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ANGULAR DISSYMETRY OF SCATTERING AND SHAPE OF PARTICLES * 

P. Debye  

I. Introduction 

It now seems w e l l  e s t a b l i s h e d  t h a t  a  measuren~ent o f  t h e  i n -  
t e n s i t y  of t h e  s c a t t e r e d  l i g h t  e r - i t t e d  by a  po lyner  s o l u t i o n  a s  
compared t o  t h a t  o f  t h e  pr imary l i g h t  o r  any o t h e r  measuremenr, 
which can y i e l d  a  n u m e r i c a l  v a l u e  f o r  t h e  t u r b i d i t y  z o f  t n e  so lu -  
t i o n  is a  p r a c t i c a l  metnod f o r  t h e  d e t e r m i n a t i o n  o f  t h e  molecu la r  
weight  M of  t n e  polymer. ** 

B r i e f l y  t h e  procedure  i s  a s  followrs:  

P repare  a  s o l u t i o n  o f  c o c c e n t r a t i o c  c  expressed  i n  gr8rr.s per  
c u b i c  c e n t i m e t e r  and de te rmine  t h e  r e f r a c t i o n  d i f f e r e n c e  of  t h i s  
s o l u t i o n  a g a i n ~ t  t h e  s o l v e n t .  I f  Q i s  t h e  index  of r e f r a c t i o n  
of t h e  s o l u t i o n  and yo t h a t  o f  t h e  s o l v e n t  i t  t u r n s  o u t  t h a t  
p - k  i s  w i t h i n  v e r y  narrow l i m i t s  p r o p o r t i o n a l  t o  t h e  concentra-  
t i o n .  (1n most c a s e s  p-pO 1s o f  t h e  o r d e r  o f  1 mi t  i n  t h e  t h i r d  
dec imal  f o r  a  1% s c l u t l o n  .) 

Next c a l c u l a t e  from t h e  observed v a l u e  o f  (Q-Q,) /c  a  constant  
K which charac te ra izes  t h e  so lu t i c r :  as t o  i t s  s c a t t e r i n g  power fron; 
t h e  r e l a t i o n :  

i n  which N i s  Avogadrofs  number (!i =6.061~10~~) aid A i s  t h e  wave- 
l e n g t n  i n  c e n t i m e t e r s  o f  t h e  primary l i g h t  rrieasured i n  vacuunl. 

2 2  he u s u a l  v a l u e s  o f  he a r e  of t h e  o r d e r  1 ~ ~ '  ) .  
- 1 Now d e t e r n ' i n e  t h e  turbidity T i n  em. f o r  d i f f e r e n t  ccncen- 

t r a t i o n s  c ( r a n g i n g  p r a c t i c a l l y  from a  few t e n t h  o f  1% t o  a  few 
p e r  c e n t )  . P l o t t i n g  f i n a l l y  K% a s  o r d i n a t e s  a g a i n s t  c a s  
a b s c i s s a s  a  s t r a i g h t  l i n e  is found w i ~ h  a n  i n t e r c e p t  f o r  
which i s  e q u a l  t o  1 / ~ ,  i n  which ,Y i s  t h e  n iolecular  weight .  

* ~ e c n n l c a l  R e ~ o r t  Ito. 637 to  Rubber Reserve Co~npany, A ~ r l l  9, 1946. 

 he he t u r b l d l t y  'I I s  de f lned  a s  t h e  f r a c t i o n a l  d e c r e a s e  o f  t h e  
p r imary  l n t e n s l t y  over  u n l t  distance. I n  t h e  following t h e  l e t t e r  
T always r e f e r s  to the  a d d l t l o n a l  t u r b l d l t y  of t h e  s o l u t i o n  due 
t o  t h e  p resence  o f  t h e  polymer. I t  r e p r e s e n t s  the  d i f f e r e n c e  In 
t u r b l d l t y  o f  s o l u t l o n  and p u r e  s o l v e n t .  



L I G H T  SCATTERING 

For polyners  of t h e  sm-e k ind  but wi th  d i f f e r e n t  deg ree s  of  
po lymer i z s t i on  a l l  measured i n  t h e  same so lven t  t h e  s t r a i g h t  l i n e s  
a r e  n e a r l y  p e r a l l e l  t o  e ach  o t h e r  and d i f f e r  only i n  t h e i r  i n t e r -  
c e p t s .  The b e t t e r  t h e  s o l v e n t  t h e  s t e e p e r  i s  t h e  s l ope  of  t h e s e  
l i n e s .  

