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Abstract

Electromagnetic form factors are fundamental quantities in describing the underlying
electromagnetic structure of nucleons. While proton electromagnetic form factors
have been determined with good precision, neutron form factors are known poorly,
largely due to the lack of free neutron targets. Jefferson Lab Hall A experiment
E95-001, “a precise measurement of the transverse asymmetry A from the quasi-
elastic 3I—fe(€, e') process”, was therefore designed to determine precisely the neutron
magnetic form factor, G7, at low momentum transfer values and was successfully
completed in Spring 1999. High precision A7 data in the quasi-elastic region at
Q? values of 0.1 to 0.6 (GeV/c)? were obtained using a high-pressure spin-exchange
optically-pumped polarized >He gas target with an average polarization of 30%, a
longitudinally polarized e~ beam, and two High Resolution Spectrometers: HRSe
and HRSh. HRSe was employed to detect scattered electrons from the quasi-elastic
kinematic region, and HRSh was employed as a elastic polarimetry to monitor the
product of the beam and target polarizations.

The extraction of form factors is usually model-dependent. Significant constraints
on theoretical calculations are provided by additional high precision quasi-elastic
asymmetry data at Q2 values of 0.1 and 0.2 (GeV/c)? in 3 He breakup region, where
effects of final state interactions(FSI) and meson exchange currents (MEC) are ex-
pected to be large [71]. G7, is extracted from a non-relativistic Faddeev calculation
which includes both FSI and MEC at Q? values of 0.1 and 0.2 (GeV/c)?. The un-
certainties of G%, at these Q? values are comparable to those of recent experiments
with deuterium targets [58]. At the higher Q? values from this experiment, G%, is
extracted from Plane-Wave Impulsive Approximation (PWIA) calculations with a rel-
atively large theoretical uncertainty of 2-4%. Thus a reliable extraction of G%, from



Aqr at higher Q? values (especially at Q? values of 0.3 and 0.4 (GeV/c)?) requires im-
proved theoretical calculations including FSI, MEC, and relativistic effects. However,
those G7, results extracted from PWIA at higher Q? values from this experiment still
show overall a good agreement with the most recent deuterium measurements.

The analysis of asymmetries and the extraction of G%, from both the Faddeev
calculations and the PWIA calculations are reported in this thesis.

Thesis Supervisor: Haiyan Gao
Title: Associate Professor
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Chapter 1

Physics Motivation

1.1 Introduction

Electromagnetic form factors of the nucleon have been a very interesting topic for
a few decades, and are parametrized in terms of the Sachs from factors, Gy, or
the Dirac and Pauli from factors, F;,. The Dirac and Pauli from factors, Fy 5 is
related to the Sachs from factors, G, via equation 1.46. In a particular Lorentz
frame, so-called the Breit (or brick wall) frame in which the transfer Q? equals the
three-momentum transfer ¢2, the form factors, G, and G,, are closely related to the
charge and magnetic moment distribution inside the nucleon. As the value of the
four-momentum transfer squared is much lower than the mass square of the pion, Gg
and G, are just the Fourier transform of the nucleon charge and magnetization densi-
ties in its rest frame, respectively. Theoretical understanding of the nuclear structure
in terms of the fundamental quark and gluon degrees of freedom of Quantum Chro-
modynamics (QCD) is of great importance in nuclear and particle physics. While
theoretical predictions of QCD have great success in the perturbative QCD region
where the momentum transfer is large (i.e. Q*> — o0); in the non-perturbative QCD
region,i.e, the low momentum transfer region, the theoretical understanding based

on QCD remains either very poor or unknown. Potentially, theoretical approaches
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relying on the first principles of QCD, such as lattice QCD and effective field theories,
may give better understandings of the nucleon electromagnetic structure. Thus, the
precision measurement of the nucleon electromagnetic form factors is crucial for con-
fronting theories and further understanding of the underlying interactions between
quarks and gluons of QCD. Particularly at low Q? such measurement allows for both
a determination of the electromagnetic radii and accurate calculations of nuclear form

factors.

The proton electromagnetic form factors have been determined with good precision
at low Q? using Rosenbluth separation of elastic electron - proton cross-sections, and
more recently at higher Q? using a polarization transfer technique [1]. Due to the lack
of a free neutron target and calculations fully including electromagnetic interaction
within a complex nucleus, neutron electromagnetic form factors are determined poorly
compared with proton electromagnetic form factors. The extraction of the neutron
magnetic form factor, G}}, with high precision is essential to resolve the inconsistency
in the existing G, data at low Q? from deuterium experiments. In addition, precise
information on G}, can significantly reduce the uncertainty in determining the neutron
electric form factor, G because the determination of G? is via the ratio G7/G7, from
double-polarization experiments. Furthermore, precise electromagnetic form factor
data are crucial for probing the strangeness content of the nucleon by measuring
the parity violation asymmetry in electron scattering [73,74]. Lastly, the nucleon
from factors are closely related to the Generalized Parton Distributions(GPD’s), the
formalism which provides a unifying description of the fundamental quantities in

hadronic structure.

This thesis reports Jefferson Lab Experiment E95-001-a precision measurement of
the transverse asymmetry, A7, in the inclusive quasi-elastic scattering of longitudi-
nally polarized electrons from a polarized 3 He target at six different four momentum

transfer values (Q* ~ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 (GeV/c) ?), and the extraction of the
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neutron magnetic form factor, G . The data taking at the Thomas Jefferson National
Lab started on January 21, 1999 and completed on February 28, 1999. More than
ten institutions including MIT, JLab, Caltech, Princeton, Temple, College of W&M
and others collaborated on this experiment. The MIT group led the experiment (
Spokespersons: H. Gao and J.-O. Hanson).

Concerning the measurement of Az, the systematic uncertainty which comes from
the determination of the product of the beam and target polarization through the
elastic measurement is the main source of systematic uncertainty. The uncertainty in
extracting G, however, is dominated by the theoretical uncertainty. For the inclusive
quasi-elastic scattering 3SH e(e, e'), the theoretical limitations of the state-of-the-art
three-body calculations have prevented G7., from being extracted with high precision
at Q% values above 0.3 (GeV/c)?%. The work presented here is both a challenge and
an opportunity for theoretical physics in the few-body system.

In the remainder of this chapter, we first discuss nucleon electromagnetic form
factor calculations, and the recent data on G? in a @Q? region, which is less than
1 (GeV/c)?. Subsequently, we give an overview of the basic theoretical description
of the inclusive electron scattering, the existing plane-wave impulse approximation
(PWIA) model calculation, and the Faddeev full calculation. Chapter 2 gives a de-
tailed description of the experimental setup. In Chapter 3 and 4, the data analysis
as well as systematic uncertainties are discussed. Chapter 5 presents the results on
Ag and G7,. Also investigated and presented in Chapter 5 are theoretical uncer-
tainties associated with the extraction of G}, in the framework of PWIA and the full

calculation. In Chapter 6 we give brief conclusions and future outlook on this subject.
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1.2 Nucleon Form Factor Calculation

In the perturbative QCD region (Q* > 1.0 (GeV/c)?), the effective strong coupling
constant is much less than 1 and thus calculations of QCD can be performed using
perturbation method. However, in low Q? region, non-perturbative QCD can not
be solved technically and an important approach for non-perturbative QCD is lat-
tice QCD. In fact, there are various models and calculations of nucleon electric and
magnetic form factors GP™ and G2 at low Q?. Inspired by QCD, there are five
semi-phenomenological models: vector meson dominance model (VDM), relativistic
constituent quark model (RCQM), diquark model, Skyrme/soliton model and the
MIT bag model, and the Lattice QCD calculation. Following are the discussion on
these five models and one calculation.

Vector Meson Dominance Model (VDM)

It is now established that QCD is the theory of strong interactions. Even before
the advent of the quark model, however, Sakurai had attempted to model the strong
interactions as a gauge theory where vector mesons, such as p(770), w(780) and
¢(1020), played the role of the gauge bosons. This model so-called vector meson
dominance model(VDM), at phenomenological level, has been very successful in the
areas of hadronic form factors, photo-production and absorption cross-sections, and
in the vector meson exchange contribution to 7N and NN scattering. These achieve-
ments imply that for low-energy phenomena, QCD may reduce to a theory with only
mesonic degrees of freedom, interacting nonlinearly. In the VDM pictures of electron
scattering from a hadron, a virtual photon converts to a neutral vector meson first
and then couples to the hadron.

Based on this model, Tachello and coworkers [3]attempted to describe the nucleon
form factor using a semi-phenomenological fit at early time. Gari and Kriimpelmann [4,
5] extended VMD model to include quark dynamics at large Q? via perturbative QCD.
In addition, Hohler et al. [6] fit a dispersion ansatz to e-N scattering with VMD con-
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tributions from p, w, @, p/, w'. Later on, Meissner and coworker [7-12] have extended
this VMD /dispersion relation approach to include chiral perturbation theory. Among
those calculations, Mergell et al. [7] obtain a best fit that gave a rms proton radius
near 0.85 fm, closer to the accepted value of 0.86 fm, but could not do better while
simultaneously fitting neutron data. Most recently, Lomon [13] extended the Gari
and Kroumpelman technique to include the width of the p meson by substituting the
result of dispersion relations for the pole and the addition of p/(1450) vector meson
pole. In Fig. 1-1, this extended GK results (dash) are shown to produce a good overall
fit to the recent u,G?/G®, ratio data from Jefferson Lab.

Relativistic Constituent Quark Model
Ever since the proposal of the quark model in the early sixties by Gell-Mann, the
modeling of the hadrons has been a very active area of theoretical research. Non-
relativistic constituent quark models are successful in describing the mass spectrum
of baryons. However, considering the uncertainty principle these values of the r.m.s.
radius implys a quark momentum in the range 250-500 MeV, which is comparable
with the light constituent quark mass in the range 210-360 MeV. The use of non-
relativistic quantum mechanics is therefore inconsistent, even for static properties
of the hadrons, because the relativistic corrections are of the order < p? >/m? and
are expected to be large. In the relativistic constituent quark models, a light front
scheme is chosen, in which there are seven (maximal number) Poincare generators of
kinematical character, and only the remaining three generators contain interaction,
which is the minimally possible. The light-front formalism is specified by the invariant
hyper-surface z+ = 2° + 23 = constant, four vector is given by z = (z¥,z7, ), and
light-front vectors are denoted by an arrow & = (z*,z,), where 2% = 2% &+ 23 and

z, = (z!, 2?).

Several authors: Chung and Coster [14], Aznauryan [15], and Schlumpf [16,17]

have calculated the nucleon form factors using various version of the relativistic con-
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stituent quark model (RCQM). More recent RCQM calculations have been using light
front dynamics (LFCQM) and SU(6) asymmetry breaking effects by the group from
INFN in Rome, Cardarelli, Simula, Pace, and Salme [18-20]. One of RCQM calcu-
lations (thick dot-dash) and LFCQM (dot) calculation are shown in Fig. 1-1, and

discrepancy between data and these calculations increase as Q? goes higher.

Diquark Model
Measurements of deep inelastic scattering show clear flavor dependence of the nucleon
structure functions. One example is the ratio of the neutron to proton structure
functions F3'(z)/F3(z) which shows a large deviation from the naive quark-parton
model prediction, which is 2/3. The idea of diquark clustering, i.e. correlated of
two quarks, is thus introduced phenomenologically to explain the scaling violation
of the nucleon structure functions, which may be caused by the non-perturbative
diaquark flavor-dependent correlations. In an other word, the experimental ratio of
the neutron to proton structure function can be qualitatively explained if nearly all
the momentum is carried by a leading quark, which is a u quark in the case of a
proton and a d quark in the case of a neutron. Because the QCD spin-spin force is
attractive and strongest in spin-0 quark-quark state, a scaler diquark ((ud)y) is more
probable than a vector one at large momentum transfer and the scalar diquark with

isospin zero remains in the scattering.

Bo-Qian Ma, Ivan Schmidt and coworkers [21], and M. Oettel and coworkers [22]
calculate the nucleon electromagnetic form factors in a light cone diquark model and in
covariant diquark-quark model, respectively. Similar to RCQM, diquark calculation
(thick dot) falls off much faster than data do and thus is not able to describe the

proton form factor ratio well as Q? increases.

Skyrme/Soliton Model
The Skyrme model was first proposed by T.H.R Skyrme [23] in the sixties, as a

revolutionary idea for incorporating baryons in the non-linear sigma model description
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of the low-energy interactions of pions. This sigma model consists of a unitary matrix
valued field U(Z,t) of dimension 2 x 2 or 3 x 3 depending on number of light flavors

that are considered. The dynamics is described by the Lagrange density
2
L= —Z”tr(UTauUUTa,U), (1.1)

where f is the pion decay constant. Skyrme noted that the existence of topologi-
cally non-trivial field configurations of finite energy. These were however, unstable
against collapse, which can be deduced by a simple application of scaling argument.
Skyrme then added a higher derivative term to the Lagrange density rendering these
configurations stable. This term is now called the Skyrme term and Skyrme Lagrange

density Ly is give by
2
1
Ly = —Z”tr(UTauUUT&,U) + @tr([UTaHUUTaVU]Z), (1.2)

where e is a new, dimensionless coupling constant. Since each derivative corresponds
to a momentum, this term is clearly of higher order in the low energy approximation.
Skyrme proposed the interpretation of these topological solitons(stable, localized,
finite-energy solution of classical equation of motion) as nucleons and identified the

winding number of the soliton with baryon number.

Holzwarth [24] has used this model to calculate the nucleon form factors and
included the loop corrections. His results (dot-dash) agree very well with the recent
proton 4,GP/GP, ratio in Fig 1-1.

MIT Bag Model
In QCD model, the color electric interaction between charged objects becomes stronger
for large distances. QCD vacuum is therefore an ”anti-screening” medium. As the
distance gets smaller, the interaction becomes weaker. This is called asymptotic free-

dom. Based on these phenomena, a nucleon can be modeled as independent quarks
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Figure 1-1: Jefferson Lab precise data on proton form factor ratio u,G%/G%,. Data is shown
in figure (solid circle: Jones et al. [1], and solid square: Gayou et al. [2]), along with various
model calculations ( SU(6) +CQ ff (dot): Cardarelli and Simula [20], RCQM (thick dot-
dash): Schlumpf [17], GKex(02L) (dash): Lomon [13], Soliton (dot-dash): Holzwarth [24],
Diquark (thick dot): Ma [21], and CBM (solid): Lu [27]).

confined in a rigid spherical well. This model is the so-called MIT Bag model.

Lu and Thomas [25-27] have performed calculations based on a cloudy bag model
(CBM) which is a bare MIT bag with a meson cloud. The introduction of the pion
cloud improves the static properties of the nucleon by restoring chiral symmetry and
also provides a convenient connection to 7/N and NN scattering. In Fig 1-1, the CBM
calculation (solid) with a small bag radius of 0.7 fm gives a better agreement to the

Jlab data, but the abrupt change of slope between 2 and 3 (GeV/c)? is inconsistent
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with the data.
Lattice QCD

QCD is fundamentally different from QED. In QCD, there exists a rich topological
structure, self-interaction is highly nonlinear, interaction between quarks increases
at large distance (confinement), the strong coupling constant is much greater than
1. Currently, analytical techniques are inadequate to solve non-perturbative QCD.
Thus, a technique called lattice QCD, in which path integral of the action S is nu-
merically evaluated on space-time lattice in Euclidean space, bring a hope to solve
non-perturbative QCD, yet adequate human and computer resources are highly de-

manded in order to solve QCD on the lattice.

A lattice gauge calculation is the most fundamental. However such calculations
are still in early stage of development. Recent calculations by a few groups such as
K.F. Liu et al. [29], W. Wilcox et al. [28] and G. Schierholz et al. [30] therefore have
relatively large uncertainties.

The comparison between the previous neutron magnetic form factor, G, data and
some of various model calculations at Q? values less than 1 (GeV/c)? are included in
the following section, and discussions on the most recent G}, results and some of the

most recent model calculations are included in Chapter 5.

1.3 Existing Data

In the past, the existing world’s data set is found to be internally inconsistent and
with poor quality due to the lack of a free neutron target, while the proton form
factors are known with good precision over a large range of Q2. This is true for both
the electric form factor G7 and to a somewhat lesser degree for the magnetic form
factor GI',. G7. has been determined mostly from the quasi-elastic D(e,€’) cross-

section. The extraction of G?, demands a longitudinal/transverse separation and a
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subtraction of the (dominant) proton magnetic contribution. The deuteron model,
meson exchange currents (MEC) , and final interactions (FSI) result in uncertainty
of G, greatly amplified by these two subsequent subtraction steps. The accuracy of
G?. therefore is no better than 20% from these inclusive measurement. Due to all

these limitations alternative techniques have been used in recent experiments.

One of the techniques is the exclusive cross-section measurement from the D(e, e'n)
process, which was employed most recently by Markowitz et al. [40] at the MIT-Bates
Lab. The neutron detection efficiency is determined using the associated technique
with the 2H (v, pn) reaction. Though the proton contribution is excluded, the method
still depends on a deuteron model for the extraction of G7J,. Later on, an improved
method, which determines G7, from the ratio R=0 (e, e'n)/o(e, ¢'p) on the deuteron in
quasi-free kinematics to minimize the uncertainty due to a deuteron model, F'SI and
MEC, is developed. However, the cost is the need for a precise measurement of the
absolute efficiency of the neutron detector employed. The absolute neutron detection
efficiency is measured either in situ using the ' H(y, 7)n reaction by Bruins et al. [55]
during a Bonn experiment, or with high accuracy using tagged neutrons produced
from the H(n,p)n elastic scattering by means of a high intensity neutron beam in
recent NIKHEF and Mainz experiments [56,57]. The values of G, are consequently
extracted with error bar as low as 1% in low Q? with the ratio technique. Due to the
difficulty with absolute neutron efficiency determination, the G7, results from these

improved experiments however exist a intrinsic inconsistency [60] in Figure 1-2.

The neutron magnetic form factor, G, can also be obtained from the transverse
asymmetry, Az, measured in the 3He(€, ') scattering. Following a pilot experiment
by Gao et al. [39] at MIT-Bates, more recently G, is extracted with high preci-
sion in JLAB experiment E95-001 resulting from a rigorous non-relativistic 3-body

calculation, which includes FSI and MEC effects.

The standard dipole parameterization of the nucleon electromagnetic form factors
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are given:

n 7Y 2
%:%:G’;:GD:H—FQ—]_Q

1.3
U p 0.71 (13)

3

where QQ? is in (GeV/c) 2. Fig 1-2 shows the recent world data on (G™ )2, in dipole

’l~2 T T T T T T T T T T T T T T T T T T T T

1 Markowitz 1993 -
* Anklin 1994 ]
a Bruins 1995 i
A Anklin 1998 4
O Gao 1994

0.0 0.2 0.4 0.6 0.8 1.0
Q? (GeV/c)?

Figure 1-2: The word G}, data since 1990. The figure shows the results of the Bonn [55](0),
the MIT-Bates [39] [40](0,$), the NIKHEF /PSI [56](x), and the Mainz/PSI [57](A), in
comparison to various model calculations. Solid: Lu et al. [25], dot: Meissner et al. [9],
dash: Mergell et al. [7], long dot-dash: Kubis et al. [12], and short dot-dash: Schlumpf et
al. [17]

unit ((4,Gp)?), in the low Q? region including the recent Bates, Bonn and NIKHEF
and Mainz data. These data clearly show a difference from the dipole expression
used to remove the dominant Q?-dependence in G? . In addition, the data from deu-

terium measurements do not agree with each other. Measurements by Markowitz

et al. [40](<®) and Bruins et al. [55](0) used three-body reactions d(e,p)ne’ and
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H(e, m)ne' to tag the recoiling neutron in the absolute neutron detection efficiency
determination. However, the argument is that significant corrections for neutrons
that miss the neutron detector are required, but these corrections were not ap-
plied [60]. The agreement between the data measured at NIKHEF and Mainz by
Ankin et al. [56,57](x,2A\) and at Bates by Gao et al. [39](o) using different techniques
at different facilities seem to support this argument. But the further investigation is
needed due to the rather large statistical uncertainty associated with the measure-
ment by Gao et al. [39](0). The data measured by Anklin et al. [56,57](x,A) and
Gao et al. [39](o) show significant differences from a recent cloudy bag model calcu-
lation [25](solid) and a minimal vector dominance model prediction [9](dot). These
data are also compared to results of the relativistic chiral perturbation theory by Ku-
bis and Meissner [12](long dot-dash), the calculation by Mergell et al. [7](dash) based
on a fit of the proton data using dispersion theoretical arguments, and the relativis-
tic constituent quark model calculation by Schlumpf [17](short dot-dash). However,
none of these calculations describes the data satisfactorily.

The extracted G7, from this work and some of the most recent model calculations

are included in Chapter 5.

1.4 The Spin-Dependent Quasi-elastic 3H e(e, e') Pro-
cess

Inspired by the pioneering experiments using polarized 3 He targets [36-39], we have
for the first time measured precisely the transverse asymmetry As and have ex-
tracted neutron magnetic form factor G}, from the quasi-elastic 3H e(€, e') process.
The notable advantages of using the spin-dependent quasi-elastic 3SH e(€, e') process
to study the structure of neutron are following: (i) an electron probe is able to sam-

ple the entire nuclear volume because the interaction between electron and nuclei are
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relatively weak, and the electron-photon interaction is extremely well understood in
terms of QED; (ii) the ground state 3He is dominated by the spatially symmetric
S-state [31,32] in which the spins of two protons are paired off to satisfy the Pauli
principle so that the nuclear spin is mainly carried by the unpaired neutron. Thus,
the spin-dependent asymmetry is very sensitive to the neutron electromagnetic form
factors at certain kinematics near the top of the quasi-elastic peak.

Recently, the full calculation with the final state interaction (FSI) effect and the
meson exchange current (MEC) effect, which has been developed by the Buchum-
Krakow collaboration, has made it possible to extract GJ:, with high precision at very
low Q? values from 3I—fe(€, €') process on top of the quasi-elastic peak, where the
relativistic effect is relatively small. As @ increases, although FSI effect is expected
to decrease, the relativistic effect grows rapidly. So PWIA may provide a better
approximation for describing the cross-section around the quasi-elastic peak and the

extraction of G" at higher values of Q2.

1.4.1 Spin-dependent Inclusive Electron Scattering

As an incident longitudinally polarized electron with four-momentum k = (E, k) is
scattered by a nucleus P4 = (M4, 0) with a spin Sa to &' = (F', l;’), the electromag-
netic interaction via virtual photon exchange and the weak interaction via Z° boson
exchange between the electron and the nucleus take place. In the medium energy
range, the electromagnetic contribution dominates by many orders of magnitude due
to the mass of the vector bosons and the weak coupling constant. Also among all
orders of electromagnetic contributions, the first order approximation of the electro-
magnetic contribution, so-called the first Born Approximation as shown in Fig. 1-3, is
larger by roughly two orders over the rest of all electromagnetic contributions because
of the virtue of electromagnetic interaction, the a (1/137) suppression. The study of

the one-photon-exchange approximation is therefore sufficient to fulfill the require-
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Figure 1-3: The Born approximation

ments of the experiment. The inclusive cross-section summing over initial states and

averaging over all possible final states is given as:

do =
1 N

4v/(k-pa)? — m2Mj 2 (/ U (27&%) D IMi2n) s (g + pa — px)-

A N s'sn/

(1.4)

Here My; is the transition matrix element from the initial state [ > to the final state

|f > and the square of M; has the well-known form in terms of the leptonic current

and hadronic current:

Myl =
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2
2%5 koslje"|K's' >< K, s'|j|K's' >][< pa, salial|X >< X[j4|pa, 54 >],

nky Wp,u

(47)

(1.5)

where 7 and W, are so-called leptonic tensor and hadronic tensor [34] respectively.
From Eq. 1.5, one realizes the importance of understanding the leptonic tensor n*”

and the hadronic tensor W, for studying electron scattering.
Leptonic Tensor:

In terms of the Dirac spinor, the leptonic tensor is generally given as the following:

0 =" u(k, 5) v uc(k', 8 Yue(k', )7 ue(k, s). (1.6)

s’

If the electron beam is longitudinally polarized, Equation 1.6 can be rewritten as:

= %TTH“(%?L me )" (14 754 (F+ me)]. (1.7)

Here, f+m, and f4m, are the electron projectors for incoming and outgoing electrons
respectively, and 1 + ~s¢ is the spin projector for the incoming electron. It is not
difficult to figure out that by inserting the spin projector for the outgoing electron, one
is able to calculate A(¢,e’)B case. Furthermore, if we have taken the ultra-relativistic
limit by dropping terms containing the electron mass, m., with the exception of the
term containing the electron spin, m.s, the leptonic tensor could be deduced as a sum

of a symmetric piece and an antisymmetric piece in the following equation.

" = 2Kk + kK'Y — g™ (k- k) + i€ (mesa)qs | (1.8)
symme;‘; terms anti—sym:nretry term

Hadronic Tensor:

Although the hadronic tensor can not be written explicitly without detailed knowl-
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edge of the nuclear current Jy, it is still a good idea to study the general formulas for
the hadronic tensor. Like the leptonic tensor, the hadronic tensor, W#” can be split
into a symmetric piece and an anti-symmetric piece, W# = W# + Wk Each term

satisfies parity and time-reversal invariances, and current conservation, ¢,W*" =0 .

