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ABSTRACT

Tho r e f r a c t i o n  o f  l i g h t  by  an  u l t r a s o n i c  wave c a n  be u s e d  a s  a  t o o l  

f o r  i n v e s t i g a t i n g  t h e  so u n d  f i e l d ,  p a r t i c u l a r l y  i n  t h e  r e g i o n  b e lo w  one 

m e g a c y c le / s e c o n d *  An e f f e c t  d i s c o v e r e d  by Lucas  an d  B iq u a rd  ( 1 ) ,  n a m e ly ,  

t h e  b r o a d e n i n g  o f  a  n a r ro w  l i g h t  beam a s  i t  p a s s e s  t h r o u g h  a  so u n d  f i e l d  

was e x p l a i n e d  by  them  a s  b e i n g  due to  r e f r a c t i o n *  H e u te r  and  P oh lm an  (2 )  

u s e d  a  m o d i f i e d  e x p e r i m e n t a l  a r r a n g e m e n t  to  m e a su re  sound  a b s o r p t i o n *

A s im p le  e x p l a n a t i o n  h a s  b e e n  made f o r  t h e  above  phenom enon b a s e d  

on an  e x p e r i m e n t a l  m e th o d  due t o  W iener  ( 3 ) *  A s im p le  m a t h e m a t i c a l  t h e o 

r y  i s  p r e s e n t e d  w h ic h  d e s c r i b e s  t h e  v a r i a t i o n  i n  i n t e n s i t y  o f  t h e  u n d e 

f l e c t e d  beam a s  t h e  l i g h t  beam i s  p a s s e d  t h r o u g h  v a r i o u s  p o s i t i o n s  o f  a  

s t a t i o n a r y  s i n u s o i d a l  sound  wave* A s i m i l a r  b u t  q u a l i t a t i v e  a p p r o a c h  h a s  

b e e n  made to  t h e  c a s e  o f  a  s i n u s o i d a l  wave i n t e r f e r i n g  w i t h  an  o p p o s i t e l y  

d i r e c t e d  s a w to o th  w ave.

E x p e r i m e n t a l l y ,  u s e  h a s  b e e n  made o f  v a r i a t i o n s  o f  b o t h  t h e  m e th o d  

o f  L u cas  a n d  B iq u a r d  a s  w e l l  a s  t h a t  o f  H u e te r  an d  P o h lm a n .  T h ese  v a r i 

a t i o n s  w ere  u s e d  to  o b t a i n  p h o t o g r a p h i c  r e c o r d s  o f  th e  s p a t i a l  p r e s s u r e  

d i s t r i b u t i o n  i n  a  s t a t i o n a r y  u l t r a s o n i c  wave. A m eth o d  i s  d e s c r i b e d  f o r  

m a k in g  r a p i d  m e a s u re m e n ts  o f  sound  v e l o c i t y  i n  l i q u i d s  w h ic h  y i e l d s  r e 

s u l t s  a c c u r a t e  to  w i t h i n  1 . 5  p e r c e n t .  An a p p r o a c h  to  t h e  p ro b le m  o f  wave 

fo rm  d e t e r m i n a t i o n  i n  l i q u i d s  h a s  b e e n  m ade, an d  a  m e thod  f o r  m e a s u r i n g  

t h e  p r e s s u r e  a m p l i t u d e  i n  a  s t a t i o n a r y  u l t r a s o n i c  wave i s  d e s c r i b e d .
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INTRODUCTION

O p t i c a l  M ethods i n  U l t r a s o n i c s  

E a r ly  o p t i c a l  m e th o d s . Among th e  m ethods u sed  f o r  th e  q u a l i t a t i v e  

and q u a n t i t a t i v e  i n v e s t i g a t i o n  o f  s o n ic  and u l t r a s o n i c  f i e l d s ,  th e  v a r i 

ous  o p t i c a l  m ethods a r e  o f  c o n s i d e r a b l e  im p o r ta n c e ,  e s p e c i a l l y  a t  u l t r a 

s o n ic  f r e q u e n c i e s .  P e rh a p s  th e  e a r l i e s t  o p t i c a l  i n v e s t i g a t i o n  o f  sound 

f i e l d s  was made by T o p le r  who i n  1867 u s e d  a s c h l i e r e n  m ethod to  r e n d e r  

sound waves from a  s p a rk  s o u rc e  v i s i b l e  ( 1 ) .  L a t e r ,  i n  1899* Wood im

p ro v e d  on t h i s  m ethod ( 2 ) ,  w h i le  s t i l l  l a t e r  F o ley  and Souder p u b l i s h e d  

t h e i r  m ethod o f  p h o to g ra p h in g  shadow graphs o f  waves from a s p a r k  so u rc e  

by u s i n g  a n o th e r  s p a r k  a s  th e  so u rc e  o f  l i g h t  f o r  c a s t i n g  th e  shadow and 

p ro d u c in g  th e  p i c t u r e  (5 )*

L a t e r  o p t i c a l  m e th o d s . More r e c e n t l y ,  s in c e  th e  d i s c o v e r y  by Debye 

and S e a r s  (4 )  and  Lucas and B iq u a rd  (5 )  i n  1952 t h a t  sound waves o f  

s h o r t  enough wave l e n g t h  can a c t  a s  an o p t i c a l  d i f f r a c t i o n  g r a t i n g  f o r  

l i g h t  w hich  p a s s e s  th ro u g h  th e  sound f i e l d ,  m ost o f  t h e  o p t i c a l  m ethods 

which have  been d e v e lo p e d  make u se  o f  t h i s  d i f f r a c t i o n  g r a t i n g  e f f e c t .

For ex am p le ,  th e  a d a p t a t i o n s  o f  Bar ( 6 ) ,  a s  w e ll  a s  th o s e  o f  Hiedemann 

and Hoesh ( 7 )  o f  T o p l e r 8s m ethod make u se  o f  t h i s  g r a t i n g  e f f e c t .  As a  

r e s u l t  o f  th e  dependence  o f  th e s e  newer m ethods on th e  e x i s t a n c e  o f  an 

a c o u s t i c  g r a t i n g ,  th e s e  m ethods g e n e r a l l y  f i n d  t h e i r  m o s t  u s e f u l  a p p l i 

c a t i o n  in  th e  u l t r a s o n i c  f r e q u e n c y  ran g e  above one m e g a c y c le / s e c o n d .

W hile  i t  i s  t r u e  t h a t  th e  deve lopm en t o f  c i r c u i t s  f o r  p ro d u c in g  s h o r t  

d u r a t i o n  s p a rk  l i g h t  f l a s h e s  ( 8 )  have p e r m i t t e d  a d a p t a t i o n s  o f  t h e  m ethod



o f  F o ley  and  S ouder  ( 5 )  to  h i g h e r  f r e q u e n c i e s ,  th e  a p p l i c a t i o n s  i n  t h i s  

c a s e  a l s o  have  been  made i n  th e  u l t r a s o n i c  f r e q u e n c y  ra n g e  above one 

m e g a c y c le / s e c o n d  ( 9 ) .

L i g h t  R e f r a c t i o n  M ethod  (M eth o d  I )

B e s i d e s  t h e  d i f f r a c t i o n  e f f e c t  w h ic h  u l t r a s o n i c  w aves c a n  h a v e  on 

l i g h t  t r a v e r s i n g  t h e  so u n d  f i e l d ,  t h e r e  e x i s t s  a n o t h e r  e f f e c t ,  f i r s t  

d i s c o v e r e d  by  L ucas  and  B i q u a r d ,  an d  m e n t io n e d  by them i n  t h e i r  f u n d a 

m e n ta l  p a p e r  ( 5 )  w h ich  c a n  be u s e d  a s  a  t o o l  f o r  t h e  i n v e s t i g a t i o n  o f  

so u n d  f i e l d s  when t h e  wave l e n g t h  o f  t h e  sound  i s  g r e a t e r  t h a n  t h e  w id th  

o f  a  l i g h t  beam w h ic h  p a s s e s  t h r o u g h  t h e  so u n d  f i e l d *  The e f f e c t  r e 

f e r r e d  t o  i s  t h e  b r o a d e n i n g  o f  t h e  im age o f  a  s l i t  on  a s c r e e n  i f  t h e  

l i g h t  w h ich  fo rm s  i t  i s  c o n f i n e d  to  a  n a r ro w  beam w h ic h  p a s s e s  t h r o u g h  

th e  so u n d  f i e l d *  (S e e  F ig u r e  1 ) .  Lucas  an d  B iq u a rd  e x p l a i n e d  t h i s  e f 

f e c t  a s  due t o  t h e  r e f r a c t i o n  o f  t h e  l i g h t  by th e  so u n d  w a v e s .  I n  a  

l a t e r  t h e o r e t i c a l  p a p e r ,  L ucas  p o i n t e d  o u t  t h a t  th e  r e f r a c t i o n  o f  l i g h t  

m ig h t  be  u s e d  f o r  m e a s u r i n g  sound  a b s o r p t i o n  and  r e f l e c t i o n  c o e f f i c i e n t s

( 1 0 ) .  The f i r s t  u s e  o f  t h e  p o s s i b i l i t i e s  p r e d i c t e d  by L u cas  a l r e a d y  i n  

1954 a p p e a r s  to  h a v e  b e e n  made i n  much l a t e r  w ork by H u e te r  and  Pohlm an  

who i n  1949 u s e d  t h i s  e f f e c t  t o  m e a su re  a b s o r p t i o n  o f  u l t r a s o n i c  w aves

( 1 1 )  an d  by P o r r e c a ,  who i n  1952 m e a su re d  t h e  d i s t r i b u t i o n  o f  l i g h t  i n 

t e n s i t y  a c r o s s  t h e  s l i t  im age u n d e r  v a r i o u s  c o n d i t i o n s  ( 1 2 ) .

P u r p o s e  and  Scope o f  t h i s  I n v e s t i g a t i o n  

The p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  i s  to  exam ine  t h e  l i g h t  r e f r a c 

t i o n  m e th o d  w i th  t h e  p u r p o s e  o f  d e v e l o p in g  i t s  u s e f u l n e s s  a s  a  t o o l  f o r

2



a)

b)

F ig u re  1. B roadening of a s l i t  im age due to light r e f ra c t io n  
by an u l tra so n ic  wave. {Luc a s -B iq u a rd  effect) a) sound off, 
b) sound on.
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b o t h  t h e  q u a l i t a t i v e  and  q u a n t i t a t i v e  i n v e s t i g a t i o n  o f  u l t r a s o n i c  w a v e s ,  

p r i m a r i l y  s t a t i o n a r y  u l t r a s o n i c  w a v e s .  S in c e  t h e  m e th o d  i s  p a r t i c u l a r l y  

a d a p t a b l e  t o  t h e  l o n g e r  u l t r a s o n i c  wave l e n g t h s ,  i t  i s  h o p e d  t h a t  t h i s  

i n v e s t i g a t i o n  m i g h t  h e l p  i n  o p e n in g  th e  d o o r  t o  o p t i c a l  m e th o d s  i n  t h e  

f r e q u e n c y  r a n g e  be low  one  m e g a c y c l e / s e c o n d .
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THEORY

T h e o ry  o f  t h e  Ray D e f l e c t i o n  by  Medium 
H a v in g  R e f r a c t i v e  In d e x  G r a d i e n t

The m e th o d  o f  W ie n e r . The o r i g i n a l  e x p l a n a t i o n  o f  t h e  b r o a d e n i n g  

o f  t h e  s l i t  im age a s  g iv e n  by  Lucas  and  B iq u a r d  ( 5 ) ,  i s  r a t h e r  i n v o l v e d .  

H ow ever ,  t h i s  e f f e c t  c a n  be e x p l a i n e d  i n  a s im p le  m a n n e r ,  b a s e d  u p o n  an  

e x p e r i m e n t a l  m e th o d  due t o  W ien er  (1 5 )*  W iener  h a s  shown t h a t  i f  a  h o r i  

z o n t a l l y  d i r e c t e d  l i g h t  beam im p in g e s  n o r m a l l y  upon  a  t r a n s p a r e n t  s u b 

s t a n c e ,  i n  o u r  c a s e  a  l i q u i d ,  h a v i n g  a  c o n t i n u o u s l y  v a r y i n g  in d e x  o f  r e 

f r a c t i o n  whose g r a d i e n t  d n /d x  i s  d i r e c t e d  v e r t i c a l l y ,  t h e  beam w i l l  a c 

q u i r e  a  c u r v a t u r e  i n  p a s s i n g  t h r o u g h  t h e  s u b s t a n c e .  The r a d i u s  o f  c u r v a  

t u r e  R o f  t h i s  beam w i l l  be g iv e n  by

w h ere  x i s  m e a s u re d  a l o n g  t h e  d i r e c t i o n  o f  t h e  g r a d i e n t ,  and  n  i s  t h e  

in d e x  o f  r e f r a c t i o n  a t  t h e  p o i n t  o f  i n c i d e n c e .

w i l l  be d e f l e c t e d  from  i t s  o r i g i n a l  d i r e c t i o n  so t h a t  th e  p o i n t  w here  i t  

im p in g e s  on  a  s c r e e n  w i l l  be d i s p l a c e d  from a  p o s i t i o n  S t o  a  p o s i t i o n  

S ^ .  (S e e  F ig u r e  2 ) .  L e t  t h e  d i s t a n c e  (S S ^ ) be c a l l e d  d .  S i n c e ,  i n  

p r a c t i c a l  c a s e s ,  t h e  v a l u e  o f  d n /d x  i s  v e r y  s m a l l ,  i t  i s  p e r m i s s i b l e  to  

assum e th e  same v a l u e s  o f  n a t  p o i n t s  A and E and  to  u s e  t h e  v a l u e s  o f  

t h e  i n c i d e n t  and  r e f r a c t i o n  a n g l e s  a t  A i n  p l a c e  o f  t h e i r  s i n e  and

Yv
( i )

I n  p a s s i n g  th r o u g h  a  l a y e r  o f  l i q u i d  o f  l e n g t h  £ ,  t h e  beam o f  l i g h t



F ig u r e  2 .  R e f r a c t i o n  o f  a l i g h t  beam i n  a  l i q u i d  w i th  
c o n t i n u o u s l y  v a r y i n g  r e f r a c t i v e  i n d e x .
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t a n g e n t  f u n c t i o n s .  U nder  t h i s  a s s u m p t i o n ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  

t h e  d i s p l a c e m e n t  d ,  w i t h  t h e  a i d  o f  e q u a t i o n  2 .  The v a l u e  o f  t h i s  d i s 

p l a c e m e n t  i s  g iv e n  by

, c  d<2_ , ,

w h ere  g i s  i n  r e a l i t y  t h e  o p t i c a l  p a t h  l e n g t h  from  t h e  c e n t e r  M o f  t h e

t a n k  to  t h e  p o i n t  3^ on  t h e  s c r e e n .  H ow ever, f o r  p r a c t i c a l  p u r p o s e s ,  t h e  

g e o m e t r i c a l  d i s t a n c e  M!S^, o r  ev en  t h e  d i s t a n c e  MS i s  a  s u f f i c i e n t l y  a c 

c u r a t e  a p p r o x i m a t i o n .

The r e l a t i o n  o f  e q u a t i o n  2 i s  a l s o  due t o  W iener  who u s e d  t h e  a b o v e  

d e s c r i b e d  e f f e c t  f o r  t h e  m e a su re m e n t  o f  d i f f u s i o n  r a t e s  o f  one  l i q u i d  

i n t o  a n o t h e r .  More r e c e n t l y  W olin  h a s  a t t a c k e d  t h i s  p ro b le m  fro m  a  some

w h a t  d i f f e r e n t  a p p r o a c h  ( 1 4 ) ,  The e q u a t i o n  w h ich  h e  o b t a i n s  h o w e v e r ,  r e 

d u c e s  t o  e q u a t i o n  2 f o r  t h e  p a r t i c u l a r  c a s e  c o n s i d e r e d  h e r e .

