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ABSTRACT 

In the first part of this report we describe some experiments de- 

signed to investigate the steady state and transient behavior of freely 

propagating, high field dipole domains in n-type GaAs. By using compara- 
tively long (a 1 mm) specimens of low resistivity material ( p  a 2 R cm) 
the domain transit time is sufficient to allow the current response, fol- 

lowing a variable step function in terminal voltage, to be measured. 

Some preliminary results showing the variation of domain voltage and 

charge as a function of field external to the domain are presented, 

The second part of the report discusses experiments currently being 

set up to measure the propagation constant and growth rate of small signal 

space charge waves in nigh resistivity GaAs, where domain formation is 

impossible 

31. MICROWAVE AWLIFIERS UTILIZING ELECTROACOUSTIC MECHANISMS 

The electroacoustic amplifier is in some ways a solid state counter- 

part of the traveling wave tube which uses an electron beam in a vacuum. 

The electroacoustic amplifier uses a semiconducting material and the 

electron beam is replaced by electrons flowing in the semiconductor under 

the influence of an applied field of the order of 1000 volts/cm. 

electromagnetic slow wave circuit of the ordinary traveling tube is re- 

placed by a c01un;n of coherent acoustic whves which are introduced into 

rre semiconducting material by means of transducers which convert an 

electromagnetic signal to an acoustic signal In the electroacoustic 

amplifier the material is semiconducting as well as piezoelectric so 

that the acoustic waves in the material create an electric field having 

the same frequency and wavelength as the acoustic waves themselves, 

Since acoustic waves are characteristically very slow waves, it is a 

simple mstter to adjust the velocity of the electrons in the material 

to be approximately synchronobs with that of the acoustic waves 

The 
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Odr i n t e r e s t  has been i n  e l e c t r o a c o u s t i c  a m p l i f i e r s  t o  ope ra t e  i n  

t h e  microwave freqLency r anges ,  E a r l i e r  work under o t h e r  c o n t r a c t s  

he re  sa5  demonstrated t h a t  l a r g e  va lues  of ga in  can be observed i n  de-  

v i c e s  of t h i s  kind, The e a r l i e r  work a l s o  showed t h a t  t h e  p r i n c i p a l  

problem encountered was concerned with unwanted o s c i l l a t i o n s  i n  t h e  de- 

v i ce ,  and succeeded i n  t r a c i n g  t h e  causes of t h e s e  o s c i l l a t i o n s  and 

p resc r ib ing  means f o r  overcoming them. Under t h e  p re sen t  c o n t r a c t  w e  

have developed techniques f o r  f a b r i c a t i n g  a m p l i f i e r s  i n  t h e  form of 

miniature  sandwich type s t r u c t u r e s  i n  which t h e  va r ious  l a y e r s  of t h e  

sandwicn cons i s t  of e l e c t r o a c o u s t i c  t ransducers ,  t h i n  f i l m  e l e c t r i c a l  

con tac t s ,  and trle a c t i v e  ampl i f i e r  ma te r i a l ,  as descr ibed i n  t h e  body 

of t h e  r e p o r t  below) The rriaterials and dimensions have been designed 

t o  optimize tke ga in  5 r  t h e  frequency range of i n t e r e s t  while  avoiding 

i n s t a b i l i t i e s  and o s c i l l a t i o n s  Experimentation on t h e s e  new designs 

i s  now i n  an ear ly  s t a g e  under t h e  present  con t r ac t ,  and w i l l  be con- 

t i n u i n g  f o r  the f u r u r e  per iod.  

I h e  designs which ure have been l e d  t o  as a r e s u l t  of t h e  e a r l i e r  

experiments are ex t r ene ly  s m a l l ,  l e ad ing  t o  miniature  s o l i d  s t a t e  

a m p l i f i e r s ,  

s i s t i v i t i e s  fo r  proper operat ion shows t n a t  r e l a t i v e l y  high va lues  of 

power d e n s i t y  a r e  involved so t h a t  one can a n t i c i p a t e ,  as an end r e -  

sult, mecrowave s o l i d  s t a t e  a m p l i f i e r s  of moderate power c a p a b i l i t y .  

Heat d i s s i p a t i o n  problems a r e  important i n  any such dev ice ,  The t h i n  

sandwick s t r u c t u r e s  now being explored have f avorab le  geometries f o r  

a p p l i c a t i o n  of cool ing xeasures  and are p r e s e n t l y  being given considera-  

t i o n  under t.he p r o j e c t ,  

Consideration of t h e  appl ied v o l t a g e s  and m a t e r i a l  re-  

liI AC'OYSTO-OPTICAL, DfiICES 

I n  P a r t  111 we summarize t h e  r e s u l t s  of a n a l y s i s  and c a l c u l a t i o n s  

which have been c a r r i e d  out on t h e  problem of e l e c t r o n i c  d e f l e c t i o n  of 

t h e  d i r e c t i o n  of a l a s e r  bean. Tfie schemes which are proposed t h e r e  

u t i l i z e  t h e  B r i l l o u i n  s c a t t e r i n g  process,  i n  which a laser  beam i s  

s c a t t e r e d  from a conerent acous t i c  column i n  a t r a n s p a r e n t  c r y s t a l .  



The parameter which i s  t o  be used t o  c o n t r o l  t h e  o p t i c a l  beam d i r e c t i o n  

i s  t h e  frequency of t h e  acoust ic  wave which i s  exc i t ed  i n  t h e  c r y s t a l .  

By operat ing with a c o u s t i c  waves i n  t h e  microwave frequency range, we 

can consider l a r g e  frequency v a r i a t i o n s ,  which l e a d  t o  l a r g e  scan angles,  

witnout  r equ i r ing  excessive system bandwidth. I n  t h e  work descr ibed i n  

Sectior: 111 we have concentrated on t h e  problem of producing t h i s  

scanning by purely e l e c t r o n i c  means, t h a t  is ,  without any simultaneous 

requirement f o r  r o t a t i o n  of the c r y s t a l .  

t u r e s  from t h e  usua l  forms of B r i l l o u i n  s c a t t e r i n g ,  and s e v e r a l  new 

schemes a r e  proposed t h e r e  which are designed t o  accomplish t h i s  end. 

They o f f e r  t h e  p o s s i b i l i t y  of extremely r ap id ,  extremely p r e c i s e  

scanning over a l a r g e  number of r e so lvab le  spot diameters ,  Experimental 

work on t h i s  problem w i l l  be undertaken i n  t h e  coming per iod.  

