTHPYIOIIEH paccesHHON
BPY. Hcnons3zyem [1] kpuTepuii akyCTHYECKOM POB-
HOCTH B3BOJIHOBAHHOHM MTOBEPXHOCTH MODSI: ISl TOUEK
A u B BomHOBOro nmpoduist pa3HOCTh Xo[a A TOMK-
Ha ObITh MeHbIIEe A/4, a pasHOCTH Paz Ap —
MeHbIe 7/ 2 paa. B Hamem ciydae 3TO JUITMHBI BOJIH

Pa3HOCTHOI 9aCTOTHI A=c/F=c/ |fl - f2| =
=|212,2 (2, —Al)| M CHTHAJNOB HaKauku A, =c/ f,,.

OueBHHO, YTO BCJEJICTBUE TOTO, YTO JJIMHBI BOJH
OTIMYAIOTCSA, TO W pasHOCTH xofa (pasHocTH ¢as)
B KPUTEpUH aKyCTHYECKOW POBHOCTH OyayT OTIIH-
4aThCs.

IIponomxkum g HY-KOMIOHEHTHI U BO3bMEM
IpaHUYHOE 3HAuY€HHE KpuTepusa, Torza A, =

=2h, cos§=A/4, oTKyna rpaHMYHOE OTHOLIEHHE

h. IA=1/(8cos9)=0.125/cosJ, B KOTOpOM wHcC-
JIMTCIIb MOKHO MPEACTAaBUTL B BUJI€ CYMMbI OJJMHAKO-
BBIX umcen, HaIpUMep (0.025+0.025 +

+0.025+0.025 + 0.025) . Pacmonoxxum Toukm I, H, ...

Ha BOJIHOBOM mpoduie TakuM oOpa3oM, 4TOOBI CO-
XPaHUTh JIJaHHOE COOTHOIIEHUE OTPE3KOB s /i, :

0.0254h,, 0.05h, u T.1., 4TO OOYCJIOBUT AJISI HUX Pa3-
HoCTH (ha3:
A@p g =(27-2-0.025h, cos 3/ A)=18°
u cos 18°=0.95;
AQp gy = (27r -2-0.054, cos 9/ A) =36°
n cos 36°=0.812;
AQp s = (27r -2-0.125h,. cos 3/ A) =90°
n cos 90° =0 cooTBeTcTBEHHO (pHC. 3).

IIpuMeHHM COOTHOIIEHHE U3 METOJa BEKTOPHBIX
2 2 2
= A +A; +2A4 A4, cosAp) s pacue-

pe3

nuarpamm (A
Ta PE3YNbTUPYIOUMX aMIUIUTYA A s Apeurpins

Ay p; BPUICICHHBIX "map" seMEHTapHbIX cdepudye-

CKHMX KOrepeHTHbIX curHaiioB BPU mpu ycrnoBuu npu-
MEPHOI'0 PaBEHCTBA aMIUTUTY/ Kojaebanuit A, ,~ A
A =

A ~ A A ~ A pe3F Bl

J2A47, + 242 cos Ay, = A, ,\[2(1+cos Agy,)
1975 4,5, Apgn =19 4,5, Ay =141 4,,.

OueBuHO, YTO B JaHHOM cCllydae paccesHHBIE 3Jie-
MEHTaMH BOJIHOBOTO TPOQUIIS dJIeMeHTapHbIe chepu-
YCCKUC BOJIHBI KOI'CPEHTHBI U UX B3aMMHOC HAJIOKC-
HUE 00ycloBHT (hOPMHUPOBAHUE TPHU TEPEU3TYICHUN
WHTEPPEPEHIIMOHHOTO MaKCUMyMa Pe3yJIbTHPYIOIIEH
BPY B mpocTpaHCTBE, YTO HAIVISIIHO MNPEACTaBICHO
Ha puc. 4. Ha Hem B 51eBOii TOJOBUHE OTOOPaKECHBI
BEJIMUUHBI pasHocTeil ga3 Ag,, yriel 0003Ha4eHBI
pa3HbIMH TUTIAaMH TUHUHA: 18° = 9° + 9° (-------), 36° =
=18° + 18° (- ), 54° = 27° + 27° (-----), 72° =
=36° + 36° (mTpuxoBble nuHUM), 90° = 45° + 45°
(crmomneie muHuK). CripaBa: B BEpXHEW MOJOBUHE —
CTpEeJKH, OTOOpaKarolIie AaMIUTUTYIbl KoJeOaHui
A, PacCesHHBIE OT TOUKU B, B HIJKHEW IOJIOBUHE —
CTpENIKH, OTOOpaKarolre aMIUIMTYAbl KoJieOaHHi
A, paccesnnsle ot Ttouek I, H, ..., i; Ha ropuson-
TaNbHOW OCH — CTPEJIKH, OTOOpaKaroIue pe3yabTh-
pyromue aMmmuTy bl A,y s Ayerpy > Apesr - 1107TY-

YCHHBIC PE3YyJIbTaTbl HEC IMPOTUBOPEYAT BbIBOAAM,
MIPE/ICTAaBICHHBIM B [8], B COOTBETCTBUHM C KOTOPBIMHU
crafomiepoxoBaTas I[OBEPXHOCTh KOJUIMMUPOBAHHO
Hepen3IydaeT KOTePEHTHYI0 COCTaBISIONIYI0 Y 3-1o-
7Sl B HAIIPaBJICHUH 3€PKaIbHOTO oTpakeHus. Emre pa3
MOYEpPKHEM, YTO B HAIIIEM CITy4ae €CTh BO3MOKHOCTD

F1»

Hrak,

FB FH> FB Fi-*

FB» FB»
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Puc. 4. BektopHas 1uarpamma KorepeHTHoro paccessiuss BPY B3BoHOBaHHOM rpaHuLiet paszaena.

W3MEHEHHUS! JUIMHBI TPOCTPAHCTBEHHOTO TMepuoaa
JUTHHHOBOJHOBO# (A=c/F=c/|f1—f2|=

= |Alﬂz /(4, —21)| — qmHa BPY) xomnonentsr Y3-

nznydenus B [IMA 3a cuer mepecTpoiiku B H3Ty4aro-
mem TpakTe. Cyas Mo BeKTOPHOH auarpamme (puc. 4),
peXHM KOTEPEHTHOIO paccesiHUs B3BOJHOBAHHOMN
rpaHulEel pazjena MOXKET MO3BOJIUTh COXPAHUTh MPH
Meper3TydeHNy KpalHuUMH Todkamu (''TOIOmIBEI"
1 "BepIIMHBI") BOJHOBOTO MPOQUIsS MPAKTUYECKH HE
HCKaKEeHHBIM OCHOBHOM JierrecTok IIMA, 9T0 MOKHO
UCIIOJIb30BaTh KaKk WH(POPMAIMOHHBIN NPU3HAK aKy-
CTUYECKON POBHOCTH B3BOJHOBAaHHOM I'paHMIBI pa3-
Jenia B croco0e M3MepeHus mapaMeTpoB B3BOJIHOBAH-
HOI MOPCKOI TOBEPXHOCTH.

