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Microdefocusing  Method  for  Measuring  Acoustic 
Properties  Using  Acoustic  Microscope 

Hiroshi  Kanai, Member, IEEE, Noriyoshi  Chubachi, Member, IEEE, and Toshio Sannomiya 

Abstract-Many papers have been reporting on measurement 
of acoustic properties of materials by acoustic microscopy. In a 
conventional method of l.( :) curve analysis, the phase velocity 
and the propagation attenuation of  a leaky surface acoustic wave 
(LSAW) are determined from the interference period 1: and 
the slope of the 1 -(L ) curve, respectively. For this method it 
is necessary to measure the I-(: ) curve for  a period several 
times as long as the interference period 1 2 .  Therefore, it is 
difficult to measure the acoustic properties of  a sample with high 
resolution by  the method.In order to overcome these problems, 
a new method called the microdefocusing  method is proposed, 
to determine the acoustic properties of a sample by analyzing 
l*(  c ) values measured in  the microdefocusing region within 
an interference period 11 near a focal plane. A new-type  of 
ultrasonic transducer called the buttefiy transducer  is proposed 
to be applied to this microdefocusing method and a digital 
signal processing procedure is developed to analyze the output 
of the ultrasonic transducer. Basic experiments are performed to 
confirm the principles of the  new method. 

I. INTRODUCTION 

T HIS PAPER  presents  a  new  method  to  obtain  acoustic 
properties  of  a  sample  by  analyzing V(.) values  mea- 

sured in the  microdefocusing  region  near  a  focal  point  in an 
acoustic  microscope.  Since  the  mechanically  scanning  acoustic 
microscope  (SAM)  was first developed  by C. F. Quate et  al. 
[l], many papers  have been  published on acoustic  measure- 
ment  and  imaging  using  acoustic  microscopy [ 2 ] .  Angular 
spectrum  approaches  were  developed to derive an expression 
for  the  contrast  mechanism in the  imaging of the  reflection 
acoustic  microscope  using  the  reflection  function [3]. The 
V ( z )  curve,  which  is the  transducer  output  recorded  against 
a distance z from the  focal point,  has  many  peaks  and  dips 
generated  due to the  interference of a  leaky  surface acoustic 
wave  (LSAW)  component VI(.) and  a  wave  component I f ~ ( z )  
reflected  perpendicularly to the  surface.  The  periodicity of 
the  dips  appearing in the V ( z )  curves  was  analyzed by R.D. 
Weglein [4]. The  models  describing  the  relationship  between 
the  dip  interval  (interference  period Az) and  Rayleigh  wave 
velocity  were  presented by Parmon et al. [ 5 ]  using  a ray  model 
and  by  A.  Atalar [6] using  the angular  spectrum  approach [3]. 
Based  on  these  pioneering  works,  many  acoustic  microscopic 
methods and systems  for  analyzing  the V ( z )  curves  have  been 
developed in the  fields of acoustical  imaging  and  quantitative 
measurements  such  as [7]. In a  conventional  method, the 
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phase  velocity  and  the  propagation  attenuation  of  the  LSAW 
component  are  determined  from  the  interference  period Az 
and  the slope of the V ( z )  curve,  respectively. 

For  fused-quartz  and  other  samples,  the  interference  period 
Az is several  times  as  long  as  the  wave  length X, in water. In 
order  to  detect the  interference  period Az from  the V ( z )  curve 
based  on  the  periodicity  analysis [S] such  as the  fast  Fourier 
transform  (FFT)  and to determine the slope r/ of the lnIV(z)l 
curve [7], [9], [lo], it is  necessary to measure  the V ( z )  curve 
for  a  period  several  times  as  long  as  the  interference  period 
L I Z ,  that is, the  maximum  width AB of the  beamspot on a 
sample  must  be  several  tens of times  the  wavelength X, of 
the  longitudinal  wave in the  water.  Therefore, it is  difficult 
to measure  the  acoustic  properties of a  sample  with  high 
resolution by these  present  acoustic  microscope  systems.  When 
the  propagation  attenuation of a  sample is large  and/or  the 
velocity  value  of  the  LSAW  is  large,  sufficient  defocus  distance 
for  the  periodicity  analysis is not  available  and  then i t  is also 
difficult to  measure the acoustic  properties. 