Th i s  r e q u i r e s  some new depar- 

- v -  



INTRODUCTION 

The -.-- wuI k mder thLs Srant is gezerally conccrccd xith commmicatim 

and information processing in space satellites and more particularly con- 

cerned with exploring new devices, particularly solid-state and optical 

devices, suitable for generation and modulation of electromagnetic waves 

in microwave range upward through the millimeter and optical frequencies. 

At present, the projects under this Grant are grouped into three general 

categories: 

1. The use of serLconductors to produce oscillations at microwave 

frequencies in devices related to the Gunn effect. 

2, The investigation of acoustic amplification at microwave fre- 

quencies by the interaction of acoustic waves with drifting 

carriers in piezoelectric smiconductors. 

3. Parametric optical acoustic interaction in which one could use 

the coupling between an acoustic beam and, by Bragg diffraction, 

shift its frequency, 

In the following sections we will briefly review the status of the 

projects in these three areas. 
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PFU3SENT STATUS 

I. MICROWAVE OSCILLATORS AFJD AMPLIFIERS 

EASED ON THE GUNN EFFECT 

A. INTRODUCTIOTJ 

Two general  modes of operat ion of Gunn e f f e c t  devices  can be d i s -  

t inguished depending on whether t h e  product nL i s  approximately g r e a t e r  

o r  less  than 1 0  where n i s  t h e  donor d e n s i t y  ( p e r  c c )  and L t h e  

specimen length i n  cms. For nL > 10l1 completely formed, o r  p a r t i a l l y  

formed, d ipo le  domains a r e  observed and specimens s a t i s f y i n g  t h i s  i ne -  

q u s l f t y  a r e  connonly used f o r  o s c i l l a t i o n  purposes.  The majori ty  of t h e  

previously published work has  been concerned with t h e  s teady s t a t e  b e -  

hav io r  of f u l l y  formed, f r e e l y  propagating, d i p o l e  domains i n  such mate- 

r i a l ,  When a Gmn s p e c h e n  i s  placed i n  a resonant  c i r c u i t ,  %he t e rmina l  

vo l t age  i s  no longer constant  during t h e  t ime a domain i s  propagating, 

and i t  i s  important t h e r e f o r e  t o  be ab le  t o  p r e d i c t  i t s  t r a n s i e n t  r e -  

sporise Such mders tanding  i s  necessary, f o r  example, i n  order  t o  de- 

s ign  t h e  optimum c i r c u i t r y  f o r  high e f f i c i e n c y  ope ra t ion .  P a r t  of t h e  

w o r K  done cinder t h i s  c o n t r a c t  during t h e  r e p o r t i n g  per iod has  been con- 

cerned with measuring t h e  t r a n s i e n t  pnd s teady s ta te  response of f r e e l y  

propagating domins  i n  long specimens of GaAs. 

11 

I f  t n e  nL product i s  l e s s  than t h e  specimen i s  found t o  be 

s t a b l e  a g a i n s t  domain formation, and such a device can e x h i b i t  one p o r t  

r e f l e c t i o n  gain over a l i m i t e d  frequency range i f  s u i t a b l y  loaded,  I m -  

p l i c i t  i n  analyses  of t h i s  type of ampl i f i ca t ion  i s  t h e  assumption of 

small s i g n a l  space charge wave growth with d i s t a n c e  along t h e  specimen 

from t h e  cathode c o n t a c t ,  The ex i s t ence  of such waves has  no t  y e t  been 

v e r i f i e d  d i r e c t l y ,  however, We a r e  c u r r e n t l y  attempting, using a t r a v e l -  

i n g  wave capac i t a t ive  probe, t o  observe t h e  growth r a t e  and wavelength 

of such waves i n  long specimens of r e l a t i v e l y  high r e s i s t i v i t y  G a A s .  

These measuremems shoiLd be capable of providing information on t h e  



shape of t h e  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  and also t h e  s i g n i f i c a n c e  of 

f a s t  t r app ing  e f f e c t s  i n  t h e  high r e s i s t i v i t y  material being used. 

are u l t i m a t e l y  i n t e r e s t e d  i n  the p o s s i b i l i t y  of using t h e s e  growing 

waves i n  a d i s t r i b u t e d  two por t  microwave ampl i f i e r .  

We 

B. TRANSIENT BEHAVIOR OF FREELY PROPAGATING DOMAINS 

The equivalent  c i r c 7 j i t  shown i n  F ig .  l a  i s  considered t o  be capable 

of r ep resen t ing  t h e  t e rmina l  behavior of a Gunn specimen during t h e  time 

i s  t h e  low f i e l d  r e s i s t a n c e  a domain i s  i n  t r a n s i t ,  The r e s i s t a n c e  

of t h e  diode; t h e  charge s to red  on t h e  d ipo le  domain i s  represented by 

t h e  capac i to r  

RS 

and t h e  cu r ren t  ID i s  induced by domain d r i f t  cD 
Both t h e  charge s t o r e d  on t h e  domain &D and t h e  cu r ren t  ID a r e  con- 

s ide red  t o  be instantaneous funct ions of t h e  domain vo l t age  V i n  t h i s  

approximation a 

D 

We have s t a r t e d  t o  measure t h e  above parameters i n  t h e  fol lowing 

way, using long samples wi th  a t r a n s i t  t i m e  > 10 nsecs ,  

shaped as shown i n  F i g ,  l b  i s  applied t o  t h e  device.  The i n i t i a l  p a r t  

of t h e  pu l se  i s  a t  a p o t e n t i a l  g r e a t e r  t han  th re sho ld  and t h u s  t h e  de- 

v i c e  o s c i l l a t e s .  There i s  a s t e p  a t  X which i s  timed t o  occur with a 

d o m i n  i n  t r a n s i t  and t h e  height  of t h e  s t e p  can r e a d i l y  be a l t e r e d .  

