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Abstract : Using a laser doppler velocitometer (LDV) as an elastic wave sensor, model
experiments were devised to study elastic wave propagation within inhomogeneous
media. LDV measures the laser Doppler shift caused by the elastic vibration of a
material surface, and it produces absolute velocity amplitudes converted from the
modulated frequency. This-advantage of the LDV, compared with conventional piezo-
electric transducers, allows quantitative analysis of high frequency ultrasonic wave-
forms. Another advantage of the LDV is that the laser beam can be focussed to form a
small spot (less than 1 mm?) ; thus, enabling the measurement of the elastic vibration
‘within a small area. A small-aperture seismic array, which consists of multi-channel
seismographs within a wave length is often employed in field observations to study the
scattering of seismic waves, which can be modeled by using a LDV and laboratory scale
inhomogeneous materials. We report here results of following preliminary experiments:
1) measurements of surface vibrations caused by ultrasonic waves, 2) analysis of elastic
waves propagating through different inhomogeneous media, and 3) small-aperture array
measurements of ultrasonic waves in different scales of inhomogeneity. The results of
these experiments indicate a potential use of the LDV model eéxperiments for studying
elastic waves in inhomogeneous and complicated structured media.
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HERAEFARGEIE £4L D)

WVERERIY, TAHEEE CORMEBEA Y =X LEHOF
HieFErha I EBRERT,

1.1 FCc8dic

THEBECBU 2EBEBOFRAEMS LR, A
H, KRBV R, #H#r AN F—% EOMTEREER, &
UHIEW X 5B OBEESFAREC L > TEETHS.
%7z, HEREERR < v PV OREERER ¥, #EREE R
DEELRIELE bERL TW»3,

HWERNEOTIEREREZ D L&, THEDOKEE
WBEETHS (EMH, 1989 ; Aki and Richards, 1980).
Pl BEEDRE, BEROBRSBRICHAT5IC
MNE TN, BFRERC X > (ERORTREETS

LT E DY, WREEBESAREORSIZEHRERC .

o THOEBEBHTE LB, WEEMCL->T
ERFEEHEL R NER SR,

BETRIVYEa—~ AL, FEIHERNEESER
YOEBENFECES, SHLEECS D 5 REEED

BFERANLZENTEB L, HHRERICE VWL E .

EERFELHWLNS (BB - ¥4, 1989 ; Aki, 1988;
Anderson, 1991 ; #reh, 1993). k23T, EEOMEK
IR T TR % U BB R, ShEPHEI
_Ié$ﬁ§ﬁ®kbmﬁﬁﬁﬁ%$?%.ﬁﬁﬁﬁﬁ%
HOPHRBEIAND & & & & iR SBARICEHES
Blew, WL L OERROEF LA T T, HE
WOBRICEIHEL TRECHEETZE (@—FK) o
ERE % 3 (Aki, 1969 ; Aki and Chouet, 1975 ; Aki
and Richards, 1980 ; {£/, 1984 ; Sato, 1984 ; Wu and
Aki, 1985 ; Frankel and Clayton, 1986 ; Frankel and
Wennerberg, 1987), 20 & 3 [CHIFRAES T OB HR
BRERELEEEEL, 32 RENERIHoE
HoEEIREEhS, fp (1993) 1, AEE»OHE
BT BT I NBESGBOERNEHEC L - TR
2REETBEIER, AV a—FOESLIRETY
BBTRETH S LT3,

EHARESER CEFALREY R Ay —VOETIVE
BRix, THEBETORSREORTEHLI NPT B
DOFFEFEROV LDTH B (ENiEH, 1992 ; Duben-
dorff and Menke, 1986 ; Matsunami, 1990, 1991), %»
Buik, MMPROKEE? S OEENERANZ DI
AiEEBR DTN 3 (Schultz and Toksdz, 1995).

