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IxTTRODUCTIQN.

S in c e  t h e  t im e  when, i n  1 9 2 1  Ramsauer* d i s c o v e r e d  

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

e l e c t r o n  im p a c t ,  d e c r e a s i n g  w ith  th e  e n e r g y  o f  th e  

c o l l i d i n g  e l e c t r o n s  a t  low  e n e r g i e s ,  much w ork , b o t h  

e x p e r im e n t a l  and t h e o r e t i c a l , h a s  b e e n  done on t h e  c o l l i s i o n s  

o f  e l e c t r o n s  w ith  a to m s . I n t e r e s t  i n  t h i s  l i n e  r e c e i v e d  

a f u r t h e r  s t i m u l u s  when some n in e  y e a r s  l a t e r ,  d i f f r a c t i o n  

maxima and m inim a w ere  d i s c o v e r e d  i n  t h e  a n g u la r  

d i s t r i b u t i o n  c u r v e s  f o r  e l e c t r o n s  s c a t t e r e d  b y  a tom s.

On t h e  t h e o r e t i c a l  s i d e ,  t h e  new wave m e c h a n ic s  

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

The a greem en t o b t a i n e d  w i t h  e x p e r im e n t  was fo u n d  t o  b e  

g o o d ,  e s p e c i a l l y  a s  more and more c o m i' . l ic a t in g  f a c t o r s  

w ere  a l lo w e d  f o r  i n  t h e  t h e o r y .

Most o f  th e  e x p e r im e n t a l  work on  t h e  d i r e c t  

m easui'em ent o f  t h e  c r o s s  s e c t i o n s  o f  atom s h a s  b e e n  

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

i n c l u d e d .  An e l e c t r o n  may h o w ev er  make e l a s t i c  o r  

i n e l a s t i c  im p a c ts  w i t h  an atom . P r a c t i c a l l y  t h e  o n l y  

k n o w led g e  so  f a r  o f  t h e  e l a s t i c  c r o s s  s e c t i o n s  o f  g a s  

atom s h a s  b e e n  d e r i v e d  from  a n u m e r ic a l  i n t e g r a t i o n  o f  

a n g u la r  s c a t t e r i n g  c u r v e s ;  w h i l e  f o r  I n e l a s t i c  im p a c t s ,  

b o t h  c o l l e c t i v e  and d i s c r e t e ,  t h e  m a j o r i t y  o f  r e s u l t s  

h a v e  b e e n  o b t a i n e d  b y  i n d i r e c t  o p t i c a l  m e th o d s .  In  

a d d i t i o n ,  m ost m easu rem en ts  o f  d i s c r e t e  i n e l a s t i c  c r o s s



se c t io n ^ )  "by e l e c t r i c a l  m e th o d s ,  h a v e  b e e n  c o n f i n e d  t o  

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

z e r o  a n g l e .  Theory h a s  sh ow n, and i t  h a s  b e e n  c o n f ir m e d  

b y  e x p e r im e n t ,  t h a t  t h e  e x c i t a t i o n  c r o s s  s e c t i o n s  f o r  

su c h  a n g le s  v a r y  v e r y  d i f f e r e n t l y  w i t h  t h e  e n e r g y  from  

t h e  c r o s s  s e c t i o n s  o b t a in e d  when a l l  a n g le s  a r e  i n c l u d e d .

I t  i s  t h e r e f o r e  im p o r ta n t  t o  s t u d y  t h e  v a r i a t i o n s  o f  th e  

i n e l a s t i c  c r o s s  s e c t i o n s  w i t h  e n e r g y  f o r  e l e c t r o n s  

d e f l e c t e d  th r o u g h  l a r g e  a n g l e s .

T h is  t h e s i s  i s  d i v i d e d  i n t o  two p a r t s ;  t h e  f i r s t  

c o n t a i n i n g  t h e o r e t i c a l  work and d i s c u s s i o n s ;  and th e  

s e c o n d  th e  e x i c r i m e n t a l  work. S e c t i o n  1 c o n t a i n s  a 

d i s c u s s i o n  o f  t h e  s t a t i o n a r y  s t a t e s  i n  an atom and t h e  

i v i n e t i c  t h e o r y  e x p r e s s i o n  f o r  t h e  mean f r e e  p a th  o f  an  

e l e c t r o n  i n  a g a s ,  l e a d i n g  up t o  th e  fo r m u la  f o r  t h e  %)asseg 

o f  a beaia o f  e l e c t r o n s  th r o u g h  a g a s .  I n  s e c t i o n  2 ,  

t h e  p r e v i o u s  m ethods o f  o b t a i n i n g  c r o s s  s e c t i o n s ,  b o th  

t o t a l  and i n e l a s t i c ,  a r e  d e a l t  w i t h  and th e  r e s u l t s  

d i s c u s s e d .  An o u t l i n e  o f  t h e  wave m e c h a n ic a l  t h e o r y  

o f  c o l l i s i o n  p r o c e s s e s  i s  g i v e n  i n  s e c t i o n  5 ,  w i t h  

i n d i c a t i o n s  o f  t h e  a g reem en t o b t a i n e d  w i t h  e x p e r im e n t  

by d i f f e r e n t  m eth o d s . The r e s u l t s  o f  some a p p r o x im a te  

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

e r i n g  cu r v e  f o r  k r y p to n  a r e  g i v e n  i n  s e c t i o n  4 .  The 

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

b y  O r ,P .L .A r n o t  and th e  a u th o r .

S e c t i o n  0 ,  t h e  f i r s t  o f  P a r t  I I ,  c o n t a i n s  a



d e s c r i p t i o n  o f  a new ax^paratus d e s i g n e d  t o  o b t a i n  

m easu rem en ts o f  t h e  t o t a l  , e l a s t i c  and i n e l a s t i c  c r o s s  

s e c t i o n s  i n  g a s e s .  The m ethod  o f  u s i n g  t h e  a p p a r a tu s  

and a number o f  t e s t s  o f  i t s  w o rk in g  a r e  d e s c r i b e d  i n  

s e c t i o n  6 .  The l a s t  s e c t i o n ,  7 ,  c o n t a i n s  th e  r e s u l t s  

o b t a in e d  w ith  t h e  api:»aratU8 f o r  t h e  t o t a l ,  e l a s t i c  

and i n e l a s t i c  c r o s s  s e c t i o n s  o f  t h e  m ercury  a to ia ,  

a lo n g  w it h  t h e  c r o s s  s e c t i o n s  f o r  bhe i o n i s a t i o n ,

S'^P^» S^Do s t a t e s .  I t  c o n c l u d e s  w it h  an  i n t e r e s t i n g  

t e s t  o f  t h e  w ord in g  o f  t h e  a%)paratu3 and a d i s c u s s i o n  

o f  th e  i^ o s s ib ie  e r r o r s  o f  Wiu m eth o d .



1.

PART I .  THKORY.

SECTION 1 .

DISCUSSION OF COLLISIONS OF ELECTRONS AND ATOMS.

B efore  p roceed in g  w ith  a d is c u s s io n  o f  the ty p es  o f  

c o l l i s i o n s ,  som ething must be sa id  about the s tr u c tu r e  o f  

th e atom .

What may be te m e d  th e  accep ted  c l a s s i c a l  co n cep tio n  

o f  an atom was th a t  o f  a h ard , sm ooth, e l a s t i c  sp h ere .

Now how ever, r e se a r c h  has shown th a t  t h i s  i s  by no means 

t r u e .  In s te a d  th e atom i s  known to  have a v ery  openwork 

s tr u c tu r e  o f  e l e c t r i c  c h a r g e s . Most o f  th e  mass o f  th e  

atom i s  co n cen tra ted  in  th e  n u c le u s , w hich  c a r r ie s  a n e t  

p o s i t iv e  charge eq u a l to  th e  atom ic number o f  th e e lem en t. 

Round th e  n u c leu s r e v o lv e  a number o f  e le c tr o n s  a ga in  eq u al 

in  number to  th e  atom ic number o f  th e  e lem en t, so  th a t  th e  

n e t  charge o f  an atom , in  i t s  noz^mal s t a t e ,  i s  z e r o . Each 

o f  th e s e  e le c tr o n s  r e v o lv e s  round th e  n u c leu s in  a c e r ta in  

c l e a r ly  d e f in e d  o r b i t ,  each  o r b it  h a v in g , corresp on d in g  to  

i t ,  a c e r ta in  d e f i n i t e  amount o f  en erg y . The o r b i t s ,  or 

l e v e l s ,  or  s ta t io n a r y  s t a t e s  as th ey  are c a l l e d ,  are  

q u a n tise d , in  th a t  th er e  a re  o n ly  c e r ta in  d i s c r e t e  amounts 

o f  energy  a llow ed  ; a co n tin u o u s v a r ia t io n  o f  energy  i s  not 

p o s s ib l e .  These e le c tr o n s  round th e  n u c leu s are arranged  

in  s h e l l s ;  fo r  each  s h e l l  th e r e  i s  a maximum number o f



s.

e le c t r o n s  w hich i t  can con ta in *  The e le c tr o n s  w ith  w hich  

we s h a l l  be con cern ed  m o stly  are  th o s e  in  th e  o u te m o s t  

s h e l l ;  th e se  a re  c a l le d  th e v a le n c y  e l e c t r o n s ,  and are  

o b v io u s ly  th e  m ost lo o s e ly  bound to  th e  atom*

C onsider one o f  th e  v a le n c y  e le c t r o n s  moving In i t s  

norm al or ground s t a t e  round th e  n u c le u s . I f  a c e r t a in  

amount o f  energy  i s  g iv e n  to  t h i s  e le c t r o n  i t  m ight be  

p o s s ib le  fo r  i t  to  move up in to  a n o th er  o r b it  o f  h ig h e r  

en er g y . T his i s  however o n ly  p o s s ib le  i f  th e  amount o f  

en ergy  g iv en  to  the e le c t r o n  i s  a c e r ta in  d i s c r e t e  v a lu e ,  

eq u a l to  th e d i f f e r e n c e  in  energy betw een  th e  two l e v e l s ,  

s in c e  th e r e  i s  n o t an i n f i n i t y  o f  l e v e l s  co rresp o n d in g  to  

a l l  l e v e l s  but o n ly  q u a n tise d , d i s t i n c t  o r b i t s .  The energy  

g iv e n  to  the e le c t r o n  may come in  v a r io u s  w ays, e i t h e r  

th e r m a lly  o r  by im pact w ith  a n o th er  atom or e le c t r o n ,  or  

by im pact o f  a quantum o f  l i g h t  o f  th e  c o r r e c t  freq u en cy . 

When an e le c t r o n  in  an atom has been r a is e d  in  any manner 

to  a l e v e l  above i t s  norm al s t a t e  th e  atom i s  s a id  to  be 

in  an e x c it e d  s ta te *  The e le c tr o n  in  th e  h ig h e r  o r b it  in

g e n e r a l f a l l s  back to  a low er o r b it  in  a v e r y  s h o r t  t im e ,
-7

u s u a l ly  o f  th e  ord er  o f  10 s e c .  The d i f f e r e n c e  in  

en ergy  betw een th e  two o r b it s  has th en  to  be g iv e n  up, and 

i t  u s u a l ly  appears as r a d ia t io n  o f  a freq u en cy  g iv e n  by 

Bohr * s second p o s tu la t e  Wi -  W2  ^  h%) ^

where W% -  Wg i s  the d i f f e r e n c e  o f  en ergy  and h i s  P lan ck ’ s
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co n sta n t*  A gain, i t  i s  p o s s ib le  to  r a is e  the e le c tr o n  

from i t s  normal s t a t e  to  h ig h e r  and h ifjb er l e v e l s  t i l l  

f i n a l l y .  I t  may be l i f t e d  r i^ h t  out o f  th e  atom a l t o g e t h e r .  

The minimum amount o f  energy n e c e ssa r y  to  do t h i s  i s  aga in  

found to  be a c o n s ta n t . When th e e le c t r o n ,  which I s  

n e g a t iv e ly  ch arged , has been removed from th e  atom , the  

atom I s  l e f t  p o s i t i v e l y  charged  and i s  th en  c a l l e d  a 

p o s i t iv e  Io n . The p ro cess  o f  removing an e le c tr o n  from 

an atom i s  c a l le d  io n is a t io n  o f  the atom and th e atom i s  

sa id  to  be I o n is e d ,

T h is d is c u s s io n  i s  summarised very  w e l l  by Darrow 

(1 ) in  th e  sta tem en t th a t  : ”An atom or a m o lecu le  I s  

capable o f  e x i s t in g  in  any one o f  v a r io u s  d i s t i n c t ,  d i s c r e t e  

and d e f i n i t e  s ta t io n a r y  s t a t e s  or l e v e l s ,  fo r  each  o f  w hich  

i t s  in t e r n a l  energy has a s p e c i f i c  and d i s t i n c t i v e  v a lu e ."

The f i r s t  l e v e l  above th e  normal or ground s t a t e  

which com bines w ith  th e normal s t a t e ,  i s  u s u a l ly  c a l le d  

the resonan ce l e v e l ,  and the quantum or photon em itted  by 

the atom on r e tu rn in g  from th is  l e v e l  to  th e  normal s t a t e  

i s  c a l le d  th e  resonan ce r a d ia t io n .  O c c a s io n a lly  a l l  th e  

e x c ite d  s t a t e s  are spoken o f  as reson an ce l e v e l s ,  but 

u su a lly  t h i s  term  o n ly  r e f e r s  to  th e  s t a t e  o f  lo w est en ergy  

above th e  ground s t a t e ,  w hich com bines w ith  i t .  This l a t t e r  

phrase i s  added b ecau se  th e r e  are c e r ta in  s t a t e s ,  c a l l e d  

m eta sta b le  s t a t e s ,  which can be e x c it e d  by normal means
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but from which th e  atom can n ot re tu rn  by e m iss io n  o f  a 

quantum o f  r a d ia t io n .  The o n ly  way in  w hich  an atom can  

le a v e  a m e ta s ta b le  s t a t e  i s  by g iv in g  up i t s  en ergy  to  

an oth er atom or e le c tr o n  in  a c o l l i s i o n ,  or  by b e in g  

e x c ite d  by a fu r th e r  im pact w ith  an e le c t r o n  to  a s t i l l  

h ig h er  s t a t e  n o t m e ta s ta b le  from w hich  i t  can th en  re tu rn  

by e m itt in g  a p h oton . A l l  atoms ex cep t hydrogen and 

helium  have s e v e r a l  i o n i s a t io n  l e v e l s  a s w e l l  a s e x c it a t io n  

l e v e l s .  These v a r io u s  i o n is a t io n  l e v e l s  corresp on d  to  

the rem oval o f  an e le c tr o n  from the d i f f e r e n t  s h e l l s  o f  

the atom.

I t  has been s a id  th a t  an atom can be e x c it e d  or  

io n is e d  in  a number o f  w ays, one o f  w hich was by im pact 

w ith  an e le c t r o n .  This i s  th e  method which con cern s us 

c h ie f ly  h e r e . I t  has a l s o  been  s a id  th a t  to  e x c i t e  an 

atom  to  a s p e c i f i c  l e v e l  r e q u ir e s  a d e f i n i t e  and s p e c i f i c  

amount o f  en erg y . Now an e le c t r o n  moving w ith  a c e r ta in  

v e lo c i t y  has a d e f i n i t e  k in e t i c  en erg y . On c o l l i d in g  w ith  

an atom i t  may g iv e  up some o f  i t s  en ergy  to  th e  atom and s  

r a is e  an e le c tr o n  in  th e  atom frok  one o r b it  to  a h ig h e r  on 

or even r ig h t  o u t o f  th e  atom, so io n is in g  i t .  The e le c t r o  

then g o es on w ith  d ecrea sed  en ergy  and p o s s ib ly  a change 

in  d ir e c t io n  a l s o .  Such a ty p e  o f  c o l l i s i o n ,  where a 

tr a n s fe r  o f  en ergy  ta k es  p la c e  betw een th e e le c tr o n  and 

the in te r n a l  s tr u c tu r e  o f  the atom i s  c a l le d  an i n e l a s t i c



5.

c o l l i s i o n ,  The o th e r  typ e o f  c o l l i s i o n  I s  a l s o  p o s s ib le ,  

in  which th e  on ly  tr a n s fe r  o f  energy betw een th e  e le c tr o n  

and atom I s  th a t  n e c e ssa r y  fo r  tixe con ser 'va tlon  o f  energy  

and momentum. Such a c o l l i s i o n  i s  c a l l e d  an e l a s t i c  c o l l :  

î i s l o n .  I t  should  be n c t ic e d  th a t  a c o l l i s i o n  in  which  

the in c id e n t  e le c tr o n  i s  exchanged w ith  an e le c t r o n  in  

th e  atom w ith o u t any change o f  in t e r n a l  en erg y , i s  s t i l l  

an e l a s t i c  c o l l i s i o n .

In  an e l a s t i c  c o l l i s i o n  betw een an e le c tr o n  and an 

atom i t  i s  q u ite  e a s i l y  seen  th a t  th e  e le c tr o n  lo<^ses v er y  

l i t t l e  en ergy  on accoun t o f  th e  very  sm a ll mass o f  the e l e c t :  

:ron In com parison w ith  th a t  o f  th e  atom . For suppose th a t  

an e le c tr o n  o f  mass moving w ith  a v e l o c i t y  * v ', s t r ik e s  

an atom o f  mass assumed a t  r e s t ,  and th a t  a f t e r  th e

c o l l i s i o n  th e  e le c t r o n  and atom have v e l o c i t i e s  v ’ and V 

r e s p e c t iv e ly ,  and t h e i r  d ir e c t io n s  make a n g le s  ^  and 0  

w ith  the o r ig in a l  p ath  o f  the e le c t r o n  th u s :~

Then, r e s o lv in g  momenta and ta k in g  th e  K in e tic  Energy

eq u ation , we have •

mv = mv * co s f  MV co s  ̂ ( 1 ).
0 = rav* s in  9̂ — MV s in  B
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Froa (1 )  we g e t  -  

which w ith  (2 )  g iv e s

Al V ^ - V A U n ( 9  = ( 5 ) ,

(3 )  can be w r it te n  a s

Thus v/e liave , su b ^ tr a c tin g  (5 )  and (6 )  and c a n c e l l in g  

N & V

 ̂ \7 =  % "%/ ^ ( *7 ) ,

Thus _1-AW^^ L Cto'̂ d) fç..

w ïlich i s   ̂ £jl ■ ^ / Q \

where i s  th e k in e t ic  en ergy  o f  th e  atom, w hich  i s  the  

l o s s  in  k in e t ic  en ergy o f  the e le c tr o n  and E@ i s  th e  o r ig in s  

k in e t ic  energy o f  the e le c t r o n ♦ Now in  th e  ca se  o f  hydrogen  

th e l i g h e s t  atom, m:M = 1 :1 8 3 5 , so th a t  eq u ation  (9 )  can be 

w r it te n  a s ,  ta k in g  th e  average v a lu e  o f  cos^<9 a s § ,

Ejyj n  E© • 2m/M (1 0 ) .

Again u s in g  th e  above r a t io  o f  m:M i t  i s  seen  th a t th e  

energy l o s t  by th e e le c tr o n  i s  o n ly  1 /9 1 8  o f  i t s  i n i t i a l  

energy in  the c a se  o f  an im pact w ith  a hydrogen atom, and

in  th e  c a se  o f  any o th e r  atom th e f r a c t io n  w i l l  be much

l e s s .

For th e  ca se  when th e  atom o f  mass M i s  m oving, and 

m i s  much sm a lle r  than M, and th e  speed  o f  the im p actin g
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p a r t i c l e  1? f a i r l y  la r g e ,  K*T. Compton (2 )  hap shown th a t  

th e  f r a c t io n  f  o f  th e  average energy  o f  th e  e le c tr o n  l o s t  

a t  a c o l l i s i o n  I s  g iv e n  by

f  ^ 2mAî* (1  -  E y /3o ) ( 1 1 ) .

where Km and are th e  average e n e r g ie s  o f  th e  atom and 

e le c tr o n  r e s p e c t iv e ly .  A fu r th e r  a d d it io n  to  t h i s  th eory  

was made by Cravath (3 )  who extended  th e  argument to  th e  

g e n e r a l c a se  o f  p a r t i c l e s  w ith  M axw ellian d is t r ib u t io n s  

o f  v e l o c i t i e s ,  no s t ip u la t io n  b e in g  made as to  th e  r e la t iv e  

m agnitudes o f  th e  m a sses . H is r e s u l t  I s

t=  8 / 5 - m M / ( m + M ) 2 - ( 1  -  T h / T . ) .  ( 1 2 ) .

Tm and Te are th e  a b so lu te  tem peratu res d en o tin g  th e  

e n e r g ie s  o f  th e  atoms and e le c tr o n s  r e s p e c t iv e ly ,  w h ile  

f  i s  d e f in e d  as ab ove.

Both th e s e  e x p r e s s io n s  reduce to  much th e  same th in g  

fo r  m^M and E^. I t  i s  th e r e fo r e  q u ite  ob v iou s th a t  

th e  r e s u l t  i s  u n a lte r e d , th a t  th e  l o s s  o f  energy by an 

e le c tr o n  in  an e l a s t i c  c o l l i s i o n  w ith  an atom I s  very  

sm a ll.

In  d is c u s s in g  th e  s ta t io n a r y  s t a t e s  o f  an atom I t  

was s a id  th a t  to  each s t a t e  th e r e  corresponded  a d e f i n i t e  

en ergy . In  m easuring or  r e fe r r in g  to  t h i s  en ergy . In  

g e n e r a l, no a b s o lu te  v a lu e  can be f ix e d  ; a l|% th at can be 

done I s  to  r e f e r  th e en ergy o f  th e  l e v e l s  to  th e energy  

o f  one tak en  as sta n d a rd . U su a lly  th e e n e r g ie s  are r e fe r r e d
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t o  th e  norm al s t a t e  a s z e r o ;  so th a t th e  en ergy  w hich  

i s  u sed , i s  th e  d i f f e r e n c e  betw een th e  en ergy  o f  th e  

s t a t e  under c o n s id e r a t io n  and th e  energy o f  the norm al 

s t a t e .  Sometim es th e e n e r g ie s  are  r e fe r r e d  to  th e  

en ergy  o f  the s t a t e  o f  io n is a t io n  as z e r o , s in c e  t h i s  i s  

th e  way in  which th e e n e r g ie s  r e s u l t  from s p e c tr o s c o p ic  

d a ta . In  t h i s  method th e  low er s t a t e s  come out w ith  a 

n e g a t iv e  en erg y , so th a t  th e  form er method w i l l  be used  

h e r e , in  w hich th ey  are p o s i t i v e .

S in c e  an e le c tr o n  h as a n e g a t iv e  ch a rg e , energy can  

be im parted to  i t  by l e t t i n g  i t  f a l l  through an e l e c t r o  :

: s t a t i c  f i e l d .  I f  th e  e le c tr o n  s t a r t s  from r e s t  and 

 ̂ f a l l s  through  a d i f f e r e n c e  o f  p o t e n t ia l  V, th en  the k in e t ic  

energy  i t  w i l l  have a cq u ired  w i l l  be eV where e i s  th e  

charge on th e  e le c t r o n .  However, i f  th e  m ass o f  th e  

e le c t r o n  i s  m and i t s  v e l o c i t y  a f t e r  f a l l i n g  through th e  

f i e l d  i s  V ,  th en  i t s  k in e t i c  en ergy  i s  a l s o  im v^.

Thus Jmv =  eV V in  e l e c t r o s t a t i c  u n it s

=  eV /500 , V in  v o l t s .  ( 1 3 ) .

From t h i s  eq u a tio n  i t  i s  e a s i l y  seen  th a t  the en ergy  

o f  an e le c t r o n  can be ex p ressed  as th e  number o f  v o l t s  

through  w hich  th e  e le c t r o n  would have had to  f a l l  from  

r e s t  to  have o b ta in ed  th e  g iv e n  en ergy . Thus th e  v o l t  

can be used  as a u n it  o f  en ergy , th e  u n it  b e in g  c a l l e d  

th e  e le c tr o n  v o l t .  T h is u n it  i s  v ery  commonly used  in
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a l l  work d e a lin g  w ith  e le c t r o n s  and s ta t io n a r y  s t a t e s .

The u n it  i s  equal to  th e  enerfry acq u ired  by an e le c t r o n  

in  f a l l i n g  from r e s t  through a p o t e n t ia l  o f  one v o l t ,

U.-'ing the v a lu e  o f  e g iv en  by B lrge  (4 )  i , e ,  

e =r 4 .7 7 0  X 1 0 * ^  E,S*ÎJ. we se e  th a t  one e le c tr o n  v o l t  

i s  eq u al to  1 ,5 9 0  x 10~^^ ergs.

Again from eq u a tio n  (1 3 ) i t  i s  seen  th a t th e  v e l o c i t y  

o f  an e le c tr o n  h aving  an energy o f  V e q u iv a le n t  e le c t r o n

v o l t s  i s  IV =  j ^ ^ . / s o )  cm s. p e r  s e c .

=  5 ,9 4 6  % 10^ X  erne, per s e c .  (1 4 ) .  

Thus th e v e l o c i t y  o f  an e le c tr o n  in  cm s, per s e c ,  i s  

p r o p o r tio n a l to  th e  square r o o t  o f  th e  p o t e n t ia l  through  

wliich the e le c tr o n  h as f a l l e n  from r e s t .  T h e re fo re , in  

p r e se n tin g  r e s u l t s  in  which tho  e le c t r o n ic  v e l o c i t y  i s

one o f th e v a r ia b le s ,  i t  I s  u su a l to  u se  th e  square ro o t

o f  the p o t e n t ia l  through  w hich  th e  e le c t r o n  has f a l l e n ,  

fo r  th is  v a r ia b le ,  in s te a d  o f  th e  a c tu a l  v e l o c i t y  o f  th e  

e le c tr o n  in  cias. per s e c ,

R eturning to  the d is c u s s io n  o f  th e  e x c i t a t io n  o f  

station ary / s t a t e s  by e le c tr o n  im p act, we know th a t  th e  

e le c tr o n s  must have a d e f i n i t e  en ergy b e fo r e  th ey  can  

e x c ite  a c e r ta in  l e v e l ,  and now we have shown th a t  we can 

express t h i s  ener.gy as so  many v o l t s .  Thus, as we in c r e a se  

th e energy o f  th e  im p actin g  e le c t r o n s  from z e r o , o n ly
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e l a s t i c  Im pacts r i l l  occu r t i l l  the energy  o f  the  

electïX în s I s  s u f f i c i e n t  to  e x c i t e  th e  resonance l e v e l .

The p o t e n t ia l ,  througn w iiich th e e le c tr o n s  must have  

f a l l e n  from  r e s t  to  have ju s t  s u f f i c i e n t  energy  to  e x c i t e  

t h i s  l e v e l  i s  c a l le d  th e  resonance p o t e n t ia l .  S im ila r ly ,  

fo r  th e  o th er  s ta t io n a r y  s t a t e s ,  we have e x c it a t io n  

p o te n t ia ls  and io n is a t io n  p o t e n t ia l s .  R esonance, e x c l t : 

:a t io n  and io n is a t io n  p o t e n t ia l s  are  a l l  in c lu d ed  in  th e  

term c r i t i c a l  p o t e n t ia l s .

however, i t  i s  n o t n ece ssa r y  fo r  the im p actin g  

e le c tr o n  to  have an en ercy  ju s t  eq u a l to  th e  energy o f  

th e s t a t e  in to  which i t  i s  go in g  to  e x c i t e  th e  atom ; any 

energy g r e a te r  than th e e x c i t a t io n  i s  a llo w e d ; th e  e x c e s s  

i s  than c a r r ie d  av/ay by th e  c o l l id in g  é le c t r o n  as k in e t ic  

en ergy , When io n is a t io n  ta k es  p la c e ,  th e  e x c e s s  energy  

may be shared betw een th e  im p actin g  e le c tr o n  and th e  

e je c te d  e le c t r o n .

Since th e  energy o f  th e e le c t r o n  which can e x c i t e  

a c e r ta in  s t a t e  can be ex p ressed  a s so  many e le c tr o n  v o l t s ,  

so i t  I s  o f te n  co n v en ien t to  d en ote  th e en ergy  o f  a s t a t e  

by the c r i t i c a l  p o t e n t ia l  corresp on d in g  to  i t .  Thus i t  i s  

u su a l to  speak o f  th e resonance l e v e l  in  th e  mercury atom, 

as the 4 .8 0  v o l t  l e v e l ,  o r  s t a t e .  In  a d d it io n , s in c e  th e  

l i f e  o f an e x c it e d  atom i s  very  s h o r t  and i t  re tu rn s to  

a lower s t a t e  by the em iss io n  o f  th e  e x c i t a t io n  en ergy  as
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a quantum o f  r a d i a t i o n  o f  f r o q u e n c y  V g i v e n  by  3ohx*^s 

r e l a t i o n ,  16 i s  p o s s i b l e  t o  d e t e r m in e  th e  c r i t i c a l  

p o t e n t i a l s  a c c u r a t e l y  from  s p e c t r o s c o p i c  d a t a ,  s i n c e

B i  -  E2  =  h v  . ( 1 5 ) .

and V can b e  d e to r w in e d  w i t h  g r e a t  a c c u r a c y  s p e c t r e :  

î s c o p i c a l l y .  T h e r e f o r e ,  s i n c e  th o  d i f f e r e n c e  o f  e n e r c ^  

i s  e V /5 0 0  whore V l a  th e  e x c i t a t i o n  p o t e n t i a l  In  v o l t s ,

V =  ( 3 0 0 / o ) * h V .  ( 1 6 ) .

from w h ic h  V c a n  bo fo u n d , Imo^vlng V .

Thus ea c h  l e v e l  can  bo d e n o te d  e i t h e r  by i t s  c r i t i c a l  

p o t e n t i a l  r e f e r r e d  t o  t h e  norm al s t a t e  a s  z e r o ,  o r  b y  t h e  

f r e q u e n c y  o f  t h e  l i n e  e m i t t e d  b y  th e  atom i n  f a l l i n g  from  

t h e  e x c i t e d  s t a t e  t o  th e  norm al s t a t e .

F i n a l l y ,  m e n tio n  sh o u ld  b e  made o f  t h e  n o t a t i o n  u se d  

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

u s e  a sym bol su c h  a s  w lilch  i s  d e r i v e d  from a

k n ow led ge  o f  th o  quantum s t a t e s  o f  t h e  a to m . I n  t h i s  

sy m b o l, S d e n o t e s  th e  a x im u t lm l quantum number o f  t h e  

s t a t e ,  th e  s u b s c r i p t  d e n o t e s  th e  i n n e r  quantum number, t h e  

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

s p in  quantuiTi number, and th e  n d ep en d s  on  th e  t o t a l  quantum  

number.

A d ia g ra m m a tic  r e p r e s e n t a t i o n  o f  th o  lo w e r  s t a t i o n a r y  

s t a t e s  o f  th e  m ercu ry  atom i s  g i v e n  i n  P i g .  I ,

On t h e  l e f t  o f  th e  f i g u r e  th e  numbers a r e  t h e  e n e r g i e s
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o f  th e  d i f f e r e n t  l e v e l s  In e q u iv a le n t  v o l t s . On th e r ig h t  

are th e  sp e c tr o sc o p ic  symbols fo r  th e t r a n s i t io n .  The 

numbers on th e  arrows are the w avelen gth s o f  the l i n e s  

em itted  by the atom in  p a ss in g  sp o n ta n eo u sly  from t h e . 

h ig h e r  s t a t e  to  the lo w er . The two l e v e l s  from which  

th e  d o tte d  l i n e s  are drawn are m eta sta b le  s t a t e s .
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CROSS SECTIONS Aim PATHS.

-rom th e  sta n d p o in t o f  th e  K in e t ic  Theory th e  id e a s  

o f  a mean f r e e  p ath  and an atom ic ra d iu s  are w e l l  known 

f a c t s .  The mean fr e e  p ath  o f  any p a r t i c l e  moving amongst 

o th e r  p a r t i c l e s  i s  d e fin e d  a s th e  average  d is ta n c e  moved 

betw een c o l l i s i o n s . I t  i s  h ere  n e c e s sa r y  to  d e f in e  a 

c o l l i s i o n  more p r e c i s e ly .  For the c a se  o f  smooth e l a s t i c  

sp h e r e s , th a t  i s  th e  id e a l  ;^as, where o n ly  p u rely  m echanics] 

e f f e c t s  are c o n s id e r e d , a c o l l i s i o n  ta k e s  p la ce  when two 

p a r t i c l e s  approach each o th e r  w ith in  a d is ta n c e  eq u a l to  

th e  sum o f  t h e ir  r a d i i .  T h is i s  th e  d e f in i t i o n  from th e  

s ta n d p o in t o f  th e K in e tic  T heory. However, an atom i s  

known not to  be a sm ooth, e l a s t i c  sp h e r e . In f a c t  i t  more 

probably  has an open-work s tr u c tu r e  c o n s is t in g  o f  a n u c leu s  

surrounded by e le c tr o n s  r e v o lv in g  in  o r b i t s  round i t .  

T h erefore  a more r ig id  d e f in i t i o n  o f  a c o l l i s i o n  i s  

n e c e s sa r y , t h u s i f  th e  r e la t iv e  d is t a n c e  betw een two 

p a r t i c l e s  i s  a t  f i r s t  d ecrea sed  and th en  in c r e a se d  a c o l l : 

j i s io n  i s  s a id  to  have occu rred  i f  any p h y s ic a l  change can  

be d e te c te d  d u rin g  th e p r o c e s s . T h is d e f in i t io n  i s  seen  

to  in c lu d e  a l l  p h y s ic a l  e f f e c t s ,  e l e c t r i c a l ,  m agnetic o r  

m ech an ica l and so on . I t  thus in c lu d e s  such c a se s  as where 

an e le c tr o n  i s  d e f le c t e d  by th e f i e l d  o f  an atom, even  

a lth o u g h  th e  e le c t r o n  may n o t have approached s u f f i c i e n t l y
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c lo s e  as to  come In to  c o n ta c t  w ith  th e  atom.

R eturn in g to  a c o n s id e r a t io n  o f  K in e tic  Theory 

r e s u l t s ,  some u s e f u l  in fo rm a tio n  can be o b ta in ed  ab out 

th e  m otion  o f  e le c tr o n s  in  g a s e s .

The mean fr e e  p a th  o f  p a r t i c l e s  o f  a typ e 1 , 

m oving among p a r t i c l e s  o f  a typ e 2 , has been  shown by  

th e  K in e tic  Theory (5 )  to  be g iv e n  by

—
77* <̂ 2.

(1 7 )

where r^ and r^ are th e  r e s p e c t iv e  r a d i i  o f  the  

h y p o th e t ic a l  smooth e l a s t i c  sp h e res , and n^ i s  th e  number 

o f  p a r t i c l e s  o f  ty p e  2 p er  u n it  volum e. and C’g are  

th e  r e s p e c t iv e  r o o t  mean square v e l o c i t i e s .  I f  th e  atoms 

are a l l  o f  one typ e t h i s  fo m u la  red u ces t o : -

I
[Z • // ^

(1 8 )

where d i s  the d ia m eter  o f  the atom.

For th e c a se  o f  e le c tr o n s  moving in  a gas i t  i s  

le g i t im a t e  to  n e g le c t  the ra d iu s  r^ o f  th e e le c tr o n  in  

com parison w ith  th e  rad iu s o f  the atom, s in c e  th e  

c l a s s i c a l  ra d iu s o f  th e  e le c tr o n  i s  o f  th e  ord er o f  

10“ cm s,, w h ile  th e  average atom ic ra d iu s i s  o f  the  

ord er o f  10*® cm s. Again th e  root mean square v e l o c i t y  

02 o f  a gas atom a t  room tem peratu res exp ressed  in
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e q u i v a l e n t  v o l t s  i s  o f  t h e  o r d e r  o f  1 /3 0  v o l t ,  w h i l e  

t h e  v e l o c i t i e s  o f  e l e c t r o n s  u se d  i n  e x p e r im e n ts  i s  se ld o m
^  o

l e s s  th a n  on e v o l t ,  s o  t h a t  (Cg/C^)"^ ca n  a l s o  b e  n e g l e c t e d *  

T h e r e f o r e  f o r  th e  mean f r e e  p a th  o f  an e l e c t r o n  In  a g a s  

we o b t a i n ;

—  Ih
77^

( 1 9 )

Thus th e  F l n o t l c  T heory  mean f r e e  p a t h  o f  an e l e c t r o n  i s

4 J 2 t im e s  t h e  mean f r e e  p a t h  o f  t h e  atom am ongst w h ic h  

i t  i s  m o v in g . T h is  argum ent assum es t h a t  th e  g a s  k i n e t i c  

d ia m e te r  o f  t h e  atom  o r  m o le c u le  and hhe d ia m e t e r  f o r  

e l e c t r o n  im p a ct  a r e  eq u a l*

? /h i le  th e  va lu ©  o f  th e  e l e c t r o n  mean f r e e  p a th  o b t a i n s  

from K i n e t i c  T heory  c o n s i d e r a t i o n s  c a n n o t  b e  r i g i d l y  

a c c u r a t e ,  s i n c e  th e  a s s u m p t io n  o f  a sm o o th , s p h e r i c a l ,  

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

ta k e  t h i s  v a lu e  o f  t h s  mean f r e e  p a th  a s  somewhere n e a r  

th e  t r u t h .

C o n t in u in g  w i t h  t h e  ha id. s p h e r i c a l  atom o f  d ia m e t e r
2 w i l l  r e p r e s e n t  i t s  c r o s s  s e c t i o n a l  a r e a  A, and th u sa , 11 g '
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I ( d^) n = nA. ( 2 0 ) .
À i  =  ( -T -)

Here nA i s  seen  to  be ttie product o f  th e  c r o ss  s e c t io n a l  

area o f  a s in g le  atom and th e number o f  atoms in  a u n it  

volum e, th a t  i s  nA i s  th e  t o t a l  e f f e c t i v e  c r o s s  s e c t io n  

o f  a l l  th e atoms in  u n it  volum e, That i s ,  th e  r e c ip r o c a l  

o f  the mean fr e e  path  r e p r e s e n ts  th e  t o t a l  e f f e c t i v e  

c r o s s  s e c t io n ,

From th e m ost r e l i a b l e  v a lu e s  o f  Avogadro^s number 

N, and th e  volume o f  th e  granroe m o le c u le , as g iv en  by 

B ir g e , and th e  v a lu e  o f  th e  gas k in e t i c  c r o s s  s e c t io n  

o f  mercury vapour atom s, o b ta in ed  by v i s c o s i t y  m easure: 

rraents In  th e  g a s , and g iv en  in  I is n d o lt -B ô m s te in , i t  

i s  p o s s ib le  to  fin d  a n u m erica l v a lu e  fo r  th e  K in e tic  

Theory mean fr e e  p a th  '7\sc o f  e le c tr o n s  in  mercury vapour, 

B irge g iv e s  6*064 x 10^^ mole"*^ a t  Ô C and 

760 nsn. p ressu re  and th e  volume V o f  th e  gram m o lecu le  

as 22*414 X 10^ c c /m c le  a t  0°C and 760 mm, p r e s s u r e .

Thus th e  v a lu e  o f  n , th e  nizmber o f  m o le c u le s  in  one 

cu b ic  ce n tim etre  a t  one mr:, p r e ssu r e  i s  g iv e n  by

n^  vT R o"
_  6 .0 6 4  X
-  2 § T lT 4 ir T 5 3  X 7oO 

=  3 .5 6 2  X

The v a lu e  g iv en  fo r  th e  gas k in e t ic  c r o s s  s e c t io n  A
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o f  m ercury  v a p o u r  I s  10*2  x  10

Tlius th e  v a l u e  o f  th e  e l e c t r o n i c  mean f r e e  p a th  i s

J. 54  ̂ X/o''̂  X/

-  O'0 3 ycTg om# a t  0^0 and on e mm, p r e s s u r e ,

o f  m ercu ry .

At room te m p e r a tu r e s  t h e  v a p o u r  p r e s s u r e  o f  m ercury  

I s  a p p r o x im a t e ly  10 mm# o f  m e r c u r y ;  s o  t h a t  t h e  v a l u e  

o f  a t  room te m p e r a tu r e s  becom es

7\ĵ  — ^  <̂ y, s-'ÿ C*hs,
/0"3

T h is  v a l u e  I s  v e r y  im p o r ta n t  slT ice l a t e r  o n , i n  t h e

o x p e r lm e n t a l  work i t  i s  a p p l i e d  t o  i n d i c a t e  v/Juat d im e n s io n s

o f  a p p a r a tu s  and wîiat g a s  p r e s s u r e  %ay he u s e d  s c  t h a t

th e  mean f r e e  p a t h  o f  t h e  e le o tr o m s  i n  th e  g a s  i n  t h e

a p p a r a t u s ,  may b e such  t h a t  t h e  p r o b a b i l i t y  o f  an e l e c t r o n

m aking mci-e th a n  one c o l l i s i o n  i n  th e  a p p a r a tu s  s h a l l

rema i n  qui t e  s m a l l .

The g a s  k i n e t i c  c r o s s  s e c t i o n s  f o r  argon  and h e l iu m
••16 Pa r e  g i v e n  by t h e  same s o u r c e  a s  G•4 0  x  10 cm s, and

2*BZ X   ̂ r e s p e c t i v e l y ,  Pro'i- t h e s e  f i g u r e s

th e  e l e c t r o n  mean f r e e  p a t l i s f o r  t h e e  g a s e s  c a l c u l :

ra ted  t o  b e  4 3 ,4 6  cm s. an^ 99 19 r e s p e c t i v e l y  f o r
-3a p r e s s u r e  o f  10 mm. o f  m er c u r y .

Thus i t  i s  s e e n  t h a t  f o r  m ercu ry  t h e  e l e c t r o n i c  mean
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mean fr e e  p ath  I s  much sm a lle r  than fo r  th e rare gas  

argon and h eliu m , so  t h a t ,  fo r  th e se  l a t t e r  g a s e s ,  

a much h ig h e r  p r e ssu r e  than fo r  mercury cou ld  be used  

w ith ou t th e p r o b a b i l i ty  o f  m u lt ip le  c o l l i s i o n s  becom ing  

a p p r e c ia b le .



2 0 ,

PASSAGE OF AN ELECTRON BEAM THROUGH A GAS.

We w i l l  now proceed  to  c o n s id e r  th e  c a s e  o f  what 

happens to  e le c tr o n s  m oving In  a g a s .  Suppose th a t  we 

have a p a r a l l e l  beam o f  e le c tr o n s  o f  uniform  v e lo c i t y  

p a ss in g  through  a gas a t  a p r essu re  o f  p mm, o f  m ercury, 

where p i s  so low th a t  in  the re g io n  under c o n s id e r a t io n  

th e  p r o b a b i l i t y  th a t any one e le c tr o n  w i l l  make more than  

one c o l l i s i o n  la  very  s m a ll .  Thus I f  an e le c tr o n  makes 

a c o l l i s i o n  and le a v e s  th e  beam i t  i s  h ig h ly  im probable  

th a t i t  w i l l  re tu rn  to  th e  beam, b e fo r e  th e  beam le a v e s  

th e s c a t t e r in g  r e g io n .

C o n sid er in g  a le n g th  dx o f  th e  beam, we se e  th a t  

th e  beam w i l l  lo o s e  i n t e n s i t y  In  t h i s  le n g th  dx due to  

c o l l i s i o n s ,  th e  amount o f  t h i s  l o s s  b e in g  - d l , T his l o s s  

w i l l  o b v io u s ly  be p r o p o r t io n a l to  th e p ressu re  p and to  

dx and to  I th e  I n t e n s i t y ,  and to  no o th e r  v a r ia b le ;  

so  th a t , In c lu d in g  a c o n s ta n t o( i t  I s  p o s s ib le  to  w r it e

- d l =  oc p id x  ( 2 1 ) .

However th e l o s s  In  i n t e n s i t y  should  o b v io u s ly  

depend on th e  t o t a l  e f f e c t i v e  c r o s s  s e c t io n  o f  th e  gas  

atoms th rou gh  w hich th e gas atoms are p a s s in g . Thus, 

by s u it a b le  arrangem ent, ci  i s  d e fin e d  a s  th e t o t a l  e f f e c t :  

î iv e  c r o s s  s e c t io n  fo r  in t e r c e p t io n  o f  e le c tr o n s  by th e  

gas atom s, or  th e  a b so r p tio n  c o e f f i c i e n t .
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I n te g r a t in g  th e  above eq im tio n , we o b ta in :

log@I -  -dpx c o n s ta n t ( 2 2 ) .

I f  I t  i s  now assumed th a t  a t  th e  p o in t  where th e  beam 

e n te r s  the g a s  I = I q and x ^ 0 , th en  we o b ta in  th e  

r e s u l t  th a t :

I  =  (2 3 )

w hich  g iv e s  th e  i n t e n s i t y  I o f  a beam o f  e le c tr o n s  

a f t e r  p a ss in g  u d is ta n c e  x through 't gas a t  a p ressu re  p .

To j u s t i f y  th e  d e f in i t i o n  o f  oL as th e  t o t a l  e f f e c t :  

l iv e  c r o s s  s e c t io n ,  i t  i s  n e c e ssa r y  to  show th e  r e la t io n  

betw een oc and th e  mean f r e e  path^ .

From th e  eq u a tio n  I = by m u lt ip ly in g  each

s id e  o f  i t  by c th e  ch arge in  th e  e le c tr o n  we s e e  th a t  

I i s  th e number o f  e le c t r o n  p ath s th a t  have exten d ed  from  

X - 0 to  X —X u n in te r r u p te d . The number o f  th e s e  p ath s  

which s to p  betw een  x and x  ^ dx i s  - d l  w hich from above 

i s
- d l  =. po(Idx = d x . ( 2 4 ) .

M u ltip ly in g  t h i s  eq u a tio n  by x g iv e s  th e  suiîi o f  th e  

le n g th s  o f  a l l  th e s e  p a th s .  I f  t h i s  eq u a tio n  i s  now 

in te g r a te d  from x% 0 to  x =  o o , th e t o t a l  le n g th  o f  a l l  

th e  p a th s o f  a l l  e le c tr o n s  e n te r in g  th e  gas a t  x = 0  i s  

o b ta in e d . D iv id in g  t h i s  by 1^ w i l l  th en  g iv e  th e  mean 

f r e e  p ath  o f  an e le c t r o n ,  \ , l n  th e  g a s . T h u s:-
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, - r^  ■ x ^ û ( J q J 2 .