The t r a n s i e n t  e f f e c t ,  associated wi th  t h e  domain discharging,  even tua l ly  

d i e s  m a y  and t h e  cu r ren t  reaches an equ i l ib r ium value.  This  cu r ren t  

p e r s i s t s  u n t i l  t h e  domain reaches t h e  anode con tac t  

work has been l a r g e l y  concerned wi th  t h e  equ i l ib r ium cu r ren t  which i s  

J u s t  ID of Fig.  l a .  Since the t e r m i n a l  vo l t age  and Rs are known, 

A vo l t age  pulse  

(Y) So fa r  our 

VD as a func t ion  of ID can be determined, Examples of some r e s u l t s  

f o r  samples of d i f f e r e n t  r e s i s t i v i t i e s  a r e  shown i n  F ig .  2 and a r e  

compared with a theory due t o  Butcher and Fawcett ,  I n  F ig .  2, t h e  

D f i e l d  e x t e r n a l  t o  t h e  domain i s  p l o t t e d  r a t h e r  than 

l i n e a r l y  r e l a t e d  t o  t h i s  f i e l d  through t h e  low f i e l d  conduct ivi ty .  

w i l l  be seen, t h e  q u a l i t a t i v e  behavior i s  i n  agreement; t h e  q u a n t i t a t i v e  

agreement, however, i s  not s o  good, We be l i eve  t h a t  t h e  reasons a r e :  

(1) 

ID , bur I i s  

A s  

t h e  ve loc i ty - f  i e l d  c h a r a c t e r i s t i c s  used i n  t h e  theo ry  a r e  no t  

- 3 -  



FIG. la--Equivalent c i r c u i t  of gum diode w i t h  domAin i n  t r a n s i t .  
lb--Voltage s t ep  waveform appl ied  t o  diode and r e s u l t i n g  

current  response.  
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accura t e ly  known, (2)  i n  t h e  theory t h e  d i f f u s i o n  r a t e  as a func t ion  

of f i e l d  i s  not taken properly i n t o  account, and (3)  t h e  samples a r e  

not  as uniform as would be d e s i r a b l e .  We in tend  t o  compare t h e s e  r e -  

s u l t s  wi th  a modified theory we a r e  car ry ing  out i n  which t h e  f i e l d  de- 

pendence of the d i f f u s i o n  cons tan t  i s  taken i n t o  account.  

The domain d i f f e r e n t i a l  capac i ty  CD = a$/avD i s  a nonl inear  

func t ion  of the  domain vo l t age .  

d e l t a  func t ion  accumulation on t h e  t r a i l i n g  edge of t h e  domain (and 

uniform deple t ion  on t h e  lead ing  po r t ion )  i s  assumed. 

i n  genera l  do not p e r t a i n  exac t ly .  

however, allow t h e  charge s t o r e d  on t h e  domain, as a func t ion  of t,he 

domain vol tage,  t o  be measured and t h i s  information i n  t u r n  allows t h e  

charge d i s t r i b u t i o n  through t h e  domain t o  be i n f e r r e d  approximately. 

Some i n i t i a l  measurements have a l ready  been made and t h e  r e s u l t s  a r e  

shown i n  F ig .  3.  They a r e  compared with a t h e o r e t i c a l  curve which 

assumes uniform deple t ion  and a t h i n  accumulation l a y e r .  

Its value i s  r e a d i l y  ca l cu lab le  when 

These condi t ions  

The t r a n s i e n t  measurements descr ibed,  

We hope i n  t he  forthcoming per iod t o  extend these  r e s u l t s  t o  cover 

a wider range of r e s i s t i v i t y  ma te r i a l  than p resen t ly  considered,  We 

a l s o  in tend  t o  study experimental ly  t h e  time dynamics assoc ia ted  with 

domain nucleat ion and eventua l ly  t o  sub jec t  t h e  specimens t o  l a r g e  

s i g n a l  ac  vol tages  and s tudy t h e  cu r ren t  response.  

C. MEASUREMENT OF SPACE CHARGE WAVE GROWTH I N  HIGH R E S I S T I V I T Y  MATERIAL 

11 I n  order  t h a t  t h e  nL product be l e s s  than 10 we a r e  working 

with G a A s  of t y p i c a l l y  3000 R cm, from which specimens approximately 

1 mm long a r e  prepared. A t r a v e l i n g  probe and probe ca r r i age  have been 

constructed,  enabling t h e  vol tage  d i s t r i b u t i o n  along t h e  specimen t o  be 

determined. I n i t i a l l y  we a r e  c u r r e n t l y  s tudying t h e  s teady s t a t e  f i e l d  

d i s t r i b u t i o n  along t h e  specimen s ince  t h e o r e t i c a l l y ,  i n  t r a p  f r e e  mate- 

r i a l ,  t h i s  should not  be uniform a t  high f i e l d  s t r eng ths .  A bias vol tage  

pulse  some 1 ksec long i s  appl ied  t o  t h e  specimen f o r  t hese  measurements. 

L a t e r  we intend t o  apply an r f  s i g n a l  i n  t h e  frequency range 100 Mc/s-~Gc/s 
ac ross  t h e  specimen a l s o  and probe t h e  r f  vo l tage  d i s t r i b u t i o n ,  measwing 

both t h e  phase of t h e  forward slow space charge wave and i t s  growth r a t e .  

- 6 -  
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By adopting c e r t a i n  modulation techniques,  we hope t o  be ab le  t o  provide 

considerable  r e j e c t i o n  aga ins t  t h e  fast ,  undamped wave which i s  a l s o  

present  

A computer prcgram has  a l s o  been w r i t t e n  t o  enable  both t h e  s t a t i c  

and r f  f i e l d  d i s t r i b u t i o n s  t o  be ca l cu la t ed  from any assaned d r i f t  

v e l o c i t y - e l e c t r i c  f i e l d  c h a r a c t e r i s t i c ,  

- 8 -  



11. MICROWAVE AMPLIFIERS UTILIZING ELECTROACOUSTIC MECHANISMS 

At the beginning of this program we had demonstrated that photo- 

conducting CdS crystals could produce acoustic gains at 800 Mc which 
were in reasonable agreement with the one-dimensional theory. The 

initial experiments pointed up the problems which had to be overcome 

if the phenomenon was to be reduced to a useful device. These were 

two - first, the couplers had to be improved and pushed to higher fre- 
quencies - second, the instabilities which were observed in the crystal 
had to be understood and methods devised for overcoming them. The work 

on these two problems has proceeded on other contracts and there have 

been advances in both areas. The insertion loss at 800 Mc has been re- 

duced to a value below 8 dB and at 1600 Mc to a value less than 15 dB. 
This has been accomplished with thin films of piezoelectric material 

such as CdS and ZnO. The oscillation problem is now fairly well under- 

stood, and a model has been developed which is in satisfactory agreement 

with the experimental observations. The study has served to define the 

range of crystal parameters where oscillations will not occur. 

