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I V .

INTRODUCTION.

The g r e a te r  p a rt o f  tlio exp erim en ta l r e se a r c h ,  

d e sc r ib e d  in  t h i s  t h e s i s ,  has been d evoted  to  an 

I n v e s t ig a t io n ,  by d ir e c t  e l e c t r i c a l  m ethods, o f  the  

fo n u a tio n  o f  io n is e d  m olecu les in  mercury vapour and 

h e liu m .

A l l  chem ical e v id e n c e , based  on measurements o f  

th e  vapour d e n s ity  and the r a t io  o f  the s p e c i f i c  h e a t s ,  

in d ic a t e s  th a t  under normal c o n d it io n s  mercury vapour 

and h eliu m  are  s t r i c t l y  monatomic. T his i s  co n tra ry  

t o  the o b se r v a tio n s  o f  th e  s p e c tr o s c o p is t s  who have 

ob served  s tr o n g  mercury and h eliu m  band s, both  in  

em iss io n  and a b so r p tio n . Tlie mercury bands wore 

oxarTiined by Wood (1 ) in  1907 , w h ile  th e  h eliu m  bands 

were d isc o v e r e d  s im u lta n eo u sly  by C u r tis  (2 ) and 

G o ld ste in  (3 ) in  1913 . This l a t t e r  r e s u l t  was s u r p r is in g ,  

s in c e  up to  tlm t tim e the e x is te n c e  o f  a m olecu le o f  

one o f th e  in e r t  g a se s  had n o t been con sid ered  p o s s ib le .  

To account fo r  the apparent d iscrep a n cy  between th e  

ch em ica l and th e  sp e c tr o sc o p ic  r e s u l t s  i t  has g e n e r a lly  

been  assumed th a t  an e x c it e d  mercury or helium  atom, 

in  v ir tu e  o f i t s  changed e le c tr o n  a f f i n i t y ,  can combine 

w ith  a normal atom or an oth er e x c it e d  atom to  form a 

m o le c u le .



I t  I s  th e r e fo r e  o f  in t e r e s t  to  in v e s t ig a t e  th e  

d e t a i l s  o f  th e  a ttaclim ent p r o c e s s . A c o n s id e r a b le  

amount o f  in fo rm a tio n  can be ob ta in ed  from band sp e c tr a  

measure nen t s , but any o th er  independent method o f  

stu d y in g  the same problem  i s  o f  v a lu e  when i t  le a d s  

to  r e s u l t s  w hich can bo compared w ith  th e  c o n c lu s io n s  

o f th e  s p e c tr o s c o p is t s  or the t h e o r e t ic a l  w ork ers.

In 1936 A rnot and M illig a n  ( 4 ) ,  by u s in g  a mass 

sp ectrograp h  a p p a ra tu s , o b ta in ed  the f i r s t  d ir e c t  

ev id en ce  o f  th e  e x is t e n c e  o f  m o lec u le s  In m ercury vapour 

when i t  was e x c it e d  by e le c t r o n  im p act. The o r ig in a l  

purpose o f  the r e se a r c h  c a r r ie d  out by th e  au thor was 

to  in v e s t ig a t e  s t i l l  fu r th e r  th e  form ation  o f  mercury 

m o lecu le s  by a b a lan ced  sp a ce-ch a rg e  m ethod. T h is  

has c e r ta in  ad vantages over th e  sp ectrograp h  m ethod, 

and th e  com b ination  o f  th e two methods p ro v id es  a v ery  

s tro n g  means o f  a t ta c k in g  th e  problem .

At th e  c o n c lu s io n  o f  the work w ith  mercury th e  

sp a ce-ch a rg e  method was ex ten d ed  to  an in v e s t ig a t io n  

o f th e  io n s  produced in  a rg o n , h eliu m  and neon by  

e le c tr o n  im p act. E vidence fo r  th e e x is t e n c e  o f  io n is e d  

m o lecu le s  was o b ta in ed  in  h e liu m  but n o t  in  argon and 

noon, a s  was to  be e x p e c te d . S u b seq u en tly  th e r e s u l t s  

o b ta in ed  fo r  h e liu m  wore checked  and confirm ed  by the  

use o f a m a ss-sp e c tro g ra p h . T ills  p a r t  o f  the work
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liaa proved to  be p a r t ic u la r ly  in t e r e s t in g ,  fo r  i t  i s  

the f i r s t  d ir e c t  I n v e s t ig a t io n  o f  th e  form ation  o f  

h e liu n  m o lecu le s  th a t  has been c a r r ie d  o u t . Ihe r e s u l t s  

ob ta in ed  g iv o  some u nexpected  in fo rm a tio n  con cern in g  

th e  form ation  o f  h eliu m  m o le c u le s , and th ey  a ls o  tlirow  

saac l i g ^ t  upon th e  r e s u l t s  o f  th e  e a r l i e r  workers who 

d e te c te d  io n is a t io n  In h eliu m  below  th e  atom ic  

io n is a t io n  p o t e n t i a l . T h is p o in t  a t t r a c te d  c o n sid era b le  

a t te n t io n  a t  the t im e , but was n ever s a t i s f a c t o r i l y  

e x p la in e d .

The t h e s i s  co n clu d es w ith  th e account o f  an 

in v e s t ig a t io n  o f  a p r o c e ss  o f  io n is a t io n  by e le c tr o n  

t r a n s fe r  which o ccu rs in  mercury vap ou r. I o n is a t io n

by the t r a n s fe r  o f  an e le c tr o n  from a normal atom to  

an io n is e d  atom was f i r s t  observed  in  1927 . S in ce  th a t  

d a te  s e v e r a l  in s ta n c e s  o f  t h i s  p r o c e ss  have been  

o b serv ed , but th e  Interclaango o f  en ergy  between th e  

c o l l id in g  p a r t i c l e s  has n o t been  s tu d ie d  in  any d e t a i l .  

Tlie problem  lias a t t r a c te d  th e  a t t e n t io n  o f  th e o r e t ic a l  

w ork ers, who have been  somewhat Im ndicapped by a la c k  

o f  ex p er im en ta l in fo rm a tio n  fo r  com parison w ith  t h e ir  

r e s u l t s .

This t h e s i s  i s  d iv id e d  in to  fo u r  p a r t s .  The f i r s t  

c o n ta in s  a b r ie f  o u t l in e  o f  the quantuum th eory  o f  tlie  

atom and the m o le c u le , a summary o f  our p resen t
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knowledge o f  the in terch a n g e  o f  energy in  v a r io u s  

c o l l i s i o n  p r o c e s s e s ,  and a d is c u s s io n  o f the th eory  

o f th e  th erm ion ic  em iss io n  from a h ea ted  f ila m e n t and 

i t s  a p p l ic a t io n s .  P a r t ic u la r  r e fe r e n c e  i s  made to  

p rev iou s work which I s  o f  im portance fo r  the developm ent 

o f the ex p er im en ta l re sea r ch  d escr ib ed  in  P arts 2 ,  3 

and 4 .

To avo id  in te r p o la t io n  o f  the t h e s i s  w ith  

d e f in i t io n s  and sim ple c a lc u la t io n s  tînree appendices  

have been added. Where n e c e s sa r y , r e fe r e n c e  to  the  

data  g iv e n  in  th e ap pend ices i s  in d ic a te d  by a 

su p e r sc r ip t  o f  the ty p e  ”A "

The r e s u l t s  o f  th e  exp erim en ta l re sea rch  have been  

p u b lish ed  by D r. F .L . Arnot and the author as f o l lo w s ; -  

"The form ation  o f  mercury m o le c u le s . II"

P roc. Roy. S o c . A, 1G5, 133 . (1 9 3 8 ).

"The form ation  o f  ho Hum m olecu les"

P roc. Roy. S o c . A, 1 ^ ,  5 43 . (1 9 3 8 ) .  

and P roc . Roy. S o c . A, (1939) In th e  p r e s s .  

" E lectron  t r a n s fe r  in  mercury vapour"

P ro c . Roy. S o c . A, (1939) In the p r e s s .
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P A R T  I .

SECTION 1 .

THE QUANTUM THEORY OF THE ATOM AND THE MOLECULE.

The c l a s s i c a l  v iew  o f  the atom as a sm ooth, e l a s t i c  

sphere has now co m p le te ly  g iv en  way to  the n u c lea r  th eory  

su g g ested  by R utherford  in  1911 and extended  by Bohr in  

1913,

Tlie atom i s  an 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 . 

I t s  mass i s  co n cen tra ted  in  a sm all p o s i t i v e ly  charged  

n u cleu s round which r e v o lv e  a number o f  e l e c t r o n s .  The 

number o f  the e le c t r o n s  i s  equal to  th e  atom ic number o f  

the e lem en t, and th e  p o s i t i v e  n u c le a r  ch a rg e , measured in  

e lo c tr o n ic  u n i t s ,  i s  a ls o  eq u a l to  th e  atom ic number. The 

r e s u lta n t  charge o f  a normal atom i s  co n seq u en tly  z e r o .

Tlio e l e c t r o n s ,  each  o f  which r e v o lv e s  in  a sep a ra te  

o r b it ,  are co n sid ered  t o  be arranged round th e  n u c leu s in  

a s e r ie s  o f  s h e l l s . The normal h eliu m  atom has on ly  two 

e x tr a -n u c le a r  e le c t r o n s  which form a com plete and s ta b le  

o u ter  s h e l l .  'The norm al mercury atom has e ig h ty  e le c t r o n s ,  

s e v e n ty -e ig h t  o f  which a re  grouped in  f i v e  in n er  s ta b le  

s h e l l s ,  the rem aining two e le c t r o n s  occupy o r b it s  in  a s ix t h  

ou ter s h e l l . The o u ter  s tr u c tu r e  o f  th e  two atoms i s  thus  

s im ila r  and th ey  h a v e , a s  a r e s u l t ,  c e r ta in  s im ila r  p rop ert:  

: i o s .  The outerm ost or most lo o s e ly  bound e le c tr o n s  are
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knovm as th e  v a len cy  e l e c t r o n s ,  and I t  I s  on ly  w ith  tr a n s :

; i t I o n 8 o f  th e  v a len cy  e le c t r o n s  th a t  we are concerned  In 

t h i s  work.

Each e le c tr o n  p o s s e s s e s  an an gu lar momentum due to  i t s  

o r b ita l  m otion and an an gu lar momentum due to  a sp in  about 

i t s  ovm a x i s . Both typ es o f  a n g u la r  momentum, o r b i t a l  and 

sp in , are q u a n tise d , th a t  i s  th ey  are r e s t r i c t e d  to  c e r ta in  

d is c r e te  am ounts. Ihe sp in  momentum o f  a l l  e le c t r o n s  i s  

the same. The q u a n tisa t io n  o f  th e  an gu lar  momentum r e s t r i c t s  

the motion to  c e r ta in  c l e a r ly  d e f in e d  o r b i t s ,  a s s o c ia te d  

w ith  each o f  which i s  a d e f in i t e  amount o f  en erg y . To 

account fo r  th e  f a c t  th a t th e  e l e c t r o n ic  m otion does not 

d egenerate in to  a s p ir a l  w ith  a f i n a l  c o l la p s e  o f  the  

e le c tr o n  in to  th e  n u c le u s , i t  i s  assumed th a t  an e le c t r o n ,  

i f  l e f t  u n d istu rb ed , can co n tin u e  to  r e v o lv e  in  one o f  i t s  

q uantised  o r b it s  or s ta t io n a r y  s t a t e s  w ith o u t any r a d ia t io n  

o f  en ergy . This i s  co n tra ry  to  th e  law s o f  c l a s s i c a l  

m echanics and i s  known a s Bohr * s f i r s t  p o s t u la t e .  An atom  

can on ly absorb or r a d ia te  c e r t a in  d i s c r e t e  amounts o f  

energy equal to  the d i f f e r e n c e  in  en ergy  betw een two 

s ta t io n a r y  s t a t e s  o f  an atom ic e l e c t r o n .  I f  an e le c tr o n  

jumps from a h ig h e r  l e v e l  o f  en ergy  Eg to  a low er l e v e l  

o f  energy E% th e  e x c e s s  energy (Eg ~ E^) i s  r a d ia te d  as a 

photon w ith  freq u en cy  V g iv e n  by th e  r e la t io n

h y  = Eg -  E l (1 )
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v/lioro h  I s  Planck* s co n sta n t*  This i s  known as Bohr * s 

second p o s t u la t e .

The w a v elen g th  ( A  ) o f  th e  photon i s  g iv e n  by th e  

r e la t io n

X  -  he
"  Eg -  (2 )

where c i s  th e  v e l o c i t y  o f  l i ^ i t *  Tlie quantum th e o ry  o f

th e  atom th u s le a d s  to  a sim p le ex p la n a tio n  o f  th e  e x i s t :

;enco o f  th e  l in o  s p e c tr a  a s s o c ia t e d  w ith  atoms*

By im p artin g  s u f f i c i e n t  energy to  an atom one o f  the

v a le n c y  e le c t r o n s  may be r a is e d  to  any o f  i t s  h ig h e r  l e v e l s ,

or i t  may even  be c o m p le te ly  removed from th e  atom . When

t h i s  o ccu rs th e  atom i s  s a id  to  be io n is e d .  The d i f f e r e n t

ways in  w hich an atom can be e x c i t e d  w i l l  be d is c u s s e d  in

th e  n ex t s e c t io n .

A diagram m atic r e p r e s e n ta t io n  o f  th e  energy  l e v e l s  o f

a mercury atom i s  g iv e n  in  f i g s .  l a  and l b .  The sym bols on

th e  r ig h t  hand s id e  in d ic a t e  th e  a z im u th a l, sp in  and in n e r

quantum numbers o f  th e  atom a s s o c ia t e d  w ith  each  l e v e l .  The

n o ta t io n  u sed  i s  d e f in e d  in  Appendix 3 . The f ig u r e s  on

th e  l e f t  g iv e  th e  en erg y  o f  each l e v e l ,  m easured from th e
An

ground s t a t e ,  in  e l e c t r o n - v o l t s  The numbers on th e

arrows g iv e  th e  w a v e len g th s  o f  th e l i n e s  em itte d  by th e  

atom in  p a s s in g  sp o n ta n eo u sly  from th e  h ig h e r  s t a t e  to  th e  

lo w e r . A few  o f  th e  en ergy  l e v e l s  o f  th e  h e liu m  atom are  

g iv e n  in  f i g .  2 .
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Tiie ground s t a t e s  o f  t l ie  ho Hum and tho mercury 

atoms are b oth  s i n g l e t  I^Sq s t a t e s .  T h is means th a t tho  

e le c t r o n  sp in s  o f  th e  two v a le n c y  e le c t r o n s  in  th e  ground  

s t a t e  are  in  o p p o s ite  d i r e c t i o n s .  The f i r s t  e x c it e d  s t a t e  

o f  th e  m ercury atom i s  th e  t r i p l e t   ̂ q s t a t e ,  w h ile

th e  f i r s t  e x c i t e d  s t a t e  o f  th e  h e liu m  atom i s  th e  t r i p l e t  

2 S s t a t e .  In a t r i p l e t  s t a t e  tho e le c t r o n  sp in s  o f  th e  

two v a le n c y  e le c t r o n s  a rc  in  th e  same d ir e c t io n .

In  l i g h t  a tom s, such a s  h e liu m , th e  in t e r a c t io n  

betw een  th e  sp in  and th e  o r b i t a l  m o tion s i s  n e g l i g i b l e

and c o n se q u e n tly  an e l e c t r o n  e x c i t e d  to  any o f  th e  t r i p l e t
52 S l e v e l s  can n ot r e tu r n  sp o n ta n eo u s ly  to  th e  ground  

s t a t e  w ith  tho e m is s io n  o f  a p h o to n , s in c e  such a t r a n s :  

: i t i o n  r e q u ir e s  a rearrangem ent o f  tlie  e le c t r o n  s p in .

The t iir e e  2 S l e v e l s  a re  th e r e fo r e  c a l l e d  m e ta s ta b le  

s in c e  an atom e x c i t e d  to  one o f  th e s e  s t a t e s  can rem ain  

in  tiia t s t a t e  f o r  as lo n g  as 10"^ s e c o n d s . I t  i s  th en  

e i t h e r  r a is e d  to  a h ig h e r  s t a t e  from  w hich  i t  can r e tu r n  

to  th e  ground s t a t e  sp o n ta n e o u s ly , or i t  may be r e tu r n e d  

to  tlio  g î‘ound s t a t e  by a c o l l i s i o n  o f  th e  secon d  k in d ,  

w hich w i l l  be d e f in e d  in  th e  n ex t s e c t io n .

In  h e a v ie r  atom s such as mercury th e  in t e r a c t io n  

be tv/e en th e  sp in  and o r b i t a l  m o tio n s may be q u it e  a p p r ec :  

: l a b l e .  A m ercury atom e x c i t e d  to  th e  2 P o le v o i  can
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con seq u on tly  re tu rn  to  the ground s t a t e  w ith  th e em iss io n  

o f th e  resonance r a d ia t io n  o f w avelength  2537 A. Such 

l in e s  em itted  in  t r a n s i t io n s  betw een t r i p l e t  and s in g le t  

l e v e l s  are c a l le d  In tercom b in atIon l i n e s .  The sp e c tr o :  

escop lc  s e le c t io n  r u le ,  how ever, fo r b id s  t r a n s i t io n s  

between l e v e l s  fo r  which tho in n er  quantum number, J , 

changes by any v a lu e s  excep t Ï  1 or 0 ,  th e  p a r t ic u la r  

t r a n s it io n  0 —> 0 I s  a ls o  fo rb id d en . The 2 Pg and

2^Pq l e v e l s  o f  th e  mercury atom are th e r e fo r e  m e ta s ta b le , 

The l i f e  o f  a normal e x c ite d  s t a t e  I s  about 10  ̂ se co n d s .

Tho minimum energy req u ired  t o  I o n is e  an atom may be 

determ ined from sp e c tr o sc o p ic  d a ta . The a b so rp tio n  

spectrum o f  a monatomic gas or vapour shows a number o f  

l in e s  w hich converge to  a l im i t  in  th e  u l t r a - v i o l e t  reg io n  

o f  the spectrum . These l in e s  a r i s e  from th e  e x c i t a t io n  o f  

normal atoms to  th e h ig h er  l e v e l s  w hich l i e  c lo s e r  to g e th e r  

as the io n is a t io n  l im it  I s  approached. The e je c te d  

e le c tr o n  I s  no lo n g er  governed by quantum r e s t r i c t i o n s  

and co n seq u en tly  the s e r ie s  l im it  w i l l  be fo llo w e d  by a 

continuum . The w avelength  o f  th e  s e r i e s  l im i t  I s  r e la t e d  

to  the I o n is a t io n  p o t e n t ia l ,  , by th e eq u a tio n

Vi 12336 (3)
A

The d e r iv a t io n  o f  t h is  eq u ation  Is  g iv e n  In appendix 2 .

For helium  tho s e r ie s  l im i t  I s  in  th e  fa r  u l t r a 

v i o l e t  in  the r e g io n  o f 500 A. Owing to  th e  d i f f i c u l t i e s
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o f  oxp orim en ta l te c î in iq u e , an a c c u r a te  s p e c tr o s c o p ic  

d eterm in a tio n  o f  th e  i o n i s a t io n  p o t e n t ia l  fo r  h eliu m  was 

n o t made u n t i l  1922 , when i t  was s u c c e s s f u l ly  c a r r ie d  out 

by Lyman ( 5 ) .  In v iew  o f  h is  work a c o r r e c t io n  h as to  bo 

a p p lie d  to  tho n u m er ica l v a lu e s  o f  th e  e x c i t a t io n  and 

i o n i s a t io n  p o t e n t ia l s  u sed  by w orkers b e fo r e  th a t d a te .

A m o le c u le , in  a d d it io n  to  lÿ s  e l e c t r o n ic  e n e r g y , 

p o s s e s s e s  v ib r a t io n a l  en ergy  due to  a v ib r a t io n  o f  th e  

n u c le i  a lo n g  the In to r n u c lo a r  a x is  end □ r o t a t io n a l  enor^^  

due to  the r o t a t io n  o f  th e  n u c le i  about th o  c e n tr e  o f  mass 

o f  th e  m o le c u le . The v ib r a t io n a l  and r o t a t io n a l  e n e r g ie s ,  

l i k e  th o  e l e c t r o n ic  e n e r g y , a re  q u a n t is e d , and th e  p o s s ib le  

v ib r a t io n a l  and r o t a t io n a l  l e v e l s  are s p e c i f i e d  by quantum 

num bers. Tlie fr e q u e n c ie s  o f  th e  m o lec u la r  bands obey th e  

same r e la t io n  as th e  a tom ic  l i n e s  g iv e n  in  e «quation ( 1 ) ,  

i . e .  h  (V) = Eg -  S , where and E_ are  now tho I n i t i a l  

and f i n a l  e n e r g ie s  o f  th e  m o le c u le . For a g iv e n  change 

in  th e  e l e c t r o n ic  energy^ Y can now ta k e  a v a r ie t y  o f  

v a lu e s  dep en din g  on th e  p o s s ib le  changes in  th e  v ib r a t io n a l  

and r o t a t io n a l  e n e r g ie s  w hich can accompany th e  change in  

th o  e l e c t r o n ic  e n e r g y . A l l  the b an d s, whose e m iss io n  or  

a b so r p tio n  co rresp o n d s to  a l l  p o s s ib le  t r a n s i t io n s  betw een  

th e  v ib r a t io n a l  and r o t a t io n a l  l e v e l s  f o r  a g iv e n  change 

in  tho e l e c t r o n ic  e n e r g y , form a band sy stem . The s;Tiall 

changes in  th e  r o t a t io n a l  en e r g y , w hich accompany changes
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in  th o  e lo c t r o n ic  and v ib r a t io n a l  e n e r g ie s ,  g iv e  r i s e  

to  th e  f i n e  l i n e s  in to  w hich ev ery  band can be r e s o lv e d  

under s u f f i c i e n t l y  h ig h  pow er.

Let u s now c o n s id e r  v/hat o ccu rs  a s two atoms approach  

one a n o th er  p r io r  to  th e  form ation  o f  a m o le c u le . I f  th e  

a t t r a c t iv e  fo r c e  v a r ie s  in v e r s e ly  a s  a low er power o f  th e  

in te m u c le a r  d is ta n c e  than th e  r e p u ls iv e  f o r c e ,  then  as  

we d e c r e a se  th e  in t e m u c le a r  d is ta n c e  th e  p o t e n t ia l  energy  

cur*ve fo r  th e  two atoms w i l l  tak e th e  form o f  th e  curve  

in  f i g .  3 .

energy T€/>wlsive force

 tractive force

aiternudesLT distance
F ig .  3 .

A s t a b le  m o lecu le  can then  be formed p ro v id ed  an 

amount o f  en erg y  re p r esen ted  by th e  d is ta n c e  D on th e  

p o t e n t ia l  en ergy  curve can be d i s s ip a t e d .  Once th e  

m o lec u le  has been  g o t  in to  th a t  s t a t e  r e p r e se n te d  by the
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:niniïïïuia o f  th e  c u r v e , th e  curve then  r e p r e s e n ts  a c c u r a te ly  

tho d i s s o c ia t i o n  o f  th e  m o le c u le . I t  i s  d o u b tfu l i f  th e  

co n v erse  p r o c e s s  can a lw ays ta k e  p la c e ,  th a t  i s  i f  tho 

p ro d u cts  o f  d i s s o c i a t i o n  can be brought to g e th e r  to  form  

th e  m o le c u le , s in c e  t h i s  r e q u ir e s  th e  d i s s ip a t io n  o f an 

amount o f  en ergy  eq u a l t o  th e energy o f  d is s o c ia t io n  o f  

th e  m o le c u le .

Tho p r o c e s s e s  in v o lv e d  in  th e form ation  o f  io n is e d  

and e x c i t e d  m o le c u le s  and th e  method o f  d is p o s in g  o f  any 

e x c e s s  en ergy  w i l l  be f u l l y  d is c u s s e d  in  th e  exp er im en ta l 

s e c t i o n .

There are th r e e  p o s s ib le  ty p e s  o f  b in d in g  fo r  

d ia to m ic  m o le c u le s ,  io n ic  b in d in g  as in  NaCl, exchange 

fo r c e s  as in  Kg, and p o la r is a t io n  or van d er  Waals f o r c e s .  

For n e u tr a l  m ercury and h eliu m  atoms th e  b in d in g  cannot 

be i o n i c .  H o it le r  and London (6 ) liave shown th a t  the  

exchange f o r c e s  betw een  norm al h eliu m  and mercury atoms 

must be r e p u ls iv e  i f  P a u li* s  e x c lu s io n  p r in c ip le  h o ld s .  

E is e n s c h lt z  and London (7 )  have shown th a t  th e  van der 

Waals f o r c e s  a t  la r g e  in t e m u c le a r  d is t a n c e s  may be g r e a te r  

tlian  th e  exchange f o r c e s  and can produce a d e f i n i t e  e q u i l  :

: ibrium  when th e  exchange fo r c e s  are r e p u ls iv e .  Ihe b ind :  

: in g  in  norm al m ercury and h eliu m  m o le c u le s ,  i f  i t  occu rs  

a t  a l l ,  m ust be o f  t h i s  ty p e  and th e  norm al m o lecu les  w i l l  

have v e r y  low e n e r g ie s  o f  d i s s o c i a t i o n .  The exchange
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fo r c e s  betw een an e x c i t e d  atom and a norm al atom may 

bo a t t r a c t iv e  owing to  th e  cliange in  th e  e l e c t r o n  

a f f i n i t y  o f  th e  e x c i t e d  atom . A s t a b l e ,  e x c i t e d  m o lecu le  

may th en  be form ed when th e  n u c le i  approach t o  th e  

d is ta n c e  a t  w hich th e  a t t r a c t iv e  exchange f o r c e  i s  ju s t  

eq u a l to  th e  r e p u ls iv e  fo r c e  betw een th e  n u c l e i .

The e x i s t e n c e  o f  an a b so r p tio n  band spectrum  d oes  

n ot n e c e s s a r i ly  in d ic a t e  th e  p resen ce  o f  norm al m o le c u le s .  

Atoms e x c it e d  by th e  in c id e n t  p hotons can com bine w itli  

normal atoms to  form  s t a b le  e x c it e d  m o le c u le s . Tlie so  

e x c it e d  m o le c u le s  may th en  bo r a is e d  to  h ig h e r  s t a t e s  

by o th e r  p hotons so  th a t  an a b so r p tio n  band spectrum  

w i l l  appear.

So fa r  no bands have been ob served  in  heluum  w hich  

correspond  to  t r a n s i t io n s  betw een  th e  ground s t a t e  o f  

th o  n e u tr a l  m o lecu le  and th e  norm al s t a t e  o f  th e  io n is e d  

m o le c u le . Hie io n is u t io n  p o t e n t ia l  o f  th e  m o lecu le  

co u ld  be c a lc u la te d  from  th e s e  bands in  tho same way as  

th e  io n is a t io n  p o t e n t ia l  o f  th e  atom i s  c a lc u la t e d  from  

l i n e  s p e c tr a  o b s e r v a t io n s . Tlie ground s t a t e  o f  th e  

h eliu m  m o lecu le  i s  g e n e r a l ly  supposed t o  be c o m p le te ly  

u n s t a b le ,  and th e  bands w hich H o p fîe ld  (8 ) r e p o r te d  in  

1930 , were su b se q u e n tly  s t a t e d  by M u lliken  (9 )  t o  be due 

t o  n i t r o g e n .  I f  no bands co rresp o n d in g  to  th e  t r a n s i t io n  

Heg — > Heg e x i s t  then  th e  io n i s a t io n  p o t e n t ia l  o f
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th e  m o lecu le  must be found by some o th e r  m ethod . At 

th e  p resen t tim e th e  e n e r g ie s  a s s o c ia t e d  w ith  th e  e x c i t e d  

s t a t e s  o f  th e  h e liu m  n o lo cu le  are reck oned  from  th e  

unknown io n i s a t io n  p o t e n t ia l  o f  th e  m o le c u le . A t a b le  

o f  the e x c i t e d  s t a t e s  o f  th e  h e liu m  m o lec u le  i s  g iv e n  

by Jo von8 ( 1 0 ) .  These energy v a lu e s  are  c a lc u la t e d  

from o b s e r v a t io n s  o f  tho bands w hich  o r ig in a t e  from  

t r a n s i t io n s  betw een  tlio d i f f e r e n t  e x c i t e d  s t a t e s  and the  

normal s t a t e  o f  th e  io n is e d  m o le c u le .

The know ledge o f  tho e x c i t e d  s t a t e s  o f  th e  m ercury  

m o lecu le  i s  even  l e s s  com p lete  than th a t  o f  th e  h e liu m  

m o le c u le .

S ev er a l v a lu e s  f o r  the energy o f  d i s s o c i a t i o n  o f  

tho normal mercury m o lec u le  have been  o b ta in e d .

K oornicke (1 1 ) from m easurem ents o f  th e  i n t e n s i t y  o f  

tho 2540 A. band a t  d i f f e r e n t  tem p era tu res  and p r e s s u r e s  

o b ta in ed  a v a lu e  o f  0 .0 6  o l e c t r o n - v o l t s . M rozowski (1 2 )  

from s im ila r  m easurem onts w ith  o th e r  bands found th e  

oner^^ o f  d i s s o c i a t i o n  to  oe 0 .7 3  e l e c t r o n - v o l t s .  The 

l a t e s t  deter:n:Ination  i s  t lm t o f  Winans ( 1 3 ) ,  who o b ta in :  

:ed  a v a lu e  o f  0 #15 e l e c t r o n - v o l t s . Winans b a sed  h i s  

c a lc u la t io n  on o b s e r v a t io n s  o f  th e  co rresp o n d en ce  betw een  

c e r t a in  s p e c t r a l  l i n e s  and bands under d i f f e r e n t  c o n d it :  

r io n s .  K is m ethod ap p ears to  be tho m ost d i r e c t  and 

r e l i a b l e  o f  th e  t h r e e .
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lliG o b ta in in g  o f  m o lecu la r  d a ta  from  band sp e c tr a  

m easurem ents i s  d i f f i c u l t  and o f t e n  u n c e r t a in .  D ir e c t  

e l e c t r i c a l  in v e s t ig a t io n s  a re  n e c e s s a r i ly  r e s t r i c t e d  

t o  th e  fo rm a tio n  o f  io n is e d  m o le c u le s ,  b u t any v a lu e s  

o b ta in ed  by th e s e  m ethods a re  o f  v a lu e  fo r  com parison  

w ith  th e  s p e c tr o s c o p ic  r e s u l t s .

A u s e f u l  r e la t io n  betw een  th e  i o n i s a t io n  p o t e n t ia l  

o f  a d ia to m ic  m o lecu le  and th e  io n i s a t io n  p o t e n t ia l  o f  

one o f  i t s  atoms can be o b ta in e d . L et u s suppose t l ia t  

th e  upperm ost curve in  f i g .  4 ,  page 1 4 , r e p r e s e n t s  th e  

normal s t a t e  o f  th e  io n is e d  m ercury m o le c u le , Hgg , 

w hich d i s s o c i a t e s  in to  a norm al atom , Hg, and an io n is e d  

atom , Hg . Tlie p o s s ib le  v ib r a t io n a l  l e v e l s  a s s o c ia t e d  

w ith  th e  io n is e d  m o lecu le  a re  r e p r e s e n te d  by th e  ‘ 

h o r iz o n t a l  l i n e s  w hich con verge to  a l i m i t  a s  th e  

v ib r a t io n a l  quantum number in c r e a s e s .  The en erg y  o f  

d i s s o c ia t i o n  o f  th e  io n is e d  m o lec u le  i s  eq u a l to  th e  

en ergy  d i f f e r e n c e  betw een th e  lo w e s t  and th e  h ig h e s t  

v ib r a t io n a l  l e v e l s .  Tlie en ergy  o f  d i s s o c ia t i o n  can  

c o n se q u e n tly  be c a lc u la te d  from  s p e c tr o s c o p ic  m easure: 

;m on ts, i f  a system  o f  bands a r i s in g  from t r a n s i t i o n s  

from  a l l  th e  v ib r a t io n a l  l e v e l s  can be fo u n d . The en ergy  

o f  d i s s o c i a t i o n  i s  eq u a l to  h ) e r g s , where

and a re  th e  fr e q u e n c ie s  o f  th e  o r ig in  and th e  

co n v erg en ce  l i m i t  o f  th e  band sy stem . L et u s  a l s o
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auppos© th a t  th e  lo w e s t  curve in  f i g .  4  r e p r e s e n ts  th e  

n o ra a l s t a t e  o f  tlio  n e u tr a l m o le c u le , KSg* T his cu rve  

nay liavo a s l i g l i t  miniiTium, due t o  van dor VVaals f o r c e s ,  

a t  la r g e  in te r n u c lo a r  d i s t a n c e s .  The minimum en erg y  o f  

th e  m o lec u le  In each  s t a t e  i s  j u s t  above th e  minimum 

o f  i t s  curve by an amount eq u a l to  th e  energy  o f  th e  

lo w e s t  v ib r a t io n a l  l e v e l .

I t  f o l lo w s  a t once from th e  f ig u r e  th a t th e  l o n l s :  

: a t io n  p o t e n t ia l s  o f  the m o lec u le  and th e  atom are  

co n n ected  by th e  r e la t io n

^  D (4 )

wliere D and are r e s p e c t iv e ly  th e  e n e r g ie s  o f  d i s s o c ;  

: i a t i o n  o f  th e  norm al m o lecu le  and th e  io n is e d  m o le c u le  

The im portance o f  t h i s  eq u a tio n  w i l l  bo se en  in  th e  

d is c u s s io n  o f  th e  e x p er im en ta l r e s u l t s  in  p a r t s  2 and 3
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SECTION 2 .

TUE EXCITATION AND IONISATION OF ATOMS.

A normal atom can a cq u ire  th e  en ergy  n e c e s s a r y  fo r  

e x c i t a t io n  and io n is a t io n  by c o l l i d i n g  w ith  an e l e c t r o n ,  

v/ith  a p h oton , or w ith  some o th e r  atom which I s  in  an 

e x c it e d  or io n is e d  s t a t e .

I t  i s  o n ly  w ith in  th e  l a s t  f i f t e e n  y e a r s  th a t  th e  

in terch a n g e  o f  en ergy  in  th e s e  c o l l i s i o n  p r o c e s s e s  lia s  

been exam ined in  d e t a i l .  The r e s u l t s  w hich have been  

o b ta in ed  arc in v a lu a b le  f o r  th o se  engaged in  an exp er:

: Im cn ta l in v e s t ig a t io n  o f  io n is a t io n  p r o c e s s e s ,  and th e y  

w i l l  be d is c u s s e d  in  some d e t a i l  in  t h i s  s e c t io n .

COLLISIONS BETWEEN ELECTRONS ANh ATOMS.

MV

Suppose an e le c t r o n  o f  mass m, m oving w ith  v e l o c i t y  Vj_ 

c o l l i d e s  w ith  an atom o f  mass II w hich i s  i n i t i a l l y  a t  

r e s t .  Let th e  v e l o c i t i e s  o f  th e  e le c t r o n  and the atom  

a f t e r  th e c o l l i s i o n  bo r e s p e c t iv e ly  vg and V, in
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d lr o c t io n s  m aking a n g le s  (j) and G  w ith  th e  i n i t i a l  

d i r e c t i o n  o f  th e  e l e c t r o n ,  and fu r th e r  l o t  u s  su p p ose  

t l ia t  d u r in g  th e  c o l l i s i o n  th e  in t e r n a l  en erg y  o f  th e  

atom  i s  in c r e a s e d  by an amount p .

By th e  c o n s e r v a t io n  o f  en er g y

-h p (5 )

3y  th e  c o n s e r v a t io n  o f  momentum

m̂  ̂ = MV Oxs B f  mv̂  co6 (j) ( 6 )

0  ^  m  (7 )

E l im in a t in g  (j) from  e q u a tio n s  (6 )  and (7 )  we o b ta in

v j  ^  V  ̂ — 2MmVĵ  Vca, 8 -i- (8 )

E l im in a t in g  v^ from  e q u a t io n s  (5 )  and (8 )  we have

M(M+m)V^ — 2Mm Vc<w 6 -t 2pm = 0 (9 )

W r itin g  gMV^= E^ and e q u a t io n  (9 )

becom os

(M+ m)Eo  ̂ -  2 ^yMmE^Eg CoiO -t pm = 0 (1 0 )

I— , JU.m.Ee.' +  / MmEe I  pm ' (1 1 )
T ills  g iv e s  = M t m - /  '(ili-mT'^ 3 %

Now f o r  a h ydrogen  atom m 1 , and f o r
I  IM o

h e a v ie r  atom s t h i s  f r a c t io n  i s  s t i l l  s m a lle r .  E q u ation  

(1 1 )  can t h e r e f o r e  be w r it t e n
( 12 )
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R e fe r r in g  back to  eq u a tio n  (1 0 )  we s e e  th a t  i f  

p = O we Irtsned iately  o b ta in  f o r  one v a lu e  o f

Egg 0 , w hich  can be d is c a r d e d . We m ust th e r e :  

: fo r o  ta k e  th e  p o s i t i v e  s ig n  in  e q u a tio n  (1 2 )  w hich  

shov/s th a t  th e  maxirmni p o s s ib le  v a lu e  f o r  o ccu rs  

when p g O and Ocrb 9 = 1 .  Ih a t i s  f o r  a h ea d -o n  

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

( 1 3 )
id

The in c r o a so  in  th e  k in e t i c  en erg y  o f  t r a n s la t io n  o f

th e  atora i s  th e r e f o r e  n e g l i g i b l e  In a l l  c o l l i s i o n s ,

e l a s t i c  (when p = o ) and I n e l a s t i c  ( when p > o  ) •

The k in e t i c  en erg y  o f  t r a n s la t io n  o f  an atom a t

roon  tem p era tu re  (20^0) 8*03 x  10*^^ e r g s , t h i s  i s

e q u iv a le n t  to  an en ergy  o f  3 «79 x  10*^ e l e c t r o n - v o l t s

Wo can c o n se q u e n tly  n e g le c t  th e  th erm a l en erg y  o f

th e  atom in  com parison  w ith  th e  en erg y  o f  th e  c o l l i d i n g

e l e c t r o n ,  and we can a l s o  n e g le c t  th e  in c r e a s e  in  i t s

k in e t i c  en ergy  due to  any p r e v io u s  e l e c t r o n  c o l l i s i o n .
/

I f  Eçj and E  ̂ a re  th e k i n e t i c  e n e r g ie s  o f  an 

e l e c t r o n  b e fo r e  and a f t e r  an i n e l a s t i c  c o l l i s i o n ,  th en  

wo h ave from e q u a tio n  (5 )

p = Eg -  s ' g  (1 4 )

W henever an e l e c t r o n  h as s u f f i c i e n t  en erg y  to  

ca u se  a t r a n s i t i o n  in  an atom i t  can o n ly  g iv e  up a
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d e f i n i t e  aniount o f  en erg y  eq u a l to  th e  d i f f e r e n c e  in  

en ergy  betw een  th e  i n i t i a l  and f i n a l  s t a t e s  o f  th e  

a to î i lc  e l e c t r o n .  Any e x tr a  en erg y  i s  c a r r ie d  away 

by tlie  im p a ctin g  e le c t r o n  as k in e t i c  en erg y  o f  tr a n s :  

r a t io n ,  (e q u a t io n  1 4 ) .  When th e  c o l l i d i n g  e le c t r o n  

c a u se s  io n i s a t io n  o f  th e  atom i t  may g iv e  up an amount 

o f  onorgy g r e a te r  than  th a t  w hich  I s  r e q u ir e d  f o r  com plete  

rem oval o f  th e  atom ic o lo c t r o n ,  s in c e  th e  l a t t e r  once 

i t  i s  o u ts id e  th e  atom can sh a re  in  th e  c a r r y in g  o f f  o f  

th e  e x c e s s  e n e r g y .

