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Deuteron Magnetic Form Factor Measurements of High Momentum Transfer
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The deuteron magnetic form factor 8(Q2) has been measured at momentum transfers Q2=1.21,
1.49, 1.61, 1.74, 1.98, 2.23, 2.48, 2.53, and 2.77 (GeV/c) at the Stanford Linear Accelerator Center by
detection of electrons backscattered at 180 in coincidence with recoiling deuterons at 0 . The data for
B(Q2) are found to decrease rapidly from Q =1.2 to 2 (GeV/c), then rise to a secondary maximum
around Q2 =2.5 (GeV/c), in qualitative agreement with impulse-approximation calculations.

PACS numbers: 25.30.Bf, 25. 10.+s, 27. 10.+h

The elastic electromagnetic form factors of the deute-
ron at high momentum transfer have long been of in-

terest for the information they contain on the short-
range nucleon-nucleon interaction and the transition
from nucleon to quark degrees of freedom. Models'
based on the impulse approximation predict a minimum
in the magnetic form factor somewhere between four-
momentum transfers Q =1.5 and 2.5 (GeV/c) . Pre-
dictions for the diAractive shape of the magnetic form
factor are sensitive to the high-momentum components
in the deuteron wave function, ' choice of nucleon form
factors, isobar contributions, the contributions of iso-
scalar meson-exchange currents, relativistic ef-
fects, ' and the role of six-quark clusters.
Perturbative QCD predicts ' a smooth falloff of the
cross section, with no diffractive feature. To provide new
information that will help distinguish between the vari-
ous models, we have measured the deuteron magnetic
form factor from Q =1.21 to 2.77 (GeV/c), more than
doubling the range in Q of the available data.

The cross section for elastic electron scattering from
the deuteron can be written as

der/dO =a E,'~/4E sin ( —,
' 8)

&& [A(Q')cos'(-,' 8)+8(Q')sin ( —,
' 0)],

where F and F.,'1 are the incident- and scattered-electron
energies, and 0 is the electron scattering angle. The
structure function A (Q ) is a combination of the charge,

quadrupole, and magnetic form factors, and has previ-
ously' been measured out to Q =4 (GeV/c) . The
magnetic form factor 8(Q ) has been measured' out to
Q =1.3 (GeV/c) . The predictions of most calculations
and extrapolation of previous data show 8(Q ) becom-
ing more than two orders of magnitude smaller than
A(Q ) at higher Q . For this reason we decided to
make our measurements close to 180, where the contri-
bution from A(Q ) is small. The anticipated low count-
ing rates dictated the use of thick targets, high beam in-
tensity, and a large solid angle. The resulting loss in en-
ergy resolution made it necessary to detect the recoiling
deuterons at 0' to separate elastic and inelastic scatter-
ing.

Figure 1 shows a layout of the spectrometer system'
that was built in end station A at the Stanford Linear
Accelerator Center. Electrons from the new nuclear-
physics injector were accelerated to between 0.7 to 1.3
GeV, with an energy spread limited by slits to ~0.4%.
The maximum beam intensity was 5 X 10" electrons per
1.6-@sec-long pulse, at a maximum repetition rate of 150
Hz. The electron beams were transported through dipole
magnets Bl, B2, and B3 to the target, then deflected by
dipole B5 into a heavily shielded dump located in the end
station. Both dipole B2 and the dump were remotely
movable.

The electrons scattered near 180 were focused by
quadrupoles Ql-Q3 and momentum analyzed by dipoles
B3 and B4. The electron spectrometer had a solid angle
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FIG. 2. Observed ed counts versus the sum of electron and
deuteron missing momenta at two values of Q . The curves are
normalized missing-momentum distributions from Monte Car-
lo calculations: ed elastic (dot-dashed); contributions from
d(y, z )d (dashed); sum (solid).
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FIG. 3. Results for B(Q') from this experiment (solid cir-
cles) including both statistical and systematic errors, and previ-
ous data for B(Q ) (open circles, Ref. 16) and A (Q )
(squares, Ref. 15). The theoretical curves for B(Q ) from
Refs. 2, 7, or 9 (solid); Ref. 5 (dashed), Ref. 21 (dotted), Ref.
2 (indistinguishable from dotted curve) and Ref. 7 (dot-
dashed) are described in the text.