Therefore,  we  have  proposed  a new  method to  determine  the 
acoustic  properties of a  sample  from  the V ( z )  values  measured 
in the  microdefocusing  region  near  a  focal  point [ll]. We 
have  also  proposed  a  new-type of ultrasonic  transducer,  the 
butterfly transducer, in which  the  electrode is divided  into 
two  parts.  The  principle of the  microdefocusing  method was 
preliminarily  described  in [ll]. This  paper  describes  the  prin- 
ciple in detail  and  develops  a  new  signal  processing  method 
to analyze the two outputs of the  electrodes in the  butterfly 
transducer.  By  analyzing  the  two  output  components,  both 
components \ ' ~ ( z )  and  VI(^) are  obtained  separately.  From 
the  resultant  components,  the  acoustic  properties of a  sample 
are  determined  without  any  periodicity  analysis  and  without 
measuring the  temperature  that is generally difficult to obtain 
accurately. 

11. CURRENT v ( z )  ANALYSIS AND ITS PROBLEMS 

Let  us  consider  the  simplest  case of one  LSAW mode. 
When  the  sample  is  brought  close  to  the  acoustic  lens  by a 
distance z ( z  < U) from  the  focal  plane, the  transducer  output 
of V ( z )  detected  at  the  ultrasonic  transducer  is  dominated  by 
two  components  as  shown in Fig. 1; one  component V L ( ~ )  
is the  transducer  output  due to the  acoustic  wave  propagating 
along path (#O) normally  reflected  from  the  surface of the 
sample, and  the other  component V I ( Z )  is the  transducer  output 
associated  with  the  waves  propagating  along  path (#l) due to 
the  LSAW  component  propagating  on  the  boundary.  Thus,  the 
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Fig. 1 .  Cross-sectional  geometry of acoustic  point-focus-beam lens, which 
explains the construction  mechanism of l.( 2 )  curves. 

transducer  output V(z )  is represented by 

V(z)  = V I ( 2 )  + V L ( Z ) .  (1) 

Let us assume that V ( z )  be  sampled at the  interval 
jOz((6z < O), that is, z = 71.62(z  < O), where n is  the  sample 
number (71  = 0.1:  2 , .  .). Based on references [S], [lo],  which 
use ray  theory  along  paths #O and #l in water  or  on the 
boundary,  each of these  two  components  is  re-expressed  as 
a  damped  complex  sinusoidal: 

L?(n .Dz) = CJ . p ;  (2 )  

and 

V L ( 7 L .  62) = cr, .p? (3) 

where CL and C1 are  the  assumed complex  constants  de- 
scribing the amplitude  and  phase  characteristics of T/L(z) and 
V/ ( z ) ,  respectively, at the focal  plane ( z  = 0). The  complex 
quantities p 1  and TIL,  which  are  called  “poles”  in  the  research 
field of digital  spectrum  estimation,  are  described  by  the 
product of the  amplitude  term  and  the  phase  term  as 

. cxp(j2k. ,  cos HLS.A\V ’ 6z), (4) 
p L  = exp( -2a, . 6 2 )  exp(j2ku ’ Oz).  (5 ) 

The  quantities a u ,  and y are  the  normalized  attenuation 
factors for the  longitudinal  wave in water  and  for  the  LSAW, 
respectively. The  quantities ku , ,  ICLS.~IV, and 1 9 ~ s . 4 ~  are  the 
wave  number in water,  the  wave  number  of  the  LSAW on the 
boundary,  and  the  critical  angle  for  the  LSAW,  respectively. 
Let quantity v, be  the  longitudinal  velocity in water  and 
‘ t l ~ s ~ \ ~  be  the  phase  velocity of the  LSAW. Then 

2r.f k. - -  ut - (6) 
21’ U, 

and 

where f is the  ultrasonic  frequency. 
Due to the  interference  between V’t(2) and L’1(2), the 

amplitude  curve JV(z)J  = JLk(z) + V ~ ( z ) l  has  a  few  dips 

V L ( . ) -  - -  - - -  - -  

(a) 

DEFOCUS  DISTANCE 

(c) 

Fig. 2. (a) Real  component of the complex I j ( z )  of (2). (h) Real  component 
o f t h e c o m p l e x ~ ~ ~ ~ ( t ) o f ( 3 ) . ( c ) A m p l i t u d e c u r v e ) 1 ~ ( ~ ) ~ = ~ ~ j , ( ~ ) + I j ( ~ ) ~ .  

in the  measured  defocusing  range  as  illustrated in Fig. 2. By 
letting  the  phase  difference  between f I/L(z) = 2 k ,  .S,. 71 and 
i V 1 ( z )  = 2ku, cos . 6z n equal 2n, the  interference 
period Az is  described  by 

Az = 
7r 

(9) (1 - cosI9LsA\v)kw. 