Ihe i n t e r e s t i n g  f e a t u r e  o f^ th e  e x c i t a t i o n  o f  atom s 

by e le c t r o n  im pact l i e s  In th o  way in  w hich  th e  pro: 

r b a b i l l t y  o f  e x c i t a t i o n  ch an ges a s  th e  en erg y  o f  the  

e le c t r o n  in  in c r e a s e d  above th e  minimum v a lu e  n e c e s s a r y  

f o r  e x c i t a t i o n .  The problem  can be in v e s t ig a t e d  by 

two d i f f e r e n t  e x p e r im e n ta l m eth od s. The e l e c t r i c a l  

method in v o lv e s  th e  m easurem ent o f  th e  number o f  

e le c t r o n s  w hich h ave l o s t  th e  e x c i t a t i o n  en erg y  o f  th e  

s t a t e  under i n v e s t i g a t i o n ,  a s  th e  i n i t i a l  en erg y  o f  

tlio  e l e c t r o n s  i s  in c r e a s e d  above th e  e x c i t a t io n  

p o t e n t i a l  f o r  th a t  s t a t e .  The o p t i c a l  m ethod c o n s i s t s  

in  m easu rin g  th e  i n t e n s i t y  o f  tho  s p e c t r a l  l i n e s  e m itte d  

by th e  atoms in  r e tu r n in g  to  t h e ; norm al s t a t e  a f t e r  

e x c i t a t i o n  by e l e c t r o n s  o f  g r a d u a lly  in c r e a s in g  e n e r g y ,  

‘xlio cu rv e  show ing 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  t o  any
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s t a t e  p lo t t e d  a g a in s t  th e  en ergy  ol' th e  e x c i t in g  

e le c t r o n s  i s  c a l le d  tho ”e x c i t a t io n  f u n c t io n ” o f  t l ia t  

s t a t e .

O p tic a l e x c i t a t io n  f-jin ctions have b een  o b ta in e d  fo r  

h eliu m  by Hu^ios and Lowe ( 1 4 ) ,  L ees and S k in n er (15 )  

and Kanle ( 1 6 ) ,  and f o r  m ercury by S c h a f f e r n ic h t  ( 1 7 ) ,  

E le c t r i c a l  e x c i t a t io n  fu n c t io n s  have been  o b ta in e d  fo r  

h eliu m  by Dytaond (1 8 ) and O lo c k le r  ( 1 9 ) ,  and fo r  m ercury  

by A rnot and B a in es (20 ) and o t h e r s .  The r e s u l t s  are  

in t e r e s t i n g  fo r  th ey  show th a t th e  e x c i t a t i o n  f .n o t io n  

fo r  0  t r i p l e t  s t a t e  r i s e s  to  a sharp maximum j u s t  above 

th e  e x c i t a t io n  p o t e n t ia l  and th en  f a l l s  o f f  r a p id ly ,  

w hereas tho e x c i t a t io n  fu n c t io n  fo r  a s l n g lo t  s t a t e  

r i s e s  to  a broad maximum c o n s id e r a b ly  above th e  e x c i t â t :  

: io n  p o t e n t ia l  and then  f a l l s  o f f  s lo w ly .  Tlals d i f f e r :  

:en ce betw een s i n g l e t  and t r i p l e t  e x c i t a t i o n  i s  most 

marked f o r  P s t a t e s .

The t h e o r e t i c a l  e x c i t a t io n  fu n c t io n s  f o r  h e liu m  

have been  c a lc u la te d  by Massey and Mohr ( 2 1 ) and fo r  

m ercury by Penney ( 2 2 ) .  The agreem ent betw een  th e  th e o r  : 

r e t i c a l  and ex p er im en ta l cu rv es  i s  v er y  s a t i s f a c t o r y .

I t  h as a lr e a d y  been  m entioned  on page 5 ,  th a t  in  

lyercury and h eliu m  e x c i t a t io n  o f  th e  t r i p l e t  s t a t e s  from  

th e  ground s t a t e  r e q u ir e s  a rearrangem ent o f  th e  e le c t r o n  

s p in s .  T h is can o n ly  be brought about by an In terch a n g e
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in te r c h a n g e  o f  th e  a to m ic  and c o l l i d i n g  e l e c t r o n s .  Tho 

e x c i t i n g  e l e c t r o n  e n t e r s  th e  h ig l ie r  o r b it  and th e  e l e c t :  

iro n  from  th e  ground ( l* S o )  s t a t e  i s  e j e c t e d  w ith  th e  

e x c e s s  e n e r g y . T h is  p r o c e s s  h a s  a maximum p r o b a b i l i t y  

when th e  onorgy  to  be c a r r ie d  away by th e  e j e c t e d  

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

The p r o b a b i l i t y  o f  i o n i s a t i o n  by e l e c t r o n  im pact  

f o r  a number o f  g a s e s  h a s  b een  in v e s t ig a t e d  by Compton 

and Van V o o rh ls  (2 3 ) and by T ate  and Sm ith  (2 4 ) and 

o t h e r s .  The r e s u l t s  a r e  in  good agreem en t w ith  tlie  

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  M assey and Â olir (2 5 )  and  

show t h a t  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  r i s e s  t o  a b road  

maximum f o r  e l e c t r o n  e n e r g ie s  c o n s id e r a b ly  above the  

i o n i s a t i o n  p o t e n t i a l .

iVhen th e  en erg y  o f  th e  c o l l id . ln g  e l e c t r o n  i s  above  

th e  minimum v a lu e  n e c e s s a r y  f o r  th o  rem oval o f  one 

e le c t r o n  o th e r  ty p e s  o f  I o n i s a t io n  p r o c e s s e s  may o c c u r .  

The atom can s im u lta n e o u s ly  l o s e  one e l e c t r o n  and h ave  

a n o th er  r a i s e d  to  a h lr ^ o r  l e v e l ,  in  w hich  e v e n t  an 

e x c i t e d  io n  i s  fo rm ed . More then  one e l e c t r o n  may bo 

rem oved from  th e  atom g iv in g  a d o u b ly  or even  t r e b ly  

c liarged  p o s i t i v e  io n .  In  1930 D lea k n ey  (2 6 ) made a 

p o s i t i v e  io n  a n a ly s i s  o f  th e  io n s  form ed in  m ercury  

vapour by e l e c t r o n  im pact and foun d  c r i t i c a l  p o t e n t i a l s  

f o r  th e  fo r m a tio n  o f  Hg^^ and Hg®'  ̂ a t

1 0 .4 ,  3 0 , 7 1 , 143 and 225 e l e c t r o n - v o l t s  r e s p e c t i v e l y .
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COLLIÜIÜf^b PHOTüHa AND ATOMS.

We h ave s e e n  t h a t  when an e x c i t e d  e l e c t r o n  m akes 

a t r a n s i t i o n  to  a lo w er  l e v e l  a p h o to n  i s  e m it te d  w ith  

an enor£;y, h v ,  e q u a l t o  th e  d i f f e r e n c e  in  e n e r g y  b etw een  

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

l l i e  r e v e r s e  p r o c e s s  can ta k e  p l a c e ,  t h a t  i s  th e  atom  

can a b so rb  th e  en erg y  o f  a p h o to n  and be r a i s e d  to  a 

hi^^hor en erg y  s t a t e .  In  g a s e s  a t  o r d in a r y  p r e s s u r e s  

th e  p r o b a b i l i t y  o f  a p h o to n  l o s i n g  o n ly  a p o r t io n  o f  

i t s  en e r g y  i s  s m a l l .  A p h o to n  h a s  no r e s t  m ass and  

c o n s e q u e n t ly  i t  can  o n ly  e x c i t e  an atom  when i t  h a s  

e x a c t l y  th e  r e q u ir e d  e x c i t a t i o n  e n e r g y ,  th e r e  b e in g  no  

p a r t i c l e  s e t  f r e e  t o  c a r r y  away th e  e x c e s s  en e r g y  a s  

k i n e t i c  en erg y  o f  t r a n s l a t i o n .  The sh a r p n e ss  o f  th e  

l i n e s  in  an a b s o r p t io n  sp ectru m  show s t h a t  th e  probab: 

î l l î t y  o f  p h o to  e x c i t a t i o n  i s  o n ly  a p p r e c ia b le  «hen th e  

en erg y  o f  th e  p h o to n s i s  e x a c t l y  e q u a l t o  th e  e x c i t â t ;  

: io n  p o t e n t i a l .

A'hen a p h oton  h a s  s u f f i c i e n t  e n e r g y  to  i o n i s e  an  

atom  ©n e l e c t r o n  i s  s e t  f r e e  w h ich  can c a r r y  o f f  any  

e x c e s s  e n e r g y . The e x p e r im e n ts  o f  Law rence and  

E d la s f e n  (2 7 )  on th e  p h o t o - i o n i s â t io n  o f  th e  a l k a l i  

m e t a l s ,  h o w e v er , show t h a t  th o  p r o b a b i l i t y  o f  i o n i s â t ;  

: io n  r i s e s  t o  a sh arp  maximum when th e  en e r g y  o f  th e
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p h o to n s I s  e q u a l to  th o  i o n i s a t i o n  p o t e n t i a l  and 

f a l l s  o f f  sh a r p ly  a s  th e  en erg y  o f  th e  p h o to n s  I s  

I n c r e a s e d  above th e  I o n i s a t io n  l i r a i t .  T h is  I n d ic a t e s  

t h a t  f o r  i o n i s a t i o n ,  a s  w e l l  a s  fo r  e x c i t a t i o n ,  th e  

en ergy  o f  th e  p h o to n s  nru.st b e v er y  n e a r ly  e q u a l t o  

th o  e x a c t  en erg y  n e c e s s a r y  f o r  th e  o l e c t r o n l c  t r a n s i t :

! i o n .

In  1926 R ouse and G ld d ln g s  (2 8 )  c a r r ie d  o u t an 

I n v e s t ig a t io n  o f  p h o t o io n i s a t io n  In m ercury v a p o u r .

They foun d  th a t  io n s  w ere p rod u ced  in  th e  vap ou r whon 

I t  was i r r a d ia t e d  w ith  i t s  r e so n a n c e  r a d ia t io n  253 7  A . 

o f  w hich  th e  p h o to n s  have o n ly  4 .8 6  e l e c t r o n - v o l t s  

e n e r g y . ï î ie y  o b se r v e d  th a t  th e  r e so n a n c e  l i n e  and th e  

r e so n a n c e  l i n e  o n ly  was e s s e n t i a l  f o r  th o  fo r m a tio n  o f  

th e  i o n s .  The i o n i s a t i o n  was fou n d  t o  be p r o p o r t io n a l  

t o  th e  sq u a re  o f  th e  i n t e n s i t y  o f  th e  l i g h t .  These  

r e s u l t s  w ere ch eck ed  by i b o t e  (2 9 )  ana K outerm ans ( 3 0 ) ,  

and t h e i r  s i g n i f i c a n c e  w i l l  be d is c u s s e d  a few  p a g e s  

fu r  t i l  e r  o n .

COLLISIONS BETWIiihN ATOMS.

A c o l l i s i o n  in  w h ich  an e le c t r o n  g iv e s  up some og  

i t s  k i n e t i c  e n e r g y  in  e x c i t i n g  an atom to  a h ig h e r  s t a t e  

i s  c a l l e d  a " c o l l i s i o n  o f  th e  f i r s t  k i n d .” In  1921  

K le in  and R o sse la n d  (3 1 )  showed t h a t  th e  c o n v e r s e  o f
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t h i a  p r o c e s s  sh o u ld  be p o s s ib l e  f o r  an atom and an 

e l e c t r o n  in  thorm odyneLnical e q u i l ib r iu m . T h is  means 

t l ia t  when an e x c i t e d  atom and an e l e c t r o n  c o l l i d e  

th e  atom may r e tu r n  to  a lo w er  s t a t e  w ith o u t  th e  e m iss :

: io n  oJ a p h o to n , th e  e x c i t a t i o n  e n er g y  o f  th e  atom  

a p p e a r in g  a s  an in c r e a s e  in  th e  k i n e t i c  e n e r g ie s  o f  

t r a n s la t i o n  o f  th e  atom and th e  e l e c t r o n .

In  1922 F ranck  (3 2 )  ex ten d ed  t h i s  th e o r y  to  

c o l l i s i o n s  b etw een  two atom s or m o le c u le s .  When an 

e x c i t e d  atom . A, c o l l i d e s  w ith  a n o th e r  atom or  m ole:

: c u le  B , th e  e x c i t e d  atom may r e tu r n  t o  a lo w er  s t a t e  

and th e  in t e r n a l  en erg y  s e t  f r e e  in  th e  c o l l i s i o n  may 

b e  u sed  up in  s e v e r a l  w a y s . I t  may be s u f f i c i e n t  to  

e x c i t e  or i o n i s e  th e  atom  or m o le c u le  B , in  w h ich  

e v e n t  any e n e r g y  in  e x c e s s  o f  th e  e x c i t a t i o n  en er g y  

o f  B i s  u se d  up in  in c r e a s in g  th e  k i n e t i c  en er g y  o f  

t r a n s l a t i o n  o f  th e  two p a r t i c l e s .  Wlien B i s  a m o le c u le ,  

p a r t  o f  th e  e x c i t a t i o n  en erg y  o f  A may be em ployed  in  

d i s s o c i a t i o n  o f  th e  m o le c u le , th e  b a la n c e  o f  th o  

en e r g y  a p p e a r in g  a s  k i n e t i c  en erg y  o f  th e  p r o d u c ts  o f  

d i s s o c i a t i o n .

A l l  c o l l i s i o n s  o f  t h i s  typo  a re  known a s  " c o l l i s :

: io n s  o f  th e  seco n d  k in d .”

Ih e t r a n s f e r  o f  th e  e x c i t a t i o n  e n er g y  from  one
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atom to  a n o th e r  h a s  a maximum p r o b a b i l i t y  when th e r e  i s

c l o s e  " reson an ce"  botv/een  th e  e x c i t e d  s t a t e s  o f  th e  two

atom s; t h a t  i s  when th e  amount o f  en erg y  to  be d i s s ip a t e d

in  th e  k i n e t i c  form  i s  sm a ll*

S tu a r t  (3 3 )  In 1925 in v e s t ig a t e d  th o  q u en ch in g  o f

th e  m ercury re so n a n c e  r a d ia t io n  by s e v e r a l  d i f f e r e n t

g a s e s .  He found th a t  o f  a number o f  m o le c u la r  g a s e s

h yd rogen  wan tho  m ost e f f i c i e n t ,  t h i s  i s  duo to  th e  c lo s o
?

r e so n a n c e  b etw een  th e  e x c i t a t i o n  onorgy o f  a 2  m ercury

atom and th o  en erg y  o f  ô i s a o c i e t l o n  o f  th e  ayd rogon  

m o le c u le . The a d d it io n  o f  argon  was a l s o  found  to  have  

a q u en ch in g  e f f e c t ,

A m ercury atom e x c i t e d  t o  i t s  r o so n a n ce  2 l e v e l

p osQ ossoa  an e x c i t a t i o n  en erg y  o f  4 . 8 6  e l e c t r o n - v o l t s ,  

lliO h e a t  o f  d i s s o c i a t i o n  o f  th e  h yd rogen  m o le c u le  i s  

4 .3 4  e le c t I 'o n  v o l t s .  C o n seq u en tly  n e a r ly  e v e r y  c o l l i s i o n  

b etw een  a m ercury atom in  th o  e x c i t e d  s t a t e  and a

h yd rogen  m o le c u le  r e s u l t s  in  d i s c e o l a t i o n  o f  th e  m o le c u le ,  

th e  m ercu i3  ̂ atom  r e tu r n s  t o  th e  gi*ound s t a t e  w ith o u t  th o  

e m is s io n  o f  a p h o to n . The e x c e s s  en erg y  o v er  th a t  roqu.lrod  

f o r  d i s s o c i a t i o n  i s  0 .5 2  e le c t r o n  v o l t s  and i t  a p p ea rs  

a s  k i n e t i c  en erg y  o f  th o  p ro d u c ts  o f  d i s s o c i a t i o n .

The p r o c e s s  can  t h e r e f o r e  be w r i t t e n
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Hg (2® P i) +  Hg —> H E + H + H +  K .E .{ 0 .5 2  c - v . )  (A)

A r a e ta s ta b le  m ercury 2 atom  h a s  an e x c i t a t i o n  

en erg y  o f  4 . 6 6  e l e c t r o n  v o l t s  and i s  a l s o  v e r y  e f f e c t i v e  

in  p ro d u c in g  d i s s o c i a t i o n  o f  a h yd rogen  m o le c u le  on c o l l :

: i s i o n . Tho p r o c e s s  may ho w r it t e n

Hg^(2®P^) +  Hg ^  Hg f  II +  H +  K .E .( 0 .3 2  e , v . )  (B)

The q u e n c h in g  o f  th e  r e so n a n c e  r a d ia t io n  b y  th o  

a d d it io n  o f  a i ’go ii la  due to  th e f a c t  t lm t  th e  e x c i t e d  

m ercury atom f a l l s ,  n o t  t o  th e  ground s t a t e ,  b u t to  th e  

m e ta s ta b le  2 s t a t e  o f  4 .6 6  e l e c t r o n  v o l t s  e n e r g y . T h is

procG os can be w r i t t e n

H e'(2 " ’P j) +  Ar +  Ar +  K .E .( 0 .2  e - v . )  (C)

Tho r e s u l t s  o f  R ouse and G id d in g s  f o r  th e  i o n i s a t i o n  

o f  m ercury vap ou r by i t s  r e so n a n c e  r a d ia t io n  h a v e  b een  

r o fo r r o d  t o  on p age 2 5 . The f a c t  th a t  th e  i o n i s a t i o n  i s  

p r o p o r t io n a l  t o  th e  sq u are o f  th e  i n t e n s i t y  o f  th e  l i g h t  

shows t h a t  tw o e x c i t e d  2 P_ atom s ta k e  p a r t  in  th e  fo r m a tio n  

o f  ea c h  io n .

The p r o c e s s

H g^(2 Pj )̂ +  H g ^ 2 \ )  - >  H g^ +  Hg +  2 (D)

:in w h ich  th e  com bined e n e r g ie s  o f  e x c i t a t i o n  r e s u l t  in  th e  
E TÀ^fU^X^nJr - t t e  \}à v^  ÛLmjI

4tüL ^  •tluJ'A^. J
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i o n i s a t i o n  o f  on© o f  th e  atom s I s  n o t  e n e r g e t i c a l l y  

p o s s i b l e ;  s in c e  th e  en erg y  o f  th e  l e f t - h a n d  s i d e ,  w hich  i s  

9 .7 2  e l e c t r o n - v o l t s ,  i s  l e s s  than t h a t  o f  th e  r ig h t -h a n d  

s id e  by 1 0 .3 9  -  9 .7 2  i.e. 0 .6 7  e l e c t r o n - v o l t s .  I t  was 

s u g g e s te d  t h a t  th e  i o n i s a t i o n  m ig iit be due t o  th e  fo rm a tio n  

o f  i o n i s e d  m o le c u le s  by th o  p r o c e s s

He ^ 2®P^) +  H g^8®Pj^) - r f  H g g^ +  E . (E )

The en e r g y  a v a i l a b l e  f o r  th e  i o n i s a t i o n  o f  th e  m o le c u le  

in  t h i s  p r o c e s s  i s  9 .7 2  D e l e c t r o n - v o l t s ,  w here D i s  th e  

' e n e r g y  o f  d i s s o c i a t i o n  o f  th e  norm al m o le c u le .

H onterm ans ( 3 0 ) ,  h o w ev er , p o in te d  o u t  t h a t  th e  probab;
g

; i l i t y  o f  a c o l l i s i o n  betw een  two e x c i t e d  2  atom s ea ch

\ w i t h  a l i f e  o f  1 0 "^ se co n d s  was v e r y  s m a l l ,  and h e  s u g g e s te d
3t h a t  a c o l l i s i o n  b etw een  an e x c i t e d  2 P , atom  and a 2 Po

I m eta sta b l©  atom  was a more l i k e l y  e x p la n a t io n .  T h is  p r o c e s s  

rmay be w r i t t e n

Hg (2 ^ P ^ )  +  H g ^ 2 ® P ^ )  — >  H g /  + £  (P )

ITli© en er g y  a v a i l a b l e  f o r  th e  i o n i s a t i o n  o f  th e  m o le c u le  i s

m ow  9 .5 2  f  D e l e c t r o n - v o l t s .

Sine©  th e  vapour was e x c i t e d  by th e  p h o to n s  from  a

mmorcury vap ou r lam p, any m e ta s ta b le  2  P^ atom s p r e s e n t  in

t th e  vap ou r m ust liave  been  prod uced  by c o l l i s i o n s  o f  th e
%

sse co n d  k in d  b etw een  e x c i t e d  2  p^ atom s and norm al a to m s.
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A p h oton  c a n n o t e x c i t e  a n ora ia l atom  in t o  a m e ta a ta b le

s t a t e ,  and, t h e r e f o r e  th e  p r o c e s s  f o r  th e  p r o d u c t io n  o f

th e  2 P atom s m ust he o

+  Hg + K . E . { 0 . 2  e - v . )  (G)

The fo r m a tio n  o f  io n i s e d  m o le c u le s  by th e  p r o c e s s  F 

GUGgested by H outerm ans w i l l  s t i l l  show a d ep en d en ce on 

th o  sq u a re  o f  th e  i n t e n s i t y  o f  th e  r e so n a n c e  r a d ia t io n ,  

s in c e  b o th  th e  p r o c e s s e s  F and G a re  in v o lv e d  and in  ea ch  

o f  them  a 2  atom  ta k e s  a p a r t .

To t o s t  h i s  s u g g e s t io n  H outerm ans c a r r ie d  o u t  a v e r y  

in g e n io u s  e x p e r im e n t . A f t e r  c h e c k in g  and c o n f ir m in g  th e  

r e s u l t s  o f  R ouse and G id d in g s  h e  exam ined  th e  e f f e c t  o f  

th e  a d d i t io n  o f  h yd rogen  and o f  argon  on th e  p o s i t i v e  io n  

c u r r e n t  in  t h e  v a p o u r .

TLie a d d i t io n  o f  h yd rogen  r e s u l t e d  in  a r a p id  d e c r o a so  

in  th e  i o n i s a t i o n .  T liis  I s  due t o  th e  l o s s  o f  b o th  2 

atom s and 2 P^ atom s by th o  p r o c e s s e s  A and C. H outerm ans, 

h o w e v er , was a b le  t o  c a l c u l a t e  th e  d e c r e a s e  in  th e  number
3

o f  2  Pĵ  atom s in  h i s  tu b e  a t  d i f f e r e n t  h y d ro g en  p r e s s u r e s  

and h en ce  t o  show th a t  th e  i o n i s a t i o n  was p r o p o r t io n a l  to
3

th e  number o f  2  P  ̂ atom s p r e s e n t .

The a d d i t io n  o f  argon  g a v e  an in c r e a s e  in  th e  i o n i s â t :  

: io n  w h ich  was p r o p o r t io n a l  t o  th e  f i r s t  pow er o f  th e  argon
'I

p r e s s u r e .  Now th e  number o f  2'^?^ atom s form ed by p r o c e s s  

B w i l l  in c r e a s e  w ith  th e  f i r s t  power o f  th e  argon  p r e s s u r e ;
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and t2i e r e f o r e  th e  i o n i s a t i o n  m ust a l s o  be p r o p o r t io n a l
3

t o  th e  number o f  2 a to m s. T h is  r e s u l t  i s  v e r y  im p ortan t

f o r  i t  n o t  o n ly  shows t h a t  a c o l l i s i o n  b etw een  an e x c i t e d  
3 3

2  P^ and a 2 pQ ^m etastable^ atom  r e s u l t s  in  th e  fo rm a tio n  

o f  a m o le c u la r  io n  by th e  p r o c e s s  P , b u t i t  a l s o  in d ic a t e s  

t i ia t  a c o l l i s i o n  b etw een  two m e ta a ta b le  atom s d o es  n o t  

r e s u l t  in  i o n i s a t i o n .

I f  th e  p r o c e s s

lig ^ S ^ P o ) +  H g '( 2 ^Po) + £  (H)

i s  e n e r g e t i c a l l y  im p o s s ib le  th en  we know t h a t  th e  i o n i s â t :  

: io n  p o t e n t i a l  o f  th e  m ercury m o le c u le  m ust l i e  b etw een  tho  

v a lu e s  9#62  +  D and 9 .3 2  +  D e l e c t r o n - v o l t s ,  w here D i s  th e  

en erg y  o f  d i s s o c i a t i o n  o f  th e  norm al m o le c u le .  T h is  con:

; e lu s io n  I s  o f  suprem e im p o rta n ce  in  th e  d ev elo p m en t o f  

th e  a u th o r  * s  own ex p er  îjn e n ta l r e s u l t s  on th e  fo r m a tio n  o f  

io n i s e d  m o le c u le s  in  m ercury vapour*

Tliore i s  y e t  a n o th e r  ty p e  o f  c o l l i s i o n  o f  th e  secon d  

k in d  w liich  h a s  n o t  b een  d is c u s s e d *  T ills  i s  i o n i s a t i o n  by  

e l e c t r o n  t r a n s f e r  w h ich  w as f i r s t  o b se r v e d  by H a m w o ll  

(3 4 )  and by K ogn ess and Lunn (5 5 )  in  1 9 2 7 . Suppose an  

i o n i s e d  atom  A c o l l i d e s  w ith  a norm al atom  B , th en  B may 

bo io n i s e d  by an e l e c t r o n  t r a n s f e r  from  th e  atom  B t o  th e  

io n  A p r o v id e d  th e  i o n i s a t i o n  p o t e n t i a l  o f  A i s  g r e a te r  

tlian  t l ia t  o f  B . The e n e r g y  d i f f e r e n c e  b etw een  th e
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I o n is a t io n  p o t e n t i a l s  o f  th e  taro atom s may bo u se d  p a r t ly  

in  e x c i t i n g  one o f  th e  p a r t i c l e s  A or  B and p a r t ly  in  

in c r e a s in g  t h e i r  k i n e t i c  e n e r g ie s  o f  t r a n s l a t i o n ,

E a rn w o ll o b serv ed  p r o c e s s e s  o f  e l e c t r o n  t r a n s f e r  o f  

t lie  ty p e  He^4- Ne — > He - t No^ f o r  v a r io u s  co m b in a tio n s  

o f th e  r a r e  g a s  atom s w ith  ea ch  o th o r  and w ith  hydrogen  

and n i t r o g e n .  In  th e  exam ple g iv e n  th e  d i f f e r e n c e  in  th e  

i o n i s a t i o n  p o t e n t i a l s  o f  t lie  two atom s i s  3 .0  e l e c t r o n  

v o l t s ,  n e i t h e r  o f  tlie  atom s h a s  an e x c i t e d  s t a t e  w ith  

en erg y  a s  low a s  t h i s  and co n se c iu en tly  th e  en e r g y  must be  

d i s s ip a t e d  as I c in e t ic  en erg y  c f  t r a n s l a t i o n .

Hoi^nesn and Lunn d is c o v e r e d  th e  e f f e c t  w ith  h e liu m  

and argon  io n s  in  n i t r o u s  o x id e .

TlxO t r a n s f e r  p r o c è s  a h a s  been  t r e a t e d  t h e o r e t i c a l l y  

b y M orse and S tu e c k e lb e r g  (3 0 ) and by M assey and Sm ith (3 7 )  

on t lie  b a s i s  o f  th e  now quantum .a c c lia n lc s . Ih e  t h e o r e t i c a l  

r e s u l t s  show t l ia t  th e  p r o b a b i l i t y  o f  e l e c t r o n  t r a n s f e r  i s  

g r e a t e r  th e  s m a lle r  th e  amount o f  on orgy to  be d i s s ip a t e d  

in  k i n e t i c  f o m .  I’l i l s  d o es  n o t  moan t l ia t  th e  i o n i s a t i o n  

p o t e n t i a l s  o f  th e  c o l l i d i n g  p a r t i c l e s  m ust be n e a r ly  e q u a l  

f o r  th e  e l e c t r o n  t r a n s f e r  t o  ta k e  p l a c e .  I t  w i l l  occu r  

w ith  a h ig h  p r o b a b i l i t y  i f  th o ro  i s  an e x c i t e d  s t a t e  o f  

one o f  th e  r e s u l t i n g  p a r t i c l e s  w ith  an en e r g y  j u s t  l o s s  than  

th o  d i f f e r e n c e  b etw een  th e  i o n i s a t i o n  p o t e n t i a l s  o f  th e  two  

a to m s. The p a r t i c l e  w i l l  th en  em erge from  th e  c o l l i s i o n  in
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t h a t  e x c i t e d  s t a t e .  T h is  i s  in  agreem en t w ith  th e  

e x p e r im e n ta l o b s e r v a t io n s  o f  su ch  p r o c e s s e s .

E le c tr o n  t r a n s f e r  b etw een  d o u b ly  ch arged  io n s  sind 

n e u t r a l  atom s was f i r s t  o b ser v ed  by H enderson (3 8 )  In  

1 9 2 2 . f o r  0  ̂ p a r t i c l e s . T h is  p r o c e s s  h a s  s in c e  been  

o x t e n s lv e l y  s t u d ie d  fo r  p a i ' t i c l o s  by îta th o r fo r d ,  

Cîaadv/ick and E l l i s  (3 9 )  . Tliuso o x p erlrx en ts  in d i c a t e  tho  

t r a n s f e r  p r o c e s s  g r a d u a lly  in c r e a s e s  w ith  th e  rfinge o f  

th o  Ji p a r t i c l e  and thon  f a l l s  o f f  s h a r p ly .

In  1930 K allm ann and R osen (4 0 )  f i r s t  o b se r v e d  a 

number o f  e l e c t r o n  t r a n s f e r  p r o c e s s e s  b etw een  d o u b ly

charged  io n s  and norm al à toms o f  th e  typ o
. 2 + , , ^  . t  , . fAr -h Ar —>  Ar +  Ar

Ar^^ +  He —> A r^ t

Kg '̂̂  + Hg Hg"̂  + Kg"^

T h ese p r o c e s s e s  w ere s tu d ie d  by m eans o f  a m ass s p e c tr o :

:g r a p h . The d i s t r i b u t i o n  o f  th e  e n e r g y  b etw een  th e

r e s u l t i n g  io n s  was n o t  exam ined In any d e t a i l ,  and h a s

nov; b een  i n v e s t i g a t e d  by th e  a u th o r  f o r  th e  p r o c e s s

+ Hg Hg '̂  + Hg'̂
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SECTION 3 .

THE giIEORY OF THERMIONIC EMISSION.

The th erm a l e> n lssion  o f  e l e c t r o n s  from  a f i la m e n t  

h a s been  t r e a t e d  th erm o d y n a m ica lly  by Du oilman (4 1 )  . The 

problem  may be reg a rd ed  a s  e q u iv a le n t  to  th e  e v a p o r a tio n  

o f  a monatom ic g a s  and by a p p ly in g  th e  C la u s iu s -C la p e r y o n  

e q u a tio n  Dusliman h as shown th a t  f o r  any one p a r t ic u la r  

s u r fa c e  th e  e l e c t r o n  c u r r e n t  e m it te d  p er  u n i t  a rea  i s  

g iv e n  by th e  e q u a t io n

o *~b
I s A ' i ' " !  T (1 5 )

whore A and b a re  c o n s ta n t s  f o r  th e  s u r fa c e  and T i s  

th e  tem p eratu re  o f  th e  e m it t e r .  In  th e  d e r iv a t io n  o f  

t h i s  e q u a t io n  th e  e f f e c t  o f  th e m u tu al r e p u ls io n s  o f  th e  

e l e c t r o n s  h a s  b een  n e g le c t e d .

IvGt u s now c o n s id e r  th e  p a ssa g e  o f  an e l e c t r o n  cu rr en t  

from  a w ire  o f  r a d iu s  r^  cms to  a c o n c e n t r ic  c y l in d e r  o f  

r a d iu s  r *̂ cma when a p o t e n t i a l  d i f f e r e n c e  o f  Vc v o l t s  i s  

a p p lie d  b etw een  th e  w ir e  and th e  c y l in d e r  t o  draw th e

P i g .  6 .
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e l e c t r o n s  away from  th e  e m it t e r .  Tlie e l e c t r o n  d e n s i t y  a t  

a p o in t  P , r  cias from  th e  c e n t r e  o f  th e  w ir e ,  w i l l  depend  

upon tlie  c u r r e n t  ( i )  e m it te d  p er  cm le n g t h  o f  th e  w ir e  and  

th o  v e l o c i t y  (v )  o f  th e  e l e c t r o n s  a t  P.

For sy m m e tr ica l c y l i n d r i c a l  c o - o r d in a te s  P o i s s o n ' s 

e q u a tio n

^  i h  = - A T î f

can  he v /r i t t e n

^  ^  /  (1 7 )

We n ls o  h ave  — f* = (1 8 )

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

-  V e
(1 9 )

E l im in a t in g  IT and s u b s t i t u t in g  f o r  p  in  (1 7 )  wo 

o b ta in q + . Æ
lU ‘  J e V  ,2 0 ,

The s o lu t io n  o f  t h i s  e q u a t io n  g iv e n  by Langmulr (4 2 ) i s

-  ' 6  6  X 10 ^ .
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z
v;liere n> l a  a f u n c t io n  o f  th e  r a t i o  Tq/ v ^  and i s  v e r y  

n e a r ly  eq u a l to  u n i t y  f o r  v a lu e s  o f  / ^ w  >

VVe can now d i s c u s s  th e  ch an ges w h ich  ta k e  p la c e  In 

th e  e m is s io n  from  a h e a te d  f i la m e n t  u n d er d i f f e r e n t  

c o n d i t io n s .  I f  th e  a p p lie d  p o t e n t i a l  b etw een  th o  f i la m e n t  

and th e  c o l l e c t o r  i s  sm a ll th en  th e  v a lu e  o f  th e  e m is s io n  

g iv e n  by e q u a tio n  ( 2 1 ) w i l l  be l e s s  th an  th e  s a tu r a te d  

e m is s io n  g iv e n  by e q u a tio n  ( 1 5 ) .  The e l e c t r o n  c u r r e n t  i s  

th en  s a id  to  be l l i i i i t e d  by sp a ce  c h a r g e , and r a i s i n g  th e  

f i la r a e n t  tem p era tu re  w i l l  p rod u ce no In c r o a s e  in  th e  

e m is s io n . As th e  a p p lie d  p o t e n t i a l  i s  g r a d u a lly  In cro a so d  

th e  e m is s io n  w i l l  in c r e a s e  u n t i l  i t s  v a lu e  g iv e n  by eq u at;  

: io n  ( 2 1 ) becom es e q u a l to  th e  s a t u r a te d  e m is s io n  g iv e n  

by e q u a tio n  ( 1 5 ) ,  f u r t h e r  in c r e a s e  in  th e  a p p lie d  p o t e n t ia l  

w i l l  th e n  p rod uce no in c r e a s e  in  th e  e l e c t r o n  c u r r e n t .

That i s ,  a s a tu r a te d  or to;% )erature l i m i t e d  e m is s io n  can 

o n ly  be In c r e a se d  by r a i s i n g  th e  terngperature, w h ile  a 

sp a c e  ch a rg e  l im i t e d  c u r r e n t  can o n ly  be in c r e a s e d  by  

r a i s i n g  th e  a p p lie d  p o t e n t i a l ,  or by a d m it t in g  p o s i t i v e  io n s  

w h ich  w i l l  n e u t r a l i s e  th e  n e g a t iv e  sp a ce  ch a rg e  o f  th e  

e l e c t r o n s .

Langimilr (4 2 )  was th e  f i r s t  to  p o in t  ou t th e  v a lu e  o f  

th o  sp a ce  ch a rg e  l im i t e d  c u r r e n t  a s  a d e t e c t o r  o f  p o s i t iv e  

i o n o .  A p o s i t i v e  io n  o f  m ass M e n t e r in g  in t o  th e  f i e l d  

botv/oon th e  f i la m e n t  and t h e  anode w i l l  move w ith  a
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v e l o c i t y  Jm/H t im e s  t h a t  o f  an e l e c t r o n  o f  m ass m, in  

th o  same f i e l d .  The p o s i t i v e  io n  w i l l  c o n s e q u e n t ly  

n e u t r a l i s e  th e  sp a c e  ch a rg e  o f  a t  l e a s t  ^M/m e l e c t r o n s . 

A c t u a l ly  th e  p o s i t i v e  io n  d e s c r ib e s  a number o f  s p i r a l s  

around t lie  f i la m e n t  b e fo r e  s t r i k i n g  i t  and can  n e u t r a l i s e  

tlio  sp a ce  c h a rg e  o f  a s many a s  10^ t o  10^ e l e c t r o n s .  Tlio 

p r e s e n c e  o f  a s m a ll number o f  io n s  can  th u s  c a u se  an 

a p p r e c ia b le  I n c r e a s e  in  th e  f i la m e n t  e m is s io n .

In  1 9 2 0 , Found (4 3 )  v e r i f i e d  th e  e q u a t io n  (2 1 )  

o b ta in e d  f o r  th e  sp a ce  ch a rg e  l im i t e d  e m is s io n .  H is  

a p p a r a tu s  c o n s i s t e d  o f  a f i la m e n t  run a t  a h ig h  tem per; 

:a tu r e  and a su rro u n d in g  a n o d e . He show ed t h a t  In th e  

a b sen ce  o f  any g a s  or vap our th e  c u r r e n t  was a c c u r a t e ly
3 / 2

p r o p o r t io n a l  t o  V / , w here V was th e  a p p l ie d  p o t e n t i a l  

c o r r e c t e d  f o r  c o n t a c t  p o t e n t i a l s .  By a d m it t in g  a number 

o f  g a s e s  and v a p o u rs  t o  th e  t u b e ,  he o b ta in e d  v a lu e s  f o r  

t h e i r  i o n i s a t i o n  p o t e n t i a l s  by d e te r m in in g  th e  v a lu e  o f  

t lie  p o t e n t i a l  V a t  w h ich  th e  c u r r e n t  b egan  to  in c r e a s e  a t

a r a t e  f a s t e r  th an  t l ia t  g iv e n  by th e  3 / 2  power la w . He

o b ta in e d  v a lu e s  o f  2 0 .5  v o l t s  and 1 0 .1  v o l t s  f o r  th e  

i o n i s a t i o n  p o t e n t i a l s  o f  h e liu m  and m ercury r e s p e c t i v e l y .

