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OrrICAL METHOD FOR MEASUJREMENT OF ULTRASONIC REFLEC-
TION FROM SOLID PLATES.

Walter G. Mayer and Tran D.K. Ngoc.
Department of PhYsics. Georgetown L'niersitY. Washington, DC.20057. US.A.

Abstract

An acousto-op tic interaction method was used to measure the modulus of the reflec-
tion for ulrrcsonic w ates impinging at various angles on solid plates immersed in
ater. Theor ' and experimenit are shown to agree qualitarivcl.v when the product

frequency tim es piate thickness is small.

Introduction

The reflection coefficient of ultrasonic w aves from a solid plate immersed in a liquid
has been gi'en by Pitts et al. [1I1 for the simplified case where absorption is neglected.
The general form of this ampltude reflection coefficient

RA = N/FaF (1)

is the same %4hen absorption is included, as A as done by Ngoc 121, in which case the
quantities in eq. (1) are defined in the following manner.

N N' + N' - N3 2 + 2NN 2 ( - cosPcosQ),'(sinPsinQ), (2)

Fa [(I -cosP)j'sinP) N, + (1I -cosQ),'sinQ) N2 + iN3 , (3)

Fs 1(I + cosP), sinP] N, + [(I + cosQ),'sinQl N2 - N 3 , (4)

N,- M2 - k2)2 , (5)

N,= 4kx2KdK,, (6)

N3 = pk,%Kd. K, (7)

wkith the s- rnbc's in eqs. (2)-(7, gi,.en by

k = 'f l( + ia,'2tj

kd '-t-f'%d) 0I + iad:7. (8)

k s Ns) H + ia, 2r).

Kd = )kd KI (9)

Ks = (k2 -.

P = dKd. (10)

Q = dKs

Here d is the thickness of the solid plate (in mm) and f the ultrasonic frequency
(in MH7zj The angle of incidence is denoted by 8j. and p is the ratio of the liquid
density to the solid density'. The parameters v, vd, vs and a, ad. a, are the sound
velocities and a:tenuation per %4aselength of the vwave in the liquid, and the longitud-
inal and shear A a% es in the solid, respectively.

Nurncricd! esaluaton of the reflection coefficient, eq. (I1). shows that reflec-
tion peaks occur for some e6 %kith the number of peaks generally increasing sxhen the
product fd increases. The height of these peaks and the minima of RA be'ween peaks
depend strongly on the values Of ad and a.. The reflectivit) pattern is rather compli-
cated A hen fd becomes larger than about 10, making the experimental measurement
of R. aas a fc'rcticn of 0, difficult due to the exisrencr of nor.-specular reflection 13).

lHc~eser. s%4.en thin plates are seleeaed the results of calculations based on
eq~ (Ian b.e %cr,'?ed experimtrntalb. us!rg an acousto,'ptic interaction technique.
This methond and the results are described below.



MaaerandNgoc 172

I R

21 9 0 2R

lie * 1 R

a b

Figure I (a) Schematic diagram of beam alignment with respect to solid reflector (S).
Incident, reflected, and transmitted beams are denoted by 1, 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 [41 diffraction arrangement,
part of which is shown schematically in Fig. Ia. A laser beam is expanded into a
collimated beam of approximately 10 cm diameter, indicated by the circle in Fig. Ia.
This beam travels through a glass tank filled with xater, and the upper surface of the
solid plate reflector tS) 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 simplest 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, indicated by 0 in Fig. lb. How-
ever, if I, R. and T are present, diffraction patterns will be formed centered around 0.
The alig:nment of the diffraction pattern caused by the incident beam, indicated by
1. II, 0, etc. depends on the angle of incidence of the beam I, and the alignrr ent of

the pattern created by the reflected beam (2R, I R, 0, etc) on the direction of travel
of R. The transmitted beam T will produce a diffraction pattern which is super-
imposed on the pattern generated by 1, since I and T have the same direction of
travel. Thus, if one blocks all the light traversing the %kater below the solid plate,
indiza'ed b> the dashed line in Fig Ia, one obtains a set of diffraction patterns
caused only by I and R.

The lipht intensity contained in the first orders of the diffraction pattern,
i e., III or I I R , depends on the amplitudes of the two ultrasonic beams I 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 II R also changes accord-
ing to the theor. of Raman and Nath. This light intensity is given by

l R = J"(VR), (11)

where 1I is the first-order Bessel function, %%hose argument vR is proportional to
the amplitude of the reflected ultrasonic beam.

If one nov, keeps v1 , the amplitude of the incident beam, cc nstant as one
changes the angle of incidence, one can compare the changing IIR to the fixed Ill.
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 gjlen
solid reflector as a function of 6i .