= ^ci
- <kt̂ p

By I n te g r a t in g

n  ^  by p a r t s .

=  - L  ( 2 5 ) .
ckp

Comparing t i l l s  w ith  7̂ =̂ l/n A  and knov/ing th a t  p i s  

p r o p o r tio n a l to  n , we se e  th a t  th e  d e f in i t i o n  o f  d  a s  

the t o t a l  e f f e c t i v e  c r o c s  s e c t io n  i s  J u s t i f i e d .

'j?hu d im en cion s o f  c{̂  are U iat i s  L^/L*^, l * e .

cm .^/cr.i,^, w hich i s  th e  t o t a l  area ô’f  a l l  th e  m oJ.ecules 

in  one ou b lc  c e n t im e tr e . U su a lly  ^  i s  reduced to  i t s  

valu e a t  0®C. and a p ressu re  o f  one mm. o f  mei'cury.

ex' h ere  i s  th e t o t a l  e f f e c t i v e  c r o s s  s e c t io n  but 

i t  i s  p o s s ib le  to  f in d  th e c r o s s  s e c t io n  fo r  o th e r  ty p e s  

o f  c o l l i s i o n s ,  ^or eram nle, we may m easure the c r o s s  

se c t io n  fo r  e l a s t i c  or i n e l a s t i c  im p a cts .

In p a r t ic u la r  the c r o s s  s e c t io n s  may be found fo r  io n l s  : 

sa tlon  o r  e x c i t a t io n  to  c e r ta in  l e v e l s .

A gain , the r e c ip r o c a l  o f  th e  moan f r e e  p ath  i s  th e  

nijmber o f  c o l l i s i o n  made per u n it  path  le n g th , and i t  

i s  th e r e fo r e  a measure o f  th e  p r o b a b i l i ty  o f  a c o l l i s i o n  

However th e  a b so r p tio n  c o e f f i c i e n t  (k i s  th e  r e c ip r o c a l  

o f the mean f r e e  p a th  ap art from a c o n s ta n t , so  th a t
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th e  a b so rp tio n  c o e f f i c i e n t  i s  a ls o  a m easure o f  the  

p r o b a b il i ty  o f  a c o l l i s i o n .  The p r o b a b i l i ty  o f  a c o l l :  

: i s io n  i s  d e fin e d  by Brode (6 )  to  be th e  number o f  

c o l l i s i o n s  made, p er  u n it  e le c tr o n  c u r r e n t , per u n it  

path  le n g th , p er u n it  p ressu re  a t  O^C*, w hich i s  seen  

to  be e x a c t ly  wlmt (X in  eq u a tio n  (2 1 ) r e p r e s e n ts .

Thus in  ex p er im en ta l work th e  cu rves fo r  t o t a l  

e f f e c t i v e  c r o s s  s e c t io n s  r e a l ly  r e p r e se n t the p r o b a b i l i t y  

o f  a c o l l i s i o n  ap art p o s s ib ly  from some co n sta n t n u m erica l 

f a c t o r .  In  ord er to  f in d  th e p r o b a b i l i t y  th a t  a c o l l i s i o n  

s h a l l  be o f  a c e r ta in  ty p e , i t  i s  o n ly  n e c e ssa r y  to  

d iv id e  th e c r o ss  s e c t io n  fo r  th a t  typ e o f  c o l l i s i o n ,  as 

determ ined e x p e r im e n ta lly , by th e t o t a l  c r o s s  s e c t io n  

fo r  a l l  ty p es  o f  c o l l i s i o n s .

A lthough an atom cannot have a sharp o u ter  boundary  

and so th a t  c r o s s  s e c t io n  cannot be a sc r ib e d  to  any 

p a r t ic u la r  p a r t o f  th e  atom, y e t  i t  i s  o f t e n  co n v en ien t  

to  speak o f  th e  e f f e c t i v e  c r o s s  s e c t io n  o f  an atom f o r  

c o l l i s i o n .  For a s in g le  atom t h i s  c r o s s  s e c t io n  *q* i s  

giveJi by q -  ^ /n  cm.^ where, a s  b e fo r e ,  n i s  th e  number o f  

atoms in  u n it  volume a t  u n it  p r e ssu r e  (one mm. o f  m ercury) 

a t  0*C.
A P

This g iv e s  q 0*8807 x  10 x  .cm.

The ra d iu s  r o f  a c i r c l e  o f  t h i s  area  i s  then g iv e n  b y , 

r  = 0*2989 x  lO"® x  ^ . cm. ( 2 6 ) .
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For v a lu e s  o f  oi betw een 1 and 100 , t h i s  v a lu e  o f  r  

I s  seen  to  be in  g e n e r a l agi'eement w ith  v a lu e s  o f  r  

as found from k in e t ic  th eory  m easurem ents,

Methods o f  p r e se n tin g  th e  r e s u l t s  fo r  th e  probabj 

s i l l t y  o f  c o l l i s i o n  are somewhat v a r io u s . Some a u th o rs  

use th e  e f f e c t i v e  c r o ss  s e c t io n ,  q, o f  a s in g le  atom; 

o th er s  u se q , d iv id e d  by the gas k in e t ic  c r o s s  s e c t io n  

A, fo r  th e  gas used In th e exp erim en t, or by some o th er  

a r b itr a r y  standard a r e a . O thers s t i l l ,  u se  th e  t o t a l  

e f f e c t iv e  c r o s s  s e c t io n  d  , I . e .  q x n . The f i r s t  and 

the l a s t  o f  th e  above methods w i l l  be th e  ones used  h e r e .  

The c r o s s  s e c t io n ,  q, o f  a s in g le  atom w i l l  be ex p ressed  

In atom ic u n i t s ,  th a t  I s  In u n it s  o f  , where

Is  th e  rad iu s o f  th e  f i r s t  Bohr o r b it  In  th e  hydrogen atom  

In d e a lin g  w ith  th e  p r o b a b i l i t i e s  o f  s p e c i f i c  ty p es  o f  c o l  

: l s lo n s ,  the r e s u l t s  are o f te n  ex p ressed  as a r a t io  to  

th e p r o b a b il i ty  o f  a l l  c o l l i s i o n s  oi • That I s  th ey  th u s  

rep resen t d i r e c t ly  th e  area  o f  th e atom th a t  m ust be h i t  

In ord er th a t  a c o l l i s i o n  o f  th e d e s ir e d  typ e s h a l l  be 

a c e r t a in t y .

R eturning to  eq u ation  (7 )  we s e e  th a t  I t  can be 

w r itte n  as

I o S o I / I q ^  -o^xp 

or as lo g  I = lo g  I q -cA px. ( 2 7 ) .

Here 1^ I s  a co n sta n t and x can be k ep t c o n s ta n t , so
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tli&t I f  p i s  v a r ie d , and th e v a r io u s  v a lu e s  o f  

lo g l / lQ  o r  lo g  I  so o b ta in ed  are  p lo t t e d  a g a in s t  th e  

v a lu e s  o f  p , then  th e  graph ob ta in ed  sh ould  be a s t r a ig h t  

l i n e ,  and i t s  s lo p e  should  g iv e  th e  v a lu e  o f  oC •

S im ila r ly  p can be k ep t c o n s ta n t and x v a r ie d  by 

s u ita b le  m eans; th e  s lo p e  o f  th e  r e s u l t in g  s t r a ig h t  l i n e  

aga in  g iv in g  the v a lu e  o f  oL • Both th e  methods have  

been used e x p e r im e n ta lly  by v a r io u s  w orkers to  f in d  

v a lu e s  o f  cX . The advantage o f  t h i s  method i s  th a t  

eq u ation  (2 3 )  can be w r it te n  as

I  =  k l o  e -° ‘P5' (2 8 )

where k i s  th e  f r a c t io n  o f  th e o r ig in a l  beam th a t  would 

reach  the c o l l e c t o r  i f  th er e  were no gas p rese n t in  th e  

a p p a r a tu s .. That i s ,  th e  eq u a tio n  g iv e s  th e  p r a c t ic a l  

s t a t e  o f  a f f a i r s  in  the apparatus moi’e a c c u r a te ly ,  s in c e  

i t  a llo w s  fo r  th e  sp read in g  o f  th e  beam and any o th er  

such lo s s e s  from i t ,  o th e r w ise  than by im pacts w ith  

gas atom s. On ta k in g  l o g s . as b e fo r e , t h i s  becomes

lo g  1 =  lo g  k t  lo g îç  *• (jtpx. ( 2 9 ) .

Log I q and lo g  k are  b o th  c o n s ta n ts  so th a t  v a r ia t io n  

o f  X or p w i l l  s t i l l  g iv e  a s t r a ig h t  l in e  but th e  

s lo p e  o f  i t  w i l l  r e p r e se n t more a c c u r a te ly  than  

p r e v io u s ly . T his l a t t e r  method h as been used  by many 

workers on t h i s  s u b je c t ,  and i t  i s  th e  in te n t io n  o f  th e  

author to  u se  th e  p r in c ip le  o f  i t  in  d e a lin g  w ith
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gases^  Buch'as h eliu m , fo r  which th e  p ressu re  can be 

v a r ie d  e a s i l y .  The method w i l l  be to  take two s e t s  o f  

o b se r v a tio n s  fo r  p r e ssu r e s  p and p ' ,  then  from eq u ation  

(2 9 ) i t  i s  e a s i l y  seen  th a t ;

Here i t  i s  a t  once seen  tlm t k has d isap p eared  and 

w ith  i t  a l l  background s c a t t e r in g .  cL then  r e p r e se n ts  

th e  t o t a l  c r o s s  s e c t io n  fo r  im p acts w ith  th e  gas atoms 

o n ly . In  th e exp er im en ta l p a rt o f  th e  t h e s i s  i t  w i l l  

be e x p la in e d  why i t  was not p o s s ib le  to  u se  t h i s  method 

in  d e a lin g  w ith  mercury vapour*
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SECTION 2 .

TOTAL EFFECTIVE CROSS SECTION MliiA SÏÏREMSNTS.

In  the p rev iou s s e c t io n  an eq u a tio n  was d e r iv e d  fo r  

the p assage o f  a beam o f  e le c tr o n s  through a g a s .  In  t h i s  

eq u ation  th ere  was a c e r ta in  co n sta n t oC , v a r io u s ly  

d escr ib ed  as the t o t a l  e f f e c t i v e  c r o s s  s e c t io n ,  or th e  

a b so rp tio n  c o e f f i c i e n t  or th e  p r o b a b il i ty  o f  c o l l i s i o n .

From K in e tic  Theory c o n s id e r a t io n s  a n u m erica l v a lu e  was 

found fo r  th is  c o n s ta n t . However, whenever a ttem p ts were 

made to  fin d  v a lu e s  fo r  t h i s  c o n sta n t e x p e r im e n ta lly  fo r  

d if f e r e n t  g a s e s , i t  was found th a t  (X was not a co n sta n t  

but th a t  i t  v a r ied  w ith  th e v e l o c i t y  o f  the im p actin g  

e le c tr o n s  in  th e  beam. The ways in  w hich oC v a r ie d  fo r  

d if f e r e n t  g a ses  and fo r  d i f f e r e n t  v e l o c i t i e s  were o f te n  

very  d i f f e r e n t .  Much work has been done in  d eterm in in g  

th is  v a r ia t io n  o f  o( w ith  v e l o c i t y  and g a s ,  e s p e c ia l ly  in  

the l a s t  ten  y e a r s .

The e a r l i e s t  a ttem p ts to  determ ine a v a lu e  o f  were 

made by Lenard in  1895 (7 )  and in  1903 ( 8 ) .  At f i r s t  he 

used cathode rays o f  h ig h  en ergy , about 30 k i l o v o l t s .  L ater  

he used an apparatus in  w hich th e e le c tr o n s  were d e r iv e d  

p h o t o e le c t r ic a l ly  from a z in c  p la te  2  by s h in in g  u lt r a  

v i o l e t  l i g h t  on i t .  By means o f  a p o t e n t ia l  a p p lie d  betw een
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th e  p la t e  and a g r id  iTnmedlatèly in  fr o n t  o f  i t ,  th e  

e le c tr o n »  were a c c e le r a te d  to  th e  d e s ir e d  sp eed . The 

bea?n so ob ta in ed  then p assed  throug-h a f i e l d  fr e e  space  

and In to  a c o l l e c t in g  chamber S a t  th e end. By m easuring  

th e  c u rr en t to  t h i s  chamber and th e  t o t a l  cu rren t le a v in g  

th e  p la t e ,  Lenard was a b le  to  f in d  a v a lu e  fo r  o( . His 

a p p a ra tu s, which has s in c e  been used In m o d ified  forms by 

many w orkers, i s  shown in  f i g ,  (2 )  l i is  m easurem ents were 

f o r  e n e r g ie s  ex ten d in g  from 4 to  3 0 ,0 0 0  e le c tr o n  v o l t s .

The c o n c lu s io n s  he reached  from h is  r e s u l t s  were th a t  a t  

h ig h  v e l o c i t i e s ,  th e  c r o s s  s e c t io n  wçs o n ly  a few p er  cen t  

o f  th e  k in e t ic  th eo ry  v a lu e  ; as th e  energy  o f  the e le c tr o n s  

in  th e  beam was d e c r e a se d , Lenard found th a t  th e c r o s s  

S e c t io n  in c r e a se d  s t e a d i ly  a t  f i r s t  and th en  more s lo w ly  

a t  low v o l t a g e s ,  where a ls o  i t s  v a lu e  was o f  th e  same 

o rd er  as th e  k in e t ic  th eo ry  v a lu e . ITc con cluded  th a t  th e  

c r o s s  s e c t io n  was approach ing t h i s  v a lu e  as a l i m i t .  A lso , 

a t  h ig h  v o l t a g e s ,  th e  c r o ss  s e c t io n  was found to  be p rop ort : 

t io n a l  to  the atom ic number o f  a nonatom lc gas and to  th e  

sum o f  th e atom ic numbers o f  th e  atoms o f  a p o lyatom ic  

g a s .  In  a d d it io n , a t  th e  sane  v o l t a g e s ,  th e c r o s s  s e c t io n  

o f  a p o lyatom ic m o lecu le  was found to  be th e  sum o f  th e  

c r o ss  s e c t io n s  o f  i t s  c o n s t i tu e n t  atom s,

Becker (9 )  and Silberm ann in  1905 extended  th e se  

r e se a r c h e s  and e s p e c ia l ly  v e r i f i e d  th e  f a c t  th a t  fo r
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f a s t  e le c tr o n s  th e  c r o s s  s e c t io n  o f  p o lyatom ic m o lec u le s  

i s  th e  sum o f  th e  c r o s s  s e c t io n s  o f  i t s  a tom s. They used  

a la r g e  number o f  org a n ic  compounds, some o f  whose 

m o lec u le s  c o n ta in e d  as many as tw en ty  atoms and found  

th a t  the r e la t io n  h e ld  a c c u r a te ly .

None o f  th e s e  w orkers made a cc u r a te  m easurem ents 

a t  low v o lta g e s  so  th a t  th ey  were unab le to  d isp ro v e  

Lenard*s assu m p tion  th a t  th e c r o s s  s e c t io n  tended to  th e  

k in e t ic  th eo r y  v a lu e  a s  a l im i t  a t  th e s e  v o l t a g e s .

The e a r l i e s t  d e t a i le d  work a t  low v o lta g e s  was done
o

by Akesson w ith  th e  same type o f  apparatus as Lenard u se d . 

His r e s u l t s ,  a lth o u g h  p resen ted  in  a d i f f e r e n t  way, 

showed th a t  th e  c r o s s  s e c t io n  d id  n o t In c r e a se  to  a co n sta n t  

v a lu e  as th e  en ergy  o f  th e  e le c tr o n s  was d e c r e a se d , but 

th a t  fo r  m ost atoms w hich he s tu d ie d , maxima and minima 

appeared. He c a l l e d  t h i s  e f f e c t  In  h is  cu rves a s e l e c t i v e  

a b so r p tio n . A lthough he d id  n ot a c t u a l ly  p lo t  c r o s s  s e c t io n  

cu rves he was a b le  to  make th e  sta tem en t th a t  in  a number 

o f  c a s e s  -  ”th e  s lo w er  e le c tr o n s  were more p e n e tr a t in g  

than th e  f a s t e r ."  A kesson*s work has s in c e  been v e r i f i e d  

by a number o f  o th er  w ork ers, u s in g  th e  same and o th e r  

m ethods•

In  t h i s  Lenard ty p e  o f  a p p a ra tu s , a s used by Mayer, 

Jones and o th e r s ,  o n ly  th o se  e le c tr o n s  are  l o s t  from th e
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beam and ao co n tr ib u te  to  the cro ss  s e c t io n , which have 

su ffe r e d  an ap p reciab le  change in  d ir e c t io n , say a 

d e f le c t io n  g r e a te r  than 6 ° .  Any e le c tr o n s  which make a 

c o l l i s i o n  and lo o se  en ergy , but do not have th e ir  d ir e c t  : 

t ie n s  much a lt e r e d , s t i l l  pass on and are c o l le c t e d ,  and 

so do not co n tr ib u te  to  the p r o b a b ility  o f  a c o l l i s i o n .

Thus the p r o b a b ility  as measured by t h is  type o f  apparatus 

may not n e c e s s a r i ly  be the co r rec t one.

In 1921, Hamsauer (10) working in  Lenard*s lab oratory

d esign ed  an apparatus which should g iv e  the cro ss  s e c t io n

more a c c u r a te ly . His apparatus and a m o d ifica tio n  o f  i t

as used by Brode, are shown in  P ig . ( 3 ) .  In the o r ig in a l

apparatus, e le c tr o n s  were deribed from a z in c  p la te  ^  by

means o f u ltr a  v i o l e t  l ig h t  as in  Lenard*s apparatus. The

d es ired  v e lo c i t y  was then g iven  to  the beam by a c c e le r a t in g

i t  up to  the f i r s t  s l i t  1. Then, by means o f  a m agnetic

f i e l d ,  normal to  the plane o f the paper, the beam was bent

in to  a c ir c u la r  path , and passed through the s l i t s  2 to

8 . The m agnetic f i e l d  H n ecessary  to  bend a beam o f

e le c tr o n s  o f  v e lo c i t y  v in to  a c i r c le  o f  rad ius r i s  g iven

by H =  SZS. where e  and m are the charge and mass o f  th e  
re

e le c tr o n  r e s p e c t iv e ly  and c i s  the v e lo c i t y  o f  l i g h t .

The cu rren ts c o l le c t e d  by the chambers la b e lle d  V 

and H are measured by galvanom eters or e lec tro m e ters , and 

from th e se  the p r o b a b ility  o f  c o l l i s io n  can be c a lc u la te d .
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s in c e  th e  t o t a l  cu rren t le a v in g  s l i t  5 i s  g iv e n  by 

V -+• H, and th e  cu rren t le a v in g  a t  s l i t  7 a f t e r  p a ss in g  

through a d is ta n c e  x ,  i s  R. I t  w i l l  be seen  th a t  o n ly  

th o se  e le c t r o n s  can reach  H which have s u f fe r e d  no c o l l :  

î i s i o n  in  any form . For i f  a t  a c o l l i s i o n ,  th e  e le c tr o n  

changes i t s  d ir e c t io n  i t  i s  im m ed iate ly  l o s t  from th e  beam, 

or i f  i t  changes en ergy  w ith ou t change o f  d i r e c t io n ,  i t  

w i l l  be a t  once removed from th e  beam by th e  m agnetic  

f i e l d ,  o r  i f  i t  a t ta c h e s  i t s e l f  to  an atom or m o le c u le ,  

th e  r e s u l t in g  io n  w i l l  have a much la r g e r  m ass than th e  

e le c t r o n  and so  w i l l  be removed from th e  beam. Again i f  

th e  e le c tr o n  io n is e s  th e  atom and so  e j e c t s  an e le c t r o n ,  

th e v e l o c i t i e s  o f  b o th  e le c tr o n s  w i l l  be to o  sm a ll fo r  

them to  remain in  the beam, s in c e  th e  n e t  en ergy  a v a i la b le  

to  them w i l l  be th e o r ig in a l  energy o f  th e  e le c t r o n  l e s s  

th e en ergy  o f  i o n i s a t io n .  A lso th e  v e l o c i t y  d i s t r ib u t io n  

o f  th e e le c tr o n s  in  th e  beam due to  t h e i r  v a r y in g  i n i t i a l  

v e l o c i t y  on le a v in g  th e  p la t e ,  w i l l  be much narrow er, 

s in c e  a l l  e le c tr o n s  w ith  v e l o c i t i e s  la r g e r  o r  sm a lle r  than  

a c e r ta in  mean w i l l  be d e f le c te d  ou t o f  th e  beam by th e  

m agn etic  f i e l d  and w i l l  be u nab le to  e n te r  th e  s c a t t e r in g  

r e g io n . On account o f  th e  gas p ressu re  b e in g  so  low th a t  

th e  mean fr e e  p ath  o f  th e  e le c tr o n s  i s  la r g e  compared 

w ith  th e  d im en sion s o f  the ap p aratu s, no e le c tr o n  w hich  

has once l e f t  the beam can retu rn  to  i t ,  s in c e  t h i s  would
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r e q u ir e  a t l e a s t  two c o l l i s i o n s ,  which we have arranged  

to  be very  im probable.

In  th e  m o d ified  form o f  th e  apparatus a s  used by 

Brode ( 1 1 ) ,  th e e le c t r o n s  are d er iv ed  th e n n io n io a l ly  from 

a f i la m e n t , and are a c c e le r a te d  to  th e d e s ir e d  v e l o c i t y  by 

a p o t e n t ia l  betw een th e  f ila m e n t and a c o a x ia l  c y l in d e r .  

The chamber V i s  d isp en sed  w ith , th e  c u r r e n ts  e n te r in g  B 

and le a v in g  Sq b e in g  th e  o n ly  ones m easured. The cu rren t  

I q a t  the s t a r t  o f  the p a th , i s  assumed p r o p o r t io n a l to  

th e  l a t t e r  cu rren t 0 , so  th a t l o -  kO. I  i s  th e  cu rren t  

record ed  by B. The eq u a tio n  (2 8 )  o f  s e c t io n  (1 )  i s  then  

used  to  c a lc u la t e  th e  p r o b a b il i ty  o f  c o l l i s i o n .

An im portant advantage o f  t h i s  type o f  apparatus i s  

th a t  th e  v e l o c i t y  o f  th e e le c tr o n s  in  th e  beam can be  

d eteiro in ed  a c c u r a te ly  knowing th e  m agnetic f i e l d  n e c e ssa r y  

to  b r in g  them in to  th e  req u ired  c ir c u la r  p a th . I f  t h e i r  

v e l o c i t y  i s  tak en  a s th e a c c e le r a t in g  p o t e n t ia l  a p p lie d  

betw een  t h e ir  sou rce and th e  f i r s t  s l i t ,  a s  i s  done in  th e
i jf ■-c a s e  o f  exp erim en ts w ith  th e  Lenard a p p a ra tu s , th e r e  may 

be q u ite  la r g e  er ro rs  p rese n t due to  c o n ta c t  p o t e n t ia l s  

and the p o t e n t ia l  drop a lon g  th e  f ila m e n t due to  th e  f i l a  ; 

:ment h e a tin g  b a t t e r i e s .

A number o f  w ork ers, among whom were Jones (1 2 ) ,

Mayer (1 3 ) and Maxwell (1 4 ) have used  a m o d ified  Lenard 

ty p e  o f  a p p a ra tu s. The e le c tr o n s  are g e n e r a lly  d e r iv e d
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from a f  1 lam ent and tJie beam I s  d e fin ed  by a s u c c e s s io n  

o f  s l i t s  a l l  In a s t r a ig h t  l i n e .  Two chambers are  p ro v id ed , 

one fo r  c o l l e c t in g  th e  e le c tr o n s  wliich le a v e  th e  beam in  

th e  le n g th  x ,  and th e  o th e r  fo r  c o l l e c t in g  a l l  th o se  

e le c tr o n s  which have p assed  s t r a ig h t  through  th e  f i r s t  

chamber w ith o u t making a c o l l i s i o n .  I t  w i l l  be seen  th a t  

t h i s  ty p e  o f  ap paratu s ta k e s  no account o f  e le c tr o n s  which  

have s u f fe r e d  lo s s  o f  en ergy  o n ly . I t  m ight th e r e fo r e  be 

ex p ected  th a t  th e  two ty p es  o f  apparatus would g iv e  v ery  

d i f f e r e n t  r e s u l t s  fo r  the p r o b a b il i ty  o f  c o l l i s i o n ;  th e  

Lenard ty p e  g iv in g  th e  sm a ller  p r o b a b il i ty  s in c e  in  i t ,  

few er s c a t t e r e d  e le c t r o n s  are c o l l e c t e d .  However, Jones 

(1 2 ) used  b oth  m ethods in  an in v e s t ig a t io n  o f  th e  c r o s s  

s e c t io n  o f  mercury vap ou r. H is r e s u l t s  show th a t  th e  

d if f e r e n c e  in  c r o s s  s e c t io n  as o b ta in ed  by th e  two methods 

i s  f a i r l y  sm a ll, and th a t th e  Ramsauer method g iv e s  th e  

sm a ller  v a lu e , a r a th e r  s u r p r is in g  r e s u l t .  Comparing, 

how ever, th e  r e s u l t s  o b ta in ed  by Jones by th e  Lenard method 

w ith  t îio se  ob ta in ed  by Brode (1 1 )  by th e  Ramsauer m ethod, 

th e  au th or f in d s  th a t  th e  agreem ent betw een th e  cu rv es  

i s  a lm ost p e r f e c t ,  so th a t  i t  may be assumed th a t  r e s u l t s  

o b ta in ed  by e i t h e r  method w i l l  r e p r e se n t a c c u r a te ly  th e  

p r o b a b i l i t y  o f  c o l l i s i o n .

U sin g  h is  ap p ara tu s, Ramsauer (1 0 ) made a number o f  

m easurem ents fo r  hydrogen, n itr o g e n , h elium  and argon a t
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low v e l o c i t i e s ,  below  one v o l t ,  and fotind fo r  argon a 

mlnimnm v a lu e  a t about 0#75 v o l t .  T h is work was extended  

and v e r i f i e d  by Mayer u s in g  th e  Lenard ty p e  o f  ap p aratu s, 

who found a maximum a t  about 12 v o l t s , The r e s u l t  was 

a ls o  v e r i f i e d  by Townsend and B a ile y  (1 5 )  by an e n t i r e ly  

d i f f e r e n t  m ethod. L ater Ramsauer (1 6 ) fu r th e r  extended  

h is  o b se r v a tio n s  to  th e rare g a s e s ,  and found t h a t ,  in  th e  

c a se  o f  argon , kryp ton  and xenon, th e  p r o b a b i l i ty  showed 

a maximum a t  from 7 to  12 v o l t s .  T his e f f e c t  o f  s lo w er  

e le c tr o n s  b e in g  more p e n e tr a t in g  than f a s t e r  ones i s  known
o

as the Ramsauer e f f e c t .  I t  w i l l  be n o t ic e d  th a t  Akesson  

had, in  p o in t  o f  f a c t ,  a c t u a l ly  observed  t h i s  e f f e c t  some 

y ea rs  b e fo r e ,  a lth o u g h  h is  r e s u l t s  were so  p resen ted  as  

n ot to  d em on strate th e  f a c t  c l e a r ly .  Brode ( 6 ) ,  in  d is c u s s in g  

Lenard*s r e s u l t s ,  p o in ts  ou t th a t  th e  p r o b a b i l i ty  cu rve  

w hich he g iv e s  fo r  argon shows a maximum a t  low v o l t a g e s ,  

a lth o u g h  Lenard h im s e lf  drew h is  argon cu rve p a r a l l e l  to  

h is  o th e r  cu rves so  th a t  i t  d id  n o t show th e  e f f e c t .

More r e cen t work by Ramsauer and ho H a th  (1 7 ) ,  which  

has been confirm ed  by Erode, and Normand (1 8 ) , in d ic a t e s  

th a t  a t  s t i l l  lov/er v e l o c i t i e s  th e  c r o s s  s e c t io n  r i s e s  a g a in .  

The cu rv es  fo r  argon , k r y p to n x e n o n  and neon are shown in  

F ig , ( 4 ) .  At th e  maxima th e  v a lu e s  o f  th e  c r o ss  s e c t io n s  

are  much la r g e r  than th e  k in e t ic  th eo ry  v a lu e s ,  w h ile  a t  

th e  minima th ey  are much sm a lle r . There i s  no in d ic a t io n
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th a t th e  c r o s s  s e c t io n  approaches th e  k in e t ic  th eo ry  v a lu e  

as a l i m i t ,  w hich was Lenard*s o r ig in a l  a ssu m p tion .

F o llow in g  on the d isc o v e r y  o f  th e  Hamsauer e f f e c t  

by Ramsauer and h is  co -w ork ers, numerous o th e r  in v e s t :  

i lg a to r s  have s tu d ie d  th e  e f f e c t  in  d i f f e r e n t  g a se s  and 

vap ou rs, u s in g  b oth  th e m ethods o u t l in e d  ab ove. In  

a d d it io n  to  th e rare g a s e s ,  s e v e r a l  o th e r  g a se s  have been  

found to  show th e  e f f e c t  ; th e  maxima in  p o lya tom ic  g a ses  

u s u a l ly  appear a t low er e n e r g ie s  than  fo r  the ra re  g a s e s .

A n o ta b le  p o lyatom ic gas w hich shows th e  e f f e c t  i s  m ethane, 

CH .̂ The c r o s s  s e c t io n - v e lo c i t y  cu rve a s o b ta in e d  by 

Brilche (19 ) fo r  methane i s  v ery  s im i la r  to  th e  curve fo r  

xenon. The ex p la n a tio n  semns to  be th a t  th e fou r hydrogen  

atoms in  th e  methane m olecu le  may form a c lo s e d  s h e l l  w ith  

th e  four v a le n c y  e le c tr o n s  o f  th e  carbon atom, w hich s h e l l  

i s  then s im ila r  to  the o u ter  s h e l l  o f  th e  rare g a s e s .

Brode has fu r th er  extended th e  s u b je c t  to  th e  study  

o f  th e monatomic m eta l vapours; among them th e  cadmium, 

mercury and z in c  group (2 0 ) has r e c e iv e d  s p e c ia l  a t t e n t io n .  

In each o f  th e  curves o b ta in ed  fo r  th e s e  m e ta ls ,  th ere  

i s  a s l i g h t  hump but no pronounced maximum as in  th e  ca se  

o f  th e  rare g a s e s .  Erode*s cu rves fo r  th e s e  vapours are  

shown in  f ig u r e  ( 5 ) .  The group o f  a l k a l i  m eta l vap ou rs, 

sodium, p o tassiu m , rubidium and caesium  has a l s o  been
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has a l s o  been  s tu d ie d  by hln0_). A l l  th e s e  fou r curves

show a sharp maximum a t  about 1 to  2 v o l t s  energy.

The n otew orth y fe a tu r e  o f  the c r o s s  s e c t io n s  o f  the

elem en ts o f  t h i s  group I s  t h e ir  v e r y  la r g e  m agnitude,

e s p e c ia l ly  a t  low v o l ta g e s ;  th e  v a lu e  b e in g  between
2 /1000 and 2000 cmT/cra a t  about 2 v o l t s  en ergy , as compared 

w ith  300 In  th e  ca se  o f  m ercury, and 10 In the case o f  

argon . The c r o ss  s e c t io n  c< g iv en  h ere  I s  the cross  

s e c t io n  o f  a l l  th e  m o lecu les  In  one cu b ic  cen tim etre  

a t one ran, p ressu re  and O^C. Taking th e number o f  th e  

m o lecu les  in  t h i s  volume a t  t h i s  tem perature and p ressu re  

as 3*5 X 10**^® and c< as 1050, the c r o s s  s e c t io n  q o f  a 

s in g le  m o lecu le  can be c a lc u la te d  to  bo 3 x 10"^^ cms? 

and thus r  th e  r a d iu s  o f  th e  atom i s  approxim ately  10"7 

cms. o r  10 A ngstrom s, w hich I s  a s u r p r is in g ly  la rg e  f ig u r e .

From a com parison o f  th e  d i f f e r e n t  curves fo r  th e  

v a r io u s  atom s, i t  i s  a t  once apparent th a t  th ere i s  a 

d i s t i n c t  s im i la r i t y  In form betw een  th e  curves fo r  e lem en ts  

which are  In  th e  same group o f  th e  p e r io d ic  ta b le ,  fo r  

e le c tr o n s  o f  average and low v e l o c i t i e s .  The cu rves fo r  

the ra re  g a se s  a re  s im ila r  to  each o th e r  as are the cu rv es  

fo r  th e a lk a l i  m e ta ls , and so  on; but th e  curves fo r  th e  

rare g a s e s  are  in  no way s im i la r  to  th e  curves fo r  th e  

a lk a l i  m eta l v a p o u rs. S in ce  th e  members o f  a group have
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sliailai'- e le c t r o n ic  s t i 'u c t i ir e s .  I t  seenie l i k e l y  th a t  th er e  

la  a r e la t io n  be tv/e en e le c t r o n ic  s t m c t u r e  and p r o b a b i l i ty  

o f  CO l i e i o n .  T his p o s tu la te  i s  fu r th e r  a tren pth en ed  by 

tîie  fa c t  th a t  tho cur^ve fo r  methane i s  s im ila r  to  th a t  

fo r  the rare  g a s e s ,  s in c e  i t s  s tr u c tu r e  can be c o n s id e red  

as s im ila r  to  th a t  o f  th e  ra r e  g a se s  a s  ex p la in ed  ab ove .

The s im i la r i t y  i s  a ls o  found in  the c a se  o f  n itr o g e n , Hg, 

and carbon m onoxide, CO, w hich can be co n sid ered  a s  h av in g  

s im ila r  e le c t r o n ic  s t i 'u c tu r e s . The n itr o g e n  m o lecu le  has  

fo u rteen  e x te r n a l e le c t r o n s ,  w h ile  th e  carbon m onoxide 

m olecu le  a ls o  has fo u r te e n , s i x  from th e  carbon atom and 

e ig h t  frozn the oxygen atom . T h eir  c r o s s  s e c t io n  cu rv es  

as determ ined  by Normand (1 8 ) are  alîRost i d e n t i c a l .  Brüche 

(2 2 ) has s tu d ie d  a la r g e  number o f  m o le c u le s  w ith  s im i la r  

e le c tr o n ic  s tr u c tu r e s  and has found good agreem ent in  th e  

cu rves fo r  such m o le c u le s .

The r e s u l t s  o f  th e  above paragraph lea d  to  th e  

su g g e s t io n  th a t  the c r o s s  s e c t io n  fo r  low v e l o c i t y  e le c t r o n s  

i s  d eterm in ed , fo r  th e  m ost p a r t , by th e  p o t e n t ia l  f i e l d  

o f  the e x te r n a l a lo c tr o n s  o f  th e  atom or m o le c u le . For 

m o lecu les  w ith  s im i la r  o u te r  s h e l l s  o f  e le c t r o n s ,  th e  c r o s s  

s e c t io n  w i l l  be s im i la r  even a lth ou gh  tho  n u c le i  may be 

v ery  d i f f e r e n t .

At r e l a t i v e ly  la r g e  e n e r g ie s ,  above 100 v o l t s ,  a l l  th e
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cu rves fo r  th e  monatomic g a se s  and vapours are d e c r e a s in g  

u n ifo rm ly . I f  a com parison I s  made o f  th e  v a lu e s  o f  th e  

c r o s s  s e c t io n s  a t  a g iv en  v e l o c i t y ,  th ey  are found to  be 

ap p rox im ately  in v e r s e ly  p r o p o r t io n a l to  th e  I o n is a t io n  

p o t e n t ia l s  o f  th e  d i f f e r e n t  e le m e n ts . I t  I s  a ls o  known 

th a t  th e  i o n is a t io n  p o t e n t ia ls  a r e , ap p rox im ate ly , 

p e r io d ic  fu n c t io n s  o f  th e atom ic numbers o f  th e e lem en ts  

so  th a t  th e  c r o s s  s e c t io n s  a t  h ig h  v e l o c i t i e s  are  a ls o  

p e r io d ic  f im c t lo n s  o f  th e  atom ic numbers o f  th e  e le m e n ts .

For th e v er y  f a s t  e le c tr o n s  r e c e n t  exp erim en ts have  

proved Lenard*s o r ig in a l  c o n c lu s io n , th a t the c r o ss  

s e c t io n  i s  m a in ly  determ ined  by c o l l i s i o n s  w ith  th e n u c leu s  

a t  th e se  v e l o c i t i e s .

The ca u ses  and e x p la n a tio n s  o f  th e  Ramsauer e f f e c t  

w i l l  be d is c u s s e d  f u l l y  in  a l a t e r  s e c t io n .

In  a d d it io n  to  the d ir e c t  ex p er im en ta l m ethods o f

o b ta in in g  th e p r o b a b i l i ty  o f  c o l l i s i o n ,  a s  d e sc r ib e d  ab ove,

th er e  i s  a n o th er  l e s s  d ir e c t  m ethod, Numerous w orkers

such a s  A m o t, Bullard, and M assey, T ate and Palm er, Dymond

and o th e r s ,  have made in v e s t ig a t io n s  o f  th e d i s t r ib u t io n

In d ir e c t io n ,  or angular s c a t t e r in g  o f  e le c tr o n s  a t  c o l l :  

î i s lo n s  w ith  atom s, u sin g  ar apparatus c o n s is t in g  o f  an

e le c tr o n  gun and a c o l l e c t in g  chamber; th e  gun can be

r o ta te d  about an a x is  through th e  e le c tr o n  beam and perpen:

r d lc u la r  to  I t .  I f  th e eti^rent record ed  by th e  c o l l e c t o r .
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when Uie an l e  hetwoen i t s  d ir e c t io n  o f  c o l l e c t io n  end 

the d ir e c t io n  Ox the, e le c tr o n  bean la  ^ , i s  1 (0 )  p er  

u n it  s o l i d  an,"^le, p er u n it  e le c tr o n  c u r r e n t, p er  u n it  

path  le n g th , per u n it  p ressu re  a t  O^C., w hich can be 

d iv id e d  in to  the I n t e n s i t i e s  s c a t t e r e d  e l e s t i c a l l y  and 

i n e l a s t l c a l l y ,  and. l i  r e s p e c t iv e ly ,  th en  th e  c r o ss  

s e c t io n  or p r o b a b il i ty  o f  c o l l i s i o n  i s  g iv e n  by th e  

in t e g r a l  over  a com plete sphere o f  th e  s c a t t e r e d  i n t e n s i t y ,  

1 .0  .

d  -
TT

X

Ml

 ̂ ( 1).

The l e t t e r  in t e g r a l  does n ot exten d  r ig h t  to  zero  as  

the low er l im it  but o n ly  to  a sm a ll a n g le  à , s in c e  i f  

i t  were extended  to  zero  i t  would in c lu d e  th e  p a rt o f  

the beam w hich had made no c o l l i s i o n s .  In  p r a c t ic e  and from  

the quantum th e o r y , i t  i s  found th a t  I@ sin G ten d s to  zero  

w ith  <9 so  th a t th e  in t e g r a l  can be e x tr a p o la te d  to  zero  

as a low er l im it  w ith o u t b r in g in g  in  th e  o r ig in a l  beam. 

Num erical in t e g r a t io n  o f  an an gu lar s c a t t e r in g  curve fo r  a 

g iv en  v e l o c i t y ,  w i l l  then g ^ e  th e  c r o ss  s e c t io n  f o r  th a t  

p a r t ic u la r  v e l o c i t y .

'The s c a t te r e d  in t e n s i t y  I {&) i s  e a s i l y  seen  to  have 

the d im en sion s o f  an area p er u n it  wolwne, so th a t i t  i s  

a ls o  a measure o f  a c r o s s  s e c t io n .  Thus i t  i s  d e f in e d  as  

the d i f f e r e n t i a l  c r o s s  s e c t io n .
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This method he.8 been employed by a nim ber o f  w orkers 

to  fin d  v a lu e s  fo r  th e  t o t a l  c r o s s  s e c t io n  and a ls o  fo r  

th e  c r o ss  s e c t io n  fo r  s p e c i f i c  ty p e s  o f  c o l l i s i o n s ,  in  

p a r t ic u la r  fo r  e l a s t i c  c o l l i s i o n s ,  s in c e  th e  c r o s s  s e c t io n  

fo r  e l a s t i c  c o l l i s i o n s  w i l l  be g iv e n  by

0 ( e =  \  T g  ' ^  6)
4  ( 8 ) ,

R e su lts  o b ta in ed  by t h i s  method are  in  g e n e r a l n o t v er y  

r e l i a b l e ,  and a ls o  l i t t l e  com parison w ith  r e s u l t s  by 

K£insauer*8 method i s  p o s s ib le  s in c e  a b so lu te  v a lu e s  o f  th e  

c r o ss  s e c t io n  can be r a r e ly  o b ta in ed  from an an gu lar  

s c a t t e r in g  cur've. The reason  why th e  r e s u l t s  are  n o t  

r e l ia b le  i s  th a t  In p r a c t ic e  i t  i s  reldom p o s s ib le  to  o b ta in  

v a lu e s  o f  1 (0 )  over th e  whole an g u la r  range 0^ to  1800#

Thus i t  i s  n e c e ssa r y  t& e x tr a p o la te  the ex p er im en ta l  

cu rves fo r  I (69)s i n 6) to  th e  l im i t s  a t  b oth  en d s. T h is  

however may in tro d u ce  c o n s ld e r e b le  e r r o r s , s in c e ,  in  

n e a r ly  a l l  exp er im en ta l c u i^ a s , d i f f r a c t i o n  e f f e c t s  are  

p r e se n t , so  th a t  jaaxiria and minima may occu r  betw een th e  

l a s t  exp er im en ta l p o in t  and e i t h e r  end p o in t .  A uniform  

e x tr a r )o la tio n  m ight th u s be mucli In e r r o r . R e su lts  have 

been o b ta in ed  however, by t h is  method w hich do show a 

q u a l i t a t iv e  agreem ent w ith  r e s u l t s  by th e  d ir e c t  m ethod s.

So fa r  th e  d ir e c t  m ethods liave g iv e n  v a lu e s  fo r  th e  

t o t a l  e f f e c t i v e  c r o s s  s e c t io n s ,  t l ia t  i s  fo r  a l l  ty p es o f
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c o l l i s i o n s  a t  on ce , e l a s t i c  and I n e l a s t i c .  The o n ly  

r e s u l t s  fo r  th e e la s t i c  c o l l i s i o n s  a lo n e  have been o b ta in ed  

by th e  above method o f  I n te g r a t io n  o f  an gu lar  s c a t t e r in g  

c u r v e s . For the p r o b a b il i ty  o f  c o l l i s i o n  fo r  c e r ta in  

s p e c i f i c  ty p es  o f  i n e l a s t i c  Im p acts, namely e x c i t a t io n  to  

a s p e c i f i e d  l e v e l  or  I o n is a t io n ,  cu rves have been o b ta in ed  

by in d ir e c t  o p t ic a l  motliods or by a im ly s ln  o f  th e  p o s i t i v e  

io n s produced in  th e  la b te r  c a s e .  For e x c i t a t io n ,  a v ery  

few cu rv es have been  ob ta in ed  by d ir e c t  e l e c t r i c a l  m ethods. 

A d is c u s s io n  o f  th e  p rev io u s work on th e  c r o ss  s e c t io n s  

fo r  e x c i t a t io n  and io n is a t io n  nou x o llo w s .
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PROSACILITIkS OF ËiCüITATIOK lOTflSATION.

In  a stu d y  o f  tiie  c r o s s  s e c t io n s  fo r  e x c i t a t io n  

and I o n is a t io n  by e le c tr o n  iitipact, th e r e  are two p o s s ib le  

methods o f  approach . The f i r s t  i s  to  stu d y  what happens 

to  th e atoms a t  th e  c o l l i s i o n ,  and th e  second i s  to  

stu d y  what happens to  th e  e l e c t r o n s .  For b oth  e x c i t a t io n  

and io n is a t io n  i t  has been seen  th a t  enerfrj  i s  n e c e ssa r y  

fo r  th e p r o c e s s , w hich I s  o b ta in ed  from th e k in e t i c  e n e r ^  

o f  the c o l l id in g  e le c t r o n s .  A fte r  th e  c o l l i s i o n ,  the  

e le c tr o n  moves o f f  w ith  i t s  energy d ecrea sed  by a d e f i n i t e  

amount i f  e x c i t a t io n  has o ccu rred , or by any amount g r e a te r  

than a c e r ta in  minimum i f  io n is a t io n  h as o cc u r red . In  

th e  l a t t e r  c a s e ,  th e  im p actin g  e le c tr o n  io n is e s  th e  atom 

so u s in g  up a d e f i n i t e  amount o f  en erg y , and in  th e  

ps^ocess knocks an e le c tr o n  ou t o f  the atom . To t h i s  

e je c te d  e le c tr o n  i t  may g iv e  any f r a c t io n  o f  I t s  own 

rem aining en ergy . Thus in  th e  c a se  o f  i o n i s a t io n ,  th e  

im pinging e le c tr o n  may lo o s e  any amount o f  energy g r e a te r  

than a c e r ta in  minimum.

From the above d is c u s s io n  i t  i s  seen  th a t  a stu d y  

o f  the number o f  e le c tr o n s  w hich  have l o s t  c e r t a in  

d e f in i t e  amounts o f  energy in  c o l l i s i o n s ,  w i l l  le a d  to  

a knowledge o f  th e p r o b a b il i ty  o f  e x c i t a t io n  to  a c e r ta in  

l e v e l ,  or  o f  io n i s a t io n .
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An I n v e s t ig a t io n  o f  what happens to  th e  atoms a f t e r  

a c o l l i s i o n  may a ls o  lea d  to  a v a lu e  o f  th e  p r o b a b i l i t y  

o f  e x c i t a t io n  or  io n is a t io n ,  n o t n e c e s s a r i ly  th e  same as  

from tile p rev io u s  method how ever. The reason s fo r  t h i s  

w i l l  be d isc u s se d  l a t e r .

