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ABSTRACT

2 2 2 2 
P ^ 2  ------ P3 / 2  m i x i n 8 and Pj  ----- *  S i / 2  qu e n c h i n 8 i n

p o t a s s i u m  and  ces ium  v a p o r s ,  i n d u c e d  by c o l l i s i o n s  w i t h  N2> H2 , HD and 

D2 , were  s t u d i e d  u s i n g  t e c h n i q u e s  o f  s e n s i t i z e d  f l u o r e s c e n c e .  The 

m i x t u r e s  o f  a l k a l i  v a p o r s  w i t h  t h e  v a r i o u s  g a s e s ,  i n  wh ich  t h e  a l k a l i  

v a p o r  p r e s s u r e  was k e p t  low t o  a v o i d  r a d i a t i o n  t r a p p i n g ,  were i r r a d i a t e d  

w i t h  one component  of  t h e  a p p r o p r i a t e  r e s o n a n c e  d o u b l e t .  The f l u o r e s c e n c e  

w h ic h  c o n t a i n e d  b o t h  components  o f  t h e  d o u b l e t ,  was m o n i t o r e d  a t  r i g h t  

a n g l e s  t o  t h e  d i r e c t i o n  o f  e x c i t a t i o n .  The m easu rem en ts  o f  t h e  r e l a t i v e

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

2 2 2 2 2 
c r o s s  s e c t i o n s  f o r  P m ix i n g ,  Q12 ( P l / 2  > P3 / 2 ^ ’ Q2 1  ̂ * 1 / 2 *  P3 / 2 ^ ’

and q u e n c h in g ,  Q10^ P 1 / 2  * S1 / 2 ^ ’ Q20^ P3 / 2  * Sl / 2 ^ *  I n  t h e  c a s e

o f  p o t a s s i u m  t h e  quench ing  c r o s s  s e c t i o n s  f o r  N^, H2> HD and  D2 w e re :

Q10 =  35 ,  7, 11 , 2 ( £ ) 2 and Q2Q =  39 ,  4 ,  14,  1 ( £ ) 2 , r e s p e c t i v e l y .  For  

t h e  ce s ium  r e s o n a n c e  s t a t e s  t h e  c o r r e s p o n d i n g  q u e n c h in g  c r o s s  s e c t i o n s
O o

w e r e :  Q10 =  62> 7 ’ 4> 8 ^  and  ^20  =  10° ’ 5> 3> 7  ̂ ’ r e s Pe c t i v e l y •

The p o t a s s i u m  -  N2 , H2 , HD and D2 m ix in g  c r o s s  s e c t i o n s  were found  t o  be :

Q12 =  " ‘ 7> 7 5 ' 6 ’ 7 4 , ° ’ 7 2 *2 and  Q21 =  6 6 * ° ’ 53,2> 5 0 , 4 ,  4 8 , 7  

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

gas  c r o s s  s e c t i o n s .  The ces ium  -  N2 , H2 , HD and  D2 m ix i n g  c r o s s  s e c t i o n s

w e r e :  Q =  4 . 7 ,  6 . 7 ,  4 . 8 ,  4 . 2  ( £ ) 2 and Q21 =  2 5 . 2 ,  4 3 . 8 ,  3 2 . 1 ,  2 7 .8  ( £ ) 2 ,

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

m ix i n g  c r o s s  s e c t i o n s .

iii

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



The que nc h ing  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  i n t e r m e d i a t e

complex  t h e o r i e s  o f  q u e n c h in g  i n  which  e n e rg y  m a t c h i n g  be tw e en  t h e

2
a to m ic  and  m o l e c u l a r  s t a t e s  i s  o f  no i m p o r t a n c e .  The P m ix in g  c r o s s  

s e c t i o n s  do ,  however ,  e x h i b i t  a m arked  dependence  on t h e  r o t a t i o n a l  

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

te rm s  o f  i n d u c e d  r o t a t i o n a l  t r a n s i t i o n s  on t h e  b a s i s  o f  wh ich  t h e  c r o s s  

s e c t i o n s  ^ 2 1  ̂ ^o r  m^x:‘-n8 c e s i-uni i n d u c e d  by o r t h o  and p a r a  hydrogen  

a r e  c a l c u l a t e d .
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I  INTRODUCTION

The t r a n s f e r  o f  e x c i t a t i o n  be tw een  t h e  r e s o n a n c e  s t a t e s  of

a l k a l i  m e t a l  a toms d u r i n g  a to m ic  c o l l i s i o n s ,  t e rm ed  c o l l i s i o n  in d u c e d

m i x i n g ,  i s  p e rh a p s  t h e  most  t h o r o u g h l y  i n v e s t i g a t e d  e n e rg y  t r a n s f e r

p r o c e s s  o c c u r r i n g  be tw een  n e u t r a l  a to m s ^ .  The d e t e r m i n a t i o n  o f  t h e

a l k a l i - i n e r t  gas  m ix i n g  c r o s s  s e c t i o n s  has  r e c e i v e d  t h e  g r e a t e s t

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

e x p e r i m e n t s  i n  which  i n e r t  g a s e s  a r e  u s e d  as  b u f f e r s .  I t  was f e l t

t h a t  i t  would be i n t e r e s t i n g  t o  e x t e n d  t h e s e  m easu rem en ts  t o  i n c l u d e

t h e  m ix i n g  i n d u c e d  by c o l l i s i o n s  w i t h  d i a t o m i c  m o l e c u l e s .

2
Wood and Mohler  i n  1918 o b s e r v e d  t h a t  t h e  r a t i o  o f  t h e  

sodium D - l i n e  i n t e n s i t i e s  e m i t t e d  by f l u o r e s c i n g  sodium v a p o r  changed
3

when a s m a l l  amount  o f  was mixed w i t h  t h e  v a p o r .  L o c h t e - H o l t g r e v e n  

(1928)  c o n f i r m e d  t h e s e  o b s e r v a t i o n s  and m e a s u r e d  t h e  D - l i n e  r a t i o  as  

a f u n c t i o n  of  H^, and o t h e r  gas  p r e s s u r e s .  These  were  t h e  f i r s t  

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

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

s e m i - q u a n t i t a t i v e  e x p e r i m e n t s  t h e r e  has  been  no s y s t e m a t i c  s tu d y  of  

t h i s  e f f e c t .

The present research concerns itself with the determination
2 2

o f  t h e  c r o s s  s e c t i o n s  f o r  m ix in g  be tw een  t h e  an(* **3 / 2  r e s o n a n c e

l e v e l s  o f  p o t a s s i u m  and ces ium  i n d u c e d  by d i a t o m i c  m o l e c u l e  c o l l i s i o n s .  

S in c e  e a c h  l e v e l  i s  c o n n e c t e d  t o  t h e  g round  s t a t e  by an  o p t i c a l l y

1
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2

a l l o w e d  t r a n s i t i o n ,  a s t u d y  o f  s e n s i t i z e d  f l u o r e s c e n c e  can  be u s e d  t o  

i n v e s t i g a t e  t h e  m ix in g  p r o c e s s .

When one o f  t h e  r e s o n a n c e  l e v e l s  o f  an  a l k a l i  a tom i s  

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

t h i s  e x c i t a t i o n  may be c o l l i s i o n a l l y  t r a n s f e r r e d  t o  t h e  o t h e r  l e v e l  

and  t h e  atom w i l l  t h e n  em i t  r a d i a t i o n  o f  a w a v e l e n g t h  d i f f e r e n t  t h a n  

t h a t  u s e d  f o r  t h e  e x c i t a t i o n .  I n  o t h e r  w o rd s ,  f l u o r e s c e n c e  i s  s e n s i 

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

be tw een  t h e  r e s o n a n c e  l e v e l s .  I f  no s u c h  e f f e c t i v e  c o l l i s i o n  o c c u r r e d ,

t h e  e x c i t e d  atom would  r e - r a d i a t e  t h e  a b s o r b e d  l i g h t  a s  r e s o n a n c e

2
f l u o r e s c e n c e .  The m ix in g  i n d u c e d  i n  t h e  P s t a t e  o f  a n  e x c i t e d  a l k a l i

*>v
atom A by a c o l l i s i o n  w i t h  a d i a t o m i c  m o l e c u l e  M may be  d e s c r i b e d  by 

t h e  f o l l o w i n g  e q u a t i o n :

A* ( 2P3 / 2 ) + M ^  A* ( 2P 1 / 2 ) + M +  AE , (1)

where  AE, t h e  e n e rg y  d i f f e r e n c e  be tw een  t h e  f i n e  s t r u c t u r e  components ,

i s  s u p p l i e d  o r  c a r r i e d  away by t h e  v a r i o u s  d e g r e e s  o f  f reedom  o f  t h e

c o l l i d i n g  p a r t n e r s .  Th is  e n e rg y  d e f e c t  r a n g e s  from 58 cm  ̂ ( 0 .0 0 7  eV)

f o r  p o t a s s i u m  t o  554 cm” '*' ( 0 . 0 7  eV) f o r  c e s iu m .
2

Using  m o l e c u l e s  t o  i n d u c e  P m ix in g  c o m p l i c a t e s  t h e  i n t e r 

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

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

4 -6ground  s t a t e  . T h i s  que n c h in g  r e a c t i o n  may be w r i t t e n  a s :

A* ( 2P j )  + M ^  A ( 2S1 / 2 ) + M +  AE’ , (2)

"k
where  t h e  e n e rg y  r e l e a s e d ,  AE’ , i s  e q u a l  t o  t h e  e x c i t a t i o n  e ne rgy  o f  A .
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Thus t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  even  t h o u g h  e x c i t a t i o n  i s  t r a n s 

f e r r e d  from one r e s o n a n c e  l e v e l  t o  a n o t h e r ,  t h e  s e n s i t i z e d  f l u o r e s c e n c e  

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

f o r  such  o c c u r r e n c e s  t h e  que n c h in g  c r o s s  s e c t i o n  of  t h e  m o l e c u l e  M must  

be known f o r  e a ch  r e s o n a n c e  l e v e l .

Quench ing  o f  ce s ium  f l u o r e s c e n c e  has  n o t  y e t  b e e n  s t u d i e d

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

7-9r a d i a t i o n  by N2 , Hj  and  have  b e e n  r e p o r t e d  , i n  no c a s e  were t h e

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

c o n c u r r e n t l y  q u e n c h in g  and  m ix i n g  c o l l i s i o n s .

There  have  been  many t h e o r e t i c a l  a t t e m p t s  t o  i n t e r p r e t  t h e

m ix i n g  p r o c e s s  i n d u c e d  by a to m ic  c o l l i s i o n s ^ .  I t  m ig h t  be e x p e c t e d

t h a t  s i n c e  m o l e c u l e s  g e n e r a l l y  p o s s e s s  pe rm anen t  m u l t i p o l e  moments and

have  more d e g r e e s  o f  f reedom  t h a n  a to m s ,  t h e y  would i n d u c e  m ix i n g  w i t h

g r e a t e r  e f f i c i e n c i e s  t h a n  t h o s e  p r e d i c t e d  by t h e  c u r r e n t  a tom -a tom

c o l l i s i o n  t h e o r i e s  b u t  t h e r e  ha s  n o t  b e e n ,  a p p a r e n t l y ,  any e x p l i c i t
2

t h e o r e t i c a l  t r e a t m e n t  o f  P m ix i n g  i n d u c e d  by m o l e c u l a r  c o l l i s i o n s .

The b u l k  o f  t h e  r e l e v a n t  a to m - m o l e c u l e  work has  c e n t e r e d  on t h e  quench

i n g  p r o c e s s  and ,  t h ough  m ost  o f  t h e  t h e o r i e s  a r e  o f  an  e m p i r i c a l  n a t u r e ,  

t h e  i d e a s  t h e y  c o n t a i n  may shed  some l i g h t  on t h e  m ix i n g  p r o b le m .

The h i g h  e f f i c i e n c y  w i t h  wh ich  m o l e c u l e s  d e - e x c i t e  t h e  

e l e c t r o n i c  s t a t e s  o f  a toms has  been  a t t r i b u t e d  t o  t h e  i n v o lv e m e n t  of  

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

f e r .  I t  would  be e x p e c t e d  from c l a s s i c a l  c o n s i d e r a t i o n s  t h a t  t h e  c r o s s  

s e c t i o n  f o r  c o l l i s i o n a l  t r a n s f e r  o f  e n e rg y  be tw een  a to m ic  e l e c t r o n s
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and  t h e  n u c l e a r  m o t i o n  o f  t h e  que nc h ing  m o l e c u l e  would  be  v e r y  s m a l l .

I n  o r d e r  t o  e x p l a i n  t h e  l a r g e  d e - e x c i t a t i o n  p r o b a b i l i t i e s  i n  a tom- 

m o l e c u l e  c o l l i s i o n s ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  a c l o s e  e n e rg y  m atch  

be tw e en  t h e  downward e l e c t r o n i c  and t h e  upward  m o l e c u l a r  t r a n s i t i o n s

wou ld  l e a d  t o  an  e f f i c i e n t  r e s o n a n t  t r a n s f e r  o f  e n e r g y .  Kal lmann and

11 12 London (1929)  and Morse and S t u c k e l b e r g  (1931)  have  c o n s i d e r e d

s u c h  r e s o n a n t  p r o c e s s e s  f rom t h e  quantum m e c h a n i c a l  v i e w p o i n t .  C a l 

c u l a t i o n s  b a s e d  on i d e a l i z e d  p o t e n t i a l  e n e rg y  c u r v e s  have shown t h a t  

t h e  e n e rg y  t r a n s f e r  c r o s s  s e c t i o n  depends  on t h e  n a t u r e  o f  t h e  i n t e r 

a c t i o n  be tw e en  t h e  c o l l i d i n g  p a r t n e r s ,  on t h e  r e l a t i v e  v e l o c i t y  b e f o r e  

t h e  c o l l i s i o n ,  and  on t h e  e n e rg y  d i f f e r e n c e  be tw e en  t h e  e l e c t r o n i c  and

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

13
m ig h t  be i m p o r t a n t  have  b e e n  examined by D i c k e n s ,  L i n n e t t  and  Sovers  

(1962)  who c a l c u l a t e d  t h e o r e t i c a l  c r o s s  s e c t i o n s  f o r  t h e  que n c h in g  of  

e x c i t e d  sodium and  m er c u ry  by v a r i o u s  m o l e c u l e s  on t h e  b a s i s  o f  a model  

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

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

i t  c o u l d  n o t  by i t s e l f  l e a d  t o  l a r g e  d e - e x c i t a t i o n  c r o s s  s e c t i o n s .  

P o l a n y i ^  (1967)  has  shown, f o r  t h e  f i r s t  t i m e ,  t h a t  v i b r a t i o n a l  

e x c i t a t i o n  does i n d e e d  o c c u r  i n  q u e n c h in g  c o l l i s i o n s  (Hg*+ CO) b u t  t h a t  

r e s o n a n c e  be tw een  t h e  e l e c t r o n i c  and v i b r a t i o n a l  t r a n s i t i o n s  i s  o f  no 

i m p o r t a n c e  i n  t h e  e n e rg y  e x c h a n g e .

R i c e 1-5 (1931)  p r o p o s e d  t h a t  e l e c t r o n i c  que n c h in g  s h o u ld  be

r e g a r d e d  a s  a t r a n s i t i o n  be tw een  i n t e r s e c t i n g  p o t e n t i a l  s u r f a c e s  and

1 17Magee and  Ri (1941)  and  L a i d l e r  (1942)  have a t t e m p t e d  t h e o r e t i c a l
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c a l c u l a t i o n s  b a s e d  on t h i s  c o n c e p t .  Both  t r e a t m e n t s  d e s c r i b e  Na +

que n c h in g  i n  t e rm s  o f  a r e l a t i v e l y  s t a b l e  complex .  Quench ing  p r o c e e d s

by way o f  an  i o n i c  p o t e n t i a l  s u r f a c e  w h ich  has  q u a s i - i n t e r s e c t i o n s  w i t h

t h e  s u r f a c e s  of  t h e  r e a c t a n t s  and p r o d u c t s .  There  has  been  a number

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

18i n t e r s y s t e m  c r o s s i n g s  o r  q u a s i - c r o s s i n g s  i s  r e s p o n s i b l e  f o r  que n c h in g  ’ 

However,  d e t a i l e d  knowledge  o f  t h e  r e l e v a n t  p o t e n t i a l  e n e rg y  s u r f a c e s  

i s  l a c k i n g  and  f o r  t h i s  r e a s o n  t h e r e  has  been  no c o m p re h e n s iv e  t h e o r 

e t i c a l  t r e a t m e n t  o f  t h e  q u e n c h in g  r e a c t i o n .

The m ain  p u r p o s e  of  t h i s  r e s e a r c h  i s  t o  p r o v i d e  a f i r m  

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

m o l e c u l e  c o l l i s i o n  p r o c e s s e s .
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I I .  RATE EQUATIONS FOR THE SENSITIZED FLUORESCENCE 

AND QUENCHING PROCESSES

The p r o c e s s e s  t h a t  t a k e  p l a c e  when a m i x t u r e  of  a l k a l i

v a p o r  and m o l e c u l a r  gas  i s  i r r a d i a t e d  c o n t i n u o u s l y  w i t h  t h e  02 -

component*  o f  t h e  a l k a l i  r e s o n a n c e  d o u b l e t ,  a r e  shown s c h e m a t i c a l l y

i n  F i g .  1 .  The s o l i d  a r r o w s  i n d i c a t e  t r a n s i t i o n s  g i v i n g  r i s e  t o

s e n s i t i z e d  f l u o r e s c e n c e  and t h e  b r o k e n  a r ro w s  r e p r e s e n t  c o l l i s i o n a l

2
d e a c t i v a t i o n  o f  t h e  P a l k a l i  a toms t o  t h e  g round  s t a t e ,  w h ich  m a n i 

f e s t s  i t s e l f  by t h e  que nc h ing  o f  r e s o n a n c e  r a d i a t i o n .

n

Vz

20

D, D,
F i g .  1 .  Energy l e v e l s  i n v o l v e d  i n  s e n s i t i z e d  f l u o r e s c e n c e  and i n  

t h e  que nc h ing  o f  a l k a l i  m e t a l  r e s o n a n c e  r a d i a t i o n  in d u c e d  
i n  c o l l i s i o n s  w i t h  m o l e c u l e s .