I f  t he  polymer i s  a  mixture  of p a r t i c l e s  w i t h  d i f f e r e n t  de- 
g r e e s  o f  po lymer iza t ion  t h e  average molecu la r  weight measured by 
t h e  i n t e r c e p t  i s  t h e  weight-average mo!ecular weight. 

The s ta tement  a s  i t  is p r e sen t ed  h e r e  imp l i e s  t h a t  t h e  p a r t i -  
c l e s  i n  t he  s o l u t i o n  a r e  sxriall compared wi th  t h e  wzvelength o f  t he  
l i g h t  measured iil t h e  s o l u t  ioc.  I f  we a r e  d e a l i n g  w i th  c o i l i n g  
polymers it seenis a t  a  f i r s t  g l ance  t h a t  t h i s  c c ~ d i t i o n  i s  amply 
v e r i f i e d  up t o  r a t h e r  h igh  molecu la r  weights.  Let u s  suppose a s  
an exenple  t h a t  we have t o  d e a l  w i t h  a  s t r a i g h t  p o l y s t y r e n e  c h a i n  
c c n s i s t  ing of  10, OCO l i n k e d  monomers. Th i s  would correspond t o  
a  molecu la r  weight ,Y = 1 0 4 x 1 0 ~ .  The cha in  would con t a in  N = 

20,003 carbon-to-carbon l i n k s .  According t o  t h e  u s u a l  c a l c u l a -  
t i o n  t h e  average d i s t a n c e  R from beg inn ing  t o  end of t h e  cha in  
(def ined  a s  t h e  square  r o o t  of t h e  average va lue  of t h e  squa re  

o f  t h i s  d i s t a n c e )  is: 

i f  we t a k e  a ,  t h e  C-C d i s t a n c e ,  e q u a l  t o  1.54 A.U. T h i s  would 
s t i l l  be a t  l e a s t  10 tirr-es sn ia l l e r  t han  t he  wavelength.' 

A t  t h i s  s t a g e  of  t h e  argument i t  can be quest ioned whether 
we a r e  r i g h t  t o  judge t h e  s i z e  o f  t h e  polymer by such an average 
2 i s t a n c e  R ,  s i n c e  we know t h a t  t he  molecule i s  c o n t i n u o ~ s l y  chang- 
i n g  i t s  shape and w i l l  pass  th rough  forms wi th  a  much l a r g e r  
d i s t a n c e  from beginning t o  end. Our subsequent c a l c u l a t i o n  w i l l  
show, however, t h a t  t h i s  o b j e c t i o n  does n o t  c a r r y  weight .  In  t h e  
averag ing  p roce s s  invo lved  i n  t h e  c a l c u l a t i o n  o f  t h e  s c a t t e r i n g  
of an assembly o f  a l l  p o s s i b l e  kinds  of shapes i t  i s  aga in  t h e  
s ane  average d i s t a n c e  R a s  be fo r e  which is important .  

The f i r s t  observab le  e f f e c t  t o  be expected a s  soon a s  t h e  
s i z e  becomes comparable wi th  t h e  wavelength would be t h a t  t h e  
a n g u l a r  d i s t r i b u t i o n  of t h e  s c a t t e r e d  i n t e n s i t y  l o s e s  i t s  symmetry 
a r o m d  t h e  93' d i r e c t  i o n ,  t h e  s c z t t e r i n g  becoming more pronounced 
i n  t h e  forward d i r e c t i o n .  A s  w e l l  our  own exper ience  a s  t h a t  from 
o t h e r  l a ~ o r a t o r i e s ,  accumulated du r ing  t h e  l a s t  yee r ,  i n d i c a t e s  
t h a t  such an e f f e c t  can be observed f o r  po lyne r s  f o r  which it 
would n o t  be expected,  judging from t h e  va lue  of  t h e  average 
d i s t a n c e  R a s  c a l c u l a ~ e d  from the  customary formula. Although 
f r o n  an exper imental  p o i n t  of  view t h e r e  can be no ques t ion  a s  t o  
t he  e x i s t e n c e  o f  such a  dissymmetry e f f e c t ,  ques t ions  can be 
r a i s e d  a s  t o  i t s  i n t e r p r e t a t i o n .  

 o or t h e  f o r m u l a .  compare f o r  l n s t a n c e  H. Hark, "Physical  Chemistry 
of H i g h  Polymeric Systems, I n t e r s c l  ence, New York,  1940,  p .  72. 