Tlie n e x t  im provem ent in  th e  sp a c e  ch a rg e  method was

made by H ertz  (4 4 )  in  1 9 2 3 . H is  a p p a r a tu s  c o u ld  be u se d

t o  d e te r m in e  e i t h e r  e x c i t a t i o n  p o t e n t i a l s  or i o n i s a t io n  

p o t e n t i a l s  by m aking a s im p le  a l t e r a t i o n  in  tho e x t e r n a l
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c i r c u i t .  For th o  i n v e s t i g a t i o n  o f  i o n i s a t i o n  p o t e n t i a l s  

ho k e p t  th e  p o t e n t i a l  b e tw e en  a f i lc u a e n t  end th e  su rro u n d ;  

; in g  anode c o n s t a n t  a t  a v a lu e  b o lo w  th o  r e s o n a n c e  p o t e n t :  

; i a l  o f  th e  g a s  u n d er  i n v e s t i g a t i o n . The f i la m e n t  was 

run a t  a h lg l i  tern: e r a t u r e  t o  g iv e  a s t r o n g ly  sp a c e  c lia rg e  

l im i t o d  e m is s io n .  The e l e c t r o n s  from  a seco n d  f i la m e n t  

v/ore a c c e l e r a t e d  up t o  a  g a u ze  in  th e  anode su r r o u n d in g  

th e  f i r s t  f i l a i a e n t . Whon th e  e n e r g y  o f  th e  e l e c t r o n s ,  

from  th e  seco n d  f i l a m e n t ,  w as s u f f i c i e n t  to  p ro d u ce  io n s  

th e  e m is s io n  from  th e  d e t e c t i n g  f i la m e n t  show ed a m arked  

in c r e a s e *  A lth o u g h  H e r tz  i n v e s t i g a t e d  th o  e x c i t a t i o n  and  

i o n i s a t i o n  p o t e n t i a l s  in  n eon  and a r g o n , h e  h a s  o n ly  

r e p o r te d  an i n v e s t i g a t i o n  o f  th e  e x c i t a t i o n  p o t e n t i a l s  in  

h e l iu m . T h is  i s  u n f o r t u n a t e  s in c e  any r e s u l t s ,  w h ich  h e  

may h a v e  o b t a in e d ,  f o r  i o n i s a t i o n  in  h e liu m  w ou ld  h a v e  

b een  i n t e r e s t i n g  f o r  co m p a r iso n  w ith  t h o s e  g iv e n  in  

t h i s  t h e s i s  •

H ertz*  m ethod  i s  an improveiTient o v e r  th e  o r i g i n a l  

tw o e l e c t r o d e  m ethod u s e d  up t o  1 9 2 3 , f o r  th e  e m is s io n  

from  t h e  d e t e c t i n g  f i la m e n t  i s  c o n s t a n t  b e lo w  th e  i o n i s :

: a t i o n  p o t e n t i a l ,  and th e  b r e a k  in  th e  cu rv e  can  be  

d o t e m ln e d  more a c c u r a t e ly  tlia n  when t h e  c u r v e  i s  s t e a d :  

; i l y  i n c r e a s i n g .

I n  b o th  t h e s e  m eth o d s , h o w e v e r , t h e  in c r e a s e  in  th e  

e m is s io n  m ust b e  m e a su r a b le  in  co m p a riso n  w ith  th e  a c t u a l
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e m iss io n  b e f o r e  i t  can be d e t e c t e d ,  l l i e  s e n s i t i v i t y  can  

b e g r e a t ly  in c r e a s e d  by u s in g  two f i la m e n t s  a rra n g ed  in  

p a r a l l e l ,  one o f  w h ich  i s  ex p o se d  t o  any io n s  t h a t  may 

bo form ed , w h i le  th e  o th e r  i s  c a r e f u l l y  s h i e l d e d .  By 

b a la n c in g  th e  e m is s io n s  from  th e  tw o  f i l a m e n t s ,  any  

f l u c t u a t io n s  in  th e  h e a t in g  c u r r e n t  can  be e l im i n a t e d ,  

and th e  a c t u a l  ch an ge in  th e  e m is s io n  o f  th e  d e t e c t i n g  

f i la m e n t  can  be m easured  by a s e n s i t i v e  g a lv a n o m e te r .

T ills  i s  th e  m ethod  a d o p ted  by th e  a u t h o r .

The sp a c e  c h a r g e  l i m i t e d  o m is s io n  from  a f i la m e n t  i s  

' im a ffe c te d  by th e  p r e s e n c e  o f  any e l e c t r o n s  w h ich  may 

e n te r  t h e  r e g io n  arcnxnd th e  f i la m e n t  from  any o th e r  s o u r c e .  

I h is  i s  a v e r y  g r e a t  a d v a n ta g e  as t h e  e f f e c t  o f  p h o to ;

; e l e c t r o n s  and se c o n d a r y  e l e c t r o n s  w h ich  may b e e j e c t e d  

f r o n  th e  e la c tr o d e s  and g a u z e s  in  t l i e  a p p a r a tu s  can  be  

n e g l e c t e d ,  p r o v id e d  t h e r e  a r e  no f i e l d s  p r e s e n t  w h ich  can  

g iv e  t h e s e  e l e c t r o n s  an e n er g y  g r e a t e r  th a n  t h a t  o f  th e  

e l e c t r o n s  u se d  t o  e x c i t e  or  i o n i s e  th e  g a s .

A c t u a l ly  b e c a u s e  o f  th e  c o n d u c t io n  o f  th e  h e a t  by th e  

f i la m e n t  l e a d s ,  th e  e m is s io n  from ai f i la m e n t  i s  n o t  sp a c e  

ch a rg e  l i m i t e d  o v e r  i t s  e n t i r e  ie n g ; th . The e m is s io n  from  

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

apace ch a rg e  l i m i t e d ,  b ^ t th e  e m is s io n  from  th e  c o o l e r  

p o r t io n  n e a r  th o  en d s i s  te m p e r a tu r e  l i m i t e d .  Any e l e c t r o n s
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e n te r in g  the reg io n  round th e  f ila m e n t w i l l  reduce th e  

sa tu r a te d  om ission  drawn from tho en d s, b ecause o f  t h e ir  

n e g a t iv e  space ch a rg e . This sw inging over o f  the em iss io n  

from a sa tu r a te d  to  a sm a ller  space charge l im ite d  v a lu e ,  

w i l l  occur over a sh o rt le n g th  o f  th e  f ila m en t on e i t h e r  

s id e  o f  the c e n tr e ,  a t th e  two p o in ts  where th e  em iss io n  

'just c e a se s  to  be space charge l im it e d .

I f  the tem perature g ra d ien t a t  th e se  two c r i t i c a l  

p o in ts  i s  s m a ll , then the e le c tr o n s  approaching th e  

f ila m e n t from an e x te r n a l sou rce w i l l  produce a g r e a te r  

e f f e c t  than i f  the tem perature g ra d ie n t i s  la r g e ,  s in c e  

tho o m issio n  from a g r e a te r  le n g th  o f  f ila m e n t w i l l  be 

a f f e c t e d .  As the tem perature o f  the c e n tr a l  p o r t io n  o f  the  

f ila m e n t i s  in cr ea se d  th e  p o s i t io n  o f th e se  two c r i t i c a l  

p o in t s ,  which are determ ined by a c e r ta in  f ix e d  tem p era tu re , 

w i l l  move towards the ends o f  the f i la m e n t . Now the 

tem perature f a l l s  o f f  accord in g  to  an ex p o n e n tia l law as 

t l i G  d is ta n c e  from th e  cen tre  i s  in cr ea se d  and th e r e fo r e  

tho tem perature g ra d ien t d ec r e a se s  as wo approach th e  ends 

o f  the f i la m e n t . The e f f e c t  o f  r a is in g  the tem perature o f  

th e  f ila m e n t w i l l  th e r e fo r e  be to  d ecrea se  tho ten p eratu ro  

g ra d ien t a t th e  p o in ts  where th e  sw inging over o f the  

em iss io n  o c c u r s . This means th a t  r a is in g  the tem perature  

o f tho f ila m e n t  w i l l  make i t  more s e n s i t iv e  to  tho e f f e c t  

o f  e x te r n a l e le c t r o n s .

Tlie im portance o f  t h i s  p o in t  w i l l  be d isc u sse d  in  

tho exp erim en ta l s e c t io n .
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SECTIOÎT

DISCUSSION OF SOilB PREVIOUS WORK ON IONISATION 

IN HELIUM AND MERCURY VAPOUR.

A lth ou gh  a c o n s ld o r a b lo  amount o f work was c a r r ie d  

o u t betw een  1918 and 1923 w ith  a v iew  to  d e term in in g  

tlio  e x c i t a t io n  and io n i s a t io n  p o t e n t ia l s  o f  h e liu m , no 

s a t i s f a c t o r y  e x p la n a tio n  o f  th e  d i f f e r e n t  r e s u l t s  h as so  

f a r  been  g iv o n .

'fhe o a r l i e s t  w orkers were c h i e f l y  concerned  v /ith  tho  

o b ta in in g  o f  d a ta  by means o f  w hich  th e  quantum th eo ry  o f  

th e  atom co u ld  be ch eck ed . U n t i l  1 9 2 2 , when Lyman (5 )  

c a r r ie d  ou t h i s  s p e c tr o s c o p ic  d e te r m in a tio n  o f  th e  atom ic  

i o n i s a t io n  p o t e n t ia l  w hich was found to  be 2 4 .5  e le c t r o n -  

v o l t s ,  th e  g e n e r a l ly  a c c e p te d  v a lu e  had been  2 5 .2  e le c tr o n -  

v o l t s .  In v iew  o f  t h i s  c o r r e c t io n  th e  au th or h a s ,  where 

n e c e s s a r y ,  s u b s tr a c te d  0 .7  e l e c t r o n - v o l t s  from th e  v a lu e s  

o f  th e  e x c i t a t io n  and io n i s a t io n  p o t e n t ia l s  g iv e n  by 

w orkers b e fo r e  th a t  d a te .

In 1 9 2 0 , Compton (4 5 ) u s in g  a m o d if ie d  Lenard method 

d e te c te d  th e  f i r s t  e x c i t a t io n  p o t e n t ia l  a t  1 9 .8  v o l t s  and 

an io n i s a t io n  p o t e n t ia l  a t  2 4 .5  v o l t s .  He a ls o  ob served  

some io n i s a t io n  f o r  e le c t r o n  e n e r g ie s  betw een  1 9 .8  and

2 4 .5  v o l t s .  This i o n i s a t io n  in c r e a se d  s t e a d i ly  as th e  

p r e ssu r e  o f  th e  h eliu m  was r a i s e d .  Compton su g g e s te d  th a t
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th e  io n s  d e te c te d  below  th e  atom ic io n i s a t io n  p o t e n t ia l  

Y/ero atom ic io n s  formed by c o l l i s i o n s  betw een e le c t r o n s  

and atom s in  e x c i t e d  s t a t e s .  T h is p r o c e s s  i f  i t  occu rred  

v /ith  s u f f i c i e n t  p r o b a b i l i t y  would c e r t a in ly  g iv e  r i s e  to  

atom ic io n s  below  th e  atom ic io n i s a t io n  p o t e n t i a l .

E v id en ce w i l l  be put forw ard in  th e  ex p er im en ta l s e c t io n  

to  show th a t  th e  p r o b a b i l i t y  o f  such a c o l l i s i o n  i s  to o  

sm a ll to  accou n t f o r  th e  m agnitude o f  th e  p o s i t i v e  ion  

cu rren t d e t e c t e d .

O ther w orkers who o b ta in e d  s im ila r  r e s u l t s  su g g e ste d  

th a t  th e  e f f e c t  was due to  the io n i s a t io n  o f  atoms o f  an 

ijnpurity  p r e s e n t  in  the h e liu m , by c o l l i s i o n s  o f  th e  

second k ind w ith  e x c i t e d  h e liu m  atom s.

An in t e r e s t in g  I n v e s t ig a t io n  was th a t  c a r r ie d  out 

by Horton and D a v ies  (46 ) who u sed  a m o d ified  form o f  

D avis and G ouclier's apparatus w hich had proved so  

s a t i s f a c t o r y  fo r  a s im ila r  in v e s t ig a t io n  w ith  mercury ( 4 7 ) .

T h eir  ap p aratu s i s  shown d ia g ra m m a tica lly  in  f i g .  7 .  

The arrangem ent o f  p o t e n t ia l s  u sed  fo r  th e  d e t e c t io n  o f  

p o s i t i v e  io n s  i s  g iv e n  in  th e  f i g u r e .  E le c tr o n s  from th e  

f i la m e n t  F were a c c e le r a te d  up to  th e  gauze by a 

v a r ia b le  p o t e n t ia l  and then  re ta r d e d  by a p o t e n t ia l  

> Vq a p p lie d  betw een  th e gau zes Gg and G3 . Ion s formod 

in  th e  f i e l d - f r e e  space betv/een G% and Gg were a c c e le r a te d
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up to  tliG gauze by th e p o t e n t ia l  and were a b le  to

p a ss  to  th e  p la t e  P a g a in s t  a sm a ll r e ta r d in g  p o t e n t ia l

Y 2 vdilch was a p p lie d  betw een and P to  p rev en t any

e le c t r o n s  from le a v in g  P . E le c tr o n s  e j e c t e d  from G^

wore a c c e le r a te d  up t o  P by th e  p o t e n t ia l  V g,

With t h i s  ari'angement o f  p o t e n t ia l s  a s  soon a s  the

v a lu e  o f  Yq becom es eq u a l to  the f i r s t  e x c i t a t io n

p o t e n t ia l  a n e g a t iv e  cu rren t due to  th e  e le c t r o n  em lss io n

from  G- sh ou ld  be d e te c te d  by th e  e le c tr o m e te r  con n ected  o
t o  P. As soon as io n s  are formod th e  cu rren t should  change

from  a n e g a t iv e  to  a p o s i t i v e  v a lu e .

H orton and D a v ies  d e te c te d  a n e g a t iv e  cu rr en t which

in d ic a te d  an e x c i t a t io n  p o t e n t ia l  when was eq u a l to

1 9 .8  v o l t s .  T h is was due to  th e  e j e c t i o n  o f  e le c t r o n s
3

from  G by me t e s t a b le  2 S a tom s. O lip h a n t (4 8 ) h a s s in c eÔ
shown th a t  m e ta s ta b le  2 ^ 8  h e liu m  atoms ar̂ e s in g u la r ly

e f f e c t i v e  in  b r in g in g  o f f  e le c t r o n s  from  m eta l su r fa c e s

w ith  w hich  they  c o l l i d e .  When V was in c r e a s e d  to  2 0 .6o
v o lt s ^  th e  reson an ce p o t e n t ia l ,  H orton and D a v ies

ob served  a s tr o n g  p o s i t i v e  io n  c u r r e n t .  They con clud ed

th a t  t h i s  was due to  th e  io n is a t io n  o f  th e m eta sta b le

2'^S atoms by th e  photons o f  th e  reson an ce r a d ia t io n .  In

v iew  o f  th e work o f Lawrence and E d le s fe n  r e fe r r e d  to  in

s o c t io n  2 ,  we know th a t  th e  p r o b a b i l i t y  o f  io n is a t io n  o f  
2

a 2  S atom by a photon o f  en ergy  2 0 . 6  e l e c t r o n - v o l t s  must 

be v ery  s m a ll ,  s in c e  i t  o n ly  r e q u ir e s  a i l ir th e r  4 .7  v o l t s
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oner^y fo r  i o n i s a t io n .  T h is e x p la n a t io n  cannot be c o r r e c t .

I'Yanck (49 ) h as p o in te d  ou t one sou rce  o f  erro r  w hich  

i s  in iio r e n t in  th e u se  o f  t h i s  m ethod. E le c tr o n s  l ib e r a t e d  

fr a n  Gjj are a cce  le r a te d  by th e  p o t e n t ia l  Vj  ̂ and have 

o n o r g ie s  which depond on t h e ir  v e l o c i t y  o f  e j e c t io n  and on 

the v a lu e  o f  . T his energy may be f a r  g r e a te r  than the  

energy o f th e  e le c t r o n s  fra n  th e  f ila m e n t  and s u f f i c i e n t  fo r  

them to  be ab le  to produce io n s  by c o l l i s i o n  w ith  gas atom s.

There i s  however an oth er much more s e r io u s  sou rce o f  

erro r  which does not appear to  have been p r e v io u s ly  p o in te d  

o u t. The su c c e s s  o f  th e  method depends upon th e  f a c t  t lia t  

p ia o to o lectro n s are p reven ted  from le a v in g  the p la t e  P, i f  

t h is  i s  n o t so than i t  i s  im p o ss ib le  to  d is t in g u is h  betw een  

the a iT iv a l  o f  a p o s i t i v e  io n  and th e  e j e c t io n  o f  an 

e le c t r o n .  T h is means th a t  th e  v a lu e  o f Vg must be g r e a te r  

than th e  d i f f e r e n c e  betw een th e en ergy  o f  the photons and 

th e work fu n c t io n  o f  th e  p l a t e .

Horton and D a v ies  u sed  ga u zes and e le c t r o d e s  o f  

p latinu m  w hich has a work fu n c t io n  o f  6 .3  e l e c t r o n - v o l t s  

( 5 0 ) .  The v a lu e  o f  Vg should  th e r e fo r e  n o t have been  

reduced below  13 v o l t s .  U n fo r tu n a te ly  th ey  do not g iv e  th e  

p r e c is e  v a lu e  u s e d , but they  s t a t e  th a t  i t  was "very much 

sm aller"  than w hich was k ep t eq u a l to  4 .  This 

s u g g e s ts  a v a lu e  below  1 0  v o l t s  s in c e  a low v a lu e  o f Vg 

In c r e a se s  th e  s e n s i t i v i t y  to  p o s i t i v e  io n s .  No m ention  i s
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made o f  any p r e c a u t io n  taken  to  keep Vg above IB v o l t s .

M eta sta b le  atomf» are a s  e f f e c t i v e  as p hotons in  

l ib o r a t ln t ;  e le c t r o n s  from m eta l s u r f a c e s .  The m etast.ab le  

atom s form ed in  the f i e I d - f r e e  space must p a ss  th ro u ^ i th e  

g a u zes  Gg and Ĝ  and rea ch  th e  p la t e  P b e fo r e  th e y  can  

l ih o r a t o  e le c t r o n s  from i t .  The reso n a n ce  r a d ia t io n  

e m itte d  by e x c it e d  atoms in  th e  f i e l d - f r e e  space can be 

ab sorb ed  and r o -o m itte d  by o th e r  atoüis throughout th e  

g a s ,  and co n seq u en tly  w i l l  be more e f f e c t i v e  than th e  

m e ta s ta b le  atoms in  l ib e r a t i n g  e le c t r o n s  from the p la t e  P. 

T h is would accou n t fo r  tlie  f a c t  th a t  Horton and D av ies  

ob sorved  o n ly  e x c i t a t io n  a t  1 9 .8  v o l t s  and io n is a t io n  a t

2 0 .5  v o l t s .

In 1920 , Goucher (0 1 ) u sed  the same method and 

d e te c te d  io n is a t io n  a t  about 20 v o l t s ,  l o r  e h e liu m  

p r e s su r e  as low a s 0 .0 1  ram. H is v a lu e  o f  Vg was o n ly  

l . b  v o l t s ,  w hich f u l l y  a cc o u n ts  fo r  h i s  r e s u l t .

B’or work w ith  mercury in  w hich th e  photons o f  th e  

reson an ce r a d ia t io n  have o n ly  4*9 e l e c t r o n - v o l t s  en erg y , 

thon  a sm a ll p o t e n t ia l  o f  one or two v o l t s  i s  s u f f i c i e n t  

to  p rev e n t any p h o t o e le c t r ic  e m is s io n , and t h i s  method 

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

The io n is a t io n  w hich o ccu rs in  h eliu m  f o r  e le c t r o n  

cn o rg io s  betw een 17 and 40 v o l t s  h as now been in v e s t ig a t e d  

by th e  a u th o r , u s in g  a m ass sp ec tr o g r a p h , and some 

in t e r e s t in g  r e s u l t s  have been o b ta in e d .
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In  1936 A rnot and i . î l l l i g a n  ( 4 )  made a p o s i t i v e  io n  

a n a l y s i s  o f  th e  io n s  form ed  in  m ercury  vapour by e l e c t r o n  

im p a c t . T h e ir  a p p a r a tu s  i s  f u l l y  d e s c r ib e d  in  P a r t 3 o f  

t h i s  t h e s i s ,  w here an a c c o u n t  o f  a s im i la r  I n v e s t i g a t i o n  

f o r  hoH um  io n s  i s  g iv e n .  They o b ta in e d  d e f i n i t e  

e v id e n c e  w h ich  sliowed t h a t  io n i s e d  m o le c u le s  a r e  f o m e d  

in  m ercu ry  vap our by  U ie a t ta c lm e n t  o f  e x c i t e d  atom s to  

n orm al a to m s. T h e ir  c u r v e s  i n d i c a t e  t h a t  an e x c i t e d  

atom  m ust p o s s e s s  a b o u t 9 .5  e l e c t r o n - v o l t s  e n er g y  b e f o r e  

i t  can  com bine w ith  a norm al atom to  form  an io n i s e d  

m o le c u le .

The en erg y  l e v e l  d iagram  f o r  th e  m ercury atom  g iv e n  

In  f i g .  l b ,  show s t h a t  th e r e  a r e  a la r g e  number o f  e x c i t e d  

s t a t e s  h a v in g  a b o u t t i i i s  amount o f  e n e r g y . The f o l lo w in g  

a p p a r a tu s  was d e s ig n e d  t o  d e ter m in e  th e  ap p earan ce  

p o t e n t i a l  more p r e c i s e l y  by th e  u s e  o f  a b a la n c e d  s p a c a -  

c h a r g e  m eth od . The h ig h  s e n s i t i v i t y  o f  t h i s  m ethod h a s  

b e e n  d i s c u s s e d  on p a g e  3 7 .
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P A R T  2 .

AN INVESTIGATION OF THE FORMATION OF MERCURY 

MOLECULES BY A BAIANCED SPACE-CHARGE METHOD.

THE APPARATUS.

ÎÎ1 0  a p p a r a tu s  was c o n ta in e d  in  a la r g e  p y rex  tu b e  

f i t t e d  w ith  a 5 cm. ground  g l a s s  j o i n t ,  so  t h a t  th e  

w h o le  a p p a r a tu s  c o u ld  be w ithdraw n f o r  a d ju stm e n t and 

f i la m e n t  r e n e w a l.

The s c a le  d raw in g  o f  th e  tu b e  in  f i g .  8  show s th e  

a d v a n ta g e  o f  t h i s  ty p e  o f  tu b e  s in c e  i t  can  b e  u se d  f o r  

more than one p i e c e  o f  w ork . The d im e n s io n s  o f  th e  

a p p a r a tu s  a re  o n ly  r e s t r i c t e d  by th e  s i z e  o f  th e  j o i n t .

The d ia m e te r  o f  th e  j o i n t  sh o u ld  n o t  e x c e e d  a b o u t 5 cms 

i f  t iie  g l a s s  i s  t o  w ith s ta n d  th e  h ig h  e x t e r n a l  p r e s s u r e .

Low vap our p r e s s u r e  A p iezo n  g r e a s e  ”N” was u se d  f o r  

th e  j o i n t  w h ich  was w a te r  c o o le d .  I t  was fo u n d  th a t  th e  

j o i n t  c o u ld  b e rem oved w ith o u t  d i f f i c u l t y  i f  i t  was 

w arned w ith  h o t  w a te r  t o  lo w e r  th e  v i s c o s i t y  o f  th e  g r e a s e  

The rem ova l o f  th e  j o i n t  was f a c i l i t a t e d  by t h e  s o l i d  

g l a s s  arms a t ta c h e d  t o  t h e  u pper p a r t  o f  th e  t u b e .  Any 

g r e a s e  com ing in t o  c o n t a c t  w ith  th e  a p p a r a tu s  on w ith :  

:d rav /a l was im m e d ia te ly  rem oved , and th e  i n s i d e  o f  th e  

j o i n t  was c a r e f u l l y  c le a n e d  b e f o r e  r e - i n s e r t i o n  o f  th e  

a p p a r a tu s .



4 X

cm.

Q l TTTi

M '^LeodGauge.

F i g . 8 .



48 .

ÏÎ10  f i la m e n t  lo a d s  and c o n n e c t in g  w ires,"  e n c lo se d  in  

f i n e  q u a rtz  t u b e s ,  w ere le d  down th e  c e n t r a l  tu b e . Tîiey 

wore s e a le d  in t o  th e  p y rex  tu b e by L i l l ie n d a h l*  s w h ite  

vacuum wax.

The tub e was su p p o rted  on a wooden stan d  a t an a n g le  

Ox 10^ to  th e  h o r i z o n t a l .  The w ider o u t l e t  tube was 

co n n ected  to  a m ercury d i f f u s io n  pump backed by a Hyvac 

pump, th e  narrow tu b e  was co n n ected  through  a tap to  th e  

McLeod p r e s su r e  g a u g e . A sm a ll q u a n tity  o f  phosphorus 

p c n to x id e  was k ep t in  a la r g e  a ir  r e s e r v o ir  on th e  low  

vacuum s id e  betw een  th e  d i f f u s io n  and b a ck in g  pumps. The 

p urpose o f  th e  r e s e r v o ir  was t o  g iv e  a la r g e  volume on th e  

low  vacuum s i d e ,  so  th a t  in  th e  e v e n t  o f  a tem porary  

f a l l 'o r e  o f  th e  H^rvac, th e  d i f f u s io n  pump cou ld  co n tin u e  to  

work f o r  some tim e  w ith o u t  th e  b ack in g  p r e s su r e  becom ing  

to o  g r o a t .

When i t  was n e c e s s a r y  to  l o t  down th e  vacuum dry a ir  

was ad m itted  by o p en in g  a tap  betw een  th e  r e s e r v o ir  and th e  

H yvac. The a i r  w hich e n te r e d  through  th e  ta p  was f i r s t  

p a ssed  th rou gh  a d r y in g  tub e c o n ta in in g  phosphorus  

p e n to x id e . The McLeod gauge was k ep t p erm an en tly  ev a cu a ted  

by c lo s in g  th e  tap  b etw een  th e  gauge and th e  ap p aratu s  

b e fo r e  th e  a d m issio n  o f  th e  a i r .

The McLeod gauge was o f  th e  f u l l  le n g th  t y p e ,  w ith  

a rubber tu b in g  c o n n e c t io n  betw een th e b u lb  and th e  m ercury  

r e s e r v o ir .  I t  was found  t h a t  by f i t t i n g  an a ir  tr a p



4 9 .

betw een  th e  rubber tu b in g  and th e  b u lb  th e  tro u b leso in e  

e i f e c t  o f  a i r  b u b b les  was e n t i r e l y  e l im in a t e d .

A s c a l e  draw ing o f  two form s o f  th e  ap p a ra tu s  

to g e th e r  w ith  a w ir in g  d iagram  i s  shown in  f i g .  9 .  A l l  

m eta l p a r t s .  In c lu d in g  g a u z e s , f i la m e n t  le a d s  and 

c o n n e c t in g  w ir e s  were made o f  g a s ^ fr e e  n ic k e l  sp o t-w e ld e d  

where n e c e s s a r y .  Ih e  c y l in d e r s  and Cg were s im i la r  

e x c e p t  f o r  a gauze window s e t  in t o  one s id e  o f  . The 

j en d -ca p s f o r  th e  c y l in d e r s  were p r e s s e d  o u t o f  one p ie c e

I o f  n ic k e l  so  a s  to  g iv e  a p e r f e c t  f i t .  The h o l e s ,  f o r
I

\ th e  e n tr y  o f  th e  f i la m e n t  l e a d s ,  w ere punched o u t o f  th e

n ic k e l  and th en  f i l e d  to  th e  e x a c t  s i z e  o f  th e  sh o r t  

q u a rts  in s u la t i n g  t u b e s .  The i r i s  form ed in  th e  f i l i n g  

I p r o c e s s  gave a good t i g h t  f i t .  The c y l in d e r  CL was f i t t e d

I in t o  a r e c ta n g u la r  box fo ld e d  o u t o f  one p ie c e  o f  n i c k e l ,

I 'ihc rem aind er o f  th e  box form ed th e  sp a ce  S and th e  s h ie ld

j round th e  f i la m e n t  . In  t h i s  way any e l e c t r o n s  from

I were p r e v e n te d  from  r e a c h in g  th e  o u t s id e  o f  th e  c y l in d e r

I C o. The c y l in d e r  Cg was su p p o rted  from  by q u a r tz  rod s

I w hich  in s u la t e d  i t  from  th e  r e s t  o f  th e  a p p a r a tu s .

I The f i la m e n t  was a s t r a ig h t  tu n g s te n  w ire  0 .1 5  mm

1 in  d iaim eter and 1 2  mm lo n g .  The f i la m e n ts  Pg and F3 , w hich

v/ero co n n ec te d  in  p a r a l l e l ,  were o f  tu n g ste n  0 . 1  mm in

d ia m eter  and 1 2  mm in  l e n g t h .  They w ere c o - a x ia l  w ith  th e

c y l in d e r s  and Cg and t h e i r  lo a d s  wore in s u la te d  frcHn
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th e  end ca p s by sh o r t  q u a rtz  tu b e s .

Tlireo n i c k e l - p la t e d  copper b r a c k e ts  were f i t t e d  

round th e  c e n t r a l  tub e which p a ssed  th rou g li th e  j o i n t .

Hie ap p a ra tu s was su p p orted  from th e  lo w e s t  b ra c k e t  by 

means o f sh o r t  s to u t  n i c k e l  w ire s  sp o t-w e ld ed  to  th e  

r c c ta n g u lc r  box as shown in  f i e *  3 .  The lo a d s  f o r  th e  

f i la m e r t  wore k ep t p erm an en tly  f ix e d  to  th e  o th e r  two 

b r a c k e t s .  The f i la m e n t  was supported  by two sh o r t  s to u t  

w ir e s  a t ta c h e d  one t o  each  b r a c k e t . Hie w ire s  were fu s e d  

in t o  sh o r t  p ie c e s  o f  t h in  p yrex  tu b in g  w hich  w ere jo in e d  

to g e th e r  s id e  by s id e  t o  g iv e  a r i g i d  su pp ort f o r  .

A l l  w ir e s  w ere a t ta c h e d  to  th e  b r a c k e ts  by screw s and 

w a sh er s . The q u artz  tu b es  which I n s u la te d  th e  w ir e s  In  

th o  c e n t r a l  tube w ere c l o s e l y  packed t o g e th e r ,  t h i s  gave  

s v - f f lc ie n t  r i g i d i t y  f o r  th e  o th er  w ir e s  w hich c o u ld  be 

le d  ou t and sp o t-w e ld e d  d i r e c t l y  t o  th e  d i f f e r e n t  p a r t s  o f  

tlie  a p p a r a tu s .

A p o o l o f  m ercury was k ep t a t  tho lo w er  end o f  th e

tu b e v/iiich  c o u ld  be h e a te d  by a n o n -I n d u c t iv e ly  wound

e l e c t r i c  fu r n a c e . A n ic k e l - p la t e d  copper d i s c ,  j u s t  sm a ll

cnougli to  p a ss  th rou gh  th e  j o in t ,  was f i t t e d  betw een th e

ap p a ra tu s and th e  o u t l e t s  to  th s pumps and the McLeod

gauge t o  p rev e n t r a p id  d i f f u s io n  o f  th e  mercury vapour a t

h ig h  p r e s s u r e s .  The vapour p ressu r e  co rresp o n d in g  t o

d i f f e r e n t  tem p era tu res  o f  th e  fxxnaoe was found by u s in g  

an io n i s a t io n  gauge o f  th e  e x te r n a l c o l l e c t o r  ty p e .
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The gauge v/hlch la  shown in  f ig #  10 was s u b s t i t u t e d  

fo r  th e  ap p aratu s in  th e  tu b e . The m eta l c y l in d e r  C and 

th e  c y l in d r i c a l  gauze G were made o f  n i c k e l .  Tlio f ig u r e  

shov/s c l e a r l y  th e  d e s ig n  o f  th e  g a u g e . E le c tr o n s  from th e  

f i la m e n t  F were a c c e le r a t e d  up to  th e  c y l in d r i c a l  gauze G 

by a p o t e n t ia l  V^, and th en  were r e ta r d e d  by a p o t e n t ia l  

V > a p p lie d  b etw een  th e  gauze G and th e  c o n c e n tr ic  

c y l in d e r  C . P o s i t iv e  io n s  formod in  th e  sp ace betw een G 

and C were dravm t o  C, and th e  p o s i t i v e  Ion c u r r e n t , w hich  

in c r e a s e s  a s th e  p r e s su r e  o f  th e gas or vapour in  tube i s  

r a i s e d , was m easured by th e  ga lvan om eter M. Vq was s e t  

eq u a l to  50 v o l t s  and V eq u a l to  60 v o l t s .  The e m iss io n  

f r a i  th e  f ila m e n t  was h e ld  c o n s ta n t .  N itro g en  was a d m itted  

t o  th e  tu b e , and th e  p o s i t i v e  io n  cu rr en t m easured a t  

d i f f e r e n t  n itr o g e n  p r e s s u r e s  a s read  on th e McLeod g a u g e . 

The curve show ing th e  p o s i t i v e  io n  cu rr e n t p lo t t e d  a g a in s t  

n itr o g e n  p r e s su r e  i s  th e  c a l ib r a t io n  curve o f  th e  ga u g e . 

V/Iion th e  n itr o g e n  had been  pumped ou t th e  fu rn ace  was 

sw itch ed  on and th e  p o s i t i v e  io n  cu rren t was m easured a t  

d i f f e r e n t  fu rn a ce  tem p era tu res and a t  room tem perature,w hen  

tho  p r e s su r e  o f m ercury vapour i s  1 x  10* mm o f  Hg. The 

p o s i t i v e  io n  c u r r e n t  was th en  p lo t t e d  a g a in s t  fu rn a ce  

tompor a tu r e  and th e  o r d in a te s  reduced so  t h a t  t h i s  cu rve  

a t  room tem p eratu re f i t t e d  th o  c a l ib r a t io n  curve a t  a
•z

n itr o g e n  p r e s su r e  o f  1 x  10“ mm o f  Hg. T his c o r r e c t io n  

i s  n e c e s sa r y  b eca u se  th e  p o s i t i v e  io n  cu rren t depends upon
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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  i o n i s a t i o n  a t  a c o l l i s i o n  

in  m ercury vapour and n i t r o g e n ,  a s  w e l l  a s  on th e  p r e s s u r e .

The a c t u a l  vapour p r e s s u r e s  a t  d i f f e r e n t  fu r n a c e  

te m p e ra tu r es  were th en  read  o f f  and th e  v a lu e s  o f  th e  

vapour p r e s s u r e  w ere redu ced  t o  t h e i r  v a lu e s  a t  O^C. 'Phe 

f u l l  cu rv e  in  f i g .  11 shows th e  v a r ia t io n  in  vapour  

p r e s s u r e  w ith  fu r n a c e  te m p e r a tu r e . The broken cu rve  

r o p r e s e n t s  th e  s a t u r a t io n  vapour p r e s s u r e s  c o r r e sp o n d in g  

t o  tho same fu r n a c e  te m p e r a tu r e s , th e  o r d in a te s  have boon 

red u ced  by a f a c t o r  one q u a r te r .  The v a lu e s  w ere ta k en  from  

th e  ^ I n te r n a t io n a l  C r i t i c a l  T ab les"  and red u ced  t o  O^C.

Tlie c u r v e s  show t h a t  th e  a c t u a l  vapour p r e s s u r e  in  th e  

tu b e was ab out one q u a r te r  th e  s a tu r a te d  v a lu e  a t  th e  

same fu r n a c e .t e m p e r a tu r e . The bend in  th e  vapour p r e s s u r e  

cu rv e  a t  a tem p era tu re  o f  about 85^0 in d ic a t e d  th a t  some 

m o d if ic a t io n  must be made in  th e  a p p a ra tu s  f o r  th e  u s e  o f  

h ig h e r  p r e s s u r e s .

A seco n d  form o f  th e  a p p a ra tu s  shown in  f i g .  9a was 

c o n s tr u c te d  s l i g h t l y  s m a lle r  than  th e  o r i g i n a l  so  th a t  i t  

c o u ld  b e  e n c lo s e d  in  a n i c k e l  c y l in d e r  3 cm .in  d ia m e te r  

and 6 c m .lo n g . The c y l in d e r  was c lo s e d  by a t i g h t - f i t t i n g  

cap a t  ea ch  en d , th e  o n ly  o p en in g  b e in g  a sm a ll a p e r tu r e  

f o r  th e  e n tr y  o f  th e  f i la m e n t  . The o th e r  le a d s  and 

c o n n e c t in g  w ir e s  wore brou ght ou t th rou gh  q u a rtz  tu b es  

w hich  f i t t e d  t i g h t l y  in t o  th e  c o n ta in in g  c y l in d e r .  Wlion 

m ercury was p la c e d  in s id e  t h i s  c y l in d e r ,  i t  was found  t lm t
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th e  h e a t  r a d ia t e d  from  th e  f i la m e n t s  was s u f f i c i e n t  to  

p roduce a h ig h  vapour p r e s s u r e .  The vapour p r e s s u r e  was 

e s t im a te d  hy p la c in g  th e  I o n i s a t io n  g a u g e , w ith o u t I t s  

o u te r  c y l in d e r  C, I n s id e  th e  c o n ta in in g  c y l in d e r  w hich  

to o k  th e  p la c e  o f  C a s  th e  c o l l e c t o r  o f  p o s i t i v e  I o n s .

The vapour p r e s s u r e  I n s id e  th e  c y l in d e r  was found  to  be 

o f  th e  o rd er  o f  0 .1  mm o f  Hg a t  O^C•

EXPKRIMEiv̂ TAL PROCEDURE.

