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NANOSECOND ACOUSTIC STRAIN PULSES FROM CdS PHONON MASERS
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O bse rv a t i on s  o f  nanosecond s t r a i n  p u l ses  g e n e r a t e d  by 
a mode-locked CdS phonon maser a r e  r e p o r t e d .  Peak 
s t r a i n s  exceeding 5x10~5 have been measured.  An analogy 
i s  drawn between the  observed  mode-locked o p e r a t i o n  and 
a r e p e t i t i v e  pu ls e  g e n e r a t o r .

In the  p res en ce  o f  a D.C. e l e c t r i c  f i e l d ,  a c o u s t i c  c a v i t i e s ,  d e f i n e d  
by p o l i s h i n g  the  f ac e s  of  CdS s i n g l e  c r y s t a l s  a c c u r a t e l y  f l a t  and p a r a l l e l ,  
form high Q r e s o n a n t  s t r u c t u r e s  which a r e  s t r o n g l y  analogous  to l a s e r s .
Maines and Paige"! r e p o r t e d  t h a t  CdS phonon maser  (PM), o p e r a t e d  under  c e r t a i n  
exper i ment a l  c o n d i t i o n s ,  e x h i b i t e d  shar p  c u r r e n t  s p i k i n g .  The f requency 
d i s p l a y  of  the  c u r r e n t  c o n s i s t e d  o f  a harmonic s e r i e s  having ampl i t udes  
c o n s t a n t  in t ime,  and a f requency spac i ng  equal to the  r e c i p r o c a l  o f  the  
round t r i p  t r a n s i t  t ime o f  the  c r y s t a l  c a v i t y .  From t h e se  o b s e r v a t i o n s  
Maines and Paige^ concluded t h a t  t he  PM was o p e r a t i n g  in  a mode-locked 
regime,  and,  by analogy wi th mode-locked o p t i c a l  l a s e r s ,  p r e d i c t e d  t h a t  the  
a c o u s t i c  o u t p u t  should  c o n s i s t  o f  narrow,  high s t r a i n  p u l s e s .  The v a l i d i t y  
o f  t h i s  p r e d i c t i o n  i s  however,  f a r  from obv iou s ,  s i n c e  the  mode-locked regime 
i s  s t r o n g l y  n o n l i n e a r  so t h a t  t h e r e  i s  no o n e - t o - o n e  cor res pondenc e  between 
the  f requency spec t rum o f  th e  a c o u s t o e l e c t r i c  c u r r e n t  and t h a t  o f  the  a c o u s t i c  
f i e l d s .  When the  p i e z o e l e c t r i c  p o t e n t i a l  a s s o c i a t e d  wi th  t h e s e  f i e l d s  i s  much 
l a r g e r  than the  thermal  e ne r gy ,  a s i n u s o i d a l  a c o u s t i c  wave can r e s u l t  in a 
s t r o n g l y  n on s i nu so id a l  e l e c t r o n  d i s t r i b u t i o n  . The s t r o n g  D.C. c u r r e n t  
s a t u r a t i o n  observed in  the mode-locked regime i n d i c a t e s  t h a t  the  e l e c t r o n s  
a r e  c o n s t r a i n e d  to move wi th  t h e  v e l o c i t y  o f  sound and are  thus  t ra pped  in 
the p o t e n t i a l  w e l l s  a s s o c i a t e d  wi th  the  a c o u s t i c  wave.  This e s t a b l i s h e s  
the s t r o n g l y  n o n l i n e a r  n a t u r e  o f  the  mode-locked r e g i m e ^ ,  and s u g g e s t s  t h a t  
the p r e d i c t i o n  o f  Maines and Page^ should be v e r i f i e d  by d i r e c t  o b s e r v a t i o n  
o f  the  a c o u s t i c  f i e l d s .