.4(,utics Letter. 1o!13.Vo 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-
uency 2 MHz. plate thickness 1;16 inch, fd = 3.175 MHz.mm

100

50l

/ '
/ S

/ '
", / I

'S / °• t :

50 0 / 3 0

0 i /

u of o
un ' M /

The b oe a

ulry eerigt lct o d be ofrfeto aim n iia h

..z\ / 9 /

o o 2 30o 40 o5 60o
Angle of Incidence

Figure 3 Calculated values (dashed line) and experimentalli measured values
(circles) of reflection coefficient for a Plexiglas plate in water. Freq-
uency 2 MHz, plate thickness 1 mam, fd = 2 MHz.mm

The results for two thin Plexigass plates in tater are shown in Figs 2 and 3.
The dashed hires are the theoretically calculated curves for the reflection coefficient

where the computation is based on eq. (I). 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 loniudinal and shear tae

absorption coefficient of Plexiglas. An analysis of eq. () sho s that the heights
of the reflection coefficient peaks and the depth of the minima are extremely
strong functions of the absorptivity, w'hile 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 vahen the
reflected beam has an amplitude cross-section v, hich is essential> the same as that

of the incident beam. This condition is satisfied in most cases where fd Lv small.
However, when fd becomes large. non-specular reflections and phase shifts between
portions of the reflected beam may occur 151. and the simple form of the uniform-
beam Raman-Nath theory may no longer hold

Acouirici Letters I'oI 3. N 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
TRAN D. K. NGOC AND WALTER G. MAYER

Abstract-A numerical integration method is used to calculate the in- incident reflected
tensity distribution in reflected and transmitted beams for liquid-solid- beam beam
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.

liquid

I. INTRODUCTION liqoid , -

EOMETRICAL reflection or transmission of an ultra- liquid

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- Z .
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 transmittk
sound field. Fig. I illustrates some typical profiles of a beam beam
nonspecularly reflected from or transmitted through a layered Fig. 1. Coordinate system and typical nonspecular profiles of reflected

system. and transmitted beams.

Bertoni and Tamir [1 ] successfully developed an analytical
model to describe nonspecular reflectivity for a liquid-solid Recently, another method which made use of numerical
system at Rayleigh angle incidence. Later Bertoni and Hou integration was developed by Ngoc [6] to describe nonspec-
[2] slightly modified this analysis to incorporate attenuation ular reflection phenomena for a liquid-solid system. This
in the media. In the same analytical framework, Breazeale et method was used to confirm the nonspecular reflection fea-

al. [3] examined the reflected profile observed at large dis- tures for incidence near the Rayleigh critical angle and to

tances from the liquid-solid interface. Pitts et al. [4] ex- establish nonspecular reflectivity for incidence near the longi-

tended Bertoni and Tamir's model to investigate the profile of tudinal critical angle.

a bounded beam reflected from a solid plate immersed in a The present paper is intended to apply in general the nu-

liquid. The same approach was also used by Ng [5] to study merical integration method to investigate the nonspecular

the transmitted profile for the same layered system. Their cal- reflection and transmission effects for a layered system. Re-

culated results are qualitatively consistent with experimental sults for incidence near critical angles of a liquid-solid system

observations but only applicable when the resonant conditions will be discussed, and nonspecular characteristics of a liquid-

prevail, that is, for Rayleigh angle incidence in the liquid-solid solid-liquid system will be investigated for both reflected and

case and for plate-mode incidence in the liquid-solid-liquid transmitted beams.

case. The limitations of the Bertoni and Tamir's formulation 11. THEORETICAL FRAMEWORK
also stem from the fact that the mathematical analysis be-
comes prohibitively involved as the system to be considered A. Spectral Representation of a Bounded Beam
becomes more complicated. Fig. I shows an incident ultrasonic beam bounded in the

(x, z) plane and uniform in they direction. The beam of an-
Manuscript received January 28, 1980; revised March 28, 1980. This gular frequency w = 21rf is seen to be incident at an angle 01.

work was su,, .rted by the Office of Naval Research, U.S. Navy.
The auth, . ,e with the Physics Department, Georgetown Univer- Its intensity profile is contained by an effective width 2w,

sity, Washiu,',, DC 20057. which is projected onto the first interface as 2wo. The same

0018-9537/80/0500-0229S00.75 © 1980 IEEE
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figure also illustrates the coordinate system for a liquid-solid- transmission. In this paper, one is interested in the profile of
liquid structure. The same coordinate system is still useful for the sound beam reflected from a liquid-solid interface and
a liquid-solid system when the second interface is moved to those of both reflected and transmitted beams observed in the
infinity. liquid-solid-liquid system.

