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One of the primary aims of a study of proton structu
re is the determination of the phenomenological form fac-
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tors P^(q ) and *̂ These form factors appear in 
electron scattering experiments and are well known. They 
are associated with the vertex operator shown below. 

The form factors are thought to be functions exclu-
2 

sively of the invariant q where hq is the four-momentum-
energy transfer of the virtual photon involved in the 
scattering process. Similar form factors arise in the case 

p 
of the neutron and are also functions of q alone. The 
differential cross-section of the electron scattering 
process deduced from the above vertex operator by standard 



methods of electrodymamics is given by the Rosenbluth 
formula 

where : 

and where the other symbols are well known. In the past the 
P-j and F 2 values have been derived separately from the 
experimental data owing to their greater importance at 
small and large angles respectively. 

One can see that if the cross-section is measured at 
a pair (1,2) of energy- angle conditions (E^, ^ -j) 
(Eg, if" 2 ) such that the q-value is the same for each mem-
ber of the pair, two measurements determine both (q ) 
and Fg(q ) for that particular value of q. This behaviour 
is shown in Pig. 1. The curved lines are portions of elli
pses in the P 1 P g P l a n e &nd correspond to the same cross-
section for given values of E and 

The equation of the basic ellipse is: 

where a^-j, a^ 2
 a n d- 8^2 a r e s i m P l e functions of ^ and 1^ 

deducible from equation (I). In other words one single 
determination of a cross-section means that the (P^, Pg) 
point must be somewhere along the arc of an ellipse for 
the q-value associated with the pair of values E and 



For example, the set of lines at 1000 MeV, 45° 

show values of the P.j, P 2 combi
nation for three values of the cross-sections, 

The figure 0.10 in the 
bracket indicates the present magnitude of experimental 
error. The average line in the middle is drawn for the 
case thought to be approximately true experimentally. The 
condition • F 2 is also thought to be true approximate
ly and is indicated by the diagonal straight line so marked 
in the figure. Another set of lines is also shown for the 
experimental conditions: E = 500 MeV and if = 1 3 5 ° . The 
intersection of the 500 MeV set with the 1000 MeV set 
determines uniquely the value of the pair (P^, * 2 ^ # A l l o * ~ 

wing for experimental error there is of course a spread in 
the allowed values of P^ and P 2 as indicated approximately 
by the figure resembling a parallelogram. 

A similar set of values of P.j, P 2 and their experi
mental tolerance is shown in the upper part of the figure 
where Of course, other sets of 
measurements at the same £ and can also be obtained and 
give more information so that the solution is, in a sense, 
overdetermined. However, such measurements do serve to 

2 
check that P^ and P 2 are functions of q only. This type 
of consistency test, if made more severe, say 1%, could 
perhaps lead to further information on the validity of 
quantum electrodynamics or perhaps other fundamental 
aspects of the vertex operators involved in electron-pro
ton scatterings. We have made such tests in the past and 
I propose to make such more severe tests in the future. 



Thus we can imagine many elliptical arcs passing 
through the region of the intersections shown in Pig. 1. 
Taken with their experimental errors, they will determine 
a small area in which the actual point F-j F 2 lies. We have 
made many such determinations in the past but none so far 
that involves an energy greater than 650 MeV. The largest 

<52 values extend approximately to (The 

value corresponds to the reciprocal of the 
square of the reduced nucléon Compton wave-length.) 

Fig.1. 
Another* example lying within the measured range is 

shown in Fig.2. In this case, because we have not been able 
to use the small angle region (45°) at high energy (1000 MeV), 



we have had to use a pair at E=600 MeV and 91.6° 
together with the other pair E = 500 MeV and 1 3 5 ° . 

5* -1» £2 . »̂ 

Here one observes that the intersection is not nearly so 
well defined and in fact it is relatively poorly defined 
for small values of P-j. Nevertheless, even from this 
relatively poor example, one sees that P-j has clear upper 
limits. The lower limits of P-j are less well defined. It 
must be emphasized once again that there are other experi
mentally measured points implying elliptical arcs running 
through the region at such as e.g. corres
ponds to 650 MeV and 75° • I have not constructed such 



complete sets of curves and cannot therefore put definite 
limits on and F 2 separately for the proton. But I think 
our published papers have given rather generous estimates 
of the tolerances permitted by experiment. 

F1 ) 
Some time ago R. Karplus made a similar estimate 

[21 
from the early data of Chambers and Hofstadter J with the 
results shown in Pig.3. The approximate tolerance limits 

Pig.3. 
are given by the equal probability ellipses (note that the 
P-j P 2 axes are inter charged with respect to those in 
Pigs. 1 and 2). 



