
Second Uni ted  N a t i on s  
In te rn a t i o n a l  C o n f e r e n c e  
on the  Peacefu l  Uses of 
A to m ic  Energy

A /C O N F .l5 /P /li;2 7
U.S.A.
June 19^8

ORIGINAL: ENGLISH

STRUCTURE IN THE PROTON AND THE NEUTRON

R. H o fs ta d te r

INTRODUCTION

In  t h i s  p a p e r  we a t te m p t  to  stunmarize t h e  e l e c t r o n - s c a t t e r i n g  work 
(1954-1958), which has l e d  to  an e l u c i d a t i o n  o f  th e  e le c t ro m a g n e t ic  
s t r u c t u r e s  o f  th e  p ro to n  and n e u t r o n .  E a r l i e r  summaries by th e  p r e s e n t  
a u th o r ,  ’ and a  more r e c e n t  rev iew  by th e  a u th o r  and h i s  c o l le a g u e s ,  
have k e p t  t h e  f i n d i n g s  u p - t o - d a t e .  In  t h i s  a r t i c l e  th e  m ost r e c e n t  
e x p e r im en ta l  r e s u l t s  w i l l  be added .

RESULTS AND INTERPRETATION

In  i n v e s t i g a t i o n s  o f  bo th  th e  p ro to n ^ ’ ^ and th e  n e u t r o n , I c ^ r g l l  
d e v i a t i o n s  from s c a t t e r i n g  by p o i n t  p a r t i c l e s  were found f o r  i n c i d e n t  
e l e c t r o n s  i n  t h e  energy  ran g e  200-600 Mev. Such d e v ia t io n s  cpu ld  be 
a t t r i b u t e d  to  th e  e f f e c t s  o f  f i n i t e  s i z e ,  s in c e  th e  observed  s c a t t e r i n g  
was a lw ays l e s s  th an  p o in t  s c a t t e r i n g  a t  l a r g e  a n g le s .  A r e d u c t io n  in  
s c a t t e r i n g  a t  l a r g e  a n g le s  r e s u l t s  from i n t e r f e r e n c e  e f f e c t s  between th e  
v a r io u s  p a r t s  o f  a  s t r u c t u r e  o f  f i n i t e  s i z e .  Such e f f e c t s  a r e  w e ll  known 
in  o th e r  domains o f  p h y s ic s ,  such a s  i n  x - r a y  d i f f r a c t i o n  and low -energy  
e l e c t r o n  d i f f r a c t i o n  s t u d i e s  o f  m o lecu les  and atom s. However, th e  
e x te n s io n  o f  s i z e  measurement to  such sm all d i s t a n c e s  as  0 .8  X  10 cm, 
th e  ro o t-m e a n -s q u a re  (rm s) r a d iu s  o f  a  p r o to n ,  le a d s  one to  wonder w hether 
th e  u s u a l  c o n c e p ts  o f  space  and tim e  a p p ly  to  t h i s  sm all re a lm .  We a re  
th u s  o b l ig e d  to  a sk  th e  q u e s t io n :  Does quantum e lec tro d y n a m ic s  and do our
u s u a l  id e a s  o f  space  and tim e  a p p ly  to  th e s e  o b s e r v a t io n s ?  These a re  
v e ry  fundam enta l  q u e s t io n s  to  which we can g iv e  no c e r t a i n  answ ers a t  th e  
p r e s e n t  t im e .  We s h a l l  s e e  t h a t  th e  c o n s i s t e n c y  o f  our t h e o r e t i c a l  i n t e r 
p r e t a t i o n  o f  t h e  ex p e r im en ta l  f a c t s  c e r t a i n l y  fa v o rs  th e  i d e a  t h a t  quantum 
e le c t ro d y n a m ic s ,  e t c .  s t i l l  h o ld s  a t  th e s e  sm all d i s t a n c e s .  But we must 
be c a u t i o u s ,  and an unex p ec ted  b e h a v io r ,  which w i l l  be m entioned  below, 
p o in t in g  to  d i f f e r e n c e s  between th e  p ro to n  and n e u tro n  ch arg e  d i s t r i b u t i o n s ,  
may p o s s i b l y  foreshadow  an i n c i p i e n t  breakdown o f  th e  u s u a l  law s.

S in ce  c o n s id e r a b le  p r o g r e s s  can be made w ith  th e  p r e s e n t l y  known law s, 
and s in c e ,  a s  s t a t e d  above, a  c o n s i s t e n t  i n t e r p r e t a t i o n  b in d s  a l l  th e  
p r e s e n t  e x p e r im e n ta l  f a c t s  t o g e t h e r ,  we have adopted  th e  p o i n t  o f  view 
t h a t  th e  o b s e r v a t io n s  y i e l d  ev id en ce  o f  f i n i t e  s i z e .  This p o in t  o f  view
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w i l l  be m a in ta in e d  in  th e  p r e s e n t  p a p e r .  A d i s c u s s io n  o f  o th e r  ev idence  
le a d in g  to  th e  same c o n c lu s io n  w i l l  be found in  a  r e c e n t  p ap e r  by 
S. D. O re l l ,  and an e a r l i e r  d i s c u s s io n  o f  th e  seune problem  appeared  some 
tim e ago9.

