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0.1.1 The Experiment

Experiment E06-014 ran in Hall A from February 7 to March 17, 2009, at two production beam energies
of 4.73 and 5.89 GeV, on a polarized 3He target. The experiment probed the resonance and deep inelastic
valence quark regions, which corresponded to the ranges 0.2 ≤ x ≤ 0.7 and 2 GeV2 ≤ Q2 ≤ 6 GeV2.
Figure 1 shows the coverage in Q2 and x, as well as the invariant mass of 2 GeV, which separates the
deep inelastic and resonance regions. The LHRS and BigBite detector packages were each oriented at 45◦

relative to the beam line, with each of the detectors independent of one another, acting as its own single arm
experiment. The LHRS was used to measure the unpolarized cross-section, while the BigBite measured the
double-spin asymmetries in scattering between longitudinally polarized electron beam and a longitudinally
and transversely polarized 3He target.

E06-014 also served as the commissary experiment for a gas Čerenkov detector, which was installed into
the the BigBite stack, as well as a new photon detector and integrating data-acquisition system for the
Compton polarimeter [1, 15].
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Figure 1: Q2 vs x-Bjorken for 4.73 GeV dataset in red, 5.89 GeV dataset in blue and W=2 GeV is the black
dashed line.

The primary goal of E06-014 is the measurement of the quantity dn2 . The neutron d2 is a probe of the
strong force that is formed by taking the second moment of a linear combination of the polarized structure
functions g1 and g2:

dn2
(
Q2
)

=

∫ 1

0

x2
[
2gn1

(
x,Q2

)
+ 3gn2

(
x,Q2

)]
dx. (1)

At low Q2, where the virtual photon wavelength is larger than the nucleon, d2 can be associated with spin
polarizabilities within the nucleon [3, 4]. However, at larger Q2, it is more appropriate to interpret d2 as the
average transverse Lorentz color force acting on a quark after being hit by a virtual photon [3, 5].

In addition to gaining insight into the nature of the color force, the precision measurement of dn2 will also
result in a bench mark test for lattice QCD predictions.
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E06-014 measured dn2 by combining the unpolarized cross-section, σ0 from the LHRS, as well as the,
parallel and perpendicular asymmetries, A‖ and A⊥ from BigBite. The asymmetries are defined through
the counting rates of each spin orientation as:

A‖ =
N↓⇑ −N↑⇑

N↓⇑ +N↑⇑
and A⊥ =

N↓⇒ −N↑⇒

N↓⇒ +N↑⇒
,

where single arrows represent the electron helicity direction, and double arrows are represent the target
polarization direction. By combining these independently measured quantities, dn2 is expressed exclusively
through experimental quantities as:

dn2 =

∫ 1

0

MQ2

4α2

x2y2

(1− y) (2− y)
σ0

[(
3

1 + (1− y) cos θ

(1− y) sin θ
+

4

y
tan (θ/2)

)
A⊥ +

(
4

y
− 3

)
A‖

]
dx, (2)

where x = Q2/2Mν (the Bjorken x variable), ν = E − E′ (the energy transfer from electron to target), θ
(the scattering angle of the electron), and y = ν/E (the fractional energy transfer from electron to target).
The advantage of measuring dn2 in terms of experimental quantities, is that it allowed the allotted beam time
to be divided between measuring A‖ and A⊥ in such a way that the error on dn2 itself was minimized, rather

than the spin structure functions g1 and g2. The precision measurement of dn2
(
∼ Q2 = 3GeV

)
is expected

to result in a fourfold improvement on the world data shown in Figure 2 [6], in advance of an approved 12
GeV experiment in Hall C that will extend the precision measurement of dn2 to higher kinematic ranges [7].
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Figure 2: World data for dn2 and several model calculations. Along with E06-014 projected dn2 error.

In addition to the primary goal of E06-014, the data collected can also be used to measure the longitudinal
virtual photon-nucleon asymmetry for the neutron, An1 . The virtual photon-nucleon scattering cross section
can be separated into two helicity dependent cross sections, σ1/2 and σ3/2. The subscripts 1/2(3/2) gives the
projection of the total spin along the virtual photon’s momentum direction, corresponding to anti-parallel
(parallel). A1 can then be defined as:

A1

(
x,Q2

)
≡
σ1/2 − σ3/2
σ1/2 + σ3/2

≈
g1
(
x,Q2

)
F1 (x,Q2)

for high Q2. (3)

We may also express A1 in terms of the parallel and perpendicular asymmetries, A‖ and A⊥ , that were
measured in BigBite as:

A1 =
1

D (1 + ηξ)
A‖ −

η

d (1 + ηξ)
A⊥ (4)
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where D is the virtual photon polarization factor and η, ξ, and d are quantities set by kinematics and by
the virtual photon polarization vector [15].

