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The external beam of the 2.5 GeV-electron-synchrotron has been used to measure elastic electron proton 
scattering at four-momentum-transfers between 15 and 50 fm-2. By combining these results with meas- 
urements at small anales at DESY. we have obtained the electric and magnetic form factors separately. 
Their ratio shows a dkiation from the scaling law. 

The determination of the electric and magnetic 
form factors of the proton depends on the know- 
ledge of two parameters defining the Rosenbluth 
straight line. Recent measurements of electron- 
proton scattering at external electron beams [l] 
give very good agreement between different 
groups at small angles, if one allows for a nor- 
malization error up to 5%~. At larger angles, the 
measurements up to now have bigger statistical 
errors and show systematic deviations. We have 
used the external electron beam of the 2.5 GeV- 
electron-synchrotron of the University of Bonn to 
measure cross sections between 30’ and llO” for 
momentum transfers from 15 fmm2 to 50 fmm2 
with statistical errors of 2 to 5%. 

To get an intuitive picture of the importance 
of measurements at various angles, we are using 
a new plot of the Rosenbluth straight line. Usual- 
ly, the ratio R = (du/dG)/(du/dG)NS is plotted for 
constant q2 as a function of tg2 40 

R = a+ btg2$e 

with a = (Gi + sCM)/(l + T), b = 2rGM and 

r =42/4M2. 
We multiply R by cos2$6 which we Call g, and 

get ii as a function of cos 0 

E=+(a+b)+$(a-b)cosO 

The intercept at @M = 180° gives directly the 
magnetic form factor, whereas the intercept at 
cos 0~ = (3 + 27)/(1 +_27) depends only on the 
electric form factorR(BE) = 2GL/(l + 27). 

The general features of the experimental ar- 
rangement are as follows. The slowly ejected 

* Work supported by the nBundesministerium fiir 
Wissenschaftliche Forschung” . 
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Fig.l.gkdipole versus q2. The solid curve is a best 
fit by eye. 

electron beam is focused on a liquid hydrogen 
target of 5 cm diameter by an achromatic beam 
transport system. The beam intensity is monitored 
by a Faraday-cup. The average intensity was 
about 0.1 nA with a duty cycle of 1%. The beam 
energy was known within 0.5% and was checked by 
several devices. 
The scattered electrons are analyzed by a magne- 
tic spectrometer consisting of three quadrupoles 
and one horzontal deflecting magnet. The first 
quadrupole produces a horizontal angle focus at 
the collimator which defines the aperture in the 
horizontal plane independent of the target size. 
The vertical aperture is defined by the same col- 
limator. The following two quadrupoles and the 
bending magnet produce a horizontally dispersed 
image of the collimator at the first counter be- 
hind the magnet. This counter is a hodoscope 
consisting of three scintillation counters. The 
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Table 1 
C r o s s - s e c t i o n s .  The quoted e r r o r s  are  only random 
e r r o r s .  A normalizat ion e r r o r  of ± 3.5% has to be added. 

q2 [fm -2] 0 (o] Eo  [GeV] d(~ [10-34 cm 2] 
d~  

15 30.24 1.629 612.9 ± 6.6 

32.7 1.522 492.6 ± 5.0 

44.48 1.171 240.9 * 3.5 

51.96 1.042 167.5 ± 3.3 

64.17 0.892 100.3 ± 2.0 

90.08 0.718 45.48 ± 1.0 

110.13 0.647 29.48 ± 0.68 

20 32.7 1.789 233.1 ± 3.1 

44.48 1.392 114.3 ± 2.1 

64.17 1.064 45.21 ±1.1 

90.08 0.865 21.50 ± 0.46 

110.13 0.784 14.05 ± 0.29 

25 40.21 1.718 79.36 ± 1.7 

64.17 1.224 24.50 ± 0.55 

90.08 1.003 11.18 ±0.26 

110.13 0.915 7.027 ± 0.23 

30 40.32 1.91 44.88 • 1.8 

64.17 1.375 14.28 ± 0.30 

90.08 1.135 6.295 ± 0.13 

110.13 1.04 4.194 ± 0.21 

40 64.17 1.661 5.485 ± 0.19 

90.13 1.389 2.245 ± 0.091 

110.13 1.282 1.513 ± 0.048 
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Fig. 2. R versus cos 0 for ~ = 30 and 40 fm -2. 