In the context of spectral analysis, a bounded beam can be The amplitude plane wave coefficients P(k,) for the cases of
represented as a superposition of an infinite number of plane interest are given [81 by
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 the reflection coefficient for a liquid-solid infinite half space
its field distribution is known in any plane. Thus a spectral system; and
representation of a well-defined incident beam can be ex- RLSL(k) =NR/FOFs (7)
pressed by the following Fourier integral transform pair

andf ki* .1lwo

Uinc (x, z) = (27r)-' V(kx) exp [i(xkx + zk.)] dkx TLSL(kx) = NTIFaFs (8)
-f -w 0 for reflection and transmission for a liquid-soid-liquid system.

(1) The symbols used in (6)-(8) are defined as follows:

wo ~ ~N =  (k 2  - 2~ ) 4 2x s - 4ks~

V(kx) = Un (x, 0) exp (- ixkx) dx. (2) s= - 2k) +4k KKd- pk Kd/K

wo D = (k2 - 2kx)2 + 4kXKsKd + pk4Kd/K
In (1) and (2), . ¢ (x, 0) is the field distribution of the in- NR = (ks - 2k2) 4 + 26kxKsK, - p2 ks K2K 2

cident beam at the first interface where z = 0; kx is the x corn- + 8(k 2 - 2k2) 2 k 2KsKd(I - cos Pcos Q)/(sin Psin Q)
ponent of the wave vector k; k. is the z component of k de-
fined by k. = (k2 - k2)1/2; the wave vector ki = (cw/v) sin 0, N = (2ipk 4 K/K) [(k2 - 2k) 2/sin P + 4k2KsK/sin Q]

indicates the central direction of propagation of the incident F, = (k2 - 2k2)2 (1 - cos P)/sin P
waves; V(k.) is interpreted as the amplitude of the constituent a I
plane waves. The time dependence, exp (- icwt), is suppressed. + 4k~KsK(I - cos Q)4sin Q + ipk 4 KdK

In this paper, the incident beam is taken to have a Gaussian Fs = (k, - 2kx )2 (1 + cos P)/sin P
distribution, and its sound field at the first interface is char-
acterized by + 4k2 KsKd (I + cos Q)/sin Q - ipk KIK

Ui.,(x, 0) = exp [- (X/Wo) 2 + ixkx1 (3) where

and hence from (2) P = P'/P"k = (4v/) (1 + ia/2 r)
V(kx) = fl/2wo exp [- (kx - ki) 2 (w0 /2) 2  (4) k = (wvd) (1 + dia/2r)

The physical interpretation of (1) is that the incident beam k, = (cw/us) (1 + ia,/27r)
is composed of an infinite number of plane waves having the K = (k2 - k2) 1/2

same wavelength but incident at different angles; in other K d (k - x
words, the wave vector kx is perturbed in a narrow range s= (k -
about Ik1. The principle of spectral representation can be ex- P dKd
tended to describe a bounded beam reflected from or trans- Q =dK,.
mitted through layered media. If P(kx) denotes the plane The quantities a, ad, and as denote the loss parameters defined
wave reflection or transmission coefficients for a particular as attenuation er wavelength for the sound waves in liquidlayered structure, then the associated sound field can be aatnainpe waeegthfrtesudwvsi lqui
rerersented by and for the longitudinal and shear waves in solid, respectively.

It can be readily shown that RLS (kX) is a function of inci-f k -I lo dent angle and frequency, while RLSL (k,) and TLSL (kx) are
U(x, z) = (2r)-  J P(k.) V(k.) functions of incident angle and the product fd. The frequency

dependence is present because the loss parameters depend on

exp [i(xk. + zk)] dk.. (5) the sound frequency.
In general, the coefficients P(kx) are complex functions

B. Plane Wave Reflection or Transmission Coefficients possessing pole-zero pairs which completely determine their
It is evident from (5) that the relevant plane wave coefficient analytical behavior in the complex plane [8]. These poles and

P(kx) strongly influences the beam profile. Indeed, (5) indi- zeros can be arranged into pairs because each consists of one
cates that the resulting profile is constructed by the interfer- pole and one zero, both having the same real part in the loss-
ence of the individual plane waves, which have amplitude less case. For a liquid-solid-liquid system, the common real
P(kx) V(kx) and undergo a phase shift upon reflection or part of a pole-zero pair is associated with an angle of incidence
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~6

10

ip j2fw~m/sFig. 4. Half-width Wv of V(kx) plotted against product frequency times
(b) 0 beamwidth. Value used for 6i is 30 .