Tlie f i la m e n t  was f i r s t  f la s h e d  t o  g e t  r id  o f  the  

gas In th e  t u n g s t e n .  T h is  was done by a p p ly in g  a p o t e n t i a l  

o f  60 v o l t s  b etw een  th e  f i la m e n t  and th e  gau ze and 

th en  q u ic k ly  r a i s i n g  th e  tem p era tu re  o f  th e  f i la m e n t  u n t i l  

I t  g a v e  a s a tu r a te d  e m is s io n  o f  100 m ll l la m p s .  A f t e r  to n  

seco n d s  th e  h e a t in g  c u r r e n t  was red u ced  t o  zero  and th e  g a s  

g iv e n  o f f  was pumped o u t .  The e m is s io n  was read  on a 

m lllla m m o te r  w ith  an I n t e r n a l  sh u n t w hich  gave th e  In stru m en t  

r a n g e s  from  0 - 5 ,  0 - 5 0 ,  and 0 -5 0 0  m ll l la m p s .  A v e r y  d e l i c a t e  

w ire  w h ich  fu s e d  a t  200 m lll la m p s  was k e p t In s e r i e s  w ith  

th o  m lllla m m e te r  In c a s e  a s h o r t  c i r c u i t ,  or an a r c ,  

o ccu rred  b etw een  th e  f i la m e n t  and th e  c y l in d e r  . The 

h e a t in g  c u r r e n t  was a d ju s te d  to  g iv e  a s a tu r a te d  e m is s io n  

o f  2 m lll la m p s  and th o  f i la m e n t  was th en  r u n - in  u n t i l  th e  

e m is s io n  becam e s te a d y  and no more g a s  was g iv e n  o f f .
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The p r o c e s s  was th en  r e p e a te d  f o r  th e  f i l a n e n t s  

Fg and . The san e p a r t  o f  th e  e x t e r n a l  c i r c u i t  co u ld  

be u sed  by sh o r t  c i r c u i t i n g  th e  g a lv a n o m o ters and îlg  

and by m aking th e  d o tte d  c o n n e c t io n s  in  th e  k e y , «rhich 

was s p e c i a l l y  c o n s tr u c te d  f o r  t h i s  p u r p o se .

Wlien th e  p r e s s u r e  o f  th e  r e s id u a l  g a s ,  shown on th e
—5McLeod g a u g e , had f a l l e n  b elow  2 x  10 mu th e  h e a t in g

c u r r e n t  th rou gh  th e  f i la m e n t s  Fg and was a d ju s te d  t o

g iv e  a s a tu r a te d  e m is s io n  from  each  f i la m e n t  o f  about 0 .1  

m lll ia m p . The c o n n e c t io n s  in  th e  key w ere then  cixanged to  

th o se  r e p r e s e n te d  by th e  f u l l  l i n e s  so  th a t  th e  p o t e n t i a l  

b etw een  th e  f i la m e n t s  Fg and and t h e i r  r e s p e c t iv e  

c y l in d e r s  was red u ced  to  2 v o l t s .  T h is r e s u l t e d  in  t h e i r  

e m is s io n s  becom ing s t r o n g ly  sp a c e -c h a r g e  l im i t e d  t o  a 

v a lu e  o f  about 0*01 m l l l i a n p s .  The e m is s io n  from  a lo n e

8 rea d  on th e  g a lv a n o m eter  Mg, w hich had a s e n s i t i v i t y
“9 /o f  9 .7  X 10 amp/mm, so  t h a t  i t s  co n sta n c y  durl-ng any

one run co u ld  be c h e c k e d . Tlie e m is s io n s  from  Fg and  

w ere th en  b a la n c ed  by th e  b r id g e  arrangem ent w h ich  

in c o r p o r a te d  two 1 0 ,0 0 0  ohm r e s i s t a n c e  b o x es  and th e
""11g a lv a n o m eter  w h ich  had a s e n s i t i v i t y  o f  7 .8  x  10 

amps/îum. D oth g a lv a n o m e te r s  were p ro v id ed  w ith  u n iv e r s a l  

sh u n ts  so th a t  t h e i r  s e n s i t i v i t i e s  co u ld  be s u i t a b ly  

a l t e r e d .

The h e a t in g  c u r r e n t  f o r  th e  f i la m e n t  was a d ju s te d  

t o  g iv e  a s a tu r a te d  e m is s io n  o l 0 .2  ml1 1 lam ps, and th en



57 .

the p o te n t ia l  between th e  f ila m en t and the gauze 

was reduced to  a v a lu e  o f  about 2 v o l t s  and grad u a lly  

in c r e a se d . The e le c tr o n s  from ^  were a c c e le r a te d  up 

to  the gauze by a p o te n t ia l  Vq a p p lied  between the  

con tre  o f  th e  f ila m en t and th e  gau ze. Two 100 ohm 

r e s is ta n c e  c o i l s  were connected  a cro ss  the fila m en t lea d s  

and tho p o te n t ia l  was a p p lied  to  the ju n ction  o f  the  

two c o i l s  as shown in  f i g .  9 .  S in ce  the e le c tr o n s  are  

em itted  from a sh ort reg io n  in  the cen tre  o f  the filam en t  

t h i s  arrangement co n sid era b ly  redu ces th e  e f f e c t  o f the  

p o te n t ia l  drop a lon g  th e  f ila m e n t .

Vq was a lte r e d  by means o f  a p o te n t ia l  d iv ider^  

which was connected  to  e a r th , and th e va lu e  o f  was 

read on a Vïeston standard v o ltm e te r .

Owing to  th e h ig h  s e n s i t i v i t y  o f  th e galvanom eter 

, th e whole o f  the e x te r n a l c i r c u i t  connected to  the  

f ila m e n ts  Fg and F^ had to  be c a r e fu l ly  in s u la te d . A l l  

tho b a t t e r ie s ,  r h e o s ta t s ,  r e s is ta n c e  boxes e t c . were 

mounted on wooden bP&rds which r e s te d  on eb o n ite  b lock s  

w ith  su lphur r in g s .  I t  was found tiia t  i f  one stood  on a 

wooden board , in s u la te d  from the f lo o r  by eb o n ite  b lo c k s ,  

when a d ju s t in g  the v a lu e  o f  Vq no d istu rb a n ce  o f  the  

galvanom eter occu rred .

When Vq was r a is e d  to  a va lu e  a t which io n s were 

formed in  the f i e l d - f r e e  space S , some o f  the ion s
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d i f f u s e d  tlirough th e gauze Gg and by n e u tr a l is in g  th e  

space cliarge round th e  f ila m e n t  Pg in crea sed  i t s  em iss io n i 

I f  and Rg are the v a lu e s  o f  th e r e s is t a n c e s  taken  

cut o f  th e  b oxes to  b a la n ce  any in e q u a l i t i e s  in  th e  

em ission s from Fo and P» a t  th e  s t a r t  o f  tho run then
K» O

i^R^ = IgRg (22)

\diere end Ig are  th e  a c tu a l  em iss io n s  from Fg and

I f f i  i s  th e  change in  th e  em iss io n  from Pg due to  

the presence o f  p o s i t i v e  io n s ,  tho a c tu a l  cu rren t f lo w in g  

in  the galvanom eter c i r c u i t  i s  g iv en  by i  where

I _  ( l , +  S l )  R i -  i j i  R g

and G i s  the r e s i s t a n c e  o f  th e  galvanom eter and the  

sh un t. From eq u a tio n  (2 2 ) we have

L - - f  ;

d ie  current through th e  galvanom eter i s  th e r e fo r e  

p ro p o rtio n a l to  th e  change in  th e  em iss io n  from P g .

77xth the apparatus shown in  f i g .  9b the io n s  were 

foivoed in  th e  c y l in d e r  and were im m ediately  drawn to  

the fila m en t F g . In t h i s  way th e  s e n s i t i v i t y  was 

in c r e a se d . Tlie e le c t r o n s  from  Fĵ  e n te r in g  the c y lin d e r  

were re ta r d ed  by th e  p o t e n t ia l  o f  2 v o l t s  a p p lied  

between P^ and Cĵ , and co n seq u en tly  a number must have 

mado c o l l i s i o n s  when moving w ith  an energy l e s s  than V^.
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Tlie r e s u l t s  o b ta in ed  w ith  th e  two forma o f  th e  apparatus 

show th a t  th e  e f f e c t  o f  rem oving th e  f i e l d - f r e e  space i s  

unim portant, and th e  in c r e a s e  in  th e  s e n s i t i v i t y  en a b les  

tho appearance p o t e n t ia l  to  be determ ined  w ith  eq u a l 

accuracy by e i t h e r  m ethod. T h e o r e t ic a l ly ,  the o r ig in a l  

d esign  o f  th e  apparatus i s  th e  b e t t e r  and w ith ou t i t  one 

could not have been c e r t a in  o f  th e  accuracy o f  the r e s u l t s  

obtained w ith ou t th e  f i e l d - f r e e  sp a ce .

I t  i s  w a ll  Imown th a t  in  tlie  absence o f  any p o s i t iv e

ion s tho number o f  e le c t r o n s  p a s s in g  through a gauze does

not in crea se  p r o p o r t io n a lly  w ith  th e  number o f  e le c tr o n s

coming up to  tho g a u ze . A p re lL a in a ry  t e s t  was th e r e fo r e

made by in s u la t in g  th e  gauze from the r e s t  o f  tho

apparatus, and then m easuring th e  e le c t r o n  cu rren t to  Gj,

and to  the box behind  as was in c r e a s e d . When Vq

was below th e  io n is a t io n  p o t e n t ia l  the o m issio n  from

was sp ace-ch arge l im it e d  and co n seq u en tly  in cr ea se d  as

was In crea sed  up to  th e  io n is a t io n  p o t e n t ia l  when

sa tu r a tio n  s e t  in .  I t  was found th a t  when th e  em iss io n

from was k ep t c o n s ta n t ,  by a l t e r in g  the h e a t in g  cu rren t

a f te r  each  change in  V^, tho number o f  e le c tr o n s  e n te r in g

the f i e l d - f r e e  sp ace v a r ie d  in  an e r r a t ic  manner. On

the o th er  hand when th e  e m iss io n  was a llow ed  to  in c r e a se

w ith  Vq i t  was found th a t  th e  number o f e le c tr o n s  e n te r in g

the f i e l d - f r e e  space s t e a d i ly  in c r e a se d  w ith  Vq . The 

in c r e a se  was l in e a r  up to  th e  io n is a t io n  p o t e n t ia l ,
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Vq = 1 0 .4  v o l t s ,  a f t e r  which the r i s e  became l e s s  s teep  

as tho em iss io n  approached I t s  sa tu r a ted  v a lu e . I t  was 

th e r e fo r e  d ec id ed  n ot to  attem pt to  keep th e  em ission  

from co n sta n t but to  a llo w  I t  to  in c r e a se  s t e a d i ly  as 

was in c r e a se d .

tA

m :
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RESULTS.

MÜASÜRK-.1EHTS IH VACUUM.

The tube was tem p o ra r ily  r o ta te d  in to  a more

v e r t i c a l  p o s i t io n  and th e  low or end o f  th e  tu b e  up to

the two s id e  o u t le t s  was Laniersed In a la r g e  Dewar f la s k

co n ta in in g  a m ixtu re o f  s o l i d  carbon d io x id e  and a lc o i io l .

Vq was in c r e a se d  from  0 to  12 v o l t s  a t  I n te r v a ls  o f  0*5

v o lt  and the change in  th e  em iss io n  from Pg was read on

the galvanom eter $ A number o f  runs were taken  fo r

d if f e r e n t  tem p eratu res o f  th e  f ila m e n t  P g. The r e s u l t s

obtained  are shown in  f i g .  1 2 . Tlie v a lu e  o f th e

sa tu ra ted  em iss io n  from  Fg i s  g iv e n  to  the r ig h t  o f  each

cu rv e . The sa tu r a te d  e m is s io n , w hich i s  g iv en  by th e
b

2 -Teq u ation  i  =  AT £ on page 3 2 , I s  a measure o f  the  

tem perature o f  th e  f i la m e n t . The c u r v e s , which have 

been s l i g h t l y  d is p la c e d  in  a v e r t i c a l  d ir e c t io n  to  

sep ara te  the p o in t s  a t  low v a lu e s  o f  Vq show th a t the  

em ission  from Fg d e c r e a se s  s t e a d i ly  a s  Vq i s  in c r e a se d .

I t  i s  a ls o  seen  th a t  th e  r a te  o f  d ecrea se  in c r e a s e s  w ith  

th o  tem perature o f  th e f ila m e n t  F g. I t  was found th a t  

th e  d ecrea se  in  the em iss io n  from Fg in cr ea se d  when th e  

o m issio n  from  P̂  was in c r e a s e d .

We have seen  on page 37 th a t  owing to  th e  c o o l in g  

o f  th e  f ila m e n t  by th e  l e a d s ,  th e  em iss io n  i s  n ot
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e n t i r e l y  sp a ce -c h a r g e  l im it e d  and th a t  th e  p resen ce  o f  

any e le c t r o n s  from  an e x te r n a l  so u rce  w i l l  d ecrea se  

til© e m is s io n . S in c e  th e  d e c r e a se  in  th e  e m iss io n  from  

Fg in c r e a s e s  w ith  and w ith  th e  e m is s io n  from i t  

must be due t o  th e  s c a t t e r in g  o f  e l e c t r o n s  from in to  

til© c y l in d e r  Cĵ  * I t  h as a l s o  been shown from t h e o r e t ic a l  

c o n s id e r a t io n s  th a t  th e  e f f e c t  o f  th e s c a t te r e d  e le c t r o n s  

w i l l  in c r e a se  a s  th e  too ip eratu re o f  tho f ila m e n t  Pg i s  

r a is e d .  I h is  i s  borne o u t by th e  c u rv es  o f  f i g .  1 2 .

In th e  e a r l i e r  runs w ith  m ercury vapour th e  h e a t in g  

cu rren t f o r  th e  f i la m e n ts  P^ and P^ had been s e t  to  g iv e  

a sa tu r a ted  em iss io n  o f  0 .1  m .A. To m inim ize th e  d ecr e a se  

in  th e  em iss io n  from Fg th e  f i la m e n t  cu rr en t fo r  Pg and 

was su b seq u en tly  reduced  to  g iv e  a sa tu r a te d  em iss io n  

o f  0 .0 6  m.A. from each  f i la m e n t .  The upperm ost curve in  

f i g .  12 shows th a t  f o r  t h i s  v a lu e  o f  th e  sa tu r a te d  

e m iss io n , th e  f a l l  in  th e  cu rve i s  v er y  n e a r ly  l in e a r .

The curves o b ta in ed  w ith  m ercury vapour showed a d ecr ea se  

in  th e  em iss io n  from  Fg t l ia t  was s t r i c t l y  l in e a r  as 

was in c r e a se d  up to  th e  p o in t  a t  w hich io n s  were form ed.

I t  was thu s p o s s ib le  t o  make a more a c c u r a te  d é term in â t:  

î io n  o f  th e  io n i s a t io n  p o t e n t ia l  than  would have been  

tlio c a s e  fo r  a n o n - l in e a r  f a l l .
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111 MERCURY VAFOUn.

'i'hree cu rv es o b ta in ed  a t  d i f f e r e n t  p r e s su r e s  o f  

mercury vapour are  g iv e n  in  f i g .  1 3 . The cu rves show 

tlio change in  th e  e m iss io n  from th e  f ila m e n t  Pg as tho  

energy o f  th e  e le c t r o n s  from was In c r e a se d . The 

p ressu re  fo r  curve ( s )  was 0*001 irpii, fo r  curve (b) 0 .0 3 1  

mm, and fo r  cu rve ( c )  0 .1 1  mm o f  Hg a t  O^C.

The low p r essu r e  cu rve (a )  shows a l in e a r  f a i l ,  

s im ila r  to  th a t o b ta in ed  in  vacuum, fo r  e le c t r o n  e n e r g ie s  

below 10 v o l t s .  At 1 0 .6  v o l t s  th e  cu rve b e g in s  to  r i s e  

sh a rp ly , showing th e  p resen ce  o f  io n s  which n e u t r a l is e  

th e  space charge around Pg and in c r e a s e  i t s  o m iss io n .

Tlio medium p ressu re  curve (b ) I s  s im ila r  t o  curve (a )  

ex cep t th a t io n s  now appear a t  about 9 .6  v o l t s .  T h is  

movement, through about one v o l t ,  o f  th e  p o in t  where th e  

curve b eg in s  to  r i s e  was found in  a l l  p a ir s  o f  cu rves  

taken at p r e s su r e s  o f  tho ord er o f  0 .0 0 1  and 0 .0 1  mm.

A number o f  runs were tak en  a t p r e s su r e s  ran g in g  

from 0 .0 1  mm to  0 .0 5  mm o f  Kg a t  O^C, b e in g  g r a d u a lly  

in crea se d  in  s t e p s  o f  0*1 v o l t .  Two t y p ic a l  cu rves  

arc shown in  f i g .  1 4 , The cu rve (a )  was ob ta in ed  w ith  

tho ap p aratu s shown in  f i g .  9 a , a t  a p r e s su r e  o f  0 .0 2 6  

mm o f  Hg, th e  curve (b ) was o b ta in ed  w ith  th e  apparatus  

o f  f i g .  9b a t  0 p r e ssu r e  o f  0 .0 3  mm o f  Hg. A l l  

su ch  cu rv es  showed a d i s t i n c t  in c r e a s e  in  s lo p e  in  th e  

r i s i n g  p o r t io n  a t  a p o in t  about 1 v o l t  above the bend  

in  th e  c u r v e . This cliange in  s lo p e  d id  n o t appear
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in  th o  r i s i n g  p o r t io n  o f  any o f  th e  cu rv e s  ta k en  a t  a 

p r e s s u r e  o f  0*001  wm o f  Hg a t  O^C.

The fo r m a tio n  o f  m ercury m o le c u la r  I o n s ,  a s  shown 

by A rnot and l^ l l l l g a n ,  r e q u ir e s  a c o l l i s i o n  betw een  an 

e x c i t e d  and a norm al a tom , t h a t  i s  i t  m ust o ccu r  w ith in  

10**  ̂ seco n d s  a f t e r  th e  e x c i t a t i o n  .o f  th e  atom . The 

p r o b a b i l i t y  o f  such a c o l l i s i o n  o c c u r r in g  a t  low  p r e s s u r e s  

i s  v er y  s m a l l .  Tlie v a lu e  o f  Vq a t  w h ich  th e  low  p r e s su r e  

cui^vc (a )  in  f ig *  13 s t a r t s  t o  r i s e  m ust th e r e fo r e  

in d ic a te  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  atom w hich  i s  

Imown from  s p e c tr o s c o p ic  d a ta  to  be 1 0 .3 9  e l e c t r o n  v o l t s .  

Tlio v a lu e s  o f  g iv e n  in  th e s e  cu r v e s  a re  u n c o r r e c te d  

fo r  c o n ta c t  p o t e n t i a l s  w h ich  w i l l  va ry  w ith  th e  ty p e  o f  

apparatus u sed  and a t  ea ch  f i la m e n t  r e n e w a l. T h is  

a cco u n ts  fo r  th e  r e l a t i v e  s h i f t  in  th e  cu rv e s  o f  f ig *  1 4 .  

I t  i s  to  be n o te d  th a t  th e  c u r v e s  (a )  and (b ) o f  f ig *  13 

woro ob ta in ed  c o n s e c u t iv e ly  and r e q u ir e  eq u a l c o r r e c t io n s  

f o r  th e  v o lta g e  s c a l e .

Tlie movement o f  th e  bend  in  th e  cu r v e s  t o  a low er  

v a lu e  o f  Vq when th e  p r e s s u r e  i s  in c r e a s e d  by a f a c t o r  

o f  te n  in d ic a t e s  th e  ap p earan ce o f  m o le c u la r  i o n s .  In  

th e  h ig h e r  p r e s s u r e  c u r v e s  th e  i o n i s a t io n  p o t e n t i a l  o f  

th e  atom i s  in d ic a t e d  by th e  i n f l e x io n  in  th e  r i s i n g  

p o r t io n ,  w hich  o c c u r s  a t  about one v o l t  above th o  b en d . 

The p o in t  a t  w hich  th e s e  cu rv es  b e g in  t o  r i s e  i s  then  

th e  ap pearan ce p o t e n t i a l  o f  th e  m o le c u la r  io n .
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By d eterm in in g  the d i f f e r e n c e  In energy betw een th e  

p o in t  Bt which the curve b e g in s  to  r la o  and th e  p o in t  a t  

which the I n f le x io n  occu rs tho  appearance p o t e n t ia l  o f  

the m o lecu la r  io n  can be fou n d , s in c e  th e  io n is a t io n  

p o t e n t ia l  of th e  atom i s  known to  be 1 0 .3 9  v o l t s .  The 

v a lu e  so  ob ta in ed  i s  Independent o f  any c o n ta c t  p o t e n t ia l s  

Owing to  the energy spread o f  the e le c t r o n s  from th e  

bend i s  n o t sh arp . Py e x tr a p o la t in g  th e  r i s in g  and 

f a l l i n g  p o r t io n s  o f tho  curve as shown In f i g .  1 4 , th e  

e f f e c t  o f  th e  energy spread o f  the e le c t r o n s  from can 

be e l im in a te d .

The fo l lo w in g  ta b le  g iv e s  seven  v a lu e s  o f  the  

appearance p o t e n t ia l  determ ined  from d i f f e r e n t  cu rves  

ob ta in ed  w ith  the two forms o f th e  apparatus shown In 

f i g ,  9 .  The p ressu r e  a t  w hich th e  cu rves were ob ta in ed  

i s  a ls o  g iv e n .

TABLh 1 .

Apparatus o f  f i g .  9 a .  A pparatus o f  f i g .  9 b .

iressu r©  iri Appearance P ressu re  in  Appearance
nra. o f  Hg a t  P o te n t ia l  mm. o f  Kg a t  P o te n t ia l

0 C. e l e c t r o n - v o l t s .  o 'C . a io c tr o n -v o lt i

0 .0 2 6  9 .7 1 *  0 .0 3 0  9 .7 0  ^
0 ,0 2 0  9 .6 2  0 .0 2 7  9 .6 4
0 .0 1 7  9 .7 7  0 .0 2 0  9 .6 5
0 .0 0 9  9 .6 8

#. -f
From curve (a )  f i g .  1 4 . From curve (b) f i g .  1 4 .
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Three o th e r  c u r v e s  o b ta in e d  w ith  th e  m o d ifie d  form  

o f  th e  a p p a ra tu s  shown in  f i g .  9 a gave v a lu e s  o f  9 .7 8 ,  

9 ,8 2 ,  and 9 ,6 4 .  The mean o f  t h e s e  to n  r e s u l t s  i s  

9 .7 0  t  0 .0 1 .

An e x c i t e d  m ercury atom  m ust th e r e fo r e  p o s s e s s  a 

minimum en erg y  o f  9 .7 0  i  0 .0 1  e l e c t r o n - v o l t s  b e fo r e  i t  

can ccm bine w ith  a norm al atom  to  form  an io n is e d  

m o lec u le  by th e  p r o c e s s

Hg' +  Hg Eg^ + £ (A)

IIouterman»s e x p la n a t io n  o f  th e  p h o t o io n is a t io n  

o f  lasrcury vapour by i t s  r e so n a n c e  r a d ia t io n  by th e  

p ro ce ss

Egg + £

h as a lr e a d y  b een  d is c u s s e d  on page 2 7 .  S in c e  t h i s  

p r o c e s s  r e q u ir e s  a c o l l i s i o n  b etw een  two e x c i t e d  atoms 

we w ould  e x p e c t  i t  t o  o ccu r  a t  h ig l ie r  p r e s s u r e s  than  a re  

n e c e s s a r y  f o r  th e  o c c u r r e n c e  o f  p r o c e s s  (A) w hich  

in v o lv e s  o n ly  one e x c i t e d  atom .

The cu rve ( c )  in  f i g .  1 3 , o b ta in e d  a t  a p r e s s u r e  

o f  0 .1 1  m  o f  Hg a t  O^C w ith  th e  m o d if ie d  a p p a ra tu s  

e n c lo s e d  in  th e  n i c k e l  c y l in d e r ,  d e f i n i t e l y  in d ic a t e s  

th e  p r e s e n c e  o f  io n s  f o r  e l e c t r o n  e n e r g ie s  w e l l  below  

t lio  ap p earan ce p o t e n t i a l  o f  th e  m o le c u la r  io n  a t  9 .7  

e l e c t r o n - v o l t s .  S e v e r a l  s im i la r  cu r v e s  w ere o b ta in e d  a t  

t h i s  h ig h  p r e s s u r e . Tlie cu rve  (a )  in  f i g .  15 shows t h i s  

cu rve ( c )  o f  f i g .  13 c o r r e c te d  f o r  th e  f a l l  in  th e
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em iss io n  from P g , by th e  sub s t r e e t  Ion o f  th e  r e s u l t s  o f  

a vacuum ru n . T h is f a l l  h as been shown to  be due to  

th e  f a c t  th a t  th e  e m is s io n  from  Fg I s  n o t e n t i r e ly  sp ace  

cliarge l i m i t s d , and i s  c o n se q u e n tly  d ecrea sed  by th e  

p resen ce  o f  e l e c t r o n s  from  w hich  are s c a t te r e d  In to  

th e  r e g io n  round F g.

In v iew  o f  Houterman’ s e v id e n c e  th a t  a c o l l i s i o n
'I

betw een two la e ta s ta b le  atoms doos n o t le a d  to

I o n is a t io n ,  i t  f o l lo w s  th a t  th o  r i s e  In th e  curve (a ) in  

f ig *  15 cannot occu r b elow  th e  reso n a n ce  p o t e n t ia l  4 .8 6  

e l e c t r o n - v o l t s . A c o r r e c t io n  o f  *f 0 .6 5  v o l t s  h as  

co n se q u e n tly  b een  made to  th e  v o lta g e  s c a le  In f i g .  15 

t o  make th e  r i s e  b e g in  a t  4 .8 6  v o l t s .  T h is c o r r e c t io n  

can bo accou n ted  fo r  by c o n ta c t  p o t e n t ia l s  e x i s t i n g  In  

th e  a p p a r a tu s . Wlxon the cu rve I s  c o r r e c te d  In t h i s  way 

tho secon d  upward r i s e  due to  th e  fo rm a tio n  o f  m o lecu la r  

io n s  by th e  p r o c e s s  (A) s o t s  In a t  9 .7  v o l t s ,  w hich i s  

th e  moan v a lu e  f o r  the appearance p o t e n t ia l  a lr e a d y  

o b ta in e d •

For th e s e  h ig h  p r e s su r e  cu rv es  Vq was a l t e r e d  In  

s to p s  o f  0 .5  v o l t ,  th e  prim ary o b je c t  b e in g  sp eed , fo r  

owing to  th e  ra p id  d e t e r io r a t io n  o f  th e  ttungsten by the  

mercury vapour th e  e m iss io n  from th e  f i la m e n ts  Fg and 

ten ded  to  f lu c tu a t e *  T his was c a r e f u l ly  checked by 

o b se r v in g  th e  ga lvan om eter  Mg, and any change In th e
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oaisslc»! from Fg duo to d eterioration  was e a s ily  

d lstlzicu lshable from a change due to  the presence o f  

p o sitiv e  lo n e . A fter any flu c tu a tio n  the run waa always 

resta rted , and tlie experiment repeated u n t il  a a u fflc le n t  

n u c^ r of complete curves had been obtained to  conflrn  

tho r e s u lt .

ïho broken curve (b) In f i s *  15 repreaents the  

th eo re tic a l e x c ita tio n  function  o f the 2 s ta te  given  

by Penney {22)» ïlie  c lo se  agreement between the 

U ieoretlcftl curve and tJie oxperlr^ental curve below 9 .7  

v o lts  confinas iIout©rman*s con clusion . I f  a c o l l is io n  

between two me te s ta b le  2 Pq atomo each with an energy 

of 4*66 e le c tr o n -v o lts  resu lted  In tlie format 1cm o f a 

molecular 1cm, we would have expected the Ions to appear 

dt a pres pure a«>re nearly equal to  the pres cure necessary  

for the process (A).  Furthem ore, I f  the curve (a) of 

f i g .  16 had been corrected to  g ive a r lca  beginning at 

4*06 v o lte , Instead o f a t 4*86 v o l t s ,  then the second 

upward r la e  would have occurred fit 0 .6  v o lt  a , a value  

ï/îilcl^ Is  over 0 .1  v o lt  le e s  than the lowest value o f tlie 

appeararce p o ten tia l detez*mlnoc with a s lW la r  apparatus 

at E lower pressuTe.
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DISCUSSION OF RBSüLTS.

W hile t h i s  p ie c e  o f  work was draw ing t o  a c o n c lu s io n  

a p aper on th e  same s u b j e c t  was p u b lish e d  by S n a v e ly  ( 6 2 ) .  

H is ap p a ra tu s was s im i la r  t o  th a t  shown in  f i g .  9 b . I l ls  

p u b lis h e d  cu rv e  o b ta in e d  a t  a p r e s s u r e  o f  0 .0 9  mm i s  

rep rod u ced  in  f i g .  15 a s  cu rv e  ( c ) .  T^ils cu rve can be 

compared w ith  th e  au th or * s  cu rv e  ( a ) .  I t  i s  o f  

a p p ro x im a te ly  th e same shape b u t i s  moved b o d i ly  to  th e  

r i g h t  r e l a t i v e  to  th e  cu rv e  ( a ) .  S n a v e ly  c o r r e c te d  h i s  

v o l t a g e  s c a le  f o r  c o n ta c t  p o t e n t i a l s  by m oving th e  cu rve  

u n t i l  th e  second minimum o ccu rred  a t  1 0 .3 9  v o l t s ,  f o r  h e  

assum ed th a t  th e  s t e e p  r i s e  was due t o  th e  o n s e t  o f  d ir e c t  

ato în ic i o n i s a t i o n .  At t l ie  saiae tSmo h e  remarked th a t  on 

in f l e x io n  o ccu rred  in  th e  upward r i s e  o f  th e  c o r r e c te d  

curve a t  1 1 .2  v o l t s .  The c u r v e s  g iv e n  in  t h i s  t h e s i s  

siiow th a t  th e  I n f l e x io n  marks th e  appearance o f  a tom ic  

i o n s ,  whose e f f e c t  i s  su perim p osed  on th e  a lr e a d y  

e x i s t i n g  m o le c u la r  i o n s .  I f  S n a v e ly ’ s cu rv e  i s  now 

r e a d ju s te d  to  b r in g  th e  p o in t  o f  i n f l e x io n  down from  

11*2 to  1 0 .3 9  v o l t s ,  th e  cu rv e  ta k e s  th e  form  o f  cu rve  

(d ) in  f i g .  1 5 . The s t e e p  upward r i s e  now b e g in s  a t  

9*7 v o l t s  in  agreem en t w ith  th e  v a lu e  o f  9 .7 0  v o l t s  f o r  

th e  o n s e t  o f  m o le c u la r  i o n i s a t io n  by p r o c e s s  (A ) .

The maxima o f  th e  two p ea k s in  th e  cu rv es  (d ) and

(a )  a l s o  o ccu r  a t  tho same v a lu e  7 .6 5  v o l t s .  The f i r s t
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r i s o  In S n a v e ly * s  c o r r e c te d  c u r v e , h ow ever , d o es  n o t  

s e t  In  u n t i l  6*1 v o l t s ,  th e r e  b e in g  a s l i g l i t  f a l l  betw een  

4*1 and 6 .1  v o l t s .  S n a v e ly  a cco u n ted  f o r  th e  f a l l  in  h i s  

cu rv e  by a p r o c e s s  o f  n e g a t iv e  io n  fo rm a tio n  d is c o v e r e d  

by A rn o t and - l i l l i g a n  ( 5 3 ) ,  who had shown th a t  a m ercury

p o s i t i v e  ion  s t r ik in g  a f i la m e n t  or m e ta l e le c t r o d e

c a p tu r e s  two e le c t r o n s  from  th e  m e ta l s u r fa c e  and comes 

o f f  a s  a n e g a t iv e  io n .  S n a v e ly  su g g e s te d  th a t  th e  

p r e s e n c e  o f  a la r g e  number o f  n e g a t iv e  Iona formed in  

t i l l s  way In crea sed  th e  n e g a t iv e  sp a ce  ch arge round h is  

f i la ja e n t  and red u ced  th e  e m is s io n . S in c e  Arnot and 

U i l l l g a n  have shown th a t  th e  p r o b a b i l i t y  o f  th e  c o n v e r s io n  

o f  a 4 v o l t  p o s i t i v e  io n  in t o  a n e g a t iv e  io n  i s  about 10 

t i l l s  e x p la n a tio n  d oos n o t  ap pear t o  be a t  a l l  l i k e l y .  

S n a v e ly  does n o t r e p o r t  th e  r e s u l t  o f  any vacuum r u n s .

The f a l l  in  h i s  cu rv e  above 4 v o l t s  would p ro b a b ly  liave

boon iituch s t e e p e r  in  vacuum than  in  th e  cu rve (d ) so  t lia t  

i f  h i s  curve had been  c o r r e c te d  by th e  su b s t r a c t  Ion o f  a 

vacuum run th e  r i s e  m ight have s o t  in  a t  4 .9  v o l t s ,  in  

agreem ent w ith  th o  cu rv e  (a )  in  f i g .  1 5 .

S in ce  th e  ap pearan ce p o t e n t i a l  o f  th e  m o lec u la r  io n  

i s  9 .7 0  it 0*01 v o l t s ,  th e  e x c i t e d  atom  must p o s s e s s  a t  

l e a s t  9*70 e l e c t r o n - v o l t s  en erg y  b e fo r e  i t  can  combine 

w ith  a norm al atom to  form  an io n is e d  m o le c u le . R eferen ce  

t o  th e  en ergy  l e v e l s  o f  th e  m ercury atom  g iv e n  in  f i g .
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1 b p age 4 show s t h a t  th© e x c i t e d  s t a t e  o f  th e  m ercury

atom h a v in g  an en er g y  n e a r e s t  t o  t h i s  amount i s  th e

6s.8p.4^Pj^ s t a t e  w h ich  h a s  9 .7 2  e l e c t r o n - v o l t s  e n e r g y .

Ju st above t h i s  s i n g l e t  s t a t e  i s  th e  t r i p l e t  s t a t e

6 s .9 p .5 ^ P  o f  w h ich  th e  e n e r g ie s  a re  9 .7 9 ,  9 .8 0  and
o , X , ̂

9 .8 2  e l e c t r o n - v o l t s .  The v a lu e s  a r e  ta k en  from  B acher  

and G oudsm it ( 5 4 ) .

S c h a f f e r n ic h t  (1 7 )  g i v e s  an o p t i c a l  e x c i t a t i o n  

f u n c t io n  f o r  th e  4^P^ s t a t e  w h ich  h a s  a broad  maximum a t  

45 v o l t s .  No e x c i t a t i o n  f u n c t io n s  f o r  th o  t r i p l e t  5P 

s t a t e s  a re  g iv e n ,  b u t s in c e  th e y  a r e  e x c i t e d  by e l e c t r o n  

©xcliang© t h e ir  e x c i t a t i o n  f u n c t io n s  w i l l  r i s e  t o  a sharp  

maximum ju s t  above t h e i r  e x c i t a t i o n  p o t e n t i a l s .

Arnot and M il l ig a n  (4 )  o b ta in e d  a cu rve  show ing th o  

p r o b a b i l i t y  o f  fo r m a tio n  o f  t h e s e  m o le c u la r  io n s  a s a  

fu n c t io n  o f  th e  e l e c t r o n  e n e r g y . T h e ir  cu rv e  showed a 

sharp maximum a t  1 1 .5  v o l t s  and a broad  maximum a t  47  

v o lt s *  'Their e v id e n c e  f o r  a maximum in  th e  p r o b a b i l i t y  

curve a t  1 1 .5  v o l t s  i s  co n firm ed  by th e  p r e s e n c e  o f  an  

in f l e x io n  in  th e  cu rv e  (b )  in  f i g .  13 a t  1 1 .5  v o l t s .

T h is i n f l e x i o n  ap p ea red  in  a l l  su ch  medium p r e s s u r e  

cu rv es  ta k en  f o r  e l e c t r o n  e n e r g ie s  up t o  12 v o l t s .  S in c e  

th e  cu rv e  above 1 0 .3 9  v o l t s  show s th e  e f f i c i e n c y  o f  a tom ic  

p lu s  m o le c u la r  i o n i s a t i o n ,  th e  d e c r e a s e  in  th e  m o le c u la r  

i o n i s a t i o n  w i l l  o n ly  a p p ea r  a s  an i n f l e x i o n  and n o t  a s  a  

sharp  maximum.
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Tîie m o le c u la r  I o n s  o b se r v e d  b y  A rnot and M il l ig a n

when m ercury  v a p o u r I s  bom barded by e l e c t r o n s  h a v in g

e n e r g ie s  b e tw een  9 .7  and 200 v o l t s  can  now be a c c o u n te d  

f o r  by th e  two p r o c e s s e s

Hg (4^P^) +  H g -^ H g g ^  + £ ( a )

H g'(5^ P ) +  Hg - > H g ^  £  (b )

Tho p r o c e s s  (a )  a c c o u n ts  f o r  th e  b ro a d  maximum o b ser v e d  

in  t h e i r  p r o b a b i l i t y  c u rv e  a t  4 7  v o l t s ,  w h i le  th e  p r o c e s s

(b )  a c c o u n ts  f o r  th o  sh a rp  maximum a t  11*6 v o l t s .

I t  i s  im p o s s ib le  t o  sa y  d e f i n i t e l y  t h a t  an e x c i t e d  

atom in  an S , D or  F s t a t e  ab ove th e  5^P s t a t e  ca n n o t  

combine w ith  a norm al atom  t o  fo im  an I o n is e d  m o le c u le .  

Tiio p r o c e s s e s  (a )  and (b )  h o w ev er  f u l l y  a c c o u n t  f o r  th e  

o b s e r v a t io n s  o f  A rn ot and M i l l i g a n ,  and some e v id e n c e  

w i l l  be g iv e n  l a t e r  w h ich  s u g g e s t s  t h a t  an e x c i t e d  atom  

in  an 8 ,  D o r  P s t a t e  d o e s  n o t  form  an io n i s e d  m o le c u le  

on c o l l i s i o n  w ith  a n orm al a to m .

The a p p ea ra n ce  p o t e n t i a l  o f  t h e  m o le c u la r  io n  fou n d  

e x p e r im e n ta lly  t o  be 9 .7 0  Ï  0 .0 1  v o l t s ,  can  now b e f i x e d  

a c c u r a te ly  a s  9 .7 2 2  v o l t s ,  s i n c e  t h i s  s t a t e  h a s  an en erg y  

v a lu e  n e a r e s t  t o  th e  e x p e r im e n t a l ly  d e term in ed  v a lu e .

The io n s  p ro d u ced  oy th o  p r o c e s s e s  ( a )  and (b )  a r e  

d e f i n i t e l y  m o le c u la r  s i n c e  th e y  liave  b een  d e t e c t e d  by a  

m ass s p e c tr o g r a p h , b u t  th e  Io n s  form ed  by th e  p r o c e s s  

H g'(2® P  ) +  > Hgg +  £  ( c )
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h ave n o t b een  e in a ly se d  b y  t h i s  m ean s. 'Jho r e s u l t s  g iv e n  

h e r e  show q u i t e  d e f i n i t e l y  t h a t  a  c o l l i s i o n  b etw een  an
«Z g

e x c i t e d  2 and a  m e t a s ta b le  2 atom  lo a d s  t o  th e  

fo rm a tio n  o f  a p o s i t i v e  i o n .  I t  h a s  b een  assum ed  t h a t  tlio  

p o s i t i v e  io n s  s o  form ed  a r e  m o lo c u la r .  T h is  a ssu m p tio n  

w i l l  now b e j u s t i f i e d .

