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1. I N T R O D U C T I O N 

Electron-scattering studies of the p r o t o n obta ined 
in the last few years have been summar ized recently 1*. 
The measurements showed tha t the p r o t o n form 
factors {FUF2) were less then unity, implying a 
finite s tructure, a n d lay in a region in which they 
were approximately equal to each other a t m o m e n t u m 
transfers (q) as high as q2 = 9.3 in units of squared 
inverse fermis. A t this value of the m o m e n t u m 
transfer the measured ra t io was FJF2 = 1.23± 0 .20 2 ) . 
The experiments were confined to angles larger t han 
60° at the highest energies then obtainable (650 MeV) 
because of the l imitat ion imposed by the energy-
handl ing ability of the 36" (500 MeV) spectrometer . 
It was therefore no t possible to solve for Fx a n d F2 

separately at values of # 2 > 9 . 3 . Several independent 
experiments 2 » 3 ) indicated tha t the F± values were 
slightly greater than the F2 values at the same m o ­
m e n t u m transfer, bu t for simplicity and ease of calcula­
t ion, in the past , the ra t io of form factors was usually 
taken to be unity. 

W e have n o w succeeded in splitting apar t the two 
p r o t o n form factors. Because of the great interest 
in the p r o t o n form factors, a n d because our da ta 
appear to be internally consistent, we wish to present 
in this paper some conclusions d rawn from the experi­
menta l results presented below. 

2. A P P A R A T U S A N D E X P E R I M E N T A L D A T A 

W e have recently pu t in to opera t ion a new large 
double-focusing magnet ic spectrometer capable of 
analyzing electrons or other singly-charged particles 

u p to a m o m e n t u m value of 1000 MeV/c . This 
spectrometer is of the 180° type previously used in 
this l abora to ry and has a m e a n radius of curvature 
of 72". We have employed this spectrometer in 
electron-scattering work on the p r o t o n between 
incident electron energies of 650 M e V and 900 MeV, 
and between scattering angles of 45° a n d 145°. A 
typical value of the solid angle employed in detecting 
electrons i s 5 . 6 x l 0 ~ 3 s teradians. The higher energies 
( > 6 5 0 MeV) have been realized by virtue of the 
recent extension in the length of the Stanford linear 
accelerator. 

The 72" spectrometer forms pa r t of a two-target 
system; the second pa r t is the 36" spectrometer de­
scribed previously. Fig. 1 is a schematic drawing 
of the two spectrometers in a posi t ion in which they 
are 120° apar t . Both spectrometers are a r ranged so 
tha t they can be ro ta ted independent ly abou t a com­
m o n scattering center. We have taken da t a simul­
taneously with b o t h spectrometers , usually employing 
the 36" magnet a t large angles, e.g. u p to 145°. The 
36" spectrometer can handle scattered electrons only 
u p to 500 MeV/c wi thou t excessive deter iorat ion of 
focusing and we have used the 36" spectrometer in 
these experiments only in the very safe region below 
370 MeV/c . Such a procedure limits, and has 
limited in the past , the ability of this spectrometer 
in obtaining scattering da t a at high energies and small 
angles, i.e., in those circumstances where the energy 
of the scattered electron is high. 

Cerenkov counters were used as detectors. In 
Fig. 2(a) we show a typical electron-scattering peak 

(*) Visitor from University of Strasbourg, Strasbourg, France. 
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F ig . 1 The double spectrometer system used in these experiments. 

F ig . 2 (a) Electron-scattering peak obtained with a 0.237" polyethylene target at an incident energy of 900 M e V and a 
scattering angle of 75°, with the 12" spectrometer. The target was at a 45° with respect to the incident beam, (b) Same except 
parameters are 850 M e V , 145°, 36" spectrometer, and target at 0°. 
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Table I. Electron-proton scattering cross sections. obta ined with the 72" spectrometer at an incident 
energy of 900 MeV and a scattering angle of 75°. 
The target mater ia l was polyethylene a n d we have 
subtracted the ca rbon backg round in analyzing the 
da t a to obta in the proton-scat ter ing peak. The 
ca rbon da ta were obta ined in the same run wi th a 
separate graphi te target . In Fig. 2(b) we show a 
corresponding peak obta ined in the 36" spectrometer 
at 850 M e V a n d 145°. 

The cross sections obta ined in this work are absolute 
cross sections a n d are based on the readings of the 
F a r a d a y cup shown in Fig. 1 which gives the n u m b e r 
of electrons in the main beam. In our present experi­
ments the v a c u u m pipe leading to the F a r a d a y cup 
was no t used. 