: I C Functional Characteristics of V(k,)
,.__./ \Equation (5) also indicates that the resulting profiles are de-

0 1L termined by the functional behavior of V(kx,), which is theI 42 60 Fourier transform of the incident intensity distribution. It is
'seen from (4) that V(k ) is a Gaussian function whose shape

Fig. 2. Moduli for lossless water-brass-water system with fd =2.4 km/s. depends on beamwidth, sound frequency, and angle of inci-
(a) RLsL(kx). (b) TLsL(kx). dence. With the values of beamwidth being a few centimeters

and those of frequency ranging from r MHz to 10 M , the
36L, magnitude of V(kx) is significant only in a narrow, a.ige about

40 -0ourk i and almost independent of the values of inciden angle. It
240. is reasonable to represent the significant range of the Gaussian

s. () Tfunction V(k. ) by its half- be width be idth is denoted

(a) by W and can be written in units of degrees as12oi
1WV = sin- (sin 0i + 0.53 Wk) - sin (sin 0i - 0.53 Wk)

0 (10)
U 360 where

n Wk =VcosOi/2fw. (ll)
240, Fig. 4 illustrates the functional dependence of W, versus the

(b) product frequency times beamwidth for 0i 
= 300. Considering

120 the known forms of P(kx) and V(kx), one can conclude that
the calculated profile is a function of O,,f, and 2fw in the

0L liquid-solid case, and of O,,fd, 2fw for a liquid-solid-liquid
20 40 60 system.

Fig. 3. Phases for lossless water-brass-water system with fd 2.4 km/s. D. Alternative Methods of Calculating Beam Profiles
(a) RLSL(kx). (b) TLSL(kx). To simplify the mathematical involvement and to avoid the

complication that a beam profile may change as the beam

where a plate mode can be excited. This association is ex- travels away from the interfaces [3] , the beam profiles for
pressed by the following relationship the cases of interest are all calculated at the interfaces, that is,

at either z = 0 or z = - d. Under such circumstances, the sound
/l/kp kIl = jk 0 l1k = sin Op (9) field expressed by (5) becomes

where Ik I = w/v, 0, is the plate-mode angle of incidence, and t .+ nlwo
kp and ko are pole and zero of the same pair. At a plate-mode ULs(x, 0) = (21r)- f  RLs(kx) V(k.)
angle of incidence, IRLSL I = 0 and I TLSL I = I when the ki - flWo

media are considered lossless, and the phase curves of RLSL • exp (ik.x) dk. (12)
and TLSL exhibit a point of inflection. Fig. 2 shows IRLSL I
and I TLSL I as functions of incident angle for the lossless C ki+ wo

water-brass-water system with fd = 2.4 km/s. The relative ULSL (x, 0) = (21r) - fi -/wo RLSL (kr) V(k.)
phase of RLSL and TLSL for the same system is plotted versus kj -0

angle of incidence in Fig. 3. exp (ik x) dk, (13)
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ki+ r/wo 10

U[SL (X,- d) =(21r')- 1  TLSL(kx ) V(k.) --- Lossiess

-absorptive

exp [i(kxx - k d)] dkx , (14)

where ULS(X, 0) is the reflected field for a liquid-solid system, (a) 05.
and UftsL(X, 0) and UTsL(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 [81, and Ng [51 chose to evalu-
ate these integrals analytically after replacing the exact but
complicated espressions of P(kx) 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 [61 is to evaluate integrals numerically. (b) 320

The numerical integration method has been shown to be suc-
cessful for some simple cases [91, [10]. 2MH z

The Bertoni and Tamir method essentially proceeds as
follows: 1) determine the locations of pole-zero pairs of P(kx); 280
2) formulate a simple approximate expression for P(kx); and 30 32 34 36 38
3) carry out the still rather involved integration analytically. 0 (-)
The numerical integration method proceeds in a more direct Fig. 5. Absorptive RLS(kx) near longitudinal critical angle for water-

manner, numerically evaluating the integrals on the basis of Plexiglas interface. (a) Modulus. (b) Phase.
the Simpson's integration algorithm thus omitting the mode-
identifying step.

The numerical integration method is found to be efficient 05. C
and adaptable to some practical considerations such as beam
spreading effect and non-Gaussian incident profiles. In addi- (a)
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 0
calculated results presented below are obtained by the nu-
merical integration method. 05

Ill. CALCULATED PROFILES FOR A LIQUID-SOLID D ,

SYSTEM (b)

It has been established that for a liquid-solid system [6] A
nonspecular phenomena are prominent at such an angle of in- 0 "

-- .

cidence that either or both of the modulus and phase of -2 - 0 3 2
RLS(kx) vary strongly. Such behavior is found near the longi- -
tudinal critical angle Od for a water-Plexiglas interface and /w.