ComnocraBuM paccesiHie KOPOTKOBOJHOBBIX KOM-
noHeHT u3nyuenust [IMA — BoiH HaKauku — C JJIU-

Hamu BOJH A, =c/ f, n curnana BPY ¢ mmunoi
BOJIHEI A=c/F=c/|fl —f2|=|ll/12 (4, —Al)|. Hans
YIPOIIEHHS aHAIIM3a UCHONIb3yeM ILEHTPATIbHYIO Yac-

TOTy Hakauku f,= (f,+f,) / 2, xkoropas OOBIYHO
COBIMAJAET C PE30HAHCHOM YacTOTOM NBE303JIEMEHTa
usnydaromero DALl Hampumep, mis [TUA, ucnonb-
3yeMoii B 3kcriepuMenTe [12], comocTaBuUM BOJTHOBBIE
MPOLECCH — HAKa4YKH C LEHTPaJIbHOW YacTOTOMN fo =
=2 MI'n (4, = 0.75 mm) u BPU c uacroroii F =
=200 xI'n (A = 7.5 mm). OueBuaHo, 4to, T.K. A =
=104, , To 3HaueHue /i, JUIs KOTOPOIrO PacCesHHbIE
AIIEMEHTapHBIe CPepuIecKre BOIHBI OyIyT KOTepeHT-
HbI, COCTaBUT AECATYIO 4acTb OT /. . YUUThIBasA JaH-
HOE COOTHOULIEHHE [UIMH BOJHOBBIX IPOLIECCOB,
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HETPY/IHO OIPEICIUTb, YTO JJIsl KOJIcOAHHUH pacCesiHHBIX
BOJH HAaKauky, YyKJIajblBaromuxcss Ha h,=A/4 =

=104,/4 =524,/2 = 2.54,, 4uCIOBbIE 3HAYCHUS
pasHocTell a3 TakkKe YBEIMUYWINCh Ha TOPSMIOK,
BIUIOTH JI0 MAakCHUMallbHOH pasHocTH (a3 A =

=900°. [IpumeHHnM erie pa3 COOTHOIIEHHE U3 METOAA
BEKTOPHBIX JHarpaMm (A]fe,3 =4+ A4 +24A4,cosAp)

JUISL pacueTa pPe3yJbTUPYIONUX aMIUIMTYJ PacCesH-
HBIX BOJIH HAKAYKH MPH YCIOBUH MPUMEPHOTO PaBEH-
CTBa aMIUIATY]l KojeOaHuii, 0OpaTWB BHHMaHUC
Ha cyaraeMoe ¢ CosA¢@, 3HaK KOTOPOTO MEpUoIUYe-

CKU M3MeHseTcs oT (+) 10 (—), MPUBOISA K TOMY, UTO
CpeAHee 3HAaUYeHHEe KOCHHYca 3a mepuoj OyneT cTpe-
MUTBCS K HYJIFO. DTO TOBOPUT O TOM, YTO PacCesHHbIE
BEPXHEN M HUXKHEH T'PAHULAMU [TOBEPXHOCTHBIX BO3-
MYLIEHUH BOJIHBI HAKaYKU pac(ha3rpoBaHbl U HEKOTe-
PEHTHBI, B pe3yJIbTaTe Yero pe3ysbTaT CI0KEHUs KO-
neGaHuii onpe/eseTcs TOAbKO X aMILUTUTYIaMH U He
3aBHCHT OT (has3.

3AKJIFOYEHUE

Eme pa3 nopuepkHeM: €ciau paccesHHBIE IEMEH-
TapHble ceprudecKrue BOJHBI SBJISIOTCS KOTEPEHTHBI-
MU, TO BO3MOKHO TaKO€ IIPOCTPAaHCTBEHHOE Iiepepac-
npenenenne Y3-3Hepruu, Kak (opMHUpOBaHUE HHTEP-
(hepeHIIMOHHBIX MAKCUMYMOB 1 MUHIMYMOB, TIPHYEM,
Kak OBLIO OTMEYEHO BBILIE, HAC HHTEPECYET HATHUIHE
MMEHHO Ha nepectpauBaeMoii BPY xapaxrtepHoro
ocHoBHoro Jenectka [IMA kak wH(MOpMaMOHHOTO
MpU3HAaKa aKyCTUYECKOHM POBHOCTH B3BOJHOBAHHOMU
TpaHMIbl pa3feia B pa3padaThiBaeéMOM crHocoOe
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U3MEPEHHsI IapaMETPOB B3BOJIHOBAHHOW MOPCKOMU
nosepxHocTH. C Ipyrol CTOPOHBI, TaK Kak ILIEJIbIO
U3MEpPEHUN SBISIETCA AHMCTAaHIMOHHAs W KOCBEHHAs
OLICHKA pa3Maxa CMEIIEHUH B3BOJHOBAaHHOW I'DAaHULbI
paszzena, peanbHasl aMILTUTYa KOTOPBIX 3apaHee Hen3-
BecTHa, To 1 Ui BPY npu paccessHum Bo3mMoxHO (op-
MHUpPOBAaHHE HEKOTEPEHTHBIX BOJHOBBIX IIPOLIECCOB,
B pe3yJbTaTe 4ero MOXeT HaOMIoaaThes B MPOCTpaH-
CTBE MX 3HEPIreTUYECKOE CIIOKEHHUE, UTO BBIPAKACTCS
B WCKQXCHUHM / pa3pylICHUH OCHOBHOTO JIETIeCTKa
[MUA, 9To OIKHO OBITH CKOMIICHCUPOBAHO CHUXKE-
HUEM 3HadyeHusa qiuuHsl BPY BIUIOTH 0 IOSABIIEHUS
WHPOPMALIMOHHOTO Tpu3HaKa. Mcxons M3 u3noxkeH-
HOT'O BBIIIE, MOXHO BBIACIUTH KIFOYEBBIE MOMEHTHI
B IpejaraeMoM croco0e HW3MepeHHs MapaMeTpoB
B3BOJIHOBAHHOM MOPCKOH NMOBEPXHOCTH C HCIIOJIB30-
BaHNEeM 3()(QeKTOB HEMMHEWHON aKyCTHKH MPH HIMPO-
KOTIOJIOCHOM OOJydeHHH Y3-CUTHAJIaMH CO CTOPOHEI
JHA.

Bo-nepBbix, He0OX0aUMO HCIONB30BaTh [1MA, uTO
MO3BONIUT B BOAHOW cpene QopmupoBats BPY
C MEepecTpauBaeMOM JUIMHOW BOJIHBI, COM3MEPUMOMN
C NIPOCTPAHCTBEHHBIMU pa3MepaMy (aMIUIUTyIa U Ipo-
TSDKEHHOCTh TIepuojJa KolieOaHWii) MOBEpXHOCTHOTO
BETPOBOTO BOJHEHMS.

