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A modal analysis is presented to describe the excitation of Lamb waves in an elastic plate using a
liquid wedge transducer. Analytical expression for the displacement of a given mode is derived for
the excitation by a uniform bounded beam. In contrast to previous studies, the contribution of the
reflected wave is included in the input exciting forces using a perturbation theory. The conversion
efficiency, defined as the ratio of the guided mode power to the incident power, is related to a single
parameter which depends on the rate of attenuation due to leakage from the guided wave into the
liquid wedge. Numerical results relevant to the fundamental Lamb modes are obtained as a function
of frequency for various incident beam widths and plate thickness. Using optical interferometric
detection, direct measurements of the Lamb modes displacements have been carried out in
aluminium plates to verify the theoretical analysis. 1©97 Acoustical Society of America.
[S0001-496607)00402-3

PACS numbers: 43.35.Pt, 43.35.84EB]

INTRODUCTION literature by Victorov! Miklowitz,'® AchenbacH, and
Eﬂthers?g'19 In most of these theoretical studies, the problem

Lamb waves propagating in an elastic plate have a gre IS generally resolved as a function of input force using inte-
deal of interest for flaw detection and material characteriza- 9 y P 9

tion of layer structured:® Victorov* has reviewed in detail gral transform techniques. For transient excitation problems,

the use of Rayleigh and Lamb waves in nondestructive test:-he solutions are derived by first applying the Laplace trans-

ing and monitoring applications. Also, in the past decade orm with respect to time and the exponential Fourier or

there has been increasing interest in the fields of sensors th‘é'fjmkel transform with respect to space. The inverse transfor-

employ ultrasonic Lamb waves® mation integrals are then carried out by the evaluation of

Lamb waves can be excited and detected by a variety Oﬁesidues vi_a the method of stationary phase or py the method
methods. For signal processing applications, Lamb waves a@ 9eneralized rays. As can be found in the literat(see
generated by using interdigital electrodes on piezoelectriR€f- 16; for examplg the evaluation of these integrals in the
crystals or on piezoelectric films deposited on a ncmpiezoﬂrst_approach !nvolv_es the understandlng of the intricate be-
electric substraté® In nondestructive testing, the wedge havior of the dispersion relations for rea.ll as well as complex
method is probably the most well known in which a prism orWave numbers. The theory of generalized rays is an exact
wedge is employed to convert bulk waves into Lamb waves. method involving dynamic Green’s functions. It quickly be-
Other transduction techniques have also been reported in ti@mes computationally intense as the number of ray paths
literature, including optical methodd®!! electromagnetic from source to receiver becomes large. Furthermore, explicit
acoustic transduceréEMATS), 2 capacitance transducers, expressions of the input forces are generally required in these
and air-coupled transducefsThe major advantage of the formalisms for deriving displacement fields. However, this
noncontact techniques lies in the elimination of the couplingnformation is not always knowa priori in practice. In the
materials, which is undesirable or impossible in applicationgvedge method, for example, the input forces shall depend
such as the testing of hot metals, or structures where theot only the incident wave but also the reflected one. This
surface contamination produced by a coupling fluid cannoteflected wave is theoretically coupled to guided waves
be tolerated. Recent work using lasers for both generatiowhich are to be determined. Victorb\has calculated the
and detection is potentially very attracti¥e!® This laser ul- ~ displacement field of Lamb waves excited by a uniform
trasonic technique has the advantage of being noncontact abgunded longitudinal beam, using the Fourier transform
scanned easily and rapidly over the surface of an objectechnique. In his analysis, the input force contributing to the
though the required equipment is bulky and expensive anwave reflection and radiation was neglected.
has mainly been used in the laboratory rather than in indus- Normal-mode analysis offers an alternative approach for
trial testing applications. At present, in the majority of stan-treating the problem of waveguide excitation. This approach,
dard ultrasonic testing, piezoelectric transducers remain thparticularly practical and readily usable for descriptions in
most utilized for guided wave excitations, since the manuthe far field, is widely used in electromagnetfSmand
facture and use of these transducers are well understood aadoustic$!?2 The principle of the mode theory is to express
they are readily available. the excited field as the sum of normal modes obtained in a

