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Thermionic Effects caused by Vapours of Alkali Metals.

B y  I r v in g  L a n g m u ir  a n d  K .  H . K i n g d o n , o f t h e  R e s e a r c h  L a b o r a to r y ,  

G e n e ra l E le c tr ic  C o m p a n y , S c h e n e c ta d y , N .Y .

•(C om m unicated  b y  P ro f. S ir E . R u th e rfo rd , F .R .S .— R ece iv ed  N o v e m b er 18 ,1 9 2 4 .)

E a r ly  in  1923 i t  w as  sh o w n *  t h a t  a  t u n g s te n  f il a m e n t h e a te d  t o  1200° K  o r  

m o re  in  s a tu r a te d  caesium  v a p o u r  c o n v e r ts  a ll  caesium  a to m s  w h ic h  s t r ik e  i t  

in to  caesium  io n s . T h u s  w h e n  th e  f il a m e n t is  s u r r o u n d e d  b y  a  n e g a t iv e ly  

c h a rg e d  c y lin d e r  a  p o s it iv e  io n  c u r r e n t  flo w s f r o m  th e  f ila m e n t, w h ic h  is  in d e 

p e n d e n t  o f th e  f i la m e n t te m p e r a tu r e  (a b o v e  1200° K )  a n d  in d e p e n d e n t  o f t h e  

a p p lie d  p o te n t ia l ,  if  th i s  is  su ff ic ie n t t o  o v e rc o m e  t h e  sp a c e  c h a r g e  e ffe c t o f t h e  

p o s itiv e  io n s . A t  lo w er  v o lta g e s  t h e  c u r r e n ts  fo llo w  th e  3 /2  p o w e r  la w , a n d  

th e  c u r re n ts  a re  sm a l le r  t h a n  th e  c o rr e sp o n d in g  e le c tr o n  c u r r e n ts  o b ta in a b le  

f ro m  th e  s a m e  f ila m e n t in  t h e  r a t i o  o f t h e  s q u a r e  ro o ts  o f t h e  m asses- o f t h e  

e le c tro n s  a n d  caesium  io n s .

T h e  re a so n  t h a t  t h e  caesium  a to m s  lo se  th e i r  v a le n c e  e le c tr o n s  so  r e a d i ly  u p o n  

c o n ta c t  w ith  th e  f il a m e n t,  is  m e re ly  t h a t  t h e  e le c tr o n  a ff in ity  o f tu n g s te n  

(R ic h a rd so n  w o rk  fu n c tio n )  is  4 ’53 v o l ts ,  w h ile  t h e  e le c tr o n  a ff in ity  o f a  caesium  

a to m  (io n is in g  p o te n t ia l )  is  o n ly  3 -8 8  v o lt s .  E x p e r im e n ts  sh o w e d  in  f a c t  t h a t  

if  th e  w o rk  f u n c tio n  fo r  t h e  f i la m e n t is  lo w e re d  to  2 • 69 , b y  a llo w in g  a  m o n a to m ic  

la y e r  o f th o r iu m  a to m s  to  a c c u m u la te  o n  t h e  s u rf a c e  (b y  d if fu s io n  f r o m  th e  

in te r io r  o f a  th o r i a te d  tu n g s te n  f il a m e n t) ,  t h e  p o s it iv e  io n  e m is s io n  b eco m e s  

n e g lig ib le .

T h e  p o s i tiv e  io n s  m u s t  b e  a t t r a c t e d  to  a  tu n g s te n  s u rfa c e  b e c a u se  o f t h e  

e le c tro n  im a g e  fo rce . T h u s  i t  is  t h a t  b e lo w  a b o u t  1200° K  th e  caesium  io n s  

e v a p o r a te  so s lo w ly  f r o m  a  tu n g s te n  s u rfa c e  t h a t  th i s  b e co m e s  p a r t l y  c o v e re d  

b y  a d so rb e d  caesium  io n s . T h e  p re s e n c e  o f th e s e  io n s , h o w e v e r ,  lo w ers  t h e  

e le c tr o n  a ff in ity  o f th e  su rfa c e , so  t h a t  w h e n  a b o u t  20  p e r  c e n t,  o f t h e  s u rfa c e  is  

c o v e red , th e  w o rk  fu n c t io n  fa lls  b e lo w  th e  io n is in g  p o te n t i a l  o f th e  caesium . 

W ith  m o re  caesium  o n  th e  s u rfa c e  t h e  caesium  a to m s  w h ic h  s t r ik e  t h e  f il a m e n t 

n o  lo n g e r  e sca p e  in  t h e  fo rm  o f io n s  b u t  r e m a in  in  th e  a to m ic  s t a t e .  T h u s  t h e  

p o s itiv e  io n  c u r r e n ts  d is a p p e a r  b e lo w  a b o u t  1100° K . B u t  th e  lo w e rin g  o f th e  

e le c tro n  a ff in ity  ra is e s  t h e  e le c tr o n  e m is s io n , a n d  w h e n  th e  s u rfa c e  b e co m e s 

m o re  c o m p le te ly  c o v e re d  b y  caesium  a s  t h e  t e m p e r a tu r e  is  lo w ere d , th e  e le c tro n

* L a n g m u ir  a n d  K in g d o n ,  Science, v o l. 57 , p . 5 8  (1 9 2 3 ) , a n d  Phys. Rev., v o l. 21 , p . 380  

((1923).
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6 2

em issio n  rises  to  a  m a x im u m  (of a b o u t  1 0 “ 5 a m p s , p e r  c m .2 a t  700°) a n d  t h e n  

d ec rea se s  ra p id ly  a t  s ti l l  lo w er te m p e r a tu r e s ,  in  a c c o rd a n c e  w i th  R ic h a r d s o n ’s 

e q u a tio n .

B y  h e a tin g  a  tu n g s te n  f ila m e n t in  a  lo w  p re s su re  o f o x y g e n  i t s  s u rfa c e  m a y  b e  

c o v ered  b y  a  m o n a to m ic  film  o f o x y g e n  io n s , w h ic h  d o e s  n o t  e v a p o r a te  a p p r e c i 

a b ly  be low  1600° K  a n d  w h ic h  ra is e s  th e  e le c tr o n  a ff in ity  o f t h e  s u rfa c e  t o  

9 -2  v o lts . O n  th is  su rfa ce , a to m s  su c h  a s  th o s e  o f c o p p e r , w h ic h  h a v e  io n is in g  

p o te n t ia ls  b e lo w  a b o u t  9 v o lts , c a n  b e  c o n v e r te d  in to  p o s it iv e  io n s , a l th o u g h  

o th e rs  (such  a s  m e rc u ry )  w ith  io n is in g  p o te n t ia l s  o f 10 v o l ts  o r  m o re ,  d o  n o t  

fo rm  p o s itiv e  io n s .*

Caesium io n s  a re  h e ld  m o re  f irm ly  b y  th e  a d s o r b e d  o x y g e n  film  t h a n  b y  a  

su rfa ce  o f tu n g s te n ,  so t h a t  w i th  a  caesium  v a p o u r  p re s s u re  ( a t  30° C .) o f o n ly  

0 • 0029 b a r , th e  su rfa c e  re m a in s  p r a c t ic a l ly  c o m p le te ly  c o v e r e d  b y  caesium  io n s , 

u p  to  a  f ila m e n t t e m p e r a tu r e  o f 1000° K , a n d  th u s  t h e  e le c tr o n  e m is s io n  

re ac h e s  th e  h ig h  v a lu e  o f 0*35  a m p e r e  p e r  c m .2.

S ince  th e se  re s u lt s  w e re  p u b lis h e d ,  d e ta i le d  e x p e r im e n ta l  s tu d ie s  o f th e s e  

p h e n o m e n a  h a v e  b e e n  m a d e  a n d  th e  th e o r y  h a s  b e e n  f u r th e r  d e v e lo p e d . F u l l  

p re s e n ta tio n  o f t h e  d a t a  a n d  th e  d e r iv a t io n  o f t h e  th e o r e t ic a l  r e s u l ts  w ill b e  

re se rv e d  fo r  a  p a p e r  to  b e  s u b m i t te d  to  t h e  Physical Review, w h ile  in  t h e  

p re s e n t p a p e r  th e  a im  w ill b e  t o  o u tl in e  t h e  v ie w -p o in t w h ic h  h a s  b e e n  a r r iv e d  

a t  a n d  to  s t a t e  c o n c lu s io n s .

Thermal Ionisation of Ccesium Vapour.

T h e  d eg ree  o f th e r m a l  io n is a tio n  o f caesium  v a p o u r  m a y  b e  c a lc u la te d  f r o m  

th e  io n is in g  p o te n t ia l  b y  th e  m o d if ie d  fo rm  o f S a h a ’s e q u a t io n  g iv e n  b y  

F o w le r  a n d  M ilne  (. Monthly Notices, Roy. Soc., v o l. 

(1 9 2 3 )) . T h e  io n is a tio n  o f caesium  v a p o u r  a t  a  p re s s u re  o f 0 -0 0 1  b a r  a n d  

1200 K  sh o u ld  b e  0 -0 0 0 9 5 , o r  o n ly  o n e - te n th  p e r  c e n t.  A  s im ila r  c a lc u la t io n  

fo r th e  d eg ree  o f th e r m a l  e x c i ta t io n  (c o rre s p o n d in g  to  th e  f i r s t  r e s o n a n c e  

p o te n tia l of 1 -4 8  v o lt)  is  o n ly  6 X 1 0 ~ 7.

S a h a  (Phil. May., v o l. 46 , p . 534  (1923) ) h a s  a t t e m p te d  to  c a lc u la te  t h e  

e lec tr ic  c o n d u c t iv ity  o f caesium  v a p o u r  f ro m  th e  d e g re e  o f th e r m a l  io n isa tio n ,, 

b u t  h a s  o b ta in e d  re s u l ts  o n ly  p a r t l y  in  a c c o rd  w ith  e x p e r im e n ts .

L e t  u s  co n sid e r a n  e n c lo su re  a t  1200° K , h a v in g  w a lls  o f tu n g s te n  a n d  

c o n ta in in g  caesium  v a p o u r  c o rre sp o n d in g  to  a  p re s s u re  (io n s  -f- a to m s )  o f  

0  001 b a r . O u r e x p e r im e n ts  h a v e  sh o w n  t h a t  p r a c t ic a l ly  a ll  caesium  a to m s  

w h ich  s tr ik e  tu n g s te n  su rfa ce s  a t  th is  te m p e r a tu r e  a re  c o n v e r te d  in to  io n s  a n d  

* K in g d o n , Phys. Rev., v o l. 23 , p p . 774, 778  (1924).

I .  L a n g m u i r  a n d  K .  H .  K i n g d o m
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caused by Vapours o f Alkali Metals. 6 3

le av e  th e  s u rfa c e  in  th is  c o n d i tio n .  T h e  n o r m a l  f re e  p a t h  o f t h e  caesium  a to m s , 

b e in g  o f th e  o rd e r  o f 104 cm . a t  th i s  p re s su re , is  so  g r e a t  t h a t ,  w ith  a n  e n c lo su re  

o f re a so n a b le  s ize , p r a c t ic a l ly  e v e ry  a to m  o r  io n  in  a n y  e le m e n t o f v o lu m e  

w ill h a v e  c o llid e d  w ith  t h e  w a lls  m a n y  t im e s  s in ce  i t s  l a s t  c o llis io n  w ith  

a n o th e r  p a r t ic le  in  th e  f re e  sp a c e . I t  is  t h u s  c le a r  t h a t  n e a r ly  a ll  t h e  

caesium  a to m s  in  a  sm a ll e n c lo su re  a t  1200° K  m u s t  b e  c o n v e r te d  to  io n s .