Under the present programwe have concentrated on the problem of 

extending the amplifiers to higher frequencies. We have been successful 
in developing a process which allows us to incorporate thin film CdS 

transducers in a sandwich structure which includes a CdS wafer which 

serves as an integrated amplifier. 

indicates the final configuration. The CdS wafer is a semiconducting 

material with a resistivity of approximately 10 ohm-cm. On each side 

of the CdS wafer we have placed ohmic contacts to cover the central 
area, and the remaining area was coated with Si0 to form an oxide barrier 

layer. We followed this with a deposition of gold and CdS film which 

serves as the transducer symmetrical to both sides of the layer. With 

this structure we have been able to study the transmission properties 

The schematic diagram of Fig. 4 

- 9 -  
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of t h e  sandwich as a funct ion of frequency over t h e  range of 300 Mc t o  

3000 Me, 

d r i f t  f i e l d  which i s  cons i s t en t  with t h e  th i ckness  of t h e  evaporated 

CdS f i l m s  being equal  t o  one-quarter wavelength. We have measured t h e  

a c o u s t i c  g a i ~ i  a t  24OO MC and f ind  a value i n  excess of 20 C~B. 

We f i n d  a minimum i n s e r t i o n  loss  a t  800 Mc of 30 dB a t  zero 

Th i s  study has  uncovered s e v e r a l  d i f f i c u l t i e s .  F i r s t ,  t h e  c r y s t a l  

i s  t o o  long and e x h i b i t s  acoust ic  o s c i l l a t i o n s .  A s  mentioned above, 

the problem of o s c i l l a t i o n s  has been s tud ied  on another  con t r ac t .  I n  

essence,  w e  have found t h a t  the a c o u s t i c  i n s t a b i l i t i e s  which a r e  ob- 

served come from excessive acous t i c  ga in  a t  a frequency much h ighe r  

t han  t h e  operat ing frequency. We have f u r t h e r  found t h a t  w e  can e l imi -  

n a t e  t h i s  i n s t a b i l i t y  by reducing t h e  l eng th  of t h e  c r y s t a l  w e l l  below 

t h e  one-half mi l l ime te r  of length used he re ,  O u r  c a l c u l a t i o n s  i n d i c a t e  

t h a t  with t h e  s h o r t e r  l eng th  we should be ab le  t o  achieve a c o u s t i c  ga ins  

of 30 dB i f  we a d j u s t  t h e  r e s i s t i v i t y  of t h e  c r y s t a l  t o  t h e  p o i n t  where 

it g ives  maximum ga in  a t  t h e  operat ing frequency. This  i s  determined 

by t h e  r e l a t i o n  wm = q-1 . Here w i s  t h e  r ad ian  frequency f o r  

maximum gain,  cu = U/E i s  the conduction frequency and u) = vs/D i s  

t h e  d i f f u s i o n  frequency. For a given value of w we see  t h a t  t h e  param- 

e t e r  t o  be v a r i e d  i n  a given c r y s t a l  i s  t h e  conduct ivi ty ,  u 

2 m 

C D 

m 

0 "  
The second d i f f i c u l t y  with t h e  s t r u c t u r e  of F ig ,  4 i s  one of inade- 

quate  thermal d i s s i p a t i o n .  It i s  now c l e a r  t h a t  w e  must use a h e a t  s ink  

f o r  proper thermal d i s s i p a t i o n ,  and t h e r e f o r e  t h e  s t r u c t u r e  w i l l  have t o  

be  mounted on a c r y s t a l  of good thermal  c h a r a c t e r i s t i c s ,  

The t h i r d  problem i s  one of confining t h e  a c t i v e  area and t h e  c r y s t a l  

t o  a small por t ion  of t h e  c r y s t a l  a r e a .  Our acous t i c  beams a r e  t y p i c a l l y  

1/2 mm i n  deameter and it i s  i n e f f i c i e n t  t o  use an a c t i v e  semiconducting 

c r y s t a l  with an a r e a  t h a t  i s  i n  excess  of t h i s .  Since it i s  d e s i r a b l e  t o  

work with semiconducting wafers which have r a t h e r  l a r g e  diameters,  it b e -  

hooves u s  t o  f i n d  a method of evaporat ing an ohmic con tac t  over a s m a l l  

c e n t r a l  area of t h e  wafer and surrounding t h i s  with an i n s u l a t i n g  l a y e r  

of some s o r t -  This  problem of us ing  i n s u l a t i n g  l a y e r s  i n  semiconducting 

devices  i s  not uncommon, and we should be a b l e  t o  use t h e  experience of 

o the r  l a b o r a t o r i e s  i n  developing a s o l u t i o n .  We sre  consider ing t h e  
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quest ion of deposi t ing t h e  a c t i v e  l a y e r  d i r e c t l y  upon an appropr i a t e  

s u b s t r a t e  discus sed below 

Turnirig now t o  f u t u r e  a c t i v i t i e s ,  we propose t o  f u r t h e r  pursue t h e  

i n v e s t i g a t i o n  of acous t i c  ampl i f i ca t ion  i n  t h e  microwave range 

continde t h e  work on cadmium sulphide and, as t h e  t i m e  permits,  extend 

our s t u d i e s  i n t o  o t h e r  m a t e r i a l s  such as CdSe and ZnO. Thin deposi ted 

f i l m s  of Tej  or Se, may alsc be inves t iga t ed ,  s i n c e  t h e  a c o u s t i c  coupl- 

i n g  i s  e x t r a o r d i n a r i l y  high i n  t h e s e  two m a t e r i a l s .  