Theoretical treatments of the excitation of Lamb andstress-free waveguide. The contribution of each mode to the
other guided waves have been reported extensively in theesulted fields is determined in terms of the associated power
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FIG. 1. Schematic diagram of Lamb wave excitation by the wedge method.

b being the thickness of the layée.g., elastic plajeande,

flow using the orthorgonality condition of eigenmodes.the unit vector along the direction. Heref, is the input
Mode theory has been successfully applied to study the exoading applied across the layer,
citation by the wedge method of nondispersive surface bi2
waves such as Rayleigt?* and Stoneley mod€s.Such an fn(Z)=iwf un (y)-F(y,z)dy. (4)
approach concerning the Lamb wave excitation was also re- b2
ported recently, in which particular attention was focused on o i o
the angular dependence of the excitation amplitude of &- Excitation of guided modes by a liquid wedge
given mode in the neighborhood of the Snell's law angle.  The principle of the wedge method can be understood by
Like Victorov's analysis, the influence of the wave reflectiona mode conversion process shown in Fig. 1. When a plane
and radiation was again not considered in that work. wave is incident on the guide at the angle defined by the
The purpose of this paper is to present a modal analysisnell law sing,=cy/v,,, Wherec, is the sound velocity in
of the Lamb wave excitation by a liquid wedge, which takesthe liquid wedge and , is the phase velocity of a guided
into account the effects of wave reflection and radiation. Spemode, a part of the wave is reflected directly and the rest is to
cial attention will be concentrated on the excited displaceexcite the given mode in the layer. In practice, the width of
ment and conversion efficiency of a given mode as a functhe incident beam is not infinite but several times larger than
tion of the parameters of the wedge transducer and the platke acoustic wavelength. Generally speaking, the wider the
waveguide. Quantitative measurements of the displacemenjave beam is, the narrower the angular range allowed for
fields using optical interferometric detection will be used toexciting the given wavé?® The distribution of the exciting
verify the theoretical prediction. forces resulting from both the incident and reflected waves
are located on the surface of the guie=b/2) within a
length L under the wedge transducer along thexis and
with a widthd along thex axis. As a result, the input force
In this section, we shall first describe briefly the generaffunction of Eq.(4) takes the form
treatment of waveguide excitation using the mode theory. . *
Then we will examine the input force loading introduced by fn(2)=ioluy (y)-T(y,2) & ly=pre- ®
the wedge coupling before developing the numerical compuln the case where the wedge is a nonviscous liquid, only
tation for the specific case of Lamb modes. normal stresg,, is transferred onto the surface of the guide.
Assuming the particle displacemenis and u, associated
with incident and reflected waves, respectively, the boundary

conditions to be satisfied at the surfage; b/2, can be writ-
Consider a waveguide in layered geometry as shown ifen as

Fig. 1, for example, where the field quantities such as par- _ B
ticle displacement and stresT are assumed to be indepen- (Ui Ur)COS 6 =2anUny(y=b/2) (6a)
dent of thex coordinate. The resulting fields in a perturbedfor the normal component of the particle displacement and
waveguide can be expressed by the mode expansion:

g P y P T,y(y=bi2.2)= —iwZe(ui+u,) (6b)

u(y,z)= >, ay(2)us(y), (1a  for the normal stress. Herg, is the acoustic impedance of
n the liquid. The expression of the second memiagr a,u,,

given in Eq.(6a) implies two assumptions. The first is that

T(y.2)=2 ay(2)Ta(y), (1b)  only thenth guided mode is excited by the incident wave.

