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Experimental  Study of Focused Ultrasonic  Beams 
Reflected at a Fluid-Solid Interface in the 

Neighborhood of the Rayleigh Angle 
Theodore E. Matikas, Member, IEEE, Martine  Rousseau,  and  Philippe  Gatignol 

Absfrucf-An experimental  technique is developed  to  measure 
the pressure  field of  an ultrasonic  focused  beam  reflected  from a 
water-aluminum interface. This  experimental  procedure,  based 
on  the  cartography of the  reflected  beam, is used  to  demonstrate 
nonspecular phenomena at a range  of angles of  incidence near 
and at the  Rayleigh angle. In particular,  the  lateral  and  axial 
displacements of the  reflected  focal  point  are  quantified. The 
experimental  results  confirm  previous  theoretical  work. 

I 
I. INTRODUCTION 

N NONDESTRUCTIVE testing of materials, the exper- 
imenters use  focused  transducers in order to limit the 

diffusion  effects which can be considerable  particularly in 
metals. The quantitative  study of the reflected beam is essential 
to obtain the correct  interpretation of errors in measurements. 
Bertoni et al. [l]  have  studied  the reflection of convergent 
beams at  a liquid-solid interface for incidence at the  Rayleigh 
angle. In their  model they used the  hypothesis of a  well 
collimated  beam.  The approximate  expression of the reflected 
acoustic field led to a  direct  integration. They obtained the 
position of the  focal  point of the reflected beam and predicted 
a  lateral and axial  displacement (there  is  no notion of a  beam 
caustic). 

In 1986, Nagy,  Cho,  Adler,  and  Chimenti [ 2 ]  verified 
the  axial  displacement by means of schlieren  photogra- 

In a  recent  article [3].  we studied  the reflection of  an acoustic 
beam  emitted by a  model of a  Gaussian  focused  transducer at 
a fluid-solid interface. The distribution of normal  velocity was 
given on the emitting plane placed in the fluid medium. We 
introduced  the  notion of the caustic of the reflected beam. A 
distortion of this caustic  was observed in the neighborhood of 
the  Rayleigh angle, including  a lateral and axial  displacement 
of the focal  point of the  beam. Moreover,  other nonspecular 
phenomena  were  predicted  (spreading of the reflected beam, 
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asymmetric variation of the  acoustic  pressure  around the axis, 
curvature of the acoustic axis). An analytical  expression  for 
the reflected field was then obtained by means of asymptotical 
methods (stationary  phase, Ludwig method)  based on the short 
wave hypothesis. This detailed analysis  was completed  with 
a  physical  interpretation of nonspecular  phenomena and a 
comparison between  nonspecular reflection of a focused and 
a  parallel  beam. 

In the  present work  we propose  a  technique  for measuring 
the lateral and axial displacements of the focal point, 
together  with  a  qualitative  representation of other nonspecular 
phenomena, based on the  cartography of the reflected 
beam. A  study of the  feasibility of the  experiment  and 
the choice of the transducer is carried out.  The results 
obtained  are in agreement  with  our  theoretical  predictions 
[31. 

11. MATHEMATICAL FORMULATION 

Consider a fluid-solid interface. The fluid is characterized 
by its mass  density p ~ ,  and the velocity of sound c, the elastic 
solid by its  mass  density P S ,  the  velocity of the longitudinal 
waves C L ,  and the velocity of the  transversal waves C T .  We 
refer to Fig. 1 for the definition of coordinates.  The  emitting 
plane is taken at z ,  = 0 in the fluid region. The incident  angle 
is denoted by 01. The Gaussian  normal  velocity  distribution 
along the plane of the transducer is given by 

where V. is the central  magnitude of 71n, a is the characteristic 
width of the  Gaussian  beam, k is the wavenumber in the fluid 
given by k = W / C  (where W is the angular frequency of the 
emitter) and Bo is the half angle of convergent beam. 

