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BBEOAEHWE

[IpM HCCIeJOBaHUM IIPHUPOLBl BO3HHKHOBEHUS
M pasBUTHUS HedOPMALMOHHBIX IIPOLECCOB 3eMJIH
MHOPa3BYKOBOIO U 3BYKOBOI'O AHAIa30HOB HosbIIoe
3HaYeHHe MMeIOT 3KCIIepHMeHTaJIbHble HaHHEIE,
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The features of the application of laser
strainmeters of the pendulum and classical
types are considered on the example of
recording hydroacoustic vibrations created
on the shelf of the Sea of Japan by a low-
frequency hydroacoustic emitter with

a central frequency of 22 Hz.When analyzing
the obtained experimental data, not only the
ratios of the received amplitudes of seismic-
acoustic vibrations by these laser strainmeters
are established, but also the approximate
propagation velocities of these disturbances
in the upper layer of the Earth'’s crust are
determined.
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INTRODUCTION

In studying the nature of the emergence and devel-
opment of the Earth’s deformation processes in the
infrasonic and sound ranges, experimental data
obtained on good equipment with high sensitivity
with wide frequency and dynamic ranges are of great
importance. In the infrasonic region of the spectrum,
fiber, rod and wire strainmeters [1-3] were created,
with the help of which the natural vibrations of
the Earth were experimentally detected for the first
time. In the sound range, the most common receiv-
ing systems are various seismographs created on all
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IloJlydeHHble Ha XOPOIIeH allnaparype, obnamarInen
BBICOKOM YYBCTBUTENBHOCTBIO C IIMPOKMMHU HaCTOT-
HBIM U JUHAMHUYeCKUM AHalla3oHaMH. B uHOpas3By-
KOBOH 0671acTH criekTpa 6BIIH CO3MaHbI BOOKOHHEIE,
IITAHIOBBle W IIPOBONIOYHBIEe medopmorpadsr [1-3],
C TIOMOIIBI0 KOTOPBIX BIIEPBbIE 3KCIIEPHUMEHTAIBHO
6L 0OHapysKeHBl cOBCTBEeHHBIE Ko/IebaHHUsI 3eMIIH.
B 3BYKOBOM [mara3oHe Haubosee pacIpoCTpPaHEH-
HBIMU NPHUEMHBIMH CHCTeMaMU SBJSIOTCS Pa3ind-
Hble cercMorpadsnl, CO3ZAHHBIE Ha BCEBO3MOKHBIX
¢U3NYeCKUX IPUHIHUIAX, O00/JafAIOIMUX OTHOCH-
TeJIbHO Y3KUM [JHAIla30HOM YaCTOT, HO CIIOCOOHBIE
BBIAENATh Ja’ke JUIMHHOIIEDHOLHBle KonebaHUs
3emnu [4]. B mocnenHue MATHAECAT €T Ha OCHOBE
nHTepdepomeTpoB MarikenbscoHa u Pabpu-Ilepo pas-
paboTaHbl M CO3JAHBI Pa3IHUUHBIE Ta3epHBble gedop-
Morpadsl, obnagamomniyve 3HAYUTENBHO JIYYIIHMHU
TeXHUYeCKHUMH XapaKTepHUCTHUKAMU I10 CPaBHEHUIO
C LITAaHTOBBIMH, IIPOBOJOYHBIMHU M KBapleBBIMU
nepopmorpadamu [5-7]. JlasepHble medopmorpadsl
CO3JaHBI B Pa3/IMYHBIX BapUaHTaX: OLHOKOOPAHUHAT-
Hble U [BYXKOOpAHHATHBIE, PaBHOIUIEYHE U HepaB-
HoIlJIeuHe, MOOHJIBHBIe U CTAallHOHapHBle. Bce
yKa3aHHBbIe la3epHble JedopMorpadsl MOKHO OTHe-
CTH K TaK Ha3blBaeMbIM JIa3epHBIM AebopMorpa-
bam kimaccuyeckoro Tuma. C IIOMOIIBIO JIa3ePHBIX
OedopmorpadoB KIacCHYeCKOTO THIIA BbIIEIEeHBI
OebopMallMOHHBIE AaHOMAJIHH, IO BeIMYHHE KOTO-
PBIX, C YY6TOM PACCTOSHHSA [0 MPOHCIIEJIINX 3eM-
TIeTPSICeHUI, MOKHO OIIpelle/IMTh BeJIMYUHY CMelle-
HUM MOPCKOIO AHA, IPUBOJAINMX K 06Pa30BaHUIO
nyHaMu [8]. Ha ocHoBe IO/y4eHHBIX pe3y/l1bTaTOB
obocHOBaH nebOPMALIMOHHBIN MeTOA OIlpefere-
HHUS LYHAaMHIeHHOCTH 3emjeTpsaceHuu [9]. Ilpu-
MeHeHHe J1a3epHBIX AedopmorpadoB B THIPOAKY-
ctuke [10] 1 okeaHosoruu [11] IO3BOIKIIO ONTYYHUTh
BBIIAIONIKECS] pe3y/lbTaThl IIMOHEPCKOro XapakTepa.
Bce nasepHsble gedopMorpadsl KIacCUYecKoro THUIa
HMeIOT JTHHEHHYI0 aMIUIUTYAHO-4aCTOTHYIO XapaK-
TePUCTUKY B MHQPa3ByKOBOM M HH3KOYAaCTOTHOM
3BYKOBOM [HMalla30HaX, HO HadyHWHas C HEKOTOPBIX
YacToOT, KOTOpasi 3aBHUCHUT OT [JIUHBI PerucTpPHUPY-
eMOU BOJIHBI U IUIMHBI pabodero rieda Jia3epHOro
nebopmorpada, B 6onee BBICOROYACTOTHOM [Ha-
asoHe HX AaMIUIUTYAHO-4aCTOTHasi XapaKTepu-
CTHKA UCIIBITEIBaeT OueHus [12]. C 1e/Jbi0 [IOBBIIIE-
HHs YYBCTBUTE/IBHOCTH JIa3epHHIX Aepopmorpadpos
Y TOJy4YeHHs JTHHEHHOH aMIUIMTYJHO-4aCTOTHOH
XaPaKTePHUCTHUKU B BBICOKOYACTOTHOM [Malla3oHe
pa3paboTtaHsbl nazepHble medopmorpadsl MasSTHHKO-
BOTO THIIa, IIPHMeHeHHe KOTOPBIX B IHJPOAKyCTH-
YeCKUX HCCIef0BAHUAX I103BONIUT IIOAYUYHUTH bosee
XOpOIIHe Pe3ysIbTaThl.

