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We present new Measurements of the deuteron AtQ2) structure function In the
momentum transfer region between 1 and 18 ftr2. The accuracy of the data
ranges from 2 I to 6 I. We Investigate the sensitivity of A(Q2) to the
nucléon-nucléon Interaction and to the neutron electric fora factor Gjl. Our
analysis shows that below 20 fm~2 Gfj can be Inferred from these data with a
significantly Improved accuracy. The model dependence of this analysis Is
discussed.

1. INTRODUCTION
Among the four nucléon electromagnetic form factors the neutron electric

form factor G? Is the least well known. In the absence of free neutron targets,
much of our present knowledge on G£ comes from elastic electron-deuieron scat-
tering. Indeed, the deuteron AfQ2) structure function has a strong dependence
on G£, a property that has been used in the past by Galster et al1. In their
work G£ has been Inferred from the data and parametrized using a simple form.
Although widely used In nuclear structure calculations this parametrlzation is
known to be highly model dependent. A closer examination shows that uncertain-
ties on GjJ also come from the Insufficient accuracy of the data on A(Q2). These
uncertainties can be as large as the model error on GJ?. For all these reasons
the neutron electric form factor has been considered to be virtually unknown.

A better estimate of the neutron electric form factor is reported In the
present work. Experimentally, we have measured the AfQ2) structure function
with a statistical accuracy that Is Improved compared to older measurements1'6.
The statistical uncertainties on GJ) can be decreased accordingly. To analyze the
data, we make use of the considerable theoretical progress achieved In the last
decade In understanding the deuteron electromagnetic structure. The nucléon-
nucléon Interaction and the contributions due to meson-exchange currents and
relativistlc effects are now much better understood. Moreover, below 1 (GeV/c)
they can be reliably estimated. Thus, the model dependence in the analysis of G?
can be also significantly reduced. In this paper we infer the neutron electric
form factor from the data on AfQ2) and discuss the present status of its model
dependence.



2. EXPERIMENT
The experiment was performed at the Saclay linear electron accelerator. Cross

sections were measured at four incident energies : 200, 300, 500 and 650 MeV and
at scattering angles between 35* and 120*. The data cover the momentum transfer
region between 0.6 and 18 fm~2. The statistical accuracy of the experimental
cross sections is 1 î below 10 fnr2 and Increases to 6 % at 18 fnr2. Particular
care was devoted to a reduction of systematic errors. Detector efficiencies,
solid angle, target density and incident charge were carefully determined. The
final cross sections have a random systematic error of 1.5 Ï. The total normali-
zation uncertainty is i 11. Additional check of the accuracy of the experimen-
tal procedure was made during the same experiment by filling the target with
liquid hydrogen. The absolute electron-proton cross sections measured were found
to agree within 1 1 with the four-pole proton form factor parametrlzation of
Simon et al.7.

Both previous and new data are displayed in F1gs. 1 and 2 as relative devi-
ations from the Impulse approximation (IA) prediction obtained using the Paris
potential8 and the neutron electric form factor of réf.1. The comparison between
old and new data sets shows that the overall precision between 4 and 18 fnr2 is
now significantly improved. Below 4 for2 our data slightly disagree with the
measurements of réf.2.

feO

40

E 20

i
g -20

-40

-fin

A (0*1
. - Porit

RSC

« ZOO M*V
« 300 M«V
«SOOMtV
• CSOMtV

I • 1 1

K> 15 20
0*

FIGURE 1
Data for AfQ2) structure function as
previously measured ; open circles :
ref.l, open boxes : réf.2, open dia-
monds : réf.3, solid circles : réf.4,
open triangles : réf.*. All data are
plotted as relative deviations from

the Paris potential prediction.

FIGURE 2
Present data for A(Q2). The various
symbols represent measurements at 200,
300. 500 and 650 MeV. Also shown is the
dependence of A(Q2} on the deuteron
wave function. In addition to Paris
(reference line) results for RSC (da-
shed), Argonne V14 (dash-dotted) and
Nijmegen (dotted) potentials are shown.



3. INTERPRETATION

The dependence of the of the A{Q2) structure function on the nucléon-nucléon
potential used Is shown on Fig, 2. The predictions for Nljmegen9, Argonne V14
[ref.i°j and RSC [réf.11] potentials were all calculated with the same nucléon
electromagnetic form factors as the one for the Paris potential. The difference
between the various models gradually Increases reaching 20 t at 15 fm"2. The
comparison with the data further Indicates that the In order to explain the
shape of A(Q2 ) contributions other than IA are needed.

The main contributions beyond IA are expected to come from relatlvlstlc and
meson-exchange current (MEC) effects. Several methods for consistent treatment
of MEC and relatlvlstlc effects have been recently developed. Arnold, Carlson
and Gross12 use the four-component relatlvlstlc quasi potential formalism. Zuil-
hof and Tjon13 solve the Bethe-Salpeter equation In a ladder approximation for
the boson exchanges. Finally Chung et al.15 perform their calculation In the
framework of the light-cone dynamics. F1g. 3 shows the ratio between each one of
these calculations and Its corresponding non-relatlvlstlc limit. In such a ratio
differences due to the potential model and to the electromagnetic form factors
used are minimized. The following observations can be made : 1) relatlvlstlc
effects decrease the non-relatlvlstlc results up to 12 f at Q2 * 12 fnr2. 11) 1n
spite of the very different methods used 1n the above calculations, the result-
Ing relatlvlstlc effects agree within ± 3*.

While these calculations account for the nucleon-antlnucleon pair term, they
all neglect the pyn two-body current. In a recent calculation Moscon1 and Ricci
[ref.15J have shown that although small, of the order of 5 X or less, the con-
tribution of this term further Improves the agreement with the data. A similar
conclusion has been reached by S1tarski, Blunden and Lomon16.

