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ABSTRACT.

A new, d i f f e r e n t i a l  m e t h o d  i s  d e s c r i b e d ,  s u i t a b l e  

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

d i l u t e ,  a q u e o u s  i o n i c  s o l u t i o n s  a t  a f r e q u e n c y  o f  

3 x 1 0 ^ c / s .  The m e th o d  e s s e n t i a l l y  d e p e n d s  on m e a s u r i n g  

t h e  c h a n g e  i n  ' q '  o f  a r e s o n a n t  c a v i t y  c o n t a i n i n g  a  f i n e  

q u a r t z  t u b e ,  when t h e  s o l u t i o n  u n d e r  i n v e s t i g a t i o n  a n d  

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

a l t e r n a t i n g  s t r e a m ,  a t  a f r e q u e n c y  o f  o n e  c o m p l e t e  

c h a n g e - o v e r  i n  e i g h t  s e c o n d s .  The  c o r r e s p o n d i n g  c h a n g e  

i n  s i g n a l ,  p i c k e d  up b y  a p r o b e  d e t e c t o r  p e n e t r a t i n g  

i n t o  t h e  c a v i t y ,  i s  v i e w e d  on a C a th o d e  Ray O s c i l l o s c o p e ,  

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

p r o c e s s e s .

M e a s u r e m e n t s  a r e  d e s c r i b e d  on a r a n g e  o f  d i l u t e  

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

o v e r  a t e m p e r a t u r e  r a n g e  f r o m  18* 0  t o  2 5 * 0 .  F o r  

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

m o d i f i e d  f o r m ,  f o r  m o re  c o n c e n t r a t e d  s o l u t i o n s  up t o  

c o n c e n t r a t i o n s  o f  0 . 5  N o r m a l .  A s s u m in g ,  f r o m  p u b l i s h e d  

r e s u l t s  o f  o t h e r  a u t h o r s ,  t h a t  a t  h i g h  c o n c e n t r a t i o n s  

t h e r e  i s  no d i f f e r e n c e  b e t w e e n  t h e  u l t r a  h i g h  f r e q u e n c y  

v a l u e s  o f  t h e  i o n i c  c o n d u c t i v i t i e s  o f  t h e s e  s a l t s  and 

t h e  c o n d u c t i v i t i e s  m e a s u r e d  a t  low f r e q u e n c i e s ,  t h e  

m e a s u r e d  U . H . F .  c o n d u c t i v i t i e s  a t  low  c o n c e n t r a t i o n s  

w e r e  c o m p a red  w i t h  t h e  c o r r e s p o n d i n g  D .C .  v a l u e s .
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They  w e r e  f o u n d  t o  e x c e e d  t h e s e  b y  a s  much a s  3 0 ^ .  T h i s  

d i f f e r e n c e  i s  i n  e x c e s s  o f  t h e  d i f f e r e n c e  p r e d i c t e d  b y  t h e  

t h e o r y  o f  F a l k e n h a g e n ,  w h i c h  h a s  h i t h e r t o  n o t  b e e n  

i n v e s t i g a t e d  a t  t h e s e  f r e q u e n c i e s .  A new t h e o r y ,  w h i c h  

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

f i n a l  c h a p t e r ;  some j u s t i f i c a t i o n  f o r  t h e  new a s s u m p t i o n s  

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

o t h e r  w o r k e r s  f o r  t h e  v a r i a t i o n  o f  l o v ; - f r e q u e n c y  

d i e l e c t r i c  c o n s t a n t  o f  s a l i n e  s o l u t i o n s  w i t h  c o n c e n t r a t i o n ,
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ABSOLUTE R{BLA8UREÏÆ2NT8 ON DIELECTRICS.

I n t r o d u c t i o n .

T he  r e s e a r c h  t h a t  i s  t o  b e  d e s c r i b e d  i n  t h i s  

t h e s i s  h a d  o n e  i n i t i a l  b a s i c  a im  -  t h e  i n v e s t i g a t i o n  o f  

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

s o l u t i o n s  a t  a f r e q u e n c y  o f  3 x 1 0 ^ c / s .  w i t h  a v i e w  o f  

f i n d i n g  how t h e s e  d i f f e r  f r o m  p u r e  w a t e r .

Much w o rk  h a s  b e e n  d o n e  i n  t h e  p a s t  o n  p u r e  w a t e r  

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

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

b u t  no r e s u l t s  w h a t s o e v e r  h a v e  b e e n  g i v e n  f o r  d i l u t e  

a q u e o u s  s o l u t i o n s .  The r e a s o n  f o r  t h i s  l i e s  i n  t h e  

f a c t  t h a t  t h e  a c c u r a c y  o f  a b s o l u t e  m e a s u r e m e n t s  o n  

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

i n t r o d u e \ e d  b y  t h e  a d d i t i o n  o f  a v e r y  s m a l l  q u a n t i t y  

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

I n  v i e w  o f  t h e  l a c k  o f  d a t a ,  and  t h e  c o n s e q u e n t  

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

i o n i c  c o n d u c t i o n  a t  h i g h  f r e q u e n c i e s  a n d  low  c o n c e n t r a t i o n s ,  

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

u n d e r t a k e n  i n  t h i s  f i e l d .  I t  w a s  h o p e d  t h a t  a d i f f e r e n t i a l  

m e t h o d ,  i n  w h i c h  a d i f f e r e n c e  i n  U . H . E .  c o n d u c t i v i t i e s  

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

t h a t  o t h e r s  h a v e  e x p e r i e n c e d  when f i n d i n g  s m a l l  

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

a s u r v e y  w a s  made o f  t h e  e x i s t i n g  a b s o l u t e  m e t h o d s  t h a t  

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

e a c h  c a s e .  I n  t h i s  w ay ,  i t  w a s  h o p e d  t o  f i n d  t h e  m e th o d  

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

s m a l l  d i f f e r e n c e s  o n l y .

I n v e s t i g a t i o n  o f  t h e  r e a l  ( t )  and  i m a g i n a r y  ( i ) 

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

c e n t i m e t r i c  w a v e l e n g t h  r a n g e  c a r r i e d  o u t  t o  d a t e ,  c a n  

b e  r o u g h l y  c l a s s e d  i n t o  two t e c h n i q u e s .  The  f i r s t  m ak e s  

u s e  o f  t h e  f a c t  t h a t  when  an  e l e c t r o m a g n e t i c  w ave  e n t e r s  

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

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

t h e  m ed ium .  I n  o r d e r  t o  i n v e s t i g a t e  t h i s ,  d i r e c t l y  o r  

i n d i r e c t l y ,  i t  i s  n e c e s s a r y  t o  t e r m i n a t e  t h e  m edium  i n  

a known m a n n e r ,  t h u s  s e t t i n g  up  a r e f l e c t e d  w a v e , w h i c h ,  

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

s t a n d i n g  wave s y s t e m .  The o r i g i n a l  s t a n d i n g  w ave  m e t h o d  

i s  d u e  t o  D r u d e  ( 1 )  and  h a s  b e e n  u s e d  w i t h  m any m o d i f i c a t i o n s  

s i n c e .  U n t i l  t h e  d e v e l o p m e n t  o f  m o d e rn  m e t h o d s  d u r i n g  t h e  

1 9 3 9 - 4 5  w a r ,  m e a s u r e m e n t s  a t  c e n t i m e t r i c  w a v e l e n g t h s  w e r e  

s u s p e c t ,  du e  t o  t h e  u s e  o f  damped w av e  s o u r c e s  and  i n f e r i o r  

a p p a r a t u s  f o r  d e t e c t i o n .  S i n c e  t h e n ,  h o w e v e r ,  a n u m b er  o f  

r e l i a b l e  r e s u l t s  h a v e  b e e n  p u b l i s h e d  and  t h e i r  r e l a t i v e  

m e r i t s  and  l i m i t a t i o n s  w i l l  b e  d i s c u s s e d .

The s e c o n d  c l a s s  e m p lo y s  t h e  r e s o n a n t  c a v i t y  m e t h o d ,  

i n  w h i c h  t h e  c h a n g e  i n  q o f  a c a v i t y  i s  o b s e r v e d ,  when  a 

m e a s u r e d  q u a n t i t y  o f  t h e  d i e l e c t r i c  i s  i n t r o d u c e d  i n t o  i t .
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The t h e o r y  o f  t h i s  m e th o d  and  i t s  s u i t a b i l i t y  f o r  

i n v e s t i g a t i n g  a q u e o u s  s o l u t i o n s  w i l l  b e  d i s c u s s e d  i n  t h e  

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

I t  may b e  u s e f u l  t o  s u m m a r i s e  t h e  r e l a t i o n s h i p s  

b e t w e e n  t h e  a c t u a l  p a r a m e t e r s  t h a t  a r e  u s u a l l y  m e a s u r e d  

i n  t h e  v a r i o u s  m o d i f i c a t i o n s  o f  t h e  s t a n d i n g  w a v e  m e t h o d .  

G a u s s i a n  u n i t s  w i l l  b e  u s e d  t h r o u g h o u t .

1 .  R e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t  a n d  c o n d u c t i v i t y  

M a x w e l l ’ s  h y p o t h e s i s  s t a t e s ,  t h a t  i f  a t i m e  v a r i a b l e  

e l e c t r i c  f i e l d ,  E e-  ̂ i s  a p p l i e d  t o  a medium o f  d i e l e c t r i c  

c o n s t a n t  t  and  c o n d u c t i v i t y  CT , t h e  c u r r e n t  i  i s  g i v e n

b y :

The  f i r s t  p a r t  o f  t h e  e x p r e s s i o n  i s  i n  p h a s e  w i t h  t h e  

a p p l i e d  v o l t a g e  and  c o r r e s p o n d s  t o  t h e  u s u a l  ohm ic  

c o n d u c t i o n  c u r r e n t .  The s e c o n d  t e r m  i s  i n  p h a s e  q u a d r a t u r e  

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

a.a)
T h i s  c a n  b e  w r i t t e n  a s

i  '  C  ^  ^ 2. 2  E cL  ( 1 . 3 )

^  i+ Tor
w h e r e  ^  “ H T  i s  o f t e n  r e f e r r e d  t o  a s  t h e  i m a g i n a r y

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

p a r t .

1 1 .  R e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t  a nd o p t i c a l  
c o n s t a n t s .

F o r  a n o n - m a g n e t i c , n o n - c o n d u c t i n g  m a t e r i a l ,  Maxi-^Jell’ s
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e q u a t i o n s  y i e l d  t h e  r e l a t i o n s h i p  
^ 1-

v jh e re  ^  i s  t h e  d i e l e c t r i c  c o n s t a n t .  ( , a s

v a n i s h e s  i n  t h i s  c a s e ,  ) and n  i s  t h e  r e f r a c t i v e  i n d e x

d e f i n e d  a s  R a d i a t i o n  w a v e l e n g t h  i n  v a c u o
R a d i a t i o n  w a v e l e n g t h  i n  t h e  m ed ium .

To e x t e n d  t h i s  t o  a c o n d u c t i n g  medium, t h e

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

make b o t h  t h e  r e f r a c t i v e  i n d e x  and t h e  d i e l e c t r i c  c o n s t a n t

c o m p le x  q u a n t i t i e s .

Then  w r i t i n g  ç m

and  ^  ^

we o b t a i n  L* z vn -  k  ) ( 1 . 4 )

t :  = CLrtL. )
k  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  m edium  a n d  i t

c a n  b e  shown t h a t  t h e  e n e r g y  l o s s  i s  p r o p o r t i o n a l  t o  £  .

I l l . R e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t  and  p r o p a g a t i o n

c o n s t a n t s .

S o l v i n g  M a x w e l l ’ s e q u a t i o n s  f o r  e l e c t r o m a g n e t i c  

p r o p a g a t i o n  i n  an  i n f i n i t e  m ed ium ,  we o b t a i n  t h e  w ave  

e q u a t i o n s

V " h  . .  H

a n d  ^  k  ^

w h e r e

te s £  -  ^ L
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I f  t h e  w ave  i s  a s s u m e d  t o  b e  p l a n e  p o l a r i s e d  an d  

p r o p a g a t e d  i n  t h e  z d i r e c t i o n ,  we c a n  a s su m e  a s o l u t i o n  

o f  t h e  t y p e i:p2L
e .

w h e r e  p i s  c a l l e d  t h e  p r o p a g a t i o n  c o n s t a n t  o f  t h e  m ed ium .

H e n c e ,  ^

A ssu ra ing  f o r  t h e  medium, p i s  c o m p le x  and  c a n  b e

w r i t t e n  a s  t h e  sum o f  r e a l  and  i m a g i n a r y  t e r m s :  

p  ^

:■ ' x f  " L x ' -  j p m y  ( 1 . 5 )

^ A - C  ̂ T V P  J (1.6)
oC i s  t h e  a t t e n u a t i o n  c o n s t a n t  and  ^  t h e  p h a s e  c o n s t a n t

o f  t h e  w a v e .  I f  oC and  ^  a r e  known, 2  and  £ ‘' c a n  b e  e v a l u a t e d .

I V . R e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t  and  w a ve

g u i d e  p r o p a g a t i o n  c o n s t a n t  

E q u a t i o n s  ( 1 . 5 )  and  ( 1 . 6 )  a r e  v a l i d  f o r  p r o p a g a t i o n  i n

f r e e  s p a c e ,  an  u n b o u n d e d  d i e l e c t r i c  o r  a c o a x i a l  t r a n s m i s s i o n  

l i n e  o f  i n f i n i t e  l e n g t h  f i l l e d  w i t h  t h e  d i e l e c t r i c .  I n  

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

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

and t h e  e q u a t i o n s  b e c o m e :

P  ' LK f-r—T------— "

Î
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CO
W here “x  “ cT r e f e r s  t o  t h e  f r e e  s p a c e  w a v e l e n g t h  o f  

t h e  r a d i a t i o n .  H e n c e ,  s! and  £ “ c a n  a g a i n  b e  f o u n d  i f  

^  and \ ^ a x e  k no w n .

V . R e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t  and  r e f l e c t i o n

and t r a n s m i s s i o n c o e f f i c i e n t s .

The p r e c e d i n g  summary h a s  shown how t h e  d i e l e c t r i c  

c o n s t a n t  c a n  b e  e v a l u a t e d  i n  t e r m s  o f  m e a s u r a b l e  p a r a m e t e r s  

s e c u r i n g  i n s i d e  t h e  d i e l e c t r i c  i t s e l f .  I n  many i n s t a n c e s ,  

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

a c t u a l l y  w i t h i n  t h e  medium a n d  i t  may b e  e a s i e r  t o  s t u d y

t h e  e f f e c t  t h a t  t h e  medium h a s  on a n  i n c i d e n t  w a v e  by

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

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

h a s  b e e n  t o  t e r m i n a t e  t h e  t r a n s m i s s i o n  l i n e  o r  w a ve  g u i d e  

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

o f  t h e  d i e l e c t r i c .  T h i s  g i v e s  r i s e  t o  two s e t s  o f  

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

d i e l e c t r i c .  I t  i s  a s t a n d a r d  r e s u l t  ( 2 )  t h a t  when a

t r a n s v e r s e - m a g n e t i c  w av e  t r a v e l l i n g  i n  an u n b o u n d e d  medium 

o r  a c o a x i a l  l i n e  f i l l e d  w i t h  t h a t  m ed ium ,  o f  d i e l e c t r i c  

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

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

c o e f f i c i e n t  i s  g i v e n  b y :

■H.  ̂ j r
o

S i m i l a r l y  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  ( a l s o  c o m p le x )
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i s  g i v e n  b y :

I f  t h e s e  w a v e s  a r e  t r a v e l l i n g  i n s i d e  a d i e l e c t r i c - f i l l e d  

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

—  i n s t e a d  o f  £   ̂ , i n  e q u a t i o n s  ( 1 . 7 )

and  ( 1 . 8 ) ,  w h e r e  i s  t h e  c r i t i c a l  w a v e l e n g t h .  A l l  

t h e s e  p a r a m e t e r s  h a v e  b e e n  u s e d  i n  t h e  p a s t ,  d u r i n g  

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

w a t e r .
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STAITDING -  WAVE MEASUREMENTS OF AND £ " .

D ru d e  (1 )  f i r s t  d e s i g n e d  an  a p p a r a t u s  i n  w h i c h  a 

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

o f  L e c h e r  w i r e s .  H i s  w a v e l e n g t h  ( 7 4 c m . )  was t o o  l o n g  f o r  

any  a n o m a lo u s  d i s p e r s i o n  e f f e c t  t o  b e  d e t e c t e d  i n  w a t e r ,  

a l t h o u g h  i t  w as  o b s e r v a b l e  i n  some o f  t h e  o r g a n i c  

s u b s t a n c e s  h e  i n v e s t i g a t e d .  D r u d e ,  h o w e v e r ,  p r e d i c t e d  

t h a t  w a t e r  w o u l d  show a n o m a l o u s  e f f e c t s ,  t h o u g h  a t  l o w e r  

w a v e l e n g t h s  t h a n  w e r e  o b t a i n a b l e  a t  t h e  t i m e .

D r u d e ’ s r e s u l t s ,  l i k e  t h o s e  o f  many w o r k e r s  u s i n g  

m o d i f i c a t i o n s  o f  h i s  t e c h n i q u e ,  a r e  s u s p e c t ,  o w in g  t o  t h e  

f a c t  t h a t  t h e i r  o n l y  s o u r c e s  o f  c e n t r i m e t r i c  w a v e s  w e r e  

d am ped .  A summary o f  t h e i r  w o rk  i s  g i v e n  b y  T e a r  (3 )  who 

h i m s e l f  u s e d  a f r e e  wave  m e th o d  t o  m e a s u r e  t h e  r e f l e c t i o n  

c o e f f i c i e n t  o f  v a r y i n g  t h i c k n e s s e s  o f  w a t e r  f i l m  u s i n g  

a r a n g e  o f  w a v e l e n g t h s  f r o m  27 t o  4 mm. H i s  f a u l t y

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

maxima a t  20 ,  7 an d  p o s s i b l y  2 mm.

A f t e r  t h e  d e v e l o p m e n t  o f  t h e  m a g n e t r o n ,  m o re  

r e l i a b l e  w o rk  b e c a m e  p o s s i b l e .  BQz ( 4 )  m e a s u r e d  t h e  

r e f l e c t i o n  and  a b s o r p t i o n  c o e f f i c i e n t s  o f  w a t e r ,  m e t h y l  

and  e t h y l  a l c o h o l s ,  a t  w a v e l e n g t h s  f r o m  9 t o  2 . 8  cm.

He u s e d  a f r e e  w ave  m e th o d  and h i s  r e s u l t s  w e r e  i n  good  

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

a t  l o n g e r  w a v e l e n g t h s  o f  Von A r d e n n e ,  G r o o s ,  and  O t t e r b e i n  ( 5 ) .
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.Ano ther  w o r k e r  t o  u s e  t h e  f r e e  w ave  t e c h n i q u e  w a s  

K n e r r  ( 6 )  who a l s o  u s e d  a g u i d e d  w av e  m e t h o d  a t  h i g h e r  

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

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

g r a t i n g  t o  f o c u s  and r e f l e c t  h i s  b e am .  He f o u n d  t h a t  

f o r  v i a t e r ,  w o r k i n g  i n  t h e  r a n g e  6 t o  20 c m . ,  t h e  a b s o r p t i o n  

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

An i n t e r e s t i n g  m o d i f i c a t i o n  o f  B S z ’ s  m e th o d  i s  

d e s c r i b e d  b y  E e b b e l  ( V ) .  On f i n d i n g  h i s  r e s u l t s  t o  b e  

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

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

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

v a r i a b l e  m a g n e t i c  f i e l d  on t h e  s t e a d y  o n e .  T h i s  

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

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

b u t  w as  no l o n g e r  d e p e n d e n t  on  t h e  p o s i t i o n  o f  t h e  

s l a b  i n  t h e  f i e l d .

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

b y  S l e v o g t  (8 )  f o r  w a v e l e n g t h s  o f  . :2 5 0 c m . ,  60cm. a n d ,  

i n  a m o d i f i e d  f o r m ,  a t  16 and  1 0 c m . , who u s e d  i t  t o  

i n v e s t i g a t e  w a t e r  and  o r g a n i c  s o l u t i o n s .  H i s  c o n c e n t r i c  

l i n e  s y s t e m  w as  f i l l e d  w i t h  t h e  l i q u i d  u n d e r  

i n v e s t i g a t i o n ,  t h e  l i q u i d  d e p t h  v a r i e d  by  m eans  o f  

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

two t h e r m o c o u p l e s ,  o n e  i n  t h e  s u r f a c e ,  t h e  o t h e r  a 

f i x e d  h e i g h t  a b o v e  t h e  s u r f a c e .  R e s u l t s  w e r e  i n  good
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a g r e e m e n t  w i t h  D e b y e ’ s t h e o r y .  R o b e r t s  a n d  Von 

H i p p e d  ( 9 )  d e s c r i b e  a v e r y  s i m i l a r  m e t h o d ,  t h e  o n l y  

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

t e r m i n a t i o n  and  s l i d i n g  d e t e c t o r s .  F rom  t h e  s t a n d i n g  

w ave  r a t i o  Emojc .  and  t h e  w a v e l e n g t h ,  &  an d

t a n  S -  w e r e  e v a l u a t e d .
4 Sh
z

C o l l i e ,  R i t s o n  a n d  H a s t e d  ( 1 0 )  u s e d  a r e c t a n g u l a r

w a v e g u i d e  t o  m e a s u r e  t h e  a b s o r p t i o n  o f  w a t e r  a t  10 c m . . 

The a t t e n u a t i o n  w as  c o m p a r e d  w i t h  t h a t  d u e  t o  a 

c a l i b r a t e d  p i s t o n  a t t e n u a t o r .  A r e s o n a n c e  m e th o d  

w as  a l s o  u s e d  a t  t h e  same f r e q u e n c y  and a c t e d  a s  a 

c h e c k .  I n  a l a t e r  p a p e r  ( 1 1 ) ,  t h e  a u t h o r s  u s e d  s e t s  

o f  wave g u i d e s  n e a r  c u t - o f f  t o  i n v e s t i g a t e  t h e  

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

10 cm. and  3 . 2  c m . . At  1 . 3  c m . , a r e s o n a n c e  m e th o d  

w as  f o u n d  p r e f e r a b l e .  Good r e s u l t s  o v e r  a t e m p e r a t u r e  

r a n g e  f r o m  0 ^ C t o  75^0  w e r e  o b t a i n e d  and a n  a c c u r a c y  

o f  ±  was c l a i m e d .

C o r r o b o r a t i o n  f o r  C o l l i e ,  R i t s o n  and H a s t e d ’ s 

r e s u l t s  h a s  s i n c e  b e e n  g i v e n  by  B u c h a n a n  ( 1 2 ) ,  L i t t l e  

( 1 3 ) ,  and  S a x t o n  and L a n e  ( 1 4 ) .  B u c h a n a n  u s e d  a n u l l  

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

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

w h i c h  o r i g i n a t e d  f r o m  t h e  sam e s o u r c e  a nd  p a s s e d  down 

a  c u t - o f f  a t t e n u a t o r .  By t h i s  t e c h n i q u e  t h e  r e s u l t  

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

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

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

c r y s t a l .  A w a v e l e n g t h  o f  3 . 2  cm. w a s  u s e d  an d  r e s u l t s  

o b t a i n e d  o v e r  a w i d e  t e m p e r a t u r e  r a n g e .  B u c h a n a n  

c l a i m e d  an a c c u r a c y  o f  t  1% b e t w e e n  20** C and  40* 0 . ,  a n d  

t h e r e  i s  no a p p a r e n t  r e a s o n  why h i s  a p p a r a t u s  s h o u l d  

n o t  b e  u s e d  a t  10 cm. w i t h  e q u a l  a c c u r a c y .

The m e th o d  u s e d  b y  L i t t l e  w a s  a m o d i f i c a t i o n  o f  

o n e  f i r s t  s u g g e s t e d  by F l i n t  and  W i l l i a m s  ( 1 5 )  f o r  

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

L i t t l e  d e v e l o p e d  a t w i n  p r o b e  m e th o d  u s i n g  a 

r e c t a n g u l a r  w a v e g u i d e ,  i n  w h i c h  t h e  r a t i o  o f  two 

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

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

t h e  l i q u i d .  T h i s  m e t h o d  i s  a g a i n  i n d e p e n d e n t  o f  

an y  f l u c t u a t i o n  i n  i n p u t  s i g n a l  and  t h e  a c t u a l  law  

o f  t h e  d e t e c t o r s  n e e d  n o t  be  k n o w n y a l w a y s  a s s u m i n g  

t h a t  b o t h  d e t e c t o r s  o b e y  t h e  same l a w .  L i t t l e ’ s 

r e a d i n g s  w e r e  t a k e n  w i t h  w a t e r  a t  10 cm. a n d  f r o m  

h i s  v a l u e s  o f  a n d  ^  , C c o u l d  b e  c a l c u l a t e d  t o  

i  0.5%  and  t  t o  ü  1 ^ .

S a x t o n  a n d  L a n e  (1 6 )  i n  t h e i r  i n i t i a l  m e th o d  

u s e d  f r e e  w a v e s  t o  m e a s u r e  t h e  r e f l e c t i o n  c o e f f i c i e n t  

and a b s o r p t i o n  d u e  t o  a t h i n  f i l m  o f  w a t e r .  T h e i r

r e s u l t s  w e r e  i n  g o o d  a g r e e m e n t  w i t h  C o l l i e ,  R i t s o n ,
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and H a s t e d ’ s e x c e p t  a t  v e r y  h i g h  t e m p e r a t u r e s .  I n  

t h e i r  l a t e r  e x p e r i m e n t s  (1 4 )  t h e y  u s e d  a m e th o d  

s i m i l a r  t o  t h a t  o f  C o l l i e ,  R i t s o n  and  H a s t e d ,  m e a s u r i n g  

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

c y l i n d r i c a l  w ave  g u i d e s  n e a r  c u t - o f f .  The  m e t h o d  w as  

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

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

a s t a n d a r d  p i s t o n  a t t e n u a t o r .  T h u s ,  a g a i n ,  t h e  

c r y s t a l  r e s p o n s e  and  v a r i a t i o n  i n  o u t p u t  c o u l d  n o t  

a f f e c t  t h e  r e s u l t .  A l l  c o n n e c t i o n s  and p r o b e s  w e r e  

p o l y s t y r e n e  f i l l e d  w av e  g u i d e s ,  t h e  mode b e i n g  

u s e d  t h r o u g h o u t .  R e a d i n g s  w e r e  t a k e n  f r o m  5 0 * 0  

down t o  t h e  s u p e r  c o o l e d  s t a t e  and r e s u l t s  w e r e  

f o u n d  t o  b e  c o n t i n u o u s  down t o  -8® C. The r e s u l t s  

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

t o  1 ^ .  They  i n d i c a t e d  a s i n g l e  r e l a x a t i o n  t i m e  f o r  

w a t e r  and  show ed  t h a t  t h e  b e s t  v a l u e  f o r  t h e  d i e l e c t r i c  

c o n s t a n t  due  t o  e l e c t r o n i c  a n d  a t o m i c  p o l a r i s a t i o n s ,

6 ^  , i s  4 . 9  r a t h e r  t h a n  5 . 5 ,  t h e  v a l u e  p r e v i o u s l y  

u s  e d .

The a u t h o r s  s u g g e s t  t h a t  w i t h  f u r t h e r  r e f i n e m e n t s  

i n  t h e  a p p a r a t u s ,  an  a c c u r a c y  o f  0,1%  c o u l d  b e  r e a c h e d .  

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

a b s o l u t e  m e t h o d .
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RESONANCE ioETIfODS FOR DIELECTRIC CONSTANT liEASUREITENr.

1 .  T h e o r y .

The q o f  a r e s o n a n t  s y s t e m  i s  g e n e r a l l y  d e f i n e d  a s :

q_ E n e r g y  s t o r e d  i n  t h e  s y s t e m____________________ ^
E n e r g y  d i s s i p a t e d  p e r  c y c l e  o f  o s c i l l a t i o n

F o r  a s i m p l e  c i r c u i t  c o n s i s t i n g  o f  a r e s i s t o r ,  R, a

c a p a c i t o r ,  C, and  an, i n d u c t o r ,  L, r e s o n a t i n g  a t  a

f r e q u e n c y  F - “5 ^  , t h e  r a t e  o f  p o w er  d i s s i p a t i o n  i n

t h e  r e s i s t o r  i s  v R I ^  v-jhere I ^  i s  t h e  a m p l i t u d e  o f

t h e  c u r r e n t .  The s t o r e d  e n e r g y  o s c i l l a t e s  i n

a n t i p h a s e  b e t w e e n  t h e  c o i l ,  L, and t h e  c a p a c i t o r ,  G.

At t h e  t i m e  when i t  i s  z e r o  i n  G, i t  h a s  i t s  maximum

v a l u e ,  v I ^ L ,  i n  L, i n  t h e  f o r m  o f  a m a g n e t i c  s t o r a g e

f i e l d .

Then ,  by  d e f i n i t i o n ,

Û - -k L to . o x   ̂ ^
X T . ^  '  A.

w h i c h  i s  t h e  c o n v e n t i o n a l  f o r m  o f  t h e  r e s u l t ,  and  i s

s o m e t i m e s  u s e d  a s  an  a l t e r n a t i v e  d e f i n i t i o n  o f  q .

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

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

£  = £  -  and  i f  r e s o n a n c e  now t a k e s  p l a c e  a t

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

t o  a new v a l u e

W r i t i n g  C = &C f o r  t h e  new c a p a c i t y  and  p u t t i n g  ^ c T
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M il  oh i s  t h e  l o s s  f a c t o r ,  t h e n  a s s u m i n g  t h a t  ^ i s  much 

g r e a t e r  t h a n  2" , t h e  nevj v a l u e  f o r  q i s  g i v e n  b y :

L 60y.

