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Summary

T h i s  t h e s i s  b e g i n s  w i t h  a r e v i e w  o f  e x o - e l e c t r o n  e m is s io n  

i . e .  t h e  r e l e a s e  o f  s low ( < lOeV) e l e c t r o n s  from s o l i d  s u r f a c e s  

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

o x i d a t i o n  o r  c h e m i s o r p t i o n .  E x o - e l e c t r o n  e m is s io n  i s  a l s o  

o b s e r v e d  d u r i n g  m ag n e t ic  and n o n -m a g n e t i c  p h a se  c h an g es  and 

a f t e r  i r r a d i a t i o n  o f  s o l i d s  w i t h  i o n i s i n g  r a d i a t i o n  i . e .  £X, p ,  

y  r a y s  o r  n e u t r o n s .

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

p ro b le m s  a s s o c i a t e d  w i t h  d e t e c t i o n  o f  e x o - e l e c t r o n s :  e i t h e r

t h e y  have been  r e c o r d e d  i n  g a s  c o u n t e r s ,  where t h e  s u r f a c e  has  

t o  be e x p o sed  to  a c o u n t i n g - g a s  m i x t u r e ,  o r  t h e y  have been  

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

t h e  r e s e a r c h  t h e r e f o r e  was t o  d e v e lo p  a d e t e c t o r  which  c o u ld  be 

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

w i t h o u t  t h e  n e ed  to  s w i t c h  t o  c o u n t i n g  g a s e s  o r  u l t r a  h ig h  

vacuum. T h is  was a c c o m p l i s h e d  by t h e  e v o l u t i o n  o f  such  a c o u n t e r  

t h r o u g h  f i v e  d e s i g n s .

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

which  c o u ld  be h e a t e d  e l e c t r i c a l l y ,  was p l a c e d  i n s i d e  a

p r o p o r t i o n a l  c o u n t e r .  G a s - s o l i d  i n t e r a c t i o n s  c o u ld  be s t u d i e d

on t h i s  f i l a m e n t .  The e l e c t r o n i c  c h a r a c t e r i s t i c s  o f  t h e  sys tem

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

I t  was shown t h a t  t h e  f i e l d  g r a d i e n t  a t  t h e  f i l a m e n t  s u r f a c e  was 
3 —11 3 x 1 0  V cm i , e .  t h e  f i l a m e n t  was n o t  o p e r a t i n g  u n d e r  f i e l d  

e m is s io n  c o n d i t i o n s .

The t h i r d  s e c t i o n  o f  t h e  t h e s i s  i s  c o n c e rn e d  w i t h  th e



e x p l o i t a t i o n  o f  t h e  c o u n t e r .  I t  was d i s c o v e r e d  t h a t  ex p o su re  

o f  a  h e a t e d  p l a t i n u m  f i l a m e n t  to  Q g a s  (90^  Argon, 10% methane)  

gave  an e x c e l l e n t  e x o - e m is s i o n  so u r c e .  T h is  t y p e  o f  c a r b i d e d  

f i l a m e n t  was h e a t e d  t o  900°C i n  f lo w s  o f  a  v a r i e t y  o f  g a s e s ;  

among them oxygen,  n i t r o g e n ,  a rg o n ,  argon/10% e t h y l e n e ,  a r g o n / l 0 $  

a c e t y l e n e .  When t h e  p l a t i n u m  f i l a m e n t  was h e a t e d  i n  e ach  o f  

t h e s e  g a s e s  to  900°C and t h e n  a l l o w e d  t o  c o o l  i n  t h e  same g a s ,  

t h e  e l e c t r o n  e m is s io n  f e l l  t y p i c a l l y  from a few th o u s a n d  c o u n t s  

p e r  second  to  few er  t h a n  100 c o u n t s  p e r  second o v e r  a p e r i o d  o f  

f i v e  m in u t e s .  Such b e h a v i o u r  was a l s o  o b s e r v e d  w i t h  hydrogen  

and h e l iu m  a l t h o u g h  h e r e  t h e  i n i t i a l  t e m p e r a t u r e  o f  t h e  f i l a m e n t  

was below 550°C ( i . e .  r e d  h e a t ) .  What was u n e x p e c te d  was t h e  

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

t im e  w i t h  a d e f i n i t e  s t r u c t u r e .  Thus i t  was o b s e r v e d  t h a t  when 

p l a t i n u m  was c o o le d  i n  a r g o n / l O ^  m ethane  t h e  c o u n t  r a t e  f e l l  

from 1 0 ,000  c o u n t s  p e r  second  to  1500 a s  t h e  t e m p e r a t u r e  f e l l  

from 900°C to  110°C, b u t  t h e n  r o s e  s h a r p l y  to  a  l e v e l  o f  4000 

c o u n t s  p e r  second  f o l l o w e d  by f u r t h e r  d e cay .  T h i s  maximum 

o c c u r r e d  a t  110°C, T h i s  k i n d  o f  b e h a v i o u r  o c c u r r e d  w i t h  Ar/ l0 /^  CH^ 

Ar/ l0%  e t h y l e n e ,  A r / l 0 $  a c e t y l e n e ,  Ar/l0$£ e t h a n e ,  h y d rog en ,  a rg o n ,  

n i t r o g e n ,  h y d ro g en .

The e l e c t r o n  e m is s io n  which  was m easu red  d u r i n g  t h e  c o o l i n g  

p r o c e s s  was known t o  a r i s e  from m u l t i p l e  e l e c t r o n  d e t e c t i o n ,  f o r  

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

c o u ld  n o t  be d e t e c t e d .  The c o o l i n g  c u rv e  e m i s s io n s  a r e  

i n t e r p r e t e d  i n  t e r m s  o f  a b a s i c  t e n e t  which  a r o s e  from t h e  

l i t e r a t u r e  s u rv e y ,  n a m e l y : -  when bonds a r e  made o r  b roken  a t  

a  s u r f a c e  exo—e l e c t r o n s  a r e  e m i t t e d .
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CHAPTER 1



C h a p te r  1

INTRODUCTION

1*0 D e f i n i t i o n

As t h i s  i s  an u n u s u a l  f i e l d  o f  r e s e a r c h ,  i t  was d e c i d e d  to  

r e v i e w  t h e  l i t e r a t u r e  a t  some l e n g t h .  E x o - e l e c t r o n  e m is s io n  i s  

t h e  e m i s s io n  o f  v e r y  low e n e rg y  e l e c t r o n s  (E*>*0 t o  10 eV) from 

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

may be b ro u g h t  a b o u t  i n  s e v e r a l  ways e , g ,  by m e c h a n ic a l  w ork ing  

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

o f  a  s o l i d  w i t h  i o n i s i n g  r a d i a t i o n  i . e .  a ,  |3, y o r  X - r a y s .  Exo­

e l e c t r o n  e m i s s io n  a l s o  accom pan ie s  p h a se  chan g e s  and many 

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

In  g e n e r a l  i t  i s  found  t h a t  t h e r e  a r e  two d i s t i n c t  t y p e s  o f  

e m i s s io n .  One o c c u r s  a t  am bien t  t e m p e r a t u r e  im m e d ia te ly  a f t e r  

e x c i t a t i o n .  . T h i s  t y p e  o f  e m is s io n  d e c a y s  t o  ze ro  u s u a l l y  w i t h i n  

a  few h o u r s ,  r a r e l y  p e r s i s t i n g  l o n g e r  t h a n  a few days  and i t  

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

when a p r e v i o u s l y  e x c i t e d  sample i s  h e a t e d  from room t e m p e r a t u r e  

a f t e r  decay  o f  t h e  f i r s t  t y p e .  A p l o t  o f  e m is s io n  r a t e  v e r s u s  

t e m p e r a t u r e  can  g i v e  s e v e r a l  d i s t i n c t  maxima which  a r e  c h a r a c t e r ­

i s t i c  o f  t h e  sample b e in g  i n v e s t i g a t e d .  T h i s  p l o t  i s  known a s  a 

glow c u rv e  by a n a lo g y  w i t h  lu m in e sc e n c e  glow c u r v e s .  T h is  

e m is s io n  may p r o c e e d  i n  t h e  d a rk .

As w e l l  a s  t h e r m a l l y  s t i m u l a t e d  e m i s s io n ,  e x o - e l e c t r o n s  may 

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

n e a r  U-V o r  v i s i b l e  range  o f  t h e  spec t rum .  T h is  phenomenon i s  

d i s t i n c t  from t h e  p h o t o - e l e c t r i c  e f f e c t  p e r  se s i n c e  th e  wave­

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



t h e  m a t e r i a l  b e in g  i n v e s t i g a t e d .  E x o - e l e c t r o n s  have a l s o  been 

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

1*1 H i s t o r i c a l  Background

Kramer ( l )  was t h e  f i r s t  t o  c a r r y  o u t  a s y s t e m a t i c  

i n v e s t i g a t i o n  o f  t h i s  phenomenon, V ork ing  i n  Gerijiany d u r i n g  t h e  

l a s t  war ,  he d i s c o v e r e d  t h a t  i f  a  p i e c e  o f  a b r a d e d  o r  deform ed 

m e t a l  was b r o u g h t  n e a r  t h e  anode o f  a  p o i n t  c o u n t e r  a  v e r y  h ig h  

c o u n t - r a t e  was o b s e r v e d .  T h i s  s u b s e q u e n t l y  d e ca y ed  w i t h  t im e .

Some o f  t h e  many e x p e r i m e n t s  Kramer c a r r i e d  o u t  i n  an e f f o r t  

t o  e x p l a i n  t h i s  e f f e c t  d e a l t  w i t h  t h e  h e a t i n g  and c o o l i n g  o f  a 

m e ta l  a l l o y .  He found  t h a t  when a sample o f  Vood! s m e ta l  was 

m e l t e d  and t h e n  a l lo w e d  to  c o o l  b e n e a th  a  p o i n t  c o u n t e r  a 

m a s s iv e  su rg e  o f  c o u n t s  was o b s e r v e d  when s o l i d i f i c a t i o n  commenced. 

The h i g h  c o u n t - r a t e  c o n t i n u e d  u n t i l  a  t e m p e r a t u r e  below t h e  

f r e e z i n g  p o i n t  was r e a c h e d  when t h e  number o f  p u l s e s  q u i c k l y  f e l l  

away t o  background  l e v e l .  No such  e m is s io n  was o b s e r v e d  d u r i n g  

m e l t i n g .

Because  s o l i d i f i c a t i o n  i s  an e x o th e rm a l  p r o c e s s ,  and t h e r e  

was no enhanced  e m is s io n  d u r i n g  m e l t i n g ,  Kramer c o n c lu d e d  t h a t  

t h e  e l e c t r o n s  e m i t t e d  were t h e r m a l  e l e c t r o n s  w i t h  t h e  e n e rg y  b e in g  

p r o v i d e d  by t h e  l a t e n t  h e a t  o f  f u s i o n  o f  t h e  m e t a l .  On t h i s  

b a s i s  Kramer p ro p o s e d  t h a t  when e l e c t r o n  e m is s io n  o c c u r r e d  an 

e x o th e rm a l  p r o c e s s  must  be t a k i n g  p l a c e .  Thus he c a l l e d  t h e  

phenomenon e x o - e l e c t r o n  e m is s io n .

To e x p l a i n  h i s  o b s e r v a t i o n s  w i t h  worked m e t a l s  Kramer 

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

u n s t a b l e ,  n o n - m e t a l l i c  p h ase  which r e l e a s e d  e n e rg y  on s p o n t a n e o u s ly  

r e v e r t i n g  to  t h e  s t a b l e ,  c r y s t a l l i n e ,  m e t a l l i c  p h a s e .  Energy  was 

t h u s  a v a i l a b l e  to  g iv e  r i s e  to  e x o - e l e c t r o n  e m is s io n .



Kramer f i n a l l y  p u b l i s h e d  h i s  r e s u l t s  i n  book form i n  1950 ( l )  

and  t h i s  s t i m u l a t e d  much work on i n v e s t i g a t i o n  o f  t h e  phenomenon.

A l th o u g h  Kramer was t h e  f i r s t  t o  s tu d y  t h i s  e f f e c t  

s y s t e m a t i c a l l y ,  i t  had been  r e p o r t e d  on s e v e r a l  o c c a s i o n s  b e f o r e .  

O f t e n  e a r l i e r  w o r k e r s  had n o t  r e a l i s e d  what  t h e y  were d e a l i n g  

w i t h .  For  exam ple ,  i n  1899 C u r ie  (2)  n o t e d  t h a t  i f  m a t e r i a l s  

were  b r o u g h t  n e a r  a  sample  o f  rad ium  f o r  a  t i m e ,  t h e y  e x h i b i t e d  

what  he d e s c r i b e d  a s  a  d e c a y in g  r a d i o a c t i v i t y ,  w h i l e  R u t h e r f o r d  

o b s e r v e d  t h e  same e f f e c t  w i t h  t h o r iu m  i n  1900 ( 3 ) .  He found t h e  

h a l f - l i f e  o f  t h e  d eca y  was a ro u n d  e l e v e n  h o u r s .  In  1897 R u s s e l  (4) 

foun d  t h a t  a  p i e c e  o f  m e c h a n i c a l l y  t r e a t e d  o r  i r r a d i a t e d  z in c  

f o i l  c o u ld  d a rk e n  a p h o t o g r a p h i c  p l a t e .  I f  o n l y  p a r t  o f  t h e  z in c  

had  been  t r e a t e d  t h e n  o n ly  p a r t  o f  t h e  e m u ls io n  was d a rk e n e d .  He 

a l s o  fou n d  t h a t  t h e  e f f e c t  was more p ro n ou n ced  a t  h i g h e r  t e m p e ra ­

t u r e s ,  I n  1900 V i l l a r d  (5)  o b t a i n e d  t h e  same e f f e c t  u s i n g  c a th o d e  

r a y s  to  e x c i t e  sam ples  o f  b i sm u th .

I n  a  v e r y  i n t e r e s t i n g  i n v e s t i g a t i o n  c a r r i e d  o u t  i n  1902 

McLennan (6)  i r r a d i a t e d  many d i f f e r e n t  s u l p h a t e s ,  c h l o r i d e s  and 

s u l p h i d e s  w i t h  sp a rk  d i s c h a r g e  from an i n d u c t i o n  c o i l ,  o r  c a th o d e  

r a y s  from a d i s c h a r g e  t u b e .  He m easu red  t h e  su b s e q u e n t  e m is s io n  

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

h e a t i n g  t h e  spec im ens  w i t h  a  bunsen  b u r n e r .  He was a b l e  t o  r e c o r d  

t h e  glow c u r v e s  i n  t h i s  way. He found  t h e r e  was no p r e s s u r e  

dependence  o f  t o t a l  e m is s io n  o r  e m is s io n  r a t e  be tween 1-480 mm Hg 

[ s i c ] .  McLennan was t h e  f i r s t  t o  r e a l i s e  t h e  n e g a t i v e  c h a rg e  and 

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

V a r io u s  r e p o r t s  a p p e a re d  o f  an e m is s io n  o f  c h a r g e d  p a r t i c l e s  

accompanying ch em ic a l  r e a c t i o n  t a k i n g  p l a c e  a t  s o l i d  s u r f a c e s .

F o r  example ,  i n  1914 H a r t l e y  (7)  r e p o r t e d  an e m is s io n  o f  e l e c t r o n s



from g o l d  w h i l e  r e a c t e d  i n  i t s  p r e s e n c e  o r  w h i l e  2 CO/O2

r e a c t e d ,  F in c h  (8)  found  t h a t  c h an ges  i n  t h e  r a t e  o f  e m is s io n

f o l lo w e d  c h an g e s  i n  c a t a l y t i c  a c t i v i t y  w h i l e  D e n i s o f f  and

R ic h a r d s o n  (9)  m easu red  t h e  e n e rg y  d i s t r i b u t i o n  o f  t h e  e l e c t r o n s  

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

K2Na,

However, no r e a l  advance  was made i n  t r y i n g  t o  e x p l a i n  t h i s  

phenomenon u n t i l  1936 when Lewis and Burcham (10) found  t h a t  i f  

sam ples  o f  a b ra d e d  o r  s c r a t c h e d  m e t a l s  such  a s  a lum in ium , c o p p e r ,  

b r a s s  o r  n i c k e l  were i n t r o d u c e d  i n t o  a  G e ig e r  c o u n t e r  t h e n  a

l a r g e  number o f  c o u n t s  were r e c o r d e d .  They s u g g e s t e d  t h a t  t h e s e

p u l s e s  m ig h t  be due to  i o n i z a t i o n  phenomena accompanying t h e  

r e a c t i o n  o f  oxygen w i t h  t h e  defo rm ed  m e ta l  s u r f a c e  and t h a t  t h i s  

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

p r o g r e s s  o f  a s u r f a c e  r e a c t i o n .  T h i s  h e lp e d  to  e x p l a i n  why 

f r e s h l y  m a n u f a c tu r e d  G e i g e r - M u e l l e r  c o u n t e r s  o f t e n  gave r i s e  to  

an a b n o rm a l ly  h i g h  b ackground  c o u n t  which  d e c r e a s e d  a s  t h e  c o u n t e r  

ag ed .

I n  1935 Tanaka fo un d  t h a t  m e ta l  s u r f a c e s  which  had been 

bombarded by e l e c t r o n s  showed a c o l d  e m is s io n  which  decay ed  w i t h  

t im e  to  z e r o .  I n  1940 he p u b l i s h e d  a summary o f  h i s  r e s u l t s  ( 1 1 ) .  

He found t h a t  t h e  e f f e c t  depended  on t h e  p r e s e n c e  o f  an o x id e  

l a y e r  on t h e  m e ta l  s u r f a c e  and t h a t  t h e  i n t e n s i t y  o f  t h e  e m is s io n  

depended  on t h e  t h i c k n e s s  o f  t h e  o x id e  l a y e r .  The e m is s io n  

i n t e n s i t y  went t h r o u g h  a maximum and t h e  c o r r e s p o n d i n g  o x id e  

t h i c k n e s s  v a r i e d  w i t h  d i f f e r e n t  m e t a l s .  T h i s  work p r o v i d e d  a 

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

s u r f a c e  l a y e r s  p l a y  i n  t h e  d e l a y e d  e m is s io n  from i r r a d i a t e d  m e t a l s .

U n f o r t u n a t e l y ,  t h e s e  r e s u l t s  went u n n o t i c e d  and i t  was n o t



u n t i l  Kramer drew a t t e n t i o n  to  t h e  f a c t  t h a t  t h i s  phenomenon 

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

o c c u r r i n g  on them t h a t  i n t e r e s t  became more w id e s p r e a d .  A l th o ug h  

i t  i s  now known t h a t  i t  i s  n o t  an exo—t h e r m a l  p r o c e s s ,  a s  was 

p r o p o s e d  by Kramer,  which  i s  i n v o l v e d  i n  t h i s  phenomenon, f o r  

h i s t o r i c a l  r e a s o n s  t h e  t e rm  e x o - e l e c t r o n  e m is s io n  h a s  been r e t a i n e d .

1*2 A b r a s io n

A l th o u g h  e a r l i e r  w o rk e r s  showed t h a t  f r e s h l y  a b ra d e d  m e t a l s  

gave  r i s e  t o  an e m is s io n  o f  c h a r g e d  p a r t i c l e s  ( e . g .  (1 0 ) )»  i t  was 

Kramer ( l )  who r e a l i s e d  d u r i n g  h i s  work t h a t  t h i s  phenomenon 

p r o v i d e d  t h e  means o f  s t u d y i n g  s u r f a c e  ch an g e s  and s u r f a c e  

p r o c e s s e s .

H axe l ,  Houtermans and S e e g e r  ( 1 2 ) ,  f o l l o w i n g  t h e  i d e a s  o f  

Kramer ( l ) ,  p r o p o s e d  t h a t  a b r a s i o n  exposed  f r e s h  m e ta l  t o  t h e  

a tm o sp h e re  and t h a t  t h e  h e a t  o f  c h e m i s o r p t i o n  o f  oxygen on t h e  

c l e a n  m e ta l  would p r o v i d e  s u f f i c i e n t  e n e rg y  f o r  t h e  e m is s io n  t o  

t a k e  p l a c e .  They a l s o  h e a t e d  a b ra d e d  spec im ens  i n s i d e  a g a s -  

quenched  G e i g e r - M u e l l e r  t u b e  and found  s e v e r a l  e m i s s io n  maxima 

a t  w e l l  d e f i n e d  t e m p e r a t u r e s .  These were a t t r i b u t e d  to  a d s o r p t i o n  

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

Roubinek and S e i d l  (13)  c o n f i rm e d  t h a t  oxygen was e s s e n t i a l  f o r  

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

H a x e l 1s t h e o r y  t h a t  e x o - e l e c t r o n  e m is s io n  was s t i m u l a t e d  by 

oxygen c h e m i s o r p t i o n ,  t h e y  b e l i e v e d  t h a t  o x id e  g ro w th  m ig h t  be 

r e s p o n s i b l e  f o r  t h e  decay  i n  t h e  e m is s io n .  I n  f a c t  Haxel and 

c o - w o r k e r s '  t h e o r y  was s u b s e q u e n t l y  c r i t i c i s e d  on t h e  f o l l o w i n g  

g ro u n d s .  Even a t  10 t o r r ,  m ono layer  f o r m a t i o n  o f  o x id e  t a k e s  

p l a c e  i n  a  few secon d s  w h i l e  a t  t h i s  p r e s s u r e  e x o - e l e c t r o n  

e m is s io n  from t h e  a b ra d e d  m e ta l  i n c r e a s e d  f o r  a few m in u te s



b e f o r e  s t a r t i n g  to  d ecay .  The i m p l i c a t i o n  was t h a t  e x o - e m is s i o n  

was more l i k e l y  t o  be due to  o x i d a t i o n .

Kramer (14)  and l a t e r  G runberg  and W righ t  (15)  showed t h a t  

s u r f a c e s  which  em i t  e x o - e l e c t r o n s  a l s o  e m i t  p h o t o - e l e c t r o n s  a t  

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

G runberg  and W right  f u r t h e r  d e m o n s t r a t e d  t h a t  a f r e s h l y  c l e a v e d  

z in c  c r y s t a l  s u r f a c e  gave  no such  e m is s io n  when i r r a d i a t e d  w i t h  

v i s i b l e  l i g h t ,  u n l e s s  i t  had a l s o  been  a b ra d e d .  They went  on to  

i n v e s t i g a t e  t h e  e x o - e l e c t r o n  e m is s io n  a t  d i f f e r e n t  w a v e le n g th s  

from a number o f  f r e s h l y  a b r a d e d  m e t a l s  ( 1 6 ) .  They fou n d  t h a t  a l l  

t h e  m e t a l s  i n v e s t i g a t e d  e m i t t e d  i n  t h e  r a n g e  3 ,0 0 0 - 3 , 7 0 0  X w h i l e  

a lum in ium ,  magnesium and z in c  gave e m i s s io n  i n  t h e  v i s i b l e  w i t h  a
o

s t r o n g  peak  a t  4 ,7 0 0  A. They a l s o  n o t e d  t h a t  t h e  e m is s io n  r a t e  

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

From f u r t h e r  s t u d i e s  o f  t h e  decay  o f  t h e  peak  a t  4 ,7 0 0  A, 

Grunberg  and W righ t  p ro p o s e d  t h a t  t h i s  e m i s s io n  maximum was due to  

t h e  decay  o f  F ’- c e n t r e s ,  oxygen i o n  v a c a n c i e s  a s s o c i a t e d  w i t h  two 

e l e c t r o n s .  By e t c h i n g  t h e  s u r f a c e  of  t h e  m e t a l s  w i t h  4fo h y d ro ­

f l u o r i c  a c i d ,  t h e s e  w o rk e r s  showed t h a t  t h e r e  was a r e g i o n  o f  h ig h  

a c t i v i t y  e x t e n d i n g  from 5 -  10 p below t h e  s u r f a c e ,  w i t h  v e r y  l i t t l e  

a c t i v i t y  a c t u a l l y  a t  t h e  s u r f a c e .  Okamoto, Sa to  and Ohashi  (17) 

c o n f i r m e d  t h i s  f o r  i r o n  i n  1964. They found  t h a t  e x o - e l e c t r o n  

s o u r c e s  e x te n d e d  a s  deep a s  60 p w i t h  a maximum a t  2 - 6  p be low t h e

s u r f a c e .  They a l s o  o b t a i n e d  glow c u r v e s  f o r  sp ec im ens  which  had
"■* 2been  a n n e a l e d  i n  vacuum ( l0 ~  mm Hg) o r  hydrogen  ( l  atm) b e f o r e  

a b r a s i o n .  To compare t h e s e  m ethods  o f  p r e t r e a t m e n t  Ohash i  an d  

c o -w o r k e r s  p l o t t e d  t h e  t o t a l  e l e c t r o n  e m is s io n  up to  t h e  t h r e s h o l d  

o f  t h e  R ic h a rd so n  e m is s io n  v e r s u s  t h e  d e p th  o f  t h e  d i s s o l v e d  

s u r f a c e  l a y e r  (p)  f o r  s e v e r a l  spec im ens .  They found  t h a t  t h e



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

( s e e  f i g  1, page  7 a ) ,  t h u s  d e m o n s t r a t i n g  t h e  i m p o r t a n c e  o f  t h e  

method of  p r e t r e a t m e n t  on t h e  e x o - e l e c t r o n  e m is s io n  c h a r a c t e r i s t i c s .

Meanwhile  S e i d l  (18) had s u g g e s t e d ,  on t h e  b a s i s  o f  work on 

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

r e s p o n s i b l e  f o r  e x o - e m is s i o n  were c r e a t e d  by a d s o r b e d  oxygen.

Bohun (19) (20) and o t h e r s  had n o t i c e d  t h e  s i m i l a r i t i e s  be tween exo­

e l e c t r o n  e m is s io n  and lu m in e s c e n c e  i n  i n s u l a t i n g  c r y s t a l s  and t h i s  

l e d  Bohun, K a r p i s k o v a  and Duskova (21) to  s u g g e s t  t h a t  t h e r e  m igh t  

be a  c o n n e c t i o n  be tween  t h e  e l e c t r o n  e m is s io n  and t h e  d i s s o c i a t i o n  

by p h o t o - e x c i t a t i o n  o f  c o l o u r  c e n t r e s  i n  t h e  o x id e  l a y e r .

M u l l e r  and W einb erge r  (22)  p ro p o s e d  t h a t  a b r a s i o n ,  d e f o r m a t i o n  

o r  e v a p o r a t i o n  a l l  l e d  to  t h e  e x p o su re  o f  c l e a n  m e ta l  on which 

oxygen a d s o r p t i o n  c o u ld  t a k e  p l a c e .  They p r o p o s e d  y e t  a n o t h e r  

e x p l a n a t i o n  o f  t h e  o b s e r v e d  r e s u l t s .  They a rg u e d  t h a t  a d s o r p t i o n  

would lo w er  t h e  p h o t o e l e c t r i c  work f u n c t i o n  o f  t h e  m e ta l  w h i l e  

o x i d a t i o n  i n c r e a s e d  i t  and t h a t  t h i s  would a c c o u n t  f o r  th e  i n i t i a l  

r i s e  i n  e m is s io n  r a t e  f o l l o w e d  by i t s  decay .

L o h f f  (23) worked i n  h ig h  vacuum w i t h  a b ra d e d ,  deform ed and

e v a p o r a t e d  m e t a l s ,  p a r t i c u l a r l y  a luminium and z i n c .  He showed t h a t

t h e  shape o f  t h e  e m is s io n  c u r v e ,  t h e  t im e  t a k e n  to  r e a c h  t h e  peak

maximum and i t s  i n t e n s i t y  a l l  depended  on th e  r e s i d u a l  g a s

p r e s s u r e  o f  t h e  a p p a r a t u s .  I f  t h e  p r e s s u r e  was low e re d  d u r i n g  an

e x p e r im e n t  t h e  c o u n t  r a t e  d e c r e a s e d ,  i f  r a i s e d ,  t h e  e m is s io n

i n c r e a s e d .  Ramsey (24) c o n f i rm e d  t h e s e  r e s u l t s  ( s e e  f i g  2 and 3,

page  7b) a l t h o u g h  he found  t h a t  i l l u m i n a t i o n  o f  t h e  sample was

n e c e s s a r y ,  w h e rea s  L o h f f  made no m en t io n  o f  t h i s .  Both  o f  t h e s e

w o rk e r s  found  t h a t  i f  t h e  r e s i d u a l  p r e s s u r e  i n  t h e  sys tem  was l e s s  
—8t h a n  10" t o r r  no e m is s io n  was o b s e r v e d .  Wiistenhagen (25) (26)
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8.

o b t a i n e d  t h e  same r e s u l t s  w i t h  e v a p o r a t e d  a lum in ium . Ramsey (27)
no

p u t  an u p p e r  l i m i t  o f  2*5 x 10"" Amp on t h e  e m is s io n  c u r r e n t  a t  

a  p r e s s u r e  o f  10 n t o r r  u n t i l  a i r  was i n t r o d u c e d ,  when t h e  c u r r e n t  

i n c r e a s e d .

I n  1964 Ramsey and G a r l i c k  (28)  had i n v e s t i g a t e d  t h e  exo­

e l e c t r o n  e m i s s io n  from alum in ium  and z in c  a b r a d e d  i n  a tm o sp h e re s  

o f  a i r  o r  oxygen o v e r  a r a n g e  of  t e m p e r a t u r e s  and p r e s s u r e s .  They 

found  no e m is s io n  c o u ld  be o b s e r v e d  i n  t h e  d a r k  d u r i n g  o r  a f t e r  

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

They a l s o  o b s e r v e d  t h a t  i f ,  d u r i n g  e m i s s io n ,  t h e  specimen was 

su d d e n ly  c o o le d  t h e  e m is s io n  f e l l  r a p i d l y  to  ze ro  o r  a  v e r y  sm a l l  

v a l u e .  E m iss io n  was r e s t o r e d  when t h e  sample r e g a i n e d  i t s  o r i g i n a l  

t e m p e r a t u r e .  The d e cay  o f  t h e  e m is s io n  c o u ld  a l s o  be h a l t e d  by 

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

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

These  w o rk e r s  a l s o  fo u nd  t h a t  i f  i l l u m i n a t i o n  was n o t  

p r o v i d e d  u n t i l  a l a p s e  o f  t im e  a f t e r  a b r a s i o n ,  t h e  e m is s io n  had 

r e a c h e d  t h e  s t a g e  i t  would have i f  l i g h t  had been  f a l l i n g  on t h e  

specimen a l l  t h e  t i m e .

As t e m p e r a t u r e  was i n c r e a s e d  from room t e m p e r a t u r e ,  Ramsey 

and G a r l i c k  fou n d  t h a t  t h e  i n i t i a l  s t a g e  o f  e x o - e l e c t r o n  e m is s io n  

was p r o l o n g e d  and t h a t  t h e  e x o - e l e c t r o n  a c t i v i t y  o f  th e  s u r f a c e  

p e r s i s t e d  much l o n g e r  ( s e e  (28 and 29) and f i g  4 and 5, page  8 a ) ,

These w o rk e r s  made a t e n t a t i v e  a t t e m p t  to  e x p l a i n  t h e i r  r e s u l t s  

i n  t e r m s  o f  o x i d a t i o n  o f  t h e  m e t a l .  To p ro v e  t h a t  oxygen was t h e  

g a s  r e s p o n s i b l e  f o r  e x o - e l e c t r o n  e m i s s io n ,  Ramsey l a t e r  c a r r i e d  

o u t  a s e r i e s  o f  m ost  s i g n i f i c a n t  e x p e r im e n t s  where a luminium was 

a b r a d e d  i n  a tm o s p h e re s  o f  d r i e d  a i r  and d r i e d ,  s p e c t r o s c o p i c a l l y  

p u r e  oxygen and n i t r o g e n  ( 2 4 ) ,  He found  t h a t  a t  ve ry ,  low p r e s s u r e s  

t h e r e  was an ‘i n c u b a t i o n 1 p e r i o d  b e f o r e  e m is s io n  commenced, which



figure 4 .
8a.

Emission current 
(arbitrary units)

Time(min)
Exo-emission from abraded aluminium at 10 torr 
to illustrate the effect of temperature.

figure 5.

Emission current 
(arbitrary units)

Time(min)
Exo-emission from abraded aluminium at 208°C 
to illustrate the effect of pressure.
A):-2-8x10-Z> torr, B):10^torr.



was t h e  same i n  oxygen and a i r .  A l th o u g h  t h e  peak  maximum was 

r e a c h e d  so o n e r  f o r  oxygen,  i t  was l e s s  i n t e n s e  t h a n  f o r  a i r .

U n l i k e  t h e  s i t u a t i o n  i n  a i r ,  t h e  peak  was r e l a t i v e l y  p r e s s u r e  

i n d e p e n d e n t  i n  p u r e  oxygen. T here  was a sm a l l  amount o f  e m is s io n  

from spec im ens  a b r a d e d  i n  n i t r o g e n  b u t  t h i s  was a t t r i b u t e d  to  

i m p u r i t i e s ,  such  a s  t r a c e s  o f  oxygen i n  t h e  n i t r o g e n  r a t h e r  t h a n  to  

any  i n t e r a c t i o n  o f  n i t r o g e n  i t s e l f  w i t h  t h e  s u r f a c e .

Ramsey e x p l a i n e d  t h e  i n c u b a t i o n  t im e  a s  b e in g  due to  f o r m a t i o n  

o f  a  m o n o lay e r  which  was n e c e s s a r y  b e f o r e  e m i s s io n  c o u ld  s t a r t .

The t im e  would  be lo n g  a t  low p r e s s u r e s  due t o  t h e  sm a l l  amount o f  

g a s  p r e s e n t .

S in c e  t h e s e  r e s u l t s  i n d i c a t e d  t h a t  oxygen was n o t  s o l e l y  

r e s p o n s i b l e  f o r  e x o - e l e c t r o n  e m i s s i o n ,  Ramsey (30)  examined 

a lum in ium  s u r f a c e s  a b ra d e d  i n  a tm o s p h e r e s  c o n t a i n i n g  w a t e r  v a p o u r  

and  found  t h a t  t h e r e  was a r a p i d  r i s e  i n  e x o - e m is s i o n ,  which rem ained  

s t e a d y  o v e r  a b o u t  200 se co n d s  i n  p u r e  w a t e r  v a p o u r  b u t  which  decayed  

i n  a  w a t e r  v a p o u r /o x y g e n  a tm o sp h e re  ( s e e  f i g  6, page  9 a ) ,  T h is  

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

e m i s s io n .

Most s t u d i e s  o f  t h e  i n t e r a c t i o n  o f  oxygen w i t h  a luminium

( s e e  (31)  f o r  r e f e r e n c e s )  i n d i c a t e  t h a t  t h e  work f u n c t i o n  o f

a lum in ium ,  *A1’ d e c r e a s e s  by \  -  1 eV due to  t h e  p r e s e n c e  o f  chem i-

s o r b e d  oxygen o r  t o  a t h i n  o x id e  l a y e r .  I n  d i r e c t  c o n t r a d i c t i o n ,

however ,  Huber and K i r k  (31)  have shown i n  a th o r o u g h  i n v e s t i g a t i o n
—7c a r r i e d  o u t  a t  p r e s s u r e s  i n  e x c e s s  o f  10 t o r r  t h a t  t h e  work 

f u n c t i o n  o f  t h e  a luminium s u r f a c e  o n ly  changed  by 0*05 eV when 

a b s o l u t e l y  d r y ,  s p e c t r o s c o p i c a l l y  p u re  oxygen was u s e d .  When w a te r  

v a p o u r  was i n t r o d u c e d  $ d e c r e a s e d  by 1 eV.

I f  t h e  a luminium had been  exposed  t o  s u f f i c i e n t  oxygen to  g iv e
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m o n o la y e r  c o v e r  t h e n  <() d e c r e a s e d  by 1 eV i m m e d ia te ly  w a t e r  v a p o u r  

was i n t r o d u c e d .  I f ,  however ,  w a t e r  v a p o u r  was i n t r o d u c e d  to  a 

c l e a n  a lum in ium  s u r f a c e ,  {) r em a in e d  a lm o s t  c o n s t a n t  f o r  some t im e  

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

Huber and K i r k  p r o p o s e d  t h a t  w a t e r  i n t e r a c t e d  w i t h  c l e a n  

a lum in ium  to  g i v e  a  m on o lay e r  o f  o x id e  on which  more w a t e r  c o u ld  

a d s o r b  t o  p ro d u c e  t h e  1 eV r e d u c t i o n  i n  ♦a i -

To e x p l a i n  t h e  s u r p r i s i n g l y  sm a l l  d e c r e a s e  i n  <() b r o u g h t  a b o u t  

by a d s o r p t i o n  o f  p u r e  C^, Huber and K i r k  in v o k e d  a  p l a c e  exchange 

model  s i m i l a r  t o  one p ro p o s e d  o r i g i n a l l y  by Lanyon and T r a p n e l l  

( s e e  ( 3 1 ) ) ,  T h i s  may be r e p r e s e n t e d  s c h e m a t i c a l l y  a s

0 = 0 0 -  M
I I

M - M - M - M  M -  M -  0 -  M
I I I I I I I |
M - M - M - M  M - M - M - M

T h i s  exchange  o f  p l a c e  o f  an oxygen atom w i t h  a  m e ta l  atom 

a f t e r  oxygen a d s o r p t i o n  on a  d u a l  a d s o r p t i o n  s i t e  w i l l  l e a d  to  an 

a l t e r n a t i n g  d i p o l e  a r r a n g e m e n t ,  whose r e s u l t a n t  would be c l o s e  to  

z e r o .

Ramsey c i t e d  t h e s e  r e s u l t s  to  e x p l a i n  t h e  i n c u b a t i o n  t im e  he 

had  o b s e r v e d  i n  t h e  work he c a r r i e d  o u t  i n  u l t r a  h i g h  vacuum. T h is  

was t h e  t im e  r e q u i r e d  t o  p r e p a r e  t h e  a luminium s u r f a c e  f o r  t h e  

a d s o r p t i o n  o f  t h e  t r a c e s  o f  w a t e r  to  be found  i n  a  g l a s s  vacuum 

sys tem  which  he had u sed .
o

The p h o t o e l e c t r i c  t h r e s h o l d  o f  a luminium i s  2 ,900  A. Ramsey
o

u s e d  l i g h t  o f  w a v e le n g th  3 ,400  A i n  h i s  i n v e s t i g a t i o n s .  T h is  

c o r r e s p o n d s  t o  a work f u n c t i o n  d e c r e a s e  o f  0*5 eV.



1 1 .

Ramsey a l s o  c i t e d  t h e  work o f  D o he r ty  and D av is  (32) who 

showed t h a t  an a luminium o x id e  f i l m  formed be low 500°C i s  amorphous. 

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

t r a p p i n g  c e n t r e  and so Bohunf s u se  o f  an a n a lo g y  w i t h  c o l o u r  c e n t r e s  

and Grunberg  and V r i g h t 1s t h e o r y  of  e m is s io n  from F '  c e n t r e s  had 

t o  be d i s c a r d e d .  Grunberg  and V r i g h t 1s t h e o r y  was s u s p e c t  i n  any 

c a s e  s i n c e  no o t h e r  w o r k e r s ,  i n c l u d i n g  Ramsey and G a r l i c k  (28)  had
o

been  a b l e  to  f i n d  an e m is s io n  peak  a t  4 ,7 0 0  A.

P im b ley  and F r a n c i s  (33) s u g g e s t e d  t h a t  a b r a s i o n  c r e a t e d  

v a c a n c i e s  which  d i f f u s e d  t o  t h e  s u r f a c e .  D ur ing  t h e i r  s u b s e q u e n t  

a n n i h i l a t i o n  t h e s e  c o u ld  g i v e  r i s e  t o  e l e c t r o n  e m i s s io n .  E m iss io n  

d e cay  was due t o  e x h a u s t i o n  o f  t h e  su p p ly  o f  t h e s e  v a c a n c i e s .

L a t e r  work by M u e l l e r  and P o n t i n e n  (34)  w i t h  a b ra d e d  and e t c h e d  

a lum in ium  b e f o r e  and a f t e r  a g e in g  d i s p r o v e d  t h i s  t h e o r y .

Scharmann and S e i b e r t  (35) found  w i t h  a b r a d e d  a lum in ium  t h a t  

t h e  a b i l i t y  t o  em it  p h o t o - e l e c t r o n s  d e c r e a s e d  w i t h  t im e  when th e  

a b r a d e d  spec im ens  were s t o r e d  i n  vacuum, p r e s e n c e  o r  a b se n c e  o f  

l i g h t  h a v in g  v i r t u a l l y  no e f f e c t  on t h i s  l o s s  o f  e m i t t i n g  a b i l i t y ,  

which  would seem to  t h e  p r e s e n t  a u t h o r  t o  be due t o  slow o x i d a t i o n  

by a d s o r p t i o n  o f  t h e  r e s i d u a l  g a s  i n  t h e  sys tem .  They a l s o  h e a t e d  

a b r a d e d  spec im ens  i n  t h e  d a rk  a t  v a r i o u s  p r e s s u r e s  and found  t h a t
_5

t h e y  c o u ld  o n ly  o b t a i n  glow c u r v e s  i f  t h e  p r e s s u r e  was 10 t o r r
—8o r  g r e a t e r .  No e m is s io n  was o b s e r v e d  a t  10“” t o r r ,  t h u s  p r o v i n g  

t h a t  an o x id e  l a y e r  i s  e s s e n t i a l  to  t h e r m o - s t i m u l a t e d  e m is s io n  

from m e t a l s .

G e s e l l ,  Arakawa and C a l l c o t t  (36) i n v e s t i g a t e d  b u lk  magnesium

a b ra d e d  i n  w a t e r  v a p o u r  o r  oxygen i n  t h e  r a n g e  from 5 x 10“ "^ to  
—61 x 10“” t o r r  p a r t i a l  p r e s s u r e  i n  t o t a l  d a r k n e s s  a t  room t e m p e r a -

11 O
t u r e .  They o b t a i n e d  e m is s io n  c u r r e n t s  a s  h i g h  a s  2 x 10“  Amp/cm
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from t h e  spec im ens  and found  s i m i l a r  r e s u l t s  w i t h  vacuum 

e v a p o r a t e d  f i l m s .

The e m i s s io n  c h a r a c t e r i s t i c s  v a r i e d  w i t h  p r e s s u r e  a s  shown 

i n  f i g  7 ,  page  1 2 a .  The two maxima were t a k e n  to  i n d i c a t e  t h a t  

t h e  p r o c e s s  was n o t  s im p le ,  u n l i k e  t h e  c a s e  w i t h  a luminium where 

o n ly  one maximum i s  e v e r  o b t a i n e d .  The p o s s i b i l i t y  t h a t  t h e  

second  maximum was due to  a d s o r p t i o n  o f  r e s i d u a l  w a t e r  v a p o u r  i n  

t h e  sys tem  was c o n s i d e r e d ,  however .

When magnesium sam ples  were ex posed  to  w a t e r  v a p o u r  o n ly  one 

maximum was o b t a i n e d .  Fo r  t h e  c o r r e s p o n d i n g  p r e s s u r e  i t  to o k  

l o n g e r  t o  r e a c h  t h i s  maximum t h a n  i n  oxygen and t h e  h i g h  e m is s io n  

r a t e  p e r s i s t e d  l o n g e r .  They a l s o  found  a sm a l l  e m is s io n  when 

magnesium was ex posed  t o  m e th a n o l .

G e s e l l  and h i s  c o -w o r k e r s  examined aluminium u n d e r  t h e  same 

c o n d i t i o n s  and found  no e m is s io n .  I n  a  f u r t h e r  s e r i e s  o f  e x p e r i -
a /ic i CcxUct?H c

m ents  G e s e l l  and  Arakawa^showed (37) t h a t  t h e  work f u n c t i o n  o f  a 

f r e s h l y  a b r a d e d  magnesium specimen v a r i e d  be tween 3*3 and 1*8 eV 

and t h a t  i n  oxygen i t  went t h r o u g h  two minima which  c o r r e s p o n d e d  

t o  p h o t o e m i s s i o n  maxima and which  were c l o s e l y  r e l a t e d  t o  th e  

two maxima o f  e x o - e m is s i o n  from th e  s u r f a c e .

G e s e l l ,  Arakawa and C a l l c o t t  (36)  c o n c lu d e d  t h a t  t h e  ene rg y  

g i v e n  to  t h e  e x c i t e d  e l e c t r o n s  was a lm o s t  c e r t a i n l y  d e r i v e d  from 

t h e  r e a c t i o n  o f  oxygen o r  w a t e r  w i t h  a f r e s h l y  exposed  magnesium 

s u r f a c e  and t h a t  an e m is s io n  c u r r e n t  c o u ld  be o b t a i n e d  i n  t h e  

d a rk  when h i g h l y  e n e r g e t i c  r e a c t i o n s  t a k e  p l a c e  on a  s u r f a c e  w i t h  

a  v e r y  low work f u n c t i o n ,  f o r  example a t  a p p r o x i m a t e ly  m onolayer  

c o v e r a g e s  o f  oxygen o r  p e r h a p s  OH o r  H^O on magnesium.

I n  a most  s i g n i f i c a n t  s tu d y  Gel 'man and Roikh (38) c a r r i e d  

o u t  s i m u l t a n e o u s  m easurem ents  o f  t h e  e x o - e l e c t r o n  e m i s s io n ,
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s u r f a c e  p o t e n t i a l  and o x id e  t h i c k n e s s  o f  de fo rm ed  and undeformed 

magnesium sam p les .  V i t h  v a c u u m - d e p o s i t e d  m e ta l  t h e y  found  t h a t  

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

and  t h e n  re m a in e d  a lm o s t  c o n s t a n t  ( s e e  f i g  8, page  1 3 a ) .  V i t h  

b u lk  sam ples  t h e y  found  t h a t  t h e  e m is s io n  c h a r a c t e r i s t i c s  f o l lo w e d  

t h e  change  i n  s u r f a c e  p o t e n t i a l  f o r  a b o u t  an h our  and t h e n  t h e  

e m i s s io n  d e ca y ed  d e s p i t e  c o n t i n u e d  l o w e r i n g  o f  t h e  s u r f a c e  

p o t e n t i a l .  They r e a l i s e d  t h a t  w h i l e  t h e  o x id e  l a y e r  was t h i n  t h e  

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

o x id e  t h i c k n e s s  i n c r e a s e d  t h e  e f f e c t  o f  t h e  o x id e  became more 

p ro no u n ce d .

G e l 1man and F a i n s h t e i n  (39)  c o n t i n u e d  t h i s  i n v e s t i g a t i o n  o f  

t h e  two s t a g e s  o f  o x i d a t i o n  o f  a m e t a l .  At f i r s t  e m i s s io n  

k i n e t i c s  f o l lo w e d  c han g es  i n  s u r f a c e  p o t e n t i a l  u n t i l  a  c r i t i c a l  

o x id e  t h i c k n e s s ,  L, was r e a c h e d .  Then t h e y  were a f f e c t e d  by t h e  

t h i c k n e s s  o f  t h e  o x id e  l a y e r .  G e l fman and F a i n s h t e i n  t r i e d  to  

c o r r e l a t e  t h i s  e f f e c t  w i t h  t h e  w a v e le n g th  o f  t h e  e l e c t r o n ,  

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

ponded t o  so t h a t  e x o - e m is s i o n  was an o x i d a t i o n - s t i m u l a t e d

p h o t o - e f f e c t .  I n  t h e  c a s e  o f  s c a t t e r i n g  and c a p t u r e  o f

e l e c t r o n s  by f i l m  d e f e c t s  became i m p o r t a n t  and e l e c t r o n s  r e l e a s e d  

from l o c a l  l e v e l s  a s s o c i a t e d  w i t h  o x id e  d e f e c t s  and a d s o r b e d  

m o le c u l e s  s u b s e q u e n t l y  p a r t i c i p a t e d  i n  t h e  e m is s io n .  They c a r r i e d  

o u t  p a r a l l e l  s t u d i e s  o f  e x o - e m is s i o n ,  s u r f a c e  p o t e n t i a l  and o x id e  

g ro w th  on magnesium sam ples  i r r a d i a t e d  w i t h  monochromatic  l i g h t  

o f  d i f f e r e n t  e n e r g i e s .

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

o x id e  g ro w th  b u t  i t  was found  t h a t  a s  ph o ton  e n e rg y  i n c r e a s e d ,  i . e .  

A became s h o r t e r ,  t h e  c o r r e s p o n d e n c e  be tween t im e  dependence  o f  

e m is s io n  and s u r f a c e  p o t e n t i a l  was d i s r u p t e d  a t  lo w er  o x id e  t h i c k -
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n e s s e s  a s  p r e d i c t e d  ( s e e  f i g  9 ,  page 1 4 a ) .

I n  f a c t  i t  seems a p p a r e n t  to  t h e  p r e s e n t  a u t h o r  t h a t  t h e s e  

k e y  r e s u l t s  t e n d  to  r e c o n c i l e  t h e  two main c o n f l i c t i n g  t h e o r i e s  

o f  e x o - e l e c t r o n  e m is s io n  from a b r a d e d  m e t a l s .  The f i r s t  i s  t h a t  

e x o - e l e c t r o n  e m is s io n  i s  a  p r e s s u r e - d e p e n d e n t  pho to  s t i m u l a t e d  

e m i s s io n  where t h e  e m is s io n  t h r e s h o l d  i s  s h i f t e d  to  l o n g e r  wave­

l e n g t h  ( e x c e p t  where  t h e  work f u n c t i o n  o f  t h e  m e ta l  i s  s u f f i c i e n t l y  

low t h a t  c h e m i c a l l y - s t i m u l a t e d  e m is s io n  may t a k e  p l a c e  i n  th e  d a r k :  

see  f o r  example  (36)  ( 3 7 ) ) .  G e l ’man and F a i n s h t e i n  s u g g e s t e d  t h a t  

t h e s e  r e s u l t s  have a lw ay s  been  fo un d  i n  vacuum c o n d i t i o n s  o ve r  

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

a t  a l l  t i m e s .

The o t h e r ,  e a r l i e r ,  v iew  s u g g e s t i n g  t h a t  e m is s io n  was from

w e l l - d e f i n e d  d e f e c t s  a n a lo g o u s  t o  c o l o u r  c e n t r e s ,  o r  from s u r f a c e

a d s o r p t i o n  s i t e s  may a l s o  be a c c e p t e d  s i n c e  t h e s e  r e s u l t s  have

g e n e r a l l y  been  o b t a i n e d  i n  t h e  a tm o sp h e re  o r  u n d e r  much p o o r e r

vacuum c o n d i t i o n s  so t h a t  L > \  .. and e m is s io n  i s  from t h e  o x id e .e l  —
T h is  t h e o r y  o f  w e l l - d e f i n e d  s i t e s  would t h e r e f o r e  be a p p l i c a b l e  to

e l e c t r o n  r e l e a s e  from t h i c k  o x id e  f i l m s  on m e t a l s  where th e  o x ide
i r o  .

i s  r e g u l a r  o r  fe-r e m i s s io n  from p u re  o x i d e s .  Thus K ry lo v a  (40)

showed t h a t  t h e r m a l l y - s t i m u l a t e d  e m is s io n  c e n t r e s  a r e  a l s o  t h e

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

Scharmann (41)  a g a i n  d e m o n s t r a t e d  t h e  im p o r ta n c e  o f  a d s o r p t i o n  and

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

d e t a i l  l a t e r .
cfe_

From f i g  9 ,  page 14a i t  may be seen  t h a t  a 0*12 V i n c r e a s e  

i n  s u r f a c e  p o t e n t i a l  r e d u c e d  t h e  e x o -e m is s io n  i n t e n s i t y  by a  

f a c t o r  o f  5. Thus Gel ’man and F a i n s h t e i n  c o n c lu d e d  t h a t  80fo o f  

t h e  e l e c t r o n s  d e t e c t e d  had e n e r g i e s  below 0*12 eV a t  t h e  m e t a l -  

o x id e  i n t e r f a c e .
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1*3 D e fo rm a t io n

S t u d i e s  o f  a b r a d e d  and p l a s t i c a l l y  deform ed m e t a l s  a r e  b o th  

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

d u r i n g  m e c h a n ic a l  w ork ing  o r  f a t i g u i n g  o f  a  m e t a l .

E x o - e l e c t r o n  e m is s io n  s t u d i e s  a f t e r  a b r a s i o n  g iv e  a  v e r y  

s e n s i t i v e  means o f  s t u d y i n g  o x i d a t i o n  and o t h e r  g a s  a d s o r p t i o n  

p r o c e s s e s  on a c l e a n  m e ta l  s u r f a c e .  T h e i r  main d i s a d v a n t a g e ,  > 

however ,  i s  t h a t  t h e  d e g re e  o f  d e f o r m a t i o n  o f  t h e  s u r f a c e  can  n o t  

be a c c u r a t e l y  e s t i m a t e d .  T h i s  i s  why s t u d i e s  o f  p l a s t i c  d e f o r m a t i o n  

a r e  i m p o r t a n t  s i n c e  t h e  e x t e n t  and d e g re e  o f  d e f o r m a t i o n  may be 

e a s i l y  c o n t r o l l e d  and m ea su re d :  e m is s io n  d u r i n g  d e f o r m a t i o n  may

a l s o  be s t u d i e d .  F u r th e r m o r e  a  f a i r l y  c l e a r  p i c t u r e  o f  t h e  

mechanism o f  p l a s t i c  d e f o r m a t i o n  h a s  e v o lv e d  t h r o u g h  more con­

v e n t i o n a l  s t u d i e s ;  t h u s  t h e  r e s u l t s  from e x o - e m is s i o n  s t u d i e s  may 

be r e l a t e d  t o  t h i s .

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

i m m e d ia te ly  l a y i n g  b a r e  c l e a n  m e t a l ,  p l a s t i c  d e f o r m a t i o n  i n i t i a l l y  

s t r a i n i n g  t h e  o x id e  u n t i l  i t s  e v e n t u a l  f r a c t u r e  e x p o ses  c l e a n  m e t a l ,  

i t  seems u n l i k e l y  t h a t  t h e  r e s p e c t i v e  e m is s io n  mechanisms w i l l  be 

t h e  same,

1*3*1 P l a s t i c  D e fo rm a t ion  a t  C o n s ta n t  S t r a i n  Rate

Meleka and B a r r  (42)  a p p l i e d  a  h i g h l y  r a d i a t i o n - s e n s i t i v e  

s t r i p p i n g  em u ls io n  t o  s i n g l e  z in c  c r y s t a l s  which  were s u b s e q u e n t l y  

s t r a i n e d .  B lack  l i n e s  a p p e a re d  i n  t h e  e m u ls io n  ( c f  ( 4 ) )  which 

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

They p ro p o s e d  t h a t  a r e a s  o f  s l i p ,  where t h e  u n d e r l y i n g  m e ta l  comes 

t h r o u g h  t h e  o x id e  l a y e r ,  a c t  a s  e m is s io n  s i t e s  f o r  e l e c t r o n s .  The 

b l a c k e n i n g  o f  t h e  p h o t o g r a p h i c  em uls ion  i s  due to  t h e  p r e s e n c e  of  

hydrogen  p e r o x i d e  which Grunberg ,  see  ( 1 5 ) ,  h a s  shown i s  formed
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by t h e  i n t e r a c t i o n  o f  a  low e n e rg y  e l e c t r o n ,  e m i t t e d  from t h e  

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

I n  a  r e v i e w  o f  e x o - e l e c t r o n  e m is s io n  from m e t a l l i c  m a t e r i a l s  

B r o tz e n  (43) r e f e r s  t o  a r e v i e w  by Hempel, K o c h e n d o r f e r  and 

T i e t z e  (44)  where  t h e y  m e n t io n e d  some o f  t h e i r  own r e s u l t s  from 

m e c h a n ic a l  w ork ing  o f  a lum in ium  and c a rb o n  s t e e l .  They found  i t
o

n e c e s s a r y  to  i r r a d i a t e  sam ples  w i t h  l i g h t  o f  X < 5 ,000  A to  o b t a i n  

e m i s s io n .  E t c h i n g  i n c r e a s e d  e m is s io n  w h i l e  h e a t i n g  l e s s e n e d  i t .  

They fo u n d  a s t r a i n  o f  a t  l e a s t  1 c/o was n e c e s s a r y  t o  i n i t i a t e

e m is s io n  and t h e y  d i d  n o t  o b s e r v e  any e m is s io n  i n  t h e  d a rk .  They

s u g g e s t e d  e m is s io n  was from d e f e c t s  i n  t h e  o x id e  l a y e r ,

B r o t z e n  h i m s e l f  (45)  (46),  t r i e d  to  c o r r e l a t e  q u a n t i t a t i v e l y  

t h e  m e c h a n i c a l l y  in d u c e d  c h an g es  i n  p o l y c r y s t a l l i n e  a luminium 

w i t h  e x o - e l e c t r o n  e m i s s io n .  He and h i s  c o -w o r k e r s  found  t h a t  th e  

e m i s s io n  r a t e  d u r i n g  and a f t e r  s t r a i n i n g  depended  s t r o n g l y  on t h e  

s t r a i n  h i s t o r y  o f  t h e  spec im en ,  i n d i c a t i n g  t h e  s t r u c t u r e -  

s e n s i t i v i t y  o f  t h e  p r o c e s s .  He and von Voss (45)  p o s t u l a t e d  a 

model to  e x p l a i n  t h e i r  f i n d i n g s  s i m i l a r  to  t h a t  o f  P im b ley  and 

F r a n c i s  (33)  f o r  a b r a s i o n .  They p ro p o s e d  t h a t  v a c a n c i e s  formed 

d u r i n g  m e c h a n ic a l  w ork ing  d i f f u s e d  to  t h e  s u r f a c e  where  t h e y  c o u ld  

form c e n t r e s  f o r  p ho to  and t h e r m io n i c  e m is s io n  i n  an u n s p e c i f i e d

manner .  The work done by M u e l l e r  and P o n t i n e n  (34)  s i m i l a r l y

d i s p r o v e d  t h i s  t h e o r y ,

Su jak  and h i s  c o -w o r k e r s  have c a r r i e d  o u t  many i n v e s t i g a t i o n s  

o f  e x o - e l e c t r o n  e m is s io n  phenomena, e . g ,  (47) — (56), i n c l u d i n g  

e m i s s io n  from deform ed a luminium. Most i m p o r t a n t l y ,  G i e r o s z y n s k i , 

Mader and Su jak  (47)  found  t h a t  i f  o x i d e s  o f  d i f f e r e n t  t h i c k n e s s e s  

were d e p o s i t e d  e l e c t r o l y t i c a l l y  on a luminium, a d e f i n i t e  amount o f  

t e n s i l e  s t r a i n ,  e Q, had to  be a p p l i e d  b e f o r e  e m is s io n  c o u ld  be
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d e t e c t e d ,  e Q i n c r e a s e d  w i t h  i n c r e a s i n g  o x ide  t h i c k n e s s  to  a 

maximum a ro u n d  l^m and t h e n  a s  o x id e  t h i c k n e s s  c o n t i n u e d  to  

i n c r e a s e ,  e Q d e c r e a s e d  a g a i n ,  see  f i g  10,  page 17a,  They 

m ea su red  c r a c k  w i d t h ,  B, and o x id e  t h i c k n e s s ,  D, and found  t h e  

r a t i o  B/D d e c r e a s e d  m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  o x id e  t h i c k ­

n e s s ,  They l a t e r  found  (48)  t h a t  i n  t h e  p r e s e n c e  o f  m o i s t u r e  t h e  

i n c r e a s e  i n  e Q was l e s s  p ro no u n ce d .

S u ja k ,  G i e r o s z y n s k i  and Mader (49)  found  t h a t  a s  t h e  

i n t e n s i t y  o f  t h e  l i g h t  u se d  t o  s t i m u l a t e  e m is s io n  was i n c r e a s e d ,  

t h e  e x o - e l e c t r o n  e m is s io n  r a t e  a l s o  i n c r e a s e d .  An open-window 

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

S u ja k ,  G i e r o s z y n s k i  and Pega  (50)  s t u d i e d  t h e  e m is s io n  from
_5

p l a s t i c a l l y  de fo rm ed  aluminium a t  a p r e s s u r e  o f  10 t o r r .  They 

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

f r a c t u r e d ,  when e m is s io n  s t a r t e d  to  decay .  They a l s o  n o t e d  t h a t ,  

a s  was t h e  s i t u a t i o n  w i t h  sam ples  examined i n  a i r  a tm o s p h e r e s ,  

t h e r e  was a  c r i t i c a l  o x id e  t h i c k n e s s  beyond which  e m is s io n  o n ly  

commenced when t h e  sample had been f r a c t u r e d .  T h i s  l i m i t i n g  

t h i c k n e s s  i n c r e a s e d  w i t h  t h e  f r e q u e n c y  and i n t e n s i t y  o f  t h e  

s t i m u l a t i n g  r a d i a t i o n ,  and a l s o  w i t h  t h e  a p p l i e d  f i e l d  ( 5 0 ) ,  ( 5 l ) .  

These  w o rk e r s  a l s o  fo un d  (50) t h a t  t h e  amount o f  s t r a i n ,  e Q, 

r e q u i r e d  to  i n i t i a t e  e m is s io n  depended  on s e v e r a l  f a c t o r s .  A p a r t  

from a dependence  on o x id e  t h i c k n e s s ,  D, eQ d e c r e a s e d  exponen­

t i a l l y  w i t h  i n c r e a s i n g  f i e l d  s t r e n g t h .  An i n c r e a s e  i n  t h e  i n t e n s i t y  

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

such  a s  a n n e a l i n g  a l s o  had an e f f e c t .

A l a t e r  s tu d y  by G i e r o s z y n s k i  and Sujak  (52)  showed t h a t ,  a s  

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

s t r a i n  r e q u i r e d  to  i n i t i a t e  e m is s io n  a l s o  i n c r e a s e d .
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G i e r o s z y n s k i ,  Mader and Su jak  (48) had p ro p o s e d  t h a t  e m is s io n  

was due to  c r a c k s  formed i n  t h e  o x id e  l a y e r*  F i s s u r e s  gave r i s e  

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

hence  an e l e c t r i c  f i e l d  was s e t  up. E l e c t r o n s  v e r e  r e l e a s e d  from 

t h e  t r a n s i t i o n a l  m e t a l - o x i d e  l a y e r  a t  t h e  bo t tom  o f  t h e  c r a c k s  

( 5 0 ) ,  ( 5 3 ) ,  ( 5 4 ) ,  (55) b u t  t h i s  t r a n s v e r s e  f i e l d  h i n d e r e d  t h e i r  

e s c a p e  from t h e  f i s s u r e s  so t h a t  a  space  c h a rg e  was s e t  up which  

v a r i e d  w i t h  t im e ,  t h e r e b y  v a r y i n g  t h e  e m is s io n  r a t e .  P r e s e n c e  o f  

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

t h u s  making e m is s io n  e a s i e r .

A l th o u g h  t h e  b a s i c  r e s u l t s  o b t a i n e d  seem v a l i d ,  t h e  p r e s e n t  

a u t h o r  found  t h e  t h e o r y  p ro p o s e d  t o  e x p l a i n  t h e s e  r e s u l t s  t o  be 

u n a c c e p t a b l e .  S e v e r a l  g r o s s  a s s u m p t io n s  were made f o r  which  t h e r e  

were  no c l e a r  p r o o f s .  The most  fu n d am e n ta l  o f  t h e s e  was t h a t  

c r a c k s  formed i n  t h e  o x id e  l a y e r  would g i v e  r i s e  to  a c h a rg e  

s e p a r a t i o n  ( s e e  f ig ,  11, page 1 8 a ) ,  T h i s  must  be d i s c o u n t e d  s i n c e  

a s  D o h e r ty  and D av is  (32) have shown ( s e e  Ramsey ( 3 0 ) )  a  f i l m  o f  

a lum in ium  o x id e  formed below 500°C i s  amorphous. In  t h i s  s i t u a t i o n  

c h a r g e  s e p a r a t i o n  would seem to  be most  u n l i k e l y .

F o r  o x id e  t h i c k n e s s e s  i n  e x c e s s  o f  50 nm G i e r o s z y n s k i  and 

Su jak  (56) fou n d  a d a rk  e m i s s io n ,  tho u gh  t h e r e  was no e l e c t r o n  

r e l e a s e  on f r a c t u r e  o f  t h e  specimen u n l e s s  i t  was i l l u m i n a t e d .  As 

s t r a i n  i n c r e a s e d  a t  a c o n s t a n t  s t r a i n  r a t e ,  two maxima were 

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

when u n d e r  vacuum, b u t  o n ly  i n  t h e  p r e s e n c e  o f  l i g h t  i n  a i r .  The 

s t r a i n s  a t  which  t h e s e  maxima o c c u r r e d  d e c r e a s e d  a s  t h e  o x id e  

t h i c k e n e d ,

A r n o t t  and Ramsey (57) c o r r o b o r a t e d  t h e  main f i n d i n g s  o f  

S u j a k ! s g roup  i n  a s tu d y  o f  t h e  e l e c t r o n  e m is s io n  from a n o d i c a l l y



figure 11.

Diagram of a chink: B: -wi dth of the chink, 
E0 electric field strength within the fissure, 
D:- thickness of the oxide layet;
P:- transitional metal-oxide layer.



o x i d i s e d  a lum in ium . T h a t  i s ,  t h e y  found  a p r e s s u r e - d e p e n d e n t  

p h o to  s t i m u l a t e d  e m is s io n  s i m i l a r  t o  t h a t  from a b ra d e d  m e t a l s  b u t  

h e r e  t h e  c l e a n  m e ta l  was ex posed  by two d i s t i n c t  mechanisms 

(a )  s l i p  p e n e t r a t i n g  t h e  o x id e  f i l m :  t h i s  o c c u r r e d  f o r  t h i c k n e s s e s

l e s s  t h a t  45 nm, (b)  specimen b r e a k a g e .

Above 45 nm t h e y  found  a d a rk  e m is s io n .  M i c r o s c o p i c a l l y  

t h e r e  was no s i g n  o f  s l i p  b u t  f o r m a t i o n  and p r o p a g a t i o n  o f  c r a c k s  

i n  t h e  o x id e  l a y e r  were o b s e r v e d ,  A r n o t t  and Ramsey i n t e r p r e t e d  

t h e i r  r e s u l t s  d i f f e r e n t l y ,  however.  They d i d  n o t  b e l i e v e  t h a t  

a lum in ium  o x id e  would c r a c k  i n  a  way t h a t  would c au se  c h a rg e  

s e p a r a t i o n  ( s e e  ( 3 0 ) ) .  They p o s t u l a t e d  t h a t  th e  pho to  s t i m u l a t e d  

e m i s s io n  was due t o  oxygen a d s o r p t i o n  on t h e  m e ta l  s u r f a c e  t h a t  

had been  f r e s h l y  exposed  by t h e  s l i p  mechanism. I n  c o n t r a d i s t i n c ­

t i o n ,  Thomas (58) p r o p o s e d  t h a t  c l e a n  m e ta l  i t s e l f  would n o t  be 

r e v e a l e d .  He b e l i e v e d  a t h i n  t r a n s i t i o n a l  o x id e  o r  w a t e r  v a p o u r  

a d s o r p t i o n  l a y e r  would rem ain  o v e r  t h e  c l e a n  m e ta l  a t  t h e  s l i p  

p l a n e .  O x i d a t i o n ,  w i t h  accompanying e m i s s io n ,  would s t i l l  p r o c e e d  

f a s t e r  g i v i n g  enhanced  e m i s s io n .  A r n o t t  and Ramsey p ro p o s e d  t h a t

e i n c r e a s e d  due t o  i n h i b i t i o n  o f  s l i p  a s  t h e  o x id e  became t h i c k e r ,  o
They f u r t h e r  s u g g e s t e d  t h a t  e m is s io n  i n  t h e  d a rk  was due t o  c r a c k ­

i n g  o f  t h e  o x id e  f i l m  and was r e l a t i v e l y  p r e s s u r e  i n d e p e n d e n t .

Dark e m i s s io n  commenced a t  2 - 3 $  s t r a i n  and r e q u i r e d  a n o n - z e r o  

s t r a i n  r a t e  f o r  e m i s s io n  t o  c o n t i n u e .  T h is  o c c u r r e d  w i t h  o r  

w i t h o u t  p h o to  s t i m u l a t i o n .  Dark e m is s io n  m igh t  be e x p e c te d  a t  a l l  

o x id e  t h i c k n e s s e s  b u t  i t  p r o b a b l y  o n ly  becomes a p p r e c i a b l e  above 

40 -  50 nm.

I t  i s  t h e  p r e s e n t  a u t h o r * s  b e l i e f  t h a t  t h e s e  r e s u l t s  c o u ld  

w e l l  be e x p l a i n e d  i n  t e rm s  o f  Grel*man and F a i n s h t e i n 1 s t h e o r y  (39) 

o f  t h e  two s t a g e s  o f  e x o - e l e c t r o n  e m is s io n  d e p end in g  on t h e



t h i c k n e s s  o f  t h e  o x id e  f i l m  w i t h  r e s p e c t  t o  t h e  w a v e le n g th  o f  t h e  

e m i t t e d  e l e c t r o n s .  Thus i t  would seem t h e r e  a r e  g r e a t e r  s i m i l a r i ­

t i e s  be tween  t h e s e  two m ethods  o f  s t i m u l a t i o n  t h a n  m ig h t  have been 

e x p e c t e d .

F i n a l l y  i t  sh o u ld  be n o t e d  t h a t  X o sh iro  (59)  and Tanaka (60) 

have b o t h  shown t h a t  t h e  s u r f a c e  p o t e n t i a l s  o f  a lum in ium , 

magnesium and t i t a n i u m  changed d u r i n g  t e n s i l e  d e f o r m a t i o n .  A f t e r  

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

o r i g i n a l  v a l u e  i n  a manner s t r o n g l y  r e m i n i s c e n t  o f  e x o - e l e c t r o n  

e m i s s io n  a f t e r  d e f o r m a t i o n .

1*3*2 C y c l i c  S t r e s s

As w e l l  a s  d e f o r m a t i o n  a t  a  c o n s t a n t  s t r a i n  r a t e ,  e x o - e l e c t r o n  

e m i s s io n  from sam ples  u n d e rg o in g  c y c l i c  s t r e s s  h a s  a l s o  been 

i n v e s t i g a t e d .  For  example ,  M i n t s ,  K o r to v ,  A le k s a n d ro v  and Kryuk 

( 6 l )  s t u d i e d  a u s t e n i t i c  s t e e l s  o f  d i f f e r e n t  c o m p o s i t i o n s  u n d e r  a 

c y c l i c  s t r e s s  o f  50 c . p , s .  As w e l l  a s  m ea su r in g  t h e  r e s u l t a n t  exo­

e l e c t r o n  e m i s s io n ,  t h e y  m o n i to r e d  th e  s t r e n g t h e n i n g  o f  t h e  samples  

by m e a su r in g  t h e  c h ang es  i n  t h e  m i c r o h a r d n e s s  o f  t h e  s u r f a c e ,  and 

m ea su re d  t h e  c h ang es  i n  t h e i r  c r o s s - s e c t i o n s .  D uring  s t r e s s  c y c l e s  

t h e  impedance  o f  th e  spec im ens  was a l s o  m easured  and t h e  i n t e r n a l  

d i s s i p a t i o n  o f  t h e  s t r a i n  e n e rg y  was d e te r m in e d  from t h e  chang es  

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

I t  was fo u n d  t h a t  e x o -e m is s io n  i n c r e a s e d  f a s t e s t  d u r i n g  t h e  

i n i t i a l  s t a g e s  o f  s t r e s s  (~10 c y c l e s )  and th e n  e m is s io n  i n c r e a s e d  

more s lo w ly  b e f o r e  i t  l e v e l l e d  o f f  o r  even d e c r e a s e d .