The general symmetric rank-two tensor which can be constructed from the two

independent 4-vectors (g, pa) is thus

q"'q” y ey W
q—2 — gﬂ )Wl +pAMpA

W = ( ﬁi (1.9)
A

with two scaler functions Wi(g¢? pa - q¢) and Wy(¢?, pa - q) called the unpolarized

structure functions and the abbreviation

=t = L PA (1.10)

In addition, it is useful to express the structure functions in terms of the elements of
the hadron tensor W#*” because W# is defined in the theoretical calculation. If the
rest frame of the target is chosen, where z-axis is along the three-momentum transfer
Z = ¢, and y-axis is normal to the plane spanned by the three momentum transfer

and the target spin s4, § = (§ X $4)/|¢ X S| , the inverted expressions are given by

1

Wy = 5(W11 + W), (1.11)

W, = q_4W00 _ li(Wn + W) (1.12)
q1* 2 |q?

Likewise, one can constructed the antisymmetric part,
WH = e g, V. (1.13)

For W} satisfies current conservation, time-reversal and parity invariances, V3 must
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be a pseudo-vector and so it must be a function of sy, s5 - ¢ and s4 - ps. However
terms containing s, - ps vanish, because s, is chosen to satisfy s4 - p4 = 0. The

general expression of Vj is

Vo = 5452 + [(pa - 0)545 — (54~ 0)pag (1.14)

G
M, M3
with two additional polarized structure functions, Gi(q% q - pa) and G(¢?,q - pa)

different from W;/, above. Similar to the unpolarized structure Wy, Gi/s is also

helpful to invert as

G1 I ¢ 1 W2 _ 20 w w2 _ 2t

My __W{@@( - )+£( - 'y (119
G2 _ 1 w 1 ”,02 . ”,20 1 ”,12 . ”721
MA B 2|q—12 {|q—1 SAz( )+ SA:E( ) (116)

in terms of the element of W#” . From the expressions of GG1/ and W3, one finds that
all third components of W#" vanish. It is simply because the current conservation,

W3 = wW%/|q] , and we prefer to use the zeroth components of WH.

The zeroth components of W#” correspond to the longitudinal projection, re-
lated to the nuclear charge density, and the first and the second components of W#
correspond to the transverse projections, related to nuclear magnetization currents.
Because W/, and G/, mix different components of the nuclear current, introducing
an equivalent set of structure functions, with separated current projections, so-called
response functions, is useful from a physical point of view. The response functions

are defined as:

Ry = W% (1.17)

Ry = W'+ w* (1.18)
1

RTI = —i—(WIQ—WZI) (119)



18 Physics Motivation

e

S Az

(W2 —w2h, (1.20)

RTLI =
Inserting the response functions into equations of W andW/ | we get

W =

N =

"¢ _ . 4" PA"Pa" 2 2
( r 9 T imap )t e
q q1? M3 g1t M3
. vV 1 1
+ ey, {2|(j'|2 <WSAﬁ - E[(?’A *q)sag — (54 Q)PAﬁ]> B

#W (QQSAB - MLA[(pA - q)sap — (Sa - q)m;;]) RTL’} (1.21)

Having written down the leptonic tensor n*¥ and the hadronic tensor W#*” | we are

Scattering Plane

Figure 1-4: Definition of target spin angles with respect to the three-momentum transfer,

—

q

ready to reveal the full expression of the cross-section and asymmetry in terms of the
nuclear response functions. Assuming the target spin direction is of polar angle 6*
and azimuthal angle ¢* with respect to the momentum transfer ¢ in Figure 1-4, we
find the spin-dependent quasi-elastic differential cross-section:

d*c
dE'dY

W, (1.22)
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= omet{vr Ry + vrRr — h(cosO v Ry + sin®*cos¢™vrr Rrr) 1.23)
Y+ hA (1.24)

with the kinematic factors

Q4
UL = —4,
q]
1@ 2
= -~ ttan’~
v 21 + tan 3’
_ Q?
v = tcm§ W+mn2§’
1 Q? 0

(1.25)

Il
~
)
3

vry = ——=roptanc.
" V2lq? 2

Here, the symbols ¥ and A denote the spin-independent and spin-dependent dif-
ferential cross section respectively, h denotes the helicity of the polarized electron
(h = %, h = £1), and @* = —¢*q,. The so-called spin-dependent asymmetry, is

defined as

do __ _do
dE'dQh=+1 dE'dQh=—1
A= h=+ h (1.26)
o + do
dE"dQYh=+1 dE'dQh=-—1

Using the Eq. 1.26, the expression of asymmetry is given as:

_ _cos@*UT: Ry + sinf*cos¢™vrr Ry (1.27)

A= p
A v Ry +vr Ry

From Eq. 1.27, as 6* = 0° or #* = 90°, namely the spin direction is along or perpen-
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dicular to the momentum transfer vector ¢, either the polarized response function,
Rrp term or Ry term vanishes. The asymmetry corresponding to 8* = 0° is called
the transverse asymmetry, A7». The asymmetry corresponding to 6* = 90° is called
the transverse-longitudinal asymmetry, A7r,. In experiment E95-001, we measured

the transverse asymmetry, Ay from the inclusive quasi-elastic ®* He(€, €') process.

1.4.2 Plane-Wave Impulse Approximation (PWIA)

The basic assumptions of PWIA are (Fig. 1-5):

e a single nucleon within the target nucleus totally absorbs the energy and mo-

mentum of a single virtual photon.

e the “quasi free” is valid and hence final-state interactions and various exchange

current effects are ignored. The outgoing nucleon is treated as a plane wave.

e the target nucleus can be described by independent particles.

Figure 1-5: Feynman diagram in the Plane Wave Impulse Approximation (PWIA)
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Thus, the one-body operator of the hadronic current is

JH = ZZ//dpdp' <p/,m!, 7D 7 > al Gy, (1.28)
mm! 77!
where |p, m, T > is an on-shell spinor state characterized by 3-momentum p, 4-vector

spin S* and the isospin 7, al

pmir a0d Gpr; are creation and annihilation operators of a

single nucleon respectively, and I'* is the v* NN vertex operator. As the target initial
state |i > = |A > evolves to the final state | f >, which includes a single knocked-out

nucleon and the residual A-1 system |B >, one then have for the hadronic current
< flJHi >= Z/dp < pn, mu|TE|p, m >< Blapm|A > . (1.29)
m
Inserting this result into the expression for the hadronic current we can write

WH = Z W (p,q) x S(p, Q%), (1.30)

where two new quantities are introduced: the spectral function S(p,2*) and the

single-nucleon tensor, W,”. The general formula for the spectral function [33, 35] is

Sp, ) = p(4)) < Blaymw|A>< Alapm|B >, (1.31)
A B

which characterized the probability to find a nucleon with momentum p within the
target nucleus. The solutions for the wave function of the |[A > and |B > can be
obtained from the Faddeev equations [51] using a realistic N-N potential. The spectral
function is a Lorentz scaler and so is parameterized in terms of the available Lorentz

vectors p, spin of the struck nucleon in its rest frame, & and target spin, o as [33]:

SE.) = 5 () + A2 )
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1

s R |[@pE - @] o

Here fy is the usual unpolarized spectral function and f; and f, are spin-dependent
parts of the spectral function.

Regarding the single nucleon hadronic tensor

W (p,q)n = Z < pn,my|THp,m' >*< py, mu|TH|p, m >, (1.33)

mn

which depends directly on the v* NN vertex, one can write in a form very similar to

the general expression of hadonic current,

v q“qu v T/ ~U =V W2 - _UrQ G~1
Wy'(p,q) = {( " - g" ) Wi+ pp" 5 + e %4a (Sﬂﬁ
Go )
+ - a)sp — (s-Qpagly 5 | ¢ X 2M6(2¢.p + ¢7), (1.34)

where p = p — q(q - p)/¢* , and the J-function ensures the quasi-elastic scattering
region. s represents the 4-vector spin of the struck nucleon in the rest frame of the
struck nucleon. The transformation of the s representing the boost of the vector & to

the momentum p’is

pq p-a .
s = ,0 + 1.35
(M M(M+p?v)p> (1.85)

In addition, the nucleon structures can be written in terms of the elastic Sachs form

factors, Ge/m(q%), as

W1 = TG?n
~ G? + 1G?
W2 — e +7 m

(1+7)
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~ Gm(Ge +7Gr)
Gy =
2(1+7)
i~ Gm (Gm - Ge)
G, = =Z~-"m ~¢ 1.36
2 414 7) (1.36)
where 7 = —¢?/4M. The sachs form factors have an intuitive interpretation. In the

non-relativistic limit, they are directly related to the Fourier transformation of the

charge and magnetization distribution of the nucleon, and in Q% — 0 limit reduce to

Ge(Q2 = O) = Gnucleon (137)
Gm (Q2 = 0) = Hnucleons (138)

where @,uceon 1S the nucleon charge and fi,ycieon 1S the magnetic moment of the nu-

cleon.

Based on the study of the single nucleon hadronic tensor ( Egs. 1.11, 1.12, 1.15, 1.16,
1.17 - 1.20, and 1.36 - 1.36) the response functions for the single nucleon (.ie. the

electron scattering from a free nucleon) therefore can be obtained in term of G/,

R, = (1+7)G?% (1.39)
Ry = 27G%, (1.40)
Ry = 27G2, (1.41)

(1.42)

RTL’ = 2\/2T(1+T)GmGe,

and according to Eq. 1.27 the spin-dependent asymmetry for the single nucleon is

27vrcos0*G?, 4+ 24/27(1 + T)vpr sin0* cosd* G Ge
J— m .

A =
€ (1 + T)ULGg + QTUTG%L

(1.43)
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In the process of electron scattered from |A >, the interacting nucleon is usually
kinematicly off its mass shell: F # \/m ie if = py + ¢ but \/]W #w+
pa’ + M? | the struck nucleon is off-shell. The de Forest half-offshell prescription
[42] are thus introduced to empirically describe the possible off-shell effect. The de
Forest prescriptions involve three major steps. First the spinors are still treated as
free on-shell ones in the current operator, then the vertex operator of the current

operator changes according to the CC1 and CC2 prescription given as

F

Feor = (F+ By = gp+py (1.44)
i,

Thoa = Fv'+ 550" Q (1.45)

with F} and F5,: the on-shell Pauli and Dirac form factors, respectively and p =
(v/p? + M?,p). The Dirac and Pauli form factors are related to Sachs form factors

in the usual way by

_Gm=Ge p _ Ge—TGn

_ 1.46
1+7 2 1+7 (1.46)

Therefore similar to the free nucleon case, we can get the corresponding response
functions for the single off-shell nucleon (.e. the electron scattering from a free off-
shell nucleon). However the response functions for the single off-shell nucleon are
much more complicated than that for the single nucleon. However when the struck
nucleon’s momentum is small compared with nucleon mass (this is our case), a good

approximation for the response functions is the following:

1

R, = UFDe (1.47)
T

Ry = 27G2, (1.48)

Ry = 27G2, (1.49)
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RTLI = 2\/27’(1 +T)GmGe, (150)

where 7 is equal to 7 = |Q?|/4M? with Q" = (py, — P").

Lastly, the issue of current conservation (¢J°> = wJ° ) needs to be considered.
Based on the current conservation, either third-component or Oth-component can
be eliminated by employing Siegert’s theorem. Corresponding notations: C'C1° and
CC13 (or likewise, CC2° and C'C23) are used. Meanwhile, the cross section from CC1

or CC2 prescriptions without enforcing the current conservation denotes as NCC1 or

NCC2.

1.4.3 Non-relativistic Faddeev Calculation

Exact non-relativistic Faddeev calculations for both the ground state and the contin-
uum of 3He and ®H describes well exclusive and inclusive low energy electron scatter-
ing on 3He and *H. The full calculation, the non-relativistic Faddeev calculations, has
been developed by Golak et al. [52] in the non-relativistic framework, which employs
Faddeev techniques to calculate the bound-state of ®He and re-scattering effects in
the final state up to all orders [44, 45, 52] (shown in Fig. 1-6), and also includes some
meson exchange currents (MEC) [41] (shown in Fig. 1-7). The MEC effects in the
full calculation are calculated using the prescription of Riska [54], which includes 7-
and p-like exchange terms. The exact treatment of final-state interactions (FSI) in
the full calculation results in a much improved description of unpolarized pd capture
and breakup channels [57]. Because of its fully non-relativistic frame work, the full

calculation is not expected to be applicable at higher Q2.

As can be seen, the determination of the hadronic tensor or current plays the
major role for the inclusive or exclusive scattering calculation. We therefore begin

with the introduction of the hadronic current. Unlike the general formula of the
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e (E’,?)

Non-Relativistic Framework

Figure 1-6: FSI contributions in the non-relativistic Faddeev calculation

current, the hadronic current in the full calculation is written as a spherical tensor
J' =< (I)f|J0|(I)bound >, J* =< q)f|Ji|(I)b0und >, (151)

where the @y, is the ground state of target nucleus (*He) , @ is the final eigenstates
of the 3N Hamiltonion corresponding to the two types of breakup (pd and ppn) , and
J = p.

Two schemes of the full calculation have been used to handle the final state inter-
actions. One treats the pd and ppn breakup contributions separately and the other

one is related to the optical theorem for the Compton scattering. In general, the
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hadronic current is written as

JO£) = o8 4 god) (1.52)

rescatt’

which separates the contribution from the plane wave approximation and from the

re-scattering processes summed up to infinite order.

For the first method, the amplitudes for PWIA are

3 < dpal(1+ P)J(Oi (Q)|®pouna > for pd breakup

1857~ q (159
3 < dppn| (1 + P) £)(Q)|®pouna > for ppn breakup
and for all re-scattering processes
3 < Gpa| PTOD(Q)|UOD) > for pd breaku
nggi(ztt _ ¢pd| (QA)| ) p p (1.54)
3 < Gppn| (1 + P)JOD(Q)|UCH) > for ppn breakup.
Here U%*) obeys the Faddeev-type integral equation
UOH) >=1Gy(1 + P)JO(Q)|®poung > +tGoP|UCH) > . (1.55)

where t is the two nucleon t matrix. Gg is the free 3N propagator, P is the sum of
a cyclic and anti-cyclic permutation of the three particles, and ¢,q and ¢,,, are final
channel states. In terms of the components of the hadronic currents, the response

functions are thus given by

R, = Z/df’d(M +w—P)(JP) =R, (1.56)

Rr = Z/df5 (M+w-P )(|J+|2+|J |) Riiij + Rj—ij-1, (1.57)

m!r!
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By = Z/df’é(M +w—=PB)(|J°P =T ) = Rji1j41— Rj_1j-1, (1.58)

Rrp = Z / df'§(M +w — Py)(—2Re[JtJ° + J~J°] = —2Re[Rj11, + R 1,)-

(1.59)

Since the calculation is built in a non-relativistic framework, the argument of the ¢

function is

2
M+w—Pl =epe+w— ~— —Ep=E— Ep, (1.60)

6M
where e3n. is the >He binding energy (negative), the final energy Py, the final total
momentum P’ = Py + P = ¢, and Ep the internal energy related to the quantum
numbers f’. In evaluating the response functions, we can either use the hadronic
currents in Equations 1.53 and 1.54 or generalize the second method using the optical

theorem.

In the following, we will derive the response functions with the optical theorem by
evaluating each piece of the response function, R4p, in which A and B denote either

p,j — 1 orj+ 1. The definition of R,p is

Rup Z/df’é(E — Efl) < QE’m’T"AkI)bound >< (I)JT,mIT/|B‘q)bound >* (161)

- / 0f' < Cpounal BIS(E — Ep|@7,0 >< 070 | AlBpoyna > (162)

= < Bpouna| BIS(E — Ep) A|®pouna > (1.63)
= %(< @bound\BTﬁA — BTEHﬁA\@bmmd >)  (1.64)
= 2%” < @bound|ATﬁB|@bomd >*

N @bomdwTﬁA@mm > (1.65)
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We introduce

A B)|®pouna > - (1.66)

1
Ofp>= ———
Pin = F e A

The states |®} 5 > contain all the complexity of the interaction among the three

nucleons and using the Faddeev scheme, are evaluated as
% 5 >=Go(1+ P)|Us > (1.67)
with
Uap >= (1+1Go)(A <> B)V|®ppyna > +tGoP|Usp > . (1.68)

Here we assumed that A or B can be decomposed as three single nucleon operators
3
(A< B)=> (A« B)Y. (1.69)

i=1

Now, according to the optical theorem,

1
Rap = 3(< PuoundA'Go(1+ P)|Up >* = < Poounal B'Go(1 + P)|Us >)
3
= 2—71'2(< (I)bound|A(1)TG0(1 -+ P)|UB >« (I)bound|B(1)TG0(1 + P)|UA >)

(1.70)

In the last step we used Eq. 1.69 and the fact that the states to the left and right of

At or Bt are antisymmetric.

Overall, the second method does not require summation over all the 3N continuum
states for both types of breakup and is thus much superior, but one loses insight of

how the response functions are built up in detail.
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Another piece of information, which involves the various current exchange effects
and hence is called meson exchange current (MEC) effect, is also much of importance
in the full calculation. In ref. [41], one can treat MEC effect, e.g. the two-body
current and the A resonance, as an additional correction for a single nucleon current.
Following the notation of Eq. 1.69, this correction (for particle 1) is given by

(A B =4 B)Y 4+ (4o B (1.71)

single exch’

23

. 1s the corresponding

where the first term is the single nucleon current and (A <> B)
component of a two body current acting on particles 2 and 3. The figure 1-7 shows
typical meson exchange currents and resonances. Due to lack of computing power,
not all the re-scattering process, meson exchange currents, and resonances have been
included in the full calculation. Only important ones are considered and the effects,

which are caused by the rest, however are found very small.
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Figure 1-7: Typical MEC contributions. a) Graphs for coupling a photon to a pair of
correlated nucleons; b) Graphs for m or M (other than ) in flight terms; ¢) Graphs for the
pionic coupled to a A or N* intermediate state.



32 Physics Motivation

1.5 Extraction of Nucleon Form Factor From Quasi-
elastic *He(é,e') Process

Because the *He nuclear spin is carried mainly by the neutron, Ry at quasi-elastic
kinematics contains a dominant neutron contribution and is essentially proportional to
(G™)?, similar to elastic scattering from a free neutron. Unlike the free neutron case,
however, the unpolarized and polarized parts of the cross section contain contributions
from both the protons and the neutrons. As a result, the 3He quasi-elastic transverse

asymmetry, A can be written as a function of the neutron magnetic form factor

based on PWIA:

2
Ar(Gr?) = oo Zg;f} | (1.72)
Here |a| > 1, and b > ¢ at low Q.

By Matching A from data and calculation around a quasi-elastic peak, one can
extract G from experimental A results. The detailed discussions are included in
Chapter 5. The extraction of form factors is usually model-dependent. Significant
constraints on theoretical calculations are provided by high precision quasi-elastic
asymmetry data at Q? values of 0.1 and 0.2 (GeV/c)? from H-arm in 3He breakup

region, where effects of final state interactions(FSI) and meson exchange currents

(MEC) are expected to be large. For details see [71].



Chapter 2

Experimental Apparatus

2.1 Overview

The experiment to measure the transverse asymmetry A;+ precisely in the quasi-
elastic 3He(¢é,e') process from Q2 value of 0.1 to 0.6 (GeV/c)? was performed at
the Thomas Jefferson National Accelerator Facility. Incident longitudinally polarized
electrons were scattered from the polarized 3He target and the scattered electrons
were detected in two identical Hall-A high resolution spectrometers (HRS): electron-
arm spectrometer and hadron-arm spectrometer. The E95-001 experiment is a two
single-arm experiment in which electron-arm spectrometer was employed to detect
the scattered electron from the quasi-elastic kinematic, and hadron-arm spectrome-
ter was employed as a elastic polarimetry to detect the scattered electron from the
elastic kinematic. During this experiment, the incident electron beam energies of 778
MeV (1-pass) and 1727 MeV (2-pass) were used. Tab. 2.1 and Tab. 2.2 present the
kinematic setups for two HRSs.

The Thomas Jefferson National Accelerator facility, the world’s premier medium
energy electron accelerator laboratory, is located in Newport News, VA. The facility

consists of a continuous-wave electron accelerator, three complementary experimen-
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0 E 1% 9
(GeV/c)? (GeV) (GeV) (deg)
0.1 0.778 0.717 24.44
0.193 0.778 0.667 35.50
0.3 1.727  1.559 19.21
0.4 1.727  1.506 22.62
0.5 1.727  1.453 25.80
0.6 1.727  1.399 28.85

Table 2.1: Kinematic setup for electron-arm High Resolution Spectrometer

Q? FE FE 0
(GeV/c)? (GeV) (GeV) (deg)

0.1 0.778 0.760 23.73

0.2 1.727 1.691 15.04

Table 2.2: Kinematic setup for hadron-arm High Resolution Spectrometer

tal halls for different aspects of physics, a free electron laser facility and an applied
research center. The CEBAF accelerator is a unique tool for exploring the transition
between the region where strongly interacting (nuclear) matter can be understood as
a bound state of protons and neutrons, and the region where the underlying funda-
mental quark and gluon structure of matter is evident. The accelerator is capable of
delivering high quality continuous electron beam up to 6 GeV and is planned to be

upgraded to 12 GeV in the near future. The layout of accelerator is shown in Fig. 2-1.

The electron beam used in CEBAF is generated in the following way. The 45
MeV electron beam from the injector is delivered to a race-track accelerator, which
consists of two 0.4 GeV linac and two recirculation arcs. After passing the linacs
and the recirculation arcs one by one, at the beam switch-yard, the beam can either

be extracted and delivered into any of the three experimental halls, or kept running
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Figure 2-1: The accelerator layout
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in the accelerator for additional acceleration. With each pass, an electron gains 1.2
GeV(0.8 GeV normally) at most. A grand total of 5 pass are available and the final
maximum beam energy is thus 45 MeV plus 1200 MeV times 5 (number of pass) ,
which is 6045 MeV. Therefore, up to this stage, the facility can offer the continuous-
wave beam with energy from 45 MeV to 6045 MeV. The whole beamline includes
the RF cavities, the quadrupole magnets and the dipole magnets which are used to

accelerate, focus and bend the electron beam respectively.

HALL A
Parameter Method Accuracy
Energy ARC Absolute 2 x 107
Relative +1x104
eP Absolute 2 x 10°*
Energy Width OTR* 8(5) ~1x10°°
Current(> 0.5u4) | 2 RF Cavities Absolute <2x1073
Charge(> 0.5uA) 2 RF Cavities Absolute <2x107°
Position (at target) | 2 BPM/Harp Absolute 140pm
Direction (at target) | 2 BPM/Harp Absolute 30urad
Stability (at target) | Fast Feedback™* < 720H z motion
Position < 20pm(o)
Energy < 10ppm(o)
Polarization Mgller Absolute AL ~ 3%(— 2%)
Compton* Absolute AL 2%

*Still under development during the time of this experiment

Table 2.3: Determination of beam parameters

There are three experimental halls at Jefferson Lab (Hall A, Hall B, Hall C).
Experiment E95-001 was carried out in Hall A. In this experiment, the polarized
3He target housed in the scattering chamber is located at the pivot of hall A. The
beamline of Hall A is equipped by 2 beam position monitors (BPM) & Harp for mon-

itoring beam position, raster for rastering beam, 2 beam current monitors (BCM)
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for monitoring beam current, Mgller Polarimeter and Compton polarimeter not fully
committed then for determining beam polarization, and eP and Arc systems for mea-
suring beam energy. The summary of control and measurement equipment along the
beamline are given in Tab. 2.3 [83],. The longitudinally polarized electron beam is
delivered to Hall A through the beamline and is incident onto the target. Scattered
particles from target are collected and analyzed by a pair of spectrometers, which are
set, on two sides of the beamline and configured for different types of particles. While
the spectrometers are labeled by “Electron Spectrometer” and “Hadron Spectrom-
eter” in the Fig. 2-2, both spectrometers can detect either type of charge particles
by simply switching the magnet field polarity of the magnets. For this inclusive ex-
periment, both spectrometers are configured for e~ detection, and electronics in two

arms are configured for two independent DAQ.

Dietectar

Figure 2-2: The Hall A Setup
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2.2 Polarized Electron Source
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Figure 2-3: The layers of the strained GaAs cathode and the level diagram of the conduction
and valence bands

The polarized electron source used at JLab is similar to the source used at
SLAC [85]. The electron beam is generated by illuminating a GaAs cathode, which
is placed in ultra-high vacuum, with high-intensity circularly polarized laser light.
Fig. 2-3 shows that the cathode is made of various layers of GaAs combinations. The
strain creates a gap in the different sub-levels of the P/, electrons in the valence bands
of the GaAs [84]. The left circularly polarized light with the right frequency, incident
on the GaAS, only causes transition between the P3;, m=3/2 state in the valence
band and the S/, m=1 /2 level of the conduction band. From there the polarized
electrons diffuse to the surface and escape into the surrounding vacuum. Typically,
the surface of the GaAs cathode is treated with Cs to lower the work function. The
polarization of source electrons are consequently as high as 70%.

The incident laser light is circularly polarized by two Pockel’s cells, one acting as a
half-wave plate and the other acting as a quarter-wave plate. The helicity of the laser
light is modulated by the Pockel’s cell, which acts as a half-wave plate. In this way,
the continuous beam helicity pulse is obtained with pulse width (or repetition rate)
that can be controlled electronically to match the requirement of the accelerator and

the experiment. The rate of the typical helicity pulse was about 1Hz at the beginning
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of the experiment and was later changed to 30 Hz towards the end of this experiment.