A p p l i c a t i o n  o f  T h e o ry  to  U l t r a s o n i c  Waves 

G e n e r a l , A l th o u g h  W ie n e r ,  a s  m e n t io n e d  a b o v e ,  was p r i m a r i l y  i n t e r 

e s t e d  i n  t h e  m e a su re m e n t  o f  d i f f u s i o n  r a t e s  i n  l i q u i d s ,  and  W o l in 9s i n 

t e r e s t  i n  t h e  p ro b lem  was b r o u g h t  a b o u t  by t h e  n e c e s s i t y  o f  kno w in g  t h e

d e g re e  o f  a n t e n n a  p a t t e r n  d i s t o r t i o n  c a u s e d  by v a r i a t i o n  i n  t h e  d e n s i t y

i n  s k i n  and  c o r e  m a t e r i a l s  o f  radome s a n d w ic h e s  u s e d  i n  h i g h  p r e c i s i o n  

t r a c k i n g  r a d a r s ,  t h e  a n a l y s i s  i s  a g e n e r a l  one w hich  c a n  be a p p l i e d  a l s o  

t o  a n y  m a t e r i a l  h a v i n g  a g r a d i e n t  o f  r e f r a c t i v e  i n d e x ,  w h a te v e r  t h e  m ech

an ism  w h ic h  p r o d u c e s  t h i s  g r a d i e n t .  T h i s  o f  c o u r s e  m akes i t  im m e d i a te l y  

a p p l i c a b l e  t o  an  u l t r a s o n i c  w ave , w here  v a r i a t i o n s  i n  t h e  p r e s s u r e  i n
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v a r i o u s  p o r t i o n s  o f  t h e  wave g iv e  r i s e  t o  v a r i a t i o n s  i n  t h e  r e f r a c t i v e

A p p l i c a t i o n  t o  p r o g r e s s i v e  w a v e s . I n  a  p l a n e  p r o g r e s s i v e  s i n u 

s o i d a l  s o u n d  wave t h e  so u n d  p r e s s u r e  a t  a  p a r t i c u l a r  p o s i t i o n  x i n  s p a c e  

v a r i e s  a c c o r d i n g  t o  t h e  r e l a t i o n

so  t h a t  a t  a n y  p a r t i c u l a r  p o s i t i o n  x i n  sp a c e  a s  t h e  sound  wave p a s s e s  

t h e  g r a d i e n t  o f  p r e s s u r e  w i l l  v a r y  i n  a  s i n u s o i d a l  m a n n e r ,  r e t u r n i n g  to  

i t s  o r i g i n a l  v a l u e  a f t e r  a  t im e  i n t e r v a l  e q u a l  t o  one p e r i o d *  The v a r i 

a t i o n  i n  t h e  p r e s s u r e  w i l l  p ro d u c e  a  c o r r e s p o n d i n g  v a r i a t i o n  i n  t h e  r e 

f r a c t i v e  i n d e x ,  so t h a t  a l o n g  t h e  wave t h e r e  w i l l  e x i s t  a  g r a d i e n t  o f  

r e f r a c t i v e  i n d e x ,  w h ic h  i t s e l f  w i l l  v a r y  s i n u s o i d a l l y *

I f  a  beam o f  l i g h t  w h ic h  i s  s m a l l  com pared  to  t h e  wave l e n g t h  o f  

t h e  so u n d  i s  a l lo w e d  to  t r a v e r s e  th e  sound  f i e l d  i n  a  d i r e c t i o n  n o rm a l  

t o  t h a t  o f  t h e  sound  wave p r o p a g a t i o n  d i r e c t i o n ,  i t  w i l l  be d e f l e c t e d ,  

f i r s t  t o  o n e  s i d e  a n d  t h e n  t o  t h e  o p p o s i t e  s i d e  o f  i t s  u n d e f l e c t e d  p o 

s i t i o n  a s  t h e  so u n d  wave p a s s e s .  S in c e  t h i s  t o - a n d - f r o  m o t io n  o f  th e  

l i g h t  beam t a k e s  p l a c e  a t  t h e  f r e q u e n c y  o f  th e  u l t r a s o n i c  w a v e s ,  t h e  eye  

w i l l  n o t  be a b l e  to  f o l l o w  th e  i n d i v i d u a l  d e f l e c t i o n s ,  and  th e  im age p r o 

d u c e d  by  t h e  l i g h t  beam upo n  th e  s c r e e n  w i l l  a p p e a r  t o  be b r o a d e n e d .  I t  

s h o u l d  be n o t e d  t h a t  t h i s  b r o a d e n i n g  w i l l  be i n d e p e n d e n t  o f  t h e  p o s i t i o n

in d e x *

(5 )

The d e r i v a t i v e  d p /d x  t h e n  v a r i e s  a c c o r d i n g  to  t h e  r e l a t i o n
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x i n  t h e  wave f i e l d  p r o v i d e d  we assum e a  p l a n e  w ave ,  and  no a b s o r p t i o n .

I f  a b s o r p t i o n  i s  c o n s i d e r e d ,  h o w e v e r ,  t h e  b r o a d e n i n g  w i l l  d e c r e a s e  a s  

t h e  l i g h t  beam i s  moved f a r t h e r  away from  t h e  so u n d  s o u r c e .  I t  was e s 

s e n t i a l l y  a  m o d i f i c a t i o n  o f  t h i s  m e th o d  w h ic h  was u s e d  by H u te r  an d  

P oh lm an  t o  m e a s u re  s o u n d  a b s o r p t i o n  i n  a n im a l  t i s s u e s  ( 1 1 ) .

A p p l i c a t i o n  t o  s t a t i o n a r y  w a v e s . F o r  a  p l a n e  s i n u s o i d a l  s t a t i o n a r y  

so u n d  w a v e ,  t h e  so u n d  p r e s s u r e  may be w r i t t e n  i n  t h e  f o l l o w i n g  fo rm :

p « P c o * C ^ t - ^ +  ( 5 )

o r  t h e  e q u i v a l e n t  fo rm :

P  =  2 P c o S < > t ) c o 5 ( ^  ( 6 )

So t h e  eound  p r e s s u r e  a t  a  p r e s s u r e  lo o p  w here c o s ( w x /c )  = 1 v a r i e s  d u r 

i n g  o n e  p e r i o d  b e tw e e n  +2P a n d  - 2 P .  A t t h e  p r e s s u r e  n o d e  t h e  so u n d  p r e s 

s u r e  i s  a lw a y s  z e r o .  The g r a d i e n t  d p / d x ,  h o w e v e r ,  v a r i e s  b e tw e e n  i t  p o 

s i t i v e  a n d  n e g a t i v e  maxima a t  t h e  p r e s s u r e  n o d e s ,  an d  re m a in s  z e r o  a t  t h e  

p r e s s u r e  l o o p s .  T h i s  i s  i n d i c a t e d  i n  t h e  e x p r e s s i o n

i*£L — — c o s C ^ )  s i (7)

A t t h e  p r e s s u r e  l o o p B ,  s in ( t» ix /c )  i s  a lw a y s  z e r o  w h i le  a t  t h e  p r e s s u r e  

n o d e s ,  w h ere  s i n 4 ^ x / c )  -  1 t h e  p r e s s u r e  g r a d i e n t  h a s  a maximum i n  s p a c e .  

The v a l u e  o f  t h i 3  s p a c e  maximum v a r i e s  d u r in g  one p e r i o d  b e tw e e n  th e  

v a l u e s  —2Ptu/c to-T2P:'-^c»
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Thus i n  a  s t a t i o n a r y  so u n d  wave t h e r e  w i l l  e x i s t ,  a s  a  r e s u l t  o f  

t h e  p r e s s u r e  g r a d i e n t ,  a  g r a d i e n t  o f  r e f r a c t i v e  i n d e x ,  t h e  m a g n i tu d e  o f  

w h ic h  w i l l  v a r y  b e tw e e n  z e r o  an d  a  maximum w i t h i n  a  q u a r t e r - w a v e  l e n g t h .

As i n d i c a t e d  i n  e q u a t i o n  7> t h e  p e r i o d i c i t y  i n  t im e  i n  t h e  s t a t i o n 

a r y  wave w i l l  p r o d u c e  a  p e r i o d i c i t y  i n  t h e  m a g n i tu d e  an d  d i r e c t i o n  o f  

t h e  p r e s s u r e  g r a d i e n t ,  a n d  t h e r e f o r e  a l s o  i n  t h e  r e f r a c t i v e  in d e x  g r a d i 

e n t*  I f  a  beam o f  l i g h t  o f  a  w i d t h  w h ic h  i s  s m a l l  com pared  to  t h e  wave 

l e n g t h  o f  t h e  sound  p a s s e s  t h e  so u n d  f i e l d  i n  a  d i r e c t i o n  n o rm a l  to  t h a t  

o f  t h e  s t a t i o n a r y  w a v e ,  f o r  e x a m p le ,  a t  a  n o d e ,  th e n  i t  w i l l  be d e f l e c t e d  

due t o  t h e  p e r i o d i c i t y  i n  t im e  o f  t h e  r e f r a c t i v e  in d e x  g r a d i e n t  s y m m e tr i 

c a l l y  t o  e i t h e r  s i d e  o f  t h e  o r i g i n a l  p a t h .  T h i s  w i l l  o n c e  a g a i n  p r o d u c e  

a  b r o a d e n i n g  o f  t h e  im age  on t h e  s c r e e n .

I n  t h e  c a s e  o f  a  p r o g r e s s i v e  w ave , i t  was p o i n t e d  o u t  t h a t  t h e  mag

n i t u d e  o f  t h i s  b r o a d e n i n g  s h o u ld  be  i n d e p e n d e n t  o f  t h e  p o s i t i o n  i n  th e  

w a v e ,  a s s u m in g  a  p l a n e  wave a n d  no a b s o r p t i o n .  I n  t h e  caBe o f  a  s t a n d i n g  

wave h o w e v e r ,  t h e  d e g r e e  o f  b r o a d e n i n g  w i l l  depend  upon  th e  p o s i t i o n  i n  

t h e  wave a t  w h ich  t h e  l i g h t  beam p a s s e s ,  b e i n g  g r e a t e s t  a t  th e  p r e s s u r e  

n o d e s  e n d  l e a s t  ( t h e o r e t i c a l l y  z e r o )  a t  t h e  p r e s s u r e  l o o p s .

I f  t h e  c o n t a i n e r  o f  l i q u i d  i s  moved p a r a l l e l  t o  t h e  sound  p r o p a g a 

t i o n  d i r e c t i o n ,  w h i l e  t h e  p o s i t i o n  o f  t h e  l i g h t  beam r e m a in s  f i x e d ,  a  

p e r i o d i c  b r o a d e n i n g  and  n a r r o w in g  o f  t h e  im age on t h e  s c r e e n  c a n  be o b 

s e r v e d .  By m e a s u r i n g  t h e  d i s p l a c e m e n t  o f  t h e  c o n t a i n e r  and  th e  num ber 

o f  c o r r e s p o n d i n g  maxima ( o r  m in im a)  o f  t h e  im age w id th  on th e  s c r e e n ,  one 

c a n  d e t e r m in e  th e  u l t r a s o n i c  wave l e n g t h  i n  t h e  l i q u i d .  I f  th e  f r e q u e n c y  

o f  t h e  s o u r c e  i s  a l s o  m e a s u r e d ,  one  can  e a s i l y  o b t a i n  t h e  v e l o c i t y .

10



M o d i f i c a t i o n  o f  t h e  M ethod  U s in g  D e c re a s e  i n  
I n t e n s i t y  o f  U n d e f l e c t e d  Beam (M ethod  I I )

The l i g h t  r e f r a c t i o n  m e th o d  w h ic h  m akes u s e  o f  t h e  b r o a d e n i n g  o f  

t h e  s l i t  im age  may be m o d i f i e d  som ew hat t o  y i e l d  a m e th o d  w h ic h  seems to  

be m ore u s e f u l  f o r  c e r t a i n  p u r p o s e s .  I n  p l a c e  o f  m e r e ly  o b s e r v i n g  th e  

s l i t  im ag e  b r o a d e n i n g  on  a  s c r e e n ,  t h e  s c r e e n  i s  rem oved a n d  a  n a r ro w  

s l i t  i s  s u b s t i t u t e d  f o r  i t *  The s l i t  i s  p l a c e d  so  t h a t  t h e  c e n t e r  o f  

t h e  u n d e v i a t e d  beam i s  a l l o w e d  t o  p a s s  t h r o u g h .  When t h e  sound  i s  

t u r n e d  o n ,  t h e  beam w i l l  become b r o a d e n e d ,  an d  t h e r e f o r e  l e s s  l i g h t  w i l l  

p a s s  t h r o u g h  t h e  s l i t .  I n  g e n e r a l  t h e  b r o a d e r  t h e  beam , t h e  s m a l l e r  t h e  

i n t e n s i t y  o f  t h e  l i g h t  w h ich  p a s s e s  t h r o u g h .  I n  a  p r o g r e s s i v e  w ave ,  f o r  

e x a m p le ,  t h e  m ore  i n t e n s e  t h e  s o u n d ,  t h e  b r o a d e r  w ould  be t h e  beam , and  

t h e  l e s s  t h e  i n t e n s i t y  o f  t h e  l i g h t  p a s s e d  by  th e  s l i t  ( 1 1 ) .  I n  a  s t a 

t i o n a r y  so u n d  w ave , on t h e  o t h e r  h a n d ,  t h e  s l i t  w o u ld  t r a n s m i t  t h e  

g r e a t e s t  am oun t o f  l i g h t  when t h e  beam p a s s e s  t h r o u g h  a  p r e s s u r e  a n t i 

n o d e  (w h e re  t h e  b r o a d e n i n g  i s  l e a s t )  an d  w ould  t r a n s m i t  th e  l e a s t  a t  t h e  

p r e s s u r e  node  (w h e re  b r o a d e n i n g  i s  g r e a t e s t ) .  A m e a s u re  o f  t h e  r e l a t i v e  

i n t e n s i t y  o f  t h e  l i g h t  t r a n s m i t t e d  by t h e  s l i t  a s  t h e  beam i s  a l l o w e d  to  

t r a v e r s e  v a r i o u s  p o r t i o n s  o f  a  s t a n d i n g  wave s h o u ld  y i e l d  i n f o r m a t i o n  a -  

b o u t  t h e  wave fo rm  o f  t h e  s t a n d i n g  w ave . I t  may t h e r e f o r e  be w e l l  t o  

i n v e s t i g a t e  a n a l y t i c a l l y  t h e  m anner  i n  w h ich  t h e  i n t e n s i t y  o f  l i g h t  

t r a n s m i t t e d  by  t h e  s l i t  can  be e x p e c t e d  to  v a r y  a s  th e  l i g h t  beam i s  a l 

low ed  t o  p a s s  t h r o u g h  v a r i o u s  p o r t i o n s  o f  th e  s t a n d i n g  w ave.

T h e o ry  o f  I n t e n s i t y  D e c re a se  o f  U n d e f l e c t e d  Beam A p p l i e d  
to  a  S i n u s o i d a l  S t a t i o n a r y  U l t r a s o n i c  Wave

C o n s id e r  an  a r r a n g e m e n t  a s  shown i n  F ig u r e  P a r a l l e l  l i g h t  i s

11
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i n c i d e n t  u p o n  t h e  s l i t  3 1 ^ ,  w h ic h  l i m i t s  t h e  w i d t h  of* t h e  l i g h t  beam

p a s s i n g  th r o u g h  t h e  c e l l  c o n t a i n i n g  t h e  medium i n  w h ich  t h e  s t a t i o n a r y -

u l t r a s o n i c  wave i s  to  be s e t  u p .  The l i g h t  beam p a s s i n g  t h r o u g h  th e

c e l l  c o n t i n u e s  on  to  t h e  p l a n e  o f  s l i t  S l ^ .  H ere  a  s l i t  d i f f r a c t i o n

p a t t e r n  w i l l  be  o b s e r v e d .  T h a t  p o r t i o n  o f  t h e  l i g h t  i n  t h e  d i f f r a c t i o n

p a t t e r n  w h ic h  i s  i n c i d e n t  d i r e c t l y  on t h e  s l i t  31^  w i l l  p a s s  t h r o u g h ,

w h i l e  t h e  r e m a in d e r  w i l l  be i n t e r r u p t e d .  The p u r p o s e  o f  t h i s  a n a l y s i s

i s  t o  d e t e r m in e  t h e  r a t i o  o f  l i g h t  p a s s e d  by s l i t  31^  when t h e r e  i s  no

s o u n d  i n  t h e  c e l l ,  t o  t h a t  p a s s e d  when th e  sound  i s  t u r n e d  o n .  C o n s id e r

a  p o i n t  on  t h e  d i f f r a c t i o n  p a t t e r n  th e  d i s t a n c e  o f  w h ic h  from  t h e  o p t i c

a x i s  i s  d e s i g n a t e d  by  d .  L e t  t h e  a n g l e  s u b te n d e d  by  t h i s  p o i n t  an d  t h e

o p t i c  a x i s  a t  t h e  s l i t  S ]^  be  c a l l e d  ©, w h i l e  t h e  c o r r e s p o n d i n g  a n g l e

s u b te n d e d  a t  t h e  c e n t e r  o f  t h e  sound  c e l l  be d e s i g n a t e d  L e t  r  be th e

d i s t a n c e  a l o n g  t h e  o p t i c  a x i s  b e tw e e n  th e  two s l i t s ,  a n d  g t h e  d i s t a n c e

from  t h e  c e n t e r  o f  t h e  c e l l  t o  s l i t  S l ^ .  L e t  t h e  l e n g t h  o f  t h e  f i n a l

s l i t  $ 1 ,  beji, i t s  w i d t h  be s  an d  t h e  w i d t h  o f  s l i t  S ip  be a .?
L i g h t  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  s l i t  d i f f r a c t i o n  p a t t e r n . The 

i n t e n s i t y  o f  l i g h t  I  a t  a n y  g iv e n  p o s i t i o n  i n  t h e  d i f f r a c t i o n  p a t t e r n  

c a n  b e  w r i t t e n  a s  f o l l o w s :

•>
I T a  ^

w h e re  I 0 i s  t h e  maximum i n t e n s i t y  ( a t  t h e  c e n t e r  o f  t h e  d i f f r a c t i o n  p a t 

t e r n ,  an d  $ i s  g iv e n  by t h e  e x p r e s s i o n



where ©^is the  in c id e n c e  an g le  o f  the l i g h t  a t  s l i t  S l 0, and V i e  the
* X

wave l e n g t h  o f  t h e  l i g h t .