The P r o to n t The e x p e r im e n ta l  r e s u l t s  and t h e i r  t h e o r e t i c a l  i n t e r 
p r e t a t i o n  w i l l  f i r s t  be t r e a t e d  f o r  th e  p r o to n .  In  t h i s  c a se  a  r e l i a b l e  
th e o r y  o f  th e  e l e c t r o n - s c a t t e r i n g  p ro c e ss  h a s  been worked o u t  by 
M. R o sen b lu th .  This  t h e o r y  ex ten d s  th e  u s u a l  M ott s c a t t e r i n g  fo rm ula  
to  th e  case  where bo th  a  ch a rg e  and a  m ag n e t ic  moment a r e  p r e s e n t  in  th e  
p o in t  p a r t i c l e .  The m ag n e t ic  moment may be a llo w ed  to  have an anomalous 
p a r t ,  which we c a l l  t h e  P a u l i  moment. For t h e  p ro to n  t h i s  amounts to  
1 .79  n u c le a r  m agnetons. The r e s i d u a l ,  o r  i n t r i n s i c  p a r t  o f  t h e  m agnetic  
moment t h a t  accompanies a  ch a rg e  w ith  sp in  o n e - h a l f ,  w i l l  be c a l l e d  th e  
D irac  moment. The D irac  moment amotmts to  1 .00  n u c le a r  m agneton. IVhen 
we p e rm it  th e  p r o t o n 's  charge  and m agnetic  moment to  be sp re ad  o u t  i n  
sp ace ,  a  phenom enological d e s c r i p t i o n  o f  t h e s e  p r o p e r t i e s  can be made i n  
te rm s o f  "form f a c t o r s . "  The form f a c t o r s  can be in t r o d u c e d  in  a
u n iq u e  way i n t o  th e  s c a t t e r i n g  eq u a t io n  and g iv e  w g u l a r  d i s t r i b u t i o n  
cu rves  which a r e  r e l a t e d  to  t h e  s im p le r  p o in t  p a r t i c l e  e q u a t io n  o f 
R o sen b lu th .

The d i f f e r e n t i a l  e l e c t r o n - s c a t t e r i n g  c r o s s  s e c t i o n  may be shown to  be:

do f  

d f l  \̂ £

2 . 2 2 e \  cos
IV

9 /2

2£ /  s i n  9 /2  ,  *̂ 0 . 2o' '  I  + — ^
Me

Sin 9 /2

. 2Ewhere o

. ^2(Fj + K F 2 ) ^ t a n V 2  + K^Fg^ ^ ( 1 )

s i n  9/2
cii

, 2 . 1 I /2
1 + — ^ S i n  

L Me
9/2]

where F̂  ̂ and F„ a r e  th e  D ira c  and P a u l i  form f a c t o r s ,  r e s p e c t i v e l y ,  and 
each i s  a  f u n c t io n  o f  th e  m agnitude  of th e  f o u r - v e c t o r  ^omentum-energy- 
t r a n s f e r  ( q ) .  O ther symbols have t h e i r  u s u a l  m eanings. When F̂  ̂ and Fg 
a r e  each a llow ed  to  have t h e  v a lu e  u n i t y ,  th e  above fo rm u la  ( l )  reduces  
to  th e  R o sen b lu th  s c a t t e r i n g  fo rm u la  f o r  a  p o i n t  p a r t i c l e .  F ig u re  1 
i l l u s t r a t e s  th e  R osenb lu th  c ro s s  s e c t i o n  a t  400 Mev and s e v e r a l  o th e r  
c u rv e s ,  c o r re sp o n d in g  to  £ q .  ( l )  f o r  s e v e r a l  c h o ic e s  o f  rms r a d i i  f o r  an 
e x p o n e n t ia l  d i s t r i b u t i o n  o f  charge  d e n s i t y  and m agnetic  moment d e n s i t y  
i n s i d e  a  p r o to n .  The f i g u r e  th u s  shows how th e  c ro s s  s e c t i o n  i s  s e v e r e ly  
reduced  a t  l a r g e  a n g le s ,  w h i le  th e  sm all a n g le  r e s u l t s  a r e  n o t  g r e a t l y
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a f f e c t e d .  A d e n s i t y  d i s t r i b u t i o n  as smooth andj^monatonic a s  an 
e x p o n e n t ia l  does  n o t  shov d i f f r a c t i o n  f e a t u r e s .

Nov F ig .  2 shows th e  f i r s t  d a t a  which showed f i n i t e  s i z e  d e v ia 
t i o n s  from p o in t  s c a t t e r i n g  in  th e  p ro ton*  The e x p e r im en ta l  p o in t s  a re  
ta k en  from r e f e r e n c e  C o n firm atio n  o f  t h e s e  e a r l y  r e s u l t s  was o b ta in e d  
by Chambers and H o f s ta d te r ,  who showed t h a t  th e  model p rap o sed  in  
r e f e r e n c e  k would f i t  a l l  t h e  exp er im en ts  in  t h e  enjpggy range  between 
200 and 550 Mev. A r e p r e s e n t a t i v e  s c a t t e r i n g  curve  tak en  a t  550 Mev 
i s  shown i n  F ig .  3 .  The d e v i a t i o n s  between p o i n t  s c a t t e r i n g  and th e  
observed  s c a t t e r i n g  a re  n e a r l y  a s  g r e a t  a s  a  f a c t o r  o f  t e n  a t  th e  la r g e  
a n g le s .  F ig u r e  3 shows a  s o l i d  l i n e  drawn below th e  p o i n t  p a r t i c l e  
cu rv e .  T h is  s o l i d  c u rv e ,  which p a s s e s  th ro u g h  th e  ex p e r im en ta l  p o in t s  
q u i t e  w e l l ,  i s  a c t u a l l y  a  t h e o r e t i c a l  cu rve  based  on an e x p o n e n t ia l  model 
o f  th e  p r o to n  whose rms r a d i u s  i s  0 .8  x  10 cm. This  t h e o r e t i c a l  
curve  c o rre sp o n d s  to  a c h o ic e  o f  an e x p o n e n t ia l  model o f  th e  d e n s i t y  
d i s t r i b u t i o n  f o r  bo th  th e  charge  and th e  moment. This  means t h a t  Fĵ  
and Fg have been tak en  to  be equal to  each o th e r  a t  th e  same v a lu e  
o f  th e  momentum t r a n s f e r .  Such an assum ption  i s  by no means a  n e c e s sa ry  
one, b u t  t h i s  cho ice  y i e l d s  a  rem ark ab le  f i t  to  a l l  th e  d a t a  o f  Chambers 
and H o f s t a d t e r ,  a s  w ell a s  to  a l l  th e  e a r l i e r  d a t a .  The above a u th o rs  
could  n o t  exc lude  c e r t a i n  s im p le  m odels , such as  a  g a u s s ia n  o r  a  hollow  
e x p o n e n t ia l  d i s t r i b u t i o n .  However th e  o th e r  a c c e p ta b le  c h o ic e s  le d  to  
rms r a d i i  v e r y  c lo se  to  0 .8  x  10” cm and i n  g e n e ra l  to  F j » Fg.

