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1 .  INTRODUCTION 

When an e l e c t r o n  passes through a gas i t  undergoes numerous c o l l i -  

s ions w i t h  the gas molecules. I n  some gases the re  i s  a c e r t a i n  prob- 

a b i l i t y  t h a t  the  e l e c t r o n  w i l l  be captured by  a molecule w i t h  which i t  

c o l l i d e s ,  forming a heavy negat ive  ion. The ions formed i n  t h i s  manner 

do n o t  r e a d i l y  lose  t h e i r  excess e lec t rons .  Some of the gases i n  which 

t h i s  phenomenon occurs a r e  oxygen, water  vapor, n i t r i c  ox ide,  ammonia, 

the halogens, and o thers .  Gases which w i l l  n o t  form ions i n  t h i s  manner 

inc lude n l t rogen,  carbon d iox ide ,  e thy lene,  the noble gases, methane, 

and o the rs ;  however t h i s  does n o t  mean t h a t  they w i l l  not form negat ive 

ions by some method o t h e r  than d i r e c t  e l e c t r o n  impact. For example, a 

p o s i t i v e  i on  can s t r i k e  the w a l l  of an i o n  chamber and by  e x t r a c t i n g  two 

e lec t rons  from the w a l l  becomes a negat ive  ion.’ 

would be o f  no consequence i n  the work t o  be descr ibed s ince  the  method 

used depends on a decrease i n  the number o f  e lec t rons  ra the r  than an in- 

crease i n  the  number of ions. E lec t ron  attachment in t h i s  paper w i l l  

r e f e r  o n l y  t o  e l e c t r o n  capture due t o  c o l l i s i o n  of an e l e c t r o n  and a 

n e u t r a l  gas molecule.  

Events o f  t h i s  k i n d  

There a r e  two b a s i c  processes by which attachment can occur: 

d i s s o c i a t i v e  capture,  

A0 f e 4 A- + B 

and non-d i ssoc ia t i ve  capture,  

F .  L. Arnot  and J .  C .  M i l l i g a n ,  Proc. Roy. SOC. 156A, 538 (1936). 1 
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AB +- e 3 AB- 

In  t h e  l a t t e r  c a s e  t h e  ion  is  l e f t  w i t h  an excess of  i n t e r n a l  e n e r g y  

e q u a l  t o  t h e  b i n d i n g  e n e r g y ,  or e l e c t r o n  a f f i n i t y  of t h e  molecule, p l u s  

t h e  r e l a t i v e  k i n e t i c  e n e r g y  o f  t h e  two p a r t i c l e s .  I f  t h i s  excess e n e r g y  

is n o t  d i s p o s e d  o f  i n  a sho r t  t i m e ,  t h e  e l e c t r o n  may b e  r e - e m i t t e d .  I f  

t h e  e l e c t r o n  a f f i n i t y  o f  o n e  of t h e  f r a g m e n t s  formed by b r e a k i n g  a bond 

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

t h e  s t r e n g t h  o f  t h e  bond i n  q u e s t i o n ,  t h e n  p r o c e s s  ( 1 )  may o c c u r .  I n  

th is  c a s e  any excess e n e r g y  is c a r r i e d  o f f  a s  k i n e t i c  e n e r g y  by t h e  two 

f r a g m e n t s  and no s t a b i l i z a t i o n  o f  t h e  i o n  is n e c e s s a r y .  If t h e  sum of 

the e l e c t r o n  a f f i n i t y  and t h e  k i n e t i c  e n e r g y  i s  less t h a n  t h e  s t r e n g t h  

of t h e  bond i n v o l v e d ,  t h e n  a t t a c h m e n t  can  o c c u r  by p r o c e s s  (2)  o n l y .  

i n  p r o c e s s  (2 )  some t y p e  o f  e n e r g y  t r a n s f e r  is n e c e s s a r y  i f  the i o n  

is to b e  s t a b l e .  T h i s  p r o c e s s  o f  s t a b i l i z a t i o n  by e n e r g y  t r a n s f e r  h a s  

been  o f  i n t e r e s t  to i n v e s t i g a t o r s  s ince t h e  s t u d y  of e l e c t r o n  a t t a c h m e n t  

b e g a n .  

r a d i a t i o n  was the  f i r s t .  T h i s ,  a t  f i r s t  g l a n c e ,  would seem a l o g i c a l  ex- 

p l a n a t i o n  s i n c e  t h e  e n e r g y  r e l e a s e d  by changes  i n  t h e  e l e c t r o n i c  s t a t e s  

o f  a n  atom or molecule n o r m a l l y  a p p e a r s  a s  r a d i a t i o n .  C a l c u l a t i o n s ,  h w -  

e v e r ,  showed t h a t  t h e  cross s e c t i o n  f o r  t h i s  p r o c e s s  was much too low t o  

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

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

s p e c t r u m  t h a t  would r e s u l t  from t h i s  method o f  s t a b i l i z a t i o n  a l s o  g a v e  

S e v e r a l  i-nethods of s t a b i l i z a t i o n  have  been  p roposed  o f  which  
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2 n e g a t i v e  r e s u l t s .  

A c o m p l i c a t i n g  factor  in  e a r l y  a t t e m p t s  to e x p l a i n  t h e  non- 

3 , 4  d i s s o c i a t i v e  a t t a c h m e n t  p r o c e s s  was t h e  r e p o r t  b y  s e v e r a l  i n v e s t i g a t o r s  

t h a t  i n  oxygen  t h e  p r o c e s s  was i n d e p e n d e n t  of p r e s s u r e .  T h i s  would seem 

to r u l e  o u t  s t a b i l i z a t i o n  by c o l l i s l o n  of t h e  u n s t a b l e  i o n  w H t h  a n o t h e r  

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

occurring i n  a g i v e n  t i m e  i n t e r v a l  would i n c r e a s e  a s  p r e s s u r e  I n c r e a s e d .  

R e c e n t  i n v e s t l g a t i o n s  w i t h  o ~ y g e n ~ - ~  r e v e a l  t h e  p r o c e s s  a c t u a l l y  t o  b e  

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

w i t h  a t h i r d  body seems a p l a u s i b l e  e x p l a n a t i o n .  

Most g a s e s  which  a t t a c h  e l e c t r o n s  do so by  p r o c e s s  ( 1 ) .  T h i s  t y p e  

of a t t a c h m e n t  is c h a r a c t e r i z e d  b y  a t h r e s h o l d  e n e r g y  be low which  l i t t l e  

or RO a t t a c h m e n t  t a k e s  p l a c e  and above  which  t h e  p r o b a b i l i t y  of a t t a c h -  

ment  i n c r e a s e s  w i t h  i n c r e a s l n g  e n e r g y .  Gases which  a t t a c h  e l e c t r o n s  by 

p r o c e s s  (2) a re  c h a r a c t e r i z e d  b y  a n  a t t a c h m e n t  p r o b a b ?  11 t y  t h a t  decreases 

a s  e n e r g y  i n c r e a s e s .  Oxygen is somewhat u n u s u a l  i n  t h a t  i t  a t t a c h e s  by  

e i t h e r  p r o c e s s ,  d e p e n d i n g  on t h e  e l e c t r o n  e n e r g y .  If the a t t a c h m e n t  prob- 

8 
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a b i l i t y  i n  oxygen  is p l o 2 t e d  a g a i n s t  e l e c t r o n  e n e r g y ,  a c u r v e  is ob-  

t a l n e d  t h a t  h a s  a minimum a t  about l ,4  e l e c t r o n  v o l t s  ( e v ) .  