IRBENEBROEFNTE, Hom-$10cm OWE
WL, TS 10 kHz- % MHz BEORMERSAV S
3, T ULERCIIEERORIE L RIRCY v
veF 5 VB (PZT) 2EARM & § 5 EEHRTF (plezo

-electric transducer : PLTRF4 £Cik PZT LIgE0) 2
AushTalks, EERTBIEL{EBEFEHL T
EOELOBRIERESETH -, BHIZIEEIRRLED
WHIREBRTO/ENNE RUBRTFE2RICEHKOR
K[HHEIRO LD E S h, WEREOEDEECHIEL
T3 WSR2 L, EHOBERMENSEETS
3, NHBRMRTORBEER2ETNVERTHANSZ
DI, FE R ERCHAITCE 32— BSRBETH S,
Boler et al. (1984) RHBERERN ¢ > ¥ —2F%L, ¥
BEREOBESHEE 2L 525 2 LeHAL, BB
MHz OEBEER%2 >/ A—% (nm) ¥ —¥TLH X,
FaA—RF 4 v 27T8 v a(Acoustic Emission : AE)
W RT3 2 LRI L7z (Boler, 1990). LU
ZOEBRFAHCESSEINEND Y, Y{TTOB
OFEHE L L2 ED 5 L, 20K E S13 100 mm %8
ABLOLRVEARVERTHD, Ok, —R@AHT
Y OFHENZ 2 E LB E L 3L WEEL, HEMERER
DIHDETNVERIZIZDHED A ohTwizwy,
SERL BV —¥— ¥ v 77— EE (Laser Doppler
Vibrometer X i Laser Doppler Velocitometer, AT
LDV EHEE) B> ¥—k L CHIBROGRE EHR TS
TedDEFNVERFERERFE L. Thidv—Plige
BR BT 3 20 R REORERIE2FRTS,
e ey — L OMOBEESTE L %% OTHRY Hw»
BELLABRTHE, UTZoREE, ZhETTHE
HIZfTo T K DR OERIZ DV T ORERERT. LDV
PRV EBIOERLEHA» S, TFNVEBRICX 28
EROBENZRSUEER S,

2. WBREEHOEFILRER

2.1 FTHERBICHT2HEEROEE

LDV QEBERERFEI DWW T3 81z, Akiand
Richards (1980) »&3[A L 1 K% b L icHERE
GIRC B 5 MBS RS TS5, 513, KiictR
WOBE b LIEIBIERE L O AL B, Wbl
BHEPRTEMNES c LOB ke &, FNENRLTW
%, REEES RS T IMBEEHEORE C KRER
(ray theory) MMfEbh T35, HiRERLFIFTES
D, THEHEDRMIVE I MRBEOERIZERT
SRECBATHS, FEORETHEEE LT
LFo&ERHEZEATHREELTI Y, LhL, X
i, HEEROBRISERABETEHL T 288
L, 203 REERBRENE Y, »Wol25, i
BEROBRD 2 »ikEEEEEPEES BRI+
SEVIEEO T TEE L TwhiE, EEROTE Y
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% urbaflo
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kL (wave number x travel distance)

H1IN BEHOHILEHRT 2 L OOFEROME L ERERO
% EL-ka A7 7 L TRLIz B D
Aki and Richards (1980) it & 3.
Fig. 1 Classification of scattering problems in in-
homogeneous media and applicable methods shown
on the ka-kL diagram. After Aki and Richards

(1980) .

Lz b D2 &L REFR, 2VidSlitiyElt
B alUTHBHHRPERTE 3,
BEOHBHEEOZEANTTVERIE, £ 1ROET
RULEERTITON S 2 L35, T ORI IETER
THRON BB EZATEY, BRI THEERSZ
ORI L, ST NVEREEMCERT S
EHTE B,

2.2 EFNEROKEE LDV OEME
BHEORHEZ ITEFEERTHAOA TS, BE
YA R LEBERTFOHRN L OBFR» 6, BN TOEERD
K55 B EEEEIEY 100 kHz-H MHz ThH 258, =
DOEFREE B IR OWELEN 2 EREEHAT 2
DRRHEETCH S, FERFIRIRFOVA ATHRE BME
BFORERAEE»H Y, LU LHEE T 2T iTE
OFEBIEELIESXBIERTER Y, ZDkH, E
LERBEIDOUEERFOTRCEET 2R LU UREO