* The D and D2 components  a r e  d e f i n e d ,  by a n a lo g y  w i t h  t h e  F r a u n h o f e r  
sodium D - l i n e s ,  a s  t h e  components  o f  t h e  a l k a l i  r e s o n a n c e  d o u b l e t  a r i s i n g  
from t h e  S /  -----  1 / 2  and 1 / 2  -----  P3 / 2  t r a n s i t i o n s > r e s p e c t i v e l y .
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The v a r i o u s  i n t e r a c t i o n s  be tw een  an  a l k a l i  a tom A and a 

d i a t o m i c  m o l e c u l e  M may be r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n s :

2 S 2 2
A (n S1 / 2 ) +  h v 2 A (n P3 / 2 ) , (3)

A ( n 2P3 / 2 ) +  M — A ( n 2P 1 / 2 ) +  M* , (4)

2
A ( n 2P1 / 2 ) +  M A ( n 2P3 / 2 ) +  M* , (5)

2
A (n 2P3 / 2 ) +  M — ^  A ( n 2S1 / 2 ) +  M* , ( 6 )

A ( n 2P l / 2 ) + M — A ( n 2S1 / 2 ) +  M* , (7)

( T ) ^
A ( n 2P3 / 2 ) — ^ — t> A ( n 2S1 / 2 ) +  h v 2 , ( 8 )

( T ) ^
A ( n 2P1 / 2 ) -----— 1> A ( n 2S1 / 2 ) +  h v ][ , (9)

where  n i s  t h e  p r i n c i p a l  quantum number o f  t h e  a to m ic  s t a t e ,  s 2 i s  t h e

2
number o f  a l k a l i  a toms e x c i t e d  p e r  s eco n d  from t h e  n S j y 2 s t a t e  t o  t h e

2 2 n p 3 / 2 s t a t e ,  and  and t 2 a r e  t h e  mean l i f e t i m e s  o f  t h e  n p ^ 2 and
2

n s t a t e s  r e s p e c t i v e l y .  Z ^ ,  Z^2> Z2Q, and  Z^^ a r e  t h e  c o l l i s i o n

numbers  f o r  t h e  p r o c e s s e s  d e s i g n a t e d  i n  F i g .  1 , d e f i n e d  a s  t h e  numbers 

o f  c o l l i s i o n s  p e r  e x c i t e d  a l k a l i  a tom p e r  s e c o n d ,  l e a d i n g  t o  t h e  

a p p r o p r i a t e  e x c i t a t i o n  t r a n s f e r  p r o c e s s .  M i s  a g round  s t a t e  d i a t o m i c  

m o l e c u l e  and  M a m o l e c u l e  w h ic h ,  h a v in g  p a r t i c i p a t e d  i n  an  i n e l a s t i c  

c o l l i s i o n ,  has  become m o d i f i e d  i n  i t s  c o n t e n t  o f  t r a n s l a t i o n a l ,  v i b r a 

t i o n a l ,  and  r o t a t i o n a l  e n e r g y .
2

C o l l i s i o n a l  m ix i n g  i n  t h e  P s t a t e  due t o  a l k a l i - a l k a l i

c o l l i s i o n s  has  been  n e g l e c t e d  s i n c e  t h e  r a t i o  o f  s e n s i t i z e d  t o  r e s o n a n c e

— 6
f l u o r e s c e n t  i n t e n s i t i e s  due t o  s u c h  c o l l i s i o n s  i s  o f  t h e  o r d e r  of  10
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t o  10 ^ a t  t h e  v a p o r  p r e s s u r e s  u s e d  i n  t h e s e  e x p e r i m e n t s  (10 ^ T o r r )

and  does  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o b s e r v e d  s e n s i t i z e d  

20,21f l u o r e s c e n c e

Assuming t h a t  t h e  v a p o r - g a s  m i x t u r e  e x i s t s  i n  a s t a t e  of

dynamic e q u i l i b r i u m  i n v o l v i n g  o n ly  c o n t i n u o u s  o p t i c a l  e x c i t a t i o n  of  
2

t h e  A(n P3 / 2 ) s t a t e  by means o f  D2 r a d i a t i o n ,  s p o n ta n e o u s  d e c a y ,  and 

t h e  v a r i o u s  b i n a r y  c o l l i s i o n a l  p r o c e s s e s ,  Eqs .  (3)  -  (9)  may be com

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

d N(n2p i / 2 '  2 2 -1
=  s „  +  N(n*P.  / 0 )Z -  N f i / P - . J C t r J  +  Z + Z 1 =  0,d t  2 ' i / 2 '  12 ' 3 / 2 /u v 2 y 21 20

d X ( n 2P . / 2 ) ,  ,  ,

 d t ^  =  N("  P3 /2 > Z21 -  N(n P l / 2 )i:<Tl ) + Z12 +  Z10^ =  0 •
2

w h e r e ,  f o r  exam ple ,  N(n d e n o t e s  t h e  d e n s i t y  o f  a l k a l i  a toms i n
2

t h e  n Pj^ 2  s t a t e » Two a d d i t i o n a l  r a t e  e q u a t i o n s ,  s i m i l a r  t o  Eqs .  ( 1 0 )

and ( l l ) ,  may be  o b t a i n e d  by c o n s i d e r i n g  t h e  c a s e  o f  e x c i t a t i o n  w i t h

t h e  component o f  t h e  r e s o n a n c e  d o u b l e t .

The D£ f l u o r e s c e n c e  e m i t t e d  by t h e  v a p o r - g a s  m i x t u r e  i s  a

c o n s t a n t  f r a c t i o n  (depe nd ing  on g e om e t ry  and  t h e  p o l a r i z a t i o n  o f  t h e

2
f l u o r e s c e n c e ) ,  s a y  £ ,  o f  t h e  t o t a l  e n e rg y  e m i t t e d  by t h e  N(n P3 / 2 ) 

e x c i t e d  a to m s ,  t h e r e f o r e ,  t h e  i n t e n s i t y  of  t h e  D2 component i n  t h e  

p r e s e n c e  o f  a f o r e i g n  gas  i s :

I (D2 ) =  e y 2 hV2 ( t 2 ) _1 N(n2P3 / 2 ) , (12)

where y 2 i s  t h e  r e s p o n s e  o f  t h e  d e t e c t i n g  s y s te m  t o  D2 r a d i a t i o n  of  

f r e q u e n c y  V2> and  h i s  P l a n c k ’ s c o n s t a n t .  The i n t e n s i t y  of  t h e  D2 

component i n  t h e  a b s e n c e  o f  f o r e i g n  gas  i s  g i v e n  by:

I 0 (D2 ) =  € y 2 h v 2 ( T j ) - 1 No ( n 2P3 / 2 ) . (13)
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-1  2I n  a s t e a d y  s t a t e  i n v o l v i n g  no c o l l i s i o n  in d u c e d  t r a n s i t i o n s  ( r~ )  N (n P 0 / «)2 o 3 / 2
2

e q u a l s  t h e  r a t e  a t  wh ich  n P3 / 2  e x c i t e d  atoms a r e  fo rm ed ;  t h a t  i s ,  S2 , 

which  depends  on t h e  i n c i d e n t  and  a b s o r p t i o n  D2 l i n e  p r o f i l e s  a s  w e l l  

a s  t h e  i n c i d e n t  g e o m e t ry .

I f  t h e  a to m - m o le c u le  c o l l i s i o n s  do n o t  a l t e r  e i t h e r  t h e  

p o l a r i z a t i o n  o f  t h e  r e s o n a n c e  f l u o r e s c e n c e  (e =  c o n s t a n t )  o r  t h e  

a b s o r p t i o n  l i n e  (S2 =  c o n s t a n t ) ,  we can  u s e  Eqs .  (10)  -  ( 1 3 ) ,  and t h e i r  

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

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

que nc h ing  c o l l i s i o n s .

In  t h e  c a s e  o f  e x c i t a t i o n  w i t h  t h e  D2 component :

( V ^ 2  1 + T2Z20 + T2Z21 " T̂1T2Z12Z2 1 ^ ^ 1 +  T1Z10 +  T1Z21^ *

I n  t h e  c a s e  o f  e x c i t a t i o n  w i t h  t h e  component :

' V 11! = 1 + h Z! 0 + t 1Z12 - <Tl T2Z12Z2 l ) /(1  + T2Z2 0 + T2Z21> • (l5)

( I  / I )_ i s  t h e  r a t i o  of  t h e  r e s o n a n c e  f l u o r e s c e n t  i n t e n s i t y  ( o f  wave-  
o 2

l e n g t h  a p p r o p r i a t e  t o  D2 ) o b s e r v e d  i n  t h e  a b s e n c e  o f  f o r e i g n  gas  t o  

t h e  i n t e n s i t y  o b s e r v e d  from t h e  v a p o r  gas  m i x t u r e .  When t h e r e  i s  no 

P m ix in g  (Z 2 ~  z 2i  =  ° )»  Ecls * and  r e d u c e  t o  t h e  u s u a l

S t e rn - V o lm e r  form d e s c r i b i n g  q u e n c h in g  i n  a t w o - s t a t e  s y s t e m :

( l o / I )  =  1 +  TZ2 2 .

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

i n  t h e  f l u o r e s c e n t  l i g h t  f rom t h e  v a p o r - g a s  m i x t u r e ,  we d e f i n e  t h e  

r a t i o  o f  t h e i r  i n t e n s i t i e s  a s :

^  =  i ( d 1 ) / i ( d 2 ) , n 2 =  ’ (16)

where  t h e  component a p p e a r i n g  i n  t h e  d e n o m i n a to r s  i s ,  i n  e a ch  c a s e ,
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t h e  same a s  t h a t  u s e d  i n  t h e  e x c i t i n g  l i g h t .  E q u a t i o n s  (11)  and  ( 1 2 ) ,

and t h e i r  a n a l o g u e s  f o r  e x c i t a t i o n ,  can be u s e d  i n  c o n j u n c t i o n  w i t h
2

Eq. (16)  t o  d e r i v e  e x p r e s s i o n s  f o r  t h e  P m ix in g  c o l l i s i o n  num bers .

When D2 i s  u s e d  a s  t h e  e x c i t i n g  l i g h t :

Z21 =  ^1 ^  +  T1Z1 0 +  T1Z1 2  ̂ * 

and when i s  u s e d :

Z12 =  (T1 ) " 1 ^2 (1  +  T2Z20 +  t 2Z2 1 ) ‘ ( l 8 )

E q u a t i o n s  (17)  and  (18)  can  t h e n  be s o l v e d  f o r  Z^  and  z ^ 2 »

I n  t h e  c a s e  o f  e x c i t a t i o n  w i t h  t h e  D2 component :

Z21 = A + B Z 1 0 + C Z 20- (19>

I n  t h e  c a s e  o f  e x c i t a t i o n  w i t h  t h e  component :

Z12 =  D +  EZ2 0 + CZ10 ' ( 2 0 >

A, B, C, D and  E a r e  c o n s t a n t s  a t  any g i v e n  gas  p r e s s u r e :

a  =  ( t 2 ) - 1  (1 +  r\2 ) i (1 -  'n1'n2 ) ,

B =  T1 ^1 ̂ t 2^"1^ 1 ■ rV rV  ’

c = 'n1n2/ (1 -  r ^ n j)  » ( 21)

d = ( t ^)-1 (!  + 'njJ/d - 'n̂ 'n2) ,

e =  ? 2 r)2 ( t 1 ) _1 / ( i  -  'n1'n2 ) •

When que n c h in g  i s  n e g l i g i b l e ,  E q s .  (19)  and (20)  a r e  r e d u c e d  t o  a more

2 23
s t r a i g h t f o r w a r d  form r e p r e s e n t i n g  P m i x i n g ;  Z2  ̂ =  A and Z ^  — D

E q u a t i o n s  ( 1 4 ) ,  ( 1 5 ) ,  (19)  and (20)  p r o v i d e  t h e  c o n n e c t i o n

be tw een  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  ( ^ g / I  a n ^ 13) a n ^ c o l l i s i o n

numbers  Z , w h ic h ,  f o r  any g i v e n  p r o c e s s  a -♦ b ,  may be  d i r e c t l y  r e l a t e d ,  
ab

by a n a lo g y  w i t h  t h e  gas  k i n e t i c  c r o s s  s e c t i o n ,  t o  t h e  t o t a l  e f f e c t i v e
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c r o s s  s e c t i o n  f o r  t h e  c o r r e s p o n d i n g  i n e l a s t i c  c o l l i s i o n :

2ab =  N(M) ^  Qab  • (22)

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

by t h e  e q u a t i o n :

Vr  =  ( 8kT/rr  ^ ) 1 / 2  , (23)

where k i s  t h e  Bo ltzmann c o n s t a n t ,  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 ,  and

p. i s  t h e  r e d u c e d  m a s s .  E q u a t i o n  (22)  i n d i c a t e s  t h a t  a t  c o n s t a n t  temp

e r a t u r e ,  a p l o t  o f  Zab a g a i n s t  gas  p r e s s u r e  s h o u l d  be l i n e a r  and p a s s  

t h r o u g h  t h e  o r i g i n .  The m ix i n g  c r o s s  s e c t i o n s  anc* may be c a l 

c u l a t e d  p o i n t - f o r - p o i n t  f rom low p r e s s u r e  d a t a  where  que nc h ing  c o r r e c t 

i o n s  a r e  s m a l l  o r  by i t e r a t i v e  s o l u t i o n s  o f  Eqs .  ( 1 4 ) ,  ( 1 5 ) ,  (19) and 

( 2 0 ) on a c o m p u te r .

I t  has  been  i m p l i c i t l y  assumed i n  t h e  above  t r e a t m e n t  t h a t

t h e r e  i s  no im p r i s o n m en t  o f  r a d i a t i o n .  I f  r e s o n a n c e  r a d i a t i o n  i s

2t r a p p e d ,  t h e  e f f e c t i v e  l i f e t i m e s  o f  t h e  P l e v e l s  a r e  no l o n g e r  e q u a l  

t o  t h e i r  mean l i f e t i m e s ,  wh ich  r e s u l t s  i n  s p u r i o u s  v a l u e s  o f  t h e  c r o s s  

s e c t i o n s .
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I I I .  DESCRIPTION OF THE APPARATUS

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

and  que n c h in g  c o l l i s i o n s  i n  p o t a s s i u m  and ces ium  v a p o r s  i s  shown i n  

F i g .  2 .  The a l k a l i  r e s o n a n c e  d o u b l e t  f rom a s p e c t r a l  lamp was s e p a r a t e d  

by a monochromator  i n  s e r i e s  w i t h  an  i n t e r f e r e n c e  f i l t e r .  The mono

c h r o m a t i c  beam was t h e n  s p l i t  i n t o  two p a r t s :  one was c ondensed  i n t o

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

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

f rom t h e  l a t t e r  t u b e  was a g a i n  r e s o l v e d  i n t o  i t s  two s p e c t r a l  components  

by two i n t e r f e r e n c e  f i l t e r s  i n  s e r i e s  and  was f o c u s e d  o n t o  t h e  c a th o d e

m -

F i g .  2 .  S c h e m a t ic  d iag ram  o f  a p p a r a t u s .  A, s p e c t r a l  lamp;
B, m onochrom ato r ;  C, oven w i t h  f l u o r e s c e n c e  t u b e s ;
D, p h o t o m u l t i p l i e r  t u b e s ;  E, e l e c t r o m e t e r ;  R, r e c o r d e r ;  
S, c o a x i a l  s w i t c h ;  F^ 3> i n t e r f e r e n c e  f i l t e r s ;  L,  
l e n s e s ;  P ,  p r i s m s .

12
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o f  a c o o l e d  p h o t o m u l t i p l i e r .  A second  s i m i l a r  p h o t o m u l t i p l i e r  s e r v e d  

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

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

t h r o u g h  a c o a x i a l  s w i t c h ,  t o  a p icoam m ete r  and r e g i s t e r e d  w i t h  a 

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

The l i g h t  s o u r c e s  u s e d  i n  t h e  e x p e r i m e n t s  were  commerc ial  

Osram l am ps .  To m in im iz e  s e l f - r e v e r s a l  and keep  t h e  e m i s s i o n  l i n e s  

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

c o m p a t i b l e  w i t h  s t a b i l i t y .  The h a l f - w i d t h s  o f  t h e  p o t a s s i u m  l i n e s  were

- 1 - 1  240 . 2  cm and  0 .3  cm f o r  t h e  and l i n e s  r e s p e c t i v e l y  , and  t h o s e

-1  -1  25o f  t h e  c o r r e s p o n d i n g  c e s iu m  l i n e s  w ere  0 . 1  cm and  0 . 2  cm .

