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Abstract

A double polarized measurement of quasi-elastic electron scattering in the
2H(−→e , e′−→n ) reaction is proposed at values of negative four-momentum transfer
Q2 = 1.5, 2.0, 2.5, 3.0, 4.0 (GeV/c)2. The ratio of electric to magnetic elastic
form factors Gn

E/Gn
M will be extracted from the ratio of transverse and longi-

tudinal components of the spin polarisation Px/Pz which is transfered to the
recoiling neutron from an incident, longitudinally polarized electron. The exper-
iment will be performed in Hall-A of Je�erson Laboratory, as part of the �Super
BigBite� programme to measure the four nucleon Sachs form factors, and will
utilize many of the common components of the Super BigBite apparatus. Scat-
tered electrons will be detected in the �BigBite� large acceptance spectrometer
and recoiling neutrons in a polarimeter consisting of plastic-scintillator analyser
and the �HCAL� hadron calorimeter. The �48D48� dipole will perform neutron
spin precession and sweeping of charged background out of the neutron arm
acceptance. The array of plastic scintillator bars, in which neutrons will scatter
in order to analyse the incident spin orientation, will be a new component of the
Super BigBite apparatus.. This experiment will complement experiments E02-
013 and E12-09-016, where the struck neutron is polarized in the initial state

in a
−−→
3He target. It employs an independent experimental technique to extract

a fundamental observable which is highly challenging to measure. In addition
the necessary corrections for bound-neutron e�ects and �nal state interactions
in 2H and 3He will be rather di�erent and in principle more straight forward for
A=2 system. We estimate that the ratio Gn

E/Gn
M will be measured to 3 � 4%

(statistical) precision up to 3 (GeV/c)2 and 6% at 4 (GeV/c)2, which requires
a total beam time of 1320 hr to measure the ratio and perform all necessary
commissioning and calibration of apparatus.
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Figure 1: Radial dependence of the neutron charge density computed from the
2007 world data on Gn

E .

0.1 Introduction

The understanding of nucleon structure and the nature of quark con�nement is
one of the central goals facing nuclear physics today. Ninety nine per cent of the
nucleon mass, is due to the kinetic and potential energy of the massless gluons
and the essentially massless quarks, con�ned within the nucleon. Thus most of
the mass of �everyday� matter is generated dynamically, rather than through
the Higgs mechanism. At the ∼ fm scales typical of hadrons, quantum chromo-
dynamics (QCD), the �eld theory describing the quark-gluon interaction, is too
strong to be solved by perturbative methods (pQCD) and the understanding of
non-perturbative QCD remains a pivotal area of theoretical physics.

Since the days of Ho�stadter [1], the elastic form factors have provided vital
insight into nucleon structure. These are measured in electron scattering and
at small values of Q2 (the negative, squared, four momentum transfer) the
Fourier transforms of the electric (GE) and magnetic (GM ) form factors can be
interpreted as the charge and magnetization densities respectively. Form factor
measurements provided an early determination of the size of the proton and
high precision studies of the proton remain remain a core activity of hadron
physics. Neutron measurements are more di�cult and consequently neutron
data generally has poorer precision and a limited kinematic reach. Fig.6 is a
representation of the charge density of the neutron computed from the 2007
world data set on Gn

E . The central core is positive, while the more di�use
outer region is negative, consistent with a proton-like core surrounded by a
negative pion cloud. Several nucleon models incorporate the pion-cloud idea,
which necessarily represents a �ve-quark state, a con�guration that is suppressed
when Q2 � Λ2

QCD. As Q2 increases relativistic e�ects limit the degree to which
form factors may be interpreted as Fourier transforms of densities but none
the less attempts to account for relativity in the laboratory frame have been
conducted [2, 3].

One of the critical factors driving progress in understanding nucleon structure is
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the availability of high precision experimental results at the largest possible Q2.
Pushing to higher values of Q2 has immense potential to assess di�erent nucleon
structure models. At higher Q2 the short-range behavior of the nucleon can be
revealed, and the structure itself becomes simpler and easier to understand.
The Q2 dependence of Gp

E/Gp
M has generated more theoretical papers than any

other result to come out of Je�erson Laboratory (JLab) and there is considerable
anticipation regarding new results that push both Gp

E/Gp
M and Gn

E/Gn
M to

higher values of Q2. Measurements of the elastic form factors remain a major
source of information about quark distributions at small transverse distance
scales. Indeed many theoretical approaches to understanding nucleon structure
including, phenomenological models, analyses based on GPDs and lattice QCD
calculations, require input and constraint from form-factor measurements.

The Super-Bigbite-Spectrometer (SBS) experimental programme already has
three approved measurements of nucleon elastic form factors [4, 5, 6], which will
use the results of E12-07-108 [7]. This will measure Gp

M up to 17.5 (GeV/c)2

using the Hall-A HRS spectrometers to achieve a 1-2% measurement of the
electron-proton elastic scattering cross section. Thus extraction of absolute
values of Gn

M , Gp
E and Gn

E from ratio measurements will be possible. A major
strength of the SBS programme in Hall-A is the ability to measure all of the
ground-state electromagnetic form factors with su�cient accuracy and reach in
Q2 to tackle some of the most fundamental and topical questions in hadronic
physics.

We propose to measure Gn
E/Gn

M to high precision for Q2 = 1.5− 4.0 (GeV/c)2,
through the process 2H(~e,e

′
~n). This will provide an independent measurement

to E02-013 [8] and overlap in kinematic range with the new experiment E12-09-

016 [4], both of which employ
−−→
3He(~e,n). Existing 2H(~e,e

′
~n) data [9] extend up

to Q2 = 1.5 (GeV/c)2. Neutron measurements are technically very challenging
and must employ quasi-free scattering from nuclei, which introduces some un-
certainty in extrapolation to the free-neutron case. Thus it is important to have
di�erent experimental techniques with di�erent systematic e�ects and di�erent
nuclear targets with di�erent binding and �nal state interaction e�ects. The
present measurement will also improve signi�cantly the precision of Gn

E/Gn
M in

the several (GeV/c)2 domain. We refrain from attempting to push to higher
values of Q2 as the e�ciency of the recoil polarimetry technique is rather un-
certain for neutron momenta of several (GeV/c). However in parallel we are
setting up an experiment at Dubna to answer this technical question, with a
view to possible future extensions of the kinematic range.

0.1.1 Physics Motivation

The study of the electromagnetic form factors remains central to the progress
that is being made in understanding hadron structure. The results of [10] have
stimulated a drive to progress our understanding of nucleon structure, as evi-
denced by more than 500 citations of the original paper.

Several theoretical approaches, which are outlined in the following subsections,
have been taken to calculate the elastic form factors.
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Figure 2: Q2F2/F1 as a function of Q2. Left: proton data derived from world
double polarized measurements (red, blue) and Rosenbluth separation (green,
magenta, black) compared to the theoretical predictions of Ref.[18]. Right: the
�t of [20] to proton (blue) and neutron (green) world data. Also shown is a
�avor decomposition with u (black) and d (red).

0.1.1.1 pQCD Scaling and Scaling Violations

The Sachs form factors GE , GM are linear combinations (Eq.3,4) of the funda-
mental Dirac (F1 helicity conserving) and Pauli (F2 helicity �ip) form factors.
At su�ciently high values of Q2, F1 should scale as 1/Q4, while F2 should scale
as 1/Q6 [11] essentially on the basis of quark counting rules. After Ref.[10],
it became clear that the proton F2/F1 did not scale as 1/Q2 as evident in
Fig.2. The di�erence in apparent scaling behaviour of proton data derived from
double-polarized measurements [12, 13, 14], as opposed to Rosenbluth sepa-
ration of di�erential cross sections [15, 16, 17], is discussed in Sec.0.2. The
apparent scaling behaviour of data obtained by Rosenbluth separation is now
thought to be spurious.

A more recent pQCD calculation [18] relaxed the assumption [11] that the quarks
move collinearly with the proton. It included components in the light-cone nu-
cleon wave functions with a quark orbital angular momentum projection Lz = 1,
equivalent to relaxing hadron helicity conservation, and obtained the scaling re-
lation F2/F1 ∝ ln2(Q2/Λ2)/Q2, where Λ is a non-perturbative mass scale.

Agreement with the JLab double polarized Gp
E/Gp

M measurements is quite good
up to about 6 (GeV/c)2 (Fig.3) although newer data suggest a more gradual
fall o� with Q2. The implication of this scaling is that quark orbital angular
momentum is playing an important dynamical role in the Q2-evolution of the
proton form factors. At su�ciently high values of Q2 one still expects that
F1/F2 will scale as 1/Q2, but observation of the transition to this behaviour
is beyond the reach of current experimental facilities. Fig.2 (left) [19] displays
both proton and neutron results from JLab, along with an empirical �t to the
data [20]. These have been combined to produce equivalent distributions for u
and d quarks. Assuming negligible nucleon strange content the u, d quark form
factors may be obtained from:
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Fu
1,2(Q

2) = Fn
1,2 + 2F p

1,2 F d
1,2(Q

2) = 2Fn
1,2 + F p

1,2 (1)

emphasising the importance of having both proton and neutron data, a major
strength of the Hall-A SBS programme.

It is interesting that, although the nucleon data seem to be converging towards
scaling behaviour, there is little hint of this in the �avor-separated distributions.

0.1.1.2 Dyson-Schwinger Equation Calculations

This technique, based on the in�nite series of Dyson-Schwinger Equations (DSE)
that interrelate the Green's functions of �eld theories [21], may have the poten-
tial to provide solutions to QCD in the non-perturbative regime with arbitrarily
high accuracy. However in any practical calculation the series of DSE must be
truncated, and some Ansätze must be employed to account for the omissions.
Recent calculations explicitly describe the dynamical generation of the mass of
constituent quarks, and show excellent agreement with lattice QCD results that
necessarily assume large current-quark masses.

Using dressed quarks as the elementary degrees of freedom, the nucleon form
factors may be calculated using a Poincaré covariant Faddeev equation [22]. This
work also assumes that two of the quarks couple into a diquark. While still an
approximation, the DSE/Faddeev approach is partly based on �rst principles.
It is limited, however, in that precisely three constituent quarks are considered,
so that for instance pion-cloud e�ects cannot be investigated. However, it is
reasonable to assume the dominance of the 3-quark component of the wave
function at relatively high values of Q2.

DSE/Faddeev calculations (Fig.3) have been made for bothGp
E/Gp

M andGn
E/Gn

M .
Proton curve �uctuations appear to be �unphysical� and the curve's description
of the data is poor. The neutron calculation is consistent with the available
data.

At moderate values of Q2 high precision measurements are well suited to in-
vestigate structural e�ects such as the di-quark. However the extraction of
meaningful structure information will require ∼ 5% experimental uncertainty.
This proposal aims to make measurements of this quality.

0.1.1.3 Constituent Quark Models

Constituent Quark Models (CQM) have a long history of interpretation of the
form-factor measurements that have come out of JLab. Even before [10] a rela-
tivistic CQM [30] predicted a strong decrease of Gp

E/Gp
M with Q2. Subsequently

it was shown [31] that the decrease of GE/GM is associated with a violation
of helicity conservation, or equivalently nonzero quark orbital angular momen-
tum, and further work [26] using the so-called �light-front cloudy bag model"
reproduced much of the form-factor data over a broad range of Q2.

A limitation that is inherent to CQM calculations is that they do not respect the
chiral symmetry of the QCD Lagrangian. The �cloudy bag model� is an early
example of a bag model that restores chiral symmetry. The breaking of chiral
symmetry gives rise to the pions, so by including them, it is possible to restore

6



2 in GeV2Q
0 5 10 15

p M
/Gp E

G p
μ

-0.5

0.0

0.5

1.0

GEp(1)
GEp(2)
GEp(3)
GEp(5) E12-07-109, SBS

VMD - E. Lomon (2002)
VMD - Bijker and Iachello (2004)
RCQM - G. Miller (2002)
DSE - C. Roberts (2009)

 = 300 MeV, 2)/Q2/2(Q2 ln 1/F2F

]2  [GeV2Q

n M
/Gn E

G n
µ

0.0

0.5

1.0

RCQM - Miller (2005)
GPD - Diehl
VMD - Lomon (2006)
DSE - Cloet (2010)

 = 300 MeVΛ, 1/F2F
Our Fit

Plaster
Riordan
E12-09-016 (prop)

1 2 3 4 5 6 7 8 9 10 11 12

Figure 3: Form factor ratios Gn
E/Gn

M (right). On the top plot are shown the
published Gp

E/Gp
M JLab results [12, 13, 14] and the projected results of GEp(5)

[6]. On the bottom plot are shown previously published Gn
E/Gn

M data [9], the
results of GEn(1) [8] and the projected results of GEn(2) [6]. The theoretical
curves are as follows: VMD (blue dash) [23, 24]; VMD (green) [25]; RCQM
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Figure 4: LQCD calculation [33] of neutron Dirac F1 and Pauli F2 form factors.
The quenched approximation is shown in purple while dynamical calculations
are in pink. The purple/pink shaded areas indicate the uncertainties in the
calculation. The dashed line is derived from a �t [20] to the experimental data.

the symmetry of the theory. Inclusion of pions then leads to a pion cloud, which
in turn governs certain aspects of the the low-Q2 behavior of the form factor.
Thus precise form factor measurements in this kinematic domain have immense
potential to illuminate such fundamental structure phenomena.