" This situation is generally desirable in practice and can often
wheren denotes thenth eigenmode of a stress-free wave- be realized by choosing the incident angle according to the
guide anda,, is the mode amplitude. For the observation at aSnell's law and mode separation in the time domaee also
distance far from the source only the propagating mode ishe discussion in the following sectipnAlso the displace-
significant. To determine the amplitude coefficient of eachment associated with the excited mode given in g,
modea,(z), we make use of the reciprocity relation and thewhen the liquid wedge is present, is assumed to be the same
orthogonality condition of eigenmodes, which leads to theas that in the stress-free condition. This approximation is
equation governing a mode amplitude of the excitedbased on the approach of perturbation theory and is reason-

mode??? able in most practical cases where the liquid density is much

I. THEORY

A. General formulation of the mode theory
for waveguide excitation problem
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smaller than that of the elastic wavegufdé? stant. Such “saturation” regions, already observed in the
By the use of the boundary conditions of E@8), the  previous experimen(Fig. 41 of Ref. }, confirm well this
substitution ofT,, (y=b/2, z) into Eq.(2) leads to the mode prediction. It implies that beyond certain values lof the
amplitude equation written as supplement of the incident power is totally utilized to bal-
PO ance the radiation into the liquid. To the contrary, without
dw”Zouyy(b/2)u; 7) the inclusion of the reflected fiel@, =0) and consequently
2P, ' the leaky loss«,=0), the surface displacement of the ex-
g cited mode resolved from the mode amplitude equation, for
z=L, is found as

d
—+ik,+ a,

dz an(z):_

where «, is the attenuation per unit length of the guide
wave in the presence of the liquid wedge and is given by

o ITA2 2
ty=dw? Zo|upy(b12)|2/(4P, cOS 0,). (®) Uny= = Uildw"Zo|uny(b/2)[ /4Py L., 1y

This attenuation phvsically stems from the enerav leakage 0\1,s/hich is, except for notation, identical to the results given by
pny y 9y 9€ Nrevious theories?® Unlike Eq.(10), formula(11) predicts a

the.gwded mode.lnto the sgrrpundlqg liquid during its Propa-inear dependence of the excited displacement on the width
gation along the interface liquid—solid. If the second member o . )
of the incident beanh.. This divergent result, when increas-

is zero corresponding to the case where the incident wave ng L. does not obviously agree with the experimental obser-

absent, Eq(7) becomes homogeneous and the amplitude of ~. . : . i
. . X vation mentioned above. Moreover, the inclusion of the re

ax(2) Is proportional to exp-a,z), which represents clearly .4 ol provides also the possibility to stéfiythe

a leaky mode traveling along the waveguide. According to onspecular reflection phenomena, occurring when a

Eq. (8), the greater the normal component of the excite A L
NI - ounded wave is incident on a layer at critical angles
mode, the greater the energy radiation into the liquid. The, : 28
L, =arcsinCoy/v,,).

second member in Eq7) can be considered as an input ! .
o o . To determine the performance of the wedge transducer it

force term due to the excitation by the incident wave. Like. e . .
. . g . is necessary to calculate the efficiency functign defined

the attenuation coefficient, this input force provided by the ! ) o

o . . s the ratio of excited mode power to incident power and

incident wave is also proportional to the normal componenfaiven by?324

of the mode to be excited. This is because of the mechanicgl

coupling via the normal stress between the incidend ra- 7n=2[1—exp ap,L)1¥ (ayl). (12

diated wave and the waveguide.

Let us now find out the solution of the amplitude equa-
tion (7) when the incident beam is uniform and parallel. As
shown in Fig. 1, the incident wave, is assumed constant
and bounded betweer0 andL =w/cos 6, along the wave-
guide. The incident angle is chosen to verify Snell's law
k,=ko sin 6,, exciting the given mode cumulatively. The
solution of the inhomogeneous equatioh) is the superpo-
sition of that of the homogeneous equation and a particul
one. With the initial conditiora,,=0 at z=0, the amplitude
of the excited mode in the presence of the liquid wedge ¢
be readily found as

Thus the conversion efficiency is expressed in terms of a
single parameteh,=«,L, attaining a maximum value of
82% ath=1.3. In this specific waveguide where the surface
wave is nondispersive,=vg (constan,>>?*the efficiency