sorts of physical principles that have a relatively nar-
row frequency range, but are capable of detecting
even long-period oscillations of the Earth [4]. In the
last fifty years, based on Michelson and Fabry-Perot
interferometers, various laser strainmeters have been
developed and created, which have significantly better
technical characteristics in comparison with rod, wire
and quartz strainmeters [5-7]. Laser strainmeters have
been created in various versions: one-dimensional and
two-dimensional, equal and unequal, mobile and sta-
tionary. All of these laser strainmeters can be classified
as so-called classical-type laser strainmeters. With the
help of laser strainmeters of the classical type, defor-
mation anomalies are distinguished, according to the
magnitude of which, taking into account the distance
to the occurred earthquakes, it is possible to deter-
mine the magnitude of the displacements of the sea-
bed, leading to the formation of a tsunami [8]. Based
on the results obtained, the deformation method for
determining the tsunamigenicity of earthquakes has
been substantiated [9]. The use of laser strainmeters
in hydroacoustics [10] and oceanology [11] has made
it possible to obtain outstanding results of a pioneer-
ing nature. All laser strainmeters of the classical
type have a linear amplitude-frequency characteristic
in the infrasonic and low-frequency sound ranges,
but starting from some frequencies, which depends
on the recorded wavelength and the length of the
working arm of the laser strainmeter, in a higher
frequency range their amplitude-frequency charac-
teristic experiences beats [12]. In order to increase the
sensitivity of laser strainmeters and obtain a linear
amplitude-frequency response in the high-frequency
range, pendulum-type laser strainmeters have been
developed, the use of which in hydroacoustic studies
will allow obtaining better results.

This article analyzes the results obtained during
synchronous measurements by laser strainmeters of
classical and pendulum types of seismoacoustic vibra-
tions created in an elastic medium as a result of the
transformation of hydroacoustic vibrations generated
by a low-frequency hydroacoustic emitter at a fre-
quency of 22 Hz.

EXPERIMENT
Experimental studies involved: a low-frequency
hydroacoustic emitter with a central radiation fre-
quency of 22 Hz, a classical-type laser strainmeter
with a measuring arm length of 52.5 m, a pendulum-
type laser strainmeter with a measuring arm length
of 52.2m.

A low-frequency hydroacoustic emitter is part of
a 19-26 Hz radiating hydroacoustic system [13]. The
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B [aHHOM CTaThe AHAIM3HPYIOTCS Pe3y/IbTaThl,
[IO/Iy4eHHble [IPU IIPOBENEHMH CHHXPOHHBIX H3Me-
PeHMU Ja3epHBIMHU JepopMorpadaMu KIACCHUUECKOTOo
M MasTHHUKOBOIO THIIOB CE@HMCMOAKyCTHYeCKHUX KoJle-
OaHMM, CO3AAHHBIX B YIIPYrok cpefie B pe3yibTaTe
TpaHCOOPMAIIUU THUIPOAKYCTHUYECKUX KonebaHUH,
reHepUpyeMbIX HH3KOYAaCTOTHBIM TIHIAPOAKyCTHYe-
CKHM H3/Iy4aTe/ieM Ha dacToTe 22 I'1r.

SKCNEPUMEHT

B 3KCIIepHMEeHTATIBHBIX HUCCIeSOBAaHUIX ObUIH 3aer-
CTBOBAaHBI: HHM3KOYACTOTHBIM THAPOAKYCTHYeCKHUU
H3/1y4aTelb C LEHTPA/IbHOM YaCTOTOHM H3/y4YeHHs
22 T'n, nasepHbIN gedpopMorpad KIACCHUeCKOro THUIIA
C IJIMHOU H3MEePHTe/IHOIO Ijieda 52,5 M, /1a3epHbIM
OedopMorpad MasTHHKOBOIO THIIA C JJIHHOH H3Me-
PUTEIBHOTO Ij1e4a 52,2 M.

Hu3K04YaCTOTHBIM TUAPOAKYCTUYECKUH H3/1ydaTenb
BXOJUT B COCTaB M3/1y4aloller THAPOaKyCTHUYeCKOH
cucteMbl Ha 19-26 T [13]. H3ny4qaromas THAPOAKY-
CTUYeCKas CHCTeMa IIpeJHa3sHa4yeHa /I TeHepaluu
rapMOHHMYECKUX K $a30MaHUIIYIHUPOBAHHBIX TUIPO-
aKyCTUYeCKUX CHUIHAJIOB B II0JIOCE€ YaCTOT IIOPSIAKA
1T OpH LeHTPAJIBHOMU YacToTe IOJIOCHL B IMAIa30He
19-26 Tu. AMIuTyzga 00BbeMHBIX KojiebaTeabHBIX CMe-
IIeHUH H31ydaTessl JOCTUraeT BenluuuHy 0,0123 m3.
Ha uacrtote 20 Il B 6e3srpaHMYHOM BOJHOM IIpPO-
CTPaHCTBe 3TO COOTBETCTBYeT H3/y4aeMOH aKyCTH-
4eCKOM MoWHOCTH 1000 BT. B cocTaB HM3nydarollen
TUJPOAKyCTHYeCKOM CHUCTeMBl BXOIAT: M3JIydaTesb
C 37IeKTPOMAaTHUTHBIM ITpeobpa3oBaTesieM, paMa IJis
IofiBeca M3jyyaress, Kabelb-IJIAaHT ¢ KOHTPOIbHBIM
MaHOMETPOM, HCTOYHHMK 3JIeKTPOIIMTAHMS, 3JIeKTPO-
HAaCoC, KOHTPOJIBHBIHM TUAPOGOH, 1BA KATHOPOBOUHBIX
aKcejepoMeTpa.