On r e m o v a l  o f  t h e  d i e l e c t r i c ,  i f  i t  i s  p o s s i b l e  t o  v a r y

t h e  s i z e  o f  t h e  c a p a c i t o r  u n t i l  r e s o n a n c e  a g a i n  t a k e s

p l a c e  a t  t h e  same f r e q u e n c y ,  , t h e  q f a c t o r  i s  noiN

L.
R

. J — L. .

J—
9.' Vt '  "77 C”)

B u t  a t  r e s o n a n c e ,  L C u ^ l .

T h i s  m e th o d  o f  f i n d i n g  a c h a n g e  i n  q i s  u s e d  f o r  

m e a s u r i n g  a t  f r e q u e n c i e s  t h a t  a r e  loiA) e n o u g h

f o r  t h e  c o m p o n e n t s  t o  b e  t r e a t e d  a s  lu m ped  i m p e d a n c e s .  

Tlie q f a c t o r  o f  a r e s o n a n t  c i r c u i t  c a n  b e  d e t e r m i n e d  

i n  tv)o w a y s :  t h e  r e s o n a n c e  c u r v e  may b e  t r a c e d  o u t  

by  v a r y i n g  t h e  f r e q u e n c y  and p l o t t i n g  t h i s  a g a i n s t  

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

a s q u a r e  l a w  i n s t r u m e n t .  A l t e r n a t i v e l y ,  t h e  

f r e q u e n c y  may b e  k e p t  c o n s t a n t  a n d  t h e  r e s o n a n c e  

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

I I
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T hen ,  i n  c a s e  ( i ) ,  t h e  q i s  g i v e n  by  6. , w h e r e

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

i n  c a s e  ( i i )  i t  i s  C r / A G ^  w h e r e  AG^ & g a in  t h e  

w i d t h  o f  t h e  c u r v e  a t  h a l f  h e i g h t . f ^  and  G^ a r e  t h e  

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

The r e s o n a n c e  m e th o d  f o r  m e a s u r i n g  d i e l e c t r i c  

c o n s t a n t s  u s i n g  an o r d i n a r y  L -C -R  c i r c u i t ,  h a s  b e e n  

a p p l i e d  b y  H a r t s h o r n  and  Ward (1 7 )  i n  t h e i r  d i e l e c t r i c  

t e s t  s e t ,  w h i c h  c a n  b e  u s e d  b e t w e e n  t h e  f r e q u e n c i e s  o f  

1 0 ^  and  1 0 % / s . . At  f r e q u e n c i e s  e x c e e d i n g  1 0 % / s ,  t h e  

c i r c u i t  o f  lu m p e d  i m p e d a n c e s  m u s t  b e  r e p l a c e d  by  a 

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

l i n e  t y p e ,  o s c i l l a t i n g  i n  o n e  o f  i t s  c h a r a c t e r i s t i c  

m o d e s . The s i z e  and  t y p e  o f  c a v i t y  i s  d e t e r m i n e d  by  

t h e  w a v e l e n g t h  a t  w h ic h  i t  i s  t o  b e  s t i m u l a t e d ,  and 

by  t h e  p r o p e r t i e s  o f  t h e  medium u n d e r  i n v e s t i g a t i o n .

I t  i s  g e n e r a l l y  f o u n d  t h a t  o n e ,  o r  a t  m o s t  tw o ,  m odes  

and  t y p e s  o f  r e s o n a t o r  a r e  e s p e c i a l l y  s u i t a b l e  f o r  

a n y  p a r t i c u l a r  p r o b l e m .

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

i n  b o t h  w a v e g u i d e  an d  t r a n s m i s s i o n  l i n e  s y s t e m s  on  

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

c a l c u l a t e d  by  L am en t  ( 1 8 ) .  A t a b l e  c o m p a r i n g  t h e  

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

c o a x i a l  l i n e ,  a n  E r e s o n a t o r  and  a n  ÏÏ r e s o n a t o r ,
010  c m

a l l  s u i t a b l e  f o r  u s e  a t  t e n  c e n t i m e t r e s ,  i s  g i v e n  b y
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V / i l l i s  J a c k s o n  ( 1 9 ) .  F rom  t h i s  i t  i s  e v i d e n t ,  t h a t

t h e  qs  o f  v j a v e g u i d e  c a v i t i e s  a r e  c o n s i d e r a b l y  g r e a t e r

t h a n  t h o s e  o f  t h e  c o a x i a l  l i n e  t y p e ,  and  o f  t h e  f o r m e r ,

t h e  H r e s o n a t o r s  h a s  t h e  h i g h e r  q .  F o r  an  E01 010
r e s o n a t o r ,  t h e  q c u r v e  c a n  o n l y  b e  t r a c e d  o u t  by

v a r y i n g  t h e  f r e q u e n c y ,  w h i c h  n e c e s s i t a t e s  a t u n a b l e

k l y s t r o n ,  b u t  when a r e s o n a t o r  i s  u s e d ,  e i t h e r

f r e q u e n c y  o r  t h e  r e s o n a n t  l e n g t h  o f  t h e  c a v i t y  may

b e  c h a n g e d  t o  o b t a i n  t h e  c u r v e .  Lam en t ,  ( 2 0 ) ,  g i v e s

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

v a l u e  o f  q f o r  s e v e r a l  w a v e  c o n f i g u r a t i o n s .

The  r e s o n a n c e  m e th o d  f o r  m e a s u r i n g  t a n  6  , t h e

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

d e s c r i b e d  i n  a p a p e r  b y  H o r n e r ,  T a y l o r ,  D u n s m u i r ,

Lamb and  J a c k s o n  ( 2 1 ) .  At  w a v e l e n g t h s  g r e a t e r  t h a n

5 0 c m . , t h e  d i m e n s i o n s  o f  s u i t a b l e  w a v e g u i d e  c a v i t i e s

w o u ld  b e  v e r y  l a r g e ,  and  a c o a x i a l  l i n e  w a s  u s e d ,

b u t  a t  h i g h e r  f r e q u e n c i e s ,  t h e  h i g h e r  q s  o f  t h e

E o r  H  ̂ c a v i t i e s  made t h e s e  p r e f e r a b l e ,  and  
010 O ln

t h e i r  d i m e n s i o n s  w e r e  t h e n  p r a c t i c a b l e .  C y l i n d r i c a l

c a v i t i e s  w e r e  u s e d  t h r o u g h o u t .  Y/lien t h e  E r e s o n a t o r
010

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

w as  f e d  t o  t h e  c a v i t y ,  a nd  t h e  s i z e  o f  t h e  o u t p u t  

s i g n a l  a f t e r  s q u a r e l a w  d e t e c t i o n  w as  p l o t t e d  a g a i n s t  

t h e  f r e q u e n c y .  The c h a n g e  i n  q on  t h e  i n t r o d u c t i o n  

o f  a c o a x i a l  s p e c i m e n ,  ( i n  t h e  s h a p e  o f  a r o d  f o r  a
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s o l i d  a n d  c o n t a i n e d  i n  a t l i i n w a l l e d  q u a r t z  t u b e  f o r

a l i q u i d ) ,  w as  m e a s u r e d .  T h i s  c o u l d  b e  i n t e r p r e t e d

i n  t e r m s  o f  t h e  l o s s - f a c t o r  and  r e l a t i v e  p e r m i t t i v i t y

o f  t h e  r o d ,  i f  t h e  d i m e n s i o n s  o f  t h e  r o d ,  c a v i t y ,  and

t h e  c u r r e n t  p e n e t r a t i o n  o f  t h e  w a l l s  w e r e  k n o w n . t /hen

t h e  H mode w a s  u s e d ,  t h e  a c t u a l  c a v i t y  l e n g t h  w a s  
01

made v a r i a b l e ,  w i t h  t h e  a d v a n t a g e  t h a t  t h e  k l y s t r o n

o u t p u t  d i d  n o t  h a v e  t o  b e  c a l i b r a t e d .

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

r e s o n a t o r s ,  t h e  m e a s u r e d  v a l u e  o f  t h e  q was no m ore

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

and t h i s  h a d  t o  b e  c o r r e c t e d  f o r  i n  e a c h  i n s t a n c e .

E r r o r s  v je re  e s t i m a t e d  a t  l e s s  t h a n  two p e r c e n t . Low

l o s s  s o l i d s  a n d  l i q u i d s  o n l y  w e r e  i n v e s t i g a t e d .

The same m e t h o d ,  u s e d  f o r  f i n d i n g  t h e  a b s o r p t i o n s

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

b e n z e n e  and  t h e  p a r a f f i n s  i s  d e s c r i b e d  b y  J a c k s o n  and

F o w l e s  ( 2 2 ) .  D e t a i l s  o f  m e a s u r e m e n t s  on  d i e l e c t r i c

s l a b s  a t  a w a v e l e n g t h  o f  1cm. a r e  g i v e n  by  P e n r o s e

( 2 3 ) ,  who f o u n d  anH c a v i t y  b e s t  a t  t h e  h i g l i e r
01

f r e q u e n c y .

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

l i q u i d s  i s  b e s e t  w i t h  d i f f i c u l t i e s .  Owing t o  t h e  

l a r g e  a b s o r p t i o n s ,  w h i c h  g r e a t l y  r e d u c e  t h e  q and  

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

i t  i s  i m p r a c t i c a b l e  t o  f i l l  t h e  c a v i t y  c o m p l e t e l y
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w i t h  t h e  l i q u i d .  A v e r y  s m a l l  q u a n t i t y  o f  p o l a r

l i q u i d  i n  a t h i n - w a l l e d ,  c o n t a i n e r  i s  u s u a l l y  a l l  t h a t

i s  p e r m i s s i b l e .  The m e th o d  h a s ,  h o v je v e r ,  b e e n  u s e d

f o r  m e a s u r e m e n t s  on p o l a r  l i q u i d s  b y  C o l l i e ,  R i t s o n

and  H a s t e d  ( 2 4 ) .  T h e s e  w o r k e r s  f o u n d  t h a t  i t  w as

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

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

r e s o n a n c e  c u r v e  s h a r p  e n o u g h  t o  b e  m e a s u r a b l e .  F o r

i n s t a n c e ,  i n  an  E c a v i t y ,  w h e r e  t h e  f i e l d  i s010
maximum a l o n g  t h e  c e n t r a l  a x i s ,  i n  o r d e r  t o  o b t a i n  a

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

w o u ld  h a v e  t o  b e  l e s s  t h a n  0 .05mm. i n  d i a m e t e r . C o l l i e ,

R i t s o n  and H a s t e d  t h e r e f o r e  c h o s e  a n  H r e s o n a t o r  i n
01

w h i c h  t h e  c o a x i a l  s p e c i m e n  l a y  i n  a r e g i o n  o f  minimum 

f i e l d ,  and  c o u l d  b e  a c c o r d i n g l y  l a r g e r .  A x i a l  s y m m e t r y  

o f  t h e  s p e c i m e n  w a s  p r e f e r r e d ,  s i n c e  i t  p e r m i t t e d  an 

e x a c t  s o l u t i o n  o f  M a x \ ^ e l l ’ s F i e l d  E q u a t i o n s ,  b o t h  w i t h  

t h e  c o n t a i n e r  a l o n e  and  w i t h  b o t h  c o n t a i n e r  and  

l i q u i d  p r e s e n t .  F o r  t h e i r  r e s u l t s  w i t h  w a t e r  a t  a 

w a v e l e n g t h  o f  1 . 2 5 c m . ,  t h e  a u t h o r s  c l a i m e d  an 

a c c u r a c y  o f  t l % ,  g o od  a g r e e m e n t  b e i n g  o b t a i n e d  when 

a c h e c k  w as  c a r r i e d  o u t  b y  a s t a n d i n g  w ave  t e c h n i q u e .
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S m m R Y  AND COIvTARISON OF T̂ i'IO M l ^ r p p s  0 ?  ABSOLUTE 

MEASURmmT OF DIELECTOIC CONSTANTS.

An i d e a l  m e th o d  f o r  m e a s u r i n g  t h e  d i e l e c t r i c  c o n s t a n t  

a t  c e n t i m e t r i c  \M a v e le n g th s  s h o u l d  c o n f o r m  t o  t h e  f o l l o w i n g  

c o n d i t i o n s  :

1 .  R e a d i n g s  s h o u l d  b e  i n d e p e n d e n t  o f  t h e  o b s e r v e r  * s 

p o s i t i o n  w i t h  r e s p e c t  t o  t h e  a p p a r a t u s .

2 .  T h ey  s h o u l d  b e  i n d e p e n d e n t  o f  any  f l u c t u a t i o n  o f  

t h e  U . H . F .  o s c i l l a t o r  o u t p u t .

3 .  R e s u l t s  s h o u l d  b e  i n d e p e n d e n t  o f  t h e  d e t e c t o r  l a w .

4 .  S i n c e  b o t h  ^  and  r  a r e  v e r y  t e m p e r a t u r e  d e p e n d e n t ,  

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

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

q u i c k l y .

5 .  R e s u l t s  s h o u l d  b e  e a s i l y  c o m p u t a b l e .

6 .  I n  g e n e r a l  n o t  t o o  much o f  t h e  d i e l e c t r i c  s h o u l d  

b e  n e c e s s a r y  f o r  o n e  r u n .

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

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

o b s e r v e r  c a n  o n l y  b e  a t t a i n e d  when t h e  r a d i a t i o n  i s  

w h o l l y  e n c l o s e d  i n  a w a v e g u i d e  o r  c o a x i a l  l i n e .

C o n d i t i o n s  2 and  3 e n t a i l  a ' n u l l *  m e th o d  s u c h  

a s  h a s  b e e n  u s e d  b y  B u c h a n a n ,  C o l l i e ,  R i t s o n  and  H a s t e d ,  

L i t t l e  and  S a x t o n  and  L a n e .  R e s o n a n c e  m e t h o d s  a s s u m e  a 

s t e a d y ,  m e a s u r e d  o s c i l l a t o r  o u t p u t ,  and  s q u a r e  l a w  

d e t e c t i o n .

C o n d i t i o n s  4  and  6 ,  on t h e  o t h e r  h a n d ,  a r e  b e t t e r



22

s a t i s f i e d  by  r e s o n a n c e  m e t h o d s ,  s i n c e  a c a v i t y  a nd  

mode c a n  u s u a l l y  b e  f o u n d  t o  k e e p  t h e  c a v i t y  d i m e n s i o n s  

s m a l l . F o r  t h e  s t a n d i n g  w ave  m e t h o d ,  t h e  a p p a r a t u s  i s  

g e n e r a l l y  a few w a v e l e n g t h s  l o n g ,  w h i l e  a r e s o n a n t  

c a v i t y  i s  h a l f  a w a v e l e n g t h  l o n g  o n l y .

C o n d i t i o n  5 i s  much b e t t e r  f u l f i l l e d  by a s t a n d i n g  

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

m a t h e m a t i c a l  a n a l y s i s ,  £  and  £ " c a n  u s u a l l y  b e  e v a l u a t e d  

e x a c t l y .  C a v i t y  m e t h o d s ,  t h o u g h  g e n e r a l l y  m o r e  

s e n s i t i v e  and c o m p a c t ,  r e l y  f o r  c a l c u l a t i o n  o f  r e s u l t s  

on  t h e  s o l u t i o n  o f  M a x w e l l ' s  E q u a t i o n s  f o r  a s e r i e s  

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

B e s s e l  f u n c t i o n s  and  u s i n g  v a r i o u s  a p p r o x i m a t i o n s .

S i n c e  t h e  a c t u a l  c u r r e n t  p e n e t r a t i o n  i n t o  t h e  w a l l s  

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

a d d i t i o n a l  e x p e r i m e n t  m u s t  b e  p e r f o r m e d  and a n  

e m p i r i c a l  r e l a t i o n s h i p  b e t w e e n  t h e  t h e o r e c t i c a l  q 

and  t h e  a c t u a l  q f o r m u l a t e d .  T h u s ,  t h e  l i m i t  o f  

a c c u r a c y  o f  t h e  r e s o n a n c e  m e th o d  i s  s e t  a t  a b o u t  1% 

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

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

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

a p p e a r e d  t o  p r o m i s e  an e x t e n s i o n  t o  a much h i g h e r  o r d e r  

o f  s e n s i t i v i t y .

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

T h u s ,  L i t t l e  and  B u c h a n a n  b o t h  c i r c u m v e n t  t h e  d e p e n d e n c e  

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

o t h e r  a n u l l  m e t h o d .  The l i m i t  o f  t h e  f o r m e r ' s  

a c c u r a c y  i s  s e t  by  t h e  a c c u r a c y  t o  w h i c h  h i s  two 

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

common s c a l e ,  t h e  l e t t e r ' s  by  w h a t  h e  c a l l s  " s y s t e m a t i c  

e r r o r s "  o f  t h e  a p p a r a t u s  s u c h  a s  t h e  p h a s e  c h a n g e  

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

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

E ach  m e th o d  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  a h i g h l y  

a b s o r b i n g  l i q u i d ,  s u c h  a s  w a t e r ,  t h e  a c c u r a c y  

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

seem much h o p e  t h a t  t h e  a c c u r a c y  o f  t h e  a b s o l u t e  

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

l i q u i d s  i n  t h e  t e n  c e n t i m e t r e  r e g i o n  w i l l  b e  

s u b s t a n t i a l l y  i m p r o v e d  b e y o n d  1,T" w h e r e  t h e  s t a n d i n g  

w ave  m e th o d  i s  u s e d ,  s i n c e  t h e  l i m i t  i s  s e t  by  

a l a r g e  num ber  o f  i n d e p e n d e n t  q u a n t i t i e s ,  w h i c h  w o u l d  

a l l  h a v e  t o  b e  i m p r o v e d  s i m u l t a n e o u s l y .  Tlie s o l u t i o n  

w o u ld  a p p e a r  t o  l i e  i n  an  e n t i r e l y  new t e c h n i q u e  

o f  m e a s u r e m e n t .
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Iv?EASUI»rENT.S ON AQUEOUS IONIC SOLUTIONS.

E q u a t i o n  1 . 3  h a s  shown t h a t  t h e  r e l a t i o n s h i p

e x i s t s  b e t w e e n  t h e  c o n d u c t i v i t y ,  OT, a n d  t h e  i m a g i n a r y  

p a r t  o f  t h e  d i e l e c t r i c  c o n s t a n t ,  C  .

Much w o r k  i n  t h e  p a s t  h a s  b e e n  d e v o t e d  t o  t h e  

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

a t  z e r o  o r  low f r e q u e n c y .  W ien  ( 2 5 ) ,  w h i l e  p e r f o r m i n g  

e x p e r i m e n t s  t o  t e s t  t h e  v a l i d i t y  o f  O hm 's  l a w  a t  v e r y  

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

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

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

q u a n t i t a t i v e l y .  I n  1 9 2 8 ,  D ebye  a n d  F a l k e n h a g e n  ( 2 6 )  

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

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

f r e q u e n c y ,  and  s u b s e q u e n t l y  a num b er  o f  w o r k e r s  a t t e m p t e d  

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

w e r e  t h e n  a v a i l a b l e .  The D e b y e - F a l k e n h a g e n  t h e o r y  w i l l  

b e  d i s c u s s e d  i n  d e t a i l  i n  a l a t e r  c h a p t e r .

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

w e r e  v a r i o u s ,  r a n g i n g  f r o m  s t a n d a r d  r e s o n a n t  c i r c u i t  

t e c h n i q u e s  s u c h  a s  w e r e  e m p l o y e d  b y  S a c k  a n d  h i s  

c o l l a b o r a t o r s  ( 2 7 ) ,  ( 2 8 ) ,  Z ahn  ( 2 9 ) .  a n d  D e u b n e r  ( 3 0 ) ,  

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

e l e c t r o l y t e  b y  a n  a l t e r n a t i n g  c u r r e n t ,  w h i c h  w a s  u s e d
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by M a l s c h  ( 3 1 )  and  D e u b n e r  ( 3 2 )  i n  h i s  s e c o n d  m e t h o d .

A c o m p r e h e n s i v e  d e s c r i p t i o n  o f  t h e s e  m e t h o d s  h a s  b e e n  

g i v e n  by  F a l k e n h a g e n  ( 3 3 ) .  I n  t h e  m a j o r i t y  o f  c a s e s ,  

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

c h l o r i d e  s o l u t i o n  w h i c h  w a s  t a k e n  a s  a s t a n d a r d .

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

a t  t h a t  t i m e  w a s  t h a t  o f  D r a k e ,  P i e r c e  and  Dow ( 3 4 ) .  Tl iey 

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

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

u s e d  a t  a l a t e r  d a t e  w h e n  U . H . F .  s o u r c e s  b e c a m e  

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

c o r r e s p o n d i n g  t o  a w a v e l e n g t h  o f  a b o u t  1 m e t r e .

More  r e c e n t l y ,  c e n t i m e t r i c  t e c h n i q u e s ,  s u c h  a s  

d e s c r i b e d  i n  C h a p t e r  1 ,  h a v e  a l s o  b e e n  a p p l i e d  t o  

a q u e o u s  s o l u t i o n s .  C o l l i e ,  R i t s o n  and  H a s t e d  ( 3 5 )  

u s e d  t h e  m e t h o d s  d e s c r i b e d  i n  t h e i r  f i r s t  p a p e r  ( 24 )  

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

o f  a  nu m ber  o f  c o n c e n t r a t e d  i o n i c  s o l u t i o n s  a t  

l O c m s . ,  3 c m s .  a n d  1 . 2 5 c m .  T h e ^ c o r r e c t e d  ^ f o r  t h e  

c o n d u c t i v i t y  c o n t r i b u t e d  by  t h e  i o n i c  c o n d u c t i o n ,  

s u b t r a c t i n g  v a l u e s  g i v e n  f o r  t h e  l o w - f r e q u e n c y  

r e s u l t s  i n  t h e  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s .  F rom 

t h e i r  r e s u l t s  t h e y  c a l c u l a t e d  t h e  s t a t i c  d i e l e c t r i c  

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

D e b y e ' s  e q u a t i o n  w h i c h  a p p e a r s  t o  y i e l d  s a t i s f a c t o r y  

r e s u l t s .  L i k e  D r a k e ,  P i e r c e  a n d  Dow, t h e y  c o n c l u d e d
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t h a t  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l u t i o n  ( a f t e r  

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

s l i g l i t l y  on  c o n c e n t r a t i o n ,  b e i n g  a l m o s t  t h e  s a m e ,  

t h o u g l i  a l i t t l e  b e l o w ,  t h a t  o f  p u r e  w a t e r .  The  

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

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

o f  E w a s  f r o m  two t o  f o u r  p e r c e n t ,  c o n s e q u e n t l y  a n y  

d e v i a t i o n s  f r o m  t h e  v a l u e  o f  £"  o f  p u r e  w a t e r  w e r e  

o n l y  d e t e c t a b l e  a t  c o n c e n t r a t i o n s  h i g h e r  t h a n  . 5N o r m a l .  

V7i t h  t h i s  o r d e r  o f  a c c u r a c y ,  t h e  e x p e r i m e n t e r s  w e r e  

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

c o n s t a n t  s u c h  a s  i s  p r e d i c t e d  b y  F a l k e n h a g e n ' s  

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

S a x t o n  and  L a n e  ( 3 6 ) ,  f o l l o w i n g  t h e i r  m e a s u r e m e n t s  

on  w a t e r ,  d e s c r i b e  w o r k  d o n e  on  s a l i n e  s o l u t i o n s  a t  

a  w a v e l e n g t h  o f  1 . 5 b  cm.  T h e y  made  no a t t e m p t  t o
\ y

s e p a r a t e  i  a n d  £ , b u t  show ed  t h a t  t h e  a b s o r p t i o n  

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

h a v i n g  a minimum a t  4?^, a n d  t h e n  i n c r e a s e s  a g a i n .

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

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

s t r u c t u r e  o f  w a t e r ,  a n a l a g o u s  t o  t h a t  p r o d u c e d  by  a 

t e m p e r a t u r e  i n c r e a s e .  F o r  s m a l l  c o n c e n t r a t i o n s ,

( i . e .  l e s s  t h a n  4 ^ ) ,  t h e  e q u i v a l e n t  r i s e  i n  ' s t r u c t u r a l

t e m p e r a t u r e '  i s  s u c h  a s  t o  r e d u c e  t h e  d i p o l a r  c o n d u c t i v i t y  

t e r m  by an  amo un t  e x c e e d i n g  t h e  i n c r e a s e  d u e  t o  i t s
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i o n i c  c o n d u c t i v i t y .

I n  v i e w  o f  t h e  l a c k  o f  e x p e r i m e n t a l  r e s u l t s  

e i t h e r  s u p p o r t i n g  o r  d i s a g r e e i n g  w i t h  F a l k e n h a g e n ' s  

t h e o r y ,  i t  a p p e a r e d  t o  t h e  a u t h o r  t h a t  an  i n v e s t i g a t i o n  

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

v jou ld  b e  v e r y  d e s i r a b l e .  A l l  p r e v i o u s  w o r k  a p p e a r s  

t o  h a v e  b e e n  p e r f o r m e d  e i t h e r  a t  l ow f r e q u e n c i e s ,  o r  

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

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

t o  m e a s u r e  c o n d u c t i v i t i e s  o f  d i l u t e  s o l u t i o n s  o f
9 ,

t h e  m o s t  common c h l o r i d e s  a t  a f r e q u e n c y  o f  3 f l O  c / s .

At  t h i s  f r e q u e n c y ,  w h i c h  l i e s  w i t h i n  t h e  a n o m a l o u s  

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

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

. 0 0 1  N o r m a l  i s  p r e d i c t e d  t o  b e  j u s t  u n d e r  1/2. I t  

wa s  t h e r e f o r e  t h o u g h t  d e s i r a b l e  t o  a i m  f o r  a 

s e n s i t i v i t y  o f  0 . 1^  i n  d e t e c t i n g  c o n d u c t i v i t y  c h a n g e s .
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THE NET/ DIFFERENTIAL MFTHOD FOR IVIEASURING CQNDDCT IV IT IE S

AT GENTIIvfflTRIC Y/AVELENGTHS.

I n t r o d u c t i o n .

As t h e  summary  o f  a b s o l u t e  m e t h o d s  g i v e n  i n  C h a p t e r  

1 i n d i c a t e s ,  s t a n d i n g  w a v e  t e c h n i q u e s  a p p e a r  l i m i t e d ,  

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

b e t t e r  t h a n  1 2̂ . i t  w a s  t h e r e f o r e  deemed  p r e f e r a b l e  t o  

u s e  a r e s o n a n t  c a v i t y  m e t h o d .  As a l r e a d y  s t a t e d ,
c ' ”t h e  a b s o l u t e  e v a l u a t i o n  o f  c  a n d  t  i s  c o n t r o l l e d  by  

m a t h e m a t i c a l  d i f f i c u l t i e s  i n  c a l c u l a t i n g  t h e  a l l o w a n c e  

t h a t  m u s t  b e  made  f o r  s u r f a c e  e f f e c t s ,  b u t  t h i s  

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

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

r e f e r e n c e  t o  a s t a n d a r d  l i q u i d .  D i s t i l l e d  w a t e r  w a s  

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

A t  f i r s t ,  a m e t h o d  w a s  t r i e d ,  i n  w h i c h  s m a l l  

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

w e r e  i n t r o d u c e d  i n  t u r n  i n t o  a c a v i t y  r e s o n a n t  a t  1 0 c m . , 

e a c h  c o n t a i n e r  c o n t i n u o u s l y  r e p l a c i n g  t h e  o t h e r  a t  

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

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

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

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

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

make two c o n t a i n e r s  o f  e x a c t l y  e q u a l  d i m e n s i o n s ,  w h i c h  

w o u l d  i d e a l l y  g i v e  r i s e  t o  z e r o  s i g n a l  w h e n  f i l l e d  w i t h
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t h e  same l i q u i d .  Th e  d i f f e r e n t i a l  m e t h o d ,  o n  t h e  

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

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

s u r m o u n t e d .  F i n a l l y ,  a m e t h o d  w a s  e v o l v e d ,  i n  w h i c h  

a t h i n w a l l e d  q u a r t z  t u b e  w a s  p e r m a n e n t l y  s i t u a t e d  i n  

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

p a s s e d  a l t e r n a t e l y  t h r o u g h  i t .  I n  t h i s  way  i t  w a s  

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

o c c a s i o n e d  b y  t h e  l i q u i d  i n t e r c h a n g e .  I t  w i l l  b e  

shown t h a t  t h e  a m p l i t u d e  o f  s i g n a l  p i c k e d  u p  by  

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

c o n d u c t i v i t y  c h a n g e .

PART 1 .

The A p p a r a t u s .

A b l o c k  d i a g r a m  o f  t h e  a p p a r a t u s  i s  shown i n  

F i g . l .  The  two l i q u i d s  t o  b e  c o m p a r e d  w e r e  s t o r e d  

i n  r e s e r v o i r s  s i t u a t e d  on  a s h e l f  some f e e t  a b o v e  

t h e  c a v i t y ,  so  t h a t  t h e y  f l o w e d  t h r o u g h  t h e  t u b e  

u n d e r  t h e i r  own p r e s s u r e  when  t h e  t a p  was  o p e n e d .  

