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view. T h e b a u d  a t  a b o u t 3*3 pe. c h a ra c te r is tic  of th e  a lip h a tic  C -H  lin kag e, 

w h ich u su a lly  co nsis ts of sev era l co m p o n en ts  in  th e  h ig h er m em b ers, g ives p lace  

to  a  single lin e in  ch lo ro fo rm  a n d  b ro m o fo rm .

F ro m  a  co m p ariso n  of th e  d a ta  i t  a p p e a rs  t h a t  th e  R a m a n  line co rre sp o n d in g  

to  Av 750 c a n  be a sc rib e d  to  a  v ib ra tio n  in  th e  C-Cl b o n d / w h ereas th e  one  

co rresp on d in g  to  Av 660 c a n  b e  a sc rib e d  to  th e  C -B r b on d . T h e  d iffuse n a tu re  

ch arac te ris in g  th e  R a m a n  lines sh if te d  by  th e  a b o v e  freq u en c ies , w h ich is 

p a rtic u la rly  co nsp icu o u s in  CHC13, CC14, a n d  C H B r3, m a y  b e  d u e  to  a n  u n 

resolved s tru c tu re  a ris in g  fro m  th e  p resen c e  of iso to p e s in  ch lo rin e  a n d  

brom ine.

I n  conclusion , th e  a u th o rs  d esire  to  ex p re ss  th e i r  b e s t th a n k s  to  B rof. S ir 

0 . V . R a m a n , F .R .S ., a n d  M r. K . S. K r is h n a n  fo r th e i r  k in d  in te re s t  in  th e  

w ork. T he  in v e s tig a tio n  w as c a rr ie d  o u t  in  th e  la b o ra to ry  of th e  In d ia n  

A sso cia tion  fo r th e  C u ltiv a tio n  of Science.

The Liberation of Electrons from Metal Surfaces by Positive Ions

Part I . — Experimental.

B y  M. L . E . Ol i p h a n t , P h .D ., E x h ib it io n  of 1851 S en ior R e se a rc h  S tu d e n t,

T r in ity  College, C am b rid g e .

(Com m unicated b y  S ir E rn e s t R u th e rfo rd , F .R .S .— R eceived F eb ru a ry  27, 1930.)

M od ern  th e o ries*  of th e  glow  a n d  a rc  d isch a rg e s re q u ire  t h a t  e lec tro n s sh o u ld  

be se t free  fro m  th e  c a th o d e  su rfa ce  as  a  re s u lt  of th e  b o m b a rd m e n t b y  p o s itiv e  

io ns. T h e c o n d itio n s in  th e  n e ig h b o u rh o o d  of th e  n e g a tiv e  e lec tro d e  a re  

exceed in g ly  co m p lex, a n d  i t  is o n ly  b y  sy s te m a tic  e x a m in a tio n  of each  re a c tio n  

w h ich we b elieve  to  be p re se n t,  iso la te d  fro m  th e  d is tu rb in g  effects of th e  o th ers , 

t h a t  we c an  h o p e  fo r a  co m p le te  u n d e rs ta n d in g  of th is  im p o r ta n t reg ion . T h is  

p a p e r d escribes som e e x p er im en ts  w hich  h a v e  b een  c arrie d  o u t in  a n  en d ea v o u r 

to  ex p la in  th e  p rec ise  n a tu re  of th e  re a c tio n  b e tw een  th e  p o sitiv e  ions a n d  th e  

su rface  of th e  c o n d u c to r.

T h e l ite ra tu re  of th is  su b je c t is fa ir ly  ex ten siv e , a u d  m a n y  of th e  e x p er im en ts

* Cf. Compton and Morse, ‘ Phys. R ev .,’ vol. 30, p. 305 (1927).
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liave b een"v ery  c are fu lly  th o u g h t o u t.*  I t  seem s to  be q u ite  defin itely  e sta b 

lished th a t  ions of v e lo c ity  g re a te r  th a n  a b o u t 100 v o lts  se t free e lec trons from  

m e ta l surfaces w hich  a re  n o t  rig o ro u sly  freed  fro m  gas. M ost of th e  ex p eri

m e n ts  h a v e  b een  c arrie d  o u t w ith  a lk a li ions fro m  th e rm io n ic  sources, a n d  ow ing 

to  th e  a b n o rm a lly  low  io n isa tio n  p o te n tia ls  of th e  a lk a lis  th e  re su lts  a re  scarcely  

ap p licab le  to  th e  case of d isch arg es in  o rd in a ry  gas. W e are  n o t concerned 

w ith  th e  lib e ra tio n  of e lec tro n s b y  v e ry  fa s t c an a l ra y s  o r a lp h a  p artic les , b u t  

w ith  th e  effect p ro d u c e d  b y  p o sitiv e  io ns of less th a n  a b o u t 1000 v o lts  energy. 

P e n n in g f  h as e sta b lish e d  b y  a  series of ex p erim en ts  t h a t  n eo n  ions of as li t t le  

as  7 v o lts  energy , d rif tin g  u p  a g a in s t a m e ta l surface , a re  ab le  to  se t free e lec trons 

fro m  it.

