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Abstract 

This paper describes a novel velocity measure- 
ment method of line-focus-beam acoustic microscope 
using an FFT analysis for V(z) curves associated 
with multiple leaky waves at the water/solid-sample 
boundary. The multiple leaky waves existing on the 
boundary essentially give rise to deformation in dip 
shape and intervals in V(z) curves. Deformed V(z) 
curves are represented as a simple superpositional 
model of elemental V(z) curves with different dip 
intervals corresponding to each leaky mode. In order 
to determine the velocities for each mode separately, 
an FFT method is introduced for the V(z) curve 
analysis. Experiments are demonstrated for a (111)- 
Ge sample using a sapphire line-focus-beam lens at 
200 MHz and two mode spectra are separately measured 
corresponding to two velocities for a leaky SAW and 
a leaky pseudo-SAW. 

1. Introduction 

Since the line-focus-beam acoustic microscope 
[1],[2] has been developed as a useful measurement 
system for characterizing solid materials, it has 
been successfully applied to a variety of solid 
materials, both isotropic and anisotropic materials 
[3]-[5], and further studies on the fundamental meas- 
urement mechanisms have been successively made [ 6 ] -  
[9]. The system gives us  a means capable of deter- 
mining quantitatively acoustic properties of aniso- 
tropic materials depending on the propagation direc- 
tions of leaky waves at the water/solid-sample bound- 
ary with high accuracy. The material characteriza- 
tion is carried out through the V(z) curve measure- 
ments [lo] because dip intervals are closely related 
to the phase velocity of leaky waves on the boundary. 
So far, a model of one leaky wave on the boundary 
has been usually considered in the interference mech- 
anism in the characterization region of V(z) curves 
[11],[12]. Recently, the multimode interference 
mechanism has been successfully clarified, taking up 
a (111)-Si sample obtained by the acoustic line- 
focus beam[7]. It has been clearly shown that multi- 
ple leaky waves existing on the boundary essentially 
give rise to deformation in the shape of V(z) curves 
and disorder the periodicity of dips. A simple super- 
positional model of elemental V ( z )  curves correspond- 
ing to each leaky wave has been developed on the 
basis of the general interference mechanism for de- 
formed V ( z )  curves. 

In this paper, using an FFT analysis, a general 
method is newly proposed and developed for velocity 
measurement in order to determine the velocities for 
each mode separately. Experiments are demonstrated 
for a (111)-Ge sample using a sapphire line-focus- 
beam lens of 1.0 mm radius at 226.3 MHz. 

2. Multimode Interference and FFT Analysis 

To describe an FFT analysis method of velocity 
measurement from deformed V(z)  curves, let u s  first 
consider the multimode interference mechanism in 
V(z) curves. Figure 1 shows the cross-section of 
an acoustic line-focus beam used to explain the in- 
terference mechanism for two leaky modes, taking a 
(111)-Ge as an example. On the water/(lll)-Ge 
boundary, there may also exist a leaky pseudo-SAW 
mode in addition to a fundamental leaky SAW mode. 
Both modes may be excited efficiently by the line- 
focus beam with the critical angles of e lpsaw and 
e l s a w ,  respectively. 
components, #O(a directly reflected component along 
the z-axis), #l(a leaky pseudo-SAW component) and 
#2(a leaky SAW component), contribute to the inter- 
ference in the characterization region of V(z) 
curves. According to the analysis of the multimode 
interference mechanism developed previously[6], the 
transducer output V ( z )  as a function of distance z 
for this case is approximately represented by 

In such a case, three wave 

acoust ic 
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f o c a l  Plane - - - - - - 