With the interpretation of an appropriate model that respects both Poincaré
invariance and chiral symmetry, the importance of both quark orbital angu-
lar momentum and the pion cloud is emphasised. The light-front cloudy bag
model, is in quite good agreement (Fig.3) with the double-polarized Gp

E/Gp
M

data although the newest data suggests a slower drop with Q2. The Gn
E/Gn

M

calculation seems to rise rather faster with Q2 than the data, although the slope
suggested by the data is not entirely unambiguous.

0.1.1.4 Lattice QCD

A true ab initio approach to calculate the properties of hadrons is based on
discretizing space-time into a four-dimensional lattice with a �xed lattice spacing
and volume.

There have been several on-going calculations of form factors (e.g. [32]) using
Lattice QCD (LQCD) but typically they have been limited toQ2 . 2.5 (GeV/c)2

due to worsening computational signal-to-noise ratio. Fig. 4 displays recent
calculations [33] of neutron Dirac and Pauli form factors, which extend out to
Q2 . 6 (GeV/c)2 (in the case of the quenched approximation) and compares
them with a �t to the experimental neutron form factor data [20].

Di�erences in F1 between quenched and dynamical studies indicate systematic
error due to quenching, while F2 appears less sensitive to sea-fermion e�ects.
Due to the omission of �disconnected� diagrams Fn

1 and Gn
E have relatively large

systematic errors at moderate momentum transfer and accurate Gn
E data in the

few-(GeV/c)2 domain is certainly required to guide the LQCD e�ort. Presently
a major impediment to reaching higher Q2 is the granularity of the available
lattices, but this situation will certainly improve.

The interplay between LQCD calculations, other calculational techniques and
experiment can be very powerful. While LQCD calculations of form factors
clearly have a way to go, they are already providing serious predictions that are

8



in reasonable agreement with experiment. They can also, for instance, be com-
pared with non-lattice calculations in which the physical content of the theory
is more readily evident. When lattice calculations, non-lattice calculations, and
experiment are all found to agree, considerable insight can be gained.

0.1.1.5 Generalized Parton Distributions

Generalized Parton Distributions (GPD) [34, 35] describe correlations between
spatial and momentum degrees of freedom and permit the construction of vari-
ous types of �3-D images" of the nucleon. An example of a particularly powerful
result to come out of GPDs is the �Ji Sum Rule" which relates the total an-
gular momentum of the quarks to sums over some of the GPDs. The Ji Sum
Rule provides an important key to understanding the origin of the spin of the
nucleon.

Knowledge of the nucleon elastic form factors is critical to the experimental
determination of GPDs since their �rst moments are related to the elastic form
factors through model independent sum rules:

+1�

−1

dxHq(x, ξ, Q2) = F q
1 (Q2)

+1�

−1

dxEq(x, ξ, Q2) = F q
2 (Q2) (2)

These relations are currently some of the most important constraints on the
forms of the GPD's and, since it is extremely unlikely that the GPDs will
be mapped out exhaustively in the near future, constraints such as those in
Eq.2 will be critical to their practical determination. Already the constraints
from Eq.2 have played an important role in the �rst estimates of nucleon quark
angular momentum using the Ji Sum Rule and constraining GPDs is in itself an
excellent reason to experimentally determine the nucleon elastic form factors.

A GPD based derivation of Gn
E/Gn

M is compared to the data in Fig.3. It is
apparently consistent with the data, although the data are somewhat ambiguous
around 1.5 (GeV/c)2

0.1.1.6 Quark Orbital Angular Momentum

A common thread in virtually all of the theoretical explanations of the Q2-
dependence of Gp

E/Gp
M is the role of quark orbital angular momentum (qOAM)

in the internal dynamics. Evidence for qOAM also comes from other sources.

The DIS spin asymmetry An
1 for the neutron [36] has been measured at high

values of Bjorken x and compared with both relativistic CQM and pQCD predic-
tions. The measured value of An

1 was in disagreement with the pQCD prediction,
which assumed hadron helicity conservation, but in reasonable agreement with
the CQM calculations where qOAM has dynamical importance.

Single-spin (target) asymmetries in Semi Inclusive DIS (SIDIS) have been mea-
sured at HERMES [37], COMPASS [38] and recently at JLab [39, 40]. The
interpretation of thes asymmetries in terms of the Sivers mechanism is helping
to illuminate the dynamical role for qOAM. From SPIN RHIC [41] the contri-
bution of gluon spin ∆G to the nucleon spin is small, although the constraints
on ∆G are not particurly stringent. The main message coming from all of this
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work is that we have a poor understanding of the spin of the nucleon. Polarized
DIS results suggest that only 20-30% of the composite spin is due to the spin
of the quarks and it is certainly possible that some of the remaining spin is
due to qOAM. As such, polarized SIDIS measurements will continue to be an
important part of the Hall-A experimental programme post upgrade.

0.1.1.7 The Form Factors as a Hadronic Model Testing Ground

Fig.3, shows existing data for Gp
E/Gp

M and Gn
E/Gn

M , the projected errors for
approved new experiments, and the results of several theoretical calculations,
outlined in the previous subsection. The approved experiments associated with
the SBS experiment are E12-07-109 (also known as GEp(5)), and E12-09-016
(also known as GEn(2)), which will measure Gp

E/Gp
M and Gn

E/Gn
M respectively.

Fig.3, makes it clear that the only way to achieve clarity in discriminating
between theoretical explanations of the Gp

E/Gp
M data is to measure the form

factors with high precision to high values of Q2 for both the proton and the
neutron. For example three of the predictions shown, the relativistic constituent
quark model [31, 26], the DSE/Faddeev calculation [22] and the re�ned pQCD
calculation [18], all show Gp

E/Gp
M crossing zero somewhere in the neighborhood

of 10 (GeV/c)2. In contrast, the two Vector Meson Dominance (VMD) models
show Gp

E/Gp
M approaching zero much more gradually [23, 24, 25].

Looking at the neutron, even by∼ 4 (GeV/c)2 the RCQM, pQCD and DSE/Faddeev
calculations all di�er markedly from one another. In the years following the dis-
covery of [10] it is not surprising that models have evolved to explain the existing
proton data. It is also not surprising that these models diverge strongly where
there is little or no data to constrain the calculations. This applies at higher
Q2 for the proton and down to moderate Q2 for the neutron. In general, higher
values of Q2 also o�er some theoretical simpli�cations that are not valid in a
softer regime. For instance, the role of vector mesons is suppressed at higher
Q2, as are higher Fock states in some of the phenomenological models, so that
there are generally fewer places to hide de�ciencies in a model.

The data for Gp
E/Gp

M are linear up to ∼ 6 (GeV/c)2, but the results from
GEp(3) [14], up to values ∼ 8.6 (GeV/c)2, suggest a �attening of the gradient of
Gp

E/Gp
M . By going to 14.5 (GeV/c)2 the trend of Gp

E/Gp
M should become clear,

but only if the data have su�cient precision. The projected errors for GEp(5),
which is based on SBS, present a challenge to theory out to 14.5 (GeV/c)2,
since the SBS approach provides a factor of 10 improvement in the polarimeter
Figure-of-Merit. Eventually (from pQCD) Gp

E/Gp
M should level o� and become

constant. Evidence of a transition to this behavior would provide valuable
insight and it is important to have an experiments capable of achieving high
precision at high Q2.

With respect to the neutron, the measurement ofGn
E/Gn

M out toQ2 = 10 (GeV/c)2

has tremendous potential to assess various nucleon structure models. How-
ever the various predictions for the neutron all start to diverge strongly above
3 (GeV/c)2 and further high-precision measurements in this region, using a dif-
ferent experimental technique, are required to con�rm the GEn(1) results [8] and
the previous Hall-C recoil polarimetry results [9]. Where the two data sets meet
around 1.5 (GeV/c)2 there is an interesting possible discrepency, although the
statistical signi�cance is marginal. This emphasises the need for high-precision,
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Figure 5: Q2 dependence of separated d quark ratio κ−1
d F d

2 /F d
1 .

accurate neutron data in providing unambiguous guidance to theory. Measure-
ment to high Q2 is vital, but it is no less important to have top-quality data at
moderate Q2. Theoretical divergence is less pronounced in this region, but it is
possible to achieve much better precision at moderate Q2 and achieve low sys-
temic uncertainties in a 2H(~e, e

′
~n) measurement. Moderate Q2 is also optimum

to illuminate longer-range structure e�ects.

Fig.5 displays the separated d quark ratio F d
2 /F d

1 which requires both proton
and neutron data. It is evident that the current level of experimental precision
needs to be improved to provide unambiguous theoretical guidance.

0.2 Observables and Previous Experiments to Ac-

cess the Form Factors

The present experiment will be part of a programme in Hall-A to measure the
4 nucleon Sachs form factors to multi-(GeV/c)2 values of Q2. With su�cient
precision and accuracy, these will provide a severe challenge to existing, QCD-
inspired models of the nucleon and eventually to LQCD calculations.

The most general form for a relativistically covariant hadronic current for a
spin-1/2 nucleon which satis�es current conservation is

Jµ
hadronic = eN̄

¯
(p′)

[
γµF1(Q2) +

iσµνqν

2M
F2(Q2)

]
(3)

where N̄(p′) is the nucleon Dirac spinor for the �nal momentum p′, and F1(Q2)
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and F2(Q2) are the Dirac (helicity conserving) and Pauli (helicity �ip) form
factors. It is often convenient to express cross sections and other measurable
quantities in terms of the Sachs electric and magnetic form factors which are
linear combinations of F1 and F2.

GE = F1 − τF2 GM = F1 + F2 (4)

where τ = Q2/4M2
N . A brief review of experimental techniques to access the

form factors is presented below.

0.2.1 Rosenbluth Separation

The electric (GE) and magnetic (GM ) form factors represent, in the Breit frame,
the Fourier transforms of the distributions of charge and magnetic moment re-
spectively of the nucleon constituents. As measured in elastic electron scatter-
ing, they are functions of Q2, the squared four-momentum transfer, and may
be extracted from the di�erential cross section, which can be cast in the form:

σ(θ) = σM (θ)
{[

G2
E(Q2) + τG2

M (Q2)
1 + τ

]
+ 2τG2

M (Q2) tan2 θe

2

}
(5)

σM =
α2 cos θe

2

4E2
e sin4 θe

2

.
E

′

e

Ee

where σM is the Mott cross section (with recoil correction) for scattering from a
point object, θe is the electron scattering angle and τ = Q2/4MN . The Rosen-
bluth technique to separate electric and magnetic components entails measure-
ment at di�erent combinations of electron beam energies and scattering angle,
such that Q2 is held constant. After Hofstadter performed pioneering measure-
ments in the 1950's [1], the precision improved and kinematic range extended.
In the case of the proton, for relatively low momentum transfer, Rosenbluth
separation seems to work reasonably well. However for Gn

E and Gp
E at high Q2,

where GE � GM , it is extremely di�cult to determine GE with any reasonable
degree of precision or accuracy. Rosenbluth is a demanding technique requiring
extreme care in accounting for changes in detector acceptance, among other
things.

Another more subtle issue has emerged in recent years. The validity of Eq.5
depends on the one-photon-exchange or Born approximation. It has now been
established that two-photon contributions to the cross section at higher values
of Q2 are su�ciently large that the separation of the form factors has been
severely compromised. This makes the determination of electric form factors
by alternative techniques vital. The di�erence between Gp

E/Gp
M measurements

taken using a double-polarized technique or Rosenbluth separation is illustrated
in Fig.0.1.1.1.

0.2.2 Double polarized measurements

The double polarization method for the measurement of the GE was originally
proposed [42] to improve the experimental sensitivity to the spin-�ip form factor
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F2 at large momentum transfer, and subsequent work [43] developed the for-
malism. However the experimental realization of these techniques had to wait
for high-intensity, high-duty-factor accelerators, capable of delivering polarized
electron beams. A number of form-factor measurements have been performed in
recent years, using two versions of the double-polarization method: either with
polarized nucleon targets, or with a polarimeter to measure the polarization
transfer to the recoiling nucleon. The technique of choice depends on the com-
parison of achievable luminosity, detector e�ciency, detector acceptance and
the experimental asymmetry, which in turn depends on the target polarization
or polarimeter analysing power. In the case of the neutron there is no free tar-
get and quasi-elastic scattering from the neutron embedded in 2H or 3He o�ers
the nearest practical approximation to the free case. Bound-nucleon and �nal-
state-interacion e�ects have to be accounted for and comparison of data from
di�erent targets is a vital check on the corrections. Neutron measurements are
inherently more challenging than their proton equivalents, as demonstrated by
their more restricted kinematic range Gn

E/Gn
M : Q2 ≤ 3.5 (GeV/c)2 as opposed

to Gp
E/Gp

M : Q ≤ 8.5 (GeV/c)2 . Even at Q2 ∼ 4 (GeV/c)2 a precise value of
Gn

E/Gn
M has extremely high selectivity of the quite diverse predictions of var-

ious theoretical models, but it is vital to have reliable, independently veri�ed
neutron results.