T h e p re se n t e x p e rim en ts  w ere c arrie d  o u t w ith  h e liu m  ions, ex cep t in  one or 

tw o  sp ec ia l in stan ces , fo r th re e  reason s. F ir s t ly , th e  p a r t  p la y e d  b y  th e  

io n isa tio n  p o te n tia l  will p ro b a b ly  a p p e a r  v e ry  c learly  w ith  a  gas of such  h ig h  

ion ising  e n e r g y ; second ly , i t  w ill n o t be a d so rb ed  a p p re c ia b ly  a t  th e  surface  of 

th e  c o n d u c to r , a n d  a f te r  n e u tra lis a tio n  w ill escape  a g a in  in  th e  a to m ic  co n 

d it io n  ; w hile th ird ly , i t  c a n  be  c o n tin u a lly  a n d  eas ily  p u rif ied  b y  p assing  over 

a c tiv a te d  c h arco a l cooled  in  liq u id  a ir.

Tw o m e th o d s  of ex am in in g  th e  e m itte d  e lec tro n s h a v e  b een  em ployed. 

T h e m o st ca re fu l e x p e rim en ts  h a v e  b een  c arrie d  o u t b y  a  re ta rd in g  p o te n tia l 

m eth o d , b u t  th e se  re su lts  h a v e  b een  confirm ed b y  ex p er im en ts  u sing  m ag n etic  

an a ly s is  of th e  v e lo c ity  d is tr ib u tio n .

Apparatus.

T h e p ro d u c tio n  of a  h om og en eo us b eam  of gas ions is b y  no m ean s as  sim ple 

as  in  th e  case of th e  a lk a li ions, for a  th e rm io n ic  source does n o t exist, b u t a  

m e th o d  h a s b een  deve lo p ed , b ased  on  th e  L a n g m u ir  “ p ro b e  ” th e o ry , w hich 

y ields a  b eam  su rp ris in g ly  “  m o n o ch ro m atic  ” in  c h a ra c te r  a n d  of fa ir in te n s ity .

I t  is k n o w n  fro m  th e  w ork  of L a n g m u ir  a n d  M o tt-S m ith ,!  t h a t  a n eg ativ e ly  

ch arg ed  e lec tro d e in  a  s tro n g ly  ion ised  gas becom es su rro u n d e d  b y  a  sh ea th  

of p o sitiv e  ions, w hose space  ch arg e  n eu tra lises  th e  p o te n tia l of th e  elec trode  

a t  p o in ts  o u ts id e  th e  sh e a th . E v e ry  p o sitiv e  ion  w hich crosses th e  o u te r 

b o u n d a ry  of th is  d a rk  sh e a th  m u s t e v e n tu a lly  re a ch  th e  e lectrode, unless i t  

m ak es a  collision in  its  p assag e  across  th e  space, o r th e  e lec trode  is so sm all

* ‘ Handbuch d. Physik,’ vol. 24, p. 171, et seg.

t  Penning, ‘ K . Akad. Wet. Amsterdam, Proc.,’ vol. 31, p. 14 (1927); ‘ Physica, 

vol. 8, p. 13 (1928).

$ Langmuir and Mott-Smith, ‘ Gen. Elec. R ev .,’ vol. 27, p. 449 (1924).

M . L. E . O l ip h a n t .
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t h a t  th e  ra n d o m  io n v eloc ities  a re  ab le  to  cause  i t  m e re ly  to  p e rfo rm  a n  o rb it  

a b o u t th e  p ro b e . I f  th e  io n ised  gas is th e  p o s itiv e  co lu m n  of a  glow  d isch arg e  

o r a low  v o ltag e  a rc, th e  ra n d o m  ve lo cities  of th e  ion s w ill b e  o n ly  of th e  o rd e r 

of a few  v o lts , so t h a t  a f te r  tra v e rs in g  th e  s h e a th  th e  g re a te r  n u m b e r w ill 

s tr ik e  th e  e lec tro d e  w ith  th e  en erg y  c o rresp o n d in g  to  i ts  p o te n tia l  re la tiv e  to  

th e  su rro u n d in g  gas. T h e 1' a b n o rm a lly  lo n g  free  p a th s  of io n s in  m o s t gases 

su p p o rt th e  p ro b a b il i ty  t h a t  th e re  is l i t t le  loss of en erg y  b y  th e  ions in  tr a v e rs in g  

a  sh ea th  w hich  is n o t  to o  m a n y  g a s-k in e tic  free  p a th s  in  th ic k n e ss. I f  th e  

electrode is p e rfo ra te d  in  su ch  a  w a y  t h a t  th e  field is n o t  se rio u sly  d is to r te d , 

th a t  is, so t h a t  th e  d ia m e te r  of th e  p e rfo ra tio n s  is sm all c o m p ared  w ith  th e  

sh ea th  th ick n e ss, ion s w ill t r a v e l  th ro u g h  w ith  a  v e lo c ity  d e te rm in e d  o n ly  b y  

th e  p o te n tia l ap p lied . T h ese  fa c ts  h a v e  b e e n  u tilis e d  in  th e  m e th o d  em p lo y ed  

for p ro d u c in g  a  b e a m  of H e + ions.