Bo-Bropeix, B3aumozeiictsue BPY c¢ BepxHeil
Y HIWKHEH IpaHuIaMH MMOBEPXHOCTHBIX HEPETYIISPHO-
CTe, 00IydaeMoil TUTOMIA KK B3BOJIHOBAaHHOW TpaHMU-
LBl pas3ziena, AJii KOTOPOH BBINONHSETCS (HE BBINOJ-
HSIETCS) KPUTEPHIA aKyCTHIECKOH POBHOCTH HEPOBHOM
MOBEPXHOCTH, JIOJDKHO OOECIeUHTh MOJY4YEeHHE pac-
CESTHHBIX, HO KOTEPEHTHHIX (HEKOTePEHTHBIX) U 3a-
Na3AbIBAIOIIMX APYT OTHOCHTENBHO Apyra MH(popMma-
IMOHHLIX curHanoB BPY.

B-Tpetpux, peructpanys MONEepevyHOro paclpene-
JIEHUs aMIUIUTya paccessHHoro Y3-momst Ha BPY
U aHaJIW3 IONYYEHHBIX PE3yJIbTaTOB JAaeT BO3MOXK-
HOCTB CYIIUTh O CTENeHH pac(a3sMpOBKH AAHHBIX CHI-
HAJIOB, MEPEU3IyUYeHHbIX NPOQHIeM MOBEPXHOCTHOTO
BOJIHCHUSI C MaJioi (OOJIBIION) BRICOTON HEPOBHOCTEH.

B-4yerBepThIX, 11 TOBEPXHOCTHOTO BOJHEHHUS
Ha 00JIyyaeMoil IJIoIa Ke TPaHUIBI Pa3ielia yCIOBUE
HEKOT€pPEHTHOTO PacCcesHHs MOXHO IEepEBECTH B KO-
repeHTHoe 3a cyer mpuMmeHeHuss BPU c¢ Oombrreit
JUIMHOW BONHBL. JlaHHBI mpHeM o00ecleduT: MpH
MMEIONIeicd aMIUIMTYyIe TTOBEPXHOCTHOTO BETPOBOIO
BOJIHEHHSI YMEHBIIEHHE OTHOCHUTEIBHOTO (ha3oBOTO
C/BHra, a TaKXe YyBEJIHYEHHE KOTepEHTHOCTH pacce-
STHHBIX WH(OPMAIMOHHBIX cuTHaoB BPY.

B-nisAThIX, perucTpanus nepexonia OQHOTO YCIOBUS
paccesHUs B OPyroe IO HAJWYUIO / OTCYTCTBHIO MH-
(hopMalMOHHOTO TPU3HAKA TIO3BOJISIET AUCTAHIIMOHHO
OCYILIECTBUTh OLIEHKY IapaMETPOB MOPCKOTO BOJIHE-
HUs JUIs 00cieyeMol 00JacTH TpaHUIlbl pa3zelia aK-
Baropud [15].

Tematuka wuccienoBaHWM, ONMHUCAHHBIX B JaHHOMU
cTathbe, SBISETCA TPOAOIDKeHHeM pabor [16-19],
U COOTBETCTBYET HAIIPABICHUIO HCCIEIOBaHUA —
pa3paboTka TEXHUYECKHX OCHOB NPUOOPOB, WHCTPY-
MEHTOB, CHCTEM M METOIOB HM3MepeHHs B obiactu
AKyCTHKHM BOJHBIX CPEJl: M3JIy4eHUE, NMPUEM U 00pa-
00TKa 3BYKOBBIX CHTHAJOB, aKyCTHYECKHH MOHHTO-
PHUHT BOJIOEMOB.
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PARAMETRIC RADIATION ANTENNA
FOR HYDROACOUSTIC MONITORING OF THE WATER
BODY SURFACE: ANALYSIS OF APPLICATION POSSIBILITIES
IN WAVE MEASURING EQUIPMENT (REVIEW)

E. V. Voloschenko, S. P. Tarasov, A. P. Voloschenko

Southern Federal University, Taganrog, Russia

The article considers the use of a parametric radiating antenna (PRA) as a source of a low-frequency ultra-
sonic signal with tunable characteristics for wave measuring equipment used for hydroacoustic monitoring of
the water surface of a coastal area, for example, in remote assessment of the degree of waves when measuring
hydroconditions. The results of model experiments on studying the patterns of ultrasonic field scattering during
underwater irradiation of both smooth and wind-disturbed water—air interfaces are discussed. The data analysis
allowed us to refine the PRA model as a tool for echo detection of objects in shallow water near the acoustically
soft water—air interface, employing the imaginary source method. An informative feature is proposed and the
basics of the method for measuring the parameters of a rough sea surface using nonlinear acoustics effects are
discussed, for example, for the mode of broadband irradiation with ultrasonic signals from the bottom.

Keywords: parametric radiating antenna, nonlinear acoustics, scattering of ultrasonic waves on a rough water—air interface
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INTRODUCTION

At present, the range of promising civil tasks that
can be effectively solved with the help of
hydroacoustic systems of active location with
parametric radiation mode (PRM), i.e., equipped with
a parametric radiating antenna (PRA), has become
established in practice: marine geology, geoacoustics,
based on the analysis of stratification of bottom
sediments and determination of the bottom structure,
search for fish accumulations near water and bottom
surfaces in shallow water, environmental monitoring
of water resources, for example, when monitoring the
condition of pipelines covered by a layer of bottom
soil or the degree of siltation of port waters, canals,
fairways, etc. It should be emphasized that the PRA,
due to the possibility of forming highly directed
radiation of waves with difference frequency (WDF)
in the long-wave tunable range, is promising for use in
solving the inverse problem of ultrasonic wave
scattering — determining the parameters of a rough
interface based on the characteristics of the scattered
secondary hydroacoustic field. The development of
technical foundations for wave-measuring
hydroacoustic equipment with the RPM for
hydroacoustic monitoring of a reservoir surface is
a pressing task; however, this topic, like the problem
of studying WDF scattering by a rough water-air
interface, remains open.

For a quantitative assessment of ultrasonic
scattering by the sea surface back to the radiation
point, the concept of the surface backscattering

coefficient my; =P'/1,S is used, where [, is the
intensity in an incident ultrasonic wave on an uneven

surface S; and P' is the average power scattered by
the section S in the direction to the radiation point and
calculated per unit solid angle [1]. The relevance of
the study of the interaction of ultrasonic vibrations
with this interface is due to the problem of
fluctuations in signal amplitudes at the reception point
due to multiple reflections from the sea surface and
bottom; the results were obtained by using
interference antennas of hydroacoustic equipment and
are described in the literature [2—4]. However, it
should be noted that only the amplitude characteristics
of the envelopes of scattered signals are used to obtain
data on the rough surface; in the receiving paths, due
to the detection of scattered signals, information on
the phase structure is lost. For example, experiments
on the study of reverberation in the open sea at
a frequency of 60 kHz are described in [3]. Given
conditions: ultrasound wavelength of 2.5 cm, identical
emitting and receiving electroacoustic transducers
(EAT) with a diameter of 10.7 cm each, an angular
width of the main lobe of the directivity characteristic
(DC) at a level of 0.7 about 14°, at a distance of 40 m
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the illumination spot at the interface is about 10 m and
in a wide range of grazing angles (from 5° to 90°).
A dependence of the backscattering strength (from
—25 dB to —50 dB) by the sea surface on the wind
speed (change ranges of 2.6-9 m/s), the root-mean-
square displacement of the surface relative to the
undisturbed boundary of 0.045—1 m, respectively, and
the grazing angle was found. Three ranges of grazing
angle values were identified, for each of which its
own scattering mechanism was proposed. Limitations
caused by the increase in the mass and size of
interference antennas and interference from the seabed
have led to the fact that measurements of
backscattering from the sea surface at low frequencies
are usually carried out in the deep open sea using non-
directional (mainly explosive) radiation sources in the
range of 400-6400 Hz [5]. It should be noted that
scattering from the sea surface is optimally measured
using directional ultrasound sources in order to reduce
the masking effect of volume and bottom
reverberations, as well as to reduce the area of the
irradiation site, and it is desirable to ensure the
constancy of this value in the required frequency
range. To improve the accuracy and detail of
measurements, it is possible to use the effects of
nonlinear acoustics, in particular, to use hydroacoustic
equipment equipped with a radiating path with a PRA.
In [6] the results of a series of experiments on
measuring the patterns of scattering of difference
frequency waves (DFW) by the sea surface in shallow
water are presented using a bistatic oblique sounding
scheme: the source of long-wave ultrasound radiation
is a PRA with a 0.6 x 0.5 m rectangular EAT, the
receiver is a horizontal linear antenna (HLA).

