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Abstract. Because of the lack of a free neutron target, deuterium targets had
been used extensively in studying the neutron structure in the past from unpolarized
electron-deuteron scattering experiments. Only recently polarized electron-deuteron
scattering measurements have been performed which yield more precise information
on the charge form factor of the neutron. The unique spin structure of the 3He ground
state and the recent developments in polarized target technologies make polarized 3He
targets very e�ective neutron targets. In this talk, I review the current status of the
polarized 3He targets and focus on the quasielastic asymmetry measurement from in-
clusive 3 ~He(~e; e0) process and the neutron form factors. I discuss the results of the
MIT-Bates experiment 88-25 and the preliminary results of the recently completed
JLab experiment E95-001 in which precision measurements of the neutron magnetic
form factor at low Q2 are aimed.

INTRODUCTION

Electromagnetic form factors are of fundamental importance for an understand-
ing of the underlying structure of nucleons. Knowledge of the distribution of charge,
magnetization within the nucleons provides a sensitive test of models based on
Quantum Chromodynamics (QCD), as well as a basis for calculations of processes
involving the electromagnetic interaction with complex nuclei. The understanding
of the nucleon structure in terms of quark and gluon degrees of freedom of QCD
will provide a basis to understand more complex strongly interacting matter at the
level of quarks and gluons. While the proton form factors are known with excellent
precision over a large range of four-momentum transfer Q2, the corresponding data
for the neutron are of inferior quality due to the lack of free neutron targets. Over
the past decade, with the advent of improved experimental techniques, the pre-
cise determination of both the neutron electric form factor, Gn

E, and the magnetic

1) This work is supported in part by the U.S. Department of Energy under contract number
DE-FC02-94ER40818.



form factor, Gn
M , has become a focus of experimental activity. While improving

the precision of Gn
M is interesting in itself, it also bene�ts experiments designed to

determine Gn
E, which usually measure the ratio G

n
E=G

n
M . Furthermore, precise data

for the nucleon electromagnetic form factors are essential for the analysis of parity
violation experiments designed to measure the strangeness content of the nucleon.
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FIGURE 1. The electric form factor of the neutron as a function of four-momentum transfer

from Platchkov et al. [1].

The most precise information on Gn
E at low Q2 prior to any polarization experi-

ment is from elastic electron-deuteron scattering experiment by Platchkov et al. [1].
However, the extracted Gn

E values are extremely sensitive to the deuteron structure.
Fig. 1 shows the Gn

E values extracted with the Paris potential together with the
�t of the data (dash-dotted curve). Fits from �tting the Gn

E data extracted with
the Nijmegen potential, the Argonne V14 (AV14) and the Reid-Soft Core (RSC)
NN potentials are shown as solid, dashed and dotted curves, respectively. The
large spread represents the uncertainty of Gn

E due to the deuteron structure, and
the absolute scale of Gn

E contains a systematic uncertainty of about 50% from the
measurement by Platchkov et al. [1].

The development of polarized targets and beams has allowed more complete stud-
ies of electromagnetic structure than has been possible with unpolarized reactions.
In quasielastic scattering, the spin degrees of freedom introduce new response func-
tions into the di�erential cross section, thus providing additional information on
nuclear structure [2]. Experiments with longitudinally polarized electron beams
and recoil neutron polarimeters have been carried out at MIT-Bates [3] and Mainz
[4,5] and Gn

E has been extracted from the d(~e; e0~n) process. Recently, the neutron

electric form factor was extracted for the �rst time [6] from ~d(~e; e0n) reaction in
which a vector polarized deuteron target from an atomic beam source was employed.



Using the polarization degrees of freedom, the proton contribution to the scattering
process is suppressed and more precise information on the neutron charge form fac-
tor can be extracted. Currently, our best knowledge of Gn

E from these polarization
measurements is � 30% for Q2 � 0:6(GeV=c)2.

FIGURE 2. The neutron magnetic form factor Gn
M

in units of the standard dipole parameteri-

zation, �nGD , in the low Q2 region, as determined in several recent measurements: Markowitz et

al. [7] (open diamonds) using d(e; e0n); Anklin et al. [8] (triangle), Bruins et al. [9] (squares), and

Anklin et al. [10] (solid diamonds) using the ratio d(e; e0n)=d(e; e0p); and Gao et al. [11] (circle)

using 3 ~He(~e; e0).