EERSEEL T34, EERTEEHD Y —AvEER
B e bifEhic e 3,

IR0 XS EAEES CIEROEMEEHIET 7
DHEBAEROBERAEENE (Boleretal., 1984) 23bH
305, B R BRI L D IEE AVERL TR,
LIz oT, IhETiTFbhiERAEEZAVEET NV
FERRDE 1, HHOMENILEE b Lz Ul EENER
e Y E o T,

LDV i3 REPLSED 27 DDORHFA 7 V) — 25
EZHE 2 1E i, RS & D 20k »IEEAREE
THHETE 20T, EERTERS>h 2 HREPEERE
WREAT A2HEELER T I LB TE S, Big, LDV
TRAEROEERBXAER L EROME LS 72D,
EEEEOMELLE L ¥ TR S ERHREEIE
B3, THBBEORSER LHEHETERITE Y S/N
HoEE»nEoh, FEIRELERECHIET S ZLH8T
&5,

LDV @ % 5V & D DOFRIZ E— A BEHHR % 20-400 ym
EWSPWEBRCLIED 24, I OfFEBATOREBT
222 THB, EBRTERVWLES, RFOREE
% 3-10mm &% Y, BFOEMII KT 2 FiRE» 5
Hahsz, MEEEECREOMEEERNT LD,
WEL DEWER B 2R (71v4) BELRLE
A2SfThbh 5 GERIES, 1990 ; JBAED, 1993), £FH
PEET 2 (PH) OBE, E¥E1 MHz-# 100
kHz THERBE M- om £ 2V, FERFOLKEEL
RBRETHSD, FEIVEVHRTOT v 4B
TERW, TVABHAGETOTRYERERLOKE
rFBRTHY, CNEBELLERPTESZ LI LDV
OXREERFIRTHL, &, BRT 2EHBEREX 2V
—VEEWS L RRNEICEE L SRS OEERS I
DWTHHAETE 20T, FA—ETO IERIAEHFE
B TEETH 5,

HUEDL>2 LDV OFIEEELT I L LD, TIHE
BB BT 2 GREESEE T VERIC L > THEL
SEARBZEMTE S,

3.8 B

3.1 #MBrEE

LDV iR EER R L CH FETHIAI R THwS
(ILAIE D, 19912, b &K, 1993). FOEFTHAK
HEE V CEET 2 MiEs & RS n B 0%

+£H=2V/2 (1

DRy 77—y 7 b 2ET 3 ELADTETREE V O
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HEREFARFBOE F459)

FEZHET 5, ULizdo T, KE¥D LH2HIE T,
MHROBREERD B ZENTED, TR 1 RBEDTRE
ThDHIERERINSS, VKRB OREEHE
7o, AREDOLDIZE, EEORELIXEOETT
waghiF kv (Deferrari and Andrews, 1966 . Defer-
rari et al., 1967). FEBCRTEERTEHG T
DOBERCY 7 P Ul AHLAE Ry FI—v 7 b LI
LA RETHER, LTADESR2ES, Zhind L%
B, ForS—y 7 NLBAERAEIRYMT, T4
bbb, HREERELAEHERAL TS, ZhE2ERT
NISHE PIRIEMEE LCHEBTE 3,

SEEAC R U7z LDV 1i3/NSFHIZSE D LV-1300 T He-
Ne V—#—¥03EbI T3, L—P—EDFERIX 632.8
nm ThH 55, f~10"Hz ki 5, HEIEAEERMERIZH
ELRAESCRLIE 2HoBoifscRans, @l
i¥, 107*m/s OEEIRIBOIES 2 51, 1.5 MHz 2 CHl
BT 2L TES, 1.5MHz, 10*m/s DIREIOENL
RIEIZ 1 nm YT 2, BRAEMOBWHEERP IR
THZEMBTERLYE, ()R EBWT V HUME
 fobSHM:E o BB L AR R 3 L BHBER®T
&R B0 TH5, SEOER T, FEL10%-10°
Hz OEENR L, /4 X1~V 0.05 mm/s fBE CHER
R PBR TS Z ST E R,