The pressure of the  incident field is described by plane wave 
superposition in the  form of a  Fourier  integral [4]: 
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Fig. 1. Coordinate systems. (st, z l )  is the system  linked  to  the  emitter. (S, 

z )  is the  system  linked  to the  interface,  where  the  continuity  conditions are 
written. (A,, B,) is the system  linked  to the reflected  beam. (S’, z’) is the 
system  where  the  reflected  field  is  expressed  (calculus  system); the angle of 
incidence  between the  interface  and S‘ axis is denoted 01. 

where 

with 

We introduced  nondimensional  parameters: , 

The pressure of the reflected field can  be  written as follows 
[31: 

where 

7 2  

where Ai = 5’ cos 28; + 2 sin 2ei and Bi = 5’ cos2ei - 
2 s i n  28i + (a/ cosei) .. The reflection coefficient of the 
fluid-solid interface,  written in the  system ( X ’ ,  z’) is R(ix f )  
and d = d/a ;  where d is the distance between  the  emitter and 
the interface (see Fig. 1). 

- 

h U I I m n U m 
degrees 

Fig. 2. Phase of the reflection  coefficient  (water-aluminum  interface). 

Two cases appear. 
1) Case of an incidence  far from the  Rayleigh angle (OR): 

The  vanishing of the first and  second derivative of the function 
fT, results in the  equation of the caustic of the reflected beam: 

The  vanishing of the first, second  and  third  derivative, j: = fr = fy = 0, results in the  position of the focal point: 

A; = 0 
Bi = 1/2 sin eo. 

This result for Pref corresponds  to that of the geometrical 
acoustics. 

2) Case of an incidence  in the neighborhood of the  Rayleigh 
angle: 

As discussed  in  detail  in [3], the  reflection  coefficient is 
approximated by expanding the amplitude and  phase,  and 
the reflected pressure  integral (4) may be split up  into  three 
integrals in the  neighborhood of each real saddle-point yi of 
the function fr (stationary phase method). 

Thus,  the phase of the reflection  coefficient, p(&), which 
varies  rapidly  in  the  neighborhood of the Rayleigh  incidence 
(see Fig. 2), may  be expanded about  the  real saddle-points yi 
and the function f+ becomes 

with n = 1 or R. = 3. 
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Fig. 3. Axial  displacement of the focal  point (f =5 MHz). 

Making use of the  conditions fi = j: = fy = 0, we  obtain 
the new position of the  focal  point as 

\’I 

In the case of an incidence  near  the  Rayleigh  angle,  three 
saddle-points are in the neighborhood of zero. By comparing 

81 
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Fig. 4. Lateral displacement of the  focal point (f =5 MHz). 

- - - -  :geometrical caustic 

- :distorted caustic 
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the expressions (7) and (9), we  deduce the  lateral, L,  and axial, 
A,  displacements of the focal point: 

Fig. 5. Qualitative  representation of the  distortion of the reflected  caustic. 

L=---  cp”(0) and A = - 
ka ka (10) 111. PRESENTATION OF THE EXPERIMENTAL DEVICE 

TECHNIQUE OF THE EXPERIMENT 
where 

cp/(O) = *’(lcr) cos 01 
. (11)  

cp”(0) = $’(%I) cos’ 01 - $’(E, )  sin01 

Functions cp’(0) and cp”(0) are  the first and second  derivatives 
of the  phase of the reflection coefficient, computed at the  point 
zero in the  system ( x ’ ~ ’ ) ,  and cp’(k) and cp”(ki)  are  the first 
and second derivatives,  computed at the point k1 = sin 01 in 
the  system (x, z ) .  

The  expressions (10) show that L and A are  inversely 
dependent on frequency, f , of the  emitter-transducer ( k  = 
2 ~ f / c ) .  In Figs. 3 and 4, we  show the variation of the  lateral 
and axial shifts of the  focal  point depending on the angle of 
incidence for a  frequency of emission of 5MHz.  Points in 
Fig. 3 correspond  to the  incidences: 28.5’, 30.5’, 32.5‘,  38’, 
chosen  for the experiments. 

