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R. DeLeo, L. Lagamba
Istituto Nazionale di Fiscica Nucleare, Bari, Italy

A.T. Katramatou, G.G. Petratos
Kent State University, Kent, OH 44242

W. Korsch
University of Kentucky, Lexington, KY 40506, USA

W. Bertozzi, Z. Chai, S. Gilad, M. Rvachev, Y. Xiao
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

L. Gamberg
Penn State Berks, Reading, PA, 19610 USA

F. Benmokhtar, R. Gilman, C. Glashausser, E. Kuchina,
X. Jiang (co-spokesperson), G. Kumbartzki, R. Ransome

Rutgers University, Piscataway, NJ 08855, USA

Seonho Choi(co-spokesperson)
University of Seoul, Seoul, South Korea

B. Sawatzky (co-spokesperson), F. Butaru, A. Lukhanin,
Z.-E. Meziani (co-spokesperson), P. Solvignon, H. Yao

Temple University, Philadelphia, PA 19122, USA

S. Binet, G. Cates, N. Liyanage, J. Singh, A. Tobias
University of Virginia, Charlottesville, VA 22901, USA

T. Averett, J. M. Finn, D. Armstrong, K. Griffioen, V. Sulkosky
College of William and Mary, Williamsburg, VA 23185, USA



2

and the

Hall A COLLABORATION

December 5, 2005

Contact: B. Sawatzky (brads@jlab.org)

Abstract

We propose to perform a measurement of the spin-dependent structure function g2 by mea-
suring the asymmetries A⊥ and A‖ of longitudinally polarized electrons scattering off a trans-
versely and longitudinally polarized 3He target respectively. This measurement will cover exci-
tation energies exclusively in the deep inelastic valence quark region where x and Q2 are large
(0.2 ≤ x ≤ 0.7 and 2 ≤ Q2 ≤ 6 GeV2). We will extract the higher twist piece of the spin
structure function ḡ2 and evaluate the quantity dn

2 =
∫ 1

0
ḡ2 dx =

∫ 1

0
x2(2g1 + 3g2) dx related to

the twist three matrix element.
The quantity dn

2 reflects the response of the color electric and magnetic fields to the polar-
ization of the nucleon (alignement of its spin along one direction). It is important to note that
dn
2 is dominated by the contributions from the large x region because it is a higher moment of

structure functions. CEBAF at Jefferson Lab is an ideal place for such a measurement.
This measurement will provide a benchmark test of lattice QCD by reducing the statistical

uncertainty in the present value of dn
2 by about a factor of four. Precision data in the large x

region would allow us to make meaningful comparisons with several quark model predictions
which include quark-gluon correlations and thus test our understanding of the nucleon spin
structure beyond the parton model in the valence quark region.
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1 Preface

An earlier version of this proposal (E01-111) was considered and defered by PAC 20. It was
updated as proposal E03-107 and reconsidered by PAC 24 which deferred it with regret (PAC
reports attached in the next 2 pages). The major concern of PAC 24 remained the ”doubtful”
interpretation of the proposed d2 measurement as a twist-three matrix element due to the large
contribution of the resonances when Q2 is kept constant at 2 GeV2. Furthermore due to the same
resonance contributions, the extraction of the neutron d2 from 3He is further complicated. Both
concerns were addressed in PAC 24 where we were successful in convincing the PAC that the nuclear
corrections can be handled properly because d2 is a moment of structure functions. However, PAC
24 remained concerned about the interpretation of a measurement still dominated by the resonance
region and thus by twists higher than twist-three.

In response to the key concerns of both PACs, namely interpreting a measured d2 made over
a region dominated by the resonances contributions, we have modified our proposed measurement
to be performed exclusively in the Deep Inelastic Region (DIS) and at a larger (but not constant)
average Q2. This in turn requires higher counting rates in order to achieve the necessary statistical
accuracy for a meaningful measurement in a reasonable amount of beam time. Due to the small
solid angle and momentum acceptance of the Hall A high resolution spectrometers, they are not a
suitable option to carry the bulk of data taking in this case. Therefore, we plan to use the large
acceptance BigBite spectrometer to achieve a statistical uncertainty comparable to the projected
systematic uncertainty in approximately 11 days of production data. In the same time we also plan
to use the HRS left arm to measure the cross sections over the appropriate kinematical range. We
hope that the larger average Q2 coupled with keeping the invariant mass W ≥ 2 GeV, addresses the
concerns of the previous PACs regarding the physics interpretation of the proposed measurement
within the framework of the Operator Product Expansion.

In short, we have modified the proposal to perform a precision measurement of the g2 neutron
spin structure function in the large x deep inelastic (0.2 ≤ x ≤ 0.65 and W ≥ 2GeV ) region and
evaluate dn

2 at an average Q2 of 3 GeV2. We are requesting 13 days to perform this measurement
which would dramatically improve the experimental determination of this quantity. This would
then provide a benchmark test for the ever more sophisticated lattice QCD calculations. It also
allow us to test our understanding of initial state interactions between quarks and gluons through
quark models calculations.





Individual Proposal Report 

Proposal: PR 03-107

Scientific Rating: N/A

Title: Measurement of the Neutron d2:Towards the Electric E and

Magnetic Color Polarizabilities 

Spokespersons: Z.-E. Meziani, S. Choi, and X. Jiang

Motivation: The aim of the experiment is a precise determination of moments of the 

neutron spin structure functions, namely the integral of g2
n
 and the x

2
-moment of a 

particular combination of g1 and g2, called d2. In the framework of the Operator Product 

Expansion, the latter is sensitive to twist-3 quark-gluon correlations, and to electric and 

magnetic color polarizabilities. This quantity would be compared to lattice QCD 

predictions and to other model calculations. 

Measurement and Feasibility: The measurement uses scattering of longitudinally 

polarized electrons from a polarized 
3
He target, to measure longitudinal and transverse 

asymmetries, together with the unpolarized cross section, from which the spin structure 

functions g1(x) and g2(x) are extracted at fixed Q
2
 = 2 (GeV/c)

2
. The experiment is 

optimized to minimize the uncertainty on d2, obtained by integrating x
2
(2g1 + 3g2) over 

the measured region (x from 0.24 to 0.8). Extrapolations to x=0 and x=1 are applied to 

cover the unmeasured regions. A correction to account for the difference between a 

polarized
3
He and a free polarized neutron is applied. The experiment uses existing 

equipment and proven techniques. It is judged feasible. It would complement the low Q
2

results obtained by E-94-010 and the (significantly less precise) SLAC determination of 

d2
n

at 5 (GeV/c)
2
. Lattice QCD calculations performed at Q

2
 = 2 (GeV/c)

2
 should be 

available in the near future, enhancing the interest in the measurement. 

Issues: The principal issue is that the measured integral is dominated by contributions in 

the resonance region, thus making the interpretation in terms of color polarizabilities 

doubtful. However, investigating whether the twist expansion breaks down in this region 

is of interest, and connected to the question of quark-hadron duality. Nuclear corrections 

seem to be under control for the moment being addressed, d2
n
.

The PAC would have liked to see this experiment performed, but due to limitations in the 

available beam time, the proposal cannot be accepted at this time. 

Recommendation: Defer with Regret. 
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2 Introduction and Motivation

In inclusive polarized lepton-nucleon deep-inelastic scattering, one can access two spin-dependent
structure functions of the nucleon, g1 and g2. In the last twenty five years, measurements of g1 have
been used to test Quantum Chromodynamics (QCD) through the Björken sum rule and investigate
the spin content of the nucleon in term of its constituents. While g1 can be understood in terms of
the Feynman parton model which describes the scattering in terms of incoherent parton scattering,
g2 cannot. Rather, one has to consider parton correlations initially present in the target nucleon,
and the associated process is given a coherent parton scattering in the sense that more than one
parton takes part in the interaction. Indeed, using the operator product expansion (OPE) [1, 2],
it is possible to interpret the g2 spin structure function beyond the simple quark-parton model
as a higher twist structure function. As such, it is exceedingly interesting because it provides a
unique opportunity to study the quark-gluon correlations in the nucleon which cannot otherwise
be accessed.

In a recent review Fillipone and Ji [3] explained that most higher-twist processes cannot be
cleanly separated from the leading twist because of the so-called infrared renormalon problem first
recognized by t’Hooft. This ambiguity arises from separating quarks and gluons pre-existing in
the hadron wave function from those produced in radiative processes. Such a separation turns
out to be always scheme dependent. However, the g2 structure function is an exception because it
contributes at the leading order to the spin asymmetry of longitudinally-polarized lepton scattering
on transversely-polarized nucleons. Thus, g2 is among the cleanest higher-twist observables.

Why does the g2 structure function contain information about the quark and gluon correlations
in the nucleon? From the optical theorem, g2 is the imaginary part of the spin-dependent Compton
amplitude for the process γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2),

+1 0

+1/2 -1/2

Figure 1: Compton amplitude of γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2).

where γ∗ and N denote the virtual photon and the nucleon, respectively, and the numbers in the
brackets are the helicities. Thus this Compton scattering involves the t-channel helicity exchange
+1. When factorized in terms of parton sub-processes, the intermediate partons must carry this
helicity exchange. Because chirality is conserved in vector coupling, massless quarks in perturbative
processes cannot produce a helicity flip. QCD allows this helicity exchange to occur in two ways
(see Fig. 2): first, single quark scattering in which the quark carries one unit of orbital angular
momentum through its transverse momentum wave function; second, quark scattering with an
additional transversely-polarized gluon from the nucleon target. The two mechanisms are combined
in such a way to yield a gauge-invariant result. Consequently, g2 provides a direct probe of the
quark-gluon correlations in the nucleon wave function.
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Leading twist = twist-2 Higher twist = twist-3

+1 0

1/2 -1/2

+1 0

1/2 -1/2

Figure 2: Twist-two and twist-three contributions to virtual Compton scattering

2.1 The twist-three reduced matrix element

The piece of interesting physics we want to focus on in this proposal is contained in the second
moment in x of a linear combination of g1 and g2, namely

d2(Q2) =
∫ 1

0
x2[2g1(x, Q2) + 3g2(x, Q2)]dx (1)

= 3
∫ 1

0
x2

[
g2(x, Q2) − gWW

2 (x, Q2)
]
dx (2)

= 3
∫ 1

0
x2

[
ḡ2(x, Q2)

]
dx

where gWW
2 , known as the Wandzura-Wilczek [4] term, depends only on g1

gWW
2 (x, Q2) = −g1(x, Q2) +

∫ 1

x

g1(y, Q2)
y

dy. (3)

and

ḡ2(x, Q2) = −
∫ 1

x

dy

y

d

dy

[
m

M
hT (y, Q2) + ξ(y, Q2)

]
(4)

is expressed in terms of the transverse polarization density hT (x, Q2) function (Transversity) sup-
pressed by the quark mass m over the nucleon mass M and the twist-3 term ξ which arises from
quark-gluon correlations.

It is interesting to note that the quantity d2 also appears in the first moment of g1 when at
large Q2 (Q2 � Λ2

QCD) it is expressed in terms of a twist expansion [8, 7]:

Γ1(Q2) =
∫ 1

0
g1(Q2, x)dx =

1
2
a0 +

M2

9Q2

(
a2 + 4d2 + 4f2

)
+ O

(
M4

Q4

)
, (5)

where a0 is the leading twist, dominant contribution. It is determined, apart from QCD radiative
corrections [9], by the triplet gA and octet a8 axial charges and the net quark spin contribution to
the total nucleon spin. These axial charges are extracted from measurements of the neutron and
hyperons weak decay measurements [10]. Here a2 is a second moment of the g1 structure function
and arises from the target mass correction [7]. The quantities d2 and f2 are the twist-3 and the twist-
4 reduced matrix elements. These matrix elements contain non-trivial quark-gluon interactions
beyond the parton model. A first extraction of f2 has been carried by Ji and Melnitchouk in [11]
using the world data but with poor statistical precision below Q2 = 1 GeV2. Other investigations
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of higher twist contributions in the case of spin-dependent structure functions were performed and
reported in Ref. [12, 13]. Recent extractions of f2 have also been carried out combining the existing
high Q2 world data with new low Q2 data from Jefferson Lab [14, 15]. The new data allowed us to
gauge the size of higher twist contribution (beyond twist-4), thus checking the convergence of the
expansion, and provding for an improved precision in the extraction of f2.

In QCD, d2 and f2 can be expressed as linear combinations of the induced color electric and
magnetic polarizabilities χE and χB [3, 16] when a nucleon is polarized. This twist expansion may
be valid down to Q2 ≈ 1 GeV2 if higher order terms are small.

At large Q2 where an OPE expansion becomes valid, the quantity d2 reduces to a twist-3 matrix
element which is related to a certain quark-gluon correlation.

d2S
[µP {ν]P λ} =

1
8

∑
q

〈P, S|ψ̄q gF̄ {µνγλ}ψq|P, S〉 , (6)

where g is the QCD coupling constant, F̄µν = (1/2)εµναβFαβ , Fαβ are the gluon field operators,
and the parentheses {· · ·} and [· · ·] denote symmetrization and antisymmetrization of indices, re-
spectively. The structure of the above operator suggests that it measures a quark and a gluon
amplitude in the initial nucleon wavefunction [1, 2].

The twist-4 contribution is defined by the matrix element

f2 M2Sµ =
1
2

∑
q

e2
q 〈P, S|g ψ̄q F̃µνγν ψq|P, S〉 , (7)

where F̃µν is the dual gluon field strength tensor. f2 can also be defined (generalized) in terms of
the structure functions:

f2(Q2) =
1
2

∫ 1

0
dx x2

(
7g1(x, Q2) + 12g2(x, Q2) − 9g3(x, Q2)

)
, (8)

where g3 is the 3rd spin structure function, which has not yet been measured but could be accessed
by an asymmetry measurement of unpolarized lepton scattering off a longitudinally polarized target.
With only g1 and g2 data available, f2 can also be extracted through Eqn. 5 if the twist-6 or higher
terms are not significant.

The physical significance of d2(Q2) has been articulated by Ji and we quote,
“we ask when a nucleon is polarized in its rest frame, how does the gluon field inside of the

nucleon respond? Intuitively, because of the parity conservation, the color magnetic field �B can be
induced along the nucleon polarization and the color electric field �E in the plane perpendicular to
the polarization.”

After introducing the color-singlet operators OB = ψ†g �Bψ and OE = ψ†�α × g �Eψ, we can define
the gluon-field polarizabilities χB and χE in the rest frame of the nucleon[5, 6]

〈PS|OB,E |PS〉 = χB,E2M2�S . (9)

Then d2 can be written as
d2 = (χE + 2χB))/8 . (10)

Thus d2 is a measure of the response of the color electric and magnetic fields to the polarization of
the nucleon. The reduced matrix element f2 can be expressed also as a different linear combination
of the same color polarizabilities

f2 = (χE − χB)/3 . (11)
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Ultimately the color electric and magnetic polarizabilities will be obtained from d2(Q2) and
f2(Q2) when high precision data on both g1 and g2 become available. In this proposal we are
aiming at providing precision data for dn

2 at large Q2.

2.2 Burkhardt-Cottingham Sum rule

The g2 structure function itself obeys the Burkhardt-Cottingham (BC) sum rule [18]

Γ2(Q2) =
∫ 1

0
g2(x, Q2) dx = 0 , (12)

which was derived from the dispersion relation and the asymptotic behavior of the corresponding
spin-flip Compton amplitude. This sum rule is true at all Q2 and does not follow from the OPE.
It is rather a super-convergence relation based on Regge asymptotics as articulated in the review
paper by Jaffe [19]. Many scenarios which could invalidate this sum rule have been discussed in the
literature [2, 20, 21]. However, this sum rule was confirmed in perturbative QCD at order αs with
a g2(x, Q2) structure function for a quark target [22]. Surprisingly a first precision measurement of
g2 by the E155 collaboration [17] at Q2 = 5 GeV2 but within the experimentally limited range of
x has revealed a violation of this sum rule on the proton at the level of three standard deviations.
In contrast, the neutron sum rule is poorly measured but consistent with zero within one standard
deviation. New high precision neutron g2 data [23, 24] shown in Fig. 6 at Q2 below 1 GeV suggest
that the BC sum rule is verified within errors. While a full test of the BC sum rule cannot be
performed within the limited x range of this proposal, this measurement will provide useful data
to further explore the large x contributions to the sum rule in the neutron/3He.

3 Experimental status of dp,n
2 (Q2) and Γn

2(Q
2) measurements

The early measurements of the g2 spin structure function performed by the SMC [25] and E142 [26,
27] collaborations in the 90’s were meant to reduce the systematic errors when extracting g1 due to
g2’s contribution to the measured parallel asymmetries. As the statistical precision of g1 improved,
a better measurement of g2 was required to minimize the error on g1. Therefore, in SLAC E143 [28],
E154 [29] and E155 [30] more data on g2 were collected and d2 was evaluated and published by
these collaborations. But since the statistical errors of these experiments were still large and as the
interest in the physics of g2 rose, a dedicated experiment known as SLAC E155x [31] was approved to
measure g2 at relatively large Q2 to investigate the higher twist effects in the proton and deuteron.
This led to an evaluation of d2 with much improved statistical precision compared to what existed
previously for both the proton and the deuteron [31]. At lower Q2 another dedicated experiment
known as JLab E97-103 [34] was performed at Jefferson Lab to look for higher twists effects by
exploring the Q2 evolution of gn

2 using a polarized 3He target from Q2 = 1.4 GeV2 down to Q2 =
0.6 GeV2 at x = 0.2. The statistical precision was improved by almost an order of magnitude. Two
other Jlab experiments, E99-117 [32] and E94-010 [23, 24], had the opportunity to measure the g2

structure function in a non-dedicated mode while focusing on a measurement of the gn
1 structure

function. The first one provided three data points in the valence quark DIS region (x, Q2) = (0.33,
2.71), (0.47, 3.52) and (0.6, 4.83) while the second one was carried out in the resonance region at
Q2 below 1 GeV2.