A f t e r  l e a v i n g  t h e  r e s e r v o i r s ,  t h e  l i q u i d s  p a s s e d  

t h r o u g h  a t e m p e r a t u r e  e q u a l i s i n g  s y s t e m ,  c o n s i s t i n g  

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

t u b i n g  c o i l e d  i n  a t a n k  o f  w a t e r ,  e q u i p p e d  w i t h  a 

h e a t e r  a n d  s t i r r e r .  T h ey  t h e n  e n t e r e d  a t w o - w a y  

t a p ,  s p e c i a l l y  d e s i g n e d  t o  h a v e  no ' d e a d  s p a c e '  

i n  w h i c h  m i x i n g  m i g h t  o c c u r ,  b e f o r e  t h e  l i q u i d s
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■were l e t  i n t o  t h e  c a v i t y  t u b e .  T h e  t a p  vjas d r i v e n  

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

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

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

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

e i g h t  s e c o n d s  f u l f i l l e d  t h i s  c o n d i t i o n  ; d u r i n g  

o n e  c y c l e ,  w a t e r  f l o w e d  f o r  t h r e e  s e c o n d s ,  a l l  

f l o w  c e a s e d  f o r  o ne  s e c o n d ,  t h e n  t h e  s o l u t i o n  f l o w e d  

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

p e r i o d  o f  o n e  s e c o n d .  A c h e m i c a l  a n a l y s i s  w a s  

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

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

t a k e n  p l a c e .  A c o p p e r - c o n s t a n t an  t h e r m o c o u p l e  

was  p l a c e d  on  t h e  o u t l e t  end o f  t h e  q u a r t z  t u b e ,  

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

l i q u i d s ,  w h i l e  t e s t s  w o r e  made  t o  e n s u r e  t h a t  

t h e r e  wa s  no t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  

two l i q u i d s  f l o w i n g  i n t o  t h e  c a v i t y ,  b y  m e a n s  o f  

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

b e t v j e e n  t h e  i n f l o w  t u b e s .

The  s o u r c e  o f  t e n  c e n t i m e t r e  r a d i a t i o n  w a s  

a CV 234  v a l v e  o s c i l l a t o r ,  w h i c h  w a s  a m p l i t u d e -  

m o d u l a t e d  a t  a f r e q u e n c y  o f  4330  c / s .  b y  t h e  

s i n u s o i d a l  o u t p u t  o f  an  A i r m e c  s i g n a l  g e n e r a t o r .

Typ e  7 0 2 .  The  U . H . F .  g e n e r a t o r  v a l v e  h a d  two 

o u t p u t  l o o p s .  One w a s  l o o s e l y  c o u p l e d  v i a  a
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l e n g t h  o f  o A L . l . t y p e  c a b l e  o f  a t t e n u a t i o n  l O d b .  t o  

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

s i m i l a r l y  c o u p l e d  t o  an  N . P . L .  t y p e  c a v i t y  w a v e r n e t e r .  

To e n s u r e  l o o s e  c o u p l i n g  w i t h  t h e  c a v i t y ,  t h e  i n p u t  

and  d e t e c t i n g  l o o p s  l a y  w e l l  b a c k  i n  t h e  end  f a c e .

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

t h r o u g h  a c r y s t a l  t o  r e c t i f y  t h e  U . H . F .  c a r r i e r ,  t h e  

r e s u l t a n t  s i g n a l  b e i n g  a t  a f r e q u e n c y  o f  43 30  c / s . , 

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

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

i n t e r c h a n g e .  Any r e m a i n i n g  U . H . F .  c o m p o n e n t  w a s  

a t t e n u a t e d  c o m p l e t e l y  b y  u s i n g  SA L . 2 .  t y p e  c a b l e  

o f  a t t e n u a t i o n  lOOdb.  t o  f e e d  t h e  s i g n a l  i n t o  an  

a m p l i f i e r  o f  g a i n  1 0 0 .  F r om  t h i s  t h e  s i g n a l  w a s  

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

s u d d e n l y  r e d u c e d  b y  a known s m a l l  f r a c t i o n  b y  mea ns  

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

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

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

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

i n  w h i c h  i t s  a m p l i t u d e  and  p h a s e  c o u l d  b e  c h a n g e d  

a t  w i l l ,  i n d e p e n d e n t l y  o f  e a c h  o t h e r .

I n  t h e  a d d i n g  u n i t ,  t h e  am o u n t  o f  433 0  c / s  

w a v e m e t e r  s i g n a l  t h a t  w a s  a d d e d  i n  a n t i p h a s e  

( i . e . s u b t r a c t e d )  t o  t h e  c a v i t y  s i g n a l ,  c o u l d  

b e  r e g u l a t e d  by  m e a n s  o f  a p o t e n t i o m e t e r .  By
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t h i s  d e v i c e ,  t h e  a m o u n t  o f  s i g n a l  e l i m i n a t e d  c o u l d  

b e  c o n t r o l l e d  u n t i l  t h e  c a r r i e r  w a s  50% m o d u l a t e d  

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

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

s i g n a l  w a s  p a s s e d  t h r o u g h  an  L-C n e t v m r k  d e s i g n e d  

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

c r y s t a l  d e t e c t o r ,  and  t h e n c e  i n t o  a n a r r o w - b a n d
4

a m p l i f i e r  o f  g a i n  10 . F rom t h i s  a m p l i f i e r ,  a 

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

Mo d e l  1049  D o u b l e - b e a m  o s c i l l o s c o p e ,  a n d  t h i s  

t r a c e  w a s  u s e d  f o r  t u n i n g  and  m o n i t o r i n g  p u r p o s e s .

A s e c o n d  o u t p u t  w a s  f e d  i n t o  a s p l i t t e r  and  p e a k  

r e c t i f i e r , , i n  w h i c h  t h e  a u d i o - f r e q u e n c y  c o m p o n e n t  

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

( 1 / 8  c / s . ) .  T h i s  s i g n a l  w a s  d i s p l a y e d  o n  t h e  

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

a m p l i f i c a t i o n  i n  t h e  o s c i l l o s c o p e  a m p l i f i e r .

P a r t s  o f  t h e  a p p a r a t u s  w i l l  now b e  d e s c r i b e d  

i n  g r e a t e r  d e t a i l  :

The  C a v i t y .

A d i a g r a m  o f  a c r o s s e c t i o n  o f  t h e  c a v i t y  a n d  

q u a r t z  t u b e  i s  g i v e n  i n  F i g . 2 .  S i n c e  i t  w a s  

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

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

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

o f  t h e  d i e l e c t r i c  c o n s t a n t ;  i t  w a s  t h e r e f o r e  

d e c i d e d  t o  u s e  a r e c t a n g u l a r  c a v i t y ,  r e s o n a t i n g
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i n  t h e  H % d e  w i t h  t h e  q u a r t z  t u b e  l y i n g  a l o n g  t h e  
O i l

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

o f  e l e c t r i c  f i e l d .  T h i s  i s  a r e g io n  o f  min imum f i e l d ,  

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

i n  t  s h o u l d  made  a  h u n d r e d  t i m e s  more d i f f e r e n c e  t o  

t h e  o u t p u t  s i g n a l  t h a n  a s i m i l a r  c h a n g e  i n  2 .

As shown  i n  F i g . 2 ,  t h e  i n p u t  an d  d e t e c t in g  l o o p s  

l a y  w e l l  b a c k  w i t h i n  the w a l l  o f  t h e  o p p o s i t e  s h o r t  

f a c e .

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

F i g . 3 .  The  c a v i t y  w a s  made up  o f  two p i e c e s  o f  b r a s s  

c h a n n e l ,  each l i ' ” > l i * ’̂  x 4 -2' ” ( 1 O.OOl’O, a n d  o f  

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

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

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

w a s  b o l t e d  o n  t o  f o r m  t h e  e n d - n l a t e .  T h e  f r o n t  f a c e  

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

an  a d ju s ta b le  p l u n g e r  ( a) ,  w h i c h  c o u l d  b e  m oved  t h r o u g h  

a t r a v e r s e  o f  3 ” b y  m e a n s  o f  a  f i n e  m e t r i c  t h r e a d  ( b )  

w o r k e d  b y  a n u r l e d  n u t  ( c ) .  The  p l u n g e r  made g o o d  

s l i d i n g  c o n t a c t  w i t h  t h e  i n n e r  w a l l s  o f  t h e  c a v i t y ^  

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

a n d  ( e ) .  Th e  p u r p o s e ,  o f  t h e  a d j u s t a b l e  e n d  p l a t e  

vms t o  t u n e  t h e  c a v i t y  i n i t i a l l y  a t  a r e s o n a n t  

f r e q u e n c y  o f  e x a c t l y  3 x  1 0 ^ c / s .  The  t u n i n g  w a s  t h e n  

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

w e r e  f o u n d  t o  b e  3 ” k  l i ”" x 2 " .

The  i n t e r n a l  d i a m e t e r  o f  t h e  q u a r t s  t u b e  w a s  . 0 4 c m .  

a n d  t h e  w a l l  t h i c k n e s s  w a s  a l s o  . 0 4 c m .

Tlie T a p .

D r a w i n g s  o f  t h e  p l a n  a n d  e l e v a t i o n  o f  t h e  t a p  

a r e  sh o w n  i n  F i g u r e s  3 a n d  4 .

W a t e r  a n d  t h e  l i q u i d  u n d e r  c o n s i d e r a t i o n  w e r e  

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

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

t h e  t a n  r e s e r v o i r s  ( f )  b y  s e p a r a t e  b r a s s  i n l e t  t u b e s  

( g ) .  T l i e s e  w e r e  t e r m i n a t e d  b y  p o l y t h e n e  i n s e r t s  ( h ) ,  

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

b l o c k e d  b y  a b r a s s  p i s t o n  ( i ) .  E a c h  p i s t o n  w a s  

r i g i d l y  f i x e d  t o  a n o t h e r  ( j ) ,  w h i c h  c o u l d  b e  o p e r a t e d  

on  by  t h e  cam ( k ) ,  u n b l o c k i n g  e a c h  o f  t h e  h o l e s  i n  

t u r n .  T h e  cam w a s  d r i v e n  t h r o u g h  r e d u c t i o n  g e a r i n g  

b y  an  i n d u c t i o n  m o t o r .  A f t e r  t h e  p a s s i n g  o f  t h e  

cam,  t h e  p i s t o n s  w e r e  r e t u r n e d  t o  t h e i r  r e s t i n g  

p l a c e  by  m e a n s  o f  s t e e l  r e t u r n  s p r i n g s  ( 1 ) .  E a c h  

l i q u i d  p a s s e d  a l t e r n a t e l y ,  v i a  t h e  s m a l l  b r a s s  

T - p i e c e  (m) i n t o  t h e  q u a r t z  t u b e  ( n ) ,  w h i c h  w a s  

h e l d  r i g i d  b y  a  p o l y t h e n e  w a s h e r  ( o )  f i x e d  i n  t h e  

c a v i t y  w a l l  ( p ) .

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

s m a l l  d e a d - s p a c e  i n  w h i c h  m i x i n g  o f  t h e  l i q u i d s
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KEY.

a -  A d j u s t a b l e  p l u n g e r ,
b -  F i n e  m e t r i c  t h r e a d ,
c -  N u r l e d  n u t .
d - ' " i n p u t  l o o p ,  
e -  D e t e c t o r ,
f  -  L i q u i d  r e s e r v o i r .
g  -  I n l e t  t u b e ,
h  -  P o l y t h e n e  i n s e t s ,
i  -  B r a s s  p i s t o n ,
j -  C a m - d r i v e n  p i s t o n ,
k  -  Cam and  cam s h a f t .
1 -  R e t u r n  s p r i n g ,
m -  T - p i e c e ,  ( b r a s s ) ,
n -  Q u a r t z  t u b e ,
o -  P o l y t h e n e  ' w a s h e r ,
p -  C a v i t y  w a l l ,
q -  P o l y t h e n e  w a s h e r ,
r  -  R u b b e r  r i n g ,
s  -  T ap  w a l l  ( b r a s s ) .
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m i g h t  o c c u r .  V/hen t h e  t a p  was  o p e n ,  a b o u t  i" c c . o f  

l i q u i d  p a s s e d  t h r o u g h  a t  o n e  t i m e ,  a n d  a l t h o u g h  t h e  

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

t h e  l a s t  f r a c t i o n  w a s  p u r e .  Th. is  w a s  t e s t e d  b y  

c h e m i c a l  t i t r a t i o n  a g a i n s t  s i l v e r  n i t r a t e  s o l u t i o n ,  

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

The  E l e c t r o n i c  C i r c u i t .

The  H . T .  l i n e  f o r  t h e  U . H . E .  o s c i l l a t o r  w a s  

s u p p l i e d  b y  a  s t a b i l i s e d  p o w e r p a c k  o f  s t a n d a r d  

d e s i g n .  I t  w a s  f o u n d ,  h o w e v e r , t h a t  a n  o r d i n a r y  

f e e d - b a c k  s t a b i l i s e d  H . T .  s u p p l y  w a s  n o t  s u f f i c i e n t l y  

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

a d d i n g  c i r c u i t s  w h i c h  a r e  shown i n  E i g .  5 .  S i n c e  

t h e  u l t i m a t e  s e n s i t i v i t y  o f  t h e  m e t h o d  d e p e n d s  on  

r e d u c i n g  t h e  i n h e r e n t  n o i s e  l e v e l  t o  a m in i m um ,  t h e  

b e s t  p o s s i b l e  s t a b i l i t y  o f  p o w e r  s u p p l i e s  w a s  

r e q u i r e d .  A f t e r  some c o m p a r a t i v e  t r i a l s ,  i t  w a s  

d e c i d e d  t o  t a k e  t h e  H . T .  s u p p l y  f r o m  a n u m b e r  o f  

t e n - v o l t  l e a d  a c c u m u l a t o r s  c o n n e c t e d  i n  s e r i e s ,  

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

v o l t  b a t t e r y .  A l l  v ; e r e  r e c h a r g e d  n i g h t l y ,  and  r h e  

v o l t a g e  t e s t e d  b e f o r e  a n d  d u r i n g  u s e .

Tlie d e s i g n  o f  a s u i t a b l e  a m p l i f y i n g  c i r c u i t ,  

h a v i n g  l ow  n o i s e  a n d  h i g h  g a i n ,  p r e s e n t e d  a s e r i o u s  

p r o b l e m .  I n i t i a l l y ,  a s t r a i g h t  a m p l i f i e r  w a s  t r i e d  

o u t ,  i n  w h i c h  s i x  s t a g e s  o f  a m p l i f i c a t i o n  i n  EF50
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p e n t o d e s ,  e a c h  s t a g e  i s o l a t e d  f r o m  t h e  f o l l o w i n g  by  

a t r i o d e  c a t h o d e  f o l l o w e r ,  y i e l d e d  a t o t a l  g a i n  o f
7

10 . I t  w a s  f o u n d  t h a t  v e r y  c a r e f u l  s c r e e n i n g  o f  

e a c h  c o m p o n e n t  w a s  r e q u i r e d  t o  p r e v e n t  f e e d b a c k  

p i c k u p  w h i c h  l e d  t o  s e l f - o s c i l l â t i o n  o f  t h e  c i r c u i t .  

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

by  s u i t a b l e  c h o i c e  o f  t h e  t i m e  c o n s t a n t  o f  t h e  i n t e r 

s t a g e  c o u p l i n g ,  i t  w a s  f o u n d  t h a t  t h e  l ow f r e q u e n c y  

n o i s e  c o m p o n e n t  w a s  s t i l l  v e r y  h i g h .  T h i s  w a s  

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

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

b u t  w a s  s o  l a r g e  a s  t o  mask  t h e  s m a l l e r  s i g n a l s  

c o m p l e t e l y .  The  t r o u b l e  w a s  d u e  t o  ^ f l i c k e r  

n o i s e ’ o f  t h e  v a l v e ,  w h i c h  i s  a  l ow f r e q u e n c y  

e f f e c t ,  h a v i n g  a pealc  v a l u e  a t  a b o u t  t  c / s  a n d  

f a l l i n g  o f f  so  a s  t o  b e  n e g l i b i b l e  a t  h i g h  

f r e q u e n c i e s .  S u b s e q u e n t l y ,  c a r e f u l l y  c h o s e n  

v a l v e s  o f  known  lo w  f l i c k e r  n o i s e  w e r e  u s e d .

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

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

n o i s e  c o m p o n e n t s .  T h i s  w a s  a c h i e v e d  b y  u s i n g  

a m p l i t u d e  m o d u l a t e d  i n p u t  s i g n a l s ,  h a v i n g  a

c a r r i e r  f r e q u e n c y  o f  4 3 3 0  c / s . .  A f t e r  a s t a g e  

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

w a s  p a s s e d  i n t o  a n  L -C f i l t e r  a n d  n a r r o w  b a n d  

a m p l i f i e r ,  t u n e d  t o  4 3 3 0  c / s . .  T h i s  e l i m i n a t e d
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a l l  r a n d o m  n o i s e  o r i g i n a t i n g  i n  t h e  f i r s t  s t a g e s ,

a l l o iA i ing  o n l y  t h e  c a r r i e r  f r e q u e n c y  t o  p a s s  t h r o u g h .

I n  t h e  f i n a l  s t a g e ,  t h e  s i g n a l  lAias p e a k - r e c t i f i e d

a n d  t h e  o r i g i n a l  s i g n a l  o f  1 / 8  c / s .  r e o b t a i n e d .  A

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

i n  t h e  H . T .  o r  h e a t e r  v o l t a g e  o f  t h e  l a s t  v a l v e

TA/ere a u t o m a t i c a l l y  c o m p e n s a t e d  f o r  a nd  d i d  n o t

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

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

a r e  sho\vn i n  H i g . 5 .  T he  c a v i t y  a n d  w a v e m e t e r

s i g n a l s  vvere  f e d  d i r e c t l y  t o  t h e  c o n t r o l  g r i d s

o f  p e n t o d e s  V and  V , w h i c h  w e r e  t y p e  Z279  
i  3

m i n i a t u r e  p e n t o d e s .  M i n i a t u r e  p e n t o d e s  a nd  

d o u b l e - t r i o d e s  w e r e  u s e d  w h e r e v e r  p o s s i b l e ,  i n  

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

a n d  r e d u c e  a n y  t e n d e n c y  t o w a r d s  s e l f - o s c i l l a t i o n .  

A f t e r  a m p l i f i c a t i o n  b y  a  f a c t o r  1 0 0 ,  t h e  o u t p u t s  

w e r e  t a k e n  t o  two c a t h o d e  f o l l o w e r s ,  u s i n g  f o r  

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

B309  (V ) .  T h e  o u t p u t  o f  t h e  c a v i t y  s i g n a l  w a s
uj

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

a  c a l i b r a t e d  5K ohm C o l v e r n  p o t e n t i o m e t e r ,  b u t

w a s  l a t e r  r e p l a c e d  b y  a  f i x e d  r e s i s t a n c e  o f  3 , 9 0 0

o h m s ,  and  w h i c h  w a s  i n  s e r i e s  w i t h  R > a f i x e d
12  '

r e s i s t a n c e  o f  160K o h m s .  T he  r e s i s t a n c e  R c o u l d
11

b e  s h o r t e d  o u t  b y  c l o s i n g  t h e  h a n d  o p e r a t e d  t a p p i n g
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k e y  K .  I t  w a s  f o u n d  by  a s u b s i d i a r y  e x p e r i m e n t ,  

t h a t  t h e  c l o s i n g  o f  K c a u s e d  a  d i m i n u t i o n  i n  

t h e  c a v i t y  s i g n a l  o f  a b o u t  1 / 4 0  o f  i t s  o r i g i n a l  

s i z e .

The  a m p l i f i e d  w a v e m e t e r  o u t p u t  w a s  t a k e n  f r o m

t h e  c a t h o d e  l o a d  R , a 40K ohm. p o t e n t i o m e t e r ,
6

a r r r a n g e d  i n  s u c h  a m a n n e r  t h a t  a n y  r e q u i r e d  f r a c t i o n

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

a m p l i t u d e  c o n t r o l .  The  p h a s e - c h a n g i n g  c i r c u i t ,

c o n s i s t i n g  o f  t h e  d o u b l e  t r i o d e s  a n d  V ( 3 3 0 9 s )
5

a n d  uhe n e n t o d e  V ( Z 2 7 9 )  w a s  e s p e c i a l l y  d e s i g n e d
6

f o r  t i l l s  w o r k ,  a n d  m e r i t s  a  b r i e f  d e s c r i p t i o n :

T h e  f i r s t  h a l f  o f  t h e  d o u b l e  t r i o d e ,  V > ^ a s
4

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

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

o f  p h a s e  w i t h  i t .  The  l a r g e r  o f  t h e  s i g n a l s  w a s

iDassed  i n t o  a n  R-C c i r c u i t  c o n s i s t i n g  o f  R > a
16

v a r i a b l e  -gmegolim r e s i s t o r  a n d  C , a  v a r i a b l e
3

c a p a c i t a n c e  o f  . 0 0 0 3 yu^f . I n  t h i s  n e t w o r k  t h e

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

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

v e c t o r  w o u l d  h a v e  b e e n  a  s e m i - c i r c l e  b a s e d  on

t h e  maximum a m p l i t u d e .  T h e  o u t p u t  f r o m  t h e  n e t w o r k

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

i n  t h e  s t a n d a r d  a d d i n g  c i r c u i t  a n d  . T h i s
5  o

a d d i n g  c i r c u i t  c o n s i s t e d  o f  a h i g h  g a i n  a m p l i f i e r
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( Vg)  w i t h  f u l l  f e e d b a c k ,  e n s u r i n g  t h a t  t h e  i n p u t  s i g n a l s

u n d e r w e n t  a d d i t i o n  w i t h  no  c h a n g e  i n  t h e i r  a m p l i t u d e s .

Tb.e c a t h o d e  f o l l o w e r  s u p p l i e d  t h e  f e e d b a c k  p a t h  an d

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

a d d e d  s i g n a l .  A m a t h e m a t i c a l  a n a l y s i s  o f  t h e  p h a s e -

c h a n g e r  i s  g i v e n  i n  A p p e n d i x  1 .  T h i s  a n a l y s i s  s h o w s ,

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

c o n s t a n t  a m n l i t u d e  a s  R a n d  a r e  c h a n g e d .  I n  t h i s
16  3

wa y  b y  c h a n g i n g  o r  R ^ ^  a n d  t h e  a m p l i t u d e  a nd

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

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

The  c a v i t y  s i g n a l  a n d  w a v e m e t e r  s i g n a l  w e r e  a d d e d

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

d e s c r i b e d ,  w i t h  V t h e  h i g h  g a i n  a m p l i f y i n g  p e n t o d e ,
8

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

p a t h .  I n  p r a c t i c e ,  t h e  p h a s e  o f  t h e  v;av erne t e r  s i g n a l

w a s  a d j u s t e d  u n t i l  i t  w a s  i n  e x a c t  a n t i p h a s e  w i t h  t h e  

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

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

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

L-C f i l t e r  f o l l o w e d  b y  a t u n e d  a m p l i f i e r  o f  s t a n d a r d
4

d e s i g n  a n d  h a v i n g  a g a i n  o f  10  . I n  t h i s  s t a g e ,  a l l  

l ow  f r e q u e n c y  n o i s e  w a s  e l i m i n a t e d .  F r o m  t h e  o u t p u t  

o f  t h i s  a m p l i f i e r ,  t h e  m o n i t o r i n g  s i g n a l  w a s  t a k e n  

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

m a i n  o u t p u t  w a s  p a s s e d  i n t o  t h e  t r i o d e  , c o n n e c t e d
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a s  a s p l i t t e r ,  s i n c e  R 22K o l im s . Th.e tv\io
36

o u t p u t s ,  e q u a l  i n  a m p l i t u d e  b u t  i n  a n t i p a s e  v j i t h

e a c h  o t h e r ,  v j e r e  l e d  i n t o  t h e  d o u b l e  d i o d e

t y p e  irPu54, v j i t h  t h e  v a l u e s  o f  R , C s o  c h o s e n
39 10

t h a t  f u l l  p e a k  r e c t i f i c a t i o n  t o o k  p l a c e ,  o n l y  t h e

1 / 8  c / s .  s i g n a l  p a s s i n g  on  t o  t h e  d o u b l e - t r i o d e

c a t h o d e  f o l l o w e r s  V . The  two  c o m p o n e n t s  o f  t h i s

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

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

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

so  t h a t  a b a l a n c e d  o u t p u t  c o u l d  b e  t a k e n  b e t w e e n

t h e  c a t h o d e  l o a d s  R a n d  R , t h u s  e l i m i n a t i n g
40 41

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

i n  t h e  v a l v e  i t s e l f .  The  f i n a l  b a l a n c e d  

o u t p u t  s i g n a l  o f  f r e q u e n c y  1 / 8  c / s .  w a s  l e d  i n t o  

t h e  o s c i l l o s c o p e ,  w h e r e  a  f u r t h e r  a m p l i f i c a t i o n  o f
3

10 t o o k  p l a c e  b e f o r e  t h e  s i g n a l  w a s  d i s p l a y e d  o n  

t h e  s e c o n d  t r a c e .

A n a l y s i s  o f  t h e  F r e q u e n c y . d i s c r i m i n a t i o n  a n d  R e s u l t a n t

S i g n a l  O u t p u t .

T he  f i e l d  i n s i d e  t h e  t u n e d  c a v i t y  h a d  a r e s o n a n t

9f r e q u e n c y  u j  w h e r e  w =^3x10 c y c l e s /  s e c .  I t  w a s  a l s o  

a m p l i t u d e  m o d u l a t e d  f r o m  t h e  k l y s t r o n  a t  a f r e q u e n c y  o f
3

p w h e r e  p w a s  o f  t h e  o r d e r  o f  4 x 1 0  c / s .  W i t h  w a t e r  

i n  t h e  c a v i t y ,  t h e r e f o r e ,  t h e  s i g n a l  p i c k e d  up  by  t h e

p r o b e  o f  t h e  d e t e c t o r  c a n  b e  r e p r e s e n t e d  by  t h e
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e q u a t i o n

E = C ( 1  -  a  S i n  p t )  S i n  cot .  ( 3 . 1 )

w h e r e  C and a a r e  c o n s t a n t s  o f  t h e  a p p a r a t u s .  The

a d d i t i o n a l  s i g n a l  t h a t  wa s  i n t r o d u c e d  by  t h e  l i q u i d  

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

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

C no l o n g e r  a c o n s t a n t ,  b u t  v a r i a b l e  a t  a f r e q u e n c y  

o f  1 / 8  c / s .

The  p r o b e  s i g n a l  w a s  p a s s e d  i n t o  a c r y s t a l  

r e c t i f i e r ,  w i t h  a c u r r e n t  r e s p o n s e  t h a t  may,  i n  i t s  

m o s t  g e n e r a l  t e r m s ,  b e  w r i t t e n  a s  :

i  -  A E 4 B E ^ .  ( 3 . 2 )

w h e r e  A and B a r e  c o n s t a n t s  o f  t h e  c r y s t a l .

S u b s t i t u t i n g  f r o m  ( 3 . 1 ) ,  f o r  t h e  c r y s t a l  c u r r e n t  

p a s s e d  on  t o  t h e  a m n l i f i e r ^

L. - AC 5C> wL 4. (3 (  i " pij

^  - A c  5*-  ̂ ^ ( j & b u o L , 3 v v T - » + Q>C- 0~ 2 ( 1 5 w-kpi,

- F lC S-«tO t L

-  G>C.^o_ p*:. -  Q»a Ql fit.
4-

( 3 . 3 )
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I n  t h e  f i n a l  e x p r e s s i o n ,  t h e  f i r s t  t e r m ,  i n v o l v i n g  
2

o n l y  C , h a d  a f r e q u e n c y  o f  1 / 8  c / s . ,  w h i c h  p e r i o d  

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

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

e f f e c t i v e l y  t h e  same a s  t h a t  o f  a s t a n d i n g  D.C.  

l e v e l ,  and  i t  w a s  n o t  t r a n s m i t t e d  t h r o u g h  t h e  

a m p l i f i e r .  A l s o ,  s i n c e  co e x c e e d s  p b y  a f a c t o r
g

o f  10 , t h e  t e r m s  i n v o l v i n g  co-^p, ^ - p  and  I c o t p ^  - p ;  

w e r e  e f f e c t i v e l y  t h e  same  a s  us a n d  2 w r e s p e c t i v e l y ,  

and  w e r e  t h e r e f o r e  a t t e n u a t e d  i n  t h e  l o n g  l e n g t h s  

o f  a t t e n u a t i n g  c a b l e  b e f o r e  r e a c h i n g  t h e  a m p l i f i e r .

The  o n l y  c u r r e n t  t e r m s  r e m a i n i n g  a r e  t h o s e  i n v o l v i n g  

S i n  p t  and  Cos 2 p t .  I n  t h e  t u n e d  f i l t e r  a n d  n a r r o w  

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

a f r e q u e n c y  o f  2 p t  w a s  a t t e n u a t e d  400  t i m e s  a s  much 

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

c o u l d  b e  n e g l e c t e d  i n  t h e  f i n a l  o u t n u t .  H e n c e  t h e  

o n l y  s i g n a l  t o  p a s s  t h r o u g h  t h e  c i r c u i t  w i t h  no  l o s s  

w a s  t h a t  g i v e n  by  t h e  t e r m  (BC a S i n  p t ) ,  w h i c h  

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

h a v i n g  t h e  same u n d u l a t o r y  f r e q u e n c y  a s  C, i . e .  1 / 8  

c / s .  T h u s ,  s i n c e  t h e  r e s u l t a n t  i s  o f  t h e  f o r m  C , 

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

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

t h e  l i q u i d  i n t e r c h a n g e .
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P a r t  I I .

E x p e r i m e n t a l  P r o c e d u r e .

C o n c e n t r a t i o n s  o f  0 -  0 . 7 5  g m . /  l i t r e .