2 

Fig. 1. Cross-section.of acoustic line-focus beam 
to explain the interference mechanism 
for two leaky modes in V(z) curves for  
water/ (111) -Ge boundary. 
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V(z)=\ '  I (z)+V,(z) , (1)  

where V L ( z )  is a c h a r a c t e r i s t i c  l e n s  r e sponse  which 
i s  d e f i n e d  as t h e  h y p o t h e t i c a l  t r a n s d u c e r  o u t p u t  i n  
t h e  c a s e  o f  no l eaky  haves  on t h e  boundary ,  depend- 
ing  un ique ly  on t h e  d imens ions  o f  t h e  a c o u s t i c  l i n e -  
focus-beam l e n s  and t h e  o p e r a t i n g  f r equency .  The 
f u n c t i o n  V , ( z )  i s  a f u n c t i o n  t h a t  d e s c r i b e s  t h e  
i n t e r f e r e n c e  o f  t h r e e  wave components,  and it is  
g iven  a s  a s u p e r p o s i t i o n  o f  two i n t e r f e r e n c e  o u t p u t s :  
one i s  t h e  i n t e r f e r e n c e  o u t p u t  o f  Vzpsaz;(z) f o r  t h e  
l eaky  pseudo-SAW mode between components 60  and # I .  
and t h e  o t h e r  i s  t h e  i n t e r f e r e n c e  o u t p u t  o f  Vzs  ( z )  
f o r  t h e  l eaky  SAW mode between components #0 a n V f f 2 ,  
i n  t h e  c h a r a c t e r i z a t i o n  r e g i o n .  

P t h e  waveform, w e  can  o b t a i n  f r equency  s p e c t r a  f 
(mode s p e c t r a )  hav ing  maxima i n  t h e  f r equency  domain 
co r re spond ing  t o  each  c h a r a c t e r i s t i c  d i p  i n t e r v a l .  
The r e l a t i o n s h i p  between t h e  d i p  i n t e r v a l  A z ,  c o r r e -  
sponding  t o  t1 or  62, and f,,  r e q u i r e d  f o r  t h e  ca l cu -  
l a t i o n  of t h e  v e l o c i t y  o f  l e a k y  waves, i s  g iven  a s  

Az=(Azs/At) ( l / f  P ) (5)  

where A z , / A t  i s  t h e  conve r s ion  c o e f f i c i e n t  between 
t h e  d i s t a n c e  z and t h e  time t .  S u b s t i t u t i n g  t h e  
r e l a t i o n  o f  At=l/(NAf) i n t o  Eq. ( S ) ,  where Af i s  t h e  
f r equency  i n t e r v a l  i n  f r equency  domain and N i s  t h e  
number o f  sampl ing  p o i n t s ,  we can  o b t a i n  t h e  fo l low-  
i n g  e q u a t i o n :  

The i n t e r f e r e n c e  o u t p u t s  a r e  g iven  a s  f o l l o w s :  With t h e  d i p  i n t e r v a l  Az o b t a i n e d  by an FFT a n a l y s i s ,  
u s i n e  t h e  f o l l o w i n e  conven t iona l  e a u a t i o n l 2 1  t o  de -  

( z ) = C 2 e x p [ - 2 g t 2  ( z )  ] we can de te rmine  t h e  v e l o c i t y  ?; f o r  each  mode s e p a  

vu i s  t h e  l o n g i t u d i n a l  v e l o c i t y  i n  w a t e r .  
Vzssv r a t e l y  from t h e  deformed V ( z )  c u r v e s .  I n  E q .  ( 7 ) ,  

. exp [ -  (2nfaZsaw/"Zsaz;)21z ItanBZsml 

. s i n ( S 2 1 z l + $ 2 )  9 (4 1 
~ __ 

where t (z)=AIB1 and t2(z)=A2B2,  and 5, and 5, are 
t h e  r e l a t i v e  phase changes pe r  u n i t  t r a n s l a t i n g  d i s -  
t a n c e  z between components # O  and 61, and between 
components 60 and #2, r e s p e c t i v e l y .  The q u a n t i t i e s  
$1  and $12 a r e  t h e  i n i t i a l  phase d i f f e r e n c e s  between 
components #0 and #1, and between components #0 and 
d2, r e s p e c t i v e l y ,  when t h e  (111)-Ge sample i s  p laced  
a t  t h e  f o c a l  p l ane .  The q u a n t i t i e s  C l  and C: a r e  
t h e  a r b i t r a r y  c o n s t a n t s ,  aZ? i s  t h e  a t t e n u a t i o n  co- 
e f f i c i e n t  i n  w a t e r ,  and f i s  t h e  a c o u s t i c  f r equency .  
The q u a n t i t i e s  U .  and U and t h e  phase  ve loc -  
i t i e s  f o r  l eaky  fiSs,ao-SAEJ &?leaky SAW, r e s p e c t i v e -  
l y ,  and a and a a r e  t h e  normal ized  a t t e n u a -  
t i o n  fac t&?or  eacks%de. 

