
OPTICAL DETECTION OF SUB-ANGSTROM 
TRANSIENT MECHANICAL DISPLACEMENTS 

D.  ROYER and E .  DIEULESAINT 

L a b o r a t o i r e  d ' A c o u s t o 6 l e c t r i c i t C  d e  l ' U n i v e r s i t 6  P .  e t  M .  Cur i e ,  
ESPCI - 10 r u e  Vauquelin - 75231 PARIS Cedex 05 - FRANCE 

ABSTRACT 

Our compact heterodyne o p t i c a l  i n t e r f e r o m e t e r  used 
f o r  measuring harmonic d i sp lacemen t s  a s  low a s  
l O + X  i n  a one Her t z  
by t h e  a d d i t i o n  of a wide bandwidth e l e c t r o n i c  
c i r c u i t r y .  Th i s  makes i t  s u i t a b l e  f o r  measuring 
t r a n s i e n t  mechanical d i sp l acemen t s .  The r e s u l t s  
p re sen ted  concern t h e  mechanical impulse r e sponse  
of bu lk  and s u r f a c e  wave p i e z o e l e c t r i c  t r a n s d u c e r s  
and t h e  d e t e c t i o n  of mechanical d i sp l acemen t s  ge- 
ne ra t ed  i n  a m e t a l l i c  p l a t e  byDa  YAG l a s e r  pu l se .  
The s e n s i t i v i t y  achieved i s0 .4A i n  a bandwidth of 
50 MHz. 

bandwidth has  been modified 

1 - INTRODUCTION 

The o p e r a t i o n  of t h e  a c o u s t i c  wave components and 
d e v i c e s  depends mainly on t h e  c h a r a c t e r i s t i c s  of 
t h e  beam t r ansmi t t ed  by t h e  t r ansduce r  and on t h e  
cond i t ions  of p ropaga t ion .  The n a t u r e ,  shape,  d i -  
mensions,  homogeneity of t h e  t r ansduce r  ( u s u a l l y  
p i e z o e l e c t r i c ) ,  t h e  matching t o  t h e  s i g n a l  genera- 
t o r  and t h e  backing p l a y  a major p a r t  i n  t h e  gene- 
r a t i o n  of t h e  waves. A s  t h e  waves propagate ,  t hey  
a r e  d i f f r a c t e d ,  p a r t i a l l y  absorbed ; inhomogenei- 
t i e s  causing l o c a l  r e f l e x i o n s  and changes of ve- 
l o c i t y .  I t  is  thus u s e f u l  t o  examine t h e  a c o u s t i c  
f i e l d  a t  i t s  o r i g i n  and a t  some s t e p s  of i t s  pro- 
paga t ion .  

The methods a r e  d i f f e r e n t  according t o  t h e  type of 
waves and t h e  medium of propagat ion.  For i n s t a n c e ,  
low frequency bu lk  wave t r ansduce r s  used i n  medical  
imaging o r  i n  non d e s t r u c t i v e  t e s t i n g  c a n  be chec- 
ked i n  wa te r  w i th  t h e  a i d  of a sma l l  p i e z o e l e c t r i c  
r e c e i v e r  ( 1 )  o r  a r e f l e c t i v e  b a l l  ( 2 ) .  Su r face  
a c o u s t i c  waves used f o r  s i g n a l  p rocess ing  a r e  in-  
v e s t i g a t e d  by o p t i c a l  t echn iques  (beam d e f l e x i o n ( 3 ,  
10, l l ) ,  i n t e r f e r o m e t r y  ( 4 ) ) .  The i n t e r f e r o m e t r i c  
probes a r e  a l s o  s u i t a b l e  f o r  b u l k  waves. 

These o p t i c a l  t echn iques  have t h e  advantages of 
probing a s m a l l  a r e a ,  r e q u i r i n g  no mechanical con- 
t a c t ,  however they a r e  less s e n s i t i v e  than  piezo- 
e l e c t r i c  probes.  Consequently,  t hey  a r e  u s u a l l y  
app l i ed  t o  measurements only a t  a s e l e c t e d  frequen-  
cy.  The p re fe rence  g i v e n  t o  harmonic regimes d e r i -  
ves  from t h e  b e t t e r  S igna l  t o  n o i s e  r a t i o  : t h e  
narrower t h e  d e t e c t i o n  bandwidth, the l a r g e r  t h i s  
r a t i o .  Measuring a displacement  ampli tude of 0.5 1 
i n  a 50 MHz bandwidth r e q u i r e s  a s e n s i t i v i t y  b e t t e r  
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t h a n  i/&. However t r a n s i e n t  measurements 
g i v e  a l a r g e r  amount of i n fo rma t ion  i n  a s h o r t e r  
t ime. For example, t h e  v a r i o u s  types of wave exci-  
t e d  by a p u l s e  a r e  r e a d i l y  d i s t i n g u i s h a b l e  a s  they 
t r a v e l  w i th  d i f f e r e n t  v e l o c i t i e s  and a r r i v e  a t  d i s -  
t i n c t  t imes.  These t r a n s i e n t  measurements, u s e f u l  
f o r  t h e  c h a r a c t e r i z a t i o n  o f  a c o u s t o - e l e c t r i c  compo- 
n e n t s ,  a r e  necessa ry  f o r  a c o u s t i c  wave e x c i t a t i o n  
by l a s e r  p u l s e s  and t h e i r  a p p l i c a t i o n  t o  non- 
d e s t r u c t i v e  t e s t i n g  ( 5 ) .  