Whether working with a polarized target or a recoil polarimeter, the ability
separate GE from the much larger GM and the relative freedom from two-
photon exchange e�ects make double-polarization asymmetry measurements the
techniques of choice for measuring Gn

E .

0.2.2.1 Polarized Beam and Polarized Target

The asymmetry may be expressed as

A = A⊥ sin θ cos φ + A‖ cos θ =
a.GE/GM sin θ cos φ

(GE/GM )2 + c
+

b. cos θ

(GE/GM )2 + c
(6)

where a = −2
√

τ(1 + τ) tan(θe/2), b = 2
√

τ
[
1 + (1 + τ) tan2(θe/2)

]
,

c = τ
[
1 + 2(1 + τ) sin tan2(θe/2)

]
, φ′ is the angle between the nucleon and

electron scattering planes and θ′ is the angle the the nucleon polarization makes
with ~q. Where φ′ ∼ 0,180 and θ′ ∼ 90, A ∝ GE/GM .

The projected errors for the new GEn(2) experiment (Fig.3) are roughly 20% for
data points on the often cited Galster parameterization. The three GEn(1) data
points, currently the highest-value Q2 points in existance, have uncertainties
∼ 15%. While it is clear that, in terms of precision, polarized target experiments
are better at Q2 ∼ 10 (GeV/c)2, we are con�dent that recoil polarimetry is
highly competitive at Q2 . 4 (GeV/c)2.

0.2.2.2 Polarized Beam and Recoil Polarimetry

In the case of a free nucleon the polarization transferred from the electron to
the nucleon can be written as:
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Px = −hPe

2
√

τ(1 + τ) tan θe

2 GEGM

G2
E + τG2

M (1 + 2(1 + τ) tan2 θe

2

(7)

Py = 0 (8)

Pz = hPe

2τ
√

1 + τ + (1 + τ)2 tan2 θe

2 tan θe

2 G2
M

G2
E + τG2

M (1 + 2(1 + τ) tan2 θe

2 )
(9)

Px

Pz
=

1√
τ + τ(1 + τ) tan2 θe

2

.
GE

GM
(10)

where h and Pe are the helicity and polarization respectively of the electron
beam. Thus the ratio Px/Pz ∝ GE/Gm and GM may be obtained from the
di�erential cross section (Eq.5). In the case of the neutron, a free-nucleon target
is not feasible and here one must use quasi-elastic scattering from the neutron
embedded in a nucleus. The deuteron is an obvious choice as the p−n system is
bound weakly, so that quasi-free scattering is a reasonable approximation to the
free case at incident momenta greater than ∼1 GeV. In addition, the handling
of interactions of the p − n �nal state is considerably simpler than in the case
of p− p− n from a 3He target.
Eq.10 requires the measurement of the longitudinal component of the neutron
polarization and this must be precessed into the transverse plane. The angle of
precession through a magnetic �eld may be expressed as

χ =
2µn

~c

1
βn

�

L

B.dl (11)

where L(x, y, z) is the path through the �eld, B = (Bx, By, Bz) is the �ux
density, µn is the neutron magnetic moment and βn is the neutron velocity.
With a horizontal �eld (Bx, 0, 0) the spin will precess in the y − z plane (See
Sec.0.2.3).

0.2.3 Nucleon Polarimetry

Nucleon polarimetry depends on the spin-orbit interaction of an incident nucleon
with a target nucleon or nucleus, which produces an azimuthal modulation of
the scattering process:

σ(θ
′

n, φ
′

n) = σ(θ
′

n)
[
1 + Aeff

y (θ
′

n)
{

Pn
x sinφ

′

n + Pn
y cos φ

′

n

}]
(12)

where σ(θ
′

n) is the unpolarized di�erential cross section, Aeff
y (θ

′

n) is the e�ective
analyzing power of the scattering process and Pn

x , Pn
y are respectively the hori-

zontal and vertical components of the incident nucleon polarization. Scattering
angles are de�ned in Fig.6. Note that there is no dependence on the longitudinal
component Pn

z . A schematic representation of a typical polarimeter geometry is
given in Fig.6. The e�ectiveness of any polarimeter will depend on its detection
e�ciency and the analyzing power, which can be parametrized as a �gure of
merit F given by:
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Figure 6: Schematic view of a typical neutron polarimeter. In this proposal
incident neutrons would be directed along axis znpol.

F2(pn) =
�

ε(pn, θ
′

n) A2
y(pn, θ

′

n)dθn (13)

where ε(pn, θ
′

n) is the detection e�ciency which depends on the cross section
for the scattering process, the thickness of the polarimeter material and the
useful angular range covered. Obviously one would restrict the angular range to
that where Ay is large. The thickness is usually limited in practice by multiple
scattering considerations. If F is known then the precision of the obtained
incident polarization may be estimated as:

∆P =
√

2
NincF2

(14)

where Ninc is the number of incident particles. Note that the split rear wall
depicted in Fig.6 is not a general polarimeter feature. If one wishes to un-
tangle Px and Py polarization components and maximize acceptance then full
azimuthal coverage is preferable. In the present project the rear detector will be
a segmented hadron calorimeter similar to that designed in Dubna [44] for the
COMPASS experiment at CERN. With this detector we will have full azimuthal
coverage up to polar angles of ∼ 10◦, which will contain most of the forward
peaked scattering. Thresholds can be set high to suppress soft background so
that the device can operate comfortably while open to the target.
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Figure 7: Nucleon scattering analyzing powers. Left neutron measurements
from [51]. Right proton measurements from [50, 6, 49].

0.2.3.1 Neutron Analysing Power at Several GeV/c

In comparison to the proton, neutron scattering analysing powers are rather
poorly known. Elastic n-p scattering has been measured up to 6 GeV [45] and
both this and p-p has been parametrised [46]. Quasi-elastic p-n scattering has
also been measured at SATURNE [47] up to around 2.4 GeV and this data
has been included in the SAID partial wave analysis [48] of nucleon-nucleon
scattering data. SAID has no information on quasi-free n-n scattering and the
�ts to n-p are unlikely to be reliable in the several-GeV domain.

For protons free p-p scattering [49] has a factor ∼ 2 greater analysing power than
scattering from 12C or CH2 , as shown in Fig.7 which demonstrates the highly
linear behaviour [50] of the maximum analysing power Amax

y (dependent on
scattering angle) as a function of 1/pp. Ref. [50] has parametrised measurements
of the p-p analysing power of CH2 at several GeV and these data have been used
in the design of the Gp

E/Gp
M experiments at JLab. A useful �rule of thumb� to

emerge from this work is that Amax
y occurs at P⊥ = pp sin θp ∼ 0.3 GeV/c

Measurements of quasi-free n-n and n-p scattering from plastic scintillator have
been made at pn = 632 GeV/c [51] and the main results are plotted in Fig.7.
The angular distributions are not inconsistent with the idea that Amax

y occurs
at P⊥ = pn sin θn ∼ 0.3 GeV/c.

It is clear that neutron analysing powers are poorly known at momenta of several
GeV/c and that a quantitative estimate of the beam time required to achieve a
given precision in neutron recoil polarimetry needs data. The means to achieve
this is discussed in Sec.0.3.4.

0.2.4 Previous Form Factor Measurements and Proposals

0.2.4.1 Unpolarized

Recently a new Rosenbluth measurement of the proton form factors [17] at Q2

values of 2.64, 3.20 and 4.10 (GeV/c)2 has been made in Hall-A. Di�erential
cross sections were determined by detecting the recoiling proton, in contrast to
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previous measurements where the scattered electron was detected, and relative
cross sections were claimed to better than 1%. The measurement focussed on
the extraction of Gp

E/Gp
M which was determined to 4-8% and found to follow

form factor scaling, i.e. µGE ∼ GM . These results (Fig.2) are consistent
with, and much more precise than, previous Rosenbluth extractions. They
are in de�nite disagreement with recent polarization transfer measurements of
comparable precision, which may be attributed to the relative sensitivity of
Rosenbluth separation to two-photon-exchange e�ects.

0.2.4.2 Polarized Target

Vector Polarized 2H has the neutron and proton spins aligned in parallel and
measurements with such a polarized neutron-proton target have been made at
Q2 = 0.21 [52] and 0.495 (GeV/c2) [53]. Corrections for various e�ects amounted
to ∼ 13% in [53], compared to ∼ 8% for a recoil polarimetry experiment [54] at
slightly lower Q2.

Polarized 3He has the advantage that ∼ 90% of the nuclear polarization is car-
ried by the neutron. At Mainz, polarized 3He target measurements have taken
place at Q2 = 0.385 (GeV/c)2 [55] and 0.385 (GeV/c)2 [56], Subsequent mea-
surements at 1.5 (GeV/c)2 are not yet �nalised. In the GEn(1) experiment at
JLab [8] the high beam energy, high performance 3He target and large accep-
tance detectors has enabled the Q2 range to be stretched up to 3.4 (GeV/c)2.
The e�ective �gure of merit of GEn(1) represents more than an order-of-magnitude
increase over previous experiments to measure Gn

E/Gn
M and already the results

are providing valuable insight regarding the scaling of the form factors. In
Ref.[18] the proton results were explained quite well by a logarithmic scaling
brought about by the introduction of non-zero quark orbital angular momen-
tum. Application of this scaling to the neutron data is shown in the bottom
plot of Fig.3 as a black dot-dash line, and it is clearly well above the data points
from GEn(1). The prediction of the �light front cloudy bag model" of Miller
[26], which anticipated the scaling results of Gp

E/Gp
M , also appears to overesti-

mate the slope of Gn
E/Gn

M with Q2. It is clear is that much can be learned by
extending neutron measurements to yet higher values of Q2 and Hall-A exper-
iment E12-09-016 [4], which will extend to 10 (GeV/c)2, has been awarded 50
days of beam time.

0.2.4.3 Recoil Polarimetry

There have been several experiments to measure Gn
E/Gn

M by recoil polarime-
try. Proof-of-principle measurements at MIT-Bates [57] were followed by more
quantitative measurements at Mainz, �rstly within collaboration A3 [54, 58]
and subsequently within collaboration A1 [59]. While the Mainz programme
was still in progress, experiments at JLab started to come online, and Hall-C
measurements of Gn

E/Gn
M have been published at Q2 of 0.5 and 1.0 (GeV/c)2[60]

and 1.45 (GeV/c)2 [9]. The beam energy at JLab is signi�cantly higher than
Mainz (currently 6.0 GeV, as opposed to 1.6 GeV and in 2013 a high intensity
11 GeV beam will become available at JLab. The higher beam energy is ob-
viously important to achieve the high Q2 Gp

E/Gp
M data points of GEp(5), but
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for Gn
E/Gn

M measurements at somewhat lower Q2, a lower beam energy gives
superior kinematic conditions.

At JLab, experiment PR-09-006 using the 2H(~e, e
′
~n) reaction has been proposed

[61] for Hall-C up to Q2 = 7 (GeV/c)2, although beam time has not yet been
awarded . The practice and interpretation of all Gn

E/Gn
M measurements is very

challenging and independent veri�cation of data should be mandatory. Thus we
believe that a new 2H(~e, e

′
~n) experiment is necessary and timely. In our opinion

the present proposal has several advantages over PR-09-006 which are discussed
in Sec.0.2.5.1.

The Gn
E/Gn

M measurement by recoil polarimetry would be a component of the
Hall-A programme to measure all 4 nucleon form factors to high precision,
over a broad range of Q2. The equivalent measurements of Gp

E/Gp
M by recoil

polarimetry [6] rely heavily on proton analysing power measurements at Dubna
[62] to quantify the �gure of merit of the polarimeter (Eq.13). We plan an
analagous neutron measurement [63] to support the present and possibly future
proposals.

0.2.5 New Elastic Form Factor Measurements at JLab.

Measurement of the nucleon elastic form factors will be a major theme in Hall-A
with the upgraded CEBAF accelerator. The SBS project has three approved
measurements: one on Gp

E/Gp
M [6], one on Gn

E/Gn
M [4], and on Gn

M/Gp
M [5] by

the cross section ratio method. These three measurements, together with a very
precise measurement of Gp

M [7] in Hall A using the HRS Spectrometers (not part
of the SBS Program), will collectively determine all four nucleon form factors
with unprecedented reach in Q2 and accuracy. The �gures of merit provided
by the various SBS con�gurations represent an improvement of between 10 and
50 over all past and proposed experiments. Thus the achievable precision made
possible by the SBS apparatus is second to none, and will provide a challenge
to theory for many years to come. We brie�y describe our experimental plan
for each of the three proposed measurements.

1. Gp
E/Gp

M up to 14.5 (GeV/c)2 using Recoil Polarization.
Experiment E12-07-109 or GEp(5), will measure the ratio Gp

E/Gp
M at

Q2 = 5, 10, 14.5 (GeV/c)2, close to doubling the maximum Q2-value of
GEp(3) while maintaining a relative uncertainty of ∼0.1 (Fig.3). The
GEp(5) experiment will use the 11 GeV polarized electron beam, a 40 cm
long liquid hydrogen target, and a customised detector system. An electro-
magnetic calorimeter, �BigCal�, will detect the elastically scattered elec-
trons. SBS, equipped with a double polarimeter, will be used for the
detection of the recoiling proton.