A t  f ir s t  s ig h t th i s  c o n c lu s io n  see m s  t o  b e  e n t i r e ly  in c o n s is te n t  w i th  t h e  

d e g ree  o f io n is a tio n  o f 10 ~3 c a lc u la te d  f r o m  th e  S a h a  e q u a t io n .  B u t  w e  m u s t  

re m e m b e r  t h a t  in  c a lc u la tin g  th e  d e g re e  o f io n is a t io n  i t  w as  a s s u m e d  t h a t  t h e  

c o n c e n tr a tio n s  o f e le c tro n s  a n d  io n s  in  t h e  io n is e d  g a s  a r e  e q u a l.*  S in ce  

th e  w alls  o f th e  e n c lo su re  g iv e  off e le c tr o n s , th e r e  is  n o  n e c e s s a ry  r e la t io n  

b e tw e e n  th e  c o n c e n tr a t io n s  o f t h e  io n s  a n d  t h e  e le c tr o n s . W h a t  S a h a ’s 

e q u a tio n  re a lly  g iv e s  is  t h e  e q u i l ib r iu m  c o n s ta n t ,

K . =  » ,  (1)
na

w h e re  ne, nP, a n d  na a r e  re s p e c t iv e ly  t h e  n u m b e r  o f e le c tro n s , o f p o s i t iv e  io n s  

a n d  o f a to m s  p e r  u n i t  v o lu m e . T h e  v a lu e  o f K n, w h e n  ne) nv, a n d  na d e n o te  

th e  n u m b e rs  o f p a r t ic le s  p e r  c m .3, is  g iv e n  b y

logm =  15-385 +  |  log I0 T  - 1 ^ .  (2)

A t 1200° K  th e  v a lu e  o f is  5 3 40 . T h e  e le c tr o n  e m is s io n  f r o m  a n y  

m e ta l  is  g iv e n  b y

I =  AT2£~6/t  (3)

w h e re , fo r p u re  tu n g s te n ,  A  =  6 0 *2 a m p e re s  p e r  c m .2 d e g .-2  a n d  

b —52 ,600  d e g re es . T h e  e le c tro n  d e n s i ty  ne is  o b ta in a b le  f r o m  th e  e le c tro n

em iss io n  I  b y  th e  r e la t io n

< * >

I  b e in g  e x p re s s e d  in  a m p e r e s  p e r  c m .2 a n d  ne in  e le c tro n s  p e r  c m .3

T h u s  w e fin d  t h a t  ne,the n u m b e r  o f e le c tro n s  p e r  c m .3 in  e q u il ib r iu m  w ith

tu n g s te n  a t  1200° K , is  9*25 . I n s e r t in g  th is  v a lu e  o f in  e q u a t io n  (1 )

to g e th e r  w ith  t h e  a b o v e  v a lu e  o f K „ , 5 3 40 , w e  o b ta in  npjna =  577 . T h u s  if

578 caesium  a to m s  o r  io n s  s t r ik e  a  tu n g s te n  s u rfa c e  a t  1200° K , a n  a v e ra g e  

of o n ly  o n e  w ill le a v e  t h e  s u rfa c e  a s  a  n e u t r a l  a to m , w h ile  577 le a v e  a s  io n s . 

T h is  c o n c lu s io n  is  in  a c c o rd  w ith  th e  e x p e r im e n ts .

* T h is  t a c i t  a s s u m p t io n  in  S a h a ’s r e c e n t  p a p e r  is  la rg e ly  re s p o n s ib le  fo r  t h e  d is c re p a n c y  

b e tw e e n  h is  c o n c lu s io n s  a n d  th e  e x p e r im e n ta l  d a t a .
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6 4

S u p p o se , o n  t h e  o th e r  h a n d ,  th e  w a lls  o f t h e  e n c lo su re  a r e  c o m p le te ly  c o v e re d  

b y  a  s in g le  la y e r  o f th o r iu m  a to m s . T h e  e le c tr o n  e m is s io n  fo r  th e  s u rfa c e  is  

th e n  g iv e n  b y  e q u a t io n  (3), w i th  t h e  c o n s ta n ts  A  — 7 - 0  a n d  b — 3 1 ,20 0 , so  

t h a t  b y  e q u a t io n  (4 ) w e f in d  ne =  6 - 0  X  107. T h

nvlna =  8*9' X  1 0 ~ 5. T h is  m e a n s  t h a t  o n ly  o n e  a to m  o f 1 1 ,0 0 0  s t r ik in g  a  fu lly  

th o r i a te d  tu n g s te n  s u rfa c e  w o u ld  le a v e  i t  a s  a n  io n . T h is  is  in  a c c o rd  w ith  

th e  o b s e r v a tio n  t h a t  t h e  p o s it iv e  io n  e m is s io n  f r o m  a  th o r i a t e d  f il a m e n t in  

caesium  v a p o u r  is  n e g lig ib le  c o m p a re d  w i th  t h a t  f r o m  p u r e  tu n g s te n .

I .  L a n g m u i r  a n d  K .  H .  K i n g d o m

T a b le  I . — T h e rm a l Io n is a t io n  o f C aesium  V a p o u r  in  C o n ta c t  w i th  P u r e  S u r fa c e s  

o f T u n g s te n  a n d  T h o r ia t e d  T u n g s te n .

T u n g s te n . T h o r ia te d  T u n g s te n .

T X T

ne. nj>/na. ne.

500 2 - 3 5 X 1 0 - 20 5 - 5 6 X 1 0 - 2' 4230000 2 - 5 2 X 1 0 - 9 9 -3 3  X lO -12
1000 2 -2 6 1 - 1 0 X 1 0 -" 2060 2 -5 2 X 1 0 5 8 - 9 6 X 1 0 - 6
1200 5 -3 4 x 1 0 " 9 -2 5 577 6 -0 0 x 1 0 7 8 -9 0 X 1 0 " 5
1500 1 - 3 4 x 1 0 ' 8 -2 9  X 1 0 4 162 1 -5 2  X lO 10 8 - 8 0 X 1 0 - 4
2000 3 -7 2 X 1 0 10 8 -2 2  x l O 8 4 5 -3 4 -2 5  X lO 12 8 - 7 5 x 1 0 - "
2500 4 -6 7  X 1 0 '2 2 - 2 1 x 1 0 " 21-1 1 - 3 4 x 1 0 “ 3 -4 9 x 1 0 - 2

T a b le  I  g iv e s  d a t a  fo r  t h e  th e r m a l  io n is a t io n  o f caesium  v a p o u r  in  e n c lo su re s  

o f tu n g s te n  a n d  fu lly  a c t i v a te d  t h o r i a t e d  t u n g s te n .  T h e se  f ig u re s  a r e  b a s e d  

o n  th e  a s s u m p tio n  t h a t  t h e  e le c t ro n  e m is s io n  is  t h a t  w h ic h  is  c h a r a c te r i s t ic  

o f th e  m a te r ia l  o f th e  w a lls  a n d  is  n o t  a l te r e d  b y  th e  p re se n c e  o f t h e  caesium  

v ap o u r . T h is  a s s u m p tio n  is  o n ly  v a lid  if  t h e  te m p e r a tu r e s  a re  so h ig h , o r  t h e  

v a p o u r  p r e s su re  o f caesium  so  lo w , t h a t  n o  a p p re c ia b le  a d s o r p t io n  o f caesium  

o ccu rs . F r o m  th e  t a b le  i t  a p p e a r s  t h a t  caesium  v a p o u r  in  c o n ta c t  w i th  tu n g s te n  

w alls  a t  500  K  sh o u ld  b e  p r a c t ic a l ly  c o m p le te ly  c o n v e r te d  to  io n s . T h a t  th i s  

does n o t  o c cu r  c a n  b e  d u e  o n ly  t o  t h e  p re s e n c e  o f a d s o r b e d  caesium , w h ic h  

in c re ase s  th e  e le c tr o n  e m is s io n  o f t h e  w a lls .

T h e  d e g re e  o f io n is a tio n  np/na d e c re a se s  w i th  r is in g  t e m p e r a tu r e  w i th  t u n g s te n ,  

w h e reas  i t  in c re a se s  w ith  th o r i a te d  tu n g s te n .  T h e  p o s it iv e  io n  e m is s io n  f r o m  a  

p u re  tu n g s te n  su rfa c e  in  p re se n c e  o f caesium  v a p o u r  is  p ra c t ic a l ly  a lw a y s  lim i te d  

b y  th e  r a te  a t  w h ic h  th e  caesium  a to m s  a r r iv e  a t  t h e  su rfa c e , so t h a t  i t  is  n o t  

p ra c tic a b le  to  u se  m e a s u re m e n ts  o f t h e  p o s it iv e  io n  c u r r e n ts  f r o m  p u re  tu n g s te n  

su rfa ce s  to  d e te rm in e  e x p e r im e n ta lly  th e  v a lu e  o f K w, a n d  th u s  to  c h e c k  th e  

th e o ry .
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Thermionic Effects caused hy Vapours of Alkali Metals. 6 5

W ith  p re s su re s  of caesium  c o rre sp o n d in g  to  ro o m  te m p e r a tu r e  (0 -0 0 1  b a r ) ,  t h e  

n u m b e r  o f p o s itiv e  io n s  g e n e r a te d  b e co m e s sm a ll c o m p a r e d  to  th e  n u m b e r  o f 

a to m s  t h a t  s tr ik e  th e  f ila m e n t, if  th e  f i la m e n t t e m p e r a tu r e  is  b e lo w  a b o u t  

1150° K , b u t  th e  e le c tro n  e m is sio n  a t  th is  te m p e r a tu r e  is  to o  sm a ll to  m e a s u re . 

A t  th e  s ti l l  low er te m p e r a tu r e  a t  w h ic h  la rg e  e le c tro n  e m iss io n s  a re  o b ta in e d  

f ro m  th e  f ila m e n t d u e  to  th e  a d so rb e d  caesium , t h e  p o s itiv e  io n  c u r r e n ts  a r e  to o  

sm a ll to  m e asu re . H o w e v e r , b y  ra is in g  th e  p re s su re  o f th e  caesium  v a p o u r  to  

0  • 1 b a r  o r m o re , i t  b eco m es p o ss ib le  to  m e a s u re  th e  p o s itiv e  io n  a n d  th e  e le c tr o n  

em issions a t  th e  s a m e  f i la m e n t te m p e r a tu r e ,  a n d  th u s  o b ta in  d a t a  fo r  d e te r m in in g  

e x p e r im e n ta lly  th e  d e g ree  o f th e r m a l  io n is a tio n  o f caesium .

A  p u re  tu n g s te n  f ila m e n t w as  h e a te d  t o l l 7 7 ° K i n a  b u lb  c o n ta in in g  s a tu r a te d  

caesium  v a p o u r  a t  70° C. B y  a p p ly in g  f ir s t  p o s it iv e  a n d  th e n  n e g a t iv e  p o te n t ia l s  

to  th e  s u r ro u n d in g  c o lle c tin g  e le c tro d e , th e  e le c tr o n  a n d  th e  p o s it iv e  io n  

em issio n s w e re  m e a s u re d .  T h e  c u r r e n ts  in c re a s e d  a  l i t t l e  w i th  in c re a s in g  

v o lta g e , b eca u se  o f t h e  S c h o t tk y  e ffec t, so  t h a t  th e y  w e re  c o r re c te d  b y  

e x tr a p o la t in g  to  ze ro  v o lt s  b y  p lo t t in g  th e  lo g a r ith m s  o f th e  c u r r e n ts  a g a in s t  

th e  s q u a re  ro o ts  o f th e  v o lta g e s .*

T h e  e le c tro n  e m is s io n  a t  1177° K  w a s 2 -2 2  X  1 0 ~ 6 a n d  th e  p o s it iv e  io n  

em issio n  2 -0 6  X  1 0 “ 6 a m p e r e  p e r  c m 2. T h e  e le c tr o n  e m is s io n  f r o m  a  p u r e  

tu n g s te n  su rfa c e  a t  th is  te m p e r a tu r e  in  a b se n c e  o f caesium  is  3 -2 5  X  1 0 ~ 12. 