F o r  t h e  p a r t i c u l a r  c a s e  u n d e r  c o n s i d e r a t i o n  t h e  a n g l e  o f  i n c i d e n c e  

©^ i s  z e r o .  T h e r e f o r e  e q u a t i o n  9 may be w r i t t e n :

i  s m B

w h ic h  s u b s t i t u t e d  i n t o  e q u a t i o n  8 y i e l d s  f o r  t h e  i n t e n s i t y  I  i n  t h e  d i f 

f r a c t i o n  p a t t e r n  y i e l d s

f r-  S mG  1*"— _  I s \n Tio- / .
"[T o. s m ©  J

S i n c e  © i s  a  v e r y  s m a l l  a n g l e ,  t h e  a p p r o x im a t i o n

S i n  0  a  0 ^ ?  “fcav\ €*

may be u s e d ,  a n d  s i n c e

12)

e q u a t i o n  (1 1 )  f i n a l l y  may be w r i t t e n :

f  "vTixcL 

T  a  T  1 ^ VVV- -  ™ ^ “^ 1  1 T a d (1 4 )

w h ic h  y i e l d s  t h e  i n t e n s i t y  I  i n  t h e  d i f f r a c t i o n  p a t t e r n  a t  any  p o i n t  d 

i n  t e r m s  o f  t h e  maximum i n t e n s i t y  and  c o n s t a n t s  o f  t h e  s y s te m .

D is p la c e m e n t  o f  t h e  d i f f r a c t i o n  p a t t e r n  due to  sound  w ave . When 

t h e  sound  i n  t h e  c e l l  i s  t u r n e d  o n ,  th e  beam o f  l i g h t  p a s s i n g  th r o u g h

14



“th e  c e l l  w i l l  be r e f r a c t e d  to  an d  f r o  a t  t h e  f r e q u e n c y  o f  t h e  so u n d .  L e t  

t h e  a s s u m p t i o n  b e  made t h a t  t h e  e n t i r e  d i f f r a c t i o n  p a t t e r n  m oves a c r o s s  

t h e  p l a n e  o f  t h e  s l i t  a s  a  u n i t .

A l th o u g h  i n  r e a l i t y  i t  i s  t h e  d i f f r a c t i o n  p a t t e r n  w h ich  m oves t o  and  

f r o ,  f o r  s i m p l i c i t y ,  c o n s i d e r  t h a t  t h e  s l i t  51^  i s  m ov ing  t o  a n d  f r o  a -  

c r o s s  t h e  d i f f r a c t i o n  p a t t e r n .  The r e l a t i v e  m o t io n  b e tw e e n  s l i t  an d  p a t 

t e r n ,  w h ich  i s  t h e  i m p o r t a n t  c o n s i d e r a t i o n ,  w i l l  be u n c h a n g e d  by  t h i s  a s 

s u m p t io n .

A c c o r d in g  t o  t h e  e q u a t i o n  o f  W iener  ( e q u a t i o n  2 ) ,  t h e  d i s p l a c e m e n t  

d o f  t h e  d i f f r a c t i o n  p a t t e r n  i n  t h e  p l a n e  o f  51^  due t o  t h e  r e f r a c t i v e  

in d e x  g r a d i e n t  d n /d x  i n  t h e  so u n d  wave i s  g iv e n  by

w h ere  £  i n  t h i s  c a s e  i s  t h e  w i d t h  o f  t h e  sound  beam th r o u g h  w h ic h  th e

l i g h t  p a s s e s .  For t h e  g r a d i e n t  o f  p r e s s u r e  i n  t h e  s t a n d i n g  w a v e ,  we 

h a v e  t h e  r e l a t i o n  o f  e q u a t i o n  7

dp. _  _ cosCujt') sir,(r5^) ( 1 6 )
d r / j  ^

w h ere  2P i s  t h e  p r e s s u r e  a m p l i t u d e  i n  t h e  s t a n d i n g  w ave.

I t  i s  p o s s i b l e  t o  o b t a i n  a  r e l a t i o n  b e tw ee n  th e  p r e s s u r e  g r a d i e n t  

d p /d x  a n d  t h e  r e f r a c t i v e  in d e x  g r a d i e n t  dn /dx  by u s e  o f  t h e  L o r e n t z -  

L o re n z  r e l a t i o n

15



i n  w h ic h  n i s  t h e  r e f r a c t i v e  in d e x  o f  t h e  m edium , p i t s  d e n s i t y ,  end  K 

i s  a  c o n s t a n t *  E q u a t io n  17 may be r e - w r i t t e n  i n  t h e  form

( 18)

w h e re  V i s  t h e  s p e c i f i c  vo lum e o f  t h e  l i q u i d  b e i n g  c o n s i d e r e d .  By d i f 

f e r e n t i a t i n g  e q u a t i o n  18 we o b t a i n

0  ( i ? )

( v ^  +2.')7-

o r ,  r e a r r a n g i n g

\
w h ich  y i e l d s

(p V i i l rv  — — l ') (v \" L + z N) ^

( 20)

( 21)

Now, from  t h e  d e f i n i t i o n  o f  c o m p r e s s i b i l i t y ,  t h e  e x p r e s s i o n

-  Y  (22)

may be o b t a i n e d ,  w here  K, t h e  c o m p r e s s i b i l i t y ,  w i l l  be c o n s i d e r e d  to  be 

a  c o n s t a n t  i n  t h i s  a n a l y s i s .  S o ,  c o m b in in g  e q u a t i o n s  21 an d  22 y i e l d s

d f 9 t  ( 25 )
te>V\

o r  we may w r i t e

=  %  • ( 2 4 )
c t y  (ov\

16



S in ce  dn w i l l  be very em ail w ith  r e sp e c t  to  n , the n in  the r ig h t  s id e

o f  eq u ation  24 may be con sid ered  co n sta n t and equation  24 may be w r itten

Equation 25 shows a d ir e c t  p r o p o r tio n a lity  between the pressure grad ien t  

and the r e fr a c t iv e  index gradient* Combining the equation  o f  Wiener 

(eq u a tio n  15) ,  the equation  fo r  the in te n s i ty  in  a s l i t  d if f r a c t io n  p a t

tern  (eq u a tio n  14), the equation fo r  the p ressu re grad ien t in  a s ta t io n 

a ry  wave (eq u a tio n  1 6 ) , and the equation  r e la t in g  the pressure grad ien t  

w ith  the r e f r a c t iv e  index grad ien t (equation  24) w i l l  y ie ld

(2 5 )

where k i s  a co n sta n t g iven  by

C os( svv\

)\£>r (o Vl C.

For s im p lic ity  in  n o ta tio n  l e t

2. P

XjtV* (oh (L
(28)

sind l e t

( 29)

17



' th e n  f i n a l l y  e q u a t i o n  27 becom es

(50)

E q u a t i o n  50 i s  e s s e n t i a l l y  an  e x p r e s s i o n  f o r  t h e  i n t e n s i t y  o f  l i g h t  on 

t h e  o p t i c  a x i s  a t  any  t im e  t  f o r  a  f i x e d  v a l u e  o f  B. F ix in g  t h e  v a l u e  

o f  B f i x e s  t h e  p o s i t i o n  i n  t h e  s t a n d i n g  w ave. M o re o v e r ,  B c o n t a i n s  A 

a s  a  f a c t o r *  A i s  made up e n t i r e l y  o f  c o n s t a n t s  o f  t h e  sy s te m  e x c e p t  

f o r  t h e  f a c t o r  P ,  w h ic h  i s  t h e  h a l f  a m p l i t u d e  o f  t h e  p r e s s u r e  f l u c t u a 

t i o n s  i n  t h e  s t a t i o n a r y  w av e .

L i g h t  e n e r g y  r e c e i v e d  t h r o u g h  f i n a l  s l i t  3 1 ^ * L e t  th e  a s s u m p t io n  

be  made t h a t  t h e  i n t e n s i t y  o f  l i g h t  a t  t h e  c e n t e r  o f  t h e  f i n a l  s l i t  i s  

e q u a l  t o  t h e  a v e r a g e  i n t e n s i t y  o v e r  t h e  w id th  o f  t h e  s l i t .  T h i s  a s 

s u m p t io n  w ou ld  make f o r  t h e  g r e a t e s t  e r r o r  where t h e  d i f f r a c t i o n  p a t t e r n  

h a s  e i t h e r  a  maximum o r  minimum, b u t  s h o u ld  n o t  be e x c e s s i v e  i f  t h e  w id th  

s ,  o f  t h e  f i n a l  s l i t  i s  s m a l l  com pared  to  t h e  s i z e  o f  t h e  d i f f r a c t i o n  

p a t t e r n .  Now c o n s i d e r  t h e  l i g h t  e n e r g y  w h ich  i s  t r a n s m i t t e d  th r o u g h  s l i t  

S I , .  I n  a  s m a l l  i n c r e m e n t  o f  t i m e ,  d t ,  t h e  i n c r e m e n t  o f  e n e r g y  ds  p a s s e d
5

by  S l ^  i s  g iv e n  by

I  b e i n g  t h e  l i g h t  i n t e n s i t y  a t  t h e  s l i t ,  an d  X  and  s t h e  d im e n s io n s  o f  

t h e  s l i t *  The t o t a l  l i g h t  e n e r g y  S ,  p a s s e d  by th e  s l i t  d u r in g  o n e - h a l f  

p e r i o d  w i l l  t h e n  be g iv e n  b y :

(5 1 )

(52)

18



T being the period  o f  o s c i l l a t i o n  o f  the sound wave. Using the value o f

I from equation  50 , equation 52 may be w r it ten :

1 at.
J 0  ^  B c O < » C to “fc) J (5 5 )

Now, f o r  c o n v e n ie n c e ,  th e  fo l l o w in g  change i n  v a r i a b l e  i s  in t r o d u c e d ,  

L e t

- cos (urfc'). (5 4 )

Then

and

— lO  SvO ^  (3 5 )

o t e  ^  c t e  s  _ - < f e    ( 3 6 )

M aking u s e  o f  t h e s e  r e l a t i o n s  ( e q u a t i o n s  54 , 55* 56) e q u a t io n  55 becomes

S i  sX ,bO
'4-1

' '  ~ b *  i 2- a * _
(5 7 )

U sin g  th e  t r i g o n o m e t r i c  i d e n t i t y

A- _ -L c o ^ _____
2L 2 - ( 56)B x -  ~—  ■=“ c o ^ ^ L B ^

e q u a t i o n  57 may be w r i t t e n



which, making us© o f  the cos in e  s e r ie s  may be w ritten

—I n. i  2. 4 A  _C>„C Ci r  i r \  2 & £  , 2 b 2- z V f
- -  <*i , I ~zT + —ZT" " 6*.S =

+1 -VI
2 L 2 7 f T T

dlz.

o r

.  JUT,
i V i V z W .  2 V > t+ -_ '

w hich  s i m p l i f i e s  to

- I

c  _ 2 .9 s ,X & (  (  ^ _
w  ) V  a ' . J P ? .  4 ' . J w T -

4- 4-
Z  b  2£r .

Iv T v -T 1
* c \ x »

(40)

(41)

(4 2 )

S u b s t i t u t i n g  now f o r  a  and da t h e i r  e q u i v a l e n t s  as  g iv e n  i n  e q u a t io n s  54 

and 5 5 ,  e q u a t i o n  42 becomes

^  __ 3l % s 3 I  o
'  21.  c.

cu
CO
2 J

a t —  V *  2  ^  co&n~ M J t
4-*.

-V *• c o i ^  C(-Û ' ) u>

6 !
(4 3 )

which can be w r i t t e n  in  th e  f o l l o w i n g  fo rm :

-  L)o  z !  ^  i0  0 * ^ 1
(4 4 )
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L e t t i n g

(-0
Y\ T-va/  O Cos, (urt') CO <A"t

C x v o + z ) !
= F,*a 'i ( to )

and i n t e g r a t i n g  th e  f i r s t  te rm  we have f o r  e q u a t io n  44

S -
_  O O & X o

CO • L x * i C t Fva--) J o
n (4 6 )

I n t e g r a t i o n  o f  th e  Fn te rm a « The problem  now becomes t h a t  o f  e v a lu 

a t i n g  th e  i n t e g r a l s  o f  th e  Fn  te rm s  w hich  form th e  s e r i e s  m aking  up e q u a 

t i o n  4 6 .  For n * 1 ,  th e  Fn  i n t e g r a l  becom es:

T"z C,osil'C UJ" t ') a j
---------------- 2 D ( to )

w hich upon i n t e g r a t i o n  becomes

t . =  -
2 7 e>* |

41 ‘Z .

2  c o t

4-

p z j
At  |

4 - Svvq
^ Z n  7?



For n * 2 le have
T

S' -2.4  B* t o s ^  C u / t }  u> A t
--------------^ (49)

which upon in te g r a t io n  becomes

*t* —"T, ^

^ C.OS Sl*\ (<<J -4“ :L C C05*iCu>Q<A> i t  fc ( 50)
°  -*o

The f i r s t  term ( in  the brackets in  equation  50) w i l l  always be zero fo r  

th e l im it s  in v o lv ed  w hile the second term , excep t fo r  the con stan t m u lti

p l i e r s ,  i s  id e n t ic a l  w ith  the in te g r a l  fo r  the case fo r  n * 1* Therefore  

equ ation  50 becomes

o

For n • ) we have
m

\  =  ^  * < * t  ^  ( 5 2 )

which upon in te g r a t io n  becomes

- r  — T

C c o ^ C u r b ) o j A t .  ( 55 )

d o

In  equ ation  55 the f i r s t  term o f  the r ig h t  s id e  w i l l  always be zero fo r  

the l im it s  in vo lved  w h ile  the second term i s  again id e n t ic a l  w ith  the
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n » 2 term excep t fo r  the con stan t m u lt ip l ie r s .  So th ere fo re  equation  

55 y ie ld s

x-  G
3 ' (5 4 )

and s im i la r i ly  fo r  h igher v a lu es  o f  n . So th a t equation 46 which g iv e s  

the energy p a ss in g  the f in a l  s l i t  Sl^ becomes

^  A \  U \

a t a (' ' 3 1 5 '
fir. £

"  J ( 5 5 )

T a k in g  o u t  t h e  f a c t o r  / 2  i n  t h e  s e r i e s ,  and  w r i t i n g s  a s  2 W / T  r e s u l t s  

i n  e q u a t i o n  55  t a k i n g  t h e  form

c  _  /  f  f  > 2 " & v  , 2 ^ 1  3 ]  B e l t s '
T V  A -\ £ > i \ > r  8 1  U \ V c »

(56)

2 5



w h ic h  may a l s o  be  w r i t t e n  i n  t h e  g e n e r a l  fo rm

o o  . ^

s »  y _  13
VI— O

( 57)

E q u a t i o n  57 i s  t h e n  t h e  e x p r e s s i o n  f o r  t h e  l i g h t  e n e r g y  t r a n s m i t t e d  

th r o u g h  s l i t  S l ^  i n  a  t im e  i n t e r v a l  o f  o n e - h a l f  p e r i o d  f o r  a  g iv e n  v a l u e  

o f  B. The so u n d  p r e s s u r e  a m p l i t u d e ,  t h e  p o s i t i o n  i n  t h e  s t a t i o n a r y  w ave, 

a n d  c o n s t a n t s  o f  t h e  s y s te m  a r e  a l l  c o n t a i n e d  i n  B ( s e e  e q u a t i o n s  26  and

2 9 ) .

