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OPTICAL METHOD FOR MEASUREMENT OF ULTRASONIC REFLEC-
TION FROM SOLID PLATES.

Walter G. Mayer and Tran D.K. Ngoc.
Department of Physics, Georgetown University, Washington, DC 20057, U.S. A.

Abstract

A4n acousto-optic interaction method was used to measure the modulus of the reflec-
tion for ultrcsonic waves impinging at various angles on solid plates immersed in

| waler. Theory and experiment are shown to agree qualitatively when the product
5 frequency times piate thickness is small.
Introduction

The reflection coefficient of ultrasonic waves from a solid plate immersed in a liquid
has been given by Pitts et al. [1] for the simplified case where absorption is neglected.
The general form of this amplitude reflection coefficient

R = N/F,Fg 1)
is the same when absorption is included, as was done by Ngoc {2], in which case the
- quantities in eq. (1) are defined in the following mznner.

N =N3 + N2 - N3+ 2NN, (1 = cosPeosQ), (sinPsinQ), )
F, = [(1—cosP)/sinP] Ny + [(1-cosQ)/sinQ] N3 +iN,, (3)
Fg=[(1 + cosP),sinP] Ny + [(1 + cosQ)/sinQ] N; ~ iN;, (4)
Ny = (k3 - 2k3)7, (5)
N2= 4k;K K. (6)
Ny=pkeKg. K, M

with the sy mbols in egs. (2)—~(7) given by

k = (2rfyvy(l +1a/2m),

kg = (27f'v1) (1 +1ag2%), (8)
kg = (Zm0vo) (1 +iag 27),

ky = hainf.

K o= oF -y
. Kg= (k}- k)™ (@)
' - 2 PG
Ko = (kI - kD)7,
Po=cky (10)
0 = K

Here d 1s the thickness of the solid plate (in mm) and f the ultrasonic frequency
(in MHz). The angle of incidence is denoted by Gi. and p is the ratio of the liquid
density to the solid density. The parameters v, vy, V. and a, a4. ag are the sound
velecities and attenuation per wavelength of the wave in the liquid. and the longitud-
inal and shear waves in the solid, respectively.

Numerical evaluation of the reflection cocfficient, eq. (1). shows that reflec-
tion peaks occur for some 6, with the number of peaks generally increasing when the
product fd increases. The height of these peaks and the minima of R 5 between peaks
depend strongly on the values of a4 and ag. The reflectivity pattern is rather compli-
cated when fd be:ames larger than about 10, making the experimental measurement
of R, as a function of 6, difficult due to the existence of nornspecular refiection [31.

K However. when thin plates are selected the results of calculations based on
eq (1) can beverifed experimentally using an acouste0ptic interaction technique.
This method and the results are described below.,

Acousticsleticrs Vol 3. N0 9, 19%0
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Figure 1 (a) Schematic diagram of beam alignment with respect to solid reflector (S).

Incident, reflected, and transmitted beams are denoted by I, R, and T, res-
pectively.

(b) Schematic diagram of alignment of first and second orders of diffrac-
tion patterns produced by incident and reflected ultrasonic beams shown
in (a)

Method and Results

The experimertal setup consists of a basic Raman-Nath [4] diffraction arrangement,
part of which is shown schematically in Fig. 1a. A laser beam is expanded into a
collimated beam of approximately 10 ¢cm diameter, indicated by the circle in Fig. la.
This beam travels through a glass tank filled with water, and the upper surface of the
solid plate reflector (S) is lozated in the center of the beam. This surface is parallel
to the propagation vector of the light so that an ultrasonic incident beam (1), the
reflected beam (R) and the transmitted beam (T) are at right angles to the light prop-
agation direction, satisfying the simpiest conditions of light diffraction by ultrasonic
waves as given by Raman and Nath {4];

A large lens (about 10 cm diameter) is used to focus the light beam after it
has traversed the water in the glass tank. With no sound field present in the path
of all the light will be focused in one point, incdicated by 0 in Fig. 1b. How-
ever, if 1, R, and T are present, diffraction patterns will be formed centered around 0.
The alignment of the diffraction pattern caused by the incident beam, indicated by
21 11, 0, etc. Zepends on the angle of incidence of the beam I, and the alignment of
the pattern created by the reflected beam (2R, 1R, 0, etc) on the direction of travel
of R. The transmitied beam T will produce a diffraction pattern which is super-
imposed on the pattern generated bty I, since 1 and T have the same direction of
travel. Thus, if one blocks all the light traversing the water below the solid plate.
indicated by the dashed line in Fig la, one obtains a set of diffraction patterns
caused only by I and R,

The light intensity contained in the first orders of the diffraction pattern,
ie, Iyjor IR, depends on the amplitudes of the two ultrasonic beams [ and R.
Since the sound amplitude of the reflected beam changes as a function of the angle
of incidence, as predicted from eq. (1), the light intensity Ihr also changes accord-
ing to the theory of Raman and Nath. This light intensity is given by

Lir=Ji0OR), (1)

where J; is the first-order Bessel function, whose argument vg is proportional to
the amplitude of the reflected ultrasonic beam.