As a m e ta l  u n d e rg o e s  c y c l i c  s t r e s s  i t  s t r e n g t h e n s .  M in ts  

and h i s  c o -w o r k e r s  found  t h a t  t h e  d e g re e  o f  s t r e n g t h e n i n g  v a r i e d  

w i t h  t h e  a l l o y  c o m p o s i t i o n .  I n  chromium-manganese b a s e d  a u s t e n i t i c  

s t e e l s  m e c h a n ic a l  en e rg y  may be d i s s i p a t e d  i n t e r n a l l y  t o  a much



g r e a t e r  e x t e n t  t h a n  i n  ch ro m iu m -n ic k e l  b a se d  a l l o y s .  Thus t h e  

s t r e n g t h e n i n g  o f  chromium-manganese b a se d  a l l o y s  i s  g r e a t e r  and 

i t  was fo un d  t h a t  e x o - e m is s io n  was f a r  lo w er  from t h e s e  sam ples .  

M in t s  s u g g e s t e d  t h a t  t h i s  was b e c a u se  l e s s  e n e rg y  was s t o r e d  i n  

d e f e c t s  a b l e  to  be u se d  f o r  t h e  r e l e a s e  o f  e l e c t r o n s .

I n  f a c t ,  chromium-manganese b a se d  a u s t e n i t i c  s t e e l s  a r e  Less  

s t a b l e  and t h e  d i s s i p a t e d  m e c h a n ic a l  e n e rg y  g o e s  to w a rd s  t h e  

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

M in t s  and h i s  c o -w o r k e r s  p r o v e d  t h a t  e n e rg y  d i s s i p a t i o n  was 

i m p o r t a n t  by exam in ing  a s t e e l  a l l o y  i n  t h e  b r i t t l e  and d u c t i l e  

s t a t e s .  A f t e r  t e m p e r - e m b r i t t l e m e n t  o f  a d u c t i l e  s t e e l  t h e  o n ly  

p h y s i c a l  p r o p e r t y  which  c h an ges  a p p r e c i a b l y  i s  t h e  i n t e r n a l  

f r i c t i o n .  The same d e g re e  o f  s t r e n g t h e n i n g  was o b t a i n e d  d u r i n g  

s t r e s s i n g  o f  th e  two a l l o y  s t a t e s  b u t  e n e rg y  d i s s i p a t i o n  was lo w e r  

f o r  t h e  t e m p e r - e m b r i t t l e d  c a s e  and e x o - e m is s i o n  was c o r r e s p o n d i n g l y  

lo w e r  a l s o .

Thus i t  was d e m o n s t r a t e d  i n  t h i s  work how s e n s i t i v e  a  t e c h n i q u e  

e x o - e l e c t r o n  e m is s io n  i s  f o r  s t u d y i n g  d e f o r m a t i o n  p r o c e s s e s  i n  

m e ta l  s.

By s c a n n in g  sam ples  o f  a luminium u n d e rg o in g  f a t i g u e  c y c l i n g
—8w i t h  a  sm a l l  s p o t  o f  u l t r a v i o l e t  l i g h t  a t  10”  t o r r ,  B a x te r  ( 6 2 ) ,

(63) was a b l e  to  measure  t h e  l o c a l i s e d  e l e c t r o n  e m is s io n  r a t h e r  t h a n  

t h e  i n t e g r a t e d  c o u n t .  He r e c o r d e d  e m is s io n  a f t e r  0*1— 1$ o f  t h e  

f a t i g u e  l i f e  and was a b l e  to  show t h a t ,  a s  cpm were p l o t t e d  

a g a i n s t  d i s t a n c e  a lo n g  t h e  sample i n  mm, l o c a l i s e d  e m is s io n  p e ak s  

b u i l t  up a s  c y c l i n g  p r o c e e d e d .  Each o f  t h e s e  p e a k s  o c c u r r e d  where 

a  c r a c k  e v e n t u a l l y  formed i n  t h e  o x id e .  C racks  c a n n o t  be o b s e r v e d  

u n t i l  a t  l e a s t  5$ o f  t h e  f a t i g u e  l i f e  ( 6 4 ) ,  and t h e n  o n ly  on 

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



c r a c k s  a r e  o b s e r v e d  between 1 0 -  50$ o f  t h e  f a t i g u e  l i f e .

B a x te r  ha s  a lw ays  found  t h a t  f r a c t u r e  t a k e s  p l a c e  i n  t h e  

r e g i o n  o f  most  i n t e n s e  e m i s s io n ,  a l t h o u g h  t h a t  c r a c k  may n o t  

a lw ay s  be one o f  t h o s e  formed i n i t i a l l y .

More r e c e n t l y  Rabinowicz  (65) p u b l i s h e d  r e s u l t s  o f  an 

i n v e s t i g a t i o n  i n t o  t h e  way i n  which b a l l  and r o l l e r  b e a r i n g s  

f a i l .  I t  was known t h a t  s u r f a c e - f a t i g u e  wear  was t h e  main cau se  

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

c o n t r i b u t i o n  to  wear i n  g e a r s  and i n  w h e e ls  r o l l i n g  on r a i l s .  I t  

was a l s o  known t h a t  w i t h  b a l l - b e a r i n g s  s u r f a c e  f a t i g u e  d e v e lo p e d  

when a c r a c k  formed i n  a b a l l  and grew u n t i l  a  s i z e a b l e  c h ip  

s p a l l e d  o f f .  Rabinowicz  was a b l e  to  show t h a t  a s  t h e  l e v e l  o f  

s t r e s s  e x p e r i e n c e d  by a b a l l - b e a r i n g  i n c r e a s e d  t h e n  p e a k s  o f  exo­

e l e c t r o n  e m is s io n  i n c r e a s e d  and s p a l l i n g  e v e n t u a l l y  to o k  p l a c e  a t  

t h e  s i t e  r e s p o n s i b l e  f o r  one o f  t h e s e  p e a k s .

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

when a c r a c k  s t a r t e d  t o  form i n  a b a l l  which  had a lw ays  r o t a t e d  

i n  t h e  same d i r e c t i o n ,  t h e n  i t  was p r o p a g a t e d  from t h e  l e a d i n g  

edge t o  t h e  t r a i l i n g  edge. In  o t h e r  words t h e  c r a c k  grew i n  a 

d i r e c t i o n  o p p o s i t e  to  t h e  d i r e c t i o n  o f  r o t a t i o n .  P r e v i o u s l y  o n ly  

i n d i r e c t  e v id e n c e  had been a v a i l a b l e  t o  s u p p o r t  t h i s  v iew.

As d e t e c t i o n  t e c h n i q u e s  improve t h e n  t h e  a p p l i c a t i o n s  o f  

t h i s  method o f  d e t e c t i n g  i n c i p i e n t  m e ta l  f a t i g u e  must s u r e l y  

i n c r e a s e .

1* 4 P h ase  Change s

Kramer ( l )  n o t i c e d  t h a t  when Wood's m e ta l  was s o l i d i f i e d  

from i t s  m e l t  what he c a l l e d  e x o - e l e c t r o n  e m is s io n  was o b s e r v e d .  

F u t s c h i k  (66)  c o n f i rm ed  t h i s  i n  1955 and d e m o n s t r a t e d  t h e  same 

e f f e c t  f o r  s o l i d i f i c a t i o n  o f  m ercu ry .  Then F u t s c h i k ,  L i n t n e r



and Schmid (67)  c a r r i e d  o u t  a  s e r i e s  o f  e x p e r im e n t s  on l e a d - t i n  

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

They found  a p e r f e c t  c o r r e l a t i o n  between t h e  p h a se  d iag ram  and 

t e m p e r a t u r e s  a t  which e m is s io n  maxima o c c u r r e d  d u r i n g  t h e  

c o o l i n g  c y c l e s .

Bathow and G ob rech t  (68) showed t h a t  i f  t h e  specimen

s u r f a c e s  were r e a l l y  c l e a n  and t h e y  were h e l d  i n  a vacuum b e t t e r  
—6t h a n  10“  t o r r  t h e n  no e l e c t r o n s  were o b s e r v e d  d u r i n g  p h ase  

ch an g e .  T hereby  t h e y  p ro v ed  t h a t  i t  was n o t  an e x o th e rm ic  p r o c e s s  

t h a t  was i n v o l v e d .  They k e p t  t h e i r  sam ples  i n  a s p e c i a l l y  

d e s i g n e d  vacuum system and u s e d  an e l e c t r o n - o p t i c s  d e v ic e  t o  f o c u s  

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

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

K a h l e r t  and K r a l i k  (69) s t u d i e d  t i n ,  l e a d  and b i sm u th  d u r i n g  

m e l t i n g  and f r e e z i n g .  U n l ik e  most  o t h e r  w o rk e r s  t h e y  found  

e m i s s io n  d u r i n g  m e l t i n g  a s  w e l l  a s  f r e e z i n g  o f  t i n  and l e a d  b u t  

o n l y  d u r i n g  m e l t i n g  o f  b i sm u th .  They o b s e r v e d  an optimum o x ide  

t h i c k n e s s  f o r  which  e m is s io n  p e a k s  were most  p ro no u nced  and a l s o  

t h a t  r e d u c e d  s u r f a c e s  gave no e m is s io n  a t  a l l .  They p ro p o s e d  

t h a t  t h e  volume changes  i n  t h e  m e ta l  d u r i n g  m e l t i n g  and f r e e z i n g  

c a u s e d  s t r a i n  i n  t h e  o x ide  l a y e r .  K a h l e r t  and K r a l i k  t h e n  

s u g g e s t e d  t h a t  d i s l o c a t i o n s  would be formed to  e a se  t h e  s t r a i n  

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

The e n e rg y  t h u s  p ro d u ce d  would be s u f f i c i e n t  t o  r e l e a s e  e l e c t r o n s  

from d e f e c t s  i n  t h e  o x id e .  T h is  v iew  r a t i o n a l i s e s  t h e  o b s e r v a t i o n  

o f  an optimum o x id e  t h i c k n e s s  by a ssum ing  t h a t  t h e  d e f e c t  d e n s i t y  

i n  t h e  o x id e  l a y e r  was g r e a t e s t  n e a r  t h e  m e t a l - o x i d e  i n t e r f a c e .

I n  v iew  o f  t h e  f i n d i n g s  o f  Bathow and G ob re ch t  (68) t h a t  no 

e m is s io n  was o b s e r v e d  from c l e a n  s u r f a c e s  a t  p r e s s u r e s  below
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— 6
10 t o r r  i t  would seem to  t h e  p r e s e n t  a u t h o r  t h a t  e m i s s io n  i s  

-from d e f e c t s  and c r a c k s  i n  t h e  o x id e  l a y e r .  The d e f e c t s  and 

c r a c k s  would be formed by t h e  volume chang es  o f  t h e  u n d e r l y i n g

m e t a l  i n  a manner a k in  to  p l a s t i c  d e f o r m a t i o n .  Thus t h e s e

r e s u l t s  may be i n t e r p r e t e d  a c c o r d i n g  to  t h e  model p ro p o s e d  by 

A r n o t t  and Ramsey (57) t o  e x p l a i n  e x o - e m is s i o n  from s t r a i n e d  

a lum in ium .

S u ja k  and h i s  g roup  have found  e x o - e l e c t r o n  e m is s io n  

accompanying b o th  m a g n e t ic  and n o n -m a g n e t ic  p h ase  ch an g e s  o f  

m e t a l s  and a l l o y s  ( ( 7 0 ) - ( 7 4 ) ) .  They found  (70) t h a t  p h o to ­

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

c r a c k s  formed i n  t h e  o x id e  l a y e r .  P e a k s  have been o b s e r v e d  a t  

t h e  N ee l  p o i n t  o f  NiO and t h e  C u r ie  p o i n t  o f  Ni ( 7 l ) , ( 7 2 ) ,  and

a l s o  a t  t h e  Neel  p o i n t  o f  C ^O ^  and t h e  C u r ie  p o i n t  o f  t h e

u n d e r l y i n g  p u re  Cr ( 7 2 ) .  These p e a k s  were more p ro n ou n ced  on 

h e a t i n g  spec im ens  and l e s s  p ro nounced  d u r i n g  c o o l i n g .

A peak  c o r r e s p o n d i n g  to  e x c l u s i o n  o f  e x c e s s  Mg^Si from 

s u p e r - s a t u r a t e d  s o l u t i o n  was o b s e r v e d  by S u ja k ,  B i e r n a c k i ,

T o k a r s k i  and G oreck i  (73) d u r i n g  a g e in g  o f  an Al-Mg-Si a l l o y .

T h i s  a lw ays  o c c u r r e d  a bo u t  60 m in u te s  a f t e r  a g e in g  commenced.

D ur ing  h e a t i n g  o f  a sample o f  m a g n e t ic  p y r i t e s ,  PeS, two 

p o lym o rp h ic  p h ase  changes  o c c u r ,  one a low t e m p e r a t u r e  a -p h a s e  

t r a n s f o r m a t i o n  and t h e  o t h e r  a t  t h e  h i g h  t e m p e r a t u r e  (3 p o i n t .

The a t r a n s f o r m a t i o n  t e m p e r a t u r e  depends  on S - c o n t e n t  and so t h e  

peak  c o r r e s p o n d i n g  to  t h i s  may g iv e  an a c c u r a t e  e s t i m a t e  o f  t h e  

% S. P y r r h o t i t e  a l s o  u n d e rg o e s  s e v e r a l  m a g n e t ic  t r a n s i t i o n s .  

H e a t in g  sam ples  o f  t h e  m in e r a l  g i v e s  r i s e  to  f i v e  e m is s io n  maxima 

which  may be a s s i g n e d  to  the  m ag ne t ic  and n o n -m ag n e t ic  t r a n s i t i o n s  

( 7 4 ) .

These w o rk e r s  have c l e a r l y  shown what a s e n s i t i v e  method
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e x o - e m is s i o n  i s  f o r  s t u d y i n g  b o th  m ag n e t ic  and n o n -m ag n e t ic  phase  

c h an g e s  and t h i s  must have i m p o r t a n t  t e c h n o l o g i c a l  a p p l i c a t i o n s .  

In d e e d ,  i n  (74) Su jak  e t  a l  shoved t h a t  th e  t e m p e r a t u r e  o f  t h e  

e m i s s io n  peak  c o r r e s p o n d i n g  to  t h e  a ph ase  t r a n s f o r m a t i o n  c o u ld  

be u s e d  to  d e t e r m i n e  t h e  amount o f  s u l p h u r  p r e s e n t .

I n  g e n e r a l  e x o - e l e c t r o n  e m is s io n  i s  o n ly  o b s e r v e d  when th e  

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

by a b r a s i o n ,  p l a s t i c  d e f o r m a t i o n ,  i r r a d i a t i o n .  I t  must  be s t r e s s e d  

t h a t  S u j a k ' s  g roup  have made no m en t io n  of  any o t h e r  p h y s i c a l  

c h an g e s  accompanying m agn e t ic  p h ase  t r a n s f o r m a t i o n s ,  which  c e r t a in l j ' "  

s h o u ld  n o t  g i v e  r i s e  to  volume chan g es  i n  t h e  m e t a l .  Thus i t  

becomes d i f f i c u l t  to  u n d e r s t a n d  how e l e c t r o n  e m is s io n  can o c cu r  

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

c o n s t a n t  and no c h em ica l  r e a c t i o n  i s  o c c u r r i n g  a t  t h e  s u r f a c e .

However, s i n c e  th e  numbers o f  e l e c t r o n s  a v a i l a b l e  a t  t h e  

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

t h a t  can  t a k e  p l a c e ,  i t  seems r e a s o n a b l e  t o  t h e  p r e s e n t  a u t h o r  to  

s u g g e s t  t h a t  m ag n e t ic  changes  w i t h i n  a sample c o u ld  a l t e r  t h e  

e l e c t r o n - d i s t r i b u t i o n  a t  t h e  s u r f a c e ;  t h i s  would change t h e  

' a d s o r b a b i l i t y 1 o f  t h e  s u r f a c e  and hence  i t s  e m is s io n  c h a r a c t e r ­

i s t i c s .  The n e t t  a d s o r p t i o n  o r  d e s o r p t i o n  would g iv e  r i s e  to  an 

e m i s s io n  o f  e x o - e l e c t r o n s .

To t e s t  t h i s  t h e o r y  i t  would be n e c e s s a r y  t o  m o n i to r  m ag n e t ic  

p h a se  c h an g es  i n  h ig h  vacuum where any accompanying p r e s s u r e  

change  m igh t  be o b se rv e d .

Some s u p p o r t  i s  g iv e n  to  t h i s  i d e a  by t h e  f i n d i n g s  o f  

K e d a v ic h u s ,  Y u o d v i r s h i s  and B e l y a t s k a s  (74a) who o b se rv e d  e l e c t r o n  

e m is s io n  d u r i n g  t h e  f e r r o - e l e c t r i c  phase  t r a n s i t i o n  o f  semicon­

d u c t o r  SbSI which  o c c u r s  a t  room t e m p e r a t u r e .
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These w o rk e r s  found t h a t  i f  t h e  sample was i r r a d i a t e d  w i t h  

an X - r a y  dose  o f  1200R t h e  e m is s io n  accompanying t h e  phase  

t r a n s f o r m a t i o n  was i n c r e a s e d  by a f a c t o r  o f  10. They p ro p o se d  

t h a t  s i n c e  X - i r r a d i a t i o n  i n c r e a s e d  t h e  e l e c t r o n  e m is s io n  t h e n  

e m i s s io n  must  be from s t r u c t u r a l  d e f e c t s .

At t h e  p h a se  t r a n s i t i o n  t h e y  found t h a t  t h e  p y r o e l e c t r i c  

c u r r e n t  i s  s e v e r e l y  m o d u la ted  and b o th  t h e  p e r m i t t i v i t y ,  , e ,  and 

t h e  l o s s - a n g l e  t a n g e n t ,  t a n  6 ,  i n c r e a s e  r a p i d l y  ( s e e  f i g  12, 

page  2 6 a ) .

The p ronounced  change i n  t h e  p y r o e l e c t r i c  c u r r e n t  c o u ld  

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

K a n ia ,  P i r o g  and Su jak  (75) have even shown t h a t  t h e r e  i s  a 

pho to  s t i m u l a t e d  e x o - e l e c t r o n  e m is s io n  d u r i n g  f r e e z i n g  o f  d i l u t e  

aqueou s  s o l u t i o n s  o f  NH^OH.

1*5 A l l o y in g

Hoenig and Pope (76) c a r r i e d  o u t  a s t u d y  o f  t h e  e l e c t r o n  

e m i s s io n  from m e ta l  f i l a m e n t s  u se d  to  e v a p o r a t e  o t h e r  m e t a l s  f o r  

d e p o s i t i o n  o f  t h i n  f i l m s .  They found  t h a t  i f  t h e  m e ta l  b e in g  

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

number o f  h i g h - e n e r g y  e l e c t r o n s  (E = 5 eV) were e m i t t e d  d u r i n g  

t h e  a l l o y i n g - e v a p o r a t i o n .  I f ,  however,  t h e  m e ta l  c o u ld  n o t  a l l o y  

w i t h  o r  wet t h e  f i l a m e n t  t h e n  t h e  e l e c t r o n  c u r r e n t  was t h e  same 

a s  w i t h  t h e  b a re  f i l a m e n t .

Thus Hoenig and Pope s u g g e s t e d  t h a t  t h i s  method c o u ld  be 

u s e d  f o r  i n v e s t i g a t i o n  of  d i l u t e  a l l o y  sys tem s  where X - ra y

t e c h n i q u e s  l a c k  s e n s i t i v i t y .

1*6 I o n i s i n g  R a d i a t i o n

I n  g e n e r a l  i o n i s i n g  r a d i a t i o n ,  a ,  p, y  o r  X - r a y s ,  ha s  been
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employed t o  s tu d y  n o n - m e t a l s  t o  t r y  t o  f i n d  a n a l o g i e s  between 

e x o - e l e c t r o n  e m is s io n  and lu m in e sc e n c e  and t o  a s c e r t a i n  i f  exo­

e l e c t r o n  e m is s io n  from r a d i a t i o n - d a m a g e d  s o l i d s  c o u ld  have 

a p p l i c a t i o n s  i n  d o s i m e t r y .  A v e r y  few s t u d i e s  have been c a r r i e d  

o u t  on p u re  m e t a l s .

1*6»1 E xo-E m iss ion  from M e t a l s  a f t e r  E xposure  to  I o n i s i n g  R a d i a t i o n

Work was done i n  t h e  f i f t i e s  i n  V ienna  on t h e  e m is s io n  from 

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

e m is s io n  c u r v e s  were v e r y  s i m i l a r  to  lu m in e sc e n c e  ’glow c u r v e s ’ 

and t h i s  a c c o u n te d  f o r  t h e  p o p u l a r i t y  o f  th e  t h e o r y  p ro p o s e d  by 

Bohun (19) and o t h e r  w o rk e r s  t h a t  e x o - e l e c t r o n  e m is s io n  was from 

c o l o u r  c e n t r e s  i n  t h e  o x id e  l a y e r s .  H i e s l m a i r  and M u l l e r  (77) 

showed t h a t ,  r e g a r d l e s s  o f  t h e  t e m p e r a t u r e  a t  which  t h e y  had been 

o x i d i s e d ,  m e t a l s  which  were s u b s e q u e n t l y  X - i r r a d i a t e d  and h e a t e d  

a t  a  c o n s t a n t  h e a t i n g  r a t e  a l l  gave  two glow p e a k s ,  one a t  160° 

and t h e  o t h e r  a round  260°C. Peak  h e i g h t s  and t h e  r e l a t i v e  

i n t e n s i t i e s  o f  th e  two p e a k s  v a r i e d .  These r e s u l t s  were taJken t o  

i n d i c a t e  t h a t  e l e c t r o n s  came m a in ly  from t h e  s u r f a c e  l a y e r  which 

must  be v i r t u a l l y  i d e n t i c a l  f o r  a l l  o x id e  s u r f a c e s  and t h a t  t h e  

m e ta l  s u b s t r a t e  was r e l a t i v e l y  u n i m p o r t a n t .  They a l s o  found  t h a t  

t h e  a v e r a g e  t e m p e r a t u r e  f o r  an e m is s io n  peak  from a  m e ta l  s u l p h i d e  

was 140°C.

Vogel (78)  c o n f i rm e d  t h i s  u s i n g  e l e c t r o n - b o m b a r d e d  m e t a l s .

He m o n i t o r e d  t h e  e m is s io n  w i t h  an e l e c t r o n - m u l t i p l i e r  i n s t e a d  o f  

a  G e ig e r  c o u n t e r .  Meanwhile B i r g f e l l n e r  (79) showed t h a t  X- 

i r r a d i a t i o n  w i t h  30 kV X - r a y s  gave  r i s e  t o  a  s u r f a c e  l a y e r  c a p a b le  

o f  e m is s io n  20 p,m t h i c k  w i t h  c o p p e r ,  z i n c ,  i r o n  and an i r o n -  

n i c k e l  a l l o y .
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T here  h a s  been  c o n t r o v e r s y  a b o u t  w h e th e r  r e s u l t s  a r e  v a l i d  

i f  t h e y  have been  o b t a i n e d  i n  a c o u n t e r  w i t h  an a tm o sph e re  i n s t e a d  

o f  u n d e r  vacuum c o n d i t i o n s .  K r a l i k  (80) examined t h e  e m is s io n  

from X - i r r a d i a t e d  m e t a l s  u s i n g  an e l e c t r o n - m u l t i p l i e r  and a 

G e i g e r - M u e l l e r  t u b e  to  see  i f  t h e  method o f  d e t e c t i o n  was 

i m p o r t a n t .  He found  no d i f f e r e n c e  i n  t h e  r e s u l t s  o b t a i n e d  by 

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

ence  f o r  n o n - m e t a l s ,  K r a l i k  a t t r i b u t e d  t h i s  b e h a v i o u r  to  t h e  

t i g h t e r  b i n d i n g  of  t h e  o x id e  l a y e r  t o  a m e ta l  t h a n  a n o n - m e t a l .

I t  i s  o b v io u s ,  however ,  t h a t  i f  o x i d a t i o n  o r  any o t h e r  ch em ic a l  

p r o c e s s  were b e in g  i n v e s t i g a t e d  t h e n  t h e  n a t u r e  o f  t h e  c o u n t i n g  

a tm o sp h e re  would be o f  t h e  u tm o s t  i m p o r t a n c e .

I n  a most  i n t e r e s t i n g  s tu d y  Scharmann and S e i b e r t  (35) 

i n v e s t i g a t e d  t h e  p o s i t i o n  o f  t h e  glow p e a k s  o f  a luminium a s  a 

f u n c t i o n  o f  t h e  method o f  s t i m u l a t i o n .  They o b t a i n e d  two p e a k s ,  

one a ro u n d  115°C and t h e  o t h e r  a ro un d  250°C, p - i r r a d i a t i o n  

enhanced  t h e  peak  a t  250°C w h i l e  m e c h a n ic a l  w ork ing  c a u se d  an 

i n c r e a s e  i n  t h e  peak  a t  115°C, Exposure  o f  aluminium to  4 keV 

e l e c t r o n s  gave r i s e  to  glow p e a k s  a t  t h e  same t e m p e r a t u r e s  a s  

b e f o r e .  The i n t e n s i t y  o f  t h e  p eak s  was much g r e a t e r ,  p re su m ab ly  

s i n c e  much more damage was done to  t h e  a luminium s u r f a c e  by t h i s  

bombardment.

D ro s t  (81)  r ev ie w ed  e x o - e l e c t r o n  e m is s io n  from m e t a l s  sub­

j e c t e d  to  glow d i s c h a r g e s .  He showed t h a t  p l o t s  o f  th e  decay  i n  

e l e c t r o n  e m is s io n  w i t h  t im e  a t  c o n s t a n t  t e m p e r a t u r e  were s i m i l a r  

t o  t h o s e  o b t a i n e d  a f t e r  o t h e r  forms o f  i r r a d i a t i o n  o r  a f t e r  

a b r a s i o n .

Glow d i s c h a r g e  g i v e s  r i s e  to  a  much more i n t e n s e  e m is s io n  

t h a n  o t h e r  forms o f  s t i m u l a t i o n  and B ro tz e n  r e p o r t e d  i n  h i s  r e v ie w



29

o f  e x o - e m is s i o n  from m e t a l s  (43) t h a t  S i n e l n i k o v  ( 8 2 ) , ( 8 3 )  

found  t h a t  e l e c t r o n s  were e m i t t e d  w i t h  e n e r g i e s  up to  150 eV.

T h i s  sh o u ld  be compared w i t h  t h e  v a lu e  o f  0 * 1 -  0*2 eV f o r  

e l e c t r o n s  e m i t t e d  d u r i n g  o x i d a t i o n  o f  a b ra d e d  magnesium ( 3 9 ) .

1*6*2 Dxo—E l e c t r o n  E m iss io n  from I r r a d i a t e d  N on-M eta ls

I t  h a s  been  c l e a r l y  shown by many i n v e s t i g a t o r s  t h a t  t h e  

p r e s e n c e  o f  a n o n - m e t a l l i c  l a y e r  was n e c e s s a r y  b e f o r e  e x o - e l e c t r o n  

e m i s s io n  was p o s s i b l e  from m e t a l s .  Thus i t  was a l o g i c a l  s t e p  to  

p r o c e e d  t o  a s tu d y  o f  n o n - m e t a l s .

F o r  example ,  Kramer ( l )  r e p o r t e d  t h a t  a f t e r  m e c h a n ic a l  

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

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

d e m o n s t r a t e d  t h a t  t h e  c o n s t a n t - t e m p e r a t u r e  decay  c u rv e  f o r  a  non-  

m e ta l  was v e r y  s i m i l a r  t o  t h a t  o f  a  m e t a l .  He l a t e r  showed t h a t  

a  sample  o f  X - i r r a d i a t e d  p y r i t e s  gave a decay  c u rv e  v e r y  s i m i l a r  

t o  t h a t  o f  m e c h a n i c a l l y  deform ed p y r i t e s  (84) w h i l e  X - i r r a d i a t e d  

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

s e v e r a l  e m i s s io n  maxima ( 1 4 ) .

Bohun (85) r e a l i s e d  t h a t  h e a t i n g  th e  sample meant t h a t  

d e f i n i t e  e l e c t r o n i c  en e rg y  l e v e l s  c o u ld  be s t u d i e d .  A c c o r d in g ly ,  

he p ro p o s e d  t h a t  e m is s io n  from n o n - m e t a l s  was from c o l o u r  c e n t r e s  

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

o f  a l k a l i  h a l i d e s ,  f o r  example a s s i g n i n g  glow cu rv e  p e ak s  from 

ro c k  s a l t  t o  v a r i o u s  t y p e s  o f  c o l o u r  c e n t r e s  found  i n  i t  ( 8 6 ) , ( 1 9 ) .

There  have been many o t h e r  i n v e s t i g a t i o n s  o f  e x o - e l e c t r o n  

e m is s io n  from a l k a l i  h a l i d e s ,  w i t h  much o f  t h e  work i n  t h i s  f i e l d  

b e in g  e x e c u te d  by Kramer and Bohun. I n  1955 L epper  (87) r e p o r t e d  

t h a t  when a c r y s t a l  gave r i s e  to  b o th  e x o - e l e c t r o n  e m is s io n  and 

p h o sp h o re sc e n c e  t h e n  t h e  same decay  law was obeyed .  T h is



p a r a l l e l i s m  was a l s o  shown to  e x i s t  f o r  e x o - e l e c t r o n  and 

l u m in e s c e n c e  glow c u r v e s  when t h e y  were o b se rv e d  s i m u l t a n e o u s l y .  

T h i s  was d i s c o v e r e d  i n d e p e n d e n t l y  by Bohun (1 9 )* (8 8 )«

By i n v e s t i g a t i n g  p u re  and Mn-doped CaSO^ L epper  a l s o  

d e m o n s t r a t e d  t h a t  w h i l e  th e rm o - lu m in e s c e n c e  r e q u i r e s  t h e  p r e s e n c e  

o f  b o t h  donor  and a c t i v a t o r  l e v e l s ,  p u re  CaSO^ i s  n o t  a p h o sp h o r ,  

t h e  e x o - e l e c t r o n  glow c u r v e s  from t h e  p u re  and doped s a l t s  were 

i d e n t i c a l .  Thus he c o n c lu d e d  t h a t  e x o - e m is s io n  r e q u i r e s  o n ly  

donor  l e v e l s .  T h i s  meant t h a t  e x o - e l e c t r o n  e m is s io n  c o u ld  be 

u s e d  to  s tu d y  a “much w id e r  r a n g e  o f  m a t e r i a l s .

E x o - e m is s io n  may a l s o  be d e t e c t e d  below r o o m - te m p e r a tu r e  

w i t h  b o th  m e t a l s  and n o n - m e t a l s  ( 4 6 ) ,  ( 8 9 ) .  Grourge and Hanle (89) 

were among t h e  f i r s t  t o  s u g g e s t  t h e  p o s s i b i l i t y  o f  u s i n g  c a lc iu m  

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

r e l a t i o n  be tween r a d i a t i o n  dose  and e x o - e l e c t r o n  e m is s io n .

S in ce  1957 many m a t e r i a l s  have been i n v e s t i g a t e d  w i t h  a 

v i e w  t o  t h e i r  use  a s  d o s i m e t e r s  f o r  r a d i a t i o n  by m ea su r in g  t h e i r  

e x o - e l e c t r o n  e m is s io n .  A l th ou gh  many were v e r y  s e n s i t i v e ,  f o r  

example ,  M n - a c t i v a t e d  CaSO^ gave  a r e s p o n s e  t o  a  dose  a s  low as  

0*1 mR, s i g n a l s  t e n d e d  t o  f a d e  r a p i d l y  and r e s u l t s  were o f t e n  n o t  

r e p r o d u c i b l e .  There  were o f t e n  s e n s i t i v i t y  changes  due to  

a l t e r a t i o n s  i n  t h e  s u r f a c e  and t h e r e  was a r e s p o n s e  s a t u r a t i o n  

o f t e n  a s  low a s  1 0 0 R. These d i s a d v a n t a g e s  f a r  o u tw e ig h ed  t h e  

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

t o  l i g h t  p r i o r  to  e x p o s u re ,  no need  f o r  c o m p l i c a t e d  p r o c e s s i n g ,  

r e - u s a b i l i t y  and wide dynamic r an g e  a s  w e l l  a s  g r e a t e r  s e n s i t i v i t y  

t o  low e n e rg y  r a d i a t i o n .

No p r o g r e s s  was made u n t i l  1963 when Kramer (90) showed t h a t  

by a d d i t i o n  of  a  n o n - e m i t t i n g ,  t h e r m a l  and e l e c t r i c a l  c o n d u c to r ,
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such  a s  g r a p h i t e ,  t o  a m a t e r i a l  t h a t  e x h i b i t s  t h e r m a l l y  s t im u ­

l a t e d  e x o - e l e c t r o n  e m is s io n ,  such a s  BeO, t h u s  making t h e  

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

r e s p o n s e  became l i n e a r  o v e r  a wide dose  r a n g e ,  a t  l e a s t  s i x  

o r d e r s  o f  m agni tude .  BeO i s  s u i t a b l e  a s  a d o s i m e t e r  b e ca u se  o f  

i t s  r e l a t i v e l y  h ig h  s e n s i t i v i t y ,  i t s  ch em ica l  and p h y s i c a l  

s t a b i l i t y ,  i t s  i n s o l u b i l i t y  i n  w a te r  and i t s  low a tom ic  number. 

F u r th e r m o r e  i t s  main t h e r m a l  e m is s io n  peak  i s  c o n v e n i e n t l y  

l o c a t e d  a t  a t e m p e r a t u r e  o f  j u s t  o v e r  300°C.

B eck e r ,  Cheka and Grammage (91) c o n t i n u e d  i n v e s t i g a t i n g  BeO, 

i m p r e g n a t i n g  i t  w i t h  s e v e r a l  h i g h - m e l t i n g  m e t a l s ,  n o t a b l y  

p l a t i n u m ,  p a l l a d i u m  and g o ld .  They found  t h a t  i n c o r p o r a t i o n  o f  

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

U n f o r t u n a t e l y  t h e  r e s p o n s e  to  dose  l e v e l  was n o t  l i n e a r  a l t h o u g h  

t h i s  was o u tw e ig h ed  by t h e  f a c t  t h a t  i t  was p o s s i b l e  to  d e t e c t  

d o s e s  i n  t h e  r e g i o n .

Some m a t e r i a l s  s u i t a b l e  f o r  u se  a s  t h e r m o - e l e c t r o n  d o s i m e t e r s  

em i t  o n l y  a s h a r p ,  s i n g l e  peak  i n  t h e  t e m p e r a t u r e  r a n g e ,  100 -  300°C, 

g e n e r a l l y  u se d .  Examples o f  t h e s e  a r e  L iF  and BeO. V a r io u s  

o t h e r s ,  f o r  example CaSO^, SrSO^ and BaSO^ g i v e  r i s e  to  s e v e r a l  

p e a k s  i n  t h i s  r a n g e ,

Becker  and Chantanakom (92) have shown t h a t  m a t e r i a l s  w i t h  

a  complex s u r f a c e  t r a p  d i s t r i b u t i o n ,  and hence  t h e r m a l l y -  

s t i m u l a t e d  e m is s io n  spec t ru m ,  e x h i b i t  c o n s i d e r a b l e  d i f f e r e n c e s  

i n  t h e i r  r e s p o n s e s  to  a and y r a d i a t i o n  ( s e e  f i g  13,  page 31a ) ,  

M a t e r i a l s  which  g i v e  r i s e  to  o n ly  one e m is s io n  p e ak ,  however ,  show- 

o n l y  a s l i g h t  s h i f t  t o  low er  peak  t e m p e r a t u r e  on ex p o su re  to  

a - r a d i a t i o n  ( s e e  f i g  14, page 31b) ,

Becker  and Chantanakom p ro p o s e d  t h a t  t h e  high-LET ( L i n e a r
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E nergy  T r a n s f e r )  a l p h a  i r r a d i a t i o n  t e n d e d  to  f i l l  t h e  sh a l lo w  

t r a p s  c o r r e s p o n d i n g  to  l o w - t e m p e r a tu r e  p e a k s  more t h a n  t h e  d e e p e r ,  

h i g h - t e m p e r a t u r e  t r a p s .  Thus i t  sh o u ld  be p o s s i b l e  to  o b t a i n  

i n f o r m a t i o n  on t h e  e f f e c t i v e  LET o f  t h e  r a d i a t i o n ,  o r ,  by 

m e a su r in g  th e  low-tempera ture  r e s p o n s e  o n ly ,  t o  d i s c r i m i n a t e  

a g a i n s t  y r a d i a t i o n .

More r e c e n t l y  B ecke r ,  Cheka,  C rase  and Gammage (93)  have 

shown t h a t  i n s t e a d  of  i m p r e g n a t i n g  a BeO d e t e c t o r  w i t h  a  n o b le  

m e t a l ,  h e a t  t r e a t m e n t  a t  1400°C p r i o r  to  use  gave r i s e  t o  even 

b e t t e r  b e h a v io u r .

S ince  t h e n  Gammage, C rase  and Becker  (94) have found  t h a t  

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

i n c r e a s e d  s e n s i t i v i t y .  They found  t h a t  t h e  s i l i c o n  p r e s e n t  

t e n d e d  to  c o n c e n t r a t e  i n  t h e  s u r f a c e  r e g i o n  of  t h e  BeO d i s c .

They have s u b s e q u e n t l y  shown (95) t h a t  w h i l e  (3 and y

r a d i a t i o n  had no pe rm anen t  e f f e c t  on th e  e m is s io n  p r o p e r t i e s  o f
7 3t h e  d e t e c t o r s  even up to  10 r a d ,  a s  low an ex p o su re  a s  3 x 10

r a d  o f  a p a r t i c l e s  gave r i s e  to  sem i-pe rm anen t  ch an g e s .  T h is

was a t t r i b u t e d  t o  l a t t i c e  damage, g i v i n g  r i s e  t o  i n t e r s t i t i a l s

and v a c a n c i e s ,  c a u se d  by t h e  a r a d i a t i o n ,

1*7 C h e m iso rp t io n  and C a t a l y s i s

S in c e  e x o - e l e c t r o n  e m is s io n  i s  a s u r f a c e  p r o c e s s ,  and a 

s u r f a c e - s e n s i t i v e  phenomenon, i t  was n o t  lo n g  b e f o r e  i t s  a p p l i ­

c a t i o n s  t o  t h e  s tu d y  o f  c h e m is o r p t i o n  p r o c e s s e s  o t h e r  t h a n  oxygen 

a d s o r p t i o n  were r e a l i s e d .

N a s s e n s t e i n  and Menold (96) i n v e s t i g a t e d  t h e  e l e c t r o n  

e m is s io n  from a s e r i e s  o f  s i l v e r  c a t a l y s t s  o f  t h e  same chem ica l  

c o m p o s i t i o n  p r e p a r e d  by d i f f e r e n t  m ethods,  which had been u sed  

i n  t h e  c a t a l y s e d  r e a c t i o n  between e t h y l e n e  and oxygen to  g iv e
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e t h y l e n e  o x i d e .  D i f f e r e n c e s  i n  y i e l d ,  which r a n g e d  between 

0 - 9 0 fof c o u ld  be r e l a t e d  t o  t h e  d i f f e r e n t  e l e c t r o n  glow c u r v e s  

from t h e  c a t a l y s t s .

Meanwhile  L o h f f  ( 9 7 ) , ( 2 3 ) ,  had shown t h a t  e x o - e l e c t r o n  

e m i s s io n  accompanied  o x i d a t i o n  o f  z in c  and S e i d l  (18) had o b se rv e d  

e m i s s io n  d u r i n g  t h e  o x i d a t i o n  o f  co pp er .

Menold (98) a l s o  i n v e s t i g a t e d  z in c  o x id e .  He compared exo­

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

doped powders  a f t e r  s t i m u l a t i o n  by X - r a y s  i n  t h e  t e m p e r a t u r e  range  

20 -  280°C. He found  maxima o f  e l e c t r o n  e m is s io n  a t  135% 192° 

and 260°C b u t  no maximum f o r  c o n d u c t i v i t y  i n  t h i s  t e m p e r a t u r e  

r a n g e .  He c o n c lu d e d  on t h i s  b a s i s  t h a t  t h e  e x o - e l e c t r o n  e m is s io n  

maxima were due to  c e n t r e s  i n  t h e  s o r p t i o n  l a y e r s ,

Gibson  (99) c a r r i e d  o u t  a s t u d y  o f  t h e  e f f e c t s  o f  y r a d i a t i o n  

on i r o n  o x id e  c a t a l y s t s  u se d  f o r  t h e  P i s c h e r - T r o p s c h  s y n t h e s i s .

He c o n c lu d e d  t h a t  th e  c e n t r e s  f o r  e x o - e l e c t r o n  e m is s io n  c o n s i s t e d  

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

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

I n  each  o f  t h e s e  s t u d i e s  c a t a l y t i c  a c t i v i t y  and e x o -e m is s io n  

were m easured  s e p a r a t e l y ,

O h a sh i ,  Kano, Sato  and Okamoto (100) c o n f i rm e d  t h e  f i n d i n g s  

o f  N a s s e n s t e i n  and Menold f o r  s i l v e r  c a t a l y s t s  and f u r t h e r  

d e m o n s t r a t e d  t h a t  e m is s io n  a c t i v i t y  was p r o p o r t i o n a l  to  c a t a l y t i c  

a c t i v i t y .  Ohashi  e t  a l  a l s o  o b s e rv e d  e l e c t r o n  e m is s io n  p e ak s  

a t  s e v e r a l  t e m p e r a t u r e s  below 200°C a f t e r  i r r a d i a t i o n  o f  s i l v e r  

c a t a l y s t s  w i t h  X - r a y s .  T h is  a c t i v i t y  bo re  no r e l a t i o n  to  

c a t a l y t i c  a c t i v i t y  however. A f t e r  p r e t r e a t m e n t  w i t h  a m ix t u r e  o f  

e t h y l e n e  and a i r  t h e  same c a t a l y s t s  e m i t t e d  e x o - e l e c t r o n s  i n  t h e  

r a n g e  4 0 0 -  90°C and i t  was t h i s  e m is s io n  which was p r o p o r t i o n a l
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t o  c a t a l y t i c  a c t i v i t y .

Sa to  and Seo ( l O l )  m o n i to r e d  c a t a l y s t  sam ples  i n s i d e  a 

O re ige r -M u e l le r  tu b e  w h i l e  a m ix t u r e  o f  a rg o n ,  e t h y l e n e  and oxygen 

was p a s s e d  t h r o u g h  t h e  c o u n t e r .  They found  t h a t  e l e c t r o n  e m is s io n  

o c c u r r e d  d u r i n g  chem ic a l  r e a c t i o n  and t h a t  t h e  o m is s io n  r a t e  was 

p r o p o r t i o n a l  to  t h e  r a t e  o f  f o r m a t io n  o f  e t h y l e n e  o x id e .  They 

p o s t u l a t e d  (102)  t h a t  e x o - e l e c t r o n  e m is s io n  was a t h e r m io n i c  

e m i s s io n  from a t h i n ,  n - t y p e ,  s e m ic o n d u c t in g  o x id e  l a y e r  formed by 

t h e  a d s o r p t i o n  o f  oxygen on t h e  s u r f a c e  o f  t h e  s i l v e r .  The work 

f u n c t i o n  o f  t h i s  l a y e r  was lo w e re d  s u f f i c i e n t l y  by t h e  a d s o r p t i o n  

o f  e t h y l e n e  i n  t h e  form o f  e th y l e n e  o x id e  to  make th e r m a l  e m is s io n  

p o s s i b l e .  E m iss ion  was a t  a  c o n s t a n t  r a t e  b e c a u se  oxygen a d s o r p t i o n  

was o c c u r r i n g  c o n t i n u o u s l y ,  t h e r e b y  r e g e n e r a t i n g  e m is s io n  s i t e s  a l l  

t h e  t im e .

I n  1955 H auffe  (103) had s t a t e d  t h a t  a change i n  d e f e c t i v e n e s s  

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

d e s o r b a b i l i t y  o f  t h e  s u r f a c e ,  K ry lo v a  (40) and Rakhmatull ina and 

K r y lo v a  (104) have shown th e  p a r a l l e l  t h a t  e x i s t s  be tween t h e  

phenomena o f  g a s  a d s o r p t i o n  and d e s o r p t i o n  and e x o - e l e c t r o n  e m is s io n  

i n  a  s tu d y  o f  t h e r m a l  d e s o r p t i o n  and e l e c t r o n  e m is s io n  from MgO 

(104) and o t h e r  o x i d e s  ( 4 0 ) ,

I n  t h e  work by Sujak  and h i s  g roup  on e x o - e l e c t r o n  e m is s io n  

accompanying p h a se  chang es  ( ( 7 0 ) -  ( 7 5 ) )  an  e th a n o l - q u e n c h e d ,  a i r -  

f i l l e d  c o u n t e r  was u se d .  I t  was s u g g e s t e d  by Su jak  (72) t h a t  t h e  

e m is s io n  e f f e c t  m igh t  be enhanced  by t h e  i n t e r a c t i o n  o f  t h e  

e t h a n o l  w i t h  t h e  specimen s u r f a c e .

On t h e  b a s i s  o f  t h i s  and t h e  work by Hauffe  (103) and K ry lo v a  

and Rakhmatull ina ( 4 0 ) , ( l 0 4 ) ,  S u ja k ,  G oreck i  and B i e r n a c k i  (105) 

p o s t u l a t e d  t h e  f o l l o w i n g  a rgum ent .  Any p r o c e s s  which  l e d  to  a
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change  i n  t h e  c o n c e n t r a t i o n  o f  c r y s t a l  l a t t i c e  d e f e c t s ,  

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

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

m a t e r i a l .  F u r th e r m o r e ,  any change i n  s u r f a c e  d e f e c t  c o n c e n t r a t i o n  

would a l t e r  t h e  e x o - e l e c t r o n  f l u x .  Thus i t  sh o u ld  be p o s s i b l e  to  

u se  t h e  k i n e t i c s  o f  e x o - e l e c t r o n  e m is s io n  to  s t u d y  t h e  c a t a l y t i c  

p r o p e r t i e s  o f  a  m a t e r i a l .  I t  i s  t h e r e f o r e  t o  be e x p e c te d  t h a t  

when r e a c t i o n  c o n d i t i o n s  g i v e  r i s e  t o  a peak  i n  c a t a l y t i c  

a c t i v i t y  t h e r e  sh o u ld  be a maximum of  e x o - e l e c t r o n  e m is s io n  and 

v i c e  v e r s a .

To t e s t  t h i s  t h e o r y  Su jak  e t  a l  i n v e s t i g a t e d  a Zn -  ZnO 

sys tem  p ro d u c e d  by o x i d i s i n g  m e t a l l i c  z in c  i n  a tm o s p h e r i c  a i r .

They compared t h e i r  e x o - e l e c t r o n  e m is s io n  m easu rem en ts  made w i t h  

an e t h a n o l - q u e n c h e d  open p o i n t  c o u n t e r  w i t h  l i t e r a t u r e  d a t a  on 

t h e  t e m p e r a t u r e  dependence  o f  t h e  c a t a l y t i c  a c t i v i t y  o f  Zn -  ZnO 

f o r  m e thano l  o x i d a t i o n ,  which  i s  a t  a  maximum a ro un d  5 7 0  K.

T here  was good agreem en t  be tween t h e  two s e t s  o f  r e s u l t s  ( s e e  

f i g  15,  page 3 5 a ) .  S u jak  c i t e d  C a b re ra  (106) who s u g g e s t e d  

t h a t  a s  t e m p e r a t u r e  r i s e s  from room t e m p e r a t u r e  t h e  r e s u l t i n g  

t h e r m a l  s t r e s s e s  i n  t h e  o x id e  l a y e r  c au se  an i n c r e a s e  i n  t h e  

c o n c e n t r a t i o n  o f  l a t t i c e  d e f e c t s  i n  t h e  o x id e .  T h is  l e a d s  t o  an 

i n c r e a s e  i n  c a t a l y t i c  a c t i v i t y  and i n  th e  e l e c t r o n  f l u x .  As 

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

z in c  o x id e  l a y e r  i n c r e a s e s .  T h is  l e a d s  to  an a n n i h i l a t i o n  o f  

d e f e c t s ,  w i t h  t h e  maximum number o f  d e f e c t s  b e in g  o b se rv e d  a t  a 

t e m p e r a t u r e  o f  570 K.

Su jak  a l s o  r e f e r r e d  to  work c a r r i e d  o u t  by S tone  (107) which

showed t h a t  below 570 K oxygen i s  a d s o rb e d  on ZnO a s  O^ds
2 —

above 570 K i t  i s  found  as  0a(j s * Oxygen a d s o r b a b i l i t y  i s  a t  a
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maximum n e a r  570 K.

T h i s  s i g n i f i c a n t  work by S u ja k * s  group  h a s  shown how u s e f u l  

e x o - e l e c t r o n  e m is s io n  c o u ld  be f o r  q u i c k l y  f i n d i n g  t h e  optimum 

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

In  1968 Hoenig and Lane (108) i n v e s t i g a t e d  th e  e f f e c t  o f  a 

D,C. e l e c t r i c  f i e l d  o n ^ c h e m is o r p t io n  o f  oxygen on z in c  o x id e .  As 

a l r e a d y  s t a t e d  oxygen i s  a d s o r b e d  on z in c  o x id e  i n  t h e  form o f  

0~ ,  and 0 ~ , a t  room t e m p e r a t u r e .  The e l e c t r o n s  t o  form t h e s e  

s p e c i e s  come from t h e  ZnO c o n d u c t io n  band. Oxygen a d s o r p t i o n  

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

o f  ZnO w i t h  U-Y l i g h t  c a u s e s  e l e c t r o n s  and h o l e s  to  form. The 

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

oxygen i o n s  may be d i s c h a r g e d  and d e s o r b e d  i n t o  t h e  g a s  p h a se .

On t h e  b a s i s  o f  t h i s  h o l e  t h e o r y  o f  d e s o r p t i o n  i t  i s  t o  be expec­

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

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

o f  ZnO, V o l k e n s h t e i n  (109) h as  d i s c u s s e d  t h i s  i n  d e t a i l ,  p r o p o s i n g  

t h a t  e l e c t r i c  f i e l d  e f f e c t s  m igh t  be u se d  t o  c o n t r o l  c h e m is o r p t i o n  

on s e m ic o n d u c to r s ;  a  f i e l d  b r i n g i n g  e l e c t r o n s  to  t h e  exposed  

s u r f a c e  would enhance oxygen a d s o r p t i o n  on ZnO w h i l e  t h e  o p p o s i t e  

f i e l d  would n o t  o n ly  l i m i t  c h e m is o r p t i o n  b u t  a l s o  t e n d  t o  cause  

d e s o r p t i o n  o f  any oxygen s p e c i e s  a l r e a d y  p r e s e n t  by b r i n g i n g  h o l e s  

t o  t h e  s u r f a c e ,

Hoenig and Lane (108)  found  t h a t  a p p l i c a t i o n  o f  an e l e c t r i c  

f i e l d  had t h e  p r e d i c t e d  e f f e c t .

S in c e  V o l k e n s h t e i n  p r e d i c t e d  t h i s  f i e l d  e f f e c t  i t  h a s  been 

d e m o n s t r a t e d  many t im e s ,  For example,  S t a d n ik  and F e n t s i k  (110) 

showed i n  1961 t h a t  a n e g a t i v e  b i a s  on a s i l v e r  c a t a l y s t  i n c r e a s e d  

t h e  y i e l d s  from o x i d a t i o n  of  m e th y l ,  e t h y l ,  i s o p r o p y l  and b u t y l
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a l c o h o l s  w h i l e  a p o s i t i v e  c h a rg e  d e c r e a s e d  t h e  y i e l d *  E f f e c t i v e l y  

t h e  c a t a l y s t  would be s i l v e r  o x id e  which i s  an n - t y p e  semicon­

d u c t o r .  They found  t h a t  t h e  e f f e c t  became n o t i c e a b l e  f o r  an 

a p p l i e d  p o t e n t i a l  o f  5 -  10V w h i l e  t h e r e  was no f u r t h e r  enhancement 

o f  t h e  e f f e c t  f o r  Y > 50 v o l t s .  In  c o n t r a s t  Hoenig and Lane 

worked o v e r  a v o l t a g e  ran g e  from -800  to  +800 V.

A n o th e r  example has  been  a f f o r d e d  by Y ladov ,  D y a k o v i tc h  and 

Dinkov ( i l l ) .  They showed t h a t  a p p l i c a t i o n  o f  a n e g a t i v e  b i a s  

i n c r e a s e d  t h e  r a t e  o f  d e c o m p o s i t io n  o f  NH^ from a P t -R h -P d  c a t a ­

l y s t ,  The accompanying i o n  c u r r e n t  a l s o  i n c r e a s e d .

Hoenig d e c i d e d  to  d e te r m in e  w h e th e r  c h e m i c a l l y - s t i m u l a t e d  

e x o - e l e c t r o n  e m is s io n  was m e r e ly  i n c i d e n t a l  t o  t h e  r e a c t i o n  o r  

w h e th e r  i t  was a n e c e s s a r y  s t e p  i n  t h e  p r o c e s s .  He and T am j id i  

( 1 1 2 ) o b s e r v e d  t h e  e f f e c t  o f  an e x t e r n a l  p o t e n t i a l  on t h e  exo­

e l e c t r o n  c u r r e n t  from a p l a t i n u m  w i re  d u r i n g  o x i d a t i o n  of  C0,NH^ 

and H^. They found  e x o - e m is s io n  was p r o p o r t i o n a l  t o  t h e  r e a c t i o n  

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

e x p e r im e n t  t h e  e l e c t r o n  c u r r e n t  changed a l t h o u g h  th e  r e a c t i o n  

r a t e ,  k ,  rem a in ed  c o n s t a n t .  I t  was o n ly  i f  a  n e g a t i v e  b i a s  was 

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

and k  i n c r e a s e d .  S i m i l a r l y  a p o s i t i v e  b i a s  was o n ly  e f f e c t i v e  i f  

i t  was a p p l i e d  b e f o r e  a r e a c t i o n  commenced. A l tho u gh  e x o - e l e c t r o n  

e m is s io n  c o n t i n u e d  to  d e c r e a s e  a lm o s t  t o  ze ro  a s  th e  b i a s  p o t e n t i a l  

was i n c r e a s e d  to  +80 V, no e f f e c t  was o b s e r v e d  on k above +30V.

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

n e g a t i v e  b i a s  up to  - 1 0 0 Y. Hoenig and T am jid i  a l s o  o b s e r v e d  t h a t  

i f  t h e  c a t a l y s t  had been p o s i t i v e l y  b i a s e d  f o r  a  run  and was t h e n  

b i a s e d  i n  a n e g a t i v e  way f o r  t h e  n e x t  exper im ent ,  k  and t h e  e l e c t r o n  

c u r r e n t  b o th  i n c r e a s e d .  They d i d  n o t ,  however,  i n c r e a s e  t o  th e
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l e v e l  t h e y  would have r e a c h e d  s o l e l y  u n d e r  t h e  i n f l u e n c e  o f  a 

n e g a t i v e  b i a s .  I f  t h e  c a t a l y s t  was a n n e a l e d  i n  vacuum a t  9 5 0 °C 

f o r  one hour  b o th  k and t h e  e x o -e m is s io n  r a t e  were r e s t o r e d .  

Hoenig and T am jid i  c o n c lu d ed  t h a t  a p p l i c a t i o n  o f  a p o s i t i v e  

f i e l d  ‘ s t r u c t u r e d ’ t h e  s u r f a c e  i n  some u n s p e c i f i e d  way which 

h i n d e r e d  r e a c t i o n  and e l e c t r o n  e m is s io n .  F i n a l l y  t h e y  p l o t t e d  

e l e c t r o n  c u r r e n t ,  I ,  a g a i n s t  V f o r  i n c r e a s i n g l y  p o s i t i v e  V, up 

t o  + 3 3 V, and found t h a t  I  d e c r e a s e d  ' s m o o t h l y 1, t h e r e b y  

i n d i c a t i n g  t h a t  no r e a c t i o n  i n t e r m e d i a t e s  a r e  i n v o l v e d  i n  exo­

e l e c t r o n  e m is s io n .

Momose and Tamai (113) o b s e r v e d  t h e  e x o - e l e c t r o n  e m is s io n  

d u r i n g  r e d u c t i o n  of  cop p er  o x id e  by e t h a n o l  v a p o u r .  They 

examined s h e e t s  o f  co p per  o x id e  a c t i v a t e d  by d i s c h a r g e  from a 

T e s l a  c o i l .  As a s t a n d a r d  f o r  com par ison  t h e y  a l s o  i n v e s t i g a t e d  

u n t r e a t e d  s h e e t s .

They found t h a t  t h e  a c t i v a t e d  s h e e t s  gave two e x o - e l e c t r o n  

glow p e a k s ,  a t  94° and 240°C w h i l e  t h e  u n a c t iv a t e - d  shee t ' s  o n ly  

gave  an e m is s io n  peak  a t  240°C, They p ro p o s e d  t h a t  t h e  peak  a t  

94°C was due t o  e l e c t r o n s  t r a p p e d  i n  s u r f a c e  d e f e c t s  c au se d  by 

t h e  d i s c h a r g e  from t h e  T e s l a  c o i l .  The peak  a t  240°C was 

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

I n  1974 Kasemo and V a l ld e n  (114) o b s e r v e d  e m is s io n  o f  b o th  

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

sodium s u r f a c e  p r e p a r e d  by vacuum e v a p o r a t i o n .  They found a
_ r  rj

p h o to n  y i e l d  o f  1 0  -  1 0  / m o l e c u l e  r e a c t i n g  and an e l e c t r o n

y i e l d  o f  1 0 ” ^,

Much e a r l i e r  t h a n  t h i s ,  i n  1961,  Su jak  and Vawrzyniak (115) 

r e p o r t e d  t h a t  a p h o t o - s t i m u l a t e d  e x o - e l e c t r o n  e m is s io n  o c c u r r e d  

from t h e  s u r f a c e  l a y e r  o f  a b ra d e d  a m p h o te r ic  m e t a l s ,  A l ,  Zn, Sn,
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Pb ,  d u r i n g  r e a c t i o n  w i t h  sodium o r  p o t a s s iu m  hydroxide*  No such 

e m i s s io n  was o b s e r v e d  d u r in g  r e a c t i o n  w i t h  a c i d s .  E m iss io n  was 

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

o r  a l k a l i .  Su jak  and Vawrzyniak found t h a t  t h e  e n e rg y  o f  t h e  

s t i m u l a t i n g  l i g h t  r e q u i r e d  t o  e x c i t e  e m is s io n  i n c r e a s e d  from 

A l-Pb  i n  a c c o rd a n c e  w i t h  t h e  f a c t  t h a t  h y d ro x id e  a f f i n i t y  d e c r e a s e s  

i n  t h e  same sequence .  As t h e  a f f i n i t y  o f  t h e  m e ta l  f o r  h y d ro x id e  

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

I n  1964 Su jak  and Bojko (116) I n v e s t i g a t e d  t h e  i n f l u e n c e  o f  

h a l o g e n s ,  p r e s e n t  i n  th e  c o u n t i n g  g a s  o f  t h e i r  G e i g e r - M u e l l e r  

t u b e ,  on t h e  o b se rv e d  e x o - e l e c t r o n  e m is s io n .  In  1955 Grunberg  

and V r i g h t  (16) i n v e s t i g a t e d  t h e  t im e -d e p e n d e n c e  o f  t h e  decay  o f  

e l e c t r o n  e m is s io n  from a s u r f a c e  w i t h  d i f f e r e n t  c o u n t i n g  g a s e s .

S u ja k  and Bojko,  however, were i n t e r e s t e d  i n  how t h e  c o u n t in g  

y i e l d  v a r i e d .  They found t h a t  w i t h  many h a l o g e n - c o n t a i n i n g  

compounds, e . g .  C^H^I, CI^BrCKLjBr, a l l  o f  which  a r e  s t r o n g l y  

e l e c t r o n e g a t i v e ,  no e x o - e l e c t r o n s  were r e c o r d e d  from an i l l u m i n a t e d ,  

f r e s h l y - a b r a d e d  aluminium s u r f a c e .  I f  such an a tm osp he re  were 

pumped away and r e p l a c e d  by an Ar/EtOH m ix t u r e  e l e c t r o n s  were 

r e c o r d e d  im m e d ia te ly .  T h is  e f f e c t  was e x p l a i n e d  by t h e  p r o p o s a l  

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

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

I n  1 9 6 8  Tamai and Momose (117) i n v e s t i g a t e d  t h e  glov*-curve 

c h a r a c t e r i s t i c s  o f  e x o - e l e c t r o n  e m is s io n  from sand b l a s t e d  m e t a l s  

and c o n c lu d e d ,  l i k e  e a r l i e r  r e s e a r c h e r s ,  t h a t  t h e  e m is s io n  was 

m a in ly  from t h e  p a r t i c l e s  o f  sand embedded i n  t h e  m e t a l ,

K r a l i k  (80)  h a s  shown t h a t  t h e r e  was no d e t e c t a b l e  d i f f e r e n c e  

i n  e x o - e l e c t r o n  e m is s io n  from a m e ta l  w h e th e r  i t  was examined 

u s i n g  an e l e c t r o n - m u l t i p l i e r  i n  a vacuum o r  w h e th e r  a g a s - f i l l e d
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c o u n t e r  was u se d .  Lewowski (118) meanwhile  d e m o n s t r a t e d  t h a t  t h e  

r a t e  o f  decay  o f  e l e c t r o n  e m is s io n  from an a b ra d e d  m e ta l  v a r i e d  

w i t h  t h e  r e l a t i v e  h u m id i ty  of  t h e  c o u n t i n g  g a s ,  i n  t h i s  c a se  a i r .  

Because  o f  t h e  a p p a r e n t  c o n t r a d i c t i o n  o f  t h e s e  r e s u l t s  Momose 

(119)  d e c i d e d  to  i n v e s t i g a t e  t h e  i n t e r a c t i o n  be tween c o u n t i n g  

a tm o s p h e r e s ,  composed o f  o r g a n i c  v a p o u r s ,  and f r e s h l y  deformed 

m e ta l  s u r f a c e s  by m ea su r in g  t h e  e x o - e l e c t r o n  e m is s io n  from t h e s e  

s u r f a c e s .

He s t u d i e d  s a n d - b l a s t e d  m i ld  s t e e l  u n d e r  t h e  i n f l u e n c e  o f  

s e v e r a l  o r g a n i c  v a p o u rs  and found  t h a t  t h e  i n t e n s i t y  o f  t h e  glow 

p e a k ,  whose p o s i t i o n  v a r i e d  between 51 and 6 6 °C, depended on t h e  

p r o t o n  a t t r a c t i n g  power o f  t h e  compounds examined.  He found t h a t  

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

n - b u t y l  c h l o r i d e  «  a c e t o n i t r i l e  < benzene  < m e t h a n o l zlt o l u e n e  cl 

a c e to n e  ~  e t h a n o l ~ i s o p r o p y l  a l c o h o l  < e t h y l  a c e t a t e  «  p r o p y la m in e s .

He i n t e r p r e t e d  t h i s  to  mean t h a t  e l e c t r o n  e m is s io n  c o u ld  be 

enhanced  by th e  f o r m a t io n  o f  hydrogen  bonds be tween  t h e  f u n c t i o n a l  

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

s i n c e  i t  was t h e  sand which was r e s p o n s i b l e  f o r  t h i s  e m is s io n  

p e a k ,

Baazov, K o lb a n o v s k i i  and P o la k  (120) have shown how s e n s i t i v e  

a  phenomenon e x o - e l e c t r o n  e m is s io n  i s .  They o b t a i n e d  th e  e l e c t r o n  

g lo w -c u rv e  from y -  A ^O ^  a]^ e r  i r r a d i a t i o n  o f  th e  o x id e  w i th  

X - r a y s  w i t h  a dose  o f  10G0R and found  th e  main pe ak ,  which l a y  

be tw een  7 0 -  1 0 0 °C w i t h  a maximum a round  85° + 3° .  They to o k  t h i s  

peak  t o  be t y p i c a l  o f  e x o - e l e c t r o n  e m is s io n  from i r r a d i a t e d  

y - A ^ O ^ .  I n  f a c t  y -  A ^O ^ does  n o t  em it  e x o - e l e c t r o n s .  E m iss ion  

i s  from t h e  sm all  amount o f  t h e  a form o f  A^O-^ which i s  p r e s e n t  

a t  room t e m p e r a t u r e  ( 1 2 1 ) ,
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Baazov e t  a l  (122 ) t h e n  i n v e s t i g a t e d  th e  e x o - e l e c t r o n  

e m i s s io n  from i r r a d i a t e d  y -  A l ^  w i t h  a s u r f a c e  c o v e ra g e  o f
— 3 __ o

h y d ro g en ,  0  = 1 0  , and t h e n  d e u te r iu m ,  0  = 1 0 ~ , ( s e e  f i g  16,

page  41a  f o r  glow c u r v e s  o b t a i n e d ) .

They found  t h a t  th e  t o t a l  number o f  e l e c t r o n s  e m i t t e d

i n c r e a s e d  i n  t h e  s e r i e s : -  p u re  y - A ^ O ^  y - A l g O ^  + d e u te r iu m ,

y -  A I2 O3 + hydrogen* S ince  D o l id z e ,  K o lb a n o v s k i i  and P o la k  had

e a r l i e r  shown (123) t h a t  hydrogen a d s o r b s  d i s s o c i a t i v e l y  on

y - A ^ O ^  "to form s h a l lo w  donor  l e v e l s  i n  t h e  f o r b i d d e n  zone,  t h e s e

r e s u l t s  were t a k e n  to  p rove  t h a t  H and D have d i f f e r e n t  donor

c a p a c i t i e s  d u r i n g  c h e m is o r p t i o n .  Thus t h e y  g i v e  r i s e  to  t h e

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

I n  a  f u r t h e r  s tu d y  (124)  Baazov e t  a l  compared t h e  glow

c u r v e s  o f  i r r a d i a t e d  y — A ^ O ^  w i th  a  s u r f a c e  c o v e ra g e  o f  Et, o r

CO2 , 0 = 10“ ^ a g a i n  ( s e e  f i g  IT, page 41b)* i s  a  donor  g a s

so t h e  t o t a l  e l e c t r o n  e m is s io n  i n c r e a s e d  and e m is s io n  a l s o

o c c u r r e d  from new donor  l e v e l s .  CO2 , i n  c o n t r a d i s t i n c t i o n ,  i s

an a c c e p t o r  g a s .  Thus i t s  c h e m is o r p t i o n  l e a d s  t o  an o v e r a l l

r e d u c t i o n  o f  e l e c t r o n  e m is s io n  and t o  t h e  d e s t r u c t i o n  o f  t h e

s h a l lo w ,  low t e m p e r a t u r e  donor  l e v e l s *

A peak  c o r r e s p o n d i n g  to  t h e  a c c e p t o r  l e v e l  formed by a d s o r b e d

CO2  i s  c l e a r l y  e v i d e n t  ( s e e  f i g  17) and by making u se  o f  t h e

r e l a t i o n  E = 25 kT , Baazov e t  a l  a s s i g n e d  an en e rg y  o fmax
0*9 + 0*015 eV to  t h i s  l e v e l .  The c o r r e s p o n d i n g  d e p th  f o r  

a d s o r b e d  Ht, i s  0*7 + 0*005 eV.

I t  may be seen  t h e r e f o r e ,  t h a t  e x o - e l e c t r o n  e m is s io n  p r o v i d e s  

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

n a t u r e  o f  an a d s o r b e d  g a s ,  p a r t i c u l a r l y  where t h e  s u r f a c e  c o v e rag e  

i s  to o  low to  p e r m i t  th e  u se  o f  more c o n v e n t io n a l  m ethods.
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Exo-electron emission, I, versus temperature in 
the range 20-300°C,
a):- ^-aluminium oxide,
b):-s'-aluminium oxide with adsorbed hydrogen, 
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c):- x'-aluminium oxide with adsorbed deuterium,
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Thermally stimulated exo-electron emission  
spectrum for Y-A^Og excited with x-rays at 
a dose of 1000R and a dose rate of 34R/min,
a):- x "AUOg after evacuating to a residual 
pressure of 10  ̂torr at 220°C over a period of 
1 0  hours, .
b):- H2 /y-Al20 3 (6-10 3 ),
c);-CO /y-AI203 (6~103).
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C l e a r l y  e x o - e l e c t r o n  e m is s io n  i s  most s e n s i t i v e  t o  t h e  s t a t e  

o f  t h e  e m i t t i n g  s u r f a c e  and many i n v e s t i g a t i o n s  have been c a r r i e d  

o u t  b o t h  on m e t a l s  and n o n - m e t a l s  to  t r y  to  e l u c i d a t e  t h e  r o l e  

o f  a d s o r b e n t s .  V i th  m e t a l s  e l e c t r o n  e m is s io n  does  n o t  depend on 

volume d e f e c t s .  R a th e r  i t  comes p r e d o m i n a n t l y  from a l a y e r  a b o u t  

20\x t h i c k .  E m iss ion  i s  from a t h i n  o x ide  l a y e r  o r  from s o r p t i o n  

l a y e r s  o f  g a s e s .  In  o t h e r  -words i t  i s  e x c l u s i v e l y  an e x t r i n s i c  

e f f e c t .

The' s i t u a t i o n  i s  much more complex f o r  n o n - m e t a l s  where 

s u r f a c e  and volume e f f e c t s  can b o th  be i m p o r t a n t .  V i t h  some 

i o n i c  c r y s t a l s  a d so rb e d  g a s e s  p l a y  an i m p o r t a n t  r o l e  w h i l e  w i t h  

o t h e r s  e m is s io n  c o n t i n u e s  even i n  v e r y  h i g h  vacuum.

For  example, i n  1959 Viistenhagen (26) examined t h e  e l e c t r o n

e m i s s io n  from NaCl exposed  to  0^ and w a te r  v a p o u r .  The e m is s io n

c h a r a c t e r i s t i c s  d i d  n o t  change w h i l e  t h e  p r e s s u r e  was lo w ered  to

2 x 10" 5 t o r r ,  Bohun (125) c o n f i rm e d  t h i s  f o r  r o c k s a l t  and

p o t a s s i u m  c h l o r i d e  c r y s t a l s  e x c i t e d  by X - r a y s  b u t  he found t h a t

be low 1 0  t o r r  t h e r e  was a marked d e c r e a s e  i n  e m is s io n  which
—6d i s a p p e a r e d  c o m p le t e ly  below 10" t o r r .  He a t t r i b u t e d  t h i s  to  a

— 5 —6s t r o n g  d e s o r p t i o n  o f  O2  and ^ 0  between 10 and 10 t o r r .  Such 

a d e s o r p t i o n  would be f o l lo w e d  by a c o n s i d e r a b l e  i n c r e a s e  i n  

e l e c t r o n  a f f i n i t y  w i th  a  r e s u l t i n g  d e c r e a s e  i n  e l e c t r o n  e m is s io n  

from t h e  s u r f a c e .  U n f o r t u n a t e l y  he d i d  n o t  make i t  p r e c i s e l y  

c l e a r  what he meant by ’e l e c t r o n  a f f i n i t y ’.

T h i s  c o r r e l a t i o n  between s o r p t i o n  and e l e c t r o n  a f f i n i t y  was 

a l s o  n o t e d  by Scharmann, K r i e g s e i s  and S e i b e r t  (126) who s t u d i e d  

t h e  in d u c e d  p h o t o - e l e c t r i c  e f f e c t  o f  KC1 c r y s t a l s  c l e a v e d  i n  

u l t r a - h i g h  vacuum. T h is  i s  i n  d i r e c t  c o n t r a s t  to  t h e  s i t u a t i o n  

w hich  e x i s t s  w i t h  L iF  where t h e r e  i s  o n ly  a  v e r y  s l i g h t  dependence  

o f  i t s  glow c u r v e s  on p r e s s u r e  even a t  p r e s s u r e s  a s  low a s  1 0 “ 9  t o r r
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( s e e  Gordon and Scharrnann ( 1 2 7 ) ) .