Now, i n  t h e  same l e n g t h  o f  t i m e ,  i . e .  o n e - h a l f  p e r i o d ,  t h e  l i g h t  

e n e r g y  5^ ,  w h ich  w ou ld  p a s s  t h r o u g h  t h e  s l i t  S l ^  i f  no sound  w ere  i n  t h e  

c e l l  c a n  be e x p r e s s e d  by  t h e  r e l a t i o n

So t h a t  t h e  r a t i o  o f  t h e  e n e r g y  p a s s e d  w i th  t h e  sound  on t o  t h a t  p a s s e d  

w i t h  t h e  so u n d  o f f  S /S 0 , o r  t h e  r e l a t i v e  e n e r g y  p a s s e d  -S ^  i s  g iv e n  by 

t h e  e x p r e s s i o n

c : 430 f  p "7- ^

= = (2.H +\") Y\\ (vvt->1 \ (59)
^ v\- O

I f  t h e  f i r s t  few  te rm s  o f  e q u a t i o n  59 a r e  w r i t t e n  o u t  an d  i f  f o r  B 

i t s  e q u i v a l e n t  from e q u a t i o n  29 i s  s u b s t i t u t e d ,  t h e  e x p r e s s i o n  f o r  

a p p e a r s  i n  t h e  f o l l o w i n g  fo rm

(60)
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From t h i s  e x p r e s s i o n  i t  i s  p o s s i b l e  to  c a l c u l a t e  t h e  v a l u e s  o f  SD f o r  

d i f f e r e n t  p o s i t i o n s  x a l o n g  t h e  w ave, a s s u m in g  c e r t a i n  v a l u e s  f o r  t h e  

p a r a m e t e r  A. S e v e r a l  t h e o r e t i c a l  c u r v e s  c o r r e s p o n d i n g  t o  v a r i o u s  v a l u e s  

o f  A a r e  shown i n  F i g u r e  4 .  The minimum p o i n t s  on t h e  c u r v e s  o f  F ig u r e  

4  c o r r e s p o n d  to  t h e  n o d e s  o f  p r e s s u r e  i n  t h e  s t a t i o n a r y  w ave ,  i . e . ,  t h e  

p o s i t i o n s  w h ere  s i n ^ x / c )  s  1 , o r  w here  t h e  a e r i e s  o f  e q u a t i o n  60 b e 

comes

( 6 1 )

T h e r e f o r e ,  i n  t h e o r y  a t  l e a s t  i f  i t  w ere  p o s s i b l e  t o  o b t a i n  e x p e r i 

m e n t a l l y ,  t h e  v a l u e  o f  f o r  v a r i o u s  p o s i t i o n s  a l o n g  t h e  w av e ,  i t  

s h o u ld  be p o s s i b l e  n o t  o n l y  to  o b t a i n  some i d e a  a b o u t  t h e  form  o f  t h e  

s o u n d  w av e ,  b u t ,  s i n c e  t h e  A c o u ld  be d e t e r m i n e d ,  an d  s i n c e  i t  c o n t a i n s  

t h e  p r e s s u r e  a m p l i t u d e  a s  a  f a c t o r ,  t h i s  m e th o d  s h o u ld  p r o v i d e  a n  a p 

p r o a c h  t o  t h e  d e t e r m i n a t i o n  o f  t h e  p r e s s u r e  a m p l i t u d e  i n  a  s t a t i o n a r y  

s o u n d  w ave.

T h e o ry  o f  S a w to o th  Wave F o rm a t io n  i n  Waves o f  F i n i t e  A m p li tu d e

I n  t h e  d i s c u s s i o n  ab o v e  t h e  a s s u m p t io n  h a s  b een  made t h a t  t h e  w aves 

a r e  s i n u s o i d a l .  T h i s  i s  a  u s u a l  a s s u m p t i o n ,  b u t  i t  s h o u ld  be w o r th  w h i l e  

t o  r e c a l l  u n d e r  w h a t  c o n d i t i o n s  su c h  an  a s s u m p t io n  i s  v a l i d ,  a s s u m in g  th e  

o r i g i n a l  s o u r c e  to  b e  s i n u s o i d a l .  The p ro b lem  o f  w h a t  h a p p e n s  to  a  s i n u 

s o i d a l  wave form  a s  i t  i a  p r o p a g a t e d  i s  one w h ich  h a s  b e e n  c o n s i d e r e d  f o r  

many y e a r s ,  S t o k e s  h a v i n g  m e n t io n e d  th e  p ro b lem  a s  e a r l y  a s  1848 ( 1 5 ) .  

I n v e s t i g a t i o n s  w ere  s u b s e q u e n t l y  made by  Riemann ( 1 6 )  an d  S a rn sh aw  (1 7 )  

a n d  m e n t io n e d  by R a l e i g h  ( 1 8 )  i n  h i s  b o o k .
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F i g u r e  4 .  T h e o r e t i c a l  c u r v e s  o f  r e l a t i v e  l i g h t  e n e r g y  th r o u g h  
f i n a l  s l i t  S l^  v s .  p o s i t i o n  i n  w ave.
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The p ro b le m  a r i s e s  f rom  t h e  f a c t  t h a t  i n  t h e  d e v e lo p m e n t  o f  t h e  

u s u a l  e q u a t i o n s  f o r  a  p l a n e  sound  wave a n  a p p r o x im a t i o n  i s  made w hich  

l i m i t s  t h e  a p p l i c a t i o n  o f  t h e  e q u a t i o n s  to  c a s e s  o f  i n f i n i t e l y  s m a l l  

a m p l i t u d e s #  T h i s  a m o u n ts  to  n e g l e c t i n g  any  c h a n g e  i n  c o m p r e s s i b i l i t y  o f  

t h e  medium u n d e r  c o n s i d e r a t i o n  w i th  c h a n g e  i n  p r e s s u r e #  The r e s u l t  i s  

t h a t  t h e  w av es  b e h a v e  a 3 t h e  t h e o r y  p r e d i c t s  i f  t h e  c o m p r e s s i b i l i t y  i s  

a  c o n s t a n t *  o r  i f  i t  i s  n o t*  t h e  e q u a t i o n s  a r e  s t i l l  a p p l i c a b l e  p r o v id e d  

t h a t  t h e  a m p l i t u d e  i s  s m a l l  en o u g h .  I f  t h e s e  c o n d i t i o n s  a r e  n o t  f u l 

f i l l e d ,  i . e . ,  i f  we h a v e  a  wave o f  f i n i t e  a m p l i t u d e  i n  a  medium h a v i n g  

a  n o n - c o n s t a n t  c o m p r e s s i b i l i t y  i n  t h e  p r e s s u r e  r a n g e  u n d e r  c o n s i d e r a t i o n  

t h e  v e l o c i t y  o f  p r o p a g a t i o n  o f  t h e  wave i s  no l o n g e r  a  c o n s t a n t ,  b u t  i s  

d i f f e r e n t  f o r  d i f f e r e n t  p o r t i o n s  o f  t h e  w ave, t h e  r e s u l t  b e i n g  t h a t  t h e  

c o n d e n s a t i o n s  g a i n  c o n t i n u a l l y  on t h e  r a r e f a c t i o n s  i n  t h e  wave w i t h  t h e  

r e s u l t  t h a t  t h e r e  i s  a  t e n d e n c y  f o r  t h e  c o n d e n s a t i o n s  to  o v e r t a k e  th e  

r a r e f a c t i o n s ,  t e n d i n g  to  fo rm  a  s a w to o th  s h ap ed  w ave. As R a l e i g h  h a s  

p o i n t e d  o u t  ( 1 8 )  t h i s  p r o c e s s  can  n o t  go on i n d e f i n i t e l y .

Pay ( 1 9 )  a n d  B iq u a r d  (2 0 )  h ave  i n v e s t i g a t e d  t h i s  p ro b lem  m a th e m a t i 

c a l l y .  Fay o b t a i n e d  an  e x a c t  s o l u t i o n  t o  t h e  e q u a t i o n  o f  m o t io n  i n  t h e  

fo rm  o f  a  F o u r i e r  s e r i e s .  When t h e r e  i s  a  n o n - l i n e a r  r e l a t i o n s h i p  b e 

tw e e n  p r e s s u r e  c h a n g e  and  s p e c i f i c  volum e c h a n g e ,  i . e . ,  a  n o n —c o n s t a n t  

c o m p r e s s i b i l i t y ,  t h e r e  .is fo u n d  to  be a  g r a d u a l  t r a n s f e r  o f  e n e r g y  from  

t h e  low f r e q u e n c y  co m p o n en ts  to  t h o s e  o f  h i g h e r  f r e q u e n c y ,  a g a i n  t e n d i n g  

t o  form  a  s a w to o th  w ave . S in c e  t h e  h i g h  f r e q u e n c i e s  t e n d  to  be a b s o r b e d  

m ore  r a p i d l y  t h a n  do th e  low f r e q u e n c i e s ,  one  m i g h t  e x p e c t  t h e  wave form 

t o  become s t a b i l i z e d  a f t e r  a  t i m e .  H ow ever, t h e  c o n d i t i o n s  f o r  s t a b i l i t y

27



v a r y  w i t h  i n t e n s i t y ,  so  t h a t  no  p e rm a n e n t  s t a b l e  fo rm  r e s u l t s ,  b u t  o n l y  

a  s o - c a l l e d  wm o s t  s t a b l e  form " w h ic h  c h a n g e s  i t s  s h a p e  m ore  g r a d u a l l y  

t h a n  an y  o t h e r  fo rm  o f  t h e  same wave l e n g t h  an d  i n t e n s i t y .  The m o s t  s t a 

b l e  fo rm  f o r  v e r y  low i n t e n s i t i e s  becom es a  s i n e  fo rm .

The d i s t o r t i o n  o f  w aves i n t o  a  s a w to o th  form  h a s  b e e n  o b s e r v e d  e x 

p e r i m e n t a l l y  i n  a i r  by  H u b b a rd ,  e t .  a l .  ( 2 1 ) ,  w h i le  M ik h a i lo v  ( 2 2 )  c l a im s  

t o  h a v e  o b s e r v e d  a  n o n - l i n e a r  e f f e c t  o f  s e v e r a l  l i q u i d s  on so u n d  waves 

t r a v e r s i n g  t h e  l i q u i d s .  By s u b j e c t i n g  a l i q u i d  s i m u l t a n e o u s l y  t o  so u n d s  

o f  two d i f f e r e n t  f r e q u e n c i e s  an d  t h e n  d e t e c t i n g  n o t  o n ly  t h e  o r i g i n a l  

f r e q u e n c i e s ,  b u t  a l s o  sum an d  d i f f e r e n c e  f r e q u e n c i e s ,  he  c o n c lu d e d  t h a t  

t h e  l i q u i d s  h a d  n o n - l i n e a r  c h a r a c t e r i s t i c s *  I f  t h i s  i s  t r u e ,  o n e  m ig h t  

a l s o ,  i n  a c c o r d a n c e  w i t h  t h e  t h e o r y  o u t l i n e d  a b o v e ,  e x p e c t  p o s s i b l e  saw

t o o t h  wave f o r m a t i o n  i n  l i q u i d s .

T h e o ry  o f  I n t e n s i t y  D e c re a s e  o f  U n d e f l e c t e d  Beam A p p l ie d
t o  a  S i n u s o i d a l  Wave I n t e r f e r i n g  w i t h  a  S a w to o th

Wave T r a v e l i n g  I n  O p p o s i t e  D i r e c t i o n

I n  t h e  m a t h e m a t i c a l  t h e o r y  d e v e lo p e d  e a r l i e r ,  s i n u s o i d a l  w aves have  

b e e n  assu m ed  t h r o u g h o u t .  I f ,  h o w e v e r ,  a  s a w to o th  wave form d o es  d e v e lo p  

f rom  an  o r i g i n a l  s i n e  w av e ,  t h e  c u r v e  o f  l i g h t  i n t e n s i t y  on t h e  o p t i c  

a x i s  a s  a  f u n c t i o n  o f  t h e  p o s i t i o n  i n  t h e  wave t h r o u g h  w h ich  t h e  l i g h t  

h a s  p a s s e d  w ou ld  be e x p e c t e d  t o  v a r y  from  t h e  ty p e  o f  c u rv e  p l o t t e d  i n  

F ig u r e  4 .  J u s t  how t h e  f i n a l  c u r v e  s h o u ld  lo o k  w ould  depend  u pon  th e  

d e g r e e  t o  w h ich  a  s a w to o th  form  h a d  d e v e lo p e d ,  and  w h e th e r  t h e  wave w i t h  

w h ich  i t  was i n t e r f e r i n g  was e s s e n t i a l l y  s i n u s o i d a l  o r  s a w to o th  i n  n a 

t u r e .  H ow ever,  i f  a  s a w to o th  form  d o es  d e v e l o p ,  i t  would  be m ore  l i k e l y
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t o  be fo u n d  a t  some d i s t a n c e  f ro m  t h e  s i n u s o i d a l  s o u r c e  th a n  v e r y  n e a r  

t h e  s o u r c e .  By t h e  same to k e n  one  m i g h t  e x p e c t  t o  f i n d  s i n u s o i d a l  waves 

n e a r  t h e  s o u r c e .  T h u s ,  f o r  o p p o s i t e l y  d i r e c t e d  w aves i n t e r f e r i n g  w i t h  

o n e  a n o t h e r ,  t h e r e  i s  some p o s s i b i l i t y  t h a t  n e a r  t h e  s o u r c e  a  s i n u s o i d a l  

wave t r a v e l i n g  i n  o n e  d i r e c t i o n  m i g h t  be  i n t e r f e r i n g  w i th  a s a w to o th  wave 

t r a v e l i n g  i n  t h e  o p p o s i t e  d i r e c t i o n .  I t  m ig h t  be o f  i n t e r e s t  t o  i n v e s t i 

g a t e  w h a t t y p e  o f  a f i n a l  c u r v e  t h i s  s i t u a t i o n  m i g h t  p r o d u c e ,  an d  i n  p a r 

t i c u l a r ,  t o  s e e  i f  s u c h  a  s i t u a t i o n  p r o d u c e s  a  n o n - s y m m e t r i c a l  c u r v e .

W ith  t h i s  i n  m in d ,  a  g r a p h i c a l  a n a l y s i s  h a s  b een  made o f  s u c h  a 

s i t u a t i o n .  An a r b i t r a r y  s i n u s o i d a l  p r e s s u r e  wave t r a v e l i n g  to  th e  r i g h t  

h a s  b e e n  a ssu m ed  to  i n t e r f e r e  w i t h  an  a r b i t r a r y  s a w to o th  p r e s s u r e  wave 

o f  t h e  same a m p l i t u d e  t r a v e l i n g  to  t h e  l e f t .  (S e e  F ig u r e  5 ) .  I n  t h e  

p a r t i c u l a r  c a s e  c h o s e n  an e x t r e m e  ty p e  o f  s a w to o th  h a s  b e e n  c h o s e n  f o r  

s i m p l i c i t y ,  th o u g h  t h i s  e x t re m e  ty p e  c o u l d  n o t  o c c u r  i n  r e a l i t y .

The a n a l y s i s  was c a r r i e d  o u t  a s  f o l l o w s :  The s i n e  p r e s s u r e  c u r v e

a n d  t h e  s a w to o th  p r e s s u r e  c u r v e  w ere drawn a s  i n  F ig u r e  5 ,  w h ere  t h e i r  

p o s i t i o n s  c o r r e s p o n d  t o  t h e  t im e  t  — 0 .  The s i n e  c u rv e  was assum ed  to  

move to  t h e  r i g h t  w i t h  a  d e f i n i t e  v e l o c i t y ,  w h i l e  th e  s a w to o th  wave moved 

to  t h e  l e f t  w i t h  a v e l o c i t y  o f  e q u a l  m a g n i tu d e .  The r e l a t i v e  p o s i t i o n s  

o f  t h e  w aves w ere  t h e n  drawn f o r  t i m e s  o f  t  * T /1 8 ,  t  — 2 T / 1 8 ,  e t c . ,  

w h e re  T i s  t h e  p e r i o d  o f  v i b r a t i o n .  The r e s u l t a n t  p r e s s u r e  w i t h i n  a  

wave l e n g t h  was t h e n  o b t a i n e d  f o r  e a c h  t im e  (T -  0 , T /1 8 ,  2 T / 1 8 ,  e t c . ) ,  

b y  a l g e b r a i c a l l y  a d d i n g  t h e  p r e s s u r e s  due to  t h e  s i n e  an d  s a w to o th  com

p o n e n t  w a v e s .  T h i s  r e s u l t e d  i n  e i g h t e e n  d i f f e r e n t  c u r v e s ,  e a c h  r e p r e 

s e n t i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  a l o n g  a  wave l e n g t h  f o r  a  g iv e n  i n s t a n t
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F ig u r e  5 ,  R e s u l t a n t  o f  s i n u s o i d a l  wave t r a v e l i n g  t o  r i g h t  
a n d  s a w to o th  wave t r a v e l i n g  to  l e f t  ( t i m e  t  = 0 ) .

i n  t i m e  c o r r e s p o n d i n g  to  one o f  t h e  t i m e s  t  *  0 ,  T / 1 8 ,  2 T / 1 8 ,  e t c *  Now, 

t h e  d e f l e c t i o n  o f  t h e  l i g h t  beam th r o u g h  a  p o i n t  i n  t h e  sound  f i e l d  a t  a  

g i v e n  t im e  i s  a  d i r e c t  f u n c t i o n ,  n o t  o f  t h e  p r e s s u r e  b u t  o f  t h e  p r e s s u r e  

g r a d i e n t *  T h e r e f o r e ,  i t  was n e c e s s a r y  to  d e t e r m in e  t h e  s l o p e  o f  t h e  

p r e s s u r e  c u r v e s  f o r  v a r i o u s  p o s i t i o n s  i n  t h e  w ave. An a p p r o x i m a t i o n  to  

t h e  a v e r a g e  s l o p e  o v e r  a  s m a l l  p o r t i o n  o f  a wave l e n g t h  was o b t a i n e d  by 

m e a s u r i n g  g r a p h i c a l l y  t h e  s l o p e  o f  t h e  c h o rd  c o n n e c t i n g  two p o i n t s  on  

t h e  p r e s s u r e  c u r v e  s e p a r a t e d  by a  d i s t a n c e  o f  X / 1 8 ,  X b e i n g  t h e  wave 

l e n g t h .  T h u s ,  f o r  e a c h  p r e s s u r e  c u r v e ,  a  v a lu e  f o r  i t s  s l o p e  was o b 

t a i n e d  f o r  e i g h t e e n  e q u a l l y  s p a c e d  p o s i t i o n s  w i t h i n  one  wave l e n g t h .