Fig. 3 shows d2 from SLAC E155X for the proton in the upper panel and the SLAC E155x
and JLab E99-117 combined neutron result compared to several calculations. The proton result is
generally consistent with the chiral quark model [40, 41] and some bag models [42, 7, 11] while one to
two standard deviations away from the QCD sum rule calculations [44, 45, 46]. More importantly,
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the comparison with the recent lattice QCD calculation of the QCDSF collaboration [47] shows
consistency with the experimental datum of the proton. However, it clearly indicates the need for
an improvement on the experimental precision for the neutron datum. In fact Jefferson Lab E99-
117 measurements of gn

2 at large x combined with SLAC E155X have improved on the total error
by almost a factor of two. At the same time the latest QCDSF lattice calculation reported here
has improved also by a factor of two compared to their previous results published in 2001 [48]. Of
course it is difficult to guess the total error on the lattice calculation but at this time the neutron d2

result is two standard deviations away from the experimental value including the lattice and chiral
extrapolation errors. The experimental error bar is still dominated by the statistical uncertainty.

The Lattice Hadron Physics Collaboration (LHPC) based at Jefferson Lab has plans to extract
this matrix element for the proton and the neutron [49] and provides a different check on the
QCDSF collaboration lattice calculations.

Neutron

Proton

SLAC E155XLattice

QCD Sum Rules

Bag Model Chiral soliton

Predictions and data

0.00

-0.02

-0.04

d 2

0.03

-0.02

0.01

0.00

-0.01

-0.03

0.02

0.02

SLAC E155x +
JLab E99-117

Figure 3: d2 SLAC E155X results of the proton and SLAC E155x combined with Jlab E99-117
results of the neutron results compared to several theoretical calculations including lattice QCD
(see text). Upper panel is for the proton and lower panel is for the neutron.

It is woth noting that except for the QCD sum rule calculation all nucleon bag models or chiral
soliton models predict values consistent with the lattice QCD result. The experimental result is
thus 2σ away from zero all available calculations. In these models gn

2 is negative at large x therefore
it is conceivable that the poor precision (Fig. 5) of the data in this region is affecting the overall
sign of the result. It is important to note that from the point of view of a simple quark model, the
d2 matrix element of the neutron should be much smaller than that of the proton because of SU(6)
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spin-flavor symmetry. Thus, with the present precision of the combined SLAC E155x and JLab
E99-117 neutron data it is difficult to draw any conclusions on the sign and size of the neutron
higher twist (twist-three) contribution. However because d2 is a second moment in x of the linear
combination (2g1 + 3g2) the neutron data set can be improved significantly at Jefferson Lab with
a dedicated measurement like the one proposed here. Due to the x2 weighting, the contribution of
the small x region is supressed and thus using the existing world data to cover the region x < 0.23
should be sufficient to complete the integral. In fact the average Q2 value of the world low x data
is close to the value Q2 = 3 GeV2 of this proposal.

During JLab experiment E94-010 [23], which was aimed at measuring the Gerasimov-Drell-
Hearn extended sum, data on g2 were taken using a polarized 3He target across the resonance
in the range 0.1 < Q2 < 0.9 GeV2. New results on two moments of the neutron spin structure
functions, Γn

2 and dn
2 , are now available from this experiment. These low Q2 results are shown

in Fig. 4 along with the SLAC E155x and JLab E99-117 combined results. The results published
in [24] give a glimpse of the Q2 evolution of the quantity d̄n

2 which does not include the elastic
contribution (at x = 1) to the integral. However this contribution is negligible above Q2 = 3GeV 2

but dominate the quantity d2 below Q2 = 1 GeV2. Note that no comparable data exist for the
proton.

0.01 0.1 10Q
2
 (GeV

2
)

–0.005

0.000

0.005

0.010

0.015

d 2   E94010 Neutron

  E155x Neutron
ChPT

  MAID

  Lattice QCD

1

E99-117 + E155x Neutron

QCDSF collaboration 

Figure 4: d̄2(Q2) results of JLab E94-010 without the nucleon elastic contribution are presented.
The grey band represents their corresponding systematic uncertainty. The SLAC E155 [31] neutron
result is also shown here (open square). The solid line is the MAID calculation[51] while the dashed
line is a HBχPT calculation[52] valid only at very low Q2. The lattice prediction [47] at Q2 = 5 GeV2

for the neutron d2 reduced matrix element is negative but consistent with zero. We note that all
models shown in Fig. 3 predict a negative value or zero at large Q2 where the elastic contribution
is negligible. At moderate Q2 the data show a positive d̄n

2 , and indicate a slow decrease with Q2.
The combined SLAC+JLab datum shows a positive dn

2 value but with still a large error bar.

In the investigation of higher twists contributions an important step has already been taken with
JLab experiment E97-103 [34], which has provided precision data of gn

2 in the deep inelastic region
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and determined its Q2 evolution in the range 0.56 < Q2 < 1.4 GeV2 for a fixed value of x ≈ 0.2.
The unprecedented statistical accuracy achieved in JLab E97-103 was critical to probe the size of
higher twists contributions by comparing directly the measured gn

2 to the leading twist contribution
( the twist-two contribution known as g

n(WW )
2 [36]). The experiment has been completed and the

results published [34] showing a small but finite size of higher twists as Q2 decreases below 1 GeV2.
Nevertheless, this experiment has little impact on the evaluation of the d2 quantity because of
the low x value it was performed at, although it is important for direct comparison between the
measured g2 and the leading twist piece of g2.

Two other recently completed experiments, JLab experiment E01-012 [37] which used a polar-
ized 3He target, and JLab experiment E01-006 [38] which uses polarized NH3 and ND3 targets, will
add to the wealth of neutron spin structure functions data (gn

1 and gn
2 ) in the resonance region.

However, the first measurement emphasises the investigation of g1 while the second provides data
at Q2 = 1.3 GeV2 for gp

2 with high precision but limited precision for gn
2 .

Stratmann
Weigel and Gamberg

Soffer and Bourelly
g2_WW

SLAC E155x

JLab E99-117

JLab E97-103

Figure 5: Present world x2gn
2 data for Q2 ≥ 1 GeV2 along with some model calculations and gWW

2 .
SLAC E155X neutron results are derived from measurements using polarized NH3 and ND3 targets
as described in Ref.[35, 17]. The JLab experiments used a polarized 3He target in Hall A. We note
the consistency between the data. The solid curve is a quark model calculation by Stratmann [42],
the dashed line is a chiral soliton calculation by Weigel and Gamberg [40]. The dotted line represent
the evaluation of gWW

2 using g1 from the statistical model of the nucleon by Bourelly and Soffer [50].

We summarize the situation of the quality of the neutron g2 spin structure data in Fig. 5 where
we report the world data with Q2 greater than 1 GeV2 and show a comparison with some model
calculations as well as the Wandzura-Wilzeck gWW

2 contribution to g2. The neutron result of g2

extracted from the proton and deuteron measurements of E155X are shown in Fig. 5. The statistical
accuracy already achieved in JLab E97-103 is shown for their highest Q2 kinematics point, namely
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Q2 = 1.4 GeV2 and x = 0.2. We should point out that this proposed experiment is optimized to
minimize the error on the determination of dn

2 not gn
2 . Obviously, time limitations would not allow

us to provide for the ultimate statistical precision at each x value for the best possible stringent
comparison with models of gn

2 (x, Q2).
Finally, turning to the BC sum rule, the experimental situation is summarized in Fig. 6 where

we show Γn
2 measured in E94-010 (solid circles) and, including the elastic contribution (open circles)

evaluated using a dipole form factor for Gn
M and the Galster fit for Gn

E . The positive light grey band
corresponds to the total experimental systematic errors while the dark negative band represents
an estimated DIS contribution using gWW

2 . The solid line is the resonance contributions evaluated
using MAID and the negative light-grey band is the neutron elastic contribution added to the
measured data to determine Γn

2 . The results are quite encouraging since the data show that the BC
sum rule is verified within uncertainties over the Q2 range measured. Our result is at odds with
the reported violation of this sum rule on the proton at high Q2 (where the elastic contribution
is negligible) [17]. It is, however, consistent with the neutron result of SLAC E155 (open square)
which unfortunately has a rather large error bar. In light of our results, a high statistical precision
measurement in the range 1 GeV2 ≤ Q2 ≤ 5 GeV2 would be very useful for both the proton and
neutron even if the x range is limited.

0 0.2 0.4 0.6 0.8 1 10
Q

2
 (GeV

2
)

2 5

−0.02

0

0.02

0.04
 JLab E94-010
 JLab E94-010 + elastic fit
 JLab E94-010 + elastic fit +DIS estimate
 SLAC E155x
 MAID

Γ 2

Elastic contribution

Figure 6: Results of Γn
2 (open diamonds) along with the average of the world data from DIS. The

theoretical prediction for this quantity is zero (see text).

In the next section we shall describe how we plan to improve on the statistical precision of the
g2 neutron data at large x which will result in a reduction of the satistical error bar of dn

2 by a
factor of almost four as well as provide a reasonable add-on to the BC sum evaluations at < Q2 >
= 3 GeV2.

4 Proposed Experiment

We propose to measure the unpolarized cross section σ
3He
0 , the parallel asymmetry A

3He
‖ and the

perpendicular asymmetry A
3He
⊥ and extract the g2 structure function in the large x region with

good precision. We will use the longitudinally polarized (Pb = 0.75) CEBAF electron beam and a
40-cm-long high pressure polarized 3He target. The measurement will be performed at one incident
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Figure 7: Proposed kinematic range for the measurement at a constant energy and angle. The
bands represents the horizontal angular acceptance of the Bigbite spectrometer.

electron beam energy Ei = 5.7 GeV (or higher) and one scattering angle, θ = 45.0◦.
The Bigbite spectrometer will be used to acquire the asymmetry data (perpendicular and par-

allel) while the left arm HRS spectrometer will be used to measure the absolute cross section. Both
spectrometers will bet set at a scattering angle of θ = 45.0◦ on each side of the incident beam line.
One magnetic field setting of the Bigbite spectrometer will cover more than the useful kinematic
range 0.20 ≤ x ≤ 0.65 and 2.0 ≤ Q2 ≤ 5 GeV2 of this proposal. The left HRS momentum will
be stepped across the same kinematic range to measure the absolute cross section as a function
of x. The target polarization orientation will be set transverse or longitudinal to the beam with
a value of Pt = 0.40 while the beam helicity will be reversed at a rate of 30 Hz. A beam current
of 15 µA combined with a target density of 2.5×1020 atoms/cm3 provides a luminosity of about 1
×1036 cm−2s−1 on the effective target length at 45◦.

Using the Bigbite spectrometer at a full current setting with a field of B= 1.2 Tesla we will
have a continuous kinematic coverage as shown in Fig. 7. The left HRS spectrometer momentum
will be stepped througn central values listed in table 2 to match the same kinematic domain.
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4.1 The Polarized Beam

In this proposal we shall assume that the achievable beam polarization at CEBAF is 75% with a
current of 15µA although 80% electron beam polarization has been delivered on a regular basis
in Hall A. The polarization of the beam will be measured with the Hall A Moller and Compton
polarimeters.

4.2 The Polarized 3He Target

The polarized target is the standard 3He polarized target in Hall A [53]. It is based on the principle
of spin exchange between optically pumped alkali-metal vapor and noble-gas nuclei [55, 56, 57] and
has been used in JLab experiments E94-010, E95-001 [54], E97-103 and E99-117 in Hall A. In those
experiments we regularly achieved 35-40% target polarization in-beam.

A central feature of the target will be sealed glass target cells, which under operating conditions,
contain a 3He pressure of about 10 atmospheres. As indicated in Fig. 8, the cells will have two
chambers, an upper 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 the
alkali-metal Rubidium the upper chamber will be kept at a temperature of 170–200◦C using an
oven constructed of high temperature plastic Torlon. The density of the target will be about
2.5× 1020 atoms/cm3. The lower cell length will be 30 cm such that the end glass windows will be
shielded from the spectrometer acceptance. The effective target length the spectrometer acceptance
sees is about 20 cm/sin 45◦

The main components of the target are shown in Fig. 8. The main “coils” shown are large
Helmholtz coils used to apply a static magnetic field of about 25 Gauss. Also shown are the
components for the NMR and EPR polarimetry. The NMR components of the target include a
set of RF drive coils, and a separate set of pickup coils. Not shown in the figure are the NMR
electronics, which include an RF amplifier, a lock-in amplifier, some bridge circuitry, and the
capability to sweep the static magnetic field. The EPR components include an EPR excitation coil
and a photodiode for detection of the EPR line. The oven shown in Fig. 8 is heated with forced
hot air. The optics system include a system of 4 diode lasers for longitudinal pumping and 4 for
transverse pumping. A polarizing beam splitter, lens system and a quarter wave plate are required
to condition each laser beam line and provide circular polarization.

4.2.1 Target Cells

The length of the cells is chosen to be 40 cm which places the target windows outside the length
acceptance of the BigBite spectrometer at 45◦. The end windows themselves will be about 100 µm
thick.

4.2.2 The Optics System

As mentioned above, approximately 90 W of “usable” light at 795 nm will be required. By “usable”,
we mean circularly polarized light that can be readily absorbed by the Rb. It should be noted that
the absorption line of Rb has a full width of several hundred GHz at the high pressures of 3He at
which we will operate. Furthermore, since we will operate with very high Rb number densities that
are optically quite thick, even light that is not well within their absorption line width can still be
absorbed.

The laser system consists of commercially available 30 Watt fiber-coupled diode laser systems
(from COHERENT INC.). Four such lasers are used to pump along the transverse direction and
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Figure 8: JLab Hall A polarized 3He target setup.

three along the longitudinal direction. The efficiency of these lasers has been tested in many
occasions and found to be totally adequate for this experiment’s needs.

4.2.3 Polarimetry

Polarimetry is accomplished by two means. During the experiment, polarization is monitored using
the NMR technique of adiabatic fast passage (AFP)[62]. The signals are calibrated by comparing
the 3He NMR signals with those of water. The calibration is then independently verified by studying
the frequency shifts that the polarized 3He nuclei cause on the electron paramagnetic resonance
(EPR) lines of Rb atoms [61]. Both methods were used in E94-010 and we found as expected that
the NMR measurements with water calibration are consistent with the EPR results.

4.3 The Spectrometers setup

We plan to use the Bigbite spectrometer in Hall A to take the bulk of the data, and one HRS
spectrometer, the left arm, to perform cross section measurements and calibrations. Both will be
located at 45◦ symmetrically with respect to the incident beam line.

4.3.1 the BigBite spectrometer

The BigBite spectrometer will be positioned at a distance of 1.5 m from the target and its dipole
magnet set at full current providing a central field of B = 1.2 T The BigBite detector package (see
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Fig.9) will consist of

• Two sets Multiwire Drift Chambers (MWDC) for tracking information

• A Gas Cherenkov counter between the two MWDCs for pion rejection.

• A set of scintillators for triggering on charged particles.

• A double layer lead glass calorimeter for additional pion rejection.

The detector package configuration for BigBite similar to that of experiments E02-013 and E03-004
except that we plan to remove the third MWDC (placed in the middle) and install a thresold
gas Cherenkov counter. Since the proposed experiment is inclusive the addition of the Cherenkov
counter for pion and proton rejection is critical.

Each set of MWDC consists of three wire planes for U-U’, V-V’, and X-X’ with sense wire
separation of 2.0 cm. GEANT Monte Carlo simulations [63] show a momentum resolution of about
2% and angular resolution about 3.0 mrad. The vertex reconstruction along the beam will be better
than 2 cm, enough to allow for removing the target glass windows in the offline analysis. The DIS
spectrum at 5.7 GeV and 45◦ is smooth enough that the designed momentum resolution will be
more than adequate for the 10% momentum bins used in this proposal.

The electron identification in our case is provided by the Cherenkov counter in combination
with the electromagnetic calorimeter. The latter is composed by of two sub-packages. The first
a preshower detector made out of blocks of TF-5 lead glass spanning an active area of 210 × 74
cm2 with 10 cm depth (3 r.l.) along the particle direction. This is followed by a shower detector
composed with total absorption blocks of TF-2 lead glass covering an area of 221 × 85 cm2 with
34 cm depth which should contain showers with energies up to 10 GeV. The resolution of the
calorimeter is about 8%/

√
(E) leading to an expected pion rejection of 100:1.

The Cherenkov counter we plan to build for this experiment will be located in the gap between
the first and third wire chamber (replacing the currently installed middle wire chamber) has the
following dimensions: 200x60x60 cm3. These dimensions allow the existing BigBite frame to be
used with no change in solid angle coverage. Eight mirrors configured in a tiled 4x2 arrangement
will focus the Cherenkov light on 2 columns of 4 photomultipliers (PMT) mounted on each side
of the box. We plan to use 3” quartz-windows PMTs from Photonis. Our preferred choice of
Cherenkov radiator is C4F10 gas (pion threshold: 2521 MeV/c) currently used in CLAS, however,
Freon 12 would also be an option with some loss in the number of photo-electrons.

Assuming a 40 cm track length in C4F10, a ’medium detailed’ calculation predicts a mean PMT
response of 28 measured photo-electrons per electron with a quartz-window PMT (vs. 16-18 with a
more conventional PMT like the Burle 8854) This estimate includes the PMT quantum efficiency,
PMT window transparency, and is multiplied by a factor of 0.81 to accommodate a 10% loss from
both the mirror and reflection off the PMT front surface (the latter may be conservative).

The high number of registered photons allow a high online threshold (4-5 p.e.’s) to be applied
which essentially removes all of the 1-2 p.e. background while capturing > 99% of the electron
tracks (with a healthy margin of error).

We expect a pion rejection ratio of about 1000 and when coupled with cuts on the shower/pre-
shower we expect to achieve a total pion rejection of 105. This should be more than adequate for
this experiment. The pion asymmetry will also be measured in the same experiment.

The total angular acceptance provided by the BigBite spectrometer in this configuration is
about 64 msr with a vertical angular acceptance of ±240 mrad and horizontal angular acceptance
of ±67 mrad.
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Figure 9: Bigbite spectrometer detector setup with full current. The trajectories missing the
detector are charged particles with momentum less than 200 MeV/c. Also shown are trajectories
of charged particles with momentum equal to 1.8 GeV/c

4.3.2 Left High Resolution Spectrometer

The Hall A left High Resolution Spectrometer (HRS) will be positioned at 45◦ to measure absolute
cross sections in the same x range as the the BigBite spectrometer. We will use the left HRS with
its standard detector package for electrons which consists of :

• Two vertical Drift Chambers (VDCs) for the measurement of momentum and production
angle.

• Threshold Gas Cherenkov counter for pion rejection.

• A set of scintillators for triggering on charged particles.

• A double layer lead glass calorimeter for additional pion rejection.

As the E99-117 analysis shows, the pion rejection factor with the Cherenkov counter and the lead
glass calorimeter are better than 1×105 with an electron detection efficiency of 98%. This is
sufficient for our worst case scenario.
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Figure 10: Diagram of the BigBite spectrometer with its detector package.