2.3 Beamline

2.3.1 The Mgller Polarimeter

In order to precisely determine the beam polarization, the Hall A Mgller polarimeter
shown in Fig 2-4 was designed to cover the electron beam energy ranging from 0.8 -
4.0 GeV. The Mgller polarimeter includes a target system and an optical system. The
target system consists of the vacuum chamber with a ironless magnet in which field
two ferromagnetic foils in the nearly saturated states are placed, a moving system
for the lifting and rotation of the target foil orientation relative to the electron beam
axis, power supplies and electronic blocks for the target motion and the magnetization
measurement, and software for remote operation, data acquisition and processing.
The optical system of the Mgller polarimeter contains three quadrupole and one
dipole magnets.

The principle of the Mgller polarimeter [86] is based on the fact that the spin-
dependent asymmetry is proportional to the product of the beam and the target
polarization for the Mgller scattering process (€ + € — e + e) . The target polariza-
tion value, determined from measurements of the saturation and the hysteresis curves,
is used to extract the beam polarization from the measured asymmetry. The full ex-
pression of the differential cross-section depends on the beam and target polarization
P, and P, as

do
oo 1+ | > (AP P)), (2.1)
i=X,Y,Z
where i = X, Y, Z defines the projections of the polarizations. Assuming the beam

direction is along the Z-axis and that the scattering occurs in the scattering plane(XZ),
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Figure 2-4: Mgller Polarimeter Layout

the analyzing power can be written in terms of the scattering angle in the CM frame

(90]\/1 as:
s1n?0cns - (7 + cos®Ocr)
A — 2.2
2z (3 + COS2HCM)2 ’ ( )
sin*foy
A = — 2.
XX (3 + COSQHCM)2’ ( 3)
AYY == _AXX (24)
At oy = 90° the analyzing power has its maximum Azz,,., = -7/9. The main

purpose of the Mgller polarimeter is to measure the longitudinal component of the
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beam polarization. Therefore, the practical value of the analyzing power can be
very close to its maximum, 7/9. Taking into account the angular acceptance and the

background, the average value of the analyzing power for the hall A Mgller polarimeter

is 0.76 as determined by a Monte-Carlo simulation.

Six Mgller measurements taken during E95-001 experiment are shown in Fig. 2-

5. The results of these Mgller measurements together with uncertainties are list in

Tab. 2.4.
Date | Poeam(%) | errsiat(%) | errsys(%)
Jan. 22 70.0 2.0 3.5
Jan. 26 72.5 0.5 3.5
Jan. 31 74.2 0.3 3.5
Feb. 4 67.7 0.3 3.5
Feb. 8 69.5 0.2 3.5
Feb. 12 69.4 0.15 3.5
Feb. 19 71.3 0.15 3.5
Feb. 28 72.0 0.15 3.5

Systematic Errors

Origin Relative error(%)
Target polarization 3.0
Target angle 0.5
Analyzing power 0.3
Transverse polarization 0.3

non-polarized background < 1.0

deadtime 1.0
observed fluctuations 1.0
total 3.5

Table 2.4: Beam polarization results from Mgller measurements

However, for experiment E95-001 Mgller measurements were only used for cross-

check because more precise polarimetry - elastic polarimetry was employed. The
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Moller Measurement for Beam Polarization
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Figure 2-5: Mgller results for the beam polarization

detailed discussion on the elastic polarimetry is in the next chapter.

2.3.2 Beam Energy

Beam energy can be analyzed in three independent ways for experiment E95-001:

measuring the electron trajectory in a known B-field (Arc Measurement) , the electron-

proton elastic scattering (eP measurement), and the 3 He elastic scattering.

The Arc measurement sketched in Fig. 2-6 is performed along with an arc of beam

pipe, a control electronics system and four superharp scanners near the entrance of
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Figure 2-6: The Arc Measurement Layout

Hall A. The principle of the Arc Energy measurement is that an electron in a uniform
magnetic field moves in a circle with a radius which depends on both the strength of

the magnetic field and the electron’s momentum (energy). The detailed relation is:

E=cl ]Zﬁdl, Where B, is the magnet field perpendicular to the electron momentum
direction, dl is the path length of the electron, and ) is the deflection angle of
the electron after it passes through the B, field. A superharp is the instrument
to measure the beam position. Two superharps are installed on each side of the
arc. These four superharps thus provide a method to precisely determine the electron
deflection angle 6. Along with the knowledge of the magnet field, the electron energy

can be determined to the level of dp/p = +2 x 1072,

Both the eP and the ®He energy measurements involve the well-known elastic
scattering process. For the elastic scattering process, the incident energy can be

determined if any two of these four quantities - the electron scattering angle, the
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recoil particle angle, the scattering electron energy and the recoil particle energy are
known. In the case of eP energy measurement, the electron scattering angle and the
recoil proton angle are measured; in the case of the *He energy measurement, the
electron scattering angle and energy are analyzed through one of the High Resolution
Spectrometers. The more detailed discussion related to the 3He energy measurement

is described in the next chapter.
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Figure 2-7: eP Measurement Layout

The schematics of the eP measurement is shown in Fig. 2-7. The eP measurement
device consists of a CH2 target, Cerenkov chambers, a si strip detector and scintil-
lators. A scattered particle from the target goes through the Si strip detector which
gives the precise information on the position of a passing particle, then passes through
a set of scintillators. From the TDC signals of the scintillators, the coincident triggers
were generated and were used to define events. The scattered proton and electron
can be well identified using the Cerenkov detectors. The knowledge of the electron
and proton position from the si strip detector allows for a calculation of the electron

and the proton scattering angle, from which the beam energy can be calculated, and
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the energy resolution of eP measurement §E/F is about 1 x 107%.

2.3.3 Beam Current Monitors

In the beamline, about 24.5 meters upstream of the target, the complete beam cur-
rent monitoring system, which consists of two RF cavities (BCMs) and a Unser mon-
itor [87,88](shown in Fig. 2-8), was installed in a shielded and temperature stabilized
enclosure. The whole assembly is contained within a large grey box. Sandwiched
between two RF cavities (BCMs) , the Unser monitor provides a direct measurement
and absolute calibrations of the two RF cavities. The Unser monitor is a direct cur-
rent transformer (DCT) consisting of two identical toroidal cores driven in opposite
ways by an external source. In the absence of any DC beam current, the sense wind-
ings produce equal and opposite signals. The sum of the output signals from two
windings is zero. When a DC beam current goes through the two cores, the net result
is a flux imbalance between the two cores and generates an output signal which is
highly linear to the beam current. The Unser monitor is calibrated by sending in
a high-precision source, through a wire placed within the core to replace the beam.
While the normal beam current is delivered by the accelerator, the signal is subject
to noise and its offset drifts. The solution is to use the Unser monitor to calibrate the
RF cavities by sending reference current. The two RF cavities are called “Upstream”
and “Downstream” cavities corresponding to their positions relative to the Unser
monitor. These cavities are two cylindrical wave guides made out of stainless steel,
15.48 ¢cm in diameter and 15.24 cm in length. The resonant frequency is tuned to the
1497 MHz frequency of the JLab beam. Inside the cavity, a magnetic field probe (a
loop antenna) is located in the place where the electrical field is at minimum and the
magnetic field is at maximum. When the electron beam passes through, the cavity
will excite the resonant transverse electromagnetic mode TM010 at 1497 MHz and the

probe will couple to this mode to provide an output signal proportional to the current.
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In fact, there is another smaller antenna used to test periodically the response of the
cavity by sending through a 1497 MHz calibration signal from a current source and
detecting the induced current in the large antenna. The RF output signal for each
cavity is down converted from 1497 MHz to 1 MHz by two converters located in the
Hall. These signals are then sent to the counting house where the signals are filtered
by 1 MHz bandpass filters to eliminate noise. The final signals can be taken into
either EPICS datastream through a sampling digital voltmeter , or coda datastream
gated by helicity state through Voltage-to-Frequency (V-to-F) converter and VME
scalers. The scaler signal of V-to-F provides automatic integration over every a few
seconds in a run. The magnitude of the last scaler signal in the datastream is equal
to the total charge for each run multiplied by the V-to-F calibration number. The
V-to-F calibration number is provided through a careful calibration using a precision

voltage meter.

2.3.4 Beam Position Monitor

The position of the beam along the beamline was monitored by two beam position
monitors (BPM) upstream of the target. These two BPMs (03A and 03B) are 1.1 m
and 7.5 m away from the target, respectively. A BPM plotted in Fig. 2-9 is simply
a cavity with four antennas at + 45 ° to the horizontal and vertical directions. The
BPM signal picked up by each antenna is proportional to the instantaneous distance
between beam and the antenna. The beam position at a BPM is thus the difference
between the properly normalized and calibrated signals from two antenna on the
opposite sides of the beamline. Two wire scanners (superharp) installed before the
target can directly measure beam position. While the wire scanner can not be used
as a online monitor of the beam position because the beam will be blocked by the
wares of wirescanner as wires scan the beam, they give an absolute calibration for

the two associated beam position monitors. From the two values of beam position
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at the two BPMs, one can easily determine the beam position on the target and the
beam direction. At a beam current of 10 pA, the resolution of the beam position at

the target is less than 20 pm.
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Figure 2-9: Beam Position Monitor Layout

During the entire experiment, the size of beam spot at the target was around
(3mm x 4mm) with beam faster raster on, and the central value of beam spot was
kept within 0.5 mm to a reference beam position where the dilution from the empty

reference cell was found to be the lest.

2.3.5 Beam Fast Raster

In an effort to prevent damage from depositing too much power in too small an
area on the target and reduce the beam-induced target density change, the beam is
rastered before it impinges onto the target. The hardware for the raster system is

installed 23 m upstream of the 3He target. The system consists of two sets of steering
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magnets. The first and second sets have their magnetic field oriented to deflect
the beam horizontally and vertically, respectively. Both the ratio of the oscillation
frequencies of the two coils and the amplitude of the driving current of the two coils
were chosen so that the result of beam pattern would sweep out a 3 mm diameter

disk on the target.

2.4 Polarized *He Target

2.4.1 Introduction

Collisional Mixing

Suz _m_ ’
Zeeman Splitting
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Figure 2-10: The optical pumping mechanism without considering the hyperfine interaction

Our experiment employed a polarized ® He target as an effective source of polarized

neutrons. The optical pumping process is that through transfer of angular momentum
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from photons (polarized laser light) to the atomic electron, large unequal populations
of atomic magnetic substates can be generated. Because the energy gap between 2.5
and 2P states of >He atom is too large for the energy of laser source, practically
the ®He target can not directly polarized through the optical pumping process. Two
indirect methods have been developed to optically pump He atoms. One is referred
to as the spin-spin interaction (spin-exchange collision) with an optically pumped
alkali metal vapor, such as R, vapor [98] and the other is referred to as metastability-
exchange optical pump [97]. we employed the first method: spin-exchange optical

pumping scheme in this experiment for a high density target.

Spin-exchange pumping scheme works as following: the electron energy state of
the alkali metal atom (37 Rb) splits into various sub-level states with the presence of a
magnetic field. If 8" Rb atom is exposed with a circularly polarized laser at the right
transition frequency in the same direction as the magnetic field, an electron from the
certain sub-level energy state will be excited and the energy sub-level will become
depopulated. The outer electron of 87 Rb atom is thus polarized along the magnetic
field. Via spin-exchange collision with polarized rubidium vapor, polarization of the

3He nuclei was achieved.

In Fig. 2-10, the process of optical pumping from the magnetic sublevel m= 1/2 of
the R, ground state neglecting hyperfine structure is depicted. As excited electrons
of Ry return to the ground state, they will emit a photon at the wavelength(795nm).
This photon is randomly polarized and can excite the ground state of R,. Thus the
polarization will decrease from this process, the so-called radiation trapping effect.
The admixture of a small amount of N2 gas quenches both P-state sublevels, there-
fore reducing the polarization losses from the radiation trapping. The amount of N2
gas is mixed to be a couple of orders of magnitude smaller than the 3He density
and a few orders of magnitude larger than R, density in order to compromise be-

tween the quenching rate and the contribution of N2 to the dilution factor. Only
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about 5% of excited electrons are expected to decay by emitting a photon under this

condition [103].

The average polarization, Pg, of the R, vapor is given in terms of the optical

pumping rate,R and the spin destruction rate, I'sp:

R

Ppy = —————. 2.5
= B Ten (2.5)

The spin destruction rate constant due to the collisions with a gas species is propor-

tional to the density of the species, so it can be written as
I'sp = ]{IRb,he[gHe] + ka,NQ[NQ] + ka,Rb[Rb] (26)

with spin destruction rate constants kgy_; =< vogp—; >. These constants have been
measured by Wagshul and Chupp [99]: kgp_pe < 2 X 107 8em?/s, kpy_no = 8 X
107"8cm?/s, and kgy_gpy = 8 x 1078cm?/s. The densities of the various species for
our experiment are [He| &~ 2 x 10%em 3, [N2] ~ 2 x 10®cm 3 [100], and [Rb] =~
2.5 x 10em 2 [101]. So an order of magnitude of the spin destruction rate (m%)
is 1073s. Because the optical pumping rate is about 5 x 10*s~!(>> I'sp), rubidium
vapor is nearly 100% polarized in regions where optical absorption is occurring. The
evolution of the 3 He nuclear polarization due to spin exchange collision is described

in the following equation:

_ VSE ~(vsp+T)t
Pre(t) =< Pgpy > ————(1 —e 5 ; 2.7
ell) =< Pro >~ (1= 0ot (2.7)

where < Ppg;, > is the volume averaged rubidium polarization and is about 60% in our
experiment, the spin exchange rate is given by vsg = kgg[Rb| with the spin exchange
rate constant, ksp = (6.7 £ 0.6) x 10*°[cm?] [102], and T is the 3 He nuclear spin

relaxation rate. The relaxation mechanism includes the depolarization mechanism
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(the *He - 3He magnetic dipole interaction), the wall relaxation, the relaxation due
to the holding field inhomogeneities, and the beam-induced relaxation. In Table 2.5,

the estimations of the various relaxation mechanisms are given [105].

relaxation rate | amount
13-1
I-_\d'ipolam" @h )
1—‘w(JLll @ h
1 7-1
Fbeam S @h

Table 2.5: Relaxation rate of various depolarization mechanism

2.4.2 Target Setup

The target system shown schematically in Fig. 2-11 was used in E95-001. It consisted
of four main systems: an optical pumping system, a Nuclear Magnetic Resonance
(NMR) system, an Electron Paramagnetic Resonance (EPR) system ( We did not
really use it during this experiment), and the target.

Optical Pumping System

The complete optical pumping system comprises of two sets of Helmholtz coils
used to create a magnetic holding field and the laser system used to optically pump
the rubidium vapor. The two sets of the Helmholtz coils, which were perpendicular to
each other, were 19 degrees off the central beamline in order not to block the scattered
particles. The size of each coil is about 60 inches in diameter. The magnitude of the
current for each coil could be adjusted so that both the direction and the magnitude
of the holding field would satisfy the experimental requirements. In the central region
of the target, the magnitude of the holding field was typically about 20-25 Gauss. The
laser system used to optical pump the rubidium vapor consisted of four(seven for E94-

010) diode lasers, a set of circular polarizing optics, and a set of mirrors and lenses
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Figure 2-11: The E95-001 target system layout
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to direct the light onto the target. The entire laser system was shielded in a concrete
hut located near the target in Hall A. The output power of each laser was 30 Watts
at a central wavelength of 795 nm. Four lasers were dedicated for optical pumping
and were pointed to -62.5° with respect to the incident electron beam direction. The
helicity of the lasers could be reversed remotely using a set of the half-wave plate
in the laser hut, and the two polarization directions 180° with respect to each other

were thus available in the experiment.
The Target

Fig 2-12 shows that there are two glass cells:the ®He target (at the top of the
ladder) and the reference target (at the bottom of the ladder) and the BeO foil (in
the middle of the ladder) mounted on the target ladder. To make sure that the glass
cell was not overheated by the electron beam, the BeO target was often used to check
the size of the beam spot before the production run was taken. Two cells: the 3He
cell for E95-001 named Cuervo and the reference cell were made from an aluminum-
silicate glass (Corning 1720' or GE 180%). The thickness of the glass wall and the
entrance and exit windows for the two cells was measured using laser interferometry
and are listed in Table 2.6 [106,107]. The polarized 3 He target is a double-cell system
filled with 3 He gas of a pressure 9.984-0.21 amg.? [105]. A spherical upper part of the
3He target is called the pumping cell within which the optical pumping and the spin
exchange process take place. The other cell of the 3 He target is the target cell which
is a 40 cm long tube where the electron beam passes and thus the electron scattering
takes place. In the middle, the transfer tube connects the two cells to become a one-
piece-*He target. The reference cell and the cooling jets of *He were designed and

constructed by our group at MIT. The reference cell is a 40cm long glass cylinder

L p1720=2.53g/cc

% pge180=2.76g/cc
3An amagat(amg.) is the number of particles per cubic centimeter at 0° and 1 atmosphere:
lamg. = 2.689 x 10Y¥%cm =3
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Figure 2-12: The target cells and the target ladder
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Cell:Cuervo(GE 180)
Average wall thickness = 1.200(mm)=0.020

Position along Electron side(in.) +5.0 +1.7 -1.8 -4.0
Thickness(mm) 1.237 1.218 1.196 1.184
Position along Electron side(in.) +4.0 +2.2 -0.5 -3.0
Thickness(mm) 1.208 1.198 1.230 1.187
Out of scattering plane(H side) 5.5 25  -1.5 -4.2
Thickness(mm) 1.173 1.189 1.199 1.185

Up-Window thickness(um) | Down-Window thickness(um)
130+1.3 142+1.3

Cell:Reference Cell(Corning 1720)
Average wall thickness(mm) = 1.1714+0.032

Position along Electron side(in.) +4.7 +2.5 -0.3 -4.0
Thickness(mm) 1.132 1.197 1.184 1.229
Position along Electron side(in.) +0.0 -1.5 -4.0 -4.5
Thickness(mm) 1.149 1.162 1.163 1.143

Table 2.6: Wall thickness and window thickness of Cuervo and reference cell

connected to a gas handling system. Using the gas system and a remote control
system, the reference cell can be evacuated or filled with either >He or Ny gas up to
70 psi in the Hall A counting house. For the study of dilutions from the empty target
cell and a small amount N, in the 3He target for assisting the optical pumping, and
the understanding of the 3He target density in operating conditions, some data were

taken with the reference cell empty, filled with 3He or N, gas.

The target ladder was mounted onto a Torlon ( a high temperature anti-radiation
plastic) oven. Hot air flowed into the oven through a pipe which was connected to an
electric coil heater. The pumping cell was inside the oven and was heated by the hot

air. The oven are heated to 170-180°c to produce R, vapor to be optically pumped.
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The Resistive Thermal-couple Devices (RTD) were mounted on both the pumping
cell and the target cell in order to measure and regulate the temperature of oven and
the target. *He gas from cooling jets flow through the entrance and exit windows of
the target cell to remove the beam-induced heat. The oven was installed on a plastic
rod that could move vertically. Through remote controlling of the motion of the rod,
different targets, such as BeO target, could be put into the beamline.

The NMR System

Figure 2-13: The effective field H,

The NMR system is comprised of a computer system, a pair of pickup coils with a
lock-in amplifier, and two pairs of Helmholtz coils and a pair of RF coils. Those three
pair of coils are perpendicular to each other. The nuclear polarization of the 3He target
is measured throughout the experiment by the NMR system based on the Nuclear
Magnetic Resonance (NMR) technique of Adiabatic Fast Passage (AFP) [109]. To
explain the idea of the NMR-AFP, let us consider a free particle placed in the holding
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field H (H,%) and the RF field (2H; cos (wp) %), with spin I and magnetic moment
M = ~I, where 7 is the gyromagnetic ratio. In the system rotating with wok, the RF
field can decomposed into a stationary part H;¢' and a part rotating at a frequency
2w, Hycos2wti' — Hysin2wtj'. As the rotating part does not affect the spin of the
particle, thus the effective field (shown in Fig: 2-13) becomes

H = (H, - 2k + H7 (2.8)
Y

If initially the holding field H, is much smaller than %, the effective field is almost

parallel to the k-axis. As the magnetic field is swept through resonance until H, is

€0, The effective field changes away from k to -k and the effective field

greater than p

H, equals to Hy¢' at the resonance (H, = #0). In order that the magnetization follows
the effective field adiabatically, the sweep has to be slow enough. On the other hand,
the sweep can not be too slow, because the spin relaxes [110] faster near the resonance
as the effective field is very small. These two constraints for AFP are given by
AH,|? H,

D
o2 H,

Here D'AHLZ;"|2 is the relaxation rate in the rotation frame and AFP refers to a technique
1

to reverse the spin of the particle with respect to the static magnetic field (H zlA-c)
There are two ways to achieve AFP measurement, one can sweep either the hold field
or the RF frequency to go through resonance. We have chosen the first approach to
measure the 3He polarization by scanning the holding field back and forth from 25 to
32 G, at rate 1.2 G/s. When the magnetic field passes through the 28.06G (M),
the spin precessing rapidly at RF frequency w in the (i x j) plane of the lab frame.
The magnetic flux of a pair of the pickup coils placed in the (i x k) plane will get
to the maximum value, which is proportional to the polarization of 3He target. The

entire scanning process results in two peaks of NMR signals with different sign. The
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strength of the NMR signals indicates the amount of the polarization of *He.

To obtain the polarization of *He from an NMR measurement, the He signal is
compared with the signal from an identical water sample. The thermal polarization
of protons in water is given from the Boltzmann distribution by Piyerami = tanh(,’;’;—?)
with the proton magnetic moment p, = 2.793uy. Though the order of magnitude
of the thermal polarization is as small as 10~ for a holding field B of 18 Gauss and
the room temperature, this polarization can produce a measurable AFP signal that
can be used to calibrate the *He - AFP signal. The nuclear polarization of the >He
target is given as Pge = ¢y X Sge with the water calibration constant, ¢, and the

magnitude of the 3He -AFP signal, Sg.. The ¢, is roughly expressed as

(g e

where () is the quality factor of the pick-up circuit, n is the number density of spin

1/2 particles with momentum p, and V is the volume of the cell. The corrections
for ¢, includes the flux corrections, Q-curve corrections etc. For detailed information

about the polarized *He target, please refer to [105, 106].

2.5 High Resolution Spectrometers (HRS)

In order to achieve a missing energy resolution of 200-500 KeV to clearly identify
nuclear final states, two Hall A spectrometers and associated instruments are designed
to have high resolution and high accuracy in the determination of particle momenta
and the scattering angle. This two high resolution spectrometers are an identical pair
of QQDQ magnetic spectrometers which compose of three cos26 superconducting
quadrupole magnets, Q1, Q2 and Q3 and one superconducting dipole magnet. Each
spectrometer shown in Fig. 2-14 has a vertical ending plane and a 45° bending angle.

The overall optical length of the spectrometer, from target to focal plane, is 23.4 m.
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High Resolution Spectrometers

Figure 2-14: Side view of the Hall A High Resolution Spectrometer. Shown are scatter-
ing chamber and the spectrometer magnetic elements, including the dipole and the three
quadrupole magnets (labeled Q1, Q2, Q3). The detectors are inside the shields house at
the top of the spectrometer.

The momentum range of the spectrometer is from 0.3 (GeV/c) to 4.0 (GeV/c). The
momentum acceptance is ~ 9% and momentum resolution is about 1 x 10~*. The
main characteristics of the spectrometer are listed in Tab. 2.7.

The optical property of each HRS is point-to-point in the dispersive direction.
Particles traveling through a spectrometer, the position and angular coordinates of
the particle tracks are measured by the vertical drift chambers. The so-called “focal
plane” coordinates are used to reconstruct the coordinates of the particle track at the

interaction point in the target.

2.6 Detector Package

Both Figures 2-16 and 2-15 show typical electron arm and hadron arm detector pack-

ages. In order to understand the physics behind the scattering process, it is crucial
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Momentum Range 0.3-4.0 GeV/c
Configuration QQDQ
Optical Length 23.4m
Momentum Acceptance + 4.5%
Dispersion (D) 12.4 em%
Radial Linear Magnification (M) 2.5
D/M 5
Momentum Resolution (FWHM) 1x 104
Angular Acceptance
Horizontal + 28 mr
Vertical + 60 mr
Solid Angle:
(rectangular approximation) 6.7 msr
(elliptical approximation) 5.3 msr
Angular Resolution: (FWHM)
Horizontal 0.6 mr
Vertical 2.0 mr
Transverse Length Acceptance + 5 cm
Transverse Position Resolution (FWHM) 1.5 mm
Spectrometer Angle Determination Accuracy 0.1 mr

Table 2.7: Hall A High Resolution Spectrometer (HRS) general characteristics

to precisely identify the trajectory and thus to determine the momentum and the

identity of the scattering particle. The certain combination of the detectors in the

detector package satisfies the requirement of individual experiment. The following

components of the electron arm detector package were used for this experiment

e A pair of Vertical Drift Chamber (VDC) to locate precisely the trajectories of

the particle and to determine its momentum.

e Two scintillator planes (S1 and S2) to generate the trigger and provide time-of-

flight information.

e Gas Cerenkov detector for e~ /7~ separation.
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e Preshower and shower counter to provide additional e~ /7~ separation.

Except the preshower, all other detectors were included in the hadron-arm detector

package. Next, we discuss the function of each individual detector.