Until recently, most data on Gn
M had been deduced from elastic and quasielastic

electron-deuteron scattering. For inclusive measurements, this procedure requires
the subtraction of a large proton contribution and su�ers from large theoretical
uncertainties due to the deuteron model employed and corrections for �nal-state
interactions (FSI) and meson-exchange currents (MEC), limiting the precision of
Gn
M to �20% at low Q2. The proton subtraction is avoided in coincidence d(e; e0n)

experiments [7], and the sensitivity to nuclear structure can be greatly reduced
by measuring the cross section ratio d(e; e0n)=d(e; e0p) in quasielastic kinematics.
Several recent experiments [8{10] have employed the latter technique to extract
Gn
M with uncertainties of <2% in the momentum transfer range Q2 = 0:1 to 0.8

(GeV/c)2. While this precision is excellent, the results of the experiments [7{10] are
not fully consistent (cf. Figure 2). Furthermore, the two most precise data sets [9,10]
of Gn

M seem to suggest a very di�erent Q2 dependence. In addition to the existing
data, several theoretical calculations of Gn

M are shown in Figure 2. The solid curve



is an improved quark model calculation by Lu, Thomas and Williams [12] with a
bag constant of 0.9 fm. The dotted curve is the minimal vector dominance model
by Meissner [13]. The short and long dashed curves are the non-relativistic and
relativistic quark model calculations by Eich [14] and Schlumpf [15], respectively.
The dash-dotted line is a recent calculation by Mergell et al. [16] based on a �t of the
proton data using dispersion theoretical arguments. These calculations clearly show
very di�erent behavior in the low Q2 region. Thus, further data are desirable to
clarify the situation with respect to the discrepancies among di�erent measurements
and theoretical calculations.
An alternative approach to a precision measurement of Gn

M is the inclusive

quasielastic 3 ~He(~e; e0) process. In comparison to deuterium experiments, this tech-
nique employs a di�erent target and relies on polarization degrees of freedom. It
is thus subject to completely di�erent systematics. A �rst such experiment was
performed at the MIT-Bates [17] laboratory, and a result for Gn

M was extracted as
shown in Figure 2.
The rest of the paper is organized as follows: Section II contains a discussion

on the polarized 3He target followed by Section III on the formalism for the spin-
dependent inclusive quasielastic scattering, Section IV and V describe the MIT-
Bates experiment 88-25 and JLab experiment E95-001, respectively.

I POLARIZED 3HE TARGETS

Optical pumping technique is widely used to polarize a sample of atoms by trans-
ferring angular momentum from a pump light beam, typically a laser beam, to the
sample atoms. In the case of 3He, direct optical pumping between its ground state
and the �rst excited state is not possible because of the energy di�erence involved.
Metastability-exchange optical pumping and spin-exchange optical pumping are
two indirect optical pumping techniques commonly used. In this section, I will
review both techniques.

A Metastability-Exchange Optical Pumping

The metastability-exchange optical pumping technique was developed in the
early 1960s at Rice university [18] to polarize ground state 3He or 4He atoms through
metastability-exchange collisions with optically pumped 3He or 4He metastable
atoms. This method involves optical pumping of 23S1 metastable state atoms,
then transferring the polarization to 3He ground state atoms through metastability-
exchange collisions, in which the excitation of the electronic cloud is exchanged
leaving the ground state polarized after the collision.
Metastability-exchange optical pumping of 3He works as following: metastable

23S1 atoms are produced by an electrodeless weak radio frequency (RF) discharge
in a glass cell �lled to a pressure of order 1 torr of pure 3He. The ratio of the ground



state atoms to the 23S1 atoms is about 10
6 : 1; the exact number depends on dis-

charge characteristics such as intensity, uniformity and the discharge frequency.
The sample is placed in a weak uniform magnetic �eld which de�nes the spin direc-
tion of the sample. Right-handed or left-handed circularly polarized light (de�ned
by the right-hand rule used in atomic physics) at � = 1083:4 nm corresponding to
the transition of 23S1 ! 23P0 excites transitions between the 23S1 and 23P0 states
with the selection rule �m = �1 depending on the helicity of the incident light
(+ for the right-handed circularly polarized light and � for the left-handed case).
The pumping light excites atoms from the mF = �1

2
and mF = �3

2
sublevels of

the metastable state to the 23P0 level which then decay back to all sublevels of
23S1 through spontaneous emission. The result is that atoms from lower magnetic
sublevels of the 23S1 level (mF = �1

2
, mF = �3

2
) are transferred to higher sublevels

of the 23S1 level (mF = 1

2
, mF = 3

2
), hence the metastable atoms become polarized.