The methods  t h a t  h a v e  h e e a  used  t o  s t u d y  a t t a c h m e n t  may b e  d i v i d e d  

i n t o  two b r o a d  c a t e g o r i e s :  beam methods  and swarm methods .  Beam methods  

employ ing  m o n o e n e r g e t i c  electrons g i v e  r e s u l t s  t h a t  a r e  more e a s i l y  

i n t e r p r e t e d ,  however  t h e y  h a v e  t h e  d i s a d v a n t a g e  of b e i n g  r e s t r i c t e d  to  

above  2 e v .  Swarm methods  a r e  c a p a b l e  of- o p e r a t i n g  a t  p r a c t i c a l l y  any  

e n e r g y ,  however  t h e  e n e r 5 y  d i s t r i b u t i o n  is g e n e r a l l y  n o t  known. Some of 

t h e  swarm methods  t h a t  h a v e  beer,  used  i n c l u d e  t h e  d i f f u s l o n  method used 

by  B a i l e y ,  

and methods  u s i n g  time a n a l y s i s  o f  t h e  ion and e l e c t r o n  c u r r e n t s  used  b y  

D o e h s i n y , ”  Chanin  and  B i o n d i ,  

ion chamber and s e p a r a t e s  t h e  effects d u e  t o  i o n s  and e l e c t r o n s  by  a 

s u i t a b l e  s e l e c t i o n  of t h e  a r r r p l i f l e r  t;me c o n s t a n t .  E l e c t r o n  s o u r c e s  t h a t  

h a v e  been  used  i n c l u d e  t h e  phstoelectric e f f e c t ,  h e a t e d  f i l a m e n t s ,  a n d ,  

i n  o u r  case, i o n i z a t i o n  by a l p h a  p a r t i c l e s .  

4 3 t h e  electrm fl l’rcr method used  b y  C r a v a t h 9  and B r a d b u r y ,  

6 and others.  Our method’’ uses a p u l s e d  

O f  t h e  s e v e r a l  f a c t o r s  w 5 i C h  can  a f fec t  t h e  a t t a c h m e n t  r a t e  f o r  a 

g i v e n  molecule, t h e  electron e n e r g y  is p r o b a b l y  most I m p o r t a n t ;  however ,  

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

o t h e r  t y p e s  of m o l e c u l e s  p r e s e n t  a l so  h a v e  a n  e f fec t .  The e n e r g y  an  

A .  M .  C r a v a t h ,  Phys.  Rev. - 33, 605 ( 1 9 2 9 ) .  

lo  A. Doehr ing ,  Z .  N a t u r f o r s c h u n g  2, 253 (1952) .  

l1 T. E. B o r t n e r  and G .  S. Hurst, H e a l t h  P h y s i c s  1, 39 ( 1 9 5 8 ) .  
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e l e c t r o n  a t t a i n s  i n  a g a s  is a function o f  E/P ( t h e  " r educed  e l ec t r i c  

f i e l d "  i n  v o l t s  p e r  centimeter per  mllllmeter o f  p r e s s u r e ) ;  however ,  t h i s  

f u n c t i o n  v a r i e s  c o n s i d e r a b l y  w l t h  d i f f e r e n t  gases, As a resul t ,  when a 

s m a l l  amount o f  an  a t t a c h l n g  g a s  is mixed w f t h  a much l a r g e r  amount o f  a 

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

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

a t  t h i s  e n e r g y .  Thus i t  Is e a s y  to  see t h a t  t h e r e  c a n  b e  c o n s i d e r a b l e  

d l f f e r e n c e  i n  t h e  a t t a c h m e n t  r a t e  when t h e  a t t a c h l n g  g a s  is p r e s e n t  as 

a n  i rnpurJ ty  r a t h e r  t h a n  In t h e  p u r e  s t a t e ,  I n  a d d i t i o n  to  t h e  c h a n g e  in  

e n e r g y ,  o t h e r  effects d u e  to d i f f e r e n c e s  I n  t h e  s t a b l l i z i n g  qualities of  

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

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

E l e c t r o n  a t t a c h m e n t ,  particularly i n  oxygen and water, is of  impar- 

r a n c e  i n  a number of f l e l d s  i n c l u d l n g  r a d l a t l o n  d e t e c t i o n ,  r a d i a t i o n  

c h e m r s t r y  and b i o l o g y  and more r e c e n t l y  i n  s t u d l e s  of t h e  uppe r  a t m o s p h e r e  

w h e r e  t h e  reaction of free e l e c t r o n s  and a t m o s p h e r i c  oxygen i n f l u e n c e s  

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

The o p e r a t i o n  o f  I o n i z a t i o n  chambers  and o t h e r  r a d i a t i o n  d e t e c t o r s  

whose o p e r a t K o n  d e p e n d s  on t h e  collection o f  g a s e o u s  ions is g r e a t l y  in-  

f l u e n c e d  by t h e  p r e s e n c e  of e l e c t r o n e g a t i v e  I m p u r i t i e s .  I n  G-M and 

p r o p o r t i o n a l  c o u n t e r s ,  w h e r e  t h e  p a s s a g e  of a gamma r a y  may i n i t i a l l y  be 

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

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

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

chambers  w l l l  n o t  be  g r e a t l y  a f f e c t e d .  Normally a l l  a t t a c h r n g  gases a r e  
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c a r e f u l l y  removed f rom t h e s e  d e v i c e s ,  An e x c e p t i o n  is t h e  h a l o g e n  

quenched  G-M t u b e ,  where  s m a l l  c o n c e n t r a t i o n s  o f  t h e  h a l o g e n s  a r e  used  

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

p r o p e r t i e s .  

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

t h e  a t t a c h m e n t  o f  f r e e  e l e c t r o n s  is o f  f u n d a m e n t a l  impor t ance .  T h i s  is 

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

l a r g e  q u a n t i t i e s  of w a t e r  and oxygen.  



The method and a p p a r a t u s  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y ,  l1 however  

a b r l e f  d e s c r l p t I o n  o f  t h e  method and a more c o m p l e t e  d e s c r i p t i o n  of t h e  

a p p a r a t u s  w i  11 b e  g l v e n  h e r e .  

The  a p p a r a t u s  c o n s l s t s  of a p l a n e  e l e c t r o d e  i o n i z a t l o n  chamber ,  t h e  

a s s o s l a t e d  e l e c t r o n i c  equlprnent  n e c e s s a r y  for  a n a l y s i s  o f  t h e  chamber  

o u t p u t ,  and a g a s  p u r i f i c a t i o n  s y s t e m .  Alpha p a r t i c l e s  f rom Pu239 a r e  

collimated i n  a p l a n e  p a r a l l e l  to  t h e  c o l l e c t l n g  e l e c t r o d e  and  used a s  

a source of e l e c t r o n s  i n  t h e  ion chamber.  The  electrons r e l e a s e d  b y  t h e  

p a s s a g e  of t h e  a l p h a  p a r t l c l e s  t r a v e l  unde r  t h e  I n f l u e n c e  of a n  electric 

f i e l d  to  t h e  c o l l e c t i n g  e l e c t r o d e .  The s T g n a l  from t h i s  e l e c t r o d e  is 

examined w l t h  a l i n e a r  a m p l i f i e r  and a p u l s e  h e l g h t  a n a l y z e r .  T h i s  

system is u s e f u l  for mixtaires c o n t a i n i n g  s m a l l  amounts  of t h e  a t t a c h i n g  

g a s  s lnce t h e  chamber  pressa loe  must b e  250 rnm Hg o r  more in  o r d e r  to 

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

Ilf I t  were f l l l e d  to  t h i s  p r e s s u r e  w i t h  a p u r e  a t t a c h i n g  g a s ,  n e a r l y  a l l  

of t h e  l i m i t e d  number of electrons r e l e a s e d  by  a n  a l p h a  p a r t l c l e  would 

b e  c a p t u r e d  and  t h e  o u t p u t  p u l s e  would b e  less t h a n  the a m p l i f i e r  n o i s e .  