H eliu m  g as w as a d m it te d  to  th e  b u lb  0 ,  fig. 1, th ro u g h  a  fine leak , p assin g  

on  th e  w a y  o v e r a c t iv a te d  c h arco a l co oled  in  liq u id  a ir. A n  a rc  of 50-400

Generator
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2000  K

Observation
chamber

From purifying I 
tubes and reservoir

To observation 
chamber

To trap, pump and 
reservoir

To iron p/unger

F i g . 1.—Apparatus for the Production of a Homogeneous Beam of Gaseous Ions.

m illiam peres a t  100 v o lts  w as m a in ta in e d  in  O b e tw ee n  th e  tu n g s te n  filam e n t 

a n d  th e  n e ig h b o u rin g  grid . T h e  gas w as th u s  h ig h ly  ionised , a n d  w hen a  

n eg a tiv e  p o te n tia l w as ap p lie d  to  th e  p la te  C, im m ersed  in  th e  gas, i t  a t t r a c te d  

p ositive  ions, b u ild in g  u p  ro u n d  itse lf a  p ro te c tiv e  sp ace-charge  sh e a th  sh a rp ly
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376 M . L. E . O l ip h a n t .

d efined  as  a  d a rk  sp ace a b o u t 1 cm . th ic k . B e tw een  th e  edge of th e  d a rk  space 

a n d  C th e  ion s w ere acc e le ra te d  b y  th e  fu ll p o te n tia l of C re la tiv e  to  th e  gas 

a ro u n d  it ,  t h a t  is, p ra c tic a lly  th e  p o te n tia l of th is  e lec tro de  re la tiv e  to  th e  

an o d e  of th e  a rc . Som e few  of th e se  ion s e n te re d  th e  hole in  th e  cen tre  of th e  

e lec trod e. Of th e se  th e  la rg e r p o rtio n  collid ed  w ith  th e  w alls of th e  canal, 

3 m m . in  d ia m e te r a n d  5 cm . long, b u t  a  few  tra v e lle d  r ig h t th ro u g h . B etw een 

I) a n d  E  th e se  io ns were su b je c te d  to  a  re v e rse d  field, d u e  to  th e  p o te n tia l 

b e tw een  th e  an o d e  of th e  a rc  a n d  C ap p lie d  in  th e  o p po site  d irec tion , b u t 

d im in ish ed  b y  a  b a t te ry  of sm all s to ra g e  cells M. I n  th is  w a y  a  b eam  of ions 

w as o b ta in e d  w hose en erg y  w as in d e p e n d e n t of th e  h ig h  p o te n tia l from  th e  

g e n era to r ap p lie d  to  C in  o rd e r to  co llect th e m  fro m  th e  glow ing gas. I t  w as 

n o t possib le to  v a ry  th e  “  p u llin g  o u t  ” p o te n tia l  in  o rd er to  change  th e  energy  

of th e  b e am  of ions. A  p o te n tia l  of a t  le a s t 1500 v o lts  w as req u ire d  on  C, 

as  a t  low er p o te n tia ls  th e  th ic k n e ss  of th e  p o sitiv e  ion  space-charge  sh ea th  

w as so sm all t h a t  th e  ho le in  th e  c en tre  of th e  e lectro de  cau sed  a  serious 

d is tu rb a n c e  of th e  field, a n d  a  r e s u lta n t decrease in  th e  in te n s ity  of th e  

b e am  o b ta in e d .

E a rlie r  e x p er im en ts  h a d  sh o w n  t h a t  th e  b e am  of ion s issu ing  from  E  w as 

acco m p an ied  b y  la rg e  n u m b e rs  of e x c ite d  m e ta s ta b le  a to m s, w hich  possessed 

h ig h  energies  a n d  w ere ab le  to  s e t free  e lec tro n s fro m  a  m e ta l surface  w hich 

th e y  s tru c k .*  F o r  th is  re a so n  th e  b e am  of ions w as d eflected  a w ay  from  th e  

d ire c t p a th  fo llow ed b y  th e  n e u tra l  a to m s, b y  a n  e lec tric  field across  th e  p la te s  

G. T h e b e am  co u ld  be lo c a ted  u p o n  th e  w illem ite  covered  surface  of th e  

s h u tte r  F , w hich  se rv ed  to  close th e  s lit  S, a n d  w hich  w as o p e ra te d  m ag netica lly  

th ro u g h  a n  iro n  p lu n g er. T h e w ell-defined n a tu re  of th e  sp o t of fluorescence 

o n  th e  screen  F , p ro d u c e d  b y  th e  im p a c t of th e  b eam , a fforded  a  good c rite rio n  

of i ts  h o m o g en eity .

(a) Retarding Potential Apparatus.— F o r  th is  m e th

w as a llow ed to  e n te r  th e  b u lb  I) , fig. 2, a n d  fa ll u p o n  a ta rg e t  T, b y  low ering 

th e  s h u tte r  F . T h e ta rg e t  w as in  th e  fo rm  of a  p ill-box, a n d  co n tain ed  a  

tu n g s te n  filam en t w hich  en ab led  i t  to  be h e a te d  to  a  te m p e ra tu re  of a b o u t 

1200° C. T h e  b o x  w as so co n stru c te d  th a t  no  e lectro ns from  th e  filam ent 

w ere ab le  to  escape fro m  it .  T h e ta rg e t  w as carrie d  on  a  long g ro u nd  glass 

jo in t, cooled b y  a s tre a m  of w a te r  flow ing th ro u g h  a  coil of m e ta l tu b in g  

cem en ted  to  th e  o u te r sleeve. I n  th is  w ay  th e  w hole of th e  glass 

p o rtio n s of th e  a p p a ra tu s , r ig h t u p  to  W , co uld  be b a k ed  o u t a t  550° C. The 

b u lb  w as covered  w ith  a co n d u ctin g  film  of p la tin u m , d ep osited  in  a v acuum  

* Oliphant, ‘ Roy. Soc. Proc.,’ A, vol. 124, p. 228 (1929).
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b y  e v a p o ra tio n  from  a  h e a te d  w ire, c o n ta c t  b e in g  m a d e  b y  w ires sea led  th ro u g h  

th e  w all of th e  b u lb . A  v a ria b le  re ta rd in g  o r acc e le ra tin g  p o te n tia l  cou ld  be