Our results are presented in Table I and include 
s t andard radiat ive correct ions. In addi t ion to the 
cross sections in the Table , we give the values of the 
square of the m o m e n t u m transfer. In many cases 
we have given a single value as an average of several 
measured cross sections. As a general rule we believe 
our results are accurate to a b o u t ± 1 0 % because of 
the aforement ioned possible errors . Relatively speak­
ing, errors are p robably less t han ± 5 % . 

3 . I N T E R P R E T A T I O N O F R E S U L T S 

Our procedure has been to solve for the separate 
form factors {FUF2) at condi t ions lying between 
U<q2< 25 by choosing a pa i r of experimental ly 
measured cross sections at the same value of q2 

but at different correlated values of energy and angle. 
We have used the m e t h o d of intersecting ellipses to 
find the form factors. 

Table II shows the values selected a n d the form 
factors found by combin ing the results. In a few 

Table II. Proton form factors. 
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cases, indicated by asterisks, we have used older data 
and combined the older values with the newly-measur­
ed cross section at the same value of q2. In two cases 
(866 MeV, 75°; 675 MeV, 135°) we have interpolated 
between two newly-measured results in order to 
obtain properly matched pairs of cross sections. 

The form factor results now show the behavior 
plotted in Fig. 3. The dashed line is the form factor 
corresponding to the exponential model and Fx = F2. 
Apparently our new F2, which is seen to approach 
zero, indicates qualitatively that the Pauli magnetic 
moment cloud is a " s o f t s p r e a d - o u t distribution. 
On the other hand the constancy of Ft suggests 
qualitatively that the Dirac electric and magnetic 
cloud has a small, perhaps point-like, core. 
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Fig. 3 The values obtained in Table II when plotted against 
q2. F 2 may be approaching a diffraction zero. A typical, 
roughly estimated, error is shown. 

The form factors found in the above manner were 
then put back into the well-known Rosenbluth equa­
tion [reference 1 } Eq. (40) ] : 

da c i i-x . 
— = ^NS{anFi + ai2FiF2 + a22F2} (1) 

where the values of the coefficients a12 and a22 

are taken from the t a b l e s 1 ] at the appropria te energies 
and angles. When this is done we obtain the results 
shown by solid lines in Fig. 4. Notice that in 
Fig. 4 (c) the cross section appears to be going through 
a diffraction dip, so characteristic of electron-scattering 
studies on heavier nuclei. The experimental data 
indeed show this diffraction dip and we believe that 
this is the first time diffraction has been observed in 
the proton. 

Within experimental error the new experimental 
results appear to be in agreement with the split form 
factor curves. It is very interesting to observe that 
the new form factors account for an increase of the 
cross section above the exponential case at 120°, and 
drift below the exponential case at the large angles 
135° and 145°. This is what the experiments appear 
to indicate and the result is a rather complicated 
pattern of cross sections which the form factors must 
satisfy. The experimental da ta appear to fit the 
calculated curves for separate form factors absolutely 
as well as relatively. 

The data are in excellent agreement with the earlier 
experimental r e s u l t s 1 ' 2 j 3 ) . The measurements of a 
proton root-mean-square radius appear to remain 
undisturbed because those measurements were made 
at low q values. However we are aware that at higher 
values of q2 the conclusions about the neutron 's 
form factors may be influenced s l i g h t l y 1 ' 4 ) . It may 
be pointed out that the inelastic electron scattering 
studies on the deuteron should perhaps yield new 
information on the F1 form factor of the neutron when 
combined with these results. It is interesting to 
speculate on whether the p ro ton ' s F2 factor rises 
again after approaching zero at about q2 ^ 24 or 
whether it becomes negative at tha t point . In our 
analyses we assumed F2 = 0 at q2>24. 

By use of these results new information on F2 of 
the neutron should result from a study of the deuteron's 
elastic scattering at large angles. 
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Fig. 4 Electron proton scattering cross sections between 
600 and 900 MeV. (a) 45° to 90°, (b) 120° and 135°, (c) 145°. 
The experimental points are shown by hollow circles. The 
dashed line refers to the case Ft = F2 and corresponds to the 
form factors deduced from the old exponential model 1 ). The 
solid line is obtained from Eq. 1 and the newly-obtained form 
factors of Table II and Fig. 3. 
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