However, I f  a s m a l l  amount of a n  a t t a c h i n g  g a s  i s  mixed w i t h  a non- 

a t t a c h T n g  gas ,  t h e  a t t a c h m e n t  c o e f f i c i e n t  can b e  f o u n d -  (The  a t t a c h m e n t  

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

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

g a s )  

A s  a f i r s t  s t e p  i n  the d e t e r m l n a t l o n  of t h e  a t t a c h m e n t  c o e f f i c i e n t  

7 
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i t  is n e c e s s a r y  to  f i n d  t h e  r e s p o n s e  of t h e  chamber  to t h e  p u r e  non- 

a t t a c h i n g  member O F  the mixture, This  response c a n  b e  c a l c u l a t e d  from 

a knowledge  of t h e  a m p l i f i e r  time c o n s t a n t  and t h e  e l e c t r o n  d r i f t  r a t e  

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

A compar i son  o f  t h e  c a l c u l a t e d  and e x p e r l m e n t a l  c u r v e s  1s usefu l  a s  a n  

i n d i c a t i o n  of g a s  p u r i t y .  The  c u r v e s  f o r  p u r e  c a r b o n  d i o x i d e  and  p u r e  

me thane  a r e  shown i n  F i g s .  1 and 2, r e s p e c t i v e l y .  

I f  oxygen (or a n y  o t h e r  a t t a c h i n g  g a s )  is mixed w I t h  t h e  non-  

a t t a c h i n g  g a s ,  t h e  p u l s e  h e i g h t  w i l l  d e c r e a s e  by  an  amount t h a t  Is depen-  

d e n t  on E/P and t h e  p a r t i a l  p r e s s u r e  of e a c h  g a s .  ThTs occurs b e c a u s e  

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

t h e  c o l l e c t i n g  e l e c t r o d e  and t h e r e f o r e  w i  11 c o n t r l b u t e  less to  t h e  o u t -  

p u t  p u l s e  t h a n  eleckiiom which  t r a v e l  t h e  f u l l  d i s t a n c e .  The n e g a t i v e  

i o n s  formed w i  11 a l s o  move toward  the c o l l e c t i n g  e l e c t r o d e ,  however  

t h e i r  d r l f t  v e l o c l t y  w i l l  b e  on t h e  o r d e r  of times t h a t  of t h e  

e l e c t r o n s  and i f  t h e  a m p l l l ’ l e r  time c o n s t a n t  is s u l t a b l y  s h o r t ,  t h e i r  

c o n t r i b u t  on to t h e  o u t p u t  p u l s e  w I l l  b e  n e g l i g i b l e .  Thus ,  t h a t  p a r t  

of t h e  pu se d u e  t o  e l e c t r o n s  o n l y  is o b s e r v e d .  The c o e f f i c i e n t  o f  

a t t a c l ; m e n t  c a n  t h e n  b e  c a l c u l a t e d  from t h e  d e c r e a s e  i n  p u l s e  h e i g h t .  

A d i a g r a m  of the a p p a r a t u s  is shown i n  F i g .  3 .  The chamber is a 

s t a i n l e s s  steel c y l i n d e r  t w z l v e  i n c h e s  i n  d l a r n e t e r  and h a s  a volume of 

t w e l v e  l i t e rs .  I t  is s e a l e d  w i t h  T e f l o n  g a s k e t s .  The e l e c t r o d e s  and 

f i e l d  r i n g s  a r e  made of b r a s s  and a r e  g o l d  p l a t e d .  f i e  f i e l d  r i n g s  a r e  

s p a c e d  o n e  centimeter a p a r t  on f l u o t h e n e  Insulators and a r e  h e l d  a t  t h e  

a p p r o p r i a t e  p o t e n t i a l s  by a v o l t a g e  d l v i d e r  system u s l n g  22.4-megohm 
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resistors be tween e a c h  r l n g .  Each of t h e s e  res s tors  consists o f  f o u r  

5.6-megohin, o n e - w a t t  resistors c o n n e c t e d  i n  sei- es and e n c l o s e d  i n  a 

T e f l o n  j a c k e t  s e a l e d  w i t h  c e r e s i n  wax, E l e c t r i c a l  c o n n e c t i o n s  i n t o  t h e  

chamber  a re made t h r o u g h  Tef  l a n  i nsu l a  tors. 

The  chamber  is e v a c u a t e d  by a t h r e e - i  nch C o n s o l i d a t e d  Electro- 

dynamics  t y p e  MCF300 d i f f u s i o n  pump w i t h  a Welch Duo-Seal forepump.  

g a s  p u r i f i c a t i o n  s y s t e m  is e v a c u a t e d  by a n o t h e r  Duo-Seal pump. 

t i r e  s y s t e m  c a n  b e  e v a c u a t e d  t o  one micron of Hg o r  less. 

is measured  w i t h  a W a l l a c e  and P i e r n a n  d i f f e r e n t i a l  p r e s s u r e  gauge  e x c e p t  

a t  v e r y  low p r e s s u r e s  w h e r z  a t he rmocoup le  gauge  is used .  

The 

The  en-  

The p r e s s u r e  

The  h i g h  v o l t a g e  Is o b t a i n e d  From a New J e r s e y  E l e c t r o n i c s  model 

H-30, t e n - k i l o v o l t  power s u p p l y  w i t h  a n  e x t e r n a l  v o l t a g e  c o n t r o l  s y s t e m  

added .  The  c o n t r o l  s y s t e m  is shown i n  F i g .  4. The p o t e n t i o m e t e r  v o l t -  

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

i n t e r n a l  s t a n d a r d  cel l .  T h e  b a l a n c e  a m p l i f i e r  and motor a r e  s t a n d a r d  

Brown r e c o r d e r  equip inent  and c o n t r o l  an  e x t e r n a l  v a r i a c  which  i s  

c o n n e c t e d  to t h e  p r i m a r y  of t h e  h i g h  v o l t a g e  t r a n s f o r m e r ,  The  reset 

a c c u r a c y  of t h e  s y s t e m  is q u i t e  good. Hmtever ,  i n  a c t u a l  u s e  t h e  v o l t a g e  

is se t  a p p r o x i m a t e l y  w i t h  t h e  p o t e n t i o m e t e r  d i a l  c a l i b r a t i o n  and  t h e n  t h e  

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

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

m a t e l y  8500 v o l t s .  

The c a b l e  c o n n e c t i n g  t h e  h i g h  v o l t a g e  s u p p l y  to  t h e  chamber is 

s h i e l d e d  t o  p r e v e n t  n o i s e  from g e t t i n g  l n t o  t h e  a m p l i f i e r  s y s t e m .  A 

number of c a b l e s  w i t h  s e v e r a l  t y p e s  of i n s u l a t i o n ,  i n c l u d i n g  T e f l o n ,  h a v e  
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been  t e s t e d .  The  b e s t  w i t h  respect to t h e  a b s e n c e  of nolse and t h e  t y p e  

p r e s e n t l y  i a  u s e  1s automobile Ignitlorn wire s h i e l d e d  w 3 t h  a wlre b r a l d ,  

however  t h e r e  is s t i l l .  a notSceable loss In r e s o l u t i o n  at h l g h e r  v o l t a g e s  

d u e  to c a b l e  l e a k a g e .  