O n ra is in g  th e  f ila m e n t te m p e r a tu r e  t o  1300° K  o r  m o re , t h e  p o s it iv e  io n  

c u rr e n t in c re a se d  to  2 -4 3  X  1 0 ~ 3, a n d  w as  th e n  in d e p e n d e n t  o f th e  f ila m e n t 

te m p e ra tu re  a n d  a p p l ie d  v o lta g e ,  if  th i s  v o lta g e  w ere  h ig h  e n o u g h  to  o v e r 

com e th e  p o s i tiv e  io n  sp a c e  c h a rg e . T h is  io n  c u r r e n t  is  t h u s  a  m e a s u re  o f 

th e  r a te  a t  w h ich  caesium  a to m s  s t r ik e  t h e  f ila m e n t a n d  c o rre sp o n d s  to  

1-52 x  1016 a to m s  p e r  sec. p e r  c m .2, o r  a  p re s su re  o f 0 -1 2 2  b a r  o f caesium  

v a p o u r .

A t th e  lo w er t e m p e r a tu r e  (1177° K )  th e  a to m s  s ti l l  s t r ik e  th e  f il a m e n t a t  t h e  

s am e  ra te , a lth o u g h  th e  p o s i tiv e  io n  c u r r e n t  is  o n ly  1 /1 1 8 0  a s  g r e a t  a s  a t  th e  

h ig h e r f ila m e n t te m p e r a tu r e s .  T h e  c o n d itio n s  a t  t h e  s u rfa c e  o f th e  f ila m e n t 

m u s t b e  e s s e n tia lly  th e  s a m e  a s  th o u g h  i t  w e re  s u rr o u n d e d  b y  a n  e n c lo su re  

a t  1177° K , c o n ta in in g  su c h  a  c o n c e n tr a tio n  o f caesium  v a p o u r  t h a t  1 -52  X  10le 

a to m s  s tr ik e  e ac h  s q u a re  cm . p e r  s eco n d . T h is  c o n c e n tr a t io n  w o u ld  b e

na — 1 -4 0  X 1012 a to m s  p e r  c m .3 

w h ich  c o r re s p o n d s  t o  a  p r e s s u r e  o f  0 -2 2 6  b a r .

I f  th e  f ila m e n t w ere  in  a n  e n c lo su re  a t  1177° K  u n d e r  e q u ilib r iu m  c o n d itio n s  

* S. D u s h m a n , Gen. Electr. Rev., v o l. 26 , p . 157 (1923).

VOL. CVII.— A.
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6 6 I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .

w ith  th is  c o n c e n tr a t io n  o f caesium , t h e  f il a m e n t w o u ld  e m it  a n d  a b s o r b  e le c tr o n  

a n d  io n  c u r r e n ts  e q u a l to  th o s e  m e a s u re d  in  t h e  b u lb  a t  70° C. F r o m  th e s e  

o b s e rv e d  c u r r e n ts  w e m a y  th u s  c a lc u la te  b y  e q u a t io n  (4) t h e  e q u il ib r iu m  

c o n c e n tra t io n  o f e le c tro n s  a n d  io n s . W e  o b ta in  in  t h i s  w a y

ne =  2 *60  X  106 e le c tro n s  p e r  c m .3, 

nv — 1 -1 9  X  109 io n s  p e r  c m .3.

S u b s t i tu t in g  th e s e  v a lu e s  o f na, ne a n d  np, in  e q u a t io n  (1) w e  o b ta in ,  fo r  t h e  

e x p e r im e n ta lly  d e te r m in e d  v a lu e  o f K n a t  1177° K ,

Kn (e x p .)  =  2 2 1 0  p e r  c m .3, 

w h ile  c a lc u la tio n  f r o m  e q u a t io n  (2) a t  1177° K  g iv e s

K w (ca lc .) =  2 5 0 0  p e r  c m .3.

T h is  d iffe ren ce  in  t h e  tw o  K n’s c o rr e sp o n d s  to  a  v e r y  sm a ll c h a n g e  in  t e m 

p e ra tu re .  T o  o b ta in  Kn — 2 210  f r o m  e q u a t io n  (2), w e  n

T  =  1174 in s te a d  o f T  =  1177. T h e  a g r e e m e n t  b e tw e e n  th e  o b s e rv e d  a n d  

c a lc u la te d  v a lu e s  is  t h u s  a s  c lo se  a s  t h e  a c c u r a c y  o f t h e  t e m p e r a tu r e  

m e a s u re m e n ts .

A  s im ila r  s e t  o f d a t a  w a s t a k e n  w i th  t h e  f il a m e n t a t  1254° K  a n d  th e  b u lb  

a t  80° C., g iv in g  a  caesium  v a p o u r  p re s s u re  o f  0 -2 6 6  b a r .  T h e  e le c tr o n  a n d  

io n  c u r r e n ts  w e re  3 -7 4  x  1 0 ~ 6 a n d  2 -0 3  X  1 0 ~ 5 a m p e r e  p e r  c m .2 re s p e c t iv e ly .  

T h e  v a lu e  o f K w fo u n d  f r o m  th e s e  m e a s u r e m e n ts  w a s  16 ,6 0 0 , w h ile  e q u a t io n  (2) 

g iv e s  28 ,7 0 0 . T h e  e r ro r  is  la rg e r ,  b u t  t h e  e x p e r im e n ta l  v a lu e  c o rr e sp o n d s  to  

t h a t  g iv e n  b y  e q u a t io n  (2) a t  T  — 1236°, w h ic h  a g re e s  r e a s o n a b ly  w e ll w ith  

th e  o b se r v e d  t e m p e r a tu r e  o f 1254°. T h e se  e x p e r im e n ta l  d e te r m in a t io n s  o f 

th e  th e r m a l  io n is a tio n  o f caesium  v a p o u r  t h u s  g iv e  r e s u l ts  in  fu l l  a c c o rd  w ith  

S a h a  s e q u a tio n , a n d  v e r i fy  th e  S a c k u r - T e tr o d e  v a lu e  o f t h e  c h e m ic a l  c o n s ta n t  

a s  a p p lie d  to  io n is a tio n .

I n  th e se  e x p e r im e n ts  t h e  io n  c u r r e n ts  u s e d  in  d e te r m in in g  nv c o rre sp o n d e d  

to  a  n eg lig ib le  f r a c t io n  o f th e  a to m s  s t r ik in g  th e  s u rfa c e  ( ). W h e n  nP 

c a lc u la te d  f ro m  th e  io n  c u r r e n t  is  n o t  n e g lig ib le  c o m p a r e d  to  th e  na c o r re 

sp o n d in g  to  th e  caesium  p re s su re , th e r e  w ill  b e  a n  a p p re c ia b le  d e p a r tu r e  f r o m  

th e  e q u i lib r iu m  c o n d itio n s . A n  a n a ly s is  o f t h e  k in e tic s  o f t h e  p o s it iv e  io n  

e m is sio n  h a s  le d  to  th e  fo llo w in g  e q u a t io n  fo r  c a lc u la tin g  K m u n d e r  th e se  

c o n d itio n s ,

T h u s  th e  e ffec tiv e  c o n c e n tr a tio n  o f caesium  is  n o t  na, b u t  is  na — nv.

(5)
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Thermionic Effects caused by Vapours of Alkali Metals.

I f  th e  c o lle c tin g  e le c tro d e  is m a d e  p o s itiv e , th e  p o s itiv e  io n  c u r r e n t  a n d  

fa ll  to  zero , so t h a t  th e  e ffec tiv e  c o n c e n tr a t io n  c o r re sp o n d s  to  na. T h u s  th e : 

a m o u n t  o f a d so r b e d  caesium  w ill b e  g r e a te r  w h e n  th e  c o lle c to r  is  m a d e  p o s itiv e .. 

F o r  th is  re a so n , nein  e q u a tio n  (5) c a n n o t  b e  d e te r m in e d  f ro m  m e a s u re m e n ts ; 

o f e le c tro n  em issio n  u n le ss  i t  is  k n o w n  t h a t  t h e  a m o u n t  o f a d s o rb e d  caes iu m  

is  to o  sm all to  in flu en c e  th e  e m issio n . T h is  c o n d i tio n , h o w e v e r , s eem s  to  b e  

fu lfilled  w ith  p a r t ly  a c t iv a te d *  th o r i a te d  f ila m e n ts  ait h ig h  te m p e r a tu r e s ,  f o r  

th e  e lec tro n  em iss io n  a t  te m p e r a tu r e s  a b o v e  1300° is  n o t  a l te r e d  w h e n  t h e  

caesium  v a p o u r  p re s su re  is  ra is e d  f ro m  0  to  0 -0 0 8  b a r .

A  series o f m e a s u re m e n ts  w e re  m a d e  o f th e  p o s itiv e  io n  c u r r e n ts  a n d  t h e  

e lec tro n  c u rr e n ts  f ro m  th o r i a te d  f ila m e n ts  in  v a r io u s  s ta te s  o f a c t iv i ty .  T h e  

io n  c u r re n ts  fo r  fu lly  a c t iv a te d  t h o r i a te d  f ila m e n ts  w e re  a b o u t  1 p e r  c e n t,  o f  

th o se  f ro m  a  d e a c t iv a te d  f i la m e n t fo r  w h ic h  th e  c u r r e n t  w a s  l im ite d  b y  th e .  

su p p ly  o f caesium  a to m s .

T h e  c u rr e n ts  f ro m  th e  less a c tiv e  f ila m e n ts  d e c r e a se d  a s  th e  f ila m e n t t e m 

p e ra tu re  w as ra is e d , w h ile  th o s e  f ro m  th e  m o re  h ig h ly  a c t i v a te d  f ila m e n ts , 

in c re a se d  w ith  te m p e r a tu r e ,  q u i te  in  a c c o rd  w i th  t h e  c a lc u la te d  te m p e r a tu r e '  

v a r ia tio n s  o f np/na g iv e n  in  T a b le  I .  B u t  t h e  v a lu e s  o f K n c a lc u la te d  f r o m  

th e se  d a ta  b y  e q u a tio n  (5) c a m e  o u t  f r o m  4 to  50  tim e s  to o  g r e a t .  I t  is  p ro b a b le , 

t h a t  th e  d is c re p a n c y  is  d u e  to  la c k  o f h o m o g e n e i ty  o f th e  a d s o r b e d  th o r iu m  

film . A  few  m in u te  re g io n s  h a v in g  less  t h a n  th e  n o rm a l a m o u n t  o f th o r iu m i  

w o u ld  h a v e  l i t t l e  e ffec t o n  th e  e le c tr o n  e m is s io n , b u t  w o u ld  in c re a s e  th e -  

p o s itiv e  io n  em issio n  a n d  th u s  g iv e  to o  la rg e  v a lu e s  fo r  Kn. F u r t h e r  e x p e r i 

m e n ts  w ill b e  m a d e  to  in v e s t ig a te  th e s e  e ffec ts  in  m o re  d e ta i l .