Specific advantages make the HRS spectrometer a well matched tool for the proposed measure-
ment.

• Good electron events in the spectrometer are in principle due only to electron scattering off
3He nuclei since the target cell glass windows are outside the spectrometer acceptance. How-
ever, excellent target reconstruction by the HRS spectrometers allows for better background
rejection.

• An excellent resolution of the spectrometers permits the measurement of elastic scattering
off 3He needed for an absolute calibration of the detector in order to measure absolute cross
sections.

4.4 Positron contamination

The dilution factor due to eletrons from symmetric (e+,e−) pairs contamination will be measured
using the left HRS spectrometer set at the same angle 45◦ but with a reversed polarity from its
electron detection mode. Measurement of the positron production cross section during JLab E99-
117 shows that it is less than 3% of the total cross section at x = 0.33 and scattering angle of 35◦.
It was also found that the asymmetry was negligible compared to the statistical uncertainty of the
measurement which was similar to this experiment. In any case we plan to measure the positron
cross sections with the left HRS and spectrometer.
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Figure 11: JLab Hall A floor setup using the Bigbite, the left HRS spectrometer and the polarized
3He target.

5 Optimization of the dn
2 measurement

The goal of this experiment is to obtain d2 from a measurement of the unpolarized cross section σ0

and the parallel A‖ and perpendicular A⊥ asymmetries on 3He. Equivalently d2 is obtained from
the measurement of the linear combination of the spin structure functions g1(x, Q2) and g2(x, Q2)
and forming the second moment of this combination:

d2(Q2) =
∫ 1

0
x2[2g1(x, Q2) + 3g2(x, Q2)] dx =

∫ 1

0
d̃2(x, Q2) dx (13)

The spin structure functions can be expressed in terms of asymmetries and unpolarized cross
sections as follow;

g1 =
MQ2

4α2

y

(1 − y)(2 − y)
2σ0

[
A‖ + tan

θ

2
A⊥

]
(14)

g2 =
MQ2

4α2

y2

2(1 − y)(2 − y)
2σ0

[
−A‖ +

1 + (1 − y) cos θ

(1 − y) sin θ
A⊥

]
(15)
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where σ0 is the unpolarized cross section, Q2 is the four momentum transfer, α the electromagnetic
coupling constant, θ the scattering angle and y = (E −E′)/E the fraction of energy transferred to
the target. A‖ and A⊥ are the parallel and perpendicular asymmetries,

A‖ =
σ↓⇑ − σ↑⇑

2σ0
, A⊥ =

σ↓⇒ − σ↑⇒

2σ0
(16)

From (12), (13) and (14) we can express the integrand of d2 directly in terms of measured asym-
metries and unpolarized cross section as follows:

d̃2(x, Q2) = x2[2g1(x, Q2) + 3g2(x, Q2)] (17)

=
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‖

]
(18)

The above expression of the integrand is used for the following purposes:

• Determination of the time sharing between the transverse and the longitudinal measurement
to minimize the statistical error on d2 not on g2 as in previous experiments.

• Determination of the effect of the target polarization orientation misalignment on the sys-
tematic error of d2

• Determination of the systematic error on d2 due to the systematic errors of the cross section
and asymmetries measurements.

The measurement consists of collecting data at one incident energy, Ei = 5.7 GeV, and one
scattering scattering angle, θ = 45◦, on both the Bigbite spectrometer and the left HRS spectrom-
eter. In the case of the left HRS spectrometer nine momentum settings allow to cover the range
0.23 ≤ x ≤ 0.65 for a cross section measurement of electron scattering. The positron rate will be
measured starting from the lowest x bins until it becomes negligible as x becomes larger.

The measured raw 3He counting parallel asymmetry ∆‖ and perpendicular asymmetry ∆⊥ are
converted to the experimental asymmetries A

3He
‖ , and A

3He
⊥ respectively, using the relation

A
3He
⊥ =

∆⊥
PbPt cos φ

A
3He
‖ =

∆‖
PbPt

(19)

∆⊥ =
(N↑⇒ − N↑⇒)
(N↑⇒ + N↑⇒)

∆‖ =
(N↓⇑ − N↑⇑)
(N↓⇑ + N↑⇑)

(20)

where N↑⇓ (N↑⇑) and N↑⇒ (N↑⇒) represent the rate of scattered electrons for each bin in x and
Q2 when the electron beam helicity and target spin are parallel or perpendicular. φ is the angle
between the scattering plane and the plane formed by the incoming beam and the perpendicular
target polarization. Pb = 0.75 and Pt = 0.40 are the beam and target polarization respectively. The
target length (40 cm) is chosen such that no extra dilution of the asymmetry occurs from unpolarized
scattering off the glass windows. However, empty target measurements will be performed to insure
that no spurious unpolarized background originating in the target area reduces the measured physics
asymmetries. The kinematics and electron rates are presented in Table 2. We used the Whitlow
1990 [64] parametrization of unpolarized structure functions from measurements of deep inelastic
scattering on the proton and the deuteron. We added incoherently the appropriate structure
functions to generate the 3He cross sections. The rates were determined assuming a solid angle
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evaluated from the bins shown in Fig. 7 and a luminosity of about 1×1036 cm−2s−1. The times for
the transverse and longitudinal measurements were determined by optimizing the time sharing for
the best precision on the integrand d̃2. If we set

α =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
3
1 + (1 − y) cos θ

(1 − y) sin θ
+

4
y

tan
θ

2

)
(21)

β =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
4
y
− 3

)
(22)

The optimum ratio between the parallel and perpendicular counts is

N‖ =
β

α
N⊥ (23)

The total number of counts N⊥ is given by

N⊥ =
α(α + β)

P 2
b P 2

t f2(∆d̃2)2
(24)

f = Wn
1 /W

3He
1 is the fraction of scattering originating from the neutron compared to 3He. We

required an absolute statistical uncertainty on the integrand ∆d̃n
2 = 3× 10−3. This in turn leads

to an absolute statistical precision on dn
2 of ∆dn

2 ≈ 5.4 × 10−4. The total error expected expected
to be about ∆dn

2 ≈ 7.5 × 10−4, a 4-fold improvement over the world ∆dn
2 = 2.8 × 10−3 of SLAC

E155X combined with JLab E99-117.
The charged pion background was estimated using the EPC program [65] which was normalized

against measurements carried at JLab in a similar kinematic range. The results of the estimate
show that π/e− ratio ranges from a negligible value in the highest x bin to a value of about 500 in
the lowest x bin. Given the combined pion rejection performance of the Cherenkov and lead glass
calorimeter, we should be able to keep this correction at a negligible level. Furthermore, we shall
also measure the pion asymmetry using the left HRS spectrometer in the lowest two or three x
bins.

The radiative corrections (RC) will be performed in two stages. First, the internal corrections
will be evaluated following the procedure developed by Bardin and Shumeiko[66] for the unpolar-
ized case and extended to the spin dependent lepto-production cross sections by Akushevish and
Shumeiko[67, 68]. Second, using these internally corrected cross sections, the external corrections
(for thick targets) are applied by extending the procedure developed for the unpolarized cross
sections by Tsai[69, 70] with modifications appropriate for this experiment.

To evaluate the experimental systematic uncertainty of dn
2 we used relative uncertainties in

the cross sections and asymmetries achieved in JLab E94-010, E97-103 and E99-117. Table 5
summarizes these uncertainties. One item of concern was the effect of the target relative spin
misalignment between the transverse and longitudinal direction measurements. Fig. 12 shows this
effect at each value of x on the integrand of d2. A relative error of 0.5◦ in the relative direction of
the transverse versus perpendicular results in a relative error ∆d2/d2 = 0.15%. Using the Weigel
et al. [40] model of g2 and g1 we estimated ∆d2/d2 to be of the order of 10 % and thus an absolute
systematic uncertainty of about 10−3. We believe we can achieve a relative error of 0.2◦ in the
target spin alignment.

With our improved projected statistical precision the total uncertainty in dn
2 is is almost equally

shared between the statistical and the systematic accuracy of the measurement.
An elastic scattering asymmetry measurement is planned at low energy (Ei = 1.2 GeV, θ = 20◦)

using the HRS left spectrometer in order to calibrate our spin dependent absolute cross sections.
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Table 1: List of the systematic error contributions to dn
2

Item description Subitem description Relative uncertainty

Target polarization 4 %

Beam polarization 3 %

Asymmetry (raw)
• Target spin direction (0.5◦) ≈ 1.5 × 10−3

• Beam charge asymmetry 200 ppm
Cross section (raw)

• PID efficiency ≈ 1 %
• Background Rejection efficiency ≈ 1 %
• Beam charge < 1 %
• Beam position < 1 %
• Acceptance cut 2-3 %
• Target density 2-3 %
• Nitrogen dilution 2-3 %
• Dead time <1 %
• Finite Acceptance cut <1%

Radiative corrections ≤ 10 %

From 3He to Neutron correction 5 %

Total effect ≤ 10 %

Estimate of contributions
∫ 0.23

0.003
d̃n

2 dx 4.8 × 10−4

from unmeasured regions
∫ 0.999

0.70
d̃n

2 dx 5.0 × 10−5

Projected absolute statistical uncertainty ∆d2 ≈ 5.4 × 10−4

Projected absolute systematic uncertainty ∆d2 ≈ 5 × 10−4

assuming d2 = 5 × 10−3
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Figure 12: Effect of target relative spin misalignment by 0.5◦ between the transverse and longitu-
dinal measurements

This quantity can be evaluated using the measured electric and magnetic form factors of 3He. This
measurement would actually determine the polarization of the 3He nuclei along the electron beam
path. This kinematics is matched to the previously taken elastic measurements in E99-117. False
asymmetries will be checked to be consistent with zero by comparing data with target spins in
opposite directions.

Also contributing to the dilution of the asymmetry is the pair-electron contamination. This
correction is x dependent, and is relevant only in the low x region. This contamination was
estimated to be no more than 6% in the worst case and will be measured in this experiment by
reversing the spectrometer polarity on the left arm spectrometer.

Bigbite and the left HRS spectrometer will be used in a symmetric configuration at 45◦ when
taking the data. While Bigbite will be used to take the bulk of asymmetry data for a total of
267 hours of beam on target the left HRS spectrometer will be used to measure the absolute cross
sections at different x values, the pion contamination and the positron production cross section by
reversing its polarity. Tables 2 shows the momentum settings of the left spectrometer and relevant
kinematic parameters with the rates for each x bin of the BigBite spectrometer. We will use Bigbite
and HRS-l for 270 hours with beam on target at 5.7 GeV incident beam energy. Measurements of
the target polarization will be taken once each shift.

6 Spin Structure Functions: From 3He to the Neutron

Because the deuteron polarization is shared roughly equally between the proton and neutron,
extraction of neutron spin structure functions requires a precise knowledge of the proton spin
structure, in addition to the nuclear effects [71]. This problem is compounded by the fact that
the spin-dependent structure functions of the proton are typically much larger than those of the
neutron, making extraction of the latter especially sensitive to small uncertainties in the proton
structure functions. In 3He, however, since the neutron carries almost 90% of the nuclear spin



22

Table 2: Parameters per bin in (Q2,x) plane for the proposed experiment. Note that it is a single
spectrometer setting for BigBite but different central momentum settings for the HRSL.

Ei bin central p x ∆x Q2 W Rate
(GeV) (GeV) (GeV2) (GeV) (Hz)

5.700 1.603 .696 .969E-01 5.35 1.79 0.90
5.700 1.450 .607 .814E-01 4.84 2.00 1.5
5.700 1.312 .532 .691E-01 4.38 2.18 2.1
5.700 1.187 .468 .591E-01 3.96 2.32 2.7
5.700 1.074 .413 .509E-01 3.59 2.44 3.1 Single
5.700 0.971 .324 .440E-01 3.24 2.55 3.5 Spectrometer
5.700 0.878 .365 .383E-01 2.93 2.65 3.8 Setting
5.700 0.794 .288 .335E-01 2.65 2.73 3.9
5.700 0.718 .256 .293E-01 2.40 2.80 4.1
5.700 0.650 .229 .259E-01 2.17 2.86 4.1

Time⊥ Time‖
hours hours

Total 257 10

making polarized 3He an ideal source of polarized neutrons.
The three-nucleon system has been studied for many years, and modern three-body wave func-

tions have been tested against a large array of observables which put rather strong constraints
on the nuclear models [72]. In particular, over the past decade considerable experience has been
acquired in the application of three-body wave functions to deep-inelastic scattering [73, 74, 75].

The conventional approach employed in calculating nuclear structure functions in the region
0.3 < x < 0.8 is the impulse approximation, in which the virtual photon scatters incoherently from
individual nucleons in the nucleus [76]. Corrections due to multiple scattering, NN correlations or
multi-quark effects are usually confined to either the small-x (x < 0.2), or very large-x (x > 0.9)
regions. In the impulse approximation the g1 structure function of 3He, in the Bjorken limit
(Q2, ν → ∞), is obtained by folding the nucleon structure function with the nucleon momentum
distribution ∆fN (N = p, n) in 3He:

g
3He
1 (x) =

∫ 3

x

dy

y
{2∆fp(y) gp

1(x/y) + ∆fn(y) gn
1 (x/y)} , (25)

where y is the fraction of the 3He momentum carried by the nucleon, and the dependence on the
scale, Q2, has been suppressed. The nucleon momentum distributions ∆fN (y) are calculated from
the three-body nuclear wave function, which are obtained by either solving the Faddeev equation
[77] or using variational methods [74], and are normalized such that:∫ 3

0
dy ∆fN (y) = ρN , (26)

where ρN is the polarization of the nucleon in 3He. While the full three-body wave function involves
summing over many channels, in practice the three lowest states, namely the S, S′ and D, account
for over 99% of the normalization. Typically, one finds ρn ≈ 87% and ρp ≈ −2% [72, 73, 74, 75, 77].
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The smearing in Eq.(25) incorporates the effects of Fermi motion and nuclear binding. Cor-
rectly accounting for these effects is important when attempting to extract information on nucleon
structure functions from nuclear data at x > 0.6, as well as for determining higher moments of
structure functions, in which the large-x region is more strongly weighted.

The nuclear corrections to the gn
2 structure function can be evaluated analogously to those for

gn
1 . One can estimate the order of magnitude of the effects by considering firstly the twist-2 part

of gn
2 , which is determined from gn

1 through the Wandzura-Wilczek relation [36, 80]:

g
3He
2 (x)

∣∣∣
tw−2

= −g
3He
1 (x) +

∫ 3

x

dy

y
g

3He
1 (x/y) , (27)

where g
3He
1 is given by Eq.(25). The main effect numerically at moderate to large x is due to the

difference between the neutron and 3He polarizations, as the effects due to smearing peaks at the
level of a few percent at x ∼ 0.6. Similarly, the difference in the second moments of g

3He
2 between

the convolution results using different 3He wave functions is a few percent [68,69]. Moreover,
since the main objective of the experiment is to extract the second moment of 3gn

2 + 2gn
1 , namely∫

dx x2(3gn
2 (x)+2gn

1 (x)), the sensitivity of the correction to x variations of the integrand is reduced
compared to a direct extraction of the g2 or g1 structure functions themselves.

While the nuclear model dependence of the nuclear correction appears to be relatively weak for
the twist-2 approximation in the Bjorken limit, an important question for the kinematics relevant
to this experiment is how are these effects likely to be modified at finite Q2? To address this
question one needs to obtain generalizations of Eqs. (25) and (27) which are valid at any Q2, and
which can incorporate the twist-3 component of g2. In fact, at finite Q2 one finds contributions
from gN

1 to g
3He
2 , and from gN

2 to g
3He
1 . The latter vanish in the Bjorken limit, but the former are

finite, although they depend on the Fermi momentum of the bound nucleons. These corrections
can be calculated by working directly in terms of the (unintegrated) spectral function S(�p, E),
where p is the bound nucleon momentum and E is the separation energy, rather than in terms of
the momentum distribution functions ∆fN (y). Following Schulze & Sauer [75], it is convenient to
parameterize the 3He spectral function according to:

S(�p, E) =
1
2

(
f0 + f1�σN · �σA + f2

[
�σN · p̂ �σA · p̂ − 1

3
�σN · �σA

])
, (28)

where �σN and �σA are the spin operators of the nucleon and 3He, respectively, and the functions
f0,1,2 are scalar functions of |�p| and E. The function f0 contributes to unpolarized scattering only,
while f1 and f2 determine the spin-dependent structure functions. In terms of these functions, at
finite Q2 one has a set of coupled equations for g

3He
1 and g

3He
2 [82]:

xg
3He
1 (x, Q2) + (1 − γ2)xg

3He
2 (x, Q2)

=
∑

N=p,n

∫
d3p dE (1 − ε

M
)

{[(
1 +

γpz

M
+

p2
z

M2

)
f1 +

(
−1

3
+ p̂2

z +
2γpz

3M
+

2p2
z

3M2

)
f2

]
zgN

1 (z, Q2)

+ (1 − γ2)(1 +
ε

M

[
f1 +

(
p2

z

�p2
− 1

3

)
f2

]
z2

x
gN
2 (z, Q2)

}
, (29)

xg
3He
1 (x, Q2) + xg

3He
2 (x, Q2)

=
∑

N=p,n

∫
d3p dE (1 − ε

M
)

{[(
1 +

p2
x

M2

)
f1 +

(
�p2

x − 1
3

+
2p2

x

3M2

)
f2

]
zgN

1 (z, Q2)

+

[(
1 +

p2
x

M2
(1 − z/x)

)
f1 +

(
�p2

x − 1
3

+
2p2

x

3M2
(1 − z/x) − γpz p̂

2
x

M

z

x

)
f2

]
zgN

2 (z, Q2)

}
, (30)
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with γ =
√

1 + 4M2x2/Q2 a kinematical factor parameterizing the finite Q2 correction, ε ≡
�p2/4M−E, and z = x/(1+(ε+γpz)/M). Equations (29) and (30) can then be solved to obtain g

3He
1

and g
3He
2 explicitly. For Q2 → ∞ Eqs. (29) and (30) reduce to simple one-dimensional convolution

expressions, as in Eq. (25). At finite Q2, however, the smearing function effectively becomes x and
Q2 dependent, so that the amount of smearing in general will depent on the shape of the nucleon
structure functions.