The p r o c e s s

f  H g ^ +  Hg + S- ( d )

i s  e n e r g e t i c a l l y  i n ^ o a s i b l e ,  s in c e  th e  e n e r g y  o f  th e  

l e f t  hand s i d e  i s  o n ly  9 #52  v o l t s  w h ich  i s  0 # 8 7  v o l t s  

l e s s  than th e  e n e r g y  o f  th o  r i g h t  hand s i d e .  An 

a l t e r n a t iv e  p r o c e s s

— ^ H g ’^ +  H g '  ( o )

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

m ercury g iv e n  by G lo c k le r  (5 5 )  i s  1 ,7 9  v o l t s .  The en er g y

o f  th e  r i g h t  hand s i d e  i s  now 1 0 .3 9  -  1 .7 9  =  8 . 6  v o l t s ,

w îiich i s  l o s s  tlian  th e  e n e r g y  o f  th e  l e f t  hand s id e  by

0 .9 2  v o l t s .  T h is  e x c e s s  e n e r g y  m ust be c a r r ie d  away in

k in e t i c  form  by t h e  r e s u l t i n g  p o s i t i v e  and n e g a t iv e  i o n s .

The p r o c e s s  ( e )  in v o l v e s  an e l e c t r o n  t r a n s f e r  from  th e

one atom  t o  th e  o t h e r .  M assey  and S m ith  (3 7 )  h a v e  ^lown

tlia t  e l e c t r o n  t r a n s f e r  d o e s  n o t  becom e a t  a l l  p r o b a b le

u n t i l  th e  k i n e t i c  e n e r g y  w it h  w h ich  th e  p a r t i c l e s  c o l l i d e

i s  ab ou t t e n  t im e s  t h e  e x c e s s  i n t e r n a l  e n e r g y  w h ich  m ust

be c a r r ie d  away b y  th e  p a r t i c l e s  a s k i n e t i c  e n e r g y  o f  

t r a n s l a t i o n  a f t e r  th e  c o l l i s i o n .  Now in  th e  p r o c e s s  (o )
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th e  k i n e t i c  e n e r g y  o f  th e  p a r t i c l e s  b e fo r e  th o  c o l l i s i o n  

i s  o n ly  t h e i r  com bined th erm a l e n e r g ie s  o f  ab out 0#1  

e l e c t r o n - v o l t .  The e x c e s s  en er g y  to  be c a r r ie d  away i s  

0 .9 2  e l e c t r o n - v o l t s  w hich  i s  ab out t e n  t im e s  th e  I n i t i a l  

k in e t i c  en erg y  o f  th e  p a r t i c l e s  and n o t  one t e n t h .  The 

p ro cess  ( e )  i f  i t  o c c u r s  a t  a l l  m ust t h e r e f o r e  havo a 

very  low  p r o b a b i l i t y .

T h is  le a d s  t o  th e  o n ly  p o s s i b l e  c o n c lu s io n  t l ia t  th e  

io n s  w hich  ap p ear a t  th e  r e so n a n c e  p o t e n t i a l  a re  m o le c u la r  

and th a t th e y  a re  form ed by  th e  p r o c e s s  ( c ) .

S in ce  a c o l l i s i o n  b etw een  an e x c i t e d  2^1^ atom  and 

a m o ta sta b lo  2 atom  le a d s  t o  th e  fo rm a tio n  o f  an 

io n is e d  m o lo cu lo  w h i le  a c o l l i s i o n  b etw een  two m e ta s ta b le  

atoms d o es  n o t  th o  i o n i s a t i o n  p o t e n t i a l  o f  th e  m ercury  

m olecu le  must l i e  b etw een  th e  l i m i t s  9 . 5 2 + D and 9 .3 2 + 1 )  

e l e c t r o n - v o l t s  w here D i s  th o  en erg y  o f  d i s s o c i a t i o n  o f  

the norm al m o le c u le .  T h is  p o in t  h a s  a lr e a d y  b een  d is c u s s e d  

on page 2 9 .

A s i n g l e  atom e x c i t e d  t o  a s t a t e  w ith  9 .5 2  e l e c t r o n -  

v o l t s  en erg y  h a s  t h e r e f o r e  s u f f i c i e n t  en erg y  to  form  an 

io n is e d  m o le c u le  when i t  c o l l i d e s  w ith  a norm al atom .

The e x p e r im e n ta l r e s u l t s  h a v e  shown how ever t h a t  th e  

e x c i t e d  atom  m ust p o s s e s s  a t  l e a s t  9 .7 0  1  0 .0 1  e l e c t r o n -  

v o l t s  e n er g y  b e f o r e  an io n i s e d  m o le c u le  can be foi*med.

The v a lu e s  g iv e n  in  T a b le  1 p age 67 show th a t  th e
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Taaxinmn e r r o r  c o u ld  n o t red u ce  th e  v a lu e  t o  9 .5 2  e l e c t r o n -  

v o l t s .  R e fe r e n c e  t o  th e  en erg y  l e v e l  d iagram  In f i g .  1 b 

sho^s th a t  th e  e x c i t e d  s t a t e s  o f  th e  m ercury atom ly i n g  

botwoon 9 .5 2  and 9 .7 2  e l e c t r o n - v o l t s  are a l l  S ,  D o r  F 

s t a t e s .  The f i r s t  P s t a t e  h a v in g  an en erg y  g r e a te r  than  

9 .5 2  e l e c t r o n - v o l t s  i s  t h e  6 s .8 p .  s t a t e .  T h ere fo re

a lth o u g h  an e x c i t e d  atom  In any one o f  th e  S ,  D or P s t a t e s  

between 9 .5 2  and 9 .7 2  e l e c t r o n - v o l t s  h a s  s u f f i c i e n t  en erg y  

to  form an io n is e d  m o le c u le  nono a r e  o b se r v ed  u n t i l  t lie  

atoms are e x c i t e d  in t o  t h e  4^?^ s t a t e .  S in c e  th e  t lir e o  

p r o c e s se s  ( a ) ,  (b)  and ( c )  w hich  in v o lv e  o n ly  e x c i t e d  

atoms in  P s t a t e s  a r e  s u f f i c i e n t  to  a cc o u n t f o r  a l l  th e  

ex p er im en ta l o b s e r v a t io n s  on th e  fo r m a tio n  o f  m ercury  

m o lecu la r  i o n s ,  one i s  l e d  t o  th e  c o n c lu s io n  th a t  in  

mercury o n ly  atom s in  e x c i t e d  P s t a t e s  can ta k e  p a r t  in  

th e fo r m a tio n  o f  m o le c u la r  i o n s .

I f  t h i s  c o n c lu s io n  i s  c o r r e c t  we can now r e s t r i c t  

th e  I o n i s a t io n  p o t e n t i a l  o f  th e  m ercury m o le c u le  t o  

narrow er l i m i t s . Wo havo se e n  t h a t  i t  I l e a  b etw een  th e  

l i m i t s  9 .5 2  4- D and 9 ,3 2  +  D e l e c t r o n - v o l t s .  S in c e  

atoms in  th e  t r i p l e t  5^P s t a t e  can  form  io n is e d  m o le c u le s  

on c o l l i s i o n  w ith  norm al a to m s, i t  i s  r e a s o n a b le  t o  

suppose th a t  e x c i t e d  atom s in  th e  t r i p l e t  4 P  s t a t e

co u ld  a l s o  do s o  p r o v id e d  t h e i r  en er g y  was s u f f i c i e n t .
3The en erg y  o f  th e  t r i p l e t  4 P s t a t e  i s  9 .4 3  e l e c t r o n -  

v o l t s .  S in c e  no io n s  a r e  d e t e c t e d  f o r  e l e c t r o n  e n e r g ie s
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as low a s  t h i s , e x c i t e d  4 P atom s ca n n o t h ave enough

en e r g y . The i o n i s a t i o n  p o t e n t i a l  o f  th e  m o le c u le  I s  

co n se q u e n tly  f i x e d  by th e  l i m i t s  9 .4 3  -t D and 9 .5 2  -h D 

e l e c t r o n - v o l t s . The v a lu e  o f  D th e  en e r g y  o f  d i s s o c i a t i o n  

o f  the noriuol m o le c u le  g iv e n  by Win an s (1 5 )  I s  0 .1 5  

e l e c t r o n - v o l t s .  The i o n i s a t i o n  p o t e n t i a l  o f  th e  m ercury  

m olecu le  t h e r e f o r e  l i e s  b etw een  th e  v a lu e s  9 .5 3  qiid 9 .6 5  

e l e c t r o n - v o l t s .

The e n er g y  o f  d i s s o c i a t i o n  o f  th e  io n i s e d  m o le c u le  

i s  g iven  by th e  r e l a t i o n  o b ta in e d  on p a g e  15

has some v a lu e  l y i n g  b etw een  9 .4 3  4- D and 9 . 5 2 +  D

e l e c t r o n - v o l t s .  i s  imown from  l i n e  s p e c tr a  o b s e r v a t io n s

to  be 1 0 .3 9  e l e c t r o n - v o l t s .  The e n e r g y  o f  d i s s o c i a t i o n

o f  the io n is e d  m o le c u le ,  D j c o n s e q u e n t ly  l i e s  b etw een  th e

l im it s  ( 1 0 .3 9 - 9 .5 2 )  and ( 1 0 .3 9 - 9 .4 3 )  e l e c t r o n - v o l t s  i . e .

between 0 .8 7  and 0 .9 6  e l e c t r o n - v o l t s .  I t  i s  t o  be n o te d

th a t  th e s e  v a lu e s  a r e  in d e p e n d en t o f  th e  en er g y  o f  th e

d i s s o c ia t i o n  o f  th e  n orm al m o le c u le ,  a q u a n t i ty  f o r  w hich

very  d i f f e r e n t  v a lu e s  havo bo en o b ta in e d . In  1933 Winans

(56)  o b serv ed  c e r t a in  b ands In  m ercury vap ou r w hich  o n ly

appeared in  e m is s io n ,  th e y  a l s o  had  o th o r  p r o p e r t ie s  w hich

su g g e s te d  t h a t  t h e i r  o r i g i n  was th e  m ercury m o le c u la r  io n

Egjt* Frcxa m easu rem ents o f  t h e s e  b ands h e  e s t im a te d  th a t  th e

en ergy  o f  d i s s o c i a t i o n  o f  th o  io n i s e d  m o le c u le  was g r e a te r

than  0 .5  e l e c t r o n - v o l t s .  The v a lu e  g iv e n  h ero  i s  c o n s id e r :  

:a b ly  h ig i i e r .
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TIIEO^TICAL D is c u s s io n  OF THK FOimTIOH 

OF MERCURY MOLBCULES-

'I’ho fo r m a tio n  o f  e x c i t e d  and lo n ls o d  n o le c u le a  in  

^Kces and v a p o u rs v /lilch  a r e  ra o lecu la r  in  t h e ir  norm al 

flta te  can  be r e g a rd e d  a s  a n a lo g o u s  t o  th e  e x c i t a t i o n  and 

I o n is a t io n  o f  a to m s .

In  m ercury t h e r e  e x i s t  no m o le c u le s  In th o  norm al 

s ta te  and so  th e  q u e s t io n  a r i s e s  a s  t o  how th o  o x c i to d  

and io n is e d  m o le c u le s  a p p e a r . I t  i s  g e n e r a l ly  assum ed  

th a t an e x c i t e d  atom  o r  io n  can com bine w ith  a norm al 

atom t o  form  an e x c i t e d  or i o n i s e d  m o le c u le .  A d ir e c t  

attac ln aen t p r o c e s s ,  a s  p o in te d  o u t  on p age 1 0 , r e q u ir e s  

the d i s s i p a t i o n  o f  an amount o f  e n e r g y  e q u a l to  th e  

energy o f  d i s s o c i a t i o n  o f  th e  o x c i to d  m o le c u le .  I f  th e r e  

i s  no p a r t i c l e  s e t  f r e e  to  c a r r y  o f f  any e x c e s s  en erg y  

i t  con o n ly  b e r a d ia t e d  s in c e  a th r o e  body c o l l i s i o n  i s  

very  u n l i k e l y  e x c e p t  a t  h i ^  p r e s s u r e s .

In  th e  th r e e  p r o c e s s e s

Hg +  He — ^ns'^2 + ^ (a )

Hg''(5^Pp +  Hg — > Hs^ +  £  {13)

H g'(2^ P ^ ) t  — » n g g +  £  ( c )

w h ich  h a v e  b een  fou n d  t o  a cc o u n t f u l l y  f o r  a l l  th e

e x p e r im e n ta l o b s e r v a t io n s  on th e  fo rm a tio n  o f  io n is e d

n o l o c u l e s ,  an e l e c t r o n  i s  s e t  f r e e  w hich  con c a r r y  o f f
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any e n e r g y  In  e x c e s s  o f  t h a t  o f  a q u a n t is e d  s t a t e  o f  th e  
lontsed
n o rr ia l m o l e c u l e ,

A rn o t and M i l l i g a n  c o u ld  d e t e c t  n o  t r a c e  o f  th e  

fo r m a tio n  o f  a m o le c u la r  io n  by th e  a t ta c h m e n t  o f  an 

a to m ic  io n  t o  a n o rm a l a to m . T h is  p r o c e s s  w h ich  may he 

w r it t e n

+  Hg — >

would r e q u ir e  t h e  r a d i a t i o n  o f  t h e  e x c e s s  e n e r g y  w h ich  i s  

about 0 . 9  e l e c t r o n - v o l t s .

I t  i s  I m p o s s ib le  t o  s a y  t h a t  t h i s  p r o c e s s  d o o s  n o t  

o c c u r , b u t  t h e  n o n - r a d i a t i v e  p r o c e s s e s  ( a )  and (b )  Ixave 

d e f i n i t e l y  a much h ig h e r  p r o b a b i l i t y .

L e t US su p p o se  t h e  b r o k en  c u r v e  i n , f i g .  4 ,  on p age  

1 4 , r e p r e s e n t s  th e  p o t e n t i a l  e n e r g y  c u r v e  f o r  an e x c i t e d  

atom  and a n oim ial a to m . The fo r m a t io n  o f  th e  

io n is e d  m o le c u le  may b e c o n s id e r e d  in  tw o w a y s . I t  may 

be r e p r e s e n t e d  by a h o r i z o n t a l  m ovem ent t o  th e  l e f t  

a lo n g  th e  l i n e  r e p r e s e n t i n g  th e  p o t e n t i a l  e n e r g y  o f  th e  

two atom s a t  l a r g e  i n t e m u c l e a r  d i s t a n c e s .  On th e  o t h e r  

hand th e  fo r m a t io n  o f  a m o le c u la r  io n  from  an e x c i t e d  

atom  and a n o rm a l atom  may b e  a  tw o  s t a g e  p r o c e s s .  The 

e x c i t e d  m o le c u le ,  w h ose  p o t e n t i a l  e n e r g y  c û r v e  i s  

r e p r e s e n t e d  by  t h e  b r o k e n  c u r v e ,  may bo form ed and th e n  

im m e d ia te ly  i o n i s e d  b y  t h e  e x c e s s  e n e r g y .  H ie i o n i s a t i o n  

p r o c e s s  i s  th o n  r e p r e s e n t e d  by t h e  v e r t i c a l  l i n e s ,  f o r  

a c c o r d in g  t o  t h e  F ran ck -C on d on  p r i n c i p l e  t h e  I n t e m u c l e a r
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d is t a n c e  rem a in s m o m en ta r ily  unchanged  d u r in g  an e le c t r o n  

t r a n s i t i o n .

The f a c t  th a t  atom s in  S , D or P s t a t e s  do n o t  form  

io n is e d  m o le c u le s ,  ev en  when th e y  h a v e  s u f f i c i e n t  en erg y  

to  do s o ,  s u g g e s t s  th a t  some su ch  tw o -s ta g e  p r o c e s s  i s  

I n v o lv e d .

T hese s u g g e s t io n s  a re  p u t forw ard  v e r y  t e n t a t i v e l y .  

There rem a in s a g r e a t  d e a l  o f  work to  be done on t h i s  

p a rt o f  th e  s u b j e c t .

The s a t i s f a c t o r y  w ork in g  o f  t h i s  a p p a ra tu s  s u g g e s te d  

a s im i la r  I n v e s t ig a t io n  o f  th o  fo r m a tio n  o f  io n is e d  

m o le c u le s  in  h e liu m . T h is  p a r t  o f  th e  r e s e a r c h  I s  

d e sc r ib e d  in  th e  n e x t  s e c t i o n .

I

tit.* . , r"
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PART 3 ( a ) .

AN INVESTIGATION OF T m  FORMATION OF HKLIgM

MOLSCULES 3T A BALANCED 8PACE-CRARGE UETROD.

THE APPARATUS.

A t th e  c o n c lu s io n  o f  th e  work w ith  siercu ry  th e  w hole  

tu b e , in c lu d in g  th e  w ir e s  and th e  vacuum w ax, was ta k en  

down and a l l  t r a c e s  o f  m ercury wore c a r e f u l l y  rem oved.

The tu b e was th e n  s e t  up a g a in ,  w ith  th e  n e c e s s a r y  

a l t e r a t io n s  f o r  th e  u s e  o f  th e  r a r e  g a s e s .

A l i q u i d - a i r  tr a p  and a m ercury c u t - o f f ,  b o th  o f  

la r g e  d ia m e te r , were in s e r t e d  b etw een  th e  p y rex  tu b e  and 

tho m ercury d i f f u s i o n  pump. The In n er  tu b e o f  th e  c u t - o f f  

was d r i l l e d  w ith  a number o f  sm a ll h o le s  o f  v a r y in g  d ia m e te r  

arranged  in  a s p i r a l .  The r a t e  o f  d i f f u s i o n  o f  th e  g a s  

co u ld  bo a l t e r e d  by r a i s i n g  or lo w e r in g  th e  m ercury l e v e l  

to  c o v e r  any d e s ir e d  number o f  h o l e s .  An a i r - t r a p  was 

jo in e d  to  th e  c u t - o f f  t o  p r e v e n t  a i r  b u b b le s  e n t e r in g  th e  

ap p aratu s a s th e  r e s e r v o ir  was moved up and down. A 

s m a lle r  l i q u i d - a i r  tr a p  was f i t t e d  b etw een  th e  tu b e and 

th e  McLeod g a u g e .

The r a r e  g a s e s  w ere s u p p lie d  by th e  P r i t i s h  Oxygen 

Company in  g l a s s  c o n t a in e r s  o f  1-J- l i t r e  c a p a c i t y ,  and 

wore s t a t e d  t o  be s p e c t r o s c o p ic a l ly  p u r e .
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The g a s  c o n t a in e r  was c o n n e c te d  th ro u g h  a m ercury  

s e a le d  ta p  to  a m anom eter and a la r g e  g l a s s  b u lb  o f  1 

l i t r e  c a p a c i t y .  The b u lb  was J o in ed  by a ta p  to  a f i n e  

c a p i l l a r y  le a k  w hich  was c o n n e c te d  th ro 'jg h  a l l q u i d - a l r  

trap  CO th e  p y re x  t u b e .  Tiie c a p i l l a r y  le a k  was s h o r t -  

c ir c u i t e d  by a ta p  w h ich  c o u ld  be opened when i t  was 

d e s ir e d  to  e v a c u a te  th e  sy stem  b eh in d  th e  l e a k .  'fh is  

tap  was a lw a y s k ep t open when a i r  was a d m itte d  t o  th e  

ex p er im en ta l tu b e  f o r  f i la m e n t  r e n e w a l,  to  e l im in a t e  th e  

r is k  o f  a p a r t i c l e  o f  d u s t  b ecom in g  lo d g e d  in  th e  f i n e  

c a p i l la r y  •

P r e c a u t io n s  had t o  be ta k e n  to  e n su r e  th a t  th e  

s p e c t r o s c o p ic a l ly  pure g a s e s  w ere n o t  co n ta m in a ted  b e fo r e  

re a ch in g  th e  a p p a r a tu s . The m ercury  s e a le d  ta p  p r e v e n te d  

any p o s s ib l e  le a k a g e  from  th o  atm osp h ere in t o  th e  

c o n ta in e r  on ce th e  s e a l  had  b een  b r o k e n , how vapour  

p r e s su r e  A p iexon  g r e a s e  ”L” was u se d  f o r  a l l  ta p s  and 

A piezon  g r e a s e  ”N” was u s e d  f o r  a l l  J o in t s  w hich  w ere 

w a te r - c o o le d •

A f t e r  th e  e n t i r e  vacuum sy s te m  had b een  c o n s t r u c t e d ,  

i t  was k ep t e v a c u a te d  a t  a p r e s s u r e  bel0#f 10 ^  o f  Fg

f o r  s e v e r a l  d a y s .  Any g a s  from  th e  low  vacuum s id e  was 

p r e v e n te d  from  d i f f u s i n g  b a ck  in t o  th e  a p p a r a tu s  when 

th e  pumping was d i s c o n t in u e d ,  by c l o s i n g  th e  m ercury  

c u t - o f f  when th e  d i f f u s i o n  pump was s t i l l  r u n n in g . The
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l i q u id - a l r  tr a p s  were Immersed in  l i q u i d - a i r  to  remove 

any tr a c e s  o f  vap our, and whon th e  p r e s su r e  read  on th e  

I^cLeod gau^e showed a ” s t i c k in g  vacuum"  ̂ w hich i s  

e q u iv a le n t  to  a p r e s su r e  below  lO”  ̂ mm o f  B g, th e  s e a l  o f  

the c o n ta in e r  was broken# Tlie gas was p a ssed  from the  

co n ta in e r  t o  th e  la r g e  b u lb , where I t  was s to r e d  a t  a 

p ressu r e  o f  a few  c e n t im e tr e s  o f  Hg as read  on tlie  

manometer .co n n ec ted  to  the b u lb . vThon r e q u ir e d  the gas  

was ad m itted  to  th e  p yrex  tube throu^^i th e  c a p i l la r y  le a k  

and l i q u i d - a i r  t r a p . The p r e ssu r e  o f  th e gas in  the  

ap paratu s was c o n t r o l le d  by a d ju s t in g  the p re ssu r e  in  the  

b u lb  beh ind  th e  le a k  and th e l o v e l  o f  th e  m ercury In the  

c u t - o f f .  A c i r c u la t in g  system  was n o t employed and f r e s h  

g as from the r e s e r v o ir  was c o n t in u a l ly  p a s s in g  through  

th e  ap paratu s from w hich i t  was pumped away in t o  the  

atm osp h ere.

Tlie second  form o f  th e  ap p aratu s shown in  f i g .  9 b 

on pago 50 was used* W ith m ercury t h i s  had proved to  be 

e q u a lly  s a t i s f a c t o r y  and s l i g h t l y  more s e n s i t i v e  than the  

crrangement shown in  f i g .  S a .

Tlie h a ir - p in  f i la m e n t  was surrounded by a sm all 

n ic k e l  c y l in d e r  0 .5  cm in  d ia m e te r . T h is c y l in d e r ,  w hich  

i s  n o t  shown in  th e  diagrsuri, was co n n ected  to  the  

n e g a t iv e  le a d  o f  th e  f i la m e n t  and so  fo c u s s e d  th e e le c t r o n  

beam p a s s in g  up to  th e  g a u ze .
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The f i la m e n t s  were f la s h e d  and m n - in  and th e  

pumping co n tin u e d  u n t i l  th e  IJcLeod gauge showed a 

” s t i c k i n g  vacuum.^* Hie g a s  was th en  a d m itted  t o  th e  

a p p a ra tu s and th e  e x p e r im e n ta l p roced u re c a r r ie d  out 

a s  f o r  th e  work w ith  morcui*y. Hie en erg y  o f  th e  e lo c tr o n a  

from  th e f i la m e n t  was v a r ie d  fro r i a few  v o l t s  b elow  

th e  f i r s t  e x c i t a t i o n  p o t e n t i a l  to  a few  v o l t s  above th o  

atom ic  i o n i s a t i o n  p o t e n t i a l ,  and th e  r e s u l t i n g  change in  

th e  e m is s io n  from  the f i la m e n t  was o h se i‘v e d . S e v e r a l  

ru n s were ta k en  a t  d i f f e r e n t  p r e s s u r e s  in  each  o f  th e  

th r o e  g a s e s ,  a r g o n , h e liu m  and n e o n . They were u se d  in  

t h i s  o r d e r .

RESULTS.
The c u r v e s  o b ta in e d  a t  v a r io u s  p r e s s u r e s  in  a rg o n , 

neon and h e liu m  a re  ahov/n in  f i g s . 1 6 , 17 and 18 

r e s p e c t i v e l y .  As b e fo r e  th e  c u rv e s  r e p r e s e n t  th e  change 

in  tlio  a p a ce -ch a rg e  l im i t e d  e m is s io n  from  th e  f i la m e n t  

Fg a s  th e  en erg y  o f  th e  e le c t r o n s  from  was in c r e a s :  

: c d . 'ihe same l i n e a r  f a l l ,  due t o  th e  f a c t  th a t  th e  

e m is s io n  from  Fg was n o t  e n t i r e l y  a p a ce -ch a rg e  l im i t e d ,  

o c cu r red  as was in c r e a s e d .  The r e s u l t s  f o r  h e liu m  

wore o b ta in e d  a f t e r  th e  argon  r e s u l t s  and b e fo r e  th o s e  

f o r  n eo n . Hie c u r v e s  in  f i g s .  16 and 17 have been  

d is p la c e d  in  a v e r t i c a l  d i r e c t io n  t o  se p a r a te  th e  p o in t s  

b elow  th e  a to m ic  i o n i s a t i o n  p o t e n t i a l .
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The lo w es t  cu rv es In T ig s .  17 and 18 were ob ta in ed  

in  vacuum.

The cu rves in  f i g s .  16 and 17 show th a t  in  argon  

and neon io n is a t io n  s e t s  in  a t  th e atom ic io n is a t io n  

p o t e n t ia l  fo r  each  v a lu e  o f  th e  p re ssu r e  u se d . The 

io n is a t io n  p o t e n t ia l s  fo r  argon and neon o b ta in ed  from  

l in e  sp e c tr a  m easurem ents are 15*7 and 21*5 e lec tro n -^ v o lts  

r e s p e c t iv e ly .  T h is in d ic a t e s  a c o r r e c t io n  to  the v o lta g e  

s c a le  fo r  th e argon cu rv es o f  - 0 .3  v o l t s ,  and fo r  th e  neon  

curves o f  -0*5  v o lt s *  T h is c o r r e c t io n  h as to  be a p p lied  

becau se o f  c o n ta c t  p o t e n t ia l s .  In argon and neon th ere  

i s  no ev id e n c e  o f  any io n is a t io n  below  th e  atom ic io n is â t :  

l io n  p o t e n t ia l .  I t  i s  seen  from th e  f i g s . 16 and 17 th a t  

the p ressu r e  o f  neon has to  be about ten  tim es th a t  o f  

argon to  g iv e  the sane change in  th e  em iss io n  from Pg when 

the v a lu e  o f  i s  ju s t  sbove th e  io n is a t io n  p o t e n t ia l .  

T his i s  not due to  any d ec r ea se  in  the s e n s i t i v i t y  o f  th e  

a p p a ra tu s . I t  i s  due c h ie f ly  to  th e  f a c t  th a t the  

p r o b a b il i ty  o f  io n is a t io n  a t  a c o l l i s i o n  i s  much g r e a te r  

in  argon than In neon a s war shown by Compton and Van 

V oorh ls ( 2 3 ) ,  and p a r t ly  to  the f a c t  th a t  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 argon atoia i s  g r e a te r  than the  

e f f e c t i v e  c r o s s - s e c t io n  o f  a neon atom.

Tho cu rv es fo r  h eliu m  in  f i g .  18 show d e f i n i t e l y  the  

appearanco o f io n s  below  th e  atom ic io n is a t io n  p o te n t ia l
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which i s  known from s p e c tr o s c o p ic  m easurements to  be

24*5 e l e c t r o n - v o l t s .  I t  i s  more d i f f i c u l t  to  d e c id e  from

th e se  cu rv es th e  p r e c is e  v a lu e  o f  a t  which the d ir e c t

atom ic I o n is a t io n  s e t s  in .  A l l  th e  cu rves ex c ep t the

one o b ta in ed  in  vacuum show a d e f i n i t e  in crea co  in  th e

io n is a t io n  b eg in n in g  a t  about 2 3 .5  v o l t s .  T his su g g e s ts

a c o r r e c t io n  fo r  the v o lta g e  s c a le  o f  4- 1 .0  v o l t  which i s

accounted  fo r  by c o n ta c t  p o t e n t ia l s  and by the energy

spread o f  th e  e le c tr o n s  from . llio  cau-ves g iv e n  in  f i g .

19 aro tho curves o f  f i g ,  13 c o r r e c te d  by the su b tr a c tio n

o f  a vacuum run and w ith  the v o lta g e  s c a lo  a d ju ste d  by

f  1 ,0  v o l t .  Those cu rvos now show th a t io n is a t io n  s e t s

in  a t  1 9 .8  e l e c t r o n - v o l t s .

The energy l e v e l  diagram  fo r  the h e l lu n  atom in  f i g .

2 page 6 shows th a t  tho lo w e s t  o x c ito d  s t a t e  o f  h eliu m
**

i s  the m e ta s ta b le  t r i p l e t  s t a t e  o f  1 9 .7 7  v o l t s  en erg y , 

Tho n ex t s t a t e  la  th e  reson an ce l e v e l  ^  2^8^ o f  2 0 .5 5  

v o l t s  ">nergy, The cu rv es o f  f i g .  19 in d ic a te  th a t  io n is â t ;  

; io n  s e t s  in  when th e  atoms arc e x c i t e d  to  the lo w e s t  2^S 

s t a t e .  A lthough  th e  c o r r e c t io n  fo r  the v o lta g e  s c a le  i s  

r a th e r  in d e f in i t e  th e  cu rves in  f i g .  18 show th a t  th e  

erro r  cannot be g r e a te r  than -  0 .2 5  v o l t y ,  ar̂ d hence the  

c o n o c t io n  cannot be g r e a te r  tlrin  4- 1 .2 5  v o l t s .

I o n is a t io n  must s e t  in  e i t h e r  a t  1 9 .8  v o l t s  or a t  

2 0 ,5 5  v o l t s ,  fo r  i t  cannot s e t  in  a t  some In term ed ia te
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v a lu e . I f  the connect v a lu e  were 2 0 .5 5  v o l t a ,  the  

c o r r e c t io n  to  tho v o lta g e  s c a le  would have to  bo 1 .9  

v o l t s ,  which i s  fa r  above th e  l im it  o f  any p o s s ib le  e r ro r .

?/© can th e re fo re  on ly  conclude th a t when helium  i s

e x c ite d  by e le c tr o n  impact p o s i t iv e  io n s are formed aa soon

as th e  energy o f  th e  e le c tr o n s  i s  s u f f i c i e n t  bo r a is e  the
%

atoms in to  th e  lo w est e x c ite d  2" Ù s t a t e .  Tiiase io n s  m y  

be m olecu lar or they may be a to m ic , t h i s  p o in t has y e t  to  

bo d ec id e d .

Thir. co n c lu sio n  i s  sim ply a con firm ation  o f the  

r e s u l t s  o f many o th er  w orkers. However, by u s in g  the  

r e s u l t s  ob ta in ed  a ith  noon and argon as an experim ental 

c o n tr o l , a new in te r p r e ta t io n  can be g iv e n .

A tr a c e  o f im purity  in  the helium  migi'it have produced 

a sm all p o s i t iv e  ion  current a t  the f i r s t  e x c ita t io n  

p o t e n t ia l ,  s in c e  the atoms o f  th e  impur1 by cou ld  be io n is e d  

by c o l l i s i o n s  o f  the second kind w ith  e x c it e d  helium  atom s. 

Owing to  the p reca u tio n s taken to  m ainta in  the p u r ity  o f  

the h o llu m , the on ly  source o f Im purity cou ld  havs been  

gas g iven  o f f  by the f ila m e n ts  or w a lls  o f the apparatus.

I f  t h i s  were the cause then io n is a t io n  should have been 

observed a ls o  in  necn a t tho f i r s t  e x c ita t io n  p o te n t ia l  

which i s  16 .58  e le c t r o n - v o l t s ,  s in c e  the io n is a t io n  

p o te n t ia ls  o f  a l l  tho more common i . ip u r it le s  are below  

t h is  v a lu e .
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'l’Ile cu rv es  f o r  neon In f ig *  17 show no t r a c e  o f  

i o n i s a t io n  b elow  th e  a tom ic io n i s a t io n  p o t e n t ia l  2 1 ,6  

e l e c t r o n - v o l t s ,  and th e r e fo r e  th e r e  must be some o th e r  

e x p la n a t io n  «

A c o l l i s i o n  b etw een  an e le c t r o n  and an atom in  a 

m eta sta b le  s t a t e  co u ld  p rod uce an a tom ic io n ,  A c o l l i s i o n  

o f  th e  secon d  k in d  betw een  two m e ta s ta b le  atom s in  w hich  

the en erg y  o f  one atom was t r a n s fe r r e d  t o  th e  o th e r  co u ld  

a ls o  produce an a tom ic  io n  and a norm al atom . The e x c e s s  

energy in  t h i s  p r o c e s s  i s  ( 3 9 ,5 4  -  2 4 ,4 7 )  e l e c t r o n - v o l t s ,  

i , e ,  1 6 ,0 7  e l e c t r o n - v o l t s  and co u ld  be c a r r ie d  away by th e  

e je c te d  e le c t r o n  a f t e r  th e  c o l l i s i o n .  However, we would  

exp ect any such  p r o c e s s  t o  occu r  in  argon and noon as w e l l  

a s in  h e liu m , s in c e  argon  and noon b o th  have a m e ta s ta b le  

s t a t e  as t h e i r  lo w e s t  e x c i t e d  s t a t e ,  th e  en ergy  o f  w hich  

i s  g r e a te r  than  h a l f  th e  i o n i s a t i o n  p o t e n t i a l .

No io n s  w ere d e te c t e d  b elow  th e  a tom ic io n i s a t io n  

p o te n t ia l  in  argon  and neon and so  we must co n c lu d e  th a t  

a l l  o f  th e  above p r o c e s s e s  have to o  low  a p r o b a b i l i t y  to  

g iv e  r i s e  t o  a m easu rab le  p o s i t i v e  io n  c u r r e n t .

The h e liu m  m e ta s ta b le  atom s b r in g  o f f  a la r g e  number 

o f  e le c t r o n s  from  th e  m e ta l s u r fa c e s  in  th e a p p a r a tu s . 

There i s  how ever no f i e l d  p r e s e n t  in  th e  a p p a r a tu s , w hich  

can g iv e  th e s e  e l e c t r o n s  s u f f i c i e n t  en erg y  t o  en a b le  them 

t o  produce a tom ic io n s  a t  a s in g le  c o l l i s i o n .
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The Ions observed In helium  a t the low est e x c ita t io n  

p o te n t ia l  must th ere fo re  bo m olecu lar . The e x is te n c e  o f  

helium  m olecu les i s  w e ll known from band sp ectra  ev id en ce . 

î?o band sp ectra  have been observed in  argon and although  

a number o f bands in  the red In neon were reported  by 

hlinvalc (57) in  1930, t h is  o b serv a tio n  has not been 

confirm ed.

The sp ec tro sco p ic  ev idence fo r  the e x is te n c e  o f

m olecu les in  helium  and fo r  th e ir  n o n -ex is te n c e  in  argon

and noon i s  supported by the curves in  f ig s *  16 , 17 and 18,
%

The th e o r e t ic a l  e x c ita t io n  fu n c tio n  fo r  the 2 S s ta te  

o f  the helium  atom given  by Massey and Mohr (21) i s  

reproduced as curve (b) in  f ig *  10* T his curve shows th a t  

tho p r o b a b ility  o f  e x c ita t io n  to  the 2^8 s ta te  by e le c tr o n  

impact r i s e s  to  a maximum a t about 22 v o l t s  and then  

remains p r a c t ic a l ly  co n sta n t fo r  e le c tr o n  en er g ies  up to  

24 v o l t s .  The low est experim ental curve obtained  a t a 

p ressu re o f 0*056 mm o f  Hg a ls o  r i s e s  to  a maximum at  

about 22 v o l t s  and then rem ains p r a c t ic a l ly  h o r iz o n ta l.

Tills le a v e s  l i t t l e  doubt th a t a t low p ressu res  m olecular  

io n s are formed from e x c ite d  atoms in  the 2 8 s t a t e .  As 

the p ressu re  i s  r a is e d  the experim ental curves depart 

more and more from th e  form o f the e x c ita t io n  fu n ctio n  o f  

th e 2^S s t a t e .  This su g g ests  th a t a t  h igh er  p ressu res  

atoms 5n h ig h er  e x c ite d  s ta te s  take part in  tho form ation  

o f th e  m olecu lar io n s .  S in ce  the atoms in  th e h igher

1
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e x c i t e d  s t a t e s  a r e  n o t  a e t a s t a b l e ,  a  h ig h e r  p r e s s u r e  i s  

n e c e s s a r y  In  o r d e r  t h a t  t h e y  a a y  make an e f f e c t i v e  

c o l l i s i o n  b e f o r e  th e y  h a v e  t im e  to  r a d i a t e .

T hose r e s u l t s  show d o f i n i t o l y  t h a t  h e liu m  m o le c u le s
g

are form ed by a c o l l i s i o n  o f  an e x c i t e d  atom  in  th e  2 S 

s t a t e  w ith  e i t h e r  a  n orm al atom  o r  a n o th e r  atom  in  th e  

2 S s t a t e .  The form er p r o c e s s  w i l l  h a v e  a much la r g e r  

p r o b a b i l i t y ,  and i s  p r o b a b ly  th e  e f f e c t i v e  p r o c e s s  

p ro v id ed  i t  i s  e n e r g e t i c a l l y  p o s s i b l e ,  t h a t  i s  i f  th e  

i o n i s a t io n  p o t e n t i a l  o f  th e  h e liu m  m o le c u le  i s  l e a s  tlia n  

1 9 .7 7  e l e c t r o n - v o l t s .

In  th e  f i r s t  p a p e r  on t h i s  s u b j e c t ,  p u b lis h e d  by  

D r. F .L . A rn o t and th e  a u th o r  ( 5 8 ) ,  we assum ed th e  

c o r r e c tn e s s  o f  a v a lu e  o f  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  h e liu m  m o le c u le  g iv e n  by J ev ô n s (1 0 )  . The v a lu e  g iv e n  

was 18#68 e l e c t r o n - v o l t s  w h ich  was b a s e d .o n  o b s e r v a t io n s  

made by f io p f l e ld  ( 8 ) .  A f t e r  p u b l i c a t io n  i t  was b ro u g h t  

to  our n o t i c e  b y  D r . H erzb erg  t h a t  H o p f ie ld  had su b s e :  

:q u e n tly  d e c id e d  t h a t  th e  b a n d s , w h ich  h e  had a s s ig n e d  

to  h e liu m , w ere due t o  n i t r o g e n .  T h is  f a c t  was n o t  

p u b lis h e d  by H o p f ie ld  b u t w as a p p a r e n t ly  m en tio n ed  in  a 

c o n v e r s a t io n  b etw een  H o p f ie ld  and L îu l l lk e n , and i s  g iv e n  

a s a f o o t  n o te  by M u llik e n  (9 )  in  a p ap er on th e  n i t r o g e n  

b a n d s .