Liberation o f Electrons from Metal Surfaces by Positive Ions. 3

A

Section across XX,

F i g . 2.—Retarding Potential Effects.

ap p lie d  b e tw ee n  th e  ta rg e t  a n d  b u lb  b y  m ean s of a  p o te n tio m e te r  P . T h e  

c u rre n t to  th e  ta rg e t  a n d  th e  co llectin g  sp h ere , i.e., th e  to ta l  p o s itiv e  io n  c u rre n t 

en te r in g  th e  sy ste m  th ro u g h  th e  s li t S, w as m e a su re d  b y  th e  g a lv a n o m e te r 

G 1} a n d  v a rie d  u p  to  45 m ic ro am p eres. T h e  sec o n d a ry  e lec tro n , o r re fle c ted  

p o sitiv e  io n  c u rre n t fro m  th e  ta rg e t ,  w as m e a su re d  b y  th e  m o re  sen sitiv e  

g a lv an o m ete r G 2, c o n n ec ted  b e tw ee n  th e  co llectin g  sp h ere  a n d  th e  ta rg e t .

(b) Magnetic Analysis.— F o r  th is  m e th o d  of o b se rv a tio n  th e  b eam , a f te r  

p a ssin g  th ro u g h  th e  s lit  b e h in d  th e  sh u tte r , w as d ire c te d  u p o n  th e  ta rg e t  T, 

fig. 3, w hich  w as in c lin ed  a t  a n  an g le  of 45° to  th e  b eam , a n d  w h ich  co u ld  be 

h e a te d  to  a b o u t 1200° C. b y  ra d ia tio n  fro m  a  coiled  tu n g s te n  filam en t in sid e  

th e  “ p ill-b o x  ” a t ta c h e d  to  th e  o p p o s ite  face. E le c tro n s  se t free  fro m  th is  

ta rg e t  w ere b e n t in to  a  sem icircle b y  th e  field of a  p a ir  of H e lm h o ltz  coils, 

th e  b e am  b e in g  defined b y  th e  u su a l s lit  sy ste m . T h e  fin a l s lit  w as 0*25 m m . 

w ide a n d  4 m m . long, a n d  be lo w  i t  w as fa s te n e d  th e  F a ra d a y  cy lin d er Z, 

in su la te d  w ith  q u a rtz , a n d  su rro u n d e d  b y  a n  in su la te d  g u a rd  rin g  Q, th e  w hole 

being  enclosed in  a  sh ield in g  b o x  U . T h e  co m p le te  sy ste m  of ta rg e t , s l it  

sy stem  a n d  sh ield ing  box w as c u t a n d  fo ld ed  fro m  a  single sh ee t of m o ly b d e n u m ,

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



378 M . L. E . O l ip h a n t .

to  e lim in a te  c o n ta c t p o te n tia ls , a n d  th e  F a ra d a y  b o x  w as ro lled  from  th e  sam e 

piece. A ll jo in ts  w ere la p p ed  a n d  sp o t w elded. T h e an a ly sin g  a p p a ra tu s  was

. -•--------

----

Earth

F i g . 3.—Apparatus for Analysis of Secondary Electrons by Magnetic Bending.

su sp en d ed  w ith in  a  g lass  (bu lb  b y  tw o  s to u t  tu n g s te n  w ires sea led in to  

th e  w alls.

T h e a p p a ra tu s  w as e v a c u a te d  th ro u g h  a  la rg e  liq u id  a ir  t r a p  of low  resistance, 

b y  a  fo u r-stag e  G aede d iffusion  p u m p , w hich  re tu rn e d  th e  h e lium  gas to  th e  

reservo ir. T h e p re ssu re  o n  th is  side of th e  c an a l w as m a in ta in e d  a t  less th a n  

4 X 1 0~5 m m . w ith  a  p ressu re  of 0 *01 m m . in  0 ,  fig. 1. A n  a u x ilia ry  p um p in g  

sy stem  allow ed  th e  w hole a p p a ra tu s , reserv o ir a n d  G aede  p u m p , to  be ev acu a ted  

a n d  th e  glass p a r ts  b a k e d  o u t  t i l l  th e  re s id u a l p re ssu re  w as n o t g re a te r th a n  

10-6  m m . as  m e asu re d  b y  a n  io n isa tio n  gauge. T h e sy stem  w as sep a ra te d  

fro m  th e  e x h a u s tin g  p u m p  a n d  gas in le t b y  m e rc u ry  cut-offs, b a ro m etrica lly  

o p e ra ted . T he  h e liu m  u sed  w as p u rified  b y  fra c tio n a tin g  10 tim es from  

ch arco a l in  liq u id  air, s lig h t tra c e s  of h y d ro g en  b e in g rem o v ed  b y  e lectro lysing  

a  tra c e  of o x y gen  fro m  th e  glass w all of a  d isch arg e  tu b e  in to  th e  glow ing gas, 

a f te r  a  m e th o d  describ ed  b y  T ay lo r.*

T h e w hole a p p a ra tu s  w as of p y re x  glass w ith  tu n g s te n  seals, th e  m e ta l 

p a r ts  m o ly b d e n u m  or n ickel, w ith  th e  e x cep tio n  of th e  can a l a n d  th e  coating  

o n  th e  co llectin g sphere, w hich  w ere of p la tin u m . T he  g ro u n d  jo in ts  a t  W , 

fig. 2, a n d  th o se  on  th e  s tee l G aede p u m p , w ere lu b ric a te d  w ith  a grease of 

v e ry  low  v a p o u r p re s su re .!