If one now heeps vy, the amplitude of the incident beam, constant as one
changes the angle of incidence, one can compare the changing 1| g to the fixed 1.
One can thus plot the amplitude of the reflected ultrasonic beam in comparison
to the incident amplitude. This procedure yields a plot of reflectivity for a given
solid reflector as a function of 6;.

Acoustics Lerters Vol 3, No 9, 1980
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- Figure 2 Calculated values (dashed line) and experimentally measured values
; (circles) of reflection coefficient for a Plexiglas plate in water. Freq-
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Figure 3 Calculated values (dashed line) and expertmentally measured values
(circles) of reflection coefficient for a Plexiglas plate in water. Freq-
uency 2 MHz, plate thickness 1 mm, fd = 2 MHz.mm

The results for two thin Plexiglass plates in water are shown in Figs 2 and 3.
The dashed lires are the theoretically calculated curves for the reflection coefficient
3 where the computation is based on eq. (1). Qualitative agreement exists, partic-
ularly referring to location and number of reflection maxima and minima. The
quantitative agreement is marginal, caused primarily by uncertainties about the
exact value of the absorption coefficient for both the longitudinal and shear wave
absorption coefficient of Plexiglas. An analysis of eq. (1) shows that the heights
of the reflection coefficient peaks and the depth of the minima are extremely
strong functions of the absorptivity, while the location and the number of extrema
are not materially influenced by the value of the absorptivity.

It should be noted that the method described here is applicable w hern the
reflected beam has an amplitude cross-section which is essentially the same as that
of the incident beam. This condition is satisfied in most cases where {d 1s small.
However, when fd becomes large. nonspecular reflections and phase shifts between
portions of the reflected beam may occur {£], and the simple form of the uniform-
beam Raman-Nath theory may no longer hold

Acoustics Letters Vol 3. No 9, 1980
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Conclusion

The acousto-optic interaction method described above can be used to determine the
locations of reflection coefficient maxima and minima for ultrasonic beams imping-
ing at various angles on solid plates. The method yields qualitative results of the
changes in the amplitude reflection coefficient of plates in a liquid provided phase
shifts within the reflected beam are not severe.
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A General Description of Ultrasonic Nonspecular
Reflection and Transmission Effects for
Layered Media

TRAND. K. NGOC aANp WALTER G. MAYER

Abstract— A numerical integration method is used to calculate the in-
tensity distribution in reflected and transmitted beams for liquid-solid-
liquid layered media. It is shown that the formulation describes all
nonspecular reflection and transmission phenomena for all angles of
incidence, including critical angles. It is found that the existence of
nonspecular phenomena not only depend on the angle of incidence and
the product frequency times solid thickness but also on the product
frequency times beamwidth. Various examples are given for reflection
and transmission for incident angles corresponding to critical angles,
plate-mode angles, and between-mode angles.

I. INTRODUCTION

EOMETRICAL reflection or transmission of an ultra-
sonic bounded beam produces a beam with probably a
lower intensity level than the incident beam but with the same

intensity distribution profile. This is called specular reflectivity

or transmittivity. Nonspecular reflection or transmission ef-
fects refer to phenomena where the reflected or transmitted
beam has an intensity distribution profile different than that
of the incident beam; this may include a lateral beam displace-
ment, one or several minimum intensity areas, and a trailing
sound field. Fig. 1 illustrates some typical profiles of a beam
nonspecularly reflected from or transmitted through a layered
system.

Bertoni and Tamir [1] successfully developed an analytical
model to describe nonspecular reflectivity for a liquid-solid
system at Rayleigh angle incidence. Later Bertoni and Hou
[2] slightly modified this analysis to incorporate attenuation
in the media. In the same analytical framework, Breazeale et
al. [3] examined the reflected profile observed at large dis-
tances from the liquid-solid interface. Pitts et al. [4] ex-
tended Bertoni and Tamir’s model to investigate the profile of
a bounded beam reflected from a solid plate immersed in a
liquid. The same approach was also used by Ng [5] to study
the transmitted profile for the same layered system. Their cal-
culated results are qualitatively consistent with experimental
observations but only applicable when the resonant conditions
prevail, that is, for Rayleigh angle incidence in the liquid-solid
case and for plate-mode incidence in the liquid-solid-liquid
case. The limitations of the Bertoni and Tamir’s formulation
also stem from the fact that the mathematical analysis be-
comes prohibitively involved as the system to be considered
becomes more complicated.

Manuscript received January 28, 1980; revised March 28, 1980. This
work was suj, rted by the Office of Naval Research, U.S. Navy.

The autho. s .1e with the Physics Department, Georgetown Univer-
sity, Washit.»1-1r DC 20057.

incident reflected
beam beam

[N "

transmitted
beam

Fig. 1. Coordinate system and typical nonspecular profiles of reflected
and transmitted beams.