The d e f l e c t i o n  d o f  th e  l i g h t  beam th r o u g h  a g iv e n  p o s i t i o n  i n  t h e  wave 

a t  a n y  i n s t a n t  i s  d i r e c t l y  p r o p o r t i o n a l  to  t h i s  s l o p e  o f  t h e  p r e s s u r e

c u r v e  a t  t h e  p o i n t *  The d e f l e c t i o n  d c a u s e d  by th e  maximum s l o p e  o b -m ax

t a i n e d  i n  t h e  ab o v e  a n a l y s i s  was a r b i t r a r i l y  s e t  e q u a l  to  o n e - h a l f  t h e
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w i d t h  o f  t h e  c e n t r a l  maximum o f  t h e  d i f f r a c t i o n  p a t t e r n  o f  s l i t  S I  i n  

t h e  p l a n e  o f  s l i t  S l ^ ,  T h i s  c a u s e d  t h e  l i g h t  i n t e n s i t y  on t h e  o p t i c a l  

a x i s  to  become z e r o  f o r  t h i s  c a s e *  B ec a u se  o f  t h e  p r o p o r t i o n a l i t y  e x 

i s t i n g  b e tw e e n  d a n d  t h e  s l o p e  o f  t h e  p r e s s u r e  c u r v e ,  t h i s  p r o c e d u r e  

a u t o m a t i c a l l y  t i e d  a n y  g i v e n  v a l u e  f o r  t h e  s lo p e  t o  a  d e f i n i t e  v a l u e  o f  

d* The v a l u e s  f o r  d c o r r e s p o n d i n g  to  t h e  m e a s u re d  v a l u e s  o f  t h e  s l o p e s  

w ere  t h e n  c o m p u te d .  The am oun t o f  l i g h t  p a s s i n g  t h e  f i n a l  s l i t  S l^  f o r  

a n y  g iv e n  d v a l u e  c o u l d  t h e n  be d e t e r m in e d  i f  t h e  l i g h t  d i s t r i b u t i o n  i n  

t h e  d i f f r a c t i o n  p a t t e r n  w ere  known* A r e c o r d e r  t r a c e  o f  t h i s  l i g h t  d i s 

t r i b u t i o n  was o b t a i n e d  a s  f o l l o w s :  A p h o t o m u l t i p l i e r  tu b e  o f  a  m i c r o 

p h o to m e te r  was p l a c e d  b e h i n d  s l i t  S l ^  a n d  c o n n e c t e d  to  a  r e c o r d e r *  S l i t  

3 1 ^  t o g e t h e r  w i t h  t h e  p h o t o m u l t i p l i e r  tu b e  w ere  m o u n ted  on a  m ic r o m e te r  

s c re w  w h ich  was d r i v e n  by a  s y n c h ro n o u s  m o to r  a c r o s s  t h e  s l i t  d i f f r a c t i o n  

p a t t e r n  a t  a r a t e  o f  o n e  m i l l i m e t e r  p e r  m i n u t e .  M eanw hile  t h e  r e c o r d e r  

p a p e r  was m o v in g  a t  a  r a t e  o f  two i n c h e s  p e r  m i n u t e .  T h u s ,  a t r a c e  was 

o b t a i n e d  on  t h e  r e c o r d e r  p a p e r  w h ich  showed l i g h t  i n t e n s i t y  v e r s u s  p o 

s i t i o n  i n  t h e  d i f f r a c t i o n  p a t t e r n .  (S e e  F ig u r e  6 ) .  S in c e  t h e  r e c o r d e r  

Bc&le was a  l i n e a r  o n e ,  w h i l e  t h a t  o f  t h e  m ic ro  p h o to m e te r  was n o t  q u i t e  

l i n e a r ,  t h e  r e c o r d e r  d i d  n o t  r e a d  a t r u e  i n t e n s i t y ,  and  i t  s h a l l  h e r e 

a f t e r  be r e f e r r e d  to  a s  " r e c o r d e r  i n t e n s i t y . ”

Now, s i n c e  t h e  d e f l e c t i o n s  d f o r  a  l i g h t  beam p a s s i n g  th r o u g h  a

g iv e n  p o r t i o n  o f  t h e  wave w ere  known f o r  t im e  t  = 0 ,  T /1 8 ,  2 T /1 8 ,  e t c .

I t  was a s im p le  m a t t e r  to  o b t a i n  t h e  " r e c o r d e r  i n t e n s i t y "  on t h e  o p t i c a l  

a x i s  a t  t h e s e  t i m e s  w i t h  t h e  a i d  o f  F ig u r e  6 . From th e  e i g h t e e n  v a l u e s  

o b t a i n e d  o f  t h i s  " r e c o r d e r  i n t e n s i t y "  f o r  a g iv e n  p o s i t i o n  i n  t h e  wave a
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F i g u r e  7* C urve  o f  t h e o r e t i c a l  11 r e c o r d e r  r e l a t i v e  i n t e n s i t y 18 
v s .  p o s i t i o n  i n  wave due to  s i n u s o i d a l  wave i n t e r f e r i n g  w i th  op 
p o s i t e l y  d i r e c t e d  s a w to o th  w ave.
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m ean v a l u e  o v e r  t h e  p e r i o d  T was co m p u ted .  T h i s  r e p r e s e n t e d  t h e  "mean 

r e c o r d e r  in t e n s i ty * *  f o r  one  p o s i t i o n  i n  t h e  w ave. S i m i l a r l y  v a l u e s  o f  

mean r e c o r d e r  i n t e n s i t y 18 w ere  o b t a i n e d  f o r  e a c h  o f  t h e  e i g h t e e n  e q u a l l y  

s p a c e d  p o s i t i o n s  a l o n g  a  wave l e n g t h .  D iv id i n g  t h e s e  "mean r e c o r d e r  i n 

t e n s i t y "  v a l u e s  by  t h e  maximum " r e c o r d e r  i n t e n s i t y 18 a t  t h e  c e n t r a l  m a x i

mum o f  t h e  c u r v e  o f  F ig u r e  6,  p ro d u c e d  w h a t  m ig h t  be c a l l e d  " r e l a t i v e  r e 

c o r d e r  i n t e n s i t y "  r e a d i n g s  f o r  e a c h  o f  t h e  e i g h t e e n  p o i n t s  a l o n g  t h e  wave 

l e n g t h .  T h ese  r e a d i n g s  w ere  p l o t t e d  a g a i n s t  p o s i t i o n  i n  t h e  wave an d  r e 

s u l t e d  i n  t h e  c u r v e  shown i n  F ig u r e  7* A lth o u g h  t h i s  c u r v e  i s  a  t h e o 

r e t i c a l  c u r v e ,  y e t  i t  shows 18r e c o r d e r  i n t e n s i t i e s "  r a t h e r  t h a n  a c t u a l  i n 

t e n s i t i e s  s i n c e  a l l  i t s  i n t e n s i t i e s  w ere  o b t a i n e d  from  F ig u r e  6,  w h ich  i s  

i t s e l f  a  r e c o r d e r  r e c o r d ,  a n d  t h e r e f o r e  a l l  i t s  i n t e n s i t i e s  a r e  " r e c o r d e r  

i n t e n s i t i e s . 18

A lth o u g h  t h e  m anner  o f  a p p r o a c h  i n  t h i s  a n a l y s i s  h a s  b e e n  r a t h e r  

a r b i t r a r y ,  a n d  a l t h o u g h  i t  i s  r e a l i z e d  t h a t  t h e  p a r t i c u l a r  sh a p e  o f  th e  

f i n a l  c u r v e  w i l l  d epend  upon  some f a c t o r s  w h ich  h a v e  b een  a r b i t r a r i l y  

a s s u m e d ,  a s  f o r  e x a m p le ,  t h e  a m p l i t u d e  o f  th e  com ponen t w av es ,  an d  th e  

p a r t i c u l a r  d e f l e c t i o n  c o r r e s p o n d i n g  to  a  g iv e n  p r e s s u r e  g r a d i e n t ,  i t  i s  

n e v e r t h e l e s s  h o p e d  t h a t  some s i g n i f i c a n c e  can  be a t t a c h e d  to  t h e  asym 

m e t r y  and  t h e  g e n e r a l  s h a p e  o f  t h e  c u r v e .
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EXPERIMENTAL APPARATUS

O s c i l l a t o r

The o s c i l l a t o r  u s e d  f o r  d r i v i n g  t h e  t r a n s d u c e r s  u s e d  i n  t h i s  i n 

v e s t i g a t i o n  was a  c o m m e rc ia l  t y p e  m a n u f a c tu r e d  by  B rush  E l e c t r o n i c s  

Company u n d e r  t h e  t r a d e  name " H y p e r s o n ic  G e n e r a t o r ,  m ode l B U -204 ."  T h i s  

m o d e l c a n  be  e q u i p p e d  w i th  d i f f e r e n t  t u n i n g  u n i t s  f o r  c o v e r i n g  d i f f e r e n t  

f r e q u e n c y  r a n g e s .  I n  t h i s  i n v e s t i g a t i o n  t h e  t u n i n g  u n i t  u s e d  was t h a t  

d e s i g n a t e d  b y  t h e  B ru s h  Company a s  " T u n in g  D raw e r ,  m ode l BU-4o4-B" , and  

c o v e r e d  t h e  f r e q u e n c y  r a n g e  0 . 5  m e g a c y c l e / s e c o n d  to  one  m e g a c y c le / s e c o n d *

T h i s  g e n e r a t o r  i s  e s s e n t i a l l y  a  s e l f - e x c i t e d  H a r t l e y  o s c i l l a t o r  

u s i n g  a  t y p e  810 t u b e  a s  t h e  o s c i l l a t o r  a n d  u s i n g  two ty p e  866-A t u b e s  

a s  r e c t i f i e r s .  I t s  n o m in a l  r a d i o  f r e q u e n c y  o u t p u t  i s  r a t e d  by  t h e  manu

f a c t u r e r s  a s  250  w a t t s .

T r a n s d u c e r s

The t r a n s d u c e r s  u s e d  i n  t h i s  i n v e s t i g a t i o n  w ere  p r e - p o l a r i z e d  b a r i 

um t i t a n a t e  c e r a m ic  e l e m e n t s  m a n u f a c tu r e d  by B rush  E l e c t r o n i c s  Company.

F o r  t h e  p h o t o g r a p h i n g  o f  th e  s t a t i o n a r y  w aves a s  w e l l  a s  some p r e 

l i m i n a r y  w ork on  t h e  o t h e r  a s p e c t s  o f  t h i s  i n v e s t i g a t i o n  a  b a r iu m  t i t a 

n a t e  ( B r u s h  c e r a m ic  A) d i s c ,  u s e d  a s  a t h i c k n e s s  v i b r a t o r ,  was em p lo y ed .  

The n o m in a l  d i a m e t e r  o f  th e  d i s c  was one i n c h  an d  i t s  n o m in a l  r e s o n a n c e  

f r e q u e n c y  was 0 . 4  m e g a c y c l e / s e c o n d .  For t h e  r e m a in in g  p o r t i o n  o f  t h e  

i n v e s t i g a t i o n  a  b a r iu m  t i t a n i t e  p l a t e  ( B ru s h  c e r a m ic  B ) ,  a l s o  a  t h i c k n e s s
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v i b r a t o r ,  was u s e d .  I t s  n o m in a l  r e s o n a n c e  f r e q u e n c y  was l i k e w i s e  0.4- 

m e g a c y c l e / s e c o n d  a n d  i t s  n o m in a l  s i z e  o r i g i n a l l y  was 2 - 5/16  i n c h e s  

s q u a r e .  T h i s  was c u t  i n t o  two p i e c e s  so t h a t  th e  p i e c e  a c t u a l l y  u s e d  i n  

t h e  w ork  w as 2 - 5 / 1 6  i n c h e s  by  a p p r o x i m a t e l y  1 - 1 /1 6  i n c h e s .  B o th  t r a n s 

d u c e r s  when u s e d  w e re  m o u n ted  i n  h o l d e r s  w i t h  an  a i r  b a c k in g  f o r  r a d i 

a t i n g  t o  one  s i d e .

O p t i c a l  A r ra n g e m e n ts

S e v e r a l  s l i g h t l y  d i f f e r e n t  o p t i c a l  a r r a n g e m e n t s  w ere  u s e d .  For th e  

p h o t o g r a p h i n g  o f  t h e  so u n d  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  sound  wave by 

t h e  l i g h t  r e f r a c t i o n  m e th o d  (M ethod  I ) ,  t h e  b a s i c  a r r a n g e m e n t  u s e d  was 

t h a t  shown i n  F i g u r e  8 . A s o u r c e  o f  i n t e n s e  l i g h t  L i l l u m i n a t e d  a  s l i t  

S l ^  t h r o u g h  a  c o n d e n s e r  l e n s  0 .  The l e n s  was u s e d  to  i l l u m i n a t e  t h e  

s l i t  31^ w i t h  a f a i r l y  n a r r o w  beam, w h i l e  l e n s  was u s e d  t o  f o c u s  a  

s h a r p  im age  o f  t h e  e d g e s  o f  s l i t  S l^  on  t h e  s c r e e n  S c ,  w h ich  was r e p l a c e d  

i n  some c a s e s  by a  p h o t o g r a p h i c  f i l m .  The l i g h t  from  31^ was a l l o w e d  to  

p a s s  t h r o u g h  t h e  c e l l  c o n t a i n i n g  t h e  so u n d  wave on i t s  way to  t h e  s c r e e n .

The n e e d  f o r  t h i s  f a i r l y  c o m p l i c a t e d  o p t i c a l  a r r a n g e m e n t  a r o s e  from  

t h e  t y p e  o f  l i g h t  s o u r c e  u s e d .  I t  was a  G e n e ra l  E l e c t r i c  t y p e  52C 6-8  

v o l t  s i n g l e  f i l a m e n t  h e a d l i g h t  b u l b .  W ith  t h i s  s o u r c e ,  i t  was v e r y  d i f 

f i c u l t  t o  o b t a i n  e v e n  i l l u m i n a t i o n  o v e r  a  l a r g e  enough  a r e a  by  i l l u m i n 

a t i n g  s l i t  S l ^  d i r e c t l y  w i t h  t h e  c o n d e n s e r  i n  t h e  o r d i n a r y  m a n n e r ,  i . e . ,  

by  f o r m i n g  an  im age o f  t h e  f i l a m e n t  a t  S l ^  T h e r e f o r e  a  h o u s in g  w i th  a 

s m a l l  h o l e  was p l a c e d  a ro u n d  t h e  lamp L and  th e  im age o f  t h e  h o l e  was 

f o c u s e d  on -Sl-p The s e c o n d  l e n s  t h e n  became n e c e s s a r y  i n  o r d e r  to
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F i g u r e  6 .  Basic-  o p t i c a l  a r r a n g e m e n t  u s e d  f o r  l i g h t  r e f r a c t i o n  m e thod
(Metho d I )•
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p r o d u c e  a  s h a r p ,  n a r r o w ,  y e t  w e l l - d e f i n e d  beam b o th  th r o u g h  th e  c e l l ,  a a

w e l l  a s  on  t h e  s c r e e n .  The a d j u s t m e n t  o f  t h e  w id th  o f  s l i t  S I  was v e r y

c r i t i c a l ,  s i n c e  i t  was n e c e s s a r y  t o  k eep  t h e  beam w id th  th r o u g h  t h e  c e l l

s m a l l  co m p ared  to  a  wave l e n g t h  o f  s o u n d ,  and  y e t  i f  S I  w ere  made to o
2

n a r r o w ,  t h e  s p r e a d i n g  o u t  due t o  t h e  d i f f r a c t i o n  e f f e c t s  w ou ld  make th e  

beam to o  w id e  i n  t h e  c e l l .  V a r i a t i o n s  o f  t h i s  b a s i c  a r r a n g e m e n t  w ere  

u s e d  f o r  p h o t o g r a p h i n g  t h e  so u n d  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  so u n d  w ave.