The most s t r a i g h t f o r w a r d  i n t e r p r e t a t i o n  i s  t h a t  i n  r e a l i t y  
t h e  average  d i s t a n c e  R i n  a  polyrcer molecule  of t h e  c o i l i n g  type 

a r e  made i n  d e r i v i n g  t h e  r e l a t i o n .  It i s  assumed t h a t  t h e  chain  
c o n s i s t s  of l i n k s  w i t h  p e r f e c t l y  f r e e  r o t a t i o n s  around each  other  
w i t h  no amount o f  h i n d e r i n g  a t  a l l .  It i s  f u r t h e r  assumed t h a t  
t h e  moncrneric p a r t s  o f  t h e  c h a i n  do n o t  occupy any space ,  t h i s  
even t o  such an e x t e n t  t h a t  in t h e  t h e o r e t i c a l  p i c t u r e  o f  t h e  
molecule  l i n k s  can c u t  th rough  each  o t h e r  wi thou t  any hindrance.  
T h i s  l e a d s  us t o  b e l i e v e  t h a t  t h e  c h a i n s  i n  n a t u r e  w i l l  be con- 
s i d e r a b l y  " s t i f f e r "  t h a n  t h o s e  o f  t h e  p i c t u r e  and a s  a  consequence 
we have t o  a n t i c i p a t e  l a r g e r  v a l u e s  o f  R .  

However, t h e r e  e x i s t  o t h e r  l e s s  fundamental  r e a s o n s  why a  
s o l u t i o n  can show a n g u l a r  dissymmetry o f  s c a t t e r i n g .  Apart f r o n  
t h e  obvious e f f e c t  o f  l a r g e  s i z e  i m p u r i t i e s ,  t h e  d i s s y m e t r y  may 
be due t o  g e l  c o n t e n t .  An example or t h i s  i s  c o n t a i n e d  i n  Report 

s o l u t i o n s  of i d e n t i c a l  ccmpos i t ion  of a GR-S copolymer a r e  ccm- 
pared  ( A )  c o n t a i n i n g  n c  g e l ,  (B )  c c n t a i n i n g  50% of mic roge l .  
Whereas w i t h  r e s p e c t  t o  t h e  i n t e n s i t y  of t h e  9G0 s c a t t e r i n g  A:H = 
2. 33:3.06, t h e  t o t a l  t u r b i d i t i e s  a r e  much f a r t h e r  a p a r t .  For 
t h e s e ,  A:B = 4.8:33.1 ,  d e m o n s t r a t i n g  t h a t  i n  t h e  s o l u t i o n  wi th  a 
h i g h  g e l  c o n t e n t  a  l a r g e  p o r t i o n  o f  t h e  l i g h t  i s  s c a t t e r e d  i n  
d i r e c t  i o o s  a ~ ~ r o a c h i n w  t h e  d i r e c t  i o n s  of t h e  ~r imarv beam. This 

s c a t t e r i n g ,  whereas on t h e  o t h e r  hand i t  h a s  t o  be ccun ted  a s  
c c n t r i b u t i n g  t o  t h e  t o t a l  t u r b i d i t y .  

hhat  an i n v e s t i g a t i o n  o f  t h e  dissymmetry e f f e c t  shows i m e -  
d i a t e l y  i s  t h e  e x i s t e n c e  o r  n o n e x i s t e n c e  o f  p a r t i c l e s  of r e l a t i v e -  
l y  l a r g e  s i z e  i n  t h e  s o l u t i o n .  I f  s u c h  p a r t i c l e s  a r e  observed 

add it i o n a l  ev idecce,  p r e f e r a ~ l y  independent of exper iments  on 
l i g h t  s c a t t e r i n g  a l o n e ,  w i l l  be ve ry  impor tan t .  

I n  t h e  f o l l o w i n g  t h e  c a s e  of unbranched polymers of t h e  c o i l -  
i n g  t y p e  is cons idered .  The a n g u l a r  d i s t r i b u t i o n  of s c a t t e r i n g  
i s  c a l c u l a t e d  and  e x ~ r e s s e d  w i t h  t h e  h e l ~  of t h e  average  d i s t a n c e  I 

I 

t i o n  and a  s imple  formula  i s  found which connec t s  t h e  inc rease  
i n  R w i t n  t h e  r e s t r i c t i o n  of r o t a t i o n  f o r  a  s p e c i a l  t y p e  of 
h indrance .  