Recently, another method which made use of numerical
integration was developed by Ngoc [6] to describe nonspec-
ular reflection phenomena for a liquid-solid system. This
method was used to confirm the nonspecular reflection fea-
tures for incidence near the Rayleigh critical angle and to
establish nonspecular reflectivity for incidence near the longi-
tudinal critical angle.

The present paper is intended to apply in general the nu-
merical integration method to investigate the nonspecular
reflection and transmission effects for a layered system. Re-
sults for incidence near critical angles of a liquid-solid system
will be discussed, and nonspecular characteristics of a liquid-
solid-liquid system will be investigated for both reflected and
transmitted beams.

II. THEORETICAL FRAMEWORK
A. Spectral Representation of a Bounded Beam

Fig. 1 shows an incident ultrasonic beam bounded in the
(x, 2) plane and uniform in the y direction. The beam of an-
gular frequency w = 2nfis seen to be incident at an angle ;.
Its intensity profile is contained by an effective width 2w,
which is projected onto the first interface as 2w,. The same

0018-9537/80/0500-0229%$00.75 © 1980 IEEE
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figure also illustrates the coordinate system for a liquid-solid-
liquid structure. The same coordinate system is still useful for
a liquid-solid system when the second interface is moved to
infinity.

In the context of spectral analysis, a bounded beam can be
represented as a superposition of an infinite number of plane
waves which have different amplitude and wave vector. It is
shown [7] by using Fourier analysis that the field of an inci-
dent beam can be uniquely determined at any point (x, z) if
its field distribution is known in any plane. Thus a spectral
representation of a well-defined incident beam can be ex-
pressed by the following Fourier integral transform pair

kij+m/wo
Uine (%, 2) = @) f Viky) exp lieks + 2k,)] ks
k;-m/wo
)
V(kx) = f ’ Uinc (x, 0) €xXp (— ’.ka) dx. (2)
”

In (1) and 2), Uiq (x, 0) is the field distribution of the in-
cident beam at the first interface where z = 0; &, is the x com-
ponent of the wave vector k; k, is the z component of k de-
fined by k, = (k? - k2)*2; the wave vector k; = (w/v) sin 6,
indicates the central direction of propagation of the incident
waves; V(k,) is interpreted as the amplitude of the constituent
plane waves. The time dependence, exp (- iwt), is suppressed.
In this paper, the incident beam is taken to have a Gaussian
distribution, and its sound field at the first interface is char-
acterized by

Uinc(x,0) = exp [- (X/Wo)z +ixk, ] 3)
and hence from (2)
V(kx) = ”1/2 Wo €Xp [" (kx - ki)2 (WO /2)2 ] . (4)

The physical interpretation of (1) is that the incident beam
is composed of an infinite number of plane waves having the
same wavelength but incident at different angles; in other
words, the wave vector k, is perturbed in a narrow range
about k;. The principle of spectral representation can be ex-
tended to describe a bounded beam reflected from or trans-
mitted through layered media. If P(k,) denotes the plane
wave reflection or transmission coefficients for a particular
layered structure, then the associated sound field can be
represented by

ki+m/wo
Ulx,2)=(2m)" f Plky) Viky)

ki-mn/wop
-exp (i(xk, +zk,)) dk,. 5)

B. Plane Wave Reflection or Transmission Coefficients

It is evident from (5) that the relevant plane wave coefficient
P(k,) strongly influences the beam profile. Indeed, (5) indi-
cates that the resulting profile is constructed by the interfer-
ence of the individual plane waves, which have amplitude
P(k,) V(k,) and undergo a phase shift upon reflection or

transmission. In this paper, one is interested in the profile of
the sound beam reflected from a liquid-solid interface and
those of both reflected and transmitted beams observed in the
liquid-solid-liquid system.

The amplitude plane wave coefficients P(k, ) for the cases of
interest are given [8] by

Rys(k,)=N/D 6)

the reflection coefficient for a liquid-solid infinite half space
system; and

RysL(ky)=Ng/FyF ()
and
TLSL(kx) =NT/Fan (8)

for reflection and transmission for a liquid-solid-liquid system.
The symbols used in (6)-(8) are defined as follows:

N=(kZ-2k2) +akiK,K4- pkiKy4/K
D=(k2- 2k2)* +4k2K K4+ pkiK4/K
Ng =(kZ-2k1) + 16k4K2KE - p2kEKE/K?
+8(k? - 2k2)? k2K K 4(1 - cos Pcos Q)/(sin Psin Q)
Nr =QipkfKa/K) [(kZ - 2k2)?[sin P + 4k2 K K 4/sin Q)
F, = (k? - 2k2)* (1 - cos P)/sin P
+4k2 K Ka(1 - cos Q)fsin Q + ipk? K4/K
Fy =(k? - 2k2)* (1 + cos P)/sin P
+4k2K,K4(1 +cos Q)fsin Q- ipk? K4/K
where

p=p'lp"

k =(w/v)(1 +iaf2m)
kd = ((.')/Ud) (1 + lad/27f)
ke= (W/Us) (a+ iaslzﬂ)

K=k - k})?