By a c o u s t i c a l l y  co up l in g  a CdS PM to a p a s s i v e  c a v i t y ,  we have 
d i r e c t l y  observed nanosecond a c o u s t i c  s t r a i n  p u ls e s  us ing  o p t i c a l  f i l t e r i n g  
t e c h n i q u e s .  Our exper i ment a l  s e t - u p  i s  shown s c h e m a t i c a l l y  in  Fig.  1. The 
CdS c r y s t a l  was o r i e n t e d  so t h a t  the  b - a x i s  was p e r p e n d i c u l a r  to  the p o l i s h e d  
c a v i t y  s u r f a c e s .  For t h i s  o r i e n t a t i o n  the  a c t i v e  a c o u s t i c  modes c o n s i s t  o f  
s h e a r  waves whose K-vec tors  l i e  a long th e  b - a x i s .
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The R.F .  c u r r e n t  s i g n a l  from t h e  a c t i v e  c r y s t a l  c ou l d  be d i s p l a y e d  
e i t h e r  i n  t h e  f r e q u e n c y  r eg i me ,  by means o f  a s pe c t r um a n a l y z e r ,  o r  i n  t he  
t ime  r eg ime  by means o f  a s ampl ing  o s c i l l o s c o p e .  The a c t i v e  c r y s t a l  was 
c o u p l ed  t o  a p a s s i v e  f u s ed  q u a r t z  c a v i t y  by means o f  a high q u a l i t y  a c o u s t i c  
bond^.  S i n c e  t he  two m a t e r i a l s  have n e a r l y  t h e  same a c o u s t i c  impedance f o r  
t h e  c hos en  CdS o r i e n t a t i o n ,  t he  doub l e  c a v i t y  modes a r e  n e a r l y  ha rmon i c^ .
The p a s s i v e  c a v i t y  p r o v i d e s  a c o n v e n i e n t  means o f  exami ning  t he  a c o u s t i c  f i e l d  
o f  t h e  PH, s i n c e  high power l a s e r  l i g h t  may be p a s s ed  t h rough  i t .  Such a 
high i n t e n s i t y  probe  may n o t  be used i n  t h e  a c t i v e  c a v i t y  s i n c e  t h e  l a r g e  
p h o t o c u r r e n t s  produced  would d i s r u p t  o r  p r e v e n t  o s c i l l a t i o n .

For o u r  e x p e r i m e n t a l  c o n f i g u r a t i o n  ( s e e  F i g .  1) t he  f o ca l  p l an e  
d i f f r a c t i o n  p a t t e r n  c o n s i s t e d  o f  a v e r t i c a l  row o f  30-40 s p o t s  s y m m e t r i c a l l y  
a r r a n g e d  a b o u t  t h e  z e r o  o r d e r  o r  u n d i f f r a c t e d  beam. A f o ca l  p l a n e  s p a t i a l  
f i l t e r  was used  t o  remove c e r t a i n  d i f f r a c t e d  o r d e r s  b e f o r e  t he  o p t i c a l  s i g n a l  
was imaged on a 25 micron s l i t  c o up l ed  t o  a p h o t o m u l t i p l i e r .  The p h o t o 
m u l t i p l i e r  c o u ld  be d r i v e n  t r a n s v e r s e  t o  t he  o p t i c a l  a x i s ,  as  i n d i c a t e d  i n  
F i g .  1 ,  i n  o r d e r  t o  i n v e s t i g a t e  t h e  s p a t i a l  v a r i a t i o n  o f  l i g h t  i n t e n s i t y  i n  
t h e  image p l a n e .  The n a t u r e  o f  t he  s p a t i a l  f i l t e r  depended upon t he  p a r t i 
c u l a r  e x p e r i m e n t  p e r f o r m e d .

