
P R O C E E D I N G S  O F

T H E  R O Y A L  S O C I E T Y .

S e c t i o n  A . — M a t h e m a t i c a l  a n d  P h y s i c a l  S c i e n c e s .

B a k e r i a n  L e c t u r e .— The Neutron.

B y  J .  Ch a d w i c k , F .R .S .
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§ 1. I n  a n  ea rlie r p ap er*  I  show ed  t h a t  th e  ra d ia tio n s  ex c ite d  in  c e r ta in  lig h t 

e lem ents b y  th e  b o m b a rd m e n t o f  a -p a r tic le s  con sis t, a t  le a s t in  p a r t ,  o f p a rtic le s  

w hich  h av e  a  m ass a b o u t th e  sam e as  th a t  o f th e  p ro to n  b u t  w h ich  h a v e  no  

electric  charge. T hese p artic le s, called  n e u tro n s , h a v e  som e v e ry  in te re s tin g  

p rop erties . Som e o f th e  m ore s tr ik in g  w ere d escrib ed  in  th e  p a p e r  I  h a v e  

m en tio n ed  a n d  in  th o se  o f D r. F e a th e r f  a n d  M r. D eeJ w hich  a cc o m p an ied  

it .  T he m o st obv ious p ro p e rtie s  o f th e  n e u tro n  a re  its  a b i l i ty  to  se t in  m o tio n  

th e  a to m s of m a tte r  th ro u g h  w h ich  i t  passes a n d  i ts  g re a t p e n e tra tin g  pow er. 

F ro m  m easurem en ts  o f th e  m o m en ta  tra n s fe rre d  to  d ifferen t a to m s th e  m ass o f 

th e  n e u tro n  w as e s tim a ted  a n d  show n to  b e n e a r ly  th e  sam e as  th e  m ass o f  th e  

p ro to n , w hile th e  p e n e tra tin g  pow er show s th a t  th e  n e u tro n  can  h av e  no  n e t t  

e lectric  charge. T he  loss o f en erg y  o f a  n e u tro n  in  p ass in g  th ro u g h  m a tte r  is 

d ue  to  th e  collisions w ith  th e  a to m ic  n uc le i a n d  n o t w ith  th e  e lectro ns . T he  

experim ents o f D ee show ed t h a t  th e  p r im a ry  io n iza tio n  a lon g  th e  tr a c k  o f a  

n e u tro n  in  a ir  w as less th a n  1 io n  p a ir  in  3 m e tres  p a th , w hile  M assey h as  

ca lcu la ted  th a t  i t  m a y  be as low  as  1 ion  p a ir  p e r  105 km . T his b eh av io u r is, 

o f course, v e ry  d ifferen t from  t h a t  o f a  ch arg ed  p a r tic le  su ch  as a  p ro to n , 

w hich  d issipates its  energy  a lm o st e n tire ly  in  e lec tro n  collisions. T he  c o n tra s t 

betw een  th e  ra te  o f loss o f energy  o f a  p ro to n  an d  a  n e u tro n  o f th e  sam e in itia l 

velo city  is m os t strik ing . A  p ro to n  o f v elo city  3 X 109 cm ./sec . tra v e ls  a b o u t 

1 foo t in  a ir, w hile a  n eu tro n  o f th e  sam e in itia l v e lo city  w ill on  th e  av erage 

m ake a  close collision w ith  a  n itro g en  nucleus on ly  once in  300 to  400 y a rd s '

* Chadwick, ‘ Proc. R oy . S o c .,’ A , v o l. 136, p . 692 (1932).

t  F eather, loc. cit., p. 709.

I D ee , loc. cit., p . 727.
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2 J . C had w ick .

p a th  a n d  i t  m ay  go a  d is ta n ce  o f a  few  m iles before  los in g  a ll  i ts  energy . T h e 

collision o f a  n eu tro n  w ith  a n  a to m ic  nucleus , a l th o u g h  m u ch  m o re  fre q u e n t 

th a n  w ith  an  e lectron, is a lso  a  ra re  ev en t, fo r th e  e lectric  field b etw ee n  a  

ne u tro n  an d  a  nucleus is sm all ex cep t a t  d is ta n ces  o f  th e  o rd e r o f 10 12 cm . 

In  such a  close collision th e  n e u tro n  w ill b e  deflected  fro m  its  p a th  a n d  th e  

s tru ck  nucleus m a y  acq u ire  su fficient en erg y  to  p ro d u ce  ions. T h u s  th e  

nuclei recoiling from  en co u n te rs  w ith  n eu tro n s  can  b e  d e te c te d  b y  io n iza tio n  

m easu rem ents, using  a n  io n iza tio n  ch am b er w ith  a  sen sitiv e  e lec tro m e te r  o r 

w ith  a n  e lectrical co u n tin g  a p p a ra tu s , o r b y  th e ir  ion ized  tra c k s  w hen  p ro d u ced  

in  a n  expan sion  cham ber.

N eu tro ns  can  th u s  be d e tec te d  o n ly  in  a n  in d ire c t w ay , b y  th e  o b se rv a tio n  

o f th e  recoil a tom s. F o r  th is  reason , a n d  also  beca u se  th e y  a re  p ro d u ced  a s  a  

re su lt o f a  sim ilar collision p rocess o n ly  p a r t ly  u n d e r  o u r  co n tro l, th e  s tu d y  o f 

th e ir  p ro pe rties  in  d e ta il h a s  p ro v e d  b o th  d ifficu lt a n d  te d io u s .

T he n a tu re  an d  p ro p ertie s  o f  th e  n e u tro n  a re  o f  in te re s t n o t o n ly  b ecau se o f 

th e ir  n o v e lty  b u t  because th e  n e u tro n  is p ro b a b ly  a  v e ry  im p o r ta n t  u n i t  in  th e  

s tru c tu re  o f m a tte r . I t  is now  g en era lly  a ssu m ed  t h a t  a to m ic  n u clei co n sis t o f 

p ro ton s  an d  n eu tro n s  ; th e n , because th e  m ass o f  a  n u cleu s  is a lw ay s e q u a l to  

o r g rea te r th a n  tw ice its  ch arg e , th e re  m u s t b e  m ore n e u tro n s  in  m a tte r  th a n  

th e re  a re  p ro to ns .

In  th is  le ctu re  I  sh all g ive a  b r ie f  su rv ey  o f  o u r know ledge o f th e  n e u tro n  

an d  in d ica te  som e d irec tio n s  in  w h ich  p rogress h a s  b een  m a d e  recen tly .

§ 2. Production of Neutrons.— N eu tro n s  h av e  b een  p ro d u ced  so fa r  o n ly  

b y  bo m b ard in g  c e rta in  e lem en ts  b y  a -p a rtic le s . T he  p rocess is a ssu m ed  to  b e 

th e  cap tu re  o f th e  a -p a rtic le  in to  th e  a to m ic  n u cleu s  w ith  th e  fo rm a tio n  o f  a  new  

nucleus an d  th e  re lease  o f a  n e u tro n . T h e new  n u cleu s  w ill th u s  h av e  a  n u c lea r 

charge tw o  u n its  h ig h er th a n  t h a t  o f th e  o rig in al n u cleu s a n d  a  m ass n u m b e r 

th ree  u n its  g rea ter. T he  y ie ld  o f  n eu tro n s  is, o f  course, v e ry  low , a n d  com ­

p arab le  to  th e  y ie ld  o f p ro to n s  in  th e  artific ia l tra n s m u ta tio n s  b y  th e  sam e 

process. T he g rea te s t effect is  g iven  b y  b e ry lliu m , w here  th e  y ie ld  is p ro b a b ly  

a b o u t 30 neu tro n s  fo r eve ry  m illio n  a -p a rtic le s  o f p o lo n iu m  w hich  fa ll on  a  

th ick  la y e r o f bery llium . F o r  th e  e lem en ts  o f  m u ch  h ig h er a to m ic  n u m b e r th e  

y ie ld  is very  sm all, p ro b ab ly  o f  th e  o rd er  o f 1 o r 2 n eu tro n s  p e r m illio n  a-partic les. 

T he y ie ld  can  be increased  b y  using  b o m b ard in g  a -p a rtic le s  o f g re a te r  energy , 

e.g., using  rad o n  an d  its  p ro d u c ts  as  th e  source o f  a -p artic les , b u t  here  th e  

y -rad ia tio ns  from  th e  source m a y  in te rfe re  w ith  th e  d e tec tio n  o f  n eu tro n s  

unless su itab le  p recau tio n s  a re  ta k en . T he elem ents fro m  w hich n eu tro n s  

h av e  been ob tained  are  lith iu m , b ery lliu m , boron , fluorine, neon, sod ium ,

 D
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The Neutron. 3

m ag n es iu m  an d  a lu m in iu m . I t  is p ro b a b le  t h a t  m o s t o f  th e  e lem en ts  o f  

h ig h e r a to m ic  n u m b e r u p  to  arg o n  w ill g ive n e u tro n s  w hen  a -p a rtic le s  o f  

su ffic ien t en ergy  a re  used.

I t  is n o te w o rth y  th a t ,  w ith  th e  ex cep tio n s  o f  h e liu m , n itro g e n , c a rb o n  a n d  

oxygen , a ll th e  lig h t e lem en ts  u p  to  a lu m in iu m  g ive n e u tro n s , w hile  som e, e.g., 

fluorine, g ive b o th  n e u tro n s  an d  p ro to n s . B o th  re s u lts  c an  b e re la te d  to  

general ru les  o f  n u c lea r  s tru c tu re .*  I f  a  n u cleu s  o f  m ass  n u m b e r A  a n d  a to m ic  

n u m b e r Z tra n s fo rm s  b y  c a p tu r in g  a n  a -p a r tic le  a n d  e m itt in g  a  n e u tro n , th e  

new  nu cleus  will h av e  a  m a ss  A +  3 a n d  a n  a to m ic  n u m b e r  Z +  2. N ow  a ll 

kn ow n ty p e s  o f a to m ic  nuclei o bey  th e  ru le  t h a t  A  ]>  2Z. I f  th e  new  n u cleu s  

is to  be s u b je c t to  th is  c o n d itio n  th e n  A -f-3 2 (Z +  2) o r A  2 Z + 1 . T h is

co n d itio n  is n o t  sa tisfied  b y  H e 24, C612, N 714, o r 0 816, a n d  w e sh o u ld  th e re fo re  

n o t ex p ec t to  observe a  d is in te g ra tio n  o f th e se  n u clei w ith  a  n e u tro n  em ission. 

T he ap p lic a tio n  o f th is  co n d itio n  a lso  fo rb id s  th e  em ission  o f  n e u tro n s  fro m  

B 510, N e1020 a n d  M g1224. T h e n e u tro n s  m u s t, th e re fo re , b e  ascr ib ed  to  th e  

o th e r  iso topes o f  th ese  e lem ents.

T he cases o f fluorine a n d  alu m in iu m  a re  in te re s tin g  beca u se  th e se  e lem en ts  

a re  b o th  p u re  an d  y e t th e y  e m it b o th  p ro to n s  a n d  n e u tro n s  im d er th e  b o m ­

b a rd m e n t o f  a-p artic les . I t  seem s th e n  t h a t  th e  n uclei F 19 a n d  A l27 c an  d is ­

in te g ra te  in  e ith e r o f tw o  w ays. F o r  ex am ple, th e  c a p tu re  o f  th e  a -p a r tic le  

m a y  re su lt in  th e  reac tio n  F 919 +  H e 24 -> N e1022 +  H j1, o r in  th e  reac tio n  

F 919 +  H e 24 -> N a n 22 +  Uq1, he re  fo rm in g  a  so d iu m  iso to p e o f  m ass 22 w hich  

is ce rta in ly  v e ry  ra re  in  n a tu re . I f  N a 22 is s ta b le  i ts  m ass m u s t be  less th a n  

t h a t  o f  N e22, fo r o therw ise  th e  c a p tu re  o f a  K  elec tro n  w ou ld  p ro v o ke  th e  ch ang e 

N a 22 -» N e22 w ith  a  release  o f  energy . I t  follow s th a t  t h e  m a x im u m  en erg y  o f 

th e  n eu tro n s  lib e ra te d  from  flu orine sh ou ld  be g re a te r  th a n  th e  m a x im u m  

energy of th e  p ro to n s. I  h a v e  n o t  y e t  b een  ab le  to  te s t  th is  conclusion , fo r 

th e  y ie ld  o f n eu tro n s  from  fluorine is sm all. I f  i t  sh o u ld  p ro v e t h a t  th e  

n eu tron s  h av e a  sm aller en erg y  th a n  th e  p ro to n s  th e n  we m u s t conclude th a t  

th e  N a 22 nucleus is u n s ta b le  an d  tran sfo rm s in to  N e22 b y  c a p tu r in g  a n  e lectron , 

e m ittin g  som e energy in  th e  fo rm  o f ra d ia tio n . A  sim ila r a rg u m e n t m a y  be 

ap p lied  to  th e  d u a l tran s fo rm a tio n  o f a lu m in iu m  w hich  re su lts  in  th e  fo rm atio n  

o f Si30 an d  an  o therw ise  u n k n o w n  P 30.

§ 3. Boron and Beryllium.— T he p ro d u c tio n  o f  n eu tro n s  from  b o ro n  an d  

b e ry lliu m  has been in v estig ated  in  som e d e ta il. These cases a re  o f  im p o rta n ce

* Th e fo llow in g  argu m en t has a lso  b een  p o in ted  o u t in d ep en d en tly  b y  D r. F ea th er  in  

d iscu ssion s in  th is  laboratory .
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4 J . C had w ick .

because in  m ost exp erim en ts  w ith  n eu tro n s  b o ro n  a n d  b e ry lliu m  h av e  been 

used as sources.

