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T h i s  r e p o r t  c o v e r s  t h e  p e r i o d  from O c t o b e r  1, 1968,  t h r o u g h  
F e b r u a r y  2 8 ,  1969.  The o f f i c i a l  n o t i c e  h a s  n o t  b e e n  r e c e i v e d  
f o r  c o n t i n u a n c e  o f  t h e  g r a n t  b u t  t h e  o p i n i o n  i s  t h a t  t h e  g r a n t  
w i l l  c o n t i n u e .  I n  t h e  e v e n t  i t  d o e s  n o t  a s u p p l e m e n t  t o  t h i s  
r e p o r t  w i l l  b e  s u b m i t t e d  and  t h e  combined r e p o r t  w i l l  c o n s i t t u t e  
a f i n a l  r e p o r t .  A n o  c o s t  e x t e n s i o n  o f  t h e  p r e s e n t  work h a s  b e e n  
g r a n t e d .  One M.S. t h e s i s  h a s  b e e n  c o m p l e t e d  d u r i n g  t h e  l a s t  
r e p o r t  p e r i o d .  An up d a t e d  summary o f  a l l  p u b l i c a t i o n s  b f  work 
eperformed u n d e r  t h e  g r a n t  i s  a t t a c h e d .  

I n  a d d i t i o n  t o  t h e  work o u t l i n e d  a p r o p o s a l  f o r  a "Helium I1 
Momentum F l u x  Rad iomete r "  and  a p r o p o s a l  f o r  a "Thermal  Method 
o f  M e a s u r i n g  t h e  Q u a n t i t y  o f  a C r y o g e n i c  F l u i d  i n  a Tank Under 
Z e r o - G r a v i t y  C o n d i t i o n s "  h a s  b e e n  o r i g i n a t e d  u n d e r  t h i s  c o n t r a c t .  
C o p i e s  o f  t h e  p r o p o s a l s  a r e  a t t a c h e d .  

Q u e s t i o n s  r e g a r d i n g  t h e  work d e s c r i b e d  i n  t h i s  gr ' an t  may 
b e  d i r e c t e d  t o  Dr. A l v i n  F .  H i l d e b r a n d t ,  A s s o c i a t e  P r o f e s s o r ,  
Depar tment  o f  P h y s i c s ,  U n i v e r s i t y  o f  Hous ton ,  Hous ton ,  Texas  77004,  
(713)  748-6600,  e x t e n s i o n  1932 o r  1943.  The i n v e s t i g a t o r s  named 
i n  t h e  body o f  t h e  r e p o r t  may b e  c o n t a c t e d  i n d i v i d u a l l y  r e g a r d i n g  
t h e i r  work a t  t h e  same a d d r e s s .  



Atomic P r o c e s s e s  and S o l i d  S t a t e  P h y s i c s  S t u d i e s  

1. Phonon D i s p e r s i o n  R e l a t i o n s  i n  M e t a l s ,  R .  H .  Walker  G G .  Hopkins  

The f r e q u e n c i e s  o f  t h e  normal  modes o f  a v i b r a t i n g  m e t a l l i c  
l a t t i c e  h a s  b e e n  s t u d i e d  u s i n g  a s i m p l e  model  f o r  t h e  i o n i c  
s c r e e n i n g  by t h e  c o n d u c t i o n  e l e c t r o n s .  The s c r e e n i n g  which  i s  
c h a r a c t e r i z e d  by  t h e  d e n s i t y  o f  c o n d u c t i o n  e l e c t r o n s  was t r e a t e d  
by  means o f  t h e  f r e q u e n c y - w a v e l e n g t h  d e p e n d e n t  d i e l e c t r i c  c o n s t a n t  
o f  t h e  e l e c t r o n  s y s t e m .  The s h o r t  r a n g e  i o n - i o n  i n t e r a c t i o n  
was t r e a t e d  p h e n o m e n o l o g i c a l l y  by a s suming  a Yukawa p o t e n t i a l  
whose r a n g e  was a d j u s t e d  t o  o b t a i n  t h e  ag reemen t  w i t h  sound 
v e l o c i t y .  C a l c u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  f o r  t h r e e  m e t a l s  
c o p p e r ,  l e a d  and aluminum whose d i s p e r s i o n  r e l a t i o n s  a r e  known 
f rom n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s .  The ag reemen t  b e t w e e n  t h i s  
t h e o r y  and t h e  e x p e r i m e n t a l  r e s u l t s  a r e  e x c e l l e n t ,  p a r t i c u l a r l y  
i n  t h e  c a s e  o f  c o p p e r .  T h i s  work h a s  r e s u l t e d  i n  one  M.S. t h e s i s .  

2 .  Many-Body E f f e c t s  i n  M e t a l s ,  R .  H .  Walker  E J. P a u l s e l  

C o n s i d e r a b l e  p r o g r e s s  h a s  b e e n  made a s  an  a p p r o a c h  t o  t h e  
e l e c t r o n  g a s  b a s e d  r e c t l y  upon t h e  Random p h a s e  a p p r o x i m a t i o n  
o f  Bohm and P i n e s .  (" The b a s i c  i d e a  i n  t h i s  a p p r o a c h  i s  t o  
i n t r o d u c e  d y n a m i c a l  c o r r e l a t i o n s  i n t o  t h e  e l e c t r o n  m o t i o n  a t  t h e  
o u t s e t  by  t h e  i n t r o d u c t i o n  o f  c o l l e c t i v e  c o o r d i n a t e s  which  d e s c r i b e  
t h e  p l a sma  o s c i l l a t i o n s  o f  t h e  g a s .  The f r a c t i o n  o f  t h e  d e g r e e s  
o f  f r eedom o f  t h e  s y s t e m  c o r r e s p o n d i n g  t o  i n d i v i d u a l  p a r t i c l e  
m o t i o n  a r e  t h e n  e q u i v a l e n t  t o  a s e t  o f  p a r t i c l e s  i n t e r a c t i n g  w i t h  
weak s h o r t  r a n g e  f o r c e s  i n s t e a d  o f  l o n g  r a n g e  coulomb f o r c e  which  
i s  t h e  s o u r c e  o f  numerous d i v e r g e n c e  d i f f i c u l t i e s  i n  t h e  u s u a l  
p e r t u r b a t i o n  t r e a t m e n t s .  

The b a s i c  h a m i l t a r i a n  f o r  t h e  e l e c t r o n  g a s  i s  defLned by  t h e  
t o t a l  k i n e t i c  e n e r g y  o f  t h e  s.ystem and t h e  coulomb i n t e r a c t i o n s  
be tween  t h e  p a r t i c l e s .  A s u i t a b l e  c a n o n i c a l  t r a n s f o r m L z i o n ( 2 )  
t r a n s f o r m s  t h i s  b a s i c  h a m i l t a r i a n  i n t o  one  r e p r e s e n t i n g  a c o u p l e d  
p a r t i c l e - p l a s m a n  s y s t e m  i n  which  t h e  p a r t i c l e  i n t e r a c t i c n s  a r e  o f  
s h o r t  r a n g e .  B o t h t t h e  r a n g e  o f  t h i s  e f f e c t i v e  i n t e r a c t i o n  and t h e  
c o u p l i n g  i s  d e f i n e d  'by a s i n g l e  p a r a m e t e r  t o  b e  d e t e r m i n e d  by 
t h a t  v a l u e  which  m i n i m i z e s  t h e  t o t a l  e n e r g y .  F u . r t h e r ,  a n  a n a l y s i s  
o f  t h e  a n a l y t i c  s t r u c t u r e  o f  t h e  s i n g l e  p a r t i c l e  e l e c t r o n  and 
p l a sman  p r o p a g a t i o n  w i l l  d e t e r m i n e  t h e  l o w  l y i n g  e x c i t a t i o n  
s p e c t r u m  o f  t?-e  e l e c t r o n  g a s  w i t h  t h e i r  l i f e  t i m e s .  