Kq = (k3 - k32
Ks = (k; - ki)llz
P= de
0 =dk,.

The quantities @, a4, and a; denote the loss parameters defined
as attenuation per wavelength for the sound waves in liquid
and for the longitudinal and shear waves in solid, respectively.

It can be readily shown that R} g(k,) is a function of inci-
dent angle and frequency, while Ry gy (k) and T gy (ky) are
functions of incident angle and the product fd. The frequency
dependence is present because the loss parameters depend on
the sound frequency.

In general, the coefficients P(k, ) are complex functions
possessing pole-zero pairs which completely determine their
analytical behavior in the complex plane [8]. These poles and
zeros can be arranged into pairs because each consists of one
pole and one zero, both having the same real part in the loss-
less case. For a liquid-solid-liquid system, the common real
part of a pole-zero pair is associated with an angle of incidence




0
10
H | ‘ "‘
PR ! |
® 27 ‘
= {/ |
- oL T .
20 4«0 60
8,

Fig. 2. Moduli for lossless water-brass-water system with fd = 2.4 km/s.
(@) RpsLlky). (b) Tpgp(ky).

’ w\ \
20, | |
- (a) oi 5:
1
| o

(b)

=3

PHASE CHANGE (*)
o

20 %0 60
! 0"

| Fig. 3. Phases for lossless water-brass-water system with fd = 2.4 km/s.
: @) Rygp(ky). (b) Trsptky).

where a plate mode can be excited. This association is ex-
pressed by the following relationship

Ikplflkl=1kol/lk|=sin @, )

where |k| = w/v, 8 p is the plate-mode angle of incidence, and
kp and k, are pole and zero of the same pair. At a plate-mode
angle of incidence, |Ry g | =0 and | T gy | = 1 when the
media are considered lossless, and the phase curves of R gp.
and T g exhibit a point of inflection. Fig. 2 shows |R g |
and | T g, | as functions of incident angle for the lossless
water-brass-water system with fd = 2.4 km/s. The relative
phase of Ry g1 and Tgy for the same system is plotted versus
angle of incidence in Fig. 3.
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—

20 4 60 80 100
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Fig. 4. Half-width W, of V(k,) plotted against product frequency times
beamwidth. Value used for 6, is 30°.

C. Functional Characteristics of V(k,)

Equation (5) also indicates that the resulting profiles are de-
termined by the functional behavior of V(k,), which is the
Fourier transform of the incident intensity distribution. It is
seen from (4) that V(k, ) is a Gaussian function whose shape
depends on beamwidth, sound frequency, and angle of inci-
dence. With the values of beamwidth being a few centimeters
and those of frequency ranging from 1 MHz to 10 M - _, the
magnitude of V{(k,) is significant only in a narrow - 31ge about
k; and almost independent of the values of inciden. angle. It
is reasonable to represent the significant range of the Gaussian
function V(k,) by its half-width. This half-width is denoted
by W, and can be written in units of degrees as

W, =sin"! (sin 8; + 0.53W;) - sin™! (sin 6; - 0.53W,)
(10)

where
Wk =V Ccos 0,/2fw (ll)

Fig. 4 illustrates the functional dependence of W, versus the
product frequency times beamwidth for §; = 30°. Considering
the known forms of P(k, ) and V(k,), one can conclude that
the calculated profile is a function of 8;, f, and 2fw in the
liquid-solid case, and of 8;, fd, 2fw for a liquid-solid-tiquid
system.

D. Alternative Methods of Calculating Beam Profiles

To simplify the mathematical involvement and to avoid the
complication that a beam profile may change as the beam
travels away from the interfaces [3], the beam profiles for
the cases of interest are all calculated at the interfaces, that is,
at either 2 =0 or z =~ d. Under such circumstances, the sound
field expressed by (5) becomes

ki+ n/wgy

Ups(x,0)=(2m™ f Rys(ky) Viky)

ki-mlwg

- exp (ik,x) dk, (12)

ki + nfwo
Uy (x.0) = (2m)! j Rygy (ky) Viky)

ki~ nfwo

s exp (ikyx) dk, (13)




ki+ n/wg

Ul (x,-d)=(@m)" f Tisilky) Viky)

Ki-n/wg
exp [itkex - k,d)] dk,, (14)

where Uy g(x, 0} is the reflected field for a liquid-solid system,
and UF, (x, 0) and Ul (x, - d) are the reflected and trans-
mitted fields for a liquid-solid-liquid system.

Two methods are known for the evaluation of (12)-(14).
Bertoni and Tamir [1], Pitts {8], and Ng [5] chose to evalu-
ate these integrals analytically after replacing the exact but
complicated espressions of P(k, ) with approximate ones con-
structed from the knowledge of the location of one or several
pole-zero pairs they considered significant. This method will
be referred to as the Bertoni and Tamir method. The other ap-
proach used by Ngoc [6] is to evaluate integrals numerically,
The numerical integration method has been shown to be suc-
cessful for some simple cases [9], [10].