2.6.1 Vertical Drift Chamber

The Vertical Drift Chambers for the HRS pair were constructed, commissioned and
installed by MIT and JLab a few years ago. A pair of VDCs (shown in Fig. 2-17)
have been playing a main role in reconstructing the trajectory and determining the

momentum of a charge particle in both the electron and hadron spectrometers.
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Figure 2-17: VDC Layout

Physically the VDCs locate in front of all the other detectors and behind the third
quadrupole magnet. The size of each VDC is about 240 cm long, 40 cm wide and 10
cm high. The active area is 211.8 cm x 28.8 cm. In the VDC package, the bottom
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chamber is placed at the actual focal plane and the top one, which is shifted by about
35 c¢m with respect to the bottom one in the dispersive direction, is about 35 cm
above the bottom one. The VDC wires are enclosed between two Mylar windows and
form two wire planes (one U and one V) perpendicular to one another inside each
chamber. Each plane contains 368 gold-plated tungsten wires each with a diameter

of 20 um. The gas flowing through the chamber was 38% ethane, 62% argon.

When a charged particle, such as an electron, passes through the chamber, the
gas along the particle’s track will be ionized. The electrons resulting from these
ionizations follow the electric field lines generated by the cathode planes and anode
wires. A high voltage between the cathode planes and anode wires is usually about
-4kV. Near the wire, the field is radial and increases as 1/r, while away from the
wire the field is parallel and uniform. Away from the avalanche region, electrons
gain so little energy between the collisions that they keep a constant drift velocity.
When an electron gets close enough to the wires, it reaches a region where the electric
field is stronger, and the electron gains enough energy to ionize more gas atoms and
an electron multiplication, the so-called avalanche, occurs. As electrons finally are
collected on the wire, a signal will feed into a ADC and a TDC. A TDC is used to
measure the time elapsed between the initial ionization and the induction of the signal
on the sense wire. Knowledge of the drift velocity of the electron in the chamber gas
and the TDC information allows the drift distance and eventually the perpendicular
distance between the particle trajectory and the wire to be deduced. Generally, five
and fix adjacent wires fire for a trajectory. Fitting the results of the distances between
the trajectory and wires, the particle trajectory and the intersection point between
the trajectory and the wire plane may be determined. The resolution on the electron’s
position at wire planes is approximately + 200 ym. For further information of hall

A VDCs, see references [89], [90], and [91].
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2.6.2 Scintillator

Particle Tragectory

4

\ S1& S2 setup

Figure 2-18: The scintillator planes (S1&S2) layout

Two scintillator planes (S1 and S2) are located 1.5 m and 3.5 m downstream of
the center of focal plane and are perpendicular to the normal central ray. As can
be seen in Fig. 2-18, each scintillator plane consists of six scintillator paddles which
overlap by 5 mm each. A 2-inch photo-multiplier tube is mounted on either side of the
paddle. If a photo-multiplier tube fires, both an Analog-Digital Converter (ADC) and
a Time-Digital Converter (TDC) signal will be sent to the data acquisition system.
The trigger of the data acquisition is formed by the TDC signals of S1 and S2 with
the proper logic. The active area of S1 is about 170 cm x 35 cm and that of S2 is
about 220 cm x 54 cm. The spectrometer acceptance is smaller than the geometric
limits of the scintillator active areas. This ensures a high trigger efficiency.

How to use the scintillators and proper electronic logic to set up triggers is dis-

cussed in section 2.7.1.
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2.6.3 Gas Cerenkov

The Gas Cerenkov Detectors were employed in both HRSE and HRSH to separate
the e and 7. The Cerenkov counter is based on a phenomenon ( the Cerenkov
effect) that a particle will emit Cerenkov light when it moves faster than the speed
of light in a particular medium. Namely Bipresn = 1/n where Sypres is the threshold
velocity of a particle to emit Cerenkov light and n is the refractive index of the
medium. The emitted Cerenkov light forms a light cone with an apex angle given by
0. = cos~'(1/(Bn)) . Therefore, the Cerenkov effect provides a way to differentiate

between particles with different masses but similar momenta.

—————

a0 ~ Light Cone

Flect =

uuuu

PMTs Mirrors

Figure 2-19: Gas Cerenkov Detector Setup

A detailed description of the Hall A Cherenkov counters is given in the Gas
Cherenkov counter section of [92]. The Hall A Cerenkov detector shown in Fig. 2-19

is a rectangular stack filled with 1 atm of CO,, which has an index of refraction of n
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= 1.00041. This refraction corresponds to a threshold momentum of 17 (MeV/c) for
electrons and 4.8 (GeV/c) for pions. The highest momentum of Hall A HSR is about
4.0 GeV. In principal, no pion thus should be detected in the Cerenkov counter. Ten
spherical mirrors are placed in front of the detector exit window and are grouped
in two columns. The Cerenkov light is reflected by each mirror toward a particular
photo-multiplier tube (PMT) , which is located on the side of the detector box. The
arrangement of these ten PMTs is to maximize the collection of the Cerenkov light.
The thickness of the CO4 gas is about 1.5 m. The average number of photoelectrons
due to the Cerenkov emission is about 6 in the experiment. The electron detector

efficiency theoretically can be as high as 1-exp (-6) ~ 99.8 %.

2.6.4 Shower Detector
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Figure 2-20: The configurations of both HRSE and HRSH shower detectors

For the accurate determination of e~ and 7~, both a shower detector and the

Cerenkov detector (Fig. 2-20) were used in HRSE for experiment E95-001. The total
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absorption shower counter consists of two layers. The first layer, the preshower, is
made of two 48 (2 x 24) blocks of TF1 lead glass. Each block measures 10 cm x 10
cm X 35 cm. The second layer, shower detector, is made of 96 ( 16 x 6) blocks of
SF-5 lead glass. Each lock measures 15 cm x 15 cm x 35 cm. PMTs are attached
to each ends of the glass blocks to collect the light. The radiation lengths of both
preshower and shower are 3.65 and 15.2, respectively.

When a high energy particle, such as an electron or a photon, passes through the
shower counter, the interaction of the particle in the material will lead to a cascade
of electrons and photons. If the radiation length of the shower is long enough, the
total energy of the particle will eventually be converted to light and heat. The total
amount of light emitted is proportional to the energy of the particle. For pions, most
of them just pass straight through and deposit energy only by ionization and direct
Cerenkov light. Therefore, ploting the energy deposition in the preshower detector
versus energy deposition in the shower detector is an effective way to distinguish

electrons and pions.

2.7 Hall A Data Acquisition Aystem

2.7.1 'Trigger Electronics

The electronic trigger determine whether a event will be recorded by the data acqusi-
tion system. Typically there are five S triggers and one timing trigger. The S triggers
are generated mainly by timing signals of the two scintillator planes with proper logic
and the timing trigger is generated by an electronic clock with 1024 Hz. The detailed
logic diagram of the S trigger eletronic is presented in Fig. 2-21 and Fig. 2-22.

e S1 trigger: both scintillator planes fire and a S-ray logic is satisfied in E-arm.

e S2 trigger: only one of scintillator planes fires and Gas Cerenkov Detector fires
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Figure 2-21: H-arm trigger Setup
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Figure 2-22: E-arm trigger Setup
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(only an electron is picked up) .
e 53 trigger: same as the S1 but for H-arm.
e 54 trigger: same as the S2 but for H-arm.
e S5 trigger: coincident trigger (S1 and S3 with certain timing gate) .

The S-ray logic is defined in the following manner: If the padder n of one of scin-
tillator plane fires ( it also means that the signals from two sides of the paddle n
are discriminated) , then on the other paddle, the hit must be from one of the three
paddles n-1, n , n+1.

S1 and S3 (or S5 for coincident event) taken as good triggers with S2, S4 are
sent to the Trigger Supervisor (TS) and then to scalers. The Trigger Supervisor
synchronizes the readout crates, administers the deadtime logic of the entire system,

and prescales various trigger inputs.

2.7.2 Data Acquisition

The Hall A data acqusition is schematically displayed in Fig. 2-23. For each spec-
trometer, there are one VME crate, one Trigger Supervisor (TS) and one Fastbus
crate which is placed inside the spectrometer shielding house. All Time to Digtal
Converters (TDC) and Analog to Digtal Converters (ADC) used in Hall A are Fast-
bus based. Fastbus electronics provide higher data acquisition rates compared with
CAMAC. The scalers feed into the VME crate. The data acqusition software pack-
age, CODA [93] was used for the data acquisition and the interface of CODA was
displayed on an HP-9000 computer in the counting house. CODA consists of three

components:

e a Read Controller (ROC) which interfaces with the detector package through

a dedicated fast Ethernet line. During the experiment, the Trigger Supervisor
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Figure 2-23: Data Acquisition Setup

controls the state of the run, and generates various of triggers to read out from

ROC:s.

e an event Builder (EB) which builds events from the event pieces arriving from

each ROC and incorporates all of nessary CODA header information.

e an online Analyzer/Data Distribution (ANA/DD) which analyzes/writes the
events to hard disk and then transfters to tape. We used Halla A online an-
alyzer dhist, dataspy and ESPACE to analyze data and generate diagnostic
histograms. These programs depend on the DD system to store data from the

data stream.
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The events are grouped through different event type in the data file. A few special
events, which include the status of the run, appear at the begining of the data file.
A physics event is directly related to the type of a S trigger and dominates the data
file. For example, the event type T1 is related to the S1 trigger. In Chapter 4, how
to use T1 & T2 or (T3 & T4) events to study scintillator efficiencies is included. In
addition, the scaler event and the EPICS event are written to the data stream every
a few seconds. The scaler contains the accumulated number on each scaler modules.
The sampled beam current and beam position information as well as the magnet
information are written to the data stream as the EPICS event through Lab slow

control software, EPICS [96].
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Chapter 3

Data Analysis

3.1 Overview

A considerable advantage of an asymmetry measurement over a cross-section mea-
surement is that the result is much less dependent on the usual normalizations such
as detector efficiencies, target density, absolute charge measurement, spectrometer
acceptance and deadtime of data acquisition, which are often difficult to determine.
Asymmetry is therefore a very clean physical signature. On the other hand, the
asymmetry measurement is potentially subject to false asymmetries resulting from
the helicity dependences in the experiment apparatus and the product of the beam
and target polarization must be determined with high accuracy.

The final goal of the E95-001 data analysis is to obtain the physics quasi-elastic
asymmetry (Ag) and extract G, from the asymmetry using theoretical calculations.
The quasi-elastic asymmetry, which is defined as the difference of the pure quasi-
elastic cross-section with respect to different beam helicity over the sum of the pure

quasi-elastic cross-section, can be written as:

o1 —o% |
qe —
Aph,ys - o€ T pe \L’ (31)
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where 0% 1 ({) stands for the quasi-elastic differential cross-section (%) with
respect to the helictiy plus (minus) of the electron beam. As mentioned before, if
the polarization direction of *He target is parallel (perpendicular) to the momentum
transfer vector, ¢ of the virtual photon, the quasi-elastic asymmetry is only dependent
on the transverse response function Ry» (the transverse-longitudinal response function
Rrr). The physics quasi-elastic asymmetry can be obtained from the raw asymmetry.

The raw asymmetry is given as following:

Yt —ye |

A = T ¥ 3.2
row Yae T+qu \L ( )
= A%, x BP. (3.3)

Here Y% 1 ({) is the raw quasi-elastic yield normalized by the live time and the
charge for different helicity, A% is the experimental asymmetry, and P, and P; are
the polarizations of beam and target respectively. The yield, Y% 1 (|) , is comprised
of three main parts: 3He yield, Ny yield (Y2 ) and empty target cell yield (Y¢mP% )
. In addition, according to the kinematic region the 3He yield is also divided into two
separated yields: the elastic radiative tail (Y ) and quasi-elastic (without radiative
correction) (Y,2° ) contributions. As a result, the total raw yield is linear to the sum of

nrc

all four yields, namely, Y% 1 (}) = Y1 () + Y1 (|) + Y N2+ Yoy Equation 3.3

nrc

can therefore be rewritten as

Y e T + Ye'rtT + YN2 + Yempty _ (qu ~L + Yert\l( + YN2 + Yempty)

Age — nre nre 3.4
row YT:J:CT + YertT + Y N2 + Yempty 4 Y'r:]:c\lr + Yert\L + Y N2 + Yempty ( )
Y e Yert —(Yee Ye'rt 1

X
Y#:cT + YertT -+ Y”q:ci + Yert\l( 1+ Rempty + RN2

with RemPty(N2) — % In terms of the polarizations of both the target and the

beam denoted as P, and P, respectively, now A% ' is
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Age + n Aert
A% = e B,P, 3.6
row (1 + 77)(1 + Rempty RNQ) X Lyl ( )
where
Yert
n = %a
A% = Ugbf'CT - O-ng‘c*j/
" onee 4 Ore
| Yat-vel o1
an:cT + Yrgfc\l/ Pth’
; O.ertT o O.ert J/
ATt =

o—ertT + O—ert\l/
YertT _ YeTtJ, y 1
Yert/]\ + Yert\l/ Pth .

Note that the quasi-elastic radiative correction of asymmetry is evaluated as the

difference between the pure (physics) quasi-elastic asymmetry(A% ) and the quasi-

phys
elastic asymmetry without the quasi-elastic radiative correction(A%¢ ), namely

AA%, = A% AL

rad — “'phys nre*

(3.7)

Taking into account Equation 3.7 and 3.6, the expression of the AT} in terms of the

raw asymmetry, A2 "is given by

(1 + 77)(1 + Rempty +RN2)Aqe

e _ e row ert
Al o= AAL, + %0 —nA, (3.8)
or
Al = DA + (L4 n) (1 + R + RV AL — n AT, (3.9)
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Figure 3-1: Experiment E95-001 data analysis flow chart

The procedure of E95-001 data analysis is thus shown as a flowchart in Fig. 3-1:
(i), normalized raw quasi-elastic asymmetry was extracted on a run-by-run basis, and
was weighted by the statistical uncertainty of each run. (ii) the physics quasi-elastic
asymmetry (A7) was calculated by normalizing the extracted raw asymmetry by the

product of the beam and target polarization and applying corrections for the dilution
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factors and radiative effects. (iii) G7!, was finally extracted with different theoretical
approaches (the full Faddeev calculation by Golak et al. or the Plane Wave Impulse
Approximation (PWIA) calculation).

Before the discussion of the data analysis, the Hall A analyzer - ESPACE will be

introduced in the next section.

3.2 The Data Analyzer

The Hall A analyzer - ESPACE was employed to decode raw data file and to fill into
hbook files. The Main Frame work of ESPACE was written by Dr. Eddy Offerman [94]
and was adapted to Jefferson lab from Mainz. It was modified for experiment E95-
001. The whole source codes are rather complex but the interface of ESPACE is

relatively flexible and user-friendly.

ESPACE decodes the data files on event-by-event basis with the CODA format.
Each event contains both the ADC and TDC information from the different detectors.
Based on the ADC and TDC information, further data analysis of ESPACE recon-
structs many physics quantities such as Time of Flight (ToF), Particle identification
information (PID), the focal plane vertex quantities (X, Y7p, 0fp, @p) and the target
vertex quantities (Xg, yig, 0tg, P1g) Which is calculated from focal vertex quantities

using the HRS optic data base.

I developed several software packages such as the helicity check package, the cur-
rent, check package, the scaler check package, and the bpm and raster check package
so that the analysis can be carried out more efficiently without going through the
deep level ESPACE analysis for many of the online monitoring and the systematic

studies.
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3.3 Quasi-Elastic Raw Asymmetry

As mentioned before, the experimental raw asymmetry of quasi-elastic scattering is
extracted from the normalized yield with different helicity in each run. The knowledge
of experimental raw asymmetry along with the dilution factor, radiative correction
and the product of the beam and target polarization allows for the calculation of the
physics asymmetry. In order to minimize the false asymmetry effect, the data taking
was carried out with four different configurations corresponding to the combination
of the target polarization direction and the electron beam helicity definition. While
either target polarization direction with respect to three momentum transfer ¢, is
flipped 180° or the beam helicity definition is reversed by inserting or taking out a
half-wave plate at the polarized electron injector gun, the sign of the raw asymmetry
is reversed, as shown in Tab. 3.1, but the magnitude should remain the same within

a statistical uncertainty in an idea case.

=0 | + | -
g =180°| - | +

Table 3.1: Raw asymmetry sign with four configurations

However, in practice, the target polarization direction at lab, f,,;," for six different
quasi-elastic kinematics (shown in Table 3.3) varies from -67.3° to -53.4°. In order
to minimize the systematic uncertainty due to uncertainty of the target polarization
direction, 6, was kept in a certain direction around -60° but was only flipped
occasionally. The flipped angle of the target polarization direction is not exact 180°
but was found to be 180.9°(243.6°-62.5°). 6y, we used is about —62.5° £ 0.5°.

The corresponding target polarization direction with respect to three momentum

lespm is target spin direction with respect to beam line at the lab frame.
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0% =0°
Q?=0.1 | @>=0.2 | Q°=0.3
Ospin | -67.3° | -58.9° | -63.6°
Q?=0.4 | Q°=05 | Q°=0.6
Ospin | -59.9° | -56.5° | -53.4°

Table 3.2: The corresponding target spin direction in the lab, 0, at the quasi-elastic
peak for six different kinematics as the target spin direction with respect to three momentum
transfer ¢, 6* is equal to zero.

transfer ¢, 6* at the quasi-elastic peak region for six different kinematic settings of
the experiment, which is listed in Tab. 3.3, was not always perfectly aligned along
q, yet experimentally close enough to the ¢ direction. Contributions to the physics
asymmetry due to Ry result from those #*s are determined from PWIA to be less
than 2% at all six kinematic settings. The magnitude of the raw asymmetry shown
in Fig. 3-2 therefore changes slightly due to the variation of the target polarization
direction, the uncertainty of the beam and the target polarization direction, the
statistical uncertainty of the measurement, and the false asymmetry. By adding
the absolute value of the experimental asymmetries, A, of all four configurations,
the false asymmetry which is less sensitive to the change of the target polarization

direction and the beam helicity will be canceled.

To make sure that the result of the raw asymmetry is reliable, the false asymmetry
checks are crucial before the raw asymmetry is corrected by the lifetime, dilution,
radiative correction, etc. The sources of the false asymmetry are from the detector
efficiency, the e~ /7~ separation, the helicity, the beam position and the charge. These

issues will be discussed in detail in the next chapter.
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Figure 3-2: The Quasi-elastic raw asymmetry, A, for four different configurations at

Q% = 0.6 ( (GeV/c) 2) plotted as an example.
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E-arm | Q?=0.1 Q?*=0.2 Q*=0.3
Wpeak | 60(MeV) | 110(MeV) | 168(MeV)

E-arm | Q?=0.4 Q*=0.5 Q*=0.6
Wpeak | 220(MeV) | 274(MeV) | 328(MeV)
Q°=0.1 | Q>=0.2 | Q°=0.3

esmn H:Jpeak ez)peak szpeak

-62.5° £ 0.5° 4.8° 3.6° 0.9°
-243.6° + 0.5° 3.7° 4.7° 0.2°
Q?=0.4 | Q*=0.5 | Q*=0.6
08[]2” szpeak 0:)peak H:’Speak

-62.5° £ 0.5° 2.6° 6.2° 8.9°
-243.6° £ 0.5° 3.7° 7.2° 10.0°

Table 3.3: The target spin direction configurations for six different kinematics. Here 6* at
the quasi-elastic peak is referred to as 9[';?6 and the w value at quasi-elastic peak, wpeqk 18
listed in the upper table.

ak

3.4 Elastic Polarimetry

During the experiment, the HSRH was employed as the online polarimetry moni-
toring the product of the beam and the target polarization. The practicality of the
polarimetry is based on the fact that elastic scattering process is well known and
the electro-magnetic form factor of ®*He is well measured at low Q2. In general, the
3He elastic asymetry can be expressed in terms of the *He charge and magnetic form

factors, Fc and Fm, as

Ael =

é B 27 2w cos0* Fm? + 24/27(1 + 7) pa Zvrp sind* cos* FmFc (3.10)
S e

(14 7) 220, Fc? + 27 p2vr Fm?
(3.11)
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where the form factors have been normalized to
Fe(Q*=0)=Fm(Q*>=0)=1. (3.12)

In this formula Z is the nuclear charge, 4 is defined in terms of the magnetic moment
of 3He as (mpge/my) pme, and all other variables are defined in Chapter 1. The
measured elastic asymmetry approximately equals to P, P, X A, despite the radiative
tail correction, energy loss, HRSH acceptance, HRSH resolution etc. Thus P,P; can
be measured and monitored through the measurement of the experimental elastic
asymmetry. PyP; is shown in Equation 3.7 as the crucial physics quantity to get the
quasi-elastic physics asymmetry. In fact, the systematic uncertainty of quasi-elastic
physics asymmetry is dominated by the uncertainty of PyP;. In order to minimize the
uncertainty of P,P;, the 3He elastic asymmetry needs to be weighted with all kinds of
the effects such as the HRSH resolution and the HRSH acceptance. A Monte-Carlo
simulation seems the only way to correctly include the entire effects which will distort
the elastic asymmetry distribution in terms of the electron scattering angle (@iarget)
and the outgoing momentum (Aygrget) - So the Hall A Monte-Carlo software package
(MCEEP) was modified for this purpose.

3.4.1 MCEEP

The MCEEP was designed to simulate coincidence (e, €’X) experiments by averag-
ing theoretical models over an experimental acceptance. The entire software was
written in Fortran and supported by P. E. Ulmer [95] and MCEEP users. Although
the program and its name were initially created with (e, e’p) in mind, MCEEP is
applicable to any single particle emission experiment provided with the appropriate
physics routines, as well as (e, ¢’) elastic. For our case, the model for the 3He elastic

scattering is added. MCEEP employs a uniform random sampling method to popu-
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MCEEP
weur

—|PHYS CHOICE|
e
| KINEM

{ LAB_TO_TRPT \

SPECTROMETER (1)

} TRPT.TO _LAB \

KINEM
PHYSICS

} LAB_TO_TRPT \

SPECTROMETER(2)

{ TRPT.TO_LAB \

KINEM
————SUMMARY

Figure 3-3: Block diagram of the main routines called by MCEEP. Subroutines are to
the right of the double arrow and are called in order reading down the page. Indented
subroutines are within the main Monte-Carlo event loop. For clarify, only the main routines
are shown
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late the experimental acceptance. This method allows us to obtain good statistics for
small cross-section in the presence of a dominant contribution by a relatively small
number of events. An event is defined in MCEEP as any combination of variables
which completely specifies the reaction in the laboratory. For each event, weights
which correspond to the relevant observables (cross sections, polarization, etc. ) are
computed according to a user selected physics model. The main frame of version of
2.3 MCEEP is demonstrated in Fig 3-3.

In order to simulate the ®He elastic process, first the option 30 for the 3He elastic
is added in the subroutine of PHYS_ CHOICE. Then the acceptance functions for
both arms are included in the subroutine of SPECTROMETER (1).(However, only
the acceptance function for H-arm was used in simulating the elastic scattering.)
Subsequently, the updated calculations of the cross-section and asymmetry of the
3He elastic scattering with the mostly recent data of the 3He elastic form factors
are available for the subroutine of PHYSICS. Finally, the effects such as radiative
correction, energy loss and multiple scattering are taken into account along the event
transportation. In later sections, the issues about the acceptance and the interaction

between a charge particle and a medium will be discussed.

3.4.2 Acceptance

A detected electron leaving from the scattering chamber travels all the way to VDC
and generates the output ADC and TDC signals from VDC wires. Along the path,
however, not all electrons can arrive at VDC and produce the signals because of the
geometric limit of the spectrometer, the deflection caused by the interactions between
electrons and mediums, and VDC detector inefficiency. The acceptance is a tool to
describe the possibility of finding an electron at the perfect VDC chamber (without
the inefficiency) within a certain scattering angle and momentum range. Thus the

acceptance can be expressed as a function of possibility in terms of the scattering
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angle, momentum and the scattering position at the target. The acceptance is so
complex that the acceptance used in the simulation often can not perfectly agree with

reality. Compared with the experiment acceptance and the simulation acceptance

50 50
f 0
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'|1\l|'l\]1—\1|||\ A o P I B 11 1.1 i L AR A
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theta_target-phi_target theta_turget-phi_target thete_target-phi_target

Figure 3-4: The experiment acceptance is plotted as a function of ¢iarget VS Grarger With
10mm Y44rgqt long scanning from yi4rgqr = -60mm to ysgrger = 60mm.

in Fig. 3-4 and Fig. 3-5, the shape of the diagram demonstrates that the acceptance
which has been modified and used in MCEEP is quite reasonable. This acceptance
function pushes the elastic simulation further closer to the final goal. In addition,
the simulation of the interaction between a charged particle and a medium is another

key factor for a good simulation. In the next sections, the interactions between the
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Figure 3-5: The simulation acceptance is plotted as a function of ¢igrger VS Otarger With
10mm ¥44rgqt long scanning from yi4rgq¢ = -60mm to yigrger = 60mm.

particle (electron) and mediums are therefore discussed.

3.4.3 Energy Loss

A charged particle (electron) moving through a material may ionize or excite the
atoms of that material at the expense of the energy. This energy loss is subject

to appreciable fluctuations about the the most probable energy loss AE,,,, which is
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defined as following, [78]

2mne/* 2%t

mec®3%p

dmne/* 2%t
I*(1-p%)p

AE,, = [In -3 +0.198 -6 - U] (3.13)

with
n: the number of the electrons per cm? in the material,
p: the density of the material in g/cm?
I: the mean excitation energy of the material in eV,
z: the charge of the incident particle,
t: the thickness of the material in g/cm?
m.c?2 = 0.511 MeV, the rest mass of the electrons,
B =v/c , where v is the velocity of the particle.

For relativistic electrons (8 ~ 1,z = 1) , as 2;224;5? = 0183622 Buation 3.13

can be rewritten in the simple form:
Zt s
AE,, = 0.15361[19.26 +log(t/p+ 1.07°)], (3.15)

with Z: the effective mass of medium, and A: the effective atomic mass.