Finally,  in Fig. 5 (extract of the [3])  we  show  our theoretical 
conclusions  concerning nonspecular reflection in the case of 
an  incidence near the  Rayleigh  angle. 

The modified parts of the beam are: 1) lateral and axial 
displacements in a  region around the  focal point; 2) distortion 
of the caustic,  spreading of the reflected beam,  asymmetric 
variation of the  acoustic pressure  around  the reflected caustic 
near  the focal point; and 3) curvature of the acoustic  axis 
along its entire length. 

We refer to Figs. 6 and 7 for the experimental setup that 
consists of a tank filled with water, at the  bottom of which  a 
piece of aluminum  shaped  according to Fig. 7, is  immersed. 
The  slope of the  piece of aluminum is denoted 01 and it 
corresponds  to the  angle of incidence of the beam. We used 
four  pieces of aluminum with  different slopes: 01 =28.5”, 
01 =32.5”, 01 =38”, 01 = O R  =30.5” (Rayleigh  angle 
for aluminum). The Rayleigh  angle is calculated  from  the 
formula: 

where satisfies  the  equation: 

(6 - S t 4  +8E2 ( 3 -  2- 2)- 16 ( 1 - - 2) = O  (13) 

with c =l480 rnls , C L  =6300 mls , and CT =3120 mls  for 
aluminum. 

The emission part (e), contains a 5-MHz  focused transducer 
placed on a microcontrol  table  manipulated following the  three 
dimensions of the  water tank, Initially,  the  transducer is placed 
above the  horizontal side of the piece of aluminum. After 
ensuring the  verticality of the emitted  beam to the  horizontal 
side, we measure  the  focal distance of the emitter,  which is 
defined as the distance  between  the emission-reception side of 
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Fig. 7. Detail of the set u p  in Fig. 5 ,  

Fig. 8. Configuration of the focal spot. 

the  probe, and the point of maximum acoustic  pressure. The 
transducer is then displaced along the  direction Yo, and it is 
positioned  above the sloped side of the  piece of aluminum. By 
displacing it along the direction Z,, we  can vary the  distance 
between the emitter and the  interface (see Fig. 7). 

In order that the  lateral  shift, L, of the  focal  point may be 
detected, the width of the  focal spot, Q, must  satisfy: Q < 2L. 
The theoretical  results of Section 11, show that the  lateral 
displacement  for  incidence of the Rayleigh  angle (30.5') is 
5.7 mm, for  a  transducer of 5-MHz frequency. 

The  focal spot is defined by all the points  where the acoustic 
pressure is greater  than  a  given  value;  this  value  being  a 
fraction of the  maximum value attained  at  the  focal  point. 
In practice, this fraction is taken to be one half (drop in 
acoustic  pressure of 6 dB). For a  focused  probe  having an 
axis of rotation symmetry, the  focal spot  appears  as an ellipsoid 
elongated in the  direction of the wave propagation (see Fig. 8). 

Sec * 10 -'I 
Fig. 9. Time response. 

MHz 
Fig. 10. Frequency response 

The (14) and (15) give  the length, P ,  and the width, Q, of 
the  focal  spot depending on the focal  distance, F ,  the diameter 
of the transducer, D, and  the wavelength, X, of the  acoustic 
waves: 

P = 8.6X(F/D)' (14) 
Q = 1.4XF/D. (15) 

For our experiment, we  chose a focused transducer  type V 
308 SU, having diameter of the active element of 19 mm, 
focal  distance of 76.2 mm, and  resonance  frequency 5MHz. In 



MATIKAS et al.: EXPERIMENTAL STUDY OF FOCUSED ULTRASONIC BEAMS 74 1 

Extrema 
axe X (vert.)  :min= .000E+00 m u =  .400E+01 mm 
axe Y (hor. ) :min= .000E+00 max= .400E+01 mm 
axe Z :min= .5493-03 max= .192E41 lp ; 2 v  

Fig. 11. Width of the focal spot. 
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rsec 
Fig. 12. Time  signal 

Figs. 9 and 10 respectively, we represent  the  time  and  spectral 
responses of the  transducer. 