The A(Q2) also depends on the nucléon electromagnetic form factors. The
effect of the proton form factor has been estimated using several parametrlza-
tions7'17-19. The resulting differences 1n A(Q 2 ) are small, of the order of
± 1 1 . The effect coming from the neutron form factor 1s much larger. Fig. 4
shows the IA predictions for the Paris potential, and using different parametrl-
zations17'19 for GJJ. At 15 fm~2 the difference between the two extreme predic-
tions Is of the order of 50 I.

The above Investigations clearly show that no significant conclusions about
the validity of theoretical models can be drawn unless GJJ Is known with better

accuracy. Therefore, rather than comparing various theoretical predictions to
the data we use that observation 1n Older to Improve our knowledge of (£. The

present level of understanding of the NN Interaction and the corrections to
AfQ2) justify a new extraction of G[? from the data.
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FIGURE 3
Relatlvlstlc corrections as predicted
by the calculations of refs.15'11*. The
curves represent the ratio between a
fully-relatlvlstlc caclulatlon and Its

non>relat1v1st1c limit.

FIGURE 4
Dependence of AfQ2) on the neutron
electric form factor. The neutron form
factor parametrlzatlons of réf.17 (das-
hed), (dotted)", (dash-dotted)" and
the G{! * 0 value (long-dashed) have
been used, all with the Paris potential
wave function. The reference line was
calculated with the Paris potential and
the parametrlzatlon for Gj| of Galster

et al.1.
4. THE NEUTRON ELECTRIC FORM FACTOR

The neutron electric form factor can be extracted from the data on A(Q*)
using the following procedure. First, the "experimental" IA contribution to
AfQ2) was determined by correcting the experimental values A(Q2) for MEC and
relatlvlstic effects. We have used the relatlvlstlc calculation of réf.13 and
the PY« term as computed In réf.15. These two corrections as well as their sum
are shown In Fig. 5. Second, the deuteron structure was unfolded assuming a
particular NN model for the deuteron wave function. Finally, G|| was obtained by
subtracting from the result the proton electric form factor7. Using the Paris
potential wave function leads to the result shown In F1g. 6. The solid curve Is
a fit to the "data" using the parametrlzatlon1 : GJ? * ajiGD(Q*)(l + bt)*

1 where
GQ Is the dlpole parametrlzatlon for the proton electric form factor, |i 1s the
neutron magnetic moment, t « 0̂ /4M2, and a and b are free parameters. The para-
meter a fits the slope of G? near OJ2 > 0 and allows comparison with result from
thermal neutron-electron scattering.

The model dependence of G? was Investigated by using, In addition to Paris,
deuteron wave functions derived from Nljmegen, Argonne V14 and RSC potentials.
Since these potentials fit a large number of NN observables, they are represen-
tative of our present knowledge of the NN Interactions. The fit results are
shown In Fig. 7. For clarity the "experimental" points deduced for each one of
these potentials are not displayed. Only the corresponding best fits are plot-
ted, The best fit parameters are summarized In table 1. Several remarks can be
made In view of these results. First, none of the fit curves Is close to Gg*0.
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FIGURE 5
Corrections applied to the data for
A(Q2). The dashed curve Is the relati-
vlstic correction as computed In réf.
i*. The clotted curve represents the
contribution of the py* ten» according
to refers. The solid curve Is the

total corrections.
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FIGURE 6
Neutron electric fora factor as deduced
fro* A(Q2) using the Paris potential
wave function and the corrections shown
on Fig. 5. The solid curve Is the best

fit to

FIGURE 7
Fits to data for G? deduced fro» the
Paris (solid). RSC (dotted). Argonne
V14 (dashed) and Nljmegen (dash-dot-

ted) potentials.

Table 1

Fit results for G[?

N-N model

Paris
RSC
Argonne V14
Nljnegen

a

1.11+0.07
0.90+0.07

1.57+0.10

1.54+0.07

b

8.4+1.4
7.6+1.5

11.2+1.4

5.6+0.7

x2/43

50.2
43.2
42.8

24.8

Second, In order to minimize the model uncertainty when calculating nuclear form
factors, a NN model that Is consistent with the G£ form factor deduced In the
present work Must be used. Such a procedure will automatically Insure results
that Implicitly agree with the measurements on AfQ2 ) . Finally, additional Infor-
mation Is obtained from the slope a^/AM2 of GJ| near Q2 * 0. For Paris and RSC
tne slopes deduced from the data are equal to 0.023(2) and 0.019(2) respective-
ly. These values are in good agreement with the experimental result20 of 0.0199-
(3). For Argonne V14 and Nijmegen potentials the corresponding slopes are 0.032
(2) and 0.033(2), that is, about 50 % too high.



The model error on G? thus Inferred from the data on A(Q2) is hard to quanti-
fy. The uncertainty due the choice of the NN model is of the order of t 10 % at
Q2 = 15 for2 (or ± 30 Ï, if the potentials in consistent with the slope of G£
are also considered). The errors due to all other corrections (relatlvlstic
effects, PY* current and proton electric form factor) amount to about ± 20 %.

5. CONCLUSION

The measurements presented in this paper have considerably improved the accu-
racy of the ACQ2) structure function below 20 fur2. We have found that in this
momentum transfer range the corrections to ACQ2) are small and the data can be
used to improve our knowledge of the neutron electric form factor. The determi-
nation of G|| has been made using both data with improved statistical accuracy
and the most recent theoretical calculations available. The statistical errors
on G£ are now very small, of 6 t or less ; we estimate the model error to be in
the range 30 1-50 %. The overall uncertainty on G£ is thus significantly redu-
ced, by a factor of two to three, compared to older experimental informations.
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