The shape of the energy loss depends on the value of the x: [79]

£
Ema:c

(3.16)

K =

with:

¢ = 2ncte/*2*nt  0.1536227t
- Mec2 32 - AB? )

The maximum energy transfer in the collision E,,,; from the incident particle to
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atomic electrons, is approximately given as:

QmevZ f . . .
el for incident heavy particles
Ema:c = ; p (317)

5 for incident electrons

Calculating the energy loss distribution requires different theoretical treatments for
various energy transfer regions. k measures the contribution of the collisions with
energy transfer close to E,,,.. The correlation between the x and chosen theoretical

models for energy loss is:

k < 0.01 Landau distribution (thin layer) [79]
0.01 < kK < 10.0 Vavilov distribution [80] (3.18)
10.0 < K Gaussian distribution [81]

The Landau distribution (x < 0.01) was chosen because during the experiment, the in-
cident electron and the scattered electron passed the thin entrance window (0.13/0.142
mm) and the target glass wall (= 1.2 mm) respectively. The distribution is asymmet-
ric with a long high-energy loss tail and a broad peak. The expression of the observed

energy loss AE in term of the most probable energy loss E,,, is given by

AE = AX £+ AEp,, (3.19)

where the distribution of A is slightly different from the universal Landau distribution.
For electrons passing through the glass side wall, the energy loss is displayed in the
Fig 3-6.
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Figure 3-6: The distribution of the simulated elastic electron events versus eloss which
is denoted as the energy loss (AE) at Q2 = 0.1 when the electron passes through the side
wall of the target glass cell.

3.4.4 Multiple Scattering

Due to the interaction with the Coulomb field of the nuclei, a charged particle (elec-
tron) is deflected by many scatters, mostly at small angles. The deflected angle (6,)
between the directions projected on a plane of a particle before and after traversing
a thickness, ¢ of medium roughly follows a Gaussian distribution. A simple form for

the multiple Coulomb scattering of singly charged particles is widely use:

15MeV | t
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where X is the radiation length of the medium. The formula can introduce large
errors because it ignores significant dependences on path-length and Z of the medium.

To compensate for this, a similar formula was given by [75, 76]:

14.1MeV | t t
O~ ——— /=1 .038log(—)]|- 21
o~ | 3o l1 + 0088 log() (3.21)

Equation 3.21 which doesn’t take into account the 3 and z dependence of the incident

particle was employed in the simulation. The more subtle equation was developed by

[77]:

S, [t 2%t

where S, and € are about 14.1 MeV and 0.038.

3.4.5 Bremsstrahlung

The Bremsstrahlung radiation can be separated into two main categories:

e internal bremsstrahlung: Emission of the real and virtual photon in the field of

the scattering nucleus.

e External bremsstrahlung: Emission of the real photons when electrons pass

through materials before or after the scattering.

Internal bremsstrahlung

Feynman diagrams for the internal bremsstrahlung processes are given in Figure 3-
7. Based on the knowledge of the energy resolution of the spectrometer AF, the
internal bremsstrahlung can be recognized as the soft photon emission, where the
energy of emitted photon (E,) is less than AE and hard photon emission where E, is

above the AE. The hadron photon emission in upper part of Fig. 3-7 ( the so-called
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“Radiative Tail correction”) tends to reduce the apparent cross section by shifting
the events to higher missing energies, and can be treated as two “external equivalent
radiators” [63]with one placed before and one after the scattering each with a thickness

of:
thre — 1 In=— -1 3.23
eq [ ] ( * )

with:

— 30+ 5l lassz ¥,

and

In(1440Z7%)
In(183273 )

The “Radiative Correction” is the correction applied to a basic scattering process
due to emission and re-absorption of the virtual photons and to the emission of any
number of real soft photons with total energy less than AE. This correction involves

all the diagrams shown in Figure 3-7.

The radiative correction (“Radiative Tail” + “Radiative Correction”) was first
deduced for elastic scattering by Schwinger [61]. It has since been well studied and
extended to inelastic scatterings. Following the method of Mo and Tsai [63], the
experimental cross-section at elastic peak can be written in terms of the pure one-

photon exchange cross section and radiative correction as:

do do

dQdE = (deE)l’Y(l + 5Tsai(AE)) (324)
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Figure 3-7: The internal bremsstrahlung

The expression for drs,i, taking into account both the kinematic effect due to target

recoil and the dynamic effect due to photon mission by the target, can be written

as (63, 64]

-« (28 13 Q? Q? FE
= —|———In(|—= 1 —1+271 2ln— — 31
1) - <9 5 n<mg>+<n<me + nn nAE 3lnn

E’—E) E! M, 1+6
—-® Z%In =Lt + Z%In < t—z)
( My nAE ﬂt ﬂ

(mM) =)

72 1.1 E' M
+ o — ln + ﬂt In + t
By + B 2 M,
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o[ (57) - # (Capmwie)

E 2F'E! — M,E
! N 5/} "B
o 2B'(M, = E)\ | [2B'E - M\E|, (M,
9F'E! — M,F E(M, — 2E") 2F"
El — F' M,(E! — E"
—Z|o |- — o ——t L
*(-557) - (arre
2F(E! — F' 2FE! — M,F' M,
+ @ _M In |22 2t 70 g (22
9FE! — M,FE' E'(M, — 2E) 2F
M,— E M,— E
—Z|® |- )
() ()
+ @ M +lnA1n %
M, 2E — M, 2F
M, — E' M, — F'
2o (-%57) -0 (%5)
2(M, — E") M, M,
oL —2)+1 1
* ( M, e "\ 2
Lo (BB, 27 E —M\? (1-8\?
T E # E+M 1+ 5
1
2

Gg‘i;ﬁ)j }) , (3.25)

And & is the Spence function defined by

®(x) = /Ox “hlloul,, (3.26)

Y

where:

Z = +3 (electron->He scattering) ,
E is the incident electron energy,
E' is the outgoing electron energy,
M, is the target mass,

m, is the electron mass,

AE is the energy resolution of the spectrometer.
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The other quantities are given according to the elastic scattering kinematics. From

4-momentum conservation we have
P!'+ Pl'= P, + P} (3.27)

Here P# = (E, P) , Pl= (M,, 0) , P, = (E’, P') , Ph= (B, P!) . For relativistic

e

electrons, we obtain the following expression:

Q*> = (P'—PhY)? =4EFE'sin*(0/2), (3.28)
E
E = —, (3.29)
U
2F
n = 1+ =—sin*(0/2), (3.30)
M,
E, = E—-FE + M, (3.31)
/ Uilt Et2’ - MtZ
- t_ VT T 3.32
/Bt c Eé ( )

External bremsstrahlung

When the energy of an electron E (E > 100MeV ) straggles down to energy E;
mainly by external bremsstrahlung process after passing through ¢ radiation length
in the target, the possibility of finding the electron, P (E, Ey,t) is given by Tsai
[62] as:

bt E—-E\" 1
P& B, Ey t) = .
(B, B t) F(1+bt)< Z ) P E (3.33)

The general formula of the cross section for electrons of incident energy E to
scatter at angle 6,., to final energy E’ from a target of T radiation length can be

described as [63]:

daexp(Ea El; escat) T dt !
= — E E
dQdE /Ot/dl/dl
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darad(Ela Eia Gscat)

Pe(E, B, 1) dQdE!
1

Pc{(Eia Elv T — t)a (334)

where:

P.(E, E4,t) is the probability of finding an electron starting at initial energy E strag-
gling down to energy E; after passing through ¢ radiation length in the target,
P.(E}, E',T —t) is the probability of finding an electron after scattering at E] strag-

gling down to energy E’ through the rest of the target,

dorad (El ,Ell ;Hscat)

¥ is the cross-section for elastic scattering at incident energy E; to final
1

energy E] at the scattering angle 6,.,; with internal radiation correction.

Using Eqs 3.23, 3.24, and 3.33, Eq. 3.34 can be rewritten as [82]:

dO'exp(E; E’, OSCat) _ /dEl bTI: (E — El)bTé 1
I'(

dQAdE' E—-FE E 1+ bty)
do(E 1080(1
%(1 + 6Tsai - 6teq)
WL (B B\ 1
— L , (3.35)
E; — FE' E; (1 + bt,)
where:
Ty, = typ+teg
T, = to+te
! Ey .
E = (elastic confinement).

1 + %S’L’Tﬂ (Hscat)

Here, t, and ¢, are the radiation length of the real radiators before and after the
scattering. Because drs,; includes the contribution from “Radiative Tail” and the

replacement of “Radiative Tail” is the two “external equivalent radiators”, d;, is
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subtracted from d7,,; where 0y, is given by [63]

g = — (b0 In(E/n*AE)
bre
+ btr¢In(E'/AE)). (3.36)

Using Eq. 3.23 and n = E/E', 6, can be written as:

Oteq = _7& (ln (fi—z) — 1) (2 In é — 3ln77> , (3.37)

of which items can be found in the expression of d7q;.

3.4.6 Results of PP,

Before we can get to the point of calculating P, P, from A, it is necessary to compare
the data analysis results of other physics quantities (except Ag) including 6Oyarget,
Otargets Ytargets Ptarget, Missing mass spectra and deduced values, such as the beam
energy and the spectrometer momentum setting, with the simulation. Such a com-
parison gives us a glimpse of the quality of the simulation. However, only comparisons
about the beam energy, the momentum setting, and the cross-section will be discussed

in detail.

As we mentioned before, the simulation of the elastic scattering provides addi-
tional measurement of the beam energy. Assuming that the scattering angle and the
energy loss are well known, one can extract the beam energy and the spectrometer
central momentum setting with a high accuracy, by matching of the spectrum of scat-
tering momentum (Aygge¢) verse the scattering angle (diarger) and the spectrum of
the excitation energy (E,) from the simulation with spectra from the data. Here the

spectrum of (Aygrget,Prarget) corresponding to the elastic kinematic equation is written



3.4 Elastic Polarimetry 99
e , Detector
Target Enclosure Electron Arm
65.2 cm air
0.13/0.142 mm glass window
He3Target Cell
0.01" Be
_e e
s Beam Dump
Beam Line
0.01" Al
64.2 cmair
~1.3 mm glasswall Spectrometer
Hadron Arm
0.007" Kapton
0.004" Titanium Detector
Figure 3-8: The material, which particle goes through, layout
as:
E. — FElossl
E. = 5 — FEloss?2 (3.38)
10 _|_ E - _cos(¢0+¢target)
€ M3He

with the spectrometer central scattering angle setting being ¢, the mass of *He,

Msy,, energy losses before and after scattering, Elossl and Eloss2. The A et is

defined as

At t
El = (14 =lmeety x p

(3.39)

with the spectrometer central momentum setting being F,. The excitation energy,
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E, is given as

B, — \/ May? + 2Mogo(Eo — B) — 2B,/ (1.0 — cos(¢o + drarger)) — Mose. (3.40)

The geometric parameters of the medium, which particle goes through, within the
simulation software are shown in Fig. 3-8 and their radiation lengths, X are listed in

Tab. 3.4. The results of the beam energy (shown in Fig. 3-9) extracted independently

Absorber Material Rad Length, X, (g/cm?)
Upstream
Beamline Vacuum Window Be, 0.01” thickness 65.19
Gap between Windows Air, 17 gap 36.66
Target Chamber Window Al 0.01” thickness 24.01
Target Chamber Gas ‘He, 25.7 cm 94.32
Target Entrance Window Glass, .13/.142 mm 28.3
Target 3He, 9.98 amg 70.74
Downstream
Target Side Wall Glass(gel80) 1.2/1.3mm 19.43
Target Chamber Gas ‘He, 42.0 cm 94.32
Chamber Exit Window Al 0.01” thickness 36.66
Gap between Windows Air, 64.2cm gap 24.01
Magnets Entrance Window 0.007” Kapton 40.56
Magnets Exit Window 0.004” Titanium 16.17

Table 3.4: The medium radiation length, X,

from the eP measurement, (the Arc measurement), and the *He elastic measurement
agree within the experimental uncertainty for both the 1pass data and the 2 pass
data. However the results of the spectrometer central momentum setting ( shown in
Fig. 3-9) from the *He elastic measurement and the spectrometer NMR measurement

do not agree. The reason for the discrepancy, later pointed out in [117], was due to
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the nonlinearity between the driving current and the magnetic field, which caused the
failure of the calibration constant of the NMR measurement as the driving current
was set far away from the calibration current. In fact, the NMR result is expected
to be lower than the real value of the magnetic field, and the larger the driving
current (magnetic field) is, the bigger the discrepancy between the NMR result and
real magnetic field value is. The momentum setting from the simulation fitting is
(= 0.2%) bigger than the NMR result and therefore may be very close to the real

value.
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Figure 3-9: The spectrometer central momentum setting P, and the incident en-
ergy E, from three independent means: ep elastic(eP), 3He elastic(sim), and the optic
database(optic)

The normalized yield of the data for the *He elastic scattering shown in Fig. 3-10
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two-body breakup energy is about 5.5 MeV.
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Cuts | Asim
A[1.5%,1%) 5.840%
Ex:[-3MeV,3MeV] 5.844%
Otarget:[-30mr,30mr| & Ex:[-3MeV,3MeV] 5.817%
Btarger:|-30mr,30mr] & Ex:[-3MeV,3MeV] 5.848%
Ytarger+0ffset:[-30mm,30mm| &Ex:[-3MeV,3MeV] | 5.848%
Ex:[-1.5MeV,1.5MeV] 5.848%

Table 3.5: Variation of A%™ for 1 Pass kinematic setting and target spin -62.5° with
different cuts

Cuts Asim
A[3%,-05%)] 5.681%
Ex:[-3MeV,3MeV] 5.560%
O1arget:[-30mr,30mr| & Ex:[-3MeV,3MeV] 5.503%
Brarger:|-30mr,30m1] & Ex:[-3MeV,3MeV] 5.598%
Ytarger+0ffset:[-30mm,30mm]| & Ex:[-3MeV,3MeV] | 5.570%
Ex:[-1.5MeV,1.5MeV] 5.570%

Table 3.6: Variation of A%™ for 2 Pass kinematic setting and target spin -62.5° with
different cuts

is not only normalized by the total charge , live time of data acquisition system and
detector inefficiency, but also corrected by the N2 and empty target cell backgrounds.
On the other hand, the simulation result is only corrected by the charge normalization.
As the normalized yield is directly proportional to the corresponding cross section,
the relative difference of the normalized yield equals to the relative difference of the
cross section. Some conclusions we can draw from Fig. 3-10 are following: First the
cross-section from simulation is about 2-3% larger than the cross-section from data.
Secondly the relative difference tends to get bigger if the missing mass is further
beyond the elastic peak region. A few reasons are expected to explain this behavior.
One is that the equivalent radiators theory for the radiative tail correction of the

internal bremsstrahlung is the peaking approximation. Thus the calculation became
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A
Ospin 1 Pass | 2 Pass
-62.5° | 0.05848 | 0.05570

-243.6° | 0.05762 | 0.05496

Table 3.7: The simulated elastic asymmetry, |A¢| for different target polarization direc-
tion, 04y, and kinematic setting

less precise on radiation tail as the missing mass is further away from the elastic peak
region. Another is the uncertainty of the Ny and empty target cell dilution listed
in Tab. 3.8. Lastly quasi-elastic events sneak into the elastic tail by reasons such as
multiply scattering and bremsstrahlung effects. Overall, the agreement between the

data and simulation is good.

In order to get A, from the simulation, not only the strength of the effects, such as
radiative correction, but also the spin dependence of the effects needs to be taken into
account. The spin dependence of the effects mainly includes the spin dependence 07,
and the depolarization of electron beam through collisions and ionization process. The
depolarization effect is included in the simulation, and the spin dependence of &7,
is so small that it is ignored. In addition, the magnitude of A, may strongly depend
on the acceptance. If it is the case, the uncertainty of A%™ from the simulation due
to the uncertainty of the acceptance of the simulation will be large. In Table 3.6,

sim
el

Therefore, the simulated asymmetry A5™s for Q? values of 0.1 (GeV/c)? and 0.2

the simulated asymmetry A% is found to have little dependence on the acceptance.

(GeV/c)? are listed in Tab. 3.7 with a systematic uncertainty due to the acceptance

of 0.1%.
P, P, is determined by the following formula:

erp

A
Pth = Agm X fN2fempty (341)
el
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with the elastic dilution factors: fyo and fempy, from N2 and empty target cell

respectively. fyo and feppy are given in Tab. 3.8. The average PP, is 0.2084+0.001 +

H-arm Q? | (fno — 1)(2.240.5 psi) | (fempty — 1)
0.1 1% < 0.1%
0.2 3.07% < 0.2%

Table 3.8: The elastic dilution factors: fy2 and fempty for two elastic data sets

0.005, where the uncertainties are statistical and systematic, respectively [104]. The
systematic uncertainties of P, P, are list in Table 3.9. The systematic uncertainties
are dominated by the theoretical uncertainties due to the experimental uncertainties
of Fc and Fm in calculating of the theoretic asymmetry A, from the simulation.
For the 1pass data (Q? =0.1) , the uncertainty of the calculation of A, is about
1.3% and for the 2pass data (Q*=0.2) , it is about 1.7%. Combining the polarization
of the beam P, results from Mgller measurement, as shown in Tab. 2.4 and the
polarization of the target P; results from NMR measurement, the average P,P, can
also be obtained to be 0.215+0.013 with total systemic uncertainty [104]. The results
of those two independent techniques agree within a relative difference of 4%. The
difference, we expect, is caused by factors such as the beam-induced depolarization
and the temperature uncertainty of the target cell. This is because the *He elastic
measurement took place as the electron beam was going through the target and, on the
contrary, the NMR measurement took place with beam off. Indeed, the consistency of
these two measurement provides an additional support of the results of the simulation.

In addition, using P,P; in Eq. 3.41 and the polarization of th beam, P, from Mgller
measurement, we also can get the polarization of the target, P, and compare with
P, from NMR measurement. The comparison is shown in Fig. 3-11 and these two
P; results can agree with each other within 5% after MNR measurement is properly

calibrated.
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H-arm (0?=0.1

Item Uncertainty %

%
target spin direction 0.5° 0.69
Fc¢,Fm 1.5 x 1073,3.0 x 107* 1.0
electron beam energy +1 MeV 0.20
central momentum setting +3 MeV 0.30
acceptance 0.10
radiation length 3 0.10
empty target cell subtraction 0.02
N2 background subtraction +2 0.05
total 1.3

H-arm *=0.2

Item Uncertainty "113:”5‘5

%
target spin direction 0.5° 0.65
Fc¢,Fm 1.4%x1073,1.2x 1073 1.5
electron beam energy +1 MeV 0.20
central momentum setting +3 MeV 0.30
acceptance 0.10
radiation length 3 0.10
empty target cell subtraction 0.01
N2 background subtraction + 2 0.02
total 1.7

Table 3.9: Systematic uncertainty in determining P;P, from the elastic asymmetry mea-
surement.
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Figure 3-11: The target polarization, P; from the NMR measurement in the upper panel,
and P; from the Mgller measurement & elastic polarimetry in the lower panel.

3.5 Dilution Factor

Electrons are not only scattered by the 3He nuclei but also by the windows of the
target cell and N2 nuclei. The magnitude of the raw asymmetry caused by the
beam and target polarization will drop because in the equation of asymmetry, the
denominator, which is the total yield of the scattered electron, gets bigger but the
numerator, which is the difference of the yields with respected to the different beam
helicity, remains the same. The dilution corrections due to the N2 and empty target
cell backgrounds is therefore introduced in Equation 3.8 in order to extract the physics

quasi-elastic asymmetry. For dilution corrections due to the N2, the calculation is
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3.5 Dilution Factor 109

difficult because the amount of N2 in the *He target cell need to be determined. To
get the result of the dilution factor of N2, one has to determine the N2 pressure in the
3He target using a pure N2 reference cell with a known N2 pressure first, then scale
a pure N2 yield according to the N2 pressure in *He target cell, and finally calculate
the dilution factor using the scaled N2 yield divided by the *He quasi-elastic yield.

The determination of the N2 pressure in the target cell is the following: several
N2 elastic peaks shown in Fig. 3-12: the most left peak related to the ground state
of N2 and others related to excitation states of N2 in the N2 excitation energy
spectrum are clearly observed from data taken with the *He target cell. In order to
get the normalized N2 elastic yields, the yields of those elastic peaks are corrected
with backgrounds such as >He gas, the entrance window of target, and the target
wall, then are normalized with charge, deadtime and efficiencies. Compared with the
normalized N2 elastic yield of one of elastic peaks from *He target cell(Yra?") and
such yield from a pure N2 reference cell (Y34/) with a known N2 pressure (Pys),

target

one can get the N2 pressure in the *He target, which is the Y%;f X P9, because

the physical sizes and running conditions of two cells are similar. The N2 pressure

in the 3He target from this determination process is obtained as 2.2 4 0.05 psi. The
uncertainty of the N2 pressure in the 3He target contributes to the main error of the

N2 dilution factors.

In fact, the empty target cell background can not be directly measured because
we can not pump out gas inside the target cell without destroying the target. The
physical size of the reference target cell is close to that of the target cell. Thus
assuming the empty target cell yield is equal to the empty reference cell yield, we
can obtain the result of the dilution factor of the empty target cell using the empty
reference cell yield divided by the *He quasi-elastic yield. Because of the difference of
wall thickness between the target and the reference cells and the dependence of the

empty target cell yield on the beam position, the yield from the empty 3He target
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Figure 3-13: The dilution factors of the empty target cell for 1 Pass kinematic in H-arm

cell may not be equal to the empty reference cell yield with a central beam position
of (Xpeam = 0, Yoearn = 0). In fact, Fig. 3-13 shows that the yield of the empty >He
target cell is about twice the empty reference cell yield with a central beam position
of (Xpeam = 0, Yoeamn = 0). One therefore needs to enlarge the dilution factor of the
empty target cell by a factor of 2 in order to correct the raw asymmetry properly.
This factor may vary during the experiment?. In addition, the well matching of two
curves(in Fig. 3-13) indicates that the N2 pressure we determined is accurate.

The empty target cell and the N2 dilution factors (R*% and R"?) at six different
Q? are listed in Table 3.10.

2In data analysis, we assume this factor is 1 and we introduce a correction for G?, in Tab. 5.6
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Q?*=0.1
w(MeV) RN? | Rempty
(25.0, 35.0) | 0.06918 | 0.0396
(35.0, 45.0) | 0.05379 | 0.0346
(45.0, 55.0) | 0.04227 | 0.0297
(55.0, 65.0) | 0.03889 | 0.0296
(65.0, 75.0) | 0.04369 | 0.0361
(75.0, 85.0) | 0.05468 | 0.0503
(85.0, 95.0) | 0.06918 | 0.0720
(95.0, 105.0) | 0.07097 | 0.1058
0?=0.2
w(MeV) | RMZ | Reow
(75.0, 85.0) | 0.0626 | 0.0462
(85.0, 95.0) | 0.0516 | 0.0417
(95.0, 105.0) | 0.0444 | 0.0375
(105.0, 115.0) | 0.0426 | 0.0394
(115.0, 125.0) | 0.0463 | 0.0455
(125.0, 135.0) | 0.0548 | 0.0588
(135.0, 145.0) | 0.0666 | 0.0788
Q?=0.3
w(MeV) R | oW
(100.0, 120.0) | 0.086310 | 0.0106505
(120.0, 140.0) | 0.059532 | 0.0078850
(140.0, 160.0) | 0.049766 | 0.0070951
(160.0, 180.0) | 0.052771 | 0.0082114
(180.0, 200.0) | 0.065888 | 0.0115666
(200.0, 220.0) | 0.085988 | 0.0171267
(220.0, 240.0) | 0.103261 | 0.0236398
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Q?=04
w(MeV) RN? | Rempty
(140.0, 160.0) | 0.09711 | 0.01190
(160.0, 180.0) | 0.07368 | 0.00845
(180.0, 200.0) | 0.05843 | 0.00688
(200.0, 220.0) | 0.05339 | 0.00692
(220.0, 240.0) | 0.05667 | 0.00836
(240.0, 260.0) | 0.06642 | 0.01141
(260.0, 280.0) | 0.08397 | 0.01672
(280.0, 300.0) | 0.09570 | 0.02052
Q?*=0.5
w(MeV) RN% | Rempty
(190.0, 210.0) | 0.09711 | 0.01231
(210.0, 230.0) | 0.07368 | 0.00935
(230.0, 250.0) | 0.05843 | 0.00785
(250.0, 270.0) | 0.05339 | 0.00765
(270.0, 290.0) | 0.05667 | 0.00835
(290.0, 310.0) | 0.06642 | 0.00880
(310.0, 330.0) | 0.08397 | 0.01556
(330.0, 350.0) | 0.09570 | 0.02049
Q?=0.6
~(MeV) RYZ | R
(250.00, 268.75) | 0.08417 | 0.01128
(268.75, 287.50) | 0.06754 | 0.00862
(287.50, 306.25) | 0.05680 | 0.00835
(306.25, 325.00) | 0.05349 | 0.00810
(325.00, 343.75) | 0.05707 | 0.00949
(343.75, 362.50) | 0.06618 | 0.01205
(362.50, 381.25) | 0.08145 | 0.01610
(381.25, 400.00) | 0.08937 | 0.01859

Table 3.10: The dilution factors: RV? and R*™%Y for six Q? values of quasi-elastic kine-

matics of the experiment
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3.6 Quasi-elastic Radiative Correction and Elastic

Tail Correction

In general, in order to extract physics asymmetry of the one-photon exchange con-
tribution of a scattering, one needs to correct the experimental asymmetry with the
radiative corrections (RC). In our case, A", n and AAY , introduced in Chapter 2
need to be calculated from the radiative correction. There are two basic methods to
calculate the model independent QED radiative correction. The first one, which we
used to obtain A, with Mo and Tsai calculation, is connected with the introducing of
an artificial parameter AFE separating the momentum phase space into soft and hard
parts. The presence of the artificial parameter AFE is a disadvantage of this method.
The calculation of the soft photon part is performed in soft photon approximation, in
which the photon energy is considered to be small with respect to all momenta and
masses. Thus the parameter should be chosen as small as possible to reduce the region
evaluated approximately. However it can not be chosen too small because of possi-
ble numerical instabilities in calculating the hard-photon emission. In late seventies
Bardin and Shumeiko developed an approach [65] of extraction and cancellation of
infrared divergence without introducing this artificial parameter AE. This approach
was then applied to the calculation of electromagnetic correction to the lepton current
for deep inelastic scattering (DIS) [70] as well with some approximation taking into
account the contribution of net soft photon emission. The exact expressions for the
lowest order QED RC to polarized DIS of polarized leptons by polarized light nuclei
including targets of spin 1 such as deuterium are presented in [66]. Based on these

formulae Fortran code POLRAD [67] are constructed.

