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Normal-mode theory of nonspecular phenomena for a finite-aperture
ultrasonic beam reflected from layered media
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A normal-mode formalism is developed to describe the nonspecular effects of a finite-aperture
ultrasonic beam incident onto layered elastic media. Analytical expressions for the reflected field
have been obtained for various structures. This model proposed a unique physical picture and
resolved the conflict between various explanations made for the nonspecular reflection phenomena.
Novel features of leaky wave fields were observed at interfaces of liquid-solid and
liquid-solid-liquid structures. These results may be helpful for nondestructive evaluation of layered
structures and determination of material sighatures in the acoustic microscofE97American
Institute of Physicg.S0003-695(197)00702-X

The nonspecular reflection phenomena of a finite apermethod of analysis was employed later by other researchers
ture ultrasonic beam incident at a critical angle from a liquidto extend investigations to various layered elastic
onto layered elastic structures have been the subject of nstructure$:810-12
merous theoretical and experimental investigations over the Although the explanation given by Bertoni and Tamir
last four decadet:*? Following the discovery of analogous for the results of the L-S reflection has generally been con-
effects in optics by Goos and Haen, ultrasonic nonspecular sidered as the physical cause of the nonspecular effects and
reflection effects were originally studied by Schdciwhen  confirmed by experiments on various layered structures, their
a beam is incident at a critical, phase match to a guided wavé®rmalism, unfortunately, could not lead to the same physical
supported by layered structure, a portion of the incident enpicture as in the case of multilayers such as a liquid-solid-
ergy is transferred into the excited wave. As it propagatediquid (L-S-L) structure. In contrast to the Rayleigh-angle
along the liquid-solid interfaces, this guided wave leakedncidence, as shown by Pitts al,>' the reflection coeffi-
back into liquids to form part of the reflected beam. Forcient of aplanewave when incident at a plate modeamb)
illustrative purposes, a typical nonspecularly reflected field igthgle is zero due to transmission. As a result, the component
schematically shown in Fig. 1, where characteristic regionglevoted to a specular reflection in the previous formalism is
are delineated. In addition to the latef8choch’s displace- ~absent and the Lamb-type reflections can no longer be de-
ment, the resultant reflected field includes a null area and &cfibed as the interference of a leaky guided mode excited by
trailing field that extends along the interface away from theth® incident beam with a specularly reflected beam! Conse-
specular(geometrical reflection region. Experimental dem- quently, these authors proposed to describe the Rayleigh- or
onstrations have indicated the possible utility of the non-Lamb-type reflections as interference of the reflected infinite

specular reflection phenomena in material characterizatioRl2n® waves which make up the incident beam. It should be
and detection of surface or subsurface deféltin recent 'ecalled that both types of nonspecular reflections have simi-

years, the leaky surface waves have received considerabfyl "eflection profiles, and both types of nonspecular reflec-

attention because of its usefulness in advanced nondestrudoNS are caused by the same reflection coefficient. Therefore,
is preferable to have a model that resolves the conflict

tive testing techniques such as acoustic microscopy. It hak _ hvsical | ion for th |
been established that leaky surface waves play a critical roIQetWeen various physical explanation for the nonspecular

in the determination of material signatures in the acousti(phenomena. Moreover, a clgar understanding of the non-
microscope3-16 specular phenomena, especially features of leaky surface

An important step in the understanding of the nonspecu\-’vaves’ can be very helpful in developing efficient techniques

lar phenomena was made by Bertoni and TahWihey de- for measuring and monitoring properties of layered elastic
veloped an analytical model to describe the resultant re-

flected acoustic field using a superposition of incideiane Geometrical Null field
waves reflected from the liquid-solid.-S) interface. Owing Incident reflection P
to a suitably simplified reflection coefficient, this approach beam

have an accurate expression for the reflected field composed
of two components. They indicated that the nonspecular re-
flection profiles is caused by the interference of a specularly
reflected beam and a leaky surface wave. Their theory pro-
vides a physical explanation of the observed ultrasonic inten-
sity null point, a7 phase reversal of the field on either side
of the null, followed by a trailing ultrasonic fief’~°This

FIG. 1. Nonspecularly reflected field of a bounded beam incident at a criti-
3E|ectronic mail: jia@gps.jussieu.fr cal angle corresponding to a guided mode of the layered structure.
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structures used in many modern and high performance sysondition. This perturbation analysis is valid in most practi-

tems. cal cases where a liquid density is much smaller than those
In this letter, we develop a simple normal-mode formal-of layered solid media. By eliminating the reflected and

ism to describe the nonspecular phenomena for variougsansmitted components; andut from Egs.(2) and(3), one

structures of planar layered media. Unlike previous theoriespbtains the following mode equation governiag(z):182°

this model does not require calculating the reflection coeffi- P

cients that become extremely difficult, if not impossible, for — tik.+ dw”Zouny(b/2)u;(0,2) 4
. . 1 . . . d | n an 2P ’ ( )

multilayered solid$! Using a perturbation method, this z n

model provides unified analytical expression of the reflectedynere the parametet, = e, + an, corresponds to the leak
field in terms of properties of normal modes supported byate or attenuation per unit length when the liquid is present

layered elastic structures. A clear and unique interpretation; the upper y=b/2) or both (/= +b/2) L-S interfaces,
of the physical mechanism is obtained. Several novel fea-

tures of leaky wave fields will also be discussed. an1 n2= 00 Zo|Uny(0/2)|?/ (4P ,cOS 6,). 5