The Bertoni and Tamir method essentially proceeds as
follows: 1) determine the locations of pole-zero pairs of P(k,);
2) formulate a simple approximate expression for P(k,); and
3) carry out the still rather involved integration analytically.
The numerical integration method proceeds in a more direct
manner, numerically evaluating the integrals on the basis of
the Simpson’s integration algorithm thus omitting the mode-
identifying step.

The numerical integration method is found to be efficient
and adaptable to some practical considerations such as beam
spreading effect and non-Gaussian incident profiles. In addi-
tion, the accuracy of the numerical integration method is not
restricted to angles of incidence corresponding to resonant
modes as is the case of the Bertoni and Tamir method. All
calculated results presented below are obtained by the nu-
merical integration method.

HI. CALCULATED PROFILES FOR A LiQuID-SOLID
SYSTEM

It has been established that for a liquid-solid system [6]
nonspecular phenomena are prominent at such an angle of in-
cidence that either or both of the modulus and phase of
R g(k,) vary strongly. Such behavior is found near the longi-
tudinal critical angle 84 for a water-Plexiglas interface and
near the Rayleigh critical angle 8, for various liquid-solid in-
terfaces. The reflected beam profile is a function of the ab-
sorption as well as of 8;, f, and 2fw. In the following calcula-
tions w and @; are varied, but f remains fixed. Therefore,
profile changes as w is varied can be associated with V(k,),
while changes resulting from variation of 8; can be attributed
to R(k,).

A. Incidence near Longitudinal Critical Angle

Fig. 5 shows the variation of the modulus and phase of
R s(k,) near 04 for a water-Plexiglas system at different fre-
quency values. Both sets of curves exhibit strong variations
in the angular range under consideration. Profiles of the re-
flected beamn are calculated by the numerical integration

v - .. lossless
L —_absorptive
M\

(b)

280

0,(9

Fig. 5. Absorptive Ry gtk,) near longitudinal critical angle for water-
Plexiglas interface. (a) Modulus. (b) Phase.

05/

(a)

(b)

X/w,

Fig. 6. Water-Plexiglas (f = 2 MHz): calculated reflected beam profiles.
(a) 8; = 8 5 as beamwidth is varied (4: 12.7 mm, B: 19.05 mm, and C:
25.4 mm). (b) Beamwidth is 19.05 mm as ¢, increases beyond 64
(A:04+3°,B:60g+2,C: 64+ 1,andD: 6y).

method for f= 2 MHz when w and 6; are changed. Non-
specular reflectivity is manifest only in the form of a lateral
beam displacement, the magnitude of which varies signifi-
cantly with both w and 8;. These results are presented in

Fig. 6. It is noted that the maximum beam displacement does
not oceur exactly at 85 but approximately at 84 +1°.

B. Incidence near Rayleigh Critical Angle

In Fig. 7, the modulus of R{k,) is plotted versus 0, near 0,
for a water-stainless steel system. The phase curves are not
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Fig. 7. Modulus of absorptive Ry g(k,) near the Rayleigh critical angle
for water-stainless steel interface.

(a)

(b)

X/ w,

Fig. 8. Water-stainless steel (f = 2 MHz): calculated reflected beam
profiles. (a) 8; = 8, as beamwidth is varied (4: 12 mm, B: 20 mm,
and C: 28 mm). (b) Beamwidth is 20 mm as 6, is varied (4: 6,,
B:8,+05° and C: 6, + 1°).

shown since they do not deviate significantly from the lossless
case. Again the reflected beam profile is calculated for differ-
ent values of w and 8, holding f fixed at 2 MHz. The non-
specular characteristics consist of an intensity minimum, a
beamn displacement, and a trailing sound field. As the beam-
width becomes larger, the prominent change in the profile is

a shift of the whole beam to the right. For variation of 8;,

the most noticeable profile change is seen at the intensity min-
imum which gradually gains in intensity and finally disappears
approximately at 8, + 1°. These results are presented in Fig. 8.

05

1

(a)

05
(b)

X/we

Fig. 9. Water~brass-water (fd = 2.4 km/s) beam profiles. (a) Reflected.
(b) Transmitted. Calculated for W, = 2.4° at various plate-mode
angles of incidence (4: 5°, B: 24°, C: 45°, and D: 50°).

V. CALCULATED PROFILES FOR A
LiQuip-SoLip-LIQUID SYSTEM

The numerical integration method is now applied to study a
more complicated system of a solid plate immersed in a liquid.
The integrals to be evaluated are (13) and (14), which describe
the intensity profiles of the reflected and transmitted beams,
respectively. As mentioned in Section II, the physical parame-
ters of interest in this case are 8;, f4, and 2fw. To separate the
influence of V(k,)and P(k,), fis kept fixed at 2 MHz, and w
and 6; are varied.