H3nyyartens uMeeT Maccy 260 Kr B Bo3ayxe u 40 Kr
B Bofle. Collep>KUT LIUIMHAPUYECKUE KOPIIYC K Mapy
M3/Ty4alolKX IOPLIHek, Koae6/I0IKXCsl BO B3aMHO
IIPOTHBOIIOJIOKHBIX HAIIpPaBJIeHUAX H CO3MAKINUX
crHOa3Hble IIOTOKU 06BbeMHOM KolebaTeTbHOM CKOPO-
ctu. Konmebanusi Bo3bykmaeT mpeobpa3oBaresb 3yeK-
TPOMArHUTHOIO THIA C [1-06pa3sHBIMH HabOPHBIMHU
II0JIOBUHAMM CepAeYHMKa M YeThIpbMS KaTyLIKaMH.
Mekny KpasiMU IIOPIIHeH 3akaT Habop u3 312 OUIKNH-
JPpUYeCKHUX IIPYKUH, IIpefABapUTeIbHOe CKATHE KOTO-
PBIX HOCTHraeTcs 3a CUeT IOHMKeHHOro Ha 0,5 aTMm.
JaB/IeHHs BO3AyXa B IIOJIOCTH H3J/Iy4YaTeass OTHOCH-
TeJIbHO I'HAPOCTATHYECKOT0 Ha INIyOHHe ero IIorpysKke-
HUSA. 18 KOMIIeHCAIMK THJPOCTaTUYeCKOro JaBiie-
HHS IIPU IIOTPY;KeHUH MIN HMOAHATHH IIPUMEHSAeTC s
IIJIAHT JJAMHOK 60 M C KOHTPOJIBHBIM MaHOMETPOM
U ABYMS HUINEASAMH. 3a30pbl MeXAy GaaHIlaMu
KOpIlyca M KpasMHM IIOpLIHeH YIJIOTHEHBI Pe3HHOT-
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emitting hydroacoustic system is designed to generate
harmonic and phase-shift keyed hydroacoustic sig-
nals in a frequency band of about 1 Hz with a central
frequency of the band in the range of 19-26 Hz.The
amplitude of the volumetric vibrational displacements
of the emitter reaches a value of 0.0123 m3. At a fre-
quency of 20 Hz in a limitless body of water, this cor-
responds to a radiated acoustic power of 1000 W. The
composition of the emitting hydroacoustic system
includes: a radiator with an electromagnetic trans-
ducer, a frame for hanging the radiator, a cable-hose
with a control pressure gauge, a power supply, an
electric pump, a control hydrophone, two calibration
accelerometers.

The emitter has a mass of 260 kg in air and 40 kg in
water. Contains a cylindrical body and a pair of radiat-
ing pistons oscillating in mutually opposite directions
and creating in-phase flows of the volumetric oscil-
latory velocity. Oscillations are excited by an electro-
magnetic converter with U-shaped typesetting halves
of the core and four coils. A set of 312 cylindrical
springs is clamped between the edges of the pistons,
the preliminary compression of which is achieved
due to a reduced pressure of 0.5 atm. air pressure in
the cavity of the emitter relative to the hydrostatic
pressure at the depth of its immersion. To compen-
sate for hydrostatic pressure when submerging or lift-
ing, a 60 m hose with a test pressure gauge and two
nipples is used. The gaps between the body flanges
and the piston edges are sealed with rubber-fabric
collars. A battery of series-connected (in the amount
of 3 to 22 pieces, depending on the required power)
acid batteries with a voltage of 12 V and a capacity of
90 A*h is used as the primary sources of direct current.
The power supply is a bridge key amplifier based on
two half-bridge ICBT modules, equipped with a 420 pF
compensating capacitor bank, a circuit breaker and
a DC ammeter. In the course of the experiment, a har-
monic signal was emitted at a radiation frequency
of 22 Hz.

A classical-type laser strainmeter with a measur-
ing arm length of 52.5 m is located at Cape Schultz
in a hydrothermally insulated underground room at
a depth of 3-5 m from the Earth’s surface. It uses
a frequency stabilized helium-neon laser with short-
term stability in the tenth decimal place as a light
source. The measuring arm of a classical-type laser
strainmeter is oriented at an angle of 18° relative to
the north-south line. The main interference unit of
the laser strainmeter is mounted on a concrete pedes-
tal about 3 m long, the base of which is fixed on a rock
of high density loam. The corner reflector is mounted
on a concrete pedestal 1 m long, the base of which is
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KaHeBbIMH BODOTHHKAMHK. B KauecTBe IEePBHUUYHBIX
HMCTOUYHHKOB IIOCTOSIHHOTO TOKa MCIIO/B3yeTcst 6arta-
pesi IIOCe0BAaTe/IbHO COeJHHEHHBIX (B KOIHYecTBe
0T 3 [0 22 IUTYK, B 3aBUCHMOCTH OT HeobX0oOMMOM
MOIIHOCTH) KHUCJIOTHBIX aKKyMYJISTOPOB HaIlpsiKe-
HUeM 110 12 B, emkocThio 90 A4, UCTOUHUK TUTAHUS
IIpefCTaBiIsieT CO60M MOCTOBOM KIIOUEBOM YCHUIHTENb,
BBIIIOJIHEHHBIH Ha ABYX I101YMOCTOBBEIX IGBT-MoaysX,
CHabXXeH KOMIIeHCHPYyIoIler 6aTapeer KOHJEHCATO-
poB 420 MK®, 3aIIMTHBEIM aBTOMATOM H aMIIepMeTPOM
IIOCTOSIHHOTO TOKa. B xome paboThl 3KCIIepHMeHTa
H3/1y4a/ICsl FTAPMOHHYeCKUH CUTHA/I Ha 4YacToTe M3JIy-
yeHusa 22 '11.