K r a l i k  (80)  found a marked d i f f e r e n c e  i n  t h e  decay  p e r i o d  o f  

e l e c t r o n  e m is s io n  w i t h  GaF^iSm de pend ing  on w h e th e r  i t  was 

c o u n te d  i n  a G e i g e r - M u e l l e r  t u b e  o r  w i t h  an e l e c t r o n - m u l t i p l i e r  

i n  a vacuum sys tem .  The decay  r a t e  was much f a s t e r  when c o u n t in g  

t o o k  p l a c e  i n  vacuum. K r a l i k  a t t r i b u t e d  t h i s  to  t h e  d e s o r p t i o n  

o f  O2  and H^O i n  h ig h  vacuum which would g i v e  r i s e  t o  a  marked 

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

I n  1969 K r i e g s e i s  and Scharrnann (128) i n v e s t i g a t e d  BaSO^ 

powder* A f t e r  i r r a d i a t i o n  w i t h  e l e c t r o n s  o f  e n e rg y  2*5 keV i n  

h i g h  vacuum two maxima i n  t h e  t h e r m a l  glow c u rv e  from t h e  s a l t  

were  found a t  115° and 160°C, These w o rk e rs  found  t h a t  i f  samples  

were h e a t e d  t o  300°C i n  h i g h  vacuum b e f o r e  i r r a d i a t i o n  t h e n  t h e  

h i g h  t e m p e r a t u r e  peak  a lm o s t  d i s a p p e a r e d  w h i l e  t h e  peak  a t  115°G 

became more p ronounced .

These r e s u l t s  were a t t r i b u t e d  to  t h e  p r e s e n c e  o f  a d so rb e d  

w a t e r  g i v i n g  r i s e  to  s u r f a c e  s t a t e s  c a p a b le  o f  e m i t t i n g  e l e c t r o n s  

a t  160°C. H e a t in g  t h e  s a l t  t o  300°G would c au se  t h i s  a d s o rb e d  

w a t e r  to  l e a v e  t h e  s u r f a c e .  I t  was found  t h a t  ex po su re  t o  w a te r  

v a p o u r  a f t e r  i r r a d i a t i o n  of  t h e  t h e r m a l l y - t r e a t e d  samples 

r e g e n e r a t e d  t h e  peak a t  16G°C. A new peak a p p e a re d  a round  190°C*

A s i m i l a r  t r e a t m e n t  w i t h  oxygen g e n e r a t e d  t h e  peak  a round  190°C 

b u t  t h e r e  was no enhancement o f  t h e  peak  a t  160°C. K r i e g s e i s  and 

Scharrnann s u g g e s t e d  t h a t  t h i s  was due to  a change i n  t h e  e l e c t r o n

d i s t r i b u t i o n  o f  t h e  s u r f a c e .  I t  was found  t h a t  n i t r o g e n  had no

e f f e c t .

ZnO h as  a l s o  been c h a r a c t e r i s e d  and i t  h a s  been a g r e e d  t h a t  

i t s  e m i s s io n  comes from s o r p t i o n  s t a t e s  o f  oxygen a c t i n g  a s

t r a p s  ( s e e  f o r  example H o lz a p f e l  and Nink (129))*



K r y lo v a  (40) i n v e s t i g a t e d  t h e  t h e r m a l l y - s t i m u l a t e d  exo­

e l e c t r o n  e m is s io n  from t h e  powdered o x i d e s  A l ^ ^ ,  S i 0 2 , z e o l i t e ,  

MgO, ZnO, TiO^, Z r02 , a n ^ ^ iO ,  a f t e r  t h e y  had been e x c i t e d

by bombardment w i t h  a c u r r e n t  o f  lOpA o f  1*5 keV e l e c t r o n s .  For  

t h i s  s t u d y  he u sed  a se c o n d a ry  e l e c t r o n  m u l t i p l i e r .  Most of  t h e  

o x i d e s  examined gave a t h e r m a l l y  s t i m u l a t e d  e m is s io n  w i t h o u t  

p r i o r  e x c i t a t i o n  and K ry lo v a  showed t h a t  e l e c t r o n s  and n e g a t i v e  

i o n s  were e m i t t e d ,  MgO e m i t t e d  o n ly  n e g a t i v e  i o n s .

A f t e r  e x c i t a t i o n  e m is s io n  maxima o c c u r r e d  a t  t h e  same 

t e m p e r a t u r e  a l t h o u g h  th e  e l e c t r o n  bombardment i t s e l f  o f t e n  c au se d  

some d e s o r p t i o n .

I t  was found  t h a t  t h e  s p e c i e s  d e s o r b e d  were f o r  t h e  most  

p a r t  w a t e r  w i t h  some C0 2 , CO and 0 2*

A com par ison  o f  e x o - e l e c t r o n  glow p e a k s  and t h e  t e m p e r a t u r e s  

c o r r e s p o n d i n g  to  th e  maximum r a t e s  o f  d e s o r p t i o n  showed a c l o s e  

a g re em e n t  be tween t h e  two, p r o v i n g  t h a t  f o r  most  o x i d e s  t h e  

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

s t i m u l a t e d  e x o - e l e c t r o n  e m is s io n .  K ry lo v a  showed t h a t  f o r  s i l i c a  

g e l  i t  was o n ly  h y d r o x y l s  p a i r e d  by h y d ro g en -b o n d in g  which were 

t h e  c e n t r e s  f o r  e l e c t r o n  e m is s io n .

V i t h  t h e  e x c e p t i o n  o f  Zr02  each  o x id e  gave r i s e  to  a glow 

peak  i n  t h e  r an g e  140 -  160°C.

K ry lo v a  found t h a t  c h e m is o r p t i o n  of  C02  n e i t h e r  i n c r e a s e d  

e l e c t r o n  e m is s io n  from t h e  o x i d e s  a t  room t e m p e r a t u r e  im m e d ia te ly  

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

c y c l e  ( c f .  Baazov e t  a l  ( 1 2 4 ) ) .  V a te r  a d s o r p t i o n  i n t e n s i f i e d  b o th  

t y p e s  o f  e m is s io n  enhanc ing  t h e r m a l l y - s t i m u l a t e d  e m is s io n  o v e r  

t h e  whole t e m p e r a t u r e  range  i n v e s t i g a t e d .  Oxygen was found to  

i n c r e a s e  t h e  i n t e n s i t y  o f  t h e  peak s  i n  t h e  r an g e  140 -  160°C ( c f .
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I v r i e g e i s  and Scharrnann (128) who found  t h a t  oxygen gave no
-Pncvv-v (2,a  t

enhancement  o f  t h e  peak  a t  160°C^)# K ry lo v a  a rg u e d  t h a t  would 

have t h e  same e f f e c t  a s  w a te r  s i n c e  i t  would g iv e  r i s e  to  t h e  

f o r m a t io n  o f  s u r f a c e  OH g ro u p s .  From t h i s  he c o n c lu d e d  t h a t  t h e  

peak  a t  140 -  160°C was due to  c h e m is o r p t i o n  o f  H^O o r  w h i l e  

any o t h e r  p e a k s  o b t a i n e d  were due to  th e  p r e s e n c e  o f  s u r f a c e  

w a t e r ,  e x i s t i n g  e i t h e r  a s  d i s c r e t e  w a te r  m o le c u l e s  o r  a s  d i f f e r ­

e n t l y  c o o r d i n a t e d  hyd ro x y l  g r o u p i n g s .

D i f f e r e n t  a c t i v a t o r s  were i n t r o d u c e d  b o th  t o  t h e  b u lk  o x i d e s  

and  t o  t h e i r  s u r f a c e s .  I t  was found  t h a t  t h e y  d i d  n o t  a f f e c t  t h e  

number o r  t h e  p o s i t i o n s  o f  maxima i n  t h e  b a s i c  t e m p e r a t u r e  c u r v e s .  

They o n ly  v a r i e d  t h e  i n t e n s i t y  o f  t h e s e  p e a k s ,  by v a r y i n g  t h e  

amount o f  g a s e s  a d so rb e d  on t h e  s u r f a c e .

E u l e r ,  K r i e g s e i s  and Scharrnann (41) i n v e s t i g a t e d  BeO b ecau se  

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

oxygen a d s o r p t i o n  c e n t r e s  were a c t i v e ,  b o th  f o r  t h e r m a l l y  and 

o p t i c a l l y  s t i m u l a t e d  e l e c t r o n  e m is s io n  from BeO.

S ty r o v  and Kharlamov (130) exposed  v a r i o u s  p h o sp h o rs  to  

a to m ic  hydrogen  and a tom ic  oxygen.  V i t h  oxygen, i o n s  were e m i t t e d ,  

i . e .  a th e r m a l  d e s o r p t i o n  maximum whose p o s i t i o n

depended  on w h e th e r  t h e  sample was an o x id e  o r  a s u l p h a t e .  V i t h  

hydro gen ,  e l e c t r o n s  were e m i t t e d .  Again t h e  p o s i t i o n  o f  th e  

maximum depended  on t h e  n a t u r e  o f  t h e  sample .  The maxima c o r r e s ­

ponded t o  maxima i n  t h e  r a t e s  o f  r a d i c a l  r e c o m b in a t io n .

E m iss io n  from i o n i c  c r y s t a l s  and se m ic o n d u c to r s  may be from 

s u r f a c e  s t a t e s  c r e a t e d  by s o r p t i o n  b u t  such s t a t e s  do n o t  

n e c e s s a r i l y  o c c u r .  Then s o r p t i o n  w i l l  o n ly  change t h e  e l e c t r o n  

a f f i n i t y ,  a s  i s  t h e  c a se  w i t h  ro ck  s a l t  and p o ta s s iu m  c h l o r i d e .

Sometimes e m is s io n  may o c c u r  from s u r f a c e  s t a t e s  which a re
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n o t  c a u se d  by so r p t io n *  T h is  ha s  o n ly  been p ro v ed  unam biguously  

f o r  L iP  ( s e e  (1 2 6 ) )  which g i v e s  glow peak s  a t  120 and 310°G a f t e r  

X - i r r a d i a t i o n .  The l a t t e r  peak i s  due to  P and M c e n t r e s .

E tc h i n g  t h e  s u r f a c e  removes t h e  peak  a t  1 2 0 °C s i n c e  t h e  new 

s u r f a c e  t r a p s  a r e  empty. The h ig h  t e m p e r a t u r e  peak  i s  due to  

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

The s u r f a c e  t r a p s  have, been a t t r i b u t e d  to  d i s l o c a t i o n s .



CHAPTER 2
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C h a p te r  2

2-0

As t h i s  was t h e  f i r s t  a t t e m p t  u n d e r t a k e n  i n  t h i s  Depar tm ent  

t o  s tu d y  e x o - e l e c t r o n  e m is s io n ,  i t  was d e c i d e d  to  t r y ,  i n  t h e  

f i r s t  i n s t a n c e ,  to  d u p l i c a t e  e x p e r im e n t s  a l r e a d y  c a r r i e d  o u t .  To 

t h i s  e n d ,a n  i n v e s t i g a t i o n  by Sa to  and Seo (102) i n t o  t h e  exo­

e l e c t r o n  e m is s io n  accompanying t h e  p a r t i a l  o x i d a t i o n  o f  e th y l e n e  

t o  e t h y l e n e  o x id e  by a powdered s i l v e r  c a t a l y s t  was chosen .

2*1-0  A p p a ra tu s

A p r e l i m i n a r y  i n v e s t i g a t i o n  was c a r r i e d  o u t  a s  a B#Sc. 

p r o j e c t  by t h e  p r e s e n t  a u t h o r .  A b lo c k  d iag ram  o f  t h e  a p p a r a t u s  

u s e d  i s  shown i n  Diagram 1 page 47a .

A p r e s s u r e - r e d u c i n g  head  was u se d  so t h a t  each  c y l i n d e r  o f  

g a s ,  Ar,  ^2^4* £ave a  Pr e s s u r e  15 p s i .  Thus t h e

c o m p o s i t i o n  o f  any g a s  m ix t u r e  was p r o p o r t i o n a l  t o  t h e  f lo w  r a t e s  

o f  i t s  c o n s t i t u e n t s .  The g a s e s  were mixed and a l lo w e d  to  p a s s  

t h r o u g h  a t r a p ,  T^, su r ro u n d e d  by s o l i d  CO2  t o  d r y  them b e f o r e  

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

g a s  m ix t u r e  f low ed  th r o u g h  a n o t h e r  t r a p ,  T^, a g a i n  su r ro u n d e d  by 

s o l i d  ^ r a P ou"k ^ y  e th y l e n e  o x id e  formed.

2*1*1 C o u n t e r / R e a c t i o n  V e ss e l

The r e a c t i o n  was c a r r i e d  o u t  i n s i d e  a w indow less  2% G e i g e r -  

M u e l l e r  t u b e  whose w a l l s  were made o f  s t a i n l e s s  s t e e l ,  which i s  

c h e m i c a l l y  i n e r t  t o  e t h y l e n e  o x i d a t i o n  ( s e e  Diagram 2 page 4 7 b ) ,  

The anode w i r e  was 0 *0 0 1 " t u n g s t e n  t h r e a d e d  u n d e r  t e n s i o n



Diagram 1. 47a.

To atmosphere

G-M tube MA SC

Block diagram of apparatus: exo-electron  
emission from silver catalysts during partial 
oxidation of ethylene to ethylene oxide.
G=gas, T=trap, S=catalyst sample, F=furnace, 
TC=thermocouple, V=low voltage supply,
HV= high voltage supply (3 kV Ekco power 
supply N570B), PA=preamplifier, MA=main- 
amplifier, SC = scaler (Ekco N529D).



Diagram 2.

stainless steel cathode

— anode, 
0-001” W.o

gas outlet 
catalyst bed

gas inlet

Geiger-Muller counter/Reaction vessel.
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a p p r o x i m a t e l y  0* 5" above th e  v a i l  which co m p r ised  t h e  d i a m e t e r  

o f  t h e  s e m i - c y l i n d r i c a l  c o u n t e r .  There  was an a p e r t u r e  i n  t h e  

c e n t r e  o f  t h i s  w a l l  i n t o  which  a g l a s s  so c k e t  f i t t e d  to  g iv e  an 

a i r t i g h t  s e a l .  At t h e  to p  o f  t h e  so c k e t  t h e r e  was a p l a t f o r m  

w hich  c o u ld  h o ld  a b o u t  0 * 5 g  c a t a l y s t  ( s e e  Diagram 3, page 4 8 a ) ,  

A t h i n ,  h o l lo w  g l a s s  rod  r a n  up th e  c e n t r e  o f  t h e  s o c k e t  and a 

Chromel-Alumel the rm oco u p le  p a s s e d  t h r o u g h  t h i s  tu b e  to  a d imple  

i n  t h e  m id d le  o f  t h e  p l a t f o r m  so t h a t  c a t a l y s t  t e m p e r a t u r e  c o u ld  

be m easu red .  The f u r n a c e  w ind ing  was o f  2 2 * 2  ohm/m r e s i s t a n c e  

w i r e  c o i l e d  round  a s b e s t o s  s t r i n g .  T h is  was t a p e d  w i t h  a s b e s t o s  

p a p e r  to  i n s u l a t e  i t  and t h e n  wound round  t h e  g l a s s  ro d .

The anode v o l t a g e  was s u p p l i e d  by a 3 kV Ekco power su p p ly  

(N570B) and t h e  s i g n a l  was p i c k e d  up, a m p l i f i e d  and shown on an 

Ekco s c a l e r  u n i t  (N529D).

2*1*2 Gras C om posi t ion

When c a t a l y s t  samples  were t e s t e d  f o r  e x o - e l e c t r o n  e m is s io n  

t h e  g a s  m ix t u r e  was composed m a in ly  o f  Argon w i t h  a f low  o f  

2 m l / s e c .  E th y le n e  f lowed i n t o  t h e  system a t  a  r a t e  o f  0 -08  

m l / s e c  and oxygen 0 * 1  m l / s e c .  T h is  gave c o m p o s i t i o n s  o f  

A r - 9 6 * 2 ^  and -  3* 8fo i n  an Ar/C^H^ m ix tu r e  and A r -  91*7$,

a n ^ 0 2 “ 4 ' 6 $  an ‘A-r /^ '2K4 ^ 2  m:i-x^ u r e * These 

c o m p o s i t i o n s  were t h o s e  u se d  by Sato and Seo. U n f o r t u n a t e l y ,  

however ,  t h e s e  w o rk e rs  d i d  n o t  s p e c i f y  t h e i r  f l o w - r a t e s .

Two c a t a l y s t s  were p r e p a r e d ,  p r e c i p i t a t e d  s i l v e r  and s i l v e r  

p r e c i p i t a t e d  onto  an a - a lu m in a  s u p p o r t .  B efo re  i n v e s t i g a t i n g  

t h e i r  e x o - e l e c t r o n  e m i s s i o n , t h e s e  c a t a l y s t s  were t e s t e d  f o r  

c a t a l y t i c  a c t i v i t y  by f lo w in g  an m ix tu r e  o v e r  a  l a r g e

sample o f  each .  Oxygen was m e te re d  i n  a t  a r a t e  o f  1 m l / s e c  and 

e t h y l e n e  a t  0 -5  m l / s e c .  See Diagram 4 ,  page 48b.



Diagram 3.
A 8a.

anode

catalyst
furnace

g la s s  rod

V
TC

To show the position of the furnace and 
the thermocouple with respect to the catalyst.

V = Variac power supply,
TC=Chromet-Alumel thermocouple connected  
to a  Comark electronic thermometer.



Diagram U
48b.

from Trapl --------
Apparatus used for large-scale testing of 
catalysts.
V=Variac power supply,
TC=Chrome!-Alumet thermocouple connected to 
a Comark electronic thermometer.
Trapl dries reactant gases,
Trap2 collects any ethylene oxide produced.



The p r e c i p i t a t e d  c a t a l y s t ,  C a t a l y s t  A, was p r e p a r e d  

a c c o r d i n g  to  t h e  r e c i p e  g iv e n  by Sato and Seo ( 1 0 2 ) .  See 

Appendix  1 .1  f o r  d e t a i l s .  About 7 g  c a t a l y s t  A was h e a t e d  to  

a ro u n d  250°C f o r  t h r e e  h o u rs  -  Sato and Seo o p e r a t e d  a t  210°C.

The s u p p o r t e d  s i l v e r  c a t a l y s t ,  C a t a l y s t  B, was p r e p a r e d

a c c o r d i n g  to  McBee, Hass and Viseman (131), e x c e p t  t h a t  powdered
%

a - a l u m i n a  was u sed  i n s t e a d  o f  :f-mesh p e l l e t s .  See Appendix 1 ,2  

f o r  d e t a i l s ,  A sample o f  c a t a l y s t  B ( a g a i n  a p p r o x i m a t e ly  7 g )  

was h e a t e d  t o  a round  280°C f o r  a b o u t  t h r e e  and a h a l f  hours-  

280°C was t h e  recommended t e m p e r a t u r e  f o r  optimum a c t i v i t y .

2*1*3 P r o d u c t  A n a l y s i s

There  was no column p a c k in g  r e a d i l y  a v a i l a b l e  s u i t a b l e  f o r  

s e p a r a t i o n  o f  e t h y l e n e  ox ide ,  so t h e  c o n t e n t s  o f  t h e  t r a p  T2 were 

h y d r o l y s e d  each  t im e  by a d d i t i o n  o f  a  few d r o p s  o f  m in e r a l  a c i d  

d i s s o l v e d  i n  9 9 *9 /̂  e t h a n o l ,  d r i e d  o v e r  magnesium s u l p h a t e  to  

remove any w a te r  and f i n a l l y  f i l t e r e d .  I f  e t h y l e n e  o x id e  were 

p r e s e n t ,  i t  would now be i n  t h e  form o f  e th y l e n e  g l y c o l ,  so 

sam ples  o f  t h e  p r o d u c t s  o f  r e a c t i o n  from c a t a l y s t s  A and B were 

t e s t e d  f o r  t h e  p r e s e n c e  o f  e t h y l e n e  g l y c o l  u s i n g  a P e r k i n - E l m e r  

F l l  g a s  ch rom atog raph  w i th  a h o t  w i re  d e t e c t o r .  The column was 

a 4 f t u b e  o f  0*25n o , d # s t a i n l e s s  s t e e l  packed  w i t h  Chromosorb 

101, a  p a c k in g  s u i t a b l e  f o r  s e p a r a t i n g  p o l a r  m o le c u l e s .  The 

column t e m p e r a t u r e  was 190°C and t h e  c a r r i e r  g a s  was n i t r o g e n  

which  f low ed  th r o u g h  t h e  column a t  a r a t e  o f  400 m l/m in .  The 

d e t e c t o r  t e m p e r a t u r e  was 200°C,

4  \xl samples  were i n j e c t e d  each  t im e .  Those from c a t a l y s t  

A showed no e t h y l e n e  g l y c o l  w h i l e  t h o s e  c o r r e s p o n d i n g  t o  c a t a l y s t  

B d i d .  See Appendix 1 .3  f o r  t h e  ch ro m a tog rap h  c h a r t s .  I t  was
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c o n c lu d e d  t h a t  c a t a l y s t  A was i n a c t i v e  so o n ly  c a t a l y s t  B was 

examined f o r  exo—e l e c t r o n  e m is s io n .

2 *2 * 0  C h a r a c t e r i s a t i o n  of  t h e  Counter

14
C-doped p o l y m e th y lm e th a c r y l a t e  was u s e d  to  e s t a b l i s h  t h e  

c h a r a c t e r i s t i c s  o f  t h e  c o u n te r .  The specimen was p l a c e d  i n  t h e  

c a t a l y s t  bed o f  t h e  G e ig e r  c o u n te r  and an Ar/C 2 H^ m ix t u r e  p a s s e d  

o v e r  i t .  At f i r s t  a rgon  was m e te re d  i n  a t  a  r a t e  o f  4 m l / s e c  

and e t h y l e n e  a t  0*16 m l / s e c  i . e .  tw ic e  t h e  f l o w - r a t e  g iv e n  

p r e v i o u s l y .

2*2*1 E f f e c t  o f  Flow on Count Rate

I n i t i a l  e x p e r im e n t s  were c a r r i e d  o u t  w i t h  a f l o w - r a t e  o f  

j u s t  o v e r  4 m l / s e c  b u t  i t  was d e c id e d  t h i s  was to o  f a s t .  Vhen 

t h e  f lo w  r a t e  was h a lv e d  i t  was d i s c o v e r e d  t h a t  t h e  a p p e a ra n c e  

p o t e n t i a l  ( i . e .  t h e  v o l t a g e  a t  which th e  G e ig e r  c o u n t e r  j u s t  

s t a r t s  to  co u n t )  f o r  any g as  m ix tu r e  was lo w ered .

2*2*2 D e te r m in a t io n  o f  P l a t e a u  Region

C o u n ts /m in u te  w i th  t h e  ^C-(3 e m i t t e r  p r e s e n t  were p l o t t e d  

a g a i n s t  v o l t a g e  from 1-2 kY a t  0*05 kV i n t e r v a l s  ( s e e  Graph 1, 

Appendix  2 ) .  The sou rce  was th e n  removed and a background  c o un t  

t a k e n  a t  a  v o l t a g e  i n  the  p l a t e a u  r e g i o n .  The c o un t  r a t e  a t  

1*75 kV was 976 cpm w i t h  th e  sou rce  and 273 cpm w i t h  t h e  so u rc e  

removed. Having shown t h a t  t h e  d e t e c t o r  was s e n s i t i v e  to  low
I  ' 1*7

e n e rg y  (3 p a r t i c l e s ,  a C s - y  so u rce  was u s e d  f o r  t h e  r e s t  o f  

t h e  c a l i b r a t i o n s  s i n c e  i t  c o u ld  a c t i v a t e  t h e  c o u n t e r  from o u t ­

s ide* F u r th e rm o re ,  th e  number o f  c o u n t s ,  N, p e r  u n i t  t im e  

i n c r e a s e d  so t h a t  th e  a s s o c i a t e d  e r r o r  became l e s s  s i g n i f i c a n t .

Having shown t h a t  t h e  G e ig e r  c o u n te r  was o p e r a t i o n a l ,  i t  was 

t h e n  n e c e s s a r y  t o  f i n d  p l a t e a u x  f o r  t h e  d i f f e r e n t  g a s  m i x t u r e s .
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The a p p r o p r i a t e  gas  m ix tu r e  was a l lo w e d  to  f low  th r o u g h  th e  

G e ig e r - M u e l 1 e r  tu b e  f o r  a t  l e a s t  t e n  m in u te s  to  a l l o w  th e  

m i x t u r e  to  s t a b i l i s e .  Then c o u n t s  w i t h  th e  y so u rc e  p r e s e n t  

were m easu red  a t  0*05 kV i n t e r v a l s  and p l o t t e d  a g a i n s t  v o l t a g e  

t o  o b t a i n  t h e  p l a t e a u ,  i f  any ,  f o r  t h a t  g a s  m ix t u r e .

I t  was found t h a t  o n ly  Ar/C^H^ gave a s t a b l e  p l a t e a u .

G raphs  o f  cpm v s  v o l t a g e  f o r  Ar/C2 H4  ( 1  — 2 ) ,  Ar /C 2 H4 / 0 2  ( 3 ) ,  

and Ar (4)  a r e  c o n ta in e d  i n  Appendix 2 . A com par ison  o f  Graphs 

1 and  2  shows t h e  e f f e c t  o f  f low  r a t e  on a p p e a ra n c e  p o t e n t i a l  and 

p l a t e a u  r an g e  f o r  Ar/C2 H4 .

As sam ples  o f  t h e  c a t a l y s t  were to  be h e a t e d  i n s i d e  t h e  

G e i g e r  tube,  t h e  e f f e c t  o f  t e m p e r a t u r e  on c o u n t  r a t e  was d e t e r ­

m ined  f o r  Ar/C2 H4# The e f f e c t s  o f  h e a t i n g  and c o o l i n g  a r e  shown 

i n  Graphs  5 - 6  (Appendix 2) r e s p e c t i v e l y .  In  b o th  c a s e s  i t  was 

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

be tw een  20°C and 250°C.

The e f f e c t  o f  va>rying t h e  p r o p o r t i o n  o f  e th y l e n e  was a l s o  

i n v e s t i g a t e d .  I t  was found t h a t  t h e  a p p e a ra n c e  p o t e n t i a l  

i n c r e a s e d  as  e th y l e n e  c o n c e n t r a t i o n  i n c r e a s e d  and a l s o  t h a t  t h e  

p l a t e a u  was a t  a lower  c oun t  r a t e  and was l e s s  w e l l - d e f i n e d .

(See  Graph 7,  Appendix 2) .

2*3*0 E x p e r im e n ta l  P ro c e d u re

A t y p i c a l  ex p e r im e n t  was a s  f o l lo w s .  An Ar/C 2 H4  m ix tu r e ,  

f lo w  r a t e  a ro u n d  2 m l / s e c ,  was a l lo w e d  to  f lo w  th r o u g h  t h e  G e i g e r -  

M u e l l e r  t u b e  a t  an o p e r a t i n g  v o l t a g e  o f  1*65 kV. Background 

c o u n t s  were m easured  a t  room t e m p e r a t u r e  and a round  2 5 0 °C. The 

c o u n t e r  was a l lo w e d  to  co o l  and t h e n  a b o u t  0 * 5 g c a t a l y s t  was 

p l a c e d  on t h e  p l a t f o r m .  The c o u n t in g  m ix tu r e  was a l lo w e d  to  

s t a b i l i s e  a g a in  and c o u n ts  were t a k e n  a t  room t e m p e r a t u r e  and
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a ro u n d  250 C, Oxygen -was m e te re d  i n  a t  a f lo w  r a t e  o f  0*1 m l / s e c  

and t h e  c o u n t  r a t e  o b t a i n e d  a t  room t e m p e r a t u r e  and a rou n d  2 5 0 ° C. 

F i n a l l y  t h e  c a t a l y s t  sample was removed, t h e  g a s  m ix t u r e  a l lo w e d  

t o  s t a b i l i s e  and c o u n ts  o b t a i n e d  f o r  Ar/C^H^/O i n  t h e  absen c e  

o f  c a t a l y s t .  U s u a l l y  a f r e s h  sample o f  c a t a l y s t  was u sed  each  

t im e .

Because  t h e  c o u n te r  was n o t  c o o le d  i t  was i m p o s s i b l e  to  

c a r r y  o u t  c o u n t in g  a t  h ig h  t e m p e r a t u r e s  f o r  lo n g  s i n c e  sometimes 

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

much i n  e x c e s s  o f  250°C, Four  s h o r t  c o u n t s  were t a k e n  and 

a v e r a g e d  to  t r y  and red uce  t h e i r  s t a t i s t i c a l  e r r o r  so t h a t  com­

p a r i s o n  o f  t h e  r e s u l t s  c o u ld  be made.

No a t t e m p t  was made to  t e s t  f o r  t h e  f o r m a t io n  o f  e t h y l e n e  

o x id e  s i n c e  i t  was b e l i e v e d  t h a t  t h e  amount formed i n  t h e  c o u r s e  

o f  an e x p e r im e n t ,  a p p ro x im a te ly  f i f t e e n  m in u te s ,w o u ld  be 

u n d e t e c t a b l e .

The r e s u l t s  o f  t h e s e  e x p e r im e n t s  a r e  g iv e n  i n  T a b le s  I ,  I I  

and  I I I ,  page 52a. The c a t a l y s t  sample u se d  i n  ru n  2 was t h e  one 

u se d  i n  ru n  1. Because t h e s e  r e s u l t s  a p p e a re d  t o  c o n t r a d i c t  each  

o t h e r  i t  was d e c id e d  to  use  f r e s h  c a t a l y s t  f o r  a l l  su b s e q u e n t  

ru n  s,

V i t h  sample 1 i n  run  1 c o u n t s  were m easured  i n  Ar/C 2 H4 / 0 2  

f i r s t .  In  run  2 t h e  same c a t a l y s t  was u se d  b u t  no n o t e  was made 

o f  w h e th e r  o r  Ar/C2 H4 / 0 2  was i n t r o d u c e d  f i r s t  a t  h ig h

t e m p e r a t u r e  i n  t h i s  run .  I n  ru n  3 t h e  c a t a l y s t  was exposed  to  

Ar/C 2 H4  f i r s t  a t  h ig h  t e m p e r a t u r e  w h i l e  i n  ru n  4 Ar/C 2 H4 / 0 2  

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

W h en  t h e  c a t a l y s t  was exposed  to  Ar/C2 H4 / 0 2  f i r s t  a t  h ig h  

t e m p e r a t u r e  t h e  c o u n t  r a t e  a t  T = 250°C was v e r y  much h i g h e r  t h a n
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T a b le  I

Ar 2 m l / sec . C2H4 0*08 ml / s e c . V = 1*65 KV

a. Without> c a t a l y s t b. C a t a l y s t  B -presen t

Run T°C cpm T°C cpm Run T°C cpm T°C cpm

1 25 7 2 0 247 1440 1 - - 258 1 0 2 0

2 - - 2 5 0 870 2 26 168 248 576

3 36 204 248 768 3 24 1 9 8 248 912

4 24 192 249 396 4 30 840 253 522

Tabl e I I

Ar 2 ini l / s e c . c 2 h4 0-08 m l / s e c . o 2  o . 1 ml/ isec.  V = 1-65

a . Without- c a t a l y s t b# With c a t a l y s t

Run T°C cpm T°C cpm Run T°C cpm T°C cpm

1 28 1 5 6 2 5 0 840 1 28 9 0 0 248 6840

2 28 180 250 1209 2 28 72 2 5 0 318

3 33 1 5 0 248 1 0 9 2 3 31 132 247 5 0 0

4 29 78 252 456 4 27 1 2 0 251 1 8 3 6

T abl e I I I

A l l  e x p e r im e n t s  w i th  C a t a l y s t  B p r e s e n t  

Ar 2 m l / s e c # 0*08 m l / s e c .  0 2  0 -1  m l / s e c  V = 1*65 KV

a. Ar/C 2 H4 / 0 2 .

Run T°C 25° 248° 2 6 2 *

5 cpm 312 2598 6756

a . Ar/C 2 H4

6

b, Ar/C0H2 4

T°C 31° 250 2 6 1

cpm 450 612 1368

2 5 0 ° 261° 

1770 2814

b - Ar/C2H4/ 0 2

246° 264°

366 504.

c# Ar/C 2 H4 / 0 2

251° 262*

744 1026
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back g rou n d .  In  r u n s  2 and 3 , however , t h e  c a t a l y s t  samples  

were  h e a t e d  i n  Ar/C2 H^ b e f o r e  exposu re  to  oxygen. In  t h i s  c a se  

t h e  c o u n t - r a t e  a t  T = 250°C was a round  background  l e v e l .

To t e s t  t h e  s i g n i f i c a n c e  o f  t h i s ,  two f u r t h e r  e x p e r im e n t s  

were  c a r r i e d  o u t  -  see  T able  III,  page 52a f o r  t h e  r e s u l t s .  In  t h e  

f i r s t  r u n ,  ru n  5, a f r e s h  sample o f  c a t a l y s t  was h e a t e d  i n  

A r /C 2 Ĥ / 0 2  t o  T = 248°C and t h e  c o u n t - r a t e  m easured .  I t  was t h e n  

h e a t e d  t o  T = 262°C and t h e  c o u n t - r a t e  m easured  a g a i n .  Then 

oxygen was removed from t h e  f low  and t h e  c a t a l y s t  h e a t e d  a g a i n .  

C oun ts  were m easured  a t  T = 251°C and 261°C. F i n a l l y  oxygen was 

r e i n t r o d u c e d  and c o u n ts  found a t  T = 251 and 262°C.

I n  run  6  a n o th e r  f r e s h  sample o f  c a t a l y s t  was u se d .  I t  was 

h e a t e d  f i r s t  i n  an Ar/CgH^ m ix tu r e  and t h e n  i n  Ar/CgH^/Og.

By i n s p e c t i o n  o f  Table  HI i t  may be seen  t h a t  t h e  o r d e r  o f  

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

e x p o su re  t o  e t h y l e n e  b e fo r e  oxygen c a u s i n g  a r e d u c t i o n  o f  exo­

e l e c t r o n  e m is s io n  from t h e  c a t a l y s t .

These r e s u l t s  w i l l  be d i s c u s s e d  more f u l l y  l a t e r .

2*4*0 L i m i t a t i o n s

I n  t h e  c o u r s e  o f  t h i s  r e p e t i t i v e  work s e v e r a l  s e v e r e  

l i m i t a t i o n s  to  t h e  u s e f u l n e s s  o f  t h i s  sys tem  a s  a  t o o l  f o r  th e  

s t u d y  o f  c h e m is o r p t i o n  and c a t a l y s i s  were d i s c o v e r e d .  From t h i s  

work,  however, i t  became p o s s i b l e  to  s p e c i f y  t h e  i d e a l  r e q u i r e ­

m en ts  o f  an e x o - e l e c t r o n  e m is s io n  d e t e c t o r  s u i t a b l e  f o r  s t u d y i n g  

c a t a l y t i c  p r o c e s s e s .

2*4*1 C oun te r  Atmosphere

I t  was found  t h a t  o n ly  Ar/C2 H4  m i x t u r e s  gave c o u n t in g  

p l a t e a u x .  Ar/C 2 H . / 0 2  gave v e r y  poor  c o u n t i n g  c h a r a c t e r i s t i c s ,  b u t
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i t  c o u l d  be u se d  i f  background was m easured  each  t im e  b e f o r e  a 

c o u n t  was t a k e n  o f  a  c a t a l y s t  sample. With t h e  p r e s e n t  d e t e c t o r  

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

sam p le s .  While t h i s  was p e r m i s s i b l e  f o r  t h e  q u a l i t a t i v e  work 

u n d e r  d i s c u s s i o n ,  where a f r e s h  c a t a l y s t  sample was u se d  each  

t i m e ,  i t  would p r e s e n t  a s e v e re  h a n d icap  to  work of  a more 

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

t r e a t m e n t s  were under  i n v e s t i g a t i o n ,

2*4*2 T em pera tu re

The c o u n t e r  d id  n o t  c oun t  r e l i a b l y  a t  t e m p e r a t u r e s  above 

2 6 0°C, which o f f e r s  a v e r y  n a r ro w  t e m p e r a t u r e  r an g e  f o r  s tu d y i n g  

c h e m i s o r p t i o n  and c a t a l y s i s .  C oo l ing  t h e  c o u n t e r  m ight  have 

a l l e v i a t e d  t h i s  problem. However, l o w e r in g  t h e  t e m p e r a t u r e  t o  

a ro u n d  250°C u s u a l l y  r e s t o r e d  t h e  normal  c o u n t i n g  b e h a v io u r ,  

im p ly in g  t h a t  t h i s  p roblem might  be due more to  c o n v e c t i o n  

c u r r e n t s  which would remain  even i f  t h e  t u b e  w a l l s  were c o o le d ,

2*4*3 C ou n te r  Design

In  t h i s  d e t e c t o r  c a t a l y s t  was exposed  d i r e c t l y  to  t h e  

a c c e l e r a t i n g  f i e l d  ( s e e  Diagram 2, page 4 7 b ) ,  which b ro u g h t  a b o u t  

t h e  p o s s i b i l i t y  o f  f i e l d  e m is s io n .  S ince  t h e  c a t a l y s t  was 

u n c o v e re d  t h e r e  was a l s o  t h e  p o s s i b i l i t y  t h a t  p a r t i c l e s  m ig h t  be 

blown i n t o  t h e  body o f  the  c o u n t e r .  In  f a c t  when t h i s  c o u n t e r  

was l a t e r  d i s m a n t l e d  some c a t a l y s t  p a r t i c l e s  were found a d h e r i n g  

t o  t h e  w a l l s  o f  th e  v e s s e l ,  and one was even a t t a c h e d  to  t h e  anode

w i r e ,

2*5 Improvements  R e q u i re d

As a  r e s u l t  o f  t h e  p re l im in a ry  work i t  was d e c id e d  t h a t  t o



s t u d y  exo—e l e c t r o n  em iss io n  i n  t h e  c o n t e x t  o f  c h e m is o r p t i o n  and 

c a t a l y s i s  t h e  c a t a l y t i c  p r o c e s s  must be b roken  down i n t o  i t s  

b a s i c  s t e p s ,  t h e  f i r s t  o f  which i s  a d s o r p t i o n .  Thus, t o  f u r t h e r  

t h i s  work a c o u n t e r  was r e q u i r e d  which c o u ld  be u sed  to  f o l l o w  

s im p le  a d s o r p t i o n - d e s o r p t i o n  p r o c e s s e s .  T h is  meant t h a t  a 

d e t e c t o r  i n  which a much w ide r  v a r i e t y  o f  g a s  f i l l i n g s  c o u ld  be 

u s e d  f o r  a d s o r p t i o n  and f o r  c o u n t in g  was n e c e s s a r y .  As soon as  

a  d i f f e r e n t  g a s ,  e . g .  Q g a s ,  has  to  be i n t r o d u c e d  t o  p e r m i t  

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

c o m p l e t e l y  changed.  There  would a l s o  be t h e  p rob lem  o f  c a t a l y s t  

c o n t a c t  w i t h  a c o u n t in g  g a s ,  which o f t e n  has  a c a r b o n - c o n t a i n i n g  

compound a s  t h e  quench ing  a g e n t ,  c o n ta m i n a t i n g  t h e  c a t a l y s t ,

1. I d e a l l y ,  t h e r e f o r e ,  an e x o - e l e c t r o n  d e t e c t o r  sh o u ld  be 

c a p a b le  o f  c o u n t i n g  i n  any gas  so t h a t  any r e a c t i o n  m igh t  be 

s t u d i e d ,

2 , A g r e a t  d e a l  o f  e x o - e l e c t r o n  work h a s  been c a r r i e d  o u t  i n  

h i g h  and u l t r a - h i g h  vacuum c o n d i t i o n s ,  b u t  an e x o - e l e c t r o n  

d e t e c t o r  would be f a r  more v e r s a t i l e  i f  i t  was c a p a b le  o f  c o u n t i n g  

low en e rg y  e l e c t r o n s  a t  a tm o sp h e r ic  p r e s s u r e :  t h u s  i t  was

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

d e t e c t o r .

3, I t  would a l s o  be d e s i r a b l e  t o  d e s ig n  a c o u n t e r  which c o u ld  

o p e r a t e  s u c c e s s f u l l y  ov e r  a wide range  o f  t e m p e r a t u r e s  so t h a t  

exo—e l e c t r o n  'g low—c u rv e s  * m ight  be i n v e s t i g a t e d .

4.  A no the r  f e a t u r e  r e q u i r e d  was t h a t  t h e  c a t a l y s t  sh o u ld  be 

s h i e l d e d  from th e  e l e c t r i c  f i e l d ,  b o th  to  e l i m i n a t e  t h e  p o s s i ­

b i l i t y  o f  f i e l d  e m iss io n  and, when a powdered c a t a l y s t  was b e in g  

i n v e s t i g a t e d ,  to  p r e v e n t  p a r t i c l e s  from b e in g  blown th r o u g h  t h e  

a c t i v e  volume o f  t h e  c o u n t e r .  I t  was d e c id e d  t o  i n t r o d u c e  i n
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one o f  t h e  d e s i g n s  a w ire  mesh g r i d  a t  e a r t h  p o t e n t i a l  be tween 

c a t a l y s t  and anode to  a c h ie v e  t h i s ,

2 *6 * 0  C o u n te r s

S e v e r a l  a t t e m p t s  were made to  d e s ig n  a d e t e c t o r  i n c o r p o r a t ­

i n g  t h e s e  d e s i r a b l e  f e a t u r e s  and t h e  e v o l u t i o n  o f  a good, w ork ing  

model  w i l l  be t r a c e d  i n  t h e  f o l lo w in g  p a g e s ,  w i t h  a d i s c u s s i o n  

o f  t h e  m e r i t s  and f a i l i n g s  o f  t h o s e  d e s i g n s  which were r e j e c t e d .  

Any r e s u l t s  o b t a i n e d  w i t h  them w i l l  a l s o  be p r e s e n t e d .

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

were  made t o  t h e  e x p e r im e n ta l  s e t - u p .  N e g r e t t i - Z a m b r a  p r e s s u r e  

r e g u l a t o r s  were i n t r o d u c e d  a f t e r  t h e  g a s  c y l i n d e r s  t o  e n su re  a 

s t e a d y  b ack -up  p r e s s u r e  and hence a s t e a d y  f lo w .  The bubb le  

f l o w - m e t e r s  were r e p l a c e d  by G E C -E l l io t  r o t a m e t e r s  so t h a t  f low  

c o u ld  be m o n i to r e d  v i s u a l l y  a t  a l l  t im e s  and any f l u c t u a t i o n s  

q u i c k l y  c o r r e c t e d ,  A g l a s s  tu b e  packed  w i t h  a,nhydrous sodium 

c a r b o n a t e  was u sed  to  remove any m o i s t u r e  from t h e  g a s  f low .

A f t e r  p a s s i n g  th r o u g h  t h e  r e a c t i o n  v e s s e l  t h e  g a s e s  were v e n te d  

t o  a tm o sp h e re  v i a  a P e r k in - E lm e r  gas  sam pling  v a l v e ,  by means o f  

which  sam ples  co u ld  be i n t r o d u c e d  i n t o  a P e r k i n - E l m e r  P l l  g a s  

ch ro m a to g ra p h  w i t h  a f lame i o n i s a t i o n  d e t e c t o r ,  ( s e e  Diagram 5, 

page  5 6 a f o r  new e x p e r im e n ta l  s e t - u p ) .  The column was 6 ’ o f  0*25”

o . d # s t a i n l e s s  s t e e l  tu b e  packed  w i t h  Po rap ak  R. More s o p h i s t i ­

c a t e d  e l e c t r o n i c s  were o b t a i n e d ,  c o m p r i s in g  a N u c le a r  E n t e r p r i s e s  

SR5 s e a l e r - r a t e m e t e r  w i t h  a 0 -4  kV h ig h  v o l t a g e  power su p p ly ,  a 

l i n e a r  p u l s e  a n a l y s e r ,  a r a t e m e t e r  and a s c a l e r / t i m e r .  T h is  was 

u se d  i n  c o n j u n c t i o n  w i th  a N u c le a r  E n t e r p r i s e s  s o l i d  s t a t e  p r e ­

a m p l i f i e r  s e r i a l  number 5287 SC, a low n o i s e ,  c h a r g e - s e n s i t i v e  

p r e a m p l i f i e r  w i t h  an PET i n p u t  s t a g e ,  s e r i a l  number 5287 AC,



Diagram 5. 56a.

Modified apparatus for work on exo-emission  
from supported silver catalyst during the 
partial oxidation of ethylene to ethylene oxide.
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2 *6 * 1  C o u n te r  1

A t t i x ,  see  ( 1 3 2 ) ,  and s e v e r a l  o t h e r  w o rk e r s  e . g .  Baazov 

e t  a l  ( 1 2 0 ) ,  (122-124)  and Gel 'man e t  a l  ( 3 8 ) ,  (39) have s u c c e s s ­

f u l l y  u s e d  l o o p s  o f  w i re  a s  an o d es ,  g e n e r a l l y  i n  h e m i s p h e r i c a l  

d e t e c t o r s .

Because  o f  t h e s e  s u c c e s s e s  i t  was d e c i d e d  to  i n v e s t i g a t e  

t h e  c o u n t i n g  c h a r a c t e r i s t i c s  o f  a c y l i n d r i c a l  open-window 

c o u n t e r  w i t h  a loop  anode.  To f a c i l i t a t e  t h i s  s tu d y  a small  

bench  c o u n t e r  was made c o m p r i s in g  a, p o l i s h e d  co p p er  c a th o d e  0 *8 ff 

i n  i n t e r n a l  d i a m e t e r  w i th  an anode lo o p  made o f  p l a t i n u m  w i re  

0 *0 0 2 u i n  d i a m e t e r  ( s e e  Diagram 6 , page 57a ) .  The loop  was made 

by t h r e a d i n g  b o th  ends of  th e  w i re  t h r o u g h  t h e  s h a f t  o f  a s y r i n g e  

n e e d l e  whose p o i n t  had been sawn away and t h e n  rounded  o f f  to  

remove any h ig h  p o i n t s .  Q g a s ,  90$ Argon, 10$ m ethane ,  was u sed  

a s  t h e  c o u n t i n g  g as  and 1 4 C-doped p o l y m e t h y l m e t h a c r y l a t e  and 

t r i t i a t e d  sodium fo rm a te  were u se d  a s  s o u r c e s .

U sing  t h e  sou rce  c o u n t in g  p l a t e a u x  were found f o r

v a r i o u s  Q g a s  f low  r a t e s  to  see  w h e th e r  t h e r e  was any e f f e c t  on 

t h e  v o l t a g e  r an g e  o f  t h e  p l a t e a u .  No d e f i n i t e  e f f e c t  was found.  

C o u n t in g  s t a r t e d  a round  1*1 kV. The p l a t e a u  e x te n d e d  from a round  

1*9 -  2*1 kY t h e n  c o u n t s  f e l l  away a g a i n .  Above a b o u t  2*4 kV 

c o u n t - r a t e  i n c r e a s e d  a g a i n .  The g e n e r a l  shape o f  th e  cu rv e  was 

a lw ays  a s  shown i n  f i g  18 ( s e e  Appendix 3 f o r  e x am p les ) .

f i g  18 shown o v e r l e a f



Diagram 6. 57a.

to earth 9 f  out

loop made of 
0 0 0 2 " diameter 
platinum

to HV supply

0 8" i.d. polished 
copper cathode

source

^  FG 35 flanges
r *— g a s  in_r

Bench counter used to investigate loop 
geometry.
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e m is s io n  r a t e  
( c o u n t s / s e c )

1-9 2-4
v o l t a g e  (kY)

f i g u r e  18

At t h e  t im e  t h i s  e f f e c t  cou ld  n o t  be e x p l a i n e d  a l t h o u g h  i t  

now seems l i k e l y  t h a t  i t  i s  due to  s a t u r a t i o n  o f  t h e  head  

a m p l i f i e r .

P l a t i n u m  was chosen f o r  t h e  anode because  i t  would be 

c h e m i c a l l y  i n e r t :  however i t  was found to  be to o  s o f t  t o  be o f

p r a c t i c a l  use  s in c e  i t  was too  e a s i l y  d i s t o r t e d .  The s y r i n g e  

n e e d l e  i n  th e  bench c o u n te r  was abou t  2 ” long  and a p l a t i n u m  loop  

c o u l d  be t h r e a d e d  w i th  ease .  The l e n g t h  o f  n e e d l e  r e q u i r e d  i n  

t h e  a c t u a l  r e a c t i o n  v e s s e l  was about  5" and t h e  p l a t i n u m  was too  

s o f t  t o  be pushed  th ro ug h  t h i s  l e n g t h  o f  tu b e  w i t h o u t  k i n k i n g  and

e v e n t u a l l y  b r e a k in g .

Because o f  t h e s e  l i m i t a t i o n s  i t  was d e c id e d  t o  r e p l a c e  t h e  

p l a t i n u m  w i re  w i th  0-002" t u n g s t e n ,  a more r o b u s t  w i r e .  I t  had 

a l r e a d y  been shown by use of  t h e  bench c o u n te r  t h a t  a loop  

behaved  w e l l  a s  an anode, a l th o u g h  n o t  ev e ry  loop  mounted was 

s u c c e s s f u l ,  so t h a t  a t u n g s te n  loop was i n t r o d u c e d  s t r a i g h t  i n t o

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



2 - 6 - 2  Co m i t e r  2

See Diagram 7, page 5 9 a.  C a t a l y s t  was h e l d  i n  a  s t a i n l e s s  

s t e e l  b a s k e t  w i th  a w ire  mesh base  which a l lo w e d  g a s  t o  f low  

( s e e  Diagram 8 , page 59b).  Bea ten ,  p o l i s h e d  s t a i n l e s s  s t e e l  

mesh ( s i z e  15) was p l a c e d  on to p  o f  t h i s  to  a c t  a s  a s h i e l d  

b e tw een  c a t a l y s t  and anode. The b a s k e t  was s u p p o r t e d  by t h r e e  

s t e e l  r o d s  which were j o i n e d  to  t u n g s t e n  r o d s  w i t h  b a r r e l  

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

c o p p e r  c y l i n d e r ,  1 " i . d . , a t  e a r t h  p o t e n t i a l  r e s t e d  on th e  s t a i n ­

l e s s  mesh on t o p  o f  th e  b a s k e t  to  i n c r e a s e  t h e  a c t i v e  c o u n t in g  

volume and t o  s h i e l d  t h e  s t e e l  ro ds  and th e  th e rm o co u p le  from 

t h e  anode f i e l d .  Because o f  t h i s  c o n t a c t  t h e  mesh and th e  

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

A l th o u g h  i t  was easy  to  t h r e a d  th e  0 -002"  ¥  w i re  t h r o u g h  

t h e  l o n g  s y r i n g e  n e e d le  i t  p roved  a lm o s t  i m p o s s i b l e  to  o b t a i n  a 

l o o p  whose p l a n e  was v e r t i c a l .  P e rh a p s  f o r  t h a t  r e a s o n  a 

t u n g s t e n  loop  d i d  n o t  g iv e  good c o u n t in g  c h a r a c t e r i s t i c s ,  g i v i n g  

o n l y  a  v e r y  n a r ro w ,  s t e e p  p l a t e a u :  see Graph 1 1 , Appendix 3 f o r

a t y p i c a l  c u rv e .

A f t e r  d i s c u s s i o n s  w i th  Dr. J ,A .  C a i r n s  from Harwell  i t  was 

d e c i d e d  t o  abandon t h i s  geometry  o f  anode,  which g i v e s  r i s e  t o  a 

n o n - u n i f o r m  f i e l d  d i s t r i b u t i o n ,  i n  f a v o u r  o f  an anode u n i t  

d e v e lo p e d  by him a t  Harwell  (133) ( s e e  Diagram 9,  page 59c) .

The u n i t  com pr ised  two ho l low  s t a i n l e s s  s t e e l  t u b e s  0 -005"

i . d .  mounted i n  b a k e l i t e  s u p p o r t s ,  A b r a s s  s k i r t  h e lp e d  to

p r o t e c t  t h e  anode i t s e l f .  The anode w i re  was t h r e a d e d  under

t e n s i o n  and h e l d  i n  p l a c e  by th e  screws i n  th e  s t a i n l e s s  s t e e l

p l a t f o r m .  A h o l l -dw tu b e  p a s s e d  th r o u g h  t h e  p l a t f o r m  so t h a t
fcj tpe_

c o u n t i n g  g a s  c o u ld  f low  i n t o  t h e  sys tem. The ho l lo w  ro d  was



Diagram 7. 59a

Apparatus used for testing catalyst samples 
for simultaneous exo-electron emission and 
catalytic activity.

•to HV
tungsten rods

to gas a
chromatograph

thermocouple 

B 34 joint

_stainless 
steel rods

1"i.d. copper 
cathode

|l  catalyst
-I' basket

gas in

The loop was made of 0002" diameter 
tungsten wire.
3 ground tungsten rods supported the  
catalyst basket. One was connected to 
earth to maintain catalyst and cathode at 
earth potential. The catalyst was heated by 
passing current through resistance wire 
wound round the outside of the glass vessel.



Diagram 8.
59b.

j

hole for 
thermocouples

stainless steel ring —
1$> i d stainless steel mesh (size 60)

Stainless steel catalyst basket with wire 
m esh base.

stainless 
steel rods

The stainless steel rods were brazed to 
the stainless steel ring at 120 to each other.



Diagram 9 59c.

gas in

screw and washer 
to secure wire

1
to HV

protective____
brass skirt
stainless steel

stainless
s tee l  platform

bakelite • 
insulators

tube 0 005" i.d. !— =---- '

anode wire '' '7 
(OOOTdiameter tungsten)

Section through anode unit devised by
Dr Cairns

o o holes to allow counting 
g a s  to reach anode

Anode unit from below
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mounted  i n  a chuck so t h a t  th e  d i s t a n c e  between t h e  anode and 

t h e  sample  c o u ld  be v a r i e d .

S in c e  t h e  anode w ire  was s t r a i g h t  t h e  f i e l d  be tween i t  and 

t h e  sample u n d e r  i n v e s t i g a t i o n  would be u n i fo rm ,  n e g l e c t i n g  end 

e f f e c t s ,  so t h a t  much b e t t e r  c o u n t in g  c h a r a c t e r i s t i c s  c o u ld  be 

e x p e c t e d .

At f i r s t  0*002" t u n g s t e n  w ire  was used  f o r  th e  anode.  The 

c o u n t e r  d i d  n o t  s t a r t  to  d e t e c t  em iss io n  u n t i l  a b o u t  3 k -̂  so t h e  

anode was r e p l a c e d  by f l a m e -a n n e a le d  0 *0 0 1 " t u n g s t e n  w i re  which 

b r o u g h t  t h e  app ea ra n c e  p o t e n t i a l  down to  a b o u t  2*1 kV w i t h  a  

p l a t e a u  a ro u n d  2* 5 -  2 * 6  kY ( s e e  Graph 12, Appendix 3 ) .

A T e leq u ipm en t  O s c i l l o s c o p e  Type S51E was i n t r o d u c e d  i n t o  

t h e  sys tem  so t h a t  peak shape cou ld  be m o n i to r e d  i n  a d d i t i o n  to  

a c t u a l  measurement of t h e  c o u n t - r a t e .  Thus i t  was p o s s i b l e  to  

o b s e r v e  when background o r  e l e c t r i c a l  i n t e r f e r e n c e  was b e in g  

c o u n te d .

S in c e  i t  had been shown t h a t  t h i s  anode u n i t  gave good 

c o u n t i n g  c h a r a c t e r i s t i c s  i n  Q gas  i t  was d e c id e d  to  a t t e m p t  to  

c o u n t  exo—e l e c t r o n s  i n  an a rgon ,  e t h y l e n e ,  oxygen m ix t u r e .

A sample o f  f r e s h l y  p r e p a r e d  s u p p o r te d  s i l v e r  c a t a l y s t  was 

u s e d .  The r e c i p e  and method were a s  b e f o r e  e x c e p t  t h a t  t h e  3 0 —6 0  

mesh p o r t i o n  o f  th e  cc— alum ina  was s i e v e d  o u t  and t h e  s i l v e r  

p r e c i p i t a t e d  onto  i t .  Then th e  30-60 mesh p o r t i o n  was s e p a r a t e d  

o u t  a g a i n  to  remove any d u s t .  A m i c r o - r e a c t o r  was u se d  to  show 

t h a t  t h e  c a t a l y s t  was a c t i v e  f o r  e th y l e n e  o x ide  f o r m a t io n  ( s e e

Diagram 10, page 60a ) .  Q£  oc,u o t e r  (

0*42 g c a t a l y s t  was p l a c e  i n  t h e  c a t a l y s t  b e d ^  The

Ar/C 2 H4 /O2  m ix tu re  was a r b i t r a r i l y  s e t  a t  a  r a t i o  o f  9 5 :2 5 :5 0  

g i v i n g  a t o t a l  f low  o f  around 1 7 0  m l/min .  C2 H4 : 0 2  was i n  t h e



Diagram 10.

to gas  
chromatograph”

glass sinter

g a s  in

thermocouple

B 10

/

-catalyst sample

Microreactor used to test catalysts for catalytic 
activity.

Catalyst sam ples were heated by placing the 
microreactor inside a furnace.
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r a t i o  1 : 2  t o  g i v e  good c o n v e r s i o n  to  e th y l e n e  o x id e  and t h i s  

m i x t u r e  was w e l l  d i l u t e d  w i th  a rgon  t o  l e s s e n  t h e  r i s k  o f  

e x p l o s i o n s .  I t  was a l s o  hoped t h a t  i f  t h e  p e r c e n t a g e  o f  e th y ­

l e n e  was s u f f i c i e n t l y  h ig h  c o u n t in g  would be p o s s i b l e .

The c a t a l y s t  was h e a t e d  to  a round  2 5 0 ° C and g a s  chrom ato­

g r a p h y  showed e t h y l e n e  o x ide  was b e in g  formed,  C . p . s .  were
137m ea su re d  w i t h  a Cs-y so u rce  p o s i t i o n e d  o u t s i d e  t h e  r e a c t i o n  

v e s s e l ,  V e i l - s h a p e d  p eaks  c o r r e s p o n d i n g  t o  p u l s e s  p ro d u ce d  by 

p a s s a g e  o f  y r a y s  showed on th e  o s c i l l o s c o p e  s c r e e n .  A l though  

b ack g ro u nd  was h ig h ,  340 cps  a t  2*9 kV, p e a k s  s t a r t e d  to  a p p e a r  

on t h e  o s c i l l o s c o p e  s c r e e n  a round  2*6 kV and a t  2*9 kV f o r  a 

d i s c r i m i n a t o r  s e t t i n g  o f  1 * 2 7  x 0 * 2  ( I n t e g r a t e ) ,  t h e  c o u n t  r a t e  

w i t h  t h e  y sou rce  p r e s e n t  was 358 cps  i ,  e # 18 cps  above back­

g ro u nd .

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

d u r i n g  a  h e a t i n g  c y c l e  i s  shown i n  T ab le  IY, Appendix 4. R e s u l t s  

were o b t a i n e d  f o r  two d i s c r i m i n a t o r  s e t t i n g s ,  0 * 1  x 0 * 2  ( I n t e ­

g r a t e )  and 1*27 x 0*2 ( I n t e g r a t e ) .  At a d i s c r i m i n a t o r  s e t t i n g

o f  0*1 x 0*2 ( I n t e g r a t e )  e v e ry  p u l s e  s u f f i c i e n t l y  e n e r g e t i c  t o  

c r o s s  t h e  minimum energy  t h r e s h o l d  i s  co u n te d ,  w h i l e  a t  a  s e t t i n g  

o f  1*27 x 0 * 2  ( I n t e g r a t e )  t h e  t h r e s h o l d  en e rg y  was r a i s e d  

s u f f i c i e n t l y  to  c u t  o u t  many low energy  p u l s e s ,  m a in ly  due to  

e l e c t r i c a l  p i c k - u p .

Vhen c o u n t s  were m easured  i n  t h e  p r e s e n c e  o f  th e  h e a t e d  

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

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

y so u rc e  t h a n  i n  i t s  p r e s e n c e .  T h is  e f f e c t  was o n ly  o b se rv e d  

f o r  v o l t a g e s  i n  e x c e s s  o f  3*3 kV. T h is  was t a k e n  to  mean t h a t  

e x o - e l e c t r o n  e m is s io n  was o c c u r r i n g  and t h a t  t h i s  d e t e c t o r  was
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s u f f i c i e n t l y  s e n s i t i v e  to  c o u n t  t h e s e  low energy  p a r t i c l e s  a t  

v o l t a g e s  g r e a t e r  t h a n  3*3 kV, w h i l e  p r e s e n c e  of  t h e  y - s o u r c e  

m ust  mask c o u n t i n g  o f  t h e s e  p a r t i c l e s  i n  some way.

I t  was found  t h a t  i n  t h i s  g a s  m i x t u r e ,  a s  i n  Q g a s ,  c o u n t s  

r e a c h e d  a maximum and f e l l  away a g a i n  when p l o t s  o f  cps  v s  V 

were p r e p a r e d  f o r  t h e  y and (3 s o u r c e s  u s e d # See f o r  example 

Graph 13, Appendix 4.

A f t e r  t h e s e  p r e l i m i n a r y  r e s u l t s  had been o b t a i n e d  some 

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

o f  d i s t a n c e  between t h e  anode and th e  sample on t h e  p o s i t i o n  o f  

t h e  p l a t e a u  and t o  d e te r m in e  i f  t h e r e  was any e f f e c t  o f  d i s ­

c r i m i n a t o r  s e t t i n g  on p l a t e a u  p o s i t i o n .  I t  was a l s o  d e c id e d  to  

i n v e s t i g a t e  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  p l a t e a u .  I t  had 

been  d e c i d e d  to  i n v e s t i g a t e  th e  e f f e c t  o f  d i s t a n c e  t o  see  i f  t h i s  

c o u ld  e x p l a i n  why c o u n t - r a t e  f e l l  away a t  t h e  end o f  t h e  p l a t e a u ,  

a l t h o u g h ,  a s  p r e v i o u s l y  s t a t e d ,  i t  i s  now b e l i e v e d  t h a t  t h i s  was 

due t o  s a t u r a t i o n  of  th e  head  a m p l i f i e r .

^ ^ C ~ p o ly m e th y lm e th a c ry la t e  was u sed  f o r  t h i s  work.

For  t h e  e f f e c t  o f  t e m p e r a t u r e  see' Graph 14, Appendix 4. I t  

was found  t h a t  a s  t e m p e r a t u r e  i n c r e a s e d  th e  v o l t a g e  range  o f  t h e  

p l a t e a u  s h i f t e d  to  low er  v o l t a g e ,  which may be due to  an i n c r e a s e  

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

a t  lo w er  t e m p e r a t u r e .

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

shown i n  Graph 15, Appendix 4.

The p o s i t i o n  o f  th e  c o u n t in g  p l a t e a u  was a l s o  dependen t  on 

f lo w  r a t e .  H a lv ing  t h e  f low r a t e  s h i f t e d  t h e  p l a t e a u  0*2 kV 

lo w e r .  Changing t h e  d i s c r i m i n a t o r  s e t t i n g  had l i t t l e  e f f e c t  on 

t h e  p o s i t i o n  o f  th e  p l a t e a u .



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

d e s i g n  was d i s c a r d e d  because  v o l t a g e s  i n  e x c e s s  o f  3 kV were 

r e q u i r e d  to  c o u n t  e x o - e l e c t r o n s  and i t  was found  t h a t  a t  such 

h i g h  f i e l d s  sp a r k in g  and a r c i n g  o c c u r r e d .  Each t im e  t h i s  

h ap pened  t h e  F i e l d  E f f e c t  T r a n s i s t o r  i n  t h e  i n p u t  s t a g e  o f  t h e  

p r e a m p l i f i e r  had to  be r e p l a c e d .

2 » 6 * 3 D e t e c t o r  3

An a t t e m p t  was made to  measure t h e  c u r r e n t  f low  from exo­

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

K e i t h l e y  602 S o l i d  S t a t e  Picoammeter  which c o u ld  d e t e c t  c u r r e n t s  
-1 4a s  low a s  1 0  amps was used .

The r e a c t i o n  v e s s e l  c o n s t r u c t e d  f o r  t h i s  work i s  shown i n  

Diagram 11, page 63a and t h e  c i r c u i t  i n  Diagram 12, page 63b.

The r e a c t i o n  v e s s e l  comprised  two g l a s s  f l a n g e s  5*5 cm d ia m e te r  

which  c o u ld  be clamped t o g e t h e r .  C a t a l y s t s  were s u p p o r t e d  on 

t h e  lo w er  a luminium d i s c  w h i le  t h e  upper  was u se d  a s  an e l e c t r o n  

c o l l e c t o r .  Both d i s c s  were su p p o r te d  by aluminium r o d s .  A 

sm a l l  p o s i t i v e  b i a s  was a p p l i e d  to  th e  u pp e r  p l a t e  f o r  c o l l e c t i o n  

o f  e l e c t r o n s .  A fu rn a c e  was c o i l e d  round t h e  o u t s i d e  o f  t h e  

lo w e r  g l a s s  f l a n g e  so t h a t  t h e  c a t a l y s t  c o u ld  be h e a t e d .

T h i s  d e s i g n  was f a v o u re d  beca u se ,  i f  i t  was s u c c e s s f u l ,  i t  

would  have v e r y  wide a p p l i c a t i o n s  s in c e  i t  would n o t  r e q u i r e  a 

c o u n t i n g  g a s ,  c o u ld  be used  to  s tudy  any r e a c t i o n  and sho u ld  be 

o p e r a b l e  a t  any t e m p e r a t u r e .  F u r th e rm o re ,  f i e l d  e m is s io n  would 

be i m p o s s i b l e  w i th  t h e  small  i o n  c o l l e c t i n g  v o l t a g e  used .

A l tho u gh  e th y l e n e  ox ide  was p roduced  i n  t h i s  system when an 

Ar/C 2 H4 / 0 2  m ix tu r e  i n  t h e  r a t i o  4 0 /1 5 /3 0  was f lowed ov e r  t h e  

s u p p o r t e d  s i l v e r  c a t a l y s t ,  no e l e c t r o n s  were c o l l e c t e d  f o r  a 

c o l l e c t o r  b i a s  o f  + 8*3 V w i th  a c a t a l y s t  b i a s  o f  — 15*9 V.



Diagram 11 63a.

to g a s  __ —
chroma tograph

•to Keith ley
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/

Detector used to try to measure exo- electron 
current from a supported silver catalyst during 
the partial oxidation of ethylene to ethylene 
oxide.



Diagram 12. 63b.

reaction vessel

9V battery
F -

K

Circuit diagram for the measurement of the  
current flow of exo- electron s.

K:-Keithley 602 solid state picoammeter



D e s p i t e  t h i s  f a i l u r e  to  measure any c u r r e n t ,  an a t t e m p t  was made 

t o  d e t e r m i n e  w he th e r  b i a s i n g  t h e  c a t a l y s t  had any e f f e c t  on 

r e a c t i o n  y i e l d .  No c o n c l u s i v e  r e s u l t s  were o b t a i n e d  and t h i s  

was a t t r i b u t e d  to  th e  f a c t  t h a t  su p p o r te d  s i l v e r  c a t a l y s t  was 

b e in g  u se d  and i t  p o s s i b l y  d i d  n o t  ' c h a r g e  u p '  p r o p e r l y  ( s e e  f o r  

example, Hoenig ' s work ( 1 1 2 ) f o r  th e  i n s p i r a t i o n  f o r  t h i s ) .

A l th o u g h  a, f r e s h  p r e c i p i t a t e d  s i l v e r  c a t a l y s t  c o u ld  have 

been  p r e p a r e d  t o  f u r t h e r  t h i s  i n t e r e s t i n g  i n v e s t i g a t i o n ,  i t  was 

d e c i d e d  t o  abandon t h i s  d e s ig n  o f  d e t e c t o r  s i n c e  no e x o - e l e c t r o n  

c u r r e n t  c o u ld  be d e t e c t e d  a t  a tm o sp h e r ic  p r e s s u r e  w i t h  t h e  

K e i t h i e y  p icoamm eter .

2*6*4 D e t e c t o r  4

At t h i s  t im e  some d i s c u s s i o n s  to ok  p l a c e  w i t h  Dr. J .  McNamee 

o f  t h e  E n g in e e r i n g  Department a t  Glasgow U n i v e r s i t y  who had made 

a  p r e l i m i n a r y  s tud y  o f  e l e c t r o n  e m iss io n  from a b ra d e d  aluminium 

u s i n g  an open window G e ig e r -M u e l l e r  tu b e .  C o un t ing  g a s  f lowed 

t h r o u g h  t h e  c o u n te r  and ou t  onto th e  a luminium sample which was 

i n  a i r  i n  f r o n t  o f  t h e  window.

Dr. McNamee had found t h a t  when a sample o f  aluminium was 

a b r a d e d  and b ro ug h t  up t o  th e  d e t e c t o r  t h e  c o u n t  r a t e  was h ig h  

b u t  t h a t  c o u n t s  d e c r e a s e d  w i th  t im e ,  e m is s io n  o f t e n  c o n t i n u i n g  

f o r  up to  two days .  He had a l s o  con f i rm ed  t h a t  t h e  r a t e  o f  

e m is s io n  was p r o p o r t i o n a l  to  th e  i n t e n s i t y  o f  i l l u m i n a t i o n  o f  

t h e  sample .  F i n a l l y  he a l s o  d e m o n s t r a te d  to  us  t h a t  i f  t h e  

sample  was e a r t h e d  a f t e r  c o u n t in g  had commenced, t h e  c o u n t—r a t e  

was much h i g h e r  and c o n t in u e d  f o r  much l o n g e r  t h a n  i f  t h e  sample 

was n o t  e a r t h e d .  Indeed ,  i f  t h e  sample was n o t  e a r t h e d  p o s i t i v e  

c h a r g e  b u i l t  up on i t  so t h a t  e v e n t u a l l y  no more e l e c t r o n s  c o u ld  

e s c a p e .  I f  t h e  sample was th e n  d i s c h a r g e d  c o u n t in g  recommenced.
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Vhen Dr, C a i r n s  l e n t  us  th e  anode u n i t  d e s c r i b e d  e a r l i e r ,  

he a l s o  p r o v i d e d  a complete  d e t e c t o r  c o m p r i s in g  a s t a i n l e s s  

s t e e l  c y l i n d r i c a l  c a th o de  1 " i , d ,  and an anode u n i t  s e a l e d  i n t o  

a  h o l lo w  ro d  so t h a t  c o u n t in g  gas  c o u ld  f lo w  ( s e e  Diagram 13, 

page  6 5 a ) . T h is  d e t e c t o r  had a d e t a c h a b le  window so t h a t  i t  

c o u l d  o p e r a t e  a s  a windowless  p r o p o r t i o n a l  c o u n t e r .  I t  was 

d e c i d e d  t o  i n v e s t i g a t e  i t s  c o u n t in g  c h a r a c t e r i s t i c s  to  d e te r m in e  

how w e l l  i t  s a t i s f i e d  the  r e q u i r e m e n t s  f o r  a c o u n t e r  s p e c i f i e d  

e a r l i e r ,

' I t  had been found w i th  D e t e c to r  2 t h a t  e x o - e l e c t r o n s  c o u ld

be c o u n te d  a t  v o l t a g e s  c o r r e s p o n d in g  to  t h e  end o f  t h e  p l a t e a u

r e g i o n  and beyond. Thus a p l o t  o f  cps  vs  v o l t a g e  was p r e p a r e d

f o r  D e t e c t o r  4 to  d e te rm in e  where th e  p l a t e a u  r e g i o n  was ( s e e

Graph 16, Appendix 5) .  Q gas  was u sed  f o r  c o u n t i n g  and t h e  
137c o l l i m a t e d  C s - y  source  was p l a c e d  i n  f r o n t  o f  th e  window.