F o r  l a t e r  w ork (M ethod  I I )  a  som ew hat d i f f e r e n t  o p t i c a l  a r r a n g e m e n t  

was u s e d .  T h i s  a r r a n g e m e n t  i s  shown i n  F ig u r e  9 -  The l i g h t  s o u r c e  L i n  

t h i s  c a s e  w as a  G e n e r a l  E l e c t r i c  ty p e  AH-4  1 0 0 - w a t t  m e rc u ry  v a p o r  lam p.

An im age o f  t h e  s o u r c e  was f o c u s e d  on s l i t  S l^  by m eans o f  t h e  c o n d e n s e r  

Q. The s l i t  S l ^  t h e n  becam e a  s e c o n d a r y  s o u r c e ,  an d  t h e  l i g h t  f rom  i t  

was r e n d e r e d  p a r a l l e l  by l e n s  a n d  p a s s e d  th r o u g h  th e  so u n d  c e l l  a f t e r  

f i r s t  b e i n g  l i m i t e d  i n  w i d t h  by t h e  s l i t  S l ^ ,  The f i n a l  s l i t  31^  was a  

P o h l  p r e c i s i o n  ty p e  s l i t  m a n u f a c tu r e d  by S p i n d l e r  a n d  H oyer i n  Germany.

A G a e r t n e r  t y p e  L -5 4 1 —E f i l t e r  was em p loyed  b e h in d  t h e  s l i t  i B° —

l a t e  t h e  m e r c u r y  5461 g r e e n  l i n e .  The l i g h t  p a s s i n g  t h r o u g h  t h e  f i n a l  

s l i t  was m e a s u r e d  by an  A m erican  I n s t r u m e n t  Company No. 1 0 -2 1 0  Aminco 

P h o t o m u l t i p l i e r  M ic r o p h o t o m e te r .  The o u t p u t  o f  t h i s  r a i c r o p h o to m e te r  was 

f e d  d i r e c t l y  i n t o  a  M in n e a p o l i s - H o n e y w e l l  Brown E l e c t r o n i k  r e c o r d e r ,  

m o d e l No. 155X 11V-X -28. S in c e  t h e  m e t e r  on  th e  m i c r o p h o t o m e t e r ,  w hich  

r e a d  r e l a t i v e  l i g h t  i n t e n s i t y  was n o t  a l i n e a r  s c a l e ,  i t  was n e c e s s a r y  to  

c a l i b r a t e  t h e  r e c o r d e r  s c a l e  a g a i n s t  th e  s c a l e  o n  t h e  m i c r o p h o t o m e t e r • A 

c a l i b r a t i o n  c u rv e  Bhowing t h e  r e l a t i o n  b e tw ee n  t h e  two s c a l e s  i s  shown i n

Figure 10.
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3 BoTIO

Cell Photomultiplier

F i g u r e  9 .  O p t i c a l  a r r a n g e m e n t  f o r  o b t a i n i n g  r e c o r d e r  c u r v e s  o f  
i n t e n s i t y  ch a n g e  i n  u n d e f l e c t e d  beam. (M ethod I I ) *

59



R
e

c
o

v
e

r
 

R
e

^
o

iw
g

9 0  -

80-

|  70 -

60 -

20 -

lO

7030 40 5020\ o SO 90 lO Oo

M lC R O P H O T O r ^ eT E R  R e A D ^ G

F i g u r e  10 . C a l i b r a t i o n  c u r v e .  M ic r o p h o io r - e 'e r  r e a d i n g  v s .  r e c o r d e r
r e a d i n g .

^0



F re q u e n c y  and  C u r r e n t  M e te r s  

M e a s u re m e n ts  o f  f r e q u e n c y  f o r  u s e  i n  c a l c u l a t i n g  sound  v e l o c i t y  were 

m ade w i t h  a  U .S* Army S i g n a l  C orps  t y p e  B C -221-J  f r e q u e n c y  m e t e r  f o r  u s e  

i n  t h e  r a n g e  0 . 1 2 5  to  20  m e g a c y c l e s / s e c o n d .  N om inal v a l u e s  o f  f r e q u e n c y  

w e re  made w i t h  a  s i m i l a r  b u t  u n c a l i b r a t e d  i n s t r u m e n t  f o r  t h e  m e a su re m e n ts  

w h e re  f r e q u e n c y  d id  n o t  e n t e r  d i r e c t l y  i n t o  t h e  c a l c u l a t i o n s .

The v a l u e  o f  t h e  R .F .  c u r r e n t  i n t o  t h e  b a r iu m  t i t a n a t e  t r a n s d u c e r  

was m e a s u r e d  by a  S im pson  0 —500 ma. th e rm o c o u p le  ty p e  R .F .  mi H i  am meter •



METHODOLOGY AND RESULTS

P h o t o g r a p h i c  R e c o rd  o f  S p a t i a l  P r e s s u r e  D i s t r i b u t i o n  
i n  a  S t a t i o n a r y  U l t r a s o n i c  Wave

P h o t o g r a p h i c  r e c o r d  by  l i g h t  r e f r a c t i o n  m e th o d  (M ethod  I ) . P h o to 

g r a p h i n g  t h e  s p a t i a l  p r e s s u r e  d i s t r i b u t i o n  i n  a  s t a t i o n a r y  so u n d  wave by 

t h e  l i g h t  r e f r a c t i o n  m e th o d  (M ethod  I )  may be a c c o m p l i s h e d  a s  f o l l o w s  

( 2 5 ) : The b a s i c  o p t i c a l  a r r a n g e m e n t  h a s  b een  d e s c r i b e d  i n  a  p r e v i o u s

s e c t i o n  an d  i s  shown i n  F ig u r e  8 , p a g e  57* A som ew hat s i m p l i f i e d  schem a

t i c  d ia g ra m  o f  t h e  a r r a n g e m e n t  show ing  t h e  m o d i f i c a t i o n s  u s e d  i n  t h e  

b a s i c  s e t - u p  i s  shown i n  F i g u r e  11#

L i g h t ,  a f t e r  p a s s i n g  t h r o u g h  t h e  s l i t  S l^  was c o n f i n e d  to  a  v e r y  

n a r r o w  beam* I t  i s  t h e n  p a s s e d  t h r o u g h  l e n s  L2 w h ich  fo rm e a  s h a r p  im age 

o f  t h e  e d g e s  o f  S l^  u p o n  t h e  r o t a t i n g  c y l i n d e r  w h ich  h a s  r e p l a c e d  t h e  

s c r e e n .  T h i s  r o t a t i n g  c y l i n d e r  h a d  a  p h o to g r a p h i c  f i l m  m oun ted  on i t .

The c e l l  c o n t a i n i n g  t h e  s t a t i o n a r y  so u n d  wave was t h e n  moved by  m eans o f  

a  m i c r o m e t e r  s c re w  d r i v e n  by  a v a r i a b l e  s p e e d  m o t o r ,  an d  s i m u l t a n e o u s l y ,  

t h e  c y l i n d e r  was r o t a t e d  s lo w ly  by m eans  o f  a s e co n d  s i m i l a r  m o t o r .  The 

l i g h t  r e a c h i n g  t h e  p h o t o g r a p h i c  f i l m  was l i m i t e d  i n  th e  v e r t i c a l  d i r e c 

t i o n  by a  f a i r l y  w id e  h o r i z o n t a l  s l i t  p l a c e d  im m e d ia te ly  i n  f r o n t  o f  th e  

c y l i n d e r .  The a l t e r n a t e  i n c r e a s e  an d  d e c r e a s e  i n  t h e  b r o a d e n i n g  o f  th e  

beam a s  i t  t r a v e r s e d  t h e  v a r i o u s  p o r t i o n s  o f  t h e  s t a t i o n a r y  so u n d  wave 

r e s u l t e d  i n  t h e  ty p e  o f  p h o t o g r a p h i c  r e c o r d  shown i n  F ig u r e  12.

As h a s  b een  p o i n t e d  o u t  e a r l i e r ,  t h e  b r o a d e n i n g  o f  t h e  beam i s
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F ig u re  12. P ho to g rap h ic  record, of spa tia l  p r e s s u r e  d is tr ib u tio n  in 
a s ta t io n a ry  u l t ra so n ic  wave ob ta ined  by light r e f ra c t io n  m ethod (Method I).
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g r e a t e s t  a t  t h e  p r e s s u r e  n o d e s  and l e a s t  a t  t h e  p r e s s u r e  a n t i n o d e s .

T h e r e f o r e  i n  t h e  p h o to g r a p h  o f  F ig u r e  12 t h e  b ro a d  p o r t i o n s  r e p r e s e n t

t h e  p r e s s u r e  n o d e s ,  w h i l e  t h e  n a r ro w  p o r t i o n s  r e p r e s e n t  t h e  p r e s s u r e  

lo o p s *

P h o t o g r a p h i c  r e c o r d  by  i n t e n s i t y  v a r i a t i o n  i n  u n d e f l e c t e d  beam 

(M ethod  I I ) . I f  i n s t e a d  o f  p h o to g r a p h i n g  t h e  b r o a d e n i n g  o f  t h e  beam 

d i r e c t l y  a s  d e s c r i b e d  a b o v e ,  u s e  i s  made o f  t h e  v a r i a t i o n  i n  i n t e n s i t y  

o f  t h e  u n d e f l e c t e d  beam (M ethod  I I )  ( 1 1 ) ,  a  d i f f e r e n t  t y p e  o f  p h o to g r a p h  

i s  o b t a i n e d ,  w h ic h  a l s o  shows t h e  s p a t i a l  p r e s s u r e  d i s t r i b u t i o n  i n  a 

s t a t i o n a r y  u l t r a s o n i c  wave ( 2 4 ) .  The o p t i c a l  a r r a n g e m e n t  f o r  t h i s  c a s e  

i s  s t i l l  b a s i c a l l y  t h a t  shown i n  F ig u r e  8 ,  p ag e  37# m o d i f i e d  a s  3hown i n  

t h e  s c h e m a t i c  d ia g ra m  o f  F ig u r e  13* I n  t h i s  c a s e ,  a  n a r ro w  s l i t  S l^  i s  

p l a c e d  i n t o  t h e  p a t h  o f  t h e  l i g h t  beam b e tw e e n  th e  sound  wave a n d  th e  

f i l m *  As t h e  c e l l  c o n t a i n i n g  t h e  sound  wave i s  moved i n  th e  d i r e c t i o n  

i n d i c a t e d ,  t h e  l i g h t  r e a d i n g  t h e  f i l m  w i l l  be v a r i e d ;  m ore l i g h t  p a s s i n g  

t h r o u g h  t h e  s l i t  S l ^  when t h e  beam i s  n a r ro w  and  l e s s  when th e  beam i s  

b r o a d .  T h u s ,  t h e  g r e a t e r  t h e  v a r i a t i o n  i n  r e f r a c t i v e  in d e x  i n  t h e  t h i n  

l a y e r  w h ic h  t h e  beam t r a v e r s e s  th r o u g h  t h e  sound  f i e l d ,  t h e  g r e a t e r  w i l l  

be t h e  b r o a d e n i n g ,  and  t h e  s m a l l e r  w i l l  be t h e  e x p o s u r e  on  th e  f i l m .

T h e r e f o r e ,  i f  t h e  f i l m  i s  moved i n  t h e  same d i r e c t i o n  a s  t h e  c e l l  

c o n t a i n i n g  t h e  s t a t i o n a r y  sound  w ave, an  im age o f  t h e  sound  wave i s  p r o 

d u ced  i n  w h ich  p r e s s u r e  g r a d i e n t  v a r i a t i o n s  i n  th e  sound  f i e l d  a r e  c o n 

v e r t e d  i n t o  d e n s i t y  v a r i a t i o n s  on  t h e  p h o to  gram . F ig u r e  14 shows a 

p h o t o g r a p h  o b t a i n e d  i n  t h i s  m a n n e r .  S in c e  on t h e  p h o t o g r a p h i c  f i l m  

( n e g a t i v e )  t h e  g r e a t e r  e x p o s u r e s  w i l l  o c c u r  w here b r o a d e n i n g  i s  l e a s t ,
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F ig u re  14. P ho to g rap h ic  r e c o r d  of spa tia l  p r e s s u r e  d is tr ib u tio n  in 
a s ta t io n a ry  u l t ra so n ic  wave ob ta ined  by the m ethod  of in tensity  v a r ia t io n  
of the undeflec ted  b e a m  (Method II).
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i . e . ,  a t  p r e s s u r e  l o o p s ,  th e  d a r k  p o r t i o n s  o f  t h e  p o s i t i v e  r e p r o d u c t i o n  

o f  F i g u r e  14 r e p r e s e n t  t h e  p r e s s u r e  n o d e s ,  and  th e  l i g h t e r  p o r t i o n s  p r e s 

s u r e  l o o p s ,  o r  t h e  d a rk  p o r t i o n s  may be c o n s i d e r e d  t o  r e p r e s e n t  p r e s s s u r e

g r a d i e n t  l o o p s  a n d  t h e  l i g h t e r  p o r t i o n s  n o d e s  o f  p r e s s u r e  g r a d i e n t .

I t  may be  o f  i n t e r e s t  t o  p o i n t  o u t  t h a t  t h i s  m e th o d  can  be e x p l a i n e d

b y  c o n s i d e r i n g  t h e  s t a t i o n a r y  u l t r a s o n i c  f i e l d  i n  a t r a n s p a r e n t  l i q u i d  to

b e  o p t i c a l l y  e q u i v a l e n t  to  a  s e r i e s  o f  c y l i n d r i c a l  l e n s e s ;  a l t e r n a t e l y  

d i v e r g e n t  an d  c o n v e r g e n t*  The l o c a t i o n  o f  t h e s e  l e n s e s  i s  f i x e d  i n  r e 

l a t i o n  t o  t h e  sound  f i e l d  b u t  t h e  l e n s e s  v a r y  c o n t i n u o u s l y  from  a  m a x i

mum p o s i t i v e  pow er t o  a  maximum n e g a t i v e  p o w er .  A t t h e  n o d e s  o f  th e  

so u n d  p r e s s u r e  g r a d i e n t  t h e r e  i s  n o t h i n g  to  c a u s e  a  d iv e r g e n c e  o r  co n 

v e r g e n c e  o f  t h e  l i g h t .  A l i g h t  beam p a s s i n g  t h r o u g h  t h e s e  p o s i t i o n s  w i l l  

t h e r e f o r e  show no d e v i a t i o n  and  p a s s  t h r o u g h  s l i t  S l ^ .  Between t h e s e  p o 

s i t i o n s  i n  t h e  so u n d  w ave ,  l i g h t  w i l l  be  d e f l e c t e d  away f r o m  t h e  s l i t .

The g r e a t e r  t h e  v a r i a t i o n  i n  p r e s s u r e  g r a d i e n t ,  t h e  m ore l i g h t  w i l l  be 

d e f l e c t e d  a n d  t h e  s m a l l e r  t h e  e x p o s u re  o f  t h e  f i l m .

M e a su re m e n t  o f  Sound V e l o c i t y

The m e th o d  o f  d e c r e a s e  i n  i n t e n s i t y  o f  t h e  u n d e f l e c t e d  beam was 

f o u n d  to  be  r a t h e r  e a s i l y  a d a p t a b l e  to  t h e  f a i r l y  r a p i d  m e a su re m e n t  o f  

sound  v e l o c i t y  i n  t r a n s p a r e n t  l i q u i d s .  The s e t —up u s e d  was b a s i c a l l y  

t h a t  shown i n  F ig u r e  8 , p a g e  57* The m e th o d  o f  v e l o c i t y  m e a su re m e n t  was 

a s  f o l l o w s :  The c e l l  i n  w h ich  t h e  p o s i t i o n  o f  t h e  t r a n s d u c e r  had  b een

a d j u s t e d  f o r  optim um  s t a n d i n g  w aves was m oun ted  on  a m ic r o m e te r  screw  

t r a v e r s e  m o u n t  w h ic h  c o u l d  be o p e r a t e d  m a n u a l l y ,  c a u s i n g  t h e  c e l l  to  move
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a t  r i g h t  a n g l e s  t o  t h e  l i g h t  beam. The sound  was t u r n e d  on  an d  t h e  m i

c r o m e t e r  s c re w  a d j u s t e d  to  g iv e  a  minimum d e f l e c t i o n  on t h e  r e c o r d e r .

The f r e q u e n c y  m e t e r  was a d j u s t e d  f o r  z e r o  b e a t#  A p o s i t i o n  r e a d i n g  f o r  

t h e  c e l l  w as t h e n  t a k e n  from  t h e  m i c r o m e t e r  s c r e w .  The c e l l  was th e n  

m oved b y  m e a n s  o f  t h e  m i c r o m e t e r  sc re w  a t  r i g h t  a n g l e s  to  t h e  l i g h t  beam. 