T o  t h i s  d a t e  c a l c u l a t i o z s  h a v e  b e e n  c a r r i e d  o u t  f o r  s u c h  a 
s y s t e m  i g n o r i n g  t h e  s h o r t  r a n g e  i n t e r a c t i o n s  be tween  t h e  p a r t i c l e s .  
E x p r e s s i o n s  h a v e  b e e n  o b t a i n e d  f o r  t h e  g r o u n d  s t a t e  e n e r g y  and  
f o r  t h e  p r o p a g a t i o n  u s i n g  i n f i n i t e  o r d e r  p e r t u r b a t i o n  t h e o r y  and  
s e l e c t i v e  summation.  The f o r m a l i s m  f o r  s u c h  c a l c u l a t i o n s  a r e  now 
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w e l l  i n  hand .  The t h e o r y  w i l l  now b e  m o d i f i e d  t o  i n c l u d e  t h e  i n t e r -  
p a r t i c l e  i n t e r a c t i o n s .  I t  i s  hoped t h a t  t h i s  a p p r o a c h  w i l l  l e a d  
t o  r e s u l t s  which  a r e  v a l i d  f o r  t h o s e  e l e c t r o n  d e n s i t i e s  f o r  which  
c u r r e n t l y  t h e r e  i s  no good t h e o r y ,  namely  t h e s e  d e n s i t i e s  c o r r e s -  
P O  d i n g  t o  most  me ta l s .  T h i s  work h a s  r e s u l t e d  i n  o n e  M.S. t h e s i s  
g r a n t e d  i n  F e b r u a r y  1969 .  

3 .  Response  o f  C r y s t a l s  20 E x t e r n a l  F i e l d s ,  R .  H .  Walker  6 D .  Lo 

The s c a t t e r i n g  o p e r a t o r  f o r  a ha rmon ic  o s c i l l a t o r  d r i v e n  b y  
a n  e x t e r n a l  f i e l d  w i t h  a r b i t r a r y  t i m e  d e p e n d e n c e  i s  e x a c t l y  
s o l u a b l e .  T h i s  f a c t  i s  b e i n g  e x p l o i t e d  t o  i n v e s t i g a t e  c e r t a i n  
f e a t u r e s  o f  t h e  Mossbauer  e f f e c t .  T h i s  a p p r o a c h  h a s  b e e n  u s e d  
t o  c a l c u l a t e  t h e  Mossbauer  f r a c t i o n  f o r  a c r y s t a l  i n  i t s  g round  
s t a t e ,  t h e  Mossbauer  f r a c t i o n  f o r  a c r y s t a l  a t  a f i n i t e  t e m p e r a t u r e ,  
and t h e  l i n e  s h a p e  o f  t h e  e m i t t e d  x - r a y .  T h e s e  r e s u l t s  a l l  a g r e e  
w i t h  p r e v i o u s  c a l c u l a t i o n s  by o t h e r  a u t h o r s  u s i n g  t h e  s t a n d a r d  
me thods .  The s c a t t e r i n g  o p e r a t o r  a p p r o a c h  i s  a l s o  b e i n g  a p p l i e d  
t o  t h e  p r o b l e m  o f  Mossbauer  e m i s s i o n  i n  an  a m b i e n t  sound wave f i e l d ,  
i n  p a r t i c u l a r  t o  t h e  l i n e  s h a p e  o f  t h e  y - r a y  e m i t t e d  u n d e r  t h e s e  
c o n d i t i o n s .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  d i f f e r e n t  f rom 
e x p r e s s i o n s  o b t a i n e d  by o t h e r  a u t h o r s  u s i n g  s t a n d a r d  t e c h n i q u e s .  (3)  (4)  
I n  p a r t i c u l a r  a s m a l l  f r e q u e n c y  s h i f t  i n  t h e  c e n t r a l  p o r t i o n  o f  
t h e  l i n e  i s  p r e d i c t e d  whose m a g n i t u d e  d e p e n d s  upon t h e  i n t e n s i t y  
o f  t h e  sound wave. T h i s  e f f e c t  and o t h e r  p r e d i c t i o n s  o f  t h e  
c u r r e n t  t h e o r y  w i l l  b e  s t u d i e d  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  by t h e  Mossbauer  g r o u p  h e r e  a t  t h e  
U n i v e r s i t y  o f  Hous ton .  T h i s  work w i l l  r e s u l t  i n  one  M.S. t h e s i s  
i n  J u n e  1969.  

( 1 )  B o t m  and  P i n e s ,  Phys .  Rev. 9 2 ,  6 0 9  ( 1 9 5 3 ) .  
( 2 )  P i n e s ,  D . ,  E l e m e n t a r y  E x c i t a z o n s  i n  S o l i d s ,  Benjamin ,  

( 3 )  Abragam, P r o c .  F r .  Acad. S c . ,  4334 ( 1 9 6 0 ) .  
( 4 )  B o l e f ,  Phys .  Rev. L e t t e r s ,  - 5 ,  S ( l 9 6 0 ) .  

N e w  Y o r k  ( 1 9 6 3 ) .  
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The I n t e r a c t i o n  o f  Quantum F l u i d s  w i t h  P h y s i c a l  B o u n d a r i e s ,  
h e n r y  h .  C o r k e  and A 1  v i n  E' .  H i l d e b r a n d t  

An e a r l i e r  r e p o r t  i n c l u d e d  i n i t i a l  d e t a i l s  a b o u t  a new 
d e v i c e  t o  m e a s u r e  t h e  v e l o c i t y  o f  s u p e r f l u i d  h e l i u m .  I t  c o n s i s t s  
o f  an  aluminum b l o c k  which  h a s  . 0 0 1  cm g l a s s  f i b e r s  a t t a c h e d  
a r o u n d  t h e  edge  o f  o n e  f a c e .  Aluminum f o i l  a b o u t  em t h i c k  i s  
s t r e t c h e d  o v e r  t h e  f i b e r s  l i k e  a drumhead t o  fo rm a c a p a c i t o r  o f  a b o u t  
4 0  p F .  When t h i s  Eo21 p r o b e  i s  l o c a t e d  i n  a shannel Zfirelagh 

r n p e ~ f l u i d  helium Ps g lowing  t h e  B e r n o u l l i  p r e s s u r e  d i s -  
p l a c e s  t h e  f o i l  c h a n g i n g  t h e  c a p a c i t y .  The f o i l  p r o b e  i s  c o n n e c t e d  
a s  t h e  c a p a c i t a n c e  o f  a n  L - C  t a n k  c i r c u i t  o f  a b a c k  d i o d e  o s c i l -  
l a t o r ,  s o  t h a t  t h e  B e r n o u l l i  p r e s s u r e  i s  s e e n  as  a f r e q u e n c y  
c h a n g e .  With t h i s  t e c h n i q u e  v e l o c i t i e s  a s  smal l  a s  .OS cm/sec .  c a n  
b e  o b s e r v e d  w i t h  a s i g n a l  t o  n o i s e  r a t i o , o f  a b o u t  2 t o  1. 

The f i r s t  i n v e s t i g a t i o n  u t i l i z i n g  t h e  v e l o c i t y  p r o b e  i s  t h e  
measurement  o f  c r i t i c a l  v e l o c i t i e s  o f  s u p e r f l u i d  i n  wide  c h a n n e l s .  
The method u s e d  t o  make t h e  measurement  i n v o l v e s  two p a r a l l e l  
c h a n n e l s  t h r o u g h  which  t h e  s u p e r f l u i d  h e l i u m  i s  pumped. The 
amount o f  f l u i d  f l o w i n g  t h r o u g h  e a c h  c h a n n e l ,  be low any  c r i t i c a l  
v e l o c i t y ,  i s  g o v e r n e d  by  t h e  f a c t  t h a t  t h e  f l o w  i s  c u r l e s s ,  s o  
t h a t  v s . d  = 0 when t h e r e  i s  no  c i r c u l - a t i o n  p r e s e n t .  T h e r e f o r e  
by  p r o p e r  d e s i g n  o f  t h e  c h a n n e l s  one  c a n  a n t i c i p a t e  t h e  v e l o c i t y  
i n  e a c h  and p r o d u c e  a c r i t i c a l  v e l o c i t y  i n  one  b e f o r e  t h e  o t h e r .  
S i n c e  t h e r e  i s  no impedence  t o  f l o w  f o r  s u p e r f l u i d  h e l i u m  be low 
c r i t i c a l  v e l o c i t y ,  when t h e  t o t a l  volume f l o w  r a t e  i s  s l o w l y  
i n c r e a s e d ,  t h e  f l o w  r a t e  i n  t h e  c h a n n e l  wnich  a p p r o a c h e s  c r i t i c a l  
v e l o c i t y  f i r s t  w i l l  s t o p  i n c r e a s i n g  and t h e  f l o w  r a t e  i n  t h e  o t h e r  
c h a n n e l  w i l l  i n c r e a s e  f a s t e r .  With t h e  v e l o c i t y  p r o b e  i n  s e r i e s  
w i t h  t h e  f i r s t  c h a n n e l  t h a t  g o e s  c r i t i c a l ,  t h e  v e l o c i t y  ( i . e .  
f r e q u e n c y )  c a n  b e  s e e n  t o  r e m a i n  c o n s t a n t  w i t h  i n c r e a s i n g  t o t a l  
volume f l o w  r a t e .  When t h e  s e c o n d  c h a n n e l  f i n a l l y  goes  c r i t i c a l  
t h e  v e l o c i t y  i n  t h e  f i r s t  c h a n n e l  w i l l  b e g i n  t o  i n c r e a s e  a g a i n .  
Thus ,  w i t h  t h e  v e l o c i t y  p r o b e  p r o p e r l y  c a l i b r a t e d  t h e  c r i t i c a l  
v e l o c i t y  i n  e a c h  c h a n n e l  c a n  b e  d e t e r m i n e d .  