F r e s h l y  d i s t i l l e d  w a t e r  wa s  u s e d  f o r  t h e  r e f e r e n c e

l i q u i d  i n  o n e  r e s e r v o i r . W i t h  t h i s  w a t e r  i n  t h e  q u a r t z

t u b e ,  t h e  end  f a c e  o f  t h e  c a v i t y  w a s  a d j u s t e d  u n t i l  t h e
9 /

c a v i t y  w a s  r e s o n a n t  a t  e x a c t l y  3 v l 0  c / s . ,  u s i n g  t h e  

c a l i b r a t e d  w a v e m e t e r  t o  m o n i t o r  t h e  o u t p u t  f r e q u e n c y  

o f  t h e  CY234.  The s l i d i n g  c a v i t y  w a l l  w a s  t h e n  k e p t  

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

The s o l u t i o n  t o  b e  i n v e s t i g a t e d  was  p l a c e d  i n  t h e  

o t h e r  r e s e r v o i r ,  and  a c h e c k  w a s  made  on  t h e  t e m p e r a t u r e  

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

e q u a l i t y .  The  w a t e r  i n  t h e  t e m p e r a t u r e  e q u a l i s i n g  b a t h  

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

t h r o u g h o u t  a r u n  a t  s u c h  a r a t e ,  t h a t  t h e  t e m p e r a t u r e s  

o f  t h e  l i q u i d s  e m e r g i n g  f r o m  t h e  q u a r t z  t u b e  r o s e  f r o m  

j u s t  b e lo w  1 8 “c t o  j u s t  a b o v e  25*C i n  a n  h o u r .  T h i s  

t e m p e r a t u r e  w a s  r e a d  by  m ean s  o f  a  c o p p e r - c o n s t a n t a n  

t h e m o c o u p l e  w i t h  o n e  j u n c t i o n  i n  i c e ,  t h e  o t h e r  

p e n e t r a t i n g  a s h o r t  way up t h e  o u t l e t  e nd  o f  t h e  

q u a r t z  t u b e .

At  t h e  b e g i n n i n g  o f  a r u n ,  t h e  m o t o r  d r i v i n g  t h e  

t a p  w a s  s e t  i n  m o t i o n  a nd  t h e  h e a t e r  i n  t h e  t e m p e r a t u r e  

b a t h  w a s  t u r n e d  o n .  W i t h  t h e  l i q u i d s  r u n n i n g  a l t e r n a t e l y
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t h r o u g h  t h e  t u b e ,  t h e  r a t e  o f  t e m p e r a t u r e  r i s e  w a s  

s u f f i c i e n t l y  s l o w  t o  e n a b l e  t h e  r e l a t i v e  c h a n g e  i n  

s i g n a l  t o  b e  r e a d  a t  i n t e r v a l s  o f  4^ C .  At  e a c h  

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

t h e  a m p l i t u d e  o f  t h e  p e a k  r e c t i f i e d  s i g n a l  (S^ )  on  

t r a c e  2 o f  t h e  o s c i l l o s c o p e  wa s  r e c o r d e d  a s  o n e  

l i q u i d  r e p l a c e d  t h e  o t h e r  i n  t h e  t u b e ,  and  t h e  h a n d -  

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

c a u s e d  t h e  r e s i s t a n c e  ( F i g . 5 )  t o  b e  s h o r t e d  o u t ,

and  h a d  t h e  same e f f e c t  a s  a r e d u c t i o n  o f  t h e  c a v i t y  

s i g n a l  b y  1 / 4 2  o f  i t s  v a l u e .  The  a m p l i t u d e  o f  t h e  

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

t r a c e  ^ ^ q i ^ ' The v a l u e  o f  t h e  r e s i s t a n c e  R^^  

was  c h o s e n  i n  s u c h  a way t h a t  t h e  s i z e  o f  w a s  

o f  t h e  s ame o r d e r  a s  f o r  v e r y  d i l u t e  s o l u t i o n s .  

A l t h o u g h ,  i n  t h e o r y ,  R^^  c o u l d  h a v e  b e e n  c h a n g e d  f o r  

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

o f  s i g n a l  due  t o  s h o r t i n g  i t  w e r e  known,  i t  was  

f o u n d  i n  p r a c t i c e  t h a t  a f i x e d  v a l u e  o f  3 , 9 0 0  Ohms 

w a s  s u i t a b l e  f o r  a l l  s o l u t i o n s  up t o  a n d  i n c l u d i n g  

a c o n c e n t r a t i o n  0 . 7 5  g m / l i t .  p o t a s s i u m  c h l o r i d e .

A s l i g h t l y  d i f f e r e n t  m e t h o d  o f  m e a s u r e m e n t  

wa s  a l s o  t r i e d  and  f o u n d  e q u a l l y  s u c c e s s f u l :  I n s t e a d

o f  s h o r t i n g  o u t  a f i x e d  r e s i s t a n c e ,  R ^ ^ ,  and  t h u s  

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

w i t h  a f i x e d  f r a c t i o n  o f  t h e  c a v i t y  s i g n a l ,  t h e
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r e s i s t a n c e  w a s  r e p l a c e d  by  a c a l i b r a t e d ,  3 ” C o l v e r n  

p o t e n t i o m e t e r  o f  5K ohm s .  I t  wa s  t h e n  f o u n d  p o s s i b l e  

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

any  g i v e n  s i z e  o f  i n t e r c h a n g e  s i g n a l ,  t h e  s i g n a l  due  

t o  c l o s i n g  K e x a c t l y  b a l a n c e d  i t  o u t .  The  r e a d i n g  

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

By a s u b s i d i a r y  e x p e r i m e n t ,  i t  w a s  p o s s i b l e  t o  

c a l c u l a t e  t h e  e q u i v a l e n t  f r a c t i o n a l  d i m i n u t i o n  i n  

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

p o t e n t i o m e t e r .  T h e r e f o r e ,  e f f e c t i v e l y  t h e  r a t i o  

o f  t h e  same q u a n t i t i e s  was  m e a s u r e d  a s  i n  t h e  f i r s t  

m e t h o d  d e s c r i b e d .  I t  w a s  f o u n d ,  i n  p r a c t i c e ,  t h a t  

i t  w a s  n o t  n e c e s s a r y  t o  u s e  t h i s  ’ n u l l i n g ’ t e c h n i q u e  

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

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

s u f f i c i e n t  s e n s i t i v i t y .  The  m o d i f i c a t i o n  w o u l d ,  

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

f o r  w h i c h  zhe  s i g n a l  v a r i e s  m o re  t h a n  i n  t h e  p r e s e n t  

w o r k .

T e m p e r a t u r e  r u n s  w e r e  p e r f o r m e d  on  s o l u t i o n s  

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

c o n c e n t r a t i o n s  i n c r e a s i n g  i n  s i x t h s  o f  a g r am  p e r  

l i t r e .  F o r  e v e r y  r u n ,  a g r a p h  o f  t h e  r a t i o  8 / 8
-L J L

w a s  p l o t t e d  a g a i n s t  t e m p e r a t u r e .  T h e  l a r g e  n um b er  

o f  p o i n t s ,  t a k e n  a t  i n t e r v a l s  o f  -4 C, e n a b l e d  s m a l l ,  

r a n d o m  n o i s e  f l u c t u a t i o n s  t o  be  i g n o r e d ,  a s m o o t h e d
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c u r v e  b e i n g  d r av m  f o r  e a c h  s o l u t i o n .  The l o w e s t  

c o n c e n t r a t i o n s  t h a t  g a v e  a m e a s u r a b l e  s i g n a l  a b o v e  

b a c k g r o u n d  n o i s e  w e r e  l / S g m . / l i t .  f o r  p o t a s s i u m  

c h l o r i d e  and  l / 4 g m . / l i t . f o r  s o d i u m  and  l i t h i u m  

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

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

t h r o u g h  t h e  q u a r t z  t u b e  was  p e r f o r m e d .

C o n c e n t r a t i o n s  o f  7 / 8  t o  4 6 / 8  g m . / l i t r e .

I n  o r d e r  t o  e x t e n d  t h e  r a n g e  o f  c o n c e n t r a t i o n  t o  

b e  i n v e s t i g a t e d ,  a number  o f  r u n s  w e r e  p e r f o r m e d  w i t h  

s o l u t i o n s  o f  c o n c e n t r a t i o n s  up t o  4 6 / 8  g m . / l i t . ,  f o r  

p o t a s s i u m  c h l o r i d e  o n l y .  To k e e p  t h e  s i g n a l  S^ ,  c a u s e d  

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

o f  m a g n i t u d e  a s  t h e  s t a n d a r d  s i g n a l  8 ^ ^ ,  t h e  r e f e r e n c e  

l i q u i d  u s e d  w a s  n o t  w a t e r ,  b u t  a s o l u t i o n  o f  p o t a s s i u m  

c h l o r i d e  d i f f e r i n g  f r o m  t h e  c o n c e n t r a t i o n  u n d e r  

i n v e s t i g a t i o n  b y  a p p r o x i m a t e l y  g m / l i t .  F o r  e x a m p l e ,  

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

4 / 8  g m / l i t .  i n  o n e  o f  t h e  r e s e r v o i r s  a nd  a c o n c e n t r a t i o n  

o f  8 / 8  g m / l i t .  i n  t h e  o t h e r .  The  d i f f e r e n c e  i n - s i g n a l  

s i z e  f o r  w a t e r  and  4 / 8  g m / l i t .  wa s  known f r o m  p r e v i o u s  

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

f o r  w a t e r  and  8 / 8  g m / l i t .  w a s  o b t a i n e d  by  a d d i t i o n .

Some j u s t i f i c a t i o n  o f  t h i s  t e c h n i q u e  w a s  g i v e n  by  a 

c h e c k  r u n  p e r f o r m e d  w i t h  c o n c e n t r a t i o n s  o f  5 / 8  g m / l i t .
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and 8 / 8  g m / l i t .  i n  t h e  r e s e r v o i r s .  C o m p a r i n g  r e s u l t s

f o r  t h e  d i f f e r e n c e  s i g n a l s  d u e  t o  w a t e r  a n d  8 / 8  g m / l i t .

o b t a i n e d  i n  t h e  two d i f f e r e n t  w a y s ,  -  u s i n g  4 / 8  g m / l i t .

and  5 / 8  g m / l i t .  a s  t h e  i n t e r m e d i a r y  s o l u t i o n s  r e s p e c t i v e l y ,  -

r e s u l t s  w e r e  f o u n d  t o  c o i n c i d e  e x a c t l y .  M e a s u r e m e n t s

w e r e  made  a t  i n t e r v a l s  o f  c o n c e n t r a t i o n  o f  1 ^2  g m , / l i t . ,

up  t o  a c o n c e n t r a t i o n  o f  4 6 / 8  g m / l i t .

C o n c e n t r a t i o n s  o f  4 6 / 8  g m / l i t r e  t o  N o r m a l  S o l u t i o n s .

I n  o r d e r  t o  c a l i b r a t e  t h e  a p p a r a t u s  and  t o  t e s t  

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

f i n a l  c o n d u c t i v i t i e s ,  a nu m be r  o f  r u n s  w e r e  p e r f o r m e d  

u s i n g  c o n c e n t r a t i o n s  o f  up  t o  1 N o r m a l  p o t a s s i u m  c h l o r i d e .

A f ew m e a s u r e m e n t s  w e r e  a l s o  made w i t h  h i g h e r  c o n c e n t r a t i o n s  

o f  s o d i u m  and  l i t h i u m  c h l o r i d e s .

W i t h  t h e s e  c o n c e n t r a t e d  l i q u i d s ,  u s i n g  w a t e r  a s  t h e  

r e f e r e n c e  l i q u i d ,  i t  w a s  no l o n g e r  n e c e s s a r y  t o  u s e  t h e  

r e l a y  s w i t c h  and  t o  c o m p a r e  t h e  l i q u i d  i n t e r c h a n g e  s i g n a l  

w i t h  a s m a l l  f r a c t i o n  o f  t h e  t o t a l  s i g n a l .  S i n c e  t h e  

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

l a r g e  i n t e r c h a n g e  s i g n a l ,  i t  w a s  p o s s i b l e  t o  c o m p a r e  

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

p u r e  w a t e r  i n  t h e  q u a r t z  t u b e .  The  p r o c e d u r e  w a s  t o  

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

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

m a n n e r  a l r e a d y  d e s c r i b e d .  O n l y  t h e  o u t p u t  s i g n a l  o f
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t h e  n a r r o w - b a n d  a m p l i f i e r  w a s  d i s p l a y e d  on t h e  

o s c i l l o s c o p e ,  t h i s  h a v i n g  a f r e q u e n c y  o f  433 0  c / s .  

w i t h o u t  a n y  r e c t i f i c a t i o n .  As t h e  c o n c e n t r a t e d  

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

t h e  s i g n a l  wa s  r e d u c e d  by  so  g r e a t  an  a m o u n t ,  t h a t  

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

and t h e i r  d i f f e r e n c e  f o u n d  t o  t h e  same  o r d e r  o f  

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

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

d i f f e r e n c e s .  I n  t h i s  way ,  t h e  r a t i o  o f  t h e  d i f f e r e n c e  

i n  s i g n a l s  t o  t h e  s i z e  o f  t h e  l a r g e r  s i g n a l  was  f o u n d  

a s  b e f o r e .  The  e a r l i e r  m e a s u r e m e n t s ,  u s i n g  t h e  r e l a y  

s w i t c h  w i t h  w e a k e r  s o l u t i o n s  w e r e  t h e r e f o r e  o f  t h e  

same n a t u r e  a s  t h e s e  l a t e r  r e s u l t s ,  t h e  n u m e r i c a l  

v a l u e s  p l o t t e d  d i f f e r i n g  by  t h e  f a c t o r  4 2 ,  w h i c h  wa s  

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

a m p l i f i c a t i o n  i n  t h e  o s c i l l o s c o p e  a m p l i f i e r .

F o r  a c h e c k  on t h e  t h e o r y  d e v e l o p e d  t o  i n t e r p r e t  

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

( t o  b e  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r )  t h e  q o f  t h e  

c a v i t y  w a s  d e t e r m i n e d  when  a i r  and d i s t i l l e d  w a t e r  

r e s p e c t i v e l y  f i l l e d  t h e  q u a r t z  t u b e .  T h i s  was  d o n e  

i n  t h e  u s u a l  way,  by  a l t e r i n g  t h e  f r e q u e n c y  o f  t h e  

C V234 u n t i l  t h e  o u t p u t  s i g n a l  f r o m  t h e  c a v i t y  wa s  

r e d u c e d  t o  l / > P 2  o f  i t s  maximum v a l u e  on  e a c h  s i d e  

o f  t h e  maximum i n  t u r n .  The  f r e q u e n c i e s  c o r r e s p o n d i n g
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t o  t h e s e  r e d u c t i o n s  w e r e  f o u n d  u s i n g  t h e  c a l i c r a t e d

w a v e m e t e r . I t  w a s  o b s e r v e d  t h a t  t h e  i n t r o d u c t i o n  o f

w a t e r  h a d  t h e  e f f e c t  o f  r e d u c i n g  t h e  q o f  t h e  c a v i t y

f r o m  a v a l u e  o f  2000  w i t h  a i r  i n  t h e  t u b e  t o  1500

w i t h  w a t e r  i n  t h e  t u b e .  I h e  s h i f t  i n  t h e  maximum

t u n i n g  f r e q u e n c y  c a u s e d  by  t h e  i n t r o d u c t i o n  o f  w a t e r

w a s  j u s t  u n d e r  1 m e g a c y c l e  i n  3 0 0 0 .

V/lien t h e  h i g h e s t  u s e d  c o n c e n t r a t i o n  o f  p o t a s s i u m

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

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

i t  c o u l d  n o t  b e  d e t e c t e d  on t h e  w a v e r n e t e r ,  i . e .  i t  w a s
4

l e s s  t h a n  1 p a r t  i n  10 . T h i s  w a s  i n  k e e p i n g  w i t h  

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

t a k e  p l a c e  i n  a r e g i o n  o f  minimum e l e c t r i c  f i e l d  i n  

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

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

f r e q u e n c y  s h i f t  o f  t h e  q p e a x s .  The c h e c k  h a s  shown 

t h a t  t h e  r e q u i r e d  c o n d i t i o n  wa s  a d e q u a t e l y  f u l f i l l e d .
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E q u i v a l e n t  L i n e  T h e o r y  o f  t h e  Me t h o d .

Gloving t o  t h e  c e n t r a l  a s y n im e t r y  o f  t h e  q u a r t z  t u b e  

i n  Ghe c a v i t y ,  t h e  e x a c t  c a l c u l a t i o n  o f  t h e  q b y  e v a l u a t i n g  

M a x v j e l l ^ s  e q u a t i o n s  p r e s e n t s  a p r a c t i c a l l y  i n s o l u b l e  

p r o b l e m .  An a p p r o x i m a t e  m e a n i n g  c a n ,  h o v je v e r ,  be  

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

l i n e  a n a l o g u e .  The  t e c h n i q u e  o f  r e p l a c i n g  a  c a v i t y  

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

i m p e d a n c e s ,  i s  s t a n d a r d  p r a c t i c e , ^  . f .  R e f e r e n c e  (3V)7|

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

l i n e  t h e o r y  a r e  a s s u m e d .  T h e y  a r e  d e r i v e d ,  r o r  t h e  

s a k e  o f  c o m p l e t e n e s s ,  i n  A p p e n d i x  I I  a t  t h e  end  o f  

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

c h o s e n  t o  r e p l a c e  t h e  c a v i t y  i s  shovjn i n  F i g . 6 .

The  c a v i t y  i s  r e p l a c e d  b y  an  e q u i v a l e n t  l i n e  AC,

o f  c h a r a c t e r i s t i c  i m p e d a n c e  z ^ ,  s h o r t - c i r c u i t e d  a t  t h e

e n d s  A a n d  0 .  The q u a r t z  t u b e  i s  r e p r e s e n t e d  b y  a

c a p a c i t a n c e  G a t  B, v j h i l e  w a t e r  i s  r e p r e s e n t e d  b y  
o

a n o t h e r  c a p a c i t a n c e  i n  p a r a l l e l  w i t h  C , w h e r e

c m

S i n c e  t h e  t u b e  w a s  s i t u a t e d  so  c l o s e  t o  xhe f a c e  

o f  t h e  c a v i t y ,  i t  i s  j u s t i f i a b l e  t o  a s s u m e  t h a t  t h e  

l e n g t h ^  i s  v e r y  s m a l l ,  a n d  t h e  l i n e  f r o m  B t o  C may 

b e  c o n s i d e r e d  t o  b e  l o s s - f r e e .

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

X , -  6 4 c M . I )

W h e re  ^  i s  t h e  i m a g i n a r y  p a r t  o f  t h e  p r o p a g a t i o n  

c o n s t a n t  o f  t h e  l i n e  BC, t h e  r e a l  p a r t  v a n i s h i n g  f o r  

a l o s s - f r e e  l i n e .

A

- _ n /! I r  . < ' . r ̂ 'y M _ n H (d.S)V(Xr\|2,{̂  (Cb +'I'C^'V

W r i t i n go

C- ■- C o  -  c ' c

cJ &"c_

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

" R r  + ^ K , .  ,

( .% e t o ^ ( 3 C  COC
R -- 7 — -----------------1 C ' " ^ 7% ,  ( 4 . 3 )

and

X
(, I '  C  ^1) + C C %g <'o^ (â L) (4 . 4 )

S i m i l a r l y ,  i f  i s  t h e  i n p u t  i m p e d a n c e  o f  AC l o o k i n g  f r o m  A

(RT^i>XARe'5V%PL+ - z ^ S ^ N a  P l .  '

.  ■Z-o C r» \o  P L  -f L _ R x ^ i X J S L w V \ P L  -
( 4 . 5 )
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% e r e P h a s  i t s  c o n v e n t i o n a l  m e a n i n g  o f  p r o p a g a t i o n  

c o n s t a n t  o f  t h e  l i n e  AB.

T h e n ,  i f  P  »

P L  * C r i f iL C a p L  -4 j  5s^Lo<,L 5 ^ / f t L  ^

c ( L ^ u k  j  ( 4 . 6 )

F o r  a g i v e n  f r e q u e n c y ,  oc  ̂ and  L a r e  f i x e d  c o n s t a n t s

o f  t h e  l i n e  and we c a n  w r i t e  :

C osh  PL » a + j b

S i n h  PL > A t  jB

t  "Zo (A  t

I IZ. (  ^  t ( 4 . 7 )

:—     ^
 ̂ I b Z . ^ F l S / -  G,C^) ( 4 . 8 )

At r e s o n a n c e ,  t h e  i m a g i n a r y  p a r t  m u s t  v a n i s h ,

(o. Qt + ft 2 . -  bX t) ( a. ■?. T q (5  ̂- G>A r]

; .  % .  = m  A X r t  6-2, t b Q T p b - Z ,  r R X T ' - Q g j
 ̂ K<£.S. “* ------------------------- --------------------------- -

I f  a v o l t a g e  s o u r c e  E i s  i n t r o d u c e d  a t  t h e  i n p u t  A,
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t h e  c u r r e n t  c o r r e s p o n d i n g  t o  t h e  r e s o n a n c e  c o n d i t i o n  

i s  g i v e n  b y  :

Ass

^  G)XO 1'oZ.o  ̂ G )Q ^)

^ A X r + 6 Q ; )

. £  - ' ^ W t g r n x / )  U a > b 1 ^ ;  ^ l \ r % j k A - . 6 U l R r Z . ^ A . b B )  

♦ 6 b / R A \ r \ z O +  R rz-o^oLvqCtaL  6 0

S u b s t i t u t i n g  f o r  a ,  b ,  A, B, f r o m  ( 4 . 6 ) ,  l e a d s  t o

-+ L. +" L"j

L - & (RtS  x; ) ( s:>.uA L > Sc.?pL)+ y  (c,,uh L -  S g
2„

( 4 . 1 0 )

% e n  t h e  q o f  t h e  c a v i t y  w a s  d e t e r m i n e d  w i t h  and  w i t h o u t  

w a t e r  i n  t h e  q u a r t z  t u b e ,  t h e  v a l u e s  w e r e  f o u n d  t o  b e  

1500  an d  2000  r e s p e c t i v e l y .  A l s o ,  t h e  f r e q u e n c y  s h i f t  

on  a d d i t i o n  o f  t h e  w a t e r  w as  f o u n d  t o  b e  l e s s  t h a n  1 

m e g a c y c l e  i n  3 0 0 0 .  IVhen t h e  w a t e r  w a s  r e p l a c e d  b y  a s
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s t r o n g  a s o l u t i o n  o f  p o t a s s i u m  c h l o r i d e  a s  1 N o r m a l ,

no f u r t h e r  c h a n g e  i n  t u n i n g  c o u l d  b e  d e t e c t e d .

Tlie l a r g e  v a l u e s  f o r  t h e  q - f a c t o r  i m p l y  t h a t  b o t h

w i t h  w a t e r  and  s a l i n e  p r e s e n t ,  R w a s  v e r y  s m a l l  c o m p a r e d
T

v j i t h  Z , ( s i n c e  a n  i n c r e a s e  i n  R h a s  t h e  e f f e c t  o f  
o T

r e d u c i n g  t h e  h e i g h t  o f  t h e  q p e a k )  .

The f a c t  t h a t  t h e  c h a n g e  i n  t u n i n g  w a s  so  s m a l l ,

w as  t a k e n  t o  i m n l y  t h a t  X a l s o  w a s  v e r y  s m a l l  c o m p a r e d
T

w i t h  Z ( s i n c e  an  i n c r e a s e  i n  Z e f f e c t i v e l y  d i s p l a c e s  
o T

t h e  % -peak  a l o n g  t h e  f r e q u e n c y  s c a l e ) ,  a n d  a l s o  t h a t  

/3 L w a s  v e r y  n e a r l y  e q u a l  t o  "T ,

N e g l e c t i n g  t e r m s  c o n t a i n i n g  i n  t h e

d e n o m i n a t o r ,  e q u a t i o n  ( 4 . 3 )  r e d u c e s  t o  :

^  & ' c  ( 4 . 1 1 )

A1 so  p u t t i n g  S'^/2>L^o±n. ( 4 . 1 0 ) ,

o O dK  I—

z  o (^1 XoC L. 4- R -Ŷ o ( 4 . 1 2 )

C o m b i n i n g  ( 4 . 1 1 )  a n d  ( 4 . 1 2 ) ,

■Z.
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Vûiich i s  o f  t h e  f o r m

9t ^  Û e" ( 4 . 1 4 )

s i n c e  Z^ ,  ^ 1 ,  co and  C a r e  a l l  c o n s t a n t s  o f  t h e

c i r c u i t  f i x e d  by  t h e  d i m e n s i o n s  o f  t h e  c a v i t y  and  

q u a r t z  t u b e .

I t  h a s  b e e n  shown i n  E q u a t i o n  ( 1 . 3 ) ,  t h a t  C 

c a n  b e  w r i t t e n

s "  =

i n  t e r m s  o f  t h e  c o n d u c t i v i t y  ^  , w h e r e  ï> i s  t h e  f r e q u e n c y .  

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

s o l u t i o n  i n t o  two p a r t s :

v jh e r e  r e p r e s e n t s  t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  

c o n d u c t i v i t y  o f  nhe  d i p o l a r  r e l a x a t i o n ,  a n d  0^^ i s  t h e  

h i g h  f r e q u e n c y  i o n i c  c o n d u c t i v i t y .  F o r  p u r e  d i s t i l l e d  

w a t e r ,  t h e  s e c o n d  c o n t r i b u t i o n  v a n i s h e s ,  and  t h e  

e x p r e s s i o n  b e c o m e s  :

o.
cr_

( 4 . 1 6 )
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I f  i s  t h e  c u r r e n t  i n  t h e  d e t e c t o r  l o o p  w hen  

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

c u r r e n t  w i t h  s a l t  s o l u t i o n  i n  t h e  t u b e ,  t h e n  f r o m  ( 4 . 1 4 ) ,

A t  6 £ " ^  ( 4 . 1 7 )

I n  p r a c t i c e ,  o w in g  t o  t h e  s q u a r e l a w  d e t e c t i o n  

s e e  E q u a t i o n  3 . 3 )  t h e  a c t u a l  q u a n t i t y  m e a s u r e d  i s

( w ' )

L VO - Lh
- ]J r r y  j  q  ( 4 . i s )

S i n c e  a t  any  f i x e d  f r e q u e n c y  i s  a c o n s t a n t ,  

c o m b i n i n g  E q u a t i o n s  ( 4 . 1 5 ) ,  ( 4 . 1 6 )  an d  ( 4 . 1 8 ) ,  t h e  

r e s u l t  c a n  b e  w r i t t e n

" ° ( 4 . 1 9 )

V/here  - v  A i s  a  c o n s t a n t .

F o r  a f i x e d  t e m p e r a t u r e ,  S  w a s  f o u n d  f r o m  t h e  

e x p e r i m e n t s ,  f o r  e v e r y  l i q u i d ,  a n d  Q

w a s  c a l c u l a t e d .
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RESULTS.

( D i f f e r e n c e  s i g n a l  d u e  t o  s a l t  s o l u t i o n  a n d  
A g r a p h  o f  ( w a t e r

f  ,  ------------------------------------------------------------------------------------
( S i z e  o f  s i g n a l  w i t h  w a t e r  i n  t u b e )  

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

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

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

o n  t h e  c o n c e n t r a t i o n .  The l i m i t  o f  d i l u t i o n  w a s  s e t  b y  

t h e  s i g n a l  t h a t  w a s  o f  t h e  sam e o r d e r  a s  t h e  n o i s e  s c a t t e r .

A s m o o t h e d  g r a p h  w a s  d ra w n  t h r o u g h  e a c h  s e t  o f  r e s u l t s ,  

and  f r o m  t h i s ,  t h e  v a l u e s  o f  S w e r e  r e a d  o f f  a t  

t e m n e r a t u r e s  o f  18*C a n d  2 5 °C. T h e s e  t e m n e r a t u r e s  v m re  

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

C r i t i c a l  T a b l e s ,  o f  t h e  low f r e q u e n c y  c o n d u c t i v i t i e s  

o f  d i l u t e  s o l u t i o n s  o f  p o t a s s i u m ,  s o d i u m  and  l i t h i u m  

c h l o r i d e s  a t  t h e s e  t e m p e r a t u r e s .

C o m p a r i s o n  w i l l  b e  made b e t w e e n  t h e s e  D .C .  

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

U l t r a  H i g h  F r e q u e n c y .

T a b l e s  1 -  1 1 1  g i v e

a t  18  C and  25** C f o r  t h e  l o w e s t  m e a s u r e d  c o n c e n t r a t i o n s  

o f  p o t a s s i u m ,  s o d i u m  and  l i t h i u m  c h l o r i d e s  r e s p e c t i v e l y .
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T a b l e  1 .

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

N o r m a l i t y

. 0 0 2 1

. 0 0 4 3

. 0 0 6 4

. 0 0 8 6

. 0 1 0 7

. 0 1 2 3

. 0 1 5 0

. 0 1 7 1

. 0 1 7 1

. 0 2 1 4

. 0 3 0 0

.0 3 8 5

.0 4 7 0

o!f 18*C
( i  • Oo\)  ̂ 1

. 0 0 2 0 . 0 0 2 9
, 0 0 3 6 . 0 0 4 4
. 0 0 5 1 . 0 0 6 6
. 0 0 6 2 . 0 0 7 6
. 0 0  71 . 0 0 8 5
. 0 0 9 0 . 0 1 0 8
. 0 1 0 2 . 0 1 2 5
.0 1 2 7 . 0 1 5 1
. 0 1 1 6 . 0 1 4 6
. 0 1 5 7 . 0 1 8 5
.0 2 1 1 . 0 2 4 3
. 0 2 4 7 . 0 3 1 7
.0 3 3 3 . 0 3 7 6

OU- 2 ^ c  
Ool)

T a b l e  1 1 .

lo w  c o n c e n t r a t i o n s  o f  s o d i u m  c h l o r i d e

N o r m a l i t y
Ct -Oo»^ ( t. ■ O o

. 0 0 4 3 . 0 0 3 0 . 0 0 4 2

. 0 0 6 4 .0 0 4 0 . 0 0 5 2

.0 0 8 6 . 0 0 5 3 . 0 0 6 6

. 0 1 0 7 .0 0 6 0 . 0 0 7 4

.0 1 2 8 . 0 0 7 9 . 0 0 9 9
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T a b le  1 1 1 .

F o r  low c o n c e n t r a t i o n s  o f  l i t h i u m  c h l o r i d e .