The formulae for calculating the RC cross-section is given by

orc =0" + 0%+ 0%+ 0" (3.42)
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!, 0% are contributions of radiative tails from continuous spectrum, of the

Here o™, o®
elastic scattering radiative tail, and of the radiative tail from the quasi-elastic scat-
tering respectively. ¢ is the virtual photon contribution. The explicit expression for
0,07 can be found in [66, 69)].

1

For the lowest-order QED correction (a' correction), the infrared-free sum of o”

and o™ is calculated by
0" + 0™ = Z (G 4 Suert + Dy + Glac) 00 + O, (3.43)

where o, is the Born cross-section, e is the lepton vertex correction, 6, + % . are
the vacuum polarization by the leptons and hadrons respectively, and the quantity
6LR appears when the infrared divergence is extracted in accordance with Bardin
and Shumeiko method from o*. These corrections are given by formulae (20-25) of

ref. [66]

Taking into account the contribution of multi-soft-photon emission, i.e. by using
the so-called “exponentiation” procedure [68], thus we have

ore = €50 (68, + Spory + 84, + 8, — 6™ )gy + 0 + 0% + o9, (3.44)

Following same formulae as POLRAD does, the C++ code called Polarized Ra-
diative Correction was developed for longitudinally polarized electron scattering on
a polarized 3He nucleus. For the details of this work, we refer to [72]. In Table 3.11,
the radiative corrections (RC) are listed. Using Polarized Radiative Correction, we
are also able to study the unpolarized quasi-elastic yield for >He(e, ¢'). In Fig. 3-14,
the extracted cross-section from the simulation without radiative correction (called
“Born”), the cross-section from the calculation using a central kinematic setting
(called “Cal”), the extracted cross-section from the simulation with radiative cor-

rection (called “Rad”), and the extracted cross-section from data (called “Data”) are
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shown in terms of the energy transfer w for six different Q2. The systematic uncer-
tainty in the extraction of the cross-section is estimated as the difference between
“Born” and “‘Cal”, which is about 2%.

Conclusions drawn from the study for the unpolarized cross-section are three-
folds. First,“Rad” using Golak’s full calculation at Q? value of 0.1 or 0.2 (GeV)? is
roughly 10% higher than “Data”. Secondly, “Rad” using PWIA at Q? values above
0.2 (GeV)? is roughly 5% higher than “Data”, and as Q® goes higher, the PWIA
calculation,“Rad” gets closer to the experimental result, “Data”. One should bear in
mind that both our knowledge of the spectrometer acceptance and the knowledge of
the nuclear response functions goes into the comparison between data and simulation.
Although the cross-section from quasi-elastic simulation is 5-10% higher than the
cross-section from data, such agreement is still reasonable considering the facts that
the experiment focuses on asymmetry instead of cross-section measurement, and the
radiative correction on experimental asymmetry in quasi-elastic peak region is not
sensitive to the radiative correction on cross-section. Lastly, one therefore can still

get the quasi-elastic radiative correction with a small theoretical uncertainty.
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Figure 3-14: The comparison among the extracted quasi-elastic cross-sections. The ex-
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0?=0.1
w(MeV) | AAL (full) n Aert
(25.0, 35.0) | 0.00255924 | 0.0015696 | 0.31091
(35.0, 45.0) | -0.000946766 | 0.0017870 | 0.09042
(45.0, 55.0) | -0.00150382 | 0.0019268 | 0.04352
(55.0, 65.0) | -0.00159346 | 0.0019548 | 0.02987
(65.0, 75.0) | -0.00238483 | 0.0021690 | 0.02765
(75.0, 85.0) | -0.00337165 | 0.0022534 | 0.03010
(85.0, 95.0) | -0.00696778 | 0.0025300 | 0.04410
0?=0.2
w(MeV) AATL (full) n Aert
(75.0, 85.0) -0.00163502 | 0.00910 | 0.0350807
(85.0, 95.0) -0.00127525 | 0.00572 | 0.0335841
(95.0, 105.0) | -0.000489976 | 0.00403 | 0.0321326
(105.0, 115.0) | -0.000496957 | 0.00331 | 0.0306573
(115.0, 125.0) | -0.000265174 | 0.00310 | 0.0293742
(125.0, 135.0) | -0.00124063 | 0.00340 | 0.0277448
(135.0, 145.0) | -0.00311851 | 0.00340 | 0.0277448
Q?=0.3
w(MeV) AAL (pwia) n Aert
(100.0, 120.0) | -0.0020209 | 0.00356 | 0.0340388
(120.0, 140.0) | -0.0003281 | 0.00111 | 0.0302019
(140.0, 160.0) | -0.0013839 | 0.00056 | 0.0277632
(160.0, 180.0) | -0.0016440 | 0.00046 | 0.0244447
(180.0, 200.0) | -0.0029524 | 0.00051 | 0.0217933
(200.0, 220.0) | -0.0055601 | 0.00069 | 0.0198347
(220.0, 240.0) | -0.0092538 | 0.00102 | 0.0176836
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Q?=0.4
w(MeV) AAY (pwia) n Aert
(140.0, 160.0) | -0.0019626 | 0.00027 | 0.232462
(160.0, 180.0) | -0.0022663 | 0.00011 | 0.190677
(180.0, 200.0) | -0.0009377 | 0.00006 | 0.158488
(200.0, 220.0) | -0.0012033 | 0.00005 | 0.131781
(220.0, 240.0) | -0.0023750 | 0.00005 | 0.109443
(240.0, 260.0) | -0.0047388 | 0.00007 | 0.091837
(260.0, 280.0) | -0.0071162 | 0.00011 | 0.070185
(280.0, 300.0) | -0.0080000 | 0.00011 | 0.070185
Q*=0.5
w(MeV) AAY (pwia) n Aert
(190.0, 210.0) | -0.0020000 | 0.00002 | ——
(210.0, 230.0) | -0.0008205 | 0.00002 | ——
(230.0, 250.0) | -0.0009572 | 0.00001 | ——
(250.0, 270.0) | -0.0017815 | 0.00002 | ——
(270.0, 290.0) | -0.0023846 | 0.00002 | ——
(290.0, 310.0) | -0.0045448 | 0.00002 | ——
(310.0, 330.0) | -0.0069334 | 0.00002 | ——
(330.0, 350.0) | -0.0075000 | 0.00002 | ——
Q?=0.6
w(MeV) AAT (pwia) n Aert
(250.00, 268.75) | -0.0008097 | 0.00004 | ——
(268.75, 287.50) | -0.0016557 | 0.00004 | ——
(287.50, 306.25) | -0.0016192 | 0.00004 | ——
(306.25, 325.00) | -0.0018354 | 0.00004 | ——
(325.00, 343.75) | -0.0027080 | 0.00004 | ——
(343.75, 362.50) | -0.0047085 | 0.00004 | ——
(362.50, 381.25) | -0.0069011 | 0.00004 | ——
(381.25, 400.00) | -0.0088891 | 0.00004 | ——

Table 3.11: AA ., n and A" for six Q? values. Because 7 is too small for the last two
Q? kinematic settings, A°"* is not necessary to calculate.



Chapter 4

False Asymmetry and Systematic

Uncertainty

In helicity-dependent asymmetry measurement, any helicity-correlated variation other
than the helicity-dependent cross-section will cause additional asymmetry (so-called
false asymmetry) which dilutes the physics asymmetry. In this chapter, various false
asymmetries will be discussed in detail. The false asymmetries from some helicity-
dependent variables can be determined for each run. One can therefore make a
direct correction to the experimental asymmetry. These variables are termed cor-
rectable helicity-dependent variables. Some of the helicity-dependent variables cause
false asymmetries which are smaller than the statistical uncertainty of the measured
asymmetry. One can only identify them and assign a systematic uncertainty based
on the false asymmetry. So these variables are named negligible helicity-dependent
variables. For helicity-independent variables, one can check if their asymmetries are
consistent with zero.

Based on these considerations, the DAQ dead time is categorized as a correctable
helicity-dependent variable. Beam position shift, beam current, helicity determina-

tion, and the pion contamination are categorized as the negligible helicity-dependent



122 False Asymmetry and Systematic Uncertainty

variables, due to of which the false asymmetries are smaller than the statistical un-
certainty and thus only their contribution to the systematic uncertainty can be esti-
mated. Other variables such as N2 contribution, empty target cell contribution, the
scintillators efficiency, and the VDC efficiency are testified as helicity-independent

variables.

4.1 Correctable Helicity-dependent Variables

4.1.1 Data Acquisition Deadtime

When the signals from the detectors are gathered and a trigger is generated from
the trigger supervisor, the event builder will help to build one event for DAQ (Data
Acquisition) system. However, not all scattered particles will be able to generate
events which goes into the data stream. One main reason is that a scattered particle
can be excluded by the acceptance of the spectrometer. Other reasons for loss of event
are the trigger inefficiency and the DAQ deadtime which also includes the computer
network deadtime. It is reasonable to believe that the acceptance of the spectrometer
is not helicity-dependent but trigger inefficiency and DAQ deadtime possibly are. In
fact, there is ample evidence that the DAQ deadtime is strongly correlated to the
beam helicity. We will discuss the helicity dependence of the DAQ deadtime in this
section and the helicity dependence of the trigger efficiency will be discussed in the
next section.

A number of factors can contribute to the DAQ deadtime and its fluctuation.
As far as we know, the main factors are the event length, the event rate, and the
computer system deadtime. The DAQ deadtime therefore is expressed as a function
of the event length, the event rate, and the computer system deadtime. To show
the correlation between the DAQ deadtime and the beam helicity, the difference of
the DAQ deadtime with respect to the different helicities, Ay is calculated as the
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following:

Ay = Ditpag™ — Dtpag~

- DtDAQ(Levent+a Revent+a Dtcomp+) - DtDAQ (Levent_a Revent_a Dtcomp_)a

(4.1)

where Leyent and Reyent are the event length and the event rate respectively, Dt omyp is
the deadtime of the DAQ computer system, and +, - refer to the two helicity states.
Furthermore, Ay can be rewritten in terms of the derivatives of Leyent, Revent, and

Dt comp as:

Ay = M(;L M(SR M(SDt

+ + , 4.2
aLeuent event aReuent event aDtcomp comp ( )

and because dR[} is equals to 0 Reyent, and L7 is equals to0 dLeyent, thus

even event
Amean i

8DtDAQ aDtDAQ aDtDAQ
e = ————Lepent + =0 Revent + ————0Dt%"" 4.3
at aLevent ! - 8fie'uemt ’ * 8l)tcomp comp ( )

Here § is the operator representing the difference with respect to the different

beam helicity, and ™" is operator representing the average on an event basis.

Because the computer system deadtime is independent of the beam helicity, the
0 Dtgoryy equals zero and the mean value of Ag does not depend on the computer
system deadtime. However, the shape of the distribution of Ay is mainly a result
of the computer system deadtime fluctuation .ie. Agy = Ag(Dtcomp). For the event
length, the difference is also naturally expected to be zero. But due to the error that
the Mgller signal is triggered by the helicity signal, the Mgller results are wrongly

put into the data stream when the beam helicity pulse is positive. As a result, the

event lengths for different helicities were not identical during the data taking and
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the discrepancy between these two event lengths is about two words. Fortunately,
the time slot for each event to be written into the data stream is not fully occupied.
Therefore, the difference in the DAQ deadtime with respect to the different helicities

is insensitive to the event length.

H_arm Deadtime Check
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Figure 4-1: The DAQ livetime vs. rate with respect to helicities. The hollow triangle is
the DAQ livetime for helicity + and the solid square is the DAQ livetime for helicity -.

This statement has been verified by the fact that the slopes of the DAQ deadtime®

as function of the event rate are almost the same for the two different helicities in

IDeadtime = 1 - Livetime
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Figure 4-2: The comparison between the livetime and the calculated live time. The
different shapes of the data points represent six different Q? data sets.

Fig 4-1. Therefore, Equation 4.3 is simplified as:

mean _ @DtDaQ

dt - dRe'uent 5Reventa (44)

and the distribution of the difference in the DAQ deadtime for the different beam

helicities is given according to the previous discussion, as:

Adt = Adt(AZ;eana Dtcomp) (45)
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thDAQ
dRevent ’

Knowledge of the slope of the DAQ deadtime in terms of the event rate -
which is shown in Fig 4-1, allows us to calculate the mean value of Ay by using
Equation 4.4. The expected and the observed values of the mean value of Ay for six
different Q% are displayed in Fig. 4-2.

The discrepancy between the expected and the observed values are less than
10ppm. Therefore, even though the DAQ deadtime causes a false asymmetry of about
a few percent, the uncertainty in the physics asymmetry due to the DAQ deadtime
is less than 10ppm.

4.2 Helicity-independent Variables

4.2.1 N2 Asymmetry and Empty Target Cell Asymmetry

As we have stated before, the N2 yield and the empty target cell yield contribute
to the total experimental yield because of the composition of the 3He target cell.
As a consequence, not only do the yields from N2 and the empty target dilute the
physics asymmetry, but their false asymmetries will also contribute to the systematic
uncertainty of the physics asymmetry. In Table 4.2.1, the asymmetries and the uncer-
tainties of N2 and the empty target cell( which deduce from the empty reference cell)
for E-arm at six different settings of the experiment are listed. The false asymmetries
from the N2 calibration runs & the empty reference cell runs are consistent with zero
within the statistical uncertainty of the measurements. Thus the N2 yield and the

empty target yield cell are listed as the helicity-independent variables.
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0?=0.1
o(MeV) AV (%) AT ()
(25.0, 35.0) | -0.84515 4+ 0.28172 | 0.82933 + 0.84966
(35.0, 45.0) | 0.01400 + 0.15288 | -0.55789 + 0.44155
(45.0, 55.0) | 0.13654 + 0.12614 | 0.35587 + 0.34944
(55.0, 65.0) | 0.05341 + 0.11510 | -0.20434 + 0.30676
(65.0, 75.0) | 0.06881 + 0.10755 | -0.17110 £ 0.27511
(75.0, 85.0) | 0.13020 + 0.10333 | -0.07454 £ 0.25075
(85.0, 95.0) | -0.06956 + 0.10350 | 0.31191 + 0.23607
0?=0.2
o(MeV) AN (%) AT (07

(75.00, 85.00)
(85.00, 95.00)
(95.00, 105.00)

0.97817 £ 0.49205
0.28337 £ 0.22676
-0.01443 + 0.18132

-0.98871 £ 2.44558
0.09444 + 1.07211
-0.35547 £ 0.83853

(105.00, 115.00) | -0.07099 + 0.16744 | 0.34674 + 0.74068
(115.00, 125.00) | 0.03706 + 0.15719 | 0.74098 + 0.67626
(125.00, 135.00) | -0.18251 + 0.15026 | 0.83226 + 0.61832
(135.00, 145.00) | -0.17630 + 0.15839 | -0.32135 + 0.62113
Q2=0.3
o(MeV) AN (%) AP (0F)

(100.00, 120.00)
(120.00, 140.00)
(140.00, 160.00)
(160.00, 180.00)
(180.00, 200.00)
(200.00, 220.00)
(220.00, 240.00)

0.10560 + 0.19924
0.09104 + 0.12749
0.09572 4+ 0.10852
0.23470 £+ 0.09848
-0.17045 + 0.09281
-0.03300 £+ 0.09049
-0.00891 + 0.09137

0.45206 £+ 2.05152
0.33473 £ 1.30145
-1.84191 + 1.06311
-1.08136 £ 0.92478
0.02171 4+ 0.83278
-0.82540 £+ 0.76703
-1.56561 £ 0.72944
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Q2=0.4

w(MeV)

ANQ(%)

Aempty(%)

(140.00, 160.00) | 2.53907 £ 0.62193 | -10.89210 + 7.23575
(160.00, 180.00) | -0.03986 + 0.26535 | 0.54389 + 2.96045
(180.00, 200.00) | -0.22542 + 0.19247 | 0.36451 + 2.06901
(200.00, 220.00) | -0.19114 + 0.17131 | 0.56586 + 1.80953
(220.00, 240.00) | -0.01259 + 0.15915 | -1.28657 + 1.60706
(240.00, 260.00) | 0.18473 + 0.15179 | -0.31942 + 1.45974
(260.00, 280.00) | 0.06695 + 0.14849 | -0.21873 + 1.34449
(280.00, 300.00) | -0.05311 + 0.16671 | -2.00882 + 1.42624
Q?*=0.5
w(MeV) AN%(%) AP (%)

(190.00, 210.00)
(210.00, 230.00)
(230.00, 250.00)
(250.00, 270.00)
(270.00, 290.00)
(290.00, 310.00)
(310.00, 330.00)
(330.00, 350.00)

0.24199 + 2.42251
-0.94622 £+ 0.75487
0.33673 £ 0.50686
0.55504 + 0.44864
0.46118 + 0.41570
0.20007 £ 0.39473
-0.52387 + 0.38327
0.18610 + 0.42018

-10.98305 £ 16.66667
5.23905 £ 5.45545
-5.38372 £ 3.62500
2.16476 = 3.16070
5.04289 £ 2.79946
1.01205 £ 2.55238
3.61357 + 2.35637
-2.12898 £ 2.44704

Q2=0.6

w(MeV)

ANQ(%)

Aempty(%)

(250.00, 268.75
(268.75, 287.50
(287.50, 306.25
(306.25, 325.00
(325.00, 343.75
(343.75, 362.50
(362.50, 381.25
(381.25, 400.00

~— e e N N S N

2.84574 £+ 1.21046
-0.51921 =+ 0.46909
-0.00162 £ 0.33301
-0.15136 £ 0.30035
0.09235 + 0.28070
-0.05791 £ 0.26698
-0.22279 £+ 0.25717
0.37900 + 0.27248

39.14284 + 17.40777
4.57681 + 6.88428
-6.39566 + 5.16398
-7.54859 £ 4.38951
5.17497 £+ 3.91630
-2.11396 £ 3.57371
1.25371 £ 3.23762
3.00891 + 3.38449

Table 4.1: The false asymmetry contributions in E-arm from N2 and the empty target

cell backgrounds
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4.2.2 Trigger Efficiency

When a scattered particle from the target passes through two scintillator layers (S1
and S2), that experiment event is considered as a good event. But not all good events
will fire the photo tubes in the two layers and generate a good trigger: T1 for e-arm
and T3 for h-arm. A good event without a good trigger will not be written into
CODA or will be recorded as a T2 or T4 event which indicates that only one of S1
and S2 fired. In order to get the cross-section from events with good triggers (T1
events or T3 events) , one need to study the trigger efficiency carefully and correct
the yield for the trigger inefficiency. While the physics asymmetry doesn’t directly
depend on the trigger efficiency, the false asymmetry due to the trigger inefficiency

will affect the physics asymmetry.

A good trigger is generated with the following scintillator paddle configuration.
The configuration consists of one scintillator paddle in S1 and one scintillator paddle
in S2 and these two paddles are also subject to the S-ray logic. The trigger efficiency
is therefore a function of the efficiency of each paddle so that it varies from place to
place. Even though the scintillator efficiency is a different concept from the trigger
efficiency, the trigger efficiency is sometimes called the scintillator efficiency because
they are closely related. To demonstrate the relationship between the trigger efficiency
and the scintillator efficiency of each paddle, let’s assume that the number of events
,of which tracks are parallel to the central ray of the spectrometer and paddle n in
S1 plane and paddle n in S2 plane are fired, is N"™", the efficiency of paddle n in
S1 plane is €, and the efficiency of paddle n in S2 plane is e; (in Fig. 4-3). As a
result, the number of the T1 trigger (n-n), which fired paddle n in S1 and paddle n
in S2, (N7 "), the number of the T2 trigger (n-*), which fired the paddle n in S1
only, (V75 ), and the number of the T2 trigger (*-n), which fired paddle n in S2 only,
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n+1
X n (g)
1.7 n-1
/,/'n/+1
AT @) s2
- n-1

S1

Figure 4-3: The definitions of the scintillator efficiencies

(Nj5") are :

€1€2Nn—n = N?l_n
(1 - 62)€1Nn_n = N%Q_*
(1 — 61)€2Nn7n = N;ﬂ;n (46)

Because the definition of the trigger efficiency (e7;") is known as the number of good
triggers T1 (N77") over the number of total event (N"~"), we could simply rewritten

the Eq. 4.6 in terms of the trigger efficiency or inefficiency as:

n—m
(1—e)g=1—¢e"

(1—€)ea=1—€", (4.7)

n

where 1 — e7,™ and 1 — €, are trigger inefficiencies in the S2 plane and the S1

plane respectively. As the number of T1 triggers (N7;") and that of T2 triggers in
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S1 plane, (N7, *) and S2 plane, (Nj,") are measured during the experiment, one is
able to calculate the number of events, N " and the efficiencies of both paddles, €
and e, using the Eq. 4.6. Next the trigger efficiency, e;;" can be easily obtained by

multiplying €; and es.

Instead of going through a complicated calculation to get the scintillator efficien-
cies, one can just use an approximation, that scintillator efficiency is given by the
number of T1 triggers divided by the sum of the T1 triggers and T2 triggers. If
the scintillator efficiencies are over 90%, the results from this simple approximation
are very close to those obtained in the full calculation. But if a large inefficiency
of a scintillator paddle is observed during an experiment, the full calculation is very
necessary to obtain the scintillator efficiencies and to correct the yield. In fact, the
yield for the E94-010 experiment [105,106,108] (on Measurement of the Neutron
(*He) Spin Structure Function at low Q* a Connection Between the Bjorken and
Drell Hearn Gerasinmov (GDH) Sum Rule) was successfully recovered using the full
calculation when the output amplitude of a few scintillator PMTs (Photon Multiplier
Tubes) dropped off.

Before the final results are presented, a few other issues about the full calculation
need to be mentioned. One issue is the trigger prescale factor. In order to avoid
a high DAQ deadtime, the triggers are always scaled down with prescale factors in
real experiments. The number of triggers in the full calculation therefore needs to be
multiplied by the prescale factors. Another issue is the correction due to those events
whose tracks are far from the central ray. In the full calculation, the track of the event
is assumed to go through the paddle with the same index in S1 plane as in S2 plane.
Therefore, the track of N5 event or N;," event are supposed to pass through both
S1 and S2 planes with the same paddle index. In reality, some of the tracks of these
events will go through S1 and S2 with different paddle number. In order to satisfy

the assumption, the number of N7, * event (or the number of N," event) needs to
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be corrected by the factor which equals to the ratio of the N*~" and the total number
of events, N " NmnEly Nont2y (or Ny NnElng NnE2ny ). A practical
estimate of this factor for the number of N7 * event (or the number of NJ," event)
is the ratio of the N?7" and sum of the N'7™ and NJ"~' (or N7 ™). If most of the
tracks of the scattered particles satisfy the S-ray logic, this estimate will be very close
to the real value of the correction factor. Besides this correction, the background
including cosmic rays is an additional issue which needs to be carefully considered in

the full calculation. In this way, one can get the scintillator efficiencies more precisely.

In the Fig. 4-4, the scintillator efficiencies (e; X €2) are plotted against different
paddle configuration for E-arm Q? = 0.2 kinematic setting (as an example). In
order to further understand the helicity dependences of the scintillator efficiencies,
the difference of the scintillator efficiencies with respect to the beam helicity is checked
and is shown in Fig. 4-5. No helicity-dependence has been observed in the scintillator
efficiencies for the six different (Q? settings as shown in Fig. 4-6 since the difference
of the scintillator efficiencies with respect to the beam helicity is consistent with zero

within statistical uncertainty.
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Scintillator Efficiency Check for E arm Q2 = 0.2
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Figure 4-4: The scintillator efficiencies (e; X €3) vs.
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Scintillator Effici ency Check for H arm Q2 =0.2
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Scintillator Efficiency Check for E arm Q2= 0.2
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Figure 4-5: The difference of the scintillator efficiencies regarding the beam helicity vs.

run number for the different paddle configurations.
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Figure 4-6: Overall study of the correlation between the helicity and the scintillator effi-
ciencies



4.2 Helicity-independent Variables 137

4.2.3 VDC Efficiency

|| _ AnodeWire

Figure 4-7: The collecting process of vdc signal

The VDC detector plays a major role in the whole detector package in each arm.
Knowledge of the position and the direction of a scattered particle at the focal plane
along with a good understanding of the spectrometer optics allows us to precisely
determine the track of the scattered particle. As we mentioned before, the VDC
detector consists of two sets of the wire chambers. Each set of the wire chambers
includes two 368-wire wire chambers (one U and one V) and the directions of wires
in two wire chambers are normal to each other. When a scattered particle passes
through a wire chamber, the ionized particles are generated along the trajectory of
the scattered particle, and they are forced to move toward or away from the wires in
a strong electric field which are created by the high voltage between the anode wires
and the cathode plate. From the timing information of each wire TDC, one can figure

out the position of the trajectory in the set of wire chambers as it goes through a set
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VDC Efficiency and Helicity Correlation Check
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VDC Efficiency and Helicity Correlation Check
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Figure 4-8: VDC wire efficiencies & difference of efficiencies at V1 planes in H-arm (as an
example)
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Figure 4-9: The difference of vdc wire efficiencies vs. vdc planes

of wire chambers. Using the position information from all two set of wire chambers,
the trajectory of the particle can be calculated. In fact, four or five wires instead
of one wire, will fire when the scattering particle passes through a wire chamber.
As a result, the position and the direction of a scattering particle are extracted and
optimized from the cluster position of each set of wire chambers. Although it is very
complicated to quantify the overall VDC efficiency, the wire efficiency is the other

quantity which is commonly used.