The nuclear correction of most interest for this experiment is that to the g2 structure function.
One can test the sensitivity to the kinematical Q2 dependence, as distinct from the Q2 dependence
in the nucleon structure function itself, by taking the same input neutron structure function for
all values of Q2 at which xg

3He
2 is evaluated. One finds [82] that the effect of the kinematical

Q2 dependence turns out to be rather small at Q2 ∼ 1–4 GeV2, and only becomes noticable for
low Q2 ∼ 0.2 GeV2. Furthermore, at these values of Q2 the gn

1 contribution to g
3He
2 is negligible

compared with the lowest order neutron polarization correction. This confirms earlier analyses of
the nuclear corrections by the Rome-Perugia group [83].

There was also an investigation in Ref. [81] into the role of the ∆(1232) in deep-inelastic scat-
tering on polarized 3He and its effects on the g1 neutron spin structure function extraction. The
authors estimated that when taking the effect of the ∆ into account the values of the first moment
of gn

1 increases by 6 - 8 %.
In summary, all of the nuclear structure function analyses that have been performed suggest

that both the neutron gn
1 and gn

2 deep-inelastic structure functions can be extracted from 3He data
with minimal uncertainties associated with nuclear corrections. Estimating all the corrections and
their uncertainties we come to the conclusion that in this experiment the statistical error on the
final result is still the dominant error.

7 Summary and Beam Request

In summary, we propose to carry out a precision determination of dn
2 . We will determine asymme-

tries in the region (0.23 ≤ x ≤ 0.65) (see Fig 13 and Fig. 14) from a measurement using a high
pressure polarized 3He target (Pt= 40% ) and the highest available energy (5.7 GeV) of the polarized
beam (Pb=75%). This measurement requires 257 hours of beam on target for the measurement of
the transverse asymmetry and 10 hours for the measurement of the longitudinal asymmetry, along
with 48 hours for the beam energy change, elastic scattering calibration, nitrogen dilution, and
beam and target polarization measurements. We therefore request a total of 312 hours (13 days)
of beam time to achieve a total uncertainty on dn

2 of ∆dn
2 ≈ 7.4 × 10−4 at Q2 ≈ 3.0 GeV2.



25

SLAC E155x

JLab E99-117

JLab E97-103

Stratmann
Weigel and Gamberg

Soffer and Bourelly
g2_WW

This proposal

Figure 13: Same as Fig.5. The solid circles along the x axis show the anticipated statistical accurary
of this proposed measurement.
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April 28, 2003

Contact: Z.-E. Meziani (meziani@temple.edu)

Abstract

We propose to make a measurement of the spin-dependent scattering cross section for a
longitudinally polarized electron beam off a transversely and longitudinally polarized 3He tar-
get. This measurement will cover excitation energies across the resonance and deep inelastic
regions at constant 4-momentum transfer Q2 = 2 (GeV/c)2. We will extract the quantity
dn
2 =

∫ 1

0
x2(2g1 + 3g2) dx and Γn

2 =
∫ 1

0
g2 dx. This measurement will significantly improve the

precision of the neutron d2 world data and test the predictions of several models including the
lattice QCD calculation of this quantity. Furthermore, the Burkhardt-Cottingham sum rule will
be tested at Q2 = 2 (GeV/c)2. The quantity dn

2 reflects the response of the color electric and
magnetic fields to the polarization of the nucleon. Because dn

2 is a higher moment of structure
functions it is dominated by the contributions from the large x region. CEBAF at Jefferson Lab
is ideal to perform such a measurement.
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1 Introduction and Motivation

In inclusive polarized lepton-nucleon deep-inelastic scattering, one can access two spin-dependent
structure functions of the nucleon, g1 and g2. While g1 can be understood in terms of the Feynman
parton model which describes the scattering in terms of incoherent parton scattering, g2 cannot.
Rather, one has to consider parton correlations initially present in the participating nucleon, and
the associated process is given a coherent parton scattering in the sense that more than one parton
takes part in the scattering. Indeed, using the operator product expansion (OPE) [1, 2], it is possible
to interpret the g2 spin structure function beyond the simple quark-parton model as a higher twist
structure function. . As such, it is exceedingly interesting because it provides a unique opportunity
to study the quark-gluon correlations in the nucleon which cannot otherwise be accessed.

In a recent review Ji [3] explained that higher-twist processes cannot be cleanly separated from
the leading twist because of the so-called infrared renormalon problem first recognized by t’ Hooft.
This ambiguity arises from separating quarks and gluons pre-existing in the hadron wave function
from those produced in radiative processes. Such a separation turns out to be always scheme
dependent. Nevertheless, the g2 structure function is an exception because it contributes at the
leading order to the spin asymmetry of longitudinally-polarized lepton scattering on transversely-
polarized nucleons. Thus, g2 is among the cleanest higher-twist observables.

Why does the g2 structure function contain information about the quark and gluon correlations
in the nucleon? According to the optical theorem, g2 is the imaginary part of the spin-dependent
Compton amplitude for the process γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2),

+1 0

+1/2
-1/2

Figure 1: Compton amplitude of γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2).

where γ∗ and N denote the virtual photon and the nucleon, respectively, and the numbers in the
brackets are the helicities. Thus this Compton scattering involves the t-channel helicity exchange
+1. When it is factorized in terms of parton sub-processes, the intermediate partons must carry
this helicity exchange. Because of the chirality conservation in vector coupling, massless quarks in
perturbative processes cannot produce a helicity flip. Nevertheless, in QCD this helicity exchange
may occur in the following two ways (see Fig. 2): first, single quark scattering in which the quark
carries one unit of orbital angular momentum through its transverse momentum wave function;
second, quark scattering with an additional transversely-polarized gluon from the nucleon target.
The two mechanisms are combined in such a way to yield a gauge-invariant result. Consequently,
g2 provides a direct probe of the quark-gluon correlations in the nucleon wave function.

1.1 The twist-three reduced matrix element

The piece of interesting physics we want to focus on in this proposal is contained in the second
moment in x of a linear combination of g1 and g2, namely

d2(Q2) =
∫ 1

0
x2[2g1(x, Q2) + 3g2(x, Q2)]dx (1)
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Leading twist = twist-2 Higher twist = twist-3

+1 0

1/2 -1/2

+1 0

1/2 -1/2

Figure 2: Twist-two and twist-three contributions to virtual Compton scattering

= 3
∫ 1

0
x2

[
g2(x, Q2) − gWW

2 (x, Q2)
]
dx

where gWW
2 , known as the Wandzura-Wilczek [13] term, depends only on g1

gWW
2 (x, Q2) = −g1(x, Q2) +

∫ 1

x

g1(y, Q2)
y

dy. (2)

It is interesting to see that the quantity d2 also appears in the first moment of g1 when at large
Q2 (Q2 � Λ2

QCD) it is expressed in terms of a twist expansion [10, 11]:

Γ1(Q2) =
∫ 1

0
g1(Q2, x)dx =

1
2
a0 +

M2

9Q2

(
a2 + 4d2 + 4f2

)
+ O

(
M4

Q4

)
, (3)

where a0 is the leading twist, dominant contribution. It is determined, apart from QCD radiative
corrections [12], by the triplet gA and octet a8 axial charges and the net quark spin contribution to
the total nucleon spin. These axial charges are extracted from measurements of the neutron and
hyperons weak decay measurements [14]. Here a2 is a second moment of the g1 structure function
and arises from the target mass correction [11]. The quantities d2 and f2 are the twist-three and
the twist-four reduced matrix elements. These matrix elements contain non-trivial quark gluon
interactions beyond the parton model. A first attempt at extracting f2 has been carried by Ji and
Melnitchouk in [17] using the world data but with poor statistics below Q2 = 1 GeV2. Other
investigations of higher twist contributions for spin-dependent structure functions were performed
and reported in Ref. [18, 19]. In QCD, d2 and f2 can be expressed as linear combinations of the
induced color electric and magnetic polarizabilities χE and χB [3, 16] when a nucleon is polarized.
The above twist expansion may be valid down to Q2 ≈ 1 GeV2 if higher order terms are small.

At large Q2 where an OPE expansion becomes valid, the quantity d2 reduces to a twist-3 matrix
element which is related to a certain quark-gluon correlation.

〈PS|1
4
ψ̄gF̃ σ(µγν)ψ|PS〉 = 2d2S

[σP (µ]P ν) , (4)

where F̃µν = (1/2)εµναβFαβ , and (· · ·) and [· · ·] denote symmetrization and antisymmetrization of
indices, respectively. The structure of the above operator suggests that it measures a quark and a
gluon amplitude in the initial nucleon wavefunction [1, 2].

The physical significance of d2(Q2) has been articulated by Ji and we quote, ”we ask when
a nucleon is polarized in its rest frame, how does the gluon field inside of the nucleon respond?
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Intuitively, because of the parity conservation, the color magnetic field �B can be induced along the
nucleon polarization and the color electric field �E in the plane perpendicular to the polarization”.
After introducing the color-singlet operators OB = ψ†g �Bψ and OE = ψ†�α × g �Eψ, we can define
the gluon-field polarizabilities χB and χE in the rest frame of the nucleon,

〈PS|OB,E |PS〉 = χB,E2M2�S . (5)

Then d2 can be written as
d2 = (χE + 2χB))/8 . (6)

Thus d2 is a measure of the response of the color electric and magnetic fields to the polarization of
the nucleon. The reduced matrix element f2 can be expressed also as a different linear combination
of the same color polarizabilities

f2 = (χE − χB)/3 . (7)

Ultimately from d2(Q2) and f2(Q2) the color electric and magnetic polarizabilities will be ob-
tained when high precision data on both g1 and g2of both quantities become available. In this
proposal we are aiming at providing precision data for dn

2 at large Q2.

1.2 Burkhardt-Cottingham Sum rule

The g2 structure function itself obeys the Burkhardt-Cottingham (BC) sum rule [21]

Γ2(Q2) =
∫ 1

0
g2(x, Q2) dx = 0 , (8)

which was derived from the dispersion relation and the asymptotic behavior of the corresponding
Compton amplitude. This sum rule is true at all Q2 and does not follow from the OPE. It is
rather a super-convergence relation based on Regge asymptotics as articulated in the review paper
by Jaffe [22]. Many scenarios which could invalidate this sum rule have been discussed in the
literature [23, 24, 2]. However, this sum rule was confirmed in perturbative QCD at order αs with
a g2(x, Q2) structure function for a quark target [26]. Surprisingly a first precision measurement
of g2 by the E155 collaboration [20] at Q2 = 5 GeV2 but within a limited range of x has revealed
a violation of this sum rule on the proton at the level of three standard deviations. In contrast,
the neutron sum rule is poorly measured but consistent with zero at the one standard deviation.
New high precision data on the neutron g2 [25] at Q2 below 1 GeV suggest that the BC sum rule
is verified within errors.

2 Experimental status of dn,p
2 (Q2) and Γ2(Q

2) measurements

The early measurements of the g2 spin structure function performed by the SMC [4] and E142 [5, 6]
collaborations in the 90’s were meant to reduce the systematic errors when extracting g1 due to
g2’s contribution in the measured parallel asymmetries. As the statistical precision of g1 improved
a better measurement of g2 was required to minimize the error on g1. E143 [7], E154 [8] and
E155 [9] collaborations evaluated d2 and published their results. However, until recently a few
dedicated experiments, were performed to measure g2 and extract ultimately d2 with much improved
statistical precision on the proton and the deuteron [20, 32] and 3He [25, 28].

Fig. 3 shows d2 of SLAC E155X [20] combined with the world data compared to several cal-
culations. The proton result is generally consistent with the chiral quark model [33, 34] and some
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bag models [35, 11, 17] while one to two standard deviations away from the QCD sum rule calcula-
tions [37, 38, 39]. The comparison with the lattice QCD calculation [15] is promising but the error
bar on this calculation is still large. The Lattice Hadron Physics Collaboration based at Jefferson
Lab has plans to calculate this matrix element for the proton and the neutron [27] and improve on
the precision of the present lattice calculations.

Neutron

Proton

E155X
data

Lattice

QCD Sum Rules

Bag Model

Chiral

Predictions and Data

0.00

-0.02

-0.04

d 2
0.03

-0.02

0.01

0.00

-0.01

-0.03

0.02

0.02

Figure 3: E155X results of the nucleon d2 compared to several theoretical calculations (see text).
Upper panel is for the proton and lower panel for the neutron.

For the neutron the situation is less clear since most models predict values consistent with a
negative value or zero while the experimental result is positive and 2σ away from zero. In these
models gn

2 is negative at large x therefore it is conceivable that the poor precision ( Fig. 6) of the
data in this region is affecting the overall sign of the result. It is important to note that from
the point of view of a simple quark model, the d2 matrix element of the neutron should be much
smaller than that of the proton because of SU(6) spin-flavor symmetry. Therefore with the present
precision of E155x neutron data it is difficult to draw any conclusions on the sign and size of the
neutron higher twist (twist-three) contribution. Because d2 is a second moment in x of the linear
combination (2g1 + 3g2) the neutron data set can be improved significantly at Jefferson Lab. Due
to the x2 weighting, the contribution of the small x region is supressed and thus using the the
existing world data and future data in the region x < 0.24 should be sufficient to complete the
integral. In fact the average Q2 value of the world low x data is close to the value Q2 = 2 GeV2 of
this proposal.

During JLab experiment E94-010 [25] which was aimed at measuring the Gerasimov-Drell-Hearn
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extended sum, data on g2 were taken using a polarized 3He target across the resonance and deep
inelatic region in the range 0.1 < Q2 < 0.9 GeV2. New results on two moments of the neutron spin
structure functions namely Γn

2 and dn
2 are now available from this experiment. These results are

shown in Fig. 4.

0

0.005

0.01

d 2

  E94010 Neutron
  E155x Neutron
  Lattice QCD
  HBχPT
  MAID

0 0.2 0.4 0.6 0.8 1
−0.1

−0.05

0

10
Q

2
 (GeV

2
)

d 2
a)

b)

Figure 4: The quantity d2(Q2) is shown at several values of Q2 . The results of JLab E94-010
without the nucleon elastic contribution are the solid circles (top panel) . The grey band represents
their corresponding systematic uncertainty. The SLAC E155 [20] neutron result shown if Fig. 3 is
also shown here (open square). The solid line is the MAID calculation[40] while the dashed line is
a HBχPT calculation[41] valid only at very low Q2. The lattice prediction [15] at Q2 = 5 GeV2 for
the neutron d2 reduced matrix element is negative but close to zero. We note that all models shown
in Fig. 3 predict a negative value or zero at large Q2 where the elastic contribution is negligible. At
moderate Q2 the data show a positive dn

2 , and indicate a slow decrease with Q2. The SLAC data
also show a positive dn

2 value but with a rather large error bar. However, when the nucleon elastic
contribution is added (bottom panel) the dn

2 quantity (open circles) is always negative and seems
to approach the lattice result as Q2 increases. The grey negative band represents the inelastic
contribution from MAID added to a range of elastic contributions. Note the change of vertical
scale.

In the investigation of higher twist contributions an important first step has already been taken
with JLab experiment E97-103 [28], which will provide precision data of gn

2 in the deep inelastic
region at low x (0.17 < x < 0.21) and will investigate its Q2 evolution in the range 0.56 < Q2 < 1.4
(GeV2) for a fixed value of x ≈ 0.2. The unprecedented statistical accuracy expected in E97-103
allow us to probe the size of higher twists contributions by comparing directly the measured gn

2

to the leading twist contribution (twist-two contribution known as g
n(WW )
2 [30] ). The experiment

has been completed and the analysis is in its final stage. The preliminary results hint at a small
but finite higher-twists contribution.

Two other approved experiments, JLab experiment E01-012 [31] which uses a polarized 3He
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target, and JLab experiment E01-006 [32] which uses polarized NH3 and ND3 targets, will add to
the wealth of neutron spin structure functions data (gn

1 and gn
2 ) in the resonance region. However,

the first one emphasises the investigation of g1 while the second provides data at Q2 = 1.3 GeV2

for gp
2 with high precision but limited precision for gn

2 .
The neutron result of g2 extracted from the proton and deuteron measurements of E155X are

shown in Fig. 6 along with what is expected from this proposal. The statistical accuracy already
achieved in JLab E97-103 is shown for their highest Q2 kinematics point, namely Q2 = 1.4 GeV2

and x = 0.2. We should point out that this proposed experiment is optimized to minimize the error
on the determination of dn

2 not gn
2 . Obviously, time limitations would not allow us to provide for

the statisticl precision at each x value for a direct comparison with models of gn
2 .

Finally, turning to the BC sum rule, the experimental situation is summarized in Fig. 5 where
we show Γn

2 measured in E94-010 (solid circles) and, including the elastic contribution (open circles)
evaluated using a dipole form factor for Gn

M and the Galster fit for Gn
E . The positive light grey band

corresponds to the total experimental systematic errors while the dark negative band in represents
an estimated DIS contribution using gWW

2 . The solid line is the resonances contribution evaluated
using MAID and the negative light-grey band is the neutron elastic contribution added to the
measured data to determine Γn

2 . The results are quite encouraging since the data show that the BC
sum rule is verified within uncertainties over the Q2 range measured. Our result is at odds with
the reported violation of this sum rule on the proton at high Q2 (where the elastic contribution
is negligible) [20]. It is, however, consistent with the neutron result of SLAC E155 (open square)
which unfortunately has a rather large error bar. In light of our results, a high statistical precision
measurement in the range 1 GeV2 ≤ Q2 ≤ 5 GeV2 would be of paramount importance for both
the proton and neutron even if the x range is limited.

0 0.2 0.4 0.6 0.8 1
0.04

0.02

0

0.02

0.04

Γ 2

  E94010 Neutron
  E94010 Neutron (with elastic)
  SLAC E155x Neutron
  MAID Neutron

10
Q

2
 (GeV

2
)

Elastic contribution

Figure 5: Results of Γn
2 along with the average of the world data from DIS. The theoretical prediction

for this quantity is zero (see text).

On the experimental side this situation can be improved using a target complementary to
polarized deuterium (namely polarized 3He) in order to extract the neutron information. JLab is
in a unique position to provide high polarized luminosity to measure the large x region with good
statistical precision. Unlike in previous experiments, world data fits of R = σL/σT , F2 and g1

will not be used to evaluate g2, rather we shall measure absolute polarized cross sections for both
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directions of the target spin, parallel and perpendicular and extract g2 directly. Furthermore, in
order to evaluate d2 in those experiments, it is common practice to evolve the measured g2 data
from the measured Q2 to a common Q2 value, however, this evolution is not well understood for
the twist-tree part of g2. In contrast, our data will be measured at a constant Q2.