The a p p ea ra n c e  p o t e n t i a l  was a round  1*4 kV and t h e  p l a t e a u  

e x t e n d e d  from around 2*0 -  2*2 kV. 2*5 kV was chosen  a s  t h e  

o p e r a t i n g  v o l t a g e  f o r  i n v e s t i g a t i n g  e l e c t r o n  e m is s io n  from 

a b r a d e d  aluminium specimens i n  t h e  hope t h a t  a h ig h  c o u n t in g  

y i e l d  m igh t  be o b ta in e d ,

A p o l i s h e d  aluminium d i s c  was a b ra d e d  w i t h  emery p a p e r  and 

wiped  t o  remove d u s t  p a r t i c l e s .  The specimen was t h e n  b ro u g h t  

up to  t h e  c o u n t e r  window and cps  a v e rag e d  ov e r  t e n  second 

p e r i o d s  were r e c o r d e d .  The r e s u l t s  o b t a i n e d  a re  shown i n  T ab le  

V, Appendix  5. The specimen was n o t  e a r t h e d  so i t  was h e l d  

p e r i o d i c a l l y  by th e  a u th o r  to  see what e f f e c t  t h i s  had on coun t  

r a t e .

I t  was found' t h a t  w hi le  th e  specimen was b e in g  h e ld  by th e  

a u t h o r  t h e  c o u n t  r a t e  was a p p r e c i a b l y  h i g h e r  t h a n  when t h e  d i s c
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Windowless proportional counter 
incorporating anode unit devised by 
Dr Cairns.
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was f r e e ,  d e s p i t e  t h e  poor  e a r t h i n g  t h i s  c o n t a c t  p r o v id e d .

Background was 143 cps a v e rag e d  ove r  1 0  s e c s .  Vhen t h e  

s c r a t c h e d  d i s c  was b rough t  up to  th e  d e t e c t o r  t h e  c ou n t  r a t e  was 

a lw a y s  low er  t h a n  background.  I f  t h e  aluminium p l a t e  was th e n  

removed t h e  c o u n t  r a t e  i n c r e a s e d  to  background  l e v e l  a g a in .

A p o l i s h e d  aluminium d i s c  was i n t r o d u c e d  i n  f r o n t  o f  t h e  

open window to  d e te rm in e  w he ther  t h e  d i f f e r e n c e  i n  c o u n t  r a t e  was 

due t o  i n t e r f e r e n c e  w i th  th e  gas  f low. I t  was found t h a t  c o u n t ­

i n g  c o n t i n u e d  a t  background l e v e l .  I t  was t h u s  p ro p o se d  t h a t  a 

component o f  t h e  background was due to  p h o t o - e m i s s i o n ,  p r o b a b l y  

from t h e  c a th o d e  w a l l s  which had been s c r a t c h e d  by t h e  p r o t e c t i v e  

b r a s s  s k i r t  when t h e  anode was be ing  p o s i t i o n e d .  The p o l i s h e d  

d i s c  c o u ld  r e f l e c t  l i g h t  ( d a y l i g h t  o r  t h e  o v e rh e a d  l i g h t s )  i n t o  

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

c o n t i n u e ,  w h i l e  th e  ab rad ed  aluminium would n o t  r e f l e c t  l i g h t  

e f f i c i e n t l y .  Here em iss ion  would be m a in ly  due t o  c h e m ic a l l y  

( o x i d a t i o n )  s t i m u l a t e d  e x o - e l e c t r o n  e m iss io n .

When an a t t e m p t  was made to  c l a r i f y  t h i  s,  s p a r k i n g  to o k  

p l a c e  and i t  was found to  be im p o s s ib l e  to  e l i m i n a t e  i t s  s o u rc e .  

I t  was f i n a l l y  conc luded  t h a t  t r a c k i n g  was o c c u r r i n g  a c r o s s  t h e  

b a k e l i t e  s u p p o r t s .  Thus t h i s  anode u n i t  was n o t  s u i t a b l e  f o r  

u se  a t  such h ig h  v o l t a g e s  so t h i s  d e t e c t o r  had to  be abandoned.

Because  o f  the  problems o f  a r c i n g  and t r a c k i n g  e n c o u n te r e d  

w i t h  t h i s  d e s i g n ,  and a l s o  th e  f a c t  t h a t  c o u n t i n g  g a s  had t o  be 

u s e d ,  i t  was d e c id e d  t h a t  i t s  a p p l i c a t i o n s  were too  l i m i t e d  to  

be u s e f u l  f o r  s t u d i e s  o f  c h e m is o r p t io n  and c a t a l y s i s .  I t  was 

t h u s  d e c i d e d  to  f i n d  a more s u i t a b l e  geometry  o f  c o u n t e r ,  one 

which  c o u ld  d e te c t ,  e x o - e l e c t r o n s  a t  much low er  f i e l d s  and i n  

which  a  much w id e r  v a r i e t y  o f  ga s  f i l l i n g s  c o u ld  be used .



67.

2*6*5 D e t e c t o r  5

I t  was d e c id e d  to  i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  o f  a

c y l i n d r i c a l  g a s  f low  p r o p o r t i o n a l  c o u n te r  w i t h  a c e n t r a l  anode

w i r e ,  a d e s i g n  used  s u c c e s s f u l l y  i n  th e  S u r fa c e  C hem is t ry  group 
14f o r  C c o u n t i n g .

The c o u n t e r  d e s ig n  i s  shown i n  Diagram 14, page 6 7 a.

S e v e r a l  m o d i f i c a t i o n s  were made to  t h e  b a s i c  d e s i g n .  These a r e  

shown i n  Diagram 15, page 6 7 b, The e x p e r im e n ta l  s e t - u p  i s  shown 

i n  Diagram 16, page 67c.

The b a s i c  d e s ig n  c o n s i s t e d  of  a c e n t r a l  t u n g s t e n  w i re  0 *0 0 1 n 

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

c o p p e r  c a th o d e .

The m o d i f i e d  d e s ig n  was made o f  g l a s s  i n  t h r e e  s e c t i o n s .

A p o l i s h e d ,  c y l i n d r i c a l  copper  ca thode  1 M i . d ,  was s e a l e d  i n t o  

t h e  bo t tom  s e c t i o n  which a l s o  had a g as  i n l e t .  The m idd le  and 

bo t tom  p i e c e s  were j o i n e d  t o g e t h e r  w i th  a B40 cone and so c k e t  

j o i n t  h e l d  t o g e t h e r  w i th  s p r i n g s  to  g iv e  an a i r t i g h t  s e a l .  The 

g a s  o u t l e t  was c o n ta in e d  i n  t h e  middle  s e c t i o n  which was i n t r o ­

duced  t o  f a c i l i t a t e  d i s m a n t l i n g  th e  r e a c t i o n  v e s s e l .  At t h e  to p  

o f  t h e  m idd le  s e c t i o n  t h e r e  was a B24 cone and s o c k e t  j o i n t  which 

was t u r n e d  back i n  on th e  middle  s e c t i o n  so t h a t  th e  w e ig h t  o f  

t h e  t o p  s e c t i o n  would ho ld  i t s e l f  i n  p l a c e  and g iv e  an a i r t i g h t  

s e a l .

The t o p  s e c t i o n  had two t u n g s t e n  r o d s ,  s e a l e d  i n t o  t h e  g l a s s  

a t  180° t o  each  o t h e r ,  to  p ro v id e  e l e c t r i c a l  c o n t a c t s  f o r  t h e  

w i r e  c a t a l y s t  which was j o in e d  to  them w i th  s t a i n l e s s  s t e e l  

b a r r e l  c o n n e c t o r s  ( s e e  Diagram 17, pnge 6 7 d ) , In  between t h e  two 

r o d s  t h e r e  was a s i z e  1 0  Kovar s e a l  i n t o  which a small  p i e c e  o f  

f i n e  b o re  g l a s s  tu b in g  was s e a l e d  to  c e n t r a l i s e  th e  anode w i re .



Diagram U
67a.

g a s  in
cathode

to
preamplifier

anode

Cylindrical gas  flow proportional counter 
before modification.



Diagram 15. 67b

to HV

glass  guide

to bubble 
flow meter *

g la ss  former

0001'' diam 
tungsten anode

to earth

iron wire  

tungsten rods

-protective glass  
s leeve

- B  24
-barrel connector

B 40

1" i.d. copper 
cathode
platinum
filament

g a s  in

weight to keep 
anode under tension

Modified gas flow proportional counter.



Diagram 16.
67c.

Experimental set-up
B:- Bubble flow metei;
RV:-Reaction vessel / exo-electron detecto!" 
D:-Drying tube filled with anhydrous sodium 
carbonate,
N:- Needle valve to regulate gas flow,
G:-Gas cylinder.



Diagram 17.

—loop of iron wire
g lass  guide

protective \ 
glass  sleeve?

glass former-
platinum
filament

Detail of catalyst assembly.
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A few i n c h e s  o f  i r o n  w ire  was doub led  over  and t w i s t e d  round  on 

i t s e l f  and i n s e r t e d  i n t o  th e  to p  of  t h e  g l a s s  tu b e  to  p r o v i d e  a 

more r o b u s t  c o n n e c t i o n  f o r  t h e  EV supp ly .

A g l a s s  tu b e  came down i n s i d e  t h e  so c k e t  to  p r o t e c t  and 

i n s u l a t e  t h e  anode and t h e r e b y  p r e v e n t  sp a r k in g  t o  t h e  t u n g s t e n  

r o d s .  1

Two g l a s s  ro d s  were j o i n e d  onto th e  bot tom o f  t h e  B24 cone 

t o  s u p p o r t  t h e  former on which th e  c a t a l y s t  w i re  was mounted.

These  were o f f s e t  from th e  t u n g s t e n  ro d s  by 9 0 ° .  The fo rm er  

c o n s i s t e d  o f  two c i r c l e s  o f  g l a s s  a bou t  d i a m e t e r  w i t h  s i x

hooks  p l a c e d  s y m m e t r i c a l ly  round them, h e l d  a b o u t  6 U a p a r t  by 

t h e  g l a s s  r o d s .  The w ire  was wound round a l t e r n a t e  hooks and when 

t h r e a d e d  i t  formed a d o u b l e -  V p l a c e d  a s  s y m m e t r i c a l ly  a s  p o s s ­

i b l e  rou n d  t h e  anode.

The bo t tom  g l a s s  s e c t i o n  was drawn i n  b e n e a th  t h e  copper  

c a t h o d e  to  g iv e  a narrow, c e n t r a l ,  g l a s s  t u b e .  The bottom o f  t h e  

anode w i re  was t i e d  to  a small  s p r i n g  which was a lm o s t  f l u s h  

w i t h  t h e  w a l l s  o f  t h e  tu b e .  A small  b o l t  was screwed i n t o  t h e  

s p r i n g  t o  p r o v i d e  added w e igh t .  These were suspended  from t h e  

anode w i r e  so t h a t  t h e i r  w e igh t  k e p t  i t  under  t e n s i o n .

The anode was f l a m e -a n n e a le d  0 *0 0 1 u t u n g s t e n  w i re  which was 

t h e n  p o l i s h e d  w i th  Brasso to  remove any ca rbon  d e p o s i t e d  by t h e  

f l a m e ,  and f i n a l l y  c le a n e d  w i th  A na la r  a c e to n e  to  remove any

g r e a s e .

The r e a s o n  f o r  d e s ig n in g  a c o u n te r  w i th  t h e  f a c i l i t y  f o r  

m oun t ing  a  w i re  between th e  anode and t h e  c a th o d e  was so t h a t  t h e  

c a t a l y s t  w i re  co u ld  be h e a te d  i n  s i t u ,  t h e r e b y  p r o v i d i n g  a so u rc e  

o f  t h e r m a l  e l e c t r o n s .  I t  would t h e n  be p o s s i b l e  to  d e te rm in e  

w h e th e r  t h e  c o u n te r  was s e n s i t i v e  to  such low e nergy  p a r t i c l e s
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(E ~ 0*0025  eY). A D, C, power supp ly  was u sed  to  h e a t  t h e  w ire  

s i n c e ,  when c u r r e n t  was f lo w in g ,  t h e  w ire  p i c k e d  up m ains  

i n t e r f e r e n c e  and t h i s  c o u ld  o n ly  be e a r t h e d  o u t  w i t h  a D,C, 

s u p p ly .  I n  t h e  e a r l y  work a c a r  b a t t e r y  was u se d  b u t  t h i s  was 

l a t e r  r e p l a c e d  by a 24 Y D, C, t r a n s f o r m e r  which p r o v i d e d  a more 

r e l i a b l e  c u r r e n t .

The f i r s t  w i re  i n v e s t i g a t e d  was p l a t i n u m  which was chosen  

f o r  a v a r i e t y  o f  r e a s o n s .  The f i r s t  was t h a t  p l a t i n u m  i s  

c a t a l y t i c a l l y  a c t i v e  and, a s  i t  has  been t h e  s u b j e c t  o f  many 

i n v e s t i g a t i o n s ,  i t s  r e a c t i o n s  a re  w e l l  documented. Thus i t  was 

hoped t h a t  t h e  e x i s t i n g  body of  l i t e r a t u r e  m igh t  be employed to  

h e l p  to  e x p l a i n  any r e s u l t s  o b t a i n e d  w i t h  t h i s  r e a c t i o n  v e s s e l .

A n o th e r  r e a s o n  f o r  cho o s ing  p l a t i n u m  was t h a t  i t  h a s  a 

c o m p a r a t i v e l y  low e l e c t r i c a l  r e s i s t a n c e  so t h a t  w i t h  a 24 V D, C, 

su p p ly  a  r e a s o n a b l e  l e n g t h ,  say lm, c o u ld  be i n v e s t i g a t e d  and y e t  

s u f f i c i e n t  c u r r e n t  p a s s  to  a l l o w  th e  w i re  to  be h e a t e d  to  r e d  o r  

o ra n g e  h e a t .  The h i g h e s t  t e m p e r a tu r e  to  which t h e  w i re  was 

h e a t e d  was a b o u t  900°C, P la t in u m  has  t h e  a d v an tag e  o f  r em a in in g  

f s t a b l e 1 a t  t h i s  t e m p e r a t u r e ,  u n l i k e  f o r  example g o l d ,  whose 

s u r f a c e  atoms become m o b i le ,  which can l e a d  to  a g o ld  w i re  f u s i n g .  

F u r th e r m o r e  a p l a t i n u m  s u r f a c e  can be c l e a n e d  by h e a t i n g  a l t e r ­

n a t e l y  i n  oxygen and hydrogen.  I t  was hoped t h i s  would p r o v id e  a 

means o f  r e g e n e r a t i n g  t h e  s u r f a c e  when n e c e s s a r y .

I n  a l l  f i v e  p la t in u m  w i r e s  were i n v e s t i g a t e d .  Each sample 

was t a k e n  from a l e n g t h  of  p la t in u m  w i re  s u p p l i e d  by Johnson  

M a t th e y .  The p la t in u m  was 0-3  mm d ia m e te r  b r i g h t  drawn p u re  

p l a t i n u m .

9 8  cm o f  0 * 3 mm d ia m e te r  p la t in u m  w ire  was wound round  t h e  

fo rm e r ,  A P t  -  13$ Rh w ire  was a t t a c h e d  to  t h e  p l a t i n u m  w ire
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a b o u t  1 M below one of  t h e  b a r r e l  c o n n e c to r s  to  make t h e  ho t  

j u n c t i o n  o f  a P t / P t , R h / P t  the rm ocoup le .

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

g a t e d  w i t h  t h e  p l a t i n u m  i n  p l a c e  to  d e te rm in e  w h e th e r  i t s  

p r e s e n c e  would have an a d v e rse  e f f e c t  on c o u n t i n g .

P l o t s  o f  cps  v s .  v o l t a g e  f o r  two d i f f e r e n t  f low  r a t e s  were 
137p r e p a r e d  u s i n g  Cs a s  an e x t e r n a l  sou rce  and Q g a s  as  t h e  

c o u n t i n g  g a s  ( s e e  Graphs 17, 18, Appendix 6 ) .  I t  was found t h a t  

t h e  d e t e c t o r  gave a c o u n t in g  p l a t e a u  i n  Q gas  from a b o u t  1 * 6  -  

2  kV r e g a r d l e s s  of  f low r a t e .  Thus i t  was c o n c lu d e d  t h a t  th e  

p r e s e n c e  o f  t h e  p la t in u m  w ire  d id  n o t  a f f e c t  c o u n t in g  i n  t h i s  

v o l t a g e  r an g e .

Having shown t h a t  t h e  d e t e c t o r  c o u ld  c o u n t ,  i t s  b e h a v io u r  

a s  t e m p e r a t u r e  v a r i e d  was th en  i n v e s t i g a t e d .

The c u r r e n t  p a s s i n g  th ro u g h  th e  w i re  was i n c r e a s e d  g r a d u a l l y  

t o  1 - 6  amp by v a r y i n g  an 8  ohm r h e o s t a t ,  c a p a b le  o f  c a r r y i n g  

10 amp d i r e c t  c u r r e n t ,  over  a p e r i o d  of  a bou t  t e n  m in u te s .  At 

room t e m p e r a t u r e  th e  count  r a t e  w i th o u t  a  so u rc e  was 160 cps .  

A f t e r  1 * 6  amp had been p a s s e d  th ro u g h  th e  w i re  f o r  a b ou t  t h r e e  

m i n u t e s  t h e  c o u n t  r a t e  had rea ch e d  1 9 0 0  cps .  The c u r r e n t  was 

t h e n  sw i tc h e d  o f f  and th e  decay curve  o b t a i n e d  i s  shown i n  

Graph 19, Appendix 6 . A c a r  b a t t e r y  was used  to  p r o v id e  c u r r e n t  

a t  t h i s  t im e  and when th e  n e g a t i v e  t e r m i n a l  was d i s c o n n e c t e d  t h e

c o u n t  r a t e  f e l l  away v e ry  q u i c k ly .

T h is  was r e p e a t e d  w ith  a c u r r e n t  o f  3 amp which cau sed  th e

w i r e  to  glow c h e r r y  r e d  ( i . e .  T ~ 550 -  6 0 0°C ) , t h e r e b y  p r o v i d i n g  

a  good so u rc e  o f  th e rm a l  e l e c t r o n s .  These were r e c o r d e d  by th e  

SR5 s e a l e r —r a t e m e t e r , a t y p i c a l  c o u n t—r a t e  b e in g  i n  t h e  range  

0 *9 - 1  x 1 0 5 cps f o r  th e  minimum d i s c r i m i n a t o r  s e t t i n g  o f
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0»1 x 0*2 ( I n t e g r a t e ) ,

To d e te r m in e  w he ther  th e  c o u n te r  had gone i n t o  c o n t in u o u s  

d i s c h a r g e  because  of th e  h ig h  t e m p e r a tu r e  o r  h ig h  c oun t  r a t e s  

i n v o l v e d ,  o r  w he ther  i t  was i n  f a c t  c o u n t in g  p r o p e r l y ,  th e  

c u r r e n t  was sw i tc h ed  o f f .  The coun t  r a t e  im m e d ia te ly  s t a r t e d  

t o  d e cay  ( s e e  Graph 20, page 71a f o r  a t y p i c a l  decay  cu rve  o f  

t h e  e l e c t r o n  e m iss ion  from p la t in u m  w ire  1 cooling i n  Q g a s ) .

T h i s  decay  curve  was of  the  u tm os t  s i g n i f i c a n c e  and s e v e r a l  

i m p o r t a n t  p o i n t s  emerged from i t ,

1. C ounts  s t a r t e d  to  d e c r e a s e  as  soon as  t h e  h e a t i n g  c u r r e n t  

was s w i t c h e d  o f f .  T h is  meant t h a t  th e  d e t e c t o r  was c o u n t in g  

p r o p e r l y  w h i l e  c u r r e n t  was p a s s i n g  th ro u g h  t h e  w i re  and t h a t  i t  

was n o t  i n  c o n t in u o u s  d i s c h a r g e .  T h is  i n  t u r n  i m p l i e d  t h a t  t h e  

c o u n t e r  i s  s e n s i t i v e  t o  low energy  e l e c t r o n s :  E t h e r m a l  e l e c t r o n s

~ 0 - 0 2 5  eV.

2. The f a c t  t h a t  t h e  i n i t i a l  p a r t  o f  th e  decay  c u rv e ,  ( a ) ,  was 

smooth p ro v e d  t h a t  th e  c o u n te r  o p e r a t e s  w e l l  a t  h ig h  t e m p e r a t u r e s .

3. Thermal em iss io n  r a t e  i s  governed  by an e x p o n e n t i a l  

e x p r e s s i o n .  Thus as  a source  of  th e rm a l  e l e c t r o n s  c o o l s  t h e  

number o f  e l e c t r o n s  e m i t t e d  w i l l  d e c r e a s e  e x p o n e n t i a l l y  w i th  

t e m p e r a t u r e .  A p l o t  of cps vs  t ime when such a p r o c e s s  i s  moni­

t o r e d  sh o u ld  y i e l d  a smooth curve .

P o r t i o n  (b)  o f  t h e  decay curve  c l e a r l y  was n o t  smooth.

T h i s  s e c t i o n  of  th e  graph  was i n t e r p r e t e d  to  i n d i c a t e  t h a t  

c h e m ic a l  r e a c t i o n  o r  phase  change was o c c u r r i n g  on t h e  p la t in u m  

s u r f a c e  w i t h  an accompanying r e l e a s e  of  e x o - e l e c t r o n s .  That  t h e  

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

a r t e f a c t .

The r e p r o d u c i b i l i t y  of th e  g rap h  conf i rm ed  t h a t ,  d e s p i t e
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c o u n ts /s e c
(x10A)

0

c o u n ts /se c  versus time while 
heating current of 3 amp 
passing through platinum 
filament, and after current 
switched off. Ami/sec Q gas. 

—-current off 1 -9kV.
Wire 1.

( a )  essentially smooth decay of 
emission as wire c o o ls .

0 5 10 
Time (min)

1 5



t h e  e x c e p t i o n a l l y  h ig h  c o u n t - r a t e s ,  o f  t h e  o r d e r  o f  105 c p s ,  

e n c o u n t e r e d  w h i le  c u r r e n t  was p a s s i n g  th r o u g h  th e  w i r e ,  t h e  

d e t e c t o r  was n o t  i n  c o n t in u o u s  d i s c h a r g e .

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

t a k e  p l a c e : -

Ar + w a l l  -> e“  ( l )

Ar+ + e~ Ar* Ar + UV ( 2 )

Both  o f  t h e s e  r e a c t i o n s  cou ld  g iv e  r i s e  to  an a v a l a n c h e  o f  

e l e c t r o n s  a t  t h e  anode.

Thus t h e  d e t e c t o r  was s e n s i t i v e  to  t h e r m a l  e l e c t r o n s .  

P o r t i o n  (b)  o f  th e  c o o l in g  curve  f u r t h e r  d e m o n s t r a t e d  t h a t  t h e  

d e t e c t o r  was s e n s i t i v e  to  c h e m i c a l l y - s t i m u l a t e d  e l e c t r o n s .

To p ro ve  t h a t  t h i s  p o r t i o n  of  t h e  g r a p h  r e p r e s e n t e d  a 

g e n u in e  e f f e c t ,  t h e  w ire  was h e a te d  i n  hydrogen .

gave a c o u n t in g  p l a t e a u  ( s e e  Graph 21, Appendix 6) and 

b a ck g ro u nd  c o u n t - r a t e  o f  around 90 cps  a t  1900 V. Vhen th e  

p l a t i n u m  w ire  was a l low ed  to  coo l  i n  hydrogen a smooth decay  

c u rv e  was o b t a i n e d  f o r  a p l o t  o f  cps  vs  t im e  ( s e e  Graph 22, 

page  7 2 a ) .

P l o t s  o f  lo g  (cp s )  vs  t ime were p r e p a r e d  f o r  b o th  o f  t h e s e  

s e t s  o f  r e s u l t s  ( s e e  Graphs 23, 24, page 72b and 7 2 c ) ,  The 

h ydrogen  c u rv e  (Graph 24) y i e l d e d  a s e r i e s  o f  s t r a i g h t  l i n e s .  

The d e v i a t i o n  from l i n e a r i t y  i s  obv ious  i n  Graph 23, p r o v i d i n g  

added  c o n f i r m a t i o n  o f  th e  e f f e c t .

These p r e l i m i n a r y  r e s u l t s  showed t h a t  t h e  c o u n t e r  was 

s e n s i t i v e  to  low energy  e l e c t r o n s ,  b o th  th e r m a l  and c h e m ic a l l y  

s t i m u l a t e d  exo—e l e c t r o n s , a n d  a l s o  t h a t  i t  was c a p a b le  o f :

1. o p e r a t i n g  a t  a tm ospher ic  p r e s s u r e ,

2, o p e r a t i n g  i n  Q gas  and H2 -  o t h e r  g a s e s ,  N2 , 0 2 "̂ r ,
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Counts /sec versus tim e as platinum
filament cooled in hydrogen. Heating current
was 3-4 amp. 4 ml /sec  hydrogen. 1 9kV. Wirel.
counts/sec (xIO )

M Current off

Time(min)



Graph 23.
72b.

log (counts/sec) versus time for platinum
cooling in Q gas.

log (cou n ts /sec )

Time (min)



Graph 24.

log (counts/sec) versus time for platinum
cooling in hydrogen.

log ( c o u n t s / s e c )

Time (min)

72c.
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^ r / ^ 2 r^2f ^ r / ^ 2 ^ 4 '  VGre " tes ted  l a t e r  and a l s o  found  to  be s u i t ­

a b l e  f o r  use  a s  c o u n t in g  a tm o s p h e re s :  t h u s  t h i s  d e t e c t o r

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

atmo sp h e re  s ,

3, o p e r a t i n g  ove r  a wide range  o f  t e m p e ra tu re s *

I t  d i d  n o t  meet th e  r e q u i r e m e n t  o f  h av ing  t h e  c a t a l y s t  

s h i e l d e d  from th e  anode.  However, c a l c u l a t i o n s  to  be shown 

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

g e n e r a l l y  2 kV, g i v e s  r i s e  to  a f i e l d  to o  sm al l  by some o r d e r s  

o f  m agn i tu d e  to  p e rm i t  s i g n i f i c a n t  f i e l d  e m is s io n .

Thus t h i s  d e s ig n  s a t i s f i e s  t h e  most i m p o r t a n t  r e q u i r e m e n t s  

l a i d  down by us  f o r  a d e t e c t o r  o f  c h e m i c a l l y  s t i m u l a t e d  exo­

e l e c t r o n s .
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C h a p te r  3

3*1 A p p a r a tu s

Diagram 16 page 67c and Diagram 18 page 74a ,  show t h e
4 esc_ n b ed  i n t h r s  c_h ap b a /\

a p p a r a t u s  and e l e c t r o n i c s  u sed  i n  t h l -& work^ The th e rm o co u p le  

a r r a n g e m e n t  i s  shown i n  Diagram 19 page 74c.  A c u r i o u s  and 

u n e x p e c te d  e f f e c t  was o b se rv ed  w i th  t h e  th e rm o co u p le  sys tem .  I t  

i s  d e s c r i b e d  i n  Appendix 7.

3*2 C h a r a c t e r i s a t i o n  o f  D e t e c t o r  5

A Laben 4 0 0 -c h a n n e l  energy  a n a l y s e r ,  S p e c t r a s c o p e ,  MOD 400,

was i n t r o d u c e d  i n t o  th e  system to  t r y  t o  a s s i g n  a b s o l u t e  e n e r g i e s
9 5

t o  t h e  e m i t t e d  e l e c t r o n s .  Americium ^ ^ A m - y  e m i t t e r ,  36% w i th  

E = 59-57 keV) was used  a s  a so u rc e  o f  low en e rg y  y - r a y s  to  

c a l i b r a t e  t h e  Laben. When, d u r in g  i n i t i a l  t r i a l s ,  p u l s e s  from 

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

t h e i r  * r i s e  time* was to o  slow to  p e r m i t  a n a l y s i s .  Thus no peak 

was o b t a i n e d .  A N u c le a r  E n t e r p r i s e s  a m p l i f i e r ,  t y p e  NE5259, and 

a  N u c l e a r  E n t e r p r i s e s  b i a s e d  a m p l i f i e r ,  NE5261A, p a r t  o f  t h e  

• E d in b u r g h 1 s e r i e s ,  were i n t r o d u c e d  be tween t h e  p r e a m p l i f i e r  and 

t h e  Laben to  shape th e  p u l s e s .  D i r e c t  c o n n e c t i o n  was s t i l l  

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

I t  was found  t h a t  a t  t h e  o p e r a t i n g  v o l t a g e  o f  2kV‘t h e  p r e ­

a m p l i f i e r  s a t u r a t e d  f o r  th e  dynamic range  6* 5V so t h a t  n o t h in g  was 

r e c o r d e d  above ch ann e l  274 f o r  a  Laben a m p l i f i c a t i o n  of  x25 and a 

c h a n n e l  w id th  o f  40 mV. The dynamic range  o f  t h e  p r e a m p l i f i e r  

was t h e r e f o r e  i n c r e a s e d  from 6 - 5V to  12V. Under c e r t a i n  

c o n d i t i o n s  p eak s  c o u ld  s t i l l  a p p e a r  above c h a n n e l  190 b u t  i n  

g e n e r a l  t h e y  a p p e a re d  below channe l  200 so t h e  chan n e l  w id th  was 

changed  t o  20 mV/channel so t h a t  t h e  r e g i o n  o f  i n t e r e s t  c o u ld  be
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Electronic circuits.
1) Thermocouple potentiometer; s e e  Diagram' 

19 for thermocouple arrangement!.
2) Reaction vessel /exo-electron detector.

The detector and the preamplifier were 
screened by copper mesh cages to 
eliminate electrical noise, often a s  high 
a s  10  ̂cps.

3) Nuclear Enterprises 5287AC-SC solid 
state preamplifier.

4) Nuclear Enterprises 5R5 Sealer-Ratemeter. 
Typical settings :-HV- 2kV, Time constant- 
4 sec, Range-x10 , Energy discriminator 
0-1x1, 2%window or OTx0-2, Integrate. 
Counts were averaged over 3 or 6 sec 
for scaler.
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5) Pen recorder. Settings-R ange 100 mV,

Chart speed 600mm/hour. Full scale  
deflection 10  ̂ cps.

6 ) Switch.
7) 0 -10  amp D. C. ammeter.
8 ) 0 - 8 ohm rheostat capable of carrying 10amp.
9) Transformer capable of producing a 24V,

10 amp D. C. supply.
10) Pulse shaping equipment-Nuclear Enterprises 

Amplifier, NE5259, and Nuclear Enterprises 
Biased Amplifier, NE5261A. Typical settings- 
Amptifier-  Coarse gain x500, Fine gain x09, 
Time constant, Int-0 5, Diff-max, both on 
switch position 2, Output negative;
Biased Amplifier- Polarity positive, Gain x5, 
Bias level T2V.

11) Laben Spectroscope, MOD 400, multi­
channel analyser. Signal from biased 
amplifier output to low input. Input positive. 
Typical settings- Gain x25, Channel width 
20 mV, 0 back bias, Maximum upper 
threshold.

12) Telequi prnent Oscilloscope S51E.

The signal from the biased amplifier was  
passed through a T-connector to the 
Laben Spectroscope and the oscilloscope 
s o  they received the same signal.



Diagram 19 74c.

Earth

1) Earth lead.
2) Tungsten rods.
3) Platinum wire.
4) Platinum, 13% Rhodium wire.
5) Melting ice to provide reference cold junction.
6) Derritron thermocouple potentiometer.
7) 8 ohm rheostat.
8) D.C. power supply.
9) Switch.

10) 10amp D.C. ammeter.
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expanded  "bo f i l l  t h e  screen* T h is  e f f e c t  w i l l  be d i s c u s s e d  l a t e r .

Vhen t h e s e  m o d i f i c a t i o n s  to  t h e  system had been e f f e c t e d ,  

i t  was found  t h a t  americ ium gave a maximum energ y  edge a t  channe l  

328. The anode v o l t a g e  was 2kV and t h e  Q g a s  f lo w  r a t e  was 

4 m l / s e c .  The b i a s e d  a m p l i f i e r  had a g a i n  of  x5 and a back b i a s  

o f  1*2V. T h is  work was l a t e r  r e p e a t e d  f o r  a b i a s e d  a m p l i f i e r  

g a i n  o f  x2 w i t h  zero  b i a s ,  and a p h o to g r a p h  was t a k e n  o f  th e  

r e s u l t i n g  spec t rum  ( s e e  Appendix 8 ) .  The anode v o l t a g e  was l*9kV.

I n  a s e p a r a t e  expe r im en t  t h e  s i g n a l  from t h e  p r e a m p l i f i e r  

was p a s s e d  s t r a i g h t  i n t o  th e  o s c i l l o s c o p e .  Americium gave peak s  

w hich  r a n g e d  i n  h e i g h t  from 0 * 2 - 0 * 4  mV a s  m easu red  on t h e  

o s c i l l o s c o p e  s c r e e n .  The p r e a m p l i f i e r  was o p e r a t i n g  i n  t h e  12V 

dynamic r a n g e .

I t  was found ,  a s  e x p e c te d ,  t h a t  t h e  p o s i t i o n  o f  t h e  americ ium 

edge v a r i e d  w i t h  anode v o l t a g e .  The peak  s h i f t e d  from ch an n e l  

328 t o  c h a n n e l  323 when th e  v o l t a g e  was d e c r e a s e d  from 2 - 1 * 6  kV. 

Vhen t h i s  t r i a l  was r e p e a t e d  t h e  c o r r e s p o n d i n g  ch an n e l  numbers 

were 330 and 326. T h is  b e h a v io u r  was s a t i s f a c t o r y  s i n c e  i n  meant  

t h a t  any d r i f t  i n  anode v o l t a g e  would have l i t t l e  e f f e c t  on 

r e s u l t s .

S in c e  t h e  americ ium edge a p p e a re d  a t  c h an n e l  328 i t  was 

e x p e c t e d  t h a t  i f  e x o - e l e c t r o n s  cou ld  r e g i s t e r  on t h e  Laben,  which 

h a s  an e n e rg y  t h r e s h o l d  o f  0*1V, t h e y  would acc u m u la te  i n  t h e

f i r s t  few c h a n n e l s .

The p l a t i n u m  w ire  was h e a t e d  and a l lo w e d  t o  co o l  i n  s e v e r a l

g a s e s  i n  t u r n ;  a t y p i c a l  exper im en t  w i l l  be d e s c r i b e d  l a t e r ,  A 

p l o t  o f  c p s  v s  t im e  was t r a c e d  on th e  c h a r t  r e c o r d e r  f o r  each  

e x p e r im e n t .  Such p l o t s  w i l l  i n  f u t u r e  be r e f e r r e d  to  a s  c o o l i n g  

c u r v e s .  P h o to g ra p h s  were t a k e n  o f  t h e  c o r r e s p o n d i n g  Laben
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s p e c t r a .  Examples a r e  shown f o r  n i t r o g e n  and hydrogen  i n  

Appendix  9, From i n s p e c t i o n  o f  t h e s e  s p e c t r a  i t  i s  o b v io u s  t h a t ,  

s u r p r i s i n g l y ,  peaks  a p p ea re d  a t  much h i g h e r  c h a n n e l  numbers t h a n  

p r e d i c t e d .  For  example , spectrum 3 showed peak s  i n  c h a n n e l s  40, 

64 and 109 when c o u n t s  were a ccu m u la ted  d u r in g  t h e  f i r s t  t h r e e  

m i n u t e s  o f  t h e  c o o l i n g  c y c l e .  T h is  w i l l  be e x p l a i n e d  l a t e r .

3*3 P l a t e a u  Region

I t  ha s  a l r e a d y  been shown i n  C h a p te r  2 t h a t  t h i s  d e t e c t o r  

gave  a c o u n t i n g  ' p l a t e a u *  w i th  Q gas  between 1*7 -  2*0kY ( s e e
1 ^7

Graph 17 Appendix 6 ) .  An e x t e r n a l  caesium so u rc e  was used  i n  

e s t a b l i s h i n g  t h e  p l a t e a u .

The e f f e c t  o f  ga s  f low  r a t e  on t h e  p o s i t i o n  o f  t h e  p l a t e a u  

was a l s o  i n v e s t i g a t e d .  Comparison o f  Graph 18 Appendix 6 and 

Graph 17 Appendix 6 where t h e  f low  r a t e s  were 4 m l / s e c  and 1*6 

m l / s e c  r e s p e c t i v e l y  showed t h a t  th e  f l o w - r a t e  had l i t t l e  e f f e c t  on 

t h e  p o s i t i o n  o r  w id th  of  t h e  p l a t e a u .

3*4 Gas Flow

A p r e s s u r e  r e d u c in g  head was u se d  so t h a t  each  c y l i n d e r  o f  

g a s  gave a p r e s s u r e  of  10 p s i .  The f low  was r e g u l a t e d  by means 

o f  n e e d l e  v a l v e s .  The g a s e s  were d r i e d  by p a s s i n g  them th r o u g h  

a  t u b e  p acked  w i th  anhydrous sodium c a r b o n a t e  b e f o r e  t h e y  e n t e r e d  

t h e  r e a c t i o n  v e s s e l .  The f l o w - r a t e  was m easured  by means o f  a 

b u b b le  f lo w  m e te r  and a s to p  c lo c k  and i t  was g e n e r a l l y  4 m l / s e c .

3*3*0 E x p e r im e n ta l  P ro c ed u re

The e x p e r im e n t s  c a r r i e d  ou t  f e l l  i n t o  two c a t e g o r i e s .

I n  t h e  f i r s t  o f  t h e s e  th e  w ire  was h e a t e d  f o r  30 sec i n  t h e  

g a s  u n d e r  i n v e s t i g a t i o n  and th e n  a l lo w e d  to  c o o l  i n  t h e  same g a s .
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A d i f f e r e n t  g a s  "was i n t r o d u c e d  w h i le  t h e  w i re  was c o ld .  In  th e  

s econd  t h e  w i re  underwent  p ro lo n g e d  h e a t i n g  i n  s e v e r a l  g a s e s  i n  

seq uen ce  so t h a t  i n t r o d u c t i o n  e f f e c t s  c o u ld  be o b se rv e d  a t  h ig h  

t e m p e r a t u r e .  Thus t h e  e f f e c t  o f  p r e t r e a t m e n t s  on t h e  shape o f  

a  c o o l i n g  c u rv e  c o u ld  a l s o  be i n v e s t i g a t e d .

A s t a n d a r d  p ro c e d u re  w i l l  be d e s c r i b e d  f o r  an e x p e r im e n t  i n  

e ac h  c a t e g o r y  and some t y p i c a l  r e s u l t s  p r e s e n t e d .  These r e s u l t s  

w i l l  be d i s c u s s e d  i n  C hap te r  6.

Some e x p e r im e n t s  were cond uc ted  w i th  a g o l d  f i l a m e n t  i n s t e a d  

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

p r e s e n t e d .  Gold was chosen  because  i t  i s  g e n e r a l l y  c o n s i d e r e d  to  

be c h e m i c a l l y  i n e r t ,  and i t  was e x p e c te d  t h a t  no s t r u c t u r e  would 

be o b s e r v e d  i n  t h e . c o o l i n g  c u rv e s  o b t a i n e d .

3*5*1 Type 1 E x p e r im e n t : -  S h o r t  H ea t in g  Time

To keep  e l e c t r o n i c  d r i f t  to  a minimum, t h e  s c a l e r - r a t e m e t e r , 

p r e a m p l i f i e r  and Laben were l e f t  sw i tc h e d  on c o n t i n u o u s l y  s i n c e  

t h e i r  p e rfo rm an c e  may t a k e  a long  t im e  to  s t a b i l i s e  a f t e r  t h e y  

have been o f f .

B e fo re  an exper im ent  was begun t h e  g a s  c y l i n d e r s  were t u r n e d  

on and l e f t  to  a l lo w  t h e  ga s  f lows to  be s t a b i l i s e d .  The g a s  to  

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

i n c r e a s e d  g r a d u a l l y  to  2kV" and a l s o  l e f t  to  become s t a b le *  The 

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

p u l s e  shap in g  equipment were t h e n  sw i tc h ed  on and l e f t  to  warm 

up. Here e l e c t r o n i c  d r i f t  was l e s s  l i k e l y  to  be i m p o r t a n t .

An i c e  and w a te r  m ix tu re  was p r e p a r e d  i n  a Dewar f l a s k  to  be 

t h e  c o l d  j u n c t i o n  of  th e  therm ocouple  and t h e  the rm ocoup le  

p o t e n t i o m e t e r  was sw i tched  on.
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A f t e r  a bo u t  h a l f  an hour  a s e r i e s  of  e x p e r im e n t s  would be 

s t a r t e d .

The th e rm ocoup le  p o t e n t i o m e t e r  was c e n t r e d .  The gas  f low  

r a t e  was checked ,  and i f  n e c e s s a r y  a d j u s t e d  to  4 m l / s e c .  The 

pen  r e c o r d e r  was s e t  i n  motion  and t h e  c u r r e n t  to  h e a t  t h e  

p l a t i n u m  w i re  was sw i tch ed  on. The s to p  c lo c k  was s t a r t e d  

i m m e d ia te ly  and th e  p o s i t i o n  marked on t h e  c h a r t .  A f t e r  a bou t  

t w e n ty  seco n d s ,  when t h e  c u r r e n t  had s t e a d i e d ,  i t  and t h e  c o l o u r  

o f  t h e  w i re  were r e c o r d e d  on t h e  c h a r t .  A f t e r  t h i r t y  seconds  t h e  

c u r r e n t  was sw i tc h ed  o f f ,  a ’ l i v e ’ c o u n t  s t a r t e d  on t h e  Laben and 

t h e  p o i n t  c o r r e s p o n d in g  to  th e  c u r r e n t  b e in g  sw i tc h e d  o f f  marked 

on t h e  c h a r t  r e c o r d e r .

Tak ing  t h e  t im e  when t h e  c u r r e n t  was sw i tc h e d  o f f  a s  t  = 0,  

th e rm o c o u p le  r e a d i n g s  were t a k e n  e v e ry  30 sec f o r  th e  f i r s t  f i v e  

m in u t e s  and t h e r e a f t e r  each m inu te .  The Laben c o u n t  was s top p e d  

u s u a l l y  a f t e r  t h r e e  o r  f i v e  m in u te s  and t h e  c h an n e l  number o f  any 

p e a k s  n o t e d .

I f  r e q u i r e d ,  a p h o tog raph  of  t h e  d i s p l a y  on t h e  Laben was 

t h e n  t a k e n  w i t h  a T e l f o r d  Type P o s c i l l o s c o p e  camera u s in g  

P o l a r o i d  Land f i lm  ty p e  20C.

Two o r  t h r e e  h e a t i n g  c y c l e s  were m o n i to re d  f o r  each  gas  under  

i n v e s t i g a t i o n  and th e n  th e  n e x t  g a s  was i n t r o d u c e d  and a l lo w e d  

t o  f l o w  f o r  s e v e r a l  m in u te s  to  f l u s h  o u t  th e  r e a c t i o n  v e s s e l .

The f low  r a t e  was checked and a new sequence  o f  e x p e r im e n t s  

s t a r t e d .

Some t y p i c a l  c o o l in g  c u rv e s  a r e  shown i n  Appendix 10. These 

e x p e r im e n t s  were c a r r i e d  ou t  w i th  t h e  p r e a m p l i f i e r  ran g e  s w i tc h  

a t  t h e  12V p o s i t i o n .
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3*5*2 Type 2 Experiment:- -  Long H ea t ing  Time

These e x p e r im e n t s  were c a r r i e d  o u t  w i t h  t h e  low range  

p r e a m p l i f i e r  s e t t i n g  of  6 - 5V.

The e x p e r im e n ta l  p r o c e d u r e  was i d e n t i c a l  to  t h a t  f o r  a 

Type 1 e x p e r im e n t  u n t i l  t h e  c u r r e n t  was sw i tc h e d  on. The s w i t c h -  

on p o i n t  was marked on t h e  c h a r t  of  t h e  pen r e c o r d e r .  The 

c u r r e n t  and t h e  c o lo u r  o f  t h e  w ire  were n o t e d  p e r i o d i c a l l y .  The 

w i r e  was h e a t e d  i n  a p a r t i c u l a r  gas  u n t i l  t h e  e m i s s io n ,  a s  

t r a c e d  on t h e  p e n - r e c o r d e r , was s t e a d y .  Then t h e  n e x t  g a s  i n  

t h e  sequence  was i n t r o d u c e d  w h i le  c u r r e n t  s t i l l  f low ed  i n  t h e  

c i r c u i t .  The t im e s  when one gas  was d i s c o n n e c t e d  and t h e  n e x t  

i n t r o d u c e d  were marked on t h e  c h a r t  and any changes  i n  c u r r e n t  o r  

t h e  c o l o u r  o f  th e  w i re  were n o te d .  The f lo w  r a t e  o f  th e  new gas  

was checked  and a d j u s t e d  i f  n e c e s s a r y .

T h is  p r o c e d u r e  was c a r r i e d  o u t  f o r  each  g a s  i n  t h e  d e s i r e d  

se q u en c e .

Each t im e  a new g as  was i n t r o d u c e d  t h e r e  was a  change i n  t h e  

e m i s s io n  c h a r a c t e r i s t i c s  o f  t h e  w i re .  S t a n d a r d  ' I n t r o d u c t i o n  

C u r v e s '  became r e c o g n i s a b l e .  These were c h a r a c t e r i s t i c  o f  t h e  

g a s  which  had j u s t  been i n t r o d u c e d  bu t  t h e y  had a f i n e  s t r u c t u r e  

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

d u c t i o n  c u r v e s  a r e  shown i n  Appendix 11 w h i l e  Appendix 12 shows 

some t y p i c a l  c o o l i n g  c u rv e s .  In  g e n e r a l  a peak o r  peaks  were 

o b t a i n e d  i n  t h e  c o o l in g  c u rv e s  i n d i c a t i n g  t h a t  some chem ica l

p r o c e s s  was o c c u r r i n g .

V i t h i n  t h i s  c a t e g o r y  o f  e x p e r im e n t s  t h e r e  were two sub­

c a t e g o r i e s .  The f i r s t  was when th e  w ire  was h e a t e d  i n  a 

sequence  o f  t h r e e  o r  f o u r  g a s e s  to  d e te rm in e  t h e  e f f e c t  p r e —
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t r e a t m e n t  had on t h e  shape of  a c o o l i n g  curve*

The second  was when g a s e s  were i n t r o d u c e d  i n  sequence to  

f i n d  t h e  e f f e c t  o f  p r e c u r s o r s  on t h e  shapes  o f  t h e  i n t r o d u c t i o n  

curves*

I n t r o d u c t i o n  c u rv e s  were a l s o  o b t a i n e d  a t  ro o m - te m p e ra tu re  

i n  t h e  a b sen c e  and p r e s e n c e  of  t h e  p l a t i n u m  w i r e  to  e s t a b l i s h  

t h e  b e h a v io u r  o f  t h e  system* Some examples  a r e  shown i n  Appendix

13.

A g o l d  w i re  was a l s o  b r i e f l y  i n v e s t i g a t e d  and t h e  r e s u l t s  

o b t a i n e d  a r e  shown i n  Appendix 14, Because t h e  w i re  unde r  

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

be c o l l e c t e d .

I t  must  be s t r e s s e d  t h a t  i f  t h e r e  were p e a k s  i n  t h e  e l e c t r o n  

e m i s s io n  c u r v e s  r e c o r d e d  when a w i re  c o o le d  i n  a p a r t i c u l a r  g a s ,  

t h e n  p e ak s  were a l s o  o b s e r v e d  when t h e  w i re  was h e a t e d  from room 

t e m p e r a t u r e  i n  th e  same g a s ;  see  Appendix 15 f o r  examples .

3*6 C a r b id in g  o f  t h e  ¥ i r e

I t  must  a l s o  be em phas ised  t h a t  none o f  t h e s e  e f f e c t s  were 

o b s e r v e d  when e x p e r im e n t s  were c a r r i e d  o u t  w i t h  a c l e a n  p l a t i n u m  

w i r e ;  see  Appendix 16. With t h e  e x c e p t i o n  o f  n i t r o g e n  and 

h y d ro gen ,  a p r e r e q u i s i t e  f o r  t h e  o b s e r v a t i o n  of  s t r u c t u r e  i n  a 

c o o l i n g  o r  h e a t i n g  cu rv e  o b t a i n e d  w i t h  a p l a t i n u m  w ire  was t h a t  

t h e  w i r e  had been h e a t e d  i n  Q g a s .

Appendix 16 (a )  shows t h e  changes  i n  t h e  i n t r o d u c t i o n  c u rv e s  

b e f o r e  and a f t e r  exposu re  to  Q g a s  and l a t e r  to  a i r .  Appendix 

16 (b )  shows t h e  changes  i n  t h e  c o o l i n g  c u rv e s -  There  was l i t t l e  

s t r u c t u r e  i n  t h e  c o o l i n g  c u rv e s  from th e  c l e a n  w i r e .  Exposure  

o f  t h e  w i re  t o  methane i n c r e a s e d  t h e  e m is s io n  from t h e  w i re  b u t



i t  was n o t  u n t i l  th.e w i r e  had  t h e n  be en  exposed  t© a i r  t h a t  t h e  

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

Wire 1.

The o b v io u s  e x p la n a t io n :  ©f t h i s  e f f e c t  was t h a t  e x p o s u r e  

o f  t h e  w i r e  t o  methane  c a u s e d  t h e  f o r m a t i o n  of  a  c a r b i d e  o r  

c a r  h i  d i e  l a y e r  on t h e  s u r f a c e  o f  t h e  pla t inum, and  t h a t  a d s o r p t i o n ,  

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

may a l s o  be p a r t l y  due to  t h e  f a c t  t h a t  t h e  ’c l e a n f w i re  was 

c o o l e r .  T h i s  i d e a  was t e s t e d  however when c o o l i n g  c u r v e s  were 

o b t a i n e d  from th e  r e d  h o t  w i r e  b e f o r e  i t  had been exposed  to  

m ethane .  The c o u n t in g  c u rv e s  showed no s t r u c t u r e .

There  i s  no doubt  t h a t  methane  i n t e r a c t e d  i n  some way w i t h  

t h e  w i r e .  P r i o r  to  ex posu re  o f  l i re  3 t o  m ethane ,  i n t r o d u c t i o n  

o f  hydrogen  caused  a d rop  i n  c u r r e n t  f o r  a c o n s t a n t  a p p l i e d  

v o l t a g e ,  from 3*0 to  2*6 A o r  from 4*4 t o  3*6 A- A f t e r  exposu re  

t© methane and a i r ,  hydrogen i n t r o d u c t i o n  c au se d  an i n c r e a s e  

i n  c u r r e n t  from 3*2 to  4*2 A,

W ith a c l e a n  w i re  o f  r e s i s t a n c e  1*5^ a t  room t e m p e r a t u r e  a 

C u r r e n t  e f  4*2 A was r e q u i r e d  to  h e a t  t h e  w i re  to  r e d  h e a t  i n  

n i t r o g e n  o r  oxygen. A f t e r  Q g a s  (Ar 90$, CH^ 10$) was i n t r o d u c e d  

t h e  c u r r e n t  f e l l  to  3*85 A f o r  t h e  same r h e o s t a t  s e t t i n g  and t h e  

W ir t  g lowed c h e r r y  r e d ,  A Q g a s  c o o l i n g  cu rve  was o b t a i n e d  bu t  

i t  wag n o t  t h e  same a s  t h o s e  o b t a i n e d  w i t h  Wire 1. A f t e r  

#%p©gure o f  t h e  w i re  to a i r  i t  was h e a t e d  i n  0 g a s  to  d e te rm in e  

w h e th e r  t h i s  t r e a t m e n t  had had any e f f e c t  on t h e  shape o f  t h e  

C e o l in g  curve# The same r h e o s t a t  s e t t i n g  gave a c u r r e n t  o f  3 A 

and t h e  w i r e  glowed r e d .  When t h e  w i re  was c o o le d  i t  y i e l d e d  a 

t y p i c a l  g g a s  c o o l i n g  c u rv e .  The e f f e c t i v e  r e s i s t a n c e  o f  th e



c i r c u i t  i n c r e a s e d  from a b o u t  5*7 ohms to  8 ohms a t  h ig h  

t e m p e r a t u r e .

A few p r o l o n g e d - h e a t i n g  e x p e r im e n t s  were made on a p l a t i n u m  

w i r e  i n  hydrogen  and n i t r o g e n  a f t e r  i t  had been c a r b i d e d  by 

h e a t i n g  i t  i n  a f low  o f  a c e t y l e n e .  The w i re  had a l r e a d y  been 

e x posed  to  Q g a s .  The s t r u c t u r e s  o f  t h e  c o o l i n g  c u r v e s ,  

i n t r o d u c t i o n  c u rv e s  and Laben s p e c t r a  were d i f f e r e n t  from t h o s e  

o b t a i n e d  f o r  a  Q g a s - t r e a t e d  w i re  s u b s e q u e n t ly  h e a t e d  i n  n i t r o g e n  

and hydrogen  ( s e e  Appendix 17) .

3*7 E f f e c t  o f  A pp l ied  V o l t a g e  on E m iss ion  Peaks

The e f f e c t  o f  anode v o l t a g e  on t h e  c o o l i n g  cu rv e  was a l s o  

i n v e s t i g a t e d  to  see i f  t h e  shape depended on t h e  a p p l i e d  anode 

v o l t a g e .  The r e s u l t s  a r e  shown i n  Appendix 18. The peak s i z e

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

3*8 C o n t r i b u t i o n  to  th e  O bserved  E m iss io n  by t h e  Copper Cathode

In  p r o lo n g e d  h e a t i n g  e x p e r im e n t s  t h e r e  was a p o s s i b i l i t y  

t h a t  t h e  c o p p e r  c a th o d e  m ight  c o n t r i b u t e  t o  th e  e m is s io n .  A 

c h ro m e l -a lu m e l  the rm o co up le  was bound by a c opper  w i re  t o  t h e  

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

w i r e  f o r  a b o u t  t e n  m in u te s .  Once th e  c u r r e n t  was sw i tc h e d  o f f  

t h e  t e m p e r a t u r e s  o f  t h e  p l a t i n u m  w i re  and the  c a th o d e  were 

m easu red  e v e ry  30 sec and a p l o t  o f  t e m p e r a t u r e  a g a i n s t  t im e  

p r e p a r e d  w i t h  th e  two s e t s  o f  r e s u l t s ;  see  Appendix 19 where an

example f o r  a run  i n  Q gas  i s  shown, For t h i s  work a P t / P t ,

10$ R h /P t  th e rm o cou p le  was u sed  w h i le  f o r  t h e  r e s t  o f  t h e  

e x p e r im e n t s  P t ,  13$ Rh was u se d .  The c a l i b r a t i o n  c u rv e s  to  

c o n v e r t  mV i n t o  °C a r e  a l s o  g iv e n  i n  Appendix 19.
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83.

C h a n te r  4

4*0 R e s u l t s

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

w i l l  be p r e s e n t e d .  S k e tc h e s  o f  t y p i c a l  r e s u l t s  w i l l  be i n c l u d e d  

where a p p r o p r i a t e .  T ra c e s  o f  a c t u a l  c u rv e s  o b t a i n e d  w i l l  be 

found  i n  t h e  A ppend ices .

4?1 S h o r t  H e a t in g  E xp er im e n ts

See Appendix 10. A l l  t h e  s h o r t  h e a t i n g  e x p e r im e n t s  were 

c a r r i e d  o u t  on p l a t i n u m  w i re  5. Vhen t h e s e  commenced Q gas  

y i e l d e d  a c o o l i n g  cu rve  o f  t h e  t y p e  s h o w  i n  f i g  20. T h is  

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

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

c u rv e  loo k ed  l i k e  t h e  one s h o w  i n  f i g  21 ,

o f f o f f  s c a l e
I  o f fs c a l e

P u l l
s c a l e
lO^cps

2700 cp

8 0min 2

f i g  20

o f f  s c a l e

— 4000 cps

 |
min 1 0

f i g  21



S k e tc h e s  of  t h e  d i f f e r e n t l y  shaped p eak s  w i l l  be p r e s e n t e d  

below. The d i f f e r e n t  p r e t r e a t m e n t s  w i l l  be g iv e n  u n d e r n e a t h  

t h e  c u r v e s .  I t  sh o u ld  be n o t e d  t h a t  f u l l  s c a l e  on t h e  c h a r t
4r e c o r d e r  c o r r e s p o n d s  to  10 cps .

~  4000 cps

m in u te s
T y p ic a l  Q g a s  c u rv e ,
Q g a s  a f t e r  Ar, Q g a s ,
o r  O2  ( p r e c e d e d  by N2 f l u s h ) .

5000 cps

1300 cps

03
min

Q g a s  a f t e r  A r / ^ H ^

These s k e t c h e s  a r e  n o t  to  s e a l

3000 cps

0min4

Q g a s  a f t e r  Ar/C^H^

o f f  s c a l e

9700

7000

1
0min

Q gas a f t e r  A r/^H ^



9000
84a.

I  o f f

6000

2600

02
min

Ar/C2H4 a f t e r  Ar/CH4

o f f  s e a l
I  o f f

9500

02
min

Ar/C2H4 a f t e r  Ar/C2H2 .

Ar/C 2K4
a f t e r  A

7 2
min

Ar/C2H4 a f t e r  
( P r i o r  exposu

t e r  Ar/C2H4 o r
2H2 p r e c e d e d  by Ar/CH'4 .

cps

I  o f f

0

l y i n g  o v e r n i g h t  i n  N2 
re  to  CH4 and C2H4 ) .



o f f i s c a l e 

I I  o f f
84b.

2 0
min

Ar/C2 H2 a f t e r  w i r e  l a y  

i n  N2 o v e r n i g h t

1200 cps

J
min^

Ar/C2H2 a f t e r  Ar /C2H^

 o f f  s c a l e
I I  o f f

600

j
1 0
min

Ar/C2H2 a f t e r  Ar/C2H2

I  o f f

00

2300

i
5

i
0

min
Ar/C2H2 a f t e r  Q g a s .

2 0 
min

A r / b u t a d i e n e  a f t e r  
w i r e  l a y  i n  ^  o v e rn ig h t ,

mm 0

Also A r / b u t a d i e n e  a f t e r  A r / b u t a ­
d i e n e  i . e .  e f f e c t  r e p r o d u c i b l e .



The peak  o b t a i n e d  vhen t h e  w i re  c o o le d  i n  Ar/C EL i n c r e a s e d2 6
from zero  i n t e n s i t y  a s  t h e  number of  h e a t i n g  c y c l e s  i n c r e a s e d  

( s e e  Appendix 10 ) .  A t y p i c a l  e th a n e  cu rv e  a f t e r  s e v e r a l  e x p o su res  

was a s  shown, o f f  s c a l e

I  o f f

04
mm

Ar/C2H6

o f f  s c a l e

a f t e r  Ng. 

Disc  0* 1 x 1,

200

mm

Disc  0*1 x 0 ‘ 2 
I n t .

1

I  o f f

mm

H2 a f t e r  Q gas,



2000
84 d .

I  o f f

Ar a f t e r  Q gas

500

i •
1 0 

min

.Ar a f t e r  Ar/C H 
2 4 '

o r  Ar a f t e r  Q g as  a f t e r  Ar/C^H^. 

o r  Ar a f t e r  Ar/Bu.

500

04 min

Ar a f t e r  Ar/Cgl^#

I  o f f 250 I  o f f

mm

Ar a f t e r  A r / ^ H ^  

o r  Ar a f t e r  Ar/Bu a f t e r  w i r e  

aged  f o r  a w h i l e .

3500

I  o f f

02
min 

a f t e r  Q gas

2L4Ng a f t e r  Ar/C0H
Ng a f t e r  Ar/C2 H2

mm

I o f f

a f t e r  w i re
aged  o v e r n i g h t  i n  N2

a f t e r  H^.



o f f  s c a l e  

I I  o f f

84e.

Ng a f t e r  O2

mm

I o f f
-ie___

min 0 

N2  a f t e r  Ar/C0H,

[2

'2 4
N0 a f t e r  ArA^Hg.

6000

1
2 0

mm

O2  a f t e r  N2

o r  0o a f t e r  Q g a s  (N0 f l u s h )

O2  a f t e r  ^2^4'

I  o f f
-*_____ 0 cp

O2  a f t e r  O2

0 2 a f t e r  A r A ^ f ^  gave t h i s  c u rve  s e v e r a l  t im e s ;  

2nd h e a t i n g  c y c l e  y i e l d e d  h i g h e s t  e m is s io n  r a t e .



4*2 Long H e a t in g  E xper im en ts

4*2*1 I n t r o d u c t i o n  Curves

See Appendix 11, S k e tc h e s  o f  some t y p i c a l  I n t r o d u c t i o n  

C urves  a r e  shown below f o r  V i re  3,

4000

i
4 0min

ELjf v a r i e s )

4500

min

N

3300

i
4

min

3500

t

min

Q g a s  ( a f t e r  .

Q g a s  v a r i e s  g r e a t l y



86.

o f f  s c a l e

4000

• i
2  min 0

ii
min

Ar.
. 7

He ( a f t e r  Q gas )

He v a r i e s  g r e a t l y ,  

i S i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  Wire 1 (See  Appendix l i b )

4»2*2 C oo l in g  Curves

See Appendix 12. S k e tc h e s  o f  some t y p i c a l  c o o l i n g  c u rv e s  

a r e  g i v e n  below f o r  Wire 3. The d e t a i l e d  c o o l i n g  c u rv e s  and 

s k e t c h e s  o f  t h e  c o r r e s p o n d in g  Laben p h o to g r a p h s  a r e  g iv e n  i n  

Appendix 12a .

6500

I  o f f

0- 5  05

I  o f f
5 0 0  cps

mm

a f t e r  O2

Ng a f t e r  H2 , o r  N2  a f t e r  Ar 
o r  N2  a f t e r  He ( a f t e r  Q gas)



7 min 0

^ 2  a f t e r  Q gas

min 0

a f t e r  Ng*

a f t e r  Ar ( a f t e r  Ng) s i m i l a r ,  

a f t e r  He ( a f t e r  N2 ) s i m i l a r .

3000
c p s / \  I  o f f

500Jo, p s

min

2  a f t e r

I  o f f
300

min

H2  a f t e r  Q gas  

H2  a f t e r  O2  f l u s h )

s i m i l a r ,

6000

mm

2  a f t e r  Q g a s  (Ng f l u s h )



86b.

I o f f2200 P

--------- 1—̂  i
3 ’ min 0  

O2  a f t e r  (Ng f l u s h )

0 o a f t e r  Ar , 0 o a f t e r  He ( s t a r t e d  a t  4000 cps)

o f f  s c a l e

4000.

1 1
7 min 0

Q g a s  a f t e r  N2

3600 ,  I

2000
1700

0min5

Q gas a f t e r  ©2 (N2 f lu s h )

4F u l l  s c a l e  -  10 c p s .

2700

200
I  o f f

I . imm
Q g a s  a f t e r  ^

I  o f f7500

1250

0min5

Q g a s  a f t e r  Ar:  Q g a s  a f t e r  He
s i m i l a r .



min 0
• i

He a f t e r  0^ 7 min 0

He a f t e r  Ar ( a f t e r  N0) He a f t e r  N0

I  o f f

mm 

He a f t e r  H,

1500

6 0min

I  o f f

He a f t e r  Q g a s

1400

500 600

i
17 mm

i
0

Ar a f t e r  N,

400

ii
7  min 0

Ar a f t e r  H^

Ar a f t e r  He ( a f t e r  H2 ) 
s i m i l a r .

mm

Ar a f t e r  0£,

600 cps



I  o f f
11 min

Ar a f t e r  g gas,

E s s e n t i a l l y  s i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  'Vire 1.

These  may be seen i n  Appendix 1 2 b.

4*3 Room Tem pera tu re  I n t r o d u c t i o n  Curves

I n t r u d u c t i o n  c u rv e s  were o b t a i n e d  a t  room t e m p e r a t u r e  f o r  

s e v e r a l  g ap es  i n  t h e  ab sen c e  and p r e s e n c e  o f  a  p l a t i n u m  f i l a m e n t  

t o  d e te r m in e  w he the r  o r  n o t  s t r u c t u r e d  i n t r o d u c t i o n  and c o o l i n g  

c u r v e s  were due to  th e  p r e s e n c e  of  t h e  p l a t i n u m  w ire  d i s t u r b i n g  

t h e  e l e c t r i c  f i e l d .  S k e tc h e s  o f  some o f  t h e  c u rv e s  o b t a i n e d  

w i l l  be p r e s e n t e d  below. Curves  o b t a i n e d  w i t h  t h e  c a t a l y s t  

mounted i n  t h e  d e t e c t o r  w i l l  be shown on th e  r i g h t  and t h o s e  

o b t a i n e d  w i t h  no p la t in u m  w i re  p r e s e n t  on t h e  l e f t .

A f u l l  s e t  o f  c u rv e s  may be seen  i n  Appendix 13.

W ithou t  p l a t i n u m  w i r e .  P l a t i n u m  w i re  p r e s e n t

0 cps
r~ r
5 min 0 5 mm 0

Ng a f t e r  O2



W ith o u t  P t P t  p r e s e n t

1 GOO cps;

400 cps

2  mitt 0  BF a f t e r  H„ 2  min 0

3400 cps

i
12 min

1400 cps

6 min

a f t e r  Ng

,5500

3 min 0

H2  a f t e r  He
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V i t h o u t  P t P t  p r e s e n t

1500

rain 0 11 min 0

He f o l l o w i n g  ^

These r e s u l t s  were o b t a i n e d  w i t h  Wire 3 b e f o r e  i t  had been 

exposed  t o  Q g a s ,

4*4 Hea,tinfr Curves

A few examples o f  h e a t i n g  c u rv e s  a r e  g iv e n  i n  Appendix 15 

t o  d e m o n s t r a t e  t h a t  i f  peak s  were o b t a i n e d  when th e  p l a t i n u m  

w i r e  c o o le d  down i n  a g a s  t h e n  s t r u c t u r e  was a l s o  ob se rv ed  when 

t h e  w i re  was h e a t e d  i n  t h a t  g a s .  With t h e s e  p a r t i c u l a r  examples 

h e a t i n g  t h e  w i re  i n  th e  g a s  im m e d ia te ly  f o l lo w e d  c o o l i n g  t h e  

w i r e  i n  t h e  same g as .  Examples a re  shown f o r  Q g a s ,  n i t r o g e n  and 

hydrogen .

4*5*0 To Show th e  Efj^ect o f  C a r b id in g  th e  Wire

Some s k e t c h e s  w i l l  be p r e s e n t e d  o f  th e  changes  i n  t h e  

i n t r o d u c t i o n  and c o o l i n g  c u rv e s  o b t a i n e d  w i t h  Wire 3 a f t e r  i t  

was h e a t e d  i n  Q g a s  and th e n  exposed  to  a i r  a t  room t e m p e r a t u r e .  

F i n a l l y  i t  was h e a t e d  i n  Q gas  a g a i n .  The r e s u l t s  a r e  g iv e n  i n  

more d e t a i l  i n  Appendix 16.
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4-V5*l I n t r o d u c t i o n  Curves See Appendix 16a 

These s k e t c h e s  a r e  n o t  to  s c a l e

C lean  w i re A f t e r  exposu re  to  . 

Q g a s

A f t e r  exposu re  to  

Q g a s  and a i r .

mm

mm

4500 cps

1

Ng f o l l o w i n g  O2

mm 0

8000 cps

mm

H2  f o l l o w in g  N2
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Clean  -wire

2 0 0 0  cps

A f t e r  exp o su re  to

Q g a s

min

mm

N2  f o l l o w i n g  H2

O2  f o l l o w i n g  N2

1 5 0 0  cps

1
0

1
min

A f t e r  exposu re  to  

Q g a s  and a i r .

2 0 0  cps

I
8

I
0min

min

4500 cps

2000

min

He f o l lo w in g  O2
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Glean w i re

000 cps

i
min

V ire  a f t e r  exposure  
t o  Q gas

4400 cps

min 0

Ar a f t e r  N.

A f t e r  exp osu re  to  
Q g as  and a i r .

•CCO
cps

I

H2  a f t e r  Ar ( a f t e r  Ng)

mm 0

2 0 0 0  cps

«
mm

■ J
3 min mm

H2 a f t e r  Q gas



A f t e r  exp o  snore 

t o  g  g a s
. 350©

A f t e r  expo s u r  e to; 

g) g a s  and  a i r fc

t
mm man 0

H2  a f t e r  Q g a s
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I t  may be seen  by i n s p e c t i o n  o f  t h e  p r e c e d i n g  c u rv e s  t h a t  

H2 and N2  b o th  g iv e  i n t r o d u c t i o n  c u rv e s  w i th  t h e  c l e a n  w i re  a s  

do t h e  ’ i n e r t '  g a s e s  He and Ar. 0 2  g i v e s  no e m is s io n  w h i le  N2  

g i v e s  no e m is s io n  when i t  f o l l o w s  0 2 * These r e s u l t s  w i l l  be 

e x p l a i n e d  l a t e r .  In  most  c a s e s  t h e  e m is s io n  c h a r a c t e r i s t i c s  

were  v e r y  d i f f e r e n t  i n  t h e  two c a s e s  o f  th e  c l e a n  w i re  and th e  

w i r e  a f t e r  exposu re  to  methane and a i r .  The d i f f e r e n c e s  

be tw een  t h e  w ire  a f t e r  exposu re  to  methane and a f t e r  exposu re  

t o  methane and a i r  a r e  more a p p a r e n t  w i t h  th e  c o o l i n g  c u r v e s ;  

see  l a t e r .

A 'memory' e f f e c t  was o b se rv e d  i n  t h e s e  I n t r o d u c t i o n  c u rv e s  

i n  t h e  sen se  t h a t  th e  shape o f  a  c u rv e  depended n o t  o n ly  on th e  

g a s  whose f low  had j u s t  c e a s e d  b u t  on t h e  g a s  b e f o r e  t h a t  a l s o .  

Some examples a re  g iv en  below. More examples  a r e  to  be found  i n  

Appendix 11.

4500 cps
[ H = h e a t i n g  

C = c o o l i n g ]

5 min 0 4 mm 0

N2 , 0 2 , Ar, 0 2. N2 » He’ 2  g a s C*

1 6 min 08 min 0

N2 , Ar, He, H2 N2 , ArH, H2C, ArR.



4000 cpy

» I 1 '
3 0  6  min 0

min

H2 '  N2 ’ ° 2 h ^He)- H2> N2h * 8 g a s C> N2H'

3500 cps  3000 cp s

0min3
t
5

i
0min

3 min 0

H2 , Q g a s ,  He, Q g a s .  H2 , Q g a s H, Q g a s H, N2 , Q

Q g a s c , Q g a s H.

The g a s  on t h e  extreme l e f t  i s  t h e  one to  v h i c h  t h e  p l a t i n u m  
f i l a m e n t  was exposed  l a s t .  Thus f o r  t h e  i n t r o d u c t i o n  cu rve  
marked * t h e  p l a t i n u m  f i l a m e n t  was exposed  to  hydrogen a f t e r  
b e in g  h e a t e d  i n  n i t r o g e n .  P r i o r  t o  t h a t  t h e  w i re  was c o o le d  
i n  Q g a s  a f t e r  b e in g  h e a t e d  i n  n i t r o g e n .