1 .  

In  t h i s  way, V ( z )  c u r v e s  a r e  expres sed  a s  wave- 
forms composed o f  f i n i t e  p e r i o d i c a l  e l emen ta l  compo- 
n e n t s  V I  ( z )  and n o n p e r i o d i c a l  component V,(z) . 

Noh, on t h e  b a s i s  o f  t h e  c o n s t r u c t i o n  p r i n c i p l e  
o f  V ( z )  cu rves  f o r  m u l t i p l e  l eaky  wave modes, w e  
app ly  a well known FFT waveform a n a l y s i s  t o  V ( z )  
c u r v e s  t o  p r o p e r l y  o b t a i n  t h e  e l e m e n t a l  p e r i o d i c i t y  
o f  d i p s  f o r  each  mode from deformed V(z) c u r v e s .  
The p rocedure  i s  as f o l l o w s .  We r e c o r d  V ( z )  c u r v e s  
i n t o  a wave memorizer by u s i n g  t h e  l ine- focus-beam 
a c o u s t i c  microscope  sys tem.  F i r s t ,  we s y n t h e s i z e  
t h e  c h a r a c t e r i s t i c  l e n s  r e sponse  V L ( z )  as g iven  i n  
E q .  (1) from t h e  measured V(z) curve  u s i n g  d i g i t a l -  
f i l t e r i n g  t e c h n i q u e s ,  and t h e n  e x t r a c t  a V I ( Z )  by  
c a l c u l a t i o n  o f  l ' ( z ) - L ' ~ ( z ) .  Next,  w e  sample t h e  meas- 
ured  V , ( z )  cu rves  k i t h  t h e  d i s t a n c e  i n t e r v a l  Azs .  
Sampling p o i n t s  n a r e  d i s t r i b u t e d  f o r  t h e  waveform. 
I n  making t h e  a n a l y s i s ,  w e  p rov ide  f u r t h e r  a d d i t i o n a l  
sampl ing  p o i n t s  N' as dummy p o i n t s  b o t h  i n  f r o n t  o f  
and behind  t h e  V I ( Z )  c u r v e s  i n  o r d e r  t o  o b t a i n  a s u f -  
f i c i e n t l y  h igh  r e s o l u t i o n  of f requency  A f ,  which i s  
d i r e c t l y  r e l a t e d  t o  t h e  v e l o c i t y  r e s o l u t i o n  Av i n  
t h e  p r e s e n t  method. Applying t h e  FFT a n a l y s i s  t o  

3 .  Experiments 

Exper iments  are c a r r i e d  ou t  for demons t r a t ion  
t a k i n g  a (111) germanium a s  an example u s i n g  a sap -  
p h i r e  l i ne - focus -beam l e n s  o f  1 . 0  mm r a d i u s  a t  a 
f r equency  of 226 .3  MHz. Because o f  t h e  c r y s t a l l i n e  
symmetry o f  germanium, be long ing  t o  c l a s s  m3m, prop-  
aga t  i on  c h a r a c t e r i s t i c s  o f  l eaky  waves on t h e  water/ 
(111)-Ge boundary  are comple t e ly  de te rmined  from t h e  
a n a l y s i s  f o r  t h e  wave p r o p a g a t i o n  d i r e c t i o n s  i n  t h e  
r ange  between B = O o  and 30 ' .  There  e x i s t  g e n e r a l l y  
two l eaky  waves,  i . e . ,  a l eaky  SAW and a l e a k y  
pseudo-SAW, i n  a l l  d i r e c t i o n s  excep t  8=30°  f o r  p u r e  
Rayle igh  mode. There  two l eaky  modes would be  e f f i -  
c i e n t l y  e x c i t e d  on t h e  boundary and t a k e  p a r t  i n  t h e  
i n t e r f e r e n c e  i n  t h e  c h a r a c t e r i z a t i o n  r e g i o n  o f  V ( z )  
c u r v e s .  

