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We have measured precise values (1-2%) of
the ratio of elastic electron-deuteron scattering
to elastic electron-proton scattering in an at-
tempt to determine the neutron charge form fac-
tor Ggy.' The precision of the well-known ex-
periments on the neutron-electron interaction®~*
is so great that previous electron scattering data
are essentially qualitative by comparison. Thus,
the only firm conclusions regarding the sign and
magnitude of Gg,, involve, for typical electron
scattering momentum transfers, an extrapola-
tion of at least eight orders of magnitude in the
momentum transfer. We felt it desirable to have
an independent measurement of Gg,,.

Some byproducts of this experiment, which
spans the range of momentum transfer 0.3 <g?
<2.2 F2, are absolute values for the proton
charge form factor Ggp and, at ¢°=1.6 F™2, a
straight-line plot verifying the Rosenbluth for -
mula and yielding the proton magnetic form fac-
tor Gpgp relative to Ggp.

The neutron-electron interaction experiments
measure dGg,,/d(g?)=+0.021+0.001 F® at ¢*=0.
The best previous data on electron-deuteron
scattering are those of Lehmann® and of Fried-
man, Kendall, and Gram.® The latter deduce
an average value for Gg, = -0.04+0.04 (1 <¢®<8).
At ¢*=1.0 F™?, Lehmann has reported Gg,,
=+0,014+0.009, a value consistent with the neu-
tron-electron interaction. In principle, other
experiments, e.g., pion electroproduction and
electron-deuteron quasi-elastic scattering, can
yield information on Gg,, but the sensitivity is
more than an order of magnitude less. For quasi-
elastic electron scattering, the neutron charge
scattering is incoherent with the proton charge
scattering and a 4% combined theoretical and ex-
perimental uncertainty in the cross section can
reveal only the limit Gg, <0.2 Ggp.

In order to interpret the elastic scattering of
electrons by deuterons in terms of nucleon struc-
ture, it is necessary to have very good knowledge
of the long-range structure of the deuteron itself.
This seems to be possible, at least with the neg-
lect of purely relativistic corrections.”

Justification of the errors quoted here is re-
served for a longer article, but it is useful to
describe the experiment briefly in order to list
the factors we believe have permitted improved
accuracy.

A well-defined beam of electrons from the
Stanford linear accelerator passed through one
of two identical aluminum cups containing either
liquid hydrogen or liquid deuterium and then in-
to a Faraday cup previously shown to be 100.0
+ 0.1 % efficient for electrons in this energy
range.? The scattered electrons were momen-
tum analyzed by a double-focusing, zero-dis-
persion spectrometer® calibrated with alpha
particles to an absolute accuracy of 0.2%. Lin-
earity and reproducibility of the momentum set-
ting were better than 0.1 % over the range 100-
280 MeV/c. The variable resolution of the spec-
trometer allowed the maximum accepted momen-
tum to be set at 1.5% above the central ray and
the lowest accepted momentum to be fixed at 1.8
MeV below the central ray. Independent calibra-
tions of the machine energy for each data point
were taken by changing the spectrometer resolu-
tion to 0.1 %= Ap/p and measuring both peak shape
and peak centering. A single Lucite Cherenkov
counter selected for its excellent pulse-height
spectrum (14 % full width at half-maximum) de-
tected the scattered electrons.

The spectrometer and the two magnets in the
energy-analyzing system of the incident beam
could be set to better than 0.01 % using nuclear
magnetic resonance. Any field drift was instant-
ly observed as a resonant frequency shift. This
was an important feature of the experiment, be-
cause at the highest ¢ value the spectrometer
momentum cutoff was only 1.8 MeV or 0.63%
below the center of the elastic peak. This high
resolution required an understanding of the var-
ious contributions to the observed finite peak
width and an experimental determination of the
actual location of the peak with respect to the
spectrometer momentum slits. The radiative
correction and predicted actual peak shape un-
der the conditions of observation were calcu-
lated by a computer, and the experimental shape
was always in good agreement with the predicted
shape, being in the range 0.45-0.55%, full width
at half-maximum, depending on the point. The
radiative correction formula allowed for mul-
tiple photon emission!® and contained small terms
involving radiation by the proton or the deuteron.
The radiative correction itself was about 25%.

For scattering angles less than 90°, cycling
on both sides of the beam was adopted to cancel
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Table I. Measured absolute cross sections.
q° do/dQ Calculated %
(F™% (0) (107%2 cm?/sr1) % absolute error> magnetic scattering
Proton
0.300 45° 927 1.1 3.4
0.600 45° 429 1.3 6.5
0.997 45° 229.9 1.2 10.4
1.612 60° 66.7 1.5 18.8
1.607 90° 22.81 1.5 29.6
1.596 120° 10.24 2.3 49.6
1.592 135° 6.94 2.2 64.0
2.200 60° 42.8 1.5 24.2
Deuteron
0.300 45° 674 1.3 0.3
0.600 45° 225.4 1.1 0.6
1.002 45° 86.8 1.1 1.1
1.607 60° 15.95 1.7 2.1
1.590 120° 1.71 4.0 5.7
2.200 60° 6.74 2.2 2.9

aErrors assigned to relative cross sections are slightly smaller. A 2% error was allowed in the radiative cor-

rection.
Assumes scaling of magnetic scattering. See text.

any beam angular misalignment.

Experimental conditions were rigidly controlled
to minimize contamination by electrons scattered
inelastically from deuterium, but some counts
were recorded from this reaction. A correction,
never larger than 2%, was deduced by simulat-
ing the inelastic continuum with the elastic peak,
using a variable incident beam energy. It was
also necessary to make a rough determination
of the average inelastic cross section at thresh-
old.