7r @S a function ofhg=agxlL represents nothing else than
efficiency vs frequency plot because the leak rate of the Ray-
leigh waveag is proportional to frequenc$: As will be seen

in the following section, the situation becomes much more
a(Eomplicated in other waveguides such as an elastic plate
where multiple and dispersive modes coexist. As a result, the
a'&fficiency depends not only on frequency but also on geom-
etry parameters of the waveguide and the transducer. Nu-

a,(2)=—a; exp(—ik,2)[1—exp — anz)](2/a,P,) Y2, merical calculations are often necessary to determine these
9 material and geometry parameters required for optimum ef-
ficiency.

wherea, =iwU,(dZ, cos6,/2)*? and U, is the displacement
amplitude of the incident wave. The amplitude of the excited ) ) .
mode leaving the liquid wedge is thus equal to the value of>- Numerical computation of Lamb waves excited
a, taken atz=L. This amplitude will be constant during its In a plate waveguide
propagation if lateral wave diffraction and material absorp-  Lamb waves are the eigenmodes propagating in an elas-
tion are neglected. Substituting, of Eq. (8) into Eq. (9) tic plate with stress-free boundary conditiohg=T,,=0 at
yields the amplitude of the surface displacement of the exthe two surfacey= +b/2 (Fig. 1). Associated particle dis-
cited modeU,,,=a,u,, (y=b/2), when normalized to the placements are located in the sagittal plane formed by the
particle displacement; of the incident wave, as direction of propagation and the axis normal to the plate
_ plane. According to the symmetry of particle displacements
Uny/Ui==2 cosfy[1=exp(—anlL)]. 10 Gith respect to the middle plane of the plate, the Lamb
This relationship is practical and can be easily verified by theavaves can be classified either as symmetric modes or as
experiment(see the next sectipnEquation(10) shows that antisymmetric modes. Figure 2 displays the plots of phase
the amplitude of the excited mode strongly depends on thgelocity versus productb (frequency<plate thicknessfor
parameteh,= «,L, related to the wave leakage into the lig- the first few Lamb modes in an aluminium plate. Since the
uid in a reverse process to the excitation by an incidenphase velocities are generally frequency dependent, the
wave. It is noted that the displacement of the excited modéamb modes are dispersive. Among multiple Lamb modes,
increases rapidly witfe,,L) and then remains nearly con- the lowest symmetri&, and antisymmetrid, Lamb modes
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are of particular interest. They are qualitatively different - 0.2 /J/
from all other modes and can exist for any value faf, é b=1mm .
whereas other high-order modes have cutoff frequencies. In 0.15 e
the limit of fb>1, both theS, andA, modes become asymp- g ! // et
totic and approach to the velocity of Rayleigh wave. § 01 AN - b=2mm_..-""
Exciting a Lamb mode by the wedge method is to select £ \ UL il
.. i < 0.05 = e
the incident angle verifying the Snell law séh=cy/v,. The — — | Tr===--r""
corresponding Lamb angle®, can be determined from the 0
phase velocity shown in Fig. 2 as a function of the product 0 1 2 3 4 5 6 7 8
fb. As mentioned in the preceding section, the mode ampli- fb (MHz x mm)
tude as well as the efficiency function depend strongly on the (b)

leak rate ofa, into the liquid wedg¢Eqgs.(10) and(12)]. To

determineq, it is necessary, according to E@), to calcu-  FIG. 3. Attenuation coefficients of Lamb mod8g (a) and A, (b) for two
late the normal component of displacement at the plate suglifferent thickness of plate=1 and 2 mm, immersed in water.

face normalized to/P,. The power flowP,, defined by Eq.