F igu re  2 ( a )  and (b) show t h e  V ( z )  c u r v e s  f o r  
two t y p i c a l  d i r e c t i o n s  o f  8 = O o  and 30° ,  r e s p e c t i v e l y .  
In  t h e  c a s e  o f  t h e  V ( z )  cu rve  f o r  8=30° as shown i n  
F ig .  2 ( b ) ,  an i n t e r f e r e n c e  i s  observed  wi th  a con- 
s t a n t  i n t e r v a l  of  d i p s  and s imple  v a r i a t i o n  i n  shape  
i n  t h e  n e g a t i v e  z r e g i o n  o f  t h e  V ( z )  c u r v e .  T h i s  
can b e  e x p l a i n e d  by a s imple  i n t e r f e r e n c e  mechanism 
of two wave components:  a d i r e c t l y  r e f l e c t e d  compo- 
nen t  and a l eaky  SAW component. The d i p  i n t e r v a l  
Az o f  21.6 u m  g i v e s  a v e l o c i t y  o f  v;,,,=2807 m / s  
u s i n g  E q .  ( 7 ) .  On t h e  o t h e r  hand ,  i n  t h e  c a s e  o f  
t h e  V ( z )  ci irve f o r  8 = O D  shown i n  F i g .  2 ( a ) ,  t h e  
cu rve  h a s  a p p a r e n t l y  complex and deformed v a r i a t i o n  
i n  bo th  d i p  i n t e r v a l s  and shape  i n  t h e  c h a r a c t e r i -  
z a t i o n  r e g i o n  a s  compared wi th  t h e  cu rve  f o r  B=30°, 
S O  t h a t  i t  i s  imposs ib l e  t o  p r o p e r l y  de t e rmine  t h e  
v e l o c i t i e s  o f  l eaky  waves from t h e  c u r v e .  A s  shown 
i n  t h e  multimode i n t e r f e r e n c e  mechanism, t h e  cu rve  
shou ld  be  decomposed i n t o  two e l e m e n t a l  V ( z )  cu rves  
wi th  d i f f e r e n t  d i p  i n t e r v a l s  co r re spond ing  t o  t h e  
r e s p e c t i v e  v e l o c i t i e s  o f  two l eaky  waves,  a l eaky  
SAW and a l eaky  pseudo-SAW, as p r e s e n t e d  i n  Tab le  1.  
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Fig .  3 .  FFT-analyzed mode s p e c t r a  f o r  V(z) c u r v e s  
shown i n  F i g .  2 .  

F ig .  2 .  V(z) c u r v e s  on w a t e r / ( l l l ) - G e  boundary 
measured w i t h  a c o u s t i c  l i n e - f o c u s  beam 
a t  226 .3  MHz. 

N o w ,  w e  app ly  an  FFT waveform a n a l y s i s  t o  V(z) 
c u r v e s .  F i g u r e  3 ( a )  and (b) shown t h e  r e s u l t s  
ana lyzed  by FFT f o r  t h e  two V(z )  c u r v e s  i n  F ig .  2 
(a)  and ( b ) ,  r e s p e c t i v e l y .  Here ,  we t a k e  sampl ing  
p o i n t s  o f  n=271 d i s t r i b u t e d  f o r  V(z) c u r v e s  f o r  
a n a l y s i s .  
i n g  p o i n t s  of  N=8192 a r e  used  f o r  a waveform, i n -  
c l u d i n g  a d d i t i o n a l  sampl ing  p o i n t s  as dummy t o  
o b t a i n  a h igh  f r equency  r e s o l u t i o n  i n  f r equency  
domain. In  F i g .  3 ( a ) ,  two mode s p e c t r a  f o r  a l eaky  
SAW (LSAW) and a l e a k y  pseudo-SAW (LPSAW) appea r  
c l e a r l y  a t  f r e q u e n c i e s  o f  fp(LPSAW)=60.19 Hz and 
fp(LSAW)=103.24 H z ,  r e s p e c t i v e l y ,  w i th  a f r equency  
i n t e r v a l  Af of 0.1221 H z .  Using E q s .  (6) and (7 ) ,  
t h e  v e l o c i t i e s  can be  c a l c u l a t e d  a s  vlpsaw=3431 m / s  
f o r  t h e  l eaky  pseudo-SAW and vlsaw=2670 m/s f o r  t h e  
l e a k y  SAW, r e s p e c t i v e l y .  These v a l u e s  are v e r y  
c l o s e  t o  t h e  c a l c u l a t e d  v a l u e s  w i t h i n  a d i f f e r e n c e  
o f  about  0 . 8 % ,  a s  shown i n  Tab le  1.  In  t h e  c a l c u l a -  
t i o n s ,  t h e  p h y s i c a l  c o n s t a n t s  i n  Ref .  13 were used  
f o r  germanium, and t h e  l o n g i t u d i n a l  v e l o c i t  
vu=1483 m / s  and t h e  d e n s i t y  o f  p=998.2  kg/m 