The v a r io u s  a c c e p ta b le  models y i e ld  n e a r l y  th e  same d i s t r i b u t i o n s  o f  
charge  and m ag n e t ic  moment d e n s i t y  in  t h e  m idd le  r e g io n s  o f  th e  p r o t o n 's  
space  e x te n s io n .  This  f a c t  i s  shown by th e  c r o s s in g - o v e r  o f  t h r e e  g
a c c e p ta b le  d i s t r i b u t i o n s  in  F ig .  4 .  The o r d i n a t e  o f  th e s e  cu rves  i s  4itr f  
where J> i s  th e  charge  d e n s i t y  w i th in  t h e  p r o to n .  The o r d in a t e  i s  t h e r e f o r e  
p r o p o r t io n a l  to  t h e  amount o f  charge  in  a  s h e l l  a t  r a d iu s  r .  From 0 .6  to
2 .0  X  10~ cm, th e  g a u s s ia n ,  e x p o n e n t i a l ,  and ho llow  e x p o n e n t ia l  models 
g ive  n o t  v e ry  d i f f e r e n t  d i s t r i b u t i o n s .  On th e  o th e r  hand, th e  Yukawa 
model in  th e  f i g u r e  does n o t  f i t  t h e  d a t a  f o r  any ch o ice  o f  s i z e  p a ra m e te rs .

13B u m il le r  and H o f s ta d te r  s e t  th em se lv es  th e  problem s o f  d e te rm in in g  
which among th e  t h r e e  a c c e p ta b le  d i s t r i b u t i o n s  could  f i t  t h e  ex p er im en ta l  
d a ta  a t  h ig h e r  e n e r g ie s .  They a l s o  d e s i r e d  to  know how c l o s e l y  F^ = Fg 
w i th o u t  r e f e r e n c e  to  a c h o ic e  o f  m ode l._gA lready , in  r e f e r e n c e  12, ev idence  
was p r e s e n te d  t h a t  a t  q ^  4 x  10 cm , th e  r a t i o  F , /F g  was equal to^g
1.1 w ith  a p o s ^ b l e  e r r o r  a s u l a r g ^ a s  ±  20 p e r  c e n t .  The above a u th o rs  
found t h a t  a t  q = 9 .3  x  10 cm , F , /F g  = 1 .04  i  0 .2 .  Thus to g e th e r  
w ith  th e  e a r l i e r  r e s u l t  we a r e  j u s t i f i e d  in  assum ing t h a t  F. and F_ a re  a t  
l e a s t  a p p ro x im a te ly  equal to  each o th e r  a t  a l l  q v a lu e s .  With t h i s  assump
t i o n ,  a t t e m p ts  were to  f i t  th e  new e x p e r im en ta l  d a ta  a t  e n e r g ie s  up to
650 Mevg The r e s u l t s  a r e  shown in  F ig .  5 , where th e  t h e o r e t i c a l  (form
f a c t o r )  i s  a l s o  shown as  a s o l i d  l i n e  f o r  th e  e x p o n e n t ia l  model o f  a  p ro to n .  
The d a t a  a r e  th u s  c o n s i s t e n t  w ith  th e  e x p o n e n t ia l  model used  in  th e  e a r l i e r  
i n t e r p r e t a t i o n s .  The g a u s s ia n  and th e  h o llow  e x p o n e n t ia l  models which were 
s u i t a b l e  up to  550 Mev cou ld  now be e l im in a te d  by th e  new d a t a .  F u r th e r 
more, th e  r a t i o  of th e  e x p e r im e n ta l  s c a t t e r i n g  a t  75° to  t h a t  a t  135° ŵ as 
found to  l i e  between 9 .0  and 10 .0  a t  e n e r g ie s  between 200 and 650 Mev.
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N e i th e r  a  g a u s s ia n  n o r  a h o llow  e x p o n e n t ia l  g iv e s  t h i s  b e h a v io r ,  w h ile  
th e  e x p o n e n t ia l  model d o e s .  Thus much e v id en ce  now fa v o rs  th e  l a t t e r  
model o r  i t s  e q u iv a le n t  phenom enological form f a c t o r s .