The i o n i s a t i o n  p o t e n t i a l  o f  t h e  h e liu m  m o le c u le  i s  

t h e r e f o r e  n o t  know n, and s o  we ca n n o t sa y  d e f i n i t e l y  from
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th e s e  r e s u l t s  w hether th e  e f f e c t i v e  p r o c e ss  i s  a c o l l i s i o n  

betw een  two e x c i t e d  atonn  or a c o l l i s i o n  betw een an e x c i t e d  

atom and a norm al atom*

The o n ly  way in  w hich  t h i s  p o in t  can be d ec id ed  i s  t o  

in v e s t ig a t e  th e  way in  w hich th e  number o f  m o lecu la r  Ion s  

in c r e a s e s  as the f i la m e n t  e m is s io n  from i s  r a i s e d .

Ih e b a la n ced  sp a c e -c h a r g e  m ethod i s  in v a lu a b le  f o r  

making a p r e c is e  d eter?n in ation  o f  th e  appearance p o t e n t ia l  

o f  p o s i t i v e  io n s ,  b u t i t  i s  n o t  s u i t a b le  f o r  making any 

q u a n t i ta t iv e  m easurem ents. I t  was th e r e fo r e  d ec id ed  to  

i n v e s t ig a t e  th e  problem  u s in g  a m ass sp ec tr o g ra p h , w hich  

sh ou ld  e s t a b l i s h  d e f i n i t e l y  th e  e x i s t e n c e  o f  tho m o le c u le s ,  

and t o  s e e  what c o n c lu s io n s  co u ld  be drawn from th e r e s u l t s  

o f  th e  two m ethods c o n s id er ed  a s  a w h o le .
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PART 5 ( b ) .

AH IHVESTIGATIOH OF THB FORMATION OF HELIUM 

M0LECHLE3 BY A MASS SPKCTROGRAPH METHOD.

THK APPARATUS.
■ I

The same ap paratu s a s  had been  u sed  by A rnot and 

M illig a n  (4 )  f o r  t h e ir  work w ith  m ercury vapour was 

em ployed. The ap paratu s which c o n s is t e d  o f  an io n is a t io n  

cliaaiber and a m agnetic  a n a ly se r  i s  shown in  f i g .  20 a .

The on ly  a l t e r a t io n  was in  the d e s ig n  o f  th e  io n is a t io n  

oliBZdher, t h i s  i s  shown in  f ig »  20 b .

The a n a ly s e r ,  w ith  th e  e x c e p tio n  o f  th e  s o f t  ir o n  

tube T, was made o f  b r a ss  so ld e r e d  where n e c e s s a r y . A fte r  

c o n s tr u c t io n  th e  a n a ly s e r ,  th e  s o f t  iro n  tube and th e  

Faraday c y l in d e r  A were o o p p er-p la ted  and then  n ic k e l -  

p la t e d .  The copper su r fa c e  was n e c e s s a r y  to  make th e  

n ic k e l  a d h ere . The n ic k e l  c o a t in g  en su red  th a t  th e  

a n a ly s e r  was vacuum t i g h t  and p rev en ted  am algam ation o f  

m ercury w ith  th e  s o ld e r  and b r a s s  o f  th e  a n a ly s e r . As 

an a d d it io n a l  p r e c a u t io n  th e  a n a ly s e r  was c o a ted  on th e  

o u ts id e  w ith  an even  c o a t  o f  porcenam p a in t .  The 

a n a ly se r  was s o t  in  a gap o f  1 cm betw een th e  p o le s  o f  

a la r g e  e le c tr o m a g n e t . The p o lo  p ie c e s  were f ir m ly  

b o lte d  down to  p rev e n t any movement a t  la r g e  f i e l d s .
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Tho Faraday c y l in d e r  was su pp orted  by a quartz tube  

w hich p a sse a  through  an e b o n ite  b lo c k  w itli a su lphur r in g .  

The s h ie ld  o f  th e  Faraday c y l in d e r  euid th e  w ire  co n n ec tin g  

the Faraday c y l in d e r  t o  tlio  e le c tr o a n e ter  were e n c lo se d  

in  a b ra ss  c y l in d e r ,  w hich was co n n ected  to  e a r th  and 

in s u la te d  from th e  to p  o f  th e  a n a ly s e r  by a r in g  o f  

e b o n i t e .

The e le c tr o n a ie te r , e n c lo s e d  in  an ea r th ed  m eta l b o x , 

was mounted on a s to n e  s la b  ju s t  above th e  Faraday  

c y l in d e r  t o  keep  th e  c o n n ec tio n  as sh o r t  a s p o s s ib le ,  

liio  box was p ro v id ed  w ith  a gauze window fo r  th e  en try  

o f  th e  l i g l i t  from th e  larrç) and s c a l e .  Tlie e le c tr o m e te r  

n e e d le  was con n ected  through a w ater r e s i s t a n c e  to  th e  

p o s i t i v e  te r m in a l o f  a 200 v o l t  b a t t e r y  th e  n e g a t iv e  

te r m in a l o f  w hich  was e a r th e d . The quadrants con n ected  

t o  th e  Faraday c y l in d e r  co u ld  be e i t h e r  in s u la t e d ,  or  

co n n ected  to  e a r th  through o n e - te n th  p a r t  o f  a megohm 

r e s i s t a n c e ,  by r a i s in g  or lo w e r in g  a key in s id e  th e  

e le c tr o m e te r  b o x . The key was co n n ected  t o  th e  ta b le  a t  

w hich th e  o b s e r v a t io n s  were mado by a f ln o  s i l k  t liro a d , 

th e  t e n s io n  in  w hich co u ld  be a l t o r e d  a t  w i l l  to  r a i s e  

or low er th e  k e y . The o th e r  quadrants were co n n ected  to  

e a r t h .

The s e n s i t i v i t y  o f  th e  e l e c t i ’om oter was m easured  

d a i l y .  A 2 - v o l t  c e l l  was co n n ected  a c r o ss  th e  whole o f
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th e  me£;'ohrn r e s i s t a n c e  so th a t  th e  quadrants con n ected  to  

th e  Faraday c y l in d e r  were r a is e d  to  a p o t e n t ia l  o f  0#S 

v o l t s .  The r e s u l t in g  d e f l e c t io n  on th e  s c a le  was ob served  

and th e  s e n s i t i v i t y  c a lc u la t e d .  Throughout th e  work the  

s e n s i t i v i t y  was found to  be 1180 -  10 volts/m rti.

Tho r ig h t-h a n d  o u t l e t  tube o f  th e  a n a ly se r  wes conn ected  

through  a l l c u l d - a l r  tra p  o f  la r g e  d iam eter  to  a mercury 

d i f f u s io n  pump backed by a Hyvac pump. The le f t -h a n d  

o u t lo t  tube was co n n ected  through an oth er  l l c u l d - a l r  tra p  

to  a McLeod g a u g e , 'ihe gauge was o f  th e  s h o r t - le n g th  typ e  

w ith  an ev a cu a ted  r e s e r v o ir  and a c a l ib r a t e d  s c a l e .  T ills  

I s  a much more c o n v e n ien t form  than th e  f u l l - l e n g t h  type  

u sed  w ith  th e  o th e r  a p p a r a tu s . An ev a ca u a ted  d o u b le -w a llo d  

rubber tu b e  c o n n e c tio n  betw een  th e  r e s e r v o ir  and th e  gauge 

p reven ted  th e  e n tr y  o f  a i r  b u b b le s .

The i o n i s a t io n  chamber w hich i s  shown in  f i g .  20 b was 

made o f  q u a r tz . I t  was c y l i n d r i c a l  in  shape and open a t  

th o  low er en d . A ground g la s s  J o in t  was p rov id ed  fo r  

rem oval o f  th e  f i la m e n t .  The gau zes Ej  ̂ and Eg were uade o f  

n i c k e l ,  sp o t-w e ld e d  t o  n ic k e l  bands w hich f i t t e d  t i g h t l y  

in t o  th e  open end o f  th e  tu b e . Two a l t e r n a t iv e  c o n n e c tin g  

w ir e s  fo r  the gauze were brou gh t ou t tlirough th e  two 

upper s id e  tu b e s . Tho c o n n e c tin g  w ire  fo r  th e  gauze Eg was 

brought ou t through  th e  low er end o f  th e  I o n is a t io n  cham ber, 

Tho f ila m e n t  lo a d s ,  o f  s to u t  n ic k e l  w ir e , wore k ep t r ig i d  

by two r o l l s  o f  n ic k e l  s h e e t  w hich f i t t e d  t i g h t l y  in t o  th e  

upper p a r t  o f  th e  i o n i s a t io n  cham ber, Tlia f i la m e n t  was a
Mu
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tungsten w ire 0*15 :rm In dlanjetor and 10 ma In 

le n g th , llie filam ent loads and the connecting wlrea wore 

sea led  Into the tube by L lll le n d a lil*s vacuum wax.

A troufh  con ta in ing  vacuum was f i t t e d  round

the s o f t  iron tube T , and was provided with a water 

coo lin g  system  C. *lhe a lits! In the e o ft  iron tube end 

in  the an alyser aere 2 mm wide by 8 mm long.

V̂ hen the e n t ir e  Ion 1 eat ion  chajber had been as se ib led , 

eieam was passed through the coo lin g  sy sten  of the tr o u ^  

to  so ften  the wax. The Io n isa tio n  chamber was then 

c a r e fu lly  lowered in to  the trough and held In p o sitio n  

w ith  the filam ent v e r t ic a l ly  over the s l i t  in  the top o f  

S? and with the wire from the gause Eg kept from touching  

Uio s id e  o f the trough, w hile cold  water was passed tJioouiÿi 

tho co o ler  to  s e t  the wax.

The g la ss  tubing connecting the io n isa t io n  cli&uber 

to  the helium rooervo lr  was then f ix e d  In p o s it io n . Tho 

vacuum system was s im ila r  to  that used w ith the other  

apparatus. The helium wûü passed from a r e se r v o ir , through 

a c a p illa r y  leak  and. a l iq u ld * e ir  tr a p , to  tho io n isa t io n  

cliamber. Xho pressure In the apparatus was adjusted  by 

a lte r in g  the pressure In the r e se r v o ir .

The Id ea l arrangement i s  to  have a h igh  pro a mire in  

tho Io n isa tio n  chamber and as h igh  a vacuum ae p o ss ib le  In
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the a n a ly ser  to  prevent lo s s  o f  io n s  by s c a t te r in g . This 

apparatus was d esign ed  fo r  work w ith  mercury vapour in  

which the co n d itio n s  can be much more e a s i ly  c o n tr o lle d .

The s o f t  iron  tube was co o led  to  reduce d if fu s io n  o f th e  

vapour through th e  s l i t s  to  a minimum. The a ir  trap s  

connected to  the a n a ly ser  then gave a very low vapour 

p ressu re  in  the a n a ly se r , even a t h igh  p ressu res in  the 

io n is a t io n  chamber.

For work w ith  g a s e s , a system  o f  d i f f e r e n t ia l  pumping 

can be employed. The io n is a t io n  chamber may be d iv id ed  

in to  two p a rts  by a narrow s l i t ,  gas p a ss in g  through the  

s l i t  from the h igh  p ressu re  s id e  i s  removed by a f a s t  pump 

to  reduce d if fu s io n  through the low er s l i t s  in to  the  

a n a ly se r . A second f a s t  pump i s  connected  to  the a n a lyser  

as in  t h is  apparatus.

S ince t h is  apparatus i s  about to  be taken down and 

e n t ir e ly  r e b u ilt  i t  was d ecided  n ot to  make any a l t e r a t io n s ,  

and i t  was found th a t i t  cou ld  be worked very s a t i s f a c t o r i ly  

fo r  p ressu res  up to  4 x  10 ram o f  Hg.

EXPERIMENTAL PROCEDURE.

A fter  the f ila m en t had been f la sh ed  and ru n -in , a 

p o te n t ia l  o f  v o l t s  was ap p lied  between the cen tre  o f  

tho f ila m en t and the gauze to  a c c e le r a te  the e le c tr o n s  

from the f ila m e n t. A p o te n t ia l  v o lta  was ap p lied

I
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“between the gauzes and Eg to retard  e le c tr o n s , and 

to  a cc e le r a te  Ions formed between E^ and Eg through the 

gauze Eg. A p o te n t ia l  Vg v o lt s  was applied  between Eg 

and the a l l t  In the iron c y lin d e r , to  a cce lera te  the 

p o s it iv e  lone in to  the an alyser with an energy Vj_-\r Vg 

o lo c tro n -v o ltB , The va lu es o f Vq, and Vg were road on 

a standard Weston v o ltm eter . Tlio value of V  ̂ could be 

adjusted  to  any d esired  fr a c t io n  o f a v o lt  by laoans o f a 

p o te n t ia l d iv id e r . Vj_ and Vg wore so t equal to  10 snd 190 

v o lt s  r e s p e c t iv e ly . These va lu es were m aintained tiirough: 

;out the work. Kl/jh r e s is ta n c e  sp h a g e tti r e s is ta n c e s  wore 

placed in  tho ex tern a l c ir c u it  between the filam ent and

between and Eg and between Eg and the iron cy lin d er , 

to  prevent the s e t t in g  up o f an arc a t high p ressu res. A 

f in e  fuse wire was placed in  s e r ie s  w ith the m illlamm eter 

used to  measure tho em ission  frcxri the f ila m en t, to  prevent 

any p o se ib le  damage to  the instrum ent.

The two s l l t e  in  the iron  cy lin d er  defined  tho beam 

o f p o s it iv e  ion s which entered  the an a lyser w ith an energy 

of 200 e le c t r o n -v o lt s .

A p o s it iv e  Ion o f mass m a fte r  a cce lera tio n  by a 

p o te n t ia l V v o lt s  w i l l  en ter tho analyser w ith a v e lo c ity  

U g iven  by the r e la t io n

i m u ^ = V e x  (25)
500
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where c I s  the v e lo c i t y  o f  l ig h t  and e i s  the charge on

tho ion In e . s .u .

A magnetic f i e l d  H gauss app lied  in  a d ir e c t io n  

perpendicular to  the path of the ion s w i l l  cause them to  

tr a v e l in  a c ir c u la r  path o f  rad iu s given by the 

r e la t io n

}lBV = (26)
P

E lim in atin g  ir from vquations (25) and (26) we obtain

= 2Vmc^ (37)
300e

Tho f i e l d  required  to bring a 200-^ n lt helium  m olecular

ion in to  tho an a lyser  by causing  i t  to  move In a c ir c u la r

path o f  rad ius 4 .1  cms ca lcu la ted  from th is  eq u ation , i s  

found to  be 14G1 g a u ss. This required a current o f 0 .515  

amps in  the magnet c o l l s .

The magnet was c a lib r a te d  by means o f  a search c o i l  

and a Gras so t f lu n n e te r . The f i e ld  was found to  be 

a ccu ra te ly  p ro p o rtio n a l to  the current in  the c o l l s  up to  

10,000 g a u ss, excep t a t  very sm all f i e ld s  where the  

c a lib r a tio n  curve showed a s l ig l i t  d ev ia tio n  from the  

strai^ÿit l in e  and fa i le d  to  p ass through the o r ig in . The 

f i e l d  produced by a given  current was found to  be always 

the soxue provided the courront was f i r s t  taken to  a h igher  

value and then reduced to  the required v a lu e .

Tho a n a ly s is  o f the ion s was made by varying the
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n acn et c u r r e n t. An a lt e r n a t iv e  method la  to  vary the  

a c c e le r a t in g  p o t e n t ia l  V. The method adopted has the  

advantage th a t the energy o f  the io n s i s  u n a ltered  and 

so the lo s s  by s c a t te r in g  and n e u tr a lis a t io n  i s  con stan t  

tlirougiiout the a n a ly s is .  The magnet current hhs taken up 

to  0 ,6  amps and reduced in  s te p s  o f  0 .0 1  amp. The ra te  

o f d r i f t  o f  the spot o f  l i g h t  r e t le c t e d  from the e le c tr o ;  

;metor m irror was observed fo r  each va lu e  o f the magnet 

cuin*ent. The ra te  o f  d r i f t  i s  p ro p o rtio n a l to  the number 

o f  io n s  e n te r in g  th e  Faraday c y l in d e r .

Tho a n a ly ser  was m aintained  a t a p o te n t ia l  o f  •* 40 

v o l t s ,  to  p revent liie e j e c t io n  o f  e le c tr o n s  from the  

Faraday c y lin d e r  by m etastab le  helium  atom s. U n t il  t h is  

p o te n t ia l  was a p p lied  the p o s i t iv e  ion  a n a ly s is  curves  

showed an apparent background o f  p o s i t iv e  io n s fo r  a l l  

v a lu es  o f th e magnet c u r r e n t, I h is  p o t e n t ia l ,  which was 

a p p lied  between th e  Faraday c ^ lin e a r  and the a n a ly ser , 

had no e f f e c t  on th e  va lu e  o f tho magnet current requ ii’od 

to  bend the io n s in to  the Faraday c y l in d e r , s in c e  they  

on ly  encountered  the re ta r d in g  f i e l d  a f t e r  com pleting  

th e ir  s e m i-c ir c u la r  path  and were s t i l l  moving w ith  th e ir  

i n i t i a l  energy o f 200 e le c t r o n - v o l t s  which was more than 

s u f f i c i e n t  to  en a o le  thera to  reach  the Faraday c y lin d e r .

The p ressu re  o f r e s id u a l gas shown on the LIcLeod

gauge, b efo re  the adm ission  o f  the heliu m , was below  

10*^ mm o f  Hg.
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RESULTS.

r

mWlLYSIS OF THE IONS.

Three p o s i t iv e  ion  a n a ly s is  curves fo r  d if f e r e n t  

v a lu es o f  V^, th e  e le c tr o n  a c c e le r a t in g  p o te n t ia l ,  are  

shown in  f i g .  2 1 . The low est curve was obtained  in  

vacuum and the th ree  upper curves a t  a helium  pressure  

O f 3 X 10* mm o f  Hg. Tlie fila m en t em ission  was h eld  

con stan t a t 1 .0  m illiam p fo r  the two upper cu rv es , and 

a t 0 .9  m illiam p fo r  the two low er cu rv es .

Tlie la rg e  peak in  the uppermost curve a t  a magnet 

current o f  0 .3 5  amps shows the helium  atom ic ion  He^.

Tho o rd in a tes  fo r  t h i s  peak have been reduced by a fa c to r  

o f 1 /2 0 0 .

The sm aller peak a t a magnet current o f  0 .514  amps 

sIiOY/s the p resence o f  a s in g ly -ch a rg ed  ion  o f  atom ic mass 

4 X (0 .5 1 4  “T 0 .3 5 )^ , i . e .  o f  atom ic mass 8 . 5 .  This i s  the  

helium  m olecu lar ion  He g .

The atom ic mass i s  c a lc u la te d  from the equation  (27) 

on page 103, which shows th a t fo r  two groups o f  s in g ly -

charged io n s o f  atom ic mass m and m

K
m . ( 28 )

A s t r i c t l y  l in e a r  r e la t io n  between the f i e l d  and the magnet 

current i s  assumed. The apparent error in  the atomic mass
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c a lc u la te d  from eq u ation  ( 2 8 ) ,  a r i s e s  from the fa c t  tlia t  

the c a l ib r a t io n  curve o f  th e m agnet, as mentioned on page 

103, was not s t r i c t l y  l in e a r  fo r  very sm all f i e l d s .  

Consequently by s u b s t itu t in g  the v a lu es  o f the magnet 

cu rren t, in s te a d  o f  th e  a c tu a l v a lu es  o f  the f i e l d ,  in to  

the eq u ation  (28) we o b ta in  to o  la r g e  a va lu e  fo r  the  

atom ic m ass, s in c e  th e  curren t has to  be in creased  by a 

fa c to r  ju st  g r e a te r  than to  produce a f i e l d  J~^ tim es  

as g r e a t . For work w ith  th e  l ig h t e r  elem ents t h is  error  

becomes more a p p rec ia b le  than fo r  th e  h ea v ie r  e lem en ts . 

There i s ,  how ever, no doubt as to  the o r ig in  o f  t h i s  

p eak .

The very sm all peak a t  a magnet current o f  0 ,4 0  amps, 

and th e  la r g e r  peak a t  a magnet cu rren t o f  0 .5 8  amps 

correspond r e s p e c t iv e ly  to  s in g ly -ch a rg e d  io n s o f  atomic 

m asses 5 and 1 0 . They are probably due to  th e  p resence  

o f  im p u r it ie s , such as gas g iven  o f f  by the f ila m en t or 

tho w a lls  o f  th e  a n a ly ser  which cou ld  n ot be baked o u t.  

These peaks were n ot examined and are o f  no importance 

h e r e , a lthough  c e r ta in  fe a tu r e s  o f  the peak a t 0 ,4 0  b.ŵ b 

su g g est th a t  the e f f e c t  o f  the a d d it io n  o f hydrogen might 

prove I n te r e s t in g .  The author hopes to  try  t h is  very  

s h o r t ly .

Tlie grea t advantage o f  t h is  method I s  th a t we can 

n e g le c t  the p resen ce o f  any im p u r it ie s , and by s e t t in g
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the magnet curren t to  b rin g  any d es ired  type o f ion in to  

the Faraday c y lin d e r  we can examine tlie e f f e c t  o f  changing  

the p ressu r e , th e  f ila m en t em iss io n , or the energy o f tlie 

e le c tr o n s  fo r  th at type o f  ion  a lo n e .

I t  w i l l  be n o tic ed  th a t fo r  v a lu es o f  below the  

a to n ic  io n is a t io n  p o t e n t ia l ,  2 4 .5  v o l t s ,  th ere  i s  ev idence  

o f a few atom ic io n s ,  but th a t the atom ic peak i s  now 

much sm aller than the m olecu lar peak . The p resence o f  

atom ic io n s below the io n is a t io n  p o te n t ia l  can be 

accounted fo r  by the f i e l d s  e x i s t in g  in  t h i s  apparatus*

The m etastab le  helium  atom s, as shown by O liphant ( 4 8 ) ,  

b rin g  o f f  a la rg e  number o f e le c tr o n s  from the gauzes 

and m etal p a rts  o f  the apparatus. E lectro n s e je c te d  from  

tlie n ic k e l  cap in  the top o f  the iron  c y lin d e r  are  

a c c e le r a te d  by the p o te n t ia l  o f  190 v o l t s  ap p lied  between  

the cap and th e  gauze Eg. These e le c tr o n s  may produce 

q u ite  an a p p rec ia b le  number o f  atom ic ion s on c o l l i s i o n  

w ith  atom s. There are however o ther p o s s ib le  p r o c e sse s ,  

such as a c o l l i s i o n  between an e le c tr o n  and an atom in  

an e x c ite d  s ta te  or a c o l l i s i o n  between two e x c ite d  atom s, 

which could  g iv e  r i s e  to  atom ic ions# This p o in t th erefo re  

req u ir es  in v e s t ig a t io n .

Tlie t o t a l  p o te n t ia l  drop a cro ss  the fila m en t and i t s  

lea d s  was measured and found to  be 1 .3  v o l t s .  The 

p o te n t ia l  drop a cro ss  the em ittin g  p ortion  of the fila m en t
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Kiust th e r e fo r e  have been sm a ll, so  th a t the atom ic ion s  

observed below 24 v o l t s  cannot have been due to  a la rg e  

energy spread in  the e le c tr o n s  from the f ila m e n t.

To determ ine the p ro cesse s  in vo lved  in  the form ation  

o f  the m olecular io n s and in  the form ation  o f  atomic ions  

fo r  e le c tr o n  e n er g ie s  below the io n is a t io n  p o te n t ia l  the  

fo llo w in g  t e s t s  were c a r r ie d  o u t.

VARIATION IN THE HEIGHTS OF ^AKS WITH

PRESSURE.

F ig . 22 shows the v a r ia t io n  in  the h e ig h ts  o f  the  

atom ic and m olecu lar peaks w ith  helium  p ressu re  fo r  

e le c tr o n  e n e r g ie s  above th e  atom ic io n is a t io n  p o te n t ia l .  

For the atom ic peak th e e le c tr o n  energy was 28 v o l t s  and 

fo r  the m olecu lar peak i t  was 32 v o l t s .  The helium  

p ressu re  i s  g iven  in  mm. o f  Hg a t  O^C.

S evera l read in gs were taken over the top  o f each  

peak a t s l i g h t ly  d i f f e r e n t  magnet c u r r e n ts . When the  

ex a c t p o s it io n  o f  the top  o f  the peak had been determ ined  

the run was s t a r t e d .  The magnet current was sm a ll, the  

c o i l s  th e r e fo r e  soon s e t t le d  down to  a stead y  tem perature, 

and no s h i f t  o f  the peaks due to  a change in  the  

p erm ea b ility  o f  the iron  was observed . The tap con n ectin g
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the helium  r e s e r v o ir  to  the c a p il la r y  lea k  was c lo s e d .

The space between the tap and the leak  was smal^, so  

th a t as tho helium  was pumped out o f the apparatus the  

p ressu re  behind th e le a k  f e l l  f a i r l y  r a p id ly . Readings 

were taken as q u ick ly  as p o s s ib le  a t g rad u a lly  d ecreasin g  

p ressu res in  the apparatus.

Tlie curves in  f ig #  22 show th a t a t  very low p ressu res  

the atom ic peak in c r e a se s  w ith  p ressu re  and then s t a r t s  

to  f a l l  o f f .  This d ecrease  i s  caused by m u ltip le  

s c a t te r in g  and ab sorp tion  o f  the io n s in  th e a n a ly ser .

Tlie m olecu lar peak, on the o th er  hand, in c r e a se s  

s t e a d i ly  w ith  th e  p r e s su r e . T his shows th a t the number 

o f m olecu lar io n s formed i s  p ro p o rtio n a l to  a h igh er  

power o f p ressu re  than th a t  which governs the form ation  

o f  th e  atom ic io n s .  The m olcu lar io n s cannot be dde to  

d ir e c t  io n is a t io n  o f  helium  m olecu les but must be formed 

by some attachm ent p r o c e s s , which w i l l  be d iscu sse d  la t e r .  

These curves are very  s im ila r  to  the curves ob tained  by 

Arnot and M illig a n  (4 ) fo r  the lîg**" and Hgg io n s formed 

in  mercury vapour.

'Uie curves in  f ig #  23 show the v a r ia t io n  in  the  

h e ig h ts  o f  the atom ic and m olecu lar peaks w ith  p ressure  

fo r  e le c tr o n  e n e r g ie s  below the atom ic io n is a t io n  

p o t e n t ia l .  Hie e le c tr o n  energy was 22 v o lt s  and the  

fila m en t em ission  was 1 .0  m illiam p fo r  both  cu rv es .

'
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The number o f atom ic Ions and the number o f  

m olecular ion s both in crea se  throughout the p ressure  

ran ge, which i s  the same as fo r  the curves in  f i g .  22 ,

The form of the curve fo r  the io n s i s  s im ila r  to  

tlm t in  f i g .  2 2 , T his in d ic a te s  th a t the m olecular ions  

are formed by th e same p rocess fo r  e lec tro n  en erg ies  o f  

22 and 32 v o l t s  r e s p e c t iv e ly .  The form o f the curve fo r  

the He^ io n s i s  now q u ite  d if f e r e n t  from the corresponding  

curve in  f i g .  2 2 , This shows th a t the p rocess in volved  

in  the form ation o f atom ic io n s fo r  e le c tr o n  en erg ies  

below the a to n ic  io n is a t io n  p o te n t ia l  i s  fundam entally  

d if f e r e n t  from the s in g le  e le c tr o n  c o l l i s i o n  which i s  

known to  occur above th e Io n isa t io n  p o t e n t ia l .  The atomic 

io n s observed below 24 v o l t s  are c le a r ly  not due to  a 

la rg e  energy spread in  th e  e le c tr o n s  from the f ila m e n t.  

This p o in t was m entioned on page 108 where i t  was 

suggested  from a measurement o f  th e  t o t a l  p o te n t ia l  drop 

a cro ss the fila m en t and i t s  le a d s , th a t the p o te n t ia l  

drop a cro ss  th e  em ittin g  p o rtio n  must have been very  

sm a ll.

VARIATION IN THS HEIGHTS OF PEAKS WITH 

FILAMENT EMISSION.

A number o f  curves showing the v a r ia tio n  in  the 

h e ig lits  o f  the peaks w ith  fila m en t em ission  fo r  d if f e r e n t  

e le c tr o n  en erg ie s  are g iven  in  f i g .  2 4 . The p ressure in

ff
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the apparatus was 3 x 10*^ mm o f Hg at

The curves show th a t fo r  a l l  va lu es o f  the e lec tro n  

energy u sed , the number o f atom ic ion s and the number o f  

m olecular io n s i s  always a l in e a r  fu n ctio n  o f the filam en t  

om ission#

This i s  to  be exp ected  fo r  the atom ic ion s when tho 

onorgy o f the e le c tr o n s  i s  above the io n is a t io n  p o te n t ia l .  

That the He^ curve i s  a ls o  l in e a r  fo r  e le c tr o n  en erg ies  

below the atomic io n is a t io n  p o te n t ia l  i s  in  agreement 

w ith  the su g g e stio n , on pages 108 and 109, that the ion s  

are formed by c o l l i s i o n s  between normal atoms and e le c tr o n s  

which are e je c te d  from the m etal p a rts  o f  the apparatus 

by m otastab le atom s. The number o f e le c tr o n s  which are  

formed in  th is  way w i l l  be a l in e a r  fu n ctio n  of the 

fila m en t em iss io n . The e je c te d  e le c tr o n s  acquire the  

energy n ecessary  fo r  io n is a t io n  a t  a s in g le  c o l l i s i o n  in  

the f i e ld s  e x is t in g  in  the io n is a t io n  chamber. The 

l in e a r  fo m  o f the curve d e f in i t e ly  shows th a t the 

atomic io n s observed below the io n is a t io n  p o te n t ia l  are 

not due to  c o l l i s i o n s  between e le c tr o n s  and e x c ite d  

atom s, or to  c o l l i s i o n s  o f the second kind between two 

e x c ite d  atom s.

The number o f m olecular ion s formed i s  a lso  a 

l in e a r  fu n ctio n  o f the fila m en t em iss io n . This shows 

th a t in  the attaclim ent p r o c e ss , suggested  by the curves
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o f f ig *  22 ,  on ly  one o f the atoms tak ing  part in  the 

form ation o f  the m olecular ion i s  in  an ex c ited  s t a t e ,  

the other atom must be a normal atom# I f  the e f f e c t iv e  

p rocess were th e form ation o f  a s ta b le  n eu tra l m olecule  

by the attaclmaont o f  an e x c ite d  atom to  a normal atom, 

fo llow ed  by io n is a t io n  o f  tho s ta b le  m olecule by e le c tr o n  

im pact, then the number o f m olecular ion s should be a 

fu n ctio n  o f  the square o f  the filam en t om ission* Such 

an attachm ent p ro cess  i s  u n lik e ly  s in ce  a three-body  

c o l l i s i o n  i s  very improbable a t low p ressu res and 

r a d ia tio n  o f the ex cess  energy i s  the on ly  means o f i t s  

d is p o s a l . The curves in  f ig *  22 in d ic a te  th a t such a 

p rocess dôes not take p lace  a t p ressu res  below 3 x 10 

mm.

VARIATION IK THE H3IGHT8 OF PEAKS WITH 

ELECTRON ENERGY.

Two curves showing the v a r ia tio n  in  the h e ig h ts  o f  

the atomic and m olecular peaks w ith e le c tr o n  energy are  

given  in  f i g .  2 5 . The curve shown in  the in s e t  i s  the  

curve fo r  the atomic ion  He^ reduced by a fa c to r  o f  

l / l O .  The filam en t em ission  was h eld  con stant a t  1 .0  

mi11lamp fo r  both curves which were obtained a t a 

p ressu re o f  3 x 10** nsa o f Hg.

As the energy o f th e e le c tr o n s  i s  increased  from 17 

v o l t s  the curve fo r  tho atomic ion  He^ remains h o r iz o n ta l
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■until tho e lec tro n  energy i s  about 19 .5  v o l t s ,  i t  then 

s ta r t s  to  in crease  slow ly  and a t an e lec tro n  energy o f  

about 24 v o lt s  i t  suddenly in crea ses rap id ly  showing the 

onset o f d ir e c t  atomic io n isa t io n  a t a s in g le  e lec tro n  

c o l l i s io n  with a normal atom.
+

The curve fo r  the m olecular ion  Heg a lso  s ta r t s  to  

r i s e  vdien the energy o f the e lec tro n s  i s  about 19 .5  v o l t s ,  

i t  then in crea ses s te a d ily  to  a maximum between 28 and 

29 v o l t s .  The subsequent r i s e  and f a l l  in  the Heg curve 

beyond 29 v o lt s  appeared in  a l l  s im ila r  curves and w i l l  

be d iscu ssed  la t e r .

Tlie v o lta g e  sc a le  in  f i g .  25 has not been corrected

fo r  any con tact p o te n t ia ls  or energy spread in  the

e lec tro n s  from the f ila m en t. I t  i s  d i f f i c u l t  to  decide

the exact value o f  V a t which d ir e c t  atomic io n isa t io no
s e ts  in ,  because o f the form ation o f atomic ions by the 

secondary p ro cess . The He  ̂ curve, however, r i s e s  sharply  

ju st above 24 v o l t s ,  which shows that the co rrectio n  

must bo sm a ll. The Hog C'urve In f i g .  25 shows that the 

appearance p o te n t ia l o f the m olecular ion i s  c lo se  to  

20 v o l t s .



111. I

tç6

402S 30 320

F ig  2S Caj<Jo>Vd ^  û^(n\4x

OurÀ -u î̂j ĉocJoA O' j/uĵ C-̂ iLAK ^
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DISCUSSION OF RESULTS.

THE FORMATION OF ATOMIC IONS FOR ELECTRON 

ENERGIES BELOW THE ATOMIC IONISATION POTENTIAL.

Wo w i l l  c o n s id e r  t h i s  p o in t  f i r s t  and le a v e  th e  

more in t e r e s t in g  and im portant q u e s tio n  o f  th e  form ation  

o f  th e  m o lecu la r  io n s  t i l l  l a t e r .

I t  has been shown on pages 112 and 113 th a t  the  

atom ic io n s  observed  below  th e  io n is a t io n  p o t e n t ia l  are 

n ot due to  a la r g e  energy spread in  th e  e le c tr o n s  from  

tho  f i la m e n t , or to  any form o f  accu m u la tive  p r o c e s s .

They can on ly  be accou nted  fo r  by th e  e j e c t io n  o f  

e le c tr o n s  from th e  m eta l p a r ts  o f  th e  apparatus by the  

m o ta sta b le  h e liu m  atom s. The e je c te d  e le c tr o n s  can 

acq u ire  as much as 200  v o l t s  energy in  th e  f i e l d s  in  the  

io n is a t io n  chamber and so can produce atom ic io n s  on 

c o l l i s i o n  w ith  normal a tom s. T ills e x p la n a t io n , which  

fo l lo w s  from th e  cu rves in  f i g s .  2 2 , 23 and 2 4 , i s  a ls o  

supported by the He^ curve in  f i g ,  2 5 , which shows th a t  

atom ic io n s  are formed as soon as th e  energy o f  the  

e le c tr o n s  from th e  f ila m e n t  i s  eq u a l to  about 1 9 .7 7  v o l t s ,
•I

the e x c i t a t io n  p o t e n t ia l  o f  th e  m eta sta b le  2 S s t a t e .

The r e l a t iv e  p r o b a b i l i t i e s  o f  th e  d i f f e r e n t  typos  

o f  c o l l i s i o n ,  w hich may occu r In tho io n is a t io n  chamber,
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r
can be e s t im a te d  rou gh ly  as f o l lo w s .

The k in e t ic  mean f r e e  p a th  o f  a h e liu m  atom a t  a 

p r e ssu re  o f  1 mm o f  Hg a t  0°C i s  g iv e n  in  th e  L an d o lt-  

S o m s te in  t a b le s  to  be 0 .0 1 7 6  eras. 'The mean f r e e  path  

a t  a p r e ssu r e  o f  5 x  10~^ ram. i s  th e r e fo r e  5 .8 6  eras. A 

la rg o  number o f  m e ta s ta b le  atoms w i l l  c o n se q u en tly  d i f f u s e  

to  th e  w a l ls  w ith ou t making any c o l l i s i o n s  and so  tlie  

c o n c e n tr a t io n  o f  m e ta s ta b le  atoms w i l l  be v ery  sm a ll.

Tho number o f  c o l l i s i o n s  betw een two m e ta s ta b le  atoms 

w i l l  th e r e fo r e  be n e g l ig i b l e  conqDared w ith  th e  number o f  

c o l l i s i o n s  betw een a m e ta s ta b le  and a norm al atom .

I f  N e le c t r o n s ,  moving w ith  a v e l o c i t y  v c m s /se c .

c r o s s  u n it  area  per  seco n d . The e le c t r o n  d e n s ity  p  i s

g iv en  by th e  r e la t io n s

p -  N /v = i / e . v .  (29 )

where i  i s  th e  e le c tr o n  cu rren t In  e .m .u . and e i s  th e

e le c t r o n ic  charge a l s o  in  e .m .u . When tho f ila m e n t

e m iss io n  i s  1 m illiam p  and th e  en ergy  o f  th e  e le c tr o n s

i s  20  e l e c t r o n - v o l t s  we have ; -  
-4

i  = 10 e .m .u .

e = 1 .5 9  X 10~^^ e .m .u . ^
7 - -à  AgV = 5 .9 4  X 10 X 20® c m s /s e c .

I
From th e se  v a lu e s  i t  f o l lo w s  th a tp  = 2 .3 7  x 10 The

number o f  normal atoms p er  cc  a t  a p r e ssu r e  o f  3 x  10

The p r o b a b i l i t y  th a t  a

-3

Mia o f  Hg I s  1 .0 7  X
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m o ta sta b le  atom w i l l  c o l l i d e  w ith  a norm al atom i s
7th e r e fo r e  ap p rox im ate ly  10 t im es g r e a te r  than th e  

p r o b a b i l i t y  th a t  i t  w i l l  c o l l i d e  w ith  a f a s t  e le c tr o n  

b e fo r e  rea c h in g  th e  w a lls  •

No double c o l l i s i o n  p r o c e ss  le a d in g  to  th e  form ation  

o f  atom ic io n s  cou ld  be e x p e c ted  to  occu r w ith  a 

m easurable p r o b a b i l i t y  under th e s e  c o n d it io n s .

l lie  cu rv es  in  f i g .  23  are  i n t e r e s t i n g .  I t  w i l l  be 

shown l a t e r  th a t  th e  m o lecu la r  io n s  are formed by th e  

attach m en t o f  m e ta s ta b le  atoms to  normal a tom s. As th e  

p r e ssu re  i s  r a is e d  th e  number o f  m e ta s ta b le  atoms making 

c o l l i s i o n s  w ith  norm al atoms w i l l  in c r e a se  more r a p id ly  

than th e  number o f  m e ta s ta b le  atoms rea c h in g  th e  w a lls  

o f  th e  a p p a ra tu s . C on sequ en tly  th e  c u r v e , showing th e  

v a r ia t io n  in  th e  number o f  m o lecu la r  io n s  w ith  p r e s s u r e ,  

sh ou ld  in c r e a s e  more r a p id ly  thon th e  curve showing th e  

v a r ia t io n  in  th e  number o f  a tom ic  io n s  below  the  

io n i s a t io n  p o t e n t i a l .  T h is i s  borne out by th e  cu rv es  

in  f i g .  2 3 .