T he elem ent bo ro n  consists o f  tw o  iso topes B 10 a n d  B 11. W h en  b o ro n  is 

bo m b ard ed  b y  a -p a rtic le s  b o th  n eu tro n s  a n d  p ro to n s  a re  em itted . T h e 

app lication*  o f th e  arg u m en ts  used abo ve lead s  to  th e  con clusion  t h a t  th e  p ro to n s  

are  em itted  in  th e  d is in teg ra tio n  o f B 10 a n d  th e  n e u tro n s  fro m  B 11. T he  

velocity  d is tr ib u tio n  o f th e  n eu tro n s  from  b o ro n  h as  n o t been  ex am in ed  in  

an y  d e ta il, b u t  th e  ex p erim en ta l re su lts  a re  co n s is te n t w ith  th e  su p p o sitio n  

th a t  th e  n eu tro n s  lib e ra te d  fro m  a th in  la y e r o f bo ro n  b y  a  ho m ogeneous b e a m  

of a -pa rtic les  w ould  consist o f a  single g ro u p  o f d efin ite  ve lo city . T he v elo city  

o f  th e  n eu tro n  lib e ra te d  b y  a n  a -p a r tic le  o f v e lo c ity  1 -60  X  1 0 9 cm ./sec . is 

a b o u t 2 -53  X  109 cm ./sec. T here  is no in d ic a tio n  o f a  y - ra y  em issio n  co n ­

nec ted  w ith  th e  n e u tro n s .!  ,

T he dependence o f th e  n eu tro n  em ission  on  th e  v e lo c ity  o f th e  b o m b a rd in g  

a-p artic les  has  been exam ined . T he source o f a -p a rtic le s , a  s ilv e r d isk  c o a ted  

w ith  po lonium , w as p laced  in  a n  a ir- t ig h t vessel a t  a  d is ta n ce  o f 2 • 05 cm . fro m  

the  boron ta rg e t. T he n eu tro n s  e m itte d  fro m  th e  ta rg e t  w ere d e te c te d  in  a n  

ion ization  ch am b er co nn ec ted  to  a n  am plifier a n d  oscillog rap h . To in c re a se  

th e  effect, a  sheet o f paraffin  w ax  w as p la ced  ov er th e  f ro n t o f th e  io n iz a tio n  

cham ber. T hus th e  deflexions o f  th e  o scillo g rap h  w ere d u e  p a r t ly  to  n itro g e n  

recoil a tom s pro du ced  in  th e  a ir  o f th e  ch am b er itse lf, a n d  p a r t ly  to  p ro to n s  

e jected  from  th e  para ffin  w ax. C arb on  d iox id e w as th e n  a d m itte d  to  th e  

source vessel a t  a  p ressu re  o f  5 cm ., th u s  red u cin g  th e  v e lo c ity  o f th e  a -p a r tic le s  

s tr ik in g  th e  boron  ta rg e t. T he  n u m b e r o f oscillo grap h  deflexions o b ta in e d  

un de r these  con ditions w as ag a in  co u n ted . I n  th is  w ay , b y  successive a d d itio n s  

o f carbon  d ioxide, th e  v a r ia tio n  o f th e  em ission o f n eu tro n s  w as fo u n d  as  th e  

velocity  o f th e  im ping ing  a -p a rtic le s  g ra d u a lly  decreased . T he re s u lts !  a re  

sh ow n in  fig. 1, w here th e  o rd in a te s  a re  th e  n u m b e r o f oscillog rap h  deflexions 

observed  in  30 m in u tes  a n d  th e  abscissae a re  th e  m a x im u m  ran ges  o f th e  

a-p artic les  inc id en t on  th e  boron, c a lc u la te d  on  th e  a ssu m p tio n  t h a t  th e  s to p p in g  

pow er of ca rb o n  d iox ide is 1*53 re la tiv e  to  a ir. I t  m u s t be  n o te d  th a t  th is  

curve does n o t necessarily  rep re sen t th e  tru e  v a r ia tio n  in  th e  n u m b e r o f n e u tro n s  

em itted  as th e  ran ge  o f th e  a -p a rtic le s  is va rie d . T he  n u m b e r o f deflexions

* Of. C hadw ick, C onstable an d  P ollard, 4 Proc. R o y . S o c .,’ A , vo l. 130, p . 480 (1931).

f  The y-rays of en ergy ab out 3 x  106 electron  v o lts  em itted  from  boron bom barded  b y  

a-partic les are connected  w ith  th e  proton  em ission  from  B 10.

X S im ilar resu lts have been ob ta in ed  b y  Curie an d  J o lio t, 4 C. R . A cad . S ci. P a r is ,’ vo l. 

196, p . 397 (1933).
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The Neutron. 5

o b served  in  th e  c h a m b e r w ill d ep en d  n o t o n ly  on  th e  n u m b e r o f n e u tro n s  b u t  

a lso  u p o n  th e ir  v e lo c ity  ; th e  p ro b a b ility  o f a  collision  b e tw een  a  n e u tro n  a n d  

a  n itro g en  a to m  in  th e  c h am b er o r a  p ro to n  in  th e  p araffin  w a x  d ep en d s on 

th e  v e lo c ity  o f th e  n e u tro n , an d  fu r th e r , th e  slow er th e  n e u tro n  th e  less is th e  

en erg y  o f th e  reco il a to m s  a n d  th e re fo re  th e  g re a te r  th e  ch an ce  t h a t  som e o f 

th e m  w ill n o t g ive a  m e asu ra b le  deflex ion  o f th e  oscillo grap h . I t  is n o t possib le  

a t  p re se n t to  e s tim a te  th e  in fluence o f  th e se  effects a n d  to  d ed u ce  fro m  th e  

o b se rv a tio n s  o f fig. 1 th e  t ru e  cu rv e  show ing  th e  v a r ia tio n  in  th e  em ission  o f 

n e u tro n s  w ith  th e  ran g e  o f th e  b o m b a rd in g  a -p a rtic le s .

R p n c e  o f  In c i d e n t  c <

F ig . 1.

I t  ap p ea rs  from  fig. 1 t h a t  no  n e u tro n s  are  lib e ra te d  u n ti l th e  ran g e o f  th e  

a-p artic les  is a b o u t 1*4 cm . o f a ir. A s th e  ran g e  o f  th e  a -p a rtic le s  is increased 

th e  em ission o f n eu tro n s  rises to  a  s ta tio n a ry  v a lu e  an d  th e n  increases ra p id ly  

as th e  ran ge  o f th e  a-p a rtic le s  is in creased  from  a b o u t 2 • 4 cm . u p  to  th e  m axim u m  

of 3 • 86 cm . T his suggests th a t  th e  a -p a rtic le s  o f 1 * 4 cm . ran ge  en te r  th e  boron  

nucleus th ro u g h  a  resonance level, an d  th ose o f  2*4 cm . an d  g rea te r  rang e 

en te r th ro u g h  an d  over th e  to p  o f th e  p o te n tia l b arrie r. T he corresponding  

energies are  2*4 X  106 electro n  v o lts  fo r  th e  resonance level, an d  a b o u t 

3*7 X  106 e lectron  v o lts  fo r th e  to p  o f th e  p o te n tia l b a rr ie r  (or ra th e r  th e  

p o in t a t  w hich  th e  a -p artic les  begin  to  p e n e tra te  ap prec iab ly).
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6 J . C had w ick .

S ince th e  velocity  o f  th e  n e u tro n  lib e ra te d  fro m  bo ro n  b y  a n  a -p a r tic le  o f  

g iven  velocity  is kn ow n, th e  v e lo c ity  d is tr ib u tio n  o f  th e  n e u tro n s  e m itte d  

fro m  a  th ic k  la y e r  o f  b oro n  b o m b a rd e d  b y  p o lo n iu m  a -p a rtic le s  can  now  be 

ded uced . T he  reso nance lev el w ill g ive a  g ro u p  o f  n e u tro n s  o f  v elo city  a b o u t 

1 -07 X 109 cm ./sec ., a n d  p e n e tra tio n  o ve r th e  b a rr ie r  w ill g ive n e u tro n s  w ith  

a  co n tin u ou s d is tr ib u tio n  o f  v e lo c ity  betw een  1 -9  a n d  2 '5 3  X 109 cm ./sec . 

T h e corresp ond ing  energ ies a re  0 -6  X 106 v o lts  fo r th e  reson an ce g ro u p  a n d  

1-9  an d  3-35  X 10® v o lts  fo r th e  co n tin u o u s  d is tr ib u tio n .

T he e x c ita tio n  o f n eu tro n s  fro m  a  th ic k  la y e r  o f  b e ry ll iu m  b y  a -p a rtic le s  o f  

d ifferen t ranges w as  ex am in ed  in  a  s im ila r  w ay , w ith  th e  re s u lt show n in  th e  

fu ll cu rv e o f  fig. 2. T h is cu rv e sug ges ts th e  ex is ten ce  o f  tw o  reso n an ce  levels,

Ze r o

Ra n g e  o f  In c i d e n t  o C -r tw t h/c l e s

F i g , 2.

th e  first, th ro u g h  w hich  a -p a rtic le s  o f  0*80 cm , ran g e c an  e n te r  th e  bery lliu m  

nucleus, an d  th e  second, th ro u g h  w hich  a -p a rtic le s  o f 1*46 cm , rang e en te r. 

A  ra p id  increase  in  th e  em ission o f n e u tro n s  ta k e s  p lace w hen  th e  ran g e o f th e  

a -p a rtic le s  is in creased  b ey o nd  2*25 cm . T his is ta k e n  to  correspond  to  the  

p e n e tra tio n  th ro u g h  an d  ov er th e  to p  o f  th e  p o te n tia l b arrie r. T he energies 

o f  th e  resonance levels are  a b o u t 1*4 X 106 a n d  2*5 X 106 e lectro n  v o lts, 

a n d  p e n e tra tio n  th ro u g h  th e  to p  o f  th e  b a rrie r  begins a t  a b o u t 3*5 X 10$
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The Neutron. 7

elec tro n  v o lts . A s we sh o u ld  ex p ec t, th e  h e ig h t o f  th e  p o te n tia l b a rr ie r  o f 

be ry lliu m  is s lig h tly  less th a n  th a t  o f  boron .

T he ex istence  o f th e  re so nan ce  lev els  in  b e ry ll iu m  w as con firm ed  b y  o b serv in g  

th e  n e u tro n  em ission  fro m  a  th in  fo il o f  b e ry lliu m . T h is  w as p re p a re d  b y  

e v a p o ra tin g  in vacuo a  sm a ll p iece o f  p u re  b e ry lliu m  a n d  allow ing  som e o f  th e  

v ap o riz ed  m e ta l to  cond ense o n  a  coo led  c o p p e r  d isk . T h e  th in  la y e r  o f 

b e ry lliu m  th u s  o b ta in e d  w as  n o t  q u ite  u n ifo rm  in  th ick n ess , b u t  i t  w as  su ita b le  

fo r th e  p re se n t pu rp o se. T h e  th ic k  piece o f  b e ry ll iu m  u sed  in  th e  p rev io u s  

e x p e rim en t w as  rep la ced  b y  th is  th in  foil, a n d  th e  o b se rv a tio n s  w ere re p e a te d . 

T he  re su lts  a re  g iv en  in  th e  d o tte d  cu rv e  o f  fig. 2. T h e f irs t re so n an ce  lev el 

is o n ly  v ag u e ly  in d ic a te d  in  th is  cu rv e, b u t  th e  seco nd  leve l is  sh o w n  clea rly . 

T h ere  is a  v e ry  de fin ite  decrease  in  th e  em ission  o f  n e u tro n s  fro m  th e  th in  foil 

w hen  th e  ran g e  o f  th e  a -p a r tic le s  is in c re ased  fro m  1 -6  cm . to  2*2 cm . fo llow ed  

b y  a  ra p id  rise  w h en  th e  a -p a r tic le s  b eg in  to  p e n e tra te  th e  to p  o f  th e  b a rrie r . 

T he co rrespon den ce b e tw een  th is  cu rv e  a n d  th a t  fo r  th e  th ic k  la y e r  o f  b e ry lliu m  

is n o t com ple te . T h e d iscrep anc ies  a re  p ro b a b ly  to  be a t t r ib u te d  to  changes 

in  th e  g eo m etry  o f  th e  e x p e rim e n ta l a r ra n g e m e n t p ro d u ced  w h en  rep la c in g  

th e  th ic k  p iece o f b e ry lliu m  b y  th e  foil, a n d  also  to  th e  fa c t t h a t  th e  fo il is n o t 

u n ifo rm  in  th ickn ess .

T he  e x c ita tio n  cu rv e  fo r a  th ic k  la y e r  o f  b e ry lliu m  is n o t v e ry  d ifferen t fro m  

t h a t  o b ta in ed  b y  R a se tti*  a n d  b y  C urie  a n d  J o l io t  (loc, cit,) in  s im ila r  e x p e ri­

m e nts, o r  fro m  t h a t  fo u n d  b y  B eck er a n d  B o th e f  fo r th e  e x c ita tio n  o f  y -ray s  fro m  

fro m  b e ry lliu m  b o m b a rd e d  b y  a -p a rtic le s . I t  is to  be ex p ec te d  t h a t  th e  tw o  

processes— th e  em ission o f  n e u tro n s  a n d  th e  em ission o f  y -ray s— sh ou ld  h av e  

sim ilar  e x c ita tio n  fu n ctio ns , fo r b o th  a re  d u e to  th e  e n try  o f  a n  a -p a rtic le  in to  

th e  b e ry lliu m  nucleus, a n d  th e  ex c ita tio n  curv e gives in  effect th e  p ro b a b ility  

o f th e  e n try  o f  a -p a rtic le s  o f d ifferen t rang es . T hese tw o  processes are , h ow ­

ever, m ore in tim a te ly  con nected . B eck er a n d  B o th e fo u n d  t h a t  th e  en erg y  

of th e  y -ray  is in d e p en d en t o f th e  en erg y  o f th e  in c id en t a -p a rtic le  a n d  m a y  

be g rea te r th a n  i t  a n d  th e y  p o in te d  o u t t h a t  th is  m ean s t h a t  th e  em ission o f  

th e  y -ray  is n o t a n  in d e p en d en t p rocess ; i t  is  p ro b a b ly  re la te d  to  th e  n eu tro n  

em ission in  a  m an n er  s im ila r to  th a t  in  w hich  th e  y -ray s  fro m  B 10 a re  re la te d  

to  th e  em ission o f tw o  g ro up s o f p ro to n s . O n th is  view, we sh ou ld  ex p ec t to  

find tw o  groups o f n eu tro n s  e m itte d  fro m  a th in  foil o f b e ry lliu m  b o m b ard ed  

b y  a  hom ogeneous b eam  of a-p a rtic le s . Som e o b se rv a tio n s  suggest th a t  th is

* * Z. P h y s ik ,’ vo l. 78, p. 165 (1932). 

t  4 Z. P h y sik ,’ vol. 76, p. 421 (1932).
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8 J . C hadw ick .

is so. Curie, Jo lio t, an d  Savel* fo u n d  t h a t  th e  p ro to n s  e jec te d  fro m  paraffin  

w ax  b y  th e  n eu tro n s  fro m  a th ic k  piece o f  b e ry lliu m  b o m b a rd e d  b y  p o lo n iu m  

a-pa rtic le s consist m a in ly  o f a  g ro u p  w ith  m a x im u m  ran g e  a b o u t 28 cm . in  

a ir  an d  a  w eaker g ro u p  o f m a x im u m  ran g e  a b o u t 70 cm . T his in d ica te s  t h a t  

th e  m a in  g ro up  o f n e u tro n s  h as  a  m a x im u m  v e lo c ity  o f  a b o u t 2*9 X 10 9 

cm ./sec . an d  th a t  th e re  is a lso  a  sm a ll n u m b e r o f n e u tro n s  w ith  velocities u p  

to  a b o u t 3*8 X 109 cm ./sec . W ith o u t fu r th e r  ev id ence i t  is  n o t  po ssib le  to  

decide how  these g rou ps a re  excited .