The above f a c t s  a r e  s t i l l  n o t  s u f f i c i e n t  to  f i x  a  u n iq u e  ch o ice  o f  
a  model. Again i t  may be s u sp e c te d  t h a t  any model which a g r e e s  w ith  
th e  e x p o n e n t ia l  model in  F ig .  4 w i l l  a l s o  f i t  th e  ex p e r im en ta l  f a c t s .
This i s  t r u e ,  and i^ ^ th e  same f i g u r e  we show a model p roposed  by 
C lem entel and V i l l i  which c o n ta in s  a  n e g a t i v e  d e l t a  f u n c t io n  a t  th e  
o r ig i n  c o n ta in in g  20 p e r  c e n t  of th e  p r o to n i c  c h a rg e .  The e x t e r i o r  o f  
th e  p ro to n  th en  c o n ta in s  120 p e r  c e n t  o f  a p r o to n i c  ch a rg e ,  d i s t r i b u t e d  
as a Yukawa ty p e  f u n c t io n  w i th  a l / r  b e h a v io r  a t  sm all d i s t a n c e s .  This  
Yukawa d i s t r i b u t i o n  i s  d i f f e r e n t  from th e  lowermost curve o f th e  f i g u r e .  
The C le m e n te l - V i l l i  d i s t r i b u t i o n  i s  e s s e n t i a l l y  i u d i s t i n g u i s h | . ^ l e  from 
th e  e x p o n e n t ia l  d i s t r i b u t i o n  between r a d i i  0 .5  and 2 .0  x  10 cm and 
has th e  same rms r a d iu s  a s  th e  e x p o n e n t ia l  m odel. D i f f e r e n c e s  between 
th e  C-V model and th ^  e x p o n e n t ia l  model a r e  more n o t i c e a b le  a t  r a d i i  
l e s s  th a n  0 .5  x  10” cm, b u t  th e  e x p er im en ts  have l e s s  s e n s i t i v i t y  i n  
t h i s  r e g io n .  I t  a p p ea rs  l i k e l y  t h a t  a m onaton ic  type  of s i n g u l a r i t y  in  
th e  p ro to n  i s  n o t  a c c e p ta b le  in  any c a se .

The N e u tro n : We tu r n  now to  a  d i s c u s s io n  o f  th e  n e u t r o n .  Because
f r e e  n e u t ro n s  a r e  n o t  found in  s u f f i c i e n t  numbers to  maAe an e l e c t r o n -  
s c a t t e r i n g  t a r g e t ,  i t  w i l l  be a n t i c i p a t e d  t h a t  th e  measurem ents w i l l  be 
much more d i f f i c u l t  them i n  th e  case  o f  th e  p r o to n .  However, s u p r i s i n g l y  
good a c c u ra c y  can be o b ta in e d  by u s in g  th e  n e u tro n  in  th e  d e u te r o n .  The 
d eu te ro n  i s  known to  be a  l o o s e l y  bound s t r u c t u r e  in  a  n u c le a r  p h y s ic s  
s en se ,  and th e  v e ry  l a r g e  momenta t r a n s f e r r e d  to  a  nuc leon  in  am e l e c t r o n -  
s c a t t e r i n g  ex p er im en t cam e a s i l y  exceed th e  i n t e r n a l  momenta o f  th e  
d eu te ro n  by a  f a c t o r  o f  t e n .  Thus in  an ap p rox im ate  way th e  n e u t ro n  i n  
th e  d e u te ro n  can be th o u g h t  o f  as  f r e e .  We may c a l l  i t  q u a s i - f r e e .

The s c a t t e r i n g  in  which a  v e ry  l a r g e  momentum i s  t r a in s fe r r e d  to  a 
nuc leon  w i l l  r e s u l t  i n  a d i s i n t e g r a t i o n  o f  th e  d e u te ro n  and i s  t h e r e f o r e  
an example o f  in c o h e r e n t  s c a t t e r i n g  from th e  n u c le o n s .  This ty p e  of 
s c a t t e r i n g  must be d i s t i n g u i s h e d  from th e  c o h e re n t  s c a t t e r i n g  from th e  
nu c leo n s  which i s  known o th e rw is e  a s  th e  | ^ a s t i c  s c a t t e r i n g  from  th e  
d e u te ro n .  The e l a s t i c  s c a t t e r i n g  s t u d i e s  y i e l d  in fo rm a t io n  abou t th e  
ground s t a t e  o f  th e  d e u te ro n  and show how th e  ground s t a t e  wave fu n c t io n s  
a r e  a f f e c t e d  by th e  f i n i t e  e x t e n t  o f  th e  p ro to n  and n e u t ro n .  From th e  
e l a s t i c  d e u te ro n  s t u d i e s ,  M cIn tyre  and h i s  c o l le a g u e s  have confirm ed 
th e  f i n i t e  p ro to n  s i z e .  They have a l s o  d em o n s tra ted  t h a t  th e  n e u tro n  
appea rs  to  have l i t t l e  and p o s s i b l y  no s p a t i a l  e x t e n t  o f  i t s  charge  c lo u d .  
This i s  a v e r i f i c a t i o n  o f  th e  r e s u l t s . o f  th e  n e u t r o n - e l e c t r o n  i n t e r a c t i o n  
s tu d ie s  a t  v e ry  low n e u tro n  e n e r g i e s .