Villen io n is a t io n  ta k es  p la c e ,  the atom lo o s e s  one 

or more e le c tr o n s  and so becomes a p o s i t iv e  io n . By s u i t a b le  

a p p lic a t io n  o f  a p o t e n t ia l  i t  can be drawn to  a c o l l e c t o r  

and 8 0  th e  number o f  p o s i t iv e  io n s  can be reco rd ed . Most 

w r ite r s  d e f in e  t h i s  number o f  p o s i t i v e  io n s  foimied in  th e  

gas per u n it  p ath  le n g th , per u n it  e le c tr o n  c u r r e n t , p er  

u n it  p ressu re  a t  O^C,, as the e f f i c i e n c y  o f  i o n i s a t io n .

The p r o b a b il i ty  o f  a c o l l i s i o n  r e s u l t in g  in  io n is a t io n ,  

can thon be found by d iv id in g  th e  e f f l c i e n o y  by th e  t o t a l  

nunbor o f  c o l l i s i o n s ;  w hich l a t t e r  f ig u r e  can be c a lc u la te d  

from the k in e t ic  th eo ry  c r o ss  s e c t io n  or frcan th e  t o t a l  

c r o ss  s e c t io n  c u r v e s . I t  i s  a l s o  w e l l  known t lia t  an atom 

may be doub ly  or t r e b ly  io n is e d  and so on , corresp on d in g  

to  the rem oval o f  two or more e le c tr o n s  from i t .  T h is i f  

th e  p r o b a b il i ty  o f  m u lt ip le  io n is a t io n  to  a d egree n i s  

rep resen ted  by ?xii and the e f f i c i e n c y  o f  i o n i s a t io n ,  w hich  

i s  r e a l ly  th e  number o f  e le c t r o n ic  charges record ed , by  

E l thon t lie  r e la t io n  betw een th e  * c and th e  i s
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In  reco rd in g  th e  number o f  io n s  and d e f in in g  th e  e f f l c : 

; ien cy  o f  i o n i s a t io n ,  each  m u lt ip ly  charged io n  i s  counted  

as so  many s in g ly  cliarged io n s .  Thus i t  I s  seen  th a t  th e  

e f f i c i e n c y  o f  i o n is a t io n  o r  th e  p r o b a b il i ty  c a lc u la te d  

from i t ,  may n o t be th e same as th e  p r o b a b i l i t y  o b ta in e d  

by in v e s t ig a t io n s  o f  th e  number o f  e le c tr o n s  which have  

l o s t  a c e r ta in  amount o f  energy in  io n is in g  th e  atom in  

one p a r t ic u la r  w ay. In  a d d it io n , an atom may be s in g ly  

io n is e d  in  a number o f  d i f f e r e n t  ways corresp on d in g  to  

th e rem oval o f  e l e c t i o n s  from d i f f e r e n t  s h e l l s  ; th e  s in g ly  

charged io n  r e s u l t in g  i s  in d ls t in g u is l ia b le  from any o th e r  

s in g ly  cxiarged io n ,  but th e  e le c t r o n  w hich has io n is e d  

th e  atom has l o s t  an amount o f  en ergy  corresp on d in g  to  

th e way in  w hich  i t  lias s in g ly  io n is e d  th e  atom , s in c e  th e  

io n is a t io n  p o t e n t ia l s  fo r  e le% r o n s  in  d i f f e r e n t  s h e l l s  are  

not tlie  sam e.

When atoms are e x c it e d  by im pacts o f  e le c tr o n s  th e r e  

i s  no means by w hich th e  e x c it e d  atoms can be drawn ou t 

o f  th e  g a s  and reco rd ed , s in c e  th ey  arc n ot ch arged .

The o n ly  way in  w iiich  in f o m a t io n  can be o b ta in ed  about th e  

p r o b a b il i ty  o f  e x c i t a t io n  by s tu d y in g  th e  atom s, i s  to  

make use o f  the f a c t  th a t an e x c it e d  atom re tu rn s spontan: 

leo u s ly  to  a low er s t a t e  and, in  :io d o in g , e iid ts th e  

su rp lu s  en ergy as a quantum o f  r a d ia t io n ,  o f  a d e f i n i t e
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freq u en cy . By m easuring th e  I n t e n s i t y  o f  l i g h t  em itted  

by th e gas on b e in g  bombarded by e le c tr o n s  o f  a known 

en erg y , and by c o n v e r tin g  t h i s  i n t e n s i t y  to  th e  e q u iv a le n t  

number o f  quanta, th e number o f  atoms e x c it e d  per u n it  

path  le n g th , p er u n it  e le c t r o n  c u r r e n t , per u n it  p ressu re  

a t  0®C. may be c a lc u la t e d ;  .which then g iv e s  a measure o f  

th e  p r o b a b i l i ty  o f  e x c i t a t io n  o f  th e  atoms to  th a t  s t a t e  

from w hich th ey  descended in  e m itt in g  th e quantum o f  

r a d ia t io n .  I t  I s  assumed h ere  th a t  th e  wave le n g th  

m easured i s  one corresp on d in g  to  a t r a n s i t io n  from an 

e x c it e d  s t a t e  to  th e  normal s t a t e .  In  d e a lin g  w ith  t h i s  

method a number o f  r e s e r v a t io n s  are n e c e s sa r y .

F i r s t l y  th e  method assum es th a t  no atoms have reach ed  

th e  g iv e n  e x c it e d  s t a t e  e x c ep t by a s in g le  im pact o f  an 

e le c t r o n  w ith  an atom in  i t s  normal s t a t e ;  and seco n d ly  i t  

i s  assumed th a t  no atom le a v e s  th e  e x c ite d  s t a t e  ex cep t  

by f a l l i n g  in to  i t s  normal s t a t e  in  one t r a n s i t io n  w ith  

e m iss io n  o f  the d e s ir e d  quantum. T h ir d ly , i t  i s  assumed 

th a t  none o f  th e  r a d ia t io n  em itted  i s  absorbed in  the  

gas b e fo r e  i t  rea ch es  th e  in stru m en t reco rd in g  th e  in t e n s i t y  

o f  r a d ia t io n .  I f  a l l  th e s e  assum ptions were t r u e ,  i t  

would th en  be rea so n a b le  to  ex p ec t th a t  the p r o b a b i l i t y ,  

o b ta in ed  by t h i s  m ethod, would be in  agreem ent w ith  th e  

p r o b a b i l i ty  as ob ta in ed  by o b se r v a tio n s  on the e le c tr o n s
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w hich  have e x c it e d  th e  d e s ir e d  s t a t e .  None o f  th e  assum pt: 

: lo n s ,  how ever, can be tak en  a s  co m p le te ly  t r u e . In  the  

c a s e  o f  th e f i r s t ,  atoms may have reached th e  g iv en  s t a t e  

by f i r s t  b e in g  e x c it e d  to  a h ig h e r  s t a t e  and then  f a l l i n g  

to  the g iv e n  s t a t e  e m itt in g  a quantum o f  an o th er  w a v e len g th . 

A gain , an Io n ise d  atom may have combined w ith  a f r e e  

e le c t r o n ,  and th en  th e  r e s u l t in g  n e u tr a l ,  but e x c i t e d ,  atom 

may have f a l l e n  to  th e  g iv e n  s t a t e .  F in a l ly  th e  atom may 

have reached  th e  g iv en  s t a t e  by a c o l l i s i o n  o f  th e  second  

k in d  w ith  an o th er  atom . A c o l l i s i o n  o f  th e second k ind  may 

be d e f in e d  h e r e , as a c o l l i s i o n  In which an e x c i t e d  atom  

c o l l i d e s  w ith  a n o th er  atom and p a sse s  on to  I t ,  some o r  a l l  

o f  I t s  e x c l t a tlotg: en ergy , th ereb y  r a is in g  th e  second  atom to  

an e x c it e d  l e v e l  or In c r e a s in g  I t s  k in e t ic  en erg y , w h ile  

th e  f i r s t  atom f a l l s  to  a low er e x c it e d  s t a t e  o r  i t s  normal 

s t a t e  w ith ou t e m it t in g  a p h oton .

The second assum ption  as to  a l l  th e  atoms le a v in g  th e  

e x c it e d  s t a t e  by e m iss io n  o f  th e  d e s ir e d  quantum may a ls o  

be fa r  from t r u e .  A c o l l i s i o n  o f  th e  second k ind  may cau se  

th e  atom to  le a v e  th e  s t a t e  w ith o u t em iss io n  o f  th e d e s ir e d  

quantum ; or th e  atom may be s tr u c k  aga in  by an e le c t r o n  and 

so  r a is e d  to  a h ig h e r  s t a t e  from which i t  may f a l l  d i r e c t  to  

th e  normal s t a t e .  F in a l ly ,  shou ld  th e  g iv e n  e x c it e d  s t a t e  

n ot be th e  one n e x t  to  the n o m a l s t a t e ,  m e ta s ta b le  s t a t e s
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ex c e p te d , th e  atom may f i r s t  f a l l  to  a low er s t a t e  and then  

to  the normal s t a t e ;  thus n ot e m it t in g  th e  d e s ir e d  quantum.

A b sorp tion  o f  the r a d ia t io n  em itted  in  a t r a n s i t i o n  

may be q u i te  s tr o n g  in  many c a se s  such as th e  a b so r p t io n  

o f  th e  2537 l i n e  o f  mercury vapour in  a h ot mercury a r c .

I t  i s  th u s  seen  th a t  r e s u l t s  fo r  the p r o b a b i l i t y  o f  

e x c i t a t i o n  o f  a g iv en  s t a t e ,  as  o b ta in e d  from study o f  the  

i n t e n s i t y  o f  th e  r a d ia t io n  em itted  by the  atoms in  f a l l i n g  

from th a t  s t a t e  to  the  norm al, may be f a r  from c o r r e c t .

F urther  i t  i s  apparent th a t  on ly  in  e x c e p t io n a l  o a se s  can  

r e s u l t s  be o b ta in e d  by t h i s  o p t i c a l  method f o r  the a b s o lu te  

p r o b a b i l i t y  o f  e x c i t a t i o n  o f  a c e r t a in  s t a t e ,  s i n c e ,  f o r  

t h i s  to  be p o s s i b l e ,  th e  e f f e c t s  d is c u s s e d  above must a l l  

be a llow ed  f o r  a n d ,in  g e n e r a l ,  o n ly  r e l a t i v e  measurements  

o f  th e  i n t e n s i t y  o f  a s p e c t r a l  l i n e  can be o b ta in e d .  R e la t iv e  

measurements o f  th e  p r o b a b i l i t y  can however be o b ta in ed  and 

t h e s e  in  th em se lv es  are v ery  i n t e r e s t i n g  and in  most c a s e s  

e x ^ b i t  a c e r t a i n  s i m i l a r i t y  to  th e  r e s u l t s  o b ta in ed  by the  

e l e c t r i c a l  method.

The g e n e r a l  r e s u l t  by a l l  methods i s  th a t  th e  

e x c i t a t i o n  fu n c t io n  s t a r t s  from th e  e x c i t a t i o n  p o t e n t i a l  

and r i s e s  to  a maximum a t  some h ig h e r  v a lu e  o f  th e  en ergy ,  

and then  f a l l s  s t e a d i l y  as th e  energy o f  the e l e c t r o n s  i s  

fu r t h e r  in c r e a s e d .

Very few r e s u l t s  have been o b ta in ed  f o r  e x c i t a t i o n
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p r o b a b i l i t i e s  by th e  e l e c t r i c a l  method.
3

The e a r l i e s t  o b se r v a t io n s  were made on th e  2 1

s t a t e s  o f  mercury by Sponer (2 3 )  whose r e s u l t s  were 

r e c a lc u la t e d  by Hertz ( 2 4 ) .  The method u sed  was to  

a n a ly se  th e  e le c t r o n s  w ith  a r e ta r d in g  f i e l d  a f t e r  th ey  

had p assed  through a re g io n  c o n ta in in g  g a s .  As the  energy  

o f  the primary e l e c t r o n s  was v a r ie d ,  th e  v a r ia t io n  o f  the  

p r o b a b i l i t y  o f  e x c i t a t i o n  to  th e  g iv en  s t a t e s ,  w ith  

v e l o c i t y  could  be d eterm in ed , bjp th e  change in  cu rr en t  

c o l l e c t e d  by th e  p l a t e .  The r e s u l t  o f  th e s e  o b se r v a t io n s  

was th a t  the p r o b a b i l i t y  curve showed a maximum a t  about 

6 v o l t s .  Sponer a c t u a l l y  b e l i e v e d  th a t  on account o f  the  

v e l o c i t y  spread o f  th e  e le c t r o n s  in  th e  beam, th e  r e s u l t  

was in a c c u r a te ,  and th a t  th e  maximum should  appear e x a c t ly  

a t  the e x c i t a t i o n  p o t e n t i a l .  EBridge (2 5 )  a l s o  i n v e s t :

; ig a te d  th e  4*9 v o l t  s t a t e  in  mercury vapour and concluded  

th a t  the  p r o b a b i l i t y  r o se  to  a maximum a lm o st  a t  th e  

e x c i t a t i o n  p o t e n t i a l  and then  f e l l  a s  th e  energy was 

in c r e a s e d .

Both EBridge,and B r a tta ln  (2 6 )  s tu d ie d  th e  6*67 v o l t  

l e v e l  in  mercury vapour. The form er con clu d ed  th a t  th e  

p r o b a b i l i t y  in crea sed  from a sm a ll  v a lu e  as  th e  energy  

was In crea sed  to  a few v o l t s  above the e x c i t a t i o n  p o t e n t i a l  

B r a tta ln  w ith  an improved form o f  a p p ara tu s , found th a t  

th e  p r o b a b i l i t y  showed a maximum about a t e n th  o f  a v o l t
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above the e x c i t a t i o n  p o t e n t i a l .  In  h i s  paper he s u g g e s t s  

th a t  th e  p r o b a b i l i t y  may not f a l l  c o n t in u o u s ly  a f t e r  t h i s  

maximum but th a t  i t  may r i s e  a g a in  to  an o th er  maximum a t  

a c o n s id e r a b ly  h ig h e r  v o l t a g e ,  a s  o p t i c a l  methods have  

s u g g e s te d .

The o n ly  o th e r  n o ta b le  work on p r o b a b i l i t i e s  o f  

e x c i t a t i o n  by a d i r e c t  e l e c t r i c a l  method has been done 

on th e  s t a t e  o f  helium  , whose energy i s  19*77 v o l t s ,

by Dymond (2 7 )  and G lo ck le r  ( 2 8 ) .  Dymond * s method depended  

on f in d in g  th e  d i f f e r e n c e  in  cu rren t to  a c o l l e c t o r  w ith  

and w ith ou t a r e ta r d in g  p o t e n t i a l  s l i g h t l y  la r g e r  than th e  

e x c i t a t i o n  p o t e n t i a l ,  G lock ler*a r e s u l t s  were d e r iv e d  

from a s tu d y  o f  the e f f e c t  o f  the i n e l a s t i c  c o l l i s i o n s  on 

th e  c u r r e n t -v o l ta g e  cu rv es  o f  h i s  appar*atus. Both workers  

concluded  th a t  th e  p r o b a b i l i t y  showed a maximum a few te n th s  

o f  a v o l t  above the e x c i t a t i o n  p o t e n t i a l .  The m agnitudes  

o f  t h e i r  maxima are n o t in  very  good agreem ent,

A somewhat l e s s  d i r e c t  method has a l s o  been d e v e lo p e d .  

I t  c o n s i s t s  in  sp rea d in g  out the e le c t r o n  beam in to  an 

energy spectrum by means o f  an e l e c t r o s t a t i c  or  m agnetic  

f i e l d .  The s t a t e s  which have been e x c i t e d  can be d eterm in ed  

from the p o s i t i o n s  o f  th e  d i f f e r e n t  groups o f  e l e c t r o n s  in  

the spectrum , and the p r o b a b i l i t y  o f  e x c i t a t i o n  o f  th e  

s t a t e  can be found from an in t e g r a t io n  o f  the area below
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each peak . By v a r i a t i o n  o f  th e  v e l o c i t y ,  cu rves o f  the  

p r o b a b i l i t y  a g a in s t  v e l o c i t y  can be o b ta in e d .  T h is  method 

has been used  by a number o f  w orkers, among them, Whitney 

(2 9 )  and Tate and Palmer (3 0 )  in  mercury vapour, and Van 

A tta  (3 1 )  and Hughes and McMlllen (3 2 )  end Whiddlngton  

and T aylor  (3 3 )  in  th e  rare  g a s e s .  In  some c a s e s  th e  

p r o b a b i l i t y  has been measured o n ly  fo r  a l l  th e  I n e l a s t i c  

c o l l i s i o n s  and not fo r  a d e f i n i t e  s t a t e .  In  a d d it io n  t h i s  

l a t t e r  method has o n ly  been a p p lie d  to  e le c t r o n s  s c a t t e r e d  

through one d e f i n i t e  a n g le ,  o r  to  th o se  which liave s u f f e r e d  

l o s s  o f  energy w ith o u t  change o f  d i r e c t i o n .  The r e s u l t s  

are  th e r e fo r e  n o t  s t r i c t l y  comparable w ith  r e s u l t s  where 

the e l e c t r o n s  s c a t t e r e d  through a l l  a n g le s  a re  In c lu d ed .  

F in a l ly  In  some e a s e s  th e  p ressu re  o f  th e  gas has been so  

h ig h  th a t  th e  e l e c t r o n s  have made many c o l l i s i o n s  b e fo r e  

r e a ch in g  the c o l l e c t o r .  T his w i l l  c e r t a i n ly  e f f e c t  th e  

observed  p r o b a b i l i t y  s in c e  an atom may reèch  th e  d e s ir e d  

l e v e l  by more than  one t r a n s i t i o n  caused by s u c c e s s iv e  

Impacts w ith  e l e c t r o n s .

The o p t i c a l  method stu d y in g  p r o b a b i l i t i e s  I s  to  

fo cu s  the l i g h t  from a c e r t a in  p a r t  o f  the  path  o f  th e  

e le c t r o n  beam on to  the s l i t  o f  a sp ec tro g ra p h . The 

i n t e n s i t i e s  o f  the  d i f f e r e n t  l i n e s  so o b ta in ed  can be 

measured e i t h e r  w ith  a m icrophotom eter or by u s in g  a photo : 

;e l e c t r i c  c e l l .  Thus th e  r e l a t i v e  p r o b a b i l i t i e s  o f  th e
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e x c i t a t i o n  o f  the d i f f e r e n t  l e v e l s  i s  o b ta in e d , or  what 

Darrow (34 ) more a c c u r a te ly  c a l l s  th e  p r o b a b i l i t y  o f  

s t im u la t io n  o f  a c e r t a in  s p e c t r a l  l i n e .

Numerous workers have used t h i s  method but few have been  

a b le  to  o b ta in  an a b s o lu te  v a lu e  fo r  the p r o b a b i l i t y .  For 

th e  4*9 v o l t  s t a t e  in  mercury, B r ico u t (3 5 )  has o b ta in ed  

an a b s o lu te  v a lu e  o f  6cin^/cm^ a t  th e  maximum, A c o n s id e r a b le  

amount o f  work 1ms been done by th e  o p t i c a l  method on 

mercury vapour, e s p e c i a l l y  fo r  th e  2 a t a t e ,  o f  energy  

4#86 v o l t s ,  by S c h a f f e m ic h t  (3 6 )  and o t h e r s • The g e n e r a l  

c o n c lu s io n  i s  th a t  th e  p r o b a b i l i t y  o f  e x c i t a t i o n  o f  t h i s  s t a t e  

has a sharp maximum a t  fi*om 6 to  7 v o l t s .  S c h a f f e m ic h t  

examined some s e v m t y  l i n e s  in  th e  v a r io u s  sp e c tr a  o f  mercury  

and found an agreement between h i s  r e s u l t s  f o r  s im i la r  ty p es  

o f  l i n e s .  For th e  t r i p l e t  l i n e s  he found t iia t  a sharp  

ipaximum fo llo w ed  by a sliarp f a l l  was p r e se n t  a t  a v ery  few  

v o l t s  above the  e x c i t a t i o n  p o t e n t i a l s ,  approx im ately  between  

9 and 12 v o l t s ,  w h i le  fo r  s i n g l e t  l i n e s  th e r e  i s  a broad  

maximum, a t  about 30 v o l t s ,  fo l lo w e d  by a slow f a l l .  In  

the  c a se  o f  In tercom b in ation  l i n e s ,  he f in d s  th a t  th e  char:  

:a c te r  o f  the l i n e  i s  determ ined by the  I n i t i a l  l e v e l  o f  th e  

t r a n s i t i o n .  C er ta in  l in o s  g iv e  curves which show two maxima, 

one o f  the s i n g l e t  type and one o f  the t r i p l e t  t y p e .  The 

curves fo r  l i n s s  b e lo n g in g  to  s im i la r  s e r i e s  or a r i s i n g  from 

s im i la r  terms show a s i m i l a r i t y .
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S ince  r e s u l t s  fo r  the  p r o b a b i l i t y  o f  e x c i t a t i o n  by  

e l e c t r i c a l  methods are v ery  few, i t  i s  î ia rd ly  p o s s ib l e  

to  compare the r e s u l t s  by th e  two methods ; b ut i t  may be 

n o t ic e d  th a t  Sponer*s c o n c lu s io n s  f o r  the 4*9 v o l t  s t a t e  

o f  mercury are  in  f a i r  agreement w ith  the o p t i c a l  r e s u l t s ,  

but th a t  in  th e  c a se  o f  th e  6*67 v o l t  s t a t e  th e r e  i s  

p r a c t i c a l l y  no agreem ent. The o p t i c a l  method has f a i l e d  

to  confiiiTi the maximium found by B r a tta ln  c l o s e  to  th e  

e x c i t a t i o n  p o t e n t i a l .

In  a d e te r m in a t io n  o f  the e f f i c i e n c y  o f  i o n i s a t i o n ,  

as d e f in e d  p r e v io u s ly ,  the commonest method i s  one in  

which the p o s i t i v e  io n s  formed by c o l l i s i o n s ,  are drawn 

out o f  the  gas and than reco rd ed , A number o f  v a r ia t io n s  

o f  the  method have been used in  w hich  th er e  are m o d if ic a t  : 

: id n s  to  l e s s e n  tho  d i s t o r t i o n  o f  th e  beam and o th e r  

so u r c e s  o f  e r r o r ,  caused  by th e  p o t e n t i a l  a p p lie d  to  the  

i o n s , One such  Ic to  u se  a m agnetic  f i e l d  p a r a l l e l  to  

th e  beam; t h i s  1ms th e  e f f e c t  o f  k eep in g  any e le c t r o n s  

s c a t t e r a d  from th e  beam moving in  s p i r a l s  round i t ,  and 

a l s o  o f  p r e v e n t in g  th e  escap e  o f  secondary e le c t r o n s  from 

th e  p la t e  which p h o t o e l e c t r i c  a c t io n  o f  r a d ia t io n  from the  

beam or c o l l i s i o n s  o f  m e ta s ta b le  atoms, w ith  th e  p la t e  

'might ten d  to  r e l e a s e ,  Tlie m agnetic  f i e l d  has l i t t l e  e f f e c t  

on the h e a v ie r  p o s i t i v e  io n s  which can thus be drawn to  

th e  p l a t e  by a sm a ll  a p p lie d  p o t e n t i a l .
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Much work has been done by mcKlif i c a t  io n s  o f  t h i s  

method on a number o f  g a s e s . For mercui^ vapour r e s u l t s  

have been o b ta in ed  by Compton and Van Voorhis ( 3 7 ) ,  Jones 

( 5 8 ) ,  B lealm ey (S 9 ) ,  Smith (4 0 ) ,  and hughes and K le in  (4 1 ) ,  

f o r  the e f f i c i e n c y  o f  i o n i s a t i o n .  The r e s u l t s  are  in  

g e n e r a l  agreem ent, namely a s tea d y  r i s e  from zero  a t  the  

lo w e s t  i o n i s a t i o n  p o t e n t i a l  to  a broad maximum a t  between  

80 and 120 v o l t s ,  and then a slow uniform  f a l l  a s  th e  

energy i s  in c r e a s e d .

In order  to  o b ta in  measurements c f  the p r o b a b i l i t y  

o f  i o n i s a t i o n  in  a p a r t i c u la r  manner, fo r  example, s i n g l e  

I o n i s a t io n  or double i o n i s a t i o n ,  i t  i s  n e c e s sa r y  to  make 

an a n a ly s i s  o f  tho charge on the io n s  as th ey  are  drawn 

out o f  the c o l l i s i o n  r e g io n .  Tiiis can be done e i t h e r  by 

a m agnetic  f i e l d  or by an e l e c t r o s t a t i c  f i e l d  or by a 

com bination  o f  b o th . B lealm ey has used a com bination  o f  

b o th  in  h i s  work on mercury vapour, and, by p l o t t i n g  th e  

c u r r e n t  to  th e  a n a ly se r  c o l l e c t o r  a g a in s t  th e  e l e c t r o s t a t i c  

f i e l d  s t r e n g th ,  has been a b le  to  o b ta in  a curve showing  

each  type o f  i o n i s a t i o n  a s  a sharp peak. By m easuring  

th e  area  below each peak, and r e p e a t in g  the o b se r v a t io n s  

fo r  a number o f  v e l o c i t i e s ,  he was a b le  to  o b ta in  cu rves  

r e p r e s e n t in g  th e  p ercen tage  o f  the d i f f e r e n t  ty p e s  o f  

I o n i s a t io n  p r e se n t  a t  the d i f f e r e n t  v e l o c i t i e s .  F in a l ly  

by m u lt ip ly in g  th e  t o t a l  i o n i s a t io n  or  e f f i c i e n c y  o f
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i o n i s a t i o n  by each  p ercen tage  in  turn  and d iv id in g  by th e  

number o f  ch a rges  on the io n ,  he was a b le  to  o b ta in  the  

p r o b a b i l i t i e s  o f  the  d i f f e r e n t  ty p es  o f  i o n i s a t i o n .  In  

a l l  t h i s  work th e  gas p r e ssu r e  was kept so  low th a t  the  

p r o b a b i l i t y  o f  an atom s u f f e r in g  more than on© c o l l i s i o n  

w ith  an e l e c t r o n  was v ery  s m a l l .  Each c a s e  o f  m u l t ip le  

i o n i s a t i o n  was th u s caused by a s in g l e  e le c t r o n  knocking  

two or more e l e c t r o n s  out o f  th e  atom in  one c o l l i s i o n .

In  a s tu d y  o f  the p r o b a b i l i t y  o f  s i n g l e  i o n i s a t i o n  

o f  the atom , no e v id en ce  can be ob ta in ed  by th e  above method 

a s  to  th e  manner in  which th e  atom has been i o n i s e d ;  

w hether the i o n i s a t i o n  i s  due to  the removal o f  th e  l e a s t  

s e c u r e ly  bound e le c t r o n  or  whether an e le c tr o n  b e lo n g in g  

to  an in n e r  s h e l l  has been removed, H a tu r a lly  a t  low 

e n e r g ie s ,  the  i o n i s a t i o n  w i l l  be due m o st ly  to  th e  removal 

o f  th e  v a le n c y  e l e c t r o n ,  s in c e  th e  Im pinging e le c t r o n  

w i l l  n o t have s u f f i c i e n t  en ergy  to  remove an in n e r  e le c t r o n  

fo r  which  the i o n i s a t i o n  p o t e n t i a l s  are  known to  be g r e a te r  

than f o r  th e  v a le n c y  e l e c t r o n .  In a d d i t io n  to  th e  removal 

o f  an in n e r  e l e c t r o n  in s te a d  o f  the o u te r  v a le n c y  e l e c t r o n ,  

i t  m ight a l s o  be p o s s ib l e  fo r  the im p actin g  e l e c t r o n  to  

e x c i t e  th e  atom as  w e l l  a s  i o n i s e  i t ,  i f  i t  had s u f f i c i e n t  

en erg y . T h is  cou ld  occur f o r  a l l  k in d s  o f  i o n i s a t i o n  

p rov id ed  the  t o t a l  ener^^ od| th e  c o l l i d i n g  e l e c t r o n  was 

s u f f i c i e n t l y  lar^^e. Ko e v id en ce  o f  t h i s  e f f e c t  co u ld
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be found, by th e  method o f  p o s i t i v e  io n  a n a l y s i s .

Now, a f t e r  i o n i s a t i o n  has taken p la c e ,  i t  should  

be p o s s ib le  to  examine what has happened to  th e  imping in g  

e l e c t r o n s .  However, a f t e r  i o n i s a t i o n ,  th ere  w i l l  a l s o  

be p r e se n t  th e  e j e c t e d  e l e c t r o n s ,  and th e  two ty p e s  o f  

e le c t r o n s  are  o b v io u s ly  e x p e r im e n ta l ly  i n d i s t i n g u i s h a b le .  

N e v e r th e le s s ,  a n a ly s i s  o f  th e  v e l o c i t y  d i s t r i b u t i o n  o f  

the e l e c t r o n s  a f t e r  c o l l i s i o n  should  lea d  to  some in form ât ; 

tion  as  t o  th e  p r o b a b i l i t y  o f  i o n i s a t i o n  o f  th e  atom to  

p a r t ic u la r  d eg re es  and in  p a r t i c u la r  manners. Knowing 

the i o n i s a t i o n  p o t e n t i a l  fo r  th e  removal o f  a v a le n c y  

e le c t r o n ,  i . e .  10*38 v o l t s  in  mercury vapour, i t  sh ou ld  

be p o s s ib l e  to  stu d y  th ese  e le c t r o n s  which  have l o s t  t h i s  

amount o f  en erg y . However th e  e le c t r o n s  may have handed 

over some o f  t h e i r  energy to  th e  e j e c t e d  e le c t r o n s  so  th a t  

i t  would be n e c e s sa r y  to  in c lu d e  i n  th e  measurements a l l  

e le c t r o n s  which had e n e r g ie s  up to  l i a l f  th e  a v a i la b le  

en ergy , th a t  i s  up to  h a l f  th e  o r i g i n a l  energy o f  th e  

e le c t r o n s  in  th e  beam l e s s  th e  i o n i s a t i o n  en ergy . T his  

could  be done by a s u i t a b ly  arranged r e ta r d in g  p o t e n t i a l .  

Some work by E ld r id g e  (25) and by Langrauir and Jones (42 )  

and by Hughes and McMillan (4 3 )  has in d ic a t e d  t h a t  i t  i s  

more p rob ab le  th a t  the a v a i la b le  energy  w i l l  be a lm ost  

e n t i r e l y  r e ta in e d  by one o f  th e  e j e c t e d  or  im p actin g  

e le c t r o n s  than th a t  i t  should be ev en ly  d iv id e d .
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Langmulr and Jones* work has been done by c o l l e c t i n g  

th e  p o s i t i v e  io n s  from a gas a t  a r e l a t i v e l y  h ig h  p r e ssu r e  

so  t h a t  the e f f e c t s  o f  m u lt ip le  i o n i s a t i o n  should  be taken  

in t o  a cco u n t. I t  should  thus be p o s s ib l e  to  o b ta in  a 

f a i r l y  a ccu ra te  e s t im a te  o f  t h e  p r o b a b i l i t y  o f  s i n g l e  

i o n i s a t i o n  from a method in  which h a l f  th e  a v a i la b le  

e l e c t r o n s  were c o l l e c t e d ,  as o u t l in e d  above; th e  e le c t r o n  

which i s  removed b e in g  th e  v a le n c y  e l e c t r o n .  However 

i f  e x c i t a t i o n  o f  th e  atom ta k es  p la c e  a t  th e  same tim e as  

i o n i s a t i o n ,  t h i s  w i l l  n ot be d e te c t e d  by t h i s  method 

p rov id ed  the rem aining energy i s  g r e a te r  than  the  r e ta r d in g  

p o t e n t i a l  a p p lie d  to  a n a ly se  the e l e c t r o n s .  So fa r  as th e  

a u th o r  has been a b le  to  d i s c o v e r  few , i f  any , o b s e r v a t io n s  

have been made by t h i s  method y e t .  Some measurements have  

been  made by E ld r id g e  but th ey  are  c o n fin ed  to  a r e g io n  c l o s e  

to  th e  i o n i s a t io n  p o t e n t i a l .  R e su lt s  o b ta in e d  by th e  a u th or  

by an attem pt to  a p p ly  t h i s  method w i l l  be g iv e n  in  the  

ex p er im en ta l  s e c t i o n .
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SECTIOK 3 .

WAVE MEC m m  e s  OF COLLISION PROCESSES.

A t h e o r e t i c a l  d e r iv a t io n  th.e p r o b a b i l i t i e s  o f  

c o l l i s i o n  i s  an e x c e e d in g ly  d i f f i c u l t  problem s in c e  th e r e  

are so  many e f f e c t s  which must be taken i n t o  c o n s id é r â t  : 

l io n  and methods o f  a l lo w in g  f o r  them are in  g e n e r a l  very  

d i f f i c u l t  to  d e r i v e . I t  has been seen  th a t  th e  c l a s s i c a l  

k i n e t i c  th eo ry  p r e d ic t s  a v a lu e  o f  th e  c r o s s  s e c t io n  or  

p r o b a b i l i t y ,  c o n s ta n t  w ith  v e l o c i t y .  Experiment has  

shown th a t  t h i s  I s  I n c o r r e c t ,  so th a t  a new theory i s  

n e c e s s a r y .  Such a th eory  i s  th e  wave m eciianics put 

forward by H eisen b erg , D irac and o t l iers  about 1926. Under 

t h i s  th eo r y  a beam o f  e le c t r o n s  i s  regarded as  a beam o f  

w aves. Experiment c o n f im e d  t h i s  Idea and from th e  work 

o f  G,P, '^honaon on tho d i f f r a c t i o n  o f  e l e c t r o n s  by c r y s t a l  

s u r f a c e s ,  i t  was v e r i f i e d  th a t  tho wave le n g th  A o f  the  

e le c t r o n  wave i s  g iv e n  by where h i s  P lan ck ’ s

c o n s ta n t  and rav i s  the momentum o f  the e l e c t r o n ,  m and 

V b e in g  I t s  mass aSjd v e l o c i t y  r e s p e c t i v e l y .  From a 

r e l a t i o n  d is c u s s e d  p r e v io u s ly ,  tho .vave le n g th  o f  the  

e l e c t r o n  can be g iv e n  in  terms o f  the a c c e l e r a t in g  p o t e n t i a l  

V, in  v o l t s ,  a p p lie d  to  i t ,  as  -
/cTO

w lic h  g i v e s  ^  =-  ̂ X V ( 1 ) .
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For ord in ary  v a lu e s  o f  V, say  0 - 1 0 0 v o l t s ,  th e  wave 

l e n g th  i s  seen  to  be approxim ately  o f  the same ord er  o f  

m agnitude as th e  d iam eter  o f  an atom ; so t h a t ,  com paring  

th e  an a logy  o f  l i g h t  waves f a l l i n g  on p a r t i c l e s  o f  a 

d iam eter  ap p rox im ate ly  eq u a l to  t h e i r  wave le n g th ,  fo r  

which a wave le n g th  th eory  i s  n e c e s sa r y  to  e x p la in  th e  

r e s u l t i n g  e f f e c t s ,  we s e e  t l ia t  i t  i s  rea so n a b le  to  exp ect  

th a t  a wave th e o r y  would a l s o  be n e c e s sa r y  in  the c a se  

o f  the e l e c t r o n  to  g iv e  a c o r r e c t  r e s u l t .

B efore any t h e o r e t i c a l  r e s u l t s  can be o b ta in e d , we 

must have a knowledge o f  the p o t e n t i a l  f i e l d  o f  the  atom 

and tho v a r ia t io n s  o f  t h i s  when tho atom i s  in  i t s  

d i f f e r e n t  s t a t e s ,  nciroal, e x c i t e d  and i o n i s e d .

The v a r io u s  e f f e c t s  which can take p la c e  a t  a c o l l l s :  

: io n  between an e l e c t r o n  and an atom, and which must be 

a llow ed  fo r  in  any com plete  th e o r y ,a r e  th e  v a r ia t io n s  o f  

th e  p o t e n t i a l  f i e l d ,  as d is c u s s e d  above, and the  e f f e c t  

on t h i s  f i e l d  o f  th e  c o l l i d i n g  e l e c t r o n ,  i . e .  p o l a r i s a t io n  

Secondly  the e f f e c t  o f  the exchange o f  e le c t r o n s  between  

th e  beam and the atoms must be a llow ed  f o r .  T his  i s  

e s p e c i a l l y  d i f f i c u l t  s in c e  e l e c t r o n s  are co m p le te ly  

i n d i s t i n g u i s h a b le  from each o t h e r .  An e j e c t e d  e le c t r o n  

cannot be d i s t in g u i s h e d  from th e  one which e j e c t e d  i t ,  

and th e  e l e c t r o n  which le a v e s  an atom in  an e x c i t e d  s t a t e  

may n o t be th e  one which e x c i t e d  i t  to  th a t  s t a t e .  I t
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I s  q u ite  c o n c e iv a b le  and in  some c a s e s  n e c e s sa r y  to  

comply w ith  quantum th eo ry  r u le s ,  th a t  an e l e c t r o n  

c o l l i d i n g  w ith  an atom and e x c i t in g  i t  to  the  n^^' s t a t e ,  

should i t s e l f  go in t o  the  n^^* l e v e l  o f  th e  atom, a t  the  

same tim e handing over  i t s  e x c e s s  energy to  th e  e le c t r o n  

in  th e  ground s t a t e ,  which th en  f l i e s  out o f  th e  atom and 

behaves as i f  i t  were th e  o r i g i n a l  e l e c t r o n .  As m entioned  

in  S e c t io n  ( 1 ) ,  exchange e f f e c t s  can a l s o  be p r e se n t  in  

e l a s t i c  s c a t t e r i n g .

On account o f  the v a r io u s  c o m p lic a t in g  f a c t o r s  i t  i s  

e a s i l y  seen  th a t  an exac t s o lu t io n  o f  th e  problem i s  

seldom p o s s i b l e .  For th e  most part th e  o n ly  s u in t io n s  

p o s s ib l e  are approxim ate o n e s ,  th e  d eg ree  o f  approxim ation  

v a ry in g  w ith  the a llo w a n ces  th a t  are made fo r  th e  d i f f e r e n t  

c o m p lic a t io n s ,  A d i s c u s s io n  o f  the  wave m echanics t r e a t :  

:ment o f  th e  problem w i l l  now be g iv e n ,  on the l i n e s  o f  

t î ia t  g iv e n  by Mott and Massey ( 4 4 ) .

In  wave m echanics th e  am plitude and phase o f  th e  

m otion o f  a wave are  rep resen ted  by a fu n c t io n  

u s u a l ly  com plex, o f  p o s i t i o n  and tim e , c a l l e d  th e  wave 

fu n c t io n .  In a l l  th e  fo l lo w in g  d i s c u s s io n  th e  tim e f a c t o r ,  

which i s  u s u a l ly  o f  the type where a i s  a c o n s ta n t ,

w i l l  be o m it te d .  A lso  tliroughout th e  work i t  w i l l  be  

assumed th a t  the v e l o c i t y  o f  the e le c t r o n s  under c o n s id :  

re r a t io n  i s  sm a ll compared to  the v e l o c i t y  o f  l i g h t ,  so
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th a t  no r e l a t i v i t y  c o r r e c t io n  i s  n e c e s s a r y .  This w i l l  

c e r t a i n l y  be tho case fo r  the v e l o c i t i e s  in  a l l  th e  

a c t u a l  experim ents co n s id e r e d , namely fo r  v e l o c i t i e s  up 

to  about 1000 v o l t s .  The wave fu n c t io n  i s  such th a t  

th e  square o f  i t s  am plitude a t  any p o in t  a t  any

tim e g iv e s  th e  p r o b a b i l i ty  o f  an e le c tr o n  b e in g  a t  th a t  

p o in t  a t  th a t  t im e .

Suppose th e  e le c tr o n s  in  a beaia are  a c c e le r a te d  

from r e s t  to  a v e l o c i t y  v in  cms. p er  s e c . ,  by th e  

a p p l i c a t io n  o f  an e l e c t r o s t a t i c  p o t e n t i a l  ^  , th en  the  

E o f  the  e le c tr o n s  in  th e  befim Is  g iv e n  by th e  

sum o f  t h e i r  p o t e n t i a l  and k i n e t i c  e n e r g ie s ,  V and 

r e sp e c t l ' fr e ly . % re the k i n e t i c  energy i s  g iv en  by  

Egzz |rmv^, and the  p o t e n t ia l  eiiei%y by Vs* - e ÿ  , where 

o i s  th e  charge on the e l e c t r o n .

Thus E =. ~h V ( 2 ) .

T h erefo re  v = /~(E  -  V) ( 3 ) ,
N m

But the wave le n g th  has been shown to  be 7) ^ -Ji
mv

so  th a t  /) ^  h 2m(E * V )  ̂ ( 4 ) .

The wave eq u ation  fo r  any monochromatic t r a in  o f  waves 

in  a homogeneous medium i s  o f  the u s u a l  form

\y / */- 'All-

With th e  above v a lu e  o f  % t h i s  becomes

(5 )

(6 )
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which i s  S ch rôd ln gcr*s wave equation*

To s o lv e  any c o l l i s i o n  problem i t  i s  th en  n e c e s sa r y  

to  s o lv e  t h i s  e q u a t io n . In  th e  a p p l i c a t io n  o f  t h i s  wave 

eq u a tio n  th e r e  are  c e r t a in  d i f f i c u l t i e s .  The f i r s t  i s  

t h a t ,  s i n c e ,  under th e  u n c e r ta in ty  p r i n c i p l e ,  th e  product  

o f  the u n c e r t a in t i e s  in  the moirent;.^ and p o s i t i o n  o f  a 

p a r t i c l e ,  a t  a g iv e n  i n s t a n t ,  i s  c o n s ta n t ,  i t  i s  n o t  

p o s s ib le  to  determ ine the p o t e n t i a l  7 e x a c t ly ,  s in c e  V 

i s  th e  change in  the k i n e t i c  energy o f  th e  p a r t i c l e  which  

depends on i t s  v e l o c i t y .  In p r a c t i c e ,  what i s  done, i s  

th a t  a l i k e l y  v a lu e  i s  assumed fo r  7 ,  and i t  i s  taken as  

s a t i s f a c t o r y  i f ,  on s u o s t i t u t i o r  in  th e  wave e q u a t io n , i t  

g iv e s  r e s u l t s  in  agreem ent w ith  ex p er im en t. A fu r th e r  

d i f f i c u l t y  i s  th a t  th e  wave e q u a t io n  has v i r t u a l l y  been  

deduced fr ‘om ex p er im en ta l o b se r v a t io n s  in  tho c a s e  o f  

s lo w ly  v a r y in g  f i e l d s .  To apply t h i s  eq u a tio n  to  atom ic  

f i e l d s  which may be v ery  la r g e  and may vary v ery  r a p id ly ,  

may not be j u s t i f i e d .  Agreement w ith  experim ent i s  aga in  

the o n ly  t e s t  o f  a ccu ra cy .

In  c o n s id e r in g  the s c a t t e r i n g  o f  a beam o f  e le c t r o n s  

by a f i e l d  o f  fo r c e  such as  th e  p o t e n t i a l  f i e l d  o f  an 

atcmi, we must f in d  a s o lu t io n  o f  the wave eq u a tio n  w hich, 

a t  la r g e  d i s t a n c e s  from the  s c a t t e r in g  c e n t r e ,  r e p r e s e n ts  

th e  in c id e n t  and th e  s c a t t e r e d  w aves. We w i l l  d e a l  w ith
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e l a s t i c  s c a t t e r in g  o n ly .  Such a s o l u t i o n  i s  ^  =

where I s  the  in c id e n t  wave and Y"/ th e  s c a t t e r e d  wave.

The wave eq u a tio n  can be w r i t t e n  as

O

it'’ (7 )

&77where __ , and k = ^  __
h 7\

In  g en er a l  i t  i s  con v en ien t to  ch cosc  the o r i g i n a l  wave 

as a p lane monochromatic wave moving a lon g  th e  s a x i s .

I t s  form i s  then g iv en  by [^q -  .

The am plitude o f  the wave s c a t t e i e d  through an an g le  B 

a t  a d i s t a n c e  r can then be rep resen ted  by ((9)e^^^.

In  ord er to  f in d  the s c a t t e r e d  i n t e n s i t y ,  th a t  i s  th e  

number c f  e l e c t r o n s  s c a t t e r e d  in to  a g iv en  s o l i d  a n g le  

p er  u n it  t i n e  through an a n g le  6  , v/e must f in d  f(6^).

We know th a t  the p r o b a b i l i t y  o f  s c a t t e r i n g  i s  g iv en  by 

th e  square o f  the modulus o f  th e  s c a t t e r e d  wave, which  

then  i s  8 0  th a t  th e  s c a t t e r e d  i n t e n s i t y  i s  g iv e n  by

I f » ; ,  { p f

The s o lu t io n  o f  th e  wave eq u ation  th a t  we r e q u ir e  i s  then  

o f  th e  form

' V  ,/k, ^

( 9 ) .



66.

I f  we c o n s id e r  the eq u a tio n  ^ 0  we s e e  th a t

Qikz ig  a s o lu t io n  o f  i t .  A lso  a s o lu t io n  i s  -

r\^ ^
(10 )

where i s  th e  n^^* Legendre c o e f f i c i e n t ,  and f^  i s  

a s o lu t io n  o f  the d i f f e r e n t i a l  eq u ation  -

'Z \ Mr/ • f
( 11).

Then i f  f ^ ( r ) i s  th e  p a r t i c u la r  s o lu t io n  o f  t h i s  eq u ation  

.vliicli i s  bound 3d a t  th e  o r i g i n ,  then i t  can be shown 

th at e l - -  can be expanded as

( 1 2 ) .