In metastable state, hyper�ne interaction mixes electronic polarization into nuclear
polarization. The polarization of the metastable atoms is then transferred to the
ground state through metastability-exchange collisions in which only the excitation
of the electronic cloud is exchanged. If the ground state of 3He is polarized, then
the nucleus is polarized because the atom is in a J = 0 state. This process can be
expressed schematically as:

3He+ ~3He
�

! ~3He+ 3He
�

(1)

where � denotes the 23S1 metastable state and the vector notation indicates that
the nucleus is polarized. This optical pumping technique only works for relatively
low pressure conditions (0.1 torr to 10 torr). Destruction of metastables at the wall
of the container dominates the relaxation at pressures below about 0.1 torr and at
high pressures the lifetime of the metastable state atoms limits the optical pumping
eÆciency. It is also experimentally diÆcult to maintain a uniform discharge under
high pressure conditions. Furthermore, it is necessary to operate optical pumping
around room temperature to achieve eÆcient optical pumping because metastabil-
ity exchange cross-section, �e, which is very temperature dependent for the case of
3He atoms [19] [20]. �e decreases roughly two orders of magnitude between 300 K
and 4.2 K. To make a relatively dense target for nuclear physics experiments, the
compression and low temperature techniques have been used.
People have tried successfully to make a dense nuclear physics target by me-

chanically compressing the polarized gas. At Toronto, Timsit et al. in the early
1970s [21] constructed a dense target and achieved a density of 0:7 � 1019cm�3

with 3% polarization by compressing the gas with liquid mercury. However, the
performance of these targets was severely limited by the absence of laser sources
for optical pumping. At Mainz Otten et al. have designed and built a new type
of dense polarized 3He target using the compression method [22] [23] and have
achieved pressures around 1 bar with 38% of polarization. Currently, such a target
is operated at a pressure of � 6:0 bar with a target polarization of � 32% at an
incident electron beam current of � 10�A [24].



Low temperature is another approach to take to construct a dense polarized 3He
target. A double-cell system consisting of a pumping cell and a target cell is a
practical design for a polarized 3He nuclear target. The pumping cell is at room
temperature where metastability-exchange optical pumping can be performed eÆ-
ciently and the target cell is cooled to low temperature where a practical luminosity
can be achieved for a nuclear physics experiment. This idea was �rst explored at
Rice University [25]. The 3He nuclei in the target cell become polarized because the
polarized 3He atoms di�use between the pumping cell and the target cell, reaching
an equilibrium polarization state. External polarized 3He targets based on this
technique were employed in the MIT-Bates experiments [26] [17]. Optical measure-
ment of the atomic polarization in the pumping cell provides a good monitor of the
target nuclear polarization during the experiment. The atomic polarization and the
nuclear polarization are related because of the hyper�ne coupling and this indirect
optical measurement of the 3He nuclear polarization was calibrated carefully with
the NMR technique at Caltech [27]. The metastability-exchange optical pumping
technique has the unique features of pure atomic species and fast pumping rate for
constructing an internal polarized 3He target. The internal polarized 3He targets
based on this technique have been used successfully at IUCF, DESY and NIKHEF.

B Spin-Exchange Optical Pumping

In spin-exchange optical pumping, circularly polarized resonance light is absorbed
by a saturated vapor of alkali-atoms contained in a glass cell. The cell also included
a much larger quantity of noble-gas atoms. The spin angular momentum is trans-
ferred to the alkali-metal atoms, thereby spin-polarizing the valence electrons of the
alkali-metal atoms. Subsequent spin-exchange collisions between the alkali-metal
atoms and noble gas atoms transfer some of the electron-spin polarization to the
nuclei of the noble gas.
Rubidium has been commonly used in polarized 3He targets based on spin-