7., 10 mm
01,/
S
., 10
5 m/s—] q
10°
A10" b
Q 2|
€ 10°
%10‘1
9
S 107
N
Spm/s.-10%
10
A
YU 16 10 0 ' 0 10 10
Frequency (Hz) 1.5 MHz

E2H EEBCHW LDV (LV-1300) 0ofl: Boowiis
DT AR O L M CR S T B, WG T BN
ERE L EHRREOBLRINA TV S,

Fig. 2 An observable velocity and frequency range of LDV
(LV-1300) . A shaded zone indicates an observable
range, which depends on velocity and frequency.
The axes of acceleration and displacement are also
shown in the same figure.
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KOBS KET 2, TARREEBFOINRWESE
Bz 4T LEY, BuREREER i3
VY — R RESEOEICETRICSLE 2 LBBETHS
2, BEOBECRRYLABIEETHE, DL
BrE, P ASAACE L R 2 4E (FRYE) 257
OREHAZ V-V EBWS L, RATOBEAHBH
HENRRWESTHROVREELELNE., COEDK
HyYy—MN3FuPeryvavi ZV—vileBush
Tw2bOT, BEBNEG TSI RAF v 7HRBBITL T
By, ARERHICYL CEECRETCERWEETD
AFE EA—AEcBeREEREs 2 nTES, Fl

Dz, RV F I NEINA T AL yy— ) 610(RERE ¢

Reflection sh?: % Sample/
T

p— RGN e 7T
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AMP (20dB)
Waveforms
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— LDV (LV-1300)
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B3I HEEOWE —FHOHEOEERF/ VAREX, HEEE
FREXE S MFOTMCEEBRTFLEMERNT — 7%/,
Zh eIV ERE L URBOZEERRET 2. (2)-(c)-
TR U LDV e v 4 —OfRE 5 BliTR shicsign
FlEfE T 3,

Fig. 3 A diagram of measuring system. A detonator piezo
-electric transducer is mounted on a surface, and a
receiver transducer and high-gain reflection sheet
are mounted on the opposite surface. A laser beam
illuminates the high gain reflection sheet and mea-
sure the velocity of ultrasonic vibration. The posi-
tions of the LDV optical sensor correspond to the
waveforms shown in Fig. 5.
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THEEETORBREEETVER (B 3d)

A —TAHE) 2HAWw3IENTES, HHEESRE
WEEEBICREONERIOEY FOTF 4 VINMELELT
AVE2—F RERENEHZRENS, —EHOHETES
NAESRIERCHEL, o CcRBEEEERs L
BTERwDT, UTRRRE IS ICAY v F 72T

=

2.

3.3 EBORSvF S
EEEEEOESIRIEECHEL, LDV 2ol %
DEEEHUCHEBERIIIZ LA YRR, KT
— PR TRE Rl S hi-EERE 4(a)-(c)D
I5RbDOTHS. EEHELFD, RIEFEESR
FIAELRELRUCSVAEEEZED,LDVICL 2
ZIREWEBREDYE 3,
Lnk;vf7/VA/4Xuﬁﬁb,*b5ﬁ§m
Bons EWAF(d)-(f)RAY vy F VI OBRETRT.
SEE I 500 BB EDRS v > 7 T2 S/N Ho+4>
BOER R8BS LNTE 2,

MWW I:::t:

m Ll hI4mWs
oV w«f\w\/\nﬂmw%«uqzmm,s
;smo LAY 2
KS=800 M/V\f\/ MDA —] 2mive
55000 mf\’\/\/ MNP~ 2mmis
e S

HAE Ry vFC7OR (2)-(d)TR/ 4 XV HELE
BERZTENTERL, RAFvFVIREBEH(e)-(h)
TESHHEN, HEEDRS v+ ¥ 7 TEERELRESHIES
hz,

Fig. 4 Effect of waveform stacking. In (a)-(d) wavefor-

ms cannot be seen due to the high noise. It is hard to"

detect signals in the original waveforms without
stacking, but signals become discernible after sev-
eral hundreds of stackings.
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Fig. 5 Comparison of waveforms between PZT voltage
output and the velocity amplitudes measured by
LDV. The waveforms in (2) are the high-pass
filtered waves with 1.5MHz cut off.
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¥, c: FEZEF, LV DU RRBCOEBRTFEERD
EEWEH, d:cbDEOFET, EBRFEED
EsFAEENCHIET 28, ¢ I EERTHLOERE
HAEKTH 5. QIERO LDV %L vy — OB IS
3E(a), (b), (c)TRINTWE, EFERXRFHIOK
HEhi- ik, 2 MHz BEOE B £ 400-500 kHz
DFLHBROoNE, 2MHzBEORIE T CWWHBEL TR