A c o n t r o v e r s y  e x i s t s  o v e r  t h e  dependence  o f  c r i t i c a l  v e l o c i t y  
on c h a n n e l  s i z e  and t e m p e r a t u r e .  
d e p e n d e n c e ,  where  d i s  t h e  d i a m e t e r  o r  n a r r o w e s t  s p a c i n g  o f  t h e  
c h a n n e l ,  w h i l e  Feynman's  t h e o r y  p r e d i c t s  a r e l a t i o n  

Some measuremen t s  show a d-1/4 

h 4d 7 
m v c  = - { I n  a - 

0 

where  m i s  t h e  mass o f  t h e  h e l i u m  atom and a. i s  t h e  c o r e  d i a m e t e r  
o f  t h e  v o r t i c e s  which  a r e  presumed t o  b e  c r e a t e d  p r o d u c i n g  t h e  
c r i t i c a l n e s s .  The r e s u l t s  o f  m e a s u r i n g  f i v e  r e c t a n g u l a r  c h a n n e l s  
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o f  d i f f e r e n t  d match  Feynman's  t h e o r y  q u i t e  a c c u r a t e l y .  T h e r e  
s h o u l d  b e  no  t e m p e r a t u r e  dependence  b u t  t h i s  h a s  n o t  b e e n  c o n f i r m e d  
y e t .  

A t  v e l o c i t i e s  h i g h e r  t h a n  t h e s e  f i r s t  c r i t i c a l  v e l o c i t i e s  
t h e r e  seems t o  b e  an  i n d i c a t i o n  o f  a b r u p t  i n c r e a s e s  i n  d i s s i p a t i o n  
o c c u r r i n g  a t  v e l o c i t i e s  n e a r  t h e  d-1/4 d e p e n d e n c e .  
t h u s  f a r  a r e  t h a t  t h e r e  e x i s t s  a c r i t i c a l  v e l o c i t y  o f  t h e  
Feynman t y p e  where  v o r t i c e s  a r e  f i r s t  g e n e r a t e d  and t h a t  a t  h i g h e r  
v e l o c i t i e s  a much s t r o n g e r  d i s s i p a t i o n  mechanism t a k e s  p l a c e  
which  h a s  b e e n  m i s t a k e n  by  some f o r  t h e  c r i t i c a l  v e l o c i t y .  

The c o n c l u s i o n s  

F l u x  Q u a n t i z a t i o n  and t h e  V e c t o r  P o t e n t i a l ,  A .  F .  H i l d e b r a n d t  
and Thomas N .  C .  T s i e n  

I n  a n  e a r l i e r  r e p o r t ,  i t  was m e n t i o n e d  t h a t  a n  a p p a r e n t l y  
new e l e c t r o m a g n e t i c  i n d u c t i o n  v o l t a g e  h a s  b e e n  o b s e r v e d  i n  t h e  
r o t a t i n g  s t a t e  o f  a m o d i f i e d  u n i p o l a r ,  and  t h a t  t h i s  v o l t a g e  
c a n  b e  e x p l a i n e d  i n  terms o f  a n o n - l o c a l  v e c t o r  p o t e n t i a l  
d e s c r i p t i o n .  E f f o r t  h a s  b e e n  d i r e c t e d  i n  showing t h a t  t h e  new 
phenomenon i s  n o t  u n d e r s t o o d  i n  terms o f  t h e  a v a i l a b l e  means i n  
t h e  e x i s t i n g  l i t e r a t u r e .  The c o n c l u s i o n  h a s  b e e n  r e a c h e d  t h a t  
f u r t h e r  e x p e r i m e n t s  s h o u l d  b e  d e s i g n e d  t o  g e t  more d a t a  i n  d e t e r -  
m i n i n g  w h e t h e r  t h e  s e a t  o f  t h e  new emf i s  o f  e l e c t r i c  o r i g i n  o r  
m a g n e t i c .  A r e p o r t  o f  t h e  p r e l i m i n a r y  o b s e r v a t i o n  i s  i n  p r e p -  
a r a t i o n  f o r  p u b l i c a t i o n .  
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Electrodynamics i n  Rota t ing  Frames. R .  Borochoff, V. Sanders 
and R .  M .  Kiehn 

A s o l u t i o n  to the  Maxwell-Einstein equat ion was obtained,  
which gave t h e  met r ic  corresponding to a uniform, homogeneous 
magnetic f i e l d  i n  f ree  space.  Using the c o n s t i t u t i v e  t e n s o r  
of E. J .  Post, a d i e l e c t r i c  constant  was obtained corresponding 
to t h i s  f i e l d .  Although the ve loc i ty  o f  a l i g h t  beam w i l l  b e  
reduced by t h e  "effect iVel '  d i e l e c t r i c  cons tan t ,  t h i s  a n a l y s i s  
showed that no o p t i c a l  a c t i v i t y  or b i re f r ingence  r e s u l t e d  f rom 
the presence of the  magnetic f i e l d .  

By using t h e  formalism of E. J .  Post, it w a s  determined 
tha t  a normally i s o t r o p i c  o p t i c a l  medium e x h i b i t s  b i r e f r i g e n c e  
under r o t a t i o n .  The b i r e f r ingence  of  t h e  medium produces a 
s p l i t t i n g  of a l i g h t  beam i n t o  two orthogonal ly  po la r i zed  
par t s .  When the e f f e c t  i s  appl ied  to a Sagnac type experiment, 
it i s  found tha t  one p o l a r i z a t i o n  s t a t e  o f  t h e  beam gives  t h e  
usua l  value f o r  t h e  Sagnac f r i n g e  s h i f t ,  a value which i s  
independent o f  t h e .  shape of t h e  l i g h t  path.  However, the  o the r  
p o l a r i z a t i o n  s t a t e  g ives  a f r i n g e  s h i f t  tha t  i s  dependent on 
t h e  shape o f  t h e  pa th ,  and which d i f f e r s  i n  value f rom t h e  
usua l  r e s u l t .  Though t h i s  r e s u l t  i s  novel,  i t  i s  t h i r d  o rde r  
i n  v/c and cannot be e a s i l y  measured. 

An attempt was made to determine t h e  p r i n c i p a l  s t a t e s  of 
p o l a r i z a t i o n  a s soc ia t ed  w i t h  the above r o t a t i n g  frame. Two 
methods were used. One, an eigenvector  formulat ion,  gave t h e  
vec to r  states d i r e c t l y .  'The second method made use o f  two o f  
t h e  Maxwell equat ions previously unused i n  t h e  above work and 
o f  t h e  assumption tha t  t he  e l e c t r i c .  f i e l d  i s  perpendicular  
to t h e  magnetic f i e l d .  Although vec to r  s t a t e s  were not obtained 
e x p l i c i t l y ,  some r a t h e r  s t r i n g e n t  c o n s t r a i n t s  were obtained 
which the vec to r s  must s a t i s f y .  

The two methods employed gave c o n f l i c t i n g  r e s u l t s  and i t  
was decided tha t  the problem r e s u l t e d  from the  assumption t h a t  
E and B a r e  perpendicular .  A f u r t h e r  s t u d y  of t h i s  p rob lem i s  
planned. 