As a  model t o  start w i t h ,  we a s s m e  a  c h a i n  o f  ,1' + 1 atomic 
groups ,  each w i t h  i t s  c e n t e r  a t  t h e  i n t e r s e c t i o n  o f  two l i n k s .  



LIGHT SCATTERING 

a r e  cons idered  t o  make a  va l ence  ang l e  w i t h  ezch  o t h e r  and t o  
have p e r f e c t  freedom of r o t a t  ion.  

The a m ~ l i t u d e  of t h e  s c a t t e r e d  l i g h t  eni i t ted by a  molecule 
of t h i s  'kind w i l l  be p r o p o r t i o n a l  t o :  

he d e f i n e  k = zn/A w i t h  A e q u a l  t o  t h e  w a v e l e n o h  of t h e  p r imary  
l i g h t ,  measured i n  t h e  medium; S i s  t h e  v e c t o r i a l  d i f f e r e n c e  

I between two u n i t  v e c t o r s ,  one drawn i n  t h e  d i r e c t i o n  of t h e  
s c a t t e r e d  beam, t h e  o t h e r  i n  t h e  d i r e c t i o n  of t h e  prirnary beam; 

i - 
8 rn i s  t h e  v e c t o r i a l  d i s t a n c e  o f  t h e  p o s i t i o n  o f  t n e  c e n t e r  of 
L 

9 t h e  n t h  atomic group from a  f i x e d  r e f e r e n c e  point .  I n  t h i s  
1 f  o r m l a  t h e  p r o p o r t i o n a l i t y  f a c t o r  measuring t h e  response  of t h e  
< 
il monomeric atomic group i s  l e f t  ou t ,  s i n c e  we w i l l  only  be i n t e r -  
I e s t e d  i n  t h e  angular  d i s t r i b u t i o n  of t h e  s c a t t e r e d  intensity and 
1 no t  i n  i t s  abso lu te  va lue .  

A d e f i n i t e  c o n f i g u r a t i o n  of t h e  cha in  can s t i l l  have a l l  
p o s s i b l e  o r i e n t  a t  ions  in  space,  wi thout  changing t h e  shape of 
t h e  molecule by bond r o t a t i o n s .  So we w i l l  f i r s t  o b t a i n  t h e  

b i n t e n s i t y  averaged w i tn  r e spec t  t o  a l l  po s s ib l e  o r i e n t  a t  ions  by 
! multiplying t n e  exp re s s ion  f o r  t n e  amplitude wi th  i t s  con juga t e  
1 
1 zcd t h e n  averag ing  about a l l  t h e  o r i e n t a t i o n s .  The r e s u l t  o f  
1 t h i s  procedure  is: 

I i s  t n e  i n t e n s i t y ,  s i s  t h e  l e n g t h  o f  t h e  v e c t o r  i ,  which i s  
equa l  t o  2 s i n  6 / 2  w i t h  6 e q u a l  t o  t he  ang le  between t h e  primary 

! and t h e  s c a t t e r e d  beam and rmn i s  t h e  d i s t ance  from group m t o  
group n .  The averag ing  process  used i n  o b t a i n i n g  t h i s  expres-  
s i o n  f o r  I i s  t h e  sane a s  t h a t  used i n  c a l c u l a t i n g  t h e  s c a t t e r i n g  
of x-rays o r  e l e c t r o n s  from a  ga s  molecule. Tne e q u a l i t y  s i g n  
is  t o  be i n t e r p r e t e d  a s  mentioned before .  For polymers ano ther  
ave r%ing  p roce s s  i s  s t i l l  t o  be c a r r i e d  o u t ,  s i n c e  t h e  shape o f  
t h e  molecules  w i l l  v a r y  con t inuous ly .  Th i s  can be done i f  we 
know f o r  every d i s t a n c e  r,, what t h e  p r o b a b i l i t y  is  t h a t  such a  
d i s t a n c e  w i l l  occur in an i n t e r v a l  between r,, an2 r,, + dr, , .  
how i t  i s  well-known thaz f o r  a  cha in  of t h e  kind hz r e  considered 
t h i s  p r o b a b i l i t y  f o r  t h e  d i s t a n c e  r of beginning t o  end of t h e  
cha in  i s :  