We shall describe in this proposal how CEBAF is in a unique position to improve the neutron
measurement of dn

2 by a factor of four and provide as well a reasonable test of the BC sum rule at
Q2 = 2 GeV2.

x
 g n

SLAC E155X (evolved to Q2 = 5 GeV2) 
Projected errors (Q2 = 2 GeV2)
JLab E97-103 expected error (Q2 = 1.4 GeV2)

0.02

0.01

0

-0.01
0.2 0.4 0.6 0.8 10

x

Neutron

Figure 6: World average domiated by SLAC E155X results of the x2gn
2 extracted by subtracting

the proton from the deuteron following the prescription described in Ref.[29, 20]. Also shown are
the statistical error achievable in this proposal on x2g2 with a measurement rather optimized for
determining d2 with the best statistical precision.

3 Proposed Experiment

We propose to measure the unpolarized cross section σ
3He
0 , the parallel asymmetry A

3He
‖ and

perpendicular asymmetry A
3He
⊥ at a constant Q2. We will use the longitudinally polarized (Pb =

0.8) CEBAF electron beam and a 40-cm-long high pressure polarized 3He target. The measurement
will be performed at two incident electron beam energies Ei = 5.7 GeV and 6.0 GeV using both
HRS spectrometers at four scattering angles θ = 17.5◦, 20.0◦, 22.5◦ and 25.0◦. Five momentum
settings for each spectrometer will cover the range 0.24 ≤ x ≤ 0.8 at Q2= 2.0 GeV2. The target
polarization orientation will be set longitudinal or transverse to the beam with a value of Pt = 0.40
while the beam helicity will be reversed at a rate of 30 Hz. A beam current of 15 µA combined with
a target density of 2.5×1020 atoms/cm3 provides a luminosity ranging between 5.9×1035 cm−2s−1

and 8.3×1035 cm−2s−1 depending on the effective target length at various angles.

3.1 Kinematics

The kinematic settings were chosen to allow a measurement at constant Q2 over as wide an ex-
citation energy range as possible. Fig. 7 shows in the (Q2, x) plane the experimental excitation
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Figure 7: Proposed kinematic range for the measurement at a constant average Q2 of 2 GeV2. Each
diamond represents the size of an (x,Q2) bin chosen for this measurement. Each pair of common
colored lines is plotted to indicate the possible range of (x,Q2) due to the angular acceptance of the
spectrometer for a fixed incident energy and scattering angle. The electron beam incident energy
and the scattering angle and momentum of each spectrometer is chosen to keep the measured data
at constant Q2.

range we plan to cover from the pion threshold to the deep inelastic region including the nucleon
resonance region. In order to keep Q2 constant for each measured x bin, the scattering angle must
range from 17.5◦ to 25◦. Then by taking into account the angular acceptance of the HRS spectrom-
eters (∆θ ≈ ±25 mrad) we find a continuous coverage of the x range at constant Q2 (diamonds of
different sizes shown on Fig. 7)

The main contribution to d2 arises from the large x region because of the weighting of g1 and g2

by x2 in the integration over x. The measurement of this region with high precision is important.
In tables 3, 4 and 5 we have listed the kinematical conditions for each spectrometer needed to cover
the proposed x region.

3.2 The Polarized Beam

In this proposal we shall assume, that the achievable beam polarization at CEBAF is 80% with
a current of 15µA. While about 70% electron beam polarization has been delivered on a regular
basis to E94-010 and E95-001 we are optimistic that by the time this experiment runs and with
the experience gained using the strained GaAs cathodes, 80% beam polarization will be achieved.
The polarization of the beam will be measured with the Hall A Moller and Compton polarimeters.
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3.3 The Polarized 3He Target

The polarized target will be based on the principle of spin exchange between optically pumped
alkali-metal vapor and noble-gas nuclei [42, 43, 44]. It is the same as that used in JLab experiments
E94-010, E95-001, E97-103 and E99-117 in Hall A.

A central feature of the target will be sealed glass target cells, which under operating conditions,
will contain a 3He pressure of about 10 atmospheres. As indicated in Fig. 8, the cells will have
two chambers, an upper 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 the alkali-metal Rubidium the upper chamber will be kept at a temperature of 170–200◦ using
an oven constructed of high temperature plastic Torlon. The density of the target will be about
2.5× 1020 atoms/cm3. The lower cell length will be 40 cm such that the end glass windows are not
seen by the spectrometer acceptance when it is set at a scattering angle of 17.5◦ and larger. The
effective target thickness will range from 6.0× 1021 atoms/cm2 to 8.3× 1021 atoms/cm2, since the
spectrometer acceptance sees a length of 7 cm/sin θe

The main components of the target are shown in Fig. 8. The main “coils” shown are large
Helmholtz coils used to apply a static magnetic field of about 25 Gauss. Also shown are the
components for the NMR and EPR polarimetry. The NMR components of the target include a
set of RF drive coils, and a separate set of pickup coils. Not shown in the figure are the NMR
electronics, which include an RF amplifier, a lock-in amplifier, some bridge circuitry, and the
capability to sweep the static magnetic field. The EPR components include an EPR excitation coil
and a photodiode for detection of the EPR line. The oven shown in Fig. 8 is heated with forced
hot air. The optics system include a system of 4 diode lasers for longitudinal pumping and 4 for
transverse pumping. A polarizing beam splitter, lens system and a quarter wave plate are required
to condition each laser beam line and provide circular polarization.

3.3.1 Operating Principles

The time evolution of the 3He polarization can be calculated from a simple analysis of spin-exchange
and 3He nuclear relaxation rates[45]. Assuming the 3He polarization P3He = 0 at t = 0,

P3He(t) = PRb

(
γSE

γSE + ΓR

) (
1 − e

−(γSE+ΓR) t
)

(9)

where γSE is the spin-exchange rate per 3He atom between the Rb and 3He, ΓR is the relaxation
rate of the 3He nuclear polarization through all channels other than spin exchange with Rb, and
PRb is the average polarization of the Rb atoms. Likewise, if the optical pumping is turned off at
t = 0 with P3He = P0, the 3He nuclear polarization will decay according to

P3He(t) = P0 e
−(γSE+ΓR) t

. (10)

The spin exchange rate γSE is defined by

γSE ≡ 〈σSE v〉 [Rb]A (11)

where, 〈σSE v〉 = 1.2 × 10−19 cm3/sec is the velocity-averaged spin-exchange cross section for Rb–
3He collisions[45, 46, 47] and [Rb]A is the average Rb number density seen by a 3He atom. The
target operates with 1/γSE = 8 hours. From equation (9) it is clear that the best possible 3He
polarization is obtained by maximizing γSE and minimizing ΓR. But from equation (11) we can see
that maximizing γSE means increasing the alkali-metal number density, which in turn means more
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Figure 8: JLab Hall A polarized 3He target setup.

laser power. The number of photons needed per second must compensate for the spin relaxation of
Rb spins. In order to achieve 1/γSE = 8 hours, about 50 Watts of usable laser light at a wavelength
of 795 nm will be required.

The rate at which polarization is lost is characterized by Γ and has four principle contributions.
An average electron beam current of about 15 µA will result in a depolarization rate of Γbeam =
1/30 hours [48]. The cells produced in previous experiments typically have an intrinsic rate of
Γcell = 1/50 hours. This has two contributions, relaxation that occurs during collisions of 3He
atoms due to dipole-dipole interactions, and relaxation that is largely due to the interaction of the
3He atoms with the walls. Finally, relaxation due to magnetic field inhomogeneities was held to
about Γ∇B = 1/100 hours. Collectively, under operating conditions, we would thus expect

ΓR = Γbeam + Γcell + Γ∇B = 1/30 hours + 1/50 hours + 1/100 hours = 1/16 hours.

Thus, according to equation (9), the target polarization cannot be expected to exceed

Pmax =
γSE

γSE + ΓR

= 0.66

Realistically, a Rb polarization of 100% in the pumping chamber will not be achieved, which
will reduce the polarization to about 40%.

During E94-010 and E95-001 we achieved a polarization of about 30-35% when a beam current
of 15µA was used. The beam depolarization was slightly larger than expected and this was the
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first time that such a large beam current was used for an extended period time. An R&D effort is
underway by JLab and the polarized 3He target collaboration to improve the achievable polarization
under the beam conditions proposed in this experiment.

3.3.2 Target Cells

The length of the cell has been chosen to be 40 cm so that the end windows are not within the
acceptance of the Hall A spectrometers at angles equal to 17.5◦ and larger. The end windows
themselves will be about 100 µm thick.

3.3.3 The Optics System

As mentioned above, approximately 50 W of “usable” light at 795 nm will be required. By “usable”,
we mean circularly polarized light that can be readily absorbed by the Rb. It should be noted that
the absorption line of Rb has a full width of several hundred GHz at the high pressures of 3He at
which we will operate. Furthermore, since we will operate with very high Rb number densities that
are optically quite thick, even light that is not well within their absorption line width can still be
absorbed.

The laser system is similar to that used in E94-010. It consists of commercially available 30
Watt fiber-coupled diode laser systems (from COHERENT INC.). Four such lasers are used to
pump along the transverse direction and three along the longitudinal direction. The efficiency
of these lasers has been tested during experiment E94-010 and E95-001 and found to be totally
adequate for this experiment’s needs.

3.3.4 Polarimetry

Polarimetry is accomplished by two means. During the experiment, polarization is monitored using
the NMR technique of adiabatic fast passage (AFP)[49]. The signals are calibrated by comparing
the 3He NMR signals with those of water. The calibration is then independently verified by studying
the frequency shifts that the polarized 3He nuclei cause on the electron paramagnetic resonance
(EPR) lines of Rb atoms [48]. Both methods were used in E94-010 and we found as expected that
the NMR measurements with water calibration are consistent with the EPR results.

3.4 The Spectrometers Setup

We plan to use both HRS spectrometers in Hall A. We will use the right spectrometer with its
standard detector package for electrons and the left spectrometer with an added double layer lead
glass calorimeter which was first used in E94-010. Each spectrometer will then consist of;

• Two vertical Drift Chambers (VDCs) for the measurement of momentum and production
angle.

• Gas Čerenkov counter for pion rejection.

• A set of scintillators for triggering on charged particles.

• A double layer lead glass calorimeter for additional pion rejection.

As the E94-010 analysis shows, the pion rejection factor with the Čerenkov counter and the lead
glass calorimeter are better than 2×10−4 which is sufficient for our worst case.
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Because the maximum momentum attainable by each spectrometer is different (4.30 GeV for
the HRS-l and 3.17 GeV for the HRS-r) we have assigned HRS-l to perform the measurements for
electron momenta greater than 3 GeV and HRS-r for those measurements with momenta equal
or less than 3 GeV. We optimized the time sharing between the two spectrometers (see Table 4
and 5). Although we need to make few spectrometer angle changes to keep our measurement at
constant Q2. Specific advantages make these spectrometers a well matched tool for the proposed
measurement.

• Good electron events in the spectrometer are in principle due only to electron scattering off
3He nuclei since the target cell glass windows are outside the spectrometer acceptance. How-
ever, excellent target reconstruction by the HRS spectrometers allows for better background
rejection.

• An excellent resolution of the spectrometers permits the measurement of elastic scattering
off 3He needed for an absolute calibration of the detector in order to measure absolute cross
sections.

Target
Polarization: 40%

Raster

HRS-l Spectrometer

Drift Chambers

HRS-r  Spectrometer

Scintillators

Pb-glass

Q1

Q2

Q3
D

BPM

To 
Beam
DumpBCM

Cerenkov

Preshower

Shower Counter

Moller Polarimeter

Laser hut

Beam Polarization: 80%

Beam Current: 15 microA

 Floor Configuration for this Experiment

Figure 9: JLab Hall A floor setup using the HRS spectrometers and the polarized 3He target. Note
that their maximum central momentum reach is not the same. It is 4.3 GeV for the left HRS and
3.17 GeV for right HRS
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4 Evaluation of dn
2

The goal of this experiment is to obtain the d2 from a direct measurement of the unpolarized
cross section σ0 and the parallel A‖ and perpendicular A⊥ asymmetries on 3He. Equivalently d2 is
obtained from the measurement of the linear combination of the spin structure functions g1(x, Q2)
and g2(x, Q2) and forming the second moment of this combination namely,

d2(Q2) =
∫ 1

0
x2[2g1(x, Q2) + 3g2(x, Q2)] dx =

∫ 1

0
d̃2(x, Q2) dx (12)

The spin structure functions can be expressed in terms of asymmetries and unpolarized cross
sections as follow;

g1 =
MQ2

4α2

y

(1 − y)(2 − y)
2σ0

[
A‖ + tan

θ

2
A⊥

]
(13)

g2 =
MQ2

4α2

y2

2(1 − y)(2 − y)
2σ0

[
−A‖ +

1 + (1 − y) cos θ

(1 − y) sin θ
A⊥

]
(14)

where σ0 is the unpolarized cross section, Q2 is the four momentum transfer, α the electromagnetic
coupling constant, θ the scattering angle and y = (E −E′)/E the fraction of energy transferred to
the target. A‖ and A⊥ are the parallel and perpendicular asymmetries,

A‖ =
σ↓⇑ − σ↑⇑

2σ0
, A⊥ =

σ↓⇒ − σ↑⇒

2σ0
(15)

From (12), (13) and (14) we can express the integrand of d2 directly in terms of measured asym-
metries and unpolarized cross section as follows:

d̃2(x, Q2) = x2[2g1(x, Q2) + 3g2(x, Q2)] (16)

=
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‖

]
(17)

The above expression of the integrand is used for the following purposes:

• Determination of the time sharing between the transverse and the longitudinal measurement
to minimize the statistical error on d2 not on g2 as in previous experiments.

• Determination of the effect of the target polarization orientation misalignment on the sys-
tematic error of d2

• Determination of the systematic error on d2 due to the systematic errors of the cross section
and asymmetries measurements.

The measurement consists of collecting data at two incident energies (Ei = 5.7 GeV and 6.0 GeV)
and four scattering scattering angles (θ = 17.5◦, 20.0◦, 22.5◦ and 25.0◦) and for eight spectrometer
momentum settings to cover the range 0.25 ≤ x ≤ 0.8. The measured raw 3He counting parallel
asymmetry ∆‖ and perpendicular asymmetry ∆⊥ are converted to the experimental asymmetries
A

3He
‖ , and A

3He
⊥ respectively, using the relation

A
3He
⊥ =

∆⊥
PbPt cos φ

A
3He
‖ =

∆‖
PbPt

(18)

∆⊥ =
(N↑⇒ − N↑⇒)
(N↑⇒ + N↑⇒)

∆‖ =
(N↓⇑ − N↑⇑)
(N↓⇑ + N↑⇑)

(19)
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where N↑⇓ (N↑⇑) and N↑⇒ (N↑⇒) represent the rate of scattered electrons for each bin in x and
Q2 when the electron beam helicity and target spin are parallel or perpendicular. φ is the angle
between the scattering plane and the plane formed by the incoming beam and the perpendicular
target polarization. Pb = 0.80 and Pt = 0.40 are the beam and target polarization respectively. The
target length (40 cm) is chosen such that no extra dilution of the asymmetry occurs from unpolarized
scattering off the glass windows. However, empty target measurements will be performed to insure
that no spurious unpolarized background originating in the target area reduces the measured physics
asymmetries. The kinematics and electron rates are presented in Table 3. We used the Whitlow
1990 [50] parametrization of unpolarized structure functions from measurements of deep inelastic
scattering on the proton and the deuteron. We added incoherently the appropriate structure
functions to generate the 3He cross sections. The rates were determined assuming a solid angle
evaluated from the bins shown in Fig. 7 and a luminosity varying from 6.0×1035 cm−2s−1 to
8.0×1035 cm−2s−1. The times for the transverse and longitudinal measurements were determined
by optimizing the time sharing for the best precision on the integrand d̃2. If we set

α =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
3
1 + (1 − y) cos θ

(1 − y) sin θ
+

4
y

tan
θ

2

)
(20)

β =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
4
y
− 3

)
(21)

The optimum ratio between the parallel and perpendicular counts is

N‖ =
β

α
N⊥ (22)

The total number of counts N⊥ is given by

N⊥ =
α(α + β)

P 2
b P 2

t f2(∆d̃2)2
(23)

f = Wn
1 /W

3He
1 is the fraction of scattering originating from the neutron compared to 3He. We

required an absolute statistical uncertainty on the integrand ∆d̃n
2 between 7.5× 10−3 and 5× 10−3

at different x bins. This in turn leads to an absolute statistical precision on dn
2 of ∆dn

2 ≈ 1.18×10−3.
This value is to be compared with ∆dn

2 ≈ 5 × 10−3 of SLAC E155X.
The pion background was estimated using the EPC program [51] which was normalized against

measurements carried at JLab in a similar kinematic range. The results of the estimate are listed in
Table 1 were the π/e− ratio ranges from a negligible value in the highest x bin to a value of about
twenty in the lowest x bin. Given the pion rejection performance of the combination Čerenkov and
lead glass calorimeter, we should be able to keep this correction at a negligible level. Furthermore,
we shall also measure the pion asymmetry using the hadron spectrometer in the lowest three x
bins.

The radiative corrections (RC) will be performed in two stages. First the internal corrections
will be evaluated following the procedure developed by Bardin and Shumeiko[52] for the unpolar-
ized case and extended to the spin dependent lepto-production cross sections by Akushevish and
Shumeiko[53, 54]. Second, using these internally corrected cross sections, the external corrections
(for thick targets) are applied by extending the procedure developed for the unpolarized cross
sections by Tsai[55, 56] with modifications appropriate for this experiment.