A c o u s t i c  s t r a i n s  i n t r o d u c e  l o c a l  v a r i a t i o n s  i n  r e f r a c t i v e  i n d e x ,  t hus  
p r e s e n t i n g  a pha se  g r a t i n g  t o  t h e  i n c i d e n t  l i g h t .  The r e l a t i o n  between t he  
l o c a l  s t r a i n  and r e f r a c t i v e  i n de x  v a r i a t i o n  i s  l i n e a r ^ ,  so t h a t  t h e  phase  
v a r i a t i o n  p r o f i l e  o f  t he  a c o u s t i c  g r a t i n g  d i r e c t l y  y i e l d s  t h e  s t r a i n  p r o f i l e .
I f  we d e s c r i b e  t he  phase  v a r i a t i o n  o f  t h e  a c o u s t i c  c a v i t y  by $ ( x , t ) ,  t h e  n e a r  
f i e l d  l i g h t  a m p l i t u d e ,  j u s t  a f t e r  p a s s i n g  t h r ou gh  t he  c a v i t y ,  i s  g i ven  by

A ( x , z , t )  = e U l x ’ t }  » [1 ♦  i * ( x , t ) ]  [ 1 ]

where cj>(z , t ) = cot -  kz i s  t he  phase  o f  a u n i t  a m p l i t u d e  p l a n e  l i g h t  wave 
i n c i d e n t  on t h e  p a s s i v e  c a v i t y .  For t h e  s t r a i n s  we have o bs e r v e d  $ ( x , t )  
has a maximum v a l u e  o f  ~ 0.01 r a d i a n s  which a l l ow s  one t o  expand t h e  second  
e x p o n e n t i a l  i n  Eq.  [1 ]  as  shown.  I f  t h e  o p t i c a l  s ys t em f o l l o w i n g  t he  
a c o u s t i c a l  phase  g r a t i n g  i s  d i s t o r t i o n  f r e e ,  t h e n  Eq.  [1 ]  a l s o  a p p l i e s  t o  
t he  image p l a n e ,  e x c e p t  f o r  a s p a t i a l  m a g n i f i c a t i o n  f a c t o r .  S i n ce  t he  a c o u s t i c  
c a v i t y  a l t e r s  on l y  t he  phase  o f  t h e  i n c i d e n t  l i g h t ,  t h e  s t r a i n  f i e l d  i s  n o t  
d i r e c t l y  v i s i b l e  i n  t h e  image p l a n e .  However ,  removing t he  z e r o  o r d e r  o r  
u n d i f f r a c t e d  beam ( r e p r e s e n t e d  by t he  f a c t o r  1 i n  (1 + i $ ) ,  s ee  E q . [ 1 ] )  in  
t he  f o c a l  p l a n e  we o b t a i n  t h e  da rk  f i e l d  image^ .  In  t h i s  c a s e  phase  v a r i a 
t i o n s  i n  t h e  o b j e c t  p l a n e  p roduce  i n t e n s i t y  v a r i a t i o n s  i n  t h e  image p l a n e .
The f i r s t  o r d e r  d a r k  f i e l d  image i s

I DF( x , t )  = $ 2 ( x , t )  [2]

In mode- locked  o p e r a t i o n  t he  a c o u s t i c  o u t p u t  o f  t he  PM c o n s i s t s  o f  
many h a r m o n i c a l l y  r e l a t e d  f r e q u e n c y  componen t s .  The o p t i c a l  phase  v a r i a t i o n  
i n  t he  p a s s i v e  c a v i t y  w i l l  t hen  be due t o  a s u p e r p o s i t i o n  o f  an i n c i d e n t  wave 
t r a i n  c o u p l e d  f rom t he  PM, and a wave t r a i n  s p a t i a l l y  r e f l e c t e d  f rom t he  f r e e  
s u r f a c e  (x  = L) o f  t he  p a s s i v e  c a v i t y .  Assuming no l o s s e s ,  t he  r e s u l t i n g  
phase  f u n c t i o n  may be w r i t t e n  i n  t h e  form



N
$ ( x , t )  = I Vn { sin[nKx-nfit+a ] + s i n  [nK(x-2L)+nfit-a 1} [3]  

n=l

where N i s  the number o f  a c t i v e  modes and Œ.K are the frequency and wave 
vector  o f  the fundamental component. The c o e f f i c i e n t s  Vn are Raman-Nath 
parameters and are proport ional  to the corresponding s t r a i n  amplitudes^.  
The s e t  o f  phases a n determine the exa ct  p r o f i l e  o f  the s t r a i n  p u l s e s .  I f  
Eq. [3]  i s  s u b s t i t u t e d  int o  Eq. [ 2 ] ,  the r e s u l t i n g  express ion may be cas t  
into  a form where the various frequency components may be e x t r a c t e d .  The 
D.C. term may then be shown to be