JlazepHBIN JedopMorpad KIACCHUeCKOro THIIA
C IJIMHOU M3MePHUTe/IBHOTO IjIeda 52,5 M pacIonokeH
Ha M. Illynbpla B THMAPOTEPMOM30JIHMPOBAHHOM IIOA-
3eMHOM IIOMeIeHUH Ha ITybuHe 3-5 M OT IIOBEpX-
HOCTH 3eM/IM. B KauecTBe MCTOYHMKA CBeTa B HeEM
HCII0/Ib3yeTCsl YacTOTHO CTaOM/IHM3UPOBAHHBIE TelHI-
HEOHOBBIH JIa3ep C KpaTKOBPeMeHHOK CTabK/IbHOCTBIO
B IeCATOM 3HaKe. M3mepHuTe/lbHOE IIEYO JIa3€pHOI0
nedopmorpada KIaCCHUECKOro THIIA OPUEHTHPOBAHO
ImoJ, yrioM 18° OTHOCHTE/NBHO JIHHUK «CeBep-Ior».
OCHOBHOM HHTepPepeHLMOHHBIK y3el J1a3epHOro
nepopmorpada CMOHTHPOBAH Ha OeTOHHOI Tymbe
IJIMHOI OKOJIO 3 M, OCHOBaHKe KOTOPOM 3aKpeIlieHO
Ha II0pofie M3 CYIJIMHKa 6O0JbLION IIOTHOCTH. YTOJI-
KOBBIM OTpa’kaTeJlb CMOHTHPOBaH Ha b6eTOHHOM
TyMbe IUIMHOM 1 M, OCHOBaHHE KOTOPOH 3aKpeIlieHO
Ha TPaHUTHOM CKaJle. Bcs monydeHHas HHGOpMaLHA
B PeXKHMe peaJibHOTO0 BpeMeHH IIOCTyIaeT B jabo-
paTopHoe IIOMelleHHe, TIhe IIoc/ie IIpeaBapHUTe/lb
HOM 06paboTKM, QUIBTPALIMK U AellMMalllH, 3aHO-
CUTCSL B paHee CO3JaHHYIO 0a3y 9KCIepUMeHTalIbHbIX
JaHHBIX.

JlazepHbil gAedopMorpad MaSTHHKOBOTO THIIA
C JJIMHOHM HM3MepHTe/IbHOIO ILIeda 52,5 M pacIoso-
KeH B TOM K€ T'HUJPOTePMOM30JIMPOBAHHOM IIOA-
3eMHOM IOMeIlleHUHU Ha I1ybuHe 3-5 M OT IIOBEpX-
HOCTH 3eM/IM. B KayecTBe MCTOYHHKA CBeTa B HEM
HICII0/IB3yeTCsl YaCTOTHO CTaOM/TM3HUPOBAHHBIM TelHI-
HEOHOBBIH JIa3ep C KpATKOBPeMeHHOK CTabHU/IBHOCTBIO
B IeCATOM 3HaKe. M3mepHuTe/lbHOe IIJIEUO JIa3epHOI0o
Jedpopmorpada MasgTHHUKOBOIO THUIIA OPHEHTHPOBAHO
Iop yrjiom 18° OTHOCHUTEIBHO JHMHUHK «CeBEP-Ir».
OCHOBHOM HHTepQepeHILIMOHHBIK y3e/l JIa3epHOIOo
nedopmorpada CMOHTHPOBAH Ha TOH >Ke GeTOHHOM
Tymbe, 4TO M sa3sepHoro medpopmorpada KIaccH-
YeCKOro THIIA. YTOJKOBBIM OTpakaTelb CMOHTHPO-
BaH Ha MAacCHBHOM Kybe, KOTOPBIK BXOIHUT B COCTaB
MasiTHUKOBOH CHCTeMBl. [IJIMHA II0[BeCKH MasSTHHKA
paBHa oKoo 3 M. ECiv mpUHATE JaHHYI0 MasgTHUKO-
BYIO CUCTeMY 3a MaTeMaTH4YeCKHH MasTHHK, TO C0b-
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fixed on a granite rock. All the information obtained
in real time goes to the laboratory room, where, after
preliminary processing, filtration and decimation, it
is entered into the previously created experimental
database.

A pendulum-type laser strainmeter with a measur-
ing arm length of 52.5 m is located in the same hydro-
thermally insulated underground room at a depth of
3-5 m from the Earth’s surface. It uses a frequency
stabilized helium-neon laser with short-term stability
in the tenth decimal place as a light source. The mea-
suring arm of the pendulum-type laser strainmeter is
oriented at an angle of 18 0 relative to the north-south
line. The main interference unit of the laser strainme-
ter is mounted on the same concrete pedestal as the
classical-type laser strainmeter. The corner reflector
is mounted on a massive cube, which is part of the
pendulum system. The length of the pendulum sus-
pension is about 3 m. If we take this pendulum sys-
tem for a mathematical pendulum, then the natural
frequency of the pendulum system will be about 0.3
Hz. All the information received in real time goes to
the laboratory room, where, after preliminary pro-
cessing, filtration and decimation, is entered into the
previously created experimental database.

