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In this paper, some properties of acoustic waves at the air-solid interface are reviewed and
laser-ultrasonics is used to optically excite and detect these waves. In comparison with the leaky
Rayleigh wave, a large amplitude is observed for the acoustic disturbance which is composed of
Scholte and lateral waves. However, it is apparent from theoretical results, taking source terms into
account, that the normal displacement of these waves cannot be large in such an interface. Another
explanation for the high-intensity fluctuation measured is the optical heterodyne detection of the
refractive index variation induced in the fluid. This assumption is experimentally checked by
probing the acoustic field parallel to the surface of the sample. The potentialities of these waves in
non-destructive testing are also investigated. It is clearly shown that the transmitted, reflected, or
diffracted acoustic fields provide useful information about the position or the size of structures
intercepting the propagation path. Indeed, glass plate thickness or steel block position can be easily
determined using a time of flight analysis. This suggests a lot of new applications in the sizing of
structures where noncontact measurements on inaccessible parts would be necessary. ©2005
American Institute of Physics. fDOI: 10.1063/1.1886276g

I. INTRODUCTION

Around 1925, Stoneley pointed out the existence of a
surface wave between two welded semi-infinite elastic solids
and about 15 years later, the geophysicist Scholte in order to
understand the unexplained properties of seismograms, de-
scribed a particular case of the Stoneley wave when one of
the solid becomes a fluid.1–3 This wave, nowadays called
Scholte wave, has its energy mainly localized in the fluid and
if the viscosity of the media is neglected, the Scholte wave
propagates without attenuation. Different methods allow the
generation of this wave, for example, the use of an interdigi-
tal transducer or a thermoelastic source.4,5

In this paper, we describe an experimental analysis of the
structure and some interesting potential applications in non-
destructive testing of Scholte waves at an air-solid interface.

Let us consider two homogeneous isotropic half spaces
in contact atz=0,r1 is the density of the solid andr2 the
density of the fluid.Vt andVl stand for the velocities of the
shear and longitudinal waves in the solid, respectively.Vf is
the velocity of the compressive bulk wave in the air andV
the velocity of the interface wave. The secular equation of
the velocities is given by4

4j2s1 − j2d1/2sh2 − j2d1/2 − s1 − 2j2d2 −
r2

r1
Sh2 − j2

a2 − j2D1/2

= 0, s1d

wherej=Vt /V,h=Vt /Vl, anda=Vt /Vf.
Brekhovskikh2 demonstrated in 1960 the existence of

two roots of this equation; one is real and the other is com-

plex. The real solution corresponds to the Scholte wave
propagating along the interface, and its velocity is close to
the lowest bulk velocity of the two media.3

Equations1d is solved for the air-aluminum interface by
searching a real root. The density of the solid isr1

=2700 kg/m3 and the density of the air at a temperature of
25 °C is r2=1.16 kg/m3. The longitudinal and transverse
wave velocities for aluminum areVl =5919 m/s andVt

=2981 m/s, respectively. The sound speedVf for dry air
treated as a real gas is 346.3 m/s.6 By writing Vs=s1−«dVf,
the solution of the secular equation of the velocities is ap-
proximately given by1

« =
1

8
Sr2

r1

Vf
2Vl

2

Vt
2sVl

2 − Vt
2dD

2

= 7.5Ã 10−12. s2d

A numerical resolution of Eq. s1d provides «
=7.7Ã10−12, which is in good agreement with the previous
prediction. This result shows that the velocityVs of the
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FIG. 1. Experimental setup for the laser generation and detection of the
Scholte-lateral wave.
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Scholte wave is very close to the velocityVf of the longitu-
dinal wave in the fluid. In this case, the spatial structure of
the Scholte wave is similar to the structure of the quasi-one-
dimensional bulk wave in the air, and the penetration depth
of the Scholte wave in the fluid significantly exceeds its
wavelength.7 In the same way, the velocity of the leaky Ray-
leigh wave is equal to 2778.39 m/s, with a negligible imagi-
nary parts.10−4d which corresponds to a very weak leakage
in the fluid.

It should be mentioned that a compressional lateral wave
in the air associated with the branch points ±Vf in Eq. s1d is
also excited and, in our case, it is impossible to separate this
wave from the Scholte wave by their times of flight. In the
following, we denote by SL wave the composite Scholte/
lateral wave.8 Other lateral waves associated with each bulk

wave in the solid also exist. These waves excited by laser
were often studied9 and are not of interest in the present
publication.