R e tu rn in g  to  th e  i n c o h e r e n t  s c a t t e r i n g  i n  th e  deui^eron, i t  now 
becomes c l e a r  t h a t  th e  f i n i t e  s p a t i a l  e x t e n t  o f  th e  n e u t r o n 's  P a u l i ,  o r  
m agnetic  moment, c loud can be s tu d ie d  a t  l a r g e  a n g le s  and h ig h  e n e r g ie s  
w ith o u t  b e in g  co m plica ted  by p o s s ib l e  u n c e r t a i n t i e s  in  th e  D irac  c loud . 
E a r ly  e x p e r im en ts  were c a r r r i e d  o u t  on th e  b a s i s  o f  th e s e  id e a s  
showed io u n ed ia te ly  t h a t  th e  n e u t r o n ' s  m agnetic  c loud could  n o t  be a
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p o in t ,  a s  i t s  charge c loud  seemed to  be .  The experim en ts  were r a t h e r  
d i r e c t ,  b ecau se  e x p e r im en ta l  com parison w ith  th e  s c a t t e r i n g  from f r e e  
p ro to n s  co u ld  be made u n d e r  e x a c t l y  th e  same s c a t t e r i n g  c o n d i t i o n s .  A 
d e m o n s t ra t io n  o f  t h i s  i s  a f f o r d e d  by th e  d a ta  o f  F ig .  6 , in  which a 
d i r e c t  com parison  can be made o f  th e  in c o h e r e n t  s c a t t e r i n g  from th e  
d e u te ro n  (peak  C) and th e  e l a s t i c  s c a t t e r i n g  peak from th e  f r e e  p ro to n (A ).  
The f r e e  p ro to n  peak i s  much s h a r p e r  th a n  th e  d e u te ro n  peak , because  
th e  m otion o f  th e  n u c leo n s  in  th e  d e u te ro n  p roduces  th e  same e f f e c t  as 
a  sm eared -o u t i n c id e n t  energy  o f  th e  e l e c t r o n  beam. In  o th e r  words, 
because o f  th e  momentum sp re ad  o f  th e  p ro to n  and n e u tro n  in  th e  d e u te ro n ,  
th e  n u c leo n s  a r e  sometimes moving w ith  momentum components d i r e c t e d  
p a r a l l e l  and a n t i p a r a l l e l  to  th e  d i r e c t i o n  o f  th e  i n c id e n t  e l e c t r o n  beam. 
In  th e  above f i g u r e  th e  e l a s t i c  s c a t t e r i n g  peak from th e  d e u te ro n  would 
be much too sm all to  be o b se rv ed  a t  th e  l a r g e  an g le  o f  th e  experim ent 
( 135^ ) .  A second d e u te ro n  peak i s  shown a t  D and r e s u l t s  from s c a t t e r i n g  
w ith  p r o d u c t io n  of p io n s .  This  peak w i l l  h o t  be d is c u s s e d  in  t h i s  p ap er ,  
a l th o u g h  i t s  s tu d y  o f f e r s  a n o th e r  method o f comparing th e  s p a t i a l  e x te n t  
o f  th e  n e u t ro n  and p ro to n .

Now th e  d a t a  o f  F ig .  6 show t h a t  th e  combined s c a t t e r i n g  o f  n eu tro n  
and p ro to n ,  i . e . ,  th e  a r e a  u n d e r  th e  peak C, i s  n o t  much g r e a t e r  than  th e  
a r e a  under  t h e  peak A. I f  th e  n e u tro n  were a p o in t  p a r t i c l e ,  a s  re g a rd s  
i t s  m agnetic  moment, th e  a r e a  u n d e r  peak C would be fo u r  t im es  a s  l a rg e  
as  th e  a r e a  u n d e r  peak A. The e v a lu a t io n  o f  th e  a re a s  u n d e r  th e  two peaks 
i s  d is c u s s e d  in  c o n s id e ra b le  d e t a i l  i n  r e f e r e n c e s  3 and 7 .  The t h e o r e t i 
c a l  d eco m p o s it io n  o f  th e  a r e a  u n d e r  peak C i n t o  independen t a d d i t i v e  
c o n t r i b u t io n s  from th e  p ro to n  and n e u tro n  has  a l s o  been shown to  be v a l id  
to  w i th in  an jn^xim ate ly  10 p e r  c e n t  by th e  work o f  J a n k u s ,  B lan k en b ec le r  
£Uid D r e l l .