An i n v e s t i g a t i o n  was a l s o  made t o  f i n d  out i f  any s e r i o u s  
q u a n t i t a t i v e  d i f f e rence  r e s u l t e d  i n  t h e  c a l c u l a t i o n  of t h e  
Sagnac f r i n g e  s h i f t  when a Lorentz t y p e  t ransformat ion  was 
a p p l i e d  to the t ime coord ina te .  C l a s s i c a l l y  i t  i s  assumed 
that  t h e  t i m e  i s  i n v a r i a n t .  If  the t i m e  i s  mul t ip l i ed  by a 
Lorentz type f a c t o r  l /J1 - 2 2 it i s  found tha t  a l l  t h e  
previously obtained q u a n t i t i e s  (ve loc i ty ,  index o f  r e f r a c t i o n ,  

, 
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e t c . )  a r e  s i m p l y  mul t ip l i ed  by the same q u a n t i t y .  No s e r i o u s  
d i f f e r e n c e  t h u s  e x i s t s  i n  the n o n - r e l a t i v i s t i c  approximation. 

has been ordered and p a r t i a l l y  de l ivered .  An extens ive  l i t e r a t u r e  
search  on t h e  a p p l i c a t i o n s  of r i n g  l a s e r  s y s t e m  has been completed. 

Apparatus f o r  the cons t ruc t ion  o f  a r i n g  l a s e r  system 

An I n t r i n s i c  Theory o f  F lu ids  and E l a s t i c i t y .  J .  P ierce  and 
R.  M. Kiehn 

If a phys ica l  system admi ts  d e s c r i p t i o n  i n  terms of a 
met r ic  g and covar ian t  vec to r  f i e l d  of flow, a ,  then Car tan ' s  
methods 8? e x t e r i o r  d i f f e r e n t i a l  forms p e r m i t  the fol lowing 
theorems t o  be  cons t ruc ted .  

1. 

2.  d F  = ddu = 0 

dCB*a) = O,lN 2 2 

3. For H = Zo * F ,  J = H a d h f  

4. dJ = 0 

5.  Y = d(aAH) 

6. 6 Y  = O 

An i n i t i a l  at tempt to a p p l y  t h e s e  i n t r i n s i c  theorems to 
f l u i d  f l o w  problems i n d i c a t e s  t h a t  theorems 1, 2 ,  4 ,  and 6 
a r e  t e n t a t i v e l y  r e l a t e d  to t h e  f a m i l i a r  theorems of l o n g i t u d i n a l  
waves, v o r t i c i t y ,  cu r ren t  conservat ion,  and Euler ian  equat ions 
of motion, r e s p e c t i v e l y .  The i n t e r p r e t a t i o n  of theorems 3 
and 5 a r e  s t i l l  open, but t h e  u n i t s  involved i n  theorem 5 
i n d i c a t e  t ha t  it i s  a statement concerning the t r a n s p o r t  of 
angular  momentum dens i ty ,  and may be r e l a t e d  t o  problems i n  
t u rbu len t  t r a n s p o r t  theory .  The f u n c t i o n a l  Y i s  of  extreme 
i n t e r e s t  f o r  i t  i s  a f i r s t  i n t e g r a l  of t h e  system of equat ions 
descr ib ing  the "conservat ion" o r  t r a n s p o r t  of energy dens i ty  
and momentum dens i ty .  

A paper e n t i t l e d  "An I n t r i n s i c  Transport  Theorem" has 
been ac i ep ted  
o f  F lu ids .  

f o r  p u b l i c a t i o n  as a reseaEch note  i n  Physics 

The s i x  bas i c  theorems i n  the above paper  may be  app l i ed  
t o  o the r  r e p r e s e n t a t i o n s .  I n  p a r t i c u l a r ,  t h e  methods are 
being appl ied  t o  problems i n  hydrodynamics. Two of the theorems 
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developed in the above mentioned paper have no known counterpart 
in the classical theory of fluids, The interpretation of these 
theorems in terms of dynamical energy storage mechanisms and the 
transport of angular momentum in turbulent flow is under 
investigation. A paper entitled, "An Intrinsic Theory of 
Continuous Media" has been partially completed. Applying the 
above theorems to the one-form of action for a fluid that is, 
by assuming a form.for velocity f low vector yields the vorticity 
momentum flow, an energy flux (Poynting) equation, equation of 
continuity, and a momentum flux (equation of motion) equation, 
usual t o  and augmenting the conventional theory of hydrodynamics. 

A by-prod1ict of the study of fluids has been an investigation 
of contemporary theories of elasticity in terms of the language 
of differential forms. One graduate student has spent the fall 
of 1968 in casting the theory of classi'cal elasticity intc, the 
format of Steinberg and Abraham, a mathematical description of 
the "presence" of matter in geometric terms. A theory for the 
construction of a netric, or connection, to describe in geometric 
terms a material body based on the symmetry, homogeneity and 
elastic response of the body has recently been initiated by 
Nolll and Wang2. 
this work as part of his Ph.D. thesis. A contemporary statement 
of the equations of classical elasticity theory in the language 
of forms is expected, and when this work is combined with the 
preceeding work in electro-dynamics, theoretical analyses of the 
propagation of electromagnetic waves in accelerated, stressed, 
elastic media will be made. 

The student is now developing and expanding 

Translations of Fundamental Works on Differential Forms. J. Pierce 
and R. M. Kiehn. 

The following works have been translated and submitted for 
publication as a text for generating interest in the study of 
differential forms as applied in physics: 

a) E. Cartan, Lecons -- sur les Invariants Integranx, Hermann, 
1929 * 

b) J. Klein, "Espaces variationnels en mecanique, I f  Annals 

The following works are in advanced stages of translation. 

a) F. Gallissot, "Application des Forms Exterieures du 2e 

- de 1'Institut Fourier, Grenoble, 12:1-124, 1962. 

Ordre a la Dynamique Newtonienne et Relativiste," 
1'Institut Fourier, Grenoble 3, 1951, 278-285. 

Annales - de 

1W. Noll, "Materially Uniform Simple Bodies with Inhomogeneities, 'I 
Archives of Rational Mechanics and Analysis, 27:1-32, 1967-68. 

2C. C .  Wang, "On the Geometric Structures of Simple Bodies, a 
Mathematical Foundation for the Theory of Continuous Distributions 
of Dislocations, - Ibid 27 : 33-94, 1967-68 
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b) , "Les Formes Exterieures en Mecanique," 
ibid 4, 1952, 145-297. 

e) J. Klein, "Les Systemes Dynamiques Abstracts , ' I  ibid 
13, 1962, 191-202. 

d) A. Lichnerowicz, "Les Relations Integrales d'Invariance 
et Leurs Applications a la Dynamique," Bulletin des Sciences 
Mathematiques, Series -, 11 70, 1946, 82-95. 

Paris, Hermann, 1939. 
e> , Problemes Globaux 7 en Mecanique Relativiste, 

f) J. M. Souriau, Geometrie - et Relativite, Hermann, 1968. 

The following works are in the preliminary stages of 
translation. 

a) V. Arnold, "Sur la Geometrie differentielle des groupes 
de Lie de dimension infinie et ses applications a L'hydrodynamique 
des fluides parfaits," Annales - de L'Institut Fourier, Grenoble, 
:6: 1, 319-361, 1966. 

b) J. Vallant, "Characteristiques multiples et bicharacteristiques 
des systems d'equations aux derivees partielles lineaires et 
a coefficients constants," -* ibid ' 16:2, 1-29, 1966. 
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Plasma Investigation, Dr. Melvin Eisner 

The plasma portion of the Space Related Studies project .has 
conducted its studies in the following areas: Theoretical and 
Design Studies of Flash Photoionization for Application to 
Epithermal Neutral Particle Studies, and Investigation of 
Stripping Cross Sections for H Atoms in the 50-500 e.v. range. 

Although theie projects have not as yet been carried to a 
definitive stage, yielding results appropriate f o r  publication, 
significant progress has been made in areas important for the 
ultimate success of these studies. Summaries of the present 
status of the work follows. 

Theoretical Studies and Design Studies on Flash Photoioniser for 
Application to Epithermal Neutral Particle Studies 

The detection of low energy neutxals is usually accomplished 
by first converting them into ions. A difficulty encountered in 
the low energy regime is the perturbation of the neutral energy 
during ionization. Photoionization seems to offer the possibility 
of achieving significant ionization with a minimum energy pertur- 
bation, however, one requires intense pulsed sources with suitable 
spectra. The properties of the Plasma Focus Device (PFD) appear 
promising for application to this problem and these studies are 
aimed towards investigating the possible utility of the PFD as a 
flash photoioniser. 