By a s im i la r  method i t  can be shown th a t  the  wave 

fu n c t io n  r e p r e s e n t in g  th e  in c id e n t  and s c a t t e r e d  waves 

Ir "
<X) . c

fA = 0
(1 3 )

where i s  th e  s o lu t io n  which i s  f i n i t e  a t  th e  o r ig in  o f

-f- j - V -  9 ^  ]/-  = O

(1 4 )

and where the  are  c o n s ta n ts  depending on k and on V, 

which can in  g e n e r a l  o n ly  be determ ined  by n um erica l
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i n t e g r a t io n .  In  a l a t e r  s e c t io n  (4 )  an approximate  

method o f  d e te im in ln g  thei^e phase c o n s ta n ts  w i l l  be  

d isc u s s e d  and some r e s u l t s  o b ta in ed  by ap p ly in g  th e  

method to  krypton w i l l  be p r e s e n te d .

The s o lu t io n  o f  the above eq u a tio n  (14) which i s  

f i n i t e  a t  the o r i g i n  can be shown to  have the asym p to tic  

form -

( k r  )**^sln(kr-Jn7r-f- ) ( 1 5 )

which can be w r i t te n  as

( 2 k r l ) - ^ ^  ç K k r  -  &nT7 -f L  ) ^ ^ - i O c r  - i n / 7 - f - k  ^  ^

The corresp on d in g  form o f  f n ( r )  la  s im i la r ly  -

^  j  77̂

which i s  -
/ u - i  (~kr-

j n  ' v  / /  - j .
( 1 7 ) .

By s u b s tr a c t in g  eq u ation  (12 ) from eq u a tio n  (1 3 )  and 

d iv id in g  by r"-^e^^^*, and u s in g  (16 ) and (17 ) th e  req u ired  

asym p totic  form o f  the am plitude o  ̂ th e  s c a t t e r e d  wave 

i s  o b ta in e d  as -

( 1 8 ) .

Then th e  i n t e n s i t y  s c a t t e r e d  through an an g le  5  i s  g iv e n  

by th e  square o f  th e  modulus o f  t h i s  f u n c t io n .  But s in c e  

f ( G)  i s  com plex, th e  square o f  the modulus i s  eq u a l to  

th e  sum o f  the squares o f  i t s  r e a l  and Imaginary p a r t s ,
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so th a t
' j  2

X (& ) ^  - i -  \
J

Both th e s e  fo im u lae  (16 ) and ( IS )  are  e x a c t ,  but to  s o lv e  

them r e q u ir e s  a knowledge o f  th e  6 x  > e x a c t  v a lu e s  fo r  

which i t  i s  in  g e n e r a l  very  d i f f i c u l t  to o b t a in ♦

S in c e  we now îiave the  i n t e n s i t y  s c a t t e r e d  e l a s t i c a l l y  

through an an g le  9 In to  u n it  s o l i d  a n g le  from a beam o f  

u n it  cu rr en t  i n t e n s i t y ,  i t  i s  p o s s ib le  to  o b ta in  th e  t o t a l  

e l a s t i c  c r o s s  s e c t i o n  Q by i n t e g r a t io n  o f  t h i s  s c a t t e r e d  

i n t e n s i t y  tliroueh a l l  v a lu e s  o f  (9 from 0 to  ^ and a l l

a z im u th s . Coing t h i s  we o b ta in  -
nrr ^

Q =  2TT <>r(6 ) s l n Q â B  (SO)
r vu / I

^?n(cos 6 ) s in  (9 d6>= -  —
2n -»-l

we can a t  once reduce t h i s  to
oo ^

The method o f  t h i s  develonm ent I s  due to  Faxen and

( 2 1 )

Holtsmark ( 4 6 ) .

For the ca se  o f  a Coulomb f i e l d ,  th a t  i s  where th e  

p o t e n t i a l  V i s  p r o p o r t io n a l  to  r " l ,  r{&)  can be determ ined  

e x a c t ly  and i t  i s  found th a t  i t  le a d s  to  a v a lu e  o f  1(G) -
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T f O ) ^  \ ^ o ^ ' ‘ à
/ /
 ̂ ' ( 2 2 ) 

which i s  th e  R utherford s c a t t e r i n g  formula fo r  

p a r t i c l e s  by nuclei-» For e le c t r o n s  and atoms t h i s  formula  

does not agree  w ith  exnerlm ont ex cep t a t  h ig h  v e l o c i t i e s ,  

the e x p la n a t io n  b e in g  th a t  th e  f i e l d  in  an atom f a l l s  o f f  

much more rapid l 2̂  than l / r .

Tho s c a t t e r e d  in ten sit^ r  can be c a lc u la te d  somewhat 

more e a s i l y  from an approxim ate formula due to  Bom  (4 6 ) ,  

o u t l in e d  as f o l lo w s  -

S ta r t in g  w ith  the same asym p totic  form o f  the  

s o l u t i o n  -

c\j Ji <y

(23 )

he a p p l i e s  th e  we  ̂1 Imo'm theorail th a t  th e  most geneina.1 

s o l ’i t l o n  o f  (2 4 )

(2 5 )

whem i s  the  g e n e r a l  s o l u t i o n  o f

Thus w r i t in g  th e  wave eq u a tio n  as

 ̂ ^  (27)

(2 6 )



70.

and making th e  s o lu t io n  o f  t h i s  eq u a tio n  have th e  

a sy m p to tic  form o f  the  eq u ation  ( 2 3 ) ,  we se e  th a t  th e  

s c a t t e r e d  wave I s  r e p r esen ted  by

_______ .

jc a r te r e a  wave i s  r e p r e se n te o  oy

=• — jj '  M p (  \t^ - J ) ÿ//

c: -  ^ 1/

( 2 8 ) .

Prom t h i s  l a t t e r  eq u ation  I t  can be seen th a t  the  

am p litu de  o f  th e  wave a t  a d is t a n c e  R s c a t t e r e d  by the  

volume e lem ent dx dy dz I s  -  ^  V dx dy d z , m u l t ip l i e d  

by the a m p litu ae  o f  th e  o r i g i n a l  wave, th a t  i s .  I t  i s  

p r o p o r t io n a l  to  the p o t e n t i a l  f i e l d  ¥•

Born*s approxim ation  i s  o b ta in e a  from th e  eq u ation

(2 8 )  by making the assum ption th a t  the  o r i g i n a l  wave I s  

not much d i f f r a c t e d  by th e  s c a t t e r i n g  c e n t r e ,  th a t  I s ,  

he re p la c e d  ^  In the above eq u ation  (28 ) by the o r i g i n a l
11f*'wave^e-**^ .

Then f o r  la r g e  r the  fo l lo w in g  e x p r e s s io n  can be 

o b ta in e d  f o r  f(<9), -

d^.

( 2 9 ) .

By tr a n sfo rm in g  to  p o la r  c o o r d in a te s  and I n te g r a t in g  th e  

O and y> v a r i a b l e s ,  we o b ta in  -
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J p ) ^  -  f ,

J„ A* ^

(3 0 )

where = 4>^sln Oyg  ̂ which i s  Bornas ap p rox im ation .
7l

Using the  atomic f i e l d s  worked ont by methods due to  

Thomas ( 4 7 ) ,  Fermi ( 4 8 ) ,  and H artree (4 9 )  i t  i s  p o s s ib l e  

to  o b ta in  t h e o r e t i c a l  s c a t t e r in g  cu rves from the above 

eq u ation  which can be compared w ith  the exp er im en ta l c u r v e s .  

These f i e l d s  are  o n ly  approxim ate and are very  la b o r io u s  

to  c a l c u l a t e ;  th e  f i e l d s  fo r  hydro^on and helium  b e in g  the  

most e a s i l y  and a c c u r a te ly  c a l c u l a t e d .  I^ost oC the  work 

th e r e fo r e  on th e  com parison o f  “theory  and oxperim ent has  

been done on th e  l a t t e r  a tom s.

3orn*s formula g i v e s  a s c a t t e r i n g  curve which f a l l s  o f f  

m o n to n ic a l ly  w ith  in c r e a s in g  a n g le  f o r  a l l  v e l o c i t i e s .  The 

agreement betw een th eory  and experim ent i s  q u i t e  good fo r  

v e l o c i t i e s  above about 400 v o l t s .  The formula i s  found  

to  be a c c u r a te  o ver  a la r g e r  an gu lar  range fo r  l i g h t  atoms 

such as  neon, than f o r  h e a v ie r  atoms such as  krypton or  

xenon . The an gu lar  range o f  agreement d e c r e a se s  as the  

energy i s  d e c r e a se d . In no c a se  does th e  Bom  formula  

p r e d ic t  the d i f f r a c t i o n  e f f e c t s  w hich  have been experim ent:  

: a l l y  observed  by many w orkers. When th e  e x a c t  formula o f  

Faxen and Holtsmark i s  used th e  d i f f r a c t i o n  e f f e c t s  appear
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In the t h e o r e t i c a l  cu rv es  and the  agreement w ith  

experim ent i s  good down to  much low er v e l o c i t i e s .  At 

s t i l l  low er v e l o c i t i e s  where th e  agreement i s  not so  good, 

more a ccu ra te  r e s u l t s  can be ob ta in ed  by u s in g  a more 

a ccu ra te  p o t e n t i a l  f i e l d ,  in  which a llo w a n ces  are  made 

f o r  the p o l a r i s a t i o n  o f  the atom ic f i e l d  by th e  e l e c t r o n  

w aves, and fo r  e l e c t r o n  exchange. For heavy atom s, i t  has  

been shown by A l l i s  and Morse (50 ) th a t  exchange e f f e c t s  

are not im portant so th a t  b e t t e r  agreement would be 

exp ec ted  t h e r e ,  which la  what i s  found. The same au th ors  

f in d  th a t  exchange e f f e c t s  are n ot im portant fo r  e l e c t r o n  

e n e r g ie s  g r e a te r  than about 30 v o l t s  fo r  e l a s t i c  s c a t t e r ;  

l in g ,  and th&t even below  t h i s  v a lu e  exchange does not  

e f f e c t  much the t o t a l  c r o s s  s e c t io n  cu rves  but o n ly  the  

an g u lar  s c a t t e r i n g  c u r v e s ♦

In  d e r iv in g  the expires s i  on

Q =  2  rr r  j r  ( e ) j ^  s i n <9 d® ( 3 1 )

fo r  th e  c r o s s  s e c t i o n ,  we chose f ( S )  so tli&t i t  was 

f i n i t e  a t  0 -  0 ,  T h e o r e t ic a l ly  i t  should  be im p o ss ib le  to  

extend  the in t e g r a t io n  r ig h t  to  ( 9 -  0 , s in c e  then  th e  

o r i g i n a l  u n s c a t te r e d  beam would be in c lu d e d .  But s in c e  

f ( 0 )  i s  f i n i t e  a t  (9- 0 ,  Q w i l l  v a ry  l i t t l e  w ith  ^  as (9 

i s  d ecrea sed  from a f i n i t e  sm all v a lu e  to  0 .  I t  i s  in  

t h i s  d e f i n i t i o n  o f  f(6^) as f i n i t e  a t  0 th a t  the main
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d i f f e r e n c e  l i e s  between th e  c l a s s i c a l  th eo ry  and the  

wave m echanics th e o r y .  Under the c l a s s i c a l  th e o r y ,  f ( ^ )  

becomes i n f i n i t e  a t  ^ = 0 ,  so th a t  th e  d i f f e r e n t i a l  c r o s s  

s e c t io n  1 ( 5 )  w i l l  be i n f i n i t e  a t  5 = 0 ,  w h i le  under the  

wave m echanics th eory  i t  remains f i n i t e ,  a s  seen  ab ove .

The d i f f e r e n t i a l  c r o s s  s e c t io n  per u n it  a n g le  i s  

2 r / l ( 5 ) s i n ^  which i s  i n f i n i t e  from th e  c l a s s i c a l  th eo ry  

and zero  from the wave m echanics th eo ry  a t  <9= 0 .  Here 

experim ents d e c id e  betw een the t h e o r ie s .  The exp er im en ta l  

s c a t t e r i n g  cu rves per u n i t  a n g le  a t  sm all a n g le s  are  

found to  bend over  so  as  to  p ass  through the  o r i g i n .

Again the c l a s s i c a l  th eo r y  lea d s  to  a v a lu e  o f  the  

t o t a l  c r o s s  s e c t io n  which i s  i n f i n i t e ,  s in c e  under t h i s  

th eory  no m a tter  how f a r  from an atom an e le c t r o n  p a s s e s ,  

i t  i s  a f f e c t e d  by th e  atom and should th e r e fo r e  be in c lu d ed  

in  the C ro ss  s e c t i o n .  The f i n i t e  c r o s s  s e c t io n s  a c t u a l l y  

observed would then  bo due s o l e l y  to  an i n s u f f i c i e n c y  o f  

r e s o lv in g  power in  the a p p a ra tu s . Under th e  wave m echanics, 

tho c r o s s  s e c t i o n  i s  f i n i t e  provided  the f i e l d  o f  th e  

atom f a l l s  o f f  s u f f i c i e n t l y  r a p id ly  w ith  d i s t a n c e ,  which  

i s  th e  c a se  fo r  a l l  atom s. The f i n i t e  ob served  v a lu e s  are  

then  in  agreem ent w ith  th eo r y . T his d i f f e r e n c e  r e a l l y
cO

depends on the f a c t  th a t  ^  l / r ^  i s  i n f i n i t e  f o r  n ^  1 

( c l a s s i c a l  th e o r y )  and f i n i t e  fo r  n ^  1 (wave m e ch a n ic s ) ,  

s in c e  the f i e l d  i s  o f  the g e n e r a l  form -L  .
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THEORETICAL EXPLANATION OP TIB RAMSAUER EFFECT,

On the c l a s s i c a l  th eo r y  the  Rarssauer e f f e c t  o f  a 

d e c r e a se  in  th e  c r o s s  s e c t i o n  a t  low e n e r g ie s ,  f o r  c e r t a in  

r a r e  g a s e s ,  i s  q u i t e  u n e x p la in a b le .  Wave m ech an ics ,  

how ever, a f fo r d s  a s im ple  e x p la n a t io n .  For th e  ra re  g a s e s ,  

th e  o u te r  s h e l l  has i t s  f u l l  number o f  e le c t r o n s  so th a t  

i t  i s  r e a so n a b le  to  suppose th a t  f i e l d  w i l l  be sym m etrica l  

and w i l l  f a l l  o f f  wore r a p id ly  w ith  the d i s t a n c e  from 

th e  atom than fo r  an atom w ith  uncompleted e x te r n a l  s h e l l .  

Thus tlie rare gas atom w i l l  appear to  have a s m a lle r  s i z e  

th^in th e  o th e r  atom s. v e l o c i t y  e l e c t r o n s ,  th a t  i s

e l e c t r o n s  o f  long wave le n g th ,  w i l l  then pass over  th e  atom 

u n a f fe c t e d  as in  the an a logous cas© o f  a v ery  sm a ll  

o b s t a c le  in  th e  path  o f  l i g h t  o f  long  wave le n g th .  A l t e r :  

m a t i v e l y ,  i t  may be s a id  th a t  the electi^on wave a t  th e  

atom m eets  a r e g io n  where th e  p o t e n t i a l  f i e l d  in c r e a s e s  

r a p id ly ,  so  th a t  th e  r e f r a c t i v e  in dex  changes r a p id ly ,  

co n se q u e n t ly  th e  wave le n g th  d e c r e a se s  r a p i d ly . Thus i t  

may be th a t  a whole number o f  waves can be f i t t e d  in t o  th e  

r e g io n  occup ied  by th e  s c a t t e r i n g  f i e l d .  The e l e c t r o n  

wave i s  thus u n a f fe c te d  by th e  f i e l d  and the  sm a ll  c r o s s  

s e c t i o n  r e s u l t s ,

A m athem atica l e x p la n a t io n  wliich depends on th e  same 

assu m p tion s can be o b ta in ed  as  fo l lo w s  -
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I t  has been seen  th a t  th e  c r o s s  s e c t i o n  Q can be w r i t t e n  

as

O  A ll \   ̂^
yk* / / .  ( 3 2 )^~o

This may be put as
^SO

" (3 4 )

Op i s  then  c a l l e d  the p a r t i a l  c r o s s  s e c t i o n  o f  ord er  n .

I t  can be shown t h a t ,  fo r  low v e l o c i t y  e l e c t r o n s ,  and 

l i g h t  atom s, the m ost im portant p a r t i a l  c r o s s  s e c t i o n  

i s  the  one o f  zero  o r d e r ,  Q i s  then determ ined  fo r  th e  

most p a r t  by Qo* Thus to  e x p la in  th e  Bsmsauer e f f e c t ,  

the c o n d it io n s  must be found fo r  which becomes sm a ll  

as the wave le n g th  in c r e a s e s  to  i n f i n i t y .  T his i s  done by 

expanding the o r i g i n a l  wave in  a a e r ie s  o f  s p h e r ic a l

harm onics, as  has a 1 read;/ been shown, in  e q u a tio n  (12 )  

o f  t h i s  s e c t i o n ,  Vinien the wave le n g th  ten d s  to  I n f i n i t y ,  

k tends to  z e r o .  Thus the f i r s t  term o n ly  o f  t h i s  expan: 

î s io n  need be ta k en . This term i s  ( s i n k r ) / k r .  S in ce  the  

s c a t t e r e d  wave i s  s p h e r i c a l ly  sym m etrica l and sm a ll  o u t s id e  

the atom i t  may be taken as C o r ' " ^ e ^ a t  a d i s t a n c e  r .

Thus o u t s id e  th e  atom but fo r  sm a ll  r ,  the com plete  wave 

fu n c t io n  f o r  in c id e n t  and s c a t t e r e d  waves i s  -
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I n s id e  th e  atom th e  wave fu n c t io n  i s  tak en  as P o ( r ) ,  

where Pq i s  the s o l u t i o n ,  f i n i t e  a t  the o r ig in  o f  the  

d i f f e r e n t i a l  eq u a tio n  «

The q u a n t i ty  can thus be determ ined where th e

dash  d e n o te s  d i f f e r e n t i a t i o n  w ith  r e s p e c t  to  r .  The 

method then  i s  to  f i t  to  the  same q u a n t i ty  d e r iv e d

from eq u a tio n  (3 5 )  above, a t  a p o in t  where r  R co n s id  • 

ser in g  R as  th e  v a lu e  o f  r  à t  th e  o u te r  boundary o f  the  

atom a t  which p o in t  i s  z e r o ,  k ,w h ich  I s  i n v e r s e ly

p r o p o r t io n a l  to  the wave le n g th  i s  then a llow ed  to  tend  

to  z e r o .  The d e d u c t io n , which i s  on th e  l i n e s  o f  one 

g iv e n  by Mott and Massey (5 1 )  w ith  however a s l i g h t  

v a r i a t i o n ,  p roceed s as fo l lo w s  - 

From eq u a tio n  (3 5 )  has th e  form -

y- r w --------------------------- —----------------------------------------

T h erefore

( 3 7 ) .

-f-yCo

yT=H
( 3 8 ) .
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I f  we now l e t  k tend to  zero  and put r = R t h i s  becomes -

/
Llm JL ^  ___ &----  =

A^o ^ -'R+Cü fo
( 3 9 ) .

S o lv in g  fo r  c^ , we o b ta in  -

& -  R i ’
( 4 0 ) .

xlvas v7o see  th a t  i f  P- be comas zero  a t  r  = R. thono °
I s  a l s o  zero  ; th a t  i s  tho s c a t t e r e d  wave v a n ish e s  and so  

the cz*03z s e c t i o n  v a n i s h e s .  Thus th e  d e c r e a se  o f  c r o s s  

s e c t i o n  w ith  v e l o c i t y  i s  explained^ i . o .  th e  Hamsauor 

e f f e c t .

The th eo ry  can a l s o  be used to  e x p la in  the v a r i a t i o n s  

in  the c r o s s  s e c t io n  w ith  v e l o c i t y  and a l s o  the s i m i l a r i t y  

in  c r o s s  s e c t i o n  fo r  atoms b e lo n g in g  to  th e  same column 

in  th e  p e r io d ic  t a b l e .

Prom th e  formula fo r  the p a r t i a l  c r o s s  s e c t i o n s ,  

we o b ta in  th a t  the maximum v a lu e  o f  Qjj i s  -

Qn =  (4 /V k )(2 n  ^ 1) ( 4 1 ) .

fo r  v a lu e s  o f  (2 s  + 1) ' / 2 .

Now i t  i s  known th a t  the phases 1),̂  d e cr ea se  m o n o to n ic a l ly  

as n i s  in c r e a s e d .  The v a lu e  o f  depends th e r e fo r e  on 

the r a te  o f  convergence o f  th e  s e r i e s  o f  p a r t i a l  c r o s s
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s e c t i o n s .  For low v e l o c i t i e s  th e  con vergen ce i s  known to  

be q u ite  ra p id , so th a t  th e  p a r t i a l  c r o s s  s e c t i o n s  fo r  

which i s  n e a r e s t  to  (2 b ^ 1 )^ /2  w i l l  determ ine th e  

t o t a l  cx^ ss  s e c t io n  Q. From th e  above maximum v a lu e  o f  

Qn i t  i s  se e n , s in c e  k i s  p r o p o r t io n a l  to  the  v e l o c i t y ,  

th a t  Qn w i l l  be la r g e r  the la r g e r  n becomes and th e  

sm a lle r  the  v e l o c i t y  becom es. But th e  r a t e  o f  con vergen ce  

o f  the s e r i e s  o f  p a r t i a l  c r o s s  s e c t i o n s  w’l i c h  determ ines the  

number o f  te r n s  o f  the s e r i e s  which i t  i s  n e c e s sa r y  to  

take to  g e t  a reason ab ly  c o r r e c t  r e s u l t ,  depends on the  

e x te n t  o f  spread o f  the atom ic f i e l d .  Now th e  f i e l d s  fo r  

the a l k a l i  m e ta ls  are known to  extend  th e  f a r t h e s t  so th a t  

we would ex p ec t  th e s e  atoms to  have th e  l a r g e s t  c r o s s  

s e c t i o n s ,  and su ch  i s  a c t u a l l y  o b serv e d . S l a t e r  (5 2 )  has 

d evelop ed  some e m p ir ic a l  r u le s  fo r  che e f f e c t i v e  n u c le a r  

ch arges o f  atom s. From th e s e  we can f in d  th e  d is t a n c e  

Tq from the c e n tr e  o f  th e  atom a t  which th e  r a d i a l  cliarge  

d e n s i t y  due to  th e  o u te r  s h e l l  e l e c t r o n s  i s  a maximum.

T his has been d e f in e d  as th e  d iam eter  o f  the atom fo r  

the  purposes o f  t h i s  d i s c u s s io n ,  and has been u sed  a s  a 

measure o f  the d i s t a n c e  to  which the f i e l d  o f  th e  atom 

e x te n d s .  We se e  th a t  fo r  p otassium  t h i s  d i s t a n c e  i s  

Tq ^  6*1 atom ic u n i t s ,  w h ile  f o r  the ra re  g a se s  i t  i s  o f  

th e  ord er  o f  one atom ic u n it  ; th e s e  l a t t e r  b e in g  th e  

l e a s t  v a lu e s  record ed ; so t l ia t  th e  ra re  g a se s  would be
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ex p ec ted  to  have th e  s m a l le s t  c r o s s  s e c t io n  v a lu e s .

T his a l s o  v e r i f i e s  the e x p la n a t io n  o f  th e  Ramsauer e f f e c t .

The e x p la n a t io n  o f  th e  s i m i l a r i t y  o f  the  c r o s s  

s e c t io n  cu rves  fo r  atoms in  the same columns o f  the  

p e r io d ic  ta b le  i s  not so s im p le .  For s im i la r  e lem en ts ,  

such as sodium and p otassiu m , th e  number o f  th e  v a le n c y  

e le c t r o n s  i s  one, so th a t  i t  would be rea so n a b le  to  

ex p ec t  t im t the f i e l d s  o f  th ese  atoms would be s i m i l a r  

and so t h e i r  c r o s s  s e c t io n s  would be s im i la r .  A l l i s  and 

Morse (5 3 )  dem onstrated  th a t  th e  p er io d ic ity  o f  th e  c r o s s  

s e c t io n s  fo llo w ed  th a t  o f  the  p e i i o d i c  t a b l e ,  by u s in g

a s im p l i f i e d  atom ic f i e l d .  They assumed th a t  the f i e l d

was g iv e n  by the  fo l lo v / in r ’ ~

V T=- 27j { l / r  -  l / r ,5 ) r  ^  Tq

^ 0

where r^ i s  d e f in e d  as above, and % i s  a c o n s ta n t  depending  

on th e  atom u sed . Z can be c a lc u la te d  from S l a t e r ’ s 

r u l e s .  In  u s in g  t l i i s  assum ption  th ey  d e f in e d  two fu r th e r  

q u a n t i t i e s  ^  and x ,  such th a t  -

=: (Z r o ) /2  and x  = kr^ ( 4 3 ) .

Tq i s  a fu n c t io n  o f  th e  f i e l d  o f  th e  atom, and k i s  

p rop o |* tion a l to  th e  v e l o c i t y .  The method o f  d em on stra tin g  

th e  p e r i o d i c i t y  o f  the  c r o s s  s e c t io n s  was to  p l o t  the  

p a r t i a l  c r o s s  s e c t i o n s  f o r  a l l  e lem en ts  as fu n c t io n s  o f  

, f o r  a number o f  d i f f e r e n t  v a lu e s  o f  x .  The fu n c t io n s

(4 2 )
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were foimd to  have an approximate poriod  o f  u n ity  in  

fo r  a l l  X. By s u i t a b ly  a d ju s t in g  the c o n s ta n t  Z, t h i s  p e r io d  

o f  one in  f!> can be found to  correspond to  a whole p er io d  

in  the p e r io d ic  t a b l e ;  tliab i s  by in crea s in g ^ b y  u n i t y ,  we 

pass from one olenient in  th e  p e r io d ic  ta b le  to  the n e x t  

in  the same column, i . e .  sodium to  p o ta ss iu m .

With th e  above p o t e n t i a l  f i e l d ,  and v a lu e s  o f  (3 and 

Tq determ ined by S la t e r * s  r u l e s ,  t h e o r e t i c a l  c r o s s  s e c t io n  

curves have been c a lc u la t e d  by A l l i s  and Morse fo r  q u i te  

a number o f  atom s. The agreement i s  in  g e n e r a l  v e r y  good.

The main d i f f e r e n c e s  betvreen th eory  and experim ent l i e  a t  

low v o l t a g e s ,  and are  e x p la in e d  by ûhe n e g le c t  in  A l l i s  and 

M o r s e m e t h o d  o f  th e  f i e l d  o f  th e  atom beyond r^ . A more 

ac GUI'S t e  r e s u l t  i s  ob ta in ed  by uein^: some such  p o t e n t i a l  

f i e l d  as th a t  c a lc u la t e d  by H a r tr ee*3 or  Perml*s m ethods, 

and then e v a lu a t in g ,  by num erica l in t e g r a t io n ,  th e  phases  

8k , which appear in  the  e x a c t  foriirula g iv e n  p r e v io u s ly .

T h is  method g iv e s  very  good agreement fo r  th e  t o t a l  c r o s s  

s e c t io n  in  th o se  c a s e s  fo r  w liica tho p o t e n t i a l  f i e l d  i s  

known. For most atoms com parison h as u s u a l ly  been c o n f in e d  

to  com parison o f  the d i f f e r e n t i a l  c r o s s  s e c t io n s  or an gu lar  

s c a t t e r i n g  c u r v e s ,  s in c e  th e r e  are much more s e n s i t i v e  to  

th e  a ccu ra cy  o f  th e  method o f  c a l c u l a t i o n .  For mercury 

Henneberg (54 )  and Massey and Mohr (5 5 )  have c a r r ie d  out 

c a l c u l a t i o n s  o f  th e  phases 8,, u s in g  a Thomas-Permi f i e l d .
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The agreement w ith  A rn ot’ s exp er im en ta l cu rves  (5 6 )  i s  

v ery  good. In  g e n e r a l  th e  agreement i s  b e t t e r  fo r  heavy  

atom s, such as  mercury. Per l i g h t  atom s, such a s  helium  

and hydrogen, th e  method breaks down. I t  i s  then  n e c e s sa r y  

to  in c lu d e  th e  e f f e c t s  o f  e l e c t r o n  exchan ge. In  c e r t a in  

c a s e s  i t  i s  a l s o  n e c e s sa r y  to  in c lu d e  th e  e f f e c t s  o f  the  

p o l a r i s a t i o n  o f  th e  e l a s t i c a l l y  s c a t t e r e d  wave by th e  

i n e l a s t i c a l l y  s c a t t e r e d  wave. A llow ances fo r  each o f  th e s e  

l a t t e r  e f f e c t s  tends towards a g r e a te r  agreement betw een  

th eo r y  and exp er im en t, but as th ey  are r e l a t i v e l y  unimport : 

jan t fo r  heavy atoms such as m ercury, th e y  w i l l  n o t  be  

d is c u s s e d  h e r e .
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THEORY OF INELASTIC SCATTERING,

A t h e o r e t i c a l  d i s c u s s io n  o f  th e  i n e l a s t i c  s c a t t e r :  

: in g  o f  e le c t r o n s  by atoms i s  much more d i f f i c u l t  than  

fo r  e l a s t i c  s c a t t e r i n g ,  s i n c e ,  in  the  e l a s t i c  c a s e ,  

th e  i n t e r a c t io n  between th e  e le c t r o n  and the atom i s  

n e g l i g i b l e  ex cep t a t  p a r t ic u la r  v e l o c i t i e s  and in  

p a r t i c u la r  c a s e s .  For i n e l a s t i c  s c a t t e r i n g ,  however, 

th e  in t e r a c t io n  cannot be n e g le c t e d .  Thus in  most c a se s  

on ly  approxim ate s o lu t io n s  o f  the problem are p o s s i b l e .  

Using th e  Born Approxim ation , which i s  v a l id  o n ly  fo r  

}iigh v e l o c i t i e s ,  q u ite  good agreement can be found w ith  

experim ent in  the r e g io n  o f  v a l i d i t y .

In  c o n s id e r in g  an atom which has been e x c i t e d  from  

a s t a t e  m to  a s t a t e  n , v/e use  a s c a t t e r e d  i n t e n s i t y  

^ra,n^^)* U su a lly  v/e change the  v a r ia b le  from 6̂  to  a 

q u a n t i ty  K such th a t  4- I?  ^  2kk%Q̂ y^ ĉos 6

where k ,  (27rmv)/h and ^  t v and

Vĵ n b e in g  th e  i n i t i a l  and f i n a l  v e l o c i t i e s  o f  th e  

c o l l i d i n g  e l e c t r o n .  In s te a d  o f  u s in g  l i m i t s  o f  i n t é g r â t :  

: io n  0 and If  fo r  Q , we u se  % k -  k ^  and

^nax -  ^ f o r  K, The e f f e c t i v e  c r o s s  s e c t io n

fo r  e x c i t a t i o n  o f  the atom from s t a t e  m to  s t a t e  n i s  

then  g iv e n  by -

( 4 4 ) .
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In  u s in g  th e  g r e a t e s t  d i f f i c u l t y  i s  in  d e term in in g

th e  wave fu n c t io n s  o f  the atom In th e  two e x c i t e d  s t a t e s .

Tfee most u su a l  method o f  s o lv in g  th e  problem i s  to  u se

a m a tr ix  developm ent f i r s t  proposed by D ir a c .

The method can be a p p lie d  to  th e  c a l c u l a t io n  o f  the

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

to  th e  p r o b a b i l i t y  o f  i o n i s a t i o n .  The d i f f e r e n t i a l  c r o s s

s e c t i o n  f o r  a l l  i n e l a s t i c  c o l l i s i o n s  can then be found

by summation. Thus i f  the i n i t i a l  s t a t e  in  each c a se

i s  th e  ground s t a t e ,  the d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  
n

2 1  T his formula I s  o n ly  a p p l ic a b le  to  th e  ca se
n = l
o f  h ydrogen . For a complex atom, such as m ercury, th e  

I n e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  g iv e n  by a 

c o m p lica te d  double summation o f  th e  type

(45 )

where n l  and n*l* r e f e r  to  the d i f f e r e n t  s h e l l s  o f  th e  

atom.

A c o n s id e r a b le  amount o f  work has been done on 

h eliu m  f o r  which th e  wave fu n c t io n s  can be determ ined  

w ith  a f a i r  degree o f  accu ra cy . The agreement v /lth  

experim ent i s  u s u a l ly  q u ite  good fo r  h ig h  v e l o c i t y  

e l e c t r o n s .  Much o f  the ex p er im en ta l work done on the  

p r o b a b i l i t i e s  o f  e x c i t a t i o n  o f  d i s c r e t e  l e v e l s  has been
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co n fin ed  to  the study o f  e le c t r o n s  which have been  

d e f l e c t e d  through sm a ll  or ssero a n g le s .  A r i g i d  compar: 

: i s o n  between such r e s u l t s  and c r o s s  s e c t i o n  cu rves  in  

which a l l  a n g le s  are  in c lu d ed  i s  thus not p o s s i b l e .

In th e  c a se  o f  i o n i s a t i o n ,  a f t e r  the c o l l i s i o n ,  two 

e le c t r o n s  are  p r e s e n t ,  the im p actin g  e l e c t r o n  and the  

e j e c te d  e l e c t r o n .  The rem aining energy o f  th e  im pinging  

e le c t r o n  a f t e r  i o n i s i n g  the atom. I s  a v a i la b le  to  t h e s e  

two e le c t r o n s  In any p r o p o r t io n s .  I t  i s  ob v iou s th a t  

th e c e  two e l e c t r o n s  are q u ite  i n d i s t in g u i s h a b le .  However 

i t  i s  a coinmon p r a c t i c e  to  l a b e l  th e  s lo w er  e l e c t r o n ,  th e  

e j e c te d  e l e c t r o n ,  and th e  f a s t e r ,  th e  im p actin g  e lec tro n .  

From t h e o r e t i c a l  c o n s id e r a t io n s  Massey and Mohr (5 7 )  

have shown th a t  th e  v e l o c i t y  d i s t r i b u t i o n  cu rves  o f  th e  

e j e c t e d  e l e c t r o n s  show a maximum a t  a low v e l o c i t y ;  

t h a t  i s ,  i t  i s  h ig h ly  probable  th a t  the  a v a i la b le  en ergy  

i s  d iv id ed  betw een the  two e le c t r o n s  a f t e r  i o n i s a t i o n  

so th a t  one e le c t r o n  g e t s  most o f  the energy and th e  

o th e r  very  l i t t l e .  T his  work has been confirm ed exp er:  

j im e n ta l ly  by Tate and Palmer (5 8 )  working on mercury  

vapour,

%hen we come to  e o n s id e r  th e  c a se  o f  slow  e l e c t r o n s  

fo r  which Born’s approxim ation  i s  not v a l i d ,  we f in d  

th a t  th e r e  are  many more e f f e c t s  which must be c o n s id e r e d .
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B orn's th eo ry  f a l l s  to  show th e  d i f f r a c t i o n  maxima 

and minima in  th e  i n e l a s t i c  an g u la r  s c a t t e r i n g  cu rves  

a t  low v e l o c i t i e s  which have been ob served  by Mohr 

and N i c o l l  (59 ) and o t h e r s . B orn 's  th e o r y  a l s o  p r e d ic t s  

to o  h ig h  a v a lu e  o f  the i n e l a s t i c  s c a t t e r i n g  a t  sm a ll  

a n g le s  and a l s o  o f  th e  i n e l a s t i c  c r o s s  s e c t i o n  g e n e r a l ly .  

These d i s c r e p a n c ie s  show th a t  the d i s t o r t i o n  o f  th e  

in c id e n t  and s c a t t e r e d  waves by th e  f i e l d s  o f  th e  atom 

in  i t s  normal and e x c i t e d  s t a t e s  must be a llow ed  f o r .  

These l a t t e r  are the e f f e c t s  which E o m 's  approxim ation  

n e g l e c t s ,  a s  n e g l i g i b l e  a t  h igh  v e l o c i t i e s .

In a p r e v io u s  s e c t i o n  i t  has been seen  t l ia t  th e  

e x p e r im e n ta l ly  d e te x m in d d .p r o b a b i l i t ie s  fo r  e x c i t a t i o n  

o f  s i n g l e t  and t r i p l e t  l e v e l s  are q u i t e  d i f f e r e n t .  The 

s i n g l e t  l e v e l s  g iv e  cu rves  which r i s e  to  a broad maximum 

some 20 v o l t s  above th e  e x c i t a t i o n  p o t e n t i a l  and then  

f a l l  s lo w ly ,  w h ile  the t r i p l e t  l e v e l s  g iv e  cu rves  which  

r i s e  to  a sharp maximum c l o s e  to  th e  e x c i t a t i o n  p o t e n t i a l  

and then  f a l l  r a p id ly .  In terco m b in a tio n  l i n e s  g iv e  

s im i la r  cu rv es  to  t r i p l e t s  in  g e n e r a l ,  i f  th e  h ig h e r  

s t a t e  i s  t r i p l e t .  B orn 's  approxim ation  dem on strates  

t h a t  the  p r o b a b i l i t y  o f  such an in te r c o m b in a t io n  t r a n s i t :  

:ion  i s  v er y  sm a ll  a t  h ig h  v e l o c i t i e s ,  s in c e  th e  wave 

fu n c t io n s  f o r  th e  two s t a t e s  are a n t is y m m e tr ic a l .  Thus 

id  i n t e g r a t in g  t h e i r  p ro d u ct, a lon g  w ith  o th e r
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sy n m etr ica l  f u n c t io n s ,  to  o b ta in  th e  p r o b a b i l i t y  , the  

i n t e g r a l  v a n is h e s .  T his o n ly  h o ld s  fo r  h igh  v e l o c i t i e s ;  

fo r  low v e l o c i t i e s  th e  e f f e c t  o f  e l e c t r o n  exchange has to  

be taken in to  a c c o u n t ,  and so th e  p r o b a b i l i t y  o f  such a 

t r a n s i t i o n  can become q u ite  l a r g e .

To e x p la in  th e  d i f f e r e n c e  between the  s i n g l e t  and 

t r i p l e t  c u r v e s ,  the  quantum th eo ry  inust be u se d . For 

a s i n g l e t  s t a t e  o f  the atom, th e  sp in  quantum number i s  

z e r o ,  w h ile  f o r  t r i p l e t s  i t  i s  equal to  u n i t y .  For the  

v a le n c y  e le c t r o n s  in  an atom th e  sp in  v e c t o r s  are  always  

eq u a l to  J ,  I f  th ey  are opposed in  d i r e c t i o n ,  as  they  

are fo r  s i n g l e t s ,  t h e i r  r e s u l t a n t  i s  z e r o .  But I f ,  as  

fo r  t r i p l e t s ,  t h e i r  d i r e c t io n s  ar ê th e  same, then t h e i r  

Z'c s u i t  an t i s  u n i t y .  Thus to  p ass  from a s i n g l e t  s t a t e  

to  a t r i p l e t  or v i c e  v e r s a ,  r e q u ir e s  th a t  th e  sp in  v e c to r s  

s h a l l  be changed r e l a t i v e  to  each  o th e r .  In  c a s e s  where 

the co u p lin g  between the sp in  and o r b i t a l  m otions o f  the  

e le c t r o n s  in  th e  atom i s  s m a l l ,  which i s  th e  c a se  fo r  

l i g h t  atoms such a s  helium , t h i s  t r a n s i t i o n  cannot occur  

sp o n ta n e o u s ly . The o n ly  method by wliich i t  can o ccu r ,  

i s  when e l e c t r o n  exchange ta k es  p la c e ;  th e  im pinging e le c t r o n  

goes  in t o  the t r i p l e t  l e v e l  and th e  v a le n c y  e le c t r o n  in  

th e  s i n g l e t  l e v e l  f l i e s  out o f  the à tom tak in g  th e  e x c e s s  

energy o f  the im p actin g  e l e c t r o n  w ith  i t .  Now i t  has  

been s ta t e d  p r e v io u s ly  th a t  th e  p r o b a b i l i t y  o f  e le c t r o n
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exchange d e c r e a se s  v ery  r a p id ly  w ith  in c r e a s e  in  the  

v e l o c i t y ,  so  th a t  the  p r o b a b i l i t y  o f  such a t r a n s i t i o n  

w i l l  a l s o  f a l l  o f f  r a p id ly  w ith  in c r e a s in g  v e l o c i t y .

But fo r  e x c i t a t i o n  o f  a s i n g l e t  from a s i n g l e t ,  or  a 

t r i p l e t  from a t r i p l e t  i n i t i a l  l e v e l ,  e l e c t r o n  exchange  

i s  n ot n e c e s sa r y ;  so th a t  we would ex p ec t  th e  p r o b a b i l i t i e s  

o f  such t r a n s i t i o n s  to  f a l l  o f f  more s lo w ly  w ith  in c r e a s :  

î in g  v e l o c i t y ,  as  i s  a c t u a l l y  ob sei’ved e x p e r im e n ta l ly .

In  the ca se  o f  heavy atoms however, such as m ercury, 

th e  c o u p lin g  between th e  sp in  and o r b i t a l  m otions becomes 

a p p r e c ia b le ,  so t h a t  spontaneous t r a n s i t i o n s  between  

s i n g l e t  and t r i p l e t  l e v e l s  car take p la c e ,  and a l s o  th e s e  

t i ’a n s i t i o n s  can be e x c i t e d  e l e c t r o n  im pact w ith o u t  

e le c t r o n  exchange. Thus we would ex p ec t  th e  p r o b a b i l i t i e s  

o f  such t r a n s i t i o n s  to  p e r s i s t  to  h ig h e r  v e l o c i t i e s  in  

such c a s e s .  Penney (60 )  has d e r iv e d  t h e o r e t i c a l  cu rves  

fo r  th e  e x c i t a t i o n  o f  the  P s t a t e s  i n  mercury by u s in g  

wave fu n c t io n s  in  which t h i s  i n t e r a c t i o n  was a llow ed  f o r .
•K

He f in d s  th a t  th e  p r o b a b i l i t y  o f  e x c i t a t i o n  o f  th e  2 P  ̂

s t a t e  (4*86 v o l t s )  from th e  groimd s t a t e  has a sm a ll  but  

f i n i t e  v a lu e  a t  la r g e  v e l o c i t i e s ,  s in c e  h i s  wave fu n c t io n s  

are  now not a l i t isy m m e tr ic a l .  The 2^^% t r a n s i t i o n  fpom 

th e  ground s t a t e  i s  found to  be by f a r  th e  most probable  

a t  h ig h  v o l t a g e s ,  and even down a lm ost to  i t s  e x c i t a t i o n
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p o t e n t i a l .  Penney'a curves are shown In  P ig .  ( 6 ) .  The 

exp er im en ta l r e s u l t s  fo r  the  e x c i t a t i o n  fu n c t io n s  f o r  

the  4»86 and 6*67 v o l t  s t a t e s  w i l l  be compared w ith  

th e se  c u r v e s ,  in  the ex p er im en ta l s e c t i o n .

In  the  c a s e s  o f  c e r ta in  s im p le  atom ic f i e l d s ,  such  

as t l ia t  o f  hydrogen o r  h e lium , t h e o r e t i c a l  e x c i t a t i o n  

c r o ss  s e c t i o n  cu rves can be o b ta in ed  which  are  in  v e r y  

good agreem ent w ith  experim ent e s p e c i a l l y  fo r  t r i p l e t  S 

l e v e l s .  lAassey and Mohr (57 )  have o b ta in ed  such cu rv es  

fo r  h e liu m , in  which the  v a r ia t io n s  o f  the d i f f e r e n t i a l  

c r o ss  s e c t i o n  w ith  v e l o c i t y  and a n g le  i s  shown fo r  

d i f f e r e n t  l e v e l s  in  the atom. An i n t e r e s t i n g  f e a t u r e  

i s  t l ia t ,  a t  zero  a n g le ,  the d i f f e r e n t i a l  c r o s s  s e c t i o n  

in c r e a s e s  w ith  th e  v e l o c i t y ,  fo r  n e a r ly  a l l  t r a n s i t i o n s .  

This r e s u l t  has been con f in n ed  e x p e r im e n ta l ly  by Whlddlng : 

:ton and T aylor  ( 5 3 ) ,  and a l s o  by Van A tta  ( 6 1 ) .  The 

t h e o r e t i c a l  method i s  to  o b ta in  two fu n c t io n s  f  and 

g; f  i s  v i r t u a l l y  th e  r e s u l t  o b ta in ed  by the Bom  ap prox:  

: lm a tio n , and g i s  tne c o r r e c t io n  due to  e le c t r o n  

exchange. A com bination  o f  th e s e  two fu n c t io n s  g i v e s  

th e  c r o s s  s e c t io n  in  the f o m  o f  tv/o term s, one b e in g  

the  d i r e c t l y  s c a t t e r e d  wave and th e  o th e r  the e l e c t r o n  

exchange wave. Each i s  in  th e  form o f  th e  i n t e g r a l  o f  

th e  i n t e r a c t io n  energy over  th e  i n i t i a l  and f i n a l  wave 

fu n c t io n s  o f  the atom. From th e  r e s u l t i n g  eq u a tio n s
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i t  can e a s i l y  be shown t l ia t  th e  p r o b a b i l i t y  o f  e x c i t a t i o n

o f  t r i p l e t  l e v e l s  d e c r e a s e s  as  v “  ̂ fo r  S s t a t e s ,  as

V*® fo r  P . s t a t e s  and as  v*® f o r  D s t a t e s ;  w h ile  th e  probab:
«.Pl i l i t i e s  f o r  s i n g l e t  S ,P ,  and D s t a t e s  d e c r e a se  as v , 

v"^log(xv and v*^ r e s p e c t i v e l y ;  v b e in g  th e  v e l o c i t y  o f  

the  in c id e n t  e l e c t r o n s  andg(a c o n s ta n t .

For the i n e l a s t i c  an g u la r  s c a t t e r i n g  in  raemury vapour 

o f  e l e c t r o n s  which liave e x c i t e d  th e  most probable  t r a n s i t  ; 

: io n ,  th e  2^?^  ̂ l e v e l ,  Mohr and K i c o l l  have d isc o v e r e d  a 

number o f  maxima and minima. The p o s i t i o n s  o f  th e s e  maxima 

and minima ag ree  fo r  moderate and la r g e  v e l o c i t i e s  w ith  

s im i la r  ones o b ta in e d  fo r  e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s .  

k t h e o r e t i c a l  e x p la n a t io n  o f  t h i s  iias been d er iv ed  by Mott 

and Massey ( 6 2 ) .  N e g le c t in g  exchange, th ey  d e r iv e  an 

e x p r e s s io n  fo r  the d i f f e r e n t i a l  c r o s s  s e c t i o n  fo r  e x c i t a t i o n  

to  the  s t a t e ,  in  th e  form -

T^ce) =

+  2 ^  f Kv, Ks [-T J I ,  .

where (k^h)/(2fTm ) i s  th e  e l e c t r o n  v e l o c i t y  a f t e r  e x c i t i n g  

the n^^* s t a t e ,  and (k h )/(2n m ) i s  i t s  o r i g i n a l  v e l o c i t y .