Space Charge Effects. S in ce  in  g e n e ra l th e  e le c tro n  d e n s i ty  ne a n d  th e  io n  

d e n s ity  np a re  n o t  e q u a l, th e r e  w ill b e  sp a c e  c h a rg e s  a r o u n d  a  h e a te d  b o d y  

in  caesium  v a p o u r . F o r  e x am p le , in  a  la rg e  e n c lo su re  h a v in g  tu n g s te n  w a lls : 

a t ,  s a y , 1500° K , th e r e  is  a  p o s itiv e  sp a c e  c h a rg e , w h ic h  m a k e s  th e  p o te n tia l:  

o f th e  sp ace  in  th e  e n c lo su re  h ig h e r  t h a n  t h a t  o f th e  w a lls . T h is  fie ld  r e p e ls  

io n s  a n d  a t t r a c t s  e lec tro n s , a n d  th u s  m a k e s  th e  c o n c e n tr a tio n  o f t h e  p a r t i c l e s  

o f th e  tw o  s ig n s in  th e  c e n tr e  o f th e  e n c lo su re  m o re  n e a r ly  e q u a l. A t  a  c o n 

s id e ra b le  d is ta n c e  f ro m  th e  w a lls  th e  sp a c e  c h a rg e  a n d  th e  p o te n t ia l  g r a d i e n t  

th u s  d is a p p e a r , b u t  th e  p o te n t ia l  in  th is  re g io n  m a y  d iffe r  b y  se v e ra l v o lts , 

f ro m  t h a t  n e a r  th e  w a lls . B y  s im u l ta n e o u s  so lu tio n  of th e  B o ltz m a n n  a n d

A  donated  f i la m e n t is  s a id  to  b e  activated w h e n  th o r iu m  is  b r o u g h t  to  i t s  s u rf a c e  b y

d iffu s io n  f ro m  th e  in te r io r ,  t h u s  in c re a s in g  i t s  e le c tro n  e m is s io n . A  fu ll  d is c u s s io n  o f t h e  

e th o d s  of a c t iv a t in g  th e s e  f ila m e n ts  a n d  th e  th e o r y  o f th e s e  e ffec ts  w a s  g iv e n  b y  L a n g m u ir , .  
Phys. Rev., vo l. 22 , p . 357 (1923). J
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P o is so n  e q u a t io n s ,  th e  p o te n t ia l  d is t r ib u t io n  n e a r  a  p la n e  e le c tro d e  c a n  b e  

w o rk e d  o u t.*

The Adsorbed Film of Ccesium.— B o th  e le c tro n s  a n d  io n s , w h e n  th e y  a p p r o a c h  

w ith in  less t h a n  a b o u t  1 0 ~ 6 cm . o f a  m e ta ll ic  su r fa c e ,  a r e  a c te d  u p o n  b y  s t r o n g  

fo rces  (e lec tr ic  im a g e  fo rce s) d ra w in g  th e m  to w a r d s  t h e  su rfa c e , b e c a u se  o f t h e  

c h a rg es  o f o p p o s ite  s ig n  w h ic h  th e  p a r t ic le s  in d u c e  in  t h e  su rfa c e . E a c h  

s in g ly  c h a rg e d  p a r tic le  is th u s  a t t r a c t e d  to  t h e  s u rf a c e  b y  a  fo rc e  e q u a l to  

e2 (2x)2, so t h a t  w ith in  th e  ra n g e  o f th i s  fo rc e  t h e  p a r t ic le s  a re  d is t r ib u te d  

as though th e y  w ere  s u b je c te d  to  a  p o te n t ia l  e q u a l to  i  e /(4  in  a d d i t io n  to  t h e  

p o te n t ia l  re s u lt in g  f ro m  sp a c e  c h a rg e .

S ince  th e  fo rm e r  p o te n t ia l  is  a  f ic tit io u s  o n e , c a l le d  in to  p la y  o n ly  b y  th e  

p re sen ce  o f th e  p a r t ic u la r  p a r t ic le  u p o n  w h ic h  i t  a c ts ,  m u c h  c o n fu s io n  w ill b e  

a v o id e d  if  th e  t e r m  potential is  n o t  a p p lie d  to  i t .  I t  is , in  f a c t ,  w h a t  t h e  

e le c tro -c h e m is t ca lls  “  e le c tr o m o tiv e  fo r c e .”  H o w e v e r ,  s in c e  i t  is  m e a s u re d  

in  v o lts  i t  is  b e t t e r  n o t  to  c a ll i t  a  “  fo r c e ,”  i t  is  th e re fo re  s u g g e s te d  t h a t  t h e  

t e r m  motive b e  u se d . T h e  motive is  t h u s  d e f in e d  a s  a  s c a la r  q u a n t i t y  w h o se  

g ra d ie n t , in  a n y  d ir e c tio n  a n d  a t  a n y  p o in t ,  r e p r e s e n ts  t h e  fo rc e -c o m p o n e n t 

p e r  u n i t  c h a rg e  w h ic h  acts on an electron or ion. T h e  m o t iv e  t h u s  in c lu d e s  t h e  

p o te n tia l.

T h e  c o n c e n tr a tio n s  ne a n d  nv j u s t  b e y o n d  t h e  r a n g e  o f t h e  im a g e  fo rce  

a re  g iv e n  b y  e q u a t io n  (1), so t h a t  t h e  p r o d u c t  nenp r e m a in s  c o n s ta n t .  B u t  

w ith in  th e  re g io n  o f th e  im a g e  fo rce  b o th  ne a n d  in c re a s e  a s  t h e  s u rfa c e  is  

a p p ro a c h e d , th e  in c re a se  o f c o n c e n tr a t io n  b e in g  c a lc u la te d  f r o m  th e  B o l tz 

m a n n  e q u a tio n

n j n t  =  s Ee/A

w h e re  nx a n d  n2 a re  th e  c o n c e n tr a tio n s  in  tw o  re g io n s  b e tw e e n  w h ic h  

d iffe ren ce  is E . f  T h u s  c lose  to  th e  s u rfa c e  t h e  p r o d u c t  nenv in c re a s e s  ra p id ly .  

T h is  does n o t  v io la te  th e rm o d y n a m ic  p r in c ip le s ,  b e c a u se  t h e  io n is in g  p o te n t ia l ,  

w h ich  w as u se d  in  c a lc u la tin g  K n a c c o rd in g  to  e q u a t io n  (2), b eco m es  a  

fu n c tio n  o f th e  d is ta n c e  o f a n  a to m  fr o m  a  s u rf a c e  w h e n  th e  a to m  is  in  t h e  

re g io n  o f th e  im a g e  fo rces.

W e b e liev e  t h a t  th e  fo r m a tio n  o f a n  a d s o r b e d  film  o f caesium  o n  a  t u n g s te n

S ince  d e r iv in g  th e  e q u a tio n s  fo r  t h i s  c a se  a n d  a p p ly in g  th e m  to  caesium  v a p o u r ,  w e  

h a v e  fo u n d  t h a t  t h e  s u b je c t  o f sp a c e  c h a rg e  u n d e r  e q u i l ib r iu m  c o n d i t io n s  in  p re se n c e  o f 

p o s it iv e  io n s  a n d  e le c tro n s  in  a  m e ta ll ic  v a p o u r  h a s  b e e n  t r e a t e d  m a th e m a t ic a l ly  in  a  

re c e n t  p a p e r  b y  L a u e , Sitzber. Preuss. Akad. d. 1Visa. (D e c e m b e r  6, 1923), p . 334 .

f  T h e  s ign s  of th e s e  q u a n t i t ie s  a r e  o m i t te d ,  fo r  t h e y  a r e  d if f e re n t  fo r  p o s i t iv e  a n d  n e g a tiv e  

c h a rg es  a n d  m a y  b e  re a d i ly  s u p p l ie d  w h e n  n e e d e d .

6 8  I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .
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Thermionic Effects caused i>y Vapours o f Alkali Metals. 6 9

su rfa c e  is  la rg e ly  th e  r e s u l t  o f th e  h ig h  c o n c e n tr a t io n  np o f io n s  w i th in  th e  

re g io n  o f th e  im a g e  fo rce . T h e  m o tiv e  c o rre sp o n d in g  to  th e  im a g e  fo rce  is 

e q u iv a le n t  (a cc o rd in g  to  P o is s o n ’s e q u a tio n )  to  a  f ic tit io u s  sp a c e  c h a rg e , 

n,f (e le c tro n s  p e r  u n i t  v o lu m e ) , g iv e n  b y

=  _ 1 _  =  0 -0 4 0  

^ 8 n x 3 x 3

w h e re  x is  th e  d is ta n c e  f ro m  th e  su rfa c e . T h e  a c tu a l  s p a c e -c h a rg e  d e n s it ie s  

in  th e  im a g e  re g io n  a re  e n o rm o u s  c o m p a re d  to  th o s e  o u ts id e  th is  re g io n , b u t  

n e v e r th e le s s  th e y  a re  u s u a lly  n e g lig ib le  c o m p a r e d  to  e x c e p t  w h e n  x is  le ss  

th a n  a b o u t 2 X  1 0 ~ 8 cm .

T h u s  th e re  a re  n o  a p p re c ia b le  'potential su c h  a s  w o u ld  b e  n e c e s sa ry

to  a l te r  th e  c o n ta c t  p o te n t ia l  o f a  m e ta l ,  e x c e p t  w i th in  a to m ic  d is ta n c e s  o f t h e  

su rfa ce . S in ce  c h a n g e s  in  c o n ta c t  p o te n t i a l  a lw a y s  a c c o m p a n y  c h a n g e s  in  

e le c tro n  em issio n , w e c o n c lu d e  t h a t  a  m o d i f ic a tio n  o f th e  e le c tr o n  e m is s io n  

o f a  su rfa c e  b y  caesium  v a p o u r  is  n o t  d u e  to  a n  e le c tr o n  a n d  io n  a tm o s p h e re ,  

a s  w as su g g e s te d  in  o u r  p a p e r  in  Science, b u t  c a n  o n ly  b e  d u e  to  caesium  io n s  

o r  a to m s  in  a  m o n a to m ic  la y e r  o n  t h e  s u rf a c e .*

T h e  c o n c e n tr a tio n  o f io n s  in  t h e  im a g e  re g io n  is  d e p e n d e n t  o n  t h a t  o u ts id e  

th is  re g io n , a n d ,  in  f a c t ,  w ill b e  p r o p o r t io n a l  to  i t ,  if  t h e  c o n c e n tr a t io n  is  

n o t  to o  h ig h . T h u s , c o n s id e r in g  th e  d a t a  o f T a b le  I ,  w e  m a y  u n d e r s ta n d  w h y  

caesium  v a p o u r  d o es  n o t  a p p re c ia b ly  ra is e  th e  e le c tr o n  e m is s io n  o f a  fu lly  

th o r ia te d  su rfa c e  a t  a n y  t e m p e r a tu r e ,  w h e re a s  t h a t  o f t u n g s te n  a t  700° K  

m a y  b e  in c re a s e d  1016-fo ld . E a c h  a d s o r b e d  io n  o n  th e  s u rfa c e  d ra w s  e le c tro n s  

in to  it s  n e ig h b o u rh o o d  a n d  th is  p a r t l y  o ffse ts  i t s  p o s it iv e  c h a rg e .  P r o b a b ly  

c o n s id e ra tio n s  a p p ly  to  th e  d is t r ib u t io n  o f e le c tro n s  a r o u n d  th e  a d so rb e d  

io n  so m e w h a t s im ila r  to  th o s e  t h a t  D e b y e  a n d  H i ic k e l f  h a v e  a p p lie d  to  

s o lu tio n s  o f s t ro n g  e le c tr o ly te s .

I f  th e  a d s o r b e d  a to m s  a re  r e la t iv e ly  f a r  a p a r t  t h e y  p r o b a b ly  re p e l o n e  

a n o th e r ,  b eca u se  o f th e i r  ex ces s  o f p o s itiv e  c h a rg e . B u t  a s  th e y  b e co m e  m o re  

c lo se ly  p a c k e d , th e  e le c tro n  c o n c e n tr a t io n  in  t h e  sp a c e s  b e tw e e n  th e  io n s , 

v a ry in g  a s  i t  d o e s  e x p o n e n tia lly  w ith  t h e  p o te n t ia l  (e q u a tio n  6), m u s t  in c re a s e  

v e ry  r a p id ly , a n d  th u s ,  a s  w e s h a l l  see, th e  io n s  te n d  to  b e  d ra w n  to g e th e r  a n d  

e x h ib it  p r o p e r t ie s  l ik e  th o s e  o f th e  m o le c u le s  o f l iq u id s .