2. Precision Measurement of the Neutron Magnetic Form Factor up to
Q2 = 13.5 (GeV/c)2.
The combination of precision measurements of Gp

M and Gn
M will permit

the reconstruction of the individual u and d quark distributions with an
impact-parameter resolution of 0.05 fm. These data are needed both to
determine the u − d di�erence and to study the QCD mechanisms which
govern these distributions. Eventually it is hoped to reach as high as
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Q2 ≤ 18 (GeV/c)2 in Hall-A [5], which will match the kinematic reach of
the Gp

M experiment [7]. The magnetic form factor of the neutron has
been measured accurately up to 4.5 (GeV/c)2 [64], but the existing data
for higher Q2 [65] have uncertainties of about 10-20%. In E09-019 [5] Gn

M

will be obtained from the cross-section ratio of 2H(e, e′n) and 2H(e, e′p)
quasi-free scattering from the deuteron. This ratio method has also been
proposed using CLAS12 [66], which can measure on a �ne grid of Q2

points. However the SBS measurement can be made at much higher
luminosity and can achieve superior precision at high Q2. The HCAL
calorimeter for the SBS measurement o�ers very similar proton and neu-
tron detection e�ciencies which are close to 100%. This largely eliminates
a potential major source of systematic uncertainty in the ratio method.

3. Gn
E/Gn

M up to Q2 = 10 (GeV/c)2.
Experiment E12-09-016 [4] (GEn(2)), will measure the double-spin asym-

metry in quasi-elastic
−−→
3He(−→e , e′n)pp using a new highly-polarized 3He

target, capable of withstanding beam currents as high as 65 µA. The
scattered electron will be detected in BigBite which was also used suc-
cessfully during GEn(1). The BigBite detector stack will be upgraded
to include a GEM tracking system and the recoiling neutron will be de-
tected using a large segmented hadron calorimeter HCAL. HCAL will also
be used in E12-07-109 and E12-09-019. For E12-09-016 the SBS dipole
magnet will be located between the target and the neutron detector, to
facilitate the separation of charged and neutral quasi-elastic events. The
physics impact of GEn(2) is illustrated in Fig.3, which shows both ex-
isting and projected data. Measurements are proposed at Q2 = 1.5, 3.7,
6.8, 10.2 (GeV/c)2 which can be compared to the current highest GEn(1)
point at Q2 = 3.4 (GeV/c)2. However, given that neutron measurements
are extremely challenging, it is vital to have independent con�rmation of
the polarized target results. There is a hint (Fig.3: bottom plot) that
recoil-polarimetry and polarized-target Gn

E/Gn
M measurements may not

be entirely consistent at Q2 ∼ 1.5 (GeV/c)2. The present proposal to
measure the range 1.5 � 4.0 (GeV/c)2 to high accuracy and precision has
the potential to settle any possible ambiguities in the current data set.

0.2.5.1 Comparison of the Present Proposal to Hall-C Proposal PR-
09-006

A measurement of Gn
E/Gn

M by recoil polarimetry has been proposed [61] for
Hall-C using the Super High Momentum Spectrometer (SHMS) and a custom
built polarimeter. We believe that the apparatus described in this proposal
o�ers many advantages:

• Compared to the SHMS, BigBite o�ers greatly increased angular accep-
tance on the electron and hadron arms. BigBite and the neutron-arm
acceptance are well matched. The large acceptance is vital to achieve
good counting statistics in a reasonable time.

• The present polarimeter will have superior detection e�ciency to the Hall-
C polarimeter through use of a high e�ciency analyzer and a hadron
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calorimeter (HCAL) to detect the neutron-scattering asimuthal distribu-
tion.

• At large neutron momentum the scattering angles in the polarimeter for
optimum analysing power are small so that the polarimeter needs to have
full forward angle coverage. HCAL has almost full azimuthal coverage up
to θ

′

n ∼ 10◦ and and also has good position resolution. It can function
comfortably in full view of the target as background can be suppressed
very e�ectively without loosing much e�ciency.

• The elements of the neutron-scattering analyser array are aligned with
their long axes parallel to the incident particles. This provides good angu-
lar resolution and each element presents a smaller area to the target. The
timing resolution remains good for the parallel aligned bars and the array
covers the full angle range de�ned by the SBS dipole aperture. Present es-
timates indicate that the analyzer will function e�ectively with relatively
minimal lead shielding up to 50 mm thick. In PR-09-006 the proposed
polarimeter shielding is 150 mm.

• The present proposal is made in conjunction with a proposal to measure
neutron analyzing powers at the Nuclotron accelerator in Dubna. This
measurement is an integral part of the present project which will remove
much of the uncertainty in estimating �gures of merit for neutron po-
larimetry.

• In the present proposal neutron spin components Px and Pz are deter-
mined simultaneously at a single magnitude of the neutron spin preces-
sion �eld. In PR-09-006, which uses a vertical (as opposed to the present
horizontal) �eld direction, Pz is rotated by varying amounts into the x
direction by varying the magnetic �eld. This will change the background
levels in the polarimeter and hence the potential systematics of the asym-
metry due to changes of the running conditions.

• In PR-09-006 Pz is mixed with Px by variable amounts, by varying the
�eld and hence the precession angle. This angle must be known to high
accuracy to avoid signi�cant systematic distortions, which may be di�cult
in practise at an integrated �eld strength of ∼4.5 Tm where the dipole �eld
will be highly saturated. Mixing of Px and Pz will also occur in the present
apparatus (Sec.0.3.2.4), but in this case due to fringe �elds and di�erent
paths through the the dipole. Assuming that the �eld characteristics are
well determined this can in principle be corrected with good accuracy.

• The present experiment will use 50 mm of Pb shielding before the po-
larimeter, as opposed to 150 mm employed in PR-09-006, so that p − n
interactions in the Pb will present less of a potential source of asymmetry
dilution. The use of di�erent targets (1H, 3He and 12C in addition to 2H)
in the present experiment will provide di�erent relative incident proton
�uxes to facilitate evaluation of this e�ect.

Other aspects of the present apparatus, while not superior to PR-09-006, are
more than adequate for the present experiment and present no signi�cant com-
promising of performance.
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Figure 8: Plan view of experiment Q2 = 1.5 (GeV/c)2

• BigBite, with a ∼ 1 mr angular resolution and a momentum resolution
of ∼ 0.5%, is well suited to the quasi-elastic scattering process, where
little is gained by having very high resolution. The GEM high-resolution
tracking system will remove limitations on BigBite luminosity, imposed
by the previous MWDC trackers.

• The SBS dipole, with a maximum integrated �eld strength of ∼2 Tm
induces a spin precession angle χ > 70◦, so that after precession Py &
0.94Pz, where Pz is the original longitudinal component. The magnetic
�eld also gives very clean separation of neutrons and protons and sweeps
all particles of momentum < 750 GeV/c out of the polarimeter acceptance.

Detail of the present apparatus can be found in Sec.0.3.

0.3 Experimental Method

The polarization transfer method requires a large number of counts because of
the relatively low analyzing power of the polarimeter. Going to high momen-
tum transfer, where the e�ective elastic scattering rate scales approximately as
E2

beam/Q16, requires high luminosity, large acceptance and a high rate capability
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in the detection system. A plan view of the detector apparatus is displayed in
Fig.8.

We propose to perform the measurement in Hall-A of Je�erson Laboratory, using
the CW, polarized electron beam from the CEBAF accelerator. This will have
a maximum energy of 11 GeV and maximum current of 80 µA. The present
experiment will not require 11 GeV and we have chosen the beam energies
(Table 1) to be at integral factors of a 1.1 GeV energy gain per pass (1/2 of the
maximum 2.2 GeV available) through the accelerator. Beam polarizations in
excess of 80% have been achieved routinely during 6 GeV operation of CEBAF
and 80% is assumed for estimates of precision in measuring form factor ratios.

The electrons will be incident on a 10 cm long liquid deuterium (LD2) target
with 100 µm Al entrance and exit windows, giving ∼ 0.054 g/cm2 of material,
compared to ∼ 1.69 g/cm2 for the LD2. A liquid hydrogen (LH2) target will
also be used for calibrations. A 40 µA electron beam incident on a 10 cm LD2

target produces a neutron luminosity of ∼ 1.26× 1038 cm−2s−1.

Scattered electrons are detected in the BigBite spectrometer, which will recon-
struct the momentum, direction and reaction vertex. The neutron arm will be a
polarimeter which consists of a plastic scintillator analyser block, equipped with
charged-particle veto tiles, followed by GEM trackers and the hadron calorime-
ter HCAL. The polarimeter will provide position and time-of-�ight information
on the recoiling nucleon as well as scattering asymmetries. Neutron spin pre-
cession will be performed by the �48D48� dipole which is the basis of the SBS
charged-particle spectrometer. The experimental components are described in
more detail in the following subsections.

0.3.1 The e' Detector BigBite

BigBite (Fig.9) is a large-acceptance, non-focusing magnetic spectrometer which,
when positioned with the entrance apperture of the dipole 1.55 m from the tar-
get center, subtends a solid angle of ∼ 75 msr. Fig. 9 shows BigBite equipped
with lead glass pre-shower and shower counters to provide a trigger which is
insensitive to low energy background. In conjunction with a gas Cherenkov,
these counters distinguish electrons cleanly from π−. Tracking is performed
by two 400× 1500 mm Gas Electron Multiplier (GEM) chambers at the front,
followed, after a �ight path of ∼ 650 mm, by a two 500× 2000 mm GEM cham-
bers. The GEM trackers supercede the MWDC, used in pre-upgrade experi-
ments, and o�er increased counting rate capability so that higher luminosities
may be achieved. At CERN they have proved capable [67] of operating at in-
cident �uxes of 2.5 MHz/cm2. They will be assembled from the 400× 500 mm
modules which are being constructed for the SBS programme of experiments.
The GEM will have a position resolution σr ∼ 70 µm (60 µm has been obtained
from prototype tests) and the two groups of trackers are separated by around
0.65_m. The angular resolution may estimated from

δθ =

√(
σr

ztr

)2

+
(

13.6
βcpe

√
x

X0

[
1 + 0.038 ln

(
x

X0

)])2

(15)

where pe is the electron momentum in MeV/c and x/X0 is the thickness of
intervening material in radiation lengths. This translates to an angular reso-
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lution of σ ∼ 1 mr in both dispersive and non-dispersive directions. For the
relatively small de�ection obtained with an integrated �eld strength of 1.2 Tm
and electrons of 1�2.5 GeV/c, the angle of de�ection is given by:

pe ≈
e
�

B.dl

θ
(16)

The momentum resolution of δp/p ∼ 0.5% will be entirely adequate for the
present experiment (Sec.0.4.3). The z-vertex resolution at the target is around
4 mm. It is extremely important to have an accurate knowledge of the vertex and
four-momentum of the virtual photon. At each kinematic setting the BigBite
optics and vertex reconstruction will be calibrated using a sieve slit and multi-
carbon-foil target. Momentum will be calibrated using elastic ep scattering from
a LH2 target.

Timing from BigBite is provided by the array of trigger scintillators. For high
luminosity operation a new, �ner granularity, hodoscope will be provided. This
will consist of 90 plastic scintillator elements, each 25 × 25 × 600 mm. The
intrinsic timing resolution of this device should be around 0.5 ns FWHM.

O�ine charged particle identi�cation is aided by the threshold gas Cherenkov.
Light is collected by a combination of spherical, plane and conical mirrors and
re�ected on to a set of 20 PMT's. These are arranged symmetrically to the left
and right of the central trajectory through the spectrometer.

The Pb-glass pre-shower - shower trigger detector is quite insensitive to charged
pions but does not discriminate electrons from π0 decay photons.

If it becomes necessary to reduce BigBite trigger rates, we plan to use a �pixel
fast readout� GEM chamber where the readout board is arranged in 50× 50 mm
pads. It is possible to read a fast signal directly from each pad which has
dimensions suitable for trigger coincidences with the Pb-glass counters. BigBite
rates are discussed in Sec.0.4.2.

23



0.3.2 The Neutron Polarimeter

The neutron polarimeter (Fig. 8) consists of four main components:

1. An array of plastic scintillator blocks aligned with their long axes parallel
to the direction of the recoiling neutrons. This acts as an active polari-
sation analyser through the azimuthal modulation of the neutron-nucleus
scattering angle.

2. An array of plastic scintillator veto tiles, sited directly in front of the
analyzer provide charged particle identi�cation.

3. A GEM based tracker for charged particles produced in the analyzer before
detection in HCAL. This will be built from the 40× 50 cm GEM modules
which are being constructed for the SBS project

4. A hadron calorimeter HCAL, which is optimised to detect nucleons with
momenta of 1.5 - 10 GeV/c with high e�ciency. This segmented calorime-
ter, together with the segmented analyser array (and the GEM tracker
for charge-exchange scattering), determines the scattering angle of the
neutron used to analyse the spin polarisation of the recoiling neutron.

A small-scale version of the device proposed here (Fig.14) is currently being as-
sembled for neutron analysing power measurements at the Nuclotron accelerator
at JINR in Dubna. This project is summarized in Sec.0.3.4.