We w i l l  

I n  t h i s  program we have i n  mind two a l t e r n a t e  approaches t o  t h e  

problem of device f a b r i c a t i o n .  One i s  t o  cons t ruc t  devices  from bulk 

c r y s c a l s  which are properly o r i en ted  and mounted wi th  ohmic con tac t s ,  

The second wodd be t o  s tudy deposi ted f i l m s  w i th  a th i ckness  i n  t h e  

range of 50-100 microns. It i s  now known t h a t  fibms of t h e  11-VI com- 

pomds depos i t  r a t h e r  e a s i l y  with t h e  c-axis  normal t o  t h e  s u b s t r a t e  

which i s  Froper f o r  ampl i f i ca t ion  of l o n g i t x d i n a l  waves. I n  those  mate- 

r i a l s  such as ZnO, which have r e l a t i v e l y  h igh  electromechanical coupling 

constants ,  t h i s  t h i ckness  range should be s u f f i c i e n t  t o  provide 25-30 dB 

of ga in  

Ln t h e  f i r s t  system we s t i l l  f a c e  problems of f a b r i c a t i n g  samples 

from bulk c r y s t a l s  with ohniic con tac t s  over p a r t  of t h e  c r y s t a l  a r e a  and 

a non-ohmic overlay t h a t  w i l l  form a s u i t a b l e  base f o r  t h e  t h i n  f i l m  

t r ansduce r ,  A t  present  we surround t h e  c e n t r a l  ohmic contact  with a 

l a y e r  of Sic, but is i s  r a t h e r  u n s a t i s f a c t o r y  s i n c e  it appears t o  break 

down m d e r  high e l e c t r i c  f i e l d s .  A s  mentioned above, we are devoting 

considerable  e f f o r t  t o  t h i n  f i l m  piezoeTectr ic  t r ansduce r s  and have now 

reached t h e  point where they are e f f i c i e n t  and have considerable  band- 

width. We a r e  c u r r e n t l y  incorporat ing t h e  r e s u l t s  of t h i s  work i n t o  

t h e  a m p l i f i e r  program It w i l l  be necessary t o  mount t h e  c r y s t a l s  by 

means of an acous t i c  bond t o  a second c r y s t a l l i n e  medium, which w i l l  

s e rve  as both a heat  s ink  and a t ransmission medium f o r  t h e  sound waves. 

I n  t h e  second ap-groach which c o n s i s t s  of depos i t i ng  f i l m s  t o  a 

th i ckness  of 50-100 microns we plan t o  concentrate  on t h e  problem of 

ob ta in ing  uniform f i l m s  of high q u a l i t y .  

i n s u l a t i n g  f i l m s  of ZnC and CdS up t o  5 microns, b u t  beyond t.hat we 

We have had experience with 
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experience p r o b l e m  of cracKing and siirface roughness. We bel ieve it i s  

a quesT:ion of c o n t r o l l i n g  t h e  deposi t ion rates and s u b s t r a t e  temperature.  

We must a l s o  c o n t r o l  t h e  resistivity s o  t h a t  it l i e s  i n  t h e  range above 

10 ohm-em. The f i l m s  muss be deposi ted oli a m e t a l l i c  f i l m  which w i l l  

provide ohmic con tac t  t o  t h e  m a t e r i a l ,  We w i l l .  cover tke f i l m  w i t h  a 

second m e t a l l i c  l a y e r  which w i l l  s e rve  t h e  dJal purpose of con tac t ing  

t h e  a c t i v e  f i l m  and provide a base of t h e  i n s u l a t i n g  p i e z o e l e c t r i c  f i l m  

which w i l l  serve as an electromechanical t ransducer  

It shoidd be pointed out that t h e  a l t e r n a t i v e  apFroaches to e l e c t r o -  

a c o u s t i c  a m p l i f i e r s  Frobscly r equ i r e  d more extensive e f f o r t  than can be 

pursued simiLtaneously on 'he VASA program, and w e  expect t o  concentrate  

our e f f o r t s  on t h a t  approach wnich seems t o  have t h e  most bear ing on 

NASA i n t e r e s t s ,  It i s  l i k e l y  t h a t  some o t h e r  phases of t h i s  problem 

w i l l  be i n v e s t i g a t e d  imder o2her auspices .  

With t h e s e  prototype ampl i f i e r s  we plan t o  i n v e s t i g a t e  t h e  irnportanr. 

c h a r a c t e r i s t i c s  vrhict s r e  p red ic t ed  from t n e  t h e o r e t i c a l  a n a l y s i s  Very 

l i t t l e  i s  knodn abcut tk;e noise  f i g u r e ,  There i s  good reason t o  bel ieve 

t h a t  t h e  no i se  f i g u r e  should be as good as other- semiconductor amF1ifjel-s 

i n  t h e  lower frequency range and, t h e r e f o r e ,  i t  i s  worthwhile t o  pixsue 

t h e  stbdy of no i se  p r o p e r t i e s  both t h e o r e t i c a l l y  and experimentally.  The 

s a t u r a t i o n  c h a r a c t e r i s t i c s  w i l l  a l s o  come under study i n  order  t n s t  we 

may come t o  understsnd t h e  liniits on t h e  e f f i c i e n c y  of s t x h  s device.  

It has long been c l e a r  t h a t  :ke dc pocuer d e n s i t y  i s  very higr- in The 

b d k  semiconducting ma te r i a l ,  and i f  a reasoaaSle f r a c t i o n  of t k i s  can 

be converted t o  a u s e f u l  r f  o u t p i t  it c o d d  prove t o  be 6 most u s e f u l  

s o l i d  s t a t e  a m p l i f i e r ,  The ykestion of p a r a l l e l  operal ion N i l 1  a l s o  be  

considered, although it i s  not c l e a r  a t  t h e  p re sen t  w r i t i n g  how this 

might be accomplished. 

The upper frequency l i m i t  i s  another  quest ion whict must be i n v e s r i -  

ga t ed .  We be l i eve  t h a t  t h i s  w i l l  b e  e v e n t m l l y  de t e rn lned  by t h e  l a t t i c e  

loss, s i n c e  t h i s  i nc reases  with frequency f a s t e r  Than t h e  e l e c t r o n i c  ga in  

I n  CdS our b e s t  e s t ima te  i s  :hat t h e  lint i s  somewkere above 5 Gc. The 

material Z n O  i s  much ha rde r  than CdS and e x h i b i t s  l e s s  a c o u s t i c  l o s s  

Th i s  combined with t h e  n ighe r  electromechanical coupling constant shoj ld  
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allow one t o  work at. much h ighe r  f requencies  i n  ZnO than i n  CdS, We 

t h i n k  t h a t  it should bt, p o s s i b l e  t o  work a t  f r equenc ie s  above X-band 

i n  ZnO. 