A J o r d a n - B e l l  t y p e  A - 1  p u l s e  a m p l l f 1 e r l 2  i s  used i n  conjunctlon w i t h  

a n  A-1A p r e a m p l l f l e r .  The t o t a l  g a i n  from t h l s  s y s t e m  is a p p r o x i m a t e l y  

100,000. T h e  p r e a m p l i f l e s  1s a t t a c h e d  d l r e c t l y  to t h e  col lector  e l e c t r o d e  

t e r m i n a l  t o  p reven?  s i g n a l  loss and  n o i s e  p i ckup .  The I n p u t  t u b e  1s a 

Wes te rn  Eleetrlc t y p e  40% l ow-no i se  p e n t o d e .  Whenever i t  is changed a 

number of new ones a r e  t r l e d ,  and t h e  one g t v f n g  s a t i s f a c t o r y  g a i n  and 

t h e  lowest n o i s e  is s e l e c t e d ,  The  I n p u t  resKstance of t h e  p r e a m p l i f l e r  

is 100 megohms. 

The o u t p u t  of t h e  a m p l i f i e r  g o e s  into a n  ORNL model Q-1192 s i n g l e  

c h a n n e l  a n a l y z e r  w i t h  a motor c l r lven  b a s e  l i n e  t h a t  s c a n s  u n i f o r m l y  i n  

time. T h e  o u t p i i t  of t h e  a n a l y z e r  d i - lves  a c o u n t  r a t e  meter, t h e  o u t p u t  

OS whlch  is d i s p l a y e d  09 a Brown r e c o r d e r .  A second  pen  on t h e  r e c o r d e r  

masks o n e - v o l t  i n t e r v a l s  on t h e  e d g e  of t h e  c h a r t .  

s o l o n o i d  c o n n e c t e d  to a mBcroswYtch which  i s  a c t u a t e d  by p i n s  s p a c e d  a t  

o n e - v o l t  i n t e r v a l s  on t h e  s h a f t  of t h e  a n a l y z e r  b a s e  l i n e  p o t e n t i o m e t e r .  

T h i s  g i v e s  a s c a l e  frtm which  t h e  p u l s e  h e i g h t  can b e  d e t e r m i n e d .  

I t  is d r i v e n  by a 

Al though  i t  is not n e c e s s a r y  to know t h e  e x a c t  g a i n  of t h e  a m p l i f i e r  

s y s t e m ,  i t  Is rrecessary t h a t  i t  remain  c o n s t a n t .  For t h i s  r e a s o n  i t  was 

set  e a c h  mornkng w i t h  a n  ORNL model Q-1066 p r e c r s i o n  p u l s e  g e n e r a t o r  and 

12  
W .  H. Jordan and P .  R .  Bell ,  Rev. S c i .  I n s t r .  18, 703 (1947). 



15 

checked  s e v e r a l  t i m e s  d u r l n g  the day. 

to g e n e r a t e  sixty p u l s e s  p e r  s e c o n d  from a 1 . 3 - v o l t  mercu ry  cell.  

The Q-1066 uses a mercury  r e l a y  

The 

o u t p u t  i s  v a r l a b l e  f rom zero to  lo5 microvolts and c a n  b e  c a l l b r a t e d  

a g a i n s t  a s t a n d a r d  cell. 

p u l s e  f o r  a n  i n p u t  of 609 m i c r o v o l t s  w i t h  t h e  c a r b o n  d l o x i d e  and a 

7 0 - v o l t  o u t p u t  fo r  a n  i n p u t  of 675 m i c r o v o l t s  w l t h  t h e  methane .  

e a c h  case t h S s  g a v e  a maxtmum slgnal of a b o u t  s e v e n t y  volts f rom t h e  

a m p l i f i e r  w j t h  t h e  p u r e  gas i n  t h e  chamber. 

The  g a l n  was set  to g l v e  a 7 5 - v a l t  o u t p u t  

I n  

The l a b o r a t o r y  i n  whtch  t h e  equ lpmen t  is l o c a t e d  h a s  c o n t r o l l e d  

t e m p e r a t u r e  and  humid! ty  to r e d u c e  t h e  error d u e  to c h a n g e s  i n  e n v l r o n -  

ment .  A n o t i c e a b l e  c h a n g e  in a m p l i f i e r  g a l n  o c c u r s  i f  t h e  t e m p e r a t u r e  

c h a n g e s ,  the g a l n  decreasing as t h e  t e m p e r a t u r e  I n c r e a s e s .  A recording 

the rmomete r  Is k e p t  n e a r  t h e  e q u i p m e n t  f o r  a c h e c k  a n  t h e  t e m p e r a t u r e .  

G e n e r a l l y ,  s e v e r a l  d a y s  are r e q u l r e d  f o r  t h e  g a l n  t o  s t a b i l i z e  a f t e r  

t h e  e q u i p m e n t  is t u r n e d  on, and for  t h i s  r e a s o n  I t  i s  t u r n e d  off o n l y  

fo r  maTntenance .  

The  g a s e s  used  were the p u r e s t  a v a l l a b l e  I n  commerc la l  c y l i n d e r s ,  

however f u r t h e r  p u r I f i c a t l o n  was r e q u i r e d .  

a different t e c h n i q u e  of p u r l f i c a t j o n  for  e a c h  g a s  b e c a u s e  o f  t h e i r  

d i f f e r e n t  c h a r a c t e r l s t s c s .  Sevei-al  p r o c e d u r e s  were t r i e d  and t h e  one 

which  g a v e  t h e  g r e a t e s t  p u l s e  h e l g h t  and b e s t  r e p r o d u c r b i l i t y  was 

s e l e c t e d .  

v e r s u s  p u l s e  h e l g h t  and compar ing  w i t h  t h e  c a l c u l a t e d  c u r v e s -  

g a s  was p u r e ,  t h e  c u r v e s  matched  rather c l o s e l y ,  however e l e c t r o n e g a t l v e  

i m p u r l t i e s  c a u s e d  a s h a r p  d m p  i n  p u l s e  h e i g h t  a t  low E/P, 

1 t was n e c e s s a r y  to  d e v e l o p  

A n o t h e r  Indjcatlon of p u r i t y  was o b t a i n e d  by p l o t t l n g  %/P 

I f  t h e  
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A d i a g r a m  o f  the p u r i f j c a t i o n  and f i l l S n g  system is shown i n  F i g .  5. 

f h e  de -oxo  t r a p  is a Bake r  model D. I t  o p e r a t e s  b y  c a t a l y t i c a l l y  com- 

blnYng hydrogen  and  oxygen to form w a t e r  a t  room t e m p e r a t u r e .  A c c o r d i n g  

to  t h e  m a n u f a c t u r e r ,  i t  wi 11 r e d u c e  t h e  oxygen  c o n c e n t r a t l o n  I n  a stream 

of gas from o n e  p e r  c e n t  to less t h a n  0.0001 p e r  cent i f  s u p p l i e d  w i t h  

two volumes  of hydrogen  f o r  e a c h  volume of oxygen  to b e  removed. 

water  formed is removed w i t h  a d e h y d r a t o r .  O u r  u n i t  d l d  n o t  o p e r a , t e  

w i t h  t h i i s  e f f  I c i e n c y ,  however  t h l s  was p r o b a b l y  d u e  t o  an i n s u f f i c i e n t  

q u a n t I t y  of hydrogen .  