1. Theoretical Studies 

The development o f  a plasma focus in a coaxial discharge 
may be viewed dynamically a s  consisting of three successive stages. 
In the first stage a ( 3  x 3) force accelerates the plasma sheath 
axially down to the end of the central cylindrical electrode. 
In the following stage a small portion of the accelerated plasma 
pinches radially right beyond the end of the central electrode. 
A one dimensional snow plow model was used to study the dynamics 
of the discharge in the first two stages. The radial equation 
of motion 

is solved numerically to give the radius R and velocity k of the 
sheath as a function of time. In about 175 n.s., the plasma 
pinches radially from the initial 3 cm radius of the central 
electrode down to a radius les3 than 1 mm. 
density increases from lO13/cm to about 2 x 1018/cm3 and its 
velocity increases from essential z e r o  to about 2.5 x 107cm/sec, 
corresponding to an electron energy in the ev range and ion 

During this time, its 
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e n e r g y  i n  t h e  kev  r a n g e .  

I n  t h e  t h i r d  s t a g e ,  t h e  h i g h  d e n s i t y  e l e c t r o n s  and  i o n s  
c o l l i d e  w i t h  e a c h  o t h e r .  T h e r m a l i z a t i o n  and  B r e m s s t r a h l u n g  r a d i -  
a t i o n  o c c u r .  The i n t e n s i t y  o f  t h e  B r e m s s t r a h l u n g  s p e c t r u m  r a d i a t e d  
b y  an e l e c t r o n  d u e  t o  i t s  i n t e r a c t i o n  w i t h  a n  u n s c r e e n e d  i o n  was 
c a l c u l a t e d  and i t  was f o u n d  t h a t  i n t ’ e n s i t y  i n c r e a s e d  w i t h  
i n c r e a s i n g  f r e q u e n c y .  P h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  were c a l -  
c u l a t e d ,  and  f o u n d  t o  b e  i n c r e a s i n g  r o u g h l y  p r o p o r t i o n a l  t o  t h e  
7 / 2  power o f  w a v e l e n g t h  up t o  a c u t  o f f  w a v e l e n g t h .  F o r  a g round  
s t a t e  H-atom t h e  c u t - o f f  w a v e l e n g t h  i s  a b o u t  9 0 0  A .  P r a c t i c a l l y  
a l l  a toms w i t h i n  t h e  r e g i o n  o f  t h e  p i n c h  would b e  i o n i z e d  by  t h e  
p l a s m a  s h e a t h .  Thus t h e  t o t a l  i n t e n s i t y ‘ o f  r a d i a t i o n  would b e  
i n c r e a s e d  s i g n i f i c a n t l y  by t h e  p r e s e n c e  o f  a smal l  f r a c t i o n  o f  
i m p u r i t y  ( h i g h  z )  a toms  i n  t h i s  r e g i o n .  

T h e r m a l i z a t i o n  and r a d i a t i o n  p r o c e s s e s  h a v e  d i f f e r e n t  
d e p e n d e n c e s  on c h a r g e ,  mass, and t h e  r e l a t i v e  v e l o c i t y  o f  t h e  two 
c o l l i d i n g  s p e c i e s  o f  p a r t i c l e s .  The s c r e e n i n g  e f f e c t  d u e  t o  t h e  
o r b i t a l  e l e c t r o n s  o f  t h e  h i g h  z i o n  i s  i m p o r t a n t  t o  B r e m s s t r a h l u n g  
r a d i a t i o n .  C o n s i d e r i n g  t h e  Thomas-Fermi p o t e n t i a l  

X 
exp  (- yl ,  2 z e 2  V ( r )  = - r 

and d e f i n e  t h e  maximum i m p a c t  p a r a m e t e r  due  t o  s c r e e n i n g  by t h e  
a t o m i c  e l e c t r o n s ,  

a 
0 b ( ”  a 1 . 4  - 

max z 1 / 3  ’ 

where  a i s  t h e  Bohr r a d i u s  o f  H - a t o m .  Beyond b t h e  p o t e n t i a l  
i s  r e g a 9 d e d  a s  a s i n g l e  o r  d o u b l y  c h a r g e d  i o n  angax  
c o m p l e t e l y  a t  t h e  Debye r a d i u s .  

i s  c u t  o f f  

S i n c e  t h e  t e m p e r a t u r e s  o f  i o n s  and  e l e c t r o n s  a s  a f u n c t i o n  
o f  t i m e  a r e  d e p e n d e n t  on t h e  r a t e  o f  t h e r m a l i z a t i o n  and t h e  
i n t e n s i t y  r a d i a t i o n  ( e n e r g y  l o s t ) ,  t h r e e  c o u p l e d  e q u a t i o n s  o f  t h e  
f o l l o w i n g  t y p e  h a v e  t o  b e  s o l v e d  t o  o b t a i n  t h e  i o n  and e l e c t r o n  
t e m p e r a t u r e s  and t h e  s p e c t r u m  o f  r a d i a t i o n .  

where  ’ * 
Te T1 3 / 2  

* * (-- +- -1 
e I T e  - T I )  3mm 

2 T e l  8 J Z n * L ( Z e Z  e ) 2  me  1 m Qel = - w i t h  T = 

i s  t h e  c o l l i s i o n a l  e n e r g y  t r a n s f e r  f rom e l e c t r o n  t o  one  s p e c i e s  
o f  i o n s  and  R and  R e 2  a r e  r a d i a t i o n  l o s t  o f  e l e c t r o n  d u e  t o  i t s  
i n t e r a c t i o n  e l w i t h  two d i f f e r e n t  s p e c i e s  o f  i o n  r e s p e c t i v e l y .  
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2aMv 2 2  2 
2 2 2  

R e 2  = - - 1 6  - e2  e\(%) n e 2  n c I,{+ a n  (-1 4 + ' m c  e 

j. j. 
where  b =Jk , u = I V e  - V 1 l  

By s o l v i n g  t h e  above  e q u a t i o n s ,  i t  s h o u l d  b e  p o s s i b l e  t o  d e t e r m i n e  
t h e  optimum m i x t u r e s  o f  i o n s  and t h e  p h y s i c a l  c o n d i t i o n s  t h a t  
would y i e l d  maximum i o n i z i n g  r a d i a t i o n s .  S u b s t a 2 t i a l  p r o g r e s s  
h a s  b e e n  made t o w a r d  t h e  s o l u t i o n  and i t  i s  a n t i c i p a t e d  t h a t  
s i g n i f i c a n t  d e s i g n  i n f o r m a t i o n  w i l l  b e  f o r t h c o m i n g .  

2 .  Des ign  S t u d i e s  

A small  PFD h a s  b e e n  c o n s t r u c t e d  and  t e s t e d .  The 1 2  
k i l o j o u l e  c a p a c i t o r  s t o r a g e  bank i s  s w i t c h e d  i n t o  a c o a x i a l  
p l a s m a  a c c e l e r a t o r  t h r o u g h  f o u r  low i n d u c t a n c e  i g n i t i o n  s w i t c h e s .  
The a m b i e n t  p r e s s u r e  o f  2 m m .  o f  Hel ium i n  t h e  a c c e l e r a t o r  h a s  
b e e n  a d j u s t e d  s o  t h a t  t h e  f o r m a t i o n  o f  t h e  f o c u s  c o i n c i d e s  w i t h  
t h e  f i r s t  c u r r e n t  maximum i n  t h e  r i n g i n g  o f  t h e  e n e r g y  s t o r a g e  
bank and  a c c e l e r a t o r  s y s t e m .  

D i a g n o s t i c  s t u d i e s  o f  t h e  r a d i a t i o n  s p e c t r u m  e m a n a t i n g  
f rom t h e  f o c u s  h a v e  b e e n  c a r r i e d  o u t  u s i n g  a p r o p o r t i o n a l  c o u n t e r  
w i t h  v a r i o u s  a b s o r b i n g  f o i l s .  The i n i t i a l  y i e l d  i s  i n  t h e  r a n g e  
o f  lov1 ' ,  which  i s  t o o  small  f o r  a p r a c t i c a l  i o n i z i n g  d e v i c e  b u t  
u s e f u l  f o r  model  s t u d i e s .  A t t e m p t s  t o  u n f o l d  t h e  e n e r g y  s p e c t r u m  
t h r o u g h  t h e  use  o f  f o i l s  h a s  p r o v e d  t o  b e  d i f f i c u l t  b e c a u s e  of  
t h e  h i g h  l e v e l  o f  background  r a d i o  f r e q u e n c y  n o i s e ,  o r i g i n a t i n g  
from t h e  h i g h  v o l t a g e s  and  c u r r e n t s  i n h e r e n t  i n  t h e  e n e r g y  d i s c h a r g e  
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s y s t e m .  The a n a l y s i s  i s  f u r t h e r  hampered b y . t h e  r e l a t i v e l y  p o o r  
r e p r o d u c i b i l i t y  o f  t h e  s p a t i a l  p o s i t i o n  o f  t h e  f o c u s .  Improved  
r e p r o d u c i b i l i t y  seems t o  b e  p o s s i b l e  i f  a r e l a t i v e l y  weak a x i a l  
m a g n e t i c  f i e l d  i s  i n c o r p o r a t e d  i n t o  t h e  a c c e l e r a t o r .  