REVIEW OF THE EXPERIMENT ON LABORATORY
OBSERVATIONS OF ULTRASONIC WAVE
SCATTERING BY A WAVED WATER-AIR

INTERFACE [7]

A laboratory experiment was described in [7] in
which the scattering of ultrasonic waves by a waved
water—air interface was modeled (Fig. 1), and an orig-
inal scheme for visualizing phase and amplitude dis-
tortions in re-radiated signals was proposed (Fig. 2).

Fig. 1. Scheme of the study of ultrasonic scattering

(7.

Analysis of the results can be useful for developing
the technical foundations of wave-measuring hy-
droacoustic equipment with the PRM.
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Fig. 2. Photographs showing the time expansion of
"pings" scattered over surfaces with different rough-
ness [7].

The area sweep was plotted and expanded to show
individual phases: the positive phase is light and the
negative phase is dark; echo signal characteristics are
shown for smooth surfaces (a); slightly rough surfac-
es (b), (¢) and (d); intermediate rough surface (e) and
rough surface (f)

However, the paper [7] does not provide experi-
mental dependences on the measurement of angular
distributions of the amplitudes of sound pressure of
scattered ultrasonic signals in water space, the analy-
sis of which would allow obtaining indirect informa-
tion on the degree of agitation of the water surface. As
noted in [8], the nature of scattering by a disturbed
surface is determined by the ratio of the mean square
displacement of the surface relative to the undisturbed
boundary to the ultrasound wavelength, as well as the
direction of irradiation. The scattered ultrasonic field
consists of coherent and incoherent components, and
their quantitative ratio is determined by the Rayleigh
parameter P=2kocos3=khsin y, where

k=2m/A, A is the wave number and wavelength of

the ultrasound; o =#//2 is the root-mean-square dis-
placement of the surface relative to the unperturbed
boundary, equal to half the span h of the profile of the
disturbed surface; 9 = (90° — y) is the angle of inci-
dence, measured relative to the normal to the unper-
turbed boundary; y is the grazing angle. The surface is
usually considered to be slightly rough at P < 1 in
the ultrasonic field re-radiated in the direction of spe-
cular reflection, the coherent component predomi-
nates. If P > 1, then the surface is significantly un-
even, the main share of the re-radiated field is con-
tained in the incoherent component.

The scheme of laboratory measurements is given
in Fig. 1. The obtained results, phase diagrams, are
shown in Fig. 2. The left electroacoustic transducer
(Fig. 1, TX) from below in a direction close to the
normal, forms an imaginary source [9] in the air me-
dium, and irradiates the water—air interface with tonal
ultrasonic pulses of 35 ps duration at a filling frequen-
cy of 200 kHz and a repetition rate of 100 Hz. The
right EAT (Fig. 1, RCV) receives scattered ultrasonic
signals. Both EATs have directional properties (the
angle covering the DC main maximum is about 40°),
and their relative position did not change during the
experiment. Wind waves on the water surface in the
pool were excited by an air flow; their height could be
changed by choosing the power of the wind effect (the
surface displacement relative to the unperturbed
boundary from 0.014 cm to 0.13 cm, the period of
water surface oscillations is about 0.2 s). The objec-

tives of the measurements included, in particular, de-
termining the relationship between the height of the
traveling wind wave and phase distortions in the re-
radiated ultrasonic signals, which made it possible to
illustrate the relationship between the coherent and
incoherent components in the secondary ultrasonic
field. From the output of the receiving EAP, electrical
signals entered the gated receiving path, the
processing feature of which was the brightness mod-
ulation of the beam of the cathode-ray tube (CRT) of
the oscilloscope, as a result of which an image of
positive / negative half-periods of oscillations of the
scattered ultrasonic signal was formed on the screen in
the form of periodically alternating light / dark "point
marks", respectively. As can be seen from the images
shown in Fig. 2 photos, the phasegram field has a ver-
tical size (along the time axis from 530 to 600 ps),
defiined by the uniform movement of the CRT beam
along the scanning line from top to bottom, and the
changes in its brightness at the corresponding mo-
ments in time are recorded on the film, forming a ver-
tical "trail-trace" of the electron beam on it, which
makes the phase structure of the received scattered
signal visible. It should be taken into account that a
series of measurements of 200 successive cycles of
echo sounding of the excited interface were carried
out; as a result, in each subsequent photo recording
cycle, a "step" movement of the film under a new
"trace-path" of the electron beam was provided, syn-
chronously with the return of the CRT beam to the
initial point of the scan.

This allows recording similar information in the
form of subsequent 199 realizations of vertical and
parallel to each other "trail-traces" of the electron
beam, which together form the horizontal size (2 s) of
the phasegram. Note that the vertical "trail-traces" of
the electron beam, located next to each other, form an
informative area of light / dark stripes in the upper
part of the photographs, a visual analysis of the fea-
tures of which allows us to estimate the influence of
surface waves on the phase structure of the scattered
ultrasonic signal. Thus, according to the measurement
technique described above, six phasegrams were ob-
tained (Fig. 2, on the right) for different values of sur-
face displacement by a traveling wind wave:

— smooth (photo (a), Rayleigh parameter P, =
=0 rad);

— slightly excited (photo (b), #/A = 0.037, P, =
= 0.24 rad; photo (c), A/ A = 0.048, P,= 0.3 rad and
photo (d) £/ A =0.059, P,=0.37 rad);

— moderately excited (photo (e), #/ A = 0.21, P,=
=1.34 rad);

— strongly excited (photo (f), h/A =0.347, P, =
=2.18 rad).