exchange optical pumping technique. The high vapor pressure of rubidium allows
operation at modest temperatures where chemical attack on the glass container
is not a problem. The resonance line (794.7 nm corresponding to the transition
between 5S1=2 and 5P1=2 levels) lies in a spectrum region where intense laser light
is available from sources such as dye lasers, Ti:sapphire lasers, and more recently
diode laser arrays.
A central feature of the target will be sealed glass target cells, which will contain

a 3He pressure of about 10 atmospheres. The cells will have two chambers, an up-
per chamber in which the spin exchange takes place, and a lower chamber, through
which the electron beam will pass. In order to maintain the appropriate number
density of alkali-metal (Rb) the upper chamber will be kept at a temperature of
170{200ÆC using an oven constructed of the high temperature plastic Torlon. A
small amount of nitrogen gas is typically used in this type of target to quench the
P1=2 states, thus reducing the radiation trapping e�ect in order to reach high opti-



cal pumping eÆciency. Radiation trapping occurs when the mean free path for the
unpolarized photons is much shorter than the dimensions of the pumping vessel.
The incident photons can be reemitted, i.e. resonantly scattered, and depolarized.
Thus, additional dilution factor comes from the nitrogen present in the target.
The dilution factor from the amount of rubidium in the target is typically negli-
gible (nRb=nHe � 10�4). Although the spin-exchange optical pumping technique
is capable of producing a dense target (10 amagat), slow pumping time resulting
from small spin-exchange cross section of 3He atom and the Rb atom makes this
technique only suitable for external polarized 3He targets. NMR technique is typi-
cally used to measure the target polarization for this type of the targets. External
polarized 3He targets based on this technique have been used in experiments at
JLab, MIT-Bates, SLAC and TRIUMF. Figure 3 shows the schematics of the spin-
exchanged polarized 3He target employed in electron scattering experiments in Hall
A at Je�erson Laboratory (JLab) recently.
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FIGURE 3. The schematics of the JLab Hall A polarized 3He target based on the technique of

the spin-exchange optical pumping.

II INCLUSIVE QUASIELASTIC SCATTERING OF

POLARIZED ELECTRONS FROM POLARIZED 3HE

TARGETS

Polarized 3He is a good candidate for an e�ective neutron target because its
ground state wave function is dominated by the S-state in which the proton spins
cancel and the nuclear spin is entirely due to the neutron. Therefore, inelastic
scattering of polarized electrons from polarized 3He in the vicinity of the quasielastic



peak should be useful for studying the neutron electromagnetic form factors.
The idea of using polarized 3He nuclear target as an e�ective neutron target was

�rst investigated by Blankleider and Woloshyn in closure approximation [28]. Friar
et al. [29] have studied the model dependence in the spin structure of the 3He wave
function and its e�ect on the quasielastic asymmetry. The plane wave impulse ap-
proximation (PWIA) calculations performed independently by two groups [30,31]
using spin-dependent spectral functions show that the spin-dependent asymmetries
are very sensitive to the neutron electric or magnetic form factors at certain kine-
matics near the top of the quasielastic peak. Recently, Fadeev calculations have
been carried out which include the �nal state interaction (FSI) [32], FSI and meson
exchange current (MEC) [33]. These state-of-the-art three-body calculations are
very important for extracting the neutron form factors from double polarization
electron-3He scattering experiments.
The di�erential cross section for the process 3 ~He(~e; e0) in the scattering plane can

be written in terms of four nuclear response functions RK(Q
2; �) [2] as

d2�

d
dE 0
= �Mott [vLRL + vTRT � h(cos ��vT 0RT 0 + 2 sin �� cos��vTL0RTL0)] ; (2)

where �� and �� are the polar and azimuthal angles de�ning the direction of the
target spin with respect to the momentum transfer vector ~q the vK are kinematic
factors, � is the electron energy loss, h is the helicity of the incident electron, and
Q2 � ~q 2��2. RT 0 and RTL0 are two response functions arising from the polarization
degrees of freedom. An experimentally clean signature of these observables is the
spin-dependent asymmetry, de�ned as

A =
�+ � ��
�+ + ��

= �
cos ��vT 0RT 0 + 2 sin �� cos��vTL0RTL0

vTRT + vLRL
; (3)

where the subscript + (�) refers to the electron helicity h. By orienting the target
spin at �� = 0Æ or �� = 90Æ, corresponding to the spin direction either along the
3-momentum transfer vector ~q or normal to it, one can select the transverse asym-
metry AT 0 (proportional to RT 0) or the transverse-longitudinal asymmetry ATL0

(proportional to RTL0).