near the Rayleigh critical angle 0, for various liquid-solid in- Fig. 6. Water-Plexiglas (f= 2 MHz): calculated reflected beam profiles.
(a) 8i = Od as beamwidth is varied (A: 12.7 mm, B: 19.05 mm, and C:

terfaces. The reflected beam profile is a function of the ab- 25.4 mm). (b) Beamwidth is 19.05 mm as 0i increases beyond 0d
sorption as well as of 0i , f, and 2fw. In the following calcula- (A: Od + 3', B: Od + 2, C: Od + 1, and D: Ot).
tions w and 0i are varied, but f remains fixed. Therefore,
profile changes as w is varied can be associated with V(k,), method forf= 2 MHz when w and 0i are changed. Non-
while changes resulting from variation of 61 can be attributed specular reflectivity is manifest only in the form of a lateral
to R(k,). beam displacement, the magnitude of which varies signifi-

cantly with both w and 0j. These results are presented in
A. Incidence near Longitudinal Critical Angle Fig. 6. It is noted that the maximum beam displacement does

Fig. 5 shows the variation of the modulus and phase of not occur exactly at 0 d but approximately at 0 d + 1° .
RLS(kX) near 0 d for a water-Plexiglas system at different fre-
quency values. Both sets of curves exhibit strong variations B. Incidence near Rayleigh Critical Angle

in the angular range under consideration. Profiles of the re- In Fig. 7, the modulus of R(k x ) is plotted versus 0, near 0,
flected beam are calculated by the numerical integration for a water-stainless steel system. The phase curves are not
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Fig. 7. Modulus of absorptive RLS(kx) near the Rayleigh critical angle
for water-stainless steel interface. 0
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Fig. 9. Water-brass-water (Id = 2.4 km/s) beam profiles. (a) Reflected.
(b) Transmitted. Calculated for W. = 2.40 at various plate-mode
angles of incidence (A: 5', B: 240, C: 450 , 

and D: 500).

(B\ IV. CALCULATED PROFILES FOR A
(a) 05 LIQUID-SOLID-LIQUID SYSTEM

A, 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 Oi,fd, and 2fw. To separate the
influence of V(k,) and P(kx),f is kept fixed at 2 MHz, and w

05, - and Oi are varied.

5 -It is interesting to investigate the profiles for different ranges
(b)" ,' "of incident angles: those corresponding to plate modes and

\ .b those falling between two adjacent modes. The former will be
B // , referred to as plate-mode incidence and the latter as between-

mode incidence. For this reason, calculations for a water-
0 L brass-water system are done throughout for two values of fd,
-2 -1 0 1 2 3 2.4, and 7.0 km/s, since the plane wave coefficients exhibit

X/w. different characteristics in terms of number of modes and

Fig. 8. Water-stainless steel (f 2 MHz): calculated reflected beam spacings between modes for these values of fd. In the follow-
profiles. (a) Oi = O. as beamwidth is varied (A: 12 mm, B: 20 mm, ing, between-mode incidence is used to indicate the angle of
and C: 28 mm). (b) Beamwidth is 20 mm as 0. is varied (A: Or, incidence exactly between two adjacent plate modes, whose
B: Or + 0.50, and C: Or + 10). angular separation is denoted by S.

shown since they do not deviate significantly from the lossless A. Plate-Mode Incidence
case. Again the reflected beam profide is calculated for differ- The profiles are first calculated at the plate-mode angles of
ent values of w and 01, holdingf fixed at 2 MHz. The non- incidence using fd = 2.4 km/s. The value of beamwidth is
specular characteristics consist of an intensity minimum, a taken to be 19.05 mm, which gives 2fw = 38.1 km/s. It is
beam displacement, and a trailing sound field. As the beam- estimated from Fig. 4 that W, is equal to 2.40. Thus the beam
width becomes larger, the prominent change in the profile is profiles calculated with these parametric values would show
a shift of the whole beam to the right. For variation of Oi , only the functional behavior of P(kx ) near a plate mode, be-
the most noticeable profile change is seen at the intensity min- cause S is substantially larger than W, (see Figs. 2 and 3). The
imum which gradually gains in intensity and finally disappears reflected profiles plotted in Fig. 9 show features similar to
approximately at 0r + 10. These results are presented in Fig. 8. those present in the beam reflected near 0, from a liquid-solic
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Fig. 11. Water-brass-water (fd = 7.0 km/s) beam profiles. (a) Re-

Fig. 10. Moduli for lossless water-brass-water system with fd 7.0 flected. (b) Transmitted. Calculated for W, = 2.4' at various be-
km/s. (a) TLSL(kx). (b) RLSL(kx). tween-mode angles of incidence (A: 15.6' , B: 24.7, and C: 41.4').

interface (compare Fig. 8). The same figure also shows the 05, _
profiles calculated for the transmitted beam, dispiaying only /"

a simple beam shift for all modes. The absence of an intensity (a)
minimum in the transmitted profiles can probably be attrib-
uted to the fact that the phase of TLSL(kx) does not exhibit
a 3600 change as RLSL(kX) normally does at plate-mode in- 0

cidence. It is also noted that the intensity of the transmitted 05

profiles increases with the width of the plate-mode peaks of A
the modulus curves.