In  m y  ex pe rim en ts  I  h av e  ex am in ed  th e  n e u tro n s  e m itte d  fro m  a  th ic k  la y e r  

o f be ry lliu m  an d  fro m  th e  th in  foil. T he  n e u tro n s  p assed  th ro u g h  a  sh ee t o f  

paraffin  w ax  p laced  ju s t  in  f ro n t o f  th e  face o f th e  io n iz a tio n  ch am b er. T he 

ran ges  o f th e  p ro to n s  e jected  b y  th e  n e u tro n s  fro m  th e  w a x  w ere m easu red  

b y  observ ing  th e  d im in u tio n  in  th e  n u m b e r  o f p ro to n s  as  ab so rb in g  foils o f  

a lu m in iu m  w ere in te rp o sed  be tw ee n  th e  wra x  a n d  th e  io n iza tio n  ch am b er. T h e 

p ro to n s  due to  th e  n eu tro n s  fro m  th e  th in  foil o f  b e ry lliu m  co n sis ted  m a in ly  

o f  a  g roup  w ith  a  fa ir ly  w ell defined  ra n g e  o f 23 cm . to  24 cm . in  a ir , 

fig. 3. T here  w ere p ro to n s  p re se n t w ith  ran g es  m u ch  g re a te r  th a n  th is  b u t

A b s o r p t i o n  i n  c a i  o p  a i r

F i g . 3.

th e ir  nu m b er w as v e ry  sm all. Som e in d ic a tio n  w as o b ta in e d  t h a t  th e  m ax im u m  

rang e w as a t  le a s t 100 cm . in  a ir, b u t  th e  difference be tw ee n  th e  n u m b er of 

oscillograph  deflexions w ith  an d  w ith o u t th e  w ax  w as so sm all t h a t  th e  ran g e  

o f these  fa s t  p ro to n s  cou ld  n o t be fixed.

* ‘ C. A . A cad . Sci. P a r is ,’ vo l. 194, p. 2208  (1932).
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The Neutron. 9

T he re su lts  u s in g  a  th ic k  la y e r  o f b e ry lliu m  show ed  a g a in  th e  p resence o f  a  

g rou p  o f p ro to n s  o f  24 cm . ran g e , a n d  also  a  g ro u p  o f a b o u t  65 cm . to  75 cm . 

rang e, w ith  a  v e ry  d o u b tfu l in d ic a tio n  o f  th e  p resence o f  p ro to n s  o f  s t i l l  g re a te r  

range.

T he conclusions to  b e  d ra w n  fro m  th e se  e x p e rim e n ts  a re  n o t  v e ry  defin ite . 

I t  is, how ever, c e r ta in  t h a t  th e  n e u tro n s  lib e ra te d  fro m  b e ry ll iu m  b y  p o lo n iu m  

a -p a rtic le s  o f v e lo c ity  1*6 X  1 0 9 cm ./sec . co n s is t o f  a t  le a s t  tw o  g ro u p s  ; th e  

slow er an d  m ore in ten se  g ro up  h as  a  v e lo c ity  o f  2 -8  X  1 0 9 cm ./sec . (energy  

4*1 X  106 elec tro n  v o lts)  a n d  th e  fa s te r  g ro u p  a  v e lo c ity  p e rh a p s  g re a te r  th a n  

4 X  1 0 9 cm ./sec . (energy  g re a te r  th a n  8 X  106 e lec tro n  v o lts ) . I t  rem a in s  

to  be seen  how  th e se  re su lts  can  be f it te d  in to  th e  d is in te g ra tio n  p rocess. I  

assu m e t h a t  th e  reac tio n  is

B e49 +  H e 24 - C 612 +  n0\

T he m asses o f  a ll th e  n uc le i co ncern ed  a re  now  k n o w n  w ith  reaso n ab le  

a c c u ra c y ; B a in b rid g e ’s m e a su re m e n t g ives B e 9 =  9 * 0 1 3 2 ; fro m  A sto n 's  

m easu rem en ts , H e 4 =  4*00106 a n d  C12 =  1 2* 00 03 ; a n d  th e  m ass  o f  th e  

n e u tro n  is 1*0067 (see § 4 ) . A ssu m in g  t h a t  en ergy  a n d  m o m en tu m  a re  

conserved , th e  v e lo c ity  a n d  en e rg y  o f  th e  n e u tro n  lib e ra te d  b y  a n  a -p a r tic le  

o f po lo n iu m  (ve lo c ity  =  1 • 60 X  1 0 9 cm ./sec ., en e rg y  =  5*3 X  106 e lec tro n  

v o lts)  can  be ca lcu la te d . I t s  v e lo c ity  is 4*77 X  1 0 9 cm ./sec . a n d  en ergy  11 *9 X  

106 electro n  v o lts . T hese v a lu es  a re  m u c h  g re a te r  th a n  a n y  fo u n d  in  th e  

ex p erim en ts  de sc rib ed  abo ve . N e u tro n s  o f  th is  v e lo c ity  w o uld  e jec t p ro to n s  

w ith  ran ges  u p  to  a b o u t 150 cm . in  a ir , w hile  th e  g re a te s t ran g es  fo u n d  fo r th e  

p ro to n s  ex p e rim e n ta lly  is 70 cm ., w ith , how ever, in d ica tio n s  o f ran ges  g re a te r  

th a n  100 cm . Som e ev idence  o f  th e  p resence o f n e u tro n s  o f h ig h  en erg y  h as  

been  o b ta in ed  fro m  th e  e x a m in a tio n  o f osc illog rap h  reco rd s o f th e  deflexions 

due to  reco il a to m s p ro d u ced  in  a n  io n iza tio n  cham ber. T he size o f a  deflexion  

is p ro p o rtio n a l, a t  le a s t a p p ro x im a te ly , to  th e  en erg y  o f th e  recoil a to m , an d  

the refore , fo r a g iven a to m , p ro p o rtio n a l to  th e  en erg y  o f th e  co llid ing  n eu tro n . 

N eu tro n s  from  th e  th in  b e ry lliu m  fo il b o m b ard ed  b y  p o lo n iu m  a -p a rtic le s  o f 

fu ll ran g e w ere passed  in to  a n  a i r t ig h t  io n iza tio n  ch am b er, w hich  w as filled 

in  tu rn  w ith  n itrogen , oxygen , an d  arg on . F o r  each  gas a  la rg e  n u m b e r o f 

oscillograph  deflexions w as p h o to g rap h ed , using  th e  oscillograph  a t  a  con­

v en ien t sen sitiv ity . T he e x am in a tio n  o f th e  records fo r a ll th ree  gases show ed 

ve ry  c learly  a  stro n g  an d  w ell defined g roup  o f recoil a to m s w hich w as a ttr ib u te d  

to  th e  effect o f th e  g roup  of n e u tro n s  o f energy  a b o u t 4 X  106 electro n  vo lts, 

an d  in  ad d itio n  a  m uch  w eaker g roup  co n ta in in g  recoil a to m s of h ig h  energy.
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10 J . C had w ick .

The m ax im um  energy  asso ciated  w ith  th is  g ro u p  w as ro u g h ly  th re e  tim es th e  

m ax im um  energy  o f th e  sh o r t g rou p , t h a t  is, a b o u t 12 X  106 e lec tro n  v o lts. 

T he sep a ra tio n  o f th e  reco il a to m s  in to  th e se  tw o  g ro u ps  is to  som e e x te n t 

confirm ed  b y  a n  e s tim a te  o f th e  n u m b e r o f  ion s co rresp on d in g  to  th e  

oscillograph  deflexions, from  w hich  th e  energ ies o f  th e  reco il a to m s  c an  be d e ­

duced . T h is e s tim a tio n  is, how ever, in d irec t a n d  so m ew h a t u n c e rta in . W ith  

these  reserv atio n s, th e  ex p erim en ts  p ro v id e  fa ir  ev idence fo r th e  em ission 

o f n eu tro n s  o f energies u p  to  a b o u t 12 X  106 e lec tro n  v o lts. Som e ev idence 

has also been  o b ta in ed  b y  F e a th e r , w ho h as  m e asu re d  th e  ran g es  o f  recoil 

a to m s o f n itro g en , oxygen , a n d  c a rb o n  p ro d u ced  in  a n  ex p an s io n  ch am b er. 

H e h as  observed  several tra c k s  w hich  le a d  to  v a lu es  o f  th e  n e u tro n  en erg y  o f 

a b o u t 10 X  106 elec tro n  v o lts. F e a th e r 's  ev idence  is m o re  d ire c t a n d  m o re  

tru s tw o r th y  th a n  th a t  ju s t  g iven , b u t  fu r th e r  d a ta  a re  n eed ed  before  th e  

m ax im u m  energy  o f th e  n e u tro n s  c a n  be d e fin ite ly  a sce rta in ed .

I  sh all suppose fo r th e  p re se n t t h a t  th e  en erg y  o f  th e  fa s te r  g ro u p  o f  n eu tro n s  

em itted  from  b ery lliu m  does in  fa c t  ag ree w ith  th a t  c a lc u la te d  on  th e  h y p o th esis  

th a t  th e  d is in teg ra tio n  p rocess is B e 9 +  H e 4 ->C 12 +  n1 a n d  t h a t  en erg y  a n d  

m om en tu m  a re  conserved . O n th is  v iew  a  th in  foil o f  b e ry lliu m  b o m b a rd e d  

b y  a-p artic les  o f v e lo c ity  1*60 X  1 09 cm ./sec . sh o u ld  em it a  s tro n g  g ro u p  o f  

n eu tron s  w ith  v e lo c ity  2 -8  X  10 9 cm ./sec . a n d  a  w eak  g ro u p  o f  v e lo c ity  

4*7 X  109 cm ./sec ., a n d  a  y -ra d ia tio n  o f  h ig h  energ y , w hich  is in t im a te ly  

con nected  w ith  th e  em ission  o f  th e  n eu tro n s .

These fac ts  can  be g iven  a  d e sc rip tiv e  e x p la n a tio n  in  te rm s  o f th e  follow ing 

p ic tu re  o f  th e  d is in te g ra tio n  p rocess. A ssum e th a t  th e  b e ry lliu m  n ucleus  

consists o f  a n  a -p a rtic le  w ith  2 p ro to n s  a n d  3 n e u tro n s . F o r  som e reaso n  th e  

fo rm atio n  o f a n o th e r  a -p a r tic le  b y  th e  fu r th e r  co n d en sa tio n  o f  2 p ro to n s  a n d  

2 n eu tron s  ca n n o t ta k e  p lace  (or r a th e r  th e  ch ance o f  co n d en sa tio n  is v e ry  

sm all. W h en  i t  occurs th e  b e ry lliu m  nu cleu s m a y  b re a k  u p  in to  tw o  a -p a rtic le s  

an d  a neu tro n). T he c a p tu re  o f  a n  a -p a r tic le  b y  th e  b e ry lliu m  n ucleus  p rovo kes  

th e  condensation , an d  u su a lly  th e  n u c lea r  ch ang e ta k e s  p lace w ith  th e  em ission 

o f a  y -ray  an d  a  n eu tro n . T h is n e u tro n  w ill belong  to  th e  g ro u p  o f low er 

velocity  fo und  ex p erim en ta lly . S om etim es, how ever, a l l  th e  en erg y  m a y  be 

ta k e n  b y  th e  n eu tro n , an d  th is  reac tio n  w ill co rresp o nd  to  th e  em ission o f  th e  

g roup of neu tro n s  o f h igh  velocity . O n th is  view  we ge t a  re s id u a l nucleus, C12, 

consisting o f th re e  a-pa rtic le s, a n d  tw o  grou ps o f n eu tro n s  w hich  sho u ld  differ 

in  energy  b y  a b o u t th e  en erg y  o f th e  y -ra y  (a llow ance m u s t be m ad e fo r th e  

energy of th e  recoiling  C12 nu cleus). T ak in g  th e  velocities g iven  abo ve fo r 

th e  tw o groups o f neu tro n s, th e  en erg y  o f th e  y -ra y  sho u ld  be 7 X 106 e lectro n
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The Neutron. 11

v olts . T h is is m u ch  h ig h e r th a n  th e  v a lu e  5 X  106 e lec tro n  v o lts  d ed u ce d  b y  

B ecker a n d  B o th e  fro m  th e ir  m e asu re m en ts  o f  th e  ran g es  in  a lu m in iu m  o f  th e  

seco n d ary  e lec tro n s  p ro d u c e d  b y  th is  y - ra d ia tio n . O n  th e  o th e r  h a n d , th e  

m easu rem en ts  o f  th e  a b so rp tio n  coefficient o f  th e  ra d ia tio n  su g g est a n  e n e rg y  

ra th e r  h ig h e r th a n  5 m illio n  v o l t s ; a n d  th e re  is no  d o u b t, fro m  ex p an s io n  

c h am b er o b se rv a tio n s , t h a t  th e  ra d ia tio n  does p ro d u ce  som e seco n d a ry  e lec tro n s  

o f g re a te r  en erg y  th a n  5 m illio n  v o lts . T h u s  A u ger o b serv ed  one (i-ray  tra c k  

d u e  to  th is  ra d ia tio n  w h ich  h a d  a n  en erg y  o f  6*5 X  106 e lec tro n  v o lts , w hile 

o u t o f 150 e lec tro n  tra c k s  m easu red  b y  B la c k e tt , O cch ialin i a n d  m yself, 10 

h a d  energ ies b etw ee n  5 a n d  7 X  106 v o lts. U nless th e se  w ere d u e  to  th e  

p e n e tra tin g  ra d ia tio n , th e re  m u s t be  som e y -ra d ia tio n  e m itte d  fro m  b e ry lliu m  

w ith  a n  ene rg y  o f a b o u t th e  req u ire d  am o u n t. O n th e  o th e r  h a n d , th e  an a ly sis  

o f  th e  tra c k s  suggests th a t  a larg e fra c tio n  o f  th e  y -ra d ia tio n  h as  a n  en e rg y  o f  

a b o u t 5 X  106 vo lts. T he ev idence a b o u t th e  en e rg y  o f  th e  y -ray s  e m itte d  

fro m  b e ry lliu m  is u n sa tis fa c to ry , b u t  i t  is n o t d e fin ite ly  a g a in s t th e  p ro p o sed  

schem e o f d is in teg ra tio n .