It is interesting to investigate the profiles for different ranges
of incident angles: those corresponding to plate modes and
those falling between two adjacent modes. The former will be
referred to as plate-mode incidence and the latter as between-
mode incidence. For this reason, calculations for a water-
brass-water system are done throughout for two values of fd,
2.4, and 7.0 km/s, since the plane wave coefficients exhibit
different characteristics in terms of number of modes and
spacings between modes for these values of fd. In the follow-
ing, between-mode incidence is used to indicate the angle of
incidence exactly between two adjacent plate modes, whose
angular separation is denoted by S.

A. Plate-Mode Incidence

The profiles are first calculated at the plate-mode angles of
incidence using fd = 2.4 km/s. The value of beamwidth is
taken to be 19.05 mm, which gives 2fw = 38.1 km/s. Itis
estimated from Fig. 4 that W, is equal to 2.4°. Thus the beam
profiles calculated with these parametric values would show
only the functional behavior of P(k, ) near a plate mode, be-
cause S is substantially larger than W, (see Figs. 2 and 3). The
reflected profiles plotted in Fig. 9 show features similar to
those present in the beam reflected near 6, from a liquid-solic
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Fig. 10. Moduli for lossless water-brass-water system with fd = 7.0
km/s. (a) TLSL(kx)' (b) Ry g (ky).

interface (compare Fig. 8). The same figure also shows the
profiles calculated for the transmitted beam, dispiaying only

a simple beam shift for all modes. The absence of an intensity
minimum in the transmitted profiles can probably be attrib-
uted to the fact that the phase of T g; (k) does not exhibit

a 360° change as R| g (k, ) normally does at plate-mode in-
cidence. It is also noted that the intensity of the transmitted
profiles increases with the width of the plate-mode peaks of
the modulus curves.

B. Between-Mode Incidence

In this angular range fd = 7.0 km/s is used so that S varies
noticeably for the same fd (Fig. 10). The chosen value of W,
is still 2.4°. Both reflected and transmitted profiles are cal-
culated at three between-mode angles of incidence selected to
be 15.6°,24.7°, and 41 .4°, whose values of S are 0.75°, 5.35°,
and 3.6°, respectively. Fig. 11 shows the resultant profiles. It
is observed that the profiles A display features characteristic
of a plate-mode incidence profile, those labeled B have no
noticeable nonspecular features, and the profiles C show an
“interference” effect caused by the two adjacent modes.
Comparison of the values of W, and S leads to the following
proposition: interference effect is most probable when W, <
S < 2W,; nonspecular characteristics are not likely when
S > 2W,; and when § << W, a nonspecular profile produced
in the neighborhood of two adjacent modes is similar to that
resulting for plate-mode incidence.

C. Variation of Incident Angle

The basic characteristics of the reflected and transmitted
profiles have been established for plate-mode and between-

0
-10
!
o) A
@ 2 \
-20 \.
)
¢ ¢
NA
-10
A
B -20
® 3 .
\ C
C
30 | [
-2 0 2 4 6

X/We

Fig. 11. Water-brass—water (fd = 7.0 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated for W, = 2.4° at various be-
tween-mode angles of incidence (4: 15.6°, B: 24.7°, and C: 41.4°).

Qs
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0
05
(b)
0
2

X/ we

Fig. 12. Water-brass-water (fd = 2.4 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated for W, = 2.4° and 6, being
varied about plate-mode incident angle 64 = 24° (4: 24°,B: 25°, and
C: 26°).

mode types of incidence. In this subsection, these are investi-
gated to see how they change with the angle of incidence.
Among those of Figs. 9 and 11, the profile for 8, = 24° is
chosen for the case of plate-mode incidence, and the one
which exhibits the interference effect is chosen for investiga-
tion of the between-mode case. It is evident from Figs. 12 and
13 that, when 8, is varied from its initial value, the nonspec-
ular features become less pronounced and the nonspecular
profiles are gradually transformed into spscular ones. Fig. 13
in particular indicates that the interference peaks are less
prominent as the incident angle deviates from the between-
mode incidence of §; = 41.4°,
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Fig. 13. Water-brass-water (fd = 7.0 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated for W, = 2.4° and 6 being
varied about between-mode incident angle 41.4° (4: 41.4°, B: 41.1°,

and C: 40.8°).
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Fig. 14. Water-brass-water (fd = 2.4 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated at plate-mode incidence 84 =
45° for various values of W, (4: 2.4°, B: 3.55°, and C: 7.2°).