(b)

B. Between-Mode Incidence

In this angular range fd = 7.0 km/s is used so that S varies 0 __...

noticeably for the same fd (Fig. 10). The chosen value of W, 2 1 0 1 2 3

is still 2.40 . Both reflected and transmitted profiles are cal- X/w.

culated at three between-mode angles of incidence selected to Fig. 12. Water-brass-water (fd = 2.4 kmns) beam profiles. (a) Re-

be 15.60, 24.70, and 41.40, whose values of S are 0.75, 5.35, flected. (b) Transmitted. Calculated for WL, = 2.4* and 8i being

and 3.60, respectively. Fig. II shows the resultant profiles. It varied about plate-mode incident angle Od = 24' (A: 24'. B: 25'. and

is observed that the profiles A display features characteristic C: 26').

of a plate-mode incidence profile, those labeled B have no
noticeable nonspecular features, and the profiles C show an mode types of incidence. In this subsection, these are investi-

"interference" effect caused by the two adjacent modes. gated to see how they change with the angle of incidence.

Comparison of the values of WV and S leads to the following Among those of Figs. 9 and 11, the profile for 01 = 24' is

proposition: interference effect is most probable when W, < chosen for the case of plate-mode incidence, and the one

S < 2W,; nonspecular characteristics are not likely when which exhibits the interference effect is chosen for investiga-
S > 2 W,; and when S << W, a nonspecular profile produced tion of the between-mode case. It is evident from Figs. 12 and
in the neighborhood of two adjacent modes is similar to that 13 that, when 01 is varied from its initial value, the nonspec-
resulting for plate-mode incidence. ular features become less pronounced and the nonspecular

profiles are gradually transformed into specular ones. Fig. 13
C Variation of Incident Angle in particular indicates that the interference peaks are less

The basic characteristics of the reflected and transmitted prominent as the incident angle deviates from the between-
profiles have been established for plate.mode and between- mode incidence of 01 = 41.40.



NGOC AND MAYER: REFLECTION AND TRANSMISSION EFFECTS FOR LAYERED MEDIA 235

00

-10. -10

(a) (a)

-20 :'-,-20 r, ,

~ -~ A

-30 -30
-10 -101 - -
-20 20 "

(b) (b) ,2020 . .- ,(b ,

-30 A I' b 
t

30 -30
-2 0 2 4 6 -2 0 2 4 6

X/w. X/W.

Fig. 13. Water-brass-water (fd = 7.0 km/s) beam profiles. (a) Re- Fig. 15. Water-brass-water (fd = 7.0 km/s) beam profiles. (a) Re-
flected. (b) Transmitted. Calculated for W. = 2.4* and 0tbeing flected. (b) Transmitted. Calculated at between-mode incidence
varied about between-mode incident angle 41.4* (A: 41.4 8: 41.10, 0i = 41.40 for various values of Wo (A: 2.40.B: 3.550, and
and C: 40.80). C: 7.20).

0 are done for both types of incidence, 0i 
= 45' chosen for the

plate-mode case and 0 = 41.40 for the between-mode case. In
-10 *.. ,the plate-mode case (Fig. 14), the profiles are qualitatively not

',' changed when W0 is equal to 2.40 and 3.550 . For W,, = 7.20,
(a) c C both reflected and transmitted profiles have an additional peak

20 ,B caused by the influence of the nearest mode (0j = 500 , i.e., 5*
A away), which is partially overlapping the mode under consider-

-30 ____ ',' ' ation. The results for between-mode incidence are illustrated
in Fig. 15. The interference effect is still present for the low

0 values of W. When W, = 7.2', both reflected and transmitted
-/ - profiles show some plate-mode incidence character since the

-10 / half-width W, is now sufficiently larger than S which is equal
3 , ,to 3.60 in this case.

(b) .

-20 V. CONCLUSION

The numerical method described above, when applied to cal-
-30 __...... ' culation of reflection from a liquid-solid interface, shows that

-2 0 2 4 6 nonspecular reflection of a Gaussian incident beam can occur
x /W. at both the longitudinal and Rayleigh critical angles. The

Fig. 14. Water-brass-water (fd = 2.4 km/s) beam profiles. (a) Re- strength and observability of the effect depends on the fre-
flected. (b) Transmitted. Calculated at plate-mode incidence ed45 for various values of WV (A: 2.40,8: 3.55*, and C: 7.20). quency, the beamwidth, and the mechanical properties of theliquid-solid combination chosen.