The Bausch  and Lomb monochromator  was f i t t e d  w i t h  a 1200

l ine /mm g r a t i n g  b l a z e d  a t  7500 X and  g i v i n g  a r e c i p r o c a l  d i s p e r s i o n  of

16 X/m m . The e n t r a n c e  and e x i t  s l i t s  were  s e t  a t  1 . 0  x 1 0 . 0  mm as  a

good compromise be tw een  i n t e n s i t y  and r e s o l u t i o n .  W ith  an  a p p r o p r i a t e

S p e c t r o l a b  i n t e r f e r e n c e  f i l t e r  i n  s e r i e s ,  a beam p u r i t y  o f  1 p a r t  i n

105 was o b t a i n e d  f o r  t h e  p o t a s s i u m  l i n e s .  F o r  c e s iu m ,  a S c h o t t  i n t e r -

f e r e n c e - a b s o r p t i o n  f i l t e r  gave  f u r t h e r  r e s o l u t i o n  and  b l o c k e d  second

o r d e r  g r a t i n g  t r a n s m i s s i o n s .  The r e s u l t i n g  p u r i t y  was 1 p a r t  i n  10 .

The and l i n e s  p r e s e n t  i n  t h e  f l u o r e s c e n t  l i g h t  f rom t h e  v a p o r - g a s

m i x t u r e  were r e s o l v e d  by two S p e c t r o l a b  i n t e r f e r e n c e  f i l t e r s  i n  s e r i e s ,

whose t r a n s m i s s i o n s  and r e j e c t i o n s  were m e a s u r e d  i n  s i t u .  The p o t a s s i u m
£

f i l t e r s  gave  a s p e c t r a l  p u r i t y  o f  a b o u t  1: 10  and t h e  ce s ium  f i l t e r s ,  

a p u r i t y  b e t t e r  t h a n  1 : 10^.

The d e s i g n  o f  t h e  f l u o r e s c e n c e  t u b e s ,  shown i n  F i g .  3 ,  k e p t
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r e a b s o r p t i o n  of  r e s o n a n c e  r a d i a t i o n  t o  an  a b s o l u t e  minimum by l i m i t i n g  

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

t r a v e l  t h r o u g h  t h e  a b s o r b i n g  v a p o r .  The s l i t  o f  t h e  monochrom ator  

was f o c u s e d  i n  t h e  c o r n e r  formed by t h e  e n t r a n c e  and e x i t  windows and 

a s  a r e s u l t ,  t h e  maximum d i s t a n c e  be tw e en  e i t h e r  window and t h e  o b s e r v e d  

r e g i o n  was a b o u t  1 mm. R e f l e c t i o n s  were  s u r p r e s s e d  by c o a t i n g  t h e  t u b e s  

w i t h  Aquadag,  a c o l l o i d a l  d i s p e r s i o n  o f  g r a p h i t e ,  and by fo rm in g  t h e  

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

S ide  a rm s ,  a b o u t  5 i n c h e s  l o n g  and  3 / 4  i n c h e s  i n  d i a m e t e r ,

e a c h  c o n t a i n e d  a b o u t  0 . 5  g o f  a l k a l i  m e t a l .  The t e m p e r a t u r e s  o f  t h e s e  

r e s e r v o i r s  d e t e r m i n e d  t h e  a l k a l i  v a p o r  p r e s s u r e  i n  t h e  t u b e s .  A l t h o u g h ,  

w i t h  suc h  long  s i d e  a rm s ,  i t  would be e x p e c t e d  t h a t  t h e  v a p o r  p r e s s u r e

i n  t h e  t u b e s  s h o u l d  be lower  t h a n  t h a t  p r e d i c t e d  by t h e  T a y l o r - L a n g m u i r

l INCH

F i g .  3 .  The f l u o r e s c e n c e  t u b e .  A, e n t r a n c e  window; B, e x i t  window; 
C, s i d e  arm.

26fo rm u la  ° } t h i s  was n o t  an  i m p o r t a n t  c o n s i d e r a t i o n  s i n c e ,  d u r i n g  t h e  

e x p e r i m e n t s ,  t h e  v a p o r  p r e s s u r e  was k e p t  be low 2 x 10 ^ T o r r  w h i l e  

t r a p p i n g  o f  p o t a s s i u m  and ces ium  r e s o n a n c e  r a d i a t i o n  becomes n o t i c e a b l e
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- 5  20 21on ly  a ro u n d  1 -  2 x 10 T o r r  ’ . W ith  t h e s e  low v a p o r  p r e s s u r e s

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

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

Each f l u o r e s c e n c e  t u b e  was c o n n e c t e d  t o  a vacuum and gas  

h a n d l i n g  s y s te m  by a 0 . 2  cm d i a m e t e r  c a p i l l a r y  wh ich  s u c c e s s f u l l y  p r e 

v e n t e d  m i g r a t i o n  o f  a l k a l i  v a p o r  o u t  o f  t h e  t u b e s .  Both  t u b e s  were 

mounted  i n  a common d o u b le  w a l l e d  oven c o n s t r u c t e d  o f  magnesium p l a t e  

and t r a n s i t e  b o a r d  w i t h  f i b e r - g l a s s  i n s u l a t i o n  be tw e en  t h e  w a l l s .  Four  

G e n e r a l  E l e c t r i c  s t r i p  h e a t e r s  s u p p l i e d  from a P o w e r s t a t  a u t o t r a n s f o r m e r  

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

w i t h i n  +  1°C o v e r  lo n g  p e r i o d s  o f  t i m e .  The s i d e  arms o f  t h e  t u b e s  

e x t e n d e d  t h r o u g h  t h e  bo t to m  o f  t h e  main  oven i n t o  s e p a r a t e  s m a l l e r  

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

w i t h  a s b e s t o s  r o p e .  W ate r  c i r c u l a t i n g  t h r o u g h  t h e  c o p p e r  c o i l s  f rom 

a J e n a  U l t r a t h e r m o s t a t  k e p t  t h e  t e m p e r a t u r e s  o f  t h e s e  ovens  e q u a l  and 

c o n s t a n t  t o  w i t h i n  +  0 .2 ° C .  A l l  t e m p e r a t u r e s  were  m e a s u r e d  w i t h  c a l i 

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

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

Vacuum was p r o d u c e d  i n  t h e  g l a s s  sy s te m  by an  Edwards EO-2

d i f f u s i o n  pump which  was e q u ip p e d  w i t h  a c o l d  t r a p  c o n t a i n i n g  a co p p e r

f o i l  g e t t e r ,  and was ba c ked  w i t h  an  ES-35 r o t a r y  pump. The lo w e s t

-8p r e s s u r e s  t h a t  c o u l d  be r e p e a t e d l y  o b t a i n e d  were  a b o u t  5 x 10 T o r r ,  

b u t  d u r i n g  an e x p e r i m e n t a l  r u n ,  1 x 10 T o r r  was c o n s i d e r e d  a d e q u a t e .  

Vacuum m easurem en ts  were c a r r i e d  o u t  w i t h  a GIC-110A CEC i o n i z a t i o n  

gauge  w i t h  a GIC-016 i o n  gauge  head  (10  ^ -  10 ® T o r r ) ,  and a 3294B LKB
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2 «*3Autovac  gauge  w i t h  a P i r a n i  head  (10  -  10 T o r r ) .  M o l e c u l a r  gas

p r e s s u r e s  were  r o u g h ly  m e a s u r e d  w i t h  an Edwards 8 / 2  P i r a n i  gauge 
_ 3

( l  -  10 T o r r )  w i t h  a G5B-2 P i r a n i  head and t h e n  more a c c u r a t e l y  w i t h  

a l i q u i d - a i r  t r a p p e d  CVC McLeod g a u g e ,  t y p e  GM-100A, (10  -  10 T o r r ) .  

The r e p r o d u c i b i l i t y  o f  t h e  McLeod m easu rem en ts  was b e t t e r  t h a n  t h r e e  

p e r  c e n t .

The p h o t o m u l t i p l i e r s  were 1 6 - s t a g e  ITT FW-118G t u b e s  w i t h

S - l  p h o t o c a t h o d e s  3 mm i n  d i a m e t e r .  The 1 .5  kV o p e r a t i n g  v o l t a g e  was

s u p p l i e d  by a 413-C F lu k e  r e g u l a t e d  power s u p p ly  and  r e s i s t i v e  d i v i d e r

c h a i n s  d i s t r i b u t e d  a b o u t  80 v o l t s  t o  e a c h  dynode .  Coo led t o  l i q u i d

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

-13c u r r e n t s  o f  t h e  o r d e r  o f  10 a m p e r e s .  A model 417 K e i t h l e y  High

Speed Picoammete r  f o l l o w e d  by a Days trom-W eston  10 mV s t r i p  c h a r t

-13r e c o r d e r  was c a p a b l e  o f  m e a s u r i n g  s i g n a l s  down t o  1 x 10 a m p e r e s .

The quantum e f f i c i e n c i e s  o f  t h e  S - l  s u r f a c e  f o r  and 

r a d i a t i o n  (y^ and  y ^  r e s p e c t i v e l y )  were e q u a l  f o r  t h e  p o t a s s i u m  r e s o n 

anc e  l i n e s  b u t  f o r  t h e  ce s ium  l i n e s  wh ich  a r e  f u r t h e r  a p a r t :

y^ =  0 .31  p e r  c e n t  and  y ^ = 0 . 3 5  p e r  c e n t .
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IV.  EXPERIMENTAL PROCEDURE

A f t e r  b a k in g  e a c h  f l u o r e s c e n c e  t u b e  f o r  48 h a t  200°C 

-8and  a t  a vacuum o f  6 x 10 T o r r ,  a b o u t  0 . 5  g o f  a l k a l i  m e t a l  was 

d i s t i l l e d  u n d e r  vacuum i n t o  t h e  s i d e  arms which  were  t h e n  s e a l e d  o f f .  

(Cesium, 99 .9 9  p e r  c e n t  p u r e ,  and p o t a s s i u m ,  9 9 .9 5  p e r  c e n t  p u r e ,  were 

s u p p l i e d  i n  g l a s s  ampules  by t h e  A. D. McKay Company o f  New Y o r k . )

When a l l  t h e  m e t a l  had  m i g r a t e d  t o  t h e  b a s e s  o f  t h e  s i d e  a rm s ,  t h e  

t e m p e r a t u r e  o f  t h e  t u b e s  was s t a b i l i z e d  a t  a b o u t  15°C above  t h e  temp

e r a t u r e  o f  t h e  m e t a l  r e s e r v o i r s .  F i n a l l y ,  a f t e r  o p t i m i z i n g  t h e  o p t i c a l

a l i g n m e n t  and  m e a s u r in g  t h e  f i l t e r  t r a n s m i s s i o n s ,  a v e r y  s m a l l  amount 

o f  ga s  was a d m i t t e d  i n t o  one o f  t h e  t u b e s  t h r o u g h  i t s  c a p i l l a r y  w h i l e

t h e  o t h e r  r em a ined  c o n n e c t e d  t o  t h e  vacuum s y s t e m .

L inde  M.S .C.  g r a d e  and N2 (nomina l  p u r i t y  9 9 .9 9  p e r  c e n t )  

HD (99 p e r  c e n t )  s u p p l i e d  by S t o h l e r  I s o t o p e  C h e m ic a l s ,  and Matheson 

C .P .  g r a d e  D2 ( 9 9 . 5  p e r  c e n t ) ,  were  u s e d  i n  t h e  e x p e r i m e n t s .  The 

g a s e s  were  d r i e d  by s low  p a s s a g e  t h r o u g h  a l i q u i d - n i t r o g e n  t r a p  and 

were  f u r t h e r  p u r i f i e d  by g e t t e r i n g  them w i t h  h o t  p o t a s s i u m  o r  ces ium  

f o r  s e v e r a l  d a y s .

When a component  o f  t h e  a l k a l i  r e s o n a n c e  d o u b l e t  was made 

i n c i d e n t  on b o t h  t u b e s ,  i t  was found  t h a t  t h e  r a t i o  o f  t h e  r e s o n a n c e  

f l u o r e s c e n t  i n t e n s i t i e s  f rom t h e  two t u b e s  was i n d e p e n d e n t  o f  t h e  

shape  and  i n t e n s i t y  o f  t h e  i n c i d e n t  l i n e ,  which  c o u ld  be v a r i e d  by 

c h a n g in g  t h e  o p e r a t i n g  c u r r e n t  of  t h e  Osram lamp.  The r a t i o  d i d

17
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s l i g h t l y  depend on t h e  a l k a l i  v a p o r  p r e s s u r e  b e c a u s e  o f  s m a l l  d i f f e r e n c e s  

be tw een  t h e  g e o m e t r i e s  o f  t h e  two t u b e s .  S i n c e ,  however ,  t h e  t e m p e r a 

t u r e s  o f  t h e  s i d e  arms were  q u i t e  s t a b l e ,  no s i g n i f i c a n t  e r r o r  a r o s e  

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

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

e s c e n c e  i n  t h e  g a s - f i l l e d  t u b e ,  w h ich  would  have  been  p r o d u c e d  i n  t h e  

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

from t h e  t u b e  c o n t a i n i n g  t h e  p u r e  v a p o r  and m u l t i p l y i n g  i t  by a p r e 

v i o u s l y  d e t e r m i n e d  c o n v e r s i o n  f a c t o r .  U s ing  t h i s  method t o  m easu re  

( I q/ I )  i t  was p o s s i b l e  t o  d e t e c t  a t h r e e  p e r  c e n t  d e c r e a s e  i n  t h e  

r e s o n a n c e  f l u o r e s c e n t  i n t e n s i t y .

2 2
The i n t e n s i t y  r a t i o s  r\, a p p r o p r i a t e  t o  t h e    P3 / 2

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

i n t e n s i t i e s  of  t h e  two r e s o n a n c e  components  p r e s e n t  i n  t h e  f l u o r e s c e n t  

l i g h t  em erg ing  from t h e  t u b e  c o n t a i n i n g  t h e  v a p o r - g a s  m i x t u r e .

A l l  McLeod gauge  p r e s s u r e  m easu rem en ts  were  c o r r e c t e d  f o r  

m o l e c u l a r  t r a n s p i r a t i o n  wh ich  to o k  p l a c e  i n  t h e  c a p i l l a r y  c o n n e c t i n g  

t h e  ga s  h a n d l i n g  sy s te m  t o  t h e  f l u o r e s c e n c e  t u b e  when t h e  mean f r e e  

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

Under  t h e s e  c i r c u m s t a n c e s  t h e  r a t i o  o f  t h e  p r e s s u r e  i n  t h e  t u b e ,  P t> t o
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t h e  p r e s s u r e  m e a s u r e d  a t  t h e  McLeod g a u g e ,  P , i s  g i v e n  by:

V Pm “ < V V 1/2 • (24>

where T and  T a r e  t h e  a b s o l u t e  t e m p e r a t u r e s  a t  t h e  t u b e  and  g a uge ,  

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

and  was u s u a l l y  a p p l i c a b l e  o n ly  a t  p r e s s u r e s  be low 0 , 0 5  T o r r .  No

c o r r e c t i o n s  were made f o r  t h e  s t r e a m i n g  o f  m er c u ry  v a p o r  tow ard  t h e

27 28c o l d  t r a p  o r  f o r  t h e  pumping e f f e c t  o f  t h e  McLeod gauge s i n c e  t h e

_2
e r r o r s  i n v o l v e d  a p p e a r  t o  be s m a l l  i n  t h e  p r e s s u r e  r a n g e  10 -  2 T o r r .

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

t u b e s  were  k e p t  a t  90 + 1°C and  t h e i r  s i d e  arms a t  7 0 .5  +  0 .2 °C ,  w he re as  

i n  t h e  ce s ium  e x p e r i m e n t s  t h e  t e m p e r a t u r e s  were  42 +  1°C and 3 0 .5  +  0 .2 °C ,  

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

two a l k a l i s  i s  l i s t e d  i n  T a b l e  I .

TABLE I

The D -Lines  o f  P o t a s s i u m  and Cesium

Dj_ (X) d2 (&)
Mean L i f e t i m e s  o f  t h e  

S t a t e s  (10  s e c . )

K

Cs

7699

8944

7665

8521

T1 =  T2 = 2 , 7  3 

=  3 . 8  b t 2 =  3 .3

a R e f e r e n c e  29 

k R e f e r e n c e  30
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V. SENSITIZED FLUORESCENCE AND QUENCHING IN MIXTURES 

OF POTASSIUM WITH N2 , H2 , HD AND V>2

A. The K -  N2 C o l l i s i o n  Cross  S e c t i o n s

The i n t e n s i t y  r a t i o s  T|, a r i s i n g  from t h e  c o l l i s i o n a l

2 2P^ j 2 -----  P3 / 2  e x c i t a t i o n  t r a n s f e r ,  a r e  shown a s  f u n c t i o n s  o f  N2

p r e s s u r e  i n  F i g .  4 ,  and  t h e  i n t e n s i t y  r a t i o s  a r e  s i m i l a r l y

r e p r e s e n t e d  i n  F i g .  5 .  (The n u m e r i c a l  d a t a  f o r  a l l  t h e  e x p e r i m e n t s  

a r e  c o l l e c t e d  i n  Appendix  A . )  The d e c r e a s e  i n  t h e  r e s o n a n c e  f l u o r e s 

c e n t  i n t e n s i t y  w i t h  i n c r e a s i n g  gas  p r e s s u r e ,  shown i n  F i g .  5 , i s  due 

p a r t l y  t o  r e a l  q u e n c h in g  ( r a d i a t i o n l e s s  decay  o f  K t o  t h e  g round

0.4

0.3

OR

0.2

0 1.0 20
N2 PRESSURE (Torr)

F i g .  4 .  P l o t s  o f  i n t e n s i t y  r a t i o s  and n 2 a g a i n s t  N2 p r e s s u r e  
showing s e n s i t i z e d  f l u o r e s c e n c e  i n  p o t a s s i u m .

20
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2 0

2P„ —1.5

is.)
I 2

I 0 15 2 00 0 5 1.0

N , PRESSURE (Torr)

F i g .  5 .  P l o t s  o f  i n t e n s i t y  r a t i o s  a g a i n s t  Ng p r e s s u r e  showing
c o l l i s i o n s !  d e - e x c i t a t i o n  i n v o l v i n g  b o t h  q u e n c h in g  and 
P ^ 2  -----  P3 / 2  m*x*nS p r o c e s s e s .

