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Abstract. We have measured the electric form factor of the neutron, Gn
E , at two momentum transfers

(Q2 = 0.5 and Q2 = 1.0 GeV/c2) through �d(�e, e′n)p quasielastic scattering in Jefferson Lab’s Hall C.
Longitudinally polarized electrons scattered from polarized deuterated ammonia and Gn

E was extracted
from the beam-target asymmetry AV

ed which, in quasielastic kinematics, is particularly sensitive to Gn
E and

insensitive to MEC and FSI.

PACS. 14.20.Dh Properties of specific particles: Protons and neutrons – 24.70.+s Nuclear reactions:
Polarization phenomena in reactions – 13.40.Gp Specific reactions and phenomenology: Electromagnetic
form factors

1 Introduction

The magnetic moments measurement by Otto Stern in
1934 was the first evidence that the neutron and the pro-
ton were composite particles, ones with internal structure.
Without this structure, one would expect the magnetic
moment of the proton to be one nuclear magneton and
that of the neutron to be zero.

The source of the nucleon anomalous magnetic mo-
ments is the strong interaction which gives rise to com-
plex electromagnetic currents of quarks and antiquarks in
the nucleon. The non-zero value of the neutron’s magnetic
moment suggests that the neutron must have a charge dis-
tribution. Precise knowledge of this charge distribution
will give important information about the strong force
that binds quarks together in neutrons and protons and
other composite particles. The distribution of the charge is
contained in an experimentally determined quantity, Gn

E ,
the electric form factor, which is a function of momentum
transfer. Gn

E is critical for the study of nuclear structure,
e.g. [1]. Without an accurate description of all the nucleon
form factors it is almost impossible to obtain information
from the few-body structure functions, our best testing
ground for FSI, MEC, and NN potentials.

A precise determination of the charge form factor of
the neutron has frustrated physicists for more than 40
years, primarily from the lack of a free neutron target
and the fact that the charge form factor is so small. The
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situation is finally improving because of recent advances
in beam and target technology.

2 Spin-dependent measurements

It has been known for many years that the nucleon
electromagnetic form factors could be measured through
spin-dependent elastic scattering from the nucleon (or
quasielastic scattering from a nucleus) [2,3], accomplished
either through a measurement of the scattering asymme-
try of polarized electrons from a polarized target, e.g.
for the neutron form factors, �d(�e, e′n)p, 3−→He(�e, e′n)pp , or
equivalently by measuring the polarization of the recoiling
nucleon, d(�e, e′�n)p [4]. Since pioneering work on the neu-
tron at Bates [5], the development of high-polarization
beams and targets, together with high duty factor ac-
celerators, has improved the data set (and outlook) for
Gn

E [6–12]. Not incidentally, the recoil polarization tech-
nique has allowed precision measurements of Gp

E to nearly
6 GeV/c2 [13–15].

Asymmetry measurements with coincident detection
of the neutron have significant advantages for determin-
ing the neutron form factors. Detection of the neutron
allows one to avoid the subtraction of the dominant pro-
ton required in elastic scattering [16] or quasielastic inclu-
sive scattering [17] from the deuteron. Additionally, the
difficulties associated with a Rosenbluth separation (ab-
solute cross-section measurements) are evaded, and the
measured asymmetries are much less sensitive to nuclear
structure (at least in the case of the deuteron).
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The connection between the physics asymmetry and
Gn

E can be seen clearly for a (fictitious) vector polarized
target of free neutrons with the polarization in the scatter-
ing plane and perpendicular to �q. In this case the experi-
mental beam-target asymmetry AV

en [18] can be connected
to Gn

E by

AV
en =

−2
√

τ(τ + 1) tan(θe/2)Gn
EGn

M

(Gn
E)2 + τ [1 + 2(1 + τ) tan2(θe/2)](Gn

M )2
. (1)

AV
en is related to the counts asymmetry ε = (L − R)/

(L + R), where L,R are charge normalized counts for op-
posite beam helicities (or target polarizations) by AV

en =
ε/(PbeamPneutrondf), where df is the dilution factor due to
scattering from materials other than polarized neutrons.
Analogous relations exist for recoil polarization measure-
ments where, in the case of the neutron, the spin compo-
nent pn

x substitutes for AV
en.

3 Jefferson Lab experiment E93026

In E930261 it was proposed to extract Gn
E by measur-

ing the spin-dependent part of the quasielastic electron-
deuteron cross-section. A measurement of the asymmetry
in the quasielastic scattering of longitudinally polarized
electrons from polarized deuterium nuclei in deuterated
ammonia (ND3) can determine the product Gn

E · Gn
M .