I t  is  now  possib le  to  d escribe th e  v e lo c ity  sp e c tru m  o f th e  n eu tro n s  e m itte d  

fro m  a th ic k  la y e r  o f b e ry lliu m  b o m b a rd e d  b y  p o lo n iu m  a -p a rtic le s . E a c h  

resonance  lev el w ill g ive rise  to  tw o  hom ogeneous g ro u p s o f  n eu tro n s , th e  

slow er g rou p  being  m u ch  s tro n g e r th a n  th e  fa s te r . T h e g ro u ps  fro m  th e  firs t 

level w ill h av e  ve locities o f  a b o u t 1 X  109 cm ./sec . a n d  3 -9 2  X  1 0 9 cm ./sec ., 

o r  energies o f a b o u t 0*5 X  106 e lec tro n  v o lts  a n d  a b o u t 8 -0  X  106 e lectro n  

vo lts.*  T he g roup s fro m  th e  second  level w ill h av e  velocities o f  a b o u t 

1 -68  X  1 0 9 cm ./sec . a n d  4*18 X  1 0 9 cm ./sec ., co rresp o n din g  to  energies 

a b o u t 1*47 X  106 e lectro n  v o lts  a n d  9 -1  X  106 elec tro n  v o lts  respec tively . 

Since genera l p e n e tra tio n  th ro u g h  th e  to p  o f  th e  p o te n tia l b a rr ie r  begins w hen  

th e  a -p a rtic le  h a s  a  ran g e  o f 2*25 cm ., th e re  w ill be  a  g ro u p  o f n e u tro n s  w ith  

velocities be tw een  2-16  X  1 0 9 a n d  2*8 X  1 0 9 cm ./sec ., o r energ ies be tw ee n  

2*5 an d  4*1 X  106 electro n  v o lts, a n d  a  w eaker g ro u p  w ith  velocities betw een  

4*4 X  10 9 an d  4*77 X  1 09 cm ./sec ., a n d  energies betw een  10*1 a n d  11*9 X 106 

electro n  vo lts. T he n e u tro n  em ission fro m  a  th ic k  la y e r o f b e ry lliu m  is th u s  

re la tiv e ly  com plicated . T he  m a jo r ity  o f  th e  n eu tro n s  are  co n ta in ed  in  th e  

slow groups an d  th e  velocities g iven  fo r th ese  sho u ld  be fa ir ly  ac cu ra te . I t  

m u s t be  rem em bered  th a t  th e re  is l i t t le  d irec t ev idence fo r th e  velocities g iven  

fo r th e  fa s te r  groups. T he v alues  a re  o b ta in ed  o n  th e  assu m p tio n s  th a t  th e  

d is in teg ra tio n  p roceeds in  a  ce r ta in  w ay  an d  th a t  energy  is conserved. T he

* Th e group of neutrons of v e lo c ity  ab out 3*8 X  109 cm ./sec . observed  from  a th ick  

layer of beryllium  m a y  correspond to  th is  w eak  resonance group.
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12 J . C hadw ick .

p ic tu re  o f th e  d is in teg ra tio n  p rocess ad o p ted  h ere  can  be te s te d  in  tw o  w ay s—  

b y  a  search  fo r th e  g ro up  o f v e ry  fa s t  n eu tro n s  a n d  b y  m e asu re m en t o f th e  

energy  o f th e  y -rad ia tio n . T h e ev idence now  a v a ilab le  o n  th e se  p o in ts  is  

inconclusive.

I t  is possible th a t  e ith e r  o r b o th  th e  a ssu m p tio n s  m a d e  ab o v e a re  u n tru e . 

I t  m a y  be th a t  th e  c a p tu re  o f a n  a -p a rtic le  b y  th e  b e ry lliu m  nu cleu s re su lts  

in  a  com plete  b reak d o w n  o f th e  nu cleu s, w ith  th e  em ission o f th re e  a-p a rtic le s , 

a ne u tro n , an d  a  y -rad ia tio n . T h ere  seem s, ho w ever, no  reaso n  to  e x p ec t 

in  such  a  p rocess t h a t  th e  n eu tro n s  w ou ld  be  e m itte d  in  tw o  defin ite  g ro u p s a s  

app ea rs  to  be th e  case. I t  is p e rh ap s  possib le  t h a t  b o th  p rocesses ta k e  place* 

som etim es a  C12 nucleus  bein g  fo rm ed  an d  som etim es th re e  a -p a r t ic le s ; one 

m ig h t th e n  be ab le  to  acco u n t n o t on ly  fo r  th e  p resence o f  th e  y -ra y  o f en erg y  

a b o u t 7 X  106 vo lts, b u t  a lso fo r th a t  o f a b o u t 5 X  106 v o lts  w h ich  is suggested  

b y  B ecker an d  B o th e ’s m easurem en ts .

I n  non e of th e  exam ples  o f a rtific ia l t ra n s m u ta tio n  so fa r  ex am in ed , h a s  th e re  

been a n y  reason  to  su sp ect t h a t  ene rg y  is n o t conserv ed  ; in  som e cases i t  is  

ce rta in  th a t  energy  is conserved  w ith in  n a rro w  lim its. I f  i t  sho u ld  fa il in  

th is  p a r tic u la r  case, one m ig h t be  te m p te d  to  sup pose t h a t  th e  m issing  en ergy  

is ta k e n  aw ay  b y  som e y e t  u n d e te c te d  p a rtic le . A  sug ges tio n  h as , ind eed , 

been m ad e a t  v a rio u s  tim es  th a t  n e u tra l p a rtic le s  o f  v e ry  sm all m ass m a y  

exist, an d  i t  h a s  been  rev iv ed  re c e n tly  to  overcom e th e  d ifficu lty  o f ex p la in in g  

th e  con tinu ous  d is tr ib u tio n  o f  en erg y  am on g  th e  (3-rays exp elled  fro m  a  ra d io ­

activ e  body . T he em ission o f  su ch  a  p a r tic le  w o u ld  b e v e ry  d ifficu lt to  d e te c t 

in  an y  cases o f artific ia l tra n s m u ta tio n s  ow ing to  th e ir  in fre q u e n t occurrence, 

an d  th e  m o st fav o u rab le  o p p o r tu n ity  o f find ing  i t  a p p e a rs  to  be o ffered b y  a  

rad io ac tiv e  (3-ray d is in teg ra tio n . A b o u t tw o  y ea rs  ago Mr. T a r ra n t  k in d ly  

m ad e som e m easu rem en ts  fo r  m e to  search  fo r th is  n e u tra l  ra d ia tio n  in  th e  

em ission from  ra d iu m  E , b u t  we w ere u n ab le  to  find a n y  ev idence o f it. Mr. 

L ea an d  I  h av e  rece n tly  m ad e  a  s tr ic te r  ex am in a tio n  w ith  th e  sam e re su lt. 

W e conclude from  o u r ex p erim en ts  t h a t  if  a  n e u tra l  ra d ia tio n  is e m itte d  fro m  

rad iu m  E  to  com p ensate  fo r th e  en ergy  d is tr ib u tio n  o f  th e  [3-rays, i t  m u s t 

consist o f  pa rtic le s  o f sm a ll m ass an d  o f such  sm all m ag n e tic  m o m en t th a t  a  

p a rtic le  c an n o t p ro duce m ore th a n  1 p a ir  o f  ions in  100 m iles o f p a th  in  a ir.

§ 4. The Mass of the Neutron.— W h ile  o b serv atio n s  o f th e  m o m en ta  t r a n s ­

ferred  in  collisions o f a  n eu tro n  w ith  a to m ic  nuclei a re  enoug h  to  show  t h a t  

th e  m ass o f  th e  n eu tro n  is a b o u t th e  sam e as  th a t  o f th e  p ro to n , th e  m easu re ­

m en ts  can n o t be m ade w ith  p recision . F o r  a n  acc u ra te  e s tim a te  o f th e  m ass  

o f  th e  n eu tro n  we m u s t use th e  energy  re la tio n s  in  a  d is in teg ra tio n  in  w hich a
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The Neutron. 13

n e u t ro n  is l ib e ra te d  f ro m  a n  a to m ic  n u c le u s . A ssu m in g  t h a t  e n e rg y  a n d  

m o m e n tu m  a re  c o n se rv e d  in  th e  d is in te g ra t io n ,  th e  m e a s u re m e n t  o f  th e  

k in e tic  e n e rg y  o f  th e  n e u tro n s  l ib e ra te d  b y  a -p a r t ic le s  o f  k n o w n  e n e rg y  is 

su ffic ie n t to  g iv e  th e  m a ss  o f  th e  n e u t ro n  i f  th e  m a sse s  o f  th e  n u c le i c o n c e rn e d  

a re  k n o w n . I n  a  p re v io u s  p a p e r  I  c o n s id e re d  th e  d is in te g ra t io n

B 11 +  H e 4 N 14 +  n1.

T h e  k in e tic  e n e rg y  o f  th e  n e u tro n s  l ib e ra te d  f ro m  b o ro n  b y  a -p a r t ic le s  o f  

p o lo n iu m  w a s  fo u n d  b y  m e a su r in g  th e  m a x im u m  ra n g e  o f  th e  p a r t ic le s  e je c te d  

f ro m  p a ra ff in  w a x . U s in g  A s to n 's  m e a s u re m e n ts  o f  th e  m a sse s  o f  th e  n u c le i, 

I  o b ta in e d  a  v a lu e  fo r  th e  m a ss  o f  th e  n e u t ro n  o f  1 *0067.

A n o th e r  v a lu e  c a n  be d e d u c e d  f ro m  th e  p ro cess

L i7 +  He4  -> B 1 0  +  ft1.

T h e  m a ss  o f  L i7 is b e s t  o b ta in e d  f ro m  th e  e x p e r im e n ts  o f  C o c k c ro ft a n d  W a lto n  

o n  th e  d is in te g ra t io n  o f  l i th iu m  b y  f a s t  p ro to n s . T h e  l i th iu m  n u c le u s  c a p tu re s  

a  p ro to n  a n d  b re a k s  u p  in to  tw o  a -p a r t ic le s

L i7 +  H 1 2 H e 4.

C o ck c ro ft a n d  W a l to n  fo u n d  t h a t  th e  ra n g e  o f  th e  a -p a r t ic le s  is 8*4 cm . in  

a ir , c o rre sp o n d in g  to  a n  e n e rg y  o f  8*7 X 106 e le c tro n  v o lts , w h en  p ro to n s  o f  

e n e rg y  300 ,00 0  v o lts  w ere  u sed . T h is  le a d s  to  a  m a ss  o f  7*0133  fo r  th e  L i7 

n u c leu s . A s to n ’s m e a su re m e n ts  g iv e  4 • 0010 6  fo r  th e  m a ss  o f  H e 4 a n d  10 • 01075 

fo r  B 10. T h e  k in e tic  e n e rg y  o f  th e  n e u tro n s  l ib e ra te d  f ro m  L i7 b y  th e  

a -p a r tic le s  o f  p o lo n iu m  (en e rg y  0*005 65  in  m a ss  u n its )  h a s  n o t  b een  d e te rm in e d . 

I t  is  sm all, p e rh a p s  less th a n  0*5  X 106 v o lts , fo r  th e  n e u tro n s  a re  ea s ily  

ab so rb e d  in  a  few  m illim e tre s  o f  le ad . I f  w e a s su m e  t h a t  th e  n e u tro n s  a re  

e m itte d  w ith  zero  e n e rg y  w e s h a ll  g e t  a  m a x im u m  v a lu e  fo r  th e  m a ss  o f  th e  

n e u tro n . W e  fin d  in  th is  w a y  th a t  th e  m a ss  o f  th e  n e u tro n  c a n n o t  b e  g re a te r  

th a n  1*0070 dz 0*0005 . T h e  u n c e r t a in ty  in  th is  e s tim a te  a r ise s  m a in ly  

fro m  th e  p ro b a b le  e rro r  in  A s to n ’s m e a su re m e n t o f  B 10.

I f  w e assu m e  t h a t  th e  h y d ro g e n  iso to p e  o f  m a ss  2 co n s is ts  o f  a  p ro to n  

co m b in ed  w ith  a  n e u tro n , w e c a n  o b ta in  a  m in im u m  e s tim a te  fo r  th e  

m ass  o f  th e  n e u tro n , fo r  th e  su m  o f  th e  m asses  o f  th e  tw o  p a r tic le s  m u s t  

b e  g re a te r  th a n  th e  m ass  o f  th e  c o m b in a tio n  b y  a n  a m o u n t  c o rre sp o n d in g  

to  th e  b in d in g  energ y . T h e  m ass*  o f  th e  n u c leu s  o f  th e  H 2 iso to p e  is 2*0130. 

T h u s  th e  m ass  o f  th e  n e u tro n  m u s t b e  g re a te r  th a n  2*0130 — 1*0072, o r

* B a in b rid ge , ‘ P h y s . R e v . , ’ vo i. 43 , p . 103 (1933).
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14 J . C h a d w ick .