The wire efficiency is defined as the probability for a wire to fire while its neigh-
boring wires fire and form a cluster. It is clear that the VDC will perform well if

each wire functions efficiently. The wire efficiency of each wire for four wire chambers
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or four VDC planes is shown in Fig. 4-8, and is found to be above 99%. Thus the
VDC worked very well during the period of the E95-001 data taking. Also the wire
efficiency or VDC efficiency is found to be helicity-independent since the difference of
the wire efficiency with respect to the beam helicity as shown in Fig. 4-9 is consistent

with zero.

4.3 Negligible Helicity-dependent Variables

4.3.1 Beam Position Shift

Y (mm)

X (mm)

Figure 4-10: Beam spot at target position

The electron beam is rastered by two sets of the steering magnets and its shape

turns into a circular beam spot 4mm diameter (shown in Fig. 4-10) at the target
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position. This reduces the beam-induced heat on the target front and back windows.
The central position of the beam spot shifts and is regulated in a range [-0.5mm,
0.5mm] for both x and y positions, as monitored by BPMO03A. The entire target cell
or empty reference cell consists of a glass cylinder and two very thin windows fused
onto each side of a glass cylinder, and the thickness of the window and the glass wall

vary from place to place. In the Fig. 4-11, the yield of an empty reference cell with
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Figure 4-11: The empty reference cell yields with different beam positions and their beam
positions vary within a few mm

different central beam positions is shown and due to the variations of the thickness of
the windows, the yield has been found to be dependent on the central beam position.
As a consequence, the yield from empty target cell, whose central beam position varies

within + 0.5mm for x and y positions, may not be equal to the yield of the empty
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Figure 4-12: The variation of beam spot with helicities

reference cell with the central beam position at zero. To get the dilution factor from
the empty target cell background, the yield from the empty target cell is obtained
from the yield of the empty reference cell multiplied by an overall factor, which is
determined by using the elastic, N2, and empty reference cell runs. The value of the

over factor changes within a range from 1 to 2 during the experiment.

For the false asymmetry due to the variation of both the central beam position and
the front window thickness of the target cell (Al}z;lse), an estimation can be written in

terms of the empty yield as:

d Y:ampty

A= e
false 772dl % Y;zmpty

(BP, — BP_), (4.8)
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where Yty is the yield from empty target cell which is approximately the yield from
the target front window, BP, and BP_ are the central beam position for helicity plus
and helicity minus respectively, dl is the difference of the beam position with respect
to the beam helicity, and 7 is the ratio of the empty yield to the total yield and is
less than 0.1%.

On one hand, the largest empty yield shown in Fig. 4-11 can be 2-3 times larger
than the smallest one and the distance between the corresponding central beam po-
sitions for these two empty yields are only a few mm apart. On the other hand, the
difference of the central beam positions between the two beam helicities is found (in
Fig. 4-12) to be less than 10 ym. The A?f;lse is estimated to be at most 5x 1079, Thus,
compared to the statistical uncertainty of the experiment asymmetry (= 22 x 107°)
, the helicity correlated false asymmetry due to the variation of the target window

thickness can be neglected.

4.3.2 Beam Helicity Determination

e LU LT
- JWOOOIMOTE 00 oo um

Figure 4-13: The variation of beam spot with helicities

Jefferson Lab’s polarized electron source is achieved by an electron gun with a
strained GaAs photocathode and a circularly polarized laser operated at a wavelength
near the GaAs semiconductor’s energy difference between the valence and conductive
bands. The helicity of the electrons induced by the laser light directly relates to
the spin direction of the photons. When the spin direction of the photons (or the

circular polarization direction of the laser) flips, the sign of the electron helicity
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reverses. Knowledge of the circular polarization direction of the laser therefore allows
us to determine the beam helicity. During the experiment, the circular polarization
direction of the laser was switched by changing the high voltage of a Pockel’s cell which
can provide a voltage tunable optical retardation. By continuously monitoring the
input high voltage of the Pockel’s cell on an event by event basis, one can determine
the circular polarization direction of the laser light and thus the beam helicity for each
event. The beam helicity pulses ( the high voltage pulse of a Pockel’s cell) shown in
Fig 4-13 was 1 Hz for the first five Q* sets and 30 Hz for the last Q? set (Q*=0.6
(GeV/c)?).

Fig 4-14 shows the different combinations of two input high voltages of the Pockel’s
cell (s_minus and s_plus) and their redundant copies (g-minus and g plus) for e-

arm. The logic to determine the helicity is listed in Tab. 4.2. The ambiguity for

s-minus < h_logic | s-minus > h_logic
s_plus < h_logic h-
s_plus > h_logic h+

Table 4.2: Helicity configuration

the determination of an event’s helicity status appears if both s_minus and s_plus
for the event are below h_logic or above the h_logic. Typically, for one out of one
hundred thousand events, the helicity status is undetermined. However, the statistical
fluctuation of the difference in the total number of events for each helicity is much
larger than the total number of the unknown helicity state events. Thus, the effect

of the ambiguity in the helicity determination is not a problem for this experiment.
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Figure 4-15: The beam current summary

4.3.3 Beam Current

2600
Run

As we have mentioned before, the experimental asymmetry can be written in terms

of the normalization factors; the detector efficiencies, €4; , the trigger lifetime, Lt,

and the total charge, C, as followings:

A Y-

Az — normal ~—_ * normal
Yyt o +Y_
normal normal

where

+
yE o= N
normal — &+ + v+
€t LEEC

(4.9)

(4.10)
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The measured charge for each run is given as:

Crun = Z(Cscaler(i + 1) - Cscaler(i)) X f(I): (411)

where
i is the index which indicate the number of the scaler event, Cseuer(7) is the total
charge which is measured through the BCMs and record into the ith scaler event,

Ticater is the time recorded into the ith scaler event, and f(I) is the BCM current

Cscater (i+1)—Cieater (1) )
Tscaler (Z+1) 7Tscaler (Z) )

calibration number which depends on the beam current, I(oc

The BCM current calibration number (for BCMx10) strongly depends on beam
current. In Tab. 4.3, the current-dependent calibration numbers for different current

monitors are also listed. Due to lack of full knowledge of the BCM current calibration,

(1 A) ul di u3 d3 ul0 d10

32.93 | 1307+2.3 | 1461+ | 4019+7.1 | 453248 | 12228+21.5 | 14279 + 25.2
19.96 | 1305+0.8 | 14574 | 4010£2.5 | 45114£2.9 | 12196+£7.7 | 14244 + 9
9.96 | 1307+1 | 1458+ | 401443 |4511+3.4 | 12191+9.1 | 14241 + 10.6
4936 | 1314+1.8 | 1461+ | 402545.5 | 451546.2 | 12188-:16.8 | 14246 + 20.4
2.003 | 1332:£2.07 | 1471+ | 405446.3 | 4523+ 7 | 12170£18.9 | 14246 + 22.2
1.0672 | 13574+1.2 | 14874 | 4098£3.6 | 4536+4.2 | 12150+11.1 | 14257 & 13.1
1.9808 | 1335+1.8 | 14754 | 4065£5.3 | 4534+5.6 | 12201+16.1 | 14282 + 18.8
1.0696 | 13574+1.6 | 14874 | 40955 | 4534+5.6 | 12145+15.1 | 14251 & 17.9
0.4856 | 1428+2.1 | 1537+ | 422846.3 | 459946.8 | 12173£18.3 | 14376 + 21.6
0.2011 | 1580£1.4 | 1653+ | 452043.6 | 4731+3.6 | 12154::10.3 | 14583 + 12.4

Table 4.3: The calibration numbers of Beam Current Monitor(BCM)

we are not able to calculate C).,,, according to the definition in Eq. 4.11. Instead, the
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*Chun’is calculated by

*Crun = Z(Cscaler(i + 1) - Cscaler(i)) X f(15ﬂA)) (412)

If the beam current for the positive helicity is close enough to the beam current for
the negative helicity within two neighboring helicity pulses, then Eq. 4.12 is a good
approximation for calculating the experimental raw asymmetry. Before proving this
statement, we group the two neighboring helicity pulses which include one positive
and one negative helicity pulses. Typically, each helicity pulse is about a few hundred
milliseconds long. In each group i, AP is given as the function, g of both C;" the
charge with respect to positive helicity and C; the charge with respect to negative

helicity according to Eq. 4.11.

A = g(CF,C7)
= (f( )(C:;aler( ) Cs_caler( )))
= (C:;aler(') Cs;aler(i))' (4.13)

The last statement is true because if both C;" and C;” vary proportionally, the A¢*?
remains same according to Eq. 4.9. Because A*? is the same for each group of helicity

pulses, then

AP = Z scaler Z scaler
= 15/1“’4 chcaler Z scaler

= g(*C} C

Tun? 'run)

(4.14)

However, this approximation gives rise to a false asymmetry because of the vari-

2To distinguish Cpyy, defined in Eq. 4.11, the definition is called *Chyn
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Figure 4-16: The current asymmetry form two independent instruments.Upper Graph is
the result from the independent DAQ for Happex experiment (which we used during our
experiment to check the current asymmetry); Lower one is the results from upstream BCM
and downstream BCM
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ation in the beam current with time. The Fig. 4-16 shows asymmetry of the beam

current with respect to the helicities, the A.. The False asymmetry is estimated by

df (1) 1514
A= T Dl
dl e FispA)
16 _ 15uA
~ 25x 1073 x ——
Topa <20 WX oy
~ 2x10°°, (4.15)

Here using the current calibration number of dx10 results in Tab. 4.3, one can get
those numbers in Eq. 4.15.

In fact, the real A, value will be even smaller because the beam current is found
to be stable around 10-15 A for most of experiment (Fig. 4-15). Hence we can ignore

the false asymmetry associated with beam current.

4.3.4 Pion Contamination
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Figure 4-17: The particle id information on e~ /7~ using shower vs. preshower
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The pion Asymmetry can be a source of false asymmetry to the physics asymmetry
if a lot of the pions event are misidentified as the electron events. Fortunately, the
power of the particle identity (ID) is enforced by two sets of independent detectors
- the shower counters (Preshower & Shower) and the Cerenkov detector in E95-001
experiment. After the good electrons shown in Fig. 4-17 are selected by the Preshower
and Shower ADC signals, only a few good electron events will not fire the Cerenkov
detector. The ratio of the misidentified electrons to good electrons is less than 0.1%.
In addition, the pion yield is a function of energy transfer w and increases as the
energy transfer w becomes larger. The experimental w acceptance is not close to
the one pion threshold and therefore the pion yield is relative small compared to the
electron yield. The pion contamination is consequently very small due to these two
factors and the effect of the pion contamination to the measured asymmetry has been

found to be negligible.



Chapter 5

Results

5.1 Introduction

In this Chapter, the experimental asymmetries and the extracted neutron magnetic
form factor, G7, are presented. G}, is extracted precisely from the recent Faddeev
calculation (Golak et al.) which includes both FSI and MEC at Q? values of 0.1 and
0.2 (GeV/c)?. The uncertainties of G" at these Q* values are comparable to those
of recent experiments with deuterium targets. However, theoretical uncertainties
of the extracted G" from PWIA at higher Q? values are larger compared to the
systematic and statistical uncertainties. The reliable extraction of G* at higher @
values requires improved theoretical calculations including FSI, MEC and relativistic

effects.

5.2 Elastic Asymmetry

The 3He elastic asymmetry was measured in the HRSH spectrometer as a monitor of
the product of the beam and target polarization so that the > He quasi-elastic asym-

metry measured in the HRSE spectrometer can be determined with high precision.
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The measured elastic asymmetries within the elastic peak region in the missing mass
spectrum together with the statistical uncertainties for four configurations of beam
helicity& target spin at six Q? kinematic settings are listed in Table 5.2. In addition,
the momentum acceptance of HRSH is large enough to allow us to study not only the
3He asymmetry in the elastic peak region but also in the breakup region (the elastic
threshold region), where effects of final state interaction(FSI) and meson exchange
current(MEC) are expected to be large. The extraction of form factors is usually
model-dependent. Significant constraints on the theoretical calculations are provided
by *He asymmetry at Q% values of 0.1 and 0.2 (GeV/c)? in the breakup region. The

detailed work on asymmetry study in the breakup region is contained in Ref. [72].

[Ae” (%)
Q? | —62.5°&in —62.5°&out | —243.6°&in | —243.6°&out
0.1 1.3334£0.027 | 1.043 £ 0.027 | 1.067 £ 0.02 | 1.208 £ 0.030
0.2]1.078 £0.037 | 1.177 £ 0.027 | 1.190 £ 0.021 | 1.102 £ 0.023
0.3 | 1.251 £0.096 | 1.222 +0.048 | 1.107 £ 0.067 | 1.206 £ 0.075
0.4 1.181 £0.055 | 1.314 £0.061 | 1.168 £0.06 | 1.258 £ 0.057
0.5 | 1.265 +0.042 | 1.307 £ 0.039 | 1.200 £ 0.045 | 1.184 4+ 0.041
0.6 | 1.258 £0.049 | 1.301 £0.047 | 1.110£0.05 | 1.096 £ 0.05

Table 5.1: |AZ| results for four configurations of beam helicity & target spin at six quasi-
elastic kinematic settings. —62.5° and —243.6° are the target spin directions with respect
to the incident electron beam direction (convention: standing facing the beam dump, + for
left side of beamline and - for right side of beamline). In/out refers to the beam half-wave
plate status.

5.3 Quasi-elastic Transverse Asymmetry A

The 3He quasi-elastic transverse asymmetry Ar has been extracted from the yield

of spin-dependent inclusive quasi-elastic scattering as a function of electron energy
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transfer w. Corrections to A/, such as the quasi-elastic radiative effect, elastic ra-
diative tail, the dilution effect, etc., have been discussed in Chapter 3. The extracted
quasi-elastic transverse asymmetry A is shown in Fig. 5-1, together with calcula-
tions by Salme et al. [46-48](AV18 & Hohler form factor parameterization) for six
different kinematics and by Golak et al. [41] (Bonnb & Héhler form factor parameteri-
zation) for the first four kinematics. The theoretical approach for 3 He(€, €') scattering
by Salmeé and that by Golak are quite different. Salme’s calculations are based on
the PWIA picture including the Coulomb interaction between protons within 3He
nucleus, while Golak’s calculations are non-relativistic and have used the Faddeev
equations to include the final state interaction fully and the meson exchange current
partially. The data at low Q? are in good agreement with Golak’s full calculations.
On the contrary, the PWIA calculations from Salme describe the data at high Q2
much better.

The acceptance of the HRSE spectrometer is roughly + 5% for the momentum,
4 30 msr for the in-plane angle, + 60 msr for the out-of-plane angle. The acceptance
effect on the calculated asymmetry Ag is estimated using Monte-Carlo simulations
with PWIA calculations and the effect has been found to be negligible. The target
spin angle was aligned to either -62.5° or -243.6° with respect to the electron beam
direction with an uncertainty of + 0.5°. The systematic error due to the target spin
angle uncertainty on Az is also found to be negligible. The uncertainties of Ap
include the systematic uncertainty and the statistical uncertainty. The systematic
uncertainty is dominated by the systematic uncertainty in the determination of the
product of beam and target polarizations. In Fig. 5-1, the statistical uncertainty is

shown as error bar and the dark band is the systematic uncertainty.
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Figure 5-1: The Ag results vs. the energy transfer, w. The error bar is the statistical
uncertainty and the error band is the systematic uncertainty.
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Q2=0.1
w | Ap(%) | stat. uncertainty(%)
30.0 | 1.267070 0.166237
40.0 | -0.680063 0.100537
50.0 | -1.557210 0.075991
60.0 | -1.826670 0.070497
70.0 | -2.124070 0.077014
80.0 | -2.378600 0.090310
90.0 | -2.574840 0.160527
Q2=0.2
w Ar (%) | stat. uncertainty(%)
80.0 | -3.763600 0.405147
90.0 | -3.231710 0.197098
100.0 | -3.590200 0.157531
110.0 | -3.830670 0.147266
120.0 | -3.786220 0.147600
130.0 | -4.690820 0.165051
140.0 | -4.816910 0.286003
Q%?=0.3
w Ar (%) | stat. uncertainty(%)
110.0000 | -1.042760 0.252434
130.0000 | -1.822610 0.122984
150.0000 | -2.027040 0.105675
170.0000 | -2.116020 0.100975
190.0000 | -2.600350 0.114496
210.0000 | -3.015910 0.139167
230.0000 | -2.948640 0.183839
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Q2=0.4
w Ar(%) | stat. uncertainty(%)
150.0 | -1.574490 0.597719
170.0 | -2.122460 0.202996
190.0 | -2.481120 0.136140
210.0 | -2.875170 0.122627
230.0 | -3.229750 0.125304
250.0 | -3.520590 0.140853
270.0 | -4.067350 0.163936
290.0 | -3.603550 0.265501
Q2=0.5
w Ar (%) | stat. uncertainty(%)
200.0 | -2.489060 1.335240
220.0 | -2.836430 0.245948
240.0 | -3.450710 0.161918
260.0 | -3.485600 0.141956
280.0 | -4.107000 0.140032
300.0 | -4.669120 0.152375
320.0 | -5.127510 0.172977
340.0 | -4.883820 0.270675
Q’=0.6
w Ar (%) | stat. uncertainty(%)
259.3750 | -3.538010 1.322410
278.1250 | -3.656840 0.382556
296.8750 | -4.110020 0.269067
315.6250 | -4.600920 0.240890
334.3750 | -5.231400 0.238051
353.1250 | -5.888730 0.253478
371.8750 | -5.775230 0.278148
390.6250 | -6.001840 0.414913

Table 5.2: Ajv results for different energy transfer, w
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Sources uncertainty
(%)
P,Py(H-arm @Q*=0.1, E-arm Q? =0.1, 0.2(0.193)) 1.3
P,Py(H-arm @Q*=0.2, E-arm Q*=0.3 - 0.6) 1.7
empty target subtraction 0.4
N2 background subtraction 0.1
QE radiative correction 0.3
elastic radiative tail 0.3
acceptance 0.5
HC scintillator eff. 0.1
HC VDC efficiency 0.1
HC computer deadtime 0.1
HC beam current shift 0.1
HC beam motion 0.1
pion contamination 0.1
TOTAL

(H-arm Q?=0.1, E-arm @Q? =0.1, 0.2(0.193)) 1.3
(H-arm Q?=0.2, E-arm @*=0.3 - 0.6) 1.7

HC: Helicity-correlated

Table 5.3: Systematic errors in A7 measurement.
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5.4 Extraction of the Neutron Magnetic Form Fac-

tor

As we mentioned before in Chapter 1, the 3He quasi-elastic transverse asymmetry

can be written as a function of the neutron magnetic form factor based on PWIA:

1+ aGn?
Ap (G2 = —". 5.1
n(G1) = 6.)
Here |a| > 1, and b > ¢ at low Q.

The 3He quasi-elastic transverse asymmetry therefore can be expanded as a Taylor

series around an expected Gy, value - GO:

dAg
A (G™2) = Ap(GO) + W;fQ(GO) x (G™2 —G0*) +0((G"2 — G0*)?)  (5.2)
In a particular G}, unit, for instance, the Hohler parameterization, GO can be chosen

as 1. As a result, Ayv(G7,) can be rewritten as:

dAr
Apr(G™2) = Apr (1) + y GZQ (1) x (G2 —1) + O((G"2 = 1)?), (5.3)

or
Ap(G™?) = Py + PG™ 2, (5.4)

where Py = Ap(1) — £25(1) , and P = $42(1).

From Equation 5.4, G, can be simply expressed as a function of the Az (GI):

G" = \/w (5.5)
Py




5.4 Extraction of the Neutron Magnetic Form Factor 161

Q~=0.1.= 60(MeV) ! Chi2 / ndf = 2.111e-05 / 3
S asf— p0  =-0.2468 + 2.483
S L . pl___ =-1.605 + 2.47
= .
-1.6—
17— .
-1.8
L o
-1.9—
-/ .
21—
2.2(— T
1 s | s | s | s | s | s | s | s | s
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2 n 1225
(Gm)
>
Q" =0.1.w = 60(MeV) ] Chi2 / ndf = 5.711e-08 / 2
= e PO =0.2419 +4.347
S pl  =-0.9814 *6.657
< p2_ =-1.114 +4.318
17— v
-1.8—
- v
-1.9H—
ol .
21—
2.2(— v
1 | | | 1
0.9 0.95 1 1.05 11
Gn,

Figure 5-2: The fitting process for Py and P;

The expression of G:, in Eq. 5.5 indicates that G}!, can be extracted from the
measured *He quasi-elastic transverse asymmetry Ap if the theoretical calculation of
Py and P, is practical. As a matter of fact, Py and P; can be calculated by fitting the
G" dependence of theoretical calculation of Az (G"?). The upper panel of Fig 5-2 is
an example of the fitting procedure displayed in Eq. 5.5. Following the same spirit,

Ar/(GI') can also be generally expanded as:

Ap(GT) = Py + PG™, + PGP, (5.6)
where Py = Apr(1)— S22 (1) +1 522 (1) , Py = %22 (1) — £22 (1), and P, = L1522 (1)
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Figure 5-3: The extraction of G}, as a function of energy transfer w. In the upper panel, the
long-dashed line is the results from Eq. 5.5 and the dotted line is the results from Eq. 5.7.
The difference between these two is plotted in the lower panel.

Gy, is therefore given as:

an — —P, + /P2 — 4AP,(Py — Ap)
mo 2 X (PQ — AT’)

(5.7)

The corresponding fitting procedure using Eq. 5.7 is presented in the bottom panel
of Fig 5-2. The extracted G, results from these two methods are very close to each
other. The comparison between these two is plotted in the upper panel of Fig. 5-3
and the difference of 0.1% shown in the bottom panel can be neglected. For all six
()? kinematics using either the full calculation or PWIA, the difference between these
two methods is also found to be negligible. Therefore, A7 in the vicinity of the 3He

quasi-elastic peak, calculated from the full calculation or PWIA, is confirmed to be
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a function of (G7)?, though the full calculation includes FSI and MEC.

Py and P; in Eq.5.5 extracted from different theoretic models for different Q2
kinematics are listed In Tab. 5.4 and Tab. 5.5. Using Py and P; for different energy
transfer ( w) bin, one can extract G?, and study the w dependence of the extraction
of G™. In Fig. 5-3, The extracted G, results for Q* =0.1 (GeV/c)? is plotted as a
function of energy transfer, w.