Combining An1 data measured on an effective neutron target with Ap1 data measured on a polarized proton
target, allows access to the polarized-unpolarized parton distribution function ratios ∆u/u and ∆d/d. Recent
results from Hall A [9] and from CLAS [10] showed a significant deviation of ∆d/d from the predictions of
perturbative QCD, which have that ratio approaching 1 in the limit of x → 1. As part of the 12 GeV
program, two approved experiments (one in Hall A [11] and one in Hall C [12]) will extend the accuracy
and x range of this measurement, but a measurement of An1 at E06-014’s kinematics will provide valuable
support (or refutation) of prior Jefferson Lab results, while producing additional input for theoretical models
in advance of the coming experiments at 12 GeV.

0.1.2 Analysis Progress: Target and Beam

When preforming a double spin asymmetry experiment, knowledge of the target and beam polarization is
crucial. E06-014 used the standard Hall A polarized 3He target with two holding field directions: longitudinal
and transverse in plane with respect to the beam direction [1]. To extract the target polarization, 3He number
densities, EPR and NMR measurements were done.

The number density of 3He was measured in both the pumping chamber and the target chamber. This
measurement was achieved by using the fact that collisions with 3He atoms broaden the D1 and D2 absorption
lines of rubidium [17]. By measuring the width of the D1 and D2 absorption lines and subtracting 1% N2

contribution, a measurement of 3He number density at room temperature, n0, can be obtained. Since the
number density changes with temperature, equations 5 and 6, were used to compute the number densities in
both the pumping and target chambers, where Vtot is the total volume of the target cell, T is the temperature
and the subscripts pc(tc) refer to the pumping(target) chamber. The temperature of the chambers was
measured using seven resistive thermal devices (RTDs), which were placed outside of the target and were
stable within 2◦C during production [15].

npc = n0

[
1 +

Vpc
Vtot

(
Ttc

Tpc
− 1

)]−1
(5)

ntc = n0

[
1 +

Vtc
Vtot

(
Tpc

Ttc
− 1

)]−1
(6)

The 3He number densities for the E06-014 target cell Samantha as a function of run number can be seen in
Figure 3, with the average values listed in Table 1.

Figure 3: 3He densities as a function of BigBite run number [15, 16]

During E06-014 EPR measurements were taken every several days, while NMR measurements were
taken every four hours. During EPR measurements, the frequency shift of potassium level transitions in
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Chamber 3He Density (amg)

Pumping 6.93± 0.19
Target 10.81± 0.29

Table 1: Average 3He densities in target cell [13, 15]

the presence of polarized 3He were measured, this frequency shift ∆νEPR, can be related to the target
polarization, P3He:

∆νEPR =
4µ0

3

dνEPR
dB

κ0µ3HenpcP3He. (7)

where µ0 is the vacuum permeability, µ3He is the magnetic moment, dνEPR

dB is the derivative of the EPR
frequency with respect to the magnetic field, κ0 is the enhancement factor and npc is the pumping chamber
number density. During EPR measurements, a NMR measurement was also done. This allows a comparison
between the EPR polarization, P3He, and the measured NMR amplitude, h: This conversion factor allows
NMR measurements to be converted into an absolute 3He polarization, and is defined as:

c′ =
P3He

h
. (8)

In addition to obtaining the conversion factor c′ from using EPR and NMR measurements, it can also
be calculated by performing a calibration on a water target. The final NMR polarization, is then computed
by taking the weighted average of the polarization computed from the EPR and water calibrations. Al-
though the water calibration still needs to be done in order to obtain the final target polarization, the EPR
measurements can be used to obtain a preliminary target polarization. The average conversion factor c′ for
all EPR measurements in each target polarization direction was then computed and applied to the NMR
measurements Table 2. A linear interpolation was then done in order to obtain the polarization on a run by
run basis. This procedure resulted in a combined systematic and statistical error of 4.9% Figure 4 [13, 15].

Polarization Direction c′(%/mV)

Longitudinal 2.84± 0.14
Transverse 1.77± 0.09

Table 2: EPR-NMR conversion factors c′ [14, 15]

In addition to the target polarization, the beam polarization also needs to be know. E06-014 used
a polarized electron beam at energies of 4.73 and 5.89 GeV. The polarization of the electron beam was
measured independently through Compton and Møller scattering. During the running of E06-014, there
were several Møller measurements performed, while Compton data was taken continuously through out the
experiment. Figure 5 shows the beam polarization as a function of BigBite run number for the Møller and
Compton results. The beam polarization data was split into four run sets and the average polarization for
each run period was then computed by taking into account both the Compton and Møller data. The final
beam polarizations can be seen in Table 3 [15].