The same method applied to a liquid-solid-liquid system
D. Variation of Beamwidth yields information about nonspecular reflectivity and trans-

Finally, the profile changes are examined when the beam- mittivity. It is concluded from the results presented that 0j
width is varied. Variation of the beamwidth amounts to a and fd are not the only parameters of importance but that a
change in the half-width of V(kx). The beamwidth values new parameter, 2fw, the product frequency times beamwidth.
used in the following calculations are 19.05 mm, 12.7 mm, determines whether nonspecular reflection and transmission
and 6.35 mm. Therefore, the values of Wo, derived from Fig. can be expected to occur at incident angles other than plate-
4 are 2.40, 3.55", and 7.2*, respectively. Again calculations 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 on how closely the incidence angle approaches the
Raylih nle'

Ultrasonic methods have been used for many years to Raleigh angle."
determine not only the elastic properties of solids but also These changes in the reflected beam profile can be calculated
changes of these properties and inhomogeneities which if one considers the reflection coefficient far a bounded beam
influence propagation velocities in the solid. As early as rather than a single plane wave. Representing" the incident
1946, Firestone and Frederick' used ultrasonic velocity beam as a summation of an infinite number of plane waves,
measurements to find anisotropies in rolled aluminium, all of the same frequency but incident at the boundary at
Changes in ultrasonic velocities can be caused by a different angles, one can construct the reflected sound field
variety of anisotropies, among them changes in Young's at the boundary for any point along the interface, that is,
modulus 2 which may be measurable as variations in the the x-direction. The amplitude distribution of the reflected
shear wave velocity. 3 Longitudinal wave velocity changes beam is gven' 2 by
can be caused by preferred orientations, as for instance
in a drawn zinc bar where the velocity was found to vary4

between 3540 m s-' and 4400 m s'. Ul(x) = l21T) j R(k )l'k.)exp~ikx)dk x  (I)
In addition to bulk wave velocity measurements one can -
use surface waves to determine changes in bulk properties s

or texture.6 Lamb waves can also be used' for the
determination of irregularities in thin extended solids, where R(k.,) is the plane wave amplitude reflection

coefficient. k. is Tlhe projection of the incident wave vector
Generally, measurements made using these techniques on the x-axis. and 1'(k,). the Fourier transform of the
reveal changes in sound velocities caused by anisotropies incident particle displacement, depends on the incident
that exist either throughout the entire length of the sound field profile. tic(x),
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. C =(.x) expt - i-k,) dx. ,2)
The method described below samples elastic properties .
of the solid and reveals small local changes in the ultrasonic
velocity which. ifa long path were used. could easily escape
detection. Introducing attenuation, th1e various terms in the above

expressions can be trnsformed in such a fashion that the
Theoretical background reflected beam profile can be calculated by numnerical

integration." Numerical evaluations for different flatThe method described is based on the fact that a bounded solids immersed in water showk that a Gaussian beam
ultrasonic beam incident from a liquid on to a flat solid incident at the Rayleigh angle is reflected with an intensity
may be non-specularly reflected if the angle of incidence profile that is quite different from a Gaussian distribution.
is equal to the Rayleigh angle. One of these non-specular The resulting profile depends on beam width and
reflection phenomena, a lateral beam displacement, was frequency and, most important for the present purpose, on
first observed by Schoch.' \klhether the reflected beam is whether the incidence is exactly at the Rayleigh angle or
laterally displaced or whether an intensity profile change at a slightly different angle. This latter dependence is
occurs, that is. the reflected beam appears to split into two illustrated for the case of a water-stainless steel boundary
distinct portions separated by an intensity null region.9  as shown in Fig. 1, which is adapted from Ngoc.' ° The
depends strongly on the beam width, the frequency. and centre of the incident Gaussian beam, not shown in Fig. 1.

. . .. is incident at point 0 on the x-axis. The graph indicates
Th- author is prpsently at the Labor Kuw7z7,irphysik Universitat that the reflected bea m profile is no loner Gaussian ard
des Sadriandes, 6600 Saarbruckers, West Germany. Ms permanent ththerfcedeaspoilisnlogrGssanrd
address is the Physics Department, Geocetown Unmversity, changes markedly when the angle of incidence is changed
Washington. DC 20057, USA. Paper received 28 November 1980. slightly from 0 R- the Rayleigh angle.
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C, OR~ + 1'. Beam width is 20 mm, frequency 2 KMHz, and incident
beam (not shown) is centred at X!W0  0, where W. is a mecjsure .