It is also possible to measure a ratio of cross sec-
2 

tions at the same q and from the ratio to deduce a single 
number, namely F^/Fg. These results have always been in 
agreement with the results quoted in references [2] andt3] 
and indicate the ratio 2 

at values of q 
up to Further experiments of this type 
are clearly needed. 

For the above and other obvious reasons we have always 
employed the simplifying assumption that F̂  = Fg. However, 
it is now worth while to look definitely for departures 
from this assumption. 

I do not propose to make a statistical study of the 
values allowed by experiment in this report 

since I feel that very shortly (if not already) there will 
be new good measurements of F̂  and Fg at energies up to 
1000 MeV. Under such conditions the intersections shown in 
Figs. 1 and 2 become quite definite. An increase in 
experimental accuracy will also result in large reductions 
in the present uncertainties in the ratio of F̂  to Fg. 

Many studies have shown that the F.j = Fg = F values 
for the proton can be represented approximately in terms 
of a model by phenomenological exponential charge and 
magnetic moment density distributions.Since such exponential 
models appear unattractive from a theoretical point of view 
because of their behaviour at large radii we have investi
gated the matter a bit furhter theoretically. It proved very 
easy to show [4l that a behaviour at large radii correspond
ing to mesontheoretical models will give the same form factors 
as the exponential provided only that the singularities in the 
densities are removed or cut-off near the origin at a 



typical repulsive core-radius. This idea of having finite 
electromagnetic densities at the centre of the proton 
must have some analogue in the language of dispersion 
relations and it would be interesting to find the spectral 
representation corresponding to this finite core. 

Fig.4. 

Next we come to the problem of the neutron and some 
new experimental material. In this case it is known that 

2 
at small values of q • The experimental determi

nations of neutron form factors are consistent with 
Fig. 4 shows a plot 



representing the elliptical arcs for the neutron and is 
similar to Pigs. 1 and 2 for the proton. In this case the 
condition F 1 = 0 places the ( P 1 H P 2 N ) points in the proxi
mity of the vertical axis. The intersections of the two dif-
ferent ellipses at a given q are not now so clear as in 
the case of the proton. In fact the behaviour is not so 
different from that shown in Pig. 2 where the intersection 
lies almost along a line and is rather indefinite. One can 
also see from this figure that if the neutron s P-j is posi
tive then it is rather easily determined but if it is ne
gative (which seems more reasonable from a physical point 
of view) the exact determination of its value is difficult 
at presently available energies, because the intersection 
of the two ellipses is not well defined. On the other hand 
if ixperimental error can be reduced the determination is 
easier. If the incident electron energy can be increased to 
1000 MeV fixing of the P^ N values again becomes much 
easier. 
I would like now to discuss some new measurements on the 
neutron by S. Sobottka, a graduate student at Stanford 
University. Before I do this I wish to note a few remarks 
affecting the interpretation of the experiments. 

there are many small difficulties associated 
with the theory of the deuteron which make their appea
rance when it is desired to deduce the neutron form 

factors from experiment. These have been discussed many 
r l o i 

times and in the past '̂-̂  . Slow but definite progress 
is being made in removing these difficulties.. 

I shall only mention in this talk uncertainties in 



the final results as they are affected by the small 
uncertainties of the theory. 

Sobottka hae repeated measurements of a type made 
previously on the inelastic scattering of electrons 
from deuterons at energies up to 650 MeV and extending 
between small angles and large angles 

Fig.5. 

Two examples of his data are shown in Figs* 5 and 6. In 
Fig. 5 one sees both the elastic and inelastic 
scattering peaks at 500 MeV and 45°• Absolute c r o 3 S -



sections have been determined from a comparison with pro
ton peaks in a well-known way. The inelastic data are 
corrected for radiative effects by an unfolding procedure 
and when so corrected give the dashed curve. The dash-dot 
curve is a result of a modified Jankus calculation3* 
and exhibits approximate agreement with the corrected 
experimental curve when the two curves are adjusted to 
the same peak values. The experimental curve has a high
er tail at lower energies. Pig. 6 shows another example 

Fig.6. 
at 600 MeV and 50° where now the corrected experimental 
curve is definitely wider than given by the simple theo
ry. The wider experimental curves were also found previous^-
ly and were commented upon in references [3,5,111 