To evaluate the experimental systematic uncertainty of dn
2 we used relative uncertainties in the

cross sections and asymmetries achieved in E94-010. Table 4 summarizes these uncertainties. One
item of concern was the effect of the target relative spin misalignment between the transverse and
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Table 1: π−/e− each x bin planned in this measurement
Ei θe E′ x W dσπ−

π− rate π−/e−

(GeV) ◦ (GeV) (GeV) (nb/GeV/sr) (Hz)

5.70 16.40 4.310 0.766 1.22 0.51 0.03 0.006
5.70 16.63 4.197 0.710 1.30 0.94 0.09 0.013
5.70 16.90 4.064 0.652 1.40 1.68 0.20 0.024
5.70 17.24 3.903 0.593 1.50 2.98 0.48 0.030
5.70 17.70 3.705 0.534 1.62 5.40 1.31 0.062
5.70 18.33 3.458 0.475 1.76 10.4 2.67 0.118
5.70 19.14 3.173 0.422 1.90 20.8 5.01 0.264
5.70 20.27 2.833 0.372 2.06 44.7 28.54 0.673
5.70 22.16 2.375 0.321 2.26 120.3 92.13 2.41
6.00 22.70 2.152 0.277 2.47 253.3 141.25 6.04
6.00 25.14 1.760 0.251 2.62 574.9 245.44 18.7
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Figure 10: Effect of target relative spin misalignment by 0.5◦ between the transverse and longitu-
dinal measurements

longitudinal direction measurements. Fig. 10 shows this effect at each value of x on the integrand
of d2. A relative error of 0.5◦ in the relative direction of the transverse versus perpendicular results
in a relative error ∆d2/d2 = 0.15%. Using the Weigel et al. [33] model of g2 and g1 we estimated
∆d2/d2 to be of the order of 10 % and thus an absolute systematic uncertainty of about 10−3. We
believe we can achieve a relative error of 0.2◦ in the target spin alignment.

Even with our improved projected statistical precision the total uncertainty in dn
2 is still domi-

nated by the statistical accuracy of the measurement not its systematic.
An elastic scattering asymmetry measurement is planned at low energy (Ei = 1.0 GeV θ = 17.5◦)

in order to calibrate our spin dependent absolute cross sections. This quantity can be evaluated
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Table 2: List of the systematic error contributions to dn
2

Item description Subitem description Relative uncertainty

Target polarization 4 %

Beam polarization 3 %

Asymmetry (raw)
• Target spin direction (0.5◦) ≈ 1.5 × 10−3

• Beam charge asymmetry 200 ppm
Cross section (raw)

• PID efficiency ≈ 1 %
• Background Rejection efficiency ≈ 1 %
• Beam charge < 1 %
• Beam position < 1 %
• Acceptance cut 2-3 %
• Target density 2-3 %
• Nitrogen dilution 2-3 %
• Dead time <1 %
• Finite Acceptance cut <1%

Radiative corrections ≤ 10 %

From 3He to Neutron correction 5 %

Total effect ≤ 10 %

Estimate of contributions
∫ 0.241

0.003
d̃n

2 dx 4.8 × 10−4

from unmeasured regions
∫ 0.999

0.767
d̃n

2 dx 3.9 × 10−5

Projected absolute statistical uncertainty ∆d2 ≈ 1.18 × 10−3

Projected absolute systematic uncertainty ∆d2 ≈ 5 × 10−4

assuming d2 = 5 × 10−3
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Table 3: Parameters per bin in (Q2,x) plane for the proposed experiment

Ei bin central p x ∆x Q2 W Rate Time⊥ Time‖
(GeV) (GeV) (GeV2) (GeV) (Hz) hours hours

5.700 4.31 .766 .580E-01 2.00 1.22 5.03 157. 79.1
5.700 4.20 .710 .580E-01 2.00 1.30 6.85
5.700 4.06 .652 .570E-01 2.00 1.40 8.23

5.700 3.90 .593 .590E-01 2.00 1.50 16.0 122. 43.9
5.700 3.71 .534 .590E-01 2.00 1.62 21.1

5.700 3.46 .475 .590E-01 2.00 1.76 22.6 88.0 23.9

5.700 3.17 .422 .480E-01 2.00 1.90 19.0 151. 34.2

5.700 2.83 .372 .520E-01 2.00 2.06 42.4 99.3 18.2

5.700 2.38 .321 .340E-01 2.00 2.26 38.1 83.2 11.5

6.000 2.15 .277 .270E-01 2.00 2.47 23.4 70.8 7.61

6.000 1.76 .251 .180E-01 2.00 2.61 13.1 121. 10.2

using the measured electric and magnetic form factors of 3He. This measurement would actually
determine the polarization of the 3He nuclei along the electron beam path. False asymmetries will
be checked to be consistent with zero by comparing data with target spins in opposite directions.

Also contributing to the dilution of the asymmetry is the pair-electron contamination. This
correction is x dependent, and is relevant only in the lowest x region. This contamination was
estimated to be no more than 6% in the worst case and will be measured in this experiment by
reversing the spectrometer polarity on the right arm spectrometer.

The spectrometers cannot be used in a symmetric configuration when taking data since they
don’t access the same maximum range of momentum. For this reason the low x data will be taken
mainly using the HRS-r spectrometer and most of the large x data will be acquired using the HRS-l
spectrometer. Tables 4 and 5 show the kinematics and time for each spectrometer acquiring data.
The right spectrometer will also be used to measure the positron contamination at the lowest x
bins, while the HRS-l completes its measurements at large x. We will use the HRS-l for 619 hours
with beam on target to complete this measurement.
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Table 4: Sequence of measurements carried by the HRS-l spectrometer

Ei θ HRS-l Central p Time⊥ Time‖
GeV deg GeV hours hours

6.0 22.5 2.167 35.4 3.8
6.0 25.0 1.756 60.5 5.1

5.7 17.5 4.069 157 79.1
5.7 17.5 3.794 122 43.9
5.7 17.5 3.538 88 23.9

Total 462.9 155.8

Table 5: Sequence of measurements carried by the HRS-r spectrometer

Ei θ HRS-r Central p Time⊥ Time‖
GeV deg GeV hours hours

6.0 22.5 2.167 35.4 3.8
6.0 25.0 1.756 60.5 5.1

5.7 20.0 3.075 151. 34.2
5.7 20.0 2.867 99.3 18.2
5.7 22.5 2.324 83.2 11.5

Total 429.4 72.8
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5 Spin Structure Functions: From 3He to the Neutron

For spin-dependent structure, because the deuteron polarization is shared roughly equally between
the proton and neutron, extraction of neutron spin structure functions requires a precise knowledge
of the proton spin structure, in addition to the nuclear effects [57]. This problem is compounded by
the fact that the spin-dependent structure functions of the proton are typically much larger than
those of the neutron, making extraction of the latter especially sensitive to small uncertainties in
the proton structure functions. On the other hand, since the neutron in 3He carries almost 90% of
the nuclear spin, polarized 3He is an ideal source of polarized neutrons.

The three-nucleon system has been studied for many years, and modern three-body wave func-
tions have been tested against a large array of observables which put rather strong constraints
on the nuclear models [58]. In particular, over the past decade considerable experience has been
acquired in the application of three-body wave functions to deep-inelastic scattering [59, 60, 61].

The conventional approach employed in calculating nuclear structure functions in the region
0.3 < x < 0.8 is the impulse approximation, in which the virtual photon scatters incoherently from
individual nucleons in the nucleus [62]. Corrections due to multiple scattering, NN correlations or
multi-quark effects are usually confined to either the small-x (x < 0.2), or very large-x (x > 0.9)
regions. In the impulse approximation the g1 structure function of 3He, in the Bjorken limit
(Q2, ν → ∞), is obtained by folding the nucleon structure function with the nucleon momentum
distribution ∆fN (N = p, n) in 3He:

g
3He
1 (x) =

∫ 3

x

dy

y
{2∆fp(y) gp

1(x/y) + ∆fn(y) gn
1 (x/y)} , (24)

where y is the fraction of the 3He momentum carried by the nucleon, and the dependence on the
scale, Q2, has been suppressed. The nucleon momentum distributions ∆fN (y) are calculated from
the three-body nuclear wave function, which are obtained by either solving the Faddeev equation
[63] or using variational methods [60], and are normalized such that:∫ 3

0
dy ∆fN (y) = ρN , (25)

where ρN is the polarization of the nucleon in 3He. While the full three-body wave function involves
summing over many channels, in practice the three lowest states, namely the S, S′ and D, account
for over 99% of the normalization. Typically, one finds ρn ≈ 87% and ρp ≈ −2% [58, 59, 60, 61, 63].

The smearing in Eq.(24) incorporates the effects of Fermi motion and nuclear binding. Cor-
rectly accounting for these effects is important when attempting to extract information on nucleon
structure functions from nuclear data at x > 0.6, as well as for determining higher moments of
structure functions, in which the large-x region is more strongly weighted.

The nuclear corrections to the gn
2 structure function can be evaluated analogously to those for

gn
1 . One can estimate the order of magnitude of the effects by considering firstly the twist-2 part

of gn
2 , which is determined from gn

1 through the Wandzura-Wilczek relation [30, 66]:

g
3He
2 (x)

∣∣∣
tw−2

= −g
3He
1 (x) +

∫ 3

x

dy

y
g

3He
1 (x/y) , (26)

where g
3He
1 is given by Eq.(24). The main effect numerically at moderate to large x is due to the

difference between the neutron and 3He polarizations, as the effects due to smearing peak at the
level of a few percent at x ∼ 0.6. Similarly, the difference in the second moments of g

3He
2 between

the convolution results using different 3He wave functions is a few percent [68,69]. Moreover,
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since the main objective of the experiment is to extract the second moment of 3gn
2 + 2gn

1 , namely∫
dx x2(3gn

2 (x)+2gn
1 (x)), the sensitivity of the correction to x variations of the integrand is reduced

compared to a direct extraction of the g2 or g1 structure functions themselves.
While the nuclear model dependence of the nuclear correction appears to be relatively weak for

the twist-2 approximation in the Bjorken limit, an important question for the kinematics relevant
to this experiment is how are these effects likely to be modified at finite Q2? To address this
question one needs to obtain generalizations of Eqs. (24) and (26) which are valid at any Q2, and
which can incorporate the twist-3 component of g2. In fact, at finite Q2 one finds contributions
from gN

1 to g
3He
2 , and from gN

2 to g
3He
1 . The latter vanish in the Bjorken limit, but the former are

finite, although they depend on the Fermi momentum of the bound nucleons. These corrections
can be calculated by working directly in terms of the (unintegrated) spectral function S(�p, E),
where p is the bound nucleon momentum and E is the separation energy, rather than in terms of
the momentum distribution functions ∆fN (y). Following Schulze & Sauer [61], it is convenient to
parameterize the 3He spectral function according to:

S(�p, E) =
1
2

(
f0 + f1�σN · �σA + f2

[
�σN · p̂ �σA · p̂ − 1

3
�σN · �σA

])
, (27)

where �σN and �σA are the spin operators of the nucleon and 3He, respectively, and the functions
f0,1,2 are scalar functions of |�p| and E. The function f0 contributes to unpolarized scattering only,
while f1 and f2 determine the spin-dependent structure functions. In terms of these functions, at
finite Q2 one has a set of coupled equations for g

3He
1 and g

3He
2 [68]:

xg
3He
1 (x, Q2) + (1 − γ2)xg

3He
2 (x, Q2)

=
∑

N=p,n

∫
d3p dE (1 − ε

M
)

{[(
1 +

γpz

M
+

p2
z

M2

)
f1 +

(
−1

3
+ p̂2

z +
2γpz

3M
+

2p2
z

3M2

)
f2

]
zgN

1 (z, Q2)

+ (1 − γ2)(1 +
ε

M

[
f1 +

(
p2

z

�p2
− 1

3

)
f2

]
z2

x
gN
2 (z, Q2)

}
, (28)

xg
3He
1 (x, Q2) + xg

3He
2 (x, Q2)

=
∑

N=p,n

∫
d3p dE (1 − ε

M
)

{[(
1 +

p2
x

M2

)
f1 +

(
�p2

x − 1
3

+
2p2

x

3M2

)
f2

]
zgN

1 (z, Q2)

+

[(
1 +

p2
x

M2
(1 − z/x)

)
f1 +

(
�p2

x − 1
3

+
2p2

x

3M2
(1 − z/x) − γpz p̂

2
x

M

z

x

)
f2

]
zgN

2 (z, Q2)

}
, (29)

with γ =
√

1 + 4M2x2/Q2 a kinematical factor parameterizing the finite Q2 correction, ε ≡
�p2/4M−E, and z = x/(1+(ε+γpz)/M). Equations (28) and (29) can then be solved to obtain g

3He
1

and g
3He
2 explicitly. For Q2 → ∞ Eqs. (28) and (29) reduce to simple one-dimensional convolution

expressions, as in Eq. (24). At finite Q2, however, the smearing function effectively becomes x and
Q2 dependent, so that the amount of smearing in general will depent on the shape of the nucleon
structure functions.

The nuclear correction of most interest for this experiment is that to the g2 structure function.
One can test the sensitivity to the kinematical Q2 dependence, as distinct from the Q2 dependence
in the nucleon structure function itself, by taking the same input neutron structure function for
all values of Q2 at which xg

3He
2 is evaluated. One finds [68] that the effect of the kinematical

Q2 dependence turns out to be rather small at Q2 ∼ 1–2 GeV2, and only becomes noticable for
low Q2 ∼ 0.2 GeV2. Furthermore, at these values of Q2 the gn

1 contribution to g
3He
2 is negligible
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compared with the lowest order neutron polarization correction. This confirms earlier analyses of
the nuclear corrections by the Rome-Perugia group [69].

There was also an investigation in Ref. [67] into the role of the ∆(1232) in deep-inelastic scat-
tering on polarized 3He and its effects on the g1 neutron spin structure function extraction. The
authors estimated that when taking the effect of the ∆ into account the values of the first moment
of gn

1 increases by 6 ÷ 8 %.
In summary, all of the nuclear structure function analyses that have been performed suggest

that both the neutron gn
1 and gn

2 structure functions can be extracted from 3He data with minimal
uncertainties associated with nuclear corrections. Estimating all the corrections and their uncer-
tainties we come to the conclusion that in this experiment the statistical error on the final result is
still the dominant error.

6 Summary and Beam Request

−0.02

0

0.02

0.04

  E94010 Neutron
  E94010 Neutron (with elastic)
  SLAC E155x Neutron
  MAID Neutron

Γ 2

0

0.005

0.01
  E94010 Neutron
  E155x Neutron
  Lattice QCD
  HBχPT
  MAID

0 0.2 0.4 0.6 0.8 1
−0.1

−0.05

0

10
Q

2
  (GeV2)

(a)

(b)

Proposal

Proposal

Figure 11: dn
2 and Γn

2 projected results at Q2 = 2 GeV2 from this proposal compared to JLab
E94-010 and SLAC E155X. Description is similar to that of Fig. 4 and Fig 5.
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In summary, we propose to carry out a precision determination of dn
2 . We will determine

asymmetries in the region (0.24 ≤ x ≤ 0.8) (see Fig 11) from a measurement using a high pressure
polarized 3He target (Pt= 40% ) and the highest available energies (5.7 and 6.0 GeV) of the
polarized beam (Pb=80%). This measurement requires 462.2 hours of beam on target for the
measurement of the transverse asymmetry and 155.8 hours for the measurement of the longitudinal
asymmetry, along with 60 hours for the beam energy change, spectrometer momentum changes,
elastic scattering calibration and beam and target polarization measurements. We therefore request
a total of 679 hours (28 days) of beam time to achieve a statistical uncertainty on dn

2 of ∆dn
2 ≈

1.18 × 10−3 at Q2 = 2.0 GeV2 in the measured x range.
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Abstract

We propose to make a measurement of the spin-dependent scattering cross section for a
longitudinally polarized electron beam off a transversely and longitudinally polarized 3He target.
The measurement will cover excitation energies across the resonance and deep inelastic regions at
constant 4-momentum transfer Q2 = 2 (GeV/c)2. We will extract the linear combination 2g1 +
3g2 of spin structure functions and evaluate the neutron dn

2 matrix element. This measurement
will significantly improve the precision of the neutron dn

2 world data and test the predictions
of several models including the updated lattice QCD calculation of this quantity. The matrix
element dn

2 reflects the response of the color electric and magnetic fields to the polarization of
the nucleon. Because dn

2 is a higher moment of a special linear combination of gn
1 and gn

2 it is
dominated by the contributions from the large x region. CEBAF at Jefferson Lab is ideal to
perform such a measurement. Since the quantity of interest is an integral we expect that the
uncertainty on the nuclear corrections applied in the extraction of the neutron quantity from
3He will not spoil the result at the present stage of statistical precision.

1 Introduction and Motivation

In inclusive polarized lepton-nucleon deep-inelastic scattering, one can access two spin-dependent
structure functions of the nucleon, g1 and g2. While g1 can be understood in terms of the Feynman
parton model which describes the scattering in terms of incoherent parton scattering, g2 cannot.
Rather, one has to consider parton correlations initially present in the participating nucleon, and
the associated process is a coherent parton scattering in the sense that more than one parton takes
part in the scattering. Indeed, using the operator product expansion (OPE) [1, 2], it is possible
to interpret the g2 spin structure function beyond the simple quark-parton model, in terms of
the technical jargon in QCD, g2 is a higher-twist structure function. As such, it is exceedingly
interesting because it provides a unique opportunity to study the quark-gluon correlations in the
nucleon which cannot otherwise be accessed.

In a recent review Ji [3] explained that higher-twist processes cannot be cleanly separated from
the leading twist because of the so-called infrared renormalon problem first recognized by t’ Hooft.
This ambiguity arises from separating quarks and gluons pre-existing in the hadron wave function
from those produced in radiative processes. Such a separation turns out to be always scheme
dependent. Nevertheless, the g2 structure function is an exception because it contributes at the
leading order to the spin asymmetry of longitudinally-polarized lepton scattering on transversely-
polarized nucleons. Thus, g2 is among the cleanest higher-twist observables.

Why does the g2 structure function contain information about the quark and gluon correlations
in the nucleon? According to the optical theorem, g2 is the imaginary part of the spin-dependent
Compton amplitude for the process γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2),

+1 0

+1/2
-1/2

Figure 1: Compton amplitude of γ∗(+1) + N(1/2) → γ∗(0) + N(−1/2).

where γ∗ and N denote the virtual photon and the nucleon, respectively, and the numbers in the
brackets are the helicities. Thus this Compton scattering involves the t-channel helicity exchange
+1. When it is factorized in terms of parton sub-processes, the intermediate partons must carry
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this helicity exchange. Because of the chirality conservation in vector coupling, massless quarks in
perturbative processes cannot produce a helicity flip. Nevertheless, in QCD this helicity exchange
may occur in the following two ways (see Fig. 2): first, single quark scattering in which the quark
carries one unit of orbital angular momentum through its transverse momentum wave function;
second, quark scattering with an additional transversely-polarized gluon from the nucleon target.
The two mechanisms are combined in such a way to yield a gauge-invariant result. Consequently,
g2 provides a direct probe of the quark-gluon correlations in the nucleon wave function.