0.3.2.1 The Plastic Scintillator Analyser Array and Veto Detector

The analyzer consists of a 18×48 array of 40×40×250 mm bars of EJ-200 plastic
scintillator [68], aligned with their long axes parallel to the incident neutrons.
Each bar will be read out by a 28 mm ETL 9125 Photomultiplier (PMT) of
the type used originally in the DIRC detector of BABAR [69]. The original
voltage dividers, designed for a few-photon detection situation, are not suitable
for the present analyser array and an alternative design suitable for high-rate
scintillation counting will be implemented for the present experiment. PMT's
are attached on the downstream side of the detector modules. Neutrons will
interact all along the 25 cm length of the analyser bars giving an uncertainty
in �ight path and hence time of �ight. This is partially compensated by the
transit time of scintillation light (ηscint ∼ 1.5, β ∼ 2/3 ) to the PMT photo
cathode, and taking both analyser length and target length into consideration
the �ight time uncertainty is ∼ 0.4 ns for 1.5�3 GeV/c nucleons. The ETL 9125
has a linear focused dynode structure which minimises time uncertainies in the
electron transport. If one estimates the intrinsic timing resolution of the PMT
for scintillation counting to be ∼ 0.75 ns FWHM (the resolution quoted in [69]
is 3.5 ns FWHM for single-photon counting) then the overall timing resolution
would be ∼ 0.9 ns FWHM.

A �nely segmented analyser is obviously desirable in terms of its position resolu-
tion (see Sec.0.4.1.1) and counting rate. The 40× 40 mm cross section represents
a reasonable compromise in terms of cost and compatibility with the available
PMT's. A simulation of the e�ect of analyzer-bar size on resolution is presented
in Sec.0.4.1.1. Counting rates in the analyser are discussed in Sec.0.4.2.
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In front of the analyser array comes a set of 80× 80× 10 mm tiles of plastic
scintillator, each covering 2× 2 analyser bars. These will aid the distinguising
of incident charged and neutron particles, especially in cases where incident
particles interact with the Pb shield.

0.3.2.2 The GEM Charged Particle Tracker

The analyser is followed by a tracker of the charged particles produced by neu-
tron charge-exchange or hadronic-shower processes within the analyzer. This
increases the information obtained on the various reaction processes within the
analyzer and makes more detailed comparisons with the Monte Carlo model
(Sec.0.4.1) possible. It is constructed from 400× 500 mm GEM modules of the
same type used in BigBite, except that each set of 4 adjacent readout strips is
connected to reduce the number of readout channels. This arrangement is also
used for the rear tracking elements employed in the polarimeter proposed for
Gp

E/Gp
M measurements [6]. The factor-4 decrease in e�ective granularity will

produce a position resolution of ∼ 250 µm, which is more that adequate for the
present experiment.

In the event that a precise calibration of reconstructed scattering angles in the
polarimeter using protons is necessary, an additional set of trackers will be
installed in front of the analyzer array.

The GEM based trackers will have very high counting rate capability. Compared
to GEp(5) the present experiment will run at a factor 8 lower luminosity and
the polarimeter will sit at more backward angles. Thus we anticipate that the
GEM chambers will handle the lower background rates comfortably.

0.3.2.3 The HCAL Hadron Calorimeter

Downstream of the tracker comes a 11×22 array of calorimeter modules [44]
(Fig.10). These modules were originally designed for hadron detection in the 10
- 100 GeV range, but Monte Carlo simulations (Sec.0.4.1) have already predicted
that they will perform well in the 1.5 - 10 GeV domain. They are formed from
a sandwich of Fe and plastic scintillator plates of total thickness 1 m and a
Fe-to-plastic thickness (g/cm2) ratio of 30.6:1. Scintillation light is collected on
a wavelength-shifting guide and then piped to a PMT. These modules form the
basis of the planned SBS calorimeter HCAL. Their e�ciency and resolution for
few-GeV incident nucleons is discussed in Sec.0.4.1.2. The time resolution of the
COMPASS modules was around 1.5 ns, but this will be improved substantially
by using a faster �uorescent dye in the wavelength-shifting guide. In conjunction
with new fast PMTs this will provide a shorter pulse rise time and shorter pulse
length. Processing of this pulse is performed by �ash ADC hardware which has
an order of magnitude higher sampling rate than COMPASS. Thus precise time
reconstruction of the fast pulse form will be possible.

0.3.2.4 The 48D48 Dipole

The SBS uses a single dipole for magnetic analysis which has an open geometry,
meaning that the detector is in direct view of the target. This approach provides
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Figure 10: Diagram of a single calorimeter module from Ref.[44]. Components
are labeled 1: scintillator sheets; 2: Fe sheets; 3: wavelength-shifting, scintilla-
tion readout sheet; 4: metal container; 5: diagnostic optical input; 6: magnetic
shield; 7: PMT; 8: PMT HV divider;

a large solid angle and hence improved statistics and of course is suitable for
neutron detection.

For quasi-elastic neutron detection the dipole (known as 48D48) has no direct
use as a spectrometer, but it serves several purposes:

1. To precess the spin of the recoiling neutron from the longitudinal to the
vertical direction. The nucleon polarimeter measures transverse compo-
nents of spin only.

2. To de�ect protons produced in quasi-elastic 2H(e, e′p). These may then
be separated from quasi-elastic neutrons through angular correlations with
the −→q determined from the electron arm. The vertical de�ection, calcu-
lated from the reconstructed hit position at the Analyser, is displayed as
a function of nucleon momentum, in Fig.11. The incident nucleon angles
cover the full vertical acceptance of the 48D48 dipole. Calculations have
been made with and without the 50 mm Pb shield. Scattering in the
shielding obviously smears the reconstructed-position di�erence, but with
Pb, neutron-proton separation remains good at pN = 4 GeV/c. With-
out the Pb, proton contamination amounts to <1% of the neutron signal,
while with the Pb it is ∼ 2%. Particle identi�cation in the Analyser is
augmented by a forward set of 10 mm thick, plastic veto tiles.

3. To sweep low-momentum, charged background out of the acceptance of the
polarimeter. The cut-o� momentum for charged particles can be gauged
from Fig.11. For an integrated �eld strength of 2 Tm, all charged particles
of momenta below ≈0.78 GeV/c are swept beyond the Analyzer.
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Figure 11: Separation of proton and neutron events

The use of a single dipole spectrometer to precess the spin of the recoil nucleon
has the advantage of simplifying the spin transport calculation compared to a
multple-magnet spectrometer such as the HRS.

Simulations of neutron spin precession through the dipole �eld are currently be-
ing veri�ed using parts of the polarimeter Monte Carlo model. Non-perpendicular
incidence with respect to the �eld direction, e.g. due to fringe �elds and �nite
angle range, will produce relatively small rotations in the z−x plane which can
a�ect Px/Pz and hence GE/GM . The initial study will compare the precession
through a uniform �eld, con�ned to the dipole aperture, with a non-uniform
�eld generated by a TOSCA 3D model of the dipole. This will assess the mag-
nitude of deviations from the ideal case and the sensitivity to di�erent �eld
con�gurations.

The experimental reconstruction ( δθn ∼ 5 mr ) of the neutron path through
the dipole to the analyzer should be good enough to correct for any reasonably
smooth, path-dependent variations in precession event by event. The actual
�eld characteristics will be determined after the dipole is installed.

0.3.3 Kinematics

Various kinematic settings have been investigated for Q2 = 1.5, 2.0, 2.5, 3.0,
4.0, 5.0 and 6 (GeV/c)2and are summarized in Table 1. The nominal �central�
values of the momenta and angles relate to free n(e, e′n) and the settings in
bold-face (Setting 1, 3, 4, 6, 7) are those for which beam time will be requested.
Note that the settings at 2.0 and 2.5 (GeV/c)2 use a 3.3 GeV beam. If this
turns out to be di�cult after the CEBAF upgrade, it will be possible to adjust
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Setting Q2 (GeV/c)2 Ee (GeV) pe′ (GeV) θe (deg.) θn (deg.)

1 1.5 2.2 1.40 40.8 38.8
2 2.0 2.2 1.14 52.8 31.1
3 2.0 3.3 2.25 29.9 39.7
4 2.5 3.3 1.94 36.7 33.7
5 3.0 3.3 1.70 43.1 29.3
6 3.0 4.4 2.81 28.5 34.7
7 4.0 4.4 2.24 37.3 27.5
8 5.0 5.5 2.82 33.1 26.2
9 6.0 6.6 3.40 30.0 25.0

Table 1: Kinematic Settings. Elastic n(e,e'n) values
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Figure 12: Range of Q2 for the nominal settings labeled on the plot. The
distributions are weighted by the Mott cross section (Eq.5).

the kinematic settings to conform to a CEBAF energy gain of 2.2 GeV per turn.

The ranges of kinematic variables for the nominal settings of the large accep-
tance detector system were calculated for quasi-free 2H(e, e′n) where the internal
momentum distribution of the neutron was sampled from p2

N . exp(−p2
N/2σ2

N ),
σN = 0.03 GeV/c, i.e. the Fermi distribution was approximated by a Gaussian
of width 0.03 GeV/c. Events were generated along the 10 cm length of the target
and scattered electrons were detected within the e�ective 250× 750 mm aper-
ture of BigBite situated 1550 mm from the target center. It was also checked
if the recoiling neutron is within the acceptance of the 48D48 aperture. Big-
Bite subtends a solid angle of ∼ 75 msr and between 50 and 80% of correlated
neutrons pass through the aperture of the 48D48. Fig. 12 displays the calcu-
lated coverage in Q2 while the BigBite angular acceptance and e

′ − n angular
correlation for di�erent kinematic settings are shown in Fig.13.
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0.3.4 The Proposed Measurement of the n−CH Analysing

Power at JINR.

The beam time required to achieve a target precision in analysing power (Eq.13,14)
depends sensitively on the neutron, organic-scintillator analysing power, which
has not been measured at incident momemta of several GeV/c. We propose to
measure this quantity [63] at incident momenta of 2, 3.5, 5.0, 6.5 GeV/c us-
ing the polarized neutron beam facility of the Nuclotron accelerator at JINR,
Dubna.

The device proposed for analysing power measurements in Dubna (Fig.14) is a
small-scale version of that planned for a full scale measurement of Gn

E/Gn
M in

Hall-A. The individual modules of the analyzer and calorimeter detector arrays
are identical, but fewer are required where the incident neutron beam is tightly
collimated. A 5 cm-thick Pb wall can be inserted or removed to measure the
impact n + Pb interactions on the polarimeter performance.

The analyzer will consist of a 4×4 array of 40×40 × 250 mm bars of EJ-200
plastic scintillator [68], aligned with their long axes parallel to the incident
neutron beam. Each bar will be read out by a 19 mm XP1911 PMT.

It is followed by a tracker of the charged particles produced by neutron charge-
exchange or hadronic-shower processes within the analyzer. This increases the
information obtained on the various reaction processes within the analyzer and
makes more detailed comparisons with the Monte Carlo model (Sec.0.4.1) pos-
sible. It consists of a 250×250mm X-Y drift chamber, which has a spacial
resolution σ ∼ 90 µm, followed by an array of 64 straw tubes. The latter is
arranged in 2×16 tubes, o�set by half a diameter and aligned in the X direc-
tion, with a similar arrangement aligned in the Y direction. The active area is
600×600 mm.

Downstream of the tracker comes a 5×5 array of calorimeter modules [44] (see
Sec.0.3.2.3. These modules were originally intended for detection in the 10 -
100 GeV range, but Monte Carlo simulations (Sec.0.4.1) have already indicated
that they perform well in the 2 - 10 GeV domain. They form the basis of the
planned calorimeter at JLab.

0.4 Determination of the Ratio Gn
E/Gn

M

The ratio Gn
E/Gn

M will be determined from the scattering asymmetries mea-
sured in the recoil neutron polarimeter. The following subsections describe the
Monte Carlo simulations of the response of the detector systems, calculations
of background rates in the detector systems, the techniques employed to isolate
the quasi-elastic signal and �nally a discussion of the systematic uncertainties.

0.4.1 Modelling the polarimeter

Monte Carlo simulations [70] of the experiment have been performed within
the framework of the the Geant-4 software toolkit. Standard Geant-4 does not
consider polarized nucleon scattering and extensions to the hadron-interaction
classes have been written, which use �ts to previous analyzing power data to
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modify the azimuthal distributions of nucleons produced in elastic or quasi-
elastic processes. The original code was developed [71] as part of the analysis
of the experiment to measure GEn/GMn by recoil polarimetry at Mainz [59].

A brief description of the polarized-scattering model follows:

• Polarization is considered only when the original particle is a nucleon
and the material through which tracking is performed contains H or C.
Otherwise the standard unpolarized Geant-4 event sampling of azimuthal
angle is performed.

• The leading nucleon produced by an elastic or quasi-elastic hadronic re-
action process, i.e. with the highest kinetic energy, is identi�ed. If there
is no �leading nucleon� the scattering is considered unpolarized.

• The analyzing power for an elastic process is determined on the basis of
incident momentum and scattering angle, using a �t to previous experi-
mental data. Several di�erent parametrisations are available for use when
sampling azimuthal distributions.