1*0058. T h e  m a ss  o f  th e  n e u tro n  th e re fo re  lies b e tw e e n  1*0058 a n d  1*0070. 

P ro v is io n a lly  w e m a y  re ta in  th e  v a lu e  1*0067 w h ic h  I  d e d u c e d  f ro m  th e  b o ro n  

d is in te g ra tio n .

T h ere  c a n  b e  n o  d o u b t  t h a t  th e  m a ss  o f  th e  n e u t ro n  is d is t in c t ly  less  th a n  

t h a t  o f  th e  h y d ro g e n  a to m . T h is  is c o n s is te n t w ith  th e  v ie w  t h a t  th e  n e u t ro n  

c on sis ts  o f  a  p ro to n  a n d  a n  e lec tro n . T h e  d iffe ren ce  in  m ass , 0*0011 , th e n  

re p re se n ts  th e  b in d in g  en e rg y  o f  th e  tw o  p a r tic le s  a n d  c o rre sp o n d s  to  1 m illio n  

e le c tro n  v o lts . I t  m a y  b e  s ig n if ic a n t t h a t  th e  c h a n g e  o f  m a ss  c o rre sp o n d s  to  

a ch an g e  in  th e  e n e rg y  o f  th e  e le c tro n  fro m  +  m e2 to  — m e2. T h is  a rg u m e n t 

fro m  th e  m a ss  is c e r ta in ly  in  fa v o u r  o f  th e  c o m p le x  n a tu r e  o f  th e  n e u t ro n  b u t  

i t  is  b y  n o  m e an s  con clusive. T h e  m o s t d ir e c t  p ro o f  w o u ld  b e  th e  o b s e rv a tio n  

o f  th e  sp li t t in g  o f  th e  n e u tro n  in to  a  p ro to n  a n d  a n  e le c tro n  in  a  n u c le a r  

co llision , b u t  b o th  c a lc u la tio n  a n d  e x p e r im e n t sh o w  t h a t  th is  m u s t  b e  a  v e ry  

ra re  ev en t. A s I  sh a ll sho w  la te r ,  so m e s u g g e s tio n  t h a t  e i th e r  th e  n e u tro n  o r  

th e  p ro to n  m a y  b e co m p le x  c a n  b e  d e d u c e d  fro m  th e  co llisio n s o f  n e u tro n s  

w ith  p ro to n s .

O n th e  o th e r  h a n d , c e r ta in  a rg u m e n ts  c a n  b e  a d v a n c e d  to  s u p p o r t  th e  id e a  

t h a t  th e  n e u tro n  is a n  e le m e n ta ry  p a r tic le . A c c o rd in g  to  th e  p re s e n t  sch em e  

o f q u a n tu m  m e ch an ic s  th e  h y d ro g e n  a to m  re p re s e n ts  th e  o n ly  p o ssib le  c o m ­

b in a tio n  o f  a  p ro to n  a n d  a n  e le c tro n . H o w e v e r, th e  b in d in g  e n e rg y  o f  th e  

p a r tic le s  is g re a te r  th a n  th e  p ro p e r  m a ss  o f  th e  e le c tro n  a n d  a  r e la t iv is t ic  

m e ch an ic s  w o u ld  b e  re q u ire d  to  d e sc rib e  th e i r  in te ra c t io n .

A  fu r th e r  a rg u m e n t is b a se d  o n  th e  sp in  o f  th e  n e u tro n . T h is  is  d ed u c e d  

fro m  th e  sp in s  o f  th e  l ig h t  e le m e n ts  o n  th e  a s s u m p tio n  (1) t h a t  a  n u c le u s  is 

b u i l t  u p  as  f a r  a s  p o ss ib le  o f  oc-partieles, th e n  o f  p ro to n s  a n d  n e u tro n s  (no free  

e lectro ns), (2) t h a t  th e  n u c le a r  sp in  is g iv e n  b y  th e  v e c to r  su m  o f  i t s  co m ­

p o n e n ts ’ sp ins. I t  th e n  a p p e a rs  t h a t  th e  n e u tro n  m u s t  h a v e  a  sp in  ^h/2iz a n d  

o b ey  th e  F e rm i s ta tis tic s . T h e  p ro to n  h a s  a  sp in  ^hj2n a n d  o b ey s  F e rm i 

s ta tis tic s . I f  th e  n e u tro n  is to  b e  re g a rd e d  a s  a  p ro to n  c o m b in e d  w ith  a n  

e lec tro n  a  sp in  o f  0 a n d  B ose s ta t is t ic s  m u s t  b e  a sc r ib e d  to  th e  e le c tro n . T h is  is  

c o n tra ry  to  th e  b e h a v io u r  o f  a  free  e lec tro n . T h e  s ta t is t ic s  a n d  sp in s  o f  th e  

l ig h te r  e lem en ts  c an  o n ly  b e  g iv e n  a  c o n s is te n t d e s c r ip tio n  i f  w e a ssu m e  t h a t  

th e  n e u tro n  is a n  e le m e n ta ry  p a r tic le .

A  m ore g en era l a rg u m e n t m a y  b e  u sed . I f  th e  n e u tro n  is a  p ro to n  a n d  

a n  e lec tro n  w h y  do es n o t  th e  h y d ro g e n  a to m  tr a n s fo rm  in to  a  n e u tro n  w ith  

a  re lease  o f  en e rg y  ? T h e re  is a m p le  ev id en ce  to  sho w  t h a t  su ch  a  t r a n s ­

fo rm a tio n  m u s t  b e  ex ce ed in g ly  ra re . T h is  c o n s id e ra t io n  seem s to  m e  to  a rg u e  

s tro n g ly  fo r th e  e le m e n ta ry  n a tu re  o f th e  n e u tro n .
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The Neutron. 15

I t  seem s nece ssary  fo r  th e  p re se n t to  reco g n ize  th e se  d ifficu lties an d , w hile  

re ta in in g  th e  h y p o th e s is  t h a t  th e  n e u tro n  is com p lex  fo r som e p u rp o ses, to  

re g a rd  i t  a s  a n  e le m e n ta ry  u n i t  in  th e  s tru c tu re  o f  a to m ic  n uclei.

O ne m ig h t p e rh a p s  a t te m p t  to  offer a n  a l te rn a t iv e  v iew , t h a t  th e  p ro to n  is 

th e  co m plex  p a r tic le  a n d  re g a rd  i t  a s  a  n e u tro n  p lu s  a  p o s itiv e  e lec tro n . T h e  

m ass o f th e  p ro to n  m ig h t p e rh a p s  b e less th a n  th e  su m  o f  th e  m asses  o f  th e  

n e u tro n  a n d  p o s itiv e  e lec tro n , i f  th e  m ass  o f  th e  n e u tro n  is n e a r  th e  h ig h e r 

lim it g iven  ab ov e. B u t  th e  d ifficu lty  w ith  th e  sp in  rem a in s . W e sh o u ld  b e 

fo rced  to  assu m e th a t  th e  sp in  o f  th e  p o s itiv e  e lec tro n  is 0, a n d  th e n  th e  

an n ih ila tio n  o f  th e  p o s itiv e  e lec tro n  w ith  th e  n e g a tiv e  becom es d ifficu lt to  

u n d e rs ta n d .

§ 5. Collisions of Neutrons with Atomic Nuclei.— T h e e la s tic  collisions o f a  

n e u tro n  w ith  a n  a to m ic  nu cleu s c an  b e  b rie fly  d escrib ed  in  a  g en era l w ay . 

W h a tev e r v iew  one ta k e s  o f  th e  n a tu re  o f  th e  n e u tro n , i ts  in te ra c t io n  w ith  a n  

a to m ic  nucleus  w ill be  v e ry  sm all ex ce p t a t  d is ta n ces  o f  th e  o rd e r o f  10 ~12 cm . 

I n  its  passage  th ro u g h  m a tte r  th e  n e u tro n  w ill n o t b e  d eflec ted  un le ss  i t  suffers 

a  v e ry  in tim a te  co llision . O ne m a y  say  t h a t  th e  s c a tte r in g  o f  th e  n e u tro n s  

w ill be  d ue  m a in ly  to  th e  in te rn a l field o f  th e  n u cleu s  ; th e  cross-sectio n  fo r th e  

collisions w ill be  a b o u t th e  sam e as  th e  cross-sec tio n  o f th e  p o te n tia l b a rr ie r  

o f  th e  nucleus, a n d  th e  d is tr ib u tio n  o f  th e  s c a tte re d  n e u tro n s  w ill n o t b e  

m a rk e d ly  an iso trop ic . A s I  h a v e  show n in  a  p rev io u s  p a p e r , th is  v iew  g ives 

a  reason ab le  a cc o u n t o f th e  s c a tte r in g  o f  n e u tro n s  b y  h e a v y  nuclei.

T h is is, o f  course, o n ly  a  ro u g h  p ic tu re  o f  th e  collision  process, b u t  th e  ca lcu­

la tio n s  o f  M assey* lead  to  m u ch  th e  sam e  conclusion . M assey  assu m ed  t h a t  th e  

n eu tro n  w as a  h y d ro g en  a to m  in  a  n e a r ly  zero  q u a n tu m  s ta te . T he field o f 

such a  n e u tro n  w ill be  s im ila r to  t h a t  ju s t  o u ts id e  th e  B o h r o rb it o f th e  h y d ro g en  

a to m  b u t  on  a  m u c h  red u ce d  scale. I t  can  b e rep re sen ted  b y

w here Z, th e  effective n u clea r charge, w ill be  v e ry  large, a n d  a0 is th e  rad iu s  o f  

th e  firs t B o h r o rb it o f hy drog en . T he  “  ra d iu s  ”  o f th e  n e u tro n  w ill be a j Z.

T he field o f  in te rac tio n  be tw ee n  th is  n e u tro n  an d  a  nucleus  o f charge Z ' 

a t  d istances g rea te r  th a n  th e  n u c lea r  rad iu s  w ill be  Z 'V (r). N ow  th e  ex p eri­

m en ts on th e  sca tte rin g  o f n eu tro n s  b y  le ad  show  th a t  th e  co llision ra d iu s  is 

a b o u t th e  sam e as th e  n u c lea r rad iu s , an d  from  th is  M assey w as ab le  to  o b ta in

* ‘ Proc. R o y . S o c .,’ A , v o l. 138, p . 460  (1932).
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16 J . C h ad w ick .

a  low er lim it to  th e  v a lu e  o f  Z o f  25 ,000 . (T h is g ives a  m a x im u m  v a lu e  o f  

2 X  10” 13 cm . fo r th e  ra d iu s  o f  th e  n e u tro n .)

A p p ly in g  th is  r e s u lt  fo r Z to  th e  co llision s o f  a  n e u tro n  w ith  th e  l ig h te r  

nuclei, he w as ab le  to  show  th a t  th e  co llis ion  ra d ii  sh o u ld  b e p ro p o r tio n a l to  

th e  n u c le a r  ch arg e . T h is  re s u l t  does n o t  c o rre sp o n d  w ith  e x p e rim e n t, w h ic h  

show  t h a t  th e  ra d iu s  v a rie s  slo w ly  fro m  c a rb o n  (ca. 3 -5  X  10 ~13 cm .) to  a rg o n  

(ca. 5 -5  X 10~13 cm .). H e  th e re fo re  co n c lu d ed  t h a t  th e  co llis io n  a re a s  a re  

d e te rm in e d  b y  th e  in te rn a l fie ld o f  th e  n u c leu s, t h a t  th e  e x te rn a l in te ra c t io n  

is o f su ch  s h o r t ran g e  t h a t  th e  co llid in g  sy s te m s  p e n e tra te .

T h e m o s t in te re s tin g  co llisions o f  a  n e u tro n  a re  th o se  w ith  a  p ro to n . T h e  

p ro to n  sh o u ld  b eh av e  as  a n  e le m e n ta ry  ch a rg e  e v en  a t  v e ry  sm all d is ta n ces . 

I f  th e re  w ere  no  o th e r  in te ra c t io n  b e tw e e n  a  p ro ton , a n d  a  n e u tro n  b u t  t h a t  

g iv en  b y  V (r), th e  collision  ra d iu s  fo r  th e se  co llision s m u s t b e  less th a n  

1*4 X  10-14 cm . T h e d isag ree m en t w ith  e x p e r im e n t is s ta r t l in g , fo r  th e  o b se rv ed  

collision  ra d iu s  is a b o u t 4 to  5 X  10 ~13 cm . fo r  n e u tro n s  o f  v e lo c ity  2 -7  X 1 0 9 

cm ./sec . a n d  g re a te r  s til l fo r  slow er n e u tro n s . B efo re  p ro ceed in g  to  d iscu ss  

th e  reason s  fo r th is  d isc re p a n c y  I  w ill s ta te  b rie fly  w h a t  is k n o w n  a b o u t  th e  

n e u tro n -p ro to n  co llisions.

T hese collisions h a v e  n o t  b een  s tu d ie d  in  m u c h  d e ta il  ow ing  to  e x p e r im e n ta l 

difficulties. T h e m o s t d ire c t m e th o d  w o u ld  b e to  p a ss  a  k n o w n  n u m b e r  o f  

n e u tro n s  o f de fin ite  sp eed  in to  a n  ex p a n s io n  c h a m b e r filled  w ith  h y d ro g e n  a n d  

to  p h o to g ra p h  th e  h y d ro g e n  reco il tra c k s . T h is  w o u ld  g ive b o th  th e  fre q u e n c y  

o f th e  collisions a n d  th e  a n g u la r  d is tr ib u tio n  o f  th e  s tru c k  p ro to n s . U n ­

fo r tu n a te ly  w e h a v e  o n ly  v e ry  in d ire c t m e th o d s  o f  e s tim a tin g  th e  n u m b e r  o f  

n eu tro n s  in  a  b e a m  a n d  th e  co llisions  a re  so in f re q u e n t as  to  m a k e  th e  e x p e r i­

m e n t exceed ing ly  te d io u s .

Som e resu lts  on  th e  a n g u la r  d is tr ib u tio n  o f  th e  p ro to n s  h a v e  b een  o b ta in e d  

b y  th is  m e th o d  b y  A u ge r a n d  M o no d -H erzen ,*  a n d  also  b y  K u r ie ,f  w ho  u sed  

a  s lig h tly  d ifferen t a r ra n g e m e n t. I n  b o th  e x p e rim e n ts  th e  n e u tro n s  w ere 

o b ta in e d  b y  b o m b a rd in g  a  th ic k  la y e r  o f  b e ry ll iu m  b y  p o lo n iu m  a -p a rtic le s . 