' ôn e lem en t o f  a m atr ix  and r e p r e s e n ts  the  p o t e n t i a l

f i e l d  o f  th e  atom i n  i t s  e x c i t e d  s t a t e .  Hg i s  a

co m p lica ted  fu n c t io n  o f  the p o la r  c o o r d in a te s ,  r * , o' , (f ,
/

d T i s  th e  elem ent o f  volum e. In  the above
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e x p r e s s io n  the f i r s t  terra under the nodulus i s  th e  Bom  

e x p r e s s io n ,  which i s  approx im ately  zero  f o r  a l l  a n g le s  

g r e a te r  than about 30^* Thus f o r  la r g e r  a n g le s  th e  

s c a t t e r i n g  depends a lm ost e n t i r e l y  on th e  s e r i e s  part  

which w i l l  e x h ib i t  maxima and minima on account o f  th e  

Legendre c o e f f i c i e n t s  Pg. For la r g e  v e l o c i t i e s ,  and 

k w i l l  be ap p rox im ate ly  e q u a l ,  and the  f i e l d s  and 

Vqjj o f  the  normal and e x c i t e d  atom can be taken as  

ap p rox im ate ly  eq u al so  th a t  th e  e l a s t i c  s c a t t e r i n g  and th e  

I n e l a s t i c  s c a t t e r i n g  due to  th e  8 ?̂^  ̂ t r a n s i t i o n  w i l l  a l s o  

a g r e e .  As m entioned above, t h i s  i s  tho exp er im en ta l  

r e s u l t .  For low v e l o c i t i e s ,  however, th e  two s e t s  o f  

r e s u l t s  d iv e r g e ,  owing to  th e  non e q u a l i t y  o f  k and k^, 

and Vqo and Vqjj.

F o llo w in g  on th e  r e s u l t s  o f  the above th e o r y , Massey 

and Mohr (5 7 )  and K i c o l l  and Mohr (6 5 )  have d ev e lo p ed  

a s u g g e s t io n  to  e x p la in  q u a l i t a t i v e l y  th e  f a c t  t h a t  the  

e l a s t i c  s c a t t e r i n g  p r e d ic te d  by th e  Bom th eo ry  f a l l s  

o f f  l e s s  "tapldly a t  sm a ll  a n g le s  than does th e  e x p e r im e n ta l ,  

and a l s o  to  e x p la in  th e  s i m i l a r i t y  between e l a s t i c  and 

and i n e l a s t i c  curves a t  moderate and h ig h  v e l o c i t i e s .

T h e ir  assum ption  i s  th a t  an e l e c t r o n  can make a double  

c o l l i s i o n  w ith  the same atom. They su g g est  th a t  t h i s  

can occu r  in  d i f f e r e n t  w ays. F i r s t l y  the e l e c t r o n  may 

e x c i t e  th e  atom w ith o u t much change in  d i r e c t i o n ;  i t  then
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p a s s e s  on through  the f i e l d  o f  the aton  and i s  p o s s ib l y  

s l i g h t l y  d e f l e c t e d  by the f i e l d  i n  so d o in g ;  f i n a l l y ,  

w h ile  i t  i s  s t i l l  in  th e  f i e l d ,  tlie atom re tu rn s  to  i t s  

normal s t a t e  g iv in g  th e  en ergy  o f  e x c i t a t i o n  back to  th e  

e l e c t r o n ,  a g a in  p o s s ib ly  v;ith  l i t t l e  d e v ia t io n .  The 

r e s u l t  i s  th a t  the e le c t r o n  le a v e s  v /ith  p r a c t i c a l l y  i t s  

o r i g i n a l  v e l o c i t y  but w ith  a d i s t r i b u t i o n  in  d i r e c t io n  

corresp on d in g  to  i n e l a s t i c  s c a t t e r i n g ;  the  t o t a l  

d e f l e c t i o n  o f  th e  e le c tr o n  b e in g  q u i t e  sm a l l .  Thus i t  

w i l l  be see n  t h a t  the  number o f  e l e c t r o n s  observed  to  

be s c a t t e r e d  e l a s t i c a l l y  a t  sm a ll  a n g le s  w i l l  be g r e a t e r  

than th a t  p r e d ic te d  by Born * s th e o r y ,  which i s  th e  

exp er im en ta l r e s u l t  o b ta in ed  by Hughes and MoMlllen ( 6 4 ) ,  

When such  a s u p e r e la s t i c  c o l l i s i o n  occu rs  w ith  freq u en cy ,  

th e  e l a s t i c  s c a t t e r i n g  w i l l  in c r e a s e  and th e  i n e l a s t i c  

s c a t t e r i n g  w i l l  d e c r e a s e .  A c tu a l ly  fo r  i o n i s a t i o n  and 

e l a s t i c  im pacts in  helium  Massey and îf'ohr have found th a t  

to o  la r g e  and to o  sm a ll  v a lu e s  r e s p e c t i v e l y  are p r e d ic t e d  

by Born*3 t h e o r y . A lso  i t  should  be n o t ic e d  th a t  th e  

t o t a l  c r o s s  s e c t i o n  fo r  a l l  ty p e s  o f  c o l l i s i o n s  w i l l  

be u n a lte r e d ,  s in c e  in  o b ta in in g  such a c r o s s  s e c t i o n ,  

b o th  e l a s t i c a l l y  and i n e l a s t i c a l l y  s c a t t e r e d  e le c t r o n s  

are  added to g e th e r  and no account i s  taken o f  the a n g le  

through which th e y  are s c a t t e r e d  o r  o f  the  number in  each  

grou p .
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Second ly  the  e l e c t r o n  may be f i r s t  d i f f r a c t e d  

e l a s t i c a l l y  by the atom and then^ l a t e r ,  e x c i t e  or  

I o n i s e  I t ,  p o s s ib ly  w ith o u t  fu r th e r  d e f l e c t i o n .  Or 

c o n v e r s s ly ,  th e  i n e l a s t i c  Impact w ith o u t  d e f l e c t i o n  may 

come b e fo r e  th e  e l a s t i c  im pact w ith  d e f l e c t i o n .  Thus 

the i n e l a s t i c  s c a t t e r in g  so o b ta in ed  w i l l  resem b le  th e  

e l a s t i c  s c a t t e r i n g  o f  e le c t r o n s  o f  th e  o r i g i n a l  en ergy ,  

p rovid ed  th a t  th e  o r i g i n a l  energy o f  the e l e c t r o n s  I s  

la r g e  In com parison w ith  the en ergy  l o s t  in  th e  i n e l a s t i c  

im p act.

ror  low er e n e r g ie s ,  comparable w ith  the e n e r g ie s  

l o s t  in  th e  i n e l a s t i c  im p a cts , i t  i s  probable  th a t  such  

d oub le  c o l l i s i o n s  are  not so l i k e l y ,  so th a t  agreem ent 

betw een  e l a s t i c  and i n e l a s t i c  cu rv es  cannot be e x p e c te d .

A lso i t  has been shown from th eo ry  th a t  th e  d i f f e r e n c e s  

in  th e  f i e l d s  o f  the atom in  i t s  normal and e x c i t e d  s t a t e s  

have more e f f e c t  a t  th e se  v e l o c i t i e s .  I t  has a l s o  been  

shown th a t  exchange e f f e c t s  become prominent a t  low 

v e l o c i t i e s  fo r  l i g h t  atom s, so th a t  th ey  must a l s o  be  

c o n s id e r e d .
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SECTION 4 .

APPROXIMTS METHODS OF CALCULATING PHASES AND 

THEORETICAL SCATTERING CURVES.

The r e s u l t s  g iv e n  in  t h i s  s e c t i o n  have a lr e a d y  been  

p u b lish ed  in  a J o in t  paper by the author and Dr. F .L .

A m ot in  th e  P roceed ings o f  th e  Royal S o c ie ty  o f  London

( 3 5 ) .

In  a p rev io u s  s e c t io n  an e x p r e s s io n  fo r  th e  i n t e n s i t y  

o f  e le c t r o n s  e l a s t i c a l l y  s c a t t e r e d  through an a n g le  (9 , 

by a s p h e r ic a l ly  sym m etrica l f i e l d  was d er iv ed  to  be -

( X ) .

In t i l l s  e x p r e ss io n  P  ̂ i s  the n^^* Legendre c o e f f i c i e n t  

and k i s  g iv e n  by k = 2R/^ 2 m ^ /h  -  (2r7/h)(eVm /l50 )^,

where V i s  th e  v e l o c i t y  o f  th e  e le c t r o n s  in  v o l t s .

The fo l lo w in g  d i f f e r e n t i a l  eq u a tio n  d e r iv e d  from th e  g e n e r a l  

wave eq u a tio n  -

jL  ̂ ^jur- l/fc> -  1 If = o

( 2 )

was found to  have a s o l u t i o n  zero  a t  th e  o r ig in  o f  th e

(3 )
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where as b e fo r e  V(r)  i s  th e  p o t e n t i a l  f i e l d  o f  th e  atom, 

and the 6^ a re  phase c o n s ta n ts ,  p r e v io u s ly  d e f in e d .

I f  we s u b s t i t u t e  in  th e  above eq u a tio n  ( 2 ) ,

we o b ta in  -

or

(4 )

(5 )

where a
^  ' ( 6 ) .

?
T his eq u ation  can then be shown to  have the  a sy m p to tic  

s o lu t io n  ^  - Xy i j j  -4-hy^ (7 )

i f  f o r  la r g e  r ,  V(r )  te n d s  to  zero  f a s t e r  than l / r ,  

th a t  i s  f a s t e r  than th e  Coulomb f l e l d .  T h is  w i l l  be th e  

c a s e  fo r  most atoms so  th a t  th e  a sy m p to tic  form w i l l  

th en  hold .

I f  V(r)  becomes zero  in  eq u ation  ( 4 ) ,  th e  s o lu t io n  o f  

(4 )  which i s  zero  a t  th e  o r ig in  has th e  f o m

Ÿ

where Jji-f è  th e  B e s s e l  fu n c t io n  o f  ord er  n .  I t  i s  

th en  known from th e  th eo r y  o f  B e s s e l  fu n c t io n s  th a t  th e  

asy m p to tic  form o f  t h i s  i s  -

( 8 )

Comparing eq u a tio n s  (7 )  and (8 )  we see  t h a t  th e  p h ases
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are  th e  d i f f e r e n c e  in  phase between th e  asym p totic  

s o l u t i o n s  o f  eq u a tio n  (4 )  when V(r )  i s  ze ro  and when 

V( r )  has i t s  v a lu e  corresp on d in g  to  the p o s i t i o n  o f  the  

e l e c t r o n  in  the atom ic f i e l d .  A lso  i f  V( r )  i s  zero  

w i l l  a l s o  be z e r o .

To s o lv e  eq u a tio n  (4 )  e x a c t ly  in  a lm ost im p o ss ib le  

ex c ep t  fo r  a few p a r t i c u la r  and sim ple p o t e n t i a l  f i e l d s .  

The o n ly  method o f  s o l u t i o n  i s  in  g e n e r a l  one o f  num erica l  

i n t e g r a t io n .  An approxim ate s o l u t io n  has however been  

d ev e lop ed  by J e f f r e y s  ( 6 6 ) ,  fo r  c a s e s  in  which a in  

e q u a tio n  (5 )  does n o t  vary  r a p id ly  w ith  r .

For a c o n s t a n t ' the  s o l u t io n s  o f  ( 5 )  are  g iv e n  by -

\Lz= f) i ^ b  (±  i  )
 ̂ (9 )

A b e in g  a c o n s ta n t ,  J e f f r e y s  assumes th a t  A and a are

fu n c t io n s  o f  r  and w r i t e s  h i s  s o lu t io n  as -

( 10).

S u b s t i t u t in g  back in  eq u a tio n  ( 5 ) ,  we o b ta in  -

5 ^  4- ^  i  F) , M ( a V ^  Q

( 11 ) .

Both A and a are assumed to  vary  v e r y  s lo w ly  w ith  r so  

t h a t  can be n e g le c t e d  in  comparison w ith  the f i r s t

d i f f e r e n t i a l s .
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Thus we have ^ ^  ~h R O (12)
oi^

I n te g r a t in g  t h i s  we g e t  A ^  Ba" ' 

where 8 i s  an a r b i t r a r y  c o n s ta n t .

Thus the approxim ate s o lu t io n s  o f  eq u a tio n  (5 )  are  -

y ,  =  3 ^ r

( 1 3 ) .

We now have to  determ ine the l i m i t s  o f  th e  i n t e g r a l  in  

t l i i s  e x p r e s s io n .

I f  in  a ,  r  i s  z e r o ,  a w i l l  be i n f i n i t e  and n e g a t iv e ,  

p rov id ed  n > 0  and V(r)  i s  p o s i t i v e ,  or i f  n e g a t iv e ,  i t  

f a l l s  o f f  as  r""® where s < 2 .  I f  r  i s  i n f i n i t e ,  a w i l l  

be p o s i t i v e ,  b e in g  eq u al to  k^. So th a t  *a* w i l l  have 

a p o s i t i v e  ze r o  r^, such th a t  a i s  n e g a t iv e  f o r  0 ^ r < r ^  

and p o s i t i v e  f o r  r > r ^ *  Thus the  e x p r e s s io n  fo r  y- w i l l  

be e x p o n e n t ia l  in  th e  range 0 < r < r ^ ^ ,  and o s c i l l a t o r y  in  

th e  range r > r ^ .  J e f f r e y s  has shown th a t  th e  s o lu t io n  

which i s  zero  a t  the o r ig in  has th e  a sy m p to tic  foxm

( 1 4 ) .

S im i la r ly  i f  V(r )  I s  zero  we g e t  -

OQ

(16)

where b -  -  n (n  1)
r ^  ( 1 6 )

th e  zero  o f  t h i s  l a t t e r  b e in g  r l
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S in c e ,  by p rev io u s  d e d u c t io n s ,  we found th a t  ^  i s  th e  

phase d i f f e r e n c e  betw een  (14)  and ( 1 3 ) ,  we thus have •

ûU.
(17)

Tq and are here  th e  z e r o s  o f  tlie r e s p e c t iv e  in te g r a n d s .

In  d e r iv in g  t h i s  e x p r e s s io n ,  we h sve  found th a t  i t  

i s  n e c e s sa r y  th a t  a and b should have p o s i t i v e  z e r o s .

This w i l l  be the c a s e  under c e r t a i n  c o n d i t io n s  as g iv e n  

ab ove. These c o n d i t io n s  h o ld  g e n e r a l ly  w ith  th e  e x c e p t io n  

o f  th e  s t i p u l a t i o n  n > 0 .  I t  i s  p o s s ib l e  fo r  n to  be eq u a l  

to  z e r o .  In  tîie c a se  o f  n = 0  th e  f o l l o r i n g  method must 

be u sed .

For ’a* in  th e  c a se  o f  an a t t r a c t i v e  f i e l d  fo r  which  

V(r)  w i l l  be n e g a t iv e ,  th e r e  i s  no z e r o  and a w i l l  remain  

p o s i t i v e ,  b a l s o  w i l l  Imve no ze ro  f o r  n =  0 .  T his w i l l  

be th e  c a se  fo r  e l e c t r o n s  and atom s. To d eterm in e th e  

low er l i m i t s  f o r  a and b in  su ch  a c a se  we must th en  

choose  from eq u ation  ( 1 3 )  the s o l u t i o n  which I s  ze ro  a t  

th e  o r i g i n .  This w i l l  be

w hich  has th e  a sym p to tic  foim

\h r \j  xiC/Ki I Ç /Û
 ̂ ( 1 8 ) .
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S im i la r ly  fo r  V( r )  zero  we g e t  the form

CO

Thus we o b ta in  f o r  So th e

k -

( 1 9 ) .

e x p r e ss io n  -

—  I h W
( 2 0 )

which i s  the  same as th e  e x p r e ss io n  fo r  w ith  the low er  

l i m i t s  o f  the I n te g r a t io n  rep la ced  by z e r o s .

A d f f f e r e n c e  e x i s t s  however in  the c a se  o f  a r e p u l s iv e  

f i e l d ;  here V( r )  i s  p o s i t i v e  and th u s 'a 'h a s  a z e r o ,  b I s  

o f  cou rse  u n a f fe c te d  by the type c f  f i e l d ,  s in c e  in  any 

c a se  the f i e l d  I s  z e r o ,  fo r  b .  To o b ta in  fo r  such a 

f i e l d  we must co^ibine eq u a tio n s  (14)  and ( 1 9 ) .  The 

r e s u l t  i s  th a t  -

^ 0  ( 2 1 )

fo r  a I 'ep u ls iv e  f i e l d .

ifl/hen V(r )  I s  z e r o ,  th e  e r r o r  between the  a sy m p to tic  

form o f  th e  s o l u t i o n  o f  eq u ation  (5 )  and J e f f r e y s ’ 

approxim ation  can be found as fo l lo w s  -  The two ex p r e ss  : 

l io n s  fo r  are -

( ‘A t ' -  j-yiJl) { 2 2 )
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The I n t e g r a l  can be ev a lu a ted  thus -  

C onsider the e x p r e s s io n  -

'-fit J  (24)

where s^ »  and r^ i s  the ze ro  o f  l - s ^ / r ^ ,

i . e .  r^= s ,  and R i s  a q u a n t i ty  which w i l l  be e v e n t u a l ly  

a llow ed  to  tend  to i n f i n i t y .

The i n t e g r a l  can be ev a lu a ted  s im p ly  by p u t t in g  r  = s se c 6 ;  

we then g e t  -

~ ^ f t 5 ^ e - G ]  -  I ' f ] ,

-  ysl  /  ~ ^ 1

^  's[ ^  § ]

■_ ZZwv p  —O ~ ->i —> -
% —̂ OQ

Piîu ltip ly ing (24)  by k and p u t t in g  6 ^ -  or
k*

6 = r*,*we o b ta in  -  o'

A

I n t e g r a t in g  th e  k under the  b ra ck e t  from r^ to  r  which  

i s  assumed la r g e ,  and l e t t i n g  R tend to  i n f i n i t y ,  we 

o b ta in  th e  r e s u l t  -
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pco .
\  (>»^J JL

(2G)

I f  t h i s  v a lu e  o f  th e  I n t e g r a l  i s  s u b s t i t u t e d  In  eq u ation  

(85)  th e  r e s u l t  I s  -

r \ j  y t i A i  I ' t '  —  ^  >1 U  •“  "2 )  T

( 2 6 )

A comparison o f  t h i s  r e s u l t  w ith  the e x a c t  a sy m p to tic  

form o f  eq u a tio n  (22)  shows th a t  J e f f r e y ’ s r e s u l t  I s  

g r e a te r  by th e  amount -

-*{ 2
( 2 7 ) .

The v a lu e s  o f  t h i s  f o r  n -  1 and n = 2 are  0*15 and 0*08

r e s p e c t i v e l y .  For la r g e r  n I t  becomes v e r y  sm a ll ,  so

th a t  the  er ro r  I s  seen  not to  be la r g e  f o r  n ^  0 .

For n = 0 th e  e r r o r  appears to  be ^ /4 ,  but I t  has

been shown above th a t  In t h i s  ca se  in s t e a d  o f  eq u atio n  

(25)  we must use  eq u a t io n  (19)  fo r  which th e  phase I s  

seen  to  be l e s s  than th a t  o f  eq u ation  (25 )  by ^ 4 .

Hence the  er r o r  I s  z e ro  fo r  n = 0 and V^ 0 , and J e f fr e y s*  

v a lu e  o f  I s  then  e x a c t ,  as would be exp ected  s in c e  b 

I s  then a c o n s t a n t .

This d i s c u s s io n  o n ly  d eterm in es  th e  e r r o r  In th e  

second p art  o f  th e  e x p r e s s io n  (17)  fo r  th e  p h a ses , n ot
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th e  com plete  er ro r  in  the p h a se s .  The com plete er ro r  

depends a l s o  on the er r o r  in  th e  part which may

be much more in  e r r o r  than th e  second p a r t ,  s in c e  here  

we have the f i e l d  V(r)  and f o r  a sm all e r r o r  i t s  r a te  

o f  v a r ia t io n  w ith  r must be s m a l l .

S t a r t in g  from th e  some eq u a tio n  ( 4 ) ,  and ta k in g  

a s o l u t i o n  in  th e  form o f  the  sum o f  th e  bounded s o lu t io n  

o f  ^ 6 ^ = 0  and a fu r th e r  fu n c t io n  ^  whose productyd
w ith  V cou ld  be n e g le c t e d ,  and a l s o  n e g le c t in g  terms 

in v o lv in g  the  squares o f  the  p h a se s ,  Mott (67)  deduced  

an e x p r e s s io n  fo r  the phases which i s  v a l i d  fo r  sm a ll  

v a lu e s  o f  the phases 5^ .

His e x p r e s s io n  i s  -

 ̂ -A  Jo  ̂ ( 2 8 ) .

The J * s ,  a s  b e f o r e ,  are the B e s s e l  fu n c t io n s .

This e x p r e s s io n  i s  c a l l e d  th e  Bom  Approxim ation, s in c e  

i t  in v o lv e s  Born’ s assum ption th a t  th e  e f f e c t  o f  the  

atom ic f i e l d  on th e  wave fu n c t io n  i s  sm a ll  and can be 

n e g le c t e d .

We thus have two e x p r e s s io n s  fo r  th e  p h ases ,

J e f f r e y 6 ’ and Born’ s ,  which are -
ao /I A)

J e f f r e y s ’ =  f T b"''Oi^ 1
v\-* /) I

" J
formula  

and 6 =

. ^   ̂ I (29)
where ^

T'
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and Tq and are  th e  g r e a t e s t  p o s i t i v e  z e r o s  o f  th e  

r e s p e c t iv e  in te g r a n d s .  For n -  0  , b o th  r^ and r^ a re  

z e r o .  This approxim ation  should  g iv e  re a so n a b le  r e s u l t s  

provided  a does n ot vary  r a p id ly  w ith  r ;  th e  e r r o r  in  b 

has a lr e a d y  been shown to  be s m a l l .

Born*s formula i s  -

oo . -T 2
= u. f v/Z,i

z Jo I ( 3 0 ) .

C a lc u la t io n  o f  P h a ses .

Holtsmark (68)  by a method o f  n um erica l in t e g r a t io n  

has been a b le  to  c a l c u l a t e  a number o f  ex a c t  p hases  fo r  

krypton . He used an atom ic f i e l d  c a lc u la t e d  o r i g i n a l l y  by 

H artree , to  which he a p p lie d  a c o r r e c t io n  fo r  th e  p o l a r i s :  

sa t io n  o f  th e  f i e l d  by th e  in c id e n t  and s c a t t e r e d  w aves.

The e f f e c t  o f  t h i s  p o l a r i s a t i o n  c o r r e c t io n  i s  to  make th e  

f i e l d  f a l l  o f f  more s lo w ly  w ith  r .  The f i e l d  i s  thus  

e f f e c t i v e  up to  much la r g e r  v a lu e s  o f  r .  By means o f  h i s  

c a lc u la t io n s  he was a b le  to  g e t  a t i i e o r e t i c a l  c r o s s  s e c t io n  

curve which agreed  v ery  w e l l  w ith  Ramsauer and K oliath* s 

exp er im en ta l c u r v e . Both th e  ex p er im en ta l and t h e o r e t i c a l  

curves show th e  Ramsauer e f f e c t .  T his  e x a c t  method o f  

Holtsmark*s i s  however very  la b o r io u s .  I t  was t h e r e fo r e  

d ec id ed  to  c a l c u la t e  th e  phases by a p p ly in g  J e f fr e y s *  and
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Born * s approxim ate m ethods, and by a comparison w ith  

Holtsmark*s e x a c t  v a lu e s ,  f in d  th e  range o f  v a l i d i t y  

and the e x te n t  o f  the e r r o r s  in  th e  approximate m ethods. 

The atom ic f i e l d  w ith  th e  same p o l a r i s a t io n  c o r r e c t io n  

as Holtsmark u sed , v;as employed; i t  i s  th e  f i e l d  which  

he c a l l s  No. 2 in  h i s  p aper .

In  perform ing the c a l c u l a t i o n s  a l l  th e  q u a n t i t i e s  

in  the  form ulae were co n ver ted  to  atom ic u n i t s . The 

atom ic u n i t  o f  le n g th  i s  th e  ra d iu s  o f  th e  f i r s t  

Bohr o r b i t  o f  the  hydrogen atom, which i s  g iv e n  by  

& o-  0*53 X 10~^ eras. The u n it  o f  energy i s  th e  i o n i s :  

la t lo n  p o t e n t i a l  o f  the hydrogen atom, which i s  1 3 «56 

v o l t s ,  i . e .  ^  in  atom ic u n i t s ,  k i s  g iv en  by2ao
where V i s  in  v o l t s ,  k i s

-A V /i'o r
measured tn  u n i t s  o f  l / a ^ ,  so th a t  we have -

“A I /50 "

=  o - ‘H 7 ^ { V

The atom ic f i e l d  i s  exp ressed  in  th e  form ^

(31)

where Zp i s  a fu n c t io n  o f  r ,  v a lu e s  fo r  which fo r  v a r io u s  

r have been g iv e n  by H artree , The n e g a t iv e  s ig n  i s  

in c lu d ed  s in c e  the f i e l d  i s  a t t r a c t i v e .  Holtsmark*s 

f i e l d  w ith  p o l a r i s a t i o n  c o r r e c t io n  i s  in  th e  form
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r vfy=-*|>4j
8 j r

-A ' "  ̂ l  ^ ( 3 2 ) .

^  i s  a l s o  a fu n c t io n  o f  r ,  which f o r  la r g e  r f a l l s  

o f f  a s y m p to t ic a l ly  as  

The phases can now be w r it te n  as  •

B o m 's  -  TT ( 3 4 ) .'TV
'0

The v a lu e s  o f  k run from 0 to  3 fo r  e n e r g ie s  from 0 to  

121 v o l t s .

To d eterm ine the v a lu e s  o f  th e  a method o f  

n um erica l I n te g r a t io n  I s  u sed . V alues o f  the In tegran d s  

are c a lc u la t e d  fo r  th e  v a lu e s  o f  r  fo r  which th e  f i e l d  

i s  known. A graph I s  then  drawn In  which th e s e  v a lu e s  

o f  the in teg r a n d s  are p lo t t e d  a g a in s t  r . By means o f  a 

p la n im e ter  th e  area  under the graph i s  determ ined and so  

th e  v a lu e  o f  I s  d ete iT ilned . In  s p e c i a l  c a s e s ,  c e r t a i n  

m o d if ic a t io n s  were em ployed. For th e  c a s e  o f  &, J e f f r e y s ’ 

formula red u ces  to  -
oO

( 3 6 ) .

ISlien r i s  amxlX, th a t  la  r<^0*Ol,  th e  f i e l d  la  la r g e
p

SO th a t  k  and can b e  n e g le c t e d  in  comparison w ith  I t .
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Thus In  d e te iw in ln g  ^  , th e  method i s  to  d iv id e  the

I n t e g r a l  in to  two p a r ts  as fo l lo w s  ~

+ IJo 01

P O'C

Jo

The second  p art can be ev a lu a ted  g r a p h ic a l ly ,  w h i le  the  

f i r s t  i s  g iv e n  by , n e g le c t in g  ^  which i s  zero  f o r  sm all
0-Û/r .  -

° " p 5 > r v. îl?X,y-[oo:j"'

-  i

which can then be determ ined d i r e c t l y  from th e  v a lu e  o f  

th e  f i e l d  a t  r  ^  0*01,

In the d eterm in a tio n  o f  foi" n 0, by J e f fr e y s*  

method, th e  g r e a t e s t  p o s i t i v e  r o o ts  o f  th e  two in teg ra n d s  

have to  be fou n d . For the second in tegran d  th e  root

i s  g iv e n  by r^=+ . By p l o t t i n g  a graph o f  th e  f i e l d
'V

a g a in s t  r  the v a lu e  o f  the f i e l d  can then be found a t  

t h i s  p o in t .  T h is  v a lu e  w i l l  be seen  to  be th e  v a lu e  o f  

’a ’ a t  r  = r^, th e  ro o t  o f  b, s in c e  a t  t h i s  p o in t

, which i s  b , i s  z e r o .  For the  f i r s t  in tegran d  

however, th e  ro o t  has to  be determ ined g r a p h ic a l ly .  I f  

the f i r s t  in tegra n d  i s  zero  we may w r i t e  i t  as  

. k ( m i ) _ -i-f) _  Ji'p

( 3 6 ) .
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By in s p e c t io n  o f  columns o f  v a lu e s  fo r  and %

th e  r e g io n  o f  the r o o t  can be found., 3y p l o t t i n g  th e  

d i f f e r e n c e  o f  th e s e  two columns a g a in s t  r ,  the  ro o t  can be 

found e x a c t l y .  I t  i s  a lw ays found, t lm t i s  l e s s  than  

. Thus in  c a lc u l© t i n g  the p h a se s ,  th e  formula can be 

w r i t t e n  as -

cS
Ko ''̂ 0 w  / f /

= r^> f  r %  'A_ b "1
t/fo /  J ( 3 7 ) .

The in teg ra n d s  a re  then determ ined  fo r  d i f f e r e n t  

r , the gra^^h p lo t t e d  and the phase found as b e fo r e ,  

by num erical i n t e g r a t io n .

In  c a l c u l a t i n g  th e  phases by the Born method, t a b l e s  

o f  B e s s e l  fu n c t io n s  are used and gi"apl\8 to  I n te r p o la te  

I n te n s e d ia te  v a lu e s ,  f o r  v a r io u s  k r .  As b e fo r e  the in teg ra n d s  

are p lo t t e d  a g a in s t  r ,  and the a r e a s  d eterm in ed . In  t h i s  

ca se  th e  phase i s  g iv e n  b j  JT x  a r e a .

A number o f  plias e s  have been  c a lc u la t e d  fo r  k ^ 1 

and f o r  k =  2 ,  by b o th  Born’ s and J o f- fr e y s ’ m ethods.

They are  g iv e n  In t a b le  I ,  a lon g  w ith  H oltsm ark’ s e x a c t  

phases fo r  the same v a lu e s  o f  k . I t  should  be n o t ic e d  

th a t  t>s f o r  k -  2 has boon o m it te d .  Holtsmark did  n ot  

g iv e  a v a lu e  fo r  t h i s  p h ase . So fo r  k ^ 0 i s  a l s o  g iv e n  

in  the t a b l e .
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Table I -  Exact and Approximate i^hases f o r  Krypton.

j e
v o l t s

-k
atomic

u n i t s
Phase Exact

phase
J e f fr e y *  s
ap prox .

B orn's
approx

E xact  
phase  
minus 
J e f f î  
t r e y s ' 

.a p p ro x .

Exact 
phase  
minus 
Bom * s 
ap prox<

0 0 b o 12*568 15*310 -2*742

b o

b ,

10*996

8*439

12*024

8*781

-1*0 28

-0*292

13*54 1 4*368 4*880 -0*512

5 . 0*226 0*286 0*242 —0 *040 -0*016

S o 0-107 0 .1 0 7 0 ,1 0 7 0*000 0*000

b . 9*696 10*612 -0*916

s, 7*452 7*710 -0 * 2 5 8

54*15 2 S o 4 .46S 4*748 -0*279

h 1 'SKSic 1*41:) 0*779 -0*172 0*459

0*445 0-5 57 0*414 -0*112 0*031

s . 0*143 0*190 C-144 -0*047 -0*001

An ôxainination o f  th e  r e s u l t s  shown In th e  t a b le  

I n d ic a te s  th a t  th e  d i f f e r e n c e  betw een th e  e x a c t  phases  

and J e f fr e y s*  approxim ate phases I s  sm all e x c e p t  In  the  

c a se  o f  zero  ord er  p h a se s .  The v a lu e s  by th e  approxim ate  

method are a lw ays the h ig h e r .

In  the c a se  o f  th e  p hases c a lc u la t e d  by th e  Bom  

method the e r r o r  I s  sm a ll  In  a l l  c a s e s  where th e  phase
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I s  r e a so n a b ly  s n a i l ,  i . e .  l e s s  than 0*6 . The s ig n  o f  the  

e r r o r  v a r i e s ,  and in  th e  c a se  o f  phases l e s s  than 0*5 , 

the e r r o r  i s  l e s s  than by J e f f r e y s ’ method.

I t  sh ou ld  be n o t ic e d  th a t  i t  i s  the a c t u a l  e r r o r  

which i s  Im portant, and not th e  p ercen tage  e r r o r ,  s in c e  

the a d d i t io n  o f  m u lt ip le s  o f  ÏÏ to  th e  piiase d oes n ot a f f e c t  

the s c a t t e r e d  i n t e n s i t y  as  g iv en  by formula ( 1 ) .

The abnorm ally la r g e  e r r o r  th a t  appears in  fo r  

k * 1 i s  probably  due to  a m istak e In H oltsm ark's c a l c u l a t i o n  

s in c e  the approxim ate v a lu e  was c a r e f u l ly  ch ecked .

An im portant c o n c lu s io n  which can be found from a 

stu d y  o f  ta b le  I i s  th a t  th e  er r o r  between J e f f r e y s '  phase  

and the e x a c t  pliase d e c r e a s e s  as th e  order o f  th e  phase  

i n c r e a s e s .  P rev iou s workers have alw ays assumed th a t  

J e f fr e y s*  method i s  o n ly  v a l id  fo r  phases o f  low ord er  

liaving a v a lu e  g r e a te r  than u n i t y .  Massey and Mohr (69 )  

have found th a t  fo r  a r e p u l s iv e  f i e l d ,  as  in  th e  c a se  o f  

a c o l l i s i o n  between two helium  atom s, the v a lu e s  o f  th e  

phases l e s s  than u n ity  are f a r  too  low . T able I ,  however, 

shows th a t  fo r  a heavy atom such  as kryp ton , in  th e  c a se  

o f  an a t t r a c t i v e  f i e l d ,  the method i s  a p p l ic a b le  tfown to  

very  low v a lu e s  o f  the p h a se s .  For th e  lo w est  v a lu e s  

a c t u a l l y  d eterm in ed , 8%̂ =  0 .1 0 7 ,  k=̂  1 , th e  erro r  was zero  

by b oth  J e f f r e y s '  and Born's m ethods.

The la r g e s t  e r r o r s  found were in  the  c a se  o f
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the  sero  ord er  phases and fo r  zez'o v e l o c i t y ,  l*e*  

k t= 0 . The na^Tiitude o f  t h e s e  e r r o r s  was r a th e r  s u r p r i s in g ,  

so t i ia t  p hases were c a lc u la t e d  f o r  k =» 0 , fo r  th e  four  

rare g a s e s ,  krypton , argon , neon and he 11 uni, f o r  which  

th e  Kartree f i e l d s  are  known. The f i e l d  fo r  argon I s  g iven  

by Holtsmark (7 0 ) ,  f o r  neon by Bro%n f 7 1 ) ,  and f o r  Helium 

by McDougall ( 7 2 ; ,

The r e s u l t s  are g iv e n  in  T able 11 , in  which th e  

elem ents are arranged in  order o f  d e c r e a s in g  atomic  

numbers. I t  i s  known th a t  th e  e x a c t  phase in  each  c a se  

i s  an e x a c t  m u lt ip le  o f  TT.

Table I I  -  Phaaea fo r  k — 0 fo r  th e  Rare O a ses .

S x a c t  J e f fr e y s*
Atom. Phase. Approx. Phase.

Kr. 4 7 4 n ^ 2 .7 4 2

Ar. ZiT 3 ÏÏ 4 1 .0 4 0

Ne. 2 7 2T) 4 0*852

He. ÏÏ M 4 0 ,1 8 0

The ta b le  shows th a t  J e f fr e y s*  approxim ation  g iv e s  

too  h ig h  a v a lu e  in  each  c a s e  and th a t  the  e r r o r  d e c r e a s e s  

w ith  th e  atom ic number o f  th e  e lem en t.

A fu r th e r  c a l c u la t i o n  was c a r r ie d  out to  stu d y  th e  

v a r i a t i o n  o f  th e  erro r  in  &  w ith  k , fo r  k ryp ton , by 

J e f fr e y s *  method, fo r  a l l  th e  v a lu e s  o f  k f o r  which
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"o?wtsmark g iv e s  e x a c t  p h a s e s .  The r e s u l t s  are  g iv e n  in  

Table I I I  and f i g .  ( 7 ) .

Table I I I  -  E xact and Approximato V alues o f  in  Krypton.

k in Exact J e f f r e y s  *
atom ic u n i t s . v a l u e , Approx. D i f f e r e n c e ,

0 1 2 .5 6 6 15*310 2*742

0*1 12*709 14*418 1*709

C-2 12*579 13^950 1*359

0-5 11*975 13 .05 0 1*075

0 .7 1 1 .5 3 6 12*620 1*084

1 .0 1 0 .9 9 6 12*C24 1*028

2*0 9*696 10*612 0*916

The range o f  k i s  seen to  be 0 to  8 .  In f ig *  (7 )

are  th e  e x a c t  iand approxim ate p hases a g a i n s t  k , and a l s o

the d i f f e r e n c e  between them p l o t t e d  a g a in s t c. The l a t t e r

graph shows th a t  th e  e r r o r  in  J e f f r e y s ’ phase a t  f i r s t  

d e c r e a se s  r a p id ly  a s  k in c r e a s e s  from z e r o ,  and th en  

becomes a lm ost c o n sta n t  above a v a lu e  o f  k = 0*5 . I t  

th u s  seems f a i r l y  rea so n a b le  to  e x t r a p o la t e  th e  graph  

to  h ig h e r  k to  o b ta in  the  c o r r e c t io n  in  & .

An e x p la n a t io n  o f  the la r g e  e r r o r  in  So can be 

o b ta in e d  i f  we c o n s id e r  our o r i g i n a l  assum ption  in  d e r iv in g  

J e f fr e y s *  ap prox im ation , which was th a t

\j(y) -

(38)
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should  va l'y s lo w ly  w ith  r . The p o t e n t i a l  energy  V (r)  

v a r i e s  as eome In v e r se  power o f  th e  d i s t a n c e  r ,  so th a t  

th e  r a te  o f  v a r i a t i o n  o f  a w ith  r depends on th e  second  

two terms o f  the  above e x p r e s s io n .  The r a te  o f  v a r ia t io n  

o f  V (r )  v a r i e s  w ith  r ,  becoming l e s s  a s  r in c r e a s e s .  In  

d ete rm in in g  , we i n t e g r a t e  a^ from i t s  g r e a t e s t  p o s i t i v e  

z e r o  ro to  i n f i n i t y .  Now r^ in c r e a s e s  w ith  n .  Thfts, as  

n i n c r e a s e s ,  th e  i n t e g r a t io n  o f  ’a* ex ten d s o v er  a r e g io n  

in  which i t  v a r i e s  more and more s lo w ly  w ith  r ,  th a t  i s ,  

o v er  a r e g io n  in  which our o r i g i n a l  assum ption  h o ld s  more 

and more c l o s e l y ,  We would thus e x p e c t  th e  h ig h e r  ord er  

p h ases to  be more a c c u r a te  than th e  lo w er , which i s  what 

i s  se e n  to  be th e  c a se  from Table I ,

For tlie s p e c i a l  c a se  o f  the ze r o  ord er  p h a se , the  

i n t e g r a t io n  has to  extend  r ig h t  to  r = 0 , th a t  i s  in to  a 

r e g io n  in  which the  f i e l d  v a r i e s  v e r y  r a p id ly  w ith  r .

Thus our o r i g i n a l  assum ption  i s  not f u l f i l l e d  and a la r g e  

e r r o r  may be e x p e c te d .

For atoms o f  low atom ic number th e  f i e l d  i s  not so  

p ow erfu l and i t s  r a t e  o f  v a r i a t i o n  w ith  r i s  l e s s  than  

fo r  atoms o f  h ig h e r  atom ic number. Our o r i g i n a l  assum ption  

i s  th u s  more n e a r ly  f u l f i l l e d  and we would th e r e fo r e  

e x p e c t  a b e t t e r  a p p ro x im ation . Both th e s e  l a t t e r  e f f e c t s  

are v e r i f i e d  by an exa m in ation  o f  T ab le  I I ,

In  th e  s p e c i a l  c a s e  o f  a r e p u l s iv e  f i e l d ,  V (r) i s
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p o s i t i v e  so th a t  the second and th ir d  terms in  eq u atio n  

(3 8 )  have the  same s ig n .  In  t h i s  08se  th e  th ir d  term  

w i l l  In crea se  th e  i*ate o f  v a r ia t io n  o f  a w ith  r as n 

in c r e a s e s .  I n s te a d  o f  d im in is h in g  i t  as in  th e  ca se  o f  

an a t t r a c t i v e  f i e l d .  Thus v/e may ex p ec t  th e  e r r o r  In  

such a ca se  to  In c r e a se  w ith  n, as  was found by Massey 

and Mohr. Again f o r  V (r )  p o s i t i v e ,  and n = 0 , a has a 

p o s i t i v e  z e r o ,  so th a t  fo r  the ca se  o f  io  the  I n te g r a t io n  

would not then  extend  to  r = 0 .  The e r r o r  in  t h i s  ca se  

woiild then p rob ab ly  bo l e s s  than fo r  an a t t r a c t i v e  f i e l d .

From eq u a tio n  (1 )  we f in d  th a t  by t r e a t in g  1{<9) 

as a fu n c t io n  o f  (oos2Sk -  l )^ - f  sln^S  ̂ I ( 6)) has i t s  

maximum v a lu e  f o r   ̂x — (2 s - f  1) ^ /2 ;  th a t  I s  th e  p hases

which are n e a r e s t  (2 s  ^ 1) ^ / 2 ,  w i l l  have th e  most e f f e c t  

on th e  s c a t t e r e d  i n t e n s i t y .  The error  in  So should then  

n ot be s e r io u s  provided  So I s  not o f  th e  ord er  o f  

(2 s  -f 1) / i / 2 . For krypton So i s  seen  to  be A fî f o r  k =• 0 ,  

which i s  as  fa r  from th e  g iv en  v a lu e s  (2 s  + 1) ^ /2  as  

p o s s ib l e .  The e f f e c t  o f  a la r g e  er r o r  in  So w i l l  thus n o t be 

' s e r io u s  in  t h i s  c a s e ,  s in c e  th e r e  w i l l  be phases o f  h ig h e r  

ord ers  which w i l l  be c l o s e  to  3 ^ /2  and ^ /2 . The e f f e c t  o f  

th e s e  on 1 ( 6 )  w i l l  be so la r g e ,  th a t  the  e r r o r  in  So w i l l  

n ot be im p ortan t. The same argument a p p l ie s  to  any c a se  

in  which 8o i s  la r g e ,  say  g r e a te r  than 2/T, which i s  th e  

c a se  fo r  sm a ll  v a lu e s  o f  k, as see n  f i ‘om Table I I I .  For
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la r g e  v a lu e s  o f  k and a heavy atom, è>o might be the  

most im portant p h ase; the er ro r  in  i t  would th en  be 

im portant and m ight even a l t e r  th e  shape o f  th e  s c a t t e r i n g  

curve c o m p le te ly .  A more a ccu ra te  method o f  c a l c u l a t i o n  

would then  be n e c e s s a r y .

For phases o f  sm a ll  v a lu e ,  i . e .  l e s s  then  0*5, e i t h e r  

J e ffr e y s*  or Born * s method g iv e s  r e s u l t s  which are a lm ost  

e x a c t .

Previous workers on th e  c a l c u l a t i o n  o f  p hases by 

approximate methods have used J e f fr e y s *  method fo r  phases  

g r e a te r  tlian u n i t y  and Born * a fo r  p lia ses  l e s s  than 0*5, 

s in c e  th e se  were th e  supposed re g io n s  o f  v a l i d i t y .  I n t e r :

:m ediate  phases were o b ta in ed  by drawing p h a se -o rd er  

diagrûma.ÿî*and i n t e r p o l a t in g  on them f o r  th o s e  phases not  

o th e r w ise  c a l c u la t e d .

This method was probably  very  in a c c u r a te  s in c e  the  

s lo p e  o f  such a diagram v a r ie s  very  r a p id ly  in  ju s t  th e  

r e g io n  o f  i n t e r p o l a t i o n .  The above work has shown th a t  

t h i s  i s  not n e c e s s a r y ,  a t  l e a s t  in  th e  c a s e  o f  krypton ,  

fo r  which J e f f r e y * s  method g iv e s  r e s u l t s  w hich  in c r e a s e  

in  accuracy  w ith  th e  ord er  o f  the p h a se , and w ith  

d e c r e a se  in  v a lu e  o f  th e  p h ase . P'rom g e n e r a l  c o n s id é r â t :  

l io n s  o f  the f i e l d  and th e  assum ptions in v o lv e d  in  the  

method, i t  seems r e a so n a b le  to  ex p ec t  th a t  t h i s  c o n c lu s io n

w i l l  h o ld  fo r  o th e r  s im i la r  atoms in  the  c a se  o f  c o l l i s i o n s
w i t h  e l e c t r o n s .
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TTISORETICAL ANGULAR SCATTKRIHG CURVE FOR 122 

VOLT ELECTRONS IN KRYPTON.