T h e  

The  d r y i n g  t r a p s  a re  s t a ln l e s s  steel  cylinders 1.5 i n c h e s  i n  

d l a m e t e r  and  e i g h t e e n  i n c h e s  l o n g  and are f i l l e d  w l t h  a n h y d r o n e  (mag- 

n e s i  um p e r c h l o r a t e ) .  After some e x p e r i m e n t a t i o n  i t  was  found  t h a t  t h e  

c o l d  t r a p s  a l o n e  g a v e  a b e t t e r  p u l s e  h e i g h t ,  and  the  d r y I n g  t r a p s  were 

removed from t h e  s y s t e m .  

The  c o l d  t r a p s  are  made of two- inch  b r a s s  t u b i n g  and  are  e i g h t  

Those  used  w i t h  me thane  were f i l l e d  w l t h  c o p p e r  t u r n i n g s  i n c h e s  l o n g ,  

f o r  b e t t e r  t h e r m a l  conductivity. I t  was f e a r e d  t h a t  t h i s  m l g h t  cause 

them to  s t o p  up when used  w i t h  s o l i d i f i e d  c a r b o n  d i o x l d e  and  t h u s  t h e  

c o p p e r  t u r n i n g s  were rm-noved. The  c o l d  t r a p s  were c o o l e d  w i t h  l i q u i d  

n i t r o g e n  or d r y  ice, d e p e n d i n g  on t h e  t e m p e r a t u r e  d e s i r e d .  

T h e  c a r b o n  d i o x i d e  was p u r i f i e d  b y  fractional d i s t l  l l a t i o n .  1 t was 

f l r s t  p a s s e d  t h r o u g h  t h e  de-oxo u n i t  and t h e n  t h e  p r o p e r  q u a n t i t y  

measu red  out by  f i l l i n g  t h e  chamber to  1.5 t l m e s  t h e  p r e s s u r e  t o  b e  u s e d .  

I t  was t h e n  wi thd rawn  i n t o  a c o l d  t r a p  wh ich  was c o o l e d  wl t h  l i q u i d  n i t r o -  

g e n  and  d i s t i l l e d  twice. The chamber  was t h e n  f l u s h e d  w i t h  p u r e  g a s  and 
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f S l l e d  to  t h e  d e s i r e d  p r e s s u r e .  T h l s  g a v e  a h i g h l y  r e p r o d u c i b l e  p u l s e  

h e i g h t  c u r v e  t h a t  matched t h e  c a l c u l a t e d  c u r v e  q u i t e  well. 

Because  o f  t h e  s m a l l  amounts o f  oxygen used w i t h  t h e  C02 it was 

n e c e s s a r y  to measu re  the oxygen i n  a s m a l l  auxiliary chamber of known 

volume and t h e n  mix i t  w i t h  t h e  g a s  i n  t h e  main chamber .  S i n c e  t h e  r a t i o  

of the  two volumes was known, oxygen p r e s s u r e s  o f  d f r a c t i o n  of  a m i l l l -  

iiieter i n  t h e  l a r g e  chamber  c o u l d  be  o b t a i n e d  w l  t h  good a c c u r a c y .  Mixing  

was a c c o m p l l s h e d  by c o o l i n g  t h e  s m a l l  chamber w i t h  l i q u i d  n i t r o g e n  and 

t h e r e b y  c o n d e n s i n g  a l l  t h e  g a s  f Torn b o t h  chambers  i n i t.  1 t was t h e n  

warmed and t h e  m i x t u r e  a l l o w e d  to flow back  i n t o  t h e  main chamber .  S a t -  

i s f a c t o r y  mix ing  was  o h t a l n e d  by r e p e a t i n g  t h i s  p r o c e d u r e  u n t i l  t h e r e  was 

no f u r t h e r  change  i n  pul.se h e i g h t .  

The me thane  p u r i f i c a t i o n  was somewhat s i m p l e r  s i n c e  i t  is much more 

t o l e r a n t  of oxygen t h a n  is c a r b o n  d i o x i d e  and t h e  same d e g r e e  of p u r i t y  

was n o t  r e q u i r e d  to g i v e  a good p u l s e  h e i g h t  c u r v e .  The  g a s  was p a s s e d  

t h r o u g h  t h e  de-oxo t r a p  arid t h e  c o l d  t r a p s  which  were c o o l e d  w i t h  d r y  

ice, and t h e n  i n t o  the cha&er. At f i r s t  t h e  d r y i n g  t r a p s  were used  

a l s o ,  however  i t  was found  t h a t  a b e t t e r  p u l s e  h e i g h t  was o b t a l n e d  u s i n g  

the c o l d  t r a p s  a l o n e .  D is t i  I l a t i o n  was a l s o  t r i e d ,  however ,  i t was 

d i f f i c u l t  to c o n t r o l  b e c a u s e  of t h e  low b o i l i n g  p o i n t  (- 161.5"  C) of 

me thane  and s a t i s f a c t o r y  resu1t.s c o u l d  not b e  o b t a i n e d .  

The  q u a n t i t i e s  o f  oxygen used w i t h  t h e  methane  were l a r g e  enough 

t h a t  i t  c o u l d  b e  added d i r e c t l y  t o  t h e  chamber  and  t h e  p r e s s u r e  r e a d  

d i r e c t l y  f rom t h e  main  p r e s s u r e  gauge  w i t h  s u f f i c j e n t  a c c u r a c y  t o  g i v e  

r e p r o d u c i b l e  r e s u l t s  e x c e p t  f o r  the lowest v a l u e  where  an  a u x i l i a r y  
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chamber was used .  

One of t h e  p u r p o s e s  of t h i s  r e s e a r c h  was to  c h e c k  t h e  p r e s s u r e  

d e p e n d e n c e  of e l e c t r o n  a t t a c h m e n t .  For t h i s  r e a s o n  d a t a  were t a k e n  a t  

a number of d i f f e r e n t  v a l u e s  of b o t h  t o t a l  p r e s s u r e  and oxygen concen-  

t ra t ion .  T h e  v a l u e s  of t o t a l  p r e s s u r e  w e n t  i n  50-mm s t e p s  f rom 250 mm 

Hg to  600 mm Hg for  c a r b o n  d i o x i d e  and I n  100-mm s t e p s  from 400 mm Hg 

to  800 mm Hg f o r  methane .  I n  e a c h  case t h e  lowest p r e s s u r e  t h a t  c o u l d  

b e  used  was  d e t e r m i n e d  by  t h e  s t o p p i n g  power o f  t h e  g a s  s i n c e  t h e  

a l p h a  p a r t l c l e s  had to b e  c o m p l e t e l y  s t o p p e d  i n  t h e  s e n s i t i v e  volume 

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

The  method of t a k i n g  d a t a  was a s  follows: 

to  t h e  maximum p r e s s u r e  (6QO or 800 mm Mg) w I t h  t h e  d e s i r e d  oxygen-  

c a r b o n  d i o x i d e  or oxygen-methane  m i x t u r e  and t h e  v o l t a g e  se t  to  g i v e  t h e  

lowest v a l u e  o f  E/P. The p u l s e  h e i g h t  a n a l y z e r  b a s e  l l n e  was t h e n  se t  

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

a m p l i f i e r  and  a l l o w e d  to  sweep downward. T h i s  c a u s e d  a peak  t o  a p p e a r  

The  chamber  was f i l l e d  

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

t h e  a m p l i f i e r  o u t p u t  v o l t a g e .  The c e n t e r  of t h I s  peak  a t  h a l f  maximum 

was t a k e n  a s  t h e  p u l s e  h e i g h t  and t h e  v a l u e  was r e a d  from t h e  v o l t a g e  

s c a l e  a t  t h e  e d g e  of t h e  c h a r t .  The chamber  v o l t a g e  was t h e n  set  to  

g i v e  t h e  n e x t  €/P v a l u e  and  t h e  p r o c e d u r e  r e p e a t e d .  W i t h  c a r b o n  d l o x i d e  

t h e  r a n g e  from E/P = 0.1 t o  E/P = 3.0 was c o v e r e d  w h i l e  w l t h  methane  E/P 

= 0.1 to  E/P = 2.0 was c o v e r e d .  

been  t a k e n ,  t h e  p r e s s u r e  was r educed  to  t h e  n e x t  v a l u e  and t h e  p r o c e d u r e  

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

g a s  p u r i f i c a t i o n  and m i x i n g  r e q u i r e d  f rom s e v e n  to  n i n e  h o u r s .  