Let us discuss the information shown in the phaso
gram. Let us perform estimated calculations for the
parameters: the depth of both EAPs is 0.4 m, the
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"emission—reception”  cycle time s t=(2x

x0.4M)/1500M/c= 533 us, which corresponds to

the figures (535 ps for the acoustic axis) shown in
Fig. 2. Further, for an ultrasonic signal with a fre-
quency of f =200 kHz, one oscillation period is

T=1/200kHz=5us. In the presented phasograms ,

light/dark stripes correspond to positive/negative half-
periods of oscillations. In this case, one small vertical
division of 10 us should fit two periods of oscillations,
which should be visually displayed as four stripes —
two white and two black. Further, with a pulse dura-
tion of ultrasonic radiation of 35 us (spatial extent of
5.25 cm, 7 periods or 14 half-periods of oscillations
for a frequency of 200 kHz), the vertical length of the
phasogram should consist of seven white and seven
black stripes. The calculations correspond to the pre-
sented data, which is most clearly seen in the photo in
Fig. 2, a.

Next, we will consider the physical principle of re-
cording the amplitude information contained in the
phasogram stripes. Let us recall that, in accordance
with the Huygens—Fresnel principle, the points of the
profile of a running wind wave on a rough interface,
irradiated from the bottom up by an ultrasonic signal,
become sources of re-emitted elementary spherical
coherent / incoherent waves, the superposition of
which results in their interference. From the principle
of independent superposition of wave (oscillatory)
processes on each other, it follows that the resulting
displacement of a particle of an aqueous medium at
any moment in time is the geometric sum of the dis-
placements caused by each of the summed oscillatory
processes separately, and in the resulting oscillation
both the amplitude and the phase depend on the rela-
tionships between the phases of the summed oscilla-
tions. Thus, in the area of record of the resulting oscil-
latory ultrasonic process on the aperture of the fixed
right receiving EAT, an equivalent interference pat-
tern of pressures is formed and converted into a cor-
responding electrical signal. Let us clarify that for in-
terference to occur in an aquatic environment, certain
conditions must be met: the same or multiple frequen-
cy of the summed oscillatory processes with the coin-
cidence of the directions of displacement of the par-
ticles of the propagation medium, as well as the con-
stancy of the phase difference of the re-emitted ele-
mentary spherical waves. It should be noted that the
conditions are fully met for the experiment with a
smooth water-air interface (Fig. 2, a, Rayleigh para-
meter P,= 0 rad), and in subsequent experiments, due
to the agitation, changes are introduced in the phase
differences of the re-emitted elementary spherical
waves (photo (b), Pr = 0.24 rad; photo (c), P, =
= 0.3 rad; photo (d), P, = 0.37 rad; photo (e), Py =
= 1.34 rad; photo (f), P, = 2.18 rad), which is reflect-
ed in some change in the location of the light / dark
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"point marks" on the vertical "trail-traces" of the elec-
tron beam. It should be emphasized that in [7] the
non-uniformity of the spatial-transverse distribution of
the amplitude (intensity) of the resulting ultrasonic
signal scattered by the agitated interface is not meas-
ured, since the relative position of both EATs did not
change during the experiment.

ANALYSIS OF THE RESULTS OF ULTRASONIC
WAVE SCATTERING BY A WAVED WATER-AIR
INTERFACE [7]

Note that the vertical time axis can be "calibrated"
in terms of the phase shift of the oscillations. Thus, if
two oscillation periods (two white and two black
stripes) fit into 10 ps, this corresponds to a phase shift
of 4n rad, and the distance between the centers of ad-
jacent white and black stripes (or the width of the
stripe) corresponds to 7 rad (180°). Let us clarify that
we will be interested in the value of the relative phase
shift during different measurement series, which value
can be estimated by the displacement of the stripes
relative to their initial location, i.e., in the absence of
surface waves. Thus, in the absence of surface waves,
the photo (Fig. 2, a) shows the coincidence in time of
periodically alternating light / dark "point marks" on
all 200 vertical "trail-trace" of the electron beam. The
obtained clear horizontal light / dark stripes on the
phaseogram (Fig. 2, a) indicate that the dephasing did
not occur and the positive / negative half-periods of
the oscillations correspond well to each other. As can
be seen from the subsequent phasograms, during the
subsequent series of measurements, the light / dark
stripes begin to shift chaotically, with an increase in
amplitude, both upwards and downwards relative to
the initial horizontal position. For example, if we use
the vertical time axis with the phase shift marking,
then for different amplitudes of the surface traveling
wind wave, the visual estimate of the relative share of
the band shift is: for (b), (¢) and (d) — from 0.08 to
0.12; for (e) — up to 0.4; for (f) — up to 0.7, which is
comparable with the phase shifts determined by the
Rayleigh parameters. There is a known [1] criterion of
acoustic smoothness of the rough sea surface — the
difference in the path (phases) of ultrasonic signals
incident at an angle 3 and correspondingly reflected
by the upper and lower boundaries of surface irregu-
larities, should be less than A/4 (m/ 2 rad). If we
take into account that in [7] the value of the surface
displacement relative to the unperturbed boundary is
used (half the distance between the "peak" and "base"
of the surface waves), these ratios should be halved —
A /8 (m/4rad or 0.785 rad, this is the boundary value
of the Rayleigh parameter). Let us compare the boun-
dary value of the Rayleigh parameter with the availa-
ble values: if the slightly excited states of the interface
(photo (b), Py= 0.24 rad = 14°; photo (c), Py= 0.3 rad =
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=~ 17°) and photo (d), P, = 0.37 rad = 21°) still corres-
pond to it but the moderately excited (photo (e),
Py=1.34 rad = 77°) and strongly excited (photo (f),
P,= 2.18 rad = 125°) states do not satisfy it. Let us
explain the mechanism of the increase in phase distor-
tions in scattered signals with an increase in the am-
plitude of the wind wave (Fig. 2, photo). If the irra-
diated area is smooth, the reflection will be specular
and formed by powerful echo signals that arrived
along the shortest distance (Fig. 2, a). The phase dis-
tributions of the echo signal oscillations can be traced
by analyzing the entire photographic record — the
phasogram. If the irradiated area of the surface is
slightly agitated, then the intense initial part of the
echo signal is formed by reflections from areas of
small surfaces that are located normally to the beams
and are included in the main lobe of their scattering
indicatrix; the "tail" part of the echo signal is formed
as a result of wave interference of delayed echo sig-
nals from a larger irradiated surface (Fig. 2, b—d). The
echo signal propagation time for the extreme elements
of surface agitation (on a circle with a radius of 16
cm) was 575 ps. The deconstruction of the above-
mentioned phase pattern for the "tail" part of the scat-
tered signal — the light / dark bands conventionally
correspond to the positive / negative phases of the os-
cillations — is observed already at a propagation time
of 570 ps. From the experimental results for mod-
erately agitated and strongly agitated surfaces: Fig. 2,
e, the Rayleigh parameter P, = 1.34 rad — the transi-
tion from coherent to incoherent scattering; Fig. 2, f,
P;=2.18 rad — incoherent scattering prevails. Due to
the greatest "dephasing" of the elements of the travel-
ing surface wave, the elementary spherical ultrasonic
waves that form the resulting reflected signal are max-
imally incoherent. As a result, the photo (f) displays a
significantly distorted phase diagram, and in this case
a periodic shift of the "trail-trace" beginning relative
to the mentioned above horizontal structure is ob-
served, which is caused by the approaching / moving
away of the oncoming "peaks" and "bottoms" of the
surface waves, since the laboratory setup operates as
an "inverted" echo sounder — wave recorder. The
period of oscillations of the interface on the photo (f)
is ~ 2¢/9=0.22 c, the average value of the total

amplitude of the scattered signals arriving simulta-
neously at the observation point, at certain moments
in time (for example, 537 s, 543 s, etc.) is close to
zero, the vertical structure of continuous light vertical
"trail-trace" of the electron beam of increased duration
is visible.