8 min 0

' He, H2 , Ar,  l!^.

1 1
5 min 0

He, N2 , Ar,  He,

m m

mm

He, N9  , O0 , N0 
2H 2C *H
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4*5*2 C o o l ing  Curves

See Ajjpendix 16b, The f o l l o w in g  c u rv e s  c l e a r l y  show t h e  

d i f f e r e n c e s  between t h e  c l e a n  and t h e  c a r b i d e d  w i r e .  I t  sh o u ld  

be remembered t h a t  b e f o r e  t h e  w i re  was exposed  to  methane 

i n t r o d u c t i o n  of  hydrogen c au se d  a d rop  i n  c u r r e n t  f o r  a c o n s t a n t  

a p p l i e d  v o l t a g e  w h i le  a f t e r  exposu re  to  methane and a i r ,  hydrogen  

i n t r o d u c t i o n  cau sed  an i n c r e a s e  i n  c u r r e n t  ( s e e  3 * 6  page  80) ,

In  a d d i t i o n  a  c u r r e n t  o f  4*2A was r e q u i r e d  to  h e a t  th e  w i re  to  

r e d  h e a t  i n  ^  o r  O2 . The a p p l i e d  v o l t a g e  and r h e o s t a t  s e t t i n g  

were l e f t  unchanged y e t  a f t e r  exp o su re  to  Q gas  the  c u r r e n t  f e l l  

t o  3*85A and t h e  w ire  glowed c h e r r y  r e d .  A f t e r  exposu re  to  a i r  

t h e  w i r e  was h e a t e d  i n  Q g a s  and t h e s e  same s e t t i n g s  p ro d uced  a 

c u r r e n t  o f  o n ly  3 A, Again t h e  w i re  was r e d  h o t .  I t  i s  c l e a r l y  

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

w i r e  i s  e s s e n t i a l  b e f o r e  s t r u c t u r e  may be o b se rv e d  i n  t h e  c o o l i n g  

c u r v e s .

C lean  w i re

mm

A f t e r  exposu re  
t o  Q g as

NL a f t e r  0
2 H#

A f t e r  exposu re  to  
Q g a s  and a i r .

6600 cps  
*r\s 3 * 3A o f f

1
5

1
0min
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4-15A o f f

4 rain 0 mm 0

j

5 0 0  cps

4 min 0

N0 a f t e r  . 
2C 2H

300 cps

2  min 0

3000

<i

3000 cps

mm 0

0 ~ a f t e r  N0 # 
2 C • 2 h

7 0 0 0  cns

2 0 0 0  cps

min 07
l 6 mm (5

T y p ic a l  Q g a s^  a f t e r  Q g a s ^ .  1 s t  Q gas  c o o l i n g  cu rve  a f t e r
e x posu re  to  a i r .



91b

Glean  w i re A f t e r  exp osu re  to  Q gas  
and a i r .

3-7A o f f
4*1A o f f

4 rain 0 mm

H0  a f t e r  #
2C •R

/
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4*6 I n t r o d u c t i o n  and Cool ing  Curves a f t e r  A c e t y l a t i o n  o f  Wire 3

See Appendix 17# The f o l lo w in g  s k e t c h e s  show t h e  d i f f e r e n c e s  

found  i n  t h e  I n t r o d u c t i o n  and C ool ing  Curves o f  ^  a f t e r  I ^  and 

a f t e r  o b t a i n e d  a f t e r  expo s in g  a p l a t i n u m  f i l a m e n t  to  Q 

g a s  and s u b s e q u e n t ly  to  a c e t y l e n e ,

4*6*1 I n t r o d u c t i o n  Curves

The f o l lo w in g  s k e t c h e s  a r e  n o t  to  s c a l e .  See Appendix 17a 

f o r  a c c u r a t e  r e s u l t s .

P t  exposed  to  Q g a s  o n ly  P t  s u b s e q u e n t ly  exposed  to
a c e t y l e n e .

8000 cps 7300 cps

3  min 0 10 min 0

Hg f o l lo w in g  Ng#



exposed

min

P t  s u b s e q u e n t ly  exposed
>o Q gas  o n ly

1 2 0 0  cps

0

t o  a c e t y l e n e 5500
cps

i
min

$ 2  f o l l o w in g  H2 #
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4*6*2 C oo l ing  Curves See Appendix 1 7 b f o r  more a c c u r a t e  r e s u l t s .

P t  exposed  t o  Q g as  o n ly  P t  s u b s e q u e n t ly  exposed  to
a c e t y l e n e40 cps

i «
min

«*

6  min 0

2000
cps

min

min

H~ a f t e r  N0 .
2c 2h
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P t  s u b s e q u e n t ly  exposed  to  a c e t y l e n e

I 8000 cps

a ^ e r  p r o lo n g e d  h e a t i n g  i n

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

t h e  c o o l i n g  c u rve  r e s o l v e d  i n t o  two p e a k s  whose r e l a t i v e

i n t e n s i t i e s  v a r i e d ;  t h e  h o t t e r  t h e  w i re  t o  s t a r t  w i t h ,  t h e  more
. , , 3100 cpsi n t e n s e  t h e  h ig h

t e m p e r a t u r e

peak  ( a ) .

7 min 0
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4*7 E f f e c t  o f  Anode V o l tag e

The e f f e c t  o f  anode v o l t a g e  on th e  c o o l i n g  cu rve  was 

i n v e s t i g a t e d  to  d e te rm in e  w h e th e r  th e  shape depended on th e  

a p p l i e d  v o l t a g e  ( s e e  Appendix 1 8 ) .  I t  was found t h a t  t h e  l e v e l  

o f  e m is s io n  d e c r e a s e d  a s  v o l t a g e  d e c r e a s e d ,  a s  was e x p e c te d  f o r  

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

s t r u c t u r e  rem ained  t h e  same,

4*8 I n t r o d u c t i o n  and C ool ing  Curves from Gold

A p p ro x im a te ly  lm o f  g o ld  w ire  0*16 mm diam. was u se d  each  

t i m e .  Because o f  i t s  ex treme d u c t i l i t y  i t  was found  t h a t  g o ld  

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

a ro u n d  900°C: gold' m e l t s  a t  a ro u n d  1000°C. I t  a l s o  broke  e a s i l y

when b e in g  h a n d le d .

To t r y  to  c o u n t e r a c t  t h i s  two g o ld  w i r e s  were t w i s t e d  round 

e ach  o t h e r .  A few r e s u l t s  were o b t a i n e d  from t h e  d ou b led  w ire  

b e f o r e  i t  f u s e d .  S k e tch e s  a r e  drawn below. The r e s u l t s  a r e  

shown i n  g r e a t e r  d e t a i l  i n  Appendix 14.

4*8*1 C o o l ing  Curves Some Q g a s  c u rv e s  a r e  shown below.

6000 cps
5500 cps

D isc .  0 * 1 x 1 ,  2°fo

1 0 0 0  cps
D isc .

0 * 1 x 0*2,  
I n t .

5 min i I
3 min 0 3 min 6

4* 6 A o f f 4*1A o f f 2-95A o f f
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mm

5* 3A o f f

Q g as  c o o l i n g  cu rv e

D isc .  0 * 1 x 1  I n t .

w i r e  r e d  h o t

Some hydrogen  and n i t r o g e n  r e s u l t s  a r e  g iv e n  i n  Appendix 14.



4»8»2 Introduction Curves

'U cps;

2  min 0 1 min 0

1^2 a f t e r  (1 • 9 kV) fh, a f t e r  ^

Too few r e s u l t s  were o b t a i n e d  to  be a b l e  to  e x p l a i n  what 

was h a p pen in g  a t  t h e  s u r f a c e  o f  t h e  Gold f i l a m e n t .  A l l  o f  t h e s e  

e x p e r im e n t s  were p ro lo n g e d  h e a t i n g  ones .

4*9 C o n t r i b u t i o n  from Cathode

The p o s s i b i l i t y  t h a t  t h e  c a th o d e  m igh t  c o n t r i b u t e  to  th e  

o b s e r v e d  e m is s io n  was i n v e s t i g a t e d .  Graphs were p r e p a r e d  o f  

t e m p e r a t u r e  a g a i n s t  t im e  f o r  t h e  copper  c a th o d e  and t h e  p la t in u m  

w i r e  c o o l i n g  to  d e te rm in e  how p r o b a b le  a c o n t r i b u t i o n  was from 

t h e  c a th o d e  ( s e e  Graph 27 Appendix 19) .

I t  may be seen from Graph 27 t h a t  t h e r e  was a s t r o n g  p o s s i ­

b i l i t y  t h a t  t h e  copper  c a th od e  c o n t r i b u t e d  to  t h e  e f f e c t .  Thus 

r e s u l t s  from p r o lo n g e d  h e a t i n g  e x p e r im e n t s  may on ly  be i n t e r p r e t e d  

q u a l i t a t i v e l y  and doubt  must be c a s t  on t h e  v a l i d i t y  o f  t h e  r e s u l t s  

o b t a i n e d  w i t h  t h e  g o ld  f i l a m e n t .
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C h a n te r  5

D i s c u s s i o n  I ,  The Count ing  System 

5*0 I n t r o d u c t i o n

D e t e c t o r  5 was d e s ig n e d  to  o p e r a t e  a s  a g a s  f low  p r o ­

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

w i t h  t h i s  d e t e c t o r  i t  was t h e r e f o r e  n e c e s s a r y  to  examine i n  

d e t a i l  t h e  whole o p e r a t i o n a l  p r o c e s s  s t a r t i n g  from a mechanism 

f o r  t h e  r e l e a s e  o f  e l e c t r o n s  from t h e  s u r f a c e  to  an e x p l a n a t i o n  

o f  how t h e y  were coun ted .

The p r e s e n c e  of  the  p l a t i n u m  w i r e ,  h e ld  a t  e a r t h  p o t e n t i a l ,  

be tw een  t h e  anode and t h e  ca th o d e  meant  t h a t  th e  e l e c t r i c  f i e l d  

d i s t r i b u t i o n  w i t h i n  t h e  c o u n t in g  volume would n o t  be t h e  r e g u l a r  

r a d i a l  d i s t r i b u t i o n  n o rm a l ly  e n c o u n te r e d  w i t h i n  a c y l i n d r i c a l  

c o u n t e r .  I n  such a d e s ig n  th e  l i n e s  o f  f o r c e  would be a s  shown 

i n  f i g  22. F u r th e rm o re ,  i f  p o i n t s  o f  e q u i p o t e n t i a l  were j o i n e d  

up a  s e c t i o n  a c r o s s  t h e  c o u n te r  would show a s e r i e s  o f  c o n c e n t r i c

Thus i t  was e s s e n t i a l  to  examine t h e  e l e c t r i c  f i e l d  n e a r  

t h e  p l a t i n u m  w i re  f o r  s e v e r a l  r e a s o n s .  The f i r s t  was to  f i n d  

t h e  p e r t u r b a t i o n  cau se d  by th e  p l a t i n u m  to  t h e  f i e l d  around  t h e

f i g  2 2
c i r c l e s  a b o u t  t h e  anode ( s e e  f i g  23)

f i g  23



anode .  I f  "the f i e l d  c l o s e  to  "the anode,  say w i t h i n  —0*01 cm 

was d i s t u r b e d  t h e n  t h e  c o u n t in g  c h a r a c t e r i s t i c s  o f  "the p r o ­

p o r t i o n a l  c o u n t e r  would n o t  be p r e d i c t a b l e .

I f ,  however,  th e  e l e c t r i c  f i e l d  was n o t  d i s t u r b e d  n e a r  t h e  

anode i t  was t h e n  e s s e n t i a l  to  d i s c o v e r  ( l )  w h e th e r  e l e c t r o n  

m u l t i p l i c a t i o n  o c c u r r e d  im m e d ia te ly  an e l e c t r o n  l e f t  t h e  

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

p r o c e s s  i n  t h e  tube ;  ( 2 ) w h e th e r  th e  f i e l d  s t r e n g t h  was s u f f i c i e n t  

t o  lo w er  t h e  work f u n c t i o n  s i g n i f i c a n t l y  p e r h a p s  even t o  t h e  

e x t e n t  t h a t  f i e l d  e m iss io n  m ight  o ccu r .

E xam in a t io n  of  an e q u a t io n  g o v e rn in g  th e r m io n i c  e m is s io n ,  

such  a s  t h e  R ich a rdso n  e q u a t io n  which i s  i n  t h e  form

e m is s io n  i n  te rm s  o f  e l e c t r i c  c u r r e n t  w i l l  o c c u r .  I t  i s  c l e a r  

from o u r  r e s u l t s  t h a t  s i g n i f i c a n t  l e v e l s  o f  ' p u l s e d '  em iss io n  

were o f t e n  e n c o u n te r e d  w e l l  below such a t e m p e r a t u r e .  Thus th e  

e x a m in a t io n  o f  th e  whole r e l e a s e - c o u n t i n g  mechanism became o f  

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

r e s u l t s .

In  a d d i t i o n  to  th e  i n v e s t i g a t i o n s  a l r e a d y  o u t l i n e d ,  i t  was 

n e c e s s a r y  to  f i n d  w he ther  t h e  g a s  m u l t i p l i c a t i o n  f a c t o r  was 

r e a s o n a b l e ,  t o  d e te rm in e  w he th e r  o r  n o t  s i n g l e  e l e c t r o n s  were 

b e in g  c o u n te d  and t o  e x p l a i n  th e  i n t e g r a t i o n  e f f e c t  which seemed 

t o  be o c c u r r i n g  i n  t h e  Laben p u l s e —h e i g h t  a n a l y s e r .

Thus i n  C h a p te r  5 w i l l  be p r e s e n t e d  t h e  r e s u l t s  o f  t h e  

c a l c u l a t i o n s  and e x p e r im e n t s  c a r r i e d  ou t  to  d e te rm in e  t h e  mode

I

shows t h a t  a t  t e m p e r a t u r e s  below 5 0 0 °C no s i g n i f i c a n t  th e r m io n ic



Diagram 24.
98a.

Probe

platinum
wire

anode cathode

Circuit used to obtain the field plot shown  
in figure 24, page 99a.

1 ) : -  9V PP7 battery,
2 ) 1  Kohm multipot,
3 ) :-  400 ohm galvanometer.
^  Silver paint.



o f  o p e r a t i o n  o f  th e  d e t e c t o r .  T h is  w i l l  be u sed  as  a b a s i s  f o r  

t h e  e x p l a n a t i o n  o f  t h e  e m is s io n  r e s u l t s  which w i l l  be d e a l t  

w i t h  i n  C h a p te r  6 .

,5*1 E l e c t r i c  F i e l d  G r a d i e n t s  w i t h i n  th e  P r o p o r t i o n a l  Counter

To d e te r m in e  i f  f i e l d  e m iss io n  o r  e l e c t r o n  m u l t i p l i c a t i o n  

n e a r  t h e  pla/ t inum w ire  o r  t h e  c e n t r a l  anode was l i k e l y ,  i t  was 

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

p o r t i o n a l  c o u n t e r .  Two methods were employed. The f i r s t  

i n v o l v e d  making £>oten t ia l  p l o t s  on T e l e d e l t o s  p a p e r  which i s  

e l e c t r i c a l l y  con d u c t iv e ,  w h i le  i n  th e  second t h e  f i e l d  g r a d i e n t  

a t  t h e  p l a t i n u m  w i re  was c a l c u l a t e d  d i r e c t l y .

5*1*1 F i e l d - P l o t t i n g  Method

By t h i s  method i t  was p o s s i b l e  t o  e s t i m a t e  t h e  f i e l d  

s t r e n g t h  a t  v a r i o u s  p o i n t s  w i t h i n  t h e  c o u n t e r .  T h is  was measured  

by making p o t e n t i a l  p l o t s  on c o n d u c t in g  p a p e r  on which th e  anode,  

c a th o d e  and p l a t i n u m  w ire  had been r e p r e s e n t e d  by p r o p e r l y  

s c a l e d  l i n e s  and a r e a s  p a i n t e d  i n  s i l v e r  p a i n t  ( s e e  Diagram 24, 

page  9 8 a ) .

The r e p r e s e n t a t i o n  was made on th e  s c a l e  1*27 cm i n  t h e  

c o u n t e r  = 27*5 cm on th e  T e l e d e l t o s  p a p e r .  Only one e i g h t h  o f  

t h e  c o u n t e r ,  which i s  sy m m et r ica l ,  was r e p r e s e n t e d .  The 

r e p r e s e n t a t i o n s  were a s  fo l lo w s !

a)  c e n t r e  w i re  r a d i u s  0*00127 cm 0*0274 cm.

b) d i s t a n c e  from anode to  P t  w i r e ,  0*6 cm -> 12*99 cm.

c) d i a m e t e r  o f  P t  w i r e ,  0*030 cm -> 0*65 cm.

d) anode to  c a th o d e  d i s t a n c e ,  1*27 cm -» 27*5 cm.



The c i r c u i t  i s  s h o w  i n  Diagram 24, page 98a.
~  \ JL

By means o f  th e  m u l t i p o t ,  1KQ i n  10 ^ s t e p s ,  t h e  p o t e n t i a l

o f  t h e  p ro b e  co u ld  be s e t  a t  any v a lu e  between 0  and 9  V. Thus

t h e  Cambridge Spot Galvanometer  cou ld  be used  a s  a n u l l

i n s t r u m e n t  to  f i n d  p o i n t s  o f  zero c u r r e n t  f low .  The p o t e n t i a l

a t  t h o s e  p o i n t s  cou ld  be r e a d  o f f  on th e  m u l t i p o t .

The p o t e n t i o m e t e r  s c a l e  was t h e n  ex tend ed  by i n s e r t i n g  an

18IC0 r e s i s t o r  i n  s e r i e s  w i th  th e  v a r i a b l e  p o t e n t i o m e t e r  as

s h o w : -  _ _ _ _ _
 'V W '  1 P o t ,  ---------

18K--------- *----------
^  IK

P
Then t h e  p o t e n t i a l  a t  one end of  th e  p o t e n t i o m e t e r ,  say 

t h e  p o i n t  P, f o r  1000V a c r o s s  th e  system would be ^ / l 9  x 1000Y.

I f  t h e  t a p  P were moved x d i v i s i o n s ,  where x i s  th e  r e a d i n g

on th e  0  to  1 0 0 0  s c a l e  of  t h e  m u l t i p o t ,  t h e  p o t e n t i a l  a t  t h e  new

p o i n t  would be x 1 0 0 0  + ( l 0 0 c ) x  19.

P ig  24, page 9 9 a, shows th e  p o t e n t i a l  g r a d i e n t  as  i t  was 

e x p lo r e d  c l o s e  to  t h e  p la t in u m  w ire .  Graph 28, page 99b, shows th e  

v a r i a t i o n  i n  v o l t a g e  w i th  d i s t a n c e  from t h e  p l a t i n u m  w i re .  The 

f i e l d  g r a d i e n t  a t  p o i n t s  c lo s e  to  th e  w i re  was found by

c a l c u l a t i n g  th e  g r a d i e n t  of  th e  c o r r e s p o n d in g  p o i n t  on t h e  g raph .
- 4For  example, a p o i n t  a t  a d i s t a n c e  of  10 cm from th e  

p l a t i n u m  w ire  c o r r e sp o n d s  to  t h e  p o i n t  a t  0*07 cm on Graph 24 .

Thus t h e  g r a d i e n t  a t  1 0  cm from th e  w ire

_ 999-85 -  982; 0. i l l S S  f o r  1 0 0 0 V.
2-55 2-55

,, _. , 0 17* 85
Por  2 0 0 0 V on th e  c e n t r e  w i r e ,  t h e  g r a d i e n t  -  2  x 2 . 5 5
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Graph 28.

Volts versus d istance  from the platinum wire.

Volts 
(1000V total)

1000

990
Scale :-1-27cm in system  

= 90cm on Tetedeltos 
plot

980

970

960

950

940
3 50 21

(cm)
Distance from the platinum filament 
a s  represented on Teledeltos paper.



too.

T h i s  i s  e q i v a l e n t  to  9921 v o l t s  cm- 1  i , e ,  1 0 4  v o l t s  cm"1 ,
—3

S i m i l a r l y  a  p o i n t  a t  1 0  from th e  p l a t i n u m  w i r e ,  i s  e q u i v a l e n t

t o  a  p o i n t  a t  0*7 cm on Graph 24.

Thus g r a d i e n t  = 22i i *-8 3  "  9 8 2 ;  0 0 . = I6^.g3 f  1 0 0 0 V.
b* 2 o' 2

Thus f o r  2 0 0 0 Y on t h e  c e n t r e  w i re  i n  t h e  r e a l  p r o p o r t i o n a l

c o u n t e r  t h e  g r a d i e n t  i s  "“g . 'g1 which i s  e q u i v a l e n t  t o  2 5 8 6  v o l t s  —
—1 . 3 -1cm l # e .  2 * 5  x 1 0  v o l t s  cm

5*1*2 G r a d i e n t  a t  t h e  P l a t i n u m  Wire by D i r e c t  C a l c u l a t i o n

L e t  c h a r g e / u n i t  l e n g t h  on t h e  c e n t r a l  w i r e  be +Q coulomb 

metre"'*' .  L e t  c h a r g e / u n i t  l e n g t h  on P t  w i r e  be -Q coulomb metre"'*' 

At a  g e n e r a l  p o i n t  on t h e  common a x i s  d i s t a n t  x from t h e  c e n t r a l  

w i r e ,  see Diagram 25,  t h e  e l e c t r i c  f l u x  d e n s i t y ,  D , i s
X

D = —2— +  r-2--r-x 2ux 2ix(D-x)

Hence t h e  e l e c t r i c  f i e l d  a t  x i s

E- = ^  = [* + 5^] . (1)x e 27teo

The p o t e n t i a l  d i f f e r e n c e  be tw een  t h e  w i r e s  t h e n  i s

r ,  ^ D-r,

V = -  U d x  = [ l o g ex -  l o g e (D -  x)j
D - r 2  ° L J r l

[ lo§e T f  ~ loge
0

2ne0

q f  ( D - r , ) ( D - r 2 )
2 ^  rV ?  —



Diagram 25.
100a.

r: radius of anode wire,
x y -  radius of platinum wire,

'  T -  -'■‘ “■£4 . —• ' V i * - *  - ■ ..........................

P is the point on the surface of the 
platinum wire which lies on the common 
axis between the two wires.
D :-d istance between the centres of the 
two wires.
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2  =  b ‘ % p ]  .........................  l 2 )

S u b s t i t u t i n g  (2 )  i n  ( l )  g i v e s

■p _ .. r i  , i  i
Y  ̂ (D - r^ )  ( D - r 2 ) l  x D-x ** #

¥hen  x = D - ^  t h i s  becomes

v _  _L________________ r _ l__  i
^~t 2 ~ \  (D-r i ) ( D - r 2 ) 1 D -r  -  J •

[ l o g 2 r2
r l r 2

¥hen  D = 0*6 cm, r l  = 0*00127 cm, ^  = 0-015 cm t h e n  f o r  V = 2kV

3 —1E ~ 1 4  x 1 0  V cm" a t  z e ro  d i s t a n c e  from t h e  w i r e .  (T h is  

i s  f o r  t h e  i d e a l  c a s e  o f  a  smooth w i re ) .

Thus i t  may be seen  t h a t  th e  r e s u l t s  f o r  t h e  e x p e r i m e n t a l  

method and t h e  c a l c u l a t i o n  method a r e  i n  a c c o r d  s i n c e  t h e y  show 

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

a p p ro a c h e d .  The sequence  o f  p o t e n t i a l s  i n  v o l t s  cm”  ̂ a r e  a s  

f o l l o w s : —

D i s t a n c e  from P t  w i re  1 0 “ ^ cm 1 0 "”^ cm 0  cm ( i d e a l )

F i e l d  g r a d i e n t  i. 'x ^
( v o l t s  cm""l) 2 * 5 x 1 0 “ 1 0 x 1 0  1 4 x 1 0  .

¥ h a t  must  be deduced  from t h i s  i s  w h e th e r  an e l e c t r o n  r e l e a s e d  

from t h e  p l a t i n u m  w i r e  w i l l  c au se  s e c o n d a ry  i o n i s a t i o n  and g a s  

m u l t i p l i c a t i o n .

I f  t h e  p a t h  l e n g t h  o f  an e l e c t r o n  were say 10 cm t h e n  n e a r



t h e  p l a t i n u m  w i r e  i t s  en e rg y  would be o n ly  a round  14 eV a t  t h e  

m o s t .

T h i s  i s  o n ly  h a l f  t h e  a v e r a g e  e n e rg y  t o  c r e a t e  an i o n  p a i r  

i n  a i r ,  N2 , H^, Ar ( s e e  Appendix 20 f o r  v a l u e s ) .  At 10“ 4  cm 

from t h e  p l a t i n u m  w i r e  t h e  en e rg y  g a i n e d  by an e l e c t r o n  i n  moving 

t h r o u g h  10~ 3 cm would be ( l 0 ~ 3 x 10 x 1 0 3 ) eV = 10 eY. T h is  i s  

a ro u n d  y  o f  t h e  e n e rg y  n e c e s s a r y  to  p ro d u ce  an i o n  p a i r .

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

seem t o  be most  u n l i k e l y .

I t  i s  a l s o  c l e a r  from f i g  24, page 9 9 a ,  t h a t  t h e  p l a t i n u m  

w i r e  c a u s e s  no d i s t u r b a n c e  o f  t h e  e l e c t r i c  f i e l d  n e a r  t h e  anode.

Vhen t h e  c o u n t e r  was l a t e r  d i s m a n t l e d  and t h e  d im e n s io n s  

c h ec k ed  i t  was found  t h a t  t h e  d i s t a n c e  be tween t h e  anode and t h e  

P t  w i r e  was ^ / 3 2 M (= 0*87 cm) i n s t e a d  o f  t h e  v a lu e  of  

(= 0*6 cm) u s e d  i n  t h e  c a l c u l a t i o n .  However, t h i s  would se rv e  

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

The d i r e c t  c a l c u l a t i o n  was r e p e a t e d  w i t h  t h e  c o r r e c t e d  

v a l u e s  w hich  y i e l d e d

F i e l d  s t r e n g t h  a t  s u r f a c e  o f  P t  w i r e  = 12 ,800  V cm“ ^

~  13 x 10 3  V cm- 1 .

5*2 The P o t e n t i a l  B a r r i e r  t o  Removal o f  an E l e c t r o n  from a M eta l

( See Handbuc he der  P h y s ic  he 2 1 , page 183 ( 1 3 4 ) ) .  S ince  

e l e c t r o n  m u l t i p l i c a t i o n  a t  t h e  p l a t i n u m  w i r e  seems u n l i k e l y ,  i t  

would be o f  i n t e r e s t  t o  examine th e  e f f e c t  o f  t h e  13 kV cm"^ 

f i e l d  g r a d i e n t  on t h e  e l e c t r o n  e m is s io n  p r o c e s s  i t s e l f .  I f  t h e  

e l e c t r i c  f i e l d  lo w e re d  t h e  work f u n c t i o n  o f  t h e  m e ta l  s u f f i c i e n t l y  

t h e n  even f i e l d  e m is s io n  m igh t  become p o s s i b l e  i n  t h i s  way.



103.

I f  an  e l e c t r i c  f i e l d  F v o l t s  cm i s  a p p l i e d  t o  a m e t a l ,  

■then a t  a p o i n t  x o u t s i d e  t h e  m e ta l  t h e  e l e c t r o n  i s  s u b j e c t e d  to  

( l )  an image f o r c e  and ( 2 ) th e  f o r c e  o f  t h e  e l e c t r i c  f i e l d .

Thus t h e  e l e c t r o n  p o t e n t i a l  a t  x ,  V(x) i s  g iv e n  by

V(x) = - e F x  - 4x f o r  x > 0

The maximum v a l u e  o f  t h e  p o t e n t i a l  V(x) i s  a t
2U -  — p i

dx
M x )  = _ eF + ^

(a)*

Thus eF = and
4x x o “

S u b s t i t u t i o n  i n  ( a )  g i v e s

max '= - e F  x i j f  -
A . i / i

= - e y ^ e .

7 —1A f i e l d  s t r e n g t h  o f  a ro u n d  4 x 10 V cm i s  n e c e s s a r y  f o r  

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

Chang ing  to  a b s o l u t e  u n i t s  o f  v o l t s  g i v e s

4 x 10 
300 a b s o l u t e  v o l t s  crn"^,

max = —ey^Fe =—4*8 x 10-10 4 - 8  x 10” 1 0  x 4 x 107
300

-10where e = 4*8 x 10 e su

C o n v e r s io n  to  eV g i v e s

e = 4*8 x 10
1*6 x 10

-10
^ 1 2

4 - 8  x IQ- 1 0  x 4 x 10 
300 !]*

= 2*4 eV.
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I n  t h i s  c a s e  a work f u n c t i o n  o f  say 4*5 becomes

4-5  -  2 -4  = 2 * 1  eV.

i . e .  (J)‘ = 2 - 1  eV.

The l o w e r i n g  o f  (|> f o r  a f i e l d  o f  13000 v o l t s  cm" 1

= 0 -0 4  eV.

Thus i t  may be seen  t h a t  t h e  work f u n c t i o n  i s  lo w e re d  o n ly  

s l i g h t l y  (0*04 eV) by t h e  a p p l i e d  f i e l d  i n  th e  d e t e c t o r .  The

e f f e c t  o f  t h i s  change i n  work f u n c t i o n  would be sm a l l .

A l th o u g h  i t  i s  c l e a r  t h a t  f i e l d  e m is s io n  i s  i m p o s s i b l e  

when an i d e a l  m e ta l  s u r f a c e  i s  c o n s i d e r e d ,  i t  must  be remembered 

t h a t  i n  t h e  p r e s e n t  s i t u a t i o n  m e ta l  o r  ca rb o n  a s p e r i t i e s  may be 

p r e s e n t  on t h e  w i r e .  T h e i r  p r e s e n c e  c o u ld  g r e a t l y  i n c r e a s e  th e

f i e l d  a t  t h o s e  p o i n t s ,  and hence  t h e  e l e c t r o n  e m is s io n .

5 ’ 3 Op  e r a t i o n  o f  t h e  P r o p o r t i o n a l  C o u n te r

For  a  c o u n t e r  o f  t h e  d im e n s io n s  shown, t h e  f i e l d  s t r e n g t h

For  a  c o u n t e r  w i t h  a c a th o d e  o f  d i a m e t e r  1" and an anode 

w i r e  o f  d i a m e t e r  0 *0 0 1 " ,  a  = 0*0005" = 0*00127 cm and 

b = 0*5" = 1*27 cm.

c e n t r e  i s

a t  any p o i n t  d i s t a n t r  cm from t h e



Thus f o r  an a p p l i e d  v o l t a g e  o f  V = 2  kV

E _ 2 0 0 0  I n  / l -  27 6-9 x 2000
r

1 - 2 7  x 1 0 -3 - r

and a t  0 * 0 1  cm from t h e  c e n t r a l  w i re

6-9 x 2000 = 1380000 V cm- 1

A c c o rd in g  to  R o ss i  and S taub  (135) t h e  mean f r e e  p a t h  o f  

an e l e c t r o n  i n  a rg o n  a t  a tm o s p h e r ic  p r e s s u r e  i s  0 * 9  x 1 0 "*̂  cm

Thus a t  0 * 0 1  cm from t h e  anode i f  an e l e c t r o n  moves t h r o u g h

A c c o rd in g  t o  R o s s i  and S taub  t h e  mean f r e e  p a t h  o f  an 

e l e c t r o n  i n  g a s e s  a t  1 atm i s  a s  f o l l o w s : -

The a v e r a g e  e n e r g i e s  r e q u i r e d  t o  p ro d u c e  an i o n  p a i r  a r e  

w(eV) = 36*0 f o r  H^, 28*2 f o r  Ar,  37*1 f o r  N2# ( s e e  The N u c le a r  

Handbook (136))* Thus i t  i s  c l e a r  t h a t  a t  0 * 0 1  cm from t h e  c e n t r e  

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

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

- 4
0 - 9  x 1 0  cm i t  w i l l  a c q u i r e  e n e rg y .

K.E. = 1 -3 8  x 106  x 0 -9  x 10- 4  eV

= 1-242  x 102  eV 

~  1 -2  x 102  eV

= 120 eV,

Hp, 0 -3  x 10- 4  cm; Ar,  0 -9  x 10 - 4  cm; N2 , 0 -3  x  10 cm

5*4 C r a s - M u l t i p l i c a t i o n  F a c t o r  

5*4*0 Americium C a l i b r a t i o n s

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



c o u n t e r  e x p e r i m e n t s  were c o n d u c te d  w i t h  241Am a s  a  so u rc e  o f

60 KeV y —r a y s  (36$ + o t h e r  y - r a y s ) .  The e l e c t r o n s  p ro d u ce d  by 

t h e s e  y —r a y s  would have a maximum en ergy  of  60 keV. I n  Ar a t  

N .T .P .  e l e c t r o n s  o f  t h i s  e n e rg y  p rod u ce  a ro u n d  150 e l e c t r o n - i o n

I n  o r d e r  to  work o u t  t h e  m u l t i p l i c a t i o n  f a c t o r  f o r  t h e  c o u n t e r  

i t  was n e c e s s a r y  n e x t  to  d e te r m in e  t h e  s e n s i t i v i t y  o f  t h e  p r e ­

a m p l i f i e r .

5*4*1 P r e a m - p l i f i e r  O u tpu t  S ig n a l

The p r e a m p l i f i e r  c o m p r i s e s  two s t a g e s ,  a  ch a rg e  s e n s i t i v e  

s t a g e  NE5287AC and a v o l t a g e  g a i n  s t a g e ,  NE5287SC.

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

and t h e  c h a rg e  s e n s i t i v i t y  o f  t h i s  s t a g e  i s  d e te r m in e d  by t h e  

v a l u e  o f  t h e  fee d b a c k  c a p a c i t a n c e .  The o u t p u t  i s  i n d e p e n d e n t  o f  

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

—  2p a i r s  p e r  1*00 mg cm o f  Ar (1 3 7 ) .

At N .T .P .  22-4  x 103  cm3 Ar = 40g Ar

22-4  x 103  

4 x 104

3
cm Ar = lmg Ar

3
0*56 cm Ar = lmg Ar.

Thus i n  a  p a t h  l e n g t h  o f  0*56 cm t h e r e  a r e  c r e a t e d  1 5 0

e l e c t r o n s .
1 sq cm

I f  a  y - r a y  had a p a t h  l e n g t h  o f  3 cm i n  t h e  c o u n t e r  t h e n
3

QT' f̂c' x  1 5 0  i o n  p a i r s  would be formed,

i . e .  ~  804 i o n  p a i r s



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

c h a r g e  s e n s i t i v e  s t a g e  i s  s h o w  i n  Diagram 26, page 107a.

The v o l t a g e  d e v e lo p e d  i n  t h e  c h a rg e  s e n s i t i v e  s t a g e  w i l l  be

V = ^ / c  v o l t s

The p r e s e n t  p r e a m p l i f i e r  was m o d i f i e d  however,  t o  p r e v e n t  

s u r g e s  o f  c u r r e n t  from damaging t h e  FET, T h is  m o d i f i c a t i o n  i s  

shown i n  Diagram 27, page  107b.

5*4*2 M o d i f i e d  P r e a m p l i f i e r  O u tp u t  S i g n a l

Whereas t h e  r e s i s t a n c e  R i n  t h e  o r i g i n a l  c i r c u i t  was 1KM0 

and t h e  l e a k a g e  was n e g l i g i b l e ,  i n  t h e  m o d i f i e d  c i r c u i t  l e a k a g e  

may t a k e  p l a c e  t h r o u g h  a 22 KQ r e s i s t o r :  t h u s  t h e  s e n s i t i v i t y

o f  t h e  c i r c u i t  i s  r e d u c e d .

The s e n s i t i v i t y  o f  t h e  m o d i f i e d  a m p l i f i e r ,  which may be 

d e f i n e d  a s  t h e  mV o u t p u t  p e r  c h a r g e  i n p u t  i n  coulombs,  was 

d e t e r m i n e d  e x p e r i m e n t a l l y  a s  f o l l o w s ,  A L yo n ’ s p u l s e  g e n e r a t o r ,  

t y p e  PG 73N, was u se d  t o  p r o v i d e  a s i g n a l  on a double-beam  

o s c i l l o s c o p e ;  t h e  o t h e r  s i g n a l  was p ro d u c e d  by t h e  p r e - a m p l i f i e r  

o u t p u t .  Thus t h e  two mV s i g n a l s  c o u ld  be compared d i r e c t l y .

The r e s u l t  w a s : -

The i n p u t  was f e d  i n t o  t h e  1 pF t e s t  i n p u t  c a p a c i t o r ;  t h u s

—19q = 1 * 6  x 1 0  coulombs f o r  an i o n  p a i r

c = I p P  = 10- 1 2 Farad  s

X  106  |iV

= 0*16 p,V/ion p a i r

I n p u t  400 mV, O u tpu t  12 mV.



Diagram 26. 

Original preamplifier circuit.

107a.
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Diagram 27. 

Modification to preamplifier.

107b.
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FET protection circuit.



t h e  c h a r g e  i n p u t  was q = 0 -4  x 1012 coulombs.

The s e n s i t i v i t y  = 12 mV p e r  0 -4  x 1CT12 coulombs

-  0*0048 pV p e r  i o n  p a i r .

The o r i g i n a l  v a lu e  was 0*16 pV p e r  i o n  p a i r .  Thus i t  may 

be se en  t h a t  t h e r e  was a c o n s i d e r a b l e  l o s s  o f  s e n s i t i v i t y  when 

t h e  FET p r o t e c t i o n  c i r c u i t  was i n t r o d u c e d .

5*4» 3 Gas—M u l t i p l i c a t i o n  F a c t o r  from C a l i b r a t i o n  E x p e r im e n t s

The g a s  m u l t i p l i c a t i o n  f a c t o r  f o r  t h e  c o u n t e r  c o u ld  now be 

c a l c u l a t e d  a s  f o l l o w s .

Io n  p a i r s  p ro d u c e d  by 2^^Am y - r a y  ~  804.

. . Charge r e l e a s e d  = 804 x 1 -6  x 10” coulombs

The o u t p u t  p u l s e  was m easu red .  I t  was found  to  be a b o u t  

0 • 24 mV.

. . M u l t i p l i c a t i o n  f a c t o r  = ------- ft.-P. ^  5 0 .
12 x 804 x 1 -6  x 10~1J

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

f o r  a  c o u n t e r  o f  t h e  g i v e n  d im e n s io n s  o p e r a t i n g  a t  a tm o s p h e r ic  

p r e s s u r e .

5*4*4 G - a s - M u l t i p l i c a t i o n  F a c t o r  by C a l c u l a t i o n

An a l t e r n a t i v e  a p p ro a c h  t o  d e t e r m i n a t i o n  of  a m u l t i p l i c a t i o n  

f a c t o r  i s  a s  f o l l o w s .

I f  i t  was assumed t h a t  a 60 keV y - r a y  gave  a l l  o f  i t s  

e n e rg y  t o  t h e  g a s  f i l l i n g  i n  t h e  c o u n t e r  and i f  30 eV was t a k e n  

a s  t h e  e n e rg y  r e q u i r e d  t o  p ro du ce  an i o n  p a i r  t h e n  6 0 ,0 0 0 /3 0  = 

2000 i o n  p a i r s  would be c r e a t e d .



Thus t h e  amount o f  c h a rg e  c o l l e c t e d  would be

2000 x 1 -6  x 10” 19C 

= 3 -2  x K T 1 6 C.

By c a l i b r a t i o n  th e  o u t p u t  p u l s e  i s  known to  be a b o u t  

0*24 mV. T h i s  i s  e q u i v a l e n t  to  a  c h a rg e  i n p u t  o f

— - ^  1 0  1 2  X 0 -2 4  = 8  X X0“ 1 5 C.

—15
Thus t h e  m u l t i p l i c a t i o n  f a c t o r  = — = 2 5 .

3-2  x l ( T i b

5*4*5 C o n c lu s io n

The two m u l t i p l i c a t i o n  f a c t o r s ,  60 and 25,  i n d i c a t e  w i t h o u t  

d o ub t  t h a t  a  s i n g l e  e l e c t r o n  e m i t t e d  i n  an e x o - e l e c t r o f i  p r o c e s s ,  

even i f  i t  was g a s - m u l t i p l i e d  60 t i m e s ,  would n o t  g iv e  an o u t p u t  

from t h e  p r e a m p l i f i e r  which  c o u ld  be r e c o r d e d .

The a c t u a l  o u t p u t  ( u s i n g  x 6 0 )  would be 0*0048 x 60 = 

0*0288 jaV. I t  i s  n o t  c l e a r  w h e th e r  t h i s  i m p o r t a n t  p o i n t  h a s  

been  i g n o r e d  i n  o t h e r  p a p e r s  on e x o - e l e c t r o n  c o u n t i n g .

5*5 E nergy  S p e c t r a

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

e v i d e n t  t h a t  s i n g l e  e l e c t r o n s  were n o t  b e in g  coun ted ,  i t  was t h e n  

n e c e s s a r y  t o  f i n d  an e x p l a n a t i o n  f o r  t h e  a p p e a ra n c e  o f  p e ak s  i n  

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

e x o - e l e c t r o n s  were b e in g  c o u n te d .

The b a s i c  p r o p o s a l  which had to  be examined was w h e th e r  o r  

n o t  d u r i n g  a f a s t  e m is s io n  o f  exo—e l e c t r o n s  t h e  a m p l i f i e r — 

d e t e c t o r  sys tem  i n  some way i n t e g r a t e d  e l e c t r o n —prod u ced  s i g n a l s



110.

t o  g i v e  a  p u l s e d  o u t p u t  o f  a p p a r e n t l y  h i g h e r  en e rg y .

I t  w i l l  be shown i n  t h e  n e x t  s e c t i o n  t h a t  t h e  s c a l e r  and 

c h a r t  r e c o r d e r  sy s tem s  showed a t r u e  j>ulse r e c o r d  w hereas  t h e  

* s p e c t r a '  o b t a i n e d  w i t h  t h e  Laben S p e c t r a s c o p e  a r o s e  from o t h e r  

c a u s e s ,

5*5*1 E nergy  S p e c t r a

241Whereas t h e  spec t ru m  o b t a i n e d  from Am on t h e  Laben 

S p e c t r a s c o p e  showed an e x p e c te d  maximum en ergy  i n  say  c h a n n e l  

328,  i t  was p o s s i b l e  to  f i n d  e x o - e l e c t r o n  s p e c t r a  w i t h  maxima 

beyond t h i s  c h a n n e l  number. For example ,  c o u n t s  were a c c u m u la te d  

o v e r  p e r i o d s  o f  0*5 min a t  s e v e r a l  s t a g e s  w h i l e  P t  w i r e  5 c o o le d  

i n  h y d ro g en  a f t e r  b e in g  h e a t e d  i n  n i t r o g e n .  Between 4*0-4*5 min 

and 9 *0 - 9 * 5  min a f t e r  t h e  c u r r e n t  was s w i tc h e d  o f f ,  peak s  

a p p e a r e d  i n  c h a n n e l s  356 and 372 r e s p e c t i v e l y .  The c o r r e s p o n d i n g  

anode v o l t a g e s  were 1 * 8  and 2*1 kV ( s e e  Appendix 2 1 ) .

No r e a s o n a b l e  p r o c e s s  e f f e c t i n g  c h e m i c a l l y  s t i m u l a t e d  

e m i s s i o n  from p l a t i n u m  c o u ld  p ro d u ce  e l e c t r o n s  o f  ene rg y  g r e a t e r  

t h a n  60 keV: i n  f a c t  e n e r g i e s  o f  a ro u n d  0*025 -  1 eV would have

been  e x p e c t e d  f o r  e x o - e l e c t r o n s .

I t  was t h e r e f o r e  d e c i d e d  to  i n j e c t  low en e rg y  w h i t e  n o i s e  

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

I n i t i a l l y  n o i s e  was g e n e r a t e d  i n  a  fo rw a rd  b i a s e d  d iod e  

sy s te m .  A f t e r  a m p l i f i c a t i o n  t h e  s i g n a l  was f e d  d i r e c t l y  i n t o  t h e

Forward  b i a s e d  d io d e  system
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Laben p u l s e  h e i g h t  a n a l y s e r  and a spec t rum  o f  t h e  form shown i n  

Laben Spec trum  9 ,  page 111a was o b t a i n e d  a s  would be e x p e c te d  

from such  a s o u r c e .

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

t h e  p u l s e  sh a p in g  equ ipm ent  and i n t o  t h e  Laben S p e c t r a s c o p e .  

S p e c t r a  were o b t a i n e d  o f  t h e  form shown i n  Laben Spectrum 10, 

page  l l l a # These s p e c t r a  showed a h i g h  en e rg y  peak .

N ex t  p u l s e s  from a L y o n ' s  p u l s e  g e n e r a t o r ,  t y p e  PG 73N, 

h a v in g  a d j u s t a b l e  p u l s e  h e i g h t  and w id th  were i n j e c t e d  i n t o  t h e  

o v e r a l l  sy s tem .  I t  was found  t h a t  p u l s e s  whose w id th  f e l l  

w i t h i n  t h e  r a n g e  7  t o  1 0  p.s gave s p u r i o u s  s p e c t r a  a s  shown i n  

Laben Spec trum  1 1 , page  1 1 1 b, F u r t h e r  a n a l y s i s  showed t h a t  

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

may be se en  from f i g  25, page 1 1 1 b t h a t  t h e  w i d t h  o f  p u l s e s  

w hich  do n o t  have  an i n f i n i t e l y  f a s t  r i s e  t im e  i s  a f f e c t e d  by 

t h e  back  b i a s i n g .

Thus i f  a  number o f  low en e rg y  p u l s e s  have a  p u l s e  w id th  

w hich  f a l l s  be tw een  7 - 1 0  \xs a f t e r  back b i a s i n g  t h e y  can form an 

a p p a r e n t  h i g h  e n e rg y  peak .

P u l s e s  were f e d  i n t o  t h e  p r e a m p l i f i e r  and th r o u g h  to  th e  

d i g i t a l  r a t e m e t e r  o f  t h e  SR5 and th e  pen r e c o r d e r  which r e c o r d s  

what a p p e a r s  on t h e  r a t e m e t e r ,  see  T ab le  VI, page  1 1 1 c. There 

was found  t o  be good ag reem en t  be tween t h e  i n p u t  r a t e  t o  t h e  

p r e a m p l i f i e r  and what a p p e a re d  on t h e  d i g i t a l  r a t e m e t e r .  The 

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

t h r o u g h  t h e  N u c l e a r  E n t e r p r i s e s  p u l s e  sh ap in g  equ ipm ent .  Thus 

t h e  c h a r t  r e c o r d e r  and t h e  s c a l e r - r a t e m e t e r  sys tem s  p r o v i d e d  a 

t r u e  p u l s e  r e c o r d  and t h e s e  r e s u l t s  c o u ld  be u se d  t o  i n d i c a t e



Laben Spectrum 9. 111a.

Spectrum which resulted when white noise
w a s  fed directly into the Laben pulse-height 
analyser.

C o u n ts / 
channel

Spectrum which resulted when white noise  
was fed into the preamplifier through the 
pulse shaping equipment and into the Laben 
Spectrascope.

Channel number (A 0 0  channels)

Laben Spectrum 10.

Counts / 
channel.

- 1, 100,000 counts 
accumulated.

Dead time 80%.

Channel number(AOOchannels)



Laben Spectrum 11
111b.

Spectrum obtained when pulses w h ose  
width fell in the range 7—1Qjus were injected 
into the overall system .

Counts / 
channel.

Channel number(400 channels)

figure 25.

width

-------------------- Back bias

To show that the width of a pulse which 
does not have an infinitely fast  rise time 
is affected by the back biasing.



Table VI

P u l s e  r a t e  from  

p u l s e  g e n e r a t o r

(p p s )

100

1000

10000

c o u n t - r a t e  on  

D i g i t a l  R a tem eter

( c p s )

93

956

14600

The p en  r e c o r d e r  r e c o r d s  w h at a p p e a r s  on  th e  

r a t e m e t e r .



r e l i a b l y  i n c r e a s e d  e m is s io n  from t h e  p l a t i n u m  f i l a m e n t .
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C h a p te r  6  

DISCUSSION I I  RESULTS

6*0 INTRODUCTION

I n  C h a p te r  5 t h e  mode of  o p e r a t i o n  o f  t h e  e x o - e l e c t r o n  

d e t e c t o r  d e v e lo p e d  by us  was i n v e s t i g a t e d . ' S e v e r a l  i m p o r t a n t  

p o i n t s  emerged.

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

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

t o  t h e  a n o d e ,  see  f i g  24, page 9 9 a .  T h i s  meant  t h a t  t h e  

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

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

2 . The f i e l d  g r a d i e n t  a t  an i n f i n i t e l y  sm a l l  d i s t a n c e  from t h e

p l a t i n u m  w i r e  was f o u n d  by c a l c u l a t i o n  to  be a b o u t  1 3 x 1 0  V

cm*“^ f o r  t h e  i d e a l  c a s e  o f  a  smooth w i r e .  T h i s  was too  low to

c a u s e  s i g n i f i c a n t  f i e l d  e m is s io n  from t h e  w i r e ,  f o r  which  a  f i e l d
7 —1o f  t h e  o r d e r  o f  1 0  V cm would have been r e q u i r e d  t o  e f f e c t  

e l e c t r o n  r e l e a s e  a t  room t e m p e r a t u r e .  The f i e l d  g r a d i e n t  was 

a l s o  to o  low t o  b r i n g  a b o u t  g a s  m u l t i p l i c a t i o n  o f  an e l e c t r o n  i n  

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

i n  t h e  r e g i o n  o f  t h e  anode .  At most  a s l i g h t  enhancement o f  

e l e c t r o n  e m is s io n  m ig h t  be o b t a i n e d  due t o  t h e  sm all  l o w e r in g  o f  

t h e  work f u n c t i o n  o f  t h e  p l a t i n u m  s u r f a c e  ( ~ 0 * 0 5  eV) o r  t o  th e  

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

Below 500°C no s i g n i f i c a n t  t h e r m a l  e l e c t r o n  e m is s io n  c u r r e n t  

was p r e d i c t e d ,  y e t  t h e  r e s u l t s  p r e s e n t e d  i n  C h a p te r  4 c l e a r l y  

i n d i c a t e  h i g h  l e v e l s  o f  p u l s e d  e m is s io n  w e l l  below normal



t h e r m i o n i c  e m is s io n  t e m p e r a t u r e s .

3* The g a s  m u l t i p l i c a t i o n  f a c t o r  l a y  i n  t h e  range  2 5 - 6 0 , which 

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

c o u n t e r  o f  t h e  g iv e n  d im e n s io n s  o p e r a t i n g  a t  one a tm o sp h e re .

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

e l e c t r o n s  e m i t t e d  from t h e  p l a t i n u m  w i re  c o u ld  n o t  be cou n te d  

s i n g l y .  N e v e r t h e l e s s ,  s i n c e  an e m is s io n  r a t e  was b e in g  

m e a su re d ,  i t  was shown t h a t  a l l  t h e  r e s u l t s  which  were r e c o r d e d  

by t h e  pen r e c o r d e r  were v a l i d .  ’P a c k e t s ' o f  low e n e rg y  e l e c t r o n s  

were b e in g  c o u n te d  and an e m is s io n  peak  i n  a c o o l i n g  c u rv e  

r e l i a b l y  i n d i c a t e d  an i n c r e a s e  i n  e m is s io n  r a t e  from t h e  

p l a t i n u m  w i r e .

Thus i t  was d e m o n s t r a t e d  i n  C h a p te r  5 t h a t  t h e  c o n f i g u r a t i o n  

o f  t h e  c o u n t i n g  sys tem  was s a t i s f a c t o r y .  With t h i s  d e t e c t o r  i t  

was p o s s i b l e  to  s tu d y  t h e  e l e c t r o n  e m is s io n  from a p l a t i n u m  w ire  

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

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

c o u n t i n g  g a s .

I t  was p o s s i b l e  to  s tu d y  e m is s io n  o v e r  a  wide t e m p e r a t u r e  

ra n g e  s i n c e  t h e  d e t e c t o r  c o u n te d  ’p r o p e r l y '  even when th e  

p l a t i n u m  was h e a t e d  t o  9 0 0 °C, I t  was shown t h a t  p r o lo n g e d  

h e a t i n g  e . g .  4 5  min, o f  t h e  p l a t i n u m  w i re  a t  such a t e m p e r a t u r e  

o n l y  r a i s e d  t h e  t e m p e r a t u r e  o f  t h e  c a th o d e  t o  a bou t  300°C; see 

C h a p te r  3 . 8 .

S in c e  t h e  c h a r a c t e r i s t i c s  o f  d e t e c t o r  5 were ’e s t a b l i s h e d ’ 

s a t i s f a c t o r i l y  i n  C h a p te r  5, i t  t h e n  became p o s s i b l e  i n  C h a p te r  6  

t o  c o n s i d e r  t h e  e m is s io n  r e s u l t s  o b t a i n e d  w i t h  t h i s  sys tem .  

E x p l a n a t i o n s  a r e  r e q u i r e d  t h e r e f o r e  o f  e l e c t r o n  e m is s io n  and o f
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t h e  g ro w th  and decay  o f  t h e s e  e m i s s io n s .

6 * 1  P r e v i o u s  O b s e r v a t i o n s

6 *1 * 0  P r i n c i p a l  F e a t u r e s  o f  E m iss ion

The main f e a t u r e s  o f  t h e  e x p e r im e n t s  which  r e q u i r e  i n t e r ­

p r e t a t i o n  a r e  t h e  f o l l o w i n g .

( a )  E m is s io n  p eak s  were o b s e r v e d ,  f o r  example ,  a t  20, 45 ,  56°C

w hich  c o r r e s p o n d  to  293, 318 and 3 2 9 K. For  a t e m p e r a t u r e  of

329IC, t h e  R ic h a r d s o n  e q u a t i o n  would have p r e d i c t e d  an e m is s io n
—80c u r r e n t  I ~ 6 x 10 Amp.

(b)  P l a t i n u m  w i r e s ,  a f t e r  c e r t a i n  p r e t r e a t m e n t s ,  y i e l d e d  

c o o l i n g  c u r v e s  i n  v a r i o u s  g a s e s .

V h e re a s  a smooth decay  o f  e l e c t r o n  e m is s io n  m igh t  have been 

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

e m i s s io n  t h e n  a s u c c e s s i o n  of  g ro w th s  and d e ca y s  i n  e l e c t r o n  

e m i s s io n .

6 *1 * 1  L i t e r a t u r e  Survey

F i r s t  t h e  l i t e r a t u r e  d e a l i n g  w i t h  e x o - e l e c t r o n  e m is s io n  

phenomena was e v a l u a t e d  t o  d e te r m in e  w h e th e r  any common f a c t o r  

e x i s t e d .  From t h i s  r e a d i n g  t h e  f o l l o w i n g  p r o p o s i t i o n  may be 

o f f e r e d .

Exo—e l e c t r o n  e m is s io n  a lw ays  accom panied  t h e  making o r  

b r e a k i n g  o f  bonds a t  a  s u r f a c e .

T h i s  p r o p o s i t i o n  emerges b ecause  t h e  f o l l o w i n g  f e a t u r e s  

became e v i d e n t .



( a )  C h e m is o r p t io n  upon a c l e a n  s u r f a c e  p ro d uced  exo—e l e c t r o n s .

F o r  example  Kasemo and Wallden (114) o b se rv e d  e l e c t r o n  e m is s io n  

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

by e v a p o r a t i o n  i n  u l t r a  h ig h  vacuum c o n d i t i o n s ,  and l a t e r  ( 1 3 8 ) ,  

d u r i n g  t h e  c h e m i s o r p t i o n  of  c h l o r i n e ,  bromine o r  i o d i n e  on 

sodium f i l m s .  L o h f f  (23)  and Vus tenhagen  ( 2 5 ) ,  ( 2 6 ) found  an 

e m i s s i o n  o f  e x o - e l e c t r o n s  from m e ta l  f i l m s  p r e p a r e d  by vacuum 

e v a p o r a t i o n .  The e m is s io n  k i n e t i c s  depended on t h e  r e s i d u a l  

g a s  p r e s s u r e  o f  the  a p p a r a t u s .

(b)  Expo s u re  o f  f r e s h  m e ta l  t h r o u g h  a b r a s i o n  may l e a d  to- t h e  

c r e a t i o n  o f  c h e m i s o r p t i o n  s i t e s .  Ramsey ( 2 4 ) ,  (27 -30)  d e m o n s t r a t e d  

t h a t  a d s o r p t i o n  o f  w a t e r  v a p o u r  and oxygen on f r e s h l y  a b ra d e d  

a lum in ium  e f f e c t e d  e x o - e l e c t r o n  e m is s io n .  ( r e s e l l  and c o -w o rk e r s  

( 3 6 ) ,  (37)  o b s e r v e d  e l e c t r o n  e m is s io n  i n  t h e  d a rk  from a b ra d e d  

magnesium d u r i n g  e x p o su re  to  oxygen and w a t e r  v a p o u r .  G e l ’man

e t  a l  ( 3 8 ) ,  ( 3 9 ) a l s o  r e c o r d e d  e x o - e l e c t r o n  e m is s io n  d u r i n g  t h e  

a i r  o x i d a t i o n  of  a b r a d e d  magnesium w h i l e  Okamoto, Sato  and 

Ohash i  ( I T ) i n v e s t i g a t e d  t h e  d i f f e r i n g  e x o -e m is s io n  c h a r a c t e r ­

i s t i c s  o f  a b r a d e d  i r o n  which  had p r e v i o u s l y  been a n n e a le d  i n  

vacuum o r  i n  an a tm o sp h e re  o f  hydrogen .

Kramer (139) h a s  shown t h a t  a f t e r  m e c h a n ic a l  d i s i n t e g r a t i o n  

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

p o t a s s i u m  o r t h o c l a s e ,  gave r i s e  t o  exo—e l e c t r o n  e m is s io n  a t  

room t e m p e r a t u r e  which d ecayed  i n  a manner s i m i l a r  to  th e  e m is s io n  

o b s e r v e d  from m e t a l s  a b ra d e d  a t  room t e m p e r a t u r e  i n  a i r .

( c )  F r e s h  s i t e s  on a  s u r f a c e  can be c r e a t e d  by t h e  p r o d u c t i o n  

o f  d e f e c t s  and b o u n d a r i e s .
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One method by which such an e f f e c t  may be p ro du ced  i s  t h e  

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

Fo r  example ,  Su jak  and h i s  group  (4 7 -5 6 )  and A r n o t t  and 

Ramsey (57)  i n v e s t i g a t e d  t h e  e l e c t r o n  e m is s io n  from a n o d i c a l l y  

o x i d i s e d  a lum in ium  s u b j e c t e d  to  p l a s t i c  d e f o r m a t i o n .

Vhere  o x id e  t h i c k n e s s  was l e s s  t h a n  a b o u t  45 nm, b o th  g ro u p s  

found  a p r e s s u r e - d e p e n d e n t  photo  s t i m u l a t e d  e m is s io n ,  s i m i l a r  to  

t h a t  from a b ra d e d  m e t a l s ,  b u t  i n  t h i s  c a s e  f r e s h  m e ta l  was 

e x p o sed  by s l i p  p e n e t r a t i n g  t h e  o x id e  f i l m  o r  by specimen 

b r e a k a g e .

Vhen o x id e  t h i c k n e s s  was g r e a t e r  t h a n  45 nm (57) -  60 nm 

(56)  e m i s s io n  o c c u r r e d  i n  th e  d a rk .  M i c r o s c o p i c a l l y  t h e r e  was 

no s i g n  o f  s l i p  b u t  t h e  f o r m a t io n  and p r o p a g a t i o n  of  c r a c k s  i n  

t h e  o x id e  was o b s e r v e d .  A r n o t t  and Ramsey (57) p ro p o se d  t h a t  

t h i s  was r e s p o n s i b l e  f o r  t h e  d a rk  e m is s io n .

Meleka  and B a r r  (42) c o n f i r m e d  t h a t  e x o - e l e c t r o n  e m is s io n  

from s t r a i n e d ,  s i n g l e  z in c  c r y s t a l s  o r i g i n a t e d  from a r e a s  o f  

s l i p .  L a rg e  s l i p  d i s p l a c e m e n t s  p ro d u ce d  c o n t i n u o u s  b l a c k  l i n e s  

on a  p h o t o g r a p h i c  em u ls io n  i n  c o n t a c t  w i t h  t h e  m e t a l .  I t  was 

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

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

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

p i t s  found  a lo n g  t h e  s l i p  l i n e s  o f  z in c  s i n g l e  c r y s t a l s .

Thus e m is s io n  may o r i g i n a t e  from p o i n t s  where d i s l o c a t i o n s  

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

B a x t e r  ( 6 2 ) ,  (63) c o n f i rm ed  t h a t  e x o - e l e c t r o n  e m is s io n  

o r i g i n a t e d  i n  c r a c k s  i n  t h e  s u r f a c e  o x id e  o f  aluminium s u b j e c t e d  

t o  c y c l i c  s t r e s s  w h i l e  Rabinowicz (65) has  o b se rv e d  e l e c t r o n



e m i s s i o n  from s t e e l  b a l l - b e a r i n g s  a s  f a t i g u e  c r a c k s  d e v e lo p e d .

M in t s  and K o r to v  ( 6 l )  showed t h a t  f o r  t h e  same l e v e l  of  

a p p l i e d  c y c l i c  s t r e s s  t h e  r e s u l t a n t  e x o - e m is s io n  from a u s t e n i t i c  

s t e e l s  o f  v a r i o u s  c o m p o s i t i o n s  dex>ended on t h e  c o m p o s i t i o n .  In  

e ac h  c a s e  some o f  t h e  m e c h a n ic a l  en e rg y  went to  t h e  f o r m a t io n  

o f  d e f e c t s  a t  t h e  s u r f a c e  and t h e  more d e f e c t s  g e n e r a t e d ,  a s
C l-  h |  CX < O Q  d

i n d i c a t e d  by t h e  i n c r e a s e  i n  s u r f a c e  m ic r o h a r d n e s s  and t h e  

i n t e r n a l  f r i c t i o n ,  t h e  g r e a t e r  t h e  o b s e r v e d  e m is s io n .

I o n i s i n g  r a d i a t i o n  may a l s o  damage c r y s t a l  s t r u c t u r e  ( 1 4 0 ) ,  

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

h o l e s  and i n t e r s t i t i a l s  may be formed.  For  example,  much work 

h a s  been  done on t h e  a p p l i c a t i o n s  f o r  d o s i m e t r y  o f  exo—e m i t t e r s  

such  a s  b e r y l l i u m  o x id e  ( 9 4 ) ,  (95) w h ich ,  a f t e r  s u i t a b l e  p r e ­

t r e a t m e n t  shows a l i n e a r  r e s p o n s e  t o  a ,  (3, y  and n e u t r o n  

i r r a d i a t i o n .

A f t e r  i r r a d i a t i o n  t h e  sample i s  g e n e r a l l y  h e a t e d  to  p roduce  

t h e r m a l l y - s t i m u l a t e d  e x o - e l e c t r o n  glow c u r v e s  from which  in fo rm a ­

t i o n  may be o b t a i n e d  a b o u t  t h e  n a t u r e  o f  t h e  i n c i d e n t  r a d i a t i o n  

( 9 3 ) ,  ( 9 5 ) ;  see  a l s o  ( 4 1 ) .

(d )  E x o - e l e c t r o n  e m is s io n  may a l s o  accompany d e s o r p t i o n  of  

s p e c i e s  from a s u r f a c e .  F o r  example ,  K ry lo v a  (40) and 

RakhmatuEina and K ry lo v a  (104) o b s e r v e d  maxima o f  e l e c t r o n  

e m i s s io n  d u r i n g  t h e  h e a t i n g  o f  s e v e r a l  o x i d e s .  Each e m is s io n  

maximum c o r r e s p o n d e d  to  a maximum of  t h e r m a l  d e s o r p t i o n .  In  

g e n e r a l  t h e  s p e c i e s  d e so rb e d  were oxygen and w a t e r .  E u l e r ,  

K r i e g s e i s  and Scharmann ( 4 l )  found  t h a t  oxygen a d s o r p t i o n  c e n t r e s  

were  a c t i v e  f o r  exo—e l e c t r o n  e m is s io n  from b e r y l l i u m  o x id e .

Thus e x o - e l e c t r o n  e m is s io n  accompanying t h e r m a l  d e s o r p t i o n



119.

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

D e s o r p t i o n  o f  s p e c i e s  a d s o r b e d  on th e  s u r f a c e  a s  a sample

i s  h e a t e d  i s  an a c c e p t e d  phenomenon and i t  forms t h e  b a s i s  o f

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

McCabe and Schmidt (141) s t u d i e d  th e  a d s o r p t i o n  o f  hydrogen and

c a r b o n  monoxide on c l e a n  and o x i d i s e d  p l a t i n u m  by t h e  f l a s h

d e s o r p t i o n  method, w h i l e  V i l f  and Dawson (142) i n v e s t i g a t e d  th e

a d s o r p t i o n  and d e s o r p t i o n  of  n i t r o g e n  on a p l a t i n u m  f i l m  by

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

A l th o u g h  t h e s e  i n v e s t i g a t i o n s  were c a r r i e d  o u t  a t  low

p r e s s u r e ,  V i l f  and Dawson worked a t  a maximum expo su re  of  
- 4

2  x 1 0  t o r r  s e c ,  i t  seems r e a s o n a b l e  to  p ro p o se  t h a t  when a 

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

t h e r m a l  d e s o r p t i o n  w i l l  o c c u r ,  and i t  sh o u ld  be accompanied by 

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

p r e s e n t  work, see  Appendix  15 f o r  examples, c o n f i rm  t h i s .

( e )  E x o - e l e c t r o n  e m is s io n  may a l s o  be o b s e r v e d  d u r in g  c a t a l y s e d  

c h e m ic a l  r e a c t i o n s ,  where a d s o r p t i o n  and d e s o r p t i o n  p ro c e e d  

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

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

F o r  example ,  Sa to  and Seo (102) found  t h a t  t h e  r a t e  of  

e m i s s io n  o f  e x o - e l e c t r o n s  from a s i l v e r  c a t a l y s t  was p r o p o r t i o n a l  

t o  t h e  r a t e  o f  f o r m a t i o n  o f  e th y l e n e  o x id e .

S u ja k ,  G oreck i  and B i e r n a c k i  (105) o b s e rv e d  a  maximum em iss io n  

i n t e n s i t y  from a z in c  o x id e  c a t a l y s t  a t  a t e m p e r a t u r e  o f  570K. 

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

r a n g e .  Hoenig and Tam jid i  (112) o b s e r v e d  e x o -e m is s io n  d u r in g



t h e  c a t a l y t i c  o x i d a t i o n  o f  ca rb o n  monoxide, hydrogen o r  ammonia 

on h o t  p l a t i n u m .  They found  t h a t  t h e  exo—e l e c t r o n  c u r r e n t  was 

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

e n h a n c in g  t h e  exo—e l e c t r o n  e m is s io n  d e c r e a s e d  o r  i n c r e a s e d  t h e  

r a t e  o f  r e a c t i o n .

( f )  F i n a l l y  i t  was n o t e d  t h a t  e x o - e l e c t r o n  e m is s io n  d i d  n o t  

o c c u r  u n d e r  UHV c o n d i t i o n s ,  where t h e  r e s i d u a l  p r e s s u r e  o f  th e  

vacuum a p p a r a t u s  was l e s s  t h a n  1 0  ^ t o r r .  The o n ly  e x c e p t i o n  

was fo u n d  f o r  l i t h i u m  f l u o r i d e  whose e l e c t r o n  e m is s io n  a f t e r  

X - i r r a d i a t i o n  was r e l a t i v e l y  i n d e p e n d e n t  o f  p r e s s u r e .  In  t h i s  

c a s e  t h e  s u r f a c e  s t a t e s  r e s p o n s i b l e  f o r  e m is s io n  were n o t  

s o r p t i o n  s t a t e s .

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

a d s o r b e d  s p e c i e s  from th e  s u r f a c e  ( l 4 l ) ,  (142) t h e n  a l l o w i n g  i t  

t o  c o o l  from h i g h  t e m p e r a t u r e s  i n  a g a s  sho u ld  l e a d  to  

a d s o r p t i o n .

Thus t h e  e x o - e l e c t r o n  e m is s io n  r e s u l t s  p r e s e n t e d  i n  

C h a p te r  4 w i l l  be i n t e r p r e t e d  i n  t e r m s  o f  c h e m is o r p t i o n .  In  t h i s  

s tu d y  i t  a p p e a r e d  t h a t  a d s o r p t i o n  o f  the  g a s e s  i n  which th e  

p l a t i n u m  w i r e s  were c o o le d  p r o v i d e d  t h e  common f a c t o r  which 

emerged from t h e  l i t e r a t u r e  and from t h e  system p r e s e n t e d  i n  

C h a p t e r s  3 , 4  and 5 i . e .  t h e  n e c e s s i t y  f o r  th e  making and 

b r e a k i n g  o f  bonds.

E v id e n ce  w i l l  a l s o  have to  be c o n s i d e r e d  f o r  t h e  c r e a t i o n  

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

6*2 I n t e r p r e t a t i o n  o f  t h e  R e s u l t s

6*2*0 B e fo re  i t  i s  p o s s i b l e  to  e x p l a i n  t h e  e x o - e l e c t r o n
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r e s u l t s  o b t a i n e d  by th e  p r e s e n t  a u t h o r  i n  t e rm s  of  c h e m i s o r p t i o n  

p r o c e s s e s  i t  was n e c e s s a r y  t o  show t h a t  no o t h e r  e f f e c t  

c o n t r i b u t e d  to  t h e  o b s e r v e d  e m is s io n .

O t h e r  f a c t o r s  which  m igh t  have c o n t r i b u t e d  t o  t h e  o b s e rv e d  

e f f e c t  were f i e l d  e m is s io n  and e m is s io n  due to  th e  p r e s e n c e  o f  

c a r b o n  a s p e r i t i e s  o r  o t h e r  h ig h  p o i n t s  on t h e  w i r e .

6 *2 * 1  F i e l d  E m iss ion

I t  was d e m o n s t r a t e d  i n  C h a p te r  5 b o th  by f i e l d  p l o t t i n g  

m ethods  and by d i r e c t  c a l c u l a t i o n  t h a t  th e  f i e l d  a t  an i n f i n i t e l y  

sm a l l  d i s t a n c e  from t h e  p l a t i n u m  w i re  was two o r d e r s  o f  magni­

t u d e  to o  sm a l l  to  p e r m i t  s i g n i f i c a n t  f i e l d  e m is s io n .

6*2*2 C a r b i d i n g  o f  t h e  P l a t i n u m  Wire

I t  h a s  a l r e a d y  been p o i n t e d  o u t  i n  C hap te rs  3 and 4 t h a t ,  

w i t h  t h e  e x c e p t i o n  o f  n i t r o g e n  and hydrogen ,  no s t r u c t u r e  was 

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

had been  h e a t e d  i n  Q g a s  (90$ Ar,  10$ CH^); see  Appendix 16. 

I n t r o d u c t i o n  c u r v e s  o b t a i n e d  b e f o r e  and a f t e r  exposu re  o f  w i re  3 

t o  m ethane  a r e  a l s o  shown. The d i f f e r e n c e s  h e re  a r e  l e s s  

p ro n o u n ce d .  However, t h e s e  r e s u l t s  a r e  n o t  so r e l i a b l e  s in c e  

t h e y  may o n ly  be a r e f l e c t i o n  o f  t h e  d i f f e r i n g  e l e c t r o n e g a t i ­

v i t i e s  o f  t h e  g a s e s .