After a c o m p l e t e  se t  of r e a d i n g s  had 



I l l .  RESULTS 

The  results for  me thane  and oxygen a r e  shown i n  t h e  form of p u l s e  

h e i g h t  v e r s u s  €/P c u r v e s  i n  F i g s .  6 th rough  10. 

a s  t h e  d a t a  were c o l l e c t e d ,  e a c h  p o i n t  b e i n g  p l o t t e d  a s  s o o n  a s  I t  was 

r e a d  o f f  t h e  r e c o r d e r  c h a r t .  Any p o i n t  n o t  f a l l i n g  on a smooth c u r v e  was 

re-run a l o n g  w i t h  p o i n t s  on e a c h  s i d e  to  d e t e r m i n e  i f  a n  error  had  b e e n  

made. Errors i n  s e t t l n g  t h e  v o l t a g e  or i n  r e a d i n g  t h e  c h a r t  c o u l d  be 

found  i n  t h i s  way. G e n e r a l l y ,  a n y  p o i n t  was r e p r o d u c i b l e  to -f- 0.2 vol ts .  

These c u r v e s  were drawn 

I n  a l l  c a s e s  t h e  p u l s e  h e i g h t  i n c r e a s e d  ( i n d i c a t i n g  a d e c r e a s e  i n  

a t t a c h m e n t )  a s  E/P I n c r e a s e d .  

e l e c t r o n s  i n  oxygen and i s  a c h a r a c t e r l s t i c  of n o n - d i s s o c i a t i v e  c a p t u r e .  

A l l  o t h e r  i n v e s t i g a t i o n s  i n  t h i s  e n e r g y  r a n g e  show a s i m i l a r  effect .  

D i s s o c i a t i v e  c a p t u r e  is not o b s e r v e d  at :  t h e  low v a l u e s  of E/P t h a t  were 

used  e x c e p t  i n  m i x t u r e s  w i t h  t h e  r a r e  g a s e s ,  wh lch  have  v e r y  l a r g e  

agitation e n e r g i e s .  

T h i s  is to  be e x p e c t e d  w i t h  low e n e r g y  

7 , 1 3  

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

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

v a l u e  would b e  e x t r e m e l y  t e d i o u s .  For t h i s  r e a s o n  a set o f  c u r v e s  h a v e  

been  p l o t t e d  r e l a t i n g  t h e  n o r m a l i z e d  p u l s e  h e i g h t  and t h e  q u a n t i t y  

f = af Pd f o r  v a l u e s  of .r,/tl from z e r o  t o  f i v e ,  where  f l P  is t h e  oxygen 

p r e s s u r e ;  d is t h e  s o u r c e  to  collector d i s t a n c e ;  t l  is t h e  a m p l l f I e r  

1 

G .  S. Hurst: and T.  E .  B o r t n e r ,  Oak Ridge  N a t i o n a l  L a b o r a t o r y  R e p o r t  
0 ~ ~ b - 2 6 7 0  ( 1 9 5 9 ) .  
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time c o n s t a n t ;  and  T~ is t h e  e l e c t r o n  c o l l e c t i o n  t i m e .  

shown i n  F i g .  11. The  e l e c t r o n  c o l l e c t i o n  time is r e l a t e d  t o  t h e  d r i f t  

v e l o c i t y  W by 'to = d/W. F o r  o u r  a p p a r a t u s  d is s ix  c e n t i m e t e r s  and -c0 

is sixteen m i c r o s e c o n d s .  The  o n l y  q u a n t i t i e s  now needed t o  e v a l u a t e  a 

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

t h e  p u r e  n o n - a t t a c h i n g  g a s  and i n  t h e  oxygen m i x t u r e .  

T h e s e  c u r v e s  a r e  

The a c t u a l  c a l c u l a t i o n  o f  is b e s t  i l l u s t r a t e d  by  an  example .  

C o n s l d e r  t h e  p o i n t  a t  E/P = 1.0 on  t h e  f P = 10.0 nitn Hg c u r v e  i n  F ig .  6. 

F i r s t ,  t h e  d r i f t  v e l o c i t y  mus t  b e  known a t  t h i s  E/P. 

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

used  since s m a l l  amounts  of i m p u r i t i e s  c a n  c h a n g e  t h e  d r I f t  v e l o c i t y  i n  

some g a s e s .  The d r i f t  v e l o c i t i e s  o b t a i n e d  by  Bortner, H u r s t ,  and S t o n e  

were used  f o r  a l l  c a l c u l a t i o n s  i n  t h i s  p a p e r .  I n  t h e  c a s e  o f  me thane ,  

v a l u e s  a r e  gKven f o r  t h e  p u r e  g a s  and for  m i x t u r e s  w i t h  oxygen.  T h e r e  

is some c h a n g e  when oxygen is a d d e d ,  however  i t  is i n c o n s e q u e n t i a l  f o r  

t h e s e  c a l c u l a t i o n s .  

m i x t u r e s ,  however  t h e  v e r y  s m a l l  amounts  of oxygen used  would n o t  b e  

l i k e l y  t o  c a u s e  any  s i g n i f i c a n t  change  i n  d r i f t  v e l o c i t y .  

1 

If i t  is known, 

14 

F o r  c a r b o n  d i o x i d e ,  no v a l u e s  a r e  g i v e n  f o r  oxygen  

The  d r i f t  v e l o c i t y  g i v e n  f o r  me thane  a t  E/P = 1.0  1 t e n  c e n t l m e t e r s  

p e r  mic rosecond .  

c u r v e  T o / t l  = 0 i n  Fig .  11 w i l l  b e  used  for  the c a l c u l a t  on .  

g i v e s  a p u l s e  h e i g h t  of 0.368 for  t h e  p u r e  n o n - a t t a c h i n g  g a s  ( f  = 0 ) .  

By i n t e r p o l a t i o n  t h e  p u l s e  h e i g h t  f o r  p u r e  methane  i n  F i g ,  6 a t  

From t h i s 0  T ~ /  t l  is found  to b e  0.04; t h e r e f o r e ,  the 

T h i s  c u r v e  

T. E. Bortner, 6 .  S. H u r s t ,  and W. G. S t o n e ,  Rev. S c l .  Instr .  28, 103 
(1957) .  

14 
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Fig. 11.  Normalized Pulse Height vs f. 
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E/P = 1.0 is 71.1. 

i n  F i g .  11 by d i v i d i n g  I t  by  71.1/0.368 = 193.75, 

by  t h e  f l P  = 10 mm Wg c u r v e  a t  €/P = 1.0 is 5 3 . 3 .  

same f a c t o r  g l v e s  a n o r m a l i z e d  p u l s e  h e i g h t  of 0.276. 

c o r r e s p o n d l n g  to  t h i s  p u l s e  h e l g h t  (on  t h e  "o/tl = 0 c u r v e )  is 0.61. 