By re-arranging  the  equation  using  Snell’s  law  as  written in 
(g), the  phase  velocity ‘L’Ls.&\v of  the  LSAW  is  obtained  as 

where the  longitudinal  velocity vu ,  in water  is  determined 
beforehand  from  the  relationship [l21  between ,uu, and  the 
measured  temperature of water. 

In the  present  system  [g], [lo], the  phase  velocity T I L S , ~ ~ ~  

of the  LSAW is determined  from  the  interference  period 4 2 ,  

which is obtained  by  applying  the FFT on  the IV(z)l curve of 
Fig.  2(c).  The  attenuation y of  the  LSAW is determined  from 
the  slope 7) of the  interference  amplitude lV(z)l [7],  [9], [ lo],  
which is shown by  a  dotted  line in Fig. 2(c). 

For  fused-quartz  and  other  samples,  the  interference  period 
Az is usually  more  than several  wave  lengths in water. 
When c ~ s . 4 ~  z 3400  mis, 1 1 ,  = 1494  mis,  and f = 200 
MHz for  example, the  interference  period 4z = 36.7 pm. 
From  the  results of theoretical  analysis  [13].  there  is  a  large 
amount in the  estimation of the  dominant  frequency  especially 
when  the FFT is  applied  on  the  wave  that  has  only  about 
one  signal  period.  Thus, in order to detect  the  interference 
period AZ for the lV(z)l curve  using  the  FFT  as  well  as to 
determine  the  slope of the lnlV(z)I curve, it is  necessary 
to measure  the JV(z)l curve  at  a  defocus  range of several 
times  the  interference  period Az. As a  result,  the  maximum 
width AB of  the  beam-spot  covers  a  measurement  area 
more  than  several  tens of times  the  wave  length in water 
to degrade  the  resolution.  Thus, it is difficult to measure  the 
acoustic  properties of a  sample  with  a  high  resolution by the 
conventional  acoustic  microscope  system. 

I t  is, therefore,  necessary to develop an  alternative  method 
not depending  on  the  periodicity  analysis to determine  acoustic 
properties of the  LSAW  from  the V ( z )  curves  measured in 
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the microdefocusing range. Such a  method is described in 
Section 111. 

111. PRINCIPLE OF MICRODEFOCUSING  METHOD 

From  (2)  and (3), each of the  phase  components i V ~ ( z )  
and i V ~ ( z )  and  the  natural-logarithmic  amplitude  components 
lnlVI(z)l  and  ln(VL(z)l  varies on  the  straight  line as illustrated 
in  Fig. 3. Let  their  gradients  be  defined  as 

def a 
€1 = - L VI(.) = Zk, cos OLS.&\V 

dz (11) 

rlL = -lnlVL(z)l = -20,. 

Using (8) and (6), the  phase  velocity ULS.&\~ of the  LSAW 
component  is  obtained  from  the  gradient E I  of (11) by 

def a 
8 z  (14) 

v, 
"LS.4W = 

J1 - cos2 I9LS*Tt. 

- - 4 A  (15) 

1 - ( ~ ~ ~ 1 4 r f )  . 

Thus, if Vr(z) is obtained  separately  from V ( z )  in the  de- 
focusing  region that is sufficient to measure the gradient €1 

of i V ~ ( z ) ,  the  phase  velocity VLSAM; of the  LSAW  can  be 
determined by substituting  the  gradient €1 into (15), where 
the  longitudinal  velocity v, in water  is  obtained  from  either 
the  relation  between  temperature  and v, [l21 or  from  the 
measured  gradient € L  of L V L ( Z )  in (12)  by  the  relation 

4rf 
€ L  

'Ux, = - 

In  the  case  where  the  velocity t i u ,  in water  is  determined  from 
the  measured  gradient <L, it is not  necessary to measure  the 
temperature of water,  which in general is difficult to determine 
precisely. 

The  normalized  attenuation  factor y for  the  LSAW is 
determined  from  the  gradient 71 of lnlVI(z)l by using  either 
the  relation cr,/f2 = 2 5 . 3 ~  10-17s2/cn1  [l41  or  the  measured 
gradient = -2a, in (14). Therefore,  both the  phase 
velocity  and  the  attenuation  properties  of  the  LSAW  compo- 
nent  can  be obtained  from  the V ( z )  curves  measured in the 
microdefocusing  region  without  relying on periodicity  analysis 
methods  such  as  the FFT, if the  two  complex  components 
VI(.) and VL ( 2 )  are  obtained  separately. 