2
s t a t e )  b u t  i s  c a u s e d  t o  an  even  g r e a t e r  e x t e n t  by t h e  P m ix i n g  p r o c e s s  

w h ich  g i v e s  r i s e  t o  t h e  c u r v a t u r e s  i n  t h e  p l o t s ,  a s  would be e x p e c t e d  

from Eqs .  (14)  and  ( 1 5 ) .  The s l o p e s  o f  t h e  g r a p h s  a r e  a l s o  a f f e c t e d  

by two a d d i t i o n a l  f a c t o r s .  W i th  t h e  r e l a t i v e l y  b r o a d  l i n e s  u s e d  f o r  

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

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

hence  d e c r e a s e  t h e  s l o p e s  a t  h i g h e r  gas  p r e s s u r e s .  The e f f e c t s  o f

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

31s h o u l d ,  however ,  be  v e r y  s m a l l  be low a few T o r r  of  ^  . More i m p o r t 

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

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

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

2 2
The c o l l i s i o n  numbers  Z ^ Q f o r  P ^ 2 ----- > S l / 2  cJu e n c l̂ i n 8

2 2
and  Z^2 f o r  P i / 2  -----** ^ 3 / 2  e x c i t a t i o n  t r a n s f e r  a r e  p l o t t e d  a g a i n s t

N2 p r e s s u r e  i n  F i g .  6 .  The p l o t s  o f  Z2Q and  Z ^ ,  w h ich  a r e  e a s i l y  

o b t a i n e d  from t h e  r e s u l t s  c o n t a i n e d  i n  F i g s .  4 and 5,  a p p e a r  s i m i l a r .

The v a l u e s  o f  Z^2 r e p r e s e n t e d  by c r o s s e s  were  c a l c u l a t e d  p o i n t - f o r -  

p o i n t  f rom t h e  r| v a l u e s  i n  F i g .  4 ,  u s i n g  on ly  t h e  f i r s t  t e r m  i n  Eq. ( 2 0 ) .  

T h i s  t r e a t m e n t  n e g l e c t s  t h e  q u e n c h in g  e f f e c t s  t h a t  c a u s e  t h e  c u r v a t u r e  

w h ich  s e t s  i n  a ro u n d  0 . 2  T o r r .  The c i r c l e s  r e p r e s e n t  t h e  v a l u e s  o f  

t h e  c o l l i s i o n  numbers  Z^2 (and  Z^Q) o b t a i n e d  by i t e r a t i v e  s o l u t i o n s  o f  

Eqs .  ( 1 4 ) ,  ( 1 5 ) ,  (19)  and  (20)  on an IBM 1620 com pute r  ( s e e  Appendix  B ) ,  

u s i n g  a l l  t h e  d a t a  f rom F i g s .  4 and  5.  The c o l l i s i o n  numbers  t h u s  

o b t a i n e d  l i e  on t h e  b r o k e n  s t r a i g h t  l i n e  e x t r a p o l a t e d  from t h e  low 

p r e s s u r e  v a l u e s  o f  z ^ 2 > w hich  a r e  a l m o s t  c o m p l e t e l y  u n a f f e c t e d  by 

q u e n c h in g  and  w h ic h  a r e  c o n s i d e r e d  t o  be  t h e  m os t  r e l i a b l e  d a t a  o b t a i n e d  

i n  t h e s e  e x p e r i m e n t s .  The m ix i n g  c r o s s  s e c t i o n s  Q^2 and  Q2^> o b t a i n e d  

from p o i n t - f o r - p o i n t  c a l c u l a t i o n s  u s i n g  t h e  low p r e s s u r e  d a t a  be low 

0 . 2  T o r r ,  a r e  g i v e n  i n  T a b le  I I .  I t  i s  n o t e w o r t h y  t h a t  l e a s t  s q u a r e s  

a n a l y s e s  o f  t h e  Z^2 (and v a l u e s  r e p r e s e n t e d  by t h e  c i r c l e s  i n

F i g .  6 y i e l d e d  m ix i n g  c r o s s  s e c t i o n s  w i t h i n  f i v e  p e r  c e n t  o f  t h e  v a l u e s  

g i v e n  i n  t h e  t a b l e .

The que nc h ing  c r o s s  s e c t i o n s  Q^q and  Q2q> w h ic h  a r e  p r e s e n t e d  

i n  T a b le  I I I ,  we re  c a l c u l a t e d  i n  two w a ys .  They were  o b t a i n e d  d i r e c t l y  

f rom p l o t s  o f  Z ^ ( and  Z2Q) a g a i n s t  N2 p r e s s u r e ,  and  a l s o  from t h e  

d i f f e r e n c e s  be tw een  t h e  s o l i d  and b r o k e n  c u rv e s  r e p r e s e n t i n g  Z^2 ( o r  Z ^ )  

a s  o u t l i n e d  i n  Appendix  C. The two m ethods  y i e l d e d  r e s u l t s  wh ich  were
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F i g .  6. P l o t s  o f  c o l l i s i o n  numbers  Z and  Z ^  a g a i n s t  ^  p r e s s u r e ,  x ,  r e s u l t s  u n c o r r e c t e d  
f o r  q u e n c h in g ;  o ,  r e s u l t s  o b t a i n e d  from i t e r a t i v e  s o l u t i o n s  o f  E q s .  ( 1 4 ) ,  ( 1 5 ) ,  (19) 
and  ( 2 0 ) .  The b r o k e n  l i n e  ha s  been  e x t r a p o l a t e d  from low p r e s s u r e  d a t a . rou>



2 4

w i t h i n  tw e n ty  p e r  c e n t  o f  one a n o t h e r  b u t  i t  i s  b e l i e v e d  t h a t  t h e  

l a t t e r  method i s  more r e l i a b l e  s i n c e  t h e  m easu rem en ts  o f  T} i n v o l v e  

o n ly  e x c i t e d  atoms and  a r e  u n a f f e c t e d  by e i t h e r  p r e s s u r e  b r o a d e n i n g  

o r  r e a c t i v e  i m p u r i t i e s  which  combine w i t h  g round  s t a t e  p o t a s s i u m  a to m s .  

The r a t i o s  w h ic h  m us t  be  u s e d  i n  t h e  f i r s t  method  a r e  s t r o n g l y

a f f e c t e d  by such  i m p u r i t i e s  a n d ,  when q u e n c h in g  i s  s l i g h t ,  w h ich  t e n d s  

t o  be t h e  c a s e  a t  t h e  low gas  p r e s s u r e s  u s e d ,  an  e r r o r  o f  j u s t  a few 

p e r  c e n t  i n  t h e  v a l u e  o f  I q / I  i n t r o d u c e s  an  u n c e r t a i n t y  o f  30 -  50 

p e r  c e n t  i n t o  t h e  que nc h ing  c r o s s  s e c t i o n s .

B.  The K -  H j ,  K -  HD and  K -  D£ C o l l i s i o n  Cross  S e c t i o n s

The r a t i o s  T| o f  s e n s i t i z e d - t o - r e s o n a n c e  f l u o r e s c e n t  i n t e n 

s i t i e s  a r e  shown a s  f u n c t i o n s  o f  t h e  gas  p r e s s u r e s  i n  F i g s .  7 and  8,  

and t h e  r a t i o s  I q / I  a r e  p l o t t e d  a g a i n s t  p r e s s u r e  i n  F i g .  9 wh ich  i s  

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

( I q/ I ) ^  g r a p h  i s  a t t r i b u t e d  t o  c h e m i c a l l y  r e a c t i v e  i m p u r i t i e s  i n  t h e

d e u t e r i u m .  I n  t h e  c a s e  o f  t h e  ( I  / I ) 0 c u r v e ,  t h e  e f f e c t  of  t h e s eo 2
2 2

i m p u r i t i e s  i s  ou tw e ig h e d  by t h e  r e v e r s e   > P3 / 2  Pr o c e s s  w h ich

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

2
w e i g h t  o f  t h e  ^ 2 / 2  s t a t e *

F i g u r e  10 shows p l o t s  o f  t h e  c o l l i s i o n  numbers  Z ^  and 

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

numbers  i n  a l l  t h e  m i x t u r e s  w i t h  HD and  D^. As i n  t h e  K -  ^  

m i x t u r e ,  t h e  c r o s s e s  were  o b t a i n e d  from t h e  r| v a l u e s  u s i n g  o n ly  t h e  

f i r s t  t e rm  i n  Eq. ( 2 0 ) .  I n  t h e  p r e s e n t  c a s e ,  how ever ,  t h e y  do f a l l  on
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F i g ,  8 ,  P l o t s  o f  i n t e n s i t y  r a t i o s  a g a i n s t  1 ^ ,  HD and  p r e s s u r e s ,
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2 0

Q5
D2 PRESSURE (Torr)

F i g .  9 .  P l o t s  o f  i n t e n s i t y  r a t i o s  I  / I  a g a i n s t  p r e s s u r e .

t h e  b r o k e n  l i n e  e x t r a p o l a t e d  from t h e  low p r e s s u r e  d a t a ,  i n d i c a t i n g  

a much s m a l l e r  amount  o f  q u e n c h i n g .  The s c a t t e r  o f  t h e  p o i n t s  

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

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

Z ^  v a l u e s  o b t a i n e d  from i t e r a t i v e  s o l u t i o n s  ( c i r c l e s ) .  The e x c i t a 

t i o n  t r a n s f e r  c r o s s  s e c t i o n s  and .$21 anc* t l ie  q u e n c h in g  c r o s s  

s e c t i o n s  Q^q and  $ 2 0 ’ wh ich  were  c a l c u l a t e d  i n  t h e  same m anner  a s  f o r  

t h e  K -  N£ c o l l i s i o n s ,  a r e  l i s t e d  i n  T a b l e s  I I  and  I I I ,  r e s p e c t i v e l y .
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F i g .  10.

Dz PRESSURE (Torr)
P l o t s  o f  c o l l i s i o n  numbers  Z^ and Z a g a i n s t  D p r e s s u r e ,  x ,  r e s u l t s  u n c o r r e c t e d  f o r  
q u e n c h in g ;  o ,  r e s u l t s  o b t a i n e d  f rom i t e r a t i v e  s o l u t i o n s  o f  E q s .  ( 1 4 ) ,  ( 1 5 ) ,  (19)  and (20)  
The b r o k e n  l i n e  ha s  b e e n  e x t r a p o l a t e d  from low p r e s s u r e  d a t a .
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TABLE I I

C ross  S e c t i o n s  f o r  E x c i t a t i o n  T r a n s f e r  i n  K -  M o le c u le  C o l l i s i o n s

C o l l i s i o n P a r t n e r s * 1 2 ^ 1 / 2  — > 4 2 p 3/2>

(X2 )

Q21^4 P l / 2 <* 4 P3/2^

a 2 )

Q12

Q21

K - N2 9 9 .7 6 6 . 0 1 .51

K - H2 75 .6 5 3 .2 1 .4 2

K - °2 72 .2 5 0 .4 1 .4 4

K - HD 7 4 .0 4 8 .7 1 .5 2

TABLE I I I

Cross  S e c t i o n s  f o r  Quench ing  i n  K -  M o le c u l e  C o l l i s i o n s

C o l l i s i o n P a r t n e r s Q10 ^ 1 , 2 * —  42p i /2>

( £ 2 )

Q20 ^4 Sl / 2 <* 4 P3/2^

(X2 )

K - No 3 5 + 7 3 9 + 82

K - Ho 7 + 3 4 +  1 . 52 ,
K - D„ 2 + 1 1 +  0 . 52
K - HD 1 1 + 4 1 4 + 3
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V I .  SENSITIZED FLUORESCENCE AND QUENCHING IN MIXTURES OF CESIUM

WITH N2 , H2 , HD AND D2

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

2
P m ix i n g  c r o s s  s e c t i o n s  Qa j3» i t  would be n e c e s s a r y  t o  a p p l y  c o r r e c t i o n s

f o r  q u e n c h in g  a nd ,  t h e r e f o r e ,  t o  m e a s u r e  t h e  que nc h ing  c r o s s  s e c t i o n s

Q^o . The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  f o r  t h e  K -  N2 c o l l i s i o n s ,

d e s c r i b e d  i n  C h a p t e r  V, s u g g e s t  o t h e r w i s e .  I n  sy s te m s  i n  w h ich

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

and  may even  r e n d e r  t h e  m ix i n g  c r o s s  s e c t i o n s  l e s s  p r e c i s e  i f  t h e

i m p u r i t y  c o n t e n t  o f  t h e  que nc h ing  gas  i s  h i g h  ( c f .  t h e  K -  D2 r e s u l t s ) .

Even when Q , < Q, t h e  m ix in g  e f f i c i e n c i e s  may s t i l l  be  a c c u r a t e l y  ab bo

d e t e r m i n e d  w i t h o u t  p r i o r  knowledge  o f  t h e  que n c h in g  c r o s s  s e c t i o n s

s i n c e  t h e  d e - e x c i t a t i o n  e f f e c t s  e n t e r  E q s .  (19)  and (20)  o n ly  a s  second

o r d e r  c o r r e c t i o n s .  For  t h e s e  r e a s o n s  t h e  ce s ium  e x p e r i m e n t s  were

c o n d u c te d  w i t h  o n ly  one f l u o r e s c e n c e  t u b e  and no a t t e m p t  was made t o

m e a s u r e  t h e  que nc h ing  c r o s s  s e c t i o n s  d i r e c t l y .

The m e a s u r e d  r a t i o s  o f  s e n s i t i z e d - t o - r e s o n a n c e  f l u o r e s c e n t

i n t e n s i t i e s ,  T}', were m u l t i p l i e d  by t h e  a p p r o p r i a t e  f r e q u e n c y  r a t i o  of

t h e  D^ and D2 ces ium  l i n e s  and  t h e  quantum e f f i c i e n c y  r a t i o  o f  t h e

p h o t o m u l t i p l i e r  f o r  t h e s e  l i n e s  i n  a c c o r d a n c e  w i t h  Eq.  ( 1 2 ) :  r|^ =

r | ’ x 1 . 1 9 ,  r |2 =  ri2 x 0 . 8 4 .  The c o r r e c t e d  r i - v a l u e s  c o r r e s p o n d i n g  t o  

2 2P ^ 2 -----  P3 / 2  exc:*-t a t *-on t r a n s f e r  i n  ce s ium  a r e  shown a s  a f u n c t i o n

o f  N2 p r e s s u r e  i n  F i g .  11 and  a s  f u n c t i o n s  o f  H2 , HD and D2 p r e s s u r e s

29
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F i g .  11 .  P l o t s  o f  i n t e n s i t y  r a t i o s  r|^ and a g a i n s t  ^
p r e s s u r e  showing s e n s i t i z e d  f l u o r e s c e n c e  i n  c e s i u m .

i n  F i g s .  12 and  13.

The c o l l i s i o n  numbers  and Z^  were  c a l c u l a t e d  p o i n t - f o r -  

p o i n t  f rom t h e  d a t a  o f  F i g s .  11 -  13 u s i n g  on ly  t h e  f i r s t  t e rm s  i n  

E q s .  (19)  and  ( 2 0 ) .  The v a l u e s  f o r  H2 , wh ich  a r e  r e p r e s e n t a t i v e  o f  a l l  

t h e  r e s u l t s ,  a r e  p l o t t e d  a g a i n s t  H2 p r e s s u r e  i n  F i g .  14.  Here a g a i n  t h e  

b r o k e n  s t r a i g h t  l i n e  ha s  b e e n  e x t r a p o l a t e d  from t h e  low p r e s s u r e  d a t a  

where  t h e  c o l l i s i o n  numbers  a r e  l i n e a r  w i t h  p r e s s u r e .  The m ix i n g  c r o s s  

s e c t i o n s  ^ and  Q2 1 and  t h e  9u e n c h i n 8 c r o s s  s e c t i o n s  Q1q and Q2Q, which  

we re  c a l c u l a t e d  a s  i n  C h a p t e r  V, a r e  p r e s e n t e d  i n  T a b l e s  IV and V, 

r e s p e c t i v e l y .
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TABLE IV

Cross  S e c t i o n s  f o r  E x c i t a t i o n  T r a n s f e r  i n  Cs -  M o le c u le  C o l l i s i o n s

C o l l i s i o n  P a r t n e r s Q1 2 (6 P l / 2  *>6 P3/2^

(X2)
V 62p i / 2 * ~  ^ 3 / 2 >  

(X2)
Q12

Q21

Cs -  N2 4 . 7 2 5 .2 0 .1 8 6

Cs -  H2 6 . 7 4 3 .8 0 .153

Cs -  D2 4 . 2 27 .8 0 .1 51

Cs -  HD 4 . 8 32 .1 0 .149

TABLE V

C ross  S e c t i o n s f o r  Quenching  i n  Cs - M o le c u le  C o l l i s i o n s

Q10 Sl / 2 *  6 P 1 / 2  ̂ Q20 (6 S l / 2 <* 6 P3/2^C o l l i s i o n  P a r t n e r s
(X2) (X2)

Cs -  N2 62 +  19 100 +  30

C s - H 2 7 +  2 5 + 2

C s - D 2 8 + 3  7 +  5

Cs -  HD 4 + 1  3 + 2

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



V I I .  DISCUSSION OF THE RESULTS

A. Accuracy  o f  t h e  R e s u l t s

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

Q^2 anc* ^21 Was smaH-e r  t h a n  +  5 p e r  c e n t  f o r  a l l  t h e  m i x t u r e s .  The 

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

r e a d i n g s  and  t e m p e r a t u r e  m easu rem en ts  were  e s t i m a t e d  t o  be a b o u t  3 p e r  

c e n t  e a c h  and  t h e  mean l i f e t i m e s  o f  t h e  p o t a s s i u m  and  c es ium  r e s o n a n c e  

s t a t e s  were  c o n s i d e r e d  a c c u r a t e  t o  4 p e r  c e n t .  Tak ing  a c c o u n t  o f  a l l  

t h e s e  e r r o r  s o u r c e s ,  t h e  m ix in g  c r o s s  s e c t i o n s  a r e  t h o u g h t  t o  be 

c o r r e c t  w i t h i n  8 p e r  c e n t .