A second example showing th e  d e u te ro n  in c o h e r e n t  peak a t  a  h ig h e r  
energy , b u t  a t  a  s m a l le r  a n g le ,  i s  p ro v id ed  in  F ig .  7 , and shows how th e  
low -energy  t a i l  o f  th e  in c o h e r e n t  curve app roaches  sm all v a lu e s  when 
e x p e r im en ta l  e l e c t r o n - p io n  and o th e r  d i r e c t  p io n  c o n t r ib u t io n s  have been 
m easured and s u b t r a c t e d .  Numerous d e u te ro n  cu rves  o f  th e  ty p e  shown in  
F ig s .  6 and 7 have been o b ta in e d  and compared w ith  co rre sp o n d in g  p ro to n  
c u rv e s .  Thus a b s o lu te  v a lu e s  f o r  th e  d i f f e r e n t i a l  c ro s s  s e c t i o n s  f o r  th e  
n e u tro n  may be found. Such v a lu e s  then  p e rm it  a  comparison w ith  th e  c ro s s  
s e c t io n s  c a l c u l a t e d  from th e  R osenb lu th  fo n m ila ,  e q u a t io n  1, when Fj  ̂ i s  
p la ce d  equal to  z e ro ,  a s  e x p la in e d  above f o r  t h e  case  o f  th e  n e u t ro n .  Of 
c o u rse ,  th e  p ro p e r  v a lu e  o f  th e  m agnetic  moment o f  th e  n e u t ro n  ( l . 9 1  n .m .)  
must be i n s e r t e d  f o r  K in  t h i s  fo n n u la .  A comparison can a l s o  be made w ith  
th e  R o sen b lu th  form ula  f o r  th e  n e u tro n  when th e  n e u t r o n 's  m agnetic  moment 
i s  c o n s id e re d  to  be a  p o i n t .  The l a t t e r  com parison th e n  e n a b le s  th e  mag
n e t i c  form f a c t o r  o f  th e  n e u t ro n  to  be computed under a  v a r i e t y  o f  d i f f e r 
e n t  e x p e r im e n ta l  R e n d i t io n s .  Th is  p ro c e d u re  h a s  been fo l lo w ed  by Y earian  
and H o f s t a d t e r ,  * who f i n d  th e  e x p e r im en ta l  p o in t s  shown in  F ig .  8 .  The 
method by which th e se  p o i n t s  have been o b ta in e d  i s  c a l l e d ,  f o r  conven ience , 
th e  * ^ re a "  m ethod. U sing  th e  a r e a  method, th e  f i g u r e  shows t h a t  th e  neu
t r o n ' s  m ag n e t ic  form f a c t o r  i s  i n d i s t i n g u i s h a b l e  from t h a t  o f  th e  p ro to n  
w i th in  th e  p r e s e n t  ex p e r im en ta l  l i m i t s  o f  e r r o r .  The rms m agnetic  r a d iu s  
o f  th e  n e u t ro n  i s  0 .8  x  10~ cm f o r  an e x p o n e n t ia l  model. I t  i s  p o s s ib le
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t h a t  th e  p o i n t s  o f  F ig .  8 cou ld  be a  l i t t l e  low er, because  th e  a r e a  
method may a l lo w  i n c lu s io n  o f  sm all c o n t r i b u t i o n s  from meson exchange 
e f f e c t s .  A d i s c u s s io n  o f  t h e s e  e f f e c t s  i s  g iv en  in  r e f e r e n c e s  6 and 7 .

D ata o f  t h e  ty p e  shown i n  Figs*  6 and 7 may a lso  be i n t e r p r e t e d  
by means o f  a  th e o ry  o f  J a n k u s ,  who has  c a l c u l a t e d  th e  shape o f  th e  
in c o h e r e n t  peak o f  th e  d e u te r o n .  J a n k u s '  t h e o r y  has been s l i g h t l y  modi
f i e d  in  r e f e r e n c e s  6 and 7 , so t h a t  b e t t e r  agreem ent w ith  ex p er im en t has  
been r e a l i z e d .  U sing th e  m o d if ied  Jan k u s  th e o r y ,  Y earian  and H o f s ta d te r ,  
f o l lo w in g  a  s u g g e s t io n  o f  D r e l l ,  have compared th e  peak v a lu e  o f  th e  
in c o h e r e n t  d e u te ro n  d i s t r i b u t i o n  w ith  th e  e l a s t i c  c ro s s  s e c t i o n  o f  t h e  
f r e e  p r o to n .  This  method, which may be c a l l e d  th e  "peak" m ethod, g iv e s  
r e s u l t s  v e r y  s i m i l a r  to  th e  a r e a  method. However, th e  peak  method i s  
much l e s s  s u b j e c t  to  e r r o r s ,  due to  meson exchange e f f e c t s  and to  i n t e r 
a c t i o n s  in  t h e  f i n a l  s t a t e .  The method may be s l i g h t l y  s e n s i t i v e  to  th e  
cho ice  o f  th e  n e u t ro n -p r o to n  p o t e n t i a l ,  how ever. In  any c a s e ,  th e  ag re e 
ment between th e  two methods i s  to  be c o n s id e re d  h ig h ly  s a t i s f a c t o r y .  The 
peak method g iv e s  th e  r e s u l t s  shown in  F i g s .  8 and 9 . The rms r a d iu s  o f  
th e  m ag n e t ic  c loud  in  th e  n e u t ro n  i s  found to  be abou t 0 .8  X  10~ cm 
f o r  th e  500-Mev d a t a  and ab o u t  0 .9  x  10“  cm f o r  th e  600-Mev d a t a .  Both 
s e t s  o f  m easurem ents i n d i c a t e  a  s l i g h t l y  l a r g e r  r a d iu s  th a n  th e  a r e a  
method, b u t  th e  d i f f e r e n c e s  a r e  w e ll  w i th in  th e  e x p e r im en ta l  e r r o r s .

New d a t a ,  so f a r  u n r e p o r te d ,  have r e c e n t l y  been o b ta in e d  f o r  th e  
d e u te ro n  by S o b o ttk a  and th e  a u th o r  a t  s m a l l e r  a n g le s .  These d a t a  a lso  
show th e  r a t i o  o f  th e  in c o h e r e n t  s c a t t e r i n g  to  th e  e l a s t i c  s c a t t e r i n g  in  
th e  d e u te r o n .  A sample o f  t h e  ty p e  o f  d a t a  i s  shown in  F i g .  11. I t  i s  
hoped t h a t  d a t a  tak en  a t  bo th  th e  sm all and l a r g e  a n g le s  w i l l  le ad  to  
f u r t h e r  in fo rm a t io n  abou t t h e  charge  form f a c t o r  o f  th e  n e u t r o n .  An 
a n a ly s i s  o f  t h e  d a ta  o f  F ig .  11 and o th e r  new d a t a  i s  now in  p r o g r e s s .