N o r m a l i t y . ^ -  ‘j  a.r c o j r a s V
tt- OOl) (tOO'j

. 0 0 4 3 . 0 0 3 0 . 0 0 3 7

. 0 0 6 4 . 0 0 3 9 .0 0 5 1

.0 0 8 6 . 0 0 4 5 . 0 0 6 1

. 0 1 0 7 . 0 0 5 6 . 0 0 6 3

. 0 1 2 8 . 0 0 7 3 . 0 0 8 9
' . 0 1 7 1 . 0 0 8 9 . 0 1 0 9

As h a s  b e e n  shown i n  t h e  p r e v i o u s  c h a p t e r ,  a t  any- 

f i x e d  t e m p e r a t u r e .

C\ - <r)
C o n s t a n t  x. ( 5 . 1 )

w h e r e  i s  u s e d  f o r  t h e  d i f f e r e n c e  i n  l ’ o b t a i n e d  by

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

no v a l u e s  f o r  h a v e  p r e v i o u s l y  b e e n  o b t a i n e d  a t  t h e s e  

h i g h  f r e q u e n c i e s  a n d  low c o n c e n t r a t i o n s ,  i t  i s  i m p o s s i b l e  

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

c h e c k  t h e  t h e o r y .

I n  t h e i r  l a t e r  p a p e r .  C o l l i e ,  R i t s o n  a n d  H a s t e d  (3 5 )  

f o u n d  t h a t  f o r  c h l o r i d e  s a l t s  a t  c o n c e n t r a t i o n s  o f  0 . 5 .  

N o r m a l  a n d  a b o v e ,  t h e r e  a p p e a r s  t o  b e  no  d i f f e r e n c e  

( g r e a t e r  t h a n  l^G, ) b e t w e e n  t h e  m e a s u r e d  U . H . F .  

c o n d u c t i v i t i e s  and  t h e  i o n i c  c o n d u c t i v i t i e s  a t  low
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f r e q u e n c i e s  a s  l i s t e d  i n  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s .  

F o r  t h i s  r e a s o n  t h e  d i f f e r e n t i a l  m e th o d  w a s  m o d i f i e d  t o  

c o n t i n u e  m e a s u r e m e n t s  on  s o l u t i o n s  o f  much h i g h e r  

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

n e c e s s a r i l y  r e d u c e d  b y  a f a c t o r  o f  a b o u t  4 2 ,  a s  a l r e a d y  

d e s c r i b e d .  R u n s  w e r e  p e r f o r m e d  w i t h  c o n c e n t r a t i o n s  up  

t o  0 . 5  N o r m a l  w i t h  a l l  t h r e e  s a l t s  and  o n e  m e a s u r e m e n t  

w a s  a l s o  made  w i t h  1 N o r m a l  p o t a s s i u m  c h l o r i d e .  U s i n g  

t h e  a v a i l a b l e  D .C .  d a t a  f r o m  t a b l e s ,  and  a s s u m i n g  a t  

0 . 5  N o r m a l  t h a t  t h e  H i g h  F r e q u e n c y  a n d  Low F r e q u e n c y  

c o n d u c t i v i t i e s  a r e  e q u a l ,  a s  shown by  C o l l i e ,  R i t s o n  

a n d  H a s t e d ,  t h e  c o n v e r s i o n  c o n s t a n t  i n  t h e  e q u a t i o n

^ ( 5 . 1 )

w as  e v a l u a t e d  f r o m  t h e  r e s u l t s  f o r  0 . 5  N o r m a l  p o t a s s i u m  

c h l o r i d e  a t  I S ^ ' c .  As a c h e c k  o f  t h e  a s s u m p t i o n ,  t h e  

sam e c o n s t a n t  w a s  c a l c u l a t e d  f r o m  r e s u l t s  f o r  0 . 5  N o r m a l  

p o t a s s i u m  c h l o r i d e  a t  2 5 ' c ,  a n d  a l s o  f o r  1 N o rm a l  

p o t a s s i u m  c h l o r i d e  a t  t h e  tw o  t e m p e r a t u r e s .  The  c o n s t a n t s  

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

e r r o r ,  s h o w i n g  t h a t  t h e r e  i s  j u s t i f i c a t i o n  f o r  u s i n g  

C o l l i e ,  R i t s o n  a n d  H a s t e d ’ s  r e s u l t s  a t  h i g h  c o n c e n t r a t i o n .  

A m ean  v a l u e  f o r  t h e  c o n s t a n t  w a s  c a l c u l a t e d  f r o m  t h e  

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

r e s u l t s  f o r  0 . 5  N o r m a l  s o d i u m  c h l o r i d e  and  l i t h i u m
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c h l o r i d e  a t  18*"C a n d  25*^C; a g r e e m e n t  w i t h  t h e  v a l u e s  

o f  t h e  g i v e n  D .C .  c o n d u c t i v i t i e s  w a s  r o u n d  i n  e a c h  

c a s e ,  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .  T h i s  

f a c t  w a s  t a l c e n  a s  a c o n f i r m a t i o n  o f  t h e  v a l i d i t y  o f  t h e  

e q u a t i o n  ( 5 . 1 )  and  t h u s ,  i n d i r e c t l y ,  o f  t h e  a s s u m p t i o n s  

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

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

by  ( 5 . 1 )  w a s  f o u n d  t o  b e  0 . 4 6  t  . 0 1 .

V a l u e s  o f  ( i ^  ) a n d  x c  ' f o r  t h e

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

c h l o r i d e s  a r e  g i v e n  i n  T a b l e s ,  IV ,  V, V I .

T a b l e  IV .

H i g h  c o n c e n t r a t i o n s  o f  p o t a s s i um c h l o r i d e .

F o r m a l i t y 1 - <f i i x  - 4 " - d

18" C 2 5 " C
1

18" C
I

25" C

. 0 4 7 . 9 3 9 (4*0 )̂ ^927(±-oi) . 0 3 2 ( 4 - ^ 3 ) . 0 3 9 C t ' ^ ^

. 0 9 4 . 8 9 4 . 8 7 7 . 0 5 7 . 0 6 8

. 1 4 7 .8 4 9 . 8 2 7 .0 8 5 .1 0 0

. 1 8 8 .8 3 2 . 8 1 5 . 0 9 6 .1 0 8

.2 1 0 . 7 9 6 . 7 7 2 . 1 2 1 . 1 3 8

. 2 4 8 . 7 9 8 .7 6 3  11 . 1 2 1 . 1 4 4

. 2 5 0 . 7 6 0 . 7 1 5 ! . 1 4 7 . 1 8 2

. 2 9 5 . 7 6 5 . 7 3 0  1 . 1 4 3 .1 7 1

. 3 7 6 . 7 1 7 . 6 8 6  I1 . 1 8 1 . 2 0 7

.5 0 0 . 660 . 6 2 5  I1 . 2 3 1 . 2 6 5
1 . 0 0 0 .  11 . 4 7 0 .4 4 3  1 .4 6 0 . 5 0 4
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T a b l e  V.

F o r  h i g h  o o n o e n t r a t i o n s o f  s o d i um c h l o r i d e .

N o r m a l i t y 1 -

18*0 25 '  0 18° 0 2 ^  0

. 1 2 5 . 9 0 4  <-- - ’!■) .889'.t-f ' i . 0 5 2 . 0 6 1  V

.2 5 0 . 8 4 7 . 8 2 3 .0 8 7 .1 0 2

. 4 0 2 . 7 6 1 . 7 3 3 . 1 4 6 . 1 6 8

.5 0 0 . 7 0 7 . 6 8 4 . 1 9 0 .2 0 9

T a b l e  V I

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

N o r m a l i t y

18  G

1 -

. 0 7 3 7
• 1 4 7 5  

t . 2 1 5  
I . 2 9 5  
! . 4 3 0
1 . 5 0 0

. 5 0 0__u:

. 9 4 5  It'Oij 

. 9 0 1  

.8 7 5  

. 8 2 3  

. 7 7 0  

.7 5 7  

.7 6 9

25*0

.9 3 9

.8 9 6

. 8 5 5
. 7 9 3
.7 4 6
. 7 3 7
. 7 3 0

K l -

18  G 25 G

. 0 2 9  tt-o'i} . 0 3 2  I t  

. 0 5 4  . 0 5 7

. 0 6 9  . 0 8 1

. 1 2 0  . 1 2 3

. 1 4 0  .1 5 8

. 1 4 9  . 1 5 5

. 1 4 0  . 1 7 0

E r r o r s .

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

c a s e  t h e  maximum d e v i a t i o n ,  d e f i n e d  a s  t h e  d e v i a t i o n  s u c h  

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

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

and  n o t  d e p e n d e n t  o n  a c o n s t a n t  o f  t h e  a p p a r a t u s ^  j

w a s  i n  e a c h  c a s e  m u l t i p l i e d  b y  t h e  c o n s t a n t  , and

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

s i n c e

o-u-b ’ -- % l i  cTj ^ From  5 . 1

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

18* G a n d  25* G a g a i n s t  N o r m a l i t y  w e r e  p l o t t e d  f o r  t h e  

t h r e e  s a l t s .

G ra p h  1 show s t h e  v a r i a t i o n  o f  w i t h  c o n c e n t r a t i o n  

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

c h l o r i d e .  I t  c a n  b e  s e e n ,  t h a t  t h e  m e a s u r e d  c o n d u c t i v i t i e s  

a t  t h e s e  c o n c e n t r a t i o n s  a r e  ev e ry ^ / jh e re  h i g h e r  t h a n  t h e  D.G .  

v a l u e s  o b t a i n e d  f r o m  I n t e r n a t i o n a l  G r i t i c a l  T a b l e s ;  t h i s  

d e v i a t i o n  w i l l  b e  d i s c u s s e d  i n  d e t a i l  l a t e r .  The  

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

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

t r u e  a t  b o t h  U . H . F .  and low f r e q u e n c i e s  an d  i s  t h e  same 

f o r  a l l  t h r e e  s a l t s .

G r a p h s  11 a n d  111 show t h e  v a r i a t i o n  o f  w i t h

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

c h l o r i d e s . I t  i s  e v i d e n t  t h a t  t h e  same s o r t  o f  d e v i a t i o n  

o f  t h e  U . H . F .  c o n d u c t i v i t i e s  f r o m  t h e  D.G .  v a l u e s  e x i s t s  

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

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

w i t h  t h e  sam e a c c u r a c y .

G r a p h s  IV  a n d  V a r e  f o r  t h e  h i g h e r  c o n c e n t r a t i o n  

r a n g e  o f  p o t a s s i u m  c h l o r i d e  a t  1 8 ^ 0  a n d  25*0  r e s p e c t i v e l y .  

T he  D .G .  c o n d u c t i v i t y  v a l u e s  a r e  a g a i n  i n c l u d e d  a n d  i t  

c a n  b e  s e e n  t h a t  a t  a  c o n c e n t r a t i o n  o f  0 . 5  N o r m a l ,  t h e  

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

c o i n c i d e n c e  b e i n g  m a i n t a i n e d  a t  1 N o r m a l .

S i m i l a r  c u r v e s  f o r  t h e  h i g h e r  c o n c e n t r a t i o n s  o f  

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

V I  a n d  V l l .

S i n c e  t h e  t e c h n i q u e  f o r  m e a s u r e m e n t s  a t  t h e s e  h i g l i  

c o n c e n t r a t i o n s  n e c e s s i t a t e s  a r e d u c t i o n  i n  s e n s i t i v i t y  

b y  a f a c t o r  o f  4 2 ,  t h e  s c a t t e r  i s  c o n s e q u e n t l y  w i d e r  

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

t h a t  w h i l e  t h e  D .G .  c o n d u c t i v i t i e s  f o r  p o t a s s i u m  

c h l o r i d e  s o m e t i m e s  f a l l  w i t h i n  t h e  s c a t t e r  o f  t h e  

p o i n t s ,  t h e y  c o n s i s t e n t l y  l i e  b e l o w  t h e  b e s t  m ean  

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

0 . 5  N o r m a l .  T h e  f e w e r  p o i n t s  o b t a i n e d  f o r  s o d i u m  

c h l o r i d e  a n d  l i t h i u m  c h l o r i d e ,  t o g e t h e r  w i t h  t h e  

s m a l l e r  e f f e c t s  o b s e r v e d  w i t h  t h e s e  s a l t s ,  m ake  

i t  i m p o s s i b l e  t o  d i f f e r e n t i a t e  b e t w e e n  t h e  lo w  

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

h i g h e r  c o n c e n t r a t i o n s .
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C o n c l u s i o n s .

F o r  p o t a s s i u m  c h l o r i d e  a t  1 8 * 0  a n d  25^ t h e  lo w  

f r e q u e n c y  c o n d u c t i v i t i e s  a t  lo w  c o n c e n t r a t i o n s  a p p e a r  

t o  l i e  c o n s i d e r a b l y  b e l o w  t h e  m e a s u r e d  U . H . F .  v a l u e s .

W i t h  i n c r e a s i n g  c o n c e n t r a t i o n ,  t h e  d i f f e r e n c e  g r o w s  

l e s s  and  a p p a r e n t l y  v a n i s h e s  a t  a  c o n c e n t r a t i o n  o f  0 . 5  

N o r m a l .  T h i s  i s  i n  a g r e e m e n t  w i t h  r e s u l t s  o b s e r v e d  

b y  o t h e r  w o r k e r s  ( 3 5 ) .

F o r  s o d i u m  a n d  l i t h i u m  c h l o r i d e s ,  a s i m i l a r  t r e n d ,  

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

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

c o n c e n t r a t i o n s .  R e s u l t s  w e r e  n o t  s u f f i c i e n t l y  

s e n s i t i v e  t o  d e t e c t  a n y  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  

c o n d u c t i v i t i e s  a t  U . H . F .  a n d  low  f r e q u e n c i e s  i n  t h e  

h i g h e r  c o n c e n t r a t i o n  r a n g e .

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

t h e  c o n d u c t i v i t i e s  i n c r e a s e d  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  

o v e r  t h e  r a n g e  1 8 * 0  t o  2 5 * 0 .

S c o p e  a n d  L i m i t s  o f  t h e  New D i f f e r e n t i a l  M e t h o d .

I f  t h e  a s s u m p t i o n s  m ade  i n  t h e  s e c t i o n  d e a l i n g  w i t h  

t h e  e q u i v a l e n t  l i n e  t h e o r y  a r e  j u s t i f i e d ,  i . e .  i f  i t  i s  

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

b y  a c h a n g e  i n  , t h e  m e t h o d  e n a b l e s  much s m a l l e r  

d i f f e r e n c e s  i n  c o n d u c t i v i t i e s  t o  b e  m e a s u r e d  t h a n  h a v e  

b e e n  d e t e c t a b l e  a t  t h e s e  f r e q u e n c i e s  t o  d a t e .  A r o u g h  

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

p o s i t i o n  i n  a  r e g i o n  o f  minimura  f i e l d ,  a c h a n g e  i n  

t' w o u l d  h a v e  a p p r o x i m a t e l y  a h u n d r e d  t i m e s  t h e  

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

i n  V . S i n c e ,  a c c o r d i n g  t o  t h e  f i n d i n g s  o f  C o l l i e ,  

H i t s o n  a n d  H a s t e d ,  t h e  v a r i a t i o n  o f  €' w i t h  c o n c e n t r a t i o n  

i s  v e r y  s m a l l ,  a n d  a s  no c h a n g e  i n  t u n i n g  f r e q u e n c y  w as  

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

r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  c h a n g e  i n  t ’ w a s  t h e  

o n l y  q u a n t i t y  m e a s u r e d .

Tlie f i n a l  s e n s i t i v i t y  o f  t h e  m e t h o d  w a s  l i m i t e d  

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

c i r c u i t . T h e  s m a l l e s t  s i g n a l  m e a s u r a b l e  a b o v e  t h e  

m ea n  n o i s e  l e v e l  s e t  t h e  l i m i t  t o  t h e  d i l u t i o n  p e r m i t t e d ,  

s i n c e  w hen  t h e  s i g n a l  s i z e  i s  o f  t h e  sa m e  m a g n i t u d e  

a s  t h e  r a n d o m  b a c k g r o u n d  n o i s e ,  no  f u r t h e r  a m p l i f i c a t i o n  

c a n  y i e l d  a n y  a d d i t i o n a l  i n f o r m a t i o n .  As c a n  b e  s e e n  

f r o m  T a b l e s  1 -  1 1 1 , t h e  s c a t t e r  w a s  o f  t h e  o r d e r  o f  

50% o f  t h e  i n t e r c h a n g e  s i g n a l  f o r  a c o n c e n t r a t i o n  

c o r r e s p o n d i n g  t o  . 0 0 2 1  N o r m a l  f o r  p o t a s s i u m  c h l o r i d e  

a n d  . 0 0 4 3  N o r m a l  f o r  t h e  o t h e r  tw o  c h l o r i d e s .  T h i s ,  

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

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

T h e  s e c o n d  f a c t o r  a f f e c t i n g  t h e  i n t e r p r e t a t i o n  o f  

t h e  r e s u l t s  w a s  t e m p e r a t u r e  s e n s i t i v i t y  o f  I  . Owing  

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

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

r u n  a n d  r e a d  o f f  S  a t  t h e  r e q u i r e d  t e m p e r a t u r e s  f r o m  

a s m o o t h e d  c u r v e .  S i n c e  e a c h  r u n  t o o k  o v e r  a n  h o u r ,  

t h e  t o t a l  a m o u n t  o f  e a c h  l i q u i d  u s e d  w a s  a b o u t  o n e  

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

a v a i l a b l e  i n  a s  l a r g e  q u a n t i t i e s  a s  t h e  o n e s  u s e d  i n  

t h e  p r e s e n t  w o r k  i t  v jo u ld  b e  n e c e s s a r y  t o  i n s t i t u t e  

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

r u n  w o u l d  b e  r e q u i r e d .  V / i th  s u i t a b l e  m o d i f i c a t i o n s  

i n  t h e  d i m e n s i o n s  o f  t h e  t u b e  a n d  i n  t h e  s h a p e  a n d  

s i z e  o f  t h e  c a v i t y ,  t h e  m e t h o d  c o u l d  a l s o  b e  a d a p t e d  

f o r  m e a s u r e m e n t s  o n  n o n - a q u e o u s  s o l u t i o n s  a n d  

i n v e s t i g a t i o n s  a t  e v e n  h i g h e r  f r e q u e n c i e s .
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7 3 .
INTERPRETATION OF RESULTS.

T he  D e W e - H ü c k e l  T h e o r y  o f  C o n d u c t i v i t i e s .

I n  v e r y  d i l u t e  s o l u t i o n s  o f  s t r o n g  e l e c t r o l y t e s ,  

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

p r o b a b i l i t y  o f  f i n d i n g  a n  i o n  i n  t h e  v i c i n i t y  o f  a n o t h e r  

o f  t h e  sam e  s i g n  i s  l e s s  t h a n  t h e  p r o b a b i l i t y  o f  f i n d i n g  

i t  n e a r  o n e  o f  o p p o s i t e  s i g n .  A p o s i t i v e  i o n  may 

t h e r e f o r e  b e  c o n s i d e r e d  t o  b e  s u r r o u n d e d  by  an  i o n i c  

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

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

a p o s i t i v e  i o n  a t m o s p h e r e .  A d e t a i l e d  a n a l y s i s  o f  

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

f o u n d  i n  s t a n d a r d  t e x t b o o k s  d e a l i n g  w i t h  t h e  t h e o r y  

o f  e l e c t r o l y t e s ,  e . g .  ( 3 3 ) ,  ( 3 8 ) .

D e b y e  a n d  H t l c k e l  ( 3 9 )  h a v e  sh o w n  t h a t  d u e  t o  t h i s  

i o n i c  a t m o s p h e r e ,  t h e  i o n  i s  s u b j e c t e d  t o  two r e t a r d i n g  

i n f l u e n c e s  a s  i t  m o v es  i n  a n  e l e c t r i c  f i e l d .  T h e  f i r s t  

i s  t h e  s o - c a l l e d  ^ d i s y m m e t r y  e f f e c t ^  w h i c h  i s  c a u s e d  

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

a t m o s p h e r e  t e n d s  t o  l a g  b e h i n d ,  s e t t i n g  up  an  e l e c t r i c a l  

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

e f f e c t  w h i c h  a r i s e s  a s  a c o n s e q u e n c e  o f  t h e  s o l v a t i o n  o f  

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

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

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

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

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

a n  a d d i t i o n a l  r e t a r d i n g  f o r c e ,  c a l c u l a b l e  a c c o r d i n g  

t o  s t o k e ' 8 L aw .

O n s a g e r  ( 4 0 )  h a s  m o d i f i e d  t h e  e a r l y  D e b y e - R ü c k e l  

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

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

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

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

d i s s o c i a t i o n  c a n  b e  a s s u m e d .  T h e o r i e s  v a l i d  f o r  m o r e  

c o n c e n t r a t e d  s o l u t i o n s ,  i n t r o d u c i n g  a t e r m  f o r  i n t e r 

i o n i c  f o r c e s ,  h a v e  b e e n  p u t  f o r v j a r d  b y  F u o s s  ( 4 1 )  

a n d  B j e r r u m  ( 4 2 ) .

V a r i a t i o n  o f  C o n d u c t i v i t y  w i t h  F r e q u e n c y :

The  T h e o r y  o f  F a l k e n h a g e n .

I f  a n  i o n  c o u l d  b e  i n s t a n t a n e o u s l y  r e m o v e d  f r o m  a 

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

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

r e t u r n i n g  t o  t h e  r a n d o m  d i s t r i b u t i o n  t h a t  t h e y  

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

t i m e  i s  known a s  t h e  r e l a x a t i o n  t i m e  o f  t h e  i o n i c  

a t m o s p h e r e ,  T  , a n d  h a s  b e e n  c a l c u l a t e d  b y  D eb y e  a n d  

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

o b t a i n e d  t h e  e x p r e s s i o n  :

X  -  _______ __ ( 6 . 1 )
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V.Hiere [ i s  t h e  ' f r i c t i o n a l  c o e f f i c i e n t '  o f  t h e  i o n s ,  

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

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

c a l c u l a t e d  f o r  a n y  p a r t i c u l a r  s o l u t i o n ,  k.  i s  B o l t z m a n n ’ s  

c o n s t a n t  a n d  T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  F o r a q u e o u s

s o l u t i o n s  o f  p o t a s s i u m  c h l o r i d e ,  t h e  v a l u e  o b t a i n e d  f o r
\ . -10  

^  f r o m  ( 6 . 1 )  i s  " ^ ' z ( 0 . 5 5  % 10 ) s e c .  v j h e r e  iT i s

t h e  e q u i v a l e n t  c o n c e n t r a t i o n  o f  ohe s o l u t i o n .

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

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

t h e  f i e l d ,  d u e  t o  i t s  f i n i t e  r e l a x a t i o n  t i m e .  T h i s  i s  

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

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

f i e l d .  I n  t h e  same w a y  a s  t h e  d i p o l e s  l a g  b e h i n d  t h e  

a p p l i e d  f i e l d ,  t h e  i o n i c  a t m o s p h e r e  i s  no l o n g e r  a b l e  

t o  f o l l o w  t h e  mo vemen t  o f  t h e  c e n t r a l  i o n .  T h u s ,  i f  

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

i n  an  a l t e r n a t i n g  f i e l d  and  t h e  f r e q u e n c y  c a n  b e  

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

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

t e r m  w i l l  d e c r e a s e  and  f i n a l l y  v a n i s h .  T h i s  e f f e c t ,  

c a u s i n g  an  i n c r e a s e  i n  t h e  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  

f r e q u e n c y ,  w a s  f i r s t  p r e d i c t e d  t h e o r e t i c a l l y  b y  D e b y e  

a n d  F a l k e n h a g e n  ( 4 3 ) .

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

r e p r e s e n t e d  b y  :

\  = ( 6 . 2 )
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w h e r e  A . o  i s  t h e  c o n d u c t i v i t y  a t  i n f i n i t e  d i l u t i o n  an d

a n d  / \ ^  a r e  t h e  m o d i f i c a t i o n s  c o n t r i b u t e d  by  t h e  

d i s y m m e t r y  and  e l e c t r o p h o r e t i c  e f f e c t s  r e s p e c t i v e l y ,  a t  

a f r e q u e n c y  co  . W i t h  i n c r e a s i n g  f r e q u e n c y ,  t h e  t e r m  

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

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

t h e  r e l a x a t i o n  t i m e  i s ,  i n  t h e o r y ,  i n v e r s e l y  p r o p o r t i o n a l  

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

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

t h e  c o n d u c t i v i t y  i n c r e a s e  d u e  t o  t h e  d i s p e r s i o n  i s  a  

maximum.  S a c k  ( 2 7 ) ,  i n v e s t i g a t i n g  t h i s  p r a c t i c a l l y ,  

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

a n d  w a s  a l s o  a b l e  t o  s a y  t h a t  t h e  o b s e r v e d  e f f e c t s  

w e r e  o f  t h e  r i g h t  o r d e r  o f  m a g n i t u d e .

The  e x p e r i m e n t s  p e r f o r m e d  t o  i n v e s t i g a t e  t h e  

v a l i d i t y  o f  t h e  F a l k e n h a g e n  t h e o r y  h a v e  b e e n  d e s c r i b e d  

i n  C h a p t e r  2 .  A l l  s ho w ed  q u a l i t a t i v e  a g r e e m e n t  w i t h  

t h e o r y ,  a n d ,  a t  t h e  l i m i t i n g  r a n g e  o f  h i g h  d i l u t i o n  

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

a g r e e m e n t  w a s  o b t a i n e d .

I f  e q u a t i o n  ( 6 . 2 )  i s  a p p l i e d  t o  a s o l u t i o n  a t  

z e r o  f r e q u e n c y ,  t h e  c o n d u c t i v i t y  i s  g i v e n  b y  :

A  - -  A „  (6 .3)

F a l k e n h a g e n  ( 3 3 )  g i v e s  t h e o r e t i c a l l y  c a l c u l a t e d  v a l u e s
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o f  , \  f o r  some t y p i c a l  e l e c t r o l y t e s  a t  s e v e r a llo
c o n c e n t r a t i o n s  a nd  w a v e l e n g t h s .  F o r  p o t a s s i u m  c h l o r i d e  

a t  18  C, a t  a w a v e l e n g t h  o f  10 cm. t h e  f o l l o w i n g  d a t a  

a r e  o b t a i n e d ;

M o l a r  C o n c e n t r a t i o n

. 0 0 0 1  . 0 2  . 2 9  . 5 0 5

. 0 0 1  . 0 6  . 9 1 5  1 . 5 8 5

. 0 1  . 1 7  2 . 9 1  5 . 0 5

I f  we w r i t e  t h e  e x p e c t e d  i n c r e a s e  o f  m o l a r  c o n d u c t i v i t y  

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

t h e n

I n c r e a s e  i n  c o n d u c t i v i t y
a t  f r e q u e n c y  co   (. %

D . C .  c o n d u c t i v i t y  — A . o  “ A«,

At  a c o n c e n t r a t i o n  o f  . 0 0 0 1  N o r m a l ,  t h e  p r e d i c t e d  

i n c r e a s e  i n  c o n d u c t i v i t y  w o u l d  b e  . 2%^a t  a c o n c e n t r a t i o n  

o f  . 0 0 1  N o r m a l  i t  w o u l d  b e  .7% and  a t  . 0 1  N o r m a l  i t  i s  

2 . 4 % .  S i n c e  t h e  b a s i c  a s s u m p t i o n s  u n d e r l y i n g  t h e  

D e b y e - F a l k e n l ' i a g e n  t h e o r y  d e p e n d  o n  t h e  e l e c t r o l y t e  b e i n g  

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

c o n d u c t i v i t i e s  a t  h i g h e r  c o n c e n t r a t i o n s  c a n  b e  m a d e .

G r a p h  V I 11 s h o w s  t h e  p e r c e n t a g e  i n c r e a s e  i n  

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

c o n c e n t r a t i o n  r a n g e  o f  p o t a s s i u m  c h l o r i d e  a t  1 8 * 0 .  T h e  

maximum e r r o r ,  a s  g i v e n  i n  T a b l e  1 ,  h a s  b e e n  u s e d  t o
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i n d i c a t e  t h e  s p r e a d  o f  p o i n t s .  T h i s  i s  c o n s i d e r a b l e  

a t  t h e  l o ^  c o n c e n t r a t i o n  end ,  w h e r e  t h e  d i f f e r e n c e  

b e t w e e n  t h e  U . H . F .  c o n d u c t i v i t y  and  t h e  low f r e q u e n c y  

v a l u e ,   ̂ / \ ,u3 , i s  o f  a p p r o x i m a t e l y  t h e

same m a g n i t u d e  a s  t h e  e r r o r  on  t h e  m e a s u r e d  q u a n t i t y  

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

c a l c u l a t e d  f r o m  F a l k e n h a g e n ’ s t h e o r y ,  h o w e v e r ,  a l w a y s  

l i e  b e lo w  t h e  minimum v a l u e  on t h e  g r a p h ,  e v e n  i f  t h e  

e r r o r  w e r e  a maximum.

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

p e r c e n t a g e  c o n d u c t i v i t y  c h a n g e  a s  shown on t h e  g r a p h  

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

n e a r l y  a s  l a r g e  a s  t h e  maximum p o s s i b l e  e r r o r .  O v e r  

t h e  c o n c e n t r a t i o n  r a n g e  . 0 0 4  N o r m a l  t o  . 0 4 7  N o r m a l ,  

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

o f  3 x1 0^  c / s .  a p p e a r s  t o  b e  c o n s t a n t  and  a b o u t  30^  

o f  t h e  D .C .  v a l u e .  T h i s  i s  g r e a t l y  i n  e x c e s s  o f  t h e  

i n c r e a s e  p r e d i c t e d  b y  t h e  D e b y e - F a l k e n h a g e n  t h e o r y .