The que n c h in g  c r o s s  s e c t i o n s  Q^q and Q2q> w h ic h  a r e  a by 

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

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

i n  T a b l e s  I I I  and V were  e s t i m a t e d  by u s i n g  t h e  u p p e r  and low er  l i m i t s  

o f  Q^2 an<* Q2 *-n t h e  que nc h ing  c r o s s  s e c t i o n  c a l c u l a t i o n .

The b e a m - s p l i t t i n g  p r i s m  c a u s e d  a 31 p e r  c e n t  p o l a r i z a t i o n  

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

z o n t a l l y  p o l a r i z e d ) .  W ith  p u r e  p o t a s s i u m  v a p o r  i n  t h e  f l u o r e s c e n c e  

t u b e s ,  t h e  7665 & component o f  t h e  r e s o n a n c e  f l u o r e s c e n c e  was a p p r o x i 

m a t e l y  8 p e r  c e n t  p o l a r i z e d  and  t h e  7699 X component  was u n p o l a r i z e d ,  

a s  e x p e c t e d .  D e p o l a r i z i n g  c o l l i s i o n s  were e s t i m a t e d  t o  have  i n c r e a s e d  

t h e  7665 & f l u o r e s c e n t  i n t e n s i t y ,  e m i t t e d  i n  t h e  d i r e c t i o n  o f  o b s e r v a t i o n ,

35

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3 6

by a b o u t  3 p e r  c e n t  and would  t h u s  have  i n t r o d u c e d  a f u r t h e r  s l i g h t  

e r r o r  i n t o  t h e  p o t a s s i u m  r e s u l t s .  I n  t h e  ces ium  e x p e r i m e n t s  t h e  beam 

s p l i t t e r  was n o t  i n  p l a c e .  With  u n p o l a r i z e d  l i g h t  i n c i d e n t  on t h e  

f l u o r e s c e n c e  t u b e  t h e  8521 & ces ium  f l u o r e s c e n c e  was 3 p e r  c e n t  p o l a r i z e d  

and t h e  8944 i? f l u o r e s c e n c e  u n p o l a r i z e d  so  t h a t  d e p o l a r i z i n g  c o l l i s i o n s  

m ig h t  i n c r e a s e  t h e  8521 X f l u o r e s c e n t  i n t e n s i t y  by l e s s  t h a n  1 p e r  c e n t .

B. The Quenching  Cross  S e c t i o n s

The q u e n c h in g  c r o s s  s e c t i o n s  f o r  p o t a s s i u m  -  N2 , ^  and D2

c o l l i s i o n s  a r e  compared i n  T a b l e  VI w i t h  r e s u l t s  o b t a i n e d  from i n v e s t i -

7 8g a t i o n s  o f  f l a m e s  , p h o t o l y s i s  o f  KI and  c o n v e n t i o n a l  i n t e n s i t y
9

m ea su rem e n ts  . I t  s h o u l d  be b o r n e  i n  mind  t h a t  none o f  t h e  o t h e r  

a u t h o r s  a t t e m p t e d  t o  s e p a r a t e  t h e  two components  o f  t h e  p o t a s s i u m  

r e s o n a n c e  d o u b l e t  and t h a t  e a c h  o f  t h e  q u o t e d  v a l u e s  s h o u l d  t h u s  be 

e x p e c t e d  t o  l i e  somewhere be tw een  o u r  Q ^  and  0.2Q- The a g re e m e n t  

be tw e en  ou r  hyd rogen  and  d e u t e r i u m  r e s u l t s  w i t h  t h o s e  o f  r e f e r e n c e  9,  

w h ic h  were  o b t a i n e d  u n d e r  s i m i l a r  c o n d i t i o n s ,  i s  e n c o u r a g i n g .  I t  

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

w i t h  d e c r e a s i n g  v e l o c i t y .  S i m i l a r  b e h a v i o u r  ha s  been  o b s e r v e d  ove r  

l i m i t e d  v e l o c i t y  r a n g e s  i n  sodium q u e n c h in g  e x p e r i m e n t s ^ .  The i m p l i c a t i o n  

i s  t h a t  t h e  que nc h ing  p r o c e s s  i s  c a r r i e d  o u t  w i t h  t h e  e x p e n d i t u r e  of  

l i t t l e  o r  no a d d i t i o n a l  e n e r g y .

W ith  t h e  p o s s i b l e  e x c e p t i o n  o f  t h e  Cs -  s y s te m  t h e r e  

seems t o  be no c o n s p ic u o u s  d i f f e r e n c e  be tw een  t h e  two c r o s s  s e c t i o n s  

and  Q2Q f o r  any p a r t i c u l a r  g a s .  The re  i s  a l s o  no a p p r e c i a b l e
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TABLE VI

R e p o r t e d  Quenching  Cross  S e c t i o n s  f o r  K -  M o le c u le  C o l l i s i o n s  

a t  V a r io u s  Average  R e l a t i v e  V e l o c i t i e s  V^

Quenching

S p e c i e s
R e f e r e n c e

V
5 r

(10  c m / s e c . )

C ross  S e c t i o n

( X 2 )

N2 8 1 .62 10

N2 7 1 .58 18

N2 7 1.51 19

N2 8 1.31 21

N2
8 0 .91 20

N2 This I n v e s t i g a t i o n 0 .69 Q1 0 = 3 5  Q2 0 = 39

H2 7 4 .8 1 3 . 4

H2
7 4 .5 3 3 . 7

H2 This I n v e s t i g a t i o n 2 .0 0 ^ 10  =  7 ^ 20  =  4

H2 9 1 .96 6 .2

°2 Th is I n v e s t i g a t i o n 1 .4 5

pHIIoC
M

O
'

C
MIIOI—1

O
'

° 2 9 1 .4 2 4 . 5
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v a r i a t i o n  ( w i t h i n  e r r o r )  among t h e  and  HD c r o s s  s e c t i o n s  f o r

q u e n c h in g  o f  p o t a s s i u m  o r  ces ium  r e s o n a n c e  r a d i a t i o n .  These  two f a c t s  

imply  t h a t  r e s o n a n t  t r a n s f e r  o f  e l e c t r o n i c  t o  v i b r a t i o n a l  e n e rg y  does

n o t  p l a y  a m a jo r  r o l e  i n  d e t e r m i n i n g  t h e  s i z e s  o f  t h e  que n c h in g  c r o s s

2 - 1  s e c t i o n s .  The P c es ium  l e v e l s  a r e  a t  11 ,181  and 11 ,735  cm w h i l e

t h e  p o t a s s i u m  l e v e l s  a r e  a t  12 ,989  and 13 ,047  cm” '*'. The v =  3 l e v e l  o f

H2 , f o r  exam ple ,  ha s  an  e n e rg y  of  11 ,782  cm I f  v i b r a t i o n a l  r e s o n a n c e s

2
i n v o l v i n g  t h e s e  l e v e l s  d e t e r m i n e d  t h e  que nc h ing  mechanism t h e  ces ium  P 

2
s t a t e s ,  and  t h e  s t a t e  ■'■n p a r t i c u l a r ,  s h o u l d  be  quenched f a r  more

by hyd rogen  t h a n  t h e  p o t a s s i u m  s t a t e s ;  t h i s  i s ,  i n  f a c t ,  n o t  t h e  c a s e .

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

q u e n c h in g  p r o c e e d s  by way o f  an  i n t e r m e d i a t e  complex .  As a l r e a d y

n o t e d ,  t h e  r o l e  o f  s u c h  a complex i n  Na"-  ^  quench ing  c o l l i s i o n s  has

16 17b e e n  c o n s i d e r e d  i n  d e t a i l  by Magee and  Ri  and  L a i d l e r  . I n  Magee 

and  R i ' s  t r e a t m e n t  t h e  c r i t i c a l  s t a t e  o f  t h e  complex c o r r e s p o n d s  t o  

t h e  t o p  o f  t h e  r o t a t i o n a l  e n e rg y  b a r r i e r .  The c r o s s  s e c t i o n  f o r  

q u e n c h in g  i s  e s t i m a t e d  by assum ing  t h a t  complexes w i t h  r o t a t i o n a l  e n e rg y  

be low a s p e c i f i c  v a l u e  have d u r i n g  t h e i r  l i f e t i m e  a p r o b a b i l i t y  of  

t r a n s i t i o n  t o  t h e  g round  s t a t e  (by way o f  an  i o n i c  s t a t e )  c l o s e  t o  

u n i t y .  L a i d l e r  r e l a t e s  t h e  que nc h ing  c r o s s  s e c t i o n  t o  t h a t  s e p a r a t i o n  

o f  Na and H2 which  p e r m i t s  ’ c o n t a c t ’ be tw e en  t h e  e x c i t e d  and  i o n i c  

(Na+  +  ^ 2” ) p o t e n t i a l  e n e rg y  s u r f a c e s .  Both  a p p r o a c h e s  r e q u i r e  an 

e x t e n s i o n  o f  t h e  H -  H bond t o  a l l o w  f o r m a t i o n  of  t h e  i o n i c  complex.

Magee and Ri i n d i c a t e  t h a t  t h e  que n c h in g  c r o s s  s e c t i o n s  o f  p o t a s s i u m  

and ces ium  s h o u l d  be l e s s  t h a n  t h a t  o f  sodium w he re as  L a i d l e r ’ s t r e a t m e n t
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s u g g e s t s  t h e  o p p o s i t e .  S in c e  r e c e n t  d e t e r m i n a t i o n s  o f  t h e  Na -

q u e n c h in g  c r o s s  s e c t i o n  show i t  t o  be l a r g e r  th a n  t h e  p o ta s s iu m  and

33
c es ium  c r o s s  s e c t i o n s  , Magee and R i ’ s i n t e r p r e t a t i o n  seems t o  be

p r e f e r r e d .

2
The q u e n c h in g  c r o s s  s e c t i o n s  a r e  s m a l l e r  t h a n  t h e  P

m ix in g  c r o s s  s e c t i o n s ,  t h e  lo n e  e x c e p t io n  b e in g  t h a t  o f  Cs -  q u e n c h in g .

Thus t h e  r e g i o n s  o f  t h e  p o t e n t i a l  e n e rg y  s u r f a c e s  c o r r e s p o n d in g  t o  t h e

q u e n c h in g  and  m ix in g  t r a n s i t i o n s  a r e  p r o b a b ly  w e l l  s e p a r a t e d .  T here  i s

2
a l s o  no c o n c lu s i v e  e v id e n c e  t h a t  e i t h e r  o f  t h e  P j  l e v e l s  i s  more

s u s c e p t i b l e  t o  q u e n c h in g  th a n  t h e  o t h e r .  I t  seem s, t h e r e f o r e ,  t h a t  once

2 2
t h e  r e g i o n  r e s p o n s i b l e  f o r  t h e ------------ -----  P3 / 2  t r a n s i t *ons ^a s  been

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

2 +  2com plex  ( E and tt f o r  a l i n e a r  com plex) a r e  e q u a l l y  l i k e l y  t o  be

2
p o p u l a t e d  so  t h a t  i t  s h o u ld  make l i t t l e  d i f f e r e n c e  w h ich  o f  t h e  P j  l e v e l s

had  b e e n  o r i g i n a l l y  e x c i t e d .  The Cs -  r e s u l t s  a r e  anom alous i n  t h a t

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

2t h e  q u en ch in g  c r o s s  s e c t i o n s .  T h e r e f o r e  i f  one o f  t h e  P j  s t a t e s  w e re ,

i n  f a c t ,  m ore s t r o n g l y  quenched  t h a n  t h e  o t h e r ,  t h e  e f f e c t  s h o u ld  be

d e t e c t a b l e  i n  t h i s  s y s te m .  A lth o u g h  t h e  l a r g e  e r r o r s  i n  t h e  q u en ch in g

c r o s s  s e c t i o n s  r e p o r t e d  h e re  p r o h i b i t  a m e a n in g fu l  c o n c lu s i o n  on t h i s  

2
p o i n t ,  t h e  s t a t e  o f  c e s ium  does  seem t o  be more s t r o n g l y  quenched

by N£. I t  m ig h t  be  i n t e r e s t i n g  t o  exam ine t h e  Cs -  q u e n c h in g  r e a c t i o n  

w i t h  a m ore a c c u r a t e  t e c h n i q u e ,  su ch  a s  t h e  m ethod o f  d e la y e d  c o in c i d e n c e s  

d e s c r i b e d  i n  r e f e r e n c e  33 , t o  s e e  i f  t h i s  i s  in d e e d  t h e  c a s e .
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2
C. The P M ixing  C ross  S e c t io n s

2The p o ta s s iu m - m o le c u le  P m ix in g  c r o s s  s e c t i o n s  an<* 

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

c o r r e s p o n d in g  p o t a s s i u m - i n e r t  g as  c r o s s  s e c t i o n s * - . A s i m i l a r  r e l a t i o n 

s h ip  i n  t h e  c a s e  o f  so d iu m -m o le c u le  c o l l i s i o n s  can  be deduced  from 

L o c h t e - H o l tg r e v e n ’ s r e s u l t s .  T h is  s u g g e s t s  t h a t  t h e  i n t e r a c t i o n  w hich  

c a u s e s  s p i n - o r b i t  d e c o u p l in g  i n  an  e x c i t e d  a l k a l i  atom  i s  n o t  a p p r e c i a b l y  

s t r o n g e r  f o r  n o n p o la r  d i a to m ic  m o le c u le s  t h a n  f o r  i n e r t  g a s  a to m s .  The 

a l k a l i - m o l e c u l e  i n t e r a c t i o n  i s  p ro b a b ly  a q u a d r u p o le - q u a d r u p o le  ty p e

o f  i n t e r a c t i o n  w i t h  an  r  ^ p o t e n t i a l  w h e re as  t h e  a l k a l i - i n e r t  gas

- 6  34i n t e r a c t i o n  has  a van  d e r  W a a ls '  p o t e n t i a l  v a r y i n g  a s  r  o r  f a s t e r

The p o ta s s iu m  m ix in g  c r o s s  s e c t i o n s  a p p e a r  t o  e x h i b i t  a s l i g h t  b u t

d i s t i n c t  c o r r e l a t i o n  w i t h  t h e  m o le c u la r  r o t a t i o n a l  l e v e l s .  The somewhat

l a r g e r  K -  ^  c r o s s  s e c t i o n s  may w e l l  be  due t o  t h e  f a c t  t h a t  th e

( J  =  6 ) -----  ( J  =  8 ) t r a n s i t i o n  i n  ^  h a s  an  e n e rg y  o f  60 cm” '*' w h i l e

t h e  e n e rg y  d e f e c t ,  AE, be tw een  t h e  p o ta s s iu m  r e s o n a n c e  l e v e l s  e q u a ls

58 cm"*'. The c r o s s  s e c t i o n s  f o r  l ^ ,  and HD, none o f  w h ich  has

r o t a t i o n a l  t r a n s i t i o n s  i n  t h i s  e n e rg y  r a n g e ,  a r e  a l l  s m a l l e r  and a r e

e q u a l  w i t h i n  e x p e r im e n ta l  e r r o r .  T h is  l a t t e r  p o i n t  i n d i c a t e s  t h a t  t h e

i n t e r a c t i o n  mechanism  f o r  ^P m ix in g  i s  t h e  same f o r  t h e s e  i s o t o p i c

m o le c u le s ,  w hich  m ig h t  be e x p e c te d  b e c a u s e  and HD have  s i m i l a r

e l e c t r o n i c  s t r u c t u r e s .  The f a c t  t h a t  t h e  en e rg y  d e f e c t  i n  p o ta s s iu m  i s

l e s s  t h a t  kT (253 cm” *') would t e n d  t o  m in im iz e  t h e  e f f e c t  o f  a r e s o n a n c e

w i t h  t h e  r o t a t i o n a l  t r a n s i t i o n s  s i n c e ,  w i t h  t h e  a v a i l a b l e  e x c e s s  o f
2

t r a n s l a t i o n a l  k i n e t i c  e n e rg y ,  P m ix in g  w ould  n o t  depend e x c l u s i v e l y  on
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a c o n c u r r e n t  r o t a t i o n a l  t r a n s i t i o n  t a k i n g  p l a c e  i n  t h e  p a r t i c i p a t i n g

m o le c u le .  I f  su ch  a r e s o n a n t  t r a n s f e r  o c c u r r e d ,  a more p ro n o u n ce d

e f f e c t  w ould  be e x p e c te d  i n  t h e  c e s iu m -m o le c u le  m ix in g  c o l l i s i o n s  w here

t h e  e n e rg y  d e f e c t  i s  two and o n e - h a l f  t im e s  l a r g e r  t h a n  kT .

The c e s iu m -m o le c u le  m ix in g  c r o s s  s e c t i o n s  a r e  f i v e  o r d e r s

o f  m a g n i tu d e  l a r g e r  t h a n  t h e  c e s i u m - i n e r t - g a s  m ix in g  c r o s s  s e c t i o n s ^ - .