T h e n e u tro n s  w ere th e re fo re  h ete ro g en eo u s, th e  g re a te r  p a r t  h a v in g  speed s 

below  2*8 X  1 09 cm ./sec . I n  A u g e r’s e x p e rim e n ts  a  la rg e  m a jo r ity  o f  th e  

recoil p ro to n s  w ere d u e  to  collisions o f  slow  n e u tro n s . T h e a n g u la r  d is tr ib u tio n  

o f  th e  s tru c k  p ro to n s  w as ro u g h ly  u n ifo rm . K u rie  confined  h is a t te n t io n  to  

th e  p ro to n s  p ro d u ced  b y  th e  fa s te r  n e u tro n s  b u t  th e ir  d is tr ib u tio n  w ith  an g le  

w as also  fa ir ly  u n ifo rm  re la tiv e  to  th e  ce n tre  o f  m ass  o f  th e  m o v in g  sy stem .

* ‘ C. R . A cad . S ci. P a r is ,’ v o l. 196, p . 1102 (1933). 

t  4 P h y s . R e v .,’ v o l. 43 , p . 672 (1933).
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The Neutron. 17

M eitn er a n d  P h ill ip p *  h a v e  u sed  th e  e x p a n s io n  c h a m b e r  m e th o d  to  m a k e  a n  

e s tim a tio n  o f  th e  co llis io n  ra d iu s . T h e y  a ssu m ed  t h a t  30 n e u tro n s  a re  e m itte d  

from  a  th ic k  fo il o f  b e ry ll iu m  fo r e v e ry  106 a -p a r tic le s  o f  p o lo n iu m  in c id e n t u p o n  

i t ,  a n d  th e y  m e a su re d  th e  t im e  in te rv a l  in  w h ic h  t r a c k s  w ere  rec o rd e d  in  th e  

ch a m b e r b y  a n  in d e p e n d e n t e x p e rim e n t w ith  a  so u rce e m itt in g  a  k n o w n  n u m b e r  

o f  a -p a rtic le s . T h e n  fro m  th e  o b se rv ed  f r e q u e n c y 'o f  th e  p ro to n  tr a c k s  th e y  

e s tim a te d  t h a t  th e  co llision  ra d iu s  w as n o t  less th a n  8 X  10 ~13 cm . F ro m  th e  

d a ta  g iv en  in  th e ir  a c c o u n t, i t  w o u ld  a p p e a r  t h a t  m o s t o f  th e  co llisions w ere 

d u e  to  slow  n e u tro n s , o f  v e lo c itie s  a ro u n d  1 0 9 cm ./sec .

M y ow n e x p e rim e n ts , in  w h ic h  e le c tr ic a l c o u n tin g  m e th o d s  w ere u sed , a re  

in  g en era l a g re e m e n t w ith  th e se . T h e  a n g u la r  d is tr ib u t io n  o f  th e  p ro to n s  w as 

m e asu re d  b y  c o u n tin g  th e  n u m b e r  o f  p ro to n s  e je c te d  f ro m  a n n u la r  r in g s  o f 

p a ra ffin  w a x  o f d if fe re n t a p e r tu re s . T h e  re su lts , th o u g h  ro u g h , sh ow ed  t h a t  

th e  d is tr ib u tio n  w ith  an g le  o f  th e  p ro to n s  w as  a p p ro x im a te ly  u n ifo rm . 

A tte m p ts  to  o b serv e th e  a n g u la r  d is tr ib u tio n  fo r  a  re a so n a b ly  ho m og eneo u s 

b eam  o f n e u tro n s  fa iled , ow ing  to  th e  sm alln ess  o f  th e  effects.

T h e co llis io n  ra d iu s  w as  d e te rm in e d  b y  th e  m e th o d  u sed  p rev io u s ly . T h e 

n e u tro n  so urce w as  a  th in  fo il o f  b e ry ll iu m  o f  a b o u t  5 m m . a ir  e q u iv a le n t 

b o m b a rd e d  b y  p o lo n iu m  a -p a rtic le s . T h e  n e u tro n  b e a m  w as th e re fo re  fa ir ly  

hom ogeneo us, th e  m a in  p a r t  co n s is tin g  o f p a r tic le s  o f  v e lo c ity  a b o u t  2*7 X  1 0 9 

cm ./sec ., w ith  a  w eak  g ro u p  o f m u c h  h ig h e r  v e lo c ity . T h e  source w as  fixed  

in  p o s itio n  re la tiv e  to  a n  io n iz a tio n  c h a m b e r co n n ec te d  to  a n  am p lifie r a n d  

oscillog raph  in  th e  u su a l w ay . T h e  c h a m b e r co u ld  b e  e v a c u a te d  a n d  filled  

w ith  d iffe ren t gases. T h e  n u m b e r  o f  deflex ions w as o b se rv ed  w h en  th e  c h a m b e r 

w as filled in  tu r n  w ith  h y d ro g e n  o r a  h e a v ie r  gas, e.g., n itro g e n , ox y gen , o r 

argon . E a c h  deflex ion  co rresp o n d s  to  th e  p ro d u c tio n  o f  a  reco il a to m  b y  th e  

co llision  o f  a  n e u tro n  w ith  a  n u c leu s. S ince th e  n u m b e r  o f  n e u tro n s  p ass in g  

th ro u g h  th e  ch am b er w as th e  sam e in  each  case , th e  n u m b e r  o f  deflex ions 

sho u ld  be p ro p o rtio n a l to  th e  co llision  a re a  o f  th e  n u c leu s  conce rned . I t  w as 

fo u n d  t h a t  th e  n u m b e r o f deflex ions in  h y d ro g en  w as  s lig h tly  less th a n  th e  

n u m b e r in  n itro g en  o r ox ygen . T h e  co llis ion  ra d iu s  fo r  h y d ro g en  sh o u ld  

th e re fo re  be ra th e r  less th a n  fo r th e se  n uclei. T h e co llision  ra d iu s  fo r  c a rb o n  

w as e s tim a te d  b y  m easu rin g  th e  re d u c tio n  in  n u m b e r o f  th e  deflex ions observ ed  

in  a  co u n te r  w hen  a  th ic k  b lo ck  o f g ra p h ite  w as p la ced  in  th e  p a th  o f  th e  

neu tro n s . T h e v a lu e  fo u n d  w as a b o u t 3*5 X  1CT13 cm . T he  co llision  rad ii 

o f n itro g en  a n d  oxygen  m a y  be so m ew h a t g re a te r  a n d  w ill be  ta k e n  as  4 X  10 13 

cm .

* 4 N a tu rw iss .,’ vo l. 20 , p . 929 (1932).

VOL. CXLII.— A. C
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18 J . C h ad w ick .

T he ab ove  com pariso n  b e tw een  h y d ro g en  a n d  n itro g e n  is s u b je c t to  a  sm all 

b u t  u n ce rta in  e rro r d ue  to  th e  fa c t t h a t  reco il a to m s  w h ich  m a k e  o n ly  a  few  

ions will n o t be  c o u n ted  b y  th e  oscillograph . T h is affects th e  n u m b e r o f 

deflexions b o th  in  h y d ro g en  a n d  n itro g en . T h e deflex ions in  h y d ro g en  a re  

on  th e  w hole sm alle r th a n  th o se  in  n itro g en  ow ing to  th e  low  ion izing  po w er o f 

th e  p ro to n  a n d  th e  low  d e n s ity  o f th e  gas. O n th e  o th e r  h a n d  th e  en ergy  

tra n s fe r  is sm aller in  th e  n itro g en  collisions a n d  th e  m o re d is ta n t  collisions m a y  

n o t be  recorded . A n  e s tim a te  o f  th e  fra c tio n  o f  th e  h y d ro g en  co llisions w hich  

w ere n o t reco rd ed  in  p u re  h y d ro g en  w as  m a d e  fro m  ex p e rim en ts  in  w hich  

m ix tu re s  o f  h y d ro g en  a n d  n itro g en  w ere u sed  in  th e  io n iza tio n  ch am b er, b u t  

i t  ha s  n o t been  possib le  to  m a k e  a  co rrec tio n  fo r th e  u n reco rd ed  n itro g e n  

collisions. H a v in g  re g a rd  to  th is  source o f  e rro r, w e m a y  ta k e  th e  co llision 

ra d iu s  fo r h y d ro g en  to  be a b o u t 4 to  5 X  10~13 cm . fo r n e u tro n s  o f  v e lo c ity  

2*7 X  1 0 9 cm ./sec .

T he sam e ex p erim en t w as m a d e  w ith  a  n e u tro n  source co ns is tin g  o f  a  th ic k  

la y e r o f bo ro n  b o m b a rd e d  b y  p o lo n iu m  a -p a rtic le s . T hese n e u tro n s  w ould  

h av e  velocities u p  to  a b o u t 2*5 X  1 0 9 cm ./sec . th e  av e ra g e  b eing  p ro b a b ly  

r a th e r  less th a n  2 X  1 0 9 cm ./sec . T h e  n u m b e r  o f  deflex ions in  h y d ro g en  

w as now  a b o u t tw ice th e  n u m b e r  in  n itro g en , su g g es tin g  th a t  th e  co llision 

rad iu s  e ith e r  o f h y d ro g en  o r n itro g e n  v a rie s  r a p id ly  w ith  th e  v e lo c ity  o f  th e  

n eu tro n . M easu rem ents  o f  th e  s c a tte r in g  o f  th e se  slow er n e u tro n s  in  g ra p h ite  

an d  paraffin  w ax  show ed  t h a t  th e  v a r ia tio n  w as  to  be a sc rib e d  m a in ly  to  

hyd rogen . F ro m  th e  co m p ariso n  w ith  n itro g en  a  v a lu e  o f  6 X  10 ~13 cm . w as 

dedu ced  fo r th e  h y d ro g en  co llision  rad iu s , w hile  th e  co m p ariso n  b e tw ee n  

g rap h ite  a n d  pa ra ffin  w a x  g av e  a  v a lu e  o f  a b o u t 7 X  10 ~13 cm . S om e ex p e ri­

m en ts  w ith  slow er n e u tro n s  su gg es t t h a t  th e  ra d iu s  fo r th e  p ro to n  collisions 

con tinues to  increase  as th e  v e lo c ity  o f th e  n e u tro n  decreases.

I n  th e  co nsidera tio n*  o f th e  n e u tro n -p ro to n  collisions w e th u s  h av e  to  ex p la in  

th e  ob serv atio n s  t h a t  th e  a n g u la r  d is tr ib u tio n  o f  th e  s tru c k  p ro to n s  is ro u g h ly  

un ifo rm , an d  th a t  th e  co llision  ra d iu s  is v e ry  la rg e  a n d  increases  a s  th e  v e lo city  

o f th e  n e u tro n  decreases. I f  w e assu m e t h a t  th e  h y d ro g en  iso to p e o f  m ass 2 

consists o f a  p ro to n  a n d  a  n e u tro n  we h a v e  a  fu r th e r  e x p e rim en ta l fa c t, th a t  th e  

b ind ing  energy  o f th is  iso to pe  is a b o u t 106 v o lts.

T he w ave th e o ry  o f th e  collisions o f  tw o  in d e p e n d e n t p a rtic le s  gives fo r th e  

collision cross-section

Q =  {2 1 ) s in 2 S " ’

* I  am  m uch in d eb ted  to  Mr. H . S . W . M assey  in  th is  d iscu ssio n  of th e  co llisions.
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The Neutron. 19

w here M is th e  red u ced  m ass  o f  th e  sy stem , v th e  in itia l re la tiv e  v e lo c ity  o f  th e  

pa rtic le s, a n d  th e  §n’s a re  p h ase  c o n s ta n ts  d ep en d in g  o n  M, v a n d  V (r), th e  

in te ra c tio n  ene rg y  o f  th e  p a rtic le s . T he  a n g u la r  d is tr ib u tio n  p e r  u n i t  an g le  o f  

th e  p a rtic le s  in  a  sy s te m  o f  co -o rd in a te s  in  w h ich  th e  cen tre  o f  m ass  is a t  re s t  

is g iven  b y

1 (6) Sin °  =  (e2<S” ~  1} (2n +  1} P ” (C° S 6) |2 SiU 6>

w here

P 0 (cos 0) =  1, P x (cos 0) =  cos 0, P 2 (cos 0) =  \  (3 cos2 — 1), e tc .

T he  fa c t th a t  th e  a n g u la r  d is tr ib u tio n  is u n ifo rm  show s t h a t  o n ly  th e  sp h erica l 

h arm o nic  o f zero o rd e r is im p o r ta n t, i.e., th e  s c a tte r in g  d ep en d s m a in ly  on  th e  

h ead -on  collisions o f  th e  p a rtic le s. T h is m ean s th a t  th e  ran g e  o f  th e  n e u tro n -  

p ro to n  in te ra c tio n  is sm all co m p ared  w ith

w av e-le n g th  /   h \

2tc 2nM.v) ’

i.e., th e  in te ra c tio n  ran g e  10“ 12 cm . (This re su lt agrees w ith  th e  p rev io u s  

ca lcu la tio n  o f th e  collisions o f  n e u tro n s  in  w hich  th e  n e u tro n  w as lik en ed  to  a n  

a to m  w ith  a n  effective n u c le a r  ch arg e o f a t  le a s t 25,000.)

W e m u s t now  ex am in e th e  significance o f th e  H 2 iso tope, assu m in g  i t  to  

co n s is t of a  p ro to n  an d  a  n e u tro n . T h e p o te n tia l field  b e tw een  a  n e u tro n  a n d  

a p ro to n  is ta k e n  as in  fig. 4. Y (r) is 

negligible fo r r >  r 0. F ro m  th e  fa c t th a t  

a n  energy  level o f  en erg y  — E 0 ( =  b in d in g  

energy) ex ists we can  ded uce  th a t  V (r) m u s t 

be ve ry  g rea t in  th e  reg ion  r <  r 0, fo r th e  

field has to  be so g rea t as to  com press a  h a lf  

w ave-leng th  in to  th is  region. W e h av e  fou n d  

th a t  th e  w ave-leng th  o f th e  in c id en t p ro to n s  

is m uch  g rea ter  th a n  r 0 an d  th e ir  energy  is 

o f  th e  sam e ord er as th e  b in d in g  energy  E 0.