I t  i s  im p o ss ib le  to  say  from th e se  cu rv es  what m i^ it  

occu r a t  h ig h e r  p r e s s u r e s .  In  1 9 22 , D av ies (59 ) ob served  

a l l  th e  l i n e s  o f  th e  arc spectrum  in  h eliu m  a t  th e  f i r s t  

e x c i t a t io n  p o t e n t i a l ,  when th e  p r e ssu r e  was above 2 mm. 

T h is s u g g e s ts  th a t  as th e  c o n c e n tr a t io n  o f  m eta sta b le  

atoms I n c r e a s e s ,  some form o f  cum m ulative p r o c e s s  occurs*
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The r e s u l t s  g iv e n  h e r e , how ever, show th a t  the  

p r o b a b i l i t y  o f  fo rm a tio n  o f  a m o lecu la r  io n  a t  th e  f i r s t  

e x c i t a t io n  p o t e n t i a l ,  i s  much g r e a te r  than th e  p r o b a b i l i t y  

o f  form ation  o f  an atom ic io n  by some d ou b le  c o l l i s i o n  

p r o c e s s .  At low p r e s s u r e s ,  w ith  an ap p aratu s w hich h as  

no f i e l d s  s u f f i c i e n t  to  g iv e  secon dary  e le c t r o n s  an energy  

g r e a te r  than 2 4 .5  v o l t s ,  th e  io n s  ob served  below  th e  

atom ic io n i s a t io n  p o t e n t ia l  must be m o le c u la r . T h is  

con firm s th e  c o n c lu s io n  drawn from th e  r e s u l t s  o f  th e  

in v e s t ig a t io n  by th e  sp a ce -ch a rg e  m ethod.

The io n s  ob served  by Compton (4 5 ) a t  p r e s su r e s  

ra n g in g  from 0 .0 0 1  mm to  0 .1 7  mm, and by Found (4 3 ) a t  a 

p r e ssu r e  o f  0 .4 9  mm when the en ergy  o f  th e  e x c i t in g  

e le c t r o n s  was ab ou t 20  v o l t s ,  were n o t a n a ly sed  and m ost 

p robab ly  were m o le c u la r .

THE FORMATION OF HELIUM MOLECULAR IONS.

The curve in  f i g .  25 show ing th e  v a r ia t io n  In th e

number o f  m o lec u la r  io n s  w ith  e le c t r o n  en ergy  in d ic a te s

a s te a d y  d e c r e a se  in  th e  number o f  m o lecu la r  io n s  as th e

e le c tr o n  energy i s  reduced  below  22 v o l t s .  There i s ,

how ever, no sharp b reak  in  t h i s ,  or in  any o th er  s im ila r

curve n o t shovm, a t  about 22 v o l t s .  The curve runs

p e r f e c t ly  sm ooth ly , which shows th a t  th e re  can be no

change in  th e  e f f e c t i v e  p r o c e ss  as th e  energy o f  th e  

e le c tr o n s  i s  reduced  below  22 v o l t s .  T h erefore  any
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c o n c lu s io n , which may be drawn as to  th e  form ation  o f the  

m olecu lar  io n s  when th e  atoms are bombarded by e le c tr o n s  

o f oner^'y 22  v o l t s ,  must h o ld  fo r  e le c tr o n  e n e r g ie s  down 

to  th e  appearance p o t e n t ia l ,  which i s  seen  from th e Hep 

curve in  f i g .  26 to  be between 1 9 .5  and 20 v o l t s .

Owing to  th e  low v a lu e s  o f  used  th e  em issio n  from  

the f i la m e n t was sp a ce-ch a rg e  l im it e d ,  and could  not be 

r a is e d  h ig h e r . I t  was th e r e fo r e  n e c e ssa r y  to  work a t  

2 v o l t s  above th e  appearance p o t e n t ia l  o f  th e  m olecu lar  

io n , in  order to  o b ta in  p o s i t iv e  ion  c u r re n ts  o f  s u f f i c i e n t  

in t e n s i t y .

The p r e ssu re  v a r ia t io n  cu rves in  f i g .  22  in d ic a te  

th a t the number o f  m olecu lar  io n s  formed i s  p r o p o r tio n a l  

to  a h ig h er  power o f  th e  p ressu re  than the number o f  

atom ic io n s .  T his shows th a t th e  m olecu lar  io n s  are n ot  

formed by d ir e c t  io n is a t io n  o f  a normal m o le c u le , but 

th a t  they are  produced by some secondary or attachm ent 

p r o c e s s .

The l in e a r  r e la t io n  betw een the number o f  m olecu lar  

io n s  and th e  f ila m e n t em iss io n  shown in  th e  cu rves o f  

f i g .  2 4 , proves q u ite  d e f i n i t e l y  th a t  on ly  one o f  the atoms 

ta k in g  p a r t in  th e  form ation  o f  the d ia tom ic  m olecu lar  ion  

i s  e x c ite d  or io n is e d .  The o th e r  atom must th e r e fo r e  bo in  

th e  normal s t a t e .

There are th e r e fo r e  two p o s s ib le  p r o c e s s e s ,  depending  

on whether the atom i s  e x c i t e d  or io n is e d .  These p r o c e sse s
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may be w r it te n

H e  4- He —> He^-f- 1  " (a )

H e ^  +  H e  — ^  H e ^  ( b )

Tlie IlOg curve in  f ig *  25 shows th e  p resen ce  o f  m o lecu lar  

io n s  as soon a s th e  energy o f  the e le c t r o n s  becomes 

equal to  the f i r s t  e x c i t a t io n  p o t e n t ia l .  T his su g g e s ts  

th a t th e  p r o c e ss  (a ) o c c u r s , bu t s in c e  th e r e  are a ls o  

p r e se n t a number o f  atom ic io n s  fo r  e le c tr o n  e n e r g ie s  

betw een 20 and 24 v o l t s ,  th e  cu rves must be fu r th e r  

examined to  d e c id e  whether th e  m o lecu lar  io n s  are not 

due to  the occu rren ce o f  th e  p r o c ess  (b ) .
Jl'i

I f  th e  m olecu lar  io n s are produced by the p r o c ess  

( b ) , then th e  curve showing th e  v a r ia t io n  in  the number 

o f  m o lecu lar  io n s  w ith  th e  energy o f  the e le c tr o n s  should  

be s im ila r  in  form to  the curve showing th e  v a r ia t io n  in  

th e  number o f  atom ic io n s  over the same range o f  e le c tr o n  

e n e r g ie s .  The He^ and Ee^ cu rves in  f i g .  25 show q u ite  

d e f i n i t e l y  th a t t h i s  i s  n ot so  fo r  e le c tr o n  e n e r g ie s  

below  25 v o l t s .  The sudden r i s e  in  th e  atom ic ion  curve  

above 24 v o l t s ,  which shows th e  o n set o f  d ir e c t  atom ic 

i o n i s a t io n ,  i s  not accompanied by any corresp on d in g  

in c r e a se  in  th e  m o lecu lar  cu r v e . B leakney (60) has 

shown th a t the number o f  atom ic io n s  formed in  heliu m  

by e le c tr o n  im pact in c r e a se s  s t e a d i ly  w ith  the energy o f  

th e  e le c tr o n s  up to  150 v o l t s .  The m olecu lar  curve in  

f i g .  25 rem ains a lm ost h o r iz o n ta l  fo r  e le c tr o n  e n e r g ie s
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betw een 30 and 40 v o l t s ,  l l ie r e  Is  th u s no ev id en ce  fo r  

th e  occurrence o f  p r o c e ss  ( b ) * T his I s  s im ila r  to  Arnot 

and L îllllg a n ^ s c o n c lu s io n  fo r  the form ation  o f  m olecu lar  

Ions In mercury vapou r. I t  I s  to  be e x p e c ted , s in c e  a 

th r ee  body c o l l i s i o n  I s  h ig h ly  Improbable a t  a p ressu re  

o f  3 X 1 0 ~ ^  mm o f  Hg and th e r e  I s  no p a r t ic l e  s e t  fr e e  

to  carry  o f f  any e x c e s s  energy above a q u a n tised  s t a t e  

o f  th e  m olecu lar  Io n . R ad ia tion  o f  the e x c e ss  energy Is  

co n sid ered  to  be very  u n l ik e ly .

We have now two Independent r e s u l t s  from which to  

determ ine th e  appearance p o t e n t ia l  o f  the lo le c u la r  Io n , 

which must be formed by the attachm ent o f an e x c ite d  

atom to  a normal atom accord in g  to  th e  p r o c ess  ( a ) .

The m o lecu lar  curve In f i g .  25 shows th a t  the  

appearance p o t e n t ia l  I s  betw een 1 9 .5  and 20 v o l t s .  The 

mass sp ectrograp h  r e s u l t s  have on ly  served  to  confirm  the  

c o n c lu s io n , drawn from th e  r e s u l t s  o f  th e  b alan ced  sp ace-  

charge m ethod, th a t th e  Ions observed a t  th e  f i r s t  

e x c i t a t io n  p o t e n t ia l  are m o lec u la r . I t  has a lread y  been  

p o in ted  out th a t  th ere  were no f i e l d s  e x i s t in g  In th e  

sp ace-ch arge  apparatus which cou ld  g iv e  any secondary  

e le c tr o n s  an energy g r e a te r  than 24 v o l t s .  P rior  to  the  

m agnetic a n a ly s is  o f  th e  Ions I t  was n e c essa ry  to  have 

th e  argon and neon r e s u l t s  as an exp erim en ta l c o n tr o l .

The h ig h  s e n s i t i v i t y  o f  th e  b alan ced  sp ace-ch arge method 

enabled  th e  appearance p o t e n t ia l  o f  the m olecu lar  Ions
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%

to  be determ ined  more p r e c i s e ly ,  and the v a lu e  o f 1 9 .8  

e le c t r o n - v o l t s  I s  d e f i n i t e l y  e s t a b l i s h e d .

The u se  o f th e  m ass-sp ectrograp h  apparatus has a ls o  

shown q u ite  d e f i n i t e l y  th a t th e  m olecu lar  Ions are formed 

by th e  attachm ent o f  e x c it e d  atoms to  normal atom s.

We can th e r e fo r e  on ly  conclu de th a t  m olecu lar Ions

ore formed In h e liu m  by the attaclim ent o f  m eta sta b le
%

atom s. In th e  2 S s t a t e  o f  1 9 .7 7  v o l t s  en erg y , to  normal

atom s. T his c o n c lu s io n  I s  supported by th e  s im i la r i t y

betw een the m olecu lar  curve below  30 v o l t s  In f i g .  2 5 ,
3and th e  t h e o r e t ic a l  e x c i t a t io n  fu n c tio n  o f  the 2 S s t a t e  

g iv en  by Massey and Mohr ( 2 1 ) .  The r i s e  and f a l l  In th e  

m olecu lar  curve betw een 30 and 40 v o l t s  su g g e s ts  th a t  

atoms In o th er  e x c i t e d  s t a t e s  may a ls o  a tta c h  th em selves  

to  normal atoms to  form m olecu lar  Io n s . T his I s  In 

agreement w ith  th e  c o n c lu s io n  drawn from th e  curves In 

f i g .  19 ob ta in ed  w ith  tho sp ace-ch arge  ap p ara tu s.

I t  I s  Im p o ssib le  to  a n a ly se  t h i s  curve In term s o f  

th e  d i f f e r e n t  e x c i t a t io n  f u n c t io n s ,  fo r  we do not know 

in  what p ro p o rtio n  to  combine th e  v a r io u s  e x c i t a t io n  

fu n c t io n s  which have maxima corresp on d in g  to  th e  maxima 

In th e  m o lecu lar  c u rv e .

Arnot and M il l ig a n , In t h e ir  work w ith  mercury 

vapour, found th a t  the cu rves showing th e  v a r ia t io n  in  

the number o f  m o lecu lar  and atom ic Ions w ith  e le c tr o n  

energy changed In a very  marked way w ith  the d e s ig n  o f
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the io n isa t io n  ciianber. The one used hero, and shown in  

f i g .  20b, i s  s im ila r  to  th e ir  io n isa t io n  chamber "Number 2” 

which gave an ex ten sion  of th e ir  curves in the d ire c tio n  

of the a x is  a t h igh  v a lu es o f the e lec tro n  energy. I t  

i s  th erefore  not ad v isa b le  to  la y  too much s tr e s s  on the 

form o f the curve at the h igher values o f the e lec tro n  

energy.

The importance of these r e s u l t s ,  however, l i e s  in
%

the fa c t  that they show d e f in i t e ly  that a m otastable 2 S 

atom can combine with a normal atom to form an io n ised  

m olecule by tho process

Tlie f i r s t  term on the le ft-h a n d  sid e  rep resen ts the 

e x c ite d  atom in  the m etastable 2 S s ta te  o f 19.77  

e le c tr o n -v o lts  energy, and the second term represen ts tlie 

normal atom in  the ground s ta te  i^S^ . The f i r s t  term on 

the right-hand sid e  represen ts tho normal s ta te  o f the 

io n ised  helium  m olecule HOg.

The energy a v a ila b le  fo r  io n isa t io n  o f the molecule 

in  th is  process i s  (1 9 .7 7 +  D) e le c tr o n -v o lt s ,  where D i s  

the energy o f d is s o c ia t io n  of the normal m olecule, which 

may be taken to  be ze ro . The io n isa t io n  p o te n t ia l of 

the m olecule i s  consequently equal to  or l e s s  than 19*77 

e le c t r o n -v o lt s .  S ince t h is  i s  the energy of the low est 

e x c ited  s ta te  of the helium  atom, the io n isa t io n  p o te n t ia l  

cannot be determined any more p r e c ise ly  by th is  method.
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and tho exact value w i l l  have to  be deduced from band

spectra measurements.

Tlie io n isa t io n  p o te n t ia l o f the m olecule can be

estim ated from band spectra d ata . Tlie low est s ta b le

s ta te  o f the helium m olecule i s  the iS(T̂  2p<r̂ 2sir,

s ta te  o f energy ( " 4.232^) e le c tr o n -v o lt s , where

i s  the io n isa t io n  p o te n t ia l o f the m olecule. This is

the value given by levons (1 0 ) . A m olecule in  the low est

sta b le  s ta te  i s  supposed to  d is s o c ia te  in to  a normal
3helium atom and a m etastable atom in  the 2 S s ta te  of

19*77 v o lt s  energy. Dr. G. Eerzberg has informed Dr.

F.L. Arnot that the most recent determ ination o f the

energy o f d is so c ia t io n  o f a helium molecule in  the low est

sta b le  s t a te ,  reckoned in  wave numbers, i s  about 20,000

cm*^. This is  equ ivalent to an energy o f 2 .47  e lec tro n -  
Apv o l t s .  The io n isa t io n  p o te n tia l o f  the molecule i s  

consequently (19 .77  -  2 ,4 7 + 4 .2 3 )  e le c tr o n -v o lts , i . e .

21.53 e le c tr o n -v o lt s .  This i s  considerably h igher than 

tlie upper l im it ,  o f 19.77 e le c tr o n -v o lt s ,  obtained by 

the author.

Using the r e la t io n  ^  obtained on

page 15, we see th a t the energy of d is so c ia tio n  o f the 

io n ised  m olecule i s  equal to  or greater than (24 .47  -  19.77) 

e lo c tr o n -v o lts , i . e .  4 .7  e le c tr o n -v o lts . Tliis value i s  

nearly double that obtained by W elzel (61) from band 

spectra measurements, the value found being 2 .5  e lec tro n -
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v o l t s .

P a u lin e  (6 2 ) in  1 9 5 3 , and Weinbaum (65 ) in  1935 , 

c a lc u la t e d  th e  en ergy  oP d i s s o c i a t i o n  o f  th e  io n is e d  

h o liu n  n io lecu lo  and o b ta in e d  v a lu e s  o f  2 .4 7  and 2 .2 2  

e le c t r o n - v o l t s  r e s p e c t i v e l y .  These r e s u l t s  are  in  good  

agreoniont w ith  W c lz e l* s  v a lu e  to  w hich  th ey  b o th  r e f e r .  

P a u lin g  and Weinbaum were com p elled  to  assume fu n c t io n s  

fo r  th e  f i e l d  o f  th e  atoms in  tho m o le c u le , and j u s t i f y  

t h e ir  c h o ic e  o f  fu n c t io n  by th e  c lo s e  agreem ent betw een  

th e  t h e o r e t i c a l  and ex p e r im en ta l v a lu e s .  T ills I s  a very  

u su a l method o f  o b ta in in g  a s o lu t io n  o f  a problem , w hich  

cannot o th e r w ise  be s o lv e d .  Too much im portance however 

cannot be a tta ch ed  to  the r e s u l t .

T his r e c e n t  v a lu e  o f  th e  en ergy  o f  d i s s o c i a t i o n  o f  

th e  h e liu m  m o lec u le  in  i t s  lo w e s t  s t a b le  s t a t e  g iv e n  by 

D r. I lcrzb erg , le a d s  t o  tho v a lu e  (2 4 .4 7  -  21*53) e le c t r o n  

v o l t s ,  i . e .  2 .9 4  e l e c t r o n - v o l t s  fo r  th e  en ergy  o f  

d i s s o c i a t i o n  o f  th e  io n is e d  m o le c u le . T h is i s  above 

W e iz e l’ s v a lu e  and i s  th e  h ig h e s t  e s t im a te  so  fa r  

o b ta in e d . I t  su g£:ests a ten d en cy  fo r  the s p e c tr o s c o p ic  

v a lu e  to  In c r e a se  w ith  im proved ex p e r im en ta l te c h n iq u e .

Let us now r e c o n s id e r  th e s e  cu rv es  and se e  i f  th e r e  

i s  any p o s s ib l e  so u rce  o f  e r r o r  in  one or more o f  th e  

c u r v e s , a r i s in g  from somo p e c u l ia r i t y  in  th e  a p p a ra tu s , 

w hich co u ld  accou n t fo r  tho d isc r e p a n c y  betw een th e
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numerical va lu es for  the io n isa tio n  p o te n tia l o f the 

m olecu le .

Reference to  the energy le v e l  diagram for the 

helium atom on page 6 shows that i f  the io n isa tio n  

p o te n tia l o f the m olecule i s  a c tu a lly  c lo se  to  th is  

value of 21.53 e le c tr o n -v o lt s ,  then no molecular ion  

can be formed by tlie attachment o f an ex c ited  atom to  

a noimial atom, u n t i l  the atoms are ex c ited  in to  the 

3^S s ta te  of 22 .6  v o lt s  energy. The Heg curve in f i g .

25 shows qu ite d e f in i t e ly  that m olecular ions are formed 

for e lectro n  en erg ies down to  20 v o l t s .  This r e su lt  i s  

confirmed by the curves, in  f i g .  19, obtained w ith the 

space-charge apparatus, and must therefore be co rrec t.

The only exp lanation  which could bring the r e s u lts  

in to  l in e ,  i s  that the m olecular ions are formed by 

c o l l i s io n s  between two m etastable atoms. The lin ea r  

r e la t io n  between the number o f m olecular ions and the 

filam ent em ission shown in f i g .  24 for  three d iffe r e n t  

values of the e lec tro n  energy cannot be spurious, sin ce  

we obtain a s t r i c t l y  lin ea r  r e la t io n  between the number 

of atomic ions and tho filam ent em ission when the energy 

of the e lec tro n s i s  26 v o l t s .  I t  i s  therefore quite  

d e f in ite  that only one of the atoms taking part in  the 

formation of the m olecular ion i s  in  an ex c ited  s ta te .

The con sid eration  of the con d ition s in  the io n isâ t:  

lion  chamber given on page 119 shows that a c o l l i s io n

I
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botv/con two m o ta sta b le  atoms i s  vory  u n l lk o ly  compared 

w ith  tho  p r o b a b i l i t y  o f  a c o l l i s i o n  betw een a m o ta sta b le  

and a norm al atom . From t h e o r e t i c a l  c o n s id e r a t io n s  a 

c o l l i s i o n  o f  th e  secon d  k in d  betw een two m e ta s ta b le  

atoms cou ld  le a d  to  the fo rm a tio n  o f  an atom ic io n .

The f a c t  th a t  no atom ic io n s  formed in  t h i s  way were 

d e te c te d  in  t h i s  work su p p o rts  th e  s u p p o s it io n  th a t  a 

c o l l i s i o n  betw een two m e ta s ta b le  atoms i s  v ery  u n l ik e ly  

a t  such a low p r e s s u r e .

A lthough t h i s  c o n c lu s io n  a s to  th e  form ation  o f  

m o lecu la r  io n s  in  h e liu m  i s  in  c o n f l i c t  w ith  th e  

n u m erica l v a lu e s  o f  th e  band s p e c t r o s c o p is t s , i t  aug,gests 

a vory  s a t i s f a c t o r y  e x p la n a tio n  fo r  c e r ta in  o th er  

ex p er im en ta l o b s e r v a t io n s , w hich w i l l  now be b r i e f l y  

d is c u s s e d .

D a v ies  (59 ) in  1922 , ob served  th a t  when h eliu m  a t  

a p r e ssu r e  o f 10 mm was e x c i t e d  by e le c t r o n  im p act, a l l  

th e  bonds appeared when th e  energy  o f  the e le c t r o n s  was 

1 9 ,0  v o l t s .  T h is can now be accou n ted  fo r  by the  

form ation  o f  m o lecu la r  io n s  by th e  n o n -r a d ia t iv e  

p r o c e ss  ( c )  . Tlie m o lecu la r  io n s  may ca p tu re  an e le c tr o n  

in t o  d i f f e r e n t  e x c i t e d  s t a t e s ,  g iv in g  r i s e  to  th e  b an ds.

That th e  m e ta s ta b le  h e l iu n  atoms p la y  an im portant 

p a r t in  the form ation  o f  h e liu m  m o le c u le s  has been shown 

by Emeleua and D uffendack ( 6 4 ) ,  and more r e c e n t ly  by
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McCalliim and W ills  (65) . Erne len s  and Duffendack based  

t h e ir  co n c lu s io n s  on o b serva tion s o f the In te n s ity  o f  

tho l in e s  and th e bands In tlie d if fe r e n t  p arts of a 

helium  d isc h a r g e . They con clud e, however, th at the  

m otastab le atoms combine w ith  normal atoms to form 

s ta b le  n eu tra l m o lec u le s , and su ggest the occurrence o f  

a tl'iree-body c o l l i s i o n  fo r  the d isp o sa l of the excess  

energy.

Three p o te n t ia l  energy curves fo r  the helium  

m o lecu le , based on the r e s u l t s  g iven  In th is  t h e s i s ,  are 

shown In f i g .  2 6 . The lo w est curve I s  fo r  the com pletely  

u n sta b le  helium  m olecu le Heg, the middle curve Is  for  

the low est s ta b le  s ta te  is(T^,  ̂ Z , and the

uppeimost curve Is  fo r  the normal s ta te  o f the Io n ised  

m o lecu le . The I o n is a t io n  p o te n t ia l  o f  the m olecule has 

been taken to  be 1 9 .77  v o l t s ,  the maximum p o ss ib le  v a lu e , 

and the minimum o f  the curve fo r  the low est s ta b le  s ta te  

has been drawn 4 .2 3  v o l t s  below the Io n isa t io n  p o te n tia l*  

Tlie curves are now a l l  much s te e p e r . In d ica tin g  la rg er  

v a lu es fo r  the e n er g ie s  o f d is s o c ia t io n ,  than In the  

scheme o f p o te n t ia l  energy curves g iven  by M ulllken ( 6 6 ) .  

The v a lu es  o f  th e In tern u cloar d is ta n c e  are taken from 

fiu l l ik e n  * s paper.

The form ation  o f  the helium  m olecular Ion can be 

regarded In the same way as the form ation o f the mercury 

' m olecular Ion on page 81 . I t  may be a tw o-stage p ro ce ss .
r - . -
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in  w hich a m o lecu le  in  th e  1 ^^ . Z s t a t e

i s  formed and th en  im m ediately  io n is e d  by th e  e x c e ss  

e n e rg y . This n o n -r a d ia t iv e  p r o c e ss  in  which the e x c e ss  

energy i s  c a r r ie d  o f f  by the e je c te d  e le c tr o n  appears 

to  be a much more l i k e l y  p r o c e s s ,  a lthougji i t  does not 

p rec lu d e  th e  p o s s i b i l i t y  o f  a th ree-b od y  c o l l i s i o n  a t  

h ig h e r  p r e ssu r e s  as su g g e s te d  by Emeleus and D uffendack.

McCal^um and W ills  made o b se r v a tio n s  on the r a te  o f  

decay o f th e  l i n e s  and bands when heliu m  qt a p ressu re  

o f  2 7 .5  mm was e x c i t e d  in  such  a way as to  produce the  

l i n e s  and th e  bonds w ith  ap p roxim ately  eq u al in t e n s i t y .  

Tliey found th a t  1 /6 0 0  secon d s a f t e r  th e  d isch a rg e  had 

been in te r r u p te d , th e  l i n e s  had d isa p p ea red , but th a t  

th e  bands were o f  a lm ost th e  same i n t e n s i t y .  They su g g est  

th a t  e i t h e r  th e  h e liu m  m o le c u le s  have a l i f e  o f 1 /600  

se co n d s , or th a t  more prob ab ly  th e  m o lecu les  are formed  

in  th e  gas a f t e r  the e x c i t a t io n  has ceased  by c o l l i s i o n s  

betw een m e ta s ta b le  atoms and normal atom s. T h is l a t t e r  

su g g e s t io n  i s  in  agreem ent w ith  th e  r e s u l t s  g iv en  in  

t h i s  t h e s i s .

I f  a c o l l i s i o n  betw een a m eta sta b le  atom and a normal 

atom can o n ly  g iv e  r i s e  to  a m o lecu le  in  i t s  lo w est  

s t a b le  s t a t e ,  as su g g e s te d  by Emoleus and D uffendack, 

th en  th e  bands must o r ig in a te  from c o l l i s i o n s  betw een

e le c t r o n s  and th e  s ta b le  m o le c u le s , whereby the l a t t e r  

are r a is e d  to  h ig h e r  s t a t e s  from which they  retu rn  to

n
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low er s t a t e s  w ith  the em issio n  o f  p h o ton s. But i f  a 

c o l l i s i o n  betw een a m eta sta b le  atom and a normal atom 

g iv e s  r i s e  to  a m olecu lar  io n , then th e  bands can be 

accounted  f o r  by th e  capture e le c tr o n s  by the  

m olecu lar  io n s  in t o  t h e ir  d i f f e r e n t  e x c i t e d  s t a t e s .

T ills l a t t e r  would seem to  be a more l i k e l y  p ro cess  in  

th e  absence o f  any sou rce o f  e x c i t a t io n ,  as found by 

McCallum and W i l l s ,  and can bo accounted  fo r  by the  

r e s u l t s  o f  t h i s  e x p er im en ta l r e se a r c h .

SUMMARY OF RESULTS ON THE FORMATION OF HELIUM

MOLECULES.

The form ation  o f  m o lec u le s  in  heliu m  has now been  

diown to  be very  s im ila r  to  the form ation  o f  m o lecu les  

in  m ercury vapour, w hich was d is c u s s e d  on page 8 0 .

The attachm ent o f  a m o ta sta b le  atom to  a normal 

atom to  form an io n is e d  m o lecu le  has been d e f i n i t e l y  

shown to  o c c u r . 'Tliis n o n -r a d ia t iv e  p r o c ess  which may 

be w r it te n

( o )

can accou nt fo r  v a r io u s  o b se r v a tio n s  on th e  heliu m  

ban d s, and a l s o  fo r  th e  io n is a t io n  which was observed  

below  th e  atom ic io n is a t io n  p o t e n t ia l  by th e  e a r l ie r  

workers on c r i t i c a l  p o t e n t ia l s .  This e f f e c t ,  which  

was p e c u l ia r  to  h e liu m , a t tr a c te d  co n sid er a b le  a t t e n t io n

i
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a t  the tim e , i t  was g e n e r a lly  a scr ib ed  to  tho presence o f  

im p u r it ie s  or to  atomic io n is a t io n  by some accum ulative  

process#  Tlie form ation o f io n ise d  m olecu les does not 

appear to  have been co n sid ered .

The occurrence o f  tho p ro cess  (c )  shows a maximum 

valu e o f 19 .77  e - v o l t s  fo r  the io n is a t io n  p o te n t ia l  o f th e  

m o lecu le , t h i s  i s  1 .7  e - v o l t s  below th e  sp ec tro sco p ic  value  

o f  2 1 ,5  e - v o l t s .  The energy o f  d is s o c ia t io n  o f  the io n ise d  

m olecu le  has con seq u en tly  a minimum va lue of 4 ,7 3  e - v o l t s ,  

t h i s  i s  1 ,8  e - v o l t s  above the sp ec tro sco p ic  value o f 2 .9  

e - v o l t s •

I t  has been shown th a t in  mercury vapour e x c ite d  atoms

in  s t a t e s  o th er  than P s ta t e s  do not form io n ise d  m olecu les

by attach m en t, even when they have more than s u f f ic ie n t

energy to  do s o .  The helium  atom i s  s im ila r  to  the mercury

atom in  th a t i t  has two o u ter  e le c t r o n s ,  but the ou ter

s h e l l  o f  th e  helium  atom i s  com plete w h ile  the outer s l ie l l
»

o f  th e  mercury atom i s  in co m p lete . This d if fe r e n c e  

app arently  a llo w s th e  form ation o f io n ise d  helium  m olecules  

from e x c ite d  atoms in  S s t a t e s .

-
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PART 4.

ELECTRON TRANSFER IN MERCURY VAPOUR.

INTRODUCTION.

During th e  con rse  o f  an experim ent In v o lv in g  the  

a c c e le r a t io n  and subsequent r e ta r d a tio n  o f  p o s i t iv e  ion s  

,in  mercury vapour, i t  was found th a t the re ta rd in g  p o te n t ia l  

had to  be ju s t  g r ea ter  than tw ice  th e  a c c e le r a t in g  p o te n t ia l
t

in  order to  stop  co m p lete ly  the passage o f  any p o s i t iv e  io n s  

R etarding p o t e n t ia l  curves fo r  the p o s i t iv e  ions were 

ob ta in ed  and d i f f e r e n t ia t e d  to  g iv e  the energy d is tr ib u t io n  

o f  th e  Hg io n s .  A ty p ic a l  energy d is tr ib u t io n  curve 

found fo r  p o s i t iv e  io n s  which had been a c c e le r a te d  by a 

p o te n t ia l  v o l t s  i s  shown in  f i g .  27 . This curve i s  

m erely a sk e tc h , th e  a c tu a l curves w i l l  be g iven  l a t e r .  I t  

i s  apparent th a t the m a jo rity  o f  th e  io n s have an ener^^ 

equal to  th a t  acqu ired  in  moving through the a c c e le r a t in g  

f i e l d ,  w h ile  a sm a ller  group o f  io n s  have double th is  amount 

o f  energy , p r a c t ic a l ly  no io n s have e n e rg ie s  between th ese  

two v a lu e s .

Tiiis su ggested  th e  occurrence o f  the p rocess o f  

o lo c tr o n  tr a n s fe r  which was f i r s t  observed by Kallmann 

and Rosen (40) in  1930 , and which has been d iscu sse d  

to g e th e r  w ith  o th er  s im ila r  p r o c esse s  in  Part I ,  S ec tio n  2 

o f  t h i s  t h e s i s .
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Hie e f f e c t i v e  p r o c e ss , which may be w r itte n  

Hg +  H g  H g ^  t  Hg'^

in v o lv e s  the tr a n s fe r  o f  an e le c tr o n  from a n eu tra l %
2+atom to  a doubly-charged  Hg io n . An Hg ion  in  

p a ss in g  throug^i on a c c e le r a t in g  p o te n t ia l  V v o l t s  acq u ires
2 -f

an energy 2eV e le c t r o n - v o l t s .  I f  the f a s t  Hg ion then

makes a c o l l i s i o n  w ith i\ n e u tr a l atom and i f  one, or

o th e r , o f th e  r e s u lt in g  Hg^ io n s moves on w ith  the whole

o f th e  k in e t ic  energy 2eV e le c t r o n - v o l t s ,  then a reta rd in g

p o te n t ia l  o f  2 V v o l t s  w i l l  be req u ired  to  rev erse  i t .

Kallmann and Rosen assumed th a t the e f f e c t iv e

c o l l i s i o n  was a graz in g  one in  which tho Hg ion in

p a ss in g  c lo s e  to  a normal atom e x tr a c te d  an e le c tr o n  and

moved on as a f a s t  Hg^ io n . Hie d is tr ib u t io n  o f the

energy between th e  r e s u l t in g  Hg^ io n s was n ot however

examined in  any d e t a i l .

The fo llo w in g  apparatus was acco rd in g ly  design ed  to

in v e s t ig a te  t h i s  p o in t .  The r e s u l t s  obtained in d ic a te

tlia t the assum ption made by Kallmann and Rosen was

in c o r r e c t .  The tr a n s fe r  p ro cess  was in v e s t ig a te d  fo r  
2bHg io n s  h avin g  e n e r g ie s  from 140 to  400 e le c t r o n - v o l t s .
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p.' - THE APPARATUS.

' The app aratu s, which i s  shown in  f ig *  28 togeth er  

v/ith a w ir in g  diagram , was mounted in  the same pyrex tube 

( f ig *  8 , page 4 7 ) as iiad been used fo r  the in v e s t ig a t io n  

o f th e  form ation o f  helium  and mercury m olecules by the 

space-charge method.

Tne m etal p a rts  and gauzes were made o f n ic k e l sp o t-  

welded where n e c e ssa r y , and th e  end caps fo r  the cy lin d ers  

were p ressed  out o f one p ie c e  o f n ic k e l  so as to  g ive  a 

p e r fe c t  f i t .  The la rg e  Faraday cy lin d er  was supported 

In sid e  and in su la te d  from the sh ie ld in g  cy lin d er  C3 by 

two t i g h t - f i t t i n g  sindanyo r in g s . The cy lin d er  C3 was 

supported r ig id ly  on one o f the quartz tubes which passed  

dov/n th e  cen tre  o f the pyrex tu b e. The connecting  

wire in s id e  t h i s  quartz tube was spot-w elded to  the 

Faraday c y lin d e r , and i t  i s  c le a r  from the diagram th at  

the Faraday c y lin d e r  and i t s  connecting wire were 

com pletely  sh ie ld ed  from any e le c tr o n s  or ion s except 

those which passed  tlirough the gauze G4 . This gauze 

G4 , vdiich was spot-w elded  to  the end-cap o f  the cy lin d er  

C3 , was made c y l in d r ic a l  in  shape so tiia t ion s lea v in g  

tho c y lin d e r  Cg a t  wide a n g les  could en ter  in to  the  

Faraday c y lin d e r . The cy lin d er  Cg was t ig h t ly  sp o t-  

welded in to  the end cap o f a cy lin d er  open a t i t s  other  

end. The co n ta in in g  c y lin d er  supported the cy lin d er

f
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Cg by f i t t i n g  t i g h t ly  over the sindanyo r in g  round C3 , 

and a l s o  sh ie ld e d  th e  gauze G4 from any ion s or e le c tr o n s  

excep t th ose  which p assed  th r o u ^  the lower gauze G3 .

The c y lin d e r  , which co n ta in ed  the c lo s e - c o i le d  tun gsten  

f ila m e n t F and th e  two gauzes Ĝ  and Gg, was supported  

and in s u la te d  from the c y lin d e r  by sh ort quartz ro d s, 

^ e  fila m en t was o f  tu n gsten  0*15 rnn in  diam eter and i t s  

le n g th  b e fo re  c o i l in g  was 2 cms. The fila m en t lea d s  were 

in s u la te d  from the c y lin d e r  Cĵ  by sh ort quartz tubes  

which f i t t e d  t i g h t ly  in to  h o le s  punched in  the s id e s  o f  

th e  c y lin d e r .

The high-vacuum  system  was the same as fo r  the  

e a r l ie r  work. No l iq u id  mercury was kept in  th e  tub e.

The vapour which d if fu s e d  from th e  McLeod gauge and the  

d if fu s io n  pump gave a p ressu re  o f  10"^ mm a t  O^C. This 

was h igh  e n o u ^  to  g iv e  s u f f i c i e n t ly  la rg e  p o s i t iv e  ion  

c u r r e n ts .

I

EXPERIMENTAL FROCEIXJ RE.

The apparatus was baked out by means o f  an e le c t r ic  

furnace a t  a tem perature o f  550^0 • This had to  be 

continu ed  fo r  some tim e b efore  th e  p ressu re  f e l l  below  

2 X 10~^ mm owing to  the la r g e  amount o f  gas p resen t in  

the sin d an yo . Tlie f ila m e n t was then f la sh e d  and run in .

The e le c tr o n s  from th e  fila m en t were a c c e le r a te d  up 

to  th e  gauze Oĵ  by a p o te n t ia l  Vq which was s e t  equal to
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60 v o lt s *  T his va lu e  l i e s  between th e  c r i t i c a l  

p o t e n t ia ls  fo r  the form ation o f  and g iven  by
2-f-

B loaloiey (26 ) as 30 and 71 v o l t s  r e s p e c t iv e ly .  Any Hg 

and Kg^ io n s  formed in  th e  f i e l d - f r e e  space between the  

gauzes and Gg were a c c e le r a te d  up to  the gauze O3 by a 

p o t e n t ia l  \  a p p lie d  between Gg and O3 . The p o te n t ia l  

Vl , which had v a lu e s  ranging from 70 to  200 v o l t s  fo r  

d if f e r e n t  ru n s , a ls o  served  to  r ev e rse  a l l  e le c tr o n s  from  

th e  f ila m e n t F and con seq u en tly  i t  cou ld  not be reduced  

below a va lu e  ju s t  g r e a te r  than V^. A r e ta rd in g  p o te n t ia l  

Vg was a p p lied  between th e  low er gauze Ĝ  and the gauze 

to  r e v e r se  th e  io n s  le a v in g  th e  f i e l d - f r e e  space  

In s id e  the c y lin d e r  Cg, Any io n s  emerging from Cg w ith  

an energy g r e a te r  than Vg passed  through the gauze Ĝ  

and were drawn in to  th e  Faraday c y lin d e r  by a p o te n t ia l  

o f  20 v o l t s ,  a p p lie d  between th e  Faraday c y lin d e r  and 

the sh ie ld #  The p o s i t iv e  io n  cu rren t e n ter in g  the  

Faraday c y lin d e r  was read  on th e  galvanom eter , which  

had a s e n s i t i v i t y  o f  7 .8  x 10~^^ amps per mm.