IV. A  NEW-TYPE  ULTRASONIC TRANSDUCER 

For  the  purpose of obtaining the two components VL (2) 

and Vl(z)  separately,  a new  type of transducer,  which  we 
called  a  butterfly  transducer,  is  introduced  into  a  conventional 
point-focus-beam  (PFB)  lens  transducer  system  as  shown in 
Fig. 4. The transducer is actually  composed of three  individual 
parts  and  is  divided  into  a  center  transducer  and  a  pair of 
surrounding  transducers.  The  radius a of the  center  part and  the 
inner  radius b and  the  outer  radius c of  the  surrounding  parts 

DEFOCUS  DISTANCE 
z = n.62 

( b) 

+ d DEFOCUS  DISTANCE 
z =  n.62 

(d 1 
Fig. 3. The phase components LIT,( z )  and L1 1. ( z )  and 

components hllli( :)I and 1 1 1 ~ 1 ~ ~ . ( ~ ) ~  
the amplitude 

are  determined  as  follows.  Let R denote  the  distance of the 
path (#l) from  the  z-axis  as  shown in Figs. 4 and  5(c-2). By 
applying  Snell's law  with  respect  to  point (B) in  Fig. 5(c-2), 
the  following  relation  is  obtained. 

7-1s - Piu, 
- (1 7) sin 19s sin(8s  - O L S A ~ ~ )  

where 0s is the  angle  between  the  z-axis  and 0s at  the center 
of curvature (0) and us is the  longitudinal  velocity in the 
acoustical  lens.  Using  the  relation 

tan 0s is described  by 

us sin H L S A ~ ~  
tan 8s = 

us cos HLSA\V - U,,  . 
From  Snell's law  given in (8): 

tan 8s = 
7 1 ,  

. (18) JW - ,ll.,L,71Ls*\v/71.s 

Using  the  radius T of curvature of the PFB acoustic  lens,  the 
distance R is  described by 

By taking  into  account  some  margin,  the  radii b and c are 
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Fig. 4. Cross-sectional  and  top  views of the proposed  new-type of butterfly 
transducer.  The  electrodes  are  divided  into  two  parts. 

determined  from the  range of expected U L S ~ ~ V  values of the 
samples to be  measured.  The  radius a is determined so as to 
make a as  close  as  possible to b. 

For  the  study of anisotropic  materials,  several  excellent 
directional  transducers  have  been  proposed in the  literature 
[l51  such  as  the  bow-tie  [l61 and  the oblong  [l71  transducers 
in  PFB  microscopes to obtain  directional  images  with  high 
resolution. In the  bow-tie  transducer of Fig.  5(a),  the  effect  due 
to  beam  steering  is  not  taken  into  account. In the  oblong  trans- 
ducer of Fig.  5(b), the  resolution  for  detecting  directionality is 
reduced  for  the  materials  with  high  LSAW  velocity. 

We proposed  the  butterfly-shaped  transducer [l11 as  shown 
in Fig.  5(c). In this  transducer,  the  circular  center  electrode 
is surrounded  by  a  pair of fan-shaped  electrodes  with  an 
angle U; to compose the  central  and  the  fan-shaped  transducers, 
respectively.  By  considering  the  effects  due to beam  steering, 
the centers ( 0 ' )  of the  fan-shaped  electrodes do not coincide 
with  the  center of the  transducer.  As  shown in Fig. 4, the 
eccentric  radius d is determined  from  the  position of the  point 
(A)  where the longitudinal  wave in water  reaches  the  sample 
at the  incident  angle OLS.A\~  and  the  LSAW  starts to propagate 
on the boundary with  power  flow  angle @ / 2 .  The  eccentric 
radius d is  approximately set to be  equal to the  distance R in 
(19) in this  paper. 

A RF pulse Iir, excites  both  the  central  transducer  and 
the  pair of the  fan-shaped  transducers  simultaneously.  These 
transducers  also  act  as  receivers  and  pick  up  the reflected 
pulses. The reflected  pulse  detected  by  each  transducer is 
passed  through  a  circulator.  Then,  the  two  complex V ( z )  
curves  are  measured by  a  pulse  mode  measurement  system 
[18]. In order to apply  the  microdefocusing  method,  the  two 
components VL(Z) and V l ( z )  are  obtained  separately  from  the 
measured V ( z )  curves by using  the  signal  processing  method 
as  described in the  Section V. 

F 
(d 

Fig. 5. Illustrations  explaining  various  transducers  proposed in literature.  (a) 
Electrode in the Bow-tie type transducer. (b) Electrode in the oblong  type 
transducer. (c) Electrodes in the butterfly transducer  and  the  corresponding 
paths of acoustic  wave  propagating  through lens, in water,  and on the surface 
of a sample. 