5z 2 B, 400-500 kHz DRI 10 ps BL_EIREEIEE

BLTW3, bOWERERETCOIREIEE I, EEKD
i RHEEREZLBTE S, cOEEBRTHBROE
B% L 527 b OTIE, 2 MHz & D EARBEOES
HEHELTwBDOBRR NS, EERTFOEBSLYERE
OIFEFE L 52 TWa 5T, e DEFIXb DEBIY
TwulihiEasizwn, LHhLEWKRSE31Z, be
OEWRELLIER-TWS, REBEWE, eTiX?2
MHz BEOBR RSO b LT, 400 kHz BEDIRENDS
O LEREWRHER THEL TW3ZLTHS, ©»
<23, d DEBIEERTEEDEAAROESICN
BLEbDEELLNEDT, EBRFOEBEHIVE
BRTORAH RS 2ERCER L TR, dEe
BREWEBLEEL 22T ChH 5, BEOEHIT
BERIMTW2Y, eicRohs 400 kHz BEDORE
BEHREE SRS I TRREShEZVL, B5R(2)1X1.5
MHz DA ISAT 4 V8 2BRLI:HAITHE . bLe
DEHT 3 O RABS DA TH> T, € Dk
FBOXVENBEHEOEERVBRL ZETERY, B
oz s, FERFOBEHNEE e 13 2 MHz BE
DERFEES 2RV TR MMEREORE 2 BECHEL
TwRNI Ebhs,

42 SU¥LLTRENEERF OBEICLBEE
BBV & 3 EEMEROZ(L

6 KIZEE 50 mm X 50 mm, 2 100 mm O MEAKE
FAROBEE 2 BV, EWIZEH»WES 50 mm X 100 mm O
HoMZ2ERLU-#EHETCH S, Theth, 1) 7vE
= A, (2) FIRWSE, (3 v=RP U —ThEE, 4 T
HIEREC DV TOHEBTHS, (1) TVIE=TV AT
ERERAVBERLTEY, ) veAy ) —ibEE,
(2) FIRFDE, (4) MEEEESCRICERELNEL &o
TWw3, Zhid, WEOTHENDOERENZLZHDT,
EETRERED OB CHMEREE D&Y, ST
DREBW X > TTHEBEN/HRTIohE, BTH
BAIEWE, YA ) —1tEE, fBHEERE kU
ik 2 EEETEE L L BARERLEOEESET,
EFNTNOEROBREYRFOREERLTWS, ¥
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Fig. 6 Transmitted P wave and power spectral density of

metal and rocks. (1) aluminum, (2) Izumi sand
stone, (3) Westerly granite, (4) Inada granite.
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a: lzumi sandstone

¢: Inada granite

1)

b: Westerly granite

d: Yugawara andesite

FTH BRowEe

A
10 mm

a I fIRE, bl vy ) —IERE, o WMEEEE & BRARELS

Fig. 7 Microstructures of rocks. a : Izumi sandstone, b : Westerly granite, ¢ : Inada granite, d :

Yugawara andesite.
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Fig. 8 Model experiments simulating sesimic array. A
wave source PZT is mounted at the center of one of
major surfaces and simulated seismic arrays are
located on the other major surface. # denotes an
incident angle of elastic wave. Observed amplitudes
are the vertical component to the surface, which are
us cos@ and usy sind where % and usy are the radial
amplitude of P wave and the tangential amplitude of
SV wave, respectively.

HOR —REMb3AEMIC o TELZEHEDPH, SK
OIRIE (KEiEH, 1995&D)

Fig. 9 Amplitudes of P and S wave caused by point force
acting on the surface of a semi-infinite medium.
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