• The rotation in scattering azimuthal angle is sampled with a weighting
determined by the transverse component of the incident polarization and
the analyzing power.

• This process is repeated if there are multiple elastic scattering events in
the analyzer material. In multple scattering the original reaction plane is
lost e�ectively depolarizing the nucleon.

The geometry and materials of the analyzer block and calorimeter are modeled
realistically using standard Geant-4 tools. At this stage the analyser, calorime-
ter and the 48D48 dipole have been modeled fairly realistically. Electromagnetic
interactions are modelled within Geant-4 using the so called extended implemen-
tation, while the Hadronic-interactions include:

• Coherent nucleon-nucleon elastic scattering: this method is called for inci-
dent energies up to 1.2 GeV. The cross sections are derived from the SAID
database.

• Nucleon-nucleus elastic scattering at medium to high energy: the Glauber
model is used to calculate di�erential cross sections for elastic and quasi-
elastic nucleon-nucleus scattering. Inelastic screening corrections are im-
plemented at high energy.

• Hadron-nucleus inelastic scattering: this is performed using the so-called
Bertini Intranuclear Cascade model. The cascade begins when the in-
cident particle strikes a nucleon in the target nucleus, producing secon-
daries. These may escape, produce more secondaries or become absorbed.
The process continues until all particles with su�cient energy escape the
nucleus. This model been tested against data at energies in the range
∼ 0.1− 5 GeV.

Monte Carlo data generated by the Geant-4 model were analysed, as if they were
real data. The Monte Carlo data stream contains the sensed energies, times etc.
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Figure 15: The reconstructed response to 4 GeV/c neutrons of the analyser
array. Left to right: number of analyser hits per event, the energy in a recon-
structed hit cluster, the error in the reconstructed polar angle and the penetra-
tion depth before the 1st hit is registered (the front is at position 0 cm). Blue
is no Pb shield, red is with a 50 mm Pb shield, green is with the Pb shield and
an anti-coincidence cut on the forward veto scintillator.

from detector elements along with the actual 4-momenta which produce that
response. Thus the error distributions in the reconstructed kinematic quantities
can be used to assess energy, time and position resolution. Calculations have
been made with and without a Pb wall to shield the analyser from the target.

BigBite is partially implemented with the pre-shower, shower and trigger coun-
ters in place. A representation of the GEM Chambers is in place, but they are
not yet considered in detail. They are modeled in a basic manner as a slab of
material with approximately the correct thickness (in terms of g/cm2) which
yields hit positions. These are smeared to a degree consistent with the mea-
sured resolution. The properties of BigBite have been proven in a list of recent
Hall-A experiments and very detailed Monte Carlo software has been written to
simulate 6-GeV con�gurations which are very similar to the present experiment.
The following concentrates on the completely new components of the apparatus
on the neutron arm.

0.4.1.1 The Simulated Response of the Analyser Block

Simulated neutrons of momentum 4 GeV/c were incident at speci�c points of the
analyzer. Their interactions within the analyser block produce multiple detector
hits per event and �clusters� of hits are reconstructed to produce a cluster energy,
hit time and a (

√
E weighted) mean position. A cluster is constructed after
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Eth 5 20 40 60 80 100
ε 26.4 21.2 16.0 12.1 9.0 6.9

εPb 22.6 19.1 15.0 11.1 8.2 6.0

Table 2: E�ective neutron e�ciency (%) of the 40× 40× 250 mm analyzer array
for pn = 4 (GeV/c) and ascending values of the thresold energy Eth (MeV). εPb

is the value with a 50 mm lead shield inserted before the analyzer. Polarimeter
calculations have been made with an analyzer threshold of 20 MeV.

Figure 16: HCAL pulse height response to neutron (left) and protons (right).

�nding a detector element with a maximum in energy deposit and then scanning
for a signal in the 5× 5 array with this element at the center. Timing resolution
is discussed in Sec.0.3.2.1.

Calculations have been made for detector elements of 30× 30, 40× 40 and
50× 50 mm cross section and lengths of 250 mm and 500_mm. Calculations
have also been made with a 50 mm Pb wall placed in front of the analyzer array
and with a set of 1 cm thick plastic scintillator �veto tiles� placed directly in front
of the analyser. Fig.15 (top row/blue) displays some parameters for 40× 40 cm
elements with no Pb or scintillator before the array. Gaussian �ts to the error
(σ) in the reconstructed angle δθn produce δθn = 0.12◦, 0.17◦, 0.21◦ for bar
cross sections 30× 30, 40× 40 and 50× 50 mm respectively. Introducing the
Pb wall Fig.15 (middle row/red) results in scattering and charged conversion of
signi�cant numbers of incident neutrons. There is now a front peak in the pene-
tration depth distribution and greater hit multiplicity. In this case δθn = 0.22◦

and the distribution has more pronounced non-Gaussian �wings�. The situa-
tion is improved if a prompt anti-coincidence condition is placed on the prompt
timing peak from the forward plastic scintillator, giving δθn = 0.18◦.
The e�ective detection e�ciency, the fraction of incident neutrons which register
a hit in the analyzer, is given in Table2. With the veto-tile anticoincidence
requirement the e�ective e�ciency is reduced slightly when the Pb wall is in
place. Angular resolution calculations were made with a cluster threshold of
20 MeV which correpsonds to a detection e�ciency of ∼ 20%. Counting rates
in the analyzer are discussed in Sec.0.4.2.

0.4.1.2 The Simulated Response of the Hadron Calorimeter HCAL

The response of HCAL was also calculated using the simulation, outlined above,
and calculations [72] of the response made for the SBS Gn

M proposal [5] are
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Figure 17: Calculations of HCAL response. Top left: energy leakage from a
3× 3 hit cluster; top right: �tted energy resolution of the peak region of the
pulse height response (Fig.16); bottom left: position resolution from cluster
mean position; bottom right: detection e�ciency for 2 threshold settings.

displayed in Fig.16 and 17. These calculations were made without any material
(except air) in the path of the incident neutrons. The procedure to reconstruct
the HCAL response is very similar to that described in Sec.0.4.1.1. It is clear
that the reponse to neutrons and protons is very similar, with the energy scale
in Fig.16 showing the energy loss in the plastic scintillator sheets only. This
analysis was made on the assumption that a cluster of hits does not extend
beyond a 3× 3 group, which results in a small leakage of energy outside of
this group. The peaked response means that thresholds can be set high to
suppress low energy background from the experimental trigger, without large
reductions in detection e�ciency. A position resolution of around 30 mm results
in a resolution for the reconstructed scattering angle of around 12 mr, which
su�cient for selection of �good� scattering angles where the analysing power is
high (Sec.0.4.1.3).

0.4.1.3 The Simulated Response of the Polarimeter

Analysis of the polarimeter response involves reconstruction of the hits in the
Analyzer and HCAL, followed by reconstruction of the polar and azimuthal
components of the scattering angle. The scattering asymmetry is then obtained
from sine (Px) or cosine (Py) �ts to the azimuthal distribution. Any unpolarized
variation in azimuthal acceptance is subtracted before the �t is made.

The e�ects of �nite size and imperfect reconstruction of the scattering process
have been investigated using the Monte Carlo model. Multiple scattering in the
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Figure 18: Fits to the simulated azimuthal scattering distributions in the po-
larimeter for incident polarization Px,y = 1 and Ay = 1.

Az Ax,y Pb HCAL Thr ε Dx Dy

(mm) (mm) (mm) (% Peak) (%) θ
′

n = 1− 10◦ θ
′

n = 1− 10◦

250 30 0 50 7.2 0.68 ±0.07 0.62 ± 0.06
250 40 0 50 7.6 0.70 ± 0.07 0.78 ± 0.07
250 50 0 50 7.8 0.72 ± 0.07 0.69 ± 0.07
250 30 50 50 6.5 0.50 ± 0.07 0.62 ± 0.07
250 40 50 50 6.9 0.60 ± 0.02 0.62 ± 0.02
250 50 50 50 7.1 0.61 ± 0.07 0.66 ± 0.07
500 40 0 50 14.1 0.62 ± 0.05 0.70 ± 0.05
500 40 50 50 11.2 0.61 ± 0.02 0.62 ± 0.02

Table 3: Systematic variations of dilution e�ects in the polarimeter. Az, Ax,y

are respectively the length and transverse size of the Analyzer bars, Pb is the
thickness of the lead shield, HCAL Thr is the thresold setting in HCAL, ε is the
calculated polarimeter detection e�ciency after selection of angles and Dx,y are
the dilution factors for incident Px,y = 1.

analyzer e�ectively depolarizes the neutrons as the original reaction plane is lost,
but the analyzer also requires to be su�cently thick that a reasonable e�ciency
is maintained. Assuming that, as in the case of protons [50], the optimum
analyzing power is obtained if the transverse momentum Pt = P inc

N sin θN ∼
0.3 GeV/c, the optimim scattering angle θN will drop from 9 to 4 deg. as
momentum rises from 2 to 4 GeV/c. The present geometry of the analyzer and
HCAL produces a scattering angle resolution of ∼ 0.7◦, which is adequate, and
obviously the separation distance can be tuned to suit the scattering kinematics.

Investigations have focused initially on dilution e�ects in the neutron polarime-
ter. For this the incident neutrons have been asigned Px,y = 1 and the analysing
power set to 1. Calculations have been made at an incident momentum of
4 GeV/c, with the analyser threshold set to 20 MeV and the HCAL threshold
set at 50% of the peak channel in the pulse-height distribution.

Table 3 lists the Monte Carlo calculated dilution parameters, which are just
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the amplitudes of the sine or cosine �ts, for di�erent analyzer geometries. The
depolarising e�ects of scattering in the Pb shield appear to reduce Dx,y slightly.
Stretching the Analyzer to 500 mm length increases the detection e�ciency
without any apparent large reduction in Dx,y.

Higher precision calculations are also proceeding with angle and momentum
dependent parametrizations of the analyzing power, which should be more sen-
sitive to depolarizing e�ects. Provisionally an analyser thickness of 250 mm has
been chosen (Sec.0.3.2.1).

0.4.1.4 Determination of Gn
E/Gn

M from Simulated Azimuthal Asym-
metries

A simulation has also been made using values of Px and Pz derived from the �t
to Gn

E(Q2) and Gn
M (Q2) in Ref.[20] and an n+CH analyzing power An

y (pn, θ
′

n)
which depends in incident momentum and scattering angle. The estimate of
the n + CH analyzing power is based on extrapolations from measured neu-
tron scattering from plastic scintillator (Fig.7). Ref [51] measured an optimum
Amax

y ∼ 0.4 at pn = 0.63 GeV/c for (−→n , n) and a corresponding Amax
y ∼ 0.1 for

(−→n , p). In the case of p + CH2 scattering [50], the maximum analyzing power
may be related to the incident momentum Amax

y = κ/plab
p κ ' 0.4. The cor-

responding relation for p + C scattering was κ ' 0.36. Fits to free-nucleon,
elastic scattering data [46] yield κ ' 0.73 for p + p in good agreement with
[49]. For n + p Ref.[46] suggests κ ' 0.78 although the �t to n + p is less
linear than p + p. Extrapolating p + p down to 0.63 GeV/c yields a value of
Amax

y ∼ 0.6. Assuming that n + n scattering is also linear in 1/plab
n and scaling

by the neutron-proton analysing power ratio at 0.63 GeV/c, we hypothesize that
for n + n, κ ∼ 0.4× 0.4/0.6 = 0.27.
This of course is speculative and for the present calculation An

y (pn, θ
′

n) we em-
ploy the empirical �t of Ref.[50] to p+CH2 data, scaled by the factor 0.4 which
we believe is a conservative assumption.

Calculations have been made for 4 combinations of the e�ective neutron polar-
izations in the x and y directions: P ∗

x = Aeff
y PePx and P ∗

y = Aeff
y PePz sinχ,

where Aeff
y is the e�ective analyzing power, Px,z are the x and z components

of the recoil neutron polarization, calculated from [20], Pe is the electron beam
polarization (0.80) and χ is the angle of precession from z → y (Table5). De-
scribing the azimuthal distribution as

F (φ
′

n) = C{1± |P ∗
x | sinφ

′

n ±
∣∣P ∗

y

∣∣ cos φ
′

n}

then the four possible ± combinations are labelled F++, F−−, F+−, F−+

They mimic the four combinations of beam helicity �ip (P ∗
x,y → −P ∗

x,y) and the
change of polarity of the 48D48 dipole (P ∗

y → −P ∗
y ) and may be used to separate

the (relatively small) x component from the y. The unpolarized background and
x, y components are given by:

C = (F++ + F−− + F+− + F−+) /4. (17)

Fx1 = (F++ − F−+) /2C, Fx2 = (F+− − F−−) /2C
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Figure 19: Simulated azimuthal asymmetries generated using �best guess� val-
ues of Aeff

y and P ∗
x,y. Left: �raw� azimuthal distributions (note the zero is

suppressed). Right: �ts to separated distributions Fx, Fy (Eq.17). The bottom
row right shows the averages of Fx1,2 and Fy1,2.