We plan t o  continoe x i t h  t h e  i n v e s t i g a t i o n  of t k e  p rob lea  of acous- 

t i c  i n t e r a c t i o n s  N i t ' .  c a r r i e r s  d r i f t i n g  normal t o  both t h e  e l e e t r l c  arid 

nragnetic f i e l d s ,  

equal  numbers of ho le s  and e l e c t r o n s  tine p o s i t i v e  and negat ive p & c i c l e s  

t r a v e l  ir! t h e  same d i r e c t i o n ,  and, t h e r e f o r e ,  t h e  space charge does not 

accumulate as the  p a r t i c l e s  a r e  bunched. Again, t h i s  d l o w s  f o r  cerr2iri  

f l e x i b i l i t y  i n  t h e  a m p l i f i e r  design i n  t h a t  t h e  coupling i n c r e a s e s  as 
t h e  d e n s i t y  of c a r r i e r s  i s  inc reased ,  

s i n g l e  type of c a r r i e r  it would appear t h a t  t h e r e  a r e  advsr-tage: f ~ )  t:t 
crossed f i e l d  case which could overcome t h e  disadvantage of t k c  z.rldit:o- 

of t h e  magnetic f i e l d ,  It would appear t h a t  a material s u m  2s ~ 7 - 2 ~  aid 

InAs would be proper candidates  s ince  the  a c o u s t i c  ga in  at 10% :enpey&- 

turFs has been measured by workers i n  France,  It tuT'c:s our, t r L a t  t h e  

electromechanical coupling ccnstant  f o r  t h e  r a r e r i a l  i s  moderate ;rd 

almosr as s t rong as GaAs. Here again,  we be l i eve  t k a t  i t  is wort-,wr %le 

t o  sttLdy t h e  i n t e r a c t i o n  with waves propagating i n  f i l n s  

In  this system with i n t r i n s i c  m a t e r i a l  containing 

Wfth e x t r i n s i c  J la ter ia ls  w 

- -  
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111. ACOUSTO-OPTICAL DEVICES 

The purpose of t h e  cu r ren t  a c t i v i t i e s  i n  t h i s  a r ea  i s  t o  i n v e s t i g a t e  

methods f o r  t h e  r ap id  and p rec i se  e l e c t r o n i c  scanning of t h e  d i r e c t i o n  of 

a l i g h t  beam. During t h i s  per iod  we have s tudied  t h e  p o s s i b l e  a p p l i c a t i o n  

of  B r i l l o u i n  s c a t t e r i n g  of l a s e r  l i g h t  by coherent microwave acous t i c  

waves a s  a means of achiev ing  t h i s  ob jec t ive .  The B r i l l o u i n  s c a t t e r i n g  

or Bragg d i f f r a c t i o n  process  i n  p r i n c i p l e  allows t h e  d i r e c t i o n  of a l i g h t  

beam t o  be va r i ed  by vary ing  the  frequency of t h e  acous t i c  wave, The use  

of microwave f requencies  a s  d i s t inguished  from lower u l t r a s o n i c  f requencies  

may allow wide angle  scan without exceeding reasonable  bandwidth r equ i r e -  

ments. During t h e  r e p o r t i n g  period, we have made bas i c  s t u d i e s  of t he  

B r i l l o u i n  s c a t t e r i n g  process ,  and have analyzed s e v e r a l  approaches t o  

apply ing  t h i s  process  t o  f l y i n g  spot  scanning. 

An important cons idera t ion  i n  the  a p p l i c a t i o n  of microwave B r i l l o u i n  

s c a t t e r i n g  t o  p r a c t i c a l  app l i ca t ion  i s  t h e  d i f f r a c t i o n  e f f i c i ency ,  which 

expresses  t h e  r a t i o  of  d i f f r a c t e d  l i g h t  t o  i n c i d e n t  l i g h t  - in tens i ty .  I n  

t h i s  connection, we have examined t h e  p h o t o e l a s t i c  p r o p e r t i e s  of  a number 

o f  c r y s t a l s  which a r e  s u i t a b l e  f o r  Bragg d i f f r a c t i o n  of l i g h t  from a 

microwave acous t i c  column. The p r o p e r t i e s  of KRS-5, c r y s t a l l i n e  tha l l i um 

bromide, have been examined a t  500 MHz. This fol lows t h e  work of  Korpel 

a t  Zeni th  Corporation, where he found t h a t  t h e  d i f f r a c t i n g  power of KRS-5 
a t  30 MHz exceeded t h a t  of  quar tz  by some 15 dE, i . e . ,  t h e  a c o u s t i c  power 

r equ i r ed  t o  s c a t t e r  a given f r a c t i o n  of t h e  inc iden t  l i g h t  was 15 dB 

below t h a t  requi red  i n  qua r t z .  Our measurements have shown a s i m i l a r  

reduct ion  a t  500 megacycles. KRS-5 i s  a r e l a t i v e l y  s o f t  m a t e r i a l ,  and 

we have found t h e  a c o u s t i c  

i s  a r a t h e r  high va lue  and 

a c o u s t i c  f requencies  above 

MnFz and found it t o  o f f e r  

a t t e n u a t i o n  a t  500 MHz t o  be 5 dB/cm, 

would render  t h e  c r y s t a l  unsu i t ab le  f o r  

1000 MHz. We have a l s o  examined c r y s t a l l i n e  

a s l i g h t  improvement over q u a r t z ,  The c r y s t a l  

This  

CdTe i s  a l s o  being t e s t e d .  It i s  found t o  have high d i f f r a c t i n g  power 

b u t  a s  y e t  no q u a n t i t a t i v e  da ta  have been obtained.  C r y s t a l l i n e  T.inrL0 

and ASS will a l so  be s tudied  i n  connection wi th  t h e  present  ;k j r : t fves .  
3 