and 22 percent at all points. The correction due 

to i o n i z a t i o n  l o s s e s  w a s  n e g l i g i b l e .  The  quo ted  
e r r o r s  c o m e  f r o m  co u n t i n g  s t a t i s t i c s ,  u n c e r -  
t a i n t i e s  in m e a s u r i n g  the  s c a t t e r i n g  ang le  
(< 0.5%) and the  e n e r g y  of t h e  i n c o m i n g  b e a m  
(< 0.5%). We have  to add  a n o r m a l i z a t i o n  e r r o r  
w h i c h  we e s t i m a t e  to be  about  3.5%. T h i s  e r r o r  
i s  m a i n l y  c a u s e d  by  t h e  e r r o r  in t h e  d e t e r m i n a -  
t i o n  of the  a p e r t u r e  (2.0%), t he  c a l i b r a t i o n  e r r o r  
of t he  e n e r g y  (2%), the  b e a m  m o n i t o r i n g  e r r o r  
(1%), and the  u n c e r t a i n t y  in  t he  a s s u m e d  va lue  of 
t he  l iqu id  h y d r o g e n  d e n s i t y  (1%) w h i c h  w a s  
0.070 g / c m  3. 

To get  the  e l e c t r i c  and the  m a g n e t i c  f o r m  f a c -  
t o r s  we have  to c o m b i n e  o u r  da ta  wi th  t h e  r e s u l t s  

50 90.13 1.632 0.941 • 0.047 

o t h e r  s c i n t i l l a t i o n  c o u n t e r s  s e r v e  f o r  r e j e c t i o n  of 
b a c k g r o u n d .  The  e l e c t r o n s  a r e  i d e n t i f i e d  by  a 
1.5 m long f r e o n - f i l l e d  g a s  C e r e n k o v  c o u n t e r .  The  
w h o l e  a r r a n g e m e n t  i s  m o u n t e d  on a t u r n t a b l e  
w h i c h  can  be  p i v o t e d  a r o u n d  the  t a r g e t  in the  
a n g u l a r  r a n g e  b e t w e e n  15 ° and  120 ° . T h e  s p e c t r o -  
m e t e r  h a s  an a n g u l a r  a c c e p t a n c e  of 0.507 + 2.0% 
m s t e r  and a m o m e n t u m  r e s o l u t i o n  of 1.76% f o r  
a s i n g l e  h o d o s c o p e  c o u n t e r .  

T h e  m e a s u r e d  c r o s s  s e c t i o n s  a r e  l i s t e d  in 
t a b l e  1. F o r  e v a l u a t i o n  of t h e  c r o s s  s e c t i o n  we 
c o r r e c t e d  t h e  coun t ing  r a t e s  f o r  r a d i a t i v e  c o r r e c -  
t i o n s  and  r e a l  b r e m s s t r a h l u n g  b e f o r e  and a f t e r  
s c a t t e r i n g .  The  r a d i a t i v e  c o r r e c t i o n  w a s  a p p l i e d  
u s i n g  the  f o r m u l a  g iven  by M e i s t e r  and Yenn i e  [2] 
and  the  r e a l  b r e m s s t r a h l u n g  a c c o r d i n g  to H e i t l e r  
[3]. Both  c o r r e c t i o n s  t o g e t h e r  w e r e  b e t w e e n  20 
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Fig, 3. G E I I / G  M versu~ q2. The s t ra ight  line is given 
by G E I 2 / G M  = 1 - d .  q2wi th  d= (0.0026 ± 0.0009)fm 2. 

277 



Volume28B,  number  4 P H Y S I C S  L E T T E R S  9 December  1968 

Table 2 

Form factors. The shown e r r o r s  a re  only random e r r o r s .  In case  ofG E and GM, a normal iza t ion  e r r o r  of ± 1.7~c 
has  to be added. 