The o p e r a t i o n  o f  t h e  p r o t o t y p e  PFD h a s  i n d i c a t e d  t h a t  i t  
can  b e  u s e d  t o  s t u d y  t h e  e f f e c t  on i o n i z a t i o n  s h a p i n g  t h e  r a d i a t i o n  
s p e c t r u m .  I t  i s  hoped t h a t  t h e  e l e c t r o n - i o n  t h e r m a l i z a t i o n  r a t e  
c a n  b e  r e t a r d e d ,  by  t h e  u s e  o f  some heavy  i o n  component ,  and  t h u s  
l o w e r  t h e  h a r d  x - r a y  c o n t e n t  o f  t h e  p u l s e .  A l t h o u g h  t h e  t o t a l  
e n e r g y  r a d i a t e d  may b e  r e d u c e d ,  t h e  i o n i z i n g  q u a l i t y  o f  t h e  r a d -  
i a t i o n  p u l s e  may b e  s i g n i f i c e n t l y  i n c r e  s e d .  An i n c r e a s e  i n  t h e  
i o n i z a t i o n  e f f i c i e n c y  by  a f a c t o r  o f . 1 0  seems a r e a s o n a b l e  
e x p e c t a t i o n .  

2 

S t r i p p i n g  C r o s s  S e c t i o n  f o r  H Atoms i n  t h e  E p i t h e r m a l  ( 5 0 - 5 0 0  e . v . )  
Range 

T h e s e  s t u d i e s  a r e  a imed a t  i n v e s t i g a t i n g  t h e  s t r i p p i n g  
c r o s s  s e c t i o n  f o r  l o s t  e n e r g y  n e u t r a l  h y d r o g e n  a toms  i n  c o l l i s i o n  
w i t h  v a r i o u s  n e u t r a l  t a r g e t  g a s e s .  The b a s i c  scheme i s  t o  f i r s t  
p r o d u c e  a r e a s o n a b l y  m o n o e n e r g e t i c  n e u t r a l  beam o f  known i n t e n s i t y .  
A d u o p l a s m a t r o n  s o u r c e  h a s  b e e n  d e v e l o p e d  t o  p r o v i d e  an  i o n  beam 
o f  g i v e n  e n e r g y  and t h e  i o n  beam i s  n e u t r a l i z e d  i n  a c h a r g e  ex-  
change  c e l l .  The c h a r g e d  p a r t i c l e s  a r e  f i l t e r e d  f rom t h e  beam 
and t h e  n e u t r a l  beam i s  p a s s e d  t h r o u g h  t h e  s t r i p p i n g  c e l l .  The 
i o n s  r e s u l t i n g  from t h e  s t r i p p i n g  r e a c t i o n  a r e  t h e n  a n a l y z e d  and  
d e t e c t e d .  The m a j o r  p r o b l e m s  i n v o l v e  o b t a i n i n g  s u f f i c i e n t  e n e r g y  
i n  t h e  i n i t i a l  1 o s t . e n e r g y  i o n  beam and  t h e  e f f i c i e n t  d e t e c t i o n  
o f  t h e  f i n a l  l o s s  e n e r g y  n e u t r a l s .  C o n s i d e r a b l e  p r o g r e s s  h a s  
b e e n  made i n  b o t h  t h e s e  a r e a s .  M a g n e t i c  f o c u s i n g  h a s  b e e n  u s e d  
w i t h  t h e  d u o p l a s m a t r o n  s o u r c e  t o  o b t a i n  i n c r e a s e d  beam c o n f i n e m e n t  
and enhanced  n e u t r a l  p r o d u c t i o n .  An e x t r e m e l y  e f f i c i e n t  low 
e n e r g y  i o n  d e t e c t o r  h a s  b e e n  d e v e l o p e d  and c a l i b r a t e d .  T h i s  
d e t e c t o r  a p p e a r s  t o  b e  a s i g n i f i c a n t  improvement  i n  t h e  s t a t e  o f  
t h e  a r t  and  a p a p e r  d e s c r i b i n g  i t s  c o n s t r u c t i o n  and o p e r a t i o n  i s  
b e i n g  p r e p a r e d  for p u b l i c a t i o n .  

Us ing  known i n f o r m a t i o n  on t h e  c h a r g e  exchange  r e a c t i o n  
and  t h e  a n a l y s i s  o f  t h e  o r i g i n a l  i o n  beam a c a l i b r a t e d  n e u t r a l  
beam h a s  b e e n  o b t a i n e d .  T h i s  beam h a s  b e e n  u s e d  t o  o b t a i n  u p p e r  
l i m i t s  f o r  t h e  s t r i p p i n g  c r o s s  s e c t i o n .  Us ing  t h e  improved  i o n  
d e t e c t i o n  and improved  s t r i p p i n g  c e l l  c o n f i g u r a t i o n s ,  measu remen t s  
o f  some a c c u r a c y  w i l l  b e  made i n  t h e  near  f u t u r e .  
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A liquid in a tank under conditions of zero-gravity tends 

to float around thus making an ordinary depth gauge useless. Weighing- 

the tank is not feasible unless some means of producing an artifical 

gravity is provided for. A l s o  capacitive techniques have been found 

to be useless since a thin film of liquid c'oats the inside of the 

tank and anything else in the tank. 

X t  i s  hersfn proposed that this problem be solved by putting 

a known quantity of heat into the tank and measuring the resulting 

change in temperature and pressure of the tank and its contents. 

Then from a knowledge of such parameters as the specific heats of 

the liquid, vapor ,  and tank structural material, the latent heat o f  

vaporization of the liquid, densities of liquid and vapor, and the 

volume of the tank - the mass of liquid in the tank could be calculated. 
An expression for the mass'of liquid in the tank will now 

be derived which gives the liquid mass in.terms of the system 

parameters ,listed above. 

assumptions will be made: 

In deriving this expression the following 

"1. The vapor is an ideal gas. 

2 .  Tank pressure equals vapor. pressure (i.e. only one vapor 

in the tank, not a mixture). 

3 .  The process of.injecting heat into the tank is an essen- 

tially constant volume, non-flow process.' 
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4 .  Tank and i t s  c o n t e n t s  a r e  a l l  i n  t h e r m a l  e q u i l i b r i u m  

w i t h  e a c h  o t h e r  when measu remen t s  a r e  made. 

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

t a k e  p l a c e  a l o n g  t h e  v a p o r  p r e s s u r e  c u r v e .  (A v e r y  a c c u r a t e  a s s u m p t i o n ) .  

6 ,  A l l  p a r a m e t e r s  a r e  assumed c o n s t a n t  o v e r  t h e  r a n g e  o f  

p r e s s u r e  change  t o  b e  e n c o u n t e r e d  i n  t h i s  p r o c e s s .  (Fo r  a n  i n p u t  o f  

1 0 0  BTU t o  l i q u i d  oxygen  and w i t h  a p r e s s u r e  c h a n g e  o f  3 p s i ,  t h i s '  

' a s s u m p t i o n  would i n t r 6 d u c e  no more t h a n  a b o u t  - 6 %  e r r o r . )  

7 .  T o t a l  b o i l  o f f  i s  s m a l l  enough s o  t h a t  t h e  volumes  of 

liquid and gas and aJoo t h e i r  mosses  age appraxlmately c o n s t a n t  

d u r i n g  t h e  p r o c e s s  ( w i t h i n  a b o u t  f l  l b .  f o r  a h e a t  i n p u t  o f  100  BTU 

t o  l i q u i d  o x y g e n ) .  