3 
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A s  s t a t e d  in t h e  iEtrodUctGXy remarks w e  have c a r r i e d  out some 

a y a i y s i s  of t h e  problem of conSinulsus Scanning of  t h e  l a s e r  beam without 

me:nan;=a~ motion. I n  s c a t t e r i n g  of l i g h t  from a n  a c o u s t i 2  column, t n e  

a x i s  of t h e  d i f f r a c t e d  l f g h t  beam i s  d e f l e c t e d  f r o m  t h a t  of t h e  incident, 

l i g h t  beam by ar angle  equal t o  twice t h e  Bragg ang le  Ine  l a t t e r  

i s  given by s i n  0 =. fA/Zv where X i s  t h e  o p t i c a l  wavelength and v 

and f a r e  the  v e l o c i t y  and fl-equency of t h e  a c o u s t i c  waves. Thls 

provides  3, mecnanism f o r  va ry ing  t h e  d e f l e c t i o n  of t h e  l i g h t  beam, by 

varving t h e  frequency of t h e  a c o u s t i c  waves, 

eontl-olied W l L h  extrsme p r e c i s i o n ,  v e r y  accu ra t e  con t ro l  and pos l+ ion lng  

of t h e  l i g n t  beam shouid be p o s s i b l e ,  I n  t h e  s t r a igh t fo rward  inpleme-,ta- 

tion of t h i s  procesb, a problem a r i s e s  from t h e  f a c t  t h a t ,  i n  pTiri&:iple, 

both t h s  in2ident and d e f l e c t e d  l i g h t  beams must i n t e r s e c t  t h e  norma: 

t o  t h e  a c o u s t i c  beam a x i s  a t  angle  

d i r e c t i o n  of the  inc iden t  l i g h t  m u s t  change as t n e  acoustik: frequen-y is 

v a r i e a .  TD s a t i s f y  t h i s  condi t ion wo'ild r e q u i r e  wotat-lon of t h e  c r y s t a l  

fr_ step w i t h  tne v a r i a t i o n  of  t n e  a c o u s t i c  frequenzy, i f  t h e  i ? r i i l en t  

t ight  acgle  i s  t o  datisfy t h e  Eragg cond i t ion  a t  a l l  f r eque? ; i t s  of 

qorcern. For place waves of broad extent ,  t h i s  pro\ies t o  t e  a bevere 

reqdiremect,  in whiLh t h e  t o t a l  angle  t h a t  can 'ce s-anned witholit 

mechanizal t r azk ing  of t h e  c r y s t a l  can be  reduced +5 ~ r ~ s a b l t  limttao 

A s  a r e s a l t ,  we nave s tudied modif icat ions and exsent ions 2f t h L  u iAa;  

E r a g g  s c a t t e r i n g  pro:edures which a r e  designed t o  cvescome t h i s  1irri i : tat  1 3 ~ "  

B 

Since frequsncy chn D e  

which means t h a t  t h e  proper @E 

A d i r e c t  appr0ac.h a t  overcomirlg t h i s  l i m i t a t i o n  i s  t h a t  of d 

t h e  diameter of t h e  a c o u s t i c  colmm below t h e  va lues  employed i? presen t  

B r i i l o u i p  s c a t t e r i n g  experiments. If t h i s  diameter i s  sufficiently 

reduced, t h e  acous t i c  coiumn can be regarded as a l i n e  g r a t i n g ,  Ir , t ix 

l i n e - g r a t i n g  limit, t h e  requirements on t h e  d i r e c t i o n  of t h ?  i n c i d e n t  

l i g h t  beam disappear and t h e  d i f f r a c t i o n  process  proddces a t o t a l  deflei:  

t i o n  angle  of 

r ega rd le s s  of the  dil-ection of' t h e  i n c i d e n t  beam. I n  t h i s  ca se ,  both 

t h e  inc rden t  beam and t h e  c r y s t a l  may be f i x e d  i n  space and t h e  d i f f r a c t e d  

beam d i r e c t i o n  may be con t ro l l ed  by va ry ing  only t h e  a c o a s t i c  frequency 

as des i r ed .  We know t h a t  p re sen t  techniqdes w i l l  allorv a s u b s t a n t i a l  

2QB between t h e  d i f f r a c t e d  beam from t h e  h c i d e n t  beam 



i 

decrease i n  the  a c o u s t i c  column diameter and a corresponding decrease i n  

t h e  r e l e v a n t  o p t i c a l  beam dimension. 

b e  i n  t h e  form of a f l a t  ribbon whose thickness  would be comparable t o  

t h e  diameter of t h e  a c o u s t i c  column. A s  t h e  acous t ic  column diameter i s  

decreased, t h e  d i f f r a c t i o n  e f f i c i e n c y  could be maintained, f o r  a given 

t o t a l  a c o u s t i c  power, by allowing the  acous t ic  power d e n s i t y  t o  increase  

correspondingly.  

be determined by t h e  l i m i t i n g  acous t ic  power d e n s i t i e s  which can be 

handled i n  the  more h igh ly  d i f f r a c t i n g  c r y s t a l s ,  and t h i s  quest ion w i l l  

be i n v e s t i g a t e d .  

I n  t h i s  case the  o p t i c a l  beam would 

The ex ten t  t o  which t h i s  approach can be c a r r i e d  w i l l  

A second approach t o  o p t i c a l  d e f l e c t i o n  by B r i l l o u i n  s c a t t e r i n g  

wi thout  r o t a t i o n  of t h e  c r y s t a l  involves t h e  use of an input  l i g h t  beam 

i n  the  form of a two-dimensional wedge of convergent r a y  paths ,  converging 

upon a p o i n t  P1 i n  space.  If t h i s  beam i s  passed through a s u i t a b l e  

a c o u s t i c  column i n  a t r anspa ren t  c r y s t a l  ahead of the  p o i n t  

p o r t i o n  of t h i s  beam w i l l  be coherent ly  s c a t t e r e d  i n t o  a d i f f r a c t e d  beam 

which appears t o  d ive rge  from a conjugate poin t ,  

mi r ro r  image of p o i n t  P1 
column. A t  a given a c o u s t i c  frequency, t he  d i f f r a c t e d  wedge w i l l  subtend 

a t  p o i n t  Pz an ang le  A0 which can be chosen t o  be a f r a c t i o n  of t h e  

wedge angle  8 of  t h e  inc ident  beam a t  P1 . A s  t he  a c o u s t i c  frequency 

i s  var ied ,  t h i s  d i f f r a c t e d  beam can be continuously scanned i n  d i r e c t i o n  

throughout a t o t a l  angle  equal  t o  t h e  angle  0 of t h e  i n c i d e n t  wedge, 

whi le  t h e  c r y s t a l  remains f ixed  i n  space. If the  a c o u s t i c  frequency i s  

i n  t h e  microwave range, r e l a t i v e l y  l a r g e  angular d e f l e c t i o n  could r e s u l t  

wi thout  t he  requirement of l a rge  system bandwidth. This  system could 

serve as a frequency-controlled beam p o s i t i o n e r  or f ly ing - spo t  scanner, 

and could a l s o  perform as a non-scanning spectrum analyzer  w i t n  o p t i c a l  

readout .  