V. SIGNAL PROCESSING FOR SEPARATING r/, (2) AND V I ( z )  

Since the  acoustical  wave  propagates  through  the  lens,  wa- 
terisample,  and  back to the  lens in sequence, these  propagation 
paths  are  divided  into  three  phases  as  shown in Figs. 6(a), 6(b), 
and  6(c),  respectively. In the first and  third  phases  in  Figs.  6(a) 
and  6(c),  the  diffraction  effect  should  be  taken  into  account. 

L e t  V o ( z )  and V, ( z )  be  the  complex  responses of the 
central  and  fan-shaped  transducers to the  input amplitudes 
IO and 11 and  also,  let  the  complex  coefficients { H i j ,  GJZ}, 
( i  = 0,1; j = L,  I )  represent  the  transfer  system  due  to  the 
diffraction  and  the  complex  coefficients H L ( z )  and H l ( z )  in 
Fig.  6(b)  the  transfer  system  due to the  two  components l$,(z) 
(path #0) and V j ( z )  (path #l) in (2) and (3), respectively.  Thus, 
the  output V i ( z )  and Vl(z) are  described  as 

K O ( 2 )  = ( IOHOL + I l H l L ) H L ( Z ) G L O  

+ ( IOHOI  + IIHII)HI(~)GIO 
VI(.) = ( I O H O L  + I I H ~ L ) H L ( ~ ) G L I  

+ (1oHor + I ~ H I I ) H I ( ~ ) G I ~ .  (20) 

In these  equations, H L ( z )  and H [ ( z )  are  equivalent  represen- 
tations of I/L(z) and V r ( z ) ,  respectively. 
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(C) 

Fig. 6. The  propagation  paths  of  waves  are  divided  into  three  phases. 
(a) In the  lens. (b) In watedsample. (c) In the lens. Complex  coefficients 
{ H z j , G j z } ,  ( i  = 0 . 1 ; j  = L , I ) ,  HL(z), and H l ( z )  represent  the 
corresponding  transfer  systems. 

Equation (20) is  rewritten  in  matrix  form  as 

( V,(J = ( 2  2:) ( V & ) )  (21) 
V0 ( x  ) V L k )  

by  defining  the  complex  constant Cji as 

Cji = (10Hoj + l lH1 j )Gj z .  (i = 0 , l ;  j L , I ) .  

The  complex  amplitudes CLO,  CJO, CL,, and GI1 are  deter- 
mined  only  by  the  input  amplitudes 10 and 11, the shape  and 
the  material  of  the  transducer  and  the  acoustical  lens,  and  the 
frequency.  This is because  the  paths (M and #l) in the  lens 
do not change  for  various  defocus  ranges  near  the  focal  plane. 
Using (2) and (3), the  sampled V ( z )  curves,  namely Vo(n . Sz)  
and V, (n  . Sz) curves,  are  modeled  by 

where C;i = C,, . C,, (i = 0 , l ;  j = L,  I ) .  The  complex 
amplitudes CLo, CLl, and C;, are  determined  only  by  the 
shape  and  the  material of the  transducer  and  the  acoustical 
lens,  and  the  frequency.  This  is  because  the  paths (M and # l )  
in the  lens  do not change  for  various  defocus  ranges  near  the 
focal  plane. 

Once  the  resultant  coefficients  are  determined  from  the 
transformed  data, VL(Z)  and V I ( Z )  of (21)  are  obtained  sepa- 
rately  from  the  measured  data Vo(z)  and Vl ( 2 ) .  

where det = C ~ , C i ,  - C ~ , C ~ , .  Although  the  resultant 
V; ( z )  and Vi(.) are  divided  by the factors CL and 
CI,  respectively,  the  gradients E L ,  €1, V L ,  and 71 of 
( l l H 1 4 )  do not  depend on these  factors.  Thus,  using 
the gradients of L V L ( z ) ,  i V f ( z ) ,  lnlLy(z)l, and lnlVf(z)l, 
the  acoustic  properties  (velocity  and  attenuation  factor) of the 
LSAW  component  and  the  longitudinal  wave  in  water  are 
determined  from  (11)-(16). 