T hus V(r) m u st be  E 0 or E  th e  en erg y  o f 

th e  in c id en t p ro tons.

The p o te n tia l field o f a  p ro to n  an d  a  

n eu tro n  m a y  be rou g hly  likened  to  a  v e ry  

deep hole o f sm all radius. I t  can  be show n th a t  th e  effect o f th is  deep  hole 

is to  m ake th e  w ave fun ction  describ ing  th e  collisions o f a  n eu tro n  an d  a 

p ro to n  nearly  a  m axim um  a t  r =  r 0 in s te ad  o f n ea rly  zero, corresponding  to  a 

phase sh ift o f nearly  |rc.

c 2
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20 J . C had w ick .

h2 _
T h us §0 =  | tt a p p ro x im a te ly , a n d  Q -  aboufc 2 X  10 23 X  v 2

sq. cm . w hen  v is m easured  in  10 9 cm ./sec .

T he collision rad iu s  -  2 • 5 X 10_12/t> cm . S ince we h av e  ta k e n  th e  m a x im u m  

value o f  $o th is  collision  rad iu s  is a  m a x im u m  also. I t  is m o s t u n lik e ly  th a t  $0 can  

be less th a n  | t t . A  m in im um  v alu e fo r th e  co llision  ra d iu s  can  th e re fo re  b e o b ­

ta in ed  b y  p u tt in g  $0 == J tu. T he  m in im u m  collision ra d iu s  is th e n  1 • 8 X 10'~12/v cm .

T his re su lt is in  b e t te r  accord  w ith  e x p e rim en t th a n  th e  p rev io us  one. T h e 

cross-section  fo r p ro to n  collisions is la rg e a n d  v arie s  w ith  v e lo c ity  in  th e  w ay  

requ ired . O n th e  o th e r h an d , th e  cross-section  is now  too  large. P u tt in g  

v =  2 -7  X 1 09 cm ./sec . w e o b ta in  a  co llision  ra d iu s  o f n e a r ly  10 X 10“ 13 cm ., 

c e rta in ly  n o t less th a n  7 X  10-13 cm ., w hereas  th e  o b se rv a tio n s  g ive r a th e r  

less th a n  5 X 10~13 cm . I  do  n o t  th in k  t h a t  th e  erro rs in  th e  ex p erim en ts  can  

cover such  a  d iscrepancy , a n d  a n  e x p la n a tio n  m u s t be  so u g h t elsew here.

T he ex p lan a tio n  is p e rh a p s  to  be fo u n d  b y  in tro d u c in g  som e ty p e  of ex ch an ge  

in te ra c tio n  b etw ee n  th e  n e u tro n  a n d  p ro to n . F o r  ex am p le , if th e  n e u tro n  

co nsists of a  p ro to n  an d  a n  e lec tro n  a n o th e r  k in d  o f in te ra c tio n  be tw ee n  th e  

p ro to n  a n d  th e  n e u tro n  is possib le— th e  chang e o f th e  e lectro n  fro m  th e  n e u tro n  

to  th e  p ro to n  an d  th e  ex change  o f p ro to n s . T h is in te ra c tio n  is an alo go u s to  

th a t  b etw een  a  h y d ro g en  a to m  a n d  a  p ro to n . I n  effect i t  in tro d u ces  a  s tro n g  

repu lsive field a n d  a  s tro n g  a t t r a c t iv e  field, b o th  o f  v e ry  sm all ra d iu s  o f action . 

T he final re su lt is to  red u ce  th e  co llision  cross-section  b y  a  fa c to r  dep en d in g  

up on  th e  sp in  o f th e  p ro to n . I f  th e  sp in  is -|A/27r th e  cross-sections m a y  now  

be n o t sm aller th a n  o n e -q u a rte r  o f th o se  g iven  abo ve, i.e,,

Q is now

-  4 ttM V

21 5 X 10~24 X  v~2 cm .2,

w here v is in  u n its  o f 1 09 cm ./sec . F o r  n eu tro n s  o f v e lo c ity  2 *7 X 1 0 9 cm ./sec . 

th is  gives a  collision ra d iu s  o f a b o u t 5 X  10~13 cm . in  good accord  w ith  th e  

exp erim en ta l value.*

* The variation  in  th e  cross-sectio n  w ith  th e  v e lo c ity  of th e  n eu tron  appears to  be m ore  

rap id th a n  is  g iv en  b y  th e  ab ove exp ressio n . T h is  ca n  be ex p la in ed  in  a  m ore d eta iled  

d evelopm en t of th e  th eory . I t  is  w o rth y  o f n o te  th a t  th is  rap id  variation  of th e  cross­

sectio n  for hydrogen  collisions a ccou n ts in  p a rt for th e  d ifficu lty  foun d  in  observin g fa s t  

neutrons b y  th eir  ejection  of protons (§ 3). W h ile  th e  cross-section  for co llisions w ith  other  

nuclei also  depends on  th e  v e lo c ity  of th e  n eu tron  th e  decrease w ith  increasing  sp eed  is  n o t  

so rapid as for hydrogen . T he rapid varia tion  in  th e  cross-section  for co llision  a lso  exp la in s  

th e  m arked preponderance of sh ort pro ton  track s in  exp an sio n  ch am ber photographs, as  

observed  in  th e  exper im en ts of A uger an d  of M eitner and  P h ilip p .

 D
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The Neutron. 21

I t  w ould  be p re m a tu re  to  conclude  d e fin ite ly  t h a t  th e  n e u tro n  is a  co m plex  

p a rtic le , fo r  th e  th e o ry  o f  th e  co llisions is n o t  y e t  co m p le te  a n d  th e  e x p e ri­

m e n ta l o b se rv a tio n s  a re  so m ew h a t u n c e rta in . I t  seem s p ro b ab le , ho w ever, 

t h a t  th e  ex p erim en ts  c an  o n ly  b e ex p la in ed  if  th e re  is som e k in d  o f exch an g e 

in te ra c tio n  be tw een  a  n e u tro n  a n d  a  p ro to n . T h e n a tu re  o f th is  in te ra c tio n  

m a y  be  d ifferen t fro m  w h a t h a s  b een  assu m ed  ab o v e  a n d  i t  m a y  p e rh a p s  n o t 

b e  n ecessary  to  conc lu de t h a t  e ith e r  o f th e  p a r tic le s  is com plex . I n  th is  

d iscussion  th e  sp in s o f th e  p a rtic le s  a n d  th e  effects o f  a n y  po ssib le  m a g n e tic  

forces h a v e  n o t b een  considered . T hese  m a y  u lt im a te ly  p ro v e  to  be sig n if ican t 

in  th e se  in te ra c tio n s .

T he  in te ra c tio n  be tw een  a  n e u tro n  a n d  a  p ro to n  is o f  g re a t  im p o rta n c e  in  

th e  th e o ry  o f  n u c lea r  s tru c tu re . I f  w e assu m e th a t  th e  a to m ic  n u clei a re  b u il t  

up  fro m  p ro to n s  a n d  n eu tro n s  th e n  th e  b in d in g  forces in  a  n u cleu s  a re  th e  

in te ra c tio n s  p ro to n -p ro to n , n e u tro n -n e u tro n , a n d  p ro to n -n e u tro n . T h e in te r ­

ac tio n  be tw ee n  tw o  p ro to n s  sh o u ld  b e d u e  to  C oulom b forces (n eg lecting  a n y  

m ag ne tic  forces) an d  i t  is c lear, fro m  th e  n a tu re  o f th e  n u c le a r  fields, t h a t  

th e se  forces p la y  o n ly  a  sm all p a r t  inside a  n ucleus , c e r ta in ly  in  th e  case  o f 

th e  lig h te r  nuclei. T h e in te ra c tio n  b e tw een  tw o  n e u tro n s  is p ro b a b ly  sm all in  

com p ariso n  w ith  th e  o th e rs . T h u s  th e  in te ra c tio n  b etw ee n  a  n e u tro n  a n d  a  

p ro to n  is th e  m o s t sign ifican t fo r th e  s tru c tu re  o f  a  n u cleu s  a n d  go verns  its  

s tab ility .

§ 6. Disintegration by Neutrons.— T he  m a jo r ity  o f th e  collisions o f n e u tro n s  

w ith  a to m ic  nuclei a re  e lastic , b u t  occasionally  in e las tic  collisions occur. T hese 

w ere first observed  b y  F e a th e r  w h en  s tu d y in g  th e  collisions o f n e u tro n s  w ith  

n itro g en  w ith  th e  a id  o f  th e  ex p an sio n  ch am b er. Collisions o f  a n y  k in d  are , 

o f course, ra re , b u t  in  2000 p h o to g rap h s  F e a th e r  o b ta in e d  a b o u t 100 exam ples 

o f recoil tra c k s  o f  n itro g en  o bv iou sly  d u e  to  e lastic  collisions, a n d  a b o u t 30 

exam ples o f p a ire d  tra c k s  o f q u ite  a  d iffe ren t ty p e . T hese w ere ascrib ed  to  

a  d is in teg ra tio n  o f  th e  n itro g en  nucleus  w hich  h a s  been  s tru c k  b y  a  n eu tro n . 

I n  a b o u t  h a lf  th e  cases observed  i t  ap p ea rs  t h a t  th e  n e u tro n  w as c a p tu re d  

an d  a n  a -p a rtic le  em itted , th e  final n ucleus  being  th e re fo re  th e  b o ro n  iso top e 

o f m ass 11.

N 14 +  n1 -> B 11 +  H e4.

T h is  is, o f course, th e  reverse  o f th e  process in  w hich  a  n e u tro n  is em itted  

fro m  boron  u n d e r th e  b o m b ard m en t o f a-partic les. T he m echan ism  o f th e  

d is in teg ratio n  in  th e  o th e r cases is n o t y e t clear. I t  seem s p ro b ab le  th a t  th e  

n eu tro n  w as n o t c ap tu red  an d  th a t  th e  e jected  p artic le  w as a  p ro to n . I f  th is
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22 J . C hadw ick .

v iew  should  p rov e correct, we h av e  he re  th e  f irs t ex am p le  o f a  tra n s m u ta tio n  

in  w hich  th e  b o m b ard in g  p a rtic le  is n o t c ap tu red .

E x am p les  o f d is in teg ra tio n s  o f n itro g en  b y  n eu tro n s  h av e  a lso  been  o b ta in e d  

b y  M eitner an d  P h ilip p  {loc. cit.), b y  H a rk in s , G an s a n d  N ew son,* a n d  b y  

K u r ie .f

F e a th e rJ  h as  also  observ ed  p a ire d  tra c k s  in  ox ygen , in  a b o u t th e  sam e p ro ­

p o rtio n  to  th e  n o rm al tra c k s  o f  recoiling ox yg en  a to m s  as  in  n itro g en . I n  a ll 

th e  collisions ob served  th e  n e u tro n  w as c a p tu re d  a n d  a n  a -p a r tic le  em itte d , 

fo rm ing  a  nucleus C13.

O16 n1-* C13 +  H e 4.

T his tra n s m u ta tio n  is o f special in te re s t, fo r th e  ox y g en  n u cleu s  a p p ea rs  to  

w ith s ta n d  b o m b a rd m e n t b o th  b y  a -p a rtic le s  a n d  b y  p ro to n s .

H e  h as  also  fo u nd  a  few  ex am p les  o f d is in te g ra tio n  w h en  n e u tro n s  w ere 

p assed  th ro u g h  a n  ex p an sio n  c h am b er filled  m a in ly  w ith  ace ty len e. Som e o f 

the se  ap p e a r  to  be d u e  to  a  sm all im p u r ity  o f a ir  a n d  o n ly  tw o  can  be d efin ite ly  

ascribed  to  th e  d is in te g ra tio n  o f ca rb o n . I t  is ob v io us  fro m  th e  re su lts  so fa r  

o b ta in ed  th a t  in e la s tic  collisions a re  m u ch  less f re q u e n t in  c a rb o n  th a n  in  

n itro gen  or oxygen. T h is is, ind eed , to  b e ex p ec ted , fo r th e  t ra n s i t io n

C12 -f- w1 B e 9 -f- H e 4

requ ires a  larg e a m o u n t o f energy , a b o u t 7 \  X 106 e lec tro n  v o lts, a n d  few  o f 

th e  n eu tro n s  fro m  th e  source used  b y  F e a th e r  (b ery llium  b o m b ard ed  b y  

a-pa rtic les  o f polon ium ) possess such  a n  energy. F u r th e r , i f  th e  view s ex pressed  

above a b o u t th e  c o n s titu tio n  o f th e  B e 9 a n d  C12 nuclei a re  co rrec t th e  ch an g e 

from  C12 to  B e 9 w ould  b e ex tre m e ly  u n lik e ly , fo r a n  a -p a r tic le  in  th e  C12 nucleus  

w ould h av e  to  ex p an d  from  a  condensed  sy stem  to  a  looser one.

These are  a t  p re se n t th e  o n ly  k n o w n  exam p les o f d is in teg ra tio n  b y  n e u tro n s  

b u t  i t  is possible th a t  m a n y  o th e r  e lem ents w ill be  t ra n s m u te d  in  th is  w ay.

T he energy  re la tio n s  in  th e  d is in teg ra tio n s  p ro d u ced  b y  n e u tro n s  p re se n t 

som e in te res tin g  featu res . T he  d is in teg ra tio n  B 11 +  H e 4 -> N 14 -f- w1 ta k e s  

p lace w ith  an  a b so rp tio n  o f k in e tic  en erg y  o f 1*4 X 106 elec tro n  vo lts. W e 

should  the refore  ex p ec t th e  reverse  p rocess to  ta k e  p lace  w ith  a  lib e ra tio n  o f 

energy  of th is  am o u n t. F e a th e r  show ed th a t  th e  m easu rem en ts  o f 12 ex am ples 

o f th is  process corresponded  in  10 to  a n  ab so rp tio n  o f energy , an d  th a t  th e  

energy  change w as n o t a lw ays th e  sam e. T his suggests th a t  th e  d is in teg ra tio n

* 4 P h y s . R e v .,’ vo l. 43, p . 208  (1933). 

t  4 P h y s . R e v .,’ vo l. 43 , p. 771 (1933). 

t  4 N a tu re ,’ vo l. 130, p . 237 (1932).
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The Neutron. 23

ta k e s  p lace u su a lly  w ith  th e  fo rm a tio n  o f  a n  ex c ite d  n u c leu s  o f B 11, th e  re s id u a l 

en erg y  bein g  e m itte d  in  th e  fo rm  o f y  ra d ia tio n . T o  a c c o u n t fo r th e  d iffe ren t 

energy  chang es  one m u s t sup pose t h a t  m o re th a n  one ex c ited  s ta te  o f  B 11 

is possible. S im ilarly , th e  a n a ly sis  o f th e  o xy g en  d is in te g ra tio n s  le ad s  to  th e  

conclusion  t h a t  nuclei o f C13 in  d ifferen t s ta te s  o f e x c ita tio n  m a y  b e fo rm ed .