I 0 = Z V [1 - cos2nK(x-L)]  [4]
n=l

Fig.  2(b) shows the experimental  image plane i n t e n s i t y  v a r i a t i on  of  
the D.C. term f or  mode-locked PM operat ion.  The corresponding time and f r e 
quency d is plays  o f  the RF current  s ignal  are given in Fig.  3.  The rec iprocal  
round t r i p  t r a n s i t  time for  t h i s  p a r t i c u l a r  double c a v i t y  corresponded to a 
fundamental frequency of  325 KHz. By changing v o l ta ge  and current  condi t ions  
for the PM, i t  was p o s s i b l e  to vary the frequency separat ion from t h i s  funda
mental to about 60 MHz. The separat ion o f  the frequency components in 
Fig.  3(a)  i s  about 11.71 MHz, corresponding to the 36th harmonic o f  the double  
c a v i t y  fundamental frequency.

The pulse  width from Fig.  2(b) i s  about 23 microns ( see  capt ion of  
Fig.  2 for  e f f e c t i v e  r e s o l u t i o n )  which corresponds to about 6 nanoseconds for  
the v e l o c i t y  of  sound in fused quartz.  Peak s t r a i n s  in excess  o f  5xl0~5 have 
been inferred from ty pi ca l  d i f f r a c t i o n  i n t e n s i t i e s .  By s p a t i a l l y  f i l t e r i n g  
the d i f f r a c t e d  spots  corresponding to d i f f e r e n t  frequency orders ,  we could 
examine each component o f  the sum in Eq. [4]  i n d i v i d u a l l y .  In Fig.  2(c)  and 
2 ( d) ,  the p r o f i l e s  o f  the components for n=l and n=2 are given.  I f  we choose  
a reference a t  a maximum o f  the n=l component, the c os in e  components f or  n 
odd are found to be (nearly)  it out o f  phase with those for  n even,  as i s  
predicted by Eq. [ 4 ] .

While the i n t e n s i t y  p r o f i l e  o f  the D.C. term t e l l s  us the s t r a i n  pulse  
width,  i t  contains  no information about the exact  form o f  the s t r a i n  p r o f i l e ,  
s in ce  the phases a n are not present  in Eq. [ 4 ] .  However, our apparatus a l s o  
al lows us to examine the s p a t i a l  i n t e n s i t y  v a r i a t i on  o f  each A.C. term in the 
image plane.  By a combination o f  s p a t i a l  and temporal f i l t e r i n g  of  the o pt ic a l  
s ignal  a l l  the phases a n can,  in p r i n c i p l e  a t  l e a s t ,  be determined.  Prel iminary  
experiments i n d i c a t e  that  t h i s  determinat ion i s  p ra c t i ca l  a t  l e a s t  for  smal ler  
values  o f  n, where the d i f f r a c t e d  i n t e n s i t i e s  are r e l a t i v e l y  l ar g e .