S u b s t i t u t i n g  t h e s e  v a l u e s  I n  t h e  f o r m u l a  cx = 

The p u l s e  h e l g h t  I n  F i g .  6 c a n  b e  normalized to t h a t  

The  p u l s e  h e i g h t  g i v e n  

D i v i d i n g  I t  by t h e  

The v a l u e  of f 

f 
( f , P ) d  gives 

= 0.0102 (cm - mm Hg)". 0.61 
(10.0 mm Hg) (6.0 cm) a =  

B e c a u s e  of i ts  h i g h  e l e c t r o n  d r l f t  r a t e  t h e  o n l y  c u r v e  used  when 

c a l c u l a t l n g  a i n  me thane  is ~ ~ / t ~  = 0. 

t h e  c a s e  w i t h  o t h e r  g a s e s  whlch  h a v e  slower d r l f t  rates. 

However, t h i s  is n o t  g e n e r a l l y  

F i g u r e s  12 t h r o u g h  23 s h o w a  f o r  me thane  and oxygen m i x t u r e s  p l o t t e d  

a g a i n s t  oxygen  p r e s s u r e .  I t  is a p p a r e n t  t h a t  a depends  o n  b o t h  t o t a l  

p r e s s u r e  and oxygen p r e s s u r e .  T h l s  is in  a c c o r d  w i t h  o t h e r  r e c e n t  i n -  

v e s t i g a t i o n s  5-7 b u t  c o n t r a r y  to some e a r l i e r  work. 394 

The r e s u l t s  for carbon d i o x i d e  and oxygen a r e  shown i n  t h e  form of 

The  c a l c u l a t i o n  

F i g u r e s  32 t h r o u g h  44 

p u l s e  h e i g h t  v e r s u s  E/P c u r v e s  i n  F i g s .  24 t h r o u g h  31. 

o f  a was done  i n  t h e  same manner  a s  f o r  methane .  

show a p l o t t e d  a g a i n s t  oxygen p r e s s u r e  as was done  fo r  methane .  

d e p e n d e n c e  on b o t h  t o t a l  p r e s s u r e  and oxygen p r e s s u r e  Is a l s o  o b s e r v e d  

h e r e .  

A 

The most s t r i k i n g  d i f f e r e n c e  be tween  t h e  two g a s e s  i s  t h e i r  

d i f f e r e n c e  I n  s e n s i t i v i t y  to  oxygen c o n t a m i n a t i o n .  

t r a t i o n  used w i t h  c a r b o n  d i o x i d e  was 0.42 mm Hg of oxygen i n  250 mm Hg 

The h i g h e s t  concen-  

of c a r b o n  d i o x l d e  w h i l e  30.0 mm Hg of oxygen I n  400 mm Hg t o t a l  p r e s s u r e  

was t h e  maximum w i t h  methane .  In  e a c h  case t h e  p u l s e  h e l g h t  was reduced  
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Fig. 12. The Attachment Coefficient vs Oxygen Pressure for E/P = 0.3 in 
Methane- Oxygen M i xt u res. 
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Fii. 14. The Attachment Coefficient vs Oxygen Pressure for E/P = 0.5 in Methane-Oxygen Mixtures. 
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Fig. 22. The Attachment Coefficient vs Oxygen Pressure for E/P = 1.3 in Methane-Oxygen Mixtures. 
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Fig. 28. E/P vs Pulse Height for Carb5n Dioxide end earSon-DicPxide-Oxygen Mixtures at 450 rnm Hg. 
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Fig. 32. The Attachment Coefficient vs Oxygen Pressure for E/P = 0.7 in 
Carbon Dioxide-Oxygen Mixtures. 
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Fig. 33. The Attachment Coefficient vs Oxygen Pressure for E/P = 0.8 in 
Carbon Dioxide-Oxygen Mixtures. 
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Fig. 38. The Attachment Coefficient vs Oxygen Pressure for €/P = 1.8 in Carbon Dioxide-Oxygen Mixtures. 
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t o  a p p r o x i m a t e l y  one-thh3rd of its v a l u e  i n  t h e  p u r e  g a s ,  

The  v a l u e  O F  t h e  a t t a c h m e n t  coefficient fo r  t h e  c a r b o n  d i o x i d e  mix- 

One tures is much g r e a t e r  than for  t h e  methane  mSxture  a t  t h e  same E/P. 

r e a s o n  f o r  t h i s  can b e  found  by examii.ilng t h e  e n e r g y  dependence  o f  low 

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

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

t h e  a v e r a g e  e l e c t r o n  energy is e x t r e m e l y  low a t  t h e  E/P v a l u e s  t h a t  were 

used  for  t h i s  work, and  t h e  amounts  of oxygen t h a t  were added were too 

s m a l l  to  c a u s e  any  s j g n i f l c a n t  change  i n  t h e  a v e r a g e  ene rgy .  Thus ,  i t  

is a p p a r e n t  t h a t  t h e  a t t a c h m e n t  o b s e r v e d  is t h a t  of v e r y  low e n e r g y  

e l e c t r o n s .  This Is p r o b a b l y  n o t  t h e  o n l y  r e a s o n  for t h e  h i g h  a t t a c h m e n t  

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

A n o t h e r  f a c t o r  a f f e c t l n y  thn a t t a c h m e n t  r a t e s  would b e  t h e  s t a b i l i z j n g  

q u a l i t i e s  of t h e  c a r b o n  d i o x i d e  and methane  a toms.  W I t h  t h e  c a r b o n  

d l o x i d e  mixtures, the s l o p e  of the a v e r s u s  P I P  lines increases w h i l e  w i t h  

t h e  me thane  m i x t u r e s  t h e  l i n e s  a r e  a l l  p a r a l l e l  except p o s s i b l y  a t  v e r y  

low v a l u e s  of E/P. T h i s  would seem to i n d i c a t e  t h a t  d i f f e r e n t  s t a b i l i -  

z a t i o n  processes a r e  o c c u r r l i i g  i n  t h e  two g a s e s .  

I n  c a r b o n  d i o x i d e  

T h e  a t t a c h i n e n t  of e l e c t r o n s  i n  oxygen-ni  t r o g e n  m i x t u r e s  has  been  

The  f l r s t  shown to  b e  a complex process t h a t  o c c u r s  i n  two s t a g e s . ”  

s t a g e  i n v o l v e s  t h e  formatior, of t h e  u n s t a b l e  0; ion.  

d i c a t e s  v i b r a t i o n a l  and e l e c t r o n r c  e x c i t a t i o n ) .  The  second  s t a g e  

i n v o l v e s  t h e  removal  of t h e  excess e n e r g y  by  i n o l e c u l a r  c o l l i s i o n s  re- 

s u l t i n g  i n  t h e  f o r m a t i o n  04 a n  O2 i o n  which  w h i l e  n o t  n e c e s s a r i l y  i n  i t s  

g round  s t a t e  is n e v e r t h e l e s s  s t a b l e  w i t h  r e s p e c t  t o  r e - e m i s s i o n  of t h e  

-J. 