A f t e r  w i r e  3 was h e a t e d  i n  methane t h e  same a p p l i e d  v o l t a g e  

p ro d u c e d  a s m a l l e r  c u r r e n t  and th e  w i r e  glowed r e d .  The e l e c t r o n  

e m i s s io n  from th e  w i re  i n c r e a s e d  s i n c e  i t s  t e m p e r a t u r e  had 

i n c r e a s e d .  However, i t  was o n ly  a f t e r  t h i s  p l a t i n u m  f i l a m e n t  

was s u b s e q u e n t l y  exposed  t o  a i r  a t  room t e m p e r a t u r e  t h a t  c o o l i n g



c u r v e s  became s t r u c t u r e d  and i n t r o d u c t i o n  and c o o l i n g  c u r v e s  

s t a r t e d  to  r e s e m b le  t h o s e  o b t a i n e d  w i t h  w i re  1 . H e a t in g  w i re  3 

i n  p u r e ,  d r i e d  oxygen a f t e r  t h e  i n i t i a l  exp osu re  to  methane was 

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

e x p o s u re  to  a i r  was e s s e n t i a l .  T h is  r a i s e s  t h e  q u e s t i o n  of  

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

e f f e c t .

A f t e r  t h e  w i r e  had been exposed  to  a i r ,  t h e  c u r r e n t  which 

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

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

a g a i n .

H e a t in g  a p l a t i n u m  w i re  i n  t h e  p r e s e n c e  of  methane  i s  a 

p r o c e s s  l i k e l y  to  p ro d u ce  ca rb o n  d e p o s i t i o n  on p l a t i n u m .  For  

example  T e s n e r  and R a f a l ' k e s  (143) d e m o n s t r a t e d  t h a t  i f  p l a t i n u m  

was h e a t e d  i n  a f lo w  o f  C H ^ / ^  to  t e m p e r a t u r e s  i n  t h e  range  

700-1000°  [ s i c ]  t h e n  c a rb o n  was d e p o s i t e d  on t h e  s u r f a c e .  They 

a l s o  showed t h a t  a s  t h e  amount o f  c a rb o n  on t h e  s u r f a c e  i n c r e a s e d  

t h e  r a t e  o f  d e p o s i t i o n  became f a s t e r .  As w e l l  a s  i n c r e a s i n g  th e  

r e s i s t a n c e  of  th e  w i r e ,  see  4 * 5 * 2 , th e  p r e s e n c e  o f  ca rb on  on th e  

s u r f a c e  would d e c r e a s e  t h e  work f u n c t i o n  o f  t h e  m e t a l ;  see  l a t e r .

I n  a d d i t i o n  t o  t h e  l o w e r in g  o f  t h e  work f u n c t i o n ,  th e  

p o s s i b i l i t y  t h a t  e x p o su re  of  th e  p l a t i n u m  w i re  t o  h y d ro c a rb o n s  

c o u ld  g i v e  r i s e  to  t h e  f o r m a t io n  o f  c a rb o n  a s p e r i t i e s  was 

c o n s i d e r e d , s i n c e  t h i s  c o u ld  l e a d  to  f i e l d  e m is s io n  from t h e s e  

h i g h  p o i n t s .  Growth o f  ca rb o n  'w h is k e r s *  h a s  been o b s e r v e d  by 

R o s t r u p - N i e l s e n  (144) d u r i n g  th e  d e c o m p o s i t io n  o f  methane  and 

c a rb o n  monoxide on s u p p o r t e d  n i c k e l  c a t a l y s t s ,  w h i l e  Baker ,

H a r r i s ,  Thomas and Waite  (145)  i n v e s t i g a t e d  t h e  f o r m a t io n  of



f i l a m e n t o u s  c a rb o n  from i r o n ,  c o b a l t  o r  c h ro m iu m - c a ta ly s e d  

d e c o m p o s i t i o n  of  a c e t y l e n e .

N i c k e l ,  i r o n  and c o b a l t  a re  t h e  most  e f f e c t i v e  c a t a l y s t s  

f o r  p r o d u c t i o n  of c a rb o n  n e a r  700°C w h i le  p l a t i n u m  and o t h e r  

m e t a l s  have a l s o  c a t a l y s e d  ca rb o n  d e p o s i t i o n  a t  h i g h e r  

t e m p e r a t u r e s ;  see  (146) f o r  r e f e r e n c e s .  In  g e n e r a l  no c a rb o n  

f o r m a t i o n  h as  been r e p o r t e d  on p l a t i n u m  below 600°C. However, 

F r y e r  and P a a l  (146) d e m o n s t r a t e d  t h a t  c a rb o n  f i b r e s  were 

p ro d u c e d  on p l a t i n u m  b l a c k  a t  t e m p e r a t u r e s  n o t  e x ce ed in g  36G°C 

a f t e r  e x p o su re  o f  t h e  c a t a l y s t  t o  1 - h e x e n e  and c y c lo h e x e n e .

I n  o r d e r  t o  examine t h e  p o s s i b i l i t y  of  p r o d u c t i o n  of  ca rb o n  

i n  say  a f i l a m e n t o u s ,  form Mr S. O rr  o f  t h e  E n g in e e r i n g  

D ep ar tm en t  o f  Glasgow U n i v e r s i t y  examined a s e c t i o n  o f  w i r e  5 

i n  a P h i l i p s  P. S. E.M. 500 s c a n n in g  e l e c t r o n  m ic ro sc o p e  a f t e r  

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

sample  was i n v e s t i g a t e d  i t  had been h e a t e d  i n  e th y l e n e  and a l s o  

i n  a c e t y l e n e .  These g a s e s  decompose more r e a d i l y  t h a n  methane 

t o  y i e l d  s u r f a c e  c a rb o n  o f  a f i l a m e n t o u s  n a t u r e ;  see  f o r  

example  (145) o r  ( 1 5 8 ) .

There  was no e v id e n c e  f o r  t h e  p r e s e n c e  o f  l a r g e  d e p o s i t s  

o f  c a r b o n  on t h e  s u r f a c e .  Thus i t  was con c lu d ed  t h a t  t h e  exo-  

e l e c t r o n  e m i s s io n  o b s e r v e d  from t h e  p l a t i n u m  w i r e s  was more 

l i k e l y  to  be t h e  r e s u l t  o f  th e  l o w e r in g  o f  t h e  work f u n c t i o n  of  

t h e  p l a t i n u m  due to  t h e  p r e s e n c e  o f  carbon!  c h e m ic a l l y  

s t i m u l a t e d  exo—e l e c t r o n  e m is s io n  m igh t  t h e n  o c c u r  th r o u g h  t h e  

making and b r e a k i n g  o f  ch em ica l  bonds.

I n  r e c e n t  y e a r s  t h e  Low Energy E l e c t r o n  D i f f r a c t i o n  (LESD) 

t e c h n i q u e  has  been u se d  to  s tu d y  a d s o r p t i o n  phenomena.

For  example ,  Som orja i  (147) has  s t u d i e d  t h e  a d s o r p t i o n  o f
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h y d r o c a r b o n s  on p l a t i n u m .  In  e v e ry  c a se  he o b se rv e d  a d e c r e a s e  

i n  work f u n c t i o n  when a d s o r p t i o n  o c c u r r e d .  Some examples  a re  

g i v e n  i n  T ab le  V I I J , page 1 24a .  V a lues  a r e  a l s o  l i s t e d  o f  the  

change  i n  work f u n c t i o n ,  A(j), o f  a p l a t i n u m  s u r f a c e  a f t e r  

a d s o r p t i o n  o f  o t h e r  s p e c i e s .  I t  sh o u ld  be n o t e d  t h a t  th e  

p r e s e n c e  of  a g r a p h i t e  o v e r l a y e r  on p l a t i n u m  lo w e rs  t h e  work 

f u n c t i o n  o f  t h e  P t( lOO) s u r f a c e  by l*0eV and t h a t  o f  t h e  

P t ( l l l )  s u r f a c e  by l * l e V  (1 4 7 ) .

I f  t h e  o b s e r v a t i o n  of' c h e m ic a l l y  s t i m u l a t e d  e x o - e l e c t r o n  

e m i s s io n  has  been made p o s s i b l e  by t h e  i n i t i a l  l o w e r in g  of  t h e  

p l a t i n u m  work f u n c t i o n  due to  t h e  d e p o s i t i o n  o f  ca rb o n  on t h e  

s u r f a c e  t h e n  w h e th e r  o r  n o t  e m is s io n  i s  o b s e r v e d  sho u ld  depend 

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

work f u n c t i o n .  E m iss io n  may be enhanced  o r  d im in i s h e d .

6*3 E l e c t r o n e g a t i v i t y

6 * 3 * 0  The p r o p o s a l  t h a t  c hang es  i n  work f u n c t i o n  p r o v i d e  a 

r e a s o n  f o r  e m i s s io n  can be t e s t e d  by exam ining  t h e  p r e s e n t  

r e s u l t s .

6*3*1 Oxygen

E a r l y  a d s o r p t i o n  work i n d i c a t e d  t h a t  oxygen chem iso rbed  

r e a d i l y  on p l a t i n u m .  Por  example ,  T r a p n e l l  (143) found t h a t  

t h e  s t r e n g t h  of  a d s o r p t i o n  o f  some common g a s e s ,  chem iso rbed  on 

e v a p o r a t e d  f i l m s  o f  p l a t i n u m  a t  room t e m p e r a t u r e  and 3 0  t o r r  

p r e s s u r e ,  d e c r e a s e d  i n  th e  f o l l o w in g  sequence

° 2 >C2H2>C2H4>C0>H2>C02 ~ N2 #
CO2  and N2  d i d  n o t  a d s o r b .

S in c e  t h e n ,  however,  c o n t r a d i c t o r y  r e s u l t s  have been
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T ab le V I I I

A d s o r b a t e  A(j) (eV) T em pera tu re P t  R e fe re n c e  
s u r f a c e

A c e t y l e n e  -1*5
- 1 - 6 5  
- 1 * 8  

- 1  • 65 

-1 * 7

20 °C 
20 °C 

150°C 
20 °C 

150°C

( 1 1 1 )
( i n )
( i n )
( 1 0 0 )
( 1 0 0 ) (147)

E t h y l e n e  (C2 H4 ) -1*5
- 1 - 7
- 1 - 2

-1*5

20 °C 
250°C 

2 0 °C

( 1 1 1 )
( i n )
( 1 0 0 )
( 1 0 0 ) (147)

G r a p h i t i c  o v e r l a y e r  - 1 * 1  
from h e a t i n g  P t  i n  , A 
e t h y l e n e  - 1 *0

950°C ( 1 1 1 )
( 1 0 0 ) (147)

Hydrogen - 0 * 3
-0* 2 3

i n c r e a s e d  t o  +0*25 t h e n  f e l l
- 0 - 3 0

77 K 
150 K 

t o  150 K 
2 5 0  IC

( i l l ) s m o o t h  
( i l l ) s m o o t h  
( i l l ) s t e p p e d  (162) 

(160)

S u lp h u r  - 0 « 7 ( 1 0 0 ) (178)

Methane (CH^) 0 -----1 * 0

( e s t i m a t e d )
20° C see (147)

E th a n e  ( 0 2 ^ )  0 — -1*0
( e s t i m a t e d )

20°C see (147)

B u ta d ie n e  - 1 * 3 — - 2 * 0

( e s t i m a t e d )
20°C see (147)

Oxygen +1•04
+1 - 0

300 K 
400 K p o l y c r y s t .

(155)
( 1 5 6 )

Carbon +0 * 6 8  
Monoxide (CO) +0*23

+0 - 6 8

0

-0*45

f i e l d  e m is s io n  t i p  
e v a p o r a t e d  f i lm  see  
e v a p o r a t e d  f i l m  see

see
RT ( 1 0 0 )

(157)
(.149)
(149)
(149)
(149)

Argon 4 -0*03 - 1 9 6 ° C Ni f i l a m e n t (176)
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o b t a i n e d .  For example ,  Morgan and Som or ja i  (149) found t h a t

oxygen d i d  n o t  a d s o r b  on t h e  (IOC) f a c e  o f  p l a t i n u m  a t  p r e s s u r e s  
—7P < 1 0  t o r r  i n  t h e  t e m p e r a t u r e  ran g e  2 5 - 1 4 0 0 ° C  w h i le  

W e in b e rg , L am ber t ,  Comrie and L i n n e t t  ( 1 5 0 ) found an e x t r e m e ly  

low s t i c k i n g  p r o b a b i l i t y  o f  7  x 1 0  ^ f o r  oxygen c h e m i s o r p t i o n  

on a p l a t i n u m  ( i l l )  s u r f a c e .  In  c o n t r a d i s t i n c t i o n  Weber,

Fusy and C a ssu to  (151)  and P rocop  and V o l t e r  ( 1 5 2 ) found a h ig h  

s t i c k i n g  p r o b a b i l i t y  f o r  oxygen of  0*14 on p o l y c r y s t a l l i n e  

p l a t i n u m ,

Weinberg e t  a l  (150)  p ro p o s e d  t h a t  h ig h  s t i c k i n g  

p r o b a b i l i t i e s  were c a u se d  by th e  p r e s e n c e  o f  ca rb on  c o n ta m i­

n a t i o n  on t h e  s u r f a c e .  However, V o l t e r ,  P rocop  and B e rnd t  (153) 

showed t h a t  s i g n i f i c a n t  oxygen a d s o r p t i o n  would o n ly  p r o c e e d  

on c l e a n  p l a t i n u m  f o i l ,  o t h e r w i s e  c a rb o n  monoxide was formed on 

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

p l a t i n u m  s u r f a c e  i t  was n o t  s u f f i c i e n t  to  h e a t  th e  p l a t i n u m  i n  

vacuum, a s  s u r f a c e  c a rb o n  i s  n o t  removed by t h i s  t r e a t m e n t .  

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

i n v e s t i g a t i o n  by h e a t i n g  them to  t e m p e r a t u r e s  i n  t h e  r e g i o n  o f
—61270 K f o r  a b o u t  f o u r  h o u r s  i n  an a tm osphere  o f  10 t o r r  

oxygen.

R ecen t  work by Lang, J o y n e r  and Som orja i  (154) i n d i c a t e d  

t h a t  a l t h o u g h  oxygen c h e m is o r p t i o n  was s l i g h t  on smooth P t ( l l l )  

and ( 1 Q0 ) c r y s t a l  f a c e s ,  i t  chem iso rbed  r e a d i l y  on h ig h  M i l l e r  

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

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

and e v id e n c e  f o r  d i s s o c i a t i o n  o f  t h e  m o le c u le  was a l s o  o b t a i n e d .  

T h i s  r e c e n t  work r a t i o n a l i s e s  th e  d i s c r e p a n c i e s  found i n

e a r l i e r  r e s u l t s .



A d s o r p t i o n  of oxygen on p l a t i n u m  l e a d s  to an i n c r e a s e  o f  

t h e  work i u n c t i o n  (|) w i t h  r e s p e c t  to  th e  c l e a n  m e ta l  because  

o f  t h e  e l e c t r o n e g a t i v i t y  o f  oxygen. For example ,  Keyne and 

Tompkins (155) found  A(J)  = +l*04eV a t  300 K w h i l e  Lewis and 

Gomer (156) found  an i n c r e a s e  i n  AO of  a b o u t  +l*0eV a t  400 K.

Due to  t h e  l a r g e  i n c r e a s e  i n  A(j) when oxygen i s  a d s o r b e d  

on p l a t i n u m ,  l i t t l e  o r  no exo—e l e c t r o n  e m is s io n  would be 

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

oxygen.

I f  t h e r e  was c a r b o n ,  o r  c a rb o n a c e o u s  s p e c i e s ,  on t h e  

s u r f a c e ,  t h e n  h e a t i n g  t h e  p l a t i n u m  w i re  i n  oxygen would form 

c a r b o n  monoxide on th e  s u r f a c e  ( 1 5 3 ) which  would d e s o r b  i n  t h e  

t e m p e r a t u r e  rang e  1 5 0  -  2 2 0 °C ( 1 5 7 ) .  I f  c a rbo n  s t i l l  rem ained  

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

s h o u ld  g e n e r a t e  s u r f a c e  CO a t  t e m p e r a t u r e s  below 150°C.

A c c o rd in g  t o  Lewis  and Gomer (157) chem iso rbed  CO 

i n c r e a s e s  )̂p̂ . by 0*68eV a t  m onolayer  c o v e ra g e .  Thus i t s  

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

e m i s s io n  from a p l a t i n u m  s u r f a c e .  However, v a l u e s  f o r  change 

i n  work f u n c t i o n  between 0 and +0«68eV have been r e p o r t e d ,  

see  ( 1 4 9 ) ,  w h i l e  more r e c e n t l y  a d e c r e a s e  i n  th e  work f u n c t i o n  

o f  p l a t i n u m  o f  -0«45eV was m easured  by Morgan and Somorjai  

t h e m s e l v e s  (149) when ca rb on  monoxide had a d so rb e d  to  s a t u r a t i o n  

on P t ( l 0 0 ) .  S ince  t h i s  v a lu e  was o b t a i n e d  f o r  a low M i l l e r  

i n d e x  s u r f a c e  i t  seems l e s s  r e l i a b l e  a s  a measure  o f  work 

f u n c t i o n  change f o r  a ‘p o l y c r y s t a l l i n e  p l a t i n u m  w i re .

The wide range  of  v a l u e s  r e p o r t e d  makes i t  d i f f i c u l t  to  

p r e d i c t  what  e f f e c t  ca rbon  monoxide w i l l  have on e x o - e l e c t r o n

e m is s io n  from a p l a t i n u m  w i re .



I n  c e r t a i n  s i t u a t i o n s  e m is s io n  was o b se rv e d  from a 

p l a t i n u m  w i re  i n  oxygen d u r i n g  s h o r t  h e a t i n g  e x p e r im e n t s ;  

see  f i g  52 Appendix 10, Any c o o l i n g  c u rv e s  o b t a i n e d  decayed  

s m o o th ly ,  t h a t  i s  t h e r e  were no peak s  i n  them. During s h o r t  

h e a t i n g  e x p e r i m e n t s  e l e c t r o n  e m is s io n  was o b se rv e d  from 

p l a t i n u m  i n  oxygen d u r i n g  th e  f i r s t  h e a t i n g / c o o l i n g  c y c l e  a f t e r  

oxygen i n t r o d u c t i o n .  S ince  a d s o r p t i o n  of  a l l  t h e  o t h e r  g a s e s  

i n v e s t i g a t e d  l e a d s  to  a d e c r e a s e  i n  |)p t , see  T ab le  V m , t h i s  

r e s u l t  i s  r e a s o n a b l e .  E m iss ion  can c o n t i n u e  from t h e  p l a t i n u m  

f i l a m e n t  u n t i l  oxygen ’c l e a n s '  t h e  s u r f a c e ,  see (1 5 3 ) .  As 

oxygen i t s e l f  s t a r t s  t o  chemi so rb  onto  t h e  p l a t i n u m  s u r f a c e  (|) 

w i l l  i n c r e a s e  and t h e  e m is s io n  w i l l  d i m i n i s h .

I n  second  and su b s e q u e n t  h e a t i n g / c o o l i n g  c y c l e s  no e m iss io n  

was o b s e r v e d ,  e x c e p t  when oxygen was i n t r o d u c e d  a f t e r  a c e t y l e n e ,  

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

T h i s  l a c k  o f  e m is s io n  must  be i n t e r p r e t e d  w i t h  c a u t i o n  

s i n c e  two f a c t o r s  c o u ld  c o n t r i b u t e  t o w a rd s  i t .  The f i r s t  i s  t h e  

i n c r e a s e  i n  (j) by up to  leV c a u s i n g  c h e m ic a l l y  s t i m u l a t e d  exo­

e m i s s io n  t o  c e a s e .  The second  i s  t h e  d e c r e a s e d  s e n s i t i v i t y  o f  

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

d e s c r i b e d  e a r l i e r ;  see  5*4*1 . Because o f  t h i s  o n ly  ’p a c k e t s '  

o f  p u l s e s  c o u ld  r e g i s t e r .  Thus t h e  f a c t  t h a t  no e m is s io n  was 

r e c o r d e d  d oes  n o t  mean t h a t  no e l e c t r o n s  were r e l e a s e d  from th e  

w i r e .  However, when e m is s io n  was o b s e r v e d  from t h e  w i re  i n  

oxygen,  t h e  c o u n t  r a t e  j u s t  b e f o r e  th e  h e a t i n g  c u r r e n t  was 

s w i t c h e d  o f f  was g e n e r a l l y  a b ou t  6 - 7  x 1 0  cp s  w i t h  a 

d i s c r i m i n a t o r  s e t t i n g  of  0 * 1  x 1, 2 tfo. Thus i t  does  im ply  a 

c o n s i d e r a b l y  r e d u c e d  e x o —e m iss io n  from t h e  f i l a m e n t  i f  t h e
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’p a c k e t s '  o f  p u l s e s  were n o t  s u f f i c i e n t l y  e n e r g e t i c  t o  

r e g i s t e r  on th e  SR5 s c a l e r - r a t e m e t e r . A c o m b in a t io n  of  t h e s e  

f a c t o r s  seems l i k e l y .

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  a c e t y l e n e  i s  a good so u rce  

o f  s u r f a c e  ca rb o n  and c a rb o n a c e o u s  s p e c i e s  ( 1 5 8 ) .  Thus i t  

may be i n f e r r e d  from th e  c o n t i n u e d  e l e c t r o n  e m is s io n  from t h e  

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

oxygen t h a t  p r o lo n g e d  h e a t i n g  i n ‘oxygen would be n e c e s s a r y  to  

remove a l l  o f  t h e  ( j)-lowering s u r f a c e  s p e c i e s  g e n e r a t e d  by 

a c e t y l e n e ,

6 *3* 2  Hydrogen and Hydrocarbons  

6 *3 *2*1 Hydrogen

T r a p n e l l  (148) h as  d e m o n s t r a t e d  t h a t  hydrogen  c h e m is o rb s  

a t  room t e m p e r a t u r e  on f i l m s  o f  p l a t i n u m  p r e p a r e d  by 

e v a p o r a t i o n .  M ig n o le t  (159) has  a l s o  shown t h a t  hydrogen  

a d s o r b s ,  on e v a p o r a t e d  f i l m s  o f  p l a t i n u m .  He found  t h a t  f o r  

h yd ro g en  c o v e r a g e s  0 * 5 hydrogen  a d s o r p t i o n  e f f e c t e d  an

i n c r e a s e  o f  -f0*15eV i n  t h e  work f u n c t i o n  o f  t h e  p l a t i n u m  

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

t i g h t l y  bound s p e c i e s .  At h i g h e r  s u r f a c e  c o v e r a g e s  a weakly 

bound s t a t e  was g e n e r a t e d  which gave a d e c r e a s e  i n  (j). The 

n e t t  work f u n c t i o n  change was -0*23eV.

Lewis and Gomer (160) found t h a t  m onolayer  c o verag e  o f  

h yd ro g en  on a p l a t i n u m  f i e l d  e m i t t e r  t i p  a t  low t e m p e r a t u r e  

l e d  to  a work f u n c t i o n  d e c r e a s e  o f  A(|) = -0*3eV. I f  t h e  sample 

was h e a t e d  t h e  work f u n c t i o n  i n c r e a s e d  and r e a c h e d  a maximum, 

A|) = +0*15eV a t  250K. D e s o r p t io n  was com ple te  a t  320K.

I n  a LEHD s tu d y  o f  g a s  a d s o r p t i o n  on t h e  p l a t i n u m  (100)
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s i n g l e  c r y s t a l  s u r f a c e  Morgan and Som orja i  (149) showed t h a t  

h y d ro gen  d i d  n o t  a d so rb  r e a d i l y  on P t( lOO) u n l e s s  t h e  m e ta l  

s u r f a c e  was c l e a n ,  t h e  t e m p e r a t u r e  was i n  e x c e s s  o f  500°C, 

and t h e  p r e s s u r e  g r e a t e r  t h a n  2 x 1 0 “ 5 t o r r .

Lang,  J o y n e r  and Som or ja i  (154)  l a t e r  showed t h a t ,  l i k e  

oxygen ,  hydrogen  ch em iso rb ed  r e a d i l y  on s t e p p e d  p l a t i n u m  

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

( i l l )  and  ( 1 0 0 ) c r y s t a l  f a c e s  o f  p l a t i n u m .  D i s s o c i a t i o n  o f  t h e  

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

e v id e n c e d  by a g r e a t l y  enhanced  r a t e  o f  H2 /D 2 exchange.

B e rn ase k  and Som orja i  ( l 6 l )  c o n f i rm e d  t h i s  e f f e c t  f o r  

hydrogen  a d s o r p t i o n  on smooth and s t e p p e d  P t ( l l l ) .  They found  

a d i f f e r e n c e  i n  t h e  r a t e  o f  H2 /D 2 exchange o f  t h r e e  o r d e r s  o f  

m a g n i tu d e  between smooth and s t e p p e d  P t ( l l l ) .  They a l s o  n o t e d  

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

d e n s i t y ,

C h r i s tm a n n  and E r t l  (162) c o n f i rm e d  t h e s e  r e s u l t s  a l t h o u g h  

t h e y  found  t h a t  t h e  d i f f e r e n c e s  between h ig h  and low in d e x  

c r y s t a l  p l a n e s  were l e s s  t h a n  r e p o r t e d  by Lang e t  a l  (154) and 

B e rn ase k  and Som orja i  ( 1 6 1 ) .  They a l s o  o b se rv e d  (162)  t h a t  

hy d ro g en  a d s o r p t i o n  on smooth P t ( l l l )  f a c e s  l e d  to  a c o n t in u o u s  

d e c r e a s e  i n  work f u n c t i o n ,  A |) = -0 -2 3eV  a t  0 -  0*8. On a 

s t e p p e d  P t ( l l l )  s u r f a c e ,  however, t h e r e  was an i n i t i a l  i n c r e a s e  

i n  |  up t o  a maximum a t  0 —0 * 2 5  f o l lo w e d  by a d e c r e a s e  to  a 

s a t u r a t i o n  v a l u e  o f  A(j) = —0*35eV. The m agni tude  o f  t h e  i n i t i a l  

i n c r e a s e  d i m i n i s h e d  as  t h e  a d s o r p t i o n  t e m p e r a t u r e  became h i g h e r .  

The i n c r e a s e  i n  <|) was a t t r i b u t e d  to  a d s o r p t i o n  o f  hydrogen  on 

s i t e s  a d j a c e n t  to  th e  s t e p s  and t h e  work f u n c t i o n  lo w e r in g  to

a d s o r p t i o n  on t h e  f l a t  t e r r a c e s .
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S o m o r ja i  (147) l a t e r  c r i t i c i s e d  Chr is tm ann  and E r t l ' s 

work (162)  on t h e  g rounds  t h a t  n e a r - m o n o la y e r  s u r f a c e  

c o v e r a g e s  o f  hydrogen  and d e u te r iu m  were u se d  so t h a t  t h e  

s u r f a c e  s e n s i t i v i t y  of  th e  r e a c t i o n  c o u ld  be masked. Thus a 

l e s s  p ro n o u n c e d  d i f f e r e n c e  between h ig h  and low M i l l e r  in d e x  

s u r f a c e s  would be o b se rv e d .

A l th o u g h  t h e r e  i s  d i s a g r e e m e n t  a b o u t  t h e  m agn i tude  o f  t h e  

d i f f e r e n c e  i n  r a t e s  o f  a d s o r p t i o n  and d i s s o c i a t i o n  o f  hydrogen  

on smooth and s t e p p e d  p la t in u m  s u r f a c e s ,  i t  i s  g e n e r a l l y  a g re e d  

t h a t  a t  low s u r f a c e  c o v e ra g e s  d i s s o c i a t i o n  o f  hydrogen  o c c u r s  

most  r e a d i l y  on h ig h  M i l l e r  in d ex  p l a t i n u m  s u r f a c e s  ( 1 5 4 ) ,

( l 6 l ) ,  ( 1 6 2 ) .  At h i g h e r  p r e s s u r e s  th e  d i f f e r e n c e  between f a c e s  

becomes l e s s  s i g n i f i c a n t  (16 2 ) .

C h r i s tm a n n  and E r t l 1s r e s u l t s  (162) a l s o  e x p l a i n  t h e  

i n i t i a l  i n c r e a s e  i n  (j) o b se rv e d  by M ig n o le t  (1 5 9 )  when hydrogen  

a d s o r p t i o n  o c c u r r e d  on an e v a p o r a t e d  p l a t i n u m  f i l m ,  s i n c e  h e re  

many h i g h  M i l l e r  in d e x  s u r f a c e s  sh o u ld  be exposed .

C h r i s tm a n n  and E r t l  (162) showed t h a t  above room t e m p e r a t u r e  

h ydrogen  chemi s o r p t i o n  no l o n g e r  cau sed  an i n c r e a s e  i n  

They r e p o r t e d  A<|) —0  up to  0 —0*3 and t h a t  i t  t h e n  s t a r t e d  to  

d e c r e a s e .

In  g e n e r a l  hydrogen  a d s o r p t i o n  i s  d i s s o c i a t i v e  on p l a t i n u m  

( 1 5 4 ) ,  ( 1 6 1 ) ,  ( 1 6 2 ) ,  so t h a t  c h e m is o r p t io n  o f  hydrogen  on a 

p o l y c r y s t a l l i n e  p l a t i n u m  f i l a m e n t  sh o u ld  g e n e r a t e  s u r f a c e  H.

The work f u n c t i o n  sh o u ld  remain t h e  same a t  low c o v e rag e  (up 

t o  0  = 0 *3 ) b u t  a s  c h e m is o r p t io n  p r o c e e d s  § w i l l  d e c r e a s e .

Thus,  i f  t h e  hydrogen s u r f a c e  c o v erag e  i s  s u f f i c i e n t l y  

e x t e n s i v e  an enhancement  of  t h e  exo—e l e c t r o n  e m is s io n  from 

t h e  p l a t i n u m  w i re  shou ld  be o b se rv ed .  An e x am in a t io n  o f  t h e
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p r e s e n t  r e s u l t s  i n d i c a t e  t h a t  "this i s  so. Some "typica l  

hy d ro g en  r e s u l t s  a r e  shown i n  f i g  43 and 44, Appendix 10.

C opious  exo—e l e c t r o n  e m is s io n  was o b se rv e d  from th e  p l a t i n u m  

w i r e  when th e  s c a l e r —r a t e m e t e r  was o p e r a t i n g  w i t h  th e  minimum 

e n e rg y  d i s c r i m i n a t o r  s e t t i n g  o f  0 -1  x 0*2, I n t e g r a t e ;  see  f i g  43, 

As t h e  e n e rg y  t h r e s h o l d  was r a i s e d ,  however,  e m is s io n  d ecayed  

r a p i d l y ;  see  f i g  4 4 ,

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

above room t e m p e r a t u r e  l e a d s  to  a  l o w e r in g  o f  t h e  work f u n c t i o n ,  

and hence  to  enhanced  e x o - e l e c t r o n  e m is s io n ,  t h e n  a d s o r p t i o n  o f  

any s p e c i e s  which  g e n e r a t e s  s u r f a c e  hydrogen  sh o u ld  a l s o  i n c r e a s e  

e x o - e l e c t r o n  e m is s io n  from t h e  f i l a m e n t ,

6 * 3*2* 2  H ydrocarbons

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

p l a t i n u m  t o  y i e l d  s u r f a c e  H and a d s o r b e d  c a rb o n a c e o u s  s p e c i e s ;  

see  l a t e r  f o r  s p e c i f i c  r e f e r e n c e s .  A d s o r p t i o n  o f  h y d ro ca rb o n s  

on p l a t i n u m  l e a d s  to  a l o w e r in g  of  t h e  work f u n c t i o n ;  see 

Tab le  VTII page 124a.

S u r f a c e  ca rbo n  may a l s o  be p ro d u ce d .  Fo r  example , Lang 

(163)  d e p o s i t e d  ca rb o n  on s e v e r a l  low and h ig h  in d e x  p l a t i n u m  

s u r f a c e s  by h e a t i n g  them i n  e t h y l e n e  w h i l e  P r e s l a n d  and V a lk e r  

( 1 5 8 ) g e n e r a t e d  a g r a p h i t i c  o v e r l a y e r  by h e a t i n g  p l a t i n u m  f o i l  

t o  1000°C i n  t h e  p r e s e n c e  o f  a c e t y l e n e  a t  a p r e s s u r e  o f  a bo u t  

1 t o r r .

The P t - C  system i s  c h a r a c t e r i s e d  by th e  a b sen ce  o f  c a r b i d e  

and a l s o  by a low s o l u b i l i t y  o f  c a rb o n  i n  p l a t i n u m  (1 6 3 ) .  Thus 

any c a rb o n  d e p o s i t e d  s t a y s  a t  t h e  s u r f a c e .  I f  t h e  c a rb o n -  

c o v e re d  s u r f a c e  i s  h e a t e d  to  T ^ 400—500 C (163) o r  ix  th e



1 3 2 .

c a r b o n  i s  d e p o s i t e d  a t  h ig h  t e m p e r a t u r e  ( 1 5 8 ) g r a p h i t i s a t i o n  

o c c u r s ,  Lang (163) found t h a t  a g r a p h i t i c  o v e r l a y e r  o f  l i m i t e d  

t h i c k n e s s  was formed.

S o m o r ja i  (147) has  r e p o r t e d  t h a t  t h e  p r e s e n c e  o f  a 

g r a p h i t i c  o v e r l a y e r  on p l a t i n u m  can low er  t h e  work f u n c t i o n  by 

leV f o r  P t( lOO) and by l * le V  f o r  P t ( l l l ) .

Thus a d s o r p t i o n  o f  any h y d ro ca rb o n  sh o u ld  l e a d  to  a 

l o w e r i n g  o f  $ and hence  to  t h e  o b s e r v a t i o n  o f  c h e m i c a l l y  

s t i m u l a t e d  e x o - e l e c t r o n  e m is s io n .

Methane

T e s n e r  and R a f a l ' k e s  (143) d e m o n s t r a t e d  t h a t  methane can 

g e n e r a t e  c a rb o n  on p l a t i n u m ,  which can e f f e c t  a lo w e r in g  o f  t h e  

work f u n c t i o n  (1 4 7 ) .

Kembal l  (164) h a s  shown t h a t  methane  can chem iso rb  and 

u ndergo  d e u te r iu m  exchange on e v a p o r a t e d  p l a t i n u m  f i l m s .  Thus 

a d s o r p t i o n  must  be d i s s o c i a t i v e .  However, i n  g e n e r a l  methane 

i s  o n l y  a d s o r b e d  to  a s l i g h t  e x t e n t  on most m e t a l s ;  see  (165) 

f o r  r e f e r e n c e s .

No v a l u e  f o r  a s a r e s u l t  o f  methane a d s o r p t i o n  was

found  i n  t h e  l i t e r a t u r e .  However, Som orja i  (147) r e p o r t e d  t h a t  

s a t u r a t e d  h y d r o c a r b o n s  chem iso rbed  on p l a t i n u m  p roduce  a lo w er­

i n g  o f  t h e  work f u n c t i o n  o f  0 - 9 - l * 2 e V  w i t h  r e s p e c t  to  t h e  c l e a n  

s u r f a c e .  S in ce  methane a d s o r p t i o n  i s  s l i g h t  on p l a t i n u m  (165) 

t h e n  a work f u n c t i o n  d e c r e a s e  between 0  — leV m ight  be p r e d i c t e d ,

d e p en d in g  on th e  s u r f a c e  c o v e ra g e .

S in c e  methane  does  n o t  chem isorb  to  t h e  e x t e n t  o f  mono­

l a y e r  c o v e ra g e  o f  th e  plati^J.m s u r f a c e ,  c o n t i n u e d  h e a t i n g  and 

c o o l i n g  o f  a p l a t i n u m  f i l a m e n t  i n  Q g a s ,  A r / lO #  CH4 , sh o u ld
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l e a d  to  renewed methane a d s o r p t i o n  d u r i n g  each  c y c l e .

The p r e s e n c e  o f  b o th  s u r f a c e  ca rb on  and c a rb o n a c e o u s  

s p e c i e s  w i l l  l e a d  to  enhanced e x o - e l e c t r o n  e m iss io n  from t h e  

p l a t i n u m ,

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

e x p e r im e n t  i s  shown i n  f i g  28 ,  Appendix 1 0 . T h is  s t r u c t u r e  

was r e p r o d u c i b l e  which i n d i c a t e s  t h a t  methane a d s o r p t i o n  on 

p l a t i n u m  i s  n o t  e x t e n s i v e .  I t  may be i n f e r r e d  t h a t  t h e  

s u r f a c e  does  n o t  become s a t u r a t e d ,

Q g a s  gave  d i f f e r e n t l y  shaped e m is s io n  c u r v e s  when t h e  

w i r e  was p r e t r e a t e d  w i t h  A r / lO ^  ^2^2 o r  A r / lO ^  ^ 2 ^ 4 ’ see 

30,  31, Appendix 10. The i n c r e a s e d  a r e a  unde r  t h e  peak  

i n d i c a t e s  enhanced  e m is s io n  due to  t h e  p r e s e n c e  o f  a g r e a t e r  

number o f  ^ - l o w e r i n g  s p e c i e s  on t h e  s u r f a c e :  b o th  e t h y l e n e

and a c e t y l e n e  a d s o r b  r e a d i l y  on p l a t i n u m  ( 1 6 5 ) .

The a r e a  u n d e r  t h e  Q g a s  c o o l i n g  c u rv e  o b t a i n e d  a f t e r  th e  

w i r e  was h e a t e d  i n  argon/lO^o a c e t y l e n e  i s  g r e a t e r .  T h i s  a c c o rd s  

w i t h  t h e  f a c t  t h a t  a c e t y l e n e  c a u s e s  a g r e a t e r  lo w e r in g  o f  the  

p l a t i n u m  work f u n c t i o n ;  see  T ab le  V I I I  page 124a.

A f t e r  t h e  w i re  had been c y c l e d  i n  A r / lO ^  s e v e r a -̂

t i m e s  i t  was t h e n  h e a t e d  f o r  30 sec i n  Q g a s  and a l lo w e d  to  coo l  

i n  i t .  The c o o l i n g  cu rv e  o b t a i n e d  shows a d i f f e r e n t  s t r u c t u r e  

a g a i n ;  see  f i g  32, Appendix 10.

The s e n s i t i v e  dependence  o f  t h e  shape o f  t h e  c o o l i n g  c u rv e s  

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

w i l l  become a v a i l a b l e  i f  f u r t h e r  work i s  u n d e r t a k e n .

One c o n c l u s i o n  which may be r e a c h e d  i s  t h a t  a d s o r p t i o n  

s i t e s  f o r  methane  d i f f e r  from t h o s e  f o r  a c e t y l e n e  and e t h y l e n e  

s i n c e  exo—e m is s io n  i s  s t i l l  o b se rv e d  from p l a t i n u m  c o o l i n g  i n
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kr/lO'p CH^ when t h e  s u r f a c e  i s  s a t u r a t e d  w i t h  e t h y l e n e  o r  

a c e t y l e n e .

E th y l e n e

Fran k en  and Ponec (166)  found t h a t  e t h y l e n e  a d s o r b e d

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

by l*45eV when e t h y l e n e  was i n t r o d u c e d .  When t h e  sys tem was

e v a c u a t e d  (|) i n c r e a s e d  to  - l ^ e V  below t h a t  o f  c l e a n  p l a t i n u m .

Morgan and Som orja i  (149) found a maximum work f u n c t i o n

d e c r e a s e  o f  0*76 + 0*02eV when e t h y l e n e  was a l lo w e d  to  chem iso rb

on a c l e a n  P t ( lOO) s u r f a c e .  The a d s o r b e d  s p e c i e s  e x i s t e d  i n  an

o r d e r e d  a r r a y  on t h e  s u r f a c e  which c o u ld  be r e p r e s e n t e d  by a

c e n t r e d  c - ( 2 x 2 )  mesh. I t  was found  t h a t  s u r f a c e  ca rbon  was

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

I t  h a s  been r e p o r t e d  by Baron,  B l a k e ly  and Som orja i  (167)

t h a t  h y d ro c a rb o n  c h e m i s o r p t i o n  on low M i l l e r  i n d e x  s u r f a c e s

p ro d u c e d  o r d e r e d  s u r f a c e  s t r u c t u r e s  and l i t t l e  o r  no chem ica l

change  i n  t h e  a d s o r b e d  m o le c u le s  i n  t h e  p r e s s u r e  ran ge
—9 —7i n v e s t i g a t e d ,  1 0  -  1 0  t o r r ,  and i n  t h e  t e m p e r a t u r e  range

300 -  5C0K. On h ig h  M i l l e r  i n d e x  s u r f a c e s  d i s o r d e r e d  a d s o r b a t e  

s t r u c t u r e  was found  and c a rb o n a c e o u s  d e p o s i t s  were g e n e r a t e d  

s i n c e  b o t h  C-H and C-C bonds a r e  r e a d i l y  broken  even a t  300K 

and a t  p r e s s u r e s  o f  10 ^ — 10 ^ t o r r .  Som or ja i  (147) r e p o r t e d  a 

work f u n c t i o n  d e c r e a s e  o f  —l “ 5 eV f o r  e th y l e n e  a d s o r p t i o n  on 

P t ( l l l )  a t  293K, and A(j) = - l* 2 e V  f o r  P t ( l 0 0 )  a t  293K; see

T ab le  V I I I  page  124a.

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

d e p o s i t s ,  which com pr ise  ca rb on  w i t h  an u n d e te rm in e d  amount o f  

h y d ro g en ,  depends  on th e  h y d ro ca rb o n ,  s u r f a c e  t e m p e r a t u r e ,
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i n c i d e n t  f l u x  o f  t h e  h y d roca rb o n  and t h e  o r i e n t a t i o n  of  th e  

s u r f a c e .  With low M i l l e r  in d e x  s u r f a c e s  o r d e r e d  s u r f a c e

s t r u c t u r e s  a r e  fo rm ed .  On h e a t i n g ,  t h e s e  g iv e  r i s e  to  a
. . . .  _ i o d e - p e  ncU nl"

g r a p h i t i c  o v e r l a y e r  r-eg a r d l o -ss  o f  t h e  o r i e n t a t i o n  o f  t h e

p l a t i n u m  s u b s t r a t e .  Fo rm at ion  o f  a g r a p h i t i c  o v e r l a y e r  i s

f a v o u r e d  by a h ig h  i n c i d e n t  f l u x  o f  h y d ro ca rb o n  a t  t h e  s u r f a c e .

Enhanced e x o - e l e c t r o n  e m is s io n  sh o u ld  be o b s e r v e d  when

p l a t i n u m  i s  h e a t e d  and c o o le d  i n  A r / lO $  T y p ic a l  e t h y l e n e

r e s u l t s  a r e  shown i n  f i g  3 3 -  36, Appendix 10.

A l lo w in g  t h e  p l a t i n u m  f i l a m e n t  to  c o o l  i n  an A r / ^ H ^  

m i x t u r e  p ro d u c e d  c o o l i n g  c u r v e s  which depended f o r  t h e i r  shape 

on t h e  p a s t  h i s t o r y  o f  t h e  w i r e .  F ig  33 shows t h e  c o o l i n g  

c u rv e  o b t a i n e d  when t h e  p l a t i n u m  w ire  was h e a t e d  i n  Ar/C 2 H4  

a f t e r  i t  had been h e a t e d  i n  Ar/CH^, A h ig h  l e v e l  of  e m iss io n  

i s  o b t a i n e d ,  i n  k e e p in g  w i t h  t h e  d e c r e a s e  i n  <j) due t o  e t h y l e n e  

a d s o r p t i o n ,  A second  h e a t i n g  and c o o l i n g  c y c l e  i n  Ar/C 2 H4  

gave v i r t u a l l y  no e l e c t r o n  e m is s io n ;  see f i g  36w Since  e th y l e n e  

a d s o r b s  r e a d i l y  on p l a t i n u m  (1 4 9 ) ,  (165) t h i s  r e s u l t  i n d i c a t e s  

t h a t  t h e  p l a t i n u m  s u r f a c e  was s a t u r a t e d  and t h e  b o n d -b re a k in g  

s i t e s  b lo c k e d .  A f t e r  t h e  second e th y l e n e  c y c l e  t h e r e  was no 

e m i s s io n  when t h e  w i re  was h e a t e d  to  850 -  9C0°C i n  n i t r o g e n .  

However, when t h e  p l a t i n u m  w i re  was a l lo w e d  t o  age o v e r n i g h t  i n  

n i t r o g e n  and was th e n  h e a t e d  and c o o le d  i n  n i t r o g e n  s e v e r a l  

t i m e s ,  p e ak s  were o b s e rv e d  i n  t h e  n i t r o g e n  c o o l i n g  c u r v e s .  T h is  

w i l l  be e x p l a i n e d  l a t e r .

H e a t in g  and c o o l i n g  th e  p l a t i n u m  f i l a m e n t  i n  A r / l O C 2 H4  

a g a i n  gave  a c o o l i n g  cu rv e  whose shape d i f f e r e d  from th e  f i r s t ;  

see  f i g  35. T h is  i n d i c a t e s  th e  p r e s e n c e  o f  d i f f e r e n t  s u r f a c e  

s p e c i e s ,  o r  a t  l e a s t  changed p r o p o r t i o n s  o f  t h e  same ones .
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Once a g a i n  a second c y c l e  gave no e m is s io n .  Thus t h e  s u r f a c e  

had become s a t u r a t e d  a g a i n ,  o r  a t  l e a s t  e m is s io n  was d i m i n i s h e d  

so t h a t  t h e  ' p a c k e t s ’ o f  e l e c t r o n s  were too  low i n  en e rg y  to  be 

c o u n te d .

A c e t y l e n e

Morgan and Som orja i  (149) found t h a t  a c e t y l e n e  a d s o r b e d  on.  

c l e a n  P t ( lO O ) a t  room t e m p e r a t u r e  to  g iv e  a maximum work 

f u n c t i o n  change  o f  -1*02  + 0*02eV. Again a d s o r p t i o n  was 

o r d e r e d  t o  y i e l d  a  c ( 2 x 2 )  s u r f a c e  mesh. A l l  f e a t u r e s  o f  th e  

a d s o r p t i o n  were more p ro nounced  t h a n  f o r  e t h y l e n e .  More 

r e c e n t l y  Som o r ja i  (147) h a s  r e p o r t e d  a g r e a t e r  d e c r e a s e  i n  th e  

work f u n c t i o n  of  p l a t i n u m  a f t e r  c h e m is o r p t i o n  o f  a c e t y l e n e ;  

see  T a b le  V I I I  page 124a.

S in c e  t h e  p l a t i n u m  work f u n c t i o n  d e c r e a s e s ,  enhanced  exo­

e l e c t r o n  e m is s io n  was p r e d i c t e d  when p l a t i n u m  c o o le d  i n  

A r /C 2 H2 .

Ar/l0$& ^ 2 ^ 2  v a s  i n t r o d u c e d  to  th e  p l a t i n u m  w i re  a f t e r

i t  had been  exposed  to  Ar/G2 H4# S u r p r i s i n g l y ,  v i r t u a l l y  no 

e m i s s io n  was o b s e r v e d  and t h e r e  was no s t r u c t u r e  i n  t h e  c o o l i n g  

c u r v e ;  see  f i g  38, Appendix 10. However, a g e in g  th e  w ire  o v e r ­

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

t h e  n e x t  e x p o su re  o f  p l a t i n u m  to  Ar/C 2 H2  e l e c t r o n  e m is s io n  was 

o b s e r v e d  a l t h o u g h  t h e r e  was no peak i n  th e  c o o l i n g  c u rv e ;  see 

f i g  37, Appendix 10. Subsequen t  h e a t i n g  and c o o l i n g  i n  Ar/C 2 H2  

gave no e m i s s io n ,  see  f i g  39, which d e m o n s t r a t e d  t h a t ,  l i k e  

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

p l a t i n u m  f i l a m e n t .

The w i r e  was h e a t e d  and a l lo w e d  to  c o o l  i n  Ar/C2 H4  a f t e r
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i t  had been s a t u r a t e d  w i t h  a c e t y l e n e .  E l e c t r o n  e m is s io n  was 

o b s e r v e d  and t h e r e  was a sh a rp  peak i n  t h e  c o o l i n g  c u rv e ;  see  

f i g  34, Appendix 1 0 , T h i s  shows t h a t  a c e t y l e n e  a d s o r p t i o n  

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

e t h y l e n e  does  n o t  have t h e  same e f f e c t  f o r  a c e t y l e n e  a d s o r p t i o n  

on p l a t i n u m ,

A s i m i l a r  r e s u l t  ha s  been r e p o r t e d  by Yasumori ,  S h in o h a ra  

and In o ue  (168) who found t h a t  p r e a d s o r b i n g  a c e t y l e n e  p r e v e n t e d  

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

h y d r o g e n a t i o n  o f  e t h y l e n e .

When a c e t y l e n e  was i n t r o d u c e d  to  th e  p l a t i n u m  f i l a m e n t  

a f t e r  i t  had been h e a t e d  i n  Q g a s ,  r e p r o d u c i b l e  c o o l i n g  c u rv e s  

were o b t a i n e d ,  see f i g  40,  Appendix 10, whose s t r u c t u r e  was 

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

were g e n e r a l l y  p r e c e d e d  by e t h y l e n e .  The r e p r o d u c i b i l i t y  of  

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

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

B u ta d i  ene

B u ta d i e n e  (169) i s  e x p e c te d  to  behave i n  a manner s i m i l a r  

t o  a c e t y l e n e .  No v a lu e  f o r  i t s  e f f e c t  on t h e  p l a t i n u m  work 

f u n c t i o n  was found .  However, Som orja i  (147) h as  o b se rv e d  t h a t  

u n s a t u r a t e d  h y d ro c a rb o n s  g e n e r a l l y  e f f e c t  a work f u n c t i o n  

l o w e r i n g  o f  a ro u n d  1 - 3 - 2 -OeV when a d s o r p t i o n  o c c u r s  on Pt( lOO) 

o r  P t ( l l l ) .  Thus t h e  work f u n c t i o n  d e c r e a s e  a s s o c i a t e d  w i t h  

a d s o r p t i o n  o f  b u t a d i e n e  on p l a t i n u m  sh o u ld  f a l l  i n  t h i s  r an g e .  

The c h a r a c t e r i s t i c  c o o l i n g  c u r v e s ,  see f i g  41 ,  Appendix 1 0 , 

were o f  t h e  same shape a s  t h o s e  f o r  a c e t y l e n e ;  see f i g  37,

Appendix  10,
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I h e  main d i f f e r e n c e ,  however,  was t h a t  A r / b u t a d i e n e  gave 

such  a c u rv e  r e p r o d u c i b l y  d u r in g  s e v e r a l  h e a t i n g —c o o l i n g  

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

p l a t i n u m  s u r f a c e  a s  r e a d i l y  a s  a c e t y l e n e .

E th a n e

L ik e  m ethane ,  e th a n e  i s  o n ly  a d s o r b e d  to  a s l i g h t  e x t e n t  

on m ost  m e t a l s ;  see  (165) f o r  r e f e r e n c e s .  However, e th a n e  

c h e m is o r b s  more r e a d i l y  ( 1 6 5 ) and a l s o  u n d e rg o e s  d e u te r iu m  

exchange  more r e a d i l y  ( 1 7 0 ) .

No v a l u e  was o b t a i n e d  f o r  t h e  change i n  t h e  p l a t i n u m  work 

f u n c t i o n  a s s o c i a t e d  w i t h  e th a n e  adsorx^t ion .  However, a work

f u n c t i o n  d e c r e a s e  i n  t h e  ran g e  0  l*OeV would be e x p e c te d

d e p e n d in g  on t h e  s u r f a c e  c o v e r a g e ,  and i n c r e a s e d  e x o - e l e c t r o n  

e m i s s io n  would be p r e d i c t e d .

Dowie, Whan and Kemball  (171) s t u d i e d  t h e  h y d r o g e n o l y s i s  

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

d e u t e r i u m : h y d r o c a r b o n  r a t i o  o f  1 1 . 5 : 1  t o  m in im ise  p o i s o n i n g  of  

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

c h a r a c t e r i z e d  by an i n d u c t i o n  p e r i o d  d u r i n g  which hydrogeno­

l y s i  s t o  m ethane o c c u r r e d  s low ly .  S u b s e q u e n t ly  t h e  r e a c t i o n  

f o l l o w e d  zero  o r d e r  k i n e t i c s  w i th  r e s p e c t  to  e th a n e  a t  an 

i n c r e a s e d  r a t e .  For  a second e x p e r im e n t  on t h e  same p l a t in u m  

f i l m  t h e  i n d u c t i o n  p e r i o d  was r e d u c ed  to  a p p r o x im a te ly  h a l f  

t h a t  o f  a f i r s t  e x p e r im e n t  and t h e  h y d r o g e n o l y s i s  q u i c k l y  

a c c e l e r a t e d  to  a su b s e q u e n t  r a t e  comparab le  to  t h a t  f o r  t h e

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

These  f i n d i n g s  may be u sed  to  e x p l a i n  t h e  r e s u l t s  o b t a i n e d

i n  t h e  p r e s e n t  system when th e  p l a t i n u m  f i l a m e n t  was exposed  to



139 .

A r / lO #  C2 H6#

ih e  c o o l i n g  c u r v e s  o b t a i n e d  a r e  shown i n  f i g  42,  Appendix

1 0 .

The l a c k  o f  e m is s io n  i n  t h e  e a r l y  c y c l e s  c o r r e s p o n d s  to  

t h e  i n d u c t i o n  p e r i o d  o b s e r v e d  by Dowie e t  a l  (1 7 1 ) .  Then th e  

e m i s s io n  r a t e  i n c r e a s e d  as  th e  number o f  h e a t i n g  c y c l e s  i n  

•A-r / ^ 2 ^ 6  i n c r e a s e d .  I t  may be i n f e r r e d  t h a t  t h e  r a t e  and 

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

6 * 3* 3 N i t r o g e n

I t  h a s  g e n e r a l l y  been r e p o r t e d  t h a t  n i t r o g e n  does  n o t

c h e m is o rb  on p l a t i n u m .  Por example ,  T r a p n e l l  (148) found  no

a d s o r p t i o n  o f  n i t r o g e n  on p o l y c r y s t a l l i n e . p l a t i n u m ,  -while more

r e c e n t l y  i n  LSED s t u d i e s  o f  a d s o r p t i o n ,  e . g .  ( 1 4 9 ) ,  no

e v id e n c e  o f  n i t r o g e n  a d s o r p t i o n  was found.

V i I f  and Dawson (142) have d e m o n s t r a t e d  t h a t  n i t r o g e n

a d s o r b s  d i s s o c i a t i v e l y  on p l a t i n u m  a t  room t e m p e r a t u r e ,  bu t

o n l y  a f t e r  any ca rb o n  c o n ta m i n a t i o n  i s  removed from th e

s u r f a c e  by h e a t i n g  t h e  p l a t i n u m  f i l a m e n t  i n  oxygen. T h is  s tud y

was c a r r i e d  o u t  on a p l a t i n u m  f i l a m e n t ,  which w i l l  be p o l y -
— 8c r y s t a l l i n e ,  a t  p r e s s u r e s  i n  t h e  r e g i o n  7 x 1 0 “ t o r r .  I t  was 

o b s e r v e d  t h a t  t h e  c a rb o n  monoxide c o n t e n t  o f  t h e  background 

g a s  had to  be s u b s t a n t i a l l y  r ed uced  o t h e r w i s e  carbon  monoxide 

c h em iso rb ed  on t h e  p l a t i n u m  i n  p r e f e r e n c e  to  n i t r o g e n .  S ince  

t h e  p l a t i n u m  f i l a m e n t  underw ent  p r o lo n g e d  h e a t i n g  i n  oxygen,

Vi I f  and Dawson s u g g e s t e d  t h a t  i r r e v e r s i b l e  i n c o r p o r a t i o n  o f  

oxygen i n t o  t h e  l a t t i c e  might  se rv e  a s  a c t i v e  c e n t r e s  f o r  

d i s s o c i a t i o n  o f  n i t r o g e n  m o le c u le s .  As an a l t e r n a t i v e  t h e y  

s u g g e s t e d  t h a t  d i s s o c i a t i o n  m igh t  o c c u r  a t  s u r f a c e  d e f e c t s  o r
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g r a i n  b o u n d a r i e s .  These w o rk e rs  a l s o  r e p o r t e d  a low te m p e ra ­

t u r e  weak a d s o r p t i o n  o f  m o le c u l a r  n i t r o g e n  which had an 

a c t i v a t i o n  ene rg y  f o r  d e s o r p t i o n  of  12*6 k J  mol  ̂ when t h e  low 

t e m p e r a t u r e  s t a t e  was f u l l y  o c c u p ie d .

S h i g e i s h i  and King (172)  have a l s o  r e p o r t e d  weak m o le c u l a r  

a d s o r p t i o n  o f  n i t r o g e n  on p l a t i n u m .  They found t h e  h e a t  o f  

a d s o r p t i o n  was l e s s  t h a n  50 k J  mol hence  d e s o r p t i o n  w i l l  

o c c u r  a ro u n d  room t e m p e r a t u r e .  They i n v e s t i g a t e d  a P t ( l l l )  

o r i e n t e d  r i b b o n .  S h i g e i s h i  and King o n ly  o b s e rv e d  a d s o r p t i o n  

a t  120K. I t  was a l s o  n o t e d  t h a t  a d s o r b e d  n i t r o g e n  was r e a d i l y  

d i s p l a c e d  by ca rbo n  monoxide,  hydrogen  and oxygen.

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

p l a t i n u m  h as  a l s o  been r e p o r t e d  by, f o r  example , Van H ard ev e ld  

and Van M o n t f o o r t  ( 1 7 3 ) ,  by E g e r to n  and Sheppard  (174) and by 

Niewenliuys and S a c h t l e r  ( 1 7 5 ) .  E g e r to n  and Sheppard  i n v e s t i ­

g a t e d  s i l i c a - s u p x ^ o r t e d  p l a t i n u m .  The r e a d y  d i s p l a c e m e n t  o f  

n i t r o g e n  by ca rb o n  monoxide ,  hydrogen  and oxygen was a l s o  

c o n f i r m e d .

I t  i s  a p p a r e n t  t h a t  n i t r o g e n  w i l l  o n ly  a d s o rb  on p l a t i n u m  

a t  o r  above room t e m p e r a t u r e  i f  t h e  m e ta l  s u r f a c e  i s  c l e a n  and 

t h e  sys tem  i s  f r e e  o f  c o n ta m i n a n t s .  The r e s u l t s  o b t a i n e d  i n  

t h e  p r e s e n t  s t u d y ,  see  f i g  49 - 5 1 ,  Appendix 10, c o n f i rm  t h i s  

s i n c e  e m i s s io n  was o b s e rv e d  from a p l a t i n u m  w i re  c o o l i n g  i n  

n i t r o g e n  ( o r  hydrogen)  b e f o r e  t h e  w i re  was h e a t e d  i n  a hydro­

c a r b o n .  A f t e r  c a r b i d i n g  of  the  w i re  a p p r e c i a b l e  e m is s io n  

from p l a t i n u m  c o o l i n g  i n  n i t r o g e n  was o n ly  o b se rv e d  i f  t h e  

w i r e  had been  h e a t e d  i n  oxygen i n  th e  p r e v i o u s  c y c l e .

P e a k s  i n  th e  n i t r o g e n  c o o l i n g  c u rv e s  were a l s o  o b se rv e d

a f t e r  p r i o r  exp o su re  o f  t h e  w i re  to  Q g a s  o r  hydrogen .  tfhen
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"the w i r e  was s a t u r a t e d  w i th  e t h y l e n e  o r  a c e t y l e n e  no e m is s io n  

was o b s e r v e d  i f  i t  was h e a t e d  i n  n i t r o g e n .  A f t e r  a l l o w i n g  t h e  

w i r e  t o  age f o r  s e v e r a l  h o u r s ,  however,  p e ak s  were o b s e r v e d  i n  

t h e  c o o l i n g  curves*, The l e v e l  o f  e m is s io n .w a s  low however .

T h i s  e f f e c t  w i l l  be e x p l a i n e d  l a t e r .

6*3*4 Argon

M i g n o l e t  ( 1 7 6 ) ,  (177) i n v e s t i g a t e d  th e  change i n  s u r f a c e  

p o t e n t i a l  when n o n - p o l a r  p a r t i c l e s  were p h y s i c a l l y  a d s o r b e d  on 

m e t a l s .  He found  t h a t  w i t h  xenon, m ethane ,  e th a n e  o r  e t h y l e n e ,  

f o r  exam ple ,  t h e r e  was an i n c r e a s e  i n  s u r f a c e  p o t e n t i a l .

On t h e  b a s i s  o f  t h i s  work an i n c r e a s e  i n  s u r f a c e  p o t e n t i a l  

m ig h t  be p r e d i c t e d  f o r  a rg o n ;  i n  o t h e r  words exo—e l e c t r o n  

e m i s s io n  would be made e a s i e r .

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

l e v e l  o f  e m is s io n  was o b t a i n e d .  S ince  a c o n t i n u o u s  f low  o f  

g a s  p a s s e d  t h r o u g h  t h e  d e t e c t o r ,  any hydrogen  o r  h y d ro ca rb o n s  

d e s o r b e d  from th e  w i r e  as  i t  was h e a t e d  i n  a rgo n  would be swept 

away so t h a t  c o o l i n g  cu rv e  p e a k s  c o u ld  n o t  be due to  r e ­

a d s o r p t i o n  o f  such s p e c i e s .  The shape o f  t h e  peaks  a l s o  

d epended  on t h e  p r e c u r s o r s ;  see  f i g  4 5 -  48,  Appendix 10. When 

t h e  w i r e  was h e a t e d  and c o o le d  i n  a rgo n  a f t e r  p r i o r  exposure  to  

Ar/CH^ o r  CH^ a  d o u b le  peak was o b t a i n e d .  A f t e r  Ar/C^H^ no 

s t r u c t u r e  was o b s e r v e d  w h i l e  a f t e r  Ar/C 2 H2 a maximum o f  em iss io n  

o c c u r r e d  a t  50°C. E m iss io n  peaks  were a l s o  r e c o r d e d  when 

p l a t i n u m  c o o le d  i n  a rg o n  a f t e r  p r e t r e a t m e n t  o f  the  w i re  w i th  

b u t a d i e n e  o r  e th a n e .  The f a c t  t h a t  t h e  peak s  v a ry  i n  shape 

p r o v e s  t h a t  t h i s  e f f e c t  i s  n o t  due to  any i m p u r i t y  i n  t h e  a rgo n .

S ince  n e i t h e r  c h e m is o r p t i o n  n o r  s u r f a c e  r e a c t i o n  would be
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e x p e c te d  w i th  a rg o n ,  t h e  p o s s i b i l i t y  i s  su g g e s te d  t h a t  th e  

e m i s s io n  p eak s  m igh t  be th e  r e s u l t  o f  s u r f a c e  r e a r r a n g e m e n t  o f  

t h e  p l a t i n u m  due to  t h e  p r e s e n c e  o f  r e s i d u a l  s p e c i e s  on th e  

s u r f a c e *  T h is  i d e a  h as  been su g g e s t e d  because  s u r f a c e  r e ­

a r r a n g e m e n t  was one o f  t h e  methods o f  p roduc ing '  exo—e l e c t r o n  

e m i s s io n  p r o p o s e d  e a r l i e r  on t h e  b a s i s  of  t h e  l i t e r a t u r e  

e v a l u a t i o n .

Such a mechanism m ig h t  a l s o  be in v o k ed  t o  e x p l a i n  n i t r o g e n  

c o o l i n g  c u rv e  p e a k s  from e t h y l e n e ,  a c e t y l e n e  o r  even methane 

p r e t r e a t e d  p l a t i n u m .

6*4 T e m p e ra tu re s  o f  t h e  E m iss ion  Maxima

By i n s p e c t i o n  o f  t h e  c o o l i n g  c u r v e s  p r e s e n t e d  i n  Appendix 

1 0 , s e v e r a l  common t e m p e r a t u r e s  o f  t h e  e m is s io n  maxima became 

e v i d e n t .  Some v a l u e s  a r e  g iv e n  below; see  T able  DC page 142a.

By i n s p e c t i o n  of  T ab le  IX t h e  f o l l o w i n g  common f e a t u r e s  

became a p p a r e n t .

(1)  An e m is s io n  maximum was o b t a i n e d  i n  t h e  t e m p e r a t u r e  range  

4 6 -  48°C a f t e r  th e  w i re  was p r e t r e a t e d  w i th  Ar/CH^, A r / ^ H ^  o r  

CH^; t h a t  i s  a f t e r  p r e t r e a t m e n t  o f  t h e  w i re  w i t h  s a t u r a t e d  

h y d r o c a r b o n s .

(2)  The peak  a t  5 0 - 5 1 °C was o b t a i n e d  a f t e r  p r e t r e a t m e n t  of  

t h e  w i r e  w i t h  A r A ^ ^ *  ArA^H^ o r  A r / b u t a d i e n e ; t h a t  i s  a f t e r  

p r e t r e a t m e n t  w i t h  u n s a t u r a t e d  h y d ro c a rb o n s .  Ar/CH^ a l s o  gave 

r i s e  t o  an e m is s io n  maximum i n  t h i s  t e m p e r a t u r e  r a n g e  e a r l y  i n  

t h e  h i s t o r y  o f  w i re  5, o r  when i t  was fo l lo w e d  by Ar/C2 H2 -

(3)  Ah e m is s io n  maximum was found a t  54 — 56 C a f t e r  p r e -  

t r e a t m e n t  o f  t h e  w i re  w i t h  Ar/CH^ o r  ArA*2^2*
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(4)  A f o u r t h  common t e m p e r a t u r e  f o r  e m iss io n  was found  a t  

76 -  79°C a f t e r  p r e t r e a t m e n t  o f  t h e  w i re  w i t h  Ar/C2 H2 , Ar/CH4  

o r  Ar/C^H^.

(5)  When t h e  w i re  was p r e t r e a t e d  w i t h  N2 , H2 , Ar, C2 H2 , Q g a s  

o r  oxygen ( w i t h  n i t r o g e n  f l u s h ) ,  a Q g a s  c o o l i n g  c y c l e  y i e l d e d  

an e m i s s io n  maximum a t  110° C.

( 6 ) E a r l y  i n  t h e  h i s t o r y  of  w i re  5, when Q g a s  gave r i s e  to  an 

e m i s s io n  maximum a t  ~ 5 0 ° C ,  t h e r e  was a l s o  a p ro nounced  maximum 

a t  28°G; see  f i g  28a ,  Appendix 10 f o r  a t y p i c a l  c o o l i n g  c u rv e .

(7 )  At t h e  same s t a g e  i n  t h e  h i s t o r y  o f  w i re  5 , hydrogen  gave 

p e a k s  i n  i t s  c o o l i n g  cu rve  a t  47 and 28°C. These p e a k s  were 

o b t a i n e d  a f t e r  p r e t r e a t m e n t  o f  t h e  w i re  w i t h  Q g a s .  The 

h y d ro gen  r e s u l t s  a r e  n o t  r e l i a b l e ,  however,  and sho u ld  o n ly  be 

t a k e n  a s  a g u i d e .

( 8 ) I t  was i m p o s s i b l e  to  o b t a i n  an a c c u r a t e  t e m p e r a t u r e  f o r  

n i t r o g e n  p e a k s  s i n c e  t h e s e  o f t e n  a r o s e  w i t h i n  th e  f i r s t  3 0  sec 

o f  t h e  c o o l i n g  c y c l e ,  when t h e  t e m p e r a t u r e  o f  t h e  w i re  was s t i l l  

f a l l i n g  q u i c k l y .  I n  g e n e r a l  n i t r o g e n  e m is s io n  t e m p e r a t u r e s  

were above 100°C.

The emergence o f  a s e r i e s  o f  common t e m p e r a t u r e s  f o r  

e m i s s io n  maxima s u g g e s t s  th e  p r e s e n c e  o f  common s u r f a c e  s p e c i e s .  

T h is  i s  r e i n f o r c e d  by th e  f a c t  t h a t  some o f  th e  t e m p e r a t u r e s  

a r e  fo u nd  o n ly  a f t e r  p r e t r e a t m e n t  o f  t h e  w i re  w i th  s a t u r a t e d  

h y d r o c a r b o n s .

O th e r  e m is s io n  t e m p e r a t u r e s  a r e  common t o  b o th  s a t u r a t e d  

and u n s a t u r a t e d  h y d ro c a rb o n s .  T h is  c o u ld  i n d i c a t e  th e  f o r m a t io n  

o f  a  s u r f a c e  s p e c i e s  common to  t h e  h y d ro c a rb o n s  i n v e s t i g a t e d ,  

p re s u m a b ly  a f t e r  d i s s o c i a t i v e  c h e m is o r p t i o n  on to  th e  p l a t i n u m

s u r f a c e .



6» 5 Surface Rearrangement

6 - 3*0

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

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

s c h e m a t i c  r e p r e s e n t a t i o n  m ight  be c o n s i d e r e d  a s  a g u id e  to  t h e  

r e m a in d e r  o f  t h e  t h e s i s .

The sequence  o f  e v e n t s  on a  s u r f a c e  m ig h t  be t h e  f o l l o w i n g .

( l )  A d s o r p t  i o n  on a C lean  S u r f a c e .

e

0  0  0  0

(2)  Atomic R ear rang em en t  o f  a  S a t u r a t e d  S u r f a c e .

(3)  R e a r ran g em en t  o f  a  S u r f a c e  t o  g i v e  F a c e t i n g
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F a c e t i n g  l e a d s  to  exposu re  o f  f r e s h  p la t i n u m .  T h is  may 

be f o l l o w e d  by s t e p  1,

S u r f a c e  r e a r r a n g e m e n t  w i l l  be d i s c u s s e d  und e r  two h e a d in g s .  

The f i r s t  i s  r e c o n s t r u c t i o n  which t a k e s  p l a c e  on an a tom ic  

s c a l e  and  which  c o r r e s p o n d s  to  e v en t  2 i n  t h e  scheme. The 

second  i s  m a c ro sc o p ic  s u r f a c e  r e a r r a n g e m e n t ,  o r  f a c e t i n g ,  which 

c o r r e s p o n d s  to  e v e n t  3 i n  t h e  scheme,

6; 5*1 S u r f a c e  R e c o n s t r u c t i o n  due to  Gas A d s o r p t i o n / D e s o r p t i o n  

6 * 3 - 1- 0

Many, w e l l -d o c u m e n te d  examples o f  m e ta l  s u r f a c e  

r e c o n s t r u c t i o n s  a r e  k n o w  from LEED s t u d i e s  o f  c l e a n  m e ta l  

s u r f a c e s  and t  he a d s o r p t i o n  o f  g a s e s  on t h e s e  c l e a n ,  w e l l - d e f i n e d  

s u r f a c e s .

6*3*1*1 D e f i n i t i o n

A c l e a n  s u r f a c e  i s  s a i d  to  have undergone  r e c o n s t r u c t i o n  i f  

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

which  i s  d i f f e r e n t  from t h e  ( l  x l )  u n i t  mesh t h a t  i s  e x p e c te d  

from t h e  p r o j e c t i o n  o f  t h e  b u lk  X - r a y  u n i t  c e l l  (17 9 ) .  S u r fa c e  

r e c o n s t r u c t i o n  i s  a means o f  lo w e r in g  th e  s u r f a c e  f r e e  energy  o f  

a  c r y s t a l  f a c e  i f  t h e  b u l k - l i k e  ( l  x l )  mesh does  n o t  r e p r e s e n t  

t h e  s u r f a c e  c o n f i g u r a t i o n  o f  minimum energy .