In order  to  t e s t  th e  g e n e r a l  accuracy o f  the p h ases  

by th e  approximate m ethods, i t  was d ec id ed  to  c a l c u l a t e  

th e  an gu lar  s c a t t e r in g  cuz*ve fo r  a c e r t a in  v e l o c i t y  and 

compare th e  r e s u l t  w ith  an exp er im en ta l curve* The 

v e l o c i t y  ehosen  was t h a t  fo r  which k »  3 , which c o r r e s :

;ponds to  a beam v e l o c i t y  o f  121*6 v o l t s .  The p hases  

were c a lc u la t e d  u s in g  the  same f i e l d  as  in  th e  p rev io u s  

p a r t  o f  t h i s  s e c t i o n .  For the phases to  J e f f r e y s ’ 

method was u sed , and fo r  and 5^ B o m ’ s method. The 

s c a t t e r e d  i n t e n s i t y  I ( 6?), as d e f in e d  in  a p rev io u s  s e c t io n  

was c a lc u la t e d  from eq u a tio n  ( 1 ) ,  I t  w i l l  be In  atomic  

u n i t s ,  s in c e  k and th e  p h ases  are in  th e se  u n i t s .  The

phases are g iv e n  in  Table IV, and t h e  s c a t t e r e d  i n t e n s i t y ,

fo r  each  a n g le ,  in  Table V.

Table IV . « Phases f o r  k a  3 f o r  Kr^rPton.

S/ Si  ̂(0
9*824 7*003 4*411 1*830 0*980 0*430 0*302
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Table V -  S c a tte r e d  I n t e n s i t y  I(<9) in  Atomic U n its  

f o r 122-VOIt E le c tr o n s  In Krypton.

e" 0 10 20 30 40 50 60

I « 9 ) 75*21 55*76 22*18 5*35 0*608 1*57 2*13

70 80 90 100 110 120

1 ( 2 ) 2-CO 0*749 0*007 0*293 0*721 0*335

6 ° 130 140 150 160 170 180

1{ 0 ) 0*218 0*122 0*009 0*076 2*56 3*83

In f i g .  (8 )  th e  t h e o r e t i c a l  curve i s  p lo t t e d  as  a 

con tin u ou s  l i n e • The reg ion  from 20® to  180® i s  a l s o  

p lo t t e d  to  a la r g e r  o rd in a te  s c a l e .  The c i r c l e s  on the  

l a t t e r  curve are Arnot*s ex p er im en ta l p o in t s  ( 7 3 ) ,  fo r  

s c a t t e r in g  o f  121 v o l t  e l e c t r o n s  in  k ryp to n . The 

ex p er im en ta l curve i s  f i t t e d  to  th e  t h e o r e t i c a l  curve  

a t  one p o in t ,  s in c e  the o r d in a te s  o f  the  exp er im en ta l  

cur*ve are in  a r b i t r a r y  u n i t s .  The agreement i s  seen  to  

be v ery  good. Both t h e o r e t i c a l  and exp er im en ta l cu rves  

e x h ib i t  maxima and minima a t  p r a c t i c a l l y  i d e n t i c a l  a n g le s .  

The t h e o r e t i c a l  curve a l s o  shows & pronounced i n t e n s i t y  

o f  backvvai^ s c a t t e r in g  between a n g le s  o f  160® and 180®.

'"Uis e f f e c t  has a c t u a l l y  been found e x p e r im e n ta l ly  in  

another g a s ,  merciirj’̂ vapour, by A m o t  (7 4 )  where th e  

an gu lar  range o f  i n v e s t i g a t i o n  was extended a lm o st to  180®.
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The g e n e r a l  c o n c l”U9ions a r r iv e d  a t  from th e  r e s u l t s  

o f  t h i s  s e c t io n  are th a t  J e f fr e y s *  approxlm atlon  g i v e s  

v a lu e s  o f  the phases which  are  s u f f i c i e n t l y  a cc u r a te  f o r  

a l l  v a lu e s  o f  n g r e a te r  than z e r o ;  th e  accu racy  in c r e a s in g  

w ith  n . The er ro r  in  th e  zero  ord er phase d e c r e a s e s  w ith  

th e  atomic nuinher o f  th e  e lem en t, and i s  shown to  be 

r e l a t i v e l y  unim portant i f  8̂ ) i s  la r g e  and n o t  eq u al to  

(2 s  -+ 1) ÏÏ/2,  Bom *8 approxim ation  I s  v a l i d  f o r  p hases  

whose v a lu e  i s  l o s s  th on  0*5 . Phases c a lc u la t e d  by th e s e  

methods are shc-wn to  g iv e  an a n gu lar  d i s t r i b u t i o n  curve  

which i s  in  very  good agreement w ith  th e  exp er im en ta l  

curve fo r  the same v e l o c i t y .  The nw .ber  o f  phases req u ired  

to  d e t e m in e  the cuiire fo r  1 2 1 .6  v o l t  e l e c t r o n s  i s  s e v e n .
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PART I I . EXPERI ÎETNTAL.
/

SECTION 5.

DESCRI PTIO'' OF THE APPARATUS.

The apparatus used in  the ex p er ia ien ta l  p art o f  

t h i s  t h e s i s  i s  e s s e n t i a l l y  o f  th e  m o d if ied  Lenard 

typ e  ; th a t  i s  the  beam p a s se s  In a s t r s l ^ ^ t  l i n e  

through the d e f in in g  h o l e s ,  in t o  th e  s c n t t e r ln g  r e g io n  

and th en  in t o  th e  c o l l e c t i n g  chamber. In the o r i g i n a l  

Lenard aoparatua and in  th e  Rainsuucr a p p a ra tu s , as  

used by Brode, the o n ly  measurements taken arc chose  

o f  the  c u r r e n ts  in  uhe beron a t  the b sg in n ln g  and end 

o f  i t s  p a th . No a c t u e l  meusuramants are  taken  o f  th e  

cu r r e n t  s c a t t e r e d  frou  a c e r t a in  lcn^,th o f  th e  beam.

In  th e  m o d if ied  form o f  the Lenard apparatus as used  by 

Jones and o t h e r s ,  t h i s  cu rren t i s  m easured. O bservât:  

l i o n s  on t h i s  s c a t te r e d  cui*rent, in  c a s e s  where m easure:  

:ments o f  the c r o ss  s e c t io n  have been made, have been  

c o n f in e d  to  otudying the t o t a l  c u rr en t  s c a t t e r e d  by a l l  

p o s s ib l e  ty p e s  o f  c o l l i s i o n s ,  e l a s t i c  and i n e l a s t i c .

The c r o s s  s e c t i o n  o b ta in ed  in  t h i s  way i s  th e  t o t a l
\

e f f e c t i v e  c r o s s  s e c t i o n ,  or uhe p r o b a b i l i t y  o f  a c o l l :  

: i s l o n  o f  any ty p e ,  no p a r t i c u l a r  typ e  b e in g  s p e c i f i e d  

o r  ex c lu d ed . In  c a s e s ,  however, where the  d i f f e r e n t i a l  

c r o s s  s e c t io n  has been m easured, th a t  i s  th e  i n t e n s i t y  

s c a t t e r e d  through a c e r t a in  a n g le ,  methods have been
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employed to  a n a ly se  th e  s c a t t e r e d  e l e c t r o n s .  In to  

groups w ith  d i f f e r e n t  v e l o c i t y  d i s t r i b u t i o n s ,  thus  

s e p a r a t in g  groups such as the e l a s t i c a l l y  or  i n e l a s t i c  : 

t a l l y  s c a t t e r e d  e l e c t r o n s .  There are th r e e  main methods  

o f  a n a l y s i s  which have a l l  been used by c i f f © r e n t  

w ork ers.

F i r s t l y ,  th e r e  i s  th e  method or u s in g  r e ta r d in g  

p o t e n t i a l s  to  s e p a r a te  out e l e c t r o n s  which havo l o s t  

c e r t a in  amounts o f  en ergy . This method has been used  

by k r n o t ,  In h i s  work on e l ? s t i c  n ryu lar  s c a t t e r i n g  in  

many gaaesy  and by T ate and P«!mer and o th e r s .

Sec end. l y ,  th ere  l e  the mot hod used by N i c o l l  and 

Mohr, and. by îUghea and l i e n  and o t h e r s ,  o f  r é s o l u t :  

î io n  by .applying an e l e c t r o s t a t i c  f i e l d  between two 

ciu’ved p l a t e s .  The e l e c t r o n s  p&saing between th e  p l a t e s  

are  then sep a ra te d  out in t o  groups w ith  the same v e l o c i t y  

any d e s ir e d  group can then be made to  p ass  through th e  

s l i t s  a t  the end o f  the a n a ly se r  and in t o  the c o l l e c t i n g  

chambo r .

F in a l ly  th e r e  i s  th e  m agnetic  r e s o lu t i o n  method, 

as used  f r e q u e n t ly  fo r  th e  se p a r a t io n  o f  p o s i t i v e  io n s  

o f  v a r io u s  v e l o c i t i e s  by Smyth and. o t h e r s ,  and by 

W hiddlngton and h i s  co-w ork ers in  s e p a r a t in g  e l e c t r o n s  

o f  d i f f e r e n t  v e l o c i t i e s .  In t h i s  method a m agnetic  

f i e l d  i s  a p p lie d  in  a d i r e c t i o n  p e r p e n d ic u la r  to  th e
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d i r e c t io n  o f  th e  beam, which i s  then  b en t In to  the  

arc o f  a c i r c l e  o f  ra d iu s  depending on th e  v e l o c i t y  and 

th e  m agnetic f i e l d  s t r e n g t h ,  e x a c t ly  as  In th e  Ramsauer 

a p p aratu s , e x c e p t  t l ia t  In VVhlddlngton*s apparatus the  

e le c t r o n s  are recorded p h o to g r a p h ic a l ly .

In  most o f  th e s e  m ethods, measurements a re  co n fin ed  

to  e l e c t r o n s  s c a t t e r e d  through a c e r t a in  a n g le ;  th e  

t o t a l  c r o s s  s e c t i o n  Is  then  obtained  from a number o f  

an gu lar  s c a t t e r i n g  by num erica l I n t e g r a t io n .  As m entioned  

p r e v io u s ly  the r e s u l t s  o f  t h i s  metliod may th u s  be f a r  

from a c c u r a te .  L i t t l e  work seems to  have been done on 

the d i r e c t  d e te rm in a tio n  o f  the c r o s s  s e c t io n s  fo r  

p a r t i c u la r  ty p e s  o f  c o l l i s i o n s  by a method o f  r e s o lu t io n  

o f  a l l  the s c a t t e r e d  e l e c t r o n s  a t  once In to  v e l o c i t y  

g r o u p s .

Such a method has been d ev ised  in  th e  apparatus  

to  be used h e r e , The method o f  r e s o lu t io n  I s  one 

em ploying the f i r s t  method o f  above, namely a method o f  

r e s o lu t io n  by g r id s  and r e ta r d in g  p o t e n t i a l s .

A s c a le  drawing o f  th e  apparatus I s  g iv en  In  f i g ,  ( 9 ) ,  

w h ile  a photograph o f  I t  mounted on i t s  su p p o rt in g  g la s s  

tube I s  g iv en  In P la te  I ,  A l l  the m e ta l  p a r ts  o f  the  

ap p aratu s , which was c o n s tr u c te d  e n t i r e l y  In  the  

 ̂ la b o ra to ry  workshops, were made o f  copper w ith  th e  

e x c e p t io n  o f  the g r i d s ,  which were o f  n i c k e l  g a u ze .
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and the f i la m e n t  which was o f  tu n g s te n .  A l l  J o in ts  

on the copper p a r t s  o f  th e  apparatus were s i l v e r  s o ld e r e d ;  

many o f  them b e in g  r i v e t t e d  as w e l l .  The J o in ts  on the  

g r id s  were sp o t-w e ld ed  where p o s s i b l e .  A l l  th e  w ire  

lea d s  to  the apparatus were o f  n i c k e l ,  excep t th e  f i la m e n t  

lea d s  w hich  were o f  cop p er, on account o f  i t s  g r e a te r  

c o n d u c t iv i ty  and tlie la r g e  c u r r e n ts  t h e s e  le a d s  would 

have o c c a s io n a l l y  to  c a r r y .  The lea d s  to  the  two o u te r  

g r id s  were o f  copper fo r  th e  f i r s t  few in c h e s ,  and then  

o f  n i c k e l .  This was done s in c e  n ic k e l  le a d s  were found  

to  be n o t s u f f i c i e n t l y  f l e x i b l e  and a l s o  to o  b r i t t l e  

to  use in  p la c e s  where i t  was n ece ssa r y  to  bend them 

f r e q u e n t ly .  N ic k e l  le a d s  were o r i g i n a l l y  used b ut th ey  

were found to  break e a s i l y ;  c o n s id e r a b le  d ism a n t lin g  o f  

the apparatus was then h e c e s sa r y  to  e f f e c t  r e p a i r s .

Some c o n s id e r a b le  tim e was spent in  exp er im en tin g  

w ith  v a r io u s  ty p es  o f  e l e c t r o n  gun. In  th e  f i r s t  one 

c o n s tr u c te d , the  f i la m e n t  was arranged so as  to  be a c r o s s  

a d iam eter  o f  a c y l i n d r i c a l  box, w ith  th e  f i r s t  d e f i n in g  

h o le  o f  th e  beam a t  th e  c e n tr e  o f  one o f  th e  p lan e  end 

p l a t e s .  The f i la m e n t  i t s e l f  was c a r r ie d  on two t h ic k  

copper w ir e s ,  which  were a lw ays as c l o s e  to g e th e r  as  

p o s s i b l e .  In  t i i i s  way i t  was hoped to  m in im ise  any 

e f f e c t s  due to  the  m agnetic  f i e l d  o f  the f i la m e n t  h e a t in g  

c u r r e n t ,  which m ight be q u ite  la r g e  a s ,  a t  t im e s .
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f i la m e n t  c u r r e n ts  up to  f i v e  amperes were u s e d . With 

t h i s  type o f  gun however i t  was found im p o s s ib le  to  

o b ta in  an e l e c t r o n  beam fo r  any energy below  40 v o l t s .  

T his must liave been p a r t ly  due to  th e  d i f f i c u l t y  o f  

g e t t i n g  the f i la m e n t  e x a c t ly  o v er  th e  gun h o le ;  but th e r e  

must have been o th e r  ca u ses  s in c e  exp erim en ts  w ith  

fo c u s s in g  c y l in d e r s  round the  f i la m e n t ,  and v a r ia t io n s  

o f  th e  p o s i t i o n  o f  the f i la m e n t  in  i t s  c o n ta in in g  

c y l in d e r  f a i l e d  to  e f f e c t  any lmpz*OTement. T his  same 

e f f e c t  has a l s o  been n o t ic e d  by o th e r  workers w ith  t h i s  

type o f  gun.

As i t  was desJred  to  o b ta in  beams o f  much low er  

energy  than 40 v o l t s ,  anothor gun was co n s tr u c te d  on th e  

same l i n e s  as  th a t  used by À m ot ( 7 4 ) ,  The diagram o f  

th e  apparatus i s  g iv en  in  f i g .  ( 9 ) .  In t h i s  type th e  

f i la m e n t  i s  p la c e d  a lon g  th e  a x i s  o f  a c y l in d e r  T; th e  

f i r s t  beain d e f in in g  h o le  b e in g  th en  a t  th e  m id d le  o f  th e  

l e n g th  o f  th e  curved s u r fa c e .  The p o t e n t i a l  n e c e s s a r y  to  

a c c e l e r a t e  th e  e l e c t r o n s  to  the d e s ir e d  speed i s  a p p lie d  

betw een  the f i la m e n t  and th e  box surrounding i t .  I t  

sh ou ld  be n o t ic e d  th a t  t h i s  type o f  gun i s  p rob ab ly  much 

more e f f i c i e n t  than the one d e s c r ib e d  p r e v io u s ly ,  s in c e  

th e r e  i s  much l e s s  chance o f  e l e c t r o n s  e sc a p in g  from the  

ends o f  the tu b e  T, w h ile  a l s o ,  s in c e  th e  ends a re  q u i te  

open , g a s  w i l l  e scap e  e a s i l y  from th e  c y l in d e r ,  and so
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the  l i f e  o f  th e  f i la m e n t  w i l l  be lo n g e r ,  and th e r e  w i l l  

be l e s s  chance o f  low v o l t a g e  a rc s  between th e  f i la m e n t  

and th e  c a s e .

The d im en sions o f  th e  f i la m e n t  c o n ta in in g  box T 

a r e ,  d iam eter  4 21m, and le n g th  2 cm s .,  w h ile  in  the  

f i r s t  gun th e  d im en sions w ere, d iam eter  2 cm s., and 

l e n g th  1 cm. The f i la m e n t  in  t h i s  new gnn was o f  

tu n g s te n ,  0*2 mn% in  d ic n e t e r ,  end about 10 mm. lo n g .

The tu n g sten  was c a r e f u l ly  c lea n ed  w ith  f in e  emery paper 

b e fo r e  u s e .  Each end o f  the f i la m e n t  was sp ot-w eld ed  

to  a sh o rt  le n g th  o f  th ic k  n i c k e l  w ir e .  These n i c k e l  

ends are clpmued by s e t  screw s , in  copper p o s ts  a t  each  

end c f  the  filfunont box , so  th a t  th e  f i la m e n t  l i e s  

e x a c t ly  a lo n g  th e  a x i s  o f  th e  box and a l s o  e x a c t ly  in  

the c e n tr e  o f  th e  le n g th  o f  the b ox , With t h i s  arrangement, 

th e  c e n tr e  o f  th e  f i la m e n t  which i s  the  h o t t e s t  p art  and 

w i l l  thus em it e le c t r o n s  most f r e e l y ,  w i l l  be e x a c t ly  

over  th e  f i r s t  gun h o le .  In  each o f  th e  copper p o s ts  

th e r e  i s  a fu r th e r  h o le  in  which th e  w ir e s  le a d in g  to  

the  e x t e r n a l  b a t t e r i e s  can be clamped by s e t  screw s.

Each p o s t  i s  i t s e l f  clamped to  a sh o r t  p ie c e  o f  quartz  

tu b in g  which i s  in d ep en d en tly  clamped to  the main frame 

o f  the a p p ara tu s . Again, behind each  p o s t ,  mica p la t e s  

are f ix e d  to  the frame o f  th e  apparatus to  a c t  as  

i n s u la t i o n  should they move so  as  to  touch  the frame.
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The f i la m e n t  i s  thus w e l l  in s u la t e d  from th e  r e s t  o f  th e  

a p p a r a tu s ,

Three h o le s  Hg, and H j, each o f  one mm. d ia m eter ,  

and w ith  b e v e l l e d  e d g e s ,  are  p r e s e n t  in  the tu b e  D, 

which i s  s i l v e r  s o ld e r e d  to  th e  tube T and a t  r ig h t  

a n g le s  to  i t .  These h o le s  d e f in e  the  beam. The tube D 

i s  2 ,,cms. in  le n g th  so th a t  the h o le s  are  1 cm. a p a r t .

The d ia m eter  o f  t h i s  tube i s  a l s o  4 iiau* To th e  end o f  

t h i s  tube i s  so ld e red  th e  f i r s t  g r id  The apace i n s i d e

t h i s  g r id  forms th e  f i e l d  f r e e  s c a t t e r i n g  r e g io n .  A f t e r  

p a s s in g  through t h i s  sp ace  th e  beam e n te r s  th e  tube E 

and the c o l l e c t i n g  chamber B. The tube E i s  a g a in  4 mm. 

in  d ia m e te r .  The e l e c t r o n  tr a p  3 i s  about 3 cm s. lon g  

and one cm. in  d ia m e te r .  The o u t l e t  from i t  i s  q u i te  

wide but the o u t l e t  tube i s  b en t t w ic e ,  and p la c e d  a t  

the o p p o s i te  end o f  the  c y l in d e r  to  th a t  a t  w hich th e  

e le c t r o n s  e n t e r ,  so  as  to  In su re  th a t  B i s  as good a 

c o l l e c t o r  o f  e l e c t r o n s  as p o s s i b l e ,  b ut a l s o  g i v e s  f r e e  

p assage  in  and ou t to  the gas in  the  a p p a ra tu s . The g r id  

s to p s  about 1 mm, sh o r t  o f  th e  tube E, so t h a t  th ey  

are e l e c t r i c a l l y  in s u la t e d  from each o th e r .  The d i s t a n c e  

between the end o f  tube D and th e  b eg in n in g  o f  tube E 

i s  eq u a l to  2 «2 c m s .,  which i s  then  th e  le n g th  x  o f  th e  

beam fo r  s c a t t e r i n g .
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In s e c t io n  ( 1 ) ,  the moan f r e e  p ath  f o r  e le c t r o n s
—3in  mercury vapour a t  a p r essu re  o f  10 mm. was c a lc u la t e d  

to  be about 20 cms. A com parison o f  t h i s  v a lu e  w ith  th e  

above va lu e  o f  x ,  namely 2*8 eras, and the  d im ensions o f  

th e  apparatus shows th a t  the  p r o b a b i l i t y  o f  an e l e c t r o n ,  

w hich has made a c o l l i s i o n ,  making a n o th er  c o l l i s i o n  

b e fo r e  i t  reaches a c o l l e c t o r  i s  v ery  s m a l l .  We can thus  

assume th a t  a l l  the  r e s u l t s  siiown in  th e  exp er im en ta l  

s e c t i o n  (7 )  are due to  s i n g l e  c o l l i s i o n s .

C oax ia l w ith  the g r id  0^ and th e  e le c t r o n  beam, are  

th e  two g r id s  Gg and Gg and th e  c o l l e c t i n g  c y l in d e r  0 ,

In th e  o r i g i n a l  apparatus th e  th r e e  g r id s  were a l l  made 

o f  f in e  copper gau ze , th e  w ire  o f  which was about 0*1 mm, 

t h i c k ,  w h ile  th e  open sp aces  o f  th e  gauze were a l s o  about 

0*1 Him. sq u a re . B es id es  b e in g  v ery  d i f f i c u l t  t o  c o n s tr u c t  

w ith  such f in e  gau ze , tlie g r id s  were found on t e s t i n g  n ot  

to  p ass  a cu rren t o f  s u f f i c i e n t  i n t e n s i t y  to  be m easured. 

C a lc u la t io n s  from the d im ensions o f  th e  meshes o f  the gauze  

showed th a t  the  open area was o n ly  25^  o f  th e  t o t a l  area  

so  t h a t  th e  a c t u a l  i n t e n s i t y  c o l l e c t e d  by C was o n ly  

1 /6 4  o f  the i n t e n s i t y  s c a t t e r e d  from th e  beam, which  was 

much too sm a ll  to  perm it o f  a c c u r a te  measurement. Three 

new g r id s  were th e r e fo r e  c o n s tr u c te d  o f  n i c k e l  gauze woven 

from 36 s .w .g ,  w ir e ,  w ith  a mesh o f  20 p er  in c h .  The 

a p e r tu r e s  o f  th e  gauzes were found to  be 1*08 x  1*08 mm,,
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so th a t  th e  tr a n sm iss io n  o r  " s i f t i n g ” a rea  i s  71^. The 

g r id s  Gg and G3  which are com plete  c y l i n d e r s ,  are f a s t e n e d ,  

by copper r in g s ,  in t o  s l o t s  cu t  in  I n s u la t in g  s l e e v e s  o f  

s in d an yo . These s l e e v e s  s l i d e  over  the  tu b es  D and E.

The th ic k n e s s  o f  th e s e  s3.eeves i s  about 1*5 ram., and the  

d is ta n c e  between s u c c e s s iv e  g r id s  and between the  g r id  

Gj and the c o l l e c t o r  C, i s  5 ram. The lea d s  to  th e  g r id s  

Gg and G3  are  I n s u la te d  by th in  q uarts tu b es which can 

be e a s i l y  s l ip p e d  over  the w ir e s ,  as shown in  th e  f i g u r e .  

The c o l l e c t i n g  c y l in d e r  C was a l s o  o r i g i n a l l y  i n s u la t e d ,  

on sindanyo s l e e v e s  but th e  in s u l a t io n  o f  t h i s  was found 

to be i n s u f f i c i e n t  when d e a l in g  w ith  sm a ll  c u r r e n ts  and 

h igh  s e n s i t i v i t y  g a lvan om eters . Those sindanyo s l e e v e s  

were th e r e fo r e  rep la ced  by quartz in s u la t o r s  which f i t t e d  

t i g h t l y  over th e  tubes D and E. The r ig h t  end p l a t e  o f  

the box C was rem ovable, b e in g  secured  by two sm a ll  screws  

and n u t s ,  in  o rd er  th a t  the two o u te r  g r id s  co u ld  be 

s l ip p e d  i n s i d e .  The tube & and the c o l l e c t i n g  box B were  

supported  by th e  main frame o f  th e  apparatus but were 

in s u la te d  from i t  by bushes o f  s in d a n y o . A fu r th e r  case  

was co n stru c ted  to  f i t  c o m p le te ly  round the frame o f  the  

apparatus so as to  s h ie l d  the c y l in d e r  C e x t e r n a l ly  from 

any s t r a y  e l e c t r o n s  from th e  gur c a s i n g .

The apparatus was supported  on a Pyrex g l a s s  tube  

w ith  a la rg e  ground g la s s  j o in t  a t  th e  end, by means o f
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which the whole apparatus cou ld  be f i t t e d  In to  a la r g e  

pyrex  tu b e ;  th e  d iam eter  o f  the tube and ground j o in t  

b e in g  5 cms. A l l  th e  le a d s  to  the ap p ara tu s , o f  which  

th e r e  were se v e n , en tered  through tu n g s te n -p y r e x  s e a l s ,  

w ith  th e  e x c e p t io n  o f  the copper f i la m e n t  le a d s  which  

were waxed i n .  The n ic k e l  lea d s  were sp o t-w e ld ed  to  the  

tu n g sten  a t  each  end. A l l  th e  le a d s  were I n s u la te d  from 

each o th e r  by long  s l e e v e s  o f  pyrex tu b in g , w h i le  c l o s e  to  

the apparatus th e  lea d s  were f r e q u e n t ly  In su la te d  by  

quartz tu b in g .  By means o f  the ground g l a s s  j o i n t  th e  

w ||o l0  apparatus cou ld  e a s i l y  be removed from th e  tube f o r  

ad ju stm en ts  and re p a ir s  to  th e  f i la m e n t .  The ground 

Jo in t was k ep t w e l l  greased  w ith  a hard oacuum g r e a se  o f  

v e iy  low vapour p r e s s u r e .

The earth* s m agnetic f i e l d  was ba lanced  ou t by means 

o f  tv/o p a ir s  o f  la r g e  fielm lioltz c o l l s ,  48 cms. In  d ia m ete r .  

One p a ir  was ad ju sted  to  e q u a l is e  th e  h o r iz o n t a l  component 

o f  tho  f i e l d  and th e  o th e r  the v e r t i c a l  component. The 

number o f  tu rn s  o f  w ire  on th e  c o l l s  n e c e s sa r y  to  do t h i s  

w ith  a cu rr en t  o f  0 * 2  amperes in  th e  c o i l s  was f i r s t  

c a lc u la t e d ;  the  n e a r e s t  e x a c t  number o f  tu rn s to  th e  r e s u l t  

was then  put on each c o l l .  By c a l c u l a t i n g  back and t e s t i n g  

w ith  a sm a ll  m agnetom eter, the e x a c t  cu rren t was found 

fo r  each p a ir  o f  c o i l s .  The c e n tr e  o f  th e  fou r  c o i l s  

was arranged to  be e x a c t ly  a t  the p o s i t i o n  o f  th e  s c a t t e r in g
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r e g io n  where th e r e  should  then be no f i e l d  due to  the  

e a r th * s  f i e l d ,  over  q u ite  an a p p r e c ia b le  r e g io n .

The g e n e r a l  a r r a n g e m e o f  the  ap p aratu s , c o i l s  

and c i r c u i t  can be seen  in  P la te s  ( I Î )  and ( I I I ) .

By Means o f  a s id e  limb in  the siain g l a s s  chamber 

a co n n ec t io n  was made through a l iq u id  a i r  trap  to  a 

s e n s i t i v e  McLeod gauge fo r  which the c a l i b r a t io n  had 

been a c c u r a te ly  d eterm in ed .  ̂ fu r th e r  s id e  l l n b ,  which  

was n ever  used d u r in g  the co u rse  o f  th e  exnerim onts on 

mei*cury vapour, was provided  through which a supply  o f  

a n oth er  gas m ight be a llcv /ed  to  e n te r  th e  c o l l i s i o n  

ciisppber. T h is  tube can be seen  in  th e  P la te  ( I I I  ) w ith  

an arrangement fo r  l e t t i n g  in  a sm all q u a n t ity  o f  a g as ,  

connected  to  i t .  T his the au th or  has been c o n s tr u c t in g  

fo r  work on neon and h e liu m .

Thi'OÛ -:h a s m a ll  2  cm. ground g l a s s  j o in t  a t  the  

o p p o s i te  end o f  the main g l a s s  tube to  the la r g e  j o in t  

a c o n n ec t io n  was made to  the e v a c u a t in g  system  through  

a l iq u id  a i r  tra p  a g a in .  The pumping system  c o n s i s t e d  

o f  an e l e c t r i c a l l y  h e a te d , s t e e l  Kaye mercury d i f f u s io n  

pump, backed by an ord in ary  Hyvac. A trap  b o t t l e  w ith  

phosphorus p en to x id e  as  a d ry in g  a g e n t ,  was in c lu d ed  

between the two pumps. Taps were a l s o  in c lu d ed  between  

the pumps and on each s id e  o f  the trap  b o t t l e .  A fu r th e r  

tap b e s id e  th e  Hyvac served  to  em it a i r  when i t  was
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d e s ir e d  to  l e t  down the ap p aratu s . Vifhen t h i s  had to  

be done the a i r  was always l e t  in  through a drying tube  

so  th a t  o n ly  dry a i t  g o t i n .  Thus on pumping down a g a in  

l i t t l e  tr o u b le  was experlanoed  due to  the presence o f  

much w ater vapour, The McLeod could  a l s o  be cu t o f f  

by means o f  a ta p ,  which was always c lo s e d  when a i r  was

l e t  in  to  the apparatus so t l ia t  th e  mercury in  the  gauge

had as l i t t l e  chance as p o s s ib le  o f  becoming con tam in a ted ,

A sm all e l e c t r i c a l  furnace was co n stru cted  to  f i t

round the oyrex chamber a t  the p o s i t i o n  o f  the  ap p ara tu s ,  

so th a t  gas could be removed from th e  m eta l o f  the  

apparatus and th e  g la s s  w a l l s  by baking out a t  a h igh  

tem peratu re . This was done o r i g i n a l l y  a t  450^0 but l a t e r  

a t  about 360*^0. s in c e  a t  th o  h ig h e r  tem perature a 

m e t a l l i c  vapour, probably z in c  was found to  come o f f  

th e  s i l v e r  s o ld e r  and s e t t l e  on th e  i n s u l a t i o n ,  thus  

ren d er in g  i t  con d u ctin g . C o l ls  o f  com p osit ion  p ip in g  

were f i t t e d  round the o u ts id es  o f  the two ground j o i n t s  

so t h a t ,  by p a ss in g  w ater through the  p ip e s ,  the j o i n t s  

cou ld  be kept c o o l  during baking out and so prevented  

from cr a ck in g  or s t i c k i n g .

The apparatus was baked out u n t i l  th e  p ressu re  became 

l e s s  than 1 0 "® mm, o f  mercury w ith  the  furnace s t i l l  on ; 

th e  f i la m e n t  was then sw itch ed  on w ith  th e  h ig h e s t  

p o s s ib l e  a c c e le r a t in g  p o t e n t i a l  a p p lied  to  i t ,  and the
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furnace was kept on t i l l  th e  p r e ssu r e  aga in  f e l l  bo the  

above v a lu e .  By t h i s  means a l l  gas was e f f e c t i v e l y  

removed from th e  f i la m e n t  box C. I f  t h i s  was not done 

i t  was found th a t  th e  h e a t  o f  th e  f i la m e n t  brought o f f  

a l o t  o f  gae from the box C during  a xnm, and q u ite  an 

a p p r e c ia b le  p ressu re  would b u i ld  up in  the  ap p ara tu s .

A f t i r  baking o u t ,  a p r e ssu r e  in  the  ap p aratu s , when c o ld ,  

o f  the order o f  1 0 *^ n&n. o f  mercury or  l e a s ,  cou ld  be

o b ta in ed  w ith  the  f i la m e n t  o f f ,  i . e .  a s t i c k i n g  vacuum.
•4During a run the  p ressu re  was o f  th e  ord er  o f  10 lum. 

o f  mercury, due to  th e  fo r e ig n  g a s ,  which was n e g l i g i b l e  

compared to  th e  p ressu re  o f  tlie mercury vapour.

When a new f i la m e n t  was put i n ,  i t  was f i r s t  o f  a l l  

run for  some two m inutes a t  about 2  to  5 mlllàaraps em iss io n  

w ith  th e  f u l l  p o t e n t i a l  on; and then  f o r  a sh ort tim e a t  

a la r g e  e m is s io n ,  o f  th e  ord er o f  100 ma. This was done 

in  ord er to  remove from the f i la m e n t .

In th e  ca se  o f  th e  experim ents on mercury vapour, 

d e sc r ib e d  l a t e r  In t h i s  t h e s i s ,  no l iq u id  a i r  was used  

on th e  t r a p s .  A p l e n t i f u l  supply  o f  mercury vapour was 

o b ta in ed  from the McLeod gauge and th e  d i f f u s i o n  pump.

The p ressu re  o f  the  mercury vapour was o b ta in e d  f iom  a 

knowledge o f  the tem perature o f  the s c a t t e r i n g  chamber as  

determ ined by a s e n s i t i v e  thermometer p la c e d  as c l o s e  as  

p o s s ib l e  to  i t .  The vapour p r e ssu r e  was ob ta ined  from
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th e  I n t e r n a t io n a l  C r i t i c a l  T ab les  V o l. I l l ,  page 2 0 6 .

The range o f  p r e ssu r e s  was approx im ately  from 1*0 x 10 

t o  1*5 X 10*^ mm. o f  mercury.

A diagram o f  th e  e l e c t r i c a l  c i r c u i t  used  i s  g iv e n  

in  f i g .  ( 1 0 ) ,  The p o t e n t i a l s  used were read  on a Weston 

stan d ard  v o l tm e te r .  The t o t a l  em iss ion  from th e  f i la m e n t  

v/as o b ta in ed  from a m ll l ia m im te r  (ma. ) provided  w ith  a 

b u i l t - i n  sh u n t. T his instrum ent was p r o te c te d  by a fu se  

from an o v e r lo a d , due to  tin e l e c t r i c a l  sh o r t  between  

the f i la m e n t  and i t s  c a se  C, or  due to  an arc  between  

the  f i la m e n t  and i t s  e a s e .  The ga lvanom eter  which  

recorded th e  s c a t te r e d  cu rren t as r e c e iv e d  by the  c o l l e c t o r  

C was a Leeds and Northrup instrum ent having  a s e n s i t i v i t y  

o r i g i n a l l y  o f  3 x  10*^^ amps per m i l l im e t r e  a t  one m etre ; 

but a breakage o f  th e  su sp en s io n  caused th e  s e n s i t i v i t y  

to  d e c r e a se  to  5*37 x  10“^^ amps p er  mm. a t  which v a lu e  

m ost o f  th e  r e s u l t s  l a t e r  on were o b ta in e d .  To measure 

th e  u n s e a t t e red primary beam rea ch in g  th e  c o l l e c t o r  B, 

a Garabrell ga lvanom eter Gg was used whose s e n s i t i v i t y  was 

10*4 X 10*^^ amperes p er  mm. a t  one m e tre .  Both  

ga lvan pm eters  were used in  co n ju n ctio n  w ith  u n iv e r s a l  

s h u n ts .  P r o te c t in g  fu s e s  were a l s o  u sed . The average
—8v a lu e  o f  th e  cu rren t in  th e  beam was o f  th e  order o f  10 

am peres, w h ile  the t o t a l  em iss io n  from th e  f i la m e n t  was 

seldom  g r e a te r  tiian 1 ma, and u s u a l ly  o f  th e  o rd er  o f
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0 -1  ma* 3y p a ss in g  a known cu rren t through the ga lv a n :  

:omet©rs from a p o t e n t i a l  d iv id e r ,  graphs were o b ta in ed  

o f  the  cu rren t a g a in s t  th e  d e f l e e t i e n  f o r  each In stru m en t,  

In  b oth  c a s e s  the r e la t i o n  was found to  be a c c u r a te ly  

l i n e a r  over  the whole exp er im en ta l ran ge , i . e .  0 to  

85 cm s,,  on th e  galvanom eter s c a l e s .  The s e n s i t i v i t i e s  

o f  the in stru m en ts  were obta ined  e x a c t ly  from the s lo p e s  

o f  th e se  g ra p h s . In  the exp er im en ta l work the ga lvanom eter  

read in gs were co r rec ted  fo r  the s e n s i t i v i t i e s  by m u l t ip ly :  

:ing  the  rea d in g s  o f  one instrum ent by tlie r a t io  o f  th e  

s e n s i t i v i t i e s  o f  both*

The cu rr en t  to  th e  f i la m e n t  was c o n tr o l le d  by two 

r e s i s t a n c e s ,  one o f  a la r g e  va lu e  and one o f  a sm all  

v a lu e ,  connected  in  p a r a l l e l  so as to  g iv e  a fin© c o n t r o l .  

These r e s i s t a n c e s  were kepc c o o l  by o e in g  immersed in  

a b ath  o f  o i l  so as to  p rev en t f lu c t u a t i c n a  in  the  

f i la m e n t  cu rren t and so  in  the e m is s io n  f i ‘on the f i la m e n t .

The arrangeaient o f  th e  v a r io u s  p o t e n t i a l s  ap p lied  

betw een the g r id s  e t c .  i s  as f o l l o w s : -

The p o t e n t i a l  a p p l ie d  to  the prim ary e le c tr o n s  as  

th ey  le a v e  th e  f i la m e n t  i s  denoted by Vq . I t  v a r ie d  

betvjoen 4 and 180 v o l t s .  I t  was d e r iv e d  from a b lock  

o f  accum ulators o f  4000-6000 ma, hour c a p a c i ty .  The 

f i la m e n t  i s  h ea ted  by a s i x  v o l t  b lo ck  o f  la rg e  c a p a c ity  

accu m u lators , denoted  in  th e  diagram by V f, A p o t e n t ia l
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V^, o b ta in e d  from two b lo c k s  o f  dry c e l l s  g iv in g  about 

9 v o l t s ,  i s  m ain ta in ed  between g r id s  and 3g, Gg b ein g  

p o s i t i v e ,  so as to  stop  any p o s i t i v e  io n s  from p a s s in g  

Gg and rea ch in g  the c o l l e c t o r  C. I t  lias been shown by 

Arnot (7 5 )  th a t  th e  v e l o c i t y  o f  the p o s i t i v e  io n s  

d i f f u s i n g  from the  path  o f  an e l e c t r o n  beam i s  n ever  

g r e a t e r  than  about 3 v o l t s .  Between the  g r id s  Gg and 

G-, a r e ta r d in g  p o t e n t i a l  V-* fo r  e l e c t r o n s  i s  a p p l ie d ,*5
By means o f  the mercury s w itc h  S%, t h i s  r e t a i l i n g  p o t e n t i a l  

cou ld  be changed r a p id ly  from one v a lu e  to  a n o th er . P in :  

( a l l y  between the g r id  Ĝ  and the c o l l e c t o r  C th e r e  was 

a p o t e n t i a l  Vjj o f  2 0  v o l t s ,  w ith  Gg n e g a t iv e .  In order  

to  p reven t th e  escape o f  secondary e le c t r o n s  from C.

These secondary e le c t r o n s  m ight be brought o f f  e i t h e r  by 

im pact o f  th e  s c a t t e r e d  e l e c t r o n s ,  o r  by im pact o f  m e ta ; 

(S ta b le  atoms, or o f  photons a r i s i n g  from t r a n s i t i o n s  due 

to  e x c i t a t i o n  o f  th e  gas atoms by the  e le c t r o n s  in  the  

beam.

The v a lu e s  g iv e n  to  th e  r e ta r d in g  p o t e n t i a l  Vp v a r ie d  

w ith  th e  ob jectâ t' the exp er im en t. %ion i t  i s  d e s ir e d  to  

o b ta in  measurements o f  the  e l a s t i c  and t o t a l  s c a t t e r in g  

s im u lta n e o u s ly ,  th e  two v a lu e s  o f  Vp o b ta in a b le  by means 

o f  th e  sw itc h  are a d ju s te d  to  be (V^^- Vp -  4 )  v o l t s  

and I^CVq -  ) 4- Vp v o l t s  r e s p e c t i v e l y  where Vi i s  th e

i o n i s a t i o n  p o t e n t i a l  o f  th e  gas a to m s . With th e  f i r s t
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o f  t h e s e  v a lu e s  a l l  e l e c t r o n s  are stopped  between (>g 

and. Gg ex cep t th o se  which have l o s t  l e s s  than 4 v o l t s  

e n er g y . The e lecti*ons c o l l e c t e d  by C w i l l  then be a l l  

th e  e l a s t i c a l l y  s c a t t e r e d  e le c t r o n s  but none o f  th ose  

i n e l a s t l c a l l y  sca tte i^ ed , s in c e  the f i r s t  e x c i t a t i o n  

p o t e n t i a l  i s  a t  4*83 v o l t s ,  and any e le c t r o n s  which have 

e x c it e d  t h i s  s t a t e  w i l l  have l o s t  t h i s  amount o f  enoxgy  

and w i l l  th e r e fo r e  be sto p p ed .

For a v a lu e  o f  ) + Vp v o l t s  i t  w i l l  be

see n  t l ia t  b oth  the e l a s t i c a l l y  and i n e l a s t l c a l l y  s c a t t e r e d  

e le c t r o n s  a re  c o l l e c t e d ,  aa fo l lo w s  -

The energy o f  a l l  e l e c t r o n s  which have e x c i t e d  an 

atom in  an> way w i l l  be (Vg-f v o l t s  when they  reach

tho g r id  Gg, v/her© i c  tiie e x c i t a t i o n  p o t e n t i a l  o f  th e  

s t a t e  which the  e l e c t r o n  has e x c i t e d  in  th e  atom. S ince  

V i s  always l e s s  than V, a l l  t h e s e  e l e c t r o n s  w i l l  be a b le  

to  reach  the  c o l l e c t o r  C. Whan i o n i s a t i o n  ta k es  p la c e ,  

however, we have a d i f f e r e n t  r e s u l t ,  i n  such a c a se  th er e  

are two e le c t r o n s  a f t e r  the c o l l i s i o n ^  the  im pacting  

e le c t r o n  and the e j e c t e d  e l e c t r o n ,  wiiere th ere  was o n ly  

one b e fo r e  the  c o l l i s i o n .  How we w ish  to  c o l l e c t  o n ly  

one o f  th e s e  e le c t r o n s  and s in c e  a i l  th e  e le c t r o n s  are  

I n d is t in g u is h a b le  from each o th e r  i t  does n ot m a tter  which  

one we c o l l e c t .  The t o t a l  energy a v a i la b le  to  be d iv id e d  

between them im m ediate ly  a f t e r  th e  c o l l i s i o n  w i l l  be
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Vq-  where as  b e fo r e  I s  the i o n i s a t i o n  p o t e n t i a l .

Now fo r  every  e l e c t r o n  w ith  energy g r e a t e r  than h a l f  

t h i s  amount, th e r e  w i l l  be one w ith  energy l e s s  than  

h a l f ;  th e r e fo r e  i f  we make th e  g r id  Gg, «(Vq-Vi ) p o s i t i v e  

w ith  r e s p e c t  to  th e  f i la m e n t ,  the  p r o b a b i l i t y  i s  th a t  we 

w i l l  c o l l e c t  h a l f  th e  e le c t r o n s  a v a i la b le  a f t e r  i o n i s a t io n  

th a t  is^ we w i l l  c o l l e c t  th e  sane number o f  e l e c t r o n s  as  

th o se  which have io n is e d  atom s. Thus a v a lu e  o f  

Vp = |^Î(Vq •  Vĵ ) + Vp"| v o l t e  between g r id s  Gg and Gg w i l l  

in su r e  th a t  we w i l l  c o l l e c t  a l l  the e l e c t r o n s  which have 

been s c a t t e r e d ,  e l a s t i c a l l y  and i n e l a s t l c a l l y .

k second mercur^^ sw itc h  Sg I s  used to  o b ta in  th e  

va lu e  o f  the p o t e n t i a l s  Vq, Vp or  V̂ » r a p id ly .  The amount 

which i s  to  be su b tra c te d  o f f  V̂  + Vp to  g e t  V^ i s  d en oted  

in  th e  w ir in g  diagram by V^, ?;hich sh ou ld  not be confused  

w ith  an e x c i t a t i o n  p o t e n t i a l .

The sw itc h  i s  n e c e s sa r y  when i t  i s  d e s ir e d  to  

o b ta in  r e s u l t s  f o r  the i n e l a s t i c  c r o s s  s e c t io n  by  

s u b tr a c t in g  the e l a s t i c  c r o s s  s e c t io n  from th e  t o t a l ,  

s in c e  i f  th e  e l a s t i c  and t o t a l  cu rves were not taken  

s im u lta n e o u s ly  sm a ll  v a r ia t io n s  o f  gas - p r e s s u r e ,  f i la m e n t  

em iss io n  and p o s i t i o n ,  and p o t e n t i a l s  o f  the b a t t e r i e s ,  

might ca u se  c o n s id e r a b le  e r r o r s  in  th e  d i f f e r e n c e  cu rve ,  

e s p e c i a l l y  a t  low v o l t a g e s  where sp ace  charge e f f e c t s  

might come i n .  Such e r r o r s  had been  found to  occu r  when
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ta k in g  e l a s t i c  and t o t a l  cu rves c o n s e c u t iv e ly  b e fo r e  th e  

s w itc h  was in c lu d ed  in  the c i r c u i t .

