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Background: Measurements of the neutron charge form factor, G%, are challenging due to the fact that the
neutron has no net charge. In addition, measurements of the neutron form factors must use nuclear targets which
require accurately accounting for nuclear effects. Extracting G with different targets and techniques provides

an important test of our handling of these effects.

Purpose: The goal of the measurement was to use an inclusive asymmetry measurement technique to extract
the neutron charge form factor at a four-momentum transfer of 1 (GeV/c)?>. This technique has very different



systematic uncertainties than traditional exclusive measurements and thus serves as an independent check of
whether nuclear effects have been taken into account correctly.

Method: The inclusive quasi-elastic reaction BITé(?, e’) was measured at Jefferson Lab. The neutron electric
form factor, G, was extracted at Q? = 0.98 (GeV /c)? from ratios of electron-polarization asymmetries measured
for two orthogonal target spin orientations. This Q2 is high enough that the sensitivity to G is not overwhelmed
by the neutron magnetic contribution, and yet low enough that explicit neutron detection is not required to
suppress pion production.

Results: The neutron electric form factor, G, was determined to be 0.0414 + 0.0077 (stat) £ 0.0022 (syst);
providing the first high precision inclusive extraction of the neutron’s charge form factor.

Conclusions: The use of the inclusive quasi-elastic SI-Té(?, ¢') with a four-momentum transfer near 1 (GeV/c)?
has been used to provide a unique measurement of G. This new result provides a systematically independent
validation of the exclusive extraction technique results and implies that the nuclear corrections are understood.
This is contrary to the proton form factor where asymmetry and cross-section measurements have been shown to
have large systematic differences.

PACS numbers: 14.20.Dh, 13.40.Gp, 24.70.+s, 25.30.Bf

I. INTRODUCTION II. METHODS

Electromagnetic form factors describe the nucleon’s
static electromagnetic structure and provide insight into
understanding nucleons in terms of their fundamental
degrees of freedom. Of the four electromagnetic form
factors of the proton and neutron (G%, G%,, G'%, and
G%), the measurement of G7% is particularly challeng-
ing due to its small value and the difficulty in obtain-
ing a high-density “pure” neutron target. Extractions
of neutron form factors have relied on measurements on
light nuclei, such as the deuteron or *He, where the neu-
tron is bound inside the nucleus. Experimental meth-
ods that provide access to G% include Rosenbluth sep-
arations from an unpolarized deuteron target [I 2] and
double-polarization measurements using either a polar-
ized target [3H9] or an unpolarized target combined with
a polarimeter to measure the polarization transfer to
the recoiling neutron [I0HI3]. At low four-momentum-
transfer-squared, @2 from 0.1 to 0.2 (GeV/c)?, inclusive
quasi-elastic scattering from a polarized 3He target was
also tried [I4) [I5]. However, these early measurements
yielded statistical uncertainties comparable with the ex-
tracted quantity; the sources of theoretical uncertainties
were not investigated. In a later measurement, better
statistical precision was obtained, and an extensive anal-
ysis of the systematic uncertainties was performed [16].
In that analysis, the large variation in the asymmetry
predictions revealed a large model uncertainty at low Q2.
The authors of that paper suggested that the extraction
would be likely to succeed at higher Q2. We report in this
paper an extraction of G% at Q% = 0.98 (GeV/c)? from
measurements of the ratios of two asymmetries in the
3@(?, e') reaction where the *He spin vectors aligned
parallel and orthogonal to the electron beam direction.

* Corresponding author: doug@jlab.org
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The measurements were performed at Jefferson Lab in
experimental Hall A. A longitudinally polarized electron
beam of 3.606 GeV was scattered from a gaseous polar-
ized 3He target. The beam current was between 10 yA
and 15 pA, and the helicity of the beam was flipped at
a frequency of 30 Hz. During the experiment, the beam
charge asymmetry was minimized by a beam charge feed-
back system [I7] and was controlled to be less than 100
parts per million (ppm) per 20-30 min time period. In-
terruptions of the beam were found to have negligible
effects on the asymmetry. As a dedicated beam polariza-
tion measurement in Hall A was not conducted during
the period the data were taken, the average beam po-
larization was determined from measurements taken in
Hall B with a Mgller polarimeter to be (82 £ 2.5)% [I8].