Let us consider how to  determine the complex  amplitudes 
CL0, C;,,, CLl, and Cil by  assuming that f = 200 M H z ,  
lSzl = 0.1 pm, U L S A ~  zz 3400 m / s  (for fused  quartz),  and 
v, = 1491 m/s (for T = 25°C)  for  example.  For  this 
purpose,  popular  parametric  spectrum  estimation  technique 
[19]-[21]  should  be  applied. However,  the  angles of the  poles 
p~ and p1  are -9.64" and -8.66', respectively, in the  z-plane 
under  these conditions  as  shown in Fig. 7(a). Thus,  the  angle 
difference  between  these  poles in the z-plane  is  usually  very 
small  and it is difficult for  the  popular  parametric  spectrum 
estimation  method to accurately  separate  and  determine  these 
poles.  Therefore, it is  necessary to transform  the  measured  data 
Vo(z)  and V1 ( 2 )  into  the  appropriate  forms  before  applying  the 
spectrum  estimation  technique  for  these  conditions. 

Let  us  desample  these  measured  data  at  a  period 
[ p .  bz l (p  > l), after  applying an  appropriate  low  pass filter 
to Vo(z )  and 1'1 (2 ) .  In order to remove  the  rapid  change  due 
to  the  phase term L ~ L  in (5), let us multiply  the  resultant 
desampled VD(.) and VI(.) by  the  factor exp(-j2k& . p .  Sz ) ,  
where k$ is  the  assumed  wave  number in water at the 
temperature.  Then,  the  angles  of  the  resultant  poles p! and p: 
in the  z-plane  are  described by e x p ( j 2 p .  Sz(lc,, - /c;,)) and 
exp(j2p . Sz(k ,  cos 6 ' ~ s ~ ~ v  - IC;,)), respectively. If the value 
of p is 64, Vo(z)  and VI ( 2 )  are  desampled at a  period of 
6.4 pm and if IC:, = IC,, the  angles of the  poles p~ and p1  
are 0" and 62.7", respectively,  in  the  z-plane as  shown in 
Fig.  7(b). The  resultant  pole p! is on the real axis  in  the z-  
plane.  Thus, it is still difficult to estimate  the  position  of  such 
a  pole  near or on  the real axis  because  the  dc  component 
is deleted  before  applying  the  popular  parametric  spectrum 
estimation  method. 

Therefore, let us multiply  the  desampled VD(.) and Vl(z) 
not  by  the  factor exp(- j2kfp . Sz )  but  by  the  factor 
exp(-j2IChp. 6 z .  p)), where @ is  a  constant 0 5 @ 5 1. 
It is not  necessary to set  the  assumed  wave  number IC:, as just 
equal to the  true  wave  number IC, at the  temperature  because 
the  difference  can  be  corrected  as  described in the  following. 
This  processing is equivalent  to  the  demodulation  of  a  complex 
signal.  From  (4)  and ( 9 ,  the  angles of the  resultant  poles p i  
and p> in the  z-plane  are  respectively  represented  by 

LP; = 2 ( k ,  - k : p ) p .  S2 (24) 
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Fig. 7. Illustrations  explaining  the  effect of multiplying w q ( - j 2 k i , , p  . b.: 
. , 3 )  when the  poles  are  estimated by popular  parametric  spectrum  estimation 
methods.  (a) .3  = 0. p = 1. (b) = 1. p = 61. (c) 3 = 0.96. p = G 4  

and 

ip; = 2 ( k ,  cos /3L.S24\V - k ; ,B)p .  Sz. (25) 

For the conditions  described  above, these values  are -24.7" 
and 38.1°, respectively,  as  shown in Fig.  7(c)  by  assuming 
k,, = k;, p = 64, and ,# = 0.96. 

By applying  Prony's  method [l91 simultaneously to the 
resultant  transformed  data of Vo(n . p .  b z )  and Vl(n . p . Sz) ,  
both  poles, p i  and p i ,  and  their  complex  amplitudes CLo, 
Cia, CLl, and  are  determined by solving  twice  the  linear 
simultaneous  equations  derived by  minimizing  the  average 
power of  the  difference  among  the  terms in the  right-hand 
and the left-hand  sides of (22). Prony's  method  can  model 

TABLE I 
PARAMETERS OF THE FABRICATED BUTTERFLY TRANSDUCER 

TRANSDUCERS: 
Material: ZnO Thin-Film (f = 200 5m). 
Radius: n = 0.25  mm. h = 0.35 mm, c = 1.08  mm, tl = 0.60  mm. 
Angle: o = 30" 

Material:  Z-cut  sapphire 
Rod Length:  7.0  mm. 
Radius of curvature: I' = 1.25 mm. 
Half-Aperture  angle: GO". 