In  p a s s in g  thix)ugii the v a r io u s  g r i d s ,  soifie o f  the  

s c a t t e r e d  e l e c t r o n s  nay b r in g  o f f  secondary e l e c t r o n s  

frora th e  g a u z e s .  These liiiglit cau se  c o n s id e r a b le  e r r o r s  

in  th e  r e s u l t s  i f  th ey  were in c lu d ed  in  the  s c a t t e r e d  

c u r r e n t . However i t  i c  known t h a t  uo^it o f  t l ie s e  secondary  

e l e c t r o n s  iiavo very  lev; e n e r g ie s .  The ones brought o f f  

from th e  f i r s t  and second g r id s  w i l l  t l ie r e fo r e  .be stopped  

by th e  r e ta r d in g  p o t e n t i a l  Vp. C econdarles brought o f f  

from th e  thir'd g r id  would be bb le  to  reach  the c o l l e c t o r  

C. In th e  c a se  o f  th': e l a s t i c  s c a t t e r i n g ,  th e  energy  

o f  th e  s c a t t e r e d  e le c t r o n s  wi^en they  reach  G- i s  o n ly  

4 v o l t s  a t  the most so th a t  th ey  w i l l  n o t  b r in g  o f f  many 

secondary e l e c t r o n s .  Thi, er ro r  in  tho r e s u l t  should  then  

not be a p p r e c ia b le .  Wiien the I n e l a s t l c a l l y  s c a t t e r e d  

e le c t r o n s  are b e in g  c o l l e c t e d ,  th e  r e ta r d in g  p o t e n t i a l  

between Gg and l e  mu 'h l e s s  tlisn  fo r  e l a s t i c  s c a t t e r in g ,  

so th a t  some e le c tr o n s  w i l l  reach  G« w ith  q u ite  a la r g e  

en ergy . In  t h i s  ca se  we m ight e x p e c t  the  secondary  

e le c t r o n  e m is s io n  to  be la r g e .  However i t  i s  shown in  

a l a t e r  s e c t i o n  t lia t the e r r o r  in  th e  i n e l a s t i c  curves  

i s  never  g r e a t e r  than a t  low v e l o c i t i e s  and 1 0 ^ a t  

la r g e  v e l o c i t i e s ;  most o f  t h i s  i s  p rob ab ly  caused  by  

secondary e le c t r o n  em iss io n  from Gg but even then  tlie e r r o r  

i s  n ot s e r i o u s .
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Any secondary e le c t r o n s  l ib e r a te d  from  C as m entioned

b e f o r e ,  w i l l  be p revented  from le a v in g ,  by th e  p o t e n t i a l

V , s in c e  th e se  e le c t r o n s  In g e n e r a l  have low e n e r g ie s .
H

Since.^the ap ertu res  In the  g r id s  are  ap p rox im ate ly  

one m i l l im e tr e  sq u are , and the d i s t a n c e s  between th e  g r id s  

are  5 m n,,  i t  i s  u n l ik e ly  th a t  th e r e  w i l l  be any e r r o r s  

in  th e  r e s u l t s  due to  the I n te r p e n e tr a t io n  o f  the  e l e c t r o :  

î s t a t i c  f i e l d s  between the g r i d s ,

A c o r r e c t io n  i s  however necessai^y f o r  the s to p p in g  

area  o f  the g r id s .  The tr a n sm iss io n  area has a lr e a d y  been  

g iv e n  as 71Jo o f  th e  t o t a l  a re a , so th c t  a t  each g r id ,  th e  

cu rren t w i l l  be reduced by the f a c t o r  7 1 /1 0 0 .  T herefore  

a f t e r  p a ss in g  th roe  g r i d s , ' t h e  cu rren t w i l l  o n ly  be 

(71/lO C)'’ o f  i t s  o r i g i n a l  v a lu e .  I t  i s  th e r e fo r e  n e c e s sa r y  

to m u lt ip ly  the cu rren t c o l l e c t e d  by t  by t h i s  f a c t o r  

(1 0 0 /7 1 )^ , which works out to  be 2*9 , to  g e t  th e  o r i g i n a l  

s c a t t e r e d  c u r r e n t .  This has been done in  c a l c u l a t i n g  th e  

r e s u l t s  for the t o t a l  c r o s '3 s e c t io n *  i t  w i l l  be see n  l a t e r  

th a t t h i s  e f f o e t  does not a l t e r  the  e l a s t i c  or  i n e l a s t i c  

c r o s s  s e c t i o n s .  The c o r r e c t io n  f a c t o r  i s  p rob ab ly  o n ly  

approximate s in c e  e le c tr o n s  may be d e f l e c t e d  p a s t  the  meshes  

o f  th e  g r id s  and so  not be l o s t  from the  s c a t t e r e d  c u r r e n t ,  

or v i c e  v e r s a ,  th ey  may be drawn on to  th e  meshes by the  

l i n e s  o f  fo r c e .  These e f f e c t s  w i l l  a lm ost c e r t a i n l y  vary  

w ith  the v e l o c i t y ,  so th a t  th ey  cannot be a llow ed  f o r .
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We can th e r e fo r e  o n ly  u se  th e  f a c t o r  g iv e n  above, which  

on the a v e r a g e ,w i l l  probably  be f a i r l y  c o r r e c t .

Knowing th e  s c a t t e r i n g  d i s t a n c e  x  and th e  r a d iu s  

o f  the  tu b es  D or E w ith  the i n s u l a t i o n  on them, we can  

f in d  the  minimum a n g le  through which an e le c t r o n  can be 

s c a t t e r e d  and s t i l l  be r e c e iv e d  by tlie c o l l e c t o r  C,

S in c e  th e  th ic k n e s s  o f  th e  sindanyo i n s u l a t i o n  i s  1*5 mm,, 

and the d iam eter  o f  the  tubes i s  4 mm,, t h i s  an g le  i s  

ta n * ^ {0 « 3 5 /2 «2 ) ,  which i s  eq u a l to  9^2*, The l a r g e s t  

a n g le  I s  then  ISo'’ -  9° 2 '  =  170° 58» . I t  should  be  

n o t ic e d  th a t  th e s e  a n g le s  are  fo r  s c a t t e r i n g  ju s t  a t  th e  

b eg in n in g  and end o f  th e  le n g th  x ,  r e s p e c t i v e l y .  A lso  

a t  th e s e  minimum and maximum a n g le s ,  th e  maximum and 

minimum a n g le s  r e s p e c t i v e l y  are  90®, By th e  in t e g r a t io n  

method o f  a v er a g in g , th e  avcr*age a n g u la r  s c a t t e r in g  range  

o v er  th e  whole d is ta n c e  x .  I s  found to  be 25® to  155®,

T his however assumes th a t  the s c a t t e r i n g  i s  u n i f o m  a lo n g  

th e  d is ta n c e  x .  In  p r a c t ic e  th e  s c a t t e r e d  i n t e n s i t y  

d e c r e a se s  w ith  in c r e a s in g  x ,  s in c e  the beam d e c r e a s e s  

e x p o n e n t ia l ly  w ith  x .  Again s in c e  more e l e c t r o n s  w i l l  

be s c a t te r e d  a t  the b eg in n in g  o f  the  path  le n g th  x than  

a t  the end, and s in c e  th e  m a jo r ity  fo r  most v e l o c i t i e s  

are  sc a t te r e d  in  the forward d i r e c t i o n ,  fo r  which f o r  

sm a ll  X the l im i t in g  a n g le  i s  s m a l l ,  t h i s  e f f e c t i v e  

angular s c a t t e r in g  range i s  p rob ab ly  to o  s m a l l .

No c o r r e c t io n  has been employed f o r  th e  f a c t  th a t
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e l e c t r o n s  s c a t t e r e d  through c e r t a in  a n g le s  w i l l  pass  

through the g r id s  o b l iq u e ly ,  so th a t  even a lthough  

t h e i r  v e l o c i t y  might be s u f f i c i e n t  to  overcome the  

r e ta r d in g  f i e l d ,  t h e ir  d i r e c t io n  i s  such th a t  the  

component o f  t h e i r  v e l o c i t y  in  th e  d ir e c t io n  o f  the f i e l d  

i s  n o t .  Thus such e le c tr o n s  which sh ou ld  g e t  through  

and be c o l l e c t e d ,  are stopped* The agreement between  

the  r e s u l t s  and the work o f  o th e r  i n v e s t i g a t o r s ,  which  

i s  shown l a t e r ,  in d ic a t e s  th a t  any e r r o r s  due to  t h i s  

cause  must be q u ite  sm a ll .  For v ery  few s c a t t e r in g  q n g le s  

w i l l  the  an g le  between the e le c tr o n * s  p ath  and the d i r e c t :  

: ion  o f  the f i e l d  be s u f f i c i e n t l y  la r g e  as to  cause a 

s e r io u s  e r r o r ,  due to  t h i s  c a u se .
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SECTION 6 .

EXPERIMENTAL PROCEDURE AND TESTS OF THE APPARATUS.

The th eory  o f  th e  p assage  o f  a beam through a gas  

has been g iv e n  in  a p r e v io u s  s e c t i o n  ( 1 ) where the  

fo l lo w in g  form ula was o b ta in ed  -

(1 )

bein^: the I n t e n s i t y  o f  the bean when i t  e n te r s  th e  

d is t a n c e  x and I the i n t e n s i t y  when i t  l e a v e s  i t ,  and 

p the g&s p r e s s u r e .  was shown bo be th e  c r o s s  s e c t io n  

o f  a l l  the  m o lecu les  In u n it  volume u n i t  p re ssu r e  and 

a t  C^C, The u n it  i f  p re ssu r e  i s  1 iiis. o f  maroury»  

i s  v a r io u s ly  c a l l e d  the c r o s s  s e c t i o n ,  tlie a b so rp tio n  

c o e f f i c i e n t  and the  p r o b a b i l i t y  o f  c o l l i s i o n .

From the above e x p r e ss io n  th e  c r o s s  s e c t io n  i s  

o b ta in e d  as — l / x p  •1osq1q/1 ^  (2 )

T his e x p r e s s io n  g iv e s  th e  t o t a l  c r o s s  s e c t i o n  fo r  a l l  

ty p es  o f  c o l l i s i o n s  denoted by oL^.

In  ord er  to  determ ine any s p e c i a l i s e d  typ e  o f  c r o ss

s e c t i o n ,  t h i s  form ula cannot be u se d . The reason  for

t h i s  i s  th a t  n e i t h e r  I nor are e f f e c t e d  ^^7

by the  manner in  which the  e l e c t r o n s  l e a v e  th e  beam, nor

by any v e l o c i t y  a n a ly s i s  which  may be a p p lie d  to  the

s c a t t e r e d  e l e c t r o n s .  In p r a c t ic e  I© i s  determ ined  by

adding the beam cu rren t and th e  s c a t t e r e d  c u r r e n t .  This
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This cannot g iv e  a cc r i  e c t  r e s u l t  w l i e n  th e  measurements 

o f  th e  e l a s t i c  c r o s s  s e c t i o n  o r  the d i s c r e t e  I n e l a s t i c  

c r o s s  s e c t i o n s  are  b e in g  made, s in c e  i t  i s  e q u iv a le n t  

to  n e g le c t in g  from the beam, Iq ,  a l l  th o se  e l e c t r o n s  

which IiglVc made c o l l i s i o n s  o th e r  than o f  the s p e c i f i e d  

ty p e .  This i s  o b v io u s ly  wrong s in c e  we req u ire  to  know 

the f r a c t i o n  or th e  t o t a l  number o f  e l e c t i o n s ,  which had 

s ta r t e d  on the o a t h ,  which v m c  s c a t t e r e d  in  a  c e r t a in  

manner; a n d  not th e  f r a c t i o n  o f  the nimber g iv e n  by the  

sum o f  tho unscnfctorecl e l e c t r o n s  an l th e  number s c a t t e r e d  

i 4  th e  g i v e n  manner.

The cor i'ect which nuct bo used to  o b ta in

the e l a s t i c  c r o s s  sootlor». oC g 1.3 -

\  (3 )

where i s  the nuiaber o f  e l e c t r o n s  s c a t t e r e d  e l a s t i c a l l y  

from the beam and i s  th e  number s c a t t e r e d  by a l l  ty p e s  

o f  c o l l i s i o n s ,  in  th e  p a th  le n g th  x .  M u lt ip ly in g  each  o f  

th e se  by th e  charge on the  e l e c t r o n ,  we o b ta in  th e  

s c a t te r e d  i n t e n s i t i e s  Ig  and . Thus

o le  = ( 4 ) .

This r e la t io n  i s  e x a c t .  I f  Ig and 1^ were sm a ll  compared

to I ,  eq u ation  (2 )  could  be used to  g iv e  oC @, s in c e  i t

can be shown th a t  I t  red u ces  to  the above e x p r e s s io n .  

However fo r  low v e l o c i t i e s ,  I@ and 1^ are not sm all  

compared to  I ,  so t h a t  th e  ex a c t  r e l a t i o n  must be u sed .
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The ex a c t  r e l a t i o n  i s  more s im p le  t o  c a l c u l a t e  than th e  

approxim ate on e , but i t  r e q u ir e s  a knowledge o f  the  t o t a l  

c r o s s  s e c t i o n  OCf

Tho i n e l a s t i c  c r o s s  s e c t io n  can then be found

from the d i f f e r e n c e  o f  th e  t o t a l  and th e  e l a s t i c  c r o s s

s e c t i o n s ,  as -

d  X) ~ ^ t  ( 5 ) .

I f  I -  i s  th e  i n t e n s i t y  s c a t t e r e d  duo to  e l e c t r o n s  which

have e x c i t e d  the atom to  ar;  ̂ p a r t i c u la r  energy l e v e l ,

then th e  cro?s  s e c t i o n   ̂ - t r  e x c i t a t i o n  o f  th? 3 l e v e l

i s  -

or  =  — ( G) .
 ̂t

S im i la r ly  i f  and p i a r e  the s c a t t e r e d  I n t e n s i t y  and

c r o s s  s e c t i o n  r e s p e c t i v e l y  f o r  i o n i s a t i o n  to  be a c e r t a i n t y ,

we g e t  -  .  i l .  o(^
l e

or  = 2A OL t
I t  ( 7 ) .

The v a lu e s  o f  Vp used In the d e te r m in a t io n s  o f  th e

e l a s t i c  and t o t a l  c r o s s  s e c t i o n s  have a lrea d y  been  r iv e n .

The ex p er im en ta l method i s ,  a t  each v e l o c i t y  Vq t o  take

c o n s e c u t iv e  rea d in g s  o f  th e  two g a lv a n o m eters , w ith  the

two d i f f e r e n t  v a lu e s  o f  Vp as  o b ta in e d  by the s w itc h  S^.

l e t  th e  rea d in gs  o f  the  s c a t t e r e d  c u r r e n t  be 8 @ and S t ,
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w ith  th e  sw itch  in  the  e l a s t i c  and t o t a l  p o s i t i o n s  

r e s p e c t i v e l y .  I f  the  two read in gs  are  done r a p id ly  th e  

beam cu rren t shou ld  not vary  a p p r e c ia b ly ;  however i t  was 

found th a t  th e  beam cu rren t d id  Vary, so th a t  we read a l s o  

the two v a lu e s  and o f  the primary u n s c a tte r e d  beam 

c u r r e n t .  The s c a t t e r e d  cu rren ts  are ob ta in ed  from 

galvanom eter Gt and the beam ciu»rents from Gg * This  

procedure i s  rep ea ted  a t  each v a lu e  o f  Vq .

Suppose th a t  tlie cu rr en ts  8 t j a n d  are a l l  

in  the same u n i t s ,  th a t  i s  they  have been c o r r e c te d  fo r  

the galvanom eter s e n s i t i v i t i e s .

To ob ta in  t h e  t o t a l  c r e s s  s e c t i o n ,  we s e e  th a t  

I i s  g iv e n  by and Iq by 4- 3 " 8  where th e  fa c to r  

2 * 8  i s  th e  c o r r e c t io n  f o e t o r  fo r  t h e  sto p p in g  power o f  

the g r id s  as p r e v io u s ly  e x p la in e d .

Bt; S*8 Sfc
Thus -  ^  t  l / x p • log^ Bt ( 8 ) .

From t h i s  eq u ation  the  v a lu e  o f  o l t  c«n be c a lc u la t e d  

fo r  v a r io u s  v a lu e s  o f  Vq , and so th e  re q u ired  c r o ss  s e c t io n  

cu rves can be o b ta in e d .

The e l a s t i c  c r o s s  s e c t io n  was determ ined from the  

eq u ation  ( 4 ) .  I t  can e a s i l y  be seen  to  be g iv e n  by -

8e » 8 t  »

The p resen ce  o f  the B*s in  t h i s  eq u ation  w i l l  be d is c u s s e d  

l a t e r .



The i n e l a s t i c  c r o s s  s e c t i o n  i s  then ob ta in ed  a s  

in  eq u a tio n  ( 5 ) .

The method o f  d e t e m in in g  th e  d i s c r e t e  i n e l a s t i c  

c r o s s  s e c t i o n s  was as f o l l o w s .  The s w itc h  8  ̂ was used  

t o  o b ta in  tv/o v a lu e s  Vp^ and Vpg o f  th e  r e ta r d in g  p o t e n t i a l  

between the g r id s  Gg and O3 . The tv/o v a lu e s  used to  

o b ta in  an e x c i t a t i o n  fu n c t io n  were Vg-f- Vp- 6 , ,  and

Vrg = V q - ^ - V p - I n  th e s e  e x p r e s s io n s ,  S, i s  chosen  

to  be j u s t  below th e  c r i t i c a l  p o t e n t i a l  o f  tho l e v e l  

b e in g  s tu d ie d  and i s  chosen to  be j u s t  above th e  c r i t i c a l  

p o t e n t ia l#  The d i f f e r e n c e  between th e  two s c a t t e r e d  

c u r r e n ts  and 8 ^ ,  r e c e iv e d  by th e  c o l l e c t o r  C w ith  the  

two v a lu e s  o f  sh o u ld  then be due to  e l e c t r o n s  w hich  had 

e x c i t e d  th e  g iv e n  s t a t e  and l o s t  energy eq u a l to  th e  energy  

o f  e x c i t a t i o n  o f  th e  g iv e n  l e v e l .  For th e s e  v a lu e s  o f  

we have th e  v a lu e s  and o f  th e  primary beam 

c u r r e n t .  The v a lu e s  o f  &, and Si u sed  in  s tu d y in g  th e  

e x c i t a t i o n  fu n c t io n  o f  the 4*86 v o l t  s t a t e  in  m ercury, 

were 4 v o l t s  and 5*7 o r  6*3 v o l t s  r e s p e c t i v e l y .  Both  

v a lu e s  o f  ^  gave p r a c t i c a l l y  i d e n t i c a l  r e s u l t s  w i th in  the  

l i m i t s  o f  ex p er im en ta l  e r r o r .  For th e  6*67 v o l t  s t a t e  4^ 

and were 6  v o l t s  and 7*4 v o l t s  r e s p e c t i v e l y .

In  s tu d y in g  th e  c r o s s  s e c t i o n  f o r  i o n i s a t i o n ,  

was made eq u a l to  (V^ +  Vp -  9*5)  v o l t s ,  w h ile  f o r  Vpg 

was used th e  v a lu e  fo r  the t o t a l  c r o s s  s e c t i o n ,  i . e .
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i-(Vo -  Vj[) f  V^. The d i f f e r e n c e  betnrreen th e  s c a t t e r e d  

cu r r e n ts  in  th e s e  c a s e s  should be due to  e le c t r o n s  

which have io n is e d  atom s, g e n e r a l ly  in  th e  s im p le s t  

p o s s ib l e  manner, w ith  l o s s  o f  1 0 '3 8  v o l t s  en ergy .

The e x c i t a t i o n  c r o s s  s e c t io n s  can then be c a lc u la t e d

or

( 6 ) i n  e l t h e i form .

_  S . ,  ' | x
Bax 3 . . J 5 /

- X 3 c d t
3„x 5 .

( 10 )

o im i la r ly  th e  i o n i s a t i o n  c r o s s  s e c t i o n  I s  g iv e n  by -

“ ‘ - I k ’ B . J  5 .  ( 1 1 ) .

s in c e  S io  and B ,-  are  th e  v a lu e s  vM tb V,.p th e  same 

as fo r  the t o t a l  c r o s s  s e c t io n ,  t h i s  ex p r e ss io n  redu ces  

fu r th e r  to  -

( 12) .

From th e s e  eq u a tio n s  a ] 1 th e  requ ired  c r o s s  

s e c t io n s  can be c a l c u la t e d .
9

A ll  th e  r e s u l t s  which were averages  o f  a var^&n# 

number o f  readin/^s. were ^educed to  t h e i r  v a lu e s  a t  a 

p ressu re  o f  one ram. o f  mercury and tem perature o f  

0°G, The c o r r e c t io n  f a c to r  fo r  tem perature and p ressu re



1 5 3 .

I 2 7 5

whenever I t  was u sed , .was p (275^7  ) where p I s  the  

vapour p r e s s u r e  In  npn, o f  mercury corresp on din g  to  a 

tem perature o f  T°G. In  c a se s  where th e  galvanom eter  

rea d in g s  had to  be c o r r e c te d  d i r e c t l y  as In eq u ation  

(1 0 )  i t  should  be n o t ic e d  th a t  S/B must be m u l t ip l i e d  

by th e  f a c t o r ,  n o t  S and B s o n a r a t e ly .  In a l l  th e  above 

eq u a tio n s  fo r  e j^ l t& t lo n  and i o n i s a t i o n  c r o s s  s e c t i o n s ,

(X Q oroif  ̂ must a l s o  be c o r r e c te d  fo r  tem perature and 

p ressu re  in d ep en d en tly  o f  th e  fa c to r  I % , l / l e , t  by which  

i t  i s  m u l t ip l i e d .  In c a s e s  such as eq u atio n  (12)  where 

th e  e x p r e s s i o n  i s  s y m m e tr ic a l  ?.nl 3.11 th e  rea d in g s  have  

b een  ta k e n  t c y e th o r  a t  esne tem peratu re , th e  f i r s t

f a c t o r  1 ? in d ep en d en t* o f  tem nereture end p r e s s u r e .

"^Ine] ly  I t  shonV  be n o t ic e d  th r t  oC as  o b ta in ed  

.from eq u ation  ( 2 ) im.tst be c o r r e c te d  fo r  th e  b ase  o f  

the logarith m s by m u lt ip ly in g  by 2 • 5 0 5 .

In s e c t io n  ( 7 ) ,  the l e f t  haftd o r d in a te  s c a l e  g iv e s  

the c r o s s  s e c t i o n  o f  a l l  th e  atoms in one cu b ic  c e n t im e tr e  

i n  u n i t s  o f  w h i le  the r ig h t  hand s c a l e  g iv e s

the c r o ss  s e c t i o n  o f  a s i n g l e  atom in  atom ic u n it s^ ^
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TESTS ON THE WORKING OF THE APPARATUS.

D uring the e a r ly  p art o f  the  work b e fo r e  th e  apparatus  

in  i t s  f i n a l  form was e v o lv e d ,  the m ost u su a l  method 

o f  t e s t i n g  was to  connect th e  second and th ir d  g r id s  to  

th e  c o l l e c t o r  C, thus e l im in a t in g  a l l  the f i e l d s  Vp,

V^, and The apparatus co u ld  then be used as  a sim ple

Lenard apparatus and measurements could  be taken o f  the  

t o t a l  c r o s s  s e c t io n  d i r e c t l y ,  3y comparing the r e s u l t s  

w ith  B r o d e f o r  the same e f f e c t  in  m e ic u iy  vapour ( 76 ) ,  

an id ea  could  be formed o f  the f a u l t s  in  th e  working  

* o f  th e  a p p a ra tu s . By t h i s  means th e  f a u l t s  in  th e  

o r i g i n a l  gun were d e t e c t e d .  Attem pts to  o b ta in  t o t a l  

c r o s s  s e c t i o n  cu rves  by u s in g  the g r id s  and th e  ap p ro p r ia te  

v a lu e  o f  the r e ta r d in g  p o t e n t i a l ,  showed th a t  the o r i g i n a l  

g r id s  were o f  tOo f in e  a mesh to  p ass  a cu rren t o f  

s u f f i c i e n t  i n t e n s i t y  to  be m easured. For t h i s  reason  th e  

new g r id s  o f  n ic k e l  gauze were c o n s tr u c te d .  V a r ia t io n s  

o f  th e  v a lu e  o f  Vq w ith ou t th e  f i la m e n t  on, showed th a t  

th e r e  were c o n s id e r a b le  zero  s h i f t s  i n  th e  galvanom eters  

due to  l e a k s ,  a c r o ss  the i n s u l a t i o n  o f  th e  ap p aratu s , and 

to e a r th  a c r o ss  th e  c a s e s  o f  th e  g a lv a n o m eters . Great 

ca r e  had to  be taken w ith  the  i n s u l a t io n  o f  th e  galvanom ; 

l e t e r s . They were f i n a l l y  p la ced  on sm a ll  e b o n ite  d i s c s  

w hich had a r in g  o f  su lphur l e t  i n t o  them. The Vq
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accimrulators and th e  f i la m e n t  b a t t e r i e s  were in s u la t e d  

in  the same way. T his has been found to  be one o f  th e  

most e f f e c t i v e  methods o f  i n s u l a t i o n .  Much o f  th e  pyrex  

and sindanyo I n s u la t io n  o f  th e  apparatus had to  be 

rep la ced  by quartz^ s in c e  the in s u l a t i n g  p r o p e r t ie s  o f  

b o th  the forr.ier were found to  d e t e r io r a t e  c o n s id e r a b ly  

w ith  r i s e  in  tem perature and a l s o  w ith  t im e , th e  l a t t e r  

b e in g  probably  due to  th e  d e p o s i t io n  o f  a f i lm  o f  

mercury vapour on them. These e f f e o t s  (ffo n o t  appear  

to oe p resen t to  the  same e x te n t  w ith  q u a r tz ,  which can  

a l s o  be c le a n e d  e a s i l y  by burning o f f  th e  im p u r i t i e s ,  

w ith  a b lo w -p ip e  f la m e .

An I n t e r e s t in g  f a c t  which was n o t ic e d  was th a t  

even when the i n s u l a t i o n  o f  th e  v/hcle apparatus and 

c i r c u i t  was as good as p o s s i b l e ,  th e r e  were s l i g h t  zero  

s h i f t s  w ith  Vq on th e  g a lv a n o m e te r s , The e x te n t  o f  t h i s  

zero  s h i f t  was found to  vary  w ith  th e  s t a t e  o f  th e  

atm osphere. On dry days i t  was n e g l i g i b l e ,  w h ile  on wet 

days i t  was q u i te  a p p r e c ia b le .  The e f f e c t  was w orse in  the  

summer than in  th e  w in t e r .  I t  was con clu d ed  th a t  i t  

was due to  le a k s  o v er  the ga lvanom eter c a s in g s  to  ea r th  

through the atm osphere. T his  was v e r i f i e d  by th e  f a c t  

a co n n ect io n  to  e a r th  on th e  c i r c u i t  s i d e  o f  th e  h ig h  

s e n s i t i v i t y  ga lvanom eter c o m p le te ly  cured  the e f f e c t  in  

th a t  in stru m en t. The v a r ia t io n  v/ith  summer and w in te r
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must have been due to  the g r e a te r  amount o f  i o n i s a t i o n ,  

p r e s e n t  In th e  atm osphere in  the sum ler , due to  the h e a t  

o f  th e  sun.

With th e  a c t u a l  apparatus as used  to  o b ta in  

measurements o f  th e  c r o s s  s e c t i o n s ,  a number o f  t e s t s  

o f  th e  working were a p p l ie d .

V e lo c i t y  d i s t r i b u t i o n  cu rv es  o f  th e  e le c t r o n s  in

the main beam were ob ta in ed  by ap p ly in g  a r e ta r d in g

p o t e n t i a l  between th e  tube E and th e  g r id  Tlie

rea d in gs  ob ta in ed  were c o r r e c te d  fo r  v a r ia t io n s  in  the

i n i t i o l  bean cu rren t by em ploying a mercury sw itc h

s im i la r  to  8 ^, by means o f  which th e  r e ta r d in g  p o t e n t i a l

cou ld  be r a p id ly  sn itc h e d  in  and o u t . The r e s u l t s  fo r

beans o f  1 2  and 1 0 0  v o l t s  e n e r g ie s  are  g iv e n  in  f i g ,  ( 1 1 ),

to g e th e r  w ith  cu rv es  o b ta in e d  by d i f f e r e n t i a t i n g  th e

v e l o c i t y  d i s t r i b u t i o n  c u r v e s .  Prom th e s e  cu rves i t  i s

seen  th a t  the  b ea rs  are  v er y  homogeneous. For th e  12

v o l t  beam, the cu rves  shov/ th a t  90% o f  th e  e le c t r o n s  have

e n e r g ie s  w itM n  a 2 v o l t  range j w h ile  fo r  th e  1 0 0  v o l t
I

beam 96^ have e n e r g ie s  w ith in  a range o f  1  3  v o l t s .

The r e s u l t s  o f  t h i s  t e s t  were thus v er y  s a t i s f a c t o r y .

I t  was n ot p o s s ib l e  to  o b ta in  v e l o c i t y  d i s t r i b u t i o n  curves  

fo r  th e  s c a t t e r e d  c u r r e n t ,  showing th e  v a r io u s  c r i t i c a l  

p o t e n t i a l s ,  on accoun t o f  th e  background o f  f a s t  and 

slow e l e c t r o n s ,  which had n ot been s c a t t e r e d  by gas atom s.
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This background e f f e c t  w i l l  be d is c u s s e d  l a t e r .

A fu r th e r  t e s t  a p p lie d  was based  on th e  fo l lo w in g  

argument. The i n t e n s i t y  o f  th e  beam e n te r in g  th e  le n g th  

X i s  p r o p o r t io n a l  to  3-t'S,  w h ile  the s c a t t e r e d  i n t e n s i t y  

i s  p r o p o r t io n a l  to  S. Wow fo r  a g iv e n  v e l o c i t y  V^, th e  

s c a t te r e d  i n t e n s i t y  should o b v io u s ly  be p r o p o r t io n a l  to  

the i n t e n s i t y  in  the beam a t  x * 0 .  Thus SoCB^S, which
B+8 ^  jçf

can be w r i t te n  as S where k* i s  co n stan t f o r

g iven  Vq . Thus B /S « k *  -  1 o r  S / B « l / ( k * -  L) k where 

k i s  a l s o  a c o n s ta n t .  This r e la t io n  sh ou ld  hold f o r  

a l l  typ es o f  s c a t t e r e d  cu rr en ts  S, e l a s t i c ,  i n e l a s t i c  and 

so on. Thus fo r  a g iv en  v a lu e  o f  S should vary  

l in e a r ly  w ith  B, By v ary in g  the  f i l a u c n t  h e a t in g  cu rr en t  

and so the e m iss io n  from the f i la m e n t ,  cu rves  can be 

ob ta in ed  fo r  th e  v a r ia t io n s  o f  S w ith  B. Such curves f o r  

a 10 v o l t  beam and a 40 v o l t  beam are g iv e n  in  f i g .  ( 1 2 ) .

The graphs marked ( l i  are fo r  th e  t o t a l  s c a t t e r in g ,  and  

th o se  marked i  2) fo r  th e  e l a s t i c  s c a t t e r i n g .  The cu r v e s  

are  seen  to  be q u ite  good s t r a ig h t  l i n e s ,  in  agreement 

w ith  th e  d i s c u s s io n  g iv e n  above. The r e g io n  o f  l i n e a r i t y  

o f  the curves i s  the reg io n  in  which measurements were  

made in  d eterm in in g  the exp er im en ta l c r o s s  s e c t i o n s .

A fu r th e r  t e s t  which was a p p lie d  was to  connect th e  

th ir d  g r id  Gg to  the c o l l e c t o r  C, and then apply p o t e n t i a l s  

betw een g r id s  and Gg and the c o l l e c t o r  C in  the manner o f
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4
D avis and Goucher^s method fo r  d etez’m ining c r i t i c a l  

p o t e n t i a l s  ( 77 ) .  By t h i s  means curves s im i la r  to  th e  

r e s u l t s  o f  th e s e  two workers were o b ta in e d ,  knowing th e  

i o n i s a t io n  p o t o n t la l  o f  mercuz’y  to  be 10*38 v o l t s ,  the  

c o r r e c t io n  to  the exp er im en ta l v o l ta g e  s c a l e  n e c e s sa r y  

to  b r in g  the observed i o n i s a t io n  p o t e n t i a l  to  th e  c o r r e c t  

v a lu e ,  was found. This c o r r e c t io n  was caused  by th e  

p o t e n t i a l  drop a lo n g  th e  f i la m en t and a l s o  by s t r a y  

c o n ta c t  p o t e n t ia l s  in  the ap p aratu s. The c o r r e c t io n  was 

fount- e x p er im en ta lly  by t h i s  mothod. to  be o n ly  a few  

te n th s  o f  a v o l t ,  which v a lu e  i s  w ith in  th e  l i m i t s  o f  

exp er im en ta l e r r o r , so th a t  no va lu e  o f  th e  c o r r e c t io n  

i s  apparent from tliis^m ethod. A c o iv c c t io n  o f  about one 

v o l t  i s  a p p lied  to  tho  e x c i t a t i o n  and i o n i s a t io n  c u r v e s ,  

h aving  been in d ic a te d  by th e  r e ta r d in g  p o t e n t i a l  c u rv e s ,  

and b e in g  n ecessa ry  to  make them e x t r a p o la t e  to  t h e i r  

a p p ro p r ia te  c r i t i c a l  p o t e n t i a l s .

T ost runs made w ith  l iq u id  oxygen on th e  tr a p s ,

showed th a t  th ere  was a background s c a t t e r e d  cu rren t o f

q y i t e  la r g e  magnitude a t  moderate and low v e l o c i t i e s .

Tills background, th e  e f f e c t s  o f  which on th e  exp er im en ta l

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

a p p aren tly  due to  slov/ secondary e l e c t r o n s  brought o f f

from v a r io u s  p a rts  o f  the apparatus by the primary '
#

e le c t r o n s  in  the beam and s c a t te r e d  c u r r e n t ,  and a l s W to
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e le c t r o n s  which reach  the c o l l e c t o r  Û due to  tho  

sp rea d in g  o f  th e  beam. A number o f  t e s t s  were c a r r ie d  

out to  t r y  and reduce t h i s  e f f e c t  due to  the  sp read ing  

o f  the  beam. The f i n a l  h o le  o f  th e  gun was c a r e f u l l y  

b e v e l le d  and smoothed to  remove rougim ecs ; th e  f i la m en t  

was t r i e d  a t  v a r io u s  p o s i t i o n s  In I t s  box , in  a tte inp ts  

to  o b ta in  a fo c u s s in g  e f f e c t  ; and f i n a l l y  the  f i n a l  gun 

h o le  and th e  f i r s t  g r id  v/ere coated  v /lth  so o t  as t h i s  

had been  found, by many workers to  reduce secondary e m is s io n .  

None o f  th e  m o d if ic a t io n s  produced any Improvement however. 

The s o o t in g  was e s p e c i a l l y  troub lesom e s in c e  i t  was 

d i f f i c u l t  to  keep i t  from th e  I r s n l f t t io n  o f  th e  g r id s  and 

c o l l e c t o r s  on which i t  formed co n d u ctin g  la y e r s ,  wliich  

were e x c o e d ln g ly  d i f f i c u l t  to  remove.
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SECTION 7 .

EXPERIMENTAL RESULTS PGR THE CRBSS SECTIONS

OF THE MERCURY ATOM.

For the t o t a l  c r o s s  s e c t io n  o f  th e  mercury atom 

some t h i r t y  r e s u l t s  ex ten d in g  over  a number o f  months 

were reduced to  u n i t  p ressu re  a t  O^C. and then averaged .  

The range o f  e n e r g ie s  was 4 to  100 v o l t s .  The r e s u l t s  

are  shown In f i g .  (13)  a lo n g  w ith  Brode * s curve a l s o  

f o r  the t o t a l  c r o s s  s e c t i o n .  I t  w i l l  be seen  th a t  the  

ex p er im en ta l curve a g rees  in  a b s o lu te  magnitude w ith  

Brode*8 curve a t  60 v o l t s ,  but th a t  above t h i s  v a lu e  

I t  f a l l s  o f f  more r a p id ly ,  and below t h i s  v a lu e  I t  r i s e s  

more s t e e p l y .  The v a lu e  o f  th e  t o t a l  c r o s s  s e c t i o n  a t  

180 v o l t s  I s  approxim ately  lia I f  th a t  ob ta in ed  by Brode, 

w h ile  a t  4 v o l t s  th e  v a lu e  I s  some e ig h t  t im es  Brode * s 

v a l u e .

This la r g e  d i f f e r e n c e  I s  a lm ost c e r t a i n l y  due to  

th e  beam sp read in g  a t  low e n e r g ie s  and not e n te r in g  th e  

tube E. This would have th e  e f f e c t  o f  in c r e a s in g  

I q/ i  In eq u ation  ( 2 ) ,  S e c t io n  6, by s u b s t r a c t ln g  an equal  

amount from b oth  numerator and denom inator o f  t h i s  

f r a c t io n  s in c e  I o ^ I * i n  a d d i t io n  th e  beam may become so  

d i f f u s e  th a t  some o f  I t  may p a ss  through th e  g r id s  and 

reach  the c o l l e c t o r  C, thus fu r th e r  in c r e a s in g  I q and so
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s i n c e  Iq I s  e x p e r im e n ta lly  determ ined by b e in g  

g iv e n  by I g 4- X, where i s  the sca ttered ’ i n t e n s i t y .

T his e x p la n a t io n  was fu r th e r  s u b s t a n t ia t e d  by the  t e s t s  

made w ith  l iq u id  oxygen on the  t r a p s .  When t h i s  was done, 

t h e o r e t i c a l l y  a n e g l i g i b l e  s c a t t e r e d  cu rr en t  should  be 

o b ta in e d ,  a c t u a l ly  in  p r a c t i c e ,  zero  cu rr en t  i s  ob ta in ed  

down to  about 50 -  60 v o l t s ,  below t h i s  a s c a t t e r e d  i n t e n s i t y  

in c r e a s in g  w ith  d ecr ea se  in  Vq I s  o b ta in e d .  I t  had been  

hoped to  be ab le  to ap p ly  a c o r r e c t io n  to  th e  t o t a l  c r o s s  

s e c t i o n  cu rves  by s u b s tr a c t ln g  th e  c r o s s  s e c t io n  ob ta ined  

w ith  l iq u id  oxygen frorr- the ex p er im en ta l t o t a l  c r o s s  

s e c t i o n .  This however was found n ot to  be p o s s ib le  s in c e  

w ith  l iq u id  oxygen, the beam sp read s a t  low v o l t a g e s  even  

more than w ith  gas in  the  ap p ara tu s . As has been ex p la in e d  

in  a p rev io u s  s e c t io n ,  most workers overcame t h i s  d i f f i c u l t y  

bybu sin g  an eq u ation  fo r  th e  i n t e n s i t y  I  o f  tho beam 

in  th e  form I*  ̂ klQ k b e in g  a f a c t o r  depending

on th e  v e l o c i t y .  By u s in g  two or more d i f f e r e n t  v a lu e s  

o f  p , k can be e l im in a te d  and th e  c o r r e c t  t o t a l  c r o s s  

s e c t i o n  d eterm in ed . This method was n o t  p o s s ib l e  in  the  

ca se  o f  th e s e  experim ents on m e r c u r y ^  s in c e  to  vary th e  

p r essu re  o f  mercury r e q u ir e s  a change in  tem peratu re . A 

r i s e  in  tem perature , however, a s  e x p la in e d  p r e v io u s ly ,  

ca u ses  th e  in s u la t io n  o f  th e  g r id s  and c o l l e c t o r s  to  

d e t e r i o r a t e ,  and thus cannot be u s e d .
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The more rapid f a l l  o f  the c r o s s  s e c t io n  a t  h ig h e r  

e n e r g ie s  than 60 v o l t s  was probably  due to  the  l o s s  o f  

a number o f  e le c t r o n s  s c a t te r e d  forward through sm a ll  

a n g le s ,  s in c e  angular d i s t r i b u t i o n  exp er im en ts  have 

shown th a t  a t  e n e r g ie s  o f  ICC v o l t s  and o v e r ,  th e  

s c a t t e r in g  p er  u n it  a n g le  shows a la r g e  maximum a t  sm a ll  

a n g le s ,  l e s s  than about 30^. The a n g le  d e c r e a s e s  w ith  

In c r e a s in g  v e l o c i t y ,  so th a t  we would e x p e c t  th e  a g r e e :  

:raent to  become s t e a d i l y  l e s s  as  th e  energy  i s  in c r e a s e d .

On account o f  the wide d e v ia t io n s  o f  the e x p er im en ta l  

v a lu es  o f  the  t o t a l  c r o s s  s e c t io n  from Prode* s r e s u l t ,  

which has been found to  be in  good agreement b o th  in  

siiape and a b so lu te  magnitude v/ith  th e  r e s u l t s  o f  annumber 

o f  o th e r  w orkers, i t  was decid ed  to  u se  Brode’ s v a lu e s  

for  th e  t o t a l  c r o s s  s e c t io n  as n b a s i s  in  c a l c u l a t i n g  

the e l a s t i c  and i n e l a s t i c  c r o s s  s e c t i o n s .

In the c a l c u la t io n  o f  tho e l a s t i c  c r o s s  s e c t io n  

from eq u ation  ( 4 ) ,  s e c t io n  ( 6 ) ,  Brode * s v a lu e s  f o r   ̂

have been u sed , and a l s o  the average o f  e ig h te e n  s e t s  

o f  v a lu es  fo r  the e l a s t i c a l l y  and t o t a l l y  s c a t t e r e d  

i n t e n s i t i e s  and I^ ,  a t  each v o l t a g e .  S in ce  the v a lu e s  

o f  Iq and I t  i . e .  Sq/ B q and S t / B t ,  are alw ays taken a t  

th e  same tem perature and p ressu re  fo r  each  s e t ,  no 

c o r r e c t io n  i s  n e c e s sa r y  in  l e / l t  f o r  th e s e  l a t t e r .  An 

erro r  might be in tro d u ced  in to  cL  ̂ due to  th e  spread ing
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o f  th e  beam but t h i s  I s  d isc u s s e d  l a t e r  and i t  i s  shown 

th e r e  th a t  the error  i s  probably q u i t e  s m a l l .

The e l a s t i c  c r o ss  s e c t io n  curve o b ta in ed  by t h i s  

method i s  shown in  f i g .  ( 14 ) ,  a long w ith  Brode*s t o t a l  

c r o s s  s e c t io n  curve and th e  i n e l a s t i c  c r o ss  s e c t io n  

curve ob ta in ed  from t h e i r  d i f f e r e n c e .  The i n t e r e s t i n g  

f e a t u r e s  o f  th e  e l a s t i c  c r o ss  s e c t io n  curve a r e ,  th a t  

i t  shows a monotonie d ecrease  o f  c r o s s  s e c t io n  w ith  

in c r e a s in g  v e l o c i t y ,  and th at the s i m l l  maximum which i s  

p resen t  in  the t o t a l  c r o s s  s e c t io n  curve a t  35 v o l t s  

does not appear In i t .  Brode has p o s tu la te d  th a t  t h i s  

maximum i s  due to  a rapid in crea se  o f  th e  p r o b a b i l i t y  

o f  i o n i s a t io n  a t  t h i s  energy; tho above r e s u l t s  fu r th e r  

s tre n g th e n  t h i s  v iew . A v e r y  s l i g h t  change o f  s lo p e  

a t 14 v o l t s  energy in  th e  e l a s t i c  cu rve  i s  probably  due 

to  exp er im en ta l e r r o r .

The i n e l a s t i c  c r o ss  s e c t io n  r i s e s  from zero  a t  about 

the f i r s t  e x c i t a t i o n  p o te n t i» 1, to  a broad maximum a t  

about 40 v o l t s  and then f a l l s  s t e a d i l y  as the energy  

o f  th e  e l e c t r o n s  i s  fu r th e r  in c r e a s e d .  The sm all maximum 

and klnimum a t  low v o l ta g e s  may be due to  exp er im en ta l  

e r r o r ,  or they may be due to  the sudden o n se t  or  rapid  

in c r e a s e  o f  the e x c i t a t i o n  o f  d i s c r e t e  l e v e l s  in  the  

atom a t  th e se  p a r t ic u la r  e n e r g ie s .  I t  i s  i n t e r e s t i n g  to  

n ote  th a t  i f ,  a t  each o f  th e se  p o in t s  a t  low e n e r g ie s .
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where an upward change o f  s lo p e  o cc u r s  as th e  energy I s  

in c r e a s e d ,  the  d ir e c t io n  o f  the  cu rve be e x tr a p o la te d  

to  zero  c r o s s  s e c t i o n ,  th e  v a lu e  o f  th e  energy o b ta in ed  

l i e s  a t  one o f  th e  main c r i t i c a l  p o t e n t i a l s  o f  the  

mercury atom, l l i i s ,  liovvever, may o n ly  be an i n t e r e s t i n g  

c o in c id e n c e .  Too much a t t e n t io n  siiould n o t ,  th e r e fo r e ,  

be p a id  to  i t .

The on ly  o th e r  exp er im en ta l r e s u l t s  f o r  th e  i n e l a s t i c  

c r o s s  s e c t io n  which can be o b ta in e d , are to  be had from 

Tate and Palmer’ s work ( 7B) .  They have in t e g r a t e d  t h e i r  

an gu lar  d i s t i ’ib u t io n  curvee f o r  e x c i t a t i o n  and i o n i s a t io n  

and so ob ta in ed  curves f o r  th e  e x c i t a t i o n  c r o s s  s e c t io n  

and the i o n i s a t i o n  c r o s s  s e c t i o n .  By adding th e s e  c u r v e s ,  

wo o b ta in  the i n e l a s t i c  c r o ss  s e c t i o n .  T heir energy  

range i s  BO to  700 v o l t s ,  so th a t n o t much comparison  

i s  p o s s i b l e .  The s o l id  p o in t s  appearing  in  f i g .  (14)  are  

Tate and PaLaer’ s v a lu e s  fo r  th e  i n e l a s t i c  c r o s s  s e c t io n  

a t  80, 100 and 180 v o l t s .  The agreesient i s  seen  to  be 

q u ite  good, e s p e c i a l l y  in  th e  ca se  o f  th e  180 v o l t  p o in t  

which l i e s  e x a c t ly  on the a u th o r ’ s c u r v e .
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IONISATION AND EXCITATION CROSS SECTIONS.