As h a s  a l r e a d y  b e e n  m e n t i o n e d ,  t h e r e  i s  no

p r e v i o u s  p u b l i s h e d  w o r k  on  d i l u t e  a q u e o u s  s o l u t i o n s

a t  t h e s e  v e r y  h i g h  f r e q u e n c i e s .  Some c o n f i r m a t i o n

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

wo r k  d o n e  a t  A n k a n r a  U n i v e r s i t y ,  u s i n g  a q u e o u s

s o l u t i o n s  o f  m ag n e s i u m  s u l p h a t e  and c a l c i u m
0

s u l p h a t e  a t  a  f r e q u e n c y  o f  24 x  10 c / s . ( 4 3 ) .  

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

a g r e e m e n t  w i t h  t h e  e f f e c t  m e n t i o n e d  h e r e .

A f u r t h e r ,  t h o u g h  i n d i r e c t ,  c o n f i r m a t i o n  w h i c h  

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

G a r t n e r  ( 44 )  . S i n c e  a n p a r a t u s  f o r  g e n e r a t i n g  w a v e s  o f  

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

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

t h e o r y  f o r  a q u e o u s  s o l u t i o n s  was  n o t  a t  t h a t  t i m e  

a v a i l a b l e ,  G H r t n e r  d e c i d e d  t o  u s e  g l y c e r i n e  a s  

s o l v e n t .  S i n c e  t h e  r e l a x a t i o n  t i m e  o f  g l y c e r i n e  

i s  much l o w e r  t h a n  t h a t  o f  w a t e r ,  t h e  s m a l l e s t  w a v e l e n g t h  

t h e n  a v a i l a b l e ,  a b o u t  1 5 m . , l i e s  w i t h i n  t h e  a n o m a l o u s  

d i p o l a r  a b s o r p t i o n  r e g i o n  d e s c r i b e d  b y  Debye  ( 4 6 ) .  I t  

was  t h e r e f o r e  t o  b e  e x p e c t e d  t h a t  t h e  F a l l c e n h a g e n  e f f e c t  

w o u l d  be  o b s e r v a b l e  a t  t h e  l o w e r  f r e q u e n c y  f o r  s o l u t i o n s  

i n  g l y c e r i n e .

U s i n g  B r e n d e l ’ s a p p a r a t u s  ( 2 8 ) ,  a n d  m a k i n g  m e a s u r e m e n t s  

on  t h e  c o n d u c t i v i t i e s  o f  m a g n e s i u m  s u l p h a t e  ,and  s e v e r a l  

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

G a r t n e r  d i s c o v e r e d  t h a t  t h e  r e l a t i v e  c o n d u c t i v i t y  r o s e  

t o  a s  much a s  s i x  t i m e s  i t s  D .C .  v a l u e .  S u b s e q u e n t  

m e a s u r e m e n t s  on p u r e  g l y c e r i n e  show ed  t h a t  t h e  e f f e c t  

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

b u t  t h a t  i o n i c  e f f e c t s  w e r e  r e s p o n s i b l e  f o r  t h e  i n c r e a s e .

No s a t i s f a c t o r y  e x p l a n a t i o n  o f  t h e  r e s u l t s  w a s  a d v a n c e d ,  

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

u n s p e c i f i e d  m a n n e r ,  p r o d u c i n g  u n e x p e c t e d  r e s u l t s .  At  

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

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

a s  p r e d i c t e d  b y  F a l k e n h a g e n .
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A New T h e o r y  t o  Ac c o u n t  f o r  t h e  O b s e r v e d  Va r i a t i o n  o f  

C o n d u c t i v i t y  w i t h  F r e q u e n c y .

( T h i s  t h e o r y  h a s  b e e n  d e v e l o p e d  i n  c o n j u n c t i o n  w i t h  D r .

V . I . l i t t l e ,  B e d f o r d  C o l l e g e ) .

S i n c e  i t  h a s  b e e n  shown t h a t  t h e  o b t a i n e d  r e s u l t s  

c a n  n o t  b e  i n t e r p r e t e d  i n  t e r m s  o f  a r e l a x a t i o n  e f f e c t  

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

a d o p t e d  i n  a n  a t t e m p t  t o  g i v e  a s a t i s f a c t o r y  e x p l a n a t i o n ,  

I n  t h e  new t h e o r y  t h e  i n f l u e n c e  o f  t h e  i o n s  on  t h e  

s u r r o u n d i n g  w a t e r  m o l e c u l e s  i s  c o n s i d e r e d ,  a n  e f f e c t  

n o t  i n c o r p o r a t e d  i n t o  t h e  t h e o r y  o f  F a l k e n h a g e n .

Debye ,  ( 4 6 ) ,  c a l c u l a t e d  t h a t  w i t h i n  a s p h e r e  o f  

a p p r o x i m a t e l y  11 A .U .  r a d i u s ,  t h e  w a t e r  m o l e c u l e s  

s u r r o u n d i n g  a m o n o v a l e n t  i o n  a r e  i n  a r e g i o n  o f  

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

c o n s t a n t s  a r e  g r e a t l y  m o d i f i e d .  He d e r i v e d  v a l u e s  

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

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

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

i n  c a l c u l a t i o n s  i n v o l v i n g  t h e s e  d i s t a n c e s .  The  c o n c e p t  

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

a c o n t i n u o u s ,  h o m o g e n e o u s  medium.  V e r y  n e a r  an  i o n ,  

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

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

b e  s m a l l  numbe r  o f  t h e s e  i n  t h e  s p a c e  i m m e d i a t e l y
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s u r r o u n d i n g  t h e  i o n .  The  u s e  o f  a d i e l e c t r i c  ’ c o n s t a n t ’ 

d o e s  n o t ,  i n  t h i s  c a s e ,  seem j u s t i f i e d .  B e r n a l  and 

F o w l e r  ( 4 7 )  show,  t h a t  w a t e r  m o l e c u l e s  a p p r o x i m a t e  

t o  a  c r y s t a l l i n e  q u a r t z - l i k e  s t r u c t u r e ,  b r o k e n  by  t h e  

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

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

i n  t h e  v i c i n i t y  o f  t h e  i o n ,  d u e  t o  t h e  v e r y  i n t e n s e  

e l e c t r o s t a t i c  f i e l d  i n  t h i s  r e g i o n .  N e a r  t h e  i o n ,  

t h e r e f o r e ,  t h e  w a t e r  d i p o l e s  a r e  c o - o r d i n a t e d  by  t h e  

i o n ,  w h i l e  b e yo nd  a c r i t i c a l  d i s t a n c e  f r o m  i t ,  t h e y  

a r e  o r i e n t a t e d  by  t h e i r  m u t u a l  d i p o l a r  a t t r a c t i o n s .  * 

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

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

be  t a k e n  t o  b e  a t  a d i s t a n c e  o f  a b o u t  8 l . U .  f r o m  

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

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

w h i c h  t h e  f i e l d  due  t o  t h e  c h a r g e  i s  e q u a l  t o  t h e  

a x i a l  f i e l d  o f  a w a t e r  d i p o l e  a t  a d i s t a n c e  e q u a l  

t o  i t s  l o n g e s t  d i a m e t e r .

F o r  a c o m p l e t e  p i c t u r e ,  some a s s u m p t i o n  m u s t  

b e  made  a b o u t  t h e  number  and  d i s t r i b u t i o n  o f  w a t e r  

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

P o p l e ,  ( 4 8 ) ,  i n  h i s  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  

o b t a i n e d  b y  K a t z o f f  ( 49 )  and  b y  Morgan  and  W a r r e n  (50 )  

i n  t h e i r  w o r k  on  t h e  X - r a y  s p e c t r u m  o f  w a t e r ,  

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

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

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

A p e r f e c t l y  t e t r a h e d r a l  s t r u c t u r e ,  s u c h  a s  p o s t u l a t e d  by  

B e r n a l  and  F o w l e r ,  w o u l d  c o n t a i n  f o u r ,  t w e l v e  and  t h i r t y -  

s i x  m o l e c u l e s  i n  t h e  i n n e r m o s t  s h e l l s .  F o r  t h e  s a k e  

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

w h i c h  s h e l l s  o n e  and  two a r o u n d  an  i o n  a r e  a s s u m e d  t o  

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

t h e  d i p o l e s  w i l l  t e n d  t o  p a c k  a s  c l o s e l y  a s  p o s s i b l e  

a r o u n d  t h e  i o n .  The  t h i r d  s h e l l ,  a t  a d i s t a n c e  o f
e

6 A.U.  f r o m  t h e  c e n t r e ,  w i l l  t e n d  t o  a c q u i r e  mo re  

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

b e  a s s u m e d  t o  c o n t a i n  b e t w e e n  t w e n t y - t w o  and  t h i r t y -  

s i x  m o l e c u l e s .

The m o l e c u l e s  o f  t h e  t h r e e  i n n e r m o s t  s h e l l s  a r e  

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

o f  an  e x t e r n a l  f i e l d ,  t h e  w a t e r  m o l e c u l e s  w i l l  be  a l i g n e d  

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

s h e l l s , i t  i s  a s s u m e d  t h a t  t h e  f i e l d  d u e  t o  t h e  i o n  

i s  s m a l l  c o m p a r e d  w i t h  zhe  i n t e r - d i p o l a r  f o r c e s ,  and  

t h e  m o l e c u l e s  f o r m  t h e i r  n o r m a l  w a t e r  s t r u c t u r e .  T h i s  

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

e x i s t  some a r e a  o f  p a r t i a l  o r i e n t a t i o n ,  b u t ,  f o r  

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

made  t h a t  w i t h i n  t h e  t h r e e  i n n e r  s h e l l s ,  t h e  m o l e c u l e s
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a r e  t o t a l l y  a l i g n e d ,  -whi l e  o u r s i d e  t h i s  r e g i o n ,  t h e y  

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

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

c o n s t a n t  c a n n o t  b e  u s e d  when c a l c u l a t i n g  t h e  e l e c t r o s t a t i c  

f i e l d  a t  a p o i n t  w i t h i n  t h e  i n n e r  t h r e e  s h e l l s .  I n  

o r d e r  t o  f i n d  t h e  f i e l d  du e  t o  t h e  c e n t r a l  i o n  a t  a 

p o i n t  on t h e  t h i r d  s h e l l ,  t h e r e f o r e ,  i t  w i l l  b e  a s sum ed  

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

t h e  g a p s  i n  t h e  s c r e e n  f o r m e d  by  s h e l l s  o n e  and  two,  an d  

t h a t  t h e  m o l e c u l e s  c o n s t i t u t i n g  s h e l l  t h r e e  move r o u n d  

t o  p o s i t i o n s  o f  maximum f i e l d ,  o t h e r  m o l e c u l e s  f r o m  

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

T h i s  a c c o u n t s  f o r  t h e  i n c r e a s e  i n  t h e  number  o f  

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

The new mo de l  t h u s  i n t r o d u c e s  two b a s i c  a s s u m p t i o n s :

1)  t h a t  t h e  m o l e c u l e s  a r o u n d  t h e  i o n  a r e  r a d i a l l y  o r i e n t a t e d  

a nd  r i g i d l y  h e l d  by  t h e  f o r c e s  d u e  t o  t h e  f i e l d  o f  t h e  i o n ;

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

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

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

r e g i o n  i t  i s  n o t  p e r m i s s i b l e  t o  u s e  an  o v e r a l l  a v e r a g e  

v a l u e  t o  r e p r e s e n t  t h e  c o n t r i b u t i o n s  due  t o  t h e  i n n e r m o s t  

w a t e r  m o l e c u l e s .

I f  an  e x t e r n a l  f i e l d  E i s  a p p l i e d ,  i t  w i l l  b e  e n h a n c e d ,  

d u e  t o  t h e  p o l a r i s a t i o n  o f  t h e  medium,  and ,  i n  a l l  r e g i o n s  

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

F  - t :  + % T T  p  ( 6 . 4 )

w h e r e  P  i s  t h e  p o l a r i s a t i o n ,  o r  mean  e l e c t r i c  moment  p e r  

u n i t  v o l u m e  o f  t h e  s o l u t i o n .  E q u a t i o n  ( 6 . 4 )  h o l d s  

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

d e r i v a t i o n  b e i n g  g i v e n  i n  s t a n d a r d  t e x t b o o k s ,  ( e . g .  R e f  

4 6 ) .  The e f f e c t  on t h e  p o l a r i s a t i o n  P  , du e  t o  t h e  

p r e s e n c e  o f  t h e  i o n s  w i l l  now b e  c a l c u l a t e d .

F i g u r e  *7 shows  t h e  e f f e c t  o f  an  i o n  on  a w a t e r  

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

o f  an  e x t e r n a l  f i e l d ,  t h e  d i p o l e  a t  P ( r , ^  ) w i l l  b e  

a l i g n e d  r a d i a l l y  due  t o  t h e  f i e l d  o f  t h e  i o n  a t  0 .  I f  

an  e x t e r n a l  f i e l d ,  E, i s  a p p l i e d  i n  t h e  d i r e c t i o n  OA, 

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

r o t a t e  t h r o u g h  t h e  a n g l e  ^  w h e r e

<P
 ̂ F" B*

(0 i s  a s s um ed  t o  b e  a m o n o v a l e n t  p o s i t i v e  i o n  o f  c h a r g e  e )
o

s i n c e  a t  a d i s t a n c e  o f  6 A.U.  ( c o r r e s p o n d i n g  t o  t h e  

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

f i e l d  du e  t o  t h e  i o n  Is  s t i l l  v e r y  s t r o n g ,  i n  g e n e r a l

Ç  ^  % » -  )
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(p  ^

w h e r e  k.

h e n c e  C o s  0  .  t ' ^ 5 ' ^ • © ) ’ " 7

. k S _ . ©  J

I f  i s  t h e  e f f e c t i v e  a v e r a g e  d i p o l e  moment  o f  a w a t e r
/

m o l e c u l e ,  t h e  c o n t r i b u t i o n  t o  t h e  f i e l d  a t  0 i n  t h e

d i r e c t i o n  OA by  t h e  d i p o l e  a t  F i s  g i v e n  b y  :

[2. 0 . 0  (2^.9 -
6 . 6 )

From t h e  s t a n d a r d  e q u a t i o n s  f o r  t h e  r a d i a l  and c r o s s r a d i a l  

c o m p o n e n t s  o f  a d i p o l e ' s  f i e l d .

F u b s t i t u t i n g  f r o m  e q u a t i o n  ( 6 . 5 ) ,

yu- ( a G > ^ - ' i r C  9" )^  ̂ ! -ifmi-M ■     —-- - . - J ^

^  / T F Ü " -  5 _ " 9 -  ( 6 . ? )

The t o t a l  c o n t r i b u t i o n  a l o n g  OA du e  t o  a l l  d i p o l e s  

i n  t h e  t h i r d  s h e l l ,  i s  o b t a i n e d  by summing o v e r  a l l

v a l u e s  o f  ^  so a s  t o  i n c l u d e  a l l  m o l e c u l e s  i n  t h e  s h e l l

U  c.,9- _ K VI (G.8)
••• C r 5  ,...................... -

^  <- p r O k ’- sw , - »0 .
o
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I f  a s y m m e t r i c a l  d i s t r i b u t i o n  o f  a s u f f i c i e n t  

number  o f  d i p o l e s  c a n  b e  a s s u m e d ,  t h e  su m m a t i o n  may b e  

t r e a t e d  a s  an  i n t e g r a t i o n .  Th us ,  i f  n i s  t h e  t o t a l  

numbe r  o f  d i p o l e s  i n  t h e  s h e l l ,  t h e  number  o f  d i p o l e s  

p e r  u n i t  a r e a  w i l l  b e  . Then ,  f o r  an  a n n u l a rU-M I
s t r i p  o f  a n g u l a r  t h i c k n e s s  d ^  , s i t u a t e d  a t  an  a n g l e

^  w i t h  OA, c o n t r i b u t i o n  o f  f i e l d  a t  0 a l o n g  OA w i l l

be  :

- '2-rs:..erUdJ0-. ^  •/hr A h h z l: id f ) . (6.9)
f i  t- K ’- s -v C -e

F o r  t h e  t o t a l  f i e l d  a l o n g  OA du e  t o  t h e  e n t i r e  s h e l l ,  

i t  i s  n e c e s s a r y  t o  sum o v e r  a l l  a n g l e s .

J  J \ ÿ

%

2
S i n c e  k < F r  m u s t  b e  v e r y  s m a l l  a t  t h e  d i s t a n c e  

e
c o r r e s p o n d i n g  t o  t h e  t h i r d  s h e l l ,  i t  i s  p o s s i b l e  t o
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e x p a n d  b i n o r o i a l l y ,  n e g l e c t i n g  h i g h e r  p o w e r s  o f  ( k . 3 i n 9  ;

A.  1 ,  ^  Ü - . %l 2 r  _ ' 1
>"■ X J

v /h i ch  a p p r o x i m a t e s  t o

i  (6.10)
2"- 3 T  &

f o r  s m a l l  e n o u g h  v a l u e s  o f  k .

The  v a l u e  o f  yuu , t h e  a v e r a g e  d i p o l e  moment  o f  t h e  

s o l u t i o n ,  i s  g i v e n  by  t h e  L a n g e v i n  e x p r e s s i o n

= A. .  )  ( 6 . 1 1 )
/  r-» k t r  * <- /

w h i c h  i s  a s t a n d a r d  r e s u l t  ( c . f . H e f  4 6 , )  o b t a i n e d  b y

a l l o w i n g  f o r  t h e  d i s o r i e n t a t i o n  o f  d i p o l e s  i n  a f i e l d  eg
r

b y  t h e r m a l  a g i t a t i o n .  ^  i s  B o l t z m a n n ' s  c o n s t a n t ,

T t h e  a b s o l u t e  t e m p e r a t u r e  a nd  yu.^ t h e  t r u e  d i p o l e  moment
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o f  w a t e r .  U s i n g  t h e  a c c e p t e d  v a l u e s  o f  ;

^  = 1 . 3 7  X 10 
T  ̂ 298*

- 1 6

- 1 8
1 . 8 7  X  10 E . 3 . U .

-10
0 -- 4 . 8  X  10 Ï Ï . S . U .

S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  e q u a t i o n  ( 6 . 1 0 ) ,  f o r  

r  = 6 A.U .  we o b t a i n

f  = - 0 . 0 3 5  n F .  ( 6 . 1 2 ) .

T h i s  i s  t h e  r e a c t i o n  f i e l d  a t  0 a l o n g  OA, c o n t r i b u t e d  by  

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

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

The  t o t a l  f i e l d  on  t h e  i o n  i s  t h e r e f o r e

^ -- F ( 1  -  0 . 0 3 5  n ) . ( 6 . 1 3 )

S i n c e  a p o s i t i v e  i o n  w i l l  a l w a y s  move i n  t h e  d i r e c t i o n  o f

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

n e c e s s i t a t i n g  t h a t  n /  1
( 0 . 0 3 5 )

T h i s  f i x e s  t h e  u p p e r  l i m i t  on n a s  n  * 2 8  m o l e c u l e s .
max

T h a t  m eans  t h a t  t h e r e  c a n n o t  b e  m or e  t h a n  t w e n t y - e i g h t  

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

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

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

by  t h e  i n n e r  two s h e l l s  h a s  d i m i n i s h e d  t h e  a c t u a l  c o n t r i b u t i o n  

t o  t h e  t o t a l  f i e l d  a t  t h e  c e n t r e .
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The  r e a c t i o n ,  f i e l d  h a s  b e e n  c a l c u l a t e d  a s s u m i n g  a 

s t e a d y  e x t e r n a l  a p p l i e d  f i e l d .  I f  an  a l t e r n a t i n g  f i e l d  

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

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

f i e l d  a t  l ow f r e q u e n c i e s .  As t h e  f r e q u e n c y  i n c r e a s e s ,  

h o w e v e r ,  t h e  i n e r t i a  o f  t h e  m o l e c u l e s  w i l l  c a u s e  a 

p h a s e - l a g  i n  t h e  u s u a l  way ,  w h i c h  c a n  b e  r e p r e s e n t e d ,  

a s  shown b y  Debye  ( 4 6 )  i n  h i s  o r i g i n a l  t h e o r y ,  by  t h e
I

i n t r o d u c t i o n  o f  a t e r m  —------- -— wh e r e  coI 4- )

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

o f  t h e  w a t e r  m o l e c u l e s  i n  t h e  s o l u t i o n .  E q u a t i o n  ( 6 . 1 3 )  

i s  t h e n  m o d i f i e d  t o  be come

R ^  - E ( 1 -  0 . 0 3 5 n  \  ( 6 . 1 4 )

w h e r e  R ^ i s  t h e  t o t a l  f i e l d  on  t h e  i o n  i n  t h e  d i r e c t i o n  

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

I t  i s  t h i s  f o r c e  on t h e  i o n  w h i c h  r e s u l t s  i n  t h e  i o n i c  

c o n d u c t i v i t y  o f  t h e  s o l u t i o n ,  s i n c e  t h e  i o n  w i l l  move 

u n d e r  t h e  f o r c e  i n  t h e  d i r e c t i o n  d e t e r m i n e d  by  i t s  

c h a r g e .

E o r  a s t e a d y  f i e l d ,

Ro -  F (  ̂ -  0 ' 0 2 5 ' r ^ ^

H e n c e ,  t h e  r a t i o  o f  t h e  low f r e q u e n c y  c o n d u c t i v i t y  t o
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t h e  h i g h  f r e q u e n c y  c o n d u c t i v i t y  i s  g i v e n  by  :

R u.> ( I 60 'C  ) O ' O

0 ^  ^  ( I + La ' -c")( '  -- <»'°3ir\-,) ( 6 . 1 5 )

The  m o s t  r e c e n t  v a l u e  f o r  C  , t h e  r e l a x a t i o n  t i m e  o f

po t as s iu iT i  c h l o r i d e  s o l u t i o n ,  i s  g i v e n  by  C o l l i e ,  R i t s o n

and  H a s t e d  (35)  who o b t a i n e d  a v a l u e  c o r r e s p o n d i n g  t o

a r e l a x a t i o n  w a v e l e n g t h  o f  1 . 4 c m .  f o r  a s o l u t i o n  o f
9 /2 N o r m a l .  At  a f r e q u e n c y  o f  3 x  10 c / s ,

( ^ X  - • .

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

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

i n c u r r i n g  a g r e a t  e r r o r .

G ra p h  7 1 1 1  sh o w s ,  t h a t  t h e  p e r c e n t a g e  d e c r e a s e  i n  

c o n d u c t i v i t y  a t  t h e  h i g h  f r e q u e n c y  o f  t h e  v a l u e  a t  low 

f r e q u e n c i e s  i s  a p p r o x i m a t e l y  3 3 /  a nd  c a n  be  t a k e n  t o  

b e  t h e  same o v e r  t h e  e n t i r e  r a n g e ,  w i t h i n  t h e  l i m i t s  

o f  e x p e r i m e n t a l  e r r o r .  T h e r e f o r e ,  s u b s t i t u t i n g  i n t o  

( 6 . 1 5 ) ,

“ ( 6 . 1 6 )
S o l v i n g  f o r  t h e  b e s t  i n t e g r a l  v a l u e  o f  n g i v e s

n = 2 7 .
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F i n c e  t h e  t h e o r y  h a d  a s s um ed  t h a t ,  f r o m  p n y s i c a l  

c o n s i d e r a t i o n s ,  n w o u l d  l i e  b e t w e e n  t w e n t y - t w o  and  

t w e n t y - e i g h t  m o l e c u l e s ,  a v a l u e  o f  n = - 2 7  f r o m  

e x p e r i m e n t a l  d a t a  g i v e s  good s u p p o r t  t o  t h e  a s s u m p t i o n s  

made i n i t i a l l y .

on t h e  p r e s e n t  r e s u l t s ,  i t  i s  i m p o s s i b l e  t o  t e s t  

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

t h a t  i f  t h e  t h e o r y  i s  v a l i d ,  i t  woul^" e x p l a i n  o b s e r v e d  

r e s u l t s ,  w h i c h  no p r e v i o u s  t h e o r y  h a s  d o n e  s a t i s f a c t o r i l y .
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Some l A r e d i c t i o n s  t h a t  c a n  b e  made  by  Means  o f  t h e New T h e o r y ,

1) V a r i a t i o n  o f  C o n d u c t i v i t y  c h a n g e  w i t h  F r e q u e n c y .

F o r  a m o n o v a l e n t  p o s i t i v e  i o n ,  i t  h a s  b e e n  shown t h a t  

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

a t  a d i s t a n c e  r  and a c t e d  on by  an e x t e r n a l  f i e l d  F o f  

a n g u l a r  v e l o c i t y  Co a p p r o x i m a t e s  t o

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

s o l u t i o n ,  t h e r e  may b e  a m u l t i p l e  c h a r g e  on  t h e  i n n e r  

i o n ,  t h e  r a d i u s  o f  t h e  s h e l l s  w i l l  b e  m o d i f i e d  and  t h e  

d i s t r i b u t i o n  may no l o n g e r  b e  s p h e r i c a l .  I t  i s ,  h o w e v e r ,  

t o  b e  e x p e c t e d ,  t h a t  a t  h i g h  f r e q u e n c i e s  an a n o m a l o u s  

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

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

o f  2 . 1  X 10^^  c / s . ,  w h e r e  co'C'-l, and  a s s u m i n g  n * 27 ,  

t h e  r a t i o  o f  low f r e q u e n c y  c o n d u c t i v i t y  t o  h i g h  

f r e q u e n c y  c o n d u c t i v i t y  b e co m es  a b o u t  9 .  No p r a c t i c a l  

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

i n d i r e c t l y  i n  t h e  w o r k  o f  G a r t n e r  ( 4 5 ) ,  w h i c h  h a s  

p e r f o r m e d  w i t h  h i g h  v a l e n c y  i o n s  i n  g l y c e r i n e .  At  a 

f r e q u e n c y  c o m p a r a b l e  w i t h  t h e  r e l a x a t i o n  f r e q u e n c y  f o r  

g l y c e r i n e ,  and u s i n g  m a g n e s i u m  s u l p h a t e  a s  s o l u t e ,  

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

na  g n i t u d e .

I t  a p p e a r s  t h a t  an i n v e s t i g a t i o n  o f  m o n o v a l e n t  i o n i c  

a q u e o u s  s o l u t i o n s  a t  a f r e q u e n c y  o f  2000 m e g a c y c l e s  wou l d

be  p r o f i t a b l e  f r o m  t h e  p o i n t  o f  v i ew  o f  g a i n i n g  c o r r o b o r a t i o n

f o r  t h e  t h e o r y .  S u b s e q u e n t l y ,  h i g h e r  v a l e n c y  s o l u t e s  i n

w a t e r  c o u l d  be  u s e d ,  and t h e  t h e o r y  e x t e n d e d  t o  c o v e r

l a r g e r  i o n s .

2) V a r i a t i o n  o f  c o n d u c t i v i t y  c h a n g e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .
■.-I m m ■ — -  - ■ . . U  - - . . 3^-^ ■ -  ■----------------- --- — -  -------- --- '     — — -------— -  - -

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

s t a t e  o f  d i l u t i o n ,  s i n c e  no a c c o u n t  h a s  b e e n  t a k e n  o f  i o n i c  

i n t e r a c t i o n s .  . \ t  g r e a t e r  c o n c e n t r a t i o n s ,  t h e  p o s i t i v e  

and n e g a t i v e  i o n s  can  no l o n g e r  be  c o n s i d e r e d  t o  be  

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

and t h e  r e s u l t  i s  a " s h e l l  b r e a k i n g "  e f f e c t ,  a s  d i p o l e s  

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

v i c i n i t y  o f  a n o t h e r .  T h i s  h a s  t h e  e f f e c t  o f  l e s s e n i n g  

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

i n  i o n i c  c o n d u c t i v i t y .  O t h e r  e f f e c t s ,  h ow e ve r ,  a l s o  

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

due  t o  t h e  p r o x i m i t y  o f  t h e  o t h e r  i o n s ,  and t h i s  w ou l d  

t e n d  t o  move t h e  a n o m a lo u s  d i s p e r s i o n  t o  h i g h e r  

f r e q u e n c i e s ,  so t h a t  t h e  maximum c o n d u c t i v i t y  d e c r e a s e  

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

c o n c e n t r a t i o n  i s  i n c r e a s e d .  A l so  t h e  d i s y m m e t r y  and 

e l e c t r o p h o r e t i c  e f f e c t s  o f  t h e  Deby e -H l i cke l  t h e o r y .
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■which a r e  r e s p o n s i b l e  f o r  t h e  F a l k e n h a g e n  d e c r e a s e  i n  

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

i n c r e a s i n g l y  i m p o r t a n t  a t  h i g h  c o n c e n t r a t i o n s .  A s s o c i a t i o n ,  

as  d e s c r i b e d  by  B. ier rum ( 4 2 ) ,  a l s o  o c c u r s  a t  h i g h  

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

i n  c o n d u c t i v i t y .

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

a l l  t h e s e  e f f e c t s .  E x p e r i m e n t  shows ,  h o w e v e r ,  t h a t  a t  

v e r y  h ig l i  c o n c e n t r a t i o n s ,  t h e r e  i s  a l i n e a r  d e c r e a s e  i n  

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

The e f f e c t  a t  h i g h  f r e q u e n c i e s  w o u l d  be  m a i n l y  d u e  t o  

t h e  F a l k e n h a g e n  d i s p e r s i o n ,  b u t  t h i s  h a s  b e e n  t o o  s m a l l  

t o  d e t e c t  i n  t h e  r e s u l t s  o f  p r e v i o u s  w o r k e r s  ( 3 5 ) .

3 )  The V a r i a t i o n  o f  d i e l e c t r i c  c o n s t a n t  o f  s a l i n e  s o l u t i o n  

w i t h  c o n c e n t r a t i o n .

One p r a c t i c a l l y  o b s e r v a b l e  phenomenon t h a t  may b e  

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

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

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

c o n c e n t r a t i o n .