II. EXPERIMENTAL SETUP

The laser-ultrasonics setup is shown in Fig. 1. A 10-ns
duration Q-switched yttrium aluminum garnetsYAGd laser
pulse of 532-nm wavelength is focused with a cylindrical
lens L on an aluminum plate as a line source of approxi-
mately 0.5-mm width and 10-mm length. The energy per
pulse was 6 mJ, which allows us to work in the thermoelastic
mode. The ultrasonic receiver is a Mach–Zehnder type of
heterodyne interferometer with a minimum detectable dis-
placement of about 0.1 Å. The experiments have been
achieved to measure the time of flightt at different source-
receiver distancesD by moving the source along thex axis.
The accuracy of the displacement of the line source is
±0.1 mm. Figure 2 shows the leaky Rayleigh wavesLRd and
the SL wave for an emitter-receiver distance of 14 mm and
an averaging signal of 16 laser pulse shots. The experimental
velocities of these waves deduced by the cross-correlation
time delay measurement10 for two distances of propagation
are respectively 2788 m/s and 346 m/s, which are in good
agreement with the theoretical velocities. The Rayleigh wave
has a central frequency of 4 MHz and the SL wave, 150 kHz.

III. DISCUSSION

In order to explain the large amplitude of the Scholte
wave in comparison with the amplitude of the leaky Ray-
leigh wave, the normal displacements of both these waves
must be expressed. By the process of laser-induced ther-
moelastic excitation of acoustic waves, the harmonic equa-
tions of motion cannot be used. Indeed, the excitation effi-
ciency of the different interface modes is strongly dependent
on the excitation source. Consequently, we use the theory of
Gusevet al.8 which describes well the wave motion along a
plane fluid-solid interface, taking source terms into account.
The light penetration depth in aluminum is very small com-
pared to the thermal diffusion length. Consequently, the ex-
periment must be treated in the previous theory as the regime
of a light-absorbing interface. The characteristic parameters
PR,PS, andPL which give the relative efficiency of the Ray-
leigh, Scholte, and lateral wave excitation due to air and
solid heating are given by8

FIG. 2. Leaky Rayleigh wavesLRd in comparison with the Scholte/lateral
wave sSLd for a distance of propagationD<14 mm.

FIG. 3. Normal displacements of the leaky Rayleighsad, Scholtesbd, and
lateral scd waves computed for a propagation distance of 14 mm.

FIG. 4. Experimental configuration for the SL wave detection due to the
air-index variation.
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Here, g is the Grüneisen parameter ande is the thermal
effusivity, where the subscriptsf anda refer respectively to
air and aluminum. This leads toPR<10−3, which means that
the Rayleigh wave is predominantly excited by heating the
solid. Unlike this,PS<20 and it follows that the main con-
tribution to the SL wave generation comes from the air. In-
deed, it is possible to give relative numerical values of the
energy in the substrate and air. Assuming that the wave
propagates in thex direction and that thez axis is normal to
the surface of the samplesz.0 in the aird, the energy flow in
the considered medium is given by the expression

P =
− iv

4
E sszxuz

* + sxxux
* − szx

* uz − sxx
* uxddz, s4d

where ux,uz are the displacements andszx,sxx the corre-
sponding stresses. The ratioR between the energy flowP1 in
the solid and the energy flowP2 in the air is performed
analytically in the Appendix. It is shown thatR=P1/P2

<15.7Ã10−12, which confirms the previous assumption and
means that the wave must be very sensitive to any changes in
the air properties in comparison with those of the solid. Con-
sequently, the acoustic disturbances generated in air should
cross the interface to contribute to the formation of the SL
wave and to induce a normal displacement of the substrate.
However, this phenomenon is strongly supressed due to the
high acoustic impedance mismatch between the two media.11

FIG. 5. Detected SL wave with the interferometer beam parallel to the
surface of the sample. The distance of propagation is about 14 mm.

FIG. 6. Perturbation of the SL wave by a plate which comes progressively near the samplesdistanceHd.
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In order to confirm this qualitative explanation, the normal
displacements at the interface of the leaky Rayleigh, Scholte,
and lateral waves are computed and presented in Fig. 3. The
energy absorbed in aluminum is fixed at 1 mJ and the propa-

gation distance is 14 mm. In this case, the results show
clearly that neither the Scholte wave nor the lateral wave can
be detected interferometrically by their normal displace-
ments. The signal broadening for these wavessin comparison
with the Rayleigh waved is also well predicted by the theory.

However, the large amplitude observed must be qualita-
tively discussed because the measure obtained optically is
the superposition of both effects: the detection of the normal
displacement and the acoustic pressure in air.12 Precisely, the
probe beam of the interferometer shifted in frequency by an
acousto-optic Bragg cellsfb=70 MHzd crosses the air where
the refractive index is changed by the acoustic field. Then,
the phase modulated current on the photodiode resulting
from the interference of the probe beam and the reference
can be written as

I = I0 cos„2pfbt + f1 − f2 + yistd…, s5d

whereI0 is the dc component of the incident light power.f1

andf2 are respectively the phase constants of the probe and
reference beams of the interferometer andyi is the optical
phase shift due to the ultrasonic wave. This one is propor-
tional to the integrated acoustic pressurep along the path of
the light across the acoustic field13

yistd =
4pq

l
E psz,tddz, s6d

whereq is the air piezo-optic coefficient andl is the wave-
length of the laser beam.