Run Set Beam Energy (GeV) Pe from Compton Pe from Møller Combined Pe

1 5.90 0.726± 0.018 0.745± 0.015 0.737± 0.012
2 4.74 0.210± 0.011 - 0.210± 0.011
3 5.90 0.787± 0.020 0.797± 0.016 0.793± 0.012
4 4.74 0.623± 0.016 0.628± 0.012 0.626± 0.010

Table 3: Final beam polarization for E06-014. For run set 2 there was no Møller measurement. [15]
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Figure 4: Preliminary target polarization based on linear interpolation of NMR polarization measurements
calibrated using EPR results. Red lines show spin transitions between transverse and longitudinal orienta-
tions. Blue lines show 180◦ rotations of spin orientation with in a polarization plane. The labels at the top
of the graph give polarization direction during that time period: L+ = 0◦,T− = 90◦ and T+ = 270 [15, 16].

Figure 5: Final electron beam polarization from Møller and Compton measurements for E06-014. Note there
was no Møller measurements for the second run set [15].

0.1.3 Analysis Progress: LHRS

The LHRS was used to measure to total unpolarized cross-section, which will multiply the measured
asymmetries in BigBite which is needed to compute dn2 . In order to measure the unpolarized cross-section,
the LHRS hardware must be calibrated and PID cuts applied in order to select electrons from the data [1].
The total unpolarized cross-section is given as:

σ0 =
N · ps · e

ε · w ·Q · LT · ρ ·∆Z∆θ∆φ∆E′
, (9)

where N is the number of events counted, ps is the pre-scale factor, ε is the detector efficiencies, Q is the the
total charge on target, LT is the trigger live time, ρ is the target density, ∆Z is the effective target length as
seen by the LHRS, ∆θ is the vertical (dispersive) direction, φ is the horizontal (transverse) direction, ∆E′

is the energy width seen by the LHRS, and w is an acceptance weight factor that is determined from Monte
Carlo simulation that signifies the percentage of events (generated at the target) that reach the LHRS focal
plane. In order to determine the weight factor w, a Single Arm Monte Carlo (SAMC) simulation was utilized.
SAMC determines how the geometrical acceptance of the LHRS deviates from an ideal square distribution.
This is done by having SAMC generate a normal distribution in θ,φ and δp/p. Then with the use of John
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LeRose transport matrices [18], the events are propagated to the focal plane of the LHRS. As the particle
encounters each magnet aperture in the LHRS, a check is preformed to see if the particle passes through the
aperture until it reaches the focal plane. For all events that make it to the focal plane, the event is then
reconstructed at the target. The ratio of events that make it to the focal plane to the generated events forms
the acceptance weight factor w. In Figure 6, we see the results from SAMC to actual production data for the
target length seen by the LHRS, the vertical and horizontal angular distributions and δp/p. The acceptance
weight is typically on the order of 0.99.
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Figure 6: Comparison of events that passed in SAMC to E06-014 production data from LHRS.

The raw 3He cross-section that was measured in the LHRS, σraw, contains contributions form positrons
and nitrogen that must be corrected for in order to have a pure electron cross-section. In order to remove
these contributions form σraw, several runs were taken with the LHRS in positive polarity mode, in which
positrons were detected. From these runs a positron cross-section, σe+ was measured. To obtain the amount
of nitrogen that is present in the 3He runs, electrons were scattered off of a nitrogen target, and a nitrogen
cross-section, σN2

was measured. In order to use σN2
to correct σraw, the differences in the 3He and N2

targets must be accounted for. This is corrected for by taking the ratio of the target densities:

σdilN2
=

nN2

nN2
+ n3He

σN2
, (10)

where nN2
is the number density of the N2 target cell and n3He is the number density of the 3He target.

σraw can now be corrected for positron and nitrogen contributions by:

σexp = σraw − σe+ − σdilN2
(11)

Figure 7, 8 show the the 4.74 and 5.89 GeV raw, positron, nitrogen and corrected cross-sections measured
in the LHRS as a function of x. With the preliminary 4.74 and 5.89 GeV cross-sections completed, analysis
is now being done on radiative corrections and fitting the cross-section data.

0.1.4 Analysis Progress: BigBite

E06-014 used the BigBite detector package to measure the double spin asymmetry between longitudinally
polarized electrons and a longitudinally and transversely polarized 3He target. The BigBite detector cali-
brations and data quality checks have been completed [1, 15]. Preliminary asymmetry analysis at a beam
energy of 4.74 GeV has also been completed. The longitudinal and transverse asymmetries were computed
using Equation 2. The kinematic range has been divided (0.15 ≤ x ≤ 1.0) into 17 equally space x bins.