D. Variation of Beamwidth

Finally, the profile changes are examined when the beam-
width is varied. Variation of the beamwidth amounts to a
change in the half-width of ¥(k,). The beamwidth values
used in the following calculations are 19.05 mm, 12.7 mm,
and 6.35 mm. Therefore, the values of W, derived from Fig.
4are 2.4°,3.55°, and 7.2°, respectively. Again calculations

(a)

{(db)

(b)

(db)

Xiwe

Fig. 15. Water-brass-water (fd = 7.0 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated at between-mode incidence
0; = 41.4° for various values of W, (4: 2.4°, B: 3.55°, and
C: 1.2°)

are done for both types of incidence, 6; = 45° chosen for the
plate-mode case and 6; = 41.4° for the between-mode case. In
the plate-mode case (Fig. 14), the profiles are qualitatively not
changed when W, is equal to 2.4° and 3.55°. For W, =7.2°,
both reflected and transmitted profiles have an additional peak
caused by the influence of the nearest mode (8; = 50°,ie., 5°
away), which is partially overlapping the mode under consider-
ation. The results for between-mode incidence are illustrated
in Fig. 15. The interference effect is still present for the low
values of W,. When W, =7.2°, both reflected and transmitted
profiles show some plate-mode incidence character since the
half-width W, is now sufficiently larger than S which is equal
to 3.6° in this case.

V. CONCLUSION

The numerical method described above, when applied to cal-
culation of reflection from a liquid-solid interface, shows that
nonspecular reflection of a Gaussian incident beam can occur
at both the longitudinal and Rayleigh critical angles. The
strength and observability of the effect depends on the fre-
quency, the beamwidth, and the mechanical properties of the
liquid-solid combination chosen.

The same method applied to a liquid-solid-liquid system
yields information about nonspecular reflectivity and trans-
mittivity. It is concluded from the results presented that 6;
and fd are not the only parameters of importance but that a
new parameter, 2fw, the product {requency times beamwidth,
determines whether nonspecular reflection and transmission
can be expected to occur at incident angles other than plate-
mode angles of incidence.
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Detection of local inhomogeneities in solids
by Rayleigh angle reflection

W.G. MAYER

A schlieren method is employed to observe changes in the reflection profile of an
ultrasonic beam incident at the Rayleigh angle. These changes are used to determine
the location of small elastic inhomogeneities of a flat solid sample.

Introduction

Ultrasonic methods have been used for many vears to
determine not only the elastic properties of solids but also
changes of these properties and inhomogeneities which
influence propagation velocities in the solid. As early as
1946, Firestone and Frederick! used ultrasonic velocity
measurements to find anisotropies in rolled aluminium,
Changes in ultrasonic velocities can be caused by a
variety of anisotropies, among them changes in Young’s
modulus? which may be measurable as variations in the
shear wave velocity.® Longitudinal wave velocity changes
can be caused by preferred orientations, as for instance

in a drawn zinc bar where the velocity was found to vary?
between 3540 m s™! and 4400 m 57!,

In addition to bulk wave velocity measurements one can
use surface waves to determine changes in bulk properties®
or texture.® Lamb waves can also be used” for the
determination of irregularities in thin extended solids.

Generally, measurements made using these techniques
reveal changes in sound velocities caused by anisotropies
that exist either throughout the entire length of the sound
path or within a portion of the measurement distance,
However, a small isolated irregularity may contribute very
little to the overall change in velocity determined over a
relatively long distance which includes the irregularity.

The method described below samples elastic properties

of the solid and reveals small local changes in the ultrasonic
velocity which, if a long path were used, could easily escape
detection.

Theoretical background

The method described is based on the fact that a bounded
ultrasonic beam incident from a liquid on to a flat solid
may be non-specularly reflected if the angle of incidence
is equal to the Rayleigh angle. One of these non-specular
reflection phenomena. a lateral beam displacement, was
first observed by Schoch.® Whether the reflected beam is
laterally displaced or whether an intensity profile change
occurs, that is, the reflected beam appears 1o split into two
distinct portions separated by an intensity null region ®
depends strongly on the beam width, the frequency. and
The author is presently at thg Labor Kurzzeitphysik, Universitat
des Saariandes, 6600 Saarbrucken, West Germany, H's permanent

address 1s the Physics Department, Geargetown University,
Washington, DC 20057, USA, Paper recerved 28 November 1980.
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on how closely the incidence angle approaches the
Rayleigh angle.}®

These changes in the reflected beam profile can be calculated
if one considers the reflection coefficient for a bounded beam
rather than a single plane wave. Representing'! the incident
beam as a summation of an infinite number of plane waves,
all of the same frequency but incident at the boundary at
different angles, one can construct the reflected sound field
at the boundary for any point along the interface, that is,

the x-direction. The amplitude distribution of the reflected
beam is ven'? by

Un() = (125) [ R(k) Viky) explivks) dky (1)

where R(k,) is the plane wave amplitude reflection
coefficient. k, is the projection of the incident wave vector
on the x-axis. and 1'(k,). the Fourier uansform of the
incident particle displacement, depends on the incident
field profile. Uyc(x),