W e a re  th u s  le d  to  th e  c o n c e p t io n  o f a n  equation of state fo r  th e  a d so rb e d

W e sh a l l  sh o w  t h a t  in  t h e  a d s o rb e d  film  n o  d i s t in c t io n  c a n  b e  d ra w n  b e tw e e n  a to m s  

a n d  ion s .

f  D e b y e  a n d  H iick e l, Phys. Zeit.,vo l. 24 , p . 334  (1923).
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7 0

caesium  a to m s . I t  h a s  b e en  p o ss ib le , b y  m e a s u re m e n ts  o f t h e  e le c tr o n  e m iss io n  

o f  tu n g s te n  f ila m e n ts  in  p re se n c e  o f ca 3s iu m  v a p o u r ,  to  g a in  m u c h  q u a n t i t a t i v e  

in fo rm a t io n  a s  to  th is  e q u a tio n  o f s t a t e ,  a n d  a lso  to  d e te r m in e  t h e  e n e rg y  

c h a n g e s  in v o lv e d  in  th e  a d s o r p t io n  o f caesium  o n  tu n g s te n  o r  o n  a  f ilm  o f 

o x y g e n  io n s . T h is  w o rk  is s ti l l  in  p ro g re s s , a n d  i t  is  h o p e d  t h a t  i t  c a n  b e  

e x te n d e d  to  g iv e  th e  c o m p le te  e q u a t io n  o f s t a t e  fo r  e v e n  c o n c e n t r a te d  (c lose- 

p a c k e d )  a d so r b e d  film s. I t  w o u ld  se e m  t h a t  a  s tu d y  o f t h e  g ro w th  o f th e s e  

film s, f ro m  th e  d ilu te  (2 -d im e n s io n a l g a s) s t a t e  to  t h e  c o n c e n t r a te d  ( liq u id  o r  

so lid ), sh o u ld  th ro w  m u c h  lig h t o n  t h e  s t a t e  o f t h e  e le c tro n s  w i th in  m e ta ls .

Q u a lita tiv e ly  w e h a v e  v e ry  d i r e c t  e v id e n c e  o f t h e  e x is te n c e  o f tw o  “  p h a se s  ”  

in  th e  a d so rb e d  film s b y  m e a s u re m e n ts  a l r e a d y  b r ie f ly  d e sc r ib e d  in  t h e  p a p e r  

in  Science. T h e  p o s itiv e  io n  e m is s io n  f r o m  a  tu n g s te n  f i la m e n t in  caesium  

v a p o u r  in c re ase s  d is c o n t in u o u s ly  a s  th e  t e m p e r a tu r e  is  r a is e d . A t  a  c e r ta in  

te m p e r a tu r e  a  la rg e  p o s itiv e  io n  e m is s io n  b e g in s  a t  o n e  p o in t  o f t h e  f il a m e n t 

a n d  th e n  sp re a d s  a t  a  u n if o rm  r a t e  a lo n g  th e  f il a m e n t u n t i l  t h e  w h o le  f i la m e n t 

.gives th e  h ig h e r  e m issio n . I f  w h ile  th i s  p ro c e s s  is  o c c u r r in g  t h e  te m p e r a tu r e  

i s  lo w ered , th e  r a te  o f s p re a d in g  o f th e  a c t iv e  re g io n  is  d e c re a se d , o r  t h e  b o u n d a r y  

m a y  e v e n  b e  m a d e  to  m o v e  b a c k  a g a in . T h e re  a r e  t h u s  tw o  d is t in c t  su rfa c e  

p h a s e s  (a  c o n c e n tr a te d  a n d  a  d i lu te  p h a se )  w i th  a  d e f in ite  b o u n d a r y  b e tw e e n  

th e m .

Electron Emission from Dilute Caesium Films adsorbed on Tungsten.

C o n sid e r a  tu n g s te n  su rfa c e  a t  su c h  h ig h  t e m p e r a tu r e  in  caesium  v a p o u r  

t h a t  o n ly  a  sm a ll f r a c tio n  o f i t s  su rfa c e  is  c o v e re d  b y  a d s o r b e d  caesium . T h e  

■concen tra tion  nv o f io n s  ju s t  o u ts id e  t h e  re g io n  o f t h e  im a g e  fo rce  w ill b e  

h ig h  c o m p a re d  to  na th e  c o n c e n tr a t io n  o f a to m s . T h e  io n s  s t r ik e  t h e  su rfa c e  

a t  a  r a te  p ro p o r tio n a l to  nv. S in ce  th e  a d s o rb e d  film  is  d i lu te ,  th e  io n s  o n  th e  

s u rf a c e  e v a p o ra te  in d e p e n d e n t ly  o f o n e  a n o th e r ,  a n d  th u s  t h e  r a t e  o f 

e v a p o ra tio n  o f io n s  is p r o p o r tio n a l to  ne, t h e  n u m b e r  o f a d s o rb e d  io n s  p e r  

c m .2 ; so w e m a y  p la ce

nv =  cne. (8)

H e re  cis  a  c o n s ta n t  a t  a  g iv e n  t e m p e r a tu r e ,  w h ic h  is  p ro p o r t io n a l  to  t h

p ro b a b il ity  o f e v a p o ra tio n  p e r  u n i t  t im e  fo r  a n y  a d s o r b e d  io n .

I t  h a s  b e en  sh o w n  b y  o n e  o f u s ,*  b o th  th e o r e t ic a l ly  a n d  e x p e r im e n ta lly ,  

t h a t  fo r d ilu te  a d so rb e d  film s th e  lo g a r ith m  o f th e  e le c tr o n  e m is s io n  is  a  l in e a r  

f u n c tio n  o f ne, so t h a t

d log  np 

dne

* I .  L a n g m u ir ,  Phys. Rev., v o l. 22 , p . 364  (1923).

I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .

(9)
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w h e re  B  is  a  c o n s ta n t  a t  a  g iv e n  te m p e r a tu r e .  C o m b in in g  e q u a tio n s  (8) 

a n d  (9) w ith  (1) a n d  in te g r a t in g ,  w e  f in d

Thermionic Effects caused by Vapours o f Alkali Metals. 7 1

w h e re  ne0 is  th e  v a lu e  o f ne, w h ic h  c o rr e sp o n d s  t o  ne — 0 , a  s u rf a c e  o f 

tu n g s te n  w i th o u t  a d so rb e d  caesium . W e  th u s  see  t h a t ,  a s  t h e  caesium  p re s s u re  

v a r ie s , I  log  ( I / I 0) sh o u ld  in c re a s e  in  p r o p o r t io n  to  t h e  p re s s u re  o f caesium  v a p o u r ,  

a n d  t h a t  f ro m  th e  c o n s ta n t  o f p r o p o r t io n a l i ty ,  s in c e  w e  k n o w  K n, w e  c a n  

d e te rm in e  B /c .

E x p e r im e n ts  m a d e  fo r  t h e  p u rp o s e  o f te s t in g  th is  c o n c lu s io n  h a v e  g iv e n  

d a t a  in  g o o d  a g re e m e n t  w ith  th i s  th e o r y .  F i l a m e n t  t e m p e r a tu r e s  f ro m  

1450° to  1800° K  w e re  u s e d  a n d  th e  caesium  v a p o u r  p re s su re s  r a n g e d  f r o m  

0 to  4 -0 7  b a r s  (b u lb  a t  120° C .). F i l a m e n t  te m p e r a tu r e s  o f a t  l e a s t  1450° 

w ere  n e e d e d  to  g iv e  su ff ic ie n t e le c tr o n  e m is s io n , a n d  th e  h ig h  caesium  v a p o u r  

p re s su re s  w e re  r e q u ir e d  t o  g iv e  a  su ff ic ie n t in c re a s e  in  e m is s io n  to  t e s t  t h e  

th e o ry .  A t  1470° t h e  e le c tr o n  e m is s io n  w i th  4 -0 7  b a r s  o f caesium  v a p o u r  

w as 1300 tim e s , w h ile  a t  1790° i t  w a s  o n ly  3 - 6  tim e s , t h a t  o f a  p u re  t u n g s te n  

su rfa ce .

T h e  c o n c lu s io n s  d r a w n  fr o m  th e s e  e x p e r im e n ts  a r e —

(1) T h e  q u a n t i t y  I  lo g  ( I / I 0) is  p ro p o r t io n a l  to  th e  p re s s u re  o f caesium  v a p o u r  

w ith in  t h e  p ro b a b le  e x p e r im e n ta l  e r r o r ,  e x c e p t  t h a t  a t  t h e  h ig h e s t  p re s su re s  

w ith  th e  lo w e s t f i la m e n t t e m p e r a tu r e s  t h e  v a lu e  is  to o  h ig h , p r o b a b ly  b e c a u se  

th e  su rfa c e  film  is  n o  lo n g e r  d i lu te .  T h e  a g r e e m e n t  w i th  th e  t h e o r y  is  in  

f a c t  e x c e lle n t fo r  a ll  cases  w h e re  0 d o es  n o t  e x c e e d  a b o u t  0 * 1 3 . F o r  0 =  0  • 21 

th e  fu n c tio n  I  lo g  ( I / I 0) is  a b o u t  1 -8  tim e s  t h e  c a lc u la te d  v a lu e  ( a t  1470° K ) .

(2) T h e  p u re  n u m b e r  B K n/c  h a s  p r a c t ic a l ly  n o  te m p e r a tu r e  c o e ffic ien t, a n d  

h a s  th e  v a lu e  8 - 8  X  1 0 ~ 4.

(3) S in ce  B  is  a p p r o x im a te ly  in v e rs e ly  p r o p o r t io n a l  to  t h e  f i la m e n t te m p e r a 

tu r e ,  t h e  t e m p e r a tu r e  co effic ien t o f c is  o n ly  s l ig h tly  less  t h a n  t h a t  o f K n. 

B y  th e  O lap ey ro n  e q u a t io n  w e c a n  th u s  f in d  t h e  h e a t  o f e v a p o r a t io n  o f p o s it iv e  

io n s  f ro m  th e  d i lu te  a d so rb e d  film  a n d  o b ta in  a  v a lu e  c o rre sp o n d in g  to  3 -9 7  

v o lts .

(4) I t  h a s  b e e n  fo u n d  t h a t  th e  v a lu e s  o f B  d e f in e d  b y  e q u a t io n  (9) ra n g e  

f ro m  a b o u t  2 - 5  X  1 0 ~ 13 a t  1500° K  to  2*1 X 1 0 ~ 13 c m .2 a t  1800° K . T h u s  

th e  v a lu e s  o f c a re  g iv e n  b y

( 10 )

19530 

T  *
(11)lo g io c =  9• 02 -j- 0• 5 lo g 10 T
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7 2 I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .

T h is  e q u a t io n  g iv es  d a ta  fo r  th e  r a te  o f e v a p o r a t io n  o f a d s o r b e d  caesium  io n s  

o n  tu n g s te n .

T h e  Gribbs e q u a t io n  fo r  th e  a d s o r p tio n  is o th e rm  m a y  r e a d i ly  b e  p u t  in  th e  

fo rm

dT

d log  n
=  neJc'F, ( 12 )

w h ere  F  re p re se n ts  th e  s p re a d in g  fo rce  (in  d y n e s  p e r  c m .) o f t h e  a d so rb e d  

film , w h ich  c o rre sp o n d s  in  th e  2 -d im e n s io n a l film  to  a  p re s s u re  in  a  3 -d im e n s io n a l 

gas. A n  e q u a tio n  o f s t a t e  fo r  th e  film  is  t h u s  a n  e q u a t io n  w h ic h  e x p re sse s  T  

as  a  fu n c tio n  o f ne a n d  T . T o  o b ta in  su c h  a n  e q u a tio n *  w e m e re ly  n e e d  to  

o b ta in  a  re la tio n  b e tw e e n  npa n d  ne in  o rd e r  to  e lim in a te  np f r

B u t  in  e q u a tio n  (8) w e h a v e  su c h  a n  e q u a t io n  b e tw e e n  np a n d  ne fo r  d ilu te  

film s. C o m b in in g  th is  w ith  e q u a tio n  (12), in te g r a t in g ,  a n d  f ix in g  th e  in te g r a t io n  

c o n s ta n t b y  th e  c o n d itio n  t h a t  T =  0  w h e n  n9 =  0 ,

of s ta te  fo r d ilu te  film s

T  =  n, (1

w hich  c o rre sp o n d s  e x a c tly  in  2 -d im e n s io n a l g a se s  w ith  th e  la w  p  =  fo r  

id e a l 3 -d im en s io n a l gases . S in ce , a t  c o n s ta n t  t e m p e r a tu r e ,  th e  a s s u m p tio n  

c =  c o n s ta n t  in  e q u a tio n  (8) w as  v e r if ie d  b y  th e  e x p e r im e n ts ,  w e  m a y  ta k e  

th e  fo reg o in g  a n a ly s is  a s  p ro o f  t h a t  t h e  d i lu te  caesium  film s fo llo w  th e  law s o f 

id e a l g a s  film s. T h is  m e a n s  t h a t  th e  s p re a d in g  fo rce  o f su c h  film s is d u e

p r im a r ily  to  th e rm a l  a g i ta t io n  a n d  n o t  to  re p u ls iv e  fo rce s  b e tw e e n  n e ig h b o u r in g  

a d so rb e d  io n s.