In plane wave impulse approximation (PWIA) the cross section for 3 ~He(~e; e0) at
the center of the quasielastic peak is (roughly) proportional to the sum of the en
plus twice the ep elastic cross section. The cross section for polarized electron-
nucleon scattering is

d�eN
d


= �Mott
E 0

E

h
vL(1 + �)G2

E + vTL02�G2

M � h �pN(cos �
�vT 02�G2

M

�2 sin �� cos��vTL0

q
2�(1 + �)GMGE)

�
; (4)

where � = Q2=(4M2), and �pN is the e�ective nucleon polarization. As a con-
sequence of the S-state dominance, the neutron in 3He is almost fully polarized,



�pn � 1, at the quasielastic peak while the remaining small components of the 3He
ground state, the D state (�8%) and the mixed-symmetry S 0 state (�1%), give
rise to a small net proton polarization of �pp � �0:03 [29]. Combining the above
equations, the transverse asymmetry can be written

AT 0 /
�n

(�n + 2�p)
�pn(G

n
M)

2 +
2�p

(�n + 2�p)
�pp(G

p
M)

2; (5)

where �n and �p are the electron-neutron and electron-proton elastic scattering
cross sections, respectively. Since Gn

M and Gp
M are comparable in magnitude, but

j�ppj � j�pnj, AT 0 is dominated by the neutron contribution and so is essentially
proportional to (Gn

M)
2. Note that it is mostly the proton contribution that is

sensitive to details of the 3He ground state wave function.
The strong sensitivity of AT 0 to (Gn

M)
2 in quasielastic kinematics has been veri�ed

in a number of recent calculations [30{33]. The most advanced of these include
corrections for FSI [32] and FSI and MEC [33], which are relatively small at the
quasielastic peak. One may conclude that AT 0 depends only weakly on the details
of the 3He nuclear ground state and the reaction mechanism. Thus, a precision
measurement of AT 0 is suitable to extract precise information on Gn

M .
While ATL0 is sensitive to the product of Gn

E and Gn
M , a dominant proton con-

tribution to ATL0 greatly reduces the sensitivity to Gn
E at low Q2 from inclusive

3 ~He(~e; e0) process.

III MIT-BATES EXPERIMENT 88-25

The experiment was performed at the MIT-Bates Linear Accelerator Center in
spring 1993 using a 370 MeV longitudinally polarized electron beam. A Wien spin
rotator was employed to produce longitudinally polarized electrons at the target.
The average beam current during the experiment was 25 �A and the average beam
polarization was determined using a M�ller apparatus [34] to be 36:5%.
The polarized 3He target used in this experiment was a double-cell system con-

sisting of a glass pumping cell and a copper target cell. The target was polarized
by the metastability-exchange optical pumping technique [35]. The target was op-
erated at 13 K during the experiment with a 3He gas pressure of 2.2 torr. The
target wall was coated with a thin layer of nitrogen to maintain a suÆciently long
relaxation time at low temperature. A holding �eld of 36 gauss provided by a
pair of Helmholtz coils de�ned the target spin quantization axis. The target spin
direction was aligned at an angle of 42:5Æ to the electron beam. The pumping cell
polarization was measured continuously by monitoring the circular polarization of
the 668-nm line excited by the 3He discharge. The target polarization was inferred
from the polarization of the pumping cell and the time constants of the coupled
system. This optical measurement of the 3He nuclear polarization was calibrated
by an NMR measurement [27] with an accuracy of �2%. With 25�A of beam, the
target polarization was 38% or greater.



The scattered electrons were detected in the Medium Energy Pion Spectrome-
ter (MEPS) and the One Hundred Inch Spectrometer (OHIPS) con�gured at an
electron scattering angle � = 91:4Æ to the left of the beam and 70:1Æ to the right
of the beam, respectively. The MEPS spectrometer central momentum was 250
MeV/c corresponding to Q2 = 0:19 (GeV/c)2 and �� = 8:9Æ or 171:1Æ for posi-
tive or negative target polarization, respectively. The OHIPS spectrometer had a
central momentum of 285 MeV/c, corresponding to the QE kinematic setting for
ATL0 measurement at a Q2 = 0:14 (GeV=c)2. While the MEPS detector package
consisted of two vertical drift chambers, three planes of trigger hodoscopes, and an
Aerogel �Cerenkov detector, the OHIPS detector package consisted of two crossed
drift chambers, three planes of plastic scintillators, and an isobutane gas �Cerenkov
detector. The triggers were formed by events for which all three hodoscopes �red
in each spectrometer. The �Cerenkov detectors were used for pion rejection.