In  f ig u r e  (15)  la  g iv e n  th e  curve f o r  the  

p r o b a b i l i t y  o f  I o n is a t io n  o b ta in e d  from eq u a tio n  ( 1 2 ) ,  

s e c t i o n  ( 6 ) ,  u s in g  Brode * s v a lu e s  fo r  th e  t o t a l  c r o s s  

s e c t i o n .  The curve f o r  the e f f i c i e n c y  o f  i o n i s a t i o n  

as determ ined  by B leakney (79)  i s  a l s o  g iv e n ,  A number 

o f  workers have o b ta in ed  cu rves  fo r  th e  e f f i c i e n c y  o f  

I o n i s a t io n  w ith  q u ite  good agreement between t h e i r  

r e s u l t s ;  B leak n ey’ s b e in g  a t y p i c a l  curve* The method 

used  by him. I s  one in  which the  p o s i t i v e  Ions are  

reco rd ed . I t  has been f u l l y  d is c u s s e d  In a p rev io u s  

s e c t i o n ,  and th e  d i f f e r e n c e s  between th e  method and the  

one used  h ere  have been f u l l y  d e a l t  w i th .  The c o n c lu s io n

arr iv ed  a t  was th a t  s in c e  a u th o r ’ s method In vo lved*
measurements o f  th e  number o f  e l e c t r o n s  which I o n is e d  

the atom, by e j e c t i n g  th e  most l o o s e l y  bound e le c t r o n ,  

w h ile  B leakney*s method In clud ed  I o n i s a t io n  by e j e c t i o n  

o f  any e l e c t r o n ,  o r  more than one e l e c t r o n ,  th e  r e s u l t s  

m ight d i f f e r  c o n s id e r a b ly .

The agreement between th e  cu rves  In f i g .  ( 15)  la  

then p o s s ib ly  as  good as can be ex p ec ted  from two such  

t o t a l l y  d i f f e r e n t  m ethods. I t  chou ld  be n o t ic e d  th a t  the  

method used  In t h i s  work would In c lu d e  e le c t r o n s  which  

liad l o s t  about 10 v o l t s  en ergy  by e x c i t i n g  an atom tw ic e
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T his however would probably re q u ire  two sep a ra te  

c o l l i s i o n s  which has been made very  u n l ik e ly  by s u i t a b le  

c h o ic e  o f  the  gas p r e s s u r e , Agaln^ i t  should  be n o t ic e d  

th a t  th e  method might In c lu d e  a t  h ig h  v e l o c i t i e s  some 

o f  th e  e le c t r o n s  which  had io n is e d  ar atom by e j e c t i n g  

an e l e c t r o n  o th er  than the most l o o s e l y  bound on e , or  by 

e j e c t i n g  more than one e l e c t r o n  In one c o l l i s i o n .  The 

n ex t  I o n i s a t io n  p o t e n t i a l  fo r  s in g l e  I o n i s a t io n  I s  o f  the  

order o f  30 v o l t s ,  and s in c e  I t  has been shown by Tate  

and Palmer and o th e r s  th a t ,  when i o n i s a t i o n  ta k e s  p la c e ,  

i t  i s  most probable  th a t  th e  a v a i la b le  energy w i l l  be 

d iv id e d  between th e  im p actin g  e l e c t r o n  and th e  e j e c t e d  

e l e c t r o n  so th a t  one o f  them tak es  th e  most o f  i t ,  we 

would e x p e c t  to  c o l l e c t  some o f  tho e l e c t r o n s  which had 

io n is e d  the atom in  t h i s  way v/hen, *v4‘^^o ~ ^ 0*4 )^ V q -  30 

i . e .  when Vq^ 50 v o l t s .  S ince  the p r o b a b i l i t y  o f  i o n i s â t :  

: ion  in  t h i s  way i s  quit© sm a ll  a t  moderate v e l o c i t i e s  and 

s in c e  owing to  th e  d i v i s i o n  o f  the  a v a i la b le  energy  

between two e le c t r o n s  we are not c o l l e c t i n g  them a l l  w ith  

a re ta r d in g  p o t e n t i a l  o f  j^§(Vg -  10) v o l t s ,  the

e f f e c t  o f  i o n i s a t io n  In t h i s  manner can be n e g le c te d  in  

the exp er im en ta l r e s u l t s  o b ta in ed  by the method used h ere ,  

a t  l e a s t  in  th e  energy range up to  180 v o l t s .  To cause  

double or  t r e b le  i o n i s a t i o n  o f  an atom w i l l  req u ire  

even more energy  than f o r  the above method o f  s in g le  io n ;
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! i s a t i o n  and so  any e r r o r  due to  t h i s  e f f e c t  Is  a l s o  

q u ite  n e g l i g i b l e  in  th e  g iv en  v e l o c i t y  ra n g e . I t  i s  

thus seen  th a t  we are  here  most p robably  m easuring th e  

p r o b a b i l i t y  o f  s i n g l e  i o n i s a t io n  by e j e c t i o n  o f  th e  most 

l o o s e l y  bound e lo o t r o n ,  which p r o c e ss  r e q u ir e s  an amount 

o f  energy equal to  1 0 * 0 8  v o l t s .

Prom a comparison o f  th e  ex p er im en ta l curve w ith  

B leakney*s cu rv e , i t  may be conoluded th a t  th e  apparatus  

i s  working verj^ s a t i s f a c t o r i l y ,  e s p e c i a l l y  in  th e  method 

o f  a n a ly s in g  tho s c a t t e r e d  e l e c t r o n s  in t o  energy groups  

by means o f  the system  o f  g r id s ,  and a l s o  in  th e  method  

o f  c o l l e c t i n g  the e lec tix > n s , b o th  seattoz*ed and u n s c a t te r e d

The ex p er im en ta l i o n i s a t i o n  ciu ve  shows a s te a d y  

r i s e  from th e  i o n i s a t i o n  p o t e n t i a l  to  a broad maximum 

a t  about 65 v o l t s  o f  about 33 cni^/cm^ v a lu e .  Beyond 

the  maximum tho curve f a l l s  a g a in  f a i r l y  s t e a d i l y .  The 

em ail maximum a t about 15 v o l t s  energy  w i l l  be d i s c u s s e d  

l a t e r ,  where i t  w i l l  be shown tf ia t  i t  la  not due to  

i o n i s a t i o n .  B leakney*s curve ex h ilb its  a broad maximum o f  

about 25 cm^/cm® a t  80 v o l t s  en er g y . The d i f f e r e n c e  

between th e  cu rves a t  low e n e r g ie s  i s  v er y  sm a ll ,  and 

a l s o  a t  h ig h  e n e r g ie s ,  between 150 and 180 v o l t s  th e  

d i f f e r e n c e  Is  see n  to  be d e c r e a s in g .  Both th e s e  f a c t s  

w i l l  be seen  to  be im portant when th e  er ro r  in  the  

exp er im en ta l curve i s  d is c u s s e d  l a t e r .
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The ex p er im en ta l  r e s u l t s  fo r  th e  c r o ss  s e c t i o n s  

fo r  e x c i t a t i o n  o f  th e  (4*86 v o l t )  s t a t e ,  and the

2^?X {6*67  v o l t s )  s t a t e  from th e  noz^sal s t a t e  a re  shown 

in  f ig *  ( 1 6 ) .  They have been c a lc u la te d  from eq u a tio n  

( 1 0 ) ,  s e c t i o n  ( S ) ,  I t  should  be n o t ic e d  th a t  th e  s c a le  

o f  e l e c t r o n  e n e r g ie s  has been cliangod a t  30 v o l t s .  In  

b o th  t h e s e  cu rv es  and in  th e  I o n is a t io n  cr o ss  s e c t i o n  

curve a c o r r e c t io n  o f  one v o l t  has boen a p p lied  to the  

v o lta g e  s c a l e ;  one v o l t  b e in g  added to  th e  ex p er im en ta l  

energy v a lu e s .  T h is  c o r r e c t io n  was ob ta in ed  from the  

v e l o c i t y  d i s t r i b u t i o n  cu rves shown In f i g .  ( 1 1 ) ,  i t  

b ein g  found th a t  in  g e n e r a l  the v o l ta g e  spread o f  the  

main beam was approx im ately  2 v o l t e ,  th e  upper l i m i t  o f  th e  

energy b e in g  the  p o in t  corresponding to  the a c t u a l  

p o t e n t i a l  a p p lie d  to  tlie beam as measured by th e  v o l tm e te r ,  

so trial the  averag e  energy o f  the  beam was one v o l t  l e s s  

than t h i s  recorded  v a lu e .  With t i l l s  c o r r e c t io n  the  

e x c i t a t i o n  and i o n i s a t i o n  cu rves v/cre a l l  found to  e x tr a  : 

rp o la te  to  the c o r r e c t  c r i t i c a l  p o t e n t i a l .  No c o r r e c t io n  

has been a p p lie d  f o r  th e  v e l o c i t y  d i s t r i b u t i o n  o f  the  

e le c t r o n s  in  the  beam, s in c e  the r e s u l t s  o f  the r e ta r d in g  

p o t e n t i a l  cu rves  as  g iv e n  in  f i g .  (11 )  show th a t  tho 

beam i s  s u f f i c i e n t l y  homogeneous to  make t h i s  c o r e e c t io n  

u n n ec essa ry . I f  a c o r r e c t io n  were a p p lied  fo r  t h i s  

e f f e c t  i t  would have the e f f e c t  o f  making the maxima
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maxima In the curves s l i g h t l y  more sharp , and p o s s ib ly  

o f  making them move in  to  s l i g h t l y  s m a lle r  e n e r g ie s .

For th e  t r i p l e t  s t a t e ,  the 4*So v o l t  l e v e l ,  

th e  cro cs  s e c t io n  curve r i s e s  f a i r l y  q u ic k ly  to  a 

maxim mi a t  7 v o l t s  o f  about 15 cm " /cm  ̂ and then f a l l s  

sl'iarply to  a v a lu e  o f  about 4 rem aining f a i r l y

co n s ta n t  a t  t n i s  v a lu e  as tue e le c t r o n  energy I n c r e a se s  

up to about 40 v o l t s . ^>oyond t n i s  poinu i t  ateacii ly  

d e c r e a se s  v/ith i n c r e a s i n g  e n e r g y .  Comparing t h i s  curve  

w ith  the t h e o r e t i c a l  curve fo r  th e  same s t a t e  g iv en  by 

Penney (8 0 )  and shown in  f i g .  (6> In a p rev io u s  s e c t i o n ,  

we s e e  th a t  the agreement i s  remarkably good . Penney’ s 

curve shows the f i n i t e  and a p p r e c ia b le  p r o b a b i l i t y  o f  

e x c i t a t i o n  o f  t h i s  l e v e l  a t  r e l a t i v e l y  la r g e  v e l o c i t i e s ,  

which i s  a c t u a l ly  shown in  th e  ex p er im en ta l cu rve .  

E x c i ta t io n  o f  in terco m b in a tio n  t r a n s i t i o n s  such as  the
's; 1

s t a t e  from the 1 Sq ground s t a t e  has been d is c u s s e d  

in  a p rev iou s  s e c t i o n ,  where i t  was shown th a t  they  cou ld  

o n ly  tak e  p la c e  by e le c t r o n  exchange, i f  th e  in t e r a c t io n  

between the o r b i t a l  and sp in  m otions was sm a ll  as in  

th e  ca se  o f  l i g h t  atoms, and s in c e  th e  e f f e c t s  o f  e le c tr o n  

exchange are o n ly  a p p rec ia b le  a t  low e n e r g ie s ,  the  

e x c i t a t i o n  p r o b a b i l i t y  f a l l s  r a p id ly  to  zero  fo r  such  

l e v e l s  in  l i g h t  atoms. In the c a se  o f  the mercury atom, 

the  in t e r a c t io n  between the s p in  and o r b i t a l  m otions i s
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s t r o n g ,  so t h a t  e x c i t a t i o n  o f  th e  t r i p l e t  s t a t e  from 

th e  s i n g l e t  ground s t a t e  has a f l n i c e  p r o b a b i l i t y  a t  

r e l a t i v e l y  la r g e  e n e r g ie s ,  s in c e  e l e c t r o n  exclmnge i s  

n o t n e c e s sa r y .  T his e f f e c t  i s  aiiown in  tn e  exp er im en ta l  

c u r v e .

Larche (3 1 )  by an o p t i c a l  method has ob ta in ed  th e

e x c i t a t i o n  fu n c t io n  f o r t  lie corresponding t r i p l e t  s t a t e  
%

2 In cadmium, v/hich i s  a s im i la r  anom to  m ercury.

His curve a g r e e s  w e l l  v /ith  the curve suovnri in  f i g .  (1 3 )  

e x c e p t  t l ia t  h i s  maximum I s  more shaî’p. In  éi p rev iou s  

s e c t i o n  the p rob ab le  cause o f  d i f f e r e n c e  betw een th e  

r e s u l t s  by the  o p t i c a l  and el^ 'jctr ica l methods were 

d is c u s s e d  and i t  was concluded th a t  th e  two methods would  

n o t n e c e s s a r i ly  g iv e  the same r e s u l t .  The agreement 

between th e se  curves i s  then very  i n t e r e s t i n g .

Most o f  th e  work done on the e x c i t a t i o n  fu n c t io n  o f  

t h i s  s t a t e  in  mercury has been done by tlie o p t i c a l  method. 

The r e s u l t s  o f  o th e r  workers by t h i s  method are  review ed  

by O stensen (8 2 )  who con clu d es  th a t  th e  agreement i s  

q u i t e  good as to  th e  shape o f  the curve ; some v a r ia t io n  

in  the a b so lu te  magnitude i s  however found. The g e n e r a l  

r e s u l t  i s  t h a t  a t a l l  sharp maximum i s  found between 6 

and 7 v o l t s  en erg y . Whitney (83) by an e l e c t r i c a l  method 

found the maximum to  occu r  a t  about 7 v o l t s .  The 

ex p er im en ta l v a lu e  o f  7 v o l t s  found by the au th or , i s  

in  good agreement w ith  most o f  the  p rev io u s  work. As
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m entioned  above t h i s  v a lu e  would be s l i g h t l y  l e s s  f o r  a 

p e r f e c t l y  homogeneous beam.

The e x c i t a t i o n  fu n c t io n  f o r  th e  2^?^ s t a t e ,  6*67  

v o l t s  en ergy , i s  a ls o  g iv e n  id  f i g .  ( 1 6 ) .  An i n t e r e s t i n g  

f e a tu r e  o f  t h i s  curve i s  a marked change in  s lo p e  a t  

about 13 v o l t s .  A study  o f  W hitney’ s ex p er im en ta l curve  

f o r  t h i s  s t a t e  and a l s o  Larche*s curve f o r  the same s t a t e  

in  cadmium, shows th e  same I n f l e x io n  a t  about th e  same 

p o s i t i o n .  Comparing the exp er im en ta l cu rve  w ith  th e  

t h e o r e t i c a l  curve ob ta in ed  by Penney, we s e e  th a t  Penney*s 

curve shows a broad f l a t  maximum a t  about 15 to  20 v o l t s ,  

w h ile  the e x p e r im e n ta l  curve shows a sharp maximum. I f ,  

however, the  ex p er im en ta l curve i s  t r e a te d  as having  a 

broad f l a t  maximum w ith  a sharp maximum Imposed on i t ,  a s  

shown by th e  d o t te d  l i n e  in  tho f i g u r e ,  th e  agreement 

between th eo ry  and experim ent I s  much b e t t e r .  Doing t h i s  

removes the i n f l e x i o n  a t  13 v o l t s . Both th e  sharp maximum 

and th e  broad maximum occur a t  15 v o l t s .  Returning now 

to  th e  I o n i s a t io n  cu rve , we se e  th a t  a sm a ll  maximum and 

minimum were o b ta in ed  th e r e  a l s o  a t  ap prox im ately  15 v o l t s .  

The h e ig h t  o f  tiie maximum above th e  m l n  curve I s  seen  to  

be ap p rox im ate ly  7 cm^/cin^, from b oth  th e  e x c i t a t i o n  and 

th e  I o n is a t io n  c u r v e s .  This I t  seems l i k e l y  th a t  in  b oth  

t h e s e  cu rves  we have a sharp maxlmimi imposed on the main 

curve a t  about 15 v o l t s  energy .
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A fu r th e r  argument in  favour o f  t h i s  can be o b ta in e d  

from a stu d y  o f  th e  ex p er im en ta l p roced u re . The energy  

l o s s e s  corresp on d in g  to  th e  two cu rves  co n s id e red  in  

t iie  l a s t  paragraph are 6*67 and 10*38 . I f  t h i s  s u b s id ia r y  

sharp  maximum i s  to  occu r  in  b o th  c u r v e s ,  i t  must be due 

to  a t r a n s i t i o n  having energy ly in g  somewhere between  

t h e s e  two v a lu es*  For a s t r i c t l y  homogeneous beam o n ly  

th o s e  e l e c t r o n s  which had l o s t  6*67 and 10*38 v o l t s  

en ergy  would be c o l l e c t e d ,  in  d e t e m in ln g  th e  r e s p e c t iv e  

c u r v e s .  But in  making th e  exp er im en ta l r e a d in g s ,  a l l  * 

e l e c t r o n s  w ith  e n e r g ie s  between 6 and 7*4 v o l t s  are c o l l :  

: e c te d  fo r  th e  s i n g l e t  e x c i t a t i o n  fu n c t io n ,  and a l l  th o se  

w hich have l o s t  more than 9*6 v o l t s  en ergy  fo r  the i o n i s â t :  

; io n  f u n c t io n .  Tlie energy  spread o f  th e  beam has a lrea d y  

b een  aliown to  be about 2 v o l t s ,  will oh would thus b r id g e  

th e  gap between th e  tv/o v a lu e s  7 .4  and 9*5 v o l t s ,  so th a t  

some e le c t r o n s  which had e x c i t e d  a t r a n s i t i o n  midway 

betw een  th e s e  v a lu e s  would be c o l l e c t e d  in  b o th  c u r v e s .

T his seems to  e x p la in  th e  i r r e g u l a r i t y  in  b o th  cu rves a t  

about 15 v o l t s .  An exam ination  o f  th e  low er  s t a t io n a r y  

s t a t e s  in  the mercury atom shows th a t  th e r e  i s  an im portant  

s t a t e  a t  8*8 v o l t s  en ergy , the 5 Dg l e v e l .  I t  th e r e fo r e  

seems l i k e l y  th a t  the su b s id ia r y  sharp maximum a t  15 v o l t s  

en ergy  i s  due to  e x c i t a t i o n  o f  t h i s  l e v e l .  At 8*8 v o l t s  

th e r e  i s  a l s o  p resen t  the  t r i p l e t  s t a t e ,  3 1)3 , 2 , 1» h ut i t
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I s  u n l ik e ly  th a t  th e  peak i s  due to  e x c i t a t i o n  o f  t h i s  

l e v e l ,  s in c e  i t  has a lr e a d y  been shown th a t  t r i p l e t  s t a t e s  

have a maximum p r o b a b i l i t y  o f  e x c i t a t i o n  ver*y c l o s e  to  

th e  e x c i t a t i o n  p o t e n t i a l .

The sh arp n ess  o f  th e  peak i s  probably  due to  th e  

f a c t  th a t  s i n g l e t  D s t a t e s  in  g e n e r a l  shew a sharper  

maximum than do s i n g l e t  P s t a t e s ,  in  r e s u l t s  o b ta in ed  by 

o p t i c a l  m ethods.

I f  we adopt the  assum ption t i ia t  t h i s  maximum i s  due 

to  t h i s  s i n g l e t  D s t a t e ,  we can d e r iv e  th e  g e n e r a l  tren d  

o f  the  e x c i t a t i o n  fu n c t io n  f o r  t h i s  l e v e l .  I t  must r i s e  

f a i r l y  sh a rp ly  to  a maximum a t  about 15 v o l t s  energy  and 

then  f a l l  aga in  f a i r l y  sh arp ly  beyond t h i s  p o in t .  The 

h e ig h t  o f  th e  maximum i s  a l s o  se e n  t o  be about 7 cm^/cm^.

The shape o f  th e  6*67 v o l t  s t a t e  i s  then seen  by 

th e  d o tted  cu rv e . I t  has a broad f l a t  maximum a t  about  

15 v o l t s ,  and f a l l s  o f f  s lo w ly  beyond th e  maximum. The 

h e ig h t  o f  th e  maximum i s  about 15 cm^/cq?^.

A gain, a com parison o f  th e  ex p er im en ta l curve*and  

Penney*s t h e o r e t i c a l  cu rv e , shows q u ite  a good agreement 

a t  l e a s t  up to  the  maximum, which i s  a t  approxim ately  

th e  same p o s i t i o n  in  b oth  c u r v e s .  Beyond th e  maximum th e  

t h e o r e t i c a l  curve f a l l s  o f f  more s lo w ly  than the experim ent : 

: a l .  As has been m entioned b e fo r e  t h i s  can be e x p la in e d  

by the  f a c t  th a t  a t  h ig h e r  v e l o c i t i e s  th e  m a jo r ity  o f  

e le c t r o n s  are s c a t t e r e d  forward through sm a ll  a n g le s  a f t e r
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e x c i t i n g  the g iv e n  s t a t e .  Many o f  th e s e  e l e c t r o n s

w i l l  not be c o l l e c t e d  on account o f  th o  low er l i m i t  o f  th e

an g u lar  c o l l e c t i n g  range b e in g  too la r g e .

The r e l a t i v e  m agnitudes o f  th e  maxima f o r  th e
3 12 and th e  2 s t a t e s  a re  by no means in  agreem ent

w ith  th e  v a lu e s  o b ta in ed  by Penney, In  the  e x p e r im e n ta l

work th ey  are a lm o st th e  same, w h ile  in  the t h e o r e t i c a l

paper the s i n g l e t  t r a n s i t i o n  has a maximum about four

t im es  the v a lu e  o f  the t r i p l e t  maximum.

F in a l ly  a com parison may be made o f  tho a b s o lu te  

m agnitudes o f  th e  c r o s s  s e c t io n s  a t  th e  maxima o f  th e  

v a r io u s  exp er im en ta l c u r v e s ,  w ith  th e  v a lu e s  o b ta in e d  

by o th e r  w ork ers.

For the 2 P  ̂ s t a t e  th e  r e s u l t  ob ta in ed  by l a n l e  (8 4 )  

and a l s o  by Sponer as c a lc u la t e d  by Hertz (8 5 )  from 

h er  r e s u l t s ,  i s  1«1 cm^/cm^, Whitney however f in d s  a 

v a lu e  o f  34 cm /cm^* The author*s r e s u l t  i s  14*6  

cm^/cm^, which b e in g  midway between th e  twp p r e v io u s  s e t s  

o f  r e s u l t s  does not d e c id e  In favour o f  e i t h e r .

In  th e  c a se  o f  the s i n g l e t  s t a t e  2^P^, / /h ltn ey
2 y 3g iv e s  a v a lu e  o f  7 cm /cm  , w h ile  B r a tta in  (8 6 )  does  

n ot g iv e  an e x a c t  v a lu e  but e s t im a te s  i t  a t  betw een  

4*3 and 13 cm^/cm^. The r e s u l t  o b ta in ed  in  t h i s  work 

i s  15 cm'^/cm^., which i s  in  f a i r  agreement w ith  b oth
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th e  ab ove .

Whitney*s v a lu e  fo r  th e  3^Dg s t a t e  ia  3*4 

w h ile  th e  exp er im en ta l v a lu e  I s  o f  the  o r i e r  o f  

7 om^/om^.
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A FURTHER TEST ON TIB WORKING 0.? THK APPARATUS AND

A DISCUSSIOK OF TIÎE POSSIBLE ERRORS.

U sing  the v a r io u s  exp er i.n on ta l r e s u l t s  g iv e n  above 

fo r  th e  i o n i s a t io n  and e x c i t a t i o n  c r o s s  s e c t i o n s ,  we can 

o b ta in  a very  i n t e r e s t i n g  and c o n c lu s iv e  t e s t  o f  th e  

s a t i s f a c t o r y  working o f  the ap p a ra tu s . We have e x c i t a t i o n  

fu n c t io n s  fo r  the s t a t e s  which we

know from Penney’ g t h e o r e t i c a l  work, and th e  ex p er im en ta l  

r e s u l t s  o f  many o th e r  i n v e s t i g a t o r s ,  su ch  as S c h a f fe r ;  

rn ich t and o th e r s ,  who have s tu d ie d  th e  e x c i t a t i o n  

fu n c t io n s  fo r  a g rea t  number o f  t r a n s i t i o n s  in  the mercury 

atom, tviat th e se  t r a n s i t i o n s  a lo n g  w ith  th e  I o n i s a t io n  

t r a n s i t i o n s  are by fa r  th e  most probable in  th e  energy  

range used in  t h i s  work. I f  th e r e fo r e  th e  c r o s s  s e c t i o n s  

fo r  e x c i t a t i o n  o f  th e s e  s t a t e s ,  and the  i o n i s a t i o n  c r o s s  

s e c t io n  be added to g e th e r ,  we should  o b ta in  a curve f o r  

the i n e l a s t i c  c r o s s  s e c t i o n .  T his curve can th en  be  

compared w ith  th e  i n e l a s t i c  c r o s s  s e c t i o n  curve as  ob ta in ed  

p r e v io u s ly  by s u b s tr a c t in g  th e  e l a s t i c  c r o s s  s e c t i o n  from 

th e  t o t a l  c r o s s  s e c t i o n .  I t  should  be n o t ic e d  th a t  a l l  

the component e x c i t a t i o n  and i o n i s a t i o n  c r o s s  s e c t i o n s  

fo r  th e  former i n e l a s t i c  c r o s s  s e c t i o n  curve a re  ob ta in ed  

in d ep en d en tly ;  so  t l ia t  i f  th ey  add up to  g iv e  a r e s u l t  in  

agreement w ith  th e  i n e l a s t i c  c r o s s  s e c t i o n  o b ta in e d  by 

the o th e r ,  e n t i r e l y  d i f f e r e n t  method, th e  r e s u l t  should
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be very  c o n c lu s iv e  o f  the  accu racy  and r e l i a b i l i t y  o f  

th e  method.

The r e s u l t s  fo r  the i n e l a s t i c  c r o s s  s e c t io n  as  

o b ta in ed  by th e  two methods are  g iv e n  in  f i g .  ( 1 7 ) ;  th e  

upper curve b e in g  the i n e l a s t i c  c r o s s  s e c t io n  determ ined  

by th e  d i f f e r e n c e  o f  the t o t a l  and e l a s t i c  c r o s s  s e c t i o n s ,  

and the  low er cu rv e , the  sunriation o f  the  e x c i t a t i o n  and 

i o n i s a t io n  c u r v e s .  I t  should be n o t ic e d  th a t  th e  e x c i t a t i o n  

fu n c t io n  fo r  th e  s t a t e  must o n ly  be in c lu d ed  o n ce ,

a lth o u g h  i t  i s  p r e se n t  In b oth  th e  s i n g l e t  e x c i t a t i o n  

fu n c t io n  curve and a l s o  in  th e  I o n i s a t io n  cu rv e . The 

f ig u r e  shows th a t  the curves are  Ir. e x c e l l e n t  agreem ent, 

the  o n ly  d i f f e r e n c e s  b e in g  a sm a ll  v e r t i c a l  d isp la cem en t  

throughout the e n t i r e  energy ran ge , and a sm all h o r iz o n t a l  

s i i l f t  o f  l e s s  tlian I ia lf  a roo t v o l t .

I t  can be shown as f o l l o w s ,  th a t  t h i s  v e r t i c a l  

d isp la cem en t i s  in  a l l  p r o b a b i l i t y  due to  th e  e j e c t i o n  

o f  slow  secondary e l e c t r o n s  fron  th e  g r id s  and f i n a l  h o le  

o f  the gun.

The formula used to  o b ta in  the  e l a s t i c  c r o s s  s e c t io n

was -

e -  l e A t  " 4  ( ! ) •

Nov; c o n s id e r  the  ca se  o f  what happens to  any slow  e le c t r o n s  

moving towards the  c o l l e c t o r  C from th e  s c a t t e r in g  

r e g io n  in s id e  the g r id  or from th e  g r id s  o r  Gg.
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3 y slow e le c t r o n s  we mean e le c t r o n s  which are  c o n s id e r a b ly  

s lo w er  than the  e le c t r o n s  in  th e  beam; and when we speak  

o f  f a s t  e le c t r o n s  d uring  t h i s  d i s c u s s io n  we mean e le c t r o n s  

w hich have p r a c t i c a l l y  the saume energy a s  the e le c t r o n s  

in  the beam.

Tho slow e le c t r o n s  may a r i s e  from secondary em iss io n  

fr o m  th e  g r id s  or  th e  f i n a l  gun h o le ,  or  th ey  may be due 

to  the beam spread ing  ao much as  to  s t r i k e  th e  g r id  

d i r e c t l y ,  in  which ca se  a number o f  e le c t i 'o n s  both  

primai’y and secondary would be s c a t t e r e d  w ith  low e n e r g ie s  

towards g r id  Gg. When th e s e  slow  e le c t r o n s  passed  in t o  

the  f i e l d  between the second and th ir d  g r id s  th ey  would 

be stopped i f  the  r e ta r d in g  f i e l d  was la r g e  enough. T his  

would be the c a se  i f  the e l a s t i c  c r o s s  s e c t i o n  was b e in g  

m easured. However when the f i e l d  has i t s  v a lu e  for  the  

t o t a l  c r o s s  s e c t io n  measurements, some o f  th e s e  slow  

e le c t r o n s  would have s u f f i c i e n t  energy to  overcome th e  

f i e l d  and roach  the c o l l e c t o r  G. Thus would be 

in c r e a s e d  by th e s e  e le c t r o n s  and would be la r g e r  than i t  

ought to  b e .  T h erefore  as g iv e n  by th e  above eq u a tio n

would be too s m a ll ,  and th e  i n e l a s t i c  c r o s s  s e c t io n
, ^ f would be too la r g e .  Throughout t h i s

n ^ t  ^
d i s c u s s io n   ̂ i s  Brode*s v a lu e  which i s  o f  cou rse  assumed  

u n a ffe c te d  by any o f  th e s e  exp er im on ta l d i s c r e p a n c ie s .

Again c o n s id e r  the e f f e c t  o f  th e s e  slow  e le c t r o n s
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on the e x c i t a t i o n  and i o n i s a t i o n  c r o s s  s e c t i o n s .  These  

l a t t e r  c r o s s  s e c t io n s  can be b o th  r e p r e se n te d  by th e  

s i n g l e  eq u a tio n  OC ^  ̂ l / ^ t  * ^  t* ( 2  ) .

S in ce  in  d eterm in in g  th e  f i e l d  between 3̂  ̂ and ^3 

o n ly  v a r ie d  by a sm a ll  amount from i t s  v a lu e  f o r  the  

e l a s t i c  measurements, and s in c e  i s  the  d i f f e r e n c e  

between two s c a t t e r e d  cu rren ts  fo r  which  th e  r e ta r d in g  

p o t e n t i a l s  are o r a c t i c a l l y  i d e n t i c a l ,  w i l l  be p r a c t :  

: i c a l l y  u n a f fe c te d  by the p rese n c e  o f  slow  e l e c t r o n s .

They w i l l  be in c lu d ed  in  however a s  b e fo r e  so  th a t  

tho ex p er im en ta l v a lu e s  o f  'X ^ w i l l  be sm a lle r  than th ey  

ought to  b e .  ^

The e f f e c t  o f  th ese  slow  e le c t r o n s  on th e  i o n i s a t i o n  

c r o s s  s e c t i o n  ia  not so s im p le .  The i o n i s a t i o n  c r o s s  

s e c t io n  can be v /r it to n  as

^ i =  (3 )

whore _ i s  th e  current to  the c o l l e c t o r  C when a 9*5
r e ta r d in g  p o t e n t i a l  o f  (V^-^ Vp -  9 *5 ) v o l t s  was a p p lie d

between g r id s  Gg and Gg. }iOV i f  i s  in c r e a se d  by the  

p resen ce  o f  slow e le c t r o n s ,  th en  th e  p a r t  in  b r a c k e ts  

w i l l  be in c r e a se d  so th a t  the  v a lu e  o f  ^   ̂ w i l l  be too  

la r g e .  The r e ta rd in g  p o t e n t i a l  used i s  however c o n s id e r :  

jab ly  sm a lle r  than fo r  e l a s t i c  s c a t t e r i n g  so th a t  we 

would e x p e c t  some secondary e l e c t r o n s  to  be in c lu d e d  in



182 .

^9 *5 * the number o f  seco n d a r ies  i n  I g . 5  i s  in c r e a s e d ,  

i t  i s  e a s i l y  seen  th a t  the er r o r  in  QC w i l l  f i r s t  o f  

a l l  d e c r e a se  to  zero  and then in c r e a s e  on th e  o th e r  s i d e .  

Now from an exam ination  o f  the r e s u l t s  g iv e n  in  f i g .  (15)  

f o r  the  i o n i s a t i o n  c r o ss  s e c t io n  a lon g  w ith  B lea k n ey ’ s 

v a lu e ,  i t  i s  soon th a t  the d i f f e r e n c e  between th e  cu rves  

i s  sm a ll  a t  lev/ v e l o c i t i e s  end a ls o  a t  h ig h  v e l o c i t i e s  j 

th e  la r g e  d i f f e r e n c e  a t  In term ed iate  v e l o c i t i e s  seems 

u n e x p la in a b le , but I t  appears rea so n a b le  to  ex p ec t  th a t  

i t  i s  n o t due to  slow  secondary e l e c t r o n s ,  but r a th e r  to  

some d i f f e r e n c e  in h e ren t  in  the methods o f  measurement. 

I n v o lv in g  p o s s ib ly  the typ es  o f  I o n i s a t io n  in c lu d e d  by 

éach  method. Thus we con c lu d e  th a t  the e f f e c t s  o f  slow  

s e c o n d a r ie s  are sm all in  the ca se  o f  th e  i o n i s a t i o n  c r o s s  

s e c t i o n .

Now c o n s id e r  the c a se  o f  s e c o n d a r ie s  brought o f f  

from th e  th ir d  g r i d .  A l l  th e s e  e l e c t r o n s  w i l l  reach  th e  

c o l l e c t o r  C s in c e  th ere  i s  the f i e l d  Vg drawing them to  

C. I t  i s  w e l l  known th at the number o f  s e c o n d a r ie s  

in c r e a s e s  w ith  th e  v e l o c i t y  o f  the  p r im a r ie s  up to  a 

v e l o c i t y  o f  a few hundred v o l t s ,  and a l s o  th a t  th e  energy  

o f  th e  s e c o n d a r ie s  i s  always sm a ll .  In  th e  c a s e s  when 

Ig  o r  I^  are  b e in g  measured, the v e l o c i t y  o f  th e  p r im a r ie s  

on re a ch in g  the t h ir d  g r id  i s  sm a ll ,  i . e .  always l e s s  

than 7*4 v o l t s  so  th a t  th ey  w i l l  n o t b r in g
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o f f  many s e c o n d a r ie s .  In the  c a se  o f  th e  v e l o c i t y  

o f  the  p r im a r ies  i s  a p p r ec ia b le  ; th ey  may th e r e fo r e  b r in g  

o f f  a c o n s id e r a b le  number o f  s e c o n d a r ie s .  The n e t  e f f e c t  

o f  t h i s ,  i s  th a t  th e  e l a s t i c  and e x c i t a t i o n  c r o s s  s e c t io n s  

w i l l  be fu r th e r  decreased  by th e  secondary e l e c t r o n  

e m is s io n .  The same argument w i l l  ap p ly  to  the  i o n i s a t i o n  

c r o s s  s e c t i o n  ex cep t th a t  I g .g  w i l l  aga in  in c lu d e  some 

s e c o n d a r ie s ,  s in c e  the v e l o c i t i e s  o f  the p r im a r ie s  on 

reach in g  Gg w i l l  be la r g e r  than fo r  the e l a s t i c  and 

e x c i t a t i o n  c a s e s .  Thus th e  i o n i s a t io n  c r o ss  s e c t i o n  may be 

fu r th e r  in c r e a se d  or  d ecreased  a ccord in g  as tho number o f

s e c o n d a r ie s  in c lu d ed  In  ̂ v a r i e s .y «o
I f  we now stu d y  the cu rves g iv e n  in  f i g .  ( 1 7 ) ,  we 

w i l l  s e e  the e x te n t  o f  the  er r o r s  due to  s e c o n d a r ie s .  

k t  low e n e r g ie s ,  say  l e s s  than 16 v o l t s ,  most o f  the  

i n e l a s t i c  curve i s  due to  e x c i t a t i o n  c r o s s  s e c t i o n s ,  s in c e  

the i o n i s a t i o n  c r o s s  s e c t io n  i s  sm a ll  and d e c r e a s in g

t h e r e . We f in d  th a t  the i n e l a s t i c  curve, o b ta in e d  by
;

adding th e  d i s c r e t e  cr o ss  s e c t io n s  i s  sm a lle r  than the  

curve ob ta in ed  from the d i f f e r e n c e  o f  the e l a s t i c  and 

t o t a l  c r o s s  s e c t io n s  by about 11,^. Above we have shown 

th a t  e x c i t a t i o n  c r o s s  s e c t io n s  are too  s m a ll ,  and th e  

i n e l a s t i c  c r o ss  s e c t io n  by th e  d i f f e r e n c e  method, too  

la r g e  due to  slow  s e c o n d a r ie s .  The tr u e  i n e l a s t i c  curve  

might th e r e fo r e  be exp ected  to  l i e  between th e  two curves
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In f i g .  ( 1 7 ) ,  The e r r o r  due to  secondary e le c t r o n  

e m iss io n  a t  low e n e r g ie s  i s  thus not g r e a t e r  than 6%, 

which i s  q u ite  a rea so n a b le  v a lu e .

At h ig h  e n e r g ie s ,  th e  i n e l a s t i c  c r o s s  s e c t i o n  i s  

m ostly  due to  the i o n i s a t i o n  t r a n s i t i o n .  At t h e s e  h ig h  

e n e r g ie s ,  the r e ta r d in g  p o t e n t i a l  betw een  th e  second  and 

th ir d  g r id s  w i l l  be s u f f i c i e n t l y  la r g e  even when i s  

b e in g  measured to  atop a l l  secondary e l e c t r o n s ,  which  

req u ired  to  pass through i t  to  g e t  to  th e  c o l l e c t o r  C,

The o n ly  se c o n d a r ie s  which cou ld  reach  C in  t h i s  c a se  

would be th o se  brought o f f  from The energy o f  th e

e le c t r o n s  reach in g  in  the ca se  o f  m easuring w i l l  be 

much g r e a te r  than in  th e  ca se  o f  m easuring so th a t

th e  secondary em iss io n  from Gs w i l l  be much g r e a te r  fo r  

I j . , and so  as  shown above th e  i o n i s a t i o n  c r o s s  s e c t i o n  w i l l  

be in c r e a se d  due to  secondary e m is s io n .  From f i g .  ( 1 5 ) ,  

we s e e  th a t  a t  h ig h  e n e r g ie s  th e  d i f f e r e n c e  between th e  

ex p er im en ta l i o n i s a t i o n  c r o s s  s e c t io n  and B leakney*s curve  

i s  o n ly  about 10/t. We th e r e fo r e  conclude th a t  a t  h ig h  

e n e r g ie s  the e r r o r  due to  secondary e l e c t r o n  e m is s io n  i s  

n ot g r e a te r  than 10^, Thus o ver  the whole energy range  

th e  e r r o r  due to  second ary  e le c t r o n s  in c r e a s e ô  from about 

6 /̂  a t  the  lo w est  e n e r g ie s  to  about lo ÿ  a t  the  h ig h e s t  

e n e r g ie s  o f  the ex p er im en ta l  ra n g e . N e i th e r  o f  th e s e  

v a lu e s  amounts to  a s e r io u s  e r r o r .
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The d i f f e r e n c e  between Brode*s t o t a l  c r o s s  s e c t io n  

and th e  ex p er im en ta l  c r o s s  s e c t i o n  has a lrea d y  been  

d is c u s s e d .  The c o n c lu s io n  was th a t  th e  d i f f e r e n c e  a t  

low e n e r g ie s  was probably  due to  th e  sp rea d in g  o f  the  

beam, which p revented  some e le c t r o n s  from rea ch in g  the  

c o l l e c t o r  B, and a ls o  brought more i n t o  the c o l l e c t o r  

C. Most o f  th e s e  ex tra  e le c t r o n s  w hich  le a v e  th e  beam, 

n ot due to  a c o l l i s i o n  but sim ply due to  d i f f u s i o n ,  

owing to  th e  m utual r e p u ls io n  o f  e l e c t r o n s  fo r  each  o th e r ,  

w i l l  be f a s t  e l e c t î ’o n s ,  so th a t  i f  they  p ass  through  

th e  g r id s  w ith ou t h i t t i n g  a n y th in g , th ey  w i l l  reach  

tho c o l l e c t o r  C and be in c lud ed  in  th e  s c a t t e r e d  cu rren t  

no m a tter  how I t  was b e in g  measured.

In  th e  c a se  o f  I ^ I ^  s in c e  I 3  i s  always l e s s  than  

I t ,  the e f f e c t  o f  the a d d it io n  o f  a c o n sta n t  q u a n t i ty  

to  b o th  the n^mierator and th e  denom inator w i l l  be to  

in c r e a s e  th e  f r a c t i o n .  Thus CL q w i l l  be in c r e a s e d  due 

to  the  p resen ce  o f  th e s e  f a s t  e l e c t r o n s .  P r e v io u s ly  i t  

was shown th a t  the  p resen ce  o f  slow  e le c t r o n s  d ecrea sed  

oCq * I t  can now be shown th a t  th e  combined e f f e c t  o f  

th e s e  slow and f a s t  e l e c t r o n s  to g e th e r  w i l l  p robably  be 

q u ite  sm a ll ,  f o r  d e t e im in a t io n s  o f

Measurements taken w ith  l iq u id  oxygen on th e  tr a p s  

have shown t h a t  th er e  i s  a c e r t a in  ’’background” 

s c a t t e r in g  when both  e l a s t i c  and t o t a l  c r o s s  s e c t i o n
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measurements are b e in g  taken; t h i s  backgi^ound i s  o f  

co u rse  due to  th e  f a e t  and slow  e le c t r o n s  m entioned  

ab ove . Now i f  th e  s c a t t e r e d  i n t e n s i t i e s  a c t u a l l y

measured w ith  gas in  the apparatus fo r  the e l a s t i c  and
e t

t o t a l  c r o s s  s e c t i o n s  are and r e s p e c t i v e l y ,  w h ile

th o se  measured w ith  l iq u id  oxygen on th e  tr a p s  are

and and i f  the  true  s c a t t e r e d  I n t e n s i t i e s  due
e t

to  gas o n ly  are Ij, and Ip ,  then  we have th a t  -

I^ = Ip  1 2  and l a  ~ r  ^ 1  (4 ) .

Now suppose th a t  fo r  a g iv e n  v e l o c i t y ,  I^ =  k*!® 
t  tand I ,  =  k 'I_  (5 )  where k i s  a f a c t o r  depending on th eJL a

v e l o c i t y .  I t  r e a l l y  r e p r e s e n ts  th e  f a c t  th a t  a t  a g iv e n  

v e l o c i t y  th e  background i s  p r o p o r t io n a l  to  th e  t o t a l  

i n t e n s i t y  p a ssed  by the corresp on d in g  r e ta r d in g  p o t e n t ia l*  

S u b s t i t u t in g  back we o b ta in  -

=  I r / O - k )  and I^  =  'jC ^ (l-k ) ( 6 ) .

T h erefore  I ^ / l a  =  ( 7 ) .

That i s  the r a t i o  a c t u a l l y  used in  c a l c u l a t i n g  th e

v a lu e  o f  oc g i s  the same as  th e  tru e  r a t io  I ^ I p ,  

w ith ou t background. 3y u s in g  th e  l i q u i d  oxygen curves  

and th e  ex p er im en ta l cu rves w ith  g a s ,  th e  r e l a t i o n  (5 )  

was t e s t e d  and i t  was found to  h o ld  a p p ro x im a te ly . Thus 

the e r r o r  in  c a l c u l a t i n g  oC  ̂ i s  p rob ab ly  not so s e r io u s  

as might a t  f i r s t  appear.
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For the  c a s e s  o f  both  e x c i t a t i o n  and i o n i s a t io n  

c r o s s  s e c t i o n  m easurem ents, th e s e  f a s t  e le c t r o n s  w i l l  

in c r e a s e  denom inator in  every  c a s e  but w i l l  n o t  

e f f e c t  the numerators a t  a l l  s in c e  in  each c a se  th e  

numerator i s  th e  d i f f e r e n c e  o f  two c u r r e n ts ,  each  o f  

which w i l l  in c lu d e  th e  f a s t  e l e c t r o n s ,  so th a t  on 

s u b s t r a c t io n  th e  e f f e c t  o f  th e se  e l e c t r o n s  w i l l  d isa p p e a r .  

The g e n e r a l  e f f e c t  o f  tho f a s t  e l e c t r o n s  w i l l  be to  

reduce the  v a lu e  o f  th e  e x c i t a t i o n  and i o n i s a t i o n  c r o s s  

s e c t i o n s .  From the comparison o f  th e  i o n i s a t io n  curve  

w ith  31eakney*s we see  th a t  th e  expoiIm en ta 1 curve g iv e s  

l a r g e r  c r o s s  s e c t i o n s  than B leak n ey ’ s .  I t  i s  th e r e fo r e  

concluded  th a t  th e  e f f e c t  o f  th e s e  f a s t  e l e c t r o n s  i s  

s m a l l .  They p rob ab ly  le a v e  the beam a t  such sm a ll  a n g le s  

th a t  th ey  are stopped  by th e  s l e e v e s  on which th e  g r id s  

are supported  and thus do n ot g e t  in t o  the s c a t t e r e d  

c u r r e n t ,



In  conclu<^iicn, t h e  a u th o r  v /ia h es  t o  e x p r e s s  h i g  

s i n c e r e  thanics t o  P r o f e s s o r  H * 3 ta n lo y  A l l e n ,? # R # 3 # ,  

and t o  Dr#P#L#A rnot, P h .D # , f o r  t h e  k e e n  i n t e r e s t  

th e y  h a v e  a lw a y s  show n, f o r  t h e i r  h e l p f u l  s u g g e s t i o n s ,  

and f o r  t h e i r  k i n d l y  c r i t i c i s m  th r o u g h o u t  t h e  c o u r s e  

o f  t h e s e  i n v e s t i g a t i o n s #
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