6*3*1*2 Some Examples o f  S u r f a c e s  which undergo R e c o n s t r u c t i o n

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

and Kesmodel (179) r e p o r t e d  t h a t  s e v e r a l  low M i l l e r  in d e x  

s u r f a c e s  undergo r e c o n s t r u c t i o n .  Some examples a r e  t h e  ( i l l ) ,  

(100) and (110) s u r f a c e s  o f  s i l i c o n  and germanium, t h e  ( i l l )



146.

f a c e  o f  diamond and t h e  (100) and (110) s u r f a c e s  o f  p l a t i n u m ,  

g o l d  and i r i d i u m .

I f  t h e  s u r f a c e  i s  c l e a n ,  such t h a t  no c o n ta m i n a t i o n  shows 

up on an Auger E l e c t r o n  Spectrum, t h e n  a P t  (100) s u r f a c e  i s  

found  t h r o u g h  LEED to  have a (5 x l )  s u r f a c e  u n i t  c e l l ,  where 

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

( 1 4 9 ) .  C lean  g o l d  (100) and i r i d i u m  (100)  a r e  a l s o  c h a r a c t e r i s e d  

by a (5 x l )  s u r f a c e  s t r u c t u r e  (145) w h i l e  f o r  c l e a n  P t  (110) 

t h e  s u r f a c e  u n i t  c e l l  i s  an a p p a r e n t  ( l  x 2) mesh.

6*5*1*3 U n r e c o n s t r u c t e d  S u r f a c e s

F o r  e ac h  o f  t h e s e  m e t a l s  t h e  s u r f a c e  geometry  i n  t h e  (lOO) 

and ( l l O )  p l a n e s  which  g i v e s  r i s e  t o  a ( l  x l )  u n i t  mesh i s  th e  

m e t a s t a b l e  s t a t e .  The c l e a n  ( l  x l )  s u r f a c e  may, however,  be 

p r e p a r e d  by i n d i r e c t  means.  For  example Bonzel ,  Helms and 

Kelemen (180)  r e p o r t e d  t h e  p r e p a r a t i o n  of  P t  (100) -  ( l  x l ) .

They fo u n d  t h a t  f o r  t h e  c l e a n  m e ta l  t h i s  a r ra n gm en t  was s t a b l e  

t o  125°C b u t  t h a t  above t h i s  t e m p e r a t u r e  t h e  s u r f a c e  r e v e r t e d  to  

a (5 x 20) a r r a n g e m e n t .  Because o f  t h e  s p l i t t i n g  o f  some o f  t h e  

d i f f r a c t i o n  s p o t s  Bonzel  e t  a l  to o k  t h e  s u r f a c e  u n i t  c e l l  f o r  

P t  (100)  t o  be (5 X 20) i n s t e a d  o f  (5 x l )  (1 4 9 ) .

6 «5‘ 1*4 S t a b i l i s a t i o n  o f  th e  U n r e c o n s t r u c t e d  S u r fa c e

The p r e s e n c e  o f  a d s o rb e d  s p e c i e s  s t a b i l i s e s  th e  ( l  x l )  

s u r f a c e .  Fo r  example ,  Bonzel  and c o -w o rk e r s  (180) o b se rv e d  t h a t  

t h e  p r e s e n c e  o f  sm al l  c o n c e n t r a t i o n s  o f  s u r f a c e  carbon  r a i s e d  

t h e  ( l x l ) - + ( 5 x  20) t r a n s f o r m a t i o n  t e m p e r a t u r e  from 125°C f o r  

t h e  c l e a n  m e ta l  t o  ove r  400°C.
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5 S u r f a c e  R e c o n s t r u c t i o n  d u r in g  A d s o rp t io n  and 

D e s o r p t i o n  on P la t in u m

C3°2

Lam bert  and c o -w o rk e r s  s t u d i e d  t h e  a d s o r p t i o n  of  v a r i o u s  

l i n e a r  m o l e c u l e s  on c l e a n  p l a t i n u m  s u r f a c e s ;  see  f o r  example 

( 1 8 1 ) .  In  a s tu d y  o f  c a rb o n  su b o x id e ,  C^O^> a d s o r b e d  on P t

(110) t o  g e n e r a t e  s u r f a c e  ca rbon  Reed and Lambert  ( 1 S I ) o b se rv e d  

t h e  f o l l o w i n g  sequen ce .

C-0-  - f o s t  >■ 2CO/ , + C/ 1 — slow > 2CO/ v + C/ v.3 2a d s  (a )  (a )  Ig) (a)*

LEED i n v e s t i g a t i o n  o f  t h e  c l e a n  s u r f a c e  r e v e a l e d  a  ( l  x 2) 

p a t t e r n .  The f o l l o w i n g  sequence  emerged from a LEED s tu d y  of

th e  a d s o r p t i o n  p r o c e s s .  P t  ( l  x 2) --------—^ P t  ( l  x l )  o c c u r r e d

r a p i d l y .  Above 440IC t h e  ( l  x 2) p a t t e r n  s t a r t e d  to  r e a p p e a r .  

Above t h i s  t e m p e r a t u r e  d e s o r p t i o n  of  CO became s i g n i f i c a n t .  The 

d e s o r p t i o n  r a t e  r e a c h e d  a maximum a t  513K. By t h e n  th e  ( l  x 2) 

s u r f a c e  mesh was f u l l y  r e - e s t a b l i s h e d .

C2N2

N e t z e r  (182) exposed  P t  (100)  -  (5 x l )  t o  i n  hoP e

t h a t  CN s p e c i e s  would be g e n e r a t e d  on t h e  s u r f a c e .  He found 

t h a t  t h e  i n i t i a l  a d s o r p t i o n  a t  room t e m p e r a t u r e  gave r i s e  to  a 

d i f f u s e  d i f f r a c t i o n  p a t t e r n  c o r r e s p o n d i n g  t o  a  ( l  x l )  s u r f a c e  

u n i t  c e l l .  At 200°C t h e  d i f f u s e  ( l  x l )  p a t t e r n  became sh a rp .  

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

sp e c t ru m  a t  190 + 10°C. Between 600 and 650 C th e  ( l  x l )  

s u r f a c e  s t r u c t u r e  v a n i s h e d  and t h e  (5 x l )  s t r u c t u r e  r e a p p e a r e d .  

At 500 + 10°C and 600 ± 10°C a peak and a s h o u ld e r  were o b se rv e d  

i n  t h e  f l a s h  d e s o r p t i o n  spectrum which c o r re s p o n d e d  to  th e
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r e a p p e a r a n c e  o f  t h e  ( 5 x l )  p a t t e r n .  There  was a l s o  a 

d e s o r p t i o n  peak  a t  240 + 10°C which was a t t r i b u t e d  t o  d e s o r p t i o n  

o f  CN from t h e  s u r f a c e .

S i m i l a r  chan ges  i n  t h e  s u r f a c e  s t r u c t u r e  were o b s e r v e d  by 

N e t z e r  w i t h  c a rb o n  monoxide. Thus i t  may be o b se rv e d  t h a t  t h e  

phenomena o f  s u r f a c e  r e c o n s t r u c t i o n  and a d s o r p t i o n  and d e s o r p t i o n  

a r e  c l o s e l y  l i n k e d  a l t h o u g h  d e s o r p t i o n  need  n o t  a lw ays  accompany, 

o r  be due to  s u r f a c e  r e c o n s t r u c t i o n .

B r id g e  and Lambert  (183)  s t u d i e d  t h e  a d s o r p t i o n  o f  ^2^ 2 on 

P t  (110)  -  ( l  x 2 ) .  They o b se rv e d  r e c o n s t r u c t i o n  o f  t h e  s u r f a c e  

t o  a ( l  x l )  mesh. I f  t h e  sample was s u b s e q u e n t ly  h e a t e d  to  

700K t h e  ( l  x 2) s t r u c t u r e  was r e s t o r e d .

NO

I n  a s t u d y  by Comrie, Weinberg and Lambert  ( 1 8 4 ) ,  t h e  

a d s o r p t i o n  o f  NO on P t  ( i l l )  and P t  (110) was m o n i to r e d .  With 

P t  (110)  t h e  ( l x 2 ) - * ( l x l )  t r a n s f o r m a t i o n  was c o n f i rm e d  and 

i t  was shown t h a t  t h e  s u r f a c e  r e c o n s t r u c t i o n  was com ple te  a t  

e s s e n t i a l l y  m on o lay e r  c o v e r a g e .

C lea n  P t  ( i l l ) ,  however,  g i v e s  a ( l  x l )  LEED p a t t e r n  and 

no s i g n i f i c a n t  change was o b s e r v e d  a s  NO c o v erag e  i n c r e a s e d .

6*5*1*6 S u r f a c e  R e c o n s t r u c t i o n  d u r in g  A d s o r p t io n  and 

D e s o r p t i o n  on I r i d i u m

Carbon

R e c o n s t r u c t i o n  o f  I r  ( i l l )  h a s  n o t  been o b se rv e d  e i t h e r  

( 1 8 5 ) .  The s u r f a c e  re a r ra n g e m e n ts  of I r  (100) a r e  more complex 

t h a n  t h o s e  f o r  P t  (100) however ,  s i n c e  more t h a n  one
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r e a r r a n g e m e n t  occurs*  For example d u r in g  a d s o r p t i o n  o f  C, 

p e r h a p s  from C ^ ,  0 ^  o r  C ^ ,  K ansk i  and Rhodin (185) 

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

I r  ( 1 0 0 ) -  (5 x 1 )  ^ -g i o n  > ( 1 x 1 )  4 0 0 K + c { 2 x 2 )  Sp0t  and

f r a c t i o n a l  o r d e r  ( 5 x l )  

s p o t s  d i s a p p e a r

700K 
1 min

( 5 x l )  r e t u r n s  ■ ( l x l )  max. i n t e n s i t yju  mm l  mm °
due t o  d i f f u s i o n  c ( 2 x  2)
o f  C i n t o  t h e  b u lk ,

NO ( i k 5 d S

A d s o r p t i o n  o f  NO on I r  (100) y i e l d e d  a s i m i l a r  sequence  

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

I r  (100)  - ( 5 x 1 )  > ( l x l )  450K > ( 2 x 1 )

1200K

( 5 x 1 )  <r - 15-° g-  ( l x l )

A f l a s h  d e s o r p t i o n  peak was r e c o r d e d  a t  350K which
i'

c o r r e s p o n d e d  t o  l o s s  o f  weakly  bound s p e c i e s .  A second peak  

was o b s e r v e d  a t  500K which c o r r e s p o n d e d  to  l o s s  o f  n i t r o g e n .  

T h i s  was p r e c e d e d  by t h e  I r  ( l x l )  -+ ( 2 x l )  t r a n s f o r m a t i o n  

which  o c c u r r e d  a t  450K. A t h i r d  f l a s h  d e s o r p t i o n  peak  was 

o b s e r v e d  a t  1250K due to  oxygen d e s o r p t i o n .  The ( 2 x l ) - > ( l x l )  

s u r f a c e  r e c o n s t r u c t i o n  to o k  p l a c e  a t  1200K.
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Again  t h e  c l o s e  c o r r e l a t i o n  between s u r f a c e  r e c o n s t r u c t i o n  

and d e s o r p t i o n  may be n o te d .

The change i n  work f u n c t i o n  o f  t h e  i r i d i u m  s u r f a c e  was
q

a l s o  m o n i t o r e d  by K ansk i  and Rhodin ( l8 5 #) a s  i t s  exp osu re  to
K

NO i n c r e a s e d ;  see  f i g  26.

( 5 x l )  ( l x l )

0 -5

300K0
150K-0*5

0 -2  0-4 0-6 0-8 1*0 1*2

E s t im a te d  c o v e rag e  0 (m o n o lay e rs )

f i g u r e  26 

I r ( lO O )  -  (5 x 1) + NO

Work f u n c t i o n  dependence  on NO co v e rag e  a t  
150 K and a t  300 K.

At an  NO c o v e ra g e  o f  6 = 0 * 2  a r e m a rk a b le  work f u n c t i o n  change 

was o b s e r v e d  which  was a t t r i b u t e d  t o  t h e  com ple te  and sudden 

d i s s o c i a t i o n  o f  NO when t h e  h ex agona l  (5 x l )  I r  a r r a y  su p e r ­

p o se d  on t h e  (100) s u r f a c e  t r a n s f o r m e d  t o  a ( l x l )  a r r a y .

A l th o u g h  such d r a s t i c  e f f e c t s  have n o t  been found w i t h  P t  

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

c o r r e l a t i o n  e x i s t s  between th e  g e o m e t r i c a l  a r ran gem en t  o f  t h e  

s u r f a c e  atoms and t h e  c a p a b i l i t y  o f  t h e  s u r f a c e  f o r  a d s o r p t i o n .
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6_*5*1*7 Dependence  o f  S u r f a c e  E l e c t r o n i c  S t r u c t u r e  on t h e  

Geometry o f  t h e  S u r f a c e  Atoms

I t  h a s  been shown by Bonzel  and cow orkers  (180) t h a t  t h e  

d i f f e r e n t  s u r f a c e  a r r a n g e m e n ts  l e a d  to  m arked ly  d i f f e r e n t  

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

p h o t o e l e c t r o n  s p e c t r o s c o p y ,  UPS. They examined c l e a n  P t  (100) -  

( 5 x 2 0 )  and P t  ( l O O ) - ( l x l ) .  F ig  27 I>agel51a, shows t h e  UPS 

sp e c t ru m  f o r  a pho ton  e n e rg y  o f  hi) = 40*8eV.

A peak  a t  0*25eV below t h e  Fermi l e v e l  was e v i d e n t  f o r  

P t  (100)  - ( l x l ) .  From t h i s  was i n f e r r e d  t h e  p r e s e n c e  o f  

u n s a t u r a t e d  s u r f a c e  bonds.  T h is  was c o n f i rm e d  s i n c e  t h e  chemi-  

s o r p t i o n  p r o p e r t i e s  o f  t h e  ( l x l )  and ( 5 x 2 0 )  s u r f a c e s  a r e  

d i f f e r e n t .  N e i t h e r  0^ n o r  c l iemisorb a t  room t e m p e r a t u r e  and 

l o w  p r e s s u r e  on P t  (100) -  (5 x 20) w h i l e  Bonzel  e t  a l  have o b se rv e d  

s t i c k i n g  c o e f f i c i e n t s  r a n g i n g  from 0 * 1 -  1*0 f o r  b o th  t h e s e  

g a s e s  on t h e  c l e a n  ( l  x l )  s u r f a c e .

Bonzel  e t  a l  compared UPS s p e c t r a  f o r  d i f f e r e n t  d e g r e e s  o f  

e x p o s u re  o f  P t  ( l x l )  t o  CO a t  50°C. The 0*25eV peak  d i s a p p e a r e d  

a f t e r  o n l y  a  v e r y  low ex p o su re  which p ro v ed  t h a t  i t  c o r r e s p o n d e d  

t o  t h e  u n s a t u r a t e d  s u r f a c e  bonds.

6*5*1*8 P o s s i b l e  C o r r e l a t i o n  between S u r f a c e  R e c o n s t r u c t i o n  

and E x o - E l e c t r o n  E m iss ion

S in c e  s u r f a c e  r e c o n s t r u c t i o n  i s  so c l o s e l y  l i n k e d  w i th  

a d s o r p t i o n  and d e s o r p t i o n  on t h e  (100) and (110) c r y s t a l  f a c e s  

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

c o n t r i b u t e  t o  e x o - e l e c t r o n  e m is s io n .  S u r f a c e  r e c o n s t r u c t i o n  

may t a k e  p l a c e  even a t  room t e m p e r a t u r e  (1 8 2 ) ,



figure 27.
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UPS energy distribution curves for a- clean 
P t(1 0 0 )  surface, hv- = 40-8eV. Dashed 
curve, .difference spectrum between (1x1) 
and (5x20)  structure.
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Al "though t h e  c h an g es  i n  t h e  s u r f a c e  u n i t  c e l l  d im e n s io n s  

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

s u r f a c e  r e c o n s t r u c t i o n  sho u ld  o c c u r  i n  t h e  r e v e r s e  sequence  a s  

a s u r f a c e  c a p a b le  o f  r e c o n s t r u c t i o n  i s  a l lo w e d  to  c o o l .  Thus 

s u r f a c e  r e c o n s t r u c t i o n  c o u ld  l e a d  to  exo—e l e c t r o n  e m is s io n  

when t h e  p l a t i n u m  w i r e ,  on whose s u r f a c e  c a rb o n a c e o u s  s p e c i e s  

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

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

S in c e  maxima o f  e x o - e l e c t r o n  e m is s io n  a r e  o b s e r v e d  when 

t h e  w i r e  c o o l s  i n  a rg o n  a f t e r  p r i o r  ex p o su re  t o  h y d r o c a r b o n s ,  

t h e  s u r f a c e  r e c o n s t r u c t i o n  would have to  be due to  i n t e r a c t i o n s  

o f  t h e  c a r b o n a c e o u s  s p e c i e s  on t h e  s u r f a c e .

However, s u r f a c e  r e c o n s t r u c t i o n  can n o t  be inv o k ed  to  

e x p l a i n  t h e  f a c t  t h a t  a f t e r  h e a t i n g  t h e  w i re  more t h a n  once i n  

e t h y l e n e  o r  a c e t y l e n e  no more e m is s io n  was o b se rv e d ,  y e t  a f t e r  

a g e i n g  t h e  p l a t i n u m  f i l a m e n t  was c a p a b le  o f  e m i t t i n g  a g a i n ,  and,  

by i n f e r e n c e ,  c a p a b le  o f  a d s o r p t i o n  a g a i n .

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

s i t e s  had t o  be found.  To t h i s  end t h e  p o s s i b i l i t y  o f  g r o s s  

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

6*3*2 S u r f a c e  Rearrangem ent  

6 *  3 * 2*0

As w e l l  a s  a tom ic  r e c o n s t r u c t i o n s ,  s u r f a c e  r e a r r a n g e m e n t s  

have been  o b s e r v e d  on a m ac ro sco p ic  s c a l e .

6* 3* 2*1 Examples o f  S u r fa c e  R earrangem ent  o f  P l a t i n u m  i n  t h e

P r e s e n c e  o f  Oxvgen



I t  h a s  been shown by many w o rk e r s ,  f o r  example C o l l i n s ,

Lee and S p i c e r  ( 1 8 6 ) ,  t h a t  p r o lo n g e d  h e a t i n g  of  r e c r y s t a l l i s e d

p l a t i n u m  r i b b o n s  i n  oxygen a t  h ig h  t e m p e r a t u r e  (T ~1120K) and
—  6u n d e r  h ig h  vacuum (10"  t o r r  oxygen) l e a d s  to  a p r e f e r e n t i a l l y  

( i l l )  o r i e n t e d  s u r f a c e .

Ducros  and M e r r i l l  (187) s t u d i e d  t h e  a d s o r p t i o n  o f  oxygen 

on p l a t i n u m .  They c o n s i d e r e d  a d s o r p t i o n  t o  be more l i k e l y  on 

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

e t c h e d  P t  ( i l l )  s u r f a c e  was more a c t i v e  t h a n  a w e l l  o r i e n t e d  

P t  ( i l l )  s u r f a c e .  Ducros  and M e r r i l l  t h u s  co n c lu d ed  t h a t  t h e  

p r e s e n c e  o f  s u r f a c e  d e f e c t s  was i m p o r t a n t  f o r  oxygen 

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

The (110) s u r f a c e  i n  t h e  f a c e - c e n t r e d  c u b ic  sys tem i s  

composed o f  c l o s e - p a c k e d  rows w i t h  a second  s e r i e s  o f  c l o s e -  

p ack ed  rows below t h e  s u r f a c e  p l a n e .  Ducros and M e r r i l l  

p o i n t e d  o u t  t h a t  u n r e c o n s t r u c t e d  P t  (110) -  ( l x l )  c o u ld  be 

c o n s i d e r e d  t o  c o m p r ise  monatomic P t  ( i l l )  s t e p s ,  w h i l e  th e  

r e c o n s t r u c t e d  P t  ( 2 x l )  s u r f a c e  was made up o f  t i l t e d  m ic ro ­

f a c e t s  o f  ( i l l )  c r y s t a l l o g r a p h y .  In  t h e  f a c e - c e n t r e d  cub ic  

sys tem  t h e  ( i l l )  f a c e  i s  e x p e c te d  t o  be most  s t a b l e  so t h a t  

Ducros  and M e r r i l l  v iew ed  r e c o n s t r u c t i o n  a s  a  g row th  o f  m ic ro ­

f a c e t s  o f  more f a v o u r e d  geom etry .

I f  a  p e r f e c t  (110) s u r f a c e  f a c e t e d  a ( l x  3) a r r a y  m igh t  

be e x p e c t e d  to  e v o lv e  a s  l a r g e  f a c e t s  o f  ( i l l )  o r i e n t a t i o n  

d e v e lo p e d .  Ducros and M e r r i l l  b e l i e v e d  t h a t  a  ( 1 x 2 )  s u r f a c e  

a r r a y  was n o t  u n r e a s o n a b l e  s i n c e  no l a r g e  f a c e t s  o f  ( i l l )  

o r i e n t a t i o n  were o b se rv e d .

They found  t h a t  t h e  P t - 0  phase  formed by oxygen



a d s o r p t i o n  on P t  (.110) was s t a b l e  to  t e m p e r a t u r e s  i n  e x c e s s  o f  

100CK. They f u r t h e r  o b s e r v e d  t h a t  i f  t h e  c r y s t a l  was h e a t e d  

f o r  e x te n d e d  p e r i o d s  a t  130GX, e s p e c i a l l y  i n  oxygen,  a r e a s  o f  

( 1 x 3 )  . s t r u c t u r e  were i n  f a c t  o b s e r v e d .  Even t h e n ,  however, 

no l a r g e  f a c e t s  were e v i d e n t ,

P a r e j a ,  A m a r i g l io ,  P i q u a r d  and A m a r ig l io  (188)  have 

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

o c c u r  a t  much low er  t e m p e r a t u r e s .  They h e a t e d  a p l a t i n u m  

r i b b o n  f o r  lo n g  p e r i o d s  a t  260°C i n  t h e  p r e s e n c e  o f  t r a c e s  o f  

oxygen (E^ + 2000 ppm s u r f a c e  r e a r r a n g e m e n t  which

r e s u l t e d  c o u ld  be e a s i l y  o b s e r v e d  w i t h  an o p t i c a l  o r  scan n in g  

<2lUcXron m ic r o s c o p e .

S u r f a c e  r e a r r a n g e m e n t s  i n i t i a t e d  by a d s o r p t i o n  have been 

o b s e r v e d  by m ethods  o t h e r  t h a n  LEED. For example ,  P a r e j a  e t
€-1 e c J r  r o c \

a l  (188) employed o p t i c a l  and s c a n n in g ^ m ic ro s c o p e s  to  

i n v e s t i g a t e  s u r f a c e  change .  J e c h  (189) s t u d i e d  g a se o u s  

a d s o r p t i o n  on k r y p t o n a t e d  p l a t i n u m  f i l m s  by employing Kr a s  a 

r a d i o t r a c e r .  He found  t h a t  when oxygen was i n t r o d u c e d  no 

k r y p t o n  was r e l e a s e d .  I f ,  however,  hydrogen  was i n t r o d u c e d  to  

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

k r y p t o n .  V a te r  a d s o r p t i o n  on t h e  p l a t i n u m  s u r f a c e  a l s o  

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

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

J e c h  t h u s  deduced  t h a t  c h e m i s o r p t i o n  o f  hydrogen  o r  w a te r  

c a u s e d  s u r f a c e  r e a r r a n g e m e n t  to  o c c u r .

^■ 5)* 2-*2 S u r f a c e  Rearrangem ent  o f  P l a t i n u m  ¥ i r e  5

I f  was shown e a r l i e r  t h a t  i t  was n e c e s s a r y  i n  t h e  p r e s e n t



1 5 5 .

s tu d y  t o  expose  a p l a t i n u m  w i re  to  a i r  a t  room t e m p e r a t u r e  a f t e r  

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

c o o l i n g  c u r v e s  m igh t  be o b t a i n e d .  S ince  h e a t i n g  t h e  p l a t i n u m  

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

r e a s o n a b l e  to  co nc lu d e  t h a t  t h e  w a te r  v a p ou r  p r e s e n t  i n  a tmos­

p h e r i c  a i r  must  have some e f f e c t  on t h e  p l a t i n u m  s u r f a c e .  J e c h  

(189)  showed t h a t  w a t e r  a d s o r p t i o n  c au se d  a s u r f a c e  r e a r r a n g e ­

ment .  Thus w a t e r  a d s o r p t i o n  may enhance g r a i n  g row th  w i t h  a 

s u r f a c e  c r y s t a l l o g r a p h y  s u i t a b l e  f o r  hy d ro ca rb o n  c h e m is o r p t i o n .

To d e te r m in e  w h e th e r  s u r f a c e  r e a r r a n g e m e n t  had o c c u r r e d  

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

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

w i r e  was examined by Mr S, O rr  i n  a P h i l i p s  P .S .E .M, 500 

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

see  M ic r o g ra p h s  1, 2 p a g e s  1 5 5 a ,1 5 5 b ,  were compared w i t h  t h o s e  

o b t a i n e d  from a sample t a k e n  from w i re  5; see  M ic ro g ra p h s  3, 4 

p a g e s  155c ,  155d.

T h i s  p r o v i d e d  c l e a r  e v id e n c e  t h a t  e x t e n s i v e  s u r f a c e  

r e a r r a n g e m e n t  had o c c u r r e d .  The m ic r o g r a p h s  o f  t h e  u n t r e a t e d  

w i r e  show t h e  e f f e c t s  o f  c o l d  working  on t h e  w i r e .  The s u r f a c e  

i s  rou g h  and t h e  g ro o v e s  which run  p a r a l l e l  to  each  o t h e r  a r e  

c a u s e d  by th e  e x t r u s i o n  p r o c e s s .

A f t e r  ch em ic a l  t r e a t m e n t  a l l  t h e  s u r f a c e  damage i n  w i re  5 

had been removed. T rea tm en t  a t  h ig h  t e m p e r a t u r e  w i l l  a n n e a l  

o u t  s u r f a c e  damage. G ra in  g row th  was p ronounced .  The w h i te  

m ark e r  l i n e s  on t h e  p h o to g r a p h s  a r e  10p, Thus i t  may be seen 

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

some p l a t i n u m  c r y s t a l s  rem ained  p e r f e c t l y  smooth w h i l e  o t h e r s  

showed e v id e n c e  o f  c o n s i d e r a b l e  ro u g h e n in g ,  i n d i c a t i v e  o f  t h e



15 5 a .

Micrograph 1

M ic ro g ra p h  1 shows t h e  s t a t e  o f  t h e  s u r f a c e  o f  t h e  

p l a t i n u m  w i re  when i t  was i n t r o d u c e d  i n t o  th e  c o u n te r .  

M a g n i f i c a t i o n  x2 ,500



155b.
*

Micrograph 2

M ic ro g ra p h  2 shows a n o t h e r  t y p i c a l  a r e a  o f  ' v i r g i n 1 

p l a t i n u m .

Magnification x2,500



15 5c.

Micrograph 3

■am  J■m /

M ic ro g ra p h  3 shows a t y p i c a l  a r e a  o f  p l a t i n u m  i n  a 

sample t a k e n  from w i re  5 a f t e r  a l l  t h e  e x p e r im e n t s  had 

been  c o m p le ted .

Magnification x2,500



15 5d.

Micrograph 4

M ic ro g ra p h  4 shows a n o t h e r  t y p i c a l  a r e a  o f  th e  

p l a t i n u m  s u r f a c e  a f t e r  c o m p le t io n  o f  t h e  e x p e r im e n t s  

c a r r i e d  o u t  on w i re  5.

Magnification x2500
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e a r l y  s t a g e s  o f  f a c e t i n g .  O t h e r s  showed c i r c u l a r  s t r u c t u r e  on 

t h e  s u r f a c e  which  was b e l i e v e d  to  be s t r u c t u r e s  on th e  s u r f a c e  

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

To d e te r m in e  t h e  c au se  o f  t h e  s u r f a c e  r e a r r a n g e m e n t ,  t h e  

g r a i n  g row th  and f a c e t i n g ,  a sample o f  w i re  which had been 

h e a t e d  to  d u l l  o range  h e a t  (T ~ 7 5 0  -  800°C) f o r  30 m in u te s  i n  a 

f lo w  o f  4m l / s e c  of  oxygen was a l s o  examined; see  M ic ro g rap h  5 

page  156a.

There  was l i t t l e  change i n  t h e  s u r f a c e  o f  t h e  p l a t i n u m  w i re .  

P l a t i n u m  i s  r e p u t e d  to  have a s t r o n g  t e n d e n c y  t o  f a c e t  when i t  

i s  h e a t e d  i n  oxygen ( (l86)-( 188)) even a t  low p r e s s u r e s .  However, 

t h e s e  m ic r o g r a p h s  i n d i c a t e  t h a t  h y d r o c a rb o n s  must have a 

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

s u r f a c e s  w h i l e  o t h e r  s u r f a c e s  rem ain  r e l a t i v e l y  unchanged.

S in c e  a p o l y c r y s t a l l i n e  p l a t i n u m  w i re  was u sed  f o r  t h i s  

e x o - e l e c t r o n  e m is s io n  i n v e s t i g a t i o n ,  many d i f f e r e n t  p l a t i n u m  

f a c e s  o f  h i g h  and low M i l l e r  i n d e x  w i l l  be exposed .  Thus a 

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

o f  p l a t i n u m  would be u s e f u l ,

6*6 A Comparison o f  Low and High M i l l e r  In d e x  P l a t i n u m  S u r f a c e s  

6 - 6*0

S o m o r j a i ' s  g roup  has  i n v e s t i g a t e d  th e  s t a b i l i t y  o f  many 

low and h ig h  M i l l e r  in d e x  s u r f a c e s ;  see  (147) f o r  a r e v ie w  o f  

t h e  work.

I t  was shown by Lang, J o y n e r  and Som orja i  (190) t h a t  when 

a  f r e s h l y  p r e p a r e d  h ig h  M i l l e r  in d e x  p l a t i n u m  s u r f a c e  i s  h e a t e d  

i t  r e a r r a n g e s  to  g iv e  t e r r a c e s  o f  low in d e x  p l a n e s  s e p a r a t e d  by 

s t e p s  o f t e n  one atom i n  h e i g h t .  The a p p e a ra n c e  o f  such o r d e r e d



156a .

Micrograph 5

M ic ro g ra p h  5 shows a t y p i c a l  a r e a  o f  a  p l a t i n u m  

s u r f a c e  a f t e r  a l e n g t h  o f  ' v i r g i n '  p l a t i n u m  was a n n e a le d  

f o r  60 min a t  750 -  800°C i n  a f low  o f  4 m l / se c  oxygen. 

Magni f i c a t i o n  x 2 ,500
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s t r u c t u r e s  i s  n o t  c o n f i n e d  to  p l a t i n u m .  I t  has  a l s o  been 

o b s e r v e d  w i t h ,  f o r  example, germanium, g a l l i u m  a r s e n i d e ,  copper  

and uran ium  d i o x i d e ;  see (190) f o r  r e f e r e n c e s .

6*6*1 A Nomenclature for High Miller Index Surfaces

A n o m e n c la tu r e  was d e v i s e d  (190) to  d e s c r i b e  h ig h  in d e x  

s u r f a c e s  to  f a c i l i t a t e  com par isons  between them. Thus P t  (755) 

may be d e n o te d  P t  ( S ) ~ [ 6 ( 1 1 1 ) x  (100) ] which i n d i c a t e s  t h a t  t h i s  

s u r f a c e  c o m p r i s e s  t e r r a c e s  o f  ( i l l )  o r i e n t a t i o n  s i x  atoms wide 

s e p a r a t e d  by monatomic s t e p s  o f  (100) o r i e n t a t i o n .  ( S) d e n o te s  

a s t e p p e d  s u r f a c e .  P t  (911) may be r e p r e s e n t e d  a s  P t  (S)~ 

[5 (100)  x ( 1 1 1 ) ] .  Thus P t  (911) i s  made up o f  t e r r a c e s  o f  (100) 

c r y s t a l l o g r a p h y  on a v e ra g e  f i v e  atoms wide.  The monatomic s t e p s  

be tw een  t h e  t e r r a c e s  have ( i n )  o r i e n t a t i o n .

6*6*2 Thermal Stability of Platinum Surfaces in Vacuum

Lang, J o y n e r  and Som orja i  (190) i n v e s t i g a t e d  t h e  th e rm a l  

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

d e s i g n a t e d  P t  ( S ) - [ 9 ( i l l )  x ( i l l )  ] ,  P t  ( S ) - [ 6 ( l l l ) x (100) ] and 

P t  ( S ) - [ 5 ( 1 0 0 ) x  (111)  ] .  They found t h a t  each  o f  th e  t h r e e  

o r d e r e d  s t r u c t u r e s  was s t a b l e  i n  vacuum up t o  1500K.

Lang e t  a l  o b se rv e d  t h a t  i f  P t  ( S ) ~ [ 9 ( l l l )  x ( i l l ) ]  was 

h e a t e d  i n  10"'* t o r r  oxygen to  950-llOOK and t h e n  a l lo w e d  to  

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

w i d t h s  g r e a t e r  and l e s s  t h a n  9. However, vacuum a n n e a l i n g  a t  

80OK r e s t o r e d  t h e  s u r f a c e  to  i t s  o r i g i n a l  o r d e r e d  s t a t e .

McLean and Mykura (191) d e m o n s t r a t e d  t h a t  s u r f a c e s  c l o s e  

t o  t h e  ( i l l )  o r i e n t a t i o n  were s t a b l e  w i t h  r e s p e c t  to  f a c e t i n g  

up t o  1900K. T h is  i s  because  t h e  ( i l l )  s u r f a c e  i s  t h e
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c o n f i g u r a t i o n  o f  lo w e s t  s u r f a c e  f r e e  e nergy  f o r  t h e  c r y s t a l  

f a c e s  o f  a f a c e —c e n t r e d  cub ic  s o l i d .  S u r f a c e s  c l o s e  to  t h e  

(lOO) f a c e  were found  to  be l e s s  s t a b l e :  f a c e t i n g  commenced

above 1500K.

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

t o  u n s t e p p e d  (100) o r  ( i l l )  f a c e s  would be p r e d i c t e d  from 

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

s u r f a c e  i s  r a p i d  a t  t e m p e r a t u r e s  a s  low a s  900K. However, Lang, 

J o y n e r  and Som orja i  (190) su g g e s t e d  t h a t  t h e r e  was no e n e r g e t i ­

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

c o u ld  r e a r r a n g e  to  th e rm o d y n am ica l ly  more f a v o u r e d  s t r u c t u r e s .

Schwoebel  ( s e e  (1 9 0 ) )  h a s  c o n s i d e r e d  t h e  p roblem t h e o r e t i ­

c a l l y .  H'e examined t h e  t im e -d e p e n d e n t  change i n  t e r r a c e  w id th  

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

a r r i v i n g  from d i f f e r e n t  d i r e c t i o n s  and o f  t h e i r  de tachm en t  

p r o b a b i l i t y  from a s t e p .

H is  model i n d i c a t e d  t h a t  f o r  c e r t a i n  v a l u e s  o f  t h e  c a p t u r e  

and  de ta ch m en t  p r o b a b i l i t i e s  a s t e p p e d  s u r f a c e  can be s t a b l e ,  

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

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

o f  a  s u r f a c e .

6*6*3 Thermal  S t a b i l i t y  o f  P la t in u m  S u r f a c e s  i n  t h e  P r e s e n c e  

o f  A d s o r b a t e s .

6*6*3*1 Thermal S t a b i l i t y  o f  P l a t i n u m  S u r f a c e s  i n  t h e  P r e s e n c e  

o f  Hydrocarbons

The th e r m a l  s t a b i l i t y  i n  vacuum and i n  t h e  p r e s e n c e  o f  

h y d r o c a r b o n s ,  oxygen o r  hydrogen o f  v a r i o u s  s t e p p e d  s u r f a c e s  o f
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p l a t i n u m  has  been i n v e s t i g a t e d  by S o m o r j a i ’ s g roup .

For  example ,  Baron, B la k e ly  and Som orja i  (167) compared 

and c o n t r a s t e d  t h e  b e h a v io u r  o f  P t  ( S ) - [ 9 ( l l l ) x  ( l OO) ] ,

P t  (S) —[6(111)  x (100) ] ,  P t  ( S ) - [ 7 ( 1 1 1 ) x (310) ] and

P t  ( S) —[ 4 ( l l l ) x  ( l OO)]  d u r in g  t h e  c h e rn i s o rp t io n  o f  n - h e p t a n e ,

t o l u e n e ,  benzene ,  e th y l e n e  and c y c lo h ex a n e .  Three o f  t h e  f o u r

s u r f a c e s ,  t h e  [ 9 ( 111) x (100) ] ,  [ 6(111) x (100) ] and

[ 7 ( l l l )  x ( 3 1 0 ) ]  c o u ld  be h e a t e d  above 1000 °C i n  vacuum o r  i n

t h e  p r e s e n c e  o f  hy droca rbon  w i th o u t  marked r e s t r u c t u r i n g .  In

vacuum t h e  [ 4 ( l l l ) x  ( 1 0 0 ) ]  s u r f a c e  f a c e t e d  a t  t e m p e r a t u r e s

above 900°C, w h i l e  i n  th e  p r e s e n c e  o f  hy d ro ca rb o n  o r  hydrogen

f a c e t i n g  o c c u r r e d  a t  t e m p e r a t u r e s  a s  low a s  300°C.

There  were found to  be f o u r  com pet ing  p r o c e s s e s :

(1 )  n u c l e a t i o n  and g row th  o f  o r d e r e d  c a rb o n a c e o u s  s u r f a c e  

s t r u c t u r e s ,

(2)  d e h y d r o g e n a t i o n ,  i . e .  b r e a k in g  C-H bonds i n  t h e  a d s o rb e d  

o r g a n i c  m o le c u le s ,

( 3 ) d e c o m p o s i t i o n  o f  t h e  o r g a n ic  m o le c u l e s ,  i . e .  b r e a k in g  

b o t h  C-H and C-C bonds a t  s t e p s ,

( 4 ) r e a r r a n g e m e n t  o f  th e  s u b s t r a t e  by f a c e t i n g .

P r o c e s s e s  ( l )  and (2) were found t o  p red o m in a te  on th e

[9 (11 1 )  x (100) ] and [ 6 ( l l l )  x (100) ] s u r f a c e s  where t h e  t e r r a c e s  

be tw een  t h e  s t e p s  a r e  b road  and t h e  s u r f a c e  a p p ro x im a te s  more 

c l o s e l y  to  a low M i l l e r  in d e x  s u r f a c e .  P r o c e s s  (3) was most 

i m p o r t a n t  w i t h  P t [ 7 ( l l l )  x (310) ] where t h e r e  a r e  k i n k s  i n  t h e  

s t e p s  a t  f r e q u e n t  i n t e r v a l s .  P r o c e s s  (4) p re d o m in a te d  on

[ 4 ( 1 1 1 ) x ( 1 0 0 ) ] .

Thus i t  i s  o bv io us  t h a t  d i f f e r e n t  h ig h  M i l l e r  in d e x
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s u r f a c e s  behave d i f f e r e n t l y  i n  th e  p r e s e n c e  o f  h y d ro c a rb o n s .

6i 6̂ _3-__2 Thermal S t a b i l i t y  o f  P l a t in u m  S u r f a c e s  i n  t h e

P r e s e n c e  o f  S u r fa c e  Carbon

Lang (163) showed t h a t  f o r  low c a rb o n  d o se s  o r d e r e d

s t r u c t u r e s  were formed on h ig h  in d ex  f a c e s  o f  p l a t i n u m .  However,

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

d e c r e a s e d  and f a c e t i n g  became more l i k e l y .  Lang compared

P t  ( 1 0 0 ) ,  P t  ( i l l ) ,  P t  ( S ) - [ 5 ( 1 0 0 ) x  (111) ] and

P t  ( s ) - [ 6 ( l l l ) x  (100)  ].

He found  t h a t  a g r a p h i t i c  o v e r l a y e r  was formed on P t  (100) 

a t  t e m p e r a t u r e s  T ^  400°C w h i le  some f a c e t i n g  o c c u r r e d  above 

500°C. On t h e  s t e p p e d  (100) s u r f a c e  f a c e t i n g  commenced above 

425°C. By c o n t r a s t  P t  ( i l l )  d id  n o t  f a c e t  a l t h o u g h  t h e  s t e p p e d  

P t  ( i l l )  s u r f a c e  underwent  f a c e t i n g  above 600°C.

6*6*3*3 A Comparison o f  th e  Thermal S t a b i l i t y  o f  P l a t i n u m

S u r f a c e s  i n  th e  P r e s e n c e  of  Chemisorbed Oxygen o r  Carbon

I n  a r e c e n t  s tu d y  B la k e ly  and Som or ja i  (192)  i n v e s t i g a t e d  

t h e  s t a b i l i t y  o f  tw en ty - tw o  h ig h  M i l l e r  i n d e x  s u r f a c e s  o f  

p l a t i n u m  i n  vacuum and i n  t h e  p r e s e n c e  o f  a  m onolayer  o f  chemi— 

s o r b e d  oxygen o r  ca rbo n .

U n l ik e  Lang (163) t h e y  found t h a t  t h e  P t  (100) s u r f a c e  was 

s t a b l e  u n d e r  a l l  t h e i r  c o n d i t i o n s .  I t  was s t a b l e  to  1600°C i n  

vacuum, gave a s t a b l e  g r a p h i t i c  o v e r l a y e r  and d i d  n o t  r e a r r a n g e  

a f t e r  c a rb o n  was d e p o s i t e d .  F u r t h e r ,  i t  was s t a b l e  t o  

t e m p e r a t u r e s  T ^  1500°C i n  t h e  p r e s e n c e  o f  oxygen. However, 

t h e r e  may have been a g r e a t e r  d e p o s i t  o f  ca rb o n  on t h e  s u r f a c e  

i n  L a n g ’ s s tu d y .  A l t e r n a t i v e l y ,  B la k e ly  and Som orja i  (192)
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s u g g e s t e d  t h a t  s i n c e  o n ly  some o f  t h e  (lOO) s u r f a c e  f a c e t e d ,  

t h e  r e a r r a n g e m e n t  might  h a v e .b e e n  due t o  t h e  p r e s e n c e  o f  

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

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

and  t o  t h e  e x t e n t  o f  s u r f a c e  c o n ta m i n a t i o n  o r  s u r f a c e  c a rb o n .

6*6*3*4 I n t e r p r e t a t i o n  of  t h e  R e s u l t s  u s i n g  a 

S te reo ,g ra p h ic  P r o j e c t i o n

C r y s t a l  s u r f a c e s  may be r e p r e s e n t e d  by making u se  o f  a 

s t e r e o g r a p h i c  t r i a n g l e  i n  which a low M i l l e r  in d e x  s u r f a c e  i s  

foun d  a t  e ach  apex;  see f i g  53 page 161a.

B l a k e ly  and Som orja i  (192) found t h a t  t h e  t h r e e  low 

M i l l e r  i n d e x  s u r f a c e s ,  P t  (1 0 0 ) ,  (1 1 0 ) ,  ( i l l )  were s t a b l e  i n  

a l l  c o n d i t i o n s  o f  t h e i r  s tudy .  As w e l l  a s  t h e  t h r e e  low M i l l e r  

i n d e x  s u r f a c e s ,  t h e  h i g h l y  s te p p e d  s u r f a c e s  midway between t h e  

low i n d e x  p l a n e s  on t h e  zone l i n e s  were a l s o  found t o  be s t a b l e  

u n d e r  a l l  c o n d i t i o n s .  These s u r f a c e s  a r e  P t  [ 3 ( l l l )  x (100) ] 

and  P t  [2 (100)  x ( i l l )  ] ,  M i l l e r  i n d i c e s  (112)  and ( 1 1 3 ) ,  which 

l i e  be tw een  t h e  ( i l l )  and (001) p l a n e s  and P t  [2—3 ( l l l )  x ( l l l ) ] ,  

M i l l e r  i n d e x  ( 3 3 l ) - ( 2 2 l ) , between t h e  ( i l l )  and ( O i l )  p l a n e s .  

Between t h e  (OOl) and (O i l )  p l a n e s  t h e  P t  [2 (100)  x (100)  ] 

s u r f a c e ,  M i l l e r  in d e x  (0 1 2 ) ,  was found to  be s t a b l e .  The s t a b l e  

s u r f a c e s  were c h a r a c t e r i s e d  by t h e  com ple te  absen c e  o f  s t e p s ,  

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

h e i g h t :  none o f  th e  s t a b l e  s u r f a c e s  had a  t e r r a c e  w id th  g r e a t e r

t h a n  t h r e e  a tom s.

Some o f  t h e  o t h e r  s u r f a c e s  were found  t o  be s t a b l e  when 

c l e a n  o r  i n  oxygen, b u t  n o t  i n  t h e  p r e s e n c e  o f  a ca rb o n  o v e r -  

l a y e r .  For  example , k in k e d  s t e p p e d  s u r f a c e s  v ic ina .1  to  t h e



figure 53. 161 a.

Stereographic projection showing the 
c rys ta l lographic  orientation of some of the  
p lat inum single crystal faces studied by 
Blakely and Somorjai.

(001)

6(111)x(100)~(557

3(111)x(100M112) 
2(100x011)^(113)

13(111)x(310) *->(69,71, 72)

4 1 1 1 ) x (111) ~  ( 1 2 2 )

5(110)x(111)«-»(155)

2(100)x(100)«(012)
(011)



( i l l )  c r y s t a l l o g r a p h i c  p l a n e  f e l l  i n t o  t h i s  c a t e g o r y .  O th e r  

s u r f a c e s ,  f o r  i n s t a n c e  t h e  ( i l l )  v i c i n a l  s u r f a c e s  on t h e  zone 

l i n e s ,  were s t a b l e  when c l e a n  o r  c o v e r e d  i n  ca rb on  b u t  t h e y  

u nd e rw en t  f a c e t i n g  i n  t h e  p r e s e n c e  o f  oxygen. A few were 

s t a b l e  i n  vacuum b u t  underw ent  s u r f a c e  r e a r r a n g e m e n t  i n  t h e  

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

vacuum o r  i n  t h e  p r e s e n c e  o f  oxygen o r  ca rb o n .

O f te n  f a c e t i n g  p r o c e e d e d  to  g iv e  a m ix tu r e  o f  low i n d e x  

f a c e s  and t h e  a p p r o p r i a t e  s t a b l e ,  m id-zone  s u r f a c e ,  Chemi- 

s o r p t i o n  and c a t a l y s i s  o f  h y d r o c a r b o n s ,  hyd rogen ,  oxygen e t c .  

can  c o n t i n u e  s i n c e  t h e  h i g h l y  s t a b l e  m id-zone  s u r f a c e s  a l l  

have a h i g h  d e n s i t y  o f  s t e p s  and k i n k s  which  have been shown

(147)  t o  be r e s p o n s i b l e  f o r  bond b r e a k i n g .

6*6*4 C a t a l y s i s  by S tepped  P l a t i n u m  S u r f a c e s

In  a d d i t i o n  to  c h e m is o r p t i o n  s t u d i e s  on h i g h  M i l l e r  i n d e x

s u r f a c e s ,  S o m o r j a i ’ s g roup  has  a l s o  i n v e s t i g a t e d  some r e a c t i o n s  

c a t a l y s e d  by p l a t i n u m .  For example , Somorja i  (147) r e p o r t e d  

t h e  f i n d i n g s  o f  a s tu d y  o f  t h e  d e h y d ro g e n a t io n  and h ydrogeno-  

l y s i s  o f  c y c lo h ex a n e  on s t e p p e d  a,nd low M i l l e r  i n d e x  s u r f a c e s .

6*6*4»1 Dehydrogenation & Hydrogeno l y s i s  o f  Cyclohexane  

on P l a t i n u m

D e h y d ro g e n a t io n  o f  cyc lo h ex a n e  t o  benzene was found  to  be 

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

t o  g i v e  h exane ,  p ro p a n e ,  m ethane ,  e t h y l e n e ,  p r o p y le n e  and 

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

o r  k i n k  d e n s i t y .
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C yclohexene  i s  an i n t e r m e d i a t e  i n  benzene f o r m a t io n  from 

c y c lo h e x a n e .  I t  was shown t h a t  a s t r u c t u r e —i n s e n s i t i v e ,  slow 

s t e p  p r o d u c e d  c y c lo h ex e n e  from c y c lo h ex a n e  and t h a t  t h i s  was 

f o l l o w e d  by a s t r u c t u r e —s e n s i t i v e ,  f a s t  r e a c t i o n  to  g iv e  

b e n z e n e ;  c y c lo h e x e n e  underw ent  f a s t  d e h y d r o g e n a t io n  a t  s t e p s  

on t h e  s u r f a c e .  I f  t h e  c a rb o n a c e o u s  o v e r l a y e r  on t h e  c a t a l y s t  

was d i s o r d e r e d ,  a s  on a P t  ( i l l )  s u r f a c e ,  benzene  f o r m a t io n  was 

i n h i b i t e d ,  w h i l e  c y c lo h ex e n e  p r o d u c t i o n  was enhanced .  A l t e r n a ­

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

f o r m a t i o n  p r e d o m in a te d .

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

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

hexene  t o  b e n z e n e , '

The h y d r o g e n o l y s i s  r e a c t i o n  was found  t o  be s u r f a c e -  

s e n s i t i v e ,  d e pend ing  on t h e  p r e s e n c e  o f  k i n k s  f o r  C-C bond 

b r e a k a g e .  However, t h i s  r e a c t i o n  was i n s e n s i t i v e  to  t h e  s t a t e  

o f  o r d e r  o f  t h e  o v e r l a y e r .

A l th o u g h  i t  i s  n o t  p o s s i b l e  to  u se  r e s u l t s  o b t a i n e d  i n  

LEED e x p e r im e n t s  d i r e c t l y  t o  t r y  to  e x p l a i n  r e s u l t s  o b t a i n e d  

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

s e n s i t i v i t y  o f  some r e a c t i o n s  may be r e t a i n e d .  F u r t h e r ,  t h e  

p r e s e n c e  o f  s t e p s  and k i n k s  f o r  C-H and C-C bond b r e a k a g e ,  a s  

w e l l  a s  H-H e t c . , i s  e s s e n t i a l  a t  a l l  p r e s s u r e s .

6*6*4*2 P r e s e n c e  o f  E xcess  Hydrogen d u r in g  Hydrocarbon 

R e a c t i o n s  on P la t in u m

In  a l l  hy d ro ca rb o n  r e a c t i o n s ,  even d e h y d ro g e n a t io n  and 

h y d r o g e n o l y s i s  e x p e r im e n t s  where hydrogen i s  b e in g  p ro d u c e d ,  a 

h i g h  h y d r o g e n :h y d ro c a rb o n  r a t i o  i n  t h e  r e g i o n  20:1  was used .



164.

I f  t h e r e  was l i t t l e  o r  no e x c e s s  hydrogen  p r e s e n t  t h e  c a t a l y s t  

q u i c k l y  became p o i s o n e d  (1 4 7 ) .  Som orja i  s u g g e s t e d  t h a t  t h e  r o l e  

o f  t h e  e x c e s s  hydrogen  a p p e a re d  t o  be k e e p in g  t h e  s t e p  and k i n k  

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

e a s e  o f  d i s s o c i a t i o n  and h i g h e r  b i n d in g  en e rgy  o f  hydrogen  a t  

s t e p s  compared w i t h  t e r r a c e  s i t e s .

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

S o m or ja i  p ro p o se d  t h a t  th e  s p e c i e s  which  formed a s  a r e s u l t  o f  

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

away on to  t h e  t e r r a c e  which i s  c o v e re d  w i t h  a c a rb o n a c e o u s  o v e r ­

l a y e r .  D e s o r p t i o n  would o c c u r  from th e  t e r r a c e .  A l t e r n a t i v e l y ,  

he s u g g e s t e d  t h a t  th e  r e a r r a n g e m e n t  m igh t  e q u a l l y  t a k e  p l a c e  on 

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

6*6*5 I m p l i c a t i o n s  f o r  E x o - E l e c t r o n  R e s u l t s

T h i s  e x p l a i n s  why e x o -e m is s io n  from t h e  p l a t i n u m  w i re  f e l l  

away so d r a s t i c a l l y  d u r i n g  second and su b seq u e n t  h e a t i n g  c y c l e s  

i n  e t h y l e n e  and a c e t y l e n e .  The l a c k  o f  e x c e s s  hydrogen means 

t h a t  s t e p  and k i n k  a d s o r p t i o n  s i t e s  w i l l  q u i c k l y  become b lo c k e d  

so t h a t  no more d i s s o c i a t i v e  a d s o r p t i o n  can o c c u r .  T h is  i n  t u r n  

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

on p l a t i n u m  which i s  i m p o r t a n t  f o r  t h e  o b s e r v a t i o n  o f  e x o - e l e c t r o n  

e m i s s io n ,  r a t h e r  t h a n  a d s o r p t i o n  on t h e  t e r r a c e s  where chem ica l  

change  o n ly  p r o c e e d s  t o  a s l i g h t  e x t e n t .

As a  s a t u r a t e d  w i re  i s  a l lo w e d  to  a g e ,  slow d e h y d ro g e n a t io n  

o f  t h e  e t h y l e n e  o r  a c e t y l e n e  a d so rb e d  on t h e  t e r r a c e s  may 

p r o c e e d  (1 4 7 ) .  The s u r f a c e  H t h u s  p ro du ced  may d i f f u s e  to  s t e p  

s i t e s  where h y d r o g e n a t io n  o f  th e  c a rb o n a c e o u s  s p e c i e s  may o c c u r .  

H e a t in g  c y c l e s  a f t e r  a g e in g  would p e r m i t  th e rm a l  d e s o r p t i o n  o f



t h e s e  h y d r o g e n a te d  s p e c i e s  and c l e a n  s i t e s  would be made a v a i l ­

a b l e  f o r  a d s o r p t i o n .

A n o th e r  p o s s i b l e  mechanism f o r  t h e  g e n e r a t i o n  o f  new 

a d s o r p t i o n  s i t e s  i s  f a c e t i n g  which c o u ld  o c c u r  a t  some c r y s t a l  

f a c e s  a t  h ig h  t e m p e r a t u r e  i n  t h e  p r e s e n c e  o f  s u r f a c e  c a rb o n .  

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

o b t a i n e d ,  see p a g es  155, 156, However, t h i s  mechanism would n o t  

e a s i l y  e x p l a i n  t h e  r e s u l t s  o b t a i n e d  b e f o r e  and a f t e r  a w i re  w i t h  

a s a t u r a t i o n  c o v e rag e  o f  e t h y l e n e  o r  a c e t y l e n e  on i t s  s u r f a c e  

was aged .

6*7 P r o l o n g e d  H e a t in g  E x p er im e n ts

I n  g e n e r a l  t h e . r e s u l t s  o b t a i n e d  from p r o lo n g e d  h e a t i n g  

e x p e r i m e n t s ,  where t h e  c a t a l y s t  w i r e  was h e a t e d  f o r  more t h a n  

t e n  m i n u t e s ,  may be i n t e r p r e t e d  i n  t h e  same way a s  t h o s e  o b t a i n e d  

from s h o r t  h e a t i n g  e x p e r im e n t s  where t h e  w i re  was h e a t e d  f o r  

30 s e c .

6*7*1 Summary o f  t h e  R e s u l t s  o b t a i n e d  from P ro lo n g e d  

H e a t in g  E x p e r im e n ts

The r e s u l t s  o b t a i n e d  may be summarised a s  f o l l o w s .

( i )  No p e a k s  were o b s e rv e d  i n  c o o l i n g  c u r v e s  u n t i l  a f t e r  th e  

w i r e  had been  h e a t e d  i n  Q g a s ,  A r / lO $  methane .  R e p ro d u c ib le  

r e s u l t s  were n o t  o b t a i n e d  u n t i l  a f t e r  t h e  w i re  was s u b s e q u e n t l y  

exposed  t o  a i r  a t  room t e m p e r a t u r e ;  see  Appendix 16.

R e p e t i t i v e  h e a t i n g / c o o l i n g  i n  Q g a s  gave v a r i a b l e  s t r u c t u r e .  

A f a i r l y  lo n g  p e r i o d  o f  t r e a t m e n t  was r e q u i r e d  b e f o r e  r e s u l t s  

became r e p r o d u c i b l e  f o r  w i re  3. T h is  a c c o r d s  w i t h  t h e  i d e a  o f  

optimum s u r f a c e  c o n f i g u r a t i o n  f o r  c a t a l y t i c  a c t i v i t y .
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(2)  E m iss io n  was o b s e r v e d  when t h e  w i re  underw ent  p r o l o n g e d  

h e a t i n g  i n  oxygen. S ince  e m is s io n  rem a ined  c o n s t a n t ,  o f t e n  o v e r  

p e r i o d s  o f  60 min,  i t  seems r e a s o n a b l e  to  s u g g e s t  t h a t  s t r u c t u r a l  

r e a r r a n g e m e n t ,  t o  g i v e  f o r  example enhanced  g r a i n  g ro w th  and 

f a c e t i n g ,  i s  r e s p o n s i b l e .

Vhen t h e  h e a t i n g  c u r r e n t  t o  th e  w i re  was s w i t c h e d  o f f  

e m i s s io n  decay ed  q u i c k l y  and u s u a l l y  t h e r e  were no p e a k s  i n  t h e  

c o o l i n g  c u r v e s .  However, c o o l i n g  c u rv e  p eak s  were o b s e r v e d  i n  

oxygen a f t e r  n i t r o g e n  and Q g a s  p r e t r e a t m e n t  o f  t h e  w i r e ;  see  f i g  

69 ,71  Appendix  12.

(3 )  The l e v e l  o f  e m is s io n  from t h e  w i r e  was low i n  hydrogen ,  i n  

k e e p i n g  w i t h  i t s  s l i g h t  e f f e c t  on th e  work f u n c t i o n  of  p l a t i n u m .

(4)  Q g a s  gave c o o l i n g  c u rv e s  whose s t r u c t u r e  depended on which  

g a s  t h e  w i r e  was h e a t e d  i n  b e f o r e  Q g a s  was i n t r o d u c e d  see f i g  80-83 

Appendix  12. A l though  t h e  s t r u c t u r a l  d e t a i l s  v a r i e d ,  p e a k s  o r  

s h o u l d e r s  were  g e n e r a l l y  o b se rv e d  a t  202 — 204°C and 235 — 240°C,

(5 )  N i t r o g e n  gave sm all  c o o l i n g  c u rve  p e ak s  (< 500 cps)  a f t e r  

h y d ro g e n ,  a rg o n  and h e l iu m ;  see  f i g  66 Appendix 12. E m iss ion  

maxima a f t e r  p r e t r e a t m e n t  o f  t h e  w i re  w i t h  a rg o n  o r  he l ium  

s u g g e s t s  t h a t  some s o r t  o f  s u r f a c e  r e a r r a n g e m e n t  i s  b e in g  

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

s u r f a c e .

When t h e  p l a t i n u m  w i re  c o o le d  i n  n i t r o g e n  a f t e r  p r e t r e a t m e n t  

w i t h  Q g a s  two e m is s io n  maxima were o b s e rv e d  i n  t h e  c o o l i n g  

c u r v e s ;  see  f i g  i65 Appendix 12. The c o o l i n g  cu rv e  was s i m i l a r  to  

t h o s e  o b t a i n e d  i n  a rg o n  a f t e r  Q g a s  i n  s h o r t  h e a t i n g  e x p e r im e n t s .

A f t e r  t h e  w i re  was h e a t e d  i n  oxygen, n i t r o g e n  gave a much 

h i g h e r  e m is s io n  r a t e ,  — 6000 c p s .  Vhen t h e  h e a t i n g  c u r r e n t  was 

s w i t c h e d  o f f  e m is s io n  i n c r e a s e d  t o  6500 cp s  t h e n  decayed



s lo w ly ;  see  f i g  64 Appendix 1 2 . T h i s  i s  i n  k e e p in g  w i t h  t h e  i d e a  

p r o p o s e d  by V i l f  and Dawson (142) t h a t  n i t r o g e n  c h e m is o r p t i o n  i s  

enhanced  on o x y g e n a ted  p l a t i n u m .

( 6 ) C o o l in g  c u r v e s  o b t a i n e d  i n  he l ium  gave no s t r u c t u r e  w h i l e  

a rg o n  gave a b ro ad  doub le  peak  a f t e r  Q g a s ;  see  f i g  7 9  Appendix 12 

V i t h  w i r e  1 and w i re  3 c o o l i n g  c u r v e s  i n  oxygen were 

o b t a i n e d  a f t e r  t h e  w i re  had been h e a t e d  i n  oxygen f o r  a t  l e a s t  

f i v e  m in u t e s .  P e r h a p s  h e r e  th e  p e ak s  a r e  due to  s u r f a c e  

r e c o n s t r u c t i o n  a s  oxygen c h em iso rb s .  The same argument would 

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

p r e t r e a t m e n t .

6*7*2 T em pera tu re  o f  t h e  Wire

The t e m p e r a t u r e s  o f  t h e  two e m is s io n  maxima found  i n  t h e  

Ar a f t e r  Q g a s  c o o l i n g  cu rv e  were 251 and 166°C i n  t h e  f i r s t  

e x p e r im e n t  and 295 and 154°C i n  t h e  second .

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

t h e  d o u b le  peak  c u rv e  o b t a i n e d  i n  s h o r t  h e a t i n g  e x p e r im e n t s ;  

see  Appendix  10 f i g  4 5 . Here t h e  peak t e m p e r a t u r e s  were 5 6 , 48°C, 

Thus i t  i s  c l e a r  t h a t  a l l  t h e  peak t e m p e r a t u r e s  m easured  

i n  t h e  c o u r s e  o f  lo n g  h e a t i n g  e x p e r im e n t s  were too  h ig h .  T h is  

was b e c a u se  when th e  p l a t i n u m  w i re  was h e a t e d  f o r  lo n g  p e r i o d s ,  

o f t e n  s e v e r a l  h o u r s ,  th e  whole r e a c t i o n  v e s s e l  became h o t .  Vhen 

t h e  h e a t i n g  c u r r e n t  was sw i tc h e d  o f f  t h e  p l a t i n u m  f i l a m e n t  c o o le d  

q u i c k l y  i n  t h e  g a s  f low .  However, t h e  c o p p e r  c a th o d e  and t h e  

g l a s s  v e s s e l  would have c o o le d  much more s lo w ly  s i n c e  t h e i r  h e a t  

c a p a c i t i e s  were g r e a t e r ;  see  Appendix 19 f o r  a com par ison  of  

t h e  c o o l i n g  r a t e  o f  t h e  w i re  and th e  c a th o d e .

The th e rm o co u p le  was a t t a c h e d  t o  t h e  p l a t i n u m  w i r e  c l o s e  t o
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"the b a r r e l  c o n n e c t o r ,  see Diagram 19 page 7 4 c. , Thus i t  gave t h e  

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

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

In  s h o r t  h e a t i n g  e x p e r im e n t s  t h e  g l a s s  v e s s e l  o n ly  h e a t e d  

up s l i g h t l y  so h e re  t e m p e r a t u r e s  were more a c c u r a t e  s i n c e  t h e  

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

v e s s e l .

6 * 8  G-old R e s u l t s

P e a k s  i n  t h e  c o o l i n g  c u rv e s  were o b s e rv e d  f o r  a  g o ld  w i re  

c o o l i n g  i n  hydrogen  and i n  Q g a s ;  see  Appendix 14. One 

s t r u c t u r e d  c o o l i n g  cu rve  was o b t a i n e d  when th e  f i l a m e n t  was 

a l l o w e d  t o  c o o l  i n  n i t r o g e n ;  however, t h i s  r e s u l t  must  be 

r e g a r d e d  w i t h  s c e p t i c i s m  s i n c e ,  i n  g e n e r a l ,  no e m is s io n  was 

o b s e r v e d  i n  n i t r o g e n .  Thus i t  would seem t h a t  n i t r o g e n  does  n o t  

c h e m is o rb  on g o l d .

I t  was d e c i d e d  o n ly  t o  i n v e s t i g a t e  t h e  b e h a v io u r  o f  n i t r o g e n ,  

h yd rogen  and Q g a s  on g o ld  s i n c e  s t r u c t u r e d  c o o l i n g  c u r v e s  were 

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

e x p e r i m e n t s  w i t h  w i re  3 , and s in c e  t h e r e  was c o n s i d e r a b l e  s t r u c ­

t u r e  i n  t h e  Laben spec t rum  o b t a i n e d  f o r  > ^2H* Thus no

a t t e m p t  was made t o  o b t a i n  a c o o l i n g  cu rve  f o r  g o l d  c o o l i n g  i n  

oxygen.

Prom t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s tu d y  i t  would a p p e a r  

t h a t  hyd rogen  and methane b o th  chem iso rb  on g o ld  i f  a  g o l d  

f i l a m e n t  i s  a l lo w e d  t o  c o o l  from h ig h  t e m p e r a t u r e s  i n  one o f  t h e s e  

g a s e s .
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6*9 E f f e c t  o f  C a r b id in g  th e  Anode Wire

A f t e r  t h e  e x p e r im e n t s  w i t h  t h e  g o l d  w i re  a new p l a t i n u m  

f i l a m e n t ,  w i r e  4 ,  was i n t r o d u c e d  to  t h e  r e a c t i o n  v e s s e l .  The 

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

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

g i v e  any e m is s io n  and e v e n t u a l l y  v i r t u a l l y  no c o u n t s  were 

o b t a i n e d  i n  any gas  even a t  o range  h e a t  when e m is s io n  sh o u ld  

have  been  c o p io u s .

V i re  4 was r e p l a c e d  by w i re  5 t o  d e te r m in e  w h e th e r  t h i s  

would  improve t h e  r e s u l t s .  While w i re  5 was b e in g  mounted t h e  

anode w i r e  b roke  and had to  be r e p l a c e d .  Once t h i s  had been 

done t h e  c o u n t i n g  c h a r a c t e r i s t i c s  were r e s t o r e d .

The anode which was used  f o r  t h e  g o l d  e x p e r im e n t s  and f o r  

t h e  e x p e r i m e n t s  c a r r i e d  ou t  on w i re  4 was t h e  one i n  u se  when 

p l a t i n u m  w i r e  3 was h e a t e d  i n  a c e t y l e n e .  The a c e t y l e n e  t r e a t ­

ment p ro d u c e d  a c o n s i d e r a b l e  amount o f  c a rb o n  i n s i d e  t h e  

r e a c t i o n  v e s s e l .  Thus i t  i s  n o t  u n r e a s o n a b l e  t h a t  some was 

d e p o s i t e d  on t h e  anode w i re .  I f  i t s  d i a m e t e r  i n c r e a s e d  t h e n  

g a s  m u l t i p l i c a t i o n  would become l e s s  due to  a  d e c r e a s e  i n  t h e  

e l e c t r i c  f i e l d  and t h e  a p p ea ra n c e  p o t e n t i a l  and c o u n t in g  

p l a t e a u  would be s h i f t e d  to  h i g h e r  v o l t a g e s ;  see  C h a p te r  2 *6 *2 .

At l e a s t  f o r  n i t r o g e n  as  t h e  f lo w in g  g a s  d i f f e r e n t  r e s u l t s  

m ig h t  be o b t a i n e d  f o r  g o ld  w i t h  a c l e a n  anode w i re  i n  t h e  

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

6 * 1 0  C h e m is o r p t i o n  o f  Oxygen. Water and Hydrocarbons  on Gold

C h e s t e r s  and Som orja i  (193) i n v e s t i g a t e d  t h e  c h e m is o r p t i o n  

o f  oxygen,  w a t e r  and s e l e c t e d  h y d ro c a rb o n s  on A u ( l l l )  and a
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s t e p p e d  g o l d  s u r f a c e .  They found  t h a t  oxygen ch em iso rbed  on

b o t h  g o l d  s u r f a c e s  a t  t e m p e r a t u r e s  above 500°C t o  g e n e r a t e  a

s t a b l e  o x id e  l a y e r .  Water  a l s o  ch em iso rbed  t o  g i v e  o x id e

w h i l e  o f  t h e  h y d ro c a rb o n s  i n v e s t i g a t e d ,  e t h y l e n e ,  c y c lo h e x e n e ,

n—h e p t a n e ,  benzene  and n a p t h a l e n e ,  o n ly  n a p t h a l e n e  c h em iso rbed

u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  employed,  T ^  550°C and 
—6P ^  1 0  t o r r .  On b o th  s u r f a c e s  n a p t h a l e n e  a d s o rb e d  d i s s o c i a -  

t i v e l y  t o  p rod u ce  d i s o r d e r e d  s u r f a c e  s p e c i e s  which were 

s t r o n g l y  bound.

U n l ik e  t h e  c a se  w i th  p la t in u m ,  no d i f f e r e n c e  i n  b e h a v io u r  

was o b s e r v e d  between t h e  low and h ig h  M i l l e r  i n d e x  s u r f a c e s .  

T r a p n e l l  (148) d e m o n s t r a t e d  t h a t  r e v e r s i b l e  m o le c u l a r  a d s o r p t i o n  

was p o s s i b l e  on g o ld  w i t h  such g a s e s  a s  CO, ^2 ^ 4  an<* ^2^2 w^ T e  

Ford  and P r i t c h a r d  (194) have shown t h a t  a tom ic  hydrogen  and 

oxygen b o th  chem iso rb .
1

6*11 Summary o f  R e s u l t s

The r e s u l t s  p r e s e n t e d  and d i s c u s s e d  i n  C h a p te r s  3, 4 and 6  

may be i n t e r p r e t e d  a lo n g  th e  f o l l o w in g  l i n e s .

(1 )  Methane p r o b a b l y  c a u s e s  d e p o s i t i o n  o f  ca rb o n  on p l a t i n u m .

(2)  Methane p r o b a b l y  a d s o r b s  t o  a s l i g h t  e x t e n t  on p l a t i n u m  so 

t h a t  r e p r o d u c i b l e  e x o - e l e c t r o n  e m is s io n  c o o l i n g  c u r v e s  may be 

o b t a i n e d .

The s u r f a c e  does  n o t  become s a t u r a t e d  u nd e r  t h e  i n f l u e n c e  

o f  m ethane  i n  t h e  se n se  t h a t  s u r f a c e  s i t e s  r e s p o n s i b l e  f o r  exo­

e l e c t r o n  e m is s io n  rem ain  c a p a b le  o f  r e l e a s i n g  e l e c t r o n s .

(3 )  E th y l e n e  c h em iso rb s  e x t e n s i v e l y  on p l a t i n u m  and q u i c k l y  

s a t u r a t e s  t h e  s u r f a c e  so t h a t  no more e x o - e l e c t r o n  e m is s io n  i s
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p o s s i b l e .  From t h i s  was i n f e r r e d  t h e  p o i s o n i n g  of  t h e  s u r f a c e  

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

(4)  A s i m i l a r  e f f e c t  i s  o b se rv e d  f o r  a c e t y l e n e  e x c e p t  t h a t  

a c e t y l e n e  r e g e n e r a t e s  some o f  t h e  s i t e s  a c t i v e  f o r  exo—e m iss io n  

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

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

(5)  A f t e r  methane t r e a t m e n t  o f  p l a t i n u m  w i r e s ,  a c e t y l e n e  g i v e s  

a  r e p r o d u c i b l e  e f f e c t  i n  e x o - e l e c t r o n  e m is s io n .  T h is  i m p l i e s  

t h a t  a c e t y l e n e  was no l o n g e r  s a t u r a t i n g  t h e  p l a t i n u m  s u r f a c e .  

However a f t e r  methane t r e a t m e n t  e t h y l e n e  s t i l l  p o i s o n s  t h e  

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

d i s s o c i a t i v e  a d s o r p t i o n  a t  s t e p s  and k i n k s ;  see  6 *6*4*2).