* ‘ Roy. Soc. Proc.,’ A, vol. 123, p. 252 (1929).

"j* Burch, c Roy. Soc. Proc.,’ A, vol. 123, p. 271 (1929).
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T h e sy stem  of e lec trica l co n n ec tio n s  u sed  is sh o w n  in  th e  figures, a n d  does 

n o t call fo r co m m en t.

Results.

(a) The Variation of the Total Electron Emission with the Energy of the 

Positive Ions.— T h e n u m b e r o f e lec tro n s  se t free  b y  each  p o s itiv e  io n  w hich 

s tru c k  a  m o ly b d e n u m  ta rg e t  is p lo t te d  in  fig. 4 fo r  a  series of energies  fro m  80 

to  1000 volts , fo r a co ld  a n d  fo r  a  r e d  h o t  su rface . I n  th e  case of th e  cold

Liberation o f Electrons from Metal Surfaces by Positive Ions. 379

1000K

F i g . 4.

ta rg e t  th e  p o in ts  do n o t  lie o n  a  sm o o th  cu rv e , a l th o u g h  th e y  give a  fa ir ly  

a c c u ra te  id ea  of i ts  g en era l sh ap e . T h e  em ission  w as re a so n a b ly  c o n s ta n t a t  

energies  be low  a b o u t 200 v o lts , b u t  b e y o n d  th is  p o in t  i t  in c rease d  a p p ro x i

m a te ly  lin e a rly  w ith  th e  en erg y  u p  to  1000 v o lts . W h en  th e  ta rg e t  h a d  b een  

h e a te d  for som e tim e  a t  a  b r ig h t re d  h e a t, a n d  w as m a in ta in e d  re d  h o t d u rin g  

th e  m easu rem en ts , th e  cu rv e  o b ta in e d  w as v e ry  m u c h  sm o oth er, a n d  w as 

rep ro d uc ib le . T h e em ission  d id  n o t  now  b eg in  to  in crease  t i l l  a  p o te n tia l of 

a b o u t 500 v o lts  w as reach ed , w hen i t  in creased  g ra d u a lly , assu m in g  a n  a p p ro x i

m a te ly  lin ea r fo rm  b e y o n d  800 v o lts , b u t  c u rv in g  ov er a g a in  b ey on d  1000 

volts. T he em issions w ere also sm alle r th a n  w ith  a  cold ta rg e t.
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380 M . L. E . O lip h a n t .

I f  th e  e lec tro n  em ission  fro m  a  h o t ta rg e t  is p lo tte d  a g a in s t th e  ve locity  

ra th e r  th a n  th e  en erg y  of th e  h e liu m  ions, th e  cu rv e  o b ta in e d  is even m ore 

s trik in g , fig. 5. T he  ra te  of in crease  of em ission  a t  a  v e lo c ity  of a b o u t 2 x  107 

cm s. p e r second is e x tra o rd in a rily  sh arp .

Ve/ocity

F i g . 5.

(b) The Effect of Variation of the Angle of Incidence of the Bombarding Ions.—

T h e m e asu re m e n ts  w h ich  we h a v e  describ ed  w ere c arrie d  o u t w ith  n o rm al 

inc id en ce  of th e  io ns u p o n  th e  ta rg e t .  T h e  a p p a ra tu s  is so c o n stru c te d  th a t  th e  

ang le  of in ciden ce  co u ld  be  v a rie d  b y  ro ta tin g  th e  g ro u n d  jo in t w hich  carried  

th e  ta rg e t .

T h e sec o n d a ry  em ission  w as fo u n d  to  in crease  w ith  th e  angle of incidence 

of th e  ions.* T he  re su lts  of a  series of m e asu rem e n ts  w ith  a  n ickel ta rg e t are 

g ra p h ica lly  d e p ic ted  in  fig. 6. A  v e ry  good s tra ig h t fine is o b ta in e d  from  all 

th e  m e asu rem e n ts  so fa r m ad e, if th e  to ta l  em ission  is p lo tte d  ag a in st th e  

cosine of th e  ang le  of incidence, fo r a  h o t o r for a  gas-covered  surface. The 

em ission is th ere fo re  p ro p o r tio n a l to  (1 — cos 0). T his law  w as fou nd  to  

h o ld  fo r a  m o ly b d e n u m  su rface  p olished  to  a good m irror, o r fo r a  n ickel surface 

p olished v e ry  ro u g h ly  w ith  fine em ery  p a p er . I t  w as n o t possible to  carry  

th e  m e asu rem e n ts  to  v e ry  g lanc ing  angles, ow ing to  th e  fin ite  w id th  of th e  beam  

of ions, w hich  cau sed  som e of th e m  to  m iss th e  ta rg e t  a t  angles of incidence 

g re a te r th a n  a b o u t 60°.

* This increase of electron emission with angle of incidence has been observed by Saxen,

‘ Ann. Physik ,’ vol. 38, p. 319 (1912), in the case of relatively fast canal rays.