W h e n  th e  a m o u n t  o f a d so rb e d  caesium  b e c a m e  so  g r e a t  (0 =  0 -2 1 )  t h a t  th e  

film  w as n o  lo n g e r d ilu te , w e h a v e  see n  t h a t  th e  e le c tr o n  e m is s io n  in c re a s e d  

fa s te r  w ith  th e  caesium  p re s su re  t h a n  i t  sh o u ld  a c c o rd in g  to  t h e  th e o r y  fo r  d ilu te  

film s. I h i s  m e an s  t h a t  1 in c re a se d  less r a p id ly  t h a n  in  p ro p o r t io n  to  n9, a n d  

th u s  th e  a d so rb e d  io n s  e x e r te d  attractive forces o n  o n e  a n o th e r .  W e  sh a ll  fin d  

fu r th e r  s u p p o r t  fo r  th is  c o n c lu s io n  in  o u r  s tu d y  o f c o n c e n tr a te d  a d so rb e d  film s 

r g y  ch an g e s  in v o lv e d  in  th e  fo r m a t io n  o f d i lu te  a d s o rb e d  f i l m s  th ro w  

e ra b le  lig h t o n  th e  m e c h a n is m  b y  w h ic h  a d so rb e d  a to m s  a re  h e ld  o n  th e  

su i ace . S ince  th e  e n e rg y  re q u ir e d  to  re m o v e  a n  a d s o r b e d  a to m  in  th e  fo rm  o f 

a  p o s itiv e  io n  is a p p ro x im a te ly  th e  s a m e  a s  th e  io n iz in g  p o te n t ia l  o f th e  a to m ,

! "  p1 + a  ® t  a t  t h e  r e la t lo n  b e tw e e n  t h e  p o s i t i v e  k e r n e l  o f  a n  a d s o r b e d  a t o m  

. i ' , an<^ e ê e t r o n s  ° f  t h e  t u n g s t e n  s u r f a c e  is  s u b s t a n t i a l l y  t h e  s a m e  

“  b e tW een  t h e  k e r n d  t h e  v a le n c e  e le c t r o n  o f  a  f r e e  a to m .  T h u s  a

film s o n  l iq u id s  ° f  ° b ta m in g  a n  e q u a tio n  o f  s t a t e  fo r  a d s o r b e d  film s h a s  b e e n  a p p l ie d  to  
l iq u id s  b y  L a n g m u ir ,  J o n  AmT̂  ^  ^  ^  p  ^  ( m J )

 D
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Thermionic Effects caused by Vapours of Alkali Metals. 7 3

caesium  a to m  o n  a  tu n g s te n  s u rfa c e  s h a r e s  i t s  v a le n c e  e le c tr o n  w ith  th e  t u n g s te n  

v e ry  m u c h  a s  p a ir s  o f e le c t ro n s  a re  s h a r e d  b e tw e e n  a to m s  jo in e d  b y  t h e  c o v a le n c e  

b o n d . F r o m  th is  v ie w -p o in t th e r e  c a n  b e  n o  r e a l d i s t in c t io n  b e tw e e n  a to m s  

a n d  io n s a d so rb e d  o n  a  m e ta ll ic  su rfa c e .

I f  w e th in k  o f a n  a d s o rb e d  caesium  io n  o n  a  s u rfa c e  a s  h a v in g  u n i te d  w ith , o r  

a s  sh a r in g  o n e  o f th e  “  f re e  e le c tro n s  ”  of, th e  tu n g s te n ,  i t  m a y  se e m  a t  f ir s t  a s  

th o u g h  th e s e  a to m s  sh o u ld  b e  c a p a b le  o f e v a p o r a t in g  a s  su c h  w ith  r e la t iv e ly  

l i t t l e  e n e rg y  c h a n g e . A  c lo se r  a n a ly s is , h o w e v e r ,  sh o w s  t h a t  th i s  is  n o t  

th e  case .

L e t  U j r e p re s e n t th e  e n e rg y  a s s o c ia te d  w ith  t h e  io n iz a tio n  o f a  caesium  a to m  

in  free  sp ac e  (i.e.,th e  io n iz in g  p o te n t ia l ) .  L e t  U a b e  t h e  e n e rg y  r e q u ir e d  fo r 

th e  re m o v a l o f a n  a d s o r b e d  caesium  a to m  (o r io n )  in  t h e  fo rm  o f a n  a to m . 

L e t  Up be  th e  e n e rg y  u s e d  to  re m o v e  a n  a to m  fr o m  th e  s u rf a c e  in  t h e  fo rm  o f 

a  p o s itiv e  io n , a n d  f in a lly  l e t  U e b e  th e  w o rk  n e e d e d  to  re m o v e  a n  e le c tr o n  f ro m  

th e  m e ta llic  su rfa c e . W e  c a n  g e t  a n  a to m  fr o m  th e  s u rf a c e  in to  t h e  f re e  sp a c e  

e ith e r  b y  re m o v in g  i t  a s  su c h  o r  b y  re m o v in g  a n  e le c tr o n  a n d  a n  io n  s e p a r a te ly  

a n d  th e n  a llo w in g  th e s e  to  c o m b in e  in  t h e  f re e  sp a c e . T h u s  w e  f in d  t h e  r e la t io n

U a =  U p -f- U c —  U«. (14)

F o r  a  tu n g s te n  s u r fa c e  h a v in g  v e r y  l i t t l e  caesium  o n  i t  U e =  4  • 54  ; 3 • 97

a n d  U j =  3 • 88 v o lts , a n d  th e  e q u a t io n  t h e n  g iv e s  u s  U a =  4 • 63 a s  th e  e n e rg y  

in v o lv e d  in  t h e  e v a p o r a t io n  o f a n  a to m  a s  su c h . I f  U p =  U$ w e see  t h a t  

U a =  U e. T h u s  th e  e n e rg y  a d s o r p t io n  o f f re e  a to m s  is  d e te r m in e d  p r in c ip a lly  

b y  th e  e le c tro n  a ff in ity  o f th e  m e ta l ,  a n d  r e s u l ts  f ro m  th e  f a c t  t h a t  t h e  m e ta l  

is  a b le  to  t a k e  th e  e le c tro n  t h a t  is  b r o u g h t  t o  i t  b y  t h e  a to m  a s  o n e  o f i t s  o w n  

e lec tro n s , e v e n  th o u g h  th is  e le c tr o n  is  s h a r e d  b y  th e  a to m . O f c o u rse , t h e  

e le c tro n s  w h ich  a re  s h a re d  b y  a  g iv e n  a to m  m a y  b e , a n d  p r o b a b ly  a re ,  c o n 

t in u a l ly  c h a n g in g , b u t  th e  c o n c e p tio n  o f s h a r e d  e le c tro n s  is  n o t  a l te r e d  th e r e b y .

Concentrated Adsorbed Films of Ccesiuvn on Tungsten.—-A t su ff ic ie n tly  lo w  

te m p e r a tu r e s  a  tu n g s te n  f ila m e n t in  p re se n c e  o f caesium  v a p o u r  b e co m e s  

c o m p le te ly  c o v e re d  w ith  a  la y e r  o f a d s o r b e d  caesium  a to m s  (0  — 1). A s t h e  

te m p e r a tu r e  is  ra is e d  t h e  e m is s io n  in c re a se s , a p p a r e n t ly  in  a c c o rd  w ith  th e  

R ic h a rd so n  e q u a t io n  (e q u a tio n  3), th e  lo g a r ith m  o f th e  e le c tr o n  c u r r e n t  b e in g  

p ra c tic a lly  a  l in e a r  fu n c tio n  o f t h e  re c ip ro c a l  o f th e  t e m p e r a tu r e .  A t  a  c e r ta in  

te m p e r a tu r e  (fo r e a c h  p re s su re  o f caesium ) th e  c u r r e n t  re a c h e s  a  m a x im u m  a n d  

th e n  d e c re a se s  a s  t h e  t e m p e r a tu r e  is  r a is e d , s in ce  t h e  a d s o r b e d  caesium  

e v a p o ra te s  a t  th e s e  h ig h e r  t e m p e r a tu r e s  a n d  0 b e co m e s  m u c h  s m a l le r  

th a n  u n i ty .
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7 4 I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .

T h e  fa m ilie s  o f c u rv e s  in  fig. 1 g iv e  a  s u m m a r y  o f a b o u t  220  d e te r m in a t io n s  

o f th e  e le c tro n  em iss io n  o f f i la m e n ts  in  p re se n c e  o f caesium  v a p o u r .  T h e  c u rv e s  

h a v e  b e e n  d ra w n  a c c u r a te ly  f r o m  th e  e x p e r im e n ta l  d a t a  a n d  m a y  b e  u s e d  fo r  

q u a n t i t a t iv e  c a lc u la tio n s  if d e s ire d . T h e  o r d in a te s  a r e  t h e  c o m m o n  lo g a r i th m s  

o f I „  th e  e le c tro n  c u r r e n t  d e n s i tie s  in  a m p e re s  p e r  c m .2, a n d  th e  a b sc is sa s  

a re  th e  re c ip ro c a ls  o f t h e  a b s o lu te  te m p e r a tu r e s  o f t h e  f ila m e n t, m u l t ip l ie d  b y  

1000 fo r  c o n v e n ie n c e . T h e  t e m p e r a tu r e  o f t h e  b u lb  w h ic h  f ix e d  th e  v a p o u r  

p re s su re  o f th e  caesium  is g iv e n  in  d e g re e s  C e n t ig ra d e  o n  e a c h  c u rv e . T h e  

tw o  u p p e r  c u rv e s , w h ic h  a p p e a r  d i s t in c t ly  d i f f e r e n t  f r o m  th e  r e s t ,  w e re  o b ta in e d  

w ith  f ila m e n ts  w h ic h  w ere  c o m p le te ly  c o v e re d  b y  a  film  o f o x y g e n  io n s  b e fo re  

a d m i t t in g  th e  caesium  v a p o u r . T h e  o th e r  n in e  c u rv e s  w e re  o b ta in e d  w i th  p u r e  

tu n g s te n  f ila m e n ts  w h ich  h a d  b e e n  f la s h e d  a t  h ig h  t e m p e r a tu r e  to  re m o v e  a l l  

im p u r it ie s  f r o m  th e  s u rfa c e  b e fo re  t h e  r e a d in g s  w e re  t a k e n .  T h e  caesium  film  

c o n d e n se d  o n  th e m , o f c o u rse , w h e n  t h e  f il a m e n t t e m p e r a t u r e  w a s  lo w e re d  to  

t h a t  a t  w h ic h  th e  c u r r e n ts  w ere  re a d .

