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Magnetic Form Factor of the Deuteron
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We have measured the deuteron magnetic form factor B(q2) for values of the momentum
transfer squared between 7 and 28 fm 2. The data are compared with relativistic and nonrelativistic
predictions including meson-exchange —current contributions. Significant disagreement is found for
large momentum transfers.
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In spite of many experimental and theoretical stud-
ies' of the structure of the deuteron, its charge and
magnetic form factors are still not well known. The
A (q2) structure function is an incoherent combination
of monopole and quadrupole form factors Go and G2
whose diffraction structure cannot be isolated unless
polarization measurements2 are performed. For the
magnetic form factor Gt the experimental information
is particularly scarce since data are limited to momen-
tum transfers smaller than 14 fm . The first diffrac-
tion minimum of Gt is predicted to occur somewhere
between 30 and 50 fm 2; near this value of momen-
tum transfer, the falloff of Gt becomes very sensitive
to the model used for the N Ninteraction. -The differ-
ences in the form factors predicted depend strongly on
the deuteron D-state wave function. Models with low
D-state probability usually show a much more pro-
nounced falloff than those having a D-state percentage
close to 7'/0. Mesonic and relativistic effects also play a
major role. Therefore data beyond 14 fm 2 should be
very helpful in delineating these effects. Such data are
reported in the present Letter.

The measurements were performed at the Saclay
linear electron accelerator. The liquid-deuterium tar-
get used was operated at a temperature of 22 K and
maintained at a pressure of 2.4 atm. The target
volume had a cylindrical shape with a length of 70 mm
along the beam axis and a diameter of 30 mm. The
geometry was such that the electrons scattered from
the windows were not seen by the spectrometer.

A fan circulated the liquid deuterium through a heat
exchanger cooled by liquid hydrogen. With such an
arrangement beam intensities up to 15 p.A could be
used without measurable changes in the target density.
For a scattering angle of 155' the target thickness seen
by the spectrometer was about 540 mg/cm . This
thickness was surveyed by continously monitoring the
target temperature and pressure.

The scattered electrons were analyzed with the 900-
MeV/c magnetic spectrometer and identified by a
coincidence between two planes of plastic scintillators
and a Cerenkov counter. The trajectories of the elec-
trons near the focal plane were measured in a pair of
drift chambers, each consisting of two planes of detect-
ing wires. This measurement made possible a recon-
struction of the coordinates and the angles of the scat-
tered electrons in the focal plane and at the target.
This reconstruction was required to correct for the
variation in electron energy over the spectrometer ac-
ceptance arising from differences in recoil energy and
ionization energy losses. These losses limited the en-
ergy resolution to values between 2 and 6 MeV,
depending on the kinematical conditions. Trajectory
reconstruction improved the final resolution to 1 MeV
and made possible the separation of the elastic peak
and electrodisintegration at threshold.

Data were taken at thirteen different energies
between 300 and 700 MeV at a scattering angle of
155'. Because of the high target density and large
recoil energy, special care was taken in unfolding the
radiative effects. We followed the prescriptions of Mo
and Tsai4 and Miller5 for the kinematical and dynami-
cal recoil effect, and that of Bergstrom for the folding
of the various radiative effects before and after nuclear
scattering. The absolute efficiency of the detection
system was determined from cross sections measured
at forward angles and low momentum transfers and a
comparison to a fit of the previous measurements of
A ( q2) . The previous data on A ( q ) have also been
used to obtain the contribution of 3 (q ) at 155 . It
was found to vary between 20'/o and 45'/0 of the total
cross section measured. The uncertainties of this sub-
traction and those due to the overall normalization
were taken into account in the experimental errors
quoted.

The resulting form factors 8 (q2) are listed in Table
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TABLE I. Experimental results for electron-deuteron scattering at 155'. Incident energy, four-momentum transfer
squared, total cross section, and deduced B(q2) form factor are tabulated. The total errors quoted include uncertainties from
normalization and charge scattering subtraction.

Incident
energy
(MeV)

g
2

(fm ')

Total cross
section
(mb/sr) B(q')

Stat.
(Ok)

Errors
Total
(%)

300.0
330.0
360.0
395.0
430.0
470.0
500.0
535.0
570.0
600.0
635.0
670.0
700.0

6.72
7.94
9.25

10.86
12.55
14.59
16.18
18 ~ 10
20.09
21.84
23.94
26.09
27.97

5.61 x 10—8

2.88 x 10-8
1.65x10 '
8.02x10 '
4.38x 10
1.98x 10
1.18x 10
5.49x 10
3.29x 10
1.94x 10 'o

9.81x 10
6.76x 10
3.77x 10

8.51x10 4

5.66 x 10
4.17x 10 4

2.52 x 10-4
1.72x10 4

9.38 x 10
6.46x 10
3.34x 10
2.35 x 10
1.51 x 10
7.94x 10
6.33 x 10
3.33 x 10

3.5
3.0
3.1
4.5
5.4
5.4
4.6
6.1

5.9
7,8
9.2

14.2
12.7

9.3
8.5
8.1

9.0
9.5
9.7
9.0

10.9
10.6
13.1
16 ~ 2
22.6
24.3

I. They extend the experimentally known q region to
28 fm 2 (Fig. 1). The overall precision between 7 and
14 fm 2, where previous data were available, is signi-
ficantly improved. No onset of a diffraction feature as
predicted by impulse-approximation calculations is ob-
served.