Leading twist = twist-2 Higher twist = twist three

+1 0

1/2 -1/2

+1 0

1/2 -1/2

Figure 2: Twist-two and twist-three contributions to Compton scattering

The piece of interesting physics we want to focus on in this proposal contains the second moment
in x of a linear combination of g1 and g2,

d2(Q2) = a2(Q2) + 3
∫ 1

0
x2g2(x,Q2)dx (1)

= 2
∫ 1

0
x2g1(x,Q2)dx + 3

∫ 1

0
x2g2(x,Q2)dx (2)

where a2(Q2) is a twist-two matrix element related to the second moment of the g1(x) structure
function. The d2(Q2) matrix element is a twist-three matrix element which is related to a certain
quark gluon correlation,

〈PS|1
4
ψ̄gF̃ σ(µγν)ψ|PS〉 = 2d2S

[σP (µ]P ν) , (3)

where F̃µν = (1/2)εµναβFαβ , and (· · ·) and [· · ·] denote symmetrization and antisymmetrization of
indices, respectively. The structure of the above operator suggests that it measures a quark and a
gluon amplitude in the initial nucleon wavefunction [1, 2].

The significance of d2(Q2) has been articulated by Ji and we quote, ”we ask when a nucleon
is polarized in its rest frame, how does the gluon field inside of the nucleon respond? Intuitively,
because of the parity conservation, the color magnetic field �B can be induced along the nucleon
polarization and the color electric field �E in the plane perpendicular to the polarization”. After
introducing the color-singlet operators OB = ψ†g �Bψ and OE = ψ†�α × g �Eψ, we can define the
gluon-field polarizabilities χB and χE in the rest frame of the nucleon,

〈PS|OB,E |PS〉 = χB,E2M2�S . (4)

Then d2 can be written as
d2 = (2χB + χE)/3 . (5)

Thus d2 is a measure of the response of the color electric and magnetic fields to the polarization of
the nucleon.
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2 Experimental Situation for dn,p
2 Matrix Elements

The early measurements of the g2 spin structure function performed by the SMC [4] and E142 [5, 6]
collaborations in the 90’s were meant to reduce the systematic errors when extracting g1 due to
g2’s contribution in the measured parallel asymmetries. As the statistical precision of g1 improved
a better measurement of g2 was required to minimize the error on g1. E143 [7], E154 [8] and
E155 [9] collaborations evaluated d2 and published their results. It is only recently that a dedicated
experiment, known as the SLAC E155X [10] was performed to measure g2 with much improved
statistical precision on the proton and the deuteron [11]. Presently the precision of the world data
on g2 is dominated by E155X (see Fig. 3) which has improved the statistical precision over previous
experiments by a factor of three.

Figure 3: Preliminary E155X results (filled circles) for xgp
2 (top panel) and xgd

2 (bottom panel)
compared to xgWW

2 (solid line), and several nucleon models; a bag model of Stratmann (dot-
dashed line), a chiral soliton model of Weigel et. al. (dashed line) and a relativistic bag model of
Song (dotted line) (see text for references). SLAC E143 (proton) at 29 GeV and SLAC E155 at 38
GeV (deuteron) results are represented by the diamonds and stars respectively

The precision of the proton measurement of g2 spin structure function is consistent with
gWW
2 [15] ( the leading twist contribution evaluated using the world fit to the g1 structure func-

tion data) , the bag model calculation of Stratmann [19] and the chiral soliton model of Weigel et
al. [18]. However, it clearly disagrees with the center-of-mass bag model of Song [21]. From those
experimental results we can safely say that higher twist effects are small for the proton. While
a comparison of the x dependence of g2 with a calculation based on fundamental principles like
that of Lattice QCD is not possible, the d2 matrix element offers a unique opportunity for such
comparison at this stage of statistical precision. Our ultimate interest lies on a direct comparison
of the second moment of (3g2 + 2g1) with the lattice QCD calculations.
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Figure 4: Preliminary E155X results of the nucleon d2 matrix element compared to several theo-
retical calculations (see text). Upper panel is for the proton and lower panel for the neutron.

Fig. 4 shows preliminary results of the SLAC E155X d2 matrix element compared to several
calculations. For the proton the results are generally consistent with the chiral quark model [18]and
some bag models [19, 20, 22] while one to two standard deviations away from the QCD sum rule
calculations [23, 24, 25]. The comparison with the lattice QCD calculation [27] is promising but the
error bar on this calculation is still large. The situation for the proton clearly poses a challenge to the
theoretical approaches based on fundamental principles of QCD. The Lattice Hadron Collaboration
based at Jefferson Lab has plans to calculate this matrix element for the proton and the neutron [12].

For the neutron the situation is less clear since most models predict values consistent with a
negative value or zero while the experimental result is positive and 2σ away from zero. Since gn

2 in
these models is negative at large x it is conceivable that the poor precision ( Fig. 5) of the data in
this region is affecting the overall sign of the result. It is important to note that from the point of
view of a simple quark model, the d2 matrix element of the neutron should be much smaller than
that of the proton because of SU(6) spin-flavor symmetry. Therefore with the present precision
of E155x neutron data it is difficult to draw any conclusions on the sign and size of the neutron
higher twist (twist-tree) contribution. Because the d2 matrix element is a second moment in x of
the linear combination (2g1 + 3g2) the situation for the neutron can be improved significantly at
Jefferson Lab. Fortunately, because of the x2 weighting, we do not need very precise data at very
small x and can use the world existing and future data in the region x < 0.24.

As an important first step JLab experiment E97-103 [13], scheduled to run this summer, will
provide a precision measurement of gn

2 in the deep inelastic region at low x (0.17 < x < 0.21)
and will investigate its Q2 evolution in the range 0.56 < Q2 < 1.4 (GeV2) for a fixed value of
x ≈ 0.2. The unprecedented statistical accuracy expected in E97-103 should allow us to probe
the size of higher twists contributions by comparing directly the measured gn

2 to the leading twist
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contribution (twist-two contribution known as g
n(WW )
2 [15] ). Two other approved experiments,

JLab experiment E01-012 [16] which uses a polarized 3He target and JLab experiment E01-006 [17]
which uses polarized NH3 and ND3 targets, will add to the wealth of neutron spin structure functions
data (gn

1 and gn
2 ) but with an emphasis on the g1 spin structure function.

The neutron result of g2 extracted from the proton and deuteron measurements of E155X is
shown in Fig. 5 along with what is expected from this proposed experiment. While in the case
of the proton the bag model of Stratmann [19] and the chiral soliton model of Weigel et al. [18]
seem to peak at the same value of x (see Fig. 3 ), it is not the case for the neutron; however in
both models the Burkhardt-Cottingham sum rule is fulfilled and the d2 matrix element values are
similar. Our statistical precision at each x value is not good enough for discriminating between
these two models but will provide an improvement of a factor of four on the statistical uncertainty
of d2
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Figure 5: Preliminary E155X results of the xgn
2 extracted by subtracting the proton from the

deuteron following the prescription described in Ref.[14]. We also show the resulting statistical
error achievable in this proposal on xg2 with a measurement optimized for d2. The calculations
are those of Stratmann’s bag model [19] (dashed line) and Weigel et. al.’s chiral soliton model [18]
(solid line)

On the experimental side this situation can be improved using a target complementary to
polarized deuterium (namely polarized 3He) in order to extract the neutron information. JLab is
in a unique position to provide high luminosity to measure the large x region with good statistical
precision. Unlike in previous experiments, world data fits of R = σL/σT , F2 and g1 will not be
used to evaluate g2, rather we shall measure absolute polarized cross sections for both directions
of the target spin, parallel and perpendicular and extract g2. Furthermore, in order to evaluate d2

in those experiments, it is common practice to evolve the measured g2 data from the measured Q2
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to a common Q2 value, however, this evolution is not well understood for the twist-tree part of g2.
In contrast, our data will be measured at a constant Q2.

At large x, the 1/Q2 corrections to the twist-three might be important. However, because of
the parton-hadron duality, the 1/Q2 contribution to the moment is negligible for Q2 ≥ 2 GeV2.

We shall describe in this proposal how CEBAF is in a unique position to improve the neutron
measurement of dn

2 by a factor of four.

3 Proposed Experiment

We propose to measure the unpolarized cross section σ
3He
0 , the parallel asymmetry A

3He
‖ and

perpendicular asymmetry A
3He
⊥ at a constant Q2. We will use the longitudinally polarized (Pb =

0.8) CEBAF electron beam and a 40-cm-long high pressure polarized 3He target. The measurement
will be performed at two incident electron beam energies Ei = 5.7 GeV and 6.0 GeV using both
HRS spectrometers at four scattering angles θ = 17.5◦, 20.0◦, 22.5◦ and 25.0◦. Five momentum
settings for each spectrometer will cover the range 0.24 ≤ x ≤ 0.8 at Q2= 2.0 (GeV)2. The target
polarization orientation will be set longitudinal or transverse to the beam with a value of Pt = 0.40
while the beam helicity will be reversed at a rate of 30 Hz. A beam current of 15 µA combined with
a target density of 2.5×1020 atoms/cm3 provides a luminosity ranging between 5.9×1035 cm−2s−1

and 8.3×1035 cm−2s−1 depending on the effective target length at various angles.

3.1 Kinematics

The kinematic settings were chosen to allow a measurement at constant Q2 over as wide an ex-
citation energy range as possible. Fig. 6 shows in the (Q2, x) plane the experimental excitation
range we plan to cover from the pion threshold to the deep inelastic region including the nucleon
resonance region. In order to keep Q2 constant for each measured x bin, the scattering angle must
range from 17.5◦ to 25◦. Then by taking into account the angular acceptance of the HRS spectrom-
eters (∆θ ≈ ±25 mrad) we find a continuous coverage of the x range at constant Q2 (diamonds of
different sizes shown on Fig. 6)

The main contribution to d2 arises from the large x region because of the weighting of g1 and g2

by x2 in the integration over x. The measurement of this region with high precision is important.
In tables 3, 4 and 5 we have listed the kinematical conditions for each spectrometer needed to cover
the proposed x region.

3.2 The Polarized Beam

In this proposal we shall assume, that the achievable beam polarization at CEBAF is 80% with
a current of 15µA. While about 70% electron beam polarization has been delivered on a regular
basis to E94-010 and E95-001 we are optimistic that by the time this experiment runs and with
the experience gained using the strained GaAs cathodes, 80% beam polarization will be achieved.
The polarization of the beam will be measured with the Hall A Moller and Compton polarimeters.

3.3 The Polarized 3He Target

The polarized target will be based on the principle of spin exchange between optically pumped
alkali-metal vapor and noble-gas nuclei [28, 29, 30]. It is the same as that used in JLab experiments
E94-010, E95-001 and E97-103 in Hall A.

A central feature of the target will be sealed glass target cells, which under operating conditions,
will contain a 3He pressure of about 10 atmospheres. As indicated in Fig. 7, the cells will have



7

1

1.5

2

2.5

3

0.2 0.4 0.6 0.8 1

x

Q 2

E = 6.0 GeV
θ = 25.0 deg

E = 6.0 GeV
θ = 22.5 deg

E = 5.7 GeV
θ = 22.5 deg

E = 5.7 GeV
θ = 20.0 deg

E = 5.7 GeV
θ = 17.5 deg

W
 =

 2
 G

eV

W
 =

 M
p 

+ 
M

π

(GeV2)

Figure 6: Proposed kinematic range for the measurement at a constant average Q2 of 2 GeV2. Each
diamond represents the size of an (x,Q2) bin chosen for this measurement. Each pair of common
colored lines is plotted to indicate the possible range of (x,Q2) due to the angular acceptance of the
spectrometer for a fixed incident energy and scattering angle. The electron beam incident energy
and the scattering angle and momentum of each spectrometer is chosen to keep the measured data
at constant Q2.

two chambers, an upper 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 the alkali-metal Rubidium the upper chamber will be kept at a temperature of 170–200◦ using
an oven constructed of high temperature plastic Torlon. The density of the target will be about
2.5× 1020 atoms/cm3. The lower cell length will be 40 cm such that the end glass windows are not
seen by the spectrometer acceptance when it is set at a scattering angle of 17.5◦ and larger. The
effective target thickness will range from 6.0× 1021 atoms/cm2 to 8.3× 1021 atoms/cm2, since the
spectrometer acceptance sees a length of 7 cm/sin θe

The main components of the target are shown in Fig. 7. The main “coils” shown are large
Helmholtz coils used to apply a static magnetic field of about 25 Gauss. Also shown are the
components for the NMR and EPR polarimetry. The NMR components of the target include a
set of RF drive coils, and a separate set of pickup coils. Not shown in the figure are the NMR
electronics, which include an RF amplifier, a lock-in amplifier, some bridge circuitry, and the
capability to sweep the static magnetic field. The EPR components include an EPR excitation coil
and a photodiode for detection of the EPR line. The oven shown in Fig. 7 is heated with forced
hot air. The optics system include a system of 4 diode lasers for longitudinal pumping and 4 for
transverse pumping. A polarizing beam splitter, lens system and a quarter wave plate are required
to condition each laser beam line and provide circular polarization.
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3.3.1 Operating Principles

The time evolution of the 3He polarization can be calculated from a simple analysis of spin-exchange
and 3He nuclear relaxation rates[31]. Assuming the 3He polarization P3He = 0 at t = 0,

P3He(t) = PRb

(
γSE

γSE + ΓR

) (
1 − e

−(γSE+ΓR) t
)

(6)

where γSE is the spin-exchange rate per 3He atom between the Rb and 3He, ΓR is the relaxation
rate of the 3He nuclear polarization through all channels other than spin exchange with Rb, and
PRb is the average polarization of the Rb atoms. Likewise, if the optical pumping is turned off at
t = 0 with P3He = P0, the 3He nuclear polarization will decay according to

P3He(t) = P0 e
−(γSE+ΓR) t

. (7)

The spin exchange rate γSE is defined by

γSE ≡ 〈σSE v〉 [Rb]A (8)

where, 〈σSE v〉 = 1.2 × 10−19 cm3/sec is the velocity-averaged spin-exchange cross section for Rb–
3He collisions[31, 32, 33] and [Rb]A is the average Rb number density seen by a 3He atom. The
target operates with 1/γSE = 8 hours. From equation (6) it is clear that the best possible 3He
polarization is obtained by maximizing γSE and minimizing ΓR. But from equation (8) we can see
that maximizing γSE means increasing the alkali-metal number density, which in turn means more
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Figure 7: JLab Hall A polarized 3He target setup.
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laser power. The number of photons needed per second must compensate for the spin relaxation of
Rb spins. In order to achieve 1/γSE = 8 hours, about 50 Watts of usable laser light at a wavelength
of 795 nm will be required.

The rate at which polarization is lost is characterized by Γ and has four principle contributions.
An average electron beam current of about 15 µA will result in a depolarization rate of Γbeam =
1/30 hours [34]. The cells produced in previous experiments typically have an intrinsic rate of
Γcell = 1/50 hours. This has two contributions, relaxation that occurs during collisions of 3He
atoms due to dipole-dipole interactions, and relaxation that is largely due to the interaction of the
3He atoms with the walls. Finally, relaxation due to magnetic field inhomogeneities was held to
about Γ∇B = 1/100 hours. Collectively, under operating conditions, we would thus expect

ΓR = Γbeam + Γcell + Γ∇B = 1/30 hours + 1/50 hours + 1/100 hours = 1/16 hours.

Thus, according to equation (6), the target polarization cannot be expected to exceed

Pmax =
γSE

γSE + ΓR

= 0.66

Realistically, a Rb polarization of 100% in the pumping chamber will not be achieved, which
will reduce the polarization to about 40%.

During E94-010 and E95-001 we achieved a polarization of about 30-35% when a beam current
of 15µA was used. The beam depolarization was slightly larger than expected and this was the
first time that such a large beam current was used for an extended period time. An R&D effort is
underway by JLab and the polarized 3He target collaboration to improve the achievable polarization
under the beam conditions proposed in this experiment.

3.3.2 Target Cells

The length of the cell has been chosen to be 40 cm so that the end windows are not within the
acceptance of the Hall A spectrometers at angles equal to 17.5◦ and larger. The end windows
themselves will be about 100 µm thick.

3.3.3 The Optics System

As mentioned above, approximately 50 W of “usable” light at 795 nm will be required. By “usable”,
we mean circularly polarized light that can be readily absorbed by the Rb. It should be noted that
the absorption line of Rb has a full width of several hundred GHz at the high pressures of 3He at
which we will operate. Furthermore, since we will operate with very high Rb number densities that
are optically quite thick, even light that is not well within their absorption line width can still be
absorbed.

The laser system is similar to that used in E94-010. It consists of commercially available 30
Watt fiber-coupled diode laser systems (from COHERENT INC.). Four such lasers are used to
pump along the transverse direction and three along the longitudinal direction. The efficiency
of these lasers has been tested during experiment E94-010 and E95-001 and found to be totally
adequate for this experiment’s needs.

3.3.4 Polarimetry

Polarimetry is accomplished by two means. During the experiment, polarization is monitored using
the NMR technique of adiabatic fast passage (AFP)[35]. The signals are calibrated by comparing
the 3He NMR signals with those of water. The calibration is then independently verified by studying
the frequency shifts that the polarized 3He nuclei cause on the electron paramagnetic resonance
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(EPR) lines of Rb atoms [34]. Both methods were used in E94-010 and we found as expected that
the NMR measurements with water calibration are consistent with the EPR results.

3.4 The Spectrometers Setup

We plan to use both HRS spectrometers in Hall A. We will use the right spectrometer with its
standard detector package for electrons and the left spectrometer with an added double layer lead
glass calorimeter which was first used in E94-010. Each spectrometer will then consist of;

• Two vertical Drift Chambers (VDCs) for the measurement of momentum and production
angle.

• Gas Čerenkov counter for pion rejection.

• A set of scintillators for triggering on charged particles.

• A double layer lead glass calorimeter for additional pion rejection.

As the E94-010 analysis shows, the pion rejection factor with the Čerenkov counter and the lead
glass calorimeter are better than 2×10−4 which is sufficient for our worst case.

Because the maximum momentum attainable by each spectrometer is different (4.30 GeV for
the HRS-l and 3.17 GeV for the HRS-r) we have assigned HRS-l to perform the measurements for
electron momenta greater than 3 GeV and HRS-r for those measurements with momenta equal
or less than 3 GeV. We optimized the time sharing between the two spectrometers (see Table 4
and 5). Although we need to make few spectrometer angle changes to keep our measurement at
constant Q2. Specific advantages make these spectrometers a well matched tool for the proposed
measurement.