Such a l a r g e  d i s p a r i t y  be tw een  th e  m ix in g  e f f i c i e n c i e s  o f  m o le c u le s  and

i n e r t - g a s  atom s c a n n o t  be a t t r i b u t e d  t o  t h e i r  d i f f e r e n t  i n t e r a c t i o n

p o t e n t i a l s  s i n c e  no su c h  v a s t  d i f f e r e n c e  i n  t h e  m ix in g  c r o s s  s e c t i o n s

was o b s e rv e d  i n  t h e  p o ta s s iu m  ( o r  sodium ) s y s te m s .  The d e te r m in in g

2
f a c t o r  seems t o  be t h a t  t h e  e n e rg y  d e f e c t  be tw een  t h e  c es ium  P s t a t e s ,  

w hich  e q u a l s  554 cm” '*', f a l l s  w i t h i n  t h e  e n e rg y  r a n g e  o f  t h e  m o le c u la r  

r o t a t i o n a l  l e v e l s .  The r o t a t i o n a l  l e v e l s  i n  ^  a r e  a l t o g e t h e r  to o  

c l o s e l y  s p a c e d  t o  p e r m i t  any s h a rp  r e s o n a n c e  e f f e c t  c o r r e s p o n d in g  t o  a

p a r t i c u l a r  r o t a t i o n a l  t r a n s i t i o n .  I n  how ever ,  t h e  t r a n s i t i o n

-1  2 ( J  =  1) -----  ( J  =  3) h a s  an  e n e rg y  o f  587 cm , c l o s e  enough t o  t h e  P

e n e rg y  d e f e c t  t o  e n v i s a g e  t h e  p o s s i b i l i t y  o f  a r e s o n a n c e .  E v id e n ce  i n

f a v o r  o f  su c h  a r e s o n a n c e  i s  p r o v id e d  by t h e  f a c t  t h a t  t h e  Cs -

c r o s s  s e c t i o n  i s  l a r g e r  t h a n  t h e  c o r r e s p o n d in g  Cs -  ^  c r o s s  s e c t i o n

w h e re as  t h e  o p p o s i t e  i s  t r u e  w i t h  t h e  K -  ^  and K -  s y s te m s .

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

l e n t  by t h e  v a r i a t i o n  i n  t h e  Cs -  H^, l>2 and  HD m ix in g  c r o s s  s e c t i o n s

w h ic h ,  u n l i k e  th e  same c r o s s  s e c t i o n s  i n  p o t a s s iu m ,  a r e  n o t  e q u a l  even

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

t h e  a l k a l i - m o l e c u l e  i n t e r a c t i o n  p o t e n t i a l s  w ere  s i m i l a r  f o r  H2 , an<*
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HD a r a t h e r  s t r o n g  dependence  o f  t h e  ces ium  m ix in g  c r o s s  s e c t i o n s  on th e

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

t h e r e  a r e  no p o t e n t i a l  c u rv e  c r o s s i n g s  i n  t h e  r e g i o n  r e s p o n s i b l e  f o r

m ix in g  and  t h a t  r o t a t i o n a l  t r a n s i t i o n s  do o c c u r  i n  t h e  m ix in g  p r o c e s s ,

t h e  m a g n i tu d e  o f  t h e  c r o s s  s e c t i o n  s h o u ld  be l a r g e l y  d e te r m in e d  by

t h e  d i f f e r e n c e  be tw een  t h e  amount o f  e n e rg y  r e l e a s e d  i n  t h e  cesium  

2 2
P3 / 2  t r a n s i t *on anc* th® e n e rg y  t h a t  t h e  c o l l i d i n g  m o le c u le

may t a k e  up i n  a r o t a t i o n a l  t r a n s i t i o n .  T h is  e n e rg y  d i f f e r e n c e ,

would  have  t o  be g iv e n  t o  o r  t a k e n  from  t h e  t r a n s l a t i o n a l  k i n e t i c  en e rg y

35con tinuum  a n d ,  a c c o r d in g  t o  F r a n c k ’ s r u l e  , t h e  c r o s s  s e c t i o n  f o r  su ch  

a p r o c e s s ,  a ,  s h o u ld  have  t h e  f o l l o w i n g  d ependence  on t h e  a b s o l u t e  v a lu e  

o f  8E:

a  oC (8E ) " a  , (25)

36w here  a  i s  a c o n s t a n t .  C z a jk o w sk i ,  M c G i l l i s  and K ra u se  have  shown

t h a t  su c h  a r e l a t i o n  d e s c r i b e s  t h e  r e s o n a n t  e n e rg y  t r a n s f e r  c r o s s  s e c t i o n s

i n  Rb -  Cs c o l l i s i o n s  w i t h  a =  2 .1  +  0 . 1 .  The m ix in g  c r o s s  s e c t i o n s

f o r  c o l l i s i o n s  be tw een  ces ium  and and HD m o l e c u l e s ,  c o u ld  a l s o  be

d e s c r i b e d  by Eq. (25) i f  a r e s o n a n t  t r a n s f e r  o f  e n e rg y  i n t o  m o le c u la r

r o t a t i o n  does  t a k e  p l a c e .  We s h a l l  examine t h e s e  sy s te m s  more c l o s e l y

t o  s e e  i f  t h i s  i s  t h e  c a s e .

A m o le c u le  w h ich  i s  i n v o lv e d  i n  a m ix in g  c o l l i s i o n  may

I n i t i a l l y  occupy any one o f  a number o f  r o t a t i o n a l  l e v e l s  and c o n s e q u e n t ly

t h e  m ea su red  c o l l i s i o n  numbers Z r e p r e s e n t  t h e  sum o f  t h e  c o l l i s i o n

numbers f o r  m o le c u le s  i n  t h e  v a r i o u s  r o t a t i o n a l  s t a t e s  J  : Z =  E Z .
J  J

2 2
T h e r e f o r e  t h e  t o t a l  c o l l i s i o n  number Z ^  f o r  t h e  P l / 2 <* P3 /2  m ix i n 8
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p r o c e s s  can  be  w r i t t e n  a s :

w here  a T i s  t h e  P m ix in g  c r o s s  s e c t i o n  a p p r o p r i a t e  t o  a

( 2 6 )

m o le c u le  i n  t h e  J t h  r o t a t i o n a l  s t a t e  a t  t h e  t im e  o f  t h e  c o l l i s i o n  and

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

m o le c u le  t o  make a t r a n s i t i o n  from t h e  r o t a t i o n a l  s t a t e  J  t o  a s t a t e  o f  

h i g h e r  e n e rg y  J r . I t  i s  assum ed t h a t  i n t e r c o m b i n a t i o n s  be tw een  sym m etr ic  

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

a l lo w s  o n ly  AJ =  2 t r a n s i t i o n s  i n  H2 and  D^. I n  t h e  c a s e  o f  HD, 

t r a n s i t i o n s  w i t h  AJ =  1 ,2  a r e  a l l o w e d .  When (S E ) j  i s  g r e a t e r  th a n  

z e r o ,  t h e  B oltzm ann f a c t o r  e x p [ - ( § E ) j / k T j  s h o u ld  be i n c l u d e d  i n  Eq. (28) 

s i n c e  t h i s  amount o f  e n e rg y  m ust  th e n  be  s u p p l i e d  by t h e  t r a n s l a t i o n a l  

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

Nj i s  t h e  number o f  m o le c u le s  i n  t h e  J t h  s t a t e .  The sum o v e r  J  s h o u ld

a t  t h e  t e m p e r a t u r e  o f  t h e  f l u o r e s c e n c e  tu b e  (3 1 4 °K ) .  The m ea su red

t o t a l  c r o s s  s e c t i o n  Q2  ̂ can  be t h e n  e x p r e s s e d  a s :

Qn  oc  E (N j/N ) O j  , (27)

o r ,  u s i n g  Eq. ( 2 5 ) ;

Q21 =  k  E (Nj/N) ( 8E )‘ a  , (28)

w here  k i s  a p r o p o r t i o n a l i t y  c o n s t a n t  and  ( 8E ) j  r e f e r s  t o  t h e  d i f f e r e n c e

2
be tw een  t h e  ces ium  P e n e rg y  d e f e c t  and  t h e  e n e rg y  r e q u i r e d  f o r  t h e

The number o f  m o le c u le s  i n  t h e  r o t a t i o n a l  l e v e l  J  o f  

t h e  lo w e s t  v i b r a t i o n a l  s t a t e  a t  t h e  t e m p e r a tu r e  T(°K) i s  g iv e n  by :

Nj =  (N/Qr ) ( 2t +  1 ) ( 2 J +  1 ) exp [ - F ( J ) / k T ]  . (29)
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F ( J ) i s  t h e  e n e rg y  ( i n  cm"M o f  t h e  J t h  r o t a t i o n a l  l e v e l  r e f e r r e d  t o  

t h e  J  =  0 l e v e l  and t ,  t h e  quantum number o f  t h e  t o t a l  n u c l e a r  s p in  o f  

a h o m onuc lea r  m o le c u le ,  i s  g iv e n  by:

t  =  21, 21 - 1 , . . .  , 0 , (30)

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

h e t e r o n u c l e a r  m o le c u le  HD t h e  e x p r e s s i o n  ( 2 t  +  1) m ust be r e p l a c e d  by 

t h e  f a c t o r  ( 21  ̂ +  1 ) ( 212 +  1 ) w here  and  I 2 a r e  t h e  n u c l e a r  s p in s  o f  

t h e  two n u c l e i .  The r o t a t i o n a l  p a r t i t i o n  f u n c t i o n  QR i s  g iv e n  by th e  

sum:

Q_ =  E ( 2 t +  1) ( 2 J +  1) exp [ - F ( J ) / k T ]  . (31)
K J

The r a t i o  o f  t h e  number o f  m o le c u le s  i n  t h e  J t h  r o t a t i o n a l  l e v e l  t o  t h e

t o t a l  number o f  m o le c u le s  (N ^/N ), w h ich  a p p e a r s  i n  Eq. (28) can  be

c a l c u l a t e d  from E q s .  (29) -  (31) u s i n g  t h e  s p e c t r o s c o p i c  d a t a  g iv e n  by 

37H e rz b e rg  f o r  t h e  m o le c u le s  H2 , D2 and HD.

I n  o r d e r  t o  c a l c u l a t e  t h e  8E dependence  o f  t h e  p a r t i a l

c r o s s  s e c t i o n s  a T from  Eq. (28) t h e  p r o p o r t i o n a l i t y  c o n s t a n t  k  m ust  be

known. I n  v iew  o f  t h e  e q u a l i t y  o f  t h e  K -  H2 , K -  D^ and K -  HD m ix in g

c r o s s  s e c t i o n s ,  w here  no r e s o n a n t  t r a n s f e r  o f  e n e rg y  i s  e v i d e n t ,  i t  has

b e e n  c o n c lu d e d  t h a t  t h e  v a lu e  o f  k  m ust be t h e  same f o r  a l l  t h r e e

m o l e c u l e s .  U s ing  i n  Eq. (28) t h e  e x p e r im e n ta l  v a l u e s  o f  Q21 f o r  th e

Cs -  H2 , Cs -  D2 and  Cs -  HD c o l l i s i o n s  and im p o s in g  t h e  c o n d i t i o n  t h a t

k be t h e  same i n  a l l  t h r e e  s y s te m s ,  t h e  v a lu e s  o f  k and  a  w ere  found  t o

-13b e :  k  =  1 .4 7  x 10 , and a =  0 .8 5  + 0 .1 0  so  t h a t  t h e  p a r t i a l  c r o s s

2 2
s e c t i o n  f o r    **3 / 2  mix i n 8 can  be e m p i r i c a l l y  r e p r e s e n t e d  by

t h e  e q u a t i o n :
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4 5

CTj =  1 .4 7  (SE ) " °* 85 x 10"13 cm2 . (32)

The d e g re e  t o  w hich  t h i s  e x p r e s s i o n  a p p ro x im a te s  t h e  e x p e r im e n ta l

r e s u l t s  can  be ju d g e d  from T a b le  V II  w here  a co m p a r iso n  i s  made be tw een

t h e  e x p e r im e n ta l  t o t a l  c r o s s  s e c t i o n s  and  t h o s e  c a l c u l a t e d  on th e

b a s i s  o f  E q s .  (28) and ( 3 2 ) .  Even th o u g h  t h e  e x p e r i m e n t a l  c r o s s  s e c t i o n s

w ere  u s e d  t o  f i n d  t h e  p a r a m e te r s  k  and a, t h e  c l o s e  f i t  w h ich  i s  o b t a i n e d

i n d i c a t e s  t h a t  Eq. (28) does d e s c r i b e  t h e  Cs -  H2> Cs -  D2 and Cs -  HD

m ix in g  c o l l i s i o n s .  I n c lu d e d  i n  T a b le  V II  a r e  t h e  c a l c u l a t e d  c r o s s  

2 2
s e c t i o n s  f o r    ^ 3 / 2  m*x*n8 *n c e sium  in d u c e d  by o r t h o  and p a r a

h y d ro g en  c o l l i s i o n s  a t  314°K. These  c r o s s  s e c t i o n s  have  n o t  y e t  been

m ea su red  b u t  t h e i r  d e t e r m i n a t i o n  s h o u ld  c l a r i f y  t h e  r o l e  t h a t  t h e
2

m o le c u la r  r o t a t i o n a l  l e v e l s  p l a y  i n  t h e  P m ix in g  p r o c e s s .  I t  d o e s ,

how ever ,  a p p e a r  t h a t  t h e  a v a i l a b i l i t y  o f  r o t a t i o n a l  l e v e l s  i n  t h e  r a n g e

2 2 o f  t h e  P e n e rg y  d e f e c t  g r e a t l y  i n c r e a s e s  t h e  P m ix in g  p r o b a b i l i t y

TABLE V II

C o l l i s i o n «ai ( S >2 «ai 11)2
P a r t n e r s C a l c u l a t e d E x p e r im e n ta l

Cs -  H2 44 4 3 .8

Cs -  D2 27 2 7 .8

Cs -  HD 33 3 2 .1

C s-p -H 2
( J  =  0 -----  J  =  2)

16 —

C s-o-H 2 

( J  =  1 -----  J  =  3)
65 - -
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and  t h a t  r o t a t i o n a l  t r a n s i t i o n s  do o c c u r .

R e g a r d le s s  o f  t h e  m ix in g  m echanism  i t  i s  e x p e c t e d  from th e  

p r i n c i p l e  o f  d e t a i l e d  b a l a n c i n g  t h a t  t h e  r a t i o  o f  Q ^ A ^ l  s h o u ld  be 

g iv e n  by :

Q12/Q21 =  (§ 2 / 8 l ) exp C-AE/kT] , (33)

2 2
w here  g^ and  g ^ a r e  t h e  s t a t i s t i c a l  w e ig h ts  o f  t h e  p^ 2  an(* **3 / 2

s t a t e s  ( g^ =  2; an<* AE i s  t h e  e n e rg y  d e f e c t  be tw een  them . The

e x p e c t e d  r a t i o s  o f  ^ ° r  Po t a s s -̂um anc* c e s i-um a r e  t h e r e f o r e  1 .59

and 0 .1 5 9 ,  r e s p e c t i v e l y .  I t  can  be s e e n  from  T a b le s  I I  and  IV t h a t  

t h e  e x p e r im e n ta l  r a t i o s  o f  Q ^ A ^ l  a r e  i-n  good a g re e m e n t  w i t h  t h o s e  

p r e d i c t e d  by Eq. ( 3 3 ) .