In Fig. 1 the data are compared to the impulse-
approximation predictions of six N-N models: Reid
soft-core [(RSC), 6.5% D-stage probability], 7 Paris
(5.8 /o), s Holinde-Machleidt [(MH2), 4.3%],9 and
three Lomon-Feshbachto models (FL1, FL5, and
FL15) which have respectively 4.6%, 5.2%, and 7.5%
D-state probability. All predictions are lower than the
data, the difference becoming much more pronounced
for models with low D-state probability. The HM2
model, which has the lowest D-state probability, is al-
most a factor of 100 too low.

The above predictions have been calculated with use
of the nucleon electromagnetic form factors of Iachel-
lo, Jackson, and Lande. " In the momentum-transfer
range of our data we have compared the impulse-
approximation predictions obtained using four other
parametrizations. ' ' We have found that the result-
ing B(q2) differ by less than 15% for those parametri-
zations which give a good fit to the data on proton and
neutron form factors. Although not negligible, this
difference is small compared to other theoretical un-
certainties.

Meson-exchange currents (MEC's), which are not
taken into account for the predictions shown in Fig. 1,
have been calculated by Gari and Hyuga'6 (GH) .

These authors use an RSC wave function and consider
m, p, cu, and pym' isoscalar exchange currents, with ap-
propriate hadronic vertex form factors. Particular at-
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FIG. 1. Experimental data for B(q2). All curves have
been calculated in the impulse approximation.

tention has been paid to the pram term, whose coupling
constant has been recently recalculated'6 with use of
the latest value of the p my partial decay width. '
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FIG. 2. Theoretical calculations of Refs. 18—20. For clari-
ty only our measurements have been displayed.

That term, which has no isovector part, dominates the
m. -pair term already at 5 fm and gives the largest
contribution to the cross section beyond 33 fm
Terms involving p and co exchange have significantly
smaller contributions. The global effect of all MEC
contributions is to increase the impulse-approximation
prediction of B(q2) by a factor of 3 at 28 fm 2, as
shown in Fig. 2. When added to the RSC prediction,
the MEC's bring the theory into a remarkable agree-
ment with the data. Since the calculation of Gari and
Hyuga ignores relativistic effects and does not include
isobar (mainly hA) degrees of freedom in the deu-
teron wave function, the good agreement with the ex-
perimental data might be fortuitous.

The isobar components in the deuteron wave func-
tion have been calculated by Gari, Hyuga, and Som-
mer, '8 who found that the AA contribution to the Gt
form factor is almost negligible (4% of the RSC result
at 20 fm 2). A calculation by Arenhovel and Miller2'
finds a much larger effect, an increase of the Gt form
factor by as much as 50% at 20 fm 2. The large differ-
ence between the two calculations might be related to
the different computational methods used and as-
sumptions about the 4 magnetic moment. While

Gari, Hyuga, and Sommer use the nucleon magnetic
moment, Arenhovel and Miller use a larger value
predicted by the quark model. As the isobar contri-
bution is mainly magnetic, further investigations are
clearly needed for a better understanding of the B(q )
structure function.

The calculation of Gari and Hyuga does not take
into account the relativistic effects. For an isoscalar
process these are of the same order, (q/M), as the
meson-exchange currents. Relativistic calculations
have recently been performed'9 by Arnold, Carlson,
and Gross, who use four-component relativistic wave
functions with a mixing of pseudoscalar and pseu-
dovector pion-nucleon coupling. They compute the
deuteron form factors retaining all orders of q/M
Furthermore, they allow the interacting nucleon to be
off the mass shell. The result of their calculations for
Iachello- Jackson-Lande form factors and mixing
parameter A. =0.4 is shown in Fig. 2. It indicates a
much faster falloff for B(q ) than that predicted by
Gari and Hyuga.

Relativistic calculations have been also performed
by Zuilhof and Tjon (ZT), who solve the Bethe-
Salpeter equation in a ladder approximation, allowing
both nucleons to be off the mass shell. Their predic-
tion, shown also in Fig. 2, is somewhat closer to the
experimental points, but still gives values of B(q2)
significantly below the data.

The above situation is quite worrying; without in-
clusion of the AA contribution, the nonrelativistic cal-
culation appears to be in good agreement with data,
while the relativistic calculations, a priori more reli-
able, are off by factors of 12 and 5, respectively, at 29
fm 2. The following main differences between these
approaches could explain the major part of the
discrepancy. First, the pair two-body current naturally
arises in a relativistic calculation, while in the calcula-
tion of GH it is added perturbatively. This can be a
source of ambiguity; some cancellation occurs23
between MEC and two-body dynamical effects, which
are considerably treated in a full relativistic calculation
but neglected by GH. Moreover, as recently shown by
Riska, 24 the pair current is largely canceled by a
model-independent two-body term related to the
spin-orbit part of the N Npotential. Secon-d, the py7r
exchange term, included in the calculation of GH, is
neglected in both relativistc calculations. Ad hoe in-
clusion of that term in the ZT calculation would reduce
the discrepancy with the data at 28 fm by about 30%
only. Finally, the calculations also differ by the wave
functions used; whereas the RSC potential used by GH
yields 6.5% D-state probability, the models of Arnold,
Carlson, and Gross and of ZT both give 4.8'/o. As
shown in Fig. 1, impulse-approximation results strong-
ly depend on the D-state wave function.

In conclusion, we have measured the magnetic
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structure function of the deuteron between 7 and 28
fm 2. The accuracy of the results provides rigorous
tests of theoretical predictions. No satisfactory inter-
pretation for our data is available at present. The
understanding of the deuteron form factors will re-
quire a more complete treatment of relativistic effects
and isobar components.
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