• Good electron events in the spectrometer are in principle due only to electron scattering off
3He nuclei since the target cell glass windows are outside the spectrometer acceptance. How-
ever, excellent target reconstruction by the HRS spectrometers allows for better background
rejection.

• An excellent resolution of the spectrometers permits the measurement of elastic scattering
off 3He needed for an absolute calibration of the detector in order to measure absolute cross
sections.

4 Evaluation of dn
2 Matrix Element

The goal of this experiment is to obtain the d2 matrix element from the direct measurement of
the unpolarized cross section σ0 and the parallel A‖ and perpendicular A⊥ asymmetries on 3He.
Equivalently the d2 matrix element is obtained from the measurement of the linear combination
of the spin structure functions g1(x,Q2) and g2(x,Q2) and forming the second moment of this
combination namely,

d2(Q2) =
∫ 1

0
x2[2g1(x,Q2) + 3g2(x,Q2)] dx =

∫ 1

0
d̃2(x,Q2) dx (9)

The spin structure functions can be expressed in terms of asymmetries and unpolarized cross
sections as follow;

g1 =
MQ2

4α2

y

(1 − y)(2 − y)
2σ0

[
A‖ + tan

θ

2
A⊥

]
(10)

g2 =
MQ2

4α2

y2

2(1 − y)(2 − y)
2σ0

[
−A‖ +

1 + (1 − y) cos θ
(1 − y) sin θ

A⊥

]
(11)
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where σ0 is the unpolarized cross section, Q2 is the four momentum transfer, α the electromagnetic
coupling constant, θ the scattering angle and y = (E −E′)/E the fraction of energy transferred to
the target. A‖ and A⊥ are the parallel and perpendicular asymmetries,

A‖ =
σ↓⇑ − σ↑⇑

2σ0
, A⊥ =

σ↓⇒ − σ↑⇒

2σ0
(12)

From (10), (11) and (12) we can express the integrand of the d2 matrix element directly in terms
of measured asymmetries and unpolarized cross section as follows:

d̃2(x,Q2) = x2[2g1(x,Q2) + 3g2(x,Q2)] (13)

=
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‖

]
(14)

The above expression of the integrand is used for the following purposes:

• Determination of the time sharing between the transverse and the longitudinal measurement
to minimize the statistical error on d2 not on g2 as in previous experiments.

• Determination of the effect of the target polarization orientation misalignment on the sys-
tematic error of d2

• Determination of the systematic error on d2 due to the systematic errors of the cross section
and asymmetries measurements.
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Figure 8: JLab Hall A floor setup using the HRS spectrometers and the polarized 3He target.
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The measurement consists of collecting data at two incident energies (Ei = 5.7 GeV and 6.0 GeV)
and four scattering scattering angles (θ = 17.5◦, 20.0◦, 22.5◦ and 25.0◦) and for eight spectrometer
momentum settings to cover the range 0.25 ≤ x ≤ 0.8. The measured raw 3He counting parallel
asymmetry ∆‖ and perpendicular asymmetry ∆⊥ are converted to the experimental asymmetries
A

3He
‖ , and A

3He
⊥ respectively, using the relation

A
3He
⊥ =

∆⊥
PbPt cosφ

A
3He
‖ =

∆‖
PbPt

(15)

∆⊥ =
(N↑⇒ −N↑⇒)
(N↑⇒ + N↑⇒)

∆‖ =
(N↓⇑ −N↑⇑)
(N↓⇑ + N↑⇑)

(16)

where N↑⇓ (N↑⇑) and N↑⇒ (N↑⇒) represent the rate of scattered electrons for each bin in x and
Q2 when the electron beam helicity and target spin are parallel or perpendicular. φ is the angle
between the scattering plane and the plane formed by the incoming beam and the perpendicular
target polarization. Pb = 0.80 and Pt = 0.40 are the beam and target polarization respectively. The
target length (40 cm) is chosen such that no extra dilution of the asymmetry occurs from unpolarized
scattering off the glass windows. However, empty target measurements will be performed to insure
that no spurious unpolarized background originating in the target area reduces the measured physics
asymmetries. The kinematics and electron rates are presented in Table 3. We used the Whitlow
1990 [36] parametrization of unpolarized structure functions from measurements of deep inelastic
scattering on the proton and the deuteron. We added incoherently the appropriate structure
functions to generate the 3He cross sections. The rates were determined assuming a solid angle
evaluated from the bins shown in Fig. 6 and a luminosity varying from 6.0×1035 cm−2s−1 to
8.0×1035 cm−2s−1. The times for the transverse and longitudinal measurements were determined
by optimizing the time sharing for the best precision on the integrand d̃2. If we set

α =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
3
1 + (1 − y) cos θ

(1 − y) sin θ
+

4
y

tan
θ

2

)
(17)

β =
MQ2

4α2

x2y2

(1 − y)(2 − y)
σ0

(
4
y
− 3

)
(18)

The optimum ratio between the parallel and perpendicular counts is

N‖ =
β

α
N⊥ (19)

The total number of counts N⊥ is given by

N⊥ =
α(α + β)

P 2
b P

2
t f

2(∆d̃2)2
(20)

f = Wn
1 /W

3He
1 is the fraction of scattering originating from the neutron compared to 3He We

required an absolute statistical uncertainty on the integrand ∆d̃n
2= 7.5× 10−3 at each x bin. This

in turn leads to an absolute statistical precision on dn
2 of ∆dn

2 ≈ 1.25 × 10−3. This value is to be
compared with ∆dn

2 = 5×10−3 from SLAC E155X.
The pion background was estimated using the EPC program [37] which was tested against

measurements carried at JLab in a similar kinematic range. The results of the estimate are listed
in Table 1 were the π/e− ratio ranges from a negligible value in the highest x bin to a value
of about twenty in the lowest x bin. Given the pion rejection performance of the Čerenkov and
Lead glass calorimeter combination, we should be able to keep this correction at a negligible level.
Furthermore, we shall measure the pion asymmetry using the hadron spectrometer in the lowest
three x bins.
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Table 1: π−/e− each x bin planned in this measurement
Ei θe E′ x W dσπ−

π− rate π−/e−

(GeV) ◦ (GeV) (GeV) (nb/GeV/sr) (Hz)

5.70 16.40 4.310 0.766 1.22 0.51 0.03 0.006
5.70 16.63 4.197 0.710 1.30 0.94 0.09 0.013
5.70 16.90 4.064 0.652 1.40 1.68 0.20 0.024
5.70 17.24 3.903 0.593 1.50 2.98 0.48 0.030
5.70 17.70 3.705 0.534 1.62 5.40 1.31 0.062
5.70 18.33 3.458 0.475 1.76 10.4 2.67 0.118
5.70 19.14 3.173 0.422 1.90 20.8 5.01 0.264
5.70 20.27 2.833 0.372 2.06 44.7 28.54 0.673
5.70 22.16 2.375 0.321 2.26 120.3 92.13 2.41
6.00 22.70 2.152 0.277 2.47 253.3 141.25 6.04
6.00 25.14 1.760 0.251 2.62 574.9 245.44 18.7

The radiative corrections (RC) will be performed in two stages. First the internal corrections
will be evaluated following the procedure developed by Bardin and Shumeiko[38] for the unpolar-
ized case and extended to the spin dependent lepto-production cross sections by Akushevish and
Shumeiko[39, 40]. Second, using these internally corrected cross sections, the external corrections
(for thick targets) are applied by extending the procedure developed for the unpolarized cross
sections by Tsai[41, 42] with modifications appropriate for this experiment.

To evaluate the experimental systematic uncertainty of dn
2 we used relative uncertainties in the

cross sections and asymmetries achieved in E94-010. Table 4 summarizes these uncertainties. One
item of concern was the effect of the target relative spin misalignment between the transverse and
longitudinal direction measurements. Fig. 9 shows this effect at each value of x on the integrand of
d2. A relative error of 0.5◦ in the relative direction of the transverse versus perpendicular results
in a relative error ∆d2/d2 = 0.15%. Using the Weigel et al. [18] model of g2 and g1 we estimated
∆d2/d2 to be of the order of 10 % and thus an absolute systematic uncertainty of about 10−3. We
believe we can achieve a relative error of 0.2◦ in the target spin alignment.

Even with our improved projected statistical precision the total uncertainty in dn
2 is still domi-

nated by the statistical.
An elastic scattering asymmetry measurement is planned at low energy (Ei = 1.0 GeV θ = 17.5◦)

in order to calibrate our spin dependent absolute cross sections. This quantity can be evaluated
using the measured electric and magnetic form factors of 3He. This measurement would actually
determine the polarization of the 3He nuclei along the electron beam path. False asymmetries will
be checked to be consistent with zero by comparing data with target spins in opposite directions.

Also contributing to the dilution of the asymmetry is the pair-electron contamination. This
correction is x dependent, and is relevant only in the lowest x region. This contamination was
estimated to be no more than 6% in the worst case and will be measured in this experiment by
reversing the spectrometer polarity on the right arm spectrometer.

The spectrometers cannot be used in a symmetric configuration when taking data since they
don’t access the same maximum range of momentum. For this reason we can only save about 456
hours using the HRS-r spectrometer and most of the large x data will be acquired using the HRS-l
spectrometer. Tables 4 and 5 show the kinematics and time for each spectrometer acquiring data.
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Table 2: List of the systematic error contributions to dn
2

Item description Subitem description Relative uncertainty

Target polarization 4 %

Beam polarization 3 %

Asymmetry (raw)
• Target spin direction (0.5◦) ≈ 1.5 × 10−3

• Beam charge asymmetry 200 ppm
Cross section (raw)

• PID efficiency ≈ 1 %
• Background Rejection efficiency ≈ 1 %
• Beam charge < 1 %
• Beam position < 1 %
• Acceptance cut 2-3 %
• Target density 2-3 %
• Nitrogen dilution 2-3 %
• Dead time <1 %
• Finite Acceptance cut <1%

Radiative corrections ≤ 5 %

Total effect ∆d2 ≈ 5 × 10−4

Estimate of contributions
∫ 0.241

0.003
d̃n

2 dx 4.8 × 10−4

from unmeasured regions
∫ 0.999

0.767
d̃n

2 dx 3.9 × 10−5

From 3He to Neutron correction 5%
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Table 3: Parameters per bin in (Q2,x) plane for the proposed experiment

Ei bin central p x ∆x Q2 W Rate Time⊥ Time‖
(GeV) (GeV) (GeV2) (GeV) (Hz) hours hours

5.70 4.31 .766 .58E-01 2.00 1.22 5.03 166. 82.2
5.70 4.20 .710 .58E-01 2.00 1.30 6.85 166. 82.2
5.70 4.06 .652 .57E-01 2.00 1.40 8.23 144. 63.7

5.70 3.90 .593 .59E-01 2.00 1.50 16.0 167. 65.5
5.70 3.71 .534 .59E-01 2.00 1.62 21.1 110. 37.4

5.70 3.46 .475 .59E-01 2.00 1.76 22.6 125 35.8

5.70 3.17 .422 .48E-01 2.00 1.90 19.0 148 35.1

5.70 2.83 .372 .52E-01 2.00 2.06 42.4 63.6 12.2

5.70 2.38 .321 .34E-01 2.00 2.26 38.1 64.9 9.4

6.00 2.15 .277 .27E-01 2.00 2.47 23.4 104 11.5

6.00 1.76 .251 .18E-01 2.00 2.61 13.1 179. 15.4
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Figure 9: Effect of target relative spin misalignment by 0.5◦ between the transverse and longitudinal
measurements

The right spectrometer will measure mainly the low x data points and will also be used to measure
the positron contamination at the lowest x bins, while the HRS-l completes its measurements at
large x. We will use the HRS-l for 787 hours with beam on target to complete this measurement.

5 Spin Structure Functions: From 3He to the Neutron

Most of the current information on the spin-independent structure functions of the neutron comes
from experiments on the deuteron. For spin-dependent structure, because the deuteron polarization
is shared roughly equally between the proton and neutron, extraction of neutron spin structure
functions requires a precise knowledge of the proton spin structure, in addition to the nuclear
effects [43]. This problem is compounded by the fact that the spin-dependent structure functions
of the proton are typically much larger than those of the neutron, making extraction of the latter
especially sensitive to small uncertainties in the proton structure functions. On the other hand,
since the neutron in 3He carries almost 90% of the nuclear spin, polarized 3He is an ideal source of
polarized neutrons.

The three-nucleon system has been studied for many years, and modern three-body wave func-
tions have been tested against a large array of observables which put rather strong constraints
on the nuclear models [44]. In particular, over the past decade considerable experience has been
acquired in the application of three-body wave functions to deep-inelastic scattering [45, 46, 47].

The conventional approach employed in calculating nuclear structure functions in the region
0.3 < x < 0.8 is the impulse approximation, in which the virtual photon scatters incoherently from
individual nucleons in the nucleus [48]. Corrections due to multiple scattering, NN correlations or
multi-quark effects are usually confined to either the small-x (x < 0.2), or very large-x (x > 0.9)
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Table 4: Sequence of measurements carried by the HRS-l spectrometer

Ei θ HRS-l Central p Time⊥ Time‖
GeV deg GeV hours hours

6.0 22.5 2.167 42. 5.7
6.0 25.0 1.756 89.5 7.7

5.7 17.5 4.069 166 82.2
5.7 17.5 3.794 167 65.5
5.7 17.5 3.538 125 35.8

Total 589.5 196.9

Table 5: Sequence of measurements carried by the HRS-r spectrometer

Ei θ HRS-r Central p Time⊥ Time‖
GeV deg GeV hours hours

6.0 22.5 2.167 42. 5.7
6.0 25.0 1.756 89.5 7.7

5.7 20.0 3.075 148. 35.1
5.7 20.0 2.867 63.6 12.2
5.7 22.5 2.324 64.9 9.4

Total 408 56.7
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regions. In the impulse approximation the g1 structure function of 3He is obtained by folding the
nucleon structure function with the nucleon momentum distribution in 3He, ∆fN :

g
3He
1 (x) =

∫ 3

x

dy

y
{2∆fp(y) gp

1(x/y) + ∆fn(y) gn
1 (x/y)} , (21)

where y is the fraction of the 3He momentum carried by the nucleon, and the dependence on scale,
Q2, has been suppressed. The nucleon momentum distributions ∆fN (y) are calculated from the
three-body nuclear wave function, which are obtained by either solving the Faddeev equation [49]
or using variational methods [46], and are normalized such that:∫ 3

0
dy ∆fN (y) = ρN , (22)

where ρN is the polarization of the nucleon in 3He. While the full three-body wave function involves
summing over many channels, in practice the three lowest states, namely the S, S′ and D, account
for over 99% of the normalization. Typically, one finds ρn ≈ 87% and ρp ≈ −2% [44, 45, 46, 47, 49].

The smearing in Eq.(21) incorporates the effects of Fermi motion and nuclear binding, which
can become sizable at large x. Correctly accounting for these effects is important when attempting
to extract information on nucleon structure functions from nuclear data at x > 0.6, as well as for
determining higher moments of structure functions, in which the large-x region is more strongly
weighted.

The nuclear corrections to the gn
2 structure function can be evaluated analogously to those for

gn
1 . However, because the magnitude of g2 is expected to be small, one could anticipate nuclear

effects to play a bigger role here than in gn
1 . A difficulty in determining the size of the nuclear

corrections to gn
2 is the fact that very little is known about the shape of gn

2 as a functions of x. One
can estimate the order of magnitude of the possible effects by considering the twist-2 part of gn

2 ,
which is determined from gn

1 through the Wandzura-Wilczek relation [15] [52]:

g
3He
2 (x)

∣∣∣
tw−2

= −g
3He
1 (x) +

∫ 3

x

dy

y
g

3He
1 (x/y) , (23)

where g
3He
1 is given by Eq.(21).

Since the main objective of the experiment is to extract the second moment of 3gn
2 +2gn

1 , namely∫
dx x2(3gn

2 (x) + 2gn
1 (x)), the effects of Fermi motion at large x may be somewhat magnified.

In Fig. 10 we compare x2g
3He
2 (x) calculated by including the effects of Fermi smearing (dashed)

and without smearing (dot-dashed) [52]. The two dashed curves correspond to the full, smeared
calculation with different 3He model wave functions [49, 51]. For reference the twist-2 part of
the neutron gn

2 is also shown (solid). The difference in the second moments of g
3He
2 between the

smearing and no-smearing cases, is again at the level of a few percent, as is the difference between
the convolution results using different 3He wave functions.

Although the quantitative results for g2 cannot be viewed as definitive without also considering
the twist-3 contribution, there is no reason to expect the twist-3 component to have a dramatic
x-dependence so as to significantly alter the scale of the nuclear effects seen in Fig. 10.

All of the nuclear structure function analyses that have been performed instead suggest that
both the neutron gn

1 and gn
2 deep-inelastic structure functions can be extracted from 3He data with

minimal uncertainties associated with nuclear corrections. Recently there was an investigation into
the role of the ∆(1232) in deep inelastic scattering on polarized 3He and how it affects the g1

neutron spin structure function extraction [53]. The authors estimated that when taking the effect
of the ∆ into account the values of the first moment of gn

1 increases by 6 ÷ 8 %.
Estimating all the corrections and their uncertainties we come to the conclusion that in this

experiment the statistical error on the final result is still the dominant error.
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Figure 10: Structure function x2g2(x) for 3He, calculated taking into account effects of smearing due
to Fermi motion and binding, with two different model 3He wave functions (dashed), and without
smearing (dot-dashed) [52]. For reference the neutron structure function is also shown (solid).

6 Summary and Beam Request

In summary, we propose to carry out a precision determination of the neutron twist-three matrix
element dn

2 . We will determine asymmetries in a large x region (0.24 ≤ x ≤ 0.8) (see Fig 11) from

Figure 11: Same figure as Fig. 4 but with the dn
2 projected result from this proposal compared to

E155X.
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a measurement using a high pressure polarized 3He target (Pt= 40% ) and the highest available
energies (5.7 and 6.0 GeV) of the polarized beam (Pb=80%). This measurement requires 589.5
hours of beam on target for the measurement of the transverse asymmetry and 197 hours for the
measurement of the longitudinal asymmetry, along with 60 hours for the beam energy change,
spectrometer momentum changes, elastic scattering calibration and beam and target polarization
measurements. We therefore request a total of 846.5 hours (35 days) of beam time to achieve a
statistical uncertainty on dn

2 of ∆dn
2 ≈ 1.2 × 10−3 at Q2 = 2.0 GeV2 in the measured x range.
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