The final G7(Q?) results can be obtained by either extracting G?, from the
weighted A7 of neighboring bins around the quasi-elastic peak, or taking the weighted
average of the extracted GJ\s, which are around the quasi-elastic peak. Before the
G" results are presented in terms of Q?, a few issues concerning the uncertainty of
the extraction of G}, need to be further investigated. First, we discuss the w depen-
dence of the extraction of G7,. From a theoretically point of view, the G7, results
depend on the Q? value only and the curve of the extracted G as a function of w is
supposed to be flat as shown in Fig.5-3, because @ changes only a few percent due
to the variation of w. However, the curve in Fig. 5-3 are quite different from what we
expect and it changes rapidly. Therefore, the two different ways to get G™ (Q?) and
the uncertainty of energy transfer may contribute to the uncertainty of G7,. In fact,
the uncertainty of G7,, from two different procedures is found to be minimal. The un-
certainty of G7., due to the uncertainty of energy transfer is estimated and is listed in
Tab. 5.6. Secondly, how to categorize the uncertainty of G7, is discussed. The major
sources of the uncertainty of G7!, can be grouped as the statistical uncertainty, the
systematic uncertainty, and the theoretical uncertainty. The first two uncertainties
are mainly due to the uncertainty in A7+ and the w dependence of the extraction of
G7.. The theoretical uncertainty of G}, can be estimated and categorized based on
each piece of the input! and reaction mechanism included in the calculations. Due to

the lack of a theoretical calculation including all the major input and nuclear reaction

!Such as NN potential, nucleon form factor(proton), relativity.
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mechanisms, the theoretical uncertainty of G7, is largest among all three uncertainties
of G" . The theoretical uncertainties of Golak’s calculation at Q* =0.1 - 0.4 (GeV/c)?,
and the uncertainties of PWIA calculation at Q* =0.1 - 0.6 (GeV/c)? are listed in
Table 5.6. Reliable extraction of G" using Golak’s calculation for Q* value above 0.3
(GeV/c)? is not possible, because the uncertainty of the relativistic effect in Golak’s
calculation becomes too large for Q? > 0.3 (GeV/c)?. Lastly, we will present the work
related to final-state-interaction (FSI) , meson-exchange-current (MEC) , relativistic

effect, and nucleon off-shell effect one-by-one in detail.
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Q=01
w(MeV) | GE (Hohler) | oG™ P, 2
40 0.941211 | 0.0380199 | -1.40475 | 0.564369
50 0.985531 | 0.0252055 | -1.52956 | -0.0715907
60 0.992271 | 0.0221387 | -1.60457 | -0.246806
70 0.984745 | 0.0227149 | -1.72149 | -0.454699
80 0.967547 | 0.0253019 | -1.84451 | -0.651866
Q? =02
wMeV) | Gn 5G™ 2 Dy

90 0.912083 | 0.0309718 -3.4886 -0.32956
100 0.974806 | 0.0236836 | -3.41169 | -0.348253
110 0.998004 | 0.0218621 | -3.3748 | -0.46933
120 0.947922 | 0.0228056 | -3.41384 | -0.718693
130 1.02279 0.0229946 | -3.50893 -1.02013

Q*=0.3

w(MeV) G, IGT, P Py
130 0.874738 | 0.0293524 | -2.39495 | 0.00992881
150 0.913938 | 0.0243736 | -2.37195 | -0.0457906
170 0.908758 | 0.0238018 | -2.33413 | -0.188397
190 0.94786 | 0.0253536 | -2.38219 | -0.460099
210 0.946367 | 0.0294092 | -2.50014 -0.776762

Q>=04

w(MeV) G, IGT, P P,
210 0.942175 | 0.0204864 | -3.17657 | -0.0553468
230 0.976398 | 0.020654 | -3.10673 | -0.267935
250 0.982551 | 0.023034 | -3.1118 | -0.516439

Table 5.4: The G}, results for different w bins extracted with full calculation by Golak et
al.
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Q?=0.1
w(MeV) | GT,(H6hler) IGT, P Py
40 1.30121 0.0304171 | -1.27009 1.47036
50 1.33588 0.0213616 | -1.33147 | 0.818903
60 1.25247 0.0198896 | -1.41497 | 0.392962
70 1.14159 0.0213729 | -1.57822 | -0.0673053
80 1.04187 0.0247508 | -1.75107 -0.477829
Q? = 0.2
C()(M@V) G:Ln 5G:Ln P1 PO
90 1.17494 | 0.0253623 | -3.30709 1.33371
100 1.16666 | 0.0208301 | -3.24116 | 0.821328
110 1.12157 | 0.0198883 | -3.30101 | 0.321746
120 1.00321 | 0.0210395 | -3.49648 | -0.267276
130 1.01211 | 0.0217802 | -3.74369 | -0.855941
Q% =03
W(MEV) G:Ln 5Gnm P1 P()
130 1.10052 0.0235999 | -2.36761 1.0449
150 1.07739 | 0.0216222 | -2.26813 | 0.605751
170 0.997109 | 0.0219284 | -2.30906 | 0.179707
190 0.915608 | 0.0247578 | -2.52545 | -0.483172
210 0.844858 | 0.0300783 | -2.73822 -1.06141
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Q2 =0.4
CU(MGV) G:ln 5Gnm P1 P()
190 1.00956 0.0210499 | -3.20314 | 0.783533
210 1.0334 | 0.0191167 | -3.10368 | 0.439268
230 0.985952 | 0.0198014 | -3.2091 | -0.110182
250 0.877533 | 0.0231903 | -3.46071 | -0.855617
270 0.842546 0.026414 -3.68313 -1.45276
Q2 =05
w(MeV) Gnm (SG?n P1 P()
240 1.01734 0.0195646 | -4.06753 | 0.759064
260 0.996831 | 0.0181332 | -3.92669 | 0.416244
280 1.00249 | 0.017521 | -3.98617 | -0.100922
300 0.945954 | 0.0190221 | -4.23405 | -0.880369
320 0.886108 0.021706 -4.49667 | -1.59678
Q2 =06
wMeV) | Gn 5GT 2 Dy
296.875 | 0.987237 | 0.0280953 | -4.85037 | 0.617337
315.625 | 1.01866 | 0.0251349 | -4.70415 | 0.280464
334.375 | 1.01784 | 0.0244747 | -4.77797 | -0.281447
353.125 | 1.00305 | 0.0254375 | -4.96721 | -0.891164
371.875 | 0.880874 | 0.0300281 | -5.25781 -1.6955

Table 5.5: The G}, results for different w bins extracted with PWIA calculation by Salme

et al.
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Q’=0.1
contribution uncertainty Jgé” (%)
Systematic:
A 1.3% 0.65
w determination 4+ 3 MeV 0.3(full), 3.0(pwia)
total 0.71(full), 3.1(pwia)
Theoretical:
NN Potential 0.45
G? 0.5% 0.44
G?, 0.4% 0.21
G 100.0% 0.14
off-shell -2.1 ~ -1.2(full), 0.5(pwia)
FSI 0.5(full), -27.8 ~ +0.5(pwia)
MEC 1.0(full), -4.4 ~ +1.0(pwia)
Three Body force -0.7 ~ 0.0
Coulomb effect 1.0
Relativistic effect 0.5
total* 72.32 ~ +1.32(full), -30.97 ~ -0.73(pwia)
Q’=0.2
contribution uncertainty Jggf (%)
Systematic:
Aq 1.3% 0.65
w determination £+ 3 MeV 0.6(full), 3.0(pwia)
total 0.88(full), 3.1(pwia)
Theoretical:
NN Potential 0.4
G, 0.83% 0.53
G, 0.8% 0.35
an 100.0% 0.13
off-shell -1.7 ~ -0.7(full), 0.5(pwia)
FSI 0.5(full), -11.2 ~ +0.5(pwia)
MEC 1.0(full), -3.45 ~ +1.0(pwia)
Three Body force -1.0 ~ 0.0
Coulomb effect 1.0
Relativistic effect -0.8 ~ +0.5(full), 0.5(pwia)
total* -2.65 ~ +1.95(full), -15.38 ~ +0.58(pwia)

* Because of the dilution factor of empty target cell may be twice of the dilution
factor of empty reference cell at Q* values of 0.1 and 0.2 (GeV/c)?, we enlarge G,
by a factor of 1.5% for six Q? values
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Q’=0.3
contribution uncertainty féj (%)
Systematic:

A 1.7% 0.85
w determination =~ + 3 MeV 1.3(full), 1.4(pwia)
total 1.55(full), 1.64(pwia)
Theoretical:
NN Potential 0.5
e 1.0% 0.56
G?, 1.0% 0.52
Gn. 100.0% 0.17
off-shell -1.6 ~ -0.9(full), 0.5(pwia)
FSI 0.5(full), -4.5 ~ +0.5(pwia)
MEC 1.0(full), -1.8 ~ +1.0(pwia)
Three Body force -1.1~0
Coulomb effect 1.0
Relativistic effect -2.0 ~ +0.5(full), 0.5(pwia)
total* -3.34 ~ +2.74(full), -5.44~ +2.55(pwia)
Q’=0.4
contribution uncertainty 55,54” (%)
Systematic:
A 1.7% 0.85
w determination £+ 3 MeV 0.45(full), 0.45(pwia)
total* 0.96(full), 0.96(pwia)
Theoretical:
NN Potential 0.45
G, 1.0% 0.46
G?, 1.0% 0.56
Gn 100.0% 0.08
off-shell -1.4 ~ -0.6(full), 0.5(pwia)
FSI 0.5(full), -1.8 ~ +0.5(pwia)
MEC 1.0(full), -1.2 ~ +1.0(pwia)

Three Body force
Coulomb effect
Relativistic effect

-1.2 ~ 0.0
1.0
-1.5 ~ 40.5(full), 0.5(pwia)

total*

-3.12 ~ +1.92(full), -2.49~ +2.79(pwia)
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Q?=0.5
contribution uncertainty 5((;;54 (%)
Systematic:
Aq 1.7% 0.85
w determination + 3 MeV 0.15
total 0.86
Theoretical:
NN Potential 04
G% 1.0% 0.38
G, 1.0% 0.6
G'% 100.0% 0.38
off-shell 0.5
FSI -0.7 ~ +0.5
MEC 0.5
Three Body force -1.3 ~ 0.0
Coulomb effect 1.0
Relativistic effect 0.5
total* -1.26 ~ +2.78(pwia)
Q’=0.6
contribution uncertainty Jgé[” (%)
Systematic:
Aq 1.7% 0.85
w determination + 3 MeV 0.10
total 0.86
Theoretical:
NN Potential 04
G", 1.0% 0.32
GY, 1.0% 0.64
G 100.0% 0.69
off-shell 0.5
FSI 0.5
MEC 0.5
Three Body force -1.3 ~ 0.0
Coulomb effect 1.0
Relativistic effect 0.5

total*

-1.40~ +3.10(pwia)

Table 5.6: The uncertainties in G7, for six Q? kinematic settings. The lower limit of
uncertainty of on FSI and MEC effects of PWIA calculation is the difference between full
calculation and PWIA calculation, and the upper limit is equals to the uncertainty of full

calculation.
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FSI & MEC

Although the plane wave impulse approximation (PWIA) describes the dominant
physics reaction mechanism of the 3H. e(€, ') quasi-elastic scattering, it is not suffi-
cient to satisfy the requirement of the high precision experiment - E95-001. There
are two major effects which are ignored by PWIA calculation. The first effect is the
final state interaction (FSI), which describes the interaction between the scattered nu-
cleon and the remaining nucleons involved. Comparing the curves named “relativistic
fsi”, which is the non-relativistic Faddeev calculation with FSI effects corrected by
relativistic effects, with the curves named “relativistic pwia”?, which is the pwia cal-
culation, around the quasi elastic peak region in Fig 5-4, one can extract the FSI
effect from Golak’s calculation for four different Q? settings. In general, the faster
the scattered nucleon departs from the recoiling nucleus, the smaller is the F'SI effect.
Due to this very reason, the FSI effect on the *He quasi-elastic transverse asymmetry
A decreases with increasing Q2. In Fig 5-6, we extrapolate the FSI effect on the 3He
quasi-elastic transverse asymmetry A for the last two Q? values (0.5, 0.6 (GeV/c)?).
The results in Table 5.7 show that the uncertainty due to FSI in A7 becomes smaller

as Q? value increases.

Q°=0.1 | Q°=0.2 | Q*=0.3

A"A‘i“‘(%) 5567 | 2240 | 9.01
0°=04 | Q’=05 | Q°=06

(%) | 3.63 | 1.46* | 0.59*

fst pwia
AT, —AT,

pwia
AT,

* extrapolated values

Table 5.7: Contribution due to FSI effects in A7.

2To distinguish non-relativistic pwia which we generate, the general pwia calculation is called
relativistic pwia calculation
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The other effect is the meson-exchange current (MEC) effect which is due to the
interaction between the nucleons in the target nucleus. The meson exchange current
(MEC) effect will give a correction of the hadronic current to a single nucleon current.
In chapter 1, a few items of two body current of MEC and resonances have been shown
in Fig. 1-7. Due to divergence issue on the hadronic current, Golak’s calculation is
not able to complete all six Q? settings but the first four low Q2 settings. If the MEC
effect on asymmetry changes randomly in terms of Q?, we can only estimate the MEC
effect from Golak’s calculation up to Q?=0.4. However, based on the studies from
Golak’s calculation on the quasi-elastic 3SH. e(€, €') process for the first four Q? values,
the MEC effect on asymmetry around the quasi-elastic peak is found to exponentially
decrease as Q? increases in Fig 5-5. This conclusion is also supported by the studies
using the Arenhovel’s calculation on the quasi-elastic d(€,e') process [50] for six Q2
values in Fig 5-7. In the impulsive picture, both MEC effects on asymmetry from
the quasi-elastic d(,e’) process, ((A7“ — AZ")(d(&,¢'))) and from the quasi-elastic
3He(€, €') process, (A" — A5 (3He(€,¢'))) are in the same order of magnitude. For
the last two Q? settings (0.5, 0.6 (GeV/c)?), we therefore estimate the MEC effects
on 3He quasi-elastic transverse asymmetry Az around the quasi-elastic peak using

(AJ — AT (d(€,¢')), which are listed in Tab. 5.8

Q’=0.1 ] @*°=0.2 [ Q*°=0.3
Afull_Ajsz N
™ (PHe(,¢))(%) | 8.8 6.9 3.6
T! .
(AT —ATS))(d(2,e"))
ALY (3 He(E,e))

(%) 13.9 5.8 18
0’=0.4 | °=05 | 0°=0.6

AR AT 307

W( He(e.€))(%) | 24

(AL — Al (d(ee))
AV (3 He(e,e'))

(%) 1.6 0.9 0.5

Table 5.8: Contribution due to MEC effects in A7.
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Relativistic Correction

The full calculation of Golak et al. in which the final state interaction (FSI) and
the meson exchange current (MEC) are taken into account is non-relativistic. As Q2
increases, the calculation becomes unreliable because of relativistic effects. As a re-
sult, the full calculation at Q* = 0.1, 0.2 ((GeV/c)?) only is considered to be accurate
enough to be used to extract G}!, with small theoretical uncertainty. In order to study
the impact of the relativistic effect on the full calculation quantitatively, we have mod-
ified PWIA calculation from the relativistic framework to the non-relativistic frame-
work in accordance with the non-relativistic framework of Golak’s calculation. The
changes due to relativistic effect on both the inclusive cross-section and the transverse
asymmetry of 3SH e(€, ') have been studied. The main modifications consist of three
parts. The first part is to change the relativistic kinematics into the non-relativistic
kinematics; the second part is to modify the many-fold integration of the inclusive
cross-section of 3H. e(e, e'), based on the non-relativistic kinematics. Specifically the
phase space of the integration and the integral ranges of the Fermi momentum and
the missing mass are changed; the third part is to change the relativistic hadronic
current into the non-relativistic hadronic current. The exact formulas of the non-
relativistic current and the relativistic current we used have been studied and written
in [111,112]. In Fig. 5-8 and Fig. 5-9, the comparisons of both the inclusive cross-
section and the transverse asymmetry A of the quasi-elastic scattering 3SH. e(€e, e)
between the non-relativistic PWIA calculation and the relativistic calculation are
shown. From the results, one can see that the non-relativistic results for the inclu-
sive cross-section and the transverse asymmetry A; are shifted by a certain energy
transfer w compared to those with relativistic effect. The magnitude of the w shift is
equal to the difference between the energy transfer calculated in the non-relativistic
PWIA and that calculated in the relativistic PWIA. Therefore, the conclusion, which

we make, is that among the three major changes which we discussed above, the mod-
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Figure 5-4: FSI effect study. The long dashed line is a relativistic pwia calculation (to
distinguish non-relativistic pwia which we generate, the general pwia calculation is called
relativistic pwia calculation), the dotted line is a non-relativistic Faddeev calculation with
FSI effects, and the dot-dashed the non-relativistic Faddeev calculation with FSI effects
corrected by relativistic effects. Comparing the long dashed line and dot-dashed line, one
can find contributions due to FSI effects in Ap.
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Figure 5-7: MEC effect on asymmetry for d(€, ') process, %(d(é’, e'))(%) calculated
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by Arenhoével et al. [50]. The arrow points the quasi-elastic peak position.
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ification of the kinematics have a dominant effect on the inclusive cross-section and
the transverse asymmetry Ag.

Based on this study on relativistic effect, we developed a “recipe” [114] to correct
for the non-relativistic results. The “recipe” includes to first-order an w shift and to
first-order a relativistic correction for non-relativistic hadronic current. In Fig. 5-9,
the overall A results of “nr+relativistic correction” have a good agreement with
those with relativistic effect. As Q? goes higher, the “recipe” (first-order correction)
becomes less precise. As a result, the difference between these two results becomes

large as Q% increases.
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Offshell effect

Furthermore, there is no concept of the off-shell nucleon within the target nucleus
in the non-relativistic framework. But in reality, the nucleon within the target nucleus
may not always be a on-shell nucleon. The off-shell effect results in a discrepancy
between the extracted neutron magnetic form factor G, from the quasi elastic scatter-
ing 3He(¢, ¢') through Golak’s calculation or the PWIA calculation and the neutron
magnetic form factor G}, of a free neutron. Due to the lack of the full knowledge
of an off-shell nucleon, we develop a “on-shell” prescription [114] together with one
of de Forest half-offshell prescriptions [35], such as ccl, cc2, nccl and nee2 to study
the changes of Ap» and G}, caused by the off-shell effect. The PWIA calculation is
chosen to be modified for studying the off-shell effect. The whole process to study
the off-shell effect is to build a “on-shell” prescription based on one of de Forest’s half
off-shell prescriptions and to study the difference between these two prescriptions,

which can be simply demonstrated as:

o~ / / Sp(Prsem) % (0" =01 (P ) <5 6™ (P))dPden, (5.8)

where

P,, is Fermi momentum of a nucleon,

€m is the missing energy of the target nuclei, 3He,

Sp(P,., €m) is the spectral function of *He,

ghadi=ofI (P, €,) is the vertex of the virtual photon scattering on the off-shell
nucleon as a function of the P, and ¢, and 0¢*(P,,) is the vertex of the virtual
photon scattering on on-shell nucleon as a function of P, only. Because for a on-shell
nucleon, its energy and momentum are correlated, ¢, will be determined as P, is
known.

The results in Fig. 5-10, 5-11 and 5-12 (which are based on ccl forms) shows that
off-shell effect may have very little effect on the value of Az». The upper limit and



182 Results

the lower limit for the off-shell effect in Tab. 5.6 are obtained from the A difference
between the on-shell form and ccl form, and from the A difference between the on-
shell form and cc2 form respectively. Moreover, these results lead as a strong support
for the accuracy of the value of the extracted G with Golak’s calculation at low Q2

settings.
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On-shell form and deFor(;Ost
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Figure 5-10: Off-shell effect on A7/(1). The open square is a PWIA calculation using ccl
half-offshell form and the solid triangle is a PWIA calculation using on-shell form which we
developed. Here Diff. is the relative difference between two calculations, which is defined
as the difference over the average.



184 Results

On-shell form and deFor(;Ost
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On-shell form and deForest ccl-hal f‘ offshell form
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As noticed before, G7 is extracted through two calculations, PWIA calculation
and Golak’s full calculation. Both PWIA and Golak’s full calculation have their own
limitations. Golak’s full calculation is reliable for the extraction of G, at low Q? set-
tings (Q? =0.1, Q*=0.2 (GeV/c)?), while PWIA is more reliable at high Q? settings
(Q? =0.5, Q% =0.6 (GeV/c)?). The extracted G, results using Golak’s calculation
are presented in the upper table of Tab. 5.9 at Q? values of 0.1 to 0.4 (GeV/c)?, and
the extracted GJ., results using the PWIA calculation are presented in the lower table
of Table 5.9 at Q? values of 0.1 to 0.6 (GeV/c)?. Combining two independent groups
of the extracted G” results®, the extracted G”, results with the minimum theoretical
uncertainty are plotted in Fig 5-13, which include two low Q? results from Golak’s
calculation and four high Q2 results from PWIA calculation. In addition, the pre-
sented G7, results are the extracted GJ., values at the quasi-elastic peak. The reasons
are following: i) the theoretical uncertainty is the largest among all uncertainties,
ii) the theoretical uncertainty is smallest at the quasi-elastic peak, and iii) thus the
average value of the extracted GJ., weighted total uncertainty is dominated by the G7,

value at the quasi-elastic peak.

5.5 Discussion

The present data on G}, are shown in Figure 5-13 together with the recently deter-
mined data sets (later than 1990) and some recent calculations (shown in Figure 1-2
t0o). The measurements by Markowitz et al. and Bruins et al. are inconsistent
with recent G7, results from ratio measurement at Mainz by Kubon and Anklin et
al. and may be due to the lack of the corrections for neutrons that miss the neu-
tron detector. This argument is possible supported by the extracted G, at low Q?

region from this experiment. In addition, the most recent G}, results from ratio mea-

3The extracted G, results from calculation by Salme et al. and from Golak’s full calculation.
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Overall PWIA Results
Q* G, Héhler/Dipole | G | stat. 55% SyS. 65% theo. 5((;;%
(GeV/c)? | (Hohler) Dipole % % %
0.1 1.252 0.9696 1.214 0.9869 3.1 -30.97/-0.73
0.193 1.122 0.9644 1.082 1.129 3.1 -15.38/+0.58
0.3 1.005 0.9675 0.9723 1.352 1.64 -5.44/+42.55
0.4 1.010 0.9742 0.9842 1.448 0.96 -2.49/+42.79
0.5 1.001 0.9824 0.9837 1.352 0.86 -1.26/+2.78
0.6 1.018 0.9912 1.009 1.547 0.86 -1.40/+3.10
Overall Full Calculation Results
Q? G Hohler/Dipole | G™ | stat. 55:;’;‘ Sys. 6&% theo. 55%%
(GeV/c)? | (Hohler) Dipole % % %o
0.1 0.9927 0.9696 0.9625 1.359 0.71 -2.32/+1.32
0.1 0.966 1.4 1.0
0.193 0.9980 0.9644 0.9656 1.348 0.88 -2.65/+1.95
0.193 0.962 1.3 1.0
0.3 0.9088 0.9675 0.8793 1.527 1.55 -3.34/+2.74
0.4 0.9593 0.9742 0.9346 1.512 0.96 -3.12/+1.92

Table 5.9: The presented G7:, results from PWIA calculation by Salme et al. and full
calculation by Golak et al. are the extracted G], results at quasi-elastic peak. The bold
numbers are the published G, values from this experiment [58]. In addition, the extracted
G™, results at Q? values of 0.3 and 0.4 (GeV/c)? from full calculation and PWTA calculation
seem to suggest that FSI and MEC effects may be overestimated in full calcualtion at Q?
values of 0.3 and 0.4 (GeV/c)?.
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Figure 5-13: The word GI!, data since 1990. The figure shows the results of the
present measurement(® This work), the Bonn [55](0), the MIT-Bates [39] [40](0,<), the
Mainz/PSI [57] [59](A,4), and the NIKHEF/PSI [56](C), in comparison to various model
calculations. Solid: Lu et al. [25], dot: Lomon [13], long dash: Mergell et al. [7], short dash:
Holzwarth [24], long dash-dot: Kubis et al. [12], long dash-dot: Schlumpf et al. [17], and
short dot-dash: Bo-Qian Ma [21].

surement at Mainz by Kubon and Anklin et al. [59] are shown in Figure 5-13. The
agreement between the most recent deuterium measurements and *He measurements
is very satisfactory within experimental uncertainties for Q% up to 0.6 (GeV/c)?. This
small difference may be caused by the systematic uncertainty of the absolute neutron
detection efficiency determination, the theoretical uncertainties due to FSI (mostly
charge exchange scattering) for the deuterium measurement, or due to the theoretical
uncertainties in PWIA calculation for the *He measurement.

As we mentioned before in Chapter 1, the model of calculations by Kubis et al. [12]

(long dash) and by Lomon (dot) [13] are categorized as vector meson dominance
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model (VDM), the model of calculation by Schlumpf et al. [17] (long dot-dash) is
categorized as relativistic constituent quark model (RCQM), the model of calculation
by Bo-Qian Ma et al. [21] (short dot-dash) is categorized as diquark model, the model
of calculation by Lu et al. [25] (solid) is categorized as cloudy bag model (CBM) with a
bag radius of 0.9 fm, and the model of calculation by Holzwarth et al. [24] (short dash)
is categorized as Skyrme/soliton model. The soliton model calculation by Holzwarth
et al. and the extended Gari-Kréumpelmann calculation by Lomon seem describe the
proton form factor ratio well in Fig. 1-1. However, these calculations are larger than
the G™ data at Q? values less than 0.4 (GeV/c)?, and fall into a gap between the G,
results from this work (e ) and the GI', results from Anklin et al. [56,57] (O,A) and
Kubon et al. [59] (#) as Q? value goes higher than 0.4 (GeV/c)?. While exist many
nucleon form factor calculations, none of model calculations is able to describe the
proton and neutron form factors from both low Q? to higher Q? regions well at the
same time.

Therefore, it is still early to make a final conclusion on G}, data. We note that a
further investigation is clearly needed. In addition, all model calculations, except the
lattice QCD calculation, are semi-phenomenological models. A lattice QCD calcula-
tion is based on the first principle QCD and thus is in principle most fundamental.
However, the lattice QCD calculation is not in the stage to give precise results yet. In
the future, a well developed lattice QCD calculation, I believe, will describe the pre-
cise proton and neutron data well and may finally explain the inconsistency between

data and theoretical model calculations.
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Chapter 6

Conclusion

We have precisely measured the transverse asymmetry, Ay from the quasi-elastic
3He(e,¢') process and extracted the neutron magnetic form factor, G™ at Q? values
of 0.1 to 0.6 (GeV/c)?, because the transverse asymmetry A is very sensitive to
the neutron magnetic form factor, G, at the quasi-elastic kinematic region. At low
Q? (Q? < 0.3 (GeV/c)?), the extracted G, results from the non-relativistic Feddeev
calculation by Golak et al. agree with the G, results from the most recent deuterium
experiment well, and the total uncertainty of 2% in G? from this experiment is
comparable with those from the most recent deuterium experiment. As Q? is larger
than 0.3 (GeV/c)? where the theoretical uncertainty in the extracted G, results
from PWIA calculation by Salme et al. increases and is about 2-4%, the agreement
between those two is still roughly within one o. Here o includes systematic and
statistical uncertainties.

The uncertainties in G, at Q? values of 0.3 and 0.4 (GeV/C)? from this work are
dominated by the theoretical uncertainty. Therefore, a reliable theoretical calculation
included relativity, FSI ; and MEC effects is needed in order to precisely extracted
G from Ar at those Q? values, and thus this work is a challenge and a opportunity

for a few-body physics theorist.
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