The degree of agitation of the interface clearly af-
fects the scattering mechanism, leading to a change in
the stationary spatial distribution of the amplitude and
phase of the resulting ultrasonic wave formed at the
reception point. Obviously, this is due to the "dephas-
ing" of elementary spherical coherent ultrasonic

waves scattered by the interface with changing geo-
metric properties, with the growth of the phase shift
values corresponding to an increase in the amplitude
of the surface wind wave. As can be seen from Fig. 2,
b—d, the phase shifts are still small, and the condition
of constructive / destructive interference [10] can be
fulfilled during the formation of the scattered ultra-
sonic signal. A further increase in the wind effect al-
lows coherent scattering to be supplemented by inco-
herent scattering, and during the formation of the scat-
tered ultrasonic signal, the energy summation of ele-
mentary "dephased" ones, i.e., non-coherent, spherical
ultrasonic waves without interference amplification /
attenuation. Unfortunately, in [7] the experimental
results on recording scattering in the water space of
a disturbed interface are presented only for the "mono-
frequency”" mode of ultrasonic irradiation. However,
this does not reduce the impression of the clarity of
the display of the obtained results, and it follows from
them that the "reverse" direction of the transition of
scattering is also possible — from non-coherent to
coherent — due to a decrease in frequency f / in-

crease in the wavelength A of the ultrasonic signal,
for example, when "tuning" this irradiation parameter
to the existing conditions of wind waves on the sea
surface.

PROSPECTS FOR APPLICATION OF PRA
FOR STUDYING ULTRASONOUS SCATTERING
BY A WAVED BOUNDARY

Monostatic inverted echo sounder mode

Let us discuss the relevance of these results for as-
sessing the prospects of using PRA for monostatic
irradiation of a waved surface of a reservoir at large
grazing angles (¥ up to 90°), i.e., an inverted echo

sounder with parametric radiation mode (RPM). To
begin with, let us answer the question: is it possible,
under the given conditions of irradiation of a highly
agitated surface (o = 0.13 cm, ko = 1.08, Rayleigh
parameter P, = 2.18 rad, Fig. 1, ), to reconstruct the
stationarity of the spatial distributions of the ampli-
tude and phase of the resulting ultrasonic wave
formed at the reception point, in particular the phase
structure of the scattered signal, for example, such as
in photo (b) (o = 0.014 cm, ko = 0.12, Rayleigh
parameter P, = (.24 rad)? Reconstruction of the phase
structure of the echo signal, based on the experiment
considered, means fulfilling the acoustic flatness crite-
rion for this highly agitated surface, which can be
achieved by increasing the wavelength 4 of the ultra-
sonic irradiation. Let us make a calculation for Fig. 1,
f, — ko = 1.08 and the height of the irregularities
o =0.13 cm; we need ko to become equal to 0.12 at
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L 2r
o = 0.13 cm, then taking into account that &k, , = —,

HOB

w = 0.12, whence A ,=

we can write —
= 6.8 cm, which corresponds to the irradiation fre-
quency f, = 22 kHz. Further, is this feasible in the

described experiment? Let us assume that the fre-
quency of the used ultrasonic signal f =200 kHz is

resonant for the piezoelectric element of emitting
EAT, then its bandwidth is about 20%, i.e., 40 kHz. In
the event of biharmonic excitation of the piezoelectric
element of emitting EAT by electrical signals with
frequencies f,= (200 — 11) kHz and f,= (200 +

+ 11) kHz, i.e., when forming a PRA by two collinear
phased beams of pump waves with these frequencies,

the WDF generation F_ :| fr— f1|= 22 kHz during

propagation to the surface is quite feasible and
a broadband radiating path using WDF is realizable.

Let us note another advantage of the PRA in hy-
droacoustic monitoring of a rough surface of a reser-
voir, in particular in the mode of an inverted monos-
tatic echo sounder. As noted in [11], for a PRA, the
spatial structure of the generated low-frequency WDF
field is characterized not only by the distribution of
the amplitudes of the sound pressure but also by the
dependence of the changes in the diffraction phase,
which together determines the configuration of the
DC main lobe. A feature of the formed WDF field is
that there are no sharp oscillations of the amplitude
and diffraction phase in the hydroacoustic channel,
their spatial distributions are mutually determined. For
example, the results of experimental measurements of
the transverse (relative to the acoustic axis of the
PRA) WDF amplitude and phase distributions (F =
=50, 75, 100, 150 and 200 kHz) at various distances
multiple of 1, 2, 4 lengths of the near zone (30 cm) for
the pumping EAT with a piezoelectric element of
30 mm in diameter and a resonant frequency of
1.875 MHz are known. It follows from them that the
formed wave front for all the indicated low-frequency
signals can be considered stably flat for the maximum
distance in terms of main lobe DC. It means that this
front is similar in structure to the image on the
phasogram (Fig. 2, a), which is important when using
the PRA as a broadband ultrasound source for con-
ducting hydroacoustic measurements.

Let us continue the analysis of the advantages of
using hydroacoustic equipment which radiating path is
equipped with a RPM. The PRA model, purposed for
echo detection of objects in shallow water near inter-
faces, in particular, acoustically soft (water—air) [12,
13], is based on the imaginary source method, the
geometry and conditions of which are described in
[14]. For using PRA according to the method, it is
necessary to take into account that when reflected at
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an acoustically soft boundary (water—air), both pump-
ing signalsA, =c/ f,, A, =c/f, with wavelengths
acquire a phase shift by z rad and are "radiated" by an
imaginary source, which is formally located in the air
environment. As a result, a second PRA is formed,
which generates a WDF with the same wavelength

A=c/ | fi— f2| in the aquatic environment but in "an-

tiphase" relative to the previously formed first PRA
(before reflection) low-frequency signal. Based on
this, the secondary hydroacoustic field formed in the
aquatic environment, in particular the resulting WDF
signal after reflection from a smooth free surface [12,
13], is represented as a result of interference of cohe-
rent, but "different-amplitude" WDF signals from both
PRA. Let us clarify that with monostatic irradiation of
the interface at a grazing angle of y =90°, i.e., in the

inverted echo sounder mode, the physical principle of
superposition, i.e., independent overlapping of wave
processes on each other, is fulfilled, and the direction
of their simultaneous propagation from the interface
in the aquatic environment is the normal to it. To cla-
rify the geometry of monostatic irradiation of the in-
terface, let us turn to the scheme of studying the scat-
tering of ultrasound (Fig. 1). On it: the real source is
the first PRA, this is the left EAT (TX), emitting bi-
harmonic pumping waves f,f,, and the section of

the water medium up to the reflecting boundary, in
which the first WDF signal is effectively formed be-
fore scattering. Then the imaginary source is the
second PRA, a mirror image of the left EAT in the air
medium (not shown in Fig. 1), which rays "penetrate
from top to bottom" the section of the interface, and
the region of water, where the ultrasound beam of
"dephased and antiphased" pumping propagates to the
receiving right EAT (RCV), inefficiently forming the
second WDF signal.