A polarized 3He target was used as an effective po-
larized neutron target. The target, made of aluminosili-
cate glass, consisted of a pumping chamber and a target
cell. The spherical pumping chamber was located above
the cylindrical target cell and was connected to the tar-
get cell by a transfer tube. The 3He nuclei were polar-
ized via spin-exchange optical pumping of a Rb-K mix-
ture [19]. The vapor of the alkali mixture was polarized
in the pumping chamber, where the spin exchange with
the 3He nuclei occurred. The 40-cm-long target cell con-
tained 3He gas at 12 atm, which provided a luminosity
of 1036 em=2s~!. A small amount (~ 2% in number den-
sity) of Ny gas was added to the target cell to absorb un-
wanted photons emitted from the Rb de-excitation pro-
cess. With the aid of spectrally narrowed lasers that
increase the light absorption efficiency [20], a significant
improvement in target polarization was achieved com-
pared to previous experiments with similar targets. The
polarization of the cell was measured every 6 hours us-
ing nuclear magnetic resonance, calibrated using electron
paramagnetic resonance [2I] polarimetry. An average in-
beam target polarization of (50.2 + 2.5)% was achieved.
Additionally, a reference cell that could be filled with
either 3He, Ny, or Hy gas, was used to determine the
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dilution factors for the unpolarized material in the cell.

The scattered electrons were detected in the Right
High Resolution Spectrometer (RHRS) [22]. The RHRS
was located at a forward angle of 17° with respect to the
incident beam direction and its central momentum was
set to 3.086 GeV/c. Thus, the momentum transfer to
the target (§) by an electron scattered into the center of
the RHRS acceptance was pointing at an angle of 56°
with respect to the incident beam direction. Scattered
electrons traveled through the RHRS by passing through
a pair of superconducting cos(20) quadrupoles, a 6.6-m-
long dipole magnet, and a third superconducting cos(26)
quadrupole. The detector package included: a pair of
vertical drift chambers to determine the trajectory of a
particle; two scintillator planes to provide the trigger;
and a gas Cherenkov detector combined with a lead-glass
electromagnetic calorimeter to separate electrons and pi-
ons. The spectrometer has a solid angle acceptance of
6 msr and a momentum acceptance of + 4.5%. The spec-
trometer optics calibration resulted in the following reso-
lutions: 6 mm in the vertex position along the beamline,
2x107* in relative momentum, 1.5 mrad in the out-of-
plane angle and 0.5 mrad in the in-plane angle.

During the experiment, two sets of Helmholtz coils
were used to align the 3He spin vector either parallel
or perpendicular to the beam direction. This enabled us
to measure independently the asymmetries, Ay and A,
where the subscripts indicate the orientation of the >He
spin vector with respect to the beam and in the horizontal
lab-frame plane. The experimental physics asymmetries
were calculated by

1 oy~
Ao yrovoy W
P.Pifx, \YT+Y~

where Y+ = QNﬁLiT represents the normalized yield for

beam helicity +1, N+ is the number of detected scattered
electrons, Q7 is the accumulated charge, and LT¥ is the
data acquisition live-time. P, and P, are the beam and
target polarizations, respectively, and fy, is the dilution
factor due to the admixture of Ny gas in the target cell.
The dedicated Ny reference cell data were used to deter-
mine fn, = (95 + 2)%. The measured asymmetries were
calculated near the quasi-elastic peak for values of the
Bjorken scaling variable g = Q?/(2Mw) in the range
0.9 < zg < 1.1, where M is the mass of the nucleon
and w = F — E’ where E (E') is the incident (scattered)
electron energy.