FIGURE 4. Transverse asymmetry AT 0 from the MIT-Bates experiment 88-25 [17] as a

function of electron energy loss !. The data are shown with statistical uncertainties only.

The solid line is the calculation by Ishikawa et al.. The dashed line is the calculation by

Salm'e et al. and the dash-dotted line is the calculation by Schulze et al..

Fig. 4 shows the measured 3He inclusive spin-dependent quasielastic transverse
asymmetry AT 0 [17], as a function of the electron energy transfer, !, together
with the two PWIA calculations and the calculation by Ishikawa et al. [32]. The
deviation of the result by Ishikawa et al. from those of PWIA calculations [30]
[31] is signi�cant away from the quasielastic peak. The agreement between the
data on AT 0(!) and the calculation by Ishikawa et al. is excellent in terms of
the magnitude of the asymmetry and also the shape. Unfortunately, because of



FIGURE 5. Longitudinal-transverse asymmetry ATL0 from MIT-Bates experiment [17]

as a function of electron energy loss !. The data are shown with statistical uncertainties

only. The solid line is the calculation by Ishikawa et al.. The dashed line is the calculation

by Salm�e et al. and the dash-dotted line is the calculation by Schulze et al..

the large errors associated with the measured AT 0(!) as shown in Fig. 4, it is
not possible to put constraints on the theoretical calculations of the 3He inclusive
spin-dependent quasielastic asymmetry.

Because of the limitation of the statistics of this measurement, the measured
quasielastic asymmetry, AT 0(!), averaged over the experimental ! acceptance was
used in extracting Gn

M
2 together with the calculation of Ishikawa et al. [32]. The

Gn
M value extracted from this experiment at Q2 = 0:19 (GeV=c)2 is shown (Fig. 3,

closed circle) with total uncertainty dominated by the statistical uncertainty.

On the other hand, ATL0 from quasielastic 3 ~He(~e; e0) at low Q2 is (Q2 �
0:3 (GeV=c)2) is dominated by the proton contribution largely because of the small-
ness of Gn

E
2 and the small non-S state part of the 3He ground state wave function.

Thus, it is questionable to extract information on Gn
E at low Q2 from 3 ~He(~e; e0). It

is possible to go to higher Q2 (Q2 � 0:3(GeV=c)2) to extract Gn
E
2 with respectable

accuracy from quasielastic 3 ~He(~e; e0) measurement where the proton contribution
to ATL0 is under better control. Fig. 5 shows ATL0 from the MIT-Bates experiment
[17] as a function of ! together with the PWIA calculations and the calculation
by Ishikawa et al. [32] which included FSI. The PWIA calculations are consistently
higher than the measured asymmetry. The calculation with FSI is in better agree-
ment with the data.

To extract precise information on Gn
M from inclusive quasielastic AT 0 measure-

ment, it is important to measure AT 0 with high precision across the 3He quasielastic
peak. As away from the quasielastic peak, predictions from di�erent models devi-
ate. Thus, one can constrain theoretical model using high precision data of AT 0 in
the wings of the QE peak. To extract precise information on Gn

M , one then use the
measured AT 0 right on top of the quasielastic peak, this is a procedure much less
sensitive to model dependence than the procedure used in extracting Gn

M from the



MIT-Bates experiment 88-25.