6



x
0.2 0.3 0.4 0.5 0.6 0.7

s
r)

]
•

 [
p

b
/(

M
e
V

σ

0

5

10

15

20

25

)° = 45θHe Cross Section (E = 4.73 GeV, 3

x
0.2 0.3 0.4 0.5 0.6 0.7

s
r)

]
•

 [
p

b
/(

M
e
V

σ

0

5

10

15

20

25
rawσ

2N
dil

σ

2N

+e
σ

+e
σ

expσ

Preliminary

Includes statistical errors only
No radiative corrections

Figure 7: LHRS 4.74 GeV 3He cross-sections as a func-
tion of x. Error bars on the cross-sections are statis-
tical only, and have not been corrected for radiative
corrections.
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Figure 8: LHRS 5.89 GeV 3He cross-sections as a func-
tion of x. Error bars on the cross-sections are statis-
tical only, and have not been corrected for radiative
corrections.

As can be seen from Figure 1, this data set is in the deep-inelastic scattering (DIS) regime (W < 2) for
x ≤ 0.55; above this value, the data are in the resonance region.

Since our 3He target also has a small percentage of N2 present, the unpolarized N2 gas will tend to
dilute the measured asymmetries. In order to correct for this, counting rates from a pure N2 target was also
measured. Comparing the N2 target counting rates to the 3He production cell scattering rates, a dilution
factor can be formed and applied to the measured asymmetry. The dilution factor is given by Equation (12).

DN2 = 1− ΣN2
(N2)

Σtotal(3He)

Q(3He)ρN2(3He)

Q(N2)ρN2
(N2)

(12)

Where ΣN2
is that total scattering counts detected during the N2 target run, Σtotal is the total scattering

counts detected during a 3He target run. Q(N2), Q(3He) is the total charge deposited on the two targets
and ρN2(N2), ρN2(3He) are the nitrogen number densities present in the two targets. The dilution factor
was computed at each of the 17 x bins Figure 9.

In addition to correcting for nitrogen dilution, corrections for target and beam polarizations must also be
applied since the target and beam were not fully polarized. This is accounted for by dividing the asymmetries
by the measured target and beam polarizations, Pt and Pb, found in Figure 4 for the last run set, and Table 3.
The physics asymmetries are then given as:

Aphys‖ =
1

PbPtDN2

A‖, A
phys
⊥ =

1

PbPtDN2
cos(φ)

A⊥ (13)

,where φ is the vertical angle. Figure 10 shows the physics asymmetries on 3He at an electron beam energy
of 4.74 GeV as a function of x. These asymmetries can also be used to from longitudinal virtual photon-
nucleon asymmetry on 3He, A

3He
1 via Equation 4. Preliminary E06-014 A1 asymmetry measurements on 3He

are in good agreement with previous A1 asymmetry measurements, as can be seen in Figure 11. E06-014’s
largest sources of systematic error on the 4.74 GeV data set are due to the target polarization measurement,
from the contamination of the DIS sample by pair-production processes, and from errors in momentum
assignment. Completing and finalizing the target water calibration will substantially reduce the systematic
error. A complete study of backgrounds must await analysis of the larger 5.89 GeV data set, during which
time trigger thresholds were lower and correspondingly background rates were higher. Calibrations and data
quality checks have just been completed on the 5.89 GeV data set, with asymmetry and background studies
to follow shortly. The extraction of the neutron asymmetry An1 is also underway. However, the extraction of
the neutron asymmetry An1 is model-dependent. Previous experiments [9] have used Bissey et al.’s complete
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Figure 9: The N2 dilution factor is plotted vs x at a beam energy of 4.74GeV. Outer error bars show
combined systematic and statistical errors. The inner error bars show only statistical errors. In some bins,
the statistical error is too small to be seen on the graph.

model in the DIS regime [20]. However, E06-014’s 4.74 GeV data set spans both the DIS and resonance
regions. A consistent treatment of both DIS and resonance data requires careful consideration of structure-
function smearing [21]. We are working with W. Melnitchouk to extract neutron asymmetries across our
entire kinematic range.

Figure 10: A‖ and A⊥ on 3He are plotted vs x at a beam energy of 4.74GeV [15].

8



x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

3H
e

1
A

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1
He3 on 1A

x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

3H
e

1
A

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1
E142

E99117

E06014

Figure 11: Preliminary E06-014 measurement of A
3He
1 at 4.74 GeV, compared to 3He data from E142 at
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