The bipolar shape of the SL wave is then probably due to
thex derivative of the tangential motion in the fluid included
in the calculus ofp. The aim of our investigations is to con-
firm experimentally that the major contribution in the mea-

FIG. 7. Some glass plates were put down on the surface of the sample
between the line source and the detection point.

FIG. 8. sad Time traces of the SL wave interaction with glass plates put
down on the aluminum sample.sbd Plot of glass plates thickness according
to the SL wave time of flight.

FIG. 9. A steel block comes out from the surface of the aluminum sample of
a distanceQ.
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surement of the SL wave comes from the air index variation.
For this purpose, in contrast to the previous experiment, the
interferometer beam is adjusted parallel and very close to the
surface of the samplesabout 0.5 mmd, as described in Fig. 4.
It passes through the acoustic field and is reflected by a fixed
mirror. The SL wave is always very well detected, as shown
in Fig. 5. Its velocity is 345.8 m/s, which is in good agree-

ment with the previous results. This assumption is also con-
firmed by another experiment, which has been performed by
intercepting the acoustic field in the air. The configuration is
the one depicted in Fig. 1. Additionally, a perspex plate
comes progressively near the surface of the samplesdistance
Hd between the line source and the probe beamsin the −z
directiond. At the same time, we observe a reduction of the
SL wave amplitude and almost all of it is attenuated when
the plate is very close to the sample, as shown in Fig. 6.
Using the expressions of the displacements for the Scholte
wave given in the Appendix, the theory allows us to calculate

FIG. 10. Reflected SL wave on a steel block coming out from the surface of the sample of a distanceQ.

FIG. 11. Peak-to-peak amplitude of the reflected SL wave on a steel block
coming out from the sample of a distanceQ.

FIG. 12. Configuration used in the experiment illustrating the SL wave
sizing of structures.R1 to R5 correspond to some possible reflections of the
wave on glass plates.
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the ratioR8 of the signal amplitude for two distancesH2 and
H1. This one is simply given by the ratio of the optical phase
shifts yi

R8 =E
0

H2

e−jl2kzdz/E
0

H1

e−jl2kzdz, s7d

wherejl2=Î1−sVs/Vfd2. In our case, the termsjl2kH1,2!1
and consequently,R8<H2/H1. This result is in good agree-
ment with the determination ofR8, considering the experi-
ments presented in Fig. 6sbd and 6scd.

IV. POTENTIAL APPLICATIONS

The previous section of this paper has described the laser
generation and detection of the SL wave at the air-aluminum
interface. It is now interesting to consider the interaction of
this wave with different structures to know its potentialities
in non-destructive testing.

A type of experiment consists of putting down some
glass plates on the propagation path of the wave. A schematic
representation of this experiment is provided in Fig. 7. The
experimental results in Fig. 8sad show that for each addi-
tional plate, the amplitude of the transmitted SL wave is
reduced and a delay proportional to the plate thickness is

TABLE I. Comparison between the propagation distances calculated using the times of flight of the SL wave
and those determined by the sizes of the structure.

SL wave
reflection

SL wave
time of flight

smsd

Propagation distance calculated
using the SL wave time of flight

smmd

Propagation distance calculated
using the sizes of the structure

smmd

R1 344.4 118.3 118.0
R2 231.2 79.4 80.0
R3 458.5 157.5 158.0
R4 252.2 86.6 86.8
R5 134.3 46.1 46.1

FIG. 13. Time traces of the SL wave reflectionssR1 to R5d on glass plates stuck on the side of the aluminum samplefsad plateP1 only, sbd platesP1 andP2,
scd platesP1,P2, andP3, andsdd four platesg.
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observed. It also appears clearly in Fig. 8sbd that the glass
plates thickness is a linear function of the wave time of flight
sdetermined by zero crossingd.