The e q u a t i o n  o f  s t a t e  o f  a n  i d e a l  g a s  f o r  a c o n s t :  volume 

p r o c e s s  i s ,  

- p 2  p1  - 
M l g a s  T 1 M 2 g a s  T 2 

= -  Q B o  ' t h e r e f o r e ,  
M l g a s  R 

a n d , A M  = M Z g a s  - 

Now t h e  t o t a l  h e a t  a b s o r b e d  by  t h e  t a n k  and  i t s  c o n t e n t s  i s ,  

( 2 )  Q T o t a l  = QBO + QTR 
e .  

where  QBo i s  g i v e n  by (1) and Q,, i s  g i v e n  b y  

( 3 )  QTR = M l i q c p l i q A T  + M g a s C P g a s A T  + M t a n k C P t a n k  AT 

D e r i v a t i o n  o f  Q t a k e n  f rom:  "Liq. Hydrogen S t o r a g e  P a r a m e t e r s  For 
a Lunar  Voyage" Baby C h a r l e s  C .  Love, J r .  i n  B a l l i s ' t i c  M i s s i l e  - and  
Space  Techno logy  Vol .  4 e d i t e d  by D .  P .  L e G a l l e y .  
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T 2  - T1 and AT = 

Symbols 

P = t a n k  p r e s s u r e  

T = t e m p e r a t u r e  

M = mass o f  v a p o r  

M l i q  

QBO 

2 = l a t e n t  h e a t  o f  v a p o r i z a t i o n  

g a s  
= mass o f  l i q u i d ,  

= h e a t  a b s o r b e d  b y  t h e  l i q u i d  t h a t  b o i l s  o f f  

= h e a t  a b s o r b e d  i n  r a i s i n g  t h e  t e m p e r a t u r e  QTR 

= mass o f  t h e  t a n k  ' tank 

'gas 9 l i q  

' tank 

s u b s c r i p t s . 1  and  2 r e f e r  t o  v a l u e s  b e f o r e  and a f t e r  t h e  h e a t  i s  

added  r e s p e c t i v e l y .  

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

= t a n k  volume 

The t h r e e  terms i n  ( 3 )  a r e  t h e  h e a t s  t o  r a i s e  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 ,  v a p o r ,  a n d  t a n k  m a t e r i a l  r e s p e c t i v e . l y  by  an  amount AT. 

The masses o f  l i q u i d  and  v a p o r  i n  t h e  t a n k  a r e  r e l a t e d  t o  t h e  t a n k ' s  

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

M 
gas  + - -  M l i q  

" l i q  'gas  - ' tank 

Mli  - -4 
p l i q  

- ( 4 )  Thus M g a s  - 'gasl ' tank 

S u b s t i t u t i n g  (I), (3), a n d  ( 4 )  i n t o  ( 2 ) ,  Q T o t a l  is. g i v e n  a s ,  

- Mli  A)(- P Z T l  - 1) + MliqCpliqAT 
Q T o t a l .  = 'gas'('tank pliq PITZ 

AT Mli  
+ rgas ( ' t ank  - ?lCPgasAT l i q  . M t a d k C P t a n k  
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is given by, 
Hence .Mliq 

The total heat input QTotal is the sum of the known quantity put in 

plus the heat leak during the time this process is occuring. 

Using eqn. (5) the mass of liquid i.n the.tank can be calcu- 

lated for various values .of P1 and P2. 

T1 and T2 can be obtained from the vapor pressure curve. 

this data a table or graph can be prepared which gives the mass o f  

The corresponding values of 

With 

liquid M for given values of the initial pressure, P1 and the liq' 
change in pressure, AP = P 2  - P1. 

This method will now be ipplied to the specific case of the 

liquid oxygen tank carried.on the Apollo spacecraft. This tank is 

constructed with 188 pounds o f  Inconel X-750 and carries 1 2 0 0  pounds 

of liquid oxygen when full. From this fact the volume of the tank, 

'tank' 
about 20 ft.3 

following table was calculated for P1 = SO', 100, 150, and 200  psi 

and for A P  = 1,2, and 3 psi. 

calculated from some data on the properties of liquid oxygen furnished 

by MSC. 

I 

can be estimated. from the density of liquid oxygen to be 

Its pressure operating range is 100 to 1 5 0  psi. The 
* 

The values of Cpliq,.Cpgas, and 14 were 

The specific heats were calculated using the relation, 

*Calculations made using a slide rule. 
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, where  h i s  t h e  s p e c i f i c  e n t h a l p y .  The l a t e n t ' h e a t  o f  

( a t  t h e  

ah '  
C p , =  (nl, 

- h l i q  t r a n s f o r m a t i o n ,  was c a l c u l a t e d  f rom,  R = Ah = h 
, g a s  

p o i n t  of  t r a n s f o r m a t i o n ) .  

The v a l u e s  o f  t h e s e  q u a n t i t i e s  a t  p r e s s u r e s  o f  50 ,  100, 158, 

and  2 0 0  p s i  a r e  g i v e n  i n  t h e  f o l l o w i n g  t a b l e .  Us ing  t h i s  d a t a  and  

a n d  M ( i n  p a r e n t h e s e s )  
Of M l i q  g a s  

s e t t i n g  Q T o t a l  e q u a l  t o  1 0 0  B T U ,  

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

Data f o r  eqn. ( 5 )  

1 

5 0  186.8  . 4 3 7  . 2 5 0  87 .12  66 .8  .865  .0668 

100  204.4  . 4 4 3  .278  81 .12  6 3 . 3  1 .67  .0699  

1 5 0  216.4  . 4 6 0  . 3 0 0  7 6 . 3 1  60 .6  2.48 . 0 7 2 1  

200 225.7  . 4 8 0  . 3 3 0  71 .95  58.4 3 .32  .0740  

( l b s . )  and  M ( 1 B s . )  i n  p a r e n t h e s e s  
M l i q .  g as 

p 4 P  = 1 p s i  = 2 p s i  P = 3 p s i  

5 0  

2 0 0  

647 (9 )  

7 5 8  (13)  

1 0 2 9  ( 8 )  

1 5 1 6  

184  ( 1 5 )  33  (17)  

212 4 6  (321  

324  (36)  1.02 (45)  

4 9 1  (39)  1 8 3  (56)  
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I n  p r a c t i c e  s u c h  a t a b l e  as t h i s  o r  t h e  accompanying  g r a p h  

would b e  c a l c u l a t e d  a t  many more p o i n t s  t h a n  was done  h e r e .  Fo r  

example  AP m i g h t  b e ’ g i v e n  a t  e v e r y  .1 p s i  i n  t h e  r a n g e  t o  b e  u s e d  

and  P1 a t  e v e r y  pound.  Also t h e  c a l c u l a t i o n s  s h o u l d  b e  d o n e  on a 

c.omputer o r  w i t h  a c a l c u l a t o r .  

To use  t h i s  t a b l e ,  f i r s t  t h e  i n i t i a l  p r e s s u r e  P I  would b e  

m e a s u r e d .  Then t h e  known q u a n t i t y  o f  h e a t ,  Q T o t a l  would b e  p u t  i n .  

. A f t e r  a l l o w i n g  t i m e  f o r  e q u i l i b r i u m  t o  b e  r e a c h e d ,  P 2  would b e  

measu red  and  AP c a l c u l a t e d .  Then w i t h  t h e  v a l u e s  o f  P1 and  AP,  

c o u l d  b e  r e a d  f r o m , t h e  t a b l e  o r  g r a p h .  g a s  . and M M l i q  

F i n a l l y  i t  s h o u l d  b e  emphas ized  t h a t  t h e s e  r e s u l t s  a r e  n o t  

e x a c t  d u e  t o  t h e  a p p r o x i m a t i o n s  made t o  s t a r t  w i t h .  However,  t h e  

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

e x p e r i m e n t a l l y .  E x c e p t  f o r  t h e  e f f e c t s  o f  c o n v e c t i o n ,  which  would 

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

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

t h e  b e s t  way t o  o b t a i n  t h i s  d a t a  wbuld b e  t o  p e r f o r m  t h e  m e a s u r e -  

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

1 f o r  v a r i o u s  v a l u e s  o f  P M l i q  d i r e c t l y  o b t a i n  t h e  mass o f  l i q u i d ,  

and  AP. 
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The flow of heat i n  Helium I1 i s  accompanied by motion of 

two f l u i d s  as f i r s t  descr ibed by Landau.’ 

f l u i d s  have momentum, t h e  two f l u i d  model p r e d i c t s  t ha t  a 

f l u x  of hea t  i s  accompanied by a momentum f l u x  of t h e  f l u i d s .  

T h i s  momentum was f i r s t  observed by Xapi tza2 who showed tha t  

a conta iner  w i t h  a small nozzle immersed i n  Helium I1 experienced 

r e a c t i o n  f o r c e s  when a source of hea t  was p resen t  i n  t h e  con- 

t a i n e r .  He found when e i t h e r  e l e c t r i c a l  energy or r a d i a n t  

energy was suppl ied  to t ha t  conta iner  t h a t  t h e  counterflowing 

normal and s u p e r f l u i d  exer ted  l a r g e  f o r c e s  on t h e  conta iner .  