IV JLAB EXPERIMENT E95-001

The experiment was carried out in Hall A at JLab in early 1999 using a lon-
gitudinally polarized CW electron beam at energies of 0.778 and 1.727 GeV and
10 �A of beam current. A high pressure 3He gas target was polarized via spin-
exchange optical pumping at a density of 2:5 � 1020 nuclei/cm3. The e�ective
target length seen by the spectrometers was 10 cm/sin �e, where �e is the electron
scattering angle. To facilitate optical pumping, the target contained small admix-
tures of nitrogen (�1018 cm�3) and rubidium (�1014 cm�3). Background from the
nitrogen was determined in calibration measurements using a reference cell which
has the same dimensions as those of the 3He target cell and is corrected for in
the analysis; the contribution from rubidium is negligible. The beam and target
polarizations were approximately 70% and 30%, respectively. The beam helicity
was reversed randomly at a rate of 1 Hz. A total beam charge of approximately
22 C was accumulated, resulting in a total data set of 1:3� 109 quasielastic events
after background subtraction.
Six kinematic points were measured corresponding toQ2 = 0:1 to 0:6 (GeV/c)2 in

steps of 0.1 (GeV/c)2. To maximize sensitivity to AT 0, the target spin was oriented
at �62:5Æ with respect to the beam direction, resulting in a contribution to the
asymmetry due to RTL0 of less than 2% for all kinematic points. The target spin
direction was rotated by 180Æ every 24-48 hours for systematic checks, causing the
asymmetry to change sign. The beam helicity de�nition was also reversed every
24 hours for systematic checks associated with the electron beam helicity. The
scattered electrons were observed in the two Hall A High Resolution Spectrometers,
HRSe and HRSh. Both spectrometers were con�gured to detect electrons in single-
arm mode using nearly identical detector packages consisting of two dual-plane
vertical drift chambers for tracking, two planes of segmented plastic scintillators for
trigger formation, and a CO2 gas Cherenkov detector and Pb-glass total-absorption
shower counter for particle identi�cation. Pion background was rejected using the
Cherenkov and shower counter information. The spectrometer momentum and
angular acceptances were approximately�4.5% and 5.5 msr, respectively. The level
of background from the walls of the glass target was measured at regular intervals
with the target cell empty and was less than about 5% of the full target yield.
The HRSe was set for quasielastic kinematics while the HRSh detected elastically
scattered electrons. The elastic asymmetry can be calculated to better than 2%
using the well-known elastic form factors of 3He [36], and so the elastic measurement
allows precise monitoring of the product of beam and target polarizations. Standard
M�ller and NMR polarimetry was also performed and served as a cross-check.
A statistical precision in AT 0 of � 2:0% was achieved for each Q2 point in a

�15MeV bin around the center of the quasielastic peak. Fig. 6 shows the prelim-
inary E95-001 result of AT 0 with statistical errors as a function of ! at Q2 = 0:1



Preliminary E95-001 AT 0(Q2) Result
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FIGURE 6. The preliminary E95-001 AT 0 result as a function of ! at Q2 = 0:1 (GeV/c)2.

(GeV/c)2 together with the PWIA calculation of Ref. [31] and calculations with
FSI and FSI+MEC by Golak et al. [33]. The error band shows the preliminary
systematic uncertainty of the measurement, which will be reduced to a level com-
parable to the statistical uncertainty of the measurement after detailed analysis.
This precision is better by about a factor of �ve that that of our previous experi-
ment on 3He [17] at Q2 = 0:19 (GeV/c)2. Extraction of Gn

M from the data requires
the use of theoretical calculations. Currently the Bochum-Krakow group [33] is
carrying out extensive calculations of AT 0 as a function of Gn

M for the kinematics
of this experiment which include the FSI and MEC e�ects. This is the state-of-
the-art three-body calculation. In addition, an independent calculation of the 3He
quasielastic asymmetry which will include FSI and MEC e�ects is currently in
progress [37]. The Bochum-Krakow calculation will be convoluted with the experi-



mental acceptances, and Gn
M will be determined using a best �t of AT 0(Gn

M) to the
data in the vicinity of the quasielastic peak. Fig. 7 shows the expected precision for
Gn
M from this experiment. The data also allow a detailed analysis of the dependence

of AT 0 on the electron energy transfer !. The regions away from the quasielastic
peak are expected to be sensitive to details of the reaction mechanism. Thus, the
shape of AT 0(�) can be used to constrain calculations that include FSI and MEC
corrections. Data analysis is currently in progress and results are expected in late
1999.

FIGURE 7. The neutron magnetic form factor Gn
M

2 in units of the standard dipole parameter-

ization, (�nGD)
2, in the low Q2 region, as determined in several recent measurements. The pro-

jected results from the JLab experiment (E95-001) are shown as solid squares using the 3 ~He(~e; e0)

process.
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