The  experimental  measure of the  width of the  focal spot  is 
carried out by means of beam cartogrephy.  This technique is 
represented  in Section IV. 

Fig. 11 shows the  measured  profiles of the acoustic pressure 
in  the  focal  plane of the  emitter. The focal  point is indicated 
by the level  at  the top of the  scale. A drop of 6 dB corresponds 
to the  eight  highest  levels  in  this  scale. Thus  we  deduce 
the  width of the experimental focal spot to be 1.65f0.10 

eny) 457- 
en X) 233Pts 

106481 Pts 

0 e 16 24 32 

MHz 
Fig. 13. Signal power spectrum. 

mm.  The convergence  angle is F = a tan(Q/2F)  or about 
0.6". 

The detector contains a  miniature  probe. We use this probe 
as a  wide-band  point  receiver to investigate  the  propagation  in 
water of  short pulses from the  emitter  transducer. The  diameter 
and the  thickness of the  active  element of the probe are 0.3 
and 1.5 mm,  respectively. The  dimensions of the  element give 
a probe  capacitance of less than 50 pF and  a  head  amplifier 
is normally  required to avoid capacitive potential  division in 
connecting  cables. 



742 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 39, NO. 6, NOVEMBER 1992 

This transducer-receiver is linked to a  microcontrol  system 
controled by PC computer. Thus the miniature  probe  can 
be moved in three  directions: X,, Yo, 2,. We note  that the 
accuracy of displacement is 0.1 mm  for X ,  and Yo and 0.01 
mm for Z,. Automatic  scanning  enables the  probe to carry 
out  a  displacement consisting of one  movement  along Yo, 
thence along Z,, in such a way that the global  displacement 
remains parallel to the surface of the piece of aluminum  (see 
Fig. 7). The positioning points of the  probe  (numbered in 
Fig. 7 as  example) correspond to the digitization  points. The 
ultrasonic generator used, was a Panametrics  5052 UA. The 
signal  received was filtered through  a "high pass" filter of 
300 KHz,  thence  digitized by means of a spectrum analyzer 
(BIOMATION-8100) of a 100  MHz  maximum  frequency. 
Once digitized  (quantification  level 8 bites),  the signal  was 
windowed on 2048 points, then saved  in  the form of a file on 
the hard disk of the PC. 

This  experimental process  presents  certain advantages  for 
the  accuracy of the results: 1) The beam  verticality  with 
respect to the bottom of the tank being ensured  (on the 
horizontal face of the  aluminum  pieces),  the shape of these 
pieces enables us to determine the angle of incidence of 
the beam (which corresponds to the slope) with  great pre- 
cision;  2) precision of the position of the geometrical  focal 
point  (deduced by the  geometry of the aluminum pieces); 
3) the plan of the digitized  signal  points  (denoted xz) cor- 
responds to the  plan Y,Z, (because of the geometry of 
the aluminum pieces); and 4)  during  the displacement of 
the receptor-probe  the  system stocks the  digitized  signal of 
the preceding  point. The digitization is carried out  once the 
detector is fixed, thus an average of the  signal may be 
computed. 

Iv. PROCESSING OF THE FILE CONTAINING 
THE DIGITIZED SIGNALS 

To  each  point in the plane (x, z )  containing the reflected 
beam  (numbered in Fig.  7 as  example)  corresponds a time 
signal  (see  Fig. 12). 