LIGHT SCATTERING 

i f  t h e  chain  c o n s i s t s  of z  l i n k s  ( z  + 1 groups)  and p i s  t h e  
c o s i n e  of  t h e  angle  between two bonds. The r e l a t i o n  f o r  t h e  
p r o b a b i l i t y  of  occurrence of  t h e  d i s t a n c e  r  i s  t h e  c u s t o ~ ~ a r y  
exp re s s ion ,  which frcm a  mathernat i c a l  p o i n t  of view i s  on ly  
exac t  i n  t h e  l i m i t  f o r  an i n f i n i t e l y  long chain .  The s a r e  i s  
t r u e  f o r  t h e  r e l a t i o n  expressed  by equa t i on  (3 ) .  b;e w i l l  accep t  
t h e  v a l i d i t y  of  b o t h  r e l a t i o n s  f o r  any chain  l e n g t h s ,  a  proce- 
du re  which can be skown no t  t o  in t roduce  any app rec i ab l e  e r r o r s  
i n  a l l  p r a c t i c a l  c a s e s  t o  be considered. 

Knowing t h e  p r o b a b i l i t y  f u n c t i o n  f o r  r  we can now! determine 
a t  once t h e  average va lue  of one of t h e  terms con ta ined  i n  t h e  
double  sun; r e p r e s e n ~ i n g  t h e  i n t e n s i t y  I. We f i n d :  

s i n  [ k s r ]  
AV = e A h ?  s R I F ,  2 2 

k s r  

and s u b s t i t u t i n g  t h i s  i n  equa t i on  (1) wi th  due regard  t o  equat ion 
( 3 )  . which exDresses R~ i n  terms o f  t h e  number of l i n k s .  we ob- 

Each sumnation index ~ n ,  a s  w e l l  a s  n ,  goes fmm 1 t o  N + 1 ;  o f  
t h e  d i f f e r e n c e  rn - n t h e  ab so lu t e  value i s  t o  be taken. which 

i n  which R~ now i n d i c a t e s  t he  average  square  of t h e  d i s t a n c e  from 
beginning t o  end of t h e  whole chain .  



D e t a i l s  of t h e  C a l c u l a t i o n  

I f  o n e  t e r m  o f  t h e  sum I n  e q u a t l o n  ( 5 )  I s  w r l t t e n  a s  t z  = ,- z  b W I  tn: 
2 2 2  

k s a  1 + p  b = --- -- 
6 1 -  P 

t h e  whole  d o u b l e  sum can  b e  a r r a n g e d  I n  a  quadratic scnerne Of t h e  
following form: 

Talrlng o u t  t n e  d l a g o n a l  t e r m s  f l r s t  and  t h e n  observing t h a t  t h e  
p a r t  I n  t h e  u p p e r  r l g h t  I s  e q u a l  t o  t h e  p a r t  I n  t n e  l o w e r  l e f t ,  
t h e  r e s u l t  I s :  

o r :  

S l n c e  t z  I s  an e x p o n e n t l a l  f u n c t l o n  t h e  s e r l e e  o v e r  whlch  t h e  
summat lons  h a v e  t o  b e  c a r r i e d  o u t  a r e  s l m p l e  geometrical s e r l  e s  
and we f l n d :  

Now I n  e v e r y  c a s e  b  h a s  a  v e r y  s m a l l  n u m e r l c a l  v a l u e  and Only  N b  
can b e  f l n l t e  p r o v l d e d  t h e  c h a l n  I s  l o n g  enougn. The way O f  

l n t e r p r e t l n g  t h e  r e s u l t  t h e r e f o r e  I s  t o  p u t  Nb = x a n d  b = x / N ,  
and  t o  de te rmln ; :  t h e  v a l u e  o f  I I n  t n e  l i m l r ;  f o r  f l n l  t e  x and  
l n c r e a s l n g l y  l a r g e  v a l u e s  o f  N .  I n  t h l s  way we f l n d :  
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We t h e n  h a v e ;  

b u t :  

( a n + l  V )  = (; i) + (ug  G )  = (; ;) 

s l n c e  I s  perpendicular t o  ;. So we c a n  w r l t e :  

The  f l r s t  t e r m  I s  c o n s t a n t  t h r o u g h  t h e  m o t l o n  o f  b o n d  n  + z .  I f  
y  I s  t h e  a n g l e  b e t w e e n  w a n d  a n d  y o  t h e  a n g l e  b e t w e e n  w a n d  v 0  
t h e  m o t l o n  o f  b o n d  n + z  w l l l  b e  c o n f l n e d  t o  t h e  l n t e r v a l  
y  = yo + (3 t o  y  = vo  - a. F o r  t h e  a v e r a g e  v a l u e  o f  t h e  s e c o n d  
t e r m  we t h e r e f o r e  f l n d :  