Radiative corrections were calculated based on the for-
malism of Mo and Tsai [23] with the program RAD-
COR.F [24]. This code was updated to use the peaking
approximation of Stein et al. [25] and can perform both
external and internal corrections for unpolarized and po-
larized cross sections. For the polarized cross sections,
the relative uncertainty of the radiative corrections was
estimated to be 20% and up to 40%, when extrapolation
from the model is involved [24]. The data from Ref. [26]

were used to build a model for the two helicity states
and extrapolated to the kinematics of this paper. The
model cross sections were then incorporated into the ra-
diative correction procedure. The size of the corrections
for the asymmetries varied from 8% to 14% across the
xp acceptance. Due to the assumptions used in building
the model and the extrapolation, a conservative relative
uncertainty of 50% was chosen for the radiative correc-
tions, which results in a relative uncertainty of about 5%
for the corrected asymmetries. Since these measurements
were done at a moderate Q2 and epsilon near unity, two-
photon effects corrections should be small and thus have
been neglected.

III. RESULTS

The A and A, inclusive 3He asymmetries averaged
over the spectrometer acceptance and after applying ra-
diative corrections are shown in Fig. [[] with their values
provided in Table [l The inner error bars represent the
statistical uncertainties; the outer error bars show the
combined statistical and systematic uncertainties. For
the parallel asymmetry (A)), the statistical precision
overwhelms the systematic uncertainty and, hence, the
total error bar cannot be easily distinguished from the
statistical error bar. The dominant experimental system-
atic uncertainties for the measured asymmetries are the
uncertainty in the radiative corrections (5%), the target
polarization (5%), the beam polarization (3%) and the
dilution factor (2%), where all the uncertainties are rela-
tive to the asymmetry. The uncertainty due to inelastic
backgrounds was not considered, since the statistical un-
certainties dominate the total uncertainty. Within the
statistical uncertainties, A is almost constant across the
chosen xp range, whereas A exhibits a slight linear de-
crease with increasing xp.

TABLE I. Parallel (A)) and transverse (A.) asymmetries
near the quasi-elastic peak versus xp. The format for the
asymmetries follows central value + statistical uncertainty +
systematic uncertainty.

B AL (%) Ay (%)

0.925 3.45 +0.19 £0.23 —0.35 £ 0.17 £ 0.02
0.975 3.29 £ 0.20 + 0.23 —0.66 + 0.18 £+ 0.05
1.025 2.97 £ 0.22 £ 0.21 —0.55 £ 0.20 £+ 0.04
1.075 2.86 &+ 0.26 & 0.20 —0.64 4+ 0.23 + 0.05

To relate the measured asymmetries to G we used
the formalism of Donnelly and Raskin [27] for scattering
from a free spin-1/2 particle. The asymmetry for the
31%)(?,6’ ) reaction near the quasi-elastic peak can be
written in terms of 3He response functions as the ratio of
the spin-averaged (X) and polarization (A) cross sections:
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FIG. 1. Inclusive asymmetries from the 317%(?,6') reaction
with the target spin parallel, (A4)), and transverse, (A1),
to the electron beam direction asymmetries near the quasi-
elastic peak versus xp. The inner (outer) error bars represent
the statistical (statistical plus systematic) uncertainties.
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where RST},I(QTL,) are the 3He polarized transverse
(transverse-longitudinal) response functions, R;Igz) are
the *He unpolarized transverse (longitudinal) response
functions, and the v’s are kinematic factors which are
independent of beam and target polarizations. 6* and
¢* are, respectively, the polar and azimuthal angles of
the target polarization vector with respect to the three-
momentum transfer . Thus, asymmetries measured
with the target oriented parallel (perpendicular) to the
electron beam correspond to 8* = 56° and ¢* = 0°
(6* = 34° and ¢* = 180°).