In order  to determine the focal  point of the reflected 
beam and  to  evaluate the lateral and axial  shifts, we  carry 
out  successively  a  Fast  Fourier  transform (FFI') thence  a 
computation of the  amplitude, M ,  of the signal at the 5-MHz 
emitting frequency  (see  Fig.  13).  A  program enables  us to go 
from the initial file of three variables  (two spatial  variables: 
z, z and  time) and one parameter (the  amplitude of the  signal 
depending on time), to an output file of two variables  (spatials: 
z and z )  and one parameter  (amplitude M of the  signal  at 5 
MHz). 

Figs. 14 to 17 represent the trace by isolevels of the  output 
file, for different angles of incidence. Thus  we  obtain the 
cartography of the reflected field for the chosen frequency 
(5 MHz). 

Following these  figures, we obtain the  coordinates of the 
focal  point  with  respect to the  origin 0 corresponding  to the 
first point of digitalization  (point 1 in Fig. 7). The positioning 
of this  point is imposed by the  experiment. We can then 
locate  the  focal point,  and deduce a  possible  displacement 

in respect to its  position in the  case of geometric  acous- 
tics. 

Fig. 14 represents  the reflected field for an angle of inci- 
dence of 38' (far from the  Rayleigh  angle). We deduce no 
lateral or axial  shift;  this  result corresponds to that of the 
geometric acoustics.  Figs. 16 and 17 represent the reflected 
field for an angle of incidence of 28.5' and 32.5' respectively 
(in the neighborhood of the  Rayleigh  angle). We deduce a 
lateral  shift of about 3 mm, and an axial one of -43  mm 
and  45 mm respectively. Fig. 15 represents  the reflected field 
for  an  angle of incidence of 30.5', which corresponds to the 
Rayleigh  angle. We deduce a  lateral  shift of about 5.5 mm; 
the  axial  shift is not significant. These quantitative results are 
in agreement  with our theoretical  predictions shown at Figs. 
3 and 4. 

For an angle of incidence equal  to the  Rayleigh angle 
(30.5'), the  acoustic axis of the reflected beam displays 
a  curvature.  Moreover, the variation of pressure is much 
greater in the  right  part of the  beam  than in the  left one. 
For  incidences in the neighborhood of the  Rayleigh angle 
(28.5', 32.5'), these  phenomena are present but they are less 
significant.  For an angle of incidence  far from the  Rayleigh 
angle  (38"),  the reflected pressure  variation is perfectly sym- 
metrical  around the acoustic  axis. The  above quantitative  and 
qualitative  experimental  results have validated our theoretical 
model  [3]. 

V. CONCLUSION 

In a  previous  paper  [3], using  asymptotic  analysis  for the 
reflection of focused  ultrasonic  beams from a  liquid-solid 
interface,  the following nonspecular  phenomena were  pre- 
dicted in the  neighborhood of the  Rayleigh angle of incidence: 
spreading of the reflected beam, asymmetric variation of the 
acoustic pressure  around  the  axis, curvature of the  acoustic 
axis, distortion of the caustic of the reflected beam  including 
lateral  and  axial displacements of the focal point of the 
beam. 

In this  paper, we verified experimentally  all  those  non- 
specular  phenomena; the  results  are in agreement with our 
theoretical conclusions [3]. The lateral  and  axial displacements 
of the focal  point  were  quantified. The technique employed 
is  based  on the  cartography of the reflected beam, i.e., the 
variation of the reflected pressure at  each  point of the fluid 
medium.  This precise  technique has  also been employed to 
characterize  the  emitter. 

An interesting  issue of this work may be the use of the 
focal  shift for the  detection of variations of the phase of the 
reflection  coefficient:  nondestructive  testing of the material 
surfaces,  detection of structure defects. The lateral displace- 
ment may be  profitable for the  detection of adhesive bond 
defects:  adhesive  defect may be  modeled  as  a  modification 
of boundary  conditions between the layer of glue  and  the 
substrata; for a  given incidence,  the  derivatives of the  phase of 
the reflection coefficient  calculated to the  first  interface  fluid- 
metal,  appear in the  analytical expressions of the  lateral shift. 
This  work is currently  in  progress. 
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