q2 [fm-2] GE G M/ g ~tGE/ G M 

15 0.3026 ± 0.0064 0.2941 ± 0.0036 1.029 ± 0.034 

20 0.220 7 ± 0.0068 0.2292 ± 0.002 5 0.963 • 0.039 

25 0.1768 • 0.0076 0.1818 ± 0.0024 0.973 ± 0.054 

30 0.128 4 ± 0.008 3 0.151 5 ± 0.001 9 0.847 • 0.064 

40 0.083 6 ± 0.008 5 0.105 3 ± 0.001 6 0.794 ± 0.091 

50 0.070 ~- 0.012 0.0746 ± 0.002 7 0.938 ~- 0.20 

of  o t h e r  g r o u p s  a t  s m a l l  a n g l e s .  We  a r e  on ly  u s -  
ing  e x t e r n a l  b e a m  m e a s u r e m e n t s .  T h e  m o s t  e x -  
t e n s i v e  m e a s u r e m e n t s  in  o u r  m o m e n t u m - t r a n s -  
f e r  r e g i o n  c o m e  f r o m  DESY [4]. C o m p a r i s o n  
w i t h i n  O r s a y  [5] a n d  C E A  [6] d a t a  show a g r e e -  
m e n t  w i t h i n  an  n o r m a l i z a t i o n  e r r o r  of 1%. T h e  
S L A C  d a t a  [7] h a v e  t h e  s a m e  r e l a t i v e  b e h a v i o u r  
b u t  a d i f f e r e n c e  in  n o r m a l i z a t i o n  of 6 ~  w h i c h  i s  
i n s i d e  t h e  c l a i m e d  u n c e r t a i n t i e s .  F ig .  1 s h o w s  
t h e  r a t i o s  R d e v i d e d  b y  Rdipole  , w h e r e  t h e  d i p o l e  
f i t  G = (1 + q 2 / 0 . 7 1 ) - 2  h a s  b e e n  u s e d .  A t  s m a l l  
a n g l e s  R / R d i p o l e  i s  e q u a l  a / a d i p o l e  . We h a v e  
d r a w n  a c u r v e  b y  h a n d  w h i c h  we b e l i e v e  i s  c e r -  
t a i n  to  a b o u t  1%. T h e  n o r m a l i z a t i o n  f a c t o r  of o u r  
p o i n t s  i s  d e t e r m i n e d  b y  c o m p a r i n g  t h e  R o s e n -  
b l u t h  s t r a i g h t  l i ne  a t  q 2 = 15 f m  -2.  T h e  d e v i a t i o n  
of a f r o m  t h e  v a l u e  in  f ig.  1 i s  (+ 0.1 ± 1)%. T o -  
g e t h e r  w i t h  t he  u n c e r t a i n t y  of t he  c u r v e  in  f ig .  1, 
we ge t  a n o r m a l i z a t i o n  e r r o r  of  • 1.5% c o m p a r e d  
to  t h e  DESY da ta .  

F ig .  2 s h o w s  two  e x a m p l e s  of s t r a i g h t  l i n e  f i t s  
to  o u r  d a t a  u s i n g  t h e  a v a l u e  f r o m  f ig .  1. T h e  e x -  
p e r i m e n t a l  c r o s s  s e c t i o n s  a g r e e  w i t h i n  t h e  s t a -  
t i s t i c a l  e r r o r s  w i th  a R o s e n b l u t h  s t r a i g h t  l ine .  
T h e r e  s e e m s  to  b e  no  d e v i a t i o n  due to  p r o c e s s e s  
w i t h  m o r e  t h a n  one  p h o t o n  e x c h a n g e .  F o r  c o m -  
p a r i s o n ,  t h e  m e a s u r e m e n t s  of o t h e r  g r o u p s  a r e  
d r a w n ,  w h i c h  h a v e  no t  b e e n  u s e d  f o r  o u r  f i t s .  
T h e  v a l u e s  of GE a n d  GM//~ a r e  g i v e n  in  t a b l e  2. 
F ig .  3 s h o w s  t h e  r a t i o  GEt~/G M w h i c h  i s  i n d e -  
p e n d e n t  of a n o r m a l i z a t i o n  e r r o r .  T h e  p o i n t s  do 
no t  a g r e e  w i t h  t he  s c a l i n g  law.  If  we a s s u m e  
GEI~/G M = 1 - d.  q2,  we ge t  

d = (0 .002 6 ± 0 .0009)  f m  2 , 

w h i c h  i s  t h r e e  t i m e s  t h e  s t a n d a r d  d e v i a t i o n .  
S i n c e  i t  i s  v e r y  h a r d ,  to  e s t i m a t e  t h e  s y s t e m a t i c  

e r r o r s  a f f e c t i n g  t h i s  r e s u l t ,  we b e l i e v e  t h a t  
f u r t h e r  i n v e s t i g a t i o n s  a r e  n e c e s s a r y .  

We t h a n k  t h e  s y n c h r o t r o n  c r e w  f o r  e x c e l l e n t  
o p e r a t i o n  of t h e  m a c h i n e .  T h e  h e l p  b y  DESY in 
l e n d i n g  t he  g a s  C e r e n k o v  c o u n t e r  i s  g r a t e f u l l y  
a c k n o w l e d g e d .  We a r e  f u r t h e r  i n d e b t e d  to  t h e  
" I n s t i t u t  ffir  I n s t r u m e n t e l l e  M a t h e m a t i k "  f o r  
u s i n g  t h e i r  c o m p u t e r  f a c i l i t i e s .  
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