Fy1 = (F++ − F+−)/2C, Fy2 = (F−+ − F−−) /2C

Fx,y are then �tted with sine and cosine functions to obtain the values of P ∗
x,y

and their uncertainties δP ∗
x,y. From this is derived the estimated relative preci-

sion δR/R of the ratio R = GE/GM .

δR

R
=

√(
δP ∗

x

P ∗
x

)2

+
(

δP ∗
y

P ∗
y

)2

(18)

Fig.19 shows simulated azimuthal scattering distributions made with P ∗
x = ±0.1

, P ∗
z = ±0.45 and Aeff

y (pn, θ
′

n) calculated as described above. The incident mo-
mentum pn was 3 GeV/c, slightly above that of the Q2 = 4 (GeV/c)2 kinematic
setting and the total number of incident neutrons simulated was 4 × 106. The
ratio of P ∗

x /P ∗
y was derived from the sine and cosine �ts to the scattering dis-

tributions and is displayed in Table 4. The derived value is consistent with that
input to the calculation and the relative uncertainty δR/R = 0.5 is consistent
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P ∗
x1 P ∗

x2 P ∗
y1 P ∗

y2 P ∗
x P ∗

y R1 R2 R

×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3

0.92 1.85 -4.39 -4.89 1.39 4.63 0.21 0.38 0.30

±0.93 ±0.93 ±0.94 ±0.93 ±0.66 ±0.66 ±0.21 ±0.20 ±0.15

Table 4: P ∗
x /P ∗

y Ratio values at an incident momentum of 3.0 GeV/c (bottom
row). The input value of R was 0.22.

with the simple prediction (δR/R = 0.49) of Eq.14 for 4×106 incident neutrons.
The analysis selected reconstructed, polar-scattering angles in the range 1 � 10◦.

The Monte Carlo simulation currently lacks the statistical precision to make
quantitative statements about the reliability of a simple estimate (Eq.14) when
computing expected uncertainties. Signi�cant improvement in the simulated
uncertainty requires batch-farm computing power, which is being setup in Glas-
gow. Bearing in mind that uncertain analysing power has a large e�ect on the
computed precision, our tentative conclusion is that Eq.14,13 provide a reason-
able approximation when assessing necessary counting time.

0.4.2 Background Rates and the Trigger Rate

Singles rates in detectors have been evaluated using the code DINREG [73],
which is well proven in estimating background rates in Hall-A. Fig. 20 displays
calculated rates for BigBite, made for the present experiment at Q2 = 1.5−
4.0 (GeV/c)2. The shower-counter trigger threshold will be set at around 0.65
of Ee′ for elastic scattering, which accounts for the range of Q2 covered by
BigBite and also for the momentum resolution. At the settings pertinent to
Q2 =4 (GeV/c)2: Ebeam = 4.4 GeV, θe′ = 37.3◦, Ωe′ = 78 msr, L =2.5 ×
1038cm−2s−1, the BigBite trigger rate is estimated at 53 kHz. Thus a coinci-
dence with the neutron arm is necessary for triggering purposes.

Fig. 21 shows equivalent calculations for the neutron arm detectors, made
with an integrated �eld strength of 1.7 Tm which will sweep charged particles
of momenta . 650 MeV/c out of the analyzer acceptance. On the left are
the rates in the analyzer array for a marginally higher luminosity than the
present, and with the analyzer slightly closer to the target. The trigger level (in
MeV electron equivalent) and the rate refer to individual scintillator bars. Note
that calculations in previous technical sections are also in electron equivalent
units, which account for a non-linear pulse height response from non-relativistic
particles. For the present case the rate in individual analyzer bars for a threshold
of 5 MeV will be ∼ 0.1 MHz which is reasonable for a fast plastic scintillator,
but rather high to be immediately useful for trigger purposes.

On the right of Fig.21 is the combined rate in a 4×4 cluster of HCAL modules,
where the detector geometry is very similar to the present, but the luminosity is
double the present value. For incident neutrons of ∼ 3 GeV/c the trigger thresh-
old will be ∼ 30 MeVee (1/2 of the peak value in the pulse height distribution)
and the cluster rate 100 kHz, which translates to a total rate of 1.5 MHz.

With 53 kHz in BigBite, 1.5 MHz from HCAL and a coincidence window of 50 ns
the accidental rate will be ∼ 4 kHz. This may yet prove to be uncomfortably
high for the DAQ system. With improved fast photon-electron selection in the
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Figure 20: BigBite rate calculations for the present kinematic settings at
Q2 = 1.5− 4.0 (GeV/c)2.

BigBite trigger, the rate could be reduced signi�cantly. We will investigate the
use of a GEM chamber placed in front of the BigBite shower counter. This GEM,
with fast pixel readout, would have good electron e�ciency but low photon
e�ciency so that photon background would be suppressed. A fast signal would
be derived directly from the 5× 5 cm pads of the GEM readout board, which
could be correlated using FPGA hardware to the Pb-glass blocks behind.

Based on rates observed in drift chambers during the GEn(1) experiment, a
5× 5 cm pad would, in the present experiment, run at around 1.25 MHz.
50 ns resolution correlations between 400 pads and 189 Pb-glass shower coun-
ters would be made in a FPGA based trigger �lter, which is part of the SBS
apparatus. This would reduce the rate to ∼ 1 kHz, which would be well within
the capabilities of the present DAQ system.

O�ine analysis selection, via track reconstruction, Cherenkov coincidence re-
quirement and cuts on W , will reduce the BigBite rate considerably. The o�ine
coincidence resolution will be around 10 ns which leads to a ∼ 1% probability
of registering an accidental on the neutron arm.

0.4.3 The Quasi-elastic Signal and Background Rejection

Inelastic processes, largely associated with pion electroproduction, and quasi-
elastic 2H(e, e′p) constitute potential sources of background to the quasi-elastic
2H(e, e′n) signal. Contamination of the electron-arm, quasi-elastic event sam-
ple by charged pions is expected to be extremely small. Background processes
such as pion photoproduction will be suppressed very e�ectively by o�ine cuts
and should not constitute a signi�cant source of contamination. For the nu-
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cleon momenta of interest here, quasi-elastic neutrons may be separated cleanly
from the equivalent protons, which are de�ected by the 48D48 dipole magnet
before incidence on the polarimeter (Sec.0.3.2.4). Based on experience gained
on the GEn(1) experiment E02-013 [8], selection of quasi-elastic events from the
inelastic background is made on the basis of cuts on

• p⊥miss, p
‖
miss, the perpendicular and parallel components of missing mo-

mentum, obtained from the neutron momentum ~pn, provided by the po-
larimeter hit position and time of �ight, and the 3-momentum transfer ~q
, provided by BigBite. They are given by: p⊥miss = |(~q − ~pn)× ~q| / |~q| and
p
‖
miss = ~q.(~q − ~pn)/ |~q|.

• W the invariant mass of the system comprising the virtual photon and the
target neutron (assumed free and at rest), given by:
W =

√
m2

n + 2mn(Ee − Ee′)−Q2.

• The missing mass in the hadronic �nal state also gives some additional
selection capability.

The W and pmiss resolution of the present system has been estimated, using the
position and momentum resolutions of BigBite and the polarimeter described
in Sec.0.3.

To Summarize: the resolution of the current apparatus in reconstructing these
variables was estimated on the basis of assumptions about the angular res-
olution (σ) of BigBite (δθe = 1 mr), the momentum resolution of BigBite
(δpn/pn = 0.5%), the (start) time resolution of BigBite (δt = 0.25), the an-
gular resolution of the analyzer (δθn = 3.5 mr) and the time of �ight resolution
of the analyzer (Sec.0.3.2.1). Variations in �ight path due to target length
and detector thickness are accounted for and the intrinsic PMT time resolution
was estimated at 0.3 ns (σ). The calculation considers Fermi smearing of the
quasi-free scattering process as in Sec.0.3.3.

The present calculated distributions are compared with real data from GEn(1)

(Fig.22). The present p
‖
miss is somewhat poorer at high momentum (bearing

in mind that it is at slightly higher momentum), while the p⊥miss distributions
appear broadly similar on a 2D plot. The present W distribution for 2H (as
opposed to 3He in GEn(1)) is tighter.

The calculated 1D distributions ofW , p⊥miss and p
‖
miss are compared forQ2 = 1.5

and 4.0 (GeV/c)2 in Fig.23. . As Q2 and the momentum of the recoil neutron
increases, the resolution from time of �ight degrades and with it the resolu-

tion of p
‖
miss. BigBite resolution gives a relatively small contribution to the

widths of the distributions. The present p⊥miss distributions are con�ned to
p⊥miss < 0.15 GeV/c, while the GEn(1) distribution has a signi�cant tail extend-
ing to higher missing momenta.

While calculations proceed to evaluate the inelastic contribution, the expec-
tation is that the present experiment will have cleaner quasi-elastic selection
capability (based mainly on p⊥miss and W ) than GEn(1).
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Figure 22: Top plots Left:P⊥
miss and Right:P

‖
miss vs. W from experi-

ment E02-103. The top row is for Q2 = 1.7 (GeV/c)2, while the second
row is for 3.5 (GeV/c)2. The bottom plots show present calculations for
Q2 = 1.5 (GeV/c)2 and 4.0 (GeV/c)2 in a similar sequence.
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Figure 23: Left: simulated invariant Mass and missing momentum distributions
at Q2 = 1.5 (GeV/c)2 (blue) and . Q2 = 4.0 (GeV/c)2 (black). Right: p⊥miss

distribution from GEn(1).

0.4.4 Systematic Uncertainties

Some potential major issues associated with analysis of the systematic uncer-
tainties are presented here. Work is in progress to quantify the systematics
with more detailed calculations. We expect that more quantitative results will
be presented at the PAC meeting.

Potential sources of experimental systematic error are :

• Beam polarization uncertainty, which cancels in a ratio measurement.

• Analysing power uncertainty, which cancels in a ratio measurement.

• Azimuthal angle acceptance non-uniformity, which cancels after beam he-
licity �ip and the additional check of precession angle �ip.

• Variation in the e�ective analysing power with azimuthal angle. The �rst
calculations described in Sec.0.4.1.3 do not show any signi�cant variations.
However potential variations in the e�ective analysing power, which may
be di�erent in the x and y directions, as one scans over the full vertical
and horizontal range of the analyser, are not ruled out. If this proves to
be a signi�cant e�ect, then it can be corrected if the reconstruction of the
scattering angle in the polarimeter is reliable. This can be checked with
protons, using the GEM trackers between the analyser and HCAL and an
additional front tracker placed before the analyzer.

• Separation of Px from Pz does not rely on variation of the magnitude of
the spin-precession magnetic �eld. In the present experiment Px and Pz

are measured simultaneously with the same precession �eld, so that poten-
tial e�ects of changes to the background counting rates on the measured
asymmetry are thus avoided.

• Reproducibility of the spin precession angle after polarity reversal. At a
precession angle of ∼ 75%, a 1% di�erence in integrated �eld would give
0.25% di�erence in Pz → Py.

• The vertical distribution of counting rates in the polarimeter will change
when the polarity of the spin precession dipole is reversed. Any signi�cant
e�ect from changes to the level of signal contamination should in principle
show up when di�erent combinations of beam-helicity-�ip and dipole �ip
asymmetries are compared (Sec. 0.4.1.4).
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• Variation in the angle of spin precession through the dipole magnet. The
path of a neutron through the dipole can be reconstructed with su�cient
precision that a correction factor can be evaluated event by event. The
estimate is 0.25%.

• Dilution of the asymmetry by accidental background. The background
is estimated to be at the 1% level (Sec.0.4.2) which can be substracted
without signi�cant error.

• Contamination of the quasi-elastic signal by inelastic processes. In GEn(1)
the uncertainties in evaluating the inelastic background were estimated
as 1.1%, 2.7%, 6.0% at Q2 =1.7, 2.8 and 3.4 (GeV/c)2 respectively. A
deuteron measurement will have cleaner rejection of the inelastic back-
ground. An provisional estimate of 2% is made.

• Dilution of the asymmetry due to proton charge exchange (mainly in the
Pb shield) upstream of the veto detectors of the analyzer array. This factor
will be evaluated using data from 1H, 3He and 12C targets. In GEn(1) the
associated systematic uncertainty was between 3 and 4%. Here protons
will be de�ected by a dipole magnet (Fig.11) before interaction in the
Pb wall and thus resultant neutrons will tend to be displaced outside of
quasi-elastic data cuts. We estimate a 1% uncertainty provisionally.

Overall we estimate that a 3% systematic error is achievable.

0.5 Proposed Measurements

0.5.1 Counting Rate Estimates

The estimate of required counts is based on the following:

1. The expected degree of polarization of the incident electrons. Previous
measurements indicate that values in excess of 0.8 are generally available
and we use the value 0.8 for the following estimates.

2. The acceptance of BigBite and the polarimeter for quasi elastic 2H(e, e′n).
The kinematic settings are given in Sec.0.3.3.

3. The predicted detection e�ciency and acceptance of the polarimeter is
based on Monte Carlo studies. The neutron detection e�ciency of the
analyzer will be around 20%, while the hadron calorimeter has an e�-
ciency of around 80% for both p and n. The calculations are described
in Sec.0.4.1.3. The overall e�ciency of the polarimeter, after scattering
angle selection, is around 7%.