2
The Cs -  P m ix in g  c r o s s  s e c t i o n s  a r e  a b o u t  two o r d e r s  o f  

m a g n i tu d e  l a r g e r  t h a n  would be e x p e c te d  from  Eq. ( 3 2 ) .  The r e a s o n  f o r  

t h i s  may be c o n n e c te d  w i t h  t h e  a s s u m p t io n ,  made i n  t h e  p r e c e d in g  t r e a t 

m ent o f  t h e  Cs -  ^2 anc* ^  c r o s s  s e c t i o n s ,  t h a t  t h e r e  i s  l i t t l e

te n d e n c y  to w a rd s  a c r o s s i n g  o f  t h e  p o t e n t i a l  e n e rg y  c u rv e s  o f  t h e  i n t e r -

2 2
m e d ia te  complex t h a t  c o r r e l a t e  w i t h  t h e  ce s iu m  ^ 1/ 2  an(* ^ 3 / 2  s t a t e s #

13D ic k e n s ,  L i n n e t t  and S o v e rs  have  shown t h a t  o n ly  u n d e r  t h e s e  c i r c u m 

s t a n c e s  can  a c o r r e l a t i o n  be e x p e c te d  be tw een  t h e  e f f i c i e n c y  o f  en e rg y  

t r a n s f e r  and t h e  c o in c i d e n c e  o f  a m o le c u la r  e n e rg y  l e v e l  w i t h  t h e  en e rg y  

d i f f e r e n c e  b e tw een  t h e  i n i t i a l  and f i n a l  e l e c t r o n i c  s t a t e s .  I t  would 

seem t h a t  i n  th e  Cs -  ^  sy s te m  t h e r e  i s  a n e a r  c r o s s i n g  o f  t h e  ^P^ 

p o t e n t i a l  en e rg y  c u r v e s :  t h e  Cs -  ^  sy s te m  i s  t h e  o n ly  sy s te m  i n  w hich  

t h e  q u e n c h in g  r e a c t i o n ,  w hich  i s  p resum ed  t o  p ro c e e d  by way o f  p o t e n t i a l  

c u rv e  c r o s s i n g s ,  i s  m ore e f f i c i e n t  t h a n  t h e  m ix in g  r e a c t i o n .  I n  t h i s
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2
c a s e  t h e n ,  m ix in g  be tw een  th e  P s t a t e s  may w e l l  be a c c o m p lis h e d  by 

a m echanism  s i m i l a r  t o  t h a t  o f  t h e  q u e n c h in g  r e a c t i o n .
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APPENDIX A

P (T o r r )

.025

.041

.096

.117

.1 2 0

.1 4 0

.1 6 0

.182

.183

.186

.210

.2 8 0

.312

.315

.3 2 0

.355

.366

.395

.421

.447

.463

.477

.495

.525

.535

.603

.636

.6 6 0

.705

.7 6 0

.822

.835

.9 5 0

.955

.9 7 0
1 .0 3 0
1 .0 5 0
1 .0 6 0
1 . 11 0
1 .1 2 0
1 .2 0 0

EXPERIMENTAL DATA 

K -  HD DATA

i'll \

.0144

.0219

.0534

.0593

.0644

.0722

.0828

.0945

.0887

.0884

.1057

.1303

.1460

.1460

.1430

.1570

.16 1 0

.1767

.1703

.1875

.1800

.1930

.19 6 0

.2075

.2060

.2245

.2385

.2335

.2 3 3 0

.2445

.2720

.2 6 7 0

.2685

.2855

.2855

.2942

.29 4 0

.2970

.29 9 0

.2935

.3165

.0225

.0350

.0805

.0950

.0965

.1220

.1290

.1460

.1 4 7 0

.1500

.1650

.2100

.2350

.2350

.2350

.2560

.2610

.2 8 1 0

.2900

.3010

.3130

.3160

.3260

.3475

.3600

.3890

.3990

.4010

.4225

.4310

.4440

.4440

.4990

.4990

.5050

.5200

.5140

.5140

.5340

.5340

.5740

1 .0 6 2 0
1 .0 5 0 0
1.1020
1 .1 5 0 0
1 .1 6 0 0
1 .1 9 8 0
1 .1 8 1 0
1.2200
1.2220
1 .2 2 5 0
1 .2 6 3 0
1 .3 2 5 0
1 .3 5 0 0
1 .3 6 0 0
1 .3 6 0 0  
1 .3 9 2 0  
1 .4 1 0 0  
1 .4 3 8 0  
1 .4 6 0 0  
1 .4 8 5 0  
1 .5 0 0 0  
1 .5 1 0 0  
1 .5 8 2 0  
1 .5 8 0 0  
1 .6 3 0 0  
1 .6 7 2 0  
1 .7 3 5 0  
1 .7 6 0 0  
1 .8 0 0 0  
1 .9 0 4 0
1 .9 6 0 0
1 .9 6 0 0  
2 .1 6 0 0  
2 .1 6 0 0  
2 .1 7 0 0  
2 .2 8 0 0
2 .3 3 5 0
2 .3 3 5 0
2 .3 8 0 0
2 .3 8 0 0  
2 .6 8 0 0

1 .0 2 4 0
1 .0 3 8 0
1 .0 7 0 0
1 .1 0 8 0
1 .0 9 7 0
1.1090
1.1200
1 .1 2 5 0
1 .1 4 0 0
1 .1 3 3 0
1 .1 6 6 0
1 .2 0 0 0
1 .2 3 7 0
1 .2 4 0 0
1 .2 0 3 0
1 .2 7 0 0
1 .2 7 0 0  
1 .2 8 8 0  
1 .2 6 3 0  
1 .3 1 2 0  
1 .3 0 2 0  
1 .3 4 0 0  
1 .3 5 0 0  
1 .3 6 6 0  
1 .3 8 0 0  
1 .4 8 0 0  
1 .5 1 2 0  
1 .5 0 7 0  
1 .4 7 0 0  
1 .5 4 4 0  
1 .6 4 0 0  
1 .6 4 4 0  
1 .7 4 0 0  
1 .7 8 0 0  
1 .7 3 0 0  
1 .8 8 0 0  
1 .8 7 0 0  
1 .9 0 0 0  
1 .9 4 5 0  
1 .9 2 2 0  
2.0050

48
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K -  H2 DATA

(T o r r ) ^2 'V 1*! ( I  / I ) ,  o

.025 .0184 .0265 1 .0 3 0 0 1 .0 4 9 0

.047 .0343 .0500 1 .0 8 5 0 1 .0 5 3 0

.0 7 0 .0493 .0725 1 .0975 1 .0 8 3 5

.072 .0499 .0730 1 .0 9 8 0 1 .0 8 5 0

.091 .0614 .0895 1 .1 3 6 0 1 .1010

.112 .0779 . 1110 1 .1 6 0 0 1 .0 9 9 0

.115 .0789 .1175 1 .1 6 3 0 1 .1 2 5 0

.125 .0861 .1227 1 .1 6 6 0 1 .1 1 6 0

.125 .08 2 0 .1275 1 .1 7 0 0 1 .1 4 3 0

.142 .0960 .1419 1 .1 8 4 0 1 .1 2 9 0

.163 .1100 .16 3 0 1 .2 1 1 0 1 .1 6 9 0

.168 .1104 .1634 1 .2 1 3 0 1 .1 6 2 0

.195 .1181 .1775 1 .2 4 0 0 1 .1 8 3 0

.214 .1263 .19 9 0 1 .2 6 3 0 1 .1 6 5 0

.2 3 0 .1438 . 2100 1 .2 8 0 0 1 .2 0 1 0

.248 .1429 .2240 1 .3 0 0 0 1 .2210

.2 5 0 .15 0 0 .2260 1 .3 0 5 0 1 .2 2 2 0

.260 .1550 .2310 1 .3 2 2 0 1 .2 3 2 0

.2 9 0 .16 8 0 .26 0 0 1 .3 3 9 0 1 .2 4 1 0

.292 .1612 .2550 1 .3 5 0 0 1 .2335

.308 .1725 .26 8 0 1 .3 5 7 0 1 .2 4 0 0

.3 2 0 .1800 .2775 1 .3880 1 .2 5 3 0

.3 3 4 .18 0 0 .28 5 0 1 .4 0 0 0 1 .2 7 5 0

.3 6 0 .2 0 0 0 .3020 1 .4 2 0 0 1 .2 9 7 0

.362 .1948 .3020 1 .4 2 0 0 1 .2 9 0 0

.394 .2015 .32 7 0 1 .4 5 5 0 1 .3 0 9 0

.418 .2145 .34 2 0 1 .4 8 3 0 1 .3 3 6 0

.428 .2155 .3490 1 .4 9 5 0 1 .3 4 3 0

.4 8 0 .2405 .3720 1 .5 7 5 0 1 .3 7 6 0

.497 .2407 .3885 1 .5 6 0 0 1 .4 0 8 0

.5 2 0 .2450 .4020 1 .6 0 0 0 1 .4 1 2 0

.5 8 0 .2680 .4350 1 .7 0 0 0 1 .4 8 5 0

.625 .2825 .4575 1 .7 5 0 0 1 .5 3 2 0

.634 .2675 .46 1 0 1 .7 7 5 0 1 .5 2 5 0

.7 2 0 .2885 .4950 1 .8 6 0 0 1 .5 9 5 0

.776 .3122 .5150 1 .9 3 0 0 1 .6 6 6 0

.802 .3000 .5250 1 .9 5 0 0 1 .6 9 0 0

.857 .31 9 0 .5475 2 .0 2 0 0 1 .7 6 0 0

.9 6 0 .32 1 0 .5775 2 .1 7 0 0 1 .8 4 2 0
1 .0 3 0 .3590 .6000 2 .2 4 2 0 1 .9 5 6 0
1 .1 9 0 .3800 .64 0 0 2 .5 7 5 0 2 .1 3 0 0
1 .2 0 0 .3800 .6550 2 .5 5 0 0 2 .1 6 0 0
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K -  D2 DATA

T o r r ) ^1 ri2 ( l o / : [ ) l

022 .0111 .0150 1 .0 1 5 0
025 .0131 .0160 1 .0200
029 .0143 .0217 1 .0 1 5 0
040 .0197 .0295 1 .0 2 7 0
045 .0230 .0310 1 .0 3 0 0
066 .0 3 3 0 .0506 1 .0245
077 .0366 .0517 1 .0 5 7 0
082 .0413 .0550 1 .0 6 0 0
085 .0398 .0652 1 .0 6 8 0
100 .0469 .0704 1 .0 7 9 0
108 .0499 .0753 1 .0725
108 .0499 .0775 1 .0 7 2 5
110 .0519 .0810 1 .0 8 0 0
133 .0644 .0940 1 .1000
139 .0665 .0950 1 .1 0 5 0

,145 .0707 .1007 1 .1 0 6 0
145 .0685 .1000 1 .1 0 5 0

,155 .0725 .1041 1 .1 3 1 0
160 .0762 .1110 1 .1200
165 .0755 .1147 1 .1 200
181 .0849 .1316 1 .1 3 7 0

,188 .0858 .1301 1 .1 4 5 0
,190 .0866 .1301 1 .1 4 5 0
,202 .0946 .1342 1 .1 5 4 0
218 .0999 .1470 1 .1 6 0 0

,221 .1 0 3 0 .1489 1 .1 7 2 0
,230 .1 0 4 0 .1550 1 .1 7 0 0
,239 .1097 .1668 1 .1 8 2 0
,240 .1061 .1540 1 .1 8 2 0
,259 .1116 .1740 1 .1 9 5 0
,262 .1114 .1729 1 .1212
,289 .1284 .1900 1 .2 1 4 0
,291 .1242 .1990 1 .2 1 4 0
,292 .1251 .1930 1 .2 1 4 0
,340 .1364 . 2200 1 .2 5 5 0
,350 .1456 .2346 1 .2 6 4 0
,360 .1541 .2310 1 .2 7 5 0
,375 .1502 .2390 1 .3 2 7 0
,410 .1688 .2630 1 .3 0 1 0
,428 .1762 .2650 1 .3 2 0 0
,445 .1708 .2750 1 .3 5 0 0
,500 .1978 .3050 1 .3 7 0 0
,511 .2019 .3100 1 .3 8 0 0
,525 .1932 .3175 1 .3 9 0 0
,615 .2247 .3600 1 .4 6 0 0
,621 .2250 .3650 1 .4 7 0 0
,660 .2335 .3750 1 .5 0 0 0

(V I>2
1 .0 0 0 0
1.0110
1 .0 0 0 0
1.0200
1 .0 2 8 0
1 .0 4 2 0
1 .0 4 9 0
1 .0 4 6 0
1 .0 4 1 0
O.0470
1 .0 6 1 0
1 .0 5 0 0
1 .0 6 7 0  
1 .0 6 5 0  
1 .0 8 2 0
1 .0 6 7 0  
1 .0 8 8 0  
1 .0 7 1 0  
1 .0 8 8 0  
1 .0 8 8 0  
1 .1 0 5 0  
1 .0 9 7 0  
1 .0 9 6 0  
1 .1 1 2 0  
1 .1 2 0 0
1 .1 1 9 0  
1 .1 2 9 0  
1 .1 3 3 0  
1 .0 9 9 0
1 .1 1 9 0  
1 .1 3 8 0  
1 .1 5 5 0  
1 .1 2 4 0  
1 .1 6 0 0  
1 .1 8 0 0  
1 .1 8 7 0  
1 .1 7 3 0  
1.2010  
1 . 2 2 2 0  
1 .2 1 9 0  
1 .2 3 9 0  
1 .2 5 0 0  
1 .2 4 6 0  
1 .2 7 6 0  
1 .2 9 8 0  
1 .3 1 5 0  
1 .3 2 2 0
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K -  DATA (co n tin u e d )

P (Torr) n 1 r\2 ^ V ^ l  ( l o / : t^2

.765  .2538  .41 5 0  1 .5 9 0 0  1 .3 4 3 0

.7 6 5  .2538  .4250  1 .5 9 0 0  1 .3 6 9 0

.785  .25 7 0  .4275 1 .6 0 0 0  1 .3 9 7 0

.8 1 0  .2 7 4 0  .44 1 0  1 .6 2 1 0  1 .4 1 5 0

.863 ,27 0 0  .46 1 0  1 .6 8 6 0  1 .3 9 0 0
1 .0 1 0  .2805  .5 0 4 0  1 .8 0 1 0  1 .4 1 7 0
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K -  N2 DATA

1 (T o r r ) ^1 ^2 ( I o /;E>1 ( l o / : [ >2

.042 .0142 . 0200 1 .0 4 0 0 1 .0 2 5 0

.046 .0143 .0229 1 .0 3 0 0 1 .0 2 0 0

.0 6 4 . 0200 .03 1 0 1 .0 4 3 0 1 .0 3 7 0

.065 .0204 .0310 1 .0 5 3 0 1 .0 3 4 0

.108 .0326 .0524 1 .0 7 7 0 1 .0 6 0 0

.127 .0393 .0596 1 .1 1 0 0 1 .0 7 0 0

.151 .0463 .0706 1 .1 0 7 0 1 .0 9 1 0

.162 .04 9 0 .0750 1 .1 1 2 0 1 .0 8 1 0

.165 .0491 .0758 1 .1 0 6 0 1 .1 0 0 0

.199 .0610 .0920 1 .1 3 7 5 1 .1 1 5 0

. 2 0 0 .0566 .0931 1 .1 4 0 0 1 .1 0 0 0

.2 1 4 .0644 .0936 1 .1 5 5 0 1 .1 2 6 0

.235 .0706 .10 3 0 1 .1 5 7 0 1 .1 3 1 0

.236 .0694 .1053 1 .1 5 7 0 1 .1 3 5 0

.258 .0750 .1139 1 .1 8 3 0 1 .1 3 1 0

.2 6 0 .0738 .1139 1 .1 8 3 0 1 .1 4 3 0

.271 .0770 .1171 1 .1 9 8 0 1 .1 4 9 0

.3 0 0 .0826 .1280 1 .2 0 3 0 1 .1 5 4 0

.3 1 0 .0869 .1292 1 .2 0 1 0 1 .1 5 5 0

.313 .0883 .1320 1 .2 1 1 0 1 .1 5 1 0

.328 .0881 .1400 1 .2 2 3 0 1 .1 6 4 0

.3 3 0 .0899 .1 4 0 0 1 .2 2 3 0 1 .1 6 7 0

.340 .0935 .1428 1 .2 2 6 0 1 .1 8 5 0

.3 4 0 .0938 .1428 1 .2 2 6 0 1 .1 5 4 0
,368 .0951 .1530 1 .2 4 8 0 1 .1 7 0 0
.377 .1036 .1553 1 .2 5 2 0 1 .1 8 8 0
.4 1 0 .1084 .1675 1 .2 7 5 0 1 .2 0 8 0
.411 .1086 .1675 1 .2 7 5 0 1 .2 3 0 0
.447 .1168 .1820 1 .2 9 5 0 1 .2 1 0 0
.459 .1141 .1850 1 .3 0 0 0 1 .2 2 1 0
.4 7 0 .1209 .1875 1 .3 0 5 0 1 .2 4 2 0
.4 8 0 .1211 .1895 1 .3 0 9 0 1 .2 3 5 0
.5 6 0 .1330 .2130 1 .3 6 3 0 1 .2 6 0 0
.569 .1398 .2170 1 .3 7 0 0 1 .2 6 4 0
.615 .1517 .2300 1 .3 9 5 0 1 .2 9 1 0
.702 .1578 .2520 1 .4 4 2 0 1 .3 2 0 0
.7 1 0 .16 2 0 .2550 1 .4 4 9 0 1 .3 2 6 0
.7 2 0 .1606 .2570 1 .4 6 0 0 1 .3 4 4 0
.8 0 0 .1676 .2770 1 .5 0 5 0 1 .3 8 6 0
.8 0 0 .1758 .2770 1 .5 0 5 0 1 .3 6 4 0
.9 4 0 .1916 .3100 1 .5 6 0 0 1 .4 2 0 0

1 .0 0 0 .1995 .3220 1 .6 0 0 0 1 .4 3 5 0
1 .0 6 0 .2025 .32 3 0 1 .6 3 0 0 1 .4 7 3 0
1 .112 .2100 .3480 1 .6 9 9 0 1 .4 9 0 0
1 .3 0 0 .2154 .3 7 5 0 1 .7 8 0 0 1 .5 4 2 5
1 .3 4 0 .23 1 0 .3800 1 .8 1 0 0 1 .5 6 2 0
1 .8 5 0 .2565 .4500 2 .0 4 0 0 1 .6 9 6 0
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Cs -  HD DATA

P (Torr)

0 .0 0 8
0.021
0 .0 2 7
0 .0 4 7
0 .0 5 5
0 .0 5 7
0 .0 5 8
0 .0 6 7
0 .0 7 6
0 .0 8 5
0.110
0.111
0 .123
0 .1 2 8
0 .1 4 3
0 .1 6 4
0 .1 9 4
0 .2 1 7
0.221
0 .2 3 8
0 .279
0 .2 8 9
0 .3 0 9
0.331
0 .3 4 0
0 .3 8 0
0 .3 9 0
0 .429
0 .4 3 9
0 .4 6 9
0 .5 1 0
0 .5 3 5
0 .5 4 5
0 .6 0 4
0 .6 3 0
0 .6 4 6
0 .7 0 0
0 .7 1 5
0 .7 3 4
0 .7 8 0
0 .8 4 0
0 .8 8 7
0 .9 3 5
0 .9 5 8
0 .9 6 0
1 .0 1 0
1 .0 1 0