M e a s u r e m e n t s  on a q u e o u s  s o l u t i o n s  o f  p o t a s s i u m  

c h l o r i d e  w e r e  c a r r i e d  o u t  by  P e c h h o l d  ( 5 1 ) ^ u s i n g  a me tho d  

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

i n  t h e  l i q u i d  o r i g i n a l l y  due  t o  F t t r t h  ( 5 2 ) .  U n f o r t u n a t e l y ,  

t h e  o r d e r  o f  a c c u r a c y  o f  P e c h h o l d ' s  r e s u l t s  i s  n o t  v e r y  

h i g h ,  w h i l e  a f a r  more  s e n s i t i v e  m o d i f i c a t i o n  o f  F ü r t h ' s



96.

m e t h o d ,  u s e d  by M i l i c k a  and Sl ama  (53)  was  n o t  a p p l i e d  

t o  m e a s u r e m e n t s  on p o t a s s i u m  c h l o r i d e .  S i n c e ,  how e v e r , 

some o f  P e c h h o l d ' s  f u r t h e r  m e a s u r e m e n t s  on sod iu m c h l o r i d e  

and o t h e r  s a l t  s o l u t i o n s  a r e  e ve r y v j h e r e  c o n f i r m e d  by  

M i l i c k a  and S l a m a ' s  more  r e l i a b l e  r e s u l t s .  I t  i s  

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

P e c h h o l d ' 8 v a l u e s  a r e  c o r r e c t  w i t h i n  t h e  l i m i t s  o f  

s c a t t e r .

The g e n e r a l  e f f e c t  o b s e r v e d  wa s ,  t h a t  f o r  b o t h  

p o t a s s i u m  and s od iu m  c h l o r i d e s ,  t h e  d i e l e c t r i c  c o n s t a n t s  

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

t o  a minimum, and  t h e n  i n c r e a s e d  t o  a v a l u e  g r e a t e r  

t h a n  t h a t  f o r  p u r e  w a t e r ,  a p p a r e n t l y  a p p r o a c h i n g  

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

r e l a t i o n s h i p  f o u n d  by P e c h h o l d  and M i l i c k a  an d  S l ama  

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

p o t a s s i u m  c h l o r i d e  and sod iu m  c h l o r i d e  r e s p e c t i v e l y ,  

a t  t h e  low c o n c e n t r a t i o n  end  o f  t h e  r a n g e  i s  shown 

i n  Gra ph  IX.

A q u a l i t a t i v e  e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  i s  

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

p r e v i o u s  a r g u m e n t s .  I n  t h e  a b s e n c e  o f  any  i o n s ,  

w a t e r  m o l e c u l e s  w i l l . ,  due  t o  t h e i r  p e r m a n e n t  d i p o l e  

moment ,  t e n d  t o  a l i g n  i n  t h e  p r e s e n c e  o f  an a p p l i e d  

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

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

t h e m s e l v e s .  I n  t h e  p r e s e n c e  o f  an i o n  o f  e i t h e r  

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

t h e  i o n  a r e  r a d i a l l y  a l i g n e d  due  t o  t h e  f i e l d  o f  t h e  

i o n ,  and ,  on t h e  a p p l i c a t i o n  o f  t h e  e x t e r n a l  f i e l d ,  c an  

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

medium.  Thus,  i n  t h e  r e g i o n  o f  e x t r e m e  d i l u t i o n ,  vjhere  

i n t e r - i o n i c  f o r c e s  c a n  be  n e g l e c t e d ,  t h e  a d d i t i o n  o f  

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

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

o f  t h e  medium w i t h  a c o n s e q u e n t  d e c r e a s e  i n  t h e  d i e l e c t r i c  

c o n s t a n t .  T h i s  wou ld  a c c o u n t  f o r  t h e  i n i t i a l  n e g a t i v e  

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

i s  t h e  c o n c e n t r a t i o n  i n c r e a s e s ,  a p o i n t  mu s t  be  

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

a f f e c t  e ac h  o t h e r .  F t t r t h  i n t e r p r e t e d  t h e  s u b s e q u e n t  

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

t h e  i o n s  and t h e i r  a s s o c i a t e d  m o l e c u l e s  f o r m  ' i o n i c  

c o m p l e x e s '  w h i c h  a r e  t h e m s e l v e s  d i p o l e s  and t h u s  

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

c o n s t a n t .  A new t h e o r y  f o r  t h e  b e h a v i o u r  a t  h i g h e r  

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

p r o c e s s  o f  p u b l i c a t i o n  ( L i t t l e ,

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

made,  i t  i s  i n t e r e s t i n g  t o  compa re  q u a n t i t a t i v e l y  t h e  

d e c r e a s e  i n  d i e l e c t r i c  c o n s t a n t  c a l c u l a b l e  on t h e  b a s i s
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o f  t h e  model  o f  F i g . l .  w i t h  m e a s u r e d  r e s u l t s  a t  t h e  

low c o n c e n t r a t i o n  e n d .  U s i n g  t h e  same n o t a t i o n  a s  

b e f o r e ,  we a g a i n  c o n s i d e r  a d i p o l e  a t  P ( F i g . 7 )  

s i t u a t e d  a t  a d i s t a n c e  r  f r o m  t h e  i o n  a t  0 .

The component  o f  t h e  d i p o l e  moment i n  t h e  d i r e c t i o n  

o f  t h e  e x t e r n a l  f i e l d  i s  g i v e n  by

b "  (6 . 1 7 )

w h e r e  A^ois  t h e  d i p o l e  moment .  I t  i s  a s sumed t h a t  i n  

t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  i o n ,  t h e  f i e l d  on  t h e  

d i p o l e  i s  so s t r o n g  t h a t  any  d i s a l i g n m e n t  du e  t o  

t h e r m a l  a g i t a t i o n  i s  n e g l i g i b l e .

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

o f  w h i c h  P i s  p a r t ,  and  a g a i n  p o s t u l a t i n g  t h a t  t h e r e  

a r e  a s u f f i c i e n t  number  o f  d i p o l e s  t o  j u s t i f y  i n t e g r a t i o n  

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

moment o f  t h e  w h o l e  s h e l l  i n  t h e  d i r e c t i o n  o f  t h e  

a p p l i e d  f i e l d  w i l l  be

^0.

TT
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S u b s t i t u t i n g  f o r  ^  f r o m  ( 6 . 5 ) ,  t h e  e x p r e s s i o n  f o r  t h e  

t o t a l  moment  o f  t h e  s h e l l  b e c o m e s  :

n „ -

3

n e g l e c t i n g  h i g h e r  o r d e r s  o f  k .

I f  N i s  t h e  t o t a l  nu m b e r  o f  d i p o l e s  i n  t h e  s h e l l ,  

N 4 T r ^ n

. - ( 6 . 1 9 )
• 3' 3e.

T h i s  i s  t h e  c o n t r i b u t i o n  t o  t h e  e l e c t r i c  moment  o f  t h e  

l i q ’o i d  made  b y  t h e  s h e l l  a t  a d i s t a n c e  r  f r o m  t h e  c e n t r e  

o f  t h e  i o n .  I n  o r d e r  t o  e s t i m a t e  t h e  c o n s e q u e n t  d e c r e a s e  

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

t h e  c o n t r i b u t i o n  t o  t h e  e l e c t r i c  moment  o f  t h e  m o l e c u l e s  

f o r m i n g  t h e  s h e l l  i n  t h e  c a s e  when no i o n  i s  p r e s e n t ,  

a n d  t o  u s e  a f o r m u l a  c o n n e c t i n g  t h e  e l e c t r i c  moment  w i t h  

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

The  s i m p l e s t  r e l a t i o n s h i p  b e t w e e n  t h e  d i e l e c t r i c  

c o n s t a n t  o f  a med ium and  t h e  p r o p e r t i e s  o f  i t s  i n d i v i d u a l  

m o l e c u l e s  ( w h e r e  t h e  l a t t e r  a r e  p e r m a n e n t  d i p o l e s )  i s  

t h a t  due  t o  D e b y e .  The  o r i g i n a l  D e b y e  f o r m u l a  w a s  c a l c u l a t e d
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f o r  p o l a r  g a s e s ,  i n  w h i c h  i t  may b e  a s s u m e d  t h a t  t h e  

i n t e r m o l e c u l a r  f o r c e s  a r e  n e g l i g i b l e ,  b u t  i t  may a l s o  

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

o f  p o l a r  l i q u i d s  i n  a n o n - p o l a r  s o l v e n t .  The  

a p p l i c a t i o n  o f  D e b y e ' s  f o r m u l a  t o  t h e  c a s e  o f  p u r e  

p o l a r  l i q u i d s  s u c h  a s  w a t e r ,  c l e a r l y  o v e r s t e p s  i t s  

r a n g e  o f  v a l i d i t y ,  and  l e a d s  t o  e r r o n e o u s  p r e d i c t i o n s ,  

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

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

d e r i v a t i o n  o f  D e b y e ' s  f o r m u l a  i s  g i v e n  i n  h i s  b o o k  ( 4 6 )  

t h e  f i n a l  f o r m  o f  t h e  r e l a t i o n s h i p s  o b t a i n e d  b e i n g  ;

P -- w.. t (6.20)

w h e r e  P i s  t h e  moment  p e r  u n i t  v o l u m e ,  n t h e  num ber  

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

t h e  t o t a l  moment  o f  o n e  d i p o l e ,  w h i c h  c o n s i s t s  o f  t h e  

c o m p o n e n t  du e  t o  t h e  p e r m a n e n t  p o l a r i s a t i o n   ̂ >

a nd  t h e  p a r t  i n d u c e d  by  t h e  f i e l d  F on  t h e  d i p o l e ,

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

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

t o  a c c o u n t  f o r  t h e  e f f e c t  on  F,  t h e  f i e l d  a c t i n g  on  t h e  

i o n  when  a f i e l d  E i s  a p p l i e d  e x t e r n a l l y ,  o f  t h e  

c o n t r i b u t i o n  du e  t o  n e i g h b o u r i n g  d i p o l e s .  He  t h e r e f o r e  

i n t r o d u c e d  a " h i n d e r i n g  e n e r g y "  t h e o r y  ( 5 4 )  r e t a i n i n g
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t h e  b a s i c  C l a u s i u s - M o s o t t i  f o r m u l a  and  i n t r o d u c i n g  

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

i n  a s emi  e m p i r i c a l  wa y .  The  new t h e o r y  c e r t a i n l y  

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

t h e  d i s a d v a n t a g e  o f  i n t r o d u c i n g  a new e n t i t y ,  t h e  

h i n d e r i n g  e f f e c t ,  w h i c h  c a n n o t  b e  d e t e r m i n e d  by  an  

i n d e p e n d e n t  e x p e r i m e n t ,  and  t h u s  m ak e s  i t  i m p o s s i b l e  

t o  p r o d u c e  a b s o l u t e  p r o o f  o f  t h e  t h e o r y .

O n s a g e r  ( 5 5 )  u s e d  a d i f f e r e n t  m o d e l ,  c o m p r i s i n g  

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

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

T h i s  d i p o l e  i s  a s s u m e d  t o  h a v e  a  moment  , b e i n g

t h e  same a s  t h e  d i u o l e  moment  o f  t h e  v a p o u r  s t a t e .  The  

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

c o n s t a n t  £  , a s m o o t h e d  v a l u e  b e i n g  u s e d  t o  a c c o u n t  

f o r  t h e  e f f e c t  o f  t h e  s u r r o u n d i n g  m o l e c u l e s .  The  

b a s i c  d i f f e r e n c e  b e t w e e n  t h e  Debye  a n d  O n s a g e r  m o d e l s  

i s  t h e  f a c t  t h a t  O n s a g e r ' s  c a v i t y  c o n t a i n s  a s i n g l e  

m o l e c u l e ,  s u i T o u n d e d  by a r e g i o n  o f  d i e l e c t r i c  c o n s t a n t  

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

D e b y e ' s  c a v i t y  i s  l a r g e  e n o u g h  t o  i n c l u d e  a s u f f i c i e n t  

number  o f  m o l e c u l e s  so t h a t  o u t s i d e  t h e  c a v i t y  t h e y  

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

a v e r a g e d  e f f e c t  on  t h e  c e n t r a l  d i p o l e  i s  z e r o .  O n s a g e r  

s t a t e s  t h a t  t h i s  a v e r a g i n g  p r o c e s s  i s  n o t  p e r m i s s i b l e ,  

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

He o b t a i n s  a v a l u e  f o r  t h e  p o l a r i s a t i o n  g i v e n  by  :

Van  V l e c k  ( 5 6 ) ,  i n  a c r i t i c a l  c o m p a r i s o n  o f  t h e  Debye  

and  O n s a g e r  f o r m u l a e ,  comes  t o  t h e  f o l l o w i n g  c o n c l u s i o n :

On f i r s t  s i g h t ,  t h e  O n s a g e r  m o d e l  s h o u l d  b e  t h e  

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

m o l e c u l e  t o  a d j u s t  t h e m s e l v e s  t o  t h e  l e t t e r ' s  r o t a t i o n .  

B u t  t h e  a v e r a g e  p e r i o d  o f  a m o l e c u l e ' s  f r e e  r o t a t i o n  

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

d i e l e c t r i c .  I f ,  t h e r e f o r e ,  t h e  r o t a t i o n s  a r e  so  

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

t h e  Debye  f o r m u l a  w o u l d  b e  m o r e  a c c u r a t e .  The  

i m p l i c a t i o n  i s ,  t h u s ^  t h a t  a t  z e r o  f r e q u e n c y ^ ( w h i c h  

i s  a t  p r e s e n t  u n d e r  c o n s i d e r a t i o n ),  O n s a g e r ' s  

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

d i e l e c t r i c  b e h a v i o u r .

F o r  c o m p l e t e n e s s ,  i t  i s  n e c e s s a r y  t o  add  t h a t  

K i r kv j oo d  ( 5 7 )  g i v e s  a q u i t e  g e n e r a l  t h e o r y ,  n o t  

b a s e d  on  a s p e c i f i c  m o d e l  o f  l i q u i d  s t r u c t u r e .  He 

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

c o n s t a n t  t o  t h e  d i p o l e  moment  an d  t o t a l  p o l a r i s a t i o n  

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

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

f o r c e s .  H i s  r e s u l t ,  t h o u g i i  c o n t a i n i n g  no l i m i t i n g  

a s s u m p t i o n s ,  i s  o b t a i n e d  i n  a f o r m  r e o u i r i n g  f o r  

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

l i q u i d  s t a t e .

F o r  c o m p a r i s o n  p u r p o s e s ,  t h e  i n i t i a l  d e p r e s s i o n s  

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

w i l l  b e  c a l c u l a t e d  u s i n g  b o t h  t h e  t h e o r i e s  o f  De bye  

and  O n s a g e r .

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

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

m o l e c u l e s ,  w i t h  t h e  f o l l o w i n g  d i s t r i b u t i o n  :

S h e l l  H o . R a d i u s  r  Number  o f  a l i g n e d  d i p o l e s  N ,

1 2 A .U .  4

2 4 " 11

3 6 " 27

Fro m  E q u a t i o n  ( 6 . 1 9 ) ,  t h e  c o n t r i b u t i o n  t o  t h e  t o t a l

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

( 6 . 2 2 )
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S i n c e , a c c o r d i n g  t o  De by e ,  b e f o r e  t h e  a d d i t i o n  o f  t h e  

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

t o t a l  p o l a r i s a t i o n  b y  an  amoun t  g i v e n  b y  ( 6 . 2 0 ) ,  t h e  

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

by  a s i n g l e  i o n  i s

A M  -  >'«o X ,0 ^ j  F ( 6 . 2 3 )

n e g l e c t i n g  t h e  c o n t r i b u t i o n  d u e  t o  t h e  i n d u c e d  moment  

c o m p a r e d  w i t h  t h a t  o f  t h e  p e r m a n e n t  moment ,  w h i c h  i s  

p e r m i s s i b l e  f o r  w a t e r  m o l e c u l e s ,  s i n c e  ^

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

s o l u t i o n s ,  t h e  i n d i v i d u a l  p o s i t i v e  a n d  n e g a t i v e  i o n s  

a r e  v e r y  s i m i l a r  i n  s i z e  and b o t h  a r e  u n i v a l e n t  and  

w i l l ,  on  t h e  w h o l e , t e n d  t o  b i n d  t h e  same number  o f  

w a t e r  m o l e c u l e s ,  ( t h e  o p p o s i t e  s i g n  o f  t h e  c h a r g e  

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

a l o n g  t h e  r a d i u s  v e c t o r ) .  A f a c t o r  2 i s  t h e r e f o r e  

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

and  n e g a t i v e  i o n s  o n  t h e  d i e l e c t r i c  c o n s t a n t .  I n
24

one  l i t r e  o f  N o r m a l  s o l u t i o n ,  t h e r e  a r e  6 . 0 3  x  10

m o l e c u l e s  ( A v o g a d r o ' s  N u m b e r ) .  H e n c e ,  i n  I c c .  o f
20N N o r m a l  s o l u t i o n ,  t h e r e  a r e  2 N x 6 . 0 3  x  10 i o n s  

o f  e a c h  k i n d .

Where  P i s  t h e  p o l a r i s a t i o n  a t  a c o n c e n t r a t i o n  N,
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a n d  t h e  c o r r e s p o n d i n g  p o l a r i s a t i o n  a t  t h e  n o r m a l i t y

= 0 .  I f  o n l y  v e r y  d i l u t e  s o l u t i o n s  a r e  c o n s i d e r e d ,  

t h i s  may b e  t r e a t e d  a s  a  d i f f e r e n t i a l ,  g i v i n g  t h e  

v a r i a t i o n  o f  p o l a r i s a t i o n  w i t h  c o n c e n t r a t i o n  a t  

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

T a k i n g

e  '  I • ^  X  I O

-
U. - ' 5 8 ^  to

1 a 5 OO

 ̂ ^  S K lo g. . 5 . 0 ,

P r
   O  i V- g  K  l o  <  U S o  ^  X  \  9  X  X  I Q

• . :  — ;   -    ,,
d r > i  i -  3  X  u .  %  X .  % o  ^  X  ; ^ ) O o  ,s.  \ - I  o  r

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

e x t e r n a l l y  a p p l i e d  f i e l d ,  E, a nd  t h e  r e s u l t a n t  p o l a r i s a t i o n  

P i s  g i v e n  by  :

—  - ^  ( 6 . 2 4 )

w h e r e  L  i s  t h e  d i e l e c t r i c  c o n s t a n t ,

... .  kAC.
dW Ê  dN

( 6 . 4 )  s hows  t h a t

H ^  p

•. p  - £» ( C x )  ( 6 . 2 5 )
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S i n c e  t h e  t o t a l  d e c r e m e n t  i n  £  i s  v e r y  s m a l l  o v e r  

t h e  r e g i o n  c o n s i d e r e d ,  i t  i s  p o s s i b l e  t o  w r i t e  :

<X C ( t-tr* I

-  .  ^  ^  L - o . , 8 s J r

( 6 . 3 6 )
IÇ 1  = So  

i w   ̂ - 3 > a - o -

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

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

c a l c u l a t e d  f r o m  an a s s u m p t i o n  o f  D e b y e ' s  t h e o r y  and  

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

o r d e r  t o  o b t a i n  a v a l u e  f o r  t h e  s ame s l o p e  on  t h e  

b a s i s  o f  O n s a g e r ' s t h e o r y , ( 5 5 ) ,  i t  m u s t  b e  a s s u m e d  

t h a t  t h e  f o r t y - t h r e e  d i p o l e s  h e l d  a l i g n e d  by  t h e  

c e n t r a l  i o n  w o u l d  o r i g i n a l l y  h a v e  c o n t r i b u t e d  t o  

t h e  t o t a l  p o l a r i s a t i o n  by  an amoun t

( X& 4- 0 £  ^ 1) n
m - 4 5  -----

w h e r e  r\ i s  g i v e n  by  t h e  r e f r a c t i v e  i n d e x ,  1 . 3 3 ,  a nd  

a^ i s  t h e  r a d i u s  o f  a w a t e r  m o l e c u l e .

A l s o  i t  h a s  b e e n  shown t h a t  a f t e r  t h e  i n t r o d u c t i o n  

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

û n s a g e r  shows t h a t  a d i p o l e  o f  moment l u  t h e  mediura
2vjould h a v e  an  e f f e c t i v e  moment  ( n  -t-2) ( 2 1 - ^ 1 )

3 ( 2 + n ^ )

o wing  t o  t h e  e f f e c t  o f  t h e  s u r r o u n d i n g  medium.  T h u s ,  

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

t h e  moment  by  an amount  :

( p . ' i  X . o ' "

A -^  -- F  \ X lo''* I  2-X  ̂w*.') 8ox.71x>q«iè^

. - a . « . - O K , o “ F

. J lp
-  a x B - o i .  L x u . . ^  _glN •‘j r

«X  ^
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Kerice,  f o r  an  i o n i c  a q u e o u s  s o l u t i o n ,  i n  wi i ich  b o t h  

t y p e s  o f  i o n s  a r e  m o n o v a l e n t  and o f  a p p r o x i m a t e l y  t h e  

same s i z e ,  t h e  new model  o f  i o n - d i p o l e  i n t e r a c t i o n  

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

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

o r i g i n  s h o u l d  be  e i t h e r  - 340  o r  - 9 9 0  a c c o r d i n g  t o  

w h e t h e r  D e b y e ' s  f o r m u l a  o r  O n s a g e r ' s  f o r m u l a  i s  

u s e d .

Graph  IX shows how t h i s  p r e d i c t i o n  a g r e e s  w i t h  

a c t u a l  r e s u l t s .  The  l a r g e  s c a t t e r ,  i n c u r r e d  due  t o  

i n s e n s i t i v i t y  o f  a p p a r a t u s ,  o f  P e c h h o l d ' s  r e s u l t s  

f o r  p o t a s s i u m  c h l o r i d e  makes  i t  i m p o s s i b l e  t o  s t a t e  

more  t h a n  t h a t  t h e  g r a d i e n t  i s  o f  t h e  r i g h t  o r d e r  

o f  m a g n i t u d e ,  l i i e  more  r e l i a b l e  d a t a  o f  M i l i c k a  

and S lama  shows a v e r y  good f i t ,  i f  O n s a g e r ' s  

t h e o r y  i s  u s e d .  S i n c e  a t  z e r o  f r e q u e n c y ,  t h e  u s e  

o f  O n s a g e r ' s  t h e o r y  r a t h e r  t h a n  D e b y e ' s  i s  g e n e r a l l y  

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

p r o v i d i n g  an i n d i r e c t  c h e c k  on  t h e  p r i n c i p l e s  a p p l i e d  

i n  t h e  m o d e l  o f  d i p o l e  b e h a v i o u r  a t  low c o n c e n t r a t i o n s .
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Summary.

O r i g i n a l l y ,  t h e  p r o b l e m  was  t o  i n v e s t i g a t e  t h e  

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

U l t r a  ^Xgh F r e q u e n c y  r a d i a t i o n .  The d i f f e r e n t i a l  me thod  

e . vo lved  was  s u f f i c i e n t l y  s e n s i t i v e  bo show bl iat  t h e  

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

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

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

i n t e r p r e t  t h e s e  r e s u l t s ,  a new t h e o r y  wa s  e v o l v e d ,  

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

due  t o  t h e  i o n i c  b i n d i n g  o f  w a t e r  m o l e c u l e s .

Q u a n t i t a t i v e  c a l c u l a t i o n s ,  u s i n g  a v e r y  s i m p l e  m o d e l  

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

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

X - r a y  d a t a  on  w a t e r  s t r u c t u r e ,  p r o v i n g  t h a t  t h e  

m ode l  r e p r e s e n t e d  a p o s s i b l e  s t a t e  o f  a f f a i r s .  Though 

r i g i d  p r o o f  o f  t h e  v a l i d i t y  o f  t h e  new t h e o r y  c a n n o t  

be  o b t a i n e d  u n t i l  t h e  m e t h o d  h a s  b e e n  a p p l i e d  t o  

a l a r g e  number  o f  s a l t s  o f  v a r Côus  v a l e n c i e s  and a t  

much h i g h e r  f r e q u e n c i e s ,  a t e s t  o f  t h e  m od e l  h a s  

b e e n  made by  a p p l y i n g  i t  t o  i n t e r p r e t  d a t a  f o u n d  

by  o t h e r  w o r k e r s  i n  t h e  c o m p l e t e l y  d i f f e r e n t  f i e l d  

o f  D.G.  d i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s .  The f a c t  

t h a t  b o t h  q u a n t i t a t i v e l y  and  q u a l i t a t i v e l y  t h e  

p r e d i c t i o n s  w e r e  s u c c e s s f u l  s e r v e s  i n  some m e a s u r e  

t o  j u s t i f y  t h e  a s s u m p t i o n s  m ad e .
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APPEmiX 1.
T h e o r y  o f  t h e  P h a s e -G h a r i £ i n g  D e v i c e .

I t  was  d e s i r e d  t o  p r o d u c e  a s i g n a l  o f  c o n s t a n t

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

i n  t h i s  c a s e  t h e  w a v e m e t e r  o u t p u t  s i g n a l .  F o r  t h i s

p u r p o s e ,  t h e  s i g n a l  was  f i r s t  s n l i t  i n t o  two c o m p o n e n t s ,

one  t w i c e  t h e  a m p l i t u d e  o f  t h e  o t h e r  and  "rr o u t  o f

p h a s e  w i t h  i t .  T h i s  was  a c h i e v e d  b y  s u i t a b l e  c h o i c e

o f  t h e  a n o d e  and c a t h o d e  l o a d s ,  R, , and R , o f  t h e
14 15

t r i o d e - s p l i t t e r  shown i n  F i g u r e  5 .

L e t  t h e  two s i g n a l s  on  t h e  a n o d e  and  c a t h o d e  o f

t h e  f i r s t  p a r t  o f  be o f  a m p l i t u d e  E and  2S

r e s p e c t i v e l y .  The l a t t e r  wa s  p a s s e d  i n t o  an  R-G

f i l t e r  c o n s i s t i n g  o f  t h e  v a r i b l e  r e s i s t a n c e  R and
16

t h e  V r i a b l e  c a n a c i t a n c e  C . T h i s  a r r a n g e m e n t  i s
3

shown i n  F i g u r e  % . ( i )

Then ,  f r o m  t h e  t h e o r y  o f  t h e  A . G . n e t w o r k ,  i f

V r e p r e s e n t s  t h e  v o l t a g e  a c r o s s  t h e  c a p a c i t a n c e  G ,
3

T .  ■ ( A , l )
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l e t  R an d  C b e  t h e  v a l u e s  o f  R^^  a n d  r e s p e c t i v e l y

a t  a n y  t i m e .  ( A . l )  r e p r e s e n t s  a v o l t a g e  o f  a m p l i t u d e
/     -1

I 4- Q. c  ^ CO and  a t  a p h a s e  a n g l e d  - t a n  ( - R C c o )

\ v i t h  2E.

S i n c e  b o t h  R and  C a r e  v a r i a b l e ,  t h e  v o l t a g e
16 3

o u t p u t  V a c r o s s  t h e  c a p a c i t a n c e  c a n  b e  r e p r e s e n t e d  

g r a p h i c a l l y  b y  a v e c t o r  o f  l e n g t h  V - 2E a t

an  a n g l e  ^  ' t a n  ( -RCw ) w i t h  t h e  i n p u t  v o l t a g e  2E.

T h i s  i s  shown i n  E i g o ' X . ( i i ) .

I n  p a r t i c u l a r ,  w h e n ^ * 0 ,  R'* 0 o r  G-  0 ,  a n d  t h e n  

V - 2E .  V'/hen R ^ o û  o r C - o o ,  a n d  t h e n  V - C .

A l s o ,  Cos ^  , f r o m  t h e  d e f i n i t i o n  o f  ^  , e q u a l s
\

B u t  f r o m  7 ( i i )  i t  i s  c l e a r  t h a t  ĉ r>

( A . 2 )

-• y o ' .

T h i s  m ea n s  t h a t  t h e  l o c u s  o f  A, t h e  e n d  o f  v e c t o r  V,  

l i e s  on  a s e m i c i r c l e  o f  d i a m e t e r  2E ( r e p r e s e n t e d  b y  0 0 ) ,  

a s  e i t h e r  R o r  C i s  v a r i e d  f r o m  0 t o  .

The  v o l t a g e  a c r o s s  C w a s  t h e r e f o r e  v a r i a b l e  b o t h
o

i n  p h a s e  and  i n  a m p l i t u d e ,  w i t h  r a n g e s  0 t o  / a ,  an d

0 t o  2E r e s p e c t i v e l y .  T h i s  v a r i a b l e  v o l t a g e  w a s  f e d

t h r o u g h  a c a t h o d e  f o l l o w e r  ( t h e  s e c o n d  h a l f  o f  t h e

d o u b l e - t r i o d e  V i s  F i g . 5 )  t o  e n a b l e  t h e  o u t p u t  t o
4

b e  f e d  f r o m  a l ow  i m p e d a n c e  s o u r c e  i n t o  t h e  h i g h
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r e s i s t a n c e  R o f  t h e  a d d i n g  c i r c u i t .
20

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

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

R R '  lOOK ohms)  i n t o  t h e  f u l l - f e e d b a c k  a d d i n g
1C) IS) 2()

c i r c u i t  c o n s i s t i n g  o f  t h e  v a l v e s  V a nd  V . I n  t h i s
O D

c i r c u i t ,  t h e  two  s i g n a l s  w e r e  a d d e d  w i t h o u t  a n y  c h a n g e  

t o  t h e i r  a m p l i t u d e s  a n d  p h a s e s .  ( F i g . 5 ) .

S i n c e  t h e  v e c t o r  E w a s  o r i g i n a l l y  T '  o u t  o f  p h a s e  

w i t h  t h e  v e c t o r  2E,  a nd  V w a s  t a n  (-RG^o ) o u t  o f  p h a s e  

w i t h  2E,  t h e  p h a s e  a n g l e  b e t w e e n  E and  V m u s t  b e

<P  ̂ . ( A . 3)

V e c t o r i a l l y ,  t h e  a d d i t i o n  o f  E a n d  V i s  r e p r e s e n t e d  

by  F i g . 2 ( i i i ) .  The  r e s u l t a n t  o f  t h e  a d d i t i o n  m u s t  

b e  t h e  v o l t a g e  R.