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



(c) The Velocity Distribution of the Secondary Electrons.— T h e en erg y  d is 

tr ib u tio n  of th e  sec o n d ary  e lec tro n s  w as d e te rm in e d  b o th  b y  th e  re ta rd in g

Liberation of Electrons from Metal Surfaces Positive Ions. 381

F i g . 6.

p o te n tia l m e th o d  a n d  b y  th e  m a g n etic  d eflectio n  m e th o d  of an a ly sis . A  la rg e  

n u m b e r of cu rv es h a v e  b een  o b ta in e d  u n d e r  v e ry  v a ry in g  c o n d itio n s of th e  

ta rg e t  su rface , a n d  fo r a  la rg e  ra n g e  of en erg y  of th e  in c id e n t ions. T h e  

m ag n etic  m e th o d  fa ils fo r v elo c ities  b elow  a b o u t  2 • 8 v o lts , p ro b a b ly  o n  a c c o u n t 

of u n c o m p e n sa ted  m a g n e tic  fields, o r to  c o n ta c t  p o te n tia l  d ifferences d u e  to  

d iffe ren t g as-co n d itio n s of th e  ta rg e t  a n d  slits . C o n ta c t p o te n tia ls  b e tw ee n  

th e  ta rg e t  a n d  th e  co llectin g  sp h ere  in  th e  re ta rd in g  p o te n tia l a p p a ra tu s  w ere 

e lim in a ted  b y  h e a tin g  th e  ta rg e t  to  a b o u t 1200° C., a t  w h ich te m p e ra tu re  th e  

th e rm io n ic  e lec tro n  em ission  fro m  th e  la rg e  a re a  co u ld  be d e te c te d  on  a sen sitiv e  

g a lv an o m eter, a n d  d e te rm in in g  th e  p o te n tia l  difference w h ich w o u ld  ju s t  

p re v e n t em ission. T h e  co rre c tio n  fo r c o n ta c t  p o te n tia l w as u su a lly  of th e  

o rd er of 0 -4  v o lt, th e  co llectin g sp h ere  b e in g  n e g a tiv e  w ith  re sp ec t to  th e  

ta rg e t.  T h e sam e co rrec tio n  w as d e te rm in e d  e x p e rim e n ta lly  fo r a  cold ta rg e t  

b y  illu m in a tin g  s tro n g ly  w ith  lig h t fro m  a n  a rc  a n d  u sin g  th e  p h o to e lec tric  

ch arac te ris tic , o r by  o b serv a tio n  of th e  k n o w n  v e lo c ity  d is tr ib u tio n  of th e
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382 M . L . E . O lip h a n t .

e lec tro n s lib e ra te d  b y  th e  im p a c t of m e ta s ta b le  a to m s of h e lium  form ed  in  th e  

c an a l of th e  d isch arg e  tu b e .*  T h e m a g n etic  a p p a ra tu s  w as c a lib ra te d  abso

lu te ly  b y  c a lc u la tio n  fro m  th e  d im ension s of th e  b o x  a n d  th e  H elm h o ltz  coils, 

a  check b e in g o b ta in e d  b y  d e te rm in in g  th e  c u rre n t re q u ire d  to  neu tra lise  

th e  e a r th ’s k n o w n  h o r iz o n ta l co m p o n en t. T h e  e a r th ’s field w as n eu tra lise d  

b y  su itab le  p a irs  of coils, th e  re sid u a l field ov er th e  b o x  b e in g less th a n  |  

p e r cen t, of th e  n o rm a l in te n s ity .

W ith  a  cold  ta rg e t, o r one w hich  h a d  n o t b een  stro n g ly  h e a te d  for some 

tim e , th e  v e lo c ity  d is tr ib u tio n  cu rv e  w as v e ry  like t h a t  fo u n d  fo r th e  e lectrons 

lib e ra te d  b y  m e ta s ta b le  a to m s  of h e liu m .f  T y p ica l cu rv es fo r a m oly bd enu m  

ta rg e t  a re  g iv en  in  fig. 7. T h e fo rm  of th e  en erg y  d is tr ib u tio n  ap p ea red  to

-20 SO

Collector potential

F i g . 7.—Retarding Potential Curve for the Electrons set free from a gas-covered surface 

of Mo by H e+ ions of 400 volts energy. The dotted curve is the velocity distribution 

derived from it.

be p ra c tic a lly  in d e p e n d e n t of th e  v e lo c ity  of th e  im p a c tin g  ions in  th e  rang e  

fro m  120 to  1000 v o lts .

A fte r long c o n tin u e d  h e a t t r e a tm e n t  of th e  ta rg e t , a n d  p urifica tio n  of th e  

h eliu m , th e  v e lo c ity  d is tr ib u tio n  cu rv e  ch an ged  its  ch arac te r. T he to ta l  

n u m b e r of e lectro ns e jec ted  w as sm aller th a n  for a  gas-cov ered  surface, b u t 

th e  re la tiv e  n u m b e r possessing th e  h ig her energies  increased  considerably  

(fig. 8). T he  cu rv e w as no lo nger sm ooth , b u t  ex h ib ite d  a  n u m b er of m axim a,

* Loc. cit., p.lS, footnote, 

t  Loc. cit.
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th e  m o s t p ro m in en t, a n d  m o s t c o n s is te n t in  occu rrence , b e in g  a t  2 -5 , 6 -8 , 

17 -0  a n d  20 v o lts . T h ere  w as a v e ry  sh a rp  cu t-o ff a t  a p p ro x im a te ly  20*2

Liberation of Electrons from Metal Surfaces by Positive Ions. 383

2-5V. 6-8/. 20 -2 /.