In  t h e  p r e s e n t  a n a l y s i s ,  t h e  t o t a l  sampl- 

5 O f  a t  2OoC 

Tab le  1 Comparison o f  expe r imen ta l  r e s u l t s  
w i t h  c a l c u l a t e d  r e s u l t s  for (111) Ge 

Propagat  i o n  Leaky SAW Leaky pseudo-SAW 
d i r e c t  i o n  v e l o c i t y  v e l o c i t y  

measured c a l c u l a t e d  measured ca lcu la t ed  

deg .  m/  s m/ s 

0 2670 2691 3431 3450 

_ _ _  - - _  30 2808 2828 

for  w a t e r .  I n  F i g .  3 ( b ) ,  o n l y  one s i g n i f i c a n t  mode 
spec t rum i s  obse rved ,  w i th  fp(LSAW)=92.47 Hz  g i v i n g  
a v e l o c i t y  o f  vlsm=2808 m / s  f o r  t h e  l eaky  p u r e  
Rayle igh  wave on t h e  boundary .  T h i s  a g r e e s  wi th  t h e  
v a l u e s  o f  2807 m / s  o b t a i n e d  by  t h e  conven t iona l  
method f o r  one l eaky  mode w i t h i n  t h e  measurement 
e r r o r .  

F igu re  4 shows t h e  r e s u l t s  o f  v e l o c i t i e s  o f  
l eaky  waves measured f o r  t h e  o t h e r  p r o p a g a t i o n  
d i r e c t i o n s  i n  t h e  same way where expe r imen ta l  
r e s u l t s  are p l o t t e d  a s  open c i r c l e s ,  w i th  t h e  c a l c u -  
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4 .  Experimental and theoretical results 
of propagation characteristics of 
leaky SAWs and leaky pseudo-SAWS on 
water/ (1 11 ) - Ge boundary. 

o ; measured 
; calculated 

lated results shown by the solid line. It is 
easily seen that the proper determination of phase 
velocity is made for each mode existing on the bound- 
ary. 
culated results are within 0.8% for leaky SAWs and 
1.4% for leaky pseudo-SAWS. 

The differences between the measured and cal- 

4. Conclusion 

An FFT waveform analysis has been newly intro- 
duced into the velocity measurement of leaky waves 
from the V(z) curve measurements obtained by the 
line-focus-beam acoustic microscope system, on the 
basis of a superpositional model of elemental V(Z) 
curves derived from the multimode interference mech- 
anism. 
(111)-Ge sample using a sapphire line-focus-beam 
lens of 1.0-nun radius at 226.3 MHz. On the water/ 
(Ill)-Ge boundary, two leaky wave modes of a leaky 
SAW and a leaky pseudo-SAW have been efficiently 
excited. The FFT method of velocity measurement has 
successfully revealed two mode spectra separately 
from the largely deformed V ( z )  curves, giving the 
proper phase velocities with high velocity resolu- 
tion. With the introduction of this FFT method, the 
line-focus-beam acoustic microscope system has been 
satisfactorily expanded as a general means for mate- 
rial characterization, applicable to all sorts of 
materials supporting multiple leaky wave modes on 
the boundary. 

The utility has been demonstrated for a 
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