(3) is expressed in te_rms of stress and displacements, Whic&plains the weak wave radiatidie., attenuation When
can also bg determined from th_e energy density and thﬁ1e frequency or the plate thickness becomes dffést 1),
group velocity V. For thezplth guided mode, the average e 5 mode is essentially concentrated at the surfaces of the
power flow takes the fornf plate. The radiation behavior into the surrounding liquid is
1 b/2 thus the same as the Rayleigh wave which is proportional to
Pn=5 sz(Vg)nf b/2(|uny|2+|unz|2)dyr (13 22 As shown in Fig. &), the antisymmetricalA, mode
behaves in the same way as the mdjein the limit as
which avoids laborious calculations of the stress field refb—~. To the contrary, thé&; mode has an important radia-
quired in Eq.(3). Using Eq.(13), it is possible to calculate tion (and attenuationin the low fb limit, caused by its flex-
a,, from the particle displacement of the given mode alone.ural motion normal to the plate surface. The cutoff of the
Figure 3a) and(b) shows the attenuation curvesver-  attenuation curves atb~0.22 MHz<xmm is because the
sus the productb for the two fundamenteh, andA, modes  phase velocities of thé, mode below this limit are smaller
for two different thicknesseb. It is found that, for a given than the sound velocity in the wedge liquid. As a result, no
value of fb, the leak ratex is inversely proportional to the radiation of guided waves is allowed by the Snell law.
plate thickness. Similar curves were presented previously by Now we search for the amplitudes of Lamb modes ex-
Merkulov2° who has resolved mathematically the character-cited by the wedge method. By making use of the dispersion
istic equation, in a first-order approximation, of a plate im-and attenuation results illustrated in Figs. 2 and 3, we carried
mersed in a surrounding liquid. In comparison with thatout the numerical calculations directly from E40). Figure
work, the present analysis has the advantage of giving 4(a) and(b) show the surface displacements versus the prod-
physical feel to the phenomena and establishing explicitlyuct fb for the symmetricalS, mode excited in plates of
the relationship between the attenuation due to the wave rdhicknessb=1 and 2 mm, respectively, by the wedge trans-
diation and the normal component of the displacement norducers of different sizes. As expected, &gmode is hardly
malized to the power flow. It is seen in FigaBthat« starts  excited at the low-frequency limit because of the lack of the
from zero with the frequency, reaches a maximum value ahormal component of displacement coupling with the inci-
fb~2.6 MHzxmm, and increases asymptotically wiff  dent wave. After undergoing a rapid increase with the fre-
when fb tends to infinity. In the limit ab—0, the sym- quency, the amplitude of th§, mode attains a maximum
metrical modeS, behaves basically as a longitudinal wave value and remains rather constant over a wide frequency
with the displacement parallel to the plate surface, whictrange. The displacements excited by the same transducers of
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. . . ) FIG. 5. Normalized surface displacement/Af mode in a 1-mm(a) and
FIG. 4. No_rmallzed surfa_ce dlspla_cementfm‘ mode in a 1-mm(3 and 2-mm (b) thick plates, excited by different sizes of transducer.
2-mm (b) thick plates, excited by different sizes of transducer.

Il. EXPERIMENTS
the antisymmetricahy mode are shown in Fig. 5. Compared

to the S, mode, there is no abrupt variation although the ~ To verify the above modal analysis of the Lamb excita-
amplitude of theA, mode increases a little with the fre- tion, we have made use of an experimental setup shown in
quency. For a given value dh, the excited displacements Fig. 8. The \_/vedge tran.sduce_r is realized with a p|ez.oelt_act.r|c
of both theS, and A, modes are function of the plate thick- transduce.r |mmersed. in a distilled water tank, which is in
nessh. Besides, it is seen in Figs. 4 and 5 that the amplitud ?ntgctf_\lmth:n alumml;‘m plate at the bolt_tom acroshs a thn
of the excited displacement increases, for a given frequency’ a,St'Cd ' g‘ (<10 '“,T)' T he trsnsdgcer is aligned sor': at the
with the sizew of the transducer, i.e., the width of the inci- Iemgted edartr;] St”t es tf € our][ aryf/ tiepaja:mg_rth N WaFterc-j
dent beam. One possible explanation is that the Lamb Wavq_ga ed an © stress-lree parts of Ihe piate. ihe excite
: L e ; amb waves after leaving the liquid wedge propagate along
are excited by an incident beam verifying the Snell’s law. As : i
. o a stress-free plate where the energy leakage into air is neg-
the source is coherent, the larger the excitation zone, thg . : s .
ter th litude of th ted mod igible. For a given incident beam, the normal displacement
greater the amplitude of the exciied mode. . of the excited Lamb waves is detected at the polished plate
For a given amplitude of the incident walk , increas-