I n  m a n y  d is in teg ra tio n s  w ith  th e  em ission  o f  p ro to n s  th e  re a c tio n  ta k e s  

p lace u su a lly  w ith  th e  fo rm a tio n  o f a n  ex c ite d  n uc leu s, b u t  th e re  is no  ev idence 

fo r m ore th a n  one ex c ite d  s ta te .*  I t  m u s t b e  p o in te d  o u t t h a t  th e  ca lc u la te d  

en erg y  chang es  in  th e  n e u tro n  d is in te g ra tio n s  a re  s u b je c t to  e rro rs  a ris in g  

p a r t ly  in  th e  a c tu a l m e asu re m en ts  o f  th e  tr a c k s  a n d  p a r t ly  in  th e ir  in te r ­

p re ta tio n  ; w hile  i t  seem s c e r ta in  t h a t  th e  re s id u a l n u c leu s  is g en era lly  fo rm ed  

in  a n  ex cited  s ta te  th e  ev id ence fo r sev e ra l ex c ite d  s ta te s  req u ire s  co n firm atio n .

§ 7. Production of Positive Electrons.—-As I  h av e  m e n tio n ed  in  § 3, th e  

ra d ia tio n  ex cited  in  b e ry lliu m  b y  th e  b o m b a rd m e n t o f a -p a rtic le s  co nsists n o t 

on ly  o f n eu tro n s  b u t  a lso o f a  v e ry  p e n e tra tin g  y -ra d ia tio n , a n d  i t  is som etim es 

d ifficult to  decide w h e th e r th e  p h en o m en a  ob se rv ed  in  ex p erim en ts  in  w h ich  

th e  be ry lliu m  ra d ia tio n  is u sed  a re  to  be a scr ib ed  to  th e  n e u tro n s  o r th e  y -ray s . 

T he m o st in te re s tin g  ex am p le  o f th is  k in d  is th e  p ro d u c tio n  o f  p o sitiv e  e lectro ns , 

p a rtic le s  o f th e  sam e m ass as  a n  e lec tro n  b u t  c a rry in g  a  p o sitiv e  charge. T he 

firs t ev idence fo r th e  ex istence  o f p o sitiv e  e lec tro n s  w as  g iven  b y  th e  ex p e ri­

m en ts  o f A n d erso n ! a n d  of B la c k e tt a n d  O c c h ia lin i | on  th e  effects p ro d u ced  

in  a n  ex pan sio n  ch am b er b y  th e  p e n e tra tin g  ra d ia tio n  o f  th e  a tm o sp h ere . I t  

seem ed h ig h ly  d esirab le  to  find som e w a y  o f p ro d u c in g  p o sitiv e  e lectro ns  b y  

m ore o rd in a ry  m eans  so th a t  th e  evidence co u ld  be c linched  a n d  th e  p ro p ertie s  

o f th e  p a rtic le s  stu d ied . C e rta in  o b serv atio n s  led  B la ck e tt , O cch ialin i an d  

m yself§ to  consider th e  po ssib ility  th a t  po sitiv e  e lectrons m ig h t be  p ro d u ced  

in  th e  in te rac tio n  o f th e  b e ry lliu m  rad ia tio n s  a n d  m a tte r .

A capsu le  co n tain in g  a  p o lon iu m  source a n d  a  piece o f b ery lliu m  w as p laced  

ou tsid e an  expansion  ch am b er close to  th e  w all. O n th e  inside o f th e  w all a  

ta rg e t o f lead, 2 • 5 cm . sq u are  a n d  2 m m . th ick , w as placed . T his ta rg e t w as 

th u s  exposed  to  th e  y -ray s  an d  n eu tro n s  lib e ra te d  from  th e  bery llium . E x p an s io n  

p h o to g rap h s were ta k e n  b y  a  stereoscopic p a ir  o f cam eras. A  m agn etic  field, 

u su ally  o f a b o u t 800 gauss, w as app lied  d u rin g  th e  ex pan sio n  ; a n y  electrons * * * §

* Note added in proof.— R ecen t ex p er im en ts  on  th e  d isin tegra tio n  of a lu m in iu m  by  

a-partic les g iv e  ev idence of tw o  e x c ited  s ta te s  of th e  resid ual n ucleu s.

t  4 Science,’ vo l. 76, p . 238 (1932).

J ‘ Proc. R oy . S o c .,’ A , vo l. 139, p . 699 (1933). '

§ Chadwick, B lack ett and O cchialini, 4 N a tu re ,’ vo l. 131, p . 473 (1933).
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24 J . C hadw ick .

lib e ra te d  from  th e  ta rg e t w ou ld  be b e n t in  th e  field, th e  sense o f th e  c u rv a tu re  

in d ica tin g  th e  sign o f th e ir  ch arg e a n d  th e  a m o u n t o f th e  c u rv a tu re  th e  H p  valu e. 

O f th e  e lectro n  tra c k s  observ ed  fro m  th e  ta rg e t  a b o u t 200 w ere c lea rly  d u e to  

nega tive  e lectrons, b u t  a b o u t 70 tra c k s  show ed a  c u rv a tu re  in  th e  o p p o site  

sense. T here  w as a  rem o te  p o ssib ility  t h a t  th e se  tra c k s  w ere  d u e  to  n eg a tiv e  

e lectrons e jected  in  d is ta n t p a r ts  o f th e  ch am b er a n d  b e n t b y  th e  m ag n e tic  

field so as to  end  on  th e  le ad  ta rg e t. A  s ta tis tic a l e x a m in a tio n  o f a ll th e  tra c k s  

observed  in  th e  ch am b er w as s tro n g ly  in  fa v o u r  o f  th e  v iew  t h a t  th e  tra c k s  

w ere du e to  po sitiv e  e lectrons. D efin ite  p ro o f  w as  o b ta in e d  in  th e  fo llow ing 

w ay. A  m e ta l p la te  w as p la ced  across th e  ex p an s io n  ch am b er so as  to  in te r ­

cep t th e  p a th  o f th e  p a rtic le s , an d  som e p h o to g ra p h s  w ere o b ta in e d  in  w h ich  a  

pos itive ly  cu rv ed  tra c k  passed  th ro u g h  th e  p la te , rem a in in g  in  good focus 

th ro u g h o u t its  p a th . T h e c u rv a tu re  o f  th e  t r a c k  w as  less on  th e  ta rg e t  side 

o f th e  p la te  th a n  on  th e  fu r th e r  side, show ing  d e fin ite ly  t h a t  th e  p a r tic le  

trav e lled  fro m  th e  ta rg e t  a n d  th e re fo re  c a rrie d  a  p o s itiv e  charge . I n  one case, 

th e  tra c k  h a d  a  c u rv a tu re  on  th e  ta rg e t  side o f  th e  p la te , a  sh ee t o f  co p p er  

0*25 m m . th ick , corresp o nd in g  to  a  v a lu e  o f H p  =  12,700 ; on  th e  o th e r  side  

th e  cu rv a tu re  gave  a  v a lu e  H p  =  10,000 ; in  a n o th e r  case, in  w hich  th e  p la te  

was a  sh ee t o f a lu m in iu m  0 -3 3  m m . th ic k , th e  co rresp o n d in g  v alu es  o f  H p  

were 5000 an d  4000.

T he ob se rv atio n s o f th e  ion izing  p ow er in  th e  gas a n d  loss o f  en ergy  in  th e  

m e ta l p la te s  a re  co n s is te n t w ith  th e  a ssu m p tio n  t h a t  th e  m ass a n d  m a g n itu d e  o f 

th e  charge o f th e  p o sitiv e  p a r tic le  a re  th e  sam e  as  fo r th e  n eg a tiv e  e lectro n .

S im ilar o bserv atio ns  h av e  b een  m ad e  b y  M eitner a n d  P h ilip p *  a n d  b y  C urie 

an d  J o l io t .f  Som e re su lts  o f th e  la t te r  w o rk ers  sugg est t h a t  th e  p ro d u c tio n  o f 

th e  positive  e lectrons is, a t  le a s t m a in ly , to  b e a scr ib ed  to  th e  y -ra d ia tio n  from  

bery llium  an d  n o t th e  n eu tro n s .

T h a t a  y -rad ia tio n  can  p ro d u ce  p o sitiv e  e lectro ns  h a s  been  show n in  fu r th e r  

exp erim ents^  we h av e  m ad e, in  w hich  th e  b e ry lliu m  source w as rep la ced  b y  

a  v e ry  w eak  source o f th o riu m  ac tiv e  d ep o sit, enclosed in  a  le ad  b lock , 1 cm . 

th ick . I n  the se  ex p erim en ts  th e  le ad  ta rg e t  w as b o m b a rd e d  b y  y -rad ia tio n  

alone, th e  s tro n g est co m p o n en t in  th e  ra d ia tio n  bein g  a  r a y  o f  Av =  2 • 62 X  106 

electro n  vo lts. E x p an s io n  p h o to g rap h s  w ere ta k e n  as before, w ith  a  m e ta l 

p la te  across th e  ch am b er to  in d ica te  th e  d irec tio n  o f th e  p artic le s. A m ong 

a b o u t 1200 tra c k s  o f n eg a tiv e  e lectrons, a b o u t 50 tra c k s  d u e  to  p o sitiv e

* ‘ N a tu rw iss .,’ v o l. 21 , p . 286  (1933).

t  ‘ C. R . A cad . Sei. P a ris ,’ v o l. 196, p . 1105 (1933).

t  A lso  in  exper im en ts b y  A nderson, * S cien ce,’ v o l. 77, p . 432 (1933).
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The Neutron. 25

e le c tro n s  h av e  b een  o bserv ed . T hese  m u s t c e r ta in ly  b e a sc rib ed  to  th e  a c tio n  

o f  a  y -ra d ia tio n , v e ry  p ro b a b ly  to  th e  s tro n g  y -ra y  o f  Av =  2 -6 2 X 1 0 6 elec tro n  

vo lts. T h e ra tio  o f  p o s itiv e  to  n e g a tiv e  e lec tro n s  is m u c h  low er th a n  t h a t  

o b se rv ed  w ith  th e  b e ry lliu m  ra d ia tio n s . O n th e  h y p o th esis , f irs t su g g es ted  b y  

B la c k e tt a n d  O cchialini, t h a t  a  n eg a tiv e  a n d  a  p o s itiv e  e lec tro n  m a y  b e c re a te d  

s im u ltan e o u s ly  in  som e in te ra c tio n  o f  a  y - ra y  a n d  th e  e lec tr ic  fie ld  o f a n  a to m ic  

nucleus , i t  is n o t u n lik e ly  th a t  th e  effect w ill in c rease  v e ry  ra p id ly  w ith  th e  

en e rg y  of th e  y -ray . as  th e  ab o v e o b se rv a tio n s  sug ges t. T h e c re a tio n  o f  th e  

tw o  elec tro ns  w ill req u ire  a n  en erg y  o f 1*02 X 106 e lec tro n  v o lts, so t h a t  

th e  en ergy  o f a  p o s itiv e  e lec tro n  p ro d u ced  b y  th e  y - ra y  o f  hv =  2*62 X 106 

e lec tro n  v o lts  sh o u ld  n ev er b e g re a te r  th a n  1*60 X 106 e lec tro n  v o lts.

T he  m easu rem en ts  o f  th e  en erg y  d is tr ib u tio n  o f  th e  p o s itiv e  e lec tro n s  a re  

in  ag reem en t w ith  th is  h y p o th esis  o f th e ir  o rig in , a n d  in  a  few  cases, b o th  

w ith  th e  th o riu m  ac tiv e  d ep o s it a n d  w ith  th e  b e ry lliu m  source, a  n eg a tiv e  

t r a c k  ap p ea red  to  be a sso ciated  w ith  th e  p o sitiv e . T h e evidence, ho w ever, 

is. n o t y e t  sufficient to  decide how  th e  p o s itiv e  e lectro ns  a re  p ro d u ced .

Som e ob serv atio n s  h av e  b een  m ad e  u sin g  a  source o f  b o ro n  ex po sed  to  

po lon iu m  a -pa rtic les . T h e ta rg e t  w as th u s  b o m b a rd e d  b y  th e  n e u tro n s  

lib e ra te d  in  th e  d is in teg ra tio n  o f  B 11 a n d  b y  th e  y -ra d ia tio n  acco m p an y in g  th e  

p ro to n  em ission  from  B 10. T h e ene rg y  o f th is  y -ra d ia tio n  is r a th e r  less th a n  

3  X 106 elec tro n  vo lts, so t h a t  th e  ra tio  o f th e  n u m b e r o f p o s itiv e  to  th e  

nu m b er o f  n eg ativ e e lectrons sh ou ld  h av e  been  o f th e  sam e o rd e r as  fo u n d  in  

th e  ex pe rim en ts  w ith  th o riu m  ac tiv e  d ep o sit, i.e., 1 to  25. A c tu a lly  th e  

frac tio n  o f positiv e  e lectrons w as m u ch  h ig h er th a n  th is , b u t  th e  to ta l  n u m b e r 

o f  e lectrons observed  in  th e  ex p erim en ts  w as sm all. I t  seem s lik ely  th a t  

positive  e lectrons can  be p ro d u ced  n o t on ly  b y  th e  ac tio n  o f y -ray s  b u t  a lso  b y  

neu tron s, b u t  m ore in fo rm atio n  is req u ire d  before  a  defin ite  decision can  be 

m ade.
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