Energy

Fig . 8.—Velocity Distribution Curve for this Electrons liberated from gas-free Mo by He + 

ions of 400 volts energy, (a) Retarding Potential Method, (b) Magnetic Analysis.

v o lts , w hile th e  re ta rd in g  p o te n tia l  c u rv e  re v e a le d  a  low  v e lo c ity  cut-o ff, 

a lm o st as  p ro n o u n ce d , a t  2 -3  v o lts . T h e p o s itio n  of th e se  m ax im a, as  well 

as  of th e  u p p e r  a n d  lo w er lim its , d id  n o t  d iffer b y  m o re  th a n  a  fra c tio n  of a  

v o lt  fo r th e  th re e  m a te r ia ls  fo r w h ich  th e y  h a v e  b een  o b ta in e d , N i, Mo a n d  

W . T h ere  is som e ev id ence  of th e ir  p resen ce  w ith  a  p la tin u m  ta rg e t,  b u t  

Al, Cu a n d  Ag g av e a sm o o th  c u rv e  of th e  ty p e  o b ta in e d  w ith  g as-cov ered  

N i o r Mo. T hese  m a te ria ls  a re  v e ry  d ifficu lt to  o u tg a s  th o ro u g h ly  w ith o u t 

m e ltin g  th e m . M o lyb denu m , how ever, g av e b y  fa r  th e  m o s t c o n sis te n t re s id ts  

of a n y  m a te r ia l te s te d , a n d  th e  re su lts  o b ta in e d  fo r th is  m e ta l a re  g iv en  in  

th e  g ra p h s  in  th is  p a p er .

I t  w as n o t possible to  re ta in  liq u id  a ir  on  th e  t r a p  b e tw een  th e  d iffusion  

p u m p  a n d  th e  a p p a ra tu s  o v ern ig h t, so th a t  w hen s ta r t in g  a ru n  in  th e  m o rn ing s 

a  c er ta in  a m o u n t of m e rc u ry  v a p o u r w as a lw ay s fo u n d  to  h a v e  diffused over 

in to  th e  d isch arge  c h am b e r O, fig. 1. T h is  w as soon sw ep t aw ay  if th e  a p p a ra tu s  

v o l . c x x v n . —a . 2 c
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384 M . L . E . O l ip h a n t .

w as h e a te d  to  a b o u t 200° C. a n d  th e  h e lium  allow ed to  c ircu la te  for 15 m inu tes 

o r so, a n d  its  rem o v al cou ld  be follow ed b y  o b serv a tio n  of th e  sp ec tru m  from  

th e  a rc . I f  an  e x p e r im e n t w as c a rrie d  o u t  w ith  th e  com posite  b eam  of 

H e + +  H g + +  ... th e  v e lo c ity  d is tr ib u tio n  of th e  seco n d a ry  e lec tro ns w as fo u nd  

to  be v e ry  m u c h  ch an g ed . T he  n u m b e r of e lec tro n s possessing energies in  th e  

n e ig h b o u rh o o d  of zero in creased  en orm o u sly  re la tiv e  to  th e  h ig her velocities, 

w hile th e  to ta l  em ission  p ro d u c e d  w as m u c h  sm alle r th a n  for p u re  h elium  ions. 

A d is tin c t ch an ge  of slope in  th e  v e lo c ity  d is tr ib u tio n  cu rv e  w as fo u n d  a t  v ery  

n e ar ly  6 v o lts , if th e  ta rg e t  w ere well d egassed  (fig. 9). A tra c e  of im p u rity

6V.

E n e rg y

F i g . 9.—Energy Distribution for the Electrons set free from hot Mo by H e+ +  H g+ +  

H g+ + +  . . . .  (a) Retarding Potential Method, (b) Magnetic Analysis.

w hich could o n ly  ju s t  be d e tec te d  sp ec troscop ica lly , co m p le te ly  d estro y ed  th e  

c lea r-cu t c h a ra c te r  of th e  d is tr ib u tio n  cu rv e p ro d u ce d  b y  H e + ions. In deed , 

i t  w as o n ly  a f te r  p u rif ica tio n  h a d  been  carried  o u t fo r severa l h ours  a fte r th e  

sp ec tro scop ic  d isap p ea ran ce  of im p u r ities  t h a t  th e  curve  assum ed its  final 

form  as show n in  fig. 8.

T he in te n s ity  of th e  20-v o lt m ax im u m  in creased  w ith  th e  v elocity  of th e  

ions. W ith  a n  acc e le ra tin g  p o te n tia l of 200 v o lts  i t  w as ju s t  noticeable, while
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Liberation o f Electrons from Metal Surfaces by Positive Ions. 385

a t  400 v o lts  i t  w as v e ry  p ro n o u n c e d  a n d  ex ceed in g ly  sh a rp , fig. 10. A t 

p o te n tia ls  g re a te r  th a n  a b o u t 700 v o lts  th e  m a x im u m  b e g an  to  sp read , m a in ly

E nerg y

F i g . 10.—Energy Distribution of the Electrons liberated from degassed Mo by H e+ ions  

of various energies (Retarding Potential Method).

to w a rd s  th e  low  v e lo c ity  side, t i l l  a t  1200 v o lts  th e  cu rv e  h a d  assu m ed  th e  

sh ape  p lo tte d  in  th e  g ra p h . T he  low er e n erg y  p o rtio n  of th e  d is tr ib u tio n  c u rv e  

d id  n o t u n d erg o  a n y  ra d ic a l ch an g e  w ith  th e  en erg y  of th e  b o m b a rd in g  ions 

below  1500 v o lts , b u t  ab o v e  th is  i t  b e g an  to  sp re ad , b eco m ing  v e ry  d iffuse a t  

5000 v o lts .

Experiments with Alkali Ions.