surface using an optical heterodyne interferomé&tefhis

'ng the beam widtiw implies an Increase in the power sup- displacement interferometer having a sensitivity of 40
plied to the transducer. To appreciate the performance of A/ Hz

o | ) z is calibrated to 10 mV/A. Detailed description of
wedge transducer, it is useful to calculate its conversion efgyiica| displacement or velocity interferometers operating at

ficiency 7. Figures 6 and 7 present the efficiency functionsy reflecting or scattering surfaces can be found elsewfiere.
obtained from Eq(12) for the S, and Ag modes, respec- Ag described below, the amplitude of the incident beam is
tively. Maximum efficiencies of about 80% are attainable. Ingisg determined optically using an original interferometric
contrast to the Rayleigh wave where an ideal size of transmethod. The ratio of the excited displacement amplitude to
ducerL=1.3/ag(f ) exists at a given frequency for a maxi- the incident one will then permit a direct comparison with
mum efficiency, the conditions required for optimum effi- the theoretical value computed from E@.2). In previous
ciency of Lamb waves are not so simple to determineexperiments, the efficiency functi#hand the excited mode
Indeed, the efficiency functions depend not only on fre-amplitudé® were determined by measuring the round-trip in-
quency and transducer size, but also on the plate thicknesertion loss of the guided wave reflected from the edge of the
and type of the modes to be excited. waveguide. The present optical method presents an advan-
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FIG. 6. Efficiencies for different sizes of transducer of generating the mode
Sp in 1-mm (&) and 2-mm(b) thick aluminium plates, respectively. FIG. 7. Efficiencies for different sizes of transducer of generating the mode
Ag in 1-mm (a8 and 2-mm(b) thick aluminium plates, respectively.

tage in being more direct and quantitative, avoiding the com-

plicated process of mode conversion which may be encour€asurement. Figure gb) shows a typical pressure toneb-
tered at the end of a plate waveguide. urst of an incident beam, emitted by a Panametrics trans-

o o _ ducer of nominal diameter of 12 mm. It is driven at 2 MHz
A. Determination of the incident wave amplitude by HP 8116A generator through an ENI A150 amplifier. The

In the preceding section, the displacement of the excitedn@asured amplitude of pressure was*20715 atm. The cor-
Lamb mode is calculated as function of the incident wave®Sponding particle displacement can be deduced readily by
To compare with the theory, we need to determine experith® relationshipu=p/(wZ,), whereZ, is the acoustic im-
mentally the displacement amplitude associated with the inP@dance of water ana is the incident angular frequency.
cident wave striking the plate Vikquid wedge. For doing For example, the mean amplitude of the particle displace-
this, an acousto-optic method combined with heterodyningn€nt deduced from the pressure shown in Fig) & 14 nm.
detection was employed. This method, recently developed by
the authors?—3*allows the acoustic pressure or dilatation to

be measured inside a transparent medium. As shown by the Function/pulse .| Digital Micro
schematic diagram in Fig.(8, a laser probe beam crossing generator oscilloscope computer
normally an acoustic wave undergoes an optical phase shift Trigger

due to the acousto-optic effecty (t)=(27u/\)p(t)d. L "

Hereu is the photoelastic constant of fluid medi}) is the amplifier

acoustic pressure, ardlis the length of the acoustic beam.