P1 a 

Pz , which i s  the  

w i t h  r e s p e c t  t o  t h e  a x i s  of  t he  a c o u s t i c  

The above schemes f o r  o p t i c a l  beam s t e e r i n g  involve f i r s t - o r d e r  

B r i l l o u i n  s c a t t e r i n g  processes.  We have also devised second-order 

processes  which o f f e r  cont ro l led  o p t i c a l  beam d e f l e c t i o n  wi thout  mechan- 

i c a l  r o t a t i o n  of t h e  c r y s t a l .  For t h e s e  schemes we p l a n  t o  i n v e s t i g a t e  

t h e  l i g h t  s c a t t e r i n g  from an a c o u s t i c  column generated i n  a non l inea r  
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mediim by t h o  crossed a c o u s t i c  beams- 

can be expl.oit.ed t o  produce an a c o u s t i c  beam which i s  equal  t o  t h e  v e c t o r  

product of t h e  two inc idex t  acous t i c  beams. 

v e c t o r  of t h e  f i r s t  beam by kl and t h e  second beam by k2 The 

d i r e c t  ions of  

by changing the  a c o u s t i c  f requencies .  The product  wave, as generated i r  

t h e  presence of t h e  non l inea r i ty ,  w i l l  have a wave v e c t o r  

k = ki z2 13 t h i s  equat ion we see  t h a t  i t  i s  possible to vary 

both  th? magnitilde and d i r e c t i o z  of 

The n o n l i n e a r i t y  o f  t h e  medlum 

We denote  t h e  wave propagat ion 
-f -t 

-f + 
kl and k a r e  f ixed  but  t h e  magnitudes can be v a r i c d  

2 

-t 
k given t3y 3 + + 

3 1  + 
k, by va ry ing  o d y  t h e  magnitodes 

. 

-F 
2 -f -+ 

of k_ and k Thus, vary ing  t h e  magnitude of k i s  e q i i v a l e n t  
1 2 3 

t o  vary ing  t h e  a c o u s t i c  frequency- of a s i n g l e  beam arrd vary ing  t h e  

d i r e c t i o n  3f 1, i s  equiva len t  t o  vary ing  t h e  d i r e c t i o n  of propagat.ion 

of a s h g l e  beam. throij.gh mechanical r o t a t i o n  of t h e  c r y s t a i .  It the re -  

f o r e  fo i lows  that,  one can axhieve an a c o u s t i c  wave v e z t o r  tha,t  v a r i e s  

bo th  i n  magnitude and amplitude.  

give a de f l ec t ed  beam of constant  i n t e n s i t y  whose angle  *can be contl.nu.sdsly 

v a r l e d  wlt,hout mechanical r o t a t i o n .  Here, t h e  disadvantage ccmes from 

t h e  requi red  valiies of t h e  acous t , ic  power i n  t h e  two crossed beams. 

The product  wave i s  ;1. second-order e f f e c t  and t h e r e f o r e  r a . t he r  weak., 

However, w e  have made a prelim-inary i n v e s t i g a t i o n  of some maT.erih;s b;; 

measuring t h e  second harnonic a c o u s t i c  power generated by a s i n g l e  beam, 

These numbers give ULS reason t o  b e l i e v e  t h a t  t he  mechanism could kc made 

t o  work as a p r a c t i c a l  system. I n  add i t ion ,  we note  t h a t  workers a t  

B e l l  Telephone Labora tor ies  a t  Murray H i l l  have a l s o  s tudfed  secocd 

harmonic sound genera t ion  i n  CdS and have found t h a t  c a r r i e r s  d r l f t i n g  

a t  t he  v e l o c i t y  o f  sound enhance t h e  e f f e c t i v e  e l a s t i c  n o n l l c e a r i t y  t o  

t h e  p o i n t  where t h e  second harmonic sound can be an  apprec iab le  f r a c t i o n  

o f  t he  primary power. 

t o  produce a product a c o u s t i c  wave w i t h  a wave v e c t o r  equal  to t h e  sum 

of t h e  two primary beams which i s  of s u f f i c i e n t  amplitude t o  pr0duc.e aG 

o p t i c a l  i n t e n s i t y  i~ t he  de f l ec t ed  beam t h a t  would be of p r a c t i c a l  v a l u e <  

If we then  place t h e  s c a t t e r i n g  c r y s t a l  w i t h i n  t h e  o p t i c a l  cav f ty  of" a 

l a s e r ,  t h e  output beam mfght be comparable t o  t h a t  emerging from t h e  

p a r t i a l l y  transm.it.ting end mir rors  

Light s c a t t e r i n g  frcm sGch a wa.ve w i , i . l  

It is our opinion t h a t  t h i s  cotlid be expl.oit,ed 
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The theory  of second order  Bragg s c a t t e r i n g  has been worked out  as 

a parametr ic  process  which involves t h e  successive s c a t t e r i n g  of a l i g h t  

beam from two acous t i c  columns. The work i s  t o  be descr ibed i n  a f o r t h -  

coming paper .  

t h i s  a r ea  we have begun t o  measure acous t i c  n o n l i n e a r i t i e s  i n  a few 

s e l e c t e d  c r y s t a l s .  We a r e  obta in ing  t h i s  information by s tudying t h e  

growth of  second harmonic sound energy a s  generated by an in t ense  acous t i c  

beam propagat ing down an acous t i c  a x i s .  

i n t e r e s t i n g  schemes f o r  l i g h t  d e f l e c t i o n  and modulation may come from 

t h i s  s tudy i f  we can uncover a m a t e r i a l  wi th  a s t r o n g  non l inea r i ty .  

Experimental s t u d i e s  of o p t i c a l  beam d e f l e c t i o n  by coherent 

A s  a pre l iminary  e f f o r t  t o  t h e  experimental  program i n  

We b e l i e v e  t h a t  a number of 

microwave B r i l l o u i n  s c a t t e r i n g  w i l l  be undertaken during t h e  coming 

per iod .  Also, t h e  considerat ions involved i n  t h e  schemes j u s t  discussed 

emphasize t h e  need f o r  cont inuing ma te r i a l s  s tudy  as o u t l i n e d  i n  t h e  

beginning of  t h i s  sec t ion ,  and t h i s  type  of a c t i v i t y  w i l l  remain a c t i v e  

dur ing  t h e  coming per iod .  

J 
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