I t  i s  useful  to make a comparison between the PM operated in a mode- 
locked regime and a regenerat ive  pulse generator (RPG). I t  i s  wel l  known that  
a feedback loop contain ing an a m p l i f i e r ,  f i l t e r ,  delay l i n e  and a s aturable  
absorber behaves as a RPG'. In the PM, most o f  the required elements may be 
readi ly  i d e n t i f i e d .  The p i e z o e l e c t r i c  coupl ing o f  the a c o u s t i c  f i e l d  to 
d r i f t i n g  e l e c t r o n s  provides  an amplifying mechanism, a combination o f  the  
c a v i t y  resonances and the gain p r o f i l e  o f  the PM c o n s t i t u t e  the f i l t e r ,  and
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the round t r i p  t r a n s i t  time o f  the resonant c av i t y  serves  as the time delay.
In the case of  an op t ic a l  l a s e r ,  which a l s o  contains  these  three basic  e l e 
ments.  the s aturable  absorber must be added to the system for i t  to funct ion as 
a RPG°. For the PM, however, the saturable  absorber i s  an i m p l i c i t  part  of  
the o s c i l l a t o r  i t s e l f .  Theoret i cal  express ions  f or  a co u s t i c  gain as a funct ion  
o f  s t r a i n  amplitude have been derived for  p i e z o e l e c t r i c  semiconductors by 
Butcher and 0 g g 9 > 1 0 .  Based on t h e i r  r e s u l t s  for a simple s inusoi dal  s t r a in ^ ,  
we have obtained an express ion f or  round t r i p  gain in a PM, including l a t t i c e  
and end l o s s e s ,  and have computed t h e o r e t i c a l  curves for gain vs s t r a i n  ampli 
tude at  the frequency of  maximum gain.  Such curves i n d i c at e  t h a t ,  under 
typical  operat ing c o n d i t i o n s ,  the net  round t r i p  gain increases  with s t r a i n  
amplitude.  One i s  thus able  to draw a d i r e c t  analogy between the mode-locked 
PM and i t s  op t ic a l  counterpart ,  the mode-locked l a s e r .  For the l a s e r  and 
RPG's in genera l ,  the pulse rate i s  usual ly  equal to the rec iprocal  o f  the 
round t r i p  t r a n s i t  time or loop de lay ,  i . e .  there i s  only one pulse in the 
system a t  a t ime.  In our double c a v i t y  c o n f ig u ra t io n ,  the r e p e t i t i o n  rate  
was u sua l ly  some harmonic of  the c a v i t y  fundamental frequency.  An addi t ional  
d i s t i n c t i o n  may be seen i f  one cons iders  the product o f  center  frequency and 0 
pulse width.  A l a s e r  pulse  having a center  frequency o f  5 x 1 o"^ Hz (A = 6000 A) 
and a width o f  10~12 s e c contains  500 op t i ca l  c y c l e s .  On the other hand, our 
PM has a center  frequency o f  about 10^ Hz and a pulse width o f  6xl0"9 s ec .
In both cases  the cent er  frequency corresponds to the frequency o f  maximum 
gain and the pulse width corresponds to the rec iprocal  o f  the bandwidth over which 
net  gain e x i s t s .  In c o n t ra s t  to an op t i ca l  l a s e r ,  the PM produces "D.C." pulses  
which only contain about 1/2 c yc l e  o f  the c a r r i e r .  Such pulses  should prove to 
be o f  i n t e r e s t  in a v a r i e t y  o f  u l t r a s o n i c  and a co u st o - o p t i c  a p p l i c a t i o n s .

The support o f  the National Research Council and the Defence Research 
Board o f  Canada i s  g r a t e f u l l y  acknowledged.

Figure Captions

Fig.  1 Configurat ion for o pt ic a l  experiment.  The PM c - a x i s  was perpendicular  
to the in c id e nt  l i g h t  which was provided by an Argon-Ion l a s e r .

Fig.  2 I n t e n s i t y  v a r i a t i on  for  D.C. term. On the l e f t  are photographs o f  the 
image plane op t i ca l  f i e l d .  The traces  on the r i ght  give i n t e n s i t y  
p r o f i l e s .  Lengths indicated  r e f e r  to the o bj ec t  plane.  The c or r es 
ponding s l i t  width ( r e s o l u t i o n )  in the o b j e ct  plane i s  about 1.5 microns.  
Shown are (a) the bright  f i e l d  image o f  the double c av i t y ;  and dark 
f i e l d  images corresponding to (b) a l l  frequency components,  (c) n=l 
component and (d) n=2 component.

Fig.  3 R.F. current  s ig na l :  (a)  frequency d i s p l a y ,  20 MHz/div, (b) time 
d i s p l a y ,  10 nanoseconds /d iv .
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