Data were taken in two running periods. The 20-cm-
long target was used for all the data points except for

Q = 1.21 (Ge V/c ) (10-cm target) and Q =2.48
(GeV/c) (40-cm target). The electron-deuteron elastic
signal was identified by use of TOF to identify ed co-
incidences, and kinematic cuts to isolate the ed elastic
events from background. Plots of the number of ob-
served ed coincidences versus total percentage missing
momentum (6~ +Bp) for two values of Q are shown in

Fig. 2. The missing momenta for the electrons and
deuterons are defined as 6~ = (E,'1 —E ')/E, '1 and
8~=(P,|—P)/P, 1. Clear ed elastic peaks can be seen
centered around 6z +6p =0, as well as a substantial
number of background events with large missing momen-
ta. Comparison with Monte Carlo calculations and an
extrapolation of measured cross sections show the
background counts to be consistent with contributions
from d(y, zr )d, where one of the photons from the gr de-
cay produces a pair in the target to make the detected
electron. The elastic counts were separated from back-
ground by a two-parameter fit of the Monte Carlo pre-
dictions for each of the processes (dot-dashed and
dashed curves in Fig. 2). Even in the worst case
[Q =2.23 (GeV/c) ] the background contribution to
the elastic peak region was small.

After isolation of the ed elastic coincidences from the
background events, corrections were made for dead time
(2% to 5%), detector inefficiencies (6% to 12%), and ab-
sorption of deuterons in the target and recoil detectors
(9% to 20%). End-cap contributions and random ed

coincidence rates were found to be negligible in most
cases, A subtraction was made for the calculated contri-
bution of A(Q ) due to the finite angular acceptance of
the electron spectrometer. This correction was largest at
Q =1.98 (GeV/c), where the ratio 8(Q )/A(Q ) be-
comes less than 0.002. The results for B(Q ) are shown
in Fig. 3 and listed in Table I. They correspond to ex-
tremely small cross sections, e.g. , do/dQ =(2.2+'1.2)
x10 ' cm /sr at Q =2.23 (GeV/c) .

Q
2

(GeV/c) '

1.21
1.49
1.61
1.74
1.98
2.23
2.48
2.53
2.77

10 ' jV;„,

0.71
1.85
3.16

10.4
12.7
20.5

22. 3
1 1.0
12.3

Ned

44+ 8
44+ 8
27+ 7
17+ 8

8.2 ~ 4.6
9.9 + 4.0
16~8

6.0+ 3.0
1.3 ~ 1.3

Na(g 2)

2.8
4. 1

4.5
8.5
4.2
3.0
2. 1

0.7
0.4

IO'B(Q')

126 ~ 24
36+ 7

12.2 ~ 3.6
1.7 ~ 1.5
0.8 ~ 0.9
1.1 + 0.6
1.5 ~ 0.8
1.9 ~ 1.1

0.3 ~ 0.5

TABLE I. Values of four-momentum transfer Q, number
of incident electrons N;„„observed ed elastic counts N d

(corrected for inefficiencies), calculated counts N„&&» from
A(Q'), and results for B(Q ). The errors on both N, d and

B(Q ) are dominated by the statistical error on the number of
counts and the systematic uncertainty on the background sepa-
ration.
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The new data for B(Q ) join smoothly onto the previ-
ous data and show that the magnetic form factor of the
deuteron continues to fall rapidly above Q =1.2
(GeV/c) . The ratio B(Q )/A(Q ) also continues to
decrease. A shallow difIraction minimum beginning
around Q =1.8 (GeV/c) and a secondary maximum
around Q =2.5 (GeV/c) can be seen. Comparison
with a few representative predictions is made in Fig. 3.
The results of a typical parton model are shown as the
dot-dashed curve. These models are expected to work
best at high Q . In our Q range they predict a smooth
falloA with no diAraction feature, and so can be ruled
out by the present data. Much better qualitative agree-
ment is found with impulse-approximation calculations.
They predict a minimum in B(Q ) somewhere between

Q =1.5 and 2.0 (GeV/c), with the height of the secon-
dary maximum decreasing as the position of the
minimum moves to higher Q . The principal uncertainty
is in the choice of deuteron wave function. The results
for the Paris wave function are shown as the solid
line. It can be seen that the minimum occurs at too
low Q compared to the data. Agreement can be im-

proved by modification of the impulse approximation in

various ways. The dashed curve includes isobar
strengths adjusted to fit A(Q ) and B(Q ) at low Q,
meson-exchange currents, and six-quark states. The
main uncertainty in this calculation is the size of the pay
coupling constant, which controls the size of the meson-
exchange currents. A diA'erent way of treating exchange
currents is in the Skyrme model, ' which was used to
predict the dotted curve in Fig. 3. Finally, still using the
Paris wave function but now treating it relativistically,
one calculation produces a curve almost indistinguish-
able from the dotted one. We conclude that the nonrela-
tivistic impulse approximation alone is not sufficient to
describe our new data, but that the inclusion of other
eAects can bring this basic approach into reasonable
agreement. Our new data for B(Q ), combined with
previous data for A(Q ) and nucleon-nucleon scattering
data, will place severe constraints on the exact mixture
of high-momentum components, nucleon form factors,
meson-exchange currents, isobar admixtures, and treat-
ments of relativistic eAects and six-quark states used in

the description of the short-range electromagnetic prop-
erties of the deuteron.
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