This  o b s e r v a t i o n  l e d  u s  t o  modify our  compact op- 
t i c a l  i n t e r f e r o m e t e r  (6 )  i n  o r d e r  t o  make i t  su i -  
t a b l e  f o r  l o c a l  measurement of t r a n s i e n t  mechani- 
cal displacements .  This  e n t a i l e d  r e p l a c i n g  t h e  
narrow bandwidth e l e c t r o n i c  c i r c u i t r y  by wide 
bandwidth c i r c u i t r y .  I n  t h i s  pape r ,  we r e p o r t  
our  r e s u l t s  on impulse responses  of bu lk  and sur-  
f a c e  p i e z o e l e c t r i c  t r a n s d u c e r s  and on d e t e c t i o n  of 
displacements  gene ra t ed  by a l a s e r  pu l se .  

2 - THE PROBE 

The main c h a r a c t e r i s t i c s  of t h e  o p t i c a l  heterodyne 
i n t e r f e r o m e t e r  p rev ious ly  used t o  measure cohe ren t  
d i sp l acemen t s  a r e  t h e  fo l lowing  : dimensions of t h e  
o p t i c a l  p a r t  : 8 x 5 x 3 cm3 + l a s e r  He - Ne, 
o p e r a t i o n  p o s s i b l e  i n  a v e r g i c a l  o r  h o r i z o n t a l  po- 
s i t i o n ,  s e n s i t i v i t y  : A / K z ,  s t a b i l i t y  : 0.3% 
f o r  t h e  ampli tude,  0.3 deg ree  f o r  t h e  phase.  To 
summarize t h e  p r i n c i p l e  of o p e r a t i o n  ( f i g u r e  1 ) :  
two beams a r e  e x t r a c t e d  (cube BS) from t h e  o p t i c a l  
sou rce .  The r e f e r e n c e  beam i s  d i r e c t e d  through a 
prism towards t h e  photodiode. The probe beam ( t h e  
frequency of which i s  s h i f t e d  by a c o l i n e a r  Bragg 
c e l l  ( f g ) )  i s  r e f l e c t e d  by t h e  v i b r a t i n g  sample 
( f A ) ,  caus ing  a modulat ion of t h e  beam phase.  The 
b e a t i n g  of t h e  two beams, R and S ,  on t h e  photodiode 
r e s u l t s  i n  a phase modulated c u r r e n t  a t  f r e -  
quency f B .  

The o p t i c a l  system used h e r e  d i f f e r s  from t h e  
p rev ious ly  desc r ibed  by t h e  a d d i t i o n  o f  a l e n s .  
The f o c u s s i n g  of t h e  probe beam on to  t h e  o b j e c t  
has  s e v e r a l  advantages : d e f i n i n g  t h e  s p o t  more 
p r e c i s e l y ,  c o l l e c t i n g  a l a r g e r  amount of r e f l e c t e d  
l i g h t ,  making t h e  instrument  less s e n s i t i v e  t o  
t h e  tilt of t h e  sample when t h i s  i s  d i s p l a c e d  
l a t e r a l l y .  
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The o p e r a t i o n  of t h e  probe i s  improved by o f f -  
c e n t e r i n g  t h e  l a s e r  beam from t h e  a x i s  of  t h e  two 
cubes.  Th i s  o f f - c e n t e r i n g  e l i m i n a t e s  t h e  s p u r i o u s  
s i g n a l s  which come from t h e  r e f l e x i o n s  on  t h e  
s p l i t t e r  i n t e r f a c e  of t h e  PBS cube. These comeon the  
one hand from t h e  probe beam ( p o i n t  a ) ,  on t h e  
o t h e r  hand from t h e  r e f e r e n c e  beam ( p o i n t  b ) .  
These beams, b o t h  a t  t h e  frequency f L  + f B  are 
prevented from r e t u r n i n g  t o  t h e  laser and then  
from be ing  r e f l e c t e d  back t o  t h e  photodiode.  