This probe beam is then mixed with a reference beam issuing  Transducer Laser

from the same laser source. The signal resulting from the ] probe

interference  at the photodetector level will be A Water

i(t)=(1o/2) coslwgt+ A¢(t)], wherel, is the laser inten- ‘ tank Solid plate
sity of the source andyg is the frequency shift of either the A

reference or probe beam produced by an acousto-optic — " Lambwave ' |

modulator (heterodyning This phase shift proportional to

the acoustic pressure can 'be demodulated by_ a broadbapfk, g, Experimental arrangement for generating and detecting the Lamb
electronic processing similar to that for displacementwaves in a plate.
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water wedge is measured by an optical interferometric method. .
Time ([s)

b
B. Measurements of Lamb modes ®

FIG. 10. Typical displacement waveforms of the excited Lamb m&j€a)

A ten-cycle toneburst of longitudinal wave shown in and A, (b) in a 1-mm-thick aluminium plate.

Fig. 9b) was used to excite Lamb modes in 1-mm-thick

aluminum plate, placed in the far field of the transducer. In . .
this work, our attention was focused on the observation 0?680 m/s, corresponding well to those predicted by the theo-

the two fundamental Lamb mod&, and A,. In order to retical dispersion curve$ig. 2). Unlike modeA,, the wave-

ease the interpretation of the received signal, the frequencf)zrrn of modeS, was d_|stort_ed in comparison with that of the_
cident wave. This distortion arose probably from the rapid

of the toneburst varied so as to give a productf bf(fre- mciae . X
quency thicknessirom 1—3 MHz<mm. In these regions of variation of its displacement response at this frequency range

fb, only the fundamenteb, and A, modes are dominant and [F'%' A@]. The peak—tg-feadkf?mplltl:des of 1% fand AO .
propagate with different phase velocities. According to_'pr?e ?rsévn(aerr?cm?nisrgﬁenfirn éai;]erc];sree(\q/\;jaesngyloMeH);CltFaitl?Jrr]é
Snell's law sind,=Co/vy, the two modes can be excited 11 ShO\(I:]VS theymeasured amplitudes normaliied to t.he ?nci—
separately with different incident angles. When the fre-d " th dulfb I ith the th tical
guency increases, the phase velocities of Seand A, ent wave versus the pro » along wi € heoretica
modes approach each other and the two modes can be surves. Overall, there is a qualitative agreement between

cited at  given angiés~30° cue 1o the beam spreading of o Y S8 B EET O BT S0 P R
incident wave. It was not a problem in our experiment to ) 9

isolate the mode of interest from the rest of the received cPancy between the theoretical and the experimental re-

; ; ; 2324,265 1 ;
signal, since the corresponding group velocities are differentsijrlitsl'ik':e'rssé’u?;g w:rgr:!éﬂlgezt?gﬁi r:avggn(zltmhggflovr\]/ziereas
causing mode separation in the time domain. In the prese% P P y

S . e transducer used in the experiment was of circular nature.
case where the incident beam is large compared to the Wavé— P

length, the maximum amplitude of a given Lamb mode is econd, the theoretical assumption of a uniform incident

achieved when the incident angle is chosen according to th cam was d|f1ierent from the practpal one generally in
Snell's law? Varying the incident angle as function of aussian formi* Also the beam spreading effects neglected

fb allows us to generate Lamb modes with different wave-:cn tr(;e theo_ry but Eres_ent_m _tge eﬁperlment dcan m_duce error
length as shown in Fig. 2. or determining effective incident beaftransducersize.
Typical displacement waveforms measured by optica

interferometer of the Lamb mod&g andA are displayed in ll”' CONCLUSION

Fig. 10. They were generated with a center frequency thick- A modal analysis is developed for determining the am-
ness offb=2 MHzXmm at an incident angle of 19° and 34°, plitudes of Lamb waves generated by a parallel and uniform
respectively. The phase velocities deduced from Snell's lawincident longitudinal wave. Using a perturbation theory, the
with sound velocityc,=1500 m/s in water, were 4600 and reflected wave contribution as well as the Lamb wave leak-
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