Use of PIA in fish-finding equipment

Below we will consider the use of PIA in fish-
finding equipment for operation in shelf conditions
with a minimum level of masking interference from
extended boundaries of the (water—air) and (water—
bottom) interfaces, which is due to the possibility of
forming a narrow main radiation lobe without addi-
tional maxima, i.e., the presence of a WDF probing
field of a specific shape. The main requirements for
the circuits for forming electrical pumping signals for
radiating paths with RPM are set out in [11]. In par-
ticular, to form PRA in an aquatic environment, two
or more electrical high-frequency signals are fed to
the EAT, the frequencies of signals are within its
passband. For example, one knows the fish-finding
PRM echo sounder "Peskar", which uses a single-
channel method of generating electrical signals of bi-
harmonic pumping with frequencies f,= 250 kHz and
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/f, =300 kHz (which is comparable with the value of

the radiation frequency in [7] — 200 kHz), as a result
phased ultrasonic oscillations in the form of beats are
jointly propagated and interact in the aquatic envi-
ronment. The device uses an EAT with a piezoelectric
element in the form of a round piezoceramic disk with
a diameter of 65 mm and a resonant frequency of
fo=275 kHz, which provides the following parame-

ters of the DC in the radiation of pump waves: the
angular width of the main lobe of the DC at a level of
0.7 is about 6°, which sets a spot of irradiation in the
aquatic environment of about 5 m at a distance of
50 m, as well as directions relative to the acoustic axis
for the first and second additional maxima of

aggx =9.6°, aﬁfi =16.8°with their relative levels of
13% and 6.4%, respectively. The hydroacoustic de-
vice was successfully used for fish searching and hy-
drolocation in difficult conditions, in particular for
inclined WDF (F = 50 kHz) echo search of fishing
objects away from the carrier vessel at distances of up
to 50 m at a reservoir depth of 7-0.1 m, which was
accompanied by irradiation of the agitated boundary
of the section (waves up to 4 points) with pumping
signals in the above-mentioned directions of the first
and second additional maxima at distances of about
50 m and 30 m, respectively. It is noted that the de-
vice has a high resolution and a small dead zone on
WDF; a low level of masking effect of reflections, in
particular surface reverberation. The latter is a signifi-
cant difference from the echo sounding mode using
pump signals, during which reverberation completely
masks signals from targets. No explanation for the
decrease in the level of the masking signal on the
WDF is given in [12], however, taking into account
the results in [7], the following can be assumed. Thus,
the high level of masking interference during the
pump is due to the lateral radiation of the EAT, how-
ever, the dephasing of the pump waves, i.e., the viola-
tion of their mutual coherence during scattering by the
agitated interface (water—air) leads to the fact that the
efficiency of generating "antiphase" and masking
WDF is reduced. In fact, the obtained result can be
interpreted as the exclusion of the effect of imaginary
sources on the WDF (each additional maximum has
its own imaginary source) due to the fact that the inte-
raction with the excited interface violates the temporal
and spatial coordination of the scattered signals of the
biharmonic pumping. This approach can be supported
by an optical phenomenon known to every car driv-
er — on a wet road, an oncoming car has four light
sources (two from the headlights and two from their
imaginary ones), and on a dry road, two from the
headlights and no effect of the imaginary sources. It is
easy to assume that it is the roughness of the irradiated
interface — the road surface with or without a leve-
ling water film — that is the cause here, i.c., in our

case, the presence of a certain degree of disturbance of
the interface leads to such a level of dephasing of the
pump signals from the imaginary source, the second
receiving—emitting antenna device, that the efficiency
of generating "antiphase" WDF is significantly re-
duced.

Application of PRA in wave-measuring
equipment

Below, we will analyze the possibilities of using
PRA as a source of a low-frequency ultrasonic signal
in wave-measuring equipment, for example, by "ad-
justing” the spatial period of the WDF to the existing
conditions of wind waves on the sea surface, which
should ensure the coherent scattering mode. Let us
consider the process of scattering of short-wave pump

signals (4, =c/ f;, — wavelengths) and long-wave
(A=c/F=c/\f1—f2|=|lllz/(lz—il)| — WDF
length) components of ultrasonic radiation in PRA

using the example of WDF dephasing and the profile
of the disturbed interface shown in Fig. 3.

Fig. 3. Geometry of scattering of the WDF ultrasonic
field by the agitated interface.

Let us denote by 9 angle that the incident WDF
forms with the normal to the horizontal plane — the
position of the unperturbed interface (shown by the
dash-dotted line inside the profile). Note that the seg-
ments AC and BD, perpendicular to the rays of the
incident and reflected WDF (solid lines with arrows),
display the location of the corresponding wave fronts.
In this case, the difference in the path of the scattered
WDF emanating from points A and B of the excited
surface at an angle 3’ to the normal is determined by
the expression A=AD-BC=a(sind - sind)+
+h (cosd + cosd ), where AD is the distance tra-

veled by the "lower solid" ray after reflection from the
trough of the rough surface to the common wave
front; BC is the distance that the "upper solid" ray
must travel before reflection from the top of the rough
surface, which is on the above-mentioned common
wave front; 4 and a — wind wave profile parameters.
Based on the fact that the path difference must be
a positive value, it is clear that a can take any values.
Therefore, if 9 =39, then the path difference will be
equal to A=2/cos 9. If the path difference is multip-
lied by the wave number k. =27/A for the WDF,
then  we  obtain the  phase difference
Apyy=(27-2h cos3/A), expressed through the

WDF length. It is clear that the magnitude of the de-
phasing introduced into the WDF during scattering by
points A and B of the wave profile depends on
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the ratio of the irregularity height # to the WDF
length A, i.e., the dimensionless parameter /# / A, and
the direction of irradiation relative to the unperturbed
boundary. Recall that in accordance with the Huy-
gens—Fresnel principle, each point of the wave profile,
for example, etc., which is also reached by the propa-
gating incident wave (dashed lines with arrows), be-
comes a source of elementary spherical coherent
waves, which mutual superposition forms the wave
front of the resulting scattered WDF. We use [1] the
criterion of acoustic flatness of the rough sea surface:
for points A and B of the wave profile the path differ-
ence A must be less than A/4, and the phase differ-
ence must be less than © / 2 rad. In our case, these are
the wavelengths of the difference frequency

A=c/F=cl|f,~ fi| =42 /(4 - 4)| and pumping
signals 4,,=c/ f,,. Obviously, since the wave-

lengths differ, the path differences (phase differences)
in the criterion of acoustic flatness will also differ.
Let us continue for the LF component and take the

boundary value of the criterion, then A, =
=2h,. cos§=A/4, the boundary ratio
h. /A =1/(8cos3)=0.125/cos 9, in which the nu-
merator can be represented as a sum of identical num-
bers, for example (0.025+0.025 +

+0.025+0.025 + 0.025) . Let us arrange the points
I, H, ... on the wave profile in such a way as to pre-
serve this ratio of the segments for 4,: 0.0254,,
0.05 A, etc., which will determine for them the phase dif-
ferences A,y =(27-2-0.025h, cos$/A)=18° and
cos 18°=0.95;
AQp oy = (27z -2-0.05h, cos 3/ A) =36°
and cos 36°=0.812;
A@py =(27-2:0.125h, cos 3/ A)=90°
cos 90° =0 respectively (Fig. 3).