4. The estimate of the n + CH2 analyzing power has been obtained using
the procedure described in Sec.0.4.1.4. Polarimeter �gure of merit and
uncertainties have been obtained from Eq.13,14 which provide predictions
consistent with the results of a simulation of polarized neutron scattering.
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Q2
˙
plab

n

¸
〈PePx〉 〈PePz〉 〈Ay〉 χ◦ z2 δP

×10−4 ×10−3

1.5 1.44 0.110 0.54 0.087 83 5.28 4.5

2.0 1.76 0.094 0.45 0.077 79 4.20 5.1

2.5 2.05 0.108 0.54 0.069 76 3.39 5.7

3.0 2.35 0.094 0.46 0.062 75 2.71 6.4

4.0 2.89 0.110 0.58 0.051 73 1.79 7.8

5.0 3.43 0.104 0.56 0.041 72 1.17 9.7

6.0 4.03 0.099 0.54 0.032 72 0.72 12.3

Table 5: Values of polarization parameters for incident neutron momenta of
interest. The angle brackets denote mean values integrated over the kinematic
range of a particular setting. δP values are quoted for 107 neutrons detected in
the polarimeter, equivalent to 1.43×108 incident neutrons. N.B. beam time is
not requested for Q2 = 5 and 6 (GeV/c)2.˙

Q2
¸

〈Ωe′〉 〈Ωe′,n〉 〈σn(θ)〉 Rate Time δR/R

(GeV/c)2 (msr) (msr) (pb/sr) (Hz) (hr) (stat) (sys)

1.5 78 59 884 460 2×8 0.029 0.03

2.0 75 38 699 234 2×16 0.038 0.03

2.5 77 59 145 75.5 2×64 0.032 0.03

3.0 74 43 139 52.7 2×120 0.037 0.03

4.0 78 72 17.8 11.3 2×256 0.056 0.03

5.0 75 65 8.5 4.87 2×512 0.079 0.03

6.0 75 67 4.5 2.66 2×512 0.144 0.03

Table 6: Counting rate and error estimate for n(e, e′n) for an incident (neutron)
luminosity of 1.26× 1038 cm−2s−1. The angle brackets denote averaging over
the acceptance of the detector system. �Rate� is the detected n(e, e′n) rate
which accounts for solid angle and detection e�ciency. N.B. beam time is not
requested for settings at Q2 = 5 and 6 (GeV/c)2.

Table 5 displays parameters relevant to the precision of the polarization mea-
surement for neutron momenta (plab

n ) associated with Q2 = 1.5, 2.0, 2.5, 3.0, 4.0,
5.0 and 6 (GeV/c)2 kinematic settings . The estimate of δP (Eq.14) has been
made using the �gure of merit z2, for 1.43×108 incident neutrons, equivalent
to 107 neutrons detected by the polarimeter. z2 is calculated (Eq.13) using an
e�ciency of 0.07, produced by the Monte Carlo simulation (Sec.0.4.1.3), and
the parametrisation of analysing power An

y (pn, θ
′

n) described in Sec.0.4.1.4. The
parameters P ∗

x , P ∗
y are calculated from the form-factor �t of Ref.[20] and the

e�ciency is calculated after selection of polar scattering angle in the range 1 �
10◦.

The time necessary to achieve 107 counts can be obtained from the detection
rates displayed in Table 6.

The counting rate estimate (Table 6) is based on the expected luminosity and
the cross section for free n(e, e′n) scattering. The cross section has been cal-
culated using Eq.5 and the parametrization of the Q2 dependence of the Sachs
form factors of Ref. [20]. A 10 cm LD2 target has a thickness of 1.69 g/cm2
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which gives a (neutron) luminosity of 1.26× 1038 cm−2.s−1 for an incident beam
current of 40 µA . The Counting rate estimate assumed a polarimeter e�ciency
of 7%. The statistical uncertainty is estimated from Eq.18, where δP is given
in Table 5. The systematic uncertainty of 3% is discussed in Sec.0.4.4.

0.5.2 Beam Time Request

Beam time is requested (Table 7) to measure Gn
E/Gn

M at �ve values of Q2. The
request also includes time for calibrations of the spectrometers and changes in
spectrometer positions for di�erent kinematic settings. Electron beam helicity
�ip is performed at 30 Hz so that combination with the up-down polarized data
will yield the e�ectively unpolarized azimuthal distributions in the polarimeter.
At each Q2 point we will measure at two equal, but opposite polarity setting of
the spin-precession dipole. This will e�ectively reverse the Py (precessed from
Pz), to make the separation procedure of x and z (precessed to y) components
of the recoil-neutron polarisation more robust and provide an extra check on
possible instrumental e�ects.

In order to determine the four-momentum of the virtual photon to best accuracy,
the optics of BigBite has to be well known. For each kinematic setting data will
be taken with a multi-foil carbon target and a removable sieve slit of lead located
at the front face of the magnet. These provide the means to calibrate accurately
the angular coordinates before magnetic de�ection and also the scattering vertex
position. The momentum calibration is obtained from elastic e − p scattering
from a LH2 target, where the kinematics are very similar to the quasi-elastic
e − n case so that detectors do not require to be moved. Data will also be
taken with a liquid 3He target. In conjunction with the data taken with the
other employed targets (1H, 2H, 12C) this will facilitiate the evaluation of p−n
convertion e�ects.

In total we request 1320 hr of CEBAF beam time. This is broken down in Table
7.

0.6 Summary

We propose to measure the ratio Gn
E/Gn

M from a double-polarization asymme-
try using the longitudinally polarized CEBAF electron beam and a polarimeter
to measure the transfer of polarization to the recoiling neutron in quasi-elastic

n(~e, e
′ ~n). The measurement will be made at �ve values of the squared four-

momentum transfer of the scattered electron Q2 = 1.5, 2.0, 2.5, 3.0 and 4.0
(GeV/c)2 and will aim to achieve a relative uncertainty (statistical + system-
atic) in the ratio Gn

E/Gn
M of between 4 and 6%. Systematic e�ects for recoil

polarimetry with an unpolarized deuteron target can be evaluated to good ac-
curacy (provisional estimate 3% uncertainty) and the use of a highly e�cient
polarimeter results in excellent precision (3 � 5%).

As well as providing an independent check of other Gn
E/Gn

M measurements us-
ing polarized-target techniques, this level of accuracy will exercise very powerful
constraints on the form factor behaviour at moderate Q2. Fig.24 displays the
separated d quark ratio κ−1

d F d
2 /F d

1 up to 4 (GeV/c)2, with the impact of the
present estimated uncertainties shown as red bars. Clearly the present data
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Q2 Function Target Precession Time (hr)

1.5 Production 2H(~e, e′~n) LD2 pos 8

1.5 Production2H(~e, e′~n) LD2 neg 8

1.5 BB Optics, Vertex C Foil � 24

1.5 Calib. 1H(e, e′p) LH2 8

1.5 Calib. 3He(e, e′p) L3He 8
1.5 Con�g Change � 16
2.0 Production2H(~e, e′~n) LD2 pos 16

2.0 Production2H(~e, e′~n) LD2 neg 16

2.0 BB Optics etc. C Foil 24

2.0 1H(e, e′p) LH2 16

2.0 Calib. 3He(e, e′p) L3He 16
2.0 Con�g Change � 16
2.5 Production2H(~e, e′~n) LD2 pos 64

2.5 Production2H(~e, e′~n) LD2 neg 64

2.5 BB Optics etc. C Foil 24

2.5 1H(e, e′p) LH2 24

2.5 Calib. 3He(e, e′p) L3He 24
2.5 Con�g Change � 16
3.0 Production2H(~e, e′~n) LD2 pos 120

3.0 Production2H(~e, e′~n) LD2 neg 120

3.0 BB Optics etc. C Foil 24

3.0 1H(e, e′p) LH2 24

3.0 Calib. 3He(e, e′p) L3He 24
3.0 Con�g Change � 16
4.0 Production2H(~e, e′~n) LD2 pos 256

4.0 Production2H(~e, e′~n) LD2 neg 256

4.0 BB Optics etc. C Foil 24

4.0 1H(e, e′p) LH2 24

4.0 Calib. 3He(e, e′p) L3He 24
4.0 Con�g Change � 16
Total 1320

Table 7: Breakdown of beam time request
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Figure 24: The ratio κ−1
d F d

2 /F d
1 as a function of Q2. The red bars on the line

κ−1
d F d

2 /F d
1 = 1 display the estimated total uncertainties in the d-quark ratio

which would arise from the presently proposed Gn
E/Gn

M measurements.

would represent a major advance in constraining form factor behaviour at mod-
erate momentum transfer, where the sensitivity to structural e�ects such as the
pion-cloud, or di-quark con�gurations would be most pronounced.

It is very tempting to attempt to extend the range of Q2. However, bearing
in mind that Gn

E/Gn
M by recoil polarimetry in quasi-free n(e,e'n) has not been

measured previously beyond 1.5 (GeV/c)2, it is of immense importance to
establish the ratio in the . 4 (GeV/c)2 region. Recoil neutron polarimetry is
relatively unknown territory in terms of the neutron analysing power of organic
materials. We have thus limited our beam request to Q2 ≤ 4 (GeV/c)2 where
we are con�dent that good precision can be achieved in a reasonable time. In
parallel we propose to measure neutron analyzing powers at JINR Dubna, which
will �rm up our appreciation of the feasibility of higher Q2 measurements.

The Collaboration

This experiment will be performed in Hall-A of Je�erson Laboratory and ap-
proval from Hall-A will be sought retrospectively after submission. It will also
be part of the SBS programme of experiments and thus will rely heavily on
the apparatus which is being developed jointly for this project. For the present
experiment we list the institutes which are most directly involved.

• Je�erson Laboratory:
The Hall A group will take on the design of the apparatus layout, the
modi�cation of the 48D48 magnet and beam-line vacuum pipe. The group
will be responsible for the installation and commissioning of the upgraded
infrastructure required for the magnet, the targets, the beam line and the
BigBite electron spectrometer. JLab are leading negotiations with SLAC
regarding transfer of photomultipliers, originally used for BaBar.
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• University of Glasgow:
The University of Glasgow have initiated R&D on the polarimeter and
have 1 Ph.D. student working full time on this investigation. They will be
responsible for electronics and data readout hardware from the analyser
array and also for building a small prototype array for measurements at
Dubna.

• JINR Dubna:
The Dubna group will lead the e�ort to measure the analysing power of
neutron scattering from plastic scintillator at neutron momenta of sev-
eral GeV/c, using the polarized neutron beam produced by the Nuclotron
accelerator in Dubna. They will ensure the necessary provision of beam
and infrastructure to carry out the measurement. Dubna are responsible
for construction of the modules of HCAL the hadron calorimeter and will
supply HCAL modules for the analysing power measurement.

• INFN Rome:
The Rome group are leading the e�ort to build the front tracker GEM
chambers and also the design and implementation of the GEM readout
electronics. This work in performed within the broader context of the
SBS collaboration and bene�ts all experiments which use the common
apparatus.

• University of Virginia:
The UVA group are leading the e�ort to build the large rear GEM cham-
bers and are also heavily engaged in chamber R&D work. This work in
performed within the broader context of the SBS collaboration and bene-
�ts all experiments which use the common apparatus.

• Carnegie Mellon University:
The CMU group lead the R&D e�ort on the hadron calorimeter modules,
which involves optimization of the pulse height response and improvement
of time resolution. This work in performed within the broader context of
the SBS collaboration and bene�ts all experiments which use the common
apparatus.

• INFN Catania:
The Catania group will participate in the R&D and assembly work on the
polarimeter.

Cost Estimate of the Polarimeter Analyzer

The major new piece of apparatus required by this proposal is the array of plastic
scintillators which form the active analyzer block of the neutron polarimeter.
The array consists of 864 bars of plastic scintillator. The realization of this
array is planned as follows.

• New plastic scintillator bars would cost $51,000. Alternatively Glasgow
have a stock of large blocks of plastic, used formerly as large time of �ight
counters. The cost of cutting and machining these into small analyzer
bars has been quoted at $36,000.
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• Veto counter scintillator and light guides would cost in the region $20,000

• The PMT's would be tubes employed previously on the DIRC systems of
BaBar. There are in excess of 104 of these PMT's and transferring some
of them to JLab is the subject of negotiations between the managements
of JLab and SLAC.

• The PMT voltage divider, anode pulse fast ampli�er and timing discrimi-
nator would be guided by a design by the Glasgow group for the detector
of the photon tagging spectrometer in Mainz. In this detector plastic
scintillator rates in excess of 2 MHz are handled and a time resolution
of < 200 ps achieved. If all three functions are implemented on a single
circuit board the cost per channel will be ∼ $30, leading to a total cost
(analyzer + veto) of around $33,000. It may be possible to reduce this
amount, save space and reduce cabling complexity by grouping 16 sets of
ampli�er and discriminator circuits on a single circuit board.

• Analogue to digital conversion (both pulse height and time) will use ex-
isting hardware within the Hall-A and SBS collaborations.

• The mechanical mounting, including the provision to incorporate shielding
is estimated to cost $7,500.
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