The d i s t a n c e  t r a v e l e d  i n  m o s t  o f  th e  m e a su re m e n ts  was s l i g h t l y  l e s s  t h a n  

f i v e  c e n t i m e t e r s .  As t h e  c e l l  moved a c r o s s  t h e  l i g h t  beam a  s e r i e s  o f  

m axim a a n d  m in im a w ere  drawn o n  t h e  r e c o r d e r  c h a r t .  As t h e  s c re w  n e a r e d  

t h e  e n d  o f  i t s  t r a v e l  t h e  p h o to m e te r  n e e d l e  was w a tc h e d  c l o s e l y  and  t h e  

e f f o r t  w as made to  s t o p  t h e  m o t io n  a s  c l o s e l y  a s  p o s s i b l e  a t  an e x a c t  

minimum r e a d i n g ,  so t h a t  i n s o f a r  a s  was p o s s i b l e  a  d i s t a n c e  e q u a l  to  an  

i n t e g r a l  num ber o f  h a l f - w a v e  l e n g t h s  w ould  be t r a v e r s e d .  The m o t io n  o f  

t h e  s c re w  was t h e n  s to p p e d  an d  a  s e c o n d  p o s i t i o n  r e a d i n g  o f  t h e  c e l l  was 

t a k e n .  The d i f f e r e n c e  b e tw e e n  i n i t i a l  and  f i n a l  p o s i t i o n  r e a d i n g s  gave 

t h e  t o t a l  d i s t a n c e  t r a v e r s e d  by  t h e  c e l l .  The f r e q u e n c y  was r e a d  from  

t h e  f r e q u e n c y  m e t e r  d i a l ,  and  t h e  num ber o f  h a l f - w a v e  l e n g t h s  t r a v e r s e d  

c o u l d  e a s i l y  be c o u n t e d  from  t h e  r e c o r d e r  c h a r t .  From th e  num ber o f  

h a l f —wave l e n g t h s  c o v e r e d  an d  t h e  d i s t a n c e  t r a v e r s e d  t h e  wave l e n g t h ,  , 

c o u l d  be  d e t e r m i n e d .  By u s e  o f  t h e  f r e q u e n c y  r e a d i n g ,  f  , t h e  v e l o c i t y  c 

was d e t e r m in e d  f ro m  t h e  e q u a t i o n

C = f K .  ( 6 2 )

A t e m p e r a t u r e  r e a d i n g  o f  t h e  medium was t a k e n  b e f o r e  and  a f t e r  a ru n  w i th  

a  m e rc u r y  i n  g l a s s  th e rm o m e te r ,  and t h e  mean v a l u e  t a k e n  a s  t h e  te m p e r a 

t u r e  .
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F ig u r e  15 . T y p ic a l  r e c o r d e r  "brace o b t a i n e d  i n  m ak ing  sound  
v e l o c i t y  m e a su re m e n ts  by th e  m e thod  o f  i n t e n s i t y  v a r i a t i o n  o f  th e  
u n d e f l e c t e d  beam.



TABLE I

R e su lts  o f  Sound V e lo c ity  Measurements

Substance Sound V e lo c ity  (m ./s e c .) Temperature (Deg. C)

Acetone* (5  rune) 1155 a t 2 7 .0
1165 a t 2 7 .8
1169 a t 2 7 .6

mean va lu e 1165 a t 2 7 .5

Carbon T etrach lor
ide** (4  runs) 916.1 a t 2 8 .1

91 8 .9 a t 2 8 .2
9 1 5 .5 a t 2 8 .5
9 1 7 .9 a t 2 8 .4

mean value 9 1 7 .I a t 2 8 .?

0-X ylene (4  runs) 1555 at 2 6 .5
1542 a t 2 6 .4
1551 a t 2 6 .5
1546 a t 2 6 .6

mean va lu e 1548 a t 2 6 .5

Dow-Coming 200 f lu id
( l  c e n t!s to k e )  (5  runs)

981 .6 a t 2 6 .1
987 .1 a t 2 6 .4
985 .1 a t 2 6 .5
98 4 .6 a t 2 6 .5

* Freyer (2 6 ) g iv e s  1190 m ./s e c . a t  20° C for acetone w ith
A v /& T  * - 5 .6  m ./s e c .  deg. C. This y ie ld s  1148 m ./s e c .  a t  2 7 .5 °  0 .

** Freyer (26) g iv es  9 0 4 .0  m ./s e c .  a t  5Q0 0 fo r  carbon te tr a c h lo r id e  
w ith  ZSiv/^T * 5 .1  m ./s e c .  deg. 0 . This y ie ld s  909 .5  m#/sec»
2 8 .5 °  C.
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A t y p i c a l  r e c o r d e r  r e c o r d  o f  a  t y p i c a l  r u n  i s  shown i n  F ig u r e  15. 

I n d i v i d u a l  r u n s  i n  a  g i v e n  s u b s t a n c e  w ere  fo u n d  to  a g r e e  g e n e r a l l y  

w i t h i n  l e s s  t h a n  1.59& b e tw e e n  e x t re m e  v a l u e s ,  an d  a l s o  seem ed t o  a g r e e  

w e l l  w i t h  v a l u e s  g i v e n  i n  t h e  l i t e r a t u r e .  A l i s t i n g  o f  some o f  t h e  m ea

s u r e d  v a l u e s  i s  shown i n  T a b l e  I .

A l th o u g h  o t h e r  m e th o d s  e x i s t  f o r  t h e  m e a su re m e n t  o f  sound  v e l o c i t y  

i n  l i q u i d s  w h ic h  a r e  c e r t a i n l y  m ore p r e c i s e  t h a n  t h i s  m e th o d ,  e v e n  a t  

t h e s e  f r e q u e n c i e s  ( 2 5 ) ,  n e v e r t h e l e s s  i t  i s  f e l t  t h a t  th e  r a p i d i t y  w i th  

w h ic h  a  r u n  c a n  be made (10  m i n u t e s  o r  l e s s  i n c l u d i n g  c a l c u l a t i o n s )  

s h o u l d  make t h i s  m e th o d  o f  some u s e ,  e v e n  w i t h  t h e  r e l a t i v e l y  low p r e 

c i s i o n *  The m e th o d  c o u l d  be made a l m o s t  f u l l y  a u t o m a t i c  an d  p r o b a b ly  

f a s t e r  i f  t h i s  s h o u ld  be  t h o u g h t  d e s i r a b l e .

A p p ro ach  t o  Wave Form D e te r m in a t io n  

An a t t e m p t  was made t o  a p p l y  t h e  m e th o d  o f  d e c r e a s e  i n  i n t e n s i t y  o f  

t h e  u n d e f l e c t e d  beam t o  t h e  s t u d y  o f  wave form  o f  t h e  s t a n d i n g  w ave. The 

m e th o d  was f i r s t  a p p l i e d  t o  g l y c e r i n e .  The e x p e r i m e n t a l  c u r v e s  o b t a i n e d  

( F i g u r e  16) i n  t h i s  l i q u i d  seem ed to  f o l l o w  th e  g e n e r a l  sh a p e  o f  t h e  

t h e o r e t i c a l  c u r v e s  p r e d i c t e d  from  t h e  t h e o r y  ( F i g u r e  4 ,  p ag e  2 6 )  and  t h u s  

i n d i c a t e d  t h e  e x i s t e n c e  o f  w aves  i n  t h i s  l i q u i d  a t  l e a s t  a p p r o x im a te ly  

s i n u s o i d a l  i n  n a t u r e .  F i g u r e  16 shows t h e  e x p e r i m e n t a l  r e c o r d e r  t r a c e  o f  

t h e  " r e c o r d e r  r e l a t i v e  i n t e n s i t y "  f o r  t h r e e  d i f f e r i n g  sound  i n t e n s i t i e s ,  

i n d i c a t e d  by t r a n s d u c e r  c u r r e n t s  o f  100 , 200 , an d  500 mi H i  am p ere s  r e 

s p e c t i v e l y .  T h ese  c u r v e s  w ere  o b t a i n e d  f o r  t h e  l i g h t  beam p a s s i n g  a p 

p r o x i m a t e l y  2 . k cm. f rom  t h e  t r a n s d u c e r .  T h i s  p l a c e d  i t  a p p r o x i m a t e l y
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F ig u re  16 . R eco rd e r t r a c e  o f  ” re c o rd e r  r e l a t i v e  i n 
t e n s i t y ” o f  l i g h t  th ro u g h  f i n a l  s l i t  v e rs u s  p o s i t io n  in  
th e  wave f o r  a  s t a t i o n a r y  wave i n  g ly c e r in e .  T ran sd u cer 
c u r r e n t  a )  100 m a ., b) 200 tn a .,  c) 500 ma.
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14 cm. f ro m  t h e  r e f l e c t i n g  en d  o f  t h e  sound  c e l l .

S i m i l a r  c u r v e s ,  h o w e v e r ,  w ere  n o t  o b t a i n e d  f o r  o t h e r  l i q u i d s  i n 

v e s t i g a t e d ,  e x c e p t  p e r h a p s  a t  v e r y  low i n t e n s i t i e s ,  w here  i t  was d i f f i 

c u l t  t o  d e t e r m i n e  t h e  s h a p e s  o f  t h e  c u r v e .  R a t h e r  c u r v e s  o f  an  unsym — 

m e t r i c a l  n a t u r e  w e re  o b t a i n e d  and  th e  c u r v e s  w ere  n o t  n e c e s s a r i l y  t h e  

same s h a p e  f ro m  o n e  wave t o  t h e  n e x t .  As an  exam ple  o f  t h i s  asy m m etry  

F ig u r e  17 o f  a  c u r v e  f o r  b e n z e n e  t a k e n  a p p r o x i m a t e l y  2 . 5  cm. from  th e  

t r a n s d u c e r ,  an d  F i g u r e  18 o f  a c u r v e  f o r  a c e t o n e ,  t a k e n  a t  a b o u t  th e  

same p o s i t i o n  r e l a t i v e  to  t h e  sound  s o u r c e  a r e  shown. I t  was t h e  c o n -  

s i s t a n c y  w i t h  w h ic h  t h e s e  a s y m m e t r i c a l  c u r v e s  a p p e a r e d  w h ich  l e d  to  t h e  

q u a l i t a t i v e  i n v e s t i g a t i o n  o f  t h e  ty p e  o f  c u r v e  one w ou ld  e x p e c t  to  o b 

t a i n  i f  a  s i n u s o i d a l  wave i n t e r f e r e d  w i t h  a  s a w to o th  ty p e  w ave. I n  t h i s  

c o n n e c t i o n  t h e  c u r v e  o f  F ig u r e  19 i s  i n c l u d e d  b e c a u s e  o f  t h e  i n t e r e s t i n g  

s i m i l a r i t y  i n  s h a p e  b e tw e e n  i t  an d  th e  c u r v e  o b t a i n e d  from  th e  a n a l y s i s  

r e f e r r e d  to  a b o v e ,  an d  shown i n  F ig u r e  7, p ag e  55* The c u rv e  i n  F ig u r e  

19 w as o b t a i n e d  f o r  c a r b o n  t e t r a c h l o r i d e  a t  a  d i s t a n c e  a p p r o x im a te ly  8 . 5  

cm. from  t h e  t r a n s d u c e r .  The c o m p a r is o n  b e tw e e n  t h e  c u r v e s  i s  m e n t io n e d  

m a i n l y  b e c a u s e  o f  t h e  i n t e r e s t i n g  s i m i l a r i t y ,  and  no c la im  i s  made t h a t  

t h e  a sy m m etry  i s  n e c e s s a r i l y  p r o o f  o f  t h e  e x i s t a n c e  o f  a  s a w to o th  wave 

fo rm  i n  t h e  l i q u i d .  T h e re  a r e  o t h e r  p o s s i b i l i t i e s ,  s u c h  a s  r e f l e c t i o n s  

f rom  t h e  b o u n d a r i e s  o f  t h e  c e l l  w h ich  m i g h t  p o s s i b l y  g iv e  r i s e  to  su ch  

a s y m m e t r i c a l  c u r v e s  and  f u r t h e r  i n v e s t i g a t i o n ,  b o t h  t h e o r e t i c a l  and e x 

p e r i m e n t a l ,  i n  t h i s  m a t t e r  i s  p r o b a b ly  c a l l e d  f o r  b e f o r e  a  d e f i n i t e  

s t a t e m e n t  c a n  be made a b o u t  t h e  wave s h a p e  i n  t h e s e  l i q u i d s .  H ow ever,  i t  

i s  h o p e d  t h a t  t h i s  m e th o d  p r o v i d e s  an  a p p r o a c h  to  t h i s  p ro b Ism  w h ich  can
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F ig u r e  17* R e c o rd e r  t r a c e  f o r  s t a n d i n g  wave i n
b e n z e n e .

* T ___ _ --— — “1

 ̂ j 4 ----
— |.—J--- —— |--- I--- 1

. ■ J"S! - T j\ I !
- J d  ^  j...... ... ”

O

--- — i — j!t_--- .
J ===]f=zj=== :zztiz I V yf/ i j V ? OL | \I

f  ’ ; \ f • -
/ ' \ • / 1 -/

f  " - r t.V - s1 / .1 .. \f/ ..I ...... y -■ ■ ■ ! ■ i i \; - i f y! i V ..i,.■ \
: 1 V Q ■ -i1 ' T V " CD f i~ F..- H rV 7 1... 3! / - 1

1 f 7 } Y — ;— - - -1...1 \ I ■ l ; ■r \ .. J' i i 1 V r—;  ̂ ’ I i j..|... :
: 1 I T >. ! \ i ..- L . L_;„ ,_._J—___ L -

F ig u r e  18• R e c o r d e r  t r a c e  f o r  s t a n d i n g  wave i n
a c e t o n e .
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F ig u r e  19« R e c o rd e r  t r a c e  f o r  s t a n d i n g  wave i n  
c a r b o n t e t r a c h l o r i d e .
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be  im p ro v e d  an d  i n v e s t i g a t e d  f u r t h e r  i n  t h e  f u t u r e .

A pproach  "to Sound P r e s s u r e  M easu rem en t 

G e n e r a 1 . As h a s  b een  m e n t io n e d  e a r l i e r ,  t h e  m a th e m a t i c a l  t h e o r y  

d e v e l o p e d  p r e v i o u s l y  s h o u ld  make i t  p o s s i b l e  to  u s e  t h e  m e th o d  o f  d e 

c r e a s e  i n  i n t e n s i t y  o f  t h e  u n d e f l e c t e d  beam (M ethod I I )  f o r  t h e  e s t i 

m a t i o n  o f  t h e  s o u n d  p r e s s u r e  a m p l i tu d e  i n  t h e  s t a n d i n g  w ave. R e c a l l  

t h a t  S r e p r e s e n t s  t h e  l i g h t  e n e r g y  p a s s i n g  th r o u g h  t h e  f i n a l  s l i t  S I  .
5

I f  t h e  l i g h t  beam p a s s e s  t h r o u g h  a  p r e s s u r e  node S w i l l  h av e  a  minimum

v a l u e ,  S r e p r e s e n t s  t h e  l i g h t  e n e r g y  p a s s e d  by s l i t  S I f o r  t h e  c a s e  
o 5

o f  no s o u n d .  The r e l a t i v e  e n e rg y  p a s s e d ,  S i s  t h e  r a t i o  S / S ^  The re -
R

l a t i o n  b e tw e e n  S  and  t h e  p a r a m e t e r  A i s  g iv e n  by  e q u a t i o n  6 1 ,  page 
^ n i n

2 5 ,  w h ich  i s  w r i t t e n  a g a i n  h e r e .

SW -[ '- f  + <S (6i’
I t  w i l l  be  r e c a l l e d  t h a t  t h e  p a r a m e t e r  A i s  g iv e n  by e q u a t i o n  2 8 ,  page  

17 ,  w h ich  c a n  be w r i t t e n  i n  t h e  form

K  (  U + - L )  2 P  ( 6 4 )

(s> y-

w h ere

a  -  t h e  w id th  o f  t h e  s l i t  S l ^ »

g — t h e  d i s t a n c e  from  t h e  c e n t e r  o f  t h e  sound  c e l l  t o  t h e  

s l i t

^  -  t h e  p a t h  l e n g t h  o f  t h e  l i g h t  beam i n  t h e  sound  f i e l d ,
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K s  trh© c o m p r e s s i b i l i t y  o f  t h e  m edium ,

n  s  t h e  r e f r a c t i v e  in d e x  o f  t h e  medium,

t h e  wave l e n g t h  o f  l i g h t  i n  t h e  l i g h t  beam ,

t h e  wave l e n g t h  o f  t h e  sound  i n  t h e  medium u s e d ,

r  = t h e  d i s t a n c e  from s l i t  S I  to  s l i t  5 1 ,  and
2 5

2P  = t h e  p r e s s u r e  a m p l i t u d e  o f  t h e  s t a t i o n a r y  sound  w ave.