of beam width. (After Ngoc 1

Experimental method and results

The curves in Fig. I are iiven as a function of Oi, (lie angle
of incidence, for 0, 0 " to 0, OR + 1 0. Thle Ra\ leigh angle W
for stainless steel is 30.60. detertnined by the Rayleigh
veV velocity. - tIR -and tile sound Veliitv in water. r. _ .

according to_

sin Ois- I/VR. (3)

WiA th v =1490 rts s- arid 0i 30.60 one obtains 1'R Fig. 2 Schlieren photographs of 2 MHz beam reflected at a
2930 ill -1 brass-water flat interface with: a -Rayleigh angle incidence; and

b - same angle of incidence but at section of sariple with slightly
If one irmterses a flat samiple of stainless steel in wkater, a different elastic properties
2 MIz. 2_0 rttm wide, Gaussianl ultrasonic beam impinging vleO ' saot2 l -1hge hnesweeo h
at 0, = R will be reflected accorditng to curve A in Fig. I. vleo Ri bu 4ms hge ~a lehr nts
Such a Profile can be rrbserved visually with. a standard smle. Thus. this methsod is -sensitive to small, localized
Sclslieren arrangement. If one now- moei (i sml changes in the Rayleigh wave velocity.
parallel to its surface the profile will not chiange if VR Dsuso
retmains the sate at all locations subjected to (lie incident Dsuso
beam. If. however, thle beams profile obhserved at some The ttethsod described above canl be used to find local
location dcviares frotm the previously observed shape. Rayleigh wave velocity fluctuations that canl be as small
tite value of tr inl (3)1 must be different at that particular as a fraction of otte percent of sri . Assuming that a profile
locatiton since necither 0j nor r have changed. change is detectable tlsat correspotnds to a 0.250 deviation

Onse cats easily observe onl a luomtogencous sample chtanges fromt OR. the resuiltirig delectability of a chsange in vit
in (ie rs tiC cpendLs Onl tle ic anitude of the Urs"rcrturbed Ray leigh

rntie flction1 profile cauised by a chlatgeiu il angle i r crcy i.3sostl liln fARfrAo

of iticidence. AOi, of 0.25" (see Fig. I1) if Ile w\ere to change 020 10 td1 saficir fts vrl Rai h
the arsele of incidence Without i ng tice samsple. Con-

verslyonecar alo nutic qute eadl~ crar~esin lsecorespirltdilig OR . The culrves ShLowTI are for a solid-w ater
perofilye cadb aclsnstie qinte Readleihavges velote bounidarv. calculated from (3) for posititve AO,. Thle

notlecuedb change in bh alw av eoiy correspo'nding At'R for nevative AO, arc shown as points.
AIR,- if oneC (Ises no hneO ilmoves the sample.
provided the sattple is liocally inlsii nrscous. An Although this lsellod ensables oite to detect small, local
example uif thsis situation is shown irs Fig. 2. 1 here a10 fim chllnueS irn tile 12U 0ITliS(10sodntexcto
wide. 2 Ml z hearm imopiniges onl a flat (to ai least 0.050) be able also to detertiine the cause of these velocity
thick brass samsple. Thse angle of incidence is tile Ray.leighi attisotropies. Conisideritng that vR depends ott the value
angle and thle rcsltitsg reflectisn profile is shown in of the shsear wave velocity and onl Poisson's ratio. which
Fig. 2a. Mouving the samiple parallel to its surface does not itself depends (in tise shear wave arid the lotseitsudinal wave
chnge tse appearance of tile reflected beam profile until velocities. all\- o bserved ArR mna\ be caused bly local
lOne reabCllS Jt1 area unI (le samtple \\ hlere the elastic fluctuations its thes~e quarntifies. Moreover. sinice these bulk
properties of tlie samtple change. giving rise to a different wave veloities depend on usle elastic usoduli and the
non-specular reflection profile. shown in Fig. 2b. The dentsity of tile solid, an observed A11R may also he caused
original appearance can be restored by a slighst adjustment by ariisorr opies of these latter parameters.
of 0,. In the case of tisis particular sarmple a decrease of Thtus tile rmethod described here cart be primarily useful
0.750 in 0, was requlited. in tlse locatiion of smrall localtzed irihirsssiiersities of tile
Substrttn tilis adjusteud angle. 0, = OR 0.7S0 . into (3) solid wllile tine d1cicttirsauion of tilec e\ait cauises can then
arid cormparitig rtle reslilting %adue (if rR \% ith that (one bie atiemrtetd with thle appruipriate techntiques applied at
obtains for tle rest of thle sarmple uric Finds that tile local tile luicat ion in qruestion.
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Fig. 3 Changes in vR detectable with .0i of: A, 0.25; 
B, 0.5 *;

C, 1' as a function of vR or OR
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