The l a r g e  bandwidth p r o c e s s i n g  of t h e  phase- 
modulated pho tocur ren t  i s  i l l u s t r a t e d  i.n f i g u r e  2. 
The o u t p u t  s i g n a l  of t h e  photodiode i s  s p l i t  i n t o  
two p a r t s .  One of t h e s e  t r a v e r s e s  a f i l t e r  which 
s e l e c t s  t h e  c a r r i e r  f requency a t  fB and i s  n/2 
phase - sh i f t ed  by a c a b l e .  The mixing o f  t h i s  com- 
ponent w i th  t h e  o t h e r  p a r t  of t h e  Fhotodector  
s i g n a l  g i v e s  t h e  a c o u s t i c  s i g n a l  a t  fA and a 
s i g n a l  a t  2fg.  The v i b r a t i o n  of  t h e  o b j e c t  i s  re- 
covered by e l i m i n a t i n g  t h e  h igh  f r equency  compo- 
n e n t s  w i th  a low-pass f i l t e r .  

Fiq. 1. Optical part  of t h e  interferometer .  
The laser beam i s  of f -centered from the  a x i s  
o f  the cubes i n  order to e l i m i k t e  the  
spurious beams re f l ec t ed  a t  po in ts  a and b .  
B,C:beam s p l i t t e r  cube; PBS: polariz ing beam 
s p l i t t e r  cube. 

The f i r s t  experiment was t h e  p l o t t i n g  of t h e  me- 
c h a n i c a l  impulse r e sponse  of a Panamet r i c s  t r a n s -  
ducer  of  d i ame te r  4 mm having a bandwidth of 15MHz. 
The t r a n s m i t t i n g  s u r f a c e  was s l i g h t l y  po l i shed  i n  
o r d e r  t o  i n c r e a s e  i t s  r e f l e c t i v i t y  and t h e  t r a n s -  
ducer  was e x c i t e d ,  through a c a b l e  of l e n g t h  25 cm, 
by a n  e l e c t r i c  p u l s e  of 60 V and d u r a t i o n  30 ns .  
The v i b r a t i o n  of t h e  s u r f a c e  was examined a t  p o i n t s  
0 .5  mm a p a r t .  F i g u r e  3 shows t h a t  t h e  e n t i r e  su r -  
f a c e  i s  n o t  a c t i v e .  Although t h e  d i f f e r e n t  zones 
s t a r t  t o  v i b r a t e  a t  t h e  same time, t h e i r  ampl i tudes  
and t h e i r  damping are n o t  i d e n t i c a l .  The l a r g e s t  
ampl i tude  (20 A )  i s  a t  abou t  t h e  c e n t r e  of t h e  
d i s k .  The v i b r a t i o n s  of t h i s  t r a n s d u c e r  l ook  
s t r o n g l y  damped. Never the l e s s  t h i s  damping i s  
modif ied i f  t h e  t r ansduce r  is f e d  through a c a b l e  
having a d i f f e r e n t  l e n g t h .  Supplementary o s c i l l a -  
t i o n s  appea r  when t h e  t r ansduce r  and g e n e r a t o r  
impedances a r e  not  c o r r e c t l y  matched. ( 7 ) .  

R 

S 
+ - F i g d .  Vide bandwidth e lec tronic  de tec t -  
4 
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U 

3 - RESULTS 

Three experiments  have been performed wi th  t h i s  
probe i n  t h e  f o l l o w i n g  c o n f i g u r a t i o n  : 

- Source : s t anda rd  He-Ne Lase r  (Power 3mW) 

- Detec to r  : PIN photodiode + FET preampli-  

- Focussing l e n g t h  : 20 m 

- Bragg c e l l  f r equency  : f B  = 70 MHz 

- Narrow band f i l t e r  : 70 MHz * 7 kHz 

- Low-pass f i l t e r  : B = 10 o r  50 MHz 

f i e r  (26dB) 

ion  c i r c u i t .  The bandwidth B, l e s s  thm 
f, 170MHzl, i s  selected by the  low-pass - o u t p t  f i l t e r .  

Tke second experiment was c a r r i e d  o u t  w i th  a 
Rayleigh wave d e l a y  l i n e  on a LiNb03 c r y s t a l .  The 
probe beam w a s  r e f l e c t e d  by t h e  alumitmm metal-  
l i z e d  s u r f a c e ,  a t  12 mm from t h e  i n t e r d i g i t a l  
t r a n s d u c e r .  F i g u r e  4 g i v e s  t h e  probe ou tpu t  s i g n a l  
gene ra t ed  by a p u l s e  (60 V ,  20 ns )  a p p l i e d  t o  t h e  
t r anduce r .  It  demons t r a t e s  t h a t  t h e  c e n t e r  fre- 
quency of t h i s  d e l a y  l i n e  i s  17 MHz and t h a t  t h e  
ampl i tude  of t h e  s u r f a c e  displacement  i s  a l i t t l e  
more than  5 b. With t h e  o u t p u t  f i l t e r  of bandwidth 
B = 50 MHz, t h e  minimum d e t e c t a b l e  d i sp l acemen t  i s  
about  dmin = 0.4  A .  For a mirror l i k e  r e f l e c t i n g  
s u r f a c e ,  t h e  probe s e n s i t i v i t y  is g i v e n  by 