The  Point-Focus-Beam  Acoustic Lens: 

a  complex  sequence  as  a  linear  combination of complex 
exponentials.  From  the  angles of the poles  and pi estimated 
above, vu, and ULSA\\' are  predetermined  by  the  following 
equations,  which  are  derived  from  (6), (S), (23),  and  (24): 

v, = h 
27rf 

kW 

k:,p + LC; / 2 p  . sz 
- 2T.f - 

where uLt = 2 r ; f / k L  is  the  assumed  velocity in water at the 
temperature  and 

Once the  coefficients CLo, Cia, CLl; and Cil are  deter- 
mined in advance  using  the  procedure  above, VJz) and c i ( z )  
are  separately  obtained  from  the  observed  outputs Vo(z) and 
V 1 ( z )  of the  proposed  transducer  using (23), and  then  the 
acoustic  properties  are  determined  from (1 1)-(16). 

VI. EXPERIMENTS AND  THE RESULTS 
Based on the  design  rules  described in Section IV, the 

parameters of the  butterfly  transducer  were  determined so as to 
detect an LSAW component  with  a  phase  velocity  in  the  range 
of 2100 m/s to 5500 m/s. Table I shows  the  parameters of 
the  fabricated  butterfly  transducer,  which is employed in the 
following  experiments. 

RF burst  pulses  with  a  width of 500 ns  are  applied to 
both  transducers  through  the  attenuators  and  the  circulators in 
Fig. 4. The  repetition  rate of the RF burst  pulses is 0.1 ms. The 
attenuation  level  for  the  inputs of the  central  transducer  and 
the  surrounding  transducers  are 10  dB and 0 dB,  respectively. 
Vo(z) and V, (2) are  obtained  by  measuring  the  resultant 
voltage  after  gating  and  amplifying  the  output  signal  of  the 
corresponding  transducer  while  the  z-stage is moved  along  the 
z-axis by the  step 16z) of 0.1 pm. The  employed  frequency f 
is 200 MHz. 

Fig. 8 shows  the  measured Vo(71 . Sz)  and Vl(n . 62) for  a 
sample of fused  quartz  in  the  defocus  range  from z = 0 to z = 
500 pm. In  order to remove  the rapid change of the  phase,  each 
value is multiplied  by exp(-j2kk, . Sz . p ) ,  ( p  = 0.96), where 
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Fig. 8. The  characteristics of the I b (  2 )  and 1 i ( z )  measured in the  defocus 
range  from 0 p m  to 500 pm. 

IC:, is obtained  from  the  measured  temperature. By applying 
the  nonlinear  least  square  optimization  technique  [22]  using 
the  parameters  obtained by Prony’s  method  as  initial  values, 
satisfactory  results  are  obtained  because  both  the  measured 
and  the  modeled  data  coincide  well in phase  and  amplitude. 
Fig. 9 shows the  measured Vo(n . S z )  and V ~ ( R  . Sz) and  the 
estimated Co(n ’62) and Cl(n.  h z )  modeled in (22) in the 
defocus  range  from z = 50 pm to z = 200 pm. 

In the  nonlinear  least  square  optimization  procedure,  the 
following  normalized  error  function < is  minimized  with 
respect to the  poles p i  and p >  and  the  complex  coefficients 
CLo, CLl, Cjo, and Cjl (see  (28)  at  the  bottom of  the 
page)  where nl and 712 represent  the  points  for  the  beginning 
( z  = z1 = p .  b z ‘ n 1 )  and  the end ( z  = z2 = p .  Sz . n 2 )  of 
the  defocusing  range,  respectively. 

Fig. 10 shows  the  minimized  error  function C obtained  from 
the data of the  various  defocus  ranges [ X I ,  221 of Vo(z)  and 
VI(.) in Fig.  S(a).  When  the  defocus  range [ z l ,  221 involves 
a  region  less  than 50 pm, the  values c of the resultant  error 
function  takes  large  values  for  each  defocus  distance Dz = 
122 - 211. Thus, it is found  for  these  experiments that the 
models of (2) and (3) do not  hold  for  the  data in defocus 

-20 O l - - - - - I  

W 
4 x a 

m 

DEFOCUS  DISTANCE z (pm)  
( b) 

Fig. 9. The  characteristics of the  measured_ I b ( :) and I i ( 3 )  and  the 
estimated & ( z )  and ll(z). 
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Fig. 10. The  minimized error  function C obtained for the  data of the various 
defocus  range [;,.;L] of l b ( z )  and l i ( z )  i n  Fig. 8. 