Fig. 1 shows a map showing the scheme of the
experiment, where No. 1 denotes Cape Schulz, on
which the laser strainmeters are located, point No. 2
denotes the operation of the emitter at a frequency
of 22 Hz at a depth of 18 m (N42°32.448, E131°02.998),
point No. 3 denotes the operation of the emitter at
a frequency of 22 Hz at a depth of 18 m (N42°29.657,
E131°07.528).

PROCESSING AND ANALYSIS

OF THE OBTAINED EXPERIMENTAL DATA

The experimental data were placed into the experi-
mental database with a sampling rate of 1000 Hz.
During processing, the data were filtered in order to
eliminate the possible influence of powerful high-
frequency components on the results of spectral pro-
cessing, followed by decimation up to a sampling rate
of 200 Hz. Synchronous areas of recordings of a classi-
cal-type laser strainmeter and a pendulum-type laser
strainmeter were processed. Fig. 2 shows the spec-
tra obtained during the processing of synchronous
experimental data of the indicated laser strainmeters
during the operation of a low-frequency hydroacous-
tic emitter at station 3. As can be seen from this fig-
ure, the magnitude of the received seismoacoustic
signal at the radiation frequency of the hydroacous-
tic signal of a pendulum-type laser strainmeter is
much greater (by almost an order of magnitude) than
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CTBeHHasl 4aCToTa MasiTHUKOBOU
cucteMmsl 6yner paBHa okorno 0,3
I'r. Bes monydeHHass MHGopMariys
B PpeXKKMe PeaJbHOI0 BpeMeHHU
IIOCTyIIaeT B JabOpaTOpHOe IoMe-
IeHHe, e Ioc/ie IIpeABapUTe/ib-
HOM o06paborku, uIBTpaLUs
U JelMMaliys, 3aHOCHUTCSI B paHee
CO3MAaHHYIO 6a3y 3KCIepHMeHTalb-
HBIX JTaHHBIX.

Ha puc. 1 npuBemeHa KapTa,
Ha KOTOpOI IIpeficTaBleHa CxeMa
3KCIIepHMeHTa, rae mon Ne 1 060-
3HayeH M. Illyiblla, Ha KOTOPOM
pacmosioskeHbl Jia3epHble gedop-
Morpadsl, Toukorm Ne 2 - pabora
H37y4yaTenss Ha vacTtoTre 22 TI1g
Ha rnybune 18 M (N42°32.448,
E131°02.998), Toukoit Ne 3 - pabora
M3jIydaTeass Ha dacTtoTe 22 TITf
Ha rinybune 18 M (N42°29.657,

Puc. 1. Kapma-cxema 3kcnepumeHma
Fig. 1. The map is a diagram of the experiment

E131°07.528).

OBPBOTKA N AHATN3 NOJIYHEHHDbIX
SKCNMEPUMEHTANIbHbIX JAHHbIX
DKCIIepHMeHTa/lbHble JaHHble IIOMEIIAIHUCh B 6a3y
3KCIIePUMEHT/ILHBIX JAHHBIX C YaCTOTOM AHCKPeTH-
3anuu 1000 . ITpu obpaboTke AaHHBIe IOJBepra-
NHCh GUIBTPALIUY C LIe/IbI0 TUKBHUIALMHU BO3MOXKHOIO
BAMSHHUSL MOIIHBIX BBICOKOUACTOTHBIX KOMIIOHEHT
Ha pe3y/lbTaThl CIIeKTPaJbHOM 006paboTKu c Imocieny-
IOIIMM IIpOpPeKHBaHHeM [0 YacTOThl JHCKpeTH3a-
uuu 200 ', O6pabaThIBaTHCh CHHXPOHHBIE YYACTKH
3amucer KIacCH4Yeckoro jasepHoro aepopmorpada
U jasepHoro gedopMorpada MasgTHHUKOBOIO THIIOB.
Ha puc. 2 npuBeleHBbl CIIeKTPBI, IOJNyueHHbIe IIPU
06paboTKe CHUHXPOHHBIX SKCIIEPHMEHTATbHBIX aH-
HBIX YKa3aHHBIX JIa3epHBIX HdedopmorpadoB MpHU
paboTe HHM3KOYACTOTHOIO I'MJIPOAKYCTHYECKOTO H3IIY-
4aress Ha CTAaHIUH 3. Kak BUAHO M3 3TOT0 PHCYHKA,
BeIMUMHA IIPUHSTOr0 CEICMOAKyCTHYeCKOro CUrHajIa
Ha 4acToTe H3/y4eHUs IHIPoaKyCTUIeCcKoro CUrHajaa
nasepHoro AedopMorpada MagTHHKOBOIO THIIA 3Ha-
YUTEeNbHO Oosblle (IIOYTH Ha IIOPSIOK) BeTHYHHBI
CHUTHaJIa, IPHHSTOIO Jja3epHbIM JebopMorpadpom
KJIACCHYeCKOro THIIA.

B cootBeTcTBUM C paboroil [12] mpuBenéM ypaBHe-
HUe, ONMCHIBaloIllee 3aperUCTPUPOBAHHOE CMellleHHe
nasepHoro gepopmorpada KIacCH4ecKkoro THUIA:

kL

usAL:2A0sin2(%)sin((vt—kxl—7), @
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the signal value, accepted by a classical-type laser
strainmeter.