Let us apply the ratio from the vector diagram me-
thod (A4, = A’ +A +24,4,cosAp) to calculate the

pes

resulting amplitudes ApegF BI> ApegF BH > AWF 5 Of the
selected "pairs" of elementary spherical coherent sig-
nals of the WDF, provided that the amplitudes of the
oscillations A4, ,~ A4 Ay ~ A Ay ~ A

Thus’ Ape3F BI =

= 247, +24},cos Ay, = A, ,\[2(1+cosAp,)
=1.9754py, Aoy =194y, Apy =141 4,,.

FB»
It is obvious that in this case the elementary spherical
waves scattered by the elements of the wave profile
are coherent and their mutual superposition will cause
the formation of an interference maximum of the re-
sulting WDF in space during re-emission, which is

and

F1° FB FH> FB Fi-*

FB»
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clearly shown in Fig. 4. In the left half of the figure,
the phase differences A, ,are shown; the angles are
indicated by different types of lines: 18° = 9° + 9°
(-=v-), 36°=18° + 18° (- ), 54° = 27° + 27°
(---+-), 72° =36° + 36° (dashed lines), 90° = 45° + 45°
(solid lines). On the right: in the upper half — there
are arrows displaying the amplitudes of oscillations
A, scattered from point B, in the lower half — there
are arrows displaying the amplitudes of oscillations
A, scattered from points I, H, ..., i; on the horizontal
axis — there are arrows displaying the resulting am-
plitudes A4 ..p > Aperrpn> Aper s - The obtained results

do not contradict the conclusions presented in [8], ac-
cording to which a slightly rough surface WDF re-
radiates the coherent component of the ultrasonic field
in a collimated manner in the direction of specular
reflection. We emphasize once again that in our case
there is a possibility to change the length of the spatial
period of the long-wave

(A=c/F=c/|f,-fi|=|44, /(4 -4) — WDF
length) component of ultrasonic radiation in the PRA
due to restructuring in the radiating path. Judging by
the vector diagram (Fig. 4), the coherent scattering
mode of the agitated interface can allow the main lobe
of the PRA and the extreme points ("bases" and
"peaks") of the wave profile to be preserved practical-
ly undistorted during re-radiation, which can be used
as an informational sign of the acoustic evenness of
the agitated interface in the method of measuring the
parameters of the agitated sea surface.

Fig. 4. Vector diagram of coherent scattering of the
WDF by an excited interface.

Let us compare the scattering of the short-wave
components of the PRA radiation — the pump wa-

ves — with wavelengths 4, =c/ f,,, and the WDF
signal — with wavelength A=c/F=c/|f1 —f2| =
=|lllz (2, —ﬂq)| To simplify the analysis, we use

the central pump frequency f,= (f, +f,) / 2, which

usually coincides with the resonant frequency of the
piezoelectric element of emitting EAT. For example,
for the PRA used in the experiment [12], we compare
the wave processes — pumping with a central fre-

quency f,= 2 MHz (4, = 0.75 mm) and WDF with
a frequency F =200 kHz (A = 7.5 mm). Obviously,
since A =104,, the value of %, for which the scat-
tered elementary spherical waves will be coherent will
be one tenth of 4, . Taking into account this ratio of

the lengths of the wave processes, it is easy to deter-
mine that for oscillations of the scattered pump waves,
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fitting h, =A/4 =104,/4 =54,/2 = 2.5, the nu-
merical values of the phase differences also increased
by an order of magnitude, up to the maximum phase
difference Ag,,= 900°. Let us once again apply the

relationship from the method of vector diagrams
(A4, =A'+4 +24.4,cosAg ) to calculate the result-

ing amplitudes of the scattered pump waves under the
condition of approximate equality of the oscillation
amplitudes, paying attention to the term cosAg, the

sign of which periodically changes from (+) to (-),
leading to the fact that the average value of the cos ine
over the period will tend to zero. This indicates that
the pump waves scattered by the upper and lower
boundaries of the surface disturbances are out of
phase and incoherent, as a result of which the result of
the addition of oscillations is determined only by their
amplitudes and does not depend on the phases.

CONCLUSION

We emphasize once again: if the scattered elemen-
tary spherical waves are coherent, then such a spatial
redistribution of ultrasonic energy as the formation of
interference maxima and minima is possible, and, as
noted above, we are interested in the presence of
a characteristic main lobe of the PRA on the tunable
WDF as an informational sign of the acoustic even-
ness of the rough interface in the developed method
for measuring the parameters of a rough sea surface.
On the other hand, since the purpose of the measure-
ments is a remote and indirect assessment of the range
of displacements of the agitated interface, which real
amplitude is not known in advance, then the WDF,
during scattering, can form incoherent wave
processes, as a result of which their energy addition
can be observed in space, which is expressed in the
distortion / destruction of the main lobe of the PRA,
which, in turn, should be compensated for by reducing
the WDF length value until an information feature
appears. Based on the above, it is possible to highlight
the key points in the proposed method for measuring

the parameters of a rough sea surface using the effects
of nonlinear acoustics with broadband irradiation by
ultrasonic signals from the bottom.

Firstly, it is necessary to use the PRA, which al-
lows the formation of a WDF with a tunable wave-
length in the aquatic environment, and commensura-
tion with the spatial dimensions (amplitude and dura-
tion of the oscillation period) of surface wind waves.

Secondly, the interaction of the WDF with the up-
per and lower boundaries of surface irregularities, the
irradiated area of the agitated interface, for which the
criterion of acoustic evenness of a rough surface is
satisfied (or not satisfied), should ensure receiving of
scattered, but coherent (incoherent) and lagging rela-
tive to each other information signals of the WDF.

Thirdly, recording the transverse distribution of the
amplitudes of the scattered WDF ultrasonic field and
analyzing the results obtained makes it possible to
judge the degree of dephasing of these signals re-
radiated by the profile of surface waves with a small
(large) height of irregularities.

Fourthly, for surface waves on the irradiated area
of the interface, the incoherent scattering condition
can be converted into a coherent one by using a WDF
with a longer wavelength. This technique ensures
a decrease in the relative phase shift in the case of the
existing amplitude of surface wind waves, as well as
an increase in the coherence of the scattered WDF
information signals.

Fifthly, recording the transition of one scattering
condition to another due to the presence / absence of
an information feature allows for remote assessment
of the parameters of sea waves for the surveyed area
of the interface of the water area [15].

The subject of the research described in this article
is a continuation of the works [16-19], and corres-
ponds to the direction of research — the development
of technical foundations of devices, instruments, sys-
tems, and methods of measurement in the field of
acoustics of aquatic environments: radiation, recep-
tion, and processing of sound signals, acoustic moni-
toring of water bodies.
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