C o n s id e rin g  n o w  th e  c u rv e s  o b ta in e d  w i th  t h e  caesium  a d s o r b e d  o n  th e  p u re  

tu n g s te n  su rfa c e , w e  see  t h a t  e a c h  c u rv e  c o n s is ts  o f 3 p a r t s  :—

I . A  lo w - te m p e ra tu re  re g io n  w h e re  t h e  e m is s io n  a p p a r e n t ly  fo llo w s R ic h a r d 

s o n ’s e q u a tio n , g iv in g  a  s t r a ig h t  l in e  d e sc e n d in g  to  t h e  r ig h t  in  fig. 1.

I I .  A n  in te r m e d ia te  re g io n  w h e re  t h e  p lo t  in  fig. 1 is c u rv e d , t h e  c u r r e n t  

re a c h in g  a  m a x im u m  a s  th e  t e m p e r a t u r e  is  ra is e d  a n d  th e n  fa llin g . T h is  

re g io n  m a y  b e  re g a rd e d  a s  a  t r a n s i t i o n  c u rv e  b e tw e e n  th e  s t r a ig h t  p o r t io n s  I  

a n d  I I I .

I I I .  A  h ig h - te m p e r a tu r e  re g io n , w h e re  t h e  p lo t  in  fig. 1 b e c o m e s  s t r a ig h t  

a g a in , b u t  t h e  c u r r e n t  d e c re a se s  w i th  r is in g  t e m p e r a tu r e .  A n  e q u a t io n  o f t h e  

R ic h a rd s o n  ty p e  m a y  b e  u s e d  to  r e p r e s e n t  th e s e  lin e s , b u t  t h e  q u a n t i t y  b 

w o u ld  th e n  h a v e  a  n e g a t iv e  v a lu e .

F ig . 1 sh o w s t h a t  b o th  in  R e g io n s  I  a n d  I I  t h e  s t r a ig h t  l in e s  a t  t h e  v a r io u s  

p re s su re s  a re  a p p r o x im a te ly  p a ra lle l  to  o n e  a n o th e r .  T h e  e n v e lo p e  o f t h e  

fa m ily  o f c u rv e s  is a  s t r a ig h t  l in e , sh o w n  a s  t h e  c lash ed  lin e  A B . A ll t h e  c u rv e s  

o f th e  fa m ily  a re , in  fa c t,  v e r y  n e a r ly  a lik e ,*  a n d  d if fe r  p r in c ip a l ly  in  b e in g  

d is p la c e d  in  a  d ir e c tio n  p a ra lle l  to  A B . T h e s e  d is p la c e m e n ts  a re  fo u n d  to  b e  

p ro p o r tio n a l to  t h e  lo g a r ith m s  o f th e  p re s su re s  o f caesium .

T h ese  c o n c lu s io n s  m a y  b e  s u m m a riz e d  b y  s a y in g  t h a t  th e s e  e le c tr o n  e m is s io n  

d a ta  a re  g iv e n  b y  th e  e q u a t io n

lo g  I e +  M l o g p  =  / ( 1 / T  +  N l o g  p),(15)

T h is  is  o n ly  a p p r o x im a te .  I t  w ill  b e  n o t ic e d  t h a t  t h e  c u rv e s  fo r  t h e  h ig h e r  p re s s u re s  

h a v e  th e  s h a r p e r  c u r v a tu r e  in  R e g io n  I I .
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w h e re  M  a n d  N  a re  c o n s ta n ts  a n d  /  d e n o te s  a  fu n c t io n  c h a r a c te r is t ic  o f t h e  

s h a p e  o f th e  c u rv es  in  fig. 1. F r o m  th e  d a t a  w e f in d  t h a t  t h e  a c tu a l  v a lu e s  o f 

M  a n d  N  a re
M =  — 0 - 8 3 ;  N =  4*4  X  1 0 ~ 5 d e g " 1.

Thermionic Effects caused by Vapours o f Alkali Metals. 7 5

YGSN

1 0 0 0 /T .

F i g . 1.— E le c tr o n  em is s io n  f ro m  T u n g s te n  f i la m e n ts  in  C aesium  v a p o u r  a t  v a r io u s

p re s su re s .
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7 6 I .  L a n g m u i r  a n d  K .  H .  K i n g d o m

T h e  p re s su re s  o f caesium  v a p o u r  u s e d  in  th e s e  c a lc u la tio n s  w e re  fo u n d  b y  

m e a s u re m e n ts  o f th e  p o s i tiv e  io n  c u r r e n ts  o b ta in e d  w i th  f il a m e n t t e m p e r a t u r e s  

o f a b o u t  1500° K , w h e re  a ll  th e  a to m s  t h a t  s t r ik e  th e  f i la m e n t a re  c o n v e r te d  to  

io n s . T h e  v a p o u r  p re s su re s  o b ta in e d  in  th i s  w a y  a re  a c c u r a te ly  g iv e n  b y  th e  

e q u a tio n  (p in  b a rs )
9QQ9,

lo g io  V — 16*65  —^r"- (16)

F r o m  th e s e  c o n s id e ra tio n s  i t  m a y  r e a d i ly  b e  s e e n  t h a t  in  R e g io n s  I  a n d  I I I  

th e  e le c tro n  e m is s io n  o f a  t u n g s te n  f il a m e n t o f t e m p e r a t u r e  T  in  caesium  v a p o u r  

a t  a  p re s su re  p is  e x p re s s ib le  a p p r o x im a te ly  b y  th e  e q u a t io n

Ie — a p vs ~ ft'T, (17)

w h e re  a , (3 a n d  y  a re  c o n s ta n ts .

T h e  d a t a  i l lu s t r a te d  in  fig. 1 g iv e  t h e  fo llo w in g  v a lu e s  o f t h e  c o n s ta n ts , ,  

w h en  L  is  in  a m p e re s  p e r  c m .2 a n d  p  in  b a r s  :—

a. 0- 7-

Caesium on  T u n g s ten .

R eg ion  I  ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 6 • 65 X 1014 + 3 1 3 0 0 - 0 - 7 0
R eg ion  I I I  .. . .. . . . .. . . . .. . . . .. . . . .. . . . .. . . . .. . . . .. . . . . 8 -6  X 1 0 - 12 - 1 9 1 0 0 +  1 -6 6

Caesium on  A d so rb ed  O xygen .

R eg ion  I  ... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 1 -0 4 X 1 0 10 + 2 3 4 0 0 - 0 - 6 2
R eg ion  I I I  . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 2 • 95 X 10-11 - 3 2 2 0 0 +  1 -9 6

A c c o rd in g  to  t h e  C la p e y ro n  e q u a t io n ,  t h e  h e a t  o f e v a p o r a t io n  m a y  b e  

c a lc u la te d  f r o m  th e  te m p e r a tu r e  c o e ff ic ien t o f t h e  v a p o u r  p re s s u re ,  6 re m a in in g  

c o n s ta n t .  W e m a y  g e n e ra liz e  th is  a n d  a s s o c ia te  a n  e n e rg y  c h a n g e  U  w ith  

a n y  p a r t ic u la r  p h e n o m e n o n , w h ic h  v a r ie s  w i th  t h e  t e m p e r a tu r e  in  s u c h  a  w a y  

t h a t  t h e  lo g a r i th m  o f a n y  m e a s u re d  q u a n t i t y  is  a  l in e a r  fu n c t io n  o f t h e  

re c ip ro c a l o f th e  te m p e r a tu r e ,  w h ile  a n o th e r  q u a n t i t y  x  (fo r e x a m p le ,  t h e  

p re s su re )  is h e ld  c o n s ta n t  a s  t h e  t e m p e r a t u r e  is c h a n g e d . T h u s  w e  d e f in e  

Uj,* b y

Lr/x =  \  / d lo g  y \ 
e\0  ( 1 / T ) V

(18)

T h e  e le c tro n  c h a rg e  e is  u se d  in  t h e  d e n o m in a to r  in  o rd e r  t o  e x p re s s  U  in  

th e  c o n v e n ie n t fo rm  of a  p o te n t ia l .  T o  o b ta in  U  in  v o lt s  t h e  v a lu e  o f efh  

m a y  b e  ta k e n  to  b e  11600° p e r  v o lt .

W e c a n  a lso  g e n e ra liz e  th e  d e f in itio n  o f y b y  t h e  r e la t io n

w h ich  is c o n s is te n t w ith  e q u a t io n  (17).

y =  ( i M i )
O lo g  pj  T

(1 9 )
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Thermionic Effects caused by Vapours of Alkali Metals. 7 7  

I n  th is  w ay , b y  c o m b in a tio n  w i th  e q u a t io n  (1), w e m a y  o b ta in  t h e  e q u a t io n

H e re  Vve re fe rs  to  th e  te m p e r a tu r e  c o e ffic ien t o f t h e  positive io n  c o n c e n 

t r a t i o n  nv n e a r  a  f i la m e n t, w h ile  0 is k e p t  c o n s ta n t .  I t  is  th e re fo re  th e  h e a t  

o f e v a p o r a t io n  o f io n s . T h e  q u a n t i t y  JJea m e a s u re s  t h e  t e m p e r a tu r e  co e ff ic ien t 

o f th e  e le c tro n  em iss io n , w h ile  th e  p re s su re  ( c o n c e n tr a t io n  o f a to m s )  r e m a in s  

c o n s ta n t.  I t  c o r re sp o n d s  to  t h e  v a lu e  o f [3 in  e q u a t io n  (17). T h e  q u a n t i t y  

U K m e asu re s  th e  t e m p e r a tu r e  co effic ien t o f K n, a n d  is t h u s  e q u iv a le n t  to  t h e  

io n iz in g  p o te n tia l,  w h ile  Vee c o rre sp o n d s  to  t h e  te m p e r a tu r e  co e ffic ien t o f 

th e  e le c tro n  e m is s io n  a t  c o n s ta n t  0, a n d  th u s  m e a s u re s  th e  h e a t  o f e v a p o r a t io n  

o f e lec tro n s .

T h e  d a ta  o f fig. 1 e n a b le  u s  to  d e te r m in e  ; w e  a l r e a d y  k n o w  Uk , a n d  

th u s  b y  e q u a t io n  (20) w e o b ta in  a  r e la t io n  b e tw e e n  U p0 a n d  I J e0; b u t  in  

g e n e ra l w e c a n n o t  d e te rm in e  th e s e  q u a n t i t ie s  s e p a r a te ly  f r o m  th i s  e q u a t io n .  

H o w e v e r , w h en  y =  1 th e  t e r m  in v o lv in g  d ro p s  o u t ,  so  t h a t  fo r  th i s  c ase

w e o b ta in  th e  a c tu a l  v a lu e  of U P# :—

a n y  k n o w le d g e  o f th e  re la t io n  b e tw e e n  Ie a n d  0. I f  th i s  r e la t io n  w ere  k n o w n *  

w ith  su ffic ien t a c c u ra c y  fo r  v e ry  c o n c e n tr a te d  film s ( 0 >  0 -9 ) ,  w e sh o u ld  b e  

a b le  to  d e te rm in e  U pf? a n d  U e0 s e p a r a te ly  fo r  a n y  v a lu e  o f 0.

S in ce  y is n e g a tiv e  in  R e g io n  I ,  a n d  p o s itiv e  a n d  g r e a te r  t h a n  u n i t y  in  

R e g io n  I I I ,  i t  m u s t  p a s s  th r o u g h  th e  v a lu e s  1 a n d  0  w h ile  in  R e g io n  I I .  T h e  

p o in ts  fo r w h ich  y  — 0 a re  th o s e  w h e re  th e  c u rv e s  o f fig. 1 a re  t a n g e n t  to  t h e  

e n v e lo p e  A B , w h ile  th e  p o in ts  c o rre sp o n d in g  to  1 lie  a  v e ry  s h o r t  d is ta n c e  

to  th e  le f t  o f th e  p o in ts  w h e re  Ie is  a  m a x im u m . W e  th u s  f in d  t h a t  fo r  0 , 

Vee =  — 1 ’24 v o lts , w h ich  is t h u s  t h e  c a lc u la te d  h e a t  o f e v a p o r a t io n  o f th e  

e lec tro n s . T h is  v a lu e  o f y c o rre sp o n d s  ro u g h ly  to  a b o u t  0 =  0 -9 0 .