A l l  p a r ts  o f  th e  e x te r n a l c i r c u i t  connected to  the  

galvanom eter were in su la te d  by mounting them on 

eb o n ite  b lo ck s w ith  sulphur r in gs#  A p relim in ary  t e s t  

was made by s e t t in g  Vq<  30 v o l t s  so  th a t no ion s

cou ld  be form ed. was sfet equal to  200  v o l t s ,  the  

maximum v a lu e  u sed , and the re ta rd in g  p o te n t ia l  Vg was 

v a r ie d  from 200  up to  400 v o l t s .  No current through the

-    _
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galvanom eter cou ld  be d e te c te d , which showed th a t the  

in s u la t io n  o f  Uie Faraday c y lin d e r  c ir c u i t  was com plete.

The v a lu e s  o f  Vq , and Vg were a l l  read on th e '  

some standard Weston v o ltm eter  by moans o f  the key shown 

in  f i g .  2 8 . The p o s i t iv e  Ion current to  the f i e ld - f r e e  

c y lin d e r  Cg was read on a u n ip iv o t  galvanom eter, Mg, 

which had a s e n s i t i v i t y  o f  3 .1  x  10~? amps per sc a le  

d iv i s io n .

S p h a g e tti r e s is ta n c e s  were inclu ded  in  the ex te rn a l  

c ir c u i t  to  preven t the e s tablialim ent o f  an arc a t  hi^^  

p o t e n t ia l s .  The galvanom eters and th e  m illiam m eter  

were p r o tec ted  from p o s s ib le  damage by f in e  fu se  w ir e s , 

which fu sed  a t 200 m illia m p s .

The f i r s t  p a r t o f  the work c o n s is te d  in  m easuring  

th e  energy d is t r ib u t io n  o f  the io n s  e n ter in g  the f i e l d -  

fr e e  space Cg. These io n s w i l l  be c a l le d  the " in c id e n t” 

io n s ,  th o se  le a v in g  i t  w i l l  be c a l le d  the "emergent" 

i o n s . The apparatus shown in  f i g .  28b , which i s  sim ply  

t lia t  o f f i g .  28a w ith  th e  f i e l d - f r e e  c y lin d e r  Cg rep laced  

by a s in g le  gauze O^, was u sed . When t h i s  had been done 

th e  apparatus was changed to  the form shown in  f i g .  2 8 s , 

and the energy d is t r ib u t io n  o f  the emergent ion s was 

m easured. i

&
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RESULTS.

TUE ERERGY DISTRIBUTION OF THE INCIDENT IONS.

was se t  equal to  60 v o l t s  and the filam ent

h ea tin g  current ad ju sted  to  g iv e  an em ission which was

hold  constan t a t 1 .0  m illiam p . P o s it iv e  io n s , formed

by e le c tr o n  im pact, were a c ce le ra te d  up to  the gauze

by a p o te n t ia l  ap p lied  between Og and G • The

retard in g  p o te n t ia l  Vg, ap p lied  between G4 and 0^, was

a lte r e d  in  sm all s te p s  o f  one or two v o lt s  from a value

o f  about 30 v o l t s  below the va lue o f Vi to  a few v o lt s

abovo Yl . Tlae p o s i t iv e  ion current en ter in g  the

Faraday c y lin d er  fo r  each va lue o f Vg was read on the

galvanom eter Î4i ,  which was worked a t a s e n s i t iv i t y  o f

7*8 X 10"^ amps/mm. 'The curve showing the p o s it iv e  ion

current p lo tte d  a g a in st the va lue o f  Vg i s  the retard in g

p o te n t ia l  curve fo r  the in c id en t io n s . The slope o f the
/

curve a t any value o f  Vg, say Vg, g iv e s  the number o f
/

ion s Imving an amount o f energy equal to  Vg. The 

energy d is tr ib u t io n  curve was obtained by d if fe r e n t ia t in g  

the retard in g  p o te n t ia l  curve and p lo t t in g  the slop e  a t  

a la rg e  number o f d if f e r e n t  p o in ts  a g a in st the corres:

:ponding v a lu es  o f  the retard in g  p o te n t ia l  Vg.

R etarding p o te n t ia l  curves were obtained fo r  

in c id en t io n s  a cce lera ted  by va lu es o f equal to  70, 

110, 150 and 200 v o l t s .  The energy d is tr ib u t io n  curves

111!"
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ob ta in ed  by d i f f e r e n t ia t io n  o f  th e  rea trd in ^  p o te n t ia l  

curves are sliown in  f i g .  2 9 . These curves g iv e  the  

energy spread fo r  a l l  p o s i t iv e  io n s  formed between Cj_ 

and Gg. A ccording t o  Bleaîcnoy (25) 90% o f  th e se  ions  

are and 10% are when i s  60 v o l t s .  The

io n s and the Hg^ io n s  cannot be separated  in  t h is  

ap p aratu s. The cu rves w i l l  however rep resen t the ener^^y 

d is tr ib u t io n  o f  the Hg^ io n s ,  which i s  g iven  by the  

lower a b s c is s a  s c a le  in  f i g .  29 .

Thiero are two fa c to r s  which in trod u ce  inhom ogenity  

in to  the in c id e n t  ion  beam. F ir s t ly  som e.of the ion s  

lo s e  k in e t ic  energy in  e l a s t i c  c o l l i s i o n s  w ith  other  

atom s, and seco n d ly  e le c tr o n s  from th e  fila m e n t p en e tra te  

in to  th e  r eg io n  betw een Gg and b e fo re  they are  

r e v e r se d . Any io n s  formed in  t h i s  reg io n  w i l l  not r e c e iv e  

th e  f u l l  a c c e le r a t in g  p o t e n t ia l .

To reduce th e  number o f  e le c tr o n s  which passed  

t  rough th e  gauze G^, a m agnetic f i e l d  was a p p lied  a t  

r lg l it  a n g le s  to  the a x is  o f  the c y lin d e r . The f i e l d  

was p rovided  by two la r g e  bar magnets s e t  up , one on 

each s id e  o f  th e  tu b e , so  as to  g iv e  a f i e l d  on ly  over  

the r eg io n  o f th e  c y lin d e r  C-l . The str en g th  o f  th is  

f i e l d  was measured by u s in g  a search  c o i l  and a G rassot 

f lu x m e te r . I t  was found to  be about 50 g a u ss , which was 

s u f f i c i e n t  to  raake the e le c tr o n s  d e sc r ib e  c ir c u la r  paths  

in  the f i e l d - f r e e  space between &nd Gg. This f i e l d
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F ig , 2 9 . \kaaĵ  dji/i !xJ>-uJ^

-Civy C j^cIjL X ,^  «

CctA*X̂

V,-I10
2(H) 4 0 0

i-70
ro

220

.1)0

^  -L*S. £-

F i6  . 3 0 .  ^̂ UuA,jAj dXyO / KiÀuyùjru. UjOû Co
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v/aa too sm all to have any appreciable e f f e c t  on the 

motion of the heavy mercury io n s .

The curves in f i g .  29 show the energy d is tr ib u tio n  

of the in cid en t ions with th is  f ie ld  p resen t. Curves 

obtained without i t  showed greater inhomogenity. The 

f i e ld  was therefore retained  fo r  the remainder of the  

work.

Ihe fa c to r s , which introduce th is  inhomogenity in

the energy d is tr ib u tio n  of the lig^ io n s , must a lso

a f fe c t  the energy d is tr ib u tio n  of the Hg io n s . Tlie

curves shown in  f i g .  29 w i l l  therefore represent the
2*tenergy d is tr ib u tio n  o f the in cid en t Hg ions provided

the a b sc issa  sca le  i s  m u ltip lied  by a fa c to r  o f 2 , since  

the have an energy double that of the Hg  ̂ ions in

v ir tu e  of th e ir  double charge.

The upper sca le  in  f i g .  29 consequently g ives the

energy d is tr ib u tio n  o f the in cid en t io n s . The

reason for the shaded portion  of each curve w i l l  be 

seen la t e r .

i . rjT I*5

; I

,1
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THE EmmOY DISTRIgUTIOH OF TIIE EMERGENT IONS.

Hio apparatus was changed to  th e  form shown in  f i g .  

28a . The v a lu e  o f  Vq was kept equal to  60 v o l t s ,  and the  

h e a tin g  cu rren t fo r  th e  f ila m e n t was ad ju sted  to  g iv e  a 

con stan t em issio n  o f  8 m illia m p s. The r e ta rd in g  p o te n t ia l  

Vg a p p lied  between the low er gauze and the gauze G4 

was a lte r e d  in  sm all s te p s  from a va lu e  ju st g r ea ter  than 

VjL to  a v a lu e  above 2 . The o b je c t  o f t h i s  p art o f  the

work b e in g  to  in v e s t ig a te  the sm all peak due to  f a s t  Hg'*’ 

io n s  w ith  an energy 2 V-̂  shown in  f i g .  2 7 . The s e n s i t i v i t y  

o f  the galvanom eter was in crea sed  by a fa c to r  o f 1 0 0 , 

to  7 .8  X 10**^  ̂ amps/mm.

R etard ing p o te n t ia l  curves fo r  the emergent ion s  

were obta in ed  fo r  d i f f e r e n t  v a lu e s  o f  between 70 and 

200 v o l t s .  Four of th e  energy d is tr ib u t io n  curves  

ob ta in ed  by d i f f e r e n t ia t in g  th e  r e ta rd in g  p o te n t ia l  curves 

are shown in  f i g .  3 0 . The s ig n if ic a n c e  o f th e  p o in ts  

shown on the peaks w i l l  be ex p la in ed  l a t e r .

The stoop  f a l l  a t the s ta r t  o f  each curve in  f i g .  30 

i s  due to  a few o f  the in c id e n t  Ilg^ io n s having en e rg ies
si)

co n sid era b ly  in  e x c e ss  o f  tiio va lu e  . I t  m ight seem g

th a t tlio energy spread o f  the in c id e n t  ion s w ith  t h i s  I
form o f  th e  apparatus i s  g r ea ter  than th at g iven  in  f i g .  |

29 fo r  th e  apparatus o f  f i g .  28b . However i t  i s  to  be



149 .

n o ted  th a t  the s e n s i t i v i t y  o f  the galvanom eter i s

in c re a se d  by a f a c t o r  o f  1 0 0 , and th at the filam en t

em issio n  i s  in c re a se d  by a fa c to r  o f  8 . This f a l l  i s

th e r e fo r o  th e  " ta i l"  o f  the energy d is tr ib u t io n  curves

In f i g .  29 m agn ified  800 tiia es  and i t  does not v i t i a t e

the form o f the energy d is t r ib u t io n  curves obtained  fo r

th e Hg^^ io n s  in  f i g . 29 .

Owing to  the d e s ig n  o f  th e  apparatus i t  was not
2 - f -p o s s ib lo  to  I n v e s t ig a te  th e  tr a n s fe r  p ro cess  fo r  Hg

io n s o f  energy below  140 e le c t r o n - v o l t s .  To ob ta in

p o s i t iv e  io n  cu r re n ts  o f  s u f f i c i e n t  in t e n s i t y  the energy

o f  th e  e le c tr o n s  cou ld  n o t be reduced below 60 v o l t s .
2+S in ce  the same f i e l d  was u sed  to  a c c e le r a te  the Hg ions

and t o  r e v e r se  th e  e le c tr o n s  from th e  f i la m e n t , the 

minimum a c c e le r a t in g  p o t e n t ia l  had to  be above 60 v o l t s .

The in tr o d u c t io n  o f  another gauze between Og and Gg 

would have en ab led  th e  p r o c ess  to  be in v e s t ig a te d  fo r  

low er energy v a lu e s .  The io n s  co u ld  have been a c c e le r a te d  

up to  th e  a d d it io n a l  gauze and then  retard ed  b efore
2+en to r in g  th e  f i e l d - f r e e  sp a ce . However, th e  beam o f  Hg 

io n s  e n te r in g  th e  f i e l d - f r e e  c y lin d e r  w ithout the in s e r t io n  

o f  an e x tr a  gauze had a f a i r l y  wide range o f  e n e r g ie s ,  

fh io  m o d if ic a t io n  In th e  d e s ig n  o f  th e  apparatus would 

c e r t a in ly  have in c re a se d  th e  Inliom ogenity in  th e  ener^^y 

o f  th e  io n s ,  and fo r  t h i s  reason  I t  was n ot made.

[L
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Tim VARIATION IN TIIE imMBlziR OF FAST Hn 

IONS WITH KLïiJCTRON ENERGY.

So fa r  I t  has been assumed th a t  the group o f  f a s t  

io n s which appears in  every  curve In f i g .  30 o r ig in a te s  

from th e  prnduction  o f  f a s t  io n s  by th e  p ro cess  

IIg2++ Hg‘ -

Throe cu rves showing th e  v a r ia t io n  in  th e  number o f  

f a s t  Hg~̂  Ions as the energy o f  th e  e le c tr o n s  was In creased  

from 20 to  60 v o l t s  are g iv en  in  f i g .  3 1 . The cu r v es ,  

which are fo r  th ree  d i f f e r e n t  v a lu e s  o f , have been 

d isp la c e d  in  a v e r t i c a l  d ir e c t io n  to  sep ara te  th e  p o in t s ,  

Tlio c r i t i c a l  p o t e n t ia l  fo r  the form ation  o f  ob ta in ed

from sp e c tr o sc o p ic  d a ta  i s  g iv en  by Bacher and Gouds l i t  

(54) a s 2 9 .0 6  v o l t s .  I t  i s  c le a r ly  shown by the curves in  

f i g .  31 t lia t  no f a s t  Hg"̂  io n s  appear fo r  e le c tr o n  e n e r g ie s

below  29 v o l t s .  This j u s t i f i e s  th e  assum ption th a t the
+ 2“tf a s t  Ilg io n s  are produced by Hg io n s .

Tlie v a r ia t io n  in  th e  number o f  f a s t  Ilg^ io n s w ith  

f ila m e n t em issio n  was a ls o  examined and found to  bo 

s t r i c t l y  l in e a r .

The s ig n if ic a n c e  o f  th e  energy d is tr ib u t io n  curves  

in  f i g .  30 can now be d is c u s s e d .



1 5 1 .

VflDd

Vfir)(i



152 .

DISCUSSION OF RSaJLTS.

0 - 4-

I f  tho k in e t ic  energy o f  th e  Hg io n , which i s  

2 Vj e le c t r o n - v o l t s ,  i s  shared in  a random way between  

th e  two Hg^ ion s which are formed by th e  tr a n s fe r  

p r o c e s s , then the energy d i s t r ib u t io n  curve should  show 

Hg^ io n s  w ith  a wide range o f  e n e r g ie s  between and 

2 \ \  e l e c t r o n - v o l t s .  A sliarp peak a t 2 in d ic a te s  

th a t  th e  p r o c ess  i s  fa r  more probable fo r  a head-on  

c o l l i s i o n  or fo r  a c o l l i s i o n  in  which the Hg^“̂  ion  ju s t  

g ra zes  th e  normal Hg atom. In a head-on c o l l i s i o n  th e  

normal atom becomes th e  f a s t  Hg^ io n , in  a graz in g  

c o l l i s i o n  the Hg^^ ion  becomes the f a s t  Hg^ io n . I t  i s  

t lio r e fo r e  o f  in t e r e s t  to  see  i f  we can determ ine from  

th e se  curves th e  ex a c t  n atu re o f  the e f f e c t i v e  c o l l i s i o n .

The peaks showing th e  energy d is t r ib u t io n  o f  the

f a s t  Hg^ io n s  in  f i g .  30 in d ic a te  an energy spread o f

about 30 v o l t s .  I f  t h i s  spread can be accounted fo r  by
2+th e  energy spread o f  th e  in c id e n t  Kg io n s  then the  

e f f e c t i v e  c o l l i s i o n  must be e i t h e r  a head-on or a graz in g  

c o l l i s i o n •

P o in ts  from th e ener^^y d is t r ib u t io n  curves fo r  the  
24-

in c id e n t  Hg io n s  in  f i g .  29 were taken and reduced to  

f i t  tho peaks o f  f i g .  30 a t  th e ir  maxima. 'These p o in ts  

are p lo t t e d  on the peaks in  f i g .  3 0 . They show t lia t  fo r  

oach v a lu e  o f  th e  energy spread o f  th e  f a s t  Hg^ io n s

■i’-î

|ï
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i s  f u l l y  accounted f o r  by the energy spread o f th e  

in c id e n t  io n s .

Tho p rocess -H Kg —> Hg^ +  Hg^ I s  th e r e fo r e

210re  probab le and perhaps on ly  p o s s ib le  fo r  a head-on  or  

a g r a z in g  c o l l i s i o n ,  in  which one o f  th e  r e s u l t in g  Kg^ 

io n s  c a r r ie s  o f f  a l l  th e  k in e t ic  energy o f  the in c id e n t  

io n .

THE CLASSICAL MECHANICS OF THE COLLISION

PROCESS.

21 ion
Ih© in te r n a l  e n e rg ies  o f  an Hg and an Hg a to fn

are r e s p e c t iv e ly  2 9 .0 6  and 10 .39  e le c t r o n - v o l t s .  There

i s  th e r e fo r e  s e t  fr e e  in  the c o l l i s i o n  p ro cess  an amount

o f  in te r n a l  energy equal to  (2 9 .0 6  -  2 0 .7 8 ) i . e .  8 .2 8

e le c t r o n - v o l t s .  T iiis in te r n a l energy may be e n t i r e ly

con verted  in t o  k in e t ic  energy o f t r a n s la t io n ,  or some

o f i t  may be used  to  e x c i t e  one o f  th e  Hg^ io n s in to  one

o f  i t s  e x c i t e d  s t a t e s .

I f  the in te r n a l  energy s e t  f r e e  fo r  con version  in to

k in e t ic  energy i s  denoted by p , then the e f f e c t iv e

tr a n s fe r  p r o c ess  can be w r itte n  more d e f i n i t e l y  as

Kg2+(2 V i e . v . )  + Hg —>Hg (2  V j^e.v.) + Eg^+ p

where p i s  equal to  or l e s s  than 8 .2 0  e le c t r o n - v o l t s .

The q u estio n  o f  the d is tr ib u t io n  of t h i s  in te r n a l  

energy between the two Hg^ io n s w i l l  now be in v e s t ig a t  

fo r  both  ty p es o f  c o l l i s i o n ,  head-on and g r a z in g .

l-ri

V
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ICUID-ON COLLISION.

2i- lon ïïioving with a v e lo c ity  makesSuppose an Hg' 

a head-on c o l l i s io n  with a normal atom which may be 

considered at r e s t ,  s in ce  i t  has only thermal energy 

which i s  equ iva len t to  about 1/30 e le c tr o n -v o lts  at room 

temperature.^^ Lot the v e lo c i t i e s  o f the re su lt in g  Hg^ 

ions be v% and vg.

By the Conservation o f energy, we have

mVf

By the Conservation o f momentum 

mvp = ravi -h mv2 

Squaring (30) and su b tractin g  (29) we obtain

ViVg = _ 2
m

E lim inating Vg from equation (29) we have

(29)

(30)

(31)

, 1 . 0 .  E q +  P -  E +
2

(32)

where = # mv̂ ' 

E = i  m v i'

-  2 Vi

-  (E^t p)E t  I  = 0 (33)
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i . o .  E = &(Eg +  p) i  p)^ -  p^J ^

= è (E ^ +  P) Î  | K ^ ( l t | E  ) i

M E^+ P) ± )

o ln co  p ^ 8 .2 8  e . v ,  and ^  140 e . v .

The s o lu t io n s  are th e r e fo r e

E = E ^ t p  = 2 V ] ^ + p  ) (34)

and E = 0 )

This means th a t  one Hg^ Ion t r a v e l s  on w ith  k in e t ic  

energy equal to  th a t  o f  th e  In c id e n t Ion p lu s  any In te r n a l  

energy s e t  f r e e  In th e  c o l l i s i o n .  The o th er  Ion rem ains 

a t  r e s t .

GRAZING COLLISION.

O f
Vîhen an Hg Ion ju s t  g ra zes  a normal %  atom any 

In te r n a l energy s e t  f r e e  w i l l  a f f e c t  th e  r e la t iv e  m otion  

o f  th e  Hg^ Ion s on ly  In  a d ir e c t io n  a t  r ig h t  a n g le s  to  

the d ir e c t io n  o f  m otion o f  th e  Hg^^ Io n . The Ion

w i l l  r e ta in  I t s  o r ig in a l  k in e t ic  energy In th e  forward  

d ir e c t io n  and must be th e  f a s t  Io n .

I f  v^and Vg are the v e l o c i t i e s  o f  th e  r e s u l t in g  

Hg^ Ions In a d ir e c t io n  p erp en d icu la r  to  th e  d ir e c t io n
2 f

o f  m otion o f  th e  Hg Ion

à
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By the con servation  o f  energy  

P = è  +  & MV̂ (35)

By tho con servation  o f  momentum 

0 = mv̂  -h mvg

Ae for  head-on c o l l i s i o n ,  we ob ta in

VnVp = -  £ ̂ m

E lim in a tin g  from (3 5 ) ,  we liavo

(36)

(37)

I . e .  4 -  4 Ep + = 0
•* 2 

i . e .  (2 E -  p) = 0

l . b .  E = ip  (38)

T herefore in  a grazing c o l l i s i o n  the in te r n a l energy

s e t  fr e e  in  the process i s  shared e q u a lly  between the two

Ilg io n s .  Thia produces a motion of the Hg ions

p erp en d icu lar  to  the d ir e c t io n  o f  motion o f the in c id en t  
2~hHg ion  and consequently  i t  has no e f f e c t  on the 

component o f  the v e lo c ity  o f th e  f a s t  Hg^ ion  in  the  

d ir e c t io n  o f  motion o f  the in c id e n t io n .

The equations (34) and (30) show th a t th e  r e s u lt in g  

f a s t  Hg^ ion should have a component v e lo c ity  in  the  

d ir e c t io n  o f  the re ta rd in g  f i e l d  which i s  eq u iva len t to  

an energy o f  2 p e le c tr o n -v o lt s  i f  the c o l l i s i o n  i s

id
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a head-on  on e , and o f  on ly  2 e le c t r o n - v o l t s  I f  the  

c o l l i s i o n  i s  a g ra z in g  on e . I t  sliould th e r e fo r e  be 

p o s s ib le  to  determ ine from th e  onorgy d is t r ib u t io n  cu rves  

vdiether th e  e f f e c t iv e  c o l l i s i o n  i s  a head-on or a g ra z in g  

c o l l i s i o n .

The fo llo w in g  ta b le  shows th e  energy o f  the f a s t  

Ilg^ io n s  fo r  d i f f e r e n t  v a lu e s  o f  V]_. These energy v a lu e s  

arc th e  e n e r g ie s  o f  the raaxima o f  th e  f a s t  Hg peaks 

aliown in  f i g .  30 and in  o th er  cu rves not g iv en  in  t h i s  

t h e s i s .  The f in a l  column g iv e s  th e  energy o f  th e se  io n s

in  e x c e ss  o f  2 .

TABLE 2 . 

Energy o f f a s t  io n s Enerrv In e x c e ss  o f---------- .^ r - _

e - v o l t s . e - v o l t s . e - v o l t s

X 70 140 0

90 183 3 .0

X 110 222 2 .0

130 262^5 2 .5

X 150 301 1 .0

176 3 5 3 .5 1*5

X 200 402 2 .0

X V alues ob ta in ed  from cu rves in  f i g .  3 0 .
4-

This ta b le  shows th a t  the f a s t  Hg io n s  have an 

onorgy o f about 2 e le c t r o n - v o l t s  in  e x c e s s  o f  the
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energy 2 . C onsequently the c o l l i s i o n  cannot he a

g raz in g  one, nor can i t  he a head-on one in  which the

whole o f the in te r n a l energy i s  converted  in to  k in e t ic

energy . The c o l l i s i o n  must be a head-on one in  which p art

o f  the in te r n a l energy i s  used in  e x c i t in g  one o f  the

r e s u lt in g  Hg^ io n s ,  the energy req u ired  fo r  e x c i ta t io n  i s

apparently about 6 .2 3  e le c t r o n - v o l t s .  There are two

e x c ite d  s ta te s  o f the Hg^ ion  having e n e r g ie s  c lo s e  to  t h i s

amount, the 5dL^. 6 S ^ . s t a t e  o f  6 .2 3  e le c t r o n - v o lt s

energy and the 5cL^^. 6p . s t a t e  o f  6 .3 5  e le c t r o n -v o lt s

onorgy. The v a lu es are g iven  by Bacher and Goudsmit ( 5 4 ) .

The process f i r s t  observed by Kallmann and Rosen can
2+now be d escr ib ed  much more d e f i n i t e l y .  An Hg ion  moving

w ith  an energy e le c t r o n - v o l t s  on making a head-on

c o l l i s i o n  w ith  a normal Hg atom, cap tu res an e le c tr o n  in to

on e x c it e d  s t a t e ,  which may be e ith e r  th e  5 d ^ .  6 s i

s t a t e  or the 6 . 6p . s t a t e ,  and comes to  r e s t .  Thea '
normal atom lo s e s  an e le c tr o n  and becomes a normal Hg ion

and moves on w ith  a k in e t ic  energy equal to  th a t o f  the  
2 -f-in c id e n t  Hg ion p lu s the in te r n a l energy s e t  fr e e  in  

th e  tr a n s fe r  p r o c e ss . This i s  about 2 e le c t r o n - v o l t s .
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This p rocess can be w r itten  as fo llo w s

+ % b

eV 0 0 e V + 2

TÎ10 k in e t ic  en erg ies  o f  the p a r t ic le s  are g iven  below  

the equation , and tho s u f f ic e s  are used to  d is t in g u is l i  

tlio ion and atom b efore  and a f t e r  the tr a n sfe r  p r o c ess .

I t  has already been mentioned on page 30 th a t from 

th e o r e t ic a l  co n sid era tio n s the p r o b a b ility  o f  e le c tr o n  

tr a n s fe r  i s  only app reciab le  when the ex cess  energy, to  

bo ca rr ied  away by the c o l l id in g  p a r t ic le s  as k in e t ic  

en ergy , i s  sm all compared w ith the k in e t ic  energy o f the  

p a r t ic le s  before the c o l l i s i o n .

The r e s u lt s  g iven  here fo r  e le c tr o n  tr a n sfe r  in

mercury vapour are in  agreement w ith  tho th e o r e t ic a l

p r e d ic t io n , sin ce the g rea ter  p art o f  the ex cess  energy

i s  used  in  r a is in g  one o f the p a r t ic le s  in to  an e x c ite d

s ta te  le a v in g  only a sm all amount o f energy to  be carr ied

away as k in e t ic  energy. The v a r ia t io n  in  the p r o b a b ility

o f tlie  tr a n sfe r  p rocess as the energy o f  the in c id en t  
2-hIlg io n s i s  increased  i s  o f  in t e r e s t  to  th e o r e t ic a l  

workers fo r  comparison w ith  the th e o r e t ic a l  cu rves. This 

can bo determined from the experim ental curves o f f i g s .  j

29 and 30 as fo llo w s .
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TEE PROBABILITY OF ELECTRON TRANSFER PROCESS.

The p r o b a b ility  o f  any s p e c i f ie d  c o l l i s i o n  p rocess

i s  u s u a lly  given  in  terms o f  the e f f e c t iv e  c r o s s - s e c t io n

o f th e  atom fo r  that p r o c e ss . The e f f e c t iv e  c r o s s - s e c t io n

i s  the im aginary area o f the atom th a t must be struck  in

order th a t the process may take p la ce  w ith  c e r ta in ty . The

p r o b a b ility  can be obtained by d iv id in g  the e f f e c t iv e

c r o c s - s e c t io n  by the k in e t ic  theory c r o s s - s e c t io n .  The

k in e t ic  theory  c r o s s -s e c t io n  fo r  any c o l l i s i o n  i s

independent o f the v e lo c ity  o f the c o l l id in g  p a r t i c l e s ,

v/horeas the e f f e c t iv e  c r o s s - s e c t io n  v a r ie s  w ith  the

v e lo c i t y  o f  th e  c o l l id in g  p a r t i c l e s .

To determ ine the e f f e c t iv e  c r o s s - s e c t io n  fo r  tlie

e le c tr o n  tr a n s fe r  process i t  i s  n ecessa ry  to  know the 
2-hnumber o f  Kg io n s en ter in g  the f i e l d - f r e e  space Cg, and 

a ls o  the number o f f a s t  Hg^ ion s lea v in g  the same sp ace . j |

For any one value o f Vj_ l o t  A be the area o f  the  

peak r ep re sen tin g  the emergent f a s t  Hg^ ion s in  f i g .  30 , 

and l o t  a be the area o f  the peak rep resen tin g  the in c id en t

Hg io n s .  The r e s u lt s  g iven  by Blealm ey (26) show th a t
2~h "f"the r a t io  o f  the number o f  Hg ion s to  the number o f  Hg

io n s  formed by e le c tr o n s  o f 60 v o l t s  energy i s  0 .1 0 . Tlio

area  a i s  th ere fo re  on e-ten th  o f  the area o f the peaks 

in  f i g .  29 which were obtained fo r  tho in c id en t Hg^ ion s  

Tlio s c a le  fa c to r  fo r  tho peaks in  f i g .  89 i s  the same as

a
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f o r  th e  p ea k s  In  f i g *  3 0 .  H ie a r e a s  A and 10a a re  

t h e r e f o r e  th e  sh ad ed  p o r t io n s  o f  th o  p ea k s In  f i g s . 29  

and 3 0 ,  and th e y  c o v e r  an e n e r g y  sp r e a d  o f  30 e l e c t r o n -  

v o l t s  in  b o th  f i g u r e s .
24-

The f r a c t i o n  o f  th e  t o t a l  nuiaber o f  in c id e n t  Hg 

io n s  w h ich  on c o l l i s i o n  w ith  n e u t r a l  atom s in  th e  f i e l d -  

f r e e  sp a c e  p rod u ce f a s t  Hg^ io n s  i s  g iv e n  by th e  r e l a t i o n

N = ( - )  S . I . P .  (3 9 )a
w here S i s  a f a c t o r  in tr o d u c e d  t o  c o r r e c t  f o r  th e  change  

in  th o  s e n s i t i v i t y  o f  th e  g a lv a n o m e te r  u se d  f o r  th e  

m easurem ent o f  th e  e n e r g y  d i s t r i b u t i o n  o f  th e  in c id e n t  

and em erg en t i o n s .  As s t a t e d  on p a g e  1 4 9 ^ 3 = 1 /1 0 0 .

I  i s  a  f a c t o r  w h ich  c o r r e c t s  f o r  th e  ch an ge in  th e  

f i la m e n t  o m is s io n ,  w h ich  was 1 .0  m illia m p  f o r  th e  r e s u l t s  

o f  f i g .  29 and 8 .0  m il l ia m p s  f o r  th e  r e s u l t s  o f  f i g .  3o 

I  i s  t h e r e f o r e  1 / 8 .  H ils  c o r r e c t io n  i s  o n ly  p o s s i b l e  

b e c a u se  o f  th e  l i n e a r  r e l a t i o n  b etw een  th e  number o f  io n s  

and tlio  f i la m e n t  e m is s io n  m en tio n ed  on p age 150  . The 

f a c t o r  F , w h ich  i s  e q u a l t o  1 / 0 . 7 1 ,  i s  in tr o d u c e d  s in c e  

th o  number o f  g a u z e s  in  th e  a p p a r a tu s  o f  f i g .  2 8a  w h ich  

was u se d  to  g iv e  th e  r e s u l t s  o f  f i g .  30 was one more th a n  

th e  number o f  g a u z e s  in  t h e  a p p a r a tu s  o f  f i g .  28b u s e d  t o  

g iv e  th e  r e s u l t s  o f  f i g .  2 9 .  The t r a n s m is s io n  a r e a  o f  

ea c h  g a u ze  was 71^ o f  i t s  t o t a l  a r e a .

Tlie e f f e c t i v e  c r o s s - s e c t i o n  f o r  th e  e l e c t r o n  t r a n s f e r
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p ro cess  Is  th ere fo re  g iven  by Q where

Q  = N/ n X p (40)

n i s  the number o f  atoms per cc at a p ressu re  o f 1 mm 

o f  Hg a t 0®C and i s  equal to  3 .5 6  x  10^^ p i s  the

pressu re o f mercury vapour in  Cg, and i s  equal to  1 x 10 

nci o f Hg a t O^C, x i s  th e  d is ta n c e  (1 .5  cms) which the  

Hĝ "̂  io n s t r a v e l  in  the f i e l d - f r e e  sp ace . N i s  g iven  by ,

equation  ( 3 9 ) .

Wo h a v e , th e r e fo r e ,

Q = S . I .F . . A
n .x .p .  a

-1 7=  3 .3  X 10 . A
(41)

Tlie e f f e c t iv e  c r o s s - s e c t io n  fo r  the e le c tr o n  tr a n sfe r
P4- -|- i"

p ro cess  Hg -f- Hg Hg + Hg was c a lc u la te d  from equation

(41) by m easuring the areas A and a . The e f f e c t iv e  c r o ss -

s e c t io n  i s  shown in  f ig *  32 as a fu n c tio n  o f the energy
2 +-o f  tho In c id en t Hg io n s .  The k in e t ic  theory  c r o ss -  

se c t io n  fo r  c o l l i s i o n  between two n e u tr a l Hg atoms 

obtained  from v i s c o s i t y  measurements i s  g iven  in  the  

L an d o lt-B orste in  T ables to  be 5 7 .7  x  10*”^^ cm^. The 

e f f e c t iv e  c r o s s - s e c t io n  fo r  the e le c tr o n  tr a n s fe r  p rocess  

over the energy range 140 to  400 e le c t r o n - v o lt s  i s  th ere;  

:fo re  o f the order o f  o n e -ten th  the gas k in e t ic  c r o s s -  

s e c t io n  fo r  c o l l i s i o n .  Tho p r o b a b ility  o f  tlie e le c tr o n
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tr a n sfe r  p rocess a t a c o l l i s i o n  Is  consequently  o f the

order o f  0 . 1 , Throuc^out the energy range in v e s t ig a te d

the p r o b a b ility  o f  th e  tr a n sfe r  in c re a se s  w ith  the energy
24-o f  the in c id e n t  Hg io n s . The form of the curve in  f i g .

32. su ggests  a p o s s ib le  maximum above 400 v o l t s .

In co n c lu sio n  I should l ik e  to  exp ress my s in cere  

tlianks to P ro fessor  E. S ta n ley  A lle n , P .R .S . fo r  the  

keen in te r e s t  he lias shown throughout the course o f  

th ese  in v e s t ig a t io n s  and to  Dr, F .L , A m o t, Ph.D. fo r  

h is  many in va lu ab le  su g g estio n s and h e lp fu l c r i t ic i s m s ,

X am a lso  indebted  to  Mr. Gerrard fo r  h i s  kind a ss is ta n c e  

in  the preparation  o f  the diagram s.
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APiŒDIX !•

Tim VAUîns OF CEHirMH COHSTAKTS USED TimCHiGITOUT 

THESIS.

S lo o tro n lc  raasc 

%&G& o f hydrogon atom 

Planok^a ccmetant (h) 

E lec tro n ic  charge

Itejbor o f  atoms or m olooulea  
por cc a t  N .T .P.

XiXïï^v  o f atoms oi' m olecule»  
per oc a t  a p ressu re o f  
X vm a t Ô C

Itin c tlc  energy o f tr a n s la t io n  
of^ono atom or m olecule a t  
00% ,

9 ,042 X
10-28 grams.

1,662 X x o '2* grams .

6 ,547 X 10-"" © rg-socs

4 ,774 X 10- 1° e«Q,u*

1.591 X 10-" ° ô,m*u*

2 ,705  10
19

105 ,6 0  X 10

*"14
6 ,0 3  X 10 ergs*

•2  ̂3 ,792  X 10 e ~ v o lt s .

•S
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Hie e le c t r o n - v o lt  i s  a u n it  o f  energy# equal to  

the energy acqu ired  by an e le c tr o n  in  f a l l i n g  throu^ i 

a p o te n t ia l  d if fe r e n c e  o f  1 V o lt .

Tlie energy acquired  by an e le c tr o n  in  f a l l i n g  

throurh a p o te n t ia l  d if fe r e n c e  o f  V v o l t s  _ oV ergs

. . 1 e le c t r o n -v o lt  __ 4 .7 7 4  ^  10 erg s
3oo

= 1#591 X 10 orga

I f  V cm s/sec i s  th e  v e lo c i t y  acqu ired  by an e le c tr o n  

in  f a l l in g  through a p o te n t ia l  d if fe r e n c e  o f  V v o lt s  

i  = 1 .5 9 1  X l o " ^ ^  V

V _ /3 .182'\^ x 1 0 ° x  V“ oias/3® c

7 4"= 5 .9 4  X 10 X cm a/sec .

The energy o f a photon o f  w avelength  A Angstrom

u n it s   ̂ h  X 0  ^ 10^ ergs
X

= 12336 e l e c t r o n - v o l t s .
A
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APPENDIX 3 .

NOTATION USED IHESIS.

For Atoms.

n , 1 and s: the p r in c ip a l ,  a z im t i ia l  and sp in  quantuiiîa 

numbers fo r  in d iv id u a l e le c tr o n s -  s i s  

always equal to

a ,p ,d , f  e le c tr o n s :  e le c tr o n s  w ith  1 = 0 , 1 , 2 ,3  ...........

6 p : X e le c tr o n s  w ith  n= 6 , 1 = 1 .

L and S: the azim utlm l and sp in  quantuum numbers fo r

the r e su lta n t  o r b ita l  and sp in  angular  

momenta of tïie in d iv id u a l e le c tr o n s  in  the  

atom.

J: the inner quantuum number fo r  the atom i s

the v ecto r  sum o f  L and S .

S ,P ,D .F  . . .  s ta te s :  atomic e le c tr o n ic  s t a t e s  w ith  

L- 0 ,1 ,2 ,3  . . . . .
po X 1

: An atomic s ta te  o f m u lt ip l ic i t y  2 8 + f, w ith

L=^l, 2 .  For a s in g le t  s ta te  S = 0 ,  for

a t r ip le t  s ta te  1 .

The e le c tr o n  co n fig u ra tio n s o f  the va len cy  e le c tr o n s  are  

sometimes g iven  in  fro n t o f the atomic s ta te  e .g .  

6s.3p .4^  .

For M o lecu les .

A : the quantuum number fo r  the component,

p a r a l le l  to  the in te m u c le a r  a x i s ,  o f the



XU

angular momentum of the In d iv id u a l 

e le c tr o n .

(T ..........e le c tr o n s :  e le c tr o n s  w ith

X = 0 , 1 , 2 , 3  ............

A  the quantuxisa number fo r  the

component, p a r a l le l  to  the  

in to rn u clea r  a x is ,  o f  the r e su lta n t  

o r b ita l  angular momenta o f the  

in d iv id u a l e le c tr o n s .

^  TT / \  s ta t e s ;  m olecular e le c tr o n ic  s ta te s

fo r  which j \  - 0 , 1 , 2 ,  ..........
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