In the one-photon exchange approximation the dif-
ferential coincidence cross-section for inelastic polarized
electron-polarized deuteron scattering [19] is written as

σ=σ0

(
1+hAe+P d

1 AV
d +P d

2 AT
d +h

(
P d

1 AV
ed+P d

2 AT
ed

))
, (2)

where σ0 is the unpolarized cross-section and Ae, AV
d , AT

d ,
AV

ed, and AT
ed are the electron beam induced asymmetry,

the vector and tensor deuteron target asymmetries, and
the electron-deuteron vector and tensor asymmetries, re-
spectively. Here P d

1 (P d
2 ) is the target vector (tensor) po-

larization and h is the beam helicity times the electron po-
larization degree (Pb). AV

ed has been shown to be of special
interest [19,20] when measured in kinematics that empha-
sizes quasielastic neutron knockout where it is especially
sensitive to Gn

E and relatively insensitive to the nucleon-
nucleon (NN) potential describing the ground state of the
deuteron, to meson exchange currents (MEC) and to final-
state interactions (FSI). Figure 1 presents the sensitivity
of AV

ed to the size of Gn
E and AV

ed’s insensitivity to the fea-
tures of the reaction model.
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Fig. 1. The top panel shows the significant sensitivity of the
beam-target asymmetry, AV

ed at Q2 = 0.5 (GeV/c)2, with
the size of Gn

E , taken to be a scale factor times the Galster
parametrization [21]. Pure quasielastic kinematics has the neu-
tron being emitted along θcm

np = 180 degrees. The bottom panel
shows the relative insensitivity of AV

ed to the ingredients of the
deuteron model. The vertical lines indicate the region of our
experimental averaging. The curves are based on the calcula-
tions of refs. [19,20].

The experimental asymmetry2

ε = df
PeAe + PeP

V
t AV

ed + PeP
T
t AT

ed

1 + PV
t AV

d + PT
t AT

d

≈ dfPeP
V
t AV

ed (3)

in the quasielastic cross-section arises when the helicity
of the beam or the target polarization are reversed. The
magnitude of the experimental asymmetry depends on the
polarization of the beam and target, and through AV

ed on
the kinematics and the orientation of the polarization of
the target. The dilution of the experimental asymmetry
from the scattering from materials other than polarized
deuterons is accounted for by df .

2 AT
ed and Ae vanish if symmetrically averaged, AV

d vanishes
with the polarization axis in the scattering plane and AT

d is
suppressed by P T

t ≈ 3%.
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Fig. 2. Experimental arrangement in Hall C with cutaway of
the neutron detector. The scattered electrons were detected in
the HMS (right) and the neutrons and protons were detected in
a scintillator array (left). The cones are intended to represent
the neutron and protons leaving the target.

Table 1. Kinematics for 2001 run. Units should be obvious.
θB is the orientation of the target polarization axis as fixed by
the target magnetic field.

Q2 Ee θe Ee′ θB Pn Tn

0.5 2.332 18.5 2.065 150.4 760 270
1.0 3.479 18.0 2.946 143.3 1130 530
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Fig. 3. Polarized target used in E93026 included a supercon-
ducting magnet arranged as a Helmholtz pair, operating at
5 T, a 1 W 4He evaporation refrigerator, a 140 GHz microwave
source, a continuous NMR system for readout of the polariza-
tion, and a remotely movable target ladder. The target ladder
held two cells of 15ND3, a carbon target and an empty cell.
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Fig. 4. Arrangement of the neutron detector. The 2001 version
of the detector extended the vertical height and increased the
total thickness.
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Fig. 5. Coincidence meantime spectrum at Q2 = 0.5 GeV/c2.
The peak centered at zero is from quasielastically scattered
neutrons. A peak from the decay of π0 in the target arrives
earlier than the neutron. The 2 ns structure of the linac at Jef-
ferson Lab can be seen in the background. The time resolution
was better than 450 ps (σ).

4 Experimental arrangement

The arrangement of the experiment E93026 which took
data at Q2 = 0.5 and Q2 = 1.0 GeV/c2 in 1998 and 2001
is given in fig. 2. The kinematics for the 2001 run are given
in table 1. Longitudinally polarized electrons (I ≤ 100 nA)
scattered from a polarized target [22] of 15ND3. The polar-
ization axis was oriented in the scattering plane and per-
pendicular to the central �q. The material was polarized by
driving forbidden transitions in the free electron-deuteron
system with 140 GHz microwaves. The polarization was
measured continuously via NMR. A drawing of the target
is shown in fig. 3.
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Fig. 6. Comparison between data and detector averaged theoretical values of AV
ed. The plot shows theoretical AV

ed in scaled
Galster parameterizations of Gn

E with a = 0.5 (bottom line), a = 1.0 (middle line) and a = 1.5 (top line). The experimental
AV

ed from E93026 data are shown with statistical errors. The comparison was done in four kinematical variables. ypos is the
horizontal position of the detected neutron in the detector, θnq is the angle between the neutron and the 3-momentum transfer,
�q, and θcm

np is the direction of the neutron in the cm system.