S o l v i n g  f o r  R

( a . 4 )

B u t  V . I s
T S -   ’ •

Co&- :
' J T T i F cO

( A . 5 )
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H e n c e ,  t h e  r e s u l t a n t  o f  t h e  v e c t o r  a d d i t i o n  i s  a 

v e c t o r  o f  f i x e d  a m p l i t u d e ,  E,  a t  an  a n g l e  (p . 

w i t h  t h e  v o l t a g e  E .  S i n c e ,  a s  H an d  C a r e  v a r i e d ,  

v a r i e s  f r o m  0 t o  , t h i s  i s  t h e  p h a s e  s h i f t  t h a t

c an  b e  i m p o s e d  on t h e  o u t p u t  v o l t a g e  w i t h o u t  a n y  

c h a n g e  i n  a m p l i t u d e .
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APFEHDIX 1 1 .

T r a n s m i s s i o n  L i n e  T h e o r y .

The  e q u a t i o n s  u s e d  i n  C h a p t e r  IV ,  g o v e r n i n g  t h e  

t r a n s m i s s i o n  o f  e l e c t r o - m a g n e t i c  w a v e s  a l o n g  a s y s t e m  

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

b e l o w .

C o n s i d e r  a v o l t a g e  w a v e  t r a v e l l i n g  a l o n g  a 

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

o n e  o f  w h i c h  may b e  a s s u m e d  a t  e a r t h .  I f  t h e  w a v e  

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

some a r b i t r a r y  p o i n t  o f  o r i g i n  o n  t h e  l i n e ,  t h e  

v o l t a g e  a t  a n y  o t h e r  p o i n t  a t  a d i s t a n c e  z f r o m  0

i s  r e p r e s e n t e d  by
Pz

1V, -  V e ( A . 6)

w h e r e  P i s  t h e  p r o p a g a t i o n  c o n s t a n t  o f  t h e  l i n e  a n d

Vq t h e  v o l t a g e  a t  t h e  o r i g i n  z= 0 .  P i s  a f u n c t i o n

o f  t h e  d i m e n s i o n ,  o f  t h e  l i n e  a n d  t h e  n a t u r e  o f  t h e

d i e l e c t r i c  s e p a r a t i n g  t h e  two  c o n d u c t o r s .  I f  z^

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

c u r r e n t  i ^  a s s o c i a t e d  w i t h  t h e  v o l t a g e  V^ i s ,  by

d e f i n i t i o n  o f  z , g i v e n  b y :
o

i  = V / z  . ( A . 7)
1 d o

I f  t h e  l i n e  i s  t e r m i n a t e d  a t  a n y  p o i n t ,  t h e  

t e r m i n a t i o n  w i l l ,  i n  g e n e r a l ,  g i v e  r i s e  t o  a  r e f l e c t e d  

w a v e  o f  t h e  f o r m

Vg ■- r  Y^e ( A . 8 )
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t r a v e l 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 ,  r  i s  t h e  r e f l e c t i o n

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

q u a n t i t y ,  w h i c h  c a n  b e  w r i t t e n
.1^r  = r  eo

w h e r e  r ,  i s  w h o l l y  r e a l ,  a n d  ^  i s  t h e  p h a s e  c o n s t a n t

a s s o c i a t e d  w i t h  t h e  r e f l e c t e d  w a v e .

S i n c e  t h e  o r i g i n  c a n  b e  p l a c e d  a n y w h e r e ,  t h e

t e r m i n a t i o n  may b e  t a k e n  a t  z=  0 .  The  w a v e  a t  a

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

V = V + V 
^  1 2

/  P j c  “ P c c  i 0  

" "^0 o ^  ■ ^ ) ( A . 9 )

S i m i l a r l y ,  t h e  c u r r e n t  a t  t h i s  p o i n t  w i l l  b e  g i v e n

b y  :

Th e  i m p e d a n c e  o f  t h e  l i n e  a t  a d i s t a n c e  3  ̂ f r o m  t h e  

o r i g i n  i s  t h e r e f o r e  g i v e n  by

I (5 ^
-  2  ^ 'C. & &

At  t h e  t e r m i n a t i o n ,  x  -  o , a n d  t h e  t e r m i n a t i n g

(A .10)
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i m p é d a n c e  o f  t h e  l i n e  i s  t h e r e f o r e

\
-7 , ' e

■ ( A . 11 )
I -

H e n c e ,  i f  r ^  a n d  p  c a n  b e  m e a s u r e d ,  a nd  i s  known 

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

c a n  b e  c a l c u l a t e d  u s i n g  E q u a t i o n  ( A . 1 1 ) .  T h i s  i s  

t h e  t e c h n i q u e  u s e d  i n  s e v e r a l  o f  t h e  m e t h o d s  f o r  

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

d e s c r i b e d  i n  C h a p t e r  1 .  A l s o ^ e l i m i n a t i n g  r ^ ®  

b e t w e e n  e q u a t i o n s  ( A . I O )  a n d  ( A . 1 1 ) ,  l e a d s  t o  

t h e  r e l a t i o n s h i p

'Toe ^

-Z.-T 4- ZL

( A . 1 2 )

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

l e n g t h  ^  a nd  p r o p a g a t i o n  c o n s t a n t  P .

P i s  g e n e r a l l y  a c o m p l e x  q u a n t i t y  and  c a n  b e  

r e p r e s e n t e d  b y  P '  ( ^   ̂ ) ' S u b s t i t u t i n g  t h i s

v a l u e  i n t o  ( A . 1 2 ) ,

ZoCr>U ( .,^4 ^
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T h i s  i s  t h e  m o s t  g e n e r a l  e x p r e s s i o n  f o r  t h e  i n p u t  

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

i m p e d a n c e  a d i s t a n c e  x  f r o m  a t e r m i n a t i o n  o f

t e r m i n a l  i m p e d a n c e  z,p.

T h i s  i s  t h e  e q u a t i o n  t h a t  h a s  b e e n  u s e d  on  P a g e  

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

o f  t h e  e q u i v a l e n t  l i n e  a n a l o g u e  o f  t h e  t u n e d  c a v i t y .
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Abstract. A differential method is described for measuring the ionic conductivity 
of potassium chloride solutions at 3 x lO-’c/s. The results reveal that a strong 
dispersion region exists at concentrations below 0-5 normal, which may be 
explained in terms of the perturbations by the applied field of a shell of water 
molecules surrounding the ion at a mean distance of 6 Â.

§ 1.  I n t r o d u c t i o n

IN the dipolar relaxation part of the frequency range, the variation with 
frequency (if any) of the ionic part of the conductivity of salt solutions is 
masked by the large apparent conductivity contributed by the dipoles of 

the solvent. The most detailed work published recently on the electrical 
properties of aqueous ionic solutions at 3 x 10-̂  c/s and above has been that of 
Collie, Ritson and Hasted (1948) and Saxton and Lane (1952). These researches 
were most concerned, however, with the effect of the dissolved ions on the 
relaxation time of the solvent molecules. The smallest concentration of 
potassium chloride investigated was 0 5 normal, and it was convincingly 
demonstrated that the value of the ionic conductivity at this concentration, and 
for 1*0 normal, was almost certainly the same as the value at low frequency.

The present paper deals with an attempt to investigate the ionic conductivity 
effects of potassium chloride solutions in the concentration range 0*005 to 1*0 
normal, in order to discover whether the relaxation process in the solvent could 
cause them to vary from their low-frequency value.

 ̂ 2 .  D e s c r i p t i o n  a n d  T h e o r y  o f  t h e  A p p a r a t u s

The apparatus was designed to measure directly the difference in total 
conductivity between the solution under investigation and distilled water. 
As it was desirable to concentrate only upon conductivity changes, it was essential 
that the apparatus be insensitive to the changes in dielectric constant. It was 
decided that an Hqii rectangular cavity with a small bore quartz tube in contact 
with the centre of one wall and parallel to the electric field, would be suitable. 
The changes in output of the cavity as distilled water and salt solution were passed 
alternately through the tube were interpreted in terms of conductivity changes.

A simplified sketch of the apparatus is shown in figure 1. 'Fhe two liquids 
to  be compared were passed through a temperature equalizer into a specially 
designed two-way tap which was driven through reduction gearing at 1 cycle 
in eight seconds by a constant speed motor. During one cycle of the tap, water 
flowed for three seconds, all flow ceased for one second, and then the solution 
flowed for three seconds followed by another waiting period of one second.
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A chemical analysis of the last fraction of the outflowing liquids showed that 
under these circumstances, a complete substitution of the liquids in the tube 
was taking place. 'The temperature of the outliowing liquids was measured 
by means of a thermocoiqile, and another was used to monitor the temperature 
difference between the liquids just before they entered the tap.

A CV234 valve oscillator, amplitude modulated at 4330 c s, and provided 
with two outputs, was used as a signal source tuned to a frequency of 3 x 10*'c s. 
h igure 2 gives a block diagram of the apparatus. 4'he modulated signal was \ ery 
looselv coupled to the cavity, having passed through lOdn of SAL. 1 type

Cam -operated Tap 

W a t e ^ X j  *7̂  L ^ x ^ S a lt.S o lu tio n

Q u artzT u be  
Bore 0 8 m m  
Wall 0 6m m

U t J ______________

-7  0 cm ---------
I r

3 8 cm

C rysta l D etecto r

Input Probe 
Cavity vvidtb 

7-5 cm

Figure 1. Cross section of  H„,, cavity for 10 cm wa\ es.

-̂ avemel̂4330 c/s 
Oscillator

Water Liquid

lOdB Q , , £ ]
jl Temperature

Tap E  I  Equalizer
100 dB

T
Amplifier

■..... — r

I A dder |

Am plifier j

Changer

Filter

1
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1  n  Amplifier J 1----- - o
Cossor 1049Peak

4 'Rectifier Oscilloscope

Figure 2. Block diagram of  apparatus.

attenuating cable. An N .P.L . type cavity wavemeter was similarly coupled
to the other oscillator output. The loosely coupled crystal detectors of both the 
FI(,ii cavity and the wavemeter were connected through 100 d B  of SAL. 2 type
attenuating cable to two independent amplifiers, each of gain 100. The output
of the wavemeter amplifier was passed through a circuit in which its phase could 
be varied continuously through 180° independently of its amplitude. It was then 
added electronically to the amplified cavity signal, provision being made, by 
means of a variable resistance which could be switched in electrically, to vary the 
amplitude of this signal suddenly by a known small fraction.

The phasing unit was adjusted so that the wavemeter signal was in exact 
opposition to the cavity signal. The purpose of this arrangement was to increase
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the effective percentage modulation imposed on the 4330c/s signal by the inter
change of the liquids in the cavity tube. 4 lie  change in level of the cavity signal 
when 0-005 normal solutions were under investigation was much less than 
but by using the above device the signal eventually fed to the high gain amplifiers 
could be converted to one effectively modulated to a depth of 50% or more. 
After passing through the adding unit, the signal was filtered in an inductance- 
capacity filter circuit, to remove most of the harmonic terms originating in the 
square law crystal detectors. I'urther amplification in a narrow-band amplifier 
of gain 10’ was followed by peak rectification resulting in a signal fluctuating at 
the tap frequency. This signal was displayed on a Cossor model 1049 oscillo
scope, together with the 4330c/s signal, before final rectification. The latter 
signal was used for monitoring and tuning purposes.

When dealing with low concentrations, the ratio of the change in signal to 
the signal corresponding to distilled water in the cavity tube, could be obtained
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«32 Filter and 
N arrow -B and  

Amplifier
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MonilormgSrgnal
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I-iRLirc 3. Circuit diagram of  apparatus.

directly from the calibrated variable resistance included in the cavity signal line of 
the adding unit. The observed variations on the oscilloscope were cancelled 
by altering the amount of cavity signal fed to the adding unit by means of the 
calibrated control, and switching this in and out in antiphase with the observed 
change until no change in output signal level could be detected. The essential 
parts of this circuit will be found in figure 3.

§ 3 .  C.ALCULATION OF THE A P P A R A T U S RESPO NSE TO C H A N G E  IN  lO N IC

C o n d u c t i v i t y

Use is made of a transmission line analogue for the purpose of calculating the 
response of the cavity to changes in the conductivity of the liquid in the 
quartz tube.

Figure 4 represents a short circuited transmission line of characteristic 
impedance with a condenser of capacity C situated a short distance / from the
short circuit. At a distance L  from this condenser, the line is driven bv a low
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impedance source of e.m.t. A connected in series to represent tiie loose ccMipling 
to the oscillator.

Figure 4. Fciuivalent line.
The capacity F may he written

 ̂  ̂ I ~ j ^  2 ......  (1)
where = ( ’.j + C„€' and =  C.j being the contribution due to the quartz 
tube, C\^e' the contribution due to the real part of the dielectric constant of the 
liquid, and C„e" that due to the imaginary part.

'The terminating impedance of the driven line at distance / from the short 
circuit is:

Z , y  =  l l ,  y j X y

(Z, tan F , 4 - tan l S I [ \ - ( \  tan ffl] .......... (2)
~  [1 — F,%,cu tan l^/y 4- [Z(, tan /f/oT’.,]-

'The impedance presented to the generator is given by
r ( / 4  cosh TA + sinh T A l

' -  cosh PL  + (/% + j X . , )  sinh TL J .......
where P=y.  is the propagation constant of the line and the resulting current
drawn from the generator will be

/ =  E ------- (4)
At resonance, /' will be in phase with E, so that the imaginary part of will

vanish and the value of i at resonance is given by
(/%“ + Xp2)(sinh2 a A + sin‘“ /3A) 4- Z,J(cosh'^ y.L — siiF /3A)

+ Z„ (/% sinh 2a A -  X,. sin 2/3 A)
..(5 )

\  (/%2 q.X, " + Z„D sinh 2a A 4- /%%, cosh 2a A
with the resonance condition that

\ [Z„2 -  (T^2 4- X,/")] sin 2pL  + ZoX,{cosh‘‘̂ aA -  siiF ftL\  =  0.
in order to simplify equation (5), the Q factor of the cavity was determined with 
and without water in the capillary, by the method of plotting the square law 
response curve against frequency. The values 1500 and 2000 respectively 
were obtained, with a frequency shift of less than 1 in 3000 Mc/s. No further 
frequency shift could be detected when normal potassium chloride solution was 
substituted for distilled water. The large value of the Q  factor even with water 
or saline present in the tube implied that T, was very small compared with Z,,. 
The very slight change in tuning was taken to imply that X^ also was small 
compared with Zq, and that was very nearly tt.

Using these experimental conclusions, equation (5) may be simplified 
considerably to

E  r  ZgCosh^aA ~|
' “ ^  L 2 sinh 2a A 4- Rr  Ẑ  cosh 2a A J ‘................ ..........
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Substituting for lly from the real part of equation (2), and neglecting terms 
containing tan/3/ in the denominator, we obtain

. A T  coslFa/v 1 1 ^
' L i sinh 2 a A f  cosh 2 a A (%,tan /3/)‘AX.\,J ^  A  + Be" '

where A  and B  are constants, and equation (1) has been used to substitute for C.y.
In the cavity, / is directly proportional to the maximum tangential magnetic 

held stimulating the detector, and the e.m.f. injected into the detector circuit will 
he proportional to /.

The imaginary part of the dielectric constant of saline solution may be 
considered to be made up of two parts:

€ s "  =  ( 2 u | ) s  +  2 f r , ^ ) / r   ( 8 )

where represents the solution conductivity due to dipolar relaxation and 
the high frequency ionic conductivity, r is the frequency of the applied field. 
For distilled water the expression becomes

" =  (9)
Using the suffixes VV and S to refer to distilled water and saline solution

respectively, it follows from equations (7), (8) and (9) that

I  ~  — ^l^Ds ^T)\v -f ^isJ  ( b v

where K  = ZB/[A 4 and can be regarded as a constant wTen distilled water
is used as the standard.

The experimentally measured quantity S is given by — = 8 ; it 
therefore follows that

( Â \ - W ' ^ s = ( i - 8 r ' - b   (M)

 ̂ 4 .  C a l i b r a t i o n  o f  t h e  A p p a r a t u s

For the purposes of calibration, the response of the apparatus for normal 
and half normal solutions of potassium, sodium and lithium chlorides was found 
at temperatures from 18°c to 25°c. Using the results of Collie, Ritson and 
Hasted (1948) for these concentrations, i.e. that the ionic conductivities m aybe  
assumed to be equal to their low-frequency values, it was found that the ratio of 
(Âv~*h)/(s to the corresponding d.c. conductivity was in each case the same, with 
a maximum deviation of 2%, for lithium chloride. This confirms equation (10), 
in which one would expect to be large compared with the difference between 

•

In table 1, and o-j3w “ ^ds compared for 0-5 normal solutions of 
potassium and lithium chloride at 25°c, using data from Collie, Ritson and
Hasted (1948). The value of at 25°c, has been taken as 11-3.

'Fable 1

( ) - 5 n K C l  35 2 0-8
0 5 n  LiCl 23 9 0-6

Htiybig Khus determined K  in equation (10), the values of (% CiPuW he
interpreted directly in terms of the ionic conductivity of saline solutions.
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^  5 .  K x f h r i m k n t a i .  R f s u l t s

I'he experimental results for potassium ciiloride solutions are expressed 
graphically in figure 5, where the ratio of the high-frequency conductivity to the 
low-frequency value is plotted against concentration in gramme equivalents per 
litre. 4l ie  low-frequency conductivity data were obtained from the international 
critical tables and from conductivity bridge measurements. Sodium and lithium 
chlorides were also investigated, but these salts did not show such marked effects 
as potassium chloride. Lithium chloride showed no effect which could be 
differentiated from the experimental error, but sodium chloride exhibited the 
same behaviour as potassium chloride at much lower concentrations. 4 lie  results 
for sodium chloride are given in table 2.

4 able 2

Concentration (g equiv litre) 1 0 5 0 2 0 1  0O128  0-01 0-0085 0-005
Ratio, 18X  I I  1 1 1-29 1-29 1-30 1-35
Ratio, 25A- 1 1  1 1 I 29 I -34 1 -36 1 -44

I 4

13

jb"II

A ccuracy  Lo î  0 OS in ^
f^iso - IS 'O

-J---- 1---- 1---- 1---- 1---- 1___1____ .L.
(U 0 ?  0 3 0 4  OS

C o n c e n t r a t io n  (g  e q u iv  p e r  l i t r e )

Figure 5. Variation of  ratio o f  high-frequency to low-frequency ionic conductivrty with
concentration.

4^he experimental error associated with these results is about 4 0-05 units on 
the vertical scale of figure 5 for concentrations below 0-1 normal, but considerably 
less than this at the higher concentrations. Both sodium and potassium 
chlorides exhibit a marked increase in conductivity over their low-frequency 
values in dilute solutions, amounting to about 30%. Such an increase at these 
concentrations cannot be due to an ion atmosphere relaxation effect of the kind 
described by Falkenhagen (1934), because the latter effect in 0-01 normal solution 
would only amount to a 1 or 2% increase. It seems very probable that the 
result is due to a solvent atmosphere effect, particularly since the conductivity 
increases as the concentration decreases. A tentative theory based on the inter
action between an ion and its solvent atmosphere is discussed in the following 
section.

§ 6 .  I n t e r p r e t a t i o n  o e  R e s u l t s  

The large increase in the high-frequency ionic conductivity of dilute potassium 
chloride solutions, may be interpreted semi-quantitatively in terms of the inter
action of an ion with its surrounding sheath of water molecules. Bernal and 
Fowler (1933) have pointed out that the intense electrostatic field due to an ion 
will have a disrupting effect on the structure of the water surrounding it. They 
postulate that within a certain critical distance from the ion, the water dipoles will 
be co-ordinated by the ion, while beyond this distance they will be orientated by 
their mutual dipole attractions. Debye (1929) has calculated that within a sphere
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ol radius less than 12 À about a monovalent positive ion, the dielectric constant 
of water is very much modified. I n order to interpret the present results, however, 
it is necessary to make some assumptions concerning the electrostatic field due 
to an ion at distances less than 10 Â, and the number of water dipoles in successive 
layers about the ion which are strongly orientated by it. Pople (1051) has 
calculated the number of water molecules associated with any one molecule 
using the experimental results of Morgan and Warren (1938) on the x-ray analysis 
ol water, lie  finds that a good fit between theory and practice occurs if the 
first three shells ol neighbours surrounding a molecule contain 4, 11 and 22 
molecules. A perlect tetrahedral structure would imply 4, 12 and 36 for the 
numbers in these shells.

We shall assume that in the case of an ion, the radially disposed water molecules 
surrounding it are packed into shells containing 4, 12 and between 22 and 36 
molecules. In addition it is assumed that the inner two shells are packed down 
closer to each other than they are in the normal water structure, but that the third 
shell remains at a distance of about 6 Â from the ion which is its position with 
respect to a central molecule in pure water. I'he water molecules forming shells 
one to three are considered to be strongly orientated by the field due to the ion,

y*FcosB

Figure 6.

but beyond shell three the normal tetrahedral structure of water starts to reassert 
itself. 'The object of these restrictions is to produce a-shell of radially disposed 
dipoles, which are fairly free from the influence of the dipoles within it.

When calculating the electrostatic field at the third shell due to the central 
ion, it is not possible to use an expression for the dielectric constant (derived in 
terms of a continuous medium in a high state of saturation), because the medium  
within the shell consists simply of one ion and sixteen water molecules. It is 
assumed therefore that the field due to the central ion is fully effective through 
the gaps in the screen formed by the dipoles of the inner shells. The majority 
bf the dipoles of shell three then move to positions where this field is a maximum, 
leaving gaps which can be filled by dipoles from regions beyond shell three. In 
this way the increase in density due to the presence of ions can also be explained, 
in spite of the fact that shell three is assumed to remain at a fixed radius from the 
central ion.

In figure 6, P represents a dipole in the third shell which has been rotated out 
of the radial direction at the point (r, 6) by the application of an external field F. 
•If a monovalent positive ion is assumed to exist at O, and the applied field is in
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the direction OA,it follows that the dipole at P rotates through an angle (/> given hy

Fsin^ /lov
tan,^ = j r +   <‘2)

where
 ( 13)

e being the electronic charge, and f  the radial held due to the ion at a distance
r cm.

If Fco^O<^.'F, it follows that

tan (f> = h sin 6 where k = Fi.'/  (14)
and

cos (/) =  ( 1 + IF siiT 6) sin (A = h sin 1 + IF sin- tl) ' -.................. (15)

The contribution to the held at () along C)A by the dipole at P is given by

8 / = ^  [2 cos 6 cos (f) — sin fl sin (f>]

where // is the effective dipole moment of the water molecule. Substituting from 
ecjuation (15), this becomes

jjbTl cos 6 — k sin-
7' L(1 ■

If a symmetrical distribution of dipoles is considered, in which a number n„ 
is associated with the angle 0, the total contribution of the shell to the held at O 
along ()A is given by

. / -  4 ........ I' 9

If// dipoles are uniformly distributed, it is permissible to integrate equation ( I h),
which then becomes

 (17)
The value of /t is given by the I>angevin expression

F= • .........

where is the true dipole moment of water =  1 87 x 10 e.s.u., k  is»
Boltzmann’s constant =  1 37 x 1()~’‘\  7’is the absolute temperature =  298°.

Using the value 4 8 x 10 e.s.u. for the value of e in equation (13), and putting 
/ =  6 A, equation (17) becomes on substitution of equations (13), (14) and (18)

f =  -0035///%   (19)

The resultant field acting upon the ion is thus

T + / =  F’[1 -04)35//].  (20)

The fact that a positive ion will move in the direction of the applied field 
sets the upper limit to // at the value 1,0-035 i.e. //,„,,,. =  28 molecules.

It must be noted that this number represents the maximum number of 
molecules in the third shell which are fully available to contribute a maximum 
reaction to the field at the ion ; it does not necessarily represent the total number of 
molecules in the shell.

At sufficiently high frequencies, the molecules of the third shell will lag behiird 
the field as they swing about their equilibrium position, and at the same tin>e tfie
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iunpUludes ol their swings will diminish, liquation (20) may be rewritten in a 
general form as follows :

vvliere /v*,„ now represents the resultant held parallel to and in phase with the 
applied field F, r is the relaxation time of the molecules of the shell, and o) the 
angular frequency ol the applied field. Equation (10) also expresses the variation 
of conductivity with frequency according to this model. The ratio of the high- 
Irequency conductivity to the low-frequency conductivity is given by

lf„ (j _  1 -t- — 0-035//
~  ^  ~  (1 +o/2r2)(l -0-035//) ■   ̂̂

A suitable value of t  is chosen corresponding to the relaxation wavelength 
ol concentrated solutions of potassium chloride as measured by Collie, Ritson 
and Hasted (1948), namely 1-4 cm for 2-normal solutions. In the present work, 
<0 was 2tt X 3 X 10̂  whence ojt becomes 0-14. The observed ratio for 
in the present work was 1-3. Substituting these values into equation (22) we 
have

1 4 (0.14)“-0-035//
“  (1 +((M 4)‘-')(1 -0-035//)

whence 0-035//= 0-94 and //=  27 to the nearest wdiole number, in g o o d  agreement 
with the theory.

It is interesting to consider the predictions of this model at higher frequencies. 
At frequencies such that cdt= 1, i.e. at about 21 400 Adc s, the ratio of the high- 
frequencv conductivity to the low-frequency value should be about 5 for dilute 
solutions of potassium chloride. Some indirect evidence in support of this is 
contained in a paper by Giirtener (1931), who measured the conductivity of 
solutions of magnesium sulphate in glycerine to which 4 ‘',, of water had been 
added. After allowing for the contribution to the conductivity due to dipolar 
relaxation in the glycerine, the observed ionic conduction was some five times the 
low-frequency value in concentrations of 0-1 molar. Bearing in mind the fact 
that the magnesium ion is divalent, the radius of the equivalent shell is extended 
to 8*5 Â, which, taken in conjunction with the larger size of the glycerine molecule, 
could well produce effects similar to the results observed here for aqueous potassium 
chloride solutions.

Equation (21) may be written in a more generalized form as

...........

where </;(/(„e'/«) is some function of the expression in parentheses, e' being the 
charge on the ion, and a the ionic radius. If this equation should represent the 
field acting upon an ion, the following statements may be made : (i) The low 
frequency conductivity should decrease as e'ia increases, (ii) At high frequencies 
an anomalous dispersion of conductivity should be observed provided a»r 
approaches unity. At high concentrations r is likely to diminish due to the pro
ximity of positive and negative ions, and this would cause the dispersion effect 
to be moved bodily to higher frequencies. The observed decrease in the disper
sion effect for potassium chloride as the concentration was increased could be 
explained in this way. (iii) At very high concentrations, the proximity of ions
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of like charge would be a ‘ shell-breaking ’ effect leading to an increase in conduc
tivity. This increase, however, would be offset by the dissymmetry and electro
phoretic effects described in the Debye-Fliickel (1923) theory of electrolytes. 
In addition, ionic association of the type postulated by Bjerrum (1926) would 
cause a further decrease in conductivity. The combined action of these effects 
could lead to the observed linear decrease in the conductivity ol concentrated 
solutions of strong electrolytes at low frequencies. Under these circumstances, 
the only high-frequency dispersion effect would be that described by Falkenhagen 
(1934). Note that in the above theor}  ̂ t  refers to the relaxation time of a water 
molecule in the presence of the strong field due to an ion. The effect of the 
held due to the ion superposed upon the mutual dipole forces would be to shorten 
the relaxation time of a dipole in a shell, because such dipoles would have a 
preferred orientation toward the ion. A neighbouring ion of opposite sign would 
tend to increase the orienting field, and thus reduce the relaxation time even 
further.

A more exact theory of this effect must be able to account for the large differ
ence in concentration at which the effect is observed in potassium and sodium 
chloride solutions.

b iirther work at a frequency of 3 x IIP c s on ions of higher \ alency is in 
course of preparation, and will be published later.

A  C' KNO W LEDGM ENTS

The authors wish to thank the members of the physics and chemistry 
departments of Bedford College for their helpful criticisms during the course of 
this work. In particular our thanks are due to Mr. F. Grimes of the Physics 
Department for the design and manufacture of a tap controlling the flow of liquids 
in the apparatus. Mrs. V. Smith was working on behalf of the British Empire 
Cancer Campaign and thanks them for their continued help during the course ol 
this investigation.

Due acknowledgment is also made to the Chief Superintendent, Radar 
Research and Development Establishment, for the loan of an N .P .L . type cavity 
wavemeter.

R e f e r e n c e s

BeRiNal, j .  D . ,  and F o w l e r ,  R. II. ,  1933, J .  Chem. Phys.,  1, 515.
B j e r r l m ,  N.,  1926 a, /v. Danske V'ldensk. Se/sti. M a t .  Fys. M ed d .,  7, 9; 1926 b, Ergehn.

exakt. N(itiü'7c., 6, 125.
C o l l i e ,  C. II., R i t s o n ,  D. M. ,  and H . \ s t e d ,  J. B., 1948, J .  Chem. Phys.,  1 6 , 1.
D e b y e ,  P . ,  1929, Polar Adolecules (Ne w  York : Chemical  Catalog Co.).
D e b y e ,  P . ,  a n d  F I î T k e l ,  E . ,  1923, Phys. Z .,  24, 185, 305.
F a l k e n h a g e n ,  FL, 1934, Electrolytes  (Oxford : University Press).
G A r t e n e r ,  f l ,  1931, Phys. Z .,  32, 919.
M o r g a n ,  J., and W a r r e n ,  B. E., 1938, J .  Chem. Phys.,  6, 666.
P o p l e ,  J. A.,  1951, Proc. Roy. Soc. A,  205,  163.
S a x t o n ,  J. A.,  and L a n e ,  J. A.,  1952, Proc. Roy. Soc. A, 214,  531.