I t  is sho w n  in  th e  second p o rtio n  of th is  p a p e r  t h a t  th e  em ission  of sec o n d a ry  

e lec tro n s is p ro fo u n d ly  in fluenced  b y  th e  re la tiv e  v a lu es of th e  io n isa tio n  

p o te n tia l of th e  a to m  fro m  w hich  th e  b o m b a rd in g  ion  o rig in a ted , a n d  th e  w o rk  

fu n c tio n  of th e  s tru c k  surface . T h e cases w h ich  we h a v e  so fa r  co nsid ered  w ere 

su ch  th a t  th e  ionising  en erg y  w as fa r  g re a te r  th a n  th e  w o rk  fu n c tio n  of th e  

surfaces, a n d  i t  is d esirab le  to  h a v e  re su lts  o b ta in e d  w hen th is  p o sitio n  is 

reversed. F o r  th is  reaso n  som e e x p er im en ta l cu rv es a re  g iv en  w hich  show  

th e  v elocity  d is tr ib u tio n  am o ng  th e  e lec tro n s e jec te d  fro m  v ario u s surfaces

2 c  2
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386 M . L . E . O lip h a n t .

b y  sin gly  ch arg ed  p o ta ss iu m  ions from  a  th erm io n ic  source. T he a p p a ra tu s  

used h as a lre a d y  been  describ ed ,*  a n d  th e  re ta rd in g  p o te n tia l curves given in  

fig. 2 w ere o b ta in e d  a t  th e  sam e tim e  as  th e  e x p e rim en ta l re su lts  given in  th a t  

p ap er.

I t  is a p p a re n t t h a t  even a t  600 v o lts  en erg y  K + ions a re  ab le to  se t free con

siderab le  n u m b e rs  of e lec tron s w ith  energies  g re a te r th a n  5 v o lts , from  p la tin u m

F i g . 11.—Retarding Potential Curves for the Electrons set free from various metals

by K + ions of 600 volts energy.

or n ick e l surfaces. T h ere  a p p e a rs  to  be a g re a te r  re la tiv e  n u m b er of low 

v e loc ity  e lec tro n s fro m  a n  a lu m in iu m  surface  th a n  fro m  n icke l or p la tin u m , 

w hose w ork fu n c tio n s a re  co n sid era b ly  h igh er. A n  u n tre a te d  surface  of an y  

m e ta l, fresh ly  in tro d u c e d  in to  th e  a p p a ra tu s , a lw ays gives a  m u ch g re a te r 

em ission th a n  a  c lean er one, b u t  th e  re la tiv e  n u m b e r of th e  h igh  v e loc ity  

e lec tro n s is sm all. Su rface  fa c to rs  w hich  increase  th e  m a g n itu d e  of th e  

em ission a lw ays te n d  to  d ecrease  th e  re la tiv e  n u m b e r of th e  elec tron s w ith  

h ig h er energies. T his is also  t ru e  of th e  e lectro n  em ission p ro d u ced  b y  H e + .

T h e m a x im u m  of th e  v e lo c ity  d is tr ib u tio n  curve , for th e  e lectrons lib era ted  

b y  th e  im p a c t of low  v e lo c ity  a lk ali ions, alwTa y s  occurs in  th e  neighbou rhoo d 

of zero energy. T h ere  is a  g re a te r p ro b a b il ity  th a t  a n  e lec tron  will possess 

ju s t  sufficient energy  to  escape from  th e  surface  th a n  t h a t  i t  shou ld  escape w ith

* Oliphant, ‘ Proc. Camb. Phil. Soc.,’ vol. 24, p. 451 (1928).
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a n y  co nsid erab le  v e lo city . (T he  fa c t t h a t  a  co llectin g  p o te n tia l of a  v o lt  

or so is re q u ire d  in  o rd e r  to  c o lle c t th e  to ta l  em ission  o n  th e  b u lb  is 

p ro b a b ly  d u e  to  th e  c o n ta c t  d ifferences of p o te n tia l  w h ich  e x is t b e tw een  th e  

bu lb  a n d  th e  ta rg e t ,  a n d  to  th e  u n c o m p e n sa te d  m a g n etic  field of th e  e a r th .) 

T h e g eneral fo rm  of th e  en erg y  d is tr ib u tio n  d id  n o t ch an g e  m u c h  w ith  th e  

en erg y  of th e  ions, a  slow  in c rease  in  th e  re la tiv e  n u m b e r of h ig h er v e lo c ity  

e lec trons ta k in g  p lace  as  th e  e n e rg y  in c rease d , b u t  th e  cu rv e s re m a in ed  

ex p o n en tia l to  th e  v o lt  ax is.

Conclusion.

A th e o re tic a l d iscu ssion  of th e  p ro cess of n e u tra lis a tio n  of p o sitiv e  ions a t  

m e ta l su rfaces is g iv en  in  th e  seco n d p a r t  of th is  p a p e r , a n d  th e  e x p e rim e n ta l 

re su lts  h ere  p re se n te d  sa tis fa c to r ily  ex p la in e d , a t  le a s t q u a lita tiv e ly . F u r th e r  

ex p er im en ts  a re  n eed ed  b efo re  a  s a tis fa c to ry  a t te m p t  c a n  b e  m a d e  to  a p p ly  

th ese  re su lts  to  th e  p ro b lem s of th e  c a th o d e  reg io n  of th e  e lec trica l d ischarge  

th ro u g h  gases, a n d  som e of th e se  a re  a t  p re se n t b e in g  c a rrie d  o u t w ith  th e  

co lla b o ra tio n  of M r. P . B . M oon.

I  w ish to  ex p ress  m y  th a n k s  to  P ro f. S ir E rn e s t  R u th e r fo rd  fo r h is  

en co u ra g e m e n t a n d  h elp .
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