3

P(ky) = ’ Upnodx) expl - ixky) dx. 2

Introducing attenuation, the various terms in the above
expressions can be transformed in such a fashion that the
reflected beam profile can be calculated by numerical
integration.’® Numerical evaluations for different flat
solids immersed in water show that a Gaussian beam
incident at the Ravleigh angle is reflected with an intensity
profile that is quite different from a Gaussian distribution.
The resulting profile depends on beam width and
frequency and. most important for the present purpaose. on
whether the incidence is exactly at the Rayleigh angle or
at a slightly different angle. This latter dcpendence is
illustrated for the case of a water-stainless steel boundary
as shown in Fig. 1, which is adapied from Ngoc.'® The
centre of the incident Gaussian beam, not shown in Fig. 1,
is incident at point 0 on the x-axis. The graph indicates
that the reflected beam profile is no longer Gaussian and
changes markedly when the angle of incidence is changed
slightly from 6y . the Rayleigh angle.
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Fig. 1 Caiculated profile of reflected beam at a water-stainless
steel boundary for incident angles of: A, 6Rg: B, Ag + 0.5°;

C.0g + 1°. Beam width is 20 mm, frequency 2 MHz, and incident
beam (not shown) is centred at X/W, = 0, where W, is a mecsure
of beam width. (After Ngoc )

Experimental method and results

The curves in Fig. 1 are given as a function of §;, the angle
of incidence. for 6;= 0y 10 6;= 0y + 1°. The Rayleigh angle
for stainless steel is 30.6°. determined by the Rayleigh
wave velocity, vi . and the sound velocity in water, v,
according to

sin 0,r = 1/vg. (3)

With 1= 1490 m s™* and 6; = 30.6° one obtains rg =
2930ms™H,

If one immerses a flat sample of stainless steel in water, a
2 MHz, 20 mim wide, Gaussian ultrasonic beam impinging
at 6; = 6 will be reflected according to curve Ain Fig. 1.
Such a profile can be observed visually with a standard
Schlieren arrangement. If one now moves the sample
parallel to its surface the profile will not change if vg
remains the same at all locations subjected to the incident
beam. If. however, the beam profile observed at some
location deviates from the previously observed shape,

the value of vg in (3) must be different at that particular
location since neither 6; nor 1 have changed.

One can easily observe on a homogeneous sample changes
in the reflection profile caused by a change in the angle

of incidence, A, of 0.25° (see Fig. 1)if ane were to change
the angle of incidence without moving the sample. Con-
versely, one can also notice quite readily changes in the
profile caused by a change in the Rayvleigh wave velocity,
Arg . if one does not change 8; but moves the sample,
provided the sample is locally inhomogeneous. An
example of this situation is shown in Fig. 2. Here 2 10 mm
wide, 2 MHz beam impinges on a flat (1o ai least 0.05%)
thick brass sample. The angle of incidence is the Rayleigh
angle and the resulting reflection profile is shown in

Fig. 2a. Moving the sample paraliel to its surface does not
change the appearance of the reflected beam profile until
one reaches an area on the sample where the elastic
properties of the sample change. giving rise to a different
non-specular reflection profile. shown in Fig. 2b. The
original appearance can be restored by a slight adjustment
of 8,. In the case of this particular sample a decrease of
0.75%in 6, was required.

Substituting this adjusted angle. 0, = 0, 0.75°. into (3)
and comparing the resulting value of 1 with that one
obtains for the rest of the sample one finds that the local

110

Fig. 2 Schlieren photographs of 2 MHz beam reflected at a
brass-water flat interface with: a — Rayleigh angle incidence; and
b - same angle of incidence but at section of sample with siightly
different elastic properties

value of vy is about 24 m 57! higher than elsewhere on the
sample. Thus. this method is sensitive to small. localized
changes in the Ravleigh wave velocity.

Discussion

The method described above can be used to find local
Rayleigh wave velocity fluctuations that can be as small
as a fraction of one percent of 1. Assuming that a profile
change is detectable that corresponds to a 0.25° deviation
from Oy. the resulting detectability of a change in vy
depends on the magnitude of the unperturbed Rayleigh
wave velocity. Fig. 3 shows the amount of Arg for A6, of
0.25°,0.5%. and 1° as a function of the overall vk and the
corresponding Bg . The curves shown are for a solid-water
boundary, calculated from (3) for positive Ad;. The
corresponding Arg for negative A6, are shown as points.

Although this method enables one to detect small, local
changes in the elastic propertics one should not expect to
be able also to determine the cause of these velocity
anisotropies. Considering that vg depends on the value

of the shear wave velocity and on Poisson’s ratio. which
itself depends on the shear wave and the longitudinal wave
velocities. any observed Arg may be caused by local
fluctuations in these quantities. Moreover, since these bulk
wave velocities depend on the elastic moduli and the
density of the solid. an observed Avg may also he caused
by anisotropies of these latter parameters.

Thus the method described here can be primarily vseful
in the location of small Jocalized inhomaogeneities of the
solid while the determination of the exact causes can then
be attempted with the appropriate techniques applied at
the location in question,

ULTRASONICS . MAY 1981
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