1 s l n  a 
2 (3 a IdJV c o s  y o  

However :  

- - - 
wv c o s  yo  = (6 v , )  = ( a n + l  " 0 )  

So we c a n  s a y  t h a . t  t h e  r e s u l t  o f  t h e  f l r s t  s t e p  I n  o u r  a v e r a g l n g  - 
p r o c e s s  o f  an+l  En+z I s :  

The two v e c t o r s  G o  a n d  Go a r e  b o t h  sl t u a t e d  I n  t h e  p l a n e  o f  t h e  - - 
two v e c t o r s  and an+,-*. T h e r e f o r e  t h e  f l r s t  two a r e  
l l n e a r  c o m b l n a t l o n s  o f  t h e  s e c o n d  two. I t  I s  e a s l l y  s e e n  t h a t  

S u b s t l t u t l n g  t h l s  I n  o u r  l a s t  r e s u l t ,  r e l a t l o n s  ( 9 )  a n d  ( 9 ' )  o f  
t h e  t e x t  a r e  0 3 t a l n e d .  
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po lys ty r ene  polymer, which we a l r eady  d i scussed ,  of a  molecular  
weight M = 1 . 0 4 ~ 1 0 ~  c o n t a i n i n g  N = 2C, 000 C-C bonds, each  of  
l e n g t h  a = 1 .54  A.U. Formerly we c a l c u l a t e d  f o r  f r e e  r o t a t i n g  
bonds R = 308 A.U. and c o n c l ~ d e d  t h a t  i f  t h i s  was t h e  a c t u a l  
d i s t a n c e  we could expect  o n l y  a  s m a l l  dissymmetry e f f e c t ,  t h e  
backward s c a t t e r i n g  be ing  90% of  t h e  i n t e n s i t y  i n  t h e  forward 
d i r e c t i o n  i f  observed w i t h  a  wavelength o f  3C00 A.U. (measured 
i n  t h e  me3ium) . 

Let us now assume t h a t  t h e  experiment y i e lded  a  l a r g e r  e f f e c t ,  
s a y  25% more s c a t t e r i n g  under a n  ang l e  9=60° than  under t h e  ang le  
9=120°.  or a c t u a l l y  observed v a l u e s  s e e  R e ~ o r t  (23622). The two 
va lue s  of s = 2  s i ~  9/2 cor responding  t o  9-60' and 9=120" a r e  
s = 1 and s = 3. According t o  equa t ion  (8) t h e  two v a l ~ e s  o f  t h e  
parameter  x w i l l  t h e r e f o r e  be i n  t h e  r a t i o  1:3. I f  r has  a  
numer ica l  va lue  s a y  p f o r  9 = 60°, i t  w i l l  be 36 f o r  9=120° and 
s i n c e  we have observed t h a t  I P  = 1 .25  13F we have t o  choose x = P 
so t h a t  t h i s  r e l a t i o n  ho ld s .  Tn i s  can  e a s i l y  be done w i th  t h e  
h e l p  o f  t h e  Table  I and we f i n d  x = P = 0.37. This  means t h a t  we 
should have: 

i n  o r d e r  t o  exp l a in  t h e  25% d i f f e r e n c e  i n  i n t e n s i t i e s .  With 
h = 3000 A.U. i t  fo l lows  then  t h a t  R = 711 A.U. I f  f i n a l l y  we 
want t o  i n t e r p r e t  t h i s  l a r g e r  d i s t a n c e  a s  due t o  h inde r ing  of 
r o t a t i o n ,  we have t o  de te rmine  t he  ang le  a from t h e  r e l a t i o n  
( s e e  e  quat ion 14) . 

s i n c e  we c a l c u l a t e d  R = 308 A.U. f o r  t h e  c a s e  o f  f r e e  r o t a t i o n .  
The r e s u l t  i s :  

A r e s t r i c t i o n  t o  a  t o t a l  a n g l e  2a o f  168' i n s t e a d  of  t h e  360' i n  
t h e  c a s e  o f  f r e e  r o t a t i o n  would exp l a in  t he  25% i n t e n s i t y  d i f f e r -  
ence assumed t o  be  t h e  r e s u l t  o f  t h e  experiment. 






