The r e a c t i o n  fo rce  var ied  l i n e a r l y  w i t h  power f o r  l a r g e  power 

l e v e l s  whereas t h e  r e a c t i o n  force  v a r i a t i o n  was square l a w  

f o r  s m a l l  powers. It was not c l e a r  p r e c i s e l y  what e f f e c t  t h e  

t h r o a t  shape had on t h e  f o r c e  l a w .  

Since t h e  two 

The r e a c t i o n  f o r c e s  here a r e  q u i t e  l a r g e  because one i s  

dea l ing  w i t h  a small v e l o c i t y  b u t  l a r g e  momentum. I n  t h e  case 

of an electromagnet ic  radiometer where t h e  v e l o c i t y  of energy 

t r anspu t  i s  l a r g e  a small momentum i s  observed. 

r a d i a n t  energy i s  converted t o  a l a r g e  momentum 

flowing s u p e r f l u i d .  

Here t h e  

i n  t h e  counter- 
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The experiment by H a l l 3  showed tha t  t he  pressure  on t h e  

heat  source su r face  was g iven-by  

2 2 -  w2 
p = PnVn + P,VS - 

C22pCT 

where pn and p, a r e  the dens i ty  of t h e  normal f l u i d  and super- 
I 

f l u i d  r e s p e c t i v e l y ,  Vn and Vs the  v e l o c i t y  of t h e  two components, 

W t h e  power d i s s i p a t e d ,  C 2  t h e  v e l o c i t y  of second sound, p the  

t o t a l  f l u i d  dens i ty ,  C t h e  s p e c i f i c  heat  of helium and T the 

temperature i n  OK. 

The magnitude o f  t h i s  fo rce  i n  t h e  reg ion  o f  1.5OK i s  1 0  

2 dyne em /wat t .  T h i s  quan t i ty  i s  r e a d i l y  measurable w i t h  e i t h e r  

a t ens ion  f i b e r  or a phys ica l  pendulum and o p t i c a l  l e v e r s .  We 

have shown i n  e a r l i e r  work4 t h a t  f o r c e s  of  t h i s  magnitude a r e  

e a s i l y  measured by having t h e  pendulum as par t  of an o s c i l l a t o r  

c i r c u i t  and measuring t h e  resonant frequency. More r ecen t  work 

has shown tha t  use' o f  a capac i t i ve  diaphragm i s  j u s t  as 

s e n s i t i v e  and extremely rugged. These f o r c e s  can be c a l i b r a t e d  

abso lu te ly  i n  terms of  an appl ied  D.C. vol tage .  

The a b i l i t y  to accura t e ly  measure fo rces  i n  l i q u i d  helium 

o f f e r s  an a t t r a c t i v e  p o s s i b i l i t y  of t h e  development of a very 

accura te  radiometer .  I n  F ig .  l i s  shown a schematic of a pro- 

posed s o l a r  radiometer .  

The Sun's energy i s  absorbed on t h e  absorbing su r face  and 

converted to h e a t .  T h i s  causes an .amount of s u p e r f l u i d  to be 



3 

converted to normal f l u i d  w i t h  a consequent r e a c t i o n  f o r c e  due 

. t o  t h e  counterflow of normal and s u p e r f l u i d .  The r e a c t i o n  fo rce  

can be measured q u i t e  accu ra t e ly  as a capaci tance charge and 

i n  f a c t  be abso lu te ly  c a l i b r a t e d  i n  terms of a known steady 

vol tage .  The p r e c i s e  flow p a t t e r n  f o r  a p a r t i c u l a r  nozzle  should 

be  known but  can a l w a y s  be accounted for with a fo rce  c a l i b r a t i o n .  

The proposed instrument  should be q u i t e  rugged but very 

simple i n  concept and design.  

References 

'Landau, L.  D .  and L i f s h i t z ,  E .  M . ,  F lu id  Mechanics (Pergamon 

Press, 1 9 5 9 ) .  

*Kapitza, P .  L . ,  Zh. eksp. t e o r .  F i z .  11, 581 ( 1 9 4 1 ) ;  

J .  P h y s .  Moscow 2, 59 ( 1 9 4 1 ) .  

3 H a l l ,  H .  E . ,  Proc. phys .  Soc. - A67, 485 (1954). 

'Corke, H .  E.  and Hildebrandt ,  A .  F . ,  Phys .  of F lu ids ,  -9 11 

No. 3 ,  (1968).  



131 

I .  

8 

t :  - 

i 
' i  

. 
I 

a 

\ 

e 

A 



Appendix I 

Papers Prepared Under 
Space Related Technical Investigations Grant 

NGR 4 4 - 0 0 5 - 0 2 2  

1. "Pressure Studies of Pure Superfluid Flow", A .  F. Hildebrandt 
and H. E. Corke presented at A.P.S. meeting June 1967, 
Toronto. 

2 .  "Pressure Measurements in Subcritical Helium Flow", 
A. F. Hildebrandt and H. E. Corke, Phy. Fluids, - 11, 3, 
March 1968. 

3. "Low Field Superconductivity", presented at University o f  
Minnesota January 1968 by A. F. Hildebrandt. 

4. "Entrainment of Second Sound in Counterflowing Normal and 
Superfluid He 11". E. M. Johnson and A. F. Hildebrandt, 
accepted for publication in Physical Review. 

5. "Non-Local Electromagnetic Induction Effects", A. F. Hildebrandt 
and Thomas N. C. Tsien (submitted for publication). 

6. "Proposed Hydromagnetic Model f o r  Comets", N. S .  Kovar and 
J. W. Kern presented at 122nd meeting of American Astronomical 
Society, July 1966. 

7. "Optical Pumping and the D Line Ratio of Comet 1962 III", 
N. S. Kovar and R. P. Kovar, Solar Physics, April 1968. 

8. "1(6300/,6363)/1(5577) Ratio of [Ol] in the Spectra of 
Comets", N. S.  Kovar and R. P. Kovar published abstract 
in the Astronomical Journal April 1966 - full paper to be 
submitted to Astronomical Journal. 

9. "Spin-Exchange Cross Sections of Alkali Atoms", R. H. Walker 
and C. K. Chang presented at Austin meeting of A.P.S. 
February 1967. 

10. "Spin-Exchange Cross Sections in Atomic Hydrogen", R. H. Walker 
and B. M. Mayes presented at Austin meeting of A.P.S. 
February 1967. 

11. "Spin Dependent Scattering o f  Monovalent Atoms" to be 
published in Feb. 5, 1968 edition of Physical Review. 



1 2 .  " E x t e r i o r  Forms and  E l e c t r o d y n a m i c s t 1 ,  R .  M .  K i  
a t  t h e  A u s t i n  M e e t i n g  o f  t h e  A.P.S. F e b r  
A.P.S. 7 1 2  2 ,  p .  198  ( 1 9 6 7 ) .  

13.  I IAbsolute  I n v a r i a n t s , 1 t  J o h n  F .  P 
p r e s e n t e d  a t  t h e  A u s t i n  
1967.  B u l l .  A.P.S. 

14 .  "A Mechanized  Appro.ach t o  P i e c  
J .  P .  S h o r e s  and  R .  M. Kiehn,  B u l l .  A.P.S. 
( 1 9 6 6 ) .  

15. "The R e l a t i v i s t i c  Two S t a t e " ,  J o h n  F .  P i e r c e  and  R .  M .  Kiehn ,  
B u l l .  A.P.S. - 11, 5 ,  p .  774 ( 1 9 6 6 ) .  

I n  t e g r a u x  - 16.  T r a n s l a t i o n  o f  E .  C a r t a n ,  
Hermann, 1929.  s u b m i t t e d  for p u b l i c a t i o n .  

17 .  T r a n s l a t i o n  o f  J -  K l e i n ,  "Espaces  v a r i a t i o n n e l s  e n  mecaniqueV1,  
A n n a l s  d e  1 " I n s t i t u t  Four i ' e r ,  G r e n o b l e ,  1 2 : l - 1 2 4 ,  1962,  
s u b m i t t e d  for pub l i e a t  i o n .  

.. 
18.  "An I n t r i n s i c  T r a n s p o r t  Theorem" R .  M .  K iehn  and  J .  P i e r c e ,  

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