(The  a s t e r l s k  i n -  

- 
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e l e c t r o n .  I f  a s t a b l l l z l n g  c o l l i s l o n  d o e s  n o t  occur d u r  ng t h e  l t f e t i m e  

of t h e  u n s t a b l e  Idn, t h e  e l e c t r o n  w i l l  be  r e - e m i t t e d .  S n c e  t h e  

p r o b a b i l i t y  of o c c u r r e n c e  o f  such a col l lsIon i n  a g i v e n  time i n t e r v a l  

i n c r e a s e s  a s  t h e  p r e s s u r e  i n c r e a s e s  I t  would  b e  e x p e c t e d  t h a t  t h e  a t t a c h - .  

ment  c o e f f i c i e n t  would depend on t h e  t o t a l  p r e s s u r e .  

ability o f  e n e r g y  t r a n s f e r  d e p e n d s  on t h e  k i n d  of molecules i n v o l v e d ,  I t  

is r e a s o n a b l e  to  expect t h e  a t t a c h m e n t  coefficient to depend on t h e  type 

of n o n e a t t a c h i n g  g a s  p r e s e n t  a l s o .  

S i n c e  t h e  prob-  

1 t Is hoped t h a t  by e x t e n d f n g  t h e  pressure r a n g e  a n d ,  If p o s s i b l e ,  

i n c r e a s i n g  t h e  accuracy of t h e  e x p e r i m e n t ,  s u l t a b l e  models  c a n  b e  d e r i v e d  

t h a t  w i l l  e x p l a i n  t h e  a t t a c h m e n t  process I n  me thane  and  c a r b o n  d i o x i d e  I n  

much the same manner  as h a s  been  d o n e  fo r  n i t r o g e n .  



1 V . CONCEUS I ON 

The f o r m a t i o n  o f  heavy n e g a t i v e  i o n s  by t h e  a t t a c h m e n t  o f  low 

e n e r g y  electrons to  oxygen m o l e c u l e s  was s t u d i e s  for s m a l l  amounts  o f  

oxygen  mixed w i t h  me thane  o r  c a r b o n  d i o x l d e .  

b o t h  c a s e s  was found to depend on t h e  e l e c t r o n  e n e r g y ,  t h e  p r e s s u r e  of 

t h e  oxygen and t h e  n o n - a t t a c h i n g  g a s ,  and  on t h e  k i n d  o f  n o n - a t t a c h i n g  

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

or as  e i t h e r  oxygen  or t o t a l  p r e s s u r e  i n c r e a s e s .  

The r a t e  of a t t a c h m e n t  i n  

The v a l u e  of t h e  a t t a c h m e n t  c o e f f i c i e n t  i n  oxygen-carbon d i o x i d e  

m i x t u r e s  i s  a b o u t  100 times i ts  v a l u e  i n  oxygen-methane  mixtures. T h i s  

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

e n e r g y  and p a r t l y  to  d i f f e r e n c e s  i n  the s t a b i l i z i n g  q u a l i t i e s  of t h e  two 

molecules, D i s s o c i a t i v e  a t t a c h m e n t ,  wh ich  s h o u l d  be p r e s s u r e  i n d e p e n d e n t ,  

does n o t  occur a t  t h e  low e n e r g i e s  t h a t  were used  i n  t h i s  work. 

Both  me thane  and c a r b o n  d i o x i d e  a r e  sometimes used  a s  f l l l i n g  g a s e s  

fo r  G e i g e r  and p r o p o r t i o n a l  c o u n t e r s *  The  h i g h  sensitivity of c a r b o n  

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

used if t h e  b e s t  o p e r a t i o n  is t o  b e  o b t a i n e d .  The  low s e n s i t i v i t y  of 

me thane  recommends i t  f o r  c o u n t e r s  where c a r e f u l  p u r i f i c a t i o n  of t h e  g a s  

is d i f f i c u l t  and p a r t i c u l a r l y  f o r  f l o w  c o u n t e r s  where  t h e  p o s s i b i l i t y  of 

c o n t a m i n a t i o n  b y  a t m o s p h e r i c  oxygen  ex is t s .  
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APPEND 1 X 

Relationship Between C X ,  h, and u 
C 

There are three quantities that are presently in use for describing 

electron capture in electronegative gases. These are a ,  the probability 

of capture per centimeter of drift in the field djrection and per milli- 

meter of partial pressure of the attaching gas; h, the probability of 

capture per collision with a molecule of the attaching gas; and u the 

capture cross section. 

C’ 

The relationship between cx and h can be derived as follows: 

Let 

h = the probability of attachment per collislon with any molecule m in the mixture; 

D, = the probability of attachment per centimeter of travel in the rn field direction; 

Nm = the total number of collisions per centimeter of travel in the 
field direction. 

1 t is apparent that 

However, 

1 
N, = (  5 )  - 

A* 

where 

p = mean agitation velocity of electrons In the gas mlxture; 

W = drift velocity of electrons in the gas mixture; 

Am = mean free path for electrons in the gas mixture. 
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%herefore, 

S i nce 

I-1 C e  
- = - -  E ,  (Ref. 15) 

W m  A m  

where 

e - -  - the charge to  mass r a t io  of the electron;  
111 

E = the e l e c t r i c  f i e l d ;  

6 = a constant dependent on the electron energy d is t r ibu t ion;  

then 
CE e 

w h i c h  can b e  rewritten a s  

2 
m W  

2 m W  

C e E  (?) C e ( E / P ) ’  
h = C X - - - =  

111 m 

where P -- the to t a l  pressure. 

B t can be easi ly shown t h a t  

l 5  R .  H. Healey and J .  W .  Reed, THE B E H A V J O U R  OF SLOW ELECTRONS I N  GASES, 
The Wireless Press for  Amalgamated Wireless L t d . ,  Sydney, Australia,  
1941, p 16. 



w h e r e  hl and h2 a r e  t h e  mean free p a t h s  i n  t h e  a t t a c h  

a t t a c h i n g  g a s  a t  1 rnm Hg, r e s p e c t i v e l y ;  f l  and f2 a r e  

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

ng and  non- 

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

T h e r e f o r e ,  

S i n c e  

a m = a : f l P ,  

t h e n  
2 2 m W  C X m W  

h = a f l  
c e ( E / V  

S i n c e  mean f r e e  p a t h  i s  a f u n c t i o n  of a g i t a t i o n  e n e r g y ,  i t  m u s t  be  

t a k e n  a t  t h e  a g l t a t i o n  e n e r g y  t h a t  exis ts  i n  t h e  m i x t u r e  a t  t h e  E/P i n  

q u e s t i o n .  J h j s  w l l l  b e  de t e r rn lned  by  t h e  n o n - a t t a c h i n g  g a s  s i n c e  

g e n e r a l l y  f 2  is much g r e a t e r  t h a n  f 1 
a g i t a t i o n  e n e r g y  t h a t  would e x l s t  In t h e  p u r e  a t t a c h i n g  g a s  a t  t h i s  E/P. 

and w i l l  be d i f f e r e n t  from t h e  

T h e  r e l a t i o n s h l p  be tween  CY, and rC is 

w h e r e  N1 is t h e  number of m o l e c u l e s  of t h e  attaching g a s  p e r  u n l t  volume 

( a t  a p r e s s u r e  o f  1 mm Hg) and t h e  o t h e r  quantities are t h e  same a s  used  

p r e v l o u s l y .  The  u s u a l  d e f i n f t l o n  o f  cross s e c t i o n  is g i v e n  by 
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However, since cx is defined for a distance of travel of one centimeter, 

the term is necessary to correct for t h e  t o t a l  distance t r ave led  by 

the electron while moving one centlmeter in the field dlrection. 
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