In accordance with work [12], we present an equa-
tion describing the registered displacement of a classi-
cal-type laser strainmeter:

LlEAL=ZAOSiHZ(kTL)SiH((Ot—kXI—%j, 1
where: u is the displacement at a point x,
A, is the projection of the wave amplitude onto the
axis of the strainmeter, k=2r/A is the wave number,
A is the wavelength, o =2nv is the cyclic frequency, v is
the frequency of the wave, t is the current time,
L is the length of the working arm of the strainmeter,
and x, is the coordinate of the first abutment of the
strainmeter. In article [12], when editing, the second
degree was lost with a sine. That is, the amplitude
recorded by a classical-type laser strainmeter will be
equal to:

A=2A,sin’ ['%L] =2A,sin (%) ©)

In accordance with Eq. (2), the recorded amplitude
strongly depends on the ratio of the working arm
length of a classical-type laser strainmeter and the
seismoacoustic wavelength. At low frequencies, the
frequency response is linear. At high frequencies, the
amplitude varies from 0 to 2A, depending on the ratio
of the arm length of the laser strainmeter to the
recorded wavelength.
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Ifie: u - CMeIlleHHe B TOUKe X, , Ay — [IPOeKIMS aMIJIK-
Ty[bl BOJIHBI Ha 0Cb fepopmorpada, k=2n/A - BoIHO-
BOE YM(JIO, A ~ JIMHA BOJIHBI, =271V ~ OUK/IHYeCKas
YacToTa, vV — 4aCTOTa BOJIHBEI, t - Tekyulee Bpems, L -
IiuHa pabouero mieva gepopmorpada, X, — KOOPLH-
HarTa IepBoro ycros gedpopmorpada. B cratse [12] mpu
PeoakTHUpOBaHUM yTepsiHa BTOpas CTelleHb IIpU
cuHyce. To ecTh perucTpupyemMas jasepHBIM Hepop-
MorpadoM KIACCHYeCKOro THIA aMIUIATyAa bymer
paBHa:

A=2A, sin{%]:ZAo sinz(%). )

B COOTBeTCTBUHU C ypaBHeHHeM (2) perucTpupye-
Mas aMIUIMTYZa CHIBHO 3aBHCHUT OT COOTHOIIEHUS
IIUHBL pabodero Iuieda sasepHoro gedpopmorpada
K/IaCCUYeCKOT0 THUIA M JJIHMHBI CeHCMOAKyCTH4Ye-
CKOM BOJHBI. Ha HM3KHMX 4YacTOTaX aMIUIUTYLHO-
YacTOTHasl XapaKTepHUCTHKa JHHeHHass. Ha BbIco-
KHX 4aCTOTax aMIIIMTyAa MeHseTcd oT 0 mo 24,
B 3aBUCHMOCTH OT OTHOLICHHMS JJIMHBHI IIJIeda jia3ep-
Horo gedopmorpada K [JIHHE PerucTpUPYeMOH
BOJIHBI.

Hns nasepHoro ngepopmorpadpa MasTHHUKOBOIO
THUIIA PerHMCTpHUpyeMoOe CMellleHHe MOKHO 3aIlMcCaTh
B BHJE:

iy

MOLWHOCTE Boo MBT.

N1
For a pendulum-type laser strainmeter, the recorded
displacement can be written as:

o, y
\/(mf, -0’ ) + 4y’

f*‘”zn— e
0; -0

AL=A, ><cos[kx1 +kL-ot+ arctg(

—cos(kx, - ot)

where y=0,/2Q , i.e. they recorded the amplitude of
the wave depends on the L, &, v, and Q, Q is the qual-
ity factor of the pendulum system. The amplitude in
this case can be written as:

o, y
\/((of) -0*) +4y’0’

270 '
cos| kKL+arct -1
) (< " g[wé—wzj]

In the low-frequency (infrasonic) region of the spec-
trum, the characteristic of a pendulum-type laser
strainmeter is identical to a classical-type laser strain-
meter, and in the high-frequency region of the spec-

A=A,
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@
X
\/(co(z, -0’ ) +4y’0’

0

AL=A, xcos[kxl+I<L—mt+arctg[%])— , (3

—cos(kx, —wt)

rme y=0,/2Q , TO ecCTb PerMCTpUpyeMasi UM aMILUIH-
Ty[a BOJIHBI 3aBUCUT OT L, A, v, ©Q, Q - I06POTHOCTH
MasiTHUKOBOHM CHCTeMBl. AMIUIMTYAY B 3TOM C/Iydae
MO>KHO 3aIIMCaTh B BHUE:

(DO
02— ) + 4720’
A=A, V(o -o) : @

xcos[kL+ arctg(mzzywzjj—l

0

X

B HH3K0O4acTOTHOH (MHQPa3ByKOBOM) obnacTu
CIIeKTpa XapaKTepHCTHKA Jia3epHoro gepopmorpada
MasiTHHKOBOI'O THIIa HMOEHTHYHA JIa3epPHOMY Aedop-
Morpady KIACCUUYECKOIOo KCIIONIHeHHSI, a B BBICOKO-
YJaCTOTHOM 06JIACTH CIIeKTpa Ja3epHbIN gedopmorpad
MasITHHKOBOTI'O THIIA CII0COOeH ITPOBOAUTb U3MepeHUs
Ha BCeX 4acToTaX U C yBeJIMYeHHeM YaCTOThl Perw-
CTPUPOBATh aOCOTIOTHYIO AMIUIMTYAY BOTHBL. [lis
JAHHOIO Jj1a3epHOro Aedopmorpada MasgTHHKOBOIO
THnoa, obnagaromiero cobcTBeHHOM yacrotou 0,3 Ti,
He oIlpefielieHa J0OPOTHOCTh, HO TeM He MeHee MBI
MokeM 3PPeKTUBHO IPOBECTH 06pabOTKy IIONyueH-
HBIX 3KCIIEPHMEHTA/bHBEIX OAHHBIX C OLIEHKOH 4yB-
CTBUTEJIBHOCTEH JIa3epHBIX JedopMorpadoB MasiTHH-
KOBOI'O0 M KJIAaCCMYeCKOro THIIOB, IIPe[CTaBJIeHHBIX
B JAHHOM CTaThe.