CONCLUSIONS

S u c c e s s fu l  t h e o r e t i c a l  t r e a tm e n t s  o f  t h e  e le c t ro m a g n e t ic  s t r u c t u r e  
o f  th e  p ro to n  and n e u tro n  have n o t  y e t  been p roposed , as  f a r  a s  th e  
p r e s e n t  a u th o r  knows. The e x p er im en ts  r e p o r t e d  in  t h i s  p a p e r  have t h e r e 
fo re  been i n t e r p r e t e d  in  th e  framework o f  p r e s e n t l y  e x i s t i n g ,  and p a r t i a l l y  
im p e r fe c t ,  t h e o r y .  Thus i t  i s  n e c e s s a r y  to  w a i t  u n t i l  f u r t h e r  exper im en ts  
a re  c a r r i e d  o u t  and f u r t h e r  developm ents  a r e  made in  t h e o r y  b e fo re  i t  w i l l  
be p o s s i b l e  to  know th e  f u l l  meaning o f t h e  r e s u l t s  r e p o r t e d .  The a p p a re n t  
s t r u c t u r e  e f f e c t s  in  th e  n u c le o n s  r e p o r te d  in  t h i s  p ap er  may someday tu r n  
o u t  to  be p a r t l y  due to  e le c tro d y n a m ic  f a i l u r e s  o r  to  o th e r  changes in  
sp ac e - t im e  c o n c e p ts .  That th e  whole e f f e c t s  a r e  o f  t h i s  ty p e  ap p ea rs  
d o u b t fu l  to  t h e  a u th o r .  N e v e r th e le s s ,  j u s t  on th e  chance t h a t  t h i s  i s  so , 
th e  e x p e r im en ts  a re  be ing  c o n t in u e d  a t  s t i l l  h ig h e r  e n e r g i e s ,  and a  s tu d y  
o f e l e c t r o n - e l e c t r o n  s c a t t e r i n g  has  been i n i t i a t e d  in  th e  a u t h o r ' s  
Steuiford l a b o r a t o r y .
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m odel.
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t r o n  energy  i s  h ig h e r  (600 Mev) and th e  s c a t t e r i n g  
a n g le  s m a l le r  (75 ) .  The c o n c lu s io n  i s  s i m i l a r  to  
t h a t  im p lied  by F i g .  6 .  The d e u te r iu m  curve shou ld  
be m u l t i p l i e d  by 0 .8 7  f o r  r e l a t i v e  e v a lu a t io n  o f  a r e a .
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2F ig .  8 .  The ( f o r a  f a c t o r s )  f o r  th e  n e u t ro n  o b ta in e d  by
th e  a r e a  method o f  Y e a r ian  and H o f s t a d t e r .  ’ The rms
m a g n e t ic  r a d iu s  o f  t h e  n e u t ro n  i s  c lo s e  to  0 .8  x  I0~
f o r  an e x p o n e n t ia l  s iodel.
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^ i g .  9 ,  The d i f f e r e n t i a l  c ro s s  s e c t i o n  o f  th e  in c o h e r e n t  
d e u te ro n  s c a t t e r i n g  a t  th e  peak o f th e  i n e l a s t i c  continuum 
a t  500 Mev f o r  v a r io u s  s c a t t e r i n g  a n g le s .  T h e o re t ic a l  
cu rv es  o b ta in e d  w ith  th e  m od if ied  Jan k u s  th e o ry  and form 
f a c t o r s  c o rre sp o n d in g  to  ^  e x p o n e n t ia l  model show t h a t  
th e  e x p e r im en ta l  p o i n t s  ’ a r e  f i t  by an rms r a d iu s  n e a r  
0 . 8  X  1 0 " ^ 3 cm.
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F i g .  10. 'T e ak "  d a t a  s i m i l a r  to  th o s e  o f  F ig .  9 
e x c e p t  t h a t  t h e  e l e c t r o n  en erg y  i s  600 Mev. The 
e x p e r im en ta l  p o in t s  f a l l  between th e  t h e o r e t i c a l  
cu rv e s  c o rre sp o n d in g  to  rms r a d i i  o f  0,8 x  10“ cm 
and 1.0 X  10“ cm.
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F ig .  11, Recent d a t»  o f  S o b o t tk a  and th e  a u th o r  shov
in g  th e  e l a s t i c  and i n e l a s t i c  d e u te ro n  peaks a t  500 Mev, 
45 , o b ta in e d  v i t h  a  l i q u i d  d eu te r iu m  t a r g e t .

*  U. S. GOVERNM ENT PR IN T IN G  O FF IC E  : 1 9 S 8  0 — 4 6 8 3 6 4
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The rms s i z e  was e s t a b l i s h e d  to  be c lo se  to  (0 .77  i  O.IO) 
cm, and th e  d e n s i t y  d i s t r i b u t i o n s  o f  charge and anomalous