Let us first examine the leaky wave excitation in a lay-Here ¢,, and a,,, represent the leak rate of a guided wave
ered elastic medium by the incident beam. For the sake ghrough the upper and lower L-S interfaces. In the case of a
simplicity, we consider a 2-dimensional problem in that thesymmetric waveguide, such as a uniform elastic plate, either
excited mode propagates in the plane along the direction  symmetric or antisymmetric modes are possible with respect
and is uniform along thg direction, i.e.,9/9x=0. The wave iy the meridian planey=0). As a result, the leak rate

an(z)=—

amplitudea,(2) satisfies the normal mode equatfdr, through the upper and lower boundaries shall be the same
d ant=app=ay/2. In order to compare our results with pre-
P +ik, |an(2) =1 (2)/4P,, (1) vious theories, we consider the incidence of a Gaussian beam

with effective aperture of @. The length of its projection
wherek,, represents the wave number of thié propagating  along thez direction iswo=w/cos 6,

mode,P,, is the associated average power flow, &pds the 5

loading applied on the boundaries of the elastic waveguide. U1(0:2)=U\ exfl —(z/wo)”—iknz]. ©
In the case where the elastic medium is immersed in a norBy defininga,=A,exp(—ik,z) and substitutings;(0,2) in
viscous liquid, only normal stres, is transferred onto the Eq. (4), the amplitude of the excited leaky modg(z) in the
upper and lower surfaces of the waveguide. Assume that thgresence of the liquid can be determined ffom

width of the beam is much greater than the wavelength ) .

in the liquid (2w>\) and strikes the An(2)=—u)(0,2)(NT/4P ) 0*WoZoush(b/2)
waveguide at an angle defined by Snells law 2

0,=arcsink, /kq), wherek, is the wave number in the lig- X expyp)erfoly,) 0
uid, only thenth normal mode is cumulatively excitédlf  with y,=—2z/wg+ aywy.

the incident, reflected, and transmitted waves have particle Now it is possible to examine the contribution of the
displacementsy,, ug, andur, respectively, the boundary leaky wave to the total reflected field. From EQa), the

conditions to be satisfied gt=b/2 are reflected field can be readily expressed as
(u; +Ug)cost,=aUny(b/2), (29) Ur(0,2)=usg0,2) +u w(0,2), (8)
Tyy(b/2,2) = —iwZy(u;+ug), (2b) as a sum of two components in thats0,z) = —u,(0,2)

obviously corresponds to a specularly reflected field. Using
Egs.(2a and(5), the second ona, , is given by the relation

UrCossn=antiny( ~b/2), (33 Uiw(0,2) =V (amwo) Uy (0, 2)exp d)erfo y)l,  (9)

Ty(=b/2,2)==iwZour, (3D) which should represent the radiation of the leaky wave. In
where Z, is the acoustic impedance of the liquid. Writing the case of a L-S structure, one has,=0 and ;= «,
Egs.(2a) and(3a implies that the displacement field of the equal to the attenuation of the leaky surface wave. The com-
leaky mode in the presence of the liquid loading is approxiplete reflected field determined by Ed8) and (9) thus re-
mated as that of a normal mode obtained in the stress-freduces to the identical result given by Bertoni and Tamir for

and aty=—b/2 are

Displacement field u

2 2 2.
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FIG. 2. Resulting reflected fields of displaceméstlid curve along the upper liquid/solid interface of a L/S structure for the ¢6s€.3 (a), h=1 (b), and
h=3 (c). The nonspecular effects are caused by the interference of a specularly reflecteddfisliort-dashedand a leaky wave field,,, (long-dashef
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Displacement field u

z/wg

FIG. 3. Similar reflected fields of displacement to Fig. 2, along the upper liquid/solid interface of a L/S/L structure for the=€a3€a), h=1 (b), and
h=3 (c).

the Rayleigh-type reflection from a L-S interfat&Vhen a  theory for predicting the acoustic material signature of a
bounded beam is incident at a critical angle onto a layeredpecimert* The good physical feel offered by this model
elastic structure such as a solid plate immersed in watewill enable insight into the parameters affecting measure-
(L-S-L structure, as shown abovey,;= «,/2 is half of the  ments in the acoustic microscope.
leak rate associated with a Lamb mode radiating through the In summary, a normal-mode formalism was presented
upper and lower surfaces. The corresponding reflected fieltbr analyzing the nonspecular reflection effects of a Gaussian
deduced from Eqs(8) and (9) is the same as the previous beam incident at interfaces of layered elastic structures. Ow-
result given in the specific case of a L-S-L structiexcept ing to a simple perturbation method, the reflected field has
that the result obtained in this analysis is more general angeen obtained in a unified formulation, composed of a specu-
‘S’ denotes any symmetrical layered structure. larly reflected field and a leaky wave field. This model clari-
In addition to the extension developed for various lay-fies the inconsistencies that were found in previous theories
ered elastic structures, this analytical model provides o the interpretation of the physical mechanism of the non-
unique interpretation of the physical mechanism of the nongpecular effects. Complete reflected fields were observed for
specular reflection effects. As shown in E¢®).and(9), for | .5 and L-S-L structures. Interesting features of leaky wave
various layered elastic structures, the resultant reflected fielgh|4s have been revealed by the present model, which are

can still be described as interference of a specularly reflecteg,ngistent with experimental observations. These results may
field and a leaky guided wave. However, it is noted that the,q ,sefy for measurements in the acoustic microscope.

Igaky wave f'EIduLW, obtqlned in th|§ analyshéEq.. O] is The author thanks L. Adler and M. de Billy for the use-
different from that given in the previous thechFigures 2 ; .
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