In the second series of experiments, the reflection of the
SL wave is investigated. A steel block comes out from the
surface of the sample of a distanceQ, as described in Fig. 9.
We observed clearly in Fig. 10 the direct SL wavespropaga-
tion pathS-Id and its reflection on the steel block for differ-
ent distancesQ. According to the time of flight of the re-
flected wave, the propagation pathsline source-steel block-
detection pointd can be well determined. It corresponds to the
path given by the acoustic rays theory and is depicted in Fig.
9 assS-C-Id. On the other hand, Fig. 11 shows that the am-
plitude of the reflected signal is very well linked to the pa-
rameterQ. It is clear from these results that information

about the position of a part of an assembly can be obtained
by using the SL wave. Consequently, the size of structures
can also be determined. An example is given by sticking
glass platessP1 to P4d on each side of an aluminum block, as
it is illustrated in Fig. 12. The different reflections of the SL
wave on these plates are designated byR1 to R5 and are
schematically represented in this figure. The signals observed
for each additional plate are given in Fig. 13 and the different
times of flight are listed in Table I. According to the SL wave
velocity which is 343.6 m/s, the propagation distance can be
calculated for each reflection of the wave. On the other hand,
these distances can be obtained by measuring directly the
dimensions of the assembly. Table I shows a good agreement
between these two methods and confirms our purpose about
the sizing of structures.

The aim of the last type of experiment is to show that
information about the position of the inaccessible part of a
sample can also be obtained by using the SL wave. In order
to do this, we considered the experiment presented in Fig.
14. The wave is generated on one side of the samplesS1d and
the detection beam is located parallel to another sidesS2d at
a distanceL0<8.5 mm from the surfaceS1. Additionally, a
perspex plate is moved along the surfaceS2 and three posi-
tions of this platesfrom S1d are considered:L1<24 mm,L2

<27 mm, andL3<29 mm. The propagation distanceD be-
tween the line source and the extremity of the solid is ap-
proximately 51.5 mm. Figure 15 presents the signals re-
corded for the three distances considered. In this figure, we
clearly observe the diffraction14 of the incident SL wave at
the extremity of the solid and its reflection on the perspex
plate. A time of flight analysis easily gives the distance be-
tween the different positions of the plate.

V. CONCLUSIONS

In this paper, we have confirmed the high efficiency of
laser ultrasonics to generate the mixed Scholte-lateral wave
at the air-aluminum interface. Its optical detection by hetero-
dyne interferometer working perpendicularly to the surface
of the sample leads to a high amplitude for this wave due to
the predominant effect in the detection of the air index varia-
tion and not of the normal surface displacement. The detec-
tion also works without reflecting the probe beam on the
sample. Consequently, the method can be used for materials
with low-reflectivity surface.

Moreover, different experiments have clearly demon-
strated the new potentialities in non-destructive testing of
these interface waves. Indeed, the size and position of struc-
tures can be determined even if the considered parts are in-
accessible.

This study encourages us to investigate the SL wave
propagating along curved surfaces and to develop a finite
element model for the theoretical prediction of these propa-
gation phenomena.

APPENDIX: ENERGY FLOW OF THE SCHOLTE WAVE
IN BOTH MEDIA

For the Scholte wave propagating along thex axis, the
displacements are given by15

FIG. 14. Experimental setup for the detection of the diffracted SL wave
under the surface of generationsS1d. D is the distance between the line
source and the extremity of the solid andL corresponds to the distance along
S2. A perspex plate is used to reflect the diffracted wave at three distances
sL1,L2, andL3d.

FIG. 15. SL waves detected at a distanceL0<8.5 mm under the surface of
the acoustic excitation. Each signal clearly shows the diffracted SL wave at
the extremity of the solid and its reflection on the perspex plate which is
moved successively from distanceL1 to L3 sL1<24 mm,L2<27 mm, and
L3<29 mmd.
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Hux,1 = isjt1e
jt1kz+ h1e

jl1kzdA0e
iskx−vtd

uz,1 = sejt1kz+ h1jl1e
jl1kzdA0e

iskx−vtd J
z, 0 sin the solid, index 1d,

H ux,2 = ih2e
−jl2kzA0e

iskx−vtd

uz,2 = − h2jl2e
−jl2kzA0e

iskx−vtd J
z. 0 sin the fluid, index 2d,

where jli =Î1−sVs/Vlid2;jti =Î1−sVs/Vtid2;h1=−(s1
+jt1

2 d /2jl1); andh2=−(s1−jt1
2 d /2jl2). Vti andVli stand for the

velocities of the shear and longitudinal waves, respectively,
in the medium of indexi. Vs is the velocity of the Scholte
wave andk is its wave number.A0 is an arbitrary amplitude.

The energy flowsP1 in the solid and in the fluidsP2d are
then given by the expressions

P1 =
− vuA0u2

2
H− m1s1 + 3jt1

2 d
2jt1

+
h1fl1jt1jl1

2 − sl1 + 4m1djt1 − m1jl1s3 + jt1
2 dg

jt1 + jl1

+
h1

2fsl1 − 2m1djl1
2 − sl1 + 2m1dg

2jl1
J ,

P2 =
vh2

2

4

l2

jl2
s1 − jl2

2 duA0u2,

whereli andmi are the Lame constants of the mediumi.
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