'min 
S = -= 6.10-5 

d5- 
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F i g .  3. Local t rans ien t  v i b r a t i m s  
of a bulk  wave p i e zoe lec t r i c  trans-  
ducer ( f = I 5 M H z )  exc i ted  by an 
eZectr ic  pu lse  o f  amplitude 6 0 V  
and duration 30ns.  The larges t  
mechanical displacement i s  about 
20 8 (de tec t ion  bandwidth B=50 MHzl 

/ 

F i g  .5. Mechanical displacement 
of t he  s ide  o f  a I O m  th i ck  p i a t e  
of aluminum, generated by  a YAG 
Laser pulse  ( S m J ,  70 n s )  s t r i k ing  
the opposite side a )  bare ,  bl 
coated with o i l  (de t e z t ion  bard- 
width B = I O  MHzl 0.5mm i 

H :  0 . 5 ~ s  / d i v .  

L :  0 . 1 ~  / d i v .  

F i q .  4 .  

L 

Response of an i n t e r d i g i t u l  SAW transducer 
on LiNbO3 substrate  ( f = 1 7 M H z )  t o  a pulse  
of amplitude 60 Vand  duration 20 ns 
t i o n  bandwidth B = 50 irlHz). 

(detec-  

b 

0.5 vs I d i v .  
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This  v a l u e  i s  two t imes b e t t e r  t h a n  t h e  f i g u r e  
r e p o r t e d  wi th  t h e  narrow band e l e c t r o n i c s  (6) 
because h e r e  t h e  two side-bands of t h e  phase mo- 
d u l a t i o n  were d e t e c t e d .  

The third experiment r e f e r s  t o  t h e  d e t e c t i o n  of 
mechanical  d i sp l acemen t s  generated by YAG l a s e r  
s t r i k i n g  a s i d e  of a duraluminum p l a t e  having a 
t h i c k n e s s  of 10 nun. F igu re  5 shows t h e  measured 
displacement  of t h e  o p p o s i t e  s i d e  when t h e  exci-  
ted s i d e  i s  a )  b a r e  b)  coated wi th  o i l .  The l a s e r  
p u l s e  had a n  energy of 5 m J  and a d u r a t i o n  of 
70 ns .  The shapes of t h e s e  s i g n a l s  a r e  similar t o  
those  observed by o t h e r  a u t h o r s  (8, 9 ) .  The be- 
ginning of t h e  s i g n a l  i n  f i g u r e  5.a corresponds 
t o  t h e  a r r i v a l  of a l o n g i t u d i n a l  displacement  (L),  
t h e  end t o  t h e  a r r i v a l  of a t r a n s v e r s e  d i s p l a c e -  
ment (T).  The ampli tude of t h e  l o n g i t u d i n a l  d i s -  
placement i s  inc reased ,  a s  shown i n  f i g u r e  5.b, 
by a f a c t o r  of 30 dB when t h e  s u r f a c e  i s  coated 
wi th  o i l  

4 - CONCLUSION 

This  s e t  of t h r e e  experiments  r e f e r r e d  t o  i )  t h e  
i n v e s t i g a t i o n  of t h e  t r a n s i e n t  v i b r a t i o n  of t h e  
s u r f a c e  of a p i e z o e l e c t r i c  bu lk  wave t r ansduce r  
(f = 15 MHz),i i)  t h e  r eco rd ing  of t h e  impulse res- 
ponse a t  a chosen s p o t  on t h e  p ropaga t ion  s u r f a c e  
of an  I D T  s u r f a c e  wave t r ansduce r  (f = 1 7  MHz), 
i i i )  t h e  p l o t t i n g  of  t h e  mechanical displacement  
of a p l a t e  s t r u c k  by a l a s e r  pu l se .  They demons- 
t r a t e  t h e  a d a p t a b i l i t y  t o  t r a n s i e n t  measurements 
of t h e  o p t i c a l  probe t h a t  was o r i g i n a l l y  cons t ruc -  
ted f o r  measuring cohe ren t  mechanical displacements.  
These t r a n s i e n t  measurements of a few Angstrb'ms 
performed i n  a s i n g l e  sweep and wi th  a bandwidth 
of s e v e r a l o t e n s  of MHz correspond t o  a s e n s i t i v i t y  
of 5.10-5 A/&. 
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