regions  near  the  focal  plane ( z  = 50 pm). 
In the experiments,  therefore,  the  defocus  region  employed 

to determine  the  complex  coefficients  is  from 50 pm to 
200  pm.  Fig. l l ( a )  shows the  positions of the  resultant  es- 



h50 IEEE  TRANSACTIONS ON ULTRASONICS,  FERROELECTRICS, 4 N D  FREQUENCY COWTROL, VOL. 39, NO. S .  SEPTEMBER 1YY2 

W IrnI 

I 

(b) - ,.. 
Fig. 11. (a)  Positions of the estimated poles p', and in the :-plane. 
(h) Positions of the obtained  complex  coefficients C;-,,, C;(,, and C';l 

normalized by the magnitude I C ' ; ,  I 1 .  

timated  poles  and in the  z-plane.  Fig. l l (b )  shows  the 
positions of the  obtained  complex  coefficients CLo, CLl, Cia, 
and Cfl of (22), which  are  normalized by the  magnitude !CLl 1. 

By  substituting  the  resultant  complex  coefficents i n s  the 
right-hand  side of (23), the two  components v;(.) and V;(z) 
are  obtained near  the  focal  plane  separately from the  measured 
\k(z)  and V l ( z )  as  shown in Figs. 12(a) and  (b),  respectively. 
Each  term is multiplied by exp(-j2k:L. . 6 z  . [j), ( p  = l). The 
phase  characteristics  are  represented  by  almost  straight  lines, 
which  means  that  both  components V r ( z )  and V, ( z )  are 
successfully  obtained  from  the  transducer  outputs r/o(z) and 
V l ( z ) .  The reason  why  the  phase  value L L k ( z )  in Fig.  12(a) 
does not equal  zero  is  due  to the  difference  between ku, 
determined  from the  measured  data  and  obtained  from  the 
temperature. By determining the  average  gradient <L and (1 of 
i c ; i ( z )  and L v ; ( z )  in the defocusing  range  from 50 p m  to 
125 pm, the  longitudinal  phase  velocity 'U,, in  water  and  the 
phase  velocity ~ILSAIV of fused  quartz  are  obtained  as 71,: = 
1497 m/s and V L S A ~ V  = 3442 m/s, respectively,  which  are 
reasonable  values.  Thus, the  principle of the  microdefocusing 
method  is  successfully  proved by the  experiments. 

It is important to evaluate  the  defocus  range [zl  221 for 
the  determination of the  gradients  and  the  velocities.  Fig. 13 
shows  the  phase  velocity ' L ! L s A \ ~  of the  LSAW  and  the 
longitudinal  velocity 'vw in  water  estimated  from  the  various 
ranges of the  resultant V,( 2 )  and T/l(z) in Fig. 12. It is 

h h 

DEFOCUS DISTANCE z(P,> 
(h)  

,-. 
Fig. 12. Two components l j i ( z )  and l ) ' ( z )  obtained  separately  from thc 
1 b ( 2 )  and l .l ( 2 )  measured In the  defocus range from SO p m  to 125 I'm. 

necessary  for  the  reasonable  determination of the  velocity to 
use  the  data in the defocus  distance  greater  than 40 pm, which 
is almost  equal to the  interference  period h ( =  36.7 / m )  in 
(9). 

VII. CONCLUSION 

This  paper  has  described  a  new  method to obtain  acoustic 
properties by analyzing  the  transducer  outputs V ( z ) ,  which 
are  measured  within  the  microdefocusing  region  near  the  focal 
plane.  The  proposed  method  determines the  acoustic  properties 
of  a sample  from  the  gradients of the VL(Z) and T/I(z) curves 
without  applying any  periodic  analysis. In order to obtain 
these  components VL(Z) and VI(,Z) separately,  a  new-type of 
transducer  called the  "butterfly  transducer," which  has  two 
sets of electrodes  is  introduced and  a  signal  processing for 
determining the 1'~ ( z )  and V ~ ( Z )  components  from  the  resul- 
tant outputs l%(.) and VI (2) of the  transducer is developed. 
Some  experiments  have  performed  to confirm  the  principle 
developed  in  this  study  for  obtaining VL(Z)  and L'I(z) from 
the  outputs 1/o(z) and Vl(z) of the  transducer. 

When  the  propagation  attenuation of a  sample is large 
and/or  the  velocity  value of the  LSAW is  large,  sufficient 
defocus  distance  necessary for current V ( Z )  analysis  cannot 
be attained.  Though  the  experimental  results are shown  only 
for  a  fused  quartz in this  paper,  the  proposed  method  will be 
applied  to  overcome  these  problems. It is also  expected  that  a 
practical  acoustic  microscope  system  for  quantitative  imaging 
will  be  constructed  based on the  proposed  principle  and it will 
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play  a  significant  role in fields of the  acoustical  imaging  and 
rnicrospectroscopy. 
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