Following the Plane-Wave-Impulse-Approximation
(PWIA) calculation by Kievsky et al. [28], the polarized
3He transverse (transverse-longitudinal) response func-
tions RSTI?("TL,) near the quasi-elastic peak are written
as

3 e Q2 n n
Ryl = 20l (2GR Hy + [GRPHE),  (3)
Rpps = —V2 (G}, Gy, + Gy GpHEy),  (4)

where the H g(n) represent the proton (neutron) contribu-
tion to the response functions with S = T” or TL’. The
proton form factors, G, and G%,, as well as the neutron
magnetic form factor G'};, were constrained by the world

4

data. The values of H g(p ) were calculated in Ref. [28] us-
ing models for the nucleon polarizations and momentum
distributions in the *He nuclei. These values are almost
constant over a wide range of Q2. Thus, by measuring A
for two sets of (6%, ¢*) at electron scattering angles and
scattered electron momenta spanning the acceptance of
the RHRS subject to the constraint that 0.9 < zp < 1.1,
we obtain two linearly independent equations. The de-
pendence on the 3He unpolarized response functions can
be removed by taking the ratio of A (6%, ¢*) for two sets

of (6%, ¢°):

3 . 3

A(62%,¢2")  cos 02" v RAT + sin 02" cos ¢ v RS
* * - 3 . 3

A(O1",¢17)  cosO v RAY + sin 61 cos ¢y v RAL

(5)
which can be solved for G'%.

The uncertainties in the ratios of asymmetries were
dominated by the statistical uncertainty (18.5%) in the
values of Aj. In these ratios, the absolute values of cor-
rections such as the beam and target polarizations cancel
to first order and only their relative changes during the
measurement contribute to the uncertainty. We estimate
that the uncertainties in the asymmetry ratio from the
beam and target polarizations are ~ 3% and ~ 1%, re-
spectively. Similarly, the dilution factors cancel. The
radiative corrections are correlated for the two measured
asymmetries so that they also mostly cancel in the ra-
tio. When the radiative corrections are varied within
the uncertainties, we found the ratios of the asymmetries
change by <« 1%; however, due to the assumptions made
in their determination, we have taken 1% to be a con-
servative estimate of the uncertainty from this source.
Finally, the measurement of the asymmetries is sensitive
to the target polarization angle 6* that has an uncer-
tainty of 4+ 0.3°. This results in a 3% uncertainty in
the ratio. We estimate the total experimental systematic
uncertainty to be 4.5% for the ratios of the asymmetries.

The discussion up to this point has been based on
the PWIA framework. Corrections to this approxima-
tion must be considered. The effects of final state in-
teractions (FSI) were examined and found to decrease
significantly with increasing Q2 [29, [30]. The PWIA cal-
culation mentioned previously [28] was used in earlier de-
terminations of G, in the range Q2 = 0.1 - 0.6 (GeV /c)?
from measurements of the Ay, asymmetry made at Jef-
ferson Lab [31I]. The effects of FSI were greatly reduced
above Q? of 0.5 (GeV/c)?, and for Q% > 1 (GeV/c)?
FSI corrections are expected to fall as Q~*. Corrections
for meson-exchange currents (MEC) are expected to be
negligible at the quasi-elastic peak [32] and to decrease
exponentially as Q2 increases, based on the observation
in Ref. [3I] as well as the calculations of Golak [33].

Within the context of PWIA, inclusion of the off-shell
nature of the struck nucleon into the calculation of the
electron-nucleon cross section requires a model of the nu-
cleon current. In particular, a model for the contribu-
tion of the anomalous magnetic moment of the struck
nucleon must be chosen. The CC1 and CC2 prescrip-



tions of De Forest [34] for off-shell cross sections were
used to obtain the >He responses. In these two prescrip-
tions the off-shell effects are incorporated into the elec-
tron kinematics using different approaches as outlined in
ref. [34]. In the CC1 prescription the four-momentum
transfer is determined solely by the electron kinematics.
In the CC2 prescription the three-momentum transfer, ¢,
is determined by the electron kinematics and the energy
transfer from the final energy and initial momentum of
the struck nucleon. It is to be noted that in both cases
energy-momentum and current conversation are violated
as in both cases the nucleons are treated as free particles.
PWIA calculations using these forms provide good agree-
ment with the unpolarized 3He response functions [28].
For the polarized responses, both prescriptions provide
essentially the same result for Rpy., while the results
for Ry in general differ less than 2% over the range of
0.1 < Q? <2 (GeV/c)?. Due to these differences, only
the results from CC1 were reported in Ref. [28]. Other
prescriptions are available [35] but were not considered.