N o t  c o n s i d e r i n g  t h e  p r e s s u r e  a m p l i t u d e  2P f o r  t h e  moment, a l l  o f  t h e  a -  

bove q u a n t i t i e s  a r e  e i t h e r  known o r  m e a s u r a b l e ,  w i th  th e  p o s s i b l e  e x 

c e p t i o n  c f  t h e  q u a n t i t y ^ ,  t h e  p a t h  l e n g t h  o f  t h e  l i g h t  i n  t h e  sound

f i e l d ,  w h ic h  h o w e v e r ,  c an  be e s t i m a t e d .  A ssum ing  th e n  t h a t  t h e s e  q u a n t i 

t i e s  a r e  know n, t h e  p r e s s u r e  a m p l i t u d e  c a n  be o b t a i n e d  i n  te rm s  o f  t h e

p a r a m e t e r  A. The r e l a t i o n s h i p  b e tw e e n  t h i s  p a r a m e te r  and  S ( e q u a t i o n
m in

6 5 )  c a n  b e  p l o t t e d  a s  a c u r v e .  Such  a  c u r v e  i s  shown in  F ig u re  2 0 .

S i n c e  S c a n  be  o b t a i n e d  from  t h e  minimum v a l u e  o f  t h e  c u r v e  on r e -  
^m in

c o r d e r  t r a c e  ( F i g u r e  1 6 ,  p a g e  55) and  t h e  r e c o r d e r  c a l i b r a t i o n  c u rv e  

( F i g u r e  1 0 ,  p a g e  4 0 ) ,  t h e  c u r v e  o f  F ig u r e  20  e n a b l e s  one to  d e te r m in e  

t h e  v a l u e  o f  A f o r  a  g iv e n  m e a su re d  v a l u e  o f  S ^ .  Then by t h e  u s e  o f

e q u a t i o n  6 4 ,  t h e  p r e s s u r e  a m p l i t u d e  c a n  be c a l c u l a t e d .

R e l a t i o n  b e tw e e n  t r a n s d u c e r  c u r r e n t  and th e  p a r a m e te r  A. The v a l u e s  

o f  A o b t a i n e d  from  F ig u r e  20  f o r  th e  t h r e e  w ave-fom i c u r v e s  f o r  g l y c e r i n e  

( s e e  F ig u r e  1 6 ,  p a g e  5 5 ) ,  a r e  shown p l o t t e d  a g a i n s t  t r a n s d u c e r  c u r r e n t  i n  

F ig u r e  2 1 .  The r e l a t i o n s h i p  a p p e a r s  t o  be f a i r l y  l i n e a r  i n  t h i s  c a s e ,  

a l t h o u g h  t h e  am oun t o f  d a t a  on w h ich  t h i s  s t a t e m e n t  i s  b a s e d  i s  r a t h e r  

s m a l l  •

A l th o u g h  t h e r e  i s  some d o u b t  a s  to  w h e th e r  th e  t h e o r y  c a n  be a p p l i e d
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t o  c u r v e s  w h ic h  d e v i a t e  m a rk e d ly  from  t h e  t h e o r e t i c a l  c u r v e s  ( s e e  F ig u r e  

Pa ge 26 ) ,  y e t  an  a t t e m p t  t o  p l o t  c u r v e s  s i m i l a r  t o  t h e  one o b t a i n e d  

f o r  g l y c e r i n e  i n  F i g u r e  21 was m ade .  H ow ever, t o  o b t a i n  d a t a  w h ich  c o u ld  

b e  u s e d  i t  w as n e c e s s a r y  t h a t  n e a r l y  i d e n t i c a l  c o n d i t i o n s  e x c e p t  f o r  th e  

so u n d  i n t e n s i t y  b e  m a i n t a i n e d ,  so t h a t  t h e  r e s o n a n c e  c o n d i t i o n  f o r  s e t 

t i n g  up  t h e  s t a n d i n g  wave w o u ld  n o t  be d i s t u r b e d .  I t  was u s u a l l y  fo u n d  

t h a t  i t  was n o t  p o s s i b l e  t o  m a i n t a i n  t h e s e  c o n d i t i o n s  t o  a  s u f f i c i e n t  de 

g r e e  t o  o b t a i n  m o re  t h a n  t h r e e  p o i n t s  f o r  an y  one c u r v e .  The d a t a  from 

t h e s e  c u r v e s  seem ed to  i n d i c a t e  t h a t  t h e r e  was a  l i n e a r  r e g i o n ,  b u t  t h a t  

p e r h a p s  a t  low so u n d  i n t e n s i t i e s  t h e r e  was a  n o n - l i n e a r  r e l a t i o n  be tw een  

t r a n s d u c e r  c u r r e n t  and  A* H ow ever, t h e  d a t a  f o r  an y  one c u rv e  was n e v e r  

e n o u g h  t o  e s t a b l i s h  t h i s  a s  a  d e f i n i t e  f a c t  and  m u s t  t h e r e f o r e  be c o n 

s i d e r e d  i n c o n c l u s i v e .

I n  an  e f f o r t  t o  a v o i d  t h i s  d i f f i c u l t y ,  a n o t h e r  m ethod was t r i e d  f o r

o b t a i n i n g  e x p e r i m e n t a l  v a l u e s  o f  S . W ith  c a rb o n  t e t r a c h l o r i d e  i n  t h e
m in

c e l l ,  t h e  s o u n d  on  an d  t h e  t r a n s d u c e r  c u r r e n t  a d j u s t e d  to  500 m a . ,  t h e  

c e l l  was moved u n t i l  t h e  r e c o r d e r  i n d i c a t e d  a  minimum. The movement o f  

t h e  c e l l  was t h e n  s t o p p e d ,  and  t h e  r e c o r d e r  a l lo w e d  to  r u n .  The r e c o r d e r  

t h e n  t r a c e d  a  r e l a t i v e l y  c o n s t a n t  v a l u e  w h i le  t h e  t r a n s d u c e r  c u r r e n t  was 

k e p t  c o n s t a n t .  The t r a n s d u c e r  c u r r e n t  was th e n  v a r i e d  by  s t e p s  o f  50 ma. 

f ro m  th e  500 m a. v a l u e  down to  a  f i n a l  v a l u e  o f  50 ma. A t e a c h  new v a lu e  

o f  t r a n s d u c e r  c u r r e n t ,  t h e  r e c o r d e r  p e n  w ould come to  r e s t  a t  a  new r e a d 

i n g .  The p r o c e s s  was im m e d i a t e l y  r e p e a t e d  in  t h e  r e v e r s e  d i r e c t i o n  

s t a r t i n g  w i t h  t h e  t r a n s d u c e r  c u r r e n t  s e t  a t  50 ma. and  f i n i s h i n g  w i th  i t  

a t  350 ma. T h i s  p r o c e s s  h ad  t h e  a d v a n ta g e  o f  e n a b l i n g  d a t a  f o r  s e v e r a l
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p o i n t s  t o  be  t a k e n  i n  a  r e l a t i v e l y  s h o r t  t im e  and  w i t h o u t  t u r n i n g  th e

g e n e r a t o r  on  and  off* s e v e r a l  t i m e s .  T h is  h e l p e d  to  a v o i d  c h a n g e s  i n  t h e

e x p e r i m e n t a l  c o n d i t i o n s  w h i l e  d a t a  f o r  a  s i n g l e  c u rv e  was b e in g  g a t h e r e d .

From t h e  S v a l u e s  o b t a i n e d  i n  t h i s  way, a c u r v e  was p l o t t e d  o f  t r a n s -  
m in

d u c e r  c u r r e n t  v e r s u s  A f o r  t h e  c a r b o n  t e t r a c h l o r i d e  ( F i g u r e  2 1 ) ,  T hese  

d a t a  a l s o  seem t o  show a f a i r l y  l i n e a r  r e l a t i o n s h i p  b e tw ee n  t r a n s d u c e r  

c u r r e n t  an d  A, th o u g h  i t  s h o u ld  be n o t e d  t h a t  th e  p o i n t s  o b t a i n e d  d u r in g  

t h e  f i r s t  p a r t  o f  t h e  r u n  seem to  be much more n e a r l y  on a  s t r a i g h t  l i n e  

t h a n  do t h o s e  o b t a i n e d  d u r in g  t h e  l a t t e r  p a r t  o f  t h e  r u n .

C a l c u l a t i o n  o f  p r e s s u r e  a m p l i t u d e . H av ing  d e te r m in e d  t h e  v a l u e s  o f  

A, t h e  a p p l i c a t i o n  o f  e q u a t i o n  64  m akes p o s s i b l e  th e  d e t e r m i n a t i o n  o f  a 

v a l u e  f o r  2P t h e  p r e s s u r e  a m p l i t u d e  o f  th e  s t a n d i n g  w ave. U s in g  v a l u e s  

f o r  t h e  c o n s t a n t s  o f  t h e  s y s te m  shown i n  T a b le  X I, t h e  p r e s s u r e  a m p l i tu d e  

c o r r e s p o n d i n g  to  t h e  200 m a. t r a n s d u c e r  c u r r e n t  i n  g l y c e r i n e  t u r n s  o u t  to  

be  a p p r o x i m a t e l y  1.0 a t m o s p h e r e s , w h i l e  t h a t  f o r  t h e  400 ma. c a s e  i s  a p 

p r o x i m a t e l y  2 . 2  a t m o s p h e r e s .  M aking t h e  a s s u m p t io n  t h a t  t h e  t h e o r y  can  

b e  a p p l i e d  t o  c a r b o n  t e t r a c h l o r i d e  a l s o ,  t h e  p r e s s u r e  a m p l i t u d e s  t u r n  o u t  

t o  be 0 . 1  a n d  0 . 6  a tm o s p h e r e s  f o r  t h e  50 ma. and t h e  550 ma. c a s e  r e 

s p e c t i v e l y .

I t  s h o u ld  be b o rn e  i n  m ind  t h a t  t h e  v a l u e s  o b t a i n e d  i n  t h i s  m anner 

a r e  p r o b a b l y  n o t  h i g h l y  a c c u r a t e ;  p e r h a p s  n o t  much b e t t e r  th a n  an  o r d e r  

o f  m a g n i tu d e  a p p r o x i m a t i o n .  The m a in  d i f f i c u l t i e s  p r o b a b ly  l i e  i n  th e  

u n c e r t a i n t y  i n  t h e  p a t h  l e n g t h  o f  th e  l i g h t  i n  th e  sound  f i e l d  A  , and 

t h e  f a c t  t h a t  w h a t  i s  b e i n g  m e a su re d  i s  s o r t  o f  an  a v e ra g e  e f f e c t  o v e r  

t h e  e n t i r e  w id th  o f  t h e  sound  beam. H ow ever,  t h e  v a l u e s  o b t a i n e d  f o r  th e
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TABLE II

Data Used fo r  Sound P ressure Determ ination by Use o f  Equation 64

G l y c e r i n e  ^ ^ ^ 4

.2 4 6  mm.

52*2 cm.

2 . 5  cm.

9 0 .7  x 10“ 6/A tm . 

1 .4 6  

5461 X

6 0 . 4  cm.

.5 9 7  M c /S ec .

919 m . / S e c .  

2 8 .2 °  G

a .246  mm.

6 52*2 cm.

& 2 . 5  cm.

K 22 x lO ^ /A tm .

n 1 .47

5461 X

^  4 .2  mm.

r

f

c

T em p era tu re

5 8 .4  cm.
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p ressu re  am plitudes do n o t seem unreasonab le, and the method can undoubt

e d ly  be improved to the p o in t  where u se fu l pressure measurements can be 

made.

The measurements o f  q u a n tit ie s  which appear in  equation 64 were made 

by u su a l m ethods. The v a lu es  o f  K and n were obtained from the Handbook 

o f  PhyBics and C hem istry, T h irty-second  E d itio n . The sound wave l e n g t h \ s 

was estim a ted  from the tra ce  on the recorder curve fo r  the case o f  g ly c 

in e  and the frequency was measured in  the case o f  CCl^ and used togeth er  

w ith  th e  p r e v io u sly  measured v e lo c i t y  to  ob ta in  the wave len g th . The 

w idth o f  the s l i t  S lg  was c a lc u la te d  from the width o f  the cen tra l order 

o f  th e  d if f r a c t io n  p a ttern  o f  s l i t  S lg  in  the plane o f  $1^ (as© Figure 6 ,  

page 52) .
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SUGGESTIONS FOR FURTHER WORK

F u r t h e r  w o rk ,  b o t h  t h e o r e t i c a l  a n d  e x p e r i m e n t a l ,  l y i n g  beyond th e  

s c o p e  o f  t h i s  i n v e s t i g a t i o n  h a s  b een  s u g g e s t e d  by th e  p r e s e n t  w ork .

R e l a t i v e  t o  t h e  t h e o r y ,  i t  i s  f e l t  t h a t  t h e  s im p le  t h e o r y  p r e s e n t e d  

h e r e  c o u l d  e & s i l y  be m o d i f i e d  to  a p p l y  t o  p r o g r e s s i v e  waves and  t h a t  

p r e s s u r e  a m p l i t u d e  c o u l d  be m e a s u re d  i n  t h i s  c a s e  q u i t e  r e a d i l y *  F u r 

th e rm o r e  f o r  t h e  c a s e  o f  s t a t i o n a r y  w a v e s ,  th e  t h e o r y  o u g h t  to  be e x 

t e n d e d  n e x t  t o  t h e  c a s e  o f  o p p o s i t e l y  d i r e c t e d  s i n u s o i d a l  waves o f  d i f 

f e r e n t  a m p l i t u d e s  i n t e r f e r i n g  w i t h  one  a n o t h e r *  A p p l i c a t i o n  o f  s u c h  a  

t h e o r y  m i g h t  r e s u l t  i n  o b t a i n i n g  a  m e thod  o f  d e te rm in g  r e f l e c t i o n  c o 

e f f i c i e n t s  f o r  v a r i o u s  r e f l e c t o r s *  The q u a l i t a t i v e  a n a l y s i s  o f  th e  i n 

t e r f e r i n g  s i n u s o i d a l  a n d  s a w to o th  waves c o u ld  p e r h a p s  be a p p ro a c h e d  i n  

a  m ore  r i g o r o u s  an d  m e a n in g f u l  f a s h io n *

E x p e r i m e n t a l l y  i t  m i g h t  be  d e s i r a b l e  t o  im p r o v e  t h e  m e th o d  o f  so u n d  

v e l o c i t y  m e a s u r e m e n t  t o  make i t  f a s t e r ,  m ore a u t o m a t i c ,  a n d  p e r h a p s  more  

p r e c i s e *  F or  b o t h  p r e s s u r e  a n d  w ave fo r m  d e t e r m i n a t i o n s ,  i t  m i g h t  b e  d e 

s i r a b l e  t o  im p r o v e  e x p e r i m e n t a l  t e c h n i q u e s  t o  e l i m i n a t e  c o n f u s i o n  due t o  

p o s s i b l e  r e f l e c t i o n s .  T h i s  c o u l d  b e  d o n e  e i t h e r  by  u s i n g  much l a r g e r  

t a n k s  o r  b y  U 3 i n g  p r e v i o u s l y  c a l c u l a t e d  w ave g u i d e s  w h e r e  t h e  m o d e s  t o  

b e  s e t  up w e r e  know n i n  a d v a n c e *  The wave form  c o u l d  a l s o  be s t u d i e d  i n  

p r o g r e s s i v e  w a v e s  b y  u s e  o f  an  u l t r a s o n i c  s t r o b e s c o p e  a n d  m e a s u r i n g  t h e  

d e f l e c t i o n  o f  t h e  beam d i r e c t l y .  S u c h  a s t r o b e s c o p e  i s  u n d e r  d e v e lo p m e n t  

i n  t h i s  l a b o r a t o r y .
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SUMMARY

The r e f r a c t i o n  o f  l i g h t  b y  s t a t i o n a r y  u l t r a s o n i c  w a v e s  h a s  b e e n  i n 

v e s t i g a t e d ,  w i t h  t h e  a im  o f  u s i n g  t h i s  e f f e c t  t o  s t u d y  so u n d  f i e l d s .  A 

s i m p l e  t h e o r y  h a s  b e e n  p r e s e n t e d  f o r  t h e  v a r i a t i o n  i n  t h e  i n t e n s i t y  o f  

t h e  u n d e f l e c t e d  beam a f t e r  i t  p a s s e s  t h r o u g h  a  s t a t i o n a r y  w a v e .  U se  was  

m ad e o f  t h i s  v a r i a t i o n  i n  i n t e n s i t y  t o  m e a s u r e  s o u n d  v e l o c i t y ,  t o  s t u d y  

w a v e  f o r m ,  a n d  a n  a t t e m p t  t o  make p r e s s u r e  m e a s u r e m e n t s .  S u g g e s t i o n s  

f o r  f u r t h e r  w o r k  h a v e  b e e n  m a d e .
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