Several corrections were necessary to obtain
GEp and Gy, from the cross sections listed in
Table I, as follows:

Proton and deuteron magnetic scattering. The
magnetic scattering from the deuteron is ex-
pected to be much smaller than from the proton.
We have assumed the deuteron magnetic form
factor to have the same shape as the deuteron
electric form factor, an assumption consistent
with our results for ¢?=1.6 F™2 (see Table II
and Fig. 1), with the best experimental values
for Gpry, and Gpyp, and with reference 9. There
is some evidence from the Freidman, Kendall,
and Gram 145° data that at larger ¢°, Gy,
> LgGE 4, Where g is the static deuteron mag-
netic moment. If this were the case for ¢% <2.2
F~2, our values for G, and hence GEn should
be decreased slightly. The largest magnetic
scattering contribution is 2.9% at g®=2.2 F2,

Proton magnetic scattering is considerably
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larger, reaching 24.2% at ¢2=2.2 F™2, We have
here made use of our data at ¢g2=1.6 F~2 and the
data of Lehmann et al.'* at ¢*=1.0, 2.0, and 2.98
F~2 in setting GMp(q2)= quEp(qz). The present
experiment at g2=1.6 F™ yielded
G, . =(1.008+0.014 G
Mp ( )up Ep
(x? for four points equals 3.2).

The error from the uncertainty in this assump-
tion is negligible in our final answer. All values
of Ggp quoted in Table II except at g°=1.6 F2
are deduced using the above relation between
GMp and GEp.

Deuteron quadrupole scattering. In the Rosen-
bluth formula, GE2 should be replaced by the in-
coherent sum of convection current and quadru-
pole moment scattering. The latter never ex-
ceeds 2.2% of the total.

Table III contains a list of the values of F;
and the experimental values for G d/ Gg
=F (1+ GEn/GEp) (F 4 is the deuteron form fac-
tor). GQ 4 and F ; have been calculated from
deuteron wave functions supplied by Lomon.!2

Deuteron form factor. It may be premature
to draw conclusions about the charge structure
of the neutron until a better, relativistic, theory

of the deuteron is available. For the nonrelativistic
theory, however, it may be easily seen from an ex-
amination of the results of reference 9 that F,; for ¢?

<2.25 F™, at any given ¢?, appears to depend
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Table IlIa. Proton form factors.
q a

(F73) (0) GEp Remarks

0.300 45° 0.9731 +0.0054

0.600 45° 0.9399 = 0.0061

0.997 45° 0.8866 + 0,0055

1.612 60° 0.8523 + 0. 0066 Straight-line best fit,

1.607 90° 0.8458 = 0.0064 corrected to 1.600 F~ 2

1.596 120° 0.8598 + 0.0099 GMPZ(I.OOS i0.014)quEp,

1.592 135 0.8534 + 0,0094 GEp =0.850 + 0. 010, Gpyp =(0.857 10.009)/.11,-

2.200 60° 0.7900 = 0.0059

a
Assumes G, , =u, G_ . except where noted.
Mp ~ FpEp X
Table IIb. Deuteron form factors.
q° a % scattering by

(F7? (0) GEq*+ Gg® quadrupole moment
0.300 45° 0.6784 LB
0.600 45° 0.4611 0.16
1.002 45° 0.3009 0.45
1.607 60° 0.1803 1.2
1.590 120° 0.1814 1.2
2.200 60° 0.1059 2.2

a
Error here is same as an absolute cross section in Table I, but a smaller error is assigned for the G_ ,/G

ratio calculation.

only on the value for the triplet scattering length
a; and not specifically on the inner form of the
potential. It is evident that models of this type,
with a repulsive core and a potential asymptotic
to the one-pion-exchange potential lead to near-
minimum values of F ;. Increasing the charge
near the deuteron center will increase F; and
thus decrease the measured Gg,. The particular
model used in Table III does not differ in F ; sig-
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FIG. 1. Straight line plot at ¢2=1.60 F"2,

Ed" "Ep

nificantly from those of reference 9 for these
points.

Figure 2 and the last column of Table III con-
tain our final answers for Gg,/ GEp under the
above assumptions. The dashed line in the fig-
ure represents an extrapolation of the neutron-
electron interaction assuming a constant slope
for Gg,. The complete disagreement between
this line and the experimental result is clear.
A breakdown in quantum electrodynamics, either
in the electron vertex or photon propagator,
might appear as a single multiplicative factor
in electron scattering experiments, thus ac-
counting for our results, but this does not ex-
plain an inconsistency with the neutron-electron
interaction.

To summarize, we have found the following:

(1) Precise absolute values for Ggp, which
agree with those of Lehmann et al.

(2) That the proton rms magnetic and electric
radii are equal, to 4%.

(3) That Gg,,=0.00£0.01, 0.3 <¢g*<2.2 F2
(F1, is therefore negative).

Alternatively, one may take our results to be
an indication of large relativistic corrections
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Table III. GEn/GE )

b
q? Fq
(F7?) (calculated) GES/GEp =Fg(1+ GEn/GEp) GEn/GEp
0.3 0.842 0.8465 = 0.0051 +0.005 £ 0.006
0.6 0.728 0.7230 +0.0051 -0.007 £ 0.007
1.0 0.615 0.6169 = 0.0036 +0.002 = 0. 006
1.6 0,494 0.4551 £ 0.0045 +0.002 = 0.009
2.2 0.410 0.4075 £ 0.0045 -0.006 = 0.011
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to the current theoretical picture of the deuteron,
yielding an 11 % correction to the cross-section
ratio at ¢?=2.2 F™2,
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