IIpu paboTe HHU3KOYACTOTHOIO THAPOAKYCTHYE-
CKOTO M3/Iy4aTess Ha CTAHLIMU 2 OTHOLIeHHe aMIIIU-
Tyl CeHMCMOAaKyCTH4YeCKHX CHIHAJIOB Ha 4YacToTe
THOPOAKYCTHYECKUX CHUTHa/JIOB 22 I'll, HOpHHATBIX
7MasepHbIM JedopMorpadomM KIACCHYeCKOTO THIIA,
K aMIUIUTyJaM CeHCMOAKYCTHU4YeCKUX CHUTHAJOB,
IPUHATHIX JIa3epHbBIM AedopmMorpadpoM MasgTHH-
KOBOTO THIIa, B cpegHeM paBHO 0,15. Ilpu pabote
HH3KOYaCTOTHOTO THAPOAKYCTHYECKOr0 H3JIydaTes
Ha CTAaHLMHU 3 OTHOIIEHMe aMIUIMTY[ CeHCMOaKyCTH-
YeCKMX CUMTHaJI0B Ha YaCTOTe THMAPOAKYCTHYeCKHX
CUTHaJIOB 22 T1I, NPHUHATHIX Ja3epHBIM HedopMo-
rpadoM KIacCHUecKoro THIIA, K aMIUIMTyLaM CeMC-
MOAKyCTHYeCKHX CHUTHAJIOB, IPHUHATHIX Ja3epHBIM
nedpopmorpadoM MasSITHHKOBOIO THIIA, B CpeJHEM
pasuo 0,12.

[To mony4yeHHBIM 3KCIIEPUMEHTAIbHBIM JAHHBIM
Ha ja3epHOM Aedpopmorpadpe MasITHHUKOBOIO THIIA
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2,810

MKM

4,5-10°°
17,75 22,29 26,83
IS
2,4-1073
s
N
=
4,5-10°°
17,75 22,29 26,83
I

Puc. 2. Cnekmpbl CUHXPOHHBIX Y4aCMKO8 3anuceli Ad3epHO20
deopmozpapa kaaccuveckozo muna (8epxHull) u Aa3epHo20
depopmozpapa masmHuko8020 muna (HUXKHULI)

Fig. 2. The spectra of synchronous sections of recordings of
a classical-type laser strainmeter (upper) and a pendulum-
type laser strainmeter (lower)

trum, a pendulum-type laser strainmeter is capable
of measuring at all frequencies and registering the
absolute wave amplitude with increasing frequency.
For this pendulum-type laser strainmeter, which has
a natural frequency of 0.3 Hz, the Q-factor has not
been determined, but nevertheless, we can effectively
process the obtained experimental data with an assess-
ment of the sensitivity of the pendulum and classical-
type laser strainmeters presented in this article.

When a low-frequency hydroacoustic emitter is oper-
ating at station 2, the ratio of the amplitudes of seismoa-
coustic signals at a frequency of 22 Hz hydroacoustic sig-
nals received by a classical-type laser strainmeter to the
amplitudes of seismoacoustic signals received by a pen-
dulum laser strainmeter is on average 0.15. When a low-
frequency hydroacoustic emitter is operating at station
3, the ratio of the amplitudes of seismoacoustic signals
at a frequency of 22 Hz hydroacoustic signals received
by a classical-type laser strainmeter to the amplitudes
of seismoacoustic signals received by a pendulum-type
laser strainmeter is on average equal to 0.12.
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MOXKHO OIpefe/IMTh IPUMEPHYI aMIUIUTYAy Celc-
MOaKyCTUYEeCKOM BOJHBI, PaCHPOCTPaHSOIIEHNCs
B 3eMHOM KOpe B pe3y/bTaTe TPaHCPOPMaLIUH K31y~
YeHHOTO THAPOAaKyCTHYEeCKOI0 CHI'Hajaa Ha 4YacToTe
22 T B CeMCMOAKyCTUYeCKHMH CHUTHaJ Ha TpaHHUILe
«Boga - pHo». Tak, HaIpuMep, COIJIaCHO Trpadu-
KaM, IIPUBeJEéHHBIM Ha PHUC. 2, aMIUIMTYAA CUTHaJa,
3aperMCTpHUpOBaHHas Ja3epHBIM Jedopmorpadpom
MasgTHHKOBOIO THIIA, PaBHa 2,4:1073 MKM. JIMHHSA
«CTaHLMS 3 - 1a3epHBIN Aedpopmorpad MassTHHKOBOIO
THIIA» OPUEHTHUPOBAHA IIOJ, yIJIOM 2,5° OTHOCHUTEIBHO
ocH fedopMorpadpoB MasiTHUKOBOI'O ¥ KJIACCHY@CKOI0
TUIIOB. C y4eTOM 3TOrO0 MOXKHO YTBep)KOaTh, YTO
AMIUIUTYAA CEHCMOAKyCTUYeCKOIo CUTHajla B TOUKe
perucTpanyuy paBHa He MeHbIe 2,4-1073 MKM.