When zp is near 1, the struck nucleon is almost at
rest before absorbing the virtual photon. After absorb-
ing the photon, it has a momentum almost equal to that
of the virtual photon. In the kinematics of this paper, the
struck nucleon has a relativistic kinetic energy. Hence,
the inclusion of relativistic effects in the theoretical cal-
culations is essential. The uncertainty due to these ef-
fects was estimated in Ref. [32]. A comparison was made
within the Virtual Nucleon and Light Cone approxima-
tions, which are different treatments of the relativistic
motion of bound nucleons as well as electromagnetic cur-
rents. The difference between the predictions made us-
ing these two approximations was found to be 1.2% at
Q? ~ 1 (GeV/c)2

Parameterizations of the three undetermined electro-
magnetic form factors were used as inputs to calculate an
asymmetry at each kinematic point over the measured
angular and momentum acceptance of the RHRS. For

- the high precision data from Ref. [36] were used, and
the values for G, and G, were provided by Refs. [37,138],
which were extracted after applying the two-photon ex-
change corrections as done in [39]. The values and un-
certainties for the form factors used in the extraction at
the central value of Q? are presented in Table [lIl Taking
into account the correlations between G%, and G4, these
uncertainties in the form factors lead to an uncertainty of
1.4% in the extracted value of G'%. The extraction of G,
is not limited by the uncertainties on the individual form
factors. Examining Eq. reveals that the proton contri-
butions to the response functions are suppressed in *He,
and hence, their uncertainties in the extraction of G’
are also suppressed. On the other hand, as Q? increases
the uncertainty on G%, (2.1-2.6%) becomes important
at @* = 2.6 (GeV/c)?. Finally, the uncertainty on G%
grows linearly with @2 and adds an equal uncertainty in
the extraction of G%, at this Q2.

Using Eq. , the central value of G was varied to fit
the calculated ratio of asymmetries to the experimentally

TABLE II. The values and uncertainties for the form factors
used in the extraction at Q® = 0.98 (GeV/c)?. The column
dG'% provides the contributions to the systematic uncertainty
of G from the input form factors to Eq. .

Form Factor Value 0G%
G%/Gp 0.9413 + 0.0094 3.0x10~*
1pG:,/Gp  1.0456 £ 0.0104 2.5x10™*

un G /Gp  0.9953 % 0.0225 1.9x10~*

measured ratios. The value for G extracted at Q% =
0.98 (GeV/c)? is

n = 0.0414 £ 0.0077 + 0.0022, (6)

where the first (second) uncertainty is statistical (sys-
tematic). In Fig. [2| the present result for G% is shown
as the solid square along with selected world data and
parametrizations. The extracted result is consistent with
the world data, showing the feasibility of this method for
values of Q? larger than 0.8 (GeV /c)?2. It should be noted
that the present data were acquired in only 2.5 days of
running. As the extraction of G'% was not the principal
focus of the measurements, the running time was divided
evenly between the two target polarization orientations:
parallel to the electron beam and perpendicular to the
beam. Had the division of running time been optimized,
with 90% (10%) of the time allocated to the parallel (per-
pendicular) orientation, the statistical uncertainty on G
would be reduced from 0.0077 to 0.0026.

IV. SUMMARY

In summary, an extraction of G from inclusive polar-

ized 3@(?,@’ ) quasi-elastic asymmetry measurements
was presented. This method of forming the ratio of in-
clusive asymmetries provides an important independent
check of other measurements and has several advantages.
Firstly, the systematic uncertainties associated with neu-
tron detection [§] are avoided. Secondly, the sensitiv-
ity to certain unavoidable systematic errors (beam and
target polarizations, dilution factors and radiative cor-
rections) are greatly reduced due to first-order cancel-
lations in the ratio of asymmetries. The final result at
Q? = 0.98 (GeV/c)? of G = 0.0414 + 0.0077 £ 0.0019
was found to be consistent with other extraction tech-
niques. This is in contrast to the proton, where at this
same 2, systematic differences between form factor ex-
traction techniques were revealed [41].
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