Electrons were detected in a magnetic spectrometer
and a large-solid-angle array of plastic scintillators pro-
vided for both neutron and proton detection. The detec-
tor (placed ≈ 4 m from the target along the direction
of �q ) consisted of multiple planes of large volume scin-
tillators and included two planes of thin charged particle
veto paddles for a total of 236 channels in 1998 and 288 in
2001. The front of the detector was shielded by a lead cur-
tain approximately 1 inch thick. The entire detector was
housed in a large thick walled concrete hut closed on all
sides except that facing the target. Each bar and paddle
had a phototube at each end to allow good position and
timing resolution. The detector arrangement is shown in
fig. 4. The time resolution was determined from the time-
of-flight peak of the gammas (from π0 decay) in the mean-
time spectrum and was on the order of 450 ps (σ). Fig-
ure 5 gives an indication of the excellent timing resolution
achieved. Neutrons were identified as events with no hits,
in the veto paddles within a narrow time interval, along
the track to the target and in a narrow range of invariant
mass W around the quasielastic peak. The protons were
bent vertically in the target field by nearly 18◦ at Q2 = 0.5
and 11◦ at Q2 = 1.0, almost eliminating their overlap with
the neutrons which further improved their rejection.

The experimental asymmetry was diluted by scatter-
ing from materials other than polarized deuterium nuclei.
This includes the nitrogen in 15ND3, the liquid helium in
which the target was immersed, the NMR coils, and target
entrance and exit windows. A Monte Carlo was developed

to aid in the determination of the dilution factor and to
perform the detector averaging of the theoretical asymme-
tries. The MC included the neutron detector geometry and
approximate efficiencies, the target magnetic-field effects
on the scattered electrons, the beam raster and radiative
effects.

5 Preliminary results

In order to extract Gn
E the corrected experimental asym-

metry was compared to the Monte Carlo simulation that
folds theoretical calculations of the asymmetry with the
event distribution across the acceptances of the electron
spectrometer and the neutron detector. The theoretical
AV

ed values were calculated using the approach of [19,20].
The calculations are based on a non-relativistic descrip-
tion of the n-p system in the deuteron, using the Bonn
R-Space NN potential [23] for both the bound state and
the description of final-state interactions (FSI). The full
calculations include also sub-nuclear degrees of freedom
such as meson exchange currents (MEC) and isobar con-
figurations (IC) as well as relativistic corrections. The grid
of asymmetries was calculated for 3 values of Gn

E given by
the Galster parameterization [21] (with p = 5.6) (with
the magnitude set by an overall scale parameter of 0.5,
1 or 1.5.) and the dipole parameterization for Gn

M . The
detector averaged theoretical values of AV

ed were obtained
for intermediate scale factors by a linear interpolation (see
fig. 6). The resulting value for Gn

E at Q2 = 0.495 (GeV/c)2
for the 1998 data set is Gn

E = 0.04632±0.00616±0.00384.
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Table 2. Sources of systematic errors.

Systematics 98 01 (predicted)

Target polarization 5.8% 3–5%
Dilution factor 3.9% 3%
Cut dependence 2.4% 2%
Kinematics 2.2% 2%

Gn
M 1.7% 1.7%

Beam polarization 1.0% 1–3%
Other 1.0% 1%

Sum 8.0% 6–8%
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Fig. 7. Comparison of the present experiment with data from
recent spin-dependent polarized measurements [7–11], along
with the data set of [24]. The anticipated errors for the 2001
measurement are shown. The solid line is the parameterization
(p = 5.6) of Galster [21].

Fig. 8. Data from E93026 and various models —the RCQM
of [25], soliton model of [26], the Gari-Krumpelmann hybrid
VMD model with [27] and without [28] coupling to the φ and
the dispersion theory of [29].

The data taken in 1998 at Q2 = 0.5 GeV/c2 have been
published [12]. The data from the 2001 run are under anal-
ysis and preliminary values for both momentum transfers
were shown at this workshop. When the analysis is com-
pleted, we expect the statistical error at Q2 = 0.5 to be
7.5% and 13% at Q2 = 1.0 with total systematic errors on
the order of 8%, see table 2.

The 1998 measurement and the projected errors for the
2001 data set (still under analysis) are compared to Gn

E
from other polarized experiments [7–11] in fig. 7. Shown
in fig. 8 are our data compared to some of the available
theoretical models.

6 Outlook

The outlook for further progress on Gn
E is good. Data at

three momentum transfers (Q2 = 0.45, 1.1, 1.45 GeV/c2)
measured via the recoil polarization technique in
E93038 [30] at Jefferson Lab are under analysis and the
Mainz recoil polarization measurements [31] to Q2 =
0.8 GeV/c2 are expected to be completed this summer.
High-precision measurements are expected from the large-
solid-angle detector BLAST [32] at Bates-MIT using po-
larized internal targets. A new experiment [33] has been
approved at Jefferson Lab using a polarized 3He target
which will measure Gn

E to Q2 = 3.4 GeV/c2. Experiments
under analysis, underway, or planned for Gn

E will, in the
near future, provide an important test for models of the
nucleon and at the same time provide a critical input to
our understanding of nuclear structure and dynamics.
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