C onfiden tia l until official re lease  during  C o n fe re n c e

STRUCTURE IN THE PROTON AND THE NEUTRON 

R obert  H o f s t a d t e r ,  S ta n fo rd  U n iv e r s i ty  

ABSTRACT

This p ap e r  w i l l  a t te m p t  to  su rvey  th e  r e c e n t  work on th e  s t r u c t u r e s  
o f  th e  p ro to n  and th e  n e u tro n  c a n r ie d  o u t  by h ig h -e n e rg y  e l e c t r o n -  
s c a t t e r i n g  methods used  a t  S ta n fo rd  U n iv e r s i t y  over th e  y e a r s  1954-1958. 
E a r ly  work “  e s t a b l i s h e d  f i n i t e  s i z e  e f f e c t s  in  th e  p ro to n  and le d  to  
in fo rm a t io n  ab o u t th e  charge  and m agnetic  d e n s i t y  d i s t r i b u t i o n s  in  th e  
p ro to n .
X  1 0 " ^ ^
m agnetic  moment were shown to  be a p p ro x im a te ly  o f  th e  same sh ap e . The 
form f a c t o r s  cou ld  be d e s c r ib e d  in  term s o f  s e v e ra l  a l t e r n a t i v e  models 
g iven , f o r  example, by an e x p o n e n t i a l ,  g a u s s ia n ,  hollow  e x p o n e n t ia l ,  
ho llow  g a u s s ia n ,  e t c .  d i s t r i b u t i o n  of d e n s i t i e s .  Many o th e r  shapes  were 
excluded  by th e  ex per im en ta l  d a t a .  R ecent work by B um ille r and H o fs ta d te r  ’ 
now f i x e s  one among th e se  models t h a t  i s  a p p r o p r ia t e  to  th e  p ro to n  and 
p ro v id e s  an e x trem e ly  good f i t  a t  a l l  a n g le s  between e n e rg ie s  o f  200 and 
650 Mev. The new evidence c l e a r l y  f a v o rs  t h e  e x p o n en t ia l  model w ith  rms 
r a d iu s  (O .8O i  0 .0 4 )  x  10 cm. R ecent s t u d i e s  ’ o f th e  p ro to n  have 
a ttem p ted  to  answer th e  q u e s t io n  o f  how c l o s e l y  s im i la r  th e  charge  and 
m agnetic  form f a c t o r s  a r e .  Th is  work now shows t h a t  th e  d i s t r i b u t i o n s  
have th e  same s i z e s  and shapes  to  w i th in  5 p e r  c e n t ,  and each d i s t r i b u t i o n  
i s  g iven  v e ry  c lo s e lv  by th e  e x p o n e n t ia l  model d e sc r ib e d  above w ith  r a d iu s  
(O .8O ±  0*04) X  10~ cm. E a r ly  work on th e  i n e l a s t i c  continuum in  th e  
d eu te ro n  e s t a b l i s h e d  t h a t  th e  n e u t r o n 's  m agnetic  s t r u c t u r e  was extended 
and n o t  a  p o i n t .  I t  was f u r t h e r  shown t h a t  th e  n e u t r o n 's  s i z e  was ap p rox i
m a te ly  th e  same as  t h a t  of th e  p ro to n .  -T h is  work has r e c e n t l y  been 
extended by Y ear ian  and H o f s ta d te r ,  ’ ’ to  a d e te rm in a t io n  o f  th e  v a r i a 
t i o n  of th e  n e u t r o n 's  m agnetic  form f a c t o r  over th e  range where th e  p r o t o n 's  
form f a c t o r  i s  known. The new r e s u l t s  show: ( l )  th e  n e u tro n  i s  n o t  a
p o i n t ,  ( 2 ) th e  n e u t r o n 's  m agnetic  s t r u c t u r e  has  a s i z e  ly in g  between th e  
l i m i t s  0 .61 x  10 “ cm eand 0 .8 0  x  10' ■13 cm. The f i r s t  v a lu e
( 0 . 6I X  10“ cm) i s  de te rm ined  by examining th e  t o t a l  d e u te ro n  e l e c t r o 
d i s i n t e g r a t i o n  c ro s s  s e c t io n  a t  a g iven  a n g le  and in c id e n t  energy  and 
comparing t h i s  c ro s s  s e c t io n  w ith  t h a t  of t h e  f r e e  p ro to n  under th e  same 
c o n d i t io n s .  The second v a lu e  (O .8O x  10“ cm) i s  found by examining th e  
peak of th e  d e u te ro n  e l e c t r o d i s i n t e g r a t i o n  c ro s s  s e c t io n .  Because of 
p o s s ib le  c o n t r i b u t io n s  to  th e  t o t a l  c ro s s  s e c t i o n  by mesonic exchange 
e f f e c t s ,  th e  second method i s  b e l ie v e d  to  be s l i g h t l y  more a c c u r a t e .  The 
n eu tro n  s i z e  i s ,  t h e r e f o r e ,  ap p ro x im a te ly  (0 .7 0  ±  O.IO) x  10” cm and 
p ro b ab ly  th e  l a r g e r  s i z e  0 .80  X  10“ ^^ cm i s  c o r r e c t .  Thus th e  m agnetic  
c louds o f  th e  n e u tro n  and p ro to n  a re  c lo s e l y  th e  same. The b e a r in g  of 
th e s e  r e s u l t s  on th e  v a l i d i t y  of e lec tro d y n am ics  w i l l  be d i s c u s s e d .
Because o f  th e  sm all r a d iu s  im p lie d  by th e  n e u t r o n - e le c t r o n  exp er im en ts ,  
th e r e  i s  an anomaly between th e  n e u tro n  and th e  p ro to n .  This i s  r e p re s e n te d  
by th e  sm all charge  r a d iu s  f o r  th e  n e u tro n  and th e  much l a r g e r  r a d iu s  o f  th e  
p ro to n .  A d d i t io n a l  in fo rm a t io n  on th e  s t r u c t u r e  of the  d e u te ro n  euid on th e
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p ro d u c t io n  o f  p io n s  b j  e l e c t r o n s  i s  a l s o  fu r n i s h e d  by th e  same e x p e r i 
ments and w i l l  be d is c u s s e d  a t  t h e  m ee t in g .
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