W ith  y =  1 • 0, w h ich  o ccu rs  a t  a b o u t  0 =  0  • 87, th e  v a lu e  o f U p0 is — 4  • 3 v o lts . 

T h u s  th e  h e a t  o f e v a p o r a t io n  o f io n s  f ro m  th e s e  c o n c e n tr a te d  f i l m s  is  a  l i t t l e  

g re a te r  th a n  th e  v a lu e  — 4*0 v o lts , w h ic h  w e fo u n d  fo r  th e  d i lu te  film  b y  a n

T h e  l in e a r  r e la t io n  b e tw e e n  log  l e a n d  6, p ro p o s e d  b y  L a n g m u ir ,  is  a  f a i r ly  g o o d  

a p p r o x im a tio n  u p  to  6 — 0 -9  o r  e v e n  h ig h e r , b u t  is  n o t  su ff ic ie n tly  a c c u r a te  fo r  th e  p r e s e n t  

p u rp o se . A  fu lle r  d is c u s s io n  w ill a p p e a r  in  th e  Physical Review a r tic le .

Up# =  Uk ---- u ea -|-------- — Veg.
y r

( 2 0 )

Vpe — Uk  — U fa.

h e  case  o f y — 0, th e  e q u a t io n  re d u c e s  to

(21)
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7 8

e n ti re ly  d if f e re n t m e th o d . T h e  d a t a  a r e  c o n s is te n t  w i th  t h e  a s s u m p tio n  

t h a t  VP8 v a r ie s  g ra d u a l ly  a n d  s te a d i ly  f r o m — 4 - 0  to  — 4 - 3  a s  0 in c re a s e s  

f ro m  0 to  0 -9 . I f  w e m a k e  th is  a s s u m p tio n , w e  m a y  c a lc u la te  Ve0 b y  

e q u a tio n  (20) fo r  a ll v a lu e s  o f 0 fo r  w h ic h  w e  k n o w  TJea. T h u s  w e  fin d  t h a t  

j j  th e  h e a t  o f e v a p o r a t io n  o f th e  e le c tro n s  in  R e g io n  I ,  is  a b o u t  1 -5  v o l t s  

a n d  in  R e g io n  I I I  (0  =  0 -7 )  is  a b o u t  1*8 v o lt s .  T h e s e  d a t a  fo r  U e0 a re  o n ly  

ro u g h , b u t  a re  in  g e n e ra l a c c o rd  w i th  o u r  k n o w le d g e  t h a t  t h e  h e a t  o f 

e v a p o ra tio n  o f th e  e le c tro n s  is  g r e a t ly  d e c r e a se d  b y  a d s o r b e d  ca3sium  a n d  m u s t  

v a ry  ro u g h ly  lin e a r ly  w i th  0. A  th o r o u g h  c h e c k  o f th i s  p a r t  o f t h e  th e o r y  

m a y  re q u ir e  d ir e c t d e te r m in a t io n s  o f th e  h e a t  o f e v a p o r a t io n  b y  i t s  co o lin g ; 

e ffect. C o n ta c t p o te n t ia l  m e a s u re m e n ts  h a v e  b e e n  m a d e  w i th  c se s ia te d  

f ila m e n ts  a n d  a g re e  in  g e n e r a l  w i th  th e s e  c o n c lu s io n s , b u t  t h e i r  a c c u ra c y  is  

n o t  y e t  a s  h ig h  a s  is  d e s ire d .

F o r  th e  csesium  film  o n  a d s o r b e d  o x y g e n , t h e  h e a t  o f e v a p o r a t io n  o f io n s  

U pd co m es o u t  a s  5 -1 3  v o lt s  fo r  0 =  0 -9 5 . T h is  is  d i s t in c t ly  h ig h e r  t h a n  t h a t  

o f io n s  a d so rb e d  d i r e c t ly  o n  tu n g s te n  a n d  a c c o u n ts  fo r  t h e  m u c h  lo w e r  r a t e  

o f e v a p o r a t io n  o f io n s  f r o m  th e  o x y g e n  film .

A n  a n a ly s is  o f a ll  th e s e  d a t a  f ro m  th e  th e r m o d y n a m ic  s t a n d p o i n t  b y  G ib b s ’ 

e q u a tio n  le a d s  to  t h e  fo llo w in g  c o n c lu s io n s  :—

W ith  v e ry  d ilu te  caesium  film s (0  < 0 - 1 5 )  t h e  s p r e a d in g  fo rc e  in c re a s e s  

in  p ro p o r tio n  to  9, a n d  in  th is  ra n g e  y in c re a s e s  s lo w ly  f r o m  0  u p  to  n e a r ly  

u n i ty .  A t  0 =  0 • 5 to  0  • 8 , yis  a p p r o x im a te ly  1 • 65 ; so  so m e w h e re  b e t

a b o u t  0 =  0 - 2  a n d  0 =  0 - 5  , ym u s t  b e  e q u a l to  u n i ty .  A t  th i s  

re a c h  a  maximum, v a lu e  a n d  th e n  d e c re a se  a s  y in c re a s e s  a b o v e  u n i ty .  T h i s  

m e an s  t h a t  s tr o n g  a t t r a c t i v e  fo rce s  sh o u ld  r e n d e r  t h e  film  in h e r e n t ly  u n s ta b le , ,  

a n d  i t  sh o u ld  h a v e  a  te n d e n c y  to  s e p a r a te  in to  tw o  p h a se s , j u s t  a s  h a s  b e e n  

o b se rv e d  in  c o n n e c t io n  w ith  t h e  m e a s u re m e n ts  o f p o s it iv e  io n  c u r re n ts .  H o w 

e v e r , in  ta k in g  th e  d a t a  i l lu s t r a te d  in  fig. 1 ( a l th o u g h  in  R e g io n  I I I  T  m u s t  

d ec rea se  w ith  r is in g  0), w e h a v e  n o t  o b s e rv e d  a n y  e ffe c ts  w h ic h  w o u ld  in d ica te*  

s e p a ra te  su rfa c e  p h a se s .

A t s ti l l  h ig h e r  v a lu e s  o f 0 in  R e g io n  I I ,  in  t h e  n e ig h b o u rh o o d  o f 0 = 0 -  87 ,, 

7 d e crea se s  a g a in  a n d  p a sse s  th r o u g h  th e  v a lu e  u n i ty .  B e y o n d  th is  p o in t  P  

m u s t  a g a in  in c re a se  w ith  r is in g  0, in d ic a t in g  t h a t  re p u ls iv e  fo rce s  a re  b e g in n in g , 

to  co m e in to  p la y  a s  t h e  film  a p p ro a c h e s  s a tu r a t i o n .

F in a lly , w h e n  0 is a b o u t  0 -9 0 , y b e co m e s  z ero  a n d  th e n  b e co m e s n e g a t iv e . . 

I n  th is  reg io n  th e  e le c tro n  e m is s io n  a c tu a l ly  d e c re a se s  a s  m o re  caesium  a to m s  

b eco m e  p a c k e d  in to  th e  a d so rb e d  film .

I .  L a n g m u i r  a n d  K .  H .  K i n g d o n .
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Summary.

1. F r o m  th e rm o d y n a m ic  c o n s id e ra tio n s  in v o lv in g  th e  S a h a  e q u a t io n ,  th e r e  

m u s t  b e  a  r e la t io n  b e tw e e n  th e  'positive io n  e m is s io n  f r o m  a  h e a te d  f il a m e n t 

in  th e  v a p o u r  o f a n  a lk a l i  m e ta l  a n d  th e  e le c tr o n  e m is s io n  f r o m  th is  s u rfa c e .

2. A t h ig h -f ila m e n t te m p e r a tu r e s  a n d  lo w  p re s su re s  o f t h e  v a p o u r ,  th e  

e le c tro n  e m issio n  is  t h e  s a m e  a s  in  th e  a b se n c e  o f th e  v a p o u r ,  so t h a t  t h e  p o s it iv e  

io n  em issio n  f ro m  d if f e r e n t f i la m e n ts  in  v a r io u s  v a p o u rs  c a n  b e  c a lc u la te d .  

E x p e r im e n ts  w ith  caesium  a n d  o th e r  m e ta ll ic  v a p o u rs , a n d  w i th  t u n g s te n  f ila 

m e n ts  a n d  o x y g e n - c o a te d  a n d  th o r iu m - c o a te d  f ila m e n ts , g iv e  r e s u lt s  in  a c c o rd  

w ith  th is  th e o r y .  M e a su re m e n ts  o f t h e  p o s it iv e  io n  a n d  e le c tr o n  e m is s io n s  

f ro m  tu n g s te n  f ila m e n ts  in  caesium  v a p o u r  g iv e  v a lu e s  fo r  th e  th e r m a l  io n iz a 

tio n  o f caesium  v a p o u r  a t  a b o u t  1200° K  in  e x c e lle n t a g re e m e n t  w i th  t h e  

S a h a  e q u a tio n .

3. A t h ig h - f i la m e n t te m p e r a tu r e s  t h e  p o s it iv e  io n  e m is s io n  b e co m e s  lim i te d  

b y  th e  r a te  a t  w h ic h  th e  v a p o u r  co m es  in to  c o n ta c t  w i th  t h e  f ila m e n t, a l l  

a to m s  s t r ik in g  th e  f i la m e n t b e in g  c o n v e r te d  in to  io n s . T h is  p e r m its  q u a n 

t i t a t i v e  m e a s u r e m e n ts  o f th e  v a p o u r  p re s su re  to  b e  m a d e .  T h e  v a p o u r  p re s su re s  

o f caesium  (in  b a rs )  a re  g iv e n  b y

, 1A RK 3992
lo g i0 p =  1 0 - 6 5 -----

4. A t lo w er f ila m e n t t e m p e r a tu r e  t h e  e le c tr ic  im a g e  fo rc e  c a u se s  a  f r a c t io n  0 

o f t h e  f ila m e n t su rfa c e  to  b e  c o v e re d  b y  a  la y e r  o f a d s o r b e d  io n s  w h ic h  s h a re  

e le c tro n s  w ith  t h e  u n d e r ly in g  m e ta l.  T h e  r e s u l t in g  d o u b le - la y e r  c a u se s  a n  

in c re a se  in  e le c tro n  e m is s io n  a n d  a  c o rr e sp o n d in g  d e c re a se  in  p o s it iv e  io n  

e m issio n . E le c tr o n  em iss io n s  o f o v e r  0 - 3  a m p e r e  p e r  c m .2 a t  1000° K  m a y  

b e  o b ta in e d  in  caesium  v a p o u r  a t  30° C.

5. T h e  th e o r y  o f d ilu te  a d so rb e d  film s (0  <C 0 • 2) is  d e v e lo p e d  a n d  th e  e q u a t io n  

o f s t a t e  fo r  th e  a d so rb e d  film  is fo u n d  to  c o rre sp o n d  to  t h e  id e a l  g a s  law s. 

F o r  m o re  c o n c e n tr a te d  film s, a t t r a c t i v e  fo rce s  d ra w  th e  io n s  to g e th e r  a n d  

u n d e r  c e r ta in  c o n d i tio n s  cau se  s e p a r a te  2 -d im e n s io n a l p h a se s  to  a p p e a r .

6. T h e  h e a t  of e v a p o r a t io n  of th e  a d s o rb e d  caesium  a to m s  o n  tu n g s te n  in  

th e  fo rm  of io n s  c o rre sp o n d s  to  4 - 0  v o lt s  fo r  d i lu te  a n d  4 -3  v o lt s  fo r  c o n 

c e n tr a te d  film s. F r o m  a d so rb e d  o x y g e n  o n  tu n g s te n  t h e  h e a t  o f e v a p o r a t io n  

o f caesium  io n s  is 5 -1  v o lts .

Thermionic Effects caused by Vapours o f Alkali Metals. 7 9
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