( 6 ) C o o l in g  c u r v e s  were s t i l l  o b t a i n e d  from p l a t i n u m  i n  Ar/CH^ 

a f t e r  t h e  w i r e  had become s a t u r a t e d  w i t h  a c e t y l e n e  o r  e t h y l e n e .  

T h i s  s u g g e s t s  t h a t  methane underw ent  a d s o r p t i o n  on d i f f e r e n t  

s i t e s .

(7 )  B u ta d ie n e  gave e m is s io n  c o o l i n g  c u r v e s  s i m i l a r  to  t h o s e  

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

c a t a l y s t  s u r f a c e  s i n c e  th e  c u rv e s  were r e p r o d u c i b l e  when 

e x p e r i m e n t s  were r e p e a t e d ,

( 8 ) The i n t e n s i t y  o f  t h e  peaks  i n  t h e  c o o l i n g  c u r v e s  o b t a i n e d  

i n  Ar /C 2 H6  i n c r e a s e d  w i th  th e  number o f  h e a t i n g / c o o l i n g  c y c l e s .  

T h is  i m p l i e s  t h e r e  was an i n d u c t i o n  p e r i o d  f o r  e th a n e  ch em iso rp ­

t i o n  o f  p l a t i n u m  a f t e r  which t h e  r a t e  o f  e m i s s i o n / a d s o r p t i o n  

i n c r e a s e d  r a p i d l y .

(9)  Hydrogen c o o l i n g  c u rv e s  v a r i e d .  The n a t u r e  o f  a  hydrogen  

c o o l i n g  c u rv e  ( i . e .  e m is s io n  m easured  from t h e  p l a t i n u m  a s  i t
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c o o l s  i n  hydrogen)  depended on th e  n a t u r e  o f  t h e  c a rb o n a c e o u s  

s p e c i e s  on t h e  s u r f a c e .

( 1 0 ) N i t r o g e n  a p p e a re d  to  be chem iso rbed  on c l e a n  p l a t i n u m ,  

t h a t  i s  b e f o r e  exp osu re  o f  t h e  f i l a m e n t  to  m ethane ,  o r  a f t e r  

t h e  w i r e  had been h e a t e d  i n  oxygen.

A f t e r  t h e  w i re  was s a t u r a t e d  w i t h  e t h y l e n e  o r  a c e t y l e n e  

and  l e f t  t o  'age* o v e r n i g h t  c o o l i n g  c u r v e s  were o b t a i n e d  i n  

n i t r o g e n .  These have been a t t r i b u t e d  t o  s u r f a c e  r e a r r a n g e m e n t  

o r  t o  an i n t e r a c t i o n  between r e s i d u a l  s p e c i e s  on t h e  s u r f a c e .

( 1 1 ) Argon gave s t r u c t u r e d  c o o l i n g  c u r v e s .  Again t h e s e  have 

been  a t t r i b u t e d  to  i n t e r a c t i o n  between r e s i d u a l  s p e c i e s  on t h e  

s u r f a c e .

( 1 2 ) Methane a p p e a r s  to  i n t e r a c t  o r  be ch em iso rbed  on g o l d .

(13) Hydrogen was chem iso rbed  on g o ld .

6*12 Work F u n c t io n

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

change  due to  a d s o r p t i o n  have been g iv e n  w i t h  r e s p e c t  to  t h e  

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

Once t h e  w ire  was h e a t e d  i n  Ar/CH^ some c a rb o n ac e o u s  s p e c i e s

would be l i k e l y  to  be p r e s e n t  on t h e  s u r f a c e  so t h a t  work

f u n c t i o n  changes  due to  c h e m is o r p t io n  of  a  g a s  would no l o n g e r  

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

work f u n c t i o n  changes  shou ld  o n ly  be t a k e n  a s  a  g u i d e .  Composi te  

work f u n c t i o n  changes  w i l l  depend on many f a c t o r s ,  t h e  most 

o b v io u s  one beitag w he th e r  th e  two a d s o rb e d  s p e c i e s  w i l l  r e a c t  

w i t h  each  o t h e r ,

F o r  example ,  Franken and Ponec (166) s t u d i e d  th e
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c h e m i s o r p t i o n  o f  e th y l e n e  on p l a t i n u m  a t  2 9 3K by m o n i t o r i n g

t h e  change i n  work f u n c t i o n  o f  t h e  p l a t i n u m  s u r f a c e .  When

e t h y l e n e  was f i r s t  i n t r o d u c e d  <j) d e c r e a s e d  by -1*45  eV. When

t h e  sys tem  was e v a c u a t e d  <|) i n c r e a s e d  to  a  v a lu e  -1*21 eV below

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

a d s o r p t i o n  had o c c u r r e d .  Hydrogen was i n t r o d u c e d  to  a c l e a n
— 3pla t inum  s u r f a c e  to  a p r e s s u r e  of  5 x 1 0 "” t o r r  a t  room 

t e m p e r a t u r e .  The change i n  work f u n c t i o n ,  was -0*11 eV.

However, when hydrogen was i n t r o d u c e d  to  a p l a t i n u m  

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

i n c r e a s e d  from -1*21 eV to  -0*56  eV below t h a t  o f  t h e  c l e a n  

s u r f a c e .

6*13 F u tu r e  E x p e r im en ts

I t  i s  o b v io u s  t h a t  i n  t h e  developm ent  o f  t h i s  work i n  t h e  

f u t u r e  an e f f o r t  must  be made to  d e te r m in e  t h e  n a t u r e  o f  th e  

s u r f a c e  s p e c i e s .

Mass s p e c t r o m e t r y  work would be most u s e f u l  d u r i n g  h e a t i n g  

c y c l e s  when th e r m a l  d e s o r p t i o n  i s  o c c u r r i n g .  Thus t e m p e r a t u r e  

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

mass s p e c t r o m e t r y ,  o r  g a s  chrom atography ,  would be o f  f u t u r e  

i n t e r e s t .

A n o th e r  a r e a  where improvements  c o u ld  be made i s  i n  t h e  

measurem ent  o f  t h e  t e m p e r a t u r e  o f  t h e  f i l a m e n t  under  

i n v e s t i g a t i o n .

The th e rm o co u p le  was k e p t  c l e a r  o f  t h e  anode w i re  by 

c o n n e c t i n g  i t  to  th e  c a t a l y s t  f i l a m e n t  between t h e  b a r r e l  

c o n n e c t o r  and t h e  to p  o f  t h e  g l a s s  fo rm e r ;  see  Diagram 19 page

74c.
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When t h e  w i re  was h e a t e d ,  t h i s  p o i n t  o f  a t t a c h m e n t  d i d  n o t  

r e a c h  t h e  same t e m p e r a t u r e  a s  t h e  s e c t i o n  of  w i re  wound round  

t h e  fo r m e r :  t h e  g l a s s  o f  t h e  r e a c t i o n  v e s s e l  and th e  P t /R h

w i r e  a c t e d  a s  a h e a t  s in k .  When t h e  f i l a m e n t  was a l lo w e d  to  

c o o l ,  t h i s  p o i n t  o f  a t t a c h m e n t  would c o o l  more s lo w ly ,  s i n c e  

h e a t  p r o b a b l y  f low ed  back from t h e  g l a s s  v e s s e l .  Thus i n  

p r o l o n g e d —h e a t i n g  e x p e r im e n t s  th e  th e rm o co u p le  r e a d i n g s  would 

have been  h ig h .

F l a s h  h e a t i n g  t h e  w ire  f o r  30 sec c i r c u m v e n t s  t h i s  problem 

a s  much a s  p o s s i b l e  s i n c e ,  i n  such a s h o r t  t im e ,  t h e  v e s s e l  

d i d  n o t  warm a p p r e c i a b l y .  I f  f l a s h  h e a t i n g  c y c l e s  were k e p t  

f a r  enough a p a r t  i n  t im e  th e n  o n ly  t h e  c a t a l y s t  w i re  i t s e l f  was 

h e a t e d .

A n o th e r  p rob lem  a r o s e  i n  m ea su r in g  t e m p e r a t u r e  i n  t h e  

p r e s e n t  sys tem .  Decom posi t ion  o f  h y d r o c a rb o n s  on t h e  p l a t i n u m  

w i r e ,  and t o  a l e s s e r  e x t e n t  on th e  P t , 13$ Rh w i r e ,  may w e l l  

have changed  t h e  v o l t a g e  r e s p o n se  o f  t h e  two w i r e s  t o  t e m p e r a t u r e .  

I f  t h i s  were so t h e  s t a n d a r d  c a l i b r a t i o n  cu rve  would no l o n g e r  

g i v e  an a c c u r a t e  c o n v e r s i o n  from m i l i v o l t s  t o  d e g r e e s  C e l s i u s ,  

Again  a  programmed h e a t i n g  c y c l e ,  where a l lo w a n ce  m ight  

more e a s i l y  be made f o r  th e  e f f e c t  o f  c a r b i d e ,  m igh t  improve 

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

Owing to  t h e  h ig h  th e rm a l  c o n d u c t i v i t i e s  o f  hydrogen  and 

h e l iu m ,  t h e  t e m p e r a t u r e  o f  t h e  f i l a m e n t  d ropped  below r e d  h e a t  

( ~ 5 5 0 ° C )  when e i t h e r  o f  t h e s e  g a s e s  was i n t r o d u c e d .  I f  a 

m i x t u r e  o f  1 0 -  2 0 $  hydrogen i n  a rgon  was u se d  t h e n  t h e  e f f e c t  

o f  hydrogen  on p l a t i n u m  c o u ld  be i n v e s t i g a t e d  a t  much h i g h e r  

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

r h e o s t a t  s e t t i n g s .



6yl4 Re-Evaluation of Selected Papers on Catalysis

Prom t h e  r e s u l t s  d i s c u s s e d  i n  t h i s  c h a p t e r  i t  may be seen  

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

e m i s s io n  i s  made p o s s i b l e  by t h e  lo w e r in g  o f  t h e  work f u n c t i o n  

o f  a  s u r f a c e  to  a  v a lu e  where e m iss io n  may be o b se rv e d  a t  

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

Sa to  and Seo (102) o b se rv ed  e x o - e l e c t r o n  e m is s io n  d u r in g  

t h e  p a r t i a l  o x i d a t i o n  of  e th y l e n e  to  e th y l e n e  o x id e  o v e r  s i l v e r  

c a t a l y s t  and t h e  e m is s io n  r a t e  was p r o p o r t i o n a l  t o  t h e  r a t e  o f  

f o r m a t i o n  o f  e t h y l e n e  o x id e .

No e m is s io n  was o b se rv e d  from c a t a l y s t s  o v e r  which com ple te  

o x i d a t i o n  o f  e t h y l e n e  to  ca rbon  d i o x i d e  and w a t e r  o c c u r r e d .

Thus Sato  and Seo co nc lu d ed  t h a t  e x o - e l e c t r o n  e m is s io n  

was a t h e r m a l l y  s t i m u l a t e d  e m iss io n  from s i l v e r  o x id e ,  an 

n - t y p e  s e m ic o n d u c to r ,  whose work f u n c t i o n  was lo w ered  by th e  

a d s o r p t i o n  o f  e t h y l e n e  a s  e th y l e n e  o x id e .

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

t o  t h e  c a t a l y s t  f i r s t ,  e m is s io n  was c o n s i d e r a b l y  r e d u c ed ;  see 

T a b le  I I I  page 52a. T h is  im p l i e d  t h a t  some a t  l e a s t  o f  the  

e t h y l e n e  chem iso rbed  i r r e v e r s i b l y  on t h e  s i t e s  r e s p o n s i b l e  f o r  

e x o - e l e c t r o n  e m is s io n  and t h a t  no f u r t h e r  e m is s io n  would be 

p o s s i b l e  from t h e s e  s i t e s  u n t i l  t h e  a d so rb e d  e th y l e n e  was 

removed. Thus i t  was conc luded  t h a t  oxygen had to  be i n t r o ­

duced  b e f o r e ,  o r  s i m u l t a n e o u s ly  w i th  e t h y l e n e ,  to  o b t a i n  

optimum exo—e l e c t r o n  e m iss io n  from t h e  c a t a l y s t .

Hoenig and T am jid i  (112)  o b se rv e d  e x o - e l e c t r o n  e m is s io n  

d u r i n g  c a t a l y t i c  o x i d a t i o n  o f  ca rbon  monoxide, hydrogen  o r  

ammonia on h o t  p l a t i n u m .  The e x o -e m is s io n  r a t e  was
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p r o p o r t i o n a l  to  t h e  r a t e  o f  r e a c t i o n .  They found  t h a t  

s u p p r e s s i n g  o r  enhanc ing  th e  e x o - e l e c t r o n  c u r r e n t  by 

a p p r o p r i a t e  b i a s i n g  o f  t h e  w i re  d e c r e a s e d  o r  i n c r e a s e d  th e  

r a t e  o f  r e a c t i o n .

I f  a  p o s i t i v e  b i a s  was a p p l i e d  to  th e  w i re  t h e  e f f e c t i v e  

work f u n c t i o n  o f  t h e  s u r f a c e  would be i n c r e a s e d  and i t  would be 

more d i f f i c u l t  to  remove an e l e c t r o n  from t h e  m e t a l .  S i m i l a r l y  

i f  a  n e g a t i v e  b i a s  i s  a p p l i e d  t h e  e f f e c t i v e  work f u n c t i o n  of  

t h e  s u r f a c e  would d e c r e a s e  and i t  would become e a s i e r  to  remove 

an e l e c t r o n  from t h e  s u r f a c e .

Hoenig and Tam jid i  found t h a t  a p p ly i n g  a p o s i t i v e  b i a s  to  

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

e x o - e l e c t r o n  c u r r e n t .  S i m i l a r l y  e x o - e l e c t r o n  e m is s io n  

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

However, t h e r e  was o n ly  an e f f e c t  on t h e  r e a c t i o n  r a t e  i f  t h e  

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

These  w o rk e r s  su g g e s t e d  t h a t  a p p l i c a t i o n  of  a  b i a s  

p o t e n t i a l  ’ s t r u c t u r e d 1 t h e  s u r f a c e  i n  some u n s p e c i f i e d  way, which 

e i t h e r  enhanced  or  d im in i s h e d  r e a c t i o n  and e m is s io n  d e pend ing  on 

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

Thus i t  may be c o n c lu d ed  t h a t  t h e  r e l a t i o n s h i p  between 

exo—e l e c t r o n  e m is s io n  and r e a c t i o n  r a t e  i s  n o t  a s im ple  one.

S u ja k ,  G oreck i  and B ie r n a c k i  (105) compared t h e  c a t a l y t i c  

a c t i v i t y  and exo—e l e c t r o n  e m is s io n  from s u r f a c e —o x i d i s e d  z in c .

E x o -e m is s io n  from z inc  o x i d i s e d  i n  an a i r / e t h a n o l  vapo u r  

m i x t u r e  r e a c h e d  a  maximum i n  th e  v i c i n i t y  o f  570K, Z inc—o x id e  

b a s e d  c a t a l y s t s  g e n e r a l l y  e x h i b i t  optimum c a t a l y t i c  a c t i v i t y  i n  

t h e  same t e m p e r a t u r e  r e g io n  i . e .  570K. Sujak  e t  a l  (105) 

p ro p o s e d  t h a t  a s  t e m p e r a t u r e  i n c r e a s e d  from room t e m p e r a t u r e ,
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t h e r m a l  s t r e s s  i n  t h e  z inc  ox ide  l a y e r  c o v e r in g  t h e  b u lk  m e ta l  

i n c r e a s e d  and t h a t  t h i s  l e d  to  an i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  

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

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

a c t i v i t y  and exo—e l e c t r o n  e m iss io n  w i t h  t e m p e r a t u r e .  As 

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

from t h e  b u lk  i n t o  th e  o x ide  became s i g n i f i c a n t  and t h i s  l e d  to  

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

Thomson and Wadsworth (64) and K o r to v ,  M in ts  and Tep lov

(195)  have  n o t e d  t h a t  d u r in g  c y c l i c  s t r e s s  o f  a  m e ta l  d e f e c t s  

become more numerous.  T h is  l e a d s  to  a l o w e r in g  o f  t h e  work 

f u n c t i o n .  Thus any method by which d e f e c t  c o n c e n t r a t i o n  i s  

i n c r e a s e d  sh o u ld  produce  a lo w e r in g  o f  t h e  work f u n c t i o n  and 

s h o u ld  l e a d  t o  an enhancement o f  e x o - e l e c t r o n  e m is s io n .

I f  one o f  t h e  s t e p s  i n  a h e te r o g e n e o u s  r e a c t i o n  i n v o l v e s  

d o n a t i o n  o f  an e l e c t r o n  from t h e  m e ta l  t o  t h e  a d s o r b a t e  t h e n  

any p r o c e s s  which l e a d s  to  a d e c r e a s e  i n  work f u n c t i o n  sho u ld  

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

Kasemo and Wallden (1 1 4 ) ,  (138) o b s e rv e d  e m is s io n  o f  b o th  

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

bromine  and i o d i n e  w i th  e v a p o r a t e d  sodium f i l m s .  The phenomenon 

o f  ch em ilu m in e sc en c e  i s  w e l l  known; see  f o r  example M cC arro l l

( 1 9 6 ) and V o l k e n s h t e i n  (1 97 ) .

T ha t  t h e  two occu r  s i m u l t a n e o u s ly ,  w i th  t h e  pho ton  y i e l d  

~ 1 0 “ 2  l e s s  t h a n  th e  e l e c t r o n  y i e l d  s u g g e s t s  t h a t  some s o r t  o f  

c h e m ic a l  Auger mechanism i s  i n  o p e r a t i o n .

6*15 C o n c lu s io n s

The outcome o f  t h i s  r e s e a r c h  h as  been t h e  development  o f
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a  v e r s a t i l e  exo—e l e c t r o n  d e t e c t o r .

These  low energy  p a r t i c l e s  may be c o u n te d  a t  a tm o s p h e r i c  

p r e s s u r e  i n  t h e  absence  o f  a ’c o u n t in g  g a s ' ,  o v e r  a  wide r a n g e  

o f  t e m p e r a t u r e s ,  from room t e m p e r a t u r e  up to  900°C. A l a r g e  

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

i s t i c s  were o b t a i n e d  i n  each.

P l a t i n u m  and g o ld  w i r e s  were examined. The e a se  o f  

m o u n t ing  f i l a m e n t s  means t h a t  a wide rang e  o f  c a t a l y s t s ,  b o th  

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

b e h a v i o u r  compared w i t h  t h a t  o f  p l a t i n u m .

I n s p e c t i o n  o f  th e  c o o l i n g  c u rv e s  o b t a i n e d  w i t h  t h e  p l a t i n u m  

w i r e  d u r i n g  s h o r t  h e a t i n g  e x p e r im e n t s  showed t h a t  s e v e r a l  common 

t e m p e r a t u r e s  e x i s t e d  f o r  p e ak s .  T h is  may im ply  t h e  e x i s t e n c e  

o f  common s u r f a c e  s p e c i e s .

I t  i s  i n  t h i s  a r e a  t h a t  th e  most i m p o r t a n t  f u t u r e  d e v e lo p ­

ment c o u ld  o c c u r .

The d i f f e r e n t  t e m p e r a t u r e  s p i k e s  a r e  n a r ro w  and c l o s e l y  

sp a ce d .  Thus i f  an e x o - e l e c t r o n  e m is s io n  maximum i n d i c a t e s  

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

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

t e m p e r a t u r e  would g iv e  th e  b e s t  y i e l d  i n  a  c a t a l y t i c  r e a c t i o n .

A v a r i a t i o n  o f  a  few d e g re e s  i n  e i t h e r  d i r e c t i o n  c o u ld  mean 

t h a t  t h e  c a t a l y s t  was now o p e r a t i n g  i n  t h e  optimum t e m p e r a t u r e  

r a n g e  f o r  g e n e r a t i o n  o f  a d i f f e r e n t ,  p o s s i b l y  com pet ing ,  

s u r f a c e  s p e c i e s .  C o n d i t i o n s  m igh t  e a s i l y  no l o n g e r  f a v o u r  t h e

d e s i r e d  r e a c t i o n .

T h i s  w i l l  f i n d  a much g r e a t e r  a p p l i c a t i o n  i n  t h e  s tu d y  o f  

r e a c t i o n  m i x t u r e s .  However, b e fo r e  work c o u ld  p r o c e e d  t o  an 

i n v e s t i g a t i o n  of  a g a s  m ix tu re  t h e  b e h a v io u r  o f  i n d i v i d u a l
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components  would need  to  be c o m p le t e ly  c h a r a c t e r i s e d  t o  f i n d  

t e m p e r a t u r e s  o f  e m is s io n  maxima and to  c h a r a c t e r i s e  t h e  

d i f f e r e n t  s u r f a c e  s p e c i e s  p r e s e n t .  Once t h i s  p r e l i m i n a r y  work 

had  been  com ple ted  p r o g r e s s  c o u ld  be made to  a s tu d y  o f  a 

r e a c t i o n  m ix tu r e  unde r  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s .

S ince ,  w i t h  t h i s  d e t e c t o r ,  s u r f a c e  p r o c e s s e s  a r e  b e in g  

m o n i t o r e d  d i r e c t l y ,  i t  shou ld  be easy  to  d e te r m in e  which  

r e a c t a n t s  i n  a c a t a l y s e d  r e a c t i o n  a r e  c h em iso rb ed .  I t  sh o u ld  

a l s o  be p o s s i b l e  to  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  e x t e n t  o f  

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

s u r f a c e  s p e c i e s .  F u r t h e r ,  i f  i n t e r m e d i a t e s  a r e  formed t h e n  th e  

optimum t e m p e r a t u r e  and p r e s s u r e  may be e a s i l y  found  to  maximise 

t h e  p r o d u c t  y i e l d .

Thus, i t  i s  o b v iou s  t h a t  t h e  e x o - e l e c t r o n  d e t e c t o r  d e v e lo p ed  

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

t h e  s tu d y  o f  c h e m is o r p t io n  on m e t a l s  and i n  t h e  e l u c i d a t i o n  o f  

r e a c t i o n  mechanisms i n  h e te r o g e n e o u s  c a t a l y s i s .
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1-1

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

u s e d  by Sato  and Seo (1 0 2 ) .

The s i l v e r  c a t a l y s t ,  C a t a l y s t  A, was j>repared a s 

f o l l o w s : -  an a l k a l i n e  s o l u t i o n  (36*5g KOH i n  30 ml w a te r )  

was s lo w ly  added  to  a AgNO^ s o l u t i o n  (2 7* 3g AgNO^ i n  300 ml 

w a t e r )  a t  10°C, A f t e r  p r e c i p i t a t i o n  of  s i l v e r  ( l )  o x id e ,  

12-5 ml 3 0 fo HCHO s o l u t i o n  was added to  t h e  s o l u t i o n ,  which 

was t h e n  k e p t  f o r  3 0  m in u te s  t h e n  b o i l e d  f o r  1 hour .  The 

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

t r e a t e d  w i t h  2°/o HNÔ  s o l u t i o n  f o r  2 o r  3 m in u te s ,  and 

washed a g a i n  w i t h  d i s t i l l e d  w a te r  u n t i l  no n i t r a t e  i o n s  were 

d e t e c t e d .  T h i s  p r e c i p i t a t e  was f i n a l l y  d r i e d  a t  80°C b e f o r e  

e x p e r i m e n t s .

j^ - th  q u a n t i t i e s  were u se d  th r o u g h o u t .
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1- 2

Method of preparation of supported silver catalyst 
according to McBee, Hass and Viseman (l3l).

The s u p p o r t e d  s i l v e r  c a t a l y s t ,  C a t a l y s t  B, was p r e p a r e d  

a s  f o l l o w s : -  an im p r e g n a t io n  p r o c e d u r e  i s  u sed .  An 

a - a l u m i n a  ( 8  mesh) c a r r i e r ,  70g, 21-98g s i l v e r  o x ide  and 2*24g 

o f  ba r ium  p e r o x i d e  a re  d i s p e r s e d  i n  ICO ml w a t e r .  The m ix tu r e  

i s  e v a p o r a t e d  to  d r y n e s s  on a  steam b a t h  w i t h  v i g o r o u s  s t i r r i n g .  

A f t e r  d r y i n g  a t  115°C t h e  c a t a l y s t  i s  r ea d y  f o r  u s e .  Again 

Y^th  q u a n t i t i e s  were u se d  th r o u g h o u t  and powdered a -a lu m in a  

was u se d .
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1-3-1 Gas chrom atographs of ethanol,

ethylene glycol and an ethanol-ethylene
glycol mixture. } j j \ sam ples.

ethanol-ethylene glycol (x1)
ethanol (x8 )
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1-32 Gas chromatograph of product from 
large scale reaction with Catalyst A. 

1 jj \ samples.

off i scale

solvent vacuumed 
off.

scale
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1-3-3 Gas chromatograph of product from 

large scale reaction with Catalyst B.
4^1 sample.

off scale  
x 8

ethylene
glycol

J
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Graph T.
185

Counts/min (uncorrected for background) 
versus voltage, internal C source, counting 
g a s  4 ml/sec Ar, 0-16ml/sec C2 H4 .
Background = 273 cpm at 1 75kV.
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Graph 2. 186.

Counts/min versus voltage to find plateau 
region with^^Cs source, counting gas 2 ml/sec  
Ar, 0 08 ml/sec . Room temperature. No 
catalyst.
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Counts/min versus voltage to find plateau  
using a Cs source. Counting g a s  Ar2ml/sec, 

008m l/sec , CM ml /sec. No catalyst.
Room temperature. T 
counts/min
40
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10

0

(x10J)
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Graph 4.
188.

C ounts/m in  versus voltage to find plateau  
region using a Cs source. Counting g a s  
Ar 2ml/sec. No catalyst. Room temperature, 
counts/min
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Coyolslmiin versus temperature to find the 
variation iin the response of the Geiger-Muller 
tube.. Counting gas Ar 2 ml/see,.. CLĤ  0-08 

sec. INlo cata%st. Voltage constant, T-525kV.
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Graph 6

Counts/min versus temperature to find the 
variation in the response of the Geiger-Muller 
tube. Counting gas Ar2m l/sec, 008
m l/sec .  No catalyst. Voltage constant, 1-525W.
counts/m in  

(x103 )
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Graph 7.
191.

Counts/min versus voltage to show  the  
effect of varying the amount of ethylene 
Ar 2 m l/sec , C2 H, 008m l/sec , a),
Ar 2ml/sec, C2 Ĥ  0-16ml/sec, b).
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Graph 8
192.

Counts/sec versus voltage using internal 
C source to determine plateau region.

G g a s  f low  rate 3 ml /sec; room temperature

co u n ts /sec
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Graph 9.

Counts/sec versus voltage using internal 
14c source to determine plateau region.
Q g a s  flow rate 5m l/sec ;room  temperature.

c o u n t s / s e c
platinum loop

301-5
Voltage (kV)



n  , 1 9 4 .
Graph 10.

C ounts/sec  versus voltage using internal 
14c source to determine plateau region.
Q g a s  flow rate 9ml/sec; room temperature.
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Graph 11
195.

C o u n t s / s e c  versus voltage using external 
& source to determine plateau region. Q gas  

flow rate 5m l/sec; room temperature.

c o u n ts /s e c  tungsten loop
(xIO2 )

15

5

Voltage (kV)



Graph 12

Counts I s e c  versus voltage using internal 
source to determine plateau region.

Anode shown in Diagram 9 page 59c.
/

c o u n ts /s e c
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Graph 13.

Counts/sec versus voltage using external 
source to investigate behaviour of an 

argon,e thyiene, oxygen mixture a s  a counting 
g a s . 0 42g supported silver catalyst present. 
Flow rate:-Ar 95ml/min,C~H, 25ml /min, '
0 2 50ml/min. T= 2^0°C.

Counts not corrected for background, 
counts/sec c o u n ts /s e c

500

400

300

200

100

(x102 )

\
\

\

2-5 30 3-5
Voltage (kV)

30

20

10

0

Discriminator setting 1 27x0-2 (I nt) 
Discriminator setting 0-1x0-2 (Int) 

(sca le  on the right).



Graph 14. 199.

Counts/sec versus voltage at different 
temperatures to determine the effect on the 
counting characteristics. Internal 1ZfC source. 
Ar: 95: 25: 5 0 .flow rate 170ml/min.
Anode Q-7cm from stainless steel mesh.

co u n ts /sec

15

A 
11

n  
1 1  

11 
i i

/

S !\  I \
I I i / \
t i i l \
* *

30 3-5
Voltage (kV)

3-5



Graph 15
200.

Counts/sec versus voltage for different 
distances of the anode from the stainless

1 L
steel mesh. C source underneath mesh. 
Counting g a s  170ml/min Ar, 0 2 ^ ,0 0  in the 
ratio 95:25:50.Room temperature.

counts/sec
(xIO )

distance to anode

■ (d isc0 2x 0 -1, Int)
----------- 0 9  cm

. (disc 034x1, Int)
----------- 1-3cm
(disc 0-34x1, Int)

Voltage (kV)





Graph 16
201

Counts/sec versus voltage to determ ine  
plateau region using 1^7Cs s source.
Q g a s  the  counting g a s .  Room temperature.

Detector U.

co u n ts /se c

20
Voltage ( k V)



T a b le  V

c o u n t s / s e c  a f t e r  a luminium d i s c  a b ra d e d ,  

c o u n t s / s e c .  ( a v e r a g e d  ove r  10 sec)

142*8 e a r t h e d  
20*6 e a r t h e d  ( p a r t  o f  t h e  t im e)

1*4
55*1 e a r t h e d  

2*3 
12*1 
11*1
52*0 E a r th e d
19*0 e a r t h e d  ( p a r t  o f  t h e  t im e)

1*0
3*2 ■\

111*0 e a r t h e d  
67*3 e a r t h e d  

3*2

The d i s c r i m i n a t o r  s e t t i n g  was 0*2 x 0*2 t o  b i a s  o u t  some 

o f  t h e  background .
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Graph 17. 203.

C ounts/sec ,corrected  for background, 
versus voltage to determine plateau region 
using ^^Cs a s  the source. Counting gas  
1-6 ml/ sec  Q g a s .  Room temperature.

cou n ts /sec

50

Voltage (kV)



Graph 18.

Counts/sec versus voltage to determine 
plateau region u s in g 13 / c s  source. Counting 
gas  4mI /sec Q gas . Room temperature.

counts/sec

00

5 0

0
1-51 0

Voltage (kV )



Graph 19 zu

11

10

Counts/sec versus time after 1-6A heating  
current switched off. Platinum filament

I 60

counts I s e c  Background 180 cp s .
(xTCr) Discriminator OTxO-2 Int

Q gas

Disconnected -ve  
terminal of battery

0 3 A 5 
Time (min )

7



Graph 20 2
c o u n ts /s e c

(x10A)

10

c o u n ts /s e c  versus time while 
heating current of 3 amp 
passing  through platinum 
filament, and after current 
switched off. Ami/sec Q gas. 

current off 1 • 9 kV.
Wire 1.

( a )  essentially smooth decay of 
em ission as wire c o o ls .

0

0 5 10
Time (min)

1 5



Graph 21
206.

C ounts/sec  versus voltage to determine 
plateau region using 137Cs source. Counting 
g a s  5m l/sec  hydrogen. Room temperature.

1-9 kV.
Background ~ 90cps.

counts/sec

Voltage (kV )
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Appendix 7

Thermocouple  Anomalies

An e f f e c t  which can n o t  be e x p la in e d  by us  was ob se rv ed  

w i t h  t h e  th e rm o co up le  system. In  g e n e r a l  th e  a r rang em en t  of  

l e a d s  i n  th e  system was a s  shown i n  Diagram 19 page 74c.

Both  th e rm o c o u p le  l e a d s ,  'x' and 'y ' ,  came from t h e  c u r r e n t  

o u t p u t  end o f  t h e  w i re  w i th  l e a d 'y '  a t t a c h e d  to  t u n g s t e n  rod  

A, V i r e  ‘x ‘, P t , 1 3 $  Rh, was t w i s t e d  round t h e  p l a t i n u m  w ire  

to  g iv e  a c o n n e c t i o n  abou t  one i n c h  below th e  b a r r e l  

c o n n e c t o r  u se d  to  c o n n e c t  the  p l a t i n u m  w ire  and th e  t u n g s t e n  

r o d ,  The e a r t h  l e a d  was on th e  c u r r e n t  i n f l o w  s id e  a t t a c h e d  

to  ro d  B. T h is  i s  r e p r e s e n t e d  s c h e m a t i c a l l y  i n  Diagram 20.

^  Earth

Diagram 20



With t h i s  a r ra n g em e n t  i f  a c u r r e n t  o f  say 4*1 A was 

p a s s e d  t h r o u g h  th e  c i r c u i t  i n  th e  d i r e c t i o n  BA i n  an a tm osphere  

Q Sa s > w i re  h e a t e d  up even ly  i n s i d e  the  ca th o d e  to  a

u n i f o r m  b r i g h t  o ran g e .  I f  th e  e a r t h  l e a d  was d i s c o n n e c te d  

t h e  c u r r e n t  became 3*5 A and th e  w ire  glowed o ran g e .

I f  th e rm o co u p le  l e a d  'y' and the  e a r t h  l e a d  were i n t e r ­

changed  a s  shown i n  Diagram 21, bu t  th e  c u r r e n t  s t i l l  f lowed 

from B t o  A, t h e n  f o r  th e  same r h e o s t a t  s e t t i n g  t h e  c u r r e n t  

r e g i s t e r e d  on th e  ammeter i n c r e a s e d  to  4*8 A. The w ire  became 

b r i g h t  o ran g e  a lm o s t  up to  the  b a r r e l  c o n n e c to r  on rod  B.

Because  t h e  w i re  o u t s i d e  th e  ca thode  was so b r i g h t ,  i t  was 

d i f f i c u l t  to  see  i n s i d e  t h e  c o p p e r  c y l i n d e r .  However, i t  seemed 

t h a t  t h e  w i r e  was n o t  u n i f o r m ly  o rang e ,  b e in g  much c o o l e r  

n e a r  A. Some s h o r t - h e a t i n g  e x p e r im e n ts  were done w i th  t h i s

— E

Diagram 21



arrangement and che "thermocouple readings "taken while "the wire 
cooled were higher than in general; see Table VI page 210. 
Despite this, peaks were rarely obtained even with Q gas; 
see fig 19. Although the thermocouple readings may have been 
different because of the large distance separating ‘x ’ and 'y1, 
the few peaks obtained were taken to indicate that the wire 
was in fact much cooler than it seemed from its colour outside 
the cathode.

Vhen current is flowing in the system some must go to 
earth and the difference in the magnitude of the current with 
the two arrangements may be accounted for by the fact that 
changing the position of the earth connection will change the 
effective resistance in the circuit.

These  e x p e r im e n t s  were r e p e a t e d  w i th  th e  d i r e c t i o n  o f  

c u r r e n t  f lo w  r e v e r s e d  i . e .  from A to  B. E v e r y th in g  e l s e  was 

k e p t  t h e  same. Vhen b o th  therm ocoup le  l e a d s  came from th e  

c u r r e n t  i n f l o w  s i d e ,  a s  shown i n  Diagram 22, and th e  e a r t h

A B

Diagram 22



2 10 .

Table VI

Dependence o f  Thermocouple Readings  on P o s i t i o n  o f  Thermocouple 
L ea d s .  ( a )  — x and y' bo th  a t  A (b)  — lx* a t  A, ;y ! a t  B.

Time a f t e r  
s w i t c h  o f f n2 Q gas H2

(min) (a )  (b ) (4 -8A ) ( a ) ( 4 • 2A) (b )(4 -8A) ( a ) ( 5 * 6A) ( b) ( 5 • 8A)

0 -5 1-20 0-61 1-09 0 19 0 50
1*0 0-875 0- 52 0-905 0 145
1-5 0-70 0-43 0-715 0 115 0 19o•CM 0-565 0-37 0-63 0 095 0 15
2-5 0-485 0-32 0-57 0 085 0 13
3*0 0-42 0-28 0*515 0 08 0 1 2

3-5 0-365 0-235 0*465 0 0725 0 1 1

4 -0 0-33 0-22 0-43 0 07 0 10
4- 5 0-295 0-395 0 07 0 095
5-0 0-18 0-35 0 09

_ ____i

Time a f t e r  
s w i t c h  o f f N2 ( a f t e r  H2 ) °2 °2

(min) ( a ) ( 4 - 3A) (b )(4 -9A ) ( a ) ( 4 - 4A) ( b) ( 5 • 0A) (a ) (4 -4 A )  (b)
0- 5 0- 54 0 755 0-75 1-20 0-635
1-0 0-445 0 64 0-595 0-98 0-525

1-5 0-365 0 55 0-49 0-785 0-4325

o•CM 0-305 0 475 0-405 0-69 0-36

2-5 0 -26 0 41 0-345 0-61

3-0 0-22 0 40 0-295 0-56 0-28

3-5 0-1725 0 375 0-52

4 -0 0 31 0-23 0-46 0-205

4-5 0-14 0 285 0-41

5-0 0 245 0-19 0-36 0-17



figure 19 2 1 1 .

Q g a s  .

Disc 0-1x0-2 Int 
4-8amp 10,000

Typical 
Qgas curv<

Lead y connected 
to rod B.

cps

I off

2000

I off

Time (min)



l e a d  was c o n n e c te d  to  B, t h e  c u r r e n t  was 4-1  A. The w ire  

h e a t e d  up e v e n ly  i n s i d e  th e  c a th o d e  to  a b r i g h t  o rang e ,  I t  

had been e x p e c te d  t h a t  th e  c u r r e n t  would be 4*8 A s i n c e  th e  

e a r t h  c o n n e c t i o n  was a t  t h e  c u r r e n t  o u t f lo w  end of  t h e  w i r e .

Vhen 'y ‘ v a s  c o n n e c te d  to  B and the  e a r t h  l e a d  to  A a s  i n  

Diagram 23, t h a t  i s  t h e  e a r t h  a t  t h e  c u r r e n t  i n p u t  end, t h e  

c u r r e n t  m easu red  was 4*7 A, The w i re  seemed to  be b r i g h t  

o ra n g e  o u t s i d e  and i n s i d e  th e  c a th o d e  a l t h o u g h  i t  was 

d i f f i c u l t  t o  see  i n s i d e  t h e  c opper  c y l i n d e r .  In  t h i s  

s i t u a t i o n  a  c u r r e n t  i n  t h e  r e g i o n  of  4*1 A would have been 

p r e d i c t e d .

At p r e s e n t  i t  i s  n o t  p o s s i b l e  to  e x p l a i n  t h i s  e f f e c t .  I t  

sh o u ld  be n o t e d  t h a t  t h e r e  was no p o t e n t i a l  d i f f e r e n c e  a c r o s s  

t h e  w i re  when th e rm o co u p le  r e a d i n g s  were t a k e n .

Diagram 23
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95Counts accumulated for 120 min with 2 4 1 ^  Present. 
Americium edge - channel 177.

(Laben gain x25 Range 5 x 10 Back bias 0 
Channel width 20mV Biased amplifier gain x2 Bias 0. 

Anode voltage l*9kV. )



2 1 4 .

L a b e n  s p e c t r u m  2

Counts accumulated for 30 min with no source present.

(Laben gain x25 Range x 103 Back bias 0 
Channel width 20mV Biased amplifier gain x2 Bias 0. 

Anode voltage l*9kV. )
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215.

Laben  s p e c t r u m  3

Range 5 x 104 channel width 20mV/channel 
Peaks - channels 40, 64, 109.



216 .

L aben  s p e c t r u m  4

Range 5 x 104 Channel width 20mV/channel
Peaks 14, 45, 70, 112, shoulder 135 small peaks 160, 220.

Label spectra 3 and 4 each correspond to the first three 
minutes of the wire cooling in nitrogen after H2 , N2, 0 2 

and N 2 passed over the hot wire in sequence.



L a b e n  s p e c t r u m  3

Range 5 x 104 Channel width 20mV/channel 
Peaks 38, shoulder 53, shoulder 73, 109, 
164, shoulder 2 1 2 , 238, shoulder 2 5 8 .



218.

L aben  s p e c t r u m  6

Range 5 x 104 Channel width 20mY/channel
Peaks 33, 200, shoulder 224, 237, 300, 336, shoulder 352.

Laben spectra 5 and 6 correspond to a cooling curve 
obtained in H2 after the wire was heated in N2# Laben 
spectrum 5 = 0 - 3  min of curve. Laben spectrum 
6 e 5 . 5  - 7 * 5  min of cooling curve.

I n  f u t u r e  th e  Laben S p e c t r a  w i l l  be t r a c e d  from t h e

p h o to g r a p h s  and th e  t r a c e s  p r e s e n t e d .
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figure 28 .

Typical Q gas cooling curve.-

I off

off scale
10,000

Discriminator 0-1x0-2 Integrate 
1= A-2 Amp

Q g a s  after nitrogen
Qgas after hydrogen
Q gas  after argon
Q g a s  after oxygen

(nitrogen flush)
Q g a s  after Q gas. _ .._0^T—110 C

cps

A,000

min 0
0

219.



figure 28a.
220.

Q g a s  cooling curve early in the history
of wire 5.

off scale 
Discriminator koo°r
0-1x1, Integrate.
1 = 3-8 Amp

off sca le
10,000I off

\

cps

3,000



figure 29,

Q gas after acetylene

off scale
Discriminator 0-1 x1, Integrate 

1=3-6 Amp
T=110°C

03
min



figure 30. 2 2 2 .

Q gas after argon/ethylene.

Discriminator 0 - 1x 1, Integrate. 
1=3 6 Amp

I

66 C

min
figure 31.

O gas after argon/acetylene.
Discriminator 0-1x0-2, 2%window 

1 = 36  Amp

I off A000

cps



figure 32.
223.

0  gas after argon/ethane.

Discriminator 0-1x1, Integrate 
1=3-7 Amp 
V = 2 kV

10000

7000

cps



figure 33,

Argon/ethylene after argon/methane.
Discriminator 0-1x1,integrate

1=3-5 Amp 10,000

Ae°c

- I  off
cps

6,000

3,000

0
3 . 0mm



figure 34 .

Argon/ethylene after argon/acetylene. 
Discriminator CMxO-2, Integrate s c a [e

I=3-55Amp
-54C

10 000 
< b f f

cps

J



figure 35.
226.

Argon/ethylene after wire aged in nitrogen; 
prior exposure to argon/ethylene.
Discriminator 0-1x02, Integrate

1= 3-5Amp
8000

cps

I off

min



figure 36.

Argon/ethylene after argon/ethylene. 
Discriminator 0-1x0-2, Integrate 

1= 345  Amp

I off,

cps

1000

0
0

min

Also Argon/ethylene after argon/acetylene 
preceded by Qgas.



figure 37.
228.

Argon/acetylene after wire aged in nitrogen; 
heating/cooling in argon/acetylene prior to 
ageing gave no emission, see  fig 38. j 0ff

off scale ,-iQOOO

Discriminator 0'1x0 2, Integrate 
1=3-55 Amp

IT
I o ff

cps

1
mm 0

0



figure 3 8.

Argon/acetylene after argon/ethylene.
Discriminator 0-1x0-2, Integrate 

1 = 3 5  Amp

I of

2000

cps

f

3 0
min

figure 3 9.

Argon/acetylene after argon/acetylene

Discriminator 0-1x0■2I Integrate 
1=3 45 Amp

0

I off

i
0

1000
cps
0

mm



figure 40.
230.

Argon/acetylene after Q gas.  
Discriminator 0-1 x 0-2, Integrate 

1=3-55 Amp

77°C

6000

cps

—  -

5
min

i.

0 0



Argon I butadiene after Q gas. . ^ 

Discriminator 0-1x0-2, Integrate  ̂ 10000
1= 3-7 Amp 
V= 1-9 kV

off sea

Also Argon/butadiene after 
argon/butadiene, i.e. effect 
reproducible.

cps



figure 42 .
232.

Argon/ethane cooling curves to show the 
increase in exo-electron emission.

I off I off
off scale

1 0 0 0 0 o f t  s c a l e 10000

V=1-9kV 
Disc 0-1x0-2 In 
I=3-7Amp

cps

I off

79 C

minmm



233.
Argon/ethane cooling curves continued

78°C
off scale i I off.1 ioff10000

V=1 ■ 9 k V 
Disc0-1*0-2 Int 

1=3-7 Amp

V=1-9 kV 
Disc0-1x0 2 Ini 

1= 3-7Amp

(8 )cps cps

minmm



figure A3. 

Hydrogen after Q g a s

23A.

off sca le

10,000

Discriminator 
0- 1x0-2 Integrate 
I r 5-6 Amp

cps

0min



figure 44. 235,

Hydrogen after nitrogen

Discriminator 0-1x1, 2% window

cps

I off

mm



figure 45
236.

Argon after methane or argon/methane.
Discriminator 01x0-2.Integrate 

I = 3-5 Amp

5

figure 46.

Argon after argon/ethylene. 
Discriminator 01x0-2, Integrate  

I=3-5Amp

2000

m m
0

cps

I off 
0

Also:- Argon after argon/butadiene and
argon after Q g a s  after argon I acetylene.



figure 47. 237.

Argon after argon/acetylene. 
Discriminator 0-1x0 2, Integrate

I = 3-45Amp

2000

CDS
1000-50°C

min
figure 48

Argon after argon/butadiene afte wire aged 
in argon.
Discriminator 0 1 x0 2, Integrate 

1 = 365  Amp 
V = 1*9 kV

cps

I off

Also, Argon after argon/ethane; T= 46°C.



figure 49.
238.

Nitrogen after argon/ethylenei after wire aged  
in nitrogen.
Discriminator 0-1x0-2, Integrate

1=3-75 Amp 4000

cps

2000

min
Also, Nitrogen after argon/acetylene, after 
wire aged in nitrogen.

Also, Nitrogen after Q gas.

Nitrogen after argon/ethylene or argon/ 
acetylene, without ageing the wire, gave  
little or no emission.



239.
figure 50.

Nitrogen after hydrogen. 
Discriminator OlxO-2, Integrate 

I ~ 3-8 Amp

•7000

cps

U

3000

off

3 . 0min
0



figure 51.
240.

Nitrogen after oxygen.

Discriminator 0-1x 0 2, Integrate 0 ff scale 
I = 3-5 Amp I off— 100(10000

cps



figure 53. 24 U

Stereographic projection showing the 
crystallographic orientation of some of the 
platinum single crystal faces studied by 
Blakely and Somorjai

(001)

6(111)x(100M557

3(111)x(100)h(112) 
2(100)x(111M 113)

13(111)x(310) 4 6 9 ,7 1 , 72)

/.(111)x(111) ~  (122)

5(110)x(111M155)

2(100)x(100)«(012)
*(011)
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Appendix 11a

Wire 3

I n t r o d u c t i o n  c u rv e s  a f t e r  exposu re  to  Q gas  

and a i r

I  -  3* 2A

D i s c r i m i n a t o r  0 * 1 x 1 ,  2$ window th r o u g h o u t .



figure 54

Nitrogen Introduction curves: Wire 3 after
exposure to Q gas and air.

4500 cps

6600 cps

6000 cps

6 0 0 0 cps

N2'02h'N2c 0 2h

1100 cps

N2'H2H'ArC'H2H-
1000 cps

10 5
Time(min)

0



Nitrogen Introduction curves continued

4 OOOcps

N2 in

N2jHeH ,QgqsCjHeH
700cps N2 in

N2,Ar ^ H e ^ .

700 cps

243.

10 5
Time (min)

0



Nitrogen Introduction curves continued

5500 cp s

2 000cps

3000 cps

3500 cps |N2 in

N2 P 9 a s Hl0 2c<N2-

10 5
Time(min)

0



figure 55
245.

Oxygen Introduction curves: Wire3 after
exposure to Q gas and air.

5 7 0 0 cps

7000 cps

Time (min)



Oxygen Introduction curves continued

02,Ar P 2 <He-
A 000 cps

3 7 0 0 cps

2000 cps
0OJHe,Ar JH

10 5
Time (min)

0



figure 56.

Hydrogen Introduction curves: Wire 3 after
exposure to Q gas and air.

H N 0  
2 '2 *  2 •

5000 cps

6500 cps

H2 ,N Q g a sc N2H 4000

10 5
Time (min)

0



Hydrogen Introduction curves continued

4000 cps

H2 ,He,N2 , Ar.

2 0 0 0  cps

H2 in

H2,Q gas,He,Q gas

4 0 0 0 cps

LH2in

10 5
Time (min)

0



Hydrogen Introduction curves continued

3500 cps

5
Time(min)



figure 57.
250.

Q gas Introduction curves: Wire 3 after
exposure to Q gas and air.

5000 cps

Qgas,N2 ,02 JAr.

Q gas in

40 0 0 cpsa

Qgas,N9 ,Qgas,N

'Q gas in

2 0 0 0 cps

Q gas in
0Time(min) ^



Q gas Introduction curves continued

9200 cps

Q gas, He,Q gas,Ar.

1000 cps

Q gas

5
Time (min)

010



Q gas Introduction curves continued

1400 cps

Q gas

7500 cps

Q gas800cps
A. 05

Time(min)



figure 58
253.

Helium Introduction curves: Wire 3
after exposure to Q gas and air

Hej02H'°2 c 'N2 - H2 -

He in

5000 cps

2 000  cps

He in

1200 cps

He in

Time(min)



Helium Introduction curves continued

3600 cps He in

2000 cps

3000 cps

2 0 0 0 cps

254.

10 5
Time (min)

0



Helium Introduction curves continued

10000 cps

He,Q gasH,Q gasc ,N2

7 0 0 0  cps

1800 cps

Time (min)
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figure 59

Argon Introduction curves: Wire 3 after
exposure to Q gas and air. Ar on

3 6 0 0 cps

1200 cps

iAr in 
010 T. / • \ 5Time (min)



Argon Introduction curves continued

3 900cps rArin

H e ,

1300cps

•Ar in

3900cps

Ar, 0 ga^,Arc  , Q gas

Ar in1700cpi

10 5
Time (min)
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Appendix l i b

Wire 1

I n t r o d u c t i o n  c u rv e s  

I  = 3A

D i s c r i m i n a t o r  0 * 1 x 1 ,  2$ window t h r o u g h o u t .



figure 60.

Nitrogen Introduction curves: Wire 1.
3300 cps

1300 cps

3800cps

AZOOcps

AOOOcpsl

5 0,
Time(min) after introduction of N9 .

10



figure 61.

Oxygen Introduction curve: Wire 1.

259.

2800 cps

2000  cps

Time (min)



figure 62 .

Hydrogen Introduction curves: Wire"!.

3650 cps

1900cps

3800 cps

10 5 0
Time (min)

260.



261
figure 63.

Q gas Introduction curve: W ire l.

3200 cps

2 0 0 0 cps

0  gas in

510
Time (min)
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Appendix 12a

V ire  3

C oo l in g  c u r v e s  w i t h  s k e t c h e s  o f  t h e  

c o r r e s p o n d i n g  Laben S p e c t r a ,

Laben S p e c t r a  were r e c o r d e d  d u r in g  t h e  f i r s t  

f i v e  m in u te s  a f t e r  t h e  h e a t i n g  c u r r e n t  ( I  -  3A) 

sw i t c h e d  o f f ,

Laben Gain x25*

Channel w id th  40 mV/channel

D i s c r i m i n a t o r  s e t t i n g  0 * 1 x 1 ,  2% window t h r o u g h o u t .

The Laben S p e c t r a  were o b t a i n e d  w i t h o u t  p u l s e -  

sh a p in g  equipment  and w i t h  t h e  p r e a m p l i f i e r  a t  t h e  

6* 5V dynamic ra n g e  s e t t i n g .



figure 64 262.

Nitrogen Cooling curve; Wire 3 
Nitrogen following oxygen heating  
V=2 kV 
I =3-3amp

2x10
Counts/
channel

Range-2  x10

1 400
Channel number
(400 channels)  

Peaks in channels 1,6,13, 24

10

7000

cps

0
0

min



figure 65.
263

Nitrogen Cooling curve; Wire 3 .
Nitrogen following Q g a s  heating. 
V= 2 k V I off
1 = 3-2 amp

cps

min

Counts/
channel

5x105

Range-5x 10'

J L

1 400
Channel number (400 channels)

Peaks in channels 1,25, 240,272.
Peaks at 240 272 due to saturation of the
preamplifier.



figure 66. 264

Nitrogen Cooling curve ; Wire 3 . 
Nitrogen fo llow ing hydrogen heating. 
V = 2 kV 
I = 3-25amp

I off 1000
cps

0
0

min
Nitrogen following argon heating and nitrogen 
following helium heating similar.

Range 10

Counts/
channel

Channel number (4 0 0 channels).
Peaks in channels 6,17, 27, 92, 240, 272.
ArH,N2 --Peaks at 5,17,27,240,272.
H e ^ : - P e a k s  at 1,18,91,241,272.
Peaks at 240-1 and 272 due to saturation of
the preamplifier.



figure 67, 265.

Hydrogen Cooling curve; Wire 3 . 
Hydrogen following Q gas  heating 
V= 2 kV 
I =4-1 amp

r off

1000
cps

10 0
0

mi n
Hydrogen following oxygen heating (and 
nitrogen flush) similar.

Counts/
channel

Channel number (400 channels)
Peaks in channels 16, 92, 240, 272.
H2 C' ° 2 h Laben spectrum similar.
Peaks* at 3,16,26,240, 273. Peaks at 240 , 272-3 
due to saturation of the preamplifier.



figure 68. 266.

Hydrogen Cooling curve- Wire 3. 
Hydrogen following nitrogen heating. 
V= 2kV 
I = 4-1 amp

1 0 0

1000
cps

0
mm

Hydrogen cooling after argon and after helium 
gives similar cooling curves.

2 x 10
Counts/
channel

Range 2x10'

1 400
Channel number (400 channels)

Peaks in channels 14,118, 239, 273.
^2 ,Aru;H2 ,HeH both gave similar Laben
spectra, witli peaks at 12,45,240, 274 and  
16 241 274 respectively.
Peaks around 240and 273 due to saturation  
of the preamplifier.



figure 69.
267.

Oxygen Cooling curve; Wire 3. 
Oxygen after nitrogen heating.
V= 2 kV 
I =3-25 amp

3000

min

Counts/
channel

2x105

Channel number ( 400 channels) 
Peaks in channels 4,239,272.



figure 70.
2  6 8 .

Oxygen Cooling curve; Wire 3 
Oxygen following hydrogen heating and 
nitrogen flush.
V=2 kV 
1= 3 25 amp

°2c ‘HeH and ° 2 c -ArH
cooling curves and Laben 
spectra similar.

min

I off 2500

cps

0
0

2x10°

Counts/
channel

v

Range-2 x 10'

1 400
Channel number(400 channels)

Peaks in channels 1,8,14,23,29.

0o Heu , P e a k s -1, 6 (off scale).
2 C ' H

02 Peaks- 2 ,  22, 27.
* C



figure 71.
269.

Oxygen Cooling curve; Wire 3
Oxygen following Q gas heating and nitrogen
flush.
V=2 kV 
I=3-2amp

min

Counts/
channel Range-5x10

5x10

Channel number (-400 channels)

Peak in channel 4-



figure 72 270.

Helium Cooling curve; Wire 3. 
Helium following oxygen heating. 
V= 2kV 
I = 3-95amp

1000
cps

min

Range-5x 10

Counts / 
channel

5x105

Channel number (400  channels)  

Peaks in channels 2,8.
Helium cooling after argon heating similar. 
Laben spectrum also similar.
Peaks at 2 ,8 .



figure 7 3.

Helium Cooling curve; Wire 3. 
Helium following nitrogen heating.  
V = 2 kV 
1= 3 ■ 9 a mp

2000
cps

0
5

min

Counts/
channel

5x10 5

Range- 5x10'

1 4 00
Channel number(400 channels)

Peaks in channels 3,9.



272figure 74.

Helium Cooling curve; Wire 3.
Helium following hydrogen heating.
V= 2 kV 
I=4-05amp

min

I off

0

1000
c p s

0

Range 5x 10

Counts / 
channel 
5x10 5

Channel number (400 channels)

Peaks in channels 1,7.



figure 75. 273.

Helium Cooling curve; Wire 3 .^  J
Helium following Q gas  heating.
V=2kV
I=3-9amp

cps

0
min

Counts/
channel

106

Range -  10

1 400
Channel number (400 channels)

Peaks in channels 1,8.



figure 76.
274.

Argon Cooling curve; Wire 3. 
Argon after oxygen heating.
V = 2 kV 
I = 3-1amp

1 0 min

I off
1000

cps

0
0

Counts/
channel

5x10 5

1 100
Channel number(only 100 channels

recorded ).
Peak in channel 39 then plateau.



figure 77.
275.

Argon Cooling curve; Wire 3.
Argon following nitrogen heating.  
V = 2 kV 
I =3 05amp

cps

I off

10
min

Counts/
channel

Channel number (400 channels)
Peaks in channels 31,239,272.
Peaks at 239,272 due to saturation of the 
preamplifier.



figure 78. 276.

Argon Cooling curve; Wire 3 
Argon after hydrogen heating. 
V= 2 kV 
1= 3-15amp

I off

min
0

1000
cps

0

Argon cooling after helium heating similar 
Laben spectrum also similar.

5x10

Counts/
channel

R ange-5x1 O'

ju

1 400
Channel number (400 channels)

Peaks in ch ann els  33,241,272.
Arc ,HeH; P e a k s - 32,241,272.
Peaks at 241,272 due to saturation of the 
preamplifier.



figure 79
277.

Argon Cooling curve; Wire 3 
Argon following Q g a s  heating. 
V= 2 kV 
1=3-1 amp

I off

5 0

Counts / 
channel

JU

400
Channel number (400 channels)

Peaks in channels 1, 33.
Peaks in channels 240/271 due to saturation 
of the preamplifier.



figure 80.
278

G gas Cooling curve; Wire 3.
Q gas following oxygen heating and nitrogen
flush.
V= 2 kV 
1= 3-15arrip

5
min

2x10 D 
Counts/ 
channel

Range- 2x10'

1 4 0 0
Channel number(400 channels)

Peaks in channels 2,20, 240, 273.
Peaks at 240, 273 due to saturation of the 
preamplifier.



figure 81.
279.

Q gas  Cooling curve; Wire 3. 
Q gas after nitrogen heating 
V = 2 kV 
I = 3-15 amp off scale

Counts / 
channel

5x105

Range- 5x1 Cr

V I

1 400
Channel number
(400 channels)

Peaks in channels 4,20, 32,240,272. 
Peaks at 240,272 due to 
saturation of the preamp­
lifier.

10.000

cps

I off

min 0 0



figure 82. 280.

Q g a s  Cooling curve; Wire 3 .
Q g a s  after hydrogen heating. 
V= 2kV 
1=3*2 amp

3000

cps

min

5x10

Counts/
channel
5x105

Range 5x10'

1 4 0 0 ,
Channel number(400 channels)

Peaks in channels 2,18,31, 272.
Peak at 272 due to saturation of the
preamplifier.



figure 83.

Q g a s  Cooling curve; Wire 3 
Q gas following argon heating 
V = 2kV 
1= 3-15amp

2x 10°

Counts/
channel

R a n g e - 2x 10^

1 400
Channel number
(400 channels)

Peaks in channels 2,24,240,274
Peaks at 240,274 due to
saturation of the preamplifier.

8000

cps

min

Q gas cooling after helium heating similar. 
Laben spectrum also similar.
Peaks in channels 3 (off scale) 18, 240, 273. 
Peaks at 240,273 due to saturation of the 
preamplifier.



Appendix 12b

W ire 1 

C o o lin g  c u r v e s



figure 84.
282

Argon Cooling curves; Wirel. 
Argon following hydrogen heating. 
V= 2 kV 
I= 3amp

I off

10 5 0
min

Argon following argon heating. 
V= 2kV 
1= 3amp

1000
cps

0

2000

cps



Q g a s  Cooling curves; Wire 1. 
Q gas  following Q gas heating. 
V=2kV 
I =3 amp

3000

cps

10 0
min off scale

Q gas  following oxygen heating. 
V=2kV 
I =3 amp

0

10000

6000

cps

I c ff

10 5
min

0
0



figure 86.
284

Hydrogen Cooling curve ; Wirel. 
Hydrogen following nitrogen heating. 
V= 2 kV 
I=3-8amp

I off

min

1000

cps
0



figure 87. 285

Oxygen Cooling curves; Wirel. , 
Oxygen following nitrogen heating. 
V=2kV 
I=3amp

cps

0
min

Oxygen cooling following oxygen heating  
following Q g a s  cooling.
V=2kV 
1= 3 amp

I off'

min



286
figure 88.

Nitrogen Cooling curves; Wire 1 .
Nitrogen following hydrogen heating.
Y= 2 kV 
I = 3 amp

3000

cps

I off

5 0
min

Nitrogen following oxygen heating. 
V=2kV 
I = 3 amp

1000
cps

min



Appendix 13

D i s c r im in a to r  0« 1 x 0 * 2 ,  2$ window th ro u g h o u t

Gas f lo w  r a t e s  4 m l/s e c ,

n  yritn --J W:' -J'.'



287
figure 89.

Nitrogen Introduction curves at room temperature.
No platinum Platinum present

Nitrogen following oxygen
Ocps

1000 cps
A00cps 

■  ̂ .

Nitrogen following hydrogen

1600 cps 1700cps

v. I

Nitrogen following helium

5 min  ̂  ̂ rnin
Nitrogen introduced attimet = 0

0



figure 90:
288

Hydrogen Introduction curves at room
temperature.

Platinum present

1400 cps

3400 cps
No platinum

Hydrogen following nitrogen

10 min
0

Hydrogen introduced at time t = 0



Hydrogen Introduction curves at room
temperature continued

No platinum Platinum present

4300 cps  
I

I

3500cp 
I

Hydrogen following helium

4 0
min

4 0
min

Hydrogen introduced at time t=0



figure 91
290.

Oxygen Introduction curves at room temperature. 
No platinum Platinum present

0 cps

Oxygen following nitrogen

1900 cps

1100 cps

V_

Oxygen following helium

3 0
min

3 0
min

Oxygen introduced at time t=0



Helium Introduction curves ot room temperature.

Platinum present

1400 cps

2 000 c ps
No platinum 

Helium following oxygen

21 OOcps

Platinum present

No platinum

Helium following nitrogen

15 10 5 0mm
Helium introduced at time t = 0



Helium introduction curves at room
temperature continued

292

No platinum Platinum present

8750cps

7 4 0 0 cps

1750cps

Helium following hydrogen

0
mm min 0

Helium introduced at time t=0. Flow rate 5ml/sec.
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Appendix 14a

G old  

C o o lin g  c u r v e s

**lm o f  0 * 1 6  ram diam  g o ld  -wire u se d  e a ch  tim e

W ire s u p p l ie d  by John son  M a tth ey .

:

'H Ilfl



figure 93

Q gas Cooling curves.
Single thickness of gold wire.

7000 
o windowDisc 0-1x0-2,1nt 

I=2-95Amp
Disc 0-1x1 2S
1=4-1 Amp

Disc 0-1x1, 27. 
cps 1 = 4-6 Amp

I off

1000
cps

min



Q gas Cooling curves continued
294.

Double thickness of gold wire

Discriminator 0 -1x 1, Integrate 

1= 5-3 Amp

Typical Laben spectrum.

Range - 10

Counts/
channel

400
Channel number 
(400 channels) 

Peaks in channels 1,35, 205, 
219, 330.

min 0

6000

cps

1000

0



figure 94 .

Hydrogen Cooling curve 

Double thickness of gold wire

Discriminator 0- 1x0-2, 2% window. 

I=6 05Amp

cps

I off

min
N.B.:- No emission was observed when the wire

w as allowed to cool in nitrogen.

2 9 5.



figure 94 continued 296.

Laben spectrum obtained when the double 
gold wire was allowed to cool in hydrogen 
after being heated in nitrogen.

Counts/
channel

Channel number (400 channels)

Peaks in channels 1,4,44,117, 167,217.



Appendix 14b

G old

I n t r o d u c t io n  c u r v e s



figure 95
29

Nitrogen Introduction curve. 
Nitrogen following hydrogen.

Discriminator 0-1x1, 2% window
V=1-9kV

cps

min

Hydrogen following nitrogen:- no emission
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figure 96.

Q gas heating curve.

Q g a s  following He ,̂ He^Q gas^Q  gas^

H':-Filament heated in that gas,
C:-Filament allowed to cool in 

that gas.

7000

cps

Time



figure 9 7

Q gas heating curve. 

Q g a s  following hydrogen.

29

I off

Time (min)



figure 9 8. 300.

Q gas heating curve

Q gas following nitrogen.
off scale

I off

I on

1Q000

7,000

cps

10 5
Time ( min)

0
0



figure 99, 301.

Nitrogen heating curve.
Nitrogen following Q gas.

I off

I on 
Time (min)

figure 100.

Hydrogen heating curve. 
Hydrogen following Q gas.

cps

Ion

Time (min)
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figure 101.
302

Nitrogen Introduction curves to show the
effect of carbiding the platinum filament.
clean wire. after Q gas

and air.

4500cps

No on
Ocps

Nitrogen following oxygen
-  2000 cps .

1200 cps 

\ N ^ o non

Nitrogen following hydrogen.

No on 
1750 cps L 1100 cps

No on

Nitrogen following helium.



303.
Nitrogen Introduction curves continued
clean wire after Q gas  and

air

3200 cps

1700cps
1200 cps

on

Nitrogen following argon

after Q gas .
3 5 0 0 cps

3000 cps

1300

Nitrogen following Q gas
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figure 103. 305.

Hydrogen Introduction curves to show the 
effect of carbiding the platinum filament, 
clean wire after Q g a s  and

air 5000 cps

600 cps ^ 2 °*

300 cps

Hydrogen following nitrogen
A 000 cps

H ^ o n

Hydrogen following helium
(following nitrogen)



Q (\ p  O w OHydrogen Introduction curves continued
clean wire after Q gas and

air

A 4 00 cps

H2 on

2000 cps

bkon

Hydrogen following argon 

after Q g a s  ^

3500 cps 34 00 cps

H~ on

400 cps

Hydrogen following Q gas



figure 104

Helium Introduction curves to show the effect
of corbiding the platinum filament.
clean wire 5800cps after Q gas and 

air 5000 cps/

2300 cps

clean wire

He on
Helium following hydrogen

2400 cps

He on

He on1600 cps

He on 
—  0 cps

2000 cps

after Qgas  
and air

Helium following oxygen



figure 105. 308.

Argon Introduction curves to show the
effect of carbiding the platinum filament.

clean wire after Q gas and air

1250 cps

Ar on

Ar.gon following

3500cps f Aron

4000 cps Ar on
4000 cp:

Ar on

Argon following



309.\rgon Introduction curves continued

lean wire after Q gas and air

5300 cps

4300 cps

Ar on

Ar on
Argon following hydrogen
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r. irves to show  
Coohng c^_A.^lirn fWarnent.

. - the e f t e c  1

M\tiogcn ,i „ p i u ' - K j j-iif
0 ,  c a r b i * ^ ' l h e  p  l e r  a  g a s  a n d  a u

p a n  w i r e

1-4-3 Amp

I o

1=3-3 An^P

1 off

io \ to w \n g .  ox y g e n
N \tr°9 e 1-3-25 Arnp

1 off
l= M 5 A m p

H U r o g e n

\NlZl

 - " o  ^

5  m » n



figure 107
311.

Hydrogen Cooling curves to show the effect 
of car biding th e  platinum filament.
c lean  wire after Q gas and air

1=3-7 Amp 1= A-1Amp

Ioff I off

Hydrogen following nitrogen

figure 108.

Oxygen Cooling curves to show the effect 
of carbiding the platinum filament.

clean wire after Q gas after Q gas and
air

3100 cps
Ioff

I=4-25Amp I=3-6Amp

I off
J I off

1=3-2 5 Amp

Oxygen following nitrogen



figure 109. 31

Q gas Cooling curves to show the effect of 
exposing the platinum filament to air after 
0  gas.

Q g a s  alone Q gas and air

I off

Q gas after nitrogen

Ioff

'I off

f

Q gas after hydrogen
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figure 110.

Nitrogen Introduction curve after acetylation
of Wire 3.
Nitrogen following hydrogen. ^ 

Discriminator 0-1 x 1, 2 % window.
off

cps

Time(min)



f i g u r e  111.

A second example of a nitrogen Introduction 
curve after acetylation of Wire 3 .
[HjiitLirogen fo llow in g  bydiro^en..

Qiiscriminator 0 1 x 1, 2 *%*

on

cps



figure 112.
31 b.

Hydrogen Introduction curve after acetylation
of Wire 3.
Hydrogen following nitrogen.
Discriminator 0-1x1, 2%.

8,000

cps

0
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316
figure 113.

Typical Nitrogen Cooling curve after 
acetylation of Wire 3.
Nitrogen cooling following hydrogen heating. 
Discriminator 0-1x 1, 27o.

A 000

cps

Time (min)



317.
figure 11 A.

Hydrogen Cooling curves after acetylation of 
Wire 3.
Hydrogen cooling following nitrogen heating. 
Discriminator 0-1x1, 2%window.

3,000
cpsIoff

Time (min)

2,000
cpsI off

Time (min)



318.
figure 11 5.

Hydrogen Cooling curve after acetylation of
Wire 3.
Hydrogen cooling after prolonged heating in 
hydrogen.
Discriminator CHx 1, 2%.

I off
8,000

cps

Time (min)i



figure 116. 319

Nitrogen Cooling curves after several cycles 
of heating in hydrogen and cooling in nitrogen
Nitrogen cooling following hydrogen heating.
Discriminator 0-1x1, 2%.
Platinum heated fc .-annn

( 1 )

0

cps

5 0
"Time ( min)

Platinum heated for 22 min 

( 2  ) 3,000
I offj
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figure 117. 320.

To show the effect of the anode voltage on 
the cooling curves. The platinum filament was 
heated in Q gas for 30 sec each time.

off scale
I off I off

Disc. 01x1 Int 
each time.

1 9kV 2-0kV

Time (m in)
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Graph 29.

Calibration curve to convert thermocouple 
response,measured in mV, to °C (19 8 ) .

Pt/Pt,137oRh.

Thermocouple response 

2 0

** ^  T e m p e r a t u r e  ( 0 C )



Graph 30.

Calibration curve to convert thermocouple 
response, measured in mV, to °C (198).

Pt I Pt,10°/o Rh.

Thermocouple response

2 ol ( m V )

1 0

0
0 Tpmoerature( C )

200



Graph 31 323.

Plot of temperature versus time to show the 
difference in cooling rate of the copper 
c a thode  and the platinum filament.
Temperature(°C) 

800
I =35A.
Wire bright orange 
••• Tod,~  850-900 °C.

Wire heated in Aml/sec 
Qgas.

— Platinum filament

5 0 0

Copper cathode

Time (m in)
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Table X

Average energy  r e q u i r e d  to  p roduce  an Ion P a i r  

f o r  some G ases; see (1 3 6 ) .

eV

A ir 35-6

N2 37-1

H2 36* 0

He 30-0

Ne 29-7

Ar 28-2

Kr 26*2

Xe 23-6
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Laben Spectrum  7.
3 25.

Platinum wire heated in nitrogen and allowed 
to cool in hydrogen. Counts accumulated 
from 4-0-4-5 min after heating current 
switched off. Anode voltage 1-8 kV. Range x10 .̂ 

10^ | Channel width AOmV/channel.
Counts / 
channel.

32 176 3 56
Channel number (400 channels)

Laben Spectrum 8.

Platinum wire heated in nitrogen and allowed 
to cool in hydrogen. Counts accumulated from 
9 0-9-5 min after heating current switched off. 
Anode voltage 2-1 kV. Range xIO

Channel width 40mV/channel.

Counts/
channel.

35 208 372
Channel number (400channels) 

Spectra accumulated during the sam e cooling 
cycle.
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