A satisfactory explanation of these small differences 
has not yet been definitely assigned although recent 

f 81 
work by Durand1 with an improved theory shows that the 
interaction of proton and neutron in the final state may 
be responsible for part of the discrepancies. One might 
think that a possible cause of the difference could be the 
substitution by Yearian and Hofstadter of the 4~q into 
the calculations of Jankus in place of the latter*s 3-q« 
Durand has now shown that this modification is correct and 
is accurate at the peak but it is slightly incorrect on the si

ft ? 1 
des of the peaks in Pig. 5 and 6. R.Herman and the author 
have recently made calculations with and improved value 
of q suggested by Durand. This value may be substituted 
in the Jankus formula in place of his 3-q. The Durand-q 
is given by: 

when s is the 3-q value and 

and E and E are the energies of the incident and scatte
red electron respectively, € is the deuteron's binding 
energy and M the mass of a nucléon. When this is done 
the results (Pig. 7) are very similar to the originally 
modified Jankus formula although there is an improvement 
in the neighbourhood of the low energy tail. Thus the 
additional width of the experimental curves probably 
cannot be ascribed to this cause and may be due to final 
state interactions or mesonexchange effects. However the 



approximation corresponding to Eq. (4.) still needs furt
her improvement. 

In Sobottka s work the peak of the curve, rather 
than the area, has been the actual quantity compared with 
theory. As has been pointed out previously^*10^ this choice 
makes the interpretation of the experimental result less 
sensitive to meson-exchange effects. However, a dependence 
of the peak value on i) the choice of the n-p potential, 
ii) the effects of interaction in the final state and 
iii) the D-state contribution is not eliminated. 

Fig.7. 

Using the peak value of the cross-section Sobottka 
n 3 1 

has employed the Goldberg1 ^ impulse-approximation to 
interpret the results. This theory provides results at 
larger q-values very similar to those of the modified 



Jankus theory at the peak of the inelastic deuteron 
distribution. The results for P 2 H are shown in Pig. 8. 
To obtain those results Sobottka assumed P 1 N « 0 and 
thus the values of P 2 H (or F 2 N ) are obtained directly 
since the latter is the only unknown, aside from the 

Pig.8. 

theoretical uncertainties mentioned above. In the figu
re one also sees the "proton" line corresponding to 

the proton F 2 values given by an exponential or a cut off 
model with rms radius about 0.80 x 10 cm. The 



Sobottka resuite are considerably more accurate than 
the earlier results of Yearian and Hofstadter^J which 
are shown in Fig. 9 for comparison. All the results of 
both sets of measurements are in good agreement with 
each other within experimental error. 

Fig.9. 

Now let us relax the condition that F ^ = 0. By 
choosing to make measurements on the deuteron peak at 
small angles and at large angles for the same value of 



p 
q we may hope to observe the departures of F-ĵ  from 
zero. This procedure is already indicated by the different 
curves of Pig* 4. Notice that in this figure the primary 
intersections are taken to be at F ^ = 0 which seems to 
be approximately true. Sobottka s investigation was carri
ed out in a closely related manner, now to be described. 
He used Goldberg s impulse-approximation theory to find 
P 2 N

2 when P 1 N = 0 . He then used the Rosenbluth formu
lation of the neutron cross-section to find an which 
gave equivalent experimental results. In this procedure 
one ignores a small interference term between neutron 
and proton form factors. 

Let us define P ^ to be the neutron's magnetic 
form factor when P̂ JJ is taken to be zero. In this case 

2 
the ratios of the measurements of P2JJ at small angles 
and at large angles should be unity since -they are mea
sured at the same value of q. If the experimental ratio 
indicates a value different from unity, say R, where: 

then it is easy to show that the Rosenbluth equation 
gives: 

and are the small and large values of 



In the Sobottka experiments was taken as 
and In such cases a rough diagram 
of R f plotted against is shown in Fig. 10. From the 
measured cross-section it is possible to find R and com
pare it with unity. This procedure amounts to looking for 
the intersections shown in Fig. 4. In that figure we ha
ve already pointed out that the intersections are taken 

Fig.10 

at F̂  = 0. In this way Sobottka has been able to find 
values of <K from the measured values of R. His results 
are shown in Fig. 11. Two types of points are shown 
corresponding to a positive ratio (solid circles) /Y^ 

or a negative ratio (solid triangles). The sign cannot 



be determined* Both Figs. 4 and 10 show that experiment 
determines smaller positive limits of F ^ than negative 
ones. It may be seen that if the ratio is positive 
i p v e r y close to zero even at large values of 

If F ^ is negative the value of 
may be as large as unity or even larger but 

the errors are also quite large as we see from Figs. 4 or 11. 
In some cases the experimental errors are joined together 
as at This is because at the limits of 



experimental error the solution for <X becomes imagi
nary. 

Now it is clear that this experiment still leaves 
much to be desired but even so it is a very difficult 
one. Nevertheless it points to a definite way obtai
ning better data on The conclusion is still that 
the experiments are consistent with F ^ = 0 but the 
limits of error are such that-

for 
The earlier limits of McIntyreLl^J  

ri 
and Schiff'- ̂ J give smaller values for this 

p 
ratio but do not reach such large values of q . 
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