H i h 2

0 .00468
0 .01179
0 .01698
0 .02785
0 .0 2 9 8 0
0 .0 3 1 8 0
0 .0 3 5 2 0
0 .0 3 6 6 0
0 .0 3 9 7 0
0 .0 4 8 1 0
0 .0 5 2 0 0
0 .0 5 2 8 0
0 .0 5 8 0 0
0 .0 6 3 2 5
0 .0 7 0 4 0
0 .0 8 3 7 0
0 .0 8 9 3 0
0 .1 0 7 7 0
0 .1 0 8 0 0
0 .1 1 8 0 0
0 .1 3 4 0 0
0 .1 3 8 1 0
0 .1 4 7 0 0
0 .1 5 3 0 0
0 .1 6 2 2 0
0 .1 8 1 0 0
0 .1 8 3 8 0
0 .2 0 0 0 0
0 .2 0 5 8 0
0.21220
0 .2 3 7 5 0
0 .2 4 7 5 0
0 .2 5 4 0 0
0 .2 6 9 0 0
0 .2 7 8 0 0
0 .2 8 9 0 0
0 .3 2 6 0 0
0 .3 2 6 5 0
0 .3 2 8 0 0
0 .3 4 6 0 0
0 .3 7 2 0 0
0 .3 7 8 0 0
0 .3 9 4 0 0
0 .4 0 7 0 0
0 .4 0 7 0 0
0 .4 3 3 0 0
0 .4 2 7 0 0

0 .00093
0 .0 0225
0 .0 0 2 8 4
0 .0 0455
0 .0 0474
0 .0 0526
0 .00579
0 .00599
0 .0 0705
0 .00766
0 .00856
0 .00878
0 .00953
0.00980
0 .0 1 1 8 0
0 .01299
0 .01479
0 .01718
0 .0 1 7 8 0
0 .0 1 9 4 5
0 .02108
0 .0 2 1 9 5
0.02290
0 .0 2 5 1 0
0 .02478
0 .0 2 8 1 0
0 .0 2 7 6 0
0 .0 3 1 2 0
0 .0 3 1 7 0
0 .0 3325
0 .0 3 5 6 0
0 .0 3 4 9 0
0 .0 3 7 9 0
0 .0 3 9 0 0
0 .0 4 0 7 0
0 .0 4 0 4 0
0 .0 4 5 6 0
0 .0 4 4 9 0
0 .0 4 5 9 0
0 .0 4 6 1 0
0 .0 5 0 3 0
0 .0 5 0 6 0
0 .0 5 1 3 0
0 .0 5 2 5 0
0 .05225
0 .0 5 6 8 0
0 .0 5 5 1 0
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Cs -  H2 d a t a

P (Torr)

0.021
0.022
0 .0 2 8
0 .0 4 4
0 .0 4 5
0 .0 4 8
0 .0 6 4
0 .071
0 .0 7 2
0 .1 6 0
0 .1 0 6
0 .1 1 5
0 .1 1 9
0 .1 2 9
0 .1 4 0
0 .1 5 1
0 .1 6 0
0 .169
0 .1 7 5
0 .181
0 .1 9 4
0.201
0 .221
0 .229
0 .2 3 6
0 .2 5 6
0 .2 6 5
0 .2 7 0
0 .2 7 7
0 .2 9 0
0 .3 1 2
0 .321
0 .3 4 5
0 .3 6 8
0 .401
0 .423
0 .4 2 5
0 .4 5 0
0 .4 7 8
0 .5 0 6
0 .521
0 .523
0 .5 8 0
0 .5 9 8
0.601
0 .6 1 0
0.641

^ 1 ^ 2

0 .0 1345
0 .0 1075
0 .0 2 0 1 0
0 .0 3 8 3 5
0 .0 3 9 0 0
0 .0 3 5 7 0
0 .0 5 5 1 0
0 .0 5 7 4 0
0 .0 6 0 4 0
0 .0 8 9 9 0
0 .0 8 1 7 0
0 .0 9 1 7 0
0 .0 9 5 8 0
0.10120
0 .1 0 5 4 0
0 .1 1 7 7 0
0 .1 2 6 5 0
0 .1 4 4 4 0
0 .1 4 7 1 0
0 .1 4 4 8 0
0 .1 5 2 0 0
0 .1 5 9 2 0
0 .1 6 7 0 0
0 .1 8 3 1 0
0 .1 8 4 5 0
0 .1 9 5 2 0
0 .1 9 7 2 0
0 .2 2 8 0 0
0 .2 0 9 0 0
0 .2 2 8 5 0
0 .2 3 7 3 0
0 .2 3 0 5 0
0 .2 6 2 2 0
0 .2 9 2 0 0
0 .2 8 7 5 0
0 .3 1 4 5 0
0 .3 2 8 0 0
0 .31225
0 .3 4 4 5 0
0 .3 5 6 5 0
0 .3 9 5 0 0
0 .3 5 9 5 0
0 .3 9 8 0 0
0 .4 1 6 0 0
0 .4 0 3 0 0
0 .4 3 4 0 0
0 .4 4 4 0 0

0 .00276
0 .0 0 2 0 4
0 .00406
0 .0 0712
0 .0 0 7 1 4
0 .00612
0 .00947
0 .0 1 0 3 0
0 .01047
0 .0 1 3 1 0
0 .01399
0 .0 1452
0 .0 1 5 2 4
0 .0 1 6 1 0
0 .0 1 6 2 0
0 .0 1812
0 .01918
0 .0 2195
0 .0 2 2 9 0
0 .0 2295
0 .0 2 3 4 0
0 .0 2 4 2 2
0 .0 2 4 8 5
0 .0 2765
0 .0 2 8 3 0
0 .0 3137
0 .0 3 0 9 0
0 .0 3 3 0 0
0 .0 3 2 1 0
0 .0 3 5 3 0
0 .0 3 5 8 0
0 .0 3 4 8 0
0 .0 3 8 9 0
0 .0 4 2 1 0
0 .0 4 4 2 0
0 .0 4 4 8 0
0 .0 4 5 4 0
0 .0 4 3 2 0
0 .0 4 6 8 0
0 .0 4 8 5 0
0 .0 5 0 2 5
0 .0 4 9 1 0
0 .0 5 3 4 0
0 .0 5 5 0 0
0 .0 5 5 0 0
0 .0 5 7 1 0
0 .0 5 7 9 0
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Cs -  H2 DATA (co n tin u ed )

P (T o rr )

0 .6 5 8
0 .6 6 2
0 .6 6 4
0 .7 9 5
0 .803
0 .8 2 0
0 .9 3 0
0 .9 3 5
1 .0 1 0
1 .0 8 0
1 .0 8 5

•Hi

0 .4 5 1 0 0
0 .4 5 8 0 0
0 .4 5 5 0 0
0 .5 1 9 0 0
0 .5 2 3 0 0
0 .5 2 3 0 0
0 .5 7 4 0 0
0 .5 7 1 0 0
0 .6 0 1 0 0
0 .6 1 5 0 0
0 .6 2 1 0 0

0 .0 5 8 9 0
0 .0 5 8 9 0
0 .0 5 8 4 0
0 .0 6 6 4 0
0 .0 6 5 7 0
0 .0 6 6 4 0
0 .0 7 0 3 0
0 .0 7 0 8 0
0 .0 7 2 4 0
0 .0 7 5 4 0
0 .0 7 5 9 0
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Cs -  D2 d a t a

P (Torr)

0 .007
0 .0 1 0
0 .0 2 0
0.022
0 .0 3 0
0 .0 4 4
0 .0 5 8
0 .0 6 7
0 .0 8 2
0 .1 0 0
0 .1 0 6
0 .1 1 8
0 .120
0 .1 2 0
0 .1 2 5
0 .1 4 0
0 .1 5 7
0 .1 6 5
0 .1 6 8
0 .1 9 0
0 .2 2 6
0 .231
0 .2 6 7
0 .2 8 0
0 .2 8 0
0 .3 0 0
0.301
0 .3 3 5
0 .3 6 5
0 .3 7 5
0 .4 0 0
0 .4 0 5
0 .4 1 0
0 .4 6 7
0 .5 1 0
0 .5 4 5
0 .5 5 5
0 .5 6 0
0 .5 8 0
0 .6 7 2
0 .6 8 0
0 .7 2 7
0 .7 7 5
0 .8 0 0
0 .873
0 .9 0 5
0 .9 6 5
1 .1 6 0

\  ">2

0 .0 0046
0 .00191
0.00463
0 .00588
0 .0 0 8 6 2
0 .0 1 3 5 0
0 .0 2 2 3 5
0 .0 2 2 9 0
0 .0 3 1 8 0
0 .0 3 2 6 0
0 .0 3 6 8 0
0 .0 4 1 6 0
0 .0 4 4 3 0
0 .0 4 2 1 0
0 .0 4 4 5 0
0 .0 5 3 7 0
0 .0 5 8 7 0
0 .0 6 0 8 0
0 .0 6 4 8 0
0 .0 6 9 9 0
0 .0 8 1 6 0
0 .0 8 7 3 0
0 .0 9 6 9 0
0 .1 0 2 8 0
0.10120
0 .1 0 5 7 0
0 .1 0 8 9 0
0 .1 2 0 5 0
0 .1 2 4 0 0
0 .1 3 2 5 0
0 .1 4 5 2 0
0 .1 4 0 3 0
0 .1 4 2 0 0
0 .1 6 3 4 5
0 .1 7 3 0 0
0 .1 8 0 5 0
0 .1 9 5 2 0
0 .1 9 7 5 0
0 . 1 9 2 0 0
0 .2 1 6 0 0
0 .2 2 9 0 0
0 .2 3 8 5 0
0 .2 3 8 5 0
0 .2 6 2 0 0
0 .2 6 4 0 0
0 .2 7 2 0 0
0 .3 0 1 0 0
0 .3 4 4 0 0

0 .00013
0 .0 0042
0 .0 0 0 9 4
0.00123
0 .00197
0 .0 0255
0 .00367
0 .00406
0 .00553
0 .0 0 5 5 5
0 .0 0616
0 .00716
0 .0 0 7 4 0
0 .0 0 7 1 4
0 .00748
0.00869
0 .00943
0.01000
0.01036
0 .0 1135
0 .01297
0 .0 1 3 9 0
0 .0 1 5 4 5
0 .0 1 5 9 0
0 .01555
0 .0 1645
0 .01698
0 .0 1 9 8 0
0 .0 2 0 0 0
0 .0 2 0 7 5
0.02341
0 .0 2 1 8 0
0 .0 2 2 0 0
0 .0 2565
0 .0 2565
0 .0 2 7 7 0
0 .0 2 8 6 5
0 .0 2955
0 .0 2855
0 .0 3 1 7 0
0 .0 3 4 7 0
0 .0 3 6 0 0
0 .0 3 5 7 0
0 .0 3 8 3 0
0 .0 3 8 8 0
0 .0 4 2 2 0
0 .0 4425
0 .0 4 9 1 0
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Cs -  N2 data

p (Torr) ri2

0 .021  0 .0 0 2 4 7  0 .00062
0 .021  0 .00282  0 .0 0057
0 .0 2 8  0 .00372  0 .00099
0 .0 3 4  0 .00468  0 .0 0 1 0 0
0 .0 4 7  0 .00678  0 .00151
0 .0 4 7  0 .00676  0 .00162
0 .0 5 0  0 .0 0 6 7 5  0 .00143
0 .0 6 3  0 .00918  0 .00186
0 .0 6 4  0 .0 0907  0 .00208
0 .0 6 6  0 .00876  0 .00186
0 .0 6 9  0 .0 0 8 4 5  0 .00192
0 .0 7 0  0 .0 1 0 1 0  0 .0 0215
0 .0 7 5  0 .0 1 0 1 0  0 .00206
0 .1 0 4  0 .01311  0 .00286
0 .1 1 0  0 .0 1 4 7 2  0 .00297
0 .1 1 6  0 .0 1 5 1 0  0 .00306
0 .1 3 9  0 .0 1 7 6 0  0 .0 0355
0 .1 5 6  0 .0 1 7 4 0  0 .0 0 3 5 4
0 .1 6 4  0 .0 1 8 8 0  0 .00373
0 .1 6 9  0 .01911  0 .00379
0 .1 8 0  0 .0 2 1 8 5  0 .00403
0 . 2 2 0  0 .02483  0 .00486
0 .2 3 8  0 .0 2 7 2 2  0 .0 0535
0 .2 6 5  0 .0 3048  0 .0 0572
0 .2 6 8  0 .0 2957  0 .00557
0 .2 8 9  0 .0 3 2 9 0  0 .0 0617
0 .2 9 3  0 .0 3258  0 .00628
0 .3 5 2  0 .0 4 0 3 0  0 .00717
0 .3 7 7  0 .0 3 8 7 0  0 .00781
0 .3 8 2  0 .0 4 1 1 0  0 .00783
0 .3 9 5  0 .0 4 3 9 0  0 .00821
0 .4 0 0  0 .0 4 4 0 0  0 .00831
0 .4 1 5  0 .0 4 5 6 0  0 .00851
0 .4 3 2  0 .0 4 6 1 0  0 .0 0875
0 .4 5 8  0 .0 4 9 3 0  0 .0 0 9 0 0
0 .5 0 6  0 .0 5 4 6 0  0 .00949
0 .5 1 8  0 .0 5 5 9 0  0 .0 1 0 0 0
0 .5 8 0  0 .0 6 1 3 0  0 .01052
0 .5 9 4  0 .0 5 9 4 0  0 .0 1 0 4 0
0 .6 6 8  0 .0 6 6 5 0  0 .01167
0 .6 7 4  0 .0 6 7 9 0  0 .0 1 2 3 0
0 .7 0 5  0 .0 7 3 0 0  0 .0 1 1 7 0
0 .7 5 5  0 .0 7 4 4 0  0 .01288
0 .7 7 3  0 .0 7 4 0 0  0 .01297
0 .7 7 9  0 .0 7 2 9 0  0 .01272
0 .8 3 5  0 .0 7 9 0 0  0 .0 1 3 6 0
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Cs -  ^  DATA (co n tin u ed )

P (T o rr )

0 .8 6 2
0 .9 3 8
0 .9 4 3
1 .0 1 0
1.110
1 .1 1 0

^1 ^2

0 .0 8 0 4 0
0 .0 8 4 9 0
0 .0 8 6 1 0
0 .0 8 9 1 0
0 .0 9575
0 .0 9 7 0 0

0 .0 1 3 6 0
0 .01459
0 .01459
0 .01538
0 .0 1 6 1 5
0 .01629
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APPENDIX B

ITERATIVE METHOD OF CALCULATING THE COLLISION NUMBERS Z ,ab

F i r s t  a p p ro x im a t io n s  t o  t h e  c o l l i s i o n  num bers w ere  o b t a i n e d  

u s i n g  E q s .  (19) and  (20) and  t h e  f i r s t  t h r e e  te rm s  on t h e  r i g h t  hand 

s i d e  o f  E q s .  (14) and (15) t o  s o lv e  f o r  Z^Q and ^ 2 0 ’’

(1 +  C) (R -  1 -  r ,D )  -  ( t . / t J  (R ,  -  1 -  T , A )  E
z , 0 = ------------------ 1--------------------   j1— 2-     , (Bl )

10 q  [ ( 1  +  c ) 2 .  BE]

(1 +  C) (R -  1 -  T , A )  -  ( t , / t , )  ( r .  -  1 -  t , d )  b
z , o  = ------------------ 1-------------- 2-------------------  !-------------- 1— . (B2 )

T2 [ ( 1  +  C) 2 -  BE]

w here  ( I q / I ) ^  h a s  been  r e p l a c e d  by R^. Z ^  and Z^  w ere  t h e n  c a l c u l a t e d  

by s u b s t i t u t i n g  E q s .  (B l)  and (B2) i n t o  E q s .  (19) and  ( 2 0 ) .  These 

i n i t i a l  v a lu e s  o f  Z ^  w ere  t h e n  u s e d  t o  compute t h e  f o u r t h  te rm s  i n  

E q s .  (14) and  (15) w h ich  w ere  t h e n  added  t o  R^ and  R2 r e s p e c t i v e l y .

U s in g  t h e  new v a l u e s  o f  R^ and R2 , i n  c o n j u n c t i o n  w i t h  E q s .  ( B l ) ,  (B 2) ,

(19) and ( 2 0 ) ,  se co n d  a p p ro x im a t io n s  t o  Z ^ w ere  o b t a i n e d .  T h is  p r o 

c e d u re  was c o n t in u e d  u n t i l  s u c c e s s i v e  a p p ro x im a t io n s  d i f f e r e d  by l e s s  

t h a n  0 .1  p e r  c e n t .  C onvergence  was r a p i d ,  u s u a l l y  r e q u i r i n g  l e s s  t h a n  

f i v e  i t e r a t i o n s .

59

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



APPENDIX C

CALCULATION OF THE QUENCHING CROSS SECTIONS 

Q AND Q2q FROM r]-VALUES

The c o l l i s i o n  numbers Z^2 and Z^  o b t a i n e d  from  t h e  f i r s t  

te rm  i n  E q s .  (19) and  (20) w ere  g e n e r a l l y  n o n - l i n e a r  a t  h ig h  gas  

p r e s s u r e s .  The d e p a r t u r e  from  t h e  e x p e c te d  l i n e a r  b e h a v io u r  ( t h e  

b ro k e n  l i n e )  was a t t r i b u t e d  t o  t h e  n e g l e c t e d  q u e n c h in g  te rm s  and 

t h e r e f o r e  t h e  d i f f e r e n c e  be tw een  t h e  c u r v e s ,  A, was d e f i n e d  a s :

A21 = Z21 " A = BZio  + CZ20 ’ '

=  Z l 2  -  D -  EZ2 0 +  CZ1Q . (C2)

The c o l l i s i o n  numbers Z^q and  Z^g a r e  t h e n :

Z10 ( T g /T ^  (A21 /-n1 ) -  A12 , (C3)

Z20 ( T j / t 2 ) ^A12 / t 12  ̂ ‘  A21 *

The q u e n c h in g  c r o s s  s e c t i o n s  Q1q and  Q2q w ere  c a l c u l a t e d  p o i n t - f o r -  

p o i n t  from  E q s .  ( 0 3 ) ,  (C4) and  ( 2 2 ) .

60
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