[Ipu paboTe TIHUIPOAKYCTHYECKOTO M3JIydaTesst
B TOUKe 2 BeJIMYHHA IIPUHATOrO JIa3epHbIM aedopMo-
rpapomM MasiTHHKOBOIO THIIA CEHCMOAKYCTHUeCKOIOo
CHI'Ha/la Ha YacToTe K3JIyYeHHOTOo THApPOaKyCTHYe-
CKOTO curHajua 22 I'n paBHaA 1,96-1073 mMKM. JIMHUSI
«CTAHLIMSA 2 - JIa3epHBIN AedopMorpad MasTHHUKOBOIO
THIIa» OPHEHTHPOBaHA IO, YII0M 45° OTHOCHTEIbHO
ocu fedopmorpadoB MasITHHUKOBOIO U K/IACCHYECKOTO
TUIOB. C YyYETOM 3TOr0 MOXKHO YTBepXKZaThb, 4YTO
AMIUIMTYAA CeHCMOAaKyCTUYeCcKOro CUrHajaa B TOYKe
perucTpanyu paBHa He MeHblle 2,3-1073 MKM.

i g

Based on the experimental data obtained on a pen-
dulum-type laser strainmeter, it is possible to deter-
mine the approximate amplitude of a seismoacoustic
wave propagating in the earth’s crust as a result of the
transformation of the emitted hydroacoustic signal at
a frequency of 22 Hz into a seismoacoustic signal at the
“water-bottom” boundary. Thus, for example, accord-
ing to the graphs shown in Fig. 2, the signal ampli-
tude recorded by a pendulum-type laser strainmeter is
2.4-1073 pm. The line “station 3 - pendulum-type laser
strainmeter” is oriented at an angle of 2.5° relative to
the axis of the pendulum and classical strain gauges.
Taking this into account, it can be argued that the
amplitude of the seismoacoustic signal at the registra-
tion point is not less than 2.4-103 pm.

When the hydroacoustic emitter is operating at
point 2, the magnitude of the seismoacoustic signal
received by the laser strainmeter of the pendulum
type at the frequency of the emitted hydroacous-
tic signal of 22 Hz is 1.96-10 pm. The line “station
2 - pendulum-type laser strainmeter” is oriented at
an angle of 45° relative to the axis of the pendulum
and classical strain gauges. Taking this into account,
it can be argued that the amplitude of the seismoa-
coustic signal at the registration point is not less than
2.3-1073 pm.
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3AKJITKOYEHUE

B COOTBETCTBHHM C BBIIIeCKA3aHHBIM MBI MOXEM
YTBEP>KAATh, UTO YYBCTBUTEILHOCTD JIa3ePHOIo Aedop-
morpada MasTHHUKOBOIO THIIA Ha AAHHOM 4YacToTe
(22 Ty) mouTH Ha IIOPSAJOK JIyUIlle YYBCTBUTEIBHOCTU
JasepHoOro gepopmorpada KIacCHYecKoro Tuma. I1pu
3TOM aMIUIMTyJa HPUHSITOTO CEMCMOAKyCTHYECKOro
CHUTHajIa JIa3epHBIM JepopMorpadom KIacCHUYeCKOro
THUIIA Ha JBYX CTAaHIIUAX B cpegHeM pasHa 0,15 u 0,12
OT aMIUIMTYIbl IIPHUHSATOrO JIa3epHbIM AedopmMorpa-
$OM MasSTHHKOBOIO THIIA CEHCMOAKYCTHYECKOIO CHTI-
Hajla Ha 4acToTe H3/Iy4YeHHOr0 I'MJPOaKyCTHUYeCKOIro
curHana (22 T'm). Takoe COOTHOIIeHHMEe MOXKeT OBbIThb
[IOJIy4eHO IIPU CKOPOCTH PaCIpPOCTPaHEHHUS CeHc-
MOAKyCTHYeCKON BOMHBI C 4acToToM 22 ', Haxons-
mercst B mpepenax 1250-1300 m/c, BBIUHCIEHHOE
IIpH KCIIO/Ib30BaHUHK ypaBHeHHUs (2). IIpH 3TOM MBI
CUMTaeM, YTO perHCTpUpyeMasl celCMOoaKyCTHUYecKas
BOJIHA OTHOCHUTCS K IIOBEPXHOCTHOI BOJIHe p3jieeB-
CKOTO THIIA.

OPUNHAHCNPOBAHUE

HccnenoBaHus BBIIIOJIHEHBL 32 CYeT CpPeAcTB MUHU-
CTepCcTBAa HAayKH MU BhIcHIero obpasoBaHUsI PoccHit-
cron depmepannu (TeMa roc3amaHus «H3ydeHue
dyHIaAMeHTa/JIFHBIX OCHOB BO3HHKHOBEHMS, Pa3BH-
THS, TpaHCOOpMALlUKM M B3aHMMOJEMCTBUS THUAPOA-
KYCTUYeCKUX, THAPOPHU3HUUECKUX H Teo0dH3UYeCKHX
nojsell B MUPOBOM OKeaHe»).
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CONCLUSION

In accordance with the above, we can assert that the
sensitivity of a pendulum-type laser strainmeter at
a given frequency (22 Hz) is almost an order of mag-
nitude better than the sensitivity of a classical-type
laser strainmeter. In this case, the amplitude of the
received seismoacoustic signal by the classical-type
laser strainmeter at two stations is on average 0.15 and
0.12 of the amplitude of the pendulum-type seismoa-
coustic signal received by the laser strainmeter at the
frequency of the emitted hydroacoustic signal (22 Hz).
This relationship can be obtained when the propaga-
tion speed of a seismoacoustic wave with a frequency
of 22 Hz, which is in the range of 1250-1300 m/s,
calculated using equation (2). At the same time, we
